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JOHK CHARLES THOMAS REKDELL and LAURENCE K E ~ K E T H  THOMI~SON. Can. J .  Chenl. 
57, 1 (1979). 

A series of cobalt(ll), copper(II), and zinc(11) co~iiplexes of the title ligand are reported. 1 : I 
complexes of cobalt and zinc, M(OBT)X, (M = Co, Zn; X = C1, Br, I ,  NCS), ha\-e four- 
coordinate pseudo-tetrahedral stereochemistries vihile for coppcr (X = C1, Br), distorteti 
square geonietries are suggested. Six-coordinate 1 : 1 derivatives are also obtained for cobal: 
and copper, M(OBT)(NO,), (hf = Co, Cu), \$l~ile the 1 : 2  derivati~e CLI (OBT) , (CIO, )~~~H~O 
may be square planar. OBT appears to coordinate as an N, donor in  all cases. Preliminary 
X-ray data c o ~ i f i r ~ ~ i  a distorted square CuN,CI, structure for the copper chloride compie\. 
Hydrogen bonded chloroform solvate molecules appear to be present in three cobalt complexes 
(X = C1, Br, NCS). 

JOHN CHARLES THOMAS REXDLLL et LAURENCE KENSETH THOMPSON. Can. J .  Chem. 57, 1 
(1979). 

On dkcrit une sirie de complexes du cobalt(lI), du cuivre(I1) et du zinc(l1) avec le coordinat 
ci-dessus. Les eolnple.xes I : 1 du cobalt et du zinc, lM(OBT)X, (IM = Co, Zn: X = CI, Er, i, 
NSC), sont tktracoordonnes et possedent une structure pseudo-tetraedrique, tandis qu'une 
gkonletrie carree deformee est proposee dans Ie cas dii cuivre (X = Cl, Br). On obtient egnle- 
rnent des composts 1 :  1 hexacoordonn6s du cobalt et du cuivre, M(OBT)(N03), (M = Co, 
Cu), alors que le compose 1 : 2  C L I ( O B T ) , ~ C I O ~ ) ~ ~ ~ H ~ O  poiirrait etre plan carre. Dans tous lei 
cas, le coordinat OBT joue le rB1e de donneur N,. Les donnees preliniinaires de diffraction des 
rayons X confrnient la structure plane carrie CuK2C1, du complexe chlore ~ L I  cuivre. Troi, 
complexes ciu cobalt (X = C1, Br, NCS) sernblent renfermer des molecules du so l~an t ,  le 
chloroforme, retenues par liaisons hydrogene. 

[Traduit par le journal] 

InCaodaaction with first row transition element ions (M = Fe, Co, 

The current surge of interest in metalloproteill Ni, Cu, Zn) benzothiazole is N-bonded, except in a 

model systems has revealed that imidazole nitrogen few cases involving bridging benzothiazole (4) in 
which it is assumed to  behave as a bidentate ligand and thioether sulphur functional groups are likely , 

to be involved in to copper in both involving both N and S donation. The polyfunc- 

F~~~ 1 and T~~~ 111 copper metalloproteins (ref, 1 tional benzothiazole ligand 2,6-(dibenzothiazol-2- 

and references therein). Benzothiazole has betel-0- yl)pyridine (9) has been shokvn to behave as an  N3 

cyclic sulphur and pseudo-i,nidazole functional donor, rather like 2,2',2"-terpyridyl, in its complexes 

groups, the former being a poor LeF+ris base. Studies manganese(ll), iroll(II)> and nickel(I1). The 

on the complexes of b e n ~ o t h i a ~ o ] ~  and 2-substituted ligand 2-(o-hydroxyphenyl) benzolhiazole behaves 
benzothiazoles (R = NH,, CW,, C1) (2-8) reveal that an No to (I0). 

Studies on the cobalt(II), copper(II), and zinc(l1) 
'To whom all correspondence should be addressed. complexes of the Iigand 2,2'-o-phenylenebisbenzo- 

0008-404217910 10001-0730 1 .OO/O 
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thiazole (OBT) (Fig. I )  reveal that OBT behaves as 
a n  N, donor Reaction of the lrgand (OBT) mith 
~oba!t(IT), copper(II), and zlnc(I1) salts In ethanol or  
acetone leads to a series of tetrahedral, octahedral, 
and square complexes whose structures have been 
established by electronlc, v lb~a t~ona l ,  and esr spectra, 
magnetism and conductance data, and an  X-ray 
structure. 

Experimental 
Elcctronic spectra were recorded on a Cary 17 spectrom- 

eter, infrared spectra were obtained with a Perkin-Elmer model 
283 spectrometer, and electron spin resonance spectra were 
recorded at - 196-C on a Varian E-3 X-band spectrometer, 
the magnetic field strength being calibrated with an nrnr probe 
and ~vith Mn(J1) in MgO powder. Magnetic susceptibilities 
were obtained at room temperature by the Faraday method 
with a Cahn model L7600 Faraday Magnetic Susceptibility 
system, coupled to a Cahn gram electrobalance and conduc- 
tance data v,ere obtained with a General Radio Company 
bridge with impedance comparator and a constant tempera- 
ture bath adjusted to 25'C. Microanalyses were carried out 
in part in the Chemistry Department at Memorial University 
with a Perkin-Elmer model *240 Elemental Analyzer and by 
Atlantic hlicrolab, Inc., Atlanta, Georgia. Metal analyses 
were determined by Atomic Absorption with a Varian Tech- 
troll AA-5, after digestion of the samples in concentrated 
HNO, or aqua-regia. 

Mernl Cori7ple1es o f  OBT 
OBT a a s  sqnthes~zed accoldlng to the procedure of Ral and 

Braunwarth ( I  1) Hydrated or anhydrous metal salts \+ere 
employed 

CoiOBT)X2(CHCl,) ,  j X =  Cl, Br, Arc§; n = I ;  X = I, 
n = 0)  CoiOBT) (hr03)2 .2H20  

Stoichiometric amounts of the appropriate metal salt and 
OBT a-ere dissolved separately in hot ethanol and the solulions 
were mixed and stirred with heating for 15 min. The resulting 
solutions bvere filtered and reduced in volume to induce crys- 
tallization. Some difficulty was encountered in obtaining crps- 
tals and it was found that addition of acetonitrile to concen- 
trated solutions of the con~plexes resulted in the formation of 
crystalline products. Recrystallization was effected from chlo- 
roform and the complexes were dried under vacuum. 

CuIOBT)X2 ( X  = CI, Br, A'03) 
Stoichionietric amounts of the appropriate metal salt and 

OBT were dissolved separately in hot ethanol and thc solutions 
were mixed. Crystalline products were obtained rapidly, which 
proved to be fairly insoluble in most solvents. The chloro- and 
bromo-compounds were recrystallized from dichloromethane 
and dried under ~ a c u u m  while the nitrato-complex was recrys- 
tallized from chlorofornl. 

CUJOBTJ z f C104) 2.2HzO 
Stoichionietric amounts of the metal salt and OBT were 

dissolved separately in hot ethanol containing about 5% 
triethylorthoformate. On mixing the solutions a light khaki 
green precipitate was obtained which was washed with an 
e!hanol;triethylorthoformate mixture and dried under vacuum. 

ZniOBT)X2iacetone),  i X = CI, Br, n = I ; X = I. A:CS, 
n = 0) 

Stoichiometric amounts of the metal salt and OBT were 
dissolved separately in hot acetone and the solutions were 
mixed. Crystalline products were obtained and were dried 
under vacuum. 

Analytical data for the complexes are given in Table 1.  

Results and Dissussion 

Cobalt Cotnpi~xes 
The cobalt complexes Co(OBT)X2 (X = C1, B1. 

NCS, 1) e x h ~ b ~ t  electronic spectra, both in solution 
and In the solid state, typrcal of pseudo-tetrahedial 
cobalt(I1) (Table 2). The splitting of the three com- 
ponents of v, 1s quite large, falling in the range 31 30- 
3850 c ~ n - I ,  suggesting a crystal field of lower sym- 
metry than T, Systems of the type CoL,Br, 
(L = 4Etpy, 2Etpy) have comparable spectra v i th  
l a ~ g e  splrttings of v, (12). The general similarity be- 
tween the spectra and llgand field paiameters of the 
OBT coinplexes and Co(benzoth~azole)X, (X = Cl, 
Br, I) (7) and Co(benz~midazole)X~ (X = C1. Br. I ,  
NCS) (13) coupled w ~ t h  the absence of any Intense 
bands, which could posslbly be associated with sul- 
phur -to-metal charge transfer, suggests that In these 
systems OBT coordmates as a bidentate l~gand  via 
t ~ o  nrtrogen atoms The iodo-complex displayed a 
high ~ n t e n s ~ t y  band around 22 500 cn2-', both In the 
solld state and In solut~on t h ~ s  I S  assrgned to I -t Co 
charge transfer (14). 

The p ~ n k  cobalt nltrate complex, Co(OBT)- 
(NO3),.2t1,O, has an  electronlc spectrum typical 
of a pseudo-octahedral system (Table 2) Trio niod- 
erztely intense bands are observed, and the spectrum 
bears a close resemblance to that of Co(c-picoline),- 
(NO,),, a six-coordinate pseudo-octahedral complex 
with bidentate nitrate groups (15). Again it appears 
that OBT is behaving as a bidentate N 2  donor. 

Conductance measurements in nitromethane 
(Table 3) indicate that the cobalt complexes are all 
essentialiy non-ionised in solution at  M. The 
iodo-compiex exhibits the highest molar conductance 
indicating a small degree of dissociation, l t  was noted 
that this complex was somewhat more sensitive than 
the others to hydrolysis in wet solvents. The cobalt 
nitrate complex appears to be a non-electrolyte in 
freshly prepared rlitrometharie solution but 011 

standing some dissociation occurred (approximately 
20 ~ n h o  mol-I cm2 after 12 h). Magnetic moments 
(Table 3) are typical for pseudo-tetrahedra! cobalt(I1) 
systems, with the exception of the chloride co~liplex 
which has a moment some\vliat higher than one 
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RENDELL 4ND THOMPSON 3 

TABLE 1. Analytical and other data 
-- 

Found Calcd 

Compound Colour C H N M C H N M 

Co(OBTjCI,~CHCI, Blue 41.9 2.28 4.71 10.2 42.5 2.19 4.72 9.93 
Co(OBT)Br2.CHC13 Blue 36.9 1.96 3.81 8.49 36.9 1.90 4.10 8.64 
Co(OBT)12 Green 36.3 1.82 3.98 8.69 36.5 1.83 4.26 8.98 
CO(OBT)(NCS)~.CHCI~ Blue 43.0 2.11 8.60 9.00 43.2 2.04 8.77 9.23 
C O ( O B T ) ( N O ~ ) ~ . ~ H ~ O  Pink 42.0 2.31 9.72 10.8 42.6 2.84 9.95 10.5 
Cu(OBT)C12 Green 50.2 2.54 5.82 13.3 50.2 2.51 5.85 13.3 
Cu(OBTjBr2 Dark purple 42.2 2.15 4.95 11.5 42.3 2.12 4 9 4  11.2  
CLI(OBT)(NO,)~ Blue 45.1 2.30 10.5 11.9 45.2 2.26 10.5 12.1 
C U ( O B T ) ~ ( C I O ~ ) ~ ~ ~ H ~ O  Buff-green 48.6 2.55 5.71 6.64 48.7 2.84 5.68 6.43 
Z ~ I ( O B T ) C ~ ~ . ( C H ~ ) ~ C O  White 50.9 3.13 5.11 12.4 51.3 3.34 5.20 12.1 
Z~I (OBT)B~~. (CH, )~CO White 43.9 2.62 4.56 10.2 44.0 2.87 4.46 10.4 
Zn(OBT)I, White 36.4 1.93 4.10 9.20 36.2 1 .81  4.22 9.86 
Zn(OBT)(hTCS)2 White 50.3 2.50 10.5 12.2 50.6 2.30 10.7 12.4 

would expect for systems of this type (3, 4, 13). The bidentate nitrate, in keeping lvith the proposed 
higher magnetic moment (5.18 BM) associated with nionomeric nature of the complex (Table 4). Absorp- 
the nitrato complex co~lfirms the pseudo-octahedral tions at  290, 268 cni-' are tentatively assigned to  
nature of this system (15> 16). Co-O stretch (3). I t  is apparent froin the high 

The infrared spectra of all the cobalt complexes energy region of the spectrum that water is present in 
show a general similarity where vibrations associated this compound, even after prolonged drying. How- 
with the ligand are concerned. A sharp band of ever, it is assumed that the uater molecules occupy 
medium intensity in the range 2985-2995 cin-' is lattice sites and are not coordinated to the metal. 
assigned to  C H  stretch (v,,.4,) in chloroform (Table 
4) in the complexes Co(OBT)X,.CHCl, (X = C1, Copper Cor?zj~lexrs 
Br, NCS) .  In addition, a strong band around 740 The electronic spectra of the copper complexes 
cm- '  in these complexes is assigned to a chloroform (Table 2) can be divided into two groups according 
deformation mode (v,,E). These bands are absent to  the presence or absence of moderately intense 
in the cobalt iodide conlplex and also in the copper bands in the range 19 000 - 25 000 cm-I.  The com- 
and zinc halide con~plexes. Chloroforni exhibits the plexes Cu(OBT)X, (X = C1, Br) are characterized 
V ,  band at  3034 cm-' in the vapour phase, while by absorptions at  17 000 cnl-'  or  below whose in- 
the v, band occurs in the range 760-770 cm-' for tensities are too low to be associated with charge 
the gaseous or liquid phases. Shifts in these bands in transfer transitions and are assigned t o  (1-r/ transi- 
the cobalt OBT complexes from their free solvent tions. Bands of much higher intensity are found in 
positions are consistent with a hydrogen bonded the range 19 000 - 25 000 c m '  and it is suggested 
chlorofor~n molecule and it is assumed that the that these are associated with ligand-to-metal charge 
coordinated anions act as acceptor sites (ref. 17 and transfer transitions. The nitrate complex does not 
references therein). Prolonged drying of these com- exhibit bands above 17 000 cm-'  which can be asso- 
plexes under vacuum at  moderate temperatures does ciated with charge transfer and although the per- 
not remove the solvent molecule. clilorate complex has a fairly intense shoulder around 

The complex CO(OBT)(NCS)~.CHCI, exhibits two 24 000 cm-', this may well be associated with a d-d 
bands due to C N  stretch (2070, 2058 cm-')  which transition. 
are associated with t\vo isothiocyanates in an  ap- Benzothiazole complexes Cu(benzothiazole),X, 
proximately C,, enviro~inient. A low energy band a t  ( X  = C1, Br) are reported by two groups to exhibit 
473 cm-' (Table 4) can be assigned to  NCS bending d-cl bands in the range 12 500 - 13 700 cm- '  in the 
in an  N-bonded thiocyanate (18). The ligand has a solid state, associated hvith polymeric, halogen 
fairly rich spectrun~ in the far infrared region but in bridged pseudo-octahedral structures (3, 4). Higher 
ge~leral the observed bands are not affected very energy bands above 20 000 cm-'  are reported but 
much by coordination. Other bands below 350 cni-' are not discussed and it is assumed that in these com- 
can be associated with metal-ligand vibrations plexes the benzothiazole acts as a nitrogen donor 
(Table 4) (3, 4: 19). ligand. 2-(o-Hydroxypheny1)benzothiazole (PBS) has 

The cobalt nitrate complex exhibits nitrate funda- been shown to form a trans-planar CuN,O, complex 
lnentals (20) and combination bands (21) typical of in which the benzothiazole groups are nitrogen 
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RbYDELL 4 N D  THOMPSOU 3 

TABLE 3. Magnetic moment and conductance data 

M * 
(mho mol-' i.1 (BM)? 

Compound cruZ) (room temperature) 

Co(OBT)Cl2~CHC1, 5.33 4.85 
Co(OBT)Br,CHCI, 10.0 1 . 6 6  
Co(OBT)I, 23 . O  4.67 
CO(OBT)(NCS)~.CHC~ 3 7.22 4.44 
C O ( O B T ( N O ~ ) ~ . ~ H ~ O  4 .0  5 .18  
Cu(OBT)C12 22.2 1 .92 
Cu(OBT)Br, 45.1 1 .S7 
Cu(OBT)(N03)2 34.1 1.98 
C L I ( O B T ) ( C ~ O ~ ) ~ ~ ~ H ~ ~  196 1.99 

*Sol\enr nitromethane a t  approximately lo - "  d f  ( 2 5 ~ C ) .  
-+Magnetic moment measured in solid stale by Faraday mcthod. 

bound. A &d band occurs around 17 000 cm- and 
bands at  22 700 and 24 100 cm- '  are assigned to 
n" t n or n':' c 11 intraliga~id transitions (10). 

The copper nitrate coinplex exhibits an electronic 
spectrum which is esseiitially the same in both solid 
state and solution (Table 2) and is typical of a 
pseudo-octahedral system of the type CuL,(NO,), 
(L = 1-picoline, quinoline, isoquinoline) (15). OBT 
is assumed to behave as an  N 2  do110r. The mull 
transmittance spectrum of the perchlorate con~plex, 
Cu(OBT),(C10,),~2H,O shou.s a d-d band at  
16 700 cm- ' and a inore intense high energy shoulder 
at  24 000 cm-I .  Square coplanar CuN, systems 
~vould  be expected to exhibit two major transitions 
a t  fairly high energy with the higher energy band 
appearing at  20 000 cni-'  or higher. Cu(LE),(CIO,), 
(LE  = 1,2-bis(2'-pyridy1)etliane) is assumed to have 
a square planar CuN, structure and exhibits bands 
at  18 200 and 21 600 cm-'  (22). Cu(LP),(ClO,), 
(LP = I ,2-bis(2'-imidazolin-2'-yl) benzene) has 
bands at  16 000 and 21 000 c ~ n - I  attributable to a 
CuN, square planar ~ t r u c t u r e . ~  The large separation 
in energy between the two bands observed in the 
spectrum of the perchlorate complex of OBT can be 
rationalised in terms of a square CuN, system in 
which axial perturbation is either reduced to a niini- 
inum or absent. Molecular models suggest that a 
trans arrangement of two OBT ligands about a square 
planar metal centre would effectively block both 
axial sites. As an  alternative explanation the band at  
24 000 cm- '  could be associated with a x" + 7c or 
7c'k t n intraligand transition while the lower energy 
absorption a t  16 700 cm- '  could be assigned to a 
d-d transition in a cis-octahedral species involving 
two coordinated water molecules (infrared data sug- 
gest the possibility of coordinated water). 

Recent reports of copper thioether colnplexes and 
their relation to 'blue' copper proteins (1, 23, 24) 
indicate that o(S)+Cu LM charge transfer bands for 

thioether systems occur as fairly intense bands in the 
range 22 000 - 31 000 cm-'. Copper complexes of 
2,5-dithiahexane and 3,6-dithiaoctane have charge 
transfer bands of moderate intensity in the range 
22 000-26 000 cm-', assigned to S-Cu charge 
transfer (25). Complexes with less polarizable amine 
type ligands, e.g. C u ( e ~ ? ) , ~ +  and its alkylated deriva- 
tives (26, 27) exhibit o(N)+Cu charge transfer ab- 
sorptions at  ca. 40 000 cm-'. OBT can be considered 
as a Gis-imidazole (N,) or as a bis-sulphur donor 
(S,) or as a mixed ligand if NS coordination takes 
place. .As a sulphur donor ligand it would perhaps 
be expected to exhibit S+Cu charge transfer at  corn- 
parable energies to those mentioned previously. I t  is 
probably unwise to  cornpare imidazoles with simple 
aniines butitisunlikely that N + C u  charge transfer for 
i~nidazole systems would occur below 30 000 cm-' .  
In a recent paper describing copper complexes of the 
tripod ligand tris(2-benzimidazyl~nethyl) amine, no 
bands below 30 000 c ~ n - '  could be associated with 
imidazole N + C u  charge transfer (28). 

The halide complexes exhibit fairly intense bands 
at  24 100 ~111-' (Cl) and 19 200 cm-' (Br) in their 
solid state spectra which are assigned to  x-halo- 
g e n i C u  charge transfer (29, 30). Lower energy 
bands for the chloro complex at  13 600 cin-' and 
17 200 cm-' are assigned to d-cl transitions asso- 
ciated with a four coordinate species having an  al- 
most square arrangement of donor atoms. Solution 
studies on this species indicate the presence of the 
charge transfer band but a shift to lower energy of 
the 6 d  bands. This can be interpreted in terms of the 
pseudo-square solid state species becoming more 
tetrahedral in solution. The bronio complex exhibits 
an intense band at  ca. 19 000 cm- ' both in the solid 
state and in solution, which is assigned to  a xBr -, 
Cu charge transfer transition mhile lower energy 
bands at  16 000 and 13 000 cm-'  can again be asso- 
ciated with d-c/ transitions in a four-coordinate spe- 
cies with a stereochemistry in between square and 
tetrahedral. 

Although the charge transfer bands in the halide 
coniplexes fall in a range consistent with S+Cu 
charge transfer, this assignment has been excluded 
because of the large difference in energy observed 
for this band in the chloro- and bromo-derivatives 
and their otherwise general similarity. Recent X-ray 
data3 coiifirln this assignment and show that the 
coiliplex Cu(OBT)Cl, has an  allnost square planar 
CuN,CI, structure (Fig. 2). 

Conductance measurements (Table 3) on the cop- 
per complexes indicate the perchlorate complex to 
be a 1 : 2 electrolyte in nitromethane, while the halide 
and nitrate complexes appear to be largely non- 

2U~ipubli~hed observations 3R. 6. Ball and J. Trotter. Private communication. 
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TABLF 4. Infrared data (cm-I)' 

CNCI3 

Compound v(M-X) v(M--N) vCW(NCS) v,(A,) v,(E) 

Co(OBT)C12 CHCI, 344, 326 214 2995 744 
Co(OBT)Br2 CHCI, 255, 249(sh) 2985 742 
Co(OBT)I, 238, 231 222, 215 
CO(OBT)(NCS)~ CHCI, 333, 313, 298 222, 2 18 2070, 2058 2990 74 1 
Cu(OBT)ClZ 319, 309 
Cu(OBT)BrZ 259, 240 
Zn(OBT)CI2 (CH,)ZCO 321, 295 214 
Zn(OBT)BrZ (CH3)2C0 243, 225 218 
Zn(OBT)I, 21 2 
Zn(OBT)(NCS), 127, 302(sh), 29 1 213 2070(br) 

Compound Bldentate n ~ t r a ~ e  (1'1 + ~ 4 )  v(M-0) 

*Infrared speclr;~ obtained as Nujoi o r  l~exacl~lorobutndicne 

FIG. 2. X-ray structure of Cu(OBT)CI,. Dihedral angle 9.8 . 

ionised. Storing of nitromethane solutions of the 
halide con~plexes for extended periods of time in- 
duced decoinposition of these systems. Magnetic 
moments (Table 3) appear to be normal for systenla 
of this type. 

Copper halogen stretching vibrations have been 
identified in the far infrared spectra (Table 4) of the 
halide complexes, suggesting an approximately 
C,, environment for these groups around the copper 
centre. Lorenz et a/ .  (10) observed a band in the in- 
frared spectrum of Cu(PBS), at 352 cin-' which was 
assigned to Cu-N stretch for a nitrogen bound 
benzothiazole. No  such band was observed in the 
spectra of the copper halide derivatives of OBT and 

ini~lls betneen KBi or  Csl plates. 

between 240 and 370 cm-I the only bands observed 
were those due to copper halogen stretching. Nitrate 
rundameiltals and combination bands (20, 21) indi- 
cate bidentate nitrate groups for the coinplex 
Cu(OBT)(NO,), and low energy bands at 322, 305 
cm-I are assigned to Cu-O stretch. 

Electron spin resonance parameters are sum- 
marised in Table 5. Frozen glass spectra in nitro- 
methane of the nitrate and perchlorate complexes are 
typical of axial species. Resolvable nitrogen super- 
hyperfine splitting is observed in the case of the 
nitrate corllplex but is absent in the perchlorale deriv- 
ative. In contrast the roo111 temperature spectrum of 
the perchlorate conlplex In nitromethane ~11011s 
nitrogen superhyperfine splitting nhiie the nitrate 
derivative does not. Spin Hainiltonian parameters 
are similar to those for Cu(Melm),(ClO,), and 
Cu(LP),(ClO,), (Table 5) in nitroinethane, although 
values of g are somewhat higher than those ex- 
pected for a CuN, chromophore and suggest mixed 
NO In plane donor atom\, which would certainly be 
the case for the mtrate con~p!ex 

Fiozen glass spectra for the halide complexes In 

d~chloromethane gave lather poorly defined signals 
at 77 K w t h  little ev~dence for copper hypeifine 
spilttlng Room temperature ponder spectra are 
consistent with distorted suuare four-coord~nate 
systems. The spectra are characterised by narrow 
line widths (15-18 G at half height in the g ,  region) 
and while no splitting due to copper nuclear spins is 
apparent only two resonance peaks are clearly re- 
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TABLE 5. Electron spin resonance data 

Cornpou~ld s i A' 1 go A i t  inL t AO <g> 

C L I ( O B T ) ( N O ~ ) ~  M e N 0 2 ,  77 K 2.286 2.058 205 3: 
MeNO,, RT 2.134 66 
Powder - .  7 -- 779 2.099 

C U ( O B T ) ~ ( C ~ O , ) ~ ~ ~ H ~ O  MeNOr,  77 K 2.275 7.063 152 -3 4 
M e N 0 2 ,  RT 2.099 8 3 
Powder 2.198 2.050 185 

Cu(MeIn1)~(C10,)~" rMeN02, 77 K 2.256 2.055 192 35 

Cu(LP)2(C1O4)2" MeNO,, 77 K 2 .219  1 . 0 4 1  160 47 

Cu(OBT)CI, CHZCIz, 77 K 2.052 
Powder 2.144 2.074 

Cu(OBT)Br2 CH,CI,, 77 K 2.060 
Po~vder  2.161 2.044 

*Cnpublished obssr\arions. 
+All hyperfine coupling const:l~?rs i i i  u n i t ?  lo-' cm- I .  
topposite sigri to A .  A L ,  glestimated iia 3 , 4 ,  - 2:1L - -  ' - 1 ,  3v:, - 2 s ~  

soived. Narro\v linc widths have been observed in the 
solid state spectra of sulphur bound systems, e.g.. 
C~(3 ,5 -d i t l i i ahexane)~[BF~)~  (31), but clearly in this 
case \ve are dealing \\ith a nitrogen bound system. 
Other GuN,CI, systems, e.g., Cu[2-(2-dimethyl- 
aminoethyl)pyridine]CI2 (32). Cu(sparteine)Cl, ( 3 3 ) ,  
have siniilar solid state spectra but larger g values, in 
keeping with ?he more tetrahedral nature of these 
complexes. 
Ziric Cor?~plexcs 

Analytical and infrared spectral data confirin the 
four-coordinate pseudo-tetrahedral nature of these 
systems. Metal halogen vibrations compare with 
those observed for both the cobalt and copper halide 
complexes and metal-ligand vibrations, associated 
with metal-nitrogen stretch, are observed as fairly 
strong bands in the range 212-218 cn - r  I. 
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Sensitized photolysfs of bis(acetyllacetonato)copper(%P); general reaction pattern 
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GOVZALO B U O ~ O - C O R E ,  KIIOSHI IWAI, Y b 4 1  L C H O ~ ,  TOHRC KO\A\AGI,  ARITSLNF KAJI,  
and  JL\-ICHI HAIALII Can J Chem 57 X (1979) 

Bis(acetylacetonato)copper(II) \&as sensitized by some ketones with a wide range of triplet 
energies to  ~ ~ i i d e r g o  photodecompositioi~ to give the salile products as  that obtained in the 
direct photolqsis but with I I I L I C ~  better efficiency. Other sensitizers such as iluorenoile and 
aromatic hydrocarbons failed to sensitize the reaction. There exists no  correlation of the sensi- 
tizer triplet energies with the sensitization results. This, and rapid quenching processes, indi- 
cated that the classical encrgy transfer process \ \as  unlikely. The sensitization process by an 
electron transfer mithin a n  encounter coniplex was proposed to explain the decomposition of 
Cu(acacI2; the calculated free energy changes (AG) associated \\ith the electron transfer froni 
the akailable data support the proposal. Chemical reactions of excited state anthracene and 
I-cyanonaphthaiene \i.ith Cu(acac), may aiso occur. Irradiation of C ~ ~ ( a c a c ) ,  in the presence 
of triphenylphosphine and benzophenone led to a n  excellent yield of C~~(acac) iPPh, ) ,  without 
causing precipitation of copper(1) complexes. 

GOLLALO B L O ~ O - C O R E ,  KIYOSHI 1\~.41, YGAN L. CHOW, TOFIRU KO\IA\AGI, ARITSGNE KAJI  
et J u h - I ~ H I  HAIAMI. Can.  J .  Cheni. 57. 8(1979). 

On a seii5ibilise du bis(acety1acCtonato) cui\re(lJ) par quelqucs cetones couvrant une gamine 
ctendue d'energies d'etats triplets provoquant une photodecon~position conduisant aux nlinies 
produits que par photolyse directe niais akec Line rneiileure efficacite. D'autres sensibilisateurs 
comnie la fluorenone et des hydrocarbures aron~atiques n'ont pas reussi b seiisibiliser la 
reactioi~. II n'existe aucuiie correlation entre les energies triplet des seiisibilisateurs et les 
rCsultats des sensibilisation. Ce  r e s ~ ~ l t a t  et le fait que le processus tl'extinction est rapidc 
indiquent que le transfert classique d'energie est peu probable. Le proceisus de sensibilisation 
par un transfert d'electron a I'intGrieur d'un complexe cle rencontre a Cte propose p o ~ i r  expli- 
quer la decomposition du Cu(acac,); les changemcnts calcules d'energie libre (AG) associee 
avec les transferts d'electronb disponibles i partir de donnees publiees sont en accord a \ e c  lei 
propositions. I 1  peut aussi se produire des reactions chiniiques entre les etats excitCs dc l'an- 
thrackne et d u  cyano-1 naphtalene avcc le C ~ ~ ( a c a c ) ~ .  L'irradiation d u  Cu(acac), en preselice 
d e  triphenylphosphine et de benzophenone conduit B un cxceliciit rendement d u  Cuiacac)- 
(PPh3)2 sans provoquer de precipitation d e  cornplezes du cui\re(l). 

[Traduit par le journal] 

In connection with other research projects we 
have undertaken investigations of photochemical 
decomposition of bis(acetylacetonato)copper(II) (1) 
in organic solvents. While there are inany photo- 
chemical studies of other first row transition metal 
P-diketonate complexes (1, 2), only one report (3) 
on photodecoinposition of copper(I1) /3-diketonate 
complexes can be found in the literature. This and 
other studies (1, 4-6) of copper compounds use 
direct irradiation of solutions and have reported 
observations of reduction of copper(I1) to copper(1) 
or metallic copper. Direct photodecomposition of 
copper(l1) P-diketonates in alcohols, however, 
occurs only by irradiation of the charge transfer band 
of the ligand-to-metal type (CTTM) (3) at  230-250 
nm and gives low quantum yields of <0.04. These 

stud~es have led the authors to propose the follouiilg 
mechanism 

where L is a ligand derived from solvent. The 
copper(1) cornplex therinally deco~nposes to CuO 
as reported previously (7). Noting earlier studies 

0008-4042/79/010008-09x01 .00/0 
1979 National Research Council of CanadaIConseil national d e  rechei-ches d u  Canada 
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that transition rnetal coinplcxcs have marked 
activity as quenchers for the triplet states of organic 
~nolecules (8-lo), we have decided to investigate the 
sensitized photodcconiposition of bis(acety1aceto- 
nato)copper(ll) in detail. In a recent publication (4) 
it was briefly mentioned that benzophenone and 
acetophenone sensitize the photodecolnposition of 
polyfluorinated copper @-ketoacetonates. The general 
reaction pattern is reported here. 

Results 
In preliminary experiments methanol solutio~ls 

of bis(acetylacetonato)copper(lI), Cu(acac),, were 
irradiated in a co~lventional imsnersion type quartz 
photocell. This apparatus was clearly unsatisfactory 
because of the deposition of black precipitates fol- 
lobled by the formatio~l of lustrous ~iletallic copper 
mirrors, both of which obstructed the incident light. 
Nevertheless, we co~lfirmed several features of the 
photodecor~lposition reported (31, e.g., (i) the blue 
colour of Cu(acac), disappeared slo~vlp under nitro- 
gen to form metallic copper with a quartz but not a 
Pyrex filter, (ii) the photolysate, 011 exposure to air. 
was slowly converted to a blue solutio~l of Cu(acac),, 
and (iii) under oxygen, the Cu(I1) cornplex mas irre- 
versibly decomposed on irradiation. 

111 order to avoid the deposition problems, an 
apparatus as shown in Fig. I was designed in which 
the solution was irradiated frolli overhead with 
Hanovia Mercury lamp (SH 616 A0130, 140 W). 
This set-up proved to be satisfactory for semi-quan- 
titative experiments, although it lnay not be a suitable 
apparatus for accurate quantitative studies. Since 
Cu(acac), in alcohol solutions absorbs light strongly 
at ?.,,, 293 nn1 ( E ,  23 500) which tails to the 370 nm 
region with E - 600 at  330 nm, concentrations for 
the sensitizations were adjusted so that se~lsitizers 
absorb part or  all of the incident light energy. Irradi- 
ation of a methanol solution of Cu(acac), (5.7 
mmolar) containing 6.3 mrnolar of benzophenone 
under nitrogen gave a suspensio~l of black precipitate 
in 3 h lvith concurrent discharge of the blue colour. 
On continued irradiation, the suspe~lsion changed to 
lustrous copper particles suspended in a colourless 
solutio~l (or gave a copper mirror) in 18 h .  The pro- 
gress of the photoreaction was monitored by fol- 
lowing the decrease of the absorption band of 
Cu(acac), a t  630 nm. The yield of copper was deter- 
mined by colorin~etry to be quantitative. The colour- 
less solutio~l contained acetylacetone (78"{), as de- 
termined by high pressure liquid chromatography 
(HPLC) and uv spectroscopy, and formaldehyde 
( 5 0 z  as its 2,4-DNPH): be~lzophe~ione was re- 
covered quantitatively and the absence of benzpin- 

N, out le t  

N, in le t  A< 
I 

HaO inlet 
40 outlet 

FIG. 1 .  Photolysis apparatus 

acol \+as ascerta~ned. lrrad~ation of an  ethanol solu- 
tion of Cu(acac), in the absence of benzophenolie 
through a quartz filter under si~nllar conditions took 
more than 24 h to cause a 10': decrease 111 the rn- 
tens~ty  of the band at  630 11111. 

The metall~c copper suspension, obta~ned after 
photolys~s, \\as stable under n~trogen.  Hoi\e\er, 
on exposure to air it dissolved slo\+ly and re~e r t ed  
quantitatively to give Cu(acac), n i th  the original 
concentration. This occurred Inore rap~dly under 
oxygen purglng: In both cases benzophenone was 
recovered nearly q u a ~ l t i t a t ~ ~ e l y  The s u s p e ~ ~ s ~ o n  of 
the black preclp~tate in the transparent solut~on also 
reverted quantitatively to the orig~nal C u ( a ~ a c ) ~  
solution under oxygen and to half of the original 
Cu(acac), co~lcentration under n~trogen as deter- 
mined by uv spectroscopy: metallic copper n a s  also 
deposited in the latter case. 

The effect of solvent was such that the sensitized 
photodecompos~tlon of Cu(acac), In ethanol caused 
appearance of the black precipitate n l t h ~ n  30-40 mln 
and in isopropanol \\~tIiin 15 mln. In both cases 
copious amounts of the black suspe~lsion mere 
formed rapidly as irradiation proceeded. The sus- 
penslon mas transformed to ~ne ta l l~c  copper (100"; 
and 98",, respect~vely) on prolonged ~ r r a d ~ a t ~ o n  In 
3 and I h, respect~velq. The yields of acetylacetone 
xe le  analqsed to be 8 4 7  and 767 .  and the ox~da t io~ i  
products of the solvents. acetaldehyde and acetone, 
\{ere determ~ned to be 38: and 6 9 7 ,  respect~velq 
Benzophenone mas recokered In h ~ g h  y~elds In both 
cases. 

Under si~llilar conditions. the benzophenone- 
sensitized photodecomposition of Cu(acac), in tetra- 
hydrofuran solution followed a similar pattern, i.e., 
disappearance of the 630 nm band in 1.5 h and com- 
plete reduction to CuO in 6 h. Ho\\ever. oxidation 
products of T H F  could not be isolated. In  benzene 
and chlorofor~ll the photodeco~liposit io~~ occurred 
very slowly but the colour changed to deep green 
and was not pursued further. The pattern of photo- 
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chemical changes in I : 1 mixtures of benzene-meth- 
an01 or chloroform-methanol hvere the same as those 
observed in the alcohol solutions. 

In the presence of <0.1 M 1,3-pentadiene, 
benzophenone-sensitired photodecompositions of 
Cu(acac), (6  x ,M) were not retarded, but 
when the concentration of the diene was 0.15 or 0.70 
iM. the black precipitate was formed in lesser 
amounts. In the presence of 1.14 x lo-,  11.1 tri- 
ethylaniinc the photodecomposition was not re- 
tarded, and benzophenone was not consumed. When 
the photodeconlposition \vas carried out in methanol 
in the presence of 0.6 M cyclohexe~ie, dicyclohexenyl 
was fornied, as shown by tlc and vpc analyses: 
together ~ i t h  the formation of a copper mirror and 
recovered benzophenone. 

As the primary photodeco~nposition product was 
the black precipitate, its identity \vas investigated. 
Its ready disporportionation to  Cu(acac), and CuO 
appeared to be similar to the behaviour of a cuprous 
complex, Cu(acac).2.5NH3: prepared by Nast et 01. 
(7). The black precipitate when treated with ethanol 
solution of triphenylphosphine under nitrogen gave 
a nhite crystalline coinpou~ld analyzing as Cu(acac)- 
(PPh,),. Benzophenonc sensitized photolysis of 
Cu(acac), in the presence of triphenylphosphine gave 
a colourless, clear solution ~vithout formation of the 
black precipitaie. From this photolysate the above 
crystalline con~pound (94':). acetylacetone (80%) 
and acetaldehyde (42"; as 2.4-DNPH) were obtained. 
The compound was not formed in the dark. It ex- 
hibited identical ir and nmr data as those of 
Cu(acac)(PPh,), reported in the literature (1 1). 

Other sensitizers were investizated i11 order to gain 
a n  insight to the mechanisn~ of the photodecom- 
position. The results are summarized in Table 1 .  
Photodecomposition of Cu(acac), could be sensi- 
tized by anthrone, benzophenone, biacetyl, and 
xanthone (sho\vn in order of decreasing efficiency). 
In  all these sensitized decompositions the black pre- 
cipitate, metallic Cu, and acetylacetone Lvere formed 
in nearly stoichiometric yields and the sensitizers 
were recovered almost quantitatively. Vapour phase 
chromatographic analyses of the recovered anthrone 
and biacetyl showed sn~al l  peaks that were assumed 
to be minor photoproducts of the sensitizers as they 
are known to deco~npose photolytically (12). Other 
sensitizers shown in Table 1 failed to photodecorn- 
pose Cu(acac), as indicated by uv and visual observa- 
tion. Except in a few cases to be described below, the 
sensitizers \Yere recovered quantitatively and 110 

acetylacetone or black precipitate bvas obtained. 
Fluorenone failed to sensitize the photodecom- 

position of Cu(acac), in methanol or  isopropyl 
alcohol on prolonged irradiation. Although in the 

latter solvent the absorption maxilnum a t  630 nm 
itas shonn to s h ~ f t  to -680 nm. no product other 
than the s tar t~ng ~ n a t e r ~ a l  kvas recovered from the 
photolysate 111 elthe1 solvent Photolysis of a meth- 
anol solut~on c o n t a ~ n ~ n g  Cu(acac), and anthracene 
~mmed~a te ly  precip~tated the dimer of the latter (13) 
On prolonged ~rradlation the dimes \\.as obtalned ~n 
70'7 yield and 6 0 7  of the Cu(acac), \\as recovered 
Trace amounts of other un~dent~fied products were 
also detected by vpc but no acetylacetone u a s  ob- 
tamed In  the phenoth~az~ne sens~tized photodecorn- 
p o s ~ t ~ o n  only 60-f Cu(acac), was recovered and 
trace ainourits of other p~oduc t s  were detected by tlc 
While prolonged photolys~s gate  a dark bran n solu- 
t ~ o n .  phenothiazine was recovered In - 80"" yield 

An attempted s e n s ~ t ~ z a t ~ o n  with l-cyanonaph- 
thalene d ~ d  not cause reduction to the black preclpl- 
tate but proceeded slowly to show a 15",eclease of 
the opt~cal  dens~ty at  630 nni and depos~ted a small 
amount of blue prec~pitate The lr and melt~ng point 
were ~ d e n t ~ c a l  n ~ t h  the compound obta~ned by reac- 
t ~ o n  of Cu(acac), in  methanol~c K O H  solutlon for 
\\hich structure 2 was ass~gned from 11, uv, and v ~ s ~ b l e  
spectra (14) The authors (14) detelmlned the mag- 
netic inoment to be 0.75 BM. The parainagnet~c 
natule was sh0v.n by broad nmr and esr s~gnals The 
elemental analys~s of our product indicated an em- 
p~rical  formula of Cu(acac)OCH3 The Ir spectrum 
sho\\ed, In add~t ion to the lr peaks of Cu(acac),, 
absorption at  2820, 1070. and 560 cm-' (but no 
absorpt~on above 3000 cm-I), ~nd~ca t ing  the pres- 
ence of a lnethox~de molety A c l ~ l o ~ o f o r m  solution 
of the blue p rec~p~ta te  n a s  evaporated to give a resl- 
due nhich s l ~ o ~ v e d  an ~dentlcal Ir (KBr) spectluln to 
that of Cu(acac), The mass spectrum of the blue 
precip~tate showed 172 e peaks at  386, 355, 324, and 
261 (100;) colrespoliding to M', M L  - [OCH,], 
M A  - 2[OCH,], and M' - [Cu(OCH,),] The 
fragmentation pattern below mle 263 \\as very s ~ m ~ l a r  
to that of Cu(acac),. Structures 3 and 4 bes~dcs 2 
could be suggested for the compound. 4, however. 
appears to satisfy the Inass spectral data better than 
the others C
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T ~ B L E  1. Sensitized deconlposirion of Cu(acac), 3.2-5.7 x :L.I 

Concentration E T ~  E(A A-,"  AG 
Sensitizer (,bf x lo3) Solvent (kcal mol) (v) (kcal 'mol) Result" 

Benzophenone 

Anthrone 
Blacetyl 
Xanthone 
Fluorenone 
I-Cqanonaphthalene 
p-Dic>anobenzenc 
Acet] lacetone 
Anth~ ncene 
PI rene 
Phenanthrenc 
Perj lene 
Cal bazole 
Phenothlazrne 

EtOH,MeOH, 
IPA,THF 

EtOH 
EtOH 
MeOH 
MeOH,IPA 
EtOH,IPA 
MeOH 
EtOH 
MeOH 
EtOH 
EtOH 
EtOH 
EtOH 
EtOH 

,?The propresy o f  reactiorls \%as followed hi, ilr spcctroscopi at 630 nm 'ind the reco\ercd rnaterial~ nere anaii.ied hs \pc ,  tic. and in soinc 
c;i?es bs isolation. The  details are descsibed ~n the results. 

"~iless bpecif~ed u the r \ r i x ,  Zi, .-, in  dirneth).lforni~~rnide 0 8 ) .  
cThe triplet energies were quoted from ref. 39. 
T h e  E, ,  .-, \+as obtained in CH;C\ a? reported in  ref. 21. I f  1. 89.4 hcal rnol n a s  used Sor rhe calculation, A G  - 8 i hcai mol. 
*O~iotr.ii f rom ref 7 6  . . . . - . . . . . . . . . - . . 
'The approximate Z, calci~lated from the triplet absorption iiia\irnuiii a t  460 nni  (33) 

Discussion 
The results described above shon that certain car- 

bony1 compounds sensitize the photodecompositlon 
of Cu(acac), much lnore efficiently than direct photo- 
decomposition. The product patterns in both cases 
are the same, i.e., acetylacetone and a copper(1) 
acetylacetonate complex are the prlmary photoprod- 
ucts. The latter thermally disproportionates to CuO 
and Cu(acac), under nitrogen or is oxidized to 
Cu(acac), under oxygen. Heterogeneity of the reac- 
t ~ o n  can be avolded by running the photolysls In the 
presence of triphenylphosphlne \\hereby the inter- 
~nedlate coppel(1) complex could be Intercepted to 
form soluble Cu(acac)(PPh,), . t h ~ s  prov~des a 
dlrect proof that a copper(l) complex 1s the prllnary 
photoproduct Since In the presence of 0 1 IW acetyl- 
acetone. \vllere the incident light is mostly absorbed 
by acetylacetone (see Table 1 ) .  Cu(acac), does not 
decompose, it is concluded that the slow direct photo- 
decomposition is not catalysed by acetylacetone. The 
reaction pathway can be expressed by reactions 
[I]-[4] where S':' is an excited state sensitizer. 

Since disproportionation of the copper(1) complex 
as in reaction [4] is rather slow in the solvents used 

in comparison to photodecomposition of Cu(acac), 
(see reactions [ I ]  and [2]) the black precipitate always 
appears first followed by the slow appearance of 
llletallic copper. In ethanol or propanol, the photo- 
decoinpositioll of reactions [ l ]  and [2] occurs much 
faster as seen by the rapid disappearance of the blue 
colour of the Cu(acac), solution and immediate 
heavy deposition of the black precipitate. In the 
presence of triphenylphosphine the step of reaction 
[4] is circumvented and the sensitized photodecom- 
positioll occurs rapidly under homogeneous condi- 
tions. Provided that triphenylp11osphine does not 
affect the rate of reaction [ I ] ,  these conditions might 
allow quantitative studies of the sensitized photo- 
decomposition ill a homogencous solution. 

Stoichioinetrically, the reduction of copper(l1) 
to copper(0) via copper(1) in the sensitized photode- 
composition must be coupled with the oxidation 
reaction of alcohols to carbollyl compounds. The 
mechanism of the oxidation might be related to the 
way an acetylacetonate ligand acquires a hydrogen 
to form acetylacetone. That the redox processes take 
place by radical lnechanism is suggested by the fol- 
lowing observations. Firstly, poor H-atom donating 
solvents, such as benzene and chloroform, do not 
promote the photoreduction. Secondly, the sensi- 
tized photoreduction occurs in alcohols with a de- 
creasing order of efficiency of isopropyl alcohol > 
ethanol > methanol, which coincides with the eAi- 
ciency order (15) in which these alcohols donate an  
a-hydrogen (but not hydroxy hydrogen) (3) by a 
radical mechanism. Finally, the formation of dicyclo- 
hexenyl in the sensitized photodecomposition of 
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Cu(acac), in the presence of cyclohexene is consistent 
only \vith a radical mechaliism. Therefore the yet 
unproven acetylacetonatoxy radical 5 niiglit be sug- 
gested as tlie reactive intermediate in mediating the 
oxidation reaction by abstraction of an  a-hydrogen 
of alcohols as show11 in reactions [5] and [6]. Further. 
if a co11:peting electron transfers from Cu(acac) to 
5 is assumed to occur (reaction [7]), it is possible to 
explain the order of the photoreductio~l efficiency 
in these alcohols. 

Various mechanisms could operate in the sensitiza- 
tion step of reaction [I] .  A hydrogen atom transfer 
from alcohol to Cu(acac), mediated by the triplet 
state se~lsitizer as in reactions [8] and [9] is attractive 
in view of the well established reactio~l pattern of the 
be~izopheiione triplet state (16). 

This mechanism. honever, suffers inconsiste~lcy in 
that the H-abstraction by the be~lzophenone triplet 
is fairly slo\v (k  = 1.8 x 106 M - I  s- '  from isopro- 
panol) and readily quenched by 1,3-pentadiene (16). 

Tlie direct photodecompositio~l has been specu- 
lated to occur by an internal redox process arising 
from the excitation of the charge-transfer or the 
ligand-to-metal band (CTTM) at  243 11111 (E - 119 
kcal~mol),  based on which the acetylacetonatoxy 
radical 5 has beell proposed as the intermediate (3). 
Since Cu(acac), shows no emission, the energy levels 
of its excited states are unclear. While the selisitized 
pliotodecompositioil inight be assumed to proceed 
from a yet undefined excited state of Cu(acac), by an 
internal redox mechanism similar to that proposed 
for direct photolysis. evidence as shonn in Table 1 
is against a classical triplet energy transfer ~nechaiiism 
(17) from excited states of the sellsitizers to the 
grourid state of Cu(acac),. For example. the order of 
sensitization efficiency. i.e.. anthrone > benzophe- 
none > biacetyl > xanthone, does riot agree with 
the order of the lowest triplet energies of the sensi- 
tizers. It is also apparent none of these ketones lias 
a singlet state energy high enough to successfully 
activate the CTTM band tra~lsitioll for Cu(acac),. 

There are many ilivestigatio~ls on the mechanism 
of sensitized reactions in metal complexes (18-21). 
It Lvas found that (18-21) the lurniiiescent excited 
state of polypyridineruthenium(I1) co~nplexes is 
quenched by various metal ions or colnplexes by 

either electron transfer or energy transfer mecli- 
anisms depending on tlie nature of the quenchers. 
I n  particular. this state of the ruthenium(I1) com- 
plexes can act as an elcctron donor as v\.cll as an 
acceptor for a n tde range of cluencliers 011 the other 
hand, W ~ l k ~ n s o n  (23) and others (23) have obserked 
that the quench~ng cffic~c~~cles of the trlplet states of 
orga111c compounds bq Iron and other coord~natioll 
complexes are dependent on tlie relative energy lekels 
of interacting states. from which energy transfer is 
put for\varti as the mechanism of quenching. While 
reinterpretation of Wilkinson's results (22) by an 
electron transfer mecl~anism might reveal lnorc de- 
tails. the present sensitized decornpositioll is not 
likely to occur by energy transfer for reasons given. 

From the results of kinetic flash photolysis inkesti- 
gations Hammond and co-\vorkers (14) ha\e  recog- 
nized that some transition metal complexes quench 
triplet states of a variety of sensitizers efficiently and 
that /i,, are not correlated with the se~isitizer triplet 
energy levels. The rate cotistants are k,  2 10' !If- ' 
s - I  ~ ~ i t h  very little variation. They have concluded 
that either the complexes have low lying excited 
states to which they can be pro~lloted by energy 
transfer or with these coliiplexes quenching does not 
involve energy transfer (24). In the present case. the 
forliier assuinption is untenable frolii the pattern as 
shomn in Table 1. An extremely high quenchitig rate 
of benzophenone excited states by Cu(acac), is evi- 
dent in the present investigation. The inefficient 
retardation of benzophe~lone-sensitized C ~ ~ ( a c a c ) ~  
decomposition by 1.3-pentadiene indicates that the 
sensitlzatroli procesr I S  111uch faster than the quench- 
Ing of the louest trlplet benzophenone by the d~ene.  
the rate constant (25) of n h ~ c h  lias been calculated 
to be 3.75 x lo9 A i l - '  s - I  . Tr~e thv lam~~ie .  whlch 
quenches triplet state benzophenone at  a rate con- 
stant (26) of 2.3 x lo9 ,W- '  s- ' ,  does not retard the 
sells~tlzed Cu(acac), decompos~tlon at  all Both 
observations ~ndicate that an exc~ted state benzo- 
phenone IS quenched by Cu(acac), w ~ t h  a rate con- 
stant at  least an  order of niagn~tude h~glier than these 
constants, or say -3 x 101° W - l  s- '  Such a rate 
constant 1s ~n the reglon of the d~ffuslon-controlled 
bl~~lolecular encounter rate constant (27). In nieth- 
anol at  20 C X,,,, = 1 8 x 10'' IM-' s - '  S~nce  the 
uv spectrum of a ilietha~lol s o l u t ~ o ~ i  contallillig 
Cu(acac), and benzophenone is essentially a c o ~ u -  
pos~te  of the ~ n d l v ~ d u a l  uv spectla, format~on of a 
ground state complex is not evident. 

The sensitizatioli of reaction [ I ]  is thought to 
occur by electron tralisfer from the ligand of 
Cu(acac), to excited states of the sensitizers (S*) via 
an  unspecified encounter co~nplex (and/or exciplex) 
as shown ill reactions [lo] and [ l l ] .  Tlie free energy 
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change (AC) associated with the electron transfer in 
the encounter complex (reaction [lo]) is represented 
by reactio~l [I21 in which E,, ,+, is the oxidatio~l 
potential of the donor, E(, ,_, the reduction poten- 
tial of the acceptor, and AEO-, the excited state energy 
of the acceptor in the present case (26, 29). The 
coulombic attraction term e O 2 , ' ~ x  in a polar ~ n e d i u ~ n  
with encounter distance of ca. 7 A is sinall and is 
omitted in the calculation. Reaction [I21 has been 
proposed by Rehrn and Weller (28) from kinetic 
analysis of quenching and has been successfully 
applied by others (26, 29) to account for sensitizatio~i 
by electron transfer. 

[lo] Cu(acac), + S* F? [Cu(a~ac)~-- -Sg]  
Encounter con~plex 

i? Cu(acacj2 -"---S-' 
Solvated ion pair 

[12] AG(kca1, mol) = 23.06[E,, .,, - E,, ,-, 

In the present case, E(, ,+, of Cu(acac), is cal- 
culated (26, 30) from its ionization potential (IP = 

7.75 eV) (3 1). These calculatio~is (Table 1 )  show that 
the electron transfer to the triplet state of the first 
four ketones is spontaneous but to other sensi- 
tizers it is not, in general agreement with the observed 
experimental results. I11 polar alcoholic solvents, the 
electron transfer is complete as in reaction [lo] and 
the ion pair separation of reaction [ l l ]  is probably 
facilitated vvherefrom reactions of the individual 
radical ions may be observed. 

The subsequent reactions of these radical ions 
reniai~l a matter of conjecture at  present. Among 
various possibilities reactions [13]-[I41 might be 
proposed to conclude the photoreductio~l in analogy 
to those proposed for sensitized addition to olefins 
(29). 

I11 add~t lon to the quench~ng plocess descl~bed so 
far, exc~ted states of anthracene and l-cyanonaph- 
thalene (and probably of fluorenone) in alcohols ap- 
pear to undergo unknoan and slo\ver chem~cal 
reactlolls to cause consurnpt~on of Cu(acac), and/or 
to glve other products, such as [Cu(acac)(OCH,)],, 
lather than the reductloll products. These reactions 
weie not studled further but  nus st occur a t  com- 
paiable rates to the photoreductlon Fluorenone has 
been shov\n to possess a n + 7~ t r a n s ~ t ~ o n  as ~ t s  
lo\vest trlplet state and to be photostable 111 alcohols 
(32) Forniat~oll of the d ~ m e r  froin photolys~s of 

anthracene has been vvell known for some tiine (13). 
The s~nglet excited state of 1-cyanonaphthalene 1s a 
good electlon acceptor fiom P-phenylalkyl e t h e ~ s  
and d~phenylethlilene and has been successfully used 
to sens~ t~ze  photoreactlo11 of these substrates (29) 
It shouid be rnentloned that In the photolysis of 
I -cyanonaphthalene and Cu(acac),. 1,3-pentadiene 
(0 3 M )  did not retard the forinatlon of [Cu(acac)- 
(OCH,)], 

The trlplet states of fluorenone and dnthlace~ie 
hake been shown to be quenched by Cu(acac), in 
benzene s o l u t ~ o ~ i  a t  late co~istants of 1 0 x lo9 and 
0 6 x lo9 W-' s respectlvely. as d e t e ~ m ~ n e d  by 
Aash photolysls (24) As fluoienone 1s photostable 111 

alcoliol~c solut~on (32), v\e could not obserke the 
extent of quenching by Cu(acac), using stationary 
state methods. The reason fol- quenching of these ex- 
cited states without decomposition of Cu(acac), is 
not immediately clear. I f  the proposed mechanism 
for the sensitized Cu(acacJ2 decomposition is ac- 
cepted, it might suggest that. in fluorenone and 
anthracene sensitization: the solvated ion pairs are 
readily decayed to the ground state through the re- 
verse electron transfer. 

In niethanol s o l u t i o ~ ~  the phenothiazine triplet 
state has been shown to be quenched by electron 
transfer to metal ions to give phenothiazine cation 
radical and the reduced metal ions provided the 
reduction potentials of the latter are favorable (33): 
the quenching rate constant by Cu2+ ion was deter- 
 nill led to be 6 x lo9 M - '  s - '  in methanol. The 
failure to photolytically reduce Cu(acac), by phe- 
~ io th iaz~ne  photosensitizat~on suggests that reductiorl 
of the complex by the direct electron transfer to the 
metal does not occur. The free energy change asso- 
ciated mith the direct electron transfer from the 
tr~plet  exclted rtate pheiioth~az~ne or ca~bazole to 
Cu(acac), are calculated from reaction [I21 to be 
- 37 and - 27 kcal 'rnol, respectively. The negatlve 
experirnelllal results might be taken as an indicat~on 
that this mode of electron transfer is not operating. 

In summary, there are compelling reasons to be- 
lieve that excited states of these organic sensitizers 
are quenched by Cu(acac), by accepting one electron 
from Cu(acac), andior by entering other chemical 
reactions with Cu(acac),: operation of the classical 
energy transfer is unlikely. 

Experimental 
Melting points (mp) were determined on a Fisher-Johns 

apparatus and were uncorrected. Infrared spectra (ir) were 
obtained with a Perkin-Elmer 457 spectrophotometer, ultra- 
violet and visible spectra with a Cary 17 spectrophotometer, 
inass spectra with a Hitachi-Perkin-Elmer RMU-BE instru- 
ment, and nmr spectra with a Varian A56160 spectrometer in 
CDCl, using TMS as an internal standard. Vapour phase 
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14 C4V J CHEM VOL 57. 1979 

chroniatographic analyses Mere performed on a Val-ian 1200 
(flame ionization detector) with a 10% SE-30 (6 ft x 1 '8 in.) 
colunin. The gas chroinatographic - mass spectra (gc-ms) used 
a 20% SE-30 (I0 Tt x 1 8 in.) colunin in a Varian 1400 which 
\\as directly coupled to the n~ass  spectrometer. High pressure 
liquid chromatography was carried out nith a Varian Model 
LC-4010-1 using a Porasil C-400 (37--75 11) colunln. Elemental 
a n a l ~ s e ~  \\ere carried out by M,  K .  Yang on a Perkin-Elmer 
240 microanalq-zer. 

!\.Inter.inl~ 
Sensitizers were conimerciaiiy available and purified by 

recrystallization, vacuum sublin~ation, or co~nbinations of 
both. Cu(acac), was prepared by the knoun method (34) and 
recrystallized from benzene. Solvents were previously distilled 
and stored over molecular sieves. Tetrahydrofuran (THF)  
was distilled from lithium aluminun? hydridc and stored over 
sodium. Nitrogen gas (Union Carbide of Canada) was 
scrubbed with a Fieser's solution and dried with sulfuric acid 
before being i~itroduced to the reaction vessel. 

Photolys is Piocer1~ri.e 
The photolysis apparatus (Fig. 1) consisted of a cylindrical 

vessel iitted nit11 a conclenser, a Pyrex plate cover, and a gas 
inlet tube. A solution of C ~ ( a c a c ) ~  (- 100 rng) and sensitizer 
in 100 n ~ l  of solvent under nitrogen was irradiated with a 
140 M' Hanovia mercury lamp (SH 616 A 0130) at running 
water temperature. The progress of the reaction was follo\ved 
by exanlining the decrease in the visible absorption of 
Cu(acac), at  -630 nnl. After photolysis copper was filtered 
and determined, after dissolution in HNO, (1: I), by colori- 
nletric methods (35). The filtrate was distilled, the first fraction 
being collected lvith a receiver (cooled on a dry ice - nlethanol 
bath) containing a 2,4-DNPH solution. The yellow precipitate 
was filtered and recrystallized to afford the 2,4-DNPH of 
volatile carbonyl compounds. The second fraction containing 
the major part of the solvent was analyzed by HPLC to give 
only one peak uhich had the sanie retention tinles with acetyl- 
acetone. The concentration of acetylacetone was calculated 
from its uv absorption at  7.,,,,, 273 nm. The residue was 
analyzed by vpc or tlc. Sensitizers and,or  products were sepa- 
rated \$hen possible by preparative tlc or colunin chromatog- 
raphy on silica gel. 

Bellzo~~/~elzo~le Setzsitizafion 
i n )  It1 ,'Methano/ 
A solution of Cu(acac), (150 mg, 0.57 n~mol),  benzophenone 

(112 mg, 0.64 mn~ol)  in methanol (100 ml) was irradiated to 
give a black solid after - 3 h. irradiation for 18 h gave metallic 
copper suspension. The filtered solution showed no absorption 
at  630 nni. Copper (98%) was separated by filtration using a 
sintered glass funnel. A cold trap contailling 15 ml of 2,4- 
DNPH solution was used to trap volatile compounds during 
filtration. A yellow precipitate was filtered out, washed, and 
dried under vacuum to give the 2,4-dinitrophenylhydrazone 
of formaldehyde (55 nlg, 46%): the solid was recrystallized 
from ~nethanol:H,O, mp 166-168-C (lit. nlp 166-C) (36). The 
filtrate was evaporated in a flash evaporator to give a solid 
(107 mg, 960~;); mp 48-50-C; the ir spectrunl s~~periinposable 
with that of benzophenone. The distillate was analysed by 
HPLC to give one peak corresponding to acetylacetone. The 
uv spectrum of the distillate with 100-fold dilution showed 
i,,,,, 273 nm, O.D. = 0.52. The yield of acetylacetone was 
estimated from the O.D. (0.76 mmol, 67z) .  A similar photo- 
lysis was run in the presence of cyclohexene (250 mg). Copper 
was filtered. The solvent in the filtrate was evaporated to a 
small volu~ne. Both tlc and vpc analysis showed the presence 
of benzophenone and dicyclohexenyl. 

i b )  Itz Eil~cmul 
A solution of Cu(acac), (120 mg, 0.46 mn~ol),  benzophenone 

(112 nlg, 0.64 mmol) in ethanol (100 n11) was irradiated to 
give a black solid after I h. After 3 h metallic copper suspen- 
sion w7as observed and the absorption at  630 nni of a filtered 
aliquot disappeared. Usual mork-up of the photolysate gave 
copper (1007;), acetylacetone (0.77 mmol, 84:<), and benzo- 
phenone (104 mg, 9373, the 2,4-DNPH of acetaldehyde (29 
rng, 28x1; mp 146-148'C; lit. mp 147'C (ref. 36, p. 320). 

l c )  In Isopi~opyl Alcohol 
A solution of Cu(acac), (50 mg, 0.19 mmol), benzophenone 

(1 12 mg, 0.64 mmol) in isopropyl alcohol (100 1n1) was photol- 
lyzed to give a black solid after 15 niiil. After I h copper sus- 
pension was formed and no absorption at 630 nni was ob- 
served. Copper (98.47;) was filtered out and determined by the 
usual method (35). The filtrate was distilled (3 ml) into a re- 
ceiver containing a 2,4-DNPH solution to give a solid (33 ing, 
73%) which uas  recrystallized froin ethanol-H20 to give the 
2,4-DNPH of acetone: mp 124-126.5-C (lit. 11111 126-C) (37). 
The ren~ainder was flash evaporated to give benzophenone 
(98 mg, 887).  HPLC analysis of the distillate showed the 
presence of acetylacetone (0.29 mrnol, 76%) as determined by 
the O.D. at  i .,,, 273 nm. 

i d )  Itz THF 
A solution of Cu(acac), (200 mg, 0.77 mmol), benzophenone 

(164 mg, 0.94 m~nol)  in T H F  (100 1111) was irradiated to give a 
black solid after 3.5 h.  After 7 h metallic copper bas  formed 
and the absorption at 630 nm disappeared. Copper (43 mg, 
89%) \vds filtered. The filtrate was flash evaporated to give a 
yellow oil (214 n1g). Analysis by vpc showed the presence of 
benzophenone and two minor conipounds which were not 
identified. Acetllacetone (0.94 mn~o l ,  61";) mas dctcrmined by 
the O.D. at 273 nm. 

i e )  117 the Pi.esetzce o f  PPh, 
A solution of Cu(acac), (100 mg, 0.38 n~mol) ,  benzophenone 

(1 12 mg, 0.64 nlmol), and PPh, (240 mg, 0.92 n~mol )  in ethanol 
(100 ml) was irradiated for 2 h to give a colorless solution. The 
absorption at 630 nm had disappeared. The solution was dis- 
tilled and the distillate was worked up as usual to give acetalde- 
hyde (427;) and acetylacetone (80%). The residue was treated 
with ether and filtered to give a mhite solid (242 mg, 9 2 7 ) :  
n ~ p  176-179 C :  ir (Nujol) 1598, 1583, 1508, 745, and 700 
c ~ n - ' ;  nmr (CDCI,) 5, 1.76 (s, 6H), 5.08 (s, IH), and 7.21 (s, 
30H). The ir and n n ~ r  spectra ivere identical nith those of 
Cu(acac)(PPh,), (37). Atla/. calcd. for C, ,H, -Cu02P2 : C 
71.65, H 5.4; found: C 71.76. H 5.5. Preparativc tic of the 
residue on silica gel (elution with CHzClz) ga\e benzophenonc 
(109 mg, 97";) and PPh, (43 mg, 0,16 mmol). 
Fluorenone Ser~.ritizntioti 

((1) It1 ,Lfefhrnio/ 01' I.~oJJ~'o~,?./ Alc,o/iol 
A solution of C u ( a ~ a c ) ~  (100 nig, 0.38 n~mol)  and flaorenone 

(200 nig, 1.10 nimol) in 100 mi of solient \\as irradiated for 
28 h. The visible spectra of the photolqsate showed 110 de- 
crease of O.D. at 630 n n ~ .  After work-up Cuiacac), and fluor- 
enone were recovered. 

I-Cyanot~apkt/znlerze Sensit izcrtiorr 
i c r )  III ~Wethirrzol 
Cu(acac), (100 mg. 0.38 mmol) in ~nethanol (100 rill) u a i  

irradiated in the presence of I-cyanonaphthalene (100 mg, 
0.65 mmol) for 48 h .  A blue solid i l 5  mg) was filtered off, 
washed with methanol, and dried under \;acuum; mp 205- 
209 C ;  ir (KBr) 2820, 1590, 1530, 1400, 1360, 1275, 1070, 
1025, 775,560, and 460 c m ' :  ms (z) 386 ( M + ,  0.6), 355 (1.01, 
324 (20.4), 261 (loo), 246 (75), 23 1 (56), 225 (6.4), and 43 (41). 
.Inn/. caicd. for C,H,,O,Cu,: C 37.21, H 5.16; found: C 
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BCONO-CORE ET AL.  15 

36.81. H 5.04. [Cu(acac)(OMe)lz was prcpared by the method 
of Bertrand and  Kaplan (14) and \vas identical. by ir and  inass 
spectra, to  the procluct obtained abo\,e. After ~vork-up  of the 
filtrate 76 ing of Cu(acac), were recovered. Analysis b>- vpc 
indicated that I-cyanonaphthalene wai  recovered unchanged. 

f h )  Zrr Etllcit~ol or  T N F  
Solutions were irradiated for 48 11. After the ~ i s ~ ~ a l  MOI-~<-LIJ) ,  

the starting materials Nere quantitatively recovered. 

Pl!oio/~..ri.r iii //re Pi.e.rer~c,e of Otllei. Sells itizcr..~ 
?icc~~rhoiie 
A solution ofCu(acac), (I00 nig, 0.38 mniol) and  xanthone 

(250 mg, 1 .27 mniol) in methanol (100 ml) was irradiated for 
45 h to  give ~iietallic copper suspension. A 5 0 z  decrease was 
ohserved in the 630 nin band. The usual work-up of the solu- 
tlon gave copper (48%) and acetylacetone (307)  detern?ined 
as before. C u ( a c a ~ ) ~  and xanthone were recovered in 40"; and 
96%. 

Biaeet),/ 
A solution of Cu(acac), (100 nig, 0.38 nimol) and hiacet>l 

(5 g, 48 rnniol) ill ethanol (120 mi) Mas irradiated to give n 
black solid after 1 h.  After 6.5 h metallic copper was fortiieii 
and n o  absorption was obserced at  630 n m .  Copper was fil- 
tered and determi~ied as L I ~ L I ~ I  in 81": yield. The filtrate was 
analyzed by bpc to show two major and five minor peaks. The 
niajor peakc were shown to  be biacetyl and acetylacetone by 
peak matching. 

A/~rizi.orle 
A solution of C u ( a ~ a c ) ~  (100 mg, 0.38 niniol) and arithrone 

(86 mg, 0.45 mmol) in ethanol ( 1  20 nil) was irradiated to gibe 
a black solid after 15 mill. Irradiation for 3.5 h gave n?etailic 
copper siispension and the solution showed n o  absorption at  
630 nni. Filtration attenipts were unsuccessf~~l due to  the col- 
loidal nature of copper. The  solution was flash evaporated t o  
give a retl-brohn solid (99 mg). After treatment n i t h  ether, 
copper (92%) bvas filtered and determined as usual. The  f ltrate 
was evaporated to  givc a yellow solid (74 nig). Treatment with 
acetone (10 ml) gave a n  unidentified white solid (12 mg); ii1p 
136-142 C;  ir (KBrj  - 3500, 1470, 1 190, 1035, 780, 740, 700, 
670, 650. and 640 cm-I.  The vpc of the filtrate showed one 
major peak, niatching in I-ete~ition lime with anthrone, and 
one unidentified ininor peak. Acetylacetone ( 6 8 7 )  was deter- 
mined froni the distillate. 

kizthraccf~c 
A solution of Cu(acac), (I00 ~ n g ,  0.38 mlnol) and anthracene 

(100 mg, 0.56 mmol) in methanol (100 1 3 l j  mas photolyzed t o  
give white cr4stals after 15 riiin. Irradiation for 28 11 showed an - 60% decrease in absorption at  630 nm. Formation of copper 
was not  observed. The solution was filtered to  givc antliracene 
dimer 176 nig, 76%); rnp 274-276-C (lit. 111p 275 C )  (13); ir 
(Nujol) 1300, 1220, 1160, 945, 820, 770, 760, and 680 cn:-'; 
nis ( " a ) ,  356 (M2-, 4.5) and 178 (100). The filtrate was ilash 
evaporated to give a blue solitl (120 mg). Analysis by tlc 011 

silica gel (elution with CH2C12) shoued two n~ajol .  spots (Rr 
-0.95 and  0.15) and one minor spot ( R ,  -0.5). Preparative 
tic on  silica gel (elution with CH2C12) gave C~l(acac)? (85 mg, 
85:;), anthraccne (18 mg, 18q;), and an ~lnidentified solid 
(8 mg) bvith ir (KBrj, 2940, 1720, 1680, - 1600, 1450, 1290, 
920, 740, 695, and 670 c m - l .  

Pl~rrzothiuiit~e 
A solution of Cu(acac), (100 mg, 0.38 n~niol)  and pheno- 

thiazine (120 mg, 0.6 mrnolj in ethanol (120 11i1) was irradiated 
for 48 h to  give a dark brown sol~it ion.  The absorption at  
630 11111 decreased about 80%. The solution was flash evapo- 
rated to gibe a brown solid (146 mg). After treatnient with 
Icetone (20 ml) a blue solid (56 mg) was separated; the ir spec- 

trum mas ~upeririiposable with that of Cu(acac),. Anallsis of 
the filtrate by vpc showed only one peak corresponding to  
phenorhiazine by comparison ktith authentic sa~nplc .  

C~rt~huzole. P/iel~otii/~r.rnr, Pyi.etie, Pc~i.~./clre. iirlti 
A c r t ~ / z c e t o r ~ e  

A soliltion of Cu(acac), (100 nig, 0.38 miiiol) and the sensi- 
tizer i n  ethanol 1120 i n )  ua.; photolyzed for 24 11. N o  decrease 
was observed in the absorption of  (he 630 11111 band. After 
nark-up the ulichanged starting materia!s Fiere recovei-ed. 

This research pro-iect ivas carried out  in part by 
V. L. Chow and the research group of Kyoto 
Unikersity during the former's \tisit at the University. 
January-April 1976. Y. L. C h o ~  \tishes to thank the 
Kyoto University 70th Anniversary h4emorial 
Foundation for a generous a~bard  and the research 
group of Professor Kaji for discussion and hos- 
pitality. 

The authors are grateful to  the National Research 
Council of Canada for financial support of this re- 
search project. Grateful acknonledgement is made 
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&Tilieux hyperbasiques: Spnthkse b e  cpcla~moaaes a-cyankes gar cyclisation anionique 
d'amibes-nitriles 

MARC LARCHEVEQUIZ ET PATRICK MULO'I~  
L(ihorciroirc tie S?.iztlii.~\t~ Oi.gciiiic/irr iissocie ciii C..V.R.S., Criiii~o.sirt; Pici.i.r t>/  .2larir Cirric~. roirr 44-45, 

4. [~/oc.c Jirasicu 75230. P(1ri.t C6tlc.u 05, Ft.cii~c.c 

Requ le 28 mal-i 

h'f;\~c L A R C H L \ E Q C ~  e t  PATRICK MULOT. Can. J. Chem. 57.  17(19791. 
Les amides w-cyanes sont aisement prepares par action d'un cysnurc alcalin sur  u n  amide 

o-halogene. Sous l'action des dialkylalnidures d c  lithium en solution dans l'ether, ils con- 
duisent a la formation exc lus i~e  d'un anion en r d u  groupe cyano. Cclui-ci peut alors seagir 
sur la fonction arnide pour conduire h des cyclanones r-cyanees diversenlent substituees. 

MARC LAICCHELFQUE and PATRICK MLLOT. Can. J. Chem. 57 .  15 (1979) 
w-Cyano !Y,llr-disubstituted amides are conveniently prepared from halogenated amides by 

treatment \\it11 alkaline cyanides. By reacting them with powerful bases such a s  lithium 
dialkylanlides in ether, these cyano amides may be rnetallated in 2 position to  ihe cyano group 
only. When they are v,armed up, the anions react bvith the amide group to afford x-cyano 
cyclanones by an intran~olecular cyclisation. 

Introduction 

Les cyclisations de Dieckmann et de Thorpe- 
Ziegler o ~ i t  it6 frCque~iiment utilisees en chilnie 
organique pour preparer des cyclailones diverse- 
ment substituees (I). Ces reactions sont, malgre tout, 
d'un ernploi relatiiternent liniite en synthese car elles 
sont difficilement applicables aux composis dis- 
s>111etriques. Les produits de depart sont en effet, 
dam ce cas, d'un acces diccile: de plus. on isole en 
general apres rkactioll des melanges car la difference 
d'acidite elltre les hydrogenes en a des fo~ictions 
F, et F,' (1, F, = F,' = ester ou nitrile) qui est due a 
la presence d'un groupe R electrodonneur, est trop 
faible pour conduire B la formation d'un anion 
i~liique (2).  D'autre part, la rCversibiIitC de cette 
rkaction (qui peut etre contralie d a m  certains cas (3)) 
contribue egalement 2 la complexite de la reaction. 

Au cours de notre trava~l,  nous avons essaye 
d'accroltre le champ d'appllcat~on de ces react~ons 
et de remed~er a leurs ~nconvenients en u t ~ l ~ s a n t  des 
composes porteurs de deux f o n c t ~ o ~ l s  F, et F, 
d~ffirentes Nous akons fart appel aux (1)-cyano 
am~des  et nous proposons ulle methode qul perniet 

tions: i l  est donc possible dans des conditions bien 
definies d'arracher un hydropine plut6t que I'autre et 
d'effectuer ensuite une cyclisation anionique: (ii) les 
amides to-cyanes dissymetriques solit aiskment 
accessibles A partir des arnides chlorCs. Ceux-ci sent 
obtenus suivant une methode deji  decrite par con- 
densation ~ ' L I I I  derive chloro-bro~ne sur u11 car- 
banioil d'amide (4). On passe ensuite B l'amide- 
nitrile par action du cyanure de sodium dans le 
DMSO. 

DMSO 80 C \ N ~ C N  

La rCaction s'cffcctue avec de bolls rendements 
(tableau 1) pourvu que I'on opere d a m  le DMSO. 
En milieu alcoolique 011 observe de nombreuses 
reactions parasites. 

d'acckder directement B partir de ces composes des ~ ~ . ~ / ; ~ ~ t ; ~ ~ ~  hctsjqcle ks allljdps o-q.ctngs 
zyclanones r-cyanees par cyclisatioil anionique. La rkaction de cvclisatioi~ nkcessite la formation 

PrCparation des amides m-cyanCs 
d'un carballion qui puisse ensuite s 'addit~o~lner sur 
l'amide par reaction intra~nol~culaire.  Le milieu 

L'iutirct present6 par l'emploi de ces a~liides est utilise pour effectuer ulie telle operation doit donc 
double: ( i )  i l  existe ulie diffkrence de pK, assez Etre suffisaninielit basiqi~e pour former le carballion 
importante entre les hydrog6nes en a des deux fonc- ell x du nitrile ( p K ,  - 25) en quantitk appreciable 

0008-4042/79/010017-04x0 1 ,0010 
(PI979 National Reseal-ch Council of CanadaIConseil national ~ i e  recherches du Canada - 
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R Ll(-I R 
1 //" ( I C  ,H7)?hL1 (-1 1 /,o 

CN-CH2--(CH2),,-CH-C ether CN-CH-(CH2j,-CH-C 

2 ' ~ I C H ~ ) ~  ''N(CH?)~ 

sans pour autant l'etre trop, ce qui conduirait 
egalement a I'attaque en r* de I'ainide ( p K ,  - 29). 

L'hydrure de sodium est a eviter: i l  n'est pas assez 
riactif et I'hiteropiniit6 du milieu ne favorise pas la 
formation du carbanion en x du proupe cyano. Par 
contre, les "amidures acti\is" (Li-Et,NH-C,H,- 
HMPT) qui servent priparer les aniides a)-chloris 
sent trop reactifs; ils coilduiselit B une proportion 
notable de goudrons indistillables. Nous avons 
finale~~ient choisi les dialkylamidures de lithium en 
solution dans l'ethes. Ceux-ci donnent avec les 
amides nitriles 2 une reaction propre contrairement 
B ce que 1'011 observe lorsqu'on opere dans Ie THF. 

La tempkrature joue un  sale important et il est 
~iicessaire d'additionner la base ternpiratuse rela- 
tivement basse si 1'011 veut eviter des reactions para- 
sites d'auto-co~idensation du carbanion: on opere 
en gineral vers -40'C. On observe dans ces condi- 
tions uniquelneilt la formation du carbanion en rx du 
nitrile. Celui-ci peut ensuite, si on laisse le milieu 
rtactio~lnel se rCchauKer vers -20-C. riagir sur la 

les cetones r-cyanees 4 avec de boils rendements 
(tableau 2). I1 devrait Cgaleme~lt, en thkorie, Etre 
possible de pieger cet anion par u11 electrophile con- 
venable (par exeniple u11 dirivi  lialogen6) de f a ~ o n  B 
obtenir le nitrile-amide bisubstitue 3. En opirant  
dans I'ether nous avolis effectivement observi cette 
reaction, mais nous n'avons jamais riussi, quelle que 
soit la temperature du milieu riactio~lnel, B dipasser 

TABLEAU 2. Synth6se de cyclanones r-cyanees 

R I I  Cetone r-cqanee Rendernent (z)" 

fonction amide: on isole alors apses liydrolyse acide 
iC4H9 68 

TABLEAL 1. Synthese d'amides w-cyanes 

CH3 3 
71 Kendement (z) 7 1 

R 
n " 

CH3 2 89 
C2H5 2 79 C ~ H S  3 eCN 7 2  
(CH3)zCH 2 77 
( C H ~ ) I C H C H ,  - 7 75 
C H 3  3 75 1C3H7 3 *N 65 
CzHs 3 77 
(CH3)2 C H  3 76 

OLes rendements sont donnes en produits isoles 
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I ARCHEVEQUE tl XICLOT 1 Y 

un rende~nent de 2 5 z  en produit 3. La reaction de 
substitution nucleophile s'effectue trop lente~nent sur 
le derive 11aloginC (surtout en milieu ether) pour 
concurrences la reaction de cyclisation. 

Celle-ci permet donc de prkparer les cycles penta- 
gonaux et hexagonaux avec de b o ~ l s  renden~ents. Par 
contre, les diverses tentatives faites pour I'appliquer 
aux cyclobuta~lo~~es  ont echoue: la rCactioil des 
arnides y-cyanes (2, 12 = 1)  avec les dialkylamidures 
de lithium en solution dans I'ether ne fournit que des 
goudrons. 

Nous avons observC que les derives obtenus sont 
particulikrement acides. 11s sont en fait isolis apris  
hydrolyse sous forine de sels 5 et il est necessaire de 
traiter ceux-ci par l'acide chlorhydrique 2 50";our 
libirer les ceto-nitriles. I1 faut noter aue ces com- 
poses ne se prksenteilt pas toujours sous forlne 
citonique. Ils sont partiellement enolises et on isole 
friquemment des melanges contenant une forte 
proportion de  composCs 6. Celle-ci depend de la 

nature du radical R et elle est particulikrement 
ClevCe d a m  le cas des cycles cyclope~ltaniques oh elle 
peut depasser SOjT;,. Ce resultat est en disaccord avec 
celui de Kulp et (11. (5) qui isole, lors de la synth6se 
de cyano-5 dialkyl-2,2 cyclopentanones, des coni- 
posis ile comportact qu'une seule bande CN g 
2250 et une bande CO a 1750 ern-'. Par contre, les 
cyano-2 cyciohexano~les se prksentent presque ex- 
clusivement sous forrne cCtonique. 

Nous avons indiqui ci-dessus qLie nous n3a\ions 
pas riussi 2 prepare: les ao~ides-nitriles 3 avec de 
bons rendements: il n'est donc pas possible dans ces 
conditions de synthetiser directement les r-cyano 
cyclanones cr,x'-disubstitui.es 7. On peut nianmoins 
les psiparer par alkylation ulterieure des r-cyan0 
cyclanones monosubstituees 4. Ces con~posks ana- 
logues aux derives de la serie malonique peukent en 
effet Etre tr&s aiskinent mCiallCs. Nous avons verifie 
que cette alkylation s'effectuait avec de bons rende- 
ments. 

Le trairement par l'hydrure de sodiu11l dans 1'Cther 
suivi d'une addition d'iodure de mkthyle conduit a 
l'obtention d"un mklaage de compose 7 (R = C,Hj, 

0 

(2) R ' X  

R '  = CH,) et de produit 2.2'-dialkyli dans la pro- 
portion 85: 15 (rendeinent global. 87",). Ainsi. i l  cst 
possible par cette mithode d'accider ii des co111pos6s 
polyfonctionnels qui sont, particuli2remeiit en sCrie 
cyclopentanique, des intermediaires de synthkse 
intiressants. 

La structure dei diffirerits produits a e t i  confirrnee par 
inf raro~~ge et rnlii. Les spectres infrarouges ont cte effect~ies 
sur un spectrophotom2tre Perltin Elmer 457 sous forme de 
film. Les spectres rnin ont ete enregislres sur LIII appareil 
Perkin Elmer R 24 a 60 IMHZ dans le tctrachlorrire de cai-bone 
et en utilisant Ie tetraniethyl silane colliriie reference interne. 
La purete des produits a ete contrBlee par cpv (colonne SE 30 
de 2.5 m). Lcs analyses centksiniales sont correctes B x 0.255 
pour le carbone et i 0.35:2 pour l'hydrogenz. 

An7ide.r w-ch1oii.s 
Cette reaction est decrite dans la ref. 4. Cependant les pro- 

duits silivants n'avaient pas CtC synth6tisC.s. 
Cliloio-5 iiiii/ij~l-2 N,N-diiiic:t/ij,/ pc~r7ln1iniiii&-re1icIe1i1eiit 

7 5 7 :  pe 126-C 13 Torr: ir: 1640 c n i '  ( C - 0 ) :  rniii 6 :  1.07 
(3H, d: J = 6.0 Hz, CH3),  1.67 (4H, m, CHZ), 2.67 (6H, d, 
./ = 8.0 Hz, N(CH,),), 3.51 (ZH, t, J = 6.0 Hz, CICH,). 

CI11c~i.o-5 &rh)~l-2 N,N-i/it~it;ili)./ j1~,11tcil70iiiiil('-renderne1~t 
8 4 7 ;  pe 144 C 13 Torr:  i r :  1645 c m l  (C=O): rrnn 6 :  0.84 
(3H, t, J = 6.0 Hz. CH3):  1.55 (GH, n1, CH,), 2.97 (6H, d. J = 
8.0 Hz, N ICH,)l), 3.47 (2H, t, J = 6.2 HZ, CICHZ). 

Cli/oi.o-5 isopiopj.1-2 ~ . N - d i i ~ i f ~ i / i j ~ /  yc~i7inrrcii7iide-re1idc1i1erit 
7 3 5 ;  pe 86 C 0.1 Torr: i r :  1640 cm- '  (C=O); rmn 6 :  0.89 
(6H, d de d ,  J = 6.0 Hz, (CH3),CH), 1.61 (4H, m, CH*), 
2.96 16H, d, J = 7.3 Hz, NIGH,),), 3.12 (ZH, ni, CICH2). 

Cli1oi.o-5 i.robutj~1-2 Pu',N-dii~ic~ilij~l /1e1itnricii71idc~-pe 1 13 C 
0.5 Torr;  ir :  1645 em-' (C=O); rnin 6 :  0.89 (6H, d ,  J = 6.0 
HZ, (CH3)2CH), 3.00 (6H, d ,  J = 8.6 HZ, N(CH,)*), 3.47 
(213, t ,  CICHZ). 

Ci7loio-6 4tlijl-2 N,h-riiiilc;iiij.l /i~sci~in~~~ic/c~-pe 109 C 
0.8 Torr;  i r :  1640 c m '  (C-0); rmn 6 :  0.89 (3H. t, J = 6.0 
Hz, CH,), 1.1-1.9 (8H, 111, CH,), 3.00 (6H, d, J = 9.0 Hr ,  
N(CHs)>),  3.51 (2H, t, J = 6.6 HZ, CICHZ). 

Cl7ioi.o-6 isoi,i.o/~> 1-2 N,N-di~i~&t/ i~ , l  licl-niiiii~iidc---pt; 103 C 
0.5 Torr: ir: I650 cni-' (C-0):  rm11 6:  0.80 (6H, d de  d ,  
J = 6 6 Hz, (CH3)ZCH), i.1-2.0 (8H, ni, CHZ), 3.00 (6t1, d, 
.I = 8.3 Hz, N(CH,),), 3.52 (2H, t ,  J = 6.5 Hz. C1CH2). 

A1iiid~,.~~-17iti.i/~~s 
Mctti-e dans uii reacteur 0.3 rnol de cqanure de iodiurll piii- 

\IrisC et 90 cm3 de DMSO distille sur hydl.ure de calcium. 
Chaufer a 90 C et additionncr lenternent 0.22 rnol d 'an~ide 
w-chlord. Laisser chaufrer le milieu reactionnel jurqu'B 120-C' 
(envirori 15 min). Refroidir, filtrer ei distiller. 

M&ii~j / -2  c~wno-5 N,I\-r/ii1?i:rl7.1.l pei~ia~rtriiiic/c.p~pe 104 C 
0.5 Torr;  i r :  2240 (C=N), 1635 cni- '  (C=O); rrnn 6 :  1.07 
(3H, d, J = 6.0 i-lr, CH,), 2.37 (4N, ni, C H 2 C 0  et CH,CN), 
3.00 (6H, d ,  J = 9.0 Hz, N(CH,),). 

Ciilyl-2 c),nrio-j N,N-diiriirl~yl pc~tirci/ioit~icic~-pe 117 C 
0.8 Torr-; i r :  2240 (C-N), 1630 cnl- '  ( C - 0 ) :  rnin 6 :  0.84 
(3H, t ,  J = 7.3 Hz, CH,), 2.38 (4tI, ni, CH,CO et CHZCN), 
3.00 (hH, d. J = 9.2 HZ, hT(Ct3j)Z). 

Isoliropj~l-2 ~j,iji70-5 N,N-diiiiir/i,~l l1c~i7/ci1iniiiidc~-pe I28 C 
0.05 Torr;  ir: 2240 ( C z h ) ,  1635 c n 1 '  (C-(9); rnin 6 :  0.91 
(6H, d, J = 7.3 Hz, (CN3)2CH), 2.38 (4H, m. CHZCO et 
CH2C?I), 3.00 (hH, d ,  J = 9.0 Hz, N(CH,)2). 

Isohiitj,l-2 c ~ . ~ t l o - j  N.N-dii7i&iiii.l penriirruiiiiii-pe 136 C 
0.1 Torr: ir :  2245 (C--N), 1640 sn i - '  (C-O'i; rnin 6 :  0.89 
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Strtlcture and bonding in cyclic phosphoramidates as determined by carbon-13 magnetic 
resonance1 

GERALD W. BUCHAVAV A N D  FREDERICK 6. MORIN 
Depi~rt t?iet~t  of C/~~,iiii . \ try, C'orletot~ U t ~ i t ~ c i ~ ~ i t . v ,  Ot t [ i~ t ,o ,  ( j t ~ t . ,  C-ot~[~di i  K l 5  5B6 

R e c e i ~ e d  June 15. 1978 

GERALD \V. BUCHASAN and FREDERICK C .  MORIK. Can.  J. Chem. 57.21 (1979). 
I 3 C :  chemical shifts and '3C-3'P couplings are reported for 11 cyclic phosphoramidates of 

ring sizes from four to nine. Viciiial couplings are compared with those of carbocyclic analogr 
and provide insight regarding the degree of nitrogen lone pair delocalization into the N-P 
bond. For  six-membered and larger rings, there appears to be nearly complete lone pair 
delocalization, i.e., a trigonal planar nitrogen atom. In  aretidine derivatives the nitrogen lone 
pair remains localized, giving rise to a highly puckered ring conformation. Pyrrolidine deriva- 
tives are viemed as having a nitrogen with a partially delocalized electron p a r .  

G E R ~ L D  W. B L C H A N A ~  et FREDERICK (3. M O R I ~ .  Can.  J .  Cheni. 57, 21 (1979). 

On rapporte les deplacerncnts chinliques ' 3 C  et Ies constantes de couplage '"-"I? de onzc 
phosphoramidates cycliques clont la grandeur d u  cycle ~ a r i e  d e  quatrc a neuf. On conipare les 
couplayes ~ i c i n a u x  i ceux des analogues carbocycliques et on  obtient ainsi des informations 
relatives au degre cie delocalisation de la paire d'electrons 1io11-partagee dc I'azote daiis la 
liaison N-P. Dans le cas des cycles a six chafnons o u  plus, il se~nble  clue la d~localisat ion de 
la paire d'electrons lion-partagee soit complete, i s a ~ o i r  que l'atome d'azote adoptc une fornie 
planaire bigonale. Dans les dCrikes de I'azetidine, la paire d'klectrons noii-partagee de I'azote 
reste localisee provoqualit un plissenient du cycle. On considere que la paire d'electrons non- 
partagee de l'azote dans les derives de la pyrrolidine est partiellenient delocalisee. 

[Traduit par le journal] 

Introduction from 3'P to hicinal ring carbons ~vill be substa~itially 

Since the advent of comInercially available 1 3 ~  
altered, relative to the case (ct) of a pyramidal nitro- 

Fourier Transforlll spectrometers, the applicatioll of gen. Wit11 the expectatioll that the degree of llitrogen 

13~-heterolluclear spill couplirlg to structural analy- lone pair delocalization should be, to some extent, a 

sis has been \,,,idespread, coupling interactions be- function of ring size, \\e have synthesized a series of 

tween 1 3 ~  and 3 i p  Seem particularly useful, Ill these cyclic phosphora~llidates wit11 ring sizes from four to 

laboratories, attelltion has been paid to study of nine. Conformational conclusions are based on both 

carbocyclic hydroxy phosphonates 3. 4) alld couplillg and cl~emical shift arguments. 

phosphonates (2) via 13C chemical shifts and 13C-31 P Results and Discussion 
couplings through one to five bonds. Spec t~~a l  A.s.sign1l1e11t.c 

When a nitrogen atom is bonded to phosphorus, ~ ~ ~ ~ i ~ ~ l ~  1" spectra sere recorded L,sil,g 
the illteresting question arises as to the degree of complete 'H noise decoupling, Subsecluently the 
'itrogen 10" pair delocalizatio'l into the N P  bond single frequency off--resollallce decoupling psocedure 
(below). u a s  employed to identify CH3,  CH,. CH,  and quater- 

0 0.- .,Q 1 1  nary carbons. Selective ' H  decoupling was occasion- 
, I 

N-P(OCH?), N=P(0CW3 ), ally used, and the effects of ~nolecular symmetry \Yere 
4 / often valuable assignment aids. 

(a ( b )  Cller~iiccll Shl f t .~  

cyclic systems, vicinal 13~-31p coL,plingS are The I3C shieldings for 1-11 are presented in 

knolvn to depend on the dihedral allgle bethveen the Table 1 ,  with the correspo~iding structures and 
coupled atoms. at least to a first approxilnat ion (j, 6 ) .  nu~i-~bering scheme shown in Fig. 1 .  I11 Table I ,  values 

~f the ri,lg nitrogen atom becollles trigonal in parentheses indicate uiicertain assignments. For 
(resonance form (b )  above), then the dihedral angles cOmpo"nds 3, 4, and $3 the 0 C H 3  groups are 

diastereotouic (7) and have sinall chemical shift . ~, 

'Presented in part at the 4th International Meeting on Nuclear differences (ca. 0.1-0.2 ppm). 
Magnetic Resonance Spectr-o5copy. York, England. Ju11 2-7. For the piperidine derivatives, 1 and 5, the 13C 
1978. shifts alone do not permit detailed structural con- 

0008-4042/79/01002 1-06SO 1 .00/0 
1; 1979 National Research Council of Can;~da/Conseil national de rechei-che5 du Canada 
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22 CAN.  J .  CHEM. VOi.. 57. 1979 

TABLE 1.  13C shifts for cyclic phosphoramidates (6 from TMS 5 0.1)'" 

Position 

Compound C-2 C-3 

*0.2-0.3 41 solutions in CDClj 

clusions. It is interesting to  note, liove\er, that 
introductiol~ of the -P(O)(OCH,), group on N 
induces only minor shifts (<  1 pp171) at  each carbon 
relatile to piperidine itself (8). From this result it can 
be suggested that there is no appreciable contribution 
in I and 5 froim a chair forin i ~ i  \I hich tile phosphorus 
is axial, since this n.ould be expected to shield C-3.5. 
111 the cyclohexyl conipou~id (2) tlie -P(O)(OCH,), 
is sterically bulky, -AGO being in excess of 3.0 
kcalmol.  Additionally. it is clear that substitutioli of 
S for 0 (5  1s. 1) has little effect. 

FIG. 1. Structures and numbering scheme for phosphorami- 
dates. 

For compound 2. the CH, at C-4 is suggested to be 
equatorial. This follon s froill coniparison of the C-2.6 
shifts in 1 aiid 2. Since lhese are only 0.6 ppln 
different, it is clear the CH, is not axial to any iarge 
extent, since the -! shielding \tould be ilianifes: at  
C-2,6 relative to 1 .  One call calcuiate the CH, 
substituent effects to be x,, = 6.6 ppm (deshielding) 
and p,, = 8.5 ppm (desliieldii~gj. These values are not 
greatly different fro111 those of metl~ylcyclohexane (9) : 
r,, = 5.6 ppm and p,, = 8.9 ppni. Siinilar confor- 
mational arguinellts apply to the 3-CH, coiiipound 3. 
\\.here again no notable ;l shielding is present com- 
pared to 1 and an equatorial CH, is likely. 

By contrast, results for 4 are clearly i~idicative of an 
axial CH, at C-2, Both ring c a r b o ~ ~ s  lvhich are 
potentially y-girurlic to an axial 2-CH, are sl~ielcied 
relatike to I :  ~ i a ~ ~ i e l y  C-6 by 6.3 ppln and C-4 by 5.5 
ppni. Also. C-9 of 4 is deshielded by only I .3 ppm 
compared to 1. i.e., x,!, = + 1.3 ppm. Thus the r 
effect of an axial CM, in 4 is iery si~nilai- to that in the 
i ~ ~ e t l ~ y l  cyclohexanes (9). \\liere x,,, = + 1.4 ppm, 
\vhereas x,, = + 5.6 ppm. 

Further discussion regarding the degree of nitrogen 
lone pair deiocalization, and hence the overall ring 
geometry. nil1 follo\f in the coupling constant sec- 
tIOll. 

13C shieidings for pyrrolidine (10) are indicated 
belo\\. Substitution of the -P(O)(BCPI,), f ~ ~ n c t i o n  
for M on the nitrogen (compound 6) causes essen- 
tially no shift a t  C-2.5 and only a sn~ali  desl~ieldi~ig 
( I  ppni) at C-3,4. These results are not interpretable 
in terms of a definite conformation for 6 but they d o  
rule out an envelope form with pyramidal nitrogen. 
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h a b i n  an axial or quasi-axial di~nethylphosphono 
group. since there is no upfield shift at C-3,4. 

k 
For the azetidines 7 and 8; substitution of the CH,  

at C-2 of 8 induces downfield shifts of the expected 
magnitude ( l  1) at the r and p positions (i.e., C-2 and 
C-3. respectively) relative to 7. Interestingly, C-4 of 8 
is shielded by 3.9 ppln relative to 7, \\ hich suggests an 
axial CH, in a puckered aretidine ring. Further dis- 
cussion \\ , i l l  be presented to support this \ie\v in the 
coupling constant section. 

In the seven-membered ring compouiid 9. the 
shifts are again not greatly different from those of the 
si~iiple arnine (I?) belo\\. The nearly identical shifts 
at C-2 probably reflect offsetting deshielding P effects 
(by phosphorus) and shielding -1 efyects (by oxygen) 
in all the phosphoramidates compared TO the parent 
amines. 

26.0 

Coupling Cor?.~tan t s  
Geminal atid vicinal 13C-31P couplings are pre- 

sented in Table 2. I11 all materials, geminal Jvalues of 
5.8 f 0.2 Hz were noted bet~veen 31P and the OCH, 
carbon but  since these values \yere essentially in- 
variant. they are not included in the table. All the 
other geminal couplings are rather small, i.e., less 
than 4.5 Hz. and trends are difficult to extract from 
the data. The vicinal J values, hovvever, shorli a rather 
spectacular variation with ring size and can. we feel, 
give insight into both ring geometry and the degree 
of nitrogen lone pair delocalizatio~l in these mole- 
cules. 

For conipound 1, a vicinal $1 of 4.6 H7 is found 
between 31P  and 13C via the P-N-C,,,-C,,j path. 
This is a remarkably low value in light of the 16.2 Hz 
coupli~lg in the corresponding carbocyciic phos- 
phonate beiow (2). 

There are three possible sources for this dramatic 
reduction of '4, which are as folio\vs: (i) contribution 
from an axial -P(0)(OCH3)2 group in a ring with a 
pyramidal nitrogen: (ii) a reduction owing to the in- 
Auence of the more electro~legative nitrogen (vs. car- 
bon) in the coupling path: and (iii) a trigona! nitrogen, 

ix~hicli reduces the dihedral angles relative to the case 
of pyramidal ~iitrogen. 

Possibility ( i j  can Se ruied out from our low tem- 
perature experiments (to - 120-C) in which the 
spectra are essentially ideritical to those obtained at  
roo~ i l  temperature. Also, couplings for the compound 
below (only one isonler can be synthesized) are nearly 
identical t o  those for 1. 

The find~ngs of Moir  et (11 (13) ~ n d ~ c a t e  that the 
preseiice of an N atom 111 the coupl~ng path does not 
cause large ~ e d u c t ~ o n s  of 3J,,,, relat~ve to 3Jp,,, 
For the cqclophosphate (beloit). \ l a  the path 
P-N-C, C 2  . O = 180 and 3J = 10 6 Hz Slr7ce 
3~ lalues for 1-5 are ca. 4 Hz, ~t 1s ~ln~easonable  to 
propose that the d~hedral  allgles (0) for 1-5 ale also 
near IS0 

Accordrngly, for 1-5 we envlsage a flattened chair 
conformat~on n ~ t h  a t r~gonai  planar nitroge~i atom 
(beloii ), 1% h ~ c h  renders the o\  era11 ring geornefrq akin 
to that of cqclohexanone The d~hedral  angle foi the 
paths P-N-C,,,-C,,, is about 120 lead~ng to 
reduced 3J values ranging from 3 6 to 4 8 H L  The 

? 

recent ~ \ o r k  (6) In which a plot of ,J, \ S  d~hedral  
angle was ~llustrated for phosphcndtes, predicts a 3J 
of ca. 4 ~ I L  f o ~  H = 120 , 111 excellent ngreement w ~ t h  
our findings The c o u p l ~ i ~ g  from 31P to C-4 In the 
model compound belom (8 = 120 ) 1s 3.9 Hz (6) 

It m ~ g h t  be asgued thdt the S-CH, group has a 
perturb~ng effect on 3J 111 t h ~ s  model but n e  hake 
recently found2 that an  S-CH, has essentially 1-10 

~nfluence on 'J,,, for a given d~hedrnl a~igle, i e l a t ~ ~ e  
!o d hydrogen substitslent 

'G. W. Bxchanan and J. H. Bonen. Unpublished observa- 
tions. 
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C91 J CHFM VOL 57 1979 

T ~ B L E  2. Gcn~inal and vicinal 13C-31P couplings in phosphoramidates (i-0.1 Hz) 

Ceminal Vicinal 
-PA----- 

Compound Path 2J Path J 

P-N-CZ , 

P-N-C2, 
P-N-C2 
P-N-C, 
P-N-C, 
P-N-Cs 

P-N-C2,6 
P-N-C2, s 
P-N-C2.4 
P-N-C, 
P-N-C4 
P-N-C2, 7 

P-N-C2, 
P--N-CZ,9 

P-N-C-C3, 
P-N-C-C3, 
P-N-C-C3 
P-N-C-C, 
P-N-C-C3 
P-N-C-CS 
P-N-C-CH3 
P-N-C-C3, 5 

P-N-C-C3z4 
P-N-C-C3 
P-N-C-C3 
P-N-C-CH3 
P-N-C-C3,6 
P-N-C-C3,7 
P-N-C-C3, 8 

The case of the azetidine derivatives 7 and 8 is in 
sharp contrast to that of the piperidine derivatives 
8-5. Comparison of VJ,, for 7 \\it11 that of its 
carbocyclic analog (12) shotvs nearly identical values 
of 18-19 Hz. 111 7 and 8. the resonance form in \\ hich. 

nitrogen is trigonal planar \vill be much less fa\ our- 
able than in 12-5 o\ving to increased bond angle strain 
in the four-membered ring. In fact, the , Jo f  18.7 in 112 
indicates close to 180 dihedral angle between " P and 
C-3 (2, 6). i.e.. a highly puckered cyclobutane ring. 
The close correspondence in 7 and 8 \+auld indicate 
that the azetidine is also highly puckered, \vith an  
essentially pyramidal nitrogen atom. In 8. the 
tendency of the axial CH, and the equatorial 
--P(0)(OCH,J2 groups to minimize their steric 
intei-actions wi!l lead to increased puckering and 
accordingly a slight!y larger 'J,, in 8 (20.4 Hz) than 
in 7': since the P-N--C2~,-C, angle m i l l  expand to 
near 180' as the P--N-C,-CH, angle opens to 
near 90'. This latter expansion is reflected in the non- 
resolvable (<0.6  Hz) "1 bet~veen the CH, and in 
8. We therefore formulate the preferred conformation 
of 8 as shown belo\$. 

An alternatlke to a h~ghly puckered a ~ e t ~ d ~ n e  ring 

\+ hich would also give rlse to a d~hedral  angle of 180 . 
1s a planai structure Recent theoret~cal studies on the 
structure of azetldine ~tself, ho\le\ier. ~ n d ~ c a t e  that a 
planar form is of considerably higher energy than the 
puckered conformer (14). Electron diffraction studies 
on azetidine (1 5) pi\-e a large puckering angle of 33 . 
Substitution of the sterically bulky dimethylphos- 
phono group on N should. ~f anyth~ng. increase the 
degree of pucker~ng, and thus we  favor an ~nterpleta-  
tlon based on a li~ghly puckered. rather than a planar 
four-membered ring. 

For the pyrrolidine derivative 6. ",, -,-,_, i , 4  is 
9.0 Hz compared to 12.3 Hz for the carbocyclic 
system 13 shown belo\<. In vlev, or  the  results for the 

H 

13 

four- and six-membered rings. \+e suggest that the 
five-membered analog is an intermediate case. The 
significant reduction of 3.3 Hz for 3J in 6 VS. 13 could 
result from a minor (ca. 25"") contribution from the 
resonance form with a trigo~ial planar nitrogen. with 
the major contribution being the tetrahedral nitrogen 
~noiety.  The P(O)(OCH,), group \vill be equatorial. 
predominantly. 

For the seven-, eight-, and nine-membered rings 
(9, 50, 111, respect~vely). 3~ values are In the narrou 
range of 3.3 to 3.7 Hz. Although the carbocycllc 
analogs were synthesized, the 'J values could not be 
extracted from the spectra o\tTlng to peak overlap. 
Shlft reagents were not added slnce these nould 
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likely alter the conformations and render compari- 
sons of data meaningless. The only inaterials related 
to 9, 10, and 11 are the carbocyclic hydroxy phos- 
phonates ( 3 ) ,  which exhibit 3J,,  _,-,_, values of 10.9, 
8.8, and 6.7 Hz, respectively, for seven-, eight-, and 
nine-membered ring compounds. The considerably 
smaller values in 9 -t 11 seem to indicate trigonal 
nitrogen, since values for liydroxy phosplionates are 
k~ iown to be appreciably lower (3-4 Hz) than for 
pliosphonates of similar geometry (1-3). It seems 
reasonable that these larger rings should be able to 
accon~modate a trigonal planar nitrogen and thus the 
3J  values for 9-11 are rather close to those of 1-5. 

Inpared Spectro.rcopj a.s n Pt.obc for N L o ~ e  Pni, 
Deloculiztrtion 

For  a series of acyclic phosphorarnidates, (OR),P- 
(O)NHR, and  thiophosphoraillidates, (OR),P(S)- 
NHW, the P-N vibration occurs in the range 953- 
965 cnl-I (25). This is interiiiediate between that for 
a single bond (ca. 700 CIII-') and a double bond (ca. 
1300 cm-l)  and accordingly it is suggested that there 
is partial double bond character in the N-P bonds. 

In the materials examined here: no clear trends 
emerge frorvl the infrared spectral data, interpreta- 
tions are complicated by the fact that P---0 stretching 
occ~rrs very near the position of P - N  stretching (ca. 
1300 c n -  I).  

We propose, therefore, that i3C-31P viciilal 
coupling constitutes a valuable additioll to available 
techniques for inonitoring nitrogen lone pair de- 
localization into N-P bonds. 

Experimental 
Specfvci 

13C spectra mere obta~lied \la previously descr~bed  tech- 
niques (I) ,  on  a Varian XL-106-12 N M R  spectrometer, 
operating at  25.16 MHz,  for compounds 3-11 and  13. A 
Varian CFT-20 instrument \+as employed in the case of 12, 
with a 2000 Hz snecp w-idth and 8K data points. 

Mafrvirrls 
F o r  amines of ring size of fihe and above, the fol!o\\ing 

general procedure mas used to prepare the Ndimethylphos- 
phono derivatives. T o  a solution of aniine (2 equiv.), CCI, 
(1 equik.) in a n  equal volume of ether at  0-5'C was added 
dimethql phosphite (1 equiv.) dropwise kvith stirring. The reac- 
tion mixture h a s  stirred at  room temperature for 4 h,  thc 
hydrochloride salt filtered, the solvent evaporated and the 
residue distilled. C o m p o ~ ~ i i d s  obtained in  this fashion nere :  

Cott~po~~trd I-bp 85-90-C 3 Torr, izD20 1.4513 (lit. (16) bp 
I 19cC,'15 Torr, nDZ0 1.4528). 

Cott~politrcf 2-bp 100-102-C'2.5 Torr, rrD20 1.4509. Anal. 
calcd. for C 8 H l s N 0 3 P :  C 46.37, H 8.76, N 6.76, P 14.95, 0 
23.16; found: C46.31 ,  H 8.59, N 6.82, P 14.87. 

Coii~porttrd 3-bp 91-92'C:2 Torr, l lDZO 1.4519. rlilul. found:  
C45.98 ,  H 8 . 7 2 , N 6 . 7 3 , P  15.01. 

Cotilpo~md 4-bp 92-94 C, 4 Torr, 11,'~ 1.4554. Airnl. found : 
C 46.22, M 8.72, W 6.74, P 14.63. 

C'oiiipuuilil 6-bp 90-93 C 3  l o r r ,  t lD20  1.4498 (lit. (17) bp 
56-57'C, 0.6 Torr, nDZO 1.4498). 

C ' ~ t l l / ~ ~ l / ~ l d  9-bp 94-9fiC 1.5 Torr ,  i l D Z 0  1.4620. Allul. calcd. 
for C,H,,NO,P: C 46.37. H 8.76, K 6.76, P 14.95, 0 23.16; 
found: C 46.31, H 8.52, N 6.81, P 14.79. 

C - O ~ I I ~ O I I I I C ~  10--bp 112-1 15 C 3 Torr ,  izD20 1.4662. iirrcrl. 
calcd. for C,H,,NO,P: C 48.86, H 9.11, K 6.33, P 14.00, O 
21.69; found:  C48.70,  H 9.18, K 6.25, P 14.34. 

Coi~~po~nrd I l-bp I 1  1-1 1 Z'C'4 Torr, rrD2' 1.4714. Ann/. 
calcd. for C,oH,,NO,P: C 51.05, H 9.43, N 5.95, P 13.17, 
0 20.40; found: C 51.27, H 9.31, N 5.80, P 13.11. 

N- Dii~~etl~yl~~l~ospl~o~~onzetidi~~~~ 17) 
This compound \vas prepared as follo\\s. I-Azido-3-iodo- 

propane (1.0 g,  4.7 mn~ol ) ,  prepared from acrolein by thc 
l~ublished rnethod (18), and 0.58 g (4.7 mniol) of trimethyl 
pliospbite \\ere stirred in 75 nil of pentane at  rooni temperature 
for 5 days. Estr-a phosphite (2.0 nimol total) \\as added occa- 
sionally. After the pentane was cvaporated ofT, the residue \\as 
distilled to yield 7 ,  bp 66 C 2 Torr  (lit. (19) bp 105-109 - C  11 
Torr). 

N-iDiii~erl1yly/io~r~1I~oiio)-2-111~~1/1yl~1:e~idin~~ ( 8 )  
This n.as synthesized from 2.25 g 3-azido-I-iodobutaiie (0.01 

mol) (18) and 1.55 g trin~ethyl phosphite (0.0125 niol) in 75 mi 
pentane. The mixture \+as stirred for 3 days at rooni tempera- 
ture and the excess phosphite !-elnored under vacuum. The 
I-esidue was judged pure by ' H  and 'T nnir. 

N- f Dit11cl/i~~/t/1i~i~1/1osp/1ot~o)~1$1c~i~i~ii11t~ f 5 )  
This compound \ \as  prepared as follo\\s. T o  4.0 g piperidine 

(0.047 nio!) in 50 rnl anhydrous ether at 0 C was added drop- 
Lzise 3.52 g (0.22 mol) d i rne th~l  chiorothiophosphate with 
stirring. The iiiixture \ \as  stirred at  room temperature for I h ,  
filtered, concentrated, and distilled (bp 68-72 C '  1.5 Torr, 
i1D20 1.5002 (lit. (20) bp 80 C 3.0 Torr.). 

Di~t~ef l~y ly /~os i , !~oi~oc~ clob~itorre 112) 
This compound \+a5 prepared by methods previously 

described (2), from cyclobutanone via cyclobutane-1,l-dithiol 
(21) and subsequently the niethql thiophosphonate (22), which 
was desulfurized using Raney nickel. For  12, 11,~" 1.4440 
(lit. (23) ilD2' 1.4442). 

Cj~clopi~iltj~l Pllos~~/ioi~nfe (1.3) 
Dimethyl phosphite (11.0 g, 0.1 mol) in 30 ml toluene was 

brought to  reflux in a 100 nil three-necked flask equipped mith 
an efficient condenser and dropping funnel. To this \yas added 
a slurry of 4.09 g cyclopzntene (0.06 mol) and 0.366 g dibenroyl 
peroxide (0.0015 niol). Reflux was continued for 3 !I and the 
toluene and exceis diniethyl phosphite were removed under 
~ a c u u m .  The resultant 1.3 g saniple Mas chromatographed on 
silica gel with ether as  solvent to give the product v.ith ' H  nmr 
identical to  that of the literature (23); irD20 1.4521 (lit. (23) t l D 2 j  

1.4511). 

N - D i t 1 1 e t I 1 ~ ~ ~ 1 l 1 o s p h m - 4 - ~ 1 h e i 1 y ~ ~ ~ e r i d i , ~ e  f 14)  
T o  4-phenylpiperidine (2.0 g, 12.4 mmol), triethylamine (1.57 

g, 15.5 mmol) and carbon tetrachloride (2.38 g, 15.5 mmol) in 
40 rnl anhydroua ether, mainlained a1 5 C, \+as added dropmise 
dimethyl phosphite (1.57 g, 14.3 minol). The reaction mixture 
\+as stirred overnight, filtered and the solvent removed by 
rotary evaporation. The resultant oil slo\vly crystallized. 
Recrystallized from ethanol-hexane, 111p 72-73'C: 'H ~ i n l r  
(CDCI,) 8 :  7.23 (s, aromatic, 5H), 3.7(d, J = 11.5 Hz, CH,0-  
P, 6H) ,  3.4-3.9 (m, 2H),  2.3-3.1 (m, 3H), 1.6-2.0 (m, 4H). 
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13C and 'N nuclear magnetic resonance spectroscopy of 
C-19 and 6P-methyl substituted steroids: long-range 

shift effects in conformational analysis 
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I/i.tc~rcir~s Atlriii/iistrcitiori No.\pitol, cir~ti Drpcirtt?ii~tzt qfRciciiologI', Ut!i~,et..,ity c!f'Floriclri, G'iiiries~~illr, F L  32610, U.5 .A  
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KATHERINE N A S F A ~  SCOTT and THOMAS HAROLD MARECI. Can.  J. Chem. 57, 27 (1979). 
I3C and ' H  nmr spectra were obtained and assigned for nine C-19 substituted cholest-5-enes, 

three 6b-substituted 19-norcholest-5(10)-enes, and several related steroids. ' T cheniical shift 
cffects have previously not  been studied in either C-19 substituted steroids or  in cholest-5(10)- 
enes. I n  the present study, substituent effects o n  the l3C chenlical shifts of the T ,  P, 7 ,  and  6 
carbons were evaluated in detail. Although the substituent in C-19 substituted and 6(i-methyl 
substituted steroids is less rigidly oriented with respect to  the rest of the molecule than in ring- 
substituted steroids, similar shift erects  mere observed. In cholest-5-enes thc obserLed 13C and 
'H shift effects and the temperature dependence of the 13C shifts indicate that the preferred 
orientation of the C-19 substituent is rillti to  C-1. The relative stabilities of the rotaniers can be 
attributed to the orientation of the C-19 substituent ~ v i t h  respect to the double bond. This inter- 
pretation is supported by the fact that the preferred orientation of the iodine in 6p-iodo- 
methyl-19-norchoIest-5(10)-en-3~-ol bas the same spacial relationship with respect to  the 
double bond, i.e., gnirclre to C-5 and C-7. 

KATHERINE NASFAY SCOTT et THOMAS HAROLD MARECI. Can.  J. Chem. 57. 27 (1979). 
On a enregistrk les spectres rriln de ' 3C et de '11 et fait les attributions pour neuf cholcstenes-5 

substitues en C-19, trois nor-19 choiesti'nes-5(10) substitues en 6P et plusicurs steroides 
apparentes. Les effets de diplacement chiniique de I3C n'ont encore Fait l'objet d'une etude ni 
pour les stiroides substitues en C-19, ni pour les cliolestenes-j(l0). Dans le present t r a ~ a i l ,  on 
Cvalue en detail les ei'iets des substituants sur lcs deplacenients chirniques de I3C des carbones 
G!, (i, et 6. Bien que le substituant dans les steroides substitu(.s en C - i 9  o u  sur le groupe 
methyle en positioil 6p, soit oriente nioins rigidenlent par rapport au reste tle la inolecule que 
dans les steroides substitues sur le cycle, o n  a observe des effets de deplacement semblables. 
Dans Les cholestenes-5, les effets de deplacernent de 13C et de ' H  et l'influence de la temperature 
sur les deplacernents de 'T iindiquent que le substituant en C-19 adopte une orientation 
preferentielle otiri par rapport i C-I .  On peut attribuer les stabilitks relati\es des rotanieres B 
I'orientation d u  substituant en C-19 par rapport a la double liaison. Ccttc intcrprdtation est 
renforcee du fait que l'orientation preferentielle de I'iode dans I'iodomethyl-60 nor-19 
choiesten-5(10) 01-3b possede la memc relation spatiale par rapport i la double liaison, soit 
goricl~e par rapport a C-5 et C-7. 

[Traduit par le journal] 

Introduction 

Since steroids are rigid structures, long-range 
effects of substituents on l3C chernical shifts have 
previously been correlated with the spacial relation- 
ship between the carbons and the ring substituent. 
Substituents y-galtc,/?e or -eclipsed to a given carbon 
produce shielding: ~vhen anti to the carbon the effect 
is generally deshielding (ref. 1 and references cited 
therein). The direction and the iiiagnitude of the 
shifts depends on the degree of substitution of the 
intervening carbons. This conclusion has also been 
reached from theoretical co~lsiderations (2). 111 ring- 
substituted hydroxy steroids, methyl-trans-decalols, 
and n~ethylnorbornanols, substituents in the sj-17- 

axial configuration substantially deshield 6 carbons 
(3-5). Deshielding of carbons four bonds from the 
substituent is not peculiar to hydroxy substituents 
or  cyclic systems, but has also been observed for 
methyl substi t~~ents and acyclic compounds (6, 7). 
However, the crowded sjx-axial 6 co~lfiguration has 
ca. 3 kca1,'mol interaction energy (8); therefore, 
more stable orientations of the substituent arc 
fakored and deshielding d effects are seldom observed 
in acyclic systems. 

The y and 6 efects are of very obvious utility in 
stereochemical assignment of rigid systems. I n  addi- 
tion, since these and 6 efTects are frequently quite 
substantial (2 ppm or larger): it secmed to us that 
they might be utilized for ronfor~iiational analysis of 

'Author to  whom correspondence may be addressed. less rigid syste~ns which have rotation of the sub- 
0008-4042/79/0l0027- 1 1x01 .00/0 

:#I979 National Research Council of Canada/Conieil national d e  I-echerches du Canada 
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stituent about one bond. Accordingly we examined 
sr~bstituelit effects in some C-19 and 6P-methyl sub- 
stituted steroids. 

The effect of introducing substituents at  the C-19 
methyl of steroids has previously not been investi- 
gated (9). Rotation of the methyl group about the 
bond bet~veen C-10 and C-19 allo~vs for various 
orientations of the C-19 substituent relative to tlie 
rest of the molecule. An ntnr investigation of C-13 
substituted steroids could show whether substituent 
effects in this less rigid system folloiv the trends 
established for substit~ltion on the steroid ring and 
ivhetlier these effects could be used to establisli any 
orientational preference of the substituent. For  this 
reason ive report I3Cmr and 'Hlnr data on the 
several C-19 substituted cholest-5-enes and related 
steroids slioivn in Fig. 1 .  We examined several 19-hy- 

CHzI 
7 8 

(i R = O H  
0 

1 1  (, R = OCH, 
h R = OCCH, (i R  = 0CH2CH,  

FIG. 1 .  Compounds studied: In,  cholest-5-en-3P-01: 2h. 
choIest-S-en-3p,l9-diol 3-acetate: 3ii, cholest-5-ene-3P,19- 
diol 19-p-toluenesulfonate; 40, 19-iodocholest-5-en-3p-01: 5, 
estr-5(10)-ene-3B,17/3-diol 17-propionate; 6, estr-S(10)-ene- 
3B,171?-dione; 7, 6P-niethyl-19-norcholest-S(iO)-en-3~-ol: 80, 
6~-iodoniethyl-l9-norcholest-S(10)-en-3~-ol. 

droxy substituted cholet-5-enes; since the effect of 
hpdroxy siabstitution has been most widely studied 
in steroids. Because we wanted to study conforma- 
tional effects, bulky substituents, such as iodo and 
11-toluenesulfonql, were also examined. Our results 
sho~v that the preferred orientation for the C-19 
substituent is allti to C-1. We attribute the relative 
stabilities of the rotarners in the cholest-5-enes to 
tlie orientation of the C-19 substituent with respect 
to the double bond. To  test this interpretation, we 
also investigated the orielitational preference of a 
different double-bonded steroid, 6b-iodomethyl-19- 
norcholest-5(lO)-en-3 P-01. 

'"I labelled 4a and 8a are two adrenal radio- 
imaging agents approved for l iu~uan use and are thus 
of considerable biological and radiopharmaceutical 
interest. 

Results and Discussion 

Spec.ti.~I A.v.cigtztl~crzts 
The 13C che~nical shifts obtained in this study are 

sumnlarized i l l  Table 1. Chemical shifts for l a ,  Ib. 
and I c  have been reported previously (10-13). The 
chemical shifts in Table I for these compounds agree 
with tlie literature values to 0.6 ppm or better, which 
is in the range expected for solvent and concentra- 
tion effects. Our assignments for Brr, Bb, and I c  agree 
L\ ith those originally reported (10-1 3) except for the 
reversal of the assignments of C-12 and C-16; as 
noted for cholesterol (14) and sorne cholestanes (15) 
and later confirmed for several related steroids 
(16-19). 

111 assigning the remaining compounds. it Ivas 
assumed that the D .ring and the C-17 side chain 
were least affected by substiturio~i. Indeed, these 
resonances changed little in the cholesterol series of 
compounds ant1 Mere assigned on this basis. The 
expected shifts of the remaining carbons for each of 
tlie compounds were predicted from the observed 
shifts of appropriate liiodel cornpounds and from 
knoiqn substituenl emests. Agreement between ob- 
served and predicted shifts was sufficient to permit 
preliminary assignment. Then the specific assign- 
~ ~ i e n t s  were confirmed by e~tablishing the type of car- 
bon (methyl, methylene. methine, quaternary) by a 
combination of low power broadband decoupling 
(LPBBD) or single frequency OK-resonance decou- 
pling (SFORD) of the protons. U~lequivocal assign- 
ment of all but a few resonances could be achieved by 
the above procedure. Arllbiguities in assignment re- 
mained only for those few resonances for which the 
spectrum contained close-lying resonances of carbons 
with the same number of attached hydrogens or  
where the SFORD spectra did not establish the num- 
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her of attached I~ydrogens. Possible alternative 
assignments are indicated in Table 1. 

The expected cliernical shifts of the individual 
compounds rvcre predicted as follows: The shifts of 
2h and of 2c n,ere predicted from the observed shifts 
of Ih and Ic and the -OH substitue~it effect ob- 
scrbcd in 2.2-dimcthyl-I-propanol (1 lb, 20). The 
o b s e r ~ e d  steroid shifts of 3 were very similar to those 
of 2b and 2c and \\ere assigned on this basis. We 
cietermined the shifts for 11-toluenesulfonyl chloride 
(C-1' 141.8; C-2'. C-6' 127.1 ; C-3', C-5' 130.3: C-4' 
146.9; CH,  21.8) and this permitted the assignment 
of the tosyl resonances of 3. The shifts of 4 uere pre- 
dicted fro111 the o b s e r ~ e d  shifts of 1 and the iodine 
substituent effect obserbed for I-iodopentane 
( l l c .  21). 

T o  facilitate our  assignrxerit of 8 ~ ,  which is the 
first 13Cmr assignment of a j(l0)-ene steroid, we ob- 
tained and assigned spectra 5, 6. 7, and 8c. Coni- 
pound 7 was obtained by LiAIH, reduction of 8u 
and 8c was obtained by methylating 8cr. Since there 
arc  major discrepancies among the previously re- 
ported 'HIIIS data for $0 (22-25), we report the 
assignment of the 13Cmr spectrum of this cornpound 
in somekvhat more detail to show that '"~nr un- 
equivocally confirms the structure as 6P-iodornethyl- 
19-norchoIest-5(10)-en-3P-ol. Each of 7 ,  80, and 8c 
shows the same eight resonances as those observed 
for the C-17 side chain in all the other cholesterol 
compounds of this series and these resonances vere  
assigned to C-20 through C-27. The cheinical shifts 
of C-18 and the C- and D-ring carbons of 7 .8~1 ,  and 
8c  were predicted from the observed shifts of Irr and 
the effect of the removal of the C-19 ruethy]. This 
effect xvas obtained by cornparing the shifts of 
testosterone and 19-nortestosterone (1 0, 1 10, 19). The 
agreement bet~veen observed and predicted shifts 
was 0.1-1.0 ppm. The larger deviations, \vliich oc- 
curred for the C-ring carbons. undoubtedly reflect 
the additional structural differences in the A and B 
rings betiveen I n  and compounds 7 ,  80, and 8c. 

The principal differences between the 1 3 C ~ i ~ r  spec- 
trum of $0 and its isomer, 40, occur in the A- and 
B-ring resonances, which means that the structural 
differences betiveen 4rr and 80 n ~ u s t  be in the A and 
B rings. By LPBBD ute showed that both olefinic 
carbons of 8u had no directly attached hydrogens: 
therefore, the double bond had to  be either between 
C-5 and C-10 o r  C-9 and C-10. In  the 'Hmr spectrum 
of 80, the CH,I protons forni the AB part of as1 
ABX pattern, confirming that the CH,I is attached to  
3 C H  carbon. Therefore, the C--C(CH,I) possibility 
for quaternary olefinic carbons could be eliminated. 
In  the I3Cmr spectrum of 5a-pregn-9(10)-ene-I6r- 
methyl-17a,2 I-diol-3,20-dione 21-acetate, we ob- 

tained olefinic resonances a t  145.6 and 117.0 ppln for 
the C-9 to  C-10 double bond. According to the CH,I 
substituent effects observed in 4. the attachment of 
CH,I anywhere on the A or B rings couid not have 
changed these olefinic shifts to  those observed in Ma 
(125.5 and 133.9 ppm). thus the C-9 to  C-10 double 
bond possibility for 8u is eliminated. 

We then assigned 13Cmr spectra of 5 (an authentic 
sample (26) \\as kindly provided by Prof. S. G. 
Levine for this purpose) and of 6. The C- and D-ring 
carbon shifts of 6 nrere predicted from the obserhed 
shifts of 19-norandrost-4-ene-3.17-dione (10. 1 1, 19). 
The propionate side-chain carbons of 5 could easily 
be identified froill the corresponding shifts (27.9 and 
9.2 ppm) which we obtained for isopropyl pro- 
pionate. The shifts of C-18 and the C- and D-ring 
carbons of 5 uere predicted from the shifts of testo- 
sterone 17-acetate (10, 11u) and the cfrect of the re- 
moval of the 19-methyl. The A- and B-ring carbons 
of 5 and 6 could then be matched carbon by carbon 
and assigned if the effect of carboxylation a t  C-3 was 
added to the observed shifts of 5 .  This effect \+,as ob- 
tained by comparing the observed shifts of cliolestan- 
3P-ol with those of cholestan-3-one (10, 1 lrr,b, 19). 

Once we had assigned the spectra of 5 and 6 ,  the 
A- and B-ring resonances of 7 could be predicted by 
adding the 6P-methyl effect (4) to the observed shifts 
of 5. The shifts of 8a were then obtained by adding 
the iodine substituent effect to  the observed shifts of 
7.  Carbons 2: 3, and 4 of $0 were further identified by 
con~parison u i th  8c, which gave the same resollances 
as 8rr, except C-3 was deshielded by 9.1 ppln and 
C-2 and C-4 were shielded by 3.6 and 3.1 ppm. 
respecti\ely. Thus. by the above detailed analysis of 
the l " ~ r  spectra of the five conipounds 5 .  6, 7 ,  8cr, 
and 8c, we could unequivocally co~ifirm that the 
structure for 8n is as indicated. 

E f e c t  o f  0xj.gcr1 01,  Joditie S~rbstirictiotl 
r uric/ p Eff~~ct.c 
The 13C chemical shift effects of oxygen or iodine 

substitution are summarized in Table 2. Hydroxyla- 
tion a t  C-19 deshields the a carbon by 43.4 ppm and 
the p carbon by 4.9 ppm. These shift effects are 
similar to  the 41.4 and 5.0 ppm deshieldings observed 
for the R and 0 carbons of 2.2-dirnethyl-1-propanol 
( I  lb ,  20). Tosylation a t  C-19 gives 50.6 and 3.6 ppm 
deshielding of the a and carbons, respectively. 
Thus thep-toluenesulfonyl substituent deshields the a 
carbon 7.2 ppm inore and the P carbon 1.3 ppln less 
than the OH. Although these effects are smaller, they 
lire analogous to the changes observed between the 
shifts of ethyl sulfate (69.6 and 14.5 ppm, ref. 1 % )  
and ethanol (57.3 and 17.9 ppm, refs. l 1 b and 20). 

The a carbon in each of thc iodine substituted 
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steroids is shielded by about the same extent (8.1 to 
8.7 ppm)? nhich is about 2 pprn larger than the 6.5 
shielding observed in I-iodopentane. The reason for 
the larger shielding in the steroids is not apparent. 
The fi carbon in the cholest-5-enes is deshielded by 
1.6 to 2.0 ppm and in the 5(10)-ene by 8.2 ppm. 
These values al-e srnaller than the 11.3 ppm de- 
shielding of the P carbon in I-iodopentane (21: 1 I c ) .  
The lesser shielding of the carbons in the steroids 
can be attributed to the greater degree of substitution 
for C-6 in 8c1 and particularly C-10 in 4. Decreased P 
substituent effects ~vith increased branching were fi rst 
observed for norbornyl derivatives (28) and the11 con- 
firmed for the decalols (3h) and for various steroids 
(3b. 5: 29). 

y Effects 
111 C-19 substituted steroids, rotation about the 

C-10 to C-19 bond gives the staggered rotarners. 
9 ,  IT, and I11 (Fig. 2). The rotamers are nonequivalent 
and may have unequal population. For the 6P-iodo- 
~nethyl conlpounds rotation abvut the iodomethyl 
to C-6 bond yields the staggered rotamess: A, B, and 
C (Fig. 2). At roo111 temperature. none of the rota- 
mess are 'frozen out' and the observed chemical 
shift is a rotationally averaged shift. However. from 
the observed 13C and IH chemical shifts we were able 
to establish the relative populations of the rotamers. 

A recent reinterpretation of the y effect (30) and 
the data on hydroxy steroids in ref. 5 show that large 
(2.3 to 8.3 pprn) upfield -{-gauche effects are possible 
if the substituent removes a 1,3-diaxial proton- 
proton interaction. If no such interaction is removed 
by the substituent, the y-gazrclie effect will be much 
smaller (0.1 to 0.9 ppm). In the present compounds, 
10-H gives a 1.3-diaxial type interaction with the 
C-19 protons and 7P-H with the 6P-methyl protons. 
These interactions are removed by the substituent 
only in rotamer I1 and rotalner A, respectively. The 

FIG 2 Uppir lo\\ The thiee staggered rotamers (I, 11, and 
111) of the C-19 CH2X gioup in C-19 subst~tuted cholest-5- 
enes The C-19 to C-10 bond is into the plane of the papel 
Loher rob+ The three staggeled rotarners ( A ,  B, and C) of 
the h/l-lodomethyl group of 6/l-1odonieth) 1- 19-norcholest- 
5(10)-en-3p-01 The 6P-iodornethyl to C-6 bond 15 into the 
plane of the papel 

substantial shielding 1 - 2.23 to -4..7 ppm) of C-1 in 
the 19-0 compounds shcv  - that rotainer I1 is appre- 
ciably populated in these ci?,npounds, whereas the 
lack of shielding effect 01: 6 -1 ( -  0.1 to 1-0.2 ppm) 
indicates that rotamer B H  is iiot well populated in the 
19-1 compounds. (Tiie dir" ,rence in relative popula- 
tions of the 19-1 and 19-0 compounds will be dis- 
cussed in subseq~ient sections.) The 3.0 ppm shielding 
of C-7 in 8 shows that rotamer A has appieciable 
population. 

Since C-5 has no hydrogen, the large slzieiding 
(-3.9 to -6.4 pprn) of this carbon cannot be ac- 
counted for by the removal of the 1,3-diaxial intes- 
action but ]nust be due to linear electric field shift 
effects. (See subsequent sections.) 

6 Effcjct~ 
In 10-methyl-trci~.s-decalols, ruethylnorbornanols, 

and some hydroxy steroids, larger positive ( + 2  ppm 
or greater) 6 substituent effects were observed for 
carbons i i i  the .s!.~~-axial confornlation relative to the 
OH (3, 4). In 31 monohydroxylated cholestanes and 
androstanes, about 80 exan~ples of interaction be- 
tween the O H  and the 8 carbon were examined (5). 
Of the five possible orientations, 6 ,  - 5, (3h, 5), 
only the 6 ,  sjn-axial configuration showed large 
(2.0 to 3.8 ppm) deshielding effects (5). Although 
n ~ o s t  of the observed interactions were between O H  
and CH,. several interactions rvere between O H  and 
ring nlethylene carbons (e.g., IP-OH and C-11). 

In the present series of 19-0 compounds, C-6 is 
consistently strongly desliielded (5.3 to 5.6 ppm). 
C-6 is 6 ,  relative to the 19-0  only in rotarner I. (See 
Table 3.)  Thus the strong deshielding of C-6 in the 
cornpounds indicates that rotamer 1 has appreciable 
population. In this configuration, C-8 too is 6 ,  to the 
19-0 .  Indeed, C-8 is the only other 6 carbon which 
shows a substantial deshielding (0.8 to 1.4 ppm). 

In the present 19-0 compounds, the 6 ,  effect on 
C-6 is larger and on C-8 someuhat srnallei than the 
1.4 to 3.8 ppm deshielding effects previously ob- 
served in ring-substituted steroids, methy1-tran.c- 
decalols, and methylnorbornanols (3-5). Some of the 
deshielding of C-6 may be due to linear electric field 
shift (LEFS) effects ( 3  1 ,  32), since these effects can be 
substantial on .rp2 carbons (33, 34). The oxygen- 
carbon bond acts as a dipole, polarizing the charge 
distribution of the C=C in such a manner as to shield 
the carbon closer to the polar group and deshield the 
carbon farther away. Using eqs. [2]-[4] of ref. 33a, 
n e  estimated the LEF'S on C-5 and C-6 in the 19-OH 
compounds. The appropriate distances and angle\ 
were obtained from molecular models, dipole 
moments from ref. 35, and LEF coeficients from 
ref. 33b. The LEFS thus estimated for C-5 and C-6 
in the rotamers are : 1 - 4.8 and 1 .0; 11 - 1.7 and 1.4; 
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IIT - 0.1 and 0.6 p p ~ n ,  respectively. Since the value 
of the EEF coeiiicient may involve error's up to a 
factor of 2 (33b) ,  clearly these LEFS are oiily esti- 
mates. Nonetheless, they account for a substaiitial 
part of the observed shift effect on C-5 but only for a 
fraction of the observed effect on C-6. The LEFS 
suggest that 1 is most populated. 

There are additional reasons why the 6 ,  effect on 
C-6 is large. First. the .c./~' hybridized C-6 does not 
necessarily experience tlie same 6, effect as the .c.p3 
hybridized carbons. Whether the 6, effect on sp2 
carbons is generally lasger than on .ip\arbons 
cannot be stated at  this time, since the present series 
of compounds and those in ref. 9 represent the only 
report of 6 ,  effects on s / 7 2  carbons. Second, in mono- 
hydroxylated cholestanes and androstanes, srnaller 
6 ,  effects mere observed for the more rigid molecules 
and also for larger 013 to 6 ,  carbon distances (5). 
Indeed, the very small (-0.1 and +0.4  ppm) 6 ,  
effect on C-7 in the 15P-hydrox!l coinpou~ids was 
attributed to the considerably larger (ca. 307;) than 
i~sual  internuclear distance between the oxygen and 
6 ,  carbon. In rotamer B of the 19-0 compounds, the 
C-8 to 0 intern~~clear distance has the usual (2.5 F 
0.2 A )  value. u,hereas the C-6 to 0 interiiuc1ea.r dis- 
tance is considerably larger (3.1 k 0.2 A). However. 
there is reason to believe (see the following two para- 
graphs) that the preferred orientation of the sub- 
stituent is not precisely atlfi  C-1 but slightly rotated 
toward the C-5 eclipsed position. This \vould increase 
the substituent to C-8 distance and account for the 
louer 6 ,  effect on this carbon. 

Recently. a shorter T ,  (hence slower rotation rate) 
was observed for the C-19 niethyl in androst-Sene 
than in androstan- 17-one (36) and was attributed to a 
louer energy of the preferred conformer in the 5-ene. 
I n  the 17-ketone. the C-19 inethyl group has .rj3ti- 

axial interactions \kith the axial protons on carbons 
2, 4: 6, 8, and 1 1 .  I n  the Sene,  the interaction with 
the axial proton on C-G has been removed; this is 
believed to account for tlie lower energy of the pre- 
ferred rotamer in this compound. 

In the present work, the stability of one staggered 
rotamer over another is niost probably due to the 
presence of the C=C. Since C-6 has no H; the 
bulky substituent ( O H  or I )  in 1 experiences fewer 
nonbonded proton interactions, which accounts for 
the lower energy. Furthermore, the nonbonded 
interaction betueen the substituent and 8P-H can be 
decreased if the substituent is slightly rotated toward 
the C-5 eclipsed position and since there is no 6b-H. 
this \vill not result in an increased interaction between 
the substituent and the 6p-H. 

Thus we postulate that because of the double bond, 
the nonbonded interaction between the substituent 
and the 8P-H in I is less severe than the interaction 

between the substituent and 1 I P-H in IT. And f i ~ r -  
thernlore that it is much less than the combined 
noilbonded interactions between the substituent and 
the axial protons 011 C-2 and C-4 in 111. If this is so, 
then the relative populations of the rotamers should 
be 11 > TI >> 111. Furthermore. the Inore bulky the 
siibstit~~ellt on C-19, the more rotamer I mould be 
stabilized, relative to rotamer II. This may \!#ell ex- 
plain ivhy rotainer 11 is populated for the i 9 - 0  com- 
pounds but not for the 19-1 co~npounds.  (The cova- 
lent radius of iodine is alniost twice that of oxygeii.) 

For the 6p-iodomethyl compound similar con- 
siderations would predict that the nonbonded inter- 
action b e t ~ e e n  the substituent and 8P-H in B is less 
severe than tlie interaction between the substituent 
and 4P-H in C. Hence B would be of lower energy 
than C. But because there are no 6 ,  interactions i r i  
rotainer A, this rotanler may be of lomest energy. 
We will give experimental evidence in subsequent 
paragraphs to shorn that the relative populations of 
rotarners I. 11, IHI and of A. B, C are indeed as pre- 
dicted. 

The strong deshielding of C-6 in the 19-1 com- 
pounds and of C-10 in 8a is consistent \vith the 6 ,  
interaction bet\+,een these carbons and iodine, if the 
most populated rotamers are % and B, respectively. 
Since C-8 is also 6 ,  to the iodine in these rotamers, 
the much smaller substituent effect at  C-8 inost likely 
arises from the slight rotation of the substituent 
tobvard the C-5 eclipsed position. as previously dis- 
cussed for the 19-0 compounds. The difference in 
iodine substitueilt effect between C-8 and C-6 is 
identical to the difference in oxygen substituent effect 
bet\\een these carbons. 

The lack of deshielding effects at C-2 and C-4 for 
the 19-substitutecl compounds and at C-4 for 8 
sl~ows the absence of 6 ,  interaction for these carbons, 
hence negligible population of rotamers IIB and C. 
(See Table 3.)  Thus by the analysis of all the ;/ and 6 
effects, we established that the rotamers wit11 appre- 
ciable populations are H for the 19-1 compounds, 1 
and HI for the 19-0 compounds, and A and B for 8. 

TABLE 3. Spacial relationshipa between the substituent and the 
6 carbon in the staggered rotaniersb 

C-19 6p-Methyl 
substitiitcd substituted 

- 

6 carbon I" 116 HIPh 6 carbon Ah Bb C1' 

C-2 62 53 61 C-4. 65 63 61 
C-4 63 62 51 C-8 63 6, 62 
C-6 6, 6, 6, C-10 6, 61 63 
C-8 61 63 6, 
C-I I 63 51 6.2 

"The spacial reiationship betueen the substituent and the 6 carbon is 
designated by 6 ,  t o  6 5  (refs. 36 and 5). 

bThe rotamers 1, 11, 111 and A,  B, C are ahown in Fig. 2 .  
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TABLE 4. Ten~perature dependence of the C-19 hydroxy and of the 6D-~odoniethyl lodine substituent effect o n  l3C s h ~ f t ~ "  

u D Y 6 

Substitue~lt Carbon A ppm Carbon A ppm Carbon A ppm Carbon h ppni 

OAli compounds 0.5 in CDC13. 
5~1ubstitue1it effect a t  -34-C (shifts of 26 - s h ~ f t s  of 16) siibtiacted from subst~tiient effect at -20 C (shllts of 26 -- shifts of  l b ) .  
'Subsiituent effect at '34'C (shifts of 100 - shifts of 9) s~ibtracted fron? subst~tuent  effect at 2 0 ' C  (shifts of l O i r  - shrfts oi 9) .  Posttite \ a l~ ics  

indicate increased deshieid~ng at  -20'C. Spectra \\ere l u n  at 3500 Hz  s\\eep ,\idth, thercrorc, the shifts are kiio\rn ~ i t h  :- 0.04 ppni precision. 

\lie then e x a ~ n ~ ~ l e d  the temperatule dependence o f  
the 19-hydroxy substltuent effect to establ~sh 15 hethel 
rotarner I or 11 11, of lower energy Slm~larly, the 
teinperature dependence of the 6P-iodomethyl iodlne 
substltuent effect was used to establish the relat~ve 
population of retainers A and B. 

Tei~~per.uturc~ De/1endc,17ce of the C-19 HV~/I.O.YJ 
crnd of tlze 6~-I0~/01~1ethj~l  Iodi~le Substit~teizt 
EfSc~cts 

spectra were obtained for cornpounds Ih ,  2b, 
7, and 80 oker the temperature range of +34 to 
-20'C. The solubilities in chlorofor~n decreased to 
such an extent that it was not practical to obtain 
spectra below -201C. Thus the conformational 
equilibrium could be studied only in the fast ex- 
change limit. This generally provides only a first 
approximation to the equilibrium i l  lc); therefore, 
the relative rotamer populations obtained in this 
lnanner should be considered indicative rather than 
conclusive 

By cornparlng the chernlcal sli~fts at  +34 and 
- 20 C. the temperature dependences shobtn In Table 
4 \$ere obta~ned As expected, the ternperatule depen- 
dence of the substltuent effects o \er  the 54 C tem- 
perature range mas small. houe\er,  many of the 
observed efyects were 4 to 14 t ~ m e s  as large as the 
exper~rnental error. and therefore can be cons~dered 
significant. The r and 0 effects shou substantla1 
changes. whlch are not read114 analyzable, slnce these 
effects are a composite of ~ n d u c t ~ \ e .  resonance. and 
sterlc effects (1 lb. 20). 

The temperature dependence of the l~qdroxy y 
effects is on!y on the order of the experimental error. 
The hydroxy 6 effects are larger (2 to 14 times as 
large as the experimental error). If rotamer I is of 
lower energy, then decreasing the temperature should 
further increase the population of rotamer li relative 
to rotarner 11. inspection of Table 3 and the expected 
shifts of the 6 carbons (6 ,  strong deshielding, 62 
moderate deshielding, 6, and 6, very sinall effect, 

6, inoderate shielding (5) )  allo\\s us to predict de- 
shielding of C-2, C-6. C-8 and shielding of C-4 and 
C-11 at  lower temperature. This is indeed the experi- 
inentally observed trend. 

For 8u the temperature dependence of the 6 effects 
is snialler and of the y effect slightly larger than for 
26. Half of these efTects (at C-4 and C-10) indicate 
that rotanier B is of lower energy, whereas the other 
two effects (at  C-7 and C-8) indicate that rotarner A 
is of lower energy. This can only be interpreted to 
mean that neither A nor B predominates. Thus from 
the careful consideration of the y and 6 substituent 
effects and their temperature dependence. the fol- 
lo~ving relative rotamer populations are indicated: 
I > 11 >> III a,nd A - B >> C .  These relative popula- 
tions are consistent with the hypothesis that it is the 
presence of the double bond in these compounds 
which accounts for the relative energies of the rota- 
mers. Moreover. since the energy of B is comparable 
to that of A, the stabilizing effect of the double bond 
is substantial. 

Recent data on three 19-hydroxy-4-en-3-one 
steroids (9) show strong shielding of C-5 and strong 
deshieldi~ig of C-4. More importantly. C-2 is now 
moderately shielded ( +O.6 to + 1.2 ppm). These 
shifts indicate that rotamer III has an appreciable 
population; that is, the 19-OH has the same orienta- 
tion with respect to the C=C as it did in the 5-ene 
steroids. 

X-ray crystallography showed the 19-OH con- 
formation to be 111 for 19-hydroxyandrost-4-ene- 
3,17-dione but to be out-of-ring (rather than I) for 
androst-5-ene-3P, 17P,19- trio1 17-p- bromobenzoate 
(37). The discrepancy betwee11 the X-ray and our 
data for the 5-ene may indicate co~lformational dif- 
ferences bet~veen the crystalline form and the solu- 
tion, or  interaction between the 19-OH and the bulky 
17P substituent. or both. However, when there are 
two substituents on C-19, as in [19-R]- and [19-S]- 
19-rnethylandrost-5-e!le- JB,17P,19-triol, the methyl 
was in the over-B-ring position. The fact that both 
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TABLE 5. Proton chemical shifts" 

Proton In  l b  l c  20 2c 3a 3h 3c 

TABLF 6 S~ ibs t~ t i~en t  effects on protoll chernlcal sh~fts" 

Subst~tuent Compoundsb 3B-H 6P-H 18-CH, 19-CH, 21-CH, OCH, 

19-OH 2b - l h  0.00 t 0 . 3 8  +0.06 +2.83 +2.60 0.00 
2~ - 10 0 . 0  +0.40 i 0 . 0 5  +2.82 ~ 2 . 5 7  -0.01 0.00 

19-OTs 3n - lii -0.01 f 0 . 2 4  -0.14 i 3 . 1 4  -2.95 -0 .03 
36 - Ib  -0 .04 t 0.22 -0.13 t 3 . 1 3  t 2 . 9 7  -0.02 
3c - l c  0 . 0  +0.21 -0.07 +3.11 -2.97 -0.04 - 0.05 

19-1 4u - In 0 . 0  t 0 . 2 9  r 0 . 0 9  +2.59 1 2 . 2 9  -0.01 
40 - l h  -0.01 f 0 . 2 8  + O .  10 i 2 . 5 7  i 2 . 2 9  t 0 . 0 1  
4c - l c  0 . 0  t 0 . 2 8  +0.11 +2.58 -L2.30 0.00 +0.01 

3D-OCOCH," 10 - In + 1.06 i 0.03 -0 .01 -0.01 
3b - 30 + 1.03 t 0 . 0 1  0.00 0.00 0.00 0.00 
46 - 40 t l . 1  t 0 . 0 2  0.00 -0.01 tO.O1 +0.01 

3D-0CH3 l c  - In -0.48 1 0 . 0 1  0.00 0.00 
3c - 30 - 0 . 5  -0.02 t 0 . 0 7  -0.03 -0.01 -0.01 
4c -- 40 -0 .5  0.00 +0.02 0.00 0.00 +0.01 

"In ppm. Positive values ~ndicare downfield shift. Substitution had no effect ( + O . O l  ppm) o n  the chemical shifts of the 26-CH,, thc 27-CH, and the 
38-OCOCH1 protons. 

hChemlcal shifts of the t n o  compounds that \%ere compared to obtain the substitucnt effects. 
CAcylation o f  the 3P-OH. 
"Methylation o f  the 3s-OH. 

diastereorners have tile bulkier methyl group in the 
over-B-ring position suggests that this is the least 
energy conformation (37). 

B.' H N~rcleur. Magt~etic Resonance 
Spectral Assignmer~ts 
I n  the 'Hmr spectra only the 3-H, 6-H, and methyl 

protons u-ere assigned. The results are summarized 
in Table 5. The spectral assignments relied heavily 
on previously published steroidal assignme~lts (38). 
We have previously published the 'Hmr data for 
compounds 4cr and 8cr elsewhere (25), but have in- 
cluded them in Table 5 for the sake of completeness. 
Our observed 'Hmr data for 8a agree with those re- 
ported by Kojima and co-workers (22, 24) but not 
with those of Basmadjian et al. (23).  The peak posi- 
tions and intensities reported by Basmadjian et a/ .  
are not possible for steroids containing the C-20 
cholestane side chain (25, 38a, 39, 40). 

Substituent E;fSrcts otz Pi.ototz Clzemical Slzifts 
The more inlportant effects.of substitution on  the 

proton chemical shifts are summarized in Table 6. 
The largest substituent effect is the nonequivalence 
of the 19-CH, protons in all the C-19 substituted 
compounds. This nonequi~alence is the result of the 
rotationally averaged chemical shifts of the protons 
in the three rotamers shown in Fig. 2. Since the rota- 
mers are different, the rotationally averaged chem- 
ical shifts of the protons will be different, even if the 
rotamers were of equal probability. Therefore, the 
observed nonequivaience of the 19-CH, protons 
does not yield any information about the relative 
population of the rotamers. However, the nonequiva- 
lence of the protons confirms that the rotamers are 
sufficiently different to cause appreciable (0.2 ppm) 
chenlical shift difference. 

The 19-OH deshields the 18-CH, by 0.06 ppm. 
Since the 18-CH, is many bonds removed from the 
19-OH substituent, the effect must be long range in 
nature, such as magnetic anisotropy and dipole- 
dipole interactions. Both of these effects are inversely 
proportional to the cube of the distance between the 
affected proton and the substituent (38b). Table 7 
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T A B L E  7. Effect of P-hydroxy substitution on  C-18 
1iiethq1 proton chemical shift5 

-- 

18-Ha ippm)  
----- ~ ----- li 

Substirue~it Ref. 38c Ref. 41 ( A )  

6P-OH 1 0 . 0 4 2  '0.033 4 . 8  
7rj-OM + 0.033 + 0 . 0 2 2  4 . 2  
8P-OH -k0. Id3 2 . 0  

I I P-OH t 0 . 2 4 2  + 0 .  -142 2 , 0  
12B-OH 1 0 . 0 6 7  2 . 6 

,'Relari\e to  i~nsubatitutcd '~nd i i l~ rane  Positc\c \ ' ~ i i ~ e ~  
~ncilcate donr:iield shiit.  

'Appl-okimare 1 ~ 0 . 2  A )  dist'incc fioi11 the oylgen ni~cleiic 
to the ne;lset.t proton u f  the C-I8 n le t l~> i ,  as rnc.lsi~r-ed from 
rnoleciiiai ~ n o d c l s .  Til t  \*me d~srance un tiis sotamers of  2 1s 
1. 3.1 h ; l I . 3 . l A : J t i . 5 . l  4. 

sho~vs some of the previously observed (38c, 41) 
eft'ecrs of B- and C-ring P-OH substitution on the 
18-CH,. This table also contai~ls the approximate 
distance fi-om the oxjgen nucleus to the nearest pro- 
ton in the 18-CH, and this distance in the three 
rotamers of Fig. 7. Only the 1ZP-OH substituel~t 
effect of 0.067 ppni is comparable to the 0.06 p p ~ n  
ei'fcct obser\,ed for the 19-OH substituent. The 8P- 
and I 1  p-OH eft'ects are much larger because of their 
close proximity to the 18-CH, and the 6P- and 7P- 
OH effects are smaller because of the larger distance. 
I t  is noteworthy that only in rotamers I and Hid is the 
distance comparable to the distance in the 12P-OH 
compound. The distance in rotalner III is consider- 
ably larger and ~ t o u l d  yield sinaller substituent effects 
than observed, Therefore, the 19-OH substituent 
effects on the 18-CH, proton chemical shifts further 
support the conclusion reached from chemical 
shift effects that rotamers H and 8% predominate at 
room temperature. Furtherlnore. the 0.38 to 0.40 
ppm deshielding of the 6P-H by the 19-OH suggests 
close proxin~ity of the oxygen and the 6P-H and, 
hence. the predominance of rotamer 1 .  

The 19-1 si~bstituent effect 011 the proton chemical 
shifts are comparable to those of the 19-OH sub- 
stituent. This suggests that for the 19-1 substituted 
compo~~nds .  also, rotamer 1 predominates. The 
19-OTs substituent deshields the nlethyl protons at  
C-18 and C-21, and also the 3P-0-methyl of 3c,, 
undoubtedly because of the ring current effect of the 
aromatic ring. Ho\\ever, because the deshielding 
effect of the aromatic ring can extend to distances 
of several ring radii (42). and because the p-toluene- 
sulfonyl substituent group is internally flexible: no 
statement can be made from the 'Hmr data about 
the relative population o f the  rotamers in the 19-OTs 
compounds. 

Conclusions 

Since this is the first investigation of long-range 
shift effects in the conformational analysis of sub- 
stituted methyls in steroids, i t  remains to be seen 

\vhether this method is generally applicable. How- 
ever. the present study sho~vs the feasibility of uti- 
lizing y and 8 eiTects for conformational analysis of 
solne steroid derivatikes even \vhen the rotamers are 
rzpidly intercon\erting. The method should be 
applicable to short side chain conformers in other 
rigid ring systems and, to a Inore limited extent, to 
highly branched acyclic compounds. A large shield- 
ing :J effect is expected for rotaniers in \vIiich the 
substituent remo\ es a 1.3-diaxial proton-proton in- 
teraction. The 8 ,  interaction will act as an indicator 
by deshielding cirbons in I-otamers ~ ~ i t h  appreciable 
~.~opulation.  Moreoher, if the carbons 6 ,  to the sub- 
stituent have proton5 to give nonbonded interaction 
nit11 the substituent, the rotamer is expected to be 
destabilized in proportion to the number of these 
interactions. Thus the observed ;/ and 6 effects may 
establish uhich ~.otamers are appreciably populated. 
In the case of more than one highly populated rota- 
mel-, the temperature dependence of these shift 
effects Iilay establish the relatike stabilities of the 
rotamers. 

Experimental 
r\'r~clc~cri ~24crgi1ctic Kcso,iat~cc 

Nuclear magnetic 1-esonance spectra were obtained \\it11 n 
Rruker   model HX-90 spectrometer equipped \vith a fast 
Fourier transform system using a Nicolet modcl 1083 corn- 
puter. Proton spectra \vere obtained at  90.00 MHz and ' " C  
spectra at  22.63 MHz spectrometer operating frequei~cies. The 
samples were dissolved in a stock solution of deuteriochioro- 
form which contained 5% by volume hesaii~iorohenzc~ie (the 
flaorinc signal serbed as the field-freque~~cy stabilization 
signal) and tetramethylsilane in by volurnc concentra- 
tion for ' H m r  spectra aild 10% by ~ o l u m e  concentration 
for I3Cnir spectra. Solution concentrations ranged from 0.05 
lo  2.0 \I and were dictated hy the amount of sample a\ailable. 
The "Cnir shifts could he detcrniincd with 0.05 ppm precision 
and 'Hmr shifts \\ith 0.01 ppin precision, cvcept for 0.1 ppm 
precision for the very broad H-3 resonance. 

,Vfcirc~iicr/c 
Cotnpounds I(/, If], 6, and 5r-pregn-9(lO)-e11e-l6x-methyl- 

17.21-diol-3,20-dione 21-acetate \\ere commercially available. 
An  authentic sample of 5 (26) wai  kindly s ~ ~ p p l i e d  by Dr.  S. C;. 
Le\ine. 

The remaining compounds Mere rynthesized b> kno\rn 
methoclr in the following sequence: l b  -, 5%-bron~o-cholestm- 
3P:G[J-diol 3-acetate (43-46) 5x-bromo-60.19-oxidocholes- 
tan-3P-ol 3-acetate (43, 44, 46, 47) 1 2 1 1  (43, 44, 48): 20 -+ 38 
(33-45); 30 -t 46 (44, 49): 30 and 40 Jvere prepared from 30 
and 40, respectively (43, 44); 40 -t 80 (25): 80 i 7 (22). 

C o n ~ p o u n d  Ic, was synthesized by the action of perchloric 
acid on  1 0  in trimethylorthoformate (43, 50). The same 
method was also used to  prepare 8c from 8u. Compound 3c 
was similarly prepared from 4tr by the use of tr-icthyl ortho- 
formate (43). The reaction sequence for the remaining 311- 
n~ethoxy derivatives, 2c-4c, started \vith I c  and \\as 3 5  for the 
.%acetates clescribed in the prekious paragraph (43). 

All colnpoulids tested gave satisfactory elenier~tal analyses 
and had melting points as  reported in the literature. All solid 
co~lipounds were found to be spectroscopically pure by I3Cnir 
and 'Hnir. Compounds 7, $a, and  We \\ere oils. High pressure 
liquid chromatographic separation of 80, as preiiously dc- 
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SCOTT AYD hlARLCI 3 7 

scribed, yieldcd a pale yellow glass, mhich was shown by 21. T.  D. BROWN. P1i.D. Thesis. tini\ersityof Utah. Salt Lake 
' T m r  to be > 98 n~ol", pure (25). Compounds 7 and 8c \yere Cit! , UT. 1965. 
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of C-5 in  Nc (see Table 1). BFIF.RM.ALTES. J .  Labelled Cornpound\. 11. 427 (1975). 
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C-Stannane derivatives of carbohydrates1 

Received June 7. 1978 

LACRAWE D. H A L L ,  PAUL R. STEIKEK, and D T A ~ E  C.  MILLER. Can. J. C h e ~ n .  57.38 (1979). 
Triphenyltin lithium (1) was reacted separately with 1,2:3,5-di-O-methylene-6-O-tosy1-^1- 

D-glucofuranose ( 2 ) ,  wit11 nlethyl 2,3-anliydro-4,6-0-benzylidene-r-o-allopanoside (4), and 
with methgl 2,3-anhydro-4.6-0-benzylidene-~-~-ni~i111iopyanoside ( 6 ) ,  to form in each case a 
sugar-stannane dericative having a stable carbon-tin bond. These products have been studied 
by IH and 13C nnir spectroscopy, 

LAURANCE D. HALL. PAUL R .  S T E I ~ E R  et D I ~ N F  C. MILLER.  Can.  J. Cheln. 57.38 (1979). 
O n  a fait reagir le triphenylstannyl lithium (1) acec le di-0-methylene-1,2:3,5 0-tosyl-6 

.r-D-glucofurannose ( 2 ) ,  avec l 'anh~dro-2,3 0-benzylidene-4.6 1-D-allopyrannoside de mithyle 
(4) et a\'ec I'anhydro-2,3 0-benzylidine-1,6 a-D-mannopyran~toside de nikthyle ( 6 ) ;  on a 
obtenu dans chacun des cas u n  derive sucre--stannane comportant une liaison carbone-6tain 
stable. On a etudie ces produits aL1 nmoyen de la spectroscopie mmn de ' H  et du 13C. 

[Traduit par le journal] 

Jintroduction by a magnetic isotope of tin ('"Sn, 7.541, or '19Sn, 

Orgallotill compounds are fiIldillg ( 3 )  all ever in- 8.62%) to be detected in the presence of the sub- 

creasillgly range of industrial applications ill stantially higher abundance of rnolecules which bear 

areas rangillg from [he formatioll of \\.ood preserva- a flonn~agiietic ti11 isotope (83.62;). As ~vill be seen 

tioll and marine alltifou~i,,g paints, to food pack- later, although the sugar derivatives rie have syn- 

a g i n g  (where they are used as stabilizers in poly- thesized are not perfectly satisfactory, they neverthe- 

vinylchloride films), prompted by fact that car- lessprovide an abundance of interesting data. 111 the 

bohydrate derivatives can be either water soluble or, following discussion, we describe the routes to the 

suitably substituted, soluble ill organic media, synthesis of derivatives having an  orgarlotin (speci- 

we have investigated the synthesis of sugar-tin con- fically, in this case, a triphenyltin) moiety attached 

jugates ill rVhich a tin llloiety is covalelltly coupled to to a primary, or a secondary, carbon aton1 of a 

a sugar via a tin-carbon boIld, be antici- sugar. We also docurnent the use o f l H  and13C nmr 

that such derivatires could have interestillg to evaluate the primary structure and the solution 

biological properties resulting from the cornbilled co~lfor"atioll of these substances. 
presence of the sugar and n~eta l  moieties; there is 
some basis for this speculation in the form of suc- Results and Discussion 
rose-triaryltin conjugates \\-hich have recently been SJ.tzt/~psis 
sho\\.i~' to be effective in marine antifouling paints. The t\vo synthetic routes reported here both in- 

From a more academic standpoint there is also a volve llucleophilic attack on a suitably activated 
need for organo-tin materials which have defined sugar substrate by triphellyltin lithiuln (1) froln 
conformations in solution to serve as models for triphellyltin chloride and lithiulll llletal by the 
further (4) evaluating the stereospecific dependencies method of Tarnborski c ~ t  a/ .  (5 ) .  
of various spectroscopic parameters of tin, partic- Synthesis of a sugar substituted at  a primary centre 
ularly scalar, spin-spin couplings. The success of is exemplified by the reaction of triphenyltiil lithium 
such measurements is dependent both on the lnole- (1) with 1,2:3,5-di-O-methylene-6-Q-tosyl-x-~Dg1uco- 
cule having a conformation which can be determined furanose (2). Thin-layer cl~romatography sllowed 
with reasonable confidence using 'conr~entional' that the reaction \yas esselltially co1npleted after 2 11 
methods and an  nnir spectrum which is sufficiently and work-up, as described in the ]Experimental, 
well resolved to enable transitions fro111 the sub- afforded a colourless crystallille product 3 i l l  4 3 z  
spectra of the two n~olecules which are substituted yield, mp 108-1 IO'C. The elemelltal rnicroallalytical 

data and 'H nmr parameters ~ndicated that 3 has the 
'For prelimi~mdi~ c o m n ~ ~ n l c a t l o n s ,  see ~ e f s .  1 and 2 
2Present address, Western Forest Products Labolatory, structure (1,2 3,5-d1-O-n1ethylene-~-~-glucofuranos- 

6620 N W. Marllie Drl \e .  Vancouver. B C 6-yl) tr~phenylstannane Important ~n the latte. inter- 
3L. Hough. Private cornniunication. pretation was the observation of the characteristically 

0008-4042/7910 10038-06$0 1.0010 
G I 9 7 9  National Research Council ofCanada/Conseil national d e  ~recherches du Canada 



illtense resonances of the protons of the triphen41 
ino~ety and the pioiiounced high-field s h ~ f t  of the 
protom attached to the same carboil as the triphenyl- 3 
tin moiety. In benzei~e-c/~, the H-6 resoilailces of ?" 

3 
the tln product 3 wele at  T 8.5 \\liereas those of 7 
1,2 3,5-dl-O-niethylene-x-D-glucofuranose (8) came - 
at  ca r 6 65: see Expenii~ental for Fig. I caption 2, 

S 
Attention \\.as next directed to the inore chal- 

lenging problem of attaching a t ~ n  substituent to a ' 
? secondary carbon centre To our pleasailt surprlse + 

n e  found that the tr~pheiiyltin l i th~um (1) leacted $ 

1 2 R = O'Ts 4 
3 R = SnPh, - 

4.d - 
7 - 
7 :  

Ph OMe Ph OMe 
2 g 
2 5 

H 0 R - - - 1 3  - ,  J 

5 R = SnPh,  6 7 K = SnPh, : 2 

* 
L .- 

8 9 .3 K - - g 
almost instantaileously ~vi th  methyl 2,3-anhydro- 
4,6-Q-be11zylideiie-r-~-allopyra1ioside (4). A colour- ' 2 
less solid product \\,as obtained after coi~veiitioi~al 2 . - 
work-up, in 757, yield, 111p 67769'C, which ivas sub- 
sequently identified as (methyl 4.6-O-benzylideile-r- 5 - 
D-altropyranoside-2-yl) triphenylstannane ( 5 ) .  In  like 2 

C 
fashion, methyl 2.3-anhydro-4,6-0-be1izylidel7e-%-~- z 
mannopyrailoside (6) pave in 9 4 5  yield (methyl 
4,6-U-be11zylidene-x-~-a~tropyrai~oside-3-y) triphe- 
nylstannane (7, imp 166-168'C. - '3 

Nuclrnr Magnetic Resot~ai~ce Specrm rr~id - 2 
Co~~forr?~arioncrl Properties 

n 

c. * Proroll Dcrtu a 

The ' H  che~nical shifts and coupling constants for $ 
the triphenyltin derivatives 3, 5, and 7 are sum- 4 
inarized in Table 1 together \vith, for coniparison .g 
purposes, the data for 1,2: 3.5-di-0-methylene-Y-D- 
glucofuranose (8) and methyl 4,6-O-beilzylidene-x- 
D-altropyranoside (9). - a 

That the parameters for the ring protons of 3 and 
8 are so closely similar implies that both derivatives 
have similar solutioi~ conforniatioils, probably ap- 

- DC x. C 

z G ; x g +  o m -  
-, . .  . .  . .  . . .  

DC S G  q c  9 q o  q < < < < < 
1 0  
G 

a 
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proximating to the TTZ confornia~ion shown i l l  A .  
More interestiiig are the very substantial ditferences 
betnee11 the two sets of parameters for the protons 
associated nith C-5 and C-6. I t  aeems reaso~lable to 
ascribe the change in the geminal coupliiig from 
- 6 Hz for 8 to - 13.3 Hz  for 3 to the difference in 
'electronegativit)' bet~\een -OH and -SnPh, 
substituents. 111 the absence of adequate reference 
data it is not sensible to attempt a quantitative inter- 
pretation of the \ icinal 'H-'H couplings. heverthe- 
less \ye depict belon in B. 6. and D the three 
noneclipsed rotamers about the C-5-C-6 bond of 3 
with the correspo~~ding I-o~aniers for 8 depicted in 
E. F. and G. From the data g i ~ e n  in Table 1 ,  it ap- 
pears 3 fa'a\.ours either rotamer B or I) and examina- 
tion of ~ n o l e c ~ ~ l a r  niodels suggests that rotamer B 
is the more favoured because of the substantial steric 
interaction in D bet~veen the sugar ring and the tri- 
phenyltin moiety. 

A E R - O H  

C R  = SnPh, 
F R = O H  

D R  = SnPh, 
C; R = O H  

We had anticipated that opening of the epoxide 
ring of 4 xvould occur by nucleopliilic attack on C-2 
and this was confirmed by the finding that the M-2 
resonance of 5 ivas shifted to high field (t 6.93) of the 
other ring protons: see Experimental for Fig. 2 
caption. The vicinal. ring proton coupling constants 
for 5 are close to  those reported by Coxon (6) for 
deri~~atives of methyl 3,6-0-benzylidene-rx-D-altro- 
pyranoside (9) and nleasured by us for 9 itself. With- 
out repeating here Coxon's earlier discussion, it is 
clear that the triphenyltin moiety of 5 has seriously 
perturbed the pyrauose ring from the ,C, conforma- 
tion depicted in H. 

W I 

That the triphenyltin moiety of 7 was attached to 
C-3 was evidenced by the high-field shift of PI-3, 
thus confirming that the ring-opening of 6 had also 

follo~ved the expected course. Although the vicinal 
'H-'H coupliilgs serve to confirm that this product 
has the N.-D-altropyranose configuration it is note- 
\\orthy that J,,, is substantially larger (5.9 Hz) than 
the equivalent couplillg of either 5 (2.5 Hz) or 9 
(2.9 Hz). I t  is tempting to simply ascribe this dif- 
ferential to an  electronegativity effect of the till 
moiety, yet, if that were so; it is difficult to understand 
~ v h y  a silnilar enhancement is not also observed for 
J,,,, n'hich is, if anything, snlaller (2.1 Hz) for 7 than 
for 8. An alternative explanation is that the pyranose 
ring is distorted by steric interaction involving the 
triphenyltin moiety tonards the skew conformation, 
' S 5 .  deplcted in I ,  t h ~ s  conformatlo~~al change 
\\auld d ~ n i ~ n ~ s h  the dlhedral angle betneen H-3 
and W-4 and t h ~ s  \\auld be accompanied by an In- 
crease in J ,  , 111 the absence of more comprehensi~e 
reference data is IS clearly not fru~tful  to pursue thls 
po111t too far Nevertheless. ~t seenis Inore than 
co~ncide~ital  that \\hereas the H-3 resonance of 5 
appears to h a ~ e  a noimal sh~f t ,  the H-2 resonance 
of 7 15 sh~fted to h ~ g h  field by ca 2 ppm. A field shlft 
of t h ~ s  magn~tude clearly reflects a substanttal 111ter- 
a c t ~ o n  betneen the H-2 pioton and the rlng current 
of the aromatic rings of the triphenyltin moiety. 

Cardon-13 Dcrtcr 
Assignments of the 13C 11111s spectra \\ere based on 

the selective proton decoupling technique sum- 
inarised in the Experimental and the I3C shifts for 
deri\.atives 3. 5; and 7 are surnmarised in Table 2. 
These data are unexceptional. That the carbon 
\ ~ h i c h  bears the tin substituent is invariably the 
higher-field resonance suggests that this is a reliable 
criterion for assigning positional isomerisatio~i in 
this class of sugar-tin conjugates, more reliable in 
fact than the analogous 'H shifts, see Experiillental 
for Fig. 3 caption. 

Tiiz Couplir~g Cor~stuiits 
The remainder of this discussion rvill be concerned 

with the coupling constants between the two mag- 
netic isotopes of tin and suitably disposed '14 and 
' 3C iluciei and with their stereospecific dependencies. 

It proved to be very difficult t o  detect in either the 
100 MHz or  270 MHz proton spectra of derivatives 
3, 5, and 7 any satellites arising from coupling ~vi th  
the "7Sn and ""n nuclei, mainly because the satel- 
lite transitions Jvere for the most part obscured by 
the transitions of the protons of those molecules 
substituted by a nonmagnetic tin isotope. The only 
clearly resolved tin couplings in the spectra of 5 are 
with H-l (25.8 Hz) and with H-2 (73.4 Hz) and for 3 
with H-3 (56.2 Hz). 

In  contrast to the ' H  spectra, the I3G resonances 
were sufficiently veil dispersed, even at  20 MHz: 



TABI.E 2. I3C chcniical shifts (ppm) for mcthyl 4,6-0-henr!.liderle-r-u-altro~~)ranoside\ and 1.2: 3,4-d1-0-methqlene-r-~-gluco- 
f'uranoses in  deutei.ioberirene solutions 

" \AH 
Cornuound C- l C-2 C-3 C-4 C-5 C-6 O C H ,  0 I Benzy 

TARI.E 3. 13C-SII coupling constants (Hz) for tin-sugar de r iu t i~es  

Compound I 'J("9S11-'"C,,) 11 J ( S I - ~ C , )  17 ' J (Sn- '  3C,,)" 11 3J(S~~-13C,,)  

3 6 372 6 348 5 - 24 4 60 
5 - 7 340 2 323 1 - 14.8  4 0 

3 - 9 . 6  
7 3 392 3 376 2 - 1 0 . 1  1 32.8 

2 - 32 5 15.7 

"Sipn assu~i led by analogy with 11ie l~terature  (12). 

for the li7Sn-'19Sn satellite transitions to be readily 
detectable: see Experimental for Fig. 4 caption. The 
various coupling constants obtained from the spectra 
of derivatives 3, 5 ,  and 7 are summarised in Table 3. 
Although it was simple to separately resolve the 'J 
couplings of the "SII and 'I9Sn nuclei, the ' J  and 
3J coupliiigs were too small and both the latter sets 
of data given in Table 3 are averaged values. The 
magnitudes of these data are in general agreement 
with values previously reported (4, 5) for cycloalkyl 
derivatives of tin: thus the 'J couplings should be 
larger than the 3J couplings which should in turn be 
larger than the 2J couplings. 

The literature data for 3J ( I T - S n )  coupliiigs are 
coiicisely s~tmmarised in Fig. 2. with the familiar (7) 
cos function being given in [ I ]  ; see Experimental 
for Fig. 5 caption. Although the solution conforma- 

[ l ]  Job, = 30.4 - 7.6 cos 8 + 25.2 cos 28 

tions of the deri\atives 3 and 7 are by 110 means as 
\tell def~ned as we had orig~nally hoped, it is iiistruc- 
tlve to compare their ' J  ("C-Sn) couplings, as well 
as those of 5 .  nith the data of Fig 2 ,  as fie shall see 
the conformations previously proposed for all three 
den\atlves appear to be cons~stent with the observed 
coupl~ngs 

Let us start wlth the C-2 substituted derivat~ve 5 
for which a "C, chair conformat~on W had been pre- 
viously proposed The coupl~ng between the tin and 
C-4 subsi~tuents cannot be precisely determined, 
but must he bet\zeen 0 and 0 3 Hz Accord~ng to the 
data of Flg 5 thls implies a dihedral separation be- 
trbeen the C-4-C-3 and C-2-Sn bonds of 70-100 . 
conformation H \+auld iequire a dihedral angle of - 9 5 

Turning nou to the C-3 substituted deilkat~ke 7' 
f o ~  \\Iilch the ' S ,  coiiforniatioii 1 had been sup- 
gested, me note that ize no\\ have t ~ o  3~ couplings 
to cons~der,  the couplliig \zit11 C-1 (32 8 Hz) h ~ c h  
\ \e must ascribe to a d~hedral  nngle of ca 130 or 35 . 
and the c o u p l ~ i ~ g  \\.it11 C-5 (15 7 Hz) \\hlch should 
colrespond to an angle of ca 110 or 58 S~nce  it 1s 
impossible to distort a pylanose r ~ n g  to achieve a 
dihedral angle of 35 , the C-I coupllng mus t  corre- 
spond to the d ihed~al  angle of 130 Because of the 
frrrtis-fused junction betnee11 the pyranose and benzy- 
lideile irngs limits the extent of poss~ble conforma- 
tional disto~tion for the pbranose ring, ~t is impos- 
sible to obtalii a dihedral angle betmeen the C-3-Sn 
and C-4-C-5 bonds of less than -50 , v e  111ust 
assume that the C-5 coupling corresponds to 
dihedral angle of 112 , st happens that the ' s ,  con- 
formatloll I pre~iously iiom~nated for 7 \\auld re- 
quire this angle to be 112 

Conformational assignsnents for acjcllc derlva- 
tlses \ \ h ~ c h  lgnole conformat~onal time averaging 

are necessalllq siinpl~stic so the d~scusslon of the 3J 
coupling betmeen C-4 and the tin substituent of 3 
cannot be expected to be definit~ve Yet the observed 
coupl~ng (ca 60 Hz), n h ~ c h  can only correspond to a 
large dlhedral dngle, is ~n excellent agreement u i th  
the plevious assignment of B as bemg the favoured 
rotamer about the C-5-C-6 bond. 

As we noted in the Introduction, \ve were some- 
\vhat disappointed that the tin derivatives 3, 5 ,  and 7 
did not all have ~li~distorted conformations, since 
this appeared, at  first, to vitiate the major reason for 
this project. Nevertheless, the agreement between 
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the conformations deduced by 'conventional' proton 
ilrnr methods and the angles based on the 13C-Sn 
couplings described previously in the literature, and 
here, provides a compelling, albeit less direct, sub- 
stantiation for the basic premise that sugar-metal 
derivatives do provide convenient model systems for 
heteronuclear nmr studies. 

As a final comment \ye draw attention to  the fact 
that the axial triphenyltin substituent a t  C-3 but not 
that at  C-2, results in deformation of the conforma- 
tion of the pyranose ring. This is a perfectly reason- 
able finding but it has an  important implication, 
namely, that it would now appear to  be very worth- 
while to evaluate the conformational preferences of 
other substituents attached to the C-3 position of this 
altroside system to  evaluate their ability to  cause 
conforn~ational distortions. Included in this category 
could be any of the following: -C(Me),, -C(Ph),, 
-X(Me),: and X ( P h ) ,  where X = Si, Sn, Pb,  

or  PV. 

Experimental 
All solutions were concentrated under reduced pressure 

using a Buchi rotary evaporator. All melting points were deter- 
mined using a Hoover Cnimelt (6406-K) instrument and are 
uncorrected. All optical rotations were determined for acetone 
solutions using a Perkin-Elmer 141 polarimeter. 

Thin-layer chromatography (tlcj was performed on silica gel 
G (Merck) using toluene-ether (1 :2) and detection by charring 
with H2S04. All reactions Mere performed in anhydrous sol- 
vents under an atmosphere of dry nitrogen; solvents were 
dried, distilled, and then stored over n~olecular sieves. 

Triphenyltin chloride (95+ z) was obtained from Alfa 
Products (Danvers, MA) and was used after recrystallisation 
from methanol-chloroform and drying at  80°C using Drierite 
as the dessicant at ca. 0.8 Torr for 24 h. Lithium metal rods 
(technical grade) were obtained from Fisher Scientific Co., 
Chemical Manufacturing Division (Fair Lawn, KJ). 

Proton nmr spectra were measured at 100 MHz with a 
Varian XL-100 (15) spectrometer fitted with a Varian 620L 
(16K) computer; and at 270 MHz with the prototype of a 
home-built spectrometer based oil a Bruker WP-60 console, a 
Nicolet 1080 conlputer (IGK), a Kicolet 293 pulse controller 
unit, a Diablo Disk, and an Oxford Instruments Supercon- 
ductiiig solenoid. The 270 MHz radiofrequency was derived 
from the Bruker Console by mixing with the output of a 
Hewlett Packard frequency synthesiser using a mixing tech- 
nique developed in this laboratory (8). 

Carbon-13 nmr spectra were nleasured with a CFT-20 
spectrometer. The selective proton decoupling experiments 
used a heteronuciear decoupler, described previously (9); see 
Fig. 6 caption below. 

ilrirclear Mngnelic Resonrrnce S11ectr.n 
Detailed nmr spectra of certain of the materials discussed 

in this manuscript have been placed in the Depository of 
Unpublished Data? The full captions of those figures are 
listed below to provide the reader with a summary of the spec- 
tral information which is available. Fig. 1. Continuous-wave 
'H  nmr spectrum (100 MHz) of (1,2: 3,s-di-0-methylene-3-D- 

4Cop~es a le  ava~lable, at  a nominal charge, from the 
Depository of Unpubl~shed Data, CTSTI, National Research 
Counc~l of Canada, Ottawa, Ont , Canada K I A  OS2. 

glucofuranose-6-yl) triphenylstannane (3) (at top) and of 
1,2:3,5-di-0-methylene-c1-~~glucofuranose (8) (at bottom), 
both measured in benzene-& solutions. The peak marked " is 
from an impurity. Fig. 2. Fourier transform 'H nmr spectrum 
(270 MHz) of (methyl 4,6-0-benzylidene-r-D-altropyranoside- 
-2-yl) triphenylstannane 5 in benzene-d6 solution, showing the 
spectral assignments and the 'H-Sn coupling constants. Fig. 3. 
hatural  abundance 13C nmr spectra in benzene-& solutions 
(ca. 0.3 m) of ,4, (1,2: 3,5-di-0-methy1ene-c1-~-gl~1cofuranose- 
6-yl) triphenylstannane (3) and B, 1,2:3,5-di-0-methylene-r- 
D-glucofuranose (8). Fig. 4. Natural abundance I3C nmr spec- 
trum of (methyl 4,6-0-benzylidene-=-D-altropyranoside-2-yl) 
triphenylstannane (5) in acetone-d, solution (0.3 M) s h o ~ i n g  
the normal resonances and the tin satellites of the C-1, C-2, 
and C-3 resonances. (PW 7; P D  0 ;  N T  SO 000; AT 1.023 s.) 
Fig. 5. Magnitudes of VJ(""Sn-'3Cj coupling constants plotted 
as a function of the dihedral angle between the "9Sn-'3C-C 
bonds. (This diagram is reproduced by permission of the 
authors of rer. 4.) Fig. 6. Natural abundance I3C nnir spectra 
of (methyl 4,6-O-ben~ylidene-r-~-altropyranoside-2-y1) tri- 
phenylstannane (5) benzene-d, solution (0.3 m); A ,  with corn- 
plete proton decoupling and 6, \vith the decoupler gated off 
during the spectral acquisition. The spectra B-F show the 
effect of selective irradiation of individual proton resonances. 

Pi.epnrntiorz of Tripherljltitz Liti~i~rnz 
NOTE: It \+as found that the reaction to form triphenyltin 

lithium worked \\ell only when the surface of the lithium metal 
\vas very clean. It \+as found necessary to clean the metal sur- 
face in dry methanol and then to quickly rinse the piece of 
metal in dry tetrahydrofuran before adding it to the solvent 
in the reaction ~esse l .  

Following the procedure of Tarnborski et 171. (6 ) ,  2.5 g, 
(6.5 x niol) of triphenyltin chloride in ca. 15 nil tetra- 
hydrofuran vas  added to a well-stirred solution containing 
lithium shavings (0.55 g, 0.08 mol) and tetrahydrofuran. 
Within about 15 min, heat was evolved and the reaction niix- 
ture became a dark olive-green colour. The solution was stirred 
for 1-2 ti. after which time it was filtered through glass wool 
and immediately used for the following reactions. Yields for 
this reaction ha\e been reported (4, 5) to be 50-75%. 

Pt'eparofion of i1,2: 3.5-~i-O-rnerkq/etze-c1-~-g/ucofiri.ano~e- 
6-yl) TrQ~i~e~zylstnrz~~o~~e (3) 

Triphenyltin chloride (2.5 g, 6.5 x mol) in tetrahydro- 
furan \\ere reacted uith an excess of lithium metal in the man- 
ner described abole, for 2 h, filtered through glass \vool and 
added, dropwise, to a stirred solution of 1,2:3,5-di-0-methyl- 
cne-6-0-tosyl-8-D-glucofuranose (10) (1.5 g, 4.2 x lo-" 
mol) in tetrahydrof~lran (25 ml). After 4 h, tlc indicated that 
ail the tosylate had reacted. The reaction mixture was then 
poured into water (250 ml) and neutralized with ammonium 
chloride. The mixture was extracted with chloroform (3 x 
5 rnl) and the chloroform solution dried oker lnagnesium sul- 
fate, after hhich the solvent was removed under reduced 
prcssure. Any contaminating hexaphenylditin was precipi- 
tated by adding cold anhydrous diethyl ether and filtering off 
the crystals. The ether was then evaporated to yield a white 
crystalline material which uas  subsequently identified as 3 ;  
yield, after one recrystallization (benzene - light petroleum, 
bp 30-60 C was I g (43.573, mp 108-110"C, [aIDz5 + 60.00 
(c  2.37). Anal. calcd. for C,,H2,05Sn: C 58.13, H 4.88; found: 
C 57.90, H 4.86. 

Prcyaratiow of' ( M e t i ~ j l  4,6-0-Benq'lidene-8-D-n/tropy- 
r.anoside-2-jl) Triphenylstnnnane ( 5 )  

Triphenyltin chloride (2.5 g, 6.5 x n ~ o l j  and lithium 
metal (0.5 g, 0.08 mol) were reacted as described above, fil- 
tered, and added, dropwise, to a stirred solution of methyl 
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2,3-anhydro-4,6-0-benzj~lidene-r-D-allopyraod ( 1  1 . 0 ,  from the University of British Columbia (Chel~iistry 
3.78 x 10-"101) in tetrahydrofuran (ca. 25 1111). The reaction Department and the president's E~~~~~~~~ R ~ -  
appeared to be instantaneous, as  the dark olive-green colour 
of the triohenyltiil lithium disappeared immediately upon search Equipment Fund). 
addiiion; howe\.er, to  ensure complete reaction, the mixture 
was stirred for I h.  After work-up, as  described for 3, 2.6 g 
(757, jield) of a crystalline compound was obtained, subse- 
quently identified as 5 ,  nip 67-69'C, i 5 . 9 1 '  (C 2.15). 
Anal. calcd. for C3,H,,O5S~i:  C 62.47, H 5.24; found:  C 
63.88, H 5.31. 

Preparation of (.h/(eth~~l4,6-0-Benzy/idene-r-~-u/frop~~rnt10- 
~ide-3-jl) Triphew~~lstnnrlane 17) 

Triphenyltin chloride (1.25 g, 3.25 x lo - ,  niol) was reacted 
\\ith lithium metal shavings (0.55 g, 0.08 niol) in the manner 
described above, filtered, and added, dropwise, to  a stirred 
solution of methyl 2,3-anhydro-4,6-0-benzylidene-cx-D-man- 
nopyranoside (11) (0.37 g, 0.6 x mol) in tetrahydro- 
furan (ca. 25 nil). After work-up, as  for 3, a foamy syrup mas 
obtained. This syrup solidified after 12 h under vacuum; yield 
0.81 g (94%), m p  166-168-C, [a],*' f91.0' (c 1.97). Atlnl. 
calcd. for C 3 2 H 3 2 0 , S n :  C 62.47, H 5.24; found: C 62.01, H 
5.40. 
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Some reactions sf  a 4-(1-chloroethg7l)-P 94-dihydropy~idi~~e 

BKIAS GREGOR\.. '  ERIC BULLOCK, A N n  TEKG-SOKG CHEN 
1>1~p(1r/t7r~t1t ofCl7et11i.\tr~,, .%fett~orio/ L'tii~,c~r.,si/~ of~V~,1t:fi)1117~lIiit7(/, St. . / o / ~ t t ' , ~ ,  .\:fl(t., Ccitrfidci A /I? -?X7 

liecei\ed Jul! 5 .  1978 

BRIAN GREGORY, ERIC BL-LLOCK, and TENG-Sovc CHEV. Can.  J. Cheni. 57.44 (1979). 
The preparation of dirncthyl 4-(l-chloroethyl)-l,4-dihydro-2,6-din1ethylpyridine-3,5- 

dicarboxylatc and its reaction with nucleophilic reagents are described. Potassium cyanide. 
potassium succinimide, o r  methanolic triethylamine gale,  stereospecifically, 4,s-dihydro- 
azepines in nhich substituents at C(4) and C(5) are ri.cit~s, whereas potassiunl thiocyanate 
afforded only the corresponding 4-(l-thiocqn11atoethyl)-1,4-dihydropqridine. Sodium hydro- 
sulfide afforded a ~nix ture  of 8-thia-7-azabicyclo[3.2.l]oct-3-c~1~-4,7-diesters epinieric at  C(7), 
whereas potassium carbonate in aqueous dimethbl sulfoxide yielded a n  8-oua-2-azabicyclo- 
[3.2.1]oct-3-ene-4:7-diester. The stereochemistry of these bicyclic conlpounds is established 
using nnir spectroscopy. In acid media, diniethql 2,5,7-triniethylazepine-3,6-dicarboaylate and 
a 4-n1ethosy-4,5-dihydroazepi1ie rearranged to g i ~ e  1,4-dihydropyridine derilatives; a niech- 
anism for this ring contraction is suggesteci. 

BRIAN GREGORY, EIUC BULLOCK et T E ~ c - S O ~ G  CHEX. Can.  J. Chem. 57.44 (!979). 
On dicrit la preparation du (chloro-i ethyl)-4 d~hbdro- I  ,4 dimethyl-2,6 pyridinedicarbos- 

>late-3,5 de dimkthyle et ses reaciions alee des reactifs n~icleophiles. Le cyanure de potassium, 
le sel de potassi~nn de In succinimide ou la tridthylamii~e ethanolique c o ~ ~ d u i s c n t  d'une faqon 
stereospCc~fique aux dihydro-4.5 arkpines dans lesquelles Ics substituants en C(4) et en C(5) 
sont ti.iirr.\: toutefois 1e thiocyanatc de po tass i~~ni  ne fournit que la (thiocyanato-1 bthy1)-4 
dihydro-1.4 pyridine. L 'hydrosulf~~re cic sodiun~ conduit i un melange tie thia-8 aza-2 bicqclo- 
[3.2.1] ociene-3 diesters-4,7 epi111t:res en C(7) alors que le carbonate de potassium dans le 
diniCthylsulfoxqde aqueus fournit uiie oua-8 nza-2 bic>clo[3.2.1] octene-3 diestcr-4,7. On a 
determine la sterdochimic de ces co~uposes hicqcliclues i~ I'aide de la spectroscopic rrun. En 
milieu acide, le trimethyl-2.5.7 azPp~~iedicarboxylatc-3,6 tle dimithyle et une mbthoxy-4 
dihydro-4,5 azepine se transfor11ient pour donnel- des deriles dihydro-1,4 pyridines; on  
suggere un mecanisme pour cettc contraction dc cycle. 

[Traduit par le journal] 

Studles, by us and others, s h o ~  that the rearrange- violet (1, 3) and infrared spectra (2) were typ~cal of 
~ n e n t  reactions of 4-chlorornethyl-l,4-dihydropyri- Hantsch-tqpe dlhydropynctliles. The mass spectrum 
dtnes e.g.. 1 or 2, \\ ith nucleoph~l~c reagents hake \\as, however. tempernture dependent. At reason- 
afforded useful routes to several different hetero- ably  lo^ tempelatu~es the con~pound behaved as a 
cycllc rlng systems ( 1  and ~eferellces there~n).  As tqp~cal 1 4-dihydropyi1d11le and sl io\~ed a base peak 
part of some ]elated \\ark, we required the 4-(1- due to a py r ld in~un~  catlon formed by loss of chloro- 
chlo~oetliy1)-I .4-d1hydrop)rid1ne 3. 111 which the ethyl radical (cf lef 4 )  As the ~ n l e t  temperature was 
carbon bear~ng the potential leav~ng group, chlorine, increased. ions ~ i i i s ~ n g  frorn loss of hydrogen chlol~de 
1s labelled by attachment of n methql group. Such a from the ~iioleculal Ion becanle increasingly Impor- 
compound is clearly useful for stereochem~cal and tant and the mass spectrunl then resembled that of 
mechanistic studies of some of these nucleophile- 
induced rearrangement reactions and is the subject 
of the present report. 

Reaction of 1 $2-dichloropropyl ethyl ether with 
methyl 3-aminocroto~late gave, in moderate yield, 
the chloroethyl compound 3 n-hose spectroscopic 
properties Lvere in accord with the assigned struc- 
ture. In particular, the 'Hmr spectrum contained a 
three-proton doublet at  6 1.34 and a one-proton 
partly obscured double quartet at  6 4.02 bvhich 
arise frorn the methyl and nlethine protons, re- 
spectively, of the chloroethyl group, and the ultra- 

lAuthor t o  whom all correspolldence should be addressed. 

the azepine 15. 
Reaction of the chloroethyl co~ilpound 3 with 

sodium cyanide in dimethyl sulfoxide gahe, after 
chromatography, methyl 4-cyano-2.5-dimethylpyr- 
role-3-carboxylate and a less soluble product 9 
whose long wavelength ultraviolet absorption max- 
imum appeared at  a shorter wavelength and was 
more intense than that of the starting dihydro- 
pyridine, a characteristic of 4,5-dihydroazepines (2). 
The 'Hmr spectrunl showed, in addition to siilglets 
due to ~netliyl groups at  C(2) and C(7), methyl 
esters and NH. a three-proton doublet at  6 0.94, a 
one-proton multiplet at  6 3.73, and a one-proton 
doublet at  6 4.34 due to the CH,-CH-CH(CN)- 

0008-4042/79/0 10044-09SO 1.00/0 
1979 National Reseal-ch C o ~ ~ n c i l  ofCanada/Conieil national d e  I-echel-ches du Canada 
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GREGORY t T  4 L  45 

1 R' = H. R2 = CH,. X = CI 
2 R1 = H.  K' = CHZCH, .  X = CI 
3 K' = CH,.  R2 = CH, .  X = Cl 
4 R' = CH, .  K' = CH,.  X = BI- 
5 R' = CH,. R' = CH,.  X = OCH, 
6 R' = CH;. R' = CH, .  X = SCN 

7 R' = H,  R' = CH;.  X = CN 14 R1 = H 
8 R' = H.  K' = CH,CH,. X = CN 15 R' = CH; 
9 R' = CH,. R2 = C H I .  X = CX 

10 K' = CH,. I<' = CH,.  X = OCH, 

11 R'  = H.  R' = CH 1 - 
I2 R' = CHi .  Rz = CHI. )  

0 
13 R1 = C H , . R 2 = C H ; . X  = SH 

18 R1 = C H , .  R' = H. R' = CO,CH, 22 K =  CH, 
19 R1 = C H , .  R' = CO'CH,. K' = H 23 R - H 
20 R' = H . K L =  H. R 7 = C 0 2 C H ,  
21 R1 = H. K' = C 0 2 C H , .  R' = H 

24 K = CH,  
25 R = H  

system. Further. the doublet at  6 4.34 showed a 
coupling of 6.2 Hz which is consistent with the 
protons at C(4) and C(5), and therefore the cyano 
and ~nethyl substituents on these carbon atoms 
having a tr.an.r r e l a t ion~h ip .~  Since n o  cis isomer was 
detected, either the reaction had occurred stereo- 

'In relatcd 4,5-dihydroazepines, values of JAx and JBx of 
6.0-8 and 0-1.6 H z ,  respectively, have been reported. Examin- 
ation of Dreiding models reveals approximate dihedral angles 
for El,,-C-C-H, and H,-C-C-M, of 158 and 80°, 
respectively. If the substituent at C(4) occupies a pseudo- 
equatorial configuration, then HA is trans to E x  whereas H, 
is cir to H, providing that the Karplus relationship is obeyed. 

specifically to give the truns isoiner or  alternatively 
any cis isomer fornied had been converted to the 
trat1.s isomer through base-catalysed fornlatioil of a 
carbailion at  C(4). To  distinguish bet\veen these 
possibilities, dihydroazepines having groups io- 
capable of stabilization of a carbanion at  C(4) have 
been prepared. Thus \\hen the chloroethyl compound 
3 bvas solvolyzed in methanol containing triethyl- 
amii~e,  the 4-inethoxy-4,s-dihydroazepine 10 was 
obtained. The presence in the 'Hmr spectrum of a 
doublet, J = 6.6 Hz, at  6 4.60 again confirmed the 
ti,crns configuration of substituents at  C(4) and C(5). 
Similarly the chloroethyl compound 3 reacted with 
poiassiun~ succinimide in etha~lol  to give the ti.crr~.l- 
4-succini~nino compound3 12 (the doublet a t  6 5.31 
sho~ved J = 6.0 Hz). The ring expansion reactions 
of the chloroethyl coinpound 3 are thus stereo- 
specific. From a study of the kinetics of the reaction 
of cyanide ion \vit11 4-~1~loromethyl-l,4-dihydro- 
pyridines, e.y. I ,  Eisner and co-workers (5) have 
suggested a ring-expansion mechanism ~vhich in.- 
volkes elimination to form ail intermediate azepine. 
e.g. 14. f o l l o ~ ~ e d  by 1.4-addition of hydrogen 
cyanide. The azepine 14 jvas shown to be converted 
to race~nic 4-cyano-4.5-dihydroazepine 7 (only one 
enantiomer is shojvn for convenience) by the action 
of cyanide ion (5). Similarly, we have shown that the 
reaction of the 2.5.7-triinethylazepine 15 with potas- 
sium cyanide in methanol occurs, in this case. 
stereospecifically to give racemic trur~~-4-cyano-4,s- 
dihydroazepine 9 in good yield, along with a lesser 
amount of the trrrt7.s-4-methoxy compound PO. The 
trimethylazepine 15 used in this experiment r\as 
obtained by the action of sodium etlioxide in ether 
or potassiuni carbonate in diiiiethyl sulfoxide on the 
chloroethyldihydropyridine 3, or  by pyrolysis of the 
~iiethoxy- or succinimii~odihydroazepines 110 and 12, 
respectively. At ambient temperatures, the ninr 
spectrum of 15 showed extreme broadening of the 
C(4)-nietliyl resonance in the 6 0.55-1.15 region. At 
8O'C. however, a sharp spectrum was obtained which 
sho~ved i n  addition to singlets due to methyl esters 
and inethyl groups at C(2) and C(7), a doublet at  
6 0.88 ( J  = 7.0 Hz), a multiplet at  6 2.88, and a 
doublet a t  6 5.23 ( J  = 7.0 Hz). 

Earlier we have shown that diethyl 4-cyano-4,5- 
dihydro - 2,7 - din~ethylazepine - 3,6 - dicarboxylate 8 
may be converted in alkaline media to ethyl 4-cyano- 
2,5-dimethylpyrrole-3-carboxylate and ethyl acrylate 
(2). Accordingly, when the cyano compound 9 was 

3Reac t io~~  of the chlorornethyl compound 1 with potassiun~ 
succinimide gave the corresponding succinimino compound 11 
(see Experimental). 
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treated with potassium hydroxide in methanol, the 
products obtained were methyl crotonate, methyl 
3-aminobutyrate, and methyl 4-cyano-2,5-dimethyl- 
pyrrole-3-carboxylate. The formation of methyl 
crotonate provides confirmati011 that the unsat- 
urated ester originates from the ring carbon atoms 
C(5), C(6) and the ester group at  C(6),  and is in 
agreement with the postulated mechanism (6) which 
involves the formation of an intermediate 2-aza- 
bicyclo[3.2.0]heptene. The 3-aminobutyrate probably 
arises by Michael addition of ammonia, formed by 
competing base-catalysed hydrolysis of dihydro- 
azepine 9 to methyl crotonate. When the cyano- 
dihydroazepine 9 was treated with aqueous metha- 
nolic silver nitrate, the products iilcluded a furo- 
[2.3-blpyridine. a pyrrolo[2,3-blpyridine, and a 2- 
0x0-1,2,3,4-tetrahydropyridine derivative (7). 

Reaction of the inethoxydihydroazepine 10 with 
~nethanolic hydrogen chloride yielded the methoxy- 
ethyldihydropyridil~e 5 (587%), the chloroethyldiliy- 
dropyridine 3 (307)), and dimethyl 2,6-dimethyl- 
pyridine-3.5-dicarboxylate ( 5 ' 7 ) .  The formation of 5 
is envisaged as proceeding via a carbonium ion 
mechanism as outlined in Scheme 1. Thus acid- 
catalyzed loss of methanol is believed to give a 
resonance-stabilized homoallyl-ally1 carbonium ion 
16 which is in equilibriuril with the resonance- 
stabilized cyclopropylcarbinj~l-type carboniu~ll ion 

1 7 . ~  Nucleophilic attack on 17 by methanol. as 
shown. would afford the methoxyethyl compound 5 ,  
whereas competitive attack by chloride ion on the 
same cation would give the chloroethyl con~pound 
3. The conversion of cyclopropylcarbinyl con~pounds 
to homoallyl conlpounds in acidic media has pre- 
cedent in the reaction of cyclopropylcarbinols with 
hydrochloric acid (8) and the acid-catalysed con- 
version of 3,5-cyclocho1esta11-6-yl conlpounds to 
cholesteryl derivatives (9 and references therein). 
The mechanism shown in Scheme 1 is essentially 
the reverse of a plausible mechanism for ring 
expansion of dihydropyridines 1-4 involving ho111o- 
allylic participation and electron release from 
nitrogen. The 01-igin of dimethyl 2,6-dimethyl- 
pyridine-3,5-dicarboxylate is not clear at  the present 
time but it is believed to involve the action of oxygen 
on the methoxyethyl compound 5 in the presence of 
acid.' When tht: niethoxydihydroazepine 10 in ether 
Lvas reacted with hydrobroniic acid, the bromoethyl 
compound 4 was formed in high yield. Similarly the 
4H-azepine 15 reacted with concentrated hydro- 
chloric or hydrobromic acids to give the chloroethyl 
and bromoethyl compounds 3 and 4, respectively. 
In this case it is considered that the carbo~liuin ion 16 
is generated by N-protonation of the 4l-l-azepine. 
Acid-catalysed ring contraction of related azepine 
derivatives has been reported by Anderson and 
Johnson (6). 

The reactions of the chloroethyl compound 3 with 
some sulfur nucleophiles have been examined. Thus 
reaction with potassium thiocyanate in methanol 
afforded the 4-(I-thiocyanatoethy1)-1.4-dihydropyri- 
dine 6 in good yield. Retention of the dihydro- 
pyridine ring system in such substitution reactions 
is rare and has bee11 reported in examples involving 
iodide ion (5) or thiourea (1) only. 

Reaction of the chloroethyl co~npound 3 mith 
sodium hydrosulfide in ethanol afforded trio iso- 
~ner lc  products. Each product sho~\ed a base peak 
In the inass spectrum at  rive 185 o ~ l l n g  to loss of 
methyl crotonate. peaks due to saturated arid un- 

4For con\enience, we ha\e represented this ri~echanism as 
proceeding via an equilibrating pair of carbonium ions 16 and 
17. We have no evidence at the present time which allows a 
choice between this and the corresponding nonclassical 
carbonium ion. 

'When diethyl 2,6-din~cthyl-4-n1ethoxymethyl-l,4-dihydro- 
pyridine-3,5-dicarboxylate was allowed to stand in chloroform 
containing a tracc of hydrogen chloride in the presence of air, 
the methoxymethyl substituent uas  eliminated and diethyl 
2,6-dimethylpyridine-3,5-dicarboxylate was formed (B. Gre- 
gory, unpublished observations). This is reminiscent of the 
mass spectral fragmentation of this compound and may in- 
volve a radical reaction. 4-Alkyl-l,4-dihydropyridines do not 
behave in this way. 
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saturated esters in the infrared spectrum, and ultra- 
violet spectra in accord with the presence of all 
alkyl 1,4,5,6-tetrahydronicotinate chronlophore (10). 
These spectroscopic properties arid the 'Hnir spectra 
were consistent with the forniulation of the isomers 
as dimethyl 1 :3-dirnethyl-8-thia-2-azabicyclo[3.2. I ] -  
oct-3-ene-4,7-dicarboxflate stereoisomers. The for- 
~ i i a t io~ i  of such products clearly involves sulfhydryl- 
induced ring expansion to give, by analogy with the 
cyanide and methoxide reactions. the tr~rn1,s-4-thiol 
13. Michael addition of the thiol group or its conju- 
gate base to C(7) of the unsaturated ester kvould 
give, after protonatioil, the e.xo- and etillo-7-methoxy- 
carbonyl co~lipounds 18 and 19. In  addition to 
singlets due to ~iiethyl esters and methyl groups at 
C(1) and C(3), the 'Hmr spectrum of each isomer 
showed a three-proton doublet, a one-proton multi- 
plet, and two one-proton doublets consistent with 
the presence of the CH-CH(CM,)--CH system. 
For each isomer, the lower field doublet (loit-ered by 
presence of adjacent sulfur. and due to the proton 
a t  C(5)) exhibited similar coupling constants ( J  = 4.7 
and 4.8 IHz) sho~ving that the stereochemistry at  C(6) 
was similar in the t ~ v o  compounds. and confirming 
chat the methyl at C(6) has an  n ~ d o  c ~ n f i g u r a t i o n . ~  
The higher melting, less soluble major co~nponent 
and the lower melting, more soluble minor co11i- 
ponent stlowed doublets at  S 2.55 (J = 7.4 HL) and 
6 3.16 (J = 3.0 Hz), respectively. Examination of 
Dreiding molecular models of 18 and 19 shows 
dihedral angles betrveen C(6)-H and C(7)-FI oS 120 
and 0'. respectively. Using the Karplus curve, the 
higher melting isomer is therefore assigned the etzdo- 
7-meihoxycarbonyl structure 18 and the lower 
melting isomer consequently has the exo-7-methoxy- 
carbonyl structure 19. The lower melting isomer 19 
was easily epimerised to the more stable compound 
18 using sodium ~netkoxide in refluxing dioxan. 
Ashby and Eisner ( 1 1 )  obtained the 8-thia-2- 
azabicyclo[3.2. Iloct-3-ene 207 but no exo-7-rnethoxy- 
carbonyl isomer 21, by the action of potassium 
hydrosulfide on the chloronlethyl compound 1. Bt 
would therefore appear that the steric requirement of 
the endo-6-methyl group is responsible for some 
degree of stabilization of the exo-7-methoxycarbony1 
compound 19. 

Prolonged treatment of the chloroethyl compound 
3 with potassium carbonate in aqueous dimethyl 
su!foxide afforded. in low yield, a crystalline prod- 

uct C ,  ,H,  ,XO, n hose infrared and ultraviolet 
spectra closely resembled those of the foregoing 
sulfur bridge compounds 18-20 and left little doubt 
that it ;\,as an oxygen bridged analogue. In addition 
to singlets due to nonequivalent methyl esters, two 
methyls attached to .r,n2 and sl,, carbon atoms, and a 
three-proton doubiet (~iiethyl at  C(5)). the 'Hmr 
spectrum sho\\ed one-pro to^: signals at  6 2.55 
(doublet J = 3.9 Hz). 2.93 (double quartet, J = 7.0, 
3.9 Hz), 4.61 (singlet), and 4.63 (broad singlet due to 
NH).  The ~uultiplicity of the 6 2.93 signal and the low 
field position of the 8 4.61 signal leave no doubt that 
these signals are caused by hydrogens attached at  
C(6) and C(5). respectively, and the signal at  6 2.55 
must therefore be due to hydrogen at  C(7). The 
singlet nature of the hydrogen at  C(5) is explainable 
only if the methyl at C(6) occupies an e.uo position, 
alloiving the proton at  C(6) to have an  endo con- 
figuration and giking a dihedral angle8 near 90'. The 
endo and ?so  bonds at C(7) make dihedral angles of 
approximately 0 and 120' at  the eido hydrogen at 
C(6): the observed interproton coupling constant of 
3.9 Hz is more consistent nit11 a dihedral angle of 
120' (cf. J = 7.4 and 3.0 Hz for 18 and 19, respec- 
tively). The methoxycarbon\.1 group at C(7) is 
therefore assigned an ozllo configuration and the 
stereochemistry of the compound is therefore that 
shon~11 in 22. I n  t1ih)droazepines 9, PO, and 12 and 
the sulfur bridged compounds 18 and 19: the attack- 
ing nucleophile has occupied a position tions to the 
methyl group on the adjacent carbon atom. The ci;, 
rclationsliip between oxygen bridge and ~netliyl at 
C(6) in compound 22 may mean that a different 
mechanism is involved in its formation, e.g., elimina- 
tion with ring expansion to give the azepine 15 
follo~ved by attack of hydroxide at  C(2) to give 24 
aild intramolecular Michael addition of the hydroxyl 
to C(5). 8-Oxa-2-azabicyclo[3.2. I Ioctene derivatives9 
have not, to 011s knomledge, been reported pre- 
viously, althougli it has been suggested (14) that the 
properties of a compou~id formulated as 25 by 
Anderson and Johnson (1  5) are in better agreement 
~vi th  the oxygen bridged structure 23. The reported 
(1 5 )  spectroscopic properties of this compound show 
many similarities to those of compound 22. 

The electron-impact-induced fragmentations of 
18: 19, and 22 \\ere very similar, although some dif- 
ferences were observed. The ~na jo r  fragmentation 
pathways for 18 and 19 are sho~vn in Scherne 2 and 

'The dihedral angle betheen the hydrogen a t  C(5) and an 
endo-hydrogen at C(6) is close to 90" and  would therefore be 
expected to result in a coupling constant close to zero. 

'This structure was later confirmed in an X-ray study (12) 
although some reassignment of 'Hmr signals was necessary. 

'The dihedral angle betnecn the C(5)-H bond and the 
exu bond at  C(6) is approximately 34'; if the proton at  C(6) 
had an eso configuration a coupli~lg constant of about 5 Hz 
would be expected by analogy with compounds 88 and 19. 

%n 8-oxa-2-azabicyclo[3.2.l]octane is known (13). 
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TABLE 1. Accurate mass measurements on  cornpounds 18 and 22 

Compound Ion  structure 

18 27 
28 
29 
30 
3 1 
- 

22 M - C 0 2 C H 3 *  - CH30H 
U n k n o a n  

32 
33 
34 

Found 

252.1243 
185.0511 
153.0256(major) 
153.0785(minor) 
126.0375(major) 
126.0078(minor) 

178.0869(minorj 
178.0632(major) 
169.0741 
154.052l(major) 
154.0664(minor) 

Required 

252.1236 
185.0510 
153.0248 
153.0790 
126.0378 
- 

178.0868 
178.0630 
169.0739 
154.0504 
153.0630 

are supported by accurate Inass measurements (see 
Table 1). The prominent ion at  171 'e 252 results from 
loss of hydrosulfide sadical from 26 and may have 
s t r ~ ~ c l u r e  27. Loss of methyl crotoilate (cf, ref. 11) 
from the inolecular ion 26 yields a resonance- 
stabilized cation 28 xz hich subsequently loses metha- 
nol, sulfir~-. or ~~lethouycarbonyl radical to yield ions 
29. 30. or 31; respectively, Ions formed by successive 
loss of niethoxycarbonyl and lnethanol are observed 
a t  ni je  226 and 194 but this is a relatively minor 
pathway. 

In the case of 22, the base peak again arises by loss 
of methyl crotonate to give ion 32 (see Scheme 3);  
an  abundant ioii C,H,NB, may arise by loss of 
niethyl froin 32 and may be represented by 33. In 
addition to expected loss of methoxgl radical, 
metlioxycarbonyl radical, or methoxycarbonyl radi- 
cal and methanol to give ions a t  nz/e 238, 210, and 
178, a further pathtvay results in the forillation of a 
~ n i n o r  ioii C,H,,O, and nlay be represented by 
structure 34. This latter pathway \\ ould appear to be 
initiated by loss of a lone pair electron from the 
bridge oxygen of 22. Although it is ivell k11ow11 that 

thioethers have lotier ionization potentials than 
ethers (16 and references therein), the failure of the 
sulfur bridged colilpounds 18 and 19 to fragment by 
such a path\tay may be explained by the lesser 
ability of sulfilr to stabilize an adjacent carboniunl 
ion resulting in the decreased importance of .J. 

cleavage in tliioethess relative to ethers (17). An 
example of a compound containing both ether and 
tiiioether groups has been reported to fragment by 
initial loss of an electron from oxygen despite the 
ionization potential values (18). 

The 4-succinimino-4.5-dihydroazepine 11 showed 
activity at  100 n ~ g ' k g  po in an antihypertensive assay 
using spontaneously hypertense rats. Ho~vever. no  
hypotensive activity was observed in conscious 
normotensive rats (100 inglkg po), a normotensive 
anesthetized dog (up  to 10 ~ng lkg  iv), or a renal 
hypertensive dog (25 mp'kg, po). 

Experimental 
Details concerning spectral measurements, analyses, etc., 

are proxided in an earlier publication (1 j. Vapour phase 
chromatography measurei~~ents were obtained using a Beck- 
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!??an GC-2A gas chron~atograph ecjuipped with column No.  
70007 (Carhotmu 4000 dioleatc on  C-22 Firebrick) operated 
at 70 <. and 12 psi press~11.e of helium. Acciirate mass measure- 
ments \rere obtaincd using a 'darian MAT ?I I mass spec- 
ti-ometer. Spin decoi~pliiig experiments mere performed using 
a Brulter WP80DS Fourier Transform 11mr spectron1ete1- 

Di1tictIij.1 4- i  l-Ch/oi~oc~f/i~~/) - /,4-dihjr/ro-2,6-dit1rcf/ij.~~yi'ic/it1~~- 
3,5-r / ic~ni 'bo.~~~/c1f~~ 13)  

A mixture of 1.2-dichloropl-opyi ethyl ether (40 mL)  and 
~ i ~ e t h y l  3-aminocrotonate (48 g) in benzene (50 niL) mas stirred 
at room temperature for 2 dabs. Water (300 mL) and ether 
(30011iL) \\ere added, and after shaking, the organic laqer mas 
collected. The aqueous laqer \ \ as  extracted \\it11 ether (3 x 
300 mL) and the coi~ibineci ether extract was then \bashed with 
\%ater (2 x 50 mL), dried (LlgSO,), filtered, a ici  evaporated. 
Crystallization from benzene ~ i e l d e d  colorless crqstals of 3 
(18.2 g, 301%), nlp 169-170 C ;  ir v ,,,$,: 3429 (NH,  free), 3318 
( N H ,  bonded), 1697 (unsaturated ester), 1649 c m - '  (C=C); 
u\ i .,,,,,, ( E ) :  232 (16 850), 339 nm (7300): 'I-lmr 6 :  1.34 (d, 
J = 6.6 Hz. C H 3 - C H C I ) ,  2.38 (s, methyls a t  C(2), C(6)), 
3.78 (s, n~ethyl  esters), 4.02 (partly obscured double q,  J = 
5.0, 6.6 Hz, -CHCI-CH,), 4.41 (d, J = 5.0 H r ,  H at  C(4)), 
6.22 (a, KH) ;  ms tli  c :  287 (<I:';, h l " ,  3'CI), 224(100), 
220(34), 219(41), 192(99.5), 191(33), 160(82), and 132(51). 
Allal. calcd. for C,,H,,CINO,: C 54.26, H 6.31, N 4.87, 
C1 12.32; found: C 54.44, H 6.08, N 4.80, C1 12.28. 

Ditiiethyl 4-C~~nt1o-4,5-di/1y~/r0-2,5,7-frit~zethylazepine-3,6- 
dicarbo.~ylnte 19) 

(a) The chloroethyl compound 3 (4.0 g) and sodium 
cyanide (1.6 g) in dimethyl sultbxide (30 m l )  were stirred a t  
room temperature for 48 h.  After addition of water (200 mL) 
the reaction mixture was eutracted with ether (3 x 200 mL). 
The ether solution was washed with water (2 x 30 mL) and 
the solvent evaporated under reduced pressure t o  gi\e a pale 
yellow solid (3.5 g) which tlc repealed to  be t \ \o  components. 

Recrystalliration from ether - peti-olcurn ethcr afforded the 
less soluble cyano compound 9 a i  ~ r h i t e  prisms (2.41 g, 63%), 
m p  147-148.5-C: ir v,,,,,,: 3416 ( N H ,  free) 2246 (C=N), 1709 
(unsaturated ester), 1696 (unsaturated ester), and 1633 c m - '  
(C=C); uv i,,,,, (E):  229 (14 400), 326 nm (16 300): ' H m r  
(Varian H A  100) 6 :  0.94 (d, J = 6.8 Hz, methyl at  C(5)), 2.34 
(5, methyl at  C(7)), 2.39 (s, methgl at C(2)), 3.73 (m, signal 
obscuretl by singlets at  6 3.73, 3.74, C(5)-H), 3.73 and 1.74 
(s, s, methyl esters), 4.34 (d, J = 6.2 Hz, C(4)-H), 6.17 (s, N H ) ;  
the doublets due to H at  C(4) and methyl at C(5) became 
singlets o n  irradiation at  373 H z ;  ms 117'c: 278(26, M - ) ,  
247(35), 179(!00), 159(21), 121(2!), 1 !9(26), 118(28), 42(28). 
Arml. calcd. for C,,H,,N,O,: C 60.42, H 6.52, N 10.07; 
found: C 60.11, H 6.37, N 9.96. 

The mol-e soluble component was obtained by removal of 
solLent from the mother liquor and recrystallization from 
benzene to  give methjl  4-cyano-2,5-ciimethylpyrrole-3-car- 
boxylate as \vhite prisms (0.58 g, 237) ,  mj) 180.5-181.5-C; 
ir \',,,,: 3435 (NH,  free), 3251 (NH,  bonded), 2233 (aryl 
C z N ) ,  1710 cm- '  (aryl ester); LIV i.,,,, ( r ) :  21 1 (15 000), 
263 nrll (8700): ' H m r  6 :  2.35 and 2.47 (s, s, methyls at C(2), 
C(5)), 3.80 (s, meihyl ester): ms t?I:e: 178 (66, M'), i63(53), 
147(100), 146(47), 145(32), 118(32), and 42(44). Annl. calcd. 
for CgH,,,NzQ2: C 60.67, H 5.66, N 15.71 ; found:  C 60.75, 
H 5.88, N 15.71. 

( b )  The 4H-azepine 15 (0.310 g) and potassium cyanide 
(0.150 g) in methanol (25 mL) \\.ere stirred for 10 h at  room 
temperature. The mixturc was then poured into ice na te r  
(100 mL) and extracted with ether (3 x 60 111L). The ether 
extract M'as ~vashed with Lvater (3 x 15 mL), dried (IM~SO,), 
filtered, and evaporated under reduced pressure. The residue 
was recrystallized fro111 ether -- petroleum ether to give the 
cyano compound 9 (0.085 g). The mother liquor was evapo- 
I-ated and the residue separated by preparative tlc on  silica gel 
G to yield more cyano compound 9 (0.172 g ;  total yield 7 5 3  
and  the methoxy compound 10 (0.016 g ;  5 7 ) :  both were 
identical with the allthentic compounds. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



5 0 CAK.  J .  CHEhI. VOL. 57. 1979 

Bnse-cntnlj,zed Jienri~ar7geri1e11t of Cy~~ io r l i l r ~~d roazc~~~ ine  9 
To the cyano compound 9 (300 mg) in methanol (10 rnL) 

mas added potassium hqdroxiiie (65 nig) in methanol (2 niL) 
a n d  the solution heated under reflux on  the steal11 bath for 2 h.  
Most uf the methanol mas then distilled off sloa,ly and the 
rest \$as distilled under reduced pressure and collected in a 
Dry Ice cooling trap. The distillate was separated, using 
vapour phase chromatography, into methyl crotonate, 
identified by its retention time and niass spectrum and a 
second component. This latter product, forrnccl in trace 
amounts, \+as identified as ethyl 3-aminohutyrate by com- 
parison of retention t i ~ n e  and infrared and mass spectra with 
authentic material. 

The residue froni the distillation was dissolved in methanol 
(5 n1L) and poured into ice ua te r  (50 mi). The precrpitate was 
collected and recrystallized from benzene to  give mhite 
prisms, nip 180-181 C. shown to be identical with the rnethyl 
3-cga1~o-2,5-dit1iethylpqrrole-3-carboxylate ~ h i c h  was ob- 
tained in the preparation of the 4-cyano-4.5-dihydroiize11i1ie 9. 

Ditnet/i.~,l 4 , 5 - D i l 1 ~ ~ ~ l r o - ? - i 1 1 e 1 / 7 ( 1 , ~ ~ - 2 ~ j , 7 - t ~ , 6 -  
dicrii.Do.y,'lcite ( 1  Oj 

The chloi-oethyl con~pouncl 3 (3.1 g) and trieth>Ianiine 
(1.5 niL) in methanol (250 niL) \%ere heated in an oil bath at  
50'C for 48 h.  Methanol \+as then renioled on the rotarg 
ebaporator and the residue mas treated mith ether and Lvater. 
After separation the ether layer \\as mashed \\ith \\ater, dried 
(hIgS04), filte~.ed, and evaporateci. The residue \ \as  re- 
crgstallized from ether-  petrolei~m ether to give colorless 
prislns 10 (2.65 g, 87%), tnp 157-159-C; ir v,,,,,: 3418 (KH), 
1701 (unsatul-ated estel-), 1634 c m - '  (C-C): L I ~  I.,,,, ( E ) :  23 1 
(12 750), 325 nnl (15 550); ' H I I ? ~  (Varian HA LOO) 6 :  0.77 
(d, J = 6.8 Hz; methyl at  Cj j j ) ,  2.29, 2.36 (s, s, methqls at  
C(7) and C(2)), 3.29 (s, 0-methyl), 3.55 (partly obscured 
double q, J = 6.6 and 6.8 Hz ,  C(5)-H), 3.72 (s, methyl esters), 
4.60 (d, J = 6.6 Hz ,  C(4)-H), and 5.68 is, N H ) ;  the ~iiulti- 
plicity of the signal at  6 3.55 was confirmed by irradiation a t  
462 Hz u h e n  the multiplet at 6 3.55 collapsed to a clearly ilis- 
cernible q ( J  = 6.8 H z ) ;  irratiiation at  356 H z  decoupled 
doubiets due to H at  C(4) and methyl at  C(5) to  singlets; 
nis rn e :  283 (10, M- ) ,  252(15), 251(33), 236(23), 220(35), 
219(38), 192(100), 191(28), 176(25), 160(64), 132(40). Atlnl. 
calcd. for C l 4 H Z 1 K O 5 :  C 59.36, H 7.47, N 4.94; found:  
C 59.15, H 7.60, .U 4.87. 

Renctiorl of Dimetlijl 4,5-Di/~.i/ro-4-t?1et/70~~~-2,5,7-tri- 
t~~er/1j~/cizepit7e-3,6-dicorbo,~ylrte I 0  1vit11 Methanolie 
Hyc/rogetz Clzloride 

T o  the niethoxydihydroazepine 110 (300 nig) in dry methanol 
(5 mL) was added 0.2 M ~nethanolic hydrogen chloride solu- 
tion (10 mL). The solution \vas stirred at  room temperature 
for  0.5 h,  then evaporated under reduced pressure and the 
excess hydrogen chloride removed by adding dry ether and 
evaporating in ruclro three times. The residue was separated 
by preparatile tlc on  silica gel 6 .  

The band of highest R, exhibited the light b l~ le  fluorescerice 
characteristic of Hantsch dihydropyridines under ~~l t rav io le t  
light. Elution, evaporation and crystallization from benzene 
afforded dimethyl 4-(I-chloroethyl)-l,4-dihydro-2,6-din~ethyl- 
pyridiiie-3,5-dicarboxylate 3 (92 mg, 3O0?), nip 165-167 C, 
which was shown to  be identical with authentic material by 
comparison of ir, uv, 'Hmr ,  and mass spectra. 

The second band yielded dimethyl 4-(I-methoxyet11ql)-1,4- 
dihydro-2.6-dirnetl~ylpyridine-3.5-dicarboate 5 (175 mg, 
58%), m p  127-129 C ;  ir v,,,,: 3430 (NH,  free), 3306 ( N H ,  
bonded), 1696 (unsaturated ester), 1650 c m - '  (C=C); 
uv i.,,,, (E): 233.5 (14 050) 347 nm (6700); 'Hnir 6 :  0.97 (d, 
J = 6.5 Hz, CH3-CH), 2.31 (s, methyls at  CC) ,  C(6)), 3.16 

(partly obscured double q ,  J = 5.0 and 6.5 Hz,  CH-CH,), 
3.31 (s, methoxyl), 3.76 (s, ~nethyl  esters), 4.34 (d, J = 5.0 Hz, 
C(4)-H), 6.31 (s, N H ) ;  nis in e :  283 (0.0006, M + ) ,  225(22), 
224(100), 192(24). Aiioi. calcd. for C,,H, ,NO,  : C 59.36, 
H 7.47, N 4 . 9 4 :  found: C 59.32, H 7 . 4 9 ,  N 5.05. 

The last hand was eluted using methanol and,  after pasiage 
through a short column of basic alumina and sublimation in 
caci,o, afforded \%bite prismr of dinicthyl 2,6-dimethqlpyridine- 
3,5-dicarboxylate (12 nig, 5 z i ,  nlp 98-99 C (lit. (19) m p  
100-102 C). 

Di11let/1.~1-4- (1-Brotnoetliyl) - I  ,4-dil1~~dro-2,6-dii11e/l1~ ll~~ritliile- 
3,5-clicarbosylote f 4 )  

T o  the rnethoxydihydroazepine 10 (200 rngj in ether 
(50 m L )  was added concentrated hytirobromic acid (0.5 m L )  
in a separatory funnel. The mixture was shaken for 5 niin and 
the ether layer was washed mith water (3 x 5 mL).  After 
removal of ether the residue Mas ~.ecrystallized froni benzene - 
petroleun~ ether to give the bronioethll compound 4 as mhite 
prisms (213 nig; 9107,). nip 164-165 C ;  ir v,,,,,: 3431 ( N H ,  ft-ee), 
3320 ( N H ,  bonded), 1700 (unsaturated ester), 1653 c m - '  
(C=C); uv i.,,,, (E):  233 (14 5501, 333 n m  (7050); 'Hrnr 6 :  
1.54 (d, J = 6.8 Hz,  CH3-CHBr). 2.38 (s, niethqls at  C(2),  
C(6)), 3.77 (s, methql esters). 4.14 (partly obsciired double q ,  
J = 5.2 and 6.8 Hz, CHBr-CH,), 4.43 (d, J = 5.2 Hz, H at 
C(4)), 6.09 (s, h H ) ;  nis 111 e :  251(26), 224(94), 220(27), 219(40), 
192(93), 191(25), 160(82), 149(34), 132(50). Atwl. calcd. for. 
C I 3 H j 8 N D 4 B r :  C 47.00, H 5.46, Y 4.22, Br 24.05: found: 
C 47.07, H 5.55, N 4.37, Br 24.18. 

Diinetlryl 4,5-Dili~~clro-2,5.7-tri1netl7~~l-4-.iriccir7ir11inoare(,ir1e- 
3,6-dicarbosylote 112)  

The chloroethyl compound 3 (2.87 g) \\a5 added to a stirred 
solution of potassium succinimide (1.4 g) in absolute ethanol 
(60 mL) at  room tempel-atul-e. After 48 h the solvent \*as 
removed under reduced pressure and the residue recrystallized 
from chloroform - ether- petroleum ether to give the succini- 
mino compound 12 as white prisms (2.58 g ;  74V-,), rnp 180- 
181-C; ir v,,,,: 3410 (NH) ,  1701 (unsaturated ester and suc- 
cinimino carbonyls), 1623 cni- '  (C-C); uv i.,,,,, ( E ) :  235 
(10 450), 328 nln (14 650); ' H ~ n r  (Varian H A  100) 6 :  0.97 (<I, 
J = 7.2 Hz, methyl at  C(5i), 2.18 (s, rnethyl at  C(7)), 2.46 
(s, methyl a t  C(2)), 2.51 (s, - C H , - C H ,  of succinimino 
group), 3.35 (double q ,  J = 6.0 and 7.2 Hz, H a t  C(5)), 3.63 
(s, methyl esters), 5.31 (d, J = 6.0 Hz, H at  C(4)), 5.91 (s, 
N H ) ;  the C(5)-H rnultiplet became a doublet ( J  = 6.0 Hz)  on  
irradiation a t  99 H z ;  the C(4)-H doublet and C(5)-CH, 
doublet became ainglets on  irradiation at  336 Hz, and the 
C(5)-H n~ultiplet became a yitartet on  irradiation at 534 H z ;  
ms m , e :  350 (5, M + ) ,  251(57), 236(19), 220(33), 219(51), 
192(100), 191(32), 179(26), 176(24), 160(79), 132(49). Anal. 
calcd. for C,,H,,N,O,: C 58.27, H 6.33, N 8.00; found:  
C 58.05, H 6.45, N 7.84. 

Dit~~ethjl4,5-Di/1yrl,.o-2,7-c~iw1etl~yl-4-srrcciniminoazepit1e- 
3,6-c/icnvbosylate (11) 

In  a similar manner, the chloromethyl compound 1 (3.0 g) 
and potassiuni succinimide (1.4 g) in absolute ethanol (80 mL) 
gave, after recrystallisation from chloroform - petroleum 
ether, the succinirnino conipound 11 as white prisms (2.78 g, 
7579, m p  192.5-193.5'C; rr v,,,,,: 3410 (NH), 1705 (ester and 
imide carbonyls), 1622 c m '  (C=C); u.rr i.,,,, ( E ) :  235 (11 800) 
330 n m  (13 800); ' H m r  (Varian H A  100) 6 :  2.23 (s, methyl a t  
C(7)), 2.40 (dd, J = 1.0, 14.0 Hz, H a t  C(5)), 2.44 (s, methyl a t  
C(2)), 2.52 (s, succinimino niethylene groups), 3.22 (dd, 
J = 6.5, 14.0 Hz, H at  C(5)), 3.61 (s, methyl ester), 3.64 (s, 
methyl ester), 5.52 (dd, J = 1.0, 6.5 Hz, H at  C(4)), 5.78 (s, 
NH);  m s  rn/e: 336 (6, M + ) ,  237(66), 206(31), 205(35), 179(40), 
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GREGORY ET AL. 5 1 

17811 go), 177(21 j, 146(97), 118(42), 99(47), 59(35), 56(42). 
Annl. calcd. for C , , H 2 , h 2 O 6 :  C 57.14, H 5.99, N 8.33; 
found:  C 57.05, H 6 09, N 8.22. 

Dit?7ef/iyl2,4,7-Triit1ct/1~~/-4H-o;cpine-3,6-dicaibo~,~~v]nte (15)  
(a) The chloroethyldihydropyridi~le 3 (2.5 g) was stirred n-ith 

polvdered anhydrous potassiuni carbonate (2.0 g) in dimethyl 
sulfoxide (35 niL) at  rooill temperature for 5 h and then 
poured into cold \later (120 mL). The product was extracted 
with ether (3 x 50 mL) and the ether extract was washed with 
water (3 x 20 nil) and dried (MgSQ4). After remo\al  of sol- 
\ e a t ,  the residue \ \as  distilled from a Spath tube a t  110-1 15°C 
(bath temperature) and 0.03 Torr  to  give the 4H-azepine 15 
as a pale yellow oil (1.8 g, 8 2 z ) ;  ir v,,,,,: 1723 and 1702 cm-'  
(unsaturated esters); uv P.,,,,, (E):  213 (8200), 295 nni (7150); 
' H m r  (CC14) a t  room temperature: 6 0.55-1.15 (v br., centred 
at 0.85, nuclear niethyl), 2.05-2.45 (br, centred at  2.25, nuclear 
methyl), 2.40 (s, nuclear methyl), 3.75 and 3.78 (s, s, methyl 
esters); 'Hnir  at  80-C; 6 0.88 (d, J = 7.0 Hz,  niethyl at  C(4)), 
2.20 and 2.38 (5, s, methyls at  C(2) and C(7)), 2.88 (m, H a t  
C(4)), 3.73 and  3.76 (s, s, methyl esters), and  5.23 (d, J = 9.0 
Hz, H at C(5)); n ~ s  e :  251 (34, Mt), 236(13), 220(28), 
2 19(47j, 192( loo), 191(34), 176(24), 160(90), 159(21), and 
132(47). Ann/. calctl. for Cl3HI7NQ4:  C 62.13. H 6.82, 
K 5 . 5 7 ;  found:  C 6 2 . 0 8 , H 6 . 7 5 , N 5 . 7 3 .  

(b) The reaction of sodiunl ethoxide in dry ether n i t h  the 
chloroethyl compound 3 afforded the 4H-azepine 15 (yield 
76%). 

(c) The 5 - n 1 c t h q l - 4 - s u c c i ~ 1 i m i i 1 i o - 4 , 5 - d i h ~ i n e  12 (150 
mgj \vas pyrolqzed at  175-180C in a sublimation tube con- 
taining snlall glass bead, to increase the residence time. The 
protiuct was then distilled at the same temperature and 0.03 
Torr  to gibe a colorless oil 15 (82 mg, 7 6 z )  \\hich had identical 
ir, u \ ,  'Hnlr ,  and ms bvith the product o r  preparation (i. 

(d )  The 4-nicthoxy-5-meth\l-4,5-dihydroazcpine 10 (I00 
nig) was pyrolyzed at  160 C ,  using the same experin~ental 
technique as that of preparation c, to gi\e the 4H-azepine I5 
(65 mg;  73:;) as  a colorless oil. 

Xeactiotz.r o f  rile 4H-Azc11ine 
(ti) To  the 4H-azepine 15 1450 nig) in ether (50 mL) was 

added concentrated hydrochloric acid (1 mL).  The reaction 
mixture \ \as  shaken for 5 min and then ice water (10 mL) 
added.  The ether lajer  \\as separated, washed n i t h  water 
(3 x 5 ~ i i L ) ,  dried (LlgSO,), filtei-ed, and evaporatcci. The 
residue \\a5 crqstallized twice from benzene to  gi ie  white 
crystals of the chloroethql compound 3 (435 nig, 8 4 z ) ,  m p  
168-169 C.  

(6) T o  the 4H-azepine 15 (220 n ~ g )  in ether (50 mL) was 
added concentrated hydrohromic acid (0.5 mL). After shaking 
for  5 niin, the reaction \\as ~ o r k e d  up as a b o ~ e  to  give white 
prisms of the bromoethql compound 4 (246 my, 85Z) , .mp 
164-165-C, after recrjstallization from benzene - petroleum 
ether. 

Diniet/zj.l 1,4-Di/1j~di~o-2,6-cli1~1et/1~~~-4-~I-t/1iocytriinioef~,?.I)- 
p~~i.idii1e-3,5-rlicurbo.~j~lcitc ( 6 )  

A solution of  the dihydropqridine 3 (1.4 g) and potassium 
thiocyanate (0.6 g)  in ~ue thanol  (50 mL) a a s  heated under 
reflux for 2 h. The solution \ \as  evaporated in t.nci~:i and the 
residue dissolved in ether (80 ml-). The ether solution %.as 
\vashed with Lvater (3 x 10 mL), dried (MgS04),  concentrated 
to 10 mL, and petroleum ether added to  pield the product 
(1.31 g, 87'1;), mp 142-145 C .  After two recrystallizations from 
ether - petroleum ether, the thiocyanato compound 4 was 
obtained as vhite  prisms, nlp 139-150.5'6; ir \I,,,,: 3428 
(NFI free), 3306 (9'1-1, bonded), 2154 (thiocyanate), 1699 cni-I 
(unsaturated ester); uv i.,,,,, (c): 233 (17 350), 341 nn1 (6700) 

' Hnir 6 :  1.38 (d, J = 7.2 Hz, CH3-CH), 2.39 (s, methyls a t  
C(2j, C(6)), 3.36 (double q. J = 5.0 and 7.2 Hz, CH-CH,), 
3.79 (s, methyl esters), 4.42 (d, 5.0 Hz,  H at  C(4)j, and 6.91 
(s, KH);  111s 111,o: 251(37), 224(60), 220(31), 192(100), 191(30), 
160(64j, 132(38). Ancil. calcd. for C I 4 H 1  * N 2 0 4 S :  C 54.18, 
H 5.85, N 9.03, S 10.33; found: C 54.10, H 5.81, N 8.97, 
S 10.39. 

D i i ~ e f h y l  I,3,6-Ti~ii1iefl~~l-8-~/1ii1-2-n~nbic~~clo[32 lloct-3- 
oiir-4,7-ilicai~bosj~Inre (18  nrld 19) 

The chloroethyl compound 3 (1.5 g) \\as addcd to  a solution 
of s o d i ~ ~ m  hydrosulfide (0.8 g) in cthanol (50 mL) and the 
mixture heated to 65 C on a water bath for 5 h.  After cooling. 
the reaction niixtul-e \\'as poured into cold mater (200 n1LJ 
containing animonium chloride (5 g)  and the solut ioi~ \+as 
extracted with ether (3 x 200 ruL). Aftcr washing \\ith \\ater 
(3 x 30 mL)  and drj ing (higSO4), the ether extract \\as 
eiaporated to drjness. The resiclue mas recrgstallized fro111 
benzene - petroleum ether to  give the 6-eiicl~~-niethql-7-e11iIo- 
~ncthoxycarbonyl isomer I8  as colorless prisrus (0.78 g, 5 2 z ) ,  
nip 163-164-C; ir v,,,,: 3408 ( N H ,  free), 3307 (KH,  bonded), 
1737 (saturated ester). 1689 c m - '  (unsaturated ester); LI\ 

i .,,,,, (e l :  231 (28501, 291 nnl (12900); ' H I I I ~  8 :  1.06 (d, 
.f = 7.0 Hz,  ineth>l at  C(6)), 1.77 is, methyl at  C(l)) ,  2.30 
i s .  niethq.1 at  C(3)), 2.55 (d, J = 7.4 Hz, H a t  C(7j), 3.04 (m, 
J = 4.8, 7.0 and 7.4 Hz, H at  C(6)), 3.74 (5, methyl esters), 
4.68 (d, d = 4.8 H r ,  H at  C(5)), and 4.99 (s, N H ) ;  nis iii  c :  
285 (55, LIT).  252(30). 226(19), 220(16), 193(26), 185(100), 
153(86), 126(60). 83(42), 59(33), and 42137). Aiini. calcd. for 
C,,H,,KO,S: C 54.72, H 6.71, V 4.91, S 11.24; found: 
C 54.59, H 6.54, N 4.78, S 11.34. 

From a second crop. needles of the Inorc ioluble 6-entlo- 
luethjl-7-c,so-methoxqcarbo11yl isomer 19 \Yere separated by 
hand fi-om a trace o f  18 and recrystallized fi.on~ benzene - 
petroleuni ether to gibe thc pure product 19 (0.51 g, 34 '3 ,  mp 
144-146-C: ir v,,,,,: 3423 ( N H .  free), 3322 (NH,  bonded), 
1734 (satiirated ester). and 1687 cm-I (unsaturated ester); 
uv i .,,,,, i s ) :  293.5 n ~ u  113 550): ' H n ~ r  8 :  0.99 id. J = 6.5 Hz, 
~ncthyl  at C(G)), 1.83 (s, methyl at  C(l)), 2.31 is, niethyl at  
C(3)), 3.09 (m ,  J = 3.0, 4.7, atid 6.5 Hz, H at  C(6)), 3.16 (d, 
overlapping signal at 8 3.09, J = 3.0 Hr ,  H at  C(7)), 3.70 is, 
methyl esters). 4.77 (d, J = 4.7 Hz, H at C(5)), anii 5.09 (s, 
YH) ;  nis 111 e :  285 (7i .  &I- ) ;  252(64), 226(14), 220(40), 193(11)), 
185( 1001, 153(98), 1 ?6(55), 8411 1 ), 59(29), and 42(30). /iiicrl. 
calcd. for C, ,H, , ,NO,S: C 54.72, H 6.71, 4.91, S 11.24: 
found:  C 5 3 . 6 0 , F I 6 . 6 4 , N  5 . 0 5 , s  11.09. 

The l o ~ e r  nielting, more soluble isonier bias converted to  
the higher nielting, le\s soluble, more stable epimer hy re- 
fluxing \\ith sodium methoxide in dioxane for 5 h .  

Di i~ ie r /~ j~ l  1,3~6-Ti~ir~rei/1~~l-8-osci-2-ozcibicqcloclo[3.2.l]oci-3- 
o:e-4,7-c/iciii~ho.~j-?lcire ! 2 2 )  

A stirred mixture of the chloroethyl compound 3 (3 g) and 
potassium carbonate (1.5 g j  in dimethyl sulfoxide (40 ~ I L )  and 
\\ater (15 n?L) \ \as  heated at  65 C in the dark and under a 
nitrogen pressure of 50 Torr  for 3 daqs. After cooling the 
reaction ~ i ~ i x t u r e  mas poured into aqueous amn~oniuni  
chloride (300 n1L. l " , )  and the product extracted into chloro- 
form (3  x 25 mL).  The chloroforni extract mas mashed \\ith 
:\ater (3 x 10 niL), dried (lMgS04), filtered, e ~ a p o r a t e d ,  and 
the residue crqstallized from aqueous dioxane to  give colorless 
prisnic of the hicyclic compound 22 (0.92 g, 33'7). m p  173.- 
175 C ;  ir v,,,,: 3522 ( N H ) ,  1742 (saturated ester), 1690 (un- 
saturated estcl-). 1606 cni-I ( C - C ) ;  u\. I.,,,.,, ( C H 3 0 H j  (el :  
288 11111 (15 000); 'Hnl r  6 :  l . I  l (d, J = 7.0 Hz, methyl at 
C(6)). 1.70 (s, methyl at  C(1)). 2.09 (s, inethyl at  C(3)), 2.55 
(d, J = 3.9 Hz, H at C(7)), 2.93 (double q ,  J = 7.0 Hz. 
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3.9 Hz,  H at C(6)), 3.62 (s, lnethyl ester), 3.64 (s, methl l  
ester), 4.61 (s. H at C(5) ) .  1.63 (br, s, N H ) ;  spin dccoupling 
resulied in the expected changes in  multiplicity of signals at 
S 1 . 1  I .  2.55, and 2.93; ms r :  269(37, Ma).  238(22), 210(34). 
1 9 4  16), 178(54), 169( 1 OO), 168(24), 164(25), 154(76), 150(22), 
136(?2), 122(22), 43(36), 32(31). Aniil. calcd. for C, ,H, ,N05:  
C 57.98, H 7 .11 ,E 5.20; found:  C57.97, H 6.98, N 5.12. 
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Flamaritine N-oxide, an alkaloid of Fumaria kralikii Jord. 
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H.  6. KIRYAKOV, DOSALD W. HVGHES, BALA C. NALLIAH, and DAVID B. MACLEAK. Can. 
J. Chem. 57.53 (1979). 

Alkaloid F,-5, isolated from F. kralikii, has been shown to be fumaritine IV-oxide. The 
structure was established by 'H and I3C nmr and by mass spectrometry and confirmed by 
reduction of F,-5 to fumaritine. The I3C spectra of fumaritine and its h'-oxide are discussed. 

H. G. KIRYAKOV, DOSALU W. HUGHES, BALA C. NALLIAH et DAVID B. MACLEAN. Can. J. 
Chem. 57.53 (1979). 

On a montrk que l'alcalofde F,-5 isole du F, kralikii est le N-oxyde du fumaritine. On a 
deduit la structure en se basant sur des spectres rmn du 'H et du I3C et sur la spectrometrie 
de masse; on l'a confirmee par reduction du F,-5 en fumaritine. On discute des spectres 
rnm du 13C de la fumaritine et de son Y-oxyde. 

[Traduit par le journal] 

A n  examination of the alkaloids of Fumuriu 
kralikii Jord. has recently been reported ( I ) .  Five 
alkaloids of established structure, 1-adluniine, pro- 

C H 3 0 m N - C H ~  HO 

topine, cryptopine, d-parfumine, and fumarofine .a 
were obtained. In addition 0-inethylfumarofine (2) however did not provide other structural infor- 
was isolated for the first time from nature and a new mation. 
alkaloid, designated F,-5, was reported. The authors In this study the 'H nmr spectrum (Table 1) was 
considered F,-5 might be a member of the spiro- reexamined in DMSO-c16 and also in alkaline D,O 
benzylisoquinoline group of alkaloids but there was in which the alkaloid was readily soluble in con- 
no direct evidence to this effect. trast to its behaviour in DMSB.  The solubility in 

Alkaloid F,-5 (I) (nip 204'C) was a polar com- base is in agreement with the presence of a phenolic 
pound, eluted from an alumina column with 10% hydroxyl as inferred above. Although the DMSO 
inethanol in benzene. I t  contained a broad band spectrum was similar to that previously reported (I), 
(2500-3500 cm-l)  in its ir spectrum indicative of a three additional resonances were found in the low 
strongly hydrogen-bonded compound. The authors field region. There was a broad singlet at  8.81 ppm 
reported that in its 'H ninr spectrum in DMSO which was attributed to  a hydrogen-bonded phenolic 
there were two arornatic singlets and a n  aromatic proton. A pair of doublets was also observed a t  
AB quartet. The presence of one methoxy, one 6.40 and 5.33 ppin with a coupling constant of 7.6 Hz. 
methylenedioxy, and one N-methyl group was also The addition of D,O to this sample removed the 
apparent. signals at  8.8 1 and 5.33 ppm and caused the doublet 

We report here further studies on the alkaloid that a t  6.40 ppm to collapse to a sharp singlet. This result 
have led to  the elucidation of its structure. The mass indicated the presence of a secondary alcohol 
spectruni showed a weak ~nolecular ion a t  m/e 371 function. 
corresponding in composition to C,,H,,NO,. The The high field region of the alkaline D,O spectrum 
molecular ion had fragment ion peaks corresponding had two singlets of area three a t  3.73 and 3.1: 6 that 
to the loss of oxygen, water, and CH,O. The most were assigned to ~nethoxy and N-methyl groups, 
intense ion appeared at  nzje 192 corresponding in respectively. The chemical shift of the N-methyl 
co~nposition to C ,  ,H,,NO,. Ions of this corn- resonance suggested that it was bonded to a quater- 
position are frequently found in isoquinoline nary nitrogen. In the high field region there was also 
alkaloids, including spirobenzylisoquinolines (3), an  AB quartet with the signals centred at  3.90 and 
that  have the structural feature a. The Inass spectrum 3.34 6, with a coupling constant of 15.5 Hz. Four 

0008-4032/79/010053-04$01 .@I0 
1979 National Research Council of Canada/Conseii national de I-echel-ches du Canada 
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5.1 C A N .  .I. CHEM. VOL. 57. 1979 

TABLE 1. 'H chemical shifts and coupling constants for F,-5 
and fumaritine" 

Alkaline Fumaritine 
Protons DMSO D20h CDC13c 

(0) Chemical shifts 
6 .27  6 .15  6.47 
6 .68  6 .65  6 .59  
6.76 6.89 6.74 
6 .80  6.89 6.58 
6 .40  6 .23  5 .42  
4.05" 3 .90 ,3 .34  3 .29  
3.72 3 .73  3 .85  
2 .87  3 .11  2 .41  
5.95 5 .92  5 .95  
5 .33  
8 .81  

(6) Coupling constants 
7 . 6  
7 . 9  

16 .7  15 .5  

TABLE 2. 13C chemical sh~fts for F,-5 
and fi~lnaritine 

Carbon F,-5" Fumaritine" 

USpectrum recordrd dr 90 M H r :  clrei~~ic~il  chif't, are in ppm relative to 
internal TMS: coi~pliiig constants In Hz. 

bSpectrun~ recorded at  100 .IiHz; chemical shills arc in ppm relative to 
DSS uslng fcri-bi:t!l alcohol-OD as an  interna! reference. 

CSpectr~lm recorded at  100 hlHz tising 7hIS as an  internal reference. 
"High lield portion o f r h e  A B  quartet %as partially obscured by the H D O  

peak. 

other protons also absorbed in this region giking a 
complex pattern. The low field region of the spectrum 
had a pair of overlapping doublets centred at  5.92 6, 
assigned to a methylenedioxy group, and four 
singlets in the region 6.1-6.9 ppm, one of which 
integrated for two protons giving a total of five 
protons in this region. In view of the DMSO spectra, 
four of the five signals are very likeiy aromatic in 
character. We Ivere h o w e ~ e r  unable to interpret these 
data in terms of a unique structure for the alkaloid 
despite the relatively simple spectrum. 

The i3C nmr spectruin (both broad-band and off- 
resonance were recorded) was however more 
revealing; the data are recorded in Table 2 in terms 
of the structure eventuallv deduced for the alkaloid. 
In  the aliphatic region of  the spectrunl the ~nethoxy 
and  N-methyl resonances s e r e  readily assigned by 
virtue of their residual coupling in the off-resonance 
spectruin and the assignments were confirmed by 
selective proton decouplnig. There were three signals 
assigned to niethylenes a t  27.6, 38.0, and 64.8 ppm, a 
silethine at  77.2 ppm and a quaternary carbon a t  
90.6 ppln. The presence of a quaternary carbon 
centre was the first ev~dence froin the present study 
~n support of the prernlsz enunc:ated ear l~er  (1) that 
F,-5 m g h t  be a sp~robe~lzyl~soquinollne alkaloid. i n  
the low field region of the spectrum there was a 
signal a t  103.1 ass~gned to the methyiene of a 
~ n ~ t h ~ l e n e d i o x y  group and twelve signals attributed 

"Solvent: D 2 0  2 drops 40Z XaOD 
bSolvent: CDCI,. 

to arornatic carbons. Four of these signals were at  
significantly lolver field than the others and were 
assigned to aronlatic carbons bonded to oxygen. four 
others were bonded to hydrogen, and the remaining 
four were fully substituted. 

A consideration of these data led us to conclude 
that F,-5 was an  A'-oxide either of fumaritine (4) 
(Fig. 1) or an isomer of fuinaritine in ~ h i c h  the 
phenolic hydroxy and methoxy group are inter- 
changed or an isomer in which the hydroxyl function 
has a different configuration, or both. Accordingly 
u e  treated F,-5 with SO,, a reagent known to convert 
IV-oxides to tertiary aniines (5). and isolated the 
resulting product. Examination revealed that the 
reduction product rvas indeed funlaritine 2 by coni- 
parison of its spectroscopic properties with those of 
an  authentic specimen. 

The 13C nmr spectrum of fumaritine was recorded 
and the data are shown in Table 2 along with those 
of F,-5. Signals Lvere assigned by comparing the 
spectra to those of alkaloids previously studied (6, 7). 
Except for the resonances assigned to C-8 and C- 13 
the chemical shift assignsnents are very similar to 
those of ochrobirine and yenhusomine both of which 
have saturated five-membered rings (7). The fact 
that C-8 resonates a t  loher field may be a con- 
sequence of the substitution pattern of the five- 
membered ring (8). Carbon-13, which does not carry 
an  OH function, was identified from the off-reson- 
ance spectrum arid was found at  lower field than the 
niethylene in ochotensiinine (7). In ochotensimine 
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KIRYAKOV ET AL 

FIG. 1. Structures of F,-5 (1) and fumaritine (2). 

the methylene at  C-8 may be shielded through a 
steric interaction ~vi th  the aromatic substituent a t  
C-9. 

The I3C spectrum of fumaritine ,V-oxide differs 
from fumaritine in several important respects. The 
conversion of the nitrogen to its N-oxide has the 
most pronounced effect on the neighboring carbon 
atoms, namely the N-methyl, the quaternary carbon 
at 6-14, and the methplene at  C-6. The chemical 
shift changes are of the same order as those observed 
for the N-oxides of N-tnethylpiperidine (9), the 
ih'ripl~nr aikaloids ( 1  O), and strychnine ( 1 1). These 
changes are attributed to the combined inductive 
effect of the positively charged N-atom and the 
P-substituent effect of the oxygen. The changes 
observed for the aromatic resonances of ring A of 
F,-5 relative to fumaritine at  C-1, C-2, C-3, and 
C-4a may be attributed to the change from phen- 
oxide to phenol at  C-2. The 13C chemical shifts of 
guaiacol are kno\vn (12) and are reproduced in the 
accompanying for~nulas (Fig. 2) along with those of 
the anion of guaiacol obtained in basic D,O. The 
changes observed for this acid-base pair are very 
similar to those found in ring A of F,-5 (spectrum 
\\.as recorded in alkaline D,O) relative to fumaritine 
itself, a similar acid-base pair. One rnay therefore be 
reasonably confident of the assignments recorded 
in Table 2. 

By ~naking use of selective proton decoupling 
experiments it was possible to correlate proton 
resonances in Fk-5 with the 13C resonances. In this 
way it was found that the signal at  6.23 was associ- 
ated with the proton at  C-8 geminal to the OM 
function, that the two protons at 6.89 were at  C-11 
and C-12, and that the signals at  6.15 and 6.65 were 
associated with the protons at  C-1 and C-4, respec- 
tively. In Table 1 the chemical shifts are recorded 

FIG. 2. The 13C chemical shifts of guaiacol and its anioii. 

FIG. 3. Proposed conformation of fumaritine N-oxide (Fk-5). 

of those protons of F,-5 and fumaritine that have 
been established. 

To  determine the configuration of the nitrogen 
substituents in F,-5. a series of nOe experiments 
were performed. Previous studies on sibiricine (13) 
uhich has the same substituents and configuration 
at C-8 produced a 25"; enhancement of the H-8 
resonance when the N-CH, u a s  irradiated. Irradia- 
tlon of the methoxy group 111 fu ina r~ t~ne  (4) resulted 
in a 24", nOe for H-4. Several experiments on two 
samples of Fk-5 in alkal~ne D,O produced a 20"; 
~ 0 e  for H-4 during ~ r l a d ~ a t l o n  of the OCH, group 
whereas a less than 5", change 111 peak lntenslty was 
observed for H-8 uhen the N-CH, was ~lladidfed. 
These results not only prc~v~ded addit~onal con- 
f irmat~on of the assignment of H-4 but also ~ndicated 
a large Internuclear separat~on b e b e e n  the NCH, 
and H-8 Of the possible configurations and con- 
forinat~ons about the nitrogen that ue le  evamlned - 
fro111 nrolecular models, the one w ~ t h  the n ~ e t l ~ y l  in 
a pseudoaxial position directed away froin H-8 
(Fig. 3) appears to fit the above data. 

Experimental 
The 13C nuclear magnetic resollance spectra were recorded 

on a Bruker WH-90 Fourier transform spectrometer at 22.62 
MHz and a teniperat~ire of +35'C. Sample concentrations 
ranged from 0.14 to 0.92. ;M in either D,O (using DMSO as an 
external reference) or CDCI, (using TMS as an internal 
reference). Spectra were recorded over a 6000 Hz sweep uidth 
using 16K data points (1.359 s acquisition time). A pulse 
width of 3.4 ps (!5.6^ pulse angle) was used. The alkaloid 
spectra were obtained in 6000 to 50000 scans. 

'H nuclear magnetic resonance spectra and nOe experiments 
were performed on a Varian HA-100 spectrometer in the 
frequency sweep mode. The concentration of F,-5 in the nOe 
sample was 0.16 M in alkaline D,O (glass distilled) which 
also contained 2 rnmol EDTA. The sample was sealed under 
vacuum after three freeze-pump thaw cycles. tert-Eutyl 
alcohol-OD was used as an  internal reference and lock in the 
aqueous samples. The chemical shifts are reported in ppm 
downfield from DSS (2.,2-dimethyl-2-silapentan-5-sulphonate). 
In the furnaritine samples CDC1, and TMS were used as 
solvent and reference, respectively. The 'H spectra of Fk-5 in 
DMSO-d, were recorded at 90 MHz on a Bruker WH-90 
Fourier transform spectrometer. Sample concentration was 
approximately 0.06 M. Spectra were obtained in 32 scans 
using a pulse width of 3.0 ps (67.5" pulse angle). The sweep 
width was 1200 I-lz in 8K data points (3.411 s acquisition 
time). TMS was used as an internal reference. 

Mass spectra were determined on a C.E.C. 21-IlOB mass 
spectrometer at  an  ionizing voltage of 80 eV and a source 
temperature of 200-250'C. The high resolution spectra were 
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recorded on plates and accurate mass measurements were 1. C .  K .  Yu. J .  K. S.ILIKL)EKS. D. B.  XI,ACL.~.IU. and R. H. F. 
made by using perfluorokerosene as a marker (14). The com- S ~ - \ N S K ~ .  Can. J .  Chem. 49. 3010 (1971). 
position of all ions discussed in this paper have been checked 3, C .  K. Yc and D. B .  XI,-\CL,FA\. Can. J .  Chern. 49. 3025 
by high resolution mass spectrometry and agree with cal- (1971). 
culated values within i 0 . 0 0 5  amu. Infrared spectra were 4, D. B .  M A c L E - \ ~ .  R. '4. BELL. J .  K. SAUNIILKS. C.-Y. 
obtained on a Perkin-Elmer 283 spectron~eter. C ~ t n .  and R. H. F. \ I ~ \ s K E .  Can. J .  Chern. 17. 3593 

(1969). 
Rec/ltction of N-Oxide (5) 5. A .  R. K A T K I T ~ K \  and J .  bl. LAGO\VSKI. Chemistl-) of the 

Sulphur dioxide was bubbled through an aqueous solution heterocqclic .\--oxide\. Academic PI.c\\. New Yurh. NY. 
of F,-5 (90 rng in 5 ml HzO). The progress of the reaction was 1971. 
followed by observing the precipitation of the free anline 6, D,  W ,  Huc,Hts. H ,  L ,  H O L L A N D .  L,nd ,,, B ,  M, ,cLt l \N,  
which redissolved as the solution became more acidic. The Can. J .  Chem. 54.1152 (1976). 
reaction mixture was then neutralized and extracted re- 7, ,,, W ,  H U G H t S ,  H ,  C ,  N,ILL1 x H .  H ,  L,. HOLL 4\L,,  Llnd D,  
peatedly with CH,CI2. The extracts were dried and evaporated B .  \f.zc LEAN. 6;irl. J .  Chem. 55. 3304 (1977). 
to  produce a compound as a foam which gave spectral data 8, R ,  G ,  S. R, c .r3 ,E,  K. C ,  K. B,  KoRsCH, Ij. J .  KOCI1,  A .  
identical with furnaritine; 'H  nmr: see Table 1;  ir (CHC1,) S.  P E R L ~ N .  Can. J .  Chcrn. 53, 1123(197FJ. 
v ,,,,,: 3550, 2850, 1590, 1275, 1100 cm-'. 9. J .  B. S I  o I H E R S .  Carbon-13 nmr spectl-oscop) . Ac;idemic 

P1e55 Neb$ Yolk h Y  1972 

Acknowledgements 10 K T L s ~ o \ o t .  T Y Do\vrro.,ind 4 1 \I TSII Can J 
Chern 53. 1711 (1975) 

The uork done at McMaster Univers~ty was sup- 1 1  E ~ E N ~ E R I  H I 4 C H E L \ G  H E Go1 I I I F H  !VI C 
ported by grants fiorn the National Research Council KOCH 4 KIBAKON ,ind \4 H PI A T  I 0 1 g  Chem 43 

1099 (1978) of Canada We wish to thank Prof. N. Mollov, Instt- A ,, JOHhiO\  H A C  ,-\\,-\\ 

tute Of Organic Chemlstr~,  Acade ln~  Of L l o ~ ~ h o  i i ~ ~ d  k M t \ h t ~ ~  J (11g Cbem 42 490 (1977) 
Sciences, for h ~ s  ~nterest and encouragen~ent. 13 R H F R.I%\sKL, R RODRICIO D B \ ~ - \ C L E A V  D E F 

G R X C E Y  dnd J K S ~ L U D L R S  C'in J Chem 47 3585 
1 H G KIRY-\KO\ 'ind P P P i h o \  C R 4 ~ d d  Bulg ~ C I  ( 1969) 
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The molecular and crystal structure of [Pt(die$hylenetriamH~~e)(g&~anosine)](C10~)~ 

R.  M E L A ~ S O N  xNn F .  D .  ROCHON 
D&/)cii.tt,t?renf tie c./iiitiie. L'i!i~.c~r..rir~ titr Q ~ r b i ~ e c  2 Mor7t1.Pci1, C.P. 8888, .\loitti-r'cil ~ Q I I ~ . ) ,  Cot~ridli H.?C 3PR 

Received hla) I I .  1978 

R.  ,I/IELASSO~ and F. D. R o c a o ~ .  Can. J .  Chem. 57,57 ( 1979). 
The crystal structure of [Pt(diethylenetriamine)(guanosine)](C1Q4) has been determined by 

X-ray diffraction. The crystals are orthorhonibic, space group P2,2,2,, with rr = 12.486(6), 
15 = 13.444(7), c = 14.678(11) A, and Z = 4. The structure was refined by block-diagonal 
least-squares a~lalysis to a conventional R factor of 0.050 and a weighted R,, = 0.045. 

The coordination around the platinum atom is square planar. Guanosine is bonded to 
platinum through N(7). The purine planar ring makes an angle of 62.7' ~ i t h  the platinum 
coordination plane. The structure is stabilized by hydrogen bonding. 

R. MELA\SON et F. D. ROCHON. Can. 3. Chern. 57.57 (1979). 
La structure cristalline de [Pt(ditthylenetriamine)(g~1anosine)](C10, a CtC determinee par 

diffraction des rayons-X. Les cristaux appartiennent au groupe d'espace orthorhombique 
P2,2,2,, avec a = 12.486(6), b = 13.444(7), c = 14.678(11) a et Z = 4. Les coordonnees 
atomiques et les facteurs thermiques anisotropes ont etC affinis par moindres-carres (matrice 
diagonale) jusqu'a R = 0.050 et X ,  = 0,045. 

La coordination autour de I'atonle de platiue est plane. La guanosine est liee au platine par 
I'atonle N(7). Le plan du groupenlent purine fait un angle de 62.7 avec le plan de coordination 
du platine. La structure cristalline est stabilisee par des ponts hydrogenes. 

Introduction 15 independent peaks centered on a Syntex P i  diffractonieter 
using graphite n~onochromatized MoKy radiation. 

Recently we have started a study of the molecular crJ,,r tci, Dclrcl 
and crystal structure of a series of plat inu~n nucleo- p t ~ ~ , ~ , , ~ , , K 8 ~ , ,  mw = 780.40 
side colllplexes ( I ) .  Guanosine is believed to play an Orthorhombic P2,2,2,, ti = 12.487(6), b = 13.444(7), c = 

important role in the interaction of platinum anti- 14.678(11) A, = 4, = 2464(2) A3,  or, = 2.09(2) g 

tumour drugs DNA. In a recent (flotation), D, = 2.103 g c ~ n - ~ ,  ? . M O K ~  = 0.71069 A, 
11MoKr = 62.9 c m ' ,  and T = 22-C. 

( 2 , 3 )  the crystal structure of the [Pt(ethylenediamine)- 
(gUa170Sille)2]2 + cation b a s  reported. ~n le rn l~ lecu la r  Collecrior~ nnd Reci~rction of'It~rc,n.\it~, Datci 

hydrogen bonding betweell the -NH, group of The intensity data were collected from a crystal having 9 
faces with approximate dimensions of 0.15 x 0.20 x 0.25 mm. 

ethylenediamine liga~ld and the carbony1 group of 
,A. ,o,a~ of 4023 independent reflections were measured in the 

the guanine mas observed. The authors suggested region of 28 < 60: by the 20 o scan technique using M O K ~  
that this hydrogen bonding might be important in radiation. During the data collection, three standard reflections 

the p t - ~ p ~ ~  interaction in view of the fact that were measured after every 47 reflections. Their variations were 

acti\lity of cis-[Pt(aInine),X,i complexes less than 2 z  from their respective means. The reflections for 
whlch the intensity was less than 2.50(/) were considered as 

decreases lnarkedly the series N H 3  - N H 2 R  unobserved. The standard deviation ~ ( 1 )  was calculated as 
> NH-%R, >> NW, (4). already described (5). An absorption correction based on the 

The present compo~llld [Pt(diethyle~letriamine)- equations of  the crystal faces was applied to the 2501 observed 

( g u a n o s i n e ) l ( ~ ~ ~ , ) ,  Lvas studied partly to deterlnjne reflections. The translnissio~l factors varied from 0.441 to 
0.504. The data mere then corrected for the Lorentz and 

the "le Of the '=' group$ if On the polarization effccts. The scattering factors of Cromer and 
ligand. Waber (6) wcrc useti for platinum, chlorine, oxygen, nitrogcn, 

and carbon, those of Stewart e t a / .  (7) were used for hydrogen. 
Experimental The anomalous dispersion terms (8) of platinum and chlorine 

IPt(dien)(g~ial~osine)](CIO,)? (where dien = diethylenetri- "ere in the 
amine) was prepared by the following method. AgCIO, was Sti.uctl!i.e Deterir~ination 
added to an aqueous solution of [Pt(dien)CI]Cl and mixed. The position of the platinunl atom was easily located from 
After filtering the AgCl precipitate, guanosine was added in a the three-dimensional Patterson map. The positions of all the 
1 :  1 proportion to the solution which consisted of [Pt(dien)- othcr atorns, except the hydrogen atoms, were obtained by 
H,O](C10,),. The mixture was stirred and then filtered. The structure factor and Fourier rnap calculations. The refinement 
aqueous solution was allowed to evaporate slowly. Crystals of the parameters was carried out by block-diagonal least- 
of [Pt(dien)(guanosine)](ClO,)z were then obtained. squa-res methods. In the early stages of refinement, unit weight 

A set of precession photographs indicated the P2,2,2,  space was assigned to all observed reflections. Later, individual 
group in the orthorhombic system. The cell parameters were weights according to the eq~iation 1;1v = a + bF, + cFoZ 
calculated by least-squares refinement of the setting angles of Mere calculated. The constants of the equation were adjusted 

0008-4042179/0l0057-05SO 1,0010 
a1979 h'ation~ij Re3earch Council of CanaciaIConseil national de recherches riu Canada 
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to  make the distribution of ic'lAF2 alrnost constant with 
respect to I F , ,  and sin 8 i. (0 = 35.589, b = -0.4508, and 
c = 0.00154). The hldrogen atoms in the diethylenetriamine 
ligand and on the carbon atoms and on N(1) in the guanosine 
moiety Mere fixed at their calculated position' (C-H distance 
= 0.95 A and N-H distance = 0.85 a) and assigned iso- 
tropic temperature factors of 6.0 A2. The refinement of the 
scale factor, the coordinates and anisotropic temperature 
factors of all the non-hydrogen atoms converged to ,  R = 
X F ,  - IF, X 1 F ,  = 0.050 and R, = [ 1i1~(:F, - F,I)'/ 
XI~(F,,  '1' = 0.045. The final difference Fourier map did 

not show peaks higher than i 0 . 8  e k3. Attempts to find, on 
the final difference Fourier map, the hydrogen atorns that could 
not be ca!culated, were not successful. The torsion angles 
within the ribose segment, confirmed the expected D-con- 
figuration of the molecule. The R factor for the other enantio- 
niorphic structure was much higher (0.062) indicating that the 
coordinates of Table 1 correspond to the absolute structure. 

The calculations were carried out with a Cyber 73 computer 
and the progranis used have already been described (5). A 
table of observed and calculated structure factors is available.' 

Results and Discussioil 

The refined atomic parameters are listed in Table 
1. A list of the anisotropic temperature factors is 
available.' A labelled stereoscopic view of the ion 
[Pt(die~i)guanosine)]~- is shoivn in Fig. I .  (The size 
of the ellipsoids corresponds to a 50:; probability.) 
The bond lengths within the ions are shown on Fig. 
2, and the bond angles on Fig. 3. 

As expected, guanosine is bonded to the platinurn 
atom through the N(7) atom. The coordi~lation 
around the platinurvl atom is square planar. The 
u eighted best plane \\'as caiculated through the five 
atoms. The deviations fi-om this plane are: Pt? 
- 0.002; N(4), 0.0807 ; N(5): -0.0045 : N(6), 0.0746 : 
and N(7), 0.057 A. The angles around platii~um are 
close to the expected 90' and I 80L but there are some 
distorsions. The N(4)-Pt-N(5) and N(5)-Pt- 
W(6) angles (84.7') are sinaller than the N(4)-Pt- 
N(7) and N(6)-Pt-N(7) angles (98.2, 92.4'). The 
N(4)-Pt-N(6) angle (168.5-) is also sinaller than 
expected. A slight strain caused by the tridentate 
ligaild is responsible for these deviations from the 
ideal square planar coordination. The Pt-N bond 
lengths (1.97-2.04 A) are nornlal and agree itell 
with the published results (1-3, 5, 9-11). The four 
nlethylene groups of the dien ligand all lie on one 
side of the plane of the nitrogen atoms. 

The purine ring is planar. The ~leighted best plane 
was calculated through the nine atorns. The devia- 
tions froni this plane are: N(7), -0.012: N(9), 
0.028: N(3), -0.008: N(1), 0.002; C(8), -0.020; 

'Lists of structure factors. calculated hydrogen positions, 
and anisotropic thermal parameters are ava.ilable, at a nom- 
inal charge, from the Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Ont., Canada 
K I A  OS2. 

TABLF 1. F ~ n a l  structule parametels ( x  10") The estimated 
s tanda~d dev~at~ons  are gnen In parentheses 

Atom 4 i. z 

Pt 3611 6(5) 6872 2(4) 6184 9(5) 
CI(1) 3531(5) 906(3) 8707(4) 
Cl(2) 1676(4) 4996(4) 41 13(4) 
N(4) 3626(14) 6846(12) 4832(12) 
N(5) 4359(10) 8198(12) 6041(13) 
N(6) 3621(15) 71 90(9) 7498(12) 
N(7) 2859(10) 5550(10) 6399(30) 
N(9) 2544(1 1) 3938(10) 6513(10) 
N(3) 853(11) 3931(11) 7287(11) 
N(1) 235(12) 5594(12) 7546(13) 
N(2) - 725114) 4201 (1 3) 8055(15) 
(31) 4203(19) 7723120) 4472(14) 
C(3) 4080(19) 8549(16) 5125(16) 
C(7) 4083(16) 8 776(15) 6853(16) 
C(9) 421 8(16) 8121(20) 7668(15) 
'38) 3245(13) 4676(11) 6238(14) 
C(4) 1714(13) 4393(13) 6909(11 j 
C(5) 1892(14) 5396(11) 6805(12) 
C(6) 1091(15) 6094(13) 7157(11) 
C(2) 117(17) 4554(10) 7612(12) 
c;l 2776(10) 2854(10) 6486(12) 
C(2 1789(12) 2309(10) 6095(16) 
C(3 2391(14) 1358(12) 5725(12) 
C(4') 3492(15) 1740(12) 5469(12) 
C(5') 3662(20) 1 896(16) 4463(14) 
O(6) 1120(10) 7001 (8) 7135(10) 
O(2 ) 997(10) 2042(9) 6717(11) 
0 0 ' )  2428(10) 583(8) 6387(10) 
O(1') 3631(12) 2685(7) 5920(9) 
O(5') 2829(16) 2478(13) 4080(11) 
o(1)  2501 (14) 481(13) 8598(19) 
O(2) 4212(14) 314(14) 9187(16) 
O(3) 3955(14) 1082(13) 7820(13) 
O(4) 3426(14) 1817(13) 91 69(15) 
o(5)  2752(13) 4691(11) 4122112) 
O(7) 1270(22) 4900(26) 3287(14) 
O(8) 1555(18) 5919(13) 4428(20) 
o(9) 1129(21) 4392(22) 4719(22) 

C(4), -0.013; C(5). 0.015: C(6), 0.015; and C(2), 
-0.01 1 A. The deviations of the substituents on the 
ring are as follows : N(2), - 0.101 : 8 ( 6 ) ,  0.024: and 
C(1'). -0.067 A (esd = 0.014 to 0.021 A). Since 
N(2) plays an important role in the hydrogen 
bonding systenl of the crystal. it might explain the 
slight lion-planarity of the substituent. The purine 
planar ring lnekes an angle of 62.7' \tit11 the platinum 
coordination plane. 

The bond lengths in the purine ring vary froni 
1.29 to 1.46 A. They are similar to those found in 
guanosine rings rneiltioiled in a review by Voet and 
Rich (12). They are almost identical to those found 
in guanosine dihydrate (13). The bond angles also 
seem normal and agree well \+,it11 the published results 
mentioned above. The bond angles rliithin the five- 
member ring vary from 105 to 11 1". In the six- 
membered ring, the range is from 11 1' to 128'. As 
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'LlkLANSON 4 U D  KOCHOU 

FIG. 1. Stereoscopic  vie^ of the [Pt(dien)(guanosine)12T ion. 

FIG. 2. Bond lengths within thc [Pi(d~en)(guanosine)]~+ ion. 

Slngh has polnted out (14), the inte~nal rlng angle 
at a ii~trogen atom 1s gleater ~f the N atom 1s coval- 
entlq bound to an extra-annular H atom than ~f the 
N atoll1 ha5 no ext~d-annular attachment Here 
C(6)-N(1)-C(2) = 126 n h ~ l e  C(2)-N(3)-C(4) 
= 113". 

The glycosyl bond 1s normal (1.49 A) (12) The 
angles In the r~bose ilng are close to the tetrahedral 
values O(I ), C(I'), C(3'), and C(4') are coplanar 
~ ~ i t l ~ i n  20 and C(2') IS 0 57 A dlstant from that plane 
on the same s ~ d e  as C(5') and N(9) Thls corlespo~lds 
to the C(2') endo confolmation The dlhed~al angle 
beheen the purlne and the rlbose planes IS 30 3 

The tors1011 angles ~ l t h i n  the rlbose group are 
llsted In Table 2 The conventions suggested by 
Sundaral~ngam (15) and Trueblood and co-workeis 

(16, 17) have been used. The torsion angle O(1')- 
C(l1)N(9)C(8), O,,, is - 17' and defines an mlfi 
conforn~ation about the glycosidic bond. The 
C(5')-O(5') bond is in a guuc~/~e-ga~rc/7e conforma- 
tion relative to the ribose group: +,, = -68 and 
Ooc = 51'. 

The bond lellgths and tlie bond angles in the 
perchlorate ions are s l i o ~  n in Table 3. The distances 
vary from 1.32 to 1.42 A. The standard deviations 
are quite large (0.016 to 0.030 A), probably because 
the thermal parameters of the oxygen a to~ns  are 
fairly large. The bond angles are close to tlie tetra- 
hedral values (106 to 11 I,-). 

A packing diagram is shoun in Fig. 4. 111 most 
liucleoside crystal structures; base stacking plays a 
very important role. I n  this structure base stacking 

FIG. 3. Bond angles within the [Pt(dien)(guanosine)I2 + ion. 
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TABLE 2. Torsion angles in the ribose group* 

Atoms Angle (deg) 

~ C N  (anti) 

$00 (ga~iche) 
$ 0 ~  (gauche) 
To 

T 1 

'T2 

T3 

74 

*The con\entions suggested by Sundaralingam (15) and Trueblood and 
co-workers (16, 17) have been used. 

bonds. O(2')-1-7 of each ribose group is intra- 
molecularly hydrogen-bonded to N(3). The two other 
hydroxyl groups O(3')-H and O(5')-H are in- 
volved in hydrogen bonds with the perchlorate ions. 
N(1) and N(2) also play an important role in the 
system, forming intermolecular hydrogen bonds, 

N(1J-H with O(Z1) and ~(2)<: with both O(3') 

and O(6). The role of the diethylenetriamine ligand 
in the hydrogen bonding system is doubtful. The 
most probable hydrogen bonds are shown in Table 4. 
The longer distances and the less favourable angles, 
especially those involving platiiium, seem to suggest 
that these bonds are weaker. 

is not a very important packing factor since the In  the crystal structure of the [Pt(ethylenedramine)- 
perchlorate ions are located between the bases. ( g u a n o s ~ ~ ~ e ) , ] ~ '  cation (2, 3), the authors observed 
Hydrogen bond~ng  1s probably the predom~nant an ~ntermolecular hydrogen bond between the 
pack~ng effect In t h ~ s  structule The most ~mportant  carbonyl group of guanine and the -NH, group of 
hydroge~l bonds are l~sted In Table 4 A11 the hydro- ethylened~am~ne The distance was 2 78 A llldlcat~ng 
gens attached to the oxygen and nrtrogen atoms In a strong ~nteractlon. The bond angle was not w e n ,  
the guanosine group are involved in strong hydrogen but it appeared very favourable. The authors 

TABLE 3. Bond distances and bond angles in 

Bond Distance (A) Bond Distance (A) 

Bonds Angle (deg) Bonds Angle (deg) 

FI IC IENIWRNOSINEICLC412 PTIDIENICURNOSlNElCL0112 

FIG. 4. Stereoscopic diagram of the packing of [Pt(dien)(guanosine)](C10,), 
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MELANSON AND ROCHON 

TABLE 4. Distances and angles involved in hydrogen bonds 

Transformation Distance Angle 
Atoms (on third atom) (A) Atoms (deg) 

Possible hydrogen bonds involving the dien I~gand:  
N(5)-H. ..0(8) f + x , I f - y , 1  - z  

suggested that this hydrogen bonding could be an  
important factor in the Pt-DNA interaction since 
the anti-tunlour activity of cis-[Pt(amine),X,] 
decreases in the order NH, - NH,R > NHR, >> 
NR,. 

In the present structure, the carbonyl group of 
guanosine (O(6)) would be stro~igly inter~nolecularly 
hydrogen bonded with the amino group of guanosine 
(N(2)). It might also form a weaker intramolecular 
hydrogen bond with the -NH, of diethylenetri- 
amine (N(6)). The angle N(6) ... Q(6) ... N(2) is 96'. 

It is therefore difficult at  the moment to evaluate 
the importance of hydrogen bonding between the 
arnine ligand and the nucleoside in the Pt-DNA 
interaction. More data are needed before attempting 
to discuss in detail this possible mechanism of inter- 
action of platinum drugs. 
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E. A. SLLLIVAV. Can. J. Chem. 57.62 (1979) 
A number of Pd(J1) and Pt(l1) complexes of amino acids and dipeptides have been isolated 

and characterized. The solution and solid-state circular dichroism of the amino acid complexes 
show a fairly consistent pattern, which is opposite to that shown by the dipeptide complexes. 
Sonie of the problems associated with the interpretation of the spectra in terms of spectro- 
scopic assignment and structural features are discussed. 

E. A. SCLLIVAX. Can. J. Chem. 57 .62  (1979). 
On a i5ole et caracterise un certain nombre de complexes du Pd(I1) et du Pt(1I) avec des 

acides aminks et des dipeptides. Le dichroi'sme circulaire, a I'etat solide et en solution, des 
comple.ies abet les acides amines prksente des caracteristiques cohkrentes; ceci est a I'oppose 
du comporternent des complexes des dipeptides. On discutc de quelques-uns des problemes 
associCs avec I'interpretation des spectres en terines d'attributions spectroscopiques et de 
caracteristiques de structures. 

[Traduit par le journal] 

The circular dichroism associated with the rl-d which are rapidly and extensively formed in the 
transitions of amino acid and peptide complexes has absence of Cl- ions. The solid-state linear absorp- 
been the study of extensive investigation, the im- tion spectra are very similar to those obtained in 
petus for which stems ultimately from an interest in solution. except that the charge-transfer bands tend 
the nature of nietal-protein binding. Most studies to  shift to lower energies. 
have concentrated on the square coplanar species The solution absorption spectra of the Pd(I1) and 
formed \vith Ni(l1) and Cu(I1) ( I ) ,  which are labile Pt(l1) mono- and bis-amino acid complexes usually 
in solution. Wide litnits of conformational flexibility show two discernible major conlponents: in the case 
are allowed to coordinated amino acid ligands (2), a of [Pt(S-ala)CI,]-, the bands occur at  30 600 cm-'  
fact which colnplicates the unresolved problem of and 34 000 cm-' .  In the Pd(1l) amino acid conl- 
identifying the particular (chiral) stereochenlical plexes the bands are less distinct, the solution spectra 
features xvhich generate the optical activity in the usually consisting of a broad conlposite band with a 
d-electron transitions (1, 3-5). shoulder on the low energy side; for the mono 

Although some studies, involvi~lg solution- complexes the shoulder occurs near 24 000 cm-I and 
generated species of Pd(I1) with amino acid deriva- for the bis complexes, near 28 000 cm-I.  In similar 
tives, have been reported (6), this paper describes the Pd(I1) and Pt(JJ) ainmine colnplexes the lower 
circular dichroism of a nurnber of amino acid and energy component of the d-electron manifold has 
dipeptide complexes of Pd(l1) and Pt(II), all of been identified as the r!,, -. dX2-,2 spin-allowed 
which have been isolated and characterized. The transition while the higher. energy coniponent was 
spectra were recorded in solution and also in KBr assigned to the spin-allowed cl,,,d,, -t dX~-J2  promo- 
matrices in order to determine the effects on the tion (6. 7). The same assignments will be applied to 
circular dichroism in various environments. the amino acid complexes, and will be referred to as 

the A and E transitions respectively. Ideally, each 
Results transition requires to be identified and assigned and 

In Figs. and are shown the absorption and then the corresponding components compared for a 
circular dichroism spectra of the mono amino acid of compounds. As &il l  be seeti from the 
co1nplexes of Pd(II) and Pt(11) r e s ~ e c t i v e l ~ ,  alld in present data, extensive overlap between components 
Fig. 3 the spectra of the bis-amino acid complexes generally precludes unambiguous assigIlments, 
of Pd(ll). the aqueous Vectra of the - Whatever the actual assignment of the shoulder 
complexes \+ere deternlined in 0.2 IM KC1 in order band i n  the solutioIl absorptioll of the mono 
to  suppress standing conce~ltrations of aquo species and his if it corresponds to the same 

'Present address: Faculty of Engineering Science, University transitioll for these complexes, then there is a fairly 
of Western Ontario, London, Ont., Canada N6A 5B7. consistent CD sign pattern, both in solution and the 

O008-4042/79/0l0062-05SO 1. W/O 
a1979 National Research Council of Canada/Conseil national de recherches du Canada 
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FIG. 1.  The circular dichroisrn spectra of K[Pd(S-ala)Cl,] 
(...), K[Pd(S-ser)CI,] (---), and K[Pd(S-pro)C12] (-) in 0.2 M 
KC1 aqucous solutions (middle) and in 1% KBr matrices 
(bottom). The top diagram is the absorption spectrum of 
K[Pd(S-pro)Cl,] in 0.2 M KC1 solution; the other con~plexes 
show similar spectra. In the middle diagram, the triplet region 
of both the S-serine and S-alanine comulexes are x 25. 

Ion corre- solid state. Thus, at  the same energy posit' 
sponding to the shoulder in the solutioil absorption 
spectra, the CD spectra of all the complexes show a 
positive band in the solid state and in solution. For  
the Pt(11) mono complex, however, this region of the 
solution CD shows a negative band: some Pd(l1) 
amino acid amide complexes also show this be- 
hakiour, the sign of the band depending on the 
particular solvent (8). In the region of the E tran- 
sition. the amino acid complexes all show negative 
CD although the position of the band varies between 
complexes, part ic~~larly for the solid-state spectra. It 
is notable that the proline mono complex with its 
fixed 6-conforniation and chiral (S) nitrogen atom 
shows by far the strongest CD. Strong positive CD 
in the region of the A transition (and negative CD in 
the region of the E) has been associated with the 
vicinal effect of a chiral nitrogen atom in the S- 
absolute configuration (9). Although the circular 
dichroism of the proline complex retains the same 
form in the solid, the two (solid-state) bands are 

FIG. 2. The absorption (top) and circular dichroism spectra 
(middle) of K[Pt(S-ala)C12] in 0.2 M KC1 aqueous solution. 
The bottom diagram refers to the spectrun~ in a 1% KBr 
matrix. 

displaced t o  higher energies compared to  the 
seemingly corresponding bands in solution. 

The two isomers of [Pd(S-ala),] s l o ~ . l )  equilibrate 
in aqueous solution and the rate constant k, for the 
approach to equilibriurn, as well as the equilibriurn 
constant K, has been determined spectrophoto- 
metrically a t  30°C in neutral mates solution. 

For the composite constant k = 1.1 x s- ' and 
K - 6.0, reflecting 867: of the cis-isomer at  equilib- 
rium. The equilibration is reinarkably clean, since 
both the pairs of near ultra-violet isosbestic and 
isodichroic points are maintained throughout 5 half- 
lives of reaction. 

The isomerism has been tentatively assigned on 
the basis of the relative intensities of the d-cl bands 
of the two isomers. Considering only the donor 
atom symmetry, the trun.r-isomer is centrosymnietric, 
while the cis is not, hence the latter is expected to 
have the more intense spectru~n (Fig. 3). In  the 
Pd(1l) bis-glycinato complexes, the cis-isomer has 
the greater absorptivity (10). 

The circular dichroism spectra of the two isomers 
in water solution are nearly identical and the pattern 
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64 CAN J .  CHEM. VOL. 57. 1979 

FIG. 3. The absorption and circular dichroism spectra of 
ci~-[Pd(S-ala),] (-) and frrrr~s-[Pd(S-ala),] (---) in water 
solutions. The bottom diagra~n refers to spectra in 1 %  KBr 
matrices. 

is the same as that observed for the mono L-amino 
acid complexes in solution. Unlike the trar~s-species 
and the mono complexes, however, the cis-[Pd(S- 
ala),] species in the solid state shows an almost 
enantiomorphic spectrum. 

The spectra of the dipeptide complexes Cs[Pd(gly- 
S-a1a)Clj and Cs[Pd(S-alagly)Cl] are shown in 
Figs. 4 and 5. Upon dissolution in water, both com- 
plexes imn~ediately aquate to give the species 
[Pd(dipeptide)H,O] in dilute solution. Beer's law 
is obeyed exactly, for concentrations between 2 x 

and I x M in complex, and the addition 
of C1- ions results immediately in new spectra 
which are shifted to the red as would be expected if 
the aquo ligand is replaced by chloride. Further 
addition of KC1 to 0.2 M KC1 solutions of the 
complexes does not affect the spectra. 

The circular dichroism spectra of the chloro 
conlplexes in 0.2 M KC1 solution show three spin- 
allowed circular dichroism bands; the negative 
bands a t  27 000 cn1-' and 25 500 cm-I for the 
[Pd(S-alagly)Cl]- and [Pd(gly-S-ala)CI] ions, re- 
spectiveiy, are assigned to the A transition and the 
higher energy couplets to a split E band. (At 22 500 
cm-', the [Pd(S-alagly)Cl] ion shows an additional 

FIG. 4.  The absorption and circular dichroism spectra of 
Cs[Pd(gly-S-ala)CI] in 0.2 J I  KC1 aqueous solution (-), and 
of [Pd(gly-S-ala)H,O] in water (---). The bottom diagram 
refers to the Cs[Pd(glp-S-ala)CI] complex dispersed in a 1z 
KBr matrix. 

FIG. 5.  The absorpt~on and c~rculal d ~ c h r o ~ s ~ n  spectra of 
Cs[Pd(S-alaglq)Cl] (-) In 0.2 M KC1 aqueous solut~ons and 
of [Pd(S-alagly)H,O] (---) water solut~on. The bottom 
spectrum refers to a 1% KBr matrlx of Cs[Pd(S-alagly)Cl]. 
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negative band which is assigned to a spin-forbidden 
transition.) Apparently, the effective symmetry of 
the chloro complexes is low enough for the E band 
to lose its degeneracy. 111 the solid state, each chloro 
complex shows a positive band which is difficult to 
associate with any of the corresponding C D  bands 
shown in solution. 

In  the C D  spectra of the aquo complexes, the 
lower energy (negative) bands probably represent A 
transitions (in part a t  least), but since there is no  
indication of the effective symmetry of these com- 
plexes, the assignment of the higher energy (positive) 
band is uncertain. If the E band is split, it is not  
resolved. 

Discussion 
The sDectra of the com~lexes  described in this 

investigation differ somewhat in intensity from 
those obtained from previous solution studies (6). 
This is perhaps not surprising, in view of the un- 
certainty as to the identity of species in (equilibrium) 
lnixtures of reactants. 

Spectroscopic assign~nents are also uncertain. but 
CD patterns for the series of complexes may be 
compared. Thus, the C D  spectra of the mono and 
bis complexes of Pd(1I) and Pt(1I) are quite similar. 
Despite the variety of ring conforn~ations and side- 
chain dispositions available to chelated amino acids 
(2), the solution C D  of the complexes are remarkably 
similar to those of analogous diamine complexes (1 1). 

The solid-state C D  spectrum of cis-[Pd(S-ala),] 
and the solution C D  spectra of the aquo dipeptides 
are very similar, if the positions of the respective 
maxima in the solutio~z absorption spectra are 
matched. Notably, however, these C D  spectra are 
almost enantiomorphic to the solid-state C D  of the 
fruns-isomer and the solution C D  of both cis- and 
fruns-isomers, even though all four complexes have 
the same donor atoms (2N, 20).  For the various 
complexes, differing effective donor atom sym- 
metries could perhaps provide a rationalization for 
this behaviour. In the solid state. the effective 
symmetry of the ti.uns-isomer might be approx- 
imately D,, (although formally D,,) and that of the 
cis-isomer could be C,, or lower. The structures of 
a number of cir-bis complexes of Cu(l1) and Pd(1l) 
show axial orientat~ons of amino acid sidechains 
(12, 13). so perhaps crystal packing requirements 
could result in low effective svmmetrv for such 
con~plexes. In that case it might not be unreasonable 
to expect the solid-state CD of the cis-isomer to 
resemble that of the aquo dipeptide complexes (if 
the effective symmetry of the complexes were the 
same and for ligands ~ i t h  the same absolute con- 
figuration), and yet a t  the same time d~ffer fro111 
that of the fruns-isomer and the solution species. 

I t  is difficult to rationalize the coiisistencies in the 
C D  spectra of the mono and bis amino acid corn- 
plexes and the 'reversed' pattern of the aquo dipep- 
tide complexes in terms of either the vicinal effect of 
chiral carbon atoms ( 3 ) ,  conformation of ligands (4), 
donor atom distortions (5), or the disposition of 
C,-sidechains (1). Furthermore, sign patterns may be 
determined largely by the effective syminetry of the 
complexer (14). Whatever the origins of optical 
activity in chiral metal complexes, until some of the 
more fundamental problems are resolved, the use of 
circular dichroism to probe the metal coordination 
in con~plicated structures such as metallo-enzymes. 
requires extreme caution. 

Experimental Section 
Absorption spectra were measured on a Unicam 800A 

spectrophotometer, and solution C D  spectra were obtained 
with a Roussel-Jouan Dichrographe 11. KBr discs (1% iin 
complex in 100 mg total sample) were prepared as described 
elsewhere (5). The solid-state C D  spectra were obtained with 
a Durruni JASCO 5-20 spectrophotometer with a SS-20 CD 
attachment; the ordinate units are deflection in mm for a 
sensitivity of 5 mdeg cm-'. The kinetics of the cis-ticins 
isomerization of [Pd(S-ala)2] were followed at 31 8 nm using a 
Cary 16 spectrophotorneter. 

In this article we use the abbreviations: S-alaH = L- 
alanine; S-serH = L-serine; S-proH = L-proline; S-alaglyH2 
= L-alanylglycine; gly-S-alaH, = glycyl-L-alanine. 

K[Pt(S-ala)C12] was prepared by the published method (1 5). 
The K[Pd(L-amino acid)C12] complexes were prepared by 

the following aqueous reaction : 

PdCI2 - KAc + L-ammo acid 
or 

K,CO, -* K[Pd(L-ammo acld)CI,] + HAc 

where Ac = acetate. The products were precipitated with 
ethanol (or acetone for the alanine conlplex) and recrystallized 
from water by the same precipitating agent. 

K[Pd(S-alrr) Cl,] 
Anal. calcd. for K[Pd(C3H,N02)C1,]: C 11.8, H 2.0, N 4.6, 

Cl 23.3; found: C 12.0, H 2.0, N 4.7, C1 23.2. 
K[PdjS-set.) Cl, ] 
Arml. calcd. for K[Pd(C3H6N0,)CI,]: C 11.2, H 1.9, N 4.4, 

C122.1; found: C 11.2, H 2 .0 ,N4 .4 ,  Cl 22.0. 
K[Pd(S-pro) CI,] 
Ailal, calcd. for K[Pd(CSH8NO2)CI2]: C 18.2, H 2.4, N 4.2, 

C1 21.4; found: C 18.3, H 2.7, N 4.2, C1 21.3. 
[Pd(S-ala),] precipitates as a yellow solid when a solution 

of PdCI,, L-alanine, and excess LiCl is slowly neutralized with 
NaHCO,. 

trans-[PdjS-nla) 
The crude product (1 g) from above was dissolved in 

boiling water (50 ml). The solution !+as filtered and set aside at  
25'C for 2 days. The trrrr~s-isomer separated as large yellow 
plates; mp 150-155'C (dec.). The aqueous filtrate was retained. 

Anal. calcd. for [Pd(C,H6hr02),]: C 25.5, H 4.3, N 9.9; 
found: C 25.6, H 4.2, N 9.8. 

cis-[PdjS-~lcr) ,] 
T o  the above filtrate was added ethanol (250 ml) and then 

ether (250 ml) and the mixture was set aside at  O'C for 12 h. 
The crude product (0.4 g) was collected and then stirred in 
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water (20 11-11) at 15-C for 15 min. Thc  mixturc was filtcred and 
ethanol (150 nil) Lvas added to  the filtrate. Upon scratching 
the sides of thc flask, the cis-isomer began to form. After 
a l lo~\ ing  the solution to  stand at OLC for 12 h,  the yellow 
needles were collected. They were recrystallized from cold 
ha te r  by the addition of ethanol (0.25 g). m p  230'C (dec.). 

Al~nl. found:  C 25.6, H 4.2, IS 9.9. 
The dipeptide complexes Cs[Pd(dipeptide)CI] a-sre prepared 

by neutralizing with CsCO, a solution containing stoichio- 
metric amounts of PdC1, and the dipeptide, then precipitating 
the crude product with ethanol and acetone. The complexes 
were recrystallized from a small volurne of mater by careful 
addition of ethanol and acetone. The pure coinplexes mere 
deposited as sillall ineedles, of a yellobv to  orange-yellow 
colour. 

Cs [Prliglj,-S-oln) Cl] 
A~inl. calcd. for Cs[Pd(C,H,N,O,)CI]: C 14.3, H 1.9, N 6.7, 

C1 8.5; found: C 14.9, H 2.0, N 6.7, CI 8.7. 
CJ[P~(S-nkigly) Cl] 
A~inl. calcd. for Cs[Pd-(C,H8N203)CI]: C 14.3, H 1.9, N 6.7, 

C l8 .5 ; fo~1nd :C14 .4 ,H2 .1 ,N6 .9 ,C18 .8 .  
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E .  A. S U L L I V A N '  
L f i~ l z  .l.lillrr Che!~~ic.cil L(i11orciiorirs . Utlil,o..siry of Torot~to,  Tororito, Otit.. Cntitrdn M5S IAl 

Received 51aq 27. 1978 

E. A. SULLIVAPI. Can. J .  Chem. 57.67 (1979) 
A11 identifiable relationship exists between the absolute configuration of chiral diamine 

ligands and the circular dichroism of their cornplexes with paliadium(lJ) and platinum(I1). 
Con~plcxcs which contain simple C-substituted diamines with the R-absolute configuration 
show positive circular dichroism in the region associated with the 'A, ,  + ' E ,  transition, both 
in solution and the solid state. There is no general consistency in the sign of the ' A , ,  + 'A,, 
transition, and only for solution does the sign of the net circular dichroisn~ show a correlation 
with the absolute configuration of the ligands. 

E. A. SULLIVAN. Can. J. Cheni. 57.67 (1979) 
I1 existe une relation qui peut Stre identifiee entre la configuration absolue de ligands dia- 

niints chiraux et le dichroisme circulaire de leurs compiexes avec ie palladium(I1) et le 
platine(I1). Les complexes qui coniportent des diarnines simples, substitues sur le C et de 
configuration absol~ie R, presentent un dichroi'sme circulaire positif dans la region associee i 
la transition ' A , ,  -t ' E ,  tant en solution qu'i  I'etat solide. 11 n'y a pas de relation generale 
pour le signe de la transition ' A , ,  -. 'A,, et l'on ne retrouve qu'en solution une relation entre 
le dichroi'sn~e circulaire net et la configuration absolue des ligands. 

[Traduit par le journal] 

Ligand field CD spectra provide an  empirical 
basis [or differentiation between the various kinds of 
dissyrn~netric stereochemical features in chiral metal 
complexes (1). Attempts have been made to correlate 
absolute configuration of metal conlplexes with 
features in the C D  spectra but no agreement has 
been reached as to whether absolute configuration 
should be correlated with the sign of specific bands 
(2-4) or with the net C D  over the whole (/-electron 
manifold (5). In order to assess the general applic- 
ability of such correlations, the solution and solid- 
state CD spectra of a series of diamine complexes 
of Pd(I1) and Pt(1I) have been examined. These 
coruplexes rilere chosen because they are sulliciently 
stable to be sure of the species present. 

Spectroscopic assignments have been established 
for Pd(I1) and Pt(1 I) conlplexes (6), and the approxi- 
mate locatio~l of these transitions (3, 6) is shown in 
Fig. I .  The two &d excitations which are both 
magnetic dipole allorved and spin allowed (i.e. 
U',,. + c / ~ ~ - ~ L  and c / ~ / , , , , ~  -+ d.yZ_yZ) will be subsequently 
referred to' as the A and E transitions respectively. 

Typical linear absorption spectra and CD spectra D o n o r  Atoms 
for solution and the solid state are shoun in Flgs. 

FIG. 1. Absorpt~on energles for d-cl transitions In chloro- 2-5' The solld-state 'pectra of Pt(R-pn)C12 (F'g' 4, ammlne complexes of Pt(Jl) and Pd(II) From the data of 
are not typ~cal,  but resemble the behav~our of chat t  et crl, (6) et  r r [ ,  (3) 

Pt(en)C12 In cooperative effects dominate the mayiina in the linear absorpt~on spectra of the Pt(l1) 
spectrum ('I' 'Ihe of the absorption band cornplexes are generally unaffected by changes ~n the 

'Present address. Faculty of Englneer~ng Sc~ence, U~llverslty media, but the absorption spectra of the Pd(ll) 
of Western Ontarlo, London, Ont , Canada N6A 5B7 complexes cons~st  of a compos~te band, the nlaximum 

0008-4042/79/0 10067-04SO 1 .OOIO 
1979 National Research Council of CanadalConseil national de recherches du Canada 
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68 CAN. J .  CHEM. VOL. 5 7 .  1979 

FIG. 2. Absorpt~on and C D  spectra of [Pd(R-pn)Cl,] (-) 
and [Pd(R,R-dmtn)Cl,] (---) i n  0.2 IM KCI. Bottoin cur\es are 
the solid-state CD spectra. 

of which varies considerably according to the 
medium. Thus for Pd(R-pn)Cl,, the solution maxi- 
mum occurs at  27 100 cm-'  (for 0.2 M KC1 solu- 
tion), whereas in a KBr disc or a Nujol mull it 
occurs at  25 700 - 26 000 cm-l .  However, despite 
these large apparent shifts (\vhich probably reflect 
changes in the relative intensity of the components 
under the absorption manifold), the positions of the 
correspo~lding extrema in the solution and solid- 
state C D  spectra d o  not change. These extrema occur 
a t  frequencies which correspond to the expected 
positions of the A and E compolleilts, as determined 
by Gaussian a~lalysis of the solution absorption 
spectra (3, 6). With the bis-complexes, unan~biguous 
assig~lments are not always possible. owing to ex- 
tensive overlap bet~\een components. The CD signs 
associated with the regions of the A and E transitions 
are summarized in Table 1. 

The experimental results for Pd(I1) and Pt(l1) 
complexes show, as in the case of octahedral Co(1II) 
complexes (4), that there is no  general consistency 
in the sign of the A band, regardless of whether the 
spectra are obtained from solution or the solid state. 
Moreover, it is doubtful whether the net C D  sign 
can in general (8) give a reliable indication of 
absolute configuration, since it can be envisaged 

FIG. 3. Absorption and CD spectra of [Pd(R-pn),]CI2.H2O 
(-) and [Pd(R,R-drnt~~)~]ClzKzO (---) in water. Bottom 
curres are the sol~d-state CD spectra. 

that component band lntensltles alone could deter- 
illlne the net sign of a composite band of o\erlapp~ng 
t r ans~ t~ons .  Table 1 sho~vs that the net C D  slgn ob- 
tamed fro111 the sol~d-state spectra exhlb~ts a varlable 
s~gn .  The s1g11 of the net C D  of the solut~on spectra 
docs s h o ~  consistent behak~our for the present 
series of complexes, as III an Impressive number of 
other cases (9), and may therefore serve as a useful 
lndex of absolute configurat~on, but thls cons~stency 
may also result ~f the iotatlonal strength associated 
\kith a part~cular transltlon doln~nates the solutlon 
C D  spectrum. Such 1s the case for the E band ~n 
complexes of Pd(l1) and Pt(I1) (3). as well as other 
metals such as Co(1lI) and Rh(lI1) (2, 10) Indeed, 
the sign of the E band 1s the one cons~stent feature in 
the present serles of complexes. ii hen this band can 
be identified 

Both in solution and the solid state, complexes 
which contain simple (C-substituted) diamines with 
the R-absolute configuration show positive C D  in 
the region associated with the E transition; this 
relatio~lship is obtained irrespective of whether the 
chelate rings carry aliphatic or aromatic substituents. 

It has been noted previously (3) that for a number 
of metal cornplexes in which the chelate rings are 
fixed in the A-conformation, positive C D  is associated 
with the E band (3) and that this sign persists for 
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FIG. 5.  Absorption and CD spectra of [Pt(R-pn),]Cl2.H2O 
(-) and [Pt(R,R-dmtn),]CI, (---) in water. Bottom curves are 
the solid-state CD rpectrd. 

FIG. 4. Solution absorption and CD spectra of [Pt(R-pn)CI,] nlay be a useful and quite general criterion of 
(-1 and [Pt(R,R-dmtn)CI,] (fresh solution) (---) in 2 iM HCI; absolute configuration. 
relative solid-state absorption spectra of [Pt(R-pn)CI2] (-.-.-) 
and [Pt(R,R-dmtn)Cl,] (...) . Bottom curves are the solid-state Experimental 
CD spectra. 

Absorption spectra were measured on a Unicam 800A 

different solvents for the solid state (4). s hi^ spectrophotonieter and the solution CD spectra were obtained 
with a Roussel-Jouan Dichrographe TI. The solid-state spectra illvestigation extends the to a range of were obtained with a Durrum JASCO J-20 spectrophoton,eter 

complexes and ligands and suggests that the sign Of with a SS-20 CD attachment. The CD for the solid state is 
the E band (if it can be detcr~~lined ~~nambiguously) reported in terms of the deflection d, in mm, at a sensitivity of 

TABLE 1. Signs of the circular dichroisrn for Pt(1I) and Pd(I1) complexes 

Complex 

Solution' Solid statee 

Solvent E A Net E A Net 

0 . 2  M K C I  
0 . 2  MKCI 

Water 
Water 
Methanol 
Methanol 
2 M HCI 
2 M HCI 
Water 
Water 
Water 
Water 

oComplex insoluble in water; solvolyses in dipolar aprotic solvents 
bSign uncertain; band obscured. 
'Composite band. 
dSolid-state effects dominate spectrum; assignments uncertain. 
<Parentheses denote most probable sign. 
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5 mdeg c m - ' .  KBr discs contained I " ; ,  of complex in 100 nig 
of total sample, unless other\?ise stated. 

Abbre\iations for the diarnines are as follo\vs: R-pn = 
(-)-I ,2-diaminopropane; R, R-dmtn = (-)-2,4-diaminopen- 
tane ;  R-phenen = ( - ) - I  ,2-dianiinophenylethane; R,R-stien= 
(+)-1,2-diamino-l,2-diphenylethane (stilbenediamine). 

The l iga~ids R-pn, li,R-dmtn, and R,R-stien \\ere prepared 
according to methods described in the literature (4). During 
the preparation of R-phenen (11) partial racemiration oc- 
curred. The  ligand was resolved via the (+)-tartrate salt and 
the resolving agent was removed by the method of Bailar et nl. 
(12). The absolute configuratioil of the lieailds has been 
established by absolute crystal structure determinations (13), 
o r  by cheniical correlations (14). The  general preparation for 
the  complexes has been previously reported (15). 

Annlyses 
[PdiR,R-n'rntrl) C12] 
Anrrl. calcd. for C,HI,K,CI,Pd: C 21.5, H 5.1, N 10.0, 

Cl  25.4;  found: C 21.4, H 5.1, N 9.9, CI 25.1. 
[Pc l iR ,R - r / t~~ t t~ j , ]C l~~H,O  
Aiinl. calcd. for ClOH3,N,OC1,Pd: C 30.0, H 7.7, i*\r 14.0, 

C1 17.7; found: C 30.4, H 7.7, N 14.6, C1 17.4. 
[PdiR-pIreirel7) Cl,] 
Atlnl. calcd. for C,H,,h',Cl,Pd: C 30.6, H 3.9, N 8.9, 

C1 22.6; found:  C 30.5, H 3.9, N 8.9, C1 22.7. 
[PdiR,R-stierl) Cl,] 
Annl. calcd. for Cl4HI6NZCl2Pd:  C 43.2, H 4.1: N 7.2, 

C1 18.2; found:  C 43.2, H 4.3,  N 7.2, CI 18.1. 
[Prif R,R-sfieti) 2]C12,2H20 
Allirl. calcd. for C,,H,,N,O,CI,Pd: C 52.7, H 5.7, N 8.8, 

C1 11.2; f o ~ ~ n d :  C 52.7, H 5.7, N 8.7, C1 10.9. 
[Pd iR ,R- s r i e r~ )~] (~ \~O, )~  
A~INI.  calcd. for  C 2 8 H 3 2 N b 0 6 P d :  C 51.3, I3  4.9, N 12.8; 

found:  C 51.3, I1 5.1, N 12.7. 
[Pt(R,R-dt?~rri) CI,] 
Annl. calcd. for C,H,,N,CI,Pt: C 16.3, H 3.8, N 7.6, 

C1 19.3; found:  C 16.4, H 3.7, N 7.5, C1 19.5. 
[PiiR,R-dt?rtr~) i1VH3 j 2]C12.HZ0 
A17~/. calcd. for  C ,HZ2N4OCI2Pt :  C 14.3, H 5.3, h' 13.3; 

found:  C 14.4, H 5.4, N 13.4. 

[PtiR,R-rltntr~) ,]C12 
Aillrl. calcd. for  CloH28h'4C12Pt: C 25.5, H 6.0, N 11.9; 

found: C 25.5, H 6.1, N 11.8. 

B. E. DOUGLRS. I17 Coo~.din;itio~i chemistr). Ecliirti by  S. 
Kirschnel-. Plenum PI-ess, New York. 1969. pp. 29-41. 
C. J .  H A W K I ~ S  and E. L . A R S ~ U .  Acts Chem. Scand. 19. 185 
(1965): 19. 1969 (1965). 
H. 11-0. J .  F u ~ l l  z .  and K .  S.\rro. Bull. Chem. Soc. Jpn. 40. 
2584 (1967). 
B. B O S ~ I C H  and J. MAcB. HARROWFIELD. 5. .A~ii. Chem. 
SOC. 94. 3425 (1972). 
F. S .  RICHARDSOU.  J .  Chem. p h ) ~ .  54.2453 (1971). 
J .  C H A I ~ I - ,  G.  .A. G . ~ L I L E Y ,  and L .  E .  ORGEL. J .  Chem. Soc. 
486 (1958): D. S.   AM^^^^^. hl. A .  TUCKER.  i111d A .  J .  
K ~ s s b 1 4 h .  11io1-g. Chem. 4. 1682 (1965): I-'. DAY.  .A. F. 
ORCHARD, .A. J.  THOI\ISOY. and R. J .  P.  W1~1~141\15. J .  
Chem. Phys. 42. 1973 (1965): A .  J .  ~ I C C A F F E R ) .  P. N .  
S C H A I Z .  and P. J .  STLPHE\S.  J .  Ani. Cheni. Soc. 90. 5730 
(1968). 
D. S .  M A R I I ~ .  L .  D.  HL\ IXR. R. K R O E ~ I ~ G ,  and R. F. 
Col t~ . J .  Am. Chem. Soc. 93,5333 (1971). 
R .  ROSNICH and J .  MAcB.  HARROWFIELD. Inorg. Chem. 
14, 828 (1975). 
E.  W .  W I L S O ~  and R. B. MARTIN. Inorg. Chem. 10. 1197 
(1971) and I-eferences therein. 
S.  K .  HALL and B. E. Doucr AS.  Inorg. Chem. 7. 533 
(1968). 
L .  A R P E S ~ L L A .  4. L.A MAS\.\. iind M. GR.AISI. GLIZZ. 
Chim. Ital. 85. 1354(19_'5). 
J .  C .  BAIL.\R. H .  B. J O N A S S E ~ .  and A.  D. GOT-1. J .  .Am. 
Chem. Soc. 74.3131 (1952). 
Y. SAIJO and H .  I W A S A K ~ .  Bull. Chem. Soc. Jpn. 35. 113 1 
(1962): A. KOBAYRSHI,  F. M A R L - ~ I O ,  and Y. SAITO. Acta 
CI-ystallogr. B29. 2443 (1973). 
R. MERIC and J.-P. V I G ~ E R O \ .  Tetrahedl-on Lett. 2059 
(1974); R .  LUKES.  J .  K o v . 4 ~ .  and K .  B L X H A .  Coil. Czech. 
Chem. Conimun. 23. 1367 (1958). 
B. BOS\LCH and E .  A.  SULI~IVAU.  Inorg. Chem. 14. 2768 
(1965). 
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Use of scaled-particle theory in the assessment of the Ph,As+/Ph,B- assumption for 
single ions 

C/zei~i.cry Di.prirt/?zr/~t, C7rzii.er.sity c?f'Strrrey, Gr~ilclji)rt/, Sirrrc.?, Etrglcitrti 

Received Ma! 17. 1978 

MICHAEL H. ABRAHAM and A S A D O L L ~ H  ~ A S E H Z A D E H .  Can. J. Chem. 57.71 (1979) 
A novel method for the assessment of the Ph4Ast P h , B  assumption for free energies of 

transfcr of single ions has recently been suggested by TI-einer, and used by him to  deduce that 
the assu~nption is not \slid for transfers betibeen water, propylene carbonate, sulpholane, 
diniethylsulphoxide, :?'-n?ethyI-2-pyrrolidone, and  perhaps also dirnethplformaii~ide. The basis 
of the method is the est i~nation of the free energy of cavity formation by scaled-particle theory, 
together mith the hypothesis that the free energy of interaction of Ph,As- (or Ph,B-) with 
solvent molecules is the same in all solvents, AGtO(intj = 0. It is shomn in  the present paper 
that (a)  ~ h e t h e r  or  not  the Ph,As+ Ph,B- assumption applies to  transfer to a given solvent 
depends o n  nhich other solvent is taken as the reference solvent in Treiner's method, (6) the 
calculation of the cavity free energy term by scaled-particle theory and by the theory of 
Sinanoglu - Reisse - Moura Ramos (SRMR) yields values so different that the method cannot 
be considered reliable, (c) the calculation of cavity enthalpics and entropies for Ph,As4 o r  
Ph,B- by scaled-particle theory yields results that are chemicailq not reasonable, (d j  the 
hypothesis that AG:(int) = 0 conflicts with S R M R  theory, and (e) the conclusions reached by 
Treiner are not in accord with recent \vork that in general supports the Ph,As+ Ph,B- 
assuniption for solvents that ar-e rejected by Treiner. 

MICHAEL H. ABRAHAM eC ASADOLLAH NASEHZADEH. Can. J .  Cheni. 57.71 (1979). 
Treiner a rdceninicnt propose une niethode nou\elle destinee a dtudier la validite de 

I'hypothese Ph,AsT Ph,B- pour les energies libres de transfert des ions simples. Faisant appel 
a cette niethode, cet auteur a deduit que l 'h~pothese  n'est pas applicable aux transferts entre 
I'eau, le carbonate de propylene, Ic sulfolane, la dinidthylsulfo-~yde, la I\--mdthylpyrrolidone-2 
et peut etre aussi la dimethylformatnide. Cette niethode se fonde, d'une part, sur une estimation 
de I'energie libre de formation d'une lacune, selon la theorie des spheres rigides et, d'autre 
part, sur I'hypothese a l'effet que l'energie libre d'interaction de Ph,As+ (ou Ph,B-) a\ec les 
molecu!es de solvant demeurc la m&me dans tous les sol\ants, soit AG,O(iiit) = 0. Dans le 
present t r a ~ a i l ,  on  demontre (0)  que l'hypothese Ph,As- Ph,B- peut s'appliquer ou ne pas 
s'appliquer au transfert dans u n  sol tant  donne, tout depend cie la nature de l'autre solvant 
qui sert de solvant de reference selon la mCthode de Treiner, (6) que les valeurs de I'Cnergie 
libre des Iacunes calculCes selon la theorie des spheres rigides d'une part, et selon la theorie de 
Sinanoglu-Reisse-~Moura Ramos (SRMR) different .!I un point tel qu'on lie peut se fier B la 
methode, (c) que les enthalpies et les entropies des lacunes pour Ph,As+ et P h , B  telles que 
calculees selon la theorie des spheres rigides ile sont pas chiniiquement raisonnable, ( d )  que 
l'hypothesc B i'effet que AGp(intj = 0 est en contradiction a i e c  la thkoric S R M R  et ( e )  que 
Ics conclusions de Treiner sont en desaccord avec les t r a ~ a u x  rCcents qui, d'une maniere 
generale. 

[Traduit par le journal] 

Introduction 
There is now available a large quantity of data on 

the thermodynamics of transfer of neutral com- 
bi~lations of ions between various solvents (1-4). For 
many purposes ~t is convenient to separate the 
thermodynamic parameters into cationic and anionic 
contributions through single-ion transfer values, 
using some extra-thermodynamic assunlption in 
order to assign these single-ion values. Parker and 
co-workers (5-7) have extensively examined a 
number of such assumptions, and have suggested 
that the Ph,As+/Ph,B assumption is the most 
reliable to date. On this basis, they assigned single- 

ion values for free energies, enthalpies, and entropies 
of transfer from water to a number of nonaqueous 
solvents. Concurrently with the studies of Parker, a 
number of other workers (8-10) used the correspon- 
dence plot method to assign single-ion entropies of 
transfer, also from water to nonaqueous solvents. 
Abraham (1) pointed out that the above two methods 
of assigning single-ion entropies of transfer yielded 
results in reasonable agreement with each other for 
transfers between water and many nonaqueous 
solvents, although for transfers between water and 
alcohols the two methods disagreed (4) by about 
7 cal K-I  mol-I. Quite recently, Treiner (11) put 

0008-4042/79/010071-06$01 .00/0 
lc 1979 Nat~onal  Research Council of Canada/Conseil national d e  recherehes du Canada 
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forward a novel inethod of examining the ~ h , A s + l  (14). We write therefore 
Ph,B- assumption through the use of scaled- 
particle theory as outlined by Pierotti (12). Treiner 
concluded that for free energies of transfer, the 
Ph,As+/Ph,B- assumption was valid for transfers 
from water to methanol, ethanol, acetonitrile, and 
formamide but Lvas not valid for transfer to dimethyl- 
forniamide (DMF), dimethylsulphoxide (DMSO), 
sulpholane, propylene carbonate (PC), or  N-methyl- 
pyrrolidone (NMPy). These conclusions of Treiner 
are so different from those of Parker (5-7) and of 
Abraham and Narnor (1, 4) that we thought it useful 
to  re-examine Treiner's inethod and to  investigate 
the application of Treiner's method to enthalpy and 
entropy data. Results on entropies should be ex- 
tremely interesting because the correspondence plot 
method leads to a quite independent set of single ion 
entropies of transfer which for many solvents agrees 
with the Ph,As7/Ph,B- assumption.' 

Results using Scaled-particle Theory 

(A) Free Energy of Transfer of P17,Asi und P/i,B- 
The free energy of solution of a hard-sphere solute 

in a given solvent is obtained through eq. [ l ]  

[ I ]  AG: = AGO(cav) + R T  log (RTIV) + AGO(int) 

where AGO(cav) is the work required to create a 
suitably sized cavity in the solvent, calculated by 
scaled-particle theory, RT log (RT/ V) is a correction 
term, and AGO(int) is the energy of interaction of the 
solute with the surrounding solvent molecules. For  
transfer of the solute from a reference solvent 1 to  
another solvent 2, the free energy of transfer is given 
by eq. P I .  

Tre~ner  set AG:(lnt) = 0 in eq. [2], calculated 
AG: for a solute of diameter 8 4 A (the diameter of 
Ph,As+ or Ph,B-), and then compared the resulting 
values with the observed free energles of transfer. He  
suggested that ~f calculated and observed values 
agreed to withln about 3 0 x  the Ph,Asf/Ph,B- 
assumption could be regarded as valld, but ~f the dif- 
ference was greater than 30: the assumption should 
not be used. 

We adopt a sllghtly different procedure that takes 
Into account the electrostatic contribution to the 
free energy of transfer of a charged solute, as cal- 
culated by the recent theory of Abraham and Liszl 

For  simplicity we include in the term AG:(cav) the 
calculated cavity term together with the correction 
term R T  log (V,/V,). We then calculate AG:(cav) 
and AGtO(elec), we take Ac t0  as the observed value, 
and we then deduce the value of the remaining term 
~G:(int). Treiner's criterion corresponds to the 
situation that if the deduced value of AG:(int) 5 - 3 
kcal mol-l ,  the Ph,Asi/Ph,B- assumption is valid, 
but if AG:(int) > -3  kcal mol-I the assumption 
should not be used. Details of the calculation are in 
Table 1 for the solvents that Treiner studied plus the 
additional solvents 1-propanol, acetone, 1,2-di- 
chloroethane (1,2-DCE), and 1,l-dichloroethane 
(1, 1-DCE)., As expected, our calculations lead to 
the same results as found by Treiner. For transfers 
from water to methanol, ethanol, 1-propanol, for- 
mamide, and acetonitrile, the interaction term is 
small enough to take the Ph,Asi/Ph,B- assumption 
as valid: for all the other solvents the assumption (on 
Treiner's hypothesis) must be questioned. We stress 
that our criterion based on the actual value of the 
interaction term leads in general to the same con- 
clusions as does Treiner's (percentage) criterion. We 
used the actual value because workers (5-7) are 
interested in whether the assumption holds to  within 
a given value rather than to within a given percentage 
value. 

A difficulty not pointed out by Treiner is that 
choice of reference solvent is completely arbitrary. 
In  Table 1 we also recalculate all results to aceto- 
nitrile as a reference solvent. I t  now appears that for 
transfers to solvents water, ethanol, 1-propanol, 
formamide, acetone, and 1,l-DCE the Ph,As+/ 
Ph,B- assumption is valid (on Treiner's hypothesis), 
and for transfers to the other solvents the assumption 
is questionable. Clearly, by altering the reference 
solvent, it is possible to obtain quite different values 
for AG:(int) and hence quite different conclusions 
as to the validity of the Ph,As','Ph,B- assumption. 

Even more serious is Treiner's basic hypothesis 
that AG:(int) = 0 for transfer of Ph,Asi and 
Ph,B-.3 We can see no reason why this interactioll 
term should be zero. The Ph,AsiiPh,B- assump- 
tion, for free energies of transfer, is simply that:  

[4] AG: for Ph,As+ = AG: for Ph,B- 

'Recent work by Gritzner (13) shows that when bisphenyl- 
chromium(I)/bisphenylchromium(lI,l is used as a reference 
redox system, single-ion free energies of transfer from aceto- 
nitrile to methanol, DMF, DMSO, NMPy, and to some 
extent PC, agree well with values calculated using the Ph,As+/ 
Ph4B- assumption. 

2Values of AG,O(Ph,As+ + Ph,B-) recently found by Kim 
(18) agree very well with those in Table 1. 

3This is the fundamental hypothesis used by Treiner. Thus 
only if the deduced value of AG,O(int) is zero or small (say i 3 
kcal mol-') is the Ph4As+/Ph,B- assumption considered to 
be reasonable. 
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ABRAHAM AND NASEHZADEH 73 

TABLE 1. Free energies of transfer from water or froni acetonitrile for the Ph,As- (or Ph,B-) ion with cavity terms calculated 
by scaled-particle theory, in kcal niol-' at 298 Ka 

AG," from \vater AGtO from acetonitrile 

Total Total 
Solvent P uC Cavity" Electrical' InteractionJ (observed)"~nteraction" (observed)" 

Water 
Methanol 
Ethanol 
1-Propanol 
Formamide 
Acetonitrile 
Dimethylformamide 
Dimethylsulphoxide 
Sulpholane 
Propylene carbonate 
IV-Methylpyrrolidone 
Acetone 
1,2-Dichloroethane 
1 ,1 -Dichloroethane 

GAll free energies refer to  the mol fraction scale, and are for Ph4As+ o r  Ph,B- 
bSolvent derisitv. 
cSolvent diameter in A.  
.This is the comb~ried term [AC,"(ca\) R T  log (V , IV , ) ]  calculated for a solute of dlarneter 8.4 A 
ecalculated by the method of   bra ham and Lisii hi a soiLite of d ~ a ~ n e t e r  8.4 A. 
JDeterm~ned from ~nteract ion = total - cavity - electrical. 
UTahen from refs. 1 and 4 unless indicated, and  corrected to the Ph,As+ - Ph,B- conientioi?. 
"btataed through rearrangement of the values ill tlie prevloils t \%o coliinins. 
'F rom ref. 2. 

Now since the diameters of the two specles are (say again < 3  kcal mol-l)  for the Ph,AsT/Ph,B- 
equal, the terms AG:(cav) and AG:(elec) will be the assumptioil to be valid. Use of such a hypothes~s 
same for the t u o  species, and \\e are left with: results in the extraordinary situation that for transfer 

[ 5 ]  AG:(int) for Ph,As+ = AG:(int) for Ph,B- 

I t  is not clear why these interaction terms should be 
small or zero in order for the P h 4 A s f / P h , B  assump- 
tion to apply. If, however, the AG:(int) terms can 
take any value, then there is no basis for Treiner's 
criterion at all. Thus in Table 1 it could be argued, for 
example, that the Ph,As+/Ph,B- assumption app!ies 
to PC and that for this solvent the interaction term 
happens to  be particularly large. 

(B)  Elltl7ulyy of Transfer of~11,As' atzd PII, B-  
The enthalpy of solution of a hard-sphere solute is 

given by eq. [6] 

from water to every solvent in Table 2, the Ph,As+/ 
Ph,B- assumption cannot be valid. Clearly, the use 
of scaled-particle theory plus the hypothesis that 
AH:(int) should be zero for Ph4Asf and Ph,B- 
does not lead to any meaningful results. 

( C )  Elltropy of Transfer of Ph,AsT urld Ph,B- 
Combillation of the equations for free energy and 

enthalpy will yield an  expression for the entropy of 
transfer of a charged solute. There is, however, an  
important proviso in that, as applied by Pierotti, the 
entropy of interaction is take11 as zero. Thus if 
AS:(int) = 0 it follows that AS:(int) = 0;  the final 
expression for AS: becon~es : 

AS: = AS:(cav) + AS:(elec) 

Since there are no unknown interaction terms in 
where ~p is the coefficient of therrnal expa~lsioil of eq. [8], it should be possible, if scaled-particle theory 
the solvent. If we include the electrostatic energy of really does apply to solutes such as Ph,As+ and 
a charged solute, the resulting expression for the Ph,B-, to calculate values of AS:. Details are in 
transfer of a solute is eq. I71 Table 3 with water as the reference solvent. There is . L A  

total disagreement between all the calculated and 
[71 AH,o = AHP(cav) + AH'(i11t) + observed values, so that for transfers from water it is 
where for simplicity the tern1 AH:(cav) now in- now clear that scaled-particle theory cannot account 
cludes (ctp2RT2 - xp1RT2). Details of the calcula- for the entropy term. I t  is possible by choice of some 
tions are in Table 2 with water as the reference other reference solvellt to obtain agreement for a 
solvent. If Treiner's hypothesis applies also to  few transfers, but in general these results demon- 
enthalp~es, then AH:(int) should be zero or small strate that scaled-particle theory is of little use in 
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TABLE 2. Enthalpies of transfer from water for the Ph,As+ (or Ph,B-) ion with cavity terms 
calculated by scaled-particle theory, it1 kcal mol-' at 298 K 

AH,O(Ph,As+ or Ph,B-) 

Solvent r p  x lo3" Cavityh Electricalc Interact~on" Total" 

Water 
Methanol 
Ethanol 
I -Propano1 
Fornianxde 
Aceton~trlle 
D~methq Iformarnlde 
D~methylsulphoxlde 
Sulpholane 
Propplene carbonate 
l\-Metl~yip~rrolidone 
Acetone 
1,2-Dlchloroethane 
I ,1-D~chloloethane 

YSol \e~ i t  coeficient of' thermal e\p,%nsion. in K-I .  
"This is the combined Ierin .iH,O(ca\) x p 2 R T 2  - ~ p ~ R 1 ' ~ .  
'Cdlc~llated by the method of' Abraham and L i i z ~ .  
"elermined Sroril i ~ ~ t r r a c r l o ~ i  = total -- ca\ i ty  - clectrical. 
eTake~ i  from refs. 1 and 4 tinless indicated, and correctcd to the Ph,As- = Ph,B- con\eiirion 

TABLE 3. Calculation of entropies of transfer from \+atel. for the Ph,As+ 
(or Ph,B-) ion with cavity terms calculated by scalecl-particle theory, in 

cal K- '  mol-' at 298 K 

Total Total 
Solvent Cavity" Electrical"'ca1culated' observed" 

Water 0 0 
Methanol 49 - 4 
Ethanol 5 3 - 6 
I-Propanol 50 - 8 
Forrnamide 3 8 - 1 
Acetonitrile 62 - 3 
Dimethplforrnarnide 3 6 - 3 
Dirnethylsulphowide 68 - 1 
Sulpholane 52 - 2 
Propylene carbonate 141 - 1 
N-Methylpyrrolido~~e - 3 
Acetone 71 - 6 
1,2-Dichloroethane 69 - 13 
1,l-Dichloroethane 69 - 12 

'From the cavity terms in Tables 1 and 2. 
bcalcuiated by the tiieory of Abraham and Liszi (13). 
<Tile s ~ ! m  of the cabit) and electrical terms. 
dFrorn the observed xaluzs in Tables 1 and 2. 

attempts to calculate entropy changes for Ph,As' uhere P = G, H, or S .  We use exactly the saine pro- 
and Ph,B-. cedure as Reisse and Moura Ramos to calculate the - 
Results using the Sinanogli l  Reisse - Molrra Ratnos 

( S R M R )  Method 
A quite different method of obtaining cavity ternis 

was suggested by Halicioglu and Sinanoglu (15) and 
applied recently by Reisse and Moura Ramos (16). 
These latter workers make no attempt to calculate 
the interaction term but deduce this term from the 
expression: 

cavity terms and, llke these lvorkels. then deduce the 
~n te rac t~on  term from eq [9] In the SRMR method, 
the molar volume of the solute IS used, rather than 
~ t s  diameter, and we took values glven by Mlllero 
(17) of V = 245 6 ml mol-'  for Ph,As+ and V = 

295 6 ml mol-I for P h , B  A!though the cavity 
terms differ a little In these two cases. the diffelences 
from one solvent to another are negligible We give 
in Table 4 the results for Ph,Ast, but these can be 

191 AP:(int) = AP: - AP:(cav) taken as being the same as those for Ph,B- \vithin 
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ABRAHAM AND NASEHZADEH 

TABLE 4. Free energies of transfer from acetonitrile of Ph,AsT mith cavity terms 
calculated by the SRMR method, in kcal mol-' at 298 K" 

Total 
Sohent Ca\ltyh Electrical' Interaction" (observed)' 

Water 
Methanol 
Ethanol 
1-Propanol 
Forrnamide 
Acetonitrile 
Din~ethylforrnamide 
Dimethylsulphoxide 
Sulpholane 
Propylene carbonate' 
h-Methylpyrrolidone' 
Acetone 
1,2-Dichloroethane 
1,1-Dichloroethane 

- 
"Values for  Ph-B-  (C' = 282.6 mi mol-I)  are almost identical to  those for Ph,Asi ( V  - 295.6 

n>l niol- 'i .  
T a l c i ~ l a t e d  by the iiictliod of Rcisse and l l o u r a  Kamos (16). 
CFrom Table 1. 
JDete~-niined from interact~oii = total - ca\ity - electrical. 
*Approximate calculated \ a l i~es .  

TABLE 5. Con~parison of cavity terms for Ph,As' calci~lated by scaled-particle theory" and SRMR theory 

Scaled-particle theory (o = 8.4 A) SRiMR theory ( V  = 295.6 n ~ l  mol-') 

Solvent AGiO AH? AS: AGtO AH? ASt0 

Water 8 . 0  - 10.5 - 62 19.1 26.7 25 
Methanol - 1 . 2  -5 .0  -13 - 1.6  -3 .1  - 5 
Ethanol 0 . 8  -1 .9  - 9 -2 .2  -3 .4  - 5 
I-Propanol - 1 .7  - 5 .3  - 12 -2 .0  - 3 . 2  - 4 
Formamide 0 .1  - 7 . 2  - 24 12.9 19.9 23 
Acetonitrile 0 0 0 0 0 0 
Dimethylformamide 2 . 2  - 5 . 5  - 26 2 .1  11.7 32 
Dimethylsulphoxide 9 .8  11.7 6 5 . 6  8 . 6  10 
S~~lpholane 14.6 11.5 - 10 1 . 3  - 1 . 8  - 11 
Propylene carbonateb 8 . 4  32.0 79 7 . 4  3 .2  - 14 
iV-Methylpyrrolidoneb 3 . 2  4 . 8  5 
Acetone 1 . 5  4 . 2  9 -3 .3  -3 .7  - 2 
1,2-Dichloroethane 3 . 4  5.4 7 -0 .8  -0 .9  0 
1,l-Dichloroethane 0 . 2  2 . 1  7 -3 .5  - 5 . 6  - 7 

'The terms o n  the scaled-particle theory are AG,O(cav) - R7 log ( V I  ' V 2 )  and AIJ,O(ca\) z p 2 R 7 2  - r*p1RT2; ACt0 aiid AH,O 
in kcal mo1-' and AS;O i i ~  cal K-' mol-I .  

hSRhIR calculated vaiiles are appro\iinate ones. 

about 0.1 kcal mol-' .  1111 the case of S R M R  theory, therefore took acetonitrile as the reference solvellt in 
it is difficult to take into account contributions due Table 4:  the results in Table 1 provide a direct com- 
to solvent reorganisation. Since this effect will be parison between S R M R  calculation and scaled- 
much more important for water than for any other particle theory. For transfers from acetonitrile to 
solvent, the SRMR calculatio~l for Lvater will be less several solvents there are considerable differences in 
reliable than calculations for other  solvent^.^ We the AG,O(cav) terius as calculated by the two methods 

,We note also that the term used by S~nanoglu to correct 
(see  able 5). The S R M R  results- able 4) can be 

for loss of translational entropy of the solute In solut~on, interpreted using the and Moura 
R In [V(gas)/F(solvent)], overest~mates the trdnslatlonal Rarnos to the effect that there are, lndeed, large 
entropy In solut~on, slnce the available volume In solut~on 1s variations in ~ G ? ( i n t )  with change of solvent so that, 
less than the solvent molar volume, 7 However, for transfer contrary to  T~~~~~~~~ hypothesis, A C ; ( ~ ~ ~ )  cannot be 
from one solvent to another there 1s so much cancellat~on that 
values of AG?(cav) and AS,O(cav) are not greatly affected by regarded as small or  zero for Ph,Asf or Ph,B-. 
errors In t h ~ s  term We are grateful to Professor Re~sse for In Table 5 we compare the calculated cavity terms - 
clarifying this point. in free energy, enthalpy, and entropy on the two 
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theories. There are such differences in the values 
calculated by the two methods that it seems quite 
unrealistic to attempt deductions as to the validity 
of the Ph,As+/Ph,B- assumption on the basis of 
calculated cavity terms. 

In our view all the above consideratioils suggest 
that the validity of the Ph,As+/Ph,B-assumption 
cannot usefuliy be investigated by the method of 
Treiner, and we cannot see any basis for the previous 
rejection of the assumption. I t  is of interest that 
quite recently Kim (18) has strongly supported the 
Ph,AsL,'Ph,B- assumption, in terms of free energy, 
for the very solvents rejected by Treiner (1 1). 

Although several workers (19, 20) have applied 
scaled-particle theory to the transfer of large ions 
and have obtained reasoilable agreement between 
the calculated cavity term and the observed free 
energy (19) or enthaipy (20) of transfer, it is notice- 
able that such agreement is always limited to trans- 
fers bet~veen ~vater and aqueous organic mixtures. 
For  example, Treiner (1 1) calculated A~:(cav) for 
the transfer of Ph,As+ from water to aqueous 
ethailol and found good agreement ~vi th  the observed 
AG: value. But inspection of Table 1 shows that for 
transfer from water to ethanol itself, the two terms 
differ by 1.6 kcal mol-I and for the corresponding 
enthalpy function the terms differ by no less than 
8.6 kcal mol-I (Table 2). I t  seems clear that in non- 
aqueous solvents, scaled-particle theory cannot use- 
fully be applied to transfers of large ions. Whether 
or not the agreement observed in the more aqueous 
media is an  artifact is a matter of opinion. We note 
that Ten~ le  and Ben-Nairn (21), in connection with 
calculations on free energy, state that it is impossible 
to  apply scaled-particle theory alone for mixtures 
of ivater and ethanol. 
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Fast reaction kinetics of the binding of bromide to iron(II1) studied on a high pressure laser 
temperature jump apparatus1 
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BRIAN B. HASINOFF. Can. J. Chem. 57.77 (1979). 
The kinetics of the binding of Br- to Fe(1II) were studied as a function of [ H + ]  and [Br-] 

on a high pressure laser temperature jump apparatus up to 2.76 kbar. At constant [H+]  the 
pseudo first order rate constant for formation of FeBr2+ showed little dependence on pressure 
or on [Br-] over the range 0.02 to 1.9 M. The results were interpreted by a mechanism in 
which Fe3' and FeOH2+ react with Br- to form ion pairs prior to formation of their inner 
sphere complexes. The kinetic activation volume for the conversion of the Fe3',Br- ion pair 
to FeBr2' appears to be quite negative, consistent with an associative interchange (I,) 
mechanism. 

B R I A ~  B. HASINOFF. Can. J. Chem. 57,77 (1979). 
On a etudit la cinetique de la liaison du Brr au Fe(1ll) en fonction de [H+]  et de [Brr] a 

I'aide d'un appareii a saut de temperature active par un laser a haute pression operant jusqu'a 
2.76 kbar. A [H'] constante, la constante de vitesse de pseudo premier ordre pour la formation 
du FeBr2+ n'est que faiblement influencee par la pression ou la [Brr] a des concentrationb 
allant de 0.02 a 1.9 M. On a enterprCtC les resultats en termes d'un rntcanisrne dans lequel le 
Fe3? et le FeOH2- rtagissent avec le B r -  pour former des paires d'ions avant la formation de 
leurs complexes de spheres internes. I1 sen~ble que le volume d'activation cinetique pour la 
conversion de la paire d'ions Fe3+, Br- en FeBrZ- soit assez ntgative; ceci est en accord avec 
un mCcanisnie d'echange associatif (I,). 

[Traduit par le journal] 

High pressure kinetic studies of the reaction of 
Fe3+ with C1- (1) and with NCS- (2) have provided 
evidence for the existence of an associative inter- 
change mechanism for ligand substitution. In con- 
trast, the more labile FeOH2+ species is thought 
to undergo ligand substitution by a dissociative 
interchange mechanism. Previous high pressure 
kinetic studies of ligand binding to Co2+,  ~ i ~ ' ,  
Zn2+,  and Cu2+ (3, 4) yielded results consistent with 
a dissociative interchange mechanism as suggested 
by Eigen and Wilkins (5 ) .  

This study extends the Fe(I1I) pressure work to 
another anionic ligand, Br-. Product yield, kinetic 
and spectrophotometric experiments have been 
independently used to evaluate an ion pair formation 
constant for reaction of Fe(lI1) and Br- (6). Earlier 
kinetic studies (7, 8) indicated the [Ht]- '  dependence 
of the reaction rate but did not include the effect of 
ion pairing. It must be noted that the extent of 
formation of FeBr2+ cannot be made large under 
reasonable conditions and it is necessary to construct 

'This work has been supported in part by the National 
Research Council of Canada, Grant No. A9430 and the 
Science Research Council (Great Britain), Grant No. 
B/SR/8667. 

'Present address. 

an interpretation from judicious combinations of 
values derived from both equilibrium and kinetic 
experiments. The direct analysis of the more uncer- 
tain parts of the kinetics produce parameters in 
agreement with the constraints imposed by combined 
considerations and, consequently, are most probably 
significant. 

Experimental 
Reupenrs 

All reagents (Fe(NO,),, NaBr, NaCIO,, HCIO,, and 
Cu(NO,),) were of analytical reagent grade. Solutions of HBr, 
HCIO,, and NaOH were determined by titration. The total 
ionic strength in the reaction solutions was kept constant by 
the addition of NaC104 to solutions containing NaBr and 
HCIO, or to solutions containing HBr, HCIO,, and NaOH. 
Fe(N03),  was 5.0 m;M in a!] solutions. The rate and equilib- 
rium constants are on a molality scale reduced to molarity 
at  1 bar. 

Appc~~utus 
The high pressure ruby laser temperature jump apparatus 

and the analysis of the exponential relaxation curves have 
been described (1, 3). A 1.6'C temperature jump was produced 
in the thermostatted (k0 . lZC)  reaction solution by absorbing 
the 694 nrn laser radiation with 0.02 ,111 C L I ( N O ~ ) ~ .  Repre- 
sentative oscilloscope traces of the relaxation process are 
shown in Fig. 1. Experiments conducted on a joule heating 
temperature jump apparatus (Messanlagen, Gottingen) at 
400 nm with a 5.C jump indicated the absence of any etrect of 

0008-4042/79/0 10077-06$0 1 .00/0 
1979 National Research Council of CanadaIConseil national de recherches du Canada 
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78 C A N .  J .  CHEM. 

FIG. 1. Oscilloscope traces of voltage vs. time for the 
relaxation observed for the reaction of Fe(II1) and Br- at 
1 bar and 2.76 kbar with [H-] = 0.525 .M, [Brr]  = 1.9 &14, 
[Fe(III)], = 5.0 mM, T = 25.0-C, and 11 = 2.0 :if. The tem- 
perature j u ~ n p  of I .h 'C was produced by a ruby laser. The 
large horizontal divisions are 5 ms. 

Cu(N03),. Only a single exponential relaxation process was 
detected in a search over a wide range of sweep speeds. Thus 
any kinetic contribution from higher Fe(II1) bromide corn- 
plexes can be r~lled out. An interference filter o r  a blue colored 
glass filter of niaximuln transmission in the region of maximunl 
FeBr2+ absorption (408 nm) provided nionochroniatic light 
for the photometric detector. A Unicam SF8000 spectro- 
photometer with a thermostatted cell block was used for 
equilibrium measureliients at  1 bar. Changes in light trans- 
mission with pressure were measured with a 10-turn off-set 
potentiometer. 

Results 

Equilibriunz 
The binding of Br- to Fe(ll1) may be interpreted 

in terms of 

where [FeBr2+], includes all inner sphere cornpiex 
absorbing species and [Fe3+], includes all other non- 
absorbing species including outer sphere complexes. 
Absorbances, A, were used to determine K by 
plotting Ai[Br-] vs. A (Fig. 2) similar to (6) and 
yielded from linear least-squares slopes, K's of 
0.38 + 0.04 M - I  and 0.48 0.03 M - '  at 450 nm 
and 407 nm, respectively. This indicates only small 
outer sphere complexation. Previous determinations 
of K at 25°C have yielded values of 0.37 M - I  (p = 
1.0 M) (6); 0.61 M - '  (y = 1.2 M) (9): and 0.5 i 
0.2 M - I  (p = 1.092) (10). The agreement is reason- 
able considering the low stability of the complex. 

FIG. 2. A,'[Brr] vs. A observed for the reaction of Fe(lI1) 
and [Br-] at 25.0-C with [H- ]  = 2.00 hf and 11 = 2.0 M and 
[Fc(lII)], held constant at 5.0 111.!4. The slopes yield K (eq. 
[ I ] ) .  The solid straight lines are from weighted linear least- 
squares anal>-ses. The error bars arc the standard deviations 
used in the weighted linear least-squares analyses; assunling 
an error in A of 0.0025. 

Using an average K of 0.43 M '  in eq. [I]  and the 
absorbance at 440 nm at I bar the product of molar 
absorptivity and path length was calculated for 
FeBrZ+.  Assuming this product remains, to a first 
approximation, constant with pressure, fro111 the 
absorbances observed at higher pressures values of K 
were determined. From solutions mlith [Br-] of 0.2 M 
and 0.5 iM, K's were determined at each pressure and 
their average values plotted in Fig. 3 as log K. The 
variation of the equilibriunl constant with pressure 
is related to the molar volume of the reaction, AV, 
by (1 1 )  

S~nce  the K data of Fig. 3 she\\ signillcant curvature, 
the data were least-squares fit to an equatlon of the 
form log K = a + b P  + c P 2  y~elding: log K at 0 bar 
of -0.370 i 0.002, from b and eq. [2] a t  O bar 
AV = 8.1 f 0.2 cm3 mol-', and frorn c and the 
derivat~ve of eq [2] (aAV,riP), = -2.3 1 0.2 cm3 
mol-' kbar- l .  Also plotted in Fig. 3 1s the pressure 
varlat~on of log K ,  obtained at a single [H'] of 
7.1 x M for the reactlon Fe3+ F ~ O H "  + 
H A  where K, = [FeOH2-][H+]'[Fe3'] but at p = 
1.5 M and 242°C and 3, = 325 11111. The absorbance 
changes observed nere s~nal l  (frorn 0.18 at I bar to 
0.15 at 2 76 kbar). A deilsity correct~on for the 
pressure dependence of the molar absorpt~vity was 
not made as ~n ref. 2 (AV, = 3.0 f 0 5 cm3 mol-' at 
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OAverage standard deviation on r - I  is 6 s - ' ,  [N-] = 1.00 M. 
hAverage standard deviation on k,,,  is 2 s-', [Ht] = 2.00 M. 

It is useful a t  this point to qualitatively examine 
cSoiution also contained 0.02 M C U ( N O ~ ) ~  the significance of the data of Table I .  The lack of 

of the rates was confirmed by linear least-squares 
IF~OH ''1 [tit] analyses. Slopes of Ii,,, and the reciprocal relaxation 

0 times, 5- '  vs. [Br-1, uere both zero within one 
- 2 8  standard deviation. 

In the reaction of B r  nith Fe(lll) the reactions 
[ ~ e  Br2t]x of Fe3+ and FeOH2+ \vith Br- to form an ion pair 

[ ~ e ~ ~ l  [Br-I prior to formation of their respective inner sphere 
- complexes may be usefully considered as resolvable 

steps. 
- 06 

h 1 k I 

o Fe3- + B r -  F e 3 - . B r  .- FeBr2' 
"1 1 

1, 

1 

P ( kbar )  

FIG. 3. Plots of log K,  and log K vs. pressure. Values of K, [31 
were determined froni absorbance measurements at 325 nm at 
24.2'C and = 1.5 A2/1. Values of K were obtained at  440 nm 

t i 2  k ,  
at 25.0'C, [H+] = 1.00 .Wand p = 2.0 M. The solid lines are 

k -2 

FeOH2- ' B r  F ~ o H ' + . B ~  -i FeOHBr 
least-squares calculated. Their slopes yield their respective 
volumes of reaction. The error bars are average standard 
deviations from the averaged K's. where K, = [FeOH2' ,Br-] [H+]: [F~~' :B~-] ;  Kc = 

25'C and p = 0.2 r ~ )  since it is well known that both [FeOHBr-][H'];'[FeBr2-1; K, = [Fe3+,Br-1;' 
density changes and band shifts can cause changes [Fe3+][Br-1; and K, = [FeOH2+,Br-], '[FeOH2 '1- 
in molar absorptivities. A least-squares fit to the [Br-1. With [Br-] >> [Fe(lII)], and [H*] >> Ka, K,, 
equatioll log K, = a + b~ yielded ~ v ~ ,  = 1.6 0.1 Kc, K,K2,'K1 and fast proton and ion pair equilibria. 
cm3 mol-l  and = -2,71 0,004, A density both the reciprocal relaxation time and k,,, obtained 

correction alone to the molar absorptivities would by mixing are giben 
yield a slightly higher A V , ,  close to that in ref. 2. KlrBr-1 

~ 4 1  kobs = TT K ,  [Br-l (I<, Kinetic 
The kinetics of the binding of Br- to Fe(lI1) were k -  K 

studied on a stopped flow apparatus at wavelengths + I<-, +a 
from 400 to  500 nm at a constant [Ht] = 2.00 M 

CH-I 

and with [ B ~ - ]  varying from 0.02 to 1.43 M. ~h~ From a consideration of eqs. [ l ]  and [3] it is readily 
single exponential process characterired by the Seen (6 .  12) that the equilibriun~ constant of eq. [ I ]  is 
pseudo first order rate constallt for approach to an apparent equilibrium constant oilly and as such is 

equilibriuln, k,,,, showed little or no [ B ~ - I  depen- a composite of the rate and equilibrium constants of 
dence (Table 1) as previously reported (6); thus it is eq. [ 3 ] .  Yet it behaves as a sirnplr equilibrium (eq. 
dominated by dissociation. The joule heating tern- [1I). At high [H'] this apparent equilibrium constant 
perature jump experiments ( ~ ~ b l ~  11, kvith [H'] = 1s: in terms of the ion pair equilibrium and ion pair - 
1.00 M and [Br-] varyillg from 0.05 to 1.90 M ,  Inner sphere rate constants: given by 
yielded similar results. The lack of [Br-] dependence [s] K = K,(kl ik- ,  + I )  
TABLE 1. Rate constants and reciprocal relaxation times for and from eq, [3] 
the reaction of Fe(II1) and Br- at 25.0JC and ionic strength 

2.0 M [61 /c-,k', = k-,k2K,/k, 

Joule heating temperature jump" Stopped flowb combining eqs. [4]-[6] yields: 
- - 

[Br-] (M) T - I  (s-I) 
K - K ,  

0.05 127 0.02 37.0 
0.10 120 0.05 49.3 
0.20 123 0.10 53.4 
0.50 123 0.20 54.4 
1 .00 126 0.50 50.4 
1 . 00' 132 1 .oo 1'1 k,bs = jk-] + mj k-,K, 

1 + K[Br-1 

) + x,[nr-] 1.90 120 1.43 47.3 

ti,, 

r 
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TABLE 2. Rate data for the reaction of Fe(II1) with Br- obtained by laser temperature jump at 25.0-C 
and ionic strength 2.0 iMa 

P 
(kbar) 

0.001 
0 .69  
1.38 
2.07 
2.76 

[H'] = 1.925 M 
[Br-] = 1 . 9 0 M  

[H-] = 0.525 M 
[ B r ]  = 0 . 5 0  IM 

Expt. Pred. 

64.0 64.1 
61.1 65.4 
59.9 66.6 
63 .5  67.2 
6 6 . 2  71.8 

Expt. Pred. 

65.6 61 .O 
62.9 61.3 
67.1 61 .1  
65.1 6 0 . 0  
7 1 . 7  62 .7  

Expt. Pred. 

165 172 
147 172 
152 171 
159 165 
154 176 

Expt. Pred. 

181 164 
184 161 
184 157 
179 150 
184 153 

"Predicted values of k,,, are those obtained from the pararnetf 

any observable [Br-] dependence on the rates 
indicates that only the terms of eq. [4] containing the 
dissociation rate constants k ,  and k - ,  for the inner 
sphere complexes make any nieasurable contribution 
to  k,,,; thus k,,, -- k - ,  + k-,Kc,'[Hi]. Further, 
from eq. [8], for k,,, to show a lack of [Br-] de- 
pendence K and K, must be siniilar in value. I t  is 
important to realize that this conclusion can also be 
reached from product yield experiments (6) uhere 
K, = 0.83K can be obtained. From eq. [5], then, 
k , / k _ ,  = 0.2. These relationships are of importance 
for the analysis Lvhich follo~vs. 

Taking logarithms and differentiating eq. [5] gives 

where the activation volume (1 1) is 

AV* = - RT(B In k/aP), 

The laser temperature jump relaxation data obtained 
a t  pressures up to 2.76 kbar are given in Table 2. I t  
is worth noting that k,,, does not show an appreciable 
dependence on pressure. This conclusion was 
confirmed by linear least-squares analysis. The 
apparent A V', - RT(B In k,,,,'BP), is zero within one 
standard deviation in three out of four cases. Since 
k,,, E 1 ~ - ,  + k-2Kc/[H+] the conclusion may be 
reached that neither k - ,  nor k-,Kc have much of a 
pressure dependence and hence have small activation 
volumes. (This conclusion is further reinforced from 
the pressure dependence of 1 ~ - ,  obtained from 
extrapolations to l / [Hi]  = 0 yielding an average 
AV-, * of -2  + 1 cm3 111ol-~.) This result may be 
combined with the equilibrium results to yield 
further information. From eq. [9] a t  0 bar with 
AV = 8.1 cm3 mol-I, k, /k-,  = 0.2 and AV-,*  = 

-2 cm3 mol-' it is seen that AV, + 0.17AV1* = 
6 cm3 mol-l. But without knowledge of AV, the 
value of AV,' cannot be obtained. However, it is 
well known that the formation of an  ion pair between 

:rs of Table 3 subst~tuted in eq.  [71 

two oppositely charged ions leads to a decrease in 
electrostriction (1 I) with a consequent increase in the 
volume of electrostricted water. This conclusion is 
reinforced by theory (14) and has also been con- 
firmed experimentally. Reaction volumes for the ion 
pairs following are: 10 + 3 cn13 mol-' for Be2+ ,- 

(12) at  25cC and p = 1 .0 M: 16 + 0.5 cm3 
mol-'  for Co(NH3),3+,S0,2- (13) at  30'C and p = 

0.1 MI. If in fact A V, for F e 3 - , B r  is larger than 6 cm3 
mol-' ,  as would seen1 likely, then AV, * must be 
negative. 

A11 alternative and more quantitative analysis of 
the data of Table 2 is as follows. Substitution of 
k = k, exp (-PA V* :RT) with k, the rate constant 
a t  0 bar and the equivalent equilibrium constant 
expression in eq. [7] yields k,,, as a function of four 
variables ([Hi], [Br-1, P, and K) and five parameters 
(k, and k,K, at  0 bar, and AT/,=, AV,,*, and AV,) 
if K, a t  1 bar is fixed from K,  = 0.83K = 0.36 M - l .  
The best fit values are given in Table 3. Since eq. [7] 
by virtue of its K - -  K, term is more sensitive to 
physically reasonable values of K, (K must be larger 
than K, at  all pressures) the parameters of eq. [8] 
were obtained from a four-parameter analysis using 
the value of AV, obtained from the non-linear least- 
squares analysis of eq. [7]. The initial parameter 
estimates for the iterative non-linear procedure were 
obtained graphically and from linear least-squares 
methods. The non-linear confidence limits on the 
parameters are somewhat more conservative than 
the standard deviations listed in Table 3. For example 
the non-linear confidence limits yield a n  upper and 
lower bound of AV, * of - 11 and -23 cm3 mol-'. 
Overall the relative standard deviation of the fit is 3%. 

The non-linear computer analysis must be viewed 
in its proper perspective in assessing the reliability of 
the parameters obtained. The first point to be made 
in this regard is that five para~neters are being deter- 
mined from only 20 data points which statistically is 
a fairly small number. It must also be remembered 
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TABLE 3. Activation and reaction volumes for the reaction of Fe(II1) and Br 
at 25.0-C and ionic strength 2.0 .Via 

AV* or AV Value of 
Parameter (cm3 m o l l )  parameter at 0 barb Reaction step 

OAll errors quoted are standard deviations froin non-linear least-squares analysis only  and 
do not represent the reliabil~ty of the individual parameters. 

bAt [H+l  = 1.00 M, P -- 1 bar, and low [Br-I these parameters predict k,,, = 94 I 1 I s - '  
which compares to k,,, - 105 s - '  (6) at p = 1.00 M and 22'C; kohl  = 82 I 16 s - '  (7) at 
p = 1.7 M and 22'C; and kab. = 220 I 40s-I (8) at u = 1.2  ,tf and 25'C. 

<At 24.2"C and w = 1.5 M. 
dAt 0 bar. 

that the accuracy of the temperature jump method is 
not as high as sollie other kinetic methods. A second 
point is that the analysis assumes that the activation 
and reaction volumes of eqs. [7] and [8] d o  not vary 
with P. This is probably a reasonable assun~ption but 
nevertheless is an assumption that is introduced 
without any kno~, ledge as to its validity. Introduc- 
tion of compressibility terms u.ould increase the 
number of parameters fro111 5 to an unacceptable 8. 
A third and even niore general point is that the 
parameters are very dependent on the model used. 
While eq. [3] is a reasonable and generally accepted 
mechanism for ligand substitution. inclusion of 
further intermediates in eq. [ 3 ] ,  solvent separated ion 
pairs, for example, would necessarily lead to different 
rate expressions than those used. Nonetheless, the 
parameters do meet the constraints outlined in the 
paragraphs above ~vhich explored the qualitative 
features of this difficult reaction. 

Discussion 
The results of the qualitative analysis of the kinetics 

described in the Results section lead to a number of 
firm qualitative conclusions. One is that the lack of 
[Br-] dependence on the rate is due to the relatively 
large size of the last two terlns of eq. [4]. Further, the 
pressure dependence of k,,, is small leading to the 
conclusion that A V-I * is small. Consideration of 
these facts with k n o ~ l e d g e  of the volume of reaction 
AV leads to the further conclusion that AV, ' is 
negative $A V, is larger than 6 cm3 mol- l .  

All of these qualitative conclusions are confirined 
by the non-linear least-squares quantitative analysis 
which combines both kinetic and equilibrium data 
and which is subject to the qualifications given in 
the Results section. The value of AV, = 1 l cm3 
mol-I determined from eq. [7] for formation of the 
F e 3 ' , ~ r -  ion pair is positive as might be expected 

(1 1) for a reaction leading to a loss of electrostricted 
water. The magnitude of A V ,  is reasonable in com- 
parison to similar reactions (12, 13) but is soiiie\4hat 
larger than the theoretical value of 5.4 cm3 mol-I 
(but at  p = 0 M) obtained frorn the Heinnies 
equation (1,  14). In the absence of a direct measure- 
ment of AVh and AV, the significance of the com- 
posite activation volumes for lc2Kh and lc_,K, is 
unknown. 

A negative activation \/olunie is usually indicative 
of bond formation in the transition state (11). The 
volume of a partially bonded species in the transition 
state would be less than a ion paired non-bonded 
species. Thus, the AV, = of - 19 cm3 mol-I indicates 
an associative process for substitution of Br- into 
the inner coordination sphere of Fe3+.  The negative 
activation voluines for Br-, C1-, and NCS- sub- 
stitution on Fe3+ contrast sharply to positive 
activation voluiiies found for substitutioii on 
FeOH2' by C1- of 7.8 i I cm3 mol-I ( I )  and by 
N C S  of 6.6 cn13 mol-' (2) which are due to dis- 
sociative loss of water in the transition state ( 5 ) .  

The activation volume (AV, i AV, ') of the 
product K,k, of - 8 i 4 cm3 mol-' compares to 
that obtained froill the C1- (1) study of -4.5 $- 1.1 
cm3 mol-' and -0 cm3 inol-I (i~ldividual deter- 
minations ranged from -4.9 to 4.4 cm3 mol-') for 
NCS- (2). The previous indirect determinations of 
AV, * for the reaction of Fe3+ with C1- (1) of - 9.9 
cm3 mol-' and with N C S  (2) of - 1.2 cm3 mol-' 
were also taken to indicate an  associative ligand sub- 
s t i t~~ t ion  reaction. 

Further evidence for the associative character of 
ligand substitution on Fe3' is afforded by comparing 
the forrnation rate constants (the product K,k,) of 
C1-, Br-, and NCS-. All are singly charged unpro- 
tonated ligands and thus mini~nize ambiguity as to 
which proto~iated species is reactive. Thus, K,k ,  for 
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NCS- (2) is 122 M - I  s - ' ;  for  C1- ( 1 )  4.8 .1.f-' s- ' ;  
a n d  for B r  1.6 M - I  s -  ' >  almost a n  80-fold varia- 
tion. Generally dependence of a fo r~na t io l l  ra te  
constant  o n  the  nature of  the  entering ligand is 
evidence for  a n  associative reaction. T h e  variation 
in I<,/<, must be largely due t o  I;, a s  K ,  would be  
expected t o  be relatively constant for  ligands of  the  
same charge type. 

The  reason for  the change in mechanism f r o m  
dissociative t o  associatike in going from F ~ O H ~ '  t o  
Fe" +ma) be due  t o  the large charge of  Fe3+ (15). 
T h e  higher charge density of Fe3' might be  expected 
t o  raise the  energy required t o  dissociate the cation- 
water bond,  thus  favouring a n  associative mechan- 
ism.  S n a d d l e  (16) has even suggested tha t  there is a 
general change in m e c h a ~ ~ i s ~ ~ i  (excluding cobalt), 
f rom dissociative interchange t o  associative inter- 
change. in  going from the  dikalent t o  the  trivalent 
transition metals. 
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Spectroscopic studies of mercury(I1) acetate complexes of some tertiary phosphinesl 

Gitcll'i~-W(itc,rioo Cerirrc f i ~ r  Griitltrntr Work iri Ci~riiiistiy Glie/[~/t C(i/riprrs, 
Ur~ii,o..\il?. of'Gtrci~~lr, Glreipi~, (lilt., Coizcitlri .\-I(; 2 W l  
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ELMER C. ALYEA and S H E L T O ~  A. DIAS. Can. J .  Chern. 57.83 (1979). 
Mercury(I1) acetate complexes of the type (R,P),,Hg(OAc),, !\here 71 = 1 and 2, and R,P = 

(p-tolyl),P, (p-F-C,H,),P, Ph,MeP, Ph,EtP, and PhEt,P ha\e  been prepared in good yields. 
Only the 1 : 1 adduct is formed with (0-tolyl),P. Conductance measurements in nitroniethane 
show that these conlplexes are non-electrolytes. The 1 : 1 adducts are niononieric in dichloro- 
ethane but the I : 2  adducts are extensi\ely dissociated. Tentative assignments for v(COO), 
v(Hg-0), v(Hg-P) are made from the infrared and Raman spectral data. The correlation 
of the coot-dination chemical shifts. A6("P). mith the coupling constants '.I("'H&L~'P) of the 
con~plexes is discussed with respect to the bulkiness and the basicity of the phosphine ligands. 

ELMER C.  ALYEA et S H E L T O ~  A.  DIAS. Can. J .  Chem. 57. 83 (1979) 
On a prepare, avec de bons rendements, des co~nplexes de ['acetate mercurique du type 

(R,P),,Hg(OAc), oil 11 = 1 et 2 et R,P = (11-tolyI),P, (p-F-C,H,),P, Ph2MeP, Ph,EtP et 
PhEt2P. I1 ne se forrnc quc l'adduit 1 : 1 ahec lc (u-tol>l),P. Dcs nlcsurcs dc conductivitC dans 
le nitroniethane montrent que ces cornplexes ne sont pas des electrolytes. Les adduits 1 :  1 
existent sous fornie de mo~lomeres dans le dichloroethar-ie; toutefois les adduits 1 : 2  sont 
fortenient dissocies. On a propose des attributions p~.eliniinaires pour les \'(COO), v(Hg-0), 
v(Hg-P) observees dans les spectres infrarouges et Raman. On discute de la correlation qui 
existe entre les deplacements chimiqucs de coordination, A6(31P), et les conitantes de couplage, 
1J('99Hg-3'P), des co~nplexes en relation avec l'enconibren~ent et la basicit6 des ligands 
phosphines. 

[Traduit par le journal] 

Introduction 

Spectroscopic and structural studies in our 
laboratory have recently involved n~ercury(II) com- 
plexes of tertiary phosphines containing bulky 
substituents. The characterization of these complexes 
by solution measurements (1, 2) was often hampered 
by their low solubility. which is partly governed by 
the nature of the anion. The latter was shown, by 
X-ray analys~s of [(Cy,P)Hg(NO,),], (3) and 
(Cy,P)Hg(SCI%), (4), to also determl~le the co- 
ordination geometry of the mercury atom. Sub- 
seque~itly we have found that nlercury(l1) acetate 
complexes of tertiary phosphi~les are much more 
soluble than the analogous halide complexes, 
enabling the present characterization in solution of 
complexes involving phenyl-substituted phosphines 
with a range of steric and electronic properties. 

Relatively few complexes of mercury(11) acetate 
are known (see, for example, ref. 5) and there are 
only two reports (6) on complexes with a phosphine 
ligand.2 The complex bis(trimethy1phosphine)mer- 
cury(l1) acetate was co~lsidered to contain two- 

'Presented in part at the American Chemical Society/ 
Chemical Inst~tute of Canada Jolnt Meeting, Montreal, P.Q., 
Canada, MaylJune 1977. 

'Mercuration reactions are, houever, more widely studied 
(71. 

coordinate mercury and i o n ~ c  acetate groups (60). 
However, the complex (Bu,'P)Hg(OAc), was deter- 
mined to ha\e  a monomeric trigoilal bipyramidal 
structure (8a). Very recently we reported (2) that the 
complexes (Ph,P),Hg(OAc), (86). (Ph,P)Hg(OAc), 
igb), (Cy,P),Hg(OAc),, (Cy,P)Hg(OAc),. and 
[(o-tolyl),P]Hg(OAc), also have non-ionic structures. 
The effects of the carboxylate groups on the nature 
of the phosphine complexes of mercury(1I) carb- 
oxylates have been investigated In an  independent 
study (8b). In the present study, we report the 
vibrational and nmr spectroscopic investigation of 
a series of Illono and bis tertiary phosphine - 

- - 

mercury(1I) acetate cornplexes with a variety of 
tertiary phosphines. 

Experimental 
Genernl Proced1rre.r 

Mercury(11) acetate and tertiary phosphines were con?- 
mercial san~ples. Solvents were purified and dried following 
standard procedures. Microanalyses were perfornled at  
M-H-W Laboratories, Garden City, Michigan. Melting points 
were determined with a Gallenkamp melting point apparatus 
in open capillary tubes and are uncorrected. Molecular weights 
were measured in dichloroethane solution using a Hitachi- 
Perkin-Elmer 11 5 osmometer. Conductivity measurements 
were obtained for nitroniethane solutions with a Yellow 
Springs conductivity bridge using a conductivity cell with 
platinuln electrodes. 

0008-404217910 10083-0850 1.0010 
1979 National Research Council of CnnadalConseil national de recherches du Canada 
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TABLE 1. Melting points, analytical, conductance, and molecular weight data 

Melting Calcd. Found Amb 
polnt (ohm-' cm-2 Molecular 

Compound ( C)" c% H z  c% H% mol- I )  \\eightc 

UDe~omposi t~on  occurs. 
UFor .If sol~ltions in nirroniethane. 
<In 1,2-dichloi-oethane for ca, 5 A M solutions 
olsolared x ~ t h  one molecule of dichloromethane 

Infrared spectra were obtained with a Beckman 1R-12 
spectrophotometer; solid state spectra mere recorded as Nujol 
and Halocarbon mulls between CsI plates whereas solution 
spectra were obtained using matched KBr cells of 0.2 mnl path 
length. Ranian spectra were obtained for samples sealed in 
capillaries with a Jarrell-Ash spectrometer using the 514.5 nm 
line of a Spectra-Physics 165 laser. ' H  nnir spectra were 
recorded on a Varian A-60 spectrometer with TMS as reference 
standard aud 3 ' P  nrnr spectra were measured with a Bruker 
WP-60FTspectronieter at 24.3 MHz using the side-band tech- 
nique with 8 5 z  H ,P04  as reference in a concentric capillary. 

P~epnration o f  rile Con7plexes 
All of the mercury(I1) acetate complexes were prepared by 

the general method already outlined for mercury(I1) halide 
con~plexes of tertiary phosphines (1, 2). The suspension of 
mercury(l1) acetate in ethanol, benzene, or dichloromethane 
disappeared immediately as it was allowed to react with 
either a 1 : 1 or 1 : 2  molar ratio of tertiary phosphine at 
ambient temperature under dry dinitrogen. The white solids 
obtained by evaporation of the solvent were normally re- 
crystallized from dichloromethane diethyl ether or dichloro- 
methane, hexane. In the case of ( E ~ , P ~ P ) , H ~ ( O A C ) ~ ,  the 
product was obtained as a colourless viscous oil and its purity 
deduced from its 'H nmr spectrum. The complex (Ph,P)Hg- 
(OAc), was also formed by the reaction of methyl mercury 
acetate with Ph,P in a I : 1 molar ratio in dichloromethane 
~ o l u t i o n . ~  Product yields \\ere in the 70-9947, range. Although 
stable in the solid state tomards decomposition on exposure 
to air and moisture, the products deconlposed gradually with 
the deposition of metallic mercury upon standing in solution. 

Results and Discussion 
Some of the physical properties and the analysis 

of the new series of complexes are listed in Table 1. 
Tri(o-toly1)phosphine forms only a 1 : 1 adduct with 
mercury(l1) acetate. Attempts to prepare higher 

adducts using as much as sixfold excess of phospliine 
still afforded only the I : 1 adduct, but in slightly 
higher yields. This behavior parallels that previously 
reported (1)  for mercuric halides and thiocyanate 
with tri(o-toly1)phosphine and tris(teit-buty1)phos- 
phine and clearly reflects the steric bulkiness of these 
phosphines. Tolman used CPK inolecular models to 
define "cone angles" for phosphines; estimated 
values for (0-tolyl),P, Bu,'P, and Ph,P are 194', 182", 
and 145', respectively (9). X-ray structural studies 
of several metal complexes give experimentally 
derived cone angles in relatively good agreement 
with Tolman's estimates, and further, provide a 
quantitative description of the steric requirements of 
the phosphine ligands in terms of a "ligand profile" 
(3, 4, 8a, 10, 11). 

All of the complexes prepared in this study are 
white solids which are stable towards air in the solid 
state. However, in solution the stability appears to 
decrease as the number of alkyl substituents in- 
creases. The complex Hg(OAc),(PPhEt2), could not 
be obtained in a solid form but its purity was verified 
by 'H nmr spectroscopy. Molecular weight deter- 
minations in dichloroethane show that the 1 : 1 
adducts are monomeric whilst the 1 : 2  adducts 
undergo dissociation. Since all of the complexes are 
essentially non-electrolytes in nitromethane, the 
dissociation in solution must involve the following 
equilibrium : 

3The full characterization of ( P ~ , P ) , H ~ ( O A C ) ~  (n  = 1, 2) is 
described in the independent study of triphenylphosphine magnetic resonance studies, discussed 
complexes of several substituted mercury acetates (86). below, confirmed the existence of equilibrium [I ] .  
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TABLE 2.  Infrared acetate group and Raman mercury-oxygen and mercury-phosphine stretching frequenciesa 

Solid state" Dichloromethane solution 

Compound vSC vSd AV ~ 8 '  v , ~  AV v(Hg-0) v(Hg-P) 

OIn cm-I.  Abbreb~ations:  u, \ e r ) ;  s, strong; m, medii l~n:  sh ,  shoulder: br, broad 
OHalocarbon or Nujol mulls. 
~Asyrnmetric stretching frequency, v,,,,,,(COO). 
dSvrnmetr~c stretcliinp frequency, v,,,,(COO). 
' ~ n  average valiie is estimated. 
JAlternative values are possible 

Vibrational Spectral Studies 
Spectroscopic measurements in solution were 

facilitated by the solubility of all the complexes in 
common organic solvents. The infrared study was 
mainly concerned with an atterupt to determine the 
mode of coordination of the acetate group. The solid 
state and solution infrared absorptions associated 
with the asylnmetric (v,) acd the symmetric (v,) 
stretching frequencies of the acetate moiety for all 
the con~plexes are given in Tabie 2. Althcugh 
assignment of the asymmetric stretch of the COO 
group could be made quite unequivocally, the 
assignment of the corresponding symmetric stretch 
was sometimes difficult due to the occurrence of 
methyl deformation frequencies and phosphine 
bands in the same r e ~ i o n .  Comparison of both solid 
and solution data with the spectra of the free 
phosphines or their mercury(I1) halide complexes 
normally overcame any ambiguity in the assignment. 

The acetate group is known to interact with a 
metal ion in the four follo\ving principle ways (12). 
In  addition, types 3 and 4 occur less coinrnonly with 

unsymmetrical modes of coordination. Infrared 
studies relating these modes of bonding of the 
acetate group to metals to changes in C-0 fre- 
quencies have focused on the v,,,,(COO) - 

v,,~,(COO) separation (Av or v, - v,) (12-16). 
Though earlier work (15) suggested that the magni- 
tude of Av was not a reliable criterion of the mode of 
acetate coordination, recent correlatiolis of the 
infrared spectra of ~ne ta l  acetates with X-ray 
structural evidence for modes 2-4 show that 
qualitative application of this criterion is possible 
(12). Waddington and co-workers found that the 
divergence of Av, as compared to the free ion value 
of 164 cm- '  for sodium acetate, was greatest for 
type 2 since in unidentate acetate groups the v, and v, 
frequencies correspond approxiiuately to C=O and 
C-0; values of Av may exceed 500 em-' for some 
Group 4 acetates (12). Chelating bidentate acetate 
groups (type 3) normally have Av less than 100 cm-l ,  
whilst the bridging mode of coordination (type 4) 
leads to Av values nearer 150 cm-', i.e., similar to 
the free acetate value of Av (12). Obviously, inter- 
mediate situations with unsymmetrical modes of 
bonding are expected to give rise to Av values that 
are between those shown by types 2 and 3, and a 
distinction from type 4 would not be possible from 
this infrared criterion alone. 

In the present series of complexes, with the 
exception of the (p-F-C,H,),P complexes, Av lies 
in the range 172-215 cni-'. Since the conductance 
and molecular weight measurements rule out types 
1 and 4 acetate interaction, we conclude that the 
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mode of coordination is intermediate between types 
2 and 3, i.e., unsyn~metrically bidentate. The 
similarity of the solid state and solution values for 
the 1 : 1 con~plexes suggests that the structure is the 
same in both media. The change in Av values fro111 
the solid state to solution for the 1 : 2 complexes is 
compatible with their dissociation according to 
equilibrium [I] .  An X-ray structural determination 
for Hg(OAc),(PBu,*) (80) (A\) = 172 cn1- ') has con- 
firmed that the mercury aton1 is in a distorted 
trigonal bipyralnidal geometry by virtue of the 
acetate groups being unsynlrnetrically chelated and 
spanning axial and equatorial sites. Values of ca. 
185 em- ' for Av for nearly all of the 1 : 1 and 1 : 2 
adducts thus indicate that the mode of acetate 
bonding is similar to that found by X-ray analysis. 
Exceptions to the normal value of Av for these 
complexes are observed for the two conlplexes in- 
volving (p-F-C,H,),P. The higher values of Av 
suggest that the oxygen atoms of the unsymmetrically 
bound acetate group are quite inequivalent, and 
indeed, for the 1 : 1 adduct in solution and the 1 : 2 
solid adduct of (p-F-C,H,),P, two kinds of acetate 
groups are apparently present. Values of ca. 380 
cm- '  for Av in these cases are compatible with 
unidentate coordination (type 2) and it is note- 
worthy that Hg(OAc), itself, for which two-co- 
ordination has been assigned (17), has Av = 270 
cm-l .  The only other complexes reported in this 
work which display splitting of the v, and v, modes 
are both (p-tolyl),P complexes. The separation of 
peaks in these instances are not clearly interpretable 
and may only arise from lattice effects or  vibrational 
coupling, though inequivalent acetate groups are 
the more probable cause; similarly Hg(OAc),(PBu,'), 
which has equivalent unsynlmetrically bound acetate 
groups, has peaks assignable to v, at  1575 cm- ', 1560 
e m - ' ,  and 1540 cnl-' (6b). At the same time, it is 
well to remember that Av for bridging acetate groups 
would also be expected to be near 150-200 em-' and 
thus dimeric structures in the solid state for the 1 : 1 
adducts cannot be ruled out in the absence of an  
X-ray analysis., 

Raman spectra were obtained for most of the corn- 
plexes in the region below 1800 em-'. Due to the 
difficulty in assigning the relatively weak v, absorp- 
tion, these spectra were of little assistance in making 
assignments of acetate bonding type. However, all 
of the spectra obtained show a strong bond in the 
range 223-164 em-' (Table 2) that can be assigned 

4Ng(OAc),(PCy,), which shows peaks in the v8 region in the 
solid state at  1605 cm-I, 1595 cm-', and 1575 cnl-', has been 
determined to have a dimeric structure involving both bridging 
and unsymmetrically bidentate acetate groups (llc). X-ray 
analysis of Hg(0A~)~[(o-tolyl),P] is also underway. 

to the symmetric mercury-oxygen stretching fre- 
quency. This absorption occurs at  274 em-' in the 
Raman spectrum of Hg(OAc), (17). Similarly, 
following our assignment in phosphine complexes of 
mercuric halides and thiocyanate ( I ) ,  a strong to 
medium band in the range 150-1 14 cm-' (Table 2) 
may be assigned to v(Hg-P). 

lVuclear Magnetic Resonance Spectral Studies 
Table 3 lists the l H  nrnr spectral data for the com- 

plexes and the corresponding phosphines. In 
general, the phosphine resonances shift downfield 
upon coordination in both series of complexes; the 
shift is, expectedly, greater for the 1 : 1 series. A 
similar trend is exhibited by the acetate methyl 
signals. More interestingly, for both the 1 : 1 and 1 : 2  
series, the acetate methyl signal appeared as a single 
peak and the phosphine groups produced a single set 
of absorptions. This observation prompted a n  
investigation, to be discussed below, of the lability of 
these systems. A simple integration of the distinct 
acetate methyl signal against the aromatic signals 
afforded an  immediate indication of the composition 
of a complex and its purity. 

Phosphorus-31 nrnr data are in Table 3. All of the 
1 : 1 conlplexes except Hg(OAc),(PPh,) and Hg- 
(OAc),[P(p-F-C,H,),] showed 31P spectra having 
two sinall satellite peaks due to coupling with 
mercury- 199 nuclei ( I  = 1/2; natural abundance 
16.82). No  splitting was observed for mercury-201 
( I  = 312; natural abundance 13.2:z). The observa- 
tion of a single broad peak and the absence of the 
expected triplet pattern of relative intensity of 
approximately 8 : 54 : 8 (1  8) for the ttzo con~plexes 
mentioned above clearly indicate dissociation and 
exchange of the phosphine, Lvhich are fast on the 
nmr time scale. In the 1 : 2  series none of the com- 
plexes show the lY9H[g satellites a t  room temperature, 
which again shows the lability of the phosphine 
conlplexes on the nmr time scale. Observation of 
the '99Ng-3'P coupling was made by recording the 
spectra at  183 K. which is consistent with the slowing 
down of the ligand exchange reaction via equilibrium 
[ l l .  

Reduction of the temperature to observe the 
' 9 9 ~ g - 3 ' P  coupling also produced shifts of the 
signal and an  increase in the value of 1J(199Hg-31P) 
for complexes in both series (Table 3). The observa- 
tion of changes in phosphorus chen~ical shifts with 
decreasing temperature is, a t  best, qualitative since 
857; H3P0 ,  cannot be used as a reference a t  183 K.  
On the other hand, the increase of the coupling con- 
stant with decrease in temperature is a significant 
result. For  example, the value of ' ~ ( ' ~ % g - ~ l P )  for 
Hg(OAc),(PPh,), increased from 5024 Hz at  230 K 
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(2) to 5503 Hz a t  183 K.  Since the coupling constant 
should be independent of the rate of phosphine 
exchange, an explanation for the increased magnitude 
with decreasing ten~perature is not readily apparent. 
Further studies are needed to determine ~vhich one 
(or more) of the several factors (19) which influence 
'J(199Hg-31P) are important. 

As expected, the 1 : 1 complexes show larger cou- 
pling constants (ca. 8500 Hz) than the corresponding 
1 : 2 co~nplexes (ca, 5500 Hz). As Grim previously 
explained for some HgX,(PR,),, ( n  = 1 ,  2) coni- 
plexes (18), the greater values of J("9Hg-31P) are 
explicable in terms of greater elects011 deficiency of 
mercury in the case of the 1 : 1 complexes. Similarly, 
the observed coupling constants and coordination 
chemical shifts are greater for these acetate co~i i -  
plexes than for the correspondi~ig halide complexes 
(2). 

T ~ v o  of the critically ilnportalit factors that 
deternline the magnitude of A6 are the electro- 
negativities of the substituents on the phosphorus 
atom and the bond angles bet\+eeu the s~lbstituents 
(19, 20). Parameters which reflect these factors are 
the basicities, given by pK,  values (21). and cone 
angles (9) of the pliosphines. Consideration of the 
magnitude of the coordination chernical shift for the 
present complexes shows the importance of these 
factors. 111 both series of complexes, A6 increases in 
magnitude from Ph,P to Et,PhP; the lowest A6 
values occur as expected for the complexes of Ph,P, 
which has the lowest pKa (2.73 as compared to 6.25 
for Et,PhP) and the least change in its C-P-C 
bond angles (20) in forming a complex. The greater 
values of A8 for the (p-F-C,H,),P complexes may 
initially seem surprising as fluorine is an  electro~i- 
withdrawing substituent. However, the upfield 
position of the 31P chemical shift of (p-F-C,H,),P 
relatike to Ph,P perhaps indicates that electron 
density on phosphorus is greater, thus leading to 
greater o-bond strength with mercury. 

The relatively high value of A6 for Hg(OAc),- 
[(o-tolyI),P] requires explanation, since the bulkiness 
of the phosphine should result in lower 0-interaction 
with mercury as compared to (p-tolyl),P, which 
would have si~nilar basicity. The high A6 value is 
anomalous and can be attributed to the unusually 
high resonance position of (0-tolyl),P itself. The 
latter effect, believed to be caused by an  interaction 
of the ortho tnethyl groups with the phosphorus lone 
pair, would be lost upon coordination (9, 22). Con- 
sequently the "true" A8 value for Hg(OAc),[(o- 
tolyl),P] would be much less than that obserked for 
Hg(OAc),(Ph,P), as expected due to the large steric 
effect. The relatively low value (ppm) of A6 for 
Hg(QAc),(Bu,'P) (2) is much less than expected 

based on the b a s ~ c ~ t y  of Bu,'P, whlch ~ o u l d  be near 
that reported for Me,P (1.e , pK, = 8 65) (21) 
because of the sim~lar electronegat~vity of the 
methyl and t-butjl groups (23) The much lower 
J(1y9Hg-31P,) value for Hg(OAc),(Bu,'P) must also 
be a consequence of the steric bulk of Bu,'P (0 = 
182') (9) Indeed, the C-P-C angles In Hg(OAc),- 
(Bu,'P) average 112 (8a) as compared to C-P-C 
angles near 104 for Ph,P In ~ t s  complexes (24). 
P re l~m~nary  3 1 P  nnir ~ileasuleme~lts for Hg(QAc),- 
(PCy,),, (n  = 1, 2) (2) also ~ndicate that the large 
s ter~c  requirements of the phosphlne lead to lower 
A6 and J('99Hg-31P) kalues than ant~clpated from 
the pK, (9.6) of Cy,P. 

Ligand Excllange Stltdies 
Several complexes were investigated by variable 

temperature ' H  and ,'P nmr spectral measurements 
to confirm the occurrence of ligand exchange. The 
observation of Ig9Hg satellites at  room temperature 
in the 31P nmr spectra of most of the 1 : 1 complexes 
indicates that dissociation and exchange are not 
extensive. For example, the satellite peaks sharpen 
noticeably at  253 K as compared to room tem- 
perature in the spectrum of Hg(OAc),[(o-tolyl),P] in 
dichloroniethane solution; at  183 K the side peaks 
are very sharp and J('99Hg-31P) has increased only a 
small extent. We cannot comment on the significance 
of the upfield shift in A6 because 8 5 7  H,PO, is not 
useful as a standard at  the low temperature. Addition 
of (0-tolyl),P in a 3:  1 molar ratio to a dichloro- 
methane solution of Hg(OAc),[(o-tolyl),~ at  room 
temperature gives a ntnr spectru~ll showing only 
a broad (half-width of 350 Hz) signal a t  -22.66. 
Cooling this solution to 183 K gives a spectrum with 
a peak at  f 7 . 2 6  due to the complexed phosphine 
(but without satellite peaks) and a peak at  - 316 due 
to the free phosphine. Dissociation is apparently only 
slight for the 1 :  1 complex but addition of free 
phosphine greatly enhances the exchange rate. 

The 31P nmr spectrum of Hg(OAc),(PPh,), in 
dichloromethane solution at  room temperature 
showed only a broad (half-width 189 Hz) signal, and 
its position at +29.46 is only slightly upfield from 
the signal of the 1 : 1 complex. Addition of free 
phosphine in 2 :  1 and 4:  1 molar ratios gave spectra 
with peaks at  + 5.66 (half-width 80 Hz) and - 1.06 
(half-width 42 Hz) respectively. The gradual shift of 
the averaged signal (of bound and free phosphine) 
toward the resonance position of Ph,P itself indicates 
that dissociation occurs, followed by rapid exchange 
according to equilibrium [ I ] .  At 183 K ?  Hp(OAc),- 
(PPh,), in dichloromethane solutio~i shows the 
expected triplet pattern, with J(199Hg-31P) = 5503 
WL, and the main resonance peak at  + 33.2 Hz. Both 
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( m b l r r t  irn9era:rue 

1 1 7 . 9  6 

n ' ' ha l f  wldti18' = 4 i 0  a H z  

FIG. 1. Phosphorus-31 nmr exchange studies of Hg(OAc),- 
(PMePh,), in dichloroniethane solution; molar ratios for 
complex to phosphine are indicated. 

dissociation and exchange are retarded at  the low 
temperature. 

Oe was The most detailed investigation of exchan, 
performed on Hg(OAc),(PMePh,),. The 3'P nmr 
studies are schematized in Fig. 1 .  The behaviour of 
this I :2  complex closely parallels that found for 
Hg(OAc),(PPh,),, in which dissociation is appreci- 
able and phosphine exchange is fast on the nnir time 
scale. The 'H nmr spectral results, obtained as a 
function of temperature and of methyldiphenyl- 
phosphi~ie concentration, support the same con- 
c lu~ ion  The 'H nmr spectrum of Hg(OAc),- 
(PMePh,), in deuter~ochloroforln is virtually un- 
changed from 243 K (broad singlet at  2 306, sharper 
slnglet at 1.886) to 308 K (2 236, 1 836). Houever, 
sharpening of the broad slnglet due to the methyl 
protons occurs a t  323 K (half-wdth 13 Hz);  the 
doublet obserked at  333 K a t  2 216 ( ,J( 'H-~'P) = 

10 Hz) probably arises from the increased propor- 
t ~ o n  of Hg(OAc),(PMePh,) In solutlon at  the higher 
temperature. Flgure 2 illustlates the 'H nmr spectra 
behaviour at  ambient temperature as phosphine is 
added to a deuteriochlorofortn sol~ition of Hg- 

FIG. 2. Proton nmr exchange studies of Hg(OAc),(PMePh,), 
in deuteriochloroforn~ solutioil at ambient temperature; molar 
ratios for complex to phosphine are indicated. 

phosphine (methyl) position as increasing amounts 
of methyldiphe~iylphosphine are added. Throughout 
the addition of free phosphine, the phosphine methyl 
resonance position represents the ~ieighted average 
in chemical shift and coupling constant of the 
resonances of complexes and free phosphine since 
rapid exchange is taking place. Similar exchange 
phenomena which only involre internal coupl~ng 
have been discussed for CH,AuP(CH,), 125), 
Ni(PR,), (26). and ( F I - B ~ , P S ~ ) , H ~ X ,  complexes (27). 
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Triphenylphosphine complexes of mercury(I1) acetate and fluoroacetates. Preparation, 
characterization, and spectral studies1 

TIM ALLMAN. RAM G. GOEI.. ,4ND PIERRE PILON 
Gtrell117-Worei.100 C~t711.e ji)r Gr~dtrcrt(~ WOI% iri Cliei~istry, Uilii,er.city qfG~ielpli, Grrelpli. Or1t., Caricitlii .\'ICZWI 
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TIM ALLMAA, RAM G .  GOEL, and PIERRE PILO\. Can. J. Chem. 57.91 ( 1979) 
Triphenylphosphine reacts a i th  niercury(I1) acetate and fluoroacetates to form complexes 

of the types Ph3PHg(02CR)2, (Ph3P),Hg(02CR),, and (Ph3P),Hg(0,CR)Z, where R = CH,, 
CH,F, CHF,, or CF,. The 1 : 1 and 2 :  1 have been isolated and characterized by elemental 
analysis, molecular weight, and conductance measurements and by vibrational and nmr 
spectroscopic studies. The formation of the 3 :  1 complexes is inferred by 31P nmr spectral 
measurements at 183 K. Both the 1 :  1 and 2 :  1 complexes are indicated to be monomeric 
molecular species in ahich the O,CR groups are bidentately bonded to mercury. The Hg-0 
and Hg-P stretching frequencies for these complexes have been assigned by infrared and 
Raman spectral measurements. The 'gyHg-31P spill-spin couplilig constants and the 31P 
coordination chemical shifts for the 1 :  1 as well as the 2:  1 complexes increase in the order: 
0 2 C C H 3  < 0 2 C C H 2 F  < OZCCHF, < OCCF,. Correlations between 'J("9Hg-"P) values, 
31P coordi~lation chemical shifts, and the pK, values for the carboxylic acids are discussed. 

TIM ALLMA-, RAhl G.  GOEL et PIERRE PILO\. Can. J. Chem. 57. 91 (1979) 
La triphenylphosphine reagit avec I'acetate et ies fluoroacetates mercuriques pour former 

des conlplexes de type Ph3P1-Ig(02CR)2, (Ph,P),Hg(O,CR), et (Ph,P),Hg(O,CR), ou 
R = CH,, CH,F, CHFL et CF,. On a isole les adduits 1 : 1 et 2:  1 et on les a caracterises grzce 
a leur anaiyse elementaire, a leur poids moltculaire, B des mesures de conductivite et a des 
etudes de spectroscopics vibrationnelles et rmn. On a deduit que des con~plexes 3 : 1 se forrneilt 
en se basailt sur des mesilres spectrales de rnin " ' P  effectuees B 183 K .  11 senible que les com- 
plexes 1 : 1 et 2 :  I sont des especes moleculaires n~ononieres dans Iesquelles les groupes O,CR 
sont doublen~ent lie au rnercure. On a attribuC les frequences de vibration de valence Hg-0 et 
Hg de ces con-iplexes gr2ces B des mesures spectrales infrarouges et Raman. Les constantes de 
couplage spin-spin '"Hg-,'P de mCme que les dCp1acements chimiques de coordination 31P  
des con~plexes 1 : I  et 2 : l  augmeiitent dans l'ordre: O2CCH, < OzCCHzF < Q2CCHF, < 
OCCF,. On discute des correlatioils entre les valeurs des 'J('9yHHg-3'P), des deplacements 
chimiques de coordination ,'I-' et d e ~  valeurs des pK, des acides carboxyliques. 

[Traduit par le journal] 

Introduction showed that the acetate groups in Buf,PHg- 

Due to their electrophilic nature, mercury(IIj (02CC133)2 are bonded to the mercury in an  asynl- 
carboxylates, particularly, the acetate and tri- ~netrically bidentate manner giving rise to a dis- 
fluoroacetate are important reagents for mercuration torted trigonal bipyramidal coordination around 
and oxomercuration reactions (1). Ho\?jever, the mercury. One of each CH3CQ2 group 
reactions of these active electrophiles with electron- is bound in the equatorial plane of the 

pair donor ligands have received little attention. mercury a t o ~ n  and the other oxygens form weak 
In  a recent investigation (2-5) on the tri-fel.t- bondsabove and below this plane. The only other 

butylphosphine complexes of zinc(II), cadmium(TI), reported phosphine of a mercur~(II)  car- 
and mercury(IS), the complex Bur ,PHg(O2CC~, ) ,  boxylate is ( M e , P ? 2 H g ( 0 , C ~ ~ , ) 2  (60) which has 

(2, 4) was prepared. rn contrast to the m e r c u r y ( ~ ~ )  been assigned an ionic structure containing the linear 
halide complexes, But,PHgX, (2, 5), wllicll have a ( ~ e 3 ~ ) 2 ~ g ~ +  cation and ionic acetates. 1n the 
dimeric tetrahedral structure, the acetate complex present work, reactions of triphenylphosphine with 
B u f , P H g ( ~ , ~ ~ ~ , ) , ,  has a monolneric penta- mercury(I1) acetate and haloacetates have been in- 
coordinate structure in the solid state as as in vestigated. The preparation, characterization, and 

solution (4). crystal structure determination (4) vibrational and magnetic resonance spectroscopic 
studies of the coniplexes prepared in this work are 

lPresented in part at the 2nd Joint chemical Institute of herein. Collcurrent with this work, A 1 ~ e a  
Canada-American Chemical Society conference, Montreal. and Dias (6b) have investigated lnercury acetate 
May ??%June 2, 1977, complexes of several other tertiary phosphines. 

0008-4042/79/0 10091-07$01.00/0 
@ 1979 National Research Council of CanadalConseil national de recher-ches du Canada 
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TABLE 1. Analytical, molecular weight, and conductance data 

Melting 
point 
('C) Calcd. 

45.47 
42.82 
40.45 
38.34 
56.97 
54.63 
52.48 
50.49 

Found Calcd. Found 

Mol, wt." 
-- 
Calcd. Found 

580 614b 
616 650 
652 666 
688 71 1 
842 833h 
878 862 
914 932 
950 874 

Molar 
conductancec 

0 .84  
0 .95  
2.61 
5 .99  
5.86 

10.96 
12.76 
19.42 

"n 1,2-dichloroethane at Af concentration. 
"11 chloroforn~ at  ~ b f  concentration. 
< In  ohm- '  cm2 mol- '  a t  25 C for 10-"M solutions in nitromethane 
T o m p o u n d  decomposed upon melting. 

Results and Discussion 
Triphenylphosphine reacts with mercury acetate 

and fluoroacetates to form 1 : 1 ,  2 :  1, and 3 : 1 com- 
plexes H o u e ~ e r ,  the 3 1 complexes could not be 
isolated Attempts to isolate complexes of mercury(I1) 
chloroacetates \+ere also unsuccessful due to the de- 
compos~tlon of mercuiy(l1) chloroncetates For 
example, the reactlon of trlphen>lphosphine with 
meicury(l1) trichloloacetate In 1 1 or 2 1 mole 
ratios afforded the complexes Ph,PHgCI, or 
(Ph,P),HgCl, as the sole mercury(l1)-containing 
species 

The analyt~cal, molecular weight, and conductance 
data for the complexes isolated in the present study 
are given in Table 1 .  All the coinpounds listed in 
Table I are air-stable. white crystalline solids. Thcy 
are soluble in polar organlc solvents, sparingly 
soluble in benzene, and insoluble in hexane or light 
petroleum ether. All the compounds decomposed on 
or near melting. The results of molecular weight 
measurements (Table 1) show that all the complexes 
exist as monomeric molecular species in lo-,  M 
solutions in 1.2-dichloroethane or chloroform. 

The molecular weight measurements on 1,2- 
dichloroethane solutions of (Ph,P),Hg(O,CCH,),, 
in the 10-2-10-3 M concentration range, gave values 
in the 600 to 500 range indicating some dissociation 
of the complex according to the following equation: 

Molecular weight measurements for other complexes 
in this concentration range, however, showed no 
evidence for such a dissociation. Molar conduc- 
tances for A4 solutions of the coniplexes in 
dichloroinethane were found to be less than 0.5 
ohm-' cm2 mol-'. Conductance measurements in 
nitromethane, however, show that the 2 : 1 complexes 
of mercury(I1) fluoroacetates are ionized to the 
extent of 10 to 20%. 

Vibrational Spectrul Studies 
The CO, stretching frequencies for both 1 : 1 and 

2 :  1 complexes were assigned by comparing their 
infrarcd spectra with those of unconiplexed mer- 
cury(I1) carboxylates and free triphenylphosphine. 
The observed CO, stretching frequencies for the 
coinplexes in the solid state as well as in dichloro- 
methane are listed in Table 2. The data in Table 2 
show that the CO, stretching frequencies in the solid 
state are not very different than those observed in 
solution. Therefore, the structures of the complexes 
do not appear to change in going from solid state to 
solution. The occurrence of more than oiie band in 
the region of antisymmetric CO, stretching frequency 
can be caused by coupling of vibrations of the two 
carboxylate groups. In view of the molecular nature 
of the complexes in solution, the possibility of ionic 
or carboxylate bridged polymeric structures can be 
ruled out. The antisymmetric CO, stretching fre- 
quency for a monodentately bonded carboxylate 
ligand (7-10) is significantly higher than the fre- 
quency for the free ion (7, 11, 12). Since the anti- 
symmetric CO, stretching frequencies for the com- 
plexes listed in Table 2 are lower than those observed 
for monodentately bonded carboxylates (7-lo), the 
carboxylate groups in all the complexes appear to 
act as chelating bidentate ligands. Two oxygen atoms 
of a chelating bidentate carboxylate ligand may be 
coordinated to a metal atom either symmetrically 
or unsymmetrically (9). Although it is difficult to 
distinguish between the symmetrically and asym- 
metrically bonded carboxylate groups by infrared 
spectroscopy, it is noteworthy that the CO, stretching 
frequency for the 2 : 1 complex (Ph,P),Hg(O,CCH,), 
are very similar to these observed for But3PHg- 
(02CCH3), which is known to contain asymmetri- 
cally bonded bidentate acetates (4). For the 1 :  1 
complex, Ph,PHg(O,CCH,),, the symmetric 60, 
stretching frequency is not significantly altered but 
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TABLE 2. Infrared and Raman spectral data" 

vCOz (ir) vC02 (ir) 
- --- Av vHg-O (ir) vHg-P (R) 

Compound Solid Solut~on Solid Solution (solution) (solid) (solid) 

Oln cni- : .  Abbrc\ ,~at ions:  ir, infrared; R, Rarnan; v, stretching frequency: 

the antisy~nmetric stretching frequency is increased 
by 15 cm-' .  Similar differences in the CO, stretching 
frequencies are observed between 1 : 1 and 2  : 1 com- 
plexes of fluoroacetates. These differences can arise 
due to the weakening of the Hg--0 bonds in the 2 :  1 
complexes. Thus, the 1 : 1 co~nplexes can be assigned 
a five-coordinate structure and the 2 :  1 con~plexes 
can be assigned a six-coordinate structure. 

The assignments for the Hg-0 stretching fre- 
quencies for the complexes, in the solid state, can be 
made by coniparing their infrared spectra with those 
of the mercury(I1) carboxylates and free phosphine. 
For example, the infrared spectrum of mercury(l1) 
acetate shows a strong band at  309 cm-I due to the 
antisymmetric Hg-0 stretching frequency2 (13). 
This band is not present in the infrared spectrum of 
either Ph,PHg(O,CCH,), or (Ph,P),Hg(O,CCH,),. 
Fo r  Ph,PHg(O,CCH,),, a strong infrared band is 
observed a t  267 c ~ n - I  which can be assigned to a 
Hg-0 stretching frequency since no band is 
observed in this region in the spectrunl of tri- 
phenylphosphine (14). The Hg-0 stretching 
frequencies for other complexes were assigned in a 
similar manner and the assigned frequencies are 

rn, nrediurn; s, strong; sli, slroulder. 

l~s ted  in Table 2 By comparing the Rainan spectla 
of the so l~d  complexes with those for the mercury(I1) 
calboxylates and tiiphenylphosph~ne. the Hg-P 
stretch~ng frequencies for the complexes can be 
assigned w ~ t h  reasonable confidence. The ass~gned 
kalues ale listed In Table 2  The Hg-P stretching 
frequenc~es for a number of phosph~ne co~nplexes 
of mercury(I1) halides and pseudohal~des have been 

determined (5) in this laboratory.' The values for 
the Hg-P stretching freque~lcies given in Table 2 
are in co~nplete accord with the Hg-P stretching 
frequencies for the mercury(l1) halide and pseudo- 
halide complexes of t r i p h e n y l p h ~ s ~ l ~ i ~ ~ e . ~  

Two trends are evident from the data on Hg-0 
and Hg-P stretching frequencies. First, in each 
series of complexes, the Hg-0 stretching frequency 
decreases and the Hg-P stretching frequency in- 
creases as the electron withdrawing power of the 
carboxylate groups increases (CH,CO, < CH,FC02  
< CHF,CO, < CF,CO,). Second, for a given car- 
boxylate, the Hg-0 and the Hg-P stretching fre- 
quencies are higher for the 1 :  1 complex. The first 
observation is in accord with the fact that the   no re 
electron withdra\ling carboxylate groups will gike 
rise to weaker Hg-0 bonds and \\il l  create a larger 
electron deficiency at  the mercury \vhich in turn will 
result in the strengthening of the Hg-P bond. The 
second trend is also consistent with the electro- 
neutrality principle. The addition of another phos- 
phine to the 1 :  1 complex will increase the electron 
density at  the mercury atom making it a meaker 
Lewis acid. 

Nuclear Mcignctic Reconant e Spectrul S t ~ l r / ~ e  5 

The ' H  nrnr apectra for the 1 : 1 as well as the 2 .  1 
complexes, at  ambient temperatures, showed a 
rnultiplet due to the phenyl protons and a singlet due 
to the acetyl or  fluoroacetyl protons. The phenll 
inultiplet was sh~fted d o ~ n f i e l d  from the niultiplet 
o b s e r ~ e d  for free triphenylphosph~ne. 

The 31P nnlr spectral data for all the conlplexes 
'The vibrational spectra of mercury(1I) acetate have been studied in this work are listed in Table 3. As can be 

interpreted in terms of a centrosymmetric linear structure of 
CZh skeletal symmetry (1 3). 3R. G.  Goel and P. Pilon. Unpublished results. 
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TABLE 3. 31P nmr spectral data" 

JWg-P) (Hz) 6 (ppm) 

Ambient Ambient 
Con~pound 183 K temperature 183 K temperature 

"In dichioromethane at 
e ~ t e r n a l  H,PG, standard. 

and ambient ten 

seen from the data in Table 3, the "P limr spectra of 
Ph,PHg(O,CCH,),, (Ph,P)2Hg(0,CCH3)2. and 
(Ph,P),Hg(O,CCH,F),, at ambient temperatures, 
consist of a single peak. The spectra of the remaining 
colnplexes showed a triplet consisting of a maill 
peak and two satellite peaks due to '99Hg-31P 
spin-spin coupling." These results show that the com- 
plexes Ph,PHg(O,CCH,),, (Ph,P),Hg(O,CCH,),, 
and (Ph,P),Hg(O,CCH,F),, like the triphenyl- 
phosphiiie complexes of iiiercury(I1) halides and 
pseudohalides, undergo a fast phosphine exchange a t  
room temperature whereas the remaining complexes 
are non-labile on the iimr time scale. Satellites due to 
the 199Hg-31P spin-spin coupling were observed for 
all the complexes when the 31P nmr spectra were 
measured a t  183 K. 

The data in Table 3 show that the 1J(1"gHg-3'Pj 
values a t  183 K are higher than the values at ambient 
temperatures. The 199Hg-31~  spin-spin coupling 
for the phosphine complexes of mercury(l1) halides 
is also reported to  increase with decreasing teinpera- 
tures (15). The increase has been attributed to a 
decrease in the rate of phosphine exchange. How- 
ever, we believe that further investigations are 
required to  explaiil this phenomenon. 

As shown by the data in Table 3, the 1J('"Hg-3'P) 
values for the 1 : 1 complexes are about 50:z higher 
than those for tlie 2 : 1 complexes. Similar differences 
in the magnitudes of 19%Hg-3 '~  spin-spin couplillg 
constants are observed between the 1 :  I and 2 :  1 
phosphine complexes of mercury(ll1) halides (16-18). 

4Mercury has two isotopes, lg9Hg and ,OIH$, wh~ch have 
nuclear spins. I9'Hg has a spin of 112 and is present in 16.86% 
natural abundance, 'OIHg has a spin of 312 and'is present in 
13.24% natural abundance. 

lperatures, the positive F values are downfield from 

,'P nmr spectral data ( 1  7, 18) for mercury(I1) halide 
con~plexes also show that both the 1J('9yHg-31P) 
values and tlie coordiliatioli cheinical shifts, A6 
(A6 = 6 (complex) - 6 (free phosphine)): for the 1 : 1 
complexes (which are dimeric) as well as for the 2 :  1 
conlplexes (which are monomeric) increase with the 
electronegativity of the halogen. As show11 in Fig. 1. 
the plots of 'J(19gHg-3'P) values for both I : 1 and 
2 :  1 complexes against tlie pK, values of the parent 
carboxylic zcids give straight lines. The plots of 
1J('99Hg-31P) values against the coordination chem- 
ical shifts, A6 (shown il l  Fig. 2): also give straight 
lines. The observed variations in the 1J(199Hg-31P) 
values in each series of coniplexes, thus, clearly show 
that the magnitude of the '99Hg-31P spin-spin 
interaction is determined by the electron deficiency 
of mercury in the given mercury(I1) carboxylate. 
Similarly, the magnitude of the coordination 
chemical shift in these complexes also appears to be 
determined by the electron withdrawing power of the 
carboxylate ligands. However, a coiiiparison of the 
chemical shifts of the Auoroacetate complexes shows 
that for a given Auoroacetate the chemical shifts for 
the 2:  1 complexes is higher than that for the 1 : 1 
complex. Furthermore, the chemical shifts for the 
3 : 1 complexes, (Ph,P),Hg(O,CCH,F),, (Ph,P),Hg- 
(O,CCHF,),, and (Ph,P),Hg(O,CCF,),, are signi- 
ficantly different whereas the 1J(199Hg-31~) values 
for the three complexes are very similar (~ide infra). 
Therefore, the correlatiolis between coupling con- 
stants and coordination chemical shifts observed in 
the present work as well as in previous studies 
cannot be very meaningful. 

In contrast to the mercury(I1) halide complexes 
which contain four-coordinate niercury(lI), the 
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FIG. 1. Plot of 1J(199Hg-31P) halues of (o) 1 : 1 and (b) 1 : 2 complexes agalilst the parent carbosyl~c ac~ds  

f33 90 92 55 57 59 

J ( 
2 

199~g-31~) 10 Hz 1~(139~g-31~) 10 2 Hz 

Frc. 2. Plot of 'J('99Hg-31P) values of ((I) 1 : 1 and (b) 1 : 2  complexes against the coordl~lation chemical shifts, A6 
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carboxylate complexes most lilcely contain five- and 
six-coordinate mercury. However, the 'J('99Hg-31P) 
values for both types of carboxylate complexes are 
larger than those for the corresponding halide com- 
plexes. This is in accord with the stronger electro- 
philic character of mercury(l1) carboxylates as coni- 
pared with mercury(I1) halides. 

nlnr spectra of dichlorornethane solutions of 
2 :  1 colllplex containing excess triphenylphosphine, 
a t  ambient temperatures, consisted of a single broad 
line. However, the "P nmr spectra of these solutions, 
a t  183 K. showed a triplet due to  the 2 :  1 complex, a 
singlet due to free phosphine, and another triplet 
due to the formation of a new complex. For the given 
carboxylate, the chemical shifts arid the '99Hg-3'P 
coupling collstalits due to the new coniplex were 
invariant when the phosphine: mercury mole ratio 
was varied from 3 to 12. From the integration of the 
peaks it was established that the new cornplex 
contains three moles of phosphine per mole of 
mercury. N o  , 'P  nmr evidence was found for the 
presence of any other phosphine containing species 
in solution. The ' J (199Hg-3 '~ )  values and chemical 
shifts for the 3:  1 complexes are listed in Table 3. The 
data in Table 3 show the 1J(199Hg-31P) values for the 
3 :  l complexes (Ph,P),Hg(O,CCH,F),, (Ph,P),Hg- 
(O,CCHF,),, and (Ph,P),Hg(O,CCF,), are in- 
variant whereas the cotnplex (Ph,P),Hg(O,CCH,), 
has a slightly srnaller 'J(199Hg-31P) value. We, there- 
fore, conclude that the complexes (Ph,P),Hg- 
(O,CCH,F),, (Pli,P),Hg(O,CCHF,),. and (Ph,P),- 
Hg(02CCF3),  contain the three-coordinate cation: 
(Ph,P),Hg2', whereas the complex (Ph,P),Hg- 
(O,CCH,), is a penta-coordinated species in which 
the acetate anions are very weakly coordinated to 
the three coordinate (Ph,P),Hg2- moiety. 

The forniation constants, K, for the 3:  1 co~nplexes 
were calculated by 111nr nleasurements in di- 
chloronlethane and calculated values are listed in 
Table 4. The observed variations in the values of the 
formation constants for the 3:  1 complexes are in 
accord with the variations in the electron with- 
drawing power of the carboxylate ligands. The 

TABLE 4. Formation constants (K?) for the 
(Ph,P),Hg(O,CCR), complexes at 183 K" 

Complex K'f 

"Ki. -= [(Ph3P)~Hg(o,CCR)~I,'[(PhjP)2Hg(02CCR)21 
[Ph,P]. Values calculated by using concentrntio~is In 
mol/L. Estimated error in integration of the nmr signals 
is about 10%. At  least fi\e lndeoendent measurements 
\%ere made to determ~ne each K d u e  

failure to isolate these complexes is not s~irprising in 
view of the low values of their formation constants. 
The instability of the 3 :  1 complexes is most likely 
due to the relatively lo\+ basicity of triphenyl- 
phosphine (19). Work on the mercury(I1) carboxy- 
late co~nplexes of 111ore basic phospliines is in 
progress in our laboratory. 

Experimental 
Matericils 

Triphenylphosphine (Eastman Kodak) was recrystallized 
tnice from hot ethanol. Mercury(l1) chloroacetates and 
fluoroacetates were prepared by the reaction of appropriate 
haloacetic acid with reagent grade mercury(J1) oxide fo l lo~ ing  
the procedure of Deacon and Taylor (20). Reagent grade 
mercury(I1) acetate \%as used \%ithout further purification. All 
the solvents were dried following standard procedure. 

Plzj~sicirl Merrsirreiiients 
Elemental analyses were perfornled by M.H.W. Labora- 

tories, Garden City, Michigan. Melting points were de- 
termined with a Gallenkamp melting point apparatus using 
open capillary tubes and are ~~ncorrected. Molecular weights 
in 1,'-dichloroniethane were determined with a Hitachi- 
Perkin-Elmer 11 5 osmometer. Molecular weights measure- 
ments in chloroform were performed at Galbraith Labora- 
tories, Knox\ille, TN. Cond~~ctance measurements were made 
at 25-C using a Y c l l o ~  Springs Conductivity bridge and a 
conductivity cell with platinized platinum electrodes. Infrared 
spectra were recorded in the region 4000 to 300 cni-' using a 
Beckman IR-12 spectrophotometer and in the region 400 to 
150 cm-' using a Perkin-Elmer 180 spectrophotometer. 
Spectra, in the solid qtate, were measured on mulls in N~ijol 
and Halocarbon oil using KKS-5 or polythene discs. Sealed 
KaC1 cells of 0.1 nim path length were used to record the 
spectra in solution. Raman spectra, in the solid state, were 
measured with a Jarrell-Ash spectrophotometer using the 
5145 A exciting line of an argon ion laser. The samples were 
sealed in glass capillary tubes. Attempts to obtain the Raman 
spectra, in solution, were not successful. The infrared and 
Raman frequencies arc accurate to i 3 c m ' .  3 'P nmr spectra 
were obtained on a Bruker HFX-60 Fourier transform spec- 
trometer. 'H Iimr spectra were recorded with a Varian A60 
spectrometer. 

Prepurntion of' I : 1 and 2: 1 Cor?rple.uc~s qf'Mcrciiryjll) Acetate 
ciiiil Flrro~oacetates 

Mercury(11) acetate or Auoroacetate (2 mmol) and triphenyl- 
phosphine (2 mmol or 4 mmol) here dissolved separately in dry 
ethanol. The solution of triphenylphosphine was added drop- 
v,ise, with stirring, to the solution of niercury(I1) salt to give 
a clear solution. The solvent was removed with a rotary 
evaporator to give the desired product in quantitative yield. The 
product was dissolved in a minimuni volume of dichloro- 
methane and the solution was made cloudy by adding light 
petroleum ether dropwise. Upon cooling, white crystals were 
obtained which were filtered off and dried in cncuo. 

Attet?ipred Prepnvatio~r of lPl13 P )  ,Hg(O, CCF,), 
((1) Equimolar amounts of (Ph3P),Hg(02CCF,), and tri- 

phenylphosphine were dissolved in dichloromethane. After 
stirring the solution for 1 h, the solvent was removed it1 caciio 
at -78'C to give a white solid. The infrared spectrum of the 
solid in the CO, stretching frequency region was similar to that 
of (Ph3P),Hg(0,CCF,),. Upon washing the solid with light 
petroleum ether it was readily separated into (Ph,P),Hg- 
(02CCF3), and Ph,P. 
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(b) A dichloromethane solution containing equimolar 
amounts of 2 :  1 cornplex and triphenylphosphine was stirred 
for 1 h and then cooled to - 95'C. Cold hexane (- 95-C) was 
added dropwise, u i t h  stirring, to the cold solution (-95'C) 
to  give a white precipitate which \\as allowed to  stand for 1 h 
a t  -95'C and  then filtered off. It was characterized to  be 
(Ph,P),Hg(O,CCF,),. Unreacted triphenylphosphine was 
recovered from the filtrate. 

Atrrlllpted Prepar.ation yf' Co~iiplexes o f  MrrciriyiIl) Tri- 
chloroacerarr 

N o  reaction occurred when a suspension of mercury(I1) 
trichloroacetate (1 mmol) in 50 nil ethanol was luixed with a n  
ethanol solution of triphenylphosphine (2 ~nmol) .  Upon re- 
fluxing the n ~ i v t ~ ~ r e  a clear solution was formed. White crystals 
of (Ph,P),HgCI, were recovered in 90% yield upon cooling the 
solution. A similar reaction of Hg(OZCCCl3), and Ph,P in 
equiniolar ratio afforded Ph,PHgCl, in almost quantitative 
yield. 
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The dependence of ionization and excitation energies for the cis-azo group upon bond angle 
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N. COLIN BAIRD. Can. J .  Chem. 57.98 (1979). 
Ab irlitio molecular orbital calculations using STO-3G and 4-31G basis sets have been 

performed for cis-HNNH and cis-CH,NNCH3 as a function of angle about the nitrogens, 
and for the cyclic molecules diazirine ( la)  and diazetine ( I b ) ;  in all cases the ground states of 
the neutral system and of the cation and anion and the first singlet excited state of the neutral 
molecule \yere studied. The optimum H N N  angles for the cation and ne~ltral excited n-n* 
singlet state of H N N H  are significantly larger than for the anion and neutral ground state. 
Thus the ionization energy and singlet excitation energies for cis-azo systems pass through a 
maxin~uiii in the region around a nitrogen angle of about 100". The implications of these 
calculations to the excitation and photoelectron spectra of cyclic cis-azo compounds is discussed 
i11 some detail, as is the origin of the variation in stability \vith angle of the n -  niolecular 
orbital. Due to the hea\y invol\rement of carbon, the n -  MO in diazirine does not follow the 
angle trends established by the H X N H  calculations. 

N .  COLIN BAIRD. Can. J. Chem. 57.98 (1979). 
On a effectuk des calculs ab inirio d'orbitales moleculaires faisant appel a des bases STO-3G 

et 4-31C pour le cis-HNNH et le cis-CH,NNCH, en fonction de l'angle autour des azotes 
ainsi que pour des niolecules cycliques coninie la diazirine ( l a )  et la diazetine (10); dans chacun 
des cas, on a Ctudie les etats fondamentaux du sqsteme neutre, du cation et de l'anion ainsi que 
le premier etat excitC singulet de la molecule neutre. Les angles optimum HKN du cation et de 
I'etat excite n-rr* singulet et neutre du H N N H  sont beaucoup plus eleves que ceux de I'anion 
et de 1'Ctat fondamental neutre. Ainsi I'knergie d'ionisation et les Cnergies de l'excitation 
singulet des systemes azo cis passent par un maximum pour un angle de l'azote d'environ 
100'. On discute en detail des implications de ces calculs en relation avec les spectres photo- 
electroniques et d'excitation des composes azo ci.5 de ni&me que des origincs de la variation de 
stabilite avec I'angle de I'orbitale nioleculaire IIL. A cause de la forte implication du carbone, 
la O M  n-  de la diazirine ne suit pas les tendances d'angle deter~nine par les calculs du HNNH.  

[Traduit par le journal] 

Introduction ions of such ~nolecules and to inkestigate the rela- 

We have n r o ~ o s e d  that the substantla1 varrations t ~ o n s h ~ p s  betneen excitat~on energy and lonrzatlon . L 

in the position of the uv-kisible absorption maximum 
for the cis-azo chrornophore are due primarily to Method of Calculatio~l 
changes in the C N N  angle, since this angle deter- All calculatio~ls reported herein were generated 
illi~les the stability of 11-. the "lone pair" MO fro111 using "ab initio" il1olecular orbital theory. The 
\vhich the lonest-energy excitation occurs (I) .  Re- energies and ~vavefunctions for the open-shell species 
cently Turro and co-t\)orkers haie  questioned this (i.e. the cations, the anions, and the n-n::: triplet state 
correlation since they claim ". . . there is 110 clear of the neutral molecules) \\ere deterlnined by the 
relat~onship of the a b s o ~ p t ~ o n  maxima of thiee-. restr~cted open-shell theoly of Roothaan (4). The 
foul-, and five-membered r i~lg  c o ~ n p o u ~ ~ d s  . . . it11 MO'S for the '(n-n ) state of HNNH and der~vat~ves  
e~ the i  the bond angle. the n+-11- o rb~ ta l  energy mele taken as those determ~ned for the '(n-n ) 
splitting, or the loaest ~ o n ~ z a t ~ o n  potentla1 . ", but state, 111 t h ~ s  approxllnatlon the energy of the former 
rather agree u i th  the conclusion (of Houk, Chang, exceeds that of the latter by tlvice K,,-,,, the exchange 
and Engel (2)) that ". . . the \vavelength of the n,n':: integral bet\%een the two orbitals. For the grou~ld  
absorption maximum is co~ltrolled Inore by factors state of the neutral n~olecules, the Roothaan closed- 
which i~lfluelice the energy of the n;:' orbital rather shell method \\.as used to determine the opti~llurn 
than the 1 1  orbital" (3). To  attempt to resolve this single-determinant orbitals for the ...n+2n2n-2(n:"0 
controversy, \ve have undertaken to extend our configuration. The energy of the ground state was 
calculations 011 cis -N--N- systems to angles less then calculated by allowing this configuration to 
than 105' (the lower limit in our initial coinmunica- interact with the doubly-excited . . . ~ ~ + ~ n ~ n - ~ ( n " ) ~  
tion) and to improve the quality of the a.avefunctions, configuration. (The interaction between configura- 
as well as to  study explicitly the positive and negative tions increases uith HNN angle, and peaks at  180" 

0008-4042/79/010098-06$01 .O/O 
GI979 National Research Council of CanadaIConseil national cle recherches du Canada 
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IRD 99 

a t  which point the configurations are degenerate 
before interaction.) This extent of CI yields the 
correct degeneracy at 180' between the lowest two 
singlet states (if identical MO's are ernployed for 
both states). 

The atomic orbital basis sets used in the calcula- 
tions \\,ere the STO-3G and the 4-31G expansions 
(~vith standard molecular exponents) of Pople and 
co-workers (5). A fen calculations were done with a 
basia in ~bhich six 1s "polarization functions" of 
exponent 0.5 and centred in the molecular plane 
\Yere added to the usual minimal STO-3G basis 
centered on the atoms. TLVO of these six functions 
were placed 1.00 au from one nitrogen such as to  
make + 120" angles uith the NN axis, and silnilarly 
for t\vo functions at the other nitrogen. The remain- 
ing t ~ v o  polarizatioll functions were located + 1.0 au 
above and below the midpoint of the N N  bond. 

The nitrogen-nitrogen and nitrogen-hydrogen 
bond distances in cis-HNNH (C,, symmetry as- 
sumed) Lvere fixed at the experimental values of 
1.25 A and 1.03 A found for the t rans isomer (6). 
(Alteration of these distances by a felv hundredths 
of an Angstroiii did not alter significantly the shapes 
of the energy curves discussed herein.) For cis- 
CH,NNCH, and the cyclic systems, the N N  separa- 
tion was again taken as 1.25 A, and the carbon- 
nitroge~i distances Mere assurrled to be 1.47 A. The 
carbon-hydrogen distances in methyl groups were 
taken as 1.093 r\ whereas those in ring systems were 
assumed to be 1.080 A. The CC distance in the four- 
lnernbered ring \vas chosen as 1.54 11: the heavy- 
atom franiework here and in all other systenls was 
assunled planar. The HCH angles were taken as 
exactly tetrahedral in CH,NNCH,, and as 110" and 
120" respectively in the four- and three-membered 
ri~igs. C,,, symmetry was also assumed for all Lhe 
carbon-nitrogen systems; the conformation in cis- 
CH,NNCH, has the inplane hydrogens pointing 
inward (to14,ard each other). since this is predicted by 
the calculations as the more stable conformation of 
this symmetry. 

Results and Discussion 
Tlzeoretical Puedictions 

The variation in calc~llated energy (STO-3G) with 
bond angle about nitrogen is illustrated in Fig. 1 for 
the ground and lowest n-n::' singlet excited state of 
planar, cis-diimide and for the ground states of the 
HNNH'  and HNNH-  ions.' The optimum bond 
angles for the ground states of the neutral ~nolecule 

'Note that electron capture to form the anion is predicted to 
be endothermic by these calculations, as is usual for ab initio 
calculations using Hartree-Fock-Roothaail theory. 

HNN ANGLE 

FIG. 1. STO-3G energy \s .  H Y h  angle 111 cic-HNhH 
(offset by - 109 au) 

and anion are about 30' less than for the cation and 
exc~ted H N h  H s~nglet (see Table 1 for deta~ls) 

Clearly. the excltatlon energy to the n-n  s~nglet 
and the hrst l o n ~ z a t ~ o n  energy both should lnclease 
in magn~tude cont~nuously as the angle about 
nltropen 1s bent n\\ny from llnearlty to about 110 , as 
obta~ned in our prevlous calculat~ons fol azomethane 
(1). Hoivever, for angles less than about 100G, the 
slope up\$drds of the g r o u ~ ~ d  state energy curle for 
HNNH IS gleater than that for elther the excited 
singlet or the poslt~ve Ion. thus the extitcitron and 
lonlzrrtron enei grey slzoulc/ delet t e a ~ e  a5 t l ~ e  angle zs 
decreaced furtlzer tolr aucl' 80 . These effects are ~llus- 

TABLE 1. Calculated bond angles in c i ~ - H N N H  
systems 

Angle (deg) 
when basis set ;- 

HNNH state STO-3G 4-31G 

Ground state (110 CI) 112 115 
Ground state (uith C1) 112 115 
n-n* singlet 128 135 
Cation (ground state) 134 137 
Anion (ground state) 111 115 
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I I I I I 1 I I I I 
80 1CO 120 140 160 180 

I 
HNN ANGLE 

FIG. 2. Calculated (STO-3G) excitation energy to the n-n:" 
singlet state, ionization energy from the n _  MO, and electron 
affinity in ci,s-HNKH LS. HNN angle. 

trated in the plots of excitation energjl and ionization 
energy in Fig. 2 ;  since the shapes of the curves are 
not altered significantly in changing the basis set 
from STO-3G to 4-31G, only the foriner are dis- 
played. Preliminary calculatio~is revealed that the 
shapes of these curves are essentially unchanged 
when the ~ n o r e  expensive basis \\Iiich i~icludes 
polarization functions is employed: for reasons of 
economy, then. this basis was not used subsequently. 
Note also that on the basis of MINDO'2  calcula- 
tions. Heilbronner and co-norkers found the orbital 
energy for 11-, and the energy gap betnee11 the 11- 

and n +  MO's, in HNNH both were mi~limum at  
angles of about 100- (7), in semiquaiititative agree- 
ment with the present results. 

One measure of the stability of the x.:' orbital is 
the calculated electron affinity for H N N H ;  i.e. the 
energy difference between the ground states for the 
lieutral and anionic species. From the plot of electron 
affinity versus angle In Fig. 2 it is clear that in the 

80'-140' region at least. the stability of 7 ~ : : '  varies 
rather less lvit11 angle thni-: does that of n ~ .  

The correlation of excitation energy with ioniza- 
tion energy from STO-3G :alculations is shown in 
Fig. 3: in the limit at 1 8 0  the curve becomes linear 
with a slope of unity. In the 105'-150' range the 
correlatioii is close to linear but the excitatioii 
energy increases only 0.7 times as fast as does the 
ionization energy as the bending is increased. The 
variation o r  excitation and io~iizatio~i energies is a 
double-valued Fui~ction in the 80"-105- region since 
the excitatiorl energy peaks at a larger angle and 
falls more rapidly \vich decreasing angle thereafter 
than does the ionization energy. 

In order to judge the rele~ance of these results for 
H N N H  to cis-azoalkanes, STO-36 calculaliolls for 
cis-azometha~ie at CNN angles of 130', 150L, and 
170', and for the three- and four-membered rings l a  
and l b  u7ere performed: the results are summarized 

in Table 2. The cl~fferet~cc bet~veen each quantity and 
the correspoliding value for civ-HNNH at the same 
HNN angle is given i i i  parentheses below each entry. 
Obviously the excitation energy is virtually unaffected 
by the substitution of alkyl groups for the hydrogens, 
whereas the ionizatio~i energy is lessened by an 
almost constant factor of -0.05 au (1.4 eV). The 
correlation of both properties with angle thus holds 
at least for the 80'-180' range. However, the magni- 
tude of the substantial stabilizatioii of the 11- "hole" 
in the cation may depend up011 the nature of the 
alkyl group or ring involved. (In contrast, the rc" M O  
is a t  least 9 7 7  localized on the nitrogens in all the 
systems studied herein for both the excited state and 
the anion.) 

IONIZATION ENERGY (a U) 

FIG. 3. Calculated (STO-3G) excitation energy vs. calculated 
~onizatlon energy in crs-HNhH. 
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TABLE 2. Calculated energy differences (in au) for azoalkanes 

CNN 
Azoalkane angle Excitation Ionization Electron 

system (deg) energy energy affinity 

Con~parison ~>it l l  Experiment 
T o  test our theoretical predictions, lve cons~dered 

the experimental data collected by Turro and co- 
workers (3) for the wavelength of highest transition 
probability and for the lowest ionization energy of 
nineteen cycl~c azoalkanes. This data \ \as charac- 
terized by the slze of the (smallest) ring ~nvolved sn 
each case and I S  suinn~arized in Table 3 for 4-, 5-, 
aiid 6-membered rings. Clearly the wavelengths for 
tlie absorption maxsma fall into three ilonoverlapping 
groups, each of rvh~ch IS rather sharply defined in 
terms of the standard deviation. (Tn o systems l~sted 
by Turro and co-workers are not included in these 
averages. In one, their 8, there is a carbonyl cliroino- 
phore in the ~nolecule as \\ell. The interaction 
between the alinost-degenerate -N=N- aiid 
-C=O excitations would account for the abnor- 
snally low wavelength of this systein. Thus the 
ionization energy, but not the excitation energy, for 
8 is included in the averages and standard deviations. 
The other, their 17, contains a tliree-membered ring 
which may \{,ell alter the angle at  --N=N-.) Thus 
the data clearly support our previous contention 
that the singlet-singlet excitation energy in cis- 
azoalkanes is controlled predominantly by the C N N  

TABLE 3. Correlation of expelimental data with ring size 

Wavelength Ionization 
(nni) of energy for 

absorption n-  MO Molecules 
Ring typeh niaxiniumC (ill eV) in set" 

"All data  are  from ref. 3. and the numberlns scheme refers to  that used 
In the same paper. 

bWhen the -\AN- u:ur is a componelit of t u o  rlngs in the polycyclics, 
the molecule is listed under tile smallest rinz size invol\ed a s  it 1s assumed 
~ r i m a r i l \ ~  to determine the C N N  anzle. 

'111 liesane solution. 
"ncl~ided only in ionizat~on energy set: see text for discussion. 
'No ionization energy is reported for  14 in r e t  3 and thus 11 is included 

only in the a b s o r p t ~ o ~ ?  calculations 

angle. In addition, the prediction in the present 
calculatioils that the excitation energy should pass 
through a maximuin value near a 100c bond angle is 
supported by the fact that the decrease in wavelength 
observed iii going from six- to five-membered rings 
is not continued but rather reversed in going from 
five- to four-membered rings. 

The correlation in Table 3 between ring size and 
ionization energy is consistent with the prediction 
that ionization energy should increase as the CNN 
angle decreases (at least down to about 92'). The 
distinction between the four- and five-membered ring 
groups is not clear-cut; the larger standard deviatioils 
here are not unexpected given the rather extensive 
deiocalizatioii of the "n- hole" expected from the 
calculations (see above) for the cation. The lack of a 
reversal in order between the ionization energies for 
the four- and five-membered rings is consistent with 
the prediction (see Fig. 2) that this quantity peaks at  
an  angle 5'-10" less than that for excitation energy. 
(The rough equality in ionization potentials implies 
tlie two systems probably lie on opposite sides of the 
peak.) 

In Fig. 4 the wavelength of absorption maximum 
is plotted against ionization energy for the fifteen 
cyclic azoalkanes discussed in Table 3. Although 
the degree of scatter is large, the trends are not 
inconsistent with the hook-shaped, double-valued 
theoretical curve (Fig. 5). 

The excitation and ionization energies predicted 
in Table 2 for the three-membered ("diazirine") ring 
clearly are much greater than expected from extra- 
polation of the curves in Fig. 2. (The HNNH 
calculations cannot be extended to angles lower 
than 80c since the hydrogen atom separation be- 
comes equal to or less than that in H,!). The large 
increase in ionization energy of 1.5 eV calculated in 
going from the four- to  three-membered ring is of 
the same order of magnitude as that of 0.9 eV 
observed in the transition between the permethyl 
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IONIZATION ENERGY (eV) 

FIG. 4. Experimental excitation energy vs. experimental 
ionization energy for cii-azo sqstems. 

derivatives of these rings (8). The calculated decreasp 
of 0.4 eV ill excitation energies for the same process 
is difficult to test due to the lack of experimelltal 
results for diazirines: however, it is clear that the 
excitation energies for the latter are equal to or less 
than those for four-membered rings. The breakdo~vn 
in the excitation energy-ionization energy-bond angle 
correlations are due to the unusual electronic struc- 
ture of the highly-strained three-membered ri11gs. 
Inspection of the ' ' 1 1 ~ ' '  M O  for diazirine reveals it is 
actually more concentrated on carbon than on the 
nitrogens, and is really a bonding (rather than non- 
bonding) MO of the type Walsh described for 
cyclopropane : 

p c 3  
r )  

\ Y 

L la 

This quali tat~\e d~fference In the nature of the 
highest-occup~ed orb~tdl 1s the basls for our exclus~on 
of three-membered rings contaln~ng -N=N- from 
the correlations discussed above: obviously the 
stab~lity of t h ~ s  M O  \\s11 be ~ncreased substantsally 
due to sts acquisltlon of substantla1 C-N boild~ng 
character 

Tl~e  Stuhilizcrtion of the / I  Orhitul 
At this stage it is useful to consider the variations 

in the electronic structure of the ilorrnal cis-azo 

0 0 
N-H Ant ibmd~rg V O  

ubtraciive 
0 

N-H Bonding MO 

L~near  Weakly Bent Strongly Bent 

FIG. 5.  Interaction of antisymmetric MO's in H N h H  upon 
bending of HNN angle (schematic). 

energies in the region of interest is caused pre- 
dollli~lantly by changes in stability of the 11- orbital. 
Overall this antibonding "lone pair" MO is stabilized 
by - 5: eV by bending the H N N  angle from linearity 
to 95'. This stabilization is due mainly to the 
acquisition of substantial 2s, orbital character by 
n -  which, for reasons of symmetry, is completely 2y 
in character in the linear n~o lecu le .~  The drain of 2s 
character into n comes mainly from the (empty) 
antisymmetric N-H alltibonding MO and is de- 
picted sy~llbolically in Fig. 5. The calculated bond 
angles for the H N N H  species (Table 1) agree with 
the Walsh-like view that n is stabilized sigiiificantly 
by bending, since the extent of bellding is 11iuch less 
when n -  is only singly-occupied (cation and neutral 
lnolecule excited singlet) compared to when it is 
doubly-occupied (anion and neutral ground state). 
The variation with angle of the 2s, character of n -  
is graphically illustrated in Fig. 6 where the unpaired 
electron density in the 2s orbital of each nitrogen is 
plotted against HNN angle for both the cation and 
the n-n': triplet state. For both states the contribu- 
tion of 2s, to n- increases sharply as the HNN angle 
is bent from linearity, but the contributio~i peaks near 
an angle of 320' and declines thereafter. Again this 
behavior can be ullderstood by considering the 
Walsh diagram involved. In particular, as n -  is 
stabilized by acquiring 2s, character (from the N-H 
ailtibonding MO), its interaction nit11 the antisym- 
metric combination of (filled) N-H bonding orbitals 
increases according to perturbation theory (since the 
strength of such interactions varies inversely as the 

chronlophore ~vhich occur up011 bending. As dis- 2For background to this type of perturbation theory 
cussed above, most of the change in excitation discussion, see refs. 9 and 10. 
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molecules d~scussed herein are listed in Tables 4-6. 
available from the Depos~torq of L'npubllshed Data.3 

Conclusions 
CATION \ 

HNN ANGLE 

FIG. 6. Unpalled ?pin d e n s ~ t ~  (by STO-3G calculation) \ s  
H N N  angle for triplet and catlontc HNNH. 

HNN ANGLE 

FIG 7 Yitrogen-hydrogen o ~ e r l a p  populatioil \ s  HhnJ 
angle in crj-HNhH 

energy gap betcceen the or~glnal  levels). Such ~n te r -  
actlon allons the lamer. N-H bonding M O  to steal 
25, character from n _  and to donate to n-  some 
N-H bondlng character (see bottom part of Fig. 7). 

Both Houk et ul. (2) and Turro and co-workers (3) 
have noted a correlat~on b e h e e n  ionization energy 
and the rate for decomposit~on of the singlet exc~ted 
stdte (\.la N, eatrus~on) From t h e ~ r  data ~t 1s clear 
that the late 1s s~gn~ficantly smal!er for those systems 
we classify in Table 3 as containing six-membered 
rings, compared to those which contain five- and 
four-membered rings. From the ~.ariat ions in N-H 
overlap population wit11 angle illustrated in Fig. 7 
one would expect the rates to decrease In the order 
of sla- < f i ~ e -  < four-membered rlngs The expec- 
tation of Turro and co-workers that excitat~on from 
11- meahe~is the C-N bonds (3) 1s observed In the 
piesent calculations for H N N H  and f o ~  the alkyl 
d e n v a t ~ ~ e s  onlj for small angles (< 100") 

For reference, the totnl energies cdlculdted for the 

The analysis of the present calculations and of 
existing experimer~tal spectra indicates that the es- 
citation energy to the 11-n::: singlet state and the 
ionization energy froill the 11- M O  are determined 
primarily by the angle about the nitrogens in cir-azo 
~uolecules. Although the excitation energy and ioni- 
zation energy bersus angle curves are continuous, 
they peak at so~ne~vha t  different angles in the 100' 
region. thus complicating correlations b e h e e n  the 
experimental parameters. An additional con~plication 
is the substantial delocalization of the hole in n -  
through the ~nolecule in the positiie ions (but not the 
neutral excited state). Analysis of the MO's leads to 
the co~~clusiorl that the highest occupied MO in the 
three-membered diazirine ring ( l u )  is different quali- 
tatively from the n M O  in the other systems 
considered and therefore one should not expect the 
properties of 10 to correlate smoothly with those of 
the larger rings. 
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Cobalt(II), nickel(II), and copper(I1) complexes of di- and tetrapeptides containing 
tyrosine and glycine residues 
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M ~ H A M E D  S. EL-EAZBY, JASSI~I  M. AL-HASSAX, NAMEK F. EWEISS, and FARIDA AL-MASSAAD. 
Can. J. Chem. 57. 104 (1979). 

The solution equilibria of di- and tetrapeptides containing tyrosine and glycine residues have 
been investigated in absence and presence of cobalt(II), nickel(II), and copper(I1) ions. The 
equilibrium constants have been determined by pH titration at  30'C and p = 0.1 M (NaNO,) 
in 8 0 z  by weight DMSO - water mixed solvent. Protons are ionized from terminal (proton- 
ated amino and carboxyl) groups as well as from peptidic nitrogens. Complexes of 1 : 1 com- 
position of metal ion- tetrapeptides Mere formed in quite a wide range of pH; also 1 : 1 com- 
plexes of the metal ions - dipeptides were formed in solution under the same conditions. Other 
higher complexes cannot bc proved to form in the pH range studied. The complexes of these 
metal ions with glycine and 0-Bzl-L-tyrosine were also studied under the same experimental 
conditions as colltrol experiments and their equilibrium constants were calculated. 

M ~ H A M E D  S. EL-EAZBY, JASSIM M. AL-HASSAN, NAMEK F. EWEISS et FARIDA AL-MASSAAD. 
Can. J. Chem. 57. 104 (1979). 

On a etudie l'tquilibre en solution de di- et de tetrapeptides contenant des residus de tyrosine 
et de glycine en l'absence et en presence d'ions cobalt(Il), nickel(I1) et cuivre(11). On a dCter- 
mine les constantes d'equilibre par titration de pH a 30-C et a une valeur de 11 = 0.1 ,2/1 
(NaNO,) dans un sohant mixte contenant 80% en poids de DMSO dans H,O. Les protons 
des groupes terminaux sont ionises (les groupes amino et carboxyle protonCs) de m@me que 
ceux des azotes peptidiques. 11 y a formation de con~plexes de compositioll 1 : 1 d'ions metal- 
1iques:tetrapeptides sur un grand intervalle de pH; i l  y a auisi fol-mation cie complexes 1 : 1 
d'ions metal1iques:dipeptides en solution dans les memes conditions. On n'a pas pu mettre 
en evidence la formation de complexes plus elevCs aux conditions de pH etudiees. On a aussi 
etudie les complexes de ces ions mCtalliques avec la glycine et la 0-Bzl-L-tyrosine dans les 
mCmes conditions experimentales cornme experiences de contrtile; on a calcule leurs constantes 
d'equilibre. 

[Traduit par le journal] 

Introductioll posed the presence of copper bo~ids  to the peptidic 

~~~~l i o n s  have beell reported to play an impor- nitrogens without loss of the hydrogen ion. Further 

tallt role ill biological systems, Investigation of the ~ t r u c t ~ l r a l  (120) and spectral ( 1  3: 14) studies showed 

reactions of some metal ions colllpounds con- that the proton adds.to the peptidic oxygell rather 

taining peptide groups in ~ti-o~lg]y alkaline solutions than to the ~ e ~ t i d i c  nitrogen \%'hich is kinetically 

concluded that these reactions u ere due to ring forma- inert '1. 
tion by the metal iorls \%'ith amino  and peptidic Generally, oligopeptide complexes with divalent 

llitrogens of the peptide under consideration (1). meta1 ions l ike  Pd(lT), Cu(ll), Ni(I1), and C0(I1) 

Confirmatioll of' the existeIlce of the nlelal-peptide have a square-~lanargeolnet r~  (15). Othergeolnetries 

linkage was reported frolll infrared studies (2: 3). found are (12h) or square- 

ln addition, collsiderable experimental evidence pyramidal u i th  tlvo co-ordiiiated water molecules 

(4-7) indicated that the bonding of Cu(11) to serum ( 1 2 ~ ) .  On the other l1a1ld, dipeptides have the 

albumin involves bot1-i the terlnillal plus one ~ ~ ~ ~ i b i l i t ~  of forlning bis(dipeptide) conl~lexes with 

or  inore peptide nitrogen atoms. an  octahedral arrangement of donor groups (16). 

Although the hydrogen atom in the peptide Was reported (I7) that the presence of the 

linkage is not very acidic, yet in the presence of soiile copper - amino acid "lnplexes in serum 

metal ions like Co(ll), Ni(Il), and Cu([f), the peptide enhances the of copper by liver tissues. This 

group loses a proton and forllIs a nletal-N(peptide) effect has beell seell in rapid transport of 

bond (8-11). However, Kim and Martell (8, 9) pro- Cu([I) betLvee1l ~ l a s l n a  and cells ill other systems 
117. 18). 

'To whom correspondence should be addressed. Because of the importance of the study of the 
2Revision received June 29, 1978. kinetics and mechanisiii of the transfer of metal ions 
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EL-EAZBY ET AL. 105 

b e h e e n  peptides and ainlno ac~ds ,  we report 111 t h ~ s  
\! ork cobalt(II), nlckel(1 I), and copper(I1) coinplexes 
\\lth dl- and tetrapeptides co i i t a~n~ng  0-Bzl-L- 
t~ros i i ie  and glyclile resldues 

The puipose of thls study 1s to define the role of 
the peptld~c as  ell as the terlillilal amino and car- 
boxyllc groups 111 the studled peptldes with regards 
to chelatlon 111  sola at ion from the effect of the 
phenollc hydloxyl group of the tjrosyl res~dues 
Holbever, as a study of the fully unprotected tame 
tyrosyl peptldes \\auld glve sorlie Iiem inforliiation 
as to  the influence of the plienollc group in the com- 
plexatloli reaction, it 1s our future lnteiltlon to com- 

pare the results reported here n i th  those to be ob- 
tained for the free fully unprotected same tyrosyl 
peptides 

Experimental 
Reagents 

Cobalt, nickel, and copper nitrates were a BDH product 
(AR grade). Aqueous stock solutioii (0.1 F )  was standardized 
by EDTA titration. Commercial sodium nitrate was re- 
crystallized tuice from water. Stock solution (0.5 F )  of sodium 
nitrate v;as prepared in 8Cz by weight dimethyl sulfoxide 
(DMSO) - nater niediuni. Mlxed 8 0 z  by \\eight DMSO 
(spectral grade) - u7ater so l~en t  Mas used as dilueiit. DMSO 
was checked titrinietrically for acidic and basic impurities prior 
to dilution with uater. 

Compound* 

Number Formula Abbreviation 
- 

Dipeptides 
1 
2 
3 
4 

Tetrapeptides 
5 

C1-H'-(0-Bzl)-L-Tyr-Gly-OH 
Cl- HI-Glp-(0-Bzlj-L-Tyr-OH 
CI-H+-Gly-Gly-OH 
CI- H + -(O-Bz1)-~-Tyr-(0-Bzl)-~-Tyr-OH 

- 

*(O-Bzl)-~-Tsr = the phenolic OH function of L-tryosinc is protected by benzyl group; Gly = glycine 

The dipeptides 1-4 and the tetrapeptides 5-8 were prepared 
and purified as described in literature (19). 0-Bzl-L-tyrosine 
was prepared using the method of Wunsch et nl. (20). Glycine, 
a BDH product, was used without further purification. 

Because of solubility problems, accurately meighed amounts 
of the tetrapeptides, dipeptides, 0-Bzl-L-tyrosine and glycine 
uere dissolved in DMSO. The stock solutions were about 
3 x lo-' F. Equivalent amount of hydrochloride acid was 
only added to  glycine. 

Mena~ii.ct?ic,r~ts 
A Radiometer pH nieter, model 63, eq~lipped with Radio- 

meter glass and reference electrodes types G 202 C and K 104, 
respectively, was used for pH titrations. The pH nieter was 
standardized before use with Radiometer buffers of pH 4.00, 
7.00, and 9.1. Solutions of ligand or of ligand and nietal 
ion were titrated with standard carbonate-free sodium 
hydroxide solution (0.102 or 0.098 F) delivered from cali- 
brated automatic burette type Metrohni Herisau Multi 
Dosiniat E 415, accurate to 10.005 ml. I11 each titration the 
initial volume of the solution was 25.0 nil. The ionic strength 
was adjusted to 0.10 by the addition of the concentrated 
sodium nitrate solution. In a typical titration, aliquots of 
ligand, metal ion, and sodium nitrate stock solution were 
mixed such that the solvent mixture was 80 w t . 7  DMSO - 
water (molar ratio nearly 1 : 1). The mixture was adjusted to 
25.0 ml by adding the required amount of diluent. The teni- 
perature of the solution was maintained at  30.O'C in a tightly 
covered therrnostated titration cell. The solution was niechan- 

ically stirred. A complete titration conristed of successive 
additions of 0.01-0.02 1x1 of the titrant. Half niillute after 
each addition the stirring motor was stopped and the pH- 
nieter reading was taken. The titration Mas continued until 
pH-meter could not be kept steady or reached pH 11.00. The 
range of the concentration of the metal ions and ligands were 
(0.5-1 .O) x l W 3  F and (0.495-2.0) x F, respecti\-ely. 

Due to the probable uptake of oxygen by Co(I1) complexes, 
their tltrations in this study has been done under anaerobic 
(by flushing purified N, through the titration cell) and aerobic 
conditions. Titration results coincided in both cases at pH,'s 
less than 8.50. Honever, appreciable differences in the titration 
curves were observed at higher pH values; under aerobic 
conditions being slightly lower. 

The pH-meter readings in 80 \v t .z  DMSO - water solution 
are conberted to hydrogen ion concentration (H+)  by means 
of the ~ i d e l y  used equation of Van Uitert and Haas (21), 
namely 

-log [H'] = pH, + log U,  

where L',, is the correction factor for the solvent composition 
and ionic strength. For this purpose, readings were made on a 
series of solutions containing known amounts of nitric acid 
and sodium nitrate such that the ionic strength is equal to 
0.10 in 80 w t . z  DMSO - water medium in the pH range 
1.00-4.00. In addition, readings of p H  were taken for universal 
buffers (22) at the same solvent conlposition in the pH range 
3.50-10.75. From the known stoichiometric [H+],  a value of 
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assuming that the actirity of water to be unity in all solutions, I 
0 2  3 4  0 6  0 9  . .  l i  . 1  6 1 1  i C  

where n, I 0 9 B F  N o o n ,  

K ,  C4 E ,  = K, + K ,  log - c 3 
+ KZ log ( y = ) B 2  

I I / 

0.2 / / 

i / .  
I I / :  

; 

log C,, = 1.00 + 0.01 was obtained for 80 ~vt.; DMSO - 

where K ,  = standard potential of the cells, K ,  = 58.6 nlV, 
and  -jL = mean activity coefficient for the solute ions. The 
mean \slue of p K ,  obtained was 15.04 k 0.12. 

The electroilic spectra of the Co(l1)-, Ni(l1)-, and Cu(I1)- 
tetrapeptides systems were taken at different p H  values using 
Car)  17 spectrophotoinetcr at  room temperature (25 = 1-C). 

described a b o ~ e .  The AgCI, Ag electrode was prepared f rom / 
/ . . '  

Radiometer (P 1011) siiler Biliet Electrode bq electrolysis in 
chloride solut io~i  (0.1 :Wj. = p .  

Cell .4 glass electrode solution A :  HCl(C,), KNO,(C,), 

in sol lent  S, AgCI, Ag 

hqost of the measurements began n i th  cell A, containing a 
knowii \olume of 80 ~ t . 7  DMSO -water  solution of hydro- o 

chloric acid and potassium nitrate of known concentrations 
0 2  0 1  0 6  B : . 2  . 1  $ 6  P 1 0  

represented h~ C, and C,. The same procedure \ \as  then 
rr.: 0 9 8 1  N : O H :  

followed ~ v i t h  cell B, 

Cell B glass eiectrode solutio~l B :  N a O H  (C,), NaCl (C,) 
. . . . . . .  

in solvent S AgCI, Ag 0 . 2  t i  - c o Z f  
i,' 

that initially contaiiled known ~oIi in?e of 80 \vt.", D M S O  - 
water mith appropriate conceiitrations of sodium h ~ d r o x i d e  
and  sodium chloritie such that 

C, + C ,  = C, + C4 

The equation used to  calculate the equilibrium quotient is 

E ,  - EL3 [2] pK, = ___- - -  
K 2 

b 

water medium of LL = 0.10 a t  3 0 C .  
The ionic product of water in 80 \ \ t . z  D M S O  - water 

, * .  medium a t  30.0-C \%as determined potentiometrically (23). 
Potential measurements were made with the same pH-meter 
described a b o ~ e .  The glass electrode used \ \as  the sanie as 

Results and Discussion 

-?T, . I  6 9 . 1 6 ' ~  

r, . I  o o ~ 1 6 ' ~  
.- - C*" 
. . . . . .  H,'. --- 

The reaction betikeen the I~gand, the divalent metal 
ions, and protons can be represented as follows: 

[3] J L  + qh4 + r H + L,M,H, (charges omitted) 

where L stands for the l~gand, M stands for Co(lI), 
Ni(1J). or Cu(II), and J .  q ,  and 1. are the s t o ~ c h ~ o -  
lnetrlc coeflic~ents. 

Tqplcal t~tratioli curLes of the systems under con- 
siderat~on are sho\\n in Fig. 1 .  111 absence of metal 
ions the protonatloll and deprotonat~oil equil~bria 
are 

m l l  0 9 8  F N a C H  I 

FIG. 1. Tltratlon curkes In absence and presence of the metal 
Ions C u 2 + ,  N12+, and C o 2 - ,  (a)  T, systern, (0) D L  syitem, 
(c) Gly and  0-Bzl-L-Tyr systems. 

The titration curves of dipeptides and tetrapep- 
tides shou only sharp inflection at a (the ratio of 
number of inoles of base per number of moles of 
ligand) equal to 2 at pH, kalues greater than 10.0. 
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On the other hand, titration curves of the protonated 
0-Bzl-L-tyrosine aiid glycine show two i~lflections in 
the pH, range - 3.8-9.0 and the other at  pH, values 
greater than 11.0. Programn~e MINIQUAD (24) and 
its modified versioli hllINlQUAD 75 (25) nere used 
to calculate the equilibrium constant of reactions 
[4] and [5]. The ~ a l u e s  are depicted in Table 1.  Ry 
analogy to the acid-base equilibria of amino acids 
and their related compounds, one expects that reac- 
tion [4] deals vith the protonation of the carboxylate 
group and reaction [ S ]  with the deprotonation of the 
protonated amino group. A~nide  protons of dipep- 
tides and tetrapeptides ca~lnot  be simply ionized even 
in strongly alkaline solutio~l (26), a behaviour usually 
e~lcountered by all peptides in absence of inetal ions. 
The deproto~latio~l co~istants of tetrapeptides can be 
arranged in the descending order of T, > T ,  > 
T, > T, and those of dipeptides in the order 
D, > D l  > Dz > D,. These orders reflect the 
relative basicities of the amino groups in these 
compounds. The basic nature of the arniiio group in 
tetrapeptides and dipeptides is obviously lower than 
that in 0-Bzl-L-tyrosine and glycine as evidenced 
from the log for111 of their deprotonation constant, 
Table 1 .  On the other hand, the protonation con- 
stants of the tetrapeptides and dipeptides are greater 
than those of 0-Bzl-L-tyrosine and glycine. These 
differences in behaviour may be attributed to de- 
crease ill electronic density 011 the nitrogen of the 
amino group as the electronic translllission from the 
carboxylate group decreases in the presence of pep- 
tide linkages. 

Tile Afifcri Ion Cot7?piexec. of Tefi  crpcptldes 
Typlcal tltrat~oil culves of the d l ~ a l e ~ l t  metal 

Ions - t e t~apep t~des  systems are shown In F I ~  I N  
Although no p r e c ~ p ~ t a t ~ o n  of an) k ~ n d  \+as obse r~ed  
in the copper(l1) systems in the pH, range used, yet 
s l~gh t  preclpltat~on was observed at  pH's > 9.6 In 
nlckel(I1) systems and > 1 0 6  In the cobalt(l1) 
systems D u r ~ n g  the t l trat~on the c o l o ~  of the solu- 
t ~ o n  changed cons~deiablq Although clear ~nflect~oiis 
In the t ~ t r a t ~ o n  curves cannot be located, yet 4-5 
moles of base per mole of copper(11) or  n~ckel(Il) 
and 3-4 moles of base per mole of cobalt(I1) could 
be assumed to be consumed 111 these systems 
MINTQUAD programmes have been used to test 
different models of e q u ~ l ~ b r ~ u m  reactions (eq [3]) 
The assessment mas done by uslng the crjstallo- 
g raph~c  R factor and X,' values obtained by the 
forement~oned progl ammes In each case, the add]- 
i-1011 of one extra specles gave an  increased R ~ a l u e ,  
a greater X,' value. or both The model nhich met 
these cond~tions is as f o l l o ~  s :  

The log values of P,,,'s for the equl l~br~urn reac- 
t ~ o n s  [6]-[9] are 11sted In Table 1 Table 2n. on the 
other balid. s h o ~  s the step\\ ise e q u ~ l ~ b r ~ a  of M 2 +  
tetrapept~de sqstems and their equlllbr~um constants. 

Froin the order of arrangement of the deprotoiia- 
t ~ o n  constants of  the tetrapept~des 111 absence of metal 
Ions, one expects that the older of the s t a b ~ l ~ t y  
coilstal~ts of t h e ~ r  metal lons complex e q u ~ l i b r ~ a  
(MLH- ,I) ~ l l l  be qulte re~ersed,  I e T, > T, > 
T ,  > T, T h ~ s  \$as found to be true In the systems 
of copper(i1) complexes. in particular, and to  a 
certain extent in the nickel(l1) and cobalt(l1) system. 
This conclusion indicates strongly that ring closure 
first occurs through coordillatio~l of the terniil~al 
groups of the tetrapeptides with copper(l1). The 
situation is not quite clear in the cases of nickel(l1) 
and cobait(1I) systems. Generall).. the order of com- 
plevl~lg of these metal 1011s \ \ ~ t h  a part~cular tetra- 
pept~de follo\\s the I I \ I I I ~ - W I ~ ~ I ~ I I I S  series (37) 
(Table 2a) u h ~ c h  suggests high spln complexes In 
octahedral crqstal field In  fact, it ptas not poss~ble 
to detect complexes of coinpositlons other than 1 : 1 .  
This conclusion implies that coordi~latio~l sites other 
than the C- or N-terminals may he involved in com- 
plex formation. The other coordination sites inay be 
available through the nitrogen atom of the peptidic 
linkage. This type of linkage may facilitate depro- 
tollation of the peptidic protons a t  loner p H  values 
than it should be in absence of metal ions. This 
behaviour has been previously reported for other 
similar systems (17). The stepwise deprotonation 
constants of the M L H - ,  complex shov monoton~c 
decrease In magnitude as they are deprotoliated 
consecutilely, Table 2a. a behawour mh~ch  may be 
~nterpreted as due to Increase In electron dens~ty as 
p e p t ~ d ~ c  protonc d~ssoc~a te .  

It 1s also q u ~ t e  clear that the older of cornplex~ng 
a b ~ l ~ t y  of LH-,, LH-,. and LH-, of a part~cular 
tetrapept~de follows also 11~1ng-Wllllams serles (27) 

H o ~ e l e r ,  the log form of the deprotonat~on con- 
stants of M H - , ,  MLH-,, and MLH-,  of the 
d~valent metal 1011 complexes, under considerat~on, 
d o  not follo~? a part~cular trend w ~ t h  respect to the 
type of the tetrapeptlde. Thls is probably due to  the 
effect of structure conformat~on of the tetrapeptlde. 
However. the effect of sequence of each tetrapeptide 
does not seem to  be clear. In  the case of the depro- 
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TABLE 1. log [3 for the species L,MqH, at 30°C and p = 0.10 M NaN03 

(a) Tetrapeptides 

log eJq7c i s )  

L i (I Y Ligand Cu(1I) Ni(I1) Co(I1) 

(b) Dipeptides 

log Bjqr( t s )  

L i 4 I' Ligand (CuII) Ni(1I) Co(I1) 

1 0 - 1 
1 1 - 1 
1 1 - 2 

0-Bzl- 1 0 1 
L-Tyr 1 0 - 1 

1 1 - 1 
2 1 - 2 

Glp 1 0 1 
1 0 - 1 
1 1 - 1 
2 1 - 2 
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tonation of CuLH- ,, the order of arrangement is 
T, > T, > TI > T,, in the case of CuLH-, the 
order is T, > T, > T, > T , ,  and in the case of 
CuLH-, the order is T, > T, > TI > T,. The 
order of arrangement in the case of Ni(I1) and Co(11) 
systems is not similar to that of the Cu(l1) systems. 
This may be attributed to the difference in ionic radii 
of the former metal ions from the latter ions. 

From the foregoing results, one cannot predict 
easily which peptide group will lose its proton first. 
However, it can be concluded that pentacoordinated 
complex species may be formed with the loss of all 
or some of the peptidic protons in addition to that 
of the terminal carboxylic group. It is not unreason- 
able to assume that water molecule or hydroxide ion 
may occupy the vacant hexacoordinate site of the 
metal ions. 

Figure 2 shows a typical distribution diagram of 
various complex species at  different pH values. 

The electronic spectra of Co(11)-, Ni(I1)-, and 
Cu(l1)-tetrapeptides systeins revealed the possible 
presence of different complex species at different pH 
values. In the Cu(l1) system (Fig. 3), the spectra 
show hypsochromic shift with increase in intensity 
as pH increases in the 500-800 nm range. This was 
attributed to the d-d transition exhibited by copper- 
(11) ions in possibly an octahedral field. The in- 
crease in intensity in the ligand bands (<430 nm) 
was explained as due to electronic transitions within 
the ligand as a result of metal ions perturbation. 
However, the spectra of Ni(l1) and Co(l1) were more 
or less similar to the ligand spectra except that the 
intensity is higher. A shoulder at -400 nm and 
-480 nm in case of Ni(1I) and Co(II), respectively, 
was observed and attributed to the d-d transition in 
both cases. 

The Metal Ion Complexes of the Dipeptides 
Solutiolls of the Cu(Il), Ni(II), and Co(I1) exhibit 

various colors as their pHo increases in the course of 
titration. While no precipitation was observed in the 
Cu(I1) systems in the pHo range used, colored 
precipitates in both Ni(I1) and Co(I1) systeins were 
formed, depending on the system, initial concentra- 
tions of the reactants, and pH, of the medium. 
Typical titration curves of Cu(II), Ni(lI), and Co(I1) 
dipeptide systeins are shown in Fig. lb .  Sharp 
inflections in these curves are noted at pH,'s > 6.0. 
These inflections correspond approxi~nately to 3-4 
moles of base to one mole of metal ions. The model 
which fits the experimental findings has been found 
to correspond to the following equilibrium reactions. 

o m -  - - -  
G G &  I 

I I 

- m m  
o m m  
*cog l 

1 I 

" . G . P I =  
P I N  - 4 . . . .  
r-gr-G. 

I !  
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TABLE 2c. log P values for the stepwise equilibria of the complexes of the divalcnt metal ions with 0-Bzl-L 
tyrosine and glycine* 

0-Bzl-L-Tyrosine Glycine 
- 

Reaction Co(1I) Ni(I1) Cu(I1) Co(I1) Ni(I1) Cu(l1) 

*The log /3 of Cu(I1) complexes with glycine in aqueous solutions are 7.72 and 6.89, respectively (26). The log B of Ni(I1) complexes 
with glyciile in aqueous solutions are 5.55 and 4.62, respectively (26). The log B of Co(I1) complexes nit11 glycine in aqueous solutions 
are 4.77 and 4.22, respectively (26). 

FIG. 2. Distribution diagram of the ~l~olecular species of 
T,-Cu2+ system at various pH values. 

I 
500 5 0 0  7 0  8 0 3  9 0 0  0 0  1100 1 2 0 0  

W A V E  L E N G T H  nrn 

FIG. 3. Electronic spectra of T,-Cu2+ system at different 
pH values. 

The e q u ~ h b r l u n ~  constants of the reactions [lo] 
and [I 11 are l~sted 111 Table 1. It 1s quite interest~ng 
to note that the constant of the equll~brluin reaction 
[lo] cannot be calculated for the Cu(l1) system, 
contraly to the Nl(11) and Co(1I) systems T h ~ s  may 
be accounted for as due to the large p o l a r ~ z ~ n g  
poner  of the Cu(I1) Ions 111 comparison to that of 
NI(II) and Co(II) ions. wh~ch  fac~l~ta tes  loss of 
protons fro111 the I~gand, even that of the peptid~c 
g ~ o u p .  Few reports have d~scussed the loss of pept~dic 

protons of dipeptides in presence of metal ions (8) in 
aqueous solutions. Metal-dipeptide complexes of 
1 : 2  stoichiometry cannot be detected under the 
experimental collditions used in this work, similar to 
\\,hat have been found in the illeta1 tetrapeptide 
systems. This conclusion is contrary to what one 
expects specially in Ni(1I) and Co(I1) systems where 
octahedral configuration is favourable. However. 
this can be attributed to the steric hindrance of the 
bulky 0-Bzl-L-tyrosine residue in D l ,  D,, and D, 
in particular and 'or the forination of neutral complex 
species incapable of attracting other ligand species 
in the mixed solvent under consideration. The order 
of arrangement of 1 : 1 complex of Ni(I1) with the 
dipeptides follows the opposite order of arrange- 
ment of the deprotonation constants of the di- 
peptides, i.e., D ,  > D, > D, > D,. This behaviour 
probably indicates that chelation occurs through the 
N and 0 terminals of the dipeptides similar to what 
have been sho\vii for the Cu(11)-tetrapeptides 
systems. On the other hand Co(11) systems d o  not 
show this trend which may indicate that the N and 0 
terminals are not sin~ultai~eously involved in the 
complex formation. The order of arrangement is 
Dl  > D, > D, > D,, Table 20. For a particular 
dipeptide. the order of stability of M L H - ,  follows 
Irving-Williams series. Moreover, the order of the 
stability constants of the formation of M L H ,  shows 
the same sequence, i.e. Cu(11) > Ni(I1) > Co(1I) 
(Table 2b). 

The Metal Ion Co171ple~es of Glj cine and 0-Bzl-L- 
TJ I osine 

F ~ g u r e  l c  shous  typ~cal t ~ t r a t ~ o n  curves of the 
d~valent illeta1 Ions - glyclne and 0-Bzl-L-tyrosine 
systems Sharp ~nflect~ons uere obtained at  2 moles 
of base per mole of n?etal. ions for ! 1 metal-to- 
l~gand  r a t ~ o s  and foul moles of base per mole of 
metal Ions for 1 2 ratios These uere only observed 
In the copper(l1) systems Nickel(I1) and cobalt(I1) 
t i t ra t~on systelns d ~ d  not shorn such clear ~nf lec t~on 
p o ~ n t s  Ho~vever. 2-4 moles of base per mole of 
metal 1011s may be assumed to be consumed 111 these 
systenls as the case of copper(11) systems The model 
e q u ~ l ~ b r ~ u m  reactions which successfully expla~ned 
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Ethylenediamine-N,N1-diacetic acid complexes with divalent manganese, zinc, cadmium, 
and lead: a thermodynamic study 
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R. J. CUALTIERI, W. A. E. MCBRYDE, and H .  K. J.  POWELL. Can. J. Chem. 57. 113 (1979). 
The four protonation constants are reported for the dianion of ethylenediamine-Ar,N'- 

diacetic acid(H2L), 25'C, I = 0.10 M(KNO,), (log k ,  = 9.60, 6.51, 2.12, 1.3). log K(potentio- 
metric) and AH(ca1orimetric) data are reported for the formation of the complexes [ML], 
M = Mn2+, Z n 2 + ,  Cd2+,  and Pb2+ (log K = 6.87, 10.99, 9.16, and 10.66; AH = -2.9, 
-24.4, - 16.7, and - 28.0 kJ mol-' respectively). The complexes [ZnL] and [PbL] undergo 
(aqua) proton dissociation reactions, [ML] f H 2 0  + [ML(OH)] + H + ;  log KD = - 10.56 
and - 11.02, AH, = + 60.7 and + 38.5 kJ mol-', respectively. Potentiometric and nmr 
studies indicate that the ligand undergoes a slow (metal catalysed) hydrolysis or rearrangement 
in aqueous acid. 

R .  J .  GUALTIERI, W. A. E. MCBRYDE et H .  K. J. POWELL. Can. J.  Chein. 57, 113 (1979). 
On rapporte les quatre constantes de protonation du dianion de l'acide ethyl6nedianiine 

N,W-diacetique (H,L), h 2S°C, I = 0.10 M (KNO,). (log K, = 9.60. 6.51. 2.12 et 1.3). On 
rapporte des donnCes de log K(potentiometrique) et AH(ca1orimetrique) pour la formation des 
complexes [ML], M = Mn2-, Zn2+,  Cd2+ et Pb2+ (log K = 6.87, 10.99, 9.16 et 10.66; 
AH = -2.9, -24.4, - 16.7 et - 28.0 kJ mol-', respectivement). Les complexes [ZnL] et 
[PbL] subissent des reactiosls de dissociation protonique (aqua), [ML] + H 2 0  [ML(OH)] + H +  ; log KD = - 10.56 et - 11.02, AH, = +60.7 et +38.5 kJ m o l ' ,  respectivement, Des 
Ctudes rmn et potentiosnetriques indiquent qu'en milieu aqueux le ligand subit uiie hydrolyse 
lente (catalysCe par les mttaux) ou une transposition. 

[Traduit par le journal] 

Introduction 

In the course of testing a new calorimetric system 
the complexing reactions of ethylet~ediainine-N,Nt- 
diacetic acid (H,L) with the divalent ions of Mn, Zn, 
Cd, and Pb were studied. The forination of the Mn, 
Zn, and Cd complexes (also Co, Ni) had been the 
subject of an earlier potentiolnetric and calorimetric 
study (1). However, this work did not consider the 
protonation reactions of the acetato groups in the 

- 
zwitterioil IH2L, (-CH2NH2CH2COO-)2. Subse- 
quent studies (2-4) have indicated log K values of 
ca. 2.4 and 1.8 for these reactions; thus the reactioii 
H2L + Hi- -t H,L' will be importailt ill  the p H  
range in which NIL forms (2.5-3.5) and in which 
CoL and ZnL form (3.5-4.5). Further, McLendon 
ei a/. (5) have reported the forlnatioil of the species 
[Co(HL)]+ (as \yell as [CoL] and [CoL(OH)]-), and 
Schroeder and Johnson (3) reported [M(HL)]+ (also 
[ML], [ML(OH)]-; and [M2LIZ+),  M = Pb, Zn, 
althougli species [M(HL)]+ were not reported by 
Degischer and Nancollas (1) for Co or Zn, nor for 
Ni which complexes at lower pH (6). 

This work reports the four protonation constants 
for the diacetato anion L2- ,  and enthalpy data for the 
formation of HL- and H2L. Log K and A I I  values 
are reported for the formation of [ML], M = 

divalent Mn, Zn, Cd, Pb, and of [ML(OH)], 
M = Zn, Pb. It was observed that solutions of the 
ligand and inetal ions here not stable; for solutions 
kept at 25 C titration curves showed a steady in- 
crease in pH with time, especially at I?, > 0.8. 
Nuclear magnetic resonance studies established that 
a slow decomposition or rearrangement of the liga~id 
occurs in aqueous acid solution. 

Experimental and Results 
M n t r r i n l s  

Ethylenediamine-.W,hr'-diacetic acid, EDDA (Aldrich 15, 
818-6), \\as twice recrystallised from hot water. A sample of 
commercial EDDA required sovhlet extraction with 1 0 z  v,'v 
methanol 'ethanol (24 h) to remove adsorbed impurities before 
recrystallisation. The formula weight by titration against KOH, 
using Gran's plot to determine the end point was 176.6; 
calcd 176.2. 

Stock solut~ons of Mn(ClO&, Zn(N03),, Cd(N0,)2, and 
Pb(NO,), wele prepared from Analar glade reagents and 
acidified, cd 2 5 x M HNO, Sto~chiometry was con- 
firmed by titration against standard EDTA, uslng appropriate 
iildicators and pH (7, 8) 

pH i k fms~r t  e ~ ~ e t i t s  
A Beckman Calornel electrode and Beckinan E-2 glass 

electrode were used in conjunction with a Radiometer digital 
pH ~neter PHM 52 The electiodea Mere calibrated as a [H+]  
probe by titration of HNO, into solutions of KNO, (p[HT] 
2 0-2 7), KNO, HNO, (p[H+] 1 5-2 0), acetic a c ~ d  (p[H-] 
3 7-5 8) (91, and potarslun~ hydrogen phthalate (p[H+] 4 0- 

0008-404217910 I01 13-04$01 .0010 
'8 1979 National Reseal-ch Council of CanadalConseil national de ~.echerches du Canada 
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TABLE 1 Therniodqnamic data for protonatlon of (-CH,NHCH,COO-)2, 25 C, 0 1 2 1  KNO, 

log k, log k, log k J  
Affl AH2 

log k ,  kJ  mol-' kJ mol - Reference 

5.9) (lo), and of KOH illto KhO,  (p[H-] 10.8 11.8), p = 

0.10 hf (KNO,). All pH(measured) - p [ W ]  data \\ere co- 
linear \vithi~i experimental error, the least-squares line for 90 
data point, being pH,,, = 11.012 5 0.001)p[H+] + (0.037 + 
0.003). 

Ligand protonation \vas studied by titration of (i) HNO, 
(0.9943 ,Mi, or (ii) KOH (0.5475 2.1). from a Giln~ont nlicrom- 
eter s~r inge into solutions of H,L (ca. 3 x lO-?.tlj ancl 
KNO, (I = 0.10 -1.2). The step-nise protonation constants in 
Table 1 \+ere computed fron? der i~ed ,i,(obs) - pH data by 
use of the least-squares procedi~res ilrtailed elsewhere (1 1). 
(,I,, is the a\erage number of protons bound per ligand 
molecule.) The urotonation constants \\ere determi~ied for 5 
titrations each of 50-60 data points in the range fi,, 0.25-3.0: 
R factors (12) of ca. 0.25 +%ere achieved and there \\ere no 
systematic trends in the residuals. ii,,(obs) - ii,,(caicd) (13). 
(At N,, 3.0 the solution cornpositloi~ \%as 21% H,L, 57% K,L, 
227; N2L.) 

Titration of KOH into solutions of Iigand (ca. 4.3 x 10-"W), 
metal salt (ca. 3.0 x l o 3  M); and KNO, gave titration curies 

~vi th  biifrer regions (at pH 5.4-6.5, 3.3-4.5, 4.2--5.4, and 
3.5-4.8 for 3411, 217, Cd, and Pb, respecti~ely) followed by end 
points corresponding to the addition of two moles of OH-  
per mole of metal ion, i.e. the reaction 

M(dq),+ - H,L -t 2 0 H  + [ML] + 2HzO 

plus one mole of OH-  per mole of excess acid (HFdO,) and 
per mole of excess ligand. 111 each case a secoild buffer region 
folloned at pH > 10. The Ell-EDDA and Pb-EDDA solu- 
tions \\ere stable at high pH: Cd-EDDA solutions showed a 
downuard tirift in pH at pH > 10 and a gelafinoui precipitate 
\\'as apparent at pH 11. The hln-EDDA sol~itions became 
increr:singly sensitive to O2 at high pH. Titration soli~tions 
under iU, de\eloped a pale amber colour at pH > IO: on 
exposure to air these iolutions rapidly became deep amber and 
precipitated MnO,. The trio bulTer regions \\ere interpreted in 
terms of reactions [I] and [2], rcspecti\ely. V a i ~ ~ e s  of log K, 
a.nd log K, are gi\en in Table 2. 

KD 
['I [ML] + H 2 0  e [ \ I L ( O H ) ] -  - ti' 

All metal-ligand soiutions were freshly prepared and or 
stored at 4'C b e t ~ e e n  titrations. Solutions (Zn, Cd) niain- 
tained at 25 C gave titration curves which displaced to higher 
pH at ca. 0.02 pH 12 h at fi, 0.2-0.8 and 0.1-0.3 pH 12 h at 
,i > 0.9. 

Cciloiiiiietric 1;1fecwiir.ei?retits 
An LKB 8700-1 calorirueter \%as modified as follo\vs. The 

poll-ethylene titrant coii \\as replaced by a glass titrant line 
(2 luln od) \rhich entered the subinergeti outer container of 
the calorimeter via one of the support chimneys and had a 
single coii 7.5 cm in diameter inside this container. Titrant 
was delivered from a Giln~ont micro~lieter syringe. Time- 
res~stallce measurenleiits \\ere cflected bj feeding the oiit-of- 
balance signal fro111 the de bridge into a l ie~lett-Packard 
419 A dc null \oltn~cter: the amplified signal \\as fed to a 
strip chart recorder (He\\lett-Packard Moseley 7101B). The 
precision of the system \\as estimated from electrical calibl-a- 
tions. The ratio of electrical heat input to mcasured resistance 
change (interpolated from the I-ecorder trace and bridge 
settings before and aftcr 'reaction') \\as reproducible to 
-0.2:; - for reaction5 of 5-14 J .  The accuracy of the system 
mas checked by deter~iiining the enthalpy change for protona- 
tion of aqueous 2-amino-2-hj drosjiiiethqlpropane-1,3-diol 
(tt-ii) mith HCI: the 11iean and standat-d de\ iation of 7 measure- 
nlentb (incnsured heat change ca. 13 J)  \vas -47.2 I 0.2 kJ 
n ~ o l - '  (lit. (14, 15) -47.48 and -47.44 kJ 11101-~) 

For the protonat~on of L2.-, bufYered solutions of ligand 
(ca. 6.5 x lo-,, fi,, 0.2-0.3, 10.10 .\4 KNO,) \%ere titrated in 
the calorimeter \ ~ i t h  HCI (ca. 1 ,il). Thc deterruination of 
A H ,  values from the measurecl heat changes (ca. 6.5-10 3, 
corrected for the heat of dili~tion of HC'I titrant (16) and for 
the neutraliration of O H  (17) p rod~~ced  by reaction [3]), and 
the changes in solution composition het\\een successive 
titratio11 points, follo\\ecl pl-ocedures detailed PI-eviously (18). 

Thc step-wise enthalpy changes given in Table I were deter- 
mined from I2 data points (? titrations). 

For the complexes [IML] (and [ML(OH)]-) calorilnetric 
measurements involved titration of HNO, (ca. 1 .Lf) into 
solutions of metal salt (ca. 6 x 10 M), EDDA (ca. 6.7 x 

M ) ;  and KNO, (I = 0.10M) b~ifl'ered to appropriate 
pH by addition of KOH (fi,, = 0.8 or [ML(OH)]- C>, = 0.3); 
i . e ~  the enthalpy changes for ( i )  protonation, 

[ML(OH)]- + H T  -t [ML] 

and (ii) dissociation, 

of the compleu \\.ere determined. Measurements \+ere restricted 
to the composition range for nhich [tl,L] C ,  c- 0.02, i.e. 
pH > 3.8 and EL > 0, 0.45, 0, and 0.3 for Mn,  Zn, Cd, and 
Pb respectively. The cornpositio~l of tile calorimeter solution 
at each titration point \\as detei-minett by sol\ing the three 
mass balance equations (expressions lor the stoichio~l~etric 
concentrations, C,, C,,, and GI) for [ E l + ]  and [ligand]; the 
iterative procedure adopted was based on an initial estimate 
of [H-1 obtained from a parallel titration on the calorimeter 
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GUALTIERI ET AL 115 

TABLE 2 Thermodynam~c data for the formation of coiuplexes [kI(EDDA)] and [M(EDDA)OH], M = MII. Zn, Cd, Pb, 
25 C ,  0 1 KhO2 

- AH,-- -- A S l  
Metal Reference log K," k J m o l l  J K-I mol-' log K," 

A f f ~  ASn 
kJ mol-' J K-I mol-I 

IvI n This 6 . 8 5 k 0 . 0 5  2 . 9 5 0 . 4  122+2 ( -11 ,5*0 ,1 )  
work 

1 7 .05  3 . 6 k 0 . 4  
Zn This 10 .99+0 .02  ZrC.4_+0.6 1 2 8 i 2  - i 0 . 56 -0 .04  6 0 . 7 k 0 . 4  2 t 2  

work 
r 11.22 2 5 . 5 k 0 . 4  
3 11.71 

Cd This 9 . 1 6 k 0 . 0 2  1 6 . 7 1 0 . 2  119+ 1 
u ark 

1 9 . 40  2 2 . 5 1 0 . 4  
3 1 8 .99  

Pb This 10 .66k0 .02  2 8 . 0 2 0 . 5  1 1 0 k 2  -11 .02=0 .02  3 8 . 5 k 0 . 6  - 8 2 k 2  
work 
32' 10.43 

3 11.71 

solution. The measured heat changes were corrected for the 
heat of dilution of HNO, (19), for the neuti-niization of OH-  
(17) (reaction [ 3 ] ) ,  and for the protonation of ligand not 
coordinated :o the rneta! ion. The enthalpy changes for the 
well separated reactions [I] and [2], A H , ,  AN,,, \\el-e calcu- 
lated from Q,,,, = XAH, ~vlieie X is the change in the riun~ber 
of moles of [hlL] or [hlL(OHj]-. respecti~,ely, bet\\ecn 
successive titration points. Results (mean 5 standard devia- 
tioil; 6-10 data points) are given in Table 2.  

i\'rtc/c.nr ~Lfngnetic Xesoi1iii:ce !~ fe~ is r i i . z i , / e~~ fs  
Nuclear magnetic resonance spectra were recorded on a 

Varian T-60 spectrometer for solutions of E,DDA in D 2 0  
Ck,COOH at pH = 0.8 and 2.25, using TJMS as external 
standard. 

Discussion 

The first and second protonation reac:ions of the 
dianion (-CH2NtH-ICH,COO-), have been studied 
by several workers and the log k i  values are similar 
to those reported in this study (Table I ) .  Bt is . , 

probable that discrepancies arise inainly from the 
 neth hod of estimating [ X I ]  from the n~easured p H  
( I  l j. I11 this ~vork  the electrode pair \{;as ca-librated 
di~ectly as a [ H - ]  piobe, at the same ionic strength 
as for the tltrat~ons, 01 use of buffers for h i  h ~ c h  [H 1 
could be calculated froin k n o ~ \ n  conceiltrat~on 
qimt~ents (CH,COOH) (9) or from I<nonn thermo- 
dj i lani~c equ~lihirum constants and a c t ~ v ~ t y  coeffic~ent 
exp~ess~ons  fol lndlv~ci~lal l ~ ~ - i s  (phthalic a c ~ d )  (10). 
and by use of HNO, and KOH soiut~ons of knomn 

NaCIO,) ~vhile Schroeder and Johnson (3) and 
Harris and Martell (2) have reported \,dues for 
log k, ( I  .54; 1 LM NaC10,. and 2.36, 0.iO ,If KNO,, 
respectively). The measurement of log k values at 
Io\v pH iii aqueous s o i ~ ~ t i o n  is prone to large un-  
certainties in the calcula~ions, and in this work 
~neasurements vere restricted to pH 2 2.2, at nhich 
i 2 1 ° ,  of the ligand exists as H,L2'. Although our 
value of log k, carries a significant uncertainty the 
existence of this species in solution is confirn~ed by 
the l o ~ v  values of R (0.22";) and a, ( f 0.005) obtained 
in calculations: by assuil?ing I<, = 0, a value of 
log k ,  = 2.31 i 0.02 ivas obtained (in agree~nent 
with Harris and Martell (2)) but X (2.9'-J and a, 
(2 0.06) VI ere significantly higher. 

The values reported for AH, and AH, n ere derived 
fro111 1 1  titration points and the least-squares fitting 
of A H ,  (Q,,, = Y A H ,  t PAHJ gave a standard 
deviation of 1 0 . 0 7  9 in Q,,, (ca. 0.8"). Our results 
are ca. 15% higher than those of' Silsa and Sambes 
(21) (temperature coefficient method) and A H ,  is 
ca. 6", higher than that reported by Degischer and 
Naiicollas ( I ) .  No atteinpt was made to nleasure 
AH, and AN,. It \+as anticipated that these enthalpy 
values for carboxplate protonation would be very 
smai! ( 2 2 ) ;  subseque~lt calorimetric \\ark on metal- 
EDDA species was liinited to the pH range ivhere 
([H,L] + [H,E])'C, < 0.02. 

sioichiometry. For MOH so!utions p[H '1 was calcu- 
lated assuming p K ,  = 13.798 for 0.10 M KNO, (20). Ligm'cr' S'abilit~ 

ya,nada (., (4) hme reported values of log I<, 11 was observed that the pH of solutions of ZII or 

and log k ,  for carboxylaee protorlation of the Cd and EDDA increased with time a t  25'C. The p H  
- increased by ca. 0.01-0.02,'12 h iril the composition 

z~vitterior? ( - c I I ~ ~ H , c H ~ c ~ ~ ~ ) ,  (2.37, I.85, 1 M range ii, -- 0.1-0.8; and by ca. 0.03 (231) or 0.1 (Cd) 
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116 CAN. .I. CHEM. VOL. 57, 1979 

a t  EL = 0 9 Solutions stored at  4 C gave reproduc~ble 
tltration curves after 12 and 24 h The Increase 111 

pH, and decrease 111 calculated values of K , ,  mere 
cons~stent M ~ t l i  ertliel a rearrangement or hydrolys~s 
of the 11gand to glie product(s) nhlch mere more 
baslc andlor hveaker complex~ng agents An nrnr 
study on a solut~on of EDDA III D,O/CF,COOH at 
p H  2 25 (E,, - 3 0) established a slow reaction w ~ t h  a 
half-l~fe of ca 14 daqs at 25 C ;  zllic Ions (Zn 
EDDA - 1) i~icieased the ~eaction rate ca 1.5-fold 
The reso~laiice for N-CH,-CH,-N protons of 
EDDA broadened and split, ~nd ica t~ng  the noii- 
equivalence of the t ~ z o  111tlogen atoms 111 the product 
specles. while the iesoiiance for -CH,-COOH 
methylene protons sp l~ t  ~ i i to  t a  o nen do\+ lifield 
absorpt~ons An hydrolysis react~on to g~ve  gl>coll~c 
acid and ethqlened~arn~ne-AT-acetlc acid, oi an ~n t ra -  
molecular coridensat~on to glve a cycl~c ain~de, 
~ H , C H , N H C H , C O ~ C H , C ~ O H ,  has products 
cons~stent nith the observed pattern of nmr reso- 
nances Cornpal 1soi1 nith the sppctrurn for glycolllc 
acld In the renct~on ~ n e d ~ u m  establrshed that this \?as 
not a leactlon product (glycoll~c acld resonance nas  
ca 1-2 Hz downfield from the low field -CH,COOH 
resonance) 

Metal Co~xplexes 
log K values for the formation of complexes [ML] 

and [ML(OH)] are given in Table 2 and compared 
with those reported by other morkers. Iildividual 
values of log K, shelved no drift in the range f i ,  
0.1-0.9 for freshly prepared solutions and thus it is 
unlikely that protonated species [M(HL)]+ are 
formed. (For solutions aged at 25°C log K, decreased 
by ca. 0.21 as i7, increased froin 0.1 to 0.9, an 
observatioii which would be consistent with forma- 
tion of a protonated complex. It is possible that the 
postulates of species [M(HL)IT, M = Co, Zn, Pb 
(3, 5). are based on data for aged solutions.) The 
published value (5) of log K ([CoL] + H +  + 
[Co(HL)]') = 4.20 gives a value of log K (Co(aq),+ 
+ HL- + [Co(HL)]+) = 5.8 which is greater than 
log K for the cobalt(I1)-glycinate complex (5.1) (23) ; 

+ 
one would expect bidentate HL (-OOCH,NH,- 
CH,CH,NHCH,COO-) to form a less stable com- 
plex than glycine cf. the relative stabilities of 

L 

cobalt(l1) complexes and amino acids I(IH,(cH,),- 
CH(NH,)COO (24). The published values of log K 
for [M(HL)]+, M = Cu, Pb, Zn, give rise to a 
siinilar disparity with the data for glycine. 

The log K ,  values reported here are uniformly 
Lower (ca. 0.2) than those reported by Degischer and 
Nancollas (1). This discrepancy relates in part to 
their neglect of log k, (e.g. for Mn we calculate 

log K, = 6.93 0.05 by ase of their log k ,  and 
log k,) and in part to the different methods of 
estimating [H'] from pH,,! (for a discussion on this 
point see ref. I 1). The A "! values reported for 
[MnL] and [ZnL] are in c!( se agreement with those 
of Degischer and Nancolli s ( l) ,  but the value for 
[CdL] Is significantly difftrent (this work, 5 titra- 
tions). Values for [PbL] and [ M L ( O H ) ]  have not 
been repoi-ted previously. 

The entropy changes for formation of [MI-] eom- 
plexes are all sirnilar; this could be interpreted as 
indicating a similar reaction for each metal ion, viz. 

Ho\\ever, the p a ~ t ~ a l  lnolal entrop~es of the reactant 
ions M(aq)'+ are very d~fferent ( -  83 7. - 106 5, 
-61 1, and +23 J K- '  mol-' for Mn, Zn, Cd, and 
Pb respectively (25)) Assunilng that the entropies 
for the largei, neutral, coniplex spec~es [ML] may be 
less diss~milai, tlie suin 

can then be used to infer differences in the nature of 
the species [ML(H,O),] The values of AS + + 

for Mn, 211, Cd. arid Pb ale 38, 22, 58, and 133 J K- '  
mol - ' ,  respectively, suggesting that for Pb the term 
(6 - \)H,O is s~gn~ficantly larger, i e the Pb atom 
has a lamer co-oid~nation numbel in the complex, 
p~obably four, as compared with SIX for the other 
ions The difference of ca 9 0 J  K- '  niol-I in 
A S  t S,,(,,,Z for Pb and the other metals represents 
the contr~but~on to AS from the ielease of 71 more 
water molecules froin the co-oldination sphere of 
the Pb atom, I e 

Given that S,,,, = 70 J K - '  mol-' (16) a value of 
77 = 2 mould appear consistent w ~ t h  the experimental 
data. 

The significantly dlfrerent values of both AH, and 
AS, for the formation of [ZnL(OH)]- and 
[PbL(OH)]- afford further ev~dence for different 
structures for these t\\o ions. The negative value of 
AS, for [PbL(OH)]- ~bould be consistent \wth tlie 
loss of entropy of a solvent water molecule ([PbL] + 
H,O + [PbL(OH)]- + H + :  AS, - 825 K 1  mol-') 
111 contrast to the deprotonation of a co-ord~nated 
water molecule ([ZnL/H20!,] -t [ZIIL(OH)H,O] + 
H i ;  AS, t 2 J K - '  mol- ). The value of A S '  for 
the reaction 

[ML] + OH- + [ML(OH)] 

is given by AS' = AS, + AS, where AS,(= +80 J 
K - '  mol-') (16) is for the reaction H' + O H  -t 
H,O. The values are + 82 and - 2 5 K- '  mol-' for 
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TABLE 3. Con~par i son  of some thermodynalnic data for formation of M L  con~plexes 
where L = arninopolycarboxylate o r  polyamine. The data are for t - 25'C, - 0.1 

( - A H ,  in kJ mol-'  : AS in J K - I  mol-') 

Value 
Metal Thermodyllanlic 

ion quantity E D T A  N T A  EDDA T R I E N  

Mn2 + log K," 13.6-14.0 7 .4  6 .85  4 . 9  
- AH, 19.2-21.8 -(4.8-6.0) 2 . 9  9 . 6  

As1 172-201 158-162 122 63 
log KDh - -12 -11 .5  

ZnZ + log K," 16.3-16.7 10.4-10.7 10.99 11.9-12.1 
- AH1 18.8-23.4 3.5-3.6 24 .4  35-37 

As1 230-247 190-1 92 128 105-1 13 
log KDb - 11 -10.45 -10.56 

CdZ + log K," 16.4-16.6 9.5-9.8 9 .16  10.8 
- AH, 38.1-42.2 -16 .6  16 .7  3 8 

AS1 159-184 131 119 79 
log KDh - - I 2  

P b Z T  log Klu 17.7-18.3 11.4-11.8 10.66 9 . 9  
- A H ,  54.8-59.0 15 .9  28 

AS1 141-1 59 164 110 
log KDb - 11 

"Reaction [ 11. 
"eaction [2). 

ZII and Pb respectively, these may be compared mlth 
values f o ~  cornplexes [ML(H20),]2L ( / I  # 0) nhele  
L is a tlramlne llgand M = C u 2 + ,  L = 3-azallep- 
tane-1.7-dla1nlne (AS'  = +66 J K - '  mo l - ' )  (26), 4- 
azaheptane-1,7-ct1an1111e (47) (ref 27). 3-azakexane- 
1,6-dlariline (58) (ief 28). M = Zn2', L = 4-aza- 
heptane-1,7-dramine (47), 3-azahexane- 1,6-diamiiie 
(94) (ref 28) 

It 1s appropriate to cornpare tlie results of t h ~ s  
no1 k w ~ t h  comparable data foi othel amlnopoly- 
carboxyl~c aclds The extensive compllat~on by 
Wr~ght ,  Hollonay, and Rellley (29) deals ~ n a ~ n l y  
~ ~ t h  ethplenediai~i~netetrdacet~c a c ~ d  and structulally 
related llgands vhich are 6-dentdte lrgands I t  1s 
probably more suitable to compale a 4-dentate 
llgand n h e ~ e  the number of bonds formed and 
solvent molecules d ~ ~ p l a c e d  rnay be the same as for 
E D D A .  In Table 3 are conipiled data froni standard 
sources (23, 30) shov,liig such comparisons. As 
4-dentate l~gands  N T A  (one nitrogen, three oxygen 
donors) and T R I E N  (four 11rtroge11 donors) are 
l~sted.  There are feu obvious Inferences to be drawn 
froni t h ~ s  infornlatlon In all tlie cases listed E D D A  
stands ~ntermediate betneen NTA and TRIEN, u ~ t h  
clear evidence of the greate. energy of the metal- 
n~trogen bonds as apparent In the greater eilihalpy 
decreases 111 passing through the sequence N T A  -, 
E D D A  -t TRIEN T h ~ s  IS particularly the case with 
the d J O  acceptor ~ o n s  Zn2' and Cd2'. The near 
equivalei~ce of - A G ,  In passing from NTA to 
E D D A  suggests an isokinetlc relationship among the 

metal cornplexes of these t \ \o ligands, but further 
investigation is required before such speculation 
should be undertaken. 
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The addition of 2,4-dinitrobenzenesu1pheny1 chloride to 1,3-disubstituted allenes: 
a reexamination 

DEKNIS G. GARRATT A N D  P I E R R E  BEAULIEU 
Dapcirrtnetlr c?f'Cher?lisfr?, Unit,o..rit.v of Orrtr~i,u, O t tu~ . ( i ,  Ot~r . ,  Curludii K1.V YB4 

Received June 29. 1978 

DENNIS 6. GARRATT and PIERRE BEAULIEU. Can. J. Chem. 57. 119 (1979). 
The reaction of 2,4-dinitrobenzenesulphenyl chloride with eight alkyl 1,3-disubstituted 

allenes in methylene chloride solution has been investigated. In contrast to earlier reports, 
attack by sulphur is found to occur exclusively at the central allenic carbon. The direction of 
approach of sulphenyl chloride leads preferentially to the formation of the E isomers in accord 
with the concept of steric approach control. The ratio of E to Z alkene is found to increase as 
the bulk of the substituent group cis to the arylthio group increases. We observe, however, very 
little regioselectivity with respect to which of the mutually perpendicular n bonds of the allene 
system is attacked, suggesting the presence of an  effective mechanism for transmission of 
inductive effects to the more distant double bond. 

DENXIS G. GARRATT et PIERRE BEAULIEU. Can. J. Chem. 57. 119 (1979) 
011 a examine la reaction du chlorure de dinitro-2,4 benzenesulfenyle avec huit allenes 

dialkyles aux positions 1 et 3 dans le chlorure de methylene. Contrairement a certains trnvaux 
anterieurs, on observe que I'atorne de soufre attaque exclusivement le carbone allenique 
central. L'approche du chlorure de sulfenyle se fait selon une direction qui conduit de prC- 
fereace a la formation des isomeres E, comnie le prevoit le concept de contr6le par I'approche 
sterique. T I  y a augmentation du rapport entre les alcenes E et Z lorsque la taille du suhstituant 
en position cis par rapport au groupe arylthio augmente. Cependant, on note tres peu de 
regioselecticite dans I'attaque des doubles liaisons ?r mutuellenient perpendiculaires du 
systenie all6nique. Ce fait laisse supposer qu'il existe un 11iCcanisme efficace pour transniettre 
les effets inductifs B la double liaisoli la plus tloignee. 

[Truduit pal- le joul-nal] 

I t  has been reported by Jacobs and Kammerer (1) 
that 2,4-dinitrobenzenesulphenyl chloride adds to X\ / R 4  

'* __+ 

2,3-pentadiene, 2,3-hexadiene, and 3,4-heptadiene to 4 RlRzC /crc\ R3 
give products of both type I and type II regio- 

Y 
\ I  \\ X /R3 

/ 6-8- /"-" /C-X \c=c 
-c=c=c + X Z  + \c=c /c=C 
4 \ ' ' X  'z 

RIR2C ' \ R ~  

I I I 
I 
Y 

X = S&-NO2 L = C1 

chemistry, the major adduct being of type I (eq. [I]). 
In contrast, no type I1 products M,ere detected under 
similar reaction conditions from reactions involving 
I ,2-cyclononadiene. 1,2-cyclotridecadiene, or 1,3- 
di(1 -adamantyl)allene. These results are at variance 
with those of others (2) which indicate that a given 
electrophile generally yields products of only one 
regiochemical type. 

The anomalous nature of these results suggested 
to us that perhaps an alternative interpretation might 
be applicable. When the two substituents on a given 
terminal allenic carbon atom are different, there 
exist tivo possible directions of approach by the 
electrophile as sho~vn in Scheme 1. 

Because of the outlzogonnl~tj~ of the TL systems, this 
leads to a serles of E and Z Isomers. Thus in the 
general case, R1R2C=C:CR3R4, n here R1 # R2 # 
R3 # R4, there exist e ~ g h t  poss~ble additloll products 
for an unsyrnmetr~c electrophile. 

0008-4042/79/010119-09$01.00/0 
a 1979 National Research Council of CanadaIConseil national de recherches du Canada 
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120 CAN. J .  CHEM. 

TABLE 1. Kinetically controlled product distribution for the 
reaction of 2,4-dinitrobenrenes~~lphenyl chloride with a series 

of 1,3-disubstituted allenes in CH2CI2 

(a) Sllnmetric allei~es 

(6) Ullsylnmetric allenes 

E : Z  

We wish to present experimental evidence which 
has a direct bearing upon this question. 

Results 

The a d d ~ t ~ o n  of 2,4-d~nltrobenzenesulphenyl chlo- 
r ~ d e  (DNBSC) to e ~ p h t  alkyl 1 3-d~substituted allenes, 
1-8, at a ~ n b ~ e n t  te~nperature In methylene chloride 
solution has been ~nvest~gated The k~net~cal ly  con- 
trolled product d ~ s t r ~ b u t ~ o n s  are given III Table 1. 

2 R = CH,, R '  = C2H, 

3 R = CH,, R '  = iC3H, 

4 R = CH,, R' = rC,H, 

Although no var~ations in product ratios were 
observed during the course of the reaction, slow 
isomerizations were found to occur over a period of 
weeks. Analysis of 'H and 13C nmr spectra of the 
respective adducts suggests that these compounds 
are all formed via regiospecific attack of the arylthio 
moiety on the central allenic carbon giving mixtures 
of the isomeric E and Z alkenes. 

For example, DNBSC reacts with 2,3-pentadiene, 
1, to give a 64:36 mixture of two adducts, 9 and 10. 
The corresponding reaction with an unsylninetric 
allene, such as 2.3-hexadiene, yields four adducts. 
Spectral parameters are summarized in Tables 2-4. 

The original assignnlents of 9 and 10. by Jacobs 
and Kainmerer (1) .  as 4-chloro-2-penten-3-yl and 
3-chloro-2-penten-4-yl 2',4'-dinitrophenyl sulphides 
(see structures 9' and 11, configuration undefined) 

FHCiCH3 / CH(SAr)CH3 

CH3CH=C CH3CH=C 

'sA r \CI 

9' I1  
as assigned by Jacobs 

here based 011 the chemlcal sh~f ts  of the v~nyl  
protons (H, of Table 2) and the ~ n e t h ~ n e  protons (H, 
of Table 2) uslng CICH,C(SAI)=CH,, the ploduct 
of the react~on of DNBSC ~ ~ t h  p~opadlene,  as the 
model s)stem An exanl~nnt~on of the literature 
suggests that the lsoillerlc 3,4-dlchlo10-2-pentenes 
may be better models Byrd and Caser~o (3) have 
repol ted the following ' H nml palanieters E isomer 
6 H, 5 74, H, 5 10. Z Isomer 6 H, 5 93, H, 4 67. A 
comparison of these ~ a l u e s  ~11th those of Jacobs and 
Kdrnrnerer ( I )  and ~ ~ t h  those glven In Table 2 
~ n d ~ c a t e s  that our a l t e r n a t ~ ~ e  nsslgnments as E- and 
Z-4-chloro-2-penten-3-) 1 2 .4'-di~iitrophenyl sulph~de 
are also cons~ctent h ~ t h  the nva~ldble data 

CH3\ ,CHCICH3 H \ ,CHCICH3 

H /C=C\ SAr C"3 /c=C\sAr 
9 10 

These regiochemical assignments are substantiated 
by the 13C nnir chemical shifts of the methine 
carbons (C,, Table 3). Thus Jacobs and Kamnlerer 
(1) assigned the major adduct 9 as that having a 
chlorine bonded to the methine carbon whereas the 
minor component of str~lcture I 1  would have the 
arylthio group bonded to the metliine carbon. One 
would therefore expect the methine carbon of the 
major adduct to resonate at  lower field because of 
the known dependence of 13C chemical shifts on the 
relative electronegativities of the substituents (C1 
2.99; S 2.48). In contrast \ye observed resonances at  
6 54.8 and 61.5. This, of course, might be interpreted 
in terms of a reversal of the initial assignn~eiits but 
model systems1 such as C-2-(RS)-, 5-(RS)-, and 
E-2-(RS)-, 5-(SR)-5-chloro-3-hexen-2-y1 4'-chloro- 
phenyl sulphide exhibit CH(SAr) carbon resonances 
at  6 45.4, 45.3, and CNClCH, carbon resonances 

'G. H. Schmid, S. Yeroshalmi, and D. G. Garratt. Un- 
published results. 
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TABLE 3. Observed carbon-1'3 mngnetlc resonance paramcters for the products of addlt~on of 2,4-d~nitrohenrenesulphenyl chlol~de to I , l -d~whst~tuted  ,illencs 

CHCIK' Chemical shift assignments 
RCH-C' - - ~ ~ - - - - -- - 

'SA~ Aioninllcs 
- -  Con- - -. - ~ - Other 

R R '  figuration C,  c2 c3 c4 C i  Ch C7 c, Cg CI C", Crlwl cud C, carbons 
.- .- - - . - - -- .- ..A~... 

CH3 fCIHJ F 148 0 
7 144'3 

C2115 CH, C 1 5 3 5  
7 148 7 

rC,H7 CII, F 1 5 8 5  
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at  6 56.9, 56.5. therefore suggesting that both 3 and 90 
have allylic chlorines. An examination of one bond 
coupling col-~stai~:~ (J,,, ,  Table 4) confirms this. Thus 
J,,3 for 9 and BO is, respectively, 151.6 and 150.6. 
These ~ a l u e s  are in the range expected for a carbon 
directly bonded to a halogen, e.g.. CH,C1 'J = 

148.65: CH,Br ' J  = 159.5, CH,l ' J  = 150.3 vs. 
(CH,)2S ' J  = 138.5 (4). 

Further indication of the correctness of our assign- 
ments is found in the mass spectra of 3 and 10 lvhich 
exhibit cn cleavage mith loss of a CHClCH, radial 
fragment from the niolecular ion. No  fragments \\ere 
observed which could be rationalized iii terms of the 
loss of a radical or fornlatio~i of a cationic species of 
the formula CH(SAr)CEI,, as ~vould have been 
anticipated from a.n adduct of structure 11. 

The assigilnient of configuration for 9 and 168 as 
E and Z. respecticely. follo\\s froin seberal criteria 
based on 'Fa ant! 13C chemical shifts and coupling 
constants. From Table 2 it is seen that for trisub- 
stituted allcenes of this type the chel~iical shift of the 
proton H 3  is shielded in the E iso:ller relati\e to that 
of the corresponding Z isonier and that W, is 
deshielded i l l  the E isomer relatibe to that of the 
corresponding Z isomer. This trend is seen in the 
reported ~ a l u e s  of numerous other 3.4-disubstituted- 
2-pentenes (3. 5). 

i11 accord nith the ahailable data for similar11 
substit~lted slsten7s the allylic proton-proton cou- 
pling constant ' J  ,,,--,,,, (cis) is obser\ed to be 
slightlj. larger than "J,,,= ,,,, (ti.cct1.c) thus alloh\ing 10 
to be assigned the Z configuration in agreement \+ it11 
the proton chemical shift data (6) .  One must take 
care in thc intcrpretatioii of 'J,, , ,  values, l io\ \ ,e~er.  
since they are quite small and change their stereo- 
chemical proportionality depending upon thc nature 
of the remaining substitucnts used to define the 
alkene system (7) .  

Of more diagnostic balue are vicinal carbon- 
proton couplii~g constants of the form "c,,c,,. The 
values for 3~ccp , ,  (ci,)) and 3Jc,p,l, ( I I 'N I~ ,S)  are norm- 
ally \\idely diferent, the ranges just overlapping, mith 
tlze f r a i l s  coupling being larger than the corresponding 
cis interaction (8).  An examination of Table 4 indi- 
cates that J,,, ( E ~ J , ,  C1l) is i11 accord ni th  our con- 
iigurational assignments and thus reinforces oul- 
initial analysis. 

These assignments are furthermore confirlned by 
the observed ' 3C cheinical shifts. The stereocllernical 
dependence of ' 3C chemical shifts is well documented 
(9). One of the most useful trends of this sort is the 
:/-goliclle interaction, \\hereby the presence of a 
y substituent oriented ci.r to the carbon under obser- 
vation leads to a shielding relative to the cori-e- 
spending system \\ith the substituent oriented f i.ui~.r.. 

Based on this criterion one expects the methine 

CNO P, c h  W F  m qc 7 . .  . . .  , --- - N- -O  .- -N  - 
CCC C 2""s 2 r-z --- - 

wrr . . s d  Ci- iD 

N N N m 
. .  . 

m m  CI 

d o  W rr . .  . . C. N'" - ,,,,, ----- gz ct-rn b? mmm a 
222  2  222  13 
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carbon bonded to chlorine ( C ,  of Table 3) to be 
sh~elded In the E isomer relative to the Z Isomer. For 
example, C ,  of 9 resonates at  6 54 8 whereas C, of 
10 resonates at  61.5. Llttle difference ~n chem~cal 
shifts would be expected for C, (see Table 3) In these 
isorners, since C, 1s always experlenclng a cis-y 
Interaction. 

Discussion 

From our data is it clear that the regiochemistry 
of the reaction of 2,4-dlnitrobenzenesulphenyl chlo- 
ride with 1,3-disubstituted allenes corresponds to  
exclusive attack by sulphur on the central allenic 
carbon. In  all cases the E isomer is found to be 
formed preferentially. in contrast to related studies 
of the halogenation and iliercuration of acyclic 
1,3-disubstituted allenes (see for example refs. 50-c 
and 10). The ratio of E to Z alkene is found to 
increase as the bulk of the substituent group 
(CH, < C,H, < iC,H, < tC,H,) cis to the aryl- 
thio group increases. It is interesting to note, however, 
that  the alkyl substituent on the double bond which 
is attacked does not affect this ratio to any degree. 
Furthermore we observe very little regioselectivity 
with respect to which of the inutually perpendicular 
71 bonds of the allene system is attacked, suggesting 
the vresence of an effective mechanis~n for the 
trans~nission of the inductive electron donation of 
the alkyl groups to the remote double bond.' 

The reaction of sulphenyl halides with alkenes is 
generally considered to follow an Ad,2 mechanism 
(1 1) similar to the one first proposed by Kharasch 
and Buess (12) as shown in Scheme 2. The first step 
is believed to be rate-determining formation of a 
thiiranium ion which subsequently undergoes nucleo- 
philic attack by the halide ion in a fast step. 

The mechanistic path for the analogous addition 
t o  allene is less clear. The observation of second- 
order kinetics for the reaction of DNBSC with 
phenylpropadiene (13) and for the reactions of 
benzene- and 4-chlorobenzenesulphenyl chlorides 
with propadiene and its six methyl-substituted 
derivatives (14) is in accord with the Ad,2 mech- 
anism. 

The reaction of DNBSC with partially resolved 
2,2-dimethyl-3,4-hexadien-1-01 has been reported ( I  5 )  
t o  give an  optically active cyclic adduct 12, consistent 
with the formation, during addition, of an  unsym- 
metric intermediate such as the alkylide~iethiiraniuml 
ion 13 or  an  alkylideneepisulphurane 14 (see Scheine 

ZKinetic evidence for the transmission of substituent effects 
across both double bonds of allenes has recently been reported 
for the reaction of 4-chlorobenzenesulphenyl chloride and 
benzenesulphenyl chloride with the methyl-substituted allenes. 
See ref. 14. 

3) (16). The extent to which the reaction is truly 
stereospecific has, however, yet to be determined. 
The available data, therefore, a!though consistent 
with the proposed intermediates do not rule out the 
presence of alternative species, such as allylic carbo- 
nium ions, on the reaction coordinate. 

As can be seen from Scheme 1, a complicating 
factor in these studies is the presence of up to four 
competing reaction pathways, corresponding to the 
four independent modes of approach to the allenic 
system. Reducing the problem to one of only two 
competing pathways is, however, readily accom- 
plished by examining the cases of symmetric allenes. 
In  Scheme 4 a generalized reaction path for the 
additions is given. If one ignores for the time being 
the probable occurrence of a cyclic intermediate, such 
as 13' or  14', the most likely species would be a 
nonplanar allylic carboniuni ion 15. One would 
anticipate however that 15 will undergo rapid bond 
rotation to  give the resonance stabilized allylic ion, 
16. 

If the activation energy for product formation is 
very small compared with the barrier height for 
interconversion among the allylic ions or for that 
matter between any of the proposed cyclic species, 
the ratio of products is equal to the ratio of the 
population of the starting states. 

An examination of Scheme 4 indicates that such a 
scenario is equivalent to stating that the ratio of 
products corresponds to  the percentage of attack on  
each face of the n system, or in other words reflects 
the direction of approach of the electrophile towards 
the allenic system. The same argument holds if one 
considers the nonplanar allylic ions or the alkylidene- 
thiiranium ions, etc. Within the context of this 
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mechanistn one would expect to  observe 'steric 
approach control' where the steric interactions in the 
transition state are of the long range type between 
attacking reagent (DNBSC) and the substrate mole- 
cule (allene), which is in its ground state geometry 
(17). 

Alternatively. if the activation energy of the 
reaction is large compared with the barrier to  inter- 
conversion between intermediates of opposite con- 
figuration (for example, E- and Z-alkylidene- 
thiiranium ions or  Z,Z-  and E,Z-allylic ions). the 
proportion of the products will in no way reflect the 
relative populations of the ground state configura- 
tions 'but will depend only on the activation energies 
of the processes leading to these products. Stated 
somewhat differently this implies that the ratio of 
two products formed from one starting material 
depends only on the difference in the free energy 
levels of the two transition states (18). 

The available data appear to be in accord with the 
first scenario, our product distributions reflecting 
steric approach control. If the latter situation were 
of importance one would anticipate a predominance 
of the Z isomer under conditions where optical 
activity is conserved. For example, were the barrier 
to interconversion of the E- and Z-alkylidenethiiran- 
ium ions low, as a result of a fast reversible elirnina- 

tion-addition sequence, the activation energies for 
product formation ivould reflect the propensity for 
nucleophiiic attack on the back side of the tbree- 
membered rings. Steric factors in such a case would 
be expected to favour attack 011 the less hindered 
Z-alkylide~~ethiiranium ion. The activation energy 
for attack on the ion of Z configuration should, 
therefore: be lower than the activation energy for 
attack on the E configuration leading to the pref- 
erential fornnation, stereospecifically. of Z alkenes. 
This is, however, the opposite to what lve observed 
under conditions of kinetic control. 

The presence of only one adduct fro111 the reaction 
of DNBSC with I ,2-cyclononadiene, 7, can now be 
rationalized in terms of steric hindrance to approach 
at  one face of each double bond (Scheme 5) .  Studies 
using Dreiding models clearly indicate that attack 
on  7 to give the Z isomer would involve attack on the 
most hindered face of each doable bond (i.e., from 
the inside of the ring). Similar results have been 
previously reported by Moore and Bertelson (16). 
The formation of both E and Z alkenes from 1:2- 
cyclotridecadiene, 8, is indicative of the greater con- 
formational flexibility of the 13 carbon ring system 
compared to rings of 9 or 10 carbons. Comparing 
the E to Z ratios for addition to 1,2-cyclotridecadiene, 
8 ( E : Z  - 86: 13) and 3,4-heptadiene, 5 ( E : Z  - 
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x + R X R 
\ 

H , , ,  C=C/ = 
'r" \ H  H  H 
I 
R Z. z 

X H  
\ / 

R,, ,C=C 

H&C ' R 

80:20) f i~sther indicate that the steric constraints 
imposed on 8 by its cyclic structure are 110 larger 
than those of the acyclic allene 5. 

Experimental 
Proton and carbon-13 121111. spectra mere run on Variail 

Associates HA-100 and FT80 spectrometers, respectively. 
Deterluination of carbon-proton coupling constants was 
based on first-order analysis of the fully coupled natural 
abundance 13C spectra. 

2,4-Diizitroberzzen&lre1zy/ Cliloricle 
This was prepared by the method of Kharasch and co- 

workers (19). 

Allenes 
2,3-Pentadiene was commercially available from Chemical 

Samples Co.;  2,3-hexadicne, 3;4-heptadiene, 5-methyl-2,3- 
hexadiene, 5,5-dimethyl-2,3-hexadiene, 2,6-dimethyl-3,4-hep- 

tad~ene, 1,2-cyclononadiene. and 1,2-cyclotr~clecadlene were 
prepared b> the methods of Doer~ng and LaFlamrne (20), 
Skattebol (2l), and hloole and Ward (22) 

Gerzernl Procrci~lrr.e 
To a solution of 7,4-dinitrobenzenesulphenyl chloride (1.40 

m~nol)  in 10 ml of anhydrous niethylene chloride was added 
an equivalent (1.40mmol) of the respective allene. The 
mixture lvas stirred at room temperature for a period of 
approximately 6 days until no further reaction was observed. 
After the solvent !+as evaporated, the residual oil which 
corresponded to a quantitative yield, !\as analyzed by 'H and 
'T nnm and masr spectroscopy. KO variation in product 
distribution has  observed during the course of the reactions. 
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J. A.  R I P ~ ~ E E ~ T E K  alld R.  K. BOYD. Can. J. Chem. 57. 128 (1979). 
Molecular motion in solid sy~n-triazine was investigated using continuous wave and pulsed 

' H  nrnr methods between 290 and 350 K. In addition, the potential energy profile of the sjJni- 
triazine niolecule as a function of orientation in the crystal lattice was calculated. From the 
alnr results, only one motional process was identified, in-plane reorientation of sym-triazine 
n~olecules with an activation energy of 15 kcal:niol. This is in agreement nith the potential 
energy calculation which also s h o ~ s  that the reorientation takes place between equivalent 
sites. 

J. A. RIPMEESTER et R. K .  BOYD. Can. J. Chem. 57, 128 (1979) 
Operant entre 290 et 350 K et faisant appel i des methodes de rmn du 'H pulsees et en 

fonction continue, on a etudie les mouvements moleculaires de la sytn-triazene solide. De plus, 
on a calculC le profil du potentiel d'knergie de la niolec~~le de sj'til-triazine en fonction de son 
orientation dans le reseau cristallin. Sur la base des donnees rmn, on a pu identifier un sell1 
processus de mouvement, une reorientation dans le plan des molecules sj>tn-triazine avec une 
energie d'activation de 15 kcal niol. Ce resultat est en accord avec Ie calcul d'energie potentielle 
qui montre aussi que la reorientation se produit entre deux sites equivalents. 

[Traduit par le journal] 

Introduction 

At ambient temperature and pressure, SJ.I.II-triazine 
consists of transparent, easily subliniable crystals. 
These characteristics are some of the criteria used 
by Timmermans (1) to denote the class of 'plastic 
crystals.' Since general ~nolecular reorientation and 
self-diffusion are other characteristics of plastic 
crystals, it was thought to be of interest to further 
investigate molecular motion in sj.ln-triszine. Pre- 
v i o ~ ~ s l y  ( 2 ) ,  threefold, in-plane reorientation was 
identified in both the high and low temperature 
phases of SJ.I~-triazine u s i n  '" ~dluclear quadrupole 
resonal~ce, and motional rates were studied as far as 
the fade-out telnperature near 280 K .  

We have measured 'H nmr line\\idths and seco~ld 
moments bet\veen -200 K and the liielting point at  
359 K and static and rotating frame 'H spill-lattice 
relaxation tinies between - 280 and 340 K.  In 
addition, the potelltial energy profile for the rotation 
of a snn-triazine tnolecule a t  its lattice site was 

the nnir measurements were prepared by sealing in Pyres tubes 
small quantities of ~j.rii-triazine after outgassing by freeze- 
pump-thaw cycles. 'H nmr lineshapes were recorded at  a 
frequency of -56 MHz  sing a marginal oscillator spectro- 
meter with field modulation and lock-in detection. Second 
moments were calculated from the lineshape by a numerical 
integration procedure. ' H  spin-lattice relaxation tinles were 
measured at a frequency of 10 MHz using a Bruker SXP pulse 
nmr spectrometer; rotating frame relaxation times were made 
using a 90e pulse followed immediately by a variable length 
spin-locking pulse of a n ~ p l i t ~ ~ d e  14 G.  

The niodel used to estimate the potential energy profile for 
in-plane rotation of a ~jm-triazine niolecule at its lattice site 
\+as identical in all essential respects to that used earlier (3) 
for the case of pqrazine. The charge distribution within the 
niolecule \+as taken from published calculations (4). In 
addition, the nitrogen atom bvith its lone pair was simulated 
by an isoelectronic C-H group, mith a bond length of 0.7 A 
and a bond dipole moment of 2.2 D (3). Two sets of para- 
meters for the C-C, C-H, and H-H potential energy 
functions were used; the first (5) is characterised by 'hard' 
repulsi~e contributions for H-atom i~lteractions and the 
second (6) by 'softer' repulsions. 

Rest~lts and Discussion 
calculated using an  atom-atom approximation to the ~h~ potential energy profiles for the rotatioll of a 
ii~termolecular forces. sjw-triazine molecule at  its lat t~ce site, calculated 

Experimental using the 'hard' and 'soft' repulsion parameters and 
the X-ray structure (7) of solid sytn-triazine are 

sym-Triazine was purchased from Aldrich Chemical Co. and 
was vacuum sublimed several times before use. Samples for shown in Fig. 1 .  They are qualitatively similar and 

show that the ~liotion of the svr?z-triazine molecule 
lNRCC No. 17065. consists of in-plane jumps of 120' between indis- 

OOO8-4042i79iOlOl28-03SOl .WO 
0 1979 National Research Counctl of CanadaiConse~l nat~onal de recherche5 du Canada 
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L---, 8 1 - r  7 7 ,  i 8 

8(  deg ) 

60 120 

FIG. 1. Potential energy profile for the ~ynz-triazine ~nolecule 
on rotation in its molecular plane (circles, 'hard' repulsion 
parameters; squares, 'soft' repulsion parameters). 

tinguishable orientations of the molecule with 
respect to the crystal lattice. The calculated activa- 
tion energy for the thermally activated motion (twice 
the difference between potential minima and maxillla 
(8, 9)) is 18 kcal/mol for the 'soft' repulsion para- 
meters and 31 kcal/n~ol for the 'hard' repulsion 
niodel. 
'I3 nmr spectra, obtained between 200 and 340 K, 

were structureless, broad lines. Second moments 
calculated from suitably digitized lineshapes are 
shoun in Fig. 2 ;  motional narrowing is evident 
betwee11 250 and 315 K. The limiting low and high 

temperature second nioment values were 3.5 $. 0.1 
and 0.72 5 0.03 G2, respectively. Theoretical second 
moments were calculated for two models. The iirst 
of these was a static niodel; Van VLeck's (10) equa- 
tion was used to calculate the lattice sums using 
proton coordinates derived from a neutron diffrac- 
tion study (1 1). Tnteractions of protons with other 
nuclei were neglected. The second niodel was a 
dynamic one, where the sjwl-triazine inolecules were 
allowed to jump bemeen the three potential wells 
evident from the potential energy profiles. Further 
details of calculations of this nature, made using the 
equations derived by Michel et al. (121, are given 
elsewhere (13): it suffices to give the results here. The 
theoretical second moments were 3.25 and 0.77 G2 
for the static and dynamic models, respectively, in 
good agreement with the limiting iow and high 
temperature experimental second moments of 3.5 k 
0.1 and 0.72 k 0.3 G2. 

Figure 3 shows the static ( T I )  and rotating fraine 
(TIP) spin-lattice relaxation times as a function of 
inverse temperature. T I  decreases n~onotonically 
with increasing temperature, TIP  has a mipimum of 
0.72 nis a t  314 K. Spin-lattice relaxation, in this 
instance, is brought about by modulation of both 
intra- and inter-proton dipolar interaction by means 

! IOOO/T ( K l  
1 0 - 4 L T  

200 300 350 
2.9 3.0 3.1 3.2 3.3 3.4 3.5 

250 
T ( K )  FIG. 3. Static and rotating frame (TI  and TI,, respectively) 

FIG. 2. 'H second moments for solid sym-triazine shown as a 'H relaxation times of solid sym-triazine plotted as a function 
function of temperature. of inverse temperature (solid lines are calculated, see text). 



of the tllreefold reorientations of slrlz-triazine 
rnoieculei. The appropriate equatioiir are (14); 

ithere -1 is the proton gyroli-iagnetic ratio, to is the 
radioCreqnency used, ani? is the porrion of the 
second moment modu!atetl bq tile motion. The 
motio~?ai correlatioii tii-lie T ,  is assunieil to folio\\ 
Arrhenius behabiour :iccording to r, = r, esp 
(At' XT) \\here A E  is an activatioil energ). The solid 
lines in Fig. 2 \\ere calculnted \.\ith the foilo\\ing 
choice of parameters: b3Pz = 2.54 6'. T, = 6.62 x 
10-l7 exp (7550 T); indicating a I-eoricntational 
acti\ation energy of 15.0 kcal, mol. This A:V12 \slue, 
2.84 6'. is in o o d  agrcci~ient \+ith the \aluc obtained 
by subtracting the liii-iiting high temperature second 
moment from tlie limiting low temperature srcoiid 
nlonlent. i!amely 2.75 G 2 .  

The activation energies indicated by the energy 
profile calculatioi?s are also in general agreement 
\\it11 the experinlrntal ~ a l u e .  The result obtained for 
the 'soti' i.ep~11sioii niodel seenis preferable i i i  two 
respects. First. the calculated n?inimu;n in the 
potential profile is closer to tlie experiinentallg 
cieterinined (7) cs)stallographic orientation than is 
the case for the 'hard' repulsion t nod el: secondly, 
the calculatec! acti\ation energy, ( -  i S  kca1 iiiol- 'j  
for the thermally ac t i~ated  motion is closer to tlie 
experimental \ d u e  (15 kcal 11101-I)  than the the- 
oretical value ( -  2 I kcal i n o l  ' )  obtained using large 
repulsive parameters. 

The two. proiilcs (Fig. 1) do. lio\vever, a p e e  on 
the maill qual i ta t i~e  feature of the n~otioli, ~ i z ,  %!?at 
it consists of in-plane j~111ips of 120.. bet\\een indis- 
tinguishable orientatio~ls of the  niolecule \\ it11 respect 
to the crystal lattice. This is consistent \\it11 the 
observation of zn  ordered latrice of sjm-triazine 
molecules by difiaction studies (7, 11). There should 
therefore by !lo thermal anomaly dir.c,c.flj. associated 
nith the onset of this motion, since no tiisorder is 
thereby produced. The thermal transition prebiously 
observed ( 15) to occur betti een about 1 70 and 2 1 5 K 
involved a large-scale change in the crystal structure. 

The q.ualitati\e feature of the crystal structure of 
qsi?z-triazine, which accounts for in-plane motioii by 
120- ~ U ~ I I ~ S ,  is the san.ie as that shown previously 
(16) to account for the diff'erence in crystal packing 
b e h e e n  ,rjtn-triarine and benzene. III neither case 

are thc electrostatic contribations of much 1111- 
portance: rather, any attempt to replace a nitrogcn 
atom with its lolie pair by a C--H group; e.g., sub- 
stitulinp a benzene iiiolecule for a triazine. i n  the 
sj,i11-triazine lattice, results in short H---W and 
H---lone pair distances. \$it11 consequent lar, ne re- 
pulsi\,e contr-ibutions to the total intermolecular 
potential energy. This is the basic reason (16) \illy 
benzene packs i l l  the 'herri~lg-bo~ie' pattern. rat!ler 
than in the 'parallel-stack' structure of L~ j . t l~ -~r i az i i~e :  
si~xilarlg~ rotaiion of one ,sj,tl~-triazine n~olecule, by 
60 in its plane. replaces all 9 lone pair groups by 
C-H groups. The discrej3anc) in tile corresponding 
efTective hoiid I e ~ l t h s  ( - 0.7 .A as opposed to > I .0 
A) is s~~fficient, \vithin the tig!lt packing of the sj.177- 
triarine structure, to introd~ice large H-H repulsi\e 
interactions \\hicli dominate the potei7tial energy of 
the rotated molecule. 

Prex iously (2). threefold nrolecular reorientation 
of sj.iiz-t~.iazine molecules has been identified at t e n -  
peratures helon -270 K usin2 IAN nqr Ineaiure- 
ments. i n  these studies (2).  ihc acti\aiion energy :'or 
the motion \ \as found to be 14 hcal.mol fro111 spin- 
lattice relaxation measiirements betneen 700 and 
250 K and 15 kcal mol froin the exchange broaden- 
ins  contribution to spill-spin relaxation betnee11 
-250 and 275 K .  Thus tlie I4N nqr kalues are ill  

good agi-eement \\it11 the ' H nmr. ialue obtained 
betneen 290 and 350 K .  

In  concludiny~ \ \e  can stale that all metkods, in- 
cluding tlie difii-action (7. 1 I ) ,  '"N nqr (2) and 'H 
nmr measurenients. as \\ell as the potential calcula- 
tions are consistent with a model \$here sj ,n~-tr iazii~e 
~nolecules reorientate in rhe plane of the molecule 
about the lnolecular thieefold axis. 
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Carbon-13 spectra of 2,s-dihydrothiopheanes and their I ,I-dioxides 

Jor-ru M .  \/lcI\-ros~. Can. J.  Chem. 57. 13i (1979). 

Tltc coiiipletc carbon-13 rimr spectra of I6 ;ilk>lated 2.5-dihydrothiopherres arid 1 G  suifones 
dei-i\ed froin then1 arc I-eported. S o  significant interactions bet~\een C-2 silhstit~lerlts and C-5 
are noted arid stereochemical dete~.miiia:ions based or1 this ;. efiect are not possible. 0 x 2  

osidatioii to  the sulfones, C-2 and C-5 arc d r a n i a ~ i c a l l ~  deshieldeii but C-3 and C-3 are shielded. 
A possible explan;ltioii for thii eRcct is preseiited. 

JOI-I\ M, Mc-!hrosn. Can. J. C'herii. 57. 131 (1970) 
On rapporte les spectres riitn du 13C cornpiets de 16 dihgdro-2,s thiophenes elk>les et de 10 

iulfones q ~ ~ i  en dkri\ei?t. On ne note aucune interactioii iniportante entre les substituants en 
C-7 et en C-5: tics detevniiriatioiis cie stdreochiniic basecs ~ L I I -  cet efret y ne sont donc pas 
possibies. L'oxydation ei1 siilfones provoque Lln deblinclage important en C-2 et en C-5: les 
C-3 et C-4 sorit blindes. On propose une explication possible de cct eiret. 

[Traduit par le journal] 

Recently, \\ e ha\ e been concerned \\ ith the prepa- 
ration of siibstituteci 2.5-ciili~drothiopl~enes (1) and 
the utilization of these as precursors of conjugated 
diencs for use in the Diels-Aldcr reaction. Centra! 
ro thi, problem is the question of the stereockemistry 
of I .  Since the con\ei-sic311 to dienes ( [ I ] )  is I<no\\n to 
be coml?letely stereobpecific, tlie itereochernistry of 1 
controls both that of 3 and of the Diels-Alder 
products. We !labe pre~iously determined the stereo- 
che~nical cornposition of 1 by analysis of 3 (2) but a 

of' 36 \\as iised and 3K-5K transiei~ts \+ere collected for the 
noise-ciccoupled spectra. Single freq~ieiic! ol i l re~onance 
spectra rcqiiii-ed cci. 6OK traiisients. 111 ail cases the \pectr.al 
\vidth \ \as 6000 Hz. quadratui-e detection \ \as  cmplo>cd, and 
8K data point\ ner-c collected. Assignii?eiit\ of specific 
nbsorptionc \\ere inade oil Ihc h i s  of olr-resonance elperi- 
ineiit.;, trends appearing \rirhili each 5eries. and re la t i~c  peak 
iiitcitsities. L{'hcre aiiii>igirities c\iit,  thc absorptions Lire 
hracltetcci. 

Results and Discussioal 

The spectra of I and 2 nliich bear only alkql 
substitution are tabulated in Table 1 .  The stereo- 
chen~istry of all these compounds \ \as I<no\\n from 
pre \ io i~s  s t ~ ~ d i e s  (2). Table 2 lists the spectr:l of some 
I and 2 \\hich bear a carbornetlioxy group at C-3. 

Inspection of Table 1 (compounds 15-23) re\.eals 
s e ~ e r a l  trends. Carbon atoms attached dircctly to 
di\alent sulf~tr absorb in the range of 39-60 ppm. 
depending on the degree of substitution. The y. efFect 
of a methyl group at C-2 falls in the range of 8-1 1 
ppm, t\hetlter or not there is a substituent at C-3. 

direct method for determillation LT.ouid be (Coii11:are 15. 16, 18, 20 and 21, 22; 23.) This ~ a l u e  

preferable, ~h~ 1" cl,emica! shifts of organic is in good agr.eeinent \\it11 the usual range of valucs 

coIml.,ounds ai.c \veil kllnt,,,, to be extremely in comparable hydrocarbons. The specific shifts are 

to ster,c eftecls ( 3 )  tllerefore u e  have i,l,.estig,ted xu-prisinglq close to similarly substituted cases L$ hich 

the carboll spectra of a of 1 and 2 to ascertain have considerablq different rmolecular ~eometr ies  
if  nredictable trends could be detected nhich uould (&.=".: (6). (')). 
allou d~fferentiation of stereoisorners. i o  8 $ 

14 9 ".'!"I\ 

The compouiids useti \\ere prepared as pre\iously o~ltlined 
(ref. I and references therein and refs. 1 and 5). 'T nnnir - 
spectra \\ere obtained as approximately 2 .M solutions in 
C.DC13 i n  5-n1n1 rubes a eruker CXP- iOO instrument Neither the degree of substitution nor the relatir-e 
operating ill the I;T Illode at 22.61 M H ~  and  are reported i n  stereochemistry at  C-2 affects the che~iiical shift of 
ppn? downfield from T M S  as internal standard. A flip angle C-5 significaiitly but tile oiefinic carbons are affected 

0008-4042/79/0 101 3 1 - 0 W  0010 
F 1979 latrondl  Research Councll of CannddICon\erl natronal de  recheiches du C<~n,id,> 
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TABLE 1. I3C spectra of alkylated 2,5-dihydrothiophenes and related sulfones 

Chemlcal sh~fts" 
Compound pp - -- - - - -- - - -- 

(Ref) Structure C-2 C-3 C-4 C-5 R-2 R-3 R-5 Other 

27 56.2 113.2 140.5 

0 2  

28 m ~ 6 2 . 5  127.3 136.2 
0 2  

@Relative to internal TMS; values in parentheses may be interchanged. 

in a manner analogous to  the carbocyclic relatives 
(ref. 3, p. 78). Thus, the original aim of direct 
stereochemical analysis cannot be achieved. 

For discussion purposes the chemical shifts of 
compounds 6-14 (3, 8, 9) are given in Fig. 1. From 
these data the following conclusions can be drawn. 
In  both the saturated and unsaturated series, the a 
effect of divalent sulfur is deshielding (ca. - 6 ppm), 
whereas the p-effect is deshielding in the saturated 
case (A6,,, = - 5.8) but shielding in the unsaturated 
one (A6,,, = + 1.8). This can be most conveniently 
rationalized on the basis of the differing molecular 

geometries of these ring systems. Compounds 9 and 
10 have been shown (10, 11) to possess an essentially 
planar ring system \+hereas 6 and 7 are similar in 
shape to $ (12). Appreciable cis-1,3-hydrogen y 
interactions in 8 cause a shielding of the carbon 
atoms. When sulfur which lacks the hydrogens and 
has a considerably larger covalent radius than carbon 
is introduced, these 1,3 interactions are reduced, 
leading to the observed deshielding at C-3. Oxidation 
of 6 t o  7 reintroduces these y interactions resulting 
in little difference in the shifts of C-3 in 7 and 8 
(A6,,s,, = 0.4). In the unsaturated series, distortion 
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TABLE 2. I3C spectra of alkqlated 3-carbomethoxy-2,s-drhydrothiophenes and related sulfones 

Chemical shrfts" 
Compound 

(Ref. ) Structure C-2 C-3 C-4 C-5 C001Vfe CO Other 

COOMe 41 41d 

60 O(d) 137 7(s) 141 O(d) 37 O(t) 51 6(q) 164 I(s) 
(26 +l1G2 5 

(26 O l  

COOMe 
40.1 131.8 149.5 66.1 51.7 164.8 15 R 35 5 0 2 3  7 

COOMe 

134.4 149.8 65.1 51.4 164.0 phenyl-143.0,128.4, 
127.5,127.0 

COOMe 

34 52.3(d) 130.1(s) 157.5(s) 60. 4(s) 51.3(q) 166.7(s) 40.3(t), 21 .O(t), 
(b) 13.8(q)(CHz-CHz-CH,), 

3 1 .7(q), 31 .6(q) 
(CH3 a,b), 12.7(q) 
(=C-CH3) 

COOMe 

57.8(t) 129.7(s) 134 O(d) 55.0(t) 52.4(q) 162.7(s) - 

0 2  

COOMe 

39 63.9 1 2 5 2  1 5 2 8  6 6 1  51.8 164.5 32.9,(19.3),13.7 
(CHz-CH2-CH3), 

(b) Oz (21.0,) 23.2(CH3b) 

13 .7(=C--CH3) 

nRelati\e to internal TMS; valiles in parcntliesss may be interchanged. 

of the valence angle at  C-3 by introduction of the 
large sulfur atom could account fol- the shielding a t  
C-3 in 9 and further shielding is caused by intro- 
duction of a -/ effect up011 oxidation to  PO. The 
difference in magnitude of the shielding effect in the 
t n o  series introduced by oxidation to the sulfones 
(A6,,,,, = +6.2 for tlie saturated system and +5.6 
for tlie unsaturated one) can best be attributed to the 
differing riilp geometries which result in reduced 

steric interactions in the planar system 10 In the 
PI esent no1 k (Table 1) the same effects can be seen 
(compare 15-23 \ \ ~ t h  24-28) nheie the sh~eldlngs 
(A6,,,,,) of C-3 and C-4 range from 3 5 to 5 5 ppm 
depei id~~ig  on the subs t~ tu t~on  pattern 

Wheieas the effect of the introduction of S-0 
bonds on C-3 1s d~fferent 111 the satulated and 
u~isdturated systems, the data in Table 1 slio\! that 
the same IS not true for substituents a t  C-2 Previous 
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FIG. 1. The chemical shifts of compounds 6-14. 

TABLE 3. Chemical shift c1ilTc1-ei~ces of 3-carbome~hoxy-2,S- 
dihydrothiophenes and their s ~ ~ i f o ~ l e s  

no rk  on the sulfoxides 13 and 14 (6) has sholvn that 
the C-2 niethq.1 subst i t~~ent  c~i.s to o x y e n  is strongly 
shielded (A6,,,, = 1 1 )  but the effect 011 the tt.irns- 
~iiethyl group is smaller but still significant (A6,,,, = 
8.3). In the present work. all substituents at  C-2 and 
C-5 are eclipsed n.ith an S-0 bond and this is 
reflected in sliieldings of 8-12 ppm for niethyl 
substituents (cornpal-e 14-25; 17-26; 23-28) and 
7.5-9.5 for methylene groups (compare 16-25, 17-26, 
21-27. 23-28). 

Turning to the data sho\in in Table 2, the same 
type of trends can be distinguished. Again the 

- shielding of C-3 and C-4 are significant (A6s,,,2 - 

2.5 to 7.2) ,  the larger effect being ul~iforrnly at C-4. 
Also, although the effects of oxidation on C-2 and 
C-5 are approximately e q ~ ~ a l  in 29 and 35, the 
deshielding is affected dramaticallq by the degree 
and type of substitution. The data in Table 3 
illustrate this point. N o  clear trend can be established 
from the a\ailahle data. The chemical shift of the 
carbonyl g ro~ ip  appears kery i~isensiti\/c to substitu- 
tion at C-2. 

In  conclusion. the use of 13C nmr to determine the 
stereochemical composition of 2,s-dihydrotliiophenes 
cioes not appear to be feasible. presumably due to 
the planar ring nhich minimizes across-the-ring 
steric interactions. Ho\\e\er ,  the chemical shift 
trends outlined may be useful in future striicture 
deterniinaiions of sulfur heterocycles. 

The assistailce of the National Research Couilcil 
of Canada in the form of a grant for the purchase of 
the I3C spectrometer and operating grants is greatly 
appreciated. 
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RAYMOND M. MORRISON, ROBERT C. THOMPSON, and JAMES TROTTER. Can. J. Chem. 57, 
135 (1979). 

Crystals of tetrakis(4-methylpyridinejcobalt(I1) hexafluorophosphate, C24HZ8C~F1ZN4PZ.  
are tetragonal, space group 141/acd, a = 18.434(7), c = 18.818(6) A, Z = 8. The structure 
was solved by direct and Fourier methods. The positional and anisotropic thermal parameters 
were refined by full-matrix least-squares methods to R = 0.072 for 346 observed reflexions. 
The structure consists of discrete [C0(4-mepy)~]~+ and PF,- ions. The structure of the cation 
is a distorted tetrahedron of 4-methylpyridine ligands around cobalt (crystal symmetry S4) 
and that of the anion is a distorted octahedron of fluorines around phosphorus (crystal sym- 
metry C2). 

RAYMOND M. MORRISON, ROBERT C. THOMPSON et JAMES TROTTER. Can. J. Chem. 57, 135 
(1979). 

Les cristaux de l'hexafluorophosphate du tetrakis(methy1-4 pyridine) cobalt(II), C24HZ8- 
CoFl2N4P2, sont tetragonaux, groupe d'espace Z41/acd, a = 18.434(7), c = 18.818(6) A, 
Z = 8. On a resolu la structure par des methodes directes et de Fourier. On a affine les para- 
metres thermiques anisotrope et de position par la mtthode des moindres carres (matrice com- 
plete) jusqu'a une valeur de R = 0.072 pour les 346 reflexions observees. La structure comporte 
des ions [Co(Me-4Py),lZ+ et PF, separis. La structure du cation implique un tetraedre dtforme 
comportant des ligands methyl-4 pyridine autour du cobalt (symetrie cr~stalline S,) alors que 
celle de I'anion implique un octaedre deforme comportant des fluors autour du phosphore 
(symetrie cristalline C,). 

[Traduit par le journal] 

Introduction Experimental 
As a part of a study involving the synthesis and C0(4-mepy),(PF,)~ was prepared as described previously (3). 

characterization of transition metal complexes con- A saturated, filtered solution of the complex in a 1 : 1 mixture 

lainin& anions of strong acids (1-41, we have syn- of dichloromethane and chloroform was allowed to evaporate 
slowly in an inert atmosphere chamber. After 1-2 weeks, the 

a series of compounds, ' 0 ~ 4 ~ 2  (L = deep red-purple solution gave large elongated tetragonal 
pyridine or 4-methylpyridine, A = PFG- or AsF6-1. crystals of the same color. The crystals were hygroscopic and 
On the basis of spectral and magnetic data (3, 4), it were stored in the inert atmosphere chamber; however, the 

was postulated that these had structures sealing of the crystals in Lindemann capillaries was done 
quickly in air and no apparent decomposition of the crystals involving tetrahedral coordination of neutral ligands was observed. The preliminary Weissenberg and precession 

cobalt and non-coordinated anions. In order photographs indicated a tetragonal space group and the 
to confirm the structural assignments for this group systematic absences (hk/:h + k + I = 2n + 1; hkO:h(k) .= 

of compounds and to determine more precisely the + 1; Okl:l(k) = 2n + 1;  hh l : l=  2n + 1 ,  2h + # 4n) 

stereochemistry about cobalt and the arrangement gave the space group as I41lacd (D:;, No. 142) (5). 
The crystal chosen for data collection was mounted on a 

ions, we have now a Datex-automated GE XRD-6 three-circle diffractometer 
diffraction study of Co(4-mepy),(PF,),. equipped with a Mo-K, (h = 0.7107 A) X-ray source with the 

OOO8-40421791020135-04$01.00/0 
a1979 National Research Council of CanadalConseil national de recherches du Canada 
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c axis and the 4 axis coincident. The unit cell Parameters were TABLE 1 .  Final positional parameters (fractional x lo4) 
determined by least-squares refinement on 12 manually with estimated standard deviations in parentheses 
centered reflections. Crystal data are: C24H28C0F12N4Pzr 
tetragonal, space group Z4,/acd, a = 18.434(7) A, c = Atom x .JJ 18.818(6) A. V = 6395 A3, Z = 8, p ,,,,, = 1.50 g ~ m - ~ ,  w = z 

7.60 cm-' .  
Intensities were collected for 28 5 40'. the scan range was 

1.80 + 0.8 (tan 8) with a speed o f  2'/min, and the background 
was counted at the beginning and the end o f  each scan for 10 s. 
The strongest reflections were remeasured using a lesser 
current and extra zirconium filters and a second crystal 
(instrumental difficulties caused a delay o f  several months 
between the initial data collection and the remeasurement o f  
the strong reflections; the second crystal was similar to  the 
first, in size, shape, and orientation). The reflection 3 3 2, the 
intensity o f  which fluctuated randomly for the two crystals 
throughout data collection, was measured at intervals o f  40 
reflections and was used to scale the reflection data o f  the two 
crvstals. The total number o f  inde~endent reflections collected 
was 749. Lorentz and polarizati& factors were applied and 
standard deviations were calculated from 0 ~ ( ~ )  = s + B + range for interaction. Figure 1 shows a stereoview of 
(0.04S)2 where S is the scan count and B is the background the packing of the nearest anions about the cation. 
count. N o  absorption correction was made, since the absorp- The Co,,.p distance is 5.499(4) A and the P...Co,,,P 
tion coefficient is low. A total o f  347 reflections was considered allgles are 100,54(2)o and ' i29.35(4)0. The other 
observed with I > 3o(I) above the background. 

Co ... P distances in the lattice are all greater than 
Structure Determination 8.0 A .  

Although attempts to solve the structure with Patterson 
methods were unsuccessful, direct methods gave the solution. 
A total o f  131 reflections with E > 1.4 and the computer 
programs TANS were used in the sign determining process. 
The start~ng set consisted o f  eight reflections, one for origin 
definition, five from 1' relationships and two symbolic phases. 
O f  the four sets generated, the one set which determined the 
phases o f  all reflections was used. The resulting E map gave 
cobalt at 8a (1/2,1/4,1/8, symmetry S4) and phosphorus at 16e 
(0.10,0,1/4, symmetry C2).  Successive difference Fourier maps 
gave the position o f  the other ten non-hydrogen atoms; the 
resulting R value was 0.123 with isotropic temperature factors. 

For the next three cycles o f  least-squares refinement, all 
atoms were given anisotropic temperature factors (symmetry 
constrained (6, 7 )  in the case o f  cobalt and phosphorus), a 
weighting scheme (F, < F*, w = 1.0; Fo > F*, w = F*/F,; 
F* = average F, = 80) was employed, and the anomalous 
scattering (8)  o f  cobalt and phosphorus was included. The 
values o f  R and R, were 0.072 and 0.092 for 346 reflections 
(one reflection 4 -1 1 5 was considered poorly measured and 
is omitted, F, = 27.0; F, = 2.0). A subsequent cycle o f  least 
squares gave a maximum parameter shift o f  0.0240. The 
hydrogen atom positions were not determined. The observed 
and calculated structure factors have been placed in the 
Depository o f  Unpublished Data.' The final positional and 
thermal parameters are given in Tables 1 and 2. 

Results and Discussion 
The structure consists of distinct [ ~ o ( 4 - m e ~ y ) , ] ~ +  

cations and PF,- anions. The closest contact be- 
tween the cations and anions is 3.28(3) A for 
F(2) ... C(6), which is just less than the van der Waals 
contact distance of 3.35 A for a fluoride and a methyl 
group (9). The closest contact between cobalt and the 
anions is 4.21(2) A to F(l), which is well out of the 

Figure 2 shows a stereoview of the cation. The 
cobalt atom has crystallographic S, symmetry. The 
distortion of the cation from tetrahedral symmetry is 
shown by the compression along the S, axis and the 
orientation of the rings. The compression is shown by 
the N-Co-N angle of 101.2(9)" for one S,  opera- 
tion and 113.8(5)" for two successive S,  operations. 
Tetrahedral symmetry would require both angles to 
be 109.47". The atoms of the 4-methylpyridine moiety 
are planar within experimental error but the cobalt 
atom lies 0.28 A out of this plane; the angle between 
the S, axis and the plane of the ring is 28"; tetrahedral 
symmetry (T,) would require the angle to be 0" or 45". 

The bond lengths and angles are shown in Table 3. 
The values for the atoms of the ring are similar to 
those of pyridine derived from a microwave study 
(10) and 4-methylpyridine in other structures (ref. 11, 
for example). The values for the hexafluorophosphate 
anions are similar to those normally found for this 
anion. The thermal parameters indicate large thermal 
motion, as has been observed by other authors 
(1 1-18). As noted (17), this anion would be expected 
to have large temperature factors and show con- 
siderable apparent distortion due to it having nearly 
spherical symmetry. 

Compounds of the type CoL4A2, where L is 
pyridine or a substituted pyridine and A is an 
anionic ligand such as perchlorate, tetrafluoroborate, 
trifluoroacetate, methylsulfate, or trifluoromethyl- 
sulfate (19-23) have pseudo-octahedral structures 

'Complete set o f  data is available, at a nominal charge, with trans-coordinated anions. Because of its very 
from the Depository o f  Unpublished Data, CISTI, National weak ligating ability, the PF6- anion is not co- 
Research Council o f  Canada, Ottawa, Ont., Canada KIA 0S2. ordinated to cobalt in Co(4-mepy),(PF,),, the CO- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



MORRISON ET AL.  137 

TABLE 2. Final thermal parameters and their estimated standard deviations. Anisotropic thermal param- 
eters ( U i j  x lo3 A2)* 

Atom U I I  u2 2 u3 3 u12 u13 u,? 3 

C o  82( 2) 82 77( 3) 0 0 0 
P 157( 9) 77( 6) 76( 7) 0 0 -2( 6) 
N 75(11) 99(12) 72(10) -7( 9) -6( 9) 
C 1 

11( 9) 
95(15) 83(14) 85(14) 17(11) - 14(14) - 27(13) 

C2 84(13) l l l(16) 89(16) - 20(15) 19(12) 3(14) 
C3 67(13) 76(14) 85(17) - 8(12) - 6(12) 13(13) 
C4 96(19) 83(15) 88(16) l(12) 5(14) - 32(14) 
C5 74(14) 81(15) 1 OO( 16) 1(12) 19(13) - 1 l(12) 
C6 116(17) 1 18(18) 92(15) - 33(13) 34(13) 16(12) 
F 1 2 1 7(20) 135(12) 328(25) 39(12) 75(18) - 5(14) 
F2 189(19) 232(16) 283(25) - 102(14) -41(16) - 36(18) 
F3 292(27) 434(37) 143(17) - 18(24) - 24(17) 13 l(20) 

*The an~sotroplc thermal parameters employed in the refinement are U,, In the expresslo". f = f 0 exp (-2n2 T, Z, U, ,  h,h,o, *a,*) 

FIG. 1. Stereoview showing the packing of the anions about a cation. The atoms of anion and cation are drawn for 
20% and 50% probabilities, respectively. 

FIG. 2. Stereoview of the [Co(4-mepy),l2+ cation. All atoms drawn for 509, probability. 

ordination sphere of cobalt being filled in this complexes, tetrakis(thiourea)mercury(II) tetrakis(is0- 
compound by a pseudo-tetrahedral array of the four thiocyanato)cobaltate(II) (24), potassium tetrakis- 
4-methylpyridine ligands. The CON, chromophore (isothiocyanato)cobaltate(II) trihydrate (25), tris- 
found here has been observed previously, for ex- (ethylenediamine)cobalt(III) tetrakis(isothiocyanato)- 
ample, with the anionic ligand, NCS-, in the cobaltate(I1) nitrate (26), and 1,4-diphenyl-3-phenyl- 
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TABLE 3. Bond lengths and angles 
(estimated standard deviations in 

parentheses) 

Bond Distance (A) 

Co-N 
N-C I 
N-C5 
C1-C2 
C2-C3 
C3-C4 
C4-C5 
P-F I 
P-F2 
P-F3 

Bonds Angle (deg) 

amino-l,2,4-triazolium tetrakis(isothiocyanato)co- 
baltate(I1) (27). The Co-N distances found in these 
compounds are 2.01(2), 1.949(7)-1.967(7), 1.928(12)- 
1.966(15), and 1.952(5), respectively, compared to the 
value 2.01(1) A found here for the ~o(4-mepy):' 
species. Examples of complexes containing anionic 
bidentate ligands which also give CON, chromo- 
phores are bis(N-tert-butylpyrrole-2-carboxyaldi- 
mino)cobalt(II) (28) and bis(dihydrobis(1-pyrazoly1)- 
borato)cobalt(II) (29); the Co-N distances in these 
compounds are 1.9 8 1 (7)-2.066(8) and (average) 
1.967(12) A, respectively. 

Acknowledgements 

This research was supported by grants from the 
National Research Council of Canada and from the 
Natural, Applied, and Health Sciences Grants Com- 
mittee of U.B.C. R.M.M. thanks the University 
Awards Committee for a MacMillan Family Fellow- 
ship and Dr. S. Rettig for many helpful discussions. 

We thank the Universitv of British Columbia Com- 
puting Centre for assistance. 

C.  S .  A L L E Y N ~  and R. C. THOMPSON. Can. J .  Chern. 52. 
3218(1974). 
A. L. ARDUINI, M. GARNETT. R. C. THOMPSON, and T.  C.  
WONG. Can. J .  Chern. 53, 3812 (1975). 
R. M. MORRISON and R. C. THOMPSON. Inorg. Nucl. Chern. 
Lett. 12.937 (1976). 
R. M. MORRISOK and R. C. THOMPSON. Can. J .  Chem. 56. 
985 (1978). 
International tables for X-ray crystallography. Vol. I. Bir- 
mingham. Kynoch Press. 1952. 
H. '4. LEVY. ActaCrystallogr. 9,679 (1956). 
W.  J . A. PETERSE and J.  H .  PALM. Acta Crystallogr. 20. 147 
(1966). 
International tables for X-ray crystallography. Vol. 111. 
Birmingham, Kynoch Press. 1962. 
L .  PAULING. The nature of the chemical bond. 31-d ed. 
Cornell University Press. 1960. p. 260. 
B. BAK. L.  HAMEN, and J .  R.~STRUP-AYDERSEN. J .  Chern. 
Phys. 22.2013 (1954). 
G. ALLEGRA, E. BEXEDETTI, C.  PEDONE, and S.  L. HOLT. 
Inorg. Chern. 10.667 (1971). 
B.  R. DAVIS and J .  A. IBERS. Inorg. Chem. 9.2768 (1970). 
R .  W. DAVIES and N. C. PAYNE. Can. J .  Chem. 51, 3477 
(1973). 
C. K. PROUT, T. S. CAMERON, and A. R. GENT. Acta 
Crystalloy. B28. 32 (1972). 
F. C.  MARCH and G. FERGUSON. Can. J .  Chem. 49, 3590 
(1971). 
M. NOLTE. E.  SINGLETON. and M. LAING. J .  Chern. Soc. 
Dalton, 1979 (1976). 
K.  h o u r ,  M.  C. COULDWELL. and K. A. FORDER. Acta 
Crystalloy. B33, 218 (1977). 
K. PROUT, S.  R. CRITCHLEY, E. C .~NNILLO.  and V. TAZ- 
ZOLI.  Acta Crystallogr. B33,456 (1977). 
D. H .  BROWN, R. A. N U T T ~ L ,  J .  MCAVOY, and D. W. A. 
SHARP. J .  Chem. Soc. A. 892 (1966). 
D. W. HERLOCKER and M. R. ROSENTHAL. Inorg. Chim. 
Acta. 4,501 (1970). 
A. B. P. LEVER and D. OGDEN. J .  Chem. Soc. A, 2041 
(1967). 
A. R. BYINGI-OK and W.  E. BULL. Inorg. Chirn. Acta, 21, 
239 (1977). 
N.  C. JOHNSON. J .  T. TURK,  and W. E. BULL. Inorg. Chim. 
Acta, 25, 235 (1977). 
A. KORC~YNSKI  and A. POMI-KOSHITS. Rocz. Chem. 39. 
1567 (1965). 
M. G.  B. DREW and A.  HAMID BIN OTHMAN. Acta Crys- 
tallogr. B31,613 (1975). 
W. J .  ROHRBAUGH and R. A. J A C O B S ~ N .  Acta Crystallogr. 
B33, 3254 (1977). 
S. CERRINI, M. COLAPIETRO. R. SPAGNA, and L.  ZAM- 
BONELLI. J .  Chem. Soc. A, 1375 (1971). 
C.  H. WEI. Inorg. Chem. 11, llOO(1972). 
L .  J .  GUGGENBERGER. C.  T. PREWITT, P. M E A K I ~ ,  S.  
TROFIMENKO. and J.  P. JESSON. Inorg. Chern. 12, 508 
(1973). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Complexes of the methyl tris(3,5-dimethylpyrazol-1-yl) gallate ligand, MeGa(N,C,H,),-, 
and its hydroxy derivative, MeGa(N2CSH7),(OH)-. Crystal and molecular structure of 

[MeGa(N2CsH7),(OH)I~o(CO)2(r13-C,H,) 
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KENNETH R. BREAKELL, STEVEN J. RETTIG, ALAN STORR, and JAMES TROTTER. Can. J. 
Chem. 57. 139 (1979). 

The synthesis and coordinating properties of the tridentate tris-chelating ligand, methyl 
tris(3,5-dimethylpyrazol-1-yl)gallate, MeGa(NzC5H,),-, are described. Carbonyl and nitrosyl 
carbonyl compounds of manganese, molybdenum, and tungsten incorporating this ligand are 
detailed. The ready conversion of the above ligand to the less sterically demanding tris- 
chelating 'hydroxy' ligand [MeGa(N2C5H7),(0H)]- occurs in attempted syntheses of the 
'q3-allyl' complexes, [MeGa(N2C5H7)3]M(CO)2'~3-allyl', (where M = Mo or W, 'q3-ally]' 
= q3-C3H5, q3-C4H7). The tridentate chelating nature of this 'hydroxy' ligand is conclusively 
demonstrated in the crystal structure determination of the complex, [MeGa(N2C5H,),(OH)]- 
M O ( C O ) ~ ( ~ ~ - C ~ H , ) .  Crystals of this complex are monoclinic, a = 14.020(4), b = 10.110(1), 
c = 15.493(7) A, P = 111.58(3)", Z = 4, space group P2,ln. The structure was solved by 
Patterson and Fourier syntheses and was refined by full-matrix least-squares procedures to a 
final R of 0.40 and R, of 0.043 for 3374 reflections with 1 2 3.50(1). 

KENNETH R. BREAKELL, STEVEN J. RETTIG, ALAN STORR et JAMES TROTTER. Can. J. Chem. 
57, 139(1979). 

On decrit la synthese et les proprietes coordinantes du ligand tridentate tris-chelatant, methyl 
tris(dimethy1-3,5 pyrazolyl-])gallate, MeGa(N2C5H7),-. On donne des details concernant des 
composes carbonyl- et nitrosylcarbonyl du manganese, du molybdene et du tungstene incor- 
porant ce ligand. Le ligand ci-haut se transforme facilement en ligand "hydroxy" tris-chelatant 
steriquement moins empEche: [MeGa(N2C5H7),(OH)]- lorsque I'on essaye de synthetiser les 
complexes "q3-allyle", [MeGa(N2C5H7)3]M(CO)2 "q3-allyle" (oh M = Mo ou W, "q3-allyle" 
= r13C3H5, q3-C4H7). On a demontre d'une fafon concluante la nature chelatante tridentate 
de ce ligand "hydroxy" a l'aide d'une determination de la structure cristalline du complexe 
[MeGa(N2C5H7)2(OH)]Mo(CO)z(q3-C4H,). Les cristaux de ce complexe sont monocliniques, 
a = 14.020(4), b = 10.110(1), c = 15.493(7) A, 0 = 111.58(3)", Z = 4, groupe d'espace 
P2,ln. On a resolu la structure par des syntheses de Patterson et de Fourier et on I'a affinee par 
la methode des moindres carres (matrice complete) jusqu'a une valeur finale de R de 0.40 et de 
R, de 0.043 pour 3374 reflexions avec 12 3.50(1). 

[Traduit par le journal] 

Introduction and its unusual propensity to convert to the less 
Numerous examples of the coordination chemistry sterically demanding ligand, MeGa(N,C,H,),(OH)-, 

of tris(pyrazo1-1-yl) borate ions, RB(N,C,H,),-, in some of its reactions. The tris-chelating nature of 
where = or have been described A the latter system is confirmed conclusively in the 

recent paper (2) discussed a similar gallium ligand, X-ray crystal structure determination of the com- 
MeGa(N,C,H,),-, and contrasted its coordinating pound [M~G~(N,C,H,),(OH)]MO(CO)~(~~-C~H,). 
ability with that of its boron analogues. A more 
electron-rich transition metal centre was created in Experimental 
the gallium complexes, with a greater degree of Startinn Materials 
steric protection ifforded the ch:lated metal. The ~ir-sensitive materials were handled in a glove-box under 

introduction of methyl groups in the or 3,5 posi- an atmosphere of oxygen-free dry nitrogen or in a nitrogen- 
blanketed apparatus. Tetrahydrofuran (THF) was dried by 

tions of the pyrazolyl rings in the boron ligands led refluxing over lithium aluminum hydride and was used 
to some anomalous reactions in complex ions of the immediately following distillation. Benzene was dried by re- 
type RB(N2C,H,)3Mo(CO)3- (3). The present fluxing over molten potassium prior to distillation. Sodium 
paper describes the synthesis of the very sterically hydride (Alfa) and 3,5-dimethylpyrazole were used as supplied. 

Methyl gallium dichloride was prepared by a standard pro- 
demanding gallium ligand> MeGa(N2C5N7)3- (in- cedure (4) from gallium trichloride (5) and tetramethylsilane. 
cOr~Orating three 3,5-dimethYlpYrazoly1 moieties), Molybdenum and tungsten hexacarbonyls were used as sup- 
its coordinating ability in transition metal complexes, plied (Strem). Manganese pentacarbonyl bromide was pre- 

0008-4042/79/020139-08$01 .OO/O 
9 1979 National Research Council of CanadalConseil national de recherches du Canada 
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N E W  X I -  

= :  $ , " %  

pared from dimanganese decacarbonyl (Strem) by a standard 
route (6) .  Ally1 bromide and 2-methylallyl chloride were dis- 
tilled under nitrogen prior to use, and isoamyl nitrite was used 
as purchased (MCB). 

Preparative Details 
Sodium Methyl Tris(3,S-dimethylpyrazol-1-y1)pallate 

Na+ [MeGa(N2C5H7) ,I -  

THF MeGaCI, + 3Na+(N2C,H7)---+ 
r.t. 

Methyl gallium dichloride (4.51 g, 29.0 mmol) in THF 
solution was treated with a 3-molar equivalent of sodium 
3,5-dimethylpyrazolide (10.25 g, 80.9 mmol) in the same 
solvent. The mixture was stirred for 2 days and the white 
precipitate (NaCI) was then filtered off and washed with 
THF. The filtrate and the washings were made up to a stan- 
dard volume and aliquots of the resulting solution were 
employed in subsequent reactions. 

Preparation of Nu+ [MeGa(NzCsH,) ,]M(CO) ,- Salts 
M =  M o , W  

In a typical reaction equimolar amounts of the gallium 
ligand solution and a THF slurry of the appropriate hexa- 
carbonyl were mixed in a sealed bulb. Themixture was warmed 
for several days at -- 8OC and the CO evolved then measured 
to confirm the completion of the reaction. The air-sensitive 
clear yellow solution of the tricarbonyl salt was then made up 
to standard volume and aliquots used in subsequent reactions. 

Preparation of [MeGa(N2C5H7)3]M~(CO)ZN0 
To a THF solution of Na+[MeGa(N2CsH7)3]Mo(CO)3- 

was added an excess amount of isoamyl nitrite, and the re- 
sulting mixture was warmed briefly. Gas evolution was 
observed and from the product solution an orange-red 
material was obtained. This was recrystallized from benzene 
yielding well-formed orange-red crystals of the desired pro- 
duct. Analytical and ir data are reported in Table 1. 

Preparation of [MeGa(N2Cs H7) 3] W(C0) zNO 
This compound was prepared in an identical manner to that 

described above using Na+[MeGa(N2CsH7)3]W(CO)~- as 
starting material and refluxing with an excess amount of 
isoamyl nitrate. 

Preparation of [MeGa(NZ CsH7) 3]Mn(CO) 

THF 
Na+MeGa(N2C5H7)3 - + Mn(C0LBr ------+ 

[MeGa(N2CsH7)3]Mn(CO)3 + NaBr + 2 C 0  

Equimolar amounts of the gallium ligand (1.78 g, 4.52 
mmol) and manganese pentacarbonyl bromide (1.24 g, 4.52 
mmol) were refluxed in THF solution until gas evolution had 
ceased. The solid isolated from the filtrate from the reaction 
mixture was recrystallized from benzene to yield an off-white 
crystalline material which pulverized to a chalky, white pow- 
der. Analytical and ir data are reported in Table 1. 

Attemp tedPreparation of [MeGa(N2C5H7) 3]Mo(CO) 2- 

(q3-C&7) 
To an aliquot of Na+[MeGa(N2C5H7)3]Mo(CO)3- solu- 

tion an excess of 2- methylallyl chloride was added. 

THF 
Na+[MeGa(N2C5H7)3]Mo(CO)3- + excess C4H7CI= 
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As expected, CO evolution was observed and the reaction 
was deemed complete at the cessation of this evolution. The 
solid isolated from the filtrate from the reaction was re- 
crystallized from benzene to give well-formed yellow crystals. 
The product was not the expected compound but the hydroxy 
derivative [MeGa(N2C,H7)z(OH)]Mo(C0)2(q3-C4H7) (see 
Table 1). 

Attempted Preparation of [MeGa(NzC5H7) 3] W(C0) 2- 

(q3-c4H7) 
Following the same procedure as described in the above 

reaction on intractable dark orange glue was obtained as 
product. An alternate route was therefore followed using 
(MeCN)3W(C0)3 as starting material (7). 

THF 
[I] (MeCNhW(C0L + excess C4H7CI ---+ r.t. 

(MeCN)2W(C0)2(q3-C4H7)(CI) + MeCN + CO 

I21 (M~CN)ZW(CO)~(~~~-C~H~)(C~) 
THF + Na+MeGa(NZC5H7)3- + 

An excess of 2-methylallyl chloride was added to a slurry of 
(MeCN),W(CO), (1.125 g, 2.88 mmol) in THF at room 
temperature. The color of the mixture changed from yellow to 
red and the product was a clear solution. The gallium ligand 
(1.13 g, 2.88 mmol) in THF was added with a concomitant 
change of color to orange and the formation of a white preci- 
pitate. The isolated filtrate yielded a solid which gave well 
formed yellow crystals from benzene solution. These were not 
the expected compound but again a hydroxy derivative 
[MeGa(N2CSH7)2(0H)]W(CO)z(q3-C4H7) (see Table 1). 

Attempted Preparation of[MeGa(N2C5H7) ,]Mo(CO)z- 
(q3-C3Hs) 

Attempts to prepare this complex from Na+[MeGa- 
(NZCsH7)3]M~(C0)3- and excess C3HsBr were unsuccessful, 
an intractable sticky dark yellow material resulting from the 
reaction. However, employing (MeCN)3Mo(C0)3 (0.872 g, 
2.88 mmol) as starting material and reacting with excess 
C3H,Br followed by an equivalent of Na+MeGa(N2CSH7)3- 
(1.13 g, 2.88 mmol) ligand, a yellow solid was obtained from 
the resulting THF solution. This gave well formed yellow 
crystals from benzene solution. Again the product was a 
hydroxy compound, [MeGa(N,C5H7)2(OH)]Mo(CO)z(q3- 
C3H5) (see Table I), rather than the expected complex. 

Spectra 
Mass spectra were recorded on a Varian MAT CH4 Mass 

spectrometer at 70 eV with an ion source temperature of 
100-180°C. Infrared spectra were recorded on a Perkin Elmer 
457 spectrophotometer either as Nujol mulls or as solution 
spectra in cyclohexane or methylene chloride solvents. Proton 
nmr spectra were recorded in C6D6 solution on Varian XL-100 
and Bruker WP-90 console 270 spectrometers. F.T. techniques 
were employed in recording the spectra of complexes of low 
solubility. 

X-ray Crystallographic Analysis of 
[M~Ga(NzCSH7)2(OH)lMo(C0)2(q3~C~H71 

The crystal was mounted in a general orientation and had 
dimensions of ca. 0.36 x 0.48 x 0.53 mm. Unit-cell param- 
eters were refined by least-squares on 2 sin 0/h values for 24 
reflections measured on a diffractometer with graphite mono- 
chromatized MoK, radiation (h = 0.71073 A). Crystal data 
(at 21°C) are: 
CI7HZSGaMoN4O3 fw = 499.07 
Monoclinic, a = 14.020(4), b = 10.110(1), c = 15.493(7) A, 

[3 = 11 1.58(3)", V = 2042(1) A3, Z = 4, p, = 1.623 g ~ m - ~ ,  
F(000) = 1008, ~(MoK,)  = 20.2 cm-'. Absent reflections: 
h01, h + I # 2n and OkO, k # 2n define uniquely the space 
group P2,/n (alternate setting ofPZ,/c, CzSh, NO. 14). 

Intensities were measured with graphite monochromatized 
MoK, radiation on an Enraf-Nonius CAD-4 diffractometer. 
A variable speed w scan over a range of r = (0.80 + 0.45 
tan 0) degrees in w was employed. The scan was extended at 
both ends by r/4 for background measurement. Data were 
measured to 20 = 60'. Crystal orientation was monitored 
every 150 reflections and the intensities of the 3 check reflec- 
tions, measured every hour of X-ray exposure throughout the 
data collection, remained constant to within i 1.5%. After 
data reduction, an absorption correction was applied using the 
Gaussian integration method (8, 9). Transmission factors 
ranged from 0.429 to 0.510. Of the 5906 independent reflec- 
tions measured, 3374 (57.1%) had intensities greater than 
3.5o(I) above background where oZ(I) = S + B + (0.04s)' 
with S = scan count and B = normalized background count. 

The positions of the Mo and Ga  atoms were determined 
from the three-dimensional Patterson function and those of 
the 0 ,  N, and C atoms from a subsequent difference map. After 
full-matrix least-squares refinement of all non-hydrogen atoms 
with anisotropic thermal parameters to R = 0.059, a dif- 
ference map gave the positions of all 25 hydrogen atoms which 
were included in subsequent cycles of refinement with iso- 
tropic thermal parameters. 

The scattering factors of ref. 10 were used for non-hydrogen 
atoms and those of ref. 11 for hydrogen atoms. Anomalous 
scattering factors from ref. 12 were used for the Mo and Ga  
atoms. The weighting scheme l/oZ(F) where o(F) is derived 
from the previously defined o(I) gave uniform average values 
of w(jF,l - jF,))' over ranges of IF,! and was employed in the 
final stages of refinement. An isotropic type I extinction cor- 
rection (Lorentzian distribution) was applied (1 3-1 5); the final 
value of g was 1.0(1) x lo4. Convergence was reached at 
R = 0.040 and R, = 0.043 for 3374 reflections with I >  
3.50(1). For all 5906 reflections R = 0.091 and R, = 0.050. 
On the final cycle of refinement the mean and maximum 
parameter shifts corresponded to 0.09 and 0 . 5 6 ~  respectively. 
The mean error in an observation of unit weight was 0.9591. 
A final difference map showed maximum fluctuations of 
-2.0 to 0.8 e k3 near the heavy atoms and was essentially 
featureless elsewhere. The final positional and thermal 
parameters appear in Tables 2 and 3 respectively.' Measured 
and calculated structure factors have been placed in the 
Depository of Unoublished Data.' 

The ellipsoids df thermal motion are shown in Fig. 1. The 
thermal motion has been analysed in terms of the rigid-body 
modes of translation, libration, and screw motion (16) using 
the computer program MGTLS. The rms standard error in the 
temperature factors, oU,] (derived from the least-squares 
analysis) is 0.0031 A2. Analysis of the entire molecuie (rms 
AU,j = 0.0057 A2) gave physically reasonable rigid-body 
parameters. The bond lengths have been corrected for libra- 
tion (17) using shape parameters qZ  of 0.08 for all atoms in- 
volved. Corrected bond lengths appear in Table 4 along with 
the uncorrected values. Corrected bond angles do not differ by 
more than 0.15" from the uncorrected values in Table 5. 
Torsion angles in the three chelate rings are given in Table 6. 

Results and Discussion 
The integrity of the tris-chelating ligand MeGa- 

'The structure factor table and Table 3 (thermal parameters) 
are available, at a nominal charge, from the Depository of 
Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Ont., Canada KIA OS2. 
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TABLE 2. Final positional parameters (fractional: 0, N, and 
C x lo4, Mo and Ga x lo5, H x lo3) with estimated 
standard deviations in parentheses. Equivalent positions: 

+(x ,y ,  2 ;  112 - x, 112 + y, 112 - z) 
- 

Atom x y z 

(N2C,H7),- has been proven by the isolation of the 
two nitrosyl complexes and the tricarbonyl man- 
ganese compound. In all three of these compounds 
the sterically demanding gallium ligand has the 
required space to occupy the three facial positions 
demanded by its geometry in the octahedral com- 

plexes. Attempted introduction of larger substituents 
into the MeGa(N,C,H,),M(CO),- ions (M = Mo 
or W) does not yield the expected complexes but, 
instead, the observed hydroxy species, or intractable 
products. The origin of the 'OH' group in these com- 
plexes is puzzling since all solvents were dried and 
the 'yields' of 'OH' products were high and uncon- 
taminated with the expected tris-chelate complexes. 
It is tempting to speculate abstraction of the 'OH' 
from the T H F  solvent but further studies will be 
necessary to establish this as its origin. 

Infrared Spectra 
Selected vibrations from the infrared spectra of the 

complexes are recorded in Table I .  It is noteworthy 
that the bands for the tungsten compounds are 
somewhat lower than the bands for the correspon- 
ding molybdenum compounds, a phenoinenon which 
is becoming well documented (2, 3, 18, 19). Compa- 
rison of the v,, frequencies for the present 'q3-allyl' 
complexes with the v,, frequencies of similar com- 
plexes (Table 7) bearing different uninegative 6-elec- 
tron ligands indicates that the [MeGa(N,C,H,),- 
(OH)]- ligand creates a more electron-rich transition 
metal centre with consequent lowering of the v,, 
frequencies. The bond length data discussed below 
are consistent with these observations. 

Mass Spectra 
The six complexes listed in Table 1 were all suffi- 

ciently volatile and stable to give readily observable 
parent ion signals in their mass spectra. The results 
indicate the same monomeric nature for the products 
in the gas phase as is suggested by other evidence for 
the compounds in solution, and as has been demon- 
strated conclusively for the complex, [MeGa- 
(N,C,H,),(OH)]MO(CO)~(~~-C,H,), in the solid 
state by X-ray structural determination. In all six 
spectra the expected fragmentation patterns were 
observed (2) and the intensity ratios of the individual 
peaks in multi-peak signals agree closely with 
theoretical predictions based on the percentage 
isotope compositions of the contributing metal 
atoms. 

' H  Nuclear Magnetic Resonance Spectra 
Nitrosyl Complexes 
The 'H nmr spectra for the two nitrosyl com- 

pounds are reported in Table 8. In these complexes 
the three 3,5-dimethylpyrazolyl groups occupy two 
sets of positions and the H4 proton and the Me3 and 
Me5 groups give two signals each in the predicted 2: 1 
intensity ratio. 

Hydroxy Complexes 
The main features recorded in these three spectra 

(Table 8) are explicable in terms of an octahedral 
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BREAKELL E T  AL. 

FIG. 1 .  Stereoview of [M~G~(N~C,H~)~(OH)]M~(CO),(~~~-C,H~). 50% thernial ellipsoids are shown. Hydrogen atoms 
have been omitted for the sake of clarity. 

TABLE 4. Bond lengths (A) with estimated standard deviations in parentheses 

(a) Non-hydrogen atoms 

Length Length 

Bond Uncorrected Corrected Bond Uncorrected Corrected 

(b) Bonds involving hydrogen atoms 

Length 

Bond Value Mean 

0-H 0.65(6) 
C(spZ)-H 0.74-0.98(5-6) 0.89(8) 
C(sp 3)-H 0.76-1.13(6-11) 0.92(9) 

structure for the complexes in C6D6 solution similar 
to that demonstrated for [MeGa(N,C,H,),(OH)]- 
Mo(CO),(q3-C,H,) in the solid state (see Fig. 1). 
Thus, the two 3,5-dimethylpyrazolyl groups are dif- 
ferent and give two sets of signals for the H4, Me4, 
and Me5 protons in all three spectra in the ratio of 
1 :  1. The signals due to the protons on the q3-2- 
methylallyl and q3-ally1 groups have been assigned 
following assignments for comparable complexes 
(21,22) and also using assignments given in ref. 23. 

In addition to the expected couplings the H,,, 
protons display further splittings in all three spectra. 
The origin of these additional couplings may be 
partly the result of H,,,-H,,,, geminal coupling 
although this is usually quite small (< 1 Hz (24)). 
All three spectra clearly indicate that the 'n3-allyl' 
groups are not undergoing rapid rotation about the 
M . .  .'n3-ally]' axis in solution, a process which 
would make both syn protons equivalent and both 
anti protons equivalent. 
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TABLE 5. Bond angles (deg) with estimated standard deviations in parentheses 

(a) Non-hydrogen atoms 

Bonds 

O(1) -Mo -N(2) 
O(1) -Mo -N(4) 
O(1) -Mo -C(9) 
O(1) -Mo -C(11) 
0 0 )  -Mo -C(12) 
N(2) -Mo -N(4) 
N(2) -Mo -C(9) 
N(2) -Mo -C(11) 
N(2) -Mo -C(12) 
N(4) -Mo -C(9) 
N(4) -Mo -C(11) 
N(4) -Mo -C(12) 
C(9) -Mo -C(11) 
C(9) -Mo -C(12) 
C(1 1)-Mo -C(12) 
O(1) -Ga -N(l) 
O(1) -Ga -N(3) 
O(1) -Ga C ( 7 )  
N(1) -Ga -N(3) 
N(1) -Ga -C(7) 
N(3) -Ga -C(7) 
Mo -O(l)-Ga 
G a  -N(l)-N(2) 
Ga  -N(l)-C(1) 
N(2) -N(l)-C(1) 
MO -N(2)-N(l) 
MO -N(2)-C(3) 
N(1) -N(2)-C(3) 
G a  -N(3)-N(4) 

Angle (deg) 

78.8(1) 
Sl.1(1) 
84.0(2) 

173.3(2) 
101.3(2) 
80.3(1) 

161.1(2) 
95.1(2) 
89.2(2) 
89 .4(2) 

1 00.7(2) 
168 .7(2) 
102.5(2) 
101.8(2) 
75.7(2) 
94.5(2) 
92.9(2) 

125.2(3) 
99.0(2) 

120.9(3) 
117.8(3) 
106.5(2) 
115.2(3) 
134.9(3) 
109.7(4) 
119.4(3) 
134.3(3) 
106.2(4) 
113.0(3) 

Bonds 

(b) Angles involving hydrogen atoms 

Angle (deg) 

Bonds Value Mean 

TABLE 6. Intra-annular torsion angles (deg) (groups correspond 
to the three unique chelate rings) 

Bond Observed Bond Observed 

MO -0(1) 44.9(2) MO -0(1) -37.0(2) 
O(1)-Ga - 47.9(2) O(1)-Ga 5 1 .4(2) 
G a  -N(l) 28.4(3) G a  -N(3) - 50.6(3) 
N(1 )-N(2) 5.2(3) N(3)-N(4) 26.9(3) 
N(2)-MO - 30.2(2) N(4)-MO 6.0(2) 

Angle (deg) 

133.4(4) 
108.9(4) 
117.3(3) 
136.2(3) 
106.2(4) 
107.7(5) 
121.9(5) 
130.4(5) 
106.8(5) 
109.6(4) 
123.4(5) 
127.0(5) 
108.1(5) 
121.3(6) 
130.6(6) 
107.1(5) 
109.6(5) 
122.4(5) 
128.0(6) 
69.5(3) 
75.1(3) 
76.1(3) 

116.6(4) 
114.3(6) 
123.8(6) 
121.9(6) 
68.5(3) 

173.5(5) 
173.7(5) 

X-ray Crystallographic Analysis of 
[MeGafN2C5H7),~OH)lMofCO12fq3-C4H7) 

The crystallographic analysis of dicarbonyl- 
[methylbis(3,5-dimethylpyrazol- 1 -yl)hydroxygallato- 
(N(2),~(2)',0)](q~-2-meth~lall~l)molybdenum con- 
firms the tridentate chelating nature of the 
MeGa(N2C,H7),(OH)- ligand. Molecular models 
indicate that the steric crowding inherent in the 
[MeGa(N,C,H7)3]Mo(CO)2(q3-C4H7) molecule is 
drastically reduced in the hydroxy complex [MeGa- 
(N,C5H7)2(OH)]Mo(CO)2(q3-C4H7) (Fig. 1). The 
Ga.  . . Mo distance of 3.329(1) A in the present study 
is considerably shorter than the distance of 3.67 A 
found for [M~G~(N,c,H,),]MO(CO),(~~~-C,H,) (2). 
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BREAKELL ET AL. 

TABLE 7. Metal carbonyl stretching frequencies* 

Compound vco (cm-') ~eferenc; 

( Q ~ - C ~ H S ) M O ( C O ) ~ ( Q ~ - C ~ H ~ )  1970, 1963, 1903, 1889 20 
[HB(N~C~H~)~IMO(CO)~(Q~-C~HS) 1959, 1874 I8 
[MeGa(NzC3H3)31Mo(CO)Zh3-C3H5) 1948, 1860 - 3 

[MeGa(N2C3H3)31Mo(CO)2(r13-C4H7) 7 1949, 1863 - 
[MeGa(N2C5H7)2(0H)IMo(C0)2(113-C3H5) 1940, 1850 This work 
[MeGa(N2C5H7)2(0H)IMo(CO)2(~3-C4H7) 1940, 1850 This work 
[MeGa(N2CsH7)2(0H)IW(C0)2(r73-C4H7) 1930, 1837 This work 

*Cyclohexane solutions. 

TABLE 8. 'H nmr data for the allyl and nitrosyl complexes in C6D6 solvent* 

Me-Ga 

.. .. e 
\ 

Allyl conlpounds 
Nitrosyl compounds 

M = MO M = W  M = Mo 
T P P ~  M = Mo M = W  R = Me R = Me R = H  

R 
OH 
Ga-Me 9.75s(3) 

*r(TMS) = 10 ppm, 7(C6H6) = 2.84 ppm, s = singlet, d - doublet. t - triplet, m = multiplet, dd  - doublet of doublets, ti = triplet o f  triplets. 
Relative lntenslty of signals in parentheses. 

*J = 4.5 Hz. 
$J = 4.5 Hz, 2 Hz. 
6J = 4.5 Hz for  major doublet, fine 5tructure o n  doublct. 
J =  8 H z .  
T.I = 4.5 H z  and  8 Hz. 

The hydroxy bridge effectively creates much more 
space in positions trans to the 3,5-dimethylpyrazolyl 
groups in octahedral complexes. The Mo atom has 
distorted octahedral coordination geometry with the 
T ~ ~ - C , H ,  group occupying an octahedral coordina- 
tion site trans to a 'pyrazolyl' nitrogen atom and 
acting as a n-donating ligand (Mo-C = 2.334(6), 
2.263(5), and 2.359(6) A). The Mo-N distances 
(2.283(4) and 2.242(4) A)) are significantly different, 
the bond trans to the T~~-C,H[, group being shorter 
(as expected). There is a small (1.70) difference 

between the two M-C(0) distances (1.920(5) and 
1.933(6) A), the shorter being trans to the OH 
bridge. The Mo-0 bond length of 2.272(4) A is 
rather long (for steric reasons). 

Steric effects are the dominant factor in the bond 
length inequalities mentioned above as well as in the 
following notable features of the present structure. 
The 'pyrazolyl' ring trans to the 'allyl' group is 
planar ( x 2  = 2.25) with both methyl carbon atoms 
and both metal atoms significantly displaced from 
the mean plane (Mo, 0.0499(4), Ga, -0.0993(6), 
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C(13), -0.063(8), and C(14), -0.035(9) A). The 
other 'pyrazolyl' group, crs to the 2-methylallyl, is 
severely distorted. The five-membered ring is signi- 
ficantly non-planar (x2 = 16.8) and both metal atoms 
are considerably displaced from the mean plane 
(Mo, -0.2097(4), Ga, 0.6670(5) A) while only one of 
the methyl carbons is out of plane (C(16), 0.071(8) A). 
The torsion angle Ga[N(3)-N(4)]Mo, ideally zero, is 
26.9(3)", Ga[N(l)-N(2)IMo is 5.2(3)". 

Relative to the structure of 1, [MeGa(N2C3H3),]- 
Mo(CO),(q3-c,H,), there are several notable dif- 
ferences. Both Mo-N distances lie between those 
in 1 (cis, 2.328(3) and 2.309(3), trans, 2.232(3) A). 
Substitution of allyl by 2-methylallyl increases the 
central Mo-C(ally1) distance from 2.228(5) to 
2.263(5) A without changing the two other Mo-C- 
(allyl) distances. All of the Mo-'allyl'distances in the 
present structure are in good agreement with those 
found for the related boron complex [HB(N,C,H,),]- 
Mo(CO),(q3-c,H,) (24). The Mo-C(0) bonds are 
about 20 shorter than those in 1 (1.936(5) and 
1.948(5) A) and significantly shorter than those in the 
boron complex (1.958(5) and 1.959(5) A), at the same 
time the C-0 distances are longer (mean values 
1.176(2), 1.162(2), and 1.151(1) A, respectively, for 
the present structure, 1, and the boron complex). 
These data are consistent with the v,, ir values 
(Table 7 and ref. 2) and suggest that a more electron- 
rich Mo centre IS created by the hydroxy ligand with 
consequent increased back bonding from the metal 
to the antibonding orbitals of the carbonyl groups. 
The M-C-0 groupings are significantly more bent 
(173.5(5) and 173.7(5)") than in 1 (177.2(5) and 
176.5(5)") and the OC-Mo--CO angle is reduced 
from 81.2(2)" to 75.7(2)". 

The coordination about the gallium atom is dis- 
torted tetrahedral. The two Ga-N bond lengths 
are significantly different (1.962(4) and 1.943(4) A), 
the longer one being associated with the trarzs 
'pyrazolyl' group which has the shorter Mo-N 
bond. Both Ga-N bonds are significantly longer 
than their counterparts in 1 (1.938(4), 1.922(4), and 
1.917(3) A). Other bond lengths in the molecule are 
as expected. 

The trivalent oxygen atom has pyramidal coordin- 
ation (mean angle at O(1) is 110.5"). The four 
carbon atoms of the q3-C,H, group are coplanar 
(x2 = 1.3) but three of the four methylene hydrogen 
atoms are significantly displaced from the mean plane 

(H(8a), 0.18(5); H(8b), -0.40(6); H(lOa), -0.39(5); 
H(lOb), 0.11(6); Mo, 2.0126(4)~%). The crystal 
structure consists of discrete molecules, the shortest 
non-bonded distance between molecules being 
G a .  . . O(3) [+ - x, y - 3, + - z], 3.222(4) A. 
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Densities and kinematic viscosities of tetra-n-butylammonium 
iodide - nickel(I1) chloride melts 
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NURUL ISLAM, ABDUL MAKOOF, and ISMAIL KOCHI. Can. J. Chem. 57. 147 (1979) 
Densities and kinematic viscosities of molten mixtures of nickel(I1) chloride in tetra-n- 

butylammonium iodide have been measured as functions of temperature and composition. 
The data on the kinematic viscosity have been analyzed using both Arrhenius and non- 
Arrhenius type equations. The heat of activation, the entropy of activation, and the free 
energy of activation for viscous flow have been computed. At higher concentrations a slight 
tendency towards non-Arrhenius viscous bchaviour is observed. The free energy of activation 
helps in describing the overall composition dependence of kinematic viscosity. 

NUKUL ISLAM, ABDUL MAROOF et ISMAIL KOCHI. Can. J. Chem. 57. 147 (1979). 
On a mesure, en fonction de la temperature et de la composition, les densites et les viscositis 

cinematiques de melanges fondus du chlorure de nickel(I1) dans de I'iodure de tetra-n-butylam- 
monium. On a analyse les donnees de viscosimetrie cinematique en faisant appel a des equa- 
tions de type Arrhtnius et a d'autres qui ne le sont pas. On a calcule la chaleur d'activation, 
I'entropie d'activation et I'energie libre d'activation pour un tcoulement visqueux. A des con- 
centrations elevees, on a observe une tendance faible vers un comportement visqueux qui n'est 
pas du type Arrhtnius. L'energie libre d'activation permet de dkcrire la relation entre la com- 
position globale et la viscositt cinematique. 

[Traduit par le journal] 

Introduction Experimental 
There are two well known types of viscosity- Tetra-n-butylammonium iodide (Fluka, AG) was used as 

temperature behaviour of liquids or molten salt solvent in the molten state. Anhydrous nickel chloride was 
prepared (6) from its recrystallized hexahydrate using purified 

'ystems> namely, Arrhenius and non-Arrhenius' In thionyl chloride (Riedel). Preparation of samples and the 
the higher temperature ranges the behaviour usually measurements were made in a elvcerol bath thermostatted to -. 
is ~ r rhen ius  and tends to non-Arrhenius as the +0.lzC. During the ~ r e ~ a r a t i o n  of samples the transference of - - .  
temperature is lowered. There are established salt was done in an inert atmosphere. a he extent of solubillty 

of NiCI, in tetraalkylammonium halide solvent was reported expressions (Ip5) (7) as up to -- 33 mol%. Densities were measured in a cal~brated 
these types behaviour. However, in a dilatometer of + 3.0 ml capacity with graduated stem of 0.01 

certain region of temperature both Arrhenius and ml divisions. Cannon-Ubbelohde viscometers of viscometer 
non-Arrhenius behaviours may be expected ,to exist constants 0.0355 and 0.0286 cSt/s were used for viscosity 

so that neither the ~ ~ ~ h ~ ~ i ~ ~  nor the non-~rrhenius measurements in the range 388-418 K. Accuracies of density 
and viscosity measurements were estimated to be i 0.3% and equation for the analysis of viscosity versus tern- +0,1%, respectively. - 

perature data may apply. The non-Arrhenius viscous 
behaviour has also been found to increase with the Results and Discussion 
supercooling of the system. Thus, at a particular 
temperature region in a binary molten mixture, the 
Arrhenius viscosity may change into non-Arrhenius 
as the solute concentration increases provided that 
the added solute causes an increase in the super- 
cooling of the molten system. In order to further 
understanding of such anticipated shifts in Arrhenius 
or non-Arrhenius behaviour with respect to tempera- 
ture as well as composition regions, measurements 
are reported in this paper of the viscosities of binary 
melts of nickel chloride and tetrabutylammonium 
iodide (TBAI). 

'Present address: Department of Chemistry, North- 
Eastern Hill University, Shillong 793003, India. 

The mean molecular weight and the mean molar 
volume of the TBAI + NiCI, melt decrease with 
increasing [NiCI,] whereas a gradual increase has 
been observed in the case of the density, p. The 
densities of these binary molten mixtures also show 
a linear dependence on temperature (Table 1) .  

The kinematic viscosities, v, of the molten mix- 
tures under study obtained from the products of the 
viscometer constant and the times of fall are listed in 
Table 2 as functions of temperature and composition. 
Plots of the logarithms of the kinematic viscosities 
versus inverse temperature (Fig. 1) were found to be 
almost linear. However, the solutions of 23.99 and 
30.12 mo lz  appear to have a tendency for slight 
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TABLE 1. Computed parameters of density equation 
[p (g/cm3) = n - bt ("C)] for TBAI + NiCI, melts 

Standard 
deviation in 

Mol% a b x lo3 density 

TABLE 2. Kinematic viscosities (cm2/s) of TBAI + NiCl, 
melts 

FIG. 1. Arrhenius plots for the kinematic viscosities of 
TBAI + NiClz melts. 

deviations from linearity particularly a t  lower tem- 
peratures. Similar plots have also been obtained with 
respect to  absolute viscosities. The linearity of the 
Arrhenius plots in the case of rhixtures of lower con- 
centrations (4.62, 9.83, 14.17, and 19.13 m o l z )  may 
be visualized as due to two factors, namely, (i) the 
higher temperature range of the data, and (ii) less 

association of the type ([(C4H,)4Nt],[NiC12122-]}x 
to form cluster-like structures in the molten system. 
The latter factor mav also be considered as the cause 
for the solidification of molten mixtures of lower 
concentration encountered on cooling; the occur- 
rence of such associations permitted supercooling of 
the two mixtures of higher concentration and 
probably caused deviations from Arrhenius behav- 
iour (Fig. 1). 

Assuming that the temperature dependence of 
viscosity is Arrhenius in all the molten mixtures 
(within the experimental temperature range), an  
attempt has been made to describe the viscosity data 
through the Eyring's expression (2). Recently 
Eyring's expression has been preferred over Andrade 
(1) equation owing to the fact that the activation free 
energy term in the exponential part enables an inter- 
pretation of the composition dependence of viscosity 
in liquid mixtures (8). However, in the present case, 
in order to account for the kinematic visiositv instead 
of absolute viscosity, q ,  Eyring's expression has been 
modified to 

= (hN/R)  exp [AG*/RT] 

= A exp [AH*/RT] 

where 12 is Planck's constant ; N, Avogadro's number ; 
M ,  the mean molecular weight: AG*, the free energy 
of activation; AH*, the heat of activation; R, the gas 
constant: T, the absolute temperature: and A  = 

(hN/M) exp [ -  AS*/R] : AS* is the entropy of 
activation. The data on kinematic viscosity have been 
fitted to [I]  by least-squares and the computed 
values of the parameters A and A H ' h r e  given in 
Table 3. From the values of A the entropies of 
activation were computed using the expression 

[2] AS* = R[ln (IzNIR) - In A ]  

The values of AS* so obtained are also included in 
Table 3. 

I t  is apparent from Table 3 that the values of AS* 
are positive, unlike the case during conductance flow 

TABLE 3. Computed parameters of eq. [ I ]  for TBAI + NiCI, 
melts 

Standard 
A H *  deviation A S *  

Molx In A (cal/mol) in v (eu) 
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where negative values have usually been reported 
(9, 10). Positive values for AS" during viscous flow 
were also reported ( 1 1 )  in the case of associated -. - 
liquids. Such positive values of AS* indicate that the r. - 
flowing species attain higher entropy after activation. 
It may. therefore, be visualized that the viscous flow 0.3 
involves simpler flowing entities and that breaking of 
some bonds appears to take place before the initia- 2 
tion of flow in order to produce these flowing entities w- 
from the associated species. E 

0 
An attempt has been made to account for a - 

slightly non-Arrhenius viscous behaviour by least- Z 

squares fitting the kinematic viscosity data to an 0.2 
equation of the form 

PI v = A'Tn exp [B/(T - T,)] 

where A',  n,  B, and To are empirical constants. This 
equation has been reported (12) to describe the 
temperature dependence of the kinematic viscosities 
of organic liquids and was approximated from an 0.1 
expression based on the significant liquid structure 
theory. 

0.0 0.2 0.4 

The least-squares fitted values of the parameters of Mole  fraction of  ~ i "  

[3] are given in Table 4 along with the standard FIG. 2. Kinematic viscosity vs. composition isotherms for 
deviations in v. It may, however, be noted that even TBA1 + NiC1z melts. 

though the linear plots of log (v /Tn)  versus 1/(T - To)  
support the suitability of [3], too much significance 
should not be given to the computed parameters un- 
less the deviation from Arrhenius behaviour is large. 

The nature of composition dependence of kine- 
matic viscosities of the present systems may be 
understood from Fig. 2. From 4.62 to 14.17 mol% an 
increase of -20% in kinematic viscosity has been 
observed. It  decreases by about 12x  from 14.17 to 
23.99 molz  and then increases by - 15% from 23.99 
to 30.12 molz .  Accordingly, the kinematic viscosity 
isotherms show maxima at 14.17 molZ and minima 
at 23.99 molz .  

On the other hand, it is worthwhile to note the 
apparently invariant nature of AH* and AG* with 
concentration from Tables 3 and 5, respectively, as 
well as from the almost parallelism of the plots of 
log v versus 1/T (Fig. 1). This implies that the compo- 
sition dependence of kinematic viscosity is mainly 

TABLE 4. Computed parameters of eq. [2] for TBAI + NiCI, 
melts 

Standard 
deviation 

M o l z  A' 17 B TO in v 

determined by that of the pre-exponential factor of 
[ I ]  which in turn is related to the entropy of activa- 
tion through [2]. Therefore, it may be visualized that 
the variation of v with concentration is essentially 
guided by the entropy change involved in the break- 
ing of associated species. 

Furthermore, the variation of v with concentration 
described above may also be viewed quantitatively 
through [ I ] .  Equation [ I ] ,  after accounting for the 
linear concentration dependence of log ( hNIR)  
(Fig. 3a), takes on the form 

[4] log v = log A, + Qc + AG"/2.303RT 

[5] log v = log A, + (AG" + Q1c)/2.303RT 

where Q is the slope of the plot of log ( h N / M )  versus 
composition; c, concentration in mole fraction; 
Q' = 2.303RTQ; and A,  is the value of ( h N / R )  for 
the pure solvent. The suitability of [5] to describe the 
concentration dependence of v of the system under 
study is apparent from the linearity of the log v 
versus (AG* + Q',) isotherms drawn at 418 and 
388 K (Fig. 3b). Similar isotherms may also be ob- 
tained at other experimental temperatures. Now, by 
considering AG* as a composition independent factor 
[4] may be expressed as 

161 logv = A' + Qc 

where A' = log A,  + AG"12.303RT. However, the 
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TABLE 5. Free energies of activation (caljmol) for TBAI + NiCI, melts 

AG* at m o l z  = 
T ---------- ---- 

( K )  4.62 9.83 14.17 19.31 23.99 30.12 

FIG. 3. (a)  Plot of log (hAr /R)  vs. mole fraction of N i Z + ;  
(b) plot of log v vs. (AG* + Q',); and (c) plot of logv vs. mole 
fraction of Ni2+ for TBAI + NiCI, melts. 

plots of log v versus c are non-linear (Fig. 3c) which 
shows the inadequacy of [6] in describing the com- 
position dependence of kinematic viscosity. This 
suggests that such a dependence of v cannot be 
attributed to the changes in the pre-exponential 
factor alone. Therefore, although the change in AG* 
with concentration is smaller, it appears to partici- 

pate, along with the changes in the pre-exponential 
factor, in describing the overall dependence of 
kinematic viscosity on concentration. 
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Electrical conductance and thermal behaviour of some manganese(I1) carboxylates 
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SAMUEL OLUYEMI ADEOSUN. Can. J. Chem. 57, 151 (1979) 
Data are presented on the heats of phase transitions and electrical conductances of the 

even chain length manganese(I1) carboxylates from octanoate to octadecanoate inclusive. The 
total entropy change for the transition crystal + isotropic liquid is small indicating a high 
degree of aggregation in the isotropic liquid. This behaviour is similar to that of the cadmium 
carboxylates. 

Plots of log specific conductivity against inverse temperature show curvature. Attempts to 
fit the data to the Vogel-Tammann-Fulcher equation 

K = A exp [- C/(T - To)] 

showed non-random deviations. Instead, the data were interpreted in terms of a simple dis- 
sociation equilibrium for which the enthalpy change is -240 kJ mol-'. 

SAMUEL OLUYEMI A D E O S U ~ .  Can. J. Chem. 57, 151 (1979) 
On rapporte des mebures de la chaleur de transition de phase et de la conductance electrique 

pour les composes du mangantse(I1) avec les carboxylates a chaine paire, depuis I'octanoate 
jusqu'a l'octadecanoate inclusivement. La transition cristal + liquide isotope ne produit qu'une 
faible variation totale d'entropie, ce qui denote une formation importante d'agregats dans le 
liquide isotope. On a note un phenomene semblable pour les carboxylates de cadmium. 

Quand on porte le logarithme de la conductivite specifique en fonction de l'inverse de la tem- 
perature, on observe une courbure. On a tente d'ajuster a ces donnies I'equation de Vogel- 
Tammann-Fulcher, 

K = A exp [ -  C/(T - To)] 

mais les ecarts n'etaient pas aleatoires. Les donnees ont plutBt i t6 interpretees en fonction d'un 
equilibre de dissociation simple faisant intervenir une variation d'entalpie de -240 kJ mol-'. 

[Traduit par le journal] 

Introduction chain length soaps is crystal -+ G,,,,,,ic~ -) 

The electrical conductances of several molten 
metal carboxylates have been reported (1-4). The 
conductance behaviour of these compounds depends 
crucially on the nature of the metal ion. For example 
the Arrhenius plots for conductance of sodium and 
zinc carboxylates (2, 3) are linear while those of lead 
and cadmium (3, 4) show curvature. The curvature 
observed for the lead and cadmium soaps have been 
interpreted in terms of a simple dissociation equi- 
librium which is near completion at high tempera- 
tures. 

Differential thermal analysis studies, coupled with 
optical observations on a hot-stage microscope, 
reveal that many metal carboxylates form meso- 
phases (5-12). Mesophase formation in some divalent 

VZ(cubic isomorphous)  -' liquid while for tetradecanoate 
and longer chain length soaps, the V2 phase is 
absent and the G phase melts directly into the 
liquid phase. On the other hand, zinc soaps do not 
form mesophases but undergo solid + solid phase 
transitions only (12). 

So far, no data have been reported in the literature 
on the electrical and thermal properties of any 
transition metal carboxylate and it would be of 
interest to see how the physical properties of transi- 
tion metal soaps compare with those of the main 
group metals already studied. We have, therefore, 
examined the electrical and thernlal properties of 
the even chain length manganese(I1) carboxylates 
from octanoate to octadecanoate inclusive. 

metal carboxylates has also been studied by Spegt, Experimental 
Luzzati, and co-workers (13-16) using X-ray dif- Materials 
fraction technique. The number and type meso- The fatty acids were B.D.H. samples and were stated to have 
phases formed by these soaps also vary with the minimum 99% purity by glc assay. They were used without 
nature of the metal ion as well as the carboxylate further purification. The manganese(I1) chloride used was an 

chain length. For example, it has been reported that B.D.H, product. 

lead(I1) carboxylates form mesophases (11). The Preparation o f t he  soaps 
phase sequence for the dodecanoate and lower The soaps were prepared by matathesis in alcohol solution 

OO08-4042/79/020151-06$01.00/0 
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(1). The potassium soap was first prepared by the reaction of 
potassium metal with the stoichiometric amount of the acid in 
ethanol. The manganese soap was then obtained by the 
reaction of a stoichiometric amount of manganese(I1) chloride 
in a minimum amount of water with the potassium soap in 
ethanol. The product was filtered, washed with water and 
acetone, and dried in a vacuum oven. The product was 
recrystallised from hot benzene. Infrared spectra showed that 
the soaps were dry and free of excess acid. The melting points 
and elemental analysis results for the soaps are shown in 
Table 1. 

Lawrence (17) had earlier reported the preparation of 
manganese(I1) octadecanoate for which he reported a melting 
point of 473 K.  This value is much higher than the value of 
392 K observed in the present study. However, we have shown 
that many of the products reported by some earlier workers 
are probably basic carboxylates. For example, we showed (4) 
that the samples of cadmium hexanoate and octanoate having 
extremely high melting points reported by Spegt and Skoulios 
(18) were basic carboxylates. I t  is therefore very likely that the 
manganese octadecanoate reported by Lawrence is a basic 
carboxylate. We believe that our samples are pure as indicated 
by the elemental analysis data in Table 1. It should be noted 
that Lawrence did not report elemental analysis data for his 
product. 

Physical Measurements 
Conductivities were measured in a cell with blackened 

platinum electrodes. The cell was joined to a socket which 
could be fitted with a vacuum tap. The cell was filled with the 
material, evacuated, and immersed in a furnace. The tempera- 
ture of the furnace was controlled by a Pye-Ether Mini 
temperature controller, type 19-90B. Conductance measure- 
ments were made from about 10 K above the melting point of 
the material to just below its decomposition point using a 
Wayne-Kerr B224 conductivity bridge. Conductivities were 
measured upon heating the sample and upon cooling. The 
values obtained in both cases agree within experimental error. 
Duplicate runs also agree within experimental error. The cell 
constant was measured between each run using 0.01 Demal 
KC1 solution. 

DTA measurements were made on a Mettler TA 2000 
Analyser which was calibrated with pure indium metal. The 
materials were premelted and about 20mg samples were 
weighed into the standard aluminium crucibles of the analyser 
using a Kahn Electrobalance. The samples were then scanned 
at  a heating rate of 1 K m i n 1 .  Measurements were made in 
duplicate on at least three separate samples. Peak areas were 
determined by cutting and weighing the chart paper. Specific 
heats were determined by the method of base line displacement 
and optical observations were made on a polarising hot-stage 
microscope. 

Results and Discussion 

Quantitatice DTA 
The manganese(I1) carboxylates show two DTA 

peaks except the octadecanoate which show three 
peaks. This observation is consistent with the fact 
that, in general, increase in carbon chain length in a 
homologous series of metal carboxylates results in 
an increase in the number of polymorphic phases 
present (19). The first polymorphic phase is described 
as phase I in Table 2 while the second polymorphic 
phase observed in manganese octadecanoate has 
been described as phase IT. 

On heating, the crystal first changed into a highly 

TABLE 1. Melting points and elemental analyses 

Carbon %c %H 
chain mP --- 
length (K) Theory Found Theory Found 

viscous phase which later passed into the isotropic 
liquid phase. However, visual observation under a 
hot-stage polarising ~nicroscope did not help in 
characterising the structures of the mesophases. No 
definite visible sign of changes in texture were 
observed at the phase transition temperatures when 
viewed under a hot-stage microscope. 

The thernlodynamic data for the phase changes 
are summarised in Table 2 together with their 
standard errors. A noteworthy feature of the quanti- 
tative results is the increase in the total enthalpy and 
entropy changes with increasing chain length of the 
soaps. Figure 1 shows a plot of AS,,,,, (i.e. the total 
entropy change accompanying the transition, crys- 
tal + isotropic liquid) against chain length of the 
soap. Although the plot is not accurately linear, it 
can be seen that AS,,,,, is strongly chain length 
dependent, increasing with increasing chain length. 
This is consistent with the idea that the major step in 
the fusion process is the disordering of the hydro- 
carbon chains. The values of AS,,,,, for the man- 
ganese carboxylates are significantly smaller than 
those of the corresponding lead and zinc carboxylates 
but close to  those of the cadmium soaps. For 
example, the value of AS,,,,, for manganese octa- 
decanoate is 152 t 4 J mol-l K-l while those of 
lead, zinc, and cadmium octadecanoates are, respec- 
tively, 31 1 + 10,256 + 8, and 177 f 5 J mol-' K-' 
(1 1, 12). This probably suggests that the isotropic 
liquid phases of manganese and cadmium carboxy- 
lates are more ordered than those of the lead and 
zinc carboxylates. We have earlier proposed that the 
cadmium carboxylates consist of cylindrical micelles 
in the liquid phase (12) while those of lead consist of 
spherical micelles (11). This is consistent with the 
extremely high values of the viscosities of the 
cadmium soaps (4) when compared to those of the 
lead compounds (20). It ir, therefore, tempting to 
speculate that the liquid phase of the manganese 
carboxylates may also consist of cylindrical micelles 
similar to  those of the cadmium carboxylates. 

The values of the heat capacities of the manganese 
carboxylates in the solid phase are presented in 
Fig. 2. The values increase linearly with temperature 
suggesting that some subtle structural changes occur 
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I I 1 I I 
8 10 12 14 16 18 

Carbon chatn length 

FIG. 1. Total entropy change for the process, crystal 
liquid. 

in the solid phase with increasing temperature. The 
heat capacity values in the liquid phase are also 
summarised in Table 3. The values are constant over 
the temperature range studied. The values of the heat 
capacities of the cadmium soaps have been included 
in Table 3 for comparison. It can be seen that the 
two sets of heat capacity data are not significantly 
different. 

Electrical Conductance 
The conductance data are presented in Fig. 3 

where values of log K are plotted against inverse 
temperature for all the compounds studied. Results 
of duplicate runs are also included in the plots. The 
specific conductances of the manganese carboxylates 
are bigger than those of zinc salts but smaller than 
the corresponding salts of lead and cadmium. For 
example, at 433 K the value of K for manganese 
octadecanoate is 1.258 x S m-I while the 
values for lead, zinc, and cadmium octadecanoates 
are respectively, 1.201 x 2.511 x lo-', and 
2.513 x 10-'S m-l .  

One notable feature of the plots is that they show 
curvature. Similar curvature of Arrhenius plots has 
been observed in certain molten salt mixtures (21) 
and it has been suggested that such curvature may 
arise if the liquid is close to its ideal glass transition 
temperature. Cleaver et al. (22) observed non-linear 

0 

m - a - m m  ' 
. . . . .  2 

- N m m m -  - 
+I +I +I +I +I +I & 
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FIG. 2. Molar heat capacities of the solid manganese 
carboxylates. 

Arrhenius plots for the conductance and viscosity of 
fused sodium polysulphides and fitted their data to 
the Vogel-Tammann-Fulcher equation : 

[I]  K = A exp [ -  C/(T - To)] 

where A,  C,  and To are constants. Angel1 (21) has 
interpreted To as the temperature at which there is 
zero configurational entropy in the liquid phase and 
this has been identified with the ideal glass transition 
temperature. 

We attempted to fit the conductance data of the 
manganese carboxylates to eq. [ I ]  by using a com- 
puter program which systematically varied To to 
find a minimum in the standard deviation of fits of 
log K against 1/(T - To). In all cases, the standard 
deviations were non-random which suggests that our 
results cannot be adequately interpreted in terms of 
the glass-forming theory. Similar attempts to fit the 
conductance data of lead and cadmium carboxylates 
(which also show non-linear Arrhenius plots) to 
eq. [l]  have been unsuccessful (3, 4). Instead, a 
simple dissociation theory has been proposed to  
explain the conductance behaviour of lead and 
cadmium carboxylates (3, 4). Following the model 

TABLE 3. Specific heats of the liquid soaps 

Carbon Temperature C, (J mol-' K-') 
chain range 
length (K) Manganese Cadmium" 

*Values are from ref. 12 

proposed for these bivalent metal carboxylates, it is 
proposed that manganese carboxylate dissociates 
according to the scheme 

where the MnA, and A-  ions may be aggregated in 
the melt. Assuming that the major current carrier is 
the Mn2+ ion rather than the more bulky species, 
and that it moves by a simple activated process then 
the following expressions (3) can be obtained at low 

FIG. 3. Semilogarithmic plots of specific conductivity 
against inverse temperature for molten manganese carboxy- 
lates: 0, C , ;  +, CIO; El, C L Z ;  6% CI,; O, CIB;  El, G I 8  
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degrees of dissociation for the specific and equivalent 
conductance (IL). 

C21 log K = log Q - 
AH' + AH13 

2.303R T 

AH' + AH13 
C31 log + 2.303R T 

NeA AS* + AS13 
= log 4 + 2.303R T 

where A H * ,  AS* ,  AH. and AS are the enthalpies 
and entropies of activation for movement of the 
Mn2' ion and for the dissociation, respectively, and 

NeA 
(AS' + ASj3) [4] log Q = log 7 + - 

27., 2.303R 

where V,, is the niolar volume of the soap. At low 
degrees of dissociation, a plot of log K against 1/T 
should be linear with slope of (AH' + AH/3)/2.303R, 
according to eq. [2].  Table 4 shows values of AH* + 
AH13 calculated from such plots. It can be seen that 
these values are reasonably constant within limits of 
experimental error and suggest that the major current 
carrier must be the same in all the carboxylates 
studied; most certainly the ~ n ~ '  ion. 

It is possible to have a rough idea of how the 
combined entropy term varies with chain length. The 
first term on the right hand side of eq. [3] is unlikely 
to be strongly chain length dependent. Thus a plot 
of the left hand side expression in eq. [3] against 
chain length will demonstrate the dependence of the 
combined entropy term, i.e., AS* + AS13 on the 
chain length of the carboxylate. Values of 3, can be 
obtained from the specific conductance data ( K )  but 
this requires knowledge of the molar volumes (V,) 
of the manganese carboxylates. We attempted to 
measure V, values for the manganese soaps by the 
same pycnometric technique used for the lead and 
zinc carboxylates (3). Unfortunately this method 
was not suitable for the manganese soaps because of 
the abnormally high viscosities of these compounds 
which made complete elimination of air bubbles in 
the melt extremely difficult. However, the molar 
volumes of corresponding carboxylates of lead, zinc, 

TABLE 4. LOW temperature limit- 
ing slopes for conductance 

Carbon chain 
length 

8 
10 
12 
14 
16 
18 

and cadmium differ by at most 0.5% from each other 
(3, 4). For example, values of V,, at 500 K for lead, 
zinc, and cadmium carboxylates are, respectively, 
738.81 x 738.24 x and 737.00 x 
m3. It is, therefore, reasonable to assume that the 
molar volumes of the manganese soaps will not be 
significantly different from those of the other bivalent 
metal soaps. We have, therefore, computed values of 
h for the manganese carboxylates using the molar 
volume data of the corresponding lead soaps. 
Figure 4 shows a plot of log h + (AH* + AH1311 
2.303RT against chain length. The slope of the plot 
shows that the entropy term decreases by 1.96 J K - '  
per carbon atom. This value can be compared with 
those for zinc (1.86) and cadmium (1.60) carboxylates. 

According to the d~ssoclation theory, the metal 
carboxylate is cornpletely dissociated in the high 
temperature region. In this region, the plot of 
log k against 1/T should tend to a second h e a r  
portion with slope corresponding to AH*.  Unfor- 
tunately this region was not reached before the 
manganese soaps started to decompose. However, it 
has been shown that the value of AH* for Pb2' ion, 
calculated in this manner, is in good agreement with 
that found for molten lead halides (3). The activation 
energy for conductance of manganese(I1) chloride is 
19.6 kJ mol-I (23) which suggests that AH' for 

8 10 12 14 16 18 
Corbon choln length 

FIG. 4. The dependence of the entropy-containing term, 
log h + (AH* + AH/3)/2.303RT on carbon chain length of 
the manganese carboxylates. 
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~ n ' +  ion must be close to this value. Using this 
value of AH', the value of AH for the manganese 
carboxylates can be shown to be about 240 kJ mol-l. 
This value is much higher than that obtained for the 
lead carboxylates (- 88 kJ mol- ') and slightly bigger 
than that of cadmium carboxylates ( -  190 kJ mol-I), 
suggesting that the manganese-carboxylate bond is 
extremely strong. 

Taken together with the DTA data, these results 
suggest that the structure of the manganese car- 
boxylates in the melt is similar to that of the cadmium 
soaps for which cylindrical micelles have been postu- 
lated (12). Viscosity data (4) on the cadmiunl soaps 
show that the contribution of the methyl and head 
groups to the activation energy for viscous flow 
( -71 kJ mol- l) is much bigger than that for the lead 
soaps (-15 kJ mol-') (20) which implies that a 
considerable amount of work must be done against 
coulombic and dipolar forces in the cadmium car- 
boxylates to cause the movement of the unit of flow. 
It would, therefore, be useful to measure the visco- 
sities of the manganese carboxylates. Unfortunately 
we were unable to obtain reliable viscosity data due 
to operational difficulties similar to those encountered 
with the molar volume measurements. However, 
visual observation suggests that the manganese car- 
boxylate melts must have abnormally high viscosities. 
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The crystal and molecular structure of 6,7-bis(methoxycarbonyloxy)- 
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WINNIE WONG-NG and S. C. NYBURG. Can. J. Chem. 57, 157 (1979). 
A synthetic intermediate expected to be a spirobenzylisoquinoline bromo-derivative proved, 

on X-ray crystal structure analysis, to be the title compound, a chloro-derivative with the 
isoquinoline nitrogen ring-closed. Crystals belong to the monoclinic system, space group 
P2,/c, a = 13.68(2), b = 10.81(2), c = 22.12(4) A, = 129.2(4)", Z = 4 molecules per cell. 
Intensity data were collected by diffractometer and the structure refined to a conventional R 
of 0.051. 

WINNIE WONG-NG et S. C. NYBURG. Can. J. Chem. 57, 157 (1979) 
On croyait qu'un intermediaire de synthese etait un derive brome d'une spirobenzyliso- 

quinoleine; une analyse de la structure cristalline par rayons-): a permis de prouver que I'intel-- 
mediaire est plutBt le compost mentionni dans le titre, un dCrivC chlorC dans lequel I'azote de 
I'isoquinoltine fait partie d'un cycle fermk. Les cristaux appartiennent au systeme monoclini- 
que, groupe d'espace P2,/c, a = 13.68(2), b = 10.81(2), c = 22.12(4) A, B = 129.2(4)". Z = 4 
molecules par maille. On a recueillie les donnees d'intensite I'aide d'un diffractomitre et on a 
affint la structure jusqu'a une valeur de R conventionnelle de 0.051. 

[Traduit par le journal] 

Introduction Experimental 
One of the steps involved in the Pi&-Spengler Colourless crystals were kindly supplied by Professor S. 

route to spirobenzylisoquinoline alkaloids has typi- McLean and from one of these a single fragment was cut ca. 

cally been as follows: 0.31 x 0.18 x 0.48 mm. This was used for X-ray analysis. 
Approximate cell dimensions and the systematic absences 

0 were established photographically. Refined cell dimensions 
were obtained from fourteen diffractometer-centered reflec- 

+ o$$; 
tions. (The crystal proved to have neither the structure nor 
empirical formula of 1. Full crystallographic data are given 

HO NH3CI later.) 

0 
Intensity data were collected on a computer-automated four 

circle Picker diffractometer using Ni-filtered CuKr  radiation 
and pulse height analyser in 8-28 scan mode at  2' min-' in 

A ,  EtOH; a the range 0 < sin 8 < 0.87. The scan range, adjusted for 
dispersion, was 2', and a total of 3851 independent reflections 
was recorded with a standard at every 30 measurements. The 

CI. OOCH,, pyridine standard intensity did not vary significantly. The standard 
deviation in raw intensity, o(1) was taken as [a(peak + 
background) + a l z  + 0.0211 where a = attenuation factor; 
thus o(F,) was taken as [(o(l)/Lp) + 0.02F04]1~z/2Fo where 
Lp is the Lorentz-polarization factor and O.O2F$ makes 

//O some allowance for instrument instability. Absorption correc- 
CH3-0-C, tions were not made. The 2894 reflections having F, > 2 o(F0) 

0 
,OCH~ were taken as significant and used for structure analysis. 

The 289 largest E values (> 1.5) were used in direct method 
routines MULTAN (1) and TANFOR'. Neither yielded intel- 

CH3-0-C ligible results. All reflections with I odd are very weak implying 
heavy atoms at  y = $, $. (Omitting 1 odd reflections and pha- 
sing only on E's with I even was not helpful; no chemical sense 

0 
could be made of the peaks having false P2,lnl symmetry.) 
The 1 odd and I even reflections were then separately normal- 

1 ised and, using MULTAN, and E map was obtained which 
was chemically intelligible but did not correspond to formula 

Since the local conformation is of interest a 1. Attempts at refinement yielded consistently high R values. 
crystal structure ana!ysis of the assumed material 1 
was undertaken. 'M. Drew. Local computer programme. Unpublished. 

0008-4042/79/020157-03$01.00/0 
@ 1979 National Research Council of Canada/Conseil national de recherche5 du Canada 
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Not until the putative bromine site was allowed to have vari- 
able occupancy was it clearly established to be chlorine. The 
molecular weights of the most promising chemical structure 
C,5H20N0,,CI (577.61) and of the putative C24HZONOllBr 
(578.06) were too close for the measured density to be decisive. 
However, the mass spectrographic pattern of isotopic abun- 
dance confirmed that the former of the two empirical formulas 
was correct. Crystal data are as follous. 

G Z S H ~ O N O ~ ~ C ~  fw = 577.61 
Monoclinic, P2, lc, u = 13.68(2), b = 10.81(2), c = 22.12(4) A, 

= 129.2(4)-, V = 2534(28) A3, Z = 4, p, = 1.51, p, = 
1.50 g c ~ I - ~ ,  25 C, CuKrl, ), = 1.5418 A, y(CuKr) = 14.91 
cm-' .  

Refinement by full matrix anisotropic least-squares ORFLSZ 
(using dispersion corrections J '  = 0.348, J "  = 0.702 for 

(a )  Atomic fractional coordinates ( x  lo4) for non-hydrogen 
atoms 

- 

Atoms x Y z 

'R. D. Ellison. XFLS-3. An extensively modified version of 
ORFLS. Report ORNL. TM. 305. Oak Ridge National 
Laboratory (1962). Unpublished. 

(b) Atomic fractional coordinates ( x  lo3) for hydrogen atoms 

Atoms 

FIG. 1. ORTEP plot of the molecule showing 20% proba- 
bility thermal ellipsoids. All hydrogen atoms except H(1) are 
omitted. 

chlorine) was uneventful. All hydrogen atom positions were 
allowed to vary but their isotropic temperature factors were 
fixed at B = 6 AZ. The final unweighted R value was 0.051. 

Final atomic coordinates are listed in Table 1.  Observed and 
calculated structure factors and thermal parameters have been 
placed in the Depository of Unpublished Data.3 

Discussion 
The inolecule has coilfiguration 2. Ail ORTEP 

3Complete set of data may be obtained, at a nominal charge, 
from the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Ont., Canada K I A  OS2. 
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WONG-NG AND NYBURG 

FIG. 2. Bond lengths (A) and bond angles (deg). 

plot with all hydrogen atoms except H(1) omitted is 
given in Fig. 1, and bond lengths and angles in Fig. 2. 

The two striking differences in structure compared 
with the expected 1 are the replacement of bromine 
by chlorine and, instead of acetylation of N(20), its 
closure to form an oxazolone ring. (There is evidence, 
however, that a compound of type I is actually 
formed in the reaction but remains in ~ o l u t i o n . ~ )  

//O 
CHI-0-C. 

L 

The chlorine atom lies s p  to C(39)-N(20), C(39) 
itself being significantly out of the plane of ring F 

(0.090(4) A) indicating some strain at C(38). C(5) is 
0.183(5) A out of the plane of ring B and the rest of 
ring A. 

The two methoxycarbonyloxy groups at C(25) and 
C(31) lie at  different angles to their adjacent planes, 
namely, 57.1(5)" and 84.4(3)", respectively. In both 
cases there are hydrogen atoms close to the ketoxy 
oxygen atoms: O(28)-H(5) [x, 3 - y ,  z - 41, 
2.34(6) A, O(34)-H(37) (intramolecular), 2.29(7) 
and O(34)-H(8) [x - 1, y ,  21, 2.36(6) A. The bond 
lengths in the three methoxycarbonyloxy groups are 
self-consistent, the C-0 bonds adjacent to the 
central carbon atom being relatively short and the 
outer C-0 bonds relatively long in each case. 
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The preparation and characterisation of 1,1,2,2-tetramethyl-1,2-diacyloxyditin(1V) 
compounds 

THOMAS BIRCHALL A N D  JAMES P. JOHNSON 
Department of Chernistrj, McMaster Univer~iQ,  Hamilton, Ont., Canada L8S 4MI  

Received July 28, 1978 

THOMAS BIRCHALL and JAMES P. JOHNSON. Can. J. Chem. 57, 160 (1979). 
Reaction of hexamethylditin with haloacetic acids results in the production of 1,1,2,2- 

tetramethyl-l,2-diacyloxyditin(1V) compounds in good yield. Infrared, Raman, 'H and 13C 
nmr, and l19Sn Mossbauer data have been interpreted in terms of a tetramethylditin species 
asymmetrically bridged by two acyloxy groups to give each tin a five-coordinate environment. 

THOMAS BIRCHALL et JAMES P. JOHNSON. Can. J. Chem. 57, 160 (1979). 
La reaction de l'hexamdthyletain avec les acides haloacetiques conduit a la formation de 

composes tetramethyl-1,1,2,2 diacyloxy-1,2 etain(1V) avec de bons rendements. On interprkte 
les donnees de I'infrarouge, de Raman de la rmn du 'H et 13C et de Mossbauer du '19Sn en 
termes d'espkces tetram6thyldiCtain pontees d'une facon asymetrique par deux groupes acyloxy 
fournissant a chaque etain un environnement penta-coordonnk. 

[Traduit par le journal] 

Introduction septum cap onto the stirred cold acid-chloroform mixture. 
An immediate slow but steady gas evolution occurred. After 

Solvol~sis of tetramethyl tin by strong acids leads - 12 h the gas evolution had ceased and 90 mL of distilled 
to production of the [ ( C ~ , ) , s n + ]  and [ (cH, ) , s~~+]  water were added to the pale orange mixture which was allowed 
ions which are strongly solvated in the reaction to Warm to room temperature. The colour was discharged and 

media Isolation of (CH,),SnX and (CH,)2SnX2 the mixture was filtered through a fine glass frit under suction. 
The white solid was washed with 140 mL distilled water to give 

can be under 12.963 g of product. Further work up of the filtrate yielded a 
(2, 3). Several spectroscopic studies have been further 1.173 g for a total yield of vacuum dried product of 
carried out, where X = [RCOO-1, in order to  95.1%. 
establish the mode of coordination of the acetate to A similar procedure was used for the preparation of the 

other compounds, all of which are white solids. No ditin the tin and hence the geometry about the tin species were obtained from the reactions with the -CBr3, 
atom (4-10). The five coordinate nature of tin in -CH,, -cH,I, or -CH acids, Analytical data are sum- 
R,Sn(O,CR) has been definitely established by X-ray marized in Table 1. Carbon and hydrogen were determined by 
crystallography, and the Sn-0 bond lengths Chemalytics Ltd. while Sn was determined gravimetrically by 

were found to be significantly different (1 1, 12). standard procedures (17). 
Infrared spectra were recorded, as Nujol mulls, on a Perkin- 

In sO1vO1~ses hexamethylditins we Elmer 283 and a Nicolet 7000 F.T.I.R.; Raman spectra were 
obtained nmr evidence for the presence of tetra- recorded with a Spectro-Physics He/Ne (6328 A) or an Ar ion 
methylditin species in solution. We now present (5145 A) laser using a Spex 1400 spectrophotometer system; 
details of the preparation and spectroscopic 'IImr spectra were obtained using a Varian H.A. 100, or 

E.M. 390 or a Bruker W.H. 90. This latter instrument was also 
for a number of &tin haloacetates. Compounds of used to obtain 13Cmr spectra. Mijssbauer spectra (n9Sn) were 
this kind have been prepared before by the reaction recorded using an Elscint AME 40 drive system operating in 
of R,SnH, (R = C,H,, nBu) with carboxylic acids the constant acceleration mode with automatic folding of the 
(13, 14). In the case of the R,Sn,X, systems there is triangular waveform. The transmitted radiation, through a 

uncertainty about the nature of the structures of Pd filter, was detected by a Kr-COz (1 atm) proportional 
counter and fed to a Tracor-Northern multi-channel analyzer 

these compounds in solution and in the solid state operating in the up-down multi-scaling mode. Samples were 
(15, 16). Our data are consistent with a five coor- finely ground powders, intimately mixed with Apiezon N 
dinate tin environment in solution and the solid Grease, and sandwiched in a copper holder between thin 
state. aluminum foils. These samples contained 10 mg natural 

t i n / ~ m - ~  and were rigidly held in a Liquid Transfer Cryotip 

Experimental system manufactured by Air Products and Chemicals Inc. The 
source was Ca11gSn03 obtained from Amersham-Searle, and 

Preparation was maintained at room temperature. Temperatures were 
In  a typical preparation 0.283 mol of trichloroacetic acid monitored by means of a calibrated iron-doped gold chrome1 

and 10 mL of chloroform were introduced under dry nitrogen thermocouple and a Hewlett-Packard 419A D C  null voltage 
into a two necked 100 mL flask containing a stirring bar. The detector. Spectra were computor fitted using a programme 
flask was cooled in an acetone-ice bath. Hexamethylditin, written by Stone (18) and modified by D.  G. Grundy of the 
0.024 mol, was added via a 10 mL syringe through a rubber Department of Geology, McMaster University. The instru- 

0008-4042/791020160-07$01 .OOIO 
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BIRCHALL AND JOHNSON 

TABLE 1. Analytical data for (CH3)4SnZ(02CR)2 

Melting %Sn %c 
- 

%H 
Yield pointy -- 

R % ("c) Calcd. Found Calcd. Found Calcd. Found 

CF3 89 140(d) 45.34 44.74 18.35 18.37 2.31 2.27 
CHFz 12 131(d) 48.69 47.50* 19.71 19.51 2.89 2.43 
CCI, 87 150(d) 38.15 37.99" 15.44 14.90 1.94 1.68 
CHC1, 80 125(d) 42.90 42.72 17.36 17.55 2.55 2.39 
CH2C1 61 158(d) 48.99 48.83* 19.83 20.06 3.33 3.10 

*Single analysis. 
i.(d), decomposes at melting point. 

ment was calibrated using a s7Co/R1~ source and a standard 
iron foil. All isomer shifts were measured relative to SnOz 
as zero. R-C, 

[ I ]  and/or [ 2 ] .  

RCOOH 
[I1 (CH3)6Sn2 - H ~  b(CH3)3Sn(02CR) 

2 

(CH,),Sn2 R?:g4Hb [(CH3)2Sn(OzCR)12 
3 

RCOOH ' 
(CH3)2Sn(02CR)~ 

Both pathways, if carried out under the most vigor- 
ous conditions. ultimatelv result in s~ecies 2. These 
reactions can be monitored very conveniently by 'H 

FIG. 1. Possible structures for (CH3),Sn2(02CR),. nmr and such a study allows one to chose the cor- 
rect conditions so tha; the yield of 3 can be optimised. 

The nature of 3 is of interest since a number of 
structures are possible (Fig. 1). The tin atoms could be 
four-coordinate, with monodentate acetate, as in 4, 
or be five-coordinate as in 5-7. In 5 the acetate 
groups bridge (CH,),Sn-Sn-(CH,), units inter- 
molecularly to give a polymeric structure. On the 
other hand, intramolecular bridging acetates could 
bond in a symmetric fashion, as indicated in 6 ,  or 
asymmetrically to give two C-0 and two Sn-0 dis- 
tances as in 7. 

I~zfrared and Ratnan Spectra 
The application of vibrational spectroscopy to 

structural elucidation is often fraught with difficulty, 
particularly when the molecules contain as many 
atoms as those discussed here. However, judicious 
use of infrared and Raman spectroscopies and simple 
group theoretical treatments can provide valuable 

structural information. In our initial investigations 
the presence of a tin-tin bond was established by 
nmr and is discussed below. Examination of the solid 
state Raman spectra of these compounds shows the 
presence of a strong vibration at -205 cm- l ,  which 
is absent, or very weak, in the infrared spectra. The 
Raman spectrum of the -CCl, derivative in CHCI, 
also shows this strong band, which is polarized, and 
is assigned to the tin-tin stretch. The vibrational 
spectra are summarized in Table 2. 

In order to simplify the assignment of the spectra 
we decided to treat the C,Sn, moiety separately from 
the acyloxy unit. Twelve normal modes are expected 
from the C,Sn,. How these vibrational modes will be 
distributed between ir and Raman active modes will 
be determined by the overall symmetry of the mole- 
cule. Previous workers (7, 8) have established that 
the carbon-tin symmetric and asymmetric stretches 
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TABLE ? * 
Inf ra-Red and Raman Data f o r  ( C H ~ ) ~ S ~ ~ ( O ~ C R ) ~  

CF, CHF, CC1, CHC1, CH,Cl ASSIGNMENT 

41 (33) LATTICE MODE 

1 143 m 
101 19 SnCH3 bend 

140 m 1421471 SnCH3 L e f .  
166(15) 

181 fn 182(12) 205 rn 2 0 0 i 6 i r  
210 w 204(32) 214(31) v sym. Sn-Sn (Ag) 
262 m 279(14) 292 m 303(2) sym Sn-O 
350 m 347(1) 360 w 

vas Sn-0 

v sym. Sn2C4 (Au) 
v sym. Sn2C, (Ag) 
vaS Sn2C4 (Bg) 
vaS Sn2C4 (Bu) 

L 

950 m 947(7) 935 m 933(5) v C-C 
v C-F 

1192 w 119G(26 1180 w 1177(6) 1187(23) 6(CH3) 
1200 w 1197(361 1196 w 1200(47) Sn-CH sym. def .  
1235 s 1223(1) 1240(1) 1250 s 1214(2) PC-H i f  R 
1385 s 1378(3) 1390 s ( b )  1389(2) ,ym C02 

a L 

v CH3 

2926(18) v sym CH3 
2955(13) v C-H o f  R group 
3002( 11 vas CH> 

* 
1.r.  spectra were recorded as nujol mulls: Raman spectra were obtained from solid samples. 
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BIRCHALL AND JOHNSON 

TABLE 3. Symmetric and asymmetric stretches (ir) of the -COZ group for (CH3),Snz(Q2CR)2, 
(CSH5)4Sn2(OzCR)2, and (CH3I3Sn(Q2CR) 

(CH3)3Sn(02CR): 
(CH3)4Sn2(02CR)2 (C6H5)4SnZ(02CR)Z 

solid* solidt Solid Solution 
-- -- - 

*v,,, and v, have the same values in CHCI,. 
?Reference 15, v,, and v, have the same values in CHCI, 
f Reference 5. 

occur in the 520-550 cm-I region of the spectrum. 
Two bands are present in this region in both the ir 
and Rarnan spectra of the molecules reported here. 
These can be assigned to the symmetric and asym- 
metric stretches associated with the -SnC2 group. 
That these stretches in the ir are not identical to those 
in the Raman is apparent on close examination of 
Table 2. In all cases the symmetric stretch is at lower 
frequency in the ir than in the Raman, while the 
reverse is true for the asymmetric stretch. There is 
then mutual exclusion of bands in the is and Raman, 
indicating the presence of an inversion centre in the 
molecule as a whole and a point group symmetry of 
C,, is assigned. Five of the modes associated with the 
C,Sn2 moiety have been assigned on this basis in 
Table 2. 

Comparison of these spectra in the acyloxy 
region with (C,H,),Sn2(02CR), and (CH,),Sn- 
(0,CR) allows identification of the v,CO, and 
va,C02 modes. The relevant bands are compared in 
Table 3. Agreement between the three series of com- 
pounds is good for the solid state spectra suggesting 
that the acyloxy ligands are similarly bonded in all 
three types of molecules. In solution (CH,),Sn- 
(0,CR) has been shown to be largely monomeric 
(7, 8) but with some degree of association, while 
X-ray crystallography has shown that $,Sn2- 
(02CCH,), (19) and (CH,),Sn(O,CR) (11, 12) have 
bridging acyloxy groups which complete five-coor- 
dination about the tin atoms. The vibrational spectra 
of the ditin cornpounds strongly suggest that the 
acyloxy groups bridge the two tin atoms intra- 
molecularly in these methyl derivatives, as has been 
established for the phenyl compound (19). The fact 
that, for the methyl and phenyl (15) compounds, 
neither vsCO, nor vasC02 changes on going from 
the solid state to solution suggests that their struc- 
tures are the same in the two phases. The difference 
between vasC02 and vsC02 chould reflect the dif- 
ference in C-0 bond strengths and hence the 

asymmetry of the acyloxy bridge. Examination of the 
data in Table 3 suggests that the most asymmetric 
situation should occur in the -CCl, and -CHF, 
cases, while the more symmetrically bonded cases 
should be -CH2Cl and -CF,. The asymmetry in 
the C-0 bonds should be reflected in the Sn-0 
distances. 

Miissbauer Spectra 
Tin-119 Mossbauer spectroscopy has proved 

extremely valuable in structural studies of organo-tin 
systems (20). We present such data for all of the 
compounds discussed in Table 4. No significant room 
temperature absorptions were observed for these 
compounds. All spectra appear as simple doublets 
(Fig. 2) having line widths of about 1 mm sC1. The 
isomer shifts are slightly greater than those found for 
(CH,),Sn(O,CR) (7, 9) systems but are very similar 
to the shifts for the (C,H,),Sn,(O,CR), series (16). 
However, while the earlier workers (7 ,  9) report 
changes in isomer shift with different R groups, we 
find no such variation. This indicates that the s 
electron density at the tin nucleus does not change 
through our series of compounds. 

Changes in the quadrupole splitting values do 
occur and, although these changes are small, the 
trend is to decreasing values as R becomes less elec- 
tron withdrawing. A similar trend has been com- 

TABLE 4. "9Sn Mossbauer data for (CH3),Sn2(02CR)2 at 77 K 

Isomer Quadrupole splitting* Linc width* 
shift" 

K 6 A m e a s u r e d  &aiculated r I TZ 

*mm s -  ' k 0.03. 
?This compound \%as used to derive a partial quadrupole splitting of 

- 0.807 mm s - I  for the (CH3),Sn(O2CR), fragment. 
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mented upon in relation to the difference between 
the asymmetric and symmetric vibrations of the C 0 2  
group. The quadrupole splitting values are large, 
-3.6-4.0 mm s- l ,  and only slightly smaller than the 
corresponding values for the analogous (C6H5)4- 
Sn,(O,CR), compounds (16). Such values are just 
those that would be predicted by the point charge 
model for a five-coordinate tin (21): the sign, which 
was not determined here, should be negative. This 
means that there is more electron density in the xy 
plane than there is along the z axis, which presum- 
ably contains the 0-Sn-0 atoms. Herber's cri- 
terion that 616 > 2.1, for five-coordination (22) is 
also satisfied for these compounds. Calculation of the 
quadrupole splittings for these compounds using the 
approach of Bancroft et a/ .  (23) gives excellent agree- 
ment with experiment, if five coordination is as- 
sumed. Finally, since (C,H5)4Sn2(0,CCH,)2 has 
been shown to be monomeric and have five-coor- 
dinate tin atoms, we believe that tetramethyl deriva- 
tives reported here have the same basic structure. 

It has been found that for (CH,),Sn02CCH, and 
(CH,),SnO,CCF,, there is an increase in the quad- 
rupole splitting of 0.54 mm s- '  from the former to 
the latter and the Sn-0 distances arc 2.205(3), 
2.391(4), and 2.18(1) and 2.46(2)A, respectively (12). 
The trifluoroacetate has somewhat more asymmetric 
bonds to the tin and in addition there is a slight in- 
crease in the average Sn-0 distance, 2.32 A for the 
-CF, compared to 2.298 for the -CH, com- 

pound. Although these differences arc small they are 
paralleled by the trends in the quadrupole splitting. 
On the basis of the trends we observe in the quad- 
rupole splittings for the (CH,),SII,(O,CR)~ series 
we expect a similar increase in the average Sn-0 
distance from the monochloracetate to the trifluor- 
acetate. We are presently trying to obtain crystallo- 
graphic evidence for such changes. 

Nuclear Magnetic Resonance Spectru 
Nuclear magnetic resonance spectra ('H and 13C) 

have been recorded and the data are summarized in 
Table 5. The chemical shifts of the 'H and 13C nuclei 
follow the generally accepted trends and will not be 
commented upon further. All of the compounds 
show 117,119 Sn satellite peaks associated with the 

methyl groups confirming that the methyl groups are 
indeed bonded to tin. Furthermore, these satel- 
lites occur in two groups, those arising from 
J1 ,, 9Sn-C-1H and those from Jl -, i9Sn-Sn-C-1H: 

the 13C spectra also show the same pattern. The 
coupling to the far tin indicates that the tin-tin bond 
is intact in solution. The tin-carbon and tin-hydro- 
gen coupling constants vary slightly as the acyloxy 
groups are changed but there does not appear to be 
ally systematic variation. Since JSn-, is dependent 
upon the s character in the tin-carbon bond, the 
constant values for Ji ,, 9Sn- 3C are consistent with 
the Mossbauer results where it was found that the 
isomer shift, which also depends on s character, 
remains unchanged throughout the series. - - 

The magnitude of J1 ,, 9Sn-C-iH has been used 
0 to infer the coordination of the tin in (CH,),Sn- 

(02CR) (4, 5, 9). Coupling constants in the range 
55-60 Hz have been taken as an indication that the 

Z trimethyl tin acetate was monomeric and hence that 
0 
H 

the tin was four-coordinate in solution. However, 
t 
a other molecules containing the (CH,),Sn moiety in 
IY 
0 

which the tin must be four-coordinate, e.g., 
cn 5 (CH,),M-Sn(CH,), (M = C, Si, Ge, or Sn), have 
m 
a Ji 9sn-C- ,, ranging from 47-49 Hz. Recently, 
t Mathiasch (24, 25) has reported nlnr data for 
Z 
w (CH,),Sn,X, (X = C1, Br, I, H) which have four- 
U 
CY coordinate tin atoms and the two-bond tin-hydrogen 
W 
a coupling constants range from 52.2-53.5 Hz, con- 

siderably lower than the coupling constants for the 
10 supposedly four-coordinate tin in (CH,),SnO,CR. It  

should be noted also that J1 9Sn-1 3C for (CH3)4- 
Sn2X2 (23) range from 257 to 281 Hz and are much 
lower than the corresponding values (344 to 349 Hz) 

- 3  - 2  O for the acyloxy compounds (Table 5). It would seem 
V E L O C I T Y  ( m m / s )  preferable to infer the geometry about the tin in the 

FIG. 2. "'Sn Mossbauer spectrum of (CH,),Sn,(02CCF3)z acyloxyditin compounds by comparing their nmr 
at 77 K. data with the ditin compounds of Mathiasch (24). 
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BIRCHALL AND JOHNSON 

TABLE 5. Nuclear magnetic resonance data for (CH3),SnZ(O2CR), in CDCI, 

(a)  Chemical shift (ppm) 

Valuc for R = 
- -- 

Parameter CF, CHF,* CCI, CHCl, CH2CI 

'H  (TMS = 0) 
~ C H ,  0.82 0.75 0.82 0.73 0.70 
6, - 5.65 5.75 3.88 

13C (TMS = 0) 
~ C H ,  - 1 .2  -- -0 .9  - 1 .4  -1 .7  

6 co 166.7 - 171.2 174.8 178.2 

6 R 113.5 - 90.7 65.4 42.0 
19F (CFCI3 = 0) 

~ C F ,  76.76 
*Not sufficiently soluble for 13C spectra to be recorded. 

(6)  Coupling constant (Hz) 

Value for R =: 

Parameter 

*Satellite doublets not resolved 

Because coupling constants for (CH3),Sn,(0,CR)2 Acknowledgement 
are increased considerably over those for (CH!),- The NatioIlal Research Council of Canada is 
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Molybdenum, tungsten, and manganese carbonyl compounds incorporating novel 
tridentate chelating dimethgl(1-pyrazolyl)(ethanolamino)gallate ligands 

KENNETH S. CHONG AND ALAN STORR 
De.ptrrtnzer2t of Chr/nisrry, University ofBritish Colirrnbiu, Vr~nc,orlvcr, B.C., Canuric~ V6T 1 W5 

Received May 18. 1978 

KENKETH S. CHONG and ALAN STORR. Can. J. Chem. 57. 167 (1979). 
The coordinating properties of the tridentate tris-chelating ligand, [Me,Ga(OCH,CH,NH,)- 

(NZC3H3)]-, and its three methyl substituted derivatives (methyl substitution on the amino 
nitrogen and the 3,5 positions of the pyrazolyl ring) have been studied in a series of molyb- 
denum, tungsten, and manganese carbonyl compounds. Mixed ally1 carbonyl and nitrosyl 
carbonyl compounds of both molybdenum and tungsten have been characterized, and a series 
of tricarbonyl manganese compounds studied. All the complexes are monomeric octahedral 
species having the tris-chelating ligands in,fac coordination. Steric factors influence the arrange- 
ment of the three remaining groups in the mixed octahedral complexes (i.e. ally1 carbonyl and 
nitrosyl carbonyl derivatives) and particular site preferences are inferred from spectroscopic 
measurements. 

KENNETH S. CHONG et ALAN STORR. Can. J. Chem. 57,167 (1979) 
On a etudie les proprietes de coordination du ligand tridentate tris-chelatant [MeGa(OCH,- 

CH,NH2)(N2C3H3)]  et de trois de ses derives methyles (substitution du mithyle sur I'azote 
de I'amine et sur les positions 3 et 5 du cycle pyrazolyle) avec une serie de composes carbonyles 
du molybdene, du tungstene et du manganese. On a caracterise des composes mixtes allylcar- 
bonyle et nitrosylcarbonyle du molybdene et du tungstene et on a etudie une serie de composes 
du manganese tricarbonyle. Tous les complexes sont des especes octaedrique5 monomeres 
portant les ligands tris-chelatants en coordination fac. Des facteurs stiriques influencent la 
disposition des trois autres groupes dans les complexes octaedriques mixtes (cnmme dans les 
derives allylcarbonyle et nitrosylcarbonyle) et I'on a dtduit des preferences particulieres des 
sites a partir de mesures spectroscopiques. 

[Traduit par le journal] 

Introduction 
A series of four anionic tridentate chelating ligands 

of the type 1 has been synthesized. 

Previous reports dealt with octahedral complexes 
of the first row transition elements (Mn -, Zn) incor- 
porating the ligand 1 where R = H and R '  = H (1) 
and binuclear transition metal complexes (Co + Zn) 
using the ligaild 1 where R = H and R' = Me (2). 
The present account expands the study of these two 
ligands and introduces two additional ligands where 
R = Me, R' = H, and R = Me, R' = Me in 1. 

The coordinating properties of the four ligands 
have been investigated in a series of carbonyl, ally1 
carbonyl, and nitrosyl carbonyl compounds of 
molybdenum, tungsten, and manganese. The ligands 
are thought to occupy three fac positions in the octa- 
hedral complexes with the remaining positions oc- 

cupied either by three carbonyl ligands or by two 
carbonyl ligands plus a nitrosyl or a 'q3-allyl' ligand. 
The uninegative ligands, 1, act as six electron donors 
and, as such, are compared uith other six electron 
donors (viz. q5-C,H,-, HB(N2C3H313-, and MeGa- 
(N2C3H3),-) in similar carbonyl compounds. The 
effects of substitutioil of methyl for hydrogen on the 
3,5 positions of the pyrazoljrl moiety, on the amino 
nitrogen, and on the 2 position of the q3-ally1 group, 
are discussed. 

Experimental 
Starting Materials 

Air sensitive materials were handled in a glove box under an 
atmosphere of oxygen-free, dry, nitrogen or in a nitrogen- 
blanketed apparatus. Tetrahydrofuran (THF) was dried by 
refluxing over lithium aluminun~ hydride and was used imme- 
diately following distillation. Benzene was dried by refluxing 
over molten potassium followed by distillation. Pyrazole and 
3,5-dimethylpyrazole (K and K Laboratories) and sodium 
hydride (Alfa Inorganic) were used as supplied. Ethanolamine 
and N,N-dimethylethanolan~ine were refluxed over anhydrous 
CaS04 and distilled prior to use. Ally1 bromide and 2-methallyl 
chloride were distilled under nitrogen prior to use. Molyb- 
denum and tungsten hexacarbonyls were used as supplied 
(Strem). Manganese pentacarbonyl bromide was prepared 
from dimanganese decacarbonyl (Strem) by a standard route 
(3). lsoamyl nitrite (MCB) and Diazald (Aldrich) were used 

ooO8-4042/79/020167-07S01 .OOIO 
% 1979 National Research Council of CanadaIConseil national de recherches du Canada 
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exce\\ exces\ CH2=C(Me)-CHZ-CI 
THF (i) exces\ isoarnyl nitrite THF,  r.t 
r.t. wal-ming ( i i )  Diazald ( ] : I )  THF. 1r.t. 

LLI(CO)2q3-C,H, + NdCl + CO LM(CO):.r13-C,H, + N,ICI + CO LM(CO)2N0 + CO + 51de products 

S C H F M ~  1 

as purchased and gallium trimethyl was prepared as described 
previously (4). 

Prepmatice Details 
Ligand Syrztl~esis 
All four ligands were prepared rs THF solutions by the same 

general routc described previously for 1 where R = H ,  
R' = H ( I ) ,  and where R = H ,  R' = Me (2) .  These THF 
solutions o f  the ligands were employed in all subsequent reac- 
tions since isolation o f  the solid sodium salts o f  the ligands 
was impracticable. The THF solutions from the ligand syn- 
theses were made up to standard volumes and accurately mea- 
sured aliquots used in the preparations described below. 

Preparatior~s of Molj 'bden~in~ and T~rngster~ Carborzyl 
Cor~~plexes 

The general method employed for the preparation o f  these 
compounds (Scheme 1 )  was to react 1 :  1 molar ratios o f  the 
metal hexacarbonyls and the ligand sodium salts in THF to  
produce extremely air-sensitive yellow solutions o f  the sodium 
salts o f  the LM(CO),- ions. These solutions were then reacted 
with an excess o f  the appropriate 'allyl' halide, isoamylnitrite, 
or an equimolar amount o f  Diazald to  produce the desired 
product. The crude materials isolated from THF solution were 
recrystallized from benzene solvent to give yields o f  approxi- 
mately 50% for the 'allyl' compounds and the same approxi- 
mate yield for the nitrosyl compounds i f  prepared using 
Diazald, but much lower yields o f  approximately 15% using 
isoamylnitrite. Analytical and selected ir data for the pure 
compounds are presented in Table 1. For a given ligand the 
stability o f  the compounds towards air was found to be 
nitrosyl > q3-ally1 > n3-2-methallyl and W > Mo. Even in 
solution the tungsten nitrosy1 compounds remained unchanged 
after exposure to air for several days. The production o f  the 
LMo(CO),- ions in solution required refluxing the reactant 
mixture for 24-48 h depending on the nature o f  the ligand. 
For the LW(CO),- ions even longer reaction times were neces- 
sary with reflux times o f  70-100 h ,  not uncommon for reac- 
tions involving the more sterically demanding ligands. The 
second stage o f  the preparations were much more facile and 
frequently occurred at ambient temperatures (Scheme 1 ) .  
The lower reactivity o f  W(COl6 compared with that o f  
M o ( C O ) ~  is further illustrated in our inability to prepare the 
tricarbonyl anion o f  tungsten incorporating the most sterically 
demanding ligand 1 ,  where R = Me and R' = Me. The 
tungsten compound listed in Table 1 and bearing this ligand 
and a q3-C,H5 group was prepared via an alternate route 

utiliz~ng (MeCN),W(CO), ( 5 )  as a starting material: 

THF 
[ I ]  (hleCN),W(CO), + excess C3H,Br - 

r.t. 

(MeCN)ZW(C0)2(q3-C3H5)Br + MeCN f CO 

THF 
[2] (MeCN)ZW(CO)2(i13-C3H5)Br + Na+L- ---+ 

r.t. 

LW(C0)2(q3-C3H,) + NaBr + 2MeCN 

where L -  = 1 ( R  = Me and R' = Me). Attempts to prepare 
the analogous tungsten compound having a 'q3-C,H,' ligand 
via the same route did not produce the desired complex. 

Mangarzese Ctrrbonyl Co/nple.ucs 
The four manganese tricarbonyl compounds were prepared 

directly from pentacarbonyl manganese bromide and the 
ligand salts in THF.  The reaction mixtures were refluxed for - 16 h ,  the precipitated sodium bromide removed, and the 
crude products isolated from the THF solutions recrystallized 
from benzene solvent. 

THF 
L-=LM~I(CO)~ T NaBr 'i- 2 C 0  

Analytical and selected ir data are collected in Table 1 for 
these complexes. The con~pounds were considerably more air- 
sensitive than the molybdenum and tungsten compounds, with 
crystalline samples being noticeably oxiaized after several 
hours' exposure to air 

Spectra 
Mass spectra were recorded on a Varian MAT CH4 mass 

spectrometer at 70eV with an ion source teniperature o f  
100-18OC. Infrared spectra were recorded on a Perkin-Elmer 
457 spectrophotometer and ' H  nmr spectra on a Varian 
XL-100 spectrometer. For complexes o f  low solubility ' H  
nmr spectra were obtained using FT techniques. 

Results and Discussion 
Analysis of mass spectral, ir, and 'H nlnr data 

(see below) for the complexes listed in Table 1 ,  points 
to a molloineric octahedral structure for the whole 
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CHOKG AND STORR 

TABLE 1. Analytical data for complexes 

- 
Calculated (2) Found (2) vco (cm-')? 

-- - 

M R R' X C H N C H N Cyclohexane CH,CI, 

MO H H C3H5 34.3 4 .8  10.0 34.4 4 . 8  9 . 9  1938, 1850 1928, 1832 
1938vs, 1851vs 

M o H  H C4H7 36.0  5 . 1  9 . 7  36.2 5 . 0  9 . 6  
1966m, 1864m 

M o M e  H C3H, 37.5 5 .4  9 . 4  37.6 5 . 5  9 . 4  1935, 1847 
Mo Me H C4H7 39.0 5 . 7  9 . 1  39.2 5 . 6  9 . 3  1933, 1840 
Mo H Me C,H, 37.5 5 . 4  9 . 4  37.8 5 . 6  9 . 4  1934, 1848 
Mo H Me C4H7 39.0 5 . 7  9.1 38.9 5 .6  9 .3  1929, 1841 
M o M e  Me C3H5 40 .4  5 .9  8 . 8  40.2 6 . 1  9 . 1  1931, 1843 
Mo Me Me C,H, 41 .7  6 . 2  8 . 6  41.6 6 . 2  8 . 8  1928, 1838 

*vho band. 
iReported v,, bands and v,, bands nere all very strong. Relative vCo band intensities are given for the two compounds displayingisomers in cyclohexane 

solution. vs = very strong, s - strong, m = medium, w = weak. 
:Insoluble. 

range of compounds studied. Further, it is proposed Infrared Spectra 
that the tridentate ligands are fac ligands in all the LMn(CO), Complexes 
complexes. A schematic representation of a typical Three strong bands in the v,, region (see Table 1) 
lnolybdenum complex, [MeGa(N,C,H,)(OCH,- for all four LMn(CO), complexes indicate that the 
CH,NH2)]Mo(CO),q3-C3H5, is shown in 2. unsymmetrical ligand L occupies three facial positions 

CH? 
in the octahedral structures, with the three CO 

0 \- groups occupying the remaining set of facial posi- 
tions. A nler arrangement for L in these complexes 
would lead to two weak v,, bands and one strong 
v,, band in the ir spectra of the complexes (6). 

LM(CO), X Complexes (M = Mo or W; 
X = q 3 - C 3 ~ ,  or q 3 - C 4 ~ , )  

2 The vco region of the ir spectra of these fifteen 
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complexes (see Table 1) showed, with two exceptions, 
two sharp strong bands of equal intensity, indicating 
a cis arrangement of the CO ligands in the com- 
plexes (6). This does not distinguish between a nzer 
or fac arrangement for the ligand L about the central 
metal atom (I). However, inolecular models indicate 
that the fac arrangement allows greater steric free- 
dom to the X groups, particularly in the position 
trans to the pyrazolyl nitrogen (see 2). The position 
trans to the amino nitrogen is slightly more crowded 
with the position opposite the oxygen atom least 
favored sterically. Evidence for the fuc arrangement 
of L in the LM(CO),- ions is found in the ir spectra 
for these ions in T H F  solution. Two equally strong 
v,, bands are apparent with the one at lower fre- 
quency being much broader (unresolved e mode) 
than the higher frequency baiid (a, mode). A fuc 
arrangement of the ~msyninwtrical ligand would be 
expected to give three strong v,, bands whereas a 
mer arrangement would give two weak bands and 
one strong band in the v,, region of the spectrum (6). 

In the two conlplexes where more than two v,, 
bands occur in the ir spectra in cyclohexaiie solution 
(M = M o  or W ;  L where R = H, R ' =  H ;  X = 
q3-C,H,) the presence of more than one isosner is 
indicated. It is noteworthy that in CH2CI, solution 
these same complexes show but two v,, bands, an 
observation which suggests that the different isomers 
in cyclohexane solution inay be due to different fixed 
orientations of the 'i13-C,H,' group located in the 
same octahedral position, rather than two different 
positional isomers for the octahedral coinplexes. The 
effect of solvent on isomer distribution in this type 
of complex has been documented previously (7, 8). 

Comparison of the v,, frequencies for the 'q3-allyl' 
cosnplexes incorporating the ligand 1 kvith the v,, 
frequencies of similar coinplexes bearing different 
uninegative 6-electron ligands indicates that the novel 
ligands described herein create a more electron-rich 
transition ~netal centre. The pertinent v,, values for 
the (ligand)Mo(C0),i13-C,H, series of compounds 
are listed in Table 2. The lower v,, values observed 
in the new complexes indicate an increased d,-z" 
back-bonding froin the molybdenum atom to the 
carbon monoxide ligands when compared with the 
previously described systems. This presumably 
results from a more electron-rich transition metal 
centre which may be created by either an increased 
c donation to the Mo atom from the new ligands, or 
may arise from reduced backbonding froin the Mo 
atom to the L ligand acceptor orbitals. A combina- 
tion of the two effects may well be responsible. The 
substitution of methyl groups for hydrogen atoms on 
the pyrazolyl (3,s positions) and ethanolamino 

TABLE 2. Carbonyl stretching frequencies for some 
LMo(C0)2i13-C,H, cocnplexes (cycloheuane solut~on) 

L vio ( c n r  ' )  Reference 

q5-C5Hs 1970, 1963, 1903, 1889 9 
HB(NzC3Hj), 1959 1874 10 
MeGa(N2CjH3)3 1948 1860 7 
1, R = H ;  R'  = H 1938 1850 This work 
1, R = Me; R' = Me 1931 I843 This \+ark 

(nitrogen atom) moieties results in a slight decrease 
in the v,, values. This inay reflect the inductive 
effect of these methyl groups with consequent in- 
crease in the o-donor characteristics of the ligand 
system, although reduced back-bonding to L because 
of enhanced steric crowding and less favorable d,-z 
orbital overlaps could also be an important factor. 

As previously observed for similar coinplexes (7, 
10, 1 I) the v,, bands in the tungsten cornpounds are 
approximately 10-20 cm-'  lower than those for the 
corresponding inolybdenuni compounds. 

LM(CO) ,NO Complexes ( M  = Mo or W )  
The four molybdenum and four tungsten com- 

plexes reported in Table 1 displayed the expected 
v,, and v,, vibrations in their is spectra (CH,CI, 
solutions). Two v,, bands are observed of approxi- 
inately equal i~lte~isity but with the lower frequency 
band (asymmetric stretch) being much the broader 
of the two. Again a cis arrangement of the two CO 
ligands is suggested. One broad band is observed for 
the v,, stretching vibration in all the complexes. The 
v,, and v,, bands are 20 cm-I lower in the W com- 
pounds than in the corresponding Mo derivatives, 
but within a particular series, changing the nature of 
L has little effect on the positions of the bands. 

The presence of isomers so clearly demonstrated 
by the 'H nmr spectra of these complexes in C,D, 
solutions (see below) is not revealed by their ir spectra 
in CH,CI, solutions. Perhaps the different isomers 
give closely similar is band positions and are there- 
fore not detectable as separate entities by ir methods. 
It is, however, noteworthy that although of equal 
intensity the two v,, bands are very different in baiid 
width. The lower frequency v,, band is approxi- 
mately three times broader (half-height band width) 
than the higher frequency v,, band. This phenom- 
enon is not observed in the 'q3-allyl' coinplexes dis- 
cussed above where the two v,, bands are of equal 
intensity and sharpness. 

' H Nucletrr Magizetic Re~o~lu/yce Syectrcr 
L M(COJ2 X Coniplexe~ ( M  = Mo or W; 

X = q3-C,H, or q3-C,H,) 
Selected 'H nmr data for these compounds in 
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CHONG AND STORR 

TABLE 3. l1-I nrnr data for complexes in C,Ds solution* 

M R R' R" R R'  R" H" Ga-Me 

M o  H H H 2.53br, (2.9) 3.90t 10.03s, 10.39s 
M o  H H Me 2.34d, 2.75d 8.35s 3.80t 9.92s, 10.34s 
M o  Me H H 7.68s, 8.03s 4.33s 10.02s, 10.40s 
M o  Me H Me 7.62s 8.01s 8.33s 4.27s 9.93s, 10.39s 
M o  H Me H 2.67d. 2.91d 7.08s, 8.51s 3.97t 10.14s, 10.36s 
M o  H Me Me 2.75d, (2.9) 7.07s, 8.44s 8.65s 3.95t 10.05s, 10.35s 

(br) (br) (br) (br) 
M o  Me Me H 7.67s, 8.03s 7.05s, 8.29s 4.34s 10.06s, 10.33s 
M o  Me Me Me 7.22s, 8.08s 7.07s, 8.24s 8.60s 4.33s 9.98s, 10.34s 

W H  H H 2.53br, 2.95d 4.00t 10.05s, 10.44s 
(br) 

W H H Me 2.36d, 2.89d 8.65s 3.93t 9.94s, 10.44s 
2.38d, 2.92d (br) 4.01t 10.24s, 10.41s 

W Me H H 7.70s, 8.10s 4.39s 10.05s, 10.47s 
W Me H Me 7.60s, 8.09s 8.13s 4.34s 9.97s, 10.49s 
W H Me H 2.63d, 2.98d 6.97s, 8.58s 4.06t 10.15s, 10.39s 
W H Me Me 2.71d, 2.94d 6.93s, 8.43s 8.52s 4.03t 10.01s, 10.37s 
W Me Me H 7.67s, 8.09s 6.94s, 8.35s 4.38s 10.07s, 10.36s 

*All T values relative to r(C6H6) = 2.84 ppm, r(TMS) = 10.00ppm. J H C O ,  2 2 Hz (pyrazolyl ring). s - singlet, d - doublet, t - triplet, br  
= broad. 

C,D6 solutions are listed in Table 3. In all of the 
molybdenum derivatives the spectra suggest the 
presence of one isomer for the octahedral complexes 
in solution. This would indicate either a fixed con- 
formation for the '11~-allyl' groupings or a fast rota- 
tion of these groupings about the Mo...'q3-allyl' 
axis. The foriner is most likely the correct interpreta- 
tion but planned variable temperature 'H nmr 
studies, above and below room temperature, should 
lead to a definitive answer. In one molybdenum com- 
pound (where R '  = Me, R" = Me and R = H, see 
Table 2) the N-Me and Ga-Me signals were quite 
broad indicating the possibility of slow fluxionality 
for these groups in this complex. In the same com- 
plex, however, the R" = Me signal and the pyrazolyl 
proton signals were quite sharp. The structure de- 
picted in 2 is suggested for these complexes, with the 
'q3-allyl' groups being in the sterically preferred 
position opposite the pyrazolyl moiety. The alternate 
arrangement most likely to occur would place the 
'q3-allyl' groups opposite the amino nitrogen in the 
octahedral complexes, and indeed this arrangement 
may be preferred where the amino group is substi- 

tuted and the pyrazolyl group unsubstituted. (See 
discussion below on 'nitrosyl' isomers.) 

The spectra of the tungsten 'q3-allyl' complexes 
are very similar to their molybdenum counter- 
parts with the exception of the compound where 
R = R' = H and R" = Me. For this particular 
complex two sets of signals for the pyrazolyl protons 
and the Ga-Me protons plus a broad R" = Me 
signal indicate the presence of two distinguishable 
isomers in the C6D, solution. As discussed in the ir 
section. it is probable that these two isomers corre- 
spond to different orientations of the q3-C,H, group 
in the complex rather than to different positional 
isomers. 

LM(COJ,NO Complexes (M = Mo or. W )  
Selected 'H nmr data for these complexes in C,D, 

solution are reported in Table 4. In all cases the 
presence of two isomers is suggested by the appear- 
ance of two sets of signals in the spectra. In contrast 
to the 'orientation isomers' postulated to explain the 
presence of two isomers in one of the tungsten 
'q3-allyl' derivatives described above, the isomers 
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TABLE 4. 'H nmr data for complexes in C,D, solvent* 

Approxi- Predicted 
7 ( P P ~ )  mate position 

isomer of NO 
M R K' R R '  H4 Ga-Me ratio substitution$ 

M o  H H 2.34di,  2.76d+, 3.81tf 9.99s, 10.32s 2 
2.76d+, 2 .88di  4 .01t t  9.91s, 10.25s 1 

M o  H Me 2.31d+, 2.75d+, 7.84s, 8.34s 3 .83t t  10.01s, 10.23s I 
2.71d7, 2.87dt 7.91s, 8.50s 4.02tt  9.91s, 10.19s 1 

M o  Me H 7.64s, 8.00s 4.26s 9.93s, 10.27s 5 
7.95s, 8.06s 4.43s 9.82s, 10.21s 1 

M o  Me Me 7.60s, 7.99s 7.84s, 8.21s 4.25s 10.06s, 10.19s 3 
7.79s, 8.10s 8.05s, 8.35s 4.43s 9.88s, 10.14s 1 

W H  H 2.29dt,  2.85df, 3 .88t t  9.99s, 10.38s 2 
2.72di,  2 .98dt  4 .  lot+ 9.90s, 10.30s 1 

W H Me 2.28df,  2 .84dt ,  7.72s, 8.31s 3.89f 9.98s, 10.25s 1 
2 .71di ,  2 .98di  7.72s, 8.47s 4 .  l o t  9.86s, 10.20s 1 

W Me H 7.62s, 8.04s 4.28s 9.94s, 10.32s 5 
7.93s, 8.11s 4.48s 9.80s, 10.24s 1 

W Me Me 7.59s, 8.05s 7.67s, 8.20s 4.28s 10.03s, 10.28s 3 
7.67s, 8.11s 7.87s, 8.34s 4.48s 9.86s, 10.18s 1 

*r(TMS) = 10.00 ppm, r(C6H,) = 2.84 ppm, s = singlet, d - doublet, t = triplet. 
+J 2 2 Hz. 
$A = position opposite 'pyrazolyl' nitrogen. B = position opposite 'amino' nitrogen. 

arising in the nitrosyl compounds must necessarily 
be positional isomers. The fact that only two sets of 
signals are observed in the spectra indicates that only 
two positions of the octahedral anions LM(CO),- 
are susceptible to NO substitution. Accepting that 
the ligand L is fac, the most favored positions for 
substitution, sterically, are first the position opposite 
the pyrazolyl nitrogen, and second the position 
opposite the amino nitrogen. The expected preference 
for substitution in the position opposite the pyrazolyl 
moiety is substantiated by the observed ratios for 
the two isomers in the solutions. Thus considering 
the ratios in Table 4 and using 2 it is straightforward 
to  assign the two groups of proton signals to their 
respective positional isomers. I t  is noteworthy that 
only when the 'pyrazolyl' moiety is unsubstituted and 
the 'amino' nitrogen fully substituted do the two 
positions become equally favorably towards NO 
substitution. Conversely, when the 'pyrazolyl' moiety 
is substituted in the 3,5 positions, aiid the 'amino' 
nitrogen unsubstituted, NO substitutloll in the posi- 
tion opposite the 'pyrazolyl' nitrogen is favored over 
NO substitution in the position opposite the 'amino' 
nitrogen to the extent of 5 : 1. Attempts at  separation 
of the two isomers for selected complexes by column 

chromatography have so far proved unsuccessful. If 
future attempts are more rewarding crystallographic 
structural studies will be carried out on the separated 
isomers to confirm the above predictions listed in 
Table 4. 

Mass Spectra 
The 27 complexes listed in Table 1 were all suf- 

ficiently volatile aiid stable to give readily observable 
parent ion signals in their Inass spectra, which corre- 
sponded to monomer species in the vapour phase. 
The appearance of signals due to other ions in all of 
the spectra indicated frag~nentationpatterns which are 
predictable for the various complexes. The intensity 
ratios of the individual peaks in all multi-peak signals 
agreed closely with theoretical predictions based on 
the percentage isotope compositions of the contribut- 
ing metal atoms. In all 27 spectra signals due to the 

five-membered ring ions, ~ - ' ~ ~ r a z o l ~ l ' - ~ a - ~ + ~  
were observed indicating a facile loss of the 
'-CH,-CH,-NR,' moiety from the octahedral 
complexes, and the intrinsic stability of the five- 
mcmbercd ring system. 

Currently under investigation are ligands incor- 
porating amino thiols, in place of amino alcohols in 
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CHONG AND STORR 173 

the present systems, and also ligands of higher 
denticity created by reacting suitable HX precursors 
with the Me,Ga(N,C,H,) ion. 
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The crystal and molecular structure of 194-diphenyl-2,2',3,3',5,5',6'- 
octamethylcyclo-l,4-diphospha-2,3,5,6-tetrasilahexane, 

a phosphorus-silicon heterocycle 
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A. WALLACE CORDES, PALL F. SCHUBERT, and RICHARD T. OAKLEY. Can. J. Chem. 57, 
174 (1979). 

The crystal structure of 1,4-diphenyl-2,2',3,3',5,5',6,6'-octamethylcyclo-l,4-diphospha- 
2,3,5,6-tetrasilahexane, (PhPSi2Me,),, has been determined by single crystal X-ray diffrac- 
tion. The crystals are monoclinic, space group P2,!c, with a = 9.866(1), b = 11.921(1), and 
c = 11.324(2) a, e = 104.31(1)", Z = 2, and p,,,,, = 1.15 g'cm3. The structure was solved by 
direct methods and was refined by full-matrix least-squares procedures to a final R of 0.060 
and R, of 0.078, for 1173 reflections uith intensities greater than 30. The (PhPSi,Me4), 
molecule lies on a crystallographic centre of symmetry, and the six-membered P2Si, ring has 
a chair conformation with equatorial phenyl groups. The endocyclic angles at P (104.4(1)") 
and Si (104.9(2)') are intermediate between those found in cyclic hexaphosphine and hexa- 
silane molecules, and the Si-Si and P-Si distances of 2.345(3) and 2.252(4) A, respectively, 
correspond to single bond lengths, with no appreciable evidence for secondary prt + drt 
bonding between phosphorus and silicon. The Si-C (1.867(8) A) and P-C (1.828(7) A) bond 
lengths are also normal. The variations in the Si-P-C (101.6(2)", 108.6(2)'), P-Si-C (range 
106.2(3)-120.0(3)"), and Si-Si-C (range 105.8(3)-113.7(3)') angles indicate that the positions 
of the exocyclic methyl and phenyl groups are influenced by both intra- and intermolecular 
steric forces. 

A.  WALLACE CORDES, PAUL F. SCHUBERT et RICHARD T. OAKLEY. Can. J. Chem. 57,174 
(1979). 

Faisant appel a la diffraction des rayons X par des monocristaux, on a d6terniini. la structure 
cristalline du diphenyl-1,4 octamethyl-2,2',3,3',5,5',6,6' cyclodiphospha-1,4 tktrasilahexane- 
2,3,5,6, (PhPSi,Me,),. Les cristaux sont monocliniques, groupe d'espace P2Jc avec n = 
9.886(1), b = 11.921(1) et c = 11.324(2) A, = 104.31(1),Z = 2 e t  p ,,,,, = 1.15 g/cm3. On a 
resolu la structure par des methodes directes et on l'a affinee par la methode des moindres 
carres (matrice complete) jusqu'a une v a l e ~ ~ r  finale R de 0.060 et R ,  de 0.078 pour les 1173 
riflexions avec des intensites plus grandes que 30. La molecule (PhPSi,Me,), se trouve au 
centre de syrnetrie et le cycle a six chainons P2Si, adopte une conformation chaise avec les 
groupes phenyles en position equatoriale. Les angles endocycliques au niveau du P (104.4(1)") 
et du Si (104.9(2)') sont intermediaires entre ceux trouves dans des molecules d'hexaphosphines 
et d'hexasilanes cycliques et les distances Si-Si et P-Si qui sont respectivenient 2.345(3) el 
2.252(4) A correspondent a des longueurs de liaisons simples el I'on ne trouve aucune indication 
a I'effet qu'il existe une liaison secondaire prt + r/rt entre le phosphore et le silicium. Les 
longueurs des liaisons Si-C (1.867(8) A) et P-C (1.828(7) A) sont aussi normales. Les varia- 
tions dans les angles Si-P-C (101.6(2)', 108.6(2)"), P-Si-C (allant de 106.2(3)-120.0(3)') 
et Si-Si-C (allant de 105.8(3) a 113.7(3)') indiquent que les positions des groupes methyles 
et phinyles exocycliques sont influencees la fois par des forces steriques intra- et interniole- 
culaires. 

[Traduit par le journal] 

Introduction the physical and chemical properties o f  such corn- 

The molecular structures of a variety of homo- pounds (8), and as a part this we have 

cycllc polysila~~es (K2Si), (1, 2) and polyphosphines determined crysta1 and stlucture 
(RP), (3-7) have been described, but to the present 1>4-d'phen~1-2.2'.3,3',5,5',6,6'-octamethylc~clo-154- 

time there have beell no reports collcernlllg the d'~hos~ha-2,3,5,6-tetrasllahexalle (11, the first such 

structural characterlst~cs of ,illxed phosphorus- characterlzatlon of a compound contalillllg an un- 
sil~con rinq systems We are currently investigating coordinated sllylp'lOsphllle moiety.2 

- 
'NOTE ADDED ~h PKOOE : S~nce  the submission of this article 

'Present address: Department of Chemistry, University of the structures of P,(SiMe,), and P,(SiMe,), have been re- 
Calgary, Calgary, Alta., Canada T2N 1N4. ported (20). 

0008-4042/79/020 174-06$0 1 .W/0 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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Me,, ,P, ,/Me 

Mc. S I 
~ e '  'P' ' ~ l e  

Experimental 
Crystals suitable for X-ray work were obtained by slow 

cooling of a warm, saturated benzenethexane (1 : 1) solution. 
The approximately cubic crystal used for all data collection 
had external faces roughly parallel to, and on the same side of 
thecentre of, the 100, -100,011, 0 -1 -1, 17 -1 0, -7 -38, 
and 230 faces at face-to-centre distances of 0.15, 0.15, 0.26, 
0.26, 0.27, 0.24, and 0.25 mm, respectively. The crystal was 
sealed in a glass capillary under an atmosphere of nitrogen and 
mounted with the 001 reflection parallel to the q5 axis of the 
d ihc tome te r .  A least-squares refinement of 15 values of 
2 sin @?.for 28 values between 50 and 87" (hCuK, = 1.5418 A) 
gave cell constants (at 22-C) of 

The experimental density was not measured because of the 
extreme air sensitivity of the compound. Systematic absences 
uniquely indicated the space group P2Jc; two molecules per 
unit cell in this space group require a centrosymmetric mole- 
cule. 

Intensities were measured using Ni-filtered radiation on a 
manual GE-XRD-5 iiiffractometer. A 8-28 scan (28,,,, = 
120") at  2' min-I over 2' was used, with 10 s background 
counts taken at thc cnd of the scan. Four reflections ~neasured 
periodically indicated a 10% loss in intensity (of instrumental 
origins) on the third day of the six days of data collection; a 
simple correction was made for this situation. The p value was 
32.16 cm-I for the crystal used; an absorption correction with 
summation points every 0.0075 cm gave a range of correction 
factors (for 1) of 0.47 to 0.68. Of the 2042 reflections mea- 
sured, 1173 had intensities greater than 30, where 02(I)  = 
scan + 9 background counts + (0.051)2. Seven of these reflec- 
tions were excluded from the refinement data because of 
evidence for extinction. 

The structure was solved by direct methods, and refined by 
Fourier and full-matrix least-squares procedures. The neutral 
atom scattering factors of ref. 9 were used for the refinement; 
anomalous dispersion corrections were made for phosphorus 
and silicon (10). All of the hydrogen atoms were located on 
difference maps. Positional parameters of all but two of the 
hydrogen atoms were refined in the least-squares treatment; 
two of the phenyl hydrogen atoms were constrained to cal- 
culated positions because of the unreasonab!e positions that 
they assumed when included in the least-squares matrix. The 
weighting scheme w = li(2Fm',i, + F, + 2FO2/F,,,) for the 
full-matrix refinement (163 parameters, reflecti0n:parameter 
ratio 7!1) gave a final R = 0.060, R, = 0.078, a standard de- 
viation of an  observation of unit weight = 0.41, and no 
dependence of AF,'o(F) on either F o r  sin 8. On the final cycle 
of refinement all the non-hydrogen positional shifts were lesb 
than 0.090. A final difference Fourier gave a maximum peak of 
0.45 e/A3, which is equal to 7% of the peak value for carbon 
on a regular Fourier lnap. Measured and calculated structure 

factors for the observed data have been placed in the Deposi- 
tory of Unpublished Data.3 

Results and Discussion 
The crystal structure of the title compound con- 

sists of discrete molecules of (PhPSi,Me,),. Figure 1 
is an ORTEP drawing which shows a general view 
of the molecule and gives the crystallographic 
numbering scheme. Atomic coordinates are given in 
Table 1, and the anisotropic thermal parameters of 
the non-hydrogen atoms deposited in Table 2. The 
derived bond distance and valence angle information 
is presented in Tables 3 and 4. The six-membered 
P,Si, ring exists in a chair conformation with a 
crystallograpl~ically imposed centre of symmetry, 
with no evidence of disorder. 

Many of the structural features observed in 
(PhPSi,Me,), are related to those found in the 
ho~nocyclic inolecules (SiMe,), (1) and (PhP), (3), 
and, for purposes of comparison, the valence, 
dihedral and torsion angles of the three inolecules are 
listed in Table 5,5 along with those expected for an 
idealized cyclohexa~le chair. All three inolecules 
have chair conformatioris and, as in (PhP),, the 
phenyl groups 011 phosphorus in (PhPSi,Me,), 
occupy equatorial positions. The degree of puckering 
of the chairs is significantly different and, as expected, 
is dependent on the size of the internal ring angles. 
Thus, in (SiMe,),, where the endocyclic angle 
(111.9(5)c) is close to the tetrahedral value, the 
dihedral (131.8(2)") and skeletal torsion (53.5(3)') 
angles vary only slightly from those of the 'ideal' 
C,H,, conformation. 111 (PhP),, the smaller ring 
angle leads to a more folded chair, with smaller 
dihedral (96.8(1)') and larger torsion (85.0(1)") 
angles. The geometry of the P,Si, ring in (PhPSi,- 
Me,), then represents a compron~ise between those 
of the two hoinocyclic molecules; the valence, 
dihedral and torsion angles are all intermediate 
between the values found in the Si, and P, rings. The 
cross-ring distances Si(2)-Si(3) (3.550(3) A), P(1)- 
Si(2') (3.641(2) A), and P(1)-Si(3') (3.654(2) A) are 
all slightly shorter than the sum of the van der Waals 
radii (4.20 and 3.90 A for Si-Si and P-Si inter- 
actions, respectively) (1 I ) ,  and the equalization of the 

3A copy of the observed and calculated structure factor 
table is available, at a nominal charge, upon request, from the 
Depository of Unpublished Data, CISTI, National Research 
Council of Canada, Ottawa, Ont., Canada K I A  OS2. 

4The two forms of (PhP), are nearly identical. The struc- 
tural parameters of the trigonal modification, which include 
anisotropic thermal refinement, will be used throughout this 
discussion. 

'Here and elsewhere in this paper, integers quoted in 
parentheses refer to estimated standard deviations for single- 
valued parameters, and indicate ranges of results for the aver- 
ages of chemically equivalent parameters. 
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CAN. J .  CHEM. VOL. 57. 1979 

FIG. 1. An ORTEP drawing of the (PhPSi,Me,), molecule, showing the atom numbering scheme used. Non-hydrogen 
thermal ellipsoids are drawn at the 50% probability lerel; hydrogen atoms have been given an isotropic B of 1.0 in this 
drawing in order to clarify the figure. 

T A B L ~  1. Final atomic coordinates for non-hydrogen 
( x lo4) and hydrogen atoms ( x  lo3) 

Atom x Y z 

#H(16) and H(17) were constrained to the positions give11 (see 
text). All hydrogen atoms were assigned isotropic thermal factors 
of p = 5.0. 

endocyclic angles is probably necessary so as to  in- 
crease an otherwise overly close Si(2)-Si(3) contact, 
and thereby minimize the repulsive interactions 
between the axial methyl groups (uide infia). 

The differences in some of the chemically equiva- 
lent Si-Si-C and P-Si-C angles and the bent 
orientation of the phenyl group suggest that the 
methyl and phenyl group positions are strongly 
influenced by inter- and intran~olecular steric forces. 
The angle of the phenyl group with respect to the P,Si, 
ring is the most apparent distortion(Si(2)-P(1)-C(8) 
is 101.6(2)" and Si(3)-P(1)-C(8) is 108.6(2)') and 
appears to be the result of the packing pattern as 
shown in the xz projection of Fig. 2. Although 
none of the intermolecular contacts are less than the 
sum of the corresponding van der Waals' separa- 
tions (1 1), the three nearest C-C contacts (C,,-C, ,, 
ClO-C,,, C,,-C,,), the shortest C-H contact 
(C,,-C,,), and one of the H-H internlolecular 
contacts (H,,-H,,) are all involved in the phenyl- 
phenyl packing and are indicated by dotted lines in 
Fig. 2. One of the axial (the C(4)) methyl groups also 
experiences a close intramolecular contact with the 
phenyl ring; the H(14)-H(19) distance is slightly less 
than the expected van der Waals' separation (2.40 A) 
(1 1). The less pronounced rotation of the phenyl ring 
about the P-C bond than is found in (PhP), (com- 
pare the P-P-C-C and Si-P-C-C torsion 
angles in Table 5 )  probably occurs to alleviate this 
phenyl-methyl repulsion. The equatorial C(5) methyl 
group appears to be slightly perturbed by a neigh- 
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CORDES ET A1 

TABLE 2. Anisotropic thermal parameters ( x lo4) for non-hydrogen atoms" 

8 1 1  8 2 2  8 3 3  D l 2  I313 8 2  3  

97(2) 46(1) 56(2) - 2(1) 10(1) O(1) 
84(2) 5x1)  53(2) 5(1) 11(1) -2(1) 
96(2) 51(1) 49(2) -2(1) 12(1) - 7(1) 

146(11) 52(5) 103(9) 2(6) 24(8) - 4(6) 
169(13) 97(7) 66(8) 11(8) 21(8) - 9(6) 
123(10) 109(8) 72(8) 33(8) 17(7) - 1 l(6) 
122(10) 73i6) 88(8) - 13(6) 24(7) 12(6) 
96(8) 69(5) 55(6) 5(5) 9(5) 16(4) 

125(10) 68(6) 83(8) - 16(6) - 12(7) 7(5) 
1 50(12) 1 17(8) - 47(9) - 26(8) 14(7) 
101(10) 171(12) -23(9) - 3(7) 18(8) 
112(11) 162(12) 97(9) 59(9) l(8) 28(8) 
138(10) 89(7) 88(8) 3x8)  3 1(8) 6(6) 

OEstimated standard deviations are given in parentheses. Anisotropic thermal parameters are of  the 
form exp -(li2Pii  k 2 B Z 2  + l2DS1 T 2/11<B12 1 211/p ,~  - 2klBZ3) .  

(0) Bond lengths (A) between non-hydrogen atoms with esd's in parentheses 

Bond Distance Bond Distance Bond Distance 

P(1)-Si(2) 2.256(2) Si(2)-C(6) 1.866(9) c(8)-c(9) 1.40(1) 
P(1)-Si(3) 2.249(2) Si(2)-C(7) 1.869(8) C(9)-C(10) 1 .38(1) 
p(1 )-C(8) 1 .828(7) Si(3)-C(4) I .868(8) C(10)-C(I 1) 1 .34(1) 
Si(2)-Si(3') 2.345(3) Si(3)-C(5) 1 .866(9) C(11)-C(12) 1 .37(2) 

C(12)-C(13) 1 .40(1) 
C(13)-C(8) 1 .39(1) 

(b) Non-bonded distances (A) between atoms of P,Si, ring, with 
esd's in parenthesesa 

Bond Distance Bond Distance 

P(1)-P(1') 4.489(2) Si(2)-Si(3) 3.550(3) 
Si(2)-Si(2') 4.247(3) P(1)-Si(2') 3.641(2) 
Si(3)-Si(3') 4.262(3) P(1)-Si(3') 3.654(2) 

.'Primed atom numbcrs designate atoms related by --x, 1 - y ,  1 - i to those 
with the unprin~ed number on  Table 1.  

TABLE 4. Bond angles (deg) between non-hydrogen atoms with esd's in 
parentheses" 

Bonds Angle Bonds Angle 

OPrimed atom numbers designate atoms 
unurimed number on  Table 1.  

related by . Y ,  I - y ,  1 - z to those with the 
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CAN. J .  CHEM. VOL. 57, 1979 

FIG. 2. The packing in the xz projection. Close intermolecular contacts (see text) are shown by the dotted lines. Only 
the molecules centered at  y = 0.5 are shown. 

TABLE 5. Ring parameters (deg) of (PPhSizMea)z, PsPhs, &Mel2, and C6H1z0 

Value 

Parameter PsPhs (PPhSizMe4)2 Si,Me,, 'Ideal' C,H,, 

( A )  Bond angles of ring atoms 94.6(1) 

(B) Dihedral angles 
Chair backlchair seat 

Phenyl group:XPX of ring 
(C) Torsion angles 

3 ring bonds 

2 ring and 1 equatorial bond 175(1) 

2 ring and 1 axial bond 
1 ring and 2 equatorial bonds 

1 ring, 1 axial, and 1 equatorial bond 

1 ring and 2 axial bonds 
1 ring, P-C(phenyl), and C-C(pheny1) bonds 42.7(1)' 

53.3(1)' 

=Integers in parenthcses give either esd's for single-valued parameters or indicate ranges of results for those angles ahich arc averagcs of scvcral 
chemically equivalent parameters. 

bAt P. 

JCPSiC. 
XCSiSiC. 
'P-P-C-C. 
mSi-P-C-C. 

bouring phenyl ring (H(23) to H(16) at  x - 1 ,  I., z 14", respectively), probably as a result of both inter- 
is 2.48 A). and intramolecular interactions. The largest of these, 

In contrast to (SiMe,),, where the Si-Si-C the two P-Si-C(axia1) angles, are caused by cross- 
angles are nearly equal, the Si-Si-C and P-Si-C ring axial-axial repulsions. The C-C distance for 
angles in (PhPSi,Me,), vary significantly (by 8 and this coiltact is 3.679(3) A, which is considerably 
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shorter than the 4.21 A found in (SiMe,), and the 
van der Waals' distance (4.17 A) for two methyl 
groups (1 1). In spite of these distortions, the mean 
C-Si-C angle (108.0(2)") is similar to that in 
(SiMe,), (108.1(5)"), and the nearly equivalent Si-C 
bonds are only marginally shorter than in (SiMe,),, 
where the axial (1.880(8) A) and equatorial (1.897(12) 
A) bonds are of unequal length. The P-C bond 
(1.828(7) A) is slightly shorter than in (PhP), 
(1.843(7) A), the co~itraction probably being caused 
by the different geometries at phosphorus; the mean 
angle at phosphorus in (PhPSi,Me,), (104(4)") is 
greater than in (PhP), (97(3)"), and the o-bonds are 
expected to have a greater s-character associated 
with them. The phenyl ring is planar within experi- 
nle~ltal error (x' = 4.7), and the values of the mean 
C-C bond (1.38(4) A) and C-C-C valence angle 
(120(2)") are as expected. 

The silicon-silicon distance of 2.345(3) A cor- 
responds to a normal single bond, the value being 
similar to those observed in (SiMe,), (2.338(6) A) 
( I ) ,  (OSi,Me,), (2.35 A) (12), and silicon metal 
(2.352 A) (13). The phosphorus-silicon bond length 
(2.252(4) A) is close to the value obtained from 
vapour phase electron studies on (H,Si),,P(Me,_,,) 
(n  = 1, 3) (2.245-2.249 A) (14), but significantly 
shorter than in the recently determined structures of 
the cation (Me,P(SiMe,),)' (2.292(5) A) (15) and 
the molybdenum complex (CO),Mo(PPhH(Si,Me,)- 
PPhH) (2.266(1) A) (16), where the lone pair on 
phosphorus is coordinated directly to a competing 
acceptor centre. Although the shorter bonds in the 
free phosphines can be co~lstrued as the result of 
pn-dn conjugatioll betrveen phosphorus and silicon, 
as has been suggested to be the cause of the increased 
ionization potentials (17) and low inversion barriers 
(1 8) of such compounds, the effect is small, and must 
be viewed with caution. The shortening of the P-Si 
bond in (PhPSi,Me,), by 0.035 A from the normal 
sinyle bond distance6 is entirely consistent with the 
contraction expected from bond polarity contribu- 
tions (19). However, similar effects should also be 
present in the complexed molecules, and changes in 
o-hybridization between the 3- and 4-coordinate 
phosphorus atoms would be expected to shorten the 
bonds to the latter. The observed differences are thus 
hard to rationalize on a simple electronic basis, but 
in the absence of more detailed information from a 
wider selection of such compounds, it seems prema- 

6Estin~ated by summing the covalent radii of phosphorus in 
(PhP), and silicon in (SiMe,),. 

ture to speculate too deeply as to their cause. How- 
ever, the results of the present work do confirm that 
the structural effects of P -t Si n-bonding are small. 
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BRIAN R.  JAMES and DEVINDER MAHAJAN. Can. J. Chem. 57, 180(1979). 
Rhodium(1)-bis(ditertiaryphosphine) complexes of the general formula R~(P^P) ,  ~1 

(PnP = Ph,P(CH,),,PPh,, n = 1-4, and (+)-diop (diop = 2,3-0-isopropylidene 2,3-di- 
hydroxy-1,4-bis(dipheny1phosphino)butane) have been prepared by treating [Rh(cyclo- 
octene),CI], with the appropriate ditertiaryphosphine. The n = 1 and n = 4 and diop species 
are five-coordinate in the solid state and in non-polar solvents, while the n = 2 and 3 species 
contain ionic chloride. The cationic complexes R ~ ( P P ) , + x -  were prepared from the 
R~(P^P),CI species by adding AgX (X = SbF,, PF,, BF,). Reaction of the chloro coniplexes 
with borohydride has yielded the hydrides, HRh(PnP),, for the n = 2 and 3 diphosphines, 
and for (+)-diop. 'H and 31P nmr, as well as visible rpectral data, are presented: a solvent- 
dependent deshielding of ort /~o  protons of the phenyl groups is observed in some of the corn- 
plexes, and the ligand CH2 protons are coupled to the rhodium in the Rh(Ph,PCH,PPh2),+ 
cation; the P atom in this bis(dipheny1phosphino) ligand shows an usual high field shift on 
coordination to rhodium. 

Preliminary kinetic data for catalytic hydrogenation of methylenesuccinic acid show that 
the cationic and hydrido colnplexes are more active than the corresponding chloro coniplexes, 
and that activity generally increases with increasing chain length of the diphosphine. 

BRIAY R. J ~ M E S  et DEVINDER M A H A J A ~ .  Can. J Chem. 57. 180(1979) 
On a prepare des complexes de bis(phosphines ditertiaires)rhodium(I) de forn~ule generale 

Rh(P^P),CI (PnP = Ph2P(CH2),, PPhz, tr = 1-4 et (+)-diop (diop = 0-isopropylidene-2,3 
dihydroxy-2,3 bis(diphenylphosphino)-1,4 butane) en faisant reagir le [Rh(cyclo~ctene)~Cl], 
avec la phosphineditertiaire appropriee. Les especes ou n = 1, IZ = 4 et diop sont penta- 
coordonnees a I'ttat solide et dans des solvants non-polaires alors que les especes ou 11 = 2 et 
12 = 3 contiennent du chlorure ionique. On a prepare les complexes cationiques R~(P-P),+x- 
a partir des especes Rh(PAP),C1 auxquelles on a ajoute du AgX (X = SbF,, PF,, BF,). La 
reaction des complexes chlores avec le borohydrure conduit aux hydrures, HR~(P-P),, pour 
les diphosphines ou tr = 2 et 3 et pour le (+)-diop. On presente les spectres rnin 'H et 3 'P de 
meme que les spectres dans le visible: dans quelques-un des complexes, on observe un de- 
blindage des protons ortho des groupes phenyles qui depend du solvent et, dans le cation 
Rh(Ph,PCH,PPh,),-, les protons du CH, du ligand sont couples au rhodium: l 'aton~e de P 
de ce ligand bis(dipheny1phosphino) subit un deplacement usuel vers les hauts champs par 
coordination avec le rhodium. 

Des donnees cinetiques preliminaires concernant Ishydrogenation catalytique de I'acide 
methylenesuccinique montrent que les con~plexes cationiques et hybrido sont plus actifs que 
Ics complexes chloro correspondants et que gentralement I'activiti augmente avec une aug- 
mentation de la longueur de la chaine de la diphosphine. 

[Traduit par le journal] 

Introduction 

Although the bls(d~tc~t~aryphosphine) Ph,P- 
(CH,),PPh, complexes of ~ridiuin(I) and ~ r ~ d ~ u n ~ ( I l l )  
have been studied fairly extensikely ( 1 4 ) ,  few deta~ls 
have been reported for the rhodium analogues The 
Rh(dpe),X complexes,' X = H, C1, CIO,, ale well- 
knoun (5), and 111 terms of activation of small gas 

'Ligand abbreviations used for Ph,P(CH,),PPh,: n = 1,  
bis(dipheny1phosphino)methane or dpm; n = 2, 1,2-bis- 
(dipheny1phosphino)ethane or dpe; 17 = 3, 1,3-bis(dipheny1- 
phosphino)propane or dpp; n = 4, 1,4-bis(dipheny1phos- 
phino)butane or dpb. P-P signifies generally a chelating 
diphosphine. 

molecules and catalytic activity, the crystal stiucture 
of the catlonic dloxygen complex Rh(dpe),O,'PF,- 
has been reported (6) The Rh(dpe),Cl complex is a 
1 1 electrolyte In polar solvents (2, 5), and IS In- 
effective as a catalyst for hydrogenat~on of olefinic 
substrates under mild conditions (2, 7). The 
Rh(dpe),+ catlon is unreacti\e toifard H, (8, 9). 

Our ~nterest In these bis(diphenqIphosph~no) 
~ystems increased aftel our findlng that an Isolated 
HRh[(+)-dlop], complex was an efficient catalyst 
for asymmetric hydrogenatlon of certaln prochiral 
olefinic caiboxyl~c acids under mild cond~tlons (10, 
11).  The illustrated dlop l~gand can be considered, 

0008-40421791020180-08$0 1.0010 
8 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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JAMES AND MAHMAN 181 

for example, as a der~vatlve of the dpb l~gand, and 
thls led us to look at the bls[PPh2(CH2),,PPh,] 
systems, includ~ng the hydr~do, chloro, and cat~onic 
complexes, with a view to leainlng ruore of reac- 
tlvity patterns generally as a functlon of n Such data 
habe appeared on the use of 1 1 rhodium(I)~ 
Ph,P(CH,),,PPh, hydrogenation catalysts formed In 
sltu from rhodiuin(1) precursors (12), and, depend~ng 
on the media, the catalysts may be neutral or 
cationic (13). 

The synthesis and characterization of various 
bis(dip11enylphosphiao) co~nplexes are reported in 
this paper along with some preliminary data con- 
cerning their catalytic activity for hydrogenation of 
the prochiral substrate, ~nethylenesuccinic acid. We 
(1 1) and Kagan's group (14) have reported earlier on 
the characterizat~on of the cationic complexes 
Rh(diop),- and H,Rh(diop),+, and Slack and Baird 
(15) reported on some in sitzc dpp and diop systems 
while our work was in progress. The luminescence of 
the Rh[PPh2(CH2),,PPh2],+ cations (n = 1-3) has 
been discussed but no other details on the con~plexes 
were given (16, 17). 

Experimental 
All solutions nere handled unde~  an argon atmosphere 

uslng Schlenk techniques Spectral glade solvents were stored 
over molecular sleves (RDH, t)pe 5A) and were vacuum- 
degassed before use for synthetic procedures Spectra were 
recorded on a Perk~n-Elmer 202 or Cary 14 (for uv vis), a Perkin- 
Elmer 457 (for Ir, solid samples being run as Nujol inulls be- 
tmeen CsI plate>), a Var~an T-60 (for 'H n m ~ ) ,  and a Varlan 
XL-100 111 the Fourler transform mode ( f o ~  'H nmr, and 
31P limr at 40 5 MHz using a P,O, capillary as external stan- 
dard) Conductiv~ty measurements nele made either in nitro- 
methane or in N,N -dlmethylacetamide (DMA) at  25 C uslng 
a Thomas Serfass conductiv~ty bridge and cell Microanalyses 
were performed by Mr P Borda of this department 

Rhod~um(lII) trichlorlde trihydrate was obtalned from 
Johnson. Matthey Limited, silver salts from Alfa Inorganics 
and Cationlcs Inc , and the dpm, dpe, dpp, and (+)-diop 
l~gands were Streni products A literature method (18) was 
used to prepare dpb All the d~phosph~nes were recrystallized 
from hot ethanol before use 

The rate data were measured on a constant pressure gas- 
uptake apparatus descr~bed prev~ously (19) The solvents for 
gas-uptake exper~inents were distilled befole use, toluene and 
DMA wele refl~~xed uith CaH,, and alcohols wele refluxed 
w ~ t h  magnesium metal iodine to remove traces of water and 
were stored under argon 

Prepomtion of Corilplexes 
The cyclooctene dimer [RhCI(C8H,,),], was prepared by a 

literature procedure (20); yields of 90% are obtained on leaving 
the reaction mixture for 10 days. 

Rh (dpe) 2CI and Rk(dpp) 2CI 
A benzene solution (10 niL) of the phosphine (1.1 mmol, 

-0.45 g) was added to a red, benzene solution (10 mL) of 
[RhCI(C,H,,),], (0.25 mmol, 0.18 g). The precipitated yellow 
complex was washed with warm benzene and dried in uocuo. 
The complexes have been prepared previously by other 
methods (5, 16). 

R/I (dplll) 2 C/ 
To a benzene solution (5 mL) of [RhC1(C,H,,),I2 (0.30 

inmol, 0.215 g) nas  added dpm (1.32 mmol, 0.50 g) in benzene 
(5 niL), and the resulting solutlon was freeze-dried. The residue 
obtalned was recrystallized from CH,Cl,lether to give orange 
needles. 

Rh(dpb),Cl and R h [ ( f  )-diop],CI 
A benzene sol~ition (15 mL) of [RhC1(C,H14)2]2 (0.30mmo1, 

0.215 g) and phosphine (1.32 mmol, 0.56 g dpb or 0.66 g 
(+)-diop) was refluxed under Ar for 3 h. Concentration to a 
5 mL volume, followed by addition of n-hexane, gave a yellow 
solid that was filtered, recrystallized from CH,Cl,/ether 
[Rh(dpb),CI] or n-hexane [Rh(diob),Cl], and dried in uaciro. 

R/z (PhP) + BF, - 
The complexes were prepared in each case from the cor- 

responding chloro complex. For example, a mixture of a 
CH,Cl, solution (5 mL) of Rh(dpni)2C1 (0.30 nimol, 0.27 g) 
and a methanol solution (5 mL) of AgBF, (0.30 mmol, 
0.58 g) was stirred for 30 min. Reinoval of the AgCl and 
evaporation to dryness left a residue that was recrystallized 
from CH2C12,'ether to give red crystals of Rh(dpni),+BF,-. 
The dpb analogue was also red, while the dpe, dpp, and diop 
complexes were light orange. 

HR/z (P^P j , 
The literature method (3, involving treatment of the 

chloro complexes (0.50 minol) with a 3 mole excess of sodium 
borohydride in ethanol (10 mL), was used in attempts to pre- 
pare the corresponding hydrides. The red dpe (5) and orange 
dpp con~plexes were recrystallized from benzenelethanol, 
while the yellow diop complex (prepared earlier by a different 
route (21)) was recrystallized from n-hexane. Use of the dpm. 
ligand yielded a deep red precipitate but this decomposed even 
under Ar, and we have been unable to characterize the com- 
pound. Borohydride reduction of Rh(dpb),CI yielded a mix- 
ture of complexes that have not been separated; borohydride 
species are almost certainly present as judged by ir bands in 
the 2340-2390 cm-' region (22). Attempts to synthesize the 
HRh(dpb), complex via the routes used to synthesize the diop 
analogue from RhCI3,3H,O (10, 11, 21) were similarly un- 
successful. 

The yields of all the isolated complexes described in this 
section were in the 75-90% range. 

Results and Discussion 
Cleavage of the chloride bridge in [RhCl(diene)], 

complexes by a Lewis base L, including mono- 
dentate phosphines, can yield both RhCl(diene)L 
and Rh(diene)L,'Cl- species, depending on the 
amount of L used and the polarity of the solvent used 
(23). Reaction of the diene dimer with 2 mol of a che- 
lating diphosphine is assumed to yield RhCl(diphos- 
phine) (solvent) or Rh(diene)(diphosphine)+, de- 
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TABLE 1. Analytical and molar conductivity (A) data for the rhodium(1) complexes 

Analysis 

%C %H 
Decomposition ------------------- Ah 

Complex point ('CY Found Calculated Found Calculated (ohm-' crn2 mol-') 

Rh(dpm),Cl 97 62.03' 66.20 4.46 4.85 71 
R h ( d ~ e ) ~ C l  205-209 66.64 66.80 5.27 5.20 6 1 
Rh(dppJ,Cl 162-165 67.43 67.33 5.30 5.40 74 (49jd 
Rh(dpb),Cl 108 65.66" 67.85 5.85 5.65 49 
Rh(diop),Cl 79 64.97" 65.58 5.96 5.64 3 5 
Rh(d~rn)~-BF, -  124 61.50' 62.65 4.55 4.59 79 
Rh(dpe), + BF,- 273-276 61.40' 63.31 4.86 4.87 78 
Rh(d~p) ,  +BF4- 180 63. 14f 63.92 5.05 5.13 8 1 
R ~ ( ~ P ~ ) ~ + B F , -  169-173 63. 22' 64.51 5.40 5.38 75 
Rh(diop), +BF4- 174-177 60.91' 62.74 5.09 5.40 78 
HRh(dpe), 167 69.70 69.33 5 .50 5.44 71 (2Jd 
HRh(dppj2 143-146 69.35 69.84 5.65 5.71 51 (12)" 
HRh(diop), 128 66.70 67.64 6.28 6.00 4 (2)" 

.Uncorrected, in  air. 
b l O - '  AM in CH3Pio2 at 25°C under Ar. 
"Complex hygroscopic. 
V a l u e  in DhlA. 
'Solids 02-senslti\e. 
f L o ~  carbon due to presence of CH,CI,, detected in nmr;  the calculated values are uncorrected. 

pending on the solvent, and the cationic complexes The borohydride method of Sacco and Ugo ( 5 )  
are readily synthesized (12-15, 24-26). We have used was used to synthesize the HR~(P^P) ,  complexes 
the cyclooctene precursor [RhCI(C,H,,),], to pre- from the chloro analogues. A presumedly dpm 
pare the Rh(PnP),CI co~nplexes (Table 1) via species decomposed spontaneously, at least at room 
reaction [I]. temperature, and we were not able to isolate the dpb 

C ~ H B  
by this route or one developed by Robinson's group 

[ I ]  [RhCI(C,H,,),], + 4 ~ -  +~R~(P-P),cI starting fi-om rhodiurn trichloride (29). This latter 
method, in fact, proved to be unsatisfactory for all ' 4C"14 the hydrides, except HRh(diop), (21). 

While our studies \yere in progress, a report appeared Tables 1-3 report conductivity and spectroscopic 
(27) describing the synthesis of a [RhCl(diop)- data for the various complexes. 
(C,H,)], con~plex via a similar reaction, but using The ~llolar conductivity data (Table 1) show that 
the bis(ethy1ene) dimer precursor with 2 ~ n o l  of the dpm, dpe, and dpp chloro coinplexes are 1 : 1 elec- 
diphosphine. trolytes in nitromethane, and the visible spectral 

Reaction [ l ]  at room temperature precipitates in data in methanol correspond also to those of the 
analytically pure for~us the dpe and dpp complexes, B F ' ,  salts (Table 2). The solid state spectra of the 
and probably the dpm complex but this is very dpe and dpp chloro compiexes also show absorption 
hygroscopic and does not give satisfactory analytical maxima at wavelengths similar to the solution values, 
data. The preparations are simpler than the ones indicating the same ionic structure in the solid state. 
reported earlier using rhodium(1) carbonyl pre- These complexes have always been considered as 
cursors ( 5 ,  15, 28). Synthesis of the dpb and diop ionic in the solid state with square planar cations (or 
complexes via reaction [I] requires a refluxing pro- approximately so (17)), and this appears to be based 
cedure; the coinplexes are air-sensitive and this on electronic absorption and emission spectral data 
could explain the slightly low carboil analyses. (16, 17, 30). The dprn complex, unlike the other two, 

The R ~ ( P - P ) , + A  complexes (A- = BF,-, is soluble in toluene and the visible absorption 
PF,-, SbF,-), readily prepared from the chloro spectrum in this solvent and the solid state differs 
complexes by treatment with Ag' A - ,  can be re- from that in methanol. We thus consider Rh(dpm),Cl 
crystallized from CH,Cl,/ether; the carbon analyses to be five-coordinate in the solid state and toluene. 
are somewhat low due to the presence of dichloro- Detection of possible Rh-Cl stretching frequencies 
methane ~ I I  the crystals (Table 1). Details are give11 in the is is prevented, due to absorption by the dpm 
for only the tetrafluoroborate complexes since these (and dpe. dpp) ligands in the 400-280 cm-' region. 
proved to have more convenient solubility properties The dpb and diop chloro coinplexes also appear to be 
for our catalytic studies (see below). five-coordinate in the solid state and in non-polar 
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JAMES AND MAHAJAN 

TABLE 2. Visible and high field 'H nmr spectral data for the rhodium(1) complexes" 

J R ~  - H J P - H  

Complex Medium i.,,,, nm ( E  x low3,  M-' cm- '  1 re (Hz) (Hz) 

Rh(dpm),CI Methanol 385 (3.8), 446 (3.5) 
Toluene 406b (3.3) 

Rh(dpe),CI Methanol 406 (4.5) 
Rh(dpp),CI Methanol 410' (2.6) 
Rh(dpb),CI Methanol 435' 

Toluene 420 sh (1 .6)  
Rh(diop),Cl Methanol 440' 

Toluene Continuum 
Rh(dpm), +BF,- Methanol 385 (3.7), 446 (3.5) 
R ~ ( ~ P ~ ) , ~ B F , -  Methanol 407d (5.0) 
Rh(dpp), *BF4- Methanol 412v2.8) 
Rh(dpb), +BF,- Methanol 435 (3.3) 
Rh(diop), TBF4- Methanol 442 (3.6) 
HRh(dpe),' Toluene 406 (8.1) 20. 1 10.0  18.0 
HRh(dpp)zf Toluene Continuum 19.8 8 . 0  20.8 
HRh(diop),' Toluene 355 (13.4) 21 .Oy 6 .0  17.0 

"Under Ar at room temperature. 
h ln  solid state, -410 nm. 
clntens~ty increases vith time. 
*In solid state, -412 nm. 
'In CsD6 at 25-C. 
f\'(Rh-H) recorded in hujol  at 1900, 2100, and 2040 cnl-1 for the dpe, dpp, and diop complexes, respectively. 
RIncorrectl~ reported as 28.4 in refs. 10, 1 1 ,  21. 

TABLE 3. 3 iP  and 'H nmr data for the rhodium(1) colnplexes at 25'C 

Complex 6(P). J R ~  - P, HZ 6(H)%llphatic; phenylc 

$ 22.80" 115.3 
i17 .38 '  105.3 
-57.18f 134.2 
-7.79" 132.3 

See text 
See text 

+ 23. 50f 117.0 
-57.22' 132.7 
-7 .  38f 130.5 
- 21. 09' 132.0 
-9.22'1" 140.0 
- 56. 43e 142.5 
-18.26' 141.8 
- 22.46' 146.0 

Free diphosphine mub 
aliphatic; phenyl" 

dpm 2.85 t ;  7 .3  m"(2.75 t ;  7 . 0  m, 7 .4  m)b' 
dpe 2 .1  t ;  7 . 2  mb (2.2 m:  7 . 0  n ~ ,  7 . 3  m)h' 
~ P P  1 . 7 m , 2 . 2 m ; 7 . 2 m ~ ( 1 . 5 5 m , 2 . o m ; 7 . 1 n 1 , 7 . 3 n 1 ) ~ '  
dpb l . 5 m , 1 . 9 m ; 7 . 1 m b ( 1 . 4 5 m , 1 . 8 m ; 7 . 1 n ~ , 7 . 4 m ) b '  
diop 1.28 s, 2 .3  m, 3 .8  m; 7 . 2 m b  

1 . 2 8 s . 2 . 4 m . 4 . 0 m : 7 . 0 m . 7 . 3 m b '  

nMeas~~red  in ppm (upfield positive) from 8 5 z  H,PO,. Shifts (CHICII or CDCls) for the free 
ligands occur at '22.25(dpni), -- 12.51(dpe), ; 17.25(dpp), - 15.95(dpb), and '22.50(diop). 

bMeasured in ppm (downfield pos~tive) from TMS in CDC13(b) or C6D6(b'); s = singlet; 
t = triplet, m = multiplet. 

'For phenyl region, lower shift when discernible is due to in- and p-protons, and the higher 
s h ~ f t  due to o-protons; for H R h ( d i ~ p ) ~ ,  the 2 lo\+er shifts are due to nl-, p-protons, and the 2 
higher sh~fts to o-protons. 

CH,C12-acetone-d6 (2: 1 V/V). 
'In C6D6. 
f l n  CH2C12-C6D6 (2: 1 V/V). 
gin acetone-d6. 
"Corresponding values in CD,OD were -9.12 (JRh-P 138.0), and in CDCI, 9 . 6 7  (JRh-p 

140.1). In CD,OD or  acetone-d6 at 6 0 ' C ,  a complex spectrum is obtained. 
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solvents; the conductivity data in nitromethane sug- 
gest incomplete dissociatioll of chloride, and their 
solubility in toluene (the corresponding fluoroborates 
being insoluble) is also consistent u~itli coordinated 
chloride. Further, weak ir bands at 281 and 284 cm-I 
for the dpb and diop complexes, respectively (not 
present in the BF,- analogues), are attributed to  
v(Rh-CI). The visible spectral data are solvent 
dependent and, in methanol, correspond to  those of 
the cations, thus showing loss of ionic chloride in this 
medium. The absorptioll liiaxililum in the cationic 
systems moves to  higher wavelengths as n increases 
from 2 to 4. The dpm system is different in showing 
two maxima in the 380-450 nm region; 'anomalous' 
31P nmr shifts are also noted uith this system (see 
belo~v). 

Measurement of the conductivity of the five- 
coordinate hydrides in nitroriiethane gave unexpec- 
tedly high values for the dpe and dpp complexes, 
while the diop species exhibited normal beha~iour .  
All the hydrides were essentially non-conducting in 
polar DMA (31). Reaction of the hydrides with the 
nitro~nethane is indicated, and is being studied 
further, although the limited solubility of the coin- 
plex and the extreme sensitivity of the solutions to 
oxygen present difficulties. Reaction of platinum 
metal hydride complexes with nitroalkanes is not 
unprecedented (32). 

The hydride ligand of the HRh(PnP), complexes 
is readily detected by is, and the high field ' H  nmr, a 
well resolved doublet of quintets at room tempera- 
ture (Table 2, Fig. I),  is consistent with four equiva- 
lent phosphorus atoms. The same nmr pattern with 
similar coupling constants (J,,-, 7 Hz, J,_, 18 Hz) 
has been reported for HRh[Ph,P(CH,)], a t  - 60'C, 
and this was attributed to a tetragonal pyra~nid struc- 
ture (33), although others have considered that a 
fluxional C,, structure is more likely (34). The solid 
state structure of HRh(PPh,), with the hydrogen 
atom omitted is tetrahedral, and a threefold axis of 
symmetry implies that the hydrogen lies on this axis 
or must be randomly disordered in the crystal (35, 
36). A recent structure determillation of HIr(dpe), 
shows it to  be approximately trigo~lal bipyramidal 
with the hydride presumed to be at an axial site (37); 
the high field 'H nmr is the quintet expected of a 
fluxional solution structure, and by analogy the 
HR~(P"P), structures are likely to  be similar. 

The , 'P nmr signals (proton-decoupled for the 
hydrides) appear as sharp doublets a t  25°C due to  
equivalent phosphorus atoms coupling to the 
rhodium (Table 3). No general trends are apparent, 
although the dpm ligand is different in undergoiilg 
upfield shifts on coordination to the metal. Such 
upfield shifts have been reported for both dpm and 

FIG. 1. High field 'H nmr spectrum of HRh(dpp), in C6D6 
at 20'C. 

dpp ligands in some iridiuni co~~iplexes (3), and the 
factors determining such shifts have been enunciated 
(38, 39). The substantially larger downfield shifts 
noted for the dpe co~liplexes provide furtlier exam- 
ples of the large degree of deshielding apparent in 
five-membered ring systems (39). The data for the 
chloro and tetrafluoroborate complexes are con- 
sistent with the dpe and dpp complexes being ionic, 
and the variation of the chemical shift for 
Rh(dpm),Cl with solvent is also consistent with ionic 
character in polar solvents and covalent character 
in benzene. Complex 31P spectra were obtained at 
25°C for the Rh(dpb),CI and Rh(diop),CI complexes 
in both C,D, and CII,Cl,lacetone-d,. Complica- 
tions could arise by (a)  partial ionization in the polar 
medium, (6) a niore rigid five-coordinate structure 
(cf. the distorted trigonal bipyramidal structure of 
HIr(dpe), (37)), since increasing chelate ring size 
leads to decreased fluxional behaviour (2, 3) ,  (c) the 
occurrence of niultinuclear species, which are 
becoming increasingly evident in rhodiurn-diphos- 
phine chemistry (40, 41). The simple doublet pattern 
of Rh(diop),+BF,- in CD,OD also gives way to a 
colnplex spectrum at -60°C; formation of associ- 
ated species seelns the most likely explanation. More 
detailed variable temperature nmr studies are in 
progress to help clarify the complications. 

Data for the ' H  nmr in the phosphine region are 
given in Table 3. The shift of ligand protons on 
coordination is generally small except for the CH, 
protons of d p n ~  which move doulnfield by -0.6 and 
-2.3 ppm in the Rh(dpm),Cl and Rh(dpm),+BF,- 
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complexes, respectively, the different shifts further 
confir~nirlg the non-ionic character of the chloro 
complex. These CH, resonances are somewhat 
solvent dependent (Table 3, footnote g ) ,  and appear 
as a sextet due to 'virtual coupling' with the rhodium 
(42). The ortl7o protons of the phenyl groups in the 
dpe and dpp complexes experie~ice an anisotropic 
deshielding compared to the mefu and para protons. 
The phenomenon is inore apparent from data in 
benzene-d,, since in CDCI, the phenyl absorption 
region is broad; for example, free dpe gives multi- 
plets (3: 2) a t  6 - 7.0 (meta,para) and 7.3 (o/*t/io), 
while in the HRh(dpe), complex these absorptions 
appear at 7.0 and 7.6 ppm, respectively. Similar de- 
shielding of ortho protons has been noted, for 
example (43), in some iridium alkyl complexes, 
IrCl,(CO)(PPh,),(alkyl), although a shielding of the 
ortho protons occurs in the cis-octahedral complexes 
Ir(dpe),X,+, X = 0, S, Se (44), and in the Rh- 
(dpm),CI conlplex reported here (Table 3). 

The low field 'H nmr of the HRh(diop), complex 
is of interest (Fig. 2) in that the aromatic protons 
appear as four distinct multiplets of relative intensity 
3 : 3  : 2 : 2  at  67.0, 7.1 (metn,par.rt) and 67.5, 7.9 
(o/.{/?o): the deshielding through coordination is again 
well denlonstrated, and there are now two sets of 
phenyl groups. These very likely approximate an 
edge-face conformation, a geometry that has been 
demonstrated recently in several Ph2PnPPh2 com- 
plexes, including IrCl(COD)(diop) (45) and Rh- 
(COD)(diphosphine)+ species (46-48), where COD 
= 1,s-cyclooctadiene and diphosphine = 1,2-bis- 
[(anisole)(phenjrlphosphino)]ethane and 2,3-bis(di- 
phenylphosphino)buta~le. The orientatio~l of the 
phenyl groups appears critical for the high efficiency 
of such complexes as catalysts for asymmetric hydro- 
genation of prochiral olefinic substrates (1 3, 46, 48). 
All the coinplexes reported here are oxygen-sensitive 
in soIutio11: in the solid state, only the chloride and 
fluorobnrate complexes containing dpe and dpp are 
reasonably air-stable.2 

Catalytic Njdrogenation 
Some preliininary kinetic data for hydrogenation 

of methylenesuccinic acid to 2-methylsucci~~ic acid 
are summarized in Table 4. 

In agreement with others (2, 7): we find that 
Rh(dpe),'CI shows very low activity, and until our 
discovery of the activity of HRh(diop), (10, 1 l), we 
and probably other workers, because of the early 
report (2), had not considered rhodiunl(1)-his- 
(diphosphine) chelate complexes as likely catalysts; a 

,The complexes R~(P^P),x,, X2 = O2 or CO, have been 
isolated In each case for dpm, dpe, and dpp, except for the 
dpelCO system; details will be reported In a later paper. 

ortho 1 1 

FIG. 2. 'H nmr (phenyl region) of ((1) diop, and (b) HRh- 
(diop), in CsD, at  20°C. 

(b) meta 

reason was considered to be the difficulty in providing 
a vacant coordination site (49). Such complexes can 
clearly lead to quite high activity (Table 4), and in 
the case of HRhidiop),, the vacant site is thought to 
arise by one of the diphosphine ligands becoming 
monodentate (I I, 50). 

Illitially surprising is that Rh(dpe),+BF,- shows 
about ten times the activity of Rh(dpe),+CI- under 
correspo~lding conditions, and a similar diRerence in 
behaviour is noted for the dpb complexes. Pre- 
sumably chloride must coordinate and deactivate 
some intermediate (e.g, an alkyl) in the catalytic 
cycle. The activity of the Rh(diop),+ cation, however, 
is essentially the same whether the associated anion 
be chloride or tetrafluoroborate. The cations 
geilerally are much less active in the polar and more 
strongly coordinating DMA. 

The hydrides show activity comparable to  that of 
the corresponding fluoroborate salts. The two 
species are interconvertible by the equilibria outlined 
in [2] (5, 1 I); 

ortho 
J 

these are unimporta~lt for the diop complex in 
buta~~ol/toluene with the methylenesuccinic acid 
substrate used (II) ,  but the dpe and dpp systems 
have not been studied in sufficient detail. 

Comparison of the data for the fluoroborate salts 
a t  substrate concentrations 2 0.1 M shows that 
catalytic activity increases with chain length, 17 = 4 
(and diop) > n = 3 > n = 2 > 12 = 1.  Kagan's 
group (12) repolted a similar trend for rhodium(1)- 
monodiphosphine systems formed in situ from 

para 
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TABLE 4. Catalytic hydrogenation of methylenesuccinic acid using the rhodium(1) 
conlplexes" 

[Rh] x lo3  [Substrate] Maximum rate t , , ,  x 
Complex (MI (M) x lo6 (M s- ' )  (s) 

4 . 3  
Very slow 

9 . 6  
Very slowd 

9 . 3  
8 . 0  
6 . 8  
4 6 
7.9J" 

31.6 
17.8 
25 .4  
41f 
18.2g,h 

13Oy," 
13d,g 
- 

135 
150 

aTypical experiment involved 5 mL 11-butanol, at  1 atm total pressure and 60°C 
bA~prouimate reaction tlme for 50Z hydrogenation of the substrate. 
'30Z hydrogenation. 
urn D M 4  -. . - . -. . 
<20'7, hydrogenation. 
f I n  n-butanolltoluene (2.1 V'V) 

"In ethanol. 
'The R-(-)-2-metI1ylsuccinic acid isolated had 48, 37, and 40% ee for the chloro, fluoroboratc 

and hydrido sqstems, respectively. 

[RhCl(C,H,),], for the hydrogenation of r~.-aceta- 
rnidocinnanlic acid in benzene,'ethanol at 203C, the 
12 = 1 system being inactive; ho~vever, the ti = 6 
system had activity comparable to that for 17 = 3. 
Although these types of data are of use in designing 
better catalysts (including chiral ones), rationaliza- 
tions to explain such trends, based solely on rate 
data measured at a set of convenient conditions. 
should not be attempted. These systems typically 
show saturation behaviour in their kinetics, that is, 
the rates level off at higher substrate and, or H, con- 
centrations ( l l ) ,  and the rate vs. concentration pro- 
files will vary for different systems. The limited data 
in Table 4 show that the rates for the Rh(dpe),' BF,- 
system are close to zero order in olefinic substrate 
and are fractional in catalyst, while for the Rl1- 
(dpp),+BF,- system the rates are close to first order 
in both substrate and catalyst. Detailed kinetic 
studies are necessary to elucidate the mechanisms, 
and then comparable rate constants can possibly be 
extracted by suitable analysis. In this particular case, 
we have found that while Rh(dpe),' does not form a 
dihydride at  ambient conditions (as noted by others 
(8)), the dpp analogue readily gives an isolable 
ci,~-H,Rh(dpp), cornplex (51); and the ~nechanisms 
for catalytic hydrogenation may well differ. A quite 
different reactivity pattern has also been found, for 

example, for the monodiphosphine systems referred 
to above, nhen used to hydrogenate styrene in 
benzene ( n = 3 > n =  1, S > t 1 = 4 > d i o p > ~  
= 2) (12). 

The diop systems Rh(diop),X (X = Cl, BF,, H) 
all gave rise to similar optical enrichment in the 
2-methylsuccinic acid product (Table 4, footnote i).  
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Dissolution of iron during the initial corrosion of carbon steel in aqueous H,S solutions 

Reseczrch Chemistn Branc,h, Atomic Energy of Ccirracla Litnired, Whiteshell Nuclear Research Estublishment, 
Pitzawa, Man., Canada ROE 1LO 

Received July 10, 1978 

PARAM H .  TEWARI and ALLAY B. CAMPBELL. Can. J. Chem. 57,188 (1979). 
The dissolution of iron from carbon steel in aqueous H,S solutions has been studied as a 

function of time and temperature at 0.1 MPa H,S pressure using the rotating disc technique. 
The iron sulfide film formed on the disc surface has been identified by X-ray diffraction ana- 
lysis. The solubility and dissolution rate of synthesized mackinawite, FeS,,_,,, have also been 
determined to help establish the mechanism of release of iron from carbon steel corroding in 
aqueous H2S solutions. 

The rate data have been analysed by an equation for a joint chemical and transport con- 
trolled process. At 22°C and 0.1 MPa H2S, the maximum rate of release of Fez+,  obtained by 
extrapolating the data to infinite rotation speed, is 7.4 i 0.5 ~ m o l / m 2  s. This is similar to the 
dissolution rate determined for synthesized mackinawite powders, but is 20 times faster than 
the rate of dissolution for troilite and more than 1000 times faster than the dissolution rates 
for pyrrhotite and pyrite. Thus, troilite and iron sulfide phases that form subsequently are not 
major contributors to Fe2+ release during the corrosion of carbon steel. 

At 22'C the diffusion coefficient for the FeSH+ ion is (1.4 i 0.2) x 1 0  m2/s and the acti- 
vation energy of the diffusion process is 25 i 7 kJ/mol. The chemical reaction occurring at the 
surface has an  activation energy of 77 +_ 14 kJ,'mol. 

It is concluded that the release of iron from corroding carbon steel is governed by the dis- 
solution rate of mackinawite, the initial corrosion product. This dissolution is controlled by 
the chemical reaction between mackinawite and H +  and by the transport of the complexed 
FeSH' from the interface to the bulk solution. 

PARAM H .  TEWARI et ALLAK B. CAMPBELL. Can. J. Chem. 57, 188 (1979). 
Faisant appel a la technique du disque rotatif, on a etudie la mise en solution du fer d'aciers 

au carbone dans des solutions aqueuses de H2S en fonction du temps et de la temperature, a 
une pression de 0.1 MPa de H,S. Gr2ce a une analyse par diffraction de rayons-)<, on a identi- 
fie le film de sulfure de fer qui se forme a la surface du disque. On a aussi determine la solu- 
bilitk et le taux de dissolution de mackinawite de synthese, FeS,, - ,,, afin d'aider a deter- 
miner le mecanisme de mise en liberte du fer a partir d'aciers au carbone soumis a une corrosion 
dans des solutions aqueuses de HZS. 

On a Ctudie les donnees de vitesse a I'aide d'une equation exprimant les processus contrales 
conjointenlent d'une facon chiniique et par le transport. A 22'C et B une pression de 0.1 MPa 
de H2S, le taux lnaxinial demise en liberte du Fe2+ que I'on obtient en extrapolant les donnies 
jusqu'a une vitesse de rotation infinie est egal a 7.4 + 0.5 ynlol/mz s. Cette valeur est semblable 
au taux de dissolution determine pour des poudres de mackinawite rnais elle est 20 fois plus 
rapide que celle determinee pour la dissolution de la troilite et plus de 1000 fois plus grande que 
les valeurs correspondantes pour la pyrrhotite et la pyrite. Donc les phases du troilite et de 
sulfure de fer qui se forment subsequemment ne contribuent pas d'une f a ~ o n  importante a la 
mise en liberte du Fe2+ au cours de la corrosion des aciers au charbon. 

A 22"C, le coefficient de diffusion de I'ion FeSH+ est (1.4 + 0.2) x m2/s et I'energie 
d'activation du processus de diffusion est 25 +_ 7 kJ/mol. L'Cnergie d'activation de la reaction 
chimique se produisant a la surface est 77 i 14 kJ/mol. 

On en conclut que la mise en liberte du fer par un acier au charbon soumis a une corrosion 
est determinee par le taux de dissolution de la mackinawite, le produit de corrosion initial. 
Cette dissolution est contrBlee par la reaction chimique entre la mackinawite et H +  et par le 
transport du FeSH' complexe de I'interface vers la solution. 

[Traduit par le journal] 

Introduction the first such corrosion product being mackinawite 

Carbon steel exposed to aqueous H,S solutions (3> 5)9 FeS(1 -x , .  Cubic FeS (3, 6-81, troilite (hexam 

corrodes to give ferrous ions and hydrogen (1). Sub- ponal FeS), pyrrhotite (Fe(,  - ,,S), and pyrite, FeS,, 

sequent]y, a series of iron sulfides is formed (2-8), Can then form, On system conditions (3). 
We have shown that rnackinawite is the most soluble 

'AECL No. 6264. phase among the various types of iron sulfide phases 
0008-4042/79/020188-09$01 .00/0 
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formed (9); however, it changes to other phases 
quite easily. It thus seems desirable to compare the 
rate of Fe" release from carbon steel with dissolu- 
tion rates of mackinawite. Accordingly, we now re- 
port the rate of release of Fez+  in aqueous H,S solu- 
tions during the initial corrosion (1-8 h) of carbon 
steel under conditions of controlled area and hydro- 
dynamics. This release rate has been investigated at  
several temperatures and 0.1 MPa H,S pressure by 
the rotating disc (10, 1 I )  technique. 

We have also measured the solubility and dis- 
solution rates of mackinawite at  various solution 
pH's. Such studies should help to determine if the 
dissolution of mackinawite is the chief pathway for 
the release of Fe2+  from carbon steel exposed to 
aqueous H,S solutions. These studies are important FIG. 1 .  Rotating disc assembly. 
in several applied areas, such as in the petroleum 
industry and Girdler-Sulfide (G.S.) heavy water Method 
plants. After assembly of the reaction vessel, N, was bubbled 

through the solution for 112 h before introducing H2S. The 
Materials and Methods solutions were saturated with H2S at room temperature before 

Materials 
Triple-distilled water containing less than 5 x lo-' mollkg 

iron was used in the experiments. All acidic solutions were 
made with analytical grade H2SOL. NaOH solutions were 
C02-free. Analytical grade reagents were used throughout. 

Mackinawite was prepared electrochemically (8) using an all 
glass cell fitted with a carbon steel anode and a platinum 
cathode. A solution of 0.1 mollkg NaOH was introduced into 
the cell and purged with nitrogen for 1 h before the passage 
of H2S through the solution. A current of ~ 2 0  mA was passed 
through the solution while H2S was bubbled continuously 
through the cell for 3 days. Air occlusion was avoided during 
the reaction. The mackinawite powder formed during the pro- 
cess was washed with deoxygenated water under a nitrogen 
atmosphere. The product was vacuum dried in a desiccator. 

All samples were analysed by X-ray diffraction before and 
after the dissolution experiments to observe changes of phase, 
if any, during the experiments. 

Appcrrat~rs 
The rotating discs used in the study were made from carbon 

steel rod incorporating all the features recommended by 
Riddiford (1 1). The disc was fitted into the inset of the Teflon 
holder (Fig. 1). T~nmediately before a run, the exposed surface 
of the disc was ground to within 0.3 mm of the surrounding 
Teflon surface as described earlier (12). The release of Fe2+ 
was limited to a well defined area of the exposed surface of the 
carbon steel disc by painting the sides and part of the surface 
with polyurethane paint. 

The bearing for the rotating assembly was designed to ensure 
minimum eccentricity of rotation of the disc (< 1% of the disc 
radius). Rotational velocities were measured using a strobo- 
scope. The temperature was maintained to within 1 0.lCC of 
the desired value using a thernlostatically controlled water 
bath. 

All dissolution work was done in vessels that were degassed 
and kept oxygen-free. Since mackinawite was easily oxidized 
in air and the oxidized material later produced other phases 
of iron sulfides, dissolution work with mackinawite was always 
performed under N2 to prevent its oxidation and subsequent 
transformation to other sulfides. 

raising the temperature to any desired value. The temperature 
and H2S pressure were allowed to reach equilibrium before 
the disc assembly was introduced for the start of the run. 

The disc was rotated at a given speed between 10 to 85 
radiansls (100-800 rpm), resulting in laminar flows with Rey- 
nolds number 5 lo". (The critical Reynolds number (11), 
when a transition from laminar to turbulent flow occurs, is 
Re - 2 x lo5.) 

Small aliquots of solution ( 1 4  g) were withdrawn at inter- 
vals from the reaction vessel for Fe2+ analysis without ex- 
posing the bulk solution to air. The total solution withdrawn 
for analysis was within 5-107, of the initial total volume. Hence 
the correction made in concentration change due to the with- 
drawn volume in samples was small and did not appreciably 
affect the calculation of rate of iron release. 

Iron analyses were done by atomic absorption spectroscopy 
(detection limit E 6 x lo-' mollkg) for samples containing 
more than 1 pglg, and by colorimetry (Technicon Analyser) 
for samples containing less than 1 ug/g. In the latter (detection 
limit 2 x lo-* mol,/kg), iron is reduced to Fez" by hydroxyl- 
aniine hydrochloride in a buffered solution of pH 5.4 before a 
colorimetric determination by 2,4,6-tri-2-pyridyl-S-triazine 
(TPTZ) reagent. The precision of Fe2+ determination was 
2 127, (20) in the concentration range less than 1 pg/g, and 

5% for concentrations > 1 ug,'g. 
To characterize the iron species being released from the 

disc, absorption spectra of dissolved iron were obtained using 
a Cary 17D spectrophotometer with a quartz cell. For com- 
parison, spectra for ferrous solutions made by dissolving 
99.9997, pure iron in H2S0, were also obtained at pH 1.0, 
2.0, and 4.0 in the presence and absence of H2S, with precau- 
tions taken to avoid oxidation of Fez& or H2S by bubbling Hz 
in the solution and by avoiding exposure to air. 

The pH was measured with a Beckman research pH meter 
fitted with a combination pH and reference electrode. The 
equilibration time for the pH electrode was obtained for solu- 
tions of known acidity or basicity and, in most cases, was 
< 30 s except between pH 6 and 8 where it was almost 1 min. 
In solutions saturated with H2S at 0.1 MPa, a prolonged and 
continuous exposure of the pH electrode to the H2S environ- 
ment was avoided because the performance of the electrode 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1% C A N .  J .  CHEM. VOL. 57. 1979 

deteriorated after long H2S exposure due to silver sulfide pre- 
cipitation at the tip. This presented no problem in the measure- 
ments, however, and the precision of the measured pH was 
always better than i 0.01 units. 

After the rate data were obtained, the disc was dismounted, 
washed, and stored in a vacuum desiccator. The morphology 
of the iron sulfide phases formed on the disc were determined 
by using a Cambridge Mark 2A Sterioscan electron micro- 
scope. Phase analyses of the various sulfides were performed 
with a Philips PW1050 X-ray diffractometer equipped with a 
diffracted beam monochromator. 

Results 

Rate of Release of Fe2+ fi.or7z Carbot7 Steel 
The rate of release of Fez+  from a rotating carbon 

steel disc in aqueous H,S. solutions at  0.1 MPa H,S 
pressure was derived from slopes of curves like that 
given in Fig. 2. A t  22'C these rate data were remark- 
ably reproducible (precision < 5%) in contrast to 
the rate of dissolution data obtained from synthesized 
mackinawite powders (discussed later). The release 
rates of Fe2+  at  22cC at  different rotation speeds are 
given in Table 1. 

At higher temperatures, ho~vever, the rate data 
varied beyond the error in the analysis of iron 
(2 1 Ox). These variations ryere due to phase changes 
in mackinawite as observed by X-ray analysis, and 
also to peeling and rupture of the surface film and 

FIG 2 Release of Fez+ from rotatlng carbon steel dlscs as a 
funct~on of tlme at 22 C and 0 01 MPa HzS pressule. 

TABLE 1. Release rate of Fez' 
from carbon steel d~scs In 
aqueous H,S solutions at 0 I 
MPa H2S pressure and 22 C, 
at different speeds of rotat~on 

w Rate 
(rad s-I) (~lmol m2 s) 

contribution from a second crystalline phase formed 
on the film (Figs. 3-4). Hence, interpretation of rate 
data at  higher temperatures mas not as reliable as 
at  22-C. 

Solubilitj of Mackina~vite 
As explained earlier, solubility data for mackin- 

awite are necessary in the discussion of the mech- 
anism of Fe2+  release from carbon steel surfaces in 
aqueous H,S solutions. Although mackinawite was 
always handled under N, to prevent oxidation and 
its subsequent transformation to other sulfides, 
analysis showed that some conversion had taken 
place. At 25°C and 0.1 MPa H2S pressure, only in 
three runs out of 24, all with fresh batches of mackin- 
awite with no detectable impurities, did the samples 
remain unchanged after the dissolution experiments. 
The others contained various amounts of other sul- 
fides such as marcasite, greigite (Fe,S,), and pyrite. 

The solubility data for mackinawite (Fig. 5) show 
significant scatter even in the runs where the major 
phase of the product, after dissolution, remained 
mackinawite. This variation was possibly due to 
phase changes on the surface although these could 
not be detected by X-ray diffraction analysis (detec- 
tion limit -2%). At  25°C and 0.1 MPa H,S pressure 
(with no added acid or  base, p H  - 3.95), the ob- 
served solubility values ranged from 0.2 x to 
2.0 x l o p 3  mol/kg. The true value could be even 
higher than 2.0 x mollkg since the uncon- 
verted phase would have a higher solubility. 

The solubility of lnackinawite at  7 > 25°C could 
not be accurately determined due to its rapid trans- 
formation to other sulfides at  higher temperatures. 
Although the extremely poor reproducibility a t  T 
> 25°C precluded the possibility of obtaining accu- 
rate solubility data, it was concluded that mackin- 
awite has a negative temperature coefficient of 
solubility. 
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TEWARI AND CAMPBELL 

FIG. 3. Morphology of deposits on carbon steel discs exposed to aqueous H2S solutions at  0.1 MPa H2S pressure 
at  22-C. ( (1 )  Apparently smooth deposit of niackinawite nith a preferred orientation. (h)  Deposit mith cracks Ivhich 
subsequently lead to peeling. (c) Peeling of deposits. The appearance of a fresh precipitation of c ~ ~ b i c  FeS phase is shown 
at location I. 

FIG. 4.  morphology of deposits on carbon steel discs exposed to aqueous H,S solutions at 0.1 MPa H,S pressure 
a t  40 and 60'C. ( a )  Crystalline phase appearing on top of the first formed layer at 40 C. (O) Sarne crystals at a higI1c1- mag- 
nification. (c) blorphology of the disc surface at 60'C. 

Stoic./iior?ietq~ of Reuctior~ of' Mn~'l<ina~r'ite ~v i th  H 
The kinetic order of the reaction between mackin- 

awite and H +  was determined by following the initial 
rates of dissolution at  different acidities as described 
earlier (12) for troilite. The measurements were not 
accurate (1 lo",) since, in spite of precautions to 
avoid exposure to air, mackinawite converted to 
some extent to other less soluble iron sulfide phases 
as confirmed by X-ray analysis. From the initial slope 
of the curves of Fez+  versus tiine, values of the nega- 
ti\je logarithms of the rates \yere obtained and plotted 
against the pH of the solutions (Fig. 6). The slope of 
the line was 1 .I + 0.1 showing R, the rate of dis- 
solution of n~ackinawite, to be first order with respect 
to acid concentration. Therefore, R = k [Hi], where 
k is the rate constant. The measured rate constant 
was (1.2 f 0.2) x 10-' m/s, and this is similar to 
the rate constant for the release of Fe2' from carbon 
steel discs determined at  lower rotation speeds 

lo-5 - ( -  1.5 x l o - j  m ~ s ) .  

Moryhologj) of Carbon Steel Siyfnc.es Exposrd to 
H 2 S  Sol/ifions 

After the kinetic studies, the products on the sur- 1 , f f ~ c e o f ~ e c a . " o n ~ e l d i s s s ~ v e ~ m a l y s e d ~ i " a y  
2 3 4 5 d~f f ra s t~on .  At 22'C and 0.1 MPa H,S pressure, the 

On exposed surface of the discs had developed a black 
FIG. 5. Solubility of rnackinawite at 25-c and 0.1 MPa H,S surface deposit which gave the characteristic diffrac- 

pressure as a function of p ~ .  tioil pattern for mackinawite. Some of these deposits 
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FIG. 6. Dependence of initial rate of dissolution of mackin- 
awite on pH at 25'C. 

had a preferred orientation and appeared smooth: 
however, the majority of these mackinawite films had 
cracks. Even the films which first appeared smooth 
developed cracks and were seen lifting and peeling off 
the surface as shown in Figs. 3 and 4. Peeling could 
be seen after exposures as short as 6 to  8 h. 

The films formed on surfaces exposed to aqueous 
H2S solutions at 40'C had mackinawite as the major 
phase, but these also contained some cubic FeS which 
always appeared as distinct crystals (Fig. 4). A similar 
crystalline appea-rance of cubic FeS has been ob- 
served in other studles (3, 7-8). There were fewer 
linear cracks in the surface film at 409C, compared 
to those formed at 22-C. The large crystals appearing 
on top of the inner phase eventually covered the 
majority of the surface, but they were also observed 
to  crack and fall off into the solution. In many cases, 
large numbers of these crystals appeared near an 
area where a hole was seen. It appeared that the 
raised areas in the first layer developed holes by 
cracks and, near the holes, crystals of cubic FcS 
developed by precipitation At 60-C, the number of 
such crystals appearing on the top of the mackin- 
awite phase was larger than that observed at 22 or 
403C, as is evident from Fig. 4b and c .  

Absorption Spectra of Iron Solutions 

Spectra of Ferrous Solutions in H 2 S 0 4  
To  characterize the iron ion being released from the 

carbon steel disc, spectra of ferrous solutions made 
by dissolving pure iron in H 2 S 0 4  solutions under H 2  
atmosphere were obtained in the ultraviolet, visible, 
and infrared regions. Consistent with literature 

reports, a relatively intense peak (13) at 240 nni 
(molar extinction coefficient, E = 19.0) and a weak 
peak (14) at 970 nm (E = 1.6) are obtained for Fe2-  
(or [Fe ,,Lo,, 12+) a t  pH 1.0 and 4.0 (Fig. 7). 

Spectra of Ferrous Solutions in Aqueous H2S 
Since aqueous H2S solutions have a very intense 

absorption at -- 195 nm, any peak present at e 
240 nm or lower is completely masked in the presence 
of H2S. In aqueous H2S solutions at pH 4.0 a peak 
a t  330 nm, which is not present in solutions of iron 
in the absence of H2S, is observed, suggesting the 
presence of species different from [Fe(,,,,,]2,+ 
( E ~ ~ ~  nm = 2.4: compare curves A or B wlth C In 
Fig. 7). 

The posit~on of the peak a t  970 nm does not change 
noticeably in H2S solutions, but its intensity is very 
low ( e  0.5). A transient peak at 1155 nm, whose 
~ e a k  height is small but variable, was also sometimes 
observed: This peak, however, is likely due to some 
impurity in H2S, since it was observed at times even 
in aqueous solutions of triply distilled water with no 
detectable iron. Since the intensity of the iron peak 
in the infrared region is very low, only peaks in the 
ultraviolet region were used for the characterization 
of iron species. 

Spectra of Iron Ions Jror?? a Carbon Steel Disc in 
Aqueous N 2 S  

The absorption spectrum of dissolved iron from 
the carbon steel disc has a peak at 330 nm (Fig. 8, 
E~~~ = 2.4), the same as that observed for iron solu- 
tions in aqueous H2S at pH 4.0 (Fig. 7, Curve C). 

WAVELENGTH l n m )  

FIG. 7. Absorption spectra of ferrous solutions in HzSO, 
acid at 25 C. A ,  Fez' in H2SOa, pH = 0.8, absorbance full 
scale 1.0, Fez+ = 1.97 x mollkg, E,,, ,, = 19.0, 
E~~~ nm = 1.6. B, Fe2+ in H2S0,, pH = 3.9, absorbance full 
scale 0.5, Fe2' = 1.36 x lo-' mollkg, E~~~ ,,,,, = 19.0. C, dis- 
solved iron in aqueous H,S solution at pH = 3.95, absorbance 
full scale 0.02, Fe2+ = 2.0 x mol'kg, & 3 3 0  ",,, = 2.4. A', 
continuation of curvc A in the infrared. 
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300 35 0 400 
WAVELENGTH (nm) 

FIG. 8. Absorption spectra of dissolved iron from carboil 
steel in aqueous H,S solutions (0.1 MPa) pH 3.95, Fe2+ = 
5.3 x mol/'kg. 

Discussion 

Rate of Dissolutiott at Solid-Liquid Interfaces 
The reaction between a solid and a solution giving 

dissolved species may comprise the following steps 
( 1  1 ) :  (a)  transport of the ions from the solution to the 
surface (in the present case H +  or HS-), (b) adsorp- 
tion and chemical reaction at  the solid surface, (c) 
desorption of the reaction products, and (d) transport 
of the products from the solid surface to the bulk 
solution. Steps (a )  and ( d )  are transport controlled 
and are determined by the hydrodynan~ics of the sys- 
tem, whereas steps (b)  and ( c )  are chemical processes 
a t  the surface and are terined chemical controlled. 

According to Nernst theory ( I  5-17), for transport 
controlled processes, the rate of dissolution, R,  is 
given by 

where D = diffusion coefficient, A = area of the 
interface, c, = solubility of the dissolving material at  
the given temperature, c = concentration of the 
solute at any time t ,  V = volume of solvent, 6 = 

thickness of the Nernst diffusion layer. 
According to Levich, for rotating discs in laminar 

flow (10, 11, 16), 

where y and o are the kinematic viscosity and speed 
of rotation of the disc, respectively. Hence, the rate of 
dissolution or the flux of the ions diffusing away from 
the interface is 

For dissolution of metals in acids with transport 
control, the concentration, c, is assumed to be zero 
(10, 18); then 

(c,  = [Fe2'],,, for the dlssolvlng Iron compound). 
Equatlon [3] predlcts that for a transport con- 

trolled process the rate of release of Iron from the 
carbon steel disc 1s proportional to o1 and that for 
a plot of R against oli2 the curve should pass 
through the or lg~n However, lf the process of release 
of Fez' I S  not solely controlled by transport of mate- 
r ~ a l s  to and from the d ~ s c ,  and the rate of surface 
react~on 1s also Important, the equatlon for the rate 
under l o ~ n t  chem~cal and transport control IS (10, 11) 

where R, I), y, and o are the same as defined earlier, 
and R ,  = the maximum dissolution rate a t  the inter- 
face (the chemical rate of dissolution), [Fez+],,, = 

saturation solubility of the dissolving iron sulfide 
formed at  the interface. 

Solubility data for mackinawite have been used 
since there is considerable evidence to show that this 
is the phase first formed during initial corrosion 
under these conditions (3), and our X-ray analysis of 
the disc surface has confirmed this conclusion. 

The measured solubility of synthesized mackin- 
awite powders in aqueous H,S a t  0.1 MPa pressure 
at  25°C is 2 x mol/kg. The actual value may 
be slightly higher since the measurements are some- 
what complicated by the conversion of mackinawite 
to other, less soluble, iron sulfide phases. 

When the experimental data are analysed by eq. 
[4], the graph of R 1  vs. c o l / '  is linear (Fig. 9). On 
the other hand, a graph of R vs. (eq. [3]) is not 
linear and the curve does not go through the origin. 
This shows that the rate of release of iron is not solely 
controlled by the transport of materials to and from 
the disc, but is controlled jointly by a chemical as 
well as a transport process. 

Nature of the Iron Sul/ide Filtn formed at the 
Iitterfuce and its Dissolution 

Coeller and Rosenwald (19) have suggested that 
corrosion rates of iron under the influence of H,S 
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FIG. 9. .4 plot of R- '  vs. w - ' I 2  at 22 and 40 C at 0.1 MPa 
H,S pressure. 

are controlled by mass transfer through an iron sul- 
fide film, but have not specified which iron sulfide 
film is formed. The X-ray diffraction analyses of our 
corrosion filrns have confirmed that the initial film 
consists of mackinawite. Also, consistent with our 
postulate that mackinawite is the dissolvi~lg phase, 
the release rates of Fe2+ from carbon steel discs mea- 
sured at lower rotation speeds (Table l )  are com- 
parable to those measured from dissolving mackin- 
awite powders a t  similar pH (2.8 pmol/m2 s for 
carbon steel disc compared to -- 2 pmol/m2 s for 
mackinawite powder at -- pH 3.9). At higher 
rotation meeds. Fez' release rates from the disc are 
higher than those measured from the dissolution 
rates of mackina\?.ite, since the latter were severely 
restricted due to the low mixing speeds used in dis- 
solving mackinawite powders. 

The maximum release rate R,, obtained by extra- 
polating the release rate data for the discs to infinite 
rotation speed, is 7.4 $- 0.5 pmol/m2 s at 22°C and 
0.1 MPa H2S pressure (Fig. 9). This release rate 
is 2 20 times higher than that measured for troilite 
dissolution (9) (0.37 pmol/m2 s), ruling out the latter 
as a major contributor to the Fez' release from the 
rotating disc. Furthermore, the rates of release of 
iron froin the higher iron sulfides like pyrrhotite 
and pyrite (9) are a t  least 1000 times smaller (-1 

10-lo mol/m2 s) than the observed release rates from 

the carbon steel disc. Thus, all higher iron sulfides 
can be eliminated as the cause of iron release. 

Since the rate of dissolution of mackinawite is first 
order with respect to H', the rate constant k for the 
release of Fez+ can be calculated from k = Ri [H'], 
and a t  22°C and [H'] = 1.23 mol/m3, k = 
6.0 x 10-%m/s. 

Thern~ocl~cr~iical Quaritities and Difusiorz Coejicient 
of Ferrous iori 

K,, the maximuin rate of dissolution at 40°C 
(obtained from the intercept at o 1  = 0 in Fig. 9), 
is (4.8 1.5) x I 0 - 5  mol/n12 s. From the two values 
of the intercepts at 22 and 40°C. the energy of activa- 
tion of the chemical process is calculated to be 77 t_ 
14 kJ/mol. This value is consistcllt with the activa- 
tion energy for the dissolutiot~ reactions of copper 
(20) and magnesium (21) in H,SO,, both of which are 
chemically controlled ( 5  63 ItJ/mol for Cu and 
55 kJ/mol for Mg). 

The difTusion coefficients of the ferrous ion at 22 
and 40'C have been calculated from the slope of the 
lines in Fig. 9 and eq. [4] by assuming that the 
kinematic viscosity of aqueous H,S solutions is the 
same as that of water (89 x m2js at 22 and 
65 x m2/s at 40'C). This is consistent with the 
experimental observation of Murphy and Gaines Jr .  
(22) who observed little difference between the 
viscosity and density of water and H2S saturated 
water up  to 2.0 MPa pressure. The value of [ ~ e '  ' I,,, 
has been taken as 2 x 1 0 - 3  mollkg at 22°C from our 
present results (Fig. 5) and 5 x lo-, moljkg at 40°C 
reported elsewhere (9). The values of D thus obtained 
are (1.4 & 0.2) x m2js and 2.7 x l o p 9  m2/s 
at 22 and 4OCC, respectively. 

The temperature dependence of the diff~~sion 
coefficient between 22 and 40'C gives E,; the activa- 
tion energy for the diffusion process, equal to 25 i 
7 kJ/mol. The reported (16) value for E, is between 
16-27 kJ/mol. Thus the thermodynamic data ob- 
tained from the results seem consistent with a joint 
chemical and diffusion process of iron release from 
carbon steel. 

The derived diffusion coefficient at 22°C is higher 
than the literature (1 1, 23) values of D F C 2 +  that range 
between 0.57 x to 0.85 x m2/s. The 
difference between our value and the literature values 
for the diffusion coefficient for the iron ion is signif- 
icant and is beyond the experimental error. Even if a 
much higher value of [Fe2'],,, for mackinawite is 
chosen in calculating the diffusion coefficient (which 
would not be unreasonable since mackinawite 
changes to less soluble phases), our value of the 
diffusion coefficient remains significantly higher than 
the literature values. 
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The values reported in the literature for D,,2+ 
are derived, however, for iron solutions containing 
1.0 mol/l<g perchloric acid or other more concen- 
trated strong acids (11, 23), as compared to the 
aqueous H,S solutions at  0.1 MPa  pressure used 
in our experinients. Therefore, the reported values 
for the d i f fus io~~ coefficient for ~ e ~ '  are definitely 
for a diRerent species than that observed in our 
experiments. As will be shown later, iron ions in 
aqueous H,S solutions a t  pH 4.0 (the p H  in our 
aqueous H2S experiments) are different from the 
iron ions in pH I .0 or  more acidic solutions. Thus, 
a different diffusion coefficient is t o  be expected. 

FeSHt species has been proposed in electrochem- 
ical studies of iron in aqueous H2S solutions (24, 25), 
and by Pohl (26) for the formation of FeS troilite. 
Sinlilarly NiSH' has been proposed in corrosion 
studies of nickel in H,S solutions (27). Also, the 
existence of PbSH' and ZnSHf has been speculated 
in hydrothermal studies (28). No  absorption spectra 
for such species have been reported, however, nor 
have their existence been confirmed experirnentally 
by any other technique. Also, no  values for the 
diffusion coefficients of either NiSH' or FeSHi are 
reported in the literature. 

Kuehn and Taube (29) report the existence of 
[Ru(NH,),SHI2 + and [Ru(NH,)SH]+ from elec- 
trochemical evidence, but do  not report absorption 
spectra because the species are unstable. Ramasami 
and Sykes (30) and Ardon and Taube (31) report the 
spectra of CrSH2' with peaks at  575 nm and 435 nm, 
but not the spectra for C r S H f .  They show that with 
the fo r~na t io~ t  of the complex CrSH2+,  the peaks for 
Cr3 + shift to higher wavelengths ; from 405 to 435 nm 
and from 560 to 575 nm, respectively. 

Ehrenfreund and Leibe~lguth (1 3) have shown that 
ferrous solutions at  p H  5 1.0 contain essentially 
Fez +, but a t  higher p H  FeOH + species form with the 
appearance of a peak at - 320 nm. In our studies, 
the absorption spectra for ferrous solutions contain 
an absorption band with a peak a t  240 nm for Fe2+  
( ~ 2 4 ~  n m  = 19.0) (Fig. 7), consistent with its reported 
spectrum (1 3). In aqueous 13,s solutions this 240 nm 
peak shifts to a higher wavelength, e 330 nm (Fig. 
7G), and it is suggested that this is the absorption 
peak of FeSH'. This is consistent with the reported 
shifts to higher wavelengths (13, 30, 31) in the peaks 
for c r 3 +  and Fe2+ with the for~nation of CrSH2+ 
and FeOH', respectively. The spectrum for the dis- 
solved iron from the carbon steel discs in the aqueous 
fJzS also gives a peak at  330 nm, again suggesting 
FeSHf species in solution rather than F e 2 + .  Thus, 
though literature confirmation for the snectrum of 

M r cl~anism 
According to our experimental data, format~on of 

mackinawite on the surface of carbon steel exposed 
to aqueous H2S solutions is very fast. Hence, the 
rate of release of iron is governed by the rate of dis- 
solutio~l of mackinawite formed OII the carbon steel 
surface. The dissolution of mackinawite, in turn, is 
controlled by the chemical reaction between mackin- 
awite and H f  (adsorption reaction [5]). and by the 
transport of ~ r o n  hydrosulfide ion (FeSW'), desorbed 
from the nlackinawite surface, illto the bulk solution 
(eq. [7]). The kinetic data seem consistent with the 
following tnecha~~ism : 

fast 
[61 FeSHi(,,,, *FeSHT,,,,,,,, 

slow 
[71 

d 
FeSH-,de,orbl- FeSH+,,,,,,, 

fast 
PI FeSH+,,,,,,, Fez+,,,,,, t- HS 

n here ads stands for adsorbed and desorb stands for 
desorbed. However, the following sche~ne with Fe2+  
diffusing away froin the interface illto the bulk is also 
co~isistent with our data, i.e. ki~letically indistinguish- 
able from the first mechanism. 

slow 
[91 FeS(m,ck) + H+ e FeSHt(,,,, 

fast 
1101 F ~ S H + ( , W  Fe2-,,,,, t Hs- ,,,,,, 

slow 
[I21 

F ~ t h e i  FeSH - or Fe2 " may be the dlff u s ~ n g  specles 
(eqs [7] or  [12]) In the transport process We prefer 
eq [7] ,  \$lth FeSH' diffusion, over eq. [I21 because 
of the dlffetence 111 the values of the d i f f u s ~ o ~ ~  coeffi- 
c ~ e n t  of the dlffus~ng specles from that for Fe2+ given 
in the literature Also, as d~scussed prev~ously, ab- 
corpt~on spectla suggest that FeSH ' 1s the r~nportant  
species a t  pH 4 0 In aqueous H2S solut~ons. 

Iron release rates a t  hlgher ternperatures and 
h~gher  H,S pressures are cornpl~cated by conversion 

of nlackinaulte to other phases The morphology 
and eroslon-corros~on behav~our of :ron sulfides a t  
120 C and I 6 MPa H2S pressure, as a function of 
Auld velocity, w ~ l l  be d~scussed in a separate report 
(3 2). 

Summary 
FeSH' is lacking, it is suggested that thk dissolved The release rate of iron from carbon steel discs 
iron species in H2S solutions is FeSHt .  rotating in aqueous H2S solution is governed by the 
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rate of dissolution of mackinawite, the first product 
of corrosion formed at the surface. The dissolutio~l 
rate is controlled by the chemical reaction between 
mackinawite and hydrogen ion, and by the transport 
of iron hydrosulfide ions (FeSH') from the solid- 
liquid interface to the bulk so lu t io~~ .  The maximum 
rate of release of iron at 22°C and 0.1 MPa H2S 
pressure is 7.4 i 0.5 ymol/m2 s, which is - 20 
times higher than the measured dissolution rate of 
troilite and more than 1000 times higher than the 
dissolutio~l rate of pyrrhotite and pyrite, ruling them 
out as major contributors to the iron release from 
carbon steel discs. At 22'C the diffusion coefficient 
of the complexed ferrous ion (FeSH') is (1.4 
0.2) x m2/s and the activation energy for the 
diffusion process is 25 -i: 7 kJ/niol. The chemical 
reactlon occurring at the surface has an  activation 
energy of 77 f 14 kJ/mol. 
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The role of electron-phonon interaction and non-Gaussian transport in spectral changes of 
trapped electrons in glasses1 
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K ~ I C H I  FLNABASHI and W I L L I A ~ I  H. HA MIL.^. Can. J. Chem. 57, 197 (1979). 
The continuous-time-random-walk (CTRW) model which was developed for electron 

scavenging reactions in polar glasses is extended to the phenomenon of spectral relaxation of 
electrons in shallow traps e ,  in a wider range of systems. The central role of electron-phonon 
coupling in understanding the initial electron localization, the "pre-existing trap", and electron 
transfer processes are emphasized. The reactivity of e ,  with scavengers, including protons, is 
discussed in terms of the theory of multi-phonon non-radiative transitions. 

KOICHI F L ~ A B A S H I  et W I L L I A ~ I  H .  H A ~ I I L S .  Can. J .  Chem. 57. 197 (1979) 
On a etendu le modele de la marche aleatoire en temps continu (CTRW) qui avait ete 

developpe pour les reactions de piegeage d'electrons dans des verres polaires au phenomene de 
relaxation spectrale des electrons dans des pieges superficiels, e,- ,  dans un do~naine plus large 
de systemes On met en relief le r61e central ~ L I  couplage electron-phonon pour la comprehen- 
sion de la localisation initiale de l'electron, "le piege pre-existant", et les processus de transfert 
d'electrons. On discute de la riactivite des e,- avec les pieges, y compris les photons, en termes 
de la theorie des transitions non-radiatives multi-phonons. 

[Traduit par le journal] 

Introduction alternative decay mode using the continuous-time- 
The time dependence of optical absorption spectra random-walk (CTRW) model (6). 

for localized electrons in glasses involves two related The purpose of this work is to demonstrate that 
problems. Since there are often at  least two spectral the CTRW model is applicable to both spectral 
regions (1 ,  2) ,  visible and infrared, for the optical relaxation and electron scavenging in a wider range 
response of the localized electrons, one must first of systems than those previously studied. 
understand the physical origin of the spectral dif- There are two objections to the tunneling mecha- 
ference. Does the spectral difference represent two nism. One is that the barrier-penetration model for 
distinct localized states or alternatively reflect two tunneling is a "gross oversimplification" of the 
distinguishable stages of a continuous dielectric correct description of the two-site (i.e. a solvent trap 
relaxation process around the localized charge ? A and the acceptor) electron transfer process, according 
recent paper by Walker (3) deals with this interesting to Jortiler (7) .  The second is that there is experi- 
problem. For some aqueous glasses, Buxton, Gillis, ~nenta l  evidence that electron scavenging is not a 
and Klassen (BGK) (4) have demonstrated that the simple two-site electron transfer process, but requires 
infrared (e,-) and visible (e,-) electrons belong to electron transport involving both deep ("visible") 
chelnically distinguishable states because of the and shallow ("infrared") traps (8). For the con- 
difference in their reactivities with electron scav- version e ,  4 e,-, deep traps simulate the role of 
engers, the fully solvated electron being more scavengers, as mentioned previously (9). 
reactive. The correct description of the two-site electron 

The second problem is related to the time- transfer process has been given by the theory of non- 
dependent intensity of spectral response in each radiative transitio~ls (10-12). The same theory is 
region. The decay mechanism which is commonly also applicable to the electron jump process between 
accepted among radiation chemists is that of electron two solvent traps in the description of electron 
tunneling between the acceptors and the initial trap transport. Although the relationship between the 
sites, without involvi~ig any electroll transport among individual jump rate and the overall transport co- 
the intermediate sites ( 5 ) .  We have suggested an  efficient in disordered materials is quite complex (13), 

IThe research described herein was supported by the Ofice of 
the magnitude and temperature dependence of the 

Basic Energy Sciences of the Department of Energy, This is jump rate up0n the nature of the 
Document No. NDRL-1891 from the Notre Dame Radiation electron-phonon interaction: in addition to the 
Laboratory. electronic tunneling factor. I t  is important to realize 

0008-4042/79/020197-lOSO1 .W/O 
1979 National Research Council of CanadaIConseil national de recherches du Canada 
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that, in the absence of electron-phonon interaction, 
electron localization itself does not take place, 
excluding the possibility of radiative transitions from 
quasi-free to localized states, and also the electron 
transfer between localized electron states does not 
take place. The electronic tunneling factor alone does 
not lead to physically meaningful electron transfer 
but gives only an  oscillatory electron motion. 

In polar molecular aggregates, the electro11-phonon 
interaction may involve both long-range low-fre- 
quency medium modes and short-range high-fre- 
quency molecular modes. These interactions are 
operative uniformly throughout the system in the 
scale of intermolecular separation. Consequently, in 
the description of electron scavenging reactions, for 
example, it is difficult to accept the notion that a 
localized electron in the solvent is transferred (or 
"tunnels") directly to the scavenger molecule regard- 
less of the separation distance. 

If localized electrons are located at  special sites of 
the system, such as F centers in ionic crystals or doped 
donors in semi-conductors (14), direct transfer to 
scavengers is a reasonable mechanism. 

I t  is also important to distinguish the transient 
electron dynamics from that at  thermal equilibrium, 
where the electron distribution function is given by 
the Boltzmann function. In the theoretical analysis of 
pulse-irradiated systems, we must cope initially with 
the electrons which are not necessarily in equilibrium 
with phonons, namely, with unrelaxed electrons. The 
transient currents of unrelaxed electrons are in 
general significa~ltly large over an  extended time 
period in amorphous solids, even though the long- 
time equilibrium currents are negligibly small. 

In our understanding, the so-called visible and 
infrared electrons are not characterized simply by 
the difference in the degree of orientational polariza- 
tion of surrounding medium, but are qualitatively 
different species in the sense that they could belong 
to  different kinds of sites (e.g. alkane region and O H  
region in alcohols) or could be localized by different 
phonon modes (visible electrons by high-frequency 
intramolecular mode and ir electrons by low-fre- 
quency medium modes). However, both visible and 
ir electrons could deepen their trap depths by a small 
amount (-0.1 eV) by the orientational polarization 
a t  sufficiently high temperatures (2 77 K). 

Electron hopping does not require "pre-existing 
traps". The electron moves concertedly with the 
localized deformation of the medium at  low tempera- 
ture. The configuration of the medium rearranges 
itself adiabatically by electron-phonon interaction. 
The electron remains localized throughout. Disorder 
of the medium ensures randomness among the sites 
and some produce much more deeply trapped 
electrons than most. 

The notion of the pre-existing trap is a source of 
extensive misunderstanding in radiation chemistry. 
If the pre-existing trap is defined as a site at  which 
there is no change of molecular configuration im- 
mediately before and after electron capture, then the 
non-radiative transition rate from the quasi-free state 
to the trapped state at  such a site is negligibly small. 
When the molecular configuration of the acceptor 
site does not change upon electron capture there is 
an absence of electron-phonon interactions and 
there is no  way to dissipate the excess electronic 
energy. Despite the dilemma in the definition of the 
pre-existing trap, our physical intuition tells us that 
electron localization in highly disordered ~uaterials, 
such as aqueous glasses, must be efficient and even 
activationless at  low temperatures. A plausible argu- 
ment for this intuition will be presented in a later 
section. 

Finally, the diffusive motion (or hopping) of an 
electron in the CTRW model is not the same as 
classical diffusion in which the jump distarrce and 
the jump frequency are constant throughout the 
system. Reflecting the disordered structure of the 
system, the jump distance and the energy barrier 
fluctuate from site to site, causing a highly non- 
exponential decay, even under the assumption of 
usual first-order ho~nogeneous kinetics (1 5). On a 
phenomenological level, this is equivalent to saying 
that the diffusion constant for the electron is time- 
dependent until all the electrons in the system settle 
down to the lowest levels at  thermal equilibrium. 
The electron mobility at  thermal equilibrium in 
aqueous glasses is expected to be negligibly small. 
Our model does provide for the finite transient 
mobility. 

Rate Constatzt for Electron Sca~'enging 
We present here a more detailed derivation for the 

electron scavenging rate expression according to the 
CTRW model from that obtained previously (6). 
The system of interest consists of trapped electrons 
and acceptor sites, e.g. scavenger molecules, whose 
concentration is far in excess of that of electrons. 
Assuming that the reaction is diffusion controlled, 
we are interested in calculating the number of 
electrons arriving at  scavengers per unit time. Mathe- 
matically, this is equivalent to  the problem of calcu- 
lating the flux of walkers (scavengers) arriving at  the 
origin (electron) for the first time. Since the position 
of the electron is fixed, diffusion motion of walkers 
(scavengers) corresponds practically to that of the 
electron itself. 

Let us assume that each point of the lattice, taken 
arbitrarily as cubic, is initially occupied by a walker. 
Then the flux of the walkers arriving at  the origin for 
the first time, I ( t ) ,  is related to the time-dependent 
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FUNABASH1 AND HAMILL 

rate constant for scavenging, k(t), which is defined 
as the same flux for unit concentration of walkers 
(scavengers), by 

where a is the lattice constant. 
The number of trapped electrons a t  t ,  n i t ) ,  is 

given by the usual first-order equation, 

123 a(i)/na = exp [- C Jot k(t) di]  

where is the in~tial  number of trapped electrons 
and C, 1s the scavenger concentration. 

The flux I(t) may be calculated by the theory of 
random walk in the following way. If the jump time 
for each step is a constant r ,  then [3] is obtained 

C ~ I  [ ( t )  = 1 F,,(s)b(t - nr) 
11 ,5 

where F,(s) is the probability that the walker reaches 
the origin for the first time in n steps, starting from 
the lattice point s. The delta function in [3] indicates 
that walkers reach the origin only at times which are 
integral multiples of the jump time r in this case. In 
order to generalize the flux calculation to the case of 
multiple-jump times, it is convenient to introduce 
the following generating functions, 

r* 

c41 F(S,Z) = 1 F,,(S)Z~~ 
n =  1 

and 

where P,,(s) is the probability that the walker is at  the 
origin after n steps (not necessarily the first time), 
starting from the lattice point s. These generating 
functions satisfy the following equalities (16) 

and 

In the case of a single jump time r, eq. [3] leads to 
essentially the same result (17) as that of the usual 
diffusion treatment, namely, I ( t )  becomes time- 
independent after a few steps. 

Let us now assume that at  each lattice point the 
walker has a choice of jump time from a set of jump 
t i ~ e s ,  r,,  r,. ..., with corresponding probabilities, 
C,,  C,, .... Namely, the walker jumps to adjacent 
sites in jump time T, with probability C , ,  which is 
normalized as 

In this case, the flux is given by 

where 

11 01 1 ni  = n 
1 

The summation over n in eq. [9] includes all possible 
combinations of 11, with the restriction [ l o ] .  Using 
the relationships 

and 

cq. [9] can be written as 

At this point, let us assume that the jump time r ,  
has a continuous spectrum so that 

where $(r) is a continuous jump - time distribution 
function. The rhs of [14] is the Laplace transform of 
$ ( T ) ,  so that we define 

Using eqs. [4], [13],  [14],  and [15], 

Equation 1161 is equivalent to 

where, in the last step, eqs. [ 6 ]  and [7] are used. 
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Slnce the gelierat~ng funct~on P(s,z) is a property of 
the latt~ce, the effect of the d~sordered structure 
comes only from $(u) or $( t ) .  By analyzing the 
transient photocurrents In amorphous films, Scher 
and Montroll (18) discovered that the following 
asyinptot~c form for $( t )  describes the experiment 
best, 

[ I S ]  $ ( t )  - [ A ~ ' + " T ( I  - x)]- '  O < C X < I  

where T is the gamma function, A and x are constant 
parameters. The corresponding asymptotic form for 
+(u) is given by 

[I91 +(u) - I - uU/A z - +  1 

Using eq. [16]. one gets 

Pol P(0,z) + 1.5 16 z +  I 

The time-dependent flux has the form 

Using eq. [I]. the time-dependent scavenging rate 
constant is given by 

[23] k ( t )  - a3PAt"- ' /T(x) = Bra-' 

Substituting eq. [20] into eq. [2] ,  one gets 

[24] In In (r~,,ln(t)) = In (BCJcr) + cr In t 

U p  to this point of derivation, the scavenging 
reaction is assumed to be diffusion-controlled. A 
more general model allows jumps to the reacting site 
which have probability p for reaction and probability 
( I  - p) for survival to jump away from the reaction 
site. As far as the long-time asymptotic flux is 
concerned, this probability of reaction will simply 
scale down the magnitude of B in [24] (17). The 
parameter B therefore depends upon the nature of 
the solvent as well as that of the scavenger in general. 

Equation [24] was the basis for analyzing the 
scavenging of trapped electrons in our previous work 
and will be applied to a wider class of systems and 
phenomena in this work. 

The physical origin for the jump-time distribution 
[18] is the fluctuation in jump distances and trap 
depths. Scher and Montroll (18) neglected the latter 
fluctuation. Therefore, in the spirit of Scher and 
Montroll, the parameter cc can be independent of 
temperature at  sufficiently low temperatures because 
of the possibility of phonon-assisted tunneling. In 
general, one expects some kind of temperature 
dependence of cr when the fluctuation in trap depth 
is included. It is not possible to predict the detailed 
form of temperature dependence without further 

specification of the statistical characteristics of the 
disordered structure itself. However, from the general 
structure of the continuous-time-randoni-walk, one 
can say that the temperature dependence of the decay 
kinetics will manifest itself on a relatively longer 
time scale of observation when the electrons i11 
deeper traps begin to participate in the decay 
kinetics, while a t  earlier times the electrons can 
choose fast and easy passages towards the sink so 
that the temperature dependence is likely to be weak 
or  even absent. 

Experimentally, cr is sensitive to the details of 
sample preparation and quantitative reproducibility 
from one laboratory to another is not to be expected. 
The preparatio~l of glasses by plunging samples into 
liquid nitrogen and omission of annealing are prob- 
ably responsible for much of the dispersion (small Y) 

which has been observed. 
In analyzing the decay of trapped electrons in deep 

traps, eSp,  the sinks are the scavengers, while for the 
spectral relaxation of the electrons in shallow traps, 
e,-, the sinks are the deep traps themselves for 
undoped systems. As we deiuonstrate later, the 
reactivity of e ,  with some scavengers is r n ~ ~ c h  less 
than that of e,-. 

The preceding considerations apply to the recom- 
bination of coulombically correlated charge pairs 
but there is a superiinposed time-dependcnt effect 
arising from the initial radial distribution. In the 
followi~lg section we have tried to avoid experimental 
results which involve this complication. 

Experimental Evidence 

Theie are inally data In the early literature of 
trapped electrons In organic glasses ~ h ~ c h  prov~de 
qua l~ ta t~ve  ~llformation for the electron tiansport 
process. Unfortunately the zero-time qield is usually 
unknown for y irradiation Thrs probleln is not 
serlous for lnethyltetrahydrofuran (MTHF) at  77 K 
because decay of e,- 1s very slow 111 the undoped 
system The epl data of S m ~ t h  and P ~ e r o n ~  (19) can 
be fitted by eq. [24] but it 1s not clear whether the 
rate-controll~ng p~ocess  ~nvolves t~ap- to- t iap  hop- 
ping or  recombination of coulombically correlated 
charge pairs. 

Partial but convincing support for the applic- 
ability of Scher-Montroll CTRW theory is provided 
by measurements of elects011 drift inability in M T H F  
at  77 K by Huang ei nl. (20). Following 8 ys light 
pulses, the arrival of electrons at  the anode tailed for 
-250 ps after a nomii~al  transit time of 130 ys. The 
basic requireme~lt for application of S-M theory is 
satisfied since electrons must be trapped, detrapped, 
and retrapped. The initial traps are abundant and 
shallow and a distributioil of trap depths assures a 
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FUNABASHI AND HAMILL 20 1 

gradual increase of trap depth. The transport is 
activated in the range 36-77 K with E = 0.0035 eV. 
There is little or no temperature dependence between 
30 and 4 K.  

Kevan (21) found that the photobleaching quan- 
tum efficiency in y-irradiated M T H F  is very small at 
>900 nnl and maximizes at 520 nm, both at 4 K 
and 77 K, but the efficiency is still only -0.2. The 
amplitudes of the maxima are substa~ltially equal. 
This result implies that retrapping photoelectrons by 
the ~natrix is activatiollless in this range of tempera- 
ture. 

Time-dependent electron solvation in 32 mol:{ 
methanol - 68 m o l z  MTHF by Ogasawara et al. (22) 
following 40 ns pulses contains features of particular 
interest. One is that the system clearly contains a 
greater variety of traps than either pure component. 
Absorbance A is initially greatest at - 1250 nnl and 
later is greatest at -600 nm at 109 K. Another is 
that the absorbance decay is nearly first order at 
116 K but deviates considerably beyond - 507; decay 
at 106 K. Also, there is optical evidence for inter- 
mediate solvation configurations. The authors con- 
cluded that the results did not support electron 
tunneling and accepted diffusive reaction of the 
electron with methanol clusters, involving more than 
one step. These features are qualitatively those 
needed for applyiilg the CTRW model, although a 
somewhat lower temperature is certainly desirable. 
Data have been taken from the smooth curve 
reported for 106 K (22) and are presented in Fig. I .  
The results suggest that after a short transition 
period, for which the decay seems to be nominally 

- I  

- 13 - 12 - 1 1  - 10 
I n ( t )  s 

FIG. 1. The dependence of the optical absorbance A at  
1250 nm on time for 32% methanol - 6 8 x  MTHF at 106 K 
from the data of Ogasawara et  a/. (22). The slope is 0.80. 

FIG. 2. The dependence of the epr signal amplitude S on 
time for 3MP containing 4.6 m o l z  trimethylamine and 
2 x l o 2  mol?, TMPD at 77 K following 60Co-irradiation ( 0 )  
and photo-ionization (8 )  from the work of Lin e t a / .  (24). The 
slopes are 0.5 1. 

first order, the decay does follow the CTRW model 
which is most clearly exhibited at long time. 

There are few data for 3-methylpentane (3MP) in 
the range > 1 s which are useful here but a simple 
qualitative demonstration of e t -  migration is of 
interest. Photoionization of 2 x tetramethyl- 
p-phenylenediamine (TMPD) in 3MP with 0.207, 
biphenyl at 77 K was followed by linear increase in 
anion absorbance A with decrease in e,- absorbance. 
No  measurable recornbillation occurred (23). The 
value of A,(e,-) cannot be estimated easily, but 
A,($,-) can be. The plot of 111 ln A,/(A, - A,) for 
4,- VS. In t (not shown) is adequately linear with 
a = 0.41. 

Lin et a/ .  (24) used 3MP containing 4.6 mol';', 
trimethylamine (to retard decay of e,-) with 0 and 
2 x 1OP2z  TMPD. After y irradiations at 77 K ,  
decay of e,- (measured by epr) is expected to arise 
almost entirely by impurity trapping on TMPD (23) 
and eq. [24] should apply. The decays of e t -  follow- 
ing y irradiation and photoionization are compared 
in Fig. 2. Signal amplitudes S were in arbitrary units 
and the zero of time used here is that reported. The 
decay is slower than for 3MP alone and only the 
comparison of the two curves is considered signi- 
ficant. The slope, cr = 0.51, is not affected by the 
mode of ionization. 

Klassen, Gillis, and Teather (25) have measured 
spectral changes in 3MP and 3-methylhexane (3MH) 
at 76 K following pulsed irradiations. There was 
rnarked decay of absorbance at 2240 nm and there 
was no growth of absorbance at any wavelength for 
both systems. Since decay a t  1500 nm, near the 
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maximum of the relaxed spectrum, was much less 
than that at 2240 nm, it is possible that the spectral 
relaxation consists of a transfer of e ,  from shallow 
t o  deep traps. Usi~ig the data for 2240 nm: where 
there is little overlap from the relaxed spectrum, the 
results in Fig. 3 yield slopes of a = 0.1 1 and 0.12 for 
undoped 3MP and 3MH from the curves in their 
Figs. 4 and 2, respectively. 

In 3MP doped with 3.4 m M  biphenyl, an electron 
trap, the slope for decay of 2240 nm absorption in 
Fig. 3 is 0.14. From the correlated growth a t  410 nm 
due to biphenyl anion in Fig. 3, a = 0.10. These 
data are taken from their Table 1 ,  using A = 0.390 
a t  2240 nm and A = 0.397 at 410 nm. From this line 
and that for undoped 3MP, A In (BClx) = 0.42, and 
C(biphenyl)/C(3MP) = 1.5, or C(3MP) = 5.2 m M ,  
where C(3MP) represents the "concentration" of 
self-trapping sites. 

Decay of absorbance for e,- at 2240 nm in both 
doped and undoped 3MP and growth of the anion, 
both characterized by c ~ .  = 0.11, provides evidence 
that decay at 2240 nm involves migration by hopping 
on a rather long time scale. 

Measurements of mobility in 3MP by time-of- 
flight correspo~ld to a diffusion coefficient - 
cm2,'s (26). Consequently the states which contribute 
to  the more inobile species are not those involved in 
the spectral decay just discussed. The two processes 

FIG. 3. The decay of absorbance in undoped 3MP (0) and 
3MH ( g )  at 2400 nm and 76 K after pulsed irradiation. 
Similar data for 3MP containing 1.4 m M  biphenyl at  2240 nm 
(m) and grdwth of biphenyl anion at 410 nm (b) ,  from the 
work of Klassen et crl. (25). Slopes are 0.10,0.11,0.12, and 0.14 
in order, top to bottom. 

are qualitatively, but not quantitatively, similar. It 
must be remembered that only a quite small fraction 
of the electrons present contribute to the measured 
current. They occupy o111y the shallowest traps and 
observations are limited to events at < s. 

After - 130 ns electron pulses at 76 K,  Kevan 
observed that the absorba~ice at 1400 nm in C 2 H , 0 D  
decays linearly in In ( t )  from - lo-' to - s 
(27). In  C 2 D , 0 D  + 20 mol% D 2 0  the decay at 
1300 nm is very similar and the slopes are the same. 
Comparable results were obtained at 1800 nm and 
1700 nm with slopes unchanged. Choosing the mea- 
surements at 1400 nm for C2H,0D and 1300 Iim for 
C 2 D , 0 D  + D 2 0  which are close to IL,,,,, the data 
are presented in Fig. 4 in terms of eq. [24] with 
slopes 0.28 and 0.22. 

Miller et al. (28) have examined several undoped 
alcohols at 77 K in the range to 10's after 
pulsed irradiation. At the longest wavelength, 950 nm, 
the decay does not conform to eq. [24], suggesting 
that more than a si~igle species of e ,  is involved. 
The growth for ethanol at 550 nm has been chosen 
for examination because only one spectral com- 
ponent is expected, because there is an adequate 
range of absorbance and because there are no 

FIG 4 The decaq of absorbance of e, at 1400 nm in 
C2H,0D (0) and at  1300 nm for C,D,OD 1,20z DD,  (A), 
both at 76 K after - 130 ns pulsed ~rradiations, from the work 
of Kevan (27) The slopes are 0 28 and 0 22. 
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significant irregularities, such as appear for some of 
the other data. Results appear in Fig. 4. 

Klassen er al. (29) have measured spectral shifts in 
cthanoi a t  76 K .  Their results for decay of e,- at 
1400 nn1 are not well described by eq. [24] when A,  
is taken as the measured value f r o n ~  their Fig. 3. For 
the yield at 200 ns after the onset of a 140 ns pulse, 
GE = 3.14 x lo4 where G is the nu111ber of electrons 
per I00 eV and E is the extinction coefficient in 
M - I  cm-l.  We find some improvement for GE = 

4.2 x 10" at time zero. Results treated in this way, 
interpolated from their smooth curve, also appear 
in Fig. 5. The slope, 0.20, agrees adequately with the 
results from Miller et 01. (27) with slope 0.18. 

Data for decay of e,- at 750 nni in methanol/water 
(9515) at 77 K ,  reported by Kcvan (30), are included 
in Fig. 5. 

Ogasawara and Kevan (3 1 )  have examined electron 
solvation kinetics in ethanol containing 0.1 M NaOH 
from 83 to 123 K by ruby laser photoionization of 
5 x M P-naphtholate. Decay at 123 K was 
simple first order. The more complicated decay at 
lower temperatures was attributed to a molecular 
reorientation ~iiechanism. The results for growth of 
solvated electron absorption at 580 n ~ n  following 
-20 ns ruby laser pulses appear in Fig. 6, for 
A ,  = 0.196, at 108.0, 98.0, 92.8, 87.7, and 83.1 K 
(from top to bottom), the slopes being 0.134, 0.104, 
0.099, 0.081, and 0.062. Although there are no data 
for 77 K, a is expected to be very much less than the 
values from Fig. 5. The difference is probably caused 

by the presence of 0.1 ;M NaOH and an increased 
dispersion of trap depths. 

Data for decay of e,- in I-propanol at 1300 nm 
and growth of es- at 500 and 550 nm, all at 77 K, 
have already been published (9). For all alcoholic 
systems examined, u - 0.2 for both growth and 
decay. excepting Fig. 6. 

Miller ( 5 0 )  has ~neasured the spontaneous decay of 
absorbance at 750 and 875 nnl for undoped aqueous 
6 M NaOH at 77 K following pulse irradiation. 
Some of this oscillator strength was transferred to 
the 400-500 nm region where there is no decay. 
Although A is approximately linear in In t at both 
wavelengths, the slopes are not equal. These data are 
presented in Fig. 7 in terins of eq. [24]. The curves 
have the same intercept and are parallel with slope 
cz = 0.11. Therefore, one initial state, one final state. 
It has already been shown that nearly equal slopes 
have been obtained for decay a t  550 nm and 77 K 
for the same matrix doped with electron acceptors 
(6). The value of cz does not depend upon the 

0.4 

FIG. 5. The growth of optical absorbance of e,- in ethanol FIG. 6. The decay of e,; at 580 nm at 108.0,98.0,92.8, 87.7, 
at 550 nm (@) from Miller rt rrl. (28); decay of e,- in ethanol and 83.1 K (top to bottom) in ethanol containing 0.1 M 
at 1400 nni (B) from Klasscn et a / .  (29); decay of e,- in 95 NaOH following -20 ns ruby laser photoionization of 
methanol - 5 water at 750 nm (0) from Kevan (30), all a t  5 x l W 4  M fl-naphtholate ion. The data are taken from the 
77 K .  The slopes are 0.20, 0.18, and 0.17, in order. nark of Ogasawara and Kevan (31). 
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of these effects. For simplicity. assume that the only 
effect of the electron-~honon interaction is to shift 

FIG. 7. The decay of e,; in 6 M NaOH at 750 nm and 
875 nni at 77 K from the work of Miller ( 5 0 ) .  The slopes are 
0.12. 

impurity or its concentration, although the rate of 
decay increases with increased concentration. 

Pulse photoionization of -{-irradiated glassy 10 1Z;r 

NaOH has been used by Huang et 01. ( 3 2 )  to measure 
electron mobility from transit times. Long current- 
time tails were attributed in part to weak trapping. 
The onset of this decrease was best resolved empiri- 
cally on a log (time) scale. This evidence supports 
the dispersive hopping transport mechanisnl in 
alkaline glasses, including earlier work on trapped 
electron scavenging (6). 

Discussion 

Self-trapping Process it7 Disordered Media 
The self-trapping process involves a radiationless 

transition from the quasi-free state to a localized 
electron state. In the Introduction, it was pointed 
out that the so-called static pre-existing trap cannot 
capture an  electron II~II-radiatively. T o  elaborate in 
terms of a schematic diagram shown in Fig. 8a, the 
total energy of the system (i.e. an  excess electron plus 
the medium) is plotted against the configuration 
coordinate which characterizes the inter- and intra- 
molecular configurations around the trap. The pre- 
existing trap implies that the energy minima for the 
quasi-free state (curve I) and the trapped state 
(curve 11) have the same equilibrium configuration 
R,, and the same curvature. The transition rate for 
1 -. I1 would be zero, because the vibrational overlap 
is equal to zero due to the orthogonality of the 
vibrational wavefunctions. In order to have a finite 
transition rate, it is essential to destroy the ortho- 
gonality of the vibrational wavefunctions between 
the initial and final states. This can be achieved 
either by displacing the potential mininlurn of curve 
I1 with respect to that of I or changing the curvature 
(the force constant) of the curve 11. In general, a 
finite coupling between the electron and the nuclear 
motion (i.e. electron-phonon coupling) causes both 

the potential minirnum~"displaced oscillator model'.). 
as s h o ~ n  in Fig. 8b. Because of the non-orthogonality 
of vibrational wa\!efunct~ons for curves I and 11. the 
transition rate is now non-vanishing. I t  can also be 
seen that the displaced oscillator model predicts a 
finite energy barrier (activation energy) for the self- 
trapping process. Toyozawa (33)  has already pointed 
out the presence of a finite activation energy for 
self-trapping by a finite-range deformation potential. 
If the thermal trap depth, E, of Fig. 8b, is constant 
throughout the system, self-trapping would be in- 
efficient at  low temperatures ( -  77 K) for a barrier 
he~gh t  of - 2  kcal. When there is a fluctuation in the 
trap depth from site to site because of the disordered 
structure of the system, the crossing point of curves I 
and I1 can fall In the zero-point vibrat~onal amplitude 
of curve I at  certain sites, as shown by the dotted 
curve in Fig. 86. The self-trapping process would be 
activationless and quite efficient. It depends upon 
the statistics of the energy level distribution for the 
localized states. Physically, this means that certain 
sites trap electrons much more efficiently than other 
sites which have a finite barrier. The essential 
physical feature which is required for these preferred 
trapping sites is provided by the disordered structure 
of the medium. Crystals at  low temperature do not 
trap electrons efficiently. 

The preceding discussion of non-radiative transi- 
tions to deeper traps has not included consideration 
of dipolar relaxat:on of the medium (34). Such a 
~nechanism is quite plausible for localized electrons 

FIG. 8. (u) A schematic energy diagram for the quasi-free 
state I and the trapped state 1 1 ,  as a functioil of configuration 
coordinate. The transition probability for I -t 11 is zero in this 
case. (0) A schematic energy diagram for the quasi-free state 
I and the trapped state 11, when there is a finite electron 
phonon interaction at the trapping site. The transition 
probability for I + I1  is non-zero, due to the non-orthogonality 
of ibrational wavefunctions for I and 11. Because of the energy 
fluctuation for the state IT from site to site, there is a finite 
probability of finding a site where the curve crossing falls in 
the zero-point amplitude of curve I,  as shoan by the dotted 
curve. Such a site t r a x  the quasi-free electron preferentially. 

I 
a 1 R o  

b 

Configuration Cmrdlnote C o n f i g u r o t ~ o n  Coordinate 
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in liquids but it is not clear that it makes a ineasurable 
contribution in rigid glasses at  low temperatures. 
Formation of e,- must be triggered by short-range 
electro~i-phonon interactions at  preferred sites ("pre- 
existing traps") since they are observed at  early time 
and low temperature. Relaxation of lnolecular con- 
figurations are expected on this time scale. The very 
small subsequent change in the visible spectrum, 
when it can be fully resolved at  77 K, requires 
either that dipolar relaxation is nearly complete at  - 10-'s, or  that it is not yet appreciable at  > lo2 s. 
Even if the former proves to be correct. our basic 
model for the prilnary localizatioil mechanisn~ is 
unaffected. 

Reaci~e~fre;\ of Lotnllzrcl E k ~ c t ~ o t ~ s  
Accord~ng to the a o r k  of BGK (4), electrons 111 

shallow traps (the ~nfraled electrons, e t - )  In aqueous 
glasses do not react effic~ently \+it11 some electroll 
scavengers, while the solvated electrons fe,-) d o  
react u ~ t h  the same scavengers a t  apprec~able rates. 
For the same scavenger. the reactlo11 of e ,  1s of 
course more exother~nlc than that of e,-. The 
electronic couplillg nlatrlx for e,- becomes smaller 
than that of e,. because of the d~ffuse electron 
wavefunction for e,- .  Furthermore, the fact that e,-  
1s weakly coupled v ~ ~ t l i  Ion-frequencq rnedlum modes 
(1 - 10 crn-l) and e,- is strongly coupled w ~ t h  both 
h~gli-frequency molecular modes and the med~um 
modes, In addl t~on to the extra exothermic~ty for the 
e , -  react~on, all1 make the scavenging rate for e,- 
even smaller compared to that f o ~  e,- 

BGK (4) also ~epor t ed  the si~nllarly remarkable 
difference of react~v~tles of localized electrons n l th  
H,O+ In aqueous glasses. While e t  does not Ieact 
detectably u ~ t h  H,O+, es- reacts ~ ~ t h  H 3 0 t  as 
expected Although the same qua l~ ta t~ve  interpre- 
t a t ~ o n  applies also for this case, one should not 
consider these reactions as simple electron transfer 
processes. Unlike other electron scavengers, the 
hydrated proton rnigrates through an efficient proton 
transfer from one water molecule to another. It is 
well-known that the reaction rate constants for proton 
transfer to anions are very large (35). It is tempting 
to suggest that the reaction mechanism for e,- + 
H,O- + H + H,O is also the proton trailsfer. 
However. the detailed nature of the reaction co- 
ordinate in the potential hypersurface for this reac- 
tion is not clear because of the limited informatioll 
concerning the structural details of e,-. Nevertheless, 
it is qualitati\ely clear that such a possibility exists if 
the electron in a cavity is strongly coupled with high- 
frequency intra~nolecular vibrational modes, thereby 
resembling an anion, in addition to low-frequency 
solvent modes. On the other hand, if the electron is 

coupled weakly with low-frequency solvent inodes 
only, as In the case of e t - ,  there is no effective way of 
dissipating the excess energy in the process of H 
atom formation. The details of electron-phonon 
coupling are also crucial in understanding some 
features of the absorption spectra of solvated elec- 
trons (e.g. width, temperature-dependence, isotope 
effect, etc.) (36). 

It is to be noted that application of the barrier- 
penetration model to the reactions of e,- and e,- 
with electron scavengers or H 3 0 +  would predict 
exactly the opposite result of what was observed by 
BGK (4). 

The time-dependence of spectral intensity for 
trapped electrons can be explained quantitatively 
over at  least several decades of time in a mide range 
of substances. 

The apparent absence of reactivity for e,- with 
some scavengers, including protons, can be under- 
stood qualitatively in terms of the inherent ineffi- 
ciency in converting a relatively large electronic 
energy into a large nunlber of lon-frequency phonons 
by rad~ationless transitions. 

The central role of electron-phonon coupliilg is 
emphasized for understanding the initial electron 
localizatio~i, the meaning of the "pre-existing" trap, 
and electron transfer processes. 

I t  is concluded that the so-called spectral relaxation 
for e ,  in rigid glasses involves both electron trans- 
port among shallow traps and non-radiative transi- 
tions to deeper traps. Dipolar relaxation may occur 
subsequently but it does not affect the basic model. 
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The preparation and properties of some thisacylmethylenethiazolines and isothiazolines 
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D. M. MCKINKON, M. E. HASSAN, and M. S. CHAUHAK. Can. J. Chem. 57.207 (1979). 
Thiazoline-2-thiones and isothiazoline-3-thiones are converted into the 2- or 3-thiophenacyli- 

dene derivatives, respectively, by reaction with phenacyl bromide, treatment with pyridine, 
and thionation. The former conlpounds react with dimethyl acetylenedicarboxylate to form 
mono- and diadducts as well as some decomposition products. Attempts to demonstrate 
valency isomerism in the 3-thiophenacylideneisothiazoline derivatives were unsuccessful. 

D. M.  MCKINNON, M. E. HASSAN et M. S. CHAUHAN. Can. J .  Chem. 57.207 (1979). 
On transforme les thiazolinethiones-2 et les isothiazolinethiones-3 respectivement en derives 

thio-2 (ou -3) phtnacylidene par une reaction avec le bromure de phenacyle, suivie d'un traite- 
ment par la pyridine et d'une thionation. Les premiers composes reagissent avec I'acetylene- 
dicarboxylate de methyle pour former les mono- et les di-adduits de m&me que des produits de 
decomposition. Des essais tentes dans le but de demontrer I'existence d'une isomerie de valence 
conduisant a des derives thiophenacylidene-3 isothiazolines se sont averes infructueux. 

[Traduit par le journal] 

Isothiazoline-3-thiones (1) are know11 to undergo 
cycloaddition reactions with dimethyl acetylenedi- 
carboxylate to provide 2-thioacylmethylenetl~iazo- 
lines (2) ( I ) ,  which react by further I ,4-cycloaddition 
reactions of the exocyclic thioacylmethylene group 
with the reagent to form thiopyranospirothiazole 
derivatives (3). Although under the conditions of 
this reaction none of the thiazoline intermediates 2 
were isolated: two similar compounds, 2-thiophen- 
acylide~iethiazoliiies, were obtained via an alternative 
synthesis. 

T o  provide some further information on the 
reaction of the 2-thioacylmethylenethiazolines (2) 
with acetylenic reagents, some other coinpounds have 

1 
(1 R = Me. R, = Ph. R, = H 
h R = R, = Ph, R2 = H 
c R = Me. R, = pTol. R2 = H 
ti  R = Me, R, = R2 = Ph 

2 
ci R = R, = Ph, R, = H 
b R = Me. R, = pTol, RL = H 
c R = Me, R, = R, = Ph 
d R = Me. R, = Ph, R2 = H 
e R = Me. R2 = Ph, R, = H 
f R = Me. R, ,  R, = (CH=CH), 

3 
( K = Me. R, = R2 = Ph 
ti R = Me. R ,  = Ph. R2 = H 
f R = Me. R ,  R2 = (CH=CH), 

R 

4 
(1 K = K, = Ph. KZ = H 
h R = Cle. R, = pTol. R2 = H 
( R = Me, R, = R2 = Ph 
~i R = Me.  R, = Ph, R2 = H 
e R = Me. R, = Ph. R ,  = H 
f R = Me. R, .  R2 = (CH=CHl2 

been synthesized from thiazoline-2-thiones by the 
procedure outlined below and allo\ved to react with 
dimethyl acetylenedicarboxylate. 

A variety of thiazoline-2-thiones, mostly possessing 
aryl substituents (40-e), were prepared by reaction 
of the appropriate E-halogenated aldehydes or ke- 
tones \vith substituted dithiocarbamic acid salts 
according to known procedures (2). Some of these 
were neiv. In  some cases, as described ( 2 ) ,  the 
intermediate hydroxythiazolidinethiones were ob- 
tained initially but these dehydrated in sulfuric acid 
to the desired compounds. Another method of 
syllthesis used in some cases (4d, e) was the reaction 
of the E-halo aldehyde or ketone with methyl N- 

0008-4042179/020207-06$01.00/0 
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niethyldithiocarba~nate which afforded 3-methyl-2- 
n~ethylthiothiazolium salts. The method is si~nilar in 
concept to one for 1,3-dithiolium salts (3). The 
thione 4f ~ v a s  commercially available. 

To  allo\\ elaboratio~l of the thione function, these 
compounds were then allowed to react with phenacyl 
bromide to provide 2-phenacylthiothiazolium salts 
(5) which on treatment with anhydrous pyridine 

5 6 
r i  R = Me. K ,  = Ph. R2 = H.  (I K = R, = Ph, RZ = H 

COPh = H.  X = CIO, h R = Me. R, = pTol. R, = H 
h R = M e , K 2 = P h . R , = H .  ( R = M e . R , = R z = P h  

COPh = H.  X = I d R = Me. R,  = Ph. R, = H 
C. K = Me. RZ = Ph, R, = H 
f R = Me. R , .  Kz = (CH=CH), 

7 8 
(I Z = S  (I K = R ,  = Ph, Rz = H 
b L =  Nhle  
( Z = N P h  ( R = Me, R,  = R2 = Ph 

d R = Me. R,  = Ph. R2 = H 
e R = Me, R2 = Ph. R,  = H 
f R = Me. R, .  R1 = (CH=CH)? 

were converted into 2-phenacylidenethiazolines (6a- 
f ) ,  according to the procedure of Knott (4). Yields 
were rather iow and the products were contaminated 
with starting thiones, the result of simple dealkylation 
reactions of the 2-alkylthio salts 5. Treatment of the 
cornpounds 6 with phosphorus pentasulfide afforded 
the desired 2-thiophenacylidenethiazolines (20- f ) .  

In an earlier study (1) the reactions of 2-inethyl-5- 
phenylisothiazoline-3-thione (Pa) with phenacyli- 
denetriphenylphosphoraile was reported to  give a 
2-thiophenacylideliethiazoline 2 via an unexpected 
1,3-dipolar reaction. Con~parison of the product 
from this reaction with the thiones 2d and 2e 
prepared above showed its identity with the former. 
Likewise the compound 2b rvas found to be identical 
to the reaction product of l a  with p-methylphenacyli- 
dei~etriphenylphosphorane. 

Alco, treatment of 2,5-diphenylisothiazoline-3- 
thione ( I b )  with phenacylidenetriphenylphosphorane 
gave a small yield of the thione 2a but 2-methyl-4,5- 
diphenylisothiazoline-3-thione ( I d )  failed to react, 
possibly because of steric hindrance. 

Treatment of the above 2-thioacylmethyle~~ethi- 
azoli~ies 2 with dimethyl acetylenedicarboxylate was 
expected to yield spiran derivatives of type 3 as was 

found in the earlier study (I). Thus treatment of 2f 
with 1 equiv. of the ester afforded the expected 
monoadduct 3f as a yellowish oil. When the reaction 
was performed with 4 equiv. of the ester, another 
product was obtained in addition to the mo~loadduct 
3f. On the bases of its spectral data and analysis this 
appears to be a diadduct. Both mono- and diadducts 
were isolated from a reaction of the thione 2f with 
1 equlv. of the ester in dioxane, suggesting that the 
format~on of the diadduct is dependent on solvent 
polarity. Treatment of the  non no ad duct u ith excess 
ester failed to give any diadduct. indicating that it is 
not formed from the monoadduct and that it is 
produced by a competing reaction. Although a 
number of poss~ble structures could be advanced for 
the diadduct, we are inclined to favor a structure of 
type 8f on the basis of similar reactions of thiazo- 
linethiones with the ester (5). This structure is 
consistent Lvith its nmr spectrum. 

Although similar results were obtained from 4,5- 
diphenyl-3-methyi-2-thiophenacylidenethiazoie (2c) 
and diniethyl acetyleneciicarboxylate to yield 3c and 
8c, treatment of 2d with an equi~nolar quantity of the 
ester in boiling benzene afforded three products. The 
first two, ~vhich were oils, appear to be the thione 
70 and the imine 76, respectively. I t  appears likely 
that these may be formed via decomposition of a 
spiran intermediate of type 3d. Such decon~position 
would be possible by electron release from the 
thiopyran ring sulfur allowing ring openi~lg of the 
thiazole ring, and has many siniilarities to reactions 
of other thiopyrans and related co~npounds (6, 7). 
The exact fate of the other parts of the spiral1 has not 
been determined. 

The other product, \vliicli was crystalline, had 
a~ ia lys~s  and spectral data co r~espond~ng  to a dl- 
adduct 8d Slm~lar results were obta~ned from treat- 
ment of 2e, uhlch gave 7c1. 7b,  and the d~adduct  8e 
and fro111 2u w h ~ c h  afforded 7~1 and 8a. Although 7c  
\!auld also have been expected from the react~on we 
were unable to ident~fy ~t in the products 

Applying the above method for conversion of a 
heterocyclic thione function to a thiophenacylidene 
function to the isothiazole series, it should be 
possible to prepare some compounds of the type 9 
which are of some interest in studies on valency 
isomerism. These compounds have some structural 
features silnilar to 1 ,6,6a-SIT-trithiapentalenes and 
although they do not possess the central atom 
capable of valency shell expansion that allows the 
particular symmetry properties of the latter and 
related isosteric con~pounds (8-1 I), it appeared 
possible that they might be capable of acquiring 
some symmetry by rapid valency tautornerism, 
similar to some examples described (12). For this 
study. con~pound 9n appeared suitable. Accordingly, 
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R 
I 

S-N S 

R 1 A%/kARl 
9 

a R = Me, R, = pTol 
b R = Me, R ,  = Ph 
(. R = R ,  = P h  

/ R  
S-NT X- 

R 1 *SCH2COR1 
10 

a R = Me, R, = pTol, X = Br 

/ 
R 

S-N 

R 1 

I1 
( I  R  = Me. R ,  =pTo l  

5-p-tolyl-l,2-dithiole-3-thione, prepared by the meth- 
od of Thuillier and Vialle (13) with some inodifica- 
tion, was converted by treatment with methyl iodide 
then methylamine into 2-methyl-5-p-tolylisothiazo- 
line-3-thione ( l c ) ,  according to known methods 
(14, 15). Reaction of l c  with p-methylphenacyl 
bromide gave 10a which was converted into 9a by 
treatment with pyridine and thionation of the 
resultiiig ketone l l a .  Compound 9a was obtained as 
stable red prisms. The nmr spectrum in deuterio- 
chloroform exhibited the two p-tolyl methyl peaks as 
discrete singlets at  3O'C. In 1,2,4-trichlorobenzene, 
over the temperature range 0 to 190cC, no coales- 
cence of the peaks was observed, although a t  the 
higher range there was some approach of these 
values (to a difference of 0.3 T). This indicates that 
the compound 9u has a rather high energy barrier to 
interconversion of the two identical valency tau- 
toiners, possibly because of the steric hindrance of 
the N-methyl group. The solution exhibited the orig- 
inal spectrum on cooling back to 0°C. 

Similarly the thioiles l a  and l b  were converted by 
reaction with phenacyl bromide, and following the 
above schemes, into 9b and 9c, respectively. These 
reactions are interesting in that although most iso- 
thiazolium salts appear to react preferentially at  the 
ring sulfur atom with carbanions (14, 16), such a 
reaction is sterically ilnpossible with the carbanions 
derived from the salts 10 (Scheme 1) and the sub- 
sidiary reaction site is favored. 

I t  is obvious that compounds of the type 2, 6 ,  and 
8 could exist as geometrical isomers, with the thione, 
ketone, or the sulfide functions, respectively, being 
cis or  trans to the thiazole ring sulfur. The involve- 
ment of d orbitals of this atom would certainly 
favor the cis geometry, as drawn, for the compounds 
of type 2 or  6 but for 8 the case is less certain. 

The nmr spectrum of 6a showed t\\o doublets 
(J = 1.5 Hz) at  2.38 and 2.62 T whereas that of 2a 
showed one doublet (J = 1.2 Hz) at  2.35 r.  The 
other s~gilal is apparently buried In the aromatic 
proton slgnals These s~gnals In 6a are ass~gned, 
respectively, to the exocyclic methine proton and to 
the thiazol~ne ring proton since 6f  shows a s~nglet a t  
2.46 T. 111 2a the ass~gnments cannot be made with 
certa~nty. The magnitude of the J values are co~lsis- 
tent with a five-bond all frat?;, proton-proton cou- 
pling which would be given by cis geometries of the 
compounds 6a and 20. Similar results were obtained 
from the other members of the series. Since the 
formation of the diadducts 8 only involves the 
thione function of 2, it therefore appears likely that 
these may also have a cis geometry. 

For compound 9 also. two geometrical isomers are 
possible but both coulombic and electronic effects 
favor the cis geometry. 

Experimental 
Thin-layer chromatography was performed on Camag silica 

gel D.S.F. 5, supplied by Terochein Laboratories. Develop- 
ment o f  plates, unless otherwise stated, was in benzene. 
Nuclear magnetic resonance spectra were obtained on  a 
Varian 56/60A model spectrometer using, unless otherwise 
stated, deuteriochloroform containing tetramethylsilane as an 
internal standard. Silylation grade pyridine was used in 
reactions. Melting points were obtained o n  a precalibrated 
Thermopan apparatus. 

Preparation of Thiazoline-2-rhiones 14) 
The  general procedure described for other thiones (2)  was 

used with the modification that the initially precipitated 
hydroxythiazolidinethiones were dissolved in 80% sulfuric 
acid. After + h ,  water was added and the thiones precipitated. 
These were recrystallized from benzene or ethanol as pale 
yellow or colorless needles. Three o f  these were new. The  
results are summarized below. 
3,4-Diphenyl-4-thiazoline-2-thione (4a) was obtained as pale 

yellow needles, m p  159°C (72%). Anal. calcd. for C l , H I l N S 2 :  
C 66.91, H 4.09, N 5.20, S 23.79; found: C 66.77, H 4.00, 
N 4.86, S 23.51. 

3-Methyl-4-p-tolyl-4-thiazoline-2-thione (4b) was obtained 
as pale yellow needles, m p  110°C (60%). Anal. calcd. for 
C11H11NS2: C 59.72, H 4.97, N 6.33, S 28.96; found: C 59.78, 
H 4.63, N 6.21, S 29.04. 
4,5-Diphenyl-3-methyI-4-thiazoline-2-thione (4c) was ob- 

tained as colorless needles, m p  178°C (65%). Anal. calcd. for 
C I 6 H l 3 N S 2 :  C 67.84, H 4.59, N 4.95, S 22.61; found: C 67.58, 
H 4.89, N 4.63, S 22.48. 

Other thiazoline-3-thiones (4d- f )  were obtained by  the 
method described (17) or by the procedure below or were 
commercially available. 

Prepararion o f  2-Merhylrhio-3-methyl-4-pkenylrhiazoli~~m 
Perchlorare 1%) 

Methyl N-methyldithiocarbamate (1.21 g, 10 mmol) and 
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TABLE 1. Preparation of 2-phenacylidenethiazoles 6 

Analysis (2) 

Melting Calculated Found 
Yield point 

Compound (7,) ('C) Formula C H N S C H N S 

*Prepared before (4). 

TABLE 2. Preparation of 2-thiophenacylidenethiazoles (2) by thionation of 2-phenacylidenethiazoles 

Analysis (%) 

Melt~ng Calculated Found 
Y~eld point 

Compound Precursor (%) ( C) Formula C H N S C H N S 
~- ~- 

20 6a 54 278-80 CZ3H1,NS2 74.39 4.58 3.77 17.25 74.11 4 .62 3.83 16.99 
2b 6b 65 185* 
2c 6c 45 167 CZ4HI9NSZ 74.81 4.94 3.64 16.62 74.97 4 .69 3.81 16.86 
2d 6d 63 144-145" 
2r 6e 67 210 CI8Hl5NS2 69.85 4.85 4.53 20.62 70.01 4.65 4.51 20.73 
2f' 6f 59 176-177t 

*Identical (mixture mp and ir) with a n  authentic sample (1). 
+Literature (4) nip 175-'C. 

phenacyl bromide (1.99 g, 10 mn~ol)  in ethanol (10 n?L) were with dilute hydrochloric acid, water, and dried over magnesium 
refluxed 24 h. The mixture has  cooled and perchloric acid sulfate. Evaporation gave solid products which were mixt~~res  
(0.5 mL) added. Dilution with ether afforded a pale yellow of phenacylidenethiazolines and thiazolinethiones. These 
precipitate which recrystallised frorn acetic acid as colorless were separated by chromatography. The results are sum- 
flakes, mp 132'C (81Z). Anul. calcd. for C ,  IH lzNS2C10a :  marized in Table 1. 
c 41.05, H 3.73, 4.35, S 19.95, CI 11.04; found: C-40.79, 
H 3.69, N 4.28, S 19.62, C1 10.89. Preparnrioi~ ~f'2-Tl1iopl1ena(:l'lide11<~/hiozolines ( 2 )  

The ketones 6 were treated with aowroximatelv twice their 
Prepcirafion qf3-Metl1~~/-4-pl~c~i1,vlrhimoline-2-tl1ione i4d) 

The salt 5u (320 mg, 1 mmol) in pyridine (10 mL) was 
refluxed 10 min. Dilution with [vater and extraction with ether 
afforded the thione 4d identical (mixture nip and ir) with an 
authentic sample (2) (95%). 

Prepcirotion of 2-Mer/~yltl1io-3-ii1etl1yl-5-p/1e11yIthiazo/i~cii1 
Iodide (5b) 

a-Bromophenylacetaldehyde (1.99 g, 10 nimol) and methyl 
A'-methyldithiocarbamate (1.21 g, 10 nimol) were treated as 
above to afford the perchlorate (50, X = C10,) as colorless 
flakes, mp 127°C (72%). Treatment of this with saturated 
aqueous potassium iodide solution afforded the iodide, 
identical with an authentic sample (17). 

. . 
weight of phosphor~~s  pentasulfide in refluxing benzene for 
4 h. The solutions were filtered, washed with dilute sodium 
bicarbonate solution, and dried over magnesium sulfate. 
Evaporation yielded the thiones as red or orange crystals 
mhich \+ere purified by chromatography. The results are 
summarized in Table 2. 

Reaction of 2,5-D~11enylisotl1iazo/ir1e-3-t/1im wit11 
P/7en~icyli&ne/ri~1I1eny/~1/1osp/iorane 

The thione (269 mg, I mniol) (1) and the phosphorane 
(380 mg, 1 mniol) \+ere filsed together under nitrogen at 180-C 
for 1 %  h. The crude mixture was examined by tlc and a red 
band eluted. Work-up and crystallisation from benzene 
afforded 3.4-diphenyl-2-thiovhenacylidenethiazoline (20) as 
red prisms, mp '278-380 C, identicai (mixture rnp) with those 

Pveparnrion qf'3-.Wetlz~l-5-~1hmylfl~iazolii1~-3-t/1ioi1e i4e) produced by the above method. 
This was vrevared as described (17) from the lnethiodide 

. . 
Pl1cnacy/i&netripI1eny/pIio~r~~I7orun<~ 

Preparation of 2-Phenncy/i&net/1inzolirzes (6) The thione (15) with an equimolar quantity of the phos- 
Equimolar quantities of phenacyl bromide and the thiazo- phorane were fused together as above, ~ l ~ h ~ ~ ~ h  starting 

line-2-thiones (4) were allowed to react as described (4). The thione and tl-iphenylphosphine oxide \vere recovered, no other 
initially formed thiazolium salts 5 were washed with benzene products could be identified. 
to  remove non-salt-like imourities. then treated with aooroxi- 

A 

mately five times by weight of dry pyridine, and refluxed until Reucrion of 2-Tl1iopl7enacylic/enetl1iazo/ines ( 2 j  wirll Diinerhyl 
hon~ogeneous. The mixtures were diluted with water and A C C / J / ~ ~ ~ ( / ~ C Q I ' ~ O , Y J J / ~ ~ E  in Benzene 
extracted with benzene. The benzene extracts were washed Reactions mere performed in dry benzene under reflux for 
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7 h and ~lnder a nitrogen atmosphere using either equinlolar 
quantities, or a threefold excess of ester. Evaporation of the 
solvent yielded oily res id~~es  which were examined by chroma- 
tography over silica gel using a benzene-chloroform 9 : l  
mixture as eluent. The order of elution of bands was thione 
(7a), imine (761, nionoadduct (3), and diadduct (8). The 
results of individual experiments are summarized below. 
Reactions in dioxane Mere performed similarly. 

3-Methyl-2-thiophenacylidenebenzothiazoline (2 f) treated 
with I equiv. of dimethyl acetylenedicarboxylate afforded 3 f 
as a yellowish oil (66%). Ancrl. calcd. for C2,HlsN04S2:  
C 62.11. H 4.47, N 3.29, S 15.06; found :C62 .33 ,H4 .58 ,  
N 3.01, S 14.67. The nrnr spectrum, T :  7.20 and 6.45 (two 3H 
singlets, ester methyls), 6.22 (3H, s, A'-methyl), 3.65 ( lH ,  s), 
2.41-3.29 19H bands, aromatic protons); mass spectruni, iZf+ 
calcd. : 425; found: 425. 

Repeating the reaction with a threefold excess of the ester 
or using dioxane as a solvent gave 3 f (51%) and 9 f (19%) as 
orange plates, nip I6l'C. Aizul. calcd. for C,,H2,N0,S: 
C 59.23, H 4.41, N 2.47. S 11.29: found: C 58.89, H 4.63, 
N 2.61, S 11.09. The nmr spectrum, r :  7.8, 7.34, 6.65, 6.31 
(four 3H singlets, the ester methyls), 6.15 (3H, s, N-methyl), 
2.25-3.10 (10H bands, aromatic protons and exocyclic lnethine 
proton). 

Treatment of 3 f with the ester yielded only unchanged 
material. 
3-Methyl-4,5-diphenyl-2-thiophenacylide1ethiazoine (2c) 

treated as above gave only 3c (40%) for a 1 : 1 ratio of reactants 
and gave 3c (18%) and 8c (26%) for a 1 : 4  ratio of leactants. 
Both of these p rod~~c t s  were oils and were not analysed. The 
mass spectra for 3c IM- calcd.: 527: found: 527. For Sc ;\/I+ 
calcd. : 669: found: 669. 

3 - Methyl - 4 - phenyl - 2 - thiophenacylidenethiazoline (2d) 
treated as above afforded 7a as a yellow oil (30%), 7b as a 
yellow oil (22%); and 8 r  as red plates, n ~ p  175-176°C (182). 
Aizal. calcd. for C15H,204S,  (70):  C 56.25, H 3.75, S 20.00; 
found: C 56.55, H 3.62, S 19.81. The mass spectrum, M -  
calcd.: 330: found: 320. Awul. calcd. for 70: C 60.57, H 4.73, 
N 4.42, S 10.09: found: C 60.69, H 4.81, N 4.16, S 9.73. The 
mass spectrum Mt  calcd.: 317; found: 317. Anal. calcd. for 
C30H27NSZOE ( 8 4 :  C 60.70, H 4.55, N 2.36, S 10.79; found: 
C 60.54, H 4.92, N 2.25, S 10.98. The mass spectrum, M i  
calcd.: 593; found: 593. The nrnr spectrum, r :  7.44, 6.94, 
6.37, 6.10, 6.08 (five 3H singlets, methyl protons), 4.84 ( IH,  s, 
vinyl proton), 3.58 (IN, s, thiazoline proton), 2.41-2.78 (10H 
bands, aromatic protons). 

3 - Methyl - 5 - phenyl - 2 - thiophenacylidenethiazoline (2e) 
treated as above gave 7a (19%) and 7b (26%;). A third band 
afforded a diadduct 8r 1.32z) as orange plates, mp 182-C. 
Anol. calcd. for C3,Hz7NS20,:  C 60.70, H 4.55, N 2.36, 
S 10.79; found: C 61.01, H 4.96, N 2.70, S 11.11. The Inass 
spectrum, M +  calcd.: 593; found: 593. The nmr spectrum, r :  
7.41, 6.89, 6.37, 6.42, 6.10, 6.07 (five 3H, s's, methyl protons), 
4.82 (IH, s, vinyl proton), 3.56 ( lH,  s, thiazoline proton), 
2.38-2.79 (IOH bands, aromatic protons). 
3,4-Diphenvl-2-thiouhenacvlidenethiazoline 20 treated as 

except that thionation was effected in boiling benzene for 4 h. 
Work-LIP of the solution afforded 5-p-tolyl-l,2-dithiole-3- 
thione ( 7 0 3 ,  111p 120iC (lit. (13) mp 120pC). This thione was 
alkylated with methyl iodide in refluxing ethyl acetate. The 
resulting 3-n1ethylthio-5-p-tolyl-l,2-dithioliun1 iodide on treat- 
ment Mith ethanolic methylamine solution (14, 15) afforded 
2-methyl-5-p-tolylisothiazoline-3-thio11e(28'7,)asorange-yellow 
needles, mp 129-130'C from benzene. Aiznl. calcd. for 
C, ,H, ,NS2:  C 69.84, H 5.82, N 7.40, S 16.93; found: C 
69.20, H 5.81, N 7.14, S 16.57. The mass spectrum, 1W+ 
calcd.: 221; found: 221. The nnir spectrum, T :  7.65 (3H, s, 
C-methyl protons), 6.31 (3H, s, .V-niethyl protons), 2.90 (IH, s, 
isothiazoline proton), 2.49-2.71 (4H bands, aromatic protons). 

Prepamtion o f  2-Me1lz~~l-3-p-n1etl1?~lthioplzei1ac~~lider1e-5-p- 
tolylisotl~iirzolittr /9a) 

Equiniolar q~~antit ies of I c  and phenacyl bromide were 
fused together gently for IOmin. The cooled product was 
extracted with hot benzene then the residue crystallised from 
ethanol as colorless needles, n ~ p  175°C (63%). This product 011 

treatment with pyridine as above afforded 3-y-methylphen- 
acylidene-5-p-tolylisothiazoline (11) as pale yellow needles, 
nip 165-C (25%). The product was purified from thionc 
contatninant by chromatography. Thionation with phosphorus 
pentasulfide in boiling benzene afforded a reddish oil which on 
chromatography gave 90 as red prisms, nip 1611C (42%). 
Anal. calcd. for C2,Hl,S,N: C 71.21, H 5.63, N 4.15,s 18.99; 
found: C 71.03, H 5.46, N 4.02, S 18.73. The niass spectrum 
M+ calcd.: 337; found: 337. The nmr spectrum of 9c1 in 
CDCI,, r :  7.61, 7.52 (two 3H, s's, p-methyl protons), 6.32 (3H, 
s, A'-methyl protons), 2.50 (IH, s, niethine proton), 2.93-2.09 
(9H bands, aromatic and isothiazole protons). 

In 1,2,4-trichlorobenzene at 40'C the two p-methyl peaks 
were evident as two singlets at 7.51 and 7.60 r .  At 10OCC, 
these were separated by 0.7 T, and at  190-C, by 0.3 T. No 
further temperature rise could be attempted owing to instru- 
mental limitations. 

2-Mrth~~l-3-fhi~~p/1~~n~cyli~~~~ne-5-pliet~ylisotl1i~rzoline 19b) 
This was made by the above procedure starting from l o  and 

phenacyl bromide. It was obtained as red needles, mp 160°C 
118% overall yield from thione). Anal. calcd. for C l x H I S N S Z :  
C 69.90, H 4.85, N 4.53, S 20.71; found: C 70.25, H 4.66, 
N 4.55, S 20.93. The mass spectrum, IM+ calcd.: 309; found: 
309. 

2,5-Diplienyl-3-tl1iopl1ei1~1cy/idenethiazo/iie 19ci 
This has  niade by the above procedure starting from 16 and 

phenacyl bromide. Violet needles, mp 178-C (21% overall 
from the thione), were obtained. Anal. calcd. for C,,HI7KS2: 
C 74.39, H 4.58, N 3.77, S 17.25; found: C 74.51, H 4.38, N 
4.01, S 17.06. The mass spectrum, M +  calcd. : 371 ; found: 371. 
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JEAPI-PIERRE CORBET and CLAUDE B E ~ E Z R A .  Can. J .  Chem. 57.213 (1979) 
Isoalantolactone and a-n~ethylene-y-butkrolactone here separately treated w ~ t h  NaSPh, 

transformed Into sulfox~des, and rearranged under Pummerer cond~ t~ons  (Ac20 + (CF3- 
CO),O) The Pummerer products were hydrolyzed, ox~d~zed ,  and decarboxylated result~ng In 
the format1011 of 13-norisoalantolactone (w~th nugration of the exo-C(4) double bond Into 
posltion C(4)-C(5)) on the one hand and of y-butyrolactone on the other The lsomerlc 
nor~soalantolactone 17 I S  a startlng mater~al for the synthes~s of '"C-labelled alantolactone, 18 

JEAPI-PIERRI: CORBET et CLAUDE BEYEZKA. Can. J. Chem. 57,213 (1979) 
L'isoalantolactone et 1'2-methylene-y-butyrolactone ont t te traitees separement par NaSPh, 

oxydees dans les sulfoxydes correspondants et transposees dans les conditions de Pummerer 
(Ac20 + (CF,C0)20).  Les produits de Pummerer ont ete hydrolyses, oxydes et decarboxyles 
menant ainsi a la 13-norisoalantolactone (dans laquelle la double liaison en C(4) a migre en 
position C(4)-C(5) d'une part, a la y-butyrolactone, d'autre part. La norisoalantolactone 
isomerisee 17 est un produit de depart pour la synthese d'alantolactone marquee au I4C, 18, 

In a general approach towards the mechanism 
of allergic contact dermatitis (ACD), we have 
undertaken the synthesis of '"C-labelled allergens 
( I ) .  cc-Methylene-y-butyrolactones seemed attractive 
models; since they are widespread in nature, espe- 
cially in the Con~posifae family of plants and in liver- 
worts such as Frullania. Two approaches have been 
chosen: (a )  the synthesis of model cornpounds con- 
taining the x-methylene-y-butyrolactone moiety; (b) 
introduction, through one-carbon degradation, of 
14 C in natural sesquiterpene lactones. This paper 
describes this second type of approach. 

Isoalantolactone 1 is a readily available lactone 
(isolated from /nukt l~rlcniict?~ as a commercial crude 
extract also containing an  isomer, alantolactone). 
The initial idea was to attack the 111ost reactive part 
of the molecule, the methylene group cr to the lactone, 
and to reintroduce it (with a '"C-labelled reagent) 
(Scheme 1). 

Among several ways which have been attempted 
in this laboratory with varying success,' one seemed 
attractive: the Pu~nmerer rearrangement of sul- 

'J. L. Stampf, G. Schlewer, and C. Benezra. Unpublished 
results. 

foxides obtained via Michael addition (2 ,  3) to the 
conjugated lactone, followed by hydrolysis, oxida- 
tion, and decarboxylation (Scheme 2).  

In order to understand the results for isoalantolac- 
tone, degradation of a-methylene-y-butyrolactone 
( R  = H) 2 (4) was attempted simultaneously. 

Results and Discussion 

De~radation of a-Metl~ylene-y-bi/tj~roIacto~ze 
Addition of sodium thiophenoxide to cc-methylene- 

y-butyrolactone 2 (R = H) gave the sulfide 3 which 
was oxidized (3) into diastereo~neric sulfoxides 4 and 

0008-40421791020213-05SO1 .GO10 
1979 National Research Council of Canada1Conseil national de recherches du Canada 
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The same sequence of reactions was applied to 
isoalantolactone 1. Only some differences will be 
noted. 

OAc 

C6H5S *OAc CtiHsS 
6 7 8 

5 which were left as a mixture. Pumnlerer rearrange- 
ment of 4 + 5 was effected by using a mixture of 
A c 2 0  and (CF,CO),O (5). This avoided heating 
with A c 2 0  (6), which could have resulted in the 
thermal elimination of sulfenic acid, to give the 
starting r-methylene-y-butyrolactone. This reaction 
gave, besides the norlnal Pummerer products 6 and 
7,2 two vinyl sulfides: 8 and 9., The relative ratio of 
coinpounds 6-9 was approximately: 2 : 4 : 3 : 1. The 
mixture of coinpounds 6 and 7 was separated from 
8 and 9 by column chromatography. A further separa- 
tion by thin-layer chromatography gave pure 6 and 7. 
Compou~lds  8 and 9 were analyzed as a mixture 
(Scheme 3). 

The nnlr spectra of compounds 6 and 7 (R  = H) 
showed different coupling constants between the 
inethine protons : -CH-CO- and C H ( 0 A c ) S P h  
(3.3 Hz for isomer 6 and 6.7 Hz for isomer 7). These 
results will be discussed later in the case of isoalan- 
tolactone. 

Chloramii~e-T treatment (7) of colnpounds 6 and 
7 gave the en01 acetate 10 which was allowed to 
react with Ag,O-NaOH (8), resulting in the forma- 
tion of a carboxylic acid. Heating of the latter (9) 
ga ie  y-butyrolactone 11 (Scheme 4). Coinpound 10 
was independently prepared from sodiu~ll  a-hydroxy- 
methylene-y-butyrolactone (10) and acetyl chloride, 
in order to assign the configuration (E or  Z) of 10, 
obtained from 6 and 7. No attempt was made to 
isolate the acid. 

2For convenience of discussion, compounds 4 and 5 on the 
one hand, 6 and 7 on the other hand, are described with the 
configuration shown in the figures, even if these configurations 
have not been determined. In the case of x-methylene-y-buty- 
rolactone, compounds 4 and 5 have not been separated. 

3Configurational assignment results from the nmr: the chem- 
ical shift of H(6) is 6 7.68 in isomer 8 (deshielding effect of the 
C=O group), while it  is 6 7.12 in isomer 9 (no effect). 

Degradation of Isoalmtolacfone 
The sulfoxides 4 and 5 (R = isoalantolactone resi- 

due, see 1) were isolated and separated. With identical 
is spectra, it is quite probable that the only difference 
is configuration a t  sulfur. The C H 2 S ( 0 ) P h  group 
is O, as will be shown further in compounds 6 and 7. 
The nmr spectra of 4 and 5 show interesting dif- 
ferences: in particular, the broad singlets due to 
ethylenic hydrogens at  C(4) are located at  6 4.8 1 and 
4.51 ppm in 4 and at  4.74 and 4.37 pptn in 5. Assign- 
ment of configuration at  S cannot be nlade at  this 
stage. 

The Pummerer reaction \\.as attempted on the 
mixture of sulfoxides and also on each sulfoxide 
separately, both giving the same mixture of com- 
pounds 6-9 in a 1 :4 :  5 :  1 ratio (as shown by nmr). 

10 11 
S C H ~ M ~  4 

The vinyl sulfides 8 and 9 have the configuration 
shown in Scheme 3 (R = isoalantolactone residue). 
As observed In the case of the degradation of 
r-methyleiie-y-butyrolactone, the ninr spectra of 
cornpounds 6 and 7 show notable differences. such 
as the H(l1)-H(13) coupling constant which is 
6.6 Hz in compound 6 and 10.7 Hz in isomer 7.' 
This corresponds to favored conformat~ons. Thus, 
isomer 6 has probably two trans hydrogens, as in 12. 

I H 

H 

I2  
ii R '  = SPh, K" = OAc 
O R'  = OAc, R" = SPh 

I t  is difficult to assess which of the gauche inter- 
actions C=O-SPh or  C=O-OAc is the least favor- 
able and therefore to assign configuration at  C(13). 

Sulfoxides 4 and 5 (R = isoalantolactone resi- 
due) separately gave the same products in the same 
ratio; this shows beyond any doubt that configura- 
tion a t  C(11) is the same in both sulfoxides and also 
in the sulfides, 3. Indeed, the Pummerer intermediate 
13 is achiral (1 1, 12). 
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CORBET AND BENEZRA 

The H(7)-H(l1) coupling constant is 6.6 Hz in 
compound 6 and 6.0 Hz in compou~ld 7. The simi- 
larity of these values implies the same configuration 
at  C(i I ) .  They are also compatible with a P orienta- 
tion of the -CH(OAc)SPh group. With an c/ orien- 
tation, the H(7)-H(ll) dihedral angle is -90"; 
which would correspo~id to a ca 0 Hz coupl~ng con- 
stant (13). Most Michael additions to the x-methy- 
lene group of alantolactone and isoalantolactone 
have been claimed to lead to the formation of 
B-derivatives (see for instance refs. 2 and 14). 

Several reactions were attempted in order to 
hydrolyze the Pummerer products 6 and 7.' Sur- 
prisingly, chloramine-T did not react at  all and the 
reactants were recovered unchanged. This may he due 
to steric effects: according to the accepted mech- 
anism of this reaction, chloramine-T attacks the 
sulfur atom. The approach might not be favorable, 
because of steric hindrance from the sesquiterpene 
skeleton. 

Hydrolysis and further degradation was achieved 
by (( I)  oxidizing the sulfide group to a sulfoxide and 
( b )  therlnally eliminating sulfenic acid (3). The inter- 
mediate en01 acetate 10 (R = isoalantolactone resi- 
due) was not isolated but was hydrolyzed and oxid- 
ized uith an Ag,O-NaOH nlixture (8) and decar- 
boxylated by heating (Scheme 5). 

The base treatment opened the lactone ring to a 
hydrovy acid 15. Ring closure to the lactone was 
achieved by p-toluenesulfonic acid treatment in 
CCI,. This resulted in isomerization of norisoalan- 

,A referee has commented that the cis relationship between 
H-11 and H-7 (as shown by the 6.0-6.6 Hz coupling constant) 
could depend on the conformation o f  ring B.  In the most stable 
conforn~ation (chair), a cis H(l 1)-H(7) relationship corre- 
sponds, according to  Dreiding models, to a ca. 30' angle (i.e., 
a ca. 7 H z  coupling) and a trar1.r one to  ca. 90- (i.e., a ca. 0 Hz 
coupling constant). A ring B boat conformation seems ex- 
cluded because o f  steric hindrance. A third possibility is a 
twist-boat conforn~ation: in this case, H(l1)-H(7) dihedral 
angles are, respectively, ca. 150' ( for an a orientation o f  the 
PhSCH(0Ac) group, i.e., a coupling constant > 10 Hz) and 
30" ( for  a P orientation, i.e., a coupling close to  the one found). 
In conclusion, a B orientation o f  the PhSCH(0Ac)-group 
seems well established, whatever the conformation o f  ring B. 

'Several hydrolysis conditions were tried on the vinyl ethers 
8 and 9, with no success. (a) TiCI, treatment ( 1 5 )  resulted only 
in the migration o f  the C(4)=CH2 bond into the C(4)=C(5) 
position. (b) It has been shown that vinyl thioethers with a 
honloallylic OH group could be hydrolyzed with HgCl2 (16). 
The lactone group in 8 and 9 was opened by alkaline treatment 
and the resulting compounds were reacted with a CH,CN- 
HgC1,-H,O mixture: the vinyl thioethers 8 and 9 were formed 
again (lactone ring closure catalyzed by the Lewis acid, 
HgCI,). (c) Treatment o f  8 + 9 with anhydrous HCI resulted 
only in the migration o f  the C(4)=CH2 double bond into 
position C(4)-C(5). ( d )  The dithiane derivative (obtained 
through Michael addition o f  PhSWa t o  the 8 + 9 mixture) 
was treated with an aqueous mixture o f  HgC12-CH,CN: the 
thioethers 8 and 9 were obtained again. 

0 4 "f 
R COOH 

R 
OAc 

COOH q0 + lQ 
10 14 15 

tolactone 16 into lactone 17, with migration of the 
e.uo-methylenic double bond from C, into ring A. 
Compound 17 has already been described and its 
tra~lsformation into alantolactone was made in sev- 
eral steps (17). 

17 

The sequence of reaction described in this paper 
provides, therefore. a means to achieve the synthesis 
of '"C-labelled alantolactone 18. 

Experimental 
Melting points were observed 011 a 510 Biichi apparatus 

and are uncorrected. Infrared spectra were recorded on a 
Beckman Acculab 1 spectrophotometer and absorptions are 
expressed in cm- ' .  'H nuclear magnetic resonance spectra 
were recorded on a R 32 Perkin-Elmer (90 MHz),  except when 
specified, using T M S  as internal standard (6 0 ) ;  chemical 
shifts are given in 6 ppm units, coupling constants in Hz. The 
combustion analyses were effected by the Centre de Micro- 
analyses du CNRS.  Mass spectra were recorded on 9000s 
LKB apparatus. 

2-Methylene-y-butyrolactone 2 ( R  = H )  !bas prepared 
according t o  the method described in ref. 4 from cc-(y-butyro- 
lactonylidene)triphenylphosphorane. 

lsoalantolactone 1 was obtained pure from Helenin E' (Sigma 
Products) by crystallization with a heptane-methanol mixture. 

Addition of Sodilrrn Thiopllenoside to 2-Methylme-y- 
brrt.vvoluctonc~ : S1rlficle.c 3 lR = H j 

T o  a solution o f  sodium thiophenoxide in absolute ethanol 
(prepared from sodium (379 mg, 16.5 mmol) and thiophenol 
(4.49 g, 40.7 mmol) in 25 ml ethanol was added 2-methylene- 
y-butyrolactone (1 .O1 g, 10.3 mmol) in 40 ml absolute ethanol. 
The mixture was stirred at room temperature for 1.5 h .  After 
hydrolysis, extraction with methylene chloride and washing 
o f  the combined extracts with water, drying with MgSO,, and 
removing the solvent it2 CUCUO, a crude mixture was obtained. 
This was chromatographed on a silica gel column (eluent: 
petroleum ether - ether 1 : I) ,  leading to  sulfide 3 (1.97 g, 
9.47 n ~ m o l ;  yield 92%); mp 60-C; ir (CHCI,): 1765 (CO), 
1580 (C,H,j; nmr (CDCI,): 1.8-3.0 (complex m ,  4H, H(6) + 
H(4), 3.51 (complex m ,  IH,  H(3)), 4.0-4.4 (complex nl, 2H, 
H(5)), 7.0-7.6 (complex m, 5H, aromatic); ms:  208 ( M t ) .  
Aiial. calcd. for C ,  ,H,,O2S (208): C 63.46, H 5.77; found: C 
63.46, H 5.81. 
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O.ri&tion oJ'Slrlfide 3 :  S~rlJbxides 4 + 5 ( R  = H )  
A solution of sulfide 3 (1.77 g, 8.51 mmol) in methanol 

(120 ml) was reacted with sodium metaperiodate (2.36 g, 
11.1 mmol) in water (50 ml) at room temperature for 2 days. 
The precipitate of sodium iodate was then filtered off, methanol 
re~noved in cacuo, and the remaining aqueous filtrate extracted 
with CH2C12. After the usual work-up, the crude sulfoxides 
were chromatographed on a silica gel colun~n:  compounds 4 
and 5 coeluted (ethyl acetate) (1.68 g, 7.48 mmol; 88% yield.) 
The mixture crystallized slowly at room temperature; mp - 
65°C; ir (CHCI,) : 1765(CO), 1580(Ph), 1025(SO); nmr 
(CDCI,): 1.8-2.6 (m, 2H, H(4)), 2.7-3.6 (m, 3H, H(3) + 
H(6)), 4.0-4.6 (m, 2H, H(5)), 7.5-7.9 (m, 5H, aromatic); 
ins: 224 (Mf) .  Anril. calcd. for C,  ,H120,S (224): C 58.93, H 
5.35; found: C 58.87, H 5.45. 

Puntrnei~ei Rerrrrangenlent of Sulfbxides 4 + 5 i R  = H )  : 
Coinpounds 6-9 

Trifluoroacetic anhydride (1.09 g, 9.3 mmol) was dissolved 
in acetic anhydride (6.25 ml) and kept standing for 5 hours 
at  room temperature. The sulfoxide mixture (4 + 5, 1.40 g, 
6.25 mmol) was then added and the resulting solution stirred 
for 2.5 h at room temperature. After removal of the anhydrides 
under reduced pressure, the residue was extracted with toluene. 
After usual work-up, chromatography of the residue on a 
silica gel colunln, 1.3 g of a mixture of compounds 6-9 was 
obtained. Compounds 6, 7, and 8 + 9 were further purified 
by thick-layer chromatography on silica gel coated plates. 
The relative ratio of compounds 6-9 was about 2 :4 :3 :1 ,  as 
shown by nnir. 

Acetux-y suifide 6-ir(CHC1,): 1775 (CO lactone), 1755 
(CO, AcO), 1580 (Ph); nmr (CDCI,): 2.01 (s, 3H, CH,CO), 
2.2-2.7 (m, 2H, H(4)), 3.14 (dt, lH ,  H(3), J,,, = 10, J,,, = 
3.3), 4.0-4.6 (m, 2H, H(5)), 6.59 (d, 1H, H(6), J,,, = 3.3), 
7.3-7.8 (m, 5H, aromatic). 

Acetoxy sulfide 7-ir (CHCI,): 1770 (CO lactone), 1750 
(CO, AcO), 1580 (Ph): nmr (CDCI,): 2.11 (s, 3H, CH,CO), 
2.2-2.6 (nl, 2H, H(4)), 3.0-3.3 (dt, l H ,  H(3), J,., = 6.7, 
J,,,= 10),4.1-4.6(m,2H,H(5)),  6.41 (d, lH,H(6) ,  J,,, = 
6.7). 7.3-7.8 (m, 5H, Ph). 

Mi-rture o f  6 + 7-ms: 266 (M:). Anal. calcd. for 
CI3Hl4O4S (266): C 58.65, H 5.26; found: C 58.81, H 5.33. 

Vinyl thioethers 8 + 9- ir (CHCI,): 1750 (CO lactone), 
1625 (very strong, C=CSPh), 1580 (Ph); nmr (CDCI,; 60 
MHz): 2.84 (dt, 2H, H(3), J4,,= 3.0, J4 , ,=7 .5 ) ,  4.42 (t, 
2H, H(5), J,,, = 7.7), 7.3-7.6 (m, 5H, Ph), 7.68 (t, 1 H, H(6), 
J4,, = 3.0). Compound 9 showed a weak triplet at 7.12 
(J,,, = 2.3). Anal. calcd. for C,,H,,O,S (206): C 64.08, H 
4.85: found: C 64.22, H 4.96. 

Hydrolysis of the Acetoxj~ Sulfides 6 + 7 ( R  = H) : Enol 
Acetate I 0  

The mixture of 6 + 7 (520 mg, 1.95 mmol) was treated with 
a solution of sodium N-chloro-p-toluenesulfonamide (chlor- 
amine-T, 1.1 g, 3.91 mmol) in an 85% aqueous solution of 
methanol (15 1111). The mixture was stirred for 5 lnin at  room 
temperature and water was added. After usual work-up (with 
CH,CI,), the residue was chromatographed on a silica gel 
column. The en01 acetate 10 (eluent, petroleum ether - ether 
25: 75) was obtained in 6 3 z  yield (191 mg, I .22 mn~ol).  The 
con~pound crystallized slowly at 4°C; ir (CHCI,): 3090 
(C=C), 1780 (CO lactone), 1765 (CO, AcO), 1695 (C=C, 
sharp and strong); nmr (CDCI,): 2.27 (s, 3H, CH,CO), 2.99 
(dt, 2H, H(4), J4 .5  = 7.3, J4,, = 2.8), 4.42 (t, 2H, H(5), 
J,,, = 7.3), 8.02 (t, l H ,  Ha, J,,, = 2.8); ms: 156 ( M t ) .  

The combustion analysis was not satisfactory, probably 
because the product is highly hygroscopic. To  assess without 
ambiguity its structure and configuration, con~pound 10 was 
prepared by another route, as follows. 

Pi.epur.ntior7 oJ En01 .4cetate I 0  i R  = H )  fl.orn y-Butjro- 
Iactorze 

A solution of y-butyrolactone (8.61 g, 100 inmol) and ethyl 
formate (7.41 g, 100 rnmol) in anhydrous ethyl ether (25 n11) 
was added dropwise to a suspension of oil-free sodium hydride 
(2.52 g, 105 mmol) in ether (150 1x11): 1 ml ethanol was added 
and the mixture was stirred at  room temperature for 22 h. 
The resulting yellow-brown precipitate was filtered, washed 
with ether, and dried irz cacuo. The sodium enolate was ob- 
tained in 97% yield (1 3.2 g, 97.0 mrnol). 

To a suspension of the sodium enolate (7.6 g, 55.8 mmol) 
in T H F  (100 ml) was added dropwise a solution of acetyl 
chloride (8.6 g, 110 mmol) in T H F  (150 ml). The mixture was 
heated under reflux for 4 h. After cooling, the NaCl precipi- 
tate was filtered off, the solvent removed in cacuo (this also 
eliminated excess acetyl chloride), and the residue chroma- 
tographed on a silica gel column, affording 3.36 g (21.5 mmol, 
39% yield) of a compound whose spectra were identical with 
those reported for compound 10. The nmr spectrum showed, 
in addition, a weak triplet centered at 6 7.46 (J,,, = 2.3); 
this corresponds to an isomer at C(6) (the Z isomer) and 
allowed us to assign configuration E to the major isomer. 

Saponification and Osidation of En01 Acetate 10:  Fannation 
of y-Buryrolactone 

En01 acetate 10 (916 mg, 5.87 mmol) was treated with A g 2 0  
obtained from AgNO, (2.064 g, 12.1 mmol) and NaOH (61V, 
5 ml). The mixture was stirred at room temperature for ca. 
2 h and the black solid filtered off and washed with small por- 
tions of water. The aqueous layer was then refluxed for 4 h ;  
after cooling, the solution was neutralized with HCI and water 
removed in cncuo; the resulting sodium chloride was washed 
several times with methylene chloride, methylene chloride was 
removed in cacuo, and the residue was chromatographed on a 
silica gel column. Thus, y-butyrolactone, identical by ir and nmr 
spectra with an authentic sample, was obtained in an overall 
yield of 3 0 z  from en01 acetate 10 (150 mg, 1.74 mmol). 

Addition of Sodiutn Thiopl~etzoxirie to Isonlur~tolmctorze I 
( R  = is.oalcrntolactone i.esir/ur) : Sulfidr 3 

A solution of isoalantolactone 2 (4.00 g, 17.2 mn~ol)  in 
ethanol (50 nil) was added to a solution of sodium thiophen- 
oxide in anhydrous ethanol (NaSPh was prepared from 
PhSH, 7.59 g, 68.9 mmol and sodium, 0.600 g, 26.1 mmol). 
The inixture was stirred at room temperature for 2 h and water 
was added. The white precipitate formed was filtered off and 
washed several times with small portions of heptane to elimi- 
nate the remainer of thiophenol. Pure sulfide 3 (5.47 g, 16.0 
mmol) was thus obtained (93% yield); mp 138-139°C: ir 
(CDCI,): 1770 (CO), 1645 (C(4)=CH2), 1580 (Ph); nmr 
(CDCI,): 0.81 (s, 3H, C(l0)-CH,), 2.9-3.1 (m, 2H, H(13)), 
3.3-3.7 (m, IH, H(l  I)), 4 .34 .6  (m, IH, H(8)), 4.48 and 4.82 
(2 broad s, 2H, C(4)=CH,), 7.2-7.6 (ni, 5H, Ph); ms: 342 
(M t). A~ial. calcd. for C,,H2,02S (342): C 73.68, H 7.60; 
found: C 73.54, H 7.71. 

Oxidation of Srrlfide 3 i R  = i.soulrozfolactone residue) into 
Sulfoxides 4 and 5 

A solution of sulfide 3 (2.94 g, 8.60 mmol) in 100 ml dioxane 
was treated with sodium metaperiodate (2.39 g, 11.2 mmol) 
in 50 ml water. After stirring the mixture for 2 days at 30'C, 
dioxane was removed in cacuo and the remaining aqueous 
phase worked up as usual with rnethylene chloride. The resi- 
due was chromatographed on a silica gel column, yielding a 
l : 1 mixture of sulfoxides 4 and 5 (2.62 g, 7.3 mmol, 85% 
yield). Pure compounds were obtained by thick-layer chroma- 
tography. 

Sulfoxide 4-mp 141-C; ir (CHCI,): 1770 (CO), 1645 
(C(4)=CH2), 1030 (SO); nmr (CDCI,): 0.78 (s, 3H, 
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C(1O)-CH,), 3.0-3.4(m, IH ,  H(I I)), 3.16 (broad s,2H, H(13)), 
4.4-4.6 (n1, IH,  H(8)J, 4.51 and 4.81 (2 broad s, 2H, 
C(4)-CH,), 7.5-7.8 (m, 5H, aromatic); ms: 358 (Mf) .  

Su(fo.xide 5-viscous oil; ir: identical with 4;  nrnr (CDCI,): 
0.76 (s, 3H, C ( 1 0 ) C H 3 ) ,  2.8-3.7 (m, 3H, H(13 + Il)) ,  4.56 
(m, l H ,  H(8)), 4.37 and 4.74 (2 broad s, 2H, C(4)-CH,), 
7.3-8.0 (m, 5H aromatic); Ins: 358 (M,). 

Repeated combustion analyses gave unsatisfactory results: 
compounds 4 and 5 are extremely hygroscopic. 

Pur?itnerer. Reari.cingrrizent of Sulfo.uides 4 + 5 f R  = iso- 
alur~rolucrone ie~irlile). Compounds 6-9 

Trifluoroacetic anhydride (1.76 g, 8.36 n~mol)  was dissolved 
in Ac,O (5.6 ml) and the resulting mixture was kept standing 
for 5 h at room temperature. This mixture was then added to 
sulfoxides 4 + 5 (2.01 g 5.61 mmol) and stirred for 2.5 h at 
room temperature. After removal of the excess anhydrides 
under reduced pressure, the residue was dissolved in toluene, 
washed with a NaHCO, solution, with water, and dried over 
MgSO,. After removal of the solvent, a silica gel column 
chromatography afforded (eluent petroleum ether - ether 
1 : 1) a mixture of compounds 6-9 (1.54 g) relative ratio as 
determined by nmr 1 : 4:  5 : 1). 

Compounds 6-9 were obtained in the same yield and with 
the same ratio from either 4 or 5. Pure con~pounds were ob- 
tained by thick-layer chromatography. 

r-Acetoxj~ sulfide 6-viscous oil; ir (CHCI,): 3090 (C=C), 
1770 (CO lactone), 1755 (CO, AcO), 1645 (C=C), 1580 (Ph); 
nrnr (CDCI,): 0.81 (s, 3H, C(10)-CH,), 2.04 (s, 3H, CH,CO), 
3.22(dd, 1H,H(11),J11,13 = 6.6,J7,11 = 6.6, thisddappears 
as a t), 4.48 (broad m, l H ,  H(8)), 4.53 and 4.82 (2 broad s, 2H, 
C(4)=CH2), 6.56 (d, IH,  H(13), J11,13 = 6.61, 7.3-7.8 (m, 
5H, Ph). 

r-Aceto-ry su&de 7-viscous oil; ir (CHCI,): 3090 (C=C), 
1770 (CO lactone), 1750 (CO, AcO), 1645 (C=C), 1580 (Ph); 
nmr (CDCI,): 0.81 (s, 3H,C(IO)-CH,), 2.16(s, 3H, CH,CO), 
3.05 (dd, l H ,  H(11) ,J I l , , ,  = 10.7, Jll,, = 6.0), 4.39 (117, IH, 
H(8)), 4.56 and 4.86 (2 broad s, 2H, C(4)=CH,), 6.45 (d, IH, 
H(13), J11,13 = 10.71, 7.3-7.7 (m, 5H, aromatic). 

1Mi.rture of 6 + 7-ms: 400 (M?) .  Anal. calcd. for 
C13H2804S (400): C 69.00, H 7.00; found: C 69.13, H 6.95. 

Vinyl ~ulJides 8 + 9-mp 178-179'C; ir (CHCI,): 1740 
(CO), 1645 (C=C), 1615 (very strong, C=CSPh), 1580 (Ph); 
nmr (CDCI,): 0.78 (s, 3H, C(10)-CH,, compound 9), 0.84 (s, 
3H, C(l0)-CH,, compound 8), 2.9-3.3 (m, IH, H(11)), 
4.3-4.6 (m, IH,  H(8)), 4.48 and 4.77 (2 broad s, 2H 
C(4)=CHZ), 7.06 (d, IH, H,, compound 9, J,,, = 1.0), 7.1- 
7.6 (m, 5H, aromatic), 7.51 (d, IH ,  H,, J,,, = 1.2, compound 
8); ms: 340 ( M f ) .  Anal. calcd. for C2,H2,O,S (340): C 74.12, 
H 7.06; found: C 74.07, H 7.21. 

Hydrolysis of Con~pounds 6 + 7:  Fommtion of Cotr~po~md I 7  
A solution of r-acetoxy sulfides 6 + 7 (550 mg, 1.38 mmol) 

in a mixture of dioxan (20 rnl) and benzene (2 ml) was treated 
with a solution of NaIO, (382 mg, 1.79 mmol) in water (8 ml). 
The mixture was heated with stirring at  40°C for 36 h. The 
precipitate of fO,Na was filtered off and the solvent removed 
ill CUCL~O. The residue was refluxed in toluene for 6 h, the sol- 
vent removed, the new residue dissolved in CHCI,, and washed 
with water. The CHCI, extract was evaporated to dryness. 
Spectra showed that the major compound was the enol acetate 

10 (R = isoalantolactone residue) and a hydroxymethylene 
lactone. This mixture was treated with A g 2 0  (prepared from 
AgNO,, 482 mg, 2.84 mrnol and 2 ml of NaOH 6 A:) with 
stirring at room temperature for 2 h. The black solid was fil- 
tered off and washed with small portions of ether. This was 
removed in racl~o and the remaining aqueous solution mas re- 
fluxed for 4 h, neutralized nith HCI 2 N, and extracted with 
CHCI, as usual. The ir spectrum of the residue thus obtained 
showed that the lactone had been opened in the base treatment 
into a hydroxy acid. The residue-was therefore dissolved in 
CC14 containing catalytic amounts of p-toluenesulfonic acid 
and refluxed for 2 h. After usual ~ o r k - u p ,  the residue was 
chromatographed on a silica gel column yielding (eluent 
petroleun~ ether - ether l : 1) 100 mg (0.454 mmol, 3 3 z  yield 
from 6 f 7) of lactone 17. The ir and nrnr spectra were ident- 
ical with those reported by   marsh all and Cohen (17); ir 
(CHCI,): 1770 (CO), 1665 (C=C): nmr (CDCI,): 1.13 (s, 3H, 
C(10)-CH,), 1.65 (s, 3H, C(4)--CH,), 4.56 (m, IH,  H(8)); 
ms: 220 (M;). 

We thank the 1.N.S.E.R.M (Contrat libre 77-1- 
097-3) for financial support and the D.G.R.S.T for 
financial support and an "Allocation d3Etudes" 
to JPC. 
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Reduction catalytique de cetones ol ,p-ethylbniques i tempbrature modbrke par RhH(P$,), 

D.  BEAUPERE, P. BAUER ET R .  UZAN 
Laboratoire de Clzirnie Orgcitziq~re Phy~iqrle, UniversitP de Pictrrdie, 33, r-rue Saint-Lerr, 80039 Atnieti~,  Cedes, Fr(inc.e 

Requ le 12 mai 1978 

D. BEAUPERE, P. BAUER et R.  UZAN. Can. J.  Chem. 57,218 (1979). 
L'utilisation du catalyseur RhH(P+,), dans la reaction de reduction du systeme ethylenique 

de styryl cetones par le phenyl-1 ethanol permet d'effectuer l'hydrogenation des 50'C. A cette 
temperature, des effets de substituant dans les cetones r,D-ethyleniques ont pu etre mis en 
evidence, montrant une augmentation de la vitesse initiale de reduction pour des groupes 
electronattracteurs et un effet inverse pour des groupes electrondonneurs. L'obtention d'une 
relation entre le potentiel de reduction electrochimique de ces cetones et leur vitesse d'hydro- 
gination suggtre un transfert d'hydrogene vers la cttone par I'intermediaire d'un ion hydrure. 

D. BEAUPERE, P. BAUER, and R. UZAN. Can. J .  Chem. 57.218 (1979). 
The use of the catalyst RhH(P+,), in the reduction of the ethylenic system of styryl ketones 

by I-phenylethanol permits the hydrogenation reaction to proceed at 50°C. Some substituent 
effects in the r,e-unsaturated ketones were demonstrated at this temperature. These showed 
an increase in the initial rate of reduction for electron-attracting groups and the inverse effect 
for electron-donating groups. The observation of a relation between the electrochemical 
reduction potential of these ketones and their rate of hydrogenation suggests a transfer of 
hydrogen to the ketone by a hydride ion intermediate. 

[Journal translation] 

Le transfelt d'hydrogene entre un donneur tel 
qu'un alcool, un ether. une amlne et un accepteur 
alcene ou une d tone ,  catalyst par les mitaux de 
t r ans~ t~on ,  permet de mettre en tvidence I'influence 
electronique du donneur et du catalyseur. Dans la 
reduct~on de cttones cc,b-CthylCn~ques B 180 C avec 
RuCI,(P+,), l'ttape le~lte est la dtshydrogenat~on 
du donneur (1). Cette etape est psCcedee par la 
formation d'un complexe catalyseur-accepteur et des 
effets electron~ques sont observts un~quement au 
iliveau du donneur et du catalyseur. L'absence de 
tels effets au nlveau de l'accepteur ~ r n p l ~ q u e r a ~ t  que 
l'ttape de transfert d'hydrogene a l'accepteur s o ~ t  
r ap~de  Ce rtsultat n'est pas g6nCial1sable aux 
observat~ons fa tes  101s de la rCductlo11 d 'aut~es  
accepteurs (2, 3) oh ces effets 6lectron1ques sont 
observes, 11 est vral a des teinptratures plus basses 
Pour tenter de mettre en ev~dence de tels effets, nous 
avons recherche pour la r iact~on [ l ]  un catalyseur 

la rtaction dependent du catalyseur. Si Sasson et 
Blu111 (1)  rtduisent en I h 95% de benzalacktone 
0.4 rM en solution dans l'alcool benzylique avec 
RuCI,(P+,), ( lo-,  M) a 18OZ'C, nous avons obtenu 
h une tempkrature voisine (1 70°C) un taux de reduc- 
tion de l'ordre de 30% en 2 h de la mEme cetone 
(0.25 M )  dans le prehnitene a l'aide du phtnyl-1 
tthanol (0.25 M )  en presence de RhCI(P+,), (0.01 
M). Des 50°C avec RhH(P+,),(1OP2 M )  nous sommes 
parvenus a rtduire 7 1 x  de benzalacCtone 0.25 M  en 
50 min par le phCnyl-1 tthanol 0.25 M dans le 
toluene. 

L'tvolution de cette derniere rtaction est suivie 
par prtlkvement et analyse cpv. Le taux de d t o n e  
rtduite en fonction du temps est lintaire jusqu'a 50: 
de la reaction et la pente de cette droite permet la 
determination graphique de la vitesse initiale ci de 
la rtaction avec une reproductibilitk de l'ordre de 
5%. Pour chaque cinttique les vitesses d'apparition 
du produit de reduction (P,,,) et du produit d'oxyda- 
tion (P,,) sont les mEmes F 5'z. 

X-+-CHZ-CHZ-CO-R + +-CO-CH, Influence c/u dclonneur 
p r e d  Pox Selon la nature de l'alcool D ut~lise comme 

perrnettant d'avoir des c o n d ~ t ~ o n s  exptr~rnentales donneur, le produ~t  P,, peut Etre u11 aldthyde ou 
plus douces que celles ut~lisees prtddemment (1) une cetone, capables tous les deux de se complexer 

avec le catalyseur C et entrer alnsl en cosnptt~tlon 
RCsnhtats avec llaccepteurA. Nous avons observe que cette conl- 

Pour la react~on de reductloll de la benzalacCtone plexatioil peut Etre suffisamment forte dans le eas d'un 
en d t o n e  saturte, le rendement et la temptrature de aldehydepour conduire a unempolsonnementducata- 

0008-4042I791020218-04$01.00/0 
1979 National Research Council of CanadaIConseil national de recherches dl1 Canada 
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BEAUPERE ET AL.  219 

TABLEAU 1. Vitesses initiales de reduction de p-X-4-CH=CH-CO-R par 4-CHOH-CH," en presence de RhH(P+,Lb 
dans le toluene 

ri x 104 c, x lo4 
[A] (mol L- '  [A] (mol L-' 

A (M) min-') A (M)  min-I) 

a0.25 M. 
b0.01 M. 
<La tempkrature est de 70'C au lieu de 50-C. 
%mite de  solubilite. 

lyseur.' Cette constatation est parfaitement en accord 
avec les rCsultats de la 1ittCrature pour d'autres cata- 
lyseurs (446). C'est pourquoi nous avons prefkre 
utiliser des alcools secondaires comme le phCny1-1 
Cthanol (D) plutat que des alcools primaires. 

La vitesse de reduction de la benzalacitone aug- 
mente en fonction de la concentration de phknyl-1 
Cthanol pour tendre, h partir d'une concentration en 
donneur egale a 2 M, vers une limite qui se situe a 
75 x M min-'. L'allure de cette courbe est 
analogue a celle observee avec R u C I , ( P + ~ ) ~  (1); 
par contre, dans ce dernier cas, le palier est atteint 
moins rapidenlent. 

Influence de l'acreptezrr 
Les accepteurs Ctudles sont du type X-+-CH= 

CH-CO-R avec R = Me, 4, tBu et X = NMe,, 
OMe, H, C1, NO,. Pour ces composCs, dont les 
rksultats sent rasseniblis tableau 1, on note une 
~nfluence a la SOIS de X et de R sur la v~tesse l n ~ t ~ a l e  
de rCduct~ou: un substituant Clectronattracteur 
comine NO, dans le cas oh R = + multipl~e approxl- 
mat~vement pal trois la v~tesse ~nltlale et un sub- 
s t~tuant  Clectrondon~ieur conime NMe, la d~vise 
par deux. 

activitk catalytique ce qui n'est pas le cas avec des 
catalyseurs chlores tels que RuCI,(P+,), ou 
RhCl(P+,),. Avec RhH(P$,),, la vitesse de la 
riaction est du prenlier ordre par rapport a u  cata- 
lyseur jusqu'ii des conce~ltrations voisines de la 
limite de solubiliti.. Ce resultat semble indiquer qu'a 
l'inverse de RuCI,(P$,), (1)  i l  n'y a pas formation 
de dirnkres ou de polyrn2res avec RhH(P+,),. 

Discussion 

En prCsence de RhH(P$,),, le reduction de la 
double liaison des cCtones ethyleniques peut done 
Etre realisee en catalyse homogene a des temptra- 
tures voisines de 50°C. Ces conditions extrEmement 
douces accroissent, en outre, le caractere rCgio- 
selectif de cette reaction. Ainsi la p-nitrobenzal- 
aqitone est rCduite a plus de 90% en NO,-4-+- 
CH,-CH,-CO-CH, alors qu'8 180°C avec 
RuCl,(P$,),, au dela de 20'7 de reduction, le groupe 
nitro entre en cornpitition avec le syst6me C--C. 
Ces conditions perinettent igalernent de mettre en 
Cvidence a u  niveau de l'accepteur des effets de sub- 
stituant. Les rksultats du tableau 1 montrent que 
lorsque R = Me, 4, tBu, on observe une decrois- 
sance de la vitesse initiale et ce, quelle que soit la 

I17juence du cafuljsc.ur nature de X:  c'est ainsi que la benzalac~tone 
Le pouvoir catalytique de C dipend fortement de (R = Me) se rkduit six fois plus vite que la benzal- 

la nature des ligands puisqu'a une temperature pinacolone (R = tBu). 
iilfkrieure ii 100'C seul RhH(P$,), prksente une Une etude polarographique de ces niemes cktones 

(7, 8) montre que le potentiel de demi-vague, carac- 
'En effet la reduction du cinnarnaldehyde n'a pas lieu dans teristique des e ~ e t s  polaires de substituant, diminue 

nos conditions experinientales. De plus, ia  reduction de la 
benraiacktone est emp6chee par ]'introduction de cinna- dans l'ordre $, Me, tBu. Par contre: pour la com- 
maldehyde. plexation de ces cCtones avec le phenol (7, 9), les 
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FIG. 1.  Influence de la concentration en accepteur sur la 
vitesse de reduction de benzalacetones substituees. 

10?v, (mol 1 - 1  ",,"-I) 

Av,,, sensibles aux effets stkriques, dkcroissent dans 
le n i h e  ordre que les vitesses initiales de reduction, 
inontrant que l'influence de R est au  moins par- 
tiellenlent d'origine stkrique. Pour les composks dont 
le groupe R est maintenu constant, la vitesse initiale 
est influencee par le substituant X et par la concen- 
tration de l'accepteur (fig. I ) .  Pour des concentra- 
tions infirieures a 0.25 M, on constate qu'un groupe 
electroildonneur diminue la vitesse et qu'un sub- 
stituant electronattracteur I'augmente. De tels eKets 
qui n'ont jamais CtC mis en evidence antirieurenlent 
avec des co~llposes analogues doivent permettre une 
nouvelle approche du processus de transfert d'hydro- 
gine. En effet, il existe une tendance a la corrClation 
pour les be~lzalacCtones (R = Me) et les chalcones 
(R  = 4) entre les vitesses initiales de reduction et les 
potentiels de demi-vague (fig. 2). Cornme en polaro- 
graphie le potentiel de reduction correspond a 
l'arrivie d'un electron a la cetone, l'existence de cette 
correlation i~llplique que le transfert vers la citone 
CthylCnique engage dans le complexe CDA (schkma 
1) s'effectue par l'intei-mediaire d'un ion hydrure. 
Les effets de substituant intiressent donc 1'Ctape du 
transfert d'hydrogine: CDA -, C + PC,, + Po,, cette 
hypothise est confortee par les effets inverses 
observes au  niveau du donneur (1, 10). 

Pour des reactions de ce type trois mecanismes ollt 
Cti proposks (schema 1): la voie 1, proposee par Iinai 
et ul. (13), dans laquelle la complexation du donneur 
D precede celle de l'accepteur A ;  la voie 2 dans 
laquelle l'accepteur intervient avant le donneur (1, 
14): enfin un micanisme, suggire par Sharf et ul. 
(1 1, 12), dans lequel les deux voies sont concurren- 

50 

FIG. 2. Relations lineaires entre les vitesses initiales de 
reduction et les potentiels de reduction electrochiniique pour 
les benzalacetones (R = Me) et les chalcones (R = 4). 

tielles. L'analyse des courbes de la fig. 1 permet de 
prkciser la nature du mCcanisme preponderant dans 
la reaction envisagee ici. Pour des concentrations 
superieures a 0.25 M ,  la vitesse decroit quand la 
concentration en accepteur augmente et cette d6- 
croissance est plus accentuie pour les derives nitre 
et aniinC. Le h i t  d'observer, pour deux concentra- 
tions diffirentes de l'accepteur (points A,  et A, de la 
fig. 1): des vitesses initiales identiques, implique 
I'apparition d'un nouveau phknomene intervenant 
au-deli de 0.25 1W et qui vient progressivement 
s'opposer l'effet normal de la concentration de 
l'accepteur. Comnle [A,] et [A,] produisent au  bout 
d'un temps r des concentrations egales en P,,, et 
Po,, ce phCnomine peut etre attribuk au  fait que 
[A,]  est infirieur a la concentration du donneur [Dl 
et que [A,] est supkrieur a [Dl. C'est done qu'un 
accroissement de la concentration du conlplexe CA 
(schiina 1) diruinue la vitesse de rCduction. Ainsi dans 
le cas de la benzalacitone, il semble que le mCcanisrne 
passe principalenlent par la voie 1, le complexe CA 
evoluant peu vers CAD par la voie 2. Dans le cas des 
benzalacttones substituies, pour lesquelles on ob- 

- 

voie I 

[PI-CHOH-CH~] = 0.25M 
[ R ~ H ( P @ ~ )  = 0.01 M 

S O L V A N T  = T O L U E N E  

A 
C D  . ' CDA 

D 
CA CAD 

voie 2 
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BEAUPERE ET AL. 22 1 

serve (fig. I )  une chute de la vitesse beaucoup plus 
importante, la voie 2 doit Etre pratiquement inexis- 
tante car les substituants NO, et NMe, s'associent 
fortement au  catalyseur2 empEchant la combinaisoll 
du donneur avec le co~nplexe CA (2). 

Les reactions de transfert d'hydrogene en catalyse 
homog6ne necessitent frequemment des conditions 
de te~npira ture  Clevtes, telles qu'elles rcstreig~lcnt 
forte~nent leur domaine d'application. L'utilisation 
de RhH(P$,), comme catalyseur des riactions de 
trallsfert entre le phinyl-1 ethanol ct lcs styryl cCtones 
a per~nis d'operer dans des conditions expirimen- 
tales plus douces et done mieux adapties a ]'etude de 
ce type de r6action. C'est ainsi que la lnise en 
evidence d'effets tlectroniques au  niveau de l'accep- 
teur sugg6re fortement que le transfert d'un ion 
hydrurc constitue une Ctape importante de cette 
reaction. A 5OCC, en presence de ce catalyseur, la 
rCgios6lectivitC de la reaction est en outre consi- 
dirablelnent accrue. Ces conditions permettent 
d'envisager l'extension de cettc riaction ii des 
structures thermiquement fragiles. 

La purete des cetones Cthyleniques preparees selon la lit- 
terature (15, 16) est vkrifiee par cpv et spectroscopie rmn. Le 
to!uene fraichernent distill6 est garde sur tamis moleculaire 
sous argon. Le phenyl-l ethanol Fluka, bidistille apres 
traitement par la dinitro-2,4 phenyl hydrazine, est place sous 
argon sur tamis moltculaire. RhH(P+,), est prepare selon la 
methode de Levison et Robinson (17). 

Exernple de c ir~tf ique 
Un millilitre d'une solution dans le toluene de benzal- 

acetone 0.25 M de phenyl-1 ethanol 0.25 144 et de RhH(P+,), 

'Dans la reduction des nitrobenzenes par les amines, 
Iniai e f  01. (13) conclucnt que le groupe nitro se lie fortement au 
catalyseur (RhC1,) et qu'il est alors necessaire d'utiliser des 
aniines qui s'associent egalement fortement pour realiser la 
reduction. 

0.01 Mest  place dans Lln tube en berre de 3 n1L de contenance, 
rempli d'argon et ferme a I'aide d'une pastille en caoutchouc 
niaintenue par un bouchon visse. Ce tube est place dans un 
bain thermostate a 50'C et l'agitation est obtenue par un 
barreau airnante prealablement place a I'interieur du tube. 
Des echantillons de 10 UL sont preleves regulierement, places 
dans 40 pL d'acetone et analyses avec u11 chromatographe 
Varian 1400 niuni d'un detecteur a ionisation de flarnme et 
equipe d'une colonne DEGS 107& 10 pieds a 160'C. La surface 
des pics est mesuree par un integrateur LTT ICAP 5 et la 
methode d'integration est celle des facteurs de calibration 
specifique (18). 

I .  Y. SASSON et J .  B L U A ~ .  J .  Org. Chem. 40. 1887 (1975). 
2. H.  I ~ Z A I .  J .  NISHIGUCHI et K.  F U K U Z U ~ I I .  J .  Org. Chem. 

42. 43 1 (1977). 
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Nuclear analogs of p-lactam antibiotics. X. Synthesis of 2-substituted 
desthiocephalosporins 

T E R R E ~ C E  WILLIAM DoYLE,*'~ TERRY THOMAS C O U W A Y . ~  MICHAEL CASEY, AND GARY LIM 
Brrstol Luborarorie5 of  Carradn, 100 Ind~lsrrial Boule~iird,  Cundinc, P.Q., Cunucici J5R 1J1 

Recclvcd Apr 11 20, 1978 

TERRENCE WILLIAM DOYLE, TERRY THOMAS CO~WAY,  MICHAEL CASEY, and GARY LIM. Can. 
J. Chem. 57.222 (1979) 

The syntheses of the desthiocephem system from the en01 2 is described. Thus conversion 
of 2 to its tr~flate 3 followed by treatment with the sodium salts of malonate esters gave the 
cyclized products 4a-c. Azide reduction followed by coupling of phenoxyacetic acid and 
hydrogenolysis gave the acids 7 and 8. Compound 15 was also prepared. 

T F R R E ~ C E  WILL~AM DOYLE, TERRY THOMAS COYWAY, MICHAEL CASEY et GARY LIM. Can. J. 
Chem. 57. 222 (1979). 

On decrit les syntheses du systeme desthiocephem a partir de l'enol 2. Par conversion de 2 
en son triflate 3, puis un traitement avec les sels de sodium des esters malonates, on a obtenu les 
produits cyclises 40-c. La reduction de l'azide, puis le couplage avec l'acide phenoxyacetique et 
I'hydrogenolyse ont conduit aux acides 7 et 8. On a egaleme~lt prepare le compose 15. 

[Traduit par le journal] 

Over the past several years a number of leports on +OCH~CONHJ~N:^+ 
the preparation of nuclear analogs of the cephalo- x = 0, NR' ,  S ,  SO, SO,, C 

spor~ns  have appeared ~n the Ilterature." Previously we 0 R \R" 

have reported (2)5 the syntheses of a nunlber of C 0 2 H  

ailalogs (Flg. 1) in ~vhlch the sulfur atom at  1 has t 

been replaced by a inethyle~le (or subst~tuted car- Frc 1 Cephalosporln analog, 

bon) and a hetiro atom ;ntrod;ced in position 2. 
The syntheses of these analogs proceeded via the of in the presence triethyl- 
common intermediate 2, ~i~~~~ base treatment of amine with trifluoromethane sulfonic anhydride gave 
the eno] 2 gave the 0-2-isocephem series whereas the h i g h  yield of the correspondi~lg triflate 3 as a mix- 
preparation of the 2-isocephem (X = S) and N-2- ture of isomers (1). I t  proved possible to obtain one 

isocephem systems proceeded nucleophilic attack of the isomers as a crystalline solid at  the expense of 

on the triflate 3 (or the corresponding mesylate). ~t I o ~ ~ E  considerable amoullts of product.   he crude 
occurred to us that treatment of 3 with aDDroDriate triflate was generally sufficiently pure to be used as 

L A  

carbon nucleoph~les might well provlde access to 
the desth~ocephalospor~ns At the tlme no ~ e p o r t s  
of such analogs had appeared In the literature but 
about the tlrne Me uele  completing our own work a 
report appeared by Chrlstensen and co-uorkers (3) 
of the synthes~s of the I-oxacephalosporln and 
1 -car bacephalosporln ( = des th~ocepha lospor~~~)  sys- 
tems These authors reported that the carbon analog 
exhlblted activity approx~mately equal to that In the 
natural serles In this and the accompanying papers 
we should 11ke to report our own results In thls area. 

'For Part IX  of this series see ref. 5.  
'To whom correspondence concerning this paper may be 

addressed. 
3Present address: Bristol Laboratories, P.O. Box 657, 

Syracuse, NY 13201, U.S.A. 
4For a brief review of some of these papers see ref. 2a. 
5For a detailed argument concerding the conformations of 

these and similar analogs in solution see ref. 26. 

such. 
As we had anticipated, treatment of 3 with sodium 

dimethylmalonate in tetrahydrofuran gave the 
desired cyclized product 40 in 68;; yield after chro- 
matography. Similarly replacing the dimethyl mal- 
onate in the reaction with dibenzyl malonate or 
di-trrt-butyl malonate gave the products 4b and 4c 
in 60 and 52% yields, respectively. The structures 
assigned to 4a-c were made on the basis of their 
elemental analyses and by con~parison of their uv, ir, 
and nrnr spectra with those of the earlier nuclear 
analogs synthesized in these laboratories. Examina- 
tion of the proton nmr (Table 1) enables us to assign 
the conformation illustrated in Fig. 2 to these 
molecules. 

Reduction of the azido function in 4a using 
triethylamine - hydrogen sulfide gave the amine 50 
in 91:5 yield. Conversion of the amine 5ci t o  the 
amide 6a proceeded in near quantitative yield using 

0008-4042/79/020222-05m .W/0 
a1979 National Research Council of CanadalConseil national de recherches du Canada 
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DOYLE ET AL. I 223 

TABLE 1. Nuclear magnetic resonance spectraa 

Compound Aromatic protons ArCH, CH 3 Other 

4.45 (m, 3H, 
CHCH,OMes) 

2.65(1H, dd, Jl = 13 
J2 = 3.5) 

2.14 (IH, m) 
2.66 (dd, J1 = 13 

J, = 3 .5 , lH)  
2.14 (m, 1H) 

2.59 (dd, lH ,  
J 1  = 13, J2 = 3.5) 

1 .92(dd, I H, 
Jl = 12, J2 = 13) 

2.68 (dd, 1H, J1 = 13 
J2 = 3.5) 

1.94 (dd, 1H, J1 = 13 
J, = 12) 

1.68 (bs, 2H, NH,) 
1.92 (dd, Jl = 13, 

J, = 12) 
2.68 (dd, J1 = 13, 

J, = 3.5) 
1 .50 (bs, 2H, NH,) 
4.46 (s, 2H, 40CH2)  
1.84 (dd, J l  = 13 

J2 = 12) 
2.51 (dd, J 1  = 13 

J* = 3.5) 
2.53 (m, 1H) 
1.84 (m, lH)  
4.38 (s, 2H, +OCH2) 
4.50 (s, 2H, +OCH2) 
2.30 (m, 2H) 

1-3 (bs, 2H) 

3.30 (bd, lH,  
CHCOZH) 

1.70-2.6 (m 2H) 
4.73 (bs, lH,  

CHCO~BZ) 
2.60 (bd, J  - 8 Hz) 
3.35 m(1H) 
1 .7-2.4(m, 2H) 
1 .60 (bs, NH,) 
1.7-2.4 (m, 2H) 
3.33 m (lH, bd, 

J -  6) 
4.48 (s, 2H, +OCH2) 
1 .5-2.3 (m, OH) 
3.22 (m, lH ,  bd 

J =  -6) 
4.55 ( s ,  2H, (bOCH2) 
3.32 (m, IN) 
1 .5-2.3 (m, 2H) 

2.08(s) 
3.70(s, OMe) 
2 . 1 0(s) 
3.73(s) 

"Recorded at 60 MHz in CDCI, unless otherwise noted. The coupling constants are recorded in 
DArms of AB quartet. 
CMinor isomer. 
QDMSO-d,. 
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c ~ f  ~ o ~ R "  
FIG. 2. Conformation of desthiocephalosporins 

2 - ethoxy - N - ethoxycarbonyl - 1,2 - dihydroquinoline 
(EEDQ) and phenoxyacetic acid (4). Similarly 46 
was converted to 56 and subsequently to  6b. 

Hydrogenation of 60 over 10% palladium-on- 
carbon gave 3-methyl-2,2-biscarbomethoxy-7-P-phe- 
noxyacetamido-A3-desthiocephem-4-carboxyic acid 
7 in 70% yield. Reduction of 66 over 1 0 s  palladium- 
on-carbon in acetic acid resulted in loss of all three 
benzyl functions and decarboxylation to give 8 in 
44% yield. 

To  explore the synthesis of various 2-mono- 
substituted analogs the deesterification of 4c was 
studied next (Scheme 2). Treatment of 4c with tri- 
fluoroacetic acid a t  60cC gave a foam the nmr spec- 
trum of which was compatible with the diacid 9. A 
solution of the foam in toluene ivas boiled at  reflux 
for 10 min and evaporated to yield a mixture of the 

two conlpounds 10 and 11, in a 3 :  1 ratio. Partial 
resolution of the mixture of acidc was achieved by 
colunln chromatography on silica gel and the struc- 
tural assigilmellts made on the basis of their nmr 
s ~ e c t r a .  The acid mixture was used as such in the 
next step. Thus treatment of the mixture with methyl 
chloroformate and tricthylamine gave the methyl 
ester 12 in - 5 5 3 i e l d .  The crude ester was reduced 
to the amine 13 using triethylamine - hydrogen sul- 
fide and 13 was coupled to phenoxyacctic acid using 
EEDQ to give 14. Hydrogenolysis of 14 gave the 
desired acid 15. The stereochernistry of the car- 
bomethoxy group in 14 and 15 was not determined 
owing to poor resolution of the nmr spectrum. 

The biological activities of compounds 1, 8, and 15 
were disappointingly low and will be discussed in full 
in a forthcoming structure-activity relationship 
paper. 

Experimental 
The infrared spectra were recorded on a Unicam Sp-200 G 

grating ir spectrophotometer. The nmr spectra were deter- 
~nined on a Varian A60-A spcctronieter using tetramethylsilane 
as an internal standard. Melting points are uncorrected except 
where noted and were determined on a Gallenkan~p melting 
point apparatus. The analyses were performed by Micro- 
Tech Laboratories, Skokie, IL. 
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Preparation of Vinyl TriJlhte 3 
The en01 2 (48.0 g, 0.117 mol) was dissolved in 500 ml 

CaC12-dried CH,CI, and then cooled in an ice bath under N,. 
Triflic anhydride (33.0 g, 19.5 nil, 0.1 17 niol) was added in one 
portion. A solution o f  triethylarnine (11.8 g, 16.3 nsl, 0.117 
mol) in 80 ml CH,CI, was added dropwise over a period o f  
40 min. When the addition was complete, the ice bath was 
removed and the mixture stirred at 25-C for a further 45 min. 

The inixture was poured into 300 ml ice-H,G and washed 
with cold H,O until the pH was - 6 (five or six washings were 
necessary). The CH2CI, solution was dried (Na2SO4) and 
evaporated to  give a dark red oil (54.0 g) which was dissolved 
in 400 ml benzene and passed through a If-in. pad o f  silica 
gel (15% water, w!w) (,-- 150g); the pad was washed with 1 f 
o f  benzene. Evaporation o f  the benzene gave a yellow oil 
(38.3 g) which contained -20% unreacted enol. Eluting the 
pad with 500 mI CH2CI, gave 5.42 g o f  a 40:60 mixture o f  
triflate and enol. Further elution with 500 ml E t20  gave 
5.34 g of  unreacted enol. 

The yellow oil which contained the two isomeric triflates 
was triturated with 50 ml o f  absolute EtOH until there were 
no more large gummy particles. After cooling to  0°C for a few 
hours, the suspension was filtered to  afford 19.5 g o f  a white 
powder consisting o f  one triflate isomer, mp 57-59°C; ir 
(neat): 2110, 1790, 1730, 1656 cm-' ; uv (EtOH) 1..,,,: 242 (E 

6360). A~ml .  calcd. for C1,H,,F,N,09S2: C 37.67, H 3.14, N 
10.33, S 11.82; found: C 37.40, N 3.12, N 10.43, S 11.73. 

Preparation of Compozrnds 4a-c 
Conlpo~trld 4a 
T o  a suspension o f  225 mg (5.34 mmol) o f  sodium hydride 

(57% mineral oil dispersion washed three times with petroleum 
ether) in 2 ml dry tetrahydrofuran, under nitrogen, and cooled 
to 0-5"C, was added 1.32 g (2.43 mmol) o f  3 and 282 mg 
(2.43 mol) o f  dimethylmalonate in 3 ml o f  dry tetrahydrofuran 
over 10 min. A red color developed and hydrogen was evolved. 
The reaction was stirred at 25'C for I .5 h at the end o f  which 
time the reaction was complete as determined by thin-layer 
chromatography. 

Five percent HCl was added t o  the reaction (pH 3.4) and 
was then distributed between ether and water. The organic 
phase was washed with water, dried (Na,S04),  and concen- 
trated in cncuo to  give 4a (1.02 g, 98%) as a yellow oil. The oil 
was chromatographed on silica gel (15% H,O), developed with 
1 volume hexane, and eluted with benzene. Pure 40 was ob- 
tained (688 mg, 66%); ir (neat): 2110, 1780, 1740, 1730, 1630 
c m - ' ;  uv (EtOH) A,,,,: 270 (E  1 1  200). 

Co~npound 4b 
Similarly treatment o f  504 mg (1 1.95 mmol) o f  sodium 

hydride with 2.95 g (5.45 mmol) o f  3 and 1.54 g (5.45 mmol) 
o f  dibenzyl malonate in THF gave 1.88 g (60%) o f  4b as an oil 

after chromatography; ir (neat): 21 10, 1780, 1740, 1730 cnl-' ; 
uv (EtOH) i,,,,: 270 ( E  10 967). Anal. calcd. for C 3 2 H 2 S N 4 0 7 :  
C 66.12, H 4.86, N 9.65; found: C 66.68, H 4.99, N 9.31. 

Con?polmd 4c 
Treatment o f  2.59 g (12 mmol) o f  di-terr-butyl nialonate and 

6.65 g (12 mmol) o f  3 with 1.05 g (24 n ~ n ~ o l )  sodium hydride 
in tetrahydrofuran as in the previous examples gave, after the 
usual work-up, 4c as a light brown oil. Trituration o f  this oil 
with a small volume o f  ethanol induced crystallization to  give 
3.2 g (52%) o f  4c as a colorless solid, nsp 146-147°C after 
recrystallization from ether; ir (CHCI,): 21 10, 1780, 1725(s 
1738) c m - ' ;  uv (EtOH) F.,,,,: 271 ( E  1 1  724). Anal. calcd. for 
C Z ~ H ~ Z N ~ O ~ :  C 60.92, H 6.29, N 10.93; foulld: C 61.03, H 
6.38, N 11.03. 

Preparation of Compornlds 5a and b 
Compound 5a 
The azide 4n (588 mg, 1.37 mmol) was dissolved in 10 rnl 

lnethylene chloride and triethylamine (700 mg, 0.96 ml,  6.93 
mmol) was added. Hydrogen sulphide was bubbled in slowly 
producing an orange-red color and complete reaction to  a 
niore polar (tlc) material after 45 min. The solution was con- 
centrated in uacuo and the yellow residue distributed between 
ether and 10% HCI. The organic phase was washed once with 
10% HCI which was then combined with the previous washings 
and extracted once with ether. The acidic solution was brought 
to  pH 8 with solid NaHCO, (foams!) and saturated with NaCl 
precipitating the amine 5u as a thick oil which was extracted 
into CH,CI,. The combined extracts were washed once with 
brine, dried (Na,SO,), and evaporated in caclro leaving 5a 
(500 nig, 9 1 z ) ,  which was used as such in the following reac- 
tion. A small amount o f  this material was converted to  the 
hydrochloride salt (EtOH-HCI; Et,O), mp 178-180°C; ir 
(free base, neat): 3410, 3350, 1770, 1740, 1725 cm-I .  Ai2al. 
calcd. for C,,H22N207~HC1: C 54.73, H 5.28, N 6.38; found: 
C 54.10, H 5.41, N 6.26. 

Coinpound 5b 
Treatment o f  1.88 g (3.08 mmol) o f  4b with triethylamine 

(6.16 mmol) and hydrogen sulfide as in the above example 
gave 1.07 g (100%) o f  5b as an oil on work-up. The amine 5b 
was used as such in the subsequent reaction. 

Preparation of Comnpounds 6a und b 
Compound 6a 
Amlne 5n (350 mg, 0.87 mmol) was st~rred in methylene 

chloride (20 ml)  with phenoxyacetic acid (132 mg, 0.86 mmol) 
and EEDQ (220 mg, 0.89 mmol) until CO,  evolution had 
ceased (80 min). The clear solutlon was washed with 1% 
NaHCO, (2  :: 15 ml), 10% HC1 (2 x 10 ml), brine (2 x 
20 ml),  dried (Na,SQ4), and concentrated in cacuo t o  give 6n 
(480 mg, 103%) as a white foam. The material was chroma- 
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tographed on 10 g silica gel (15% H,O) in CHC1,-Et20 (9: 1). 
Pure 6a was lsolated (480 mg, 103%) as a glas5y solld; ir 
(sn~eal):  3400, 1780, 1740, 1685, 1600, 1530, 1495 cnl-'; uv 
(EtOH) i.,,,: 269 (E 6778). Anal. calcd. for C28H2sN209: C 
61.64, H 5.35, N 5.13; found: C 61.37, H 5.26, N 5.02. 

Compound 6b 
Anline Sb (1.8 g, 2.13 rnmol) was stirred in CH,C12 (100 

ml) with phenoxyacetic acid (471 mg, 3.1 mmol) and EEDQ 
(765 rng, 3.1 mmol) until CO, evolution had ceased (1.5 h). 
The solution was washed with 1% NaHCO, (2 x 15 ml), 10% 
HC1 (2 x 10 ml), brine (2 x 20 ml), dried (Na2S04),  and con- 
centrated in cncuo to give 66 (2.05 g) as a red oil. This material 
was chromatographed on SiO, (35 g, 15% H,O) eluting with 
CHCI, to give white crystals (1.2 g) mp 134-135'C (corrected); 
ir (Nujol mull): 3320, 1770, 1725, 1680, 1550, 1495 cm- ' ;  uv 
(EtOH) ).,,,: 269 (E 14 556). Anal. calcd. for C4,H,,N,0,: 
C 69.85, H 5.12, N 4.07; found: C 69.51, H 5.33, N 3.94. 

3-1Methyl-2,2-biscm.bot~~ethoxy-7-[3-(phe1zo.xyaceramido) -A3- 
cle~thiocephern-4-carbosjlic Acid (7) 

Amide 60 (410 mg, 0.76 mniol) was dissolved in 60 mI 
EtOH - 8 ml T H F  and hydrogenated at 1 atrn and 25°C over 
10% Pd/C (410 mg); hydrogen uptake was complete at  10 min 
(27 nil, 145%). The catalyst was filtered off and washed with 
EtOH (50 1111) and evaporation of the filtrate left 7 (306 mg, 
90%) as a clear oil. It was crystallized from acetone-pentane 
to  give 237mg (70x1 of a white powder, mp 186-188'C 
(corrected); ir (Nujol mull): 3315, 3340, 2500-3600, 1785, 
1755, 1725(1745s), 1665, 1600, 1550, 1500 cm-'  ; uv (EtOH) 

267 (E 9580). Atznl. calcd. for C, ,H2,N20a:  C 56.50, 
H 4.96, N 6.27; found: C 56.47, H 4.97, N 6.24. 

3-:Methyl-7-[3-(pheno.xynceiur~1icio) -A3-&.c-tl~iocephenz-2,4- 
dicarho.uylic Acid ( 8 )  

A mixture of amide 60 (270 ~ n g ,  0.39 mmol) and 10% Pd/C 
(270 mg) in glacial AcOH (10 ml) was hydrogenated at 1 atni 
and 25'C until H, uptake ceased. (More than the theoretical 
amount of H Z  was absorbed in all cases.) The catalyst was 
filtered off and the AcOH was evaporated at t 1 Torr, 
40-50'C water bath. The glassy residue was covered with ben- 
zene and reevaporated to remove the last traces of AcOH. The 
residue was crystallized by warming in water. The resulting 
white powdery crystals were dried in cacuo over P2O5 for 18 h 
(64 mg, 43.5%), mp 158-159'C (corrected); ir (Nujol mull): 
3410, 3370, 2500-3600, 1775, 1750, 1725, 1715, 1685, 1650, 
1600, 1525, 1500 C I ~ I - '  ; uv (EtOH) h,,,,: 268 (E 5180). Arral. 
calcd. for C,8H,8N207.+H20:  C 56.39, H 4.99, N 7.30; found: 
C 56.70, H 4.83, N 7.35. 

Ester Cleauage of4c 
A solution of 555 rng (1.085 mmol) of 4c in 15 ml of trifluo- 

roacetic acid was placed on a rotary evaporator at 62'C and 
the solvent evaporated over a period of 5-10 min to give 425 
mg of a foam the nmr spectrum of which indicated the com- 
plete loss of the tert-butyl signals. The foam was taken up in 
toluene and refluxed 10 min following which the toluene was 
evaporated to yield 380 mg (98.5%) of a white foam. The nmr 
spectrum of the crude material showed two methyl signals and 
two benzyl signals in a ratio of 3: 1 indicating that decarboxyla- 
tion of the diacid had occurred. The foam was chromato- 
graphed on 10 g silica gel (15z  water w/w) using chloroforn~ as 
eluent. The eluting solvent was gradually changed to ether. 
The earlier fractions gave material greatly enriched in com- 
pound 10, the major isomer, while the colun~n tailings were 
mostly compound 11. 
P~epuration of Conlpound I 4  

To a solution of 500 mg (1.4 mmol) of crude acid (3 : 1 mix- 

ture of 10 and 11) in 25 ml methylene chloride was added 
150 Ing (1.5 mmol) of triethylamine. The solution was cooled 
to - 10-C (ice-methanol) and 150 mg (1 .6 mmol) methyl 
chloroformate in 2 ml CH,C12 was added dropwise. The solu- 
tion was stirred 1.5 h. The solution was evaporated to dryncss 
at reduced pressure and the residue partitioned between water 
and ether. The ethereal extracts were washed with 10% hydro- 
chloric acid and then saturated sodium bicarbonate solution. 
Evaporation of the organic layer gave 300 mg crude methyl 
ester 12 which was used as such in the subsequent step. From 
the basic extracts, 120 mg of starting acid was recovered 
(mixture). 

Reduction of 300 mg of c r ~ ~ d e  ester using triethylamine 
(100 mg) - hydrogen sulfide gave, upon work-up (see prepara- 
tion of Srr), 200 rng of 13 as an oil; ir (film): 3420, 3360, 1770, 
1750, 1740, 1640 cm- ' .  

Treatment of 172 mg (0.5 mmol) of the amine 13 with 76 mg 
(0.5 mmol) phenoxyacetic acid and 124 mg (0.5 mmol) EEDQ 
in 10 ml methylene chloride gave 220 mg (92%) of 14 as a 
white foam. Chromatography of this material on silica gel 
(1 5% water, w/w) using ether as eluent gave 200 mg of pure 14, 
mp 57-58°C; ir (CHCI,): 3430, 1770, 1740, 1695, 1600, 1590, 
1525, 1495 cm- ' ;  uv (EtOH) i,,,,: 268 (E 12 900). Anal. calcd. 
for C2,H,,N,0,~)H20: C 64.06, H 5.58, N 5.75; found: C 
64.31, H 5.52, N 5.60. 

3-Methyl-2-carbornethoxy-7-a- (phenoxyacetnnlido) -A3- 
desthiocephern-4-curho.xj~lic Acid ( I S )  

Reduction of I00 mg (0.208 mmol) of 14 with I00 mg 10% 
Pd/C in 5 1111 T H F  and 10 ml ethanol at 1 atm and 22'C for 3 h 
gave, after work-up (see preparation of 7), 75 mg of a white 
powder, lnp 8 4 T  (dec.); ir (CHCI,): 3420, 2500-3600, 1773, 
1740, 1695, 1600, 1530, 1495 cnl-'; uv (EtOH) I,,,: 265 (E 
8150). Anal. calcd. for C19HZONZ02.+H20:  C 57.43, H 5.33, 
N 7.04; found: C 57.87, H 5.60, N 6.61. 
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Nuclear analogs of f3-lactam antibiotics. XI. 
Synthesis of 3-methyl-7-~-(phenoxyacetamido)-A33~desthio~ephem-4-~arboxylic acidi 
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TERREXE WILLIAM DOYLE, TERRY THOMAS C O N ~ A Y ,  GARY LIV, and Brhc-YU LUH. Can. J. 
Chem. 57.227 (1979) 

Treatment of the acid 3 with triethylamine in refl~~xing tert-butyl alcohol gave the decar- 
boxylated product 4 which was ison~erized to the desired A3 isomer 5 using DBN. Reduction of 
the azido functions in 4 and 5 followed by coupling to phenoxyacetic acid and debenzylation 
gave the acids 11 and 8, respectively. Attempts to prepare dienic cephalosporins failed. The 
halogenation of 4 and 5 was studied and is discussed. 

TERRENCE WILLIAM DOYLE, TERRY THOMAS CONWAY, GARY LIM et B I ~ G - Y U  LUH. Can. J .  
Chem. 57,227 (1979). 

Par traitement de l'acide 3 avec la triethylamine dans l'alcool trrt-butyle au reflux, on a 
obtenu le produit dCcarboxyle 4 qui, par isomerisation avec le DBN, a donne I'isomere A3 
attendu 5. La reduction des fonctions azido dans 4 et 5, puis le couplage subsequent a I'acide 
phenoxyacetique et la debenzylation ont conduit aux acides 11 et 8, respectivement. Les 
tentatives pour preparer des cephalosporines dieniques ont tchoue. On a etudie l'halogenation 
de 4 et de 5 et on discute de ces resultats. 

[Traduit par le journal] 

In the preceding paper of this series (1) we de- 
scribed the synthesis of some 2-substituted desthio- 
cephalosporins from intermediates developed earlier 
for our syntheses of the 0-2-isocephem (2a), N-2- 
isocephem (2b), and 2-isocephem (2c) systems (Fig. 
1). I11 this paper we wish to report the synthesis of 
7- p -  phenoxyacetainido-3-methyl-A3-desthiocephe~n- 
4-carboxylic acid 8. 

1 
X = 0 ,  S, SO, SO,, NMe. 

NCO>Et, C(COZR),. 
CH(C0,R) 

FIG. 1. Cephalosporin analogs 

As we reported earlier trifluoroacetic acid effected 
cleavage of the diester 2 to give the correspollding 
diacid. As had been anticipated the diacid readily 
underwent decarboxylation to yield the monocar- 
boxylic acid as a mixture of isolners 3. We had 
expected that 3 would readily undergo a second 
decarboxylation to give either 4 or 5 .  To our surprise 
even boiling 3 at reflux in toluene in the presence of 

'For Part X of this series see ref. 1. 
2To whom correspondence concerning this paper may be 

addressed. 
3Present address: Bristol Laboratories, P.O. Box 657, 

Syracuse, NY 13201, U.S.A. 

acid gave no detectable amounts of either 4 or 5. The 
conversion of 3 to 4 in 784; yield occurred readily in 
retluxing fert-butyl alcohol catalysed by triethyl- 
amine. No trace of 5 could be detected in the crude 
product. When 4 was treated with 1,5-diazabicyclo- 
[4.3.0]-5-nonene (DBN) a rapid quantitative con- 
version to 5 occurred. The structure assignments to 4 
and 5 were amply supported by their ir, nmr, and uv 
spectra. 

The fact that only the thermodynamically less 
stable 4 was formed upon decarboxylation of the 
anion of 3 implies that the reaction occurs with con- 
conlitant loss of the carboxyl group and migration 
of the double bond and not via the carbanion, ii 
(Fig. 2). Two explanations may be advanced for this: 
either rapid kinetic protonation of an initially formed 
anion or the involvement of an enolized ester anion 
form such as i which can be protoilated at C4 rather 
than C2. That the latter explanation niay be valid is 
supported by the work of Murphy and Koehler (3) on 
the preparation of A2-cephalosporin esters (Fig. 3) 
via the ketene i v  which adds alcohols to yield exclu- 
sively the A'-cephem esters. Presumably the addition 
of alcohols proceeds via an intermediate very similar 
to if not identical to i. 

With the desired A3-desthiocephem at hand the 
collversion of 5 to 7-P-phenoxyacetamido-3-methyl- 
A3-desthiocephem-4-carboxylic acid 8 was carried 
out. Reduction of the azido function using hydrogen 
sulfide - triethylamine (2a) gave the amine 6 in 91z 
yield. Treatment of 6 with phenoxyacetic acid and 

0008-40421791020227-06$01.00/0 
El979 National Research Council of CanadaIConseil national de recherche? du Canada 
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N3&(& 0 CH3 

C02CH2@ 
5 

FIG. 2.  Preparation o f  h2- and A3-desthiocephalospor~n esters. 

N-  ethoxycarbonyl-2 -ethoxy - 1 ,2-dihydroquinoline 
(EEDQ) (4) gave the alnide 7 in 68% yield. Finally 
removal of the benzyl ester was accomplished in 5 9 z  
yield via hydrogenolysis over 10% palladium-on- 
carbon. 

Similarly reduction of the azido function in 4 gave 
the amine 9 (86%). The coupling of phenoxyacetic 
acid to 9 using EEDQ proceeded in 95% yield to give 
10. 

In view of the labile double bond in 10 removal of 
the benryl functioil via hydrogenolysis was pre- 
cluded. The saponification of the ester was modeled 
on the more available 4. Thus treatment of 4 with 1 
equiv. of 10'",odiuin hydroxide gave the acid 12 in 
6 9 5  yield. We were unable to  detect any 5 in the 

i i i  

9 

F I G .  3 .  Preparation o f  A2-cephalosporin esters 

reaction thus indicating saponification to proceed 
more rapidly than isomerization. Similarly com- 
pound 18 was treated with 1% sodium hydroxide to 
give 7-  -phenoxyacetaniido- 3 - methyl-A2 -desthio- 
cephem-4-carboxylic acid 11 in 6 0 z  yield. These 
reactions are outlined in Scheme I .  

The ready access to compounds 4 and 5 led us to 
attempt the preparation of a desthiocephalosporin 
doubly unsaturated in the six meinbered ring or 
substituted with functionality other than carboxy 
groups at  C2. The results obtained are outlined in 
Scheme 2. 

Our first attempts involved treatment of 4 with 
N BS followed by treatment of the product with base 
to effect elimination to the diene. Thus upon treat- 
ment of 4 with NBS there was obtained a mixture of 
products. The nmr spectrum of the crude bromina- 
tion niixture shobved the presence of some starting 
material and at  least two bromination products. The 
signals for the C3 methyl group and C4 protons was 
largely intact indicating broniination to have oc- 
curred at  C1. Treatment of this crude mixture with 
triethylamine gave a mixture the nmr spectrum of 
which showed a singlet at 5.98 6. Chromatography of 
the mixture led to recovery of 14 as an  impure oil. 
Compound 14 proved to be relatively unstable and 
underwent rapid decomposition at  -25°C. The 
assignment of structure was made on the basis of the 
spectral data and the subsequent transformation of 
14 to 5. The nmr spectrum of 14 showed the proton rx 
to the azide as a doublet at 5.05 6 (J = 5 Hz) and the 
C6 protoll also as a doublet (J = 5 Hz) at  4.39 6. The 
signals for the olefinic protons at  C1 and C2 appeared 
together as a singlet at  5.98 6 integrating for two 
protons. The failure of the C1 proton to couple to the 
C6 proton is probably due to the fact that these 
protons are at  - 75-80" dihedral angle to one another. 
The uv spectrum of 14 gave evidence of extended 
corijugation having a maxima at  322 nm (compared 
to 268 nm in 5). All attempts to reduce the azido 
function in 14 to an  amine failed. The use of hydro- 
gen sulfide-triethylamine led to polymerization. 
When 14 was hydrogenated over 1 0 x  Pd/C the only 
characterizable product was 5 obtained in -6Oz 
yield. All attempts to carry out formation of the 
dienic system via NBS bromination of 10 (or other 
suitable ester) and base treatment failed to give any 
detectable product. 

Bromination of 4 proceeded readily to yield a 
dibromide 15 in quantitative yield. The umr spectrum 
of 15 was compatible with a single product. The con- 
version of 15 to the desired 16 upon treatment with 
triethylamine was facile. The stereochemistry of the 
bromo group is that indicated in the scheme and is 
readily deduced from the nmr coupling constants to 
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DOYLE ET AL. I1 

the C1 protons of the protons at C2 and C6. 111 our 
earlier work me have demonstrated that as in the 
natural series the molecule assumes the conformation 
shown in Fig. 4 (2a-d). The coupling constants of J H b H i l j  - 10.5 Hz 

JHGHIa EZ 5 HZ - 10.5 and 5 Hz between the C1-Hp and C6-H and 
between the Cl-H, and C6-H, respectively, confirm 
that as in the earlier work the desthiocephalosporins 16 

FIG. 4. Conformation of desthiocephalosporins. 
B 

adopt the conformation shown. The appearance of 
the signal for the proton u to the bromine atom at  
4.67 6 as a doublet of doublets with J ,  = 3.5, 
J ,  = 2.5 Hz is only compatible with the a configura- 
tion for the bromide. This also establishes the stereo- 
chemistry of the 2-bromo group in 15 as a. Com- 
pound 16 could also be prepared from 5 in near 
quantitative yield via treatment of 5 with NBS. The 
stereochemistry of 16 prepared from 5 was identical 
to that prepared via 15. 

Recently Macchia (5) and co-workers have re- 
ported the result of bromination of 2-cephems. As in 
our case they observed bromination to occur from 
the a face of the molecule. In their case however the 
entering bromide ended up at the C3 position owing 
to greater stabilization of charge in the broinonium 
ion by sulfur. Both cis and trans dibromides were 
obtained in their case (Fig. 5). In the case of the 
bromination of 4 only a single dibromide was formed. 
On mechanistic grounds the product might well be 
expected to be one of trans addition. 

Attempts to displace the bromide 16 with various 
nucleophiles did not give well defined products so our 
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4 15 
FIG. 5. Bromination of 2-cephems. 

efforts along this line \yere abandoned. In one experi- Be1iq~l3-:Meth~~l-7-~-/plienoxyac.etamir/oJ-A~-desthiocephem-4- 

merit attempted silica gel chromatography of 16 led carboxylate ( 7 )  

t o  the rearranged alcohol 17 the structure of which Preparufion of 6 
To  a solution of 312 mg (1 m n ~ o l )  5 and 0.150 ml TEA in was readily apparent from its spectral cllaracteristics. 20 CH2C12 was added a stream of H2S gas over nlin, The 

Colnpoulld 8 had alltibiotic activity comparable to, solution was observed to evolve N2  and was let stand at 20'C 
although a bit weaker than the corresponding 0-2-  until N, evolution ceased (30 min). The orange solution was 
isocepheln reported earlier (20) .  A full discussioll of evaporated to dryness at reduced pressure and the residue 

the biological activities of g is reserved to a forti,- partitioned between ether and 1 0 z  HCI. The acidic layer was 
made basic with Na2C0,  and extracted into ether. The 

coming structure activity paper. ethereal extracts were dried over Na7SOd. filtered. and eva- 

The infrared spectra were recorded on a Unicam SP-20OG 
grating, ir spectrometer. The nmr spectra were determined on a 
Varian A60-A spectrorueter using tetra~nethylsilane as an 
internal standard. Melting points are uncorrected and were 
determined on a Gallenkamp melting point apparatus. The 
analyses were performed by Micro-Tech Laboratories, Skokie, 
IL, U.S.A. 

BEIIZI'/ 3-Merhyl-7-~-nzido-A2-&sthioceplzem-4-carboxylnte ( 4 )  
A solution of 10.24 g (20 rnmol) of 2 in 150 ml trifluoroacetic 

acid was evaporated at 50-60'C on a rotary evaporator at re- 
duced pressure followed by pumping on a high vacuum pump 
(1 Torr). The residue was takcn up in 100 rnl chloroform and 
boiled at  reflux for 20 min, following which the solution was 
washed three times with brine, dried over Na2S04,  filtered, and 
evaporated to dryness. The residual oil was taken up in 75 ml 
dry tert-butyl alcohol and 3 rnl triethylamine was added. The 
solution was boiled at reflux for 30 min following which it was 
evaporated to dryness at reduced pressure. The residual oil was 
partitioned between ether (100 ml) and 1% NaOH (25 ml). The 
organic layer was washed with brine, 10% HCI, brine, and 
dried over Na,SO,. Filtration and evaporation of the filtrate 
yielded 4.84 g (77.573 almost pure 4. The oil was decolorized 
by passage through a pad of silica gel (Woeln~) (15z  water, 
w,'w) with benzene. A small sample of the oil was sent for 
analysis; ir (film): 21 10, 1770, 1750 cnl-I. Anal. calcd. for 
Cl6HI6N4O3:  C 61.53, H 5.16, N 17.94; found: C 61.69, H 
5.27, N 17.96. 

Benzq~l3-;\llerhyl- 7-a-nzicio-A3-desthiocephe177-4-carbo.~yIate (5) 
To a solution of 480 mg (1.54 n~mol)  4 in 25 ml CH2CI, was 

added 3 drops 1,5-diazabicyclo[4.3.0]-5-nonene (DBN). The 
solution was let stand 10 min at  ambient temperature and 
washed with 1 0 z  HCI followed by brine. The solution was 
dried over Na2S0,, filtered, and evaporated to give 450 mg 
pure 5 which crystallized on trituration with a few drops of 
ether, ~ n p  70.5-71.5"C (recrystallized from benzene - petroleum 
ether); ir (CHCI,): 2110, 1770, 1725, 1635 cm-' :  uv (EtOH): 
i -,,, 268 ( E  9250). Annl. calcd. for C,,H,,N,O,: C 61.53, H 
5.16, N 17.94; found: C 61.39, H 5.17, N 18.19. 

- ,  

porated to yield 260 mg (91:;) pure arnine 6. 
Sirle-chain Colcplirig 
The oil from the above procedure 260 nig (0.91 mmol) was 

taken up in 20 1111 CH2C12. To  this was added 138 mg (0.91 
mmol) phenoxpacetic acid followed by 225 mg (0.91 mmol) 
EEDQ. The solution was let stand 1.0 h at 25"C, washed with 
10% HCI, dried over Na2S0,, filtered, and evaporated to give 
an oil. The oil was taken up in 5 1111 ether and petroleum ether 
(30-60°C) was added to the cloud ooint. The solution was 
allowed to slowly evaporate over 18 h. The remaining solvent 
was decanted and the partially crystalline residue was tri- 
turated with ether (2 n11) and scratched. The crystals were iso- 
lated by filtration, n ~ p  96-97'C (recrystallized from ether - 
petroleuln ether). A total of 260 mg(68z)pure7 were obtained; 
ir (CHCI,): 3400, 3320, 1770, 1720, 1690, 1600, 1590, 1530, 
1495 cm-' :  uv (EtOH): i,,,,,, 269 (E 12 750). Anal. calcd. for 
C,,H,,N,O,: C68.56,H5.75,N6.66;found: C68.28,H5.80, 
N 6.57. 

3-Methyl-7-~-~pheno~~~nceturriido~-A~-d~~sthiocephem-4- 
carboxylic Acid f 8) 

A suspension of 200 mg (0.475 mmol) ester 7 and 100 n ~ g  
10% Pd/C in 25 ml ethylacetate was shaken 1.25 h at 45 psi 
under H,. The s~~spension was filtered through Celite and eva- 
porated to yield a semisolid glass which was triturated with 
20 ml ether to induce crystallization. The solid was recrystal- 
lized from acetonitrile-ether to yield 92 mg (59%) pure acid, 
mp 184-185°C with decomposition (placed in melting point 
apparatus at 177"C, heating rate, 2'Cjmin); ir (Nujol mull): 
3300, 2500-3600, 1770, 1685, 1620, 1600 c l l l r l ;  uv (EtOH): 
i,,,, 264 ( E  9050) shifts to P.,,,, 259 on addition of Id TEA. 
Anal. calcd. for CI,Hl8N2O5: C 61.81, H 5.49, N 8.48; found: 
C 61.63, H 5.52, N 8.61. 

Benzyl3-~~~tl~yl-7-~-/pl1e1~o.~~.crcetui~iidoj -A2-desthiocephem-4- 
carboxj~lare ( 1 0 )  

Reduction of 936 mg (3 mmol) of 4 using triethylamine 
(0.5 ml) - hydrogen sulfide in methylene chloride gave 712 mg 
(86z) of pure 9 after the usual work-up, mp 79-80'C (crystal- 
lized from ether): ir (CHCI,): 3400, 1755, 1745 cm--'. A12al. 
calcd. for Cl,H,,N20,:  C 67.12, H 6.34, N 9.78; found: C 
66.77, H 6.30, N 9.67. 
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TABLE 1. Nuclear magnetic resonance spectraa 

Aromat~c and H H 
Compound v~nyl protons ARCH, CH 3 Othcr 

16 7.33(s, 5H) 4.93(d) 4.27(dt) 5.21(s, 2H) 
J =  5 Jl = 10.5 

J, = 5 
17 7.20(s, 5H) 4.62(d) 3.71(ddd) 5.01,5.26' 

5.66(1n, 1H) J =  5 J 1  = 9 . 0  J =  12 
J ,  = 5 
J3 = 4 . 5  

"Recorded at 60 MHz in CDCI, unless otherwise noted. Coupling constants are in Hz. 
hDMSO-d6-CDC13. 
'Arms of AB quartet. 

1.3-2.5(m, 4H, NH, + -CH,-) 

1 2-2 4(nl, 2H) 
4 53(s, 2H, +OCH,) 
7 91(d, IH,  J = 7 5, NH)  
1 6-2 5(m, 2H) 
7 70(d, IH,  J = 7 5, N H )  
9 08(bs. l H, CO, H )  

4 54(bs, CH, C02CH2+) 
2 2O(ni, 2H) 
I 50(bs, 2H, NH2) 
7 64(d, I H. NH, J = 7 0) 
4 53(bs, 1H)  
4 46(s, 2H, 4OCH2) 
2 05(m, 2H) 
4 45(5, 3H, +OCH2 + CHC0,H) 
2 05(n1, 2H) 
9 05(bs, 2H, CO,H + N H )  
4 55(sb, CHCO,H) 
2 28(m, 2H) 

4 74(s, 1 H, CFIC0,Bz) 
4 53(t, IH, CH-BI, J = 3) 
3 03(ddd, IH, J, = 14 5, 

J, = 10, J 3  = 3 0) 
1 8-2 5(m, IH, obsc. by Me) 
2-2 5(m, 2H, GH,) 
4 67(dd, IH, CHBr, J ,  = 2 5, 

J, = 3 5) 
2 0-2 5(m, 2H) 
4 70(s, IH, OH) 

The amine 9, 712 mg (2.58 ~nmol)  was treated with 378 tng 
(2.58 mmol) phenoxyacetic acid and 620 mg (2.58 mmol) 
EEDQ in 50 ml rnethylene chloride as in the previous example 
to yield 1.002 g (95%) of 10, nip 95'C (corrected); ir (CHCI,): 
3430, 1775, 1750, 1695, 1600, 1595, 1525, 1495 cnl-'. Annl. 
calcd. for C,,H,,N,O, : C 68.56, H 5.75, N 6.66; found: C 
68.49, H 5.82, N 6.47. 

3-Methyl- 7-8- (phmoxyncetamicio) -A2-desfhiocepl~enl-4- 
carboxylic Acid 111) 

TO a solution of 210 nlg (0.5 mn~ol)  of 10 in 8 ml tetrahydro- 
furan was added 2 ml of 1% sodium hydroxide. The solution 
was stirred 30 min and diluted with 20 ml ether. The !ayers 

were separated and the organic layer washed three times with 
10-ml aliquots of water. The combined aqueous layers were 
acidified with 1 0 x  HCI, saturated with sodium chloride, 
and extracted three times with methylene chloride. The 
extracts were dried over sodium sulfate and evaporated to 
yield 100 mg (60%) of the desired acid 11, mp 157'C (corrected) 
with deconlposition (recrystallized from ethanol-ether); ir 
(Nujol mull): 3300, 2500-3600, 1760, 1735, 1680, 1600, 1540, 
1500 cm-'. A~znl. calcd. for Ci7HI8NZO5.$3,0: C 59.38, H 
5.72, N8.15; found: C 59.66, H 5.36, N 8.13. 

3-Methyl- 7-p-azido-A2-desrhiocephe1n-4-cavbo.~ylic Acid 11 2 1 
Treatment of 1.75 g (5.6 mmol) of 4 in 30 ml tetrahydro- 
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furan with 22.5 n ~ l  of l"j, sodium hydroxide as in the above with ether. A total of 500 mg of pure 16 was obtained on filtra- 
example gave 857 mg (69%) of pure 12 after the usual work-up, tion, rnp 95.5-96'C; uv (EtOH): >,,,, 284 nm ( E  6600). Anal. 
m p  144--144.5"C (recrystallized from acetone - methylene calcd. for C,,H,,BrN403: C 49.12, H 3.86, N 14.32, Br 20.42; 
chloride); ir (CHCI,): 2500-3500, 2110, 1765, 1725(sh) c m ' ;  found: C 49.01, H 3.91, N 14.43, Br 20.32. 
Anal. calcd. for C9H10N403:  C 48.64, H 4.54, N 25.22; found: F~~~ 5 
C 48.65, H 4.59, N 25.33. To  a solution of 106 mg of 5 in 10 ml carbon tetrachloride 

Preparation of Compolnnn' 14 
A suspension of 624 ing (2 mmol) of 4 and 460 mg (2.58 

mmol) A'-bromosuccinimide in 20 nil carbon tetrachloride was 
boiled at reflux with irradiation from a sun lamp. After 30 min 
an  aliquot was removed and checked by nnir for the presence 
of 4. She reaction was continued an additional I5  min. The 
solution was cooled, washed with water, dried over sodium 
sulfate, and evaporated. She nmr spectrum showed traces of 4 
and the presence of 13 in the reaction mixture. The sample was 
taken up in 25 ml methylene chloride and treated with 0.22 g of 
triethylamine. The solution was washed with 20 ml of water, 
dried over sodium sulfate, and evaporated. The oil was 
chromatographed on 50 g silica gel (15z  water, w/w) with 
chloroform. The earlier fractions from the column yielded a 
material (-70 rng) the nmr spectrum of which was compatible 
with benzyl 3-bromoinethyl-7-!3-azido-A2-desthiocephem-4- 
carboxylate. After a number of mixed fractions there was 
eluted 273 mg of impure 14 as an oil. Con~pound 14 was un- 
stable being completely decomposed in a week. The assign- 
ment of structure is based on the ir, nmr, and uv spectra of 14; 
ir (CHCI,): 2110, 1780, 1770, 1720, 1600, 1585 cm-' ;  uv 
(EtOH): ?",,, 322 ( E  3550). 

Reduction of 14 
A solution of 250 mg of crude 14 in 20 ml ethyl acetate was 

hydrogenated over 10% Pd,'C at atmospheric pressure and 
25°C for 1 h. The solution was filtered and evaporated to yield 
a n  oil which was taken up in methylene chloride and chroma- 
tographed on 15 g silica gel (15% water, wlw) to give 145 mg of 
5 identical in all respects with that obtained earlier. 

Be~zzyl 3 - M r f / ~ y l - 2 - c c - b ~ o i ? ~ o - 7 - ~ - a z i c l o - A ~ - c / 1 ~ - 4 -  
carboxylnte ( 1 6 )  

Frol?l 4 
To  a solution of 1.78 g (5.7 mmol) of 4 in 50 ml methylene 

chloride was added an  excess of bromine (3.2 g, 20 mmol). The 
solution was refluxed 20 minutes. A small aliquot was eva- 
porated to dryness. The nmr spectrum of the residual oil was 
compatible with a single dibromide (see Sable 1). To  the solu- 
tion was added 1 .O1 g (10 mrnol) triethylamine. The solution 
was let stand 30 min, washed with water, 10% hydrochloric 
acid, and brine. After drying over sodium sulfate the solution 
was evaporated to  dryness and the residual oil was triturated 

was added 60 mg N-bromosuccinimide and 2 mg benzoyl 
peroxide. The solution was brought to reflux for 30 min, 
cooled, washed with water, brine, and dried over sodium 
sulfate. She  suspension was filtered and the filtrate evaporated 
to yield 137 mg (95%) of 16 identical in all respects with that 
obtained from 4. 

Benzyl3-Met/zyl-4-hyrl1o~y-7-~-azido-A~-c/e~thiocephem-4- 
carboxylate 11 73 

The mother liquors from the crystallization of 16 in the 
above experiment were chromatographed on 20 g silica gel 
(Woelm activity 111) using methylene chloride as eluent. In 
addition to some 16 (450 mg) which eluted early a second 
material eluted from the coluinn as an oil. The nmr spectrum 
(Table 1) was consistent for the material being 17. Atzal. 
calcd. for Cl6HI6N4O4:  C 58.53, H 4.91, N 17.07; found: C 
58.41, H 5.02, N 16.93. 
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Facile syntheses of the enantiomers of sulcatol 
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BLAIR D. JOHKSTON and KEITH N. SLESSOR. Can. J. Chem. 57,233 (1979). 
The synthesis of R-(-)- and S-(+)-6-methyI-5-hepten-2-01 (sulcatol) from commercially 

available ethyl S-(-)-lactate via chiral methyloxiranes is reported. Both substances have 
crystalline intermediates in their synthetic routes insuring high optical purity. The necessity for 
a simple route to S - ( f  )-sulcatol results from the identification of this chiral substance in the 
pheromone complement of Gnathorric.rr.s retus~rs, a northwestern American timber pest. 

BLAIR D. JOHSSTOU et KEIIH N. SLESSOR. Can. J. Chem. 57. 233 (1979). 
On rapporte la synthese des R-(-)- et S(+)-methyl-6 heptene-5 01s-2 (sulcatol) a partir du 

S(-)-lactate d'ethyle disponible commercialement et par l'intermediaire de methyloxirannes 
chirales. La synthese de ces deux substances implique des intermediaires cristallins qui assurent 
des puretes optiques elevees. La necessite de trouver une voie simple permettant d.acctder au 
S(+)-sulcatol provient du fait que cette substance chirale a ete identifiee dans le complen~ent de 
la phiromo~le du Gnntl7otric~rs retusus, un insecte des bois du nord-ouest de 1'Amerique. 

[Traduit par le journal] 

Introduction 
OTs jH 

cp ,H 0 

Recent investigations' have shown that S-(+)-6- ",c + "c - 
methyl-5-hepteo-2-01. S-(+I-sulcatol ((+)-3), is the CH~' ' ~ 0 2 ~ ~  CH~' 'CH~OH CH, 
aggregation pheromone of Gtzcrtl~otricus retusus, a 1 (+)-2 
wood boring ambrosia beetle which attacks fallen 
and cot timber. The syntheses of sulcatol enantiomers - 2  hMdC, 
(1, 2) devised for the elucidation of the role of the or 

chiral pheromone complement in G. sukatzts (3) were (-)-2 Cu I 
OH 

clearly not applicable to the amounts necessary for (+ I -  or (-)-3 
G. refusids lab-field bioassays and f~rture control 
programs. R-(+)- and S-(-)-Methyloxisane 2 ap- 
peared to be ideal synthons for the sulcatol enan- 

Ti 
tiomers. 

Seuring and Seebach (4) have identified the chiral 
pool as a convenient source of S-(-)-niethyloxirane 
from the commercial ethyl S-(-)-lactate. A low 
melting crystalline intermediate enhances chiral 
purity but the crystallization is difficult. R-(+)- 
Methyloxirane. R-(+)-2, has been prepared by a 
fermentation method ( 5 )  wlth good results, although 
no crystalline intermediates provided the necessary 
insurance of optical purity. Diborane reduction of 
the carboxylate ester in the readily prepared, crystal- 
line ethyl 2-0-p-toluenesulphonyl S-(-)-lactate 1 
provided ideal access to R-(+)-2. With pure enantio- 
mess of methyloxirane, prenylation provided the 
desired sulcatols 3. 

by allylic Grignard reagents has been achieved using 
copper(1) iodide catalysis (7). Recent syntheses of 
( + )-a-bisabolol (8) and R-( + krecifeiolide (9) are 
examples of alkylation of chiral epoxides with no 
apparent raceniization. 

T o  insure the optical purity of the enantiomeric 
sulcatols, the crystalline p-nitrobenzoates 4 were 
prepared and recrystallized to constant melting point 
and optical rotation. Base hydrolysis of tlie esters 

Stereospecific opening of lnethyloxiranes is well regenerated the enantiomers of S-(+)-  and R-(-)-3. 
established ( 6 )  and recentlv regioselective alkvlation The optical purity of the sulcatols was evident from 

\ ,  - 'd 

the strong optical rotations of gc pure final products. 
'Present address: Forest Pest Management Institute, T~ obtain optical rotations of accuracy, Canadian Forest Service, Sault Ste Marie, Ont. P6A 5M7. 
ZPersonal communication: Professor J.  H. Borden, Pestology lenlperature the was necessary. 

Centre, Department of Biological Sciences, Simon Fraser The utility of this work rests not only in the facile 
University. syntheses of chiral insect pheromones for pest 

0008-4042/79/020233-03$01.00/0 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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management but also in the availability of R-(+)- 
methyloxirane. The convenient synthesis of this syn- 
thon from a coinrnercial product expands the useful- 
ness of the chiral pool as a source of optically active 
reagents. 

General procedures and instru~nentation were as described 
earlier (2). Melting and boiling points are uncorrected. The 
ethyl S-(-)-lactate was purchased from The Aldrich Chemical 
Co. and the cuprous iodide (purified grade) was obtained from 
Fisher Scientific. 

S-I' - j-Metkj~lo.uir.arze /S-f -)-2) 
This compound \+as prepared by the method of Seuring and 

Seebach (4) via the crystalline S-(-)-1-p-toluenesulphonyl-2- 
propanol; [ z ] , ~ ~  - 14.2- (neat), bp 34-Ci750 Torr. A linear 
dependence of [r], with temperature over the range T,, , '~ 

- 6.20" to - 5.60' (0.4999-dm cell) was observed (lit. (4) 
[a], - 12.5 (neat), bp 34'C,760 Torr. Nuclear magnetic 
resonance and ir spectra were identical with those of racemic 
propylene oxide (Aldrich p 0.83 g mL). 

S - i  + )-6-:Llefliy/-5-h(~prer1-M i s - l +  )-3) 
Magnesi~ini (7.2 g, 300 mmol) was stirred with dry tetra- 

hydrofuran (50 mL) under an N, atmosphere with ice-bath 
cooling. A solution of 1-chloro-3-methyl-2-butene (20.8 g, 200 
mrnol) in dry tetrahydrofuran (100 niL) was slo\\.ly added 
dropuise over a period of 1.5 h. After stirring for a further 1 h 
at  ice-bath temperature thc black suspension mas filtered 
through a plug of glass ~ o o l  into a clean, dry flask and again 
cooled in an ice-bath. Cuprous iodide (3.8 g, 20 nimol) was 
then added and a solution of S-(-1-2 (5.8 g, 100 mmol) in dry 
tetrahydrofuran (50 mL) was dripped in over a period of 3 h 
with vigorous stirring. After a further 1 h the black suspension 
was poured into saturated aqueous ammonium chloride 
solution (300 mL) and extracted ~vith ether (3 x 200 niL). The 
conibined ether extracts were washed with water (75 mL) and 
saturated aqueous sodium chloride (75 mL), dried over an- 
hydrous sodium sulphate, and evaporated to -25 nil. After 
t ~ v o  vacuuln distillations the yield of S-(+)-3 was 9.4 g (7573, 
bp 85-86'C/20 Torr, [aIDz3 + 17.4' (neat). 

S-/ + J -6-iMer/i.vl-5-/iepten-2-0/ p-Nit/.obmzoate /S- i A)-4) 
p-Nitrobenzoyl chloride (27.8 g, 150 mmol) was added to a 

solution of S-(f )-sulcatol (16.8 g, 131 mmol) in pyridine 
(200 niL). After stirring for 4 h at  room temperature the 
solution was poured into water (500 ~ I L )  and extracted with 
ether (3 x 250 rnL). The conibined ether extracts were washed 
with 5% aqueous sodium bicarbonate (2 x 150 niL) and 
saturated aqueous sodium chloride (150 mL) solutions, dried 
over magnesium sulphate, filtered, and evaporated to a syrup 
which was co-evaporated twice with toluene (75 mL) to 
remove pyridine. The residue partially crystallized on cooling 
and was recrystallized from methanol (150 mL) to yield 32 g 
(88x)  of light yellow needle-like crystals, mp 53-55'C. After 
two recrystallizations from methanol the derivative had n ~ p  
54-55T, [aIDZ2 +61.4' (C 5.01, CHCI,). Atzal. calcd. for 
CI5Hl9NO4:  C 64.96, H 6.89, N 5.02; found: C 64.92, H 6.99, 
N 5.02. 

Regcweration of S-(+)-S~rlcatol from rlie p-Nitrobenzoate 
i i + i - 4 /  

S-(+)-Sulcatol p-nitrobcnzoate (29.5 g, 106 mmol) was dis- 
solved in 2 N alcoholic sodium hydroxide (500 mL) and the 
solution stirred 20 h at  room temperature, poured into water 
(1000 mL), and extracted with chloroform (3 x 250 mL). The 

chloroform extracts were dried over magnesium sulphate and 
evaporated to -30 mL. Distillation, bp 74-75'C112 Torr, 
yielded S-(+ )-sulcatol ( 1  3 g, 9573, [rJ]D24 + 18.6' (neat), pZ4 
0.841 g/mL (observed), with a linear dependence of [ a ] ,  with 
temperature ovcr the range r,,b,I4 +8.07' to c / , , ,~~ '  I 7.58' 
(0.4999-dm cell), [%IDz3 + 14.8' (c 4.96, EtOH) (lit. (1) [rIDz3 
+ 14.4" (c 0.998, EtOH), lit. (2) [aIDz0 + 13.96'(c4.56, EtOH)). 

Ethyl 2-p-Tolirene.trr]yI1o11~~I-S-( - ) -1nctntc ( 1  j 
Ethyl S-(-)-lactate (40 g, 0.34 mol) was dissolved in pyri- 

dine (400 mL) and cooled in an ice-bath to i 5'C. p-Toluene- 
sulphonyl chloride (80 g, 0.42 mol) was added in small portions 
over a period of 10 rnin and the resr~lting yellow solution 
was kept for 24 h at -5-C. Small portions of ice (- 1, - 5, and - 10 g) were then added, with a period of 15 niin betmeen addi- 
tions, insuring that the temperature remained near O'C. The 
solution was then poured into ice water (1 L) and extracted 
with chloroform (3 x 250 mL). The chloroforni extracts were 
dried over anhydrous sodium sulphate and evaporated. The 
syrupy residue was taken up in petroleum ether (30-60'C) - 
CHCI, 10: 1 (500 IIIL) and crystallized by rapid cooling in a 
Dry Ice - acetone bath to yield 66 g (71%) of the tosylate. 
Recrystallization from petroleum ether - CHCI, ga\e 60 g of 
pure tosylate I ,  rnp 3IiC, [%IDz3 -33.2  (c 5.05, CHCI,). Anal. 
calcd. for C,,H,,SO,: C 52.94, H 5.92; found: C 53.18, H 
5.95. 

R-/+)-Methrlo\l tar~e I'R-i+)-2) 
To  82 g (300 ni~nol) of 1 \\as added 1 Vt BH? In tetlahydro- 

furan (600 niL) and the solut~on st~rred for 5 daqs at room 
temperature and 3 days at 40 C under N,  The result~ng 
cloudy so l~ l t~on  uas  poured ~ n t o  uater (1 L) and sod~uni 
carbonate (- 5 g) mas added to break the emuls~on The 
aqueous phase was extracted u ~ t h  ether (2 x 300 niL) and the 
combined ether extracts mere washed u ~ t h  saturated aqueous 
sod~um c h l o ~ ~ d e  (300 niL) and drled o\er niagneslum sulphate 
F ~ l t ~ a t ~ o n  and evaporatlon at  0 01 To11 y~elded 71 g of crude 
syrup) 2-0-p-toluenesulphonyl-I-propanol T h ~ s  ~ i i a t e ~ ~ a l  was 
drlpped ~ n t o  100 mL of 5 0 z  KOH at 55 C The R-(+)-  
~iiethllox~rane u h ~ c h  drst~lled out of the react~on flask was 
collected 111 a Dry Ice - acetone trap Weak \acuum (200 Torr) 
was applled for 1,2 h to asslst In collect~on of the product A 
furthe1 d ~ s t ~ l l a t ~ o n  over KOH, bp 34-35 C 760 Ton ,  yielded 
8 7 g of (+ 1-2, 50% based on 1, [rIDZ4 + 13 9 (neat) 

R-i  - 1 -6-hferlzyl-5-1repten-2-ol f R-I' - j -3) 
This was prepared in exactly the same manner as S-(+)-3 in 

7 3 z  yield from R-(+)-2. Doubly distilled R-(-)-3, bp 85- 
86'C120 Torr, exhibited a rotation of [%IDZ4 - 18.0' (neat). 
Purified via the p-nitrobenzoate, in the same way as the (+) 
enantiomer, R-(-)-3 exhibited a rotation of [aIDZ4 - 18.5' 
(neat) and [.J]D23 - 14.7' (c 5.02, EtOH) (lit. (I)  - 14.5 
(C 0.74, EtOH), lit. (2) [aIDZ0 - 13.89- (c 4.76, EtOH)). 

R - j  - )-6-hler/1yI-5-/zeprm-2-o1 p-Nitr.obenzoate ( R - l  - 1-41 
This was prepared as described for S-(+)-4. Two recrystalli- 

zations yielded material of mp 54-55'C, [rJIDz2 -61.2" (c 5.02, 
CHC13). Aria/. calcd. for CI5Hl9NO4:  C 64.96, H 6.89, N 5.02; 
found: C 64.95, H 6.88, IS 5.06. 
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Tautomerization equilibria for phosphorous acid and its ethyl esters, free energies of 
formation of phosphorous and phosphonic acids and their ethyl esters, and pK, values for 

ionization of the B-H bond in phosphonic acid and phosphonic esters 

J.  PETER GUTHRIE' 
Depurtn~erlt of Chemistry, Utzi\.ersity of Western Ontnrio, Lotzdorz, O t ~ t . ,  Cun(ida 121'6A 5B7 

Received June 2,  1978 

J. PETER GUTHRIE. Can. J. Chern. 57. 236 (1979). 
From data in the literature the free energies of formation in aqueous solution of triethyl 

phosphite and diethyl phosphonate can be calculated as - 138.4 i 1.7 and - 165.1 i 2.0 
kcal nlol-', respectively. From these values, by application of free energy relations which we 
have published, the free energies of fortnation of the corresponding hydroxy compounds can 
be calculated and thence the equilibrium constants for tautomerization, which are lo7.,, 

and 10'0.3 in favor of the tetracoordinate phosphonate tautomer for P(OEt),OH, 
P(OEt)(OH),, and P(OH),, respectively. Using estimated pK, values for the tricoordinate 
phosphite species the tautomerization equilibria for the anions could also be calculated, as 
could the pK, values from the P-H bonds: 13, 26, and 38 for H-PO(OEt),, H-P02(OEt)-, 
and H-PO,'-, respectively. 

J. PETER GGTHRIE. Can. J. Chen~.  57.236(1979). 
En se basant sur des donnees de la litterature, on a calcult que les energies libres de forma- 

tion, en solution aqueuse, du phosphite de triethyle et du phosphonate de diethyle sont res- 
pectivenient - 138.4 ? 1.7 et - 165.1 i 2.0 kcal mol- ' .  Utilisant ces valeurs et les relations 
d'energie libre que nous avons publites, on peut calculer les energies libres de formation des 
composes hydroxyles correspondants ainsi que les constantes d'equilibre de la tautomerisation 
qui sont respectivement lo7.', 108.7 et en faveur du tautomere phosphonate tetra- 
coordonne du P(OEt),OH, P(OEt)(OH), et P(OH),. Faisant appel a des evaluations des 
valeurs de pK, pour les especes phosphites tricoordonnees, on peut aussi calculer I'equilibre 
de tautomerisation des anions de niCme que les valeurs de pK, des liaisons P-H qui sont 
respectivement 13, 26 et 38 pour H-PO(OEt),, H-PO,(OEt) et H-P032-. 

[Traduit par le journal] 

Introduction phosphite P nor the equilibrium constant for the 

Phosphorous acid was one of the anomalous cases 
confusiilg the pattern of acidities shown by the 
inorganic oxy acids (1). The anomaly was removed 
by the recognition that phosphorous acid was not 
P(OM),, but rather H-PO(OH),, which normally 
acts as a dibasic acid (2)., Nevertheless, the tautomer 
P(OH), must have some real~ty (although it may be 
much less stable than HPO(OH),) slilce ~ t s  esters are 
well knou n Furthernlore, o x ~ d a t ~ o n  of phosphonate 
derivatives, H-PO(OR), to phosphate derivat~ves 
demonstrably ~nvolves ~ n ~ t ~ a l  removal of the H 
bonded to P (4). Although the rate of exchange of 
thls proton 111 dlalkyl phosphonates has been mea- 
sured (5). nelther the pK, of H dlrectly bonded to 

'Alfred P. Sloan Fellow, 1975-1979. 
2This situation is recognized by an elaboration of nonien- 

clature, not always followed for the parent acid: P(OH), is 
phosphorous acid and its esters are alkyl phosphites; 
HPO(OH), is phosphonic acid and its esters are alkyl phos- 
phonates (3). Thus, on most of the occasions when one 
speaks of phosphorous acid, one should in fact refer to 
phosphonic acid; ordinarily there is no confusion but in the 
present paper the terms will be used only in the strict sense. 

tautonierization is known. 
Recently methods have been developed in this 

laboratory (6, 7) which permit these equilibrium 
constants to be evaluated. This paper reports a coin- 
plete elucidation of the tautomeric equilibria for 
phosphorous acid and its mono and diethyl esters. 

Results and Discussion 
Tliermo~l~~namic Data 

In  Table 1 are found the thermodynanlic quantities 
required for the compouilds discussed in this paper. 
In some cases it was necessary to estimate quantities 
using accepted methods from the literature; these 
calculations are detailed under Calculations. 

The heat of formation of diethyl phosphonate was 
calculated starting from results of Neale and 
Williams (8) who reported the difference in heats of 
formation for diethyl phosphonate and diethyl 
phosphate, both as the liquids. The heat of formation 
of diethyl phosphate in aqueous solution has recently 
been reported (7) and so it is possible to complete 
the calculation. The heat of solutio~l of diethyl 
phosphate in aqueous K O H  solution is known (8), 

0008-40421791020236-04$01 .W/O 
1979 National Research Council of Canada/Conseil national de recherche5 du Canada 
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TABLE I .  T h e r m o d y n a m i c  quantities for compounds discussed in this papera 

(a )  Compounds for which AGfo(aq) has not been reported 

Compound s"(g)" AGf0(gIb AH,had A H f O ( l j h  AGthse  AGr0(aqIb 

(b) Compounds for which A G f o ( a q )  (c) Con~pounds for which A G f u ( a q )  

has been reported o n l y  was calculated in this work 

Compound AGfo(aq)" Compound AGfo(aq)  

H z 0  - 56 69"l P ( O H ) ( O E t ) z  - 155 3(1 7) 
H P 0 3 H z  -202 04(1 0)' P ( O H ) , ( O E t )  - 171 8(1 8) 
EtOH -43 31k P ( O H ) 3  - 187 8(1 8)  

HPO(OH)(OEt) -183 7(2 0) 
HPO(OH)Z - 201 9(2 0)"' 

"At 25-C. standard states are ideal gas at  i atrn, pure liquid, and 1 .M aqueous solution irith an infinitely dilute reference state, unless otheruise noted;  
estimated standard deviations in parentlieses. kcal mol-1. ' In  cal d e g '  m o l L .  Weat of haporization. eFree energy of transfer, from pas at  1 atm 
t o  1 ,\-I aqueous solution \+ith an infinitely dilute reference state. 'Reference 21,  YCalculated b) the method of atoniic coiitributioiis; ref. 15: see Calculations. 
hcalculated from other values in this table. 'Calculated as described in Calculations. JCalculated as  described in the teat. "eference 22. 'Standard state is the 
pure liquid. "This vnl~le is derived from AGIO for HPOIOEt)> as  described in the text; compare n i th  the literature \ d u e  In part h of this table. 

the heat of lon~zatlon of diethyl phosphate 1s known phosphate esters (7) \ + ~ t h  su~table allomance for 
(7), and the heat of ~ o n l z a t ~ o n  of nater 1s known (9),  symmetry effects (13) These values may be found In 
by comb~ninp these q u a n t ~ t ~ e s  the heat of solution Table 2 
o id~e thy l  phosphate I; water to give a solut~on of the 
free acid can he calculated and so the heat of 
formatlon of the pure llquld can be obta~ned from 
the heat of formation of the ester 111 solution. 
F~nally. the value of the heat of formatron of 11qu1d 
dlethyl phosphonate can be calculated, glklng the 
value In Table 1. 

The free energy of format~on of aqueouq phos- 
~ h o n ~ c  a c ~ d  mas recalculated from the heat of 
formation given in the CATCH tables (10) and the 
entropy value given by Latimer (1 1). 

Acidities 
For  the calculations reported below, it was neces- 

sary to have both the apparent pK, values for 
phosphonic acid (i.e., for HPO(OH),) and the u11- 
observable pK, values for its tricoordinate tautonler 
P(OH),. For  the latter, the values estimated by 
Kossiakoff and Harker (12) were employed. These 
authors used a simple electrostatic model which 
proved quite accurate for those acids where resonance 
is ~zot  important either in the acid or  the anion. Their 
values for the first and second pK, values for 
P(OH), are used: the third pK,, (which they did not 
report) was estii~lated assuming that the electrostatic 
effect of going from the mohoanion to the dianion is 
the same as that of going from the neutral acid to the 
monoanion with suitable allowance for symmetry 
effect. The pK, values for the mono and diesters were 
estimated assuming that the effect of replacing O H  
by OEt is the same as the average value observed for 

Equilibrin ,for Estcr Hj3dro/j,sis 
We have discovered (6, 7) and tested (13) a linear 

free energy relationship bet~veen free energies of 
hydrolysis of esters and the pK,, values of the 
corresponding acids a hich appears to work very well 
for those acids where resonance does not play an 
important role in determining the pK,. This rela- 
tionship states that for the reaction: 

[1 1 X-OR + H-0-H X-OH + H-OR 

[2] AG" = -4.78(0.28) + 0.336(0.024)pK, 

where AG" 1s the standard free energy change in 
kcal molF1 ( u ~ t h  the standard state for water being 
the pure liquid) corrected for any steric or symmetry 
effects., Using this relationship the free energies for 
the hydrolysis equil~bria found in Table 3 were 
calculated. Steric effects should be very small for 
these equilibria; they were assumed to be the same 
as in the analogous orthoformate. 

Tcl~rtovlzeric Eq~iilibriu 
The free energy changes in Table 3, together with 

the free energies of formation in Table 1 ,  perinit the 
calculation of the free energy changes for the tauto- 
~ner ic  equilibria, as shown in Table 4. The magnitude 
of the equilibrium constants is such that direct 
measurement is unlikely to be possible. 

,AG" is used to indicate t h a t  what is calculated is the free 
energy change in the absence of steric or s y m m e t r y  effects. 
These must now be added to get AGO. 
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OR1 OR' TABLE 2. pK, values for the acids discussed in this paper" 

Compound PKI pK2 pK3 

" I n  nater  at 25'C: estimated uncertainties in pai-cntheses 
hEstimated as described in the text.  
'Reference 12. 
"efei-ence 23. 

TABLE 3. Free energy changes for the hydrolysis reactions 
calculated using [2]" 

Reaction AGOh 

P(OEt), + H z 0  = HO-P(OEt), + EtOH - 3  53(0 35) 
P(OEt),(OH) + H2O = (HO)2POEt + EtOH -3  09(0 36) 
P(OEt)(OH), - H2O = (HOjJP + EtOH - 2  61(0 37) 
HPO(OEt12 + H20 = HPO(OH)(OEt) - EtOH - 5 14(0 33) 
HPO(OEtj(0H)- H20 = HPO(OH), + EtOH - 4 84(0 28) 

I n  aqueous solutlon at 25 C 
kcdl mol- ' ,  estlmaled uncert,iintiea 11; palentheses 

TABLE 4. Ta~iton~erization equilibria" 

Equilibrium AGOb log K 

P(OEt),OH = HPO(OEtj2 -9.8(2.6) 7.2(1.9) 
P(OEt)(OH)2 = HPO(0Et)OH - 11 .9(2.6) 8.7(1.9) 
P(OHj3 = HPO(OH), -14.1(2.1) 10.3(1.5) 
P(OEt)(OH)(O-) = HP(O),OEt - 19.8(2.9) 14.5(2.1) 
P(OH),(O-) = HP(O),(OH)- -22.1(2.3) 16.2(1 .7) 
P(OH)(O-), = HP(O),'- -29.1(2.5) 21.3(1.8) 

'In aqueous solution at 25'C; estimated uncertainties in parentheses. 
bin kcal moi- 1. 

The only previous evaluat~on of a tautonierlc 
equilibrium constant fol phosphorous \\.as the calcu- 
l a t ~ o n  of thc equilibrium constant for tautomcrlsm 
of hypophosphorous a c ~ d  by Van Wazer (14), based 
on kllietlc data, lead~ng to a value of 10-l2 for 
K = [H-P(OH),]/ [H2PO(OH)1 Thls value is rather 
slrnllar to the value which \\e obtaln for phos- 
phorous acid. 

pK, for P-H Borzds 
From the equll~br~uln co~lstailts for tautorneilza- 

tion and the pK, values foi 0-H Ion~Latlon found 
in Table 2, ~t 1s posslble to calculate the pK, values 
for P-H lonizatlon These values are also found in 
Table 2 The calculatio~i is based upon Scheme 1 
and \\as carsled out for the cases where OR and OR'  
are OEt and 0-. Wlth a pK, for H-PO(OEt), In 
hand, it is posslble to calculate a rate constant for the 
protonat~on of . PO(OEt),- from the published rate 
constant for proton abstractloll by water (5): the 
value so calculated is 1 9 x 10' M-'  s- '  

I I 
RO-P-OH = RO-7--0 

Calculations 
Entropies of the gaseous esters \\.ere estimated by 

the method of atoinic additivity of Bellson and Buss 
(15); the only new parameter required was that for 
tetracoordinate phosphorous ivhich was calculated, 
starting from the standard entropies of POF, and 
POCl, ( 1  6), as - 31.2(0.5) cal deg-' m o l l .  

Solubilities of the esters were estimated from the 
parachors by the method of Deno and Berkheimer 
(17); for P(OEt), the correction for hydrogen bond- 
ing ( 1  7) was assullied to be the saiile as for FIC(OEt),, 
i.e., 3.34; the solubility of P(OEt), is estimated as 
0.149 M. The hydrogen bonding contribution for a 
PO group was taken as the difference in E, bet~veeii 
the value observed for PO(OEt), and the value 
expected using KC(OEt), as a model; this contribu- 
tion amounted to 1.02. The value used for the 
solubility of PO(OEt), was for ideal solutions derived 
from the free energy of transfer reported recently (2). 
The11 for HPO(OEt), the value for EA was taken as 
that for PO plus ti\ o thirds of the value for HC(OEt),. 
This indirect procedure is necessary because of the 
high solubility of phosphate and phosphonate esters 
with small alkyl groups. The value obtained for the 
ideal solubility of diethyl phosphonate was 1.55 M. 

The heat of vaporization of diethyl phosphonate 
ivas calculated from the slope of a plot of log/) vs. 
liT, using the vapor pressure data fro111 Beilstein (18). 
The data are described by the line logp = 8.457 - 
2571.4,'T, from which AH,, = 11.78, kcal mol-' in 
reasonable agreement with the value expected from 
tlie Wadso equation (19), namely 12.7 kcallmol. 
Page and Purnell (20) have reported a study of the 
vapor pressures of several phosphite esters, and give 
logp = 7.174 - 1988.5lT for dietliyl pho~phoi ia te ;~  
although this equation gives the boiling point at 
atn~ospheric pressure correctly, it is consistent with 
none of the data reported at lo~ver pressures and 
leads to  a heat of vaporization of 9.1 1 kcal mol-l, 
which is far from the expected value. 

The vapor pressure of diethyl phosphonate at 
25°C was calculated fro111 the equation reported 
above. The vapor pressure of triethyl phosphite was 
calculated from tlie boiling point using the heat of 

41n the reference the slope was given as 1.9885 but this was 
assumed to be a typographical error. 
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vaporization (Table 1)  and a value of - 12 cal d e g l  4. ( a )  A. J .  KIRBY and S .  G.  WARREV. The organic chemistrq 

mol-'  for the heat capacity of vaporization (24). of phosphorus. Elsevier. London. 1967; (b) P.  NYLEV. Z. 
Anorg. Allg. Chem. 235, 161 (1938). Free energies of transfer from the gas phase at  one 

j. P, R ,  mhlMoTD, J ,  Sot, 1365 (1962), 
atnlosphere to aqueous solution (standard state 1 Ad 6. J .  p, GUTHRIE. c a n .  J .  the,, 53,898 (1975). 
jvith an illfinitely dilute reference state) mere then 7.  J .  P. G U I H R I E  J .  Am. Chem. Soc. 99, 3991 (1977) 
calculated from ;he vapor pressures and the ruolar 
solubilities. 

Experimental 
The solubility of triethyl orthoformate (Aldrich; purity, 9 8 z  

checked by nmr analysis) was determined in aqueous 0.1 N 
N a O H .  The ortho ester was added to  the solvent. the niixture 
was shaken vigorously to saturate the aclueous layer, centri- 
fuged briefly, and then the organic layer was discarded. A 
known amount of dimethylformamide was added (Hamilton 
syringe) to serve as internal standard, and the concentration 
was determined by nmr  analysis. The solubility \\.as 0.225 t 
0.010 $1. 
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The enol content of simple carbonyl compounds: a thermochemical approach 

Received June 16, 1978 

J. PETER GUTHRIE and PATRICIA A. CULLIMORE. Can. J. Chem. 57.240 (1979). 
From the heats of hydrolysis of en01 ethers, the heats of formation of the en01 ethers, and 

thence the free energies of formation of the en01 ethers in aqueous solution can be calculated. 
For this calculation it was necessary to determine the free energies of transfer from the gas 
phase to aqueous solution. By methods previously published it was possible to estimate the 
free energy change for the hypothetical hydrolysis reaction leading from the en01 ether to the 
enol, which in turn made possible calculation of the free energy of formation of the enol. 
Finally the free energy change for enolization in aqueous solution could be calculated using 
the known free energy of formation of the corresponding keto tautonler. In this way the 
following were determined: carbonyl compound, pKenOl = -log ([enol]/[keto]): acetaldehyde, 
5.3; propionaldehyde, 3.9; isobutyraldehyde, 2.8; acetone, 7.2; 2-butanone, 8.3; 3-pentanone, 
7.8; cyclopentanone, 7.2; cyclohexanone, 5.7; acetophenone, 6.7. 

J. PETER GUTHRIE et PATRICIA A. CULLIMORE. Can. J. Cheni. 57. 240 (1979). 
Utilisant des chaleurs d'hydrolyse d'ethers enoliques, on a calculi les chaleurs de formation 

d'ethers enoliques ainsi que les energies libres de formation d'ethers enoliques en solution 
aqueuse. Pour ces calculs, il est necessaire de determiner les energies de transfert de la phase 
gazeuse B la solution aqueuse. Utilisant des mkthodes dtcrites anterieurement, on a pu Cvaluer 
le changement d'energie libre de la reaction d'hydrolyse hypothetique conduisant de l'tther 
enolique a I'tnol; a partir de cette valeur, on a pu calculer l'energie libre de formation de 
1'Cnol. Finalement on a pu calculer la variation d'energie libre associee a l'tnolisation en 
solution aqueuse en faisant appel a la valeur connue de l'energie libre de formation du tauto- 
mere cetonique correspondant. De cette f a ~ o n ,  on a pu determiner les valeurs suivantes: 
compose carbonyle, pK,,,, = -log ([enol]/[cetol]); acetaldehyde, 5.3; propionaldehyde, 3.9; 
isobutyraldthyde, 2.8; acetone, 7.2; butanone-2, 8.3; pentanone-3, 7.8; cyclopentanone, 7.2; 
cyclohexanonc, 5.7; acdtophenone, 6.7. 

[Traduit par le journal] 

Introduction 

Simple carbonyl colnpounds have a very small en01 
content: methods which work well for multifunctional 
compounds, such as halogen titration (1, 2), become 
very difficult to apply when the en01 content falls to  
less than 1 ppm. The early literature contains reports 
of the en01 content of simple compounds such as 
acetone (2, 3) but more recent work has shown the 
nature of the problems associated with the measure- 
ments (4, 5)  and has led to the conclusion that for 
acetone in aqueous solution the atnount of en01 is 
too small to be measured by the halogen titration 
method, even in its most sensitive form (5). 

There have been several attempts to apply thermo- 
chemical results to the problem of determining the 
en01 content for compounds where it is not directly 
measurable. Sunner (6) estimated the heat of enoliza- 
tion of liquid acetone from the heat of hydrolysis of 
isopropenyl acetate, using m-cresyl acetate as a 
model. More recently Hine and Arata (7, 8) measured 
the heats of hydrolysis of three en01 ethers and 
estimated the heat of enolization of the liquid 

'Alfred P. Sloan Fellow, 1975-1979. 

ketones, using the enthalpy of hydrolysis of simple 
ethers as a model. These approaches suffer from the 
fact that they give only the enthalpy for the hypo- 
thetical pure liquid reaction, rather than the more 
useful free energy change for reaction in solution in 
a standard solvent. Furthermore they ignore the 
influence of the electronic nature of the ether upon 
the free energy or enthalpy change for the hydrolysis 
(9). 

In this paper a new and general approach to the 
problem of determining the free energies of enoliza- 
tion will be presented. This approach is based upon 
previous studies of the effect of structure upon the 
free energy change in reaction [ I ]  (9-13). Provided 

I 
[ I 1  -C-OR + H z 0  -C-OH + HOR 

I I 

that the free energy of formation of the en01 ether in 
aqueous solution can be determined and an estimate 
made of the pK, of the enol, the free energy of 
formation of the en01 can be calculated and so the 
free energy of enolization. The generality of the 
method comes not just from the possibility of 

0008-4042i791020240-09$0 1 .mi0 
1979 National Research Council of CanadaiConseil national de recherche5 du Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



GUTHRIE AND CULLIMORE 24 1 

preparing any en01 ether and performing appropriate 
measurements but also fro111 the possibility (once 
appropriate parameters have been evaluated) of 
calculating the free energy of formation by the 
methods of group additivity pioneered by Benson 
(14, 15). 

Results 

Tl~er~nod~~narnics of En01 Ethers 
Heats of formation for several en01 ethers were 

available in the literature; these values are found in - x V1 

Table 1, along with other thermodynamic quantities . z - 
measured or calculated ill this work. The heat of > e 
formation of N-methoxystyrene was determined by Q 

measuring its heat of hydrolysis. The experimental 3 * 
enthalpy data are found in Table 2, as are our data "i k 
for I-methoxycyclohexene and 2-inethoxypropene 2 
which nlay be compared with the results of Hine and ,z g 
Arata (7, 8). These authors used quite different 5 - 
reaction conditions (aqueous tetrahydrofuran a t  OLC) 2 
so that comparison is made for the ideal process 2 2 
involving pure liquid reagents and products a t  25°C. i: c 

' " 0  
Our results are seen to be in good agreement for ;: 

I-~nethoxycyclohexei~e and in fair agreement for 2- $ $ 
methoxypropene; since the latter co~llpound is ex- a j 

tremely volatile, we could easily have been subject to g 
systematic errors from loss of substrate. In ally case, 8 $ 
the discrepancy is less than two standard deviations. ,& .4 

Heats of vaporization were estimated where neces- ,? ,s 
sary using the equation proposed by Wadso (16); 2 
estimated values were checked for coilsistency with 3 
the available boiling point data a t  various pressures. .g 
Standard entropies for the gaseous conlpounds were 5 
calculated after Bensoi~ (14, 15), permitting calcula- '9 

T3 0 tion of free energies of formation in the gas phase. o 5 
Free energies of transfer were calculated either from @ 0 

the solubilities and vapor pressures, using data 8 ' 
derived as described in the Experiinental or in the 4 

Calculations, and summarised in Table 3 ,  or else 2 
were estimated by a modified version of the 'group 5 2 
additivity' method of Hine and Mookerjee (17) 4 
(corrected to give free energies in kcal mol-' rather 3 

than dimensionless activity coefficients, with suitable g 
allowance for both the change in units and the change 6 
in standard states). The results in Table 3 permit the - - ./ 
determination of several new group contributions to  
the free energy of transfer suitable for en01 ethers 
which should be useful for future applications of our 
method; these values are given in Table 4. 

Equilibrium Constants for the En01 Ether - E12ol 
Interconcersion 

Free energies for reaction [ I ]  were initially shown 
to depend upon the electronic properties (as mea- 
sured by the suin of the o:$ values) of the substituents 
on the carbon bearing the OH or O R  group (9). This 
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GUTHRIE AND CULLIMORE 

TABLE 2. Calorimetric resultsU 

AH,," 

Compound Observedh Idealc AHf0(1)" 

OCH, 
Ph-CO-CH, 

aHeats of solution or reaction, measured in 0.1 N HCI in 75Z, methanol, 2 5 q  uater (v,'v) at  25'C; 
standard deviations in parentheses, enthalpies in kcal mol-'. 

bobserved heat of solution or reaction. 
'Heat of hydrolysis for the ideal reaction of liquid en01 ether uith Iiqi~id \rater giving liq~iid products. 
"eat of formation of the liquld enol ether. 
=Reference 8. 

TABLE 3. Free energies of transfer" 

Compoulld Solubility" Vapor pressurec AG," 

OMe 

'From the hypothetical ideal gas state at 1 atni to 1 IM aqueous solution with an infinitely dililte reference state 
bThis work unless otlieru~se noted; mole L-', solubility of the pure liquid in uater. 
cCalculated as described in the appendix; vapor pressure in Torr at 25°C for the pure liquid. 

kcal mol-'; conservative uncertainties of 0.1 kcal per mol-' mere assumed, except where error analysis led 
to larger values; calculated assuming that the lapor  pressure of the pure liquid may be used for the partial 
pressure of the solute over a saturated solution. 

cReference 49. 
JThis value is derivcd from thc observed solubility, but solutions above 1 M are certain to be nonideai; this 

value a a s  not used. 
gEstimated from AC, for cyclohexanone. by subtracting the contribution for [CHZ(C)Z]. 

approach cannot be applied to en01 ethers in the it is intuitively clear that of the tivo contributing 
absence of og values for alkylidene groups. More forms: 
recently, in an extension of the method to phosphate 
derivatives it was shown that the free energy change 0- 

1 
0 

for reaction [ I ]  is linearly related to the pKa of the I / 
OH species, provided that resonance does not make \c//c\ \c/c\ 
an important contribution to the acidity (13). Since / / 
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CAN. J .  CHEM. 

TABLE 4. New group contributions for en01 ethers 

Contribution to AG," 
Group (kcal mol-') 

"Free energy of transfer from pas, 1 atm, to I M aqueous solu- 
tion with an infinitely dilute reference state. 

that with the negative charge on oxygen makes 
overwhelmingly the more important contribution to  
the resonance hybrid for an enolate ion, this latter 
relationship should be useful for reaction [ l ]  applied 
t o  en01 ethers, provided that the pK, values of the 
enols can be estimated. Although it is clear that the 
pK, for an  en01 must lie between that of an alcohol, 
ca. 16 and a phenol, ca. 10, no direct nieasurement is 
possible for any simple enol. Fortunately Novak and 
Loudon (18) have recently published an  indirect 
evaluation of the pK, for the en01 of acetophenone 
as 11.0 + 1 . I .  Since the free energy change for 
reaction [ l ]  is rather inse~isitive to the pK, value (1 3), 
estimated pK, values need not be of high accuracy 
to  be useful. For other enols, the pK, values were 
estimated niaking the following two assumptions: 
for substituents on the [3 carbon of the enol the 
effect of the substituent is the same as for substitution 
a t  the or-tho position of a phenol; for substituents at  
the a position of an enol the effect of the substituent 
is the same as for a saturated alcohol. Substituent 
effects were calculated from the observed pK, values 
for ortho-substituted phenols (19) and from the 
linear free energy relationship shown to hold for 
alcohol pK, values (20). 

Using pK, values estimated in this way and [ I ]  the 
free energies of formation of the enols were calcu- 
lated; these are found in Table I .  The pK, values 
are found in Table 5, as are the equilibrium constants 
for enolization calculated from the free energies of 
formation of the enol and keto tautomers from 
Table I .  

Discussion 

Our results for the en01 content of a number of 
simple carbo~lyl compounds as well as results for the 
same compounds derived in a forthcoming paper 
by a co~npletely independent method are found in 
Table 5, as are recent literature values for deter- 
minations of these equilibrium constants either by 
direct titration or  by indirect kinetic arguments. For 
convenience in dealing with these very unfavorable 
equilibria, the equilibrium constants are expressed 
in terms of pKCn,,, which is the negative logarithm 
of the equilibrium constant for formation of the enol 
tautomer from the keto tautonier. 

Acetone and 3-pentanone are the two cases where 
enolization constants derived by our thermochenlical 
niethod can be compared with unambiguous experi- 
mental values. The agreement is fairly good although 
tlie discrepancy for acetone is somewhat larger than 
is desirable. The value derived from the data of 
Dubois and Toullec (21, 22) is based upon the rate 
co~lstants for halogenation (identical for chlorine, 
bromine, and iodine) under conditions where the 
rate determining step is reaction of enol with 
halogen, and a calculated value for the diffusion 
controlled rate constant. This calculated value should 
be close to 10'' M - I  s- '  on the basis of the Smolou- 
chowski equation (23) but could vary as much as 
threefold from this value depending upon the proba- 
bility of reaction occurring upon each collision (24). 
Anv such effect would tend to make the true en01 
content larger than the calculated value. 

The experimental values for the enolization con- 
stant derived from halogen titrations using extremely 
low halogen conceiitratio~ls are in several cases in - 
poor agreement with our thermochenlical estimates. 
For acetone, no en01 could be detected (5), so that 
pKc,,, was necessarily greater than 6:  which is 
consistent with our value of 7.2. For cyclohexanone 
the two methods are in good agreement. However, 
for cyclopentanone there is a serious disagreement. 
Hine and Arata (7, 8), reasoning from calculated 
enthalpies of e~lolization based upon their thermo- 
chenlical results, also sioted such a disagreement and 
argued that the results of Bell and Smith (5) appear 
to contradict various features of cycloalkanoiie 
chemistry. Our kinetic method (25) gives good agree- 
mesit with the thermochesnical method for both 
cycloalkanones. Two groups have measured the en01 
content of cyclopenta~~one using the same very 
sensitive technique and reported closely similar 
results (5, 18). T o  disregard such careful experimental 
work is disturbing to say the least, yet we are led to 
conclude that there IS some syste~natic error 111 the 
method which leads a t  least Dart of the time to 
anolnalously high en01 contents being measured. 
The advantage of our methods, although they are less 
precise, is that they are based upon behavior of entire 
samples and not upon detection of the behavior of a 
tiny fraction of the sample. 

The same difficulty arises in the case of aceto- 
phenone, where halogenation experiments (18) lead 
to a much larger enolization constant than our 
therinocheniical method. On the other hand it must 
be pointed out that tlie value reported by Novak and 
Loudoil (18) implies, as they stated, that the pK, 
(keto) for acetophenone must be quite different from. 
the normally accepted value of 19, whereas our value 
is in good agreement with this value. 
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GUTHRIE AND CULLIMORE 

TABLE 5. Comparison of various methods for determining the equilibrium constant for enolization" 

pKenotC 
Carbonyl 

compound pK,(en01)~ Thel-mochemicald Kinetic' Equilibrium Other 

 all in \rater at  25'C, values in parentheses are estimated standard debiations 
bEstimated as described in the text. 
cK,,,, = [enolll[ketol. 
dThis work. 
<Calculated from rate constants for acid catalyzed enolization and for acid catalyzed hydrolysis of the corresponding enol ether; 

see ref. 25. 
,Direct measurement by halogen titration. 
gcalculated from second order rate constants for halogenatiori under conditions \%here halogenation is rate determining, uslng a 

calculated value for the rate of diffusion controlled reaction of en01 and halogen: see text and refs. 21 and 22. 
"Reference 5. 
'Derived from a study of reactions of nucleophiles with a-acetoxystyrenes: ref. 18. 
)Reference 18. 

For  the aldehydes, acetaldehyde, propionaldehyde, 
and isobutyraldehyde the thermochemical and the 
kinetic methods give very satisfactory agreement, 
although the high ello1 content predicted for iso- 
butyraldehyde is somewhat surprising. This surprise 
is probably not justified, since for the aldehyde 
where one of the methyls in isobutyraldehyde is 
replaced by a phenyl the ello1 content in DMSO-d, 
at 60°C is 8.7% (26); phenyl stabilizes a double 
bond more than methyl but not drainatically more 
so. A measure of the greater stabilization by phenyl 
than by methyl is the ratio of equilibrium constants 
for dehydration of the aldol adducts of acetaldehyde 
and benzaldehyde, for the same carbon nucleophile 
(27). The average value for four such cases is 220, 
which may be coiupared with the ratio of the 
enolization constants for isobutyraldehyde (Table 5 )  
and 2-phenylpropanal (26) which is 50. 

Initially it had been hoped that the kinetics results 
of Salomaa and co-workers (28) could lead to an  

\ ,  

evaluation of the effect of ilalopein substituents upon 
en01 stability. The published data d o  permit calcula- 
tion of equilibriun: constants for the acetal to ello1 
ether conversion; u~lfortullately the equilibrium 
constant so calculated for acetaldehyde (which ap- 
plies to solutions in ethanol) does not agree with the 

value calculated for aqueous solutions from the 
available thermochemical data. Either there are 
substantial free energy of transfer effects (which is 
not impossible since Abraham and Grellier (29) have 
shown that there are sizable free energies of transfer 
from water to ethanol for neutral organic compounds, 
(although no data are available for acetals or enol 
ethers) or else there is some systematic error in the 
procedure leading to the equilibriu~u constants. Since 
the discrepancies amount to several powers of 10 in 
enolization constant we have not reported any 
enolization constants for chloroacetaldehydes; the 
results of Salomaa and co-workers (28) clearly show 
a large en01 stabilizing effect of chlorine. 

Although the method which we use to derive ello1 
free energies from the free energies of formation of 
the enol ethers is novel, the free energies of the enol 
ethers tliemselves and of the analogous ketones are 
based upon experilnental enthalpies and well tested 
procedures for estimating standard entropies. Using 
the values from Table 1 ,  the equilibriuni constants 
for el101 ether formation from the cycloalkanone and 
methanol are 9 x M for cyc!opentanone and 
3 x M for cyclohexanone. These equilibrium 
constants clearly reflect the relationship between the 
enolization constants which we derived from either 
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CAN.  J .  CHEM. VOL. 57. 1979 

TABLE 6. Equilibrium constants for enol ether formation" 

Equilibrium constant 

Acetal Acetal to Enol ether Enol ether 
Carbonyl formationC en01 etherc formationd formatione 

compound Hydrationh ( M  - 2, ( M )  @ - - I )  ( M - I )  

CH3CI-60 1 .06[ 1.25 x 10-ZS3k 1.16 x g." 1.45 x 8 . 4 ~  
Cl-CH,-CHO 37.0" 9 . 1 2 ~ 1 0 - ~ ' 3 ~  1 . 4 5 ~ 1 0 - ~ ~ 3 ~  1 . 3 2 ~ 1 0 - ~ ~  
C12CH-CHO 1 . 4 8 ~  l o 3 '  1 .62 x 10' ' l h  8 . 6 6 ~ 1 0 - ~ ~ 1 '  1 . 3 9 ~  10- lh  
CH3-CO-CH, 1 . 4 ~ 1 0 - ~ ~  7.2  x 10-6fsL 1 . 1 2 ~  10-3j3' 8 . 0 0 ~ 1 0 - ~ '  8 . 3 ~  

 all equilibrium constants calculated ui th the standard states for na te r  being the pure liquid of u n ~ t  activity, eben ahere the equilibrium con- 
stant nas  measured In an  alcohol solvent. 

6Dimensionless: K == [hydrate];[carbonyl compound]. 
"Determined in alcohol solbent. 
"Calculated from the equilibrium constant for acetal formation and for acetal to enol ether. 
Calculated from the free eneriiv of formation data in Table 1 .  
JReference 9 and references cigd therein. 
*Calculated from data in ref. 28, as described in the text. 
"Reference 48. 
'Estimated as  descrihed in the teht.  
JReference 49. 
pEthanol as the alcol?ol. 
'Methanol as the alcohol. 

the thermochemical  neth hod or  the kinetic method 
and are not consistent u ith the r e l a t i~e  en01 contents 
reported by Bell and S1111th ( 5 ) .  

The tliern~ochem~cal method for determining enoll- 
ration constants has the disadvantage of being 
inherently imprecise b ~ ~ t  the advantage of being tied 
to  experi~llental numbers of high reliability, by 
ext ra thermodyna~~~ic  relations involving estimation 
of small free energy changes. I t  is confirnled by the 
close agreement observed with the kinetic method 
(25) mhich nlakes very different but also very 
plausible assumptions. This method also is subject 
to an inherent uncertainty based upon the Imper- 
fections of the   nod el used: since methyl en01 ethers 
and ethyl en01 ethers do not hydrolyze at    den tical 
rates, they can not both be Ideal models for the en01 
and in fact one expects that neither is much more 
than an approximate mode. Although both of our 
methods are subject to inherent imprecision, they 
seem to be in satisfactory agreement: this means 
that the problem of determining the en01 content of 
carbonyl compounds can be cons~dered as solved, 
since there are now a var~ety of unambiguous 
methods m hlch can be employed the k~netic method 
of D u b o ~ s  and Toulec (21. 22). the k ~ n e t ~ c  method 
based upon Lienhard's observations (301, or our 
thermodynamic method (25). On the other hand, u e  
are led to  conclude that the halogen t~t ra t ion  method. 
even in its most refined form, is not suitable for 
deterlnining very small en01 contents. 

Calculations 
Culculririo~~ of Vupo~. PressLrres 

For all but cyclohexanone (for nhich vapor 
pressure data mere available In the Handbook of 
Chem~stry and Physics (35), so that the vapor pressure 
a t  25°C could be est~rnated by ~nterpolation), vapor 

psessures dt 25 C mere estimated fiom the bo~lillg 
polnt and the heat of vapor~zation (taken from 
Table I ) ,  using a constant value for the heat capaclty 
of vdponzatlon of - 12 cal deg-' rnol-I (36) The 
bolling polnts used nere ethyl vinyl ether, 35 8 C 
(37u), 2-methoxypropene. 35 5 C (8) ~sobutyralde- 
hyde, 64 2 C (376). cyclopentanone, 13 1 C (35), 
I -~nethoxycyclohexene, 140 C (8), and 2-methoxy- 
styrene, 193 C. coirected from a boding point at  
745 Torr (33) In all cases the pred~cted vapor 
pressures Mere checked by c o i n p a ~ ~ s o n  u ~ t h  the 
rather sparse datd on bor11ng points at reduced 
pressules In Beilste~n 

Culcz~lut~ot~ of Tl~er~?~ou '~rzrr~~z~c Q~runf~fres 
Ent lop~es  were est~mated whese necessary by the 

group equikalents method of Benson (15) It Mas 
necessaly to estimate a feu con t l~bu t~ons  not con- 
tamed In the tables ~n ref 15. The c o n t r ~ b u t ~ o n  for 
the g ~ o u p  [Cd(C)(0)] \%as assumed to be equal to 
that for [C,(C),], thls dpproxilnatlon has been 
just~fied by Benson (1 5 )  Sim~larly the contrlbut~on 
for [C,(C,)(O)] nns taken as equal to that for 
[Cd(CB)(C)] For cyclopentano~le and cyclohexanone 
the ring correction to S o  was taken as that for the 
correspond~ng cycloalkane For I -1nethoxycyc1o- 
pentene dnd I -methoxycyclohexene the ring corlec- 
tiolls were taken as those for the correspond~ng 
cycloalkenes 

Thele has been no experimental deternllnat~on of 
the heat of forrnat~on of an en01 ether of 3-pentanone 
I t  was des~rable to est~mate t h ~ s  quantlty In order to 
compare the thermochemlcal estimate of the en01 
content \ \ ~ t h  the value ~epor t ed  by Dubois and 
Toullec (21. 22) In pr~nciple t h ~ s  should be stra~ght-  
forward, by Renson's  neth hod of group a d d ~ t ~ v i t y  
(14, 15). Howeker the values for the group contrlbu- 
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tions for en01 ethers proposed by Eigenmann ef al. 
(38) do not fit the experimental heats of formation 
(for 2-methoxypropene and 2-methoxy-2-bute~le) 
very :\ell. Either the experimental values are in error 
or there is a destabilizi~ig interaction in 2-methoxy- 
2 - b u t e ~ ~ e . ~  The latter explanation appears to be 
preferable. The reported heats of formation of 
2-ethoxyprope~ie and 2-methoxypropene are self con- 
sistent, differing by approximately the amount ex- 
pected for an extra CH, group. I f  the free energy of 
formation of 2-methoxy-2-butene is estimated from 
that of 2-metlioxypropene by taking the difference in 
group co~ltr~butions b e t ~ e e n  C,H2 and C,H(C) and 
CH,(C,), tlie value so obiallled I S  - 13.1 6 and differs 
by 3.51 kcal mol-I froin the value based upon the 
experimental heat of formation. Furthermore this 
estimated value leads to a calculated pK,,,, = 5.98, 
in poor agreement with the kalue of 7.96 derived 
from the results of Dubois and Toullec (21. 22) for 
3-pentanone. The experimeiital heat of formation of 
2-methoxy-2-butene leads to a calculated pK,,,,, = 

8.55, in distiilctly better agreelllent. Thus it seems 
plausible to conclude that there is a destabilizing 
interaction aniounti~lg to 3.51 kcal mol-l .  Taskinen 
(39) has sho\\n that in 2-methoxy-2-butene, the 
preferred geoilletrical isomer has the ~nethyl groups 
c i s .  The destabilizing interact~on of 3.51 kcal mol-' 
is considerably larger than the usual value of 
1.0 kcal mol-I for c i ~  methyl groups (15) but there 
may be a buttressing effect of the inethoxy group. If 
the free energy of formation of 3-methoxy-2-pentene 
is estimated starting from the free energy of forma- 
tion of 2-methoxy-2-butene (using the value derived 
from the experi~ne~ital heat of forlnation (38)), then 
a value of pK,,,,, = 8.13 is obtained which agrees 
very well \kith tlie observed value of 7.96. The 
assumption of no destabilizing effect leads to very 
poor agreement. 

Experimental 
1?4aterials 

2-Methoxypropene was prepared from the corresponding 
acetal by the procedure of Newnian and Vanderzwan (31), 
bp 36-41'C (lit. (31) bp 37'C). 1-Methoxycyclohexene was 

'Although the heat of formation of 2-methoxy-2-butene 
probably refers to the E isomer, there is unfortunately some 
ambiguity. Dolliver r t  a/. (40), who determined the heat of 
hydrogenation of 2-methoxy-2-butene, prepared it by what 
should be a stereospecific route from 2-butene, but identify 
the olefin only as 'p~~rified butene-2,' with no comments 
concerning geometrical isomerism. Taskinen (39) found that 
E-2-~nethoxy-2-butene is 2.35 kcal rnol-' more stable than the 
Z isomer. Although it is most probable that the species studied 
by Dolliver ct 01. (40) 1s the E isomer or else a mixture, the 
possibility must exist that they studied the Z isomer, in which 
case there would be a sqstematic error of 2.35 kcal mol-' in 
the free energies for 2-methoxy-2-butene and 3-methoxy-2- 
pentene. 

prepared by heating cyclohexanone dimethyl acetal with a 
catalytic a~nount  of p-toluenesulfonic acid in benzene and 
distilling out the methanol formed, bp 131'C (lit. (32) bp 
137-142'C). 8-Methoxystyrene was similarly prepared, using 
chlorobenzene as the solvent for the cracking (33), bp 90- 
93cC;17 Torr (lit. (33) bp 85-87'C113 Torr). In all cases the 
en01 ethers were purified by preparative gc using a Carbowax 
20M colun~n. 

Caloriiiietry 
Heats of reaction and solution were lneasured using a11 

improved version of the simple Dewar calorimeter employed 
previously (34). Temperature changes were measured using a 
thermistor (Sargent Welch S-81670) a i th  a Sargent Welch 
S-81601 bridge and a I-feath SR 205 recorder. Electrical 
calibration was achieved using a Henlett-Packard 6213A 
power supply to  supply constant voltage across heater of ca. 
10.1 Q. The voltage drop across the heater \+as measured  sing 
a Sinipson model C464 digital multimeter with a 3% figure 
display. The meter mas also used to check the heater resistance. 
The heater consisted of a length of nichrome wire spot welded 
to copper leads; shrinkable polypropylene tubing was iised 
to provide insulation; the leads extended below the surface of 
the liquid in the calorinleter. 

The calorimeter was charged with 400 mL of solvent and 
brought to 25'C. The sample, usually 100 yL, was injected 
using a Halllilton syringe: the amount of the sample was 
determined by weighing before and after injection. Several 
electrical calibrations were performed for each run. 

Sol~rhili~y 
The solubility of 2-methoxypropene was deterinined by nmr 

analysis of a saturated solution in 0.1 Y NaOH, with 0.03 M 
rerr-butyl alcohol as internal standard. The solubility of 
1-methoxycyclohexene was too low for this method to be 
applicable. A saturated solution, 200 mL, in 0.1 A' NaOH 
(purged with argon before adding the solute) separated frorn 
all undissolved solute was extracted four times using 5 mL 
portions of C'HCI,. The extracts Mere combined and made up 
to 25 mL with CHCI,; a weighed amount of methyl benzoate 
was added as internal standard and the concentration of 
I-n~ethoxycyclohexene was deterrnined by nmr analysis. This 
procedure permits an approximately 10-fold amplification 
before analysis and permits the use of nmr to determine 
solubility down to lower concentrations than would otherwise 
be practical. The solubility of r-methoxystyrene was too low 
eLren for this technique, and was deternlined by uv analysis. 
A sample (300 LIL, measured using a 500 ~ I L  Hamilton syringe) 
of a saturated solution in 0.1 A' NaOH was diluted to 10 mL 
using 0.1 IV iVaOH and the absorbance at 250 nm was mea- 
sured. The extinction coefficient was determined to be 6680 i 
450. 

We wish to thank the Natio~ial  Research Council 
of Canada, the Alfred P. §loall Foundation and the 
Academic Developme~it Fund of the U~iiversity of 
Western Ontario for financial support of this re- 
search, and Dana Zendrou ski for technical assista~lce. 
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The reactivity of [C3H3+] ions; a thermochemical study1 

JOHN L. HOLMES 
C1iernistr.y Depa/.rrnent, Uni~,ersity qf 'Ott~iivc~,  Ottuit,tr, Onr., Cantidti K I N  9B4 

A N D  

F. P. LOSSING 
Division of Chemistry, !Vutionril Resrnich Council qfCcinclela, Ottcitz>cr, O I I ~ . ,  Cnncldtr K I A  OR6 

Received July 26, 1978 

JOHN L. HOLMES and F. P. Lossr~c. Can. J. Chem. 57.249 (1979). 
The loss of halogen atom from the molecular ions of compounds of formulae C3H3CI and 

C,H,Br produces the cyclopropeniun~ cation as daughter ion. Each reaction takes place with 
appreciable reverse activation energy, most of which is partitioned into translational degrees 
of freedom of the products. In marked contrast, the iodo-analogues generate [propargyl]+ as 
daughter ions at the thermochemical threshold (i.e. Ere, for these fragmentations is - 0). It is 
proposed that the reason for this behaviour lies in a large activation energy for the reaction 
[cyclo-C,H,]+ + I' + [C,H,I]+'. 

JOHN L. HOLMES et F. P. LOSSING. Can. J. Chem. 57.249 (1979). 
La perte de I'atome d'halogene par les ions molCculaires des composes de formule C,H,Cl 

et C,H,Br conduit au cation cpclopropenium colnme ion-fille. Chaque reaction se produit avec 
une energie d'activation inverse importante; 011 en attribue le maximum a des degres de liberte 
de translation des produits. En opposition marquee, les analogues iodes donnent lieu au 
[propargyle]+ conlrne ion-fille au seuil thermochimique (a savoir Ere, pour ces fragmentations 
est -- 0). On croit que la raison de ce comportemelit est attribuable a une energie d'activation 
ClevCe pour la reaction [cycle C,H,]+ + I * +  [C3H31]+: 

[Traduit par le journal] 

Introduction cation and therefore were considered less likely to be 

The siniplest aromatic cation, cyclopropeniurn encountered i n  experiment. 

[C,H,I', has attracted considerable interest in  recent Metastable ion studies have shown that the forma- 
years and its heat of fornlatio~l now is well estab- tion of [C,tf,l' fro111 a variety of precursors fre- 
lished. The appearance potentials (A.P.) for [C3H31f quently generates a Inetastable peak of compos- 
fragmellt ions from a number of C,H, and C,H, ite shape (7,  9-12). For example, the reaction 
hydrocarbons lead to AH, values of 11.21 eV alld [ c ~ H , I +  + [C3H3li + H2, yields a composite 

11.08 eV, respectively (1). These results, obtained by peak col l l~r is ing two dish-topped 

impact of monoenergetic electrons, are in good agree- POnents. broad comPollent corresponds to the 

merit results from photoionisation studies (2-5) fornlatioll of cyclopropeniuln wit11 a reverse activa- 
and photoele~tron-photoion coincidence techniques tion ellergY of 1.2 eV and the other (narroi$) com- 
(6). The slightly higher values for ~f f , [c ,H, ] '  de- ponent froln the forlnation of the propargyl 
rived froln C3H, isonlers arise froll1 the small, corn- cation, [flC=:CCH,]+, with a reverse activation 
mon reverse activation energy of 0.1 eV (7) for the energy of -0.5 eV (1  1). Formation of these two 
reactiol, [c,H,I+. -, [c,H,I+ + H., ~h~ mean dai~ghter ions has also been reported in  a photoion- 

AH, = 1 1 . 1  2 0.1 e~ almost certaillly corresponds photoelectron coincidence study of the fragmenta- 
to the cy~lopropenium structure, because the iso- tions of propargyl bromide and chloride ( 1  3). 
lneric propargy1 [CHECCH, I + ,  has been In the Present work we have measured the appear- 

shown by experiment to have an appreciably higher ance potentials (A.P.)  of [C3H31+ C3H,X 

AH, = 12.2 i- 0.1 e iT(l ) .  Recent ah initio calculatio~ls precursor (where = C17 Br, I, 

using LCAO-SCF molecular orbital theory (8) are in [ C ~ H S I  = CW3CgC- Or HC~C-CE-12p). The 

agreement as to the greater stability of cyclopro- translational energies released in the corresponding 

peniurn, A H , [ ~ ~ ~ ~ / ~ - C , H , ~  + = 10.98 e ~ ,  with metastable fragmentations and the fraction of the 
AHf[propargyl]' 1.5 eV higher. These authors also reverse activation energy, E,,,, partitioned into 
calculated AN,. for six other [c3H3]+ structures, all translational degrees of freedom have been deter- 
of which were much less stable than the propargyl mined. 

Results and Discussion 

'NRCC No. 17066. The ionisation potentials (1.P.f of C,H,X mole- 

0008-4042/79/020249-O4$O 1.OOIO 
1979 National Research Council of CanadalConseil national de recherches du Canada 
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cules and A.P. values for the C,H,+ ions produced 
therefson? are presented in Table I ,  together with the 
rnetastable peak n?easurements. The metastable 
peaks are shown in Fig. I .  

The observed 1 . p . ' ~  are characteristic of' electron 
removal from an acetylenic triple bond (14) for pro- 
pargyl co~npounds (e.g. I.P.(CH,Cl=CH) = 10.36 eV, 
I.P.(CH,CH,C::CH) = 10.18 eV) and for halogen 
ionisation in the case of the I-halopropynes. For the 
apparent exception, propargyl iodide. the observed 
I.P. is no doubt too lolv because of the difficulty of 
preparing a sample of this co~llpound completely 
free of its isomer, iodoal!ene (see Experimental); this 
impurity would certainly be expected to have an I.P. 
of ca. 9.1 eV. 

The A.P. results for propargyl chloride agree well 

- + 
with previous data (13); it is the same for both 

- chlorocornpounds and lies well below that calculated 
for the propargyl ior? and 0.32 eV above the calcu- - 

.I 2 
lated threshold for generation of [cj~clo-C,H,]', see 

-J - Fig. 2. The metastable peak for C1' loss is basically 
.I 

J the same for both compounds and that for propargyl 
.- chloride is shown in Fig. I .  It should be noted that - - the metastable peak for I-chloropropyne is of lower - 
g intensity than the above and also appears to contain 
- a second (Gaussian) component situated in the 

5 centres of each 'dish'. However, this additional peak 

< 2 arises from a contribution from [M-HIf-Cl from 
,- 

FIG. 1. Metastable peak shapes for the reaction [C3H3XIt 
-* C3H3+ + X'. The x-axes do not have a common scale. 
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HOLMES AND LOSSmTG 25 1 

[ '3CC,H2Cl]+. The normal mass spectrum of 
1-chloropropyne has an ion of appreciable abun- 
dance at  tnle 73, [C3H,Cl]+, and an intense meta- 
stable peak arises from the fragmentation [C,H2Cl]+ 
4 [C,H2]Ia  + CI'. The apparent second component 
described above also has a higher A.P.  than tlie 
dished chlorine-atom-loss peak. The above observa- 
tions may also account for the composite inetastable 
peak reported by Sen-Sharma et 01. (12) in their 
observations on propargyl chloride. although under 
our experimental conditions none was observable. 
The minimum energy released in the metastable 
fragmentation, 0.28 eV, was evaluated from tlie dis- 
tribution of released energies (as described elsewhere 
(15)). It can be seen from the energy levels shonn in 
Fig. 2 that the threshold daughter ion must be the 
cyclopropeniun~ cation: and furthermore that the 
fi-agnientation has a reverse activation energy, E,,,, 
of 0.32 eV: about 90:: of which is partitioned into 
translational energy of the products. 

The bromo con~pounds  also behaved similarly. 
generating a cornInoii dish-topped metastable peak 
and having a conlmon A.P. for [C,FJ13]'. Here, 
Ere, = 0.83 el/ and a s~~ ia l l e r  fraction (-45";) is 
partitioned illto product tra~lslational energy. Cyclo- 
propeniunl again must be the threshold daughter ion 
(see Figs. 1 and 2). 

In marked contrast, the A.P. for [C,H,]+ from the 
iodo compounds corresponds very closely to the cal- 
culated threshold for [propargyll-. Furthermore, 

AHt i C 3 ~ ;  + X * )  

A 

14.0 : Erev 

FIG. 2. Energy diagram for the reactions [C3H3X]+' + 

C3H3+ + X'. Metastable peak shapes are as illustrated above 
the transition arrows. 

both metastable peaks are of Gaussian type (Fig. 2) 
and are associated with small energy releases; charac- 
teristic indeed, of fragme~ltations having zero E,,,. 
An explanation for the fragnientation behaviour of 
these molecules which fits all the observations is 
as follo\is. 

Note from Table I that the ac t i~at ion energy for 
the reaction 

[halogen]' + [cyclo-C3H,]+ + [C3H,X]+' 

increases in the order E ,,,, > E ,,,,,, > E,,,,,,. It is 
suggested that E,,,, is so lrrrge that the fragmentatio~l 
pathway of louest energy for the C,H31 iso~ners 
becomes that leading to the propargyl cation, rather 
than that producing the more stable [cyclopro- 
peniuml+. 

Experimental 
Ionisation and appearance energies were measured using 

energy selected electrons in an apparatus which has previously 
been described (16, 17). Metastable peaks \\.ere measured on a 
Kratos-AEI MS902S Mass Spectrometer under conditions of 
good energy resolution (7). Propargyl chloride and bromide were 
obtained from Aldrich Co. Propargyl iodide was prepared by 
treating propargyl chloride with Nal in acetone (18), the 
Finkelstein reaction. This reaction was carried out at 0-C and 
purification was performed at the same temperature. In spite 
of these precautions a small amount of iodoallene (2-3%) was 
always produced. Any attempts to distill the product led to 
polymet.isation and/or production of larger proportions of 
iodoallene. The haloproppnes were prepared by the method of 
Smith and ~McLeod (19) (chloride), Cleveland and Murray (20) 
(bromide), and Grignard and Perichon (21) (iodide). 

One of us (J.H.) thanks the National Research 
Cou~lcll of Canada for financ~al dsalstance for thls 
research The authors are ~ndebted to Dr. J .  Krause 
and Dr.  M.  Dakubu for ~n\a luable  exper~mental 
ass~stance. 
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J .  A.  H O W A ~ ~ D .  Can. J .  Chem. 57.253 (1979). 
The esr spectrunt of (CH3)3'3COO' has been observed in solution and the hyperfine inter- 

aciion with the carbon-13 nucleus is 3.92 6. 

J .  A. HOWARD. Can. J .  Cheni. 57. 253 (1979). 
(On ;I etutiie le spectl-e I-pe du radical (CH,),13COO' en solution: o n  a ev:llue que I'interaction 

hyperfine avec le noyau du " C  est egale a 3.92 G.  
[Traduit par le journal] 

Ilratroduction Results and Dissussio~~ 

Alkylperoxy radicals have been extensively studied 
by electron spin resonance spectroscopy and 
y-factors, oxygen- I7 and y-hydrogen hyperfine 
coupling constants are well characterized (1-6). 
There has, however, been only one report of a 
carbon-13 hyperfine coupling constant ( 7 )  although 
central atoni hyperfine coupling constants have been 
reported for vanadiuni (81, cobalt (9), manganese 
(91, and phosphorus (10-12) centred peroxy radicals 
iirhile fluorine and hydrogen hyperfine couplings 
have been observed for FOO" and H 0 0 '  (13). 

In this article we report the preparation of 
(CH,) , '3C00" and the observation of its esr 
spectruni at lo\\ temperature. 

Experimental 
(CEI,),'TCOOH was prepared in about 40;; yield from 

(CH31,'TCCI, silver trifluoroacetate, and hydrogen peroxide 
by the method of Cookson et iil. (14). (CH3),13CC1 (90Z 
isotopic enrichment) was obtained from Merck, Sharpe and 
Dohlue Canada Ltd. 

Electron spin resonance spectra were recorded on a Varian 
E-4 spectrometer equipped with a variable temperature 
accessory. The microwave freq~~ency was measured with a 
Syslron-Donner Model 6016 frequel-icy counter which also 
inmitored the frequency of a proton magnetometer used to  
measure the magnetic field. 

'NRCC No. 17093. 

The esr spectrum shown in Fig. I was observed 
during photolysis of (CH,), '3COOH (0.2 M j  and 
di-tert-butyl peroxide (0.2 M )  in cyclopropane at  
low temperature (123 to  173 K) and consists of two 
lines I .S G \vide, separated by 3.92 G and centred 
at  y = 2.0151. A t  temperatures below 123 K the 
signal intensity did not decrease when the initiating 
light was switched off. Spectrum resolution was not 
as good above 173 K and the spectrum consists of a 
broad singlet (AH,,,, = 7.5 G )  at  167 K .  This 
spectrum can definitely be attributed to (CH,),- 
l3COO' with the doublet arising because of interac- 
tion of the  inp paired electron with the carbon-13 
nucleus ( I  = 112) because fert-butylperoxy is the 
only radical that can be detected during low teinpera- 
ture photolysis of tot-butyl hydroperoxide ( 1  5). 

Now it has been established that the unpaired 
electron on an alkylperoxy radical is confined almost 
entirely to a ~c orbital located on the two oxygen 
atoms with approximately 60% on the terlninal 
oxygen and 40': on the inner oxygen (2). Since there 
is no direct mixing between the inner oxygen 2pz 
orbital and the carbon 2s orbital the I3C hyperfine 
interaction should be small. Negative spin density 
can, however, be induced onto the carbon atoni via 
spin-polarization whiie hyperconjugation would 
produce positive spin density on this atom. The 

0008-40421791030253-02$01 .00/0 
9 1979 National Research Council of CanadalConseil national de recherche5 du Canada 
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IOG - 
H 

FJG. 1. Electron spill resonance spectl.un1 of (CH,) , 'TOO'  
a t  118 K in cyclopropane. 

magnitude of the '% hhyerfine splitting constant 
( ( 1 ,  3 c  = 3.92 6) divided by the value of A, (1339 G )  
for this atoni (16) indicates that the 2s spin density at  
carbon is ca 0.003. 

The value of a, , ,  for (CH,),'~COO' is smaller 
than ( 1 ,  ,, = 6.15 G for C1,13C00' (7) which suggests 
a lower spin density at  the central carbon atom in 
the former radical. This difference is consistent with 
the difference in electronegativity bet~veen the methyl 
and chlorine substituents. Thus the more electro- 
negative chlorine \vil l  withdraw bonding electrons 
by an inductive n~echanisn~ leaving more unpaired 
spin density on the central carbon atoni because of 
the essentially anti-bonding nature of the orbital 
occupied by the unpaired electron. 

The value of the proton hyperfine coupling in 
HOO" (13) is about 4 times larger than a,,, for 
(CH,),'3COO' even though Ao('3C)/~,(1H) - 2.63. 
This implies that the s spin density on hydrogen is 
about 10 times larger than the 2s spin density 011 

carbon which may reflect the difference in the 
polarizability of tlie electrons in the H-O and C-O 
bonds in these peroxy radicals. 

Semi-empirical SCF-INDO calculations have 
proved useful for calculating the sign and magnitude 
of the spin density on the various atoms of free 
radicals. This method has in fact been applied to 
several alkylperoxy radicals by BiskupiC and Vaiko 
(17). Not  unexpectedly they calculate that the un- 
paired spin is alnlost entirely concentrated in a IT. 

orbital built from 2pz orbitals on the terminal and 
inner oxygens. In addition they calculate that the 

total spin density on the central carbon atom is 
-0.0051 for CH,OO', -0.0053 for C,H,OO', and 
-0.0052 for 11-C,H700'. The INDO method would, 
therefore, be expected to give a value of -0.0052 for 
(CH,),COO' \vhich is close to our estimated value 
of 0.003. The negative sign of the spin density does 
imply that spin-polarization overshadows hyper- 
conjugation as a mechanism for inducing unpaired 
spin on the central atom in alkylperoxy radicals. 

The INDO method also predicts a larger spin 
density on the proton in HOO' (-0.0070) than on 
the carbon in CH,OOS although the ratio is much 
smaller than the ratio of the experimental spin 
densities. Values of a, for 1300 '  have, however, all 
been obtained in a powder or single crystal (13) and 
may not be directly comparable with u,,, for 
(CH,),COO0 obtained in solution. 

1. R. W. FESSENDEN and R. H .  SCHULER. 4 d ~ .  Xad. Chern. 2. 
l(1970). 

2. E.  MEL.\MUD and B.  SILVER.  J .  Phks. Chem. 77, 1896 
(1973). 

3. K .  ADAMIC, K .  U. INGOLD, and J .  R. MORTON. J .  Am. 
Chem. Soc. 92.922 (1970). 

4. J .  A .  HOWARD. Can. J .  Chem. 50. 1981 (1972). 
5. J .  E.  BENNETT and R.  S U M ~ I E R S .  J .  Chem. Soc. Faraday 

Trans. 11. 1043 (1973). 
6. T .  J .  KEMP and M. J .  W E L B O U R ~ .  Tetrahedl-on Lett. 87 

(1974). 
7.  C .  HESSE, N. LERAY, and J .  KONCIN. Mo1. Phys. 22. 137 

(1971). 
8. M. C .  R. SYMONS. J .  Chern. Soc. '4. 1889 (1970). 
9.  S.  '4. FIELDHOUSE, B. W. FULLAM, G.  W. NEILSON, and 

41. C. R. SYMOKS. J .  Chern. Soc.  Dalton. 567(1974). 
10. G.  B. WATTS and K. U.  INGOLD. .I. Am. Chern. Soc. 94, 

2528 (1972). 
11 .  A.  G.  DAVIES, D. GRILLER, and B. P. ROBERTS. J .  Chem. 

Soc. Perkin I t .  993 (1972). 
12. J .  A .  HOWARD and J .  C. TAIT. Can. J .  Chem. 56. 2163 

(1978). 
13. J .  R. RIORTOY and  K .  F. PRESTON. Landolt-Bbl-nstein. 

New Series. Vol. 9.  Edited bx H .  Fischel- and K.-H. 
Wellhege. Springer-Verlag. 1977. Part r i .  

14. P. G. COOKSON. .4. G. DAVIES, and B. P. ROBERTS. J .  
Chem. Soc. Chem. Cornmun. 1022 (1976). 

15. K .  U.  INGOLD and J .  R. ,MORTON. J .  Ani.  Chem. Soc. 86. 
3400 (1964). 

16. J .  R. MORTOK and K .  F .  P ~ t s - r o ~ .  J .  Magn. Reson. 
30,577 (1978). 

17. S. BISKUPIC and L. VALKO. J .  Mol. Stl-uct. 27. 97 (1975). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



p as a quantitative measure of transition state structure 
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Received August 25, 1977' 

Bo-LONG POH. Can. J. Chem. 57.255 (1979) 
The values of the Bronsted exponent for several exan~ples of nucleophilic substitution 

reactions, aromatic electrophilic substitution reactions, and hydrogen atom abstraction from 
toluene by free radicals have been calculated from the p values of the corresponding reactions. 
The magnitude of the Bronsted exponent is shown to indicate the degree of charge developed 
in the transition state structure. 

B o - L o ~ i  POH. Can. J .  Chern. 57,255 (1979) 
En se basant sur les valeurs de p des reactions correspondantes, on a calcule les valeurs des 

exposants de Bronsted representant plusieurs cas de reactions de substitutions nuclCophiles, 
de reactions de substitutions aromatiques electrophiles et de reactions d'enlevement d'atomes 
d'hydrogene du toluene par des radicaux libres. On a demontre que I'amplitude de l'exposant 
de Bronsted est une indication du developpement de la charge dans la structure de l'etat de 
transition. 

[Traduit par le journal] 

Introduction 

We have been interested in unde~standlug the 
success and failule of the common linear free energy 
corielatioiis In two earlier papers ( 1, 2) we have put 
f o ~ ~ . a r d  a inod~fied MacInnes equation and discussed 
its le la t~onsh~ps  w ~ t h  Taft (3), B r ~ n s t e d  (41, and 
K1rk~+ood-Westheime1 (5) equations In t h ~ s  paper 
we dlscuss the use of the o naraIneter as a auant~tatlve 

4 L 

measure of the charge developed 111 the trans~tion 
state structure of a cheinical reaction. U p  to the 
present time only the B r ~ n s t e d  exponent (4, 6) has 
been used as a quantitative measure of transition 
state structure and the p parameter is comrnonly 
believed to give only a rough idea of the degree of 
charge developed in the transition state structure (7). 

Results and Discussion 
The Brnnsted equation (4), which correlates the 

ionization constants of a given series of acids (or 
bases) with the rate constants of a reaction that is 
catalyzed by the same series of acids (or bases), is 
actually composed of two Hammett equations (1, 8, 
9), one correlating ionization constants in reaction 
[ I ]  and the other correlating rate constants in 
reaction [2]. 

X 
I l l  HA H- + A 

k fast [21 HA + S [s---H---A]* --+ --+ Products 

The synlbols HA and S denote acid and substrate 
respectively. The usual method of obtaining the 
value of the B r ~ n s t e d  exponent, a, is equivalent to 

'Revision received June 14, 1978 

calculating the ratio of the p values of reactions [ I ]  
and [2] for c/ is related to p, (for the equilibriunl 
process in reaction [ I ] )  and p, (for the rate process 
in reaction [2]) in the form of eq. [3] where rn is the 
parameter defined earlier (1 ) .  For reactions in which 
the charge is located on the saine atom In both the 
equil~briurn and rate processes rn is unity, eq. [3] 
reduces to eq. [4] (8). 

c3 1 1723: = p,/p, 

/4 1 " = P,, 'P~ 
Since nucleophilic substitution reactions, aroniatic 

electrophilic substitution reactions, and hydrogen 
abstractioil from toluenes by free radicals are analo- 
gous to the reaction scheme shown in reaction [2] we 
can compute the values of rx for these reactions from 
their p, values if the p, values of suitable reference 
series are available. We apply eq. [4] to several 
reactions and the reference series which provide the 
pe values are given in Table 1.  The values of a 
calculated are given in Table 2. These values have not 
been corrected for any temperature and solvent 
effects2 The rx values of reactioiis [ I  1, [2], and eq. [4] 

'Solvent effects on p, values are probably small beca~~se the 
reference equilibrium processes (Table I )  have their positive 
charge delocalised in the aromatic ring. Therefore, the values 
of a calculated without solvent corrections (Table 2)  probably 
do not differ significantly fro111 the corresponding true values. 
This view is supported by (i), the close agreement of the x 
values with Abraham's z values in Table I although the 
solvents differ and (ii), the large r value of reaction [13] in 
Table 2 (the value of 0.82 is close to the upper limit of 1)  
though p, value is for aqueous medium and p, for gas phase. 
Even when assuming that the true c! value of reaction 1131 is - .  
unity the p, value for aqueous medium then differs from that 
for the gas phase by a maximum of 18% only. 

0008-4042/79/030255-03$01.00/0 
1979 National Reseal-ch Council of Canada/Conseil national de I-echerches du Canada 
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TABLE I. Rate and reference equilibrium processes 

Rate process Reference equilibrium process p, Reference 

[ I ]  Pyridines + Etl  Protonation of pyridines in water, 25 C - 6.01  8 
P I  Solvolysis of ArC(R),CJ, R = alkyl, H ) ArCH(C6H5)OH + H +  ArbH(C6H5)  + H 2 0  - 5 . 6  12" 
[3] Hydrogen abstraction fl-on? ArCH, ( 

[4] Electrophilic substitution in ArCH, - 14.7  13" 

[S] Electrophilic substitution in thiophenes 

"The more appropriate reference equ i l ib r~ ,~  ,hould be the correspond~ng ar>ialk) l  carborilurn ion equilibria. But such datd are  lacking. Honexer ,  theirp, 
i a l i ~ e s  are catirnated to  be close to  those of the ar>lrnonophen>l ccirboniiim ion eqiillibria gi ien above (12). 

W a t a  oti the more appropsiale reference e q ~ ~ i l i b r i ~ i r n  proceys (p ro tona t~on  of  benzenes) are lacking. H o n e i e r ,  the dbo ic  given eq~ i i l l b r~~ i rn  I S  a suirablc 
rcfcrerice seiies (13) slnce the ar i l  cation 1s a good model fbr  the \%'hciaiid ~ n t e ~ m e d i a t e  in aromatic e l ec t roph~ l~c  subs t i t~~ t ion  reactions. 

'Data  on  rhe rrioic appropi i ,~te  reference equi l~briuni  process (rin_e protonation o f  th~opl ic~ies)  a l e  1;iching. bioi \e ie l ,  the a b o i e  giben e q ~ ~ i l ~ b r i u r n  is a 
suitable iefer-ence rerics (13) fbi- thc samc reason y i ~ e n  l r i  footnotc b. 

T ~ B L E  2. Calculated Bronsted exponent, 3,  from eq [4] 

Reaction 
Temperature 

Solve~lt ( C) Pr 1 Reference 

[ I ]  Pyridines + Etl  C,H,NO, 60 -2 .94  0.49(0.42)" 15 
[?I ArCH,CI + H 2 0  48": EtOH 30 - 2 . 1 5  0.39(0.  40)h 16 
[3] ArCM(CH,)CI - H 2 0  H20-Dioxane 25 - 4 . 3  0 .77  17 
[4] ArC(CH,)2CI + H 2 0  90% aaqeoiis acetone 25 -4 .62  0.83(0.85)' 18 
[5] ArCtI, T r - B u O  C,H,CI 45 -0 .32  0 . 0 6  I 9  
[6] A T C H ~  ' .CI CCI, 40 -0 .66  0 .12  20 
[7] ArCH, + C C I ,  C6H5CI 80 - 1 . 4 6  0 .26  2 1 
[8] ArCH3 + .Br CCI, 80 - 1  . ? 7  0 .24  -- 3 7 

[9] Ethylation of ArCH, CH,CICH2CI 25 - 2 . 4  G\. 16 23 
[ lo]  Nitration of ArCH, CH,COONO,, (CH,CO),O 25 - 6 . 0  0 .41  23 
[ I  I ]  Acetylation of ArCH, C,H,CI2 25 - 9 . 1  0 .62  23 
[I?] Chlorination of ArCH, CH,COOH 25 -10 .0  0 .68  23 
[13] Bromination of ArCH, CH,COOH-H20 25 -12.1 0.82 23 
[I41 Mercuration of ArCH, CH,COOH 25 - 4 . 0  0 .27  23 
[I 51 Detritiation of ArCH, CF3COOH-H20 25 - 8 . 2  0 .56  23 
[16] Bromination of thiophenes CH,COOH-H,O 25 - 10.0 0.61 24 
[17] Chlorination of rhiophenes CH,COOH 25 - 7 . 8  0 .47  24 
[IS] Detritiation of thivphenes CF,COOH-CH,COOH 25 - 7 . 2  0 .44  25 
[I91 Acetylation of thiophenes CH,CICH2CI 25 - 5 . 7  0 .35  26 
1201 'Triftuoroacetylatiol~ of thiophenes CH2CIC'H,CI 75 - 7 . 4  0 .45  24 

"Charge developed on  the nitrogen atom in rhe transition state of  the reaction: pyridine CH,I; value taken froiii ref. 14. 
T h a r g e  developed 011 the meth>lenc carboii atoni in the transition state ofsol \ol>sis  of  beniyl chloride; value taken from rei'. 14 
'Charge de\eloped o n  the carbon atom in the transitiori state o f  solboiyils of tcrt-but11 chlorldc, \slue takcn from ref 14. 

are in good agreement ~vitll the degree of charge Acknowledgment 
developed in the transition state structures of the The author thanks Universiti sains ~ ~ l ~ ~ ~ i ~  for a 
corresponding reactions. Therefore, the magnitude of short term research project grant. 
-;! seems to give a quantitative measure of the degree 
of charge developed in the transition state structure, 
as we have suggested earlier ( I ) .  It is unfortunate 1. B.  L. P ~ H .  Can. J .  Chem. 55. 3721 (1977). 
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a,  P -Epoxy sulfoxides and sulfones. Synthesis and some reactions 
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TOKY DURST, KAM-CHUSG TIK, FRANCOIS DE REINACH-HIRTZBACH, JOHN M. DECESARE, 
and M. D o ~ r n r c  RYAN. Can. J.  Chem. 57 ,258  (1979). 

A number of cc,p-epoxy sulfoxides and epoxy sulfones have been prepared via cyclization 
of r-chloro-B-hydroxy sulfoxides or phase-transfer catalyzed reaction between r-chloroalkyl 
sulfones and carbonyl conlpounds. Thermal and acid-catalyzed rearrangement of these 
epoxides resulted in migration of sulfinyl or sulfonyl groups to form P-carbonyl s~~lfoxides 
or sulfones. Upon treatment of the epoxy sulfones with MgBr, in ether, r*-bromocarbonyl 
compounds were obtained in excellent yield. The reaction of epoxy sulfones with nucleophiles 
was also briefly investigated. 

TONY DURST, KAM-CHLUG  TI^, FRAVCOIS DE REIAACH-HIRTZBACH, JOHN M. DECESARE et 
M .  DOMIYIC RYAU. Can. J .  Chem 57,258 (1979) 

On a prepare un certain nornbre d'x,B-epoxy sulfoxydes et d'epoxy sulfones par cyclisation 
d'r-chloro B-hydroxy sulfoxydes ou par une reaction catalysee par transfert de phase entre 
des r-chloroalkyl sulfones et des composes carbonylts. Une transposition thermique ou 
acido-catalysee de ces Cpoxydes provoque une migration des groupes sulfinyle ou sulfonyle 
avec formation de sulfoxydes ou de sulfones fLcarbonyles. La reaction des epoxysulfones avec 
du MgBr, dans l'ether fournit des conlposes n-bromo carbonyles avec d'excellents rende- 
ments. 011 a aussi etudie brievenient la reaction des epoxy sulfones avec des nucleophiles. 

[Traduit par le journal] 

Synthesis 
x,P-Epoxy sulfones have been prepared by two 

general routes: (i) epoxidation of x,P-unsaturated 
sulfones (1, 21, eq. [I], and, (ii) cyclization of 
halohydrin sulfones (3-71, eq. [2]. Several versions 
of the latter route have been described including 
Darzens-type (3) and phase-transfer-catalyzed reac- 
tions (4, 5) between a-halo sulfones and ketones or 
aldehydes, i11 which the halohydrin sulfones are 
intermediates converted in situ to the epoxy sulfones, 
and base-induced cyclizations of previously isolated 
halohydrin sulfones (6, 7). 

Epoxy sulfoxides cannot be prepared by oxidation 
of a,P-unsaturated sulfoxides since all epoxidizing 
agents cause oxidation of the sulfur atom to the 
sulfone stage before epoxidation. These epoxides 
have been prepared by reaction of x-chloro sulfoxides 
with carbonyl conlpounds in the presence of KtOBu 
(8, 9) and by KOH-mediated cyclization of Y-chloro- 
P-hydroxy sulfoxides (7). 

Zwanenburg and ter Wiel ( 1 )  reported that the 
epoxidation of the x,P-unsaturated sulfone 1 (R = 
R2 = Ph, R '  = R3 = H) with basic hydrogen per- 
oxide led only to the truns-epoxide 2: irrespective of 
the stereochemistry of the starting olefin. More 
recently, Curci and Difuria (2) found that the 
stereoselectivity observed in the epoxidation of cis-1 
was dependent on the nature of the epoxidizingnucleo- 
phile. Thus cis-1 and CIO- gave exclusively cis-2, 
111-chloroperbenzoate gave a cisstruns ratio of 95: 5, 
whereas basic H,O, or  basic tBuOOH yielded a 1 :9  
ci.r-trans mixture: the latter results essentially con- 
firm the earlier report ( 1 ) .  

Vogt and Tavares (3) prepared several epoxy 
sulfones in good to excellent yield by reacting 
chloromethyl p-tolyl sulfo~ie with aldehydes or 
ketones in the presence of KOtBu. When benzalde- 
hyde was used as the carbonyl component, the 
resulting epoxide had the trans geometry. Indepen- 
dently Bohlniann and Haffer (6) described the KOH 
induced cyclizatio~l of an  a-chloro-B-hydroxy sulfone, 
having produced the intermediate 3 by oxidation of 
an cr-chloro-P-hydroxy sulfide. Recently Makosza 
and co-workers (4) showed that x,P-epoxy sulfones 
are very simply prepared fro111 a-chloro sulfones and 
carbonyl compounds under phase-transfer conditions 
with yields of 60-90% being obtained from chloro- 
methyl p-tolyl sulfone and a variety of carbonyl 
components. Although we had developed a route to 

0008-4042/79/030258-o9SO 1.0010 
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DLRST ET AL.  

TABLE I .  Preparation of a-chloro-P-hydroxy sulfoxides and sulfones 

C1 OH 
( I )  RLi 1 1 

RS(O),,CHCl (,I R2R3C4 ' RS(o)nC--C-R' 

I I I 

Yield (%) 

Entry R R1 RZ R3 Sulfones 3 Sulfoxides 6 

*Isolated as  the co r r e rpond~ng  epoxy siilf 'o~ide 9. 
-1Usinp lithlum dlisopropyl arnidc (LDA) a r  base. 

epoxy sulfones (see below) we have, in our recent 
work (5), used only the phase-transfer route and feel 
that  it is the niost practical and versatile approach 
to these compounds. 

We had initially prepared a number of epoxy 
sulfones by cyclization of the chlorohydrin sulfones 
3 with 575 KOH in methanol. The halohydrin 
sulfones were obtained via condensation of x-lithio- 
u-chloro sulfones with ketones or aldehydes a t  
-70LC followed by quenching with H,O at  low 
temperature (eq. [ 3 ] ) .  In some instances, Table 1, 
entries g and I :  epoxy sulfones were formed directly 
by this procedure. One difficulty with this approach 
was that cleavage of 3 to its carbonyl and chloro- 
niethyl sulfone components competed, often to a 
major extent. ~vith cycliration to the epoxide (see also 
ref. 6). This competing reaction is apparently more 
serious when R = Ph in 3 compared to when 
R = CH,, probably because of the greater stability 
of 5 when R = Ph compared to R = CH,.' The 
reversibility of 3 into its components is immaterial 
under the phase-transfer conditions. 

An interesting aspect of the route outlined by [3] 
involved the preparation and trapping of the lithio 
derivative of chloromethyl methyl sulfone, i.e., 5 
(R-CH,, R' = H),  without serious competition from 
the familiar Ramberg--Backlund reaction. In con- 
trast to the behavior of chloromethyl methyl sulfone, 

IBordwell et crl (25) hace shown that PHS02CH3 I S  more 
acidlc by 2pK, unlts than CH3S02CH3 One \\auld expect a 
slmilal tlend, for PhSO,CH,CI vs CH3S0,CH,C1 and thus 
a greater stab111t> for 5 uhen R = Ph than CH, 

R I  OH 

3 

it was not possible to intercept a lnetallated derivative 
of 2-chlorothiane 1, I-dioxide. We did not attempt to 
isolate the possible by-products, 2-thia[2.1 .O]bicyclo- 
hexane 2,2-dioxide or its decoii~position product, 
cyclopentene. These results are summarized in Tables 
I and 2. 

The phase-transfer technique (4) is also capable 
of providing epoxy sulfones starting from a-chloro 
sulfones, such as chloromethyl nlethyl sulfone, which 
have u '  hydrogens and are thus susceptible to the 
Ramberg-Backlund rearrangement. cr-Chlorobeiizyl 
benzyl sulfone, however, yielded only truns-stilbene 
and no condensation product upon attempted reac- 
tion with benzaldehyde under phase-transfer condi- 
tions (see Table 2). 

The x-chloro-@-hydroxy sulfoxides 6, prepared 
from the reaction of the a-chloro sulfoxides 7 with 
aldehydes and ketones (10). could be cyclized in very 
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CAN.  J .  CHEM. VOL. 57. 1979 

TABLE 2. Preparation of z,P-cpoxy sulfoxides and sulfoncs 

Yield (z) 
Series R Ri  R2 R3 Sulfoxide 9* Sulfone 2 

"By c)cIiration of tlie co r re~pond ing  chlorohydrin 
i-Usine ohase-transfer catal!ais. 
:oxid;t;on of the correspoiding epoxy siilfoxidc. 
$Based o n  isolated yield of l l c .  
 he intermediate chiorohbdrin naa not isolated; yield based on over,lll reaction 4 -, 3 - 9 

high yield to x;P-epoxy sulfoxides 9 (eq. [4]). These 
substances mere in several instances oxidized with 
177-chloroperbenzoic acid (MCPBA) to epoxy sul- 
fones. Of considerable interest u'as tlie observation 
that the reactions of the cx-lithio derivatives 7 derived 
from chloromethyl phenyl, chloromethyl methyl, and 
a-chlorobutyl sulfoxides yielded only one of the two 
diastereoineric products upon condensation with 
symmetrical ketones. The stereochemistry of these 
adducts has not been deternlined. The high stereo- 
selectivity observed in the chloromethyl phenyl 
sulfoxide series initiated our investigations (1 1) into 
the nature and the reactioiis of cs-sulfinyl carbanions 
(rx-lithio sulfoxides). 

The reaction of both chloroinethyl methyl (9) and 
chloromethyl p-tolyl sulfoxides (8) with aldehydes in 
the presence of potassiunl reit-butoxide resulted in 
preferential formation of the c.i.s-substituted epoxy 
sulfoxide (9, R1 = R2 = H); whereas similar prepara- 
tions of epoxy sulfones normally gave t1.an.r epoxides 
(3 ) .  

The chlorohydrin sulfoxides 6 (Table 1) were 
prepared using 11BuLi or CH,Li to generate the 
lithio derivative 7. In such a reaction displacement 
of the chloroalkyl function by the alkyl proup of the 
RLi competes with cs-metallation (1 I )  thereby lower- 
ing the yield of the desired product. For example, 
treatment of a-chloroethyl phenyl sulfoxide with 
methyllithium followed by cyclohexanone gave the 
adducts 6f and 10 in a 45: 55 ratio. 

The interference from the displacement reaction 

( I )  R L K ' C 4  

can be avoided if a nonnucleophilic base such as 
lithium diisopropyl amide (LDA) is employed. Thus 
the yields of the adducts 6e and 6f were raised from 
34 and 457] to 72 and 70::>, respectively, when the 
anion generating base mas changed from CH,Li to 
LDA. 

BF,-catrrlyzrd urld Tl~ermal Rearrungernmts 
The acid-catalyzed rearrangement of negatively 

substituted epoxides such as 2 and 9 to carbonyl 
compounds with concomitant migration of the 
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DURST ET AL.  26 1 

electronegative subst~tuent (eq. [5]) has been well 
btud~ed (see ref. 13a for X = CI, b for X = COR, c for 
X =  COOR, and d for X =  P(O)(OCH,),). 

I n  our hands, both the epoxy sulfoxides and 
sulfones when subjected to either BF,.Et,O treat- 
ment or heating in an inert solvent undernent the 
above rearrangement (7). In all cases studied phenyl- 
sulfonyl or  phenylsulfinyl migration occurred with 
high preference over hydrogen migration in agree- 
ment uith group migratory aptitudes observed in 
related systems (13). The temperature required for 
thernial reanangement \aried from less than 25'C in 
2 or 9 (R2=  R3 =Ph) to greater than 130-C \\hen 
R2=R"=alkyl ,  as expected on the basis of the 1 
relatile stability of the intermediate, e.g. 18. For 
example, we were unable to isolate the epoxy 
sulfoxide Yc, the expected product from the reaction 
of 6c with ~nethanolic KOH.  Instead, benzhydryl 
phenyl sulfoxide 11, the result of rearrangement of 
9c to tlie aldehyde sulfoxide 12 and subsequent 
decarbonylation. was obtained in near quantitative 
yield. In agreement with this observation, attempted 
preparation of the epoxy sulfone 2c by the reaction 
of the unsaturated sulfone 13 with hot basic H 2 0 ,  
resulted in the formation of benzhydryl phe~iyl 
sulfone 14, presumably via a pathway a n a l o g o ~ ~ s  to 
that discussed for 11. Tavares et 01. (8) have suc- 
ceeded in isolati~ig the p-tolyl analogue of 2c and 
found that exposure of this substance to BF,.Et,O 
yielded the expected aldehyde sulfone. 

I n  the rearrangement of the epoxides 96 and 26 
two products were isolated. The cc,B-unsaturated 
aldehyde 15 was obtained from both starting materials 

and the rx-formyl sulfoxide 16 and sulfonc 17 from 
96 and 20, respectively. The formation of both types 
of products is easy to rationalize as shown belou. 111 

the thermolysis of 9b. the cyclohexencarboxaldchyde 
could also habe arisen via the sulfenic acid elimina- 
tion from 16 (14). Recently Reutrakul and Kanghae 
(15) have reported tlie thermolysis in refluxing 
toluene of a l i ~ ~ m b e r  of epoxy sulfoxides of the type 
9b in ~ ~ l i i c l i  the carbocyclic ring varied in size from 
C ,  to C,. c,P-Unsaturated aldehydes such -as  15 
were obtained 40-90:,1 yield (15). 

- BF, Et,o f l i ( o ) , t p h  

The above rearrangement of epoxy sulfones sug- 
gested a possible route to medium-size sulphur- 
containing rings \ ia a one-carbon ring enlargement. 
Thus, the unsaturated sulfones 19 which are readily 
prepared from the corresponding parent cyclic 
sulfones, alkyllithiums, and benzophenone follo\ved 
by dehydration, gave directly the expanded 0-keto 
sulfones 20 in greater than 90"; yield upon refluxing 
in CHCI, containing ni-chloroperbenzoic acid. The 
spectroscopic properties of these compounds are in 
complete agreemerit with the structure assignments. 

The six-membered ring sultone 21 likewise could 
be converted into the seben-membered P-keto sultone 
22 (mp 150-151'-C; is: 1725, 1373, 1185, and 995 
cm- ' ;  nmr:  1.8-2.6 (m, 2H),  3.02-3.35 (m, 2H), 
4.62 (t. J = 5 Hz, 2H). and 7.2-7.6 (m, IOH)) in 24:; 
isolated yield upon heating with trifluoroperacetic 
acid in CH,CI, for 30 min. The y-sultone analogue 
of 21 could not be epoxidized and therefore not 
ring-expanded under identical conditions. Similarly, 
the u,D-ulisaturated sulfonate ester Ph,C=CHSO,- 
OCH, and sulfonamide Ph2C=-CHS02N(CH,), 
were unreactive toward pertrifluoroacetic acid. 

Reaction rr,ith MgBr, and Grignard Reaget2t.r 
Several electronegatively substituted epoxides (23) 

have been reported (16-18) to react with MgBr, 
according to [6]. It was expected that epoxy sulfones 
should behave in a similar manner and indeed they 
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262 CAN J CHEW VOL 57,  1979 

TABLE 3. Preparation of r-bromo ketones and 2-bromo 
aldehydes 

Entry a-Bromo derivative Isolated yield (z) 
I907 = 1 , 2 ) -  2 0 ( n  - 1.2) 

J' u ~ o ~ ~ ,  89 
do.  Thus seven different epoxy sulfones when reacted 
with MgBr, in ether at room temperature or below 
gave the expected a-bromocarbonyl compounds 24 "' 80 

in 80-90";: isolated yields. These reactio~ls were 
found to be exceptionally clean and the nmr spectra 
of the crude products which kvere obtained in almost o(:HBKo~H, 90 

quantitative yield were essentially identical with those P ~ C H C O C H ,  

of the purified materials. The results are shown in 
I 
Br 95 

Table 3. 

R' o qulte general and can qulte eassly be appl~ed to the R',;V MgB12 1 11 
-----+ R~--c-c--R~ sy~l thes~s  of both r-bromo ketones and a-bromo 

161 RZ/ ~3 ether I aldehydes slnce the requ~red a-chloroalkyl phenyl 
Br sulfones are ava~lable by a number of simple routes 

23 2 4 Exposure of the epox~de 23 (R' = R3 = H, R2 =Ph ,  
n X = CN (ref 16) X = S0 ,PH)  to FeCI, ~n ether (20) resulted ~n an 
b X = C1 (ref 17) approximately equal mlxture of 3-chlorophesiyl 
L x = OAc (refs 17, 18) acetaldehyde and the a-formyl sulfo~le PhCH(CH0)- 
ci X = SOzPh S 0 , P h  

Since the epoxy sulfones are conveniently prepared 
from a-chloro sulfones and ketones or  aldehydes 
under phase-transfer conditions the overall synthetic 
transforsllation as represented by [7] represents a 
useful procedure for the introduction of both an acyl 
group and a Br atom a t  the original carbonyl carbon. 
The a carboll in the chlorosulfone thus serves as a 
masked nucleophilic acyl carbon. 

-. 
C1 
I R3 O 

R2 ( 1 )  PhSO,CHR1/phase transfer 
[7] 'c=o I I1 

+ R~-C-CR~ 
R3' ( 2 )  MgBr, I 

The epoxy sulfone route offers a number of 
advantages when cornpared to epoxy nitriles (160) 
and chloro epoxides (see ref. 16b for the reactions of 
230 with HCl) which can also be used to effect the 
overall transfornlation outlined in [7] .  As mentioned 
above the epoxy sulfo~ies are conveniently prepared 
using phase-transfer conditions whereas the synthesis 
of the chloro epoxides requires the generation of 
dichloromethyllithiurn in T H F  at  -95°C. In addi- 
tion, the epoxy sulfones are generally stable, easily 
purified, crystalline substances whereas the chloro 
epoxides are often not stable enough to  be purified 
by distillation. Finally, the epoxy sulfone route is 

The reaction of several epoxy sulfones with 
Grignard reagents was also briefly investigated. 
Analysis of the crude products obtained from such 
reactions by infrared spectroscopy indicated the 
absence of carbonyl groups but showed strong 0-H 
absorption. Thin-layes- chron~atography indicated 
the presence of a number of products presumably 
formed by reaction of several possible initial car- 
bouyl-group containing intermediates with remaining 
Grignard reagents. These reactions were not further 
investigated. 

R~actions u.ith h'uclcophilic Reagents 
The ring opening of epoxy sulfo~ies with nucleo- 

philes would be expected to occur with complete 
regiospecificity at  the carbon P to the sulfone group 
since S,2 reactions a to a sulfonyl group are known 
to be extremely slow (21). The initial product of such 
a reaction, an a-hydroxy sulfone, is unstable and 
should fragment to a sulfinic acid and carbonyl 
compound (22). U p  to the present only a few 
nucleophiles were found to be sufficiently reactive. 
For example PhS- reacted with several epoxy 
sulfones to  give a-phenylthio ketones and aldehydes 

ZAn~ong the possible routes are (i) PhSCH,R + chlorinat- 
ing agents followed by oxidation (19a);  (ii) PhSH + RCHO +- 
HC1 (19b); and (iii) alkylation of PhSO,CH,CI with RX (4). 
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DURST ET A L  2 63 

in good yield; no  attempt was made to  isolate 
phenyl sulfinic acid from these reactions. Azide and 
cyanide ion on the other hand were unreactive 
toward the epoxy s ~ ~ l f o n e s  on hand in solvents such 
as methanol or diniethylformamide. Reduction of 
the epoxide 2d with sodium borohydride fur- 
nished 2-phenylethanol, presumably by reduction of 
the initially formed carbonyl intermediate. 

Experimental 
Gei1ci.01 Cor17i71e11ts 

The organization of this section is as  follows. All experi- 
ments pertaining to a particiilar epoxy sulfoxide o r  srllforle a re  
gathered together. General descril~tions are given for each of 
the 11iajor types of reaction and these are usually not repeated 
unless considered appropriate. 

Nuclear magnetic resonance spectra \t.ere recorded as 
CDCI, solutions using Varian T-60 and HA-100 spectrorn- 
eters: peak positions are given in 6 units relative to TMS. 
Infrared spectra \\ere obtained as films if liquid, o r  in CHCI, 
solution if solid, on  a Beckman IR-20A spectrophotometer. 
Melting points and boiling points are uncorrected. Usual 
uol-k-up in\.olved partitioning the prod~lcts  between water 
and  an organic solvent, generally CH,C12, drying the organic 
cxtr-acts, and evaporating the solvent under reduced pressure. 

( 1 )  Prcynrcifion of'rx-Cl1loro-~-l1j~i/ro.\-4. Sirlfoxii/c,~ or S~ll foi~cs 
T o  a rapidly stirred solution of the r-chloro sulfoxide or  

sulfone in T H F  a t  -70-C under nitl-ogen atmosphere was 
added dropwise 1.1 equiv. of ilBuLi in hexane or  CH,Li in 
ether. (As mentioned in the text the use of lithium diisopropyl- 
amide (LDA) is PI-eferred (12).) The clear bright yellow or  
greenish-yellow solution \vas stirled for about  5 rnin a t  7 0  C 
and  then treated with the carbonyl component, neat if liquid 
o r  as  a tetrah~droful-an solution if solid. The colour of the 
reaction mixture was generally discharged during this step. 
The  reaction was then allowed to stir for a further 15-30 niin 
at  -70'C, poured into water, and \+orketl up in the usual 
manner. The crude products were purified bq I-ecr-ystallization 
o r  column chromatography (Table 1). 

The condensation reaction \?as carried out  on a 1-25 rninol 
scale. The T H F  solutions \\ere 0.1-0.25 M in carbanion 
solution. 

(11) Coilrosion o/ C l i /~~ .o l i~~dr i i~  S~iIfi~.~idex or Cl~loi~~hydriii 
Sirlf'onc~s into t l~e  Corrcspoi~iliiz,q Epoxitle.~ 

The chlorohydrin sulfoxides or  sulfones were dissolved in 
10% methanolic K O H ,  about I rnmol of substrate per 10 
millilitres of solution, and stirred for 30-60min at  room 
temperature. The reaction mixture was then diluted with H,O, 
extracted with CH,C12, and further worked u p  in the usual 
manner. 

illlj Oxirlnfiot~ of E p o . ~  S~i(fbxidc>s to Eposy Siilfbnes 
This was carried out by allo\ving equilnolar amounts of 

117-chloroperbenroic acid and epoxy sulfoxide to react in a 
methylene chloride solution overnight. The reaction mixture 
was then Flashed with 5% NaOH,  the organic layer dried with 
MgSO,, and the solvent evaporated. 

i l V j  Prrpcrrrrtio~~ o f  E/JO,\-.L SII I /~)I ICS rising i l~e  Pl~c~.~e-t/~crrzsfer 
T~c1111iq~re 

The following is a slight modification of the p~iblished 
procedure (5). The 2-chloro sulfone and aldehyde, o r  ketone, 
were stirred at 0 - C  with 5001, NaOH containing a few mol-yi 
of benzyltriethylan~nionium chloride as catalyst until tlc 
showed the disappearance of either the r-chloro sulfone or  
the carhonyl component. If reaction periods of greater than 
4 h were required then the reaction \\as carried o ~ ~ t  a t  room 
temperature. The epoxy sulfones \\ere purified by silica gel 
chroniatog~aphy or recrystallization. 

i V /  Rencrions o f  Epo.rry Sulforrc~s ic.it/~ /ZIIqBi., 
An ethereal solution of MgBr, was prepared by reacting Mg 

with ethylene dibromicle. T o  such a solution cooled to 5'C 
was added the epoxy sulfone. After completion of the reaction 
as judged by tlc (approximately 15--30 min), the ether layer 
was uashetl with ice water and the ,ol\ent dried and ebapo- 
rated. The crude r l - b r o ~ ~ i o  ketone or  r-brorno aldehyde was 
purified by chromatography on  a short silica gel column 
using first liexane, \\hich eluted any residual BrCH2CH2Br,  
and then 1 : 1 CH,Cl,-hexane to obtain the desired product. 

Series a 
Cl~loi~ori~cll~yl Pl~rnyl SniJbnc uild iicefoi~c 
The chlorohydrin sulfone 30, n ~ p  82-83 C (CH,CI,- 

pentane), was obtained in 71% yield according to  method I .  
Ann/. calcd. for C,,H,,CIO,S: C 48.29, H 5.23, C1 14.25, 
S 12.86: found:  C 48.29, H 5.23, C1 14.23, S 12.81. 

Reaction of 30 (355 mg) \bit11 0.5 g KOH in 10 111L of 
methanol for 10 ~ n i n  gave, after the usual work-up, 228 mg 
of a solid \?.hose nnir indicateti a 9 :  I niixture of chlol-omethyl 
phenyl sulfone and the epoxy sulfonc 20 (see helow). 

The epoxy sulfone 20 \+as  also prepared in 94% yield 
starting \+ith 1.25 g of I-'hCH2S0,CI, 1.7 niL of acetone, 
I5  mL of 50";; NaOH,  I5 1iiL CH2Cl2 ,  and 0.3 g of PhCH2- 

N(CH,CH,),CI-. Thcse reagents \\ere stirred first at 0 C for 
about  2 h ,  then overnight at room temperature. The yield of 
colorless granules, after chromatography, was 1.3 g, n ~ p  
72--74C (ether-pentane); ir: 1305, I145 cm- '  ; nmr:  1.42 
(s, 3H),  1.84 (s, 3H), 3.82 (s, lH) ,  7.4-8.15 (m, 5H). A I I U ~ .  
calcd. for C , , H , 2 0 3 S :  C 56.60, Iil 5.70: found: C 56.83, 
H 5.56. 

C o n l p o ~ ~ n d  30 was also obtained upon oxidation of  90 
(5.06 g) with 5.24 g of 85% MCPBA in 100 m L  of CH,CI,. 
The yield of 30 was 5.29 g (95",). 

The chlorohydr-in sulfoxide 60 was obtained in 75% yield 
via procedure I as  colorless needles from CH2CI2-pentane, 
mp 134-137-C: n m r :  1.58 (s, 6H), 2.87 (OH), 4.32 (s. lH) ,  
7.4-7.6 (ni, 5H). Aiiul. calcd. for Cl ,H,,C102S: C 51.61, 
H 5.63, C1 35.24, S 13.77; found:  C 51.16, H 5.59, CI 15.87, 
S 13.60. 

Reaction of 127 mg of 6tr with 10 mL of 5:2 methanolic 
K O H  for 15 niin at room temperature yielcled 96 nig (917)  of 
9i1 as a colorless oil which was homogeneous o n  tlc: n m r :  
1.41 (s. 3k-I), 1.72 (s, 3H), 3.66 (s, IH),  7.4-7.8 (ni. 5H). 
Allill. calcd. for C l o H , Z O Z S :  C 61.21, H 6.17; found: C 61.40, 
H 6.06. 

Epoxy sulfone 2~1 (700 mg) mas added to a t\\rofold excess 
of MgBr, in 10 m L  of ether, kepi overnight, and then worked 
up. The nmr of the crude product showed only peaks for 
2-bromo-2-methylpropanal (1.77 (s, 6H), 9.90 (s, l H)) and  the 
residual 1,'-dibromoethane used to  generate MgBr,. The 
estimated yield of  r -bromo aldehydc Mas > 85%. 

Cliloroii1erl7j.l Pltcvvl Stiljunc nncl Cj~clol~cvinzonr 
The chlorohydrin sulfone 3b \ \as  obtained in 9475 yield 
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7.4-7.9 (ni, 5H). Anal. calcd. for C l lH ,40zS :  C 62.79, H 6.71 ; 
found: C 63.00, H 6.58. 

Series f 
a-Clrloroerhj~l P h e r ~ ~ ~ l  Slil/one nnd Cyclol~excmone 
The epoxy sulfone 2f was obtained in 76% yield using 

phase-transfer conditions and a reaction time of 3 days, mp 
79-80.5'C (ether-hexane). Anal. calcd. for C,,H,,O,S: C 
63.12, H 6.81, S 12.04; found: C 6 2 . 7 8 , H  6.86, S 12.34. The 
CH, group occ~~r red  at 1.26 ppm. 

The epoxy sulfone 2f (280 nig) was treated with MgBr, in 
ether at - 3QcC for 3 11. The yield of l-bronio-l-acetylcyclo- 
hexane was 250 nig (89%). 

Reaction of the cc-chloroethyl phenyl s~~lfoxide (2.22 g) with 
1 .I equiv. of CH,Li followed by 1.77 g of cyclohexano~le 
gave two components which were separated by fractional 
crystallization. From CH,C12-pentane was obtained 1.53 g 
(45z )  of 6f as colorless plates, nip 163-164'C; ir :  3400, 1082, 
1038 c n i r ' ;  nmr: 0.8-2.4 (m, IOH), 1.46 (s, 3H), 3.4 (OH), 
7.4-7.9 (rn, 5H). Arlcll. calcd. for C I I H ~ ~ C I O ~ S :  C 58.64, 
H 6.63; found: C 58.52, H 6.79. 

Recrystallization of the mother liquors from ether-pentane 
gave 1.55 g (55%) of 10, identical with that produced from the 
reaction of PhS(O)CH,Li and cyclohexanone (23). 

When LDA was used to generate the anion of cc-chloroethyl 
phenyl sulfoxide rather than methyllithiurn, the yield of 6J 
was 70%. (See also the similar preparation of 6e above.) 

The chlorohydrin sulfoxide 6f' was converted in near 
qirantitative yield into the epoxy sulfoxide 9f, rnp 60-62'C 
(CH2C12-pentane); nmr: 1.31 (s, 3H), 1.4-2.5 (m, IOH), 
7.4-7.8 (111, 5H); ir: 1045 cm-I.  Anul. calcd. lor C l4HI8OZS:  
C 67.18, H 7.25; found: C 67.05, H 7.32. 

Series g 
3-Chloroethql Phe11j1I S~rljbxide and Benzophenonr 
Reaction of the lithio salt obtained froni 2.47 g of the 

above sulfoxide with benzophenone (2.35 g) gave directly 
2.73 g (68%) of the epoxide 9g after purification on basic 
A120,. The epoxide was obtained as a colorless oil having its 
parent ion at  n ~ j e  334; ir :  1078 and 1098 cnir ' ;  nmr: 1.2 
(s, 3HO), 7.2-7.8 (m, 15H). In addition to 9g, 1.33 g of the 
hydroxy sulfoxide obtainable also froni benzophenone and 
PhS(O)CH,Li was formed (23). 

Series h 
C/7lorot11etl1ql MetI~j'l S~llfune cmd Cyrlohexanone 
The chlorohydrin sulfone 6/1, mp 73-74'C (ether-pentane), 

was obtained in 78% yield using procedure I ;  ir: 3520, 1315, 
1126 cm-'; nmr: 1.3-2.1 (m, 10H), 3.08 (s, 3H), 3.20 (OH), 
4.67 (s, IH) ;  Mf 226 and 228 (3: 1). 

The above chlorohydrin was converted in 94% yield to the 
epoxy sulfone 2/1, colorless liquid; ir: 1320, 1145 cm-' ;  
nmr:  1.38-2.32 (m, IOH), 3.02 (s, lH),  3.86 (s, IH). Anal. 
calcd. for C8H1402S:  C 55.14, H 8.10; found: C 55.01, 
H 7.99. 

The chlorohydrin sulfoxide (6h) was obtained in 15% 
isolated yield by reaction of cyclohexanone (830 mg) to the 
anion of chlormethyl methyl sulfoxide generated from 867 mg 
of sulfoxide and nBuLi, mp 144-146°C (ether-pentane); 
nrnr: 1.4-2.1 (m, IOH), 2.65 (s, 3H), 2.94 (OH), 4.36 (s, IH) ;  
i r :  3450, 1065 cmr '. Anal. calcd. for C,H,,CIO,S: C 45.60, 
H 7.18, C1 16.83, S 15.22; found: C 45.73, H 7.23, C1 16.80, 
S 15.05. 

The chlorohydrin sulfoxide 6h was converted in 94% yield 
t o  the epoxy sulfoxide (9h); colorless oil having an  ir band at  
1035 cm-'; nmr: 1.4-2.1 (m, IOH), 2.68 (s, 3H), 3.65 (IH). 

Oxidation n ~ t h  MCPBA afforded the sulfone 211, ~den t~ca l  
w ~ t h  the one descr~bed a b o ~ e .  

Seric~s i 
C / I ~ O ~ ~ I I I ( ~ ~ / I ) ~ /  12/JCr/7~~l Sl/lfo.~ide ~111~1 Bet~zoplrer~one 
Benzophenone (1.31 g) was added to a solution of the lithio 

sulfoxide obtained by reacting 8.3 mmol of nBuLi uith 
807 mg of chloroniethyl methyl sulfoxide. Usual work-up 
followed by recrystailization from e the~pen tane  gave 345 mg 
(17%) of the epoxy sulfoxide (9;) resulting from cyclization of 
the intermediate chlorohydrin sulfoxide, mp 102.5-104-C; 
ir: 1160, 1135 c m - ' ;  nmr: 2.58 (s. 3H), 4.6 (s, IH), 7.4-7.5 
(rn, 10H); ms tile 258. 

Rerrctio~ls ofcc-Litl~io-n-b:it~~I n-Bi/ryl S~ilfbxide ,virli Krrone.~ 
The above .*-lithi0 salt was reacted according to procedure I 

\vith acetone, cycloheuanone, and benzophenone. The results 
were (i) chlorohydrin sulfoxide 6 j  (66%), colorless oil; nrnr: 
0.8-1.2 (ni, 6H), 1.47 (s, 3H), 2.01 (s, 3H), 1.2-2.2 (ni, 8f1), 
2.4-3.2 (111,2H), 4.4 (OH); (ii)chlorohydrin sulfoxide 6k (71z), 
mp 88--90-C (ether-pentane): nrnr: 0.8-2.4 (m, 18H), 2.6-3.3 
(rn, 2H), 3.08 (OH). Anrrl. calcd. for Cl,H2,CI02S: C 57.06, 
H 9.17: found: C 57.21, H 9.25. The chlorohydrin sulfoxide 
61 was not isolated, instead the epoxy sulfoxide 1 was obtained 
in 34% yield as a colorless powder, rnp 74-75 C, after Al2O, 
chromatography; nmr: 0.6-2.4 (m, 14H), 2.6-2.9 (m, ZH), 
7.2-7.7 (111, 10H). AilaI. calcd. for C 2 , H z 6 0 2 S :  C 73.66, 
H 7.66; found: C 73.63, H 7.46. 

In the condensations involving cyclohexanone and benzo- 
phenone a 14 and 11% yicld, respcctively, of the condensation 
products expected from the reaction of ~ I B L I S ( O ) C H ~ - L ~ +  
and the ketones mere obtained (12). 

The chlorohydrin sulfoxide 6j\vas con~er ted  using method I1 
into epoxy sulfoxide 9j in 92% yield, colorless oil ; nmr: 0.8-1.2 
(ni, 6H), 1.2-2.2 (m, 8H), 1.50 (s, 3H), 1.62 (s, 3H), 2.5-2.8 
(m, 2H). Anal. calcd. for C l , H , 2 0 2 S :  C 60.45, H 10.15; 
found: C 60.62, H 10.27. 

Srries ni-p 
The epoxy sulfones 2171-p \+ere all prepared using the 

phase-transfer technique. 
Corr~po~rt1rl2rn-colorless oil; nrnr : 1.2-2.3 (m, 7H), 3.5-3.7 

(m, IH), 4.01 (d, J = 2 Hz, IH),  5.6 (s, ZH), 7.4-8.1 (rn, 5H). 
Reaction of 2/11 uith MgBr, in ether furnished 24/71 as a 

colorless oil; ir: 1720 cm-I:  nmr: 1.3-2.5 (rn, 7H), 3.14(d o fd ,  
J = 7 and 4 Hz, 1 H), 4.6 and 4.8 (ni, 2H), and 9.41 (d, 
J = 4 Hz, IH) ;  ms nr'e: 204 and 202 (?\.I:), 175 and 173 
(M; - CHO), 150 and 148 (Ms - C,H,), 123 ( M i  - Br). 

Conipo~rrrd 211-mp 123-125'C; ir: 1145 (s), 1300 (s), 
1310 (s) cmr ' ;  nrnr: 1.60 (s, 3H), 1.4-2.4 (m, 7H), 3.6-3.8 
(m, IH), 5.7-5.8 (m, 1H), 7.5-8.0 (ni, 5H). Anal. calcd. for 
C, ,HI80,S:  C 64.72, H 6.49: found: C 64.70, H 6.33. 

Rearrangement of 212 with MgBr, gave 24n as a clear oil 
after chromatography; nmr: 1.2-2.6 (m, 7H), 2.19 (s, 3H), 
3.12 (d, J = 7 Hz, lH),  5.6-5.9 (m, 2H); Ins n ~ l e :  214 and 216 
( M t ) ,  201 and 199 ( M i  - 15). 

Con~porrrzd 20-mp 98.5-99.5'C; ir: 1140 (s), 1300 (s), 
1320 (s) c n r ' ;  nrnr: 1.39 (s, 3H), 4.90 (s, IN), 7.2-8.1 (m, 
10H). Anal. calcd. for Cl,Hl,O,S: C 65.63, H 5.14, S 11.69; 
found: C 65.71, H 5.06, S 11.87. 

Rearrangement of 20 with MgBr, gave l-bromo-l-phenyl-2- 
propanone; nmr: 2.12 (s, 3H), 5.43 (s, IH), and 7.2-7.6 (rn, 
5H); M i  at  rn/e 212 and 214. 

Conipostnd 2p-colorless solid, mp 94-95'C; nmr: 3.00 
(s, 3H), 4.22(d, J =  2Hz ,  IH), 4.50(d, J =  2 H z ,  IH), and 
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7.2-7.5 (m, 5H). Airul. calcd. for C,Hlo03S:  C 54.54, H 5.05; 
found: C 54.42, H 5.17. 

Pi.eptr~.ntiun of 22 
The unsaturated sultone 21 was prepared as described (24). 

To  a solution of - 500 mg of per-trifluoroacetic acid in 25 mL 
of CH,CI, \vas added with stirring 882 nig of sultone 21 in 
25 mL of CH,CI,. The reaction mixture, which became 
yellow and cloudy, was refluxed for 30 min, then Ivorked up 
by washing \rith 10% Ka,CO3 and saturated NaCl solution. 
The crude black oil obtained upon evaporation of the organic 
solvents was chromatographed on A i 2 0 3 .  p-Keto sultone 22, 
mp 150-151'C was obtained in 24% yield, 3 4 z  based on 
recovered starting material; ir: 1725, 1375, 11 85, 995 cm- ' ; 
nrnr: 1.5-2.3 (quintet, 2H), 3.0-3.3 (ni, 2H), 4.64 (t, J = 6 Hz, 
2H), 7.2-7.5 (m, 10H). Airrtl. calcd. for C,,H,,O,S: C 64.55, 
H 5.10: So~ind: C 64.38, H 3.58. 

Prc'pnrution uf 19 /n = 1,2) 
T h ~ a n e  I ,  I -dioxide or thiepane I ,  I-dioxide were conkerred 

into the x-lithio derivative in the usual manner in T H F  at 
-70 C and reacted with benzophenone. The product was 
isolated and dchycirated to 19 by refluxing in benzene contain- 
ing a trace of toluene sulfonic acid for I h. The overall yield in 
both instances approached 90%. Compound 19, ir = 1 ,  
showed peaks at 6 1.8-2.5 (m, 4H), 7.0-7.6 (ni, [OH), and 
2.6-3.0 (111, ZH), vhereas that of 19, n = 2, had peaks at 
I .6 -2.2 (111, 6H), 2.4-2.7 (m, 2H), 3.0-3.3 (m, 2H), and 
7.0-7.4 (111, 10H). 

The epoxidation rearrangement was carried out by refluxing 
the unsaturated sulfones with a four-fold excess in MCPBA 
in benzene overnight. The yield of 190 was 91% after colunln 
chromatography, mp 108 C (CH,CI,-pentane); nrnr: 1.1-3.2 
(m, 8H), 7.0-7.7 (nl, 10H): ir: 1725, 1315, 1123 cm- '  Airal. 
calcd. for C, ,HI8O3S:  C 68.78, ti 5.77; found: C: 68.70, 
61 5.90. 
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The synthesis of peptides related to a conserved sequence found in histone HI-l and HI-5. 
Their ability to act as substrates and inhibitors of exogenous protein kinasesl 

SANDRA L. KIELLAIVD, PONNAMPALAM MATHIAPARANAM,~ LEWIS A. SLOT IN,^ 
A N D  ROSS E. W I L L I A ~ ~ S ~  

Dii . i~ io /~  0fBiologicci1 Scic./~cc..~, .Virtiorlnl Resi.c~r.cll Corlrzcil of Car~cidcz, Ottnrvi~, Orrt.. Ctrttudn K I A  OR6 
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S A ~ D R A  L. KIELLAND, POKNAMPALAM MATHIAPAKAKARI, LEWIS A. SLOTIN, and Ross E. 
WILLIAMS. Can. J .  Chem. 57.267 (1979). 

Two peptides, H-Gly Ser Phe Lys-NH, and H-Gly Ser Phe Lys Leu-NH,, whose sequence 
may be found in a conserved and phosphorylated site in histone H-l  have been synthesized. 
Their ability to act as substrates for several protein kinase preparations have been examined. 
In  addition, their ability to inhibit the action of several protein kinases of muscle origin was 
also tested. 

S A ~ D R A  L. KIELLA~D,  PONEAMPALAM MATHIAPARANAM, LEWIS A. SLOTIN et Ross E. 
WILLIAMS. Can. J. Cheni. 57. 267 (1979). 

On a synthetisk un tetrapeptide et un pentapeptide, H-Gly Ser Phe Lys-NH, et H-Gly Ser Phe 
Lys Leu-NH,, ayant la sequence d'un site totalement conserve dans les histones H-1 et H-5. I1 
a kte antkrieurernent demontre que ce site acceptait du phosphate pendant le fonctionnement 
de la cellule. On a examine I'introduction du phosphate dans les peptides par quelques kinases 
de proteine, ainsi que I'inhibition par les peptides de l'activite enzymatique des kinases de 
proteines d'origine n~usc~~lai re .  

[Traduit par le journal] 

Introdanstion also been implicated in the observed salt-induced 

~h~ lysineMrich histones ~ - 1  and H - ~ S  are believed aggregation of histone H-1 in solution (13, 14), in the 

to play an important role in the regulation of observed effect of histone H-1 phosphorylation on 

nuclear DNA trallscription and colldensatioIl (1-5). H-l (15,  16), and in the observed 
~ i ~ t ~ ~ ~ ~  ~ - 1  and H-5 fractiolls have been isolated phosphorylatioll of histone H-1 by a crude prepara- 
from many differellt sources. The partial amino acid tion of protein kinase front calf liver (17). The amino 

sequences of histone H-1 fractions from calf (6), acid sequence of the phosphorylated peptide was 

rabbit (5, 7), sea urchin (81, and trout (9) have been to be Ser, G1y22 A1a)-Gly-Ser(P04)- 

reported. Partial ainino acid sequences of the func- Phe-Lys (I8). This sequence is found in a very 

tiona]ly-related histoile H- j found in  chicken (10,11), highly conserved sectioll of the central region of both 

goose (12), duck (1 I), and pigeon (12) have also been "ld H-5 (Fig. '1. 
reported. Bearing in mind the highly conserved nature of 

The amino acid sequences of each of the histones this section, its phosphorylation, its implication in 

may be subdivided illto three regions: (i) the N- chron~oson~e condensation, and the observation that 

terminal region, composed of about 35-45 amino the phosphorylation by intracellular protein kinases 
acid residues; (ii) the central region, cornposed of may be controlled, in part, by the amino acid se- 
about 60-70 amino acid residues; (iii) the C-terminal quence surrounding the ~hosphorylated serine or 

region, composed of the remainder of the 190-225 threolline (I9, 20) and, in part, by the secondary 

amino acid residues. Although histone amino acid Structure surrounding the site (211, we have prepared 

sequences tend to be llighly conserved, only the two peptide fragments related to  this highly con- 

central region of both these histones has been found served and phosphorylated section of the 

to exhibit a high degree of homology (Fig, In region of the histones H-1 and H-5. In this report 

addition to being highly conserved this region has we wish to describe the synthesis of these two frag- 
ments, their ability to act as substrates for four 

'NRCC No. 16949. exogenous protein kinase preparations and their 
'NRCC Research Associate, 1977-present. effect on the phosphorylation of purified calf thymus 
3NRCC Research Associate, 1975-1977. Present address: histone H-l by three exogenous protein kinases from Ministry of State for Science and Technology, 270 Albert 

Street, Ottawa, Ont., Canada K I P  5G8. muscle. 
4To whom correspondence should be addressed. 
5Histone nomenclature is that agreed upon during a Ciba 

Experimental 
Foundation symposium (1, 2). Chen~icals used for synthesis and buffer preparation were 

0008-4042/79/030267-07S01.00I0 
@ 1979 National Research Council of CanadaIConseil national de recherches d u  Canada 
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Sea 

Sequence 

Cly Ala Ser GI) Ser Phe L)s Leu 
95 I 

/ Gly Ala Ser Gly Ser Phc Lqs Leu 1 
Cly Ala Ser Gly Ser Phe Lls Val 

92 
GIJ Ala Cly Ser S P h c  A I ~  Leu 

93 
Gly Ala Ser ~ l y  Phe Aig L e ~ d  - - - - -- - - 

Ref. 

Asn Lys Lqs 5, 7 

Asp Lys Lys 9 

Gly Val Gly 8 

Ala Lys Ser 10, 11 

Ala Lys Gly 12 

FIG. 1. A highly conserved sequence in histones H-1 and H-5. Areas of sequence hon~ology are boxed in and 
include functionally conserved residues, i.e., Lys + Arg. Where known, numbers are inserted to indicate the 
position of the -Cly Ser Phe Lys Leu- sequcncc in thc histone. 

reagent grade and were used as recei\ved ~ ~ n l e s s  otherwise 
noted. Solvents were purified as follows: Dimethylforrnamide 
(DMF) by distillation under reduced pressure from barium 
oxide (nitrogen purged system); 1,'-dimethoxqethane (DME) 
by distillation from lithium aluminum hydride (LAH); 
trieth~laniine (TEA) by distillation from barium oxide 
(nitrogen purged systcnl); pyridine by distillation from p- 
toluer~esulfonyl chloride and redistillation from LAH; water 
by resin deionization and distillation from glass; trifluoroacetic 
acid (TFA) by distillation fr-om phosphoro~~s pentoxide. 

trit-Butyloxqcarbonyl (Boc) amino acids and other amino 
acid derivatives \\.ere purchased from Beckman Instruments 
(Spinco Division) Toronto, Ont., Canada and Bachem Inc., 
Torrance CA, U.S.A. Disodiurn adenosine triphosphate, 
disodium glycerophosphoric acid, theophylline, ethylene- 
glycolbis(P-aminoethyl ether)-h',N'-tetraacetic acid (EGTA), 
3',5'-cyclic adenosine rnonophosphate (CAMP), crude calf 
thymus histone (lysine-rich histone fraction I), and salmon 
protamine were purchased from Sigma Chemical Co., St. 
Louis MO, U.S.A. Protein kinases from rabbit skeletal muscle 
(peak I and peak 11) and bovine cardiac n~uscle (peak IT), 
isolated as crude fractions after DEAE-cellulose chroma- 
tography (22), were also purchased from Sigma Chemical Co. 
Biogel P-60 was purchased from Bio-Rad Inc., Mississauga, 
Ont., Canada. Cellulose chromatographic plates (MN300, 
0.5 mm) were purchased from Analtech Inc., Newark, DE, 
U.S.A. Stoppered polypropylene vials, Whatman chromato- 
graphic paper (3 MM), Gelman Instant Thin-layer Chromato- 
graphic sheets (ITLC-SG) were purchased from either Fisher 
Scientific Ottawa, Ont., Canada or Canlab, Montreal, P.Q., 
Canada. Kemptide (Leu-Arg-Arg-Ala-Ser-Leu-Gly) was pur- 
chased from Peninsula Laboratories, San Carlos, CA, U.S.A. 
Amino acid analysis: Leu: Arg : Ala: Ser: Gly (2.15 : 2.04: 1.08 : 
1 .00: 1 .00). 

Calf thymus histone H-1 was purified by gel filtration on 
Biogel P-60according to the published procedure of Bohni etal. 
(23, 24). 

32P-ATP(y32P adenosine triphosphate, tetra(triethy1am- 
monium) salt) (2-10 Ci,'mrnol) was purchased from New 
England Nuclear, Montreal, P.Q., Canada. Stock 32P-ATP 
solutions were prepared as follows: the solution of labelled 
ATP (approximately 1 mCi) was diluted to 2.0 nil with in- 
cubation buffer. An aliquot (500 pl) was mixed before use 
with 2.5 ml of incubation buffer (32P-ATP approximately 
0.1 mCi/ml). 

Elemental analyses were done on a Perkin-Elmer CHN 
analyzer, model 240. Amino acid analyses were done on a 
Beckman analyzer, model 120C equipped with a multisample 
inlet and automatic integrator. Samples for amino acid 
analysis were prepared by hydrolysis in 6 M HCI at  110°C for 
24 h. Optical rotations were taken on a Perkin-Elmer polar- 

inieter, model 141. Melting points were determined in an open 
capillary on a Callenkamp melting point apparatus. Liquid 
scintillation counting was done on a Beckman counter LSC- 
250. Samples were prepared for counting in low potassium 
vials using 10 ml of a scintillation cocktail (8 g Omnifluor in 
2 e toluene-2-methoxyethanol (1 : 1, v:v)). A 14C-"P window 
was used in all cases in order to overcome energy profile shifts 
caused by quenching. Enzyme incubations were done in a 
Fisher-Versabath at  37.0 + 0.5'C. High voltage electro- 
phoresis was done in an apparatus equipped with a 20-cm 
water-cooled platen (10-15'C). Power for the apparatus was 
supplied by a Buchler high voltage supply. A 30 Vicm gradient 
was applied for 1-1.5 h to strips of paper (Whatman 3 MM) 
which had been equilibrated with citrate buffer (sodium citrate 
0.05 M, citric acid 0.05 M, pFI 3.5). After electrophoresis the 
strips were dried and cut into pieces (1 cm x 3 cm). The pieces 
were placed into vials and the radioactivity levels were 
determined. 
Bovine Lirjer Protein Kinase Isolation 

A crude fraction of protein kinase activity from an acetone 
powder of beef liver (animal weight less than 200 kg) was pre- 
pared by the procedures outlined by Langan (25). The crude 
fraction referred to here is that which was eluted at  the 
calcium phosphate gel step. The protein kinase activity was 
eluted from the gel as described with 0.5 M phosphate buffer, 
pH 7.5, precipitated with (NH,)2S04 (752 saturation), 
collected and redissolved in 0.05 M phosphate buffer, pH 7.5. 
The preparation was dialyzed overnight at 4-C against several 
changes of 0.05 M phosphate buffer, pH 7.5. Protein concen- 
tration was determined spectrophotometrically (280 nm) to be 
1.5 mgjml (26, 27). Protein kinase activity was determined in 
the presence of CAMP and was found to be 12 i 2 pmoi 32P 
incorporated per minute per milligram of protein (60 min 
assay, calf thymus histone H-1 (40 pg) as substrate). 

Enzytize Assays 
Substrate Actiuity 
The peptide to be tested for substrate activity was incubated 

with either the bovine cardiac muscle or rabbit skeletal muscle 
enzyme preparations as in the following procedure: 50 p1 
y-32P ATP stock solution (0.1 mCi/ml), 5 ~1 c-AMP (from a 
10 m M  stock solution), 20 p1 protein kinase enzyme prepara- 
tion (bovine cardiac enzyme, 1 mglml stock solution; rabbit 
skeletal muscle, 2 mg,'ml stock solution; bovine liver prepara- 
tion, 1.5 mgjml stock solution), and 5 p1 of the peptide stock 
solution were incubated at  37'C for 1 h. Kemptide stock 
solutions used were approximately 30 mM. The other peptide 
stock solutions were approximately 30 mM. All solutions, save 
that of the peptide which was in water, contained the following 
buffer; buffer A :  50 m M  (3-glycerophosphoric acid disodium, 
10 m M  magnesium acetate tetrahydrate, 10 m M  sodium 
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TABLE 2. Phy~icai constants of intermediates In the synthesis of the 
tetra- and pentapeptides 

Melting point Specific rotatlon ([r],) 
Compound ( - 0  (deg) 

Cbz 
Boc Phe Lys NH, 162-163 - 9.03 (c 2.26, MeOH) 

OBzl Cbz 
Doc Ser Phe Lys NH, 166-1 67 -14.11 (c 1.94, HOAc) 

OBzl 
Boc Gly Ser Phe Lys NH, 178-179 - 6.74 (c I .14, HOAcO) 

H-Gly Ser Phe Lys-KH, - -4.38 (c 1.88, H,O)" 

Cbz 
Boc Lys Leu NH: 102-1 04 -36.1 (c 1.94, HOAc) 

Cbz 
Boc Phe Lys Leu NH, 164-1 65 - 23.5 (c 1 .99, HOAc) 

OBzl Cbz 
Boc Ser Phe Lys Leu NH, i 84-1 85 -24.3 (c 2.02, HOAc) 

OBzl Cbz 
Boc Gly Ser Phe Lys Leu NH, 200-205 -16.7 (c 2.08, HOAc) 

H-GI) Ser Phe Lys Leu-NH, - -35.1 (c 3 .3 ,  H,O)h 

"Molar roration (based on lysinc coiiccntrdtion) [.If1,] 26.5 (c, 30 8 m J f .  H 2 0 ) .  
bMolar rotation (based on Igsine concentration) [ ~ i l , ]  - -341.9 ( c ,  43.8 in.\(, t120). 

fluoride, 2 m M  theophylline, and 0.3 m M  EGTA, pH 7.0 
(adjusted with 1 0 z  v;v HCI). Controls excluding the peptide 
and enzyme were run simultaneously. After the incubation 
period an aliquot (10 y1) was removed and applied to a strip of 
Whatman 3 MM chromatographic paper in preparation for 
high voltage electrophoresis as described above. 

Inhibition Assnys 
The ability of the peptide to interfere with the phosphoryla- 

tion of pure histone H-1 by protein kinase preparations was 
assessed as follows: 50 yl - i - 3 2 ~  ATP stock solution (0.1 niCi/ 
ml), 10 yl CAMP (from a 10 n?M stock solution), 10 yl pure 
histone H-1 (from an 8 mg:ml stock solution), and either 10 111 

of bovine cardiac muscle protein kinase preparation (from a 
0.1 mgirnl stock solution) or 20 P I  of rabbit skeletal nluscle 
protein kinase preparation (from a 0.1 mglnll stock solution). 
The total volume mas made up to 200 ~l with bufyer. All stock 
solutions, save that of the histone which was made up in 
water, contained buffer A.  The reaction mixture was incubated 
at 37'C and aliquots (10 MI) were removed at  5-mi11 time 
intervals in order to determine the rate of incorporation of 
phosphorous into the histone H-1. Under all circumstances 
linear rates of incorporation were observed during the initial 
stages of the reaction. Phosphorous incorporation into protein 
was assayed using Gelrnan ITLC-SG strips and 20% tric%loro- 
acetic acid in 0.4 MKC1 as irrigant (28). After irrigation, strips 
were heat-dried, the origins removed and deposited into vials 
in preparation for counting. 

Cbz 
Boc Plie LJ~s-IVH, 

Cbz 
Boc Phe Lys OMe (20 g, 37 mmol. prepared as described 

previously (29)) was dissolved in cold (0 C) methanol (500 ml) 
and NH3 bubbled in over a period of 1.5 11. The solution was 
then stoppered and placed in the refrigerator for 18 h. The 
solution was concentrated to dryness in cnclro and the residue 
recrystallized from ethyl acetate; yield 13.8 g (71%). 

OBz Cbz 
Boc Seu P l ~ e  LJS-I\~H, 

OBz 
Boc Ser (4.43 g, 15 mmol) was dissolved in 100 ml DME- 

pyridine (95: 5) and cooled to OcC. IV-Hydroxysuccinirnide (15 
mmol, 1.71 g) and DCC (15 n?mol, 3.08 g) were added and 
the mixture stirred at OZC for 6 h. The mixture was filtered and 

Cbz 
the filtrate concentrated in caclto. Boc Phe Lys NH, (15 mmol, 
7.9 g) was treated with trifluoroacetic acid-methylene chloride 
(1 : 1, 30 ml) and allowed to stand a t  room temperature for 2 h. 
The solution uas then concentrated and the residue triturated 
with ether. The residue was dissolved in DME-DMF (1 : 1, 30 
ml) and cooled to O'C. Triethylarnine (30 mmol, 4.2 ml) was 

OBz 
added followed by Boc Ser OSu in DME-DMF ( 1  : 1, 30 mi). 
The mixture was stirred overnight at 0-C and then concen- 
trated. Water (100 ml) was added and the solution extracted 

Peptide Syntheses with ethyl acetate (3 x 300 ml). The ethyl acetate was then 

The elemental analysis of intermediate compounds are washed with cold 0.1 N HCI (300 ml), 5 z  NaHCO, (cold, 

reported Table 1,6,7 constants of the inter- 300 ~n l ) ,  and cold water (300 ml). The ethyl acetate was dried 
over sodium sulfate, filtered and concentrated. The residue mediate con~pounds are given in Table 2. Compounds were 
was recrystallized from ethyl acetate to yield 5,88 (56z), synthesized as given below. 

OBz Cbz 
6All analyses were within acceptable limits C + 0.2%, Boc Gly Ser P/ze Lys-IVH, 

H + 0.2%, N + 0.3%. OBz Cbz 
'Table 1 may be obtained, at  a nominalcharge, from the Boc Ser Phe Lys NH, (0.35 g, 0.5 mn~ol) was treated with 

Depository of Unpublished Data, CISTI, National Research TFA-CH2C12 (3 nimol, 1 :  1) at  room temperature for 2 h. 
Council of Canada, Ottawa, Ont., Canada KIA OS2. The solution was concentrated and the residue triturated with 
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ether. The rcsiduc was dissolved in DME (5 n ~ l )  and cooled 
t o  0-C. Triethylamine (0.5 mmol,  75 ~ 1 1 )  was added followed by 
Boc Gly (0.5 mmol, 0.088 g) and EEDQ (0.5 mmol, 0.123 g) 
and the reaction stirred at 0-C overnight. After 20 niin the 
mixture becanle a gummy paste. After 1 8  h the reaction was 
concentrated in cac~io and the residue washed with ether 
(3 x 50 ml),  water (100 ml),  and isopropanol (100 ml). The 
residue was then crystallized from methanol to  yield 0.18 g 
(487,). 

H-Gly Ser Phe LJJS-NH, 
OBz Cbz 

Boc Gly Ser Phe Lys N H ,  (0.1 g, 0.13 nimol) Lvas treated 
with TFA-CH,C12 (2 ml,  I : I )  at room temperature for 1 h .  
The reaction mixture was concentrated in caclro and the 
residue triturated with ether. The res id~~e was dissolved in 
methanol - acetic acid (10: 1,11 ml) and hydrogenated at room 
temperature and atmospheric pressure for 4 h over palladium 
oxide (Pd oxide). Analysis by tlc on cellulose in butanol - 
pyridine - acetic acid - water (15 : 10: 3 : 12) and in butanol -- 
acetic acid - water ( 5 :  2 :  3 )  showed a major ninhydrin positive 
spot at R,  0.67 and 0.31, respectively. Preparative chronia- 
tography in the former solvent followed by elution with water 
gave, after filtration (Millipore, 0.45 LI) ,  the required tetra- 
peptide (R ,  0.31); yield 0.062 m ~ n o l  (42%). Amino acid 
analysis: G1y:Ser:Phe:Lys (0.97:0.97: 1.01 : 1.00). 

Cbz 
Boc Lys Leu-hrH2 

Cbz 
Boc Lys DCHA (5.6 g, 10 mmol scale), HCl Leu OMe 

(1.8 g) were mixed in DME (50 ml). 1%'-Hydroxysuccinirnide 
(1.2 g) was added and the mixture was cooled to  ice tenipera- 
ture, and stirred for 60 min. DCC (2.2 g) was added and the 
mixture stirred overnight during which time the ice coolant 
melted. Glacial acetic acid (2  drops) was added and the solu- 
tion stirred for 5 min. CH2C1, (50 ml) was added and the pre- 
cipitated dicyclohexylurea (DCU) was removed by filtration. 
The filtrate was evaporated, taken up in  EtOAc, and washed 
with chilled acid (HCI), base (NaHCO,), and water. The 
washed EtOAc was dried (Na2S0,) and evaporated (4.5 g). 
The residue was taken up in MeOH (200 ml),  chilled to  ice 
temperature, and N H ,  (gas) was blown in until the solution 
was saturated (15-20 min). The stoppered flask was kept 48 h 
at 4'C and the contents evaporated. The residue \+as crystal- 
lized from EtOAc-petroleum ether (bp 30-60'C); yield 3.85 g 
(88%). 

Cbz 
Boc Phe Lys Leu-NH2 

Cbz 
Boc Lys Leu NH2 (9.85 g, 20 mmol scale) was deblocked by 

treating with TFA-CH2C12 ( 1  : 1 ,  v /v)  (50 ml) for 30 niin. The 
product was precipitated with ether (300 ml),  washed with 
ether twice, and dried overnight under high vacuum. DMF- 
pyridine ( 9 :  1, v /v)  (20 ml) and Boc Phe (4.94 g) were added 
t o  the residue and chilled to  ice temperature. N-Hydroxy- 
succinimide (2.3 g), triethylamine (2.1 g), and DCC (4.3 g) 
were added and the solution stirred overnight duringwhichtime 
the ice coolant melted. Glacial acetic acid (2 drops) was added 
and the solution stirred for 5 min. The DCU precipitate was 
removed by filtration and the filtrate evaporated to  dryness. 
The  residue was taken up in EtOAc (4  P) and washed with 
chilled acid (HCI), base (NaHCO,), and water. The washed 
EtOAc was dried (Na2S0,) and evaporated. The residue was 
crystallized from EtOAc; yield 8.1 g (627,). 

OBzl Cbz 
Boc Sev P11e Lys Lerr-NH2 

CBz 
Boc Phe Lys Leu N H ,  (7.05 g, 10 nimol scale) was de- 

blocked with TFA-CH2C12 ( 1  : 1,  vlv) (50 1111) and the ether- 
insoluble product isolated as described above. DMF-pyridine 

OBzl 
( 9 :  1, viv) (100 ml),  Boc Ser (3.2 g), and N-hydroxysuccinimide 
(1.3 g) were combined and the solution chilled in ice. DCC 
(2.3 g) was added and the solution stirred overnight during 
which time the ice coolant melted. The precipitated DCU was 
removed by filtration and the filtrate was added to a chilled 
solution o f  the above ether-soluble product in DMF-pyridine 
(9 :  1 ,  v / v )  (20 ml).  Triethylaniine (1.1 g) was added and the 
solution stirred for 48 11 during which time the ice coolant 
melted. The solution was evaporated to dryness, taken up in 
cold EtOAc (10 !), and washed with chilled acid (HCI), base 
(NaHCO,), and water. The washed EtOAc was dried 
(Na2S04) ,  evaporated to 100 rnl, filtered, and then evaporated 
to  dryness. The residue was crystallized from MeOH-ether 
( 1  :40, v,v) ;  yield 4.9 g (60%). 

OBzl Cbz 
BOP GIJJ Seu Phe Lys Lerr-NN, 

OBzl Cbz 
Boc Ser Phe Lys Leu N H ,  (2 g, 2 m~no l  scale) was de- 

blocked with TFA-CH2C12 ( 1  : 1, v,'v) (20 ml)  and the ether- 
insoluble product isolated as described above. Boc Gly ( 1 . 8  g) 
mas dissolved in chilled CH2CI, or DMF (10 ml) and DCC 
(1.01 g) was added. After stirring at ice temperature for 4 h 
the solution was filtered and added to the above ether- 
insoluble product dissolved in cold D M F  (15 ml) containing 
pyridine ( 1  ml) and triethylalnine (250 mg). The mixture was 
stirred for 4 days during which time the ice coolant melted. 
The solution was filtered and evaporated to  dryness. The 
residue \+as crystallized from hot EtOAc (approximately 2 P ) ;  
yield 1.31 g (62%). 

H-Gly SPY Pile Lys Leu-A'H, 
OBzl Cbz 

Boc Gly Ser Phe Lys Leu N H ,  (50 mg) was suspended in a 
stirred solution o f  trifluoroaceiic acid (7.0 n ~ l )  containing a 
sniall amount o f  water (100 111). The mixture was chilled in an 
ice bath and hydrogen bromide, which had been scrubbed with 
pure tetralin, was passed through the solution for 60 min. The 
reaction mixture was concentrated under reduced pressure 
(40-C) and anhydrous diethyl ether (approximately 150 ml)  
was added to the residue. The white solid which formed was 
collected by centrifugation, washed with diethyl ether (five 
times), and dried under high vacuum; yield 42.6 mg. Thin- 
layer chromatography on cellulose in ethyl acetate - pyridine - 
acetic acid - H 2 0  (20: 10: 3 : 5), v : yv ,  v )  showed one ninhydrin 
positive spot R, 0.13; amino acid analysis: Gly:  Ser: Phe: Lys: 
Leu (1.09:0.78 (0.96):0.96: 1.00: 1.05 (72 h))  (1.12:0.99(1.11): 
1.01 : 1.00: 1.09 (48 h)) .  Figures in parentheses after serine are 
the ratios corrected for destruction o f  serine at the rate o f  6% 
per 24-hour period. Paper electrophoretic mobility (citrate 
buffer pH 3.4,30 Vicm,  5-IO'C), R,,, 0.90 (relative to  arginine). 

Results and Discussion 

Two peptides, related to the highly conserved 
sequence found in the central region of the H-l  and 
H-5 (Fig. l), have been synthesized. They are 
I-H-Cly Ser Phe Lys-NH, and 11-H-Cly Ser Phe Lys 
Leu-NH,. They here synthesized by conventional 
methods according to Scheme 1A and 1B. Analyses 
and physical constants sf the intermediates are given 
in Tables 1 and 2 respectively. ~enzylox~carbonyl  
(Cbz) blocking of the lysine &-amino group, tert- 
butyloxycarbonyl (Boc) blocking of cx-amino groups, 
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KIELLAKD ET A L .  

Cbz 
Boc Phe Lqs OMe 

I 

Cbs 
Boc Phe Lys N H ,  

L 
OBzl Cbz 

Boc Ser Phe Lys N H ,  
1 

OBzl Cbz 
Boc Gly Ser Phe Lys N H ,  

Cbz 
Boc Lys Leu N H 2  

Cbz 
Boc Phe Lys Leu N H ,  

I 
J. 

OBzl Cbz 
Boc Ser Phe Lys Leu N H ,  

I 
J 

OBzl Cbz 
Boc Gly Ser Phe Lys Leu NH, 

H-Gly Ser Phe L\s-NH, ( I )  H-Gly Ser Phe Lys Leu NH,-(11) 

and 0-benzyl (Bzl) group blocking of serine was 
used. Final deblockings of the fully blocked peptides 
were carried out either by catalytic hydrogenation or 
by treatment with HBr - trifluoroacetic acid - H,O 
(30, 31). The tetrapeptide (I) was separated by thin- 
layer chromatography (tlc) on cellulose plates and 
isolated by extraction, filtration, and lyphilization. 
The pentapeptide product (11) was isolated by 
washing the fully deblocked nlaterial with ether. 
Homogeneity of the final products was assured by 
tlc and amino acid analyses. 

Proteitz Kirlnse S~ibstrnte Acticitj. 
The two peptides kvhich have been synthesized 

conie from an area of histone H-I which has been 
found to be phosphorylated by a crude preparation 
of calf liver protein kinase (17, 18). Both peptides 
were tested for their ability to act as substrates for 
the crude preparations of the peak I1 enzyme8 
activity from bovine cardiac muscle and the peak I 
and peak I1 enzyme activities from rabbit skeletal 
muscle. A peptide known to be a substrate of the 
enzymes was used as a control. This peptide, known 
as Kemptide (Leu-Arg-Arg-Ala-Ser-Leu-Gly), has 
been found to be a substrate of protein kinases (32). 
Peptides with similar structures have also been 
found in substratcs of protein kinases (33-38). Work 
bvith these peptides and other substrates has sug- 
gested that a specific pattern of amino acids will be 
required in the pcptide before it acquires the ability 
to act as a protein kinase substrate (19, 20, 33-38). 

The two peptides and Kernptide were incubated 
separately with each of the crude muscle protein 
kinase preparations and the reaction products 
separated by electrophoresis. Phosphorous was in- 
corporated readily into Kemptide by all protein 
kinase preparations. None of the muscle protein 
kinase preparations were able to incorporate mea- 
surable amounts of phosphorous into the tetra- 
peptide. Measurable amounts of phosphorous were, 

'Peak numbers refer to the order of elution from a DEAE- 
cellulose column. 

how-ever, incorporated into the pentapeptide by the 
bovine cardiac muscle enzyme preparation. The 
results obtained with the crude peak 11 enzyme 
activity from bovine cardiac muscle are shown in 
Fig. 2a. Smaller, but still measurable, amounts of 
phosphorous were incorporated when the crude 
peak I and peak I1 enzyme activities from rabbit 
skeletal muscle were used. 

The kno~vn  structural requirements of the endo- 
genous protein kinases (19, 20) and the ability of the 
pentapeptide to act as a phosphate acceptor suggest 
that there may have been a histone H-1 specific 
kinase present in calf liver, the tissue from nhich the 
phosphorylated peptide Lvas originally isolated. 

A 
CARDIAC 
PK 11 

ANODE 

ARG , i I  
8 10 

t BOVINE LIVER 
CRUDE ENZYME 

FRACTION NO 

FIG.  2. The electrophoretic separation of the peptides after 
incubation with crude peak 11 protein kinase from bovine 
cardiac n~uscle and the crude protein kinase from beef liver. 
Radioactivity incorporated into the pentapeptide (11) (-) and 
Kemptide (---) by the crude peak I1 protein kinase from 
bovine cardiac muscle (Fig. 2A) .  Radioactivity incorporated 
into the pentapeptide (11) (-) and Kemptide (---) by the crude 
protein kinase from beef liver (Fig. 2B) .  Experimental con- 
ditions: incubation mixtures (180 ul) were 2.13 x M in 
pentapeptide or 1.78 x M i n  Kemptide. Incubations were 
carried out in buffer A at 37.5'Cfor 1 h with either crude bovine 
cardiac peak I1 protein kinase (20 pg) (Fig. 2 A )  or crude 
bovine liver protein kinase (30 ~ g )  (Fig. 2B) .  An aliquot (10 
1.11) was electrophoresed in sodium citrate 0.05 M ;  citric acid 
0.05 M, pH 3.5;  voltage gradient, 30 V,'cm; temperature, 
10-15°C. Arg (=arginine) indicates the position of arginine 
after electrophoresis. Fraction number is equivalent to the 
distance migrated in centimetres. 
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TABLE 3. Peptide inhibition of protein kinasc phosphorylation of histone H-1 
- 

w, inhibition of phosphate addition" 

Bovine cardiac Rabbit skeletal Rabbit skeletal 
Concentration" protein kinase, muscle protein muscle protein 

1'e;~tide (IM) peak 11' kinase. peak I" kinase, peak 11" 
~ 

H-Gly Ser Phe Lys-KH, 1 . 5 0 ~  -- , 7 4 2  - 2 0 + 2  1 2 i 2  
H-Gly Ser Phe Lys Leu-NH, 2.13 x 1 3 k 2  201-2 0 
H-Leu Arg Arg Ala Ser Leu 2 .28  x 95 8 3 90 

Gly-OH 
H-Leu Arg Arg Ala Ser L ~ L I  1 .78 x 10-' 121-2 2 1 + 3  18 2 

Gly-OH 

nErpsrimsntal conditions: buffer suppleincntcd ui th c)ciic A M P  ( lo - -"  hf): ~ncilbation voluinc, 200 HI;  lcrnpcrnlurr. 37-C .  
protein substrate, calf thlrnus h~srone H-1 (80 i ig per assay); 'z, iil?Iiibit~on is calckilatcd as follows: 100 (Ci, - C,) C,>,100 n here 
C ,  == 32P  counts ~iicorporated In the presence of peptide and C ,  = 3 2 P  C O L I I I ~ S  iiicorporated In the dhselice of peptlde. Eri-ors 
(sd) indicated \\ere deteiniined from thiec o r  more sxperlmenrs. 

hPeptide concentiat ioi i~ are  based on an11no acid c%nalyses and replesent the final concentration In the assa?. 
'Incubation time, 10 rnin. En71me concentration, approximately 2 Linlts per assay (npl?roxirnatel~ 1 jig per assay). 
d l n c ~ ~ b a t ~ o n  tlmc, 20 iiiin. Enzhnie concentration, approximatel) 4 units per assah iapp~oxiniately 2 pp per assah). 

Indeed, a histone H-1 specific kinase has been 
isolated from soyabean hypocotyls, but no indication 
of the distribution of the label \+ithi11 the histoile 
was given (39). In addition, the distribution of Ser/ 
Thr  phosphorylated sites in rabbit thymus histone H-1 
was recently shown to be influenced by the origin of 
the protein kinase preparation used for labelling 
(40). 

When a crude preparation of protein kinase 
activity, isolated from bovine liver, was incubated 
with the pentapeptide substantial amounts of phos- 
phate were incorporated into tlie peptide (Fig. 2b). 
This would suggest that this highly metabolically- 
and divisionally-active tissue may contain a highly 
site-specific histone H-1 kinase. 

Inhibition Actirity 
Even though both peptides had very small or no  

substrate activity with the endogenous protein 
kinase preparations from muscle it is conceivable 
that  they might be able to prevent the addition of 
phosphate to protein by binding at  or near the sub- 
strate site. The ability of both peptides and Kerilptide 
to inhibit the incorporation of phosphate into puri- 
fied calf thymus histone 13-1 by the exogenous 
enzymes was tested. Conditions were set up such that 
2-3 phosphate groups of a total of 5-7 (41, 42) were - - 
incorporated into the histone during the time of the 
assay. The ability of the peptides to interfere with 
this incorporation was then tested. The results are 
given in Table 3. Kemptide was very effective at  
inhibiting the phosphorylation of histone H-1 by 
all the exogenous protein kinases. At A4 it 
reduced incorporation by 80-90%. The tetra- and 
pentapeptides were also effective in inhibiting the 
reaction though not nearly to tlie same degree. 
Assays done with Kemptide showed that a 10-257, 
inhibition level could be achieved at  M, a 
concentration about a 1000-fold less than that of the 

two peptides. Some small differences betileen the 
tetra- and pentapeptides was noted. I11 general the 
pentapeptide Lvas slightly less effective at  inhibiting 
the enzymes. I t  also was unable to cause any inhi- 
bition of the rabbit skeletal muscle peak I1 protein 
kinase. 

Although it is evident from the above results that 
the two peptides which have been synthesized are 
able to  act as inhibitors of the endogenous enzymes 
studied, further work will be necessary before a full 
description of the actual inode of action of these pep- 
tides can be given. 

Finally, two recent reports must be mentioned. I t  
has recently been reported that several sequences 
surrounding serine-38 in calf thymus histone H-1 
have been synthesized (43) and that this same serine- 
containing sequence, which is found only in the 
N-terminal section of calf thymus histone H-1, is 
able to act as a substrate for an  endogenous protein 
kinase isolated from calf thymus nuclei (44). This 
peptide, Arg-Arg-Lys-Ala-Ser-Gly-Pro, has the same 
relationship of charged groups to the serine as in 
Kemptide and thus, fulfils not only the general 
requirements but also the specific requirements of 
protein kinases for recognition of primary amino 
acid sequences. 
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Nucleic acid related compounds. 29. Thionyl chloride reactions with adenine nucleosides. 
Course of nucleophilic displacements and a preferential route to the 2'-chloro-arabino 

isomer ly2  

MORRIS J .  ROBINS, PETER S P O R ~ S .  A N D  WOLFGANG H. M U H S ~  
Drpa~Ifnrtl/ uj'Chrirrisrtj, Tlzr U17lr rt ( i t \  ofAlbe~rci ,  Et/tlro~rlu~i, Allti , Cunridn T6G2G2 

Rece~ved August 14. 1978 

MORRIS J .  Rosrxs, PETER SPORUS, and WOLFGANG ti MLHS. Can. J. Chem. 57.274 (1979) 
A multistage sequence gave 5'-0-pivalyl-3'-0-methyladenosine (2e) which was treated with 

thionyl chloride in hot pyridine to give the corresponding 2'-chloro-urnbitlo product 30. 
Hydrogenolysis using tri-11-butyltin hydride and deblocking gave 2'-deoxy-3'-0-methyl- 
adenosine (3b). Analogous treatment of a mixture of 3'(2'),5'-di-0-acetyladenosines (§a,b) 
with SOC12-pyridine gave the 3'-0-acetyl-2'-chloro-nrubb1o (60) and 2'-0-acetyl-3'-chloro- 
.x,vlo (7~1) derivatives in a ratio of - 3:  2, respectively. Hydrogenolysis and deprotection gave 
2'-deoxyadenosine (6c) and 3'-deoxyadenosine (7c) (- 3 : 2) in - 45% overall yield from adeno- 
sine (based on recovered starting materials). This represents the first example of preferential 
external nucleophilic displacement at C-2' (vs. C-3') in an equilibrating purine ribonucleoside 
system. Treatment of 9-P-D-xylofuranosyladenine (9) with SOC1,-HMPA gave the 5'-chloro- 
5'-deoxy product 100 rather than the previously suggested 2'-chloro-2'-deoxy derivative. 

MORRIS J. ROBIPIS, PETER S P O R ~ S  et WOLFC~AWG H .  MUHS. Can. J.  Chem. 57. 274 (1979). 
Une longue serie de reaction conduit b la 0-pivalyl-5' 0-nlethyl-3' adenosine (2e) qui par 

traitement avec du SOCI, dans la pyridine i chaud fournit le produit chloro-2 nrubino cor- 
respondant 3tr. Une hydrogenolyse a I'aide de I'hydrure de tri-n-butyletain suivie d'un de- 
blocage donne la desoxy-2' 0-methyl-3' adenosine (3b). Si I'on traite de la menie ~naniere un 
melangc de cii-0-acetyl-3'(2'),5' adenosine (5~1,b) avec du SOC1,-pyridine, on obtient les 
derives 0-acetll-3' chloro-2' crrnbiilo (60) et 0-acCtyl-2' chloro-3' .xylo (7n) dans des rapports 
respcctifs de - 3 : 2. Une hydrogenolyse suivie d'une deprotection conduit i un melange de la 
ddsoxy-2' adenosine (6c) et de la desoxy-3' adenosine (7c) (dans un rapport de 3:2) avec un 
rendement global de 4575 a partir de l'adenosine (et en se basant sur les produits recuperes). 
Ce sont les premiers exemples d'une substitution nucleophile externe preferentielle au niveau 
de C-2' (vs. C-3') dans une purine en equilibre d'un systeme ribonucleoside. La reaction de la 
P-D-xylofurannosyl-9 adenine (9) avec le SOCI,-HMPA fournit le produit chloro-5' desoxy-5' 
(10u) pluttit que le derive chloro-2 desoxy-2 suggere anterieurernent. 

[Traduit par le journal] 

Nucleophilic displacerne~lts at C-2' of purine-type the site of S,2 attack at C-2') and electronically ( 5 )  
ribonucleosides using external nucleophiles have (C-2' bonded to the electronegative N,O-acetal 
proven to be very difficult (1) .  Attempted substitu- 
tions of 2'-sulfonate esters have failed4 (2). Reactions 
involving 'symmetrical' C-2I.C-3' species such as 
2',3'-acyloxoniurn cation intermed~ates (3, 4) 2',3'- 
anhydro (epoxide) structures ( I ,  3d, 11, 4d), and 
2',3'-thiiraliium (episulfonium) ions ( I )  in the ribo 
serles have resulted in highly predominant or some- 
times exclusive (1, 3b,d,g,l7, 4 6 , ~ )  formation of the 
3'-substituted xylo products. This can be seen to 
result from the sterically (base at C-1 ' ci~-vicinal to 

anomeric carbon) favored attack at C-3'. 
We have explored some reactions of adenine 

nucleosides with thionyl chloride and now wish to 
report that replacement of the 2'-hydroxyl function 
by chlorine with inversion of configuration occurs, 
albeit in low to moderate yields with significant 
accompanying decomposition. The known favorable 
0-2 '  + 0 - 3 '  equilibrium of adenosine acetate esters 
(60) has been employed to provide the first noted 
preferential functionalization at C-2' with an externrrl 
nucleo/lhile5 by treatment of the eauilibrium mixture 

'For the previous paper in this series see ref. 30. 
2Abstracted in part from the Ph.D, dissertation of P.S., 

with thionyl chloride - pyridine. 

University of Alberta, 1977. The 3'-0-methyl ether function was first chosen 
3Postdoctoral Research Associate. to provide a 'fixed' model compound for reaction at 
4M. J. Robins and J. R. McCarthy, Jr. Unpublished obser- C-2' since it exerts minima] steric and electronic 

vations. Treatment of 2'-0-tosyl- (or p-nitrobenzenesulfonyl-) 
tubercidin with ethanethiolate in ethanol or dry D M F  under SFormation of purine X-8 -* C-2' cyclonucleosides occurs 
various conditions resulted in formation of tubercidin by readily by intramolecular nucleophilic attack of 8-N, 0, or S 
presumed nucleophilic attack on sulfonate sulfur. substituents at  C-2' (7). 

0008-40421791030274-09SO 1.0010 
01979 National Research Council of CanadaIConseil national de recherche5 du Canada 



ROBINS ET AL 

( 1 )  TrCl 
H 0 ( 1 )  I - P y r i d i n e  ~~p~ 

(2),z-Bu3SnH ' (3) H- 
CH30 O H  (4) PivCl CH30 OR' (3)  NaOMe 

C H 3 0  

1 (5)  NH3 2 
a R = Tr. R' = H 
b R = Tr. R' = Ac 
c R = H ,  R' = Ac 
d R = Piv, R' = Ac 
P R =  Piv.R'  = H H O  

0 

I NaOMe 

(I)  SOC1,- 

H+ AcO Pyr1din-e t RopA + 

ROQA - ( 2 )  ,l-Bu,SnH 

0 0 OR OR' ( 3 ) N H l  0 R 0 R 
'h' 
L 

CH/  'OCH~ 
4 5 

u R = H  n R = Ac.  R' = H 
b R = A c  h R = H. R' = Ac 

6~ -(, 7a - ( ,  
(I R = Ac, X =  CI 
h R = H , X = C I  
c . R = X = H  

effects and is stable against migration or cleavage. 
Previous work in this laboratory has made 3'-0- 
methyladenosine (I)  (and its 2'-0-methyl isomer) 
readily available (8). Selective blocking of 1 at  0 - 5 '  
in high yield using pivalyl chloride was unsuccessful 
under several conditions as was selective deblocking 
of the 2',5'-di-0-pivalyl derivative. Therefore, a 
multistage route was employed to prepare the desired 
0 - 5 '  blocked model system. 

Treatment of I (see Schenle 1) with triphenyl- 
methyl chloride - pyridine gave 3'-0-methyl-5'-0- 
trityladenosine (2a) in 66% yield (based oil recovered 
I). Acetylation of 2a gave the 2'-0-acetyl derivative 
2b which was detritylated in aqueous acetic acid to 
give 2'-0-acetyl-3'-0-methyladenosine (2c) in 81% 
overall yield from %a. Pivalylation of 2c gave the 2 ' 4 -  

acetyl-5'-0-pivalyl derivative 2d plus some N-6,O-5'- 
dipivalylated material. Selective deacetylation (and 
N-6 depivalylation) occurred as expected using 
aqueous ethanolic ammonia to give the desired 
3'-0-methyl-5'-0-pivalyladenosine (2e)  in 787,  over- 
all yield from 2c. 

Treatment of 2e with thionyl chloride-pyridine 
under a variety of conditions (involving terupera- 
ture, solvents, other tertiary organic bases, etc.) 
resulted in black mixtures from which -20% maxi- 
inuin yields of 9-(2-chloro-2-deoxy-3-0-methyl-5-0- 
pivalyl-P-D-arabinofuranosy1)adenine (3a) were iso- 
lated. The arabitzo configuration is suggested by the 
small coupling of H-2' and H-3' (J,,-,, - 1.6 Hz) 
which is indicative of trans orientation - 115") (9) on a five-membered ring (10). The 
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anonieric proton coupling constant (J, ,-,, = 4.2 Hz) 
is in agreement xvith a c,i.r orientation of M-1 '  and 
H-2' with - 46' (9). These coupling - 
dihedral angle parameters are compatible with the 
indicated a ~ a b i ~ ~ o  structure 3cr it1 an S-type furanose 
conforn~ation (1 I). Replacement of hydroxyl by 
chloro with net inversion was determined chemically 
in the corresponding reactions nith 3'(2'),5'-di-0- 
acetyladenosines (ritie iizfiu). 

Hydrogenolysis of the chioro filnctio11 from 3a 
proceeded smoothly using tri-11-butyltin hydride 
under free radical conditions (12). Deprotectio~l of 
the resulting deoxy compound ga\<e 3'-0-methyl-2'- 
deoxyadenosine (3b) in - 19"; overall yield from 2e 
without isolation of intermediate products. The 
structure of 3h was coi~clusively confir~ued by ele- 
mental analyses, ' H  ninr (see Table 1 )  and Inass 
spectral data. 

With conversion of hydroxyl to chloro at  C-2' 
successfully demonstrated in the above 'fixed' model, 
u e  sought a blocked precursor which could be depro- 
tected to give a free deoxynucleoside after functional- 
ization and hydrogenolysis. Equilibration of 0-2'-  
and 0-3'-acyl nucleoside esters is known to favor 
the 3'-isomer s~lhstantially ( & I ) .  Since rapid equili- 
bration in the SOC1,-pyridine reaction rnixti~re 
~vould occur, 110 advantage in the use of esterifying 
acids which give higher 3 ' :2 '  ratios during selective 
crystallizations (6b) was anticipated. Therefore the 
easily accessible di-4)-acetyl derivative iuixture was 
employed. 

Treatment of the mixed ortho ester 2',3'-0-meth- 
oxyethylideneadenosine (40) (3e) with acetic anhy- 
dride and a catalytic amount of 4-1V,lV-dimethyl- 
aminopyridine ( 1  3) gave the corresponding 5 '-0- 
acetyl derivative 46. This diastereomeric product was 
treated with acetic a c ~ d  (6a) to provide 3l.5'-di-0- 
acetyladenosine (50) and 2',5'-di-0-acetyladenosine 
(5%) in a ratio of -63: 37, respectively (by 'H nmr). 

The isonleric mixture 5a,b was heated with 
SOC1,-pyridine. A black mixture resulted from 
which 38:) of 5a,b was recovered and a 29% com- 
bined yield (by uv) of the 2'-chloro-arahi~zo- (6u) and 
3'-chioro-sylo- ('Pa) di-0-acetyl isomers n a s  obtained 
in a ra.tio of - 3 : 2 (by nmr). Longer reaction tinies 
at elevated temperatures resulted in disappearance 
of starting material. (5(1,/7) without significant in- 
creases in the isolated yields of chloro isomers 
(6a,7a). A black insoluble polymeric material, which 
did [lot release uv absorbing materials (adenine 
chron~ophore) upon treatme~lt with acid or  base a t  
reflux, separated from the reaction solution. There- 
fore, heating wzs terminated after 30 min and a con- 
version (5cr,b + 6n,"Sa) of -475';, based on recovered 

starting material was obtained. The structures of 
6a,7n were confirmed by exact mass nleasurelrrert 
of the nlolecular ions and the - 3 : 2 ratio by integra- 
tion of the respective anomeric proton resonance 
peaks. 

Treatment of 6a.7cr bvith aqueous ethanolic 
alnmonia gave 9-(2-ckiloro-2-dcoxy-~-~-arabi11ofu- 
ranosy1)adenine (6bj and 9-(3-chloro-3-deoxy-P-D- 
xy lo f~~ranosy l ) ade~~ i~ ie  (Sb) which were separated by 
column chromatography and identified by compari- 
son \+ith kno~vn  samples (3e). Treatment of 6a.7~1 
with methanolic sodium methoxide gave 2',3'-anhy- 
droadenosine (8) ( 3 4 ,  nhich confirmed the exclusive 
formation of trni1s-2',3'-chloro and -acetoxy prod- 
ucts as deniailded by an S,2 process. 

The possibility of 2',3'-acetoxonium ion formation 
followed by attack at  C-2' or C-3' by chloride ion 
exists in the conversion of 5a,b to 6a,7a. However, 
significant intervention of such dioxoleniu~n ion 
intermediacy is precluded by the observed 3'- to 
2'-chloro isomer ratio (-2:3) since it is known that 
markedly predoniinant attack a t  C-3' by chloride 
( > 6 :  1 )  occurs in such reactions (3, 4). It niay also 
be noted that the ratio of cilloro isorners (6a:7a) 
obtained closely approximates the isomeric ratio of 
the corresponding precursor diacetates (50: 56). 
Secondary alkyi chlorosulfite esters are known to 
undergo S,2 or SNi (SNi ion pair collapse) procesTes 
with inversion or retention of configuration in the 
resulting chloro compound (see for example ref. 14 
and references therein). The meclianism is affected 
by solvent changes and by heating in the absence of 
solvent. The inversion reaction (S,2) would be ex- 
pected to be favored using pyridine as solvent ( 1 4 ~ )  
ana ,  additionally, S,i ion pair collapse /S,1) (14b) 
~ o u l d  be strongly inhibited in the nucleoside systein 
(i.e., generation of carbonium ion character at  C-2' 
bonded to the electronegative N,O-acetal anomeric 
C-1 I ) .  

Hydrogenolysis of 6ri,7a gave the expected di -0-  
acetyl deoxynucleoside mixture as indicated by exact 
iiiass measurement of the molecular ions. Depro- 
tection and anion exchange chromatography (1 5) 
gave 2'-deoxyadenosine (6c) and 3'-deoxyadenosine 
icordycepin) (7c) in 25 and 17% overall yields (by uv, 
based on recovered starting material) fro111 5a,h 
without isolation of intermediates. Correspoi~ding 
crystallized product yields were 17 and 11%. 

A f nal aspect of the present work involved clarifi- 
cation of a previously reported study. Chlorination 
at  C-5' of nucleosides using neat thionyl chloride has 
been reported (16). The Vilsineier-Haack reagent 
(SOX2-DMF) (17) and the related (18) SOX2- 
hexaniethylphosphoric; triamide (HMPA) reagent 
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(19, 20) have been employed to  effect halogenation 
a t  C-5' of nucleosides, with conconlitant C-3' 
(di)halogenation having been observed with 2'-deoxy 
nucleosides (20) 

Hogenkamp noted that the product of treatiilent 
of 9-P-D-xylofuranosyladenine (9) with SOC1,- 
HMPA failed to react with the reduced vitamin B,, 
product, cob(1)alainin ( 2 0 ~ ) .  This cobalt species was 
known to be ~iucleophilically unreactive with secon- 
dary alkyl halides. Therefore, Hogenkamp postu- 
lated the formation of a neutral cyclic 3',5'-0-phos- 
phorotriamidate intermediate from the HMPA 
rcagent. This would be inert to replacement with 
chloride at  C-5' and allow formation of the 2'-chloro- 
2'-deoxyl~ucleoside upoil collapse of the cyclic penta- 
covalent phosphorus intermediate during aqueous 
processing. The absence of secondary hydroxyl re- 
placement upon aiialogous treatment of ribonucleo- 
sides was rationalized on  the basis of a 2',3'-0-phos- 
phorotriamidate protective intermediate. Since the 
2'-deoxy nucleosides were not expected to form such 
a cyclic structure (i.e., no cis-diol system), accom- 
panying onium activation and replacement at  C-3' 
could proceed. Steric effects were invoked to ration- 
alize the selective primary (C-5') chlorination of 
9-P-D-arabinofuranosyladenine (200). 

The experimental conditions noted (200) were 
applied by us to 9-P-D-xylofilranosyladenine (9). A 
71% yield of a mo~lochloro product (100) was ob- 
tained which had inass spectral peaks consistent 
with loss of CH,CI from the molecular ion and with 
formation of the BHCH=CHOH ion (2'-hydroxyl 
group present) (21). The 'H nmr spectrum of this 
compound had downfield shifts of H-5'; H-5", and 
PI-4' and had nnir properties consistent with N-3 + 

C-5' cyclonucleoside formation upon heating the 
spectral sample a t  100'G. The monochloro product 
also failed to exhibit co~nplexing with borate (as 
evidenced by electrophoresis and paper chromatog- 
raphy) in contrast to the large effects of borate on the 
migrations of the 3',5'-cis-diol starting material 9. 
The structure of hDa was conclusively demonstrated 
by hydrogenolysis of the 5'-chloro group to provide 
a compound with melting point, 'H nmr, and mass 
spectral properties in harmony with the known (22) 
5'-deoxy-9-P-~-xylofuranosyladenine This 
raises an  interesting question with respect to the ob- 
served lack of reactivity of this primary C-5'-alkyi 
chloride (with a sterically butressing cis-3'-hydroxyl 
group) with cob(1)alamin (20a). 

An alternative explanation for the observed selec- 
tivity of replacement of hydroxyl by chloride in reac- 

6We have been informed by Dr. R. Mengel that they have 
independently made the same observations regarding the 
hydroxyl + chloro transformations of compound 9. 

tions of ribonucleosidcs with SOC1,--HMPA (19, 20) 
is that only the activated primary 5'-oniuin group is 
readily subject to nucleophilic displacement by chlo- 
ride ion at  the ambient temperatures employcd. 
Secondary (C-3') substitution is I<no\\n to proceed 
much more easily nith 2'-deoxy nucleosides than 
uith ribonucleosides (1) .  Sufficient energy is appar- 
ently available at  roo111 temperature to  smoothly 
effect 3',5'-dichloro-2'.3',5'-trideoxynucleoside for- 
mation in the 2'-deoxy series (200, c). In  harmony 
with this interpretation is the obserntion that a small 
quantity (-4";) of a 3'5'-dichloro product (Ilci) 
was produced along a i th  71'2 of the 5'-chloro-xj.lo 
compound (10a) ~lnder  the standard conditions. 
Treatment of 9 at  elevated temDeratures or at  am- 
bient t e ~ n p e r a t ~ ~ r e  for extended times with freshly 
distilled SOC1,-HMPA reagents resulted in yields of 
greater than 5 0 7  of the 3'.5'-dichloro derivative6 
(presumed to be the in~er t ed  ribo diastereomer, Pla) 
along with reduced quantities of loci. Compound Plct 
was considerably less stable than l0cr and was ob- 
tained in only -20"; yield at  60rC. Hydrogenolysis 
of Llcr  gave a product whose 'H nmr and Inass spec- 
ti-al properties &,ere compatible uith its assignment 
as the I<no\+n (23) 3l.5'-dideoxyadenosine (110). 

The present study has demonstrated that external 
nucleophilic displacement reactions can be effected 
at C-7' in purine ribonucleosides. Although the re- 
placement yields are low to moderate. the facile fi-ee 
radical mediated hydrogenolysis of the chloro func- 
tion results in overall C-2' deoxygenation in yields 
\vhicli coiilpare fa\,orably with prior intramolecular 
(24) and acyloxoniuni ( 3 c )  routes as \\ell as ~vi th  
2-deoxy sugar. base coupling syntheses (25). Pref- 
erential displacement at  C-2' over C-3' by an external 
nucleophile ibas obserled for the first time in a 
2 '  e 3' equilibrating adenosine system (resulting 
from the 3'-ester blocking fiinction equilibrium pre- 
dominance). Although deoxygenat~on of nucleosides 
at  C-2' can be effected more conveniently by direct 
free radical mediated routes' (26), nucleophilic dis- 
placement is necessary for the introduction of sub- 
stituents required for modified structures presently 
under investigation. The selectivity for primary 
alcohol replacenlent a t  C-5' appears now to be uni- 
form for reactions of the diastereomer~c pentofurano- 
syladenine nucleosides with SOCI,-HMPA. although 
secondary (3') replace~lient can occur upon extended 
treatment a t  ambient temperature or  upon heating. 

Experimental 
Meltrng polnts mere detern~rned on a Relche~t mlcrostage 

apparatus and are uncorrected nuclear magnetrc resonance 
spectra here recorded on Var~an HA-100 and Bruker 90 spec- 

7M. J. Robins and J. S. Wilson. Unpublished experiment% 
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trorneters ~vith MelSi as reference. Ultraviolet spectra were 
recorded on Cary 15 or Pqc Unicam SP 1700 spectrophoto- 
meters. Optical rotations nere determined \vith a Perkin Elmer 
Model 141 polarimeter using a 10-cni, 1-mL microcell. Mass 
spectra (nis) nerc determined by the rnass spectrometry labora- 
tory of this departmei~t on AEI MS-2, MS-9, or MS-50 instru- 
ments at 70 el' using a direct probe and are quoted as percent- 
age relative intensity of the most intense ion at rn e > 134. 
Elemental analyses were determined by the microanalytical 
laboratory of this department or by Schwarzkopf Microana- 
lytical Laboratory. Woodside, New York. U'ater of hldration 
\then indicated was verified in the nrnr spectrum. Thin-layer 
chromatography was performed on Eastrnan Chroniatogram 
sheets (silica gcl Yo. 13181, indicator Yo. 6060). Deleloped 
chroinatograins \+ere evaluated under 2537 A light. Prepara- 
tive scale tlc nzs  perfornmed on - 1-111111 thick Mcrck silica gel 
G F  254 (20 x 20 c ~ n )  platcs. Sol\ent sgstem E (SSE) is the 
separated upper phase of EtOAc-n-propanol-H,O 4:  1 : 2 (by 
volume). Column chromatography \\as performed using J. T .  
Bakcr No. 3405 silica gel. Esaporationi mere carried out using 
a rotating ekaporator ~ i t h  aspirator or oil pu111p \ a c u u t ~ ~  at  
i 4 0 c C .  Coexaporations mere effected by adding the specified 
sol\ent arid re-e\aporatiny. 'Diffusion crystallization,' ~vhich 
has been niodified in this laboratory (3e, g), Mas effected by 
allowing a concentrated solution of the iiucleoside in the first 
mentioned (dissol\ing) sol\,ent to stand in a desiccator con- 
taining a large \olume of the second (diffusing) solvent in 
\+hich the niatcrial is insoluble at i.oom temperature and the 
res~ilting crystals Lverc collected by filtration. Compounds 
reacted in di.4 pj,ridine as solvent ncre dried by repeated dis- 
sol~ition in and c~aporation of dry pyridine. Pyridine \+as 
refli~\ed o \er  and distilled from calciuin hydride before use. 
HMPA \+as distilled and stored o\er 4 molecular sieves. 
Toluene was dricd using sodium wire. Dh lF  used for optical 
rotations \+as distilled from calcium hydride under reduced 
pressure at < 40 C and stored o \ e r  Linde 4A molecular sieves. 
Other solvents, pivalyl chloride, and SOClz \\'ere of reagent 
purity and were distilled before use. Tri-12-butyltin hydride 
solution (--, 1 !\f) was prepared by the Ho19 modification (27) 
of thc original procedure (28). The 3'-0-methqladenosine (1) 
( 8 )  and 9-p-D-x~lofuranos~ladcnosine (9) (3d) were prepared 
as described. Adenosine \+as purchased from Terochern 
Laboratories Lid., Edmonton, Alberta. 

3'-O-~\/lerl1~~l-5'-O-t1~i~~liri~/ii~eri1~~l~ide~io.~i~1e /2a) 
To  a stirred solution of6.36 g (22.6 mniol) of I in - 100 mL 

of dry pqridine \vas added 5.70 g (20.4 mmol) of triphenyl- 
rm~ctl~yl chloride. The solution nas  heated, nith exclusioll of 
moisture, for 2 h at 100 C and then cooled. The solution was 
concentrateit to - 50 mL and pourcd into I50 mL of cold 
saturated Nal-IC0,-H,O. The resulting mixture \\as extracted 
;+ith CHCI,. The organic phase \\as washed with saturated 
XaHCO,-H,O, dried (Na2S0,), e\.aporated, and coe\,apo- 
rated with dry toluene. Thc resulting yellom glass \%as treated 
;\ith CHCI, and applied to a silica gel column (5.5 x 40 cln, 
300 g) packed in CI-ICI,. The colurnn \\as washed with 4.2 L 
of CHCI, and eluted with MeOH-CHCI, (1 :24). The first 
1.5 L was discarded and the followilig 1.8 L was pooled and 
e\aporated. Crystallization of the residue from acetone gave 
5.92 g (50:z) of 2u. The original aqueous NaHC03  layer and 
extracts were combineil and continuouily extracted with 
CH,C12 to recoLPer 1.51 g of starting material, gi\,ing a 65.6% 
yield of 2a based upon recovered starting material. Pure 2cr 
had rnp 120-122 C ;  uv OleOH) rnax 259 nm ( E  16 300), lnin 
240 nm (E 9000); ms (200'C) iil,e: 523 (0.1, M),  280 (100, 
IM - CPh,), 243 (56, CPh,), 165 (66, CPh3 - Ph), 164 (21, 
BHCHO), 148 (7.5, BCH,), 136 (55, B 4- ZH), 135 (16, 

B + H).  111101. calcd. for C,,,H,~,N,O,: C 68.82, H 5.58, N 
13.38: found: C 68.79, H 5.78, N 13.61. 

2'-O-Aref~1-3'-O-rnetl1~~lii&wo.sine i2c) 
To an ice-cold stirred solution of 8.1 g (1 5.5 ~nrnol) of 2n in - 80 mL of dry pyridine was added 1.72 IIIL (15.5 rnmol) of 

AczO dropwise with exclusio~l of moisture. This solrrtion was 
stirred for 18 h at 5:C and a further 0.15 mL of A c 2 0  was 
added. After 2 h stirring at  5^C, the reaction was allowed to 
warm to 19 C and 0.5 mL of Ac,O was added. After 1.5 h at 
19 C, the reaction mixture \>as pourcd with stirring into 200 
mL of ice water and extracted with CHCI,. The combined 
organic phase was washed with cold 10% NaHCO,-H20, 
H,O, evaporated, and coevaporated with dry toluene to leave 
8.45 g of 2'-O-acetyl-3'-O-methyl-5'-O-triphenylmethyladen- 
osine (2h) as a white amorphous solid; ms (20OCC) n7,'e: 322 
(37, M - CPh,), 306 (2.5, M - OCPh,), 243 (23, CPh,), 220 
(3, BHCH==CHOAc), 178 (7, BHCH=CHOH), 165 (100, 
CPh, - Ph), 164 (11, BHCHO), 148 (7.5, BCH,), 136 (43, 
B + 2H), 135 (24, B + H). 

The solid 2h (less 0.1 g) was dissohed in 100 rnl of 8 0 3  
aqueous HOAc and heated at 100-C for 15 min with stirring. 
The pale yellow solution was poured into 300 mL of cold H,O 
and extracted with Et,O. The combined organic phasc nas  
back-extracted with 10% HOAc. The combined aqueous l a ~ e r s  
\\ere evaporated to drgness and the residue was crystallired 
from 98'z k tOH to give 4.09 g (83Y ; )  of t c ,  mp 214.5-215.5-C; 
uv (MeOH) max 259 nnl (E 14 300), rnin 227 nm (c 1600); 111s 
(200-C) rii  e :  323 (2, M), 293 (6.5, M H  - CH20(5 ' ) ) ,  280 (0.3, 
X I  - Ac), 264 (5 ,  M - OAc), 220 (24, BHCH-CHOAc), 
189 (6.0, sugar), 178 (16.5, BHCHy-CHOH), 164 (32, 
BHCHO), 148 (16, BCH,), 146 (5, sugar - Ac), 136 (100, 
B + 2H), 135 (65, B t- H).  .4nirl. calcd. for C,,H,,N,O,:  C 
48.29, H 5.30, N 21.66; found: C 48.02, H 5.38, iX 21.70. 

3'-O-,CIeriiyl-5'-O-picr7l~~loiirr7o~i11e !2e) 
To  an ice-cold stirred solution of 3.9 g (12 rnmol) of 2c in 

125 n1L of dry pyridine was added 1.3 rnL (18 minol) of pivalyl 
chloride dropwise with exclusion of moisture. The solution 
was stirred for 18 h at 5 -C  and poured into 300 mL of ice- 
water. The aqueous solution \vas extracted ~bith CHCI,. The 
conibineil organic extract \vai mashed with cold 10"; 
I iaHC03-M20, HzO, evaporated, and coevaposated vith dry 
tolue~ie and then 98% EtOH to gire 5.09 g of 1'-0-acetjl-3'- 
O-methg1-5'-O-pi\~alyiadeno,ine (20) as a mhite solid con- 
taining about 20% of 6-,\'-pi\aly1-9-(2-O-acetjI-3-O-methy1-5- 
0-pivalql-p-o-ribof~~ranosyl)adeni~ic (by nrnr). The major 
compound sho\red 111s calcd. for C,sH2,N,0 , :  407.1805; 
found : i l l  e 407.18 16. 

The solid residue (Icss 0.1 g) \vas then dissol~ed in 125 n?L 
of 95? EtOH and 100 111L of concentrated YH,-H,O was 
added. This solution \\as stirred at 24-C for 1.5 h,  evaporated 
to a srnall \!olurne and partitioned between 150 mL of H 2 0  and 
300 mL of CHCI,. The CHCI, extract was washed with cold 
1 0 7  NaHCO,-H,O, H,O, and evaporated. The resulting oil 
was 'dii'fusion crystallized' from acetone (TI-pentane, desic- 
cator) and the resulting solid was recrystallized in the same 
manner to give 2.42 g of pure 2r.  The mother liquorr \+ere 
treated with concentrated NH,-H,O as above and after 
analogous workup and crystallizatio~~ yiclded a further 0.87 g 
of 2e. The mother liquors from this irystallizatiorl were again 
processed to gi\e a furthcr 0.18 g for a total yield of 3.47 g 
(79%) of 2e. The pure material had rnp 138-139'C; uv (MeOH) 
max 259 nm ( E  13 400). mi11 227 nrn (c 1800); Ins (200'C) i l l  c 
365 (0.5, M), 350 (8.5, M - CH,), 280 (0.5, M - Piv), 264 (3, 
M - OPiv), 178 (5.5, BHCFI-CHOH), 164 (100, BHCHO), 
148 (9, BCH,), 136 (89, B + 2H), J35 (51, B + H). Anril. 
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calcci. for C , ,Hl ,S ,05 .0 .2 i  H,O: C 51.95, H 6.40, N 18.94: 
found:  C 51.80. H 6.66, K 19.09. 

9- /~-C'/I/(?I o-_7-i/eo.~~--3-O-i~1c~t/1yl-5-O-~1ii~~iI~~I-~-~-ii1~n/1i11~1- 
JI:!.cirlo,~l, citfei~i'tic (33 j 

T o  an ice-cold stirred solution of 0.5 g (1.35 nimol) crf 2e 
in - 30 I ~ L  of dry pyridine \ \as  injected (through :I septum) 
0.5 IIIL (6.95 mniol) of SOCI, \\it11 excl~isio~i  of nioistl.~re. The 
resulting red solution \\as tiri-cd for 30 nlin and after \varn?ing 
to  room temperature \<as placed in a 120C' oil bath for 1 h. 
The  cooled black niixture \ \as  poured into 150 11iL of ice \\ater 
and  extracted \\ith E t 2 0 .  The coinbinetl organic phase mas 
\cashed n i th  cold 10'1;, NaHCO,-H,O, H 2 0 ,  evaporated, and 
coe~apora ted  ni th toluene. The tiark bi-o\\n residue \ \as  
treated ni th hot 98" EtOH and filtered. On cooling a bro\\n 
iionnucleoside precipitate separated and was filtered. 7 h e  
i'esulting soliition \ \as  e\aporated. the residue \ \as dissol\ed 
in CHCI,. and applied to a silica gel col~inin (30 g)  packed in 
and  \\a>hed mith CHCI,. Elution ma.; then begi~n n i th  hIeOAc. 
The first 165 1nL \\ax discarded and the foilo\\iiig 130 mL \\as 
elaporatzd to  gi\e 109 rng ( 2 1 5 )  of crude 30 \r hich ga\e 86 mg 
116.6z) of pure product in t\vo crojx itpoi1 'cliffusion crystal- 
liration' from acetone (11-pentane. desiccator). P L I ~ C  311 had mp 
185-187 C :  LI\  (hleOH) max 258 nni (c 14 300). i l l i i i  226 11111 
(c. 2500); nls (210-C) ti1 e :  383 12.5. 2.l). 368 (1.5. M - CH3) ,  
352 (1.5, :vI - 0 C H 3 ) .  29F 112, '4 - !'i\). 282 (25, hI -- OT'iv). 
220 (1, B + H - Pit). 214. (3.5. sugar - CI), 196 (2.5, 
BHCH=CHCI),  I64 (35. BHCHO).  I36 (100, B + 2tl). 135 
(51. B T H). A i ~ i l .  calctl. for C , ,H22CIN50, :  C 50.06, H 
5.78, Cl 9.24, N 18.25; fo~ti-id: C 49.77, H 5.90, C1 9.40, \ 
18.49. 

3'-0- 'iferl~j~l-_"-iic~i~.i-~~iic/i~i~(~,iii~~~ 13b) 
T o  a solution of 75 nit. of dry pyridine ant1 0.57 1i7L (7.92 

nimol) of SOC'I, i l l  a 500-niL three-necked i-oand bottonied 
flask. fitted \\it11 a inechanical stirrer, dropping f t~nnel ,  dry N z  
flon and in an ice bath, Mas added drop\\ise o \ e r  15 niin. 
0.58 g (1.57 niol) of 2e in 100 n1L of dry ~?>ridine.  The sol~iiion 
~ v a s  stirred for 10 rnin atid then \ \as  heated at 120 C for I h .  
The res1.11ting black niixture \bas poul-etl into 75 tiiL of ice 
water anti extracted \\ith CHCI,. The combined organic phase 
was filtered, e\aporatcd, and cc;e\ai,orated \cith tol~ieiie. The 
black resiilite \+as treated \\ith CHCI, and adsol-hed on 3 g 
of silica gel \\hich \\as applied to  a dry-packed silica gel 
column (1.6 x 36 cm. 25 g) ,  The column \\as de\eloped \\it11 
MeOH-C'I-IC13 ( I :  19). The initial 25 mL of eluate \\a, ilis- 
carded and the next 50 mL was e ~ a p o r a t e d .  

The resulting oil \\as mixed \\ith 25 11iL of dry benzene. 
10 111g (6.1 niinol) of A!BN (r,-/'-azobisisob~~t>roniirile). and 
5 I ~ L  of tri-w-b~ityltin h ~ d r i d c  solution in benzene ( - 5 ~ n m o l )  
(27). This orange niixtiire v a s  heated at reflux for 1 h and 
another 10 111g of 41BK \.\as added. .4fter a further 2.75 h at  
reflux the pale gellow reaction mixture \ \as  cooled, concen- 
trated to about  one third \oIumc and  5loi\I> added to 200 ml 
of 11-peniane. The precipitate foriiied \ \as  filtered, di~solved in 
CHCI,, and eiaporated. 

The resulr~ny glass \+as dissol\.ecl in 25 n7L2 o r  t l e O H  con- 
taining 1.25 g (54 mmol) of sodium. After stirring for 0.5 h. 
M,O \ \as  added and the I-eaction \\.as neutsal i~ed \\ith HOAc. 
The XleOH \\as e\aporated and the aqueous solution a a i  
extracted \\ith MeOAc, The combincd orga1:ic extract was 
e\apora.ted and the residue partitionec! hetween 50 niL of 
H,O and 50 niL of 17-pentane. The aqueous layer \ \as  \\ashed 
\\ith 11-pentaiie, concentraied , and applied to  a column (2.5 x 
53 ~111) of Dolveu I-)<?(OH-) resin packed in and e Iu ted~\ i th  
H 2 0 .  The first 460 m L  of eluate was discarded. The follcviing 
490 nlL contai~ied 0.29 nisnol (18.5";; o ~ e r a l l  yield froin 2e) 
of  30 by uv anal1,sis. This solutioii was e\,aporated and the 

r e s i d ~ ~ e  \\as .dif?'usio~i crystallized' froin 987, EtOH (17-penianel 
desiccator) to _gi\;e 59 mg (14";) of 3h. m p  - 160-170 C (ni th 
resolidification and decomposition); [r],'* -25.4' 1c 0 . 5 ,  
35lF):  LI\ ( H 2 0 )  Inax 260 nm (F: 15 600), niin 226 nni ( E  

2600); 111s (calcd. for C , , H l , N , 0 3 :  265.1 175; found 111 e :  
265.1172); ms (I 50 C)  it1 c :  265 (5; h l ) ,  250 (9, M - CH,), 
-- 715 (11.5, M H  - OCI-12(5')), 235 (3.5, 31 - OCH,). 164 
(4.5, BHCHO). 162 (38, BHCH-CH2), 136 (37, B + ?H),  
135 (100, B + H). 131 (6, sugar). Ancil. calcd. for C l i H I 5 -  
5 ,0 , .0 .25  H 2 0 :  C 38.97. H 5.79, N 25.97; found: C 48.89, 
H 5.85. N 25.88. 

Prepn~ntioii of -7'- Deo.r~c~c/ei~o.\i~~ii /6c j  citic/ 3'-Dco.~.~crc/ei10- 
~ i t l e  l Coi.i/).ce[iiil/ / 7c J 

T o  a stirred solution of 19.3 g (59.7 niniolj of 40 in 100 iilL 
of dry pgridine cooled in a salt-ice bath \bas added 50 mg of 
4-.\',.\~-di111ethqlaniiiiop~ridi11e and 8 mL (85 ~iimol)  of Ac,O 
mith euclusion of moisture. After stirring for 50 min, XleOH 
\ \a \  added and the reaction nab  stirred i'or an additional 
30 min, evaporated, and coe\aporated \\it11 toliiene, 9 8 7  
EtOH, and CH,CI,. An n ~ n r  spectrum of the resitiual anior- 
phous solid (20.6 g )  confirnied formation of the 5'-0-acetyl 
deri\ative (4b) in a diastereornerrc ratio (becausc of the meth- 
oxyethylidene moiet)) of 3 : 2. Its inass spectrum contained the 
expected molecular ion, calcd. for C ,  , H I  ,X,O,: 365.1335; 
found: 365.1331. 

This crude material \ \as  dissol\ed in 5"" HOAc-HzO 
(200 mL) and 98"; EtOH (10 mL) and stirred at  24 C for 1 h.  
The reaction mixtill-e \vas then e\aporated and coc\aporated 
with 9 8 z  EtOH and toluene. The solid glass (22.4 g) \ \as  a 
nlixture of - 63"; 50 and - 37:-; 50 (bg iirnr). !ts mass spec- 
trum contained the expected molecular ions, calcd. for 
C S 4 H s 7 N 5 O 6 :  351.1179: found: 351.1176. 

A 0.93 g (2.6 mmol) sample of this mixture was dissolved 
in - 100 m L  of dry pyridine. This solution was cooled to 4'C 
and added dropwise to  a solution of i . 1  mL (15.3 mnlol) of 
SOCI, in 75 m L  of dry pyridine which was mechanically 
stirred in a n  ice bath under a Row of dry N,  and exclusion of 
moisture. Stirring was continued for 20 niin. The solution was 
then stirred vigorously in a n  oil bath for 30 min at  120'C. The 
resulting black niixture was poured into 50 m L  of ice water 
and extracted with CH,C12. The combined organic phase was 
evaporated and coevaporated with toluene. The residue was 
adsorbed on  3 g of silica gel and applied to  a silica gel column 
(1.8 x 20 cm, 25 g). The column was eluted with MeOH-- 
CE12CI, (1 : 19). The f rst 30 m L  of eluate was discarded and 
the next 70 mL contained product slightly contaminated with 
starting material. A further480 m L  of eluate contained starting 
material. Ultraviolet analysis indicated that 0.75 mmol of 
6a,7a and 1 mmol of starting 5a,b had been collected. The 
50,b was dissolved in CH,Cl, and precipitated into 11-pentane 
to yield 0.35 g of solid material. The yield of 6u,7'n less re- 
covered starting material was 4.7%. A n  nmr spectrum (CDC1,- 
D,O) of the product indicated a ratio of 6a  to  7'a of - 3 : 2  
(integration of 6 6.52 (d, J, . -2 = 3.9 Hz, 1 ,  H-1') to 6.24 (d, 
J , , _ , ,  = 2.2 Hz, 1, H-1'), respectively). A mass s p e c t r ~ m  of 
this mixture contained the expected molecular ions, calcd. for 
C14H1635CIN505 : 369.0841 : found: 369.0841. 

Mixed 6u,7n (0.75 m n ~ o l )  \\as dissolved in  dry benzene 
(10 mL) and 25 mg (1.5 mmol) of AIBN and 12.5 m L  of 
tri-n-butyltin hq-dride solution in benzene (- 12.5 nimol) u a s  
added ~ ~ i t h  stirring and exclusion of moisture. This mixture 
was heated at  reflux for 4 h,  concentrated to  -- 5 inL, and pre- 
cipitated by slow addition to  11-pentane (400 mL). A mass spec- 
trum of the precipitate contained the expected n>olecular ions, 
calcd. for Cl,Hs,N,O,: 335.1230; found: 335.1227. 

The precipitate was dissolved in 98";;; E tOH (25 inL) and 
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concentrated N H , - H 2 0  (10 mL) and stirred for 23 h at  room 
temperature. The solution was evaporated, dissolved in H,O, 
and applied to  a Dowex 1-X2(OH-) column (72 x 2.2 cni). 
The column was eluted with 4 L of H,O, 2 L of 10%, 1.6 L of 
30%, 1.5 L of 60%, and 2 L of 90% MeOH-H,O. The first 
3.5 L of eluate was discarded and then 1.5 L of eluate con- 
taining pure 6c was collected. The continuing 1.1 L of ub 
transparent eluate \ \as  discarded and then 750 m L  of eluate 
containing pure 7c was obtained. A further 2.5 L of uv trans- 
parent eluate was discarded and then 700 IIIL of eluate con- 
taining adenosine was collected. Analysis by uv showed 0.4 
mmol  (25%) of 6c plus 0.27 mmol (17%) of 7c (based on  re- 
covered 5a,b) and 0.047 nimol of adenosine. The solutiorl con- 
taining pure 6c was e\aporated and the residue was 'difTusion 
crystallized' froin 41eOH (Et,O, desiccator) to  give 67 m g  
(16 .7z)  of 6c (3e), m p  193.5-194°C: [*IDz4 -27.3- (c 0.7, 
H,O); UT? (HzO)  max 260 nni ( E  15 200). min 226.5 nnl (c 
2200); ms (200 C) in,e: 251 (2.5, M). Anal. calcd. for 
C,,H,,N,O,: C 47.80, H 5.21, N 27.87; found: C 47.78, H 
5.29, N 27.94. 

The  eluate containing 7c was evaporated and 'diffusion 
crystallized' from 98% E t O H  (Et,O, desiccator) to give 43 m g  
(1 1%) of7c  (3e), m p  210-21 1.5'C; [r*ID2" -46.5'(c 0.75, H,O); 
uv (H,O) max 260 nm (i: 14 600), min 227 nni ( E  2100); ms 
(185-C) m e :  251 (4.5, M). Ailnl. calcd. for C1,H,,NsO,: C 
47.80, H 5.21, N 27.87; found: C 47.57, H 5.26, N 27.89. 

Ecidewce .for rlre arabino Coifiriratiorr of 6a  cr11d xylo 
Confipliiorioiz of 7a 

T o  a crude mixture of - 75 mg (0.2 n~n-iol j of 6cr,7n (- 3 : 2, 
prepared as given in the above procedure) was added 9 8 z  
E t O H  (10 m e )  and concentrated N H , - H 2 0  (5 ~IIL). This 
solution was stirred for 3 h and the reaction mixture evapo- 
rated. E tOH (98%) was added and coevaporatcd to  give a 
yellow glass \\hich u a s  applied to  a silica gel column (1.4 x 
17 cm, 35 g) [vet packed in CHCI,. The colunin was eluted with 
MeOH-CHCI, (1 : 9). The first 25 m L  of eluate was discarded 
and the next 15 11iL was collected. The fol!o\ving 12 m L  was 
discarded and the next 20 m L  was collected. The first 15 m L  
fraction contained 70 contaminated with a small amount of 
2',3'-anhydroadenosine (8) (311) (epoxide formation was pre- 
\-ented by deblocking at  0.C or  lower with MeOH saturated 
with NH,). This rnaterial had an nmr spectrum (Me,SO-d,) 
identical to that  of a n  authentic sample (3e). 

The  second fraction collected (20 mL) contained 6b. Some 
of this rnaterial crystallized directly from the eluate and had 
m p  242.5-243C uhich was not depressed when mixed ~ i t h  an 
authentic sample of 66 (3e). This material also had nmr 
(Me,SO-d6) and ms (200-C) in'e 285 (1.5, M) identical to  those 
of the authentic sample. 

Both chloro samp!es 6b and 7b were converted t o  the epoxide 
8 (3d) by treatment u i th  KaOMe-MeOH. This further con- 
firms the trans 'up' chloro and 'down' hydrcxy configurations 
at  the 2' and 3' positions. 

9-f5-C/1loro-5-deo.~~~-~-~-x~~/ofi1rr1i1os~~/)~cle~rii~e (lOa) 
T o  a solution of 0.1 mE of SOClz in 1 mL of H M P A  was 

added 100 rng (0.37 mmol) of 9 and stirring was continued for 
12 h at  room temperature. ice Lvater (I niL) was added and the 
mixture was applied to a co lun~n (2 x 9 cni) of Anlberlite 
IR-120(H+) resin. The colun7n was washed with 200 m L  of 
H 2 0  and then el~lteti with 0.2 :\:NH,-H20. Fractions (15 mL)  
27-70 !\ere pooled and e\faporated. The residue was dissolved 
in MeOH, applied to two preparative tlc plates, and developed 
in SSE. The major band contained 77 m g  (71;) of 100, A 
faster migrating zone contained 4 mg (4%) of the dichloro 
deribatile (110) and a s l o ~ e r  migrating zone contained 3 nlg 
( 3 % )  of unreacted 9. The major product was recrystallized 

from MeOH-Et,O to  give 55 nip of POri as colorless crystals 
of m p  155-156'C; ur (H,O) max 258 nn-i ( E  14 900) min 227 
nrn ( E  2100): ms 171 c :  287 (2.5, M +  ["'CI]), 285.0628 (7.5, calcd. 
for M +  [C,,H,23sClN,0,] :  285.0628); 250 (50, M - CI), 236 
(1.3, M - CH2Cl). 194 (5, BCHOHCHOH), 178 (19, 
BHCH-CHOH), 164 162, BHCHO),  148 (6.5, BCH,), 136 
(91, B + 2H), 135 (100, B + H). Arrcil. calcd. for C l o H J 2 -  
C I N s 0 3 :  C 42.04, H 4.23, N 24.51 ; found:  C 42.03, H 4.50, 
N 24.25. 

Heating an ilmr sample (Xle,SO-/I,-D,O) of 100 in a boiling 
\vater bath resulted in the appearance of nev peaks at  8 6.30 
(s, 1, H-1') and 8.47 & 8.70 (s 2% s, 1 & I ,  H-8 & H-2). These 
resonances are indicative of formation of the corresponding 
N-3 -. C - 5  cyclonucleoside (29). 

9-f3,5-Dic/i/o1~o-3,5-dic~f~0.~~-fi-~-~ihofi1r~i110~~~/)c1de11i11e ( l l a j  
T o  a solution of 53 mg (0.2 mmol) of 9 in 1 11iL of freshly 

distilled H M P A  was added 0.12 11iL of freshly distilled SOCI, 
and stirring was continued for 9 days at  room temperature. 
Ice water (2 mL) was addcd and thc mixture was applied to  a 
colunin (2 x I5  cm)  of Amberlite 1R-120(H+) resin. The 
column was washed with 500 niL of 30% MeOH-H,O, 300 m L  
of 50% MeOH-H,O, and eluted \cith 1000 m L  of 0.5 ,2 'NH, 
in 50% MeOH-H20.  I-ract~oni (20 mL) 40-70 were pooled 
and evaporated. The oily residue was diluted ~ i t h  3 niL of 
MeOH, applied to t ~ o  preparative tlc plates and developed in 
SSE. The n?a,jor band contained 32 mg ( 5 4 7  by uvj of l l a  and 
the minor slower migrating zone contained 15 mg (26% by LIV) 
of IOa. Recrystallization of the major product from MeOH 
gave 26 mg (4373 of colorless crystals of I l n  \vith mp -200-C 
(dec.); uv (MeOH) niax 258 !in1 (e 15 300) mi11 226 nm (i: 1800); 
ms (150-C) 171 e :  305.0258 (3.6, calcd. for M +  (C,,H, ,,'CI- 
37C1Ns02):  305.0256), 303.0287 (7, calcd. for M -  (C,,H,,- 
35C12N502): 303.0290), 268 (16, M - Ci), 254 (1.4, M - 
CH2CI), 164 (62, BHCHO),  148 (2.7, BCH,), 136 (95, 
B + 2H), 135 (100, B + H). 

9 - / 5 - D e o s ~ - f i - ~ - . ~ ~ / u f i 1 i ~ r i 1 ~ ~ 1 ~ ~ ~ ~ ~ ) i r i / c / 1 i 1 1 c  ( IOb)  
To a solution of 28 mg (0.1 mrnol) of 1 0 ~  in 1 niL of dry 

pyridine \\,as added 0.15 m L  of :Y,O-bis(trimethylsi1yl)acet- 
arnide and stirring was continued for I h. 

The solution Mas evaporated and the residue \\as dissol\,ed 
in 2 niL of benzene. Seberal crysrals of AIBN mere added 
followed by 0.5 ml of 17-Bu,SnH in benzene (-0.5 rnrnol) and 
the mixture was heated for 4 h at reflux. After stirring ober- 
night at  room tei?tpel.atu,re, the ~iiiutul-e \\as evaporated. The 
oily residue \\.as stirred for 1 h with 4 tnL of 0.1 N NaOMe- 
MeOH, extracted with pentane, and applied to  a colunin 
(2.5 x 7 cni) of Do\vex I-X?(OH-) resin. 'The co lu~nn was 
developed vlith 500 liiL of H,O, 1800 m L  of 20:; MeOH-H20,  
and 600 m L  of 50% MeOH-H,O. Fractions ( I5  mL) 11 1-180 
contained 20 mg (80%) of 100. Recrqstallization of this product 
from M e O H  gave 100 ~ i t h  nip 229-232 C (lit. (22) m p  229- 
231'C and 232-232.5'C); 117s r~r'c: 251.1020 (calcd. for M +  
(CioH13N503): 251,1018). 

9- /3,5- Dideo.~j .-f l-~-erJ  th r o - ~ ~ r l l t o f i i i n ~ r o ~ ~ ~ ~ I )  nr/elrinc 
i3 ' ,5'- Dideo.uyader~o.sii~e j ( J l  b) 

A solution of 20 mg of I l n  in 10 m L  of dry pyridine was 
treated \vith 0.4 n1L of iV9;,Ci-bis(t~~imethylsily1)acetaniide for 
1 h at  room ten~pcrature, e~apol-ated,  dissol\ed in 10 mL of 
dry benzene, and heated at  reflux for 4.5 h \x,ith AlBN and 
1 m L  of w-Bu3SnN solution. The soliltion \+as evaporated and 
the oily residue was processed as described above for the con- 
version 10a -. 100, using H,O and thcn 25'x MeOH-H,O to  
deveiop the anion exchange coiurnil. ELaporation of appro- 
priately pooled fractions gave 12 mg ( 7 7 z  by uv) of 1 l b ;  nis 
(200 C) n7'e: 235.1069 (7.7, calcd. for M -  (C1,Hl3N5O,): 
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235.1069), 178 (21, BHCH=CHOH), 164 (100, BHCHO),  136 
(68, B + 2H), 135 (93, B + H). 
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Yields of excited states from thermolysis of some 1,2-dioxetanesl 
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KARL R. K ~ P E C K Y  and JOHK E. FILBY. Can. J. Chem. 57.283 (1979). 
The singlet '@ and triplet 3@ excited state product yields produced on thermolysis in toluene 

of trimethyl- (I), tetramethyl- (2), cis-3,4-butano-3,4-dimethyl- (3), and 3 ,4 :  3,4-dibutano- 
1,2-dioxetane (4) were determined to be as follows (dioxetane, 'C, I@, 3@): 1, 40, 1.1 x 10 - 3 ,  

0.15: 2, 45, 4.4 x 0.31; 3, 26, 8.5 x 0.23; 4, 24, 4.8 x 0.011. The reason 
for the low yield of excited states obtained from 4 is not known. Thermochemical calculation 
indicate that as much energy is available from thermolysis of 4 as is available from 2.  

Dioxetane-energized dimerization of acenaphthylene, accompanied by an intense yellow 
luminescence, produced mainly the trnns dimer in 1-3% yield. Dioxetane-energized cyclization 
of I-(2,4-dimethylpheny1)-1,2-propanedione produced 2-hydroxy-2,5-dimethylindan-1-one in 
0.5-6z yields. 

KARL R. KOPECKY et JOHN E. FILBY. Can. J .  Chem. 57.283 (1979). 
On a determine que les rendements des produits des Ctats excites singulet '@ et triplet 3 @  

obtenus lors de la thermolyse dans le toluene du trimethyl- (I), du titramethyl- (2), du cis- 
butano-3,4 dimethyl-3,4- (3) et du dibutano-3,4:3,4 dioxttanne-1,2 (4) sont les suivants: 
(dioxetanne, "C, I@, 3@):  1, 40, 1.1 x 0.15;2,45,4.4 x 10-4,0.31;3,26,8.5 x 
0.23; 4, 24, 4.8 x 0.011. On ne connait pas la raison des faibles rendements d'etats 
excites ohtenus dans le cas de 4. Des calculs thermochimiques indiquent qu'il y a autant 
d'energie disponible pour la thermolyse de 4 que de 2. 

La dinlerisation de l'acenaphtylene activke par un dioxetanne est accompagnee par une 
luminescence jaune intense et conduit principalenlent au dimere trans avec un rendement de 
I a 3 z .  La cyclisation de la (dimethyl-2,4 phCnyl)-1 propanedione-2,5 conduit a I'hydroxy-2 
dimethyl-2,5 indanone-1 avec des rendements de 0.5-6z",. 

[Traduit par le journal] 

Introdlnction molysis of I in the presence of acenaphthylene 

Thermolysis of 1,2-dioxetanes yields carbonyl produces mainly the trans dimer of acenaphthylene, 

compounds in quantitative yield and is accompanied eq. [2] (2), the result of dimerization via the triplet 

by luminescence, eq. [ l ]  (1). The luminescence state (3). 
A A 

observed in aerated solutions of trimethyl-1,2- 
dioxetane 1 (la) is evidence that a carbonyl product 
is formed in the excited singlet state. It was first 
thought that the singlet was the exclusive initial 
excited state product formed. However; it was soon 
shown that the triplet is by far the predominant 
initial excited state product by observing that ther- 

'This research was supported by the National Research 
Council of Canada. 

'Holder of a Canadian Mortgage and Housing Fellowship, 
1970-1971, and a National Research Council of Canada 
Scholarship, 1971-1973. 

The luininescence froin ther~nolysis of dioxetanes 
is enhanced by the presence of fluorescers, particu- 
larly by 9,lO-dibromoanthracene DBA (4), which 
produces a much brighter luminescence than does 
9,lO-diphenylanthracene DPA even though the 
fluorescence efficiency of DBA, @,(DBA) - 0.1, is 
much less than that of DPA, @,(DPA) - 1 .  Energy 
transfer from triplet carbonyl to DBA produces 
excited singlet DBA fairly efficiently (5) whereas the 
same transfer to DPA produces only triplet DPA 
which does not fluoresce 111 solution. Thus, the more 
efficient luminescence with DBA is further evidence 
that the triplet is the predominant initial excited 
state product. This has been demonstrated in other 

0008-40421791030283-06$0 1 .00/0 
3 1979 National Research Council of CanadaIConseil national de recherche5 du Canada 
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ways (6) and most dioxetanes produce initially the 
triplet carbonyl product in far greater amount; for 
a review see ref. 7. 

The quantitative deterniination of lumi~iescence 
from dioxetane solutions containing DBA and DPA 
has been used to measure the yields of the initially 
formed triplet and singlet excited states, respec- 
tively (7, 8). The present paper reports our deter- 
mination of the yields of excited states formed 
on thermolysis of 1, tetramethyl-1,2-dioxetane 2, 
cis-3,4-butano-3,4-dimethyl-l,2-dioxetane 3, and 
3,4: 3,4-dibutano-I ,2-dioxetane 4 by this method, 

CH3R CH3 s-l; 0-0 CH aCi3 a 
CH3 CH3 CH3 CH3 CH3 

1 2 3 4 

as well as the results of some energy transfer experi- 
ments to  ace~iaphthylene and to 1-(2,4-dimethyl- 
pheny1)propane-1,2-dione 5. This series of dioxe- 
tanes, containing mono-, di-, and tricyclic members, 
was chosen to study the effect of structure on the 
yield of excited state products formed. 

Our initial attempts to estimate excited state yields 
from the above dioxetanes involved energy transfer 
experiments to the photoreactive acceptors ace- 
naphthylene and 5. The dioxetane-energized cycliza- 
tion of 5 to 2-hydroxy-2,5-dimethylindan-1-one 6, 
eq. [3], was patterned after a similar reaction of 

1-(2-methylpheny1)propane-l,2-dione 7 (9). Since the 
preparation of 5 is much simpler than that of 7, 5 
was chosen for the present study. 

Degassed benzene solutions 1 M in 2, 3, or 4 
co~ltaining I M acenaphthylene or 5 were heated to 
-90°C. The yield of acenaphthylene dimer, based on 
dioxetane used, was 2-3% from 2 and 3 and 1% from 
4. In all these reactions the cis to trcins dimer ratio 
was - 0.1, indicating that mainly triplet energy 
transfer to  acenaphthalene was occurring (2). The 
yields of 6 formed from 2, 3, and 4 were 6, 1, and 

0.5Y,, respectively. Shortly after heating began all 
the reactions luminesced so brightly that the lurnines- 
cence was clearly visible in ordinary room light for 
5-10 s. Tt was not surprising to observe the greenish- 
yellow luminescence from § as 1,2-diketones are 
known to luminesce efficiently. However, the bright 
yellow luminescence from solutions containing 
acenaphthylene was co~npletely unexpected since 
this co~npound fluoresces very weakly, if at all (10). 
This lulninescence was not observed when the 
initial dioxetane concentratio11 was less than 0.1 M. 

The yields of acenaphthalene dimer obtained in 
the present study are about double those obtained 
previously using 1 under similar conditions (2) and 
the cis to  trans dimer ratios of -0.1 are lower than 
the value of -0.3 obtained previously. It  is not clear 
what the reasons for these discrepancies may be. 
The higher initial concentration of 1 used before, 
-2 M, may have resulted in more wastage of 
dioxetane than in the present work (see below). At 
25°C the triplet dirnerization of acenaphthylene 
results in a cis to trans dirner ratio of - 0.25 in non- 
polar solvents (3). The effect of temperature on this 
ratio is not known. 

The yields of products formed in the above reac- 
tions are quite low. The quantum yield for the di- 
inerization of triplet acenaphthylene is not known but 
that for cyclization of 5 must be -0.8 (9). The low 
yield of 6 may be due to low yields of excited states 
formed from the dioxetanes and/or induced de- 
composition of the dioxetanes at the high concentra- 
tion used by the excited state of 5 or of the initial 
carbonyl products (8, 11). Such a wastage of dioxe- 
tane does not occur in aerated so!utions of DBA and 
DPA (8). Measurement of the light emitted from sucE? 
solutions should be a more reliable method for 
determining the excited state yields ('7). 

The yields of excited singlet and triplet 3 @  

products from the dioxetanes 2-4, Table 1, were 
determined from plots of the reciprocal of the light 

TABLE I .  Yields of excited states formed 
on therl~~olysis of 1 ,2-dioxetanesa 

- 

Dioxetane 3 @ b  x 

I 0.15 11 
2 0 .31 4 .4  
3 0.23 8 . 5  
4 0.011 0.048 

aThc valucs given here diRer sonieu,liat from 
those previously published (8) because the 
spectrofluori~neter has been recalibrated and 
the luminescence iiitensities from soliitions of 
some of the dioxetanes have been redetermined. 

bMolecules of excited trlplet ketone formed 
per molecule of dioxetane decomposed. Esti- 
mated errors t 25%. 

CMolecules of excited singlet ketone formed 
per molecule of dioxetane decomposed. Esti- 
mated errors t 25%. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



KOPECKY AND FIL.BY 285 

intensity vs. the reciprocal of the DBA and DPA 
concentrations, respectively (7, 8). The spectro- 
fluorimeter used was calibrated with the luminol 
light standard (12). Use of this standard results in 
apparent excited state yieids that are smaller by a 
factor of -2.5 than those obtained on the basis of 
the radioactive light standard which is often used 
(7, 13). In fact, the yield of triplet acetone formed 
from 2 as determined in the present work is in the 
low end of the range of values, 3 @  2 0.2-0.5, 
reported by others (7). The yield of singlet acetone 
is smaller by a factor of about 10 than most other 
determinations (7) but it is in very good agreement 
with recently reported values, 'CJ = 9 x a t  
72°C and 5 x at  22'C (14). 

Although the exact values of the excited state 
yields are uncertain the relative yields given in 
Table 1,  using 2 as a reference point, should be 
meaningful. The yields of excited states formed from 
I, 2, and 3 vary a t  most by a factor of about 2 but 
the tricyclic dioxetane 4 is only about as efficient 
at forming the excited s~nglet and about a 30th as 
effective a t  forming triplet products as are the other 
dioxetanes. It can clearly be seen visually that the 
luminescence from solutions of 4 is much weaker 
than that f ro~ i i  solutions of the other dioxetanes. 

However, based on the sensitized dimerization of 
acenaphthylene and cyclization of 7 the efficiency of 
excited state formation from 4 is not so greatly dif- 
ferent from those from the other dioxetanes. I t  is 
not obvious why the different methods of measure- 
ment should result in different relative excited state 
efficiencies. The yields determined by luminescence 
measurements using DPA and DBA should be the 
most accurate and the discussion will be based 011 

these. 

Discussion 
Bncorporation of the dioxetane ring into a bicyclic 

system as in 3 has little effect on the efficiency of 
excited state formation as compared with 2. This has 
been observed already for the dioxetanes derived 
from 3,6-dioxacyclohexene (7) and 1,2-dirnethyl- 
cyclopentene (15). But there certainly is an  effect 
when the dioxetane ring is incorporated into the 
tricyclic system of 4. I t  was thought initially that 
there might not be enough energy available (equal to 
the difference in the heats of formation of 4 and the 
ground state product plus the energy of activation 
for the thermolysis) on thermolysis of 4 to  populate 
the excited singlet state of the product as a 10- 
membered ring is formed which might have con- 
siderable strain. However, cyclodecanone has been 
calculated to have only 3.6 kcaI/mol of strain energy 
(16) and force-field calculations indicate that intro- 

duction of a second sp2 center in cyclic molecules 
reduces the strain energy even further (17). Thus, 
1,6-cyclodecanedione must be nearly strain free and 
thermochemical calculatio~ls (18) give a value of 93 
kcalimol for the energy available from 4. This is 
essentially the same as is available from 2. I t  was 
assumed that 1,6-cyclodecanedione was strain free 
and that the dioxetane ring of 4 had the same strain 
energy as does 2. 

Nor does the inefficiency of 4 appear to be due to 
its rigid structure which must restrict considerably 
the motions available during decomposition as com- 
pared to 1. 2, and 3, for two other tricyclic dioxetanes, 
8 and 9, which also have rigid structures, are almost 

as efficient as 2 in the formation of excited states (19) 
Thus, the reason for the inefficiency of 4 must lie 
elsewhere and we are unable to offer an  explanation. 

I t  was suggested recently that the entropy of the 
overall reaction instead of the energy of activation 
should be considered in addition to  the enthalpy of 
the reaction for calculating the energy available for 
population of excited states on thermolysis of 
dioxetanes (20). Monocyclic dioxetanes produce two 
molecules and the energy available as calculated in 
this way (20) is sufficient to produce excited singlet 
state products. However, the entropy of the reaction 
on  thermolysis of the bicyclic 3 and especially the 
tricyclic dioxetanes is much less and the free energy 
of these reactions is not great enough to produce the 
excited singlet state of the product. The formation 
of excited singlet state from 3, 8, and 9 with the same 
efficiency as from 2 is experimental evidence that the 
original method (1 8)  for the calculation of the energy 
available is correct. The original method also has 
been justified on thermodynamic grounds (21). 

Experimental 
The dioxetanes 11-4 were prepared as described ( l e )  and all 

had at least 99% of the theoretical activc oxygen content. 

I -  i 2,4-Dimethylphenj31) -l-(Iz~~droxynzyle~~e)p~opai~e 
Treatment (22) of 2,4-dimethylpropiophenone (23) with 

3-methyl-I-butyl nitrite gave an 87% yield of product, re- 
crystallized from toluene, n ~ p  104-105°C. Anal. calcd. for 
C,,H,,NO,: C 69.09, H 6.85, N 7.33; found: C 69.31, 
H 6.96, N 7.49. 

I-(2,4-Dim7ethylphenyl)propane-I,2-dione (5) 
A mixture of 16 g sodium bisulfite and 1.9 g I-(2,4-dimethyl- 

pheny1)-I-(hydroxyazylene) propane in 25 mL 50% aqueous 
ethanol was heated under reflux for 2 h. The solvent was 
evaporated and 25 mL water and 50 niL 6 N hydrochloric acid 
were added to the residue. The resulting mixture was extracted 
with 3 x 10 mL methylene chloride. The combined extracts 
were dried, concentrated, and the residue distilled to give 
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1.0 g (57%) of a yellow oil, bp 85-89"C/0.2 Torr, nD2' 1.5382, 
which was crystallized from isopentane to give yellow needles, 
mp 16.5-17.5'-C. Arral. calcd. for CI  1H120Z : C 74.97, H 6.86; 
found: C 75.20, H 6.95. 

2-Hydrory-2,5-dirnerIrylindan-l-one (6) 
A stirred solution of 0.5 g of the above dione in 500 mL 

hexane was irradiated under a nitrogen atmosphere with a 
General Electric 'Sunlamp' until the yellow color had faded. 
The solvent was removed to leave a yellow oil which slowly 
deposited crystals at - 10°C. These were crystallized from 
heptane to give white cubes, mp 84-85°C; 'Hmr (CDCI,): 
7 2.29 (d, J = 8 Hz, IH), 2.70 (s, lH),  2.80 (d, J = 8 Hz, IH), 
6.8 (m, 2H), 7.66 (s, lH), and 8.57 (s, 3H). Anal. calcd. for 
C1lHIZOZ: C 74.97, H 6.96; found: C 74.98, H 6.84. 

cis- atzd trans-Acenaphthylene Ditners 
These were formed by photolysis (30) of pur~fied (3a) 

acenaphthalene in cyclohexane and separated (30) into the 
crude cis- and trat~s isomers. The cis dimer was dissolved in 
benzene and an equivalent amount of picric acid In a saturated 
benzene solution was added. After several hours splendid, deep 
red crystals of the picrate formed which were recrystallized 
from benzene and then decomposed with ammonia. The cis 
dimer was recrystallized from cyclohexane (activated charcoal) 
to yield white prisms, mp 231-232'C (lit. (3b) mp 231-233.5'C). 
The crude trans dimer was recrystallized several times from 
benzene until the melting point remained constant to give 
fine white needles, mp 320-321'C (lit. (3) mp 305-307°C). The 
extinction coefficients in cyclohexane used for analysis of the 
product mixtures were cis dimer, c219 1.44 x lo5, c225 7.75 
x lo4 (lit. (30) E~~~ 1.27 x lo5, cZ2' 6.60 x lo4); trans dimer, 

E~~~ 7.50 x lo4, c225 1.22 x lo5 (lit. (30) E~~~ 7.38 x lo4, 
E~~~ 1.19 X lo5). 

Dioxetane Sensitized Dimei.ization of Acenaphthylene 
Solutions of dioxetane and acenaphthylene in benzene were 

degassed by six freeze-thaw cycles at 0.005 Torr in clean 
Pyrex ampoules and sealed. The an~poules were then heated at 
95'C in a water bath for 15 min. Bright yellow luminescence 
clearly visible in daylight was observed for a b o ~ ~ t  10 s during 
therrnolysis of solutions - 1 in dioxetane. The an~poules 
were stored at 8'C for several days and opened. The crystals 
which had deposited were collected and washed with cold 
(0°C) pentane. The filtrate and washings were applied to a 
silica gel preparative tlc plate which was eluted twice in the 
dark with cyclohexane. The dimers, visualized under uv light 
as a purple line near the bottom of the plate, were isolated by 
extracting the silica gel for 8 h in a Soxhlet thimble with boiling 
benzene. The extract was evaporated to dryness and the 
residue repeatedly treated with 10 mL cyclohexane and 
evaporated. The residue was combined with the precipitated 
dimers and the product composition determined by L I ~  

analysis (30). Blank solutions containing only acenaphthalene 
were handled in exactly the same way. The optical densities 
of solutions made up from the blank samples were negligible. 

The cis dimer was shown to be stable to the isolation con- 
ditions A solution of the cis dimer in C,D, containing 1,4- 
dimethoxybenzene as internal standard was heated at 80°C 
for 4 h. Examination of the ' H  nmr spectra taken before and 
after heating revealed that no detectable decomposition had 
occurred. 

Dioxetane Sensitized Cyclization of I-(2,S-Dimefhylpher~ylj- 
propane-I,2-dione ( 5 )  

About 0.5 mL of benzene solutions 1 IM in dioxetane and 
1 M in 5 in clean test tubes were degassed with three freeze- 
thaw cycles under 0.005 Torr. The tubes were sealed and 
placed in a 95°C bath. After 1-2 min a br~ght green liuores- 

cence lasting 10-15 s appeared. The samples were then cooled 
and some (4-methoxypheny1)methanol was added as internal 
standard. The solutions were analyzed by gc at 190-C on a 
5 ft x 4 in, stainless steel column packed with 15% FFAP 
011 60-80 Chronlosorb W. The gc instrument was calibrated 
by injecting solutions of internal standard and cyclized 
product 6 at known concentrations. 

Calibratiotz of the Syectrofluorit~~eter and of a Sol~rtion of 2 
Containing DBA 

Luminescence intensities from dioxetane solutions were 
~neasured using a Turner Model 430 spectrofluorimeter with 
the xenon lamp source turned off and using the 60 nm emission 
monochrometer band width. Solutions were placed in a 10 cm 
jacketed polarimeter type cell of 11 n1E capacity with one end 
silvered. It was inounted in a specially made compartment 
with the unsilvered end - 2 cm from the entrance slit. Water 
from a constant temperature bath was circulated through the 
jacket and the internal temperature of the solution was 
measured with a calibrated thermometer. 

2 5  5  0 7 5  

I / [DBA] 

FIG. 1. Effect of DBA (0) and DPA (@) concentratlons on 
the in:t~al intensity of chen~:luminescence from 1.50 x 
M 1 In toluene at  40 C. 

I 
50 75 10 0 12 so 2 5  

~ / [ D s A ]  x I O - ~ ( M - ' )  

FIG. 2. Effect of DBA (0) and DPA (@) concentration on 
the initial intensity of chemiluminescence from 1.08 x 

M 2 in toluene at  45°C. 
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TABLE 2. Parameters used in calculating yields of excited states formed on thermolysis of 1,2-dioxetanes 

Dioxetane 
Z,(DBA)" I,(DPA)" Temperature concentration k ,  x lo5 

Dioxetane (hv mL-' s-I) (hv mL- '  s-') (-C) (114 x lo3) (s- ') @r(DBA)C 

- - 

.Light emitted from dioxetane solutions, extrapoldred to infinite lii~orescer concentration. 
bRate of thermolysis of the dioxetanes, taken from ref. le .  
=Fluorescence efficiencies at various temperatures were calculated as  described (8). 

FIG. 3. Effect of DBA ( 0 )  and DPA(@) concentration on 
the initial intensity of chemiluminescence from 8.9 x 1M3 
in toluene at 26°C. 

The spectrofluorimeter was calibrated with the luminol 
light standard (12). Ten niillilitres of a dry dimethyl sulfoxide 
solution of freshly prepared luminol (24) which had an optical 
density of 0.00163 at 360 nm and 1.0 n1L of a solution of 0.1 12.1 
potassium tert-butoxide in tert-butyl alcohol were injected 
simultaneously into the cell through a light-tight septum. 
Injections could be conlpleted within 3 s. The output from the 
spectrofluorimeter, with the emission wavelength setting at 
484 nm, was recorded on a strip chart recorder. With a x 3 
setting on the spectroflriorimeter and the recorder setting at 
1 V and operating at 5 in./rnin the areas under the curves, 
measured with a planimeter, for four runs were 11.47, 11.15, 
13.49, and 11.91 in.', average = 12.00 i- 0.49 in.'. When 
0.03 M potassium tert-butoxide was used the area was 12.01 
in.2. Two further determinations were made using 0.01 potas- 
sium tert-butoxide sol~ition as base and the areas were mea- 
sured to be 10.50 and 12.10 in.'.The light intensity decreased 
much more slowly when the more dilute base was used, falling 
to 0 . 5 x  of the maximum intensity after 22 min with 0.01 M 
base as compared to six ni with the 0.1 M base. The results 
indicate that all the light that was produced was detected even 
when 0.1 M base was used. The correct area under the curve 

FIG. 4. Effect of DBA ( 0 )  and DPA(O) concentration on 
the initial intensity of chemiluniinescence from 8.5 x M4 
at 24'C. 
was taken to be 12.00 f 0.49 in.2. With the emission wave- 
length setting at  450 nm (for maximum light intensity) and all 
other settings the same a toluene solution 6.87 x M in 2 
and 5 x M  in DBA at 44.8'C required 94.7 s to generate 
12.00 in.2 under the output curve, a straight line. Using the 
light yield of (9.75 i- 0.7) x loL4  photons per niillilitre of 
luminol solution with optical density 1.00 (12) this dioxetane 
solution was emitting an apparent (1.68 i 0.18) x 10" 
photons mL- '  s - I .  Correction factors (13a) to be applied to 
this value were obtained by graphical integration for the 
variable wavelength response of the photomultiplier tube 
(S-4 response), a factor of 0.84 for both DBA and DPA and 
for the relative amounts of light that passed through the slit 
from the solutions containing luniinol, DBA and DPA, 
factors of 1.15 for DBA and 1.18 for DPA. The errors in the 
graphical integrations were estimated to be 5%. Applying the 
corrections for DBA to the apparent emission of the DBA 
solution above indicated that it was emitting (1.63 + 0.26 
x loi0) photons mL-I s - ' .  

Excited State Yields from Dioxetanes 
Plots of the reciprocal of the light intensity vs. the reciprocal 

of fluorescer concentration for dioxetane solutions in toluene 
are given in Figs. 1-4. The light intensities at  infinite fluorescer 
concentration were obtained from the intercepts of the plots. 

= I,(DP_A2 _ _ .  

([Dl x lop3)  x k, x (6.02 x x 0.8 
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The  yields of excited singlet and triplet states formed o n  
thermolysis of the 1,2-dioxetanes were calculated using [4] 
a n d  [5], respectively. The parameters used in the calculations 
a r e  listed a n d  defined in  Table 2 except for [Dl, the concen- 
tration of dioxetane and the efficiency with which 
triplet carbonyl conlpounds produces singlet DBA. This 
efficiency was assumed to  be the same for all the carbonyl 
colnpounds produced from dioxetanes 1-4 and the value 0.2 
determined for acetophenone (7) was used. The factor of 0.8 
in [4] was used to correct for the fact that 20% of excited D P A  
molecules are quenched by oxygen in aerated solutions (8). 
T h e  excited state yields are presented in Table 1 and the total 
error of each value is estimated to  be -25%. The errors con- 
sist of - 16% in the calibration of the spectrofluorimeter, - 5% in k ,  and  - 5% in the determination of the values of the 
intercepts of the plots of Figs. 1-4. 
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Dihydropyridines in synthesis and biosynthesis. I. Secodine and precursors of 
deh ydrosecodine 
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MATOCGH, VICEVTE E. RIDAURA-SANZ, YING HULG SO, RATTAN S. SOOD, and BRIAN R. 
WORTH. Can. J. Chem. 57,289 ( 1979). 

A synthesis of 16,17-dihydrosecodin-17-01 and of secodine is described. Various indole 
derivatives were elaborated to a series of pyridinium salts, potential precursors for 1,2- and 
1,6-dihydropyridine compounds exemplifying the proposed biointern~ediate 'dehydrosecodine.' 

JAMES P. KUTNEY, RODNEY A. BADGER, JOHK F. BECK, HERBERT BOSSHARDT, FATHY S. 
M A T O ~ G H ,  VICENTE E. RIDAUR~-SANZ, YING HUNG SO, R ~ T T A X  S. SOOD et BRIAN R. 
WORTH. Can. J.  Cheni. 57. 289 (1979). 

On decrit une synthese du dihydro-l6,17 secodinol-17 et de la secodine. On a transforrni 
divers derives de l'indole en une sirie de sels de pyridiniunl qui sont des precurseurs possibles 
de composes dihydro-1,2 (et -1,6) pyridine et qui servent d'exemples pour les biointermediaires 
suggeres pour la "dehydrosecodine." 

[Traduit par le journal] 

The possible role of dihydropyridines as late stage 
intermediates in indole alkaloid biosynthesis has 
been discussed for some years (see ref. 1 for a recent 
review). Wenkert (2) first speculated that such inter- 
mediates could be involved in the later stages of 
Aspidosperl?la and Iboga alkaloid biosynthesis and 
experimental evidence supporting such a proposal 
calne forth from various investigations in different 
laboratories. Scott's experinlents with germinated 
Catharant l?~~~ i.oseus seedlings (3-5) and our own 
studies with C. rospus plants ( 6 )  brought forward a 

rationale (Scheme 1)bvhich i~lvoked such systerus (e.g., 
'intermediate A'). Clearly such studies suggested, 
but did not prove, the role of dihydropyridines in 
these biosynthetic pathways. To  provide more direct 
evidence in this direction a synthetic program was 
initiated in the hope that dihydropyridine systems 
could be made available 

The expected instability of dihydropyridines led 
initially to the consideration of the inore stable yet 
closely related tetrahydropyridines as model systems. 
To  this end the synthesis of 16,17-dihydrosecodin- 

Stemmadenine intermediate 'A'  

Vindoline t------- 

Taberaonine Catharanthine 

SCHEME 1. A possible rationale for the iniplication of intermediate 'A' in the biosynthesis of Aspidospertna and 
Ibogil alkaloids. 
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17-01 (1) and secodine (2) was finally completed and 
a large number of experiments, with radioactive- 
labelled forms of 1 and 2, in various alkaloid bearing 
plants, carried out. Two recent reviews (7) provide a 
detailed account of these investigations and Scheme 2 
summarises the most important features pertaining 
to  the present discussion. Thus it was established 
that in three different plant species, containing very 
different alkaloids, C. roseus (catharanthine (3) and 
vindoline (4)), Vinca minor (vincamine (5)), and 
Aspidosperma pjricollum (apparicine (ti)), secodine 
was incorporated intact with 14C or 3H labels 
retained except when tritium was located in thc 
piperideine unit. In those cases significant loss 
(catharanthine, 61.5z 7,; vindoline, 60'7, ; apparicine, 
50%) of the label was observed thereby suggesting a 
higher oxidised form of (2) as a more accurate 
representation of the biointermediate. 

The importance of secodine and related dihydro- 
pyridines as possible intermediates in the bio- 
synthesis of various indole alkaloid families neces- 
sitated considerable development of the chemistry 
of these systems. This report discusses our experi- 
ments in this area with reference to both biosynthetic 
and synthetic applications (8). 

With a 'dehydrosecodine' (7) as an eventual goal 
it was necessary to evaluate methods for preparation 
and stabilisation of both the acrylic ester and 
dihydropyridine functions. The synthesis of secodine 
(9) (Scheme 3) provided the necessary experience 

regarding generation of the Labile indole acrylic ester 
moiety. The chloro ester 8 was available in large 
quantities by Japp-Klingemann reaction between 
diethyl y-chloropropylmalonate (10) and benzene- 
diazonium fluoroboratel and subsequent Fischer 
indole cyclisation. Condensation with 3-ethylpyridine 
afforded the salt 9 which on reduction with sodium 
borohydride gave the tetrahydropyridine 10. Reduc- 
tion of 10 with lithium aluminum hydride in tetra- 
hydrofuran gave the primary alcohol PI in 70% 
overall yield from 8. Reaction of the corresponding 
benzoate with potassium cyanide in dimethyl- 
formamide provided the nitrile 13 which was 
solvolysed directly to the ester 14. The conversion 
to 16,17-dihydrosecodin-17-01 (I) was similar to that 
reported by Battersby and Bhatnagar (1 1) and here 
formylation and careful reduction with sodium 
borohydride gave a 40% yield of 1. At this point 
Smith and co-workers (12-14) had commented on 
the lability of secodine and in fact our initial attempts 
a t  dehydration of B mct only with frustration. 

'Alternative use of benzenediazonium chloride in large scale 
preparations proved quite hazardous. 
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Surprisingly, however, reaction with sodium hydride 
in benzene followed by careful work-up enabled a 
61% isolation of the unstable secodine 2. Studies 
with radiolabelled secodine revealed that 35% of the 
latter was transformed to presecamine and secamine 
(12-14) in 2 h at ambient temperature. 

In view of the instability of secodine, the approach 
to 'dehydrosecodine' (7) necessitated either pro- 
tectionlstabilisation of the acrylic ester function and 
subsequent generation and trapping of the dihydro- 
pyridine moiety or alternatively, formation of the 
trapped dihydropyridine and then elaboration of the 
unsaturated ester. To adequately develop the 
chemistry of dihydropyridine units it was necessary 
to evaluate methods of their formation and trapping 
( 1  5 ,  16) in thc prescnce of a variety of functional 
groups (8). Thus pyridinium salts were chosen as the 
logical precursors of the corresponding dihydro- 
pyridincs. Here we describe the prcparation of simple 
pyridinium salts together with more complex 
alkaloid precursors containing this system. 

The simplest model system (16) relevant to the 
present work was obtained by condensation between 
tryptophyl bromide and 3-ethylpyridine. The analo- 
gous product (17), now incorporating the acetic ester 
side chain, was available as outlined in Scheme 4. 
Exploitation of work reported by Plieninger (17) 
facilitated large scale preparations of the indole 
lactone (18) efficiently from butyrolactone. The 
action of dimethylainiile readily afforded 19 which 
was reduced with lithium aluminum hydride to the 
corresponding tertiary amine. Reaction of the 

40 R = CH2C,H, 27 R = CH2C6H,,  R' = NMe, 
4 1 R = H  28 R = CH,C,H,. R' = O H  

29 R = CH2C,H,. R' = 'NMe, I -  
30 R = CH2C,Hj, R' = H 
31 R = H,  R'  = NMez 
32 R = CH2C,H,. R' = CN 
33 R = CH2C,Hj.  R' = OCOC,Hj 
34 R = CH2C,H,, R '  = 0COC,H,N02 
35 R = CH,C,H.. R '  = C 0 2 M e  
37 R = H,  R' = COzMe 

4 2 R = O H  4 3 R = O H  
44 R = OTs 45 R = OTs 
46 R = 3-C2Hj- -CjH4N+CI04  47 R = 3-C2H5--C5H4N-CIO, 
48 R = OCH,C,H, 

SCHEME 5 

derived methiodide 21 with potassium cyanide in 
refluxing acetonitrile gave a high yield of the nitrile 
22 which was solvolysed to the known (18) chloro 
ester 23. Condensation with 3-ethylpyridine gave the 
salt, isolated as its perchlorate (17). 

The salts 9, 16, and 17 now provided means of 
determining the formation and stability of trapped 
dihydropyridines in the presence of ester and indole 
groups and, via 17, the possibility of elaborating an 
acrylic ester function in the presence of a preformed 
dihydropyridine. Subsequent investigations directed 
at the conversion of the ester side chain in 17 to the 
required acrylic ester inet with difficulties. The 
instability of the latter system made isolation of 
intermediates virtually impossible, and it now 
appeared mandatory to provide stabilisation of the 
indole system before further elaboration. 

N-Benzylation of the indole nucleus appeared to 
offer an appropriate means of stabilising the indole 
acrylic esters. Scheme 5 suminarises the route 
employed. Ring opening of the protected indole 
lactone 24 and subsequent 0-benzylation of the 
product provided 26 also available by dibenzylation 
of 19. Reduction of 26 with lithium aluminum 
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hydride in tetrahydrofuran gave the required amine 
27 as the minor component of a mixture with the 
primary alcohol 28. Direct methplation, of the 
mixture. with methyl iodide in ethyl acetate gave a 
48% yield of the methiodide salt 29. Alternatively, 
borane reduction of 26 gave 27 in 58:; yield together 
with the cleavage product 30. At this point it was 
found that the hydroxy aniide 25 was reduced 
cleanly, with lithium aluminum hydride, to the 
anline 31 without the complication of side products. 
Thus it was reasoned that an alkoxyaluminun~ 
hydride agent might provide similar improveriients 
in the 0-benzyl series. Indeed reduction of 26 with 
lithium 11-butoxyalu~ninum l~ydride in tetrahydro- 
furan gave a 6.5: 1 ratio of 27 and 28. Direct niethyl- 
ation of this nlixture gave an 82O; yield of the salt 29. 
As in the earlier sequence, displacement of triethyl- 
arnine using potassium cyanide in acetonitrile pro- 
ceeded eficiently to the corresponding nitrile 32. 
A t t e m p t s t o  form 32 from the benzoate (33) or 
p-nitrobenzoate (34) were unsuccessf~~l. Sol\-olysis of 
32 with hydrogen chloride - liloist methanol at  reflux 
provided the debenzylated, cliloro ester (23), whereas 
the use of acetyl chloride - methanol gave the ester 
(35) in 67;; yield. 

At this point elaboration to the model system (36) 
was readily accomplished by debenzylation to 37, 
tosylation, iodination: and finally condensation of 39 
with 3-ethylpyridine. 

Various n~ethods  of formation and protection of 
the acrylic ester function here investigated. The 
anion prepared fi-0111 35 and potassium diisopropyl- 
amide was allowed to react with methyl formate a t  
ambient teniperature to furnish the en01 40, which 
on liydrogenolysis gave 41. Methylation of 41 with 
diazolnethane produced the E- and 2- en01 ethers 42 
and 43, respectively. These ethers were more 
efficiently available froni 35 by condensation with 
methyl formate, hydrogenolysis, and methylation 
without purification of the intermediates. In this 
manner a 58z yield of 42 and 43 was obtained. Each 
isomer formed a tosylate for eventual elaboration to 
the pyridinium systems 46 and 47. 

Analogous methylation of 40 did not yield thc 
expected en01 ether but gave instead two 'dimeric- 
type' products (mle 2 838) which were stable to 
quite vigorous acid conditions and were not affected 

by treatment wlth sodiuni borohydride. Furthermore 
these products \?ere formed alillost quantitatively on 
storage of 40 for several months. In the dark. Each 
of these dimers underwent apparent hydrogenolysis 
over PdlC catalyst, to give in each case two prod- 
ucts ( m e  658.3034, C,,H,,N,O,; m e  700.3134. 
C,,H,,N,O-). Subsequently it was observed that 
the yield of the vinyl ethers 42 and 43 froin the 
methylatlon of 41 \\as by no rneans reproducible and 
that the four desbenzyl 'dimers' ~nentioned above 
constituted up  to 65'4 of the product mixture. The 
vinyl ether 42 was also available, although in poor 
yield; by acid-catalysed reaction of 41 in inethanol 
for prolonged tinle periods at  ambient tenlperature. 
Here, the major product (37) was presumably 
formed bv Michael addition of methanol and sub- 
sequent retro-Aldol cleavage of the intermediate 
heniiacetal. Siinilarly 40 provided 48 and 35. The 
consistent formation of 'dimeric' ~ roduc t s .  which 
were not further investigated, from the 3-hydroxy- 
acrylic ester derivatives precluded this route as an 
efficient rneans of producing precursors containing 
the acrylic ester function. Moreover the expected 
en01 ether hydrolysis was not observed when 42 mas 
kept in dilute sulphuric acid for 18 ti. Also the 11lild 
reduction process used earlier in the preparation of 
secodinol was ineffectual. even at  ambient teni- 
perature, when applied to 40. 

Retrograde Michael reaction of p-amino lactones 
had proved efficient in the formation of cc-methylene- 
y-butyrolactone functioiis in certain sesquiterpenoids 
( 1  9) and provided here a potential alternative for the 
generation of acrylic esters. In the event, condensa- 
tion between the anion of 35 and the 1 : 1 adduct of 
dimethylformarnide and diinethylsulphate gave the 
enamine 49. Reduction of 49 with sodiuni cyanoboro- 
hydride gave directly the acrylic ester 50 together 
with the arnine 51 which rapidly deconiposed to 50 
even below OcC. 

Alternatively, the stable enanline 52 was fornied 
by heating 40 with piperidinium acetate in refluxing 
benzene. The use of piperidine in place of its salt 
gake variable ratios of 52 and 35. Reduction of 52 
with sodium cyanoborohydride and prolonged reflux 
in methanol afforded the required acrylic ester 58. 
However, de-0-bcnzylation by hydrogenation ovcr 
Pd/C catalyst was accompanied by saturation of the 
a,p-unsaturated ester to give 53. Thus the enamine 
was hydrogenolysed to give thc primary alcohol 54 
which on reduction with sodium borohydride and 
subsequent base treatment produced the acrylic ester 
55. More efficiently, hydrogenation of 52 for pro- 
longed periods followed by base treatinent gave 55 
directly. Reaction with p-toluenesulphonyl chloride 
and triethylamine in dichloromethane gave 56 which 
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\$as converted to  the primary iodide by the action 
of lithium iodide in refluxing acetone. Condensation 
of 57 ni th  3-ethylpyridine in the usual lnanner gave 
the required salt 58. This final product, with the 
acrylic ester function stabilised by the N-benzyl 
group and containing the pyridin~um progellitor of 
the dihydropyridine, appeared an ideal precursor of 
a dehydrosecodine (7). 

Thus, in addition to  the synthesis of secodine (2), 
a series of compounds, particularly 58, of funda- 
mental importance in the investigation of dihydro- 
pyridine systems such as 7. mas now in hand. 
Methods of eenerat~on and stabilisation of such - 
systems are discussed in the accompanying pub- 
lication. 

Experimental 
Melting points were determined on a Kofler block and are 

uncorrected. Ultraviolet (uv) spectra were recorded on a Cary 
15 spectrophotometer in ethanol solution. The wavelengths of 
absorption maxima are reported in nanometers (nm) with log E 

values in parentheses. Infrared (ir) spectra were measured on 
a Perkin Elmer model 710 or 457 spectrophotometer in 
chloroform solution. The absorption maxima are reported in 
wavenun~bers (cm-I), calibrated with respect to the absorp- 
tion band of polystyrene at 1601 cni~r ' .  Proton magnetic 
resonance ('Hmr) spectra were measured in deuteriochloro- 
form (CDC13) solution at ambient temperature on either a 
Varian HA-100 or XL-100 spectrometer. Chemical shift values 
are given in the 6 (ppm) scale relative to tetrarnethylsilane 
(TMS) used as internal standard. The integrated peak areas, 
signal multiplicities and proton assignments are given in 
parentheses. Low resolution mass spectra (ms) were deter- 
mined on either an  AE1-MS-902 or an Atlas CH-4B spectro- 
meter. High resolution mass spectra were measured on an 

AE1-MS-902 instrument. Microanalyses were carried out by 
Mr. P. Borda of the Microanalytical Laboratory, University 
of British Columbia. 

Thin-layer chroniatography (tlc) utilized ~Merck silica gel G 
(according to Stahl) containing 2% fl~~orescent indicator. For 
preparative layer chronlatography (plc), plates (20 x 20 or 
20 x 60 cm) of 1-rnm thickness n.ere used. Visualization \vas 
effected by viewing under ultraviolet light and,or by colour 
reaction with ccric sulphate spray reagent. Column chro~nato- 
graphy utilized Merck silica gel 60 (70-230 mesh) or Rterck 
aluniinum oxide 90 (neutral). 

As a matter of routine, all reagents and solvents mere 
recrystallised or distilled before use. 

The C/~loro Ester 8 
Diethyl y-chloropropyl~nalonate (10) (120 g) \\as added to 

a solution of sodium ethoxide (from 12 g of sodium) in dry 
ethanol and the mixture stirred at ambient temperature for 
30 mi11 in an  atmosphere of nitrogen. Benzenediazoniu~ii 
fluorohorate (105 g) was addcd in small portions to thc coolcd 
solution such that the reaction mixture was kept belou -2'C. 
Stirring was maintained at 0 C for 2 h and then at - 10'C for 
12 h. The mixture mas poured into ~ a t e r  (1 L) and extracted 
with ether. The extract was washed uith \+ater, brine, dried 
(Na,SO,), and concentrated in cuc,~io. 

The crude product (190 g) and concentrated sulphuric acid 
(200 mL) mere heated in refluxing dry ethanol (1 L) for 12 h. 
The cooled mixture \\as concentrated to ca. 500 mL iii caciro, 
poured onto c r~~shed  ice, and extracted with chloroforsn. The 
extract was washed successively tvith water, sodium carbonate 
solution, water, dried (Na2S04), and concent~.atcd irr caciio. 
The crude, semicrystalline material was chromatographed over 
alumina (grade 111) mith benzene-chloroform (1 : I) to give the 
chloro ester 8 (yield 13-20%) as white plates from chloroform - 
petroleum ether: mp 131-132'C; uv i.,,,,: 296 (4.27), 229 
(4.40); ir v ,,,,: 3250, 1670; 'Hmr 6 :  9.25 ( lH,  bs, -NH), 
7.40 ( IH,  nl), 4.46 (2H, q ,  J = 7 Hz, -C02CH2CHj), 3.50 
(4H, n~ -CH2CH2CI), 1.40 (3H, t, J = 7 HZ, 
-C02CH2CH3). A11nl. calcd. for CI3H,,NO2CI: C 62.03, 
H 5.57, N 5.57, C1 14.12; found: C 62.07, H 5.53, N 5.60, 
C1 14.08. 

Tile Salt 9 
The chloro ester 8 (6.43 g) and 3-ethylpyridine (22 IIIL) were 

heated in a sealed tube at 120-C for 24 h. The mixture was 
pourcd into ether and the precipitate collected by filtration to 
give the pyridinium salt 9 (8.34 g, 91%): nlp 87-89-C (meth- 
anol-ether); uv ? *,,,,: 296 (4.201, 276 (3.90), 226 (4.35), 220 
(4.30); ir v,,,,: 3120-2880, 1701, 1250; 'Hmr (CD,OD) 6 :  
8.6-7.66 (4H, ni, pyridinium-H), 7.44-6.82 (4H, ni, indole-H), 
4.26 (2H, q, J = 7 HZ, -C02CH2CH3), 2.60 (2H, q, J = 7 
Hz, -CH2CH3), 1.37 (3H, t, J = 7 HZ, -CO2CH,CH3), 
1.02 (3H, t, J = 7 Hz, -CHZCH,): ms in,'e: 358, 215, 187, 
169, 129. This compound was hygroscopic and analysis \vas 
dificult. 

The Terra/~j,dropyridine 10 
A solution of sodium borohydride (25 g) in methanol (400 

niL) was added slowly to the salt 9 (7.67 g) in methanol 
(275 mL) and triethylamine (8 mL). The mixture has  stirred 
at  ambient temperature for 2.5 h, diluted with water (100 mL), 
and the methanol removed irz cacrro. The aqueous solutioll was 
adjusted to pH 2 with 6 NHCl,  stirred at  ambient temperature 
for 20 min, and then diluted with excess 10% sodium carbonate 
solution. The aqueous solution wah extracted with dichloro- 
methane, the extract washed with water, dried (Na,SO,), and 
concentrated in cncuo to give a thick gum (7 g); 'Hmr (CDCI,) 
6 :  5.5 ( lH,  bs, olefinic-H), 4.4 (2H, q, J = 7 H z ,  
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-C02CH,CH,). The crude product was homogeneous on 
tlc and was used as such for the next reaction. 

Tlze Alcohol lP 
A solution o f  10 (7 g) in dry tetrahydrofuran (70 m L )  was 

added during 40 min to a suspension o f  lithium aluminum 
hydride (9 g) in dry tetrahydrofuran (350 m L )  under a nitrogen 
atmosphere. The mixture was stirred at ambient temperature 
for 20 min then at reflux for 2 h. Normal work-up provided a 
light yellow gum (5.4g) which was chromatographed on 
alumina to  give the alcohol 11 (4.4 g, 70% from 8); n ~ p  
(methanol and sublimation) 108-ll0'C; uv A,,,,: 292 (3.73), 
284 (3.81), 274 (3.76), 223 (4.45); ir v,,,: 3340, 3180; 'Hmr  
( C D 3 0 D )  6 :  7.6-6.91 (4H, In, indole-H); 5.55 ( I H ,  m ,  olefinic- 
H ) ,  4.83 (2H, s, -CH,OHj, 1.00 (3H, t ,  J = 7 Hz, 
-CH2CH,); ms ~ n i e :  284 (M+) ,  174, 160, 142, 124. High 
resolution n~olecular weight determination, calcd. for 
C I 8 H Z 4 N Z O :  284.188: found: 284.184. Anal. calcd. for 
C,8H,4N,0.CH30H: C 72.09, H 8.93, N 8.85; found: 
C 72.05, H 9.13, N 8.22. 

The Benzoate 12 
Benzoylation o f  11 with benzoyl chloride in pyridine at O'C 

gave 12; mp (dichloron~ethane - petroleum ether) 110.5- 
112.5'C; uv i .,,,,: 293 (3.80), 284 (3.96), 274 (3.94), 224 (4.61); 
ir v ,,,,: 3000, 1715, 1455, 1260; 'Hmr  6 :  8.64 ( I H ,  s, -NH) ,  
8.0-7.0 (9H,  m ,  aromatic-N), 5.42 (3H, bs, olefinic-H plus 
-C11,0COC6H,), 1 .OO (3H, t ,  J = 7 HZ, -CH2CH3j; ms 
i71le: 388 (M'), 266, 170, 143, 124, 122. Highresolution molec- 
ular weight determination, calcd. for C Z 5 H Z 8 N 2 0 2 :  388.216: 
found: 388.215. Anal. calcd. for C2,H2,N2OZ: C 77.27, 
H 7.28, N 7.21; found: C 77.05, H 7.29, N 7.05. 

The benzoate was also available (99% yield) by reaction 
o f  11 with benzoyl chloride in tetrahydrofuran in the presence 
o f  anhydrous potassium carbonate, followed by chromato- 
graphy on alumina. 

The Nitrile 13 
The benzoate 12 (2.0 g) and potassium cyanide (3.3 g) were 

stirred in dimethylformamide (60 m L )  for 1 h under nitrogen. 
The temperature was raised gradually to  105-110°C over a 
period o f  45 min, maintained at that temperature for I h ,  
cooled, diluted with water (100mL),  and cxtractcd with 
dichloromethane. The extract was washed with water, dried 
(Na2S04) ,  and concentrated in ~.acuo. Chromatography on 
alurnina afforded 13 (0.95 g, 65%); m p  (dichloromethane- 
petroleum ether) 135-137°C; uv i.,,,: 291 (3.77), 281 (3.851, 
274 (3.84), 221 (4.69); ir v ,,.,,: 3160, 2900, 2256; ' H m r  6 :  8.37 
( l H ,  s, -NH) ,  7.54-7.00 (4H, m ,  indole-H), 5.42 ( l H ,  111, 
olefinic-H), 3.8 (ZH, s, --CH2CN), 1.01 (3H, t ,  J = 7 Hz, 
-CH,CH,); nls I I I . ! ~ :  293 (M'), 267, 169, 156. 124. High 
resolution molecular weight determination, calcd. for 
CI9H,,N3 : 293.189; found: 293.186. Anal. calcd. for 
C,,H2,N,: C 77.75, H 7.92, N 14.32; found: C 77.65. H 7.86, 
N 14.16. 

The Ester 14 
A solution o f  the nitrile 13 (746 mg) and water (0.2 m L )  in 

dry methanol (20 n1L) was saturated, at OaC, with HC1 gas 
and then kept at ambient temperature for 60 h. The mixture 
was concentrated in cacuo, diluted with sodium bicarbonate 
solution, and extracted with dichlorornethane. The extract 
was washed with water, dried (Na2S0,),  and concentrated 
in caclro. Chromatography on alumina gave the ester 14 (574 
mg, 70%); mp (dichloromethane - petroleum ether) 85-87.5"C; 
uv ? -,,,: 292 (3.83), 283 (3.92), 274 (3.87), 223 (4.43); ir v,,,: 
3000, 1728, 1460, 1245; 'Hmr  6 :  8.54 ( l H ,  bs, -NH),  7.58- 
7.00 (4H, m ,  indole-H), 5.42 ( I H ,  m ,  olefinic-H), 3.73 (2H, s, 
-CH2C02CH3), 3.66 (3H, S ,  -C02CH3), 1.00 (3H, t ,  

J = 7 Hz, -CH2CH3); m s  ree :  326 (M+), 267,202, 156,144, 
124. High resolution molecular weight determination, calcd. 
for C z o H z 6 N 2 0 z :  326.199; found: 326.202. Anal. calcd. for 
C2,H,,N,02: C 73.50, H 8.04, N 8.58; found: C 73.47, H 8.05, 
N 8.71. 

The E1zol15 
The ester 14 (50mg)  in dry benzene (3 mL) mar added 

slowly to  a suspension o f  cxccss sodium hydride (ca. 25 nig) 
in dry benzene (2 m L )  and redistilled methyl formate (2 mL) 
under an atmosphere o f  dry nitrogen. The mixture was stirred 
at ambient temperature for 15 min and then at 35'C for 2 h. 
The mixture was cooled to  ca. OcC, diluted with methanol 
(3 drops), and crushed ice. The solution was adjusted t o  pH 2 
with 2 AT hydrochloric acid, diluted with sodium bicarbonate 
solution, and extracted with dichloromethane. The extract was 
washed with water, dried (Na2S04) ,  and concentrated in caclro 
t o  afford the crude en01 15 as a white foam. This product was 
not purified but used directly for the next reaction, 

16,I 7-Dillyduoseeadin-17-01 I 
Sodium borohydride (50 mg) was added in small portions 

to a solution o f  the crude en01 15 (ca. 60 mg)  in methanol 
(3 m L )  at - 30'C. The mixture was stirred at this temperature 
for 40 min. The excess hydride was destroyed by careful 
addition o f  2 N HCI (2-3 drops). The mixture was diluted 
with water and the methanol removed in caczro. The aqueous 
solution was acidified with 2 N HCI, then diluted with sodium 
bicarbonate solution, and extracted with chloroforn~. The 
extract afforded 68 mg o f  white foam. Chromatography on 
alumina gave 1 (22 mg, 40% from (14)); m p  (dichloromethane) 
131.5-132'C; uv i .,,,,: 292 (3.86), 284 (3.93), 274 (3.87), 222 
(4.49); ir v ,,,,: 3400, 3050, 2900, 1718, 1465, 1235; ' H m r  6 :  
8.84 ( l H ,  s, -NH),  7.52-7.00 (4H, m, indole-H), 5.39 ( I H ,  
bs, C(15)-H), 4.00 (4H, m, -CHCH,OH), 3.63 (3H, s, 
-C02CH3),  0.96 (3H, t ,  J = 7 Hz, -CH2CH3); nls rille: 356 
( M T ) ,  338, 326, 214, 202, 124. High resolution molecular 
weight determination, calcd. for CZ1HZsN203:  356.209; 
found: 356.207. Anal. calcd. for C2,H,,N20,: C 70.24, 
H 7.93, N 7.86; found: C 70.20, H 7.83, N 7.35. 

Secodine 2 
A solution o f  the alcohol 1 (20 mg) in dry benzene (2.5 m L )  

was added, all at once, to  a suspension o f  sodium hydride 
(16 rng) in dry benzene (0.5 mL) .  The mixture was stirred at 
40°C for 15 min, cooled, and quickly flushed through alumina 
(2 g, activity 1V) with benzene. The eluate was quickly freeze 
dried to  give secodine (2) (9.1 mg, 507;) as a light yellow gum; 
'Hmr  6 :  9.1 1 (1H, bs, -NH),  7.60-7.00 (4H, m, indole-H), 
6.45 ( l H ,  d ,  J =  1 Hz, C(17)-H), 6.09 ( I H ,  d ,  J =  1 Hz, 
C(17)-H), 5.42 ( l H ,  nl, C(15)-H), 3.80 (3H,  S ,  -COzCH,), 
1.00 (3H, t ,  J = 7 Hz, -CH,CH3): ms I I I ] ~ :  338 (M' ) ,  307, 
251, 214, 154, 124. 

The An~ide 19 
The indole lactone 18 and excess dimethylamine were stirred 

in dry methanol at ambient temperature for 48 h .  The solvent 
was removed in caeuo and the residue crystallised from 
acetone-hexane t o  give the amide (19) (87.5%), m p  125-126'C; 
uv h,,,: 289 (4.311, 218 (4.75); ir v,,,: 3460, 3200, 1600; 
'Hmr  6 :  5.92 ( l H ,  s, D 2 0  exchangeable, -CH2CH,0H), 4.0 
(2H, t ,  J =  6 H z ,  -CH,OH), 3.11 (2H, t ,  J =  6 H z ,  
-CH2CIH20H), 3.04 (6H, s, -N(CH,),); Ins ii7l'e: 232 (M+),  
202 (loo%), 158, 128. High resolution molecular weight 
determination, calcd. for CI3Wl,N2O,: 232.1211 ; found: 
232.1214. 

The Ainine 20 
A solution o f  the amide 19 (32 g) in dry tetrahydrofuran 
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(200 mL) was added slo\vly to a suspension of lithium 
alumillurn hydride (30 g) in dry tetrahydrofuran (750 mL) a t  
O'C under a nitrogen atmosphere. The niixture was heated 
under reflux for ca. 5 h, cooled, and quenched with saturated 
sodiurn.sulphate solution. The mixture was filtered and the 
solids washed with hot ethyl acetate (ca. 2 L ) .  The filtrate was 
evaporated and the residue recrystallised from ethyl acetate 
to give 20 (24.3 g, 8 4 2 ) ;  mp 140-142'6; uv i.,,,: 290 (3.88), 
281 ( 3 . 9 9 ,  274 (3.911, 222 (4.61); ir v,,,: 3470, 3400-3000; 
'Hmr 6 :  8.70 ( I H ,  bs, - N H ) ,  4.29 ( l H ,  bs, -OH) ,  3.84 ( 2 H ,  
t, .J = 6 H Z ,  - C H 2 0 H ) ,  3.49 (2H,  S, -CH2N(CH3)2), 3.01 
( 2 H ,  t ,  J = 6 H Z ,  -CH,CH201<), 2.20 ( 6 H ,  S, -N(CH,)L): 
nis ii1;e: 218 ( M + ) ,  174, 173, 144 (100%), 143, 132, 130, 115. 
Anal. calcd. for C , 3 H 1 8 N 2 0 :  C 71.53, H 8.31, N 12.83; found: 
C 71.39, H 8.15, N 12.79. 

The Merhiorlide 21 
A solution of iodomethane (27.2 g) in ethyl acetate (40 mL) 

was added to the amine 20 (24 g) in ethyl acetate (700 mL). The 
mixture was stirred at ambient temperature for 45 rnin then at  
50°C for 1 h. The mixture was cooled and the precipitate 
collected by filtration. Recrystallisatio~i from ethanol yielded 
21 (35.78, 9 0 z ) :  mp 162-165-C; uv 2.,,,: 296 (3.68), 286 
(3.93), 273 (4.02), 218 (4.72): ir v ,,,,: 3410, 3280: 'Hmr 
(CDCI ,  7 DMSO-d6) 8: 10.84 ( l H ,  S, - N H ) ,  4.96 ( 2 H ,  s, 
-CH2N*) ,  4.20 ( 2 H ,  t, J = 6 H Z ,  - C H 2 0 H ) ,  3.28 ( 9 H ,  S, 
-+N(CH3)3),  3.13 (2H, t, J = 6 HZ,  - C H 2 C H 2 0 H ) .  

The Nitvile 22 
The niethiodide 21 (40 g) and potassium cyanide (30 g) were 

heated in refluxing acetonitrile (1 L) under nitrogen for 20 h. 
The mixture was cooled and filtered. The filtrate was evap- 
orated and the residue filtered through alumina (grade 111) 
with dichloromethane and then with ethyl acetate to give 22 
(18.5 g, 87%) mp (benzene) 106-107'C; u\, i,,,,,: 289 (3.79), 
279 (3.90), 272 (3.89), 220 (4.58);  ir v,,,: 3680, 3620, 3460, 
2400; 'Hmr 6 :  8.29 ( iH,  bs, - N H ) ,  3.84 ( 2 H ,  s, -CH,CN), 
3.81 (2H,  t, J = 6 H z ,  - C H 2 0 H ) ,  2.90 ( 2 H ,  t, J = 6 H z ,  
- C H 2 C H 2 0 H ) ,  1.66 (lH, s, -OH);  111s ~ i ~ / e :  200 (M+) ,  182, 
169, 142, 115, 77, 64. Anal. calcd. for C l Z H l , N 2 0 :  C 71.98, 
H 6.04, N 13.99; found: C 72.10, H 6.20, N 13.74. 

Tlze Salt 17 
The chloro ester 23 (5.14 g) and freshly distilled 3-ethyl- 

pyridine (1 5 mL) were heated at 82'C for I8 h. The solution 
was cooled and diluted with ether. The ether was decanted and 
the residua! oil chromatographed on alumina (grade V) with 
ethyl acetate. Evaporation of the eluate gave a thick oil which 
was dissolved in water (100 mL). A saturated solution of 
sodium perchlorate (25 ml.) was added and the formed pre- 
cipitate collected by filtration. Recrystallisation from methanol 
gave the perchlorate 17 (3.85 g, 44%1.;;), mp 140-141.5'C; uv 
7 .,,,,: 289 (3.83), 280 (3.91), 271 (3.98), 265 (4.01), 219 (4.56); 
ir v,,,: 3350, 1740; 'Hmr  (CDCI ,  + DMSO-d,) 6 :  10.77 ( l H ,  
bs, - N H ) ,  8.70 ( I H ,  d, J =  6 H z ,  C(6 ' ) -H) ,  8.46 ( l H ,  
s, C(2')-H),  8.19 (LH, d, J = 8 H z ,  C(4 ' ) -H) ,  7.79 ( I H ,  
dd, J = 8 ,  6 H 2 ,  C(5 ' ) -H) ,  4.81 (2H,  t, J = 6 . 5 H z ,  
-CHZCHZ+N-) ,  3.83 (2H,  S, -CN2COzCH3), 3.74 (3W, s, 
-OCH3), 3.40 ( 2 H ,  t, J = 6.5 H Z ,  -CH2CH2-+N-), 2.60 
(ZR, q ,  J =  8 H z ,  -CH2CH3),  1.01 (3H,  t, J =  S H z ,  
-CH2CH3).  Anal. calcd. for C20H,3N2C10,:  C 56.81, 
H 5.48, N 6 . 6 2 ;  fo~lnd:  C 5 6 . 6 l , H 5 . 3 0 ,  N6.63.  

T / fe  Lactonc2 24 
A solution of the lacto~le 18 (18.7 g) in H M P A  (40 m L )  and 

tetrahydrofuran (30 n1L) was added slowly to a suspension of 
potassiuln hydride (40 niL of 23% suspension) in H M P A  
(40 mL) and tetrahydrofuran (5001111) at 0-5'C. Benzyl 
bromide (35 m L )  was added at 0-5'C and stirring maintained 

at this temperature for 30 min then at ambient temperature 
for 2 h. The ~uixture was cooled in ice and excess hydride 
destroyed by the addition of alumina (grade 111, 200 g) and 
the mixture stirred for 45 rnin. The solids bere removed by 
filtration and the filtrate concentrated iiz racuo. Chroma- 
tography on silica gel gave 24 (19.9 g, 670;;) nip (ethyl acetate - 
hexane) 109-109.5"C; uv j .,,,,: 297 (4.55). 232 (4.64); ir v,,,: 
1710; 'Hmr 6 :  7.7-7.0 ( 9 H ,  m, aromatic-H), 5.76 (2H,  s, 
-N-CH,C,H,), 4.56 ( 2 H ,  t, J = 6 112, -CH20-), 3.07 
( 2 H ,  t, J = 6 H z ,  -CH2CH20-1: n ~ s  r?~,'e: 277 (M+), 91 
(100%). Anrrl. calcd, for C,,H,,NO, : C 77.96, H 5.45, N 5.05; 
found: C 77.92, H 5.56, N 5.00. 

Tile Aiilide 25 
As described above for the preparation of 19,24 gave a 97% 

yield of 25; mp (methanol-hexane) 93.5-94-C; uv I , , , , , , :  287 
(4.31), 215 (4.91): ir \I , , , :  3280, 1630, 740-710; 'Hmr 6 :  
6.8-7.8 (9H,  n ~ ,  aromatic-H), 5.28 (2H,  s, -NCH2C6H,),  
3.78 ( 2 H ,  t ,  J =  ~ H z ,  -CH2CH20H) ,  2.93 (3H,  bs, 
-CONCH,),  2.95 ( 2 H ,  m, -CH,CH,OH), 2.53 ( 3 H ,  bs, 
- C O N C H 3 ) :  ms i?l,'e: 322 ( M - ) ,  292 (100%), 291, 278, 277, 
248, 247, 91. High resolution molecular \$eight determination, 
calcd. for C,,H2,N2O2: 322.168: found: 322.165. AnoI. calcd. 
for C , o H 2 4 N ~ O Z :  C 74.51, H 6.88, N 8.69; found: C 74.35, 
H 6.79, N 8.52. 

(a)  As described for the preparation of 24, 25 gave a 91% 
yield of 26 as a thick gum; uv i.,,,,: 287 (3.97), 215 (4.55);  
ir v ,,,,,: 1630, 745, 700; 'Hnir 6 :  6.9-7.7 (14H, rn, aromatic-N), 
5.28 ( 2 H ,  S, - N C H ~ C ~ H S ) ,  4.47 (2H,  S, -OCH2C6H5),  3.69 
( 2 H ,  t, J = 7 H Z ,  -CH,0CH2C6H5) ,  3.04 ( 2 H ,  t, J = 7 H Z ,  
-CH2CH20-),  2.89 ( 3 H ,  bs, -CONCH,),  2.44 ( 3 H ,  bs, 
-CONCH3):  ms n , ' e :  412 (M+) ,  291, 149, 91 (1007;). High 
resolution molecular weight determination, calcd. for 
C z 7 H Z 8 N 2 O 2 :  412,2151; found: 412.2159. 

(b) A mixture of 19 (4.64 g), benzyl bromide (20 mL), and 
tetra-11-butylammoniuni iodide (7.2 g) has  heated under 
reflux in 2 N KOH (40 mL) and toluene (65 mL) for 5 h. The 
mixture was cooled and extracted with ether. The extract was 
~vashed with brine, dried (Na,SO,). and evaoorated. Chroma- 
tography on silica'gel gavc 26 (7.8 g, 95%) kentical with that 
obtained above. 

Reductions of tlze Anride 26 
(a)  A solution of the amide (26) (1.65 g) in dry tetrahydro- 

furan (10 niL) \?as added slowly to a suspension of lithium 
aluminum hydride (230 mg) in dry tetrahydrofuran (10 m L )  
a t  OrC under nitrogen. The mixture was stirred at ambient 
temperature [or 4 h, cooled, and excess hydride destroyed with 
N a 2 S O s ~ 1 0 H 2 0 .  The solids were removed by filtration and 
the filtrate concentrated irz caclro. Chromatography on silica 
gel afforded: 

The ainine 27-(150 mg, 9.5%); uv i ,,,,,: 296, 285, 277, 225 ; 
ir v,,,: 1470, 1450, 1360, 740, 700;  ' H m r  8 :  6.8-7.7 (14H, m, 
aromatic-H), 5.50 ( 2 H ,  s, -NCH2C6H,),  4.48 ( 2 H ,  s, 
-OCH2ChH5), 3.67 ( 2 H ,  t, J = 8 H Z ,  -CHzCH20-) ,  
3.19 ( 2 H ,  s, -CH2N(CH3)2) ,  3.09 ( 2 H ,  t, J = ~ H z ,  
C H 2 C H 2 0 - ) ,  2.1 1 ( 6 H ,  s, - N ( C I Y ~ ) ~ ) ;  nis i?i!r: 398 ( M i ) ,  
354; 353, 352, 262, 232, 91 ( 1 0 0 z ) .  High resolution molecular 
weight determination, calcd. for C,,H,,N,O: 398.2358; 
found: 398.2387. 

7/11? alcol~ol 28-(850 mg, 67%); uv i,,,,: 297 (3.81), 286 
(3.88), 279 (3.87), 225 (4.52);  ir v ,,,,: 3400, 740, 700; 'Hmr 6 :  
6.8-7.6 (14H, m, aromatic-H), 5.35 (2H,  s, - N C H , C ~ H S ) ,  
4.54 (2H,  s, - C H 2 0 H ) ,  4.38 ( 2 H ,  S, -OCH2C,H,), 3.66 ( 2 H ,  
t, J = 6 H z ,  -CH2CW20-1, 3.06 ( 2 H ,  t ,  J =  ~ H z ,  
-CH,CH,O-), 2.82 (121, bs, - O H ) ;  ms rnle: 371 ( M t ) ,  
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250 (loo%), 91. High resolution molecular weight deter- 
mination, calcd. for C,,H,,NO,: 371.1885; fou~ ld :  371.1906, 

(6 )  A solution o f  the amide 26 (3.0 g) in dry tetrahydrofuran 
(25 mk) was added slowly to a suspension o f  lithiurn aluminum 
hydride (923 nlg) in dry tetrahydrofuran (20 m L )  at 0-5°C 
under nitrogen. The mixture was stirred at ambient tem- 
perature for 18  h. Work-up as described above gave a thick 
oil (3.127 g) \vhich was stirred with iodomethane (6 m L )  in 
ethyl acetate (50 m L )  for 40 h at ambient temperature. The 
solid material was collected by filtration and the filtrate 
evaporated to  give 28 (1.26 g, 46%) identical \vith that ob- 
tained ahove. The solid was recrystallised from methanol - 
ethyl acetate to yield the methiodide 29 (2.12 g, 48%); m p  
143-145.5-C (dec.); uv iL ,,,: 304 (3.71), 292 (3.89), 276 (4.01), 
220 (4.68); ir v ,,,,: 1400, 1200, 1100, 1030, 860, 730, 690; 
' H m r  (CDCI, + DMSO-(I,) 6 :  6.7-7.8 (14H, n ~ ,  aromatic-H), 
5.67 (2H, S ,  -NCH2C6H5), 5.01 (2H,  S ,  -CH2N(CH3)3),  
4.46 (2H, s, -OCH2C6H5), 3.81 (2H, t ,  J =  6 .5Hz ,  
-CH,CH20-), 3.24 (1 1 H, envelope, -N(CH,), and 
-CH2CH20-). Ancrl. calcd. for C28H33NZOI:  C 62.22, 
H6.15,N5.18;found:C62.21,H6.30,N5.12.  

(c)  A solution o f  borane-tetrahydrofuran (1.5 m L  o f  1 N 
solution) was added t o  the amide 26 (250 mg)  in dry tetra- 
hydrofuran (50 tnL) at 0-5-C under a nitrogen atmosphere. 
The solution was refluxed for 1 h ,  diluted with triethylamine 
( I  ~ I I L ) ,  and reflux continued for 2 h .  The mixture was cooled 
and concentrated in uacuo. The residue was dissolved in ethyl 
acetate, ~ ,ashed with 1 ammonium hydroxide solution, 
water, brine, dried (Na,SO,), and concentrated in L.UCIIO. 

Chromatography on silica gel gave the ainine 27 (140 mg, 
58%) identical with that prepared above. 

( d )  rl-Butanol (8.4 m L )  was added, over a period o f  15 min, 
to  a suspension o f  lithium aluminurn hydride (3.5 g) in dry 
tetrahydrofuran (60 m L )  at 0-5'C under nitrogen and the 
mixture stirred at ambient temperature for 1 h .  A solution o f  
the amide 26 (7.4 g) in dry tetrahydrofurall (100 m L )  was 
added and the mixture stirred at ambient temperature for 4 h. 
Work-up as described above gave a mixture o f  27 and 28 
(6.5 g, ratio 6 .5: l  by 'Hmr) .  

This crude product was stirred in ethyl acetate (200 m L )  
with iodomethane (20 m L )  for 18 h. The solid was collected 
by filtration and the filtrate evaporated to  give 28 (0.91 g). 
Recrystallisation o f  the solid material from methanol - ethyl 
acetate gave the salt 29 (8.1 g, 82%). 

The N j f~ i l e  32 
The salt 29 (18.5 g) and potassium cyanide (10 g) were 

stirred in refluxing acetonitrile (500 m L )  for ca. 40 h .  The 
mixture was cooled and filtered. The filtrate was washed with 
water (2 x ), brine (2  x ), dried, and concentrated iri vucuo. 
Chromatography o f  the residue provided the nitrile 32 (10.6 g, 
82%) as a thick gum; uv h,,,,: 295 (3.84), 283 (3.93), 275 
(3.93), 222 (4.59), ir v ,,,,: 2250, 740, 700; ' H m r  6 :  6.8-7.7 
(14H, m ,  aromatic-H), 5.40 (2H, s, -NCH,C,H,), 4.44 (2H, 
S, -OCH,C,H,), 3.69 (2H, s, -CH2CN), 3.66 (2H, t ,  
J = 6.5 Hz, -CH20CH2C6H5), 3.04 (2H, t ,  J = 6.5 Hz, 
-CH2CH20-); ms i i~ le:  380 (M+),  289, 91 (100%). High 
resolution ~nolecular weight determination, calcd. for 
C2,H2,N20: 380.1887; found: 380.1909. 

Excess cyanide in  the solid and aqueous washings was 
destroyed with a saturated solution o f  ferrous sulphate con- 
taining some ferric sulphate. 

The Benzoate 33 
Benzoyl chloride (3.5 m L )  was added to  a solution o f  the 

alcohol (28) (5.6 g) and triethylamine (10 m L )  in tetrahydro- 
furan (200 m L )  at 0-5'C and the mixture stirred at ambient 
temperature for 6 h. The mixture was partitioned between 

ether and saturated potassium bicarbonate solution. The 
organic layer was washed with water, brine, dried (Na,SO,), 
and evaporated. Recrystallisation o f  the residue from ethyl 
acetate- petroleum ether gave 33 (4.6 g, 64%): mp 90.5- 
92'C; uv i .,,,: 300 (3.86), 275 (4.16), 225 (4.66): ir v ,,,,: 1710: 
'Hmr  6 :  6.8-7.8 (19H, m ,  aromatic-H), 5.45 (2H, s, 
-CH20COC6H5), 5.42 (2H, S ,  -NCH2C6H5), 4.16 (2H,  s, 
-OCH2CGH5), 3.70 (2H, t ,  J = 7 HZ, .-CH,CH,O-), 3.22 
(2H, 1, J = 7 Hz, --CH2CH20-); ms 117,'e: 475 (M+) ,  354 
(100%), 232, 91. Annl. calcd. for C,,H,,NO,: C 80.82, 
H 6.15, N 2.95; found: C 80.62, H 6.19, N 2.92. 

The p-Nitr.obefizoote 34 
Similarly the use o f  (I-nitrobenzoyl chloride gave 34 (54%); 

m p  (ethyl acetate- hexane) 89-91-C; uv i.,,,: 300 (3.96), 268 
(4.30), 224 (4.63); irv,,,: 1720, 1530, 1350: 'Hmr  6 :  8.07 (2H, 
d ,  J = 10 Hz, aromatic-H), 7.73 (2H, d ,  J = 10 Hz, aromatic- 
H ) ,  6.8-7.7 (14H, m ,  aromatic-If), 5.57 (2H, s, -CH20COAr),  
5.46 (2H, s, -NCH,CsH,), 4.50 (2H, S ,  -OCH2C6H5), 3.75 
(2H, t, J = 7 HZ, -CH,CH,O-). 3.26 ( I f f ,  t ,  J = 7 Hz, 
-CH,CH,O-); ms i ? ~ / e :  520 (M-),  399, 234, 167, 121, 91 
(100%). Annl. calcd. for C,,H,8N,05: C 73.83, H 5.42, 
N 5.38; found: C 73.91, H 5.63, N 5.23. 

Sol~~olysis o f  the Nitrilr 32 
(a)  A solution o f  the nitrile 32 (20 g) in dry methanol (400 

m L )  and water (4 mL) ,  cooled to  ca. O'C was saturated with 
hydrogen chloride. The mixture was heated to  reflux for 1 h ,  
cooled, and concentrated in z.nc//u. The residue was partitioned 
between saturated sodium bicarbonate solution and dichloro- 
methane. The organic layer was washed with Ivater, brine, 
dried (Na,SO, and K,CO,), and evaporated. Chrorna- 
tography on silica gel afforded the ester (23) (8.5 g, 32%) 
identical with a sample prepared earlier. 

(b) Reaction o f  the nitrile 32, as described ahove in u, at 
ambient temperature for 72 h ,  gave after chromatography the 
ester 35 (67%) as a gum; uv h,,,: 295 (3.81), 287 (3.90), 277 
(3.87), 224 (4.53); ir v ,,,,,: 1735, 740. 700; 'Hmr  6 :  6.8-7.7 
(14H, nl, aromatic-H), 5.38 (2H, s, -NCH,C,H,), 4.48 (2H. 
S ,  -OCH2C6HS), 3.71 (2H, S ,  -CH2C02CH3), 3.68 (2H, t ,  
J = 7 HZ, --CH2CH20-), 3.43 (3H, S, -OCH3), 3.08 (2H, 
t, J = 7 Hz, -CH,CH,O-); ms riirr: 413 (M+) ,  312, 292, 
91 (100%). High resolution n~olecular weight determination, 
calcd. for C,7H,7N03: 413.1989; found: 413.1950. 

(c)  Reaction as in b above, using acetyl chloride to  generate 
hydrogen chloride in methanol also gave 35 in 67% yield. 

The Esrev 37 
The ester 35 (2.0 g) was hydrogenated over 10% P d C  

(150 mg)  in ethyl acetate (40 mL) ,  methanol (40 mL) ,  and 607; 
perchloric acid (1.6 m L )  for 3 h. The mixture was filtered 
through Celite. The filtrate was diluted with ethyl acetate, 
washed with 5% sodium bicarbonate solution, dried (Na2SO4),  
and evaporated. Chromatography on silica gel gave the ester 
37 (1.44 g, 92%); uv h,,,: 274 (3.40); ir v,,,: 3600, 1730; 
'Hmr  6 :  6.9-7.7 (9H, m, aromatic-H), 5.37 (2H, s, 
-NCH2CbH5), 3.90 (2H$ t ,  J = 7 HZ, -CH,CH,OH), 3.78 
(21-1, S ,  -CH2C02CH3), 3.53 (3H, S ,  -OC&), 3.05 (3H, t ,  
J = 7 Hz, -CH,CH,OH); ms iq/e: 323 (MT), 292, 131. High 
resolution nlolecular weight determination, calcd. for 
C 2 0 H Z 1 N 0 3 :  323.1516; found: 323.1543. 

The Tosj~lare 38 
The alcohol 37 (1.44 g), p-toluenesulphonic acid (2  g), and 

triethylamine ( 1  m L )  were stirred in  dichloron~ethane (50 m L )  
at ambient temperature for 24 h. The solvent was removed 
under reduced pressure and the residue chromatographed on 
silica gel t o  give starting material 37 (290 mg) and the tosylate 
38 (1.5 g ,  70%). 
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The Zodirle 39 
The crude tosylate 38 (1.5 g) and lithiunl iodide (400 mg) 

were heated in refluxing acetone (50 mL) for 19 h. The solvent - 
\%as removed in CLICUO and the residue chromatographed on 
silica gel to yield the iodide 39 (1.22 g, 90%). 

The Pyuidini~rn7 Solr 36 
The crude iodide 39 (1.22 g) was hcated at 45-50°C in 

3-ethylpqridine (10 mL) for 17 h. The solvent was removed 
by aezeotropic distillation with water. The residue was 
partitioned bet\\een water and ethyl acetate. Evaporation of 
the aqueous laqer gave the salt 36 (1.3 g, 85z) ;  1 x 1 ~  (acetone) 
143-144'C: uv i .,,,,,: 265 (4.0); ir v,,,: 1710; 'Hmr 6:  9.12 
( lH ,  d, J  = 5 HZ, C(6')-H), 8.74 (IH, S, C(2')-H), 8.00 (IH, d, 
J  = 7 HZ, C(4')-H), 7.70 ( lH,  dd, J  = 7, 5 Hz, C(5')-H), 
6.76-7.30 (9H, m, aromatic-H), 5.25 (2H, s, -NCHZCbH5), 
5.08 (2H, t, J  = 6 HZ, -CH,CH,N-), 3.82 (2H, s, 
-CH2C02CH3), 3.48 (2H, t, J = 6 Hz, -CHLCH,N-), 
3.49 (3H, s, -OCH3), 2.56 (2H, q, J  = 6 HZ, -CH,CH,), 
0.90 (3H, t, J  = 6 Hz, -CH,CH,). Anrrl. calcd. for 
C,,H,,N,O,I: C 60.00, H 5.37, N 5.19, 1 23.52; found: 
C 59.64, H 5.40, N 5.13, 123.40. 

The En01 40 
Potassium diisopropylamide was prepared at -30 to 0°C 

froni potassium hydride (5.5 mL of 20% dispersion in oil) and 
diisopropylamine (10 mL) in dry tetrahydrofuran (50 niL) and 
dry HMPA (5 niL). A solution of 35 (3.0 g) in dry tetrahydro- 
furan (10 mL) \\as added at -30'.C. The ~nixture has  stirred 
at this temperature for 15 min, at ambient temperature for I h, 
then cooled to -30'C. Dry methyl forrnate (50 mL) was 
added and the mixture stirred at ambient temperature for 
18 h and diluted with nater (100 niL), ethyl acetate (250 mL), 
and 1 ,\; HCI (100 m t ) .  The organic layer was washed with 
hater, saturated sodium bicarbonate solution, brine, dried 
(Na,S04), and concentrated in vacuo. Chromatography on 
silica gel gave the crude enol 40 (2.6 g) as a pale yellow 
crystalline solid satisfactory for use in further reactions. 
Recrystallisation froni methanol gave pure 40 (2.1 g, 65%); 
mp 88-90°C; uv i,,,,: 295 (4.01), 286 (4.121, 275 (4.17), 225 
(4.45); ir v,,,,: 3500-3000, 1665, 1605; 'Hmr 6: 6.8-7.8 (16H, 
m, aromatic-H, olefinic-H, -OH), 5.1 1 (2H, s, -NCH,C,H,), 
4.46 (2H, s, -OCH2C6H5), 3.64 (2H, t, J  = 7 Hz, 
-CH,CHzO-), 3.35 (3H, s, -OCH,), 2.95 (2H, t, J  = 7 Hz, 
-CH,CH,O-); ms tr1;e: 441 (M;), 320, 290, 289, 288, 91 
(100%). Anal. calcd. for C,,H,,NO,: C 76.17, H 6.16, N 3.17; 
found: C 76.16, H 6.00, N 3.35. 

The En01 41 
The en01 40 (52 mg) and 1 0 z  Pd/C catalyst (11 mg) were 

stirred in methanol (5 mL) under one atmosphere of hydrogen 
at ambient temperature for 9 h. The mixture was filtered 
through Celite and the filtrate concentrated in cac~ro. Chroma- 
tography on silica gel gave 40 (12 mg) and 41 (28 mg, 67%) as 
a clear gum; uv i.,,,: 276,225; ir v,,,: 3700-3200, 1665,1610; 
'Hmr 6: 6.4-7.7 (12H, m, aromatic-H, olefinic-H, 2 x -OH), 
5.11 (2H, bs, -NCH,C,H,), 3.72 (2H, poorly resolved t ,  
-CH,CH,OH), 3.36 (3H, bs, -OCH3), 2.88 (2H, poorly 
resolved t, -CH,CH,OH); ms ttlle: 351 (M+), 320, 319, 292, 
289, 288,91 (100'41,). 

The Etllev~ 42 and 43 

ir v,,,: 3660, 3600, 3560, 1700, 1630; 'Hnir 6:  7.69 (IH, s, 
olefinic-H), 7.0-7.6 (9H, 1x1; aromatic-H), 5.16 (2H, s, 
-NCH,C6H5), 4.86 (2H, t, J  = 6 Hz, -CH,CH,OH), 3.69 
(3H, s, -OCH,), 3.57 (3H, S, -COZCH,), 2.93 (2H, t, 
J = 6 HL, -CH2CH20H), 1.83 ( lH,  bs, -OH); ms /tee: 365 
(M+), 334 (loo%), 91. High resolution molecular weight 
determination, calcd. for C22Hz3N04:  365.1627; found: - -  - -  

365.1 627. 
Etller 43-(6 mg, 11%); uv Pun,,,: 289 (3.89), 226 (4.56); 

ir v,,,,: 3550, 1710, 1630; ' H n ~ r  6:  6.9-7.8 (9H, rn, aromatic- 
H) ,  6.52 (lH, s, olefinic-H), 5.24 (2H, s, -NCH,C6HS), 3.88 
(2H, t, J  = 6 Hz, -CH,CH,OH), 3.79 (3H, s, -OCH3), 
3.51 (3H, S, -CO2CH3), 3.05 (2H, t, J  = 6 H Z ,  
-CH2CHZOH), 1.7 (IH, bs, -OH): ms iri'e: 365 (M+), 334 
(100%), 91. High resolution nlolecular weight determination, 
calcd. for CLLHZ3N04:  365.1627; found: 365.1628. 

The Tosj~lates 44 nnd 45 
The ether 42 (25 mg), p-tol~~enesulphonyl chloride (120 mg), 

and pyridine (150 uL) wcrc stirrcd in chloroform (2 mL) 
initially at O'C then at ambient temperature for 12 h. The 
mixture was diluted ~vith chloroform, washed with water, 
sodium bicarbonate solution, brine, dried (Na,SO,), and 
concentrated. Chromatography on silica gel gave 44 (14 mg, 
40%) as a clear oil; ir v,,,,: 1705, 1630, 1360, 1190, 1175; 
'Hmr 6:  7.69 ( 1  H, s, olefinic-H), 6.8-7.8 (13H, n ~ ,  aromatic-HI, 
5.14 (2H, s, -NCH2C,H5), 4.19 (ZH, t, J =  SHz,  
-CH,CH,O--), 3.71 (3H, s, -OCH,), 3.54 (3H, s, 
-CO,CH,), 3.01 (2H, t, J  = 8 HZ, CHzCHrO-) ,  2.40 
(3H, s, -C6H4CH,); nis n ' e :  519 (M-), 334, 155, 91 (100%). 
High resolution molecular weight determination, calcd. for 
C2qH29N06S:  519.1893; found: 519.1891. 

Similarly, 43 gave a 39% yield of 45; uv i.,,,,,: 285, 222; 
ir v ,,,,,: 1710, 1630, 1360, 1190, 1175; 'Hmr 6: 6.9-7.8 (13H, 
n ~ ,  aromatic-H), 6.65 (IH; s, olefinic-H), 5.14 (ZH, s, 
-NCHzCsH,), 4.14 (2H, t, J =  ~ H z ,  -CH2CH20-), 
3.78 (3H, s, O C H , ) ,  3.38 (3H, s, -CO,CH,), 3.01 (2H, t, 
J  = 7 HZ, -CHZCH20-), 2.30 (3H, 5, -C,H4CH3). 

The Salts 46 and 47 
The crude tosylates 44 and 45 obtained as described above 

from a mixture of 42 and 43 (1.98 g) were heated at 80'C in 
dry 3-ethylpyridine (4 niL) for 100 h. The excess solvent was 
removed in cacrto and the residue chromatographed on 
alumina (acidic, activity V) with ethyl acetate - methanol 
(95:5) to give the pure E isomer (300 mg) plus a mixture of 
E and Z isomers (400 mg). The E isomer was converted to the 
perchlorate (46) as described for the preparation of 17; uv 
h,,,: 285 (3.90), 262 (4.03), 216 (4.59); ir v,,,: 1700, 1630: 
'Hmr 6 :  8.67 (IH, d, J  = 5 Hz, C(6')-H), 8.24 (lH, bs, 
C(2')-H), 8.06 (lH, bd, J =  ~ H z ,  C(4')-H), 7.85 (lH, S, 
olefinic-H), 7.75 (IH, dd, J  = 7, 5 Hz, C(5')-H), 6.8-7.4 (9H, 
m, aromatic-H), 5.22 (2H, bs, -NCH,C,H,), 4.86 (2H, 
8 line ni, -CH,CH,N+-), 3.88 (3H, s, -OC;I,), 3.76 
(3H, S, -C02CH3), 3.42 (2H, bt, J  = 6 HZ, C H 2 C H Z N + ) ,  
2.56 (2H, q, J  = 7 Hz, -CH,CH,), 0.95 (3H, t, J  = 7 Hz, 
-CH,CH,). Anal. calcd. for Cz9H3,N,0,CI: C 62.76, H 5.63, 
N 5.05; found: C 62.37, H 5.93, N 4.60. 

Methylation of 40 attd 41 
The crude enol 40 (44 mg) was dissolved in benzene (0.5 mL) 

and methanol (3 mL) saturated with hydroqen chloride. The - - 
Excess ethereal diazomethane was added at 0-5°C to a mixture was kept in the dark at ambient temperature for 5 

solution of 41 (55 mg) in ethyl acetate (2 mL). The solution days. The solvent was removed in vacuo and the residue 
was kept at this temperature for 12 h. Excess reagent and chromatographed on silica gel to give 35 (20 mg) together 
solvent wererenioved by passage ofnitrogen. Chromatography with 48 (8 mg); ir v,,,: 1700, 1630; 'Hmr 6:  7.66 ( lH,  s, 
of the residue provided 41 (16 mg) together with ethers 42 olefinic-H), 7.0-7.6 (14H, m, aromatic-H), 5.14 (2H, bs, 
and 43. -NCH2C6H5), 4.56 (2H, S, -OCHzCsH5), 3.62 (3H, s, 

Ether 42-(12 rng, 21%); uv h,,,: 288 (3.86), 226 (4.56); -OCH,), 4.50 (3H, s, O C H , ) ,  3.02 (2H, dd, J = 8, 6 Hz, 
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Similarly, 41 gave 37 (40%) together with 42 (2073, identical 
with respective authentic samples. 

T l~c  Enntiiiiie 49 
A solution of the ester 35 (160 nig) in dry tetrahydrofuran 

(2 mL) was added to a solution of lithium diisopropylarnide 
(0.84 mrnol) in tetrahydrofuran (I0 mL) and HMPA (0.13 mL) 
at  -78'C under a nitrogen atmosphere. The solution \+as 
stirred at - 78'C for 15 min then allowed to attain OcC. The 
adduct of diniethylformamide and dimethyl sulphate (I : 1, 1 g) 
was added and the mixture stirred at 0-C for 2 h. The mixture 
was d i l~~ ted  with water and extracted with ethyl acetate. The 
extract was washed with water, brine, dried (Na,SO,), and 
evaporated. Chromatography on silica gel gave 35 (68 mg) 
together u i th  the enamine (49) (30%): mp (methanol) 112- 
113-C; ir v,,,: 1665, 1600: 'Hnir 6 :  7.71 ( IH,  s, olefinic-H), 
7.0-7.7 (14H, ni, aroniatic-H), 5.12 (2H, q ,  JAB = 16 Hz, 
N-CH2C6Hs), 4.48 (2H, s, -OCH2C6Hs), 3.64 (2H, m, 
-CH2CH20-), 3.33 (3H, s, -C02CH3), 2.92 (2H, m, 
-CH2CH20-), 2.42 (6H, bs, -N(CH,),); ms iti,'e: 468 
( M - ,  loo:?), 347, 316, 256, 91. Annl. calcd. for C, ,H, ,N20, :  
C 76.90, H 6.88, N 5.98: f o ~ ~ n d :  C 76.69, H 6.97, N 6.25. 

Tlie Acrjlic Er.irr 50 
Glacial acetic acid (8 drops) was added to a solution of the 

enamine 49 (50 mg) and sodiuni cpanoborohydride (50 nig) in 
methanol anti tetrahydrofuran ( 1  : 1, 8 mL) and the mixture 
stirr-ed under a nitrogen atmosphere for 18 h. The mixture was 
evaporated and the residue partitioned between sat~irated 
sodiiini bicarbonate solution and ethyl acetate. The extract 
was washed with \yarer, brine, dried (Na,SOh), and con- 
centrated iii cnctio. The residue was chromatographed on 
silica gel to give the following coinpounds. 

Tlie ucrqlic ejter 50-(16 mg, 35%); mp 87-89-C; uv i,,,,: 
276, 223; ir v ,,,,,,: 1720, 1615: 'Hnir 6 :  7.0-7.8 (14H, rn, 
aromatic-H), 6.75 (1H, d, J = 2 Hz, olefinic-H), 5.89 ( lH ,  3, 
J = 2 Hz, olefinic-HI, 5.20 (ZH, s, -NCH,C,H,), 4.53 (2H, s, 
- O C H Z C ~ H ~ ) ,  3.72 (2H; t, J = 7.5 HZ, -CH2CHzO-), 
3.52 (3H, s, -CO,CH,), 3.05 (2H, t, J = 7 . 5 H z ,  
--CH,CH20-); ms ii1.i.: 425 (.M-), 304 (IOOT;,), 91. Annl. 
calcd. for C2,H,,N0,: C 79.03, H 6.40, N 3.29: found: 
C 78.71, H 6.50, N 3.21. 

Tile itnsrable niriine 56-(8 mg); 'Hmr 6 :  6.8-7.6 (aroniatic- 
H ) ,  5.38 (2H, S, -NCHzCsHs), 4.52 (2H, S, -OCHzC,H,), 
3.41 (3H, S, -C02CH3). 2.03 (6H, S, -N(CH3)2). 

The Gzatiiine 52 
The crude en01 40 (fi-om 1.32 g or' 35) and piperidiniuin 

acetate (4 g) were heated in refluxing benzene (150 mL) for 
17 h. The solution \+as cooled, ivashed with 5% sodium 
bicarbonate solution, water, brine, dried (Na,CO,), and con- 
centrated. Chromatography on silica gel gave the enamine 52 
(657 mg, 41% from 35); uv ?L,,,: 283 (4.30); ir \, ,,,,,: 1670, 
1590; 'Hnir 6 :  7.77 (1H, s, olefinic-H), 7.0-7.7 (14H, m, 
aromatic-H), 5.14 (ZH, q, .I,, = 16 Hz, -NCH2C6Hs), 4.52 
(2H, s, -OCH2C6H5), 3.36 (3H, s, -OCH,); nis i~ l /e :  508 
(M+), 477, 449, 387, 296, 277, 224, 154, 91. High resolution 
molecular \%eight determination, calcd, for C3,H3,N,03: 
508.2716; found: 508.2727. 

Tlie AIco/iol 53 
Sodium cyanoborohydride (39 mg) was added to the 

enamine 52 (110 mg) in a 0.1 .t4 solution of citric acid in 
methanol (10 mL). The pH of the solution was adjusted to  3.0 
with 0.1 aqueous disodium citrate, and the mixture stirred 
at  ambient temperature for 16 11. The solution was then heated 
to  reflux for 24 h, concentrated iil i,actlo, and thc rcsidue 

chroinatographed on silica gel to give the acrylic ester 50 
(10 mg). Hydrogenation of this product in niethanol (10 mL) 
over 10% PdiC (9 mg) as described for the preparation of 41, 
gave 53 (10 mg): lHmr 6 :  6.8-7.7 (9H, ni, aromatic-H), 5.30 
(2H, bs, -NCH,C,H,), 4.14 (IH, q ,  J = 7 Hz, -CHCH3), 
3.83 (2H, bt, J = 6 Hz, -CH,CH20H), 3.34 (3H, s, 
-OCH,), 1.40 (3H, d,  J = 7 Hz, -CHCH,); rns itl/e: 337 
(M1), 319, 305, 278, 246, 156, 91. 

Tl~e Alcol1ol54 
The enamine (52) (281 nig) was hydrogenated in methanol 

(30 mL) over 1 0 2  Pd C (89 rng) for 3 h to give 54 (137 mg, 
59%); 'Hmr 6:  7.76 ( lH,  s, olefinic-H), 7.0-7.7 (9H, m, 
aromatic-H), 5.16 (2H, q; JAB = 16 Hz, -hCH2C6H5), 3.47 
(3H, s, -OCH,); ms 171:'e: 418 (M+), 387. 

The Acrylic Ester 55 
(a) Sodium cyanoborohydride (41.5 mg) was added to a 

solution of crude 54 (135 mg) in methanol (76.5 mL) and 1 1M 
citric acid in methanol (8.5 mL). The pH of the solution was 
adjusted to 3.0 with 0.1 M aqueous disodium citrate and 
stirring continued for 18 h.  The solvents mere removed 
in cnclro and the residue partitioned between sodium carbonate 
solution and ethyl acetate. The organic layer was dried 
(Na2C0,) and evaporated. The residue was heated in refluxing 
benzene for 18 h and chromatographed 011 silica gel to give 
55 (104 mg, 96%); uv i .,,,: 275 (3.30): ir v,,,: 3600, 1720; 
'Hmr 6 :  6.9-7.7 (9H, In, aromatic-H), 6.75 (1H, d; J = 2 Hz, 
olefinic-H), 5.91 ( IH,  d ,  J = 2 Hz, olefinic-H), 5.20 (2H, s, 
-NCH2C6Hs), 3.88 (2H, t, J = 6 HZ, -CH,CH,OH), 3.58 
(3H, s, -OCH,), 3.00 (2H, t; J = 6 Hz, -CH,CH,OW), 
1.62 ( lH ,  bs, -OH): rns 111 e :  335 (M-), 304, 175; 143, 101, 
91. High resolution molecular weight determination, calcd, for 
CZ,H,,NO,: 335.1516: foulld: 335.1541. 

(b)  As described above, the enamine 52 (657 mg) was hydro- 
genated in methanol (55 mL), ethyl acetate (55 mL), and 
perchloric acid (4 mL) over 10% Pd;C catalyst (378 nig) for 
30 h. The mixture was filtered through Celite and the filtrate 
stirred vigorously with saturated sodiuin bicarbonate solution 
for 30 rnin. The aqueous layer was extracted with ethyl 
acetate and the conlbined organic layers washed with brine, 
dried (K,CO,), and evaporated. Chromatography on silica 
gel gave 55 (299 nig, 69%). 

The Tosj~lure 56 
Triethylarnine (16 drops) was added to a solution of the 

crude alcohol (55) (65 mg) and p-toluenes~ilphonic acid (1 l 1 
nig) in dichloromethane (8 mL) and the mixture stirred for 
19 h .  The solvent was removed iii c.crtrto and the residue 
chromatographed on silica gel to give 55 (12 iiig) together 
with the tosylate 56 (41 rng); 'Hmr 6 :  7.0-7.7 (13H, m, 
aromatic-H), 6.74 ( IH,  d, J = 2 Hz, olefinic-H), 5.84 (IH, d, 
J = 2 Hz, olefinic-H), 5.16 (ZH, s, -NCH,C,H,), 4.18 (2H, t; 
J = 7 Hz -CH2CH20-), 3.56 (3H, s, -OCH,), 3.04 (2H, 
t, J = 7 Hz, -CH,CM,O-), 2.36 (3H, bs, ArCH,). 

Tli e Iodide, 57  
The crude tosylate 56 (41 mg) and lithium iodide (158 n ~ g )  

were heated in refluxing, dry acetone (15 mL) for 19 h. The 
solvent was evaporated and the residue chromatographed on 
silica gel to yield 57 (35 mg, 947,); 'Hmr 6 :  6.9-7.7 (9H, m, 
aromatic-H), 6.80 (lH, d, J = 2 Hz, olefinic-H), 5.90 (1H, d, 
J = 2 Hz, olefinic-H), 5.22 (2H, bs, -NCH,C,H,), 3.52 (3H, 
s, -OCH,), 3.34 (4H, bs, -CH2CH,-); ms m'e :  445 (M+), 
318, 304, 149, 91. 

The Pquidirzi~im Srclf 58 
The crude iodide 57 (25 mg) was heated at 40'C in 3-ethyl- 

pyridine (4mL) for 21 h. The solvent was removed by 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



KUTNEY ET AL. I 299 

azeotropic distillation with water, under reduced pressure. The 
residue was partitioned betheen water and benzene (vigorous 
stirring) and the layers separated. The organic layer gave a 
mixture (ca. l : 1) of 57 and 58 (9 mg). The aqueous layer 
afforded pure 58 (26 mg);  mp 130-132'C: uv L,,,: 285 (3.70), 
265 (3.85); ir v,,,: 1700; 'Hmr 6 :  9.15 ( lH,  d,  J = 6 H z ,  
C(6')-H), 8.61 ( lH,  s, C(2')-H), 7.97 (IH, d, J = 8 Hz, 
C(4')-H), 7.71 (IH, dd, J = 8, 6 Hz, C(5')-H), 6.8-7.4 (9H, 
111, aromatic-H), 6.76 (IH, d ,  J = 2 Hz, olefinic-H), 6.00 ( lH,  
d, J = 2 Hz, olefinic-H), 5.17 (2H, s, -NCH,C,H,), 5.10 (2H, 
t, J = 6 HZ, CH2CHZN-) ,  3.73 (3H, S, -OCH,), 3.49 
(2H, t ,  J = 6 Hz, -CHZCH2N-), 2.53 (2H, q, J = 7 Hz, 
-CH2CH3), 0.93 (3H, t, J = 7 Hz, -CH2CH3). Anal. calcd. 
for C28H29N2051:  C 60.87, H 5.25, N 5.09, I 23.01; found: 
C60.49,H5.23,N4.79,123.11. 
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JAMES P. KUTLEY, RODNEY A. BADGER, WILLIAM R. CULLEN, ROBERT GREENHOCSE, MASAKI 
NODA, VICENTE E. RIDAURA-SAKZ, YING HUNG SO, AZTONIO ZANAROTTI, and BRIAZ R. 
WORTH. Can. J. Chem. 57, 300 (1979). 

Controlled reduction of IV-methyl-3-ethylpyridinium iodide afforded the corresponding 
1,2-dih~dropyridinc ~vhich uas  stabilised by complexation to give 1,2- and 1,6-dihydro-3- 
ethyl-.l1-methqlpyridi~~etricarbonylchromiun~(Oj. These stable, isomeric complexes were inter- 
related by thermal equilibration. Analogous sequences with more complex, alkaloid derivatives 
enabled formation, and stabilisation by complexation, of 1,2- and I ,6-dihydropyridines in the 
presence of other functions such as the indole unit and ester groups. 

JAF,TES P. K L T N ~ Y ,  RODXEY A. BADGER, WILLIAM R. CULLES, ROBERT GREEKHOUSE, MASAKI 
NODA, VICEKTE E. RIDACRA-SANZ, YING HUNG SO, ANTOKIO ZANAROTTI et BRIAN R. WORTH. 
Can. J. Chem. 57.300 (1979). 

La reduction contrBlCe de l'iodure du N-methyltthyl-3 pyridinium conduit a la dihydro-1,2 
pyridine correspondante quc: I'on a stabilisee par complexation pour isoler les dihydro-1,7 
(et -1,6j Cthyl-3 ,\I-m6thylpyridines tricarbonylchrome(0). On a pu relier ces complexes stables 
et isomeres par I'equilibration thermique. Des series de reactions analogues avec des derives 
d'alcaloldes plus complexes ont permis de former et de stabiliser par complexation des dihydro- 
1,2 (et -1,6) pyridines en presence cl'autres Fonctioils coinme des groupes indoie et ester. 

[Traduit par le journal] 

The important role of 1,4-dihydropyridines in Metal carbonyls had found extensive application 
various biological systems is \bell known and the 
chemistry of such coinpounds has received con- 
siderable attention (2). On the other hand, although 
1,2-dihydropyridines have been implicated in alkaloid 
biosynthesis with certain plant species (31, compara- 
tively little is kno\\n in this area. Electron with- 
dralving substituents have been sho~vn to stabilize 
dihydropyridine syste~ns (2) and the relative stabilities 
of units lacking such stabilisation have been examined 
for a few simple cases (4, 5). These nonstabilised 

in the stabilisation of reactive n-electron systems 
(for extensive reviews see ref. 6) but, with the 
exception of one preliminary report (7) ,  little infor- 
mation bvas available on such complexes in kvhich a 
nitrogen hetero atom provided one of the chelati~lg 
sites. Nevertheless a tricarbonylchromiun~(O) com- 
plex seemed a potential means of stabilising dihydro- 
pyridines. To  develop the required methodology a 
simple model system was chosen. 111 this regard, 
inspection of dehydrosecodine (1) ( 1 )  suggested a 

dihydropyridisles are generally quite reactive and 1,3-dialkylpyridine derivative, ideally 3-ethyl-N-me- 
readily undergo Diels-Alder and enamine-type re- thyldihydropyridine. This choice, through lack of 
actions. Our interest in intermediates such as de- synlinetry in the molecule, also provided potential 
hydrosecodine (1) (1, 3) dictated that the 1,2-dihydro- fornlation of isomeric 1,2- and 1,6-dihydropyridine 
and/or isomeric 1,6-dihydropyridines be formed, derivatives. 
protectedjstabilised, and regenerated under mild Sodium borohydride reduction of pyridinium salts 
conditions. was known to yield the corresponding tetrahydro 

systems and as expected, reduction of 3-ethyl-N- 

h N  
methylpyridinium iodide (2) in this manner gave 3 

Or 9 in high yield. Consideration of the mechanism of this 
reduction suggested that suppression of the pro- 
tonation of the initially formed dihydropyridine 4 

C02Me (or its 1,6-dihydro isomer 5) would prevent further 
1 reduction (8) to  3 and enable isolation of the target 

'For Part 1 see ref. 1. compound(s). In  the event, sodium borohydride 
2For a preliminary report on portions of this work see ref. 9. reduction of 2 in a vigorously stirred, two-phase 

0008-4042/791030300-04$0 1.0010 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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medium (ether, 2 A' sodium hydroxide) gave the 
1,2-dihydropyridiue 4 in high yield. The product 
dimerised 011 standing at  ambient temperature but 
the 'Mmr spectrum of a freshly prepared sample 
indicated the structure 4 without observable con- 
tamination by the 1,6-dihydro iso~ner 5. The ultra- 
violet spectrum showed the characteristic absorption 
maximum at  327 nm. Reaction of the crude product 
with trisacetonitri1etricarbonylch1-o11iium(0) (9, 10) 
in ether solutioll a t  0 to 20°C under an os j . gc~ i f i e e  
atmosphere of dry nitrogen gave a deep red solution 
which \vas filtered through degassed Florisil to give a 
67% yield of a mixture of two complexes together 
with ca. 8x yield of a co11ipIex of a dimeric unit 
( M I  382). This latter product was not identified 
unambiguously but was presumed formed by com- 
plexation of an already dimerised dihydropyridine. 
The lnajor fraction was chroniatographed on degassed 
silica gel, under a nitrogen atmosphere to give 
1,2 - dihydro - 3 -ethyl -A'- nietliylpyridinetricarbonyl- 
chromium(0) (6) and 1,6-dihydro-3-ethyl-A7-methyl- 
pyridinetricarbonylchromiu~n(O) (7) in the ratio 
65:35, respectively. Each coniplex exhibited the 
characteristic carbonyl absorption in the infrared 
region, and electron impact studies gave in each case 
a weak molecular ion at  niie 259, a fragment ion at  
123 for the loss of the elements of Cr(CO),, a base 
peak at  122 (C,H,,N), and significant ions at 107 

(C,FI,N) and 94 (C,H,N). The 'Hmr spectra were 
sufficiently informative to characterise 6 and 7 .  111 
deuteriobeilzene, the 1,6-dihydro isolner (7) gave 
si~iglet absorbance at  6 4.58 for C(2)-H and a doublet 
(J = 7 Hz) at  4.83 for C(4)-H. The signal for C(5)-H 
appeared as an octet (J = 7, 5.5: and 1.5 Hz) centred 
at  6 3.09. Isomer 6 gave, also in deuteriobenzene, the 
follo\ving signals: 6 2.34 (2H, q ,  J,, = 10 Hz, 
C(2)-H,): 4.50 (2H, bd, J 2 5 Hz, C(4)-H and 
C(6)-H): 5.00 ( l H ,  dd,  J = 5.5 and 4.5 Hz). The 
exact chemical shifts of all sigilals \vere significa~~tly 
dependent on concentratioll aiid solvent. Unani- 
biguous confirmation of these structural assignments 
was possible by X-ray crystal analysis (9). 

The curious formation of significant amounts of 
the 1,6-dihydro isomer 7 from 4 required some 
coi~sideration. Careful 'Hnir analysis of the boro- 
hydride reduction product indicated 11ie presence of 
ca. 5 7  of the tetrahydro deri:,ative 3 together ~vitb. 
4 ( 2 9 5 7 ) .  Thus formation sf 7 u,as presumed to 
occur via double bolld isornerisation durilig coin- 

plexation or by isomerisatio~l of the formed 1.2- 
dihydropyridine complex 6. That tlie latter explana- 
tion was unlikely was demonstrated by almost 
quantitative recovery of 6 after stirring in ether at 
ambient temperature for 18 h. Thermal isolnerisation 
between 4 and 7 was, however, possible by heating 
in refluxing cyclohexane. At equilibrium, a 1 : I 
ratio of 6 and 7 was obtained. The pure complexes 
were stable in solid form if protected from oxygen 
and were stable in solutio~l at or below ambient 
temperature provided that rigorous exclusio~l of 
oxygen was ensured. 

Thus our initial objectives had been realised and 
attention turned to the stabilisation of alkaloid 
precursors bearing the dihydropyridine unit. Tlie 
preceding report ( 1 )  described tlie preparation of 
several pyridinium salts, designed specifically for 
determining the generality of methodology outlined 
above. 

TABLE 1. Thermal equilibration of the coni- 
plexes 6 and 7 

Ratio Ratio 
Time (h) 7 : 6 from 7" : 6 fson~ 6* 

1 76:24  31:69 
2 66:34 - 

3 63:37 45 : 55 
4 57:43 - 

5.5 55 : 45 50: 50 
8 50: 50 50:50 

14 SO: 50 50:SO 

*As determined by 'Hmr (CDCI,) integrals of the 
N-CH, signals at S 2.42 for 6 and 6 2.39 for 7. 
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Aonlication of the nrocedure to the indole deriva- I 
1 .  

tive 8 gave, after the usual work-up and chroma- 
tography, a red oil, assigned the structure 9 on the 
basis of spectral data. A small amount of a second 
complex was also isolated and identified as the 1,6- 
dihydropyridi~ie derivative PO. This simple experi- 
ment had demo~lstrated that thc rcquircd complexes 
could be formed, although only in low yield, in the 
presence of the elects011 rich indole nucleus. T o  
further test thc method, the salt 11 was reduced and 
treated with trisacetonitriletricarbonylchromium(0) 
as before, to give the expected product 12 together 
with the descarbomethoxy derivative 13 and, sur- 
prisingly, 6. These latter products were presumed 
formed via cleavages in the strongly basic medium 
during the reduction step. T:I each case spectral 
analysis indicated 1,2-dihydropyridinetricarbonyl- 
chromiunl(0) isomers and here the corresponding 
1,6-dihydro products were not detected. The N- 
benzyl derivative 14 did not appear to undergo such 
fragmentation and here a single product 15 was 
isolated. The corresponding acrylic ester 16 also 
formed a single, stable complex but spectral analysis 
indicated that the reductio~l of the pyridinium 
system had occurred ~ i t h  collcomitant coi~jugate 
reduction of the acrylic ester function leading to 17 
in 35% yield. 

These experiments indicated that the generally 
unstable dihydropyridine system could be generated 
and trapped to  form stable complexes without inter- 
ference from indole and ester functions. Specific 

formati011 of the complex of a dehydrosecodine (1) 
regeneration of the diene and its reactions will 5e  
described at  a later date. The complexes described 
here are interesting entities in themselbes and investi- 
gations of their chemistry are presently underway in 
these laboratories. 

Experimental 
General experimental details are given in the accompanying 

report (1). All procedures involving the preparation, separation 
and purification of chron~iunl cotnplexes \vere carried out 
under a liberal flow of oxygen free, dry nitrogen. 

3-Ethyl-N-methyl-1,2,5,6-teirah?.d,opyidn 13) 
Sodium borohydride (100 mg) Bas added in portions to a 

solution of 3-ethyl-IV-methylpyridinium iodide (250 mg) in 
methanol (15 mL). After 30 niin, the solution was diluted with 
3 hr HCl and lvashed with ether. The aqueous layer was 
adjusted to pH 8 and extracted with dichloromethane. The 
extract was dried (Na2S0,) and carefully evaporated to give 3 
(98 mg, 79%) as a colourless oil; 'Hmr 6 :  5.33 (IH, m, C(4)-H), 
2.65 (2H, bs, C(2)-Hz), 2.20 (3H, s, -NCH,), 0.95 (3H, t, 
J = 7 Hz, -CH2CH3); ms nzde: 125 (M+) ,  124, 110, 96 
(loo%), 94, 82, 81, 67,44,43,42, 39. High resolution lnolecular 
weight determination, calcd. for C,H,,N: 125.1204; found: 
125.1225. 

/,2-Di/iydro-3-er/iyl-K-1~1erhylpyridine (4)  
The salt 2 (3.0 g) was added, all at once, to a vigorously 

stirred mixture of 2.1 A' NaOH (9 niL), methanol (9 mL), 
ether (36 mL), and sodium borohydride (547 rng), under a 
nitrogen atmosphere. The two-phase system was stirred at 
ambient temperature for exactly 5 min, the aqueous layer was 
removed, and the ether layer washed briefly with 2.1 N NaOH 
(9 mL), dried by passage through basic alumina (grade I), and 
evaporated to give 4 (1.294g, 86%); uv A,,,: 327; 'Hnlr 
6 (CGDG): 5.73 (2H, m, superimposed doublets, one with 
J = 7 Hz, C(6)-H and C(4)-H), 4.74 (IH, dd, J = 7, ca. 7 Hz, 
C(5)-H), 3.58 (2H, S, C(2)-Hz), 2.27 (3H, S, -IVCH3), 1.88 
(2H, q,  J = 7 HZ, --CH2CH3), 1.00 (3H, t, J = 7 HZ, 
- CH,CH3); ms m / e :  123 (IM'), 122 (loo%), 108, 107, 96, 
94, 67. High resolution molecular weight determination, calcd. 
for C,H,,N: 123.1047; found: 123.1041. 

The Tricarbonj~lchromi~~w~ ( 0 )  C o n ~ ~ ~ l e x e ~  6 and 7 
The pyridinium salt 2 (10 g) was reduced as described above. 

The washed and dried ether solution of 4 was added under 
nitrogen to a solution of trisacetonitriletricarbonylchromium 
(1 equiv.) in dry ether at  OcC and the mixture stirred at 
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ambient temperature for ca. 20 h. The resulting red solution 
was filtered through previously degassed Florisil with degassed 
dichloromethane under a nitrogen atmosphere to afford a 
mixture of 6 and 7 (6.97 g, 67%; ratio ca. 65:35 by 'Hmr 
spectroscopy). Elution with oxygen free tetrahydrofuran gave 
a third red complex (1.2 g, 8%; rnfe 382). The major fraction 
was purified by chromatography on silica gel, again with 
rigorous exclusion of oxygen, to give the following. 

The complex (6)-orange prisms, nip (benzene-hexane) 
97-99'C; uv h,,,: 403 (3.64); ir v,,,: 1830, 1860, 1942; 'Hmr 
(C,D6) 6:  5.00 (IH, dd, J = 5.5 and 4.5 Hz, C(5)-H), 4.50 
(2H, bd, J 2 5 Hz, C(4)-H and C(6)-H), 2.34 (2H, q, .JAB = 
10 HZ, C(2)-Hz), 1.60 (2H, q,  J = 7 HZ, -CHzCH,), 1.45 
(3H, s, -NCH3), 0.70 (3H, t, J =  7Hz,  -CH,CH,); 
(CDCI,) 6: 5.66 (1H, dd, J = 5.5 and 4.5 Hz, C(5)-H), 5.41 
(IH, d, J = 4.5 HZ, C(6)-H), 4.96 (IH, bd, J = 5.5 HZ, 
C(4)-H), 3.24 (2H, bs, C(2)-Hz), 2.42 (3H, S, -NCH,), 2.10 
(2H, bq, J = 7 Hz, -CH2CH3), 0.94 (3H, t, J = 7 HZ, 
-CH,CH,); ms m/e: 259 (M+), 123, 122 (loo%), 107, 94. 
Anal. calcd. for CllH13N03Cr: C 50.90, H 5.05, N 5.40; 
found: C 51.04, H 4.95, N 5.46. 

The con7plex (7)-red prisms. mp (benzene-hexane) 68°C; 
uv h ,,,,: 399 (3.67); ir v ,,,,: 1825, 1860, 1942; 'Hmr (C,D,) 
6: 4.83 ( lH,  bd, J = 7 HZ, C(4)-H), 4.58 (1H, S, C(2)-H), 
3.09 (IH, octet, J = 7, 5.5, 1.5 Hz, C(5)-H), 2.54 (IH, m, 
C(6)-H), 2.21 (lH, n ~ ,  C(6)-H), 2.30 (2H. m, -CH2CH3), 
1.45 (3H, s, -NCH,), 1.12 (3H, t, J = 7 Hz, -CHiCH3); 
(CDCI,) 6: 5.40 (1H, bs, C(2)-H), 5.29 (IH, bd, J = 7 Hz, 
C(4)-H), 3.69 (IH, octet, J = 7, 5.5, 1.5 Hz, C(5)-H), 3.42 
(1H, m, C(6)-H), 3.15 ( IH,  m, C(6)-H), 2.73 (2H, ni, -CfI,- 
CH3), 2.39 (3H, 5, -NCH3), 1.40 (3H, t, J = 7 HZ, -CH2- 
CH,); ms t71,'e: 259 (MT), 123, 122 (loo%), 107, 94. Anal. 
calcd. for C, ,H13N03Cr:  C 50.90, H 5.05, N 5.40; found: 
C 50.81, H 5.26, N 5.!6. 

The Comp1exe.s 9 and 10 
Using the procedure described above, the salt 8 gave a 27% 

yield of the complex 9;  uv h,,,: 400 (3.60), 290 (4.02), 285 
(4.1 I), 220 (4.96); ir v,,,: 1945, 1855, 1830; 'Hmr (C,D6) 6: 
7.0-7.6 (4H, 111, aromatic-H) 6.29 (IH, bs, -indole C(2)-H), 
4.97 (lH, dd, J =  5.5, 4.5Hz, C(5)-H),4.70(1H, d, J =  4.5 
HZ, C(6)-H), 4.65 (IH, bd, J = 5.5 Hz, C(4)-H), 2.69 (2f1, bs, 
C(2)-Hz), 2.45 (4H, bs, -CH2CH2-), 1.90 (2H, q, J = 7 Hz, 
-CH2CH3), 0.84 (3H, t, J = 7 Hz, -CHiCH3); ms m/e: 388 
(M+),  304, 252, 144, 130, 122, 52. 

A small amount (ca. 7Z)  of the isomeric complex I0 was 
also isolated; uv A,,,: 3971 288, 278, 272, 219; i r v  ,,,,: 1950, 
1870, 1835; 'Hmr (C,D,) 6: 7.1-7.6 (4H, m, aromatic-H), 6.31 
(1H, bs, -indole C(2)-H), 4.96 (IH, d, J = 7 Hz, C(4)-H), 
4.80 (IH, bs, C(2)-H), 3.19 (IH, bdt, J = 7, 2 HZ, C(5)-H), 
1.12 (3H, t, J = 7 Hz, -CH,CH,); ms mie: 388 (M+), 304, 
252, 144, 130, 122, 52. 

The Cotnplexes 12 and 1 3  
Reduction of the salt 91  and coniplexation of the inter- 

mediate dihydropyridine: in the usual manner gave the 
following. 

The cotnplex 6-12% yield. 
Tlze cotnplex 12-(15%); uv k,,,: 400 (3.3); ir v,,,,: 1950, 

1860, 1825, 1730; 'Hmr 6: 8.50 (lH, bs, -NH), 7.0-7.6 
(4H, m, aromatic-H), 5.65 (lH, dd, J = 5.5, 4.5 Hz, C(5)-H), 
5.43 (IH, d, J = 4 . 5 H z ,  C(6)-H), 5.03 (lH, d, J = 5 . 5 H z ,  
C(4)-H), 3.76 (3H, S, -OCH,), 3.74 (2H, s, C(2)-Hz), 3.39 
(2H, q, J,<, = 14 Hz, -CH2C02Me), 2.82 (4H, m, C H z -  
CH2-), 2.19 (2H, q,  J = 6 HZ, -CH2CH3), 1.02 (3H, t, 
J = 6 Hz, -CH,CH3); ms nz/e: 460 (M+), 376, 344, 324, 
220, 202, 122, 52. High resolution molecular weight deter- 
mination, calcd. for Ci3Hz4N205Cr: 460.1089; found: 
4.60.1090. 

Tl~e cotr~plex 13-(10%); uv h,,,: 400 (3.3); ir v,,,,,: 1930, 
1840, 181 5; 'Hnir 6: 7.83 (I H, bs, -h'H), 7.05-7.45 (4H, m, 
aromatic-H), 5.61 (IH, dd, J = 5.5, 4.5 Hz, C(5)-H), 5.39 
(IH, d, J = 4.5 HZ, C(6)-H), 5.30 (1H, d,  J = 5.5 HZ, C(4)-H), 
3.38 (2H, s, C ( 2 ) - H , ) ,  2.82 (4H, m, -CHzCH2-), 2.36 
(3H, s, -indole C(2)-CH,), 2.19 (2H, q, J = 6 Hz, -CHI- 
CH,), 1.02 (3H, t, J = 6 Hz, -CHiCH3); rns m'e: 402 (M'), 
318, 266, 158, 144. High resolution molecular weight deter- 
mination, calcd. for Cz,Hi2N203Cr:  402.1030; found: 
402.1011. 

The Conlplex 115) 
Similarly, the benzyl derivative 14 gave, in 35% yield, the 

complex 15; uv j .,,,: 395 (3.10); ir v,,,: 1942, 1870, 1840, 
1742; 'H~i i r  6: 6.8-7.5 (9H, ni, aromatic-H), 5.54 (2H, ni, 
C(6)-H and C(5)-H), 5.38 (2H, s, -CHzC,H,), 4.99 ( lH,  d, 
J = 5.5 HZ, C(4)-H), 3.62 (2H, S ,  C(2)-H,), 3.51 (3H, S, 
-OCH3), 3.36 (2H, S, -CHzCOiCH,), 2.85 (ZH, m, 
-CHzCHih'-), 2.79 (2H, rn, -CHzCHiN-), 2.15 (211; q,  
J = 6 HZ, -CHiCH,), 1.00 (3H, t, J = 6 HZ, -CHZCH3); 
ms m/e: 550 (M-), 466,414, 306, 253, 122, 91. High resolution 
~llolecular weight determination, calcd. for C3,,H3,,Nz05Cr: 
550.1548; found: 550.1533. A11nl. calcd. for C,,H3,Nz0,Cr: 
C 65.45, H 5.45, N 5.09; found: C 65.15, H 5.28, N 4.90. 

The Cort1p1e.u 117) 
Similarly, 16 gave a 35:; yield of 17; uv A,,,,,,: 395 (2.6); 

ir v,,,: 1935, 1850, 1810, 1725; 'Hmr 6: 6.8-3.55 (9H, m, 
aromatic-H), 5.50-5.70 (2H, 112, C(6)-H and C(5)-H), 5.34 
(2H, S, -CH2C6H5), 5.00 (1H, d, J = 5 HZ, C(4)-H), 3.92 
( IH,  q ,  J = 7 Hz, -CH(CH3)COzCH,), 3.47 (3H, s, 
-OCH3), 3.40 (2H, s, C(2)-Hz), 2.85 (4H, ni, C H 2 C H 2 - ) ,  
2.17 (2H, q ,  J =  6Hz ,  C H 2 C H 3 ) ,  1.36 (3H, d, J =  7Hz,  
-CHCH3), 1.00 (3H, t, J = 6 Hz, -CH2CH3); rns nl/c: 564 
(M'), 480, 428, 324, 306. High resolution n~olecular wcight 
determination, calcd. for C,,H,,N,O,Cr: 564.1722; found: 
564.1 708. 
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Stereochemical equihiblration of the lithium derivatives of 1,2-diols 

CLARKE E. SLEMON' AND PETER YATES 
Lnxiz Miller CIirtnic.~il L~ihot.ciroi.ies, Uni\,ersity of Toronto, Tororito, Otlt., Cnniiclci M 5 S  1 A l  
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CLARKE E. SLEMON and PETER YATES. Can. J .  Chem. 57, 304 (1979). 
The dilithiuin derivatives of the ditertiary 1,2-diols, cis- and rrar~s-1,2-dirnethyl-l,2-~yclo- 

hexanediol, fail to undergo base-induced stereochemical equilibration under conditions that 
lead to such equilibration uith the dilithiurn derivatives of the disecondary 1,2-diols, cis- and 
rrnns-l,2-cyclohexanediol. This casts doubt on the proposal that the latter equilibration 
proceeds by c a r b o n ~ a r b o n  bond cleavage of the dialkoxide to give a diketyl intermediate. It is 
highly probable that it involves oxidation-reduction as established by Doering in the case of 
monohydric alcohols. Examination of steroidal secondary-tertiary 1,'-diols under similar 
conditions shows that such systems can epimerize at both carbinol centres; this is interpreted 
in terms of sequential oxidation, rr-ketol rearrangement, and reduction. 

CLARKE E. SLE\IOI\' et PETER YATES. Can. J. Chem. 57, 304 (1979) 
Les derives dilithies des diols-1,2 ditertiaires, cis- et trans-dimethyl-1, cyclohexanediols-1,2 

ne subissent pas d'equilibrations stereochimiques induites par les bases dans des conditions 
qui permettent de telles equilibrations avec les derives dilithies des diols-1,' disecondaires, 
cis- et truns-cyclohexanediols-1,2. Ces resultats jettent un doute sur la proposition a l'effet que 
la del-niere equilibration se produit par I'intermediaire de la rupture de la liaison carbone- 
carbone du dialcoolate conduisant a un intermediaire dicetyle. I I  est tres probable que cette 
reaction implique une oxqdo-reduction du type propose par Doering dans le cas des monoal- 
cools. Un examen de diols-1,2 steroidaux secondaire-tertiaire dans des conditions semblables 
n~ontre que de tels systemes s'epirnerisent au niveau des deux centres carbinoliques; on inter- 
prete ces resultats en termes d'une oxydation sequentielle, d'une transposition u-cetolique et 
d'une reduction. 

[Traduit par le journal] 

Intoduction shows a variable induction period depending upon 
~h~ mechallism by ,.,,hich secondary alkali metal the extent of exclusion of oxidizing impurities. 

alkoxides epimerire has been thorounhly examined Moreover, it has been observed that heating alkox- 

(1, 2). ~h~ results are accounted-for by a reac- ides racemizes asymmetric centres u to the carbinol 

tion sequence (Scheme 1)  wherein the substrate is carboll if bear a h~drogel l  Such data con- 
form with the proposed lnechailisms in which the 

H alkoxide is coiiverted to a carbonyl group thereby 
\;/ O2or \ . making the a-hydrogen exchangeable in the alkaline 
/ \ O  peroxides /'=O medium. 

In a piece of elegant experimentation, Doering and 
W 

\ \;/ 
H 

\;/ \ - Aschner (2) were able to  demonstrate that by diligent 
+ F = O  - /'=O + (e~imerized) exclusion of oxygen, alkali peroxides, and carbonyl 

/ \O- / \O- 
compounds these epiinerizations could be entirely 

SCHEME 1 arrested. Alternatively, by the addition of a mixture 
of fluorenone and fluorenol, one a facile hydride 

slowly oxidized by solvellt illlpurities or atmos- acceptor and the other a facile hydride donor, such 
pheric oxygen to form a quantity of the stereocl~einically hindered substrates as u- and P- 
corresponding carbonyl compoulld, slnall alnounts fenchol, which were inert under other conditions, 
of this hydride acceptor are sufficient to prime a could be e~imerized.  
chain of hydride transfers between substrate mole- In 1970 Schlosser Weis (3) reported the 
Gules that eventually in complete stereo- stereochemical equilibration of the dilithium deriva- 
chemical equilibration. tives of 1,2-diols in diglyme at  155°C. These deriva- 

agreement with this mechanism, the reaction tives were formed by treatment of the diols with 
butyllithium in diglyme, e.g., I or  2 gives an  equi- 

lpresent address: canada Packers Research centre, 2211 librium mixture of I and 2 via their dilithium deriv- 
St. Clair Ave. W., Toronto, Ont., Canada M6N 1K4. atives : 

0008-4042/79/030304- 1050 1 .OO/O 
1979 National Research Council of CanadaIConseil national de recherche5 du Canada 
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They proposed that the reaction proceeds by cleavage 
of the carbon-carbon bond to produce a diketyl 3 
which subsequently rebonds2 (Scheme 2). 

H OLi 

7 

H 

However, all of their substrates possessed the 
requisite hydrogen atoms for the operation of the 
transfer mechanism of Scheme 1. 

Because of the intrinsic interest of the postulated 
carbon-carbon bond cleavage to give a diketyl, we 
have undertaken a further study of the reaction of 
1,2-diols with butyllithiu~n i l l  diglyn~e followed by 
thermolysis. To  avoid the mechanistic ambiguity of 
the earlier work we chose first to investigate a diter- 
tiary 1,2-diol, where hydride transfer processes 
analogous to those of Sche~lle 1 could not be opera- 
tive, whereas cleavage to a diketyl ~vould be expected 
to be unilnpeded and probably enhanced. This 
investigation has led us to conclude that the stereo- 
chemical equilibration of the dilithium derivatives 
of I,2-diols is unlikely to proceed via diketyl inter- 
mediates. Furthermore, Lve have found that the 
diglyine solvent is extensively decomposed under the 
reaction conditions, giving rise to doubts as to 
whether the method actually produces the inter- 
mediate dialkoxide quantitatively. Nevertheless we 
have confirmed that the procedure is experi~llelltally 
effective for secondary-secondary 1,2-diols and have 
extended it by showing that secondary-tertiary 
1,2-diols call be converted to diastereoisoineric 
mixtures with epimerization at  both carbiilol centres. 

Results and Discussion 

cis- and trans- 1,2-Dimethyl-1,2-cyclohexanediol (4 

'In the single case examined involving an acyclic 1,2-diol, 3 
would correspond to two ketyls. 

and 5) were treated w ~ t h  butylllthlum In diglyme In 
the presence of a trace oftr~phenylmethane A large 
excess of butyl l~th~um was used In an  attempt to 
ensuie that all the hqdroxyl plotons reacted The 
result~ng mlxture \\as heated ~n a sealed tube at  
200 C for 17 h. Ne~ther  4 no1 5 shoued any eplmerl- 
zatlon by gc and gc-ms analys~s under cond~tlons 
where 1-of e~ the r  Isomer could be detected In 
authent~c  mlxtures of the two 

S ~ n c e  1 and 2 and the other secondary-secondary 
1.2-d~ols examlned by Schlosser and W e ~ s s  ( 3 ) .  all 
undergo equ~l~bratloil  even a t  the loner temperature 
of 155 C. these exper~rnents p r o ~ ~ d e  strong evldence 
that the e q u ~ l ~ b r a t ~ o n  requlres at  least one non- 
tertiaiy alcohol group Thls I S  In complete accord 
n ~ t h  a route of the type of Scheme 1 but 11ot readil) 
explicable In terms of the dlketyl ~ ~ ~ t e r n ~ e d ~ a t e  3 of 
Scheme 2 Fuithermore. ~t cdnnot be argued that the 
methyl g ~ o u p s  1n111b1t the react~on to giie a d~ketyl, 
since it has been concluded that in aliphatic ketyls 
most of the radical character is associated with 
carbon and most of the anionic character with 
oxygen (4). Thus it would be expected that if 3 Lvere 
an  intermediate in the equilibration of 1 and 2, the 
formation of the corresponding diketyl intermediate 
would probably be facilitated in the cases of 4 and 
5.4 

To ensure that cis- and trans- I ,2-cyclohexanediols 
(I and 2) undergo equilibration under the exact 
cond~tlolls that we ernployed for 4 and 5 ~ { e  subjected 
I and 2 to these condltlons (200 C ,  17 h, trrphenyl- 
methane present) and also to the co~~d l t rons  of 
Schlosser and W e ~ s s  (155 C. 17 h, no tr~phellyl- 
methane) In  the latter case we obtalned from I a 
3 97 nl~xture of P and 2 and from 2 a 2 98 rnlxture 
of 1 and 2, In excelleilt accord w ~ t h  the results re- 
ported by the earlier workers. In the former case only 
the trans isomer 2 was detectable in the equilibrated 
system formed fro111 either 1 or  2. Although this is a 

3Triphenylmethane was added in the expectation that it 
would serve as an indicator of excess butyllithium and thus of 
complete conversion of the diol to its dilithium derivative. In 
fact we have found that butyllithium reacts with diglyme even 
at 0°C and no permanent colour ever develops. 

"The possibility that such a diketyl is formed but does not 
undergo reclosure because of steric effects may be discounted 
because of the good recoveries of 4 and 5 after attempted 
equilibration. 



306 CAN.  J .  CHEM. VOL. 57. 1979 

noteworthy difference (and one for which we are 
currently unable to account) it in no way vitiates our 
conclusion above concerning the structural require- 
ments for equilibration, since in the case of 4 and 5, 
neither underwent conversion to the other. 

We have observed that the epimerization reaction 
of 1 and 2 has a variable induction period as expected 
in terms of Scheme I .  This can be shortened with 
such additives as triphenylmethane, di-tert-butyl 
peroxide, fluorenone. and fluorenol or lengthened by 
the addition of lithium hydride. Unfortunately, in 
spite of considerable effort, it bvas not possible to 
bring all the factors affecting the induction period 
under experi~nental control and rate measurements 
were unreproducible. 

If the equilibration of secondary-secondary 1,2- 
diols involves processes of the type of Scheme 1 there 
appears to  be no reason why these epimerizatio~i 
conditions should not also be applicable to  the 
lithium derivatives of simple secondary alcohols and 
we have in fact applied them successfully to cis- and 
frans-4-methylc~~clohexanol (6 and 7)." 

H P H  9 
X -Y 

6 X =  CH, ,Y =H 
7 X = H . Y = C H ,  

Having established the failure of tertiary-tertiary 
I ,2-diols to epimerize and confirmed the epimeriza- 
tion of secondary-secondary 1,2-diols we turned to 
the examination of secondary-tertiary 1,2-diols. T o  
detect the stereochemical changes in the secondary- 
tertiary case it is necessary that the diol have a t  least 
one fixed chiral centre in relationship to which the 
retention or inversion of configuration of each 
carbinol carbon can be observed separately. The 
steroids 3~-methoxy-5c/.-cholestane-5,6P-diol (8) and 
3P-methoxy-5a-cholestane-5,6cr. -diol(9) were selected 
as suitable for this purpose. 

Treatment of 8 in diglyme with butyllithium in the 
presence and absence of triphenylmethane followed 

"Another, unidentified alcohol was also formed in the 
reaction. 

TABLE 1.  Products from thermolysis of lithium derivatives of 
3~-methoxy-5n-cholestane-5~/,6~-diol (8) and -5c*,6r-diol (9)" 

From 
From 5a,6B-dio1 (8) 5a,6a-diol (9) 

- 

Products No Ph3CH + Ph3CH + Ph3CH 

"The fisures given are percentage relative yields: the  absolute yields Mere 
high in each case. 

by heating at  200°C, for 17 h gave mixtures of com- 
pounds 10-13 in different relative amounts together 
with a little unconsumed 8 (see Table Similar 
treatment of 9 in the presence of triphenylmethane 
gave compounds 10 and I1 together with a con- 
siderable amount of unconsumed 9 (Table 1). 

In  each case the previously unknown 3P-methoxy- 
5P-cholestane-5,6a-diol (10) was a major component 
of the reaction mixture. The structure of this product 
was established as follows. It was shown to be 
stereolsomeric with 8 (and 9) by oxidation with 
periodic acid to give the keto aldehyde 14, which was 

14 MeOH 

identical with the product formed on oxidation of 8 
with lead tetraacetate in pyridine or trichloroacetic 
acid - n ~ e t h a n o l . ~  The ir spectrum (CS,) of 10 shows 
two hydroxyl stretching bands: a weak but sharp 

61t cannot be assumed that the differences are due solely to 
the presence of triphenylmethane since, as we have already 
noted, there is some uncontrolled variation in the induction 
period for these reactions. 

'Compare with refs. 5 and 6; the trans-diaxial diol 8 is inert 
to periodic acid and reacts only siowly with lead tetraacetate. 
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band at  3571 cm- ' ,  con~parable with the single 
absorption band for free hydroxyl in the spectrum 
of trans-diaxial 8, and a stronger and broader signal 
at  3497 cm-', characteristic of a hydrogen-bonded 
hydroxyl group. The most compelling evidence for 
the stereochemical assignment comes from the 'H 
nmr spectrum of 10. In the spectrum of 8 the C-19 
methyl signal appears a t  6 1.20, shifted downfield 
because of its rigid 1,3-diaxial orientation with 
respect to the C-6 hydroxyl group. In the spectrum of 
10 no methyl signal appears at  lower field than 6 0.93 
and it can thus be concluded that the C-6 hydroxyl 
group is now equatorial. Corroboration comes from 
the coupling constants (J = 12, 5 Hz) for the C-6 
proton in the 'H nmr spectrum of 15, the mono- 
acetate of 10, and from the single band at  1242 cm-' 
in its ir spectrum (7, 8). Since 10 is stereoisomeric with 
8 and 9 and has an  equatorial secondary hydroxyl 
group it must have the 5P,6~-diol  stereochemistry as 
assigned. 

The 'H nmr spectrum of 10 shows two separate sig- 
nals for the hydroxyl protons; these and the ir data 
(vide supra) are consistent with the existence of 10 in 
solution as a mixture of the hydrogen-bonded 
species 160-c (9). 

The formation of 10 and 9 involves epinlerization 
at  the secondary carbinol carbon C-6 but its forma- 
tion from 8 requires equilibration at  both the ter- 
tiary and secondary carbinol carbons C-5 and C-6. 
At first sight this might appear to be explicable in 
terms of the C-C cleavage mechanism of Scheme 2 
and not i:i terms of the oxidation-reduction mech- 
anism of Scheme 1.  However it is well docunlented 
(9, 10) that tertiary a-hydroxy ketones can be 
epimerized under basic conditions at  the tertiary 
carbinoi carbon via a reversible rearrangement of 

'Since the completion o f  this work, the preparation o f  80 
by red~iction of 5-hydroxy-3~-methoxy-5~-cholestan-6-one 
(20) with sodium and ethanol has been reported (9).  

* 1- -c-c- - I * I  - -C-C- , -C-C- (epimerized) 
I? 113 
0- 0 

/I I 
0 0- 

I II 
0- 0 

the type shown in Scheme 3. Such a process together 
with processes of the type of Scheme 1 can then 
account for the conversion of 8 to 10. Because of our 
earlier discussed reservations regarding the diketyl 
mechanism of Scheine 2, lve propose the reaction 
pathways for the conversion of 8 and 9 to 10 that are 
shown in Scheme 4. 

The feasibility of the postulated equilibration of 18 
and 19 in Scheme 4 was established by the demon- 
stration that treatment of the hydroxy ketone 20 with 
methanolic potassium hydroxide gives a mixture of 
20 and its C-5 epimer 21.' The reaction mixture also 
contained a lninor component that is tentatively 
assigned structure 22. 

I t  remains for us to discuss in terms of Scheme 4 
the positions of the equilibria. Although we have not 
investigated these in detail our results indicate that 
the lithium derivative of 10 is greatly favoured over 
those of 8 and 9 and also over that of 3-methoxy- 
5P-cholestane-5,6P-diol (23), the fourth C-5,6 stereo- 
isonler in the series. The preponderance of the lithium 
derivative of 10 is attributed to the relief of 1,3- 
diaxial interaction with the C-19 methyl group and 
the stabilization conferred by coordination of the 
methoxyl oxygen atom with the l i thiu~n cation 
associated with the C-5 oxygen atom (cf. 24). Tt is 
considered that this stabilization, which is related to 
the hydrogen bonding equilibria in the case of 10 
itself (ci& supra), Inore than offsets the destabiliza- 
tion owing to the assumption of the cis A-B ring 
fusion. 

M e 0  

Next we discuss the other products formed to- 
gether with 10 on the thermolysis of the lithium 
derivatives of 8 and 9 in diglyrne (see Table 1). The 

'This epinierization has also been carried out recently b y  
Campion et a/ .  (9). 
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products were separated by preparative-layer chroma- 
tography and in the case of both 8 arid 9 one band 
contained a mixture of similar compounds w8hose 
mass and ' H  nrnr spectra showed tliat they had been 
formed by elimination of methanol. These fractions 
were not further investigated but are tentatively 
assigned structures of type 11. These might arise by 
base-catalysed elimination of niethanol from 8-10 
but their formation is best interpreted in terms of 
elimination of methanol from the pl-methoxy ketone 
17 that is postulated as an  intermediate in Scheme 4 
(Scheme 5). 

A major product from 8 was the epoxide 12, 
which was not forrued froin 9. This epoxide is a 
kno~vii compound (1 1: 12) and was identified on the 
basis of its elemental composition, physical con- 
stants, and spectra (see Experimental). A work-up 
of the reaction mixture after addition of butyl- 
lithium, but before heating, returned 8. showing that 
12 was rornled by thermolysis. Variation in the pro- 
cedure for quenching and working up the reaction 

mixture after thermolysis did not appear to alter 
significantly the extent of its forniation. The epoxide 
was also shown to be stable in the presence of lithium 
oxide under the conditions of the therinolysis, con- 
traindicating its involvement as an intermediate in 
the intercoilversion of the stereoisomeric diols. I t  
seemed iiiost likely that the unexpected formation of 
this epoxide was associated with the decoinposition 
of the solvent diglyme (vide ssllpia) and in particular 
that 8 under~\ent  conversion to an  intermediate in 
which the C-6 oxygen function Lvas converted to a 
better leaving group followed by trans diaxial dis- 
placement by the C-5 alkoxide to give 12. 

Evidence on this score was obtained by treatment 
of 8 in diglyme with 1.27 equiv. of butyllitliium 
followed by therinolysis under the usual conditions. 
This gave a mixture contai~ling 59z of 8 arid 280; of 
a novel product 25, a lnonoforrnate of 8. This was 
identified by its spectral characteristics and by 
direct comparison with an  authentic sample prepared 
by formylation of 8 with acetic formic anhydride. 
On hydrolysis it returned 8. Treatment of 25 with 
lithiuiil hydride in diglyme at  reflux gave the epoxide 
12 as the only product (Scheme 6). 

These observatio~ls provide excellent support for 
the general pathway proposed for the formation of 12 
on treatment of 8 with excess butyllithiunl in diglyn~e 
followed by thermolysis. They also confirm that de- 
composition of the solvent is involved in that con- 
siderations of inass balance alone in the reaction of 8 
with 1 equiv. of butyllithium dictate tliat the forrnyl 
carbon of 25 is, at  least in part. solvent dcrived. A 
possible route to the forniate precursor is show11 in 
Sclienie 7. This involves lithiation of a terminal 
carbon atom of diglymc (facilitated by coordination 
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OCHO 

2 5 

8 
SCHEME 6 

of the l i th~uni m ~ t h  the tmo remote oxygen atoms) 
and au tox lda t~on '~  of t h ~ s  to glve 26, nhlch 1s con- 
verted by base to the forrnate 27. The latter could 
then give rlse to 25 vla t r a~ l ses te r l f i ca t~o~l .~~  

CH,O(CH,),O(CH:),OCH, 

The relnalnlng product from the thermolys~s of the 
l ~ t h ~ u m  der~va t~ve  of 8 is the unsaturated alcohol 13. 
L ~ k e  12. t h ~ s  u a s  not formed from 9 The structural 
assignment was initially based on spectroscopic data 
(see Experimental) and the formation of 13 in associ- 
ation with that of 12. In particular the is spectrum 
shows a nonhydrogen-bonded hydroxyl group, 
favouring the 5c( configuration slnce the hydroxyl 
group in the 5P isomer would be expected to hydro- 
gen bond with the 3P-methoxyl group.12 

A n  unusual feature in the 'H ninr spectrum of 13 is 
the accidental equivalence of the two olefinlc pro- 
tons in deuteriochloroform, hexadeuterioacetone, 
and hexadeuteriobenzene solutions, This was un- 

'OAlthough the reaction with butyllithium was conducted 
under nitrogen, air could have been introduced during the 
transfer to the freeze-thaw degassing cycle. 

"An alternative route involving fragmentation of the 
lithiation product to give formaldehyde, ethylene, and 
LiO(CH,),OCH, followed by conversion of the formaldehyde 
to formate by a Cannizzaro reaction is considered to be less 
likely because of our failure to observe gas forn~ation on 
treatment of diglyme with butyllithium in ether. 

'2tmns-5-tei.t-ButyI-ci.r-1,3-cyc!ohexanediol which has both 
hydroxyl groups axial shows in its ir spectrum both free and 
intramolecularly hydrogen-bonded hydroxyl bands (13). 

LiH . 
diglyme 

expected and led us to consider the possibility that 
the double bond had niigrated to the A t '  position. 
This could be excluded, however; since an .vi13 C-1 I 
signal is clearly evident at 6 21.1 (t) in the partially 
decoupled 13C nlnr spectrum of the product: in a 
3-substituted cholestane derivative such a high-field 
methylene carbon signal can only be associated ~v i th  
a C-11 carbon.13 Although the equivalence of the 
C-6 and C-7 protons in the ' H  n n ~ r  spectrum is 
unusual, it lnay be noted that a similar equivale~ice is 
observed in the spectrum of 1,5,5-trimethyl-2-cyclo- 
hexen-1-01 (15). 

Corroboratio~i for the structural assignment 13 
and an indication of the origin of this product was 
provided by the observation that treatment of the 
epoxide 12 in digly~ne with excess butyllithium and 
one molar equivalent of mates follo\ved by thermol- 
ysis gave 13 in high yield. Thus, it may be suggested 
that the formation of 13 in the therlnolysis of -&he 
lithiunl derivative of I) involved the inter~nediacy of 
I2.l4 This interpretation accounts for the observa- 

(1 )  BuLi 
H,O (1 mol) 
diglyme 

b 

Me (2)  'I 
(3) H,O+ 

12 13 

t ~ o n  that although both I2 and 13 are formed from 
8 ne~ther  type of product IS formed fro111 9 or 10 
Ne~the r  9 no1 10 has the fa\ourable trai~e-diax~al 
orlentat1011 of the oxygen funct~ons for epox~de 
format~on,  and In the absence of such an Inter- 
mediate, foriilatlon of an unsaturated alcohol of 
type 13 does not occur. 

It may finally be noted that if, as proposed, the 
complexity of the reactloll of 8 111 d~glyme with 
butyll~th~urn stems from deco~nposit~on of the sol- 

' T h e  13C nnlr spectra of con~pounds 8-10, 13, and 20 are 
given in Table 2 ;  the signal assignments are based on com- 
parison with the large body of literature data on the 13C nmr 
spectra of steroids (14). 

14An additional source of 13 could be the postulated pre- 
cursor of 62, the formate 25. 
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TABLE 2. 13C chemical shifts of compounds 8-10, 13, and 20" 

' 6  (CDCl?) 
Assignment 
(Carbon No.) 8 9 10 13 

 individual assignments cannot be made to p a r s  of close-lying signals 
marked with asterisks: signals considered to be superitnposed are marked 
with a dagger o r  double dagger. 

vent, cleaner and more efficient stereochemical 
equilibration should be achiekable by the use of 
lithium hydride in diglyme or other high boiliiig 
solvents. l 5  

Experimental 
 melting points were detern~ined on a Kofler block and are 

corrected. Infrared spectra were recorded in CS2 solution on 
a Perkin Elmer model 327 or 2373 spectrophotometer; the 
absorption maxima are reported in wavenumbers (cm-') 
calibrated with rcspect to the absorption band of polystyrene 
at  1602 cnl-'. Proton magnetic resonance ('H nmr) spectra 
were recorded in deuteriochloroform solution at ambient 
temperature on a Varian T-60 instrument unless otherwise 
specified. The "C magnetic resonance (I3C nmr) spectra were 
recorded on a Bruker WP-80 instrument in deuteriochloro- 
form solution unless otherwise specified. Chemical shift values 
are given on the 6 scale downfield from tetrainethylsilane as 
internal standard. Low resolution n~ass  spectra were deter- 
mined with a Bell and Howell CEC 21-490 spectrometer and 
high resolution mass spectra on an AEI MS-902 instrument. 

Analytical thin-layer chromatography (tlc) was carried out 
on Brinkmann analytical silica gel plates with fluorescent 
indicator. Preparative-layer chromatography (plc) was carried 
out on 20 cni x 20 cm silica plates of 2-min thickness from 

ADDED Ih PROOF: For a related study that came to 
our attention after submission of this manuscript, see ref. 22. 

Brinkmann or Quantum Indilstries. Visualization was effected 
by spraying either the entire plate or a single edge of the plate 
with 0.5% vanillin in 8 0 x  v)v  ethanol -sulfuric acid followed 
by heating the sprayed area. 

Oxygen-free nitrogen was obtained by bubbling comnlercial 
nitrogen through one or two traps filled with a mixture of 
sodium and benzophenone in diglyme. The gas was then 
bubbled through concentrated sulfuric acid and passed up a 
drying tower filled with solid sodium hydroxide pellets. The 
rate of flow was inonitored with a mercury bubbler. 

Diglylne (BDH Chemicals) was purified by distillation at 
atinospheric pressure and dried just before use by refluxing 
over calcium hydride followed by redistillation under nitrogen. 
It was injected into the reaction vessel with a syringe. 

Gns Chronintogrrrplzic Analj~ses 
The gc analyses were conducted either on an Aerograph 

A-170 instrument with a thermal conductivity detector and 
helium as the carrier gils or on a Perkin-Elmer F-l  l instrument 
with a hydrogen flame detector and nitrogen as the carrier gas. 
The following columns were used: (1) 13 ft x $ in, aluminum, 
5% UCON HE-2000 on 80-100 Chromosorb G-DMCS-AW: 
(2) 10 ft x & in. stainless steel, 2 0 z  Carbowax 20M (SPA-64) 
on 80-100 Chromosorb W-HMDS-AW; (3) 10 ft x $ in .  
stainless steel, 1 0 z  DEGS on 80-100 Chromosorb P-DMCS- 
AW. Column I was used with the Aerograph instrument and 
colun-~ns 2 and 3 with the Perkin Elrner instrument. 

Substrates 
The following cornpoui~ds were prepared by previously 

reported methods: ci.~-1,2-cyclohexanediol (1) (16), irons-1,2- 
cyclohexanediol (2) (17), cis- 1,2-dimethyl-1,2-cyclohexanediol 
(4) (16), and trans-1,2-dimethyl-1,2-cyclohexanediol (5) (18). 
cis-4-Methylcyclohexanol (6) and trons-4-methylcyclohexanol 
(7) were obtained from Aldrich Chemical Co. It was deter- 
mined by glc analysis that none of these substances was con- 
taminated with a detectable amount of its epimer. 

3~-Methoxy-5n-cholestane-5,6~ioI (8) was prepared by 
methylation of cholesterol to give cholesteryl methyl ether (19) 
and treatment of this with hydrogen peroxide and formic acid 
followed by hydrolysis with base (12). 

3B-Methoxy-5cc-cholestane-5,6r*-diol (9) was prepared from 
cholesteryl methyl ether by an adaptation of the procedure 
for the cis hydroxylation of 5-cholestene (20). Cholesteryl 
methyl ether (794 mg, 1.25 mmol) was dissolved in dry ether 
(140 mL) containing dry pyridine (4 mL) with magnetic 
stirring. A capsule containing osn~iurn tetroxide (0.5 g, 1.97 
mmol) was broken and the two parts were dropped immedi- 
ately into the solution. The flask walls were washed down with 
ether (5 mL), the flask was stoppered, and its contents were 
stirred for 123 h a t  ambient temperature. A stream of hydrogen 
sulfide was passed through the solution, and the precipitate 
was filtered. This was repeated until no more precipitate 
formed. The solution was extracted with saturated aqueous 
sodium bicarbonate and then uith 3 N aqueous sodium 
hydroxide containing some mannitol. The organic layer was 
dried over sodium sulfate and filtered through a plug of 
Florisil. The solvent was evaporated and any pyridine still 
present was removed on the rotary evaporator by co-dis- 
tillation several times with isopropyl alcohol. The crude solid 
product was chroniatographed on a small column of silica gel. 
Elution with 4: 1 v,'v chloroform-ether gave cholesteryl methyl 
ether, and elution with ether gave 9;  yield 50% (75% based on 
unrecovered starting material). Compound 9 was recrystallized 
from acetonitrile (10 mL!100 mg) giving needles (87% 
recoverv), mp 175-178'C, [rJ]D28.5 +12' (c 1.0, CHC13) 
(lit. (7) mp 172C (uncorrected), [XI, + 18'): 3636, 3597 
cnx-' ; H6: 0.66 (s, 3H, 18-Me), 0.90 (s, 3H, 19-Me), 3.32 (s, 
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3H, Ohle) 3.6 (bl m, 2H, 3-H and 5-H); rive: 416 (49) 
('VI - H20) .  

Thertxol~~ses at Arrno~pheric Pressure, 
The following is a typical procedure for thermolyses at  

atmospheric pressure, which were carried out in the apparatus 
shown in Fig. 1 .  cis-1,2-Cyclohexanediol (237 mg) was dis- 
solved with a few milligrams of triphenylrnethane in distilled 
diglynie (15 mL). The solution was cooled under nitrogen to 
-21cC in a liquid nitrogen - carbon tetrachloride slush; -2  N 
butyllithium in hexane (6.4 mL) was added until a transient 
red colour developed. The cold bath was removed and replaced 
with a heating mantle. A timer was started simultaneously 
with the heating. Hexane and solvent decomposition products 
distilled out, and then the diglyme was boiled under reflux for 
3 h. The heating was stopped and the warm mixture was 
poured into saturated aqueous ammonium sulfate. The 
further work-up was identical with the procedure for ther- 
molyses in sealed tubes below. 

Tlzertnolyses in Sealeci Tube5 
The following is a typical procedure. cis-I,2-Cyclohexane- 

diol (233 mg, 2.01 niniol) was placed in a 60-cm Carius tube 
with triphenylmethane (10 nlg). The tube was closed with a 
septum and purged with nitrogen, and purified diglyme (15.0 
ml-) \+as added by syringe. The solution was cooled to 0°C in 
ice and -2  N butyllithiunl in hexane (6 mL, - 12 mmol) was 
added slowly by syringe with intermittent agitation of the 
tube. Towards the end of the addition the red colour of 
lithium triphenylmethide appeared in the upper part of the 
tube. The septum was quickly removed and replaced by the 
vacuum attachment shown in Fig. 2. The tube was cooled in 
dry ice and degassed at  -0.25 Torr to remove volatile sub- 
stances. After two freeze-thaw cycles the tube was sealed and 
heated at  ca. 200'C for 17 h in an electrically heated furnace. 

The tube was cooled, and the gelatinous contents were poured 
into a flask containing saturated aqueous ammonium sulfate 
(25 mL). The transfer was completed by washing the tube with 
I : 1 v:v benzene-ether, saturated aqueous arnmonium sulfate, 
and distilled water. The organic layer was separated, and the 
aqueous phase was extracted with ether (2 x 25 mL). The 
total extracts were dried over sodium sulfate and evaporated. 
The diglyme was removed by short-path distillation at reduced 
pressure (0.25 Torr, ambient temperature) into a reservoir 
cooled with Dry Ice. The residue (222 mg) was analyzed by gc 
and gc-ms by means of the procedure below. 

Analysis for cis- cmd trans-l,2-Dimethyl-1,2-c~~clohe~~c1nediol 
i 4 , 5 )  

Thermolysates were analyzed either on column 1 with 
injector 225'C, detector 208"C, column 124cC; or colunin 2 
with injector setting 6, column 2OO2C, pressure 30 psi. Com- 
pounds 4 and 5 did not epimerize since in no case did the 
therniolysate from one isomer give rise to a peak of the correct 
retention time for the other. The identity of reisolated starting 
material was proven by gc-ms in each case on column 2 with 
injector 225~C, detector 230cC, column 20OCC, carrier gas 
helium, solvent methanol, 13-18 rng/mL, 1.5 ~ I L  injection, 
5 mV attenuation, giving a retention time for 4 of 9.75 min 
and for 5 of 11.75 niin. 

Ailalj~sis ,for cis- rrrzd trans-1,2-Cyclohexat~ediols ( 1 ,  2 )  
Compounds 1 and 2 are separable on both columns 1 and 2. 

Quantitative estimation of the ratio by integration of the peak 
areas from crude thermolysates was not justified in this case; 
however, beca~~se gc-ms of the mixtures showed that although 
the peak eluting with retention time corresponding to 2 was 

Ground Glass Joint 
for attachment to 

Vacuum line 

Thin walled, wide bore 
Thick walle 

Pressure 
tub ing 

Glass wool Plug 

FIG. 1. Apparatus for atmospheric pressure reactions. FIG. 2. Apparatus for sealed tube reactions. 
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purc 2, the pcak cluting with retention time corresponding to 1 
was a mixture of B and an unknown impurity. Estimation of 
the ratio 1 : 2  \+as eiyected by first placing the crude thermoly- 
sate in 1% niethanol-dichloronietbane onto a short column of 
80-200 mesh Brockmana neutral alumina and eluting with 
the same so l~en t  rnixture (fraction A) and then with niethanoi 
(fraction B). Fractions A anci B both showed a gc peak with 
retention time corresponding to 1. whereas only the latter 
showed a peak with retention tinle corresponding to 2. Each 
of these fractions mas acet)lated (acetic anhydride, pyridine, 
ambient temperature; overnight) under conditions previously 
shown to give quantitative and complete derivatization of B 
and 2. No peak in the yc on column 2 of acetylated fraction A 
had the same retention rime as diacetylated 1 or 2, showing 
that fraction A contains iinpurities only. The acetylated 
fraction B had only two peaks in its gc on column 2, corre- 
sponding to cliacetylated R and 2.  Acetylated fraction B also 
showed only two peaks, now better resolved, on c o l ~ ~ n i n  3. On 
this column with in.jcction setting 5, column 170-C, pressure 
30 psi, cis-1,2-diaceto\ycyclohexane had a retention time of 
21.05 2 0.1 n ~ i n  and /rni1~-1,2-diacetoxycycIohexane had 23.25 
t - 0.1 min. 

Tliei~rizo1y.iis c?f'rhe Lithiirn~ Dei.icrrrir,e oJ 3fl-\,/erhoxy-5r- 
c/rolestcitzi~-5,6~-dioI ( 8 )  

The therinolysis was conducted in a sealed tube for 17 h a t  
200 C according to the general procedure. The product 
mixture was separated by plc by multiple clution with 4 :  1 v,'v 
c1iloroforn1-ether giving the following products in decreasing 
order of R,. 

3 ~ - . ~ f c ~ r / z o x - ~ ~ - 5 , 6 ~ - e y o . ~ y - 5 r ~ - c / z o / r  112)-mp 80-81'C; 
['JID2' -53.2- (c 1.2. CHCI3) (lit. (11) n ~ p  8l 'C, -52.0 
t I - :  lit. (12) mp 81-81.5-C, [ x ] , ~ ~  - 51.5,): v,,,,,: no O H ;  
~6 (CC14): 0.60 (s, 3H, 18-Me), 1.03 (s, 3H, 19-Me), 2.72 (d, 
J = 4 Hz, lH,  6-El), 3.25 (s, 3H, OMe), 3.25 (br m, l H ,  3-H); 
tnje: 416 (49). Atlrrl. calcd. for C28H4802 :  C 80.71, H 11.61; 
found: C 80.43, H 1 1.46. 
3p-.\fe/hosy-5%-cholest-6-en-5-01 ( I 3 j n l p  133-1 34'C (from 

acetonitrile); [rIDz9 -44.5' (c 1.0, CHC13): v,,,: 3610 cm- ' ;  
H 6 :  0.68 (s, 3H, 18-Me), 0.92 (s, 3H, 19-Me), 3.36 (s, 3H, 
OMe), 3.6 (br 111, IH, 3-H), 5.60 (s, 2H, 6- and 7-H); H6 
(acetone-d,, 80 MHz); 0.75 (s, 3H), 0.91 (s, 3H), 3.26 (s, 3H), 
3.6 (br n ~ ,  lH) ,  5.53 (s, 2H): "6 (benzene-d,, 80 IMHz): 0.62 (s, 
3H), 0.87 (s, 3H), 3.28 (s, 3H), 3.9 (br m. IH), 5.49 (s, ZH); 
mle: 416 (1.5). Aiznl. calcd. for C2sH,,02: C 80.71, H 11.61; 
found: C 80.51, H 11.47. 
3~-~Merhosy-5p-cl1o/esrui~e-5,6~-diol (10)-mp 91-93'C; 

[r]DZs,s +30.8- (C 1.0 CHCI,) (lit. (9) mp 91-92'C, [XI, 
+27.9"); v x :  3571, 3497 cm- l ;  "6: 0.67 (s, 3H, 18-Me), 0.93 
(s, 3H, 19-Me), 2.54 (br s, 1H, exchangeable with D 2 0 ,  
6-OH), 3.37 (s, 3H, Ohle), 3.70 (br 111, IH, 3-H), 3.78 (dd, 
J = 11, 4 Hz, 6-H), 4.35 (s, IH, exchangeable with DzO, 
5-OH); i?z,'e: 434 (18). Aizcrl. calcd. for C28H5003: C 77.36, 
H 11.59: found: C 77.24, H 11.58. The 6-i?~onorrcetate 1 5  was 
prepared by treatment of 10 with acetic anhydride in pyridine 
a t  room temperature overnight; rnp 128-1 30-C (froni aceto- 
nitrile); v,,, : 3484, 1736, 1242 cm-'; "6: 0.69 (s, 3H, 18-Me), 
0.99 (s, 3H, 19-Me), 2.08 (s, 3H, OAc), 3.34 (s, 3H, OMe), 
3.62 (br s, 1H, 3-H), 4.03 (br s, 1 H, 5-OH), 4.95 (dd, J = 12, 
5 Hz, IH,  6-H); nzje: 476 (2). 

C/zolest-3-erie-5,6-ciiol.s ill)-gun1 ; v,,, : 3590 cm- ' ; " 8  : 
0.67 (s, 3H, ]%-Me), 0.95 (s, 3H, 19-Me), 3 .34 .0  (m, 3H, 6-H 
and 5- and 6-OH), 5.95 (hr s, 2H, 3- anci 4-H): n , ' e :  402 (36). 

C1ea::uge of Diol 10 wirh Periorlic Acid. Furrilurion of Kero 
Alciehjtfe I 4  

To  a solution of diol 10 (24 mg, 0.054 mmol) in 9 5 z  ethanol 
(2.0 mL,) was addecl all at  once periodic acid (12 nig, 0.051 

mmol} in water (0.5 mL). The solution was maintained at 
40cC for 2.5 h. It was diluted with water (10 mL) and the 
resulting opaque suspension was extracted with ether (3 x 5 
n?L). Drying (Na2S04)  and evaporation of the solvent gave 
the keto aldehyde 14 as a gum that could not be crystallized; 
v,,,,,: 2775 (w), 1721; 1698 cnl-'. This was shown to be 
identical with the product obtained by oxidation of diol 8 with 
lead tetraacetate in either pyridine (5) or trichloroacetic acid - 
rnethanol (6) by ir spectral con~parison and tlc with the 
following solvent systems: 4 :  1 v v chloroforni~ether (R, 0.52), 
9 : l  v:v ch1oroforn1-ethql acetate (R, 0.41), and 5 :7 :  1 v fv  
cyclohexane-benzene-n~ethanol ( R ,  0.58). 

Epin~ei.izntiorl of Sa-Hydro .~~-3~i1e~~1o.~y-5r-c /1oIe~s~an-6-one  
20. Forillatior~ of 21 and 2Z9 

A lo:< v jw solution of potassium hydroxide in anhydrous 
methanol (100 mL) mas added to 5x-hydroxy-3B-methoxy-5a- 
cholestan-6-one (20: 334 mg) (12). The mixture was boiled at  
rellux under dry nitrogen for 48 h, added to ice water (500 mL) 
and extracted with ether (1  x 50, 2 x 100 n1L). To  the extract 
was added phenolphthalein solution (1 drop) in water (100 niL) 
and then 2 ~Vsulfuric acid until the red coloiir was discharged. 
The ethereal solution was hashed with saturated aqueous 
sodiurn bicarbonate (20 ml.), dried (hlgSO,), and evaporated. 
The yield of crude prod~lct was 307 mg. Preparative-layer 
chromatography yielded in order of decreasing R ,  a substance 
tentatively identified as 22; thc cpimerized product 21, and 
the starting material 20, in the relative proportions 1 : 5 : 8. 

j-Hyd~os~.-5-cho(rst-3-ei1-6-0ne (22)-gum; v,,,: 3436, 
1706 cm-' :  H6: 0.60 (s, 3H, !$-hie); 0.72 (s, 3H, 19-Me), 4.10 
(s, IH, exchangeable, OH), 5.32 (d, J = 10 Hz, lH ,  4-H), 
5.95 (br d, 1H. J = 10 1-Iz, 3-H): rri,'e: 400 (92). 

5-If~~dro.v~~-3~-,1iethoxy-5B-cholesrc~n-6-oirc 121)-gum; v,,,: 
3390, 1698 c m ' :  " 6 :  0.68 (s, 3H, ]%Me), 0.80 (s, 3H, 19-Me), 
3 .35(s ,3H,OMe) ,3 .60(brs , tv , , . ,  = 8 H z ,  IH,3H),4 .25(s ,  
l H ,  exchangeable, OH); r?z;e: 432 (16). 
5-Hyc/ro.~~~-3~-~11e2/1o~~~-5~-~/1o/~~~tiin-6-otze (20)-nlp 145- 

147'C: v ,,.,,: 3571 (sh), 3401, 1712cm-';  "6: 0.65 is, 3H, 
18-Me), 0.80 (s, 3H, 19-Me), 2.65 (s, lH, exchangeable, OH), 
3.37 (s, 3H: OMe), 3.6 (br m, it,, , = 20 Hz, IH ,  3-H): r17'e: 
432 (100). 

Therinolysis of rile "C.lono/if/li~m~ Dei.i~.mtiue of Diol8. Foi.n~urioi~ 
of 3~-!Methosy-5r-c/1olesrone-5,6~-riiol6-Foroi.rr1ntr (25) 

Diol R (277 mg, 0.66 mniol) was placed into a dry, nitrogen- 
filled Carills tube and dissolved in diglyme (20 niL). The 
solution was cooled to 0-C and stirred by means of a snlall 
magnetic stirring bar within the tube and was treated with 
2.11 N b~~tyllithiuni in hexane (0.40 mk, 0.84 mmol, 1.27 
equiv.). While the nitrogen atmosphere was retained the tube's 
inner walls were washed with additional solvent (10 mL) and 
the t~ ibe  was quickly attached to a vacuum line and evacuated 
with stirring to remove hexane. It was then cooled in a licluid 
nitrogen-carbon tetrachloride slush and sealed under 
vacuum. The tube was heated in a furnace at 195-200'C for 
18 h, cooled, and opened, and the contents were pollred into 
saturated aqueous ammonium sulfate. The solution was 
extracted with ether, and the extract was washed with water, 
aqueous sodiuni bicarbonate, and brine, dried over sodiuni 
sulfate, and evaporated. The high boiling solvent was removed 
under high vacuum leaving a yellowish foam (312 mg). Pre- 
parative-layer chromatography with elution with 4 :  1 viv 
chloroform-ether gave three fractions: recovered 8 (167 mg, 
60z ) ,  an unidentified product (15 mg), and 25 (8 1 n ~ g ,  28%) 
as a gurn that could not be crystallized; v,,,: 3636, 3610, 
1430, 1175 cni-'; "6. 0.68 (s, 3N, 18-,Me), 1.13 (s, 3H, 19-Me), 
3.33 (s, 3H, OMe), 3.6 (br m, 1 H, 3-H), 4.85 (m, w,,, = 6 Hz, 
1H, 6-H), 8.10 (s, IH, CHO); &e: 462. iLlo1. 1t.f. calcd. for 
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C29H4803 (M - KLO). 444.3603: fo~ind (hlgh resolution 
ms): 444 3597. 

Hyi/ro!l.sis of 2.1oizofo~~/i1~1tc 25. Fo/.il~(itiori of Diul 8 
The rno~loforniate 25 (69 mg) was di5solved in benzene 

(4 mL) and 6 mL of a solutio~l of potassiuni carbonate (3 17 
mg) in water (5 mL) and methanol (80 mL) was added to give 
a homoger,eous solution. After 21.5 h at room temperature tlc 
showed complete hydroll-sis to a single product. The solution 
was diluted with brine and extracted once with chloroform 
and once with ether. The extract was dried (MgSO,) and 
evaporated to  give a solid (42 mg), which was recrystallired 
from benzene to give 8, mp 153-154'C, with ir and 'H nmr 
spectra identical with those of authentic material. 

.Wonoforr~~ylntio~z of Diol8.  Foriiicition o j  .\/lorlofor.iiinte 25 
Acetic-formic anhydride was prepared by the method of 

Maramatsu cr 01. (21). The 'H nrnr spectrum of the product 
showed that it was 92% pure and contained 8 x  acetic anhy- 
dride. In a stoppered flask was placed diol8 (104 mg), acetic- 
formic anhydride (92%; 60 drops from a disposable pipette) 
and benzene (40 drops). The stoppered flask was allowed to 
stand at room temperature with occasional agitation for 36 h. 
The contents were poured into saturated aqueous sodium bicar- 
bonate and the mixturewas extracted withether. Theextract was 
dried and evaporated to a foam (81 mg) whose 'H nmr 
spectrum uas  identical \vith that of the product from 8 and 
butyllithiuni-diglyme except that the formate uas  accom- 
panied [7y Yx of acetate. Atten~pted crystallization was 
unsuccessful but gave 25 as a gum that was free of acetate. 

T/.enfri?ent of ~\fo?zofoi.t??cir 25 ir,it/? LLiiiici?~ h-).iii.id?. FOi,i~l~l0t~0~7 
of Eposiile 12 

The monoformate 29 (containing 8% monoacetate; 187 mg, 
0.40 n~mol)  was dissolced in diglymc (7 niL) and lithium 
hydride (1 1.6 mg, 1.5 mmol) was added. The solutiol~ was 
stirred at refluv under nitrogen for 17 h and then worked up 
in the usual way. The ir and 'H nmr spectra of the product 
were identical with those of the epoxide 12. Crystallization 
gave 12 (99 mg), mp 80-81'C. 

Con~*ersiori of  Eyoxicic 12 to E ~ o l  13 
In a 60-cm Carius tube was placed triphenylmethane (8 mg). 

A septum was placed on the tube, which was purged with a 
slow stream of oxygen-free nitrogen. The length of the tube 
was heated to  displace air and moisture. .4 0.149 114 solr~tion of 
water in diglyrne (5.0 mL, 0.745 mmol) was added by syringe 
artd then butyllithiun~ in hexane (7 niL, - 11 ~ n n ~ o l )  was 
added by syringe at O C .  After - 3.5 mL of the latter solution 
had been added the mixture had become persistently red. A 
solution of the epoxide 12 (261 mg, 0.745 mmol) in diglyn~e 
(10.0 mL) was added by syringe all at once to the ice-cold 
solution of base. The red colour faded immediately to  yellow 
but reappeared on standing. The tube was transferred to the 
vacuum line, given two freeze-thaw cycles, and then sealed. It 
was heated for 18 h at  200'C. The usual work-up gave a 
reddish oil that ini~uediately showed signs or solidifying. This 
gaye on tlc one predon-~inar~t spot, which gave with sulfuric 
acld spray and heat the deep blue colour characteristic of the 
allplic alcohol 13. The impure solid was triturated with cold 
metha1101 and then with cold acetonitrile to give an off-white 
solid. This was recrystallized from aceronitrile to give 13 
(134 mg) as long white needles, mp 133-134'C, which was 
shown by ir and 'H nmr spectroscopy to be identical with the 
en01 obtained by therniolysis of the lithium derivative of 8. 

We gratefully acl<nowledge the help of Dr. Renuka 
Misra who performed tlie gc-1x1s measuremeilts and 
Dr. J. E. McCloskey and Mr. J. D. Kronis for 
recording and d~scussi~lg the I3C nmr spectra. We 
thank the National Research Council of Canada for 
support of the work. 

1. W .  E. DOERIUG. G.  CORTES, and L.  H .  KNOX. J .  Am. 
Chem. Soc. 69. 1700 (1947). 

2. W. E. DOERING and T. C.  ASCHNER. J .  Am. Chern. Soc. 71, 
838 (1949). 

3. A .  SCHLOSSER and P. WEISS. Synthesis. 251 (1970). 
4. N. HIROTA and S. I .  WEISSMAN. J .  Am. Chem. Soc. 82. 

4424 (19603. 
5. H. R. GOLDSCHMID and A. S.  PERLIN. Can. J .  Chem. 38. 

2280 (19601. 
6. C. ,4. GROB and P. W.  SCHIESS. Hell.. Chim. Acta. 43. 1 4 6  

(1960). 
7. C. R.  NARAYAVAN and K .  N. I Y E R .  Tetrahedron Lett. 285 

(1966). 
8. R. N. JONES, P. HUMPHRIES, F. HERLING, and K. H.  

DOBRINER. J .  Am. Chem. Soc. 73, 3215 (1951): '9. R. H.  
COLE. Festschr. Chem. Organ. Naturstoffe, 13, 1 (1956). 

9. T. H.  CAMPION, G. '4. MORRISON, and J .  K .  WILKINSON. 
J .  Chem. Soc. Perkin Trans. I. 2508 (1976). 

10. Y. MAZUR and M. NUSSIM. Tetrahedron Lett. 817 (1961). 
11. G. S N ~ T Z R F .  Justus Liebigs Ann. Chen~.  686. 167 (1965). 
12. Y. F. SHEALY and R.  M.  UODSON. J .  Org. Chem. 16. 1427 

(1951). 
13. P. CHAMBERLAIS and G.  H .  WHITMAN. J .  Chem. Soc. B. 

1382 (1970). 
14. J .  B. STOTHERS. Carbon-13 nmr \pectroscopy. Academic 

Press, New York, NY. 1972. pp. 439-443: H. J .  REICH, 
M. JAUTELAT, M .  T .  MESSE, F. J. WEIGERT, and J. D. 
ROBERTS. J .  Am. Chem. Soc. 91,7445(1969): D. LEIBFRITZ 
and J .  D. ROBERTS. J .  .4m. Chem. Soc. 95.4996 ( 1973): D. J .  
C H ~ D W I C K  and D. H. WILLIAMS. .f. Chem. Soc. Perkin 
Trans. 11. 1903 (1974): H. EGGERT, C. L. \'ANANTWERP, 
N. S. BHACCA, and C. DJERASSI. J .  Org. Chem. 46. 71 
(1976); C.  KONNO and H .  HIKINO.  Tetrahedron, 32. 325 
(1976): C.  L. VANASTWERP, H. EGGERT. C .  D. MEAKINS, 
J .  0. MINERS, and C.  DJERASSI. J .  Org. Chem. 42. 789 
(1977): .I. W. BLUNT and J.  B. STOTHERS. Org. hfagn. 
Reson. 9.439 (1977). 
B. M .  TROST. Problems in spectroscopy. W. 4. Benjamin. 
Inc., Neu: York. NY.  1967. Compound No. 119. 
H.  MEERWEIK. Justus Liebigs Ann. Chem. 396.264 (1912): 
K .  B. WIBERG and K. A. SAEGEBARTH. J .  Am. Chem. Soc. 
79. 2822 (1957). 
A. 1 .  VOGEL. A textbook of practical organic chemistry. 3rd 
ed. John Wiley. New York, NY. 1956. p. 894. 
S. NAMETKIN and N .  DELENTORSKY. Chem. Ber. 57, 583 
(1924). 
M .  NEEMAN. M. C. CASERIO, J .  D. ROBERTS, and W. S.  
JOHNSON. Tetrahedron. 6 ,36  (1959). 
D. N .  JONES. J.  R. LEWIS, C. W. SHOPPEE, and G .  H .  R. 
SUMMERS. J .  Chem. Soc. 2876 (1955). 
I .  MARAMATSU. M. MOURATAMI, T. YONEDA, and A.  
HAGITONI. Bull. Chem. Soc. Jpn. 38,244 (1965). 
J .  E.  MCMURRY and W.  CHOY. J .  Org. Chem. 43, 1800 (!978) 



Reactions of N-3'-furylbenzamide with some dienophiles 
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JOHN N. BRIDSON. Can. J. Chem. 57, 314 (1979). 
N-3'-Furylbenzamide gives a conventional Diels-Alder adduct with maleic anhydride but 

with dimethyl maleate and methyl acrylate further reactions take place at  the enamide grouping 
of the initially formed adducts. Compounds have been isolated in which molecules of an alco- 
hol, used as solvent, or the starting furan have added to the double bond of the 1 : 1 adducts. In 
the first case unstable alkoxyamides are formed; in the second stable 2 :  1 adducts result from a 
novel uncatalysed addition to the double bond of the enamide. The stereochemistry of these 
and related compounds is discussed. 

JOHN N. BRIDSON. Can. J. Chem. 57, 314 (1979). 
Avec I'anhydride maleique, le N-furyl-3' benzamide fournit un adduit de Diels-Alder nor- 

mal; toutefois le maleate ou I'acrylate d'ethyle conduisent a des reactions subsequentes au 
niveau du groupement enamide des adduits qui se forment initialement. On a isole des com- 
poses dans lesquels des molecules d'un alcool, utilise comme solvant, ou le furanne de depart 
se sont additionnis a la double liaison des adduits 1 : I .  Dans le premier cas, 11 y a formation 
d'alkoxyamides instables; dans le deuxieme cas, il en resulte des adduits 2: 1 stables provenant 
d'une addition qui n'est pas catalysee a la double liaison de I'enamide. On discute de la stereo- 
chimie de ces composes et d'autres qui leur sont apparentes. 

[Traduit par le journal] 

Introduction 
There has recently been considerable interest 

shovvn in the properties of derivatives of the 7-oxa- 
bicyclo[2.2.l]heptane system and the related alkene 
and diene. Papers and patents have been published 
referring to cytotoxic (I), antidiabetic (2), and the 
well known fungicidal and herbicidal activities of 
these compounds; structurally related molecules 
synthesized from these bicyclic systems have shown 
promise as analgesics and antiinflammatory drugs 
(3). Research into chemical and biological properties 
is however hampered by the difficulties encountered 
while constructing the bridged system by Diels-Alder 
reactions of furan and its derivatives. Such reactions 
are frequently easily reversible and in consequence 
lack endo selectivity, variable mixtures of exo and 
endo adducts resulting. The reactions often proceed 
slowly and in poor yield, e.g., furan and acrylonitrile 
are reported to form 7-oxabicyclo[2.2.l]hept-5-ene- 
2-nitrile in 39% yield after 5 weeks (4). Dauben and 
Krabbenhoft (5) have found that under extremely 
high pressure the reactions proceed more rapidly in 
satisfactory yield but nevertheless the synthetic 
utility of Diels-Alder reactions of furan and its more 
common derivatives seems to be limited. 

In this laboratory a study of the diene reactivity 
of furan rings bonded to oxygen and nitrogen has 
been undertaken. anticipating that the enhanced 
availability of electrons in this group of compounds, 
t o  date relatively neglected by synthetic chemists, 

might facilitate their reactions with a variety of elec- 
tron deficient dtenophiles. This paper reports the 
results of experiments on N-3'-furylbenzamide (I), a 
particularly interesting potential diene, the adducts 
of which might easily be converted into muscarine 
analogs similar to those prepared by Nelson and 
Allen ( 6 ) ,  in which the nitrogen atom n a s  introduced 
after generation of the bicyclic ring systern. 

Results and Discussion 
When maleic anhydride was added to a saturated 

ethereal solution of I, the colorless, analytically pure 
Diels-Alder adduct 2 separated in reasonable yield. 
In other solvents, no  adduct crystallised and it seems 
that the equilibrium expressed in Scheme 1 is un- 
favourable with respect to product. A similar isola- 
tion taking advantage of the limited solubility of 
endo,cis - 7 -oxabicyclo C2.2.l Ihept - 5 - eue - 2,3 - dicar- 
boxylic acid is reported (7). The 'Hnir  spectrum of 
2 indicated an  exo configuration for the anhydride 
group, the bridgehead protons appearing as a singlet 
(1-H) and doublet (4-H), the latter coupled with the 
vinyl proton. Couplings with the 2-FI and 3-H were 
undetectably small as observed in many similar com- 
pounds (see, for example, ref. 8). The atnide proton 
resonance a t  6 10.22 in DMSO-(/, disappeared slowly 
after addition of D,O: but the remaining absorptions 
were unchanged after several hours including the 
vinyl-El doublet at  6 6.03. Thus tautomerisrn to the 
N-benzoylimine 3 does not take place under these 
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conditions and, despite their almost complete absence 
from the literature (see, however, ref. 9) enamides 
with a free N-H appear to be stable compounds, in 
contrast to the corresponding ena~nines (10). 

Efforts to  obtain Diels-Alder adducts with other 
dienophiles failed in a variety of' solvents and under 
a variety of conditions. presumably because of rever- 
sion to starting materials. It is significant that 2 
decomposed on attempted recrystallisation from hot 
solvents and that its mass spectrum sho\ved no molec- 
ular ion but was simply a sum of the mass spectra of 
the component diene and dienophile. Similar!y 
dimethyl maleate - furan adducts were not isolable 
directly from a Diels-Alder reaction (1  1) and when 
prepared by other means reverted to components 
very readily (7). In  an effort to bypass the problem, 
advantage was taken of the ready addition of aico- 
hols to enamides which, in the case of K-vinyl-2-pyr- 
rolidinone in the presence of acid catalysts, pro- 
ceeded in almost quantitative yield (12) giving 4. At 
higher temperatures the reverse reaction of a closely 
related alkoxyamide has been observed (13). It was 
found that acidic catalysts caused extensive decom- 
position but that the reactions of dinlethyl maleate 
and N-3'-furylbenzamide in alcoholic solvents gave 
the unstable alkoxyamides, in the absence of cata- 
lysts, quite cleanly. but reversibly. It proved impos- 
sible to isolate these sensitive compounds but their 
existence was clearly demonstrated by 'Hmr spectra 
recorded on the crude reaction mixtures. Structures 
5a and 5h have been assigned to the adducts formed 
in isopropanol and benzyl alcohol respectively. The 
bridgehead protons' resonances appear as doublets 
(I-H) and singlets (4-M) confirming the exo orienta- 
tion of the ester groups. The l-H couples with the 
exo-6-H but not the rndo protons as anticipated from 
the respective dihedral angles. Stereochemistry a t  the 
5-position is less certain but assuming that the exo 

position is less sterically hindered and that the reac- 
tion is reversible, it would seem that the bulky amide 
group should be exo whe11 in competition with an  
isopropyloxy group, and possibly also in the benzyl- 
oxy case, particularly if the planar conformation of 
the amide group is dominant. This is supported by 
the 2-H and 3-H absorption appearing as an AB 
system in 5h but as a singlet in 5a and 2. AII endo 
beilzyloxy group could cause selective shielding in 
certain conformations in which the aromatic group 
lies directly beneath the bicyclic system. The alkoxy- 
amides were easily hydrolysed by traces of water in 
solvents and on silica columns and when sufficient 
water was deliberately added to the reaction mixture 
a quantitative yield of 6 mixed with an equimolar 

0 

amount of benzamide was obtained after evaporation 
of excess alcohol. The keto diester 6 was identified by 
its 'Hmr spectrum and by comparison of its melting 
point and that of its 2,4-dinitrophenylhydrazone with 
literature values. A possible intermediate in the for- 
mation of 6 is the hydroxyamide 5c and although this 
compound was never isolated, its stereoisomer 7 was 
obtained in very poor yield on one occasion when 
dimethyi maleate, fnranamide, and methanol were 
heated together and subsequently chromatographed 
on silica. Surprisingly, 7 is reasonably stable and 
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could be recrystallised to  give an analytically pure 
sample. The bridgehead protons appear in the 'Hmr 
spectrum as partially overlapping multiplets sug- 
gesting the endo disposition of the two ester groups 
and the hydroxyl group is also tentatively assigned 
the endo configuration, The is spectrum shows two 
clear C=O absorptions, a normal ester peak at 
1738 crn-' and a second peak at 1713 cmp' which 
is assigned to the intramolecularly H-bonded 3-ester 
group. The -0-H stretching absorption appears, 
as expected, as a broad peak at 3400 cm-!.  The 
methyl group proton resonances appear a t  the nor- 
mal position of 6 3.80 and at unexpectedly high field 
6 3.33. It is possible that in solution 7 is rapidly 
equilibrating with 8 which might cause such an 
upfield shift. Attempts are being made to  isolate 
more of this coinpound and further investigate its 
structure. The reluctance of 8 to lose methanol and 
form the lactone under the mild isolation conditions 
may be due to the increased strain in the tricyclic sys- 
tem which would result. Such lactones, although well 
known. are generally formed by internal quenching 
of a carbonium ion by a carboxylate group (14) 
rather than by an internal acyl substitution (trans- 
esterification). The difficulties associated with the 
latter route to the lactones are discussed in Zefirov's 
paper ( I  5) .  

In refluxing toluene, 2:  1 mixtures of N-3'-furyl- 
benzamide and dimethyl maleate or methyl acrylate 
gave cornpounds 90 and 9b, respectively, presumably 
via the Diels-Alder adduct 10. There is no precedent 

for the uncatalysed addition of the second molecule 
of furanamide to the enamide and this interesting 
reaction is being further investigated. The 'Hmr 
spectra of 9 again clearly demonstrate the geometry 
of the system, the bridgehead proton resonances 
showing couplings consistent with the endo con- 
figuration of the ester groups. The stability of these 
2: 1 adducts with respect to elimination and subse- 
quent reverse Diels-Alder reaction would favor the 
isolation of endo isornerpand would also lead one to  
suppose that the second furanamide molecule adds 
irreversibly from the least hindered exo side of the 
adduct 10. The regioselectivity displayed in the 
acrylate reaction is the first indication of adherence 

to  the 'puru rule' in a Diels-Alder reaction of a fura- 
noid diene. 

Experimental 
Elemental analyses were performed by Atlantic Microlabs, 

GA, U.S.A. or by Memorial University Water Analysis 
Facility. 'Hrnr spectra were recorded on a Varian EM 360 
instrument and ir spectra (Nujol mulls) on a Perkin-Elmer 
237B grating spectrophotometer. Mass spectra showing the 
molecular ion and a base peak at r,~/e 105 (Ph-C=O+) were 
recorded for all new compounds, on an Hitachi-Perkin-Elmer 
RMU-6E spectrometer with direct inlet system. Melting points 
are uncorrected. 

N-3'-Furylbenzar,iidr (1) 
3-Furoic acid was converted by standard methods into the 

hydrazide, mp 126-127.5"C, in 7 1 z  yield. 3-Furoylhydrazide 
(12.6 g ,  0.1 mol) in water (300 mL) and 2 N H2S04 (75 rnL) 
was swirled at 0-5'C for 15 min whilst NaNO, (7 g in 30 mL 
H20)  was added dropwise. After standing for 1 h at O0C, the 
resulting white suspension was extracted with ether (2 x 250 
mL), the ethereal solution of the azide separated, dried 
(Na,SO, anhydrous), filtered, and cautiously distilled until 
approximately 300 mL of ether had been collected. Dry ben- 
zene (60 mL) was added and distillation continued until nitro- 
gen evolution commenced (distillation temperature 75°C). The 
heating rate was adjusted until distillation almost ceased and 
continued for 5 h until nitrogen evolution was complete. The 
resulting solution was added dropwise to a cooled ethereal 
solution of phenylrnagnesium bromide (0.1 mol) over 10 min. 
Aqueous acidic work up gave N-3'-furylbenzamide, mp 145- 
147°C (lit. (16) mp 142^C), 12.1 g, 64.7% from the hydrazide. 

exo-N-Benzoyl-5-anzino-7-oxnbicyclo [2.2.1]hept-5-ene-2,3- 
dicarbo,~ylic Acid Anhydride (2) 

The furan (1) (0.25 g, 1.3 mmol) in dry ether (15 niL) was 
stirred with maleic anhydride (0.14 g, 1.4 mmol) at room tem- 
perature for 24 h. Filtration gave colorless crystals of 2,  0.29 g, 
75.9%; ir v cm-': 3370, 1865, 1836 (shoulder), 1773, 1671, 
1630; 'Hmr (DMSO-d6) 6 :  3.24 (s, ZH), 5.07 (d, lH), 5.21 (s, 
IH), 6.03 (d, IH), 7.1-7.7 (m, 5H), 10.22 (s, IH), J1,, = 1.7 
Hz. Anal. calcd. for C,,H,,NO,: C 63.16, H 3.89, N 4.90; 
found: C 63.01, H 3.97, N 4.90. 

Dimethyl endo,exo,exo,cis-N-Benzoyl-5-isopropoxy-5-amino- 
7 - o x u b i c ~ ~ c l o [ 2 . 2 . 1 ] h ~ ~ p t ~ ~ n e - 2 , 3 - d i ~ e  (5a) 

The furan (1) (0.28 g, 1.5 mmol) and dimethyl maleate 
(0.22 g, 1.53 mmol) were refluxed in isopropanol (5 mL) for 
2 days. Evaporation gave a pale yellow oil estimated to contain - 85% of 50 plus unidentified by-products; 'Hmr (CDCI,) 6 :  
1.15 (d, 6H), 2.01 (d, IH), 2.42 (dd, lHj,  3.5 (m, 2H), 3.61 
(s, 3H), 3.63 (s, 3H), 3.93 (septet, lH), 4.96 (d, 1H), 5.69 (s, 
IH), 7.2-7.9 (nl, 6H), J < C H J ) 2 ~ ~  = 5.8, d1,6 = 4.8, .r6,6 = 
15.8 Hz. 

Dir?iefhj~l exo-5-Oxo-7-oxabityclo[2.2.I]l~eptane-2,3-dicarboxy- 
late (6)  

The furan (1) (0.56 g, 3.0 mmol) and dimethyl maleate 
(0.44 g, 3.1 mmol) were refluxed in isopropanol (7 mL) con- 
taining 0.5 mL water for 2 days. Evaporation gave in quanti- 
tative yield, pale yellow crystals of an equimolar mixture of 
benzamide and 6 ,  from which the latter could be separated by 
repeated recrystallisations from benzene or by preparative 
thin layer chromatography on silica; mp 128-129'C (lit. (17) 
rnp 123-124-C); ir v cm-' : 1760, 1735, 1720 (shoulder); 'Hmr 
(CDCI,) 6 : 2.07 (d, 1 H), 2.60 (dd, IH), 3.21 (s, 2H), 3.68 (s, 
6H), 4.66 (s, lH), 5.17 (d, lH), J,,, = 5.6, J,,, = 17.8 Hz. 
Anal. calcd. for Cl0Hl2O,: C 52.63, H 5.30; found: C 52.56, 
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H 5.30. 2,4-Dinitrophenylhydrazone mp 234-236 (lit. (17) (9b) was isolated as colorless crystals (41%), mp 188-189'C; 
mp 230'C). ir v cm-': 3310 (shoulder). 3255. 1735. 1649. 1624: 'Hmr 

Di~,~etkyl endo,exo,exo,cis-N-Benzoyl-5-benzyloxy-5-atnino- 
?-cixnbic,ycIo[2.2.1]heptane-2,3-dica~te (5b) 

Prepared in crude form as for 5a, the unstable alkoxyamide 
5b had n ~ p  138-142'C; 'Hmr (CDCI,) 6 :  1.91 (d, IH), 2.38 
(dd, 1 H), 3.04 (d, l H), 3.32 (d, 1 H), 3.62 (s, 6H), 4.45 (d, 1 H), 
4.65 (d, IH), 4.78 (d, lH) ,  5.64 (s, lH), 7.0-7.9 (m, 11 H), 
J1,, = 5.2, J 2 , 3  = 9.6, J6.6 = 14.0, Jge,,,(benzyl) = 16.4 HZ. 
Attempted purification by tlc failed, only benzamide and 6 
being isolated. 

Din1et17yl endo,exo,endo,cis-N-Benzoyl-5-/7yd~oxy-5-a1~1ino- 
7-oxabicyclo[2.2.1]l7eptane-2,3-dicarboxyIate ( 7 )  

The furan (1) (0.28 g, 1.5 mmol) and dimethyl maleate 
(0.22 g, 1.53 mmol) were refluxed in absolute methanol (5 mL) 
for 4 days. Evaporation gave a yellow oil which was chroma- 
tographed on silica gel. Elution with toluene-ether (I : I)  gave 
7, recrystallised from benzene as colorless needles (0.03 g, 
5.773, mp 142-144'C; ir v cm-' :  3380 (very broad), 1738, 
1713, 1650; 'Hmr (CDCI,) 6 :  2.35 (dd, IH),  2.74 (d, IH), 3.33 
(s, 3H), 3.48 (narrow 111, 2H), 3.80 (s, 3H), 5.0 (m, IH), 5.1 
(m, lH), 7.3-7.9 (m, 5H), 8.60 (s, IH), J,,, = 5.0, J,,, = 
13.0 Hz. Anal. calcd. for C,,H,,NO,: C 58.45, H 5.48, N 
4.01; found: C 58.35, H 5.50, N 4.00. 

Diti1er17j~l exo,endo,endo,cis-N-benzoyl-5-(N'-brnzoyl-3'- 
aii~i11ojirr-2'-yl) -5-roi~ino-7-o.uabicyclo[2.2. Ilheptane- 
2,3-dicarboxylute (921) 

The furan (I) (0.16 g, 0.86 mmol) and dimethyl maleate 
(0.06 g, 0.42 mmol) were refluxed in toluene (4 mL) for 10 h, 
cooled in an ice bath, and filtered to separate the tan crystals. 
Recrystallisation from toluene gave colorless plates (0.12 g, 
55.1%), mp 214-216'C; ir v cm-' :  3270, 3200, 1735, 1725 
(shoulder), 1658, 1622; 'Hmr (CDCI,) 6: 2.46 (d, lH),  3.02 
(dd, IH), 3.5 (ni, 2H), 3.57 (s, 3H), 3.71 (s, 3H), 4.84 (broad t, 
IH), 5.65 (broad d, IH), 6.96 (d, IH), 7.27 (d, IH), 7.2-8.2 
(m, IOH), 9.28 (s, IH), 10.47 (s, IH), Jl,2 z 4.8, J,,, = 5.6, 
J3,4 = 4.1, J6, ,  = 14.2, J4.,5r = 1.9Hz.  Anal. calcd. for 
C28Hz6N208: C 64.86, H 5.05, N 5.40; found: C 64.92, H 
5.09, N 5.35. 

Metl~yI exo,endo,endo-N-benzoyl-5-jN'-ber1zoyl-3'-at~7inofrrr- 
2'-yl) -5-a~~7ino-7-oxabicycIo[2.2.l]/1eptane-2-carboxylate 
(9b) 

I n  a manner sinxlar to the preparation of 9a, the monoester 

(CDCI,) 6 :  2.10 (d, 1H), 2.0-3.3 (rn, 4H), 3.64 (s, 3H), 4.72 
(t, lH) ,5 .58(d ,  lH),7.0-8.1 (m, 13H), 10.44(s, 1H) ,J1 ,2  x 
J1.6- 5.5, J 3 , 4 = 4 . 6 ,  J6.6= 15.OHz. Anal. calcd. for 
C Z ~ H ~ ~ N ~ O , :  C 67.82, H 5.25, N 6.08; found: C 67.92, H 
5.26, N 5.94. 
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A correction in the published nuclear magnetic resonance spectra of 
trans-camphane-2,3-diols 
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Thi~nann Labor-aror-ies, University of Culij%r.niu, Srrr2ta Cr~rz, CA 95064, U.S.A. 
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MARK A. JOHNSON and MICHAEL P. FLEMING. Can. J. Chem. 57,318 (1979). 
It is unequivocally shown that the published nmr spectra assigned to 2-endo,3-exo-camphane- 

diol and 2-exo-3-endo-camphanediol should be reversed. The 2-exo,3-endo isomer is prepared 
unan~biguously by hydroboration-oxidation of camphor en01 silyl ether. 

MARK A. JOHBSO~ et MICHAEL P. FLEMIXC. Can. J. Chem. 57.318(1979). 
On demontre sans equivoque que les spectres rnin publies et attribuis aux erzdo-2 exo-3 

camphanediol et exo-2 endo-3 camphanediol devraient Ctre inverses. On a prkpare l'isomere 
eso-2 endo-3 sans ambiguite par hydroboration-oxydation de l'ether enolique silyle du 
camphre. 

[Traduit par le journal] 

During the course of our mechanistic investiga- 1 H) while the minor isoiner had nmr (pyridine-D,O) 
tions on the titanium-induced deoxygenation of 6:  0.83 (s, 3 H), 0.99 (s, 3 H), 1.19 (s, 3 H), 3.70 (d, 
1,2-diols to olefins (1, 2), we found it necessary to 1 H, J = 3 Hz), 4.66 (broad, 1 H). According to 
prepare cis and trans ( +)-camphane-2,3-diols. There published spectral data (5), these results show that our 
are four possible \+)-camphane-2,3-diols, and all major hydroboration product is the 2-endo,3-exo diol 
have been prepared, purified, and characterized (3, 3, whereas the minor product is the 2-exo,3-endo diol 
4). In addition, the nmr spectra of the four have been 2. This is most surprising since it indicates that 
recorded and analyzed in detail (5). hydroboration has occurred from the more hindered 

The 2-exo,3-exo isomer 1 is readily prepared by exo face of the en01 silyl ether. We believe that this is 
unlikely and that there is in fact an error in the 

& & &." J$ published spectral data (5) transposing the correct 
values for isomers 2 and 3. Since nmr spectroscopy is 

H OH the only convenient method for distinguishing be- 

H H OH OH OH tween the isomers, we believe that this error should 

1 2 3 4 be corrected. 
2-exo.3-e.ro 2-exo.3-endo 2-endo,3-e uo 2-rt7do.3-endo v 

LiAlH, reduction of camphorquinone (6). Hydride ( 1 )  BH, 
attack occurs almost exclusively from the less t 2 + 3  
hindered endo face of the camphorquinone and we OTMS ( 2 )  H20210H (65%) (3.5%) 
have verified the details of the synthesis as well as the 5 
reported (5) nsnr spectru~n (nmr (pyridine-D,O) 6 :  
0.77 (s, 3 H), 1.03 (s, 3 H), 1.30 (s, 3 H), 3.70 (d, 1 M, Confirsnation of our structural assignments, and 
J = 7 Hz), 3.95 (d, 1 H, J = 7 Hz)). therefore of the literature error, was obtained by two 

The cis diol 1 was thus readily available but we also further experiments. In the first of these, hydro- 
needed a trans diol for our work. Rather than follow boration with the hindered reagent thexylborane, 
the rather tedious literature procedure, however, it followed by oxidation, gave a 90: 10 mixture of 2 and 
occurred to us that 2-exo,3-e~do diol 2 might be 3. One would expect this reaction to be quite selec- 
readily obtained by hydroboration-oxidation of tive for endo attack. 
(+)-camphor en01 silyl ether. Hydroboration of the In the second experiment, we prepared a mixture 
known (7) silyl ether 4 with BH, followed by basic of di-p-nitrobenzoates derived from the 2 + 3 mix- 
hydrogen peroxide oxidation occurred without in- ture and measured the optical rotation. Angyal has 
cident and yielded a 65 : 35 mixture of the two possible reported (3) that the di-p-nitrobenzoate of 2 has 
trans-camphane-2,3-diols. The major isomer had [a], + 134.5" whereas the di-p-nitrobenzoate of 3 has 
nmr (pyridine-D,O) 6 :  0.83 (s, 3 H), 0.99 (s, 3 H), [a], - 113". The value of our 2 + 3 mixture was 
1.25 (s, 3 H), 3.90 (d, 1 H, J = 3 Hz), 4.29 (broad, [a],  +30°, corresponding to 60% 2 and 40% 3 (vs. 

0008-4042/79/0303 IS-02$0 1 .OO/O 
a 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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JOHNSON A N D  FLEMING 319 

65:35 by nmr integration). Both chemical and 
physical evidence is therefore in agreement that the 
published nrnr data (5) for 2 and 3 should be re- 
versed. 

Experimental 
A solution of (+)-camphor en01 silyl ether (7) (11.220 g, 

50.0 mmol) in 50mL dry tetrahydrofuran (THF) was pre- 
pared and a solution of borane in THF (50 mL of 1 M solution) 
was slowly added over 30 min at  room temperature. After 
stirring 2 h a t  room temperature and a further 2 h at 35'C, the 
solution was cooled to 0°C. Hydrogen peroxide (16 mL of 30% 
aqueous solution) and sodium hydroxide (16 mL of 3 N 
aqueous solution) were added and the mixture was heated to 
35'C for 2 h. After cooling, the aqueous layer was separated 
and extracted with ether. The combined organic solutions were 

washed with 10% HCI and with brine, then dried (MgSO,) and 
concentrated at the rotary evaporator. Recrystallization from 
benzene gave the 65 : 35 mixture of diols 2 and 3; mp 251-252°C 
(lit. (3) 2 mp 250.5-252'C; 3 mp 254-256'C). 

1. J .  E.  MCMURRY and M. P. FLEMING. J .  Org. Chem. 41,896 
(1976). 

2. J .  E. MCMURRY, M. P. FLEMING. K. L. KEES, and L. R.  
KREPSKI. J .  Org. Chem. 43,3255 (1978). 

3. S .  J .  ANGYAL and R.  J .  YOUNG. J .  Am. Chem. Soc. 81,5467 
(1959). 

4. T. TAKESHITA and M. KITAJI~IA.  Bull. Chem. Soc. Jpn. 32, 
985 (1959). 

5 .  F. A. L. ANET. Can. J .  Chem. 39,789(1961). 
6. L. W. TREVOY and W. G. BROWN. J .  Am. Chem. Soc. 71, 

1675 ( 1  949). 
7. G. C. JOSHI and L. M. P A N D ~ .  Synthesis, 450 (1975). 
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The carbon monoxide/nitrous oxide reaction. Kinetics of catalysis on Ti@ (anatase) and 
ZnO and activity correlations for the first-row transition metal oxides 

BORDAN WALTER KRUPAY' AND ROBERT ANDERSON ROSS 
Depii i . t~?~e~~t of Ciir/nisti3., Ltrkehrtlcl C'nil.ei.sity, Thlitidt,~. Buy, 01!/., Cunndn P7B 5El 

Received June 23, 1978 

B O R D A ~  WALTER KRUPAY and ROBERT A ~ D E R S O Y  ROSS. Can. J. Chem. 57.320(1979). 
The catalytic reaction between carbon monoxide and nitrous oxide on titanium dioxide 

(anatase) and zinc oxide has been examined i ~ i  a coriiinuous flow I-eactor at atmospheric pres- 
sure. The experimental activation energy was 144 + 4 kJ mol-' from 723 to 793 K on TiOz 
and I21 + 4 kJ mol-' from 543 to 653 K on ZnO. Analyses of kinetic results indicated that a 
transient carbonate-like species may be involved in catalysis on both oxides. Relationships 
between the experimental activation energies for the CO:N,O reaction on first-row transition 
metal oxides and (i) activation energies for isotopic oxygen exchange, (ii) heats of carbonate 
formation, and (iii) the c1iarge:radius ratio of the cation are interpreted in terms of the influence 
on catalysis of the cohesive propertie? of the metal oxygen bonds in the oxide surfaces. 

BORDAN WALTER K R U P ~ Y  el ROBERT ALDERSON ROSS. Can. J. Chem. 57,320 (1979). 
Operant dans un rkacteur a ecoulenient continue a pression atmospherique, on a etudii la 

reaction catalytique du nionoxyde de carbone et de l'oxyde nitreux sur le dioxyde de titane 
(anatase). L'energie d'activation experimentale est de 144 & 4 kJ mol-I de 723 a 793 K sur 
le TiO, et de 121 i 4 kJ niol-I de 543 653 K sur le ZnO. L'analyse des donnees cinetiques 
itldique qu'une espice transitoire ressernblant i un carbonait: peut tire impliquie dans la 
catalyse sur les deilx oxydes. On a interprete les relations qui existent entre les energies 
d'activations experimentales pour la reaction du CO N,O SLIT des oxydes de metaux de 
transition de la premiere periode et (i) les energies d'activation des echanges isotopiques de 
l'oxygene, (ii) les chaleurs de formation du cabonate et (iii) le rapport charge;'rayon du cation 
en terrnes de I'influence, sur la catalyse, des proprietes cohesives des liaisons metal oxygene 
sur les surfaces des oxydes. 

[Traduit par le journal] 

Kinetic results and mechanistic proposals for the 
catalytic reaction between carbon rnoiloxide and 
nitrous oxide over several first-row transition metal 
oxides have been co~nrnunicated recently (1-3). 
Although the oxides exhibited some differences in 
kinetic behaviour which could be ascribed to indi- 
vidual surface chemical factors, the overall course 
of catalysis could be generally related to (i) the reac- 
tion of carbon monoxide ~vith surface oxygen via a 
cyclic transition state. (ii) the destabilization of an 
intermediate surface carbonate species, and (iii) the 
desorption of carbon dioxide which could occupy 
two surface sites. 

The proposals have been further explored tllrough 
kinetic measurements of the reaction on titanium 
dioxide, anatase, and zinc oxide and also by com- 
parisons of catalytic activation energies for the 3d 
series of oxides with (i) oxygen isotope exchange 
energies, (ii) heats of carbonate formation, and (iii) 
chargeiradius ratios of the oxide cations. 

Experimental 
The reaction was examined in a differential flom-reactor at 

atmospheric pressure with high-purity helium as the carrier 
gas. A thermal conductivity detector with stainless steel 
columns. 183 x 0.32 cm o.d., packed with 61 cni 'Carbosieve 
B' and the remainder with 'Poropak Q' at a column tenipera- 
ture of 353 K was sufficient to resolve nitrogen, carbon nion- 
oxide, carbon dioxide, and nitrous oxide in the Reckman GC-5 
gas chromatograph. 

The standard reacting gas mixture consisted of carbon mon- 
oxide and nitrous oxide each at a partial pressure of 5.33 kN 
n i r 2  (40 Torr). 'Blank' runs confirmed that reaction on the 
quartz wool and reactor \valls reached 1% at 853 K which was 
130 K above the highest temperature of catalysis. Preliminary 
experiments on t i t an i~~m dioxide and zinc oxide established 
that diffusion phenomena (4, 5) did not influence the rate mea- 
surements at a total gas flow rate of 350 1111 min-l (NTP) for 
both catalysts. 

Titanium dioxide ( 1 0 0 ~ ~  anatase), supplied by British Drug 
Houses Ltd., and zinc oxide, 99.99"4 pure, from Alfa Inor- 
ganic~ Inc., \+ere heated at 873 K in air for 10 h and stored in 
desiccators ober P,O, prior to use. Carbon monoxide (C.P.; 
99.5% minimum), carbon dioxidc (Colenlan: 99.9973, nitrogen 
(super-pure; 99.9975), nitrous oxide (99.9% ininimum), and 
helium (high purity; 99.99573 were used as supplied. 

Prior to the kinetic experiments, titanium dioxide was heated 
in helium for 5 h at 773 K and exposed to the standard gas 

'Present address: Chemistry Division, National Research m i x t ~ ~ r e  at 793 K. Catalyst activities reached steady levels after 
Council of Canada, Ottawa, Ont., Canada K I A  OR6. 1 h. The surface area (krypton: B.E.T.) and catalyst volume of 

0008-4042/79!030320-06$01.00/0 
cj 1979 National Research Council of Canada/Conseil national de rechel-ches du Canada 
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KRUPAY A N D  ROSS 

FIG. I .  Effects of variations in the partial pressures of carbon monoxide (@), nitrous oxide (A), nitrogen (m), and carbon 
dioxide ( O )  on the catalytic COiN,O reaction on titanium dioxide at 763 K .  

the oxide after catalysis \bere 9.0 in2 g-I  and 1.64 cm3 gg', m-' the rate order of 0.2 changed to zero at higher 
respectively. The lariest conversion, 5 . 4 5 ~ ,  \\as recorded at partial pressures ( ~ i ~ ,  2). 

+ - 
793 K, the maxi~nurn temperature for the study. X-ray powder 
diffraction photographs revealed no structural changes in the With the carbon monoxide and nitrous oxide 
oxide after catalysis. partial pressures both fixed at 5.33 k N  mP2,  1.45 kN 

The reaction uas examined on zinc oxide fro111 653 to 543 K ~ n - '  carbon dioxide Mas continuously introduced to 
in the standard gas mixture. Steady catalyst activity, corre- 
sponding to a conversion level of 13.2%, was established at  
653 K after 5 h and X-ray powder diffraction photographs of 
sanlples taken before and after catalysis were identical. The 
surface area (krypton; B.E.T.) of the oxide, 12.0 in2 g ' ,  and 
the catalyst volurne, 1.36 cm3 g g ' ,  mere determined after the 
kinetic experin~ents were completed. 

Results 

Tituniun~ Dioxide 
With the nitrous oxide partial pressure fixed at 

5.33 kN ~ n - ~ ,  the rate order uith respect to carbon 
monoxide partial pressure was exanlined at 763 K 
from 4.00 to 13.3 kN m-' (Fig. 1). This figure also 
shows the rate results for nitrous oxide in the partial 
pressure range 4.00 to 13.3 kN ~ n - ~  at 763 K with 
carbon monoxide maintained at 5.33 kN mP2.  

With both carbon monoxide and nitrous oxide 
fixed at 5.33 kN ~n- ' :  the eKect of variations in 
nitrogen partial pressure was examined frorn 2.67 to 
10.7 kN m-' at 763 K (Fig. 1). For the range of 
carbon dioxide partial pressures studied to determine 
kinetics, a rate order of -0.1 was approximated. 

Thus for titanium dioxide, the experi~nental rate 
of reaction, r (mol n ~ - ~  s-I), was expressed as:  

Zi11c Oxide 
The partial pressure of carbon monoxide was 

varied from 1.33 to 16.0 kN m - 2  a t  593 K \+bile 
nitrous oxide was maintained constant a t  5.33 kN 

the gas stream. When the effluent was i a~~ lp lcd  3 lnin 
later. the reaction rate \+'it11 respect to nitrous oxide 
had increased to 15.5 x mol ~n- '  sC1 uhich, 
when compared to an initial value of 1.51 x 
rnol m-' s - ' ,  represented a 10-fold increase in the 
reaction rate. The reaction rate decreased continu- 
ously with time until a steady ~ 'a lue  of 0.30 x lo-' 
mol nl-' s-I i4as reached 2 h later. This rate did 
not change when the carbon dioxide partial pressure 
was subsequently increased step-uise to 5.79 kN 
m-'. During the initial 2 h period, the measured 
carbon monoxide level in the gas strean1 remained 
constant while the liitrous oxide level gradually rose 
from zero to 5.31 kN m-'. Thus, steady state con- 
ditions did not prevail and the surface reaction was 

l o g l O  ( Partial pressure / k~rn- '  ) 

~ n - ~  (Fig. 2). The rate order was 0.8 from 16.0 to  l o g l O  ( Partial pressure / Torr i 
2'67 kN m-2 and O" this lanee' The effect of FIG. 2 Reaction rate order measurements for the C O / N 2 0  
'litsous oxide partial pressure was examined at 593 on zinc  oxide at 593 K with variations in the partial 
from 1.33 to 16.0 m P 2  with carbon monoxide pressures of carbon monoxide (o),  nitrous oxide (A), and 
fixed at 5.33 kN n C 2 .  Between 1.33 and 4.00 kN nitrogen (0). 
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assumed to be proceeding mainly by reaction of 
nitrous oxide with carbon dioxide in a manner similar 
t o  that observed with cobalto-cobaltic oxide (3). 
Since a numerical value for the rate order with respect 
to  carbon dioxide could not be established, subse- 
quent determinations of rate constants were made 
on  the assumption of zero order kinetics. 

A reaction rate order of zero with respect to nitro- 
gen in the partial pressure range 2.67 to 10.7 kN 
m - 2  was determined. 

The experimental reaction rate on zinc oxide, r. 
(mol m p 2  s-I), a t  593 K was expressed as:  

Ten7peratur.e EfSects 
After pretreatment in the standard reactlon mix- 

ture to establish steady catalytic activity at  793 K, the 
variation in the rate of catalysis with temperature on 
titanium dioxide was examined from 793 to 723 K at  
6 K intervals. The Arrhenius plot was linear through- 
out the range and an  experimental act~vation energy 
of 144 f 4 kJ mol-I was calculated using rate con- 
stants obtained by integrating eq. [I] (Fig. 3). 

On zinc oxide, reaction rates were measured from 
653 to 543 K at  10 K intervals once steady activity 

FIG. 3. Arrheilius plot of experimental reaction rate con- 
stants for the CO/N20  reaction on titanium dioxide. Inset: 
Arrhenius plot for the C0, 'N20 reaction on zinc oxide. 

levels were established a t  653 K using the standard 
reaction mixture. Rate constants calculated by inte- 
grating eq. [2] are shown in the Arrhenius plot (inset 
Fig. 3) from which an  experirnental activation energy 
of 121 + 4 kJ mol-I was calculated. 

Discussion 

Both stoichionietric zinc oxide and titanium 
dioxide may be regarded as semi-conductors with 
intrinsic enesgy gaps of 3.3 and 3.2 eV, respectively 
(6). Their surface properties may be influeliced con- 
siderably by the presence of both adsorbed paramag- 
netic species and surface defects (7, 8) which can be 
related to the conditions of preparation. The defect 
structure of zinc oxide is associated with interstitial 
zinc ions (7) while that of anatase is explai~ied by 
either the presence of oxygen vacancies or  interstitial 
titanium ions (7). 

The deconlposition of nitrous oxide on TiO, has 
been shown to be insensitive to adsorbed oxygen (9), 
decomposition being restricted to special small areas 
of the surface where adjacent anion vacancies contain 
trapped electrons (type: R,-centers). Their forma- 
tion was attributed to 0, desorption and rapid con- 
version to F-centers by surface migration making 
these inaccessible to gaseous oxygen. For ZnO pre- 
pared with different levels of interstitial zinc ions 
(lo), the rate and extent of nitrous oxide decom- 
position did not substantially depend up011 the zinc 
excess content of the oxide and rate control was 
associated with the diffusion of oxygen in the solid 
phase. 

Titanium Dioxide 
I11 the analysis of the present experimental results 

for anatase, a variety of kinetic expressio~ls were 
examined ivith respect to the carbon monoxide and 
carbon dioxide rate order data and the best correla- 
tions were obtained with the equation: 

where 

The reduced plots are shown in Figs. 4 and 5. (The 
limitations inherent in the use of Langmuir-Hinshel- 
wood type expressions in deriving mechanistic 
models have been documented (11, 12) and these 
equations are thus adopted as general guides to the 
nature of the surface reaction although, recently, 
further support regarding the specificity of such con- 
siderations has been presented (13) in the case of 
organic polymer ion-exchange catalysts.) 

The zero order dependence of the catalytic reaction 
rate upon nitrous oxide partial pressure is indicative 
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40 60 80 100 

P / Torr c o  

FIG. 4. Carbon monoxide rate order measurements plotted 
according to eq. [3]  on titanium dioxide at 763 K .  

FIG. 5 .  Carbon dioxide rate order results plotted according 
to eq. [3] on titanium dioxide at 763 K. 

arising froin the reaction of C O  uith surface oxygen 
(from the rapid decomposition of N 2 0 )  and a lattice 
oxygen in \iew of the high tenlperature range of 
catalys~s (14). 

Zi~zc Oxide 
The apparent activation energy for the catalytic 

reaction bet14 een carbon ~liolioxide and nitrous oxide 
was 121 f 4 kJ  s i 1 0 1 '  ~vhile the corresponding value 
of 172 kJ mol-'  for nitrous oxide decomposition (1.5) 
suggests that rate control of the CO,'N,O reaction is 
not exercised through X,O decolnposition. This is 
supported by the reaction rate order of 0.2 Ivith 
respect to nitrous oxide at low partial pressures com- 
pared to 0.8 for carbon monoxide. 

The carboil inonoxide and nitrous oxide rate order 
results were analyzed in the same manner as that for 
anatase and the best fit was obtained with: 

[51 r = ltPco8c08,,o 

where 

and 

The plots for these data are s h o ~ n  in Fig. 6. The 
expression accounts for only one N 2 0  lnolecule but 
two such molecules are necessary to preserve the 
stoichiosnetry of the reaction under steady-state 
catalysis and thus rapid adsorption and decomposi- 
tion of a second N,O molecule ~vould be indicated. 
If the surface coverage for this molecule is given by 
0 = t?zP;(I + m P ) ,  then relatively rapid cheniisorp- 
tion would result in mP >> 1 and hence 0 - 1 in 
accord with the form of eq. [ 5 ] .  

With the continuous addition of carbon dioxide 

P a r t i a l  pwssure 1 k ~ n - '  

of rapid chemisorption relative to that for carbon 
t . ( . l . l . / . l . l l  

20 40 60 80 100 120 

n~oiioxide and thus the N 2 0  reaction may proceed P a r t i a l  pressure I Torr 

at active defect regions of the oxide. There is some 6, Reduced of the carbon (0) and 
indication from the form of eq. [3]  that a transient nitrous oxide (A)  rate order results for the CO/NzO reaction 
carbonate-like structure may be involved possibly on zinc oxide at 593 K according to eq. [5] .  
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t o  the reaction mixture an initial period of enhanced 
nitrogen productio~l n a s  noted while the level of 
unreacted carbon monoxide remained steady. Thus a 
precursor s~lch  as CO,':'(cr), proposed for catalysis 
on Co30 ,  ( 3 ) ,  may be involved and if its formation 
\+as rate-co~~trolling relative to the reaction involving 
the first N,O molecule, and the reaction of the second 
N,O was rapid, then this effect of carbon dioxide on 
catalysis may be rationalized. Thus, the adsorption 
of CO, would give rise to the CO,':'(a) species; the 
subsequent reaction of a second N,O molecule to 
for111 the carbonate-like intermediate would be rapid 
and the enhanced production of nitrogen ~vould be 
associated with a facile decorllpositio~l of nitrous 
oxide. Also, since the level of unreacted C O  in the 
gas stream remained fixed: the formation of a surface 
carbonate-like intermediate is not likely to co~ltrol  
the rate. Rather, the adsorption of the second C O  
involved in the reaction lvith the latter species ]nay 
be rate-controlling. 

This proposal is consistent with the form of eq. 
[ 5 ]  nhere the PC, term corresponds to Ion C O  sur- 
face coverage, I >> UP,, such that e,, - PC,. The 
eventual appearance of a retal-ding effect by carbon 
dioxide may arise after the most reactive sites uith 
respect to CO,"(a) forn~ation are occupied with con- 
sequent inhibition 011 the adsorption of reactants. 

Cutirlj tic A t  tlcity put fern^ 

Some measure of Independent support for the 
tnechan~st~c  proposals may be adduced from Flg. 7. 
The heats of carbonate format~on fro111 the corre- 

sponding oxide were calculated from ailailable data 
(16) and revealed little variation for the oxides 
except for the formation of Fe,(C03),. The basis for 
such a correlation \zould be that the metal cation 
and lattice oxygen participate in the formatioll of the 
carbonate. At high catalytic temperatures (> 600 K)  
this proposal \\auld be consistent Tor MgO and ZnO 
(1 4), homever, lattice oxygen has not been implicated 
during the course of carbon monoxide oxidatio~ls 
below this ternperatuse range ( 1  7-20). Generally, an 
associative mechanism involving the reactants has 
been proposed and. on this basis, the correlation 
between E, and the heats of carbonate formation 
,f,.ot?z the e1enlmt.s. would seem more appropriate. The 
actual state ]nay be intermediate to the two extremes. 

All of the 'E,' values have been calculated directly 
from experimental data with no a priori assumptions 
involved regarding the nature of the kinetics. A clear 
trend \\as also found i n  the variation of 'E,A' uith 
the activatio~l enesgy for isotopic oxygen exchange 
(21) deterinined on many of the same oxide samples 
(Fig. 8). thereby suggesting a dependence of catalysis 
on the strength of the labile ~lletal'oxygen bond in 
the oxide surface. 

A colltribution of polarization effects to catalysis 
would be expected if carbon monoxide adsorption 
and reaction contributed significantly to the overall 
process. The simplest representation of bond polari- 
zation, the charge,'radius ratio with respect to the 
cation (8, 21). can be refined but for the present pur- 
pose it does provide a useful indicator of the impor- 
tance of polarizatioli trends in the series of metal 
oxides (Fig. 9). The data indicate t u o  series with o~ l ly  

W -1-1 
FIG. 7. Relationship between the experimental activation 

energy for the catalytic CO:N20 reaction and the heats of FIG. 8. Relationship between the experiinental activatio~i 
carbonate formation from the corresponding 3ri oxide ( x ) energy for catalysis, 'E,', and isotopic oxygen exchange energy, 
and from the elements (@). E,,,,,. 
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FIG. 9. Relationship between the experimental activation 
energy for catalysis, 'E,', and the chargelradius ratio of the 
cation in the metal oxides. 

V,Oj departing froin linearity. The surface vanadium 
oxidation state during steady catalysis cannot be 
specified with certainty (8). The chargc~radius ratios 
for the 4 +  and 3 + states were 66.7 and 40.5 n r n - I  

respectively, but, for consistency, only the value 
corresponding to the 5-t oxidation state has been 
used. 

Titanium dioxide possesses a larger meta1;'oxygen 
bond polarization than zinc oxide and this may, in 
part, account for the differences in the surface reac- 
tions on these oxides. In the case of anatase, the 
greater bond polarization would be expected to en- 
hance the reactivity of adsorbed carbon monoxide 
with nitrous oxide. Thus, the zero order dependence 
of nitrous oxide partial pressure on anatase can be 
rationalized while the behaviour on zinc oxide would 
be associated ~ i t h  the lower polarization of the ad- 
sorbed carbon monoxide and a reduced reactivity 
with nitrous oxide. It is not clear whether this inter- 
action proceeds through an associative surface com- 
plex or  on adjacent sites through a redox type pro- 

cess, although in view? of the high temperatures 
involved, the latter proposal seeins Inore lilcely. 

Acknowledgement 

We are pleased to acknowledge financial assistance 
from Imperial Oil Ltd., Toronto. Canada. 

I .  B. W.  KRUPAY and R.  A. Ross. J .  Catal. 50,220 (1977). 
2. B.  W. KRUPAY and R. A. Ross. 2. Phys. Chem. N.F.  106, 

83 (1977). 
3. B. W. KRUPAY a n d R .  A.  Ross. Can.J .Chem.56,10(1978).  
4. D.  A .  D o w o ~ h  and G. W. BRIDGER. Adv. Catal. 9, 669 

(1957). 
5.  0. L L V E ~ S P I E L .  Chemical reaction engineering. Wiley. 

New York. 1962. p. 453. 
6.  0. V. KRYLOV. Catalysis by non-metals. Academic Press. 

New York and London. 1970. 
7.  F .  S o ~ u h i o s i .  In  Contact catalysih. Editetl by Z. G.  Szabo. 

Elsevier Sci. Publ. Co., Amstel-dam, Oxford. New York. 
1976. Chapt. 6. 

8. N .  N .  GREENWOOD. Ionic crystals. lattice defects and 
nonstoichiometry. Butterworths. London. 1968. 

9. E.  R. S .  WISTER. J .  Catal. 34,431 (1974). 
10. N.  D u ~ o ~ - r - P A v ~ o v s ~ v  and F. CARALP. J .  Catal. 46. 426 

(1977). 
11. S .  W. WELLER. 1t1 Chemical reaction engineering reviews. 

Edited by  H .  M. Hulburt. American Chemical Society, 
Washington, DC. 1975. p .  26. 

12. M. BOUDART. AIChEJ. 2.62 (1956): 18,465 (1972). 
13. L. BERANEK. Catal. Rev. 16. l(1977). 
14. W. E .  GARNER (Editor). Chemistry of the solid state. But- 

terworths Scientific Publ. Co.,  London. 1955. 
15. E.  R .  S.  W I ~ T E R .  .I. Catal. 19, 32 (1970). 
16. M. KH.  K A R A P E T ' Y A ~ T S  and M. L .  K A R A P E T ' Y . ~ ~ T S .  

Thermodynamic constants of inorganic and organic com- 
pounds. Humphrey Sci. Publ., Ann Arbor. 1970;Handbook 
of chemistry and physics. 56th ed.  C.R.C. Press. 
1975-1976. 

17. G .  K .  BORESKOV. Kinet. Catal. 14.2 (1973). 
18. G.  K .  BORESKOV. Dokl. Akad. Nauk SSSR,213.926(1973). 
19. G .  K .  BORESKOV, V. V. POPOVSKII. and E .  A. M A ~ I E D O V .  

Dokl. Akad. Nauk SSSR, 197, 243 (1971). 
20. G.  K. BORESKOV. V. I. MARSHSEVA, and V. D. 

S O K O L O ~ S K I I .  Dokl. Akad. Nauk SSSR, 199, 1091 (1971). 
21. E.  F. MCCAFFREY, D. G. KLISSURSKI. and R. A. Ross. 

Proc. 5th Intern. Cong. Catalysis, Florida, 1972, 3-151. 
North Holland Press, Amsterdam. 1973. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



The synthesis and characterisation of the tsiffuoromethylsulfates of silver(I1) and gold(II1) 
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PATRICK C. LELUG, KEITH C. LEE, and FRIEDHELM AUBKE.  Can. J. Chen?. 57. 326(1979). 
The new trifluoroniethylsulfatcs Ag(SO,CF,), and Au(SO,CF,),, as xell as the conlpound 

Cs[Au(SO,CF,),], are synthesised by the soi\olysis of the corresponding fluorosulfates in an 
excess of it-ifluorometh>I sulfilric acid. The I-esulting cornpoutids arc characterised by their 
vibrational spectra and, in the case of 4g(SO,CF,),, also by esr. 

PATRICK C. LELNG, KEITH C .  LEE et FRIEDHEL~I  AUBKC. Can. J .  Cheln. 57. 326 (1979). 
On a synthetise les nouveaux triflitoromethylsulfates, Ag(SO,CF,),, Au(SO,CF,), ainsi 

que Cs[Au(SO,CF,),], en procedant a la solvolyse des fl~~orosulfates correspondants dans un 
exc6s d'acide ti-iAuoroniethylsuIfuriq~te. On a caracterise les composes obtenus a I'aide de 
Icurs spectres vibrationnels et, dans le cas dti Ag(SO,CF,),, gr5ce a la rpe. 

[Traduit par Ic journal] 

Introduction Silver(l1) fluorosulfate (10) is besides AgF, the 

Trifluorornethylsulf~~ric acid, CF,SO,H, has, since 
its discovery in 1954, attracted much attention (1). 
The acid is one of the strongest. siniple protonic 
acids, exceeded only by fluorosulfuric acid in this 
respect (1-3). Many of its derivatives, both organic 
and inorganic in nature, have been reported (1). I t  is 
therefore sornenhat surprising that only a rather 
small liurnber of binary transition metal tr~fluoro- 
methylsulfates seem to hake been synthesized and 
characterized to date (I), \vhereas a relatively large 
number of corresponding fluorosulfates are known 
(4). This discrepancy is priluarily due to the lack of 
suitable synthetic routes to transition metal trifluo- 
romethylsulfates. The very li~ilited thermal stabilities 
of oxidising agents such as bis(trifluoromethylsi11- 
furyl)peroxide, (CF,SO,), (5), and chlorine(1) tri- 
fluoromethylsulfate. CF,SO,Cl ( G ) ,  restrict the avail- 
able preparative methods to solvolysis reactions in 
CF,SO,H with metal-halides, -carboxylates, -oxides, 

only brnary Ag2 - compound. Gold(il1) fluorisilfate 
(1 1) was found recently (12) to act as a SO,F- ion 
accentor and to behave as an acid in HS0 ,F .  I t  
appears to be the only stable binary oxyacid deriva- 
t i~te of tervalelit gold. 

Experimental Section 
Cl7eniicnl.r 

Gold powder, 100 mesh, 99.995% pure and silver powder, 
100 mesh, 99.999% pure were obtained from the Ventron Cor- 
poration. Trifluoronieth>Itulfuric acid (Minnesota Mining and 
Manufacturing Co.) was distilled fro111 concentrated H,SO, 
under reduced pressure. Technical grade fl~~orosulfuric acid 
(Allied Chem. Corp.) was purified by double distillation. 
Bis(fluorosulf~~ryl)peroxide was prepared according to Cady 
and Shreele (13). AE(SO,F)~ (10) and Au(SO,F), (12) were 
obtained by the oxidation of Ag and Au, respectively, 
by a roughly equiniolar mixture of HSO,F and S,06F2.  
Cs[Au(SO,F),] (12) resulted from the reaction of 1 : 1 stoichi- 
ometric mixture of CsCl and Au uith HSO,F~S,O,F,. All 
other chen~icals \yere obtained from cotnmercial sources in the 
highest grade of purity available. 

and-carbonates as solutes. Hence the availability and ~n,ytrr,merltrition 
the reactivrtjr of these solutes become the Ilmiting Infrared spectra were obta~ned on a Perkln-Elmer 457 
factors. ~ 1 ~ ;  previously reported transition grating spectrophotorneter or on a Pye Unicarn SP 1 100 instru- 
trifluoro,llethylsu~fateS Cu~(SO,CF,) (7), C u [ ~ -  ment. KRS-5, silver chloride, and bromide were used as~<'indomt 

Inaterials (all from Harshaw Chemicals). Due to the reacti~ity 
(77 8), and C0'1(S03CF3)2 (8) have the of the materials. no mullinr agent was used. Svectra were ob- 

metals in rather coinmon oxidation states. Mo,- tained on thin films of solidurnaterials pressed between the 
(S0,CF3), (9) colltains the quadruply bonded ~vindows. Raman spectra were obtained with a Spex Ralnalog 
~ ~ , 4 +  i o n ,  ~ 1 1  are prepared by solvolysis reactions, 5 Spectron~eter equipped with an argon ion laser using the line 

at 514.5 nm for excitation. The saniples were contained in 
The collversion of fluOrosulfates trifluoro- melting point capillaries. Electron spin resonance spectra xere 

methylsulfates, illustrated by the synthesis of recorded on a Varian Associates E-3 spectrometer e a u i ~ p e d  
A~(so,cF,),,A~(so,cF,),,,~~~C~[A~(SO,CF,),], with 100 kHz field modulation at room temperatiii.e'and at  

widens the scope of the akailable routes to trifluo- Iiqilid temperature. 
Magnetic susceptibilities were determined ~lsing a Gouy 

ronlzthylsulfates and the of 'Om- apparatus described before (14). Measurements were made at 
pounds with the metal in an uliusual oxidation state. field ofappl.oximately 4500 and 8000 6, 

susceptibilities measured were found to be independallt of field 
lTo whom all correspondence should be addressed. strength. Calibrations were carried out using HgCo(CNS), 

O00S-4042/791030326-04SO 1 .IN10 
9 1979 National Research Council of Conad:i/Conseil national de 1.echerche5 du Canada 
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(15). Diamagnetic corrections were obtained from the litera- complete conversion and to avoid mixed ~ r o d u c t s  
ture (16). 

All reactions \yere performed in Pyrex reaction vials of about 
40 n ~ l  contents, fitted ~ { i t h  Kontes Teflon stem lalves. Volatile 
materials Mere handled using vacuum li~ie techniques. Solids 
were handled in a Vacuum Atmosphere Corp. "Dri Lab" 
Model No. HE-43-2, filled with purified dry nitrogen and 
equipped \\ith a "Dri-Train" Model HE-93-B circulating 
unit. Filtrations of moisture sensiti~e compounds outside the 
drybos were carried out in an apparatus described by Shriver 
(17). 

Ag/SO,CF,) 2 

An excess of distilled t r i l l ~ ~ o r o n ~ e t h v l s ~ ~ l f ~ ~ r i c  acid (- 5 mL'I 
was added to 1.012 g (3.31 rnmol) ~ ~ A ~ ( s o , F ) , .   he,-esulting 
suspension was magnetically stirred for 48 h at room tempera- 
ture, subsequently filtered, and repeatedly washed with distilled 
HSO,CF,. Traces of volatile materials here remo\.ed in a 
dynamic vacuurii. A dark brov,n solid (740 nig) was obtained. 
This extremely hygroscopic solid melted at 140-C under de- 
conlposition and analysed as Ag(S0,CF,)2. 

ALI(SO,CF,) , 
Au(SO,F), (198 mg, 0.40 mniol) was dissolved in about 

3 mL of HSO,CF, by heating the mixture to 100'C. The red 
solution was kept at this tcmperature overnight. When allowed 
to cool to room temperature, yello~-brown crystals precipi- 
tated out, and renioval of all volatiles yielded 250 mg (0.39 
mmol) of Au(SO,CF,),. Gold(1ll) trifluoromethylsulfate is 
hygroscopic and thermally stable to T 160-C. 

CJ[ALIISO,CF,J~] 
Cs[Au(S03F,),J (478 nig, 0.66 111mol) bvas dissolved in 

- 3  mL of HSO,CF, by heating the mixture to f 50-C. The 
yellow-brown solution was kept at this teiiiperaturc olernight. 
After all volatiles mere removed itz ccicito, 576 mg (0.63 mmol) 
of yello~v Cs[Au(SO,CF,),] were obtained. The compound is 
diamagnetic and melts at T 190'C to a brow11 liquid. 

Annlysis 
Chemical analysis was performed by Analytische Labora- 

torien (forruerly A. Bernhardt), Gummersbach, West 
Germany. ?he carbon contents was determined by Mr. P. 
Borda of this department. The found and expected values for 
all three compouilds are listed belo~v. 

Ann/. calcd. for Ag(S0,CF3),: Ag 26.57, S 15.79, F 28.08, 
C 5.92; found: Ag 26.81, S 15.92, F 28.04, C 5.82. 

Anal. calcd. for Au(SO,CF,),: Au 30.58, S 14.93, F 26.55, 
C 5.59; f o ~ m d :  Au 30.83, S 15.11, F 26.32, C 5.90. 

Ann/. calcd. for Cs[Au(SO,CF,),]: Cs 14.35, Au 21.27, S 
13.85, F 24.61; found: CS 14.50, AU 21.40, S 14.04, F 24.57. 

Results and Discussion 

.5yntl1 p s i s  
The successful quantitative conversion of a transi- 

tion metal fluorosulfate into a trifluoromethylsulfate 
seenis to follo~v the same general pattern of pre- 
viously reported solvolysis reactions in HSO,CF, 
with metal chlorides or carboxylates as reactants 
(7, 9). The general overall reaction may be formu- 
lated as: 

[ I ]  MX,  + izHSO3CF3 + M(S03CF3)n + ~ z H X  

with X = C1, O,CR, or S03F.  In order to achieve 

H X  nlust be removed from the acid mixtu;e, either 
as a volatile byproduct, like HC1 in the solvolysis of 
metal chlorides, or as a soluble protonated species, 
as in the solvolysis of carboxylates. The solvolysis of 
a metal Auorosulfate in HS03CF, departs from these 
precedents in two important respects: (a) HS0,F  
and HSO,CF, have virtually identical boiling points 
at 760 Torr (162.7"C for HS0 ,F  (18) vs. 163°C for 
HSO,CF, (19)), and similar volatilities in a vacuum 
of lo-,  Tors at room tesnperature; and (h)  a stronger 
protonic acid (HS0,F) appears to be generated by a 
rveaker protonic acid (HSO,CF,) fro111 its salts 
(M(SO,F),). Hence, removal of HS0 ,F  by virtue of 
its volatility or by forming a protonated ion, such as 
H,SO,F", is rather improbable. 

The possibility that HS0,F is removed by a chem- 
ical reaction \\-it11 HS03CF3 appears to be more 
likely. Recently Olah and Ohya~na (20) have obtained 
both the trifluoromethyl ester CF,OSO,CF,, and 
trifluoron~ethylsulfuryl fluoride, CF,SO,F, in yields 
of 19 and 5.57:, respectively, when HSO,CF, and 
HS0,F  at a molar ratio of 2 : 1 are refluxed. No other 
reaction products were reported and the overall 
reaction is not colnpletely understood. 

Because our solvolysis reactions are carried out 
with HSO,CF, in excess, further involvement of 
HS0 ,F  in reactions is very likely. I n  all reactions 
described here a slight pressure increase is noted 
when the solvolysis is completed and a gas phase in- 
infrared spectrum, obtained on volatile byproducts 
fro111 the reaction of Cs[Au(SO,F),] with HSO,CF,, 
sho~vs bands attributable to CF,S02F, CF,OSO,- 
CF,, F 2 C 0 ,  SO,, and SiF, (21). 

It must be concluded that HSO,F, formed in the 
solvolysis according to [ I ] ,  or the metal fluorosul- 
fates directly, interact with trifluoromethylsulfuric 
acid to form volatile products, which do not interact 
with the metal trifluoromethylsulfates. 

A number of alternative routes to the silver(I1) and 
the gold(lI1) trifluoromethylsulfates were tried, but 
found to be either unsatisfactory or less useful: 
gold(II1) chloride did not react \\ith HSO,CF, even 
at elevated temperatures. The attempted solvolysis 
of AgF, in HSO,CF, (in a Kel-F reaction vessel) 
resulted in a rather impure product. The oxidation of 
silver or gold by S20,F, in HSO,CF, solution, a 
method previously used to synthesize I(SO,CF,), 
(221, proceeded far too slowly to avoid the slow oxi- 
dative cleavage of the S-C bond in HSO,CF, by 
S20,F,. This side reaction is rather exothermic and 
occasional explosions may result. A similar risk is 
encountered when S,O,F, is added to a solution of 
AgS03CF, in HSO,CF,, but if the resulting dark 
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TABLE I. Vibrational spectra 

Ag(SO,CIF,), (ir) Cs[Au(SO,CF,),] (Ranian) Cs[Au(SO,CF,),] (ir) Au(SO,CF,), (ir) 
v(cs11- ) Int .  vA(cm-') Int. \ , (cn i~ ' )  lnt .  v(cm-l) I n t .  

1310 111, sh 1411 w 1420 m 1427 kw, sh 
1274 vs 1380 ms 1388 s 1395 s 
1222 s, sh 1370 w, sh 1374 s, sh 1380 nis 
1202 vs 1285 vw 1362 s - 1140 ms, sh 1242 ms 1240 vs, b 1350 s 
1122 vs 1213 m 1215 s 1338 ms 
1035 s, b 1150s, b 1148 s 1242 s; sh 
775 w 1133 s 1224 vs, b 
632 rns 980 s 985 mw 1208 s, b 
610 m, sh 965 s 920 msh 1138 s 
592 m - 880 \\v 885 vs 1127 m, sh 
580 msh 1085 s 
522 vs 825 u\v 828 s 1064 m 
455 vw, b 775 111 776 ms 985 ms 
365 ms 743 vw 972 ms 
348 w, sh 662 s, sh 662 s, sh 960 ms 
335 w 651 s, sh 650 s -920 m, sh 
325 v \ i  645 s 646 s, sh 895 vs, h 

620 vs 625 vs 824 m, sh 
574 w 582 s 774 ms 

575 s, sh 731 vw 
550 m 553 111 656 s 
520 m ~ v  520 vs 635 s, sh 
514 M, sh 620 vs 
454 m 450 vw 570 m\v 
393 s 390 IV 515 111s 
331 m, b 
293 w 
268 vs 
212 s 

brown solid is filtered immediately, reasonably pure of Cs[Au(SO,CF,),] is reported. Gold(II1) trifluo- 
Ag(SO,CF,), is obtained. In summary it seeins that romethylsulfate shows strong fluorescence while the 
none of the alternative methods tested has the same dark colour of Ag(SO,CF,), prevents Raman scat- 
general applicability as the solvolysis of metal fluo- tering. 
rosulfates in HSO,CF,. Tentative vibrational assignments for SO,CF, 

Both Ag(SO,CF,), and Au(SO,CF,), are similar derivatives have been reported for both a bidentate 
in colour to the corresponding fl~iorosulfates. but bridging group (9, 24) and for a monodentate group 
unlike these, they are virtually insoluble in the parent in an anionic complex (22), and will not be discussed 
acid. The formation of Cs[Au(SO,CF,),] indicates here. In addition, the complexity of the molecules, 
Au(SO,CF,), may act as a trifluoromethylsulfate the unavailability of Raman data for all compounds, 
ion acceptor and may behave as an acid in HSO,GF, ; and the coincidence and vibrational mixing of SO, 
however, the lack of any appreciable solubility pre- and CF, vibrational inodes prevent a more detailed 
cludes more detailed solution studies. assignment. The observed ir frequencies and Raman 

Like Ag(SO,F),, silver(I1) trifluoromethylsulfate shifts are listed in Table 1 in order of decreasing 
is converted to the conlplex [Ag(byp),](SO,CF,), frequencies. Except for occasional band splittings, 
by direct combination of u,a'-bipyridine (bpy) with good agreement between ir and Raman data for Cs- 
Ag(SO,CF,), in a manner described in detail (10) [Au(SO,CF,),] is observed. 
for Ag(SO,F),. The resulting cornplex [Ag(bpy),]- The band positions for Ag(SO,CF,), suggest 
(SO,CF,), had been obtained previously via a dif- stroiigly a bidentate SO,CF, group when cornpared 
ferent method (23), the oxidation of [Ag(bpy),]SO,- to the precedents (9, 24). A similar conclusio~l had 
CF,, and its vibrational spectrunl and the esr param- been reached for Ag(SO,F), (10) and it is not sur- 
eter (10) are known. prising that both silver(l1) compounds should show 

strong structural similarities. The lack of volatility 
Vibrationczl Spectra and solubility in HSO,GF, is also more co~~sistent 

Infrared spectraare obtained onall three compounds with the presence of bridging groups and hence a 
down to  300 cm-I, while only the Raman spectrum polymeric structure. The strong illvolvement of two 
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TABLE 2. go aiid p values of Ag(S03F), and Ag(S03CF,), 

T = 295 K T =  8 0 K  
- 

Compound go r-l (BM) g o  Lh (BM) 

oxygens from the SO,CF, groups would imply a 
square planar or a distorted (tetragonally elongated) 
environment for Ag2+,  not unreasonable for a metal 
ion with a (-I9 electronic configuration. 

For Cs[Au(SO,CF,),], the presence of moilode11- 
tate OSO,CF, groups seems to be indicated. The 
observed band positions in particular in the stretch- 
ing range are in reasonable agreement with reported 
data for Rb[I(SO,CF,),] (22). Intense Raman bands 
at - 650, - 450, and - 270 cm- ' are also observed in 
the Raman spectrum of Cs[Au(SO,F),] (12). The 
correspondiiig vibrations seem to involve AuO, 
skeletal vibrations in a square planar e~lvironment. 
Such a structure for gold (consistent with the ob- 
served diamagnetism) is suggested for both the fluo- 
rosulfato and the trifluoroinethylsulfato complexes. 

Finally, the infrared data for ,4u(S0,CF3), with 
numerous bands in the stretching frequency range 
(1500 to 800 cn1-') suggest the presence of both 
mono and bidentate trifluoromethylsulfate groups. 
In addition, strong vibrational coupling (evident also 
for Cs[Au(SO,CF,),]) seems to cause further pro- 
liferation of bands. Even though a clear distinction 
between bands due to mono and bidentate SO,CF, 
groups is not possible. a polyiileric stsucture is indi- 
cated. Thus, the strong structural parallels between 
the corresponding fluorosulfates and trifluoromethyl- 
sulfates seem to extend to the gold(II1) derivatives 
as well. 
Electrw~ Spin Resonance ai~rl Magi~etic S~isccptibii- 

ities of Ag(SQ,CF,), 
As for the silver(l1) fluorosulfate (lo), a broad, 

isotropic esr signal is obtained for solid Ag(SO,CF,),, 
both at room temperature a~lcl a t  liquid Nz tempera- 
ture. Comparable go values for both co~iipounds sug- 
gest si~iiilar magnetic properties as reflected in the 
magnetic moment values calculated by using the 
spin-only formula for one unpaired electron. The 
data are presented in Table 2. 

Preliminary bulk magnetic susceptibilities on 
Ag(SO,CF,), suggest a slightly lower p,,, value of 
approximately 1.60 Bhl at room temperature. Fur- 
ther work is required, extendiilg the ineasureinelits 
down to 80 K or even lower, to decide whether anti- 
ferromagnetic coupling is the cause for the !ow rnag- 
netic momeilt. 

There is, however, no doubt that silver(H1) trifluo- 

romethylsulfate, like the corresponding bisfluorosul- 
fate, is a true divalent silver compou~ld nith one 
unpaired electron. 

Conclusions 

The coilversion of transition metal fluorosulfates 
into trifluoromethylsulfates by solvolysis in HS0,- 
CF,, delnoilstrated here by the syntheses of 
Ag(SO,CI;',),, Au(SO,CF,),, and the coiiiplex 
Cs[Au(SO,CF,),], should have rather a ide  applica- 
tions. Extension to other main group and tralisitioil 
metal fluorosulfates should be possible. Judging by 
the wide use other metal trifluoromethylsulfates have 
found in organic synthesis (I), the new compounds 
should find some use as reagents as well. 

Financial support by the National Research Coun- 
cil of Canada is gratefully acknowledged. 
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Adsorption of Et,NBr at the mercury/electrolyte interface from water and 
heavy water solutions 
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FRANK M. KIMMERLE and HUGUES MENARD. Can. J. Chem. 57.330 (1979) 
Droptime measurements of aqueous and deuterated Et4NBr solutions indicate that the 

mercury/electrolyte interfacial tension differs by less than 1 mJ m b Z  (dyn cm-'). Et4NBr is 
slightly more adsorbed from heavy water in dilute solutions, but the difference becomes rela- 
tively less important in concentrated electrolytes. This behaviour is interpreted in terms of 
interfacial transfer parameters and attributed to the nature of the solvent-solute interactions. 

FRANK M. KIMMERLE et HUGLES MEPIARD. Can. J. Chem. 57.330 (1979). 
Des mesures de temps de chute d'une goutte de mercure dans des solutions aqueuses et des 

solutions deuterees de Et,iYBr, indiquent un ecart de la tension interfaciale de moins de 1 mJ 
n1r2 (dyn cm-I). Et,NBr est adsorbe legerement plus des solutions diluees d'eau lourde, mais 
les differences disparaissent en solution concentree. Ce comportement est interprete a I'aide 
des fonctions de transfer1 a l'interface et peut @tre attribue a la nature des interactions sol- 
vant-solutt. 

Introduction solutes respectively, and v k  the stoichiometric 

It has long been recognized (1) that water and coefficient of cation Or 

deuterium oxide have very similar properties, but In order to bulk tl1ermody1lamic Prop- 

that small in the magnitude of several erties in two solvents, transfer parameters have been 

physical properties exist. N~~ the least important defined as the difference between observed quantities 
difference is the fact that  more structural order exists ( e . ~  the entha1py> free energy, heat capacities, 
in liquid D20 than in H20, one way of detecting etc.) in the two solvents. Similarly, it is possible 

structural effects is to study the properties of solu- to define interfacial transfer properties. Thus we 

tions of the same solutes in two solvents (2). Another consider interfacial energy of transfer, ytr, as the 

is to examine the electrode,electrolyte interface difference of the surface tensions of two interfacial 

it is now established hydration entropy regions: phase 0 (the electrode) in contact with phase 

plays a predominant role in the case of the adsorp- 1 containing solvent 1 and phase 0 in contact with 

tion of the quaternary ammonium salts (3, 4). phase 2 containing solvent 2. 

The treatment follows directly from the general [2] Y t r  = Y ( I . ~ , E ~ , S ~ )  - ~(P ,E ' ,S I )  
electrocapillary given by Mohilner (cf. eq. [52] of 
ref, 5) which can be simplified for a pure mercury Transfer parameters involving the first and second 
electrode in contact with a three component aqueous derivatives are also readily defined, for example. 
solution containing one electrolyte C,+A,- and one 
neutral organic compound H a t  constant tempera- [31 "1." = -' 1 
ture and pressure: 1 (2E=lT.p ,Lt ,s2  - ~ 3 ~ T , p , p , s l , f  

rr , sdPc, ,+~,  - Clearly the solution composition and thus pi  must 
[I] dy = O " ~ E '  - THidpH - 

v k  be held constant while performing the mathematical 
differentiation. However, some ambiguity exists as 

where y is the interfacial tension of the mercury/ to the concentrations ill solvents S,  and S, that 
electrolyte interface, n M  is the excess charge density should be compared, since it is impossible to keep 

the metal surface, Ei is the potential of the polar- constant all of the chemical potentials including that 
ized electrode with respect to an  indicator electrode of the solvent itself, ~ i ~ ~ ~ ~ i ~ ~ l l ~  one might be in- 
reversible to  the anion ( E - )  or  (E') ,  ~ H , S  is the rela- clined to keep the mo]ality or  the molarity constant 
tive surface excess of neutral species H with respect and absorption ill two solvents or solvent 
to the solvent S, Ti ,s, the relative excess the anion mixtures ( 6 ,  7) .  It may be more meaningful, however, 
Or cation to S, PH and P C V + C , - ~  to compare solutions at  fixed mole fractioIls. Since 
the chemical potentials of the neutral and ionic 

, t , ~  referS to the variation in charge llecessary to 
'Revision received. maintain a fixed electrode potential with respect to 

0008-4042/79/030330-05$01 .00/0 
El979 National Research Council of Canada/Conseil national de recherche5 du Canada 
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KIMMERLE AND M E N A R D  33 1 

an indicator electrode, it would furthermore be useful 
to eniploy a hypothetical indicator electrode whose 
response does not vary with the nature of the solvent. 
Alternately, it may be necessary to take into account 
the free energy of transfer of the solute, and thus 
compare the potential scale in one solvent to that in 
the other. 

The subtraction and differentiation implicit in eq. 
[3] can be carried out in reverse order and we can 
write (at constant temperature and pressure): 

The relative surface excess of transfer for a neutral 
species can similarly be defined as:  

where the subscript p' indicates that the cheinical 
potentials of all the components are held constant 
except that one with respect to which the differentia- 
tion is performed, and that of the solvent itself. For 
solvents having similar properties and hence where 
y(S,) - y(S,) it is probably easier to calculate r,,,, 
according to  : 

The relative surface excess may be expressed in 
terms of the absolute surface excess values and the 
mole fractions of solute X, and solvent Xs in solu- 
tion. 

If we compare solutions at  fixed mole fraction 
ratio XH/Xsl = XH/Xs2, which can also be expressed 
as the molality divided by the number of moles of 
solventlkg (r?1/55.5 for water), eq. [ S ]  becomes 

A positive value, r,,,, > 0, therefore implies that 

For  dilute solutions, where ~ 1 5 5 . 5  << 1, it may be 
assumed that the neutral component H is more 
strongly adsorbed at  the interface in solve~lt 2 than 
in solvent 1. In conceiitrated solutio~is a positive 
value, T,,,, > 0 inight conceivably imply that 
r,, > rs2 without necessarily dictating that FHSZ > 

THS1. Similarly a negative value, T,,,, < 0, does not 
necessarily imply the desorption of the neutral com- 
ponent in solvent S2, it could also reflect the fact that 
the interfacial region is relatively richer in solvent 
molecules S, than solvent molecules S2 at  equiva!ent 
concentration of the neutral component H. 

In the case of electrolyte solutions, similar expres- 
sions arise. The ionic relative surface excess of trans- 

On as fer is giv, 
r?z 

CIOI r t , tr  = riS2 - rkS1) - V +  --rS2 - I - ~ ! )  55.5 

I-, ,,, can be calculated from the expressions 
analogous to eqs. [5] or [6] or again using Parson's 
function (8). 

The latter expression might prove particularly 
useful at  the potential of zero charge, since the elec- 
trode potential mith respect to a given reference 
electrode does not have to be know11 in order to 
calculate the r e l a t i~e  surface excess nor the r e l a t i~e  
surface excess of transfer. 

Because nates and deuter~um oxide have almost 
the same molar volulnes (1) (18.069 and 18.134 
cm"mo1 at  25 C )  dilute solutions of equal molarity 
contain practically the same number of solvent 
molecules. Even for 1 1M Et,NRr the difference in 
concentration on a mole fraction basis is less than 
3 x  so that either scale should prove satisfactory. The 
distiiiction becomes significant, however, when corn- 
paring solvents having significantly different volumes 
or higher solute concentrations in heavy water solu- 
tions. 

Experimental 
Surface tension data aere  calculated from droptime mea- 

surement recordings using the apparatus described previously 
(9). The time interval between successive drops was defined 
by the interruption of a light beam by the falling drop. The 
resulting signal from a Systron Donner frequency meter caused 
the time interval together with the drop potential controlled 
by a Tacussel PRT 30-0.1 potentiostat to be printed out by a 
HP 5150A printer. Although the electrode potential was 
actually recorded with respect to a saturated calomel electrode, 
conversion to a reversible indicator potesltial scale was later 
accomplished using the activity data of Lisidenbaum and 
Boyd. All aqueous solutions were prepared from water dis- 
tilled from alkaline-permanganate and twice recrystallized 
Et4NBr (Baker reagent grade). D,O (Stohler Isotope Chem- 
icals) mas used without further purification. 

Results 
The interfacial tension for tetraethylammoiiium 

bromide solution in contact with the mercury elec- 
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trode is plotted in Fig. 1 as a function of potential 
with respect to a reversible Br electrode in aqueous 
or  deuterated solutions. Although y,,, is consis- 
tently greater than y,,,, the difference is usually less 
than 1 mJ m-', i.e. only ten times the experimental 
uncertainty near the E,,, and about three times the 
experimental error at the extremities of the electro- 
capillary curves. Any interpretation of these results 
will therefore be limited by the experimental scatter 
of the data and could be distorted by even relatively 
minor systematic errors in the data treatment. 

The interfacial energy of transfer, Fig. 2, decreases 
with increasing electrolyte concentration but seems 
to  be relatively potential independent. Perhaps not 
unsurprisingly, in view of the reported negligible 
difference in dipole moments, dielectric constant, 
crystallographic parameters, and molar volumes of 
water and deuterium oxide (I) ,  the electrode charge - 
potential relationship is also virtually identical in 
H 2 0  and D,O Et,NBr solutions, and any differences 
fall within the experimental uncertainty of the mea- 
surements. 

FIG. 1. Interfacial tension for tetraethylammonium bromide 
electrolytes: 17, D 2 8  solutions; A, H 2 0  solutions. Electrode 
potentials refer to a leversible B1. indicator electrode. 

- -- 

-2 - I  0 

log C ( M I  

FIG.  2. Interfacial energy of transfer for Et,NBr electrolytes. 
7 1 1 .  = Y D , ~  - Y~r,o. 

The relative surface excess of transfer of the cation, 
r,,,, can be calculated according to eq. [6] from 
Fig. 2 provided that the activity coefficients are avail- 
able. We have not found any measurements of 
Et,NBr activity coefficients in the literature but 
have assumed that y'(D,O) = yk(H20) .  This 
assumption is justified by the fact that Wen and 
Chen reported (Tables I11 and V of ref. 10) ratios of 
activity coefficients y ' ( ~ , O ) / y ' ( ~ , 0 )  > 1.0 for 
(CH,),NBr and ~*(D,O) /~*(H,O)  < 1.0 for 
(C,H,),NBr and - 15 < AG,, < + 15 cal/n~ol. 
Levine and Wood (11) reported almost identical 
values of the excess enthalpy of dilution of Et,NBr 
in H,O and D,O. Any differences in activity coeffi- 
cients are probably less than 2 x  and approach the 
reliability y *(N,O) (12) itseif. 

The surface excess of transfer obtained by as- 
suming that single ion activities can be replaced by 
mean ionic activities (and thus that the potential 
scale in D,O is identical to that in H,O) is found to 
be T+,,, = 8 i 1 x lo-' mol m-,. This value 
does not depend on the electrode charge (+0.15 to 
-0.12 C ril-,), the electrolyte concentration (5 x 

lo  I .O M ) ,  nor the relative surface excess 
(r,,, = 0.3 to 3 x mol in-,) (13). 

According to eq. [ lo] r+  ,,, could be explained by 
differences in the surface excess T,, or in the surface 
excess of the solute T+S. In the former case we would 
expect T,,,, to vary with electrolyte concentration 
(X, /X,)  and to become negligible at infinite dilution. 
The opposite behaviour is observed and we are 
forced to conclude that I-+ .,, must be attributed to 
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differences in the absolute amounts of Et,NBr ab- 
sorbed in the two solvents. Since the excess charge of 
transfer o,,,, cx 0, and 

we must further conclude that T E t 4 N + , t r  
i.e. that the adsorption of the cation and anion are 
perturbed to  approximately equal extent. 

We can interpret F,,,, in view of the relationship 
between the hydration entropy and T-,, found by 
Ikeda et a/.  (3) and the relationship between the ion 
size and the free energy of adsorption of the tetra- 
alkylammonium salts (1 5). When Et,NBr is absorbed 
beyond the T+ ,, or F- ,, values predicted from simple 
diffuse layer theory, the salt is said to be specifically 
or contact adsorbed. In deuterated solutions from 2 
to 20% more Et4WBr species are found in the inter- 
facial region than in aqueous solutions. For  aqueous 
and aqueous urea soiutions e have previously found 
that  contact adsorbed Et,NBr seems to involve an  

.7 

equal number of anions and cations in the immediate 
neighbourhood of the electrode in a configuration 
not unlike Fig. 3. Such contact absorption can be 
described (14) by a general hangview isotherm 

where f ( 0 )  cx 0/n(l  - 0)" tends to 0 a t  low s~lrface 
coverages (I  >> 0) .  AG, and AG, are the standard 
free energies of adsorption of solute H and solvent S 
and n is the number of solvent molecules necessary 
to occupy the same surface area as the absorbed 
species IT (here the anion-cation pair). 

I n  aqueous Et,NBr solutions \be have already 
noted no significant charge dependence for the con- 
tact adsorbed anion or cation. It is therefore signifi- 
cant that in deuterated solutions the absorption of 
Br- also is not favored over that of Et4NC or vice 
versa. If only cations were contact adsorbed at  
o" < 0 and only anions contact adsorbed at  o" > 0 
then the solute-solvent interactions should show a 
strong charge dependence. As is obvious from Figs. 
1 and 2 y,, varies in a monotone fashion. I t  thus fol- 
lows, as indicated in Fig. 3A for intermediate pos- 
itive o" values, that the number of anion-cation or 
solute-electrode interactions does not vary signifi- 
cantly from those found at  intermediate negative o" 
values (Fig. 3C). We would further conclude that the 
interfacial properties of equiinolar or constant mole 
fraction deuterated and aqueous solutions are very 
similar. With the possible exceptions of the quater- 
nary ammonium salts of very hydrophiliic anions 
they almost lie within the experimental limits ( + 0.1 
m9 m-2)  of present measuring techniques. The 

FIG. 3. Model of the structure of the electrode electrolyte 
region for Et4NBr electrol>tes. (A) o" > 0, ( B )  o"' - 0, 
(C) 0'' < 0. 

differential data acquisition via the transfer functions 
aids considerably in the interpretation but does not 
encourage us to undertake a major project on sol- 
vents as similar as H,O and D,O. 

According to eq. [12] or equivalent expressions it 
is to be expected that a difference in the free energy 
of adsorption of two solvents AG, results in difference 
of surface coverage or a I-,,,,, value proportional to 
the solute concentration. Such is not the case here. 
The concentration and charge independence of 
T,,,, could arise if AG, or AG, or both depend on the 
number of solute-solvent interactions and thus the 
surface coverage and solute concentration. 

A part of tlie hydration structure, the electrode and 
a part of the hydration shell of the ions are de- 
troyed or highly modified. In D,Q solutions for all 
values of oM (Fig. 3), a somewhat greater gain in free 
energy seems to result when water molecules in the 
interfacial region are returned to the bulk solution. 
As the solute concentration increases, the bulk struc- 
ture differs less and less from that of the interfacial 
region and y,, and I-,, tend towards zero. 

The support of this work by the National Research 
Council of Canada is gratefully acknowledged. 
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Fragmentation and rearrangement processes in the mass spectra of perfluoroaromatic 
compounds. Part XI. Heterocyclic derivatives of phosphorus and some transition metals 
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TrhrorHY R. B. JONES, JACK M. MILLER, SYLVIA A. GARDNER, and MARVIN D. RAUSCH. 
Can. J. Chem. 57.335 (1979). 

The mass spectra of a nunlber of phospholes and metalloles of general structure 1 and 2 are 

disc~issed with respect to their fragmentation and ion rearrangement processes. Of special 
interest is the migration of ring fluorines to the central atom during fragmentation. The bonding 
principles involved for the postulated intermediates are discussed. 

TIMOTHY R.  B. J O ~ E S ,  JACK M. MILLER, SYLVIA A. GARDNER et MAR\'IN D. RAUSCH. 
Can. J. Chem. 57. 335 (1979). 

On discute des spectres de masse d'un certain nombre de phospholes et de rnetalloles de 
structures generales I et 11 en rapport avec leurs processus de fragmentations et de trans- 

positions ioniques. I1 est particulierement interessant de noter, au cours de la fragmentation, la 
migration des atomes de fluor des cycles, vers l'atome central. On discute des principes de 
liaisons impliquees dans les intermediaires post~11Cs. 

[Traduit par le journal] 

Introduction To the present time there has only been one de- 

Compounds of the general structure (3) are kno~cn  tailed mass rpectral study of these compoullds. 
for a variety of rnai~l group elements (1-10) and a Hellwinkel r f  a[. (14) reported the mass spectra of 
number of transition metals (1  1 1  3). the Group VPI, derivat~ves with the structure 4. 

- - 

I 

R 
M = P. A,. Sb. BI 

Nomenclature is based on the correspond~ng dibenzo- 4 

phospholes (M = P) or dibenzometalloles (M = The basic trend was a decrease in molecular ion 
metal, e.p., titanole for M = Ti). All the conlpounds abundance as the size of the central atom increased. 
referred to in this paper are of the perfluorinated Along these same lines, an increase in the net 
moieties, i.e., 1,2,3,4,6,7,8,9-octaAuorodibenzo spe- abundance of hydrocarbon ions was noted. There 
cies. was also evidence for proton abstraction by the 

0008-40421791030335-07$01 .W/0 
9 1979 National Research Council of Canada/Conseil national de rechei-the\ d u  Canada 
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TABLE I .  Elemental analysis of phospholes 

Analysis 

Found Calculated 
Melting point - 

Compound ('c) C F P H C F P H 

XInsufficient q~la i l t i ty  for elemental analysis 

central atom, a tendency which increased with 
atomic size. 

Interest in the mass spectra of phospholes has been 
influenced by studies (15. 16) in the aromaticity of 
these con~pounds as compared to the related pyrroles 
and carbaioles. Mass spectral evidence is in support 
of at  least partial aromatic character while other 
chemical and spectroscopic evidence is contradic- 
tory. I t  is therefore of interest to compare the 
behaviour of sue11 phosphorus heterocycles to the 
triaryl phosphines u i th  regard to the stability of 
related P-containing fragments. 

Little data are currently available on the mass 
spectral fragmentation of perfluorinated metalloles, 
the only reported results being simple n~olecular 
weight determinations, except for our earlier work on 
perfluoroaro~natic heterocyclic derivatives of Group 
1V (170) of the type (C,,F,),M. These heterocyclic 
complexes have provided some interestillg additions 
to  previous studies of perfluoroaromatics with regard 
to  fluorine abstraction processes. 

Experimental 
The transition metal derivatives were prepared by Gardner 

ef al. (13). The phospholes were prepared using the method of 
Chambers and Spring (70). The 5-phenyl derivative has been 
prepared previously. 5-lei-t-B~~tyloctafluorodibenzophosphole 
and 5-pentafluorophenyloctafluorodibenzophosphole were 
synthesized in a similar manner, and isolated in yields of 68% 
and 5%, respectively. See Table 1 for elemental analysis. 

Mass spectra were recorded on an AEI-MS30 double beam 
mass spectrometer at  70 eV with a 4 kV accelerating voltage, 
resolution 1000, and a source temperature of 180°C. Samples 
were admitted to beam I using the direct probe and concentric 
sample cups. High boiling PFK was admitted in beam I1 via a 
gas liquid probe to serve as a chemical mass marker, simul- 
taneously recorded but not interfering with the spectrum under 
study. Metastable transitions were assigned with the aid of a 
Fortran computer program BMETAST, while isotopic 
patterns were calculated and overlapping species deconvoluted 
using the Fortran programs BMASROS and BMASABD, 
respectively. 

All intensities are reported as a percentage of the total 
positive ion current and polyisotopic species have been sum- 
med over all isotopic contributions. 

Transition Metal Derivatives 

The partial inass spectra of these coinpounds are 
suininarised in Table 2. A general metastable ion 

supported fragmentation scheme is given for the 
Group VlII complcxes in Scheme 1 and for the 
titanole in Scheme 2 although e net astable ions were 
not abundant for the titanole. 

( i )  The Group VIlI  rnetalloles all exhibit relatively 
strong parent ions, that of the rliodole being of lower 
abundance than either the cobaltole or iridole. A 
significant trend develops for the ion resulting from 
loss of carbonvl. As the size of the metal atom in- 
creases the abundance of this ion also increases. This 
pattern is probably a reflection of the increased 
polarizability and 'soft' character associated with the 
larger atoms. 

When one considers the overall fragmentation, it is 
the rhodole which exhibits an  inconsistent behaviour. 
The iridole glves rise to a large var~ety of iridium- 
contaming ions resulting from sequential F and HF 
losses from the (M-CO) ion. A similar pattern is 
observed for the cobaltole although the abundance of 
the resulting ions is much lower. These ions are 
allnost completely absent from the rhodole spectrum 
as one can see from the abundance of the species 
listed as C,F,H,M where Ir > Co > Rh. 

This 'different' rhodole behaviour is colisistent 
with other parameters determined for these com- 
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Abundance (% Z i) 

M = Co M = Rh M = Ir M = Ti 
Ion R = C s O  R = C=O R = CEO R = 11-C5H, 

pounds by Rausch and co-uorkers (13). They found 
the rhodole exhibits a v(C0) at higher frequency than 
either the cobalt or iridium derivative. The proton 
shifts for the cyclopentadienyl ring also indicated a 
decreased shielding in the rhodole with respect to 
either the cobaltole or iridole. This seems to suggest a 
preference for TL-bonded ligands by rhodium with the 
cobalt and iridium showing progressively lower 
tendencies for such behaviour. Indeed, the abundance 
of the C,H,M+ species adds further weight to this 
argument where M = Rh > Co >> Ir. 

There is no metastable ion evidence for fluorine 
abstraction rearrangements by the central atom 

during fragmentation nor any M F -  ions, and yet the 
formation of many of the coupled fragments such as 
C,,F,H,", C,,F,H,+, etc. may have arisen by a 
neutral metal-fluoride elimination as has been 
observed in many other cases (17-30). 

(ii) 5,5-Ris(q-cyclopentadienyl)-l,2,3,4,6,7,8,9-octa- 
fluorodibenzotitanole. The partial mass spectrum 
of this compound, shown in Table 2, reveals a sig- 
nificant difference in its fragmentation as compared to 
the Group VIII complexes. Most notable is the pres- 
ence of the ions C,H,TiF,+ and CjHjTiF+'  which 
must arise by fluorine abstraction fromthe octafluoro- 
dibenzo substituent. Though no metastable ion sup- 
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port is available, the formation of these ions should 
involve residues as were observed for the Group VIlI 
compounds, i.e., C l ,F7Hj t ,  C I 7 F b H j i ,  etc. 

The behaviour of the parent molecular ion for the 
titanole is quite different froin the Group VIII 
complexes. The n-bonded cyclopentadienyl does not 
c l e a ~ e  readily to give a species similar to the (M- 
CO) fragment observed for the cobaltole, rhodole, 
and iridole. A C,,F,Ti(C,H,) fragment is detected in 
the spectrum, but at  very low abundance. The 
titanole exhibits preferential loss of H F  to give an  
intense ion fornlulated as C,,F7H,Ti". Such a 
species could have formed only via an interaction 
between the cyclopeiitadienyl and dibenzo substi- 
tuents, which would seem to indicate the possibility 
of bond-forming rearrangeme~lts between the substi- 
tuents, a fact ivhich has been uell-documented in 
nlany cases (17-23). Though somewhat speculative, 
this type of breakdown process helps to account for 
the formation of many of the fragments, especially 
C,H,TiF,, (n = 1: 2) and C,,F,H, (x = 6, 7), for 
~vhich there is no slletastable evidence. 

There was little eitidence for straightforuard Ti-C 
clea\,age of the heterocyclic system to form the 
titanocene ion. The latter \vas detected (t?l/e 178) in 
very low abundance (-0.085). Alt and Rausch (31) 
reported the photochemical cleavage of dimethyl 
titanocene, zirconocene, and hafnocene. In  all cases 
the methyl groups underwent homolytic cleavage 
giving rise to methane and a metallocene-type 
product. Since we d o  not observe an  analogous 
Ti-C bond cleavage in the case of the titanole ~vhich 
would have resulted in the forn~ation of either 
(C,H,)ZTi' or C12Fst  ions; there must be other 
stabilizing factors in this system. These may involve 
Ti-d-orbital interaction with the octafluorodibenzo 
n-system, an increase in ionic resonance energy of the 
fluorinated titanole, or other factors resulting in an  
enhanced stabilization (32, 33) (this is supported by 
the strong parent and parent-HF species observed in 
the spectrum). 

Phosphole Derivatives 

All of these compounds have the structure given 
below (7). 

The partial mass spectra of these phospholes is given 
in Table 3 and a general fragmentation scheme is also 
presented (Scheme 3). 

The spectrum of the tert-butyl analogue is domi- 

nated largely by the stability of the tert-butyl cation. 
As a result. cleavage of the P-C alkyl bond is the 
major fragmentation mode leaving only a s~nal l  
number of ions of any interest. Despite this, there is 
still evidence for the operation of fluorine and proton 
abstraction processes. Protoll abstraction from an 
alkyl substitucnt is a well-characterized process in the 
mass spectra of phosphorus coillpounds (34, 35) and 
it is seen in the expulsion of butene from the parent 
ion. The lone example of fluorine abstraction is also 
common to a number of perfluoroaromatic phos- 
phorus compounds (18,23). 

The 5-phenyl- and 5-pentafluorophenyloctafluoro- 
dibenzophospholes give rise to a large var~ety of 
fluoroaiomatic fragments, many of \+hich result 
from PF,, losses (11  = 1, 2. 3). The most obv~ous  of 
these species are the C,, fluoioarornat~cs which have 
beell detected in a number of other systems includ~ng 
coinpounds of phosphorus (17-23) These probably 
have the triphenylene structure lndlcated below and 
a le  a good ind~cation that PF,  PF,, and PF, or PHF,  
losses are being expeileuced by the parent ion. Such 
transitions can be ra t~onal~zed in terms of inter- 
mediate specles \ \ h ~ c h  may 01 may not involve higher 
coordinat~on by phospl~orus. 

CI8F,,  or C,BF8H, structure 

The influence of the substituent R on parent ion 
stability is well illustrated in Table 3, reflecting the 
resonance stabilization for C,H,- and C,F,- versus 
the less eKective ind~~c t ive  stabilization afforded by 
the trrt-butyl group. There seems to be no indication 
of increased stabilization of the parent through 
participation of phosphorus in an  aromatic n-system. 
If we compare the 5-phenyl and 5-pentafluorophenyl 
derivatives with their 'open' analogues, bis(penta- 
fluorophenyl)phei~ylphosphi~ie and tris(pentafluor0- 
pheny1)phosphine. one can see that any conclusions 
based on dibenzophosphole aronlaticity (in particular, 
increased parent ion stability) are ambiguous (Table 
4). 

The mass spectrum of 5-phenyloctafluorodibenzo- 
phosphole-5-oxide is inconsistent with that of tris- 
pentafluorophenylphosphinc oxide which only reluc- 
tantly shows loss of oxygen (17b). The partial mass 
spectrum, as given in Table 5, indicates a surprisingly 
large abundance for loss of oxygen, suggesting a 
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JONES ET A L .  

TABLE 3. Abundance of 

Abundance 

Ion R = t-C4H9 R = C6H5* 

C I Z F ~ P R  0.6 28.4 
[CIZFSPRI~' - 0.7 
ClZF8PR-H - 2.4 
ClzFSPR-CH3 1 . 6  
C I ~ F ~ P R  - 2.8 
Ci,FaPF, - - 
CIZFBPF - - 
C I ~ F E P H  2.4 0.6 
Ci2F8P 14.5 14.0 
C I Z F ~ P H  0.9 - 

C I ~ F ~ P  - - 
PF2 - 0 . 4  
c18FaX5 - 0.6 
C I ~ F ~ X ~  - 2.3 
C18~8X3 - 0.4 
C18F7X5 - 2.5 
C18FsX4 - 0.6 
C18F5X5 - 0 .8  
C I E F ~ X ,  - - 
C17Fg - - 

C I ~ F S H ~  0 .6  - 

c12F8 - - 
CI 2F,H 0.8 - 

I I 

H W 

B,C* -PF 

~ ,&)d l+ '  
I 

C , ~ F , ~ + '  
F' 'F 

SCHEME 3 .  A .  R = tC,K,; 5, R = C,Hs (X = H); C ,  R = C,F, (X = F); * metastable ions observed. 
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TABLE 4. Abundance of ions 

Abundance 

Ion R = C6H5 R = C6FS 

(CsF5),PR 15.7' 42.0" 
(CBFS)ZP 0.3* 16.9" 
(Ci2Fs)PR 28.4 22.7 
(c12Fs)P 14.0 37.3 

*Refe~ence 18 

TABLE 5. Partial Inass spectrum of Cl,F,P(0)C6H5 

Ion A bundance 

C I ~ F ~ P  9 .6  
CisFsH5* 10.8 

'This ion is not observed in the spectrum of 5-phenylocta- 
fluorodibenzophosphole. 

strong resonance stability of phosphorus capable of 
compensating for cleavage of the normally strong 
phosphorus-oxygen bond. However, the second 
most abundant species in the spectrum is C,,F,H,+ 
which results from expulsion of a PO fragment from 
the parent ion. This latter behaviour suggests that 
there could be little, if any, special stabilization of 
phosphorus in the ring system of the parent species. 
The fact that P-O cleavage is highly restricted in the 
fragmentation of many other phosphorus compounds 
(23, 34, 35) while easily lost in this case is not readily 
explained. 

The anomalous behaviour of the phosphole oxide 
is not a result of thermal decomposition since it is 
quite volatile at source temperatures (180°C) below 
its melting point (189-190°C) (7b), using an un- 
heated direct probe. 

We have described previously a large number of 
cases of rearrangement involving fluorine transfer to 
the central atom in the mass spectra of perfluoro- 
aromatic com~ounds. and have attributed this to the 
possibility of intermediate formation involving 
expanded co-ordination about a central atom with 
empty, available p- or 61-orbitals capable of accepting 
fluorine p-electron density. Because the nletalloles 
described in this report already had n-donor ligands 
(q-C,H[,) it is highly unlikely that fluorine abstrac- 
tion could ~roceed via n-bonded Auoroaromatic 
intermediates in consideration of the present con- 
cepts of bonding orbitals in these systems (35) and the 
resultant steric restrictions. 

Though the mass spectra of the cobalt, rhodium, 
and iridium compounds give no direct evidence for 

fluorine transfer, many of the fragmentation products 
indicate possible neutral atom fluorine losses (see 
Scheme 1). The titanole, with its greater availability 
of empty frontier orbitals, shows ample evidence for 
the operation of fluorine abstraction processes. Since 
the titanium atom represents a d o  configu~ation, one 
would predict a more favourable situation for overlap 
and subsequent rearrangement involving empty 
(q-C,H,),Ti frontier orbitals than could be attained 
in the Group VIII coinplexes where cobalt, rhodium, 
and iridium have a d6 coufiguration. 

The obvious Dresence of suitable orbitals on 
phosphorus creates a situation where halogen trans- 
fer should be facile. This, combined with the fact 
that phosphorus can expand its co-ordination sphere 
to accommodate up to six ligands, can rationalize 
elimination of neutral PF, PF,, and PF, species. 

There is no convinci~lg mass spectral evidence for 
delocalization of the phosphorus lone pair in the 
dibenzophospl-tole system, although some results can 
be explained only in terms of an increased stabil~ty of 
phosphorus in such heterocyclic systems. 

The general behaviour for the phosphorus and 
titanium heterocycles is reminiscent of the Group IV 
compounds described earlier (17a). These all showed 
loss of MF, (n - 1-4) species rather than expulsion 
of the metal atom and as a result gave rise to a 
variety of tetra-, tri-, and biphenylene species. A 
further example of comparable behaviour, which is 
common to the Group VIII rnetalloles as well, in- 
volves the consecutive losses of HF or F' from the 
basic heterocyclic species1 to give a whole series of 
metal containing ions, again in preference to expul- 
sion of the central atom. 

In light of these consideratioils it is reasonable to 
suggest the operation of mechanisms involving ex- 
panded co-ordination about the central atom which 
is consistent with the rearrangement ions described 
previously for the Group 1V compounds (170). 
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The interaction between the excited triplet state of ketones and olefins: the role of triplet 
exciplexes 
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RAFIK 0 .  LOUIFY, S. K. DOGRA, and R .  W. YIP. Can. J. Chem. 57. 3-12 (1979) 
The quenching of triplet acctone in degassed acetorlitrile solution by electron-rich and 

electron-deficient olefins has been measured by Rash emission technique. With the exception 
of fumaronitrile, the efficiency of quenching of triplet ketones by olefins is not determined by 
the triplet energy of the ketone, but by the ability of the excited ketone to donate or accept 
electrons. The results are consistent with the assu~nption that back dissociation of the triplet 
exciplex is an important process in the overall reaction and accounts for quenching rate 
constants which are less than those for diffusion-controlled reactions. Lifetimes and binding 
energies of the triplet exciplexes have been estin~ated. 

RAFIK 0. LOUTFY, S. K. D O G R ~  et R .  W. YIP. Can. J. Chem. 57. 342 (1979) 
Faisant appel a la technique de I'emission eclair, on a mesurt le piegeage de I'acetone a 

!'itat triplet, en solution dans de I'acetone dkgazee, par des olefines riches et dkficitaires en 
electrons. A I'exception du furamonitrile, I'efficacite du piegeage de cctones I'etat triplet par 
des olefines n'est pas determinee par I'energie triplet de l'acetone mais plutBt par ia capaciti 
dc la cctone excitic a donner ou a accepter des electrons. Les resultats sont en accord avec 
I'hypothese que la redissociation de l'exciplex triplet est un processus important de la rbaction 
globale et qu'il tient cornpte des constantes de vitesse de piegeage qui sont plus faibles que 
celles de reactions contr8lees par c1ifTusion. On a Cvalue les temps de vie et les energies de 
liaison des exciplex triplets. 

[Traduit par le journal] 

Introduction attracted considerable interest in the ~ a s t  decade. 
The interaction of electronically excited ketone Consequences of such interaction are enhanced 

triplet states with ground state amines ( I ) ,  olefins radiationless decay, chemical reactions, and electron 
(2) ,  aromatic and aliphatic hydrocarbons (3) in a transfer resulting in ion formation. These processes 
process not involvillg electronic energy transfer has can be represented by the following general scheme. 

ATF + BS* 
k ,  k 

?A*  + B ,-' ' (A*B)  w (A+ .  B') - '(AB*) photoproduct 
K -  I 

The interaction between triplet ketones and 
(electron-rich) olefins proceeds via a complex 
(exciplex) with weak charge-transfer character (2a, 
2c) in which the ketone acts as an acceptor. In the 
case of triplet benzophenone interacting with 2- 
butene and isobutylene, isotopic and kinetic results 
suggest that the complexes are formed irreversibly 

lNRGC No. 19067. 
2NRCC Postdoctorate Fellow. 

(%c, 3 4 .  Whether the conclusion applies to other or 
all triplet exciplexes has not yet been established. 
With electron-deficient olefins, such as chloroethyl- 
enes, the major quenching process has been 
suggested to be triplet energy transfer (2a, 2c)  rather 
than charge transfer from ketone to the electron- 
deficient quencher, such as has been postulated to 
account for the quenching of ketones by substituted 
benzenes (36). Thus, in terms of the above scheme, 
k - ,  is considered to be negligible, as is the con- 

ms-4042/79/030342-06$01.00/0 
a1979 National Research Council of CanadaIConseii national de recherches du Canada 
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TABLE 1. Quenching rate constants of acetone, butyrophenone, and benzophcnonc triplet by 
substituted olefins 

h - , ( ~ ~ - l  S-11 x 
Ip" -------- 

Quencher (eV) Acetoneb Butyrophenoneh Benzophenone' 

Electron-rich olefin5 
I-Ethoxy-1-butene 
2,3-Dimethyl-2-butene 
2-Methyl-2-butene 
Cyclooctene 
Cyclohexene 
Norbornene 
Cyclopentene 
cis-2-Pentene 

Electron-deficient oIefit7s 
Fumaronitrile 
Tetrachloroethylene 
Trichloroethylene 
trans-Dichloroethylene 

Dienes 
cis-1,3-Pentadiene 

QPhotoionization halues taken from ref. 12. 
*This nork,  determined in acetoiiitriie using flash emission techniques. 
'See ref. 26,  k, 's  determined in benzene. 

tribution of A'B- and the formation of A + 3R" via 
an exciplex. At present, owing to the absence of 
reported exciplex phosphorescence in solution, no 
information is available on the binding energy or 
lifetime of ketone-olefin triplet exciplexes. 

We report here the results of the quenching of 
triplet acetone by olefins which are pertinent to the 
question of involvement of charge transfer com- 
plexation in the quenching of electron-deficient 
olefins, and the reversibility of ketone-olefin 
exciplex formation. In addition, u e  put forward 
calculations to provide a semi-quantitative estima- 
tion of the binding energies and lifetimes of ketone- 
olefin exciplexes. 

Results and Discussion 

The luminescent decay of triplet acetone in de- 
gassed acetonitriie solut~ons was measured by flash 
emission technique described earlier (4). The rate 
constants for quenching triplet acetone by a series of 
substituted olefins and the relevant values for 
quenching triplet butyrophenone (26) and benzo- 
phenone (2c) are recorded in Table 1. Table 2 lists 
the dependence on temperature and the rate con- 
stants for quenching of triplet acetone by norbornene. 

Quenching of triplet acetone by the formation of 
an intermediate n-type complex (exciplex) with 
partial charge transfer from electron-rich quenchers 
(1-ethoxy-1-butene and alkyl substituted olefins) is 
indicated by (I) the high rate constants, (2) the good 
correlation of log k, with IP ,,,,,,,,, and (3), the 

TABLE 2. Quenching of acetone 
phosphorescence by norbornene 

in acetonitrile 

Temperature h-, x 
(K) ( M - I s - ' )  

273 3.63 
291 3.87 
297 4.16 

"Determined from three points; 
errors estimated to be k 10%. 

value of the slope of the plot of log k ,  vs. IP ,,,,,,,, 
relative to that for a full electron-transfer reaction 
(5). The value of the slope, -0.072 kcal-' mol 
(1.7 eV-I), is - 10: of that for full electron transfer 
((2.303RT)' = 0.74 kcal-I mol (17 eV-l)) ( 5 ) ,  and 
is in excellent agreement with the ~ a l u e s  reported by 
Schore and Turro (2d) for the quenching of singlet 
and triplet acetone by alkoxyethylenes. 

In a previous study on the quenching of triplet 
butyrophenone by chloroethylenes, Kochevar and 
Wagner (20) observed that triplet butyrophenone 
(E, 74.5 kcal mol-I) was more rapidly quenched by 
cis-dichloroethylene than was triplet benzophenone 
(E,  68.5 kcal mol-I), and that the rate of triplet 
quenching by cis-dichloroethylene (IP 9.66 eV) was 
significantly higher than that by the alkylethylenes 
(IP 5 9.1 1 eV). On the basis of these results, it was 
concluded that energy transfer was the major 
quenching process, since both charge transfer com- 
plexing and radical addition would be slowed by 
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T A B L ~  3. Dependence of quenching rate constallt on (E, ,Ox - E,) of ketone and E,,2"%f chloroethylenes 

k, x lo-7 (M-I S-I  I 

tmfzs- 
ET" EI,~" EI120X - ET Cl2C=CClZ CI,C=CHCl ClCH=CHCI 

Ketone (eV) (v) (ev) (1 .38)b,c (I .64)"' (1.90)hc 

Acetone 3.36 2.59" -0 .77 68.5 42 18 
Butyrophenonee 3.13 2 . 3 4 L 0 . 7 9  145 72 40 
Benzophenonee 2 .97 2.37" -0.60 1 . 3  

"Caici~lated \slues (ref. 13). 
h-El  2re 'J  (V) ,  ref. 14. The \aIues given have been converted t o  acetonitrile as solveiit. 
'Values o f t ,  2°' of the quenchers'are: tetrachloroerhylene 2.25 V, trichloroethyleile 2.37 V, and dichloroethylene 2.55 V, 

calciilated from their 1P (ref. 15). 
dTaken to be simllar to  the measured valile for  acetophenone (ref. 16). 
%Rate constants, ref. 3d. 

increasing chloro substitution (20). A similar con- constants for quenching by a given chloroethylene is 
clusion was reached for the quenching of triplet 
benzophenone by dichloroethylene (2c). In the k,l = exP -(E1,zoY - ET)I/RT 

present work, the rate constants obtained for the kq2 exP - ( E 1 , z O "  - ET),/RT 

quenching (E, 76 kcal mol- l )  For example, the value for acetone and 
the chloroethylenes (Table 1) are lower than that for butyrOphenOne is k,(,,,,one,,k q(butyrophenone) = 0.46 butyrophenone. These results are clearly incom- which falls within the experimental values of 
patible with a triplet energy transfer n~echanisn~. We 0.45-0.~8. 
believe that the quenching of triplet ketones by the The rapid quenching of ketone triplets by fumaro- 
chloroethylenes is best of a nitrile can be attributed to direct energy transfer. 
complex with charge transfer character in which the Consistent with this conclusion, k ,  decreases from 
direction of electron transfer is opposite that for the to benzophenone, that is, with decreasing 
electron-rich olefins: i.e.. in which the ketone is the ketone triplet energy. 
donor and the chloroethylene is the acceptor. The quenching rate constants of triplet ketones by 

The consideration of CT interaction obviously olefins are slower than those of diffusion-controlled 
necessitates that the direction of transfer be deter- processes. This could be due to the occurrence of 
mined. Based on arguments used previously to reversible exciplex formatjon. In the case of x-  
determine the relative energies of two possible donor- cyanonaphthalene-olefin exciplexes, ware (6) acceptor pairs (30), We have as a condition for have shown that reversible exciplex formation can 
pair with the lowest energy, in solution, the in- lead to an observed quenching rate constant, I<,, 
equality, significantly slower than the rate of exciplex 

(EoX + ETed)acceptor  > (EoX + Ered)donor  

Calculations based on the above inequality using the 
data recorded in Tables 1 and 3 show that the 
donor-acceptor pair with the lowest energy is that in 
which acetone is the donor and the chloroethylene is 
the acceptor. The conclusion that A'B- is im- 
portant in the description of the exciplex formed 
between acetone (A) and the chloroethylene (B) 
provides a rationale for two features exhibited by 
the quenching results : (1) the absence of a correlation 
between log k, and IP of the chloroethylenes, and 
(2) the correlation of log k ,  with reduction potentials 
of the chloroethylenes (2e). The importance of 
'reverse' electron transfer in the quenching of triplet 
ketones by the chloroethylenes is further emphasized 
by the correlation between log k, and the excited 
ketone electron donating ability (EoX - E,) rather 
than with ketone triplet energy (see Table 2). For 
two triplet ketones, the relative magnitude of the rate 

formation, k, .  
In terms of the reaction scheme which we have put 

forward, the question is how important is k - ,  
relative to k,. The experimental quenching rate 
constant k ,  is given by 

. . 

and therefore the experimental activation energy can 
be expressed in terms of the activation energies 
corresponding to k-,, k , ,  and k,. In the event that 
k - ,  > k,, the presence of the term - A H c  (where 
A H ,  is the binding energy of the complex) will tend 
to give a lower experimental activation energy than 
if it were absent. This is most readily seen in the case 
of k - ,  >> k,, and k ,  = (lr,/k- ,)k, = K,k, where 
K c  = k,/k-, .  We have E, = - A H ,  + E,. In the 
extreme, where AHc > E,, the observed activation 
energy, E,, can even be negative (3c, 7, 8). There is 
one other case to be considered, that is the situation 
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LOUTFY ET AL 

TABLE 4. Slopes of log vs. IP or EI12"" for quenching of ketone triplets by olefins 

Slope 
Triplet ketone Quencher (kcal-' mol) Sol\ent bZ ' Referencc 

Acetone(A) alkplethylenes(D) - 0.072" CH3CN 0 . 1  This work 
Acetone(A) alkoxpethylenes(D) -0.065" CH,CN 0.09 2d 
Acetone(D) chloroethylenes(A) 0 .  OGb CH,CN 0.08 This work 
Butyrophenone(A) olefins(D) - 0.047" Benzene 0.065 26 
Butyrophenone(D) olefins(A) 0.045' Benzene 0 .06 26 
Benzophenone(A) olefins(D) - 0.036" Benzene 0 .05 2c 

a A  log 1, Alp. 
CA log k : l ~ ~ ~ : ~ ~ ~ ~ .  
Cb2 = slope'0.74 kcal-' mol, \\here 0.74 is the slope for fiill electron transfer. 

TABLE 5. Data on exciplex formation between acetoneu triplet state and electron-rich olefins (donor) in 
acetonitrile 

E 1 , 2 O X  E(A- D T  lC Emd AGOe k,(107) K S  A H  
Quencher (v)  (e V) (ev) (eV) ( s )  ( M I )  (eV) 

I-Ethoxy-1-butene 0.78 
2,3-Dimethyl-2-butene 1.16 
2-Methyl-2-butene 1.64 
Cyclooctene 1.81 
Cyclohexene 1 .94 
Norbornene 1 .82 
Cyclopentene 2.05 
cir-2-Pentene 2.18 

aE,12red = 2.3 V, ref. 13. 
bCalculated from the correlation 1.271P - 9.38 relating to IF of olefins to El 2°x  ( 1 5 ) .  
'Calculated from eq.  [Za] .  
dTbe triplet exciplex energy cdlcillated according to E,, = b2E,," -'- ( 1  - b2)ET,  ~rhei-e h2 = 0.1. 
=The free energy change for exciplex formation = EEx - E,. 
fK = exp ( - G o / R T ) .  

where k2  >> k -  ,, and k ,  = k, < k,, where k ,  is the 
diffusion-controlled rate constant. In this case, 
E, 2 ED (- 2-4 kcal mol- ' (9)) unless the Arrhenius 
factor associated with k ,  is low. The activation 
energy which we have obtained from the tempera- 
ture-dependent quenching of triplet acetone by 
norbornene is 0.8 kcal mol-l. In this instance, back 
dissociation of the exciplex is probably an important 
process. 

For full charge transfer involving the reaction of 
an excited molecule, the free energy for the reaction 
is given by (5) 

121 AGO = - E* 

where 

[2al ECTO = EDoX - Lred - e 2 / ~ r  

E" is the excited (triplet) state energy, and E is the 
dielectric constant of the solvent. The solvation 
energy of the CT complex is small compared with 
the terms in eq. [2a] (or implicit in eq. [2a]) ,  and has 
been neglected. In acetonitrile ( E  = 36), the term 
e2/sr assumes a value of 0.1 eV for r = 3.4 A. 
Although the value of e 2 ! E r  changes with the E of the 
solvent, this change is offset by an equal change in 
the values of Eox and Ered with the E of the solvent. 

In essence, this means that the total coulomb energy 
comprised of the 'mutual solvation energy' e 2 / & r  

(that is, the coulomb energy arising from A- and Df 
separated by a slab of dielectric, E ,  at a distance r), 
and the solvation energies of Df and A -  (incor- 
porated in Eox and Ered) is constant. In a high 
dielectric solvent such as water, the coulornb energy 
between D+ and A- is negligibly small compared 
with the solvation energies of the ions Df and A- 
in water. The converse applies in the case of a low 
dielectric constant solvent. 

Similarly, the A G O  for exciplex formation, in which 
partial charge transfer is involved, is given by 

where b2 is the fraction of the electron transferred 
from donor to acceptor molecule, and can be 
obtained from the slope of log k, vs. IP of the donor 
(2d, 3d). Values of b2, AGO, AH, and K are listed in 
Tables 4 and 5.  The enthalpy of formation of the 
exciplex, AH (AH = AGO + TAS)  was calculated 
taking AS = - 18.2 eu (5b). 

Triplet exciplex lifetimes and binding energies can 
be deduced from the quenching data if a number of 
assumptions are made. One of these is the assump- 
tion that exciplex reversal is important. 
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Since the values of AGO listed in Table 6 are all 
positive, with the exception of quenching with 
1-ethoxy-1-butane, it is expected that the rate of 
exciplex reversal, k -  ,, will be large. Assuming that 
k - ,  >> k,, k ,  reduces to 

The equilibrium constant K can be calculated from 
the free energy change for exciplex formation. 
Knowing K ,  we can calculate k ,  from the measured 
values of k ,  using eq. [4]. 

TO obtain the rate constant for exciplex reversal, 
k -  ,, the rate constant for exciplex formation (k , )  is 
calculated and then substituted into the equation 
k , / k - ,  = K. The rate constant for exciplex forma- 
tion can be written as 

[5] k ,  = A,  exp (-AG'IRT) 

where A,  M-'s - ' )  (10) is the collision 
frequency between neutral molecules in solution. For 
reactions between unchanged species, the free energy 
of activation, AG* , for outer-sphere electron transfer 
can be expressed in terms of the standard free energy 
of the reaction, AGO, according to (10) 

where 3, is the solvent reorganization energy. For 
weak complexes with only partial charge transfer, 
the solvent reorganization parameter can be esti- 
mated to be 7.5 kcal/mol from the equation (1 1): 

In eq. [7], e is the unit electron charge, 2n is the 
internuclear separation between the reactants, 
assumed to be 11 Pi (1 1) for the acetone complexes, 
E ,  and E, are the optical and static dielectric constants 
of the solvent, respectively. The rates of exciplex 
formation, k, ,  were calculated using eqs. [5] and [6], 
and found to approach the rate of diffusion-limited 
TABLE 6. Calculated rate constants o f :  formation ( k , ) ,  reversal 
( k -  ,), reaction ( k Z ) ,  and lifetime for triplet acetone/olefin 

exciplexes 

kl(lOs) k- '(109) k2(107)  EX 
Quencher ( M  s )  ( s )  ( s )  (ns) 

1-Ethoxy-1-butene 85.7 2.08 2.67 0.47 
2,3-Dimethyl-2-butene 43.8 4.47 5.23 0 .22 
2-Methyl-2-butene 16.3 10.2 17.55 0 .1  
Cyclooctene 10.8 13.5 27.56 0.07 
Cyclohexene 7 .42  16.8 22.72 0.06 
Norbornene 10.8 13.5 53.75 0.07 
Cyclopentene 6.26 18.4 55.96 0.05 
cis-2-Pentene 4.5 21.6 50.0 0.045 

FIG.  1. Plot o f  log k l  against AGO; Z = 10" M-'  s-'. (a)  
h = 7.5 kcal mol-l ,  (b) h = 11.8 kcal mol- ' .  

processes, while the rate of reversal, k- , ,  were 
obtained from the ratio k , / k - ,  = K. Values of k, ,  
k -  ,, and k ,  are recorded in Table 6. The values of 
k - ,  are an order of magnitude greater than k ,  in 
most cases, in spite of the fact that AH is negative. 
This is due to the positive AS for the reversal. The 
values of k ,  and k - ,  for the system are dependent 
on the accuracy of the term h used in eq. [5], and A ,  
used in eq. [6], and thus are by no means absolute. 
For example, in Fig. 1 plots of log k ,  against AGO 
correspond to (a), h = 7.5 kcal/mol and (b), h = 

11.8 kcal/mol. A small change in h had a significant 
effect on the calculated rate constant k, .  Nonetheless, 
the results allow us to estimate that the triplet 
exciplex lifetimes T,, = l / ( k - ,  + k,) is less than a 
nanosecond, in most cases. The extremely short 
exciplex lifetime is consistent with the lack of 
emission from these complexes. Similar analysis 
could be carried out for triplet ketones quenching 
by electron-deficient olefins. 

In summary, this study indicates that triplet 
acetone quenching by olefins involves the formation 
of a partial charge transfer complex or exciplex. With 
the exception of fumaronitrile, the efficiency of 
quenching of triplet ketones by olefins is not deter- 
mined by the triplet energy of the ketone, but by the 
ability of the excited ketone to donate or accept 
electrons. The data are consistent with the assumo- 
tion that back dissociation of the triplet exciplex is 
an important process in the overall reaction and 
accounts for quenching rate constants which are less 
than those for diffusion-controlled reactions. Life- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LOUTFY ET AL. 347 

t i m e s  and b i n d i n g  e n e r g i e s  of the t r i p l e t  exc ip lexes  
have beer1 e s t i m a t e d .  
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Isomeric cyclic [C6HlO]+' ions. The energy barrier to ring opening 
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PEDER WOLKOFF and JOHN L. HOLMES. Can. J. Chem. 57.348 (1979). 
Appearance energies and metastable peak shapes for methyl loss from the molecular ions of 

cycloheaene, methylcyclopentenes, methylenecyclopentane, bicyclo[3.1 .O]hexane, and 2-methyl- 
1,4-pentadiene indicate that they have a common reaction pathway which produces [cyclo- 
pentenium]+ as the daughter ion at threshold. 

From measurements of appearance energies and from relative peak abundances and kinetic 
energy releases for the metastable losses of CH; and labelled methyl from the deuterium 
labelled cyclic [C,Hlo]+' ~ n o l e c ~ ~ l a r  ions it mas concluded that: (0)  H I D  mixing in [cyclo- 
hexenel+' occurs in the intact ring prior to a concerted methyl extrusion; (b)  [methylcyclo- 
penteiles]+' loses methyl without nrly H,'D mixing at or near to threshold by a straight C-C 
cleavage, possibly via the 3-isomer.  methyl losses involving HID mixing are preceded by ring 
opening which has an activation energy of ca. 1 eV. However, [cyclopentenium]+. is again the 
daughter ion; (c) methylenecyclopenta~~e and bicyclo[3.1 .O]hexane molecular ions isomerize to 
methylcyclopentenes prior to methyl loss. 

H:D mixing (prior to methyl loss) in the ~nolecular ion l,l-2H2-2-methyl-l,4-pentadiene 
takes place before cyclisation to niethylcyclopentene. 

PEDER WOLKOFF et JOHN L. HOLVES. Can. J. Chem. 57, 348 (1979) 
Les energies d'apparition et les forrnes des pics mktastables dus la perte de niethyles par 

les ions n~olCculaires du cyclohexene, de methylcyclopentenes, du methylenecyclopentane, du 
bicyclo[3.l .O]hexane et du methyl-2 pentadiene-1,4 indiquent qu'elles procedent par un chemin 
rkactionnel commun qui fournit le [cyclopentPnium]+ conlnie ion-fille au seuil. 

A partir des mesures des energies d'apparition, des abondances relatives des pics et des 
energies cinktiques eniises lors des pertes de CH; et de methyles marques provenant d'ions 
~noleculaires [C6HloIT '  cycliques ~liarques au deuterium, on a conclu que: (n)  le melange 
H ) D  dans le [cyclohexenel-' se produit dans le cycle intact avant I'expiilsion concertee d'un 
groupe methyle; (b)  les [methylcyclopentenes]-' perdent un mkthyle sans melange H , D  au 
lliveau ou prks du seuil par une rupture C-C simple possiblement par l'isoniere-3. Des pertes 
de methyles impliquant des melanges H D sont precedees par une ouverture de cycle accom- 
pagnee d'une energie d'activation d'environ 1 eV. Toutefois le [cyclopent6nium]+' est a 
nouyeau I'ion-fille; ( c )  les ions moleculaires du methylene cyclopentane et du bicyclo[3.1.0]- 
hexane s'isomerisent en rnCthylcyclopentenes avant de perdre un methyle. 

Le melange H ' D  (pricedant une perte de mkthyle) dans I'ion mol6culaire 2H2-l , l  methyl-2 
pentadiine-1,4 se produit avant la cyclisation en ~~iCthylcyclope~~te~~e,  

[Traduit par le journal] 

Introduction 
Eight years ago (I)  it was written that "the mass 

spectra of the alkenes is one of the most obscure 
chapters of mass spectrometry". Since then the 
picture has become less obscure, largely due to the 
development of experimental methods for studying 
ion fragmentations in well defined time frames (2) 
(e.g. metastable ion studies (3) and field ionisation 
kinetics (4) (F.I.K.)) and the introduction of col- 
lisional activation (C.A.) ( 5 )  as a method for inducing 
ion fragmentation. These techniques, combined with 

C3H6 (8), C4H8 (9-121, C5H8 (13). CSHIO (11, 14, 151, 
and C6HI2 (11, 14, 15) have employed the above 
methods and although much has been learned con- 
cerning possible mechanisms for the interconversion 
of isomers prior to fragmentation and daughter ion 
structures, the complete loss of positional identity of 
C and H atoms among n~olecular ions of lifetimes 
greater than about lo-' s often makes it difficult to  
draw unequivocal conclusions. 

In a recent study of the isomeric octenes (16), it 
was concluded that the molecular ions had isomerised 

isotopic labelling ( 6 ) ,  have led to  the identification of to  a common structure (or structures) in less than 
reacting configurations of fragmenting ions, daughter s. However, at times shorter than 10-1° s, the 
ion structures, and, in some cases, where good decomposing molecular ions retained their structural 
thermochemical data are available, to the identifica- integrity and decomposed by specific mechanisms. 
tion of the neutral fragment's structure as well (7). A F.I.K. study (17) of methylcyclopentane-d3C 

Experiments on isomers of the hydrocarbons revealed that on the picosecond time scale, loss of 

W8-4042/79/03O348-07S0 1 .00/0 
1979 h'ational Research Council of CanadaIConseil national de I-echerches du Canada 
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methyl involved only the labelled group. At longer 
times S) loss of CH," and C,H, was preceded 
by ring opening and randomisation of C atoms. 
Levsen et a/ .  (18) have also investigated the behavior 
of cyclo-alkane molecular ions. 3-, 4-, and 5- 
membered rings were shown to open within s 
to yield the corresponding I-alkene molecular ions. 
6-, 7-, and 8-membered rings were, however, found 
to remain intact prior to fragmentation from the 
pico- to micro-second time frames. 

Comparatively little work has been reported on the 
isomeric C6H10 hydrocarbons, with the exception of 
cyclohexene. The latter was thoroughly investigated 
by Derrick et al. in a F.I.K. study (19) of 3,3,6,6-2H4- 
cyclohexene. The methyl loss was envisaged as a ring 
contraction leading to a methylenecyclopentane-like 
ion which readily lost CH; yielding [cyclopenten- 
ium]". Rapid 1,3-allylic H atom shifts were proposed 
to take place around the cyclohexene ring, leading to 
the loss of positional identity of H atoms; this was 
found to begin within lo-" s and was con~plete by 

s. Ausloos and co-workers (20) studied some 
ion-molecule reactions of molecular ions of cyclo- 
hexene, and I-, 3-, and 4-methylcyclopentene 
produced by 10 eV photons and explained their 
results on the basis that these molecular ions of low 
internal energy content did not undergo appreciable 
rearrangement. However, Levsen and Hilt (21) 
concluded from their study of the C.A. mass spectra 
of cyclohexene, 1-methylcyclopentene, 3-methyl-1,2- 
pentadiene, 2-methyl-2,3-pentadiene, and 1-hexyne 
that the non-fragmenting molecular ions of these 
isomers have partially isomerised (but to different 
extents) in the first ps after ionisation. 

The thermochemistry of C6Hlo isomers has been 
investigated by Winters and Collins (22) and more 
recently by Lossing and Traeger (14). The latter 
authors conclusively showed that at threshold, the 
[C,M,]' daughter ion from cyclohexene has the 
[cy~lopentenium]~ structure; this they showed to be 
rhe most stable [C,H,]' ion, (AH,  = 199 kcal mol-l) 
with [dimethylcyclopropenium] + as the probable 
nearest [C ,H7] ' isomer (AH,(estimated) = 217 kcal 
molF1). The very low AH, for [cyclopentenium]' 
makes methyl loss the fragmentation of lowest 
activation energy, and so can account for mlz  = 67 
being the base peak in the compiled mass spectra of 
almost all C,H,, isomers (23). 

In this paper we report an investigation of the 
energetics and metastable ion characteristics of 
deuterium labelled cyclohexene, the methylcyclo- 
pentenes, methyienecyclopentane, and bicyclo[3.1.0]- 
hexane. The aim of the present qork  was to re- 
examine the behaviors of these cyclic C6Hl0 isomers 

with respect to their fragmentation of lowest energy 
requirement, namely the loss of CH,', in order to 
understand better the earlier conclusions of Derrick 
et al. (19) and Levsen and Hilt (21). 

Results 
( 1 )  Tl~ern?ochenlistry and Kinetic Energ), Release for 

Metastable Fragmentations 
The heats of formation, AH,, of the molecular 

ions of cyclohexene, 1- and 3-methylcyclopentene, 
methylenecyclopentane, bicyclo[3.1 .O]hexane, and 
2-methyl-l,4-pentadiene and their corresponding 
[C,H,]+ (methyl radical loss) daughter ions are 
presented in Table 1. Ionization (IE) and appearance 
energies (AE) were measured for us by kossing using 
energy selected electron5 (14, 24). The kinetic energy 
releases measured from the half-height widths of the 
metastable peaks, (To ,) for the fragmentations 
taking place in the first field-free region of a Kratos 
AEI MS 902s Mass Spectrometer, are also given in 
Table 1. The AH, values for the molecular ions show 
that I-methylcyclopentene is the most stable species. 
(This is to be expected, cf. [CH,-CH=CH- 
CH,CH,]+', AH, = 198 kcal mol-' and [CH,CH= 
C(CH,),lf', AH, = 190 kcal mol-I) (25). The 
daughter ions [C,H , I f  all have AH, values corre- 
sponding to the cyclopentenium cation, the most 
stable [C,H7]+ ion. The slightly higher value for 
bicyclo[3.1.O]hexane could be ascribed to a kinetic 
shift. Within experimental error, the To , values are 
considered to be essentially the same for all corn- 
pounds and indeed the normalized metastable peaks 
(which are of Gaussian shape) are almost super- 
imposable. From these data it is concluded that the 
six isomers fragment via a common transition state to 
yield [cy~lopentenium]~ as daughter ion. 

( 2 )  Deuterium Labelling Experim~ents 
The metastable peak abundances and To,, values 

for the losses of CH,' and deuterated methyl radicals 
from variously labelled cyclic C6Hl0  molecular ions 
are shown in Table 2. 

I-Deuterio and 1,3,3-Trideuterio C~~clolzexenes 
The metastable peak abundances for these deu- 

terated cyclohexenes are close but not equal to those 
for random statistical positional mixing of H and D 
prior to fragmentation. It is, however, noteworthy 
that the relative daughter ion abundances (i.e. for 
ions generated at  short times (<0.1 ps) in the ion 
source from high energy molecular ions) are in the 
exact random statistical ratio. These metastable peak 
observations are in agreement with those of Derrick 
et al. (19) on 3,3,6,6-2~,-cyclohexene. These authors 
found, in a field ionization kinetics experiment, that 
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TABLE 1. Heats of fonnationa of some [C,H,,]" ions and [C5H,IT ions and the kinetic energy 
release (To,,) associated with the formation of the latter 

AHf(M+') AHf[CsH7]+ To.5 
Compound (1 1.5 kcal mol-') ( I  1.5 kcal mol-I) (1- 0.9 meV) 

aReference 14. 
b7hjs uork ,  1E = 8.70 e\', AE = 10.02 eV (i 0.05). 
cThls n o i k ,  1E = 9.28 eV, AE = 9.88 e\' ( ~ 0 . 0 5 ) .  
"E = 9.40 eV. 

TABLE 2. Metastable peak abundance ratios (peak heights) and To values (meV) for CH,D,-, loss from labelled CsH,o 
molecular Ions' 

Compound CH, ' T0.5 CH,D' T0.5 CHD,' To.5 CD,' T0.5 

(19) 1 .0  (1.0) 2.17 (2.18) 1.17 (1.36) 

"Values in parentheses are  for  random distribution o f  W and D. T o , ,  values 5 1.0 meV o r  less. except ahe re  indicated. 
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AND HOLMES 35 1 

on the picosecond time scale the 'H, molecular ion 
predominantly lost CD2H. 

The To,, values (Table 2) for the various methyl 
radical losses are, within experimental error, the 
same as that for the uniabejled molecule. Further- 
more, the AE values for n7lz 67 and 68 from the 
monodeuterio species were the same, 10.30 and 
10.32 1 0.05 eV, respectively. 

I-Trideuterion~etI~yIc~~cIopentene 
The metastable peak abundance ratios for the 

various methyl losses from this compound are clearly 
far from statistical (Table 2). 

The major loss is CD,', 57% (random statistical 
proportion 0.8;7,), but the metastable peaks for the 
losses of CH,; CCH2D', and CD,H0 have relative 
abundances quite close to the random ratios. At a 
nominal ionising electron energy of 20 eV the 
metastable peak for CD,' loss comprises 71% of the 
methyl loss and for the ion-source generated daugh- 
ter ions (normal mass spectrum) this proportion 
rises to 80%. 

The kinetic energy releases (T,,,) for the meta- 
stable peaks are substantially different. For CD,' 
loss the To , value (15.5 meV) is slightly lower than 
that for the unlabelled compound (17.2 meV) while 
the other methyl loss peaks have & , values about 
twice as large (31 meV). The appearance energies of 
the daughter ions n7lz 67, 69, and 70 (corresponding 
to losses of CD,; CCPII,DS. and CH,') were measured 
using energy selected electrons (24) and %ere found 
to be 10.27, 11.18, and 11.18 eV (all 10.05 eV), 
respectively. Thus the apparent heats of formation of 
the daughter ions were 200,223, and 223 kcal mol-I, 
respectively. A measurement of AE riT/z 65 was not 
attempted because of interference from the 13C 
contribution from mlz  67. 

I -Deuter io-3-n1e~h~vlc~cIopen~e and 2-Deuterio-4- 
methylcyclopentene 

The metastabje peak abundances for losses of 
CM,' and CH-H,Da from these two labelled molecular 
ions are sign~ficantly different and neither is close to 
the ratio for random loss (Table 2). The 3-methyl 
compound (methyl at aliylic position) shows a 
greater relative loss of CH,' than the 4-methyl 
isomer. Loss of CH,':CH,De from the former 
increases from 8 :  1 (melsstable peaks) to 92: 1 
(daughter ions, normal mass spectrum) and for the 
latter from 4.3 : 1 to 7 : 1, respectively. The kinetic 
energy releases for these two compoul~ds show a 
behavior very similar to that of the trideuteriomethyl 
analogue. The diflerence in appearance energies (AE 
m / z  68 - A E  mlz  67) was not accurately measured 
with energy selected electrons but was estimated ta be 
not less than I .O eV from the A E  values for the meta- 
stable peaks (semi-log plots, MS 902s Mass Spec- 

trometer). This is essentially in agreement with the 
observations on the trideuteriomethyl compound. 

a,a-Dideuteriomc~t/~ylenec~clopentane 
The metastable peak characteristics for this com- 

pound are similar to those for 3-trideuteriomethyl- 
cyclopentene, with loss of CHD,' predominant and 
having a low To ,, and with CH,IDS and CH,' losses 
having larger To,, values and relative abundances 
close to the random ratio. 

1 , I -  Dideuterio-2-methyl-I,4-pentudiene 
Metastable loss of CM; is the major process here 

and the overall results (To , values and relative 
abundances) show similar trends to those of the 5- 
membered ring isomers. 

Discussion 
Cyclohexene 

We propose that prior to fragmentation at or close 
to the thermochemical threshold for methyl loss, the 
cyclohexene molecular !on irrerersibly isomerises to 
that of a methylcyclopenteile (possibly the 3-isomer). 
(The intermediacy of alkadiene rnolecular ions can be 
ruled out on energetic grounds (26).) The above re- 
arrangement is unlikely to be reversible for the 
following reasons : (a) whereas loss of C,H, generates 
an important peak at mlz  54 and also gives rise to an 
intense metastable peak in the mass spectrum of 
cyclohexene (via a retro-Diels Alder reaction), it is of 
negligible intensity in the mass spectra of 1- or 
3-methylcyclopentenes; (b) direct cleavage of the 
methyl group from methyl substituted cyclopen- 
tenes, witl~out loss of positional identity of labelled 
atoms, is clearly the predominant threshold process 
(Table 2). 

The atom mixing observed in labelled cyclohexene 
molecular ions must therefore take place in the six- 
membered ring prior to the loss of a methyl group. 
This HID atom mlxing in labelled cyclohexenes has 
adequately been explained by Derrick et a / .  (19) who 
proposed a series of 1,3-aliylic hydrogen atom shifts. 
The same authors found that at the shortest times 
investigated (- 10- s) the major methyl loss from 
-3,3,6,6-2M,-cyclohexene was CHD,". Ring opening 
by breaking a vinylic C-C bond is an energetically 
unfavourable process (27) and so a concerted extru- 
sion similar to that proposed by Derrick et ni. (19) is 
illustrated below. 
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It is worthwhile to emphasize that neutral cyclo- 
hexene, under a variety of experimental conditions, 
readily isomerises to 1-methylcyclopentene (28). 

Met/i~lc.vcloperztenes 
The AE and metastable peak measurements 

(Table 2) clearly demonstrate that at or near to 
threshold the methyl substituent is lost without any 
appreciable prior mixing of H/D between the ring 
and the methyl group. The results also indicate that 
3-methylcyclopentene may well be the fakoured 
reacting configuration, i.e. in which the methyl group 
occupies the allylic position.' This is seen by com- 
paring the losses of CH,' fronl the monodeuterated 
3- and 4-methylcyclopentenes with CD,' loss from 
the 1-trideuteriomethyl analogue (Table 2). 

The methyl losses associated with the lliixing of 
HID have an AE 1.0 eV higher than that for the 
threshold methyl loss from the unlabelled molecule. 
However, these fragmentations are accompanied by a 
much larger kinetic energy release (3 1 meV) than that 
for the simple methyl cleavage reaction (15.5 meV). 
The apparent AHf for the (labelled) [C,H,lf 
daughter ion, 223 kcal mol-I is equal to that for the 
3-vinylallyl cation (14), but the large kinetic energy 
release for that metastable decoinposition leads us to 
suggest that this daughter ion is not being generated. 
We propose that the daughter ion is again [cyclo- 
pentenium]' and that the excess energy, 1.0 eV, 
represents that required to open the cyclopentene 
ring. The acyclic ion then undergoes rapid HID 
randomisation and fragments to yield [cyclopen- 
tenium]' with the excess internal energy (required 
for ring opening) being partitioned into translat~onal 
energy of the products. The only other feasible 
daughter ion (on thermochelnical grounds) is the 
dimethylcyclopropenyl cation, whose AH, has been 
estimated (14) to be -217 kcal mol-' . We would 
argue that this is an improbable reaction product on 
the following grounds. We suggest that the parti- 
tioning of the excess internal energy of these various 
decomposing ions can adequately be evaluated for 
comparative purposes, by the semi-empirical equa- 
tion of Haney and Franklin (29). 

E*  cz 0.44(3n - 6)T2,, 

'Methylenecyclopentane, I-, 3-, and 4-methylcyclopentenes 
equilibrate in the presence of acidic alumina (250°C) to a 
mixture having proportions 1 : 80: 13 : 6 respectively (39) .  

where E *  is the excess internal energy of a frag- 
menting ion available for partitioning among 
(3n - 6) degrees of freedom (non-linear ion con- 
sisting of n atoms) and T,,, is the average transla- 
tional energy acquired by the daughter ion. The 
average translational energies for the ions generated 
by the high and low AE methyl losses were evaluated 
from their respective kinetic energy release distribu- 
tions obtained by analysis of the lnetastable peak 
shapes (30) and were 110 and 55 meV respectively. 
The difference in these values, 55 meV. substituted in 
the above eauation yields the difference in average 

u 

internal energies of the fragmenting metastabie ions 
(A&* = 0.44 x 42 x 0.055 = 1.0 eV) and is equal 
to the measured difference in AE values for the two 
processes. It is not possible specifically to identify the 
proposed ring-opened ion with any of the isomeric 
methylpentadiene or hexadiene molecular ions be- 
cause (with the exception of 2-methyl-l ,.?-pentadiene) 
they all display different AHf and To, ,  values for 
[C,H,]+ formation (26). The present results do  not 
indicate whether the proposed ring closure takes 
place before or during the methyl radical loss. 

hferhylenecyclopentnne and RicyclouF3. I .O 'hexil~zr 
The results shown in Table 2 indicate that the 

major loss of CHD,' from the molecular ion of the 
~ t , r s - ~ H ~  compound takes place from Ionized (di- 
deuteriomethy1)-cyclopentene, perhaps following a 
simple 1,3 hydrogen shift. This isomerisation also 
cannot be a reversible process, by analogy with the 
behavior of the methylcyclopentenes. 

We propose that the bicyclic isomer also fragments 
via a methylcyclopentene molecular ion.' 

2-Methyl-1,4-pentadietzr 
The daughter ion for loss of CH,* from the 1,1-2Hi 

compound clearly results in the main from the 
generation of [~yclopenteniuni]~ (Tables 1 and 2). 
We propose that prior to this loss of methyl, ring 
closure to a methylcyclopentene molecular ion takes 
place rapidly (an exothermic reaction) without an 
activation energy. Molecular ions having greater than 
1 eki excess internal energy (above the threshold for 
cyclopentenium plus methyl) do not ring close prior to 
methyl loss but yield cyclopenteniun~ as daughter ion 
with positional randomisation of label atoms. These 
high energy ions decompose over the same potential 
surface as that for the ring opened cyclic niolecular 
ions, hence the high T values for CH,D' and CHD; 
losses. Nevertheless, there must be some positional 
mixing of H and D in the low energy process because 
the BE for m/z 67, 68, and 69 are the  same (within 
experimental error) as that for [G,H 7 ]  + generated 

'Thermolysis of this cornpoland yields 1-methylcyclopentene 
(38). 
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WOLKOFF AND HOLMES 

(loss of positional identity of HID) 

SCHEME l 

from the unlabelled molecule. A possible mechanism than [cyclohexane]" or [methylcyclopentane]+', ring 
(which does not incorporate HID mixing prior to opening and rearrangement for the latter are then 
ring closure) is shown below: exothermic processes. In contrast, the methyl- 

1 +' cyclopentenes and cyclohexene molecular ions have 

I31 ahH2 lower AH, values than almost all their acyclic 
' CH3' isomers (14, 26), and so analogous rearrangements 

H H would be endothermic. 

The general behavior of acyclic C6HlO molecular 
ions will be discussed in detail elsewhere (26). 

The mechanistic conclusions drawn from the 
above results are shown in Scheme 1 which illustrates 
the processes leading to loss of CH; from various 
[C6Hl0]" isomers. All fragmenting cyclic molecular 
ions of low internal energy lose methyl without ring 
opening and yield the cyclopentenium cation; I+/D 
mixing in label!ed cyclohexenes occurs prior to the 
extrusion reaction [I:. Methylcyclopentenes lose 
methyl from low internal energy molecular ions by 
direct cleavage without prior mixing of HID between 
the ring and the methyl group. A second methyl loss 
process, having an AE - 1 eV above the minimum 
energy for methyl loss, leads to almost complete loss 
of positional identity among HID atoms prior to this 
higher energy fragmentation. For this process it is 
suggested that ring opening imposes the energy 
barrier but the [C,H,]+ daughter ion is again 
proposed to be the cyclopentenium cation. 

The above energy requirement for ring opening 
may usefully be compared with that for cycloalkanes. 
The energy required to open a cycloalkane ring has 
Seen estimated to be 0.1 eV or less (14, 31). Levsen et 

Experimental Section 
Metastable peak measurements were performed on a Kratos 

AEI MS 902s mass spectrometer operating under conditions of 
good energy resolution, as described previously (8). Sample 
pressures were 3-5 x lo-' Torr. Energy releases (To,,) values 
were calculated in the usual way (3) with appropriate correc- 
tions for the width of the main beam and overlapping contribu- 
tions from (natural abundance) 13C processes. 

Unlabelled con~pounds were purchased from Chem. 
San~ples Co., isomeric purity better than 99%. Bicyclc[3.1.0]- 
hexane was prepared by a Simmon-Smith reaction (32), and 
purified by glc. 

All labelled compounds were purified by pglc, columns were 
either silver nitrate - ethylene glycol on Chromosorb PAW 
(60-80 mesh) (33) or 20% carbowax 20M on Chromosorb 
WAW (60-80 mesh); structures and position of deuterium 
were confirmed by 100 MHz 'H nmr. 

Cyclohexene-l-2H, was prepared by reduction of cyclo- 
hexanone with LiA1D4, followed by dehydration of the alcohol 
in hexamethylphosphoric triamide 134) (98% 'HI). 

Cyclohe~ene-I,3,3-~H, was made similarly starting with 
~yclohexanone-2,2,4,4-~H, (97% 'H, and 3% ',H2). 

3-Methylcyclopentene- ]-'HI and 4-n~ethylcycIopentene-2-~H~ 
were prepared by reduction of 3-methylcyclopentanone, 
followed by dehydration of the alcohol (34) (98% 'HI). 

I-TrideuteriomethyIcyclopentene was prepared according to 
Bailey and Hale (35) using CD,Mgl (> 96% 'H,). 

Methylenecyclopeniane-~1~~1-~H~ was made by a Wittig reac- 
tion using Ph,PCD,I and butyl lithium ( N  41% 'Hz, 43% 'HI). 

2-Methyl-l-4-pentadiene-l,l-2& (36) was a gift from Pro- 
fessor R. 6. Miller (96% 2H2). 

al., from a recent collisional activation study of 
cycloalkanes, agreed that the energy barrier to ring Acknowledgements 
opening was certainly below the lowest decomposi- This work was supported by the National Re- 
tion threshold and could not exceed 0.1 eV. It should search Council of Canada. One of us (P.W.) ac- 
also be noted that many of the isomeric acyciic knowledges the receipt of a travel grant from the 
[G6HI2]+' ions have lower heats of formation (14) Danish National Science Research Council. We are 
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The conformational preference and barrier to internal rotation of an eytaatorial 
3,s-dichlorophenyl group by the J method. Derivatives of cyclohexane, 

P ,3-dithiane, 1,3-disxane, and 8,3-dioxolane 
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T ~ D  S C H ~ E F E R  W ~ L T E R  I \ ' I ~ ~ I c z L R ~ ,  'ind WER\ER D ~ L C H U R A  Cdn J Chem 57. 755 
(1979) 

We report the preparation and the analysis of the phenyl ring proton magnetic resonance 
spectra of 3,5-dichlorophenylcyclohexane and of the 2-(3,5-dichlorophenyl) derivatives of 
1,3-dioxane, 1,3-dithiane, and 1,3-dioxolane. With the exception of the dioxolanes these 
compounds exist predominantly as the equatorial isomers. The J method is used to show 
that the phenyl moiety prefers the conformation in which the x C-H bond lies in the phenyl 
plane. The predominantly twofold barriers to rotation about the carbon-carbon bond between 
the two ring systems are 2.0 + 0.3, 0.4 i 0.2, 2.2 t 0.3, 0.85 i 0.3 kcalimol for these 
con~pounds, in the order given above. The lorn value for the barrier in the 1,3-dioxane deriva- 
tive agrees reasonably well with molecular mechanics calculations and with the results of 
calorimetric and X-ray studies on equatorial 2-phenyl-1,3-dioxane. 

TED SCHAEFER, WALTER N I E ~ ~ C ~ C ' R A  et WER\ER D A I U C H U R ~ .  Cdn J Chem. 57.355 (1979). 
On rapporte la preparation et I'analyse des spectres de resonance magnitique nucleaire des 

protons des noyaux phknyles du dichloro-3,5 phenylcyclohexane et des derives (dichloro-3,5 
phCny1)-2 du dioxanne-1,3 du dithianne-1,3 et du dioxolanne-1,3. A I'exception des dioxo- 
lannes, ces cornposCs existent priferentiellement sous la forme d'isomkres tquatoriaux. On a 
utilise la mithode J p o u r  montrcr que la portion phenyle prefkre la conformation dans laquelle 
la liaison C--H x se trouve dans le plan du phenyle. Les barrikres, principalement binaires, a 
la rotation autour de la liaison carbolle-carbone entre les deux syst&n~es cycliques sont de 
2.0 i- 0.3, 0.4 + 0,2, 2.2 + 0.3 et 0.85 1 0.3 kca1,'mol pour ces con~posCs dans l'ordre cite. 
La faible valeur pour la barriere, dans le derive dioxanne-1,3, est en bon accord avec des 
calcuis de mtcanique molCculaire et avec les resultats d'etudes calorimetriques et de diffraction 
de rayons-X sur le phenyl-2 dioxanne-1,3 equatorial. 

[Traduit par le journal] 

Introduction activation ascertained by these methods stands at 

The free energy diiference between axial and 4.2 kcal/lllol (7) .  

equatorial conformers has been tabulated for many another *'Ir technique may here. 

derivatives of cyclohexane, 1,3-dithiane, and of 1,3- we have showll that 

dioxane (1, 2), activatioll parameters for the sniail barriers to internal rotation can be derived 

inversioll of the parent colllpounds, and some of from long-range spin-spin coupling constant's over six 

their derivatives, have been measured by a variety of bonds. This recognizes that6JT"": 

methods (2, 3). The classical llmr ]ine-shape study of the between a para proton in the benzene 

the inversion in cyclohexane (4) depended on the ling and a PFoton the alpha carbon, varies 

dephasing of n~agnetization as spill magnetic mo- a"in2 A .  The ant1e is defilled by the 
merits are transferred between sites of different C ~ C 2 C x H  fragment in One may write an equation 
Larlnor frequencies (T ,  effects). 

More recently, illolecular mechanics calculations H\ 
c3! 

(5) and calorimetric techniques (6) have been used to 
tackle the determillation of the stable conforn~ers of, 
and of the barrier to i~~ te rna l  rotation in, 2-phenyl- 6 = 0" 
1,3-dioxane and lead to the conclusion that the 
rotation is essentially free in the equatorial isomer. H 

Even if the barrier magnitude is not zero but com- P 

parable to kT, it is evident that the nmr line-shape somewhat analogous to that of Heller and McConnell 
methods will not be applicable. The lowest energy of (8) 

0008-4042/79/030355-05$01 .W/0 
~c 1979 National Research Council of CanadaIConsei! national de recherches du Canada 
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where 6J,, is the value of 6 J  at 0 = 90" and (sin2 0) 
is the expectation value of sin2 0, an average over 
the populated rotational states. The maximum mag- 
nitude of 6J occurs at 0 = 90", as expected for a 
o-n spin-spin coupling mechanism (sometimes called 
a hyperconjugative interaction) in which infornlation 
about the uilpaired electron density, induced in the 
o C-H bond by the proton magnetic moment, is 
transmitted via the n electrons to the site of the para 
carbon atom and then to the para proton by spin 
polarization. 

Such a mechanism implies 6~ < 0. In toluene, 
6 ~ p H . C H  is - 0.62 Hz (9) and, if the o-n rnechanisln is 
operative, ' J ~ ~ ~ ~ ~ ~ ~ ~  in p-xylene should equal 
- 6J,".CH3 in toluene, as it does (10, 11). The sin2 0 
dependence is supported by INDO MO FPT calcu- 
lations (12). The barrier in toluene is only 0.014 
kcali'mol (l3), so that (sin' 0) is 0.5 (essentially free 
rotation) and 6 ~ , ,  is therefore - 1.24 Hz. 

One test of the sin2 0 dependence invoives 2,6- 
dichloroethylbenzene where 2 is favored by at least 
5 kca1,'mol. Therefore (sin' 0) must be close to 
0.25 because 0 lies near 30". Hence 6 ~ , " , C H 2  is 
predicted to be - 1.24/4, or - 0.3 1 Hz. Indeed, it is 
observed as - 0.29 1 0.02 Hz in benzene solution 
(14). The ring substituents and the methyl group 
apparently do not greatly perturb the sin2 0 de- 
pendence of 6J .  

The rotation about the bond betqeen the phenyl 
ring and the ethyl group call be treated as a hindered 
rotor problein in a manner similar to that employed 
by McClung and co-workers (15). Assuming a two- 
fold hindering potential, e.g., in ethylbenzene V2 is 
the energy difference between 2 aild 3, and an 

CH- H 
- -A-3Go- - T plane - - CH3--(- - - - 

H H H 
2 3 

unperturbed basis set of 11  lo~les t  free rotor func- 
tions eventually yields (sin2 0) as a function of 'J, 
and of the reduced moment of inertia at a given 
temperature. 

Application to 3,5-dibromoethylbenzene, chosen 
because a precise analysis of a very tightly coupled 
ring proton spectruin is unobtainable, gave V2 = 

1.2 kcalimol (16), in excellent agreement with a 
recent thermodynamic value of 1.16 kcal/mol (17). 
Confornler 2 is the most stable according to the 6 J  
method, in line with low resolution inicrowave data 
(18). 

Some other examples, particularly appropriate to 
this paper, include isopropylbenzene, phenylcyclo- 

propane, and styrene. The J method finds the 
'bisected' conformation 4 as stable for the first two 
compounds (19, 20) and, assuming 5 as the high 

; H u  
I 

- - H r - - C $ - -  nplane  - - - C - - - -  

\ 1 
/ \ 

C C- - -C 

4 5 

energy form and a twofold barrier, a V ,  of 2.0 
kcaljmol for both. Thc J method yields 1.6 kcal/mol 
for V2 in styrene (21), assuming a planar ground 
state, in reasonable agreement with a Raman value 
of 1.78 kcaljmol(22). 

All these results assume a negligibly s~nall  6 ~ o  in 
[ I ] .  A test of this assumption for toluene is the 
result above, viz, 6 ~ p H , C H "  - 7 ~ p C 1 1 3 . C H 3  . Another 
test is that 6 ~ , H , c H 2  = -7JpC"23CH3 in 2,6-dichloro- 
benzyl bromide and its 4-methyi derivative.' Further- 
more, the recent measurement of the internal barrier 
to rotation in benzyl cyanide derivatives (23) implies 
that 6 ~ , H . C H  in 3,5-dibromoisopropylbenrene should 
be 0.03 Hz larger in magnitude than 7JpCH.CH2 in 
p-isopropyl5enzyl cyanide, as it is,' if the sin2 0 
mechanism is operative to  the exclusion of a J ,  
component. These tests encompass a number of 
preferred 0 values and strongly suggest that the J ,  
term in [I]  is negligibly small. 

111 this paper, the J method is applied to the 
determination of the low energy conformations and 
of the barrier to internal rotation about the carbon- 
carbon bond between the two rings in R-cyclohexane, 
4 ;  2-R-1,3-dithiane, 7; 2-R-1,3-dioxane, 8; and 
2-R-1,3-dioxolane, 9; where R is the 3,5-dichloro- 
phenyl subslituent. The chlorine substituents at the 
tlzeta positions allow an accurate determination of 
the relevant spectral parameters. There is no evidence 
that these substituents are significant perturbers of 
the 6~ values or of the coi~formatiorial preferences to 
be discussed below. 

Results and Discussion 

Spectrnl Ana1,ysis 
The ring proton spectra are the AB, subspectra of 

AB,X spectra, where X is the protoil 01; the carbon 
atom bonded to the aromatic group, The X proton in 
these compounds resonates a t  a frequency sufficiently 
different from the other alkyl protons, such that an 
AB,X analysis represents an accurate approach. 
Figure 1 displays the observed para proton resonance 
of the dioxoiane derivative, illustrating the spectral 
quality. Table 1 reports the results of the analyses, 

IT. Schaefer, R. Sebastian, and L. Shengwai. Unpublished 
resuits. 
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SCHAEFER ET A L  

TABLE 1. Chenlical shifts and couplir-ig constants for the 3,5-dichlorophenyl group in 6-9 
-- 

Value 

Parameter 6. 

vz = vsL 687.585(5) 
vqC 704.5 15(5) 
vaC 205.7 
4J H,R 1 91!(6)" 
4~ H,CHz -0.576(11) 
6J  H,CHe 

P - 0.233(i 1)" 
rms deviation 0.013 

"10 moi";, solution in benzene-dr 
b10 m o l y  solution ii? CS2. 
CIn Hz a; 100.001 MHz to lo\\. field of internal tetramethylsilane. 
dCoupling constaiits in Hz;  numbers in parentl~eses give standard de\iations in the last place. 
T n e  coupling uas the same in a CSZ solution. In CoD6 solutlon the 10 other cycioheryl protons resonated to 

high lieid of S = 1.3 ppm. 

?Hz extraction of coupling constants b e l o ~  0.5 Hz in 

+--4 magnitude. 
I 

Culculuriunal Pruceu'~ilrr.t. 
Plots of (sin2 8) were constructed as a fu:lction of 

temperature, reduced moinents of inertia, and of V,. 
Conformation 4 (bisected) nas  assumed to be of 
lowest energy for 6-9: implying that (sin2 8) ranges 
from 0.5 for a vanishing twofold barrier to zero at  
ail infinite barrier. The reduced nlornents oi' inertia 
of 6-9 were calculated for various conformations, 
including 4 and 5. For these, the dithiane derivative, 
as an  extrelue example, had inoruellts of 2.5 and 
3.5 x g cm2, respectively. Fortunately, at  305 K 
the values of (sin2 0) are ilise~lsitive to differences of 
this magnitude, varying only in the third significant 
figure. This fact obviates the consideration of varia- 
tions in the moments of inertia caused by changes in 
0 during the internal rotation and by the assuinption 
of regular geometries. ]In the calculations, 11 basis 
functions were employed, quite sufficient for tem- 
peratures below 400 K. 

FIG. 1. The 'H nmv spectrum at 100 MHz and 305 M of the 3,~-Diclll0~0pl2el7~~/~~~~l0/1c~~anc (6)  
para proton in a 10 m o l z  solution in ben~tne-d6 of 2-(3,5- The free energy of the equatorial isomer is 3.1 
dichloropheny1)-1,3-dicuolane. The spectrum was recorded at kcal:'mol lower than that of the axial isomer in 
a sweep rate of 0.01 Hz,'s and displays linewidths at half phe*ylcyclohexane, so that nlore than 99% of 6 
height of 0.10 i 0.91 Hz. The outer doublets are split by 
0.33 k 0.01 Hz (repeated runs). likely exists in the equatorial for111 a t  305 K, the 

temperature of the experiment. Inversion of the 
perforn~ed with the computer progran? LAME 
(24, 25). 

Of course, it would have been preferable to analyze 
the spectra of compounds not containing chlorine 
substituents in the ring. Unlike phenyicyclopropa~~e, 
however, in which the magnetic anisotropy of the 
cyciopropyl group causes dispersion of the phenyl 
proto11 resonances suficiellt to allow an ai~alysis (20), 
the phenyl derivatives of the alicyclic systems in this 
paper display very slnall internal shifts for the 
aromatic protons, vitiating attempts at a confident 

cyclohexyl moiety is many orders of magnitude 
slower than the rate of rotation about the bond 
between the t \+o cyclic systerns. The following dis- 
cussion is couched in ternis of the properties of a 
noninverting equatorial form. It is also assumed that 
the chlorine substituents d o  not materially alter the 
conclusions above. 

A 6 ~ , ,  of - 1.24 Hz, as for toluene, implies a 
(sin' 0) of 0.188 because the observed value of 
~ J H , C H  for 6 is -0.233 Hz (Table 1). A reduced 
nloment of inertia for conformation 4 of 1.72 x 
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g cm2 (it is 1.80 x g cm2 for 5) then 
yields a V ,  of 2.1 kcal/mol. 

Hoivever, 6 ~ , ,  in 6 need not be the same as in 
toluene. If the Cri,, ... C ,  ... H angle becomes greater 
than 109.5", the overlap of the C,-H bond with the 
n orbitals of the ring will decrease, leading to  a 
lower magnitude of 6Jg,. For example, when this 
angle in styrene is taken as 120", the calculated 

is - 1.05 Hz (21). In cyclohexane the H-C-H 
angle is 107.5 2 1.5" (26a) or perhaps 110.0" (26b) 
and the assumption will here be made that the 
C,,,, ... C, ... H angle is within 2" of tetrahedral, 
suggesting a possible diference of 0.04 Hz between 
6 ~ , ,  in toluene and in 6. If 6 ~ , o  in 6 were as low in 
magnitude as - 1.14 Hz, then V,  would become 
1.95 kcal/mol. 

Alloiving for ail error of 0.02 Hz in the measured 
'JH,'" and in 6 ~ , , ,  it appears reasonable that V2  in 6 
is 2.0 + 0.3 kcaljmol. with the bisected conforma- 
tion 4 as the ground state. If 5 were the low energy 
conformer, hJ",CH would have a magnitude of over 
0.5 Hz for a finite V,. 

Conforn~ation 4 mini~nizes steric hindrance be- 
tween the G-H bonds and, if such interactions 
account for V,, it appears possible that V,  has 
similar values in 6. in phenylcyclopropane, and in 
isopropylbenzene. As argued for phetiylcyclopropa~le 
(20), V2  should be the dominant component in the 
actual internal barrier for 6 .  

Molecular mechanics calculations (26c) on phenyl- 
cyclohexane suggest that 4 is 3.9 kcaljmol more 
stable than 5 .  

2- (3:5-Dich/orop/?enj~l)-1,3-d/t/?ia~e ( 7 )  
In the crystal (270), 2-phenyl-1,3-dithiane exists in 

a conformation in which the phenyl plane is approxi- 
mately perpe~~dicular to the 'pla~ie' of the 1:3- 
dithiane ring (bisected conformatioii. 4). In gaseous 
1,3-dithiane, nonchair for11is have not been detected 
(27b). In CS, solution, the p-chlorophenyl derivative 
favours the equatorial form by a free energy of 
1.7 2 0.3 kcaljmol (28): suggesting that 94 f 3% of 
7 exists in this form at 305 K. The discussion below 
assumes an equatorial form. 

If 6 ~ , ,  is - 1.24 Hz, the usual procedure yields 
2.25 kcal/mol for V,, using the observed 'Y",'" in 
Table 1. Again, if Vg,  is - 1.14 Hz, V2 becomes 
2.1 kcal/mol. A V,  of 2.2 i 0.3 kcal/mol should 
easily encornpass errors in measuremenl. of '6  and in 
'J,,. If steric interactions between ortho C-ld 
bonds of the phenyl group and bonds at the 1,3 
positions in the saturated ring cause the barrier, then 
it seems that CH,  moieties and sulfur atoms are very 
similar in their steric requirements in 6 and 7. 

2- (3,s-Dichloropherzyl) -!,3-dioxane (8) 
Extensive X-ray (29) and caIorimetric investiga- 

tions (6), as well as molecular mechanics calculations 
(5), imply at most a very slnall barrier to internal 
rotation in equatorial 2-phenyl-1,3-dioxane, this 
isomer being favoured by a free energy of 3.1 kcall 
mol (6). 

In previous work (30), we have argued that highly 
electronegative substituents at the ci carbon atom 
appreciably reduce 'J,,, TWO fluorine substituents 
reduce the magnitude of 'J, ,  to about -0.9 Hz (30). 
The reduction can be understood as a consequence of 
the polarization of the C-H bond, reducing the 
overlap of its orbitals with the neighbouring 7c 

electron system. A linear relationship between ' J , ,  
and the electronegativity of the substituents implies 
that 6 ~ g ,  is -0.96 Hz in 8. Allowing for an error of 
0.05 Hz in this number and for an error of 0.02 Hz 
in 6 ~ H , C H  in 8, yields a V2 of 0.4 F 0.2 kcalimol. We 
take this result as a confirmation of the conclusions 
(5, 6) described above. It is difficult to reconcile our 
observed couplings with entirely free rotation about 
the central carbon-carbon bond in 8. Free rotation 
implies that 6J,, = -0.89 H z  (2 x 0 . 4 0 )  in 8, 
which we think is rather too low in magnitude. 

2- (3,5-Dic/zloi.op/1enjl) -1,3-dioxo/a~ze ( 9 )  
In the gas phase, 1,3-dioxolane is almost a free 

pseudorotor (31), whereas in solution the envelope 
form is apparently rather more stable (5, 32, 33). 
Detailed equilibration (34) and 13C chemical shift 
(35) studies of various 1,3-dioxolane derivatives 
suggest to us that there exists very little preferred 
equatorial or axial character in 9, the ring being 
highly flexible. 

On the other hand, the observed 6J".C'1 of -0.33 
Hz means that the C-H, bond prefers to iie in the 
plane of the benzene ring. Otherwise, its magnitude 
would be rather larger than 0.4 Hz (see discussion of 
8 above). This conclusion is supported by the 
cheinical shifts of the cs proton in the isomers of 
2,4,5-trimethyl-! ,3-dioxolane and 2-phenyl-4,5-di- 
methyl-] ,3-dioxoiane (34). Substitution of methyl by 
phenyl causes a shift to  low field of 0.8 ppm, best 
explained as arising from the magnetic anisotropy 
of the phenyl ring. The anisotropy causes marked 
downfield shifts for proton sites near the plane of 
the phenyl ring. 

Hf, then, the small-amplitude ring puckering 
motion is rapid compared to rotation about the 
connecting carbon-carbon bond and the ground 
state conformation of the phenyl group is best 
represented by the bisected conformation, 4, a 
treatment in terms of a twofold barrier is feasible. 
If 6J90 is the same as for 8, one has (sin2 G )  as 
0.3310.96, or 0.34, then V2 is 0.85 f 0.3 kcal/molq 
the quoted error aliows for large errors in 'J,,. I t  
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would be interesting if other methods were to confirm 
that the barrier in 9 is higher than in 8. 

The J method Implies that the bisected conforma- 
tions, 4, are the   no st stable for 6-9; further, that the 
twofold barrier to internal rotation in 6 and 7 is 
very sinlilar in magnitude to those in phenylcyclo- 
propane and isopropylbenzene; finally, that in 8 the 
barrier is finite but similar to kT at ambient tempera- 
tures, in rough agreement with other experimental 
and with theoretical approaches. 

Experimental 
Compounds 6-9 were prepared by standard procedures (34, 

36-42) and gave satisfactory mass and 'H nmr spectra (28,43- 
47). These were repeatedly calibrated at  5-Hz intervals in the 
frequency sueep  mode of a n  HA100 spectrometer at  a probe 
temperature of 305 5 1 K. The spectral dispersion was 1 Hz:' 
cm and  sweep rates were 0.02 and 0.01 Hz/s. The spectrum 
in Fig. 1 has lineuidths at half height of 0.10 + 0.01 Hz and 
illustrates that peaks separated by 0.3 H z  (outer doublets) were 
cleanly resolved. 
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On the syntheses and the optical properties of optically active 2-pyrazoline compounds 

MAKOTO M U K A I ,  TAKASHI MIURA, MASAHIRO W ~ U B U ,  T O S H I ~ O B U  Y0h EDA.  

A N D  YOHJI SHINDO 
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MAKOTG MUKAI, TAKASHI MIURA, MASAHIRO NANBC', TOSHINOBU YOWEDA, and YOHJI 
SHIVDO. Can. J. Chem. 53.360 ( 1979). 

Optically active 2-pyrazolines were synthesized and their optical properties'were studied 
using various spectroscopic techniques to investigate the effects of substituents at the 3 and 5 
positions of the 2-pyrazoline ring on their optical activity. It was found that in the case of 
5-substituted-1,3-diphenyl-2-pyrazoline derivatives, the substituent at the 5 position has 
considerable influence on the optical activity, whereas in 3-substituted-1,5-diphenyl-2-pyra- 
zoiine derivatives, the substituent at the 3 position has no such influence. 

MAKOTO MLKAI, TAKASHI MIURA, MASAHIRO NAPIBC, TOSHINOBU YOPIEDA et YOHJI 
SHIPIDO. Can. J.  Chem. 57.360 (1979) 

On a synthetist certaines pyrazolines-2 optiquement actives et 1'011 en a etudie les propriktts 
optiques par differentes merhodes spectroscopiques, dans le but de determiner l'influence 
qu'exerce sur I'activite optique les substituants aux positions 3 et 5 du noyau pyrazoline-2. 
Dans le cas des derives de la diphtnyl-1.3 pyrazoline-2 portant un substituant en position 5, on 
a observe que ce substituant exerce une influence importante sur I'activite optique; par contre, 
pour les diphenyl-1,5 pyrazolines-2 possedant un substituatit en position 3, ce substituant est 
sans effet. 

[Traduit par le journal] 

Introduction R , - - C = N H - N H 4  

A number of studies on 2-pyrazoline coinpounds 
have been carried out for the purpose of using thein 
as  optical brighteners (1, 2), scintillators (3-8), and 
photoconductive materials (9). As a result, some of 
their optical properties are well documented. Hon-  
ever, no study on the optical activity of these coin- 
pounds has been reported except that by Neunhoeffer 
and Ulrich (10) 011 sodium (+)-4-(3.5-diphen~ll-2- 
pyrazolin-1-y1)benzenesulfonate. ( )  Further- 
more, there are o n ] ,  a few studies (11: 12) on the 
optical activity of the pyrazoline derivatives. Thus, 
we decided to prepare some 2-pyrazolines in op- 
tically pure for111 and to investigate the effect of sub- 
stituents at the 3 and 5 position of the 2-pyrazoline 
ring 011 their optical activity. 

Results and Discussicon 

Among the many methods of synthesizing 2- 
pyrazolines (1, 8, 13- 16) that outlined in Scheme I is 
most widely used olving to its ease and high efficiency 
(1). All our 2-pyrazoline compounds except sodium 
dl-4-(5-tert-butyl-3-phenpl-2-pyrazolin-1- y1)benzene- 
sulfonate, dl-6, were readily obtained by this 
method, although p-hydrazinobenzeilesulfoi~ic acid, 
instead of phenylhydrazine, ivas used to resolve the 
compounds by the formatioll of separable diastereo- 
isomers. An attempt to synthesize compound dl-4 by 
the methods outlined in Scheme 2 (8, 14, 15) was un- 

C ---- C 
/ I  / \ 

H H  H R2 

R,. R2 = CH,, C(CH,),. C 6 H j  

S C H ~ M F  1 

successful. Thus, it was necessary to develop a com- 
pletely new approach to synthesize coinpound dl-6. 

Cinchonidine was found to be a good resolving 
agent for a series of 3- but not 5-substituted-1,5- 
diphenyl-2-pyrazoline derivatives and dl-l was 
successfully resolved using brucine. After several un- 
successful attempts to use alkaloids such as brucine, 
cinchonidine, strychnine, and quinine, the resolution 
of sodium dl-4-(5-methyl-3-phenyl-2-pyrazolin-l- 
yl)benzenesulfonate, dl-2, was achieved using 
(-)-cc-methylbenzylamine. Our preliminary experi- 
ments also show that (-)-Y-methylbenzylamine 
seems to  be effective in the resolution of all the 
2-pyrazoline compounds obtained, though its re- 
solving power is not particularly good. 

0008-4042!79!030360-07$01.00/0 
GI979 National Research Counci! of Canada/Conseil national de recherches du Canada 
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It  is known froin previous studies (17) on the uv 
spectra of 2-pyrazoline compounds that the spectrum 
has one maximum at about 240 nm when there is no 
substituent at  the 1 position of the pyrazoline ring 
and that a second maximum at about 280 nm 
appears when the 1 position is substituted by a 
benzene ring. ,This long-wavelength band is not 
affected by a second substituent at the 3 position 
except when the substituent is a phenyl group. In 
such a case, the pyrazoline compounds exhibit a band 
shift to 354 nm and show a blue fluorescence whose 
maximum appears around 455 nm. The introduction 
of a third substituent at the 5 position of the pyrazo- 
line ring causes no alteration in the established 
spectral pattern and such substituted pyrazoline 
compounds also show the same fluorescence as 
1,3-diphenyl-2-pyrazoline (5). Froni an X-ray study 
of the crystal structure of 1,3-diphenyl-2-pyrazoline 
(18) it is evident that the N(1)-N(2), N(2)-C(3)- 
C(7), and N(1)-C(6) bonds are significantly shorter 
than a single bond. Those factors suggest that con- 
jugation between the phenyl rings occurs via atom 
N(1), N(2), and C(3) (19) as shown in Scheme 3. 
This conjugated chromophore is cornmon to a series 
of 1,3-diphenyl-2-pyrazoline derivatives and is 
responsible for the strong absorption and fluores- 
cence bands at  about 355 and 455 nm, respectively 
(20), which are due to the x-x'> transition (3). 

As illustrated in Figs. 1 and 2, there is little dif- 
ference in the uv and fluorescence spectra between 
compounds (+) - I  and (-1-2. However, the ord 
and cd spectra, shown in Fig. 3, indicate that the two 
compounds are very different. In the case of com- 

FIG. 1. The absorption spectra of sodium (+)-4-(3,5- 
diphenyl-2-pyrazolin-1-yl)benzenzenesu1fonate, (+)-I, (--); 
sodium (-)-4-(5-methyl-3-phenyl-2-pprazolin-l-yl)benzenesul- 
fonate, (-)-2 (---); sodium (+)-4-(5-phenyl-2-pyrazolin-1- 
yi)benzenesu!fonate, (+ )-3 (-.-.-) ; s o d i ~ ~ ~ n  (-)-4-(3- 
n1ethyl-5-phenyl-2-pyrazolin-l-ly)benzenesulfonate, (;)-4 
(- - -1. , sodium (-)-4-(3-tert-butyl-5-phen).l-2-pyrazol1n-l- 
yl)benzenesulfonate, (-)-5 (----); in methanol. 

FIG. 2. The fluorescence excitation and emission spectra of 
sodium dl -4-(3 ,5-diphe11yl-2-pyrazol in- l -y l )hennate .  
dl-1 (--), at 2.5 x lo- '  mol;L in methanol (excitation: 
358 nm; emission: 450 nm); sodiu~n cll-4-(5-methyl-3-phenyl- 
2-pyrazolin-1-yl)benzenesulfonate, dl-2 (---), at 2.95 x 
mol,/L in rnethanol (excitation: 365 nm;  emission: 450 nm): 
and sodium dl-4-(3-methyl-5-phenyl-2-pyrazolin-l-yl)benzene- 
wlfonate. ti/-4. at 2.95 x lo-" rnol/L in methanol: (---). ex- 
citation: 330nm, emission: 395 nni; (-.-.-), excitation: 
358 nm, emission: 450 nm. 

pound (+)-I, the cd maximum peak, which cor- 
responds to the uv maximum peak at 357 nm, 
appears at  349 nm, whereas in compound (-)-2 
both the cd and uv maximum peaks are observed at 
358 nin. However, the molar ellipticity of the con- 
jugated chromophore is about 3.0 x lo4 in the both 
cases, indicating that the conjugated chromophores 
of those two have almost the same optical activity. 
Furthermore, in the 240-280 nin wavelength region 
there are more differences in the cd spectra between 
these two compounds. In (+)-I ,  t\vo cd peaks at  
275 and 250 nm, which have the same sign as the 
inain cd peak at 349 nm, are found to appear at  
longer wavelengths than the two corresponding uv 
absorption peaks. On the other hand, in (-)-2, only 
one peak, whose sign is opposite to that of the strong 
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FIG. 3. The ord and cd spectra of sodium (+)-4-(3,5- 
diphenyl-2-pyrazolin-1-yl)benzenesulfonate, ( + ) - I ,  and so- 
dium (-)-4-(5-n1ethyl-3-phenyl-2-pyrazol1n-l-~~l)benzenesul- 
fonate, (-)-2, in methanol. 

cd peak at  358 nm, appears at 250 nm and a shoulder 
is observed at  300 nIn in the main cd band. It is 
reported (6, 14) that the uv band at 265 nm arises 
from the phenyl ring whereas that at 234 nm is due 
to the pyrazoline ring. However, they are probably 
all strongly coupled and result, more or less, from the 
entire composite system. The same is also true for 
the cd and ord bands around 250 nm. 

In the case of (+)-I ,  the phenyl group at the 5 
position not only serves as a chromophore itself but 
also contributes greatly to the optical activity of the 
whole system by producing an asymmetric perturba- 
tion. On the other hand, the methyl group of 
(-)-2 cannot act as a chro~nophore but it does 
induce an asymmetric environinent such as to make 
other chromophores optically active. This factor 
certainly results in the considerable difference 
between the two compounds as seen in their cd and 
ord spectra. X-ray analysis (18) of 1,3-diphenyl-2- 
pyrazoline reveals that the two phenyl rings are not 
completely coplanar; that is, the dihedral angle 
between the planes of the phenyl rings is 11.0" and 
rotation about the C(6)-N(1) and C(3)-C(7) 
bonds gives the molecule a slight propeller shape. 
In other words, the conjugated chromophore is dis- 
torted slightly. The difference in the position of the 
maximum peaks between the cd and the uv spectra 
of (+)-I may, in some way, relate to the additional 
distortion (21, 22) of the conjugated chromophore 
due to the steric effect of the phenyl group at the 5 
position of the pyrazoline ring or to the coupling 
between those two chromophores. On the other 
hand, the fact that both the uv and cd maxima occur 
a t  358 nm in compound (-1-2 may indicate that 
the methyl group at the 5 position causes almost no 
additional distortion to the conjugated chromophore. 

It was considered worthwhile preparing compound 
dl-6 to investigate more clearly the effect of a substi- 
tuent at  the 5 position on the optical properties of 
1,3-diphenyl-2-pyrazoline derivatives. 

Sodium ( + )-4-(5-phenyl-2-pyrazolin-I-y1)benzene- 
sulfonate, (+)-3, sodium (-)-4-(3-methyl-5- 
phenyl-2-pyrazolin- 1 - yl)benzenesulfonate, (-1-4, 
and sodium (-)-4-(3-tert-butyl-5-phenyl-2-pyrazo- 
lin-1-yl)benzenesulfonate, (-)-5, all exhibit similar 
patterns in their uv, cd and ord spectra. As shown in 
Fig. 1, only one maximum is observed at 290-294 
nin for each of these compounds. The band at 290- 
294 nm is attributed to the chromophore through 
C(6), N(1), N(2), and C(3), -C=N-N-Ar, 
because, as mentioned earlier ( 5 ) ,  this band is also 
observed in the uv spectrum of 1-phenyl-2-pyrazo- 
line. This absorption band corresponds to the 
maximum peak in the cd curves and to the Cotton 
effect in the ord curves of the above three compounds 
as shown in Fig. 4. This means that the introduction 
of a methyl or a tert-butyl group at the 3 position of 
the pyrazoline ring has no effect on the optical 
activity of dl-3. As expected, the cd and ord spectra 
of colnpound (+)-3 and (-1-3 are mirror images as 
shown in Fig. 4. 

There has been considerable discussion about the 
origin of the weak fluorescence observed in 3-methyl- 
1,s-diphenyl-2-pyrazoline (4, 7, 19). Neunhoeffer et 
01. (19) attribute it to the hyperconjugation of the 
methyl group and this is supported by Sandler and 
Tsuo (4). If the fluorescence is a consequence of such 
hyperconjugation, 3-methyl-] -phenyl-2-pyrazoline 
should show siniilar fluorescence because the pres- 
ence and nature of a substituent at  the 5 position is 

FIG. 4. The ord and cd spectra of sodium (+)-4-(5-phenyl-2- 
pyrazolin-1-yl)benzenesulfonate, (+)-3; sodium (-1-4- 
(5-phenyl-2-pyrazolin-I-yl)benzenesulfonate, (-)-3; sodiu~lt 
(-)-4-(3-methyl-5-phenyl-2-pyrazolin-l -yl)benzenesulfonate, 
(-)-4; sodium (-)-4-(3-tert-butyl-5-phenyl-2-pyrazolin-1- 
yl)benzenesulfonate, (-)-5 in methanol. 
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MUKAI ET A L  

FIG.  5. The change in the fluorescence excitation and emission spectra o f  sodiuni dl-4-(3-methyl-5-phenyl-2-pyrazo- 
lin-1-y1)benzenesulfonate with purification: 2, after two recrystallizations; 4,  after four recrystallizations; 6 ,  after six re- 
crystallizations; (0) the excitation spectra at a concentration o f  0.2 glL in methanol (emission: 390 n m ) ;  (b) the 
emission spectra at a concentration o f  0.29 g lL  in methanol (excitation: 330 n n ~ ) .  

found to have little effect on the excitation process 
(20, 23). However, 3-methyl-1-phenyl-2-pyrazoline 
has been reported to be nonfluorescent (24). Further- 
inore, if hyperconjugation of the methyl group is 
related to the excited state of compound (-)-4, 
then the chromophore for compound (-)-4, 
CH,-C=N-N-Ar, is different from that for 
compound (-)-ti,  (CH,),C-C=N-N-Ar, and 
the ord and cd spectra of these two are expected to 
be different. However, as shown in Fig. 4, the optical 
properties of those two are almost identical. These 
facts indicate that the fluorescence of compound dl-4 
is not due to hyperconjugation of the methyl group. 
Owing to the possibility that the fluorescence was 
produced by trace impurities, compound dl-4 was 
examined by thin-layer chromatography but no 
impurities Nere detected. 

As seen in Fig. 2, the 330 nm excited emission 
spectrum has one peak at  about 400 nm, whereas the 
one excited at  358 nm has two peaks, one at  400 and 
the other at  450 nm. The intensity of the fluorescence 
at 400 nm did not vary as the purity of dl-4 
was increased, whereas that at 450 nm gradually 
decreased as shown in Fig. 5. This fact indicates that 
the fluorescence at  400 nm is an inherent property of 
the compound and that the fluorescence observed at  
450 nm is due to impurities. From a comparison of 
Figs. I and 2, i t  is noted that the excitation spectrum 
of compound dl-4 is very different in shape from the 
absorption spectrum and that the wavelength of its 
excitation maximum is 40 nm longer than that of its 
absorption maximum. The other interesting observa- 

FIG.  6. The fluorescence excitation and emission spectra o f  
sodium dl-4-(3-methyl-5-phenyl-2-pyrazolin-l-yl)benzenesul- 
fonate at various concentrations in  methanol; (--), 0.1 g!L; 
(---). 0.05 g/L: (-.-.-). 0.005 g/L (excitation: 330 nm; 
emission: 395 nm). 

tion is that fluorescence was hardly detected when 
compound dl-4 was excited at  290 nm, i.e., at  its 
absorption maximum. As shown in Fig. 6, the excita- 
tion spectrum of dl-4 at  a concentration of 0.1 g/L 
has two peaks, one at  330 and the other at 260 nm 
but at 0.005 g/L these two peaks disappear and one 
new peak appears at 310 nm. These facts indicate 
that the origin of the observed weak fluorescence may 
be due to the associated species. 

Experimental 
;Materinls 

Special grade benzylideneacetophenone (BDH Ltd.), 
benzylideneacetone (Wako Chemicals), pinacolone (Wako) ,  
cinnamaldehyde (Wako),  brucine (Wako),  cinchonidine 
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(Nakarai Chemical Ltd.), acetic anhydride (Wako),  and 
tartaric acid (Kanto Chemical Ltd.) were used without further 
purification. Special grade 1-phenyl-2-buten-1-one (Tokyo 
Kasei Kogyo Ltd.) was purified by vacuum distillation before 
use. Crude p-hydrazinobe~~zenesulfonic acid (Wako)  was re- 
crystallized from water. Reagent grade benzaldehyde (Nakarai) 
was purified by steam distillation before use. Reagent grade 
dl-r-methylbenzylamine (Nakarai) was distilled under reduced 
pressure before use. Double distilled methanol, ethanol, and 
acetone were used throughout the experiments. For thin-layer 
chromatography, special grade Kieselgel nach Stahl (Merck), 
1-butanol (Wako),  and reagent grade soluble starch (Wako) 
were used without further treatment. 

Instr1rn7ents 
A Shimadzu UV-20 spectrophotometer, a Shimadzu IR-27C 

spectrometer, an Hitachi 204 fluorescence spectrophotometer, 
and a JASCO J-20 spectropolarimeter were used for the 
measurement o f  uv, ir, fluorescence, cd, and ord, respectively. 
A JASCO DIPSL polarimeter was used for the determination 
o f  the optical purity o f  diastereomers. 

Syntheses and Resolution of 2-Pyrazoline Cornpounds 

Preparation 
A solution o f  benzylideneacetophenone (5 g) in 25 m L  o f  

ethanol and p-hydrazinobenzenesulfonic acid (4.5 g) in 8 m L  
o f  water was refluxed at 123-125°C for 7 h and then cooled. On 
the addition o f  15 m L  o f  2 N sodium hydroxide, a yellow 
product precipitated immediately. The precipitate was filtered 
and recrystallized (seven times) from a mixture o f  methanol 
and water (2 :  1 )  to  give 2.1 g o f  white plates, m p  198-201°C; 
uv  and visible (100z  CH3OH, 23'C) IL,,, (log E ) :  234 (4.16), 
276 (4.15), 357 (4.49) n m ;  ir (KBr pressed disc) v,,,: 1605 
( s ,  C=N), 1505 (s, aromatic C=C), 1405 (s, CH,), 1326 ( m ,  
Ar-N), 1200 (s, SO,-), 1130 (s, CH-N), 1040 (s, SO3-) ,  
820 (m, aromatic CH p-substituted), 750 (s, aromatic C H  
5-adjacent H atoms), 700 (s, aromatic C H )  cm-I .  Anal. calcd. 
for CI lHl ,03SNa~2 .5H20:  C 56.62, H 4.98, N 6.29; found: 
C 56.59, H 4.96, N 6.18. 

Resolr~tion 
A solution o f  the raceinic compound (5 g) and brucine ( 5  g) 

in 50 m L  o f  acetic anhydride was concentrated under reduced 
pressure giving an oily residue. T o  the residue, 50 mL o f  water 
was added under continuous stirring and the pale yellow 
brucine salt began to  precipitate as a mixture o f  diastereo- 
isomers. The precipitate was filtered and recrystallized (seven 
times) fro111 a mixture o f  methanol and water (2:  1). Ethanol 
(150 mL) ,  water (50 mL) ,  and 2 N sodium hydroxide (10 niL) 
were added sequentially t o  2 g o f  the resolved brucine salt. 
After the addition o f  a large amount o f  water, the solution was 
kept cool overnight, and white crystals precipitated in the form 
o f  plates. The crystals were filtered and dried in uacrro t o  give 
compound (+)-I,  rnp 205-21OZC, [rIDz5 f 300' (C 0.06, 
CH3OH); ord (c 0.0033(450-220 nm) ,  c 0.06(700-400 nm) ,  
CH3OH) 25°C: [$I700 +76O0, [$Is,, +124O0, [$],so + 17 570" 
(peak), [$I,,, 0" (intersects), [$],,, -23 030" (trough), 
[$Izs2 - 16 970" (peak), [$I2,, - 50 300' (trough); cd (c 
0.00011 M, C H 3 0 H )  25'C: [81,,, 0 ,  +28 000, [0]285 
720, [ @ I 2 7 5  +290°, [ @ I 2 6 5  0.1 Le1250 +5440, [ e l 2 4 6  0,  i81213 
-41 800. 

Sod~urn dl-4-(5-A4ctli~ I-3-pherrj I-2-pyrcrzoiii1-l-j~l) benzene- 
~ulfolzate (dl-2) 

Pl,eparafion 
A mixture o f  p-hydrazinobenzenesulfonic acid (3.7 g) in 

30 m L  o f  water and 1-phenyl-2-buten-1-one (3 g) in 15 m L  o f  

ethanol was refluxcd at 130°C for 4 h and then concentrated to  
about one-third o f  its original volun~e. The concentrate was 
refluxed for an additional 3 h and then cooled. The yellow 
product began to  precipitate on the addition o f  2 m L  o f  10 Iv' 
sodium hydroxide. The precipitate was filtered and washed 
with ethanol. Nine recrystallizations from a mixture o f  
ethanol and water ( 1 6 : l )  gave 0.4 g o f  white needles, m p  
257°C; uv and visible (100x C H 3 0 H ,  23'C) A,,, (log E ) :  
234 (4.111, 267 (4.11), 358 (4.46) n m :  ir (KBr pressed disc) 
v,,,: 1610 (s,  C-N), 1515 (s,  aromatic C=C), 1405 (s,  CH2) ,  
1345 ( m ,  Ar-N), 1190 (s, SO3-) ,  1140 (s, CH-N), 1055 (s,  
SO3-),  830 (m, aromatic CH p-substituted), 740 (s,  aromatic 
CH 5-adjacent H atoms), 700 (s, aromatic C H )  c n - l .  Anal. 
calcd. for C16H15NZ03SNa.0.5H20:  C 55.33, H 4.61, N 8.06; 
found: C 55.54, H 4.35, N 8.02. 

Resolutiorz 
The racemic con~pound (4 g) and (- )-r-methylbenzylamine 

( 1 . 8  g), prepared according to  the procedure o f  Theilacker and 
Winkler (25), were added to  12 m L  o f  1 N hydrochloric acid 
under vigorous stirring. After the addition o f  120 m L  o f  water, 
the solution was heated until the vroduct had dissolved corn- 
pletely. The solution was kept inLa refrigerator overnight to  
precipitate yellow needles. The yellow crystals were filtered and 
dried irz cacuo to  give 5 g o f  the amine salt as diastereoisomers. 
The amine salt (5 g) dissolved in 40 m L  o f  ethanol was care- 
fully poured into 200 m L  o f  ether and allowed to  stand 60 
min. Pale yellow crystals precipitated in the form o f  well 
developed plates. The precipitate was filtered and dried in 
cacuo. The amine salt was treated eight times in the above 
manner and was further recrystallized four times from ethanol 
to  give 0.4 g o f  the resolved amine salt. The resolved amine salt 
(0.4 g) was treated with 0.9 m L  o f  1 N sodium hydroxide. The 
addition o f  a large amount o f  ether precipitated white crystals. 
After filtration, the crystals were recrystallized once more from 
a mixture o f  ethanol and water (30:4)  to  give 0.16 g o f  com- 
P O U I I ~  (-)-2, 111p 254-C, [ % I D z 5  -360' (c 0.06, C H 3 0 H ) ;  
ord (c 0.0021 (450-220 nm), c 0.06 (700-400 nm),  CH,OH) 
25-C: [$],,o -640°, [ + ] 5 ~ S  - 12803, [$I386  -21 870' (trough), 
[$I356 OC (intersects), [$I3,, + 18  630" (shoulder), [$I,,, 
1 2 7  540' (peak), [$I253 + 1 1  340' (trough), +28 350" 
(peak); cd (c 0.00003 M ,  CH,OH) 25°C: [O],,, 0 ,  [el3,, 
-25 270, [8]315 - 12 960 (shoulder), [ e l 2 8 2  0,  [0]265 + 15 550, 
[ Q 1 2 5 0  t 3240, [ G I 2 2 8  +40 820. 

Preparation 
A solution o f  p-hydrazinobenzenesulfonic acid (14 g) in 

150 m L  o f  water was stirred with 10 g o f  cinnamaldehyde for 7 
h at 60'C. After the addition o f  3.0 g o f  sodium hydroxide, the 
solvent was evaporated completely on a water bath. The 
yellow residue was recrystallized three times from water and 
twice from methanol to  give 9.2 g o f  yellow needles, m p  
244-245'C; uv and visible (100% C H 3 0 H ,  23°C) ?,,,, (log E): 

290 (4.25) n m ;  ir (KBr pressed disc) v,,,: 1605 (s, C=N), 
1510 (s,  aromatic C-C), 1385 (s, C H I ) ,  1195 (s,  SO,-),  1130 
(s, CH-N), 1035 (s, SO3- ) ,  830 ( m ,  aromatic CH p-substi- 
tuted), 750 (s, aromatic CH 5-adjacent H atoms), 705 ( m ,  
aromatic C H )  cm- ' .  Annl. calcd. for C,,H,,N20,Na~2H,0: 
C49.97, H 4.78, N 7.78; found: C 50.29, H4.76, N 8.08. 

Resolution 
The racemic con~pound (10 g) and cinchonidine (9 g) were 

added to  30 mL o f  1 N hydrochloric acid and warmed under 
continuous stirring. On filtration, 16.7 g o f  the crude cin- 
chonidine salt was obtained as diastereoisomers. The  cin- 
chonidine salt was recrystallized once from methanol. The 
purc cinchonidine salt (10 g) dissolved in 300 m L  o f  methanol 
was allowed to  stand in a refrigerator for 90 min. White 
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crystals were filtered and dried irz cacuo. The yield after the 
first recrystallization should be kept to about 30% t o  achieve 
good resolution. The same procedure was repeated five times. 

The resolved cinchonidine salt (0.5 g) was treated with 1 m L  
o f  1 N sodium hydroxide. After the addition o f  10 m L  o f  
water, the reaction mixture was heated and insoluble cin- 
chonidine was removed by filtration. The filtrate was evapor- 
ated t o  dryness on a water bath. The residue was recrjlstallized 
once fro111 nlethanol t o  give 0.12 g o f  compound (+)-3, 
m p  244-245"C, [rID2" 320" (c 0.1, C H I O H ) ;  ord (c 0.0045 
(400-220 nm),  c 0.1 (700-400 nm), CH,OH) 25°C: [ $ I i o o  
+7103, +1040', [$Ial8 +31 100' (peak), 0' 
(intersects), [$I,,, - 60 030' (trough), [ + I z z 8  - 12 290' (peak); 
cd ( C  0.000028 M ,  CHIOH) 25°C: 0 ,  +63 640, 

0, ['dl24o -26 030, 0; [81223 + 33 990, 161z17 0.  
Compound (-)-3 is also obtained as follows; after the 

first filtrate o f  the 300 ml o f  methanol solution was allowed to  
stand in a refrigerator overnight, the precipitate was filtered 
and dissolved in warm methanol. The solution was then cooled 
in a refrigerator for 90 min and the resulting white crystals 
were filtered and dried in cacuo. The same procedure was 
repeated four times. The resolved cinchonidine salt was con- 
verted into the sodi~nn salt by the above procedure, m p  244- 
245-C, -320' (e  0.1, CH30FI); ord (e 0.0044 (400- 
220 nm) ,  c 0.1 (700-400 nm) ,  C H 3 0 H )  25'C: [$I , , ,  -71OZ, 

- 104OZ, - 32 030' ( t r o ~ g h ) ,  [ + I z s z  0' (inter- 
sects), +58 840' (peak), [+],,, -!- 14 150' (trough) 
cd ( C  0.000027 :M, C H 3 0 H )  25°C: 0 ,  [0]292 -66 250, 
[ e l 2 5 4  0,  [ e l 2 4 0  +26 810, ~ ~ I z z s  0 ,  181223 -29 040, [ e ] 2 1 u  0. 

Pi,epnralion 
Benzylideneacetone (3 g) in 3 m L  o f  ethanol and sodium 

p-hydrazinobenzenesulfonate (3.7 g) in 5 m L  o f  water and 
5 m L  o f  acetic acid were mixed and heated at about 130°C for 
4 h .  The reaction mixture was concentrated t o  about one- 
third its original volume, refluxed for additional 3 h ,  and then 
cooled. On the addition o f  a large amount o f  ethanol, the 
product began to  precipitate. The precipitate was filtered and 
washed with ethanol. Nine recrystallizations from ethanol 
containing a trace o f  water gave 0.7 g o f  pale yellow needles, 
m p  219-221 " C :  uv and visible (100% C H 3 0 H ,  23°C) J,,,,, 
(log E ) :  294 (4.31) n m ;  ir (KBr pressed disc) v,,,: 2950 ( m ,  
CH,), 1590 (s,  C=N), 1500 (s, aromatic C=C), 1400 ( m ,  
C H Z ) ,  1360 ( m ,  CH,), 1180 (s,  SO3-) ,  1120 (s, CH-N), 1030 
(s, SO3-) ,  830 (m ,  aromatic CH p-substituted), 740 ( m ,  
aromatic CH 5-adjacent H atoms), 700 (rn, aromatic C H )  
cm-I .  Anal. calcd. for Cl6HI5N2O3SNa.O.5Hz0: C 55.33, 
H 4.61, N 8.08; found: C 55.48, H 4.60, N 7.99. 

Reso hltion 
The  racemic compound (4 g) dissolved in 50 m L  o f  glacial 

acetic acid and cinchonidine (3.5 g) in 50 m L  o f  ethanol were 
mixed and the solvent was evaporated under reduced pressure. 
The residue was washed with water and dried in cacuo. The 
crude cinchonidine salt obtained as diastereoisomers was re- 
crystallized once from a mixture o f  ethanol and water (2 :  1). 
The pure cinchonidine salt (5 g) dissolved in 100 m L  o f  the 
above mixture o f  solvents was allowed t o  stand for 90 min in a 
refrigerator and the precipitate was filtered and dried in 
cacuo. This procedure was repeated four times. T o  the resolved 
cinchonidine salt (1.2 g) in 20 niL o f  water was added 1.2 m L  
o f  2 N sodium hydroxide and the mixture was warmed 
slightly. White crystalline cinchonidine precipitated upon 
cooling. After filtration, the filtrate was concentrated to  one- 
third o f  its original volume and cooled to precipitate any 
remaining cinchonidine. After the precipitate was removed, 
the filtrate was evaporated completely on an oil bath. The 

residue was recrystallized once from a mixture of ethanol and 
water ( 1 0 : l )  to give 0.7 g o f  compound (-)-4, m p  219"C, 

- 315' ( C  0.1, C H 3 0 H ) ;  ord (c 0.0037 (400-220 nm) ,  
c 0.1 (700-400 nm),  C H 3 0 H )  25'C: [$],,, -940a, [q51ss9 
- 106OZ, [$I316 - 32 050" (trough), [ + I 2 , ,  0' (intersects), 
[ 'd l260  f 55 860" (peak), [el2,, + 10 580; (trough); cd (c 
0.000033 M, CH30H)  25°C: ['d]3+0 0,  [01294 -57 590, [81257 
0,  [ @ I 2 4 5  +23 280, [ @ I 2 2 8  0. 

Sodirnn dl-4-f?-tert-Buryl-5-pheny/-2-pj~mzolin-l-yl)berzzene- 
sulfanate (dl-5) 

Preparation 
Sodium p-hydrazinobenzenesulfonate (3.8 g) in 10 11lL o f  

water, 4,4-dimethyl-1-phenyl-penten-3-one (3.8 g), synthesized 
according to  the procedure o f  Bramen (26), in 5 m L  o f  ethanol 
and 3 m L  o f  acetic acid were mixed and refluxed at 123-125'C 
for 7 h. The reaction mixture was concentrated to  one-third 
o f  its original volume, refluxed for additional 3 h ,  and then 
cooled. On the addition o f  a large amount o f  ethanol, the 
product began t o  precipitate as white needles. The crystalline 
precipitate was filtered, washed with ethanol, and then with 
acetone. Six recrystallizations from acetone containing a trace 
o f  water gave 3.2 g o f  white needles, rnp 220-222'C; uv and 
visible (100% C H 3 0 H ,  23°C) ?.,,, (log E ) :  295 (4.10) I I ~ T ~ ;  ir 
(KBr pressed disc) v,,,: 2900 (s, CH,), 1590 (s, C=N), 1495 
is, aromatic C=C), 1360 ( m ,  -C(CH3),), 1260 ( m  
-C(CH3)3), 1190 ( s ,  SO3- ) ,  1120 ( s ,  CH-N), 1040 ( s ,  
SO,-), 830 (s, aromatic CH p-substituted), 750 (111, aromatic 
CH 5-adjacent H atoms), 700 (m, aromatic C H )  cm-I .  Anal. 
calcd. for C19N21N20,SNa.H,0:  C 57.29, H 5.79, N 7.03; 
found: C 57.08, H 6.08, N 7.09. 

Resolution 
Cinchonidine (3 g) was added to  the racemic mixture 

(4  g) and 10.2 m L  o f  1 N hydrochloric acid was added with 
continuous stirring. After the addition o f  90 m L  o f  water, the 
mixture was heated until the cinchonidine salt had dissolved 
completely. The solution was allowed to  stand in a refrigerator 
overnight and white crystal? precipitated as needles. On filtra- 
tion, the crude cinchonidine salt was obtained as diastereo- 
isomers. The cinchonidine salt was recrystallized once from a 
mixture o f  methanol and water (7 :  10). The pure cinchonidine 
salt ( 5  g) was dissolved in 300 m L  o f  the above mixture o f  
solvents and allowed to  stand for 90 min in a refrigerator and 
the precipitate was filtered and dried in crrcuo. The same pro- 
cedure was repeated five times. The resolved cinchonidine salt 
was added to  14 m L  o f  0.1 N sodium hydroxide. T o  this 
solution a small amount o f  ethanol was added until the 
cinchonidine salt was completely dissolved. The solution was 
kept in a refrigerator overnight to  precipitate white crystalline 
cinchonidine. After filtration, the filtrate was concentrated t o  
one-third o f  its original volume and cooled to  precipitate 
cinchonidine completely. After the removal o f  cinchonidine, 
the filtrate was evaporated to  dryness on an oil bath. The 
residue was recrystallized once from a mixture o f  methanol 
and acetone to  give 0.36g o f  compound (- ) -5 ,  n ~ p  222"C, 

- 275' (C 0.1, C H 3 0 H ) ;  ord (c 0.0028 (400-220 nm), 
C 0.1 (700-400 nm), CH3OH) 25°C: [$]7,30 -75OC, [ $ I 5 8 9  

- 1080, -48 500" (trough), [+I,,, 0" (intersects), 
1 4 1 2 6 ,  + 89 900' (peak), + 22 800C (trough); cd (c 
o.000014 IM, CH,OH) 2 5 ' ~ :  [e],,, 0 ,  -85 960, 
0 ,  Lo1242 +40 110, [ e l 2 2 8  0 .  
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The identification of aliphatic hydrocarbons containing multiple asymmetric centers can be 
difficult because of the complexity of the nmr spectra and because in capillary chromatography 
the diastereomers may be resolved to varying degrees. We suggest that the most effective 
method for identifying such hydrocarbons is through the pattern of retention times developed 
by the mixture of diastereomers on a suitable capillary glc column. 

This paper presents the results of some studies of a series of alkanes having the general form 
C,H,-(CH-CH,),-R, where n = 1 to 4, and includes the syntheses and 13C nmr spectra 
of the compounds. 

PIERRE LACHANCE, S. BROWNSTEIN et ARTHUR M. EASTHAM. Can. J. Chem. 57,367 (1979) 
L'identification d'hydrocarbures aliphatiques posskdant plusieurs centres asymktriques est 

parfois tres difficile. La difficult6 vient de la complexite de leur spectre rmn et du fait que la 
chromatographie en phase vapeur avec colonne capillaire peut rCsoudre, jusqu'a un certain 
point, les melanges de diastCrCoisomeres. Nous proposons cependant que cette derniere 
mCthode, grace aux temps de retention a motif obtenus par passage d'un melange de dia- 
sterCoisomeres sur une colonne capillaire approprike, demeure la plus efficace pour l'identifica- 
tion de tels produits. 

Dans cet article on decrit les rCsultats d'Ctudes portant sur une sCrie d'alcanes de formule 
ginerale C,H5-(CH-CH3),-R, ou n = 1 a 4. On trouvera aussi les synthkses et les spectres 
de rmn du 13C de ces composCs. 

We wish to report here the characterization of a structures and is then compared with authentic 
series of alkanes of the general form, samples, prepared when necessary by unequivocal 

synthesis. 
YH3 1 -R = 1 ,2 ,3 ,  or 4;  = M ~ ,  L ~ ,  npr Effective comparison of known with unknown is CHBCHZ- -CH- 

n essential and major difficulties arise when, as in the - - 
obtained from the oligomerization of 2-butene (1). 
Nuclear magnetic resonance spectroscopy can often 
be used to resolve such structural problems but is not 
effective for these compounds because the multiple 
asymmetric centers produce numerous diastereomers 
and consequently some very complex resonance 
spectra. (When n = 4, the 13C spectrum shows more 
than 40 lines.) It thus becomes necessary to revert to 
traditional methods of identification which in 
practice means that the unknown is assigned tentative 

'NRCG No. 17064. 
'Revision received October 2, 1978. 

present case, the unknown is a liquid yielding no 
solid derivative. In these circumstances a mixture 
melting point determination is not possible and 
various physical measurements such as infrared 
absorption, nmr spectra, glc retention time, etc., may 
not be sufficiently discriminatory. 

For the alkanes under study the problem is 
especially acute. The presence of stereoisomers, 
which are resolved to varying degrees in capillary 
chromatography, makes it necessary to determine 
whether the compounds are 'pure,' i.e., whether the 
observed inhomogeneity is in fact due to stereo- 
isomers, whether it arises from contamination of the 

0008-4042/79/040367- 10$01 .00/0 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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sample by closely related structural isomers, or both. 
The simplest way to handle the problem is by careful 
synthesis of the alkane, followed by comparison of 
the synthetic product with the unknown in the same 
capillary chromatograph which revealed the com- 
posite character of the unknown in the first place. We 
are aware that glc identifications are not generally 
acceptable in the chemical journals but we wish to 
suggest that in the present circumstances capillary 
chromatography is not only the most suitable tech- 
nique available for comparing two compounds but 
may even be definitive when, as here, a compound 
gives rise to a group of peaks having a well-defined 
pattern of retention times. 

The basic procedure adopted for the synthesis was 
as follows: the 1,4-addition of an appropriate 
Grignard reagent to an u,P-unsaturated ketone yields 
a ketone which can then be treated with an organo- 
metallic reagent to give an alcohol corresponding to 
the desired alkane. The alcohol is dehydrated and 
the resulting olefin(s) hydrogenated. The chief con- 
cern with this series of reactions lies in the possibility 
that some unexpected product might arise, most 
probably by rearrangement during the dehydration 
step, and escape detection because of inadequate 
control methods. Most of the ketone intermediates 
in the syntheses did not yield solid derivatives 
suitable for analysis, presumably because of the 
presence of diastereomers (see below) but in any 
event, elemental analysis would not detect the 
presence of isomers. To minimize such dangers we 
have carried out the syntheses by at least two in- 
dependent pathways on the assumption that if the 
two routes give mixtures of alkanes with identical 
retention times, then the products are most probably 
mixtures of stereoisomers and not mixtures of 
structurally different alkanes. The results seem to be 
consistent with this assumption. 

Discussion 
The alkanes to be identified were obtained from 

the oligomerization of 2-butene by careful fractional 
distillation of the olefin mixture followed by hydro- 
genation of the fractions. It was found that most of 
the lower molecular weight olefins (up to C,,) con- 
sisted of a single carbon skeleton with the double 
bond in various positions, giving rise to a single 
alkane on hydrogenation. These lower alkanes were 
readily identified since their nmr spectra were simple 
and good reference material was commercially 
available; from them it was therefore possible to 
make good predictions about the structures of the 
higher members, an important prerequisite to 
synthesis. 

As a typical case of a higher alkane consider the 

dodecane obtained from the butene oligomers by 
hydrogenation of a close-boiling distillation fraction. 
The olefin, in ordinary chromatography (OV-101; 
118 in. x 6 ft), appeared as a doublet which, when 
passed into the mass spectrometer, showed a parent 
mass of 168 only, corresponding to a butene trimer. 
Capillary glc (Squalane or OV- 101 ; 0.01 in. x 150 ft) 
further resolved the doublet into about a dozen 
components which on hydrogenation took up 
roughly 1 mol equiv. of hydrogen and gave at least 
five new compounds (Fig. 1C). (Complete hydro- 
genation was difficult so a small amount of un- 
changed olefin is evident in the chromatogram.) 
Since from these results it seemed probable that the 
olefin consisted of a group of cis-trans pairs having 
the carbon skeleton of the normal butene trimer but 
with the double bond in various positions, it was 
decided to synthesize the corresponding alkane (4) 
in order to compare it with the group of alkanes 
obtained by hydrogenating the unknown. 

17.5 15 20  17.5 15 
RETENTION TIME (min) 

FIG. 1. Chromatograms for 3,4,5,6-tetramethyloctane (4) 
and the corresponding olefins: ( A )  olefins (3) prepared from 
3,4-dimethylhexanone-2 and sec-butyl Li; (B) olefins (8) pre- 
pared from 4,5,6-trimethyloctanone-3 (6); (C)  olefins obtained 
from the oligomerization of 2-butene. Hydrogenations over 
Pd/C; chromatograms WCOT squalane, 0.01 in. x 150 ft, 
120°C. 
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LACHANCE E T  AL.  

CH, CH3 CH, CH3 CH, CH, 
I I see-Butyllithium 

CH3CH2-4H-CH-C-CH3 
I I I I ' CH,CHzCH-CH-C-CH-CH2CH3 

0 

' I  / 
I  

OH 
1 2 

CH, CH, CH, CH, CH, CH, CH, CH, 
I l l /  I  I  I I 

CH,CH,CH-C-C-C-CH2CH3 - CH,CH2<H-CH-CH-CH-CH2CH3 
H Hz 

CH, CH, CH, CH, 
I  I I I 

CH3CH2-CH-CH-C-C=CHCH, 
H 

8 

CH3 CH3 CH, CH, CH3 CH, CH3 
I  1 / CH3Li 1 / I  I  

CH3CH2<H-CH-CH-C-CH,CH, ------+ CH3CH2-CH-CH-CH-C-CH2CH, 
I I I 
0 

6 

Zn, HCI 
LiAIH, 

CH, CH, CH, CH, CH, CH, 
I / /  (1)  H' / / / 

CH;CH2CH-CH-CH-CH-CHZCH, -------t CH3CH2CH-CH-CH-CH2CH,CH, 
I (2) Hz 

Two separate syntheses were carried out as shown IC). We conclude therefore, perhaps somewhat 
in Scheme 1. In the first, 3,4-dimethyl-2-hexanone (1) tentatively, that the unknown alkanes and olefins 
was allowed to react with sec-butyllithium to give a 
dodecanol(2). In the other, 3-methyl-2-hexene-4-one 
(5) was treated with sec-butyln~agnesium chloride to 
obtain, by 1,4-addition, the undecanone 4,5,6- 
trimethyl-3-octanone (6).  Yield was good but the 
identity of the product could not be confirmed either 
by proton resonance or through preparation and 
analysis of a solid derivative. Capillary glc (UCON 
LB550X) showed the presence of two components 
of very similar retention times, assumed to be 
diastereomers. The presumed undecanone was 
treated with methyllithium to obtain the dodecanol7. 

The two dodecanols 2 and 7 were dehydrated with 

have the carbon skeleton of 3,4,5,6-tetramethyl- 
octane (4). 

In the chromatogram of the unknown there is one 
peak (retention time about 18.5 min) which is not 
found in the synthetic product and which does not 
seem to correspond to unchanged olefin; we can only 
suppose that this material was an impurity, perhaps 
an isomeric dodecene, in the original olefin. 

A comment should be made here about the use of 
the gas chromatograph - mass spectrometer com- 
bination (glc-ms). Throughout most of this work we 
have been restricted to the use of macro (118 in.) 
columns and electron impact ionization and have 

acid and, as expected, gave different mixtures of therefore used the instrument primarily for deter- 
olefins. However these, on hydrogenation, gave mining molecular weight and molecular weight 
identical mixtures of alkanes (Fig. 1A and B) which homogeneity of olefin samples; olefins generally give 
in turn were identical with the major part of the easily observable parent ions. It would have been 
product from hydrogenation of the unknown (Fig. most helpful to have been able to make similar 
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measurements on the alkanes and alkanols but the 
former tend to fragment completely and the latter 
dehydrate in the electron beam to give the olefin 
spectra. Chemical ionization might get around this 
problem and permit better control over the syntheses. 
Very recently we have had access to capillary glc-ms 
and have used it to examine the groups of stereo- 
isomers which make up some of the alkanes. By 
using a long (300 ft x 0.01 in.) squalane WCOT 
column it proved possible to obtain complete 
separation of five isomers of 3,4,5,6-tetramethyl- 
octane3 and of four isomers of 2,3,4,5-tetramethyl- 
heptane, and to obtain their individual cracking 
patterns. Within experimental error all of the 
stereoisomers for each compound had the same mass 
spectrum but we are unable to assess the usefulness 
of this observation in recognizing a group of 
stereoisomers. We have not found the mass spec- 
trometer to be helpful in defining structures. 

The undecane 2,3,4,5-tetramethylheptane (14) was 
prepared in much the same way as the 3,4,5,6-tetra- 
methyloctane, by dehydration of two different 
undecanols and hydrogenation of the resulting 
olefins. The undecanols (12 and 17) were derived 
from the reaction of methyllithium with two different 
trimethylheptanones (11 and 16), one of which was 
obtained by 1,4-addition of isopropylmagnesium 
bromide to 3-methyl-2-hexene-4-one (5) and the 
other by addition of sec-butylmagnesium bromide 
to  3-methyl-3-hexene-I-one (15). A third quite 
independent synthesis of one of the undecanols (17) 
was based on the Favorskii rearrangement of the 
bromo ketone 21 and is outlined in Scheme 2. 

The 2,3,4,5-tetramethylheptane system is partic- 
ularly useful for studying these reactions because of 
the good isomer separation obtained in the capillary 
chromatogram. The undecanols were therefore 
dehydrated in different ways, naphthalenesulfonic 
acid, SOCI, in pyridine, POCI, in pyridine, to see if 
any rearrangement could be detected. Some of the 
results are shown in Fig. 2. As would be expected, 
the two alcohols give quite different mixtures of 
olefins but these can be equilibrated by acid catalysis 
to  identical composition. However, irrespective of 
the olefin composition, the same group of four 
alkanes is obtained on hydrogenation. The ratio of 
the four isomers in the alkane mixture varies con- 
siderably with variations in the olefin mixture, 
presumably because the hydrogenation is stereo- 
specific; also, because of differences in rates of 
hydrogenation it is sometimes possible to relate the 

3There was no sign of the sixth diastereomer for 3,4,5,6- 
tetramethyloctane; either it was not formed in the synthesis or 
was not resolved at all in the capillary chromatogram. 

disappearance of particular olefin peaks to the 
appearance of specific alkane peaks in the chroma- 
togram. It seems clear from these results that no 
rearrangements are occurring during the reactions 
and that the mixture of alkanes obtained is a group 
of diastereomers having the desired skeletal structure. 

One other point is perhaps worth noting. The 
synthetic trimethylheptanone 11 appears as a broad 
peak (unresolved doublet ?) in capillary chroma- 
tography but becomes a clear doublet on treatment 
with acid. If the synthetic product is allowed to react 
with methylmagnesium iodide to about 6 0 z  com- 
pletion, the unreacted ketone then appears in the gic 
as a sharp singlet. The olefin mixture obtained from 
the ketone (via the alcohol) is essentially the same 
from either partial or complete reaction, and the 
unreacted ketone is converted back to a glc doublet 
by treatment pith acid. The doublet has the same 
retention times as the unreacted ketone. We interpret 
these observations to mean that the ketone is 'pure' 
but a mixture of stereoisomers which react at 
different rates with the Grignard reagent. 

The alkane 3,4,5-trimethyloctane (10) was pre- 
pared in two different ways but the diastereomers 
were unresolved in the capillary chromatograph. The 
single peak showed a slight shoulder near the apex, 
thus resembling the closely-related 3,4,5-trimethyl- 
heptane which is also largely unresolved. Since the 
starting materials, and the reactions used to syn- 
thesize this undecane, were the same as those used 
for the other syntheses we are confident of the 
preparation but the chromatogram is certainly not 
definitive. 

13C Nuclear Magnetic Resonance 
Results and Discussion 

Chemical shifts and longitudinal relaxation times 
( T I )  for seven methyl branched hydrocarbons are 
listed in Table 1. Chemical shifts and assignments 
for the first two of these hydrocarbons have already 
been reported (2). They are included here to facilitate 
comparison with the other sets of data and because 
T ,  values were not previously measured. The assign- 
ment of lines to particular carbon atoms was done 
on the basis of calculated chemical shifts and the 
differences in relaxation time expected for primary, 
secondary, and tertiary carbon atoms. Chemical 
shifts were calculated for the different carbon atoms 
of the compounds listed in Table 1 by the methods 
given in refs. 2 and 3. An average deviation from the 
experimental results of 0.9 ppm was observed for 
the method of Lindeman and Adams and 1.2 ppm 
for the modified Grant and Paul approach. 
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- u 
13 
u 

17 15 13 17 15 19 17 
RETENTION TIME (min) 

FIG. 2.2,3,4,5-Tetramethylheptene (13) and (18) conversion to olefins and alkanes. The center column shows the chro- 
matogram of the olefins as synthesized, the column on the left the olefins after isomerization by acid, and the column on 
the right the alkanes obtained by hydrogenation of the synthetic olefins or ( A )  of the equilibrium mixture The syn- 
thetic products were obtained as follows: A and B, from undecanol 17 by dehydration with naphthalenesulfonic acid 
or with &'OCl, respectively; C and D from undecanol 12 with acid or POCI,, respectively. 

The assignment of peaks for 3,4-dimethylhexane 
and 3,Sdimethylheptane is that of Lindeman and 
Adams (2). The assignment of lines to particular 
carbon atoms in 2,3,4-trimethylhexane follows 
directly from the calculated values. There is excellent 
agreement between the number of lines observed and 
those theoretically expected for these compounds. 
3,4,5-Trimethylheptane has three diastereomers. For 
the two meso forms there is magnetic equivalence 
about the center of the carbon chain, so that six 
lines from carbon atoms 1, 2, 3, 4, 8, and 9 are 
observed for each isomer. For the last, the dl 
diastereomer, there is a single line from each of the 
carbon atoms. This magnetic nonequivalence is 
similar to that observed for the isopropyl methyl 

carbons in 2,4,6-trimethylheptane and 2,5,8-tri- 
methylnonane (2) and to that observed in triad and 
pentad sequences in isotactic polypropylene (4). 

There are three chiral centers in 3,4,5-trimethyl- 
octane (10) so four stereoisomeric pairs are possible. 
Since there are no equivalent carbon atoms in the 
molecule, 12 lines are expected from each of the 
methine and methylene carbons and 20 lines from 
the methyl carbons. The 24 lines of the secondary and 
tertiary carbons are clearly separated but because of 
extensive overlap not all the methyl lines are 
(separately) observed. 

The compound 2,3,4,5-tetramethylheptane (14) 
has three chiral centers and therefore four pairs of 
optical isomers. All 11 carbon atoms will be mag- 
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LACHANCE ET AL. 373 

netically nonequivalent in each of these four isomer 
pairs so a total of 44 lines should be found in the 
carbon resonance spectrum. At least 41 lines can be 
distinguished. The only ones which can be identified 
with any certainty are those from the CH, group in 
each of the four isomers. This was done by a com- 
bination of chemical shift, T I  relaxation, and 
difference spectroscopy between samples with 
different isomeric composition (Fig. 2). 

For  3,4,5,6-tetramethyloctane (4) there are six 
possible diastereomers, two of which have meso 
configurations. Two of the dl diastereomers have 
complete magnetic equivalence about the central 4-5 
bond, the other two like 3,4,5-trimethylheptane have 
only nonequivalent carbons. From the glc data it is 
known that the compound contains a t  least five 
diastereomers, one of them in rather small con- 
centration. If it is assumed that the least abundant 
isomer is one of those with no magnetic equivalence, 
it becomes possible to assign lines from the carbon 
resonance spectrum to C,, C,, and C, for five 
isomers (but see footnote 3). 

Experimental 
Melting points (evacuated capillaries) and boiling points are 

uncorrected. Reference alkanes were obtained when available, 
from Chemical Sample Co., Columbus, OH. Microanalyses 
were performed by C. DaesslC of Montreal or H. Seguin of 
these laboratories. Gas-liquid chromatographic comparisons 
were done by mixing the two components and examining the 
chromatogram for any sign of separation. 

Reactions with organometallic reagents including Grignards 
were carried out under argon and were worked up by treating 
the reaction mixtures with NH4C1 solution and extracting with 
ether. Olefin hydrogenations were accomplished at atmos- 
pheric pressure over 5% palladium-on-carbon as catalyst. 

13C resonance spectra with proton noise decoupling at  
ambient temperature were obtained with a Varian XL-100 
spectrometer operating at  25.2 MHz and coupled to a Nicolet 
TT100A Fourier transform system. TI values were obtained 
by an inversion recovery sequence using the software of the 
manufacturer or by a saturation recovery sequence (5) using 
our own programme. Samples were prepared in CS2 solvent 
without removal of oxygen, and referenced to internal tetra- 
methylsilane. Chemical shifts are reported in ppm to low 
field of TMS and relaxation times are in seconds. Free induc- 
tion decays of 16K were accumulated for spectral widths of 
5000 Hz. This gives nominal resolution of 0.75 Hz which is 
broadened to 1.0 Hz by sensitivity enhancement. 

3,4,5,6-Tetramethyloctane ( 4 )  
Method A 
A 25.0 g sample of 3-methyl-2,4-pentanedione, obtained by 

methylation of 2,4-pentanedione with methyl iodide and 
sodium teur-butylate, was refluxed for 2 h with a Grignard 
solution prepared from 13.0 g Mg and 40 mL ethyl bromide, 
to give 29.3 g of crude hydroxyketone. Distillation of the 
product with 2.0 g oxalic acid gave 20.7 g of unsaturated 
ketone, hydrogenated to 20.2 g of 3,4-dimethyl-2-hexanone 
(I), bp 156-157°C (lit. (6) bp 153-154°C). 

Compound 1 (5.0 g) was allowed to react at  0°C for 3 h with 
50 mL of 11.6x see-butyllithium (Foote Mineral Co.) in 

hexane to give 6.3 g of crude dodecanol (2). The alcohol 
dehydrates on heating so, without further purification, was 
treated with naphthalenesulfonic acid to give 1.7 g of olefin. 
The olefin was then hydrogenated to 1.5 g 3,4,5,6-tetra- 
metl~yloctane (4), bp 84"C/12 Torr; n, 1.4356. 

Method B 
A 15.0 g portion of 3-methyl-2-hexene-4-one (5) (7) was 

added at 0°C to a Grignard reagent prepared from 4.0 g Mg 
and 18 mL see-butyl chloride and the mixture then refluxed 
for 3 h to give 21.7 g of crude 4,5,6-octanone-3 (6). This ketone 
was fractionally distilled and the material distilling at 106'C/ 
15-18 Torr collected. Yield, 9,2 g;  n, 1.4342; ir v,,, 1710 
cm-l (carbonyl). 

Ketone 6 (8.0 g) was added at 0°C to 75 mL of 3.5% nmthyl- 
lithium solution in ether and refluxed for 2 h, yielding 8.4 g 
of crude dodecanol (7). Dehydration with 2.0 g naphthalene- 
sulfonic acid at 75°C gave 7.1 g of crude olefins which were 
fractionally distilled and the fraction passing over at  96-97"Cl 
15-18 Torr retained (5.3 g). A small amount of residual 
starting ketone was removed by spinning band distillation. 
Hydrogenation then gave 3.1 g of 3,4,5,6-tetramethyloctane 
(4, bp 85'C/12 Torr; n, 1.4353. The two alkanes prepared by 
methods A and B had identical infrared spectra and capillary 
chromatograms. Anal. calcd. for C12H2,: C 84.60, H 15.39; 
found: C 84.79, H 15.09. 

3,4,5-Trirnethyloctaize 110) 
4,5,6-Tuin1etlzyl-3-octanone (6; 2.0 g) was refluxed in ether 

for 1 h with 0.25 g LiAIH, to give 1.3 g of undecanol 9. The 
alcohol was then dehydrated with 0.5 g naphthalenesulfonic 
acid in ethanol to give 1.1 g of olefins which on hydrogenation 
gave 1.0 g 3,4,5-trimethyloctane (lo), bp 71°C/12 Torr; r l ,  

1.4260; Anal. calcd. for C l lH24 :  C 84.52, H 15.48; found: 
C 84.34, H 15.60. 

Conversion of the ketone 6 to the alkane 10 can be accom- 
plished by Clemmensen reduction; 1.0 g ketone in 15 mL 35% 
ethanol was refluxed 1 h with 35 g of zinc, 1.7 g of HgCI,, and 
25 mL concentrated HCI. More HCI (20 mL) was added over 
a further 2 h. A yellow oil (0.8 g) was recovered which, in 
capillary chromatography on squalane, showed only un- 
changed ketone and the 3,4,5-trimethyloctane described 
above. Yield, 30-40% with no indication of other products. 

The undecanol9 and alkane 10 were also prepared from the 
octanone 1 and n-propylmagnesium chloride. 

2,3,4,5-Tetramethylheptane (14) 
Method A 
Aldol condensation (1% KOH) of 2-butanone with acetal- 

dehyde yields a mixture of 2-hexene-4-one and 3-methyl-2- 
pentene-4-one (15). To obtain the latter in pure form the 
mixture was partially hydrogenated and then carefully 
distilled to remove the 2-hexene-4-one. The 3-methyl-2- 
pentene-4-one thus obtained was allowed to react with sec- 
butylmagnesium chloride to give, in good yield, the ketone 
3,4,5-trimet/zyl-2-heptano1ze (16), bp 80-82'C/14 Torr; n, 1.4334; 
mol. wt. (ms) 156. A portion (5.0 g) of this ketone (16) was 
added at 0°C to 35 mL of 3.5% methyllithium solution, then 
refluxed for 2 h, to give 4.7 g of crude alcohol (17). The 
alcohol was dehydrated at  75'C with 1.0 g naphthalenesulfonic 
acid to give 2.3 g of olefins which were then hydrogenated to 
the alkane 2,3,4,5-tetramethyllzeptane (14). 

Method B 
3-Methvl-2-hexene-4-one (5) (15.5 g :  8) was allowed to ~, 

react with a Grignard reagent prepared from 4.0 g Mg and 
13.8 g 2-chloropropane to give 20.4 g of crude ketone 11. 
Fractionation of the product gave 16.8 g of 4,5,6-trimethyl-3- 
heptanone ( l l ) ,  bp 81-82"C/14 Torr; n, 1.4301; mol. wt. (ms) 
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TABLE 1. Chemical shifts and spin lattice rclaxatioii times for some branched alkanes* 

Carbon atom 

Compound Parameter 1 2 3 4 5 6 7 8 9 10 11 

9 10 11 
CH3 CH3 CH, 
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156; ir (carbonyl) v,,, 1705 cm-l.  On treatment with methyl- 
lithium, 16.8 g of ketone gave 18.1 g crude alcohol (12) which 
was dehydrated immediately with naphthalenesulfonic acid. 
The crude olefin product thus obtained was twice fractionally 
distilled to remove some unreacted ketone and yield a highly 
pure sample of olefin. Hydrogenation gave 2,3,4,5-tetra- 
methylheptane (14), bp 69'C/12 Torr; n, 1.4286. Anal. calcd. 
for C,,HZ4: C 84.51, H 15.48; found: C 84.58, H 15.23. 

Method C 
A 15.0 E oortion of 3-uentetze-2-one (19) (8) was added at - .  

0°C to a Grignard solution prepared f;o& 5:5 g Mg, 0.35 g 
CuCI, and 21.2 g 2-chlorobutane and the mixture was refluxed 
for 2 h and allowed to stand overnight. The 22.7 g of crude 
product on fractionation gave 12.7 g of 4,5-dimetl?yl-2-hepta- 
none (20), bp 107-108"C/23 Torr; n, 1.4279; ir v,,, (carbonyl) 
1715 cm-', (CO-CH,) 1165 cm-' (lit. (9) 1720, 1162). The 
semicarbarone had mp 132-133'C (lit. (9) mp 121°C). Arral. 
calcd. for C,,H,,N,O: C 60.26, H 10.53, N 21.08; found: 
C 59.76, H 10.78, N 21.22. 

4,5-Dimethyl-2-heytanone (20; 13.0 g) was bron~inated with 
14.7 g Br, in 50 mL dichloromethane and 10 drops acetic acid 
a t  O'C. The crude bromo ketone 21 was added dropwise to 
7.0 g sodium methoxide in ether and then refluxed for 3 h. 
Water was added and the product extracted with ether. Yield, 
12.1 g crude, 10.9 g purified methyl 2,3,4-fvimethyll~exanoate 
(22), bp 92"C/15 Torr; n, 1.4293; ir v,,, (COOCH,) 1735 
cni-', (OCH,) 1185 cm-'. 

An alternative synthesis of 2,3,4-fvimethyllzexanoic acid was 
based on the haloform reaction (10). The methyl ester of the 
acid obtained in this way had the same pattern of retention 
times in the capillary glc as that prepared above. 

When 5.0 g of the ester 22 was treated with 2 equiv. of 
methylmagnesiuni iodide, 5.3 g of oil having strong ir absorp- 
tion at  3460cm-' was formed. Dehydration occurred on 
distillation under reduced pressure; spinning band distillation 
of the product gave 1.6 g of olefin which hydrogenated to 
2,3,4,5-tetuamethylhegrane (14). 

Dehydration of the alcohols 12 and 17 by POCI, was 
accomplished by dissolving 1.5 g of alcohol in 12 mL dry 
pyridine and adding 3 mL POCI, dropwise at 0°C. The 
mixture was stirred at  room temperature for 5 h, diluted with 
water, and extracted with ether to give about 1.2 g crude 
olefins. Hydrogenation then gave 2,3,4,5-tetramethylheptane. 
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Violation of the 'para' rule in the boron trifluoride catalyzed cycloaddition of 
4,4-dimethyl-2,s-cyclohexadien-I-one to isoprene. Total synthesis of ionene 
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HSISG-JANG LIU and ERIC N. C. BROWNE. Can. J.  Chem. 57, 377 (1979). 
In violation of the 'para' rule, the boron trifluoride catalyzed addition of 4,4-dimethyl-2,5- 

cyclohexadien-1-one (1) to isoprene gave rise to the unexpected enone 3 as the only adduct. 
Under similar conditions, the addition of trans-piperylene proceeded as predicted by the 'ortho' 
rule to give the single adduct 6. Enone 3 was converted in three steps to the naturally occurring 
hydrocarbon ionene (12). 

HSING-JAM LIU et ERIC N. C. B R O W ~ E .  Can. J. Chem. 57, 377 (1979) 
Contrairement a la "reglepara", l'addition catalyste par le trifluorure de bore de la dimethyl- 

4,4 cyclohexadiene-2,5 one-1 (1) a l'isoprene conduit uniquemcnt la formation de l'enone 3 
inattendue. Dans des conditions semblables, l'addition du trans-piperylene conduit, tel que 
prevu par la "regle ortko", a un seul adduit, 6. On peut transformer l'tnone 3 en trois etapes a 
l'hydrocarbure ionene (12) que l'on retrouve dans la nature. 

[Traduit par le journal] 

In  connection with a project directed towards the 
total synthesis of terpenoids, we have investigated 
the Diels-Alder reaction of 4,4-dimethyl-2,5-cyclo- 
hexadien-1-one (1) (1, 2) with isoprene. It has been 

well established both experimentally (3-6) and 
theoretically (7, 8, and references therein) that dien- 
ophiles in which the double bond is conjugated with 
an electron-withdrawing group undergo Diels-Alder 
reaction with 1- and 2-substituted dienes to give 
'ortho' and 'para' adducts, respectively, as the pre- 

dominant products. Equally well known is the pro- 
nounced enhancement of regioselectivityl when the 
reaction is carried out in the presence of a Lewis acid 
(8, 11-17). The production of adduct 2 is thus ex- 
pected to predominate from the cycloaddition of 
dienone 1 to isoprene, particularly when catalyzed 
by a Lewis acid. 

Treatment of dienone 1 with an excess of isoprene 
in ether at ambient temperature for 22 days using 
boron trifluoride as a catalyst resulted in the forma- 
tion, in 61% yield, of a single l :  l adduct as clearly 
indicated by examination of its spectral data.' To 
establish its orientation, the adduct was dehydrog- 
enated with N-bromosuccinimide (18) in carbon 
tetrachloride. The principal product3 so obtained 
was shown spectroscopically to possess structure 4. 
In its nmr spectrum, the C-8 hydrogen atom, which 
lies within the deshielding zone of the carbonyl, 
appeared at a significantly lower field (6 7.90) as a 
narrowly split multiplet ( < I  Hz) whereas the two 
remaining aromatic protons appeared at 6 7.27 and 
7.37 each with a large coupling constant of 8 Hz. 
These observations were in agreement only with the 
assigned structure 4. It follows that the precursor of 

lExcept in the cuse of certain dienophiles of type 
XRC=CHY or XHC=CHY where X and Y are both con- 
jugating and electron withdrawing. In  such cases, the reversal 
of the orientation under thermal conditions could be achieved 
using the 'guidance-by-catalysis' approach illustrated by the 
elegant work of Valenta and co-workers (9, 10). 

ZSee Experimental for details. 
3The aromatic compound corresponding to structure 2 was 

not detected. The balance of the material consisted of bromo 
derivatives of 3 and 4 as shown by the nmr and mass spectra. 

0008-40421791040377-04$01 .GO10 
@ 1979 National Research Council of CanadaIConseil national de recherches du Canada 
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4 must also possess a methyl group at C-7, as repre- 
sented by structure 3: in violation of the 'para' rule 
(3, 5, 6) for Diels-Alder addition. 

The exclusive formation of such an canti-para'5 
adduct from the addition of isoprene to dienone 1 is, 
to our knowledge, unprecedented. The unusual orien- 
tational effect could well be steric. The exclusion of 
the otherwise favoured formation of the 'para' prod- 
uct could be attributed to the interference of the 
methyl groups of the two counterparts in develop- 
ment of the endo transition state (3, 5, 6) when 
approached in accordance with the 'para' rule. In 
agreement with this postulate was the finding that 
the addition of trans-piperylene to dienone 1 under 
similar conditions proceeded normally to give enone 
66 as the only adduct. 

From a synthetic viewpoint, the one-step formation 
of enone 3, and possibly adducts of type 8 by suitable 
choice of the reactants, offers an efficient route for 
the construction of synthetically useful 1-decalone 
systems. To demonstrate the synthetic utility as well 
as to further confirm the structure of 3, we have com- 
pleted a simple total synthesis of ionene (12), a 
naturally occurring hydrocarbon (20, 21). Reduction 
of enone 3 with lithium in ammonia (22) afforded a 
78z yield of cis-ketone 9 which, on treatment with 
N-bromosuccinimide, underwent dehydrogenation 
giving rise to aryl ketone 10 in 35% yield. The same 
compound could be prepared in a better yield of 45% 
from the trans-ketone 11 which was obtained in 91% 
yield by epimerization of 9 with aqueous sodium 
hydroxide in methanol. Wolff-Kishner reduction 
(23) of aryl ketone 10 resulted in the formation of 
ionene (12) in 64% yield. The ir, nmr, and mass spec- 
tra of the synthetic material were shown to be ident- 
ical with those of an authentic sample prepared from 
p-ionone (24). 

Experimental 
General 

Mass spectra were recorded on an AEI MS-50 spectrometer. 
Infrared spectra were obtained using a Perkin-Elmer Model 
457 or a Nicolet 7-199 FT-IR spectrophotometer. Nuclear 

,The stereochemistry of 3 follows from the cis principle 
(3, 5, 6) and its successful epimerization with aqueous sodium 
hydroxide in methanol to the trans-isomer 5. 

5This term is used to distinguish this effect from the 'meta' 
addition observed by Fleming et a/. (19), in cases where the 
substituents of both reactants are electron donating, an effect 
which was predicted by Houk (7). We wish to emphasize that, 
although the methyl substituent is 'meta' to the directing 
group, the important feature is the violation of the rule which 
is expected to apply and not the application of a different rule. 

6The structure of 6 was verified by dehydrogenation with 
N-bromosucclnimide to aryl ketone 7. Its stereochemistry 
which is not of crucial importance for the present studies, was 
tentatively assigned on the basis of the cis principle and the 
endo rule (3, 5, 6). 

magnetic resonance spectra were recorded on an HR-100 
spectrometer using tetraniethylsilane as internal standard. 
Elemental analyses were performed by the microanalytical 
laboratory of this department. 

cis-4,4,7-Tritnethyl-l,4,4a,5,8,8a-hexahydronaphthalen- 
I-one (3) 

To a solution of 4,4-dimethyl-2,5-cyclohexadien-I-one (1) 
(4.887 g, 40 mmol) in ether (100 mL) were added, 30 min 
apart, boron trifluoride etherate (2.46 mL, 20 mmol) and then 
freshly distilled isoprene (12 mL, 0.12 mol). The resulting 
solution was stirred at room temperature under a nitrogen 
atmosphere for 22 days during which time additional isoprene 
was added (12 mL after each 24-h period for 6 days and a 
further 40 mL each after 13 and 17 days). The reaction mixture 
was cooled to O°C, made basic by dropwise addition of satu- 
rated aqueous sodium bicarbonate solution, and extracted 
with chloroform. The organic solution was washed with water, 
dried (Na2S04), filtered, and concentrated. Column chroma- 
tography of the residue on silica gel, eluting with a solution of 
80% ether in Skelly B, gave a mixture cons~sting of enone 3 
and a small amount of polymer. This mixture was subjected 
to bulb-to-bulb distillation at 90°C/0.5 Torr. The pure enone 3 
(4.624 g; 61% yield) thus obtained showed the following spec- 
tral data: ir (neat): 3010 (C=CH), 1685 (C=O), 1378, 1365 
(CH,), and 827 cm-' (C=CH); nmr (CCl,) 6 :  1.09 (s, 3H, 

I 
CH,), 1.30 (s, 3H, CH,), 1.66 (s, 3H, =ccH,), 5.18 (br s, IH, 
-CH=), 5.68 (d, IH, J  = 10 Hz, -CH=CHCO-), and 
6.28 (dd, IH, J  = 10, J' - 1 Hz, -CH=CHCO-); ms M +  
190.1354 (calcd. for C t 3 H t 8 0 :  190.1358). Anal. calcd. for 
C13H180: C 82.06, H 9.54; found: C 81.81, H 9.56. 

4,4,7-Trimethyl-1,4-di/zydronaphthalen-lone ( 4 )  
Enone 3 (292 mg, 1.49 mmol) was dissolved in carbon tetra- 

chloride (20 mL). N-Bromosuccinimide (530 mg, 2.98 niniol) 
and benzoyl peroxide (10 mg, 0.04 mmol) were added. The 
mixture was refluxed using a preheated oil bath for 45 min. 
After cooling to room temperature, it was filtered and concen- 
trated to give an oil which was purified by column chroma- 
tography twice on silica gel eluting with a solution of 5-7% 
ether in petroleum ether. The aryl enone 4 (106 mg; 38% 
yield) thus obtained showed the following spectral data: ir 
(neat): 1665 (C=O), 1618, 1500 (C=C), 1383, 1374, 1364 
(CH,), 828, and 891 (aromatic CH); nrnr (CCI,) 6 :  1.47 (s, 
6H, 2 x CH,), 2.43 (s, 3H, benzylic CH,), 6.25 (d, J  = 10 H z ,  
-CH=CHCO-), 6.78 (d, J = 10 HZ, -CH=CHCO-), 
7.27 (md, IH,  J =  8, J ' <  1 Hz, C-6H), 7.37 (d, IH, J =  8 
Hz, C-5 H), and 7.90 (m, lH,  J < 1 Hz, C-8 H); ms M +  
186.1053 (calcd. for C,,H1,O: 186.1044). 

trans-4,4,7-Trimet~~yI-I,4,4a,5,8,8a-hexahydronaphthalen- 
I-one (5) 

A solution of 1 N aqueous sodium hydroxide (10 mL) was 
added to a solution of cis-enone 3 (459 mg, 2.42 mmol) in 
20 mL of methanol and stirred for I h. The mixture was then 
extracted with methylene chloride. The extracts were washed 
with water, dried (MgSO,), filtered, and concentrated. 
Column chromatography on silica gel eluting with 3% ether 
in petroleum ether gave 400 mg (87% yield) of a mixture of 
enones 3 and 5 in a ratio of 30:70 as determined by glc ana- 
lysis on a 8 ft x $in. column of 10% diethyleneglycol suc- 
cinate on 80-100 mesh Chromosorb W (DMCS treated, acid 
washed). 

Recrystallization from ether gave 120 mg of pure 5, mp 
56-6O0C, and 279 mg of recovered cis-trans mixture. The 
trans-enone 5 showed the following spectral data: ir (CHCI,): 
1673 (C=O), 1390,1383 (CH,), and 790 cm-' (C=CH); nmr 
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I 
(CC14) 6: 1.03, 1.13 (both s, 3H each, -C(CH,),), 1.67 (br s, 
3H, =CCH,), 5.31 (m, lH ,  =CH-), 5.69 (d, lH ,  J = 
10 Hz, -COCH=CH-), and 6.55 (d, lH ,  J = 10 Hz, 
-COCH=CH-); ms M +  190.1359 (calcd. for C13H180: 
190.1358). Anal. calcd. for C13HI80: C 82.06, H 9.54; found: 
C 81.94, H 9.78. 

cis,syn-4,4,8-TI imethyl-1,4,4a,5,8,8a-hexahydronnphthaIen- 
I-one (6) 

To a solution of dienone (1) (116 mg, 0.935 nlmol) in ether 
(10 mL), were added, 15 min apart, boron trifluoride etherate 
(66 mg, 0.468 mmol) and then trans-piperylene (1.87 mL, 
18.7 mmol). The solution was stirred at room temperature 
under a nitrogen atmosphere for 6 days after which a solution 
of trans-piperylene (0.94 mL, 9.4 mmol) in ether (5 mL) was 
added. After further stirring for 3 days, the reaction mixture 
was made basic with saturated aqueous sodium bicarbonate 
and extracted with methylene chloride. The extracts were 
washed with water, dried over magnesium sulfate, and fil- 
tered. Concentration of the filtrate followed by column chro- 
matography of residue on silica gel with ether - petroleum 
ether (1 :50) elution gave enone 6 (123 mg; 6 9 2  yield); ir 
(CHCI,): 1686 (CEO), 1397, 1386 (CH,), and 716 cm-' 
(HC=CH); nmr (CCI,) 6: 1.10 (s, 3H, CH,), 1.33 (s, 3H, 
CH,), 1.38 (d, 3H, J = 8 Hz, CH,), 5.46 (complex, 2H,  
-CH=CH-), 5.58 (d, 1H, J = 10 Hz, -CH=CHCO-), 
and 6.15 (dd, 1H, J = 10, J' = 1.5 Hz, -CH=CHCO-); 
ms M' 190.1359 (calcd. for C13HlsO: 190.1358). Anal. calcd. 
for C I 3 H l 8 0 :  C 82.06, H 9.54; found: C 81.68, H 9.56. 

4,4,8-Trit~reflry1-l,4-dihydrunapht/raIen-l-une (7) 
To a solution of enone 6 (85 mg, 0.45 mmol) in carbon 

tetrachloride (IOmL), were added N-bromosuccinimide 
(159 mg, 0.89 mmol) and benzoyl peroxide (5 mg, 0.02 mmol). 
The mixture, after refluxing for 30 min, was cooled to room 
temperature and filtered. Concentration followed by column 
chromatography of the residue twice on silica gel using a 
solution of 1% ether in petroleum ether as eluent gave aryl 
enone 7 (10 mg; 12% yield); ir (CHCI,): 1663 (C=O), 1592 
(aromatic), 1395, 1377, and 1364 cm-' (CH,); nmr (CCI,) 
6 :  1.45 (s, 6H, 2 x CH,), 2.70 (s, 3H, benzylic CH,), 6.15 
(d, IH, J = 10 HZ, -CH=CHCO-), 6.64 (d, IH, J = 10 HZ, 
-CH=CHCO-), 7.05 (dd, lH ,  J = J' = 4 HZ, C-6 H), 
and 7.30 (d, 2H, J = 4 Hz, C-5 and C-7 H); ms M' 186.1039 
(calcd. for Cl&l,O: 186.1044). 

cis-4,4,7-Trirnetkyl-1,2,3,4,4a,5,8,8a-octahydronaphthalen- 
I-one (9) 

Lithium ribbon (480 mg, 69 g-at.) was added over a 10-min 
period to 360 mL of liquid ammonia (freshly distilled from 
sodium) at -78'C under a nitrogen atmosphere. After 5 min, 
a solution of enone 3 (1 g, 5.26 mmol) in ether (60 mL) was 
added dropwise over 40 min and stirring was continued for 
an additional 90 min. Solid NH4C1 was then added to dis- 
charge the blue color and ammonia was allowed to evaporate. 
Addition of water was followed by extraction with chloroform. 
After washing sequentially with water, 5% hydrochloric acid, 
and saturated aqueous sodium chloride, the chloroform solu- 
tion was dried (Na2S04), filtered, and concentrated. Column 

trans-4,4,7-Tvinzethyl-l,2,3,4,4a,5,8,8a-octahydronaphthalen- 
I-one (11) 

To a solution of ketone 9 (91 mg, 0.47 mmol) in methanol 
(5 mL) was added 1 N aqueous NaOH (5 niL). After stirring 
at room temperature under a nitrogen atmosphere for 15 h, 
the reaction mixture was extracted with ether. The organic 
solution was washed with water and dried (MgSO,). Filtration 
and concentration gave an oil which was purified by silica 
gel column chromatography. Elution with ether - petroleum 
ether (1 :25) gave ketone 11 (83 mg; 93% yield); ir (neat): 3005 
(C=CH), 1708 (C=O), 1372, 1392 (CH,), and 793 cm-I 
(C=CH); nmr (CCI,) 6: 0.99 (s, 3H, CH3), 1.07 (s, 3H, CH,), 

1.65 (br s, 3H, =ccH,), and 5.24 (br s, lH ,  -CH=); ms M +  
192.1517 (calcd. for C13H,oO: 192.1520). A~zal. calcd. for 
C13H,oO: C 81.20, H 10.48; found: C 81.06, H 10.31. 

4,4,7-Trin1et/1yl-I,2,3,4-tet~algvduonap/thale-I-oe (10)  
From trans-Ketone 11 
Ketone 11 (63 mg, 0.32 mmol) was dissolved in carbon 

tetrachloride (10 mL) and N-bron~osuccinimide (117 mg, 
0.64 mmol) was added. The mixture was heated under reflux 
for 1 h. After cooling to room temperature, it was filtered. 
Concentration of the filtrate gave an oil which was purified by 
column chromatography on silica gel. Elution with a solution 
of 1.5% ether in petroleum ether gave aryl ketone 10 (28 mg; 
45% yield); ir (CHCI,): 1686 (C=O), 161 1, 1498 (aromatic), 
1390 and 1366cl-n-' (CH,); nmr (CCI,) 6: 1.34 (s, 6H, 2 x 
CH,), 1.92 (complex, 2H, -CH,CH,CO-), 2.32 (s, 3H, 
benzylic CH,). 2.57 (complex, 2H, -CH2CO-), 7.18 (s, lH ,  
-CH=CH-) 7.19 (s, lH ,  -CH=CH-), and 7.69 (s, IH, 
C-8 H); ms M +  188.1195 (calcd. for C13H1,0: 188.1201). 

Fvom cis-Ketone 9 
Under similar conditions, oxidation of ketone 9 (99 mg, 

0.52 mmol) with N-bromosuccinin~ide (148 mg, 1.04 mmol) in 
carbon tetrachloride (5 mL) gave aryl ketone 10 (34 mg; 3 5 z  
yield). 

Ionene (12) 
Aryl ketone 10 (34 nig, 0.18 mmol) was dissolved in triethy- 

lene glycol (1.8 mL). Hydrazine hydrochloride (199 mg, 2.89 
mmol) and anhydrous hydrazine (1.15 mL, 36.2 mmol) were 
added. The mixture was heated at 130'C (bath temperature) 
for 3 h. Powdered KOH (408 mg; 12.7 mmol based on 87% 
KOH) was added and the resulting mixture was heated at 
190-200°C for 1 h and 230°C for 2 h;  during that period con- 
densers were exchanged and rinsed to remove volatile mate- 
rials. The reaction mixture, after cooling to room tempera- 
ture, was combined with rinsings and extracted with ether. The 
extracts were washed with 5% hydrochloric acid and water, 
dried (MgSO,), filtered, and concentrated. Column chroma- 
tography of the residue on neutral alumina (Woelm 11) with 
petroleum ether elution gave ionene (12) (20 mg; 64% yield); 
ir (neat; KBr window): 1885, 1745 (ArH), 1616, 1500 (C=C), 
1386, 1365 (CH,), 881 and 821 cm-' (ArH); nmr (CC1,) 6 :  
1.24 (s, 6H, 2 x CH3), 1.66 (complex, 4H, -CH2CH2-), 
2.21 (s, 3H, benzylic CH,), 2.66 (t, 2H, J = 6 Hz, benzylic 

1 I 
chromatography of the residue on silica gel eluting with ether - C H ~ ) ,  6.71 (s, IH,  C H , - C = ~ ~ & ) ,  6.78 and 7.06 (both d, 
Skelly B (1 :20) gave ketone 9 (791 mg; 78% yield); ir (neat): 1~ each, J = 8 HZ, -CH=CH-); ms M +  174.1410 (calcd. 
3010 (C=CH), 1712 (C=o), 1390, 1379, 1366 (CH3), and for Cl3HI8:  174.1408). The compound was found to be ident- 
808 cm-' (C=CH); nnlr (CC14) 6 :  0.98 ( s ,  3H9 CH3), ical in spectral properties with an authentic sample prepared 

I 
- - -  

from ~ - ; ~ n o n e  (24): 
(s, 3H, CHJ, 1.65 (br s, 3H, =CCH,), and 5.17 (br s, lH ,  
-CH=); ms M +  192.1520 (calcd. for C1,H,,O: 192.1514). Acknowledgements 
Anal. calcd. for C13H,oO: C 81.20, H 10.48; found: C 
81.44, H 10.59. We are grateful to the National Research Council 
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Branched-chain sugars. Reaction of furanoses with formaldehyde: 
A simple synthesis of D- and L-apiosel 

PAK-TSUN HO 
Dir.ision oj'Biologica1 ,Sciences, .Vtrtionrrl Reseiir.ch Council oj'Cunmdn, Ottcilva, Ont., Cenada K I A  OR6 

Received July 20, 1978 

PAK-Tsu~ Ho. Can. J. Chern. 57.381 (1979). 
A simple synthesis of D- and L-apiose using the aldol condensation of furanose withformalde- 

hyde under alkaline conditions as a key reaction is described. 

PAK-TSUN Ho. Can. J. Chem. 57,381 (1979). 
On dicrit une synthkse simple du D- et du L-apiose faisant appel a une condensation aldolique 

du furannose avec le formaldthyde en milieu alcalin comme Ctape cli. 
[Traduit par le journal] 

Introduction colnpound 2 in aqueous methanol containing con- 

D-~p iose  is a naturally occurring branched- centrated sulfuric acid at room temperature over- 

chain sugar is widely distributed in the plant night resulted in removal of the 5,6-0-isopropylidene 

kingdom, The chemistry and biochemistry of apiose group and afforded exclusively 2-C-(hydrox~meth~l)- 

continue to be of interest, Several groups have 2>3-0-iso~ro~~lidene-n-mannofuranose (51, which 

reported the synthesis of D- or L-apiose (1). for the purpose of characterization could be isolated 

In the previous paper (2), the author reported an quantitatively as a homogeneous syrup, [a], + l6.3" 

efficient and stereospecific method for the prepara- (C 3.2> In practice, howelier, the reaction 

tion of 2-C-hydroxymethyl branched sugar by way of mixture was to PH 7 and compound 5 
condensation of a furanose with forlnaldehyde under was reduced readily with excess sodium borohydride 

alkaline conditions. T~ demonstrate further the at soon1 temperature. After neutralization of the 

potential and generality of this type of condensation aqueous reaction mixture, oxidation of the resulting 

in the branched carbohydrate field, a simple syn- reduction product with sodium metaperiodate gave 

thesis of D- and ~-apiose, using the aldol condensa- 2,3-O-iso~ro~~1idene-~-a~iose (61, mP 

tion as a key reaction, is described. 72"C, b], -40" (c 1.5, chl~roform) .~  Using this one- 
pot reaction, crystalline compound 6 could be pro- 

Results and Discussion duced in 79% yield from compound 2. Sharp 

Treatment of 2,3 5,6-di-O-isopropylidenee~-man- sing1ets at 5.34 and 4.29 ppm for C-l and C-2 protons 

nofuranose (1) (3) with excess 37x  aqueous solution in its 'H nmr spectrum indicate that these protons 

of formaldehyde and potassium carbonate (at pH 10) have to be in trans configuration and that it is a 

in methanol at 80°C yielded exclusively the 2-C- P-D-anOmer (5). Compound 6 after hydrolysis with 

hydroxymethy] derivative 2 in 86% yield (2). The 50w (H+) in water at 70°C and of 

product 2 was a chromatographically homogeneous the 2 ,3-0- i so~ro~~l idene  group ~ i e l d e d ~ - a ~ i o s e  (7) in 

syrup and exhibited a specific rotation of +11° quantitative Yield, [RID +5.2" (c 1.1, water). 

(c 1.2, methanol). Its corresponding &acetate 3 was Its N-benz~l -N-~hen~lh~drazone  was identical with 

obtained under standard acetylation conditions in a prepared from mitura1 Viose (4). 
excellent yield, + 3 1.5" (c 1.4, chloroform). Treatment of 2,3-0-isopropylidene-D-hamamelose 

~ ~ t ~ ~ ~ ~ ~ i ~ ~ l ~ ,  its 1~ nmr spectrum showed a sharp (8)(2)withexcesssodiumborohydrideinwater at room 
singlet at 6.30 ppm for the C-1 proton and suggested temperature afforded the corresponding reduction 
that one anomer was formed. Further, oxidation of 2 product, which, after neutralization of the aqueous 
with bromine containing barium carbonate in water reaction mixture with acetic acid, was oxidized sub- 

provided the lactone 4 in almost quantitative yield, sequently with sodium metaperiodate to give crystal- 

mp 106", [a], + 34" (c 2.6, chloroform). line 2,3-0-isopropylidene-L-apiose (9) in 82% yield, 
Now transformation of compound 2 to 2,3-0- mP 74"C, [a], +39" (c 1.7, chloroform). Its IH nmr 

i s o p r ~ p y l i d e ~ e - ~ - ~ ~ i ~ ~ ~  (6) could be accomplished in Vectrum was completely identical with the spectrum 
a simple one-pot operation. Selective hydrolysis of D-isomer 6. On treatment of compound 9 under 

ZWilliams and Jones (4) obtained compound 6 as a syrup, 
'NRCC No. 17060. - 35" (c 0.87, methanol). 

0008-4042179IO40381-03$01.00/0 
@I1979 National Research Council of CanadaIConseil national de recherches du Canada 
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similar conditions described for the preparation of 
compound 6, L-apiose (10) was obtained in excellent 
yield, [a], - 5.0" (c 1.1, water), and was charac- 
terized as its N-benzyl-N-phenylhydrazone prepared 
by Schaffer's method, mp 136"C, [a], -76.5" (c 1.8, 
pyridine) (6). 

Experimental 
Melting points were determined on a Reichert hot stage 

apparatus and are uncorrected. Optical rotations were mea- 
sured with a Perkin-Elmer Model 141 automatic polarimeter 
a t  room temperature. Infrared spectra were of chloroform 
solutions and 'H nmr spectra were of deuteriochloroform 
solutions with TMS as internal reference. Thin-layer and 
preparative-layer chromatography was done using silica gel 
containing a fluorescent indicator ( G 4 .  

2-C- (Hydvoxynletlzyl) -2,3 : 5,6-di-0-isopropylidene-D- 
mannofurarzose (2 )  

2,3 : 5,6-di-0-isopropylidene-D-mannofuranose (1) (4) (3.86 g) 
and potassiun~ carbonate (2.8 g) were dissolved in methanol 
(50 mL) and 37% aqueous solution of formaldehyde (30 mL). 
The solution was heated at 85°C (011 bath temperature) under 
argon for 2 days, after which time it was neutralized with 10% 
aqueous sulfuric acid. Evaporation of the solvent to dryness 
gave a residue which was extracted with chloroform and the 
extracts were concentrated to a syrup. Chromatography of the 
crude product on silica gel using 4% methanol in chloroform as 
the eluant gave 2 as a chromatographically homogeneous 
syrup (3.84 g, 86%); [cc],  + 11" (c 1.2, methanol); ir (CHCC3): 
3550 and 3380 cm-I (hydroxyl); 'H nmr (CDCI,) 6: 5.43 (s, 
IH, C-1 proton), 4.70 (d, lH ,  C-3 proton), 3.92 (m, 2H, C-2' 
protons), and 1.50 ppm (broad s, 12H, four methyls). Anal. 

calcd. for C,,H,,O7: C 53.78, H 7.64; found: C 53.46, 
H 7.52. 

l-O-Acetyl-2-C-(acetoxyn7etlzyl) -2,3: 5,6-di-0-isopropylidene- 
D-marznofirranose (3) 

2-C-(Hydroxymethy1)-2,3 : 5,6-di-0-isopropylidene-D-man- 
nofuranose (2) (50 mg) was acetylated with acetic anhydride 
(10 drops) in dry pyridine (1 mL) at room temperature over- 
night. The reaction mixture was isolated in the usual manner 
and yielded compound 3 as a syrup (54 mg, 85%); [a] ,  + 31.5" 
(c 1.4, chloroform); ir (CHCI,): 1750 cm-' (acetate); 'H nmr 
(CDCI,) 13: 6.30 (s, IH, C-1 proton), 4.73 (d, 1H, C-3 proton), 
4.46 (s, 2H, C-2' protons), and 2.13 ppm (s, 6H, two ace- 
toxyls). Anal. calcd. for C17HZ6O9: C 54.54, H 7.00; found: 
C 54.68, H 7.12. 

Oxidation of Compound 2 to the Corvesponding Lactone 4 
Barium carbonate (800 mg) was suspended in an aqueous 

solution of compound 2 (189 mg) in distilled water (10 mL). 
Bromine (0.6 mL) was added dropwise with stirring, after 
which time the reaction mixture was filtered and the filtrate 
was evaporated to dryness. The residue was extracted with 
chloroform. The extracts were concentrated to a syrup which 
was crystallized from ether-hexane to yield the pure lactone 
4 (170 mg, 90%) and the product had melting point 106°C; 
[a], $34" (c  2.6, chloroform); ir (CHCI,): 3500 (hydroxyl), 
1785 cm-' (lactone); 'H nmr (CDCl,) 6: 4.92 (d, 111, C-3 
proton), 4.58 (q, 1H, C-4 proton), 4.06 (q, 2H, C-2' protons), 
and 1.50 ppm (broad s, 12H, four methyls). Anal. calcd. 
for C,,HZ,O7: C 54.16, H 6.99; found: C 54.21, H 6.97. 

A '  solution of compound 2 (280mg) in 20% aqueous 
methanol (8 mL) containing small amount of concentrated 
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HO: I 383 

sulfuric acid (0.05 mL) was stirred at room temperature 
overnight and tlc showed the starting material had been 
completely consumed with the formation of a new component. 
The solution was neutralized with sodium bicarbonate and 
evaporated to dryness. The residue was then extracted with 
ethyl acetate. Evaporation of the solvent afforded the product 
5 as a homogeneous syrup (237 mg, 98%). [a]D $16.3" (c 3.2, 
acetone); 'H nmr (acetone-d6) 6:  5.29 (broad s, IH, C-1 
proton), 4.65 (d, lH,  C-3 proton), and 1.43 ppm (s, 6H, two 
methyls). Mol. wt. calcd. for Cl0HI8O7: 250; found (mass 
spectroscopy) : 250. 

2,3-0-Zsopropylidene-p-D-apiose (6) 
A solution of compound 2 (459 mg) in 20% aqueous 

methanol (12 mL) containing 1 drop of concentrated sulfuric 
acid was stirred at room temperature overnight, after which it 
was neutralized to pH 7 and an excess of sodium borohydride 
(180 mg) was added in portions with stirring. After 4 h at room 
temperature acetic acid was then added until the pH of the 
solution was at 7. To the stirred solution at O°C, sodium meta- 
periodate (580 mg, 2 equiv.) was added in portions and the 
stirring was continued at room temperature for a further 1 h. 
Evaporation of the solvent to dryness gave a residue which was 
extracted with chloroform three times. Removal of the solvent 
yielded a solid material. Pure D-apiose derivative 6 (265 mg, 
79%) was obtained by recrystallization from ether-hexane and 
melted at 72°C; [a], -40" (c 1.5, chloroform); ir (CHC1,): 
3500 cm-' (hydroxyl); l H  nmr (CDCl,) : 6 5.34 (d, J = 4 Hz, 
lH ,  C-1 proton, singlet when D 2 0  added), 4.29 (s, lH,  C-2 
proton), 4.10 (d, J = 4 Hz, OH, disappearing when D,O 
added), 3.93 (s, 2H, C-4 protons) 3.74 (d, J = 5 Hz, 2H, C-3' 
protons, singlet when D 2 0  added), 2.93 (t, J = 5 Hz, OH, 
disappearing when D 2 0  added), 1.40 and 1.30 ppm (25, 6H, 
two methyls). Anal. calcd. for C8H1405: C 50.52, H 7.42; 
found: C 50.58, H 7.56. 

D - A ~ ~ o s ~  (7) and its N-Benzyl-N-plrenylhydrazone 
2,3-0-Isopropylidene-D-apiose 6 (250 mg) was hydrolyzed 

with Dowex 50W (H!)  resin (300 mg) at 70aC (oil bath teml 
perature) for 5 h. The resin was removed by filtration and the 
filtrate was evaporated to dryness to afford D-apiose (7) as a 
syrup (198 mg, 96%), [E], +5.2" (c 1.1, water). D-Apiose (7) 
was treated with a solution of N-benzyl-N-phenylhydrazine 
(1.2 equiv.) in ethanol at room temperature for 3 h. Evapora- 
tion of the solvent gave a solid material. Recrystallization of 
the crude product from chloroform-methanol yielded pure 
N-benzyl-N-phenylhydrazone of 7, [?ID - 75" (c 1.7, pyridine), 
mp 137°C. This was found to be identical in all respects (mp 
specific rotation, nmr) with a sample prepared from natural 

apiose. Anal. calcd. for Cl,H2,04N,: C 65.40, H 6.70, N 8.50; 
found: C 65.38, H 6.52, N 8.38. 

2,3-0-Zsopropyliderze-L-apiose f 9 )  
To a stirred solution of 2,3-0-isopropylidene-D-hamamelose 

(8) (3) (425 mg) in distilled water (20 mL) was added an excess 
of sodium borohydride (152 mg). The reaction mixture was 
stirred at room temperature for 1 h, after which time the reac- 
tion mixture was neutralized to pH 7 with acetic acid. Sodium 
metaperiodate (420 mg, 1 equiv.) was added with stirring. 
After 1 h at room temperature, the solution was taken to 
dryness and the residue was then extracted with chloroform. 
Evaporation of the solvent and recrystallization of the crude 
product from ether-hexane yielded the pure product 9 
(302 mg, 82%), mp 74°C; [a], +39^ (c 1.7, chloroform); its 
'H nmr spectrum was completely identical with the spectr~~m 
of compound 6. Anal. calcd. for C,H140,: C 50.52, H 7.42; 
found: C 50.63, H 7.56. 

L-Apiose (10) and its N-Benzyl-N-phenylhydrazone 
2,3-0-Isopropylidene-L-apiose (9) (190 mg) was hydrolyzed 

under the same conditions used for the preparation of D-apiose 
(7), and L-apiose (10) (140 mg) was obtained as a syrup in 91% 
yield, [a], -5.0" (c 1.1, water). Its IV-benzyl-N-phenylhydra- 
zone was prepared by the same procedure described above for 
the N-benzyl-N-phenylhydrazone of 7. It had melting point 
136°C and [a]D - 76.5" (c 1.8, pyridine) and was identical in all 
respects with a sample prepared by Schafl'er's method. Anal. 
calcd. for C,~H,,O~N,: c 65.40, H 6.70, N 8.50; found: 
C 65.41, H 6.65, N 8.42. 
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Branched-chain sugars. Reaction of furanoses with formaldehyde: a stereospecific 
synthesis of L-dendroketosel 

PAK-TSUN HO 
Dii.isior7 of Biological  science.^, iVatior~al Research Colttlcil qf' Cunadfi, Ottalitr, O~zt., Canatltr KIA OR6 

Received Ju ly  20. 1978 

PAK-TSUN Ho. Can. J. Chem. 57, 384 (1979) 
A simple conversion of 2,3-0-isopropylidene-D-hamamelose, prepared by reaction of 

2,3-0-isopropylidene-D-ribose with formaldehyde, into L-dendroketose is described. 

PAK-TSUN Ho. Can. J. Chem. 57.384 (1979). 
On dtcrit une transformation simple du 0-isopropylidene-2,3 D-hamamelose, obtenu par 

reaction du  0-isopropylidkne-2,3 D-ribose avec le formaldthyde, en L-dendrocttose. 
[Traduit par le journal] 

Introduction compound 3 with 4,4'-dimethoxytrityl chloride in 

~~~~~i~~ of 1,3-dihydroxy-2-propanone under pyridine at room temperature provided quantitative- 

alkaline conditions provided a biosyllthetically in- ly the 4,4'-dimethox~trit~1 ether 4, [%], -6.4" (c 1.1, 

teresting and unnatural branched-chain hexose, 
which was named dendroketose (1). It was also It is noteworthy that be pre- 

observed by the same investigator that the L-isomer pared an alternative route with complete selec- 

is preferentially fermented by a Inold and the tivity as follows. Reduction of compound 1 with 

D-isomer, 4-C-(hydroxymethyl)-~-gly~erO-pentulose, 'Odium boroh~dride in water afforded the tor- 

could then be isolated. responding reduction product, which after work- 

An effort to synthesize L-dendroketose from treated carefully with 2.1 equiv. of benzoyl 

2,3 : 4, 5-di-O-isopropy]idene-a~~ehydo- D- arabinose in pyridine and benzene (1 at - 5°C over- 

failed because the intermediate racemized when night and then treated subsequently with 4,4'-di- 

treated with base (2). H ~ ~ ~ ~ ~ ~ ,  very recently, the methoxytrityl chloride in the same reaction mixture 

same group reported a successful synthesis of this at temperature to give a homogeneous ma- 
sugar (3). terial in 60% yield from the starting compound 1. 

the previous communication (41, a gelleral and This material was completely identical with com- 

stereospecific method for the synthesis of branched pound in a'' respects. 

sugar by way of condensation of furanoses with Now compound be Oxidized to 
formaldehyde and the utilization of this facile tech- benzo~l-4-C-(benzo~lox~methyl)-5-0-(4,4'-dimeth- 
nique in synthesis have been described. The present o x ~ t r i t ~ 1 ) - 3 , 4 - O - i s o ~ r o ~ ~ l i d e n e - ~ - g l ~ c e r ~  5 
paper reports the further use of our method in a in 80% yield by way of chromium trioxide - ~yridine 
simple synthesis of L-dendroketose. complex in anhydrous methylene dichloride, [aID 

- 24" (c 1.5, chloroform). When the ketone 5 was 
Results and Discussion treated with 80% aqueous acetic acid at room tem- 

On treatment of 2,3-O-isopropylidene-~-hamame- perature overnight, crystalline 1-0-benzoyl-4-C- 
lose 1, prepared by reaction of 2,3-O-isopropylidene- (benzo~1ox~meth~1)-3,4-O-iso~ro~~lidene-~-dendro- 

D-ribose with formaldehyde (4), with 2,2 equiv. of ketose 6 was obtained in 94% yield and exhibited a 
benzoyl chloride in pyridine and benzene at O°C, the 'pecific rotation Of +47.2" (c 1.1, chloroform). It  

dibenzoate 2 after work-up and crystallization was seemed unlikely that racemization at C-3 would take 

obtai,led in 89% yield, mp 16"C, -2.50 (c 2.2, place under such mild acidic treatment. Finally 

chloroform). Compound 2 was reduced readily with of 6 in methanolic sodium 

excess sodium borohydride in aqueous tetrahydro- hydroxide at temperature gave crystalline 354- 
furan and yielded 5-O-benzoyl-2-~-(benzoyloxy- 0-i~~pr~pylidene-~-dendroketose 7 in quantitative 
methy~)-2,3-O-isopropylidene-~-eryt/1~o-pentitol 3 in yield, mp 98"C, [E], +48.6" (c 1.4, chloroform). To 
91% yield as a chromatographical~y homogeneous establish the structure and configurational purity of 
syrup [a]D +24O (c 1.5, chloroform). Tritylation of Our synthetic material, 1,2:3,4-di-0-isopropylidene- 

L-dendroketose 8 was prepared. When compound 7 
'NRCC No. 17102. was dissolved in anhydrous acetone containing a 

OOOS-40421791040384-03YO 1.0010 
a1979 National Research Council of CanadaIConseil national de recherches du Canada 
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small amount of p-toluenesulfonic acid at room 
temperature, the desired compound 8 was obtained 
as the sole product, mp 87"C, [r],  +122" (c 0.7, 
acetone), and it was identical with an authentic 
sample. The overall yield from 1 was 60%. 

Experimental 
Melting points were determined on a Reichert hot stage 

apparatus and are uncorrected. Optical rotations were mea- 
sured with a Perkin-Elmer Model 141 automatic polarimeter 
at room temperature. 'H nmr spectra were taken on a Varian 
E360 spectrometer using tetramethylsilane as an internal ref- 
erence. Infrared spectra were of chloroform solutions. Thin- 
layer and preparative-layer chromatography was done using 
silica gel containing a fluorescent indicator (GZs4). 

added dropwise a solution of benzoyl chloride (1.1 g, 2.2 
equiv.) in benzene (6 mL) at O'C and the reaction mixture was 
stirred at 0°C overnight. The reaction mixture was diluted with 
chloroform and washed with cold 10% aqueous sulfuric acid, 
then with aqueous sodium bicarbonate solut~on and finally 
with water. After drying over magnesium sulfate, evaporation 
of the solvent gave a syrup which crystallized on standing. 
Recrystallization from ether yielded compound 2 (1.3 g, 89%), 
mp 116°C; [a], -2.5' (c 2.2, chloroform); infrared (CHCI,): 
3500 (OH), 1720 cm-' (benzoate); 'H nmr (CDCI,) 6: 5.55 
(d, J = 4 Hz, lH ,  C-1 proton, singlet when D,O added), 4.83 
(d, 2H, C-5 protons), 4.75 (s, IH, C-3 proton), 4.60 (s, 2H, 
C-2' protons), 4.33 (d, J = 4 Hz, OH, disappearing when D,O 
added), 1.55 (s, 3H, methyl), and 1.46 ppm (s, 3H, methyl). 
Anal. calcd. for CZ3HZ408: C 64.48, H 5.65; found: C 64.45, 
H 5.44. 

2-C- (Benzoyloxytnethyl) -5-0-benzoyl-2,3-0-isopropylidene- 
D-erythro-pentito/ (3) 

A solution of compound 2 (720 mg) in 10% aqueous tetra- 
hydrofuran (40 mL) was cooled to OZC and sodium boro- 
hydride (300 mg) was added with stirring. After 1 h, acetic 
acid was added dropwise until the solution became slightly 
acidic (pH 6). Sodium chloride was then added and the solu- 
tion was extracted with chloroform several times. Drying over 
magnesium sulfate and evaporation of the chloroform solvent 
yielded the product 3 (660 mg) as a homogeneous syrup in 
90% yield; [cc], + 24" (c 1.5, chloroform); infrared (CHCI,): 
3500 - 3400 (OH), 1720 cm-' (benzoate); 'H nmr (CDC1,) 6 :  
4.70 (m, 2H, C-5 protons), 4.63 (s, 2H, C-2' protons), 3.84 
(s, 2H, C-1 protons), and 1.42 ppm (s, 6H, two methyls). 
Mol. wt. calcd. for Cz3H,,0, : 430; found (mass spectroscopy): 
430. 

T~itylation of Compound 3 
Method A 
A mixture of compound 3 (430 mg) and 4,4'-dimethoxy- 

trityl chloride (410 mg, 1.2 equiv.) in pyridine (6 mL) was 
stirred at room temperature overnight. The solvent was 
evaporated in cacuo and the crude product was purified by 
preparative tlc on silica gel; 702 mg of the pure compound 4 
was obtained as a foam and the yield was 95%: [XI, -6.4' 
(c 1.1, chloroform); infrared (CHCI,): 3470 (OH), 1720 cm-' 
(benzoate); 'H nmr (CDC1,)G: 4.87 (q, 2H, C-2'protons), 4.34 
(m, 2H, C-5 protons), 3.75 (s, 6H, two methoxyls), 3.50 (q, 
2H, C-l protons), 1.35 and 1.30 p p n ~  (two s, 6H, two methyls). 
Anal. calcd. for C45H44010: C 72.56, H 5.95; found: C 72.62, 
H 6.01. 

Method B 
To a stirred solution of compound 1 (140 mg) in 90% 

aqueous tetrahydrofuran (6 mL) was added sodium boro- 
hydride (50 mg). The reaction mixture was stirred at room 
temperature for 2 h, neutralized with acetic acid, and then 
evaporated to complete dryness in aacuo. The crude product 
was treated with benzoyl chloride (196 mg, 2.1 equiv.) in 
pyridine (6 ml) at O'C overnight, after which time 4,4'-di- 
methoxytrityl chloride (256 mg, 1.2 equiv.) was added and 
the reaction mixture was stirred at room temperature for 4 h. 
The yellow solution was then diluted with chloroform. The 
chloroforn~ solution was washed with aqueous sulfuric acid 
and then with water. dried over anhydrous magnesium sulfate. 

2-C-(Benroyloxymethyl)-5-O-benzoyl-2,3-O-isopropylidene- and evaporated to dryness. The cride product 4 was purified 
D-hamamelose (2) by preparative tlc on silica gel. The pure 4 was obtained as a 

To a stirred solution of 2,3-0-isopropylidene-D-hamamelose foamed material (156 mg, 60%) which was identical with the 
1 (4) (764 mg) in dry pyridine (6 mL) and benzene (3 mL) was material prepared by method A. 
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1-0-Benzoyl-4-C- (benzoyloxy~~lethy(/ -5-0- (4,4'-c/imetho,~y- 
trityl)-3,4-O-isopropylidene-~-glycero-pel2/use (5) 

A solution of the alcohol 4 (900 mg) in anhydrous methylene 
dichloride (10 mL) was added dropwise to a stirred solution of 
chromium trioxide - pyridine complex (3 g) in the samc solvent 
(20 mL) and the mixture was stirred at room temperature for 
5 h. The reaction mixture was diluted with ether (150 mL) and 
the dark precipitate was then removed by filtration. The filtrate 
was washed with water, dried over anhydrous magnesium 
sulfate, and concentrated to a syrup. Purification of the syrup 
by preparative tlc on silica gel yielded 720 mg (80%) of the 
ketone 5 as a homogeneous syrup; [XI, - 24" (c 1.5, chloro- 
form); infrared (CHCI,): 1720 cm-' (benzoate and ketone); 
' H  nmr (CDCI,) 6 :  5.16 (q, 2H, C-5 protons), 4.75 (s, 1H, 
C-3 protons), 4.60 (q, 2H, C-2' protons), 3.75 (s, 6H, two 
methoxyls), 3.33 (q, 2H, C-I protons), 1.73 and 1.45 ppm (two 
s, 2H, two methyls). Anal. calcd. for C,,H,ZOlo: C 72.76, 
H 5.70; found: C 72.71, H 5.62. 

I-0-Benzoyl-4-C- (ber~zoylox~~n~etllyl/ -3,4-0-isopropylic/ene- 
L-detzdroketose (6 )  

A solution of the ketone 5 (440 mg) in 80Y, aqueous acetic 
acid (4 mL) was stirred at room temperature overnight, at 
which time the solution was evaporated to dryness in z;crclro. 
Pure L-dendroketose derivative 6 was isolated by preparative 
tlc on silica gel and recrystallization from ether-hexane 
afforded 252 mg (94%) of 6, mp 101°C: [?I, +47.2' (c 1.1, 
chloroform): infrared (CHCI,): 3560 and 3480 (OH), 1720 
cm-' (benzoate); 'H nmr (CDCI,) 6 :  4.70 and 4.61 (2q, 4H, 
C-1 and C-4' protons), 4.65 (s, 1H, C-3 proton), 4.19 (s, 2H, 
C-5 protons), 3.62 (s, OH, exchanged with D,O), 1.56 and 
1.47 ppm (two s, 6H, two methyls). Anal. calcd. for C2,H,,O8: 
C 64.48, H 5.65; found: C 64.46, H 5.62. 

3,4-0-lsopropyliclene-L-dend~'oketose ( 7 )  
A solution of compound 6 (209 mg) and sodium hydroxide 

(40 mg) in methanol (7 mL) was stirred at room temperature 
for 1 h. The solution was neutralized with 5% aqueous sulfuric 
acid and evaporated to dryness. The residue was extracted 
several times with chloroforn~. Evaporation and crystallization 

from ether-hexane gave pure 7 (106 mg, 98%), mp 98'C; 
[X]D f48.6"  (c 1.4, chloroform); infrared (CHCI,): 3500 and 
3350 cm-' (OH): 'H nmr (CDCI, + D,0) 6 :  4.36 (s, IH, C-3 
protons), 4.04 (s, 2H, C-5 protons), 3.85 (broad s, 4H, C-l 
and C-4' protons), 1.52 and 1.43 ppm (two s, 6H, two methyls). 
Anal. calcd. for C,HI6O6: C 49.08, H 7.33; found: C 49.07, 
H 7.34. 

1,2: 3,4-Di-0-isopvopylidene-L-dendvokefose ( 8 )  
3,4-0-Isopropylidene-L-dendroketose 7 (100 n ~ g )  was stirred 

with anhydrous acetone (5 mL) containing a small amount of 
p-toluenesulfonic acid (1 n ~ g )  at room temperature for 1 h. 
The solution was neutralized with pyridine and compound 8 
was isolated as crystalline material (102 mg). After recrystal- 
lization from hexane it melted at 87°C and was identical with 
an authentic sample in all respects, [ r ] ,  + 122' (c 0.7, acetone); 
infrared (CHCI,): 3500 and 3350 cm-'  (OH); 'H nmr (CDCI, 
+ D,O) 6: 4.33 (s, lH ,  C-3 proton), 4.22 (q, 2H, C-1 protons), 
3.90 (s, 2H, C-5 protons), 3.82 (broad s, 2H, C-4' protons), 
1.50 ppm (broad s, 12H, 4 methyls). Anal, calcd. for C12H,,06 : 
C 55.37, H 7.75; found: C 55.39, H 7.74. 
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Thermodynamics of chloroform and methanol mixtures 
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PREM P. SINGH, BUTA R. SHARMA, and KULJIT S. SIDHU. Can. J. Chem. 57. 387 (1979). 
Heats of mixing and vapour pressures of chloroform (A)+ methanol (B,) as a function of 

concentration have been determined at 303.15 K .  The excess Gibbs free energy of mixing, GE 
values, have been obtained from the measured vapour pressure data. The heats of mixing 
values are negative for solutions rich in methanol but they become positive for solutions rich 
in chloroform. On the other hand, GE values are positive for all the methanol mole fractions 
and GE > HE. The results have been analysed in terms of Barker and ideal associated model 
theory of non-electrolyte solutions. The analysis has revealed that only the ideal associated 
model approach (which here assumes the presence of A,,,B ( 1 1 1  = 1, 2), AB, (k = 2) and 
B, (I = 1) molecular species) well describes the general behaviour of HE with xq over the entire 
chloroform concentration range for this mixture. The equilibrium constants for the various 
association reactions along with the enthalpy of formation of the various molecular species 
have also been calculated. 

PREM P. SINGH, BUTA R. SHARMA et KLLJIT S. SIDHU. Can. J. Chem. 57, 387 (1979) 
On a determine B 303.15 K la chaleur de melange et la pression de vapeur de melanges 

chloroforme (A) + methanol (B,) en fonction de la concentration. A l'aide des mesures de 
pression de vapeur, on a calcule les valeurs de l'energie libre de Gibbs d'exces GE pour le 
melange. Les chaleurs de melange sont negatives si les solutions sont riches en methanol, mais 
elles deviennent positives si les solutions sont riches en chloroforme. D'autre part, la valeur 
de GE est positive pour toutes les fractions molaires de methanol et GE > H E .  On a analyse les 
resultats en rapport avec la theorie de Barker et celle du modele de I'association idkale pour les 
solutions de non-Clectrolytes. Cette analyse a revele que seule le modele de l'association 
ideale (en admettant l'existence des especes moleculaires A,,,B ( r n  = I ,  2), AB, (k = 2) et 
B, (I = I)) dCcrit bien la variation gknerale de H E  en fonction de .u, sur tout le domaine de 
concentrations de chloroforme. On a egalement calcule les constantes d'equilibre des reactions 
d'association, ainsi que l'enthalpie de formation des differentes especes moleculaires. 

[Traduit par le journal] 

Introduction describes interactions in methanol and chloroform 

Following Frank and Wen's model (1) of liquid 
water, it was believed that lower alcohols should also 
possess a similar type of cooperativity in the forma- 
tion of hydrogen bonded polymers. However, there 
is considerable disagreement as to the identity of the 
predominant associated species (2-6). Again while 
the solutioll hetero-association data (7, 8) have been 
limited to  calculation of equilibrium constants for 
1 :  1 and 2:  1 complexes only, Tucker and Christian 
(9) have interpreted the results of their distribution 
studies to  indicate that methanol contains mono- 
mers, dimers, and higher r-mers. The present work 

'To whom all correspondence should be addressed. Present 
address: Department of Chemistry, Maharshi Dayanand 
University, Rohtak, India. 

mixtures. 
Experimental 

Materials 
Reagent grade methanol (B.D.H.) was treated in the manner 

suggested by Vogel (10). Methanol (50-75 ml), 5 g Mg, and 
0.5 g iodine were placed in a round bottomed flask. The mix- 
ture was warmed on a water bath until iodine disappeared and 
n~ethoxide formed. Methanol (900 rill) was added, the mixture 
was boiled under reflux and then finally distilled. Chloroform 
B.D.H. (A.R.) was shaken as suggested by Vogel (10) several 
times with about half of its volume of water, dried over anhy- 
drous calcium chloride, and finally distilled. The purity of the 
final samples was checked by density determinations at 
295.15 _+ 0.01 K which agreed to within 0.00005 g ml-I with 
the literature values (11, 12). 

Heats of mixing measurements at 303.15 i 0.01 K were 
made in an  adiabatic calorimeter similar in design to Fer- 
nandez-Garcia and Boissonas (13) and has been described 

0008-40421791040387-07$01 .00/0 
e l 9 7 9  National Research Council of CanadaIConseil national de recherche5 du Canada 
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CAN. J .  CHEM. VOL. 57 .  1979 

FIG. I .  Enthalpies of mixing H E  for chloroform (A) + methanol (B) at 303.15 K: 0, experimental H E ;  A, calculated 
HE according to ideal associated model that assumes the presence of AB, AB,, A,B, and 13 molecular species; 0, cal- 
culated HE according to ideal associated model that assumes the presence of AB, AB,, AB,, and B molecular species 
(K1,o.s = 0.4, AHAB = -1.0 kJ mol-'; Ko.5 = 0.04, AHB = 2.5 kJ mol-I; K1,l = 0.6, AH,,, = -2.0 kJ mol-'; 
K1,,,, = 0.1, AHAB3 = - 1.0 kJ mol-I). 

FIG. 2. Excess functions for chloroform (A) + methanol (B) at 303.15 K :  0, GE and A, TSE. 

elsewhere (14). The performance of the calorimeter was tested chloroform are recorded in Tables 1 and 2 respec- 
by determining the heats of mixing of benzene and cyclohexane t ively.~ 
at 298.15 1 0.01 K and these agreed to within 0.3% (over 
central range of concentration) with the corresponding litera- The HE data (Table 1) were fitted to the expression 
ture values 115). 

Vapour pressures of the methanol + chloroform mixtures [ I ]  ~ ~ / x , ( l  - x,) = h, + hI(2x, - 1) 
were determined by a static method described previously (16). + h2(2x, - I)Z 
The apparatus (excluding the manometric part) was placed in 
a water thermostat which in turn was placed in another ther- where x, is the mole fraction of chloroform. The 
mostat. The temperature of the outer thermostat was con- parameters /7,, hl,  and lzZ evaluated by fitting 
trolled to better than 10.01 K and the temperature drift in ~ E l ~ , ( l  - .x,) to expression [ I ]  by the method of 
the inner thermostat was of the order of +0.002 K. The mer- 
cury heights in the manometer were read by a cathetometer leastmsquares are given together with the standard 
which could read to &0.001 cm. All vapour pressure measure- deviation of the molar heats of mixing, o(HE), in 
ments were re~roducible to better than 10.02 Torr. Table 1. 

The measured vapour pressure (155.49 Torr) of methanol The vapour pressure data were used to evaluate 
at  303.15 K agreed within 0.3% with that (156.00 Torr) at the molar excess ~ i b b ~  free energy, GE, by ~ ~ ~ k ~ ~ ' ~  303.15 K obtained from the vapour pressure data (17, 18) 
reported for this compound at different temperatures. The method (20). The form Of the function used for GE, 
measured vapour pressure of chloroform (241.15 Torr) also following Redlich-Kister (21) is 
compares well with that (239.00 Torr) reported in the litera- 
ture (19). [2] @/RT = x,(l - x,) [Go + G,(2x, - 1) 

The HE,  GE, and TSE data are plotted in Figs. 1 and 2. + G2(2xA - + G3(2xA - 

Results 2Complete set of the actual experimental data is available, 
a t  a nominal charge, from the Depository of Unpublished 

The molar heats of mixing, HE, and the measured Data, CISTI, National Research Council of Canada, Ottawa, 
vapour pressure data at 303.15 K for methanol and Ont., Canada KIA 0S2. 
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SINGH ET AL. 389 

TABLE 1. Parameters X,,, ( X  = lz or G) of eqs. [I] and [2] ,  standard deviation of pressure o(P) along with the stan- 
dard deviation of H E ,  o(HE) for chloroform (A) + methanol (B) mixture at  303.15 K 

Value for m = 
-- -- - 

Parameter 0 1 2 3 o(HE)/(J mol-') o(P)/Torr 

TABLE 2. Comparison of H E  values calculated according to Barker's theory with values interpolated from themeasured values at  
three mole fractions of the component A and the interaction energies of chloroform (A) + methanol (B) at 303.15 K 

Values for mole fraction of the 
component A = 

Property -- 

(J mol-') 0.3 0.5 0.7 Interaction energies/(J mol-') 

where Go, GI, G,, and C, are adjustable parameters. concentrations are then due essentially to the factor 
These parameters are recorded in Table 1. The second (ii). This is because while interactions due to the 
virial coefficients of methanol and chloroform were factor (ii) can occur without breaking the alcohol- 
evaluated from the Berthelot relation (22) using alcohol hydrogen bond, the same : not true of 
critical constant data (23, 24). The cross virial coeffi- interactions due to factor (iii). Again the hydrogen- 
cients were taken as (B, ,  + B2,)/2. The thermo- bonded interaction due to factor (ii) limits the orien- 
dynamic consistency of the data was tested (21) by tational freedom of the chloroform molecules, thus 
plotting In y,lyB vs. x,. The positive and negative making T S ~  strongly negative so that CE should be 
areas bounded by the curve In y,/yB vs. x, and the (as indeed is) positive. The positive values of H E  at 
X-axis agreed to better than 0.2x. high chloroform concentrations are due to the rup- 

ture of alcohol-alcohol hydrogen bonds followed by 
Discussion their subsequent hydrogen-bonded interaction with 

We are unaware of any H E  or GE data for the chloroform molecules. This in turn would require 
chloroform and methanol system with which to com- the T S ~  at high chloroform concentrations to be 
pare our results. considerably more positive than that at low chloro- 

Heats of mixing for chloroform (A) + methanol form concentrations and thus explains the unsym- 
(B) are negative for solutions rich in methanol but metrical nature of TSE vs. x,e,h,,,, curve. 
they become positive for solutions rich in chloro- We examined our results using Barker's theory 
form. The S-shaped HE curve attains a maximum (25). It was assumed that chloroform (A) and 
negative value of 400 J mol-I at xme,,,,,, = 0.75 methanol (B) have the following geometrical param- 
and maximum positive value of 375 J mol-I at eters: 
xme,,,,,, = 0.19. Further TSE is negative at all the Lattice 
methanol mole fractions for which the ex~erimental 
data are available and the curve of TSE against 
xm,,,,,,, is highly unsymmetrical about xme,,,,,,. 

At the simplest qualitative level the observed HE 
data for this mixture may be accounted for if we 
assume that (i), methanol is self-associated and there 
is a change (decrease) in its self-association when it 
is mixed with chloroform, (ii), there is a hydrogen- 
bonded interaction between the hydroxyl oxygen of 
methanol and the chloroform hydrogen, and (iii), 
there is specific interaction between the hydroxyl 
hydrogen of methanol with the chlorine of chloro- 
form. The negative values of HE for high methanol 

Chloroform molecules (A) 

r, = 4, QHTA = 1, eRrA = 9 

Methanol molecules (B) 

rB = 2, Q , ~  = 2, Q H B  = 1, Q~~ = 3 

where 0, H, and R represent, respectively, hydroxyl 
oxygen, hydrogen, and hydrocarbon surface of 
methanol, and H' and R' represent the hydrogen and 
chlorine surface of chloroform. The interactions first 
considered were a specific ( 0  ... H') interaction of 
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strength O', between the hydroxyl oxygen of meth- 
anol and the hydrogen of chloroform, a specific 
(0 ... H) interaction of strength U ,  between the 
hydroxyl oxygen and hydroxyl hydrogen of meth- 
anol, and a non-specific interact~on for all the re- 
maining contact points. For the sake of simplicity 
these non-specific interactions for all the remaining 
contact po~nts  were considered to have the same 
strength U,. Excess energy of m~xing at constant 
volume UVE, values at x, = 0.3, 0.5, and 0.7 kvere 
then calculated (25) from this theory and they did 
not reproduce the correspond~ng exper~mental HE 
values. (It is customary while testing a lattice theory 
to  convert UvE values to measurements at constant 
pressure, HE,  using the relation HvE = H~ - 
TVEsc,l(K,), where x,, (KT),,, and vE are respec- 
tively the expansivity, isothermal compressibility, 
and excess volume of the mixture. However, since 
VE is small (VE for an equimolar mixture is -0.143 
cm3 mol-l), contribution of the TV~~,/(K,), term 
would be negligibly small and for the present analysis 
we have assumed UvE s HE.) The best value of U, ,  
U,, U ,  (des~gnated as U,(') (i = 1 to 3)) and the 
corresponding HE values designated as HE(') are 
recorded in Table 2. 

We next considered a slightly different model 
where, in addition to the above interactions, one of 
the chlorines of chloroform was assumed to  be in- 
volved in a specific (H ... Cl) interaction of strength 
U, a i th  the hydroxyl of methanol. The chloroform 
was considered to have the following geometrical 
parameters 

Y, = 4, QH,A = 1, QCIA = 1, and QRfA = 8 

The theoretical H E  values are now negative through- 
out the entire chloroform concentration range. The 
experimental H~ values for this mixture, on the other 
hand, are negative for x, 1 0.53 only. (The values 
of Ui (i = 1 to 4) and H~ are designated as Ui(2) and 
HE(2) in Table 2.) Models of chloroform molecules 
with two and higher hydrogen contact points were 
also considered but they failed to explain the overall 
behaviour of HE with xA for this mixture. The reason 

TABLE 3. The equilibrium constants (mole fraction scale) for 
the various complexing reactions together with the enthalpies 
of formation of various n~olecular species and the variance of 

the fit oDZ at 303.15 K 

Reaction of 
chloroform 

Equilibrium with 
constant methanol Parameter 

Mixtures of 
methanol 
(B,,) with 
chloro- 

form (A) 

for the failure of the theory may be due to the sim- 
plicity of the models. Perhaps associated complexes 
of the general formula AiB, and B, are present in 
these mixtures. H E  and GE data for this mixture were 
next analysed in terms of the ideal associated model 
(26, 27). 

I t  is assumed that in a binary solution of chloro- 
form (A) and methanol (designated as B, since 
methanol is self-associated) mutual equilibrium of 
the species A,,B, ABk, and B, ( I  = 1,  2, 3, ..., 1;  
k =  l , 2 , 3  ,..., k ; n =  l , 2 , 3  ,..., n ; m = 2 , 3  ,..., m) 
exist according to the reactions 

so that the equilibrium constants for the various 
association reactions represented by reaction [3] are 

and 

where a denotes activities. If the activity coefficients 
of the various species represented in reaction [3] are 
assumed to be unity (26-29), the material balance 
equation for the system can be written as 

[7 I + a ~ , ,  + CmKm,l lnaAmaB,lin + CkKl ,klna4aB,kln + C l ~ l l n a B , l i n  = 1 

Two simple cases were next considered. 
Case ( i ) ,  m = 1 ,  2, ..., m ;  n = 2 ;  k = 2, 3, ..., k ;  1 = 1, so that eq. [7] reduces to  

L8 1 + + CmKm,~ ,5aAmaB,112  + CkKl ,k /2aAaB2k '2  f K0.5aBz1i2 = 

Case (ii), m = 1 ;  n = 2 ;  k = 2, 3, ..., k ;  I = 1, so that eq. [7] becomes 

[9 I + + Kl.0.5aAaB,112 + CkKl,k/2aAaBzk12 f K0.5aBz1'2 = 1 

Algebraic manipulation of eqs. [8] and [9] yields 
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( k -  1 ) / 2  1 - U A  - U B 2  
C m K m , 0 . 5 a A ) n  + C k K 1 , k $ 2 a ~ u ~ 2  + K 0 . 5  = 1," -- 

a ~ 2  

and 

[ I l l  ( k -  1 ) / 2  1 - U A  - aB2 
K l , ~ . 5 n ~  + CkKl,ki2a~aB2 $. K O , ,  = 112 

aB, 
respectively. 

In  order to evaluate the various K's in eqs. [ lo] and [l 11, the observed activities of the components of these 
binary mixtures were first corrected (30-32) for dispersion contributions by expressing 

where y,* and yB2* are the activity coefficients of a reference mixture. Since cyclohexane has nearly the same 
molar volulne as chloroform, cyclohexane (A)  + methanol (B,) was taken as a reference system for the 
present analysis. Further, as the GE data (33) for cyclohexane + methanol are available at  304.15 K, we as- 
sumed GE,,,,, ,, % GE303 ,1  ,, in order to evaluate the activity coefficient data for the components of this 
reference mixture at  the various experimental mole fractions of methanol. A series of values were next as- 
sumed for the various K i n  eqs. [ lo] and [I I ]  and the process was repeated till a set of K values was obtained 
which yielded 

(1 - uA - uB2)/uB2112 = D 

values that corresponded very closely to  those obtained from the experimental a, and a,, values. I t  was ob- 
served that eq. [ lo] with a set of K values (K,,,,,, K,,, ,, K ,,,, K,,,) and eq. [ I l l  with a set of K values 
( K ,  ,,,,, K,,,,  K, , , , , ,  KO,,)  yield D values that reproduce equally well the corresponding values obtained from 
experimental values for this system. 

The criterion of effectiveness was the variance of the fit oD2 defined by 

where q is the number of points used in the fit and p is the number of adjustable parameters. The various K 
and oD2 for eqs. [ lo] and [ l l ]  are recorded in Table 3. a,,?,,' and o,,,,,' in Table 3 represent oD2 for the 
activity data analysed in terms of eqs. [ lo] and [I 11, respectively. Since both eqs. [IO] and [I 11 represent the 
corresponding D values obtained from experimental data equally well, the analysis of the activity coefficient 
data described above suggests that these mixtures may be assumed to have either A B ,  A 2 B ,  AB,, and B or  
A B ,  AB,, AB,, and B molecular species in solution. We next considered our HE data. 

Examination of the HE data of this mixture involved consideration of ( i ) ,  A B ,  A 2 B ,  AB,, and B and 
( i i) ,  AB ,  AB,, AB,, and B molecular species. Consequently H~ was expressed as 

El31 

and 

[I41 

where IfABn, represents the amount of species A B ,  at  equilibrium in the solution and N A  and NB,  the stoichio- 
metric amounts of A and B,. If the equilibrium mole fractions of A, B,, B,  AB,, (m  = 1,2),  and A 2 B  are repre- 
sented by ZA, Z B 2 ,  Z,, Z,,,, and Z,,,, then for an  ideal associated mixture A + B,, containing A B ,  A,B, 
AB,, and B molecular species 

2 

[151 Z~ + Z B z  + x ZA,B + Z ~ ~ 2  + Z~ = I 
m= 1 

where 

Z ~ , ~  = Km,0.5ZAmZB2112 

z ~ ~ 2  = K 1 ,  1 Z ~ Z ~ 2  

Z B  = K0.5ZB21'2 
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392 C A N .  J .  CHEM. VOL. 57, 1979 

The experimental H E  values were again corrected for dispersion contributions by subtracting from HE,, ,  the 
H E  values (34)  at 298.15 K for cyclohexane + methanol. Consequently in eqs. [ 1 3 ]  and 1141 

1 1 5 ~ 1  H E  = H E e x p  - HEcyclohexane+methanol  

Algebraic manipulation of eqs. [ 1 3 ]  and [ 1 4 ]  and the material balance equations 

c171 

leads to 

where 
j = ( z ~ ~ ~ ' ~  + 0 .5K1 ,0 ,5ZA + K 1 , 1 Z B 2 1 ' 2 ~ A  + 0 . 5 K 2 , 0 , 5 ~ A 2  + 0 . 5 K 0 , 5 ) / ~ B 2  

Further combination of eqs. [15] - [17]  gives 

where 

Using the various K values described above for a solution containing AB,  A,B,  AB, ,  and B species, we 
calculated x,, from eq. [ 1 9 ]  for various values of Z A  and assigned various values to AHAmB, AHAB2, and AH, 
till they gave H E  values (from eqs. [15a]  and 1181) that compared well with the corresponding experimental 
values. The various AH values are recorded in Table 3 and the calculated H~ values are plotted in Fig. 1. It is 
evident from Fig. 1 that the theoretical H E  values well describe the general behaviour of H~ with xA for chloro- 
form ( A )  + methanol ( B )  mixture. 

A similar process was applied to the case when the mixture contain AB,  (m = 1 to 3) and B molecular 
species. The final expressions were 

and 
zA = (1 - Ko,5ZB2112  - Z B ~ ) / ( ~  + ~ 1 , o . 5 Z ~ ~ ~ ~ ~  f K 1 , 1 Z ~ 2  + K 1 , 1 . 5 Z ~ 2  3 12 

where 
zAB, = K l  , m 1 2 ~ A ~ B 2 m ~ 2  m = 1,  2,  3 

Z B  = K ~ , ~ Z ~ ~ ~ ~ ~  

However, no values of AHABm(m = 1  to 3)  and AH, could yield H E  values that described the experimental 
behaviour of H E  with xA for this mixture. The calculated H~ values are either positive or negative throughout 
the entire chloroform concentration range. Further the quantitative agreement is also not good (see Fig. 1  
where only those AHABm and AH, values are considered that render HEca,, ,  positive throughout the entire 
chloroform concentration range). 

The analysis of f f E  and activity coefficient data for chloroform + methanol mixtures thus suggests that 
this mixture is characterized by the presence of AB,  AB,,  A,B,  and B molecular species in solution. 
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Structural studies on di-p-thiocyanato(N,S)-bis(ligand)diisothiocyanato 
metal(II)bis(triphenylphosphine)mercury(II) and selenocyanate analogs 

Cl~ett~istr.v Depcrrtment, M .  L. K .  College, Balrrrtnprtr, U.P.,  Indio 

Received June 9, 1978 

P.  P. SIYGH and S. P. YADAV. Can. J .  Chem. 57.394(1979) 
Binuclear mixed-metal mixed-ligand monomeric bridged con~plexes o f  the type (XCN),- 

(L),M(I\JCX),Hg(PPh,)2 (M = Co(II), Ni(II), Cu(II), Zn(l1); L = pyridine, nicotinamide; 
PPh, = triphenplphosphine; X = S, Se) have been synthesized and characterized by elemental 
analysis, molar conductance, magnetic moment, and infrared and electronic spectral studies. 
In all the complexes, the most likely structure involves pyridine or nicotinamide linked to  M 
and PPh3 to  Hg. Total softness calculations have also been made to  extend support to  the 
structure o f  the complexes. 

P. P. SINGH et S. P. YADAV. Can. J .  Chem. 57, 394(1979). 
O n  a synthetisk les con~plexes pontes, monomeres ligand-mixte, metal-mixte et binucleaires 

du type (XCN),(L),M(NCX),Hg(PPh,), (M = Co(II), Ni(II), Cu(II), Zn(I1); L = pyridine, 
nicotinamide; PPh, = triphenylphosphine; X = S, Se); on les a caractirises par analyse 
centesimale, conductivite molaire, moment magnetique et des etudes spectrales infrarouge et 
Clectronique. Dans tous les complexes, la structure la plus probable implique une pyridine ou 
une nicotinamide liie au M et une PPh, liee au Hg. On a effectut des calculs de mollesse totale 
afin d'etendre le support pour les structures des complexes. 

[Traduit par le journal] 

Introduction 

Pyridine or its derivatives reacts with MHg(XCN), 
(M = Co(II), Ni(II), Cu(II), Zn(I1); X = S, Se), to 
yield polymeric bridged complexes (1-4) of the type 

) (XCN), (~~) ,M(NCX),H<~~ which the ligand 

is coordinated to M. On account of this, the maxi- 
mum coordination of M is achieved, but the co- 
ordination number of Hg(I1) remains four against the 
maximum of six. This paves the way to further 
coordination at this site. It is at this site the triphenyl- 
phosphine has been introduced and an entirely new 
series of mixed-ligand complexes synthesized and 
studied. 

Second Method 
(L) ,M(NCX),  was first prepared by stirring the solution o f  

M(NCX),  in methanol with the excess o f  the solution o f  the 
ligand (py  or nia) in the same solvent for 6 h .  T o  the suspension 
o f  Hg(XCN), in methanol, a solution o f  PPh, in the same 
solvent was added in 1 : 2  molar ratio and stirred for 10 h to  
get (Ph,P)2Hg(XCN),. In each reaction a solid mass was 
separated which was filtered, washed with the solvent, and 
dried in cacuo. 

(L),M(NCX), waa dissolved in a mixture o f  methanol and 
pyridine or nicotinamide. This solution was added to  the 
suspension o f  (Ph3P)2Hg(XCN)2 in methanol in 1 : 1 molar 
ratio and the reaction mixture was stirred. After about 32 h a 
solid mass separated in each case which was isolated by 
filtration, washed with the solvent, and dried in cacuo at room 
temperature. 

All the complexes are insoluble in most organic solvents, 
except for dimethylformamide. 

Experimental Analysis and Physical Measurements 

Materials und Munipulutions Analysis o f  the complexes and all other physical measure- 

~ i ~ ~ ~ i ~ ~ ~ i d ~  (nia) (B,D.H,) was used after recrystallization ments were made as described earlier ( 5 ) .  Analytical data are 

from methanol. Pyridine (py) (B.D.H.) was purified by the in 
known methods. Other materials were used as described 
earlier (5).  Results and Discussion 

On account of the insolubility of these complexes 
Preparation of the Complexes 

These complexes were prepared by either o f  the following 
in suitable organic solvents, we could not find the 

two methods. molecular weight, and could not grow the single 
First iMet11od crystals. The structure of the complexes, therefore, 

have been proposed on the basis of analytical data, 
> ( X C N ) ~ ( L ) , M ( N C X ) ~ H < ( ~ ~  = Co, Ni,  Cu,  Z n ;  L = magnetic moments, chemical reactions, HSAB con- 

PY, nia; X = s, Se) were first prepared by the methods sideration, and ir and electronic spectral studies. 
described elsewhere (1-4). T o  the suspensions o f  these com- 
plexes in methanol, solutions o f  PPh, in the same solvent The data as presented in show 
were added in 1 : 2  molar ratio and stirred for 30 h. In each that two molecules of PPh, react with one molecule 
case a solid was formed and was filtered o f f ,  washed with the 
solvent, and dried in vacuum at room temperature. of >(XCN),(L),M(NCX)~H~<. 

0008-40421791040394-06$0 1 .00/0 
@ 1979 National Research Council o f  CanadalConseil national de recherches du Canada 
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The ligands show features of coordination. 
Pyridine and nicotinamide are coordinated through 
their ring nitrogen as is evidenced by the positive 
shift in the ring vibrations. Similarly, the X-sensitive 
q, r ,  t ,  and y (Whiffen's) bands of triphenylphosphine 
experience positive shift; this indicates that the 
ligand is coordinated (6, 7). 

The incoming PPh, may either rupture the NCX 
bridge to form a cationic-anionic complex or may 
retain it to yield a bridging complex. 

These complexes are only slightly soluble in 
dimethylformamide, and conductance values of the 
dilute solutions as presented in Table 1 show them 
to be nonconducting in nature. Thus the cationic- 
anionic structure may be set aside in favour of the 
bridge structure. 

Bridged structure may be either polymeric or 
monomeric (2-4). In the absence of molecular 
weight data it is difficult to distinguish between the 
two. However, on the basis of the number and 
position of ir bands due to thio or selenocyanate 
fundamental vibrations and other qualitative con- 
siderations as presented below, the possibility for a 
monomeric bridged structure is more. 

(i) The essential requirement of a monomeric 
bridged compex is the presence of both bridging and 
terminal thio or selenocyanate groups (2-5). The ii  
spectra of these complexes as presented in Tables 2 
and 3 demonstrate the presence of three to four 
absorption bands in the CN stretching region. These 
bands possibly indicate the presence of both bridging 
and terminal NCX groups (8-12). 

(ii) PPh, is a bulky ligand and obstructs the 
formation of a polymeric bridged complex, and it is 
on this account all the reported complexes of PPh, 
with MM'(XCN), are monomeric bridged (1, 5, 13). 

On the basis of the above considerations, the 
polymeric bridged structure is disclaimed. The 
monomeric bridged structure, which is the most 
likely species present, may have either of the follow- 
ing four structure 1, 2, 3, and 4. 

XCN, I ,NCX\ ,PPh, Ph,P, /NCX\/  /XCN 
M Hg M 

XCN/ 1 \NCX/ \PPh3 ph3p/  \ N c x / B g \ x c N  
L L 

The electronic spectra and the magnetic moment 
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TABLE 2. Infrared spectral assignments for thiocyanate fundamental vibrations of (SCN),(L),M(NCS),Hg(PPh&* 

Symmetry L = py L = nla L = py L = nia L = py L = nia L = py L = nia 
Description specles M = C o  M = C o  M = N I  M = N i  M = C u  M = C u  M = Z n  M = Z n  

NCS pa str A, + B, 2140(sh) 2135(sh) 2138(s) 2130(s) 2170(m) 2130(m) 2122(s) 2160(m) 
v(CN),, 2122(s) 2125(s) 2120(sh) 2122(sh) 2120(sh) 2110(sh) 2105(sh) 2108(sh) 

NCS pa str A, + B, 2070(s) 2078(s) 2090(s) 2080(s) 2080(s) 2090(s) 2070(s) 2075(s) 
v(CN)t, 2036(sh) 2030(sh) 2052(sh) 2040(sh) 2025(sh) 2050(sh) 2060(s) 

NCS ps str A, + B, 740(s) 722(sh) 742(sh) 730(sh) 735(sh) 740(s) 748(s) 735(s) 
~ ( c s ) , ,  755(sh) 750(s) 752(m) 740(s) 758(sh) 750(sh) 752(sh) 750(s) 

NCS ps str A,  + B, 800(s) 805(s) 8OO(s) 745(s) 805(m) 795(s) 802(s) 785(s) 
v(Cs)t, 835(s) 845(s) 830(s) 8OO(s) 746(s) 830(s) 845(s) 825(s) 

M-NCS def A, + B, 440(sh) 438(s) 432(s) 440(s) 435(m) 445(sh) 430(sh) 446(sh) 
6(NCS)br 445(s) 455(m) 457(sh) 440(w) 460(s) 

M-NCS def A, f B, 465(s) 478(m) 470(sh) 460(sh) 485(sh) 470(s) 460(s) 475(sh) 
6(NCS)te 480(s) 470(w) 490(s) 475(sh) 

M-N4 str 2Al + B, + 5, 310(w) 312(m) 308(w) 300(sh) 3 10(m) 3 12(s) 3 10(m) 
275(sh) 280(sh) 290(m) 282(s) 292(w) 290(m) 280(m) 

M-L, str A, + 5, 260(s) 270(s) 272(sh) 255(sh) 272(sh) 270(s) 260(s) 
240(s) 255(sh) 260(s) 245(s) 260(s) 262(sh) 256(w) 

Hg-S, str A, + B, 220(w) 218(s) 224(s) 215(sh) 220(sh) 222(m) 21 3(s) 
*s = strong, m = medium, w = weak, sh = shoulder, pa = pseudo-a, 

= terminal, def stands for the deformation A-N-C-g. 
.L .L 

values as discussed later reveal that Co(1I) or Ni(1I) 
is in octahedral coordination geometry which dis- 
agrees with structure 2, since in it M is tetraco- 
ordinated. On this ground the structure 2 is un- 
acceptable. Since in all three other possible structures, 
the configuration of Co(11) or Ni(I1) remains 
octahedral, the distinction cannot be made with the 
help of electronic spectra and magnetic moment 
values. The balance of evidence has, therefore, been 
derived on the other considerations which are as 
follows: 

Triphenylphosphine never forms an octahedral 
complex with cobalt thiocyanate. In all the reported 
complexes of CoM'(XCN), with PPh,, the co- 
ordination number of Co(I1) is four (1, 5, 13). 
Similarly, when PPh, is coordinated to Ni(NCS), or 
NiHg(XCN),, Ni(I1) acquires square planar con- 
figuration (5, 13, 14). It is, therefore, very unlikely 
that PPh, is linked to cobalt or nickel when they are 
in their octahedral coordination geometry. Further- 
more, the blue complex (Ph,P),Co(NCX),Hg- 
(XCN), does not become pink when reacted with 
pyridine (5) which indicates that pyridine cannot 
link to cobalt if the latter is already coordinated to 
PPh,. On the basis of these observations, structures 
3 and 4 can be disowned and structure 1 can be 
taken as the possible structure of these complexes. 
The evidences as mentioned below also lend support 
to  the structure 1. 

(i) The formation of the complexes by the reaction 
between (L),M(NCX), and (Ph,P),Hg(XCN), in 
methanol 

1tis~mmetrica1, ps = pseudo-symmetrical, str = stretching, br = bridging, te 

also indirectly supports the structure 1. 
(ii) The difference in total softness values 

[(ATE,'(M-Hg)] of M and Hg is the highest in case 
of the structure 1, hence it is the more probable out 
of the four. The description of total softness values 
and its application to the determination of the struc- 
ture is discussed later. 

(iii) The steric hindrance which plays an important 
role in the determination of the structure of PPh, 
complexes ( 5 )  is least in the case of the structure 1. 

(iv) Structure 1 possesses C,, symmetry. Assuming 
this symmetry, we have calculated the number of ir 
active normal vibrations which are found to be in 
good agreement with the observed ones (see Tables 
2 and 3). 
Electronic Spectra of (XCN) ,M(L), (NCX) ,Hg- 

(PPh,), (M = Co(ZI), Ni(1Z) ; X = S, Se) 
In order to ascertain the coordination geometry 

around Co(I1) or Ni(I1) in these complexes, we have 
studied their electronic spectra. The assignment of 
the electronic spectral bands, their positions, and the 
spectral parameters are included in Table 4. The 
values of Dq and B' have been calculated from the 
values of v, and v, bands using the matrices of 
Tanabe and Sugano (15). 

The positions of electronic spectral bands indicate 
that Co(1I) and Ni(I1) possess octahedral con- 
figuration in these complexes. Being formally a two 
electron transition the v, band is weak in intensity 
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TABLE 3. Infrared spectral assignments for the selenocyanate fundamental vibrations of (SeCN)2(L)2M(NCSe)2Hg(PPh3)2 

Symmetry L = py L = nia L = py L = nia L = py L = nia L = py L = nia 
Description species M = C o  M = C o  M = N i  M = N i  M = C u  M = C u  M = Z n  M = Z n  

NCSe pa str 
v(CN)br 

NCSe pa str 
v(CN)te 

NCSe ps str 
v(CSe),, 

NCSe ps str 
v(CSe),, 

M-NCSe def 
G(NCSe),, 

M-NCSe def 
G(NCSe),, 

M-N, str 

M-L2 str 

TABLE 4. Selected electronic bands, spectral parameters and magnetic moments 

,TI ,(F) $,TI ,(PI ,(F) 34A2, 4T1 ;;f4T2g(F) 
lODq B' Herr 

Complex (cm- I) (cm- I) (cm-') (cm-') (cm-') p (BM) 

Complex 
lODq B' Hef t  

* 4T1g(P) 3A2g + 3T1g(F) 3A2g * 3T2,(F) (cm-') (cm-') p (BM) 

and in some cases not observed in the cobalt com- 
plexes. In these cases, the Dq values are derived from 
the position of v, bands. 

The Dq values of these complexes are in the range 
prescribed for the octahedral complexes of Co(I1) 
and Ni(II), and are nearly the same as that of 

'(XCN),(L),M(NCX),H~ (M = Co(11). Ni(1I)) 
/ 

(1-4) which is, possibly, due to the presence of the 
same octahedron L,MN, in the two. The Dq values 
of the selenocyanate complexes are higher than that 
of the corresponding thiocyanate complexes which 
reveals that the ligand field strength of the former is 
higher than that of the latter (16-18). The metal- 
ligand bond in selenocyanates is more covalent than 
in thiocyanates as is evidenced by the values of B'. 

Magnetic moment values of these complexes as 
presented in Table 4 also suggest octahedral environ- 

ment around cobalt and nickel. All the zinc com- 
plexes are diamagnetic and copper complexes 
possess the magnetic moment values in the range 
1.8-2.0. 

Description of Total Softness (TE,*) and its 
4pplication 

The stability of thio and selenocyanate bridge in 
the complexes of mixed dithio-diselenocyanate com- 
plexes has recently been related (19) to the difference 
in total softness [ATE,*(M-M')] of M and M'. A 
higher value of ATE,*(M-M') suggests greater 
stability. In order to extend support to  the proposed 
structure of the complexes of the present series, the 
total softness (TE,') of M (Co, Ni, Cu, Zn) and Hg 
have been calculated in respect of the different 
structures of the conlplexes and the difference 
ATE,*(M-Hg) evaluated by adopting the pro- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J .  CHEM. VOL. 5 7 ,  1979 

TABLE 5. ATE,' values for probable and alternative structures of the complexes 

Complex Type TE,*(M) TE,*(Hg) ATE,*(M-Hg) 

(SCN),(PY),C~(NC~),H~(PP~~)Z A 55.50 28.82 26.68 
(SCN),(P~~P),CO(NCS)ZH~(PY)~ B 46.18 38.14 8.04 
(SeCN),(nia),Co(NCSe)2Hg(PPh3)2 A 63.18 27.24 36.14 
(SeCN)2(Ph3P),Co(NCSe)2Hg(nia)2 B 49.50 41.12 8.38 
(SCN),(nia),Ni(NCS)J3g(PPh3), A 60.12 28.82 31.30 
(SCN)2(Ph,P)2Ni(NCS)2Hg(nia)2 B 46.24 42.70 3 .54  
(S~CN)Z(PY)~N~(NCS~)~H~(PP~~)Z A 58.88 27.24 31.64 
(SeCN)2(Ph3P)zNi(NCSe)~Hg(~~), B 49.56 36.56 13 .OO 
(SCN)~(PY),C~(NCS)ZHS(PP~~)~ A 56.00 28.82 27.18 
(SCN),(P~,P),CU(NCS),H~(PY), B 46.68 38.14 8.54 
(S~CN),(~~~),CU(NCS~),H~(PP~~)~ A 63.88 27.24 36.64 
(SeCN)2(Ph3P)2Cu(NCSe)2Hg(nia)2 B 50.00 41.12 8.88 
(SCN)2(nla)2Zn(NCS)2Hg(PPh3)2 A 61.13 28.82 32.31 
(SCN)2(Ph3P)22n(NCS)2Hg(nia)2 B 47.25 42.70 4 . 5 5  
(SeCN)2(~~)2Zn(NCSe)2Hg(PPl13)2 A 59.89 27.24 32.65 
(SeCN)2(Ph3P)2Zn(NCSe)2Hg(~~)2 B 50.57 36.56 14.01 

cedure as outlined below : The above calculations show that the ATEnS(Co- 
Kg) value is higher for structure 1, hence it is the most 

(i) (SCN~2(py)2Co(NCS)2Hg(PP'23)27 likely structure. Since the other factors also favour 
TE,*(Co) = E,,*(Co) + 2E,,*(py) + 4Em*(NCS) 

= -0.22 + 2 x (-11.44) + 4 x (-8.10) 

= -55.50 

TE, *(Hg) = E,*(Hg) + 2E,, *(SCN) + 2E,*(PPh3) 

= -4.86 + 2 x (-5.20) + 2 x (-6.78) 

Here En* and Em* are the softness values of the 
metal ions and the ligands, respectively. These values 
have been calculated by using the Klopman's 
equation (20). 
Now 

ATE, * (Co-Hg) = TE, * (Hg) - TE, * (Co) 

= -28.82 - ... -(-55.50) 

(ii) (SCN) ,(Ph,P),Co(NCS) 2Hg(py) ,, Structure 3 

TEnS(Co) = En*(Co) + 2Em*(PPh,) + 4Em*(NCS) 

= -0.22 + 2 x (-6.78) + 4 x (-8.10) 

the same structure, this should be adopted for the 
complexes of the present series. The total softness 
values of the metal ions and the difference derived 
from them in respect of all the complexes are 
presented in Table 5, along with the ATE,*(M-Hg) 
values of the alternative structures. The possible 
structures are marked with A and the alternative 
ones with B. The ATE,*(M-Hg) values for the 
adopted structures marked with A are higher than 
those marked with B. 

Conclusions 

(i) Most likely the triphenylphosphine coordinates 
to M (Co, Ni, Cu, Zn) in preference to Hg, when 
reacted with MHg(SCN), or MHg(SeCN), to yield 
monomeric bridged complexes of the type (Ph3P),- 
M(NCX),Hg(XCN), (X = S, Se). 

(ii) When pyridine or nicotinamide is already 

linked to M as ~ ( X C N ) ~ ( L ) , M ( N C X ) ~ H ~ ( ,  the 

incoming triphenylphosphine most likely coordinates 
to Hg, to yield monomeric bridged complexes of the 
type (XCN)2(L)2M(NCX)2Hg(PPh3)2. 
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Etude par spectrometrie infrarouge de l'action de solvants aprotiques sur l'association 
ester-eau et ester-Ba2+. Discussion du r6le catalytique du solvant et de I'ion Ba2+ dans 

I'hydrolyse alcaline du propionate de methyle 

ANNE LE NARVOR ET PIERRE SAUMAGNE 
Laboratoire tie Spectrochimir MolPcrtlaire, Fac~iltP des Sciences et Teclzniqries, 

6 ,  A1,enrte Le Gorgerr, 29283 Brest, Cedex, France 

Refu le 19 juillet 1978 

ANNE LE NARVOR et PIERRE SAUMAGNE. Can. J. Chem. 57,400 (1979) 
Les spectres ir de melanges propionate de mtthyle-eau et propionate de methyle-Ba2+ dans 

le dimethylsulfoxyde et I'acktonitrile ont CtC enregistres dans la rCgion des vibrations vC=O 
de I'ester. On met en evidence la presence de differents types de complexes, et on suit 1'Cvolution 
de leur concentration avec la composition du milieu. Les resultats spectroscopiques sont com- 
pares a ceux de la cinetique d'hydrolyse alcaline obtenus dans les m2mes conditions. On montre 
que le contrale orbitalaire rend mieux compte des resultats exptrimentaux que la densite de 
charge portee par I'atome de carbone du carbonyle. 

ANNE LE NARVOR and PIERRE SAUMAGUE. Can. J. Chem. 57.400 (1979). 
The ir spectra of mixtures of methyl propionateiwater and methyl propionate/Ba2' in 

dimethylsulfoxide and in acetonitrile have been recorded in the region of the vo mode of the 
ester. Evidence is presented to indicate the presence of different types of complexes; their 
concentration was determined as a function of the composition of the medium. The spectro- 
scopic results are compared to those from the kinetics of the alkaline hydrolysis in the same 
conditions. I t  is demonstrated that the orbital control explains the experimental results better 
than does the charge density on the carbon of the carbonyl group. 

[Journal translation] 

Introduction de methyle en fonction des concentrations en eau et en aceto- 
nitrile sur la fig. 1, en eau et en DMSO sur la fig. 2. 

Ulle rkcente Ctude par spectrometric infrarouge des L, bande fine correspondant la vibration ~ C = O  de ]'ester 
interactions ester - solvant protique et ester-cation libre dans le solvant est situte a 1739 cm-' pour l'acetonitrile 
(1) a permis de montrer le rBle de la formation de et a 1735 cm-' Pour le DMSO. 

Aux faibles concentrations en eau dans l'acitonitrile, nous complexes entre l'ester et le solvant ou le cation dans observons un lkger dkplacement du maximum a 1739 cm-l 
la cinktique de 1'hydrolyse de vers 1,s basses frequences et surtout un Clargissement trts 
avons entrepris I'analyse des spectres infrarouges notable de la bande d'absorption dans le mime sens. (Avt = 15 
montrant I'association propionate de mkthyle-eau cm-' pour [D20]  = 0; Av: = 21 cm-' pour [D,o] = 2.2 M.) 

dans 1 7 ~ ~ k ~ ~ ~ i ~ ~ i l ~  et le dim~thylsulfoxyde (DMSO) Par contre, la bande vC=O situee a 1735 cm-' ne presente 
aucune Cvolution pour les faibles concentrations en eau dans le 

en l'absence ou en prCsence d'un sel alcalino- DMso, 
terreux, afin de priciser l'influence de ces solvants Quand [D20]  = 10 M, on note pour l'acetonitrile une 
basiques sur les associations ester-eau ou ester- bande au maximum aplati vers 1735 cm-'; l'absorption dans 

cation. le DMSO est plus fine et centrie a 1732 cm-'. 
Dans les solutions plus concentrees en eau (20 M), le profil 

Partie expkrimentale du massif vCO centre a 1724 cm-' est sensiblement le m&me 
avec les deux solvants. 

Le propionate de mithyle est un produit commercial qui a6te Dans I'eau pure, la ban& vCO vcrs 1709 cm-1 est dis- 
purifie par distillation. Les solvants CtudiCs sont des produits symttrique et trts Clargie vers les haUtes frCquences. 
pour spectroscopie et  ont CtC desseches sur tamis moleculaire Intevpvitarion 
4 A. L'eau lourde titre 99.7% en D 2 0  et provient du Commis- L'addition de quantites croissantes d'eau produit un dk- 
sariat a 1'Energie Atomique. placement accompagne d'un klargissement de la bande vCO 

Les spectres ont ete enregistres a la temperature ambiante avec apparition successive de deux maximums 8. 1724 puis 
sur un spectromktre Perkin-Elmer 225. La precision de lecture 1709 c m - ~ ,  On a montre (2) que ces deux maximums corres- 
sur les frkquences et les demi-largeurs est de f 1 cm-l. Les pondent respectivement aux deux associations: 
cellules utiliskes d'kpaisseur 0.05 mm sont Cquipees de faces en 
CaF,. /O...H-OH 

I. Interaction eau - propionate de mtthyle - soluant basique 
Rtsultats 'OR '  OR' 

On a represent6 I'evolution du massif vC-0 du propionate 1 ("complexe 1-1") 

0008-4042179/040400-04$01 .0010 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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LE NARVOR ET SAUMAGNE 40 1 

FIG. 1. Spectres d'absorption dans la region des vibrations FIG. 2. Spectres d'absorption dans la region des vibrations 
vC=O du propionate de methyle en solution dans des me- vC=O du propionate de nltthyle en solution dans des mC- 
langes d'acetonitrile et d'eau (D20). Concentration en D2O: langes de DMSO et dleau (D20).  Concentration en D 2 0 :  
a = 0, b = 0.5 M, c = 2.2 M ,  d = 10 M,  e = 20 M, f = eau a = 0, b = 10 M, c = 20 M, d = eau pure. Concentration en 
pure. Concentration en ester 0.2 M. ester 0.2 M.  

/,o...H-oH HO-H.. pionate de methyle (0.2 M )  et d'eau (2.2 M) dans l'acetonitrile, 
[2] R-C + HzO t. .O...H-OH correspond I'apparition d'une nouvelle absorption a 1710 cm-' 

'OR' R-C/ et une diminution d'intensite de la bande a 1739 cm-I (fig. 3).' 
'OR' Quand I'acCtonitrile est remplacC par le DMSO, l'addition 

2 ("complexe 1-2") de perchlorate ne produit audune modification de la bande 
vCO a 1735 cm-' (fig. 2, courbea). 

Dans les solutions concentrkes en eau (20 M e t  10 M), le r61e Interprktation 
du solvant organique est peu important, comme nous I'avons On a montre que la complexation du propionate de 
signale dans un autre travail (3). N'existent donc en solution methyle par l'ion Ba2+ slCtablit par I'intermediaire de I'oxy- 
que les complexes 1-1 (1) et 1-2 (2). gene du C=O de I'ester, plus basique que I'oxygene de l'eau, Lorsque la concentration en eau est faible (12 .2  M), on peut selon 
attribuer I'absence de modification de la bande vC=O a 1735 
cm-' dans le DMSO au fait que I'eau s'associe priferentielle- 
ment au DMSO selon [3]: 

[31 Solv. + HOH @ Solv .... HOH 

les complexes 1 et 2 sont vraisemblablement en concentration 
infime. En effet, les valeurs de la constante de complexation 
mesurie pour 1'Cquilibre [3] Ctabli dans le tetrachlorure de 
carbone sont : 

Au contraire, I'Cvolution de la bande vC=O du propionate 
dans I'acttonitrile a faible concentration en eau nous parait 
traduire une competition entre les trois Cquilibres [I], [2] et [3]. 
En effet, le pouvoir accepteur de proton de I'acCtonitrile est 
infkrieur a celui du propionate {K(acCtonitrile/eau) = 25 L 
mol-' (4)}. 

11. Interaction propionate de mtthyle - eau - solvant basique - 
perchlorate de buryurn 

Rtsultats 
A I'addition de perchlorate de Ba a une solution de pro- 

Le pouvoir donneur d'klectrons de I'oxygene du carbonyle 
dependra du solvant polaire par suite de competition entre 
I'tquilibre [4] et les equilibres [3] et [5]: 

Solv. 

/H'  
[5] (H20...BaZ+) + 2Solv. cl Ba2+ , , . 0  

\ 
H.. 

Solv. 

Dans l'equilibre [5] le caractere donneur d'electrons de 
I'oxygene de l'eau augmente avec I'interaction entre I'eau et le 
solvant. 

Lorsque le solvant utilisC est I'acCtonitrile, I'absorption a 

'I1 a etB observC par ailleurs que l'abaissement de la frC- 
quence CO par complexation de type 4 est plus grand avec l'ion 
Ba2+ qu'avec un ion alcalin M +  (1). 
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1710 cm-' correspond a la vibration vC=O perturbke par 
l'ion BaZ+ selon [4]. Avec le DMSO au contraire, l'absence de 
modification spectrale par addition de Ba2 + indique que, sans 
doute, l'kquilibre [5] prCdomine. 

FIG. 3. Spectres d'absorption dans la rtgion des vibrations 
vC=O du propionate de mtthyle en solution dans un melange 
eau-acetonitrile en I'absence (a) et en prCsence du perchlorate 
de baryum. Concentration en Ba2+ : a = 0, b = 0.25 M, 
c = 0.50 M. Concentration en eau: 2.2 M, concentration en 
ester: 0.2 M. 

Discussion 
Tommila et coll. (5, 6) ont CtudiC la vitesse 

d'hydrolyse alcaline de I'acetate d'kthyle dans divers 
mClanges eau-solvants. 11s ont montrk que le rapport 
des constantes de vitesse klk,,, en presence ou en 
absence de solvant, diminue habituellement quand la 
concentration en solvant augmente, mais qu'il aug- 
mente d'un facteur 4 5 dans le seul cas oh le solvant 
est le DMSO. Pour ces auteurs, la rkactivitk de l'ion 
O H -  vis-a-vis de l'ester dkpend de son degrk 
d'hydratation ou de solvatation, qui est accru dans 
l'eau, le mkthanol, l'acktone, le dioxanne mais au 
contraire, diminuC dans le DMSO : ce dernier solvant 
accklh-e donc la rkaction. 

Nos rksultats confirment ce point de vue. En effet, 
dans I'eau pure et jusqu'a des concentrations en eau 
de 10 a 20 M, seuls existent les complexes 1-1 et 1-2. 
Dans ce m&me domaine de concentration, le DMSO 
accklere la vitesse d'hydrolyse de 20% environ, alors 
que les autres solvants I'inhibent Iegkrement. Or 
I'kvolution des spectres infrarouges est la m&me quel 
que soit le solvant. L'effet catalytique du DMSO 
s'exerce donc, non pas sur le carbone du carbonyle de 
l'ester, mais tres vraisemblablement sur l'ion OH-.  

Cet ion OH- est hydrate selon le schkma: 

[61 OH- + H ~ O  + (H,O ... OH-) 

Le calcul de l'knergie de stabilisation de l'ion 
hydratk (7) donne la valeur E = 1.265 eV. 

Dans le cas du DMSO, l'iquilibre [3] est fortement 
diplace vers la droite, ce qui a pour effet de faire 
rktrograder I'tquilibre [6] dans le sens donnant des 
ions O H -  non hydrates. Cette action du DMSO, 
sensible des les premieres additions de ce solvant, est 
amplifike avec la concentration. La dissociation de 
l'ion (H,O ... OH-) entraine la remontke de l'orbitale 
haute occupke (HO) de l'ion OH-  qui tend a se 
rapprocher de l'orbitale basse vacante (BV) du 
carbonyle de I'ester, bien que cette derniere remonte 
Cgalement par destruction progressive et simultanie 
des complexes 1-1 et 1-2 (kquilibres [I]  et [2] (8)). 

L'acetonitrile, au contraire, est un accepteur de 
proton trop faible pour perturber I'kquilibre [6] 
autrement que par solvatation de l'ion (H,O ... OH-).  
Cette solvatation expliquerait I'effet inhibiteur de 
I 'a~etonitri le.~ 

Cette hypothese semble confirmee si l'on se place 
dans le domaine des tres fortes concentrations en 
solvant. L'addition des petites quantitks d'eau 2 
I'acCtonitrile (jusqu'a 2 M en eau) provoque un 
dCplacement visible de la bande vCO de l'ester par 
formation de complexe 1-1. On n'observe rien de 
semblable avec le DMSO. 

On peut reprksenter schkmatiquement l'kvolution 
des orbitales BV de l'ester et HO de l'ion OH-  sous 
I'action des solvants telle qu'elle vient d'@tre ex- 
pliquCe : 

BV de CO dans (H,O,,.DMSO) 

BV de (CO...H,O) 
.-BV de CO dans (H,O...MeCN) K -ii; -q - - - -  

t 

~ 1 1  ,///$z- HO de O H  dans (H20...DMSO) 

HO de (H,O..,OH-) J- / -. . . . . . . -. -4. - . .. 
HO de OH- dans (H20...MeCN) 

AE, < AE, < AE, 
acceleration ralentissenent 

ZEn fait les expkriences de Tommila et coll. ont t te realiskes avec I'acCtone et le dioxanne. Mais nous avons montre que 
I'acCtone, le dioxanne et I'acCtonitrile ont un comportement semblable par rapport a I'eau (3, 4). 
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Le calcul thiorique des Cnergies des orbitales et des 
valeurs des A E  devrait permettre de confirmer ce 
schima. 

Quant B l'analyse de l'action de l'ion Ba2+, faute de 
donnkes cinktiques, nous sommes rkduits B des 
hypothkses concernant l'effet catalytique du sel. 

Lors d'ktudes d'effet de sel, Corset et coll. (8) ont 
montrC le r61e important de la formation du com- 
plexe C=O ... M+ dans le contr6le orbitalaire de la 
rkaction d'hydrolyse de l'ester. 

En nous inspirant de leurs conclusions, nous 
pouvons postuler que l'ion Ba2+ aura un effet 
accilirateur de la cinitique en abaissant le niveau 
d'knergie de l'orbitale BV du carbonyle dans 
1'acCtonitrile B faible concentration en eau. Ceci est en 
accord avec l'apparition de l'absorption B 1710 cm-I 
(fig. 3). 

On a deja signal6 l'effet catalytique positif du 
DMSO. L'addition d'ions Ba2+ dam le milieu ne 
modifiant pas le spectre de vibration, on peut con- 
clure, que vraisemblablement, les ions Ba2+ n'ont 
pas d'effet catalytique sur l'hydrolyse alcaline d'un 
ester dissous dans le DMSO. 

Conclusion 

Nos risultats expkrimentaux font donc apparaitre 
que l'effet du solvant ne s'exerce pas sur le carbonyle 

de l'ester mais plut6t sur le reactif OH-.  La charge 
portie par le carbone du carbonyle ne doit pas 
dCpendre du solvant. La rkaction d'hydrolyse d'un 
ester dans un solvant aprotique est donc sous 
contr6le orbitalaire. 
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Infrared spectra of the ammonium ion in crystals. Part VI. Hydrogen bonding in simple 
and complex ammonium 
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OSVALD KNOP, IAN A. OXTON, and MICHAEL FALK. Can. J. Chem. 57,404 (1979). 
The vl and v~~~ infrared absorptions of the NH,D+ probe ion dispersed at low concentra- 

tion in polycrystalline ammonium halides were used to investigate possible correlations be- 
tween the frequencies of these absorptions and various structural and other parameters of the 
ammonium compounds. The most important among these parameters are the H .  . . X distance, 
the acceptor strength of the halogen atom X for hydrogen bonding, and the coordination num- 
ber C.N. and activation energy E, for reorientation of the ammonium ion. It is found that the 
v, and v,,, frequencies are affected by the acceptor strength and by the degree of 'compression' 
of the ammonium ion in the crystal, the volume effect. These two factors affect vlbF in the same 
direction but vl  in opposite directions. As a consequence, in a V4bc  VS. VI  plot the halides are 
separated according to X, C.N., and certain other parameters. The effective radius of the 
ammonium ion in cubic (NH4)2MX, is shown to increase with the strength of hydrogen 
bonding. 

The Ed vs. v, plot contains two branches. The low-frequency branch is dominated principally 
by the strength of the hydrogen bonding and corresponds to C.N. 4 and 8 and to nortnal hydro- 
gen bonds. The high-frequency branch is dominated principally by the volume effect and corre- 
sponds to C.N. 12 and to hydrogen bonds of highly dynamic character (fl~ixional hydrogen 
bonds). Arnn~onium ions with C.N. 6 may correspond toeither branch, depending on the formal 
charge on X. Existence of the so-called symmetrically trifurcated hydrogen bond that has been 
proposed for the ammonium ion in certain coordinations is not supported by the present evi- 
dence. 

The problem of the fundamental vibrational frequencies of the 'free' ammonium ion is dis- 
cussed and values are proposed for the 'limiting' v, and v4,, frequencies in ammonium halides. 
Criteria of hydrogen bonding in ammonium halides are reviewed and comment is offered 
on symmetry aspects of crystallographic transformations in cubic hexahalometallates(IV), 
A2MXs. 

OSVALD KNOP, IAN A. OXTON et MICHAEL FALK. Can. J. Chem. 57,404 (1979). 
Les absorptions infrarouge vl et v,,, de l'ion sonde NH,D+ disperse en faible concentra- 

tion dans des halogknures d'ammonium polycristallins ont kt6 utilistes afin d'ttablir d'even- 
tuelles relations entre les frequences de ces absorptions et des parametres relatifs a la structure 
et a d'autres proprietes des con~posts de l'ammonium. Parmi ces paramktres, les plus impor- 
tants sont la distance H .  . .X,  l'importance de l'affinite de I'atome halogene X pour la liaison 
hydrogene, la coordinence C.N. et 1'Cnergie d'activation E, ntcessaire a la reorientation de 
l'ion ammonium. I1 apparait que les facteurs qui ont une influence sur les frequences v, et 
vlbc sont l'importance de l'affinite pour la liaison hydrogene et le degre de "compression" de 
l'ion ammonium dans le cristal, c'est-a-dire I'effet de volume. Chacun de ces deux facteurs 
deplace la frequence v , ,~  dans la mtme direction, mais leurs effets respectifs sur vl ont lieu dans 
des directions opposees. Par consequent, les halogenures sont differencies selon X, C.N., et 
certains autres parametres dans le graphique donnant V4bc en fonction de v,. On montre que 
le rayon effectif de l'ion ammonium dans les phases cubiques (NH,),MX, s'accroit avec la 
force de la liaison hydrogene. 

Le graphique donnant la variation de E, avec v, prtsente deux parties. La partie basse- 
frequence est dominie principalement par la force de la liaison hydrogene et correspond a des 
coordinences 4 et 8 et a des liaisons hydrogene norrnales. La partie haute-frequence est, elle, 
dominee principalement par l'effet de volume et correspond une coordinence 12 et des 
liaisons hydrogene de caractere dynamique tres prononce (liaisons hydrogkne de type 
"fl~ccional"). Les ions ammonium en coordinence 6 peuvent correspondre a I'une ou I'autre 
des deux parties du graphique, selon la charge formelle sur X. Ces faits ne laissent pas supposer 

'For Part V, see ref. 5. 
2NRCC No. 17103. 

0008-4042I791040404-20$0 1 .OO/O 
01979 National Research Council of CanadalConseil national de recherches du Canada 
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KNOP ET A L  

l'existence de la liaison hydrogene symetriquement trifurquie qui a Cte proposCe pour l'ion 
ammonium dans certaines situations. 

Ee probleme des friquences vibrationnelles fondamentales de l'ion ammonium "libre" est 
traitt, et des valeurs sont proposCes pour les frequences "limite" v l  et v,,, dans les halogCnures 
d'ammonium. Les differents criteres relatifs a la liaison hydrogene dans !es halogenures d'am- 
monium sont presentes, ainsi qu'un a p p e r y  sur les aspects de symetrie des transformations 
cristallographiques dans les hexahalomCtallates(1V) cubiques A2MX6. 

Previous papers in this series (1-5) have dealt with 
the usefulness of the ir spectra of polycrystalline 
ammonium compounds at  low deuteration for diag- 
nosing the site symmetry and obtaining information 
on hydrogen bonding and motions of the ammonium 
ion. To avoid, or at  least to reduce, spectroscopic 
complications encountered with the NH,' and 
ND,' ions (6), we studied the spectra of NH3D+ 
introduced into the crystals as an isotopic impurity 
by low-level (0.5-2%) deuteration. At these 
deuterium concentrations the frequencies of the 
v,(NH3Dt) and v,,,(NH3D') absorptions, which 
correspond essentially to the N D  stretching and 
H N D  bending modes, respectively, of isotopically 
isolated NH3DC ions, are not subject to vibrational 
coupling. Since they have also been shown (6) to be 
free from Fermi resonance, they are well suited for 
investigating the existence of correlations between 
vibrational frequency and crystallographic and other 
parameters. The NH,DC probe is representative of 
the ammonium ion save for those properties that 
depend critically on the difference in the inertial 
character of NH3DC (symmetric top) and NH,' 
(spherical top). 

In the present investigation we have attempted 
to see to what extent the use of the NH3DC probe 
can contribute toward elucidation of certain poorly 
known aspects of the behaviour of the ammonium 
ion. By virtue of its charge and dimensional similarity 
to the Rb' ion, the ammonium ion occurs frequently 
in crvstal environments in which formation of a hv- 
drogen bond simultaneously involving more than one 
acceptor, typically a trifurcated hydrogen bond, 
appears possible. However, while the existence of a 
trifurcated bond has been suggested (7, 8), it has 
never been demonstrated. The fact that the arnmo- 
nium ion cannot exist, under any practical condi- 
tions, as an isolated entity presents a further compli- 
cation: it precludes the possibility of obtaining the 
fundamental vibration frequencies of the 'free' ion, 
i.e., convergence limits of the effect of hydrogen 
bonding on vibrational frequency and hence a stan- 
dard for assessing the strength of individual hydro- 
gen bonds. With these problems in mind we have 
studied the spectra of the NH3Df probe ion in a 
number of additional ammonium compounds, most 
importantly in the cubic and trigonal hexahalometal- 
lates(IV), (NH,),MX,, and in ammonium halide 

and alkali halide matrices, both of the simple cubic 
(sc, CsCI) and face-centred cubic (fcc, NaCl) types. 

To facilitate presentation of our results and con- 
clusions, we deal with details of experimental evi- 
dence, and with matters outside the main line of argu- 
ment, at the end of the paper. Consistent with the 
previous usage (cf. ref. 2), the term hydrogen bond- 
ing, as applied in the following to the ammonium 
ion, shall include all factors which restrict rotation 
of the ion to torsional oscillations. 

Discussion 

The isotopically isolated N D  stretching frequen- 
cies v,(NH,DC) in simple and coinplex ammonium 
halides are plotted in Fig. 1 against the best estimates 
of the corresponding H .  . . X  distances. This figure 
summarizes all such frequencies available at  this time. 
The positions of the H atoms have been determined 
only in NH,F (9, lo), with some reservations in the 
other simple NH,X hal~des and, approximately, in 
(NH,),SiF, (1 1) and (NH,),SnCI, (12) at room tem- 
perature. In all the other cases they had to be inferred 
from geometrical considerations; the estimated 
H . .  . X  distances refer to 'normal' (i.e., essentially 
straight) N-H. . . X  bonds3 and the H .  . .X:% dis- 
tances to assumed symmetrically trifurcated bonds. 
The estimates are based on an assumed N-H dis- 
tance of 1.03(2) A and are probably no better than 
f 0.05 1$ and in some cases much worse. 

In the following, all the frequencies quoted are 
those of the NH3D' probe ion at 77 K unless stated 
otherwise. The site symmetry of the ammonium N 
atom is denoted, as in ref. 6, by S and the effective 
symmetry of the NH,DC probe ion by E'. The 
coordination number, C.N., is the number of atoms 
in the immediate environment of an ammonium ion. 

NH,  D + in Amrnoniur?~ and Alkali Halide Matrices : 
Expected Behaviour 

NH,F occupies a unique place in the plot of Fig. 1 
in that it appears to be the only ammonium halide 
in which the immediate environment of the NH,' 
ion consists of only four acceptors. Although the N 
atom is located on a polar axis, the axial and non- 
axial N-H. . . F  distances have been found to be 

3Where orientation of the NH4+ ion is unknown or indeter- 
minate H . . . X represents the minimum N . . . X distance less 
1.03 A. 
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406 C A N .  J .  CHEM. 

FIG. 1. Variation of vl(NH,D+) with H .  . . X  (or H .  . .X*) 
distance in simple and complex ammonium halides. For key 
numbers refer to Tables 1-4 and text. 

equal, within a small experimental error, and so the 
symmetry of the immediate environment of the N 
atom is effectively T,. The single, narrow v, band in 
the spectrum of NH,F at 77 K is consistent with the 
crystallographic evidence. The frequency of this band 
is the lowest of all ND stretching frequencies reported 
to date. 

The situation in the other simale ammonium 
halides is complicated by the occurrence of phase 
transitions. It is best exemplified by the iodide. In the 
ordered phase ZZZ each NH,+ ion is coordinated by 
eight I atoms at the corners of a tetragonally dis- 
torted cube ( S  = D,,) and simultaneous formation 
of four normal N-H. . . I  bonds is possible. All the 
iodine atoms are equivalent and only one type of 
hydrogen bond occurs. Hence a single, unbroadened 
v, band is expected and found (Table 1). In the dis- 
ordered sc phase IINH,' is also surrounded by eight 
I atoms and the diffraction symmetry gives S = 0,. 
However, an iodine atom in this structure may be the 
recipient of zero to eight hydrogen bonds pointing 
at random in the eight possible directions, and so a 
distribution of acceptor strengths and I . .  . H  con- 
figurations will exist. As a result most of the coordi- 
nation cubes will be slightly distorted, S # Oh,  and 

the absorptions coiresponding to the distribution of 
closely-spaced frequencies will appear as v, and 
v,,, envelopes. Thus single v, and v,,, bands will be 
expected, but this time broadened by the disorder as 
well as thermally. Single bands are in fact observed; 
for v,, Av,,, - 50 cm-' at 250 K compared with 
9 cm-I for NH,I(ZZZ) at 77 K. In phase I, the NH,' 
ion is at the centre of an octahedron of iodine atoms 
and simultaneous formation of four normal 
N-H. . . I  bonds is not possible. The S from diffrac- 
tion evidence is O,,, and so one might again expect 
single v, and v,,, bands but with additional broad- 
ening. The actual halfwidth of the single, symmetric 
v, band was - 65 cm- ' at 290 K, and only one v,,, 
band was observed. 

In the other NH,X halides the situation is similar 
(Table 1). Phases I of NH,C1 and NH,Br occur at 
temperatures well above ambient and were not in- 
vestigated, but there is no reason to suppose that the 
behaviour of the ammonium ion in NH,CI(Z) and 
NH,Br(I) is fundamentally different from that in 
NH,I(Z). The sc NH,Br(ZV) is the phase stable below 
108 K but no spectral differences could be attributed 
in this work to the 111-IV transition. 

The range of v, frequencies in the chloride, bro- 
mide, and iodide spans only about 30 cm-I (Fig. 2). 
The variation of the v, frequencies between these 
halides is not clear-cut. While the v, values of 
NH,Br(IIZ) and NH,I(IZZ) are practically the same, 
that of NH,Cl(ZZZ) is slightly higher. This is possibly 
related to the X .  . .4H configuration, which is dif- 
ferent in the cubic NH,Cl(ZZZ) and the tetragonal 
NH,Br(ZZI) and NH,I(III): In the tetragonal phases 
each X atom is at the apex of a C,, pyramid, with the 
four H atoms forming the base, while in NH,Cl(IIZ) 
each C1 is tetrahedrally (T,) coordinated by H atoms 
(7, 13). If the hydrogen bonding in the T, configura- 
tion indeed is weaker than in the C,, configuration, 
resulting in a higher v, frequency in NH,Cl(ZZZ), a 
similar explanation could be applied to the observed 
increase in v, associated with the ZZI -t ZI  transition 
in the bromide and iodide: in a completely random 
phase ZZ the C,, configuration would account for 
only 6/70 - 8.5% of the X .  . .4H and 61256 - 2.3z  
of all the hydrogen-bonding geometries at the X 
atoms. It should be emphasized that the differences 
in v, in the chloride, bromide, and iodide are very 
small compared to the difference of over 100 cm-' 
between v, of NH,F and NH,Cl. 

In the sc matrices 15-17 single narrow v,  bands 
are observed, consistent with S = 0, and E' = C,,  
(6). Also observed is the anticipated increase in the 
v, frequency from 15 to 17. Single v, and v,,, bands 
are also present in the spectra of the NH,D+ ion in 
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K N O P  ET AL.  407 

TABLE 1. N D  stretching and bending frequencies (cm-') of the NH,D- probe ion in ammonium and alkali halide matrices 
at 77 K 

NHX*, 
No. MX Phase T ,K Z,& H . .  .X, Ab deg VI  AVIIZ V4bc  

1 NI14F I' Room 3.939 1.67 2182.0 5 (5 K) 1326 
2 NH4CI I f  (sc)' 296 3.875 2.31 2295 (270 K) - 65 1265 
3 III (SC) 88 3.820 2.28 2289 7 1267 
4 NH4Br II (sc)" 265 4.051 2.48 2300 (265 K) - 65 1244 
5 III ' 128 4.034 2.40 2281.5 6 1257 
6 NH,I I (fcc) Room 4.574 2.61 (3.15') I10 2308 (290 K) -65 1237 
7 I1 (sc) 248 4.333 2.72 2295 (250 K) - 50 
8 111' 100 4.324 2.69 2281 9 1247 
9 KC1 fcc 80 3.938 2.11 (2.67*) 107 2304 18 1250 

10 KBr fcc 80 4.124 2.25 (2.81*) 108 2310 20 1243 
11 KI fcc 80 4.413 2.48 (3.03') 109 2312 22 1236 
12 RbCl fcc 80 4.120 2.25 (2.80*) 108 2293 17 1253 
13 RbBr fcc 80 4.304 2.40 (2.94') 109 2304 24 1246 
14 RbI fcc 80 4.584 2.62 (3.16') 110 2310 28 1239 
15 CsCl sc 80 4.094 2.52 2280.4 5 1272 
16 CsBr sc 80 4.256 2.66 2292 3 1262 
17 CsI sc 80 4.526 2.89 2299.8 4 1245 

" = (V/Z)'  3. 

bValues marked * refer to H . .  . X* (symmetric trifurcation) 
%ee text. 
dT1iz ~~ossibllity that the actual symmetry of NHJCI(III) is P42;~?zcnl 132) (cf. ref. 64) does not affect the discussion of NH,CI(III) and KH.,Br(III) 

in the text, \bhicb is based on the distinction between the parallel (in the chloride) and the antlparallel (in the bromide and iodide) aligninent of the am- 
monium Ions. 

5 
- 1c1 2300 

I 
Z - 
>- 

2280 

100 300 100 300 100 300 

TEMPERATURE, K 

FIG. 2. Variation of vl(NH,De) in simple ammonium halides with temperature. The halfwidths of the vl absorptions 
are indicated. 

the fcc matrices 9-14 ( S  = O,,) but the absorptions NH,D+ in Cubic and Trigonul (NH4),MX6: 
are significantly broader. The implications of these Unexpected Behaciour 
differences in bandwidth are discussed below. In the cubic hexahalo compounds (Table 2) the 

Compared with the corresponding NH,X halides, ammonium ion is coordinated by 12 equidistant X 
the acceptor strength of the X atoms in the CsX atoms at the corners of four tetrahedrally disposed 
matrices is little affected by hydrogen bonding to equilateral 3X triangles (= cuboctahedroll of sym- 
neighbouring NH,' ions because of the dilution, metry T,) (Fig. 1 of ref. 1). A single v, band is ob- 
and an increase in hydrogen-bond strength and there- served in the spectra of these crystals, consistent with 
fore lower v, frequencies would be expected. This S = T,. The frequencies of this band show an unex- 
decrease is by no means evident. This means that it is pected trend: they decrease from F to Br and with 
masked by other effects of at least equal order of increasing H .  . .X  (or H .  . .X*) distance. 
magnitude and possibly opposite direction (see The trigonal (NH,),MX6 in this investigation are 
below). restricted to the fluorides (Table 3). Because of 
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TABLE 2. Cubic (NHJ2MX6 halides: structural data at room temperature and frequencies (cm-') of the NH3D+ probe ion 
at 77 K 

NHX*, 
No. MX a, A x(x) H . .  .X, An deg VI v~~~ Referenceb 

SiF 
PtF 
SnF 
PdCl 
PtCl 
SnCl 
PbCl 
TeCl 
PtBr 
SnBr 

TeBr 

'Talues marked * refer to  H . . . X* (symmetric tr~furcation). 
bWhere n o  reference is given the frequencies were obtained in this work. 
CPersonal communication from Dr.  J. H.  Holloway. 
dEstimated, see text. 
'The v, and  v4bc values are  the averages o f  the observed component frequencies; details will be published else\vhere. 
fP4lmnc (No.  128), Z = 2, u = 7.501(5) A, < = 10.765(5) A ( <  214 K) (35). 

TABLE 3. Trigonal (NH4),MF6: structural data at room temperature and frequencies (cm-') 
of the NH,D+ probe ion at 77 K 

Value 

Parameter 31 Si 32 Ge 33 Ti 34 Sn 

a, A 
H . .  .X, A 
NHF*, deg 
vl(Q) 
vlin) 
v4bcia) 
v4dn) 
~ 4 ~ ( n )  

S = C,,, E' = C,,  + C, (3), there are two v, com- 
ponents, v,(a) and v,(n), in an intensity ratio of 1 : 3 
(2). The v,(a) frequency is the higher of the two and 
corresponds to a symmetrically trifurcated situation. 
The values for the Si, Ge, Ti, and Sn fluorides fall 
between those of 18 and 19. 

The cubic (NH,),SnBr, and (NH,),TeBr, on 
cooling transform to phases of lower symmetry., The 
symmetry reduction causes the v, absorption in the 
cubic phases to split into four components at  77 K,  
but, more importantly, the frequency correspondiilg 
to the centroid of the composite absorption bands is 
lower than the v, of the corresponding cubic phase. 
This implies that the strength of the hydrogen bond- 
ing has increased when the immediate environment of 
the ammonium ion has changed from one in which 
the 12 nearest Br atoms are distributed very uni- 

4The spectra of NH,D+ in these low-symmetry phases are 
described more fully in the Experimental section. Certain sym- 
metry aspects of transitions in A2MX6 are examined in the 
Appendix. 

formly (at the corners of an almost regular cubocta- 
hedron) to a less symmetric (unknown) environment, 
presumably favouring formation of a preferred hy- 
drogen bond. 

Acceptor Strength us. Volume EfSect 
To account for the unexpected direction of varia- 

tion of v, with H .  . . X  let us first consider NH,D+ 
in the alkali halide matrices and in the cubic 
(NH,),MX,. In Fig. 1 the v, vs. H . . . X points for 
the KX and RbX matrices form a net which joins 
smoothly with the corresponding points for CsX. 
Leaving aside for the moment the difference between 
the fcc and sc structures, we see that v, increases, for 
a given cation, from C1 to I and decreases, for a given 
X, from K to Cs. The points for NH,Cl, NH,Br(II), 
and NH,I(I) fall close to the corresponding points 
for RbX. 

These trends demonstrate that v, is affected by 
two factors acting in opposite directions: acceptor 
strength for hydrogen bonding and a volume effect. 
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KKOP ET AL.  409 

The acceptor strength decreases from C1 to I, so that, 
for a given cation, the hydrogen bond weakens and 
v, increases. On the other hand, for a given acceptor, 
decreasing the size of the matrix cation compresses 
the three-dimensional potential well of the H atoms 
in the probe and raises v,. Thus v, in KI has the 
highest and in CsCl the lowest value of the nine. In 
NH,F, in which the energy of the hydrogen bonds 
has been estimated to be about 3.5 kcal/mol (cf. ref. 
9), the acceptor strength is clearly the dominant 
factor. 

The cubic (NH,),MX, set is not as complete. For 
some M,X combinations the chemistry or crystal 
chemistry are unfavourable, and spectra of NH,Df 
in the iodides could not be obtained because of sam- 
ple absorption. However, in the tw70 series for which 
three points are available, Pt,X and Sn,X, v, de- 
creases with increasing H .  . .X,  i.e., from F to Br. 

In the KX, RbX, and CsX series the v, vs. H .  . .X 
curves are concave while in the MC1, MBr, and MI 
series they are convex, tending to level off as H . . . X 
increases. 711 the (NH,),SnX, series, however, the 
curve appears to be a straight line and in the 
(NH,),PtX, series it is convex and tends to level off 
with decreasing H .  . .X.  This must mean that in the 
alkali halide matrices hydrogen'bonding and the 
volume effect are almost equally significant and 
largely compensate each other as H .  . .X  increases,' 
while in the (NH,),MX, compounds the volume 
effect dominates the variation of v, with H .  . .X. As 
H .  . .X  decreases, the hydrogen-bonding interaction, 
which is very weak for X = Br, becomes stronger 
and is significant in (NH,),SiF,. The progressive 
strengthening of the hydrogen bonding is sufficient 
to alter the concave curve expected for the pure 
volume effect to the observed straight line and mod- 
erately convex curve, respectively. 

The presence of the volume effect in (NH,),MX, 
would be delnonstrated most directly if an increase 
in v, of the NH3Df  probe was observed from 
Cs,PtCl, to K2PtC1,. In these matrices the acceptor 
strength and geometry are practically the same, and 
replacing one alkali ion by another would be ex- 
pected to affect N H 3 D +  (at a shortest distance of 
5-5.2 A froin an alkali neighbour) merely through 
the changing volun~e of the matrix. Unfortunately, 
we did not succeed in our attempts to incorporate 
ammonium ion into A2PtCl,, A,SnCl,, or A,SiF, 
in amounts sufficiently large to observe the NH,Df 
spectrum. However, in the presence of significant 
hydrogen bonding the N D  stretching frequency v, 
would be expected to decrease, and the H N D  bending 

5The v, for KCI, RbBr, and Csl are almost identical; so are 
the v, for KBr and RbI and the vl for RbCl and CsBr. 

frequency v,,, to increase, with the strength of the 
bonding. This expectation is verified in the fcc alkali 
halide matrices, but in the (NH,),MX, the trend is 
reversed (Fig. 3), showing that in these crystals the 
increase in v,,, is, but that in v, is not, due to an 
increase in hydrogen-bonding strength. Figure 3 also 
shows that the positions of the points for the non- 
cubic low-temperature phases of (NH,),SnBr, and 
(NH,),TeRr, differ enough from those for the corre- 
sponding cubic phases (above T,,) again to indicate 
that the strength of the hydrogen-bonding interaction 
has increased from the cubic to the less symmetric 
low-temperature phase. 

1220 I I 
2 2 0 0  2 3 0 0  2 4 0 0  

v, 31 d,(-3) ,  Cm-I 

FIG. 3 .  Correlation of the vl and v4bc frequencies of the 
NH,D+ probe ion in simple and complex ammonium halides. 
( A )  All available values. The non-axial v4b(n) and v,,(n) values 
of 31-34 and 36 are shown as double circles. ( B )  Display of 
acceptor and C.N. For the alkali halide matrices (9-17), in 
which the NH,Dt ion is in a constrained situation, the separa- 
tion by acceptor is not completely clean. Mean values are 
plotted where more than one component of the N D  bending 
absorption occurs (36, 39, 41-43); v4,(n) and v4,(n) values of 
31-34 have been averaged. 
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A clear demonstration of the existence of the 
volume effect as a general factor affecting the stretch- 
ing frequency of a hydrogen bond is presented, for a 
strong bond, in Fig. 4: the antisymmetric stretching 
frequency v, at room temperature, of the linear 
(FHF)- ion dispersed in alkali halide matrices in- 
creases with the decreasing linear dimension a = 
(V/Z)'I3 of the matrix (data taken from Fig. 1 of 
ref. 14). While each of the NaX, KX, and RbX series 
forms a separate correlation, Ketelaar and van der 
Elsken (14) showed that, on applying the Bauer- 
Magat correction, all the points in a v,(corr.) vs. 
l l a  plot fall on a smooth curve. In our presentation, 
v,(corr.) = c, + (c,/iq4, with r 2  = 0.999 and o = 
2.2 c111-~ .~  The v, values in pure NaHF, (at 5 and 
35 kbar) and KHF, (at 1 atm and 40 kbar) (15) fall 
below the respective curves for NaX and KX, but 
their line segments have slopes comparable to those 
of the NaX and KX curves. When the NaHF2(5 
kbar) and KHF2(1 atm) points are brought, by ver- 
tical displacement, in coincidence with the v,(corr.) 
vs. 5 curve, the points for NaHF2(35 kbar) and 
KHF,(40 kbar), on corresponding displacement, fall 
on its extension. Although the high-pressure com- 
pressibility data for the two acid fluorides are not 
available,' and leaving open the question of validity 
of the Bauer-Magat correction, it is clear that the 
effect on v, of the variation of the dimensions of the 
potential field to which the itzfcrt~ally hydrogen- 
bonded (FHF)- ion is subject in the matrix, is the 
same, be the variation of i i produced by mechanical 
compression or by manipulating the volume of the 
host structure chemically. In (FHF)- a hydrogen 
bond of maximum strength already exists, and on 
compression the stretching frequency will be affected 
by a closer approach of ionic charges external to the 
(FHF)- ion, of atoms not participating in the hydro- 
gen bonding, hence an essentially pure volume effect. 
By contrast, the strength of hydrogen bonding of the 
ammonium ion in (NH,),MX, will depend on the 
extent of effective compression, and as the nearest- 
neighbour anions participate in the hydrogen boild- 
ing, further compression will tend to strengthen the 
hydrogen bond at the same time as it raises the 
stretching frequency through the stronger factor, the 
volume effect. 

Another consequence of the volume effect in crys- 
tals in which it dominates is the direction of variation 
of the vibrational frequencies on cooling. In the 
absence of crystallographic transitions, cooling a 

'The coefficient of determination v Z  is the square of the cor- 
relation coefficient. 

'The compressibilities of NaHF2 and KHF, were assumed 
to be similar to those of NaBr and KBr, respectively. 

B 5 Kbar 

14001 3 I 5 I I 1 
4 0 4 0 

at  roam temperoture  

FIG. 4. Variation of the antisymmetric stretching frequency 
v, of the (FHF)- ion with the linear dimension ii of the host 
matrix. 

crystal in which S is cubic8 will raise all the internal 
frequencies because of the uniform, symmetry-pre- 
serving contraction of the charge field acting on the 
ammonium ion. The increase may be expected to be 
more pronounced in crystals containing less com- 
pressible (polarizable) counterions and, in general, 
when the contraction is imposed on a guest ion by 
the matrix. Taking the mean linear coefficient of 
thermal expansion a of KX and RbX to be, typically, 
3.5 x deg-' (16), and estimating from Fig. 1 
the mean variation av,/a(H. . .X) in the fcc matrices 
as 50 cm-'/A, leads to an expected increase in v, of 
only about 3 cm-I on going from roon: temperature 
to 77 K.9 The actual increase is no greater than 2 
cm-' where the room-temperature frequency can be 
determined accurately. In 22 and 25 (1) the variation 
did not exceed 3 cm-I, but the direction of the shift 
could not be determined because the v, absorption 
in the room-temperature spectra was poorly defined 
(cf. Fig. 2 of ref. I). The observed increases include 
the compensating effect of the strengthened hydrogen 
bonding attendant on the temperature reduction. 

The conclusion that the strength of the hydrogen- 
bonding interaction in cubic (NH,),MX, increases 

'Sites of cubic symmetry occur in all 36 cubic space groups 
but nine: Nos. 198, 199, 205, 206, 212-214, 220, and 230. 

gSimilar considerations predict an increase of about 1.5 
cm-' for the v4 and about 4 cm-' for the v, + v, absorptions 
of the "BH4- ion in alkali halide matrices, with the expected 
increases in v, and 2v, intermediate and about equal. The ob- 
served increases on cooling, as estimated from Figs. 1 and 2 
of ref. 17 (allowing for a misprint in the captions) and Fig. I1 
of ref. 18, are of this order. 
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from Br to F is supported by the variation of the 
effective radius of the ammonium ion in these com- 
pounds, by consideration of the activation energies 
for reorientation of the ion and by the progressive 
increase in the temperature at  which combination 
bands involving librations begin to appear in the 
spectra of the NH4+ ion. Some support comes also 
from diffraction experiments bearing on the where- 
abouts of the H atoms. This evidence, in turn, will be 
considered next. 

Effectice Radius of the Arnnzonium Ion 
The existence of the large family of isostructural 

cubic A,MX6 halides affords an opportunity to 
examine in some detail the vexatious problem of the 
effective radius of the ammonium ion. Shannon (19), 
in his comprehensive compilation, remarks that 
"the nature of NH4+ made it impossible to define its 
ionic radius. . .Khan and Baur (8) derived an appar- 
ent radius of the NH4+ ion by analyzing the N-0 
distances in a large number of ammonium salts. They 
concluded that NH4+ has an octahedral radius of 
1.61 A, between that of Rb' (1.52 A) and Cs' (1.67 
A). Alternatively, cell volumes of NH,' and Rb+ 
fluorides, chlorides, bromides, iodides, and oxides 
may be compared. This leads to the conclusion that 

NH,' is not significantly different in size from Rb'. 
No  explanation is offered for this inconsistency and 
therefore the radius of NH,' is not included". Brown 
(20) used an empirical value of 1.56 A for C.N. 12, 
compared with 1.60 A for Rb'. Agarwal and 
Shanker (21) attempted to estimate the 'crystal' 
radius of NH,' (C.N. 8?) frorn a polarizability- 
radius relation; their value, 1.58 a, is co~itrasted with 
Pauling's 1.48 A and Slater's 1.90 A. 

When the room-temperaturc values of a = a/ $% 
for the cubic A,MX6 ?A = K, Rb, Cs) are plottkd 
against Shannon's ionic radii rxi i (A+) (K, 1.64; Rb, 
1.72; Cs, 1.88 A), the three points in each M,X series 
are linearly correlated, with r 2  > 0.98 and o < 0.04 
A. In fact, for the chlorides of Ti, Pd, Pt, Mo, Sn, 
Pb, Te and bromides of Pd, Pt, Re, Sn, and Te, r 2  2 
0.998 and o < 0.008 A. The fit was worse only for 
the fluorides, 18 (r2 = 0.993, o = 0.029 a) and 20 
(r2 = 0.988, o = 0.037 A), probably owing to a 
genuine slight departure from linearity. Moreover, 
the a vs. rxi i (A+) straight lines are seen to converge 
with increasing values of the radius (Fig. 5). When 
they are treated as a pencil of lines, the point of inter- 
section is at rXi i  = 2.805 A and 6 = 7.473 A. Con- 
straining the correlation lines for the individual series 
by least squares to pass through this fictitious pointi0 

are available can now be included with some con- 

When the observed room-temperature values of 5 
members of the series are used to cal- 

culate the respective rX"(NH4+) values from the 
smoothed correlation equations, rx"(NH4+) is seen 
to decrease with increasing 6, i.e. from F to Br (Fig. 
5). A straight line fitted to the ammonium points, 

o a  rxii(NH4+) = 1.836 - 0.0235, has r 2  = 0.72 and - 6 - 
IO o = 0.006 A, while the total range of rxii(NH4+) is 

from about 1.714 to about 1.675 A, relative to the 
fixed rxii  values for K + ,  Rb', and Cs +. This increase 
from Br to F is small but real and must be attributed 
to the increased hydrogen-bonding interaction in the 
hexafluoro compounds, which tends to expand the 
charge cloud of the ion. Thus the effective radius of 
the ammonium ion relative to R b t ,  which is similar 
in size, is not constant even in this one isostructural 

5 - series of high crystallographic symmetry. In general, 
I I the radius will vary, for a given C.N., with the extent 

1.6 1.7 1.8 1.9 
r x " ( ~ + ) ,  8 1°This procedure is merely an artificial smoothing device 

whose use is justified by the overall goodness of fit. It does not 
FIG. 5. Variation with 5 of the effective radius rx" of the apply to composite cations like Me4N+ ; in (Me4N)2SnC16 a is 

ammonium ion in cubic (NH&MXs. determined by C1. . .Me .  . .C1 contacts (25). 

K Rb Cs results in an overall o of 0.010 A (18, o = 0.021 A ;  
I I I 20, o = 0.027 A). This is about twice the realistic 

7 I I - 
estimate of a typical error on the reported a values. 
M.X series for which only two of the three points 
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FIG. 6. Activation energy E, for reorientation of the NH,+ ion plotted against v,(NH3Di) ( A )  and V4bc  (B) frequencies. 
The vertical widths of the bands represent the + lo limits of goodness of fit. The v,(n) frequencies have been used for 32, 
33, and 37, and weighted means of v, for 32 and 33. 

of hydrogen bonding and no single fixed value can be 
given. 

Actication Energy for Reorientation of the 
An~moniiim Ion 

This energy, E,, would be expected to decrease 
with the strength of the hydrogen-bonding interac- 
tion, tending to zero as the barriers to reorientation 
are progressively reduced and the corresponding 
potential function becomes smoother, i.e., with in- 
creasing H . . .X  and C.N. On the reasonable assump- 
tion that E,(NH,Df) - E,(NH,+), for those com- 
pounds in which hydrogen bonding is significant the 
E, value ought to correlate with v, .  That this is the 
case can be seen in Fig. 6A. Although the functional 
nature of the E,,v, association is not known, for 
1-17 and 28 a linear regression of E, on v, yields 
r 2  = 0.90 (o = 0.72 kcal/mol), indicating that even 
a linear correlatioil is highly significant. On the other 
hand, the E,,v, points for cubic and trigonall' 
(NH,),MX, (including 27), NH,BF,, and NH,PF, 
fall in a different correlation region : linear regression 
of E, on v, gives r 2  = 0.69 ( o  = 0.38 kcaljmol), 
hence even this, separate, linear correlation is signi- 
ficant. This implies that as the volume effect, imposed 
on the ammonium ion by the electrostatic energy 
requirements of the matrix crystal (as compared with 
the corresponding R b  compound), becomes more 
significant the height of the barrier to reorientation 

increases and so does E,. This increase in barrier 
height may be viewed as an increase in hydrogen- 
bonding interaction, in support of our above con- 
tention that this interaction increases from Br to 
F.12 The strength of the hydrogen bonding therefore 
increases both to the left and to the right of the region 
of minimum E, in Fig. 6A. 

The E,,v, correlation would be represented more 
properly by a curve within the two l o  bands of 
Fig. 6A and having a minimum corresponding to a 
very low E, value in the vicinity of v, = 2340 cm-l.  
Several such functions could be proposed, but the 
final choice will have to await the availability of 
further E, data. No  E, values appear to exist for 
(NH,),MX, or NH,MF, salts but would clearly 
be of use; 41, 36, and the perovskite NH,ZnF, 
(isostructural with 35) would be obvious candidates 
for nmr studies. 

A similar plot for v,,, (Fig. 6B) shows that E, 
decreases with the frequency of the bending vibra- 
tion. This is not unreasonable to expect, considering 
that the bending and librational modes involve 
motions perpendicular to the N-H. . . X  bond and, 
if the reorientational motion is seen as a libration 
executed from one local minimum to another, across 
the hindering potential barrier. A linear regression 
of E, on v,,, gave r 2  = 0.75 (6 = 1.02 kcallmol) 
when all the available points were included; r 2  = 
0.48 (o  = 0.84 kcal/mol) for all the points less 

' T h e  vl(n) values were used for 32 and 33, and the lower of 
the two v, values for 37, on the view that at  least three hydro- lZRonori and Terenzi (22) remark that in some cubic 
gen bonds must be 'broken' in the reorientation, at  least one (NH4),MX6 salts, E, increased with decreasing lattice con- 
of which being of necessity that corresponding to the stronger stant. This obviously corresponds to the high-frequency 
interaction and hence to lower stretching frequency. branch of our E, vs. v, plot of Fig. 6A. 
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NH,F; r 2  = 0.96 (o = 0.44 kcal/mol) for the points 
of the low-frequency branch of Fig. 6A;  and r 2  = 
0.57 (o = 0.45 kcal/mol) for the high-frequency 
branch. All four regressions indicate that the correla- 
tion is significant. The regression lines intersect 
E, = 0 at v,,, between 1225 and 1230 cm-' ; this 
range of values may be regarded as an upper-bound 
estimate of the 'limiting' v,,, frequency (= the 'free 
ion' value) in crystals of ammonium halogen com- 
pounds. 

Combination Bands Incolving the v, (NH,') 
Librational Mode 

In general, the v2 + v, and v, + v, bands of 
NH,+ are observed in the room-temperature spectra 
of ammonium salts in which normal hydrogen bonds 
are present but not of those where the ammonium 
ion occurs in a trifurcated situation. However, in such 
cases they may appear when the temperature of the 
sample is lowered. 

Gardner et al. (23), who studied the inelastic neu- 
tron scattering spectra of NH,' in alkali halide 
matrices, found that in CsX peaks corresponding to 
the librational (torsional) fundamental v, itself were 
quite well resolved even at  room temperature. How- 
ever, in the fcc matrices under comparable condi- 
tions, the corresponding peaks were so broad that for 
the iodides they could not be located with the instru- 
ment used; the torsional peaks remained much 
sharper in the CsX matrices down to liquid-helium 
temperature. Similar differences were observed, for 
the combination bands, in the ir spectra of NH,' iri  
such matrices. In the room-temperature ir spectra of 
(NH,),MX, the combination bands occur only in 
18-20 and in 31 and 32 (2). They were absent in the 
spectrum of 23 at 77 K, reflecting the weakness of the 
hydrogen bonding in the chloride 23 compared with 
the fluorides 18-20, but the v, + v, band emerged 
on cooling the sample to 22 K (Fig. 7).13 Its relative 
sharpness strongly suggests that a considerable 
change in the motions of the ammonium ion has 
occurred as a result of cooling. 
Effect of Acceptor Atom oiz v, : Coordinatio~z 

Number, NHX'3 Angle, and Formal Charge 
Returning to Fig. 1, we now can make certain ob- 

servations concerning the effect of the acceptor atom 
X on v,. When the v, values of a number of addi- 
tional ammonium halides (Table 4) are introduced, 
trends associated with C.N., the NHX* angle, and 
the formal charge on X begin to emerge (Fig. 8). 

NH,F is the only ammonium halide in which C.N. 
equals the number of normal hydrogen bonds 

13Although the possibiiity of a phase transition below 77 K 
has been raised (24) our NH3D+ spectra between 22 and 80 K 
showed no evidence of it. 

0 1 I I I 
1900 1850 1800 1750 cm-' 

;.:- - -  ', 
FIG. 7. The + /  +s,.i2 nnd, regcon of the spectrum of + .  P(lt,$ (NH,),SnCI, (23) at 298 and 22 K. 

formed. NH,SnF, is an intermediate case: C.N. is 6, 
but three of the ammonium hydrogens form normal 
N-H..  . F  bonds with the three F atoms of an 
SnF3- ion (tetrahedral bonds similar to those in 
NH,F) and the fourth point, along a C ,  axis, at the 
centre of a triangle of F atoms belonging to different 
SnF3- ions. This constitutes a symmetrically tri- 
furcated situation and the C.N. is more properly 
3 + 3. The v, = 2246cmi1 fr 
second lowest in Fig. I .  

The next compound encoun 
mate direction of a straight line drawn through the 
1 and 36 points in Fig. 2 is 39, C.N. 8, followed by 
35, 37, and (NH,),MF,, all of which have C.N. 12. 
In the perovskite NH,MnF,, which is cubic at  200 K 
and above, the coordination figure is an undistorted 
cuboctahedron ( S  = Oh),  while in the cubic 
(NH,),MF, the coordination cuboctahedron is of 
symmetry T,.', In NH,BF, the coordination figure 
is irregular, S = C,. Since the H .  . . X  distance along 
this straight line does not vary greatly, the increase in 
v, in the fluorides is attributed to the increase in 
C.N., even though C.N. is not the only factor (see 
below). A similar trend is observed for the chlorides 
and bromides. 

The case of C.N. 6 is somewhat different in that 
there is no clear separation of the v, frequencies for 
C.N. 6 from those for C.N. 8 (2-5 and 7-17). This 
point will be discussed in more detail later. NH,PF, 
(C.N. 6) is close to 37 (C.N. 12), but here the low 
formal charge on the F atom is probably the domi- 

141t approaches a metrically regular cuboctahedron as 
x(X) + $, i.e. from F to Br. 
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TABLE 4. Complex amn~on iun~  halides: structural data at  room temperature and frequencies (cm-') of the NH,D+ probe ion 
at 77 K 

NHX*, 
No. Con~pound S C.N. H . .  .X, k deg v1 v4bc Referenceb 

35 NH4MnF3 Oh 12 1 .97 (2.24*) 129 2373 (200 K) 1270.5 
36 NH4SnF, c3 3 + 3  1.97(2.19")(3x)  134 2408 1295.2 

1.72 ( 3 x )  2246 1291.5 
1284.7 

37 NH4BF4 CS 12 1 .90"  2439 (3 x ) 4 
2420 (1 x ) 

38 NH4BPh4 D2dC 4C 2364.0 1234.0 4 
39 NHbAlF, Dab 8 1.84 2348.5 1302.2 

OVaiues marked * refer to H . . . X* (symmetric trifurcation). 
bWhere 110 reference is given the frequencies were o h t a ~ n e d  in this \%ark. 
'See text. 
dThis distance corresponds to the shortest N .  . . F approach of t,\elve (varying from 2.93 to 3.44 A). The H . . . F distances givcn in ref. 40 range from 

2.16(7) to  2.50(5) A as determined by X-r.(~,v diffraction. 
'D . . . CI a t  125 K; 2.34 A a t  295 K (43). 
fEstimated. 

FIG. 8. Correlation of the coordination number (A) and 
NHX* angle (B) with v,(NH,D+) and H . .  . X  in simple and 
complex ammonium halides. For identification of the points 
see Fig. 1. 

nant factor. With this exception, the periphery of the 
plot in Fig. 8, as seen from the NH,F point, consists 
of points corresponding to C.N. 12. 

The NHX* angle, in compounds where symmetric 
trifurcation (i.e. S 2 C,) is obtained, is defined as the 
obtuse angle formed by the XH vector and the N H  
vector pointing at  the centre of the equilateral tri- 
angle of X atoms. It cannot be divorced from C.N. 

12 a trend is discernible not only for v, (Fig. 8) but 
also for v,,, (Fig. 9). In both cases the frequency de- 
creases as NHX* increases, i.e., as the H atom moves 
away from the plane of the 3X triangle. There also 
appears to be a moderately strong ( r2  = 0.54) cor- 
relation between NHX:' and E,: the closer NHX* is 
to 90°, the higher is E,. 

In ammonium halides containing isolated or linked 
complex anions MX, the acceptor strength does not 
depend only on the nature of the halogen atom but 
also on its formal charge. The latter is defined as 
(pcln) - 1, where c is the formal charge on M and p 
is the C.N. of X relative to M. In addition, X may be 
a simultaneous recipient of a total of q hydrogen 
bonds from ammonium ions. These quantities are 
listed, for compounds of interest, in Table 5.  

It is evident that the formal charge affects the vari- 
ation of v, but not independently of C.N. and 
NHX"; the effect o fp  and q is not clear. For example, 
the increase in v, in the fluoride sequence 39, 35, 40 
is associated with a decrease in the formal charge but 
also with a simultaneous increase in C.N. The v,  of 
18 is about the same as that of 40, in spite of the 
formal charge in 18 being -113 compared with 
- 116 in 40. However, q(18) = 4q(40) and this, to- 
gether with the decrease in H . . . X and NHX" from 
18 to 40, appears to outweigh the doubling of the 
formal charge. 

~ n c o m ~ o u n d s  with C.N. 6, NHX* = 100-1 10"; in The 'Free Ion' v, and v,,, Frequencies 
those with C.N. 12, NHX* = 120-135". For C.N. The v, frequencies of the several families of halides 
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TABLE 5. Formal charges on acceptor atoms in co~nplex ammonium halides 

Compound 
Formal 

Structural arrangement p charge q 

40 NH4PF6 NaCI, isolated [PF,] 1 - 6 I 1 
18-20 (NH4),MF6 Anti-CaF,, isolated [MF,] 1 - 3 4 1 

45 (NH&FeF, Anti-'BiF,', isolated [FcF,] 1 - 3 4+ 1 
41 (NH4),PdCI, Isolated planar [PdCI,] 1 - T I 4 
35 NH,MnF, CsCI, 3-dimensionally linked [MnF,] 2 - 7 I 4 
39 NH4A1F, CsCI, 2-dimensionally linked [AIF,] 2 - .- z 1 4 

12101 I I 1 
130 l I0 9 0 

NHX*, deg  

FIG. 9. Variation of v,,,(NH,D+) with the NHX* angle in 
simple and complex ammonium halides. The point for 36 was 
not included in the regression. 

in the v, vs. H .  . .X  plot of Fig. 1 are seen to con- 
verge, with increasing H .  . .X, to a 'limiting' value 
$ornewhere in the region of 2320-2340 cm- l .  A 
similar convergence is observed in the v,,, vs. v, 
plot of Fig. 3, to v,,, values in the vicinity of 1220 
cm-l ,  and also in Fig. 6. All these trends are mani- 
festations of the same basic fact, viz. the division of 
the ammonium halides into two main groups, one in 
which v, is dominated principally by hydrogen 
bonding and another, in which the dominant factor 
is the volume effect. The two frequencies, v, ,, = 

2330-2340 and v,,,,, = 1220-1230 cm-l ,  may thus 
be regarded as corresponding to '2ero' hydrogen 
bonding and a minimum volume effect, i.e., to the 
'free ion' state in halide crystals. The v,,, value is 
to be compared with that proposed recently (5) for 
the v,  vs. N .  . .O correlation in the ammonium 

Tutton salts, 2450-2500 cm-'. The cut-off H . .  .X  
value corresponding to this hypothetical state of the 
ion is difficult to estimate but it would seein to  be 
at  least 3.4 A. 

In this connection it is of interest to observe that 
in NH,BPh, (38), in which the ammonium ion has 
been regarded as non-hydrogen-bonded (261, the v,  
is 2364 c m 1 ,  i.e., above the estimated v,,,, but the 
v,,,, 1234 cm-l ,  is the lowest in Tables 1-4 and Fig. 
3. The only conceivable hydrogen bonding, to the rt 
systems of the benzene rings, would be expected to 
lower v,, so we conclude that the ammonium ion in 
this crystal is in a state of compression imposed by 
electrostatic interactions similar to those existing in 
the presumably isostructural Rb  salt. Thus the idea 
(27) that one should take the highest observed 
v,(NH,+) as representing the frequency of the 'free' 
ammonium ion must be considered dubious. 

It should be noted that, as the volume effect cannot 
be evaluated absolutely but only along an isostruc- 
tural series, the contribution of the 'compression' of 
the ammonium ion to v, in an isolated compound 
can be estimated only with reference to the aggregate 
of available results for NH,D', such as presented 
for the halides in Fig. 3. 

Does a Symnzetrically Triftlrcafed Hydrogeuz Bond 
Exist ? 

The answer to this question must be compatible 
with the evidence from the ir spectra of the NH,D+ 
probe ion : (I) Where favourable geometry for thepos- 
sible existence of a trifurcated bond is obtained, only 
one v, absorption is observed when S is cubic, and 
this absorption a t  77 K is narrow. (2) The difference 
between the v, value in NH,I(Z) and those in 
NH,I(II) and NH,I(ZZZ) is small compared with the 
total v, range of ca. 250 cm-I  in Fig. 1, about 13 
cm-' between phases I and ZI and about 27 cm-' 
between I anc! 1 1 .  (3) The difference between the v, 
values in the fcc RbX and the corresponding sc CsX 
matrices amounts to only about I0  cm-I if one 
allows for the volume effect (by comparison between 
the K X  and RbX salts). 

Comparison of the halfwidths of v, at  77 K shows 
that dv,,, is 3-9 cm-' in cases where normal hydro- 
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gen bonds are expected (phases ZZZ of MH,X and 
CsX matrices) but 17-28 cm-I in the fcc matrices 
(Table 1). This striking difference is undoubtedly 
real and seems to be indicative of enhanced motions 
of the NH,Df ion (and by implication the NH,' 
ion) in the fcc environments. The extra breadth does 
not result from stronger hydrogen bonding, for the 
v, frequencies are much the same in the sc and the 
fcc crystals. Its most likely origins are rapid reorien- 
tation and large librational amplitude. Gardner 
et al. (23) failed to observe, in their inelastic neutron 
scattering studies, any quasielastic broadening of 
the elastic peak and hence they ruled out the former. 
The origin of the extra breadth then appears to lie in 
large-amplitude librations of the ammonium ions. 

The transition from the ordered phase ZZZ to the 
disordered phase 11 in si~nple am~nonium halides is 
associated with a large increase in the halfwidth of v1 
(Table 1): Av,,, increases from 6-9 cm- ' to 50 cm- 
or more. Aportion of the extra breadth   nu st be due to 
the distribution of acceptor strengths attendant on dis- 
ordering. When the already disordered sc NH,I(II) 
transforms to the fcc phase I, an additional increase 
in Av,,, of about 15 cm-I is observed. This is of the 
same order as the difference between the sc and fcc 
matrices at 77 K, though a fraction of this increase 
will come from the thermal broadening owing to the 
difference of about 40 deg between the temperatures 
of measurement. It thus seems that the change-over 
from the 'normal' to the 'trifurcated' regirne is asso- 
ciated with an increase in Av,,, of the order of 15 
cm-', and that this increase corresponds to an en- 
hanced librational motion of the ammonium ions. 

Another kind of evidence which must be reconciled 
comes from diffraction studies. When the librational 
amplitude is large, interpretation of the results of 
such studies becomes difficult and ambiguous. Of the 
three available, room-temperature studies bearing 
on trifurcation in alnmonium halides, one concerns 
6, another deals with 18, and the third is an X-ray 
study of 23. The conclusion from the detailed neu- 
tron-diffraction study of NH,I(I) is that there are six 
equivalent maxima in the proton-density distribution 
round the N atom; they are associated with the 
corners of the octahedron of iodine atoms (28). In 
(NH,),SiF,, according to the neutron-diffraction 
study of Schlemper and co-workers (7, 1 l), three local 
proton-density maxima are associated with each 
threefold axis of the amlnonium ion in the directions 
pointing away from the Si atoms. In the view of those 
authors these maxima are to be looked upon as a 
manifestation of a dynamic rather than static dis- 
order. The data of Schlemper et al. were re-analyzed, 
a t  our request, by Press using cubic harmonics (29) 

and the existence of the four triple maxima was con- 
firmed.'' The broad 0.9 e A-3  peaks at  the 32(f) 
(x = 0.30) positions of Fm3nz in a difference Fourier 
map of (NH,),SnCI, (12), which were considered 
as probably corresponding to the M atoms, may be 
regarded as the (unresolved) electron-density coun- 
terparts of the local maxima in the proton-density 
distribution in (NH,),SiF,. 

The picture that emerges is then as follows. In 
NH,I(I) (and we assume also in phases I of the chlo- 
ride and bromide), the fcc matrices and cubic 
(NH,),MX, the site symmetry at the ammonium ion 
is cubic and all conceivable orientations of the ion, 
consistent with S, are equivalent. Thus only one v, 
absorption is observed. The ion undergoes librational 
motions of large amplitude, as witnessed by the 
breadth of the v, absorption. The H atoms spend a 
considerable portion of their time near the acceptor 
atoms, away from the syn~metrically 'trifurcated' 
equilibrium positions. This is evident from the posi- 
tions of the local maxima in the electron and proton- 
density distributions and would be even clearer if 
low-temperature neutron diffraction studies of 18 
and 23 were available. Hence the v, values are not 
very different from the v, values that would be ex- 
pected for normal bonds of comparable length,', 
and similarly only small differences are observed on 
comparing the v,,, values. Analogous situations are 
likely to occur in 35, 40, and 45, for which the rele- 
vant structural information does not exist. 

In describing hydrogen bonding in such com- 
pounds, distinction must be made between sym- 
metrically trifurcated situations, i.e. coordination 
geometry, and symmetrically trifurcated bonds. The 
hydrogen bond in these cases may be regarded as 
symmetrically trifurcated only in the sense that the 
coordination geometry of thc acceptor atoms round 
each H atom of the ammonium ion provides posi- 
tions of symmetry C ,  or C,,, and these may be 
thought of as the equilibrium positions toward which 
the N-H vectors are directed. Because thev are 
strongly influenced by the dynamics of the ammo- 
nium ion, the actual whereabouts of the H atoms 
cannot be specified beyond indicating diffuse regions 
between the equilibrium positions of the N atom and 
the acceptors, such as those suggested by the broad 
local maxima in the proton and electron-density dis- 
tributions. 

Hydrogen bonds encountered in symmetrically 
trifurcated situations are only a special case of hy- 

15Personal communication. 
'=This accounts for the consistency of the trends in Fig. 1 

when H .  . . X rather than H .  . .X* is used for the trifurcated 
situations. 
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drogen bonds lacking definite spatial relationship, 
between reorientations, to the acceptor atom(s). Such 
bonds may generally be expected to exist in crystals 
with C.N. > 8;  the greatest librational freedom is 
likely to exist in situations where S is cubic. A more 
appropriate generic description of such bonds might 
bejuxional hydrogen bonds. 

An exceptionally favourable situation for a study 
of the hydrogen bond in a symmetrically trifurcated 
but noncubic coordination appears to exist in 36. 
Because three of the H atoms of the ammonium ion 
are engaged in strong normal hydrogen bonds to the 
F atoills of a single SnF3- ion, the fourth H atom 
can only point into a triangle of F atoms related by 
the unique threefold axis of the ammonium ion, and 
so an opportunity seems to exist for examining a 
single bond of this type in a relatively stationary 
ammonium ion. The trifurcated situation in this 
compound is, however, not quite similar to that in 18 
or 6. In 18 a hydrogen atom has three nearest H 
neighbours at  3.01 A (laterally) and one next-nearest 
at 5.21 A (along C,); in 6 the nearest H neighbours 
of a hydrogen atom are at 3.45 A (laterally), always 
assuming that the H atoms are at  their equilibrium 
positions required by the space-group symmetry. In 
36, however, the nearest H neighbours, which occur 
in centrosymmetric pairs on C,, are separated by 
only 1.66 A. The H-H repulsion in 36 must thus be 
much more significant than in 18 and 6 and can be 
expected to raise the frequency of the axial N D  
stretching vibration over and above the increase due 
to the overall volume effect. This is indeed observed. 
The low vl(n) frequency, 2246 cmpl ,  indicates that 
the three normal N-H. . . F  bonds are strong, and 
the large values of the three components of the H N D  
bending, 1284.7-1295.2 cm-' (Table 4), and their 
small spread can be taken as evidence of the nonaxial 
bonds and the axial bond both being strong and of 
similar strength. However, the vl(a) value is 162 
cm-' above the v,(n); which is by far the largest dif- 
ference between two v, component frequencies of 
the NH,D+ probe observed to date in an ammonium 
compound. '--" .f.., <:  

The strong H-H repulsion, which may also be re- 
garded as an anisotropic volume effect, probably 
also accounts for the misfit of the NHF* angle of 36 
in Figs. 8B and 9. A point corresponding to NHX* = 
134" would be expected to fall appreciably below 
those of (NH,),MF, in Fig. 8B. In Fig. 3B the point 
for the axial bond falls among the fluorides with 
C.N. 12, which is not in contradiction with the type 
of bond encountered here, although the region in 
which the point would have been expected to fall is 
4 < C.N. < 12. Since the axial N-H bond in 36 

probably comes closest to the notion of a symmet- 
rically trifurcated bond, a neutron diffraction study 
of the crystal at  two temperatures would be of con- 
siderable interest. 

Criteria of Hydrogen Bonding of the Avzmotziurn 
Ion in Crystals 

Various criteria have been previously proposed 
in attempts to determine whether hydrogen bonding 
plays an important role in ammoilium salts. They 
have been recently summarized by Hamann (30). 
Those pertinent to the present work are: (i) Hydro- 
gen bonding is present if combination modes vi + v, 
(i = 2 and 4) involving the librational mode v, are 
observed in the ir spectra of NH,', and (ii) if the fre- 
quency of the antisymmetric bending mode 
v,(NH,+) is higher than 1400 cm- '. 

Criterion i refers actually more to the type of the 
hydrogen-bonding interaction than to its strength. 
The most important single factor governing the pres- 
ence of the NH,' combination modes seems to be 
the C.N. and the attendant NHX;: angle. We have 
seen that the hydrogen bonds in ammonium halides 
with C.N. 6 or 12 are most probably highly dyna- 
mic in nature and that motion of H atoms on a por- 
tion of a spherical surface in the regions between 
acceptor atoms is relatively free. In this situation, 
especially at  room temperature (the temperature at 
which most studies have been conducted), there is 
reason to believe that no vi + v, absorption would 
be observed because of the strong temperature depen- 
dence of the breadth of the v,(NH,+) fundamental 
(cf. ref. 23). Dunsmuir and Lane (31) only cite one 
salt of the cubic K,PtCl, type, 18, in which both 
combination modes were present. The sharp contrast 
between NH,' in fcc alkali halide matrices (C.N. 6), 
in whose spectra vi + v, are apparently absent, and 
the CsX matrices (C.N. 81, in whose spectra these 
bands were observed (18, 23), provides further sup- 
port for this view, in that the strength of the hydrogen 
bonding, as measured by the v, frequency of the 
NH3Df  probe, is much the same in both cases. It 
may be noted that the combination bands appear in 
the room-temperature spectra of the fluorides 
(NH,),MF, (M = Fe, Al, Ga, In, Sc) (31, 32), 
which are structurally closely related to (NH,),MF, 
and contain ammonium ions in both 6- and 12-co- 
ordination. It is likely that the increased formal 
charge on the F atoms in the triammonium com- 
pounds (Table 5) causes the combination bands in 
these salts to emerge more readily than in (NH,),- 
MF,, even though direct evidence for this is lacking. 

The suggestion that, for a hydrogen-bonded am- 
monium salt, v,(NH,+) will occur above 1400 cm-' 
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(31) is not beyond doubt (cf. ref. 33). The voluine 
effect applies equally to pure NH,' spectra, and in 
those halides where it predominates over hydrogen- 
bollding effects it will tend to increase this frequency. 

The commonly-held view that crystallographic dis- 
similarity of a11 ammonium salt and its K and Rb 
analogues should be attributed to the effects of 
hydrogen bonding also bears closer examination. It 
is undoubtedly correct in some cases, notably in 
NH,F, but in many instances the stability of one 
phase relative to a second is only marginal, and the 
dissimilarity of the ammonium compound and the K 
and Rb compouilds, at a particular ternperature, may 
be the result of different lattice dynamics, without 
significant involvement of hydrogen-bonding interac- 
tions. Thus 18 is isostructural with K,SiF6 and 
Rb,SiF, at room temperature, yet we have seen that 
hydrogen-bonding interactions are present in the 
ammo~lium compound. Similarly, (NH,),TeBr6 and 
RS,TeBr, are cubic at room temperature while 
K,TeBr, is not; at 180 K the ammonium compound 
is noncuhic while the Rb compound remains cubic, 
but below 77 K all three compounds are noncubic 
(24), even though the transformation in the Rb com- 
pound cannot be attributed to hydrogen bonding. 
As a general criterion, crystallographic comparisons 
of this kind must therefore be used with due caution. 

A more reliable criterion than most, for ammo- 
nium halogen compounds, appears to be the position 
of the v,, v,,, point in Fig. 3. I t  is based entirely on 
internal, of necessity selfconsistent, evidence fi-om the 
ir spectra, and it has the advantage of relating the 
strength of the hydrogen-bonding interaction to 
parameters associated with the type of hydrogen 
bonding. To what extent this criterion is applicable 
to ammoniunl salts of oxyacids cannot be determined 
a t  present because of the paucity of spectral data for 
the NH,D+ probe ill such crystals. 

Conclusions 

This study is conceriled with the problem of deter- 
mining the extent of hydrogen bonding and the type 
of el~vironment and motions of an ammoilium ion in 
a crystal from ir spectra of polycrystalline simple and 
complex ammonium halides. Our results show that 
unarnbiguous information bearing on this problem 
can be obtained from spectra of the isotopically 
isolated NH3D+ probe ion but not from spectra of 
the NH,+ or ND,' ions. 

Contrary to what might be expected, the v,- 
(NH3D') stretching frequency is not a monotonic 
indicator of the strength of the N-D . . . X bond. As 
Figs. 1, 3, 6, and 8 sho~v; the frequency of the v, 
vibration in a crystal is affected by two factors acting 
in opposite directions, the acceptor strength and a 

volume effect. The effect of each factor levels off with 
increasing D .  . . X  distance. As a result, the v, fre- 
quencies converge to a value near 2330-2340 cmp'  ; 
this value may be regarded as the 'free ion' value in 
ammonium halogen compounds. Observed v, values 
significantly below this limit, say below 2310 cm-I, 
correspond to C.N. between four and eight and to 
strong or moderately strong normal (i.e. 'straight') 
N-D.. . X  bonds, while those significantly above, 
say 2350 cmpl  or higher, are most likely to corre- 
spond to C.N. 12 (possibly 8, rarely 6) and to weak 
or very weak hydrogen-bonding interactions (Fig. 8). 
However, formal charge on the acceptor atom also 
plays a part and must be considered when making 
an estimate of the hydrogen-bond strength. 

When both the v, stretching and v,,, bending fre- 
quencies of the NH3D+ probe are known, the situa- 
tion in which the ammonium ion finds itself in the 
crystal can be determined ~ i t h  considerable confi- 
dence with reference to Fig. 3. This is possible be- 
cause the acceptor strength and the volume effect act 
in the same direction on v,,, but i l l  opposite direc- 
tions on v,. Thus the v,,, frequency decreases 
steadily with the strength of hydrogen bonding, 
while the v, frequencies separate into two limitiilg 
groups, a low-frequency, normal-hydrogen-bond 
one, dominated essentially by the acceptor strength, 
and a high-frequency one, dominated essentially by 
the volume effect and corresponding to hydrogen- 
bonding interactions pronouncedly dynamic in 
character. The points of the v,,, vs. v, plot fall into 
well-separated regions according to the acceptor and 
C.N., which leads to assignment of NH,D+ spectra 
not studied previously to particular structural situa- 
tions and makes predictions possible. 

The factors that are responsible for the trends 
evident in the v,,, vs. v, and v, vs. H . .  . X  plots 
manifest themselves also in other ways. Thus when 
the activation energy E, for reorientation of the am- 
monium ion in a crystal is plotted against v, (Fig. 6), 
the correlation curve has a low-frequency and a high- 
frequency branch, the former corresponding to 
normal hydrogen bonds and C.N. < 12, the latter 
to hydrogen bonds of a highly dynamic character 
and C.N. 12. However, ammonium ions of C.N. 6 
may fall on either branch, depending on the formal 
charge on the acceptor atom: on the low-frequency 
branch when the formal charge is high (e.g., 
NH,I(I)). and on the high-frequency branch when 
the formal charge is low (e.g., NH,PF,). In elther 
case the bonds for C.N. 6 are similar in character 
to those for C.N. 12. 

The conclusions drawn from the combined evi- 
dence obtained from our ir spectra of the NH3D' 
probe and from thc results of published diffraction 
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studies do not support the view that in situations 
where C.N. is 6 or 12, e.g., in 6 or 18, the ammonium 
ion is attached, between reorientations, by tzornzal 
(i.e. essentially straight) hydrogen bonds to one or 
simultaneously to two or three acceptor atoms, for 
only one, symmetric v, band is observed. The so- 
called 'trifurcated' hydrogen bond, which had been 
suggested to occur in such situations, is most likely a 
highly no11-directional hydrogen-bonding interaction 
of a strength not much different from that of a nor- 
mal hydrogen bond of comparable N . .  .X  length. 
For v,(NH,D+) in the alkali halide matrices the 
increase in Av,!, on going from C.N. 8 to C.N. 6 is 
of the order of 15 cm-l.  

The desirability of comparing the vibrational fre- 
quencies of the isotopically isolated NH,D+ probe 
ion rather than those of NH,' or ND,+ must be 
emphasized. Thus Dunsmuir and Lane (3 l), who ob- 
tained ir spectra of the NH,' ion in a number of 
undeuterated complex ammonium halides, were not 
as successful as they might have been in establishing 
correlations between vibrational frequency and C.N. 
or what in our terms amounts to formal charge on 
the acceptor atom, even though their compounds 
were well selected for the purpose. This was in part 
due to the unreliable nature of the NH,' frequencies, 
which becomes evident when the v,(NH,+) frequen- 
cies of Dunsmuir and Lane are plotted against their 
v,(NH,+) frequencies. The plot resembles in a gen- 
eral way the high-v, region of our Fig. 3, but the 
separation of the points according to X and C.N. is 
much less obvious. 

Experimental 
Sample Pvepamtiorz and Apparatus 

The ammonium salts were either obtained commercially or 
prepared by literature methods. In most cases the salts were 
recrystallized from moderately concentrated solutions o f  the 
appropriate HX acid. A further recrystallization was then used 
to introduce a small proportion o f  deuterium into the samples, 
typically at a level o f  0 5 2 % .  The sample o f  19 was prepared 
at our request by Dr J .  H .  Holloway in a manner analogous 
to the K salt, followed by a cation exchange procedure. Ammo- 
nium fluoride containing 1% D was obtained by recrystalliza- 
tion from MeOH ( 1 %  D). 

The spectra o f  NH3D+ in 18, 22, 23, 25, 31-33, 37, 38, 40, 
41, and 44 have been described elsewhere (1-4, 6). The spectra 
o f  the isotopically isolated NH3Di  ion in the rest o f  the salts 
are reported here for the first time. Details o f  the ir apparatus 
and technique will be found in previous papers o f  this series 
(1-5). 

The K X ,  RbX,  and CsX crystals containing low concentra- 
tions o f  ammonium ion were preparcd by slow evaporation o f  
aqueous solutions o f  the alkali halide and appropriate ammo- 
nium halide in the desired proportion; attempts to incorporate 
in this manner NH3D+ into NaX crystals were unsuccessful. 
Typically the alkali halide contained 5% NH4+ and the sample 
was crystallized hot from water containing 5% D. This rather 
high level was necessitated by the need to obtain a reasonable 
absorption in samples in these 'double-dilution' experiments. 

Samples suitable for our purposes were pressed into pellets 
which could be held in the low-temperature sample holder 
using indium gaskets. 

Str~rctlrral Information 
In spite o f  our efforts we failed to find in the literature crys- 

tal-structure determinations for a few o f  the compounds, and 
in a number o f  cases we have had to accept determinations o f  
inferior quality. A further difficulty was cncountered where 
transitions occurred, or were suspected to occur, on cooling. 
Practically no detailed crystallography has been done on the 
low-temperature phases, so we had to assume that the H .  . . X 
distances did not change drastically on lowering the tempera- 
ture. Where no reference is given, particulars o f  the crystal 
structure will be found in ref. 13. 

Anzmonium and Alkali Halides, 1-1 7 (Table I )  
1, NH4F (9, 10). P6,mc (No.  186), Z = 2, S = C,,.. Al- 

though two v l  bands, in a 3 :  1 intensity ratio, would be ex- 
pected for S = C,,, only a single band was observed. The band 
appeared to be symmetric when visual allowance was made for 
a slight distortion due to the Christiansen effect. T h e  displace- 
ment between the N and F hcp sublattices is such that each 
ion is equidistant, at 2.708(3) A, from its four nearest neigh- 
bours (9). 

2, ~ , ' N H , c I .  Phase 11 (242-457 K) ,  Pm3m (No.  221), Z = 1, 
S(diffraction) = Oh, S(loca1) # Oh (see Discussion). Phase 
111 (i 242 K) ,  P43m (No .  215), Z = I ,  S = T,. 

4, 5,  NH,Br (28, 34). Phase 11 (235-411 K) ,  as in 2. Phase 
I11 (< 235 K ) ,  P4,'nmm (No .  129), Z = 2, S = D,,. 

6 ,  7 ,  8, NH41 (28). Phase I (> 259 K ) ,  Fin3m (No.  225), 
Z = 4, S = O,,. Phases 11 (231-259 K) and 111 (<231 K )  as 
in NH,Br. 

Single vl bands were observed for all three halides. 711 NH41 
the halfwidth was 9 cm-' in phase IIZ and increased to -50 
cm-' in phase 11. In NH,I(I) the band was very broad, -65 
cm-' at 290 K .  The variation o f  v ,  with temperature is shown 
in Fig. 2. 

In the KX and RbX matrices S = Oh, C.N. 6 ;  in the CsX 
matrices, S = Oh, C.N. 8 .  The H .  . .X values in Table 1 are 
those for the pure halides at 80 K ;  no account was taken o f  
the size disparity o f  the guest and the host ions. The lattice 
parameters o f  the fcc alkali halides at 80 K were taken from 
ref. 16. Those o f  CsX were estimated on the assumption that 
the contraction percentage on cooling is the same as for the 
corresponding RbX.  

Cubic (NH4)  ,MX,, 18-30 (Table 2)  
Ftn3m (No .  225), Z = 4, S = T,, C.N.  12 (cf .  Fig. 1 o f  ref. 

1 ) .  The positional parameter x (X)  has been determined accu- 
rately only for 18 ( 1  I), 19 (personal communication from J .  H. 
Holloway), 23 (12,25), and 29 (35). In all the other compounds 
in Table 2 it had to be estimated. T o  do this, the structures o f  
all the cubic A2MX6 compounds in the NBS collection o f  
X-ray powder diffractometer patterns (36) were refined by 
least-squares from the intensity data listed there, using X-ray 
scattering factors for neutral atoms and an overall temperature 
factor. Unfortunately many o f  the x(X) ,  K, B refinements did 
not converge properly owing to  the insufficient accuracy, and 
at times the small volume, o f  usable intensity data. Those o f  
the refined x ( X )  values that were judged satisfactory were com- 
bined with the available literature values o f  x ( X )  (room tem- 
perature), and the entire set was regressed, separately for x(C1) 
and x(Br), on the values o f  the effective radii r x i i (A+)  and 
rvi (M4+).  The x(F) values presented a problem because o f  
their small range and poor accuracy; refinements from the 
NBS powder intensities gave 0.212 for K2SiF6, 0.208 for 18, 
0.217 for Rb2SiF6, and 0.211 for Cs2GeF6. 
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The radii used in the double regressions were those of ref. 19 
except for Si, Ge, Pt, Hf, Zr, Pb, Pu, U, Th, and Po, for which 
the values from ref. 37 were employed. For Se and Te the 
values were 0.650 and 0.785 A, respectively. The radius of 
NH4+ was calculated from the equation given in Discussion. 
The regressions are represented by the equations 

(28 compounds, r 2  = 0.85, o = 0.002) and 

(based on four compounds for which x(Br) had been deter- 
mined accurately from single-crystal data; for a total of eight 
compounds, r 2  = 0.87, o = 0.002). 

The x(F) value of 20 was taken to be the same as that of 18. 
No structural data are available for the low-temperature phases 
28 and 30 except as noted in Table 2. 

With the exception of 28 and 30, single, sharp (AV, ,~  = 5-9 
cm-') vl and vah, absorptions were observed for all the com- 
pounds listed in Table 2. None of the bands was completely 
free from the Christiansen effect; the effect was very large in 
the spectra of 24. No evidence of Ferlni resonance between the 
2 ~ 4 , ~  and vl levels was found. 

Trigonal (NHa),MF6, 31-34 (Table 3) 
P3ml (No. 164), Z = 1, S = C,,, C.N. 12 (cf. Fig. 1 of ref. 

2). The three positional parameters, z(N), x(X), and z(X), 
have been determined only for 31 (38). The H .  . . X values for 
32-34 are estimates based on similarity to other compounds of 
this type (13, 36). The NH,DT frequencies of 31 and 32 were 
reported in ref. 2;  those of 33, in ref. 6 ;  those of 34 are new. 
Both the axial (a) and the non-axial (n) v,, in an intensity ratio 
of 1 :3, correspond to H atoms in trifurcated situations: v,(a) 
to an equilateral and v,(n) to three isosceles triangles of fluo- 
rine atoms. 

The v,(a) and vl(n) values for the four compounds show a 
strong correlation ( rZ = 0.94). 

Other Comporlnds, 35-45 (Table 4) 
35, NH4MnF,. Cubic perovskite. At 2200  K, Pm3m (No. 

221), Z = 1. The spectrum of NH,D+ in the hitherto unre- 
ported low-temperature phase will be described elsewhere. 

36, NH4SnF, (39). R3 (No. 148), Z = 2. The expectation 
for three normal N-H. . . F bonds and one in a trifurcated 
situation (on C,, H . .  .F" - 2.19 A, NHF* - 134") would be 
a 3:  1 v, doublet. Two components, with a separation of 162 
c n ~ r ' ,  are in fact observed. The 1295.2cm-I absorption is 
assigned to v4,,(a). No indication of transitions between room 
temperature and 77 K was found in the spectra. The strong 
hydrogen bonding inferred from the low vl(n) frequency is 
reflected in the very intense, sharp v, t v6 and va t v6 com- 
bination bands of the NH, + ion. 

37, NHaBF, (40). Prima (No. 62), Z = 4. 
38, NH4BPh4. The crystal structure does not appear to have 

been determined. For the corresponding K (41) and Rb  (42) 
compounds, 1Z2m (No. 121), Z = 2, S = D,,. If thc ammo- 
nium compound is isostructural, which appears likely (4), the 
NH4+ ion is surrounded by four benzene rings belonging to 
two BPh4- ions. 

39, NH4A1F,. l'4/mmm (No. 123), t = 1. 
40, NH4PF6. A structure determination is not available. 

While 40 has been presumed (46) isostructural with a-KPF, 
(Pa3 (No. 205), Z = 4, S = C,!) ,  the previously reported 
spectrum of NH,D+ in this compound (4) was consistent with 
cubic site symmetry down to 77 K. To estimate the H . .  .X  
and NHF* values, 40 was assumed to be isostructural with 
NaSbF,(I) (Fm3m (No. 225), Z = 4) and P-F was taken as 
1.58 A. 

41, (NH,),PdCI,. P4/mmm (No. 123), Z = 1. At 125 K and 
above the ammonium ions are disordered between the two 
possible orientations at  each N site. Krebs Larsen and Berg 
(43) could not see any evidence of phase change in the X-ray 
pattern of a crystal cooled to 90 K. The spectra of 42 
(NH4),PtC14 and 43 (NH4),PdBr, were very similar and these 
compounds are presumed isostructural with 41. 

44, (NH4)2[CuC14(H,0)2]. At room temperature the space 
group is P42/mnm (No. 136), 2 = 2 (neutron diffraction, ref. 
44), but on cooling transitions take place in the crystal; their 
nature has not yet been determined (45). 

Trarisitions in Clibic (NH~)ZIMX, 
The existence of numerous thermally induced transitions 

in A,MX6 is well documented (cf. ref. 24). The transition 
temperature may be above (e.g., in K,PbCI, (48) or K,SnBr6 
(1 3)) or below room temperature. In the present study evidence 
of low-temperature transitions was detected in the spectra of 
(NH,),SnBr6 and (NHa),TeBr6, consistent with the DTA 
results on the stannate (T,, = 124 and 145 K) and with nqr 
(49) and X-ray (35) results on the tellurate (T,, = 194 and 
214 K), but not in (NH,),SnC16 and (NH4)2PbC16, for which 
T,, of < 77 and 240 K, respectively, have been reported (24). 

Above - 150 K a single broad v, band and a single broad 
vdhc band were observed in the spectra of the stannate. These 
absorptions are consistent with S = T,, but the breadth of the 
bands calls for caution in drawing definite conclusions about 
the site symmetry in this, the room-temperature, phase from 
the ir results alone. Between 124 and 145 K a multiple absorp- 
tion was observed in the vl region. Again the bands were broad 
and we are only able to say with any certainty that at least two 
components were present. Below 124 K fo~rr sharp bands were 
present in the N D  stretching region." Assuming that NH,+ 
in this phase occupies a single equipoint, the occurrence of 
four bznds is consistent with S = C l ;  the absence of diffrac- 
tion data for the lowest-temperature phase precludes a more 
detailed conclusion. 

The much greater breadth of the vl components in the phase 
stable above 125 K is an  indication that considerable reorien- 
tational motion of the ammonium ion occurs in this phase (cf. 
ref. 4). The halfwidth of each vl component at 77 K was 
6 cm-'. It seems likely that a correlation time of less than 
about lo-" s would be required to account for the broadening 
observed on passage through the 124 K transition point. This 
conclusion agrees well with the nmr results of Strange and 
Terenzi (50) which suggest a correlation time, for reorientation 
of the NH,' ion at 130 K, of about 8 x s. The activa- 
tion energy of reorientation changes, at the 145 K transition, 
from 0.26 for the upper phase to 1.44 kcal;mol for the lower 
phase. 

The quality of the (NH4),TeBr6 spectra was inferior by 
comparison. The vl absorption of the room-temperature phase 
was again compatible with S = T,. Below 214 K the NH,D+ 
absorptions were too broad to be of diagnostic value for S. At 
77 K ,  in a third phase, the observed NH,D+ absorptions were 
very similar to those i n  the corresponding stannate phase, 
hence probably S = C,. 

The space group of the phase existing below 214 K was 
deduced by Das and Brown (35) from Weissenberg photo- 
graphs as P4/mnc (NO. 128), Z = 2, hence S = D,. An 
NH,DC probe ion at such a site would be expected to give rise 
to a single vl and two vdbc absorptions (6). In view of the im- 
plied rapid reorientational motion in this phase we were un- 
able to verify the expected site symmetry from our spectra. 

It is interesting to note that in both salts combination modes 

17The NH3D+ frequencies of 28 and 30 and similar data for 
other low-temperature phases of ammonium halides will be 
published elsewhere. 
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involving librations are observed in the lowest phase. Their 
occurrence, together with an overall lowering of v, by about 
15 cm-I, leaves little doubt that hydrogen bonding is impli- 
cated in the formation of this phase. One notes further that 
the obserbed combination snodes v, + v, are broad (Av,,, - 
50 cm-I), which is in agreement with the earlier discussion of 
the dependence of band breadth on C.N. 

The hexabromostannate and tellurate provide an interesting 
illustration of the hydrogen-bonding behaviour of the ammo- 
nium ion in crystals. It is apparent that the ion itself is not 
responsible for the phase transitions, analogous transitions 
occur in the K and R b  salts, but whatever the specific cause of 
the transition, in the ammonium salts the consequence is 
stronger hydrogen bonding. 

An observation concerning the crystallographic relationship 
of the lower-symmetry phases to the parent F1n3rn phase will be 
found in the Appendix. 

Estirnati~n of the Actication Etzeugies 
Activation energies E, for rcorientation ofthe NH,+ ion have 

been estimated, mostly from nmr experiments, in a variety of 
ammonium halides. References for the compounds included 
in Fig. 6 are as follows: 1 (51), 2-8 (52), 18 (50), 21 (22), 22 
(22, 53), 23 (50, 54, 55), 24 (cited in ref. 56), 26 (22, 53), 27 
(SO), 32 (57), 33 (58), 37 (59), 40 (60). In addition, estimates of 
E, for 9-17 were obtained from the barrier heights (23) by 
subtracting the zero-point energies. 
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FIG. 10. Crystallographic transformations in A,MX, via 
Appendix tetragonal distortions. The space groups framed in squares are 

not subgroups of 0,5-Ft??3m. 
A remark is in order concerning the crystallo- 

graphic relationship of the lolver-symmetry A,MX, operatiolls from LU then ~ i e l d s  H.   his loss of sym- 
phases to the parellt 0 , s  phase.18 I , ~  none of the cases metry operations results in a reduction of symmetry- 

in which the space group H of the phase immediately imposed restrictions in both the equilibrium posi- 
below cubic has heen reported - ~ , , 6  in ~ ~ ~ ~ c - 1 ,  tional parameters of the atoms affected and the 
(61) and (NH,),TeBr, (35) at lowtemperature, in dynamic freedom of the composite ions (e.g. with 

K2SnBr, at room temperature (13), and C2; in respect to 'rigid' rotation). For example, in KzSnCl, 

K,TeBr, (20), K2TeI, (62), and K2pbc] ,  (48) a t  the subgroup and chromatic-symmetry reductions 
room temperature (and also in K,S~CI,(I) (611, produce the changes in positional coordinates and 

below the ~ , , , 6  phase 11) - is H a subgroup of 0 2 ,  site symnletries shown in Table 6. The tetragonal 

even though the structural similarity is evident (cf. (subgroup) distortion may manifest itself metrically 

ref. 20). ] H ~ ~ ~ ~ ~ ~ ,  each of the three space groups is but leaves the symmetry constraints on the individual 

a monochromatic subgroup of index two of a atoms unchanged. The reinoval of reflections from 

shubnikov group which corresponds to one of the the Sn site by the 'chromatic' distortion, however, 

subgroups G of 0,5: ~ , , 6  U - [ ~ , ~ ~ I O  (=  p,4/mnc), not only makes possible rotation of the square of C1 
8 3 02 c L U ~ ~ ~ ~ ~  ( ~ P ~ 4 2 ~ 2 ) ,  CzrZ5 cU-[,, (=PA21/  

atoms in the z = 0 plane fi-om its x,x,O etc. position, 

6). when  the colour-challging symmetry operations but also removes a symmetry restriction on the free- 

are retained but their chrolnatic nature is disre- dom of rotational arid reorientation motions of the 
garded, ~ , , , 4 1 0 ,  ~ , , 1 0 2 ,  m,,83 become, respec- SnCl, octahedron in the 002 planes. The second 
tively, D4,17, D , ~ ,  and cZh3. The symmetry reduc- transition, 11 + I, corresponds to the subgroup sym- 
tion outside the composition series of O,,s (cf. Fig. 10) metry reduction 0 4 h 6  3 02t,12 2 c2JL5 and carries 
can then be represented as ~ , ,171~ , ,6 ,  ~ ~ 9 1 ~ ~ 2  and a step further the distortion initiated by the 

~ ~ ~ ~ 1 c ~ ~ ~ ,  i.e. (G c 0h5)l (H $ Oh5): H is derived 'chromatic' symmetry reduction D,,l71 0 4 h 6 .  

from Oh5 by descent in symmetry along the composi- The above three Shubnikov groups are all of the 
tion series Oh5 3 GI 3 G2 . . . 3 Cll  to  a subgroup so-called type IV (cf. for example, ref. 63), i.e. based 

which generates a having the requisite C I ~  on dichromatic Bravais lattices.19 The 'chromatic' 
relationship. omission of the chromatic symmetry translation corresponds in this case to an antiphase 

rotation of the MX, octahedron, resulting in an 
1 8  To avoid explanations concerning changes in the setting 

of the unit cell, the Schonfliess symbols will be used for con- 19All G c Oh5 are symmorphic; D4,,6, DdZ, and CAh5 are 
venience. non-symmorphic. 
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TABLE 6. Changes produced in positional coordinateso and site symmetries on subgroup and chromatic symmetry reduc- 
tions in a K,SnCl, crystal 

Phaseb S.G." Sn K C1 

111 oh5 0 (0,) O,+,+ (TJ x,x,O (C4J 
Ddbl7 C oh5: 

aThe coordinates of only one of the symmetry-related positions are given. 
bDesignation as in ref. 61. 
%pace group. 
dChange of setting from F to I. 
'Formal step 

'antiferro' arrangement of the rotational displace- 
ments. 

Symmetry changes similar to  those in A2MX6 are 
also observed in the structurally closely related 
A3MF, on cooling (47): Oh5 -, D ~ , , ~  in (NH,)$lF, 
and (NH,)?FeF,, Oh5 -+ C2h5 ill Na3AlF6, and 
O,,' -+ D,,," in K3AIF,. The involvement of soft 
modes (64) in these transitions remains to be deter- 
mined. 

Apparently the transitions in A,MX, need not be 
of the 'antiferro' type. The space group of the low- 
temperature phase of K,OsCl, has not been stated, 
but on evidence from limited neutron-diffraction 
data (65) the transition K,OSC~,(O,,~) -t K,OsCl,- 
(LT) is continuous, showing no metric departures 
from cubic symmetry, and 'ferrorotative', charac- 
terized by a collective in-phase rotation of the OsCl, 
octahedra. In K,ReCl, no fewer than four transi- 
tions have been detected (24, 66). The most probable 
chemical space group of the phase existing below 
76 K, based on limited neutron-diffraction data, has 
been stated to  be T:, with the possibility of a dis- 
ordered arrangement in 0: (66, 67); an attempt has 
been made (66) to understand the nature of the 
transitions involving the other phases, using a com- 
bination of theory and experiment, of lattice dynam- 
ics and the Landau theory of second-order transi- 
tions. There is no GIT,? pair. Here the only way t o  
visualize the symmetry parentage of the phase would 
be via the common subgroup C,: (cf. F i g  11): 

~ 

0,,5 4 (D3d5 or Th3) + C3: -+ T:. TO what extent 
FIG. 11. Same as Fig. 10 but via cubic and trigonal distor- the various formal symmetry paths reflect actual 

tions. transformatioil mechanisms remains to  be seen. 

: I n  tllc fint p;il'agn~ph of the I-ight-hand column on 
" '\ 

17. 3 1.3 and in  the sccontl paragl-aph of the left-hand 
:r:olumn on p. 417 the di\cussion of NH,Snl:3 is 
:h;~\cci. ct.~.c)nec~uhlq,. on the a\sumption that the 
:~si;tl N----t-1 vccto~.points ;i\v;iy from the Sn ;itom of 
tlic rl<-;tr.cst S I !~ , '~  ion t>n the thrccfoltl irki \  ;Inti 
C O I ~ \ C C ) I I C I ~ ~  ly , that t hc thl.ce cq~iivi1Ic11t I I O I ~ ; L S ~ ; I ~  

hytll.ogen bonds ;ire to the P atoms of th;tt SnF3 

ion. 111 f ;~c t ,  c v c ~ t  I!loi~gh 1 hc 1 4  ;1t01114 h;~ve iiol ~ ~ C C I I  

Ioc;~tctl. [ I l k .  concl~l~ior~ 1'1.0111 thc cvidc11cc p1.c- 
sc~ltcd i i ~  I .L .~ .  3" 11111141 1 7 ~ .  111;it the ;ixi;iI N-H vector 
points in  thc o/~po.\i:o di~.ection. i . ~ . ,  to the SII 
a t o n i .  FI - 13 s~cp~11si~)ii c;lnnot therefore he the 
c;iti\C o K t f t ~ -  Iiigli v;iluc ofv,(tr). '['his matter will Ijc 
discuswd :11or.c f ~ l l l y ,  together with addition:il ir 
resulis forNH,SnF,, in Part VIII  of this series. The 
H. . .X  and N H X *  entries for 36 in Table 4 are 
col'rci,t. 
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Lone pair interactions in dimethoxymethane and anomeric effect 

A N D  
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ICOR TVAROSKA and TOMAS BLEHA. Can. J .  Chem. 57,424 (1979). 
Perturbation molecular orbital analysis has been used for a computation of the through-bond 

and through-space orbital interactions of oxygen lone pairs in dimethoxyrnethane (DMM). 
The analysis predicts the symmetrical combination of p-type lone pairs as a highest occupied 
orbital in an antiperiplanar conformation. The conformational dependence of through-bond 
orbital interactions has the character of the V2 term in the Fourier expansion of the rotation 
potential function about the C-0 bond. Contrary to the recent theoretical interpretation that 
the anorneric effect (preference of galrcke conformation) is caused by superjacent orbital con- 
trol, the orbital interactions in DMM are not dominant terms with respect to the anomeric or 
exoanomeric effect. The dipole-dipole interactions of the C-0 bonds stabilizing the garrche 
conformation should thus be considered as the primary cause of the anomeric effect in DMM. 
The frontier orbital energies and geometric parameters in D M M  are strongly influenced by a 
variation of orbital interaction with rotation. Results obtained for D M M  are used to explain 
the conformational behaviour of other molecules containing the acetal moiety, such as pyrane 
heterocycles, sugars, and polyoxymethylene. 

ICOR TVAROSKA et TOMAS BLEHA. Can. J. Chem. 57,424 (1979). 
On a utilise une analyse de perturbation d'orbitale molCculaire pour calculer les interactions 

orbitalaires a travers les liaisons et a travers I'espace des paires libres d'oxygene du dimithoxy- 
mkthane (DIMM). L'analyse predit que la combinaison symetrique de la paire libre de typep 
sera l'orbitale haute occupee dans la conformation antiperiplanaire. La dkpendance sur la 
conformation des interactions orbitalaires a travers la liaison possede un caractere d'un terme 
V2 dans une expansion de Fourier de la fonction de potentiel de rotation autour de la liaison 
C-0. Contrairement a l'interpretation recente de I'effet anomerique (preference de la con- 
formation gauche) par un contrBle orbitalaire superjacent, les interactions orbitalaires de 
D M M  ne sont pas des termes dominants par rapport a I'effet anomerique ou exoanomerique. 
Les interactions dipBle-dip6le des liaisons C-0 stabilisant la conformation gauche doivent 
donc &tre considtrees comme la principale cause de I'effet anomerique dans le DMM. L'energie 
des orbitales frontikres et les parametres gtometriques du DMM sont fortement influences 
par une variation de I'interaction orbitalaire avec la rotation. On a utilisi les resultats obtenus 
avec le DMM pour expliquer le comportement conformationnel d'autres molecules contenant 
une portion acetal, comme les hCterocycles du pyranne, les sucres et le polyoxymethylene. 

[Traduit par le journal] 

Introduction anomeric effect is that based on the dipole-dipole 

The influence of lone-pair electrons is oftell dis- interaction between polar bonds (4). This type of 

cussed in the explanation of collformational prop- interaction is frequently visualised as a repulsioii of 

erties of molecules containing a segment of the type sp3-hybridized lone pairs ('rabbit-ears effect'), espe- 

R-X-C-y, where X denotes 0 ,  N, or S and Y cially if both X and Y are oxygell atonis (1-3, 5) .  

denotes 0 ,  N, or another having unshared However, other explanaticns for the anorneric effect 

electroll pairs, The preference of the synclinal have also been suggested. For example, an ab initio 

(gauc/re) position to the antiperiplanar one is SCF calculation of fluoromethanol led Wolfe et a[. 
teristic of such a segment alld has been called a gen- ( 6 )  to conclude that the lolie pairs are not oriented 
eralized anomeric (1-31,  hi^ directionally and that their mutual interactions are 

origiilally described in carbohydrate chemistry, also consequently independent of conforma- 
appears generally valid for a number of heterocyclic tion. These authors interpret the generali~ed anom- 
and acyclic compounds. eric effect as being the result of the fine balance 

probably the most falniliar interpretation of the within the molecule between an electron-electron 
-- repulsioi~ and a core-electron type attraction. On the 

'Revision received July 6, 1978. other hand, Radom et al. (7) provide an explanation 

0008-40421791040424- 12x0 1 .OO/O 
a1979 National Research Council of CanadaIConseil national de recherche? du Canada 
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AND BLEHA 

of the conformational properties of fluoromethanol 
calculated by the ab it~itio SCF method, based 011 the 
idea of directional orientation of lone pairs within 
the molecule. The 'rabbit-ears effect' concept has 
also been criticized by Zhdanov ct al. (8, 9) who 
assume that the anomeric effect is not a consequence 
of steric, or  lone-pair, or polar-bond interactions. 

Apart from the 'rabbit-ears effect,' the delocaliza- 
tion of an unshared electron pair of oxygen (= X) 
into a suitably oriented antibonding o"' orbital of 
the C-Y bond (3, 10-12) is frequently used to ex- 
plain the ano~neric effect. According to this latter 
idea, the highest delocalization occurs at  a confor- 
mation which has unshared p-type electron pairs 
in a n  antiperiplanar arrangement with respect to the 
C-Y bond; the synclinal conformation in acyclic 
colilpounds and the axial one in heterocycles are 
therefore preferred. David et al. (13) have analyzed 
the nature of the synclinal stabilizatio~l in more 
detail and stress the significance of the two energet- 
ically nonequivalent oxygen lone pairs interacting 
with antibonding orbitals o,~,::' and o,-,:" The 
delocalization interaction has been used as a qualita- 
tive explanation of the geometrical changes in the 
simplest diols containing an  H-0-C-0-H seg- 
ment (14, 15) and for methoxymethanol (16). This 
interpretation of the anomeric effect has recently 
also been reconciled (17) with the apparently con- 
tradictory interpretation of Wolfe et 01. (6) which 
effectively ignores lone pairs. 

The aim of the present paper I S  to investigate to 
what extent the interactions between lone pairs are 
responsible for the anomeric effect in molecules con- 
taining a C-0-C-0-C segment and to  estimate 
their significance in comparison with dipole-dipole 
interactions of polar bonds. Dimethoxymethane 
(DMM) represents the simplest model for this pur- 
pose, with the synclinal-aynclinal co~lformation 
being the most stable in this co~npound (18). A 
similar conformatio~ial oreference was found in some 
carbohydrates as well as in polyoxymethylene, a 
polymeric analogue of D M M .  Both proposals to 
rationalize the ano~iieric effect in D M M  are shown 
in Fig. 1 .  The electrostatic dipole-dipole repulsion 
of lone pairs in the conventional sp3 hybridization 
(Fig. lb) leads to the destabilization of the antiperi- 
planar conformation. According to the delocaliza- 
tion theory, donation from oxygen lone pairs to 
antibonding orbitals in D M M  is most efficient in the 
coplanar arrangement of orbitals formed by a 90" 
rotation from the antiperipla~iar conformation. This 
rotation simulates a gauche position and is shown in 
Fig. 1 c on the left. - 

I11 this paper we present a theoretical analysis of 

FIG. 1. (a) Newman projection of DMM in np (left) and sc 
(right) conformations; (b) DMM with sp3 hybridization of 
lone pairs on oxygens; (c) delocalization of p-type lone pair 
into antibonding orbital in np and og conformation. 

two distinct symmetry-controlled mechanisms for 
the interaction of oxygen lone pairs: (i) through- 
space overlap and (ii) through-bond or hypercon- 
jugation interaction. We will show how a change in 
these interactions with rotation influences the geomet- 
ric and conformational properties of the acetal seg- 
ment. This procedure has been extensively used in the 
theoretical analysis of the interaction of nonbonding 
orbitals in different kinds of molecules along with 
EHT and C N D 0 / 2  semiempirical methods (19, 20). 
Through-space and through-bond orbital interac- 
tions of lone pairs in an antiperiplanar conformation 
are analyzed using a simple perturbation molecular 
orbital (PMO) method (21) in the first part of the 
paper. The second part is devoted to a study of the 
conformational dependence of the above interactions 
and its significance in the anomeric effect in molecules 
with a C-0-C-0-C bond sequence is discussed. 

Theory 

Orbital Interaction AnaIysis 
The antiperiplanar (trans) conformation (up, 

cp ,  = cpZ = 1803) of DMM is shown on the left-hand 
side of Fig. 16. Conformations formed by rotation 
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326 C A N  J .  CHEM. VOL. 57. 1979 

about the 03-C1 bond are denoted as orthogonal 
(og) when cp ,  = 90', synclinal (sc) when c p ,  = 60" 
(gactcl~r), and synperiplanar (sp) when c p ,  = 0" (cis). 
Hydrogen atoms in methyl groups are assumed to be 
fixed in a staggered (ap) conformation with respect 
to  the central C-O bonds. 

An oxygen atom situated in an  isolated 
-C-0-C- group is characterized by two lone 
pairs having different energies (22). According to 
the description of this group by means of molecular 
orbitals (MO), the lone pair having higher energy 
is of the y type, whereas that with lower energy is 
formed by a combination of s and p atomic orbitals 
(AO). A DMM snolecule in the ap conformation 
contains two equivalent oxygen atoms. The indi- 
vidual lone pairs, degenerate in the absence of any 
interaction, may differ in energy as a result of 
through-bond and through-space interactions be- 
tween the individual nonbonding orbitals. The 
energy splitting between these MO's is a prime 
ope ra t io~~a l  measure of the extent of orbital interac- 
tion. 

When the coordinate system for D M M  in the ay 
conformation is oriented according to Fig. 16, the 
p-type lone pair is in the direction of they ,  A 0  of 
oxygen and the sp-type lone pair is situated mainly 
in the p, ' 4 0  direction. The hyperconjugation of the 
17, lone electron pair with the n,(CH,) bonding and 
nZ3:(CH3) antibonding orbitals of the methyl groups 
(23) (Fig. 2) leads to the formation of the three 
doubly degenerate orbitals P,, L,, P;'::. The P, and 
P,;' orbitals are predominantly localized at  the 
methyl groups. The L,  orbital is, on the contrary, 

FIG. 2. Interaction of the p-type lone pair of oxygen with 
orbitals of the methyl group in op confornlation. 

localized mainly at  the p, A 0  of the oxygen atoms 
and characterizes a y-type lone pair. The sp type lone 
pair interacts in an  analogous way. In this case, how- 
ever, rc,(CH3) and n, '(CH3) represent the sym- 
metrically suitable orbitals and interaction leads to 
the creation of P,, L,, and P,':' orbitals. For the 
through-bond and through-space interaction of 
oxygen atom lone pairs, the LZ and L,  will be mainly 
discussed in the present paper and the subscripts z 
and x will be omitted wherever possible. 

Through-space and through-bond interactions of 
lone electron pairs can be expressed using the PMO 
theory (19, 21). Since we do not know the detailed 
form of the perturbational Hamiltonian P, we 
assume that the matrix element of P,, is propor- 
tional to the overlap integral as is customary in 
semiempirical M O  theory (24) when expressing 
resonance integrals. The resulting expression for the 
orbital energy change (21) is 

[ lb]  E(i, j )  = Ei - EiO = i- c i ~ c j , ~ b A B S k , v  , 2 "  

where EiO and EiO are the energies of the orbitals 
before interaction, tip, cj, are the coefficients of an  
LCAO expansion, and S,,,, refers to an  overlap in- 
tegral between p and v AO, and P A ,  denotes a 
bonding parameter for the atom pair (24). 

I t  should be pointed out that although these for- 
mulae d o  not contain the overlap explicitly, they 
possess an implicit dependence on overlap through 
the selected expression for the perturbational Hamil- 
tonian. Obviously we could use the complete expres- 
sion for the off-diagonal elements of the Hartree- 
Fock matrix for the ~er turbat ional  Hamiltonian and, 
in this way, include the electron repulsion term in eq. 
[ I ] .  However, in our approach this term depends 
onlv OIL the distance between two atoms and there- 
fore does not change during rotation. These two 
equations allow for the expression of through-bond 
and through-space interactions, respectively, and 
for their dependence on conformation. 

Through-space or  direct interaction of lone pairs 
leads to the formation of a symmetrical coinbina- 
tion, depicted as L(S), and an  antisymmetrical one, 
L(A), of lone-pair orbitals. This process is illustrated 
schematically In the xy projection for an  L,-type of 
lone pair in the ap,ap conformation of D M M  as 
shown in Fig. 3. 

The order of the final M O  levels also depends on 
whether L(S) and L(A) orbitals can interact with 
orbitals of the same symmetry. In the case of D M M ,  
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AND BLEHA 427 

hyperconjugating n,,nx, and nZ",nx':' orbitals of the 
central methylene group may take part in this 
through-bond interaction but for synlmetry reasons: 
only L(S) orbitals may interact; while the energy of 
the antisymmetric L(A) remains unchanged. 

In Fig. 4 we again illustrate the through-bond 
interaction for L(A) and L(S) combinations of Lz 
lone pairs with n, and n;':' orbitals of the central 
methylene group in the ,uy projection. The resulting 
orbitals are depicted as N ( S )  and N(A), respectively. 
In an analogous way we could describe through- 
bond and through-space interaction of the sp lone 
pairs. 

Results and Discussion 

Orbital /titeraction in the Anfiprriplanar 
Confort?iatiotz 

We have chosen MO's and energies of di~nethyl 
ether (DME) calculated by the CND012 method as 
unperturbed orbital values in calculating the 
through-bond and the through-space interactions 
in DMM according to eq. [I 1. The LCAO expansion 
coefficients and the energies calculated for the most 
stable conformation of DME are listed in Table 1 .  
For this purpose geometric parameters sirnilar to 
D M M  were used: 1.403 and 1.108 A for tlie C-0 
and C-H lengths, 114.2 and 109.46" for the 
C-0-C and 0-C-H angles, respectively, and a 
staggered position for the methyl group hydrogen 
atoms. 

It is clear that the results of our analysis depend 
on the selection of the C N D 0 / 2  method for a calcula- 
tion of unperturbed orbitals. There have been sev- 
eral reports that the CNDO/2 method does not 
properly predict co~lforniatio~lal properties of the 
rotation around the bond formed by two hetero 
atoms with lone pairs (25). However, there are only a 
few CND0'2 calculations for molecules having 
atoms with lone pairs in the 1,3 position (26-30). 
The results of our calculations (26-28) on CH,-0- 
CH,-X, (where X = CH,, OCH,, F,  CI, NH,, 
and NH,') and those of Truax et a/. (29) on fluoro 
alcohols and of Gorenstein et 01. (30) on DMM and 
dimethylphosphate show that the C N D 0 / 2  method 
describes fairly well the rotational barriers and con- 
formational equilibria for molecules with hetero 
atoms in the 1,3position. Moreover DME, which isthe 
starting molecule for our PMO calculation, belongs 
to a group of molecules which does not suffer from 
the above problems (31, 32). On the basis of fore- 
going arguments \ye feel that the application of the 
CNDO/2 approach to the PMO analysis of the con- 
formational dependence of lone-pair interactions in 
molecules of the DMM type is sound. 

The through-space and through-bond interaction 

TABLE 1 .  CND0/2 energy (auj and LCAO expansion coeffi- 
cients o f  selected MO o f  oxygen and carbon for D M E ,  in ap 

conforination 

W: 11 EiO riw(0) cudC) 

energies of lone pairs for DMM in an up conforma- 
tion, calculated from DME unperturbed values 
using eq. [I], are given in Table 2. 

It follows from the PMO analysis that the resulting 
order of the N ( S )  and N(A) levels, and also the dif- 
ference in their energies, depends upon a mutual 
equilibrium between both kinds of interaction. As 
tlie distance between oxygen atoms in the DMM 
molecule is relatively large (ca. 2.35 A), overlap 
between orbitals is low ( S  = 0.0049) and the 
through-space interaction comparatively weak. It is 
substantially less than a through-bond interaction 
(Table 2) and consequently, the highest occupied 
MO in DMM should be a symmetrical combiliation 
of lone electron pairs of the p type, i.e., N(S). 

In applications of the simple PMO method (ne- 
glecting overlap): o~ily interactions of occupied 
orbitals with uiioccupied ones are relevant for the 
estimation of energy changes and electron density 
transfer in DMM. The mutual interaction of oc- 
cupied orbitals is irrelevant in this respect, as its 
absolute value is much higher. The stabilization 
energy of DMM resulting from delocalization is given 
as a double sum of the interaction energy changes 
of the p and sp type lone pairs Lp(p) and Lp(sp) 
(in ap collformations this corresponds to L, and L,, 
respectively) with the n,,,::' orbital. It follows from 
Table 2 that the value calculated by the PMO method 
for an up conformation is E,,,, = -8.634 kcal/mol. 
As evident from Fig. 4, two electrons originally 
localized in L(S) occupy, after interaction, an MO 
involving also a small contribution from the rc,,,:" 
orbital. The relative stabilization of D M M  with 
respect to DME may be considered to be a conse- 
quence of delocalization of electrons originally 
localized on L(S). 

The order of levels obtained by an analysis of the 
interaction between the lone pairs by means of the 
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TABLE 2. The values of the through-space and through-bond interaction energies of lone pairs 
(Lp) (in kcalimol) calculated by means of the PMO method for DMM at np and og confor- 

mations 

Oap conformation. 
bog conformation. 

TABLE 3. LCAO expansion coeffic~ents of selected MO (Fig 4) for DMM In the np conformation calculated by means of the 
CND012 method 

MO 
atoms P46)  p ~ ( 9 )  ~ ~ ' ( 1 1 )  NA(14) N5(16) n'*(21) Ps(22) Pn(24) 

NOTE: Z denotes the 2 p ,  orbitals of oxqgens and carbons; S ,  1~ orbltal of hvdrogens. The upper sign refers to an orbltal introduced at first. Number of  
atoms is according to Fig. Ib, methyl group h>drogens on C6 are denoted as 8, 9, 10; those on CLO as 1 1 ,  12, 13. 

P M O  method may be compared with the order of 
D M M  MO's calculated by the CNDO/2 method. 
In  the CNDO/2 calculation, the D M M  ~nolecule 
consists of 32 valence electrons represented by 28 
AO's leading to 28 MO's in the LCAO approxima- O 

0 tion. Sixteen of these are occupied by two electrons. 
Set B of geometrical parameters from ref. 26 was 
used in the calculation. All the LCAO expansion 
coefficients of the eight selected MO's which dif- 
fer from the zero value for D M M  in the up confor- L(S) 

mation are summarized in Table 3. M O  levels cal- FIG. 3. Through-space interaction of the p-type lone pairs 
culated bv the CNDO/2 method mav be assigned to in "P conformation. 

PMO orbitals resulting from through-spa& and 
through-bond interactions of lolie pairs by using 
LCAO expansion coefficients. Comparison of 
Table 3 with Figs. 3 and 4 confirms the results of 
the orbital interaction analysis obtained by the PMO 
theory. The symmetric combinatio~l of ilonbonding 
orbitals N(S) is indeed the highest occupied orbital. 

Conformational Dependence of Orbital Interactions 
To estimate the role of the interaction between the 

lone pair orbitals for the anomeric effect in D M M  
we have investigated the conformational dependence 
of these interactions on the rotation about the 
C1-03 bond. For the sake of si~nplicity we have 
fixed the torsional angle (cp) about the C1-02 bond 
a t  cp = 18O0, although it does not correspolid to the 
vaiue in the most stable confor~nation of DMM, 
(sc,sc). We believe that the effects responsible for the 
stabilization of the sc,sc conformation in comparison 
with the ap,sc one are the same as those for the 
stabilization of sc,ap over ap,up, although the effects 

may not be additive. This choice of the cp, agrees at 
least with the model for rotation about a glycosidic 
bond in P-glycosides (so-called exoanolneric effect 
(2) i.e., preference of the ap,sc conforlnation in corn- 
parison with the clp,ap one). The variation of the 
interacting orbital orientation is described by 9, 
which is related to cp, by 9 = 180" - cp,. T o  deter- 
mine the conformational dependence of the inter- 
actioils studied, it is necessary to evaluate the con- 
forniatioiial dependence of the overlap integral on ro- 
tation about the C1-03 bond. Since the axis ofrota- 
tion does not lie in any of the coordinate axes (Fig. 
16) we have to express dependence of the overlap 
integral between the atomic orbitals on rotation. 
The usual means for solving this problem is to use 
an Euler transformation (33). Doing so, we get the 
overlap integrals as a function of 9 (see Appendix). 
Substituting these functions in eq. [ I ]  one obtains 
the dependence of the energy of orbital interactions 
on rotation about the CI--03 bond (Appendix, 
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TVAROSKA AND BLEHA 

FIG. 4. Through-bond interaction of the p-type lone pairs in up conformation. 

eqs. [A I ]-[A 1 I I). Except for sp lone pair interaction 
\vith n, orbitals, variation of the through-bond inter- 
actions with rotation may be described by the simple 
function cos2 0,  

Rotation about the CI-03 bond causes the in- 
teractions of the p lone pair with n= and .n , ' and  of 
the sp lone pair with n, and n,:" to decrease, and the 
'crossed' interactions of t h e y  lone pair with rr, and 
n, ;: and the sp lone pair with n, and n,':' to increase. 
These interactions are demonstrated schematically 
for two extreme conformations, ap and og, in Fig. 5 
and the values of the interactions for the og conforma- 
tion are given in Table 2. 

Conforngational Depender?cr of  HO 
A t  first we shall study only the confor~national 

dependence of orbital interactions for the highest 
occupied molecular orbital (HO) which is the most 
important M O  from the viewpoint of the spectral 
behaviour and reactivity. The curve of the H O  orbital 
energy may be expressed using the energy depen- 

FIG. 5. Schematical representation of orbital interaction of 
the p- and ~p-type lone pairs in np and og conformations. 

dence of the p lone-pair interaction on rotation 
(see eq. [A1 1-[A4], [A9], [Al 1 ] in the Appendix, 
and Fig. 5). 

[21 E,o(@) = - E[Lp(p), Lp(p>l cos 0 

+ (E[Lp(p), rr,] - E[Lp(p), nz":]](l + cos 28) 

Substituting the values from Table 2 we get an 
expression for the variation of the H O  energy with 
regard to the energy of the up conforn~ation: 

[3] Eo,,(0) = 3.0620 cos 20 - 2.2949 cos 0 

Conformational dependences of individual inter- 
actions contributing to the energy of HO, calcuiated 
by the P M O  method and listed in the Appendix, as 
well as their sum, which determines the resulting 
conformatio~ial dependence of H O  (eq. [3]), are 
shown in Fig. 6. The variation of the H O  energy 
with rotation, obtained by the usual CNDO/2 ap- 
proach, is shown in the same figure for comparison. 
The H O  energy profiles produced by both methods 
are similar; both show minima near 90" and maxima 
a t  Oc or  180'. The pronounced minimum at  the og 
conforlnation is primarily due to the through-bond 
interaction of the Lp(p) orbital with n, and rr,:', 
(curves Al ,  A4) and by through-space interaction 
of Lp(p) orbitals (curve A9). The latter interaction is 
also responsible for the higher maximum of the 
H O  energy a t  the sp conformation in comparison 
with the maximum a t  the ap conformation. 
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FIG. 6. Conformational dependence of orbital interactions 
at rotation about CI-03 bond and the variation of H O  
energy calculated by PMO and CNDO, 2 methods. Specifica- 
tion of orbital interaction curves according to the Appendix. 

The close conforniational dependence of the H O  
energy calculated by both PMO and C N D 0 / 2  
methods indicates that all important, co~iforma- 
tio~ially dependent colitributions to the energy of 
H O  are i~icluded in our PMO treatment (eq. [2]). 

According to the frontier orbital theory (34), 
the energy and symmetry of H O  and the lowest un- 
occupied M O  are the decisive factors in determining 
molecular reactivity. The torsional dependence of 
the HO level show11 in Fig. 6 and given by eq. [3] 
may parallel the conformational dependence of the 
reactivity of DMM and the more complex mole- 
cules in which configuration of the segment 
-C-0-C-0-C- is fixed at  various angles 
(cp,). The acid-catalyzed hydrolysis of sugars, for 
which the first step involves the addition of a proton 
to  oxygen, is an example. 

I t  follows from Fig. 6 that the interaction of a 
proton with an  acetal group in the up position should 
be greater than the corresponding interaction in the 
sc position. This is in agreement with the higher rate 
of hydrolysis of P-D-glucopyranosides (correspond- 
ing to the u p  conformation) in comparison with 
a-D-glucopyranosides (correspondillg to the sc con- 

formation) (35). Our prelimi~iary results of the 
CND0,12 study of the hypersurface of this proton 
transfer reaction support this explanation. The con- 
formational dependence of the frontier orbitals 
may also be used to explai~i the stereoelectronic con- 
trol mechanism in tlie cleavage of tetrahedral inter- 
mediate in the hydrolysis of esters and amides (36). 

Stabilizatiot~ Energy 
From the conformational dependence of the inter- 

action between lone pairs there follows the confor- 
mational dependence of the stabilizatjo~l energy of 
DMM.  Except for i~iteractions of tlie Lp(p) orbital 
with K,,, orbitals (Fig. 6), inclusion of analogical 
interactions of the Lp(sp) orbital appears to be satis- 
factory for obtaining sufficiently representative con- 
formational dependence of tlie DMM stabilization 
energy. The course of all through-bond orbital 
interactions is show11 in Fig. 7 (curves A2, A4, A6, 
AS). I11 addition, co~libinations of these contribu- 
tions are depicted in Fig. 7. The double value of an 
algebraic sum of curves A2 and A8 determines the 
total interaction of lone pairs with the n , ' h r b i t a l  
(curve a) and similarly, with the n,+' orbital (b,  
double sum of A4 and A6). Also shown is the con- 

FIG. 7. Variation of orbital interactions, delocalization 
energies (a-d) and stabilization energy (E,,,,,) with rotation 
about C1-03 bond in D M M .  
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TVAROSKA AND BLEHA 

formational dependence of interactions of the p lone The variation of bond lengths with rotation in 
pair (c, A2 + A6) and the sp lone pair (d, A4 + simple diols and methoxymethanol has previously 
A8). An algebraic summation of the curves a and b been rationalized in terms of qualitative PMO theory 
or c and d, respectively, determines the total stabili- without quantitative estimation of various orbital 
zation energy dependence (E,,,,). It follows from interactions (14-16). That variation was also com- 
Fig. 7 that orbital interactions have the form of the pared with the crystal structure data for carbohy- 
function cos 28. The stabilization energy of DMM drate systems and oligosaccharides (15, 16). The 
resulting from the interaction of lone electron pairs present more exact PMO treatment explains all 
is lowest in the og conformation and represents the changes, found previously by ab initio SCF com- 
net result of two conformationally opposite effects. putations, of bond lengths for simple model com- 

~ - -  

For example, the stabilization energy obtained by 
delocalization into the n,* orbital exhibits maxima 
at sp and up conformations and a minimum at og. 
In the case of interactions with n,*, the og confor- 
mation is the most stable. We suppose that the con- 
formational dependence of the stabilization energy 
in Fig. 7 is negligibly influenced by consideration 
of the interactions with all remaining orbitals in 
DMM. 

Geometrical Consequences 
The energetic stabilization of DMM resulting 

from the interactions of occupied and unoccupied 
orbitals is accompanied by a transfer of charge. 
Owing to the interaction of lone pairs with the 
n ~ ~ 2  * orbital, transfer of electron density occurs 
from the oxygen atom to the methylene group and 
the electron density on the n,,,* orbital increases. 
The comparison of LCAO coefficients in Tables 1 
and 3 for the p-type lone pair (-0.7934 and 0.543) 
and for the 2pz orbital on carbon (-0.4990 and 
0.521) confirms this transfer. The electron redistri- 
bution gives rlse to several interesting structural con- 
sequences. Since the n, * orbital is antibonding along 
two methylene C-H bonds, we expect these bonds 
to lengthen. This orbital is also antibonding between 
the two C-H bonds so that the bond angle 
H-C-H should increase and the 0-C-0 angle 
should decrease. 

The resulting geometry of an up conformation 
should reflect a balance between the above influ- 
ences. In the other conformations, electron trans- 
fer will decrease (increase) as a consequence of the 
conformational dependence of lone-pair interac- 
tions with the rcz* (rc,") orbital. Therefore, more 
pronounced geometrical changes should occur. 
From the torsional dependence of orbital interac- 
tions in DMM (Fig. 7) one may obtain the following 
idea about the influence of through-bond interac- 
tions upon the geometry of the DMM molecule. 
Rotation about the C1-C3 bond should lead to 
its contraction as well as to an increase in the 
02-C1-03 bond angle and a decrease in the 
H4--Cl-H5 angle. 

pounds (Table 4) including the shortening of bonds 
in ap,ap conformations. This effect is difficult to 
interpret with the simple concept of 'back donation' 
(15, 16) resulting in partial double-bond character 
of the C-0 moiety. The experimental data for the 
C5-05-C1-01 bond sequence of a- and P-gly- 
cosides, for which DMM is a close model, are also 
listed in Table 4. This table shows that C-0 bond 
lengths in the -0-C-0- moiety (37) are shorter 
than those for methanol. In agreement with the 
theoretical predictions in the foregoing paragraph 
it follows from the data in Table 4 that each rotation 
about the C-0 bond produces its shortening and 
the elongation of the vicinal C-0 bond. Similarly, 
the 0-C-0 bond angle is greater in an sc,sc con- 
formation and lower in an ap,ap conformation than 
the tetrahedral angle. Recently several ab initio cal- 
culations of the geometry of DMM have been 
carried out (38,39) within a 'restricted minimization 
frame.' The results of these calculations are shown in 
Table 4. We have carried out full optimization of 
the geometry of DMM in different conformations 
using the CND0/2 method (28). The final geometries 
of the equilibrium conformers are shown in Table 4. 
Though the C-0 bond lengths for the ap,ap and 
sc,sc conformers seem to be shorter in comparison 
with the results of ab initio restricted minimization 
(38, 39), the bond angle and bond lengths are in very 
good agreement with the experimental data (18) for 
the sc,sc conformation. The results show the great 
dependence of the 0-C-0 bond angle on con- 
formation and confirm the PMO prediction of an 
increase in the 0-C-0 bond angle on going from 
the ap,ap to the sc,sc conformation. The results also 
show the ability of the CND0/2 method to describe 
the conformational properties of molecules of this 
kind. A full account of these results together with a 
discussion of relaxational effects on conformational 
equilibrium will be published elsewhere (28). In con- 
clusion, we wish to point out that contrary to stabili- 
zation energy there exists a strong conformational 
dependence of bond lengths and bond angles on 
torsional angles in DMM. Recently the similar 
strong coupling between polar methoxy rotors in 
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TABLE 4. Variation of geometrical parameters with torsional angles c p ,  and c p ,  in the bond- 
sequence Rl-0-CH2-Y 

Bond length (A) 
Molecule Conformation - Bond angle 

Ri  Y c p t . c p 2  rc-o r c - ~  0-C-0 (deg) Ref. 

the acyclic phosphate ester has been demonstrated 
(38). Since the structure of this compound is very 
similar to DMM we may speculate that in this case 
the origin of the coupling can also be ascribed to 
lone-pair orbital interactions. 

Orbital Interactions and Anomeric or Exoanomeric 
Effects 

It follows from our analysis that the through-space 
and through-bond interactions of lone pairs are not 
responsible for the anomeric or exoanomeric effect 
in molecules with a C-O--C-0-C segment. 

Delocalization of lone pairs into an antibonding 
o,,* orbital has often been invoked to explain the 
anomeric effect for molecules containing a segment 
of the -C-0-C-Y kind (where Y = 0 ,  N, Cl, 
F, etc.), though originally this conception was de- 
signed mainly for molecules with a -C-0-C-Cl 
segment (10, 11). The substantially greater interac- 
tion between a p-type lone pair and a oC-,, * orbital 
in the ap conformation compared with the interac- 
tion in the sc conformation also confirms the C-C1 
bonds lengths in a-chloroethers or heterocycles 
corresponding to them (l l ) ,  as well as nuclear 
quadrupole resonance frequency values (40, 41). 
For this reason we have calculated in the same way 
the conformational dependence of the interaction 
between the oxygen lone pair with the antibonding 
orbital of the C-0 bond (Table l), which is situated 

in the xy plane. The conformational dependence of 
these interactions follows. 

E[Lp(p), o"] = - 0.3376(1 - cos2 0) 

E[Lp(sp), o*] = - 3.6655 + 0.0656 cos 0 

- 0.1218 cos2 0 

and their sum 

The last expression shows that the conformational 
dependence of the interaction of lone pairs with 
o* in the case of DMM is not very important; for 
example, the change of their interaction energy in 
going from an ap,ap to an ap,sc conformation is 
only 0.2509 kcal/mol. Therefore, for both the 
through-space and through-bond interactions, more 
complete treatment including the interaction of lone 
pairs with o* does not result in an appreciable 
stabilization of the gauche conformation in mole- 
cules with a C-0-C-0-C segment. 

The total potential curve of the rotation about the 
C-0 bond may be conveniently analyzed by means 
of the Fourier expansion 

3 

V(cp,) = 0.5 Vi(l - cos icp,) 
i =  1 

The coefficient V1 
action between di 
The conformatior 
bond orbital inte~ 
2q1 function so th; 
should determine 1 
sign for this term 

From the Four 
anomeric effect m 
ference between t 
(equatorial and z 
for heterocycles) 
0.75(V1 - V2) (2' 
effect may there6 
result of the mutl 
interaction of thc 
interactions of the 
a potential energ: 
C1-03 bond in 
method we obtair 
cients in kcal/mc 
V3 = - 0.899 (27 

It follows fror 
that the V, - V2 
shifted toward e 
tions. We suggest 
the polar bonds is 
effect in DMM ar 
support this. The 
interaction betwet 
pairs is used to 
represents an altc 
(Fig. lb). The d i ~  
formation, where 
and through-bonc 
sp and the up cor 
both these contri 
the sp conformat 
tween nonbondin 
tributing to the vi 
considered in ou 
the nearest staggc 
all three contribl 
corresponding to 
energy (cp, = 35' 
mines the rotatic 
the sp conformat 

Usually only 
delocalization, el 
C-0-C-Y sel 
literature regard1 
stituent. Compar 
for rotation in D 
(CMM) led us r 
either electrosta 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



AND BLEHA 433 

The coefficient V, describes the dipole-dipole inter- 
action between dipoles of both C-0-C groups. 
The conformational dependence of the through- 
bond orbital interactions has the shape of the cos 
2cp, function so that the lone-pair orbital interactions 
should determine the Y, term. In DMM the positive 
sign for this term follows from Fig. 7 (curve E,,,,). 

From the Fourier expansion it follows that the 
anomeric effect may be expressed as an energy dif- 
ference between the ap and the sc conformations 
(equatorial and axial conformations, respectively, 
for heterocycles): E = V(180°) - V(60") = 
0.75(V1 - V,) (27). The anomeric or exoanomeric 
effect may therefore be generally interpreted as a 
result of the mutual balance between dipole-dipole 
interaction of the polar bonds and delocalization 
interactions of the lone pairs. Through an analysis of 
a potential energy curve of the rotation about the 
C1-03 bond in DMM calculated by the CND0/2 
method we obtained the following values for coeffi- 
cients in kcal/mol: V, = 3.499, V2 = 0.346, and 
V3 = -0.899 (27). 

It follows from a comparison of these values, 
that the Y, - Y, balance in DMM is considerably 
shifted toward electrostatic dipole-dipole interac- 
tions. We suggest that dipole-dipole interaction of 
the polar bonds is the primary cause of the anomeric 
effect in DMM and the results of a previous analysis 
support this. The 'rabbit ears' scheme, in which an 
interaction between sp3 hybridized oxygen atom lone 
pairs is used to depict electrostatic interactions, 
represents an alternative model for this interaction 
(Fig. 16). The dipole interaction favours an sp con- 
formation, whereas the net result of through-space 
and through-bond interactions is to favour both the 
sp and the ap conformations. The resulting effect of 
both these contributions leads to a stabilization of 
the sp conformation. Van der Waals' repulsion be- 
tween nonbonding atoms and other interactions con- 
tributing to the value of the V3 term, which were not 
considered in our analysis, shift the equilibrium to 
the nearest staggered conformation, sc. The sum of 
all three contributions determines the value of cp, 
corresponding to a rotational minimum in the total 
energy (cp, = 35") (26, 42). That sum also deter- 
mines the rotation barrier for a transition through 
the sp conformation. 

Usually only one cause (either electrostatic, or 
delocalization, etc.) of the anomeric effect in the 
C-0-C-Y segment has been emphasized in the 
literature regardless of the character of the Y sub- 
stituent. Comparison of the potential energy curves 
for rotation in DMM and chloromethoxymethylene 
(CMM) led us recently to the conclusion (27) that 
either electrostatic or delocalization effects can 

prevail according to the character of the Y sub- 
stituent. For example, electronic delocalization 
effects (V, term) are more pronounced for molecules 
with Y = CI than with Y = OCH, from the point 
of view of the anomeric effect. Thus, in contrast to 
molecules with a 1,3-dioxa group it indicates that, 
in the case of the C-0-C-CI segment, the nature 
of the anomeric effect is determined by delocalization 
interactions between oxygen lone pairs and anti- 
bonding orbitals of the C-CI and C-H bond, 
respectively, in agreement with the 'superjacent 
orbital control' proposal (13). The absolute value of 
the delocalization interaction leading to the stabiliza- 
tion in the C-0-C-Y bond sequence is probably 
higher for 0-CH, than for C1. However, from the 
point of view of the anomeric effect, only the con- 
formational dependence of the delocalization inter- 
action is important and that is more pronounced 
for C1. The high stabilization energy of the 
C-0-C-0-C segment has been explained as a 
consequence of electron delocalization through 
double bond - no bond resonance (43). It follows 
from the experimental results that linear diethers 
containing two oxygen atoms separated by a methy- 
lene group are stabilized by about 4 kcal/mol, com- 
pared with aliphatic monoethers (44). The value of 
the stabilization owing to orbital interaction, which 
we have calculated by the PMO method for DMM, 
is in the range 8.2-8.9 kcal/mol (Fig. 7). 

No account is taken of an electrostatic lone-elec- 
tron pair repulsion in the simple PMO theory, which 
we used for the calculation of the through-space 
and through-bond interactions and their conforma- 
tional dependences in DMM. Such repulsion of the 
lone pairs has not been considered in the present 
analysis because of the uncertainty in the distribu- 
tion of the nuclear repulsion energy between the 
bonding and antibonding pairs (45). Van Catledge 
(46) attempted to express the conformational depen- 
dence of an electrostatic lone electron pair repulsion 
by means of the double-electron elements of the 
Hartree-Fock matrix. From the calculation of a 
repulsion between two lone pairs on neighbouring 
atoms there follows a conformational dependence 
of the cos cp type (46). Repulsion in the sp conforma- 
tion prevails over the up one. 

Conclusions about the prevailing electrostatic 
interaction origin of the anomeric effect in DMM 
may be extended to other types of molecules con- 
taining an R-0-C-0-R segment. Alkoxysub- 
stituted heterocycles of the pyrane type, and espe- 
cially sugars, has been most frequently studied with 
respect to the anomeric effect. In fact, the dependence 
of the anomeric effect on solvent polarity, observed 
for 2-alkoxytetrahydropyrane (2, 3), has been used 
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as an argument favouring the electrostatic origin of 
the anomeric effect (I). 

The preference of the sc (gauche) conformation 
to the up (trans) one is also observed in the DMM 
polymer analogue polyoxymethane (POM) and is 
the cause of right- and left-handed helix formation 
in the polymer chain. This behaviour should be con- 
sidered to be the result of the anomeric effect in 
polymer chemistry. This fact seems to have been 
omitted in the discussion of the anomalous confor- 
mational behaviour of POM (47). From the com- 
bustion heat measurement one obtains the constant 
stabilization energy of POM oligomers per CH,O 
segment (44). This suggests that the nature of the 
anomeric effect is the same for both DMM and POM 
and so information obtained for DMM might be 
quantitatively transferred to POM. 

Conclusions 
The PMO calculation for DMM does not support 

the suggestion that the anomeric effect in a 
C-0-C-0-C bond sequence originates from 
lone pair interactions. The importance of dipole- 
dipole interactions in the conformational behaviour 
of this moiety is reconfirmed. On the other hand, 
through-bond orbital interactions are responsible 
for the relative stabilization of molecules with 1,3 
dioxa groups compared with linear monoethers. 
Although lone pair interactions are not dominant 
with respect to conformational stability, they ap- 
pear to be the most important factors in describing 
the strong coupling between the geometrical param- 
eters and torsional angles in DMM and related 
molecules. 
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Appendix 
Calculation of the Conformational Dependence of 

the Energy of Orbital Interactions 
We denoted cos a and sin a as A and B, respec- 

tively, where cc (56. 
(bisector of the 0- 
system (Fig. lb) ar 
and S, denote the 
(5.172, 0.165), S(2 
(10.074, 0.0), and 
tively. The overlar 
overlapping AO's I 

a and b obtained 1 
(33) are given by 
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TVAROSKA AND BLEHA 

tively, where cc (56.3") is the angle between the x axis where X, Y, and Z are the 2p,, 2p,, and 2p, AO's of 
(bisector of the 0-C-0 angle) of the coordinate the oxygen atoms 2 and 3 and carbon 1. 
system (Fig. Ib) and the C1-03 bond. S2, S,, S4, Substitution of S(+,, +,) into eq. [ I]  provides the 
and S, denote the pure overlap integrals S(2p,,2pn) following expressions for the conformational depen- 
(5.172, 0.165), S(2p,,2pO) (5.172, 0.165), S(2pn,2pn) dence of the through-bond and through-space inter- 
(10.074, 0.0), and S(2p,,2p0) (10.074, 0.0), respec- actions of the lone pairs (in kcal/mol): 
tively. The overlap integrals S(+,,+,) for a pair of Through bond overlapping AO's 4, and +, corresponding to atoms 
a and b obtained by applying Euler transformation [All E[Lp(p), n,] = 11.3298 cos2 0 
(33) are given by 

[A21 E[Lp(p), n, *] = - 2.3340 cos2 0 

S(XCI,X03) = A2SI + B2S2 cos 0 [A31 E[Lp(p), n,] = 4.5368(1 - cos2 0) 

S(YCl,X03) = ABS, - ABS2 cos 0 [A41 E[Lp(p), n,"] = - 1.7377(1 - cos2 0) 

S(ZCl,X03) = - BS2 sin 0 [A51 E[Lp(sp), n,] = 4.3722 - 0.1786 cos 0 

S(YC1, Y03) = B2Sl + A2S2 cos 0 + 2.3918 cos2 0 

S(ZC1, Y03) = BS2 sin 0 [A61 E[Lp(sp), K,"] = - 1.2790 + 0.0587 cos 0 

S(ZC1 ,ZO,) = S2 cos 0 - 0.7625 cos2 0 

S(X02,X03) = s4(B2 cos 0 + A') [A71 E[Lp(sp), K,] = 7.1488(1 - cos2 0) 

S(Y02, X03) = ABS,(cos 8 - 1) [A81 E[Lp(sp), n,"] = - 1.1368(1 - cos2 0) 

S(Z02, X03) = BS4 sin 0 Through space 

S(Y02, Y03) = s3(A2 cos 0 + B2) [A91 E[Lp(p), Lp(p)] = k2.2949 cos 0 

S(Z02, Y03) = A S 4  sin 0 [A101 E[Lp(sp), Lp(sp)] = T0.1890 T 1.2839 cos 0 

S(ZO2,ZO3) = S4 cos 8 [A 1 1 ] E[Lp@), Lp(sp)] = 0.0727(1 - cos2 0) 
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Microbial hydroxylation of steroids. 5. Metabolism of androst-5-ene-3,17-dione and 
related compounds by Rhizopus arrhizus ATCC 11 145 

HERBERT L. HOLLAND AND PETER R. P. DIAKOW 
Department of Chemistry, Brock University, St. Catharines, Ont., Canada LZS 3AI 
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HERBERT L. HOLLAND and PETER R. P. DIAKOW. Can. J. Chem. 57,436 (1979). 
The products of the incubation of androst-5-ene-3,17-dione @a), 3B-hydroxyandrost-5-ene- 

17-one (2b), and androsta-3,s-diene-17-one (3) with Rhizopus arrhizus ATCC 11145 under a 
variety of conditions have been identified and the mechanisms of their formation discussed. 
In addition, several C-(4,s)- and C-(5,6)-epoxyandrostanes have been incubated with R. 
arrhizus, the products identified and possible pathways for their formation presented. 

HERBERT L. HOLLAND et PETER R. P. DIAKOW. Can. J. Chem. 57,436 (1979). 
On a identifie les produits obtenus par I'incubation de I'androsttne-5 dione-3,17 (Za), de 

I'hydroxy-3P androstene-5 one-17 (26) et de I'androstaditne-3.5 one-17 (3) avec le Rhizopus 
arrhizus ATCC 1 1  145 sous diverses conditions; on discute de leurs mkcanismes de formation. 
De plus, on a incub6 plusieurs C-(4,s) et C-(5,6)-tpoxyandrostanes avec le R. arrhizus; on a 
identifit les produits et on prksente des voies possibles pour leur formation. 

[Traduit par le journal] 

The C-6P hydroxylation of androst-4-ene-3,17- 
dione (la) by R. arrhizus ATCC 11 145 proceeds via 
the A395-enol form of the ketone (1). In an attempt to 
gain further insight into this enzymic process, we 
have studied the metabolism of androst-5-ene-3,17- 
dione (2a), the corresponding 3P-alcohol (2b), and 
the A3.5-enol analogue 3, by R. arrhizus under a 
variety of conditions. In addition we have incubated 
a series of epoxy steroids and related compounds, 
4-9. 

Results 
The results of the incubations of 2-9 are tabulated 

in the Experimental. The alcohol 2b gave predomi- 
nantly the C-1 la-hydroxy derivative 2c, while incuba- 
tion of 2a involved changes in rings A and B. In the 
presence of oxygen, 2a gave the C-6P- and C-6a-A4-3- 
keto alcohols, l b  and lc, respectively, together with 
the A4-3,6-dione, l e ;  with live fungus C-1 l a  hydroxy- 
lation was also observed. In the absence of oxygen, 2b 
was rearranged nonenzymically to the conjugated 
isomer la.  The ~~ . ' - d i ene  3 gave, along with some 
recovered starting material, small amounts of the 
isomeric 3a- and 3P-hydroxy-A4-6P-alcohols 10a and 
lob, respectively; no C-1 l a  hydroxylation of 3 was 
observed. The structure of the major product, 10a, 
followed from an analysis of its 'Hmr spectral data 
(2) (see Experimental) and oxidation to the known 
A4-3,6-dione le. The structure of lob was confirmed 
by a comparison of observed physical and spectral 
data with those published (3). For both 10a and lob, 
the chemical shift of the C-19 hydrogens was diagnos- 
tic of the presence of a C-6P-hydroxyl function (2) 

and agreed well with that predicted from additivity 
parameters (2) (lOa, calcd. : 1.22 ; found : 1.20 6 ; lob, 
calcd.: 1.30; found: 1.28 6). 

The keto epoxide 4a gave, with both live and auto- 
claved fungus, the C-6a-alcohol l c ;  some starting 
material was recovered under the latter conditions. 
In contrast, both the C-(5,6)a- and C-(5,6)P-epoxides, 
46 and Sa, gave a complex mixture of products. The 
a-oxide 46 under normal incubation conditions gave 
the C-7a-hydroxy derivative 4c as the major product 
together with the 3P,5a-dihydroxy-6-ketone 9b and 
the triol 9a. The structure of 4c was deduced from its 
'Hmr spectrum (q.v.). The location of oxygen at C-7 
was suggested by the downfield shift of the doublet 
assigned to the C-6P hydrogen (0.34 ppm with 
respect to starting material) (4) and confirmed by 
spin decoupling of the C-7P and C-6P hydrogens; 
irradiation at 6 4.15 (C-7PH) caused collapse of the 
doublet at 6 3.26. The chemical shift of the C-19 
hydrogens of 4c (-0.01 ppm with respect to 4b) is 
also consistent with C-7a hydroxylation (2). The 
keto diol 9b was characterized by the upfield reso- 
nance of the C-19 hydrogens, a feature diagnostic 
of 6-keto-5a-steroids (2), and identified by compari- 
son with authentic material. The triol 4c was formed 
in the presence of both live and autoclaved fungus. 

An analogous series of products was obtained 
from the P-epoxide 5a. The structure of the 7a- 
hydroxy derivative 5b again followed from 'Hmr 
data, the signal assigned to the C-6a hydrogen now 
appearing as a singlet at 6 3.20, and that of the C-7P 
hydrogen as a doublet (coupled only to the C-8 
hydrogen) at 6 3.67. The absence of coupling between 

0008-4042/79/040436-OS$O 1.00/0 
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I the C-6a and C-7P hydrogens is a consequence of the 
dihedral angle, estimated from models to be close to 
90". This interpretation is strengthened by the 
observation that the C-6a hydrogen of 5a appears as 
a well-resolved doublet (J = 3 Hz) at 6 3.10, coupled 
only to the C-7a hydrogen. 

The (4,5)-epoxy steroids 6 and 7, the Sa-hydroxy 
ketone 8, the triol 9a and keto diol 9b were all 
recovered unchanged after incubation with R. 
arrhizus. 

Discussion 
The hydroxylation of 26 at 1 Ia without extensive 

oxidation at C-3 is a feature of 1 la-hydroxylating 
fungi such as R. nigricans (5) and Aspergillus 
ochraceus (6), a feature which is apparently shared by 
R. arrhizus. 

The microbial oxidation of As-3-ketones has not 
been thoroughly examined but their nonenzymic 
oxidation, in the presence (7-9) or absence (10, 11) of 
fungus, to 6a- and 60-oxygenated A4-3-keto steroids 
is documented. The initial products are the 6a- and 
6P-hydroperoxides, lfand lg. When produced non- 
enzymically in the presence of the fungus Actino- 
planes missouriensis, these are reduced to the corre- 
sponding alcohols l c  and 16, respectively (7-9). 

The results obtained by incubation of 2a with 
R. arrhizus confirm that nonenzymic oxidation of 2a 
occurs. The 6a- and 6P-alcohols l c  and l b  are 
formed at both pH 5.3 and 6.8 in the presence of 
either living or autoclaved fungus. The formation of 
l b  and l c  with autoclaved fungus implies that, if the 
autoxidation follows the normal course and the 
hydroperoxides are the initial products (10, 1 I), then 
the alcohols l b  and l c  are formed in a secondary 
step. A mechanism has been proposed and discussed 
(1 I) for the autoxidation of cholest-5-ene-3-one to 
analogous products. The 6-ketone l e  also produced 
under a variety of incubation conditions may be 
readily formed by the dehydration of a peroxide 
intermediate. 

The formation of the 6a-alcohol l c  and the 
6-ketone l e  from 2a militates against the intermediacy 
of the A5-3-ketone 2a in the normal C-6P hydroxyla- 
tion of l a :  in our experience (1) neither C-6a- 
hydroxylated nor-C-6-keto steroids are produced 
during the C-60-hydroxylation reaction. The possibi- 
lity of a As-3-ketone is produced as a transient en- 
zyme bound species, protected from aerial oxidation 
during the C-6P-hydroxylation process cannot be 
eliminated (12) but chemical analogies (1) indicate a 
direct conversion of A3s5-en01 to 6P-hydroxy-A4-3- 
ketone and thus support the present conclusions. 

The isomerization of 2a to l a  during all the incuba- 

tions performed indicates that, even at pH 6.8, 2a 
may be rapidly and nonenzymically isomerized in the 
presence of the incubation medium and either live or 
autoclaved fungus. The catalysis of the A~-3-keto-A4- 
3-keto steroid isomerization by amino acids has been 
reported (1 3) and may be operative under the condi- 
tions reported herein. 

Further evidence for the direct oxidation of an 
enolic intermediate is provided by the products 
obtained from the Ajy5-diene 3. The formation of 10a 
and 106 may be rationalized by a mechanism involv- 
ing electrophilic oxidation of the As bond, with 
rearrangement and attack of water at C-3, as shown 
in Fig. 1. The stereochemistry of the products at C-6 
is a result of stereoelectronic factors (1 and references 
therein) and a similar preference for axial attack at 
C-3 leads to the observed predominance of the 
C-3a-alcohol 10a. 

Microbial transformations of epoxy steroids have 
not been extensively studied, although dehydrogena- 
tion (14), C-11 hydroxylation (15, 16) and ring open- 
ing (17) have been reported. In analogy with earlier 
work (17), we found that 4a is opened nonenzymi- 
cally to the 6a-hydroxy-A4-3-ketone lc. This facile 
conversion has been studied in the cholestane series 
(18) and demonstrates the possibility that an un- 
stable (18) (5,6)P-epoxy-3-ketone (or its A3-en01 
equivalent) may be an intermediate in the microbial 
C-6P hydroxylation, although no direct evidence for 
such an intermediate species exists. 

The hydroxylation of 4b and 5a at C-7a is not a 
known reaction of the Rhizopus genus, although both 
C-7a and C-7P hydroxylation have been reportedwith 
its members (19). The production of the 30,5a,6P- 
triol 9a from both 4b and 5a may be the result of non- 
enzymic hydrolysis, since both are produced with 
autoclaved fungus. The formation of the corre- 
sponding keto diol9b, however, may be the result of 
enzymic oxidation of the epoxide; its formation by 
oxidation of 9a is precluded by the observation that 
9a is recovered unchanged after incubation with 
R. arrhizus (vide infra) and its formation by autoxida- 
tion, although possible (20), unlikely in view of the 
fact that it is not formed in the absence of live 
fungus. Chemical analogy for the formation of 9b is 
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provided by the conversion of other 5,6ci-oxides into 
6-keto derivatives under oxidative conditions (21-23), 
although the mechanism of this reaction has not been 
defined. 

Although R. arrhizus is an efficient C-1 la hydroxy- 
lator (24), no C-1 1 a hydroxylation of epoxides 4446, 
5a, 6, or 7 was observed, 6 and 7 being recovered un- 
changed from the incubation medium: the closely 
related fungus R. nigricans is reported to hydroxylate 
C-(4,5)-epoxides of the pregnane series at C-1 la (16). 
Control incubations of compounds 8,9a, and 9b also 
failed to show detectable metabolism by R. arrhizus. 

Experimental 
Apparatus, Materials, and Methods 

The apparatus and techniques used were as previously 
described (1). Incubations with R. arrhizus were performed as 
described (25); incubations under nitrogen were performed 
after the flasks were autoclaved, cooled, degassed, flushed with 
nitrogen, and sealed. 

Preparation of Substrates 
The following steroids were prepared by published proce- 

dures: Androst-5-ene-3,17-dione (2a) (26), androsta-3,5-diene- 
17-one (3) (27,28), (5,6a)-epoxy-5a-androstane-3,17-dione (4a) 
(29), (5,6a)-epoxy-3~-hydroxy-5a-androstan-17-one (46) (I), 
(5,6~)-epoxy-3~-hydroxy-5~-androstan-l7-one (5a) (I), (433)- 
epoxy-50-androstane-3,17-dione (6) (16), (4,5a)-epoxy-5a- 
androstane-3,17-dione (7) (16), and 5-hydroxy-5a-androstane- 
3,17-dione (8) (1). 3P-Hydroxyandrost-5-ene-17-one (26) was a 
commercial sample. 
3j3,5,6P-Trihydroxy-5a-androstan-17-one (9a) 
Perchloric acid (5.5 mL, 6.5% w/v) was added to a refluxing 

solution of (5,6a)-epoxy-3~-hydroxy-5a-androstan-l7-one (2 g) 
in acetone (35 mL). After a further 10 min at reflux, the reac- 
tion mixture was cooled and the product collected by filtration, 
washed with ether, and dried, to give 1.9 g, mp 292-297OC 
(dec.). The product showed physical and spectral data identical 
with those published (3). 

3P,5- Dihydroxy-5a-androstane-6,17-dione (9b) 
This was prepared by a modification of the method of 

Fieser and Rajagopalan (30). 3J3,5,6P-Trihydroxy-5a-andro- 
stan-17-one (3.2 g) was dissolved in a mixture of dioxan 
(50 mL) and water (5 mL). N-Bromosuccinimide (2 g) was then 
added and the resulting solution placed 2 ft from a G.E. sun- 
lamp and maintained at 20-25OC by ice cooling. After 1 h, 
water (400 mL) was added and the solution extracted with 
chloroform. The chloroform extract was washed (water, 2 N 
sodium metabisulphite), dried, and evaporated. The residue 
was crystallized from ethyl acetate - hexane. Recrystallization 
from the same solvent gave the desired compound, 0.37 g, mp 
281-283°C (dec.); ir (v,,., KBr): 3450,3300,1740,1700~m-~; 
nmr (6, DMSO-d6): 0.70 (3H, s, C-19H), 0.77 (3H, s, C-18H), 
3.6-3.9(1H,m,C-3aH),4.47(lH,d,J= 5Hz,C-3DOH),5.37 
( lH,  s, C-SaOH); ms (mle, %): 320 (50), 302 (1 I), 287 (61, 220 
(100). Anal. calcd. for C19H2804: C 71.22, H 8.81; found: 
C 71.02, H 8.87. 

Incubations with Rhizopus arrhizus 
The results of the incubations of 2 to 9 are presented in the 

table. In all cases, products were isolated following column 
chromatography on silica,gel. The standard chromatographic 

procedure involved stepwise elution from benzene to ether 
(increments of 10% ether) followed by stepwise elution to 10% 
methanol (increments of 1% methanol). Physical and spectral 
data for hitherto unreported compounds are listed below. All 
other products were identified by comparison of physical and 
spectral data with those of authentic samples. 

1 2 
a R I = R Z = R J = H  a R 1 + R 2 = 0 , R 3 = H  
b R I = O H  R ~ = R J = H  b R 1 = O H , R Z = R 3 = H  
c R2 = OH, Rl=  R3 = H c R I = R J = O H , R 2 = H  
d R 3 = O H , R 1 = R 2 = H  
e R ' + R 2 = 0 , R 3 = H  
f R' = R3 = H, R2 = OOH 
g R2 = R3 = H, R1 = OOH 

Substrate 

2b 
2a 
2a 
2a 
2a 

2a 

2a 

6 
7 
8 
9a 
96 

*Unless 

3a,6P- Dihydroxyan 
(ethyl acetate - hexan 
KBr), 3400,1740 cm 
1.20 (3H, s, C-19H), 
(lH, d, J = 5 Hz, C- 
(100), 271 (90). M +  
304.203. Oxidation M 
androst-4ene-3,6,17- 
parisons of spectral i 
material. 

3D,7u-Dihydroxy- ( 
mp 182-184°C (ethy 
1735 cm-'; nmr (6, 
C-19H), 3.26 (lH, C 

C-3a,-7P H's); ms (r 
(30), 286 (34), 284 (: 
H 8.81; found: C 71 

3$,7a- Dihydroxy- ( 
mp 177-179°C (ethy 
ether), 0.35; ir (v,,., 
0.86 (3H, S, C-18H), 
3.5-4.1 (2H, m conta 
ms (mle, %): 320 (1 
Anal. calcd. for C19 
found (M+ 320.192) 

We thank thc 
Canada for finan 
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HOLLAND AND DIAKOW 

Amount Amount 
Incubation incubated isolated 

Substrate conditions* (mg) (mg) Products (isolated %) 

26 Normal loo0 835 2c (23) + l a  (2) 
2a Normal + 1000 948 la(8), lb(5), lc(lO), Id(%, l e  (4) 
Za Normal, pH 6.8 loo0 970 l a  ( 9 ,  l b  (8), l c  (9), ld(7), l e  (3) 
2a Autoclaved 480 504 l a  (9), l b  (lo), l c  ( 9 ,  l e  (3) 
2a Autoclaved, 

pH 6.8 480 462 l a  (7), l b  (7), l c  (6), l e  (2) 
2a Autoclaved, 

nitrogen lo00 810 l a  (62) 
2a Autoclaved, 

nitrogen, 
pH 6.8 lo00 903 l a  (53) 

3 Normal 1500 840 3 (lo), 10a (3), lob (0.5) 
4a Normal 

Autoclaved 4a (15), l c  (27) 
4c (I]), 9a (4), 96 (4) 

Autoclaved 937 46 (45),9a (6) 
56 (l), 9a (18), 96 (0.5) 

Autoclaved 200 134 9a (48) 

*Unless otherwise stated, incubations were performed unbuffered at pH 5.3. 

3a,6j3-Dihydroxyandrost-4-ene-17-one (1Oa)-mp218-221°C G. D. MEAKINS, Y. MORISAWA, E. E. RICHARDS, and 
(ethyl acetate - hexane); RI (4% methanol-ether),0.4I ; ir(v,..; P. D. WOODGATE. J. Chem. Soc. C, 250(1970) 
KBr), 3400,1740cm-'; nmr (6, CDCI,): 0.92 (3H, s, C-l8H), 3. C. AMENDOLLA, G. ROSENKRANZ, and F. SONDHEIMER. 
1.20 (3H, s, C-19H), 4.0-4.3 (2H, m, C-313, C-6a H's), 5.72 J. Chem. Soc. 1226 (1954). 
(IH, d, J = 5 Hz, C-4H); ms (mle, %): 304 (24), 289 (40), 286 4. P. MORAND and A. VAN TONGERLOO. Steroids, 21, 65 
(100), 271 (90). M f  calcd. for C19H,,03: 304.204; found: (1973). 
304.203. Oxidation with standard Jones' reagent (31) afforded 5. G. RASPE and H. RICHLER. Ger. Patent No. 1,080,553 (April 
androst-4-ene-3,6,17-trione in 72% yield, identical in com- 28, 1%0); Chem. Abstr. 55, 13482b (1960). 
parisons of spectral and physical data with those of authentic 6. A. M. BELL, J. W. BROWNE, W. A. DENNY, E. R. H. 

JONES, A. KASAL, and G. D. MEAKINS. J. Chem. Soc. 
3b,7u-Dihydroxy- (5,6a) -epoxy-5a-androsran-17-one (4c)- Perkin 1,2930 (1972). 

mp 182-184°C (ethyl acetate - hexane); jr (v,,,, KBr): 3400, 7. G. E. MALLETT, D. S. FUKUDA, and G. J. GUYNES. 150th 
1735 cm-';  nmr (6, CDCI,): 0.82 (3H, s, C-18H), 1.09 (3H, s, Meeting Am. Chem. Soc., Atlantic City, NJ. 1965. p. 12Q. 
C-19H), 3.26 (IH, d, J = 4.6 Hz, C-6PH), 3.7-4.3 (2H, rn, 8. G. E. MALLETT. U.S. PatentNo. 3,128,238(April7.1964). 
C-3a,-7B H's); ms (mje, %): 320 (loo), 305 (lo), 302 (39, 287 9. G. E. MALLETT and D. S. FUKUDA. Bacteriol. Proc. 26 
(30), 286 (34), 284 (35). Anal. calcd. for Cl9HZ8O4: C 71.22, (1x2). 
H 8.81; found: C 71.13, H 8.84. 10. L. F. FIESER, T. W. GREENE, F. BISCHOFF, G. LOPEZ, and 

3P,7u-Dihydroxy- (5,68) -epoxy-513-androstan-1 ?'-one ( 5  b) - J .  J. RUPP. J .  Am. Chem. Soc. 77,3928(1955). 
nip 177-179°C (ethyl acetate - hexane); Rf (4% methanol- 11. P. B. D. DE LA MARE and R. D. WILSON. J. Chem. SOC. 
cther), 0.35; ir (v,,,, KBr): 3400, 1740 cm-I; nmr (6, CDCI,): Perkin 11, 157 (1977). 
0.86 (3H, s, C-18H), 1 .O5 (3H, s, C-19H), 3.20 (lH, s, C-6aH), 12. P. H. Yu and L. TAN. J .  Steroid Biochem. 8,825 (1977). 
35-41 (2H, m containing d, J = 8 Hz, at 3.67, C-3a,-7P H's); 13. W. F. BENISEK and A. JACOBSON. Bioorg. Chem. 4, 41 
vns (rnle, %): 320 (loo), 305 (9), 302 (43,  287 (39, 286 (70). (1975); T. OKUYAMA, A. KITADA, and T. FUENO. Bull. 
.Anal. calcd. for C,9H2804 (Mf 320.199): C 71.22, H 8.81; Chem. Soc. Jpn. 50,2358 (1977). 
found (Mf 320.192): C 70.63, H 8.69. 14. K. KIESLICH. Tetrahedron, 25,5863 (1969). 

15. K. KIESLICH and H. WIEGLEPP. Chem. Ber. 104, 205 
Acknowledgement (1971). 

16. R. H. BIBLE, C. PLACEK, and R. D. MUIR. J. Org. Chem. 

17. S. S. LEE and C. J. SIH. Biochemistry, 3, 1267 (1964). 
18. P. B. D. DE LA MARE and R. D. WILSON. J. Chem. Soc. 

I .  H. L. HOLLAND and P. R. P. DIAKOW. Can. J. Chem. 56, Perkin 11,975 (1977). 
19. W. CHARNEY and H. L. HERZOG. Microbial transforma- 

,d tions of steroids. A handbook. Academic Press, New York, 
4 EVANS, SIR EWART R. H. JONES, A. KASAL, V. KUMAR, NY. 1%7. 
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science, New York, NY. 1961. 
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13C nuclear magnetic resonance spectral and conformational analysis of naturally 
occurring tetrahydrofuran lignans 

SEBASTIXO F. FONSECA, LAURO E. S. BARATA, AND EDMUNDO A. RUVEDA 
Institute de Quimica, Universidade Estadualde Campinas, C .P .  I 1  70 13/00 Campinas, S i o  Paulo, Brasil 

AND 

PAUL M .  BAKER 
Nucleo de Pesquisas de Produtos Naturais, Centro de CiPncias da Saude, 

Universidade Federal do Rio de Janeiro, Rio de Janeiro, Brasil 
Received June 14,1978 

SEBASTI~O F. FONSECA, LAURO E. S. BARATA, EDMUNDO A. R~VEDA,  and PAUL M. BAKER. 
Can. J. Chem. 57,441 (1979). 

The 13C nrnr spectra of the naturally occurring stereoisomers of the tetrahydrofuran lignans 
were recorded and the signals assigned. Based on these assignments, on the observed sensitivity 
of the benzylic carbon shifts to the orientation of the aryl groups, and on the comparison with 
previously reported 'H nrnr data, the most probable conformations for the mentioned stereo- 
isomers are suggested. 

SEBASTIAO F. FONSECA, LAURO E. S. BARATA, EDMUNDO A. RGVEDA et PAUL M. BAKER. 
Can. J. Chem. 57,441 (1979). 

On a enregistre les spectres rmn du I3C de stereoisomeres naturels de lignanes tttrahydro- 
furanniques et on a attribut les signaux. En se basant sur ces attributions, sur la sensibilite 
observke pour les deplacements des carbones benzyliques sur I'orientation des groupes aryles 
et sur une comparaison avec les donnkes de rmn de 'H rapportees antkrieurement, on fait des 
suggestions concernant lesconformations les plus probables pour les sttreoisomeres mentionnts. 

[Traduit par le journal] 

Of the six possible stereoisomers of the tetra- 13C nrnr spectrum of galbacin (2b), which shows 10 
hydrofuran lignans, 2-7, only four, 2-5, with a signals readily assigned by standard chemical shift 
variety of oxygenated substituents in the aryl groups theory. 
( I ) ,  have so far been isolated from plants. The similarity between the Hz-H, coupling con- 

By phenol oxidation, Sarkanen and Wallis (2) stant of licarin B (8) and the corresponding ones of 
obtained four isomers of 2,5-bis-(3',4',5'-trimethoxy- H2v-H3, and H4v-H,, of 2b, indicates that the 
pheny1)-3,4-dimethyltetrahydrofuran, 2a, 3a, 5a, and dihedral angles for the methyl and piperonyl groups 
6, which were analyzed by 'H nrnr spectroscopy to should be approximately the same in both com- 
establish their most probable conformations. The pounds (7). Since the 3-Me group of 8 is considered 
availability of galbacin (2b) and veraguensin (5b), to be free of steric interactions from the piperonyl 
isolated from V. surinamensis (3) and di-0-methyl- group of C-2 (7), it can be suggested that the shielding 
tetrahydrofuroguaiacin B (4) and galgravin (3b), of both methyls of 2b, at 13.7 ppm, is a consequence 
obtained by simple synthetic procedures (4, 5), of a reciprocal y effect, owing to the puckering of C-3 
prompted us to study these stereoisomers by 13C nrnr and C-4, confirming their pseudoequatorial orienta- 
spectroscopy, in order to extract as much conforma- tion. The shift of C-l' and C-l" of 2b at 136.1 ppm, 
tional information as possible, and in continuation deshielded 2.1 ppm in comparison with C-I' of 8 and 
with our project on 13C nrnr spectral analysis of with a 6 value similar to the reported ones for C-1' 
lignans and related families of natural products (6). and C-I" of the 'equatorially' oriented piperonyl 

From 'H nrnr spectral analysis, it was shown that units of the 2,6-diaryl-3,7-dioxabicyclo[3.3.0]octane 
the segment of the cycle of pseudorotation lignans type (8), confirms the pseudoequatorjal 
(CYCLOPS) representing the most populated con- orientation of the piperonyl groups of 2b and also 
formations of 2a are 2T3-4T5, with torsion angles for that the methyl groups are free of their steric inter- 
HZB-H3, and H4v-H5, protons of approximately actions. 
150", and with all the substituents pseudoequa- It was suggested, based on the J values of HzB-H3, 
torially oriented (2).' This is in agreement with the and H4,-H,v protons, that the most probable con- 

's= I for numbering The designations and D are given formations 3a are the Ones the 
to the substituents oriented below and above the plane T r 5 T 4  and segments of the CYCLOPS (2). 
of the paper, respectively. The shift of C-1' and C-I" at 134.6 ppm, in the 13C 

0008-4042/79/04044 1-03$0 1 .W/O 
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TABLE 1 .  I3C nuclc 
naturally 

2a, 3u, 5a, 6: Ar' = 3',4',St-trirnethoxyphenyl; A S  = 3",4",5"-trirnethoxyphenyl 

26: Ar' = 3',4'-rnethylenedioxyphenyl; A S  = 3",4"-rnethylenedioxyphenyl 

36.4, 56, 7 , 9 :  Ar' = 3',4'-dimethoxyphenyl; AI" = 3",4"-dirnethoxyphenyl 

nmr spectrum of galgravin 36, similar to the ones for 
C-1' and C-1" of 'equatorial' veratryl groups of 
lignans of the 2,6-diaryl-3,7-dioxabicyclo[3.3.0]oc- 
tane type (8), suggests that in 3b, both aryl groups 
are pseudoequatorially oriented and free of steric 
interactions. The signal at 12.9 ppm, assigned to the 
cis-methyl groups, shows that in 3b the reciprocal 
y effect between them is stronger than in the all- 
trans isomer 2b. The forms V,, 5 ~ 4 ,  'T3, and V3 with 
torsion angles averaging 120" for Hzp-H3, and 
H4,-HSp protons, allowing partial release of the 
C-methyl groups steric interactions and keeping the 
aryl groups pseudoequatorially oriented, probably 
represent the most populated conformations of 
galgravin 3b. 

The reported Hz,-H,, and H4,-H,, coupling 
constants of 6.5 Hz for the all-cis isomer di-0-methyl- 
tetrahydrofuroguaiacin B (4) (4), indicate a torsion 
angle for the mentioned protons of approximately 
30". Two groups of conformations 3V,3T4,V4 and 
v,,~T,,~V satisfy this requirement. Analysis of the 
l3G nmr spectrum of 4, shows that the methyl groups 
resonate at higher field, 11.6 ppm, compared with re- 
lated groups of galgravin (3b), 12.9 ppm. This dif- 
ference can be attributed to the nonbonded inter- 
actions between the methyl groups and the pseudo- 
axially oriented veratryl groups of 4, since the 
dihedral angles between the methyls are approx- 
imately the same in the proposed conformations of 
both stereoisomers and consequently, a similar y 
effect could be expected. In view of the reciprocity of 
the y effect, C-1' and C-1" of 4 are shielded by 1.8 

pprn in comparison with similar sites of the stereo- 
isomer 36, confirming the above observations. 

It has been observed that C-2,C-6; C-1,C-5; and 
C-4,C-8 shifts of the 2,6-diaryl-3,7-dioxabicyclo- 
[3.3.0]octane system are sensitive to the orientation 
of the aryl groups but not to the nature of their 
oxygenated substituents (8). The benzylic carbons, 
for example, show shifts at ca. 82 and 88 ppm, 
whereas the remaining methines resonate at ca. 50 
and 54 ppm, according to the 'axial' or 'equatorial' 
orientation of the aryl groups, respectively. C-2,C-5 
and C-3,C-4 of galbacin (2b), with all pseudoequa- 
torial substituents, show shifts at 88.1 and 50.9 ppm, 
respectively, whereas similar sites of di-0-methyl- 
tetrahydrofuroguaiacin B (4), with all pseudoaxial 
substituents, resonate at 82.4 and 41.2 ppm, respec- 
tively. In galgravin (3b), the benzylic carbons have a 
shift of 87.1 ppm, in good agreement with the 
pseudoequatorial orientation of the veratryl groups, 
whereas C-3 and C-4 show shielding with an inter- 
mediate value, 44.3 ppm. These observations strongly 
suggest that in tetrahydrofuran lignans, the benzylic 
carbons are clearly sensitive to the orientation of the 
aryl groups and their chemical shifts could be of diag- 
nostic importance for the conformational analysis of 
this system. 

The 'H nmr spectrum of Sa, very similar to that of 
veraguensin (Sb), suggested torsion angles for the 
HZB-H,, and H4?-H5@ protons of approximately 150 
and 0°, respectively. All conformations of the 
5T,_4~5 segment of the CYCLOPS satisfy these re- 
quirements but two of them, forms 4V and ,T,, were 

Position 26 

1 '  136.1 
2' 106.L 
3' 147.5 
4' 146.; 
5' 107.; 
6' 119.' 
2 88.1 
3 SO.! 
4 50.g 
5 88.1 
1" 136.1 
2" 106.L 
3" 147.2 
4" 146.; 
5" 107.7 
6" 119.2 
CMe 13.; 
OMe 
OCHZO 100.; 
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TABLE 1. 13C nuclear magnetic resonance chemical shifts of 
naturally occurring tetrahydrofuran lignans 

Chemical shift (pprn) 

Position 26 36 4 56 9 

I ' 136.1 134.6 132.8 133.6 124.7 
2' 106.4 109.6 109.5 110.5 108.7 
3' 147.5 148.7 148.2 148.7 148.4 
4' 146.7 148.2 147.4 148.3 147.5 
5' 107.7 110.8 110.6 110.8 110.9 
6' 119.5 118.4 118.2 119.1 117.9 
2 88.1 87.1 82.4 87.1 146.4 
3 50.9 44.3 41.2 45.9 117.4 
4 50.9 44.3 41.2 47.8 117.4 
5 88.1 87.1 82.4 82.8 146.4 
I "  136.1 134.6 132.8 133.2 - 124.7 
7" 106.4 109.6 109.5 109.7 108.7 
3" 147.5 148.7 148.2 148.3 148.4 
4" 146.7 148.2 147.4 147.8 147.5 
5 " 107.7 110.8 110.6 110.5 110.9 
6" 119.5 118.4 118.2 118.4 117.9 
CMe 13.7 12.9 11.6 14.9 9.6 
OMe 55.8 55.6 55.7 55.5 
OCHzO 100.7 

discarded owing to steric interactions between both 
aryl groups. It is interesting to consider, however, 
that the latter conformations, together with the form 
'T,, in spite of having the aryl group on C-5 pseudo- 
axially oriented, minlmize the eclipsing strain of the 
cis substituents carried by C-4 and C-5, while the 
oxygen is one of the in-plane atoms. The 13C nmr 
spectrum analysis of 5b confirms these observations. 
The shifts of C-2 and C-5 at 87.1 and 82.8 ppm, re- 
<pectively, are in good agreement with the pseudo- 
equatorial and pseudoaxial orientations of their 
corresponding veratryl groups; further C-1' and 
C-1" are slightly shielded, 133.6 and 133.2 ppm, 
respectively, compared with related carbons of gal- 
gravin 3b, considered free of steric interactions. The 
\hift of the methyl groups of 5b at 14.9 pprn suggests 
weaker steric interactions between both groups, 
probably owing to a larger torsion angle, than in the 
itll-trans isomer 2b and further shows lower sensi- 
t~vity of carbon shifts to anisotropic  effect^.^ In the 
' H  nmr spectrum of veraguensin (5b) the methyl 
hydrogens show signals a t  6 1.07 and 0.66, assigned 
10 C-3 and C-4 methyl groups, respectively (2, 3). 

'In the series of a-acylindole alkaloids however, the aniso- 
tropic shielding of the methoxy hydrogens of vobasine in 
comparison with 16-epivobasine, induced by the indole ring is 
reflected on the shifts of the CO and OMe carbons and they 

A ET AL. 443 

Considering the 6 value of C-3 (or C-4) of the 
all-trans isomer galbacin (2b) at 50.9 pprn as 
standard for a pseudoequatorial orientation of its Me 
group, it can be concluded that the shift of C-4 of 5b 
at 47.8 pprn indicates that its Me group approximates 
this orientation, confirming the puckering on C-4 
and C-5, while C-3 shows a shift similar to the one 
observed for related carbons of 3b. 

The shifts of the fully aromatic di-0-methyl- 
furoguaiacin (9), assigned by standard chemical shift 
theory and by analysis of its SFORD spectrum, 
together with the shifts of compounds 2b, 3b, 4, and 
5b are listed in Table 1. 

Experimental 
The 13C nmr spectra were obtained in a 10-mm spinning 

tube from solutions of approximately 0.3 mmol in 1 mL of 
CDCI, at ambient temperature. The 13C resonance of CDCI, 
was used as internal reference and converted to Me,Si scale 
by the following correction: 6 (Me,Si) = 6 (CDCI,) + 76.9. 
The instrument employed was a Varian XL-100 nmr spec- 
trometer operating at 25.2 MHz, interfaced with a Varian 
620/L Fourier transform computer with 16K memory. The 
chemical shifts (k0.05 ppm) were measured at 5-kHz spectral 
width, with an acquisition time of 0.8 s, and a 15-ps pulse 
width, using an internal deuterium lock. 
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Reactions of phenyl(trichloromethyl)carbinol with substituted thioureas, 
thiobenzhydrazide, and amino thiols to form heterocyclic compounds1 

WILKINS REEVE AND W.  ROBERT COLEY 111 
Chemistry Department, University of Maryland, College Park, MD 20742, U.S.A. 

Received March 10, 197g2 

WILKINS REEVE and W. ROBERT COLEY 111. Can. J. Chem. 57,444(1979). 
Phenyl(trichloromethyl)carbinol reacts with bifunctional reagents containing nucleophilic 

sulfur such as thioureas, thiobenzhydrazide, o-aminothiophenol, etc., in a series of steps 
involving an initial attack of the sulfur anion on the intermediate epoxide 2 followed by ring 
closure to a heterocyclic compound. Thiazolidinones, thiadiazinones, benzothiazinones, and 
thiomorpholinones are easily obtained in yields ranging from 57-20%. Monosubstituted ureas 
react to eive exclusivelv the 2-substituted iminothiazolidinones. Evidence is  resented that these 
i r e  actu~lly in the am~nothiazolone form with considerable zwitterionic character. 1,3-Disub- 
stituted ureas do not give heterocyclic products. The reaction works particularly we11 with those 
nucleophiles which are stable to base, contain a sulfur nucleophilic center for the initial step 
of the reaction (2 to 3) and an amino or imino group properly positioned for the final ring clo- 
sure to the heterocyclic compound. 

Hydroxylamine forms cl-oximinophenylacetohydroxamic acid, an oxidation-reduction 
reaction having occurred. Thiophenol forms phenyl(pheny1thio)acetic acid in nearly quantita- 
tive yield. 

WILKINS REEVE et W. ROBERT COLEY 111. Can. J. Chem. 57,444(1979). 
Le phtnyl (trichloromCthy1) carbinol reagit avec des reactifs bifonctionnels incorporant un 

soufre nucltophile, tels les thiourees, thiobenzhydrazide, o-aminothiophenol, etc. par une 
serie d'etapes impliquant une attaque initiale de I'anion sulfur6 sur I'epoxyde intermediaire 2 
suivie d'une cyclisation en un compose httQocyclique. On obtient facilement, avec des rende- 
ments de 57-20%, des thiazolidin&~es, des thiadiazinones, des benzothiazinones et des thio- 
morvholinones. Les urkes monosubstitu~es reanissent pour fournir exclusivement des imino- 
thiazolidinones substitutes en position 2. On pcesente des donnks B I'effet que ces composes 
existent de fait sous la forme d'aminothiazolones avec un fort caractere zwitterionique. Les 
urkes disubstituees en 1,3 ne fournissent pas de produits heterocycliques. La reaction 
fonctionne particulierement bien avec les nucltophiles stables en milieu basique qui con- 
tiennent un centre sulfure nucleophile pour I'etape initiale de la reaction (2 B 3) et un groupe 
amino ou imino dans une position appropriee pour la cyclisation finale en compose hktero- 
cyclique. 

L'hydroxylamine forme un acide a-oximinoph~nylacetohydroxamique; il s'est produit une 
autre reaction d'oxydo-reduction. Le thiophenol forme de I'acide ph6nyl(phenylthio) acdtique 
avec un rendement pratiquement quantitatif. 

[Traduit par le journal] 

Introduction 
It has previously been shown that nucleophiles 

with a thioamide function react readily with phenyl- 
(trichloromethy1)carbinol to form heterocyclic com- 
pounds (1,2; for a general review, see ref. 3). This new 
reaction sequence has provided a useful and novel 
synthesis of substituted thiazolidinones, thiadiazi- 
nones, and 6hydroxythiazoles. The purpose of this 
research was to study the reaction of phenyl(tri- 
chloromethyl)carbino1 with other bifunctional nu- 
cleophiles including mono- and disubstituted thio- 
ureas. Fifteen nucleophiles have been studied. 

'Taken, in part, from the doctoral thcsis of W. R. Coley, 
University of Maryland, 1972. 

=Revision received September 28, 1978. 

Ph-HC- 
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found that refl 

4 sulfuric acid , 

phenyl-2,4-this 
refluxing with 
the former is ( 
than 2-imino- 
the correct str 
the material i~ 

Ph-HC- 
I I 

Strbsrituted Thioureas 
Methylthiourea was allowed to react with phenyl- 

(trichloromethyl)carbinol under the same conditions 
as used before with thiourea ( I ) ,  namely in a meth- 
anolic potassium hydroxide solution at 50°C for a 
few hours. The epoxide, 2, forms in situ and reacts 
with the thioenolate anion of methylthiourea to form 
successively, 3 and 4. Compound 4 (R = Me) was 
isolated in 20x yield. None of the isomeric 2-imino- 
3-methyl-5-phenyl-4-thiazolidinone could be jso- 
lated. Both isomers have been previously synthesized 
by other routes. The chemistry of 4 (K = Me) has * ~ h -  
been studied by Najer et al. (4-6) who assigned 
structure 4c to the material on the basis of its uv 
spectra and pK, value. Proof of any of these struc- 
tures by chemical means is difficult because of the 

0008-4042/79/040444-06$01.00/0 
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1 
ethylene 

glycol 2 

tendency of the heterocyclic ring to open at the amide 
linkage on treatment with acid or base. Thus, we 
found that refluxing 4 (R = M e )  with 10% aqueous 
sulfuric acid gave a 20: 1 mixture of 3-methyl-5- 
phenyl-2,4-thiazolidinedione and 5. respectively. On 
refluxing with 3 N hydrochloric acid in ethanol, only 
the former is obtained (4). That 4 (R = Me), rather 
than 2-imino-3-methyl-5-phenyl-4-thiazolidinone, is 
the correct structure follows from the solubility of 
the material in 1 N sodium hydroxide and from its 

'H nmr spectrum. This spectrum provided evidence 
that 4 (R = Me) is a mixture of 4a and the resonance 
hybrid 4b ++ 4c. Compound 4a theoretically can 
exhibit E and Z isomerism but we have no evidence 
for the existence of such isomers. At 6 5.47, the 
customary benzylic proton signal showed a small 
shoulder on the upfield side which was reproducible 
in every spectrum. The methyl signal, instead of 
being a sharp singlet, consisted of a doublet at  6 3.07 
with J = 4.6 Hz (due to 4b ++ 4c) and a singlet with 
6 2.95 (due to 4a). The N-H proton gave two signals, 
one a broad singlet at 6 9.75 (due to 4a) and the 
other a broad quartet at 6 9.32 (due to the resonance 
hybrid 4b t, 4c) with J = 4.6 Hz. The combined 
N-H signals integrated for one proton, the phenyl 
signal for five, the benzql signal for one, and the 
combined methyl signals for three. The integration 
data suggest the ratio of 4u to the resonance hybrid 
4b o 4c to be 25:75. Decoupling experiments 
establish that the methyl group and the proton are 
both on the same nitrogen. Saturation of the N-H 
quartet at  6 9.32 caused the doublet at  6 3.07 to  
collapse to a singlet. 

A high temperature nmr study established that 
4 (R = Me) was composed only of 4a in equilibrium 
with the resonance hybrid 4b o 4c and that the 
observed spectra could not be explained by the un- 
suspected presence of 2-imino-3-methyl-5-phenyl-4- 
thiazolidinone. Raising the temperature to  98°C 
caused the doublet and singlet of the methyl region t o  
coalesce to a broad based singlet. Further heating t o  
138°C gave a sharp methyl singlet. Upon cooling to  
35°C the spectrum was identical to the one obtained 
before heating, indicating no thermal isomerization 
had occurred. These changes in the observed spectra 
on heating would not have been observed if the 3- 
methyl isomer were one of the ma.jor components of 
the mixture. 

Structures 4h and 4c are contributing forms to a 
resonance hybrid. The argument for the zwitterionic 
structure as the major contributing form to this 
resonance hybrid rests upon the high value of the 
chemical shift of the N-H resonance, by analogy to 
the unalkylated compound 4g for which nmr and 
crystal structure data support the zwitterionic struc- 
ture in both solution (I) and the crystalline state (7), 
and the solubility behavior of compounds 4b and 4g, 
both of which have the same solubility characteristics 
as amino acids. The N-H resonance of the neutral 
structure 4c should be approximately the same as in 
methylaniline (6 in DMSO-d, = 5.4) whereas the 
resonance for the zwitterionic form should be more 
like that of the -NH,- in methylaniline hydro- 
chloride (6 in DMSO-d, = 10.5). The observed 
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hydrolyze easily in potassium hydroxide solution, 
and they may have been largely destroyed before 
they could react with the phenyl(trich1oromethyl)- 
carbinol. Ammonium dithiocarbamate (Table 1) also 
hydrolyzes easily. 

General Conclusions 

The condensation of phenyl(trichloromethyl)car- 
binol with bifunctional nucleophiles provides an 
excellent method for the formation of heterocyclic 
compounds provided that two conditions are met: 
first, the nucleophile, besides being a good nucleo- 
phile, must be stable in strongly alkaline solution. 
Nucleophiles which decompose before they can react 
with the phenyl(trichloromethyl)carbinol are ob- 
viously of little use. Second, the heterocyclics to be 
prepared should be at least somewhat stable to base. 
For these reasons the best bifunctional reagents for 
reaction with phenyl(trichloromethyl)carbinol are 

with an oil bath for 1 h, after which time it was allowed to cool 
to room temperature and was stirred for 24 h. The precipitated 
potassium chloride was filtered off, the filtrate diluted with an 
equal volume of water, and the alkaline solution extracted 
with three 75-mL portions of ether to remove neutral material. 
Acidification to pH 5 yielded 6.5 g of 4 (R = Ph) (4973, mp 
180-185°C. The material was washed with water to remove 
inorganic impurities and recrystallized from absolute ethanol 
to give pure 2-(phenylamin0)-5-phenyl-4(5H)-thiazolone: mp 
188-189°C (lit. (4) mp 188-189"C, (10,ll) mp 191-191.5°C); ir 
(KBr): 3255, 3195, 3130, 3010, 1675, 1625, 1560, 1480, 1445, 
1315, 1265, 1235, 1225, 1175, 740, 725, 680, and 645 cm-I; 
'Hmr (DMSO-d6) 6: 7.77 (broad s, 1, NH), 7.5CL7.12, (m, 10, 

/ aromatic H), 5.55 (s, 1, Ph-CH,). 

2-(Methylamino)-5-phenyl-4(5H)-thiazolone (4, R = Me) 
This was prepared by the same procedure as above starting 

with a solution of 11.2 g (0.05 mol) of phenyl(trichloromethyl)- 
carbinol and 6.3 g (0.07 mol) of methylthiourea in 50 mL of 
methanol, and 19.8 g (0.3 mol) of potassium hydroxide pellets 
in 50 mL of methanol. After filtering off the potassium chloride 
the reaction mixture, acidified successively to pH values of 9,7, 
and 1.2, was extracted with ether and the final aqueous layer 

those with sulfir and nitrogen nucleiphilic centers. was then adjusted to pH 7. From the second ether-extract and 
from the final aqueous solution there was obtained on evapora- The sulfur will attack the epoxide intermediate (2) to tion a total of 2.1 of (R = Me), mp 178-1810C. One 

form an acid chloride intc3lnediate (3) which then recrystallization from acetone and five recrystallizations from 
reacts with the nucleophilic nitrogen to close the absolute ethanol gave pure 2-(methylamino)-5-phenyl-4(5H)- 

REEVE AND COLEY 

TABLE 1. Reaction of other nucleophiles with phenyl(trichloromethyl)carbinol 

Nucleophile Product* Yield (%) 

o-Aminothiophenol 2-Phenyl-2H-1,4-benzo- 
thiazin-3(4H)-one 50 

2-Aminoethanethiol 2-Phenyl-3-thiomorpholinone 2 1 
Ethylenediamine 3-Phenyl-2-piperazinone 2 
Ammonium 5-Phenylrhodanine 6 

dithiocarbamate 
Thiophenol Phenyl(pheny1thio)acetic 

acid 86 

'All are known compounds. 

cm-'. The material is insoluble in 3 N sodium heterocyclic ring. The heterocycle formed in this case 
hydroxide solution. Methylation of 7 with dimethyl is an amide which is relatively stable to base. 
sulfate gave the 4-methyl derivative. Compound 7 
was also prepared from methyl cr-bromophenylace- Experimental 
tate and thiobenzhydrazide and the two products Melting points and boiling points are corrected. The infrared 
found to be identical. spectra were determined with a Perkin-Elmer Model 337; the 

nmr spectra were obtained with a Varian A-60-A instrument. 
H.ydroxylamirre Chemical shift values are expressed as 6 values (ppm) down- 

Three of this nucleophi]e reacted with field from tetramethylsilane internal standard. 'Hmr spectra 

p ~ e n y ~ ~ t r ~ c ~ ~ o r o m e t ~ y ~ ) c a r ~ i n o l  in an oxidation- obtained using hexadeuteriodimethyl sulfoxide as the solvent 
had as an internal standard the pentadeuteriodimethyl sulf- 

reduction sequence reminiscent of osazone formation oxide peak at 6 2.53, The mass spectrum was recorded on a 
with sugars. The known Z form of a-oximinophenyl- DU Pont 492 double focusing. magnetic scannine mass 
acetohydroxamic acid was formed in 23% yieid. The spectrometer run at 70 eV. ~ g m e n t i l  microanalys& were 
other products of the reaction were a mixture of performed by Dr. Franz J. Kasler.   he 100 M H ~  l ~ m r  

eight carboxylic acids; the methyl esters were vre- spectrum of 4 (R = Me) was run by Mr. Mark Mattingly. 

using diazomethane and the two major cbm- 2-(Phen~lamino)-5-phenyl-4(5H)-thiazolone (4, R = ~ h )  
The general procedure for the reaction for phenyl(trich1oro- 'Orients shown by glpc and nmr to be methyl)carbinol with the substituted thioureas follows. To a zoate and methyl cr-ethoxyphenylacetate. solution of 11.2 n (0.05 mol) of vhenvl~trichloromethvl~car- 

Other Nuc1eophilc.s binol and 12.2 g<0.08 mol) .of phenyithiourea in 75 &L of 
methanol at 50°C was added with stirring 19.8 g (0.3 mol) of 

n u c l e O ~ h i l e s y  sulfamide and acetamidine* 85% potassium hydroxide pellets in 50 mL of methanol over a 
failed to give any heterocyclic products. Both 30 min period. The reaction mixture was heated to 5CL60°C 
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thiazolone (4, R = Me); mp 185-185.5"C (lit. (4) mp 181- 
182°C); ir (KBr): 3220-2950, 1680, 1605, 1395, 1280, 1250, 
1150, 735, 690, 645, 625, and 520 cm-'; 'Hmr (DMSO-d6 at 

35") 6: 9.75 (broad S,>NH of 4a) and 9.32 (broad q, J = 4.6 

Hz, -NHCH, of 46) with combined area 1, 7.35 (s, 5, Ph), 

5.47 (s, 1, P~CH;), 3.07 (d, J = 4.6 Hz, CH3NH- of 4b) and 

2.95 (s, CH,N= of 4a).with combined area 3. At 138°C the 6 0 

to 8 spectrum was 6: 7.35 (s, 5, Ph), 5.37 (s, 1 ~h-CH<), 3.07 

(s, 3, NCH,). The 'Hmr spectrum at 100 MHz was unchanged. 
Refluxing 1 g (0.005 mol) of 4 (R = Me) with 10 mL of 10% 

sulfuric acid for 3 h gave a semisolid mass which crystallized to 
. a  white solid (0.8 g) after being leached with cyclohexane. 
After two recrystallizations from ethanol the mixture of 5- 
phenyl-2,4-thiazolidinedione and 3-methyl-5-phenyl-2,4-thi- 
azolidinedione melted at 81-85°C. These were separated by 
stirring with 6 mL of ice-cold 1 N sodium hydroxide for 10 s 
and then filtering. The filtrate was acidified to give 0.03 g of 
5-phenyl-2,4-thiazolidinedione, mp 124-126OC; a mixture mp 
with an authentic sample was 125-129°C (1). The solid which 
did not dissolve in the alkaline solution was 3-methyl-5-phenyl- 
2,4-thiazolidinedione, mp 92-94°C (lit. (4) mp 96°C). 

N~rclear Magnetic ~ k o n a n c e  Spectra of Methylaniline and its 
Hydrochloride 

Methylaniline 'Hmr (DMSO-d,) 6: 7.4-6.5 (m, 5, Ph), 5.4 
(broad s, 1, NH), and 2.65 (s, 3, CH,). 

The methylaniline hydrochloride was recrystallized twice 
from acetonitrile (14), mp 123.5-125°C (lit. (14) mp 124OC); 
'Hmr (DMSO-d6) 6: 10.4 (s, 2, NHZ), 8.1-7.5 (m, 5, Ph), and 
3.2 (s, 3, CH3). 

2-(Methylimino)-3-methyl-5-phenyl-4-(5H)-thiazolidinone (6)  
This was prepared by Najer's method (5), mp 94-96°C (lit. 

(5) mp 93-94°C); ir (KBr): 2925, 1715, 1640, 1420, 1365, 1305, 
1200,1105, 1042,1020,898,855,767,732,695, and 640 cm-'; 
'Hmr (DMSO-d6) 6: 7.4 (s, 5, Ph), 5.14 (s, 1, CH), 3.1 (two 
singlets three cycles apart, 6, two N-CH3). 

2,6-Diphenyl-4H-1,3,4-thiadiazin-5(6H)-one (7) 
Thiobenzhydrazide was prepared from thiobenzoylthio- 

glycolic acid (from 50 g benzotrichloride, 126 g sodium sulfide 
nonahydrate, and 32 g chloroacetic acid) and excess hydrazine, 
all by the procedure of Holmberg (15) who gives no spectral 
data for the following compounds. The crude thiobenzoyl- 
thioglycolic acid (61% yield) was recrystallized twice from 
benzene and aqueous ethanol; mp 126'C (lit. (15) mp 127- 
12S°C); ir (KBr): 3100-2500 (COOH), 1680 (CO), 1350,1300, 
1240, 1220, 1170, 1040, 885, 770, 680, and 670 cm-' ; 'Hmr 
(DMSO-d6) 6: 10.9-10.0 (broad s, I ,  -COOH), 8.23-7.87 
(m, 2, o-protons of Ph), 7.77-7.33 (m, 3, m- and p-protons of 
Ph), 4.37 (s, 2, -CH2-). The thiobenzhydrazide (87% yield) 
was recrystallized twice from benzene; mp 70.5-7I0C (lit. (15) 
mp 70-71°C); ir (KBr): 3250-3000, 1590, 1555, 1445, 1320, 
1215, 1120,960,910,765, and 690 cm-'; 'Hmr (DMSO-d6) 6: 
7.83-7.50 (m, 2, o-protons of Ph), 7.45-7.10 (m, 3, m- and p- 
protons of Ph), 6.65 (broad s, 3, -NHNH2). A higher melting 
form, mp 81-82'C, is also sometimes obtained as noted by 
Holmberg (15); both work equally well in the following 
reaction. 
2,6-Diphenyl-4H-1,3,4-thiadiazin-5(6H)-one (7) was pre- 

pared using the same procedure as in the preparation of 4, 
starting with 11.2 g (0.05 mol) of phenyl(trichloromethyl)car- 
binol and 10.6 g (0.05 mol) of thiobenzhydrazide dissolved in 
50 mL of absolute alcohol, and 19.8 g (0.3 mol) of potassium 
hydroxide pellets in 60 mL of absolute ethanol. The filtrate 

from the reaction mixture was acidified to pH 3 and 7.1 g of 
crude 7 precipitated. Another 0.5 g was obtained from an 
ether extraction of the initial alkaline, aqueous reaction mix- 
ture. Two recrystallizations from absolute ethanol gave white 
needles of 7;  mp 182-182.5"C; ir (KBr): 3220 (NH), 1670 (CO), 
1320, 1235, 1145, 1070, 1030, 970, 860, 760, 740, 695, and 
685 cm-'; 'Hmr (DMSO-d,) 6: 11.7 (broad s, I ,  NH), 8.0-7.7 
(m, 2, o-protons of 2-Ph), 7.62-7.37 (m, 8, other Ph and m- and 

p-protons of 2-Ph), 5.20 (s, I, ~h-CH<); ms (70 eV) mle 

(relative intensity): 270(6.8), 269(18.2), 268(100), 122(19.7), 
121(34.9), 119(16.5), 1 lg(28.6). Anal. calcd. for CI5Hl2N20S: 
C 67.14, H 4.51, N 10.44, S 11.95; found: C 66.95, H 4.63, N 
10.48, S 11.74. 

Compound 7 was also prepared in 90% yield by refluxing for 
2 h a mixture of 1.5 g (0.0066 mol) of methyl a-bromophenyl- 
acetate, 1.0 g (0.0066 mol) of thiobenzhydrazide and 0.5 g of 
anhydrous sodium acetate. The material was identical with 
that prepared above. 

2,6- Diphenyl-4-methyl-4H-1,3,4-thiadiazin-5-(6H) -one 
This was prepared in 81% yield by heating at 62°C for 2 h, 

a mixture of 1.0 g (0.0037 mol) of 7, 25 mL of 1.5 N sodium 
hydroxide solution, enough acetone to dissolve all of the solid, 
and 5 mL of freshly distilled dimethyl sulfate. Two recrystal- 
lizations from ethanol gave the pure material; mp 135- 
1355°C (lit. (16) mp 137-138'C); ir (KBr): 1655 (CO), 1360, 
1325,1270,1220,1090,1075,1010,840,765,740,720,710, and 
690 cm-'; 'Hmr (CDC13) 6: 8.00-7.73 (m, 2, o-protons of 
2-Ph), 7.57-7.17 (m, 8, 6-Ph and m- and p-protons of 2-Ph), 

4.77 (s, 1, ph-CH(), 3.63 (s, 3, N-CH3). Anal. calcd. for 

Cl6HI4NZOS: C 68.06, H 5.00, N 9.92, S 11.36; found: C 
67.94,H 5.07, N 10.20,s 11.40. 

2-Phenyl-2H-I,4-benzothiarin-3(4H)-one 
This was prepared, using the same procedure as in the prep- 

aration of 4 except the reaction mixture was not heated, 
starting with 11.2 g (0.05 mol) of phenyl(trichloromethyl)car- 
binol and 6.9 g (0.05 mol) of o-aminothiophenol dissolved in 
50 mL of absolute methanol. and 19.8 r! (0.3 mol) of potassium 
hydroxide pellets in 75 &L of absolute methanol. After 
filtering off the precipitated potassium chloride and diluting 
the reaction mixture with an equal volume of water, a light 
brown solid precipitated and was recrystallized from absolute 
ethanol to yield 3.8 g of 7. Additional material was obtained on 
acidifying the reaction mixture to pH 2. The combined material 
(6 g after recrystallization (50% yield)) melted at 205-206'C 
(lit. (17) mp 205-206°C); ir (KBr): 3180, 3100, 3040, 2960, 
2890, 1680 (C=O), 1480, 1370, 1235, 1160, 1075, 1025, 940, 
820, 760, 740, and 695 cm-I; 'Hmr (DMSO-d6) 6: 10.95 
(broad s, 1, NH), 7.5-6.8 '(m, 9, aromatic protons), 5.0 (s, 1, 

p h - C H ~ .  

2-Phenyl-3-thiomorpholinone 
This was prepared by the general procedure, except the 

reaction mixture was not heated and the reaction period was 
reduced to 12 h, from 11.2 g (0.05 mol) of phenyl(trichloro- 
methvl)carbinol and 6.7 g. (0.06 mol) of 2-aminoethanethiol 
hydrochloride in 75 mL of ibsolute ethanol, and 23 g (0.35 
mol) of potassium hydroxide pellets in 100 mL of absolute 
ethanol. The shorter reaction time was used because the amide 
linkage undergoes hydrolysis in the strongly alkaline reaction 
mixture. This has been previously observed with other thio- 
morpholinones (18). The hydrolysis product was also syn- 
thesized independently as described below. An ether extract of 
the alkaline mixture gave 3.5 g of gummy material. One 
recrystallization from 30 mL of benzene gave 2 g (21% yield) 

of 2-phenyl-3-thion 
recrystallization fror 
to 159OC (lit. (19) mj 
2930, 1650 (C=O), 
875,830,745, and 7C 

s, I, NH), 7.38 (s, 

(m, 2, -NH-CH2- 

a-(2-Aminoethylthio 
This was prepare1 

(0.01 mol) of a-bro 
2-aminoethanethiol 
anhydrous sodium i 

allowing the reactic 
which formed was \ 

dried. It weighed C 
dissolved in an exce 
evaporate to dryne: 
with a little 6 N hy 
raised the melting 
acetic acid hydroch 
1715 (C=O), 1480 
'Hmr ( D M S O 4 )  

7.70-7.27 (m, 5, Ph 
-CH2CH2-). Ant 
5.70, N 5.66, S 12.9 

Z-a-Oximinophenyl, 
This was prepax 

reaction mixture ws 
of phenyl(trich1oro 
hydroxylamine hyc 
and a solution of 
pellets in 100 mL 
potassium chloridr 
volume of water, : 
acid, and allowed t 
of the residue was 
tained a small am, 
stand for 18 h. T 
leaving behind 2.2 
One recrystallizatil 
yield) of Z-a-oxirr 
1765°C dec. (lit. (2 
3400-2600, 1680-1 
1095, 1020-1OOO,8 
that of ref. 21); 'HI 
Anal. calcd. for C8 
C 53.40, H 4.17, P 
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of 2-phenyl-3-thiomorpholinone, mp 155-156°C. Further 
recrystallization from benzene and acetonitrile raised the mp 
to 159°C (lit. (19) rnp 160-162°C); ir (KBr): 3280, 3185, 3060, 
2930, 1650 (C=O), 1490, 1415, 1335, 1205, 1150, 1115, 1070, 
875,830,745, and 700 cm-I; 'Hmr (DMSO-d6) 6: 8.03 (broad 

s, 1, NH), 7.38 (s, 5, Ph), 4.80 (s, 1, ~h-CH<), 3.73-3.30 

(m, 2, -NH-CH2-), 3.05-2.73 (m, 2, -S-CH2-). 

a-(2-Aminoethy1thio)phenylacetic Acid Hydrochloride 
This was prepared by refluxing for 1 h a solution of 2.1 g 

(0.01 mol) of a-bromophenylacetic acid, 1.1 g (0.01 mol) of 
2-aminoethanethiol hydrochloride, and 1.6 g (0.02 mol) of 
anhydrous sodium acetate in 50 mL of absolute ethanol, and 
allowing the reaction mixture to stand for 2 days. The solid 
which formed was washed with 10 mL of water, filtered, and 
dried. It weighed 0.3 g, mp 207-208°C dec. The solid was 
dissolved in an excess of 6 N hydrochloric acid and allowed to 
evaporate to dryness. It then melted at 171-173°C. Washing 
with a little 6 N hydrochloric acid, in which it was insoluble, 
raised the melting point of the a-(2-aminoethy1thio)phenyl- 
acetic acid hydrochloride to 175-1 77°C; ir (KBr): 3200-2500, 
1715 (C=O), 1480, 1245, 1210, 1160, 720, and 635 cm-' ; 
'Hmr (DMSO-d6) 6: 8.86 (broad s, 4, -NH3 + COOH), 

7.70-7.57 (m, 5, Ph), 4.95 (s, 1, ~h-CH<), 3.22-2.70 (m, 4, 
-CH2CH2-). Anal. calcd. for C1,H,,NO,SC1: C 48.48, H 
5.70, N 5.66, S 12.94; found: C48.11, H 5.49, N 5.82, S 12.76. 

AND COLEY 449 

Z-a-Oximinophenylacetohydroxatnic Acid 
This was prepared by the general procedure, except the 

reaction mixture was not heated, starting with 11.2 g(0.05 mol) 
of phenyl(trichloromethyl)carbinol and 10.4 g (0.15 mol) of 
hydroxylamine hydrochloride in 50 mL of absolute ethanol, 
and a solution of 26.4 g (0.4 mol) of potassium hydroxide 
pellets in 100 mL of absolute ethanol. After filtering off the 
potassium chloride, the filtrate was diluted with an equal 
volume of water, acidified to pH 4.5 with 6 N hydrochloric 
acid, and allowed to evaporate to dryness. An acetone extract 
of the residue was concentrated to an orange oil which con- 
tained a small amount of solid; the mixture was allowed to 
stand for 18 h. The oil was taken up in cold chloroform, 
leaving behind 2.2 g of creamcolored crystals, mp 164-166°C. 
One recrystallization from 30 ml of water gave 2.1 g (23% 
yield) of 2-a-oximinophenylacetohydroxamic acid; mp 176- 
176.S°C dec. (lit. (20, 21) mp 177"C, 173.5-175.S°C); ir (KBr): 
3400-2600, 1680-1650 (C=O), 1610, 1500, 1430, 1300, 1230, 
1095, 1020-1000, 850, 840, 760, 725, and 690 crn-' (similar to 
that of ref. 21); 'Hmr (DMSO-d,) identical with that of ref. 21. 
Anal. calcd. for C8H8N20,: C 53.33, H 4.48, N 15.55; found: 
C 53.40, H 4.17, N 15.75. 

Phenyl(phenyltlrio)acetic Acid 
This was prepared by the general procedure, except the 

reaction mixture was not heated, starting with 11.2 g (0.05 
mol) of phenyl(trichloromethyl)carbinol and 5.5 g (0.05 mol) of 
thiophenol in 50 mL of absolute ethanol, and 19.8 g (0.3 mol) 
of potassium hydroxide pellets in 100 mL of absolute ethanol. 

After filtering off the potassium chloride, the neutral fraction 
was extracted with ether and 1.3 g of crude phenyl(trich1oro- 
methy1)carbinol was obtained. Acidification yielded 10.5 g 
(86% yield) of ~henyl(~henvlthio)acetic acid. mD 92-95°C. One 
rec&talli;ati&n from a benzene~yclohex~ne mixture gave 
crystals of pure phenyl(pheny1thio)acetic acid; mp 101.5- 
102.5"C (lit. (22) mp 101-102"C, lit. (23) mp 102-103°C); ir 
(KBr):' 3200-2400, 1690 (C=O), 1580, 1480, 1410, 1280, 950, 
735, 725, 695, 690, and 675 cm-I; 'Hrnr (CDCI,) 6: 10.35 
(broad s, 1, -COOH), 7.58-7.13 (m, 10, Ph), 4.90 (s, 1, 

ph-CH<). 
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the hydroxyl and sulfhydryl groups in 2-methoxyphenol and 2-methoxythiophenol 
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TED SCHAEFER and TIMOTHY A. WILDMAN. Can. J. Chem. 57,450 (1979). 
The long-range spin-spin coupling constants involving the hydroxyl proton in 2-methoxy- 

phenol are consistent with a potential function for rotation of the hydroxyl group derived from 
far infrared torsion data. The internally hydrogen bonded cis conformer is the only one detected 
by nmr. In contrast, the long-range couplings of the sulfhydryl group in 2-methoxythiophenol 
indicate that the trans conformer is favored over the cis conformer by a free energy difference of 
0.2 f 0.2 kcal/mol. Furthermore, the barrier to internal rotation of the sulfhydryl group is 
much smaller than that of the hydroxyl group in these two compounds. It  is suggested that the 
barrier in the thiophenol derivative is 2.7 f 0.6 kcal/mol, to be compared with a twofold 
component of 6 kcal/mol in the rotational potential function of the phenol analog. 

TED SCHAEFER et TIMOTHY A. WILDMAN. Can. J. Chem. 57,450 (1979). 
Les constantes de couplage spin-spin a longue distance impliquant le groupe hydroxyle du 

methoxy-2 phenol sont en accord avec une fonction de potentiel ttablie, pour la rotation du 
groupe hydroxyle, a partir de donnees de torsion provenant de I'infrarouge lointoin. En rmn, on 
ne detecte que la presence du conformere cis impliquk dans une liaison hydrogene interne. Par 
ailleurs, les constantes de couplage a longue distance impliquant le groupe sulfhydryle de 
methoxy-2 thiophknol indiquent que le conformere trans est plus favoris6 que le conformere 
cis; la difference d'inergie libre est de 0.2 f 2.0 kcal/mol. De plus, la barriere a la rotation 
interne du groupe sulfhydryle est beaucoup plus faible que celle du groupe hydroxyle dans ces 
deux composes. On suggkre que la barriere dans le derive thiophknol est 2.7 0.6 kcal/mol; 
on doit comparer cette valeur avec une composante binaire de 6 kcal/mol dans la fonction 
de potentiel de rotation de I'analogue oxygene. 

[Traduit par le journal] 

Introduction 
The intramolecular hydrogen bond in 2-methoxy- 

phenol apparently is of intermediate strength. There 
occurs only one hydroxyl stretching band in the 
infrared. It is assigned to the intramolecularly 
hydrogen bonded cis conformer,. 1 (1). In cyclo- 

cis ,  8 = 0" trans. 8 = 180" 8 = 90" 
1 2 3 

hexane solution, those far infrared bands assigned to 
the hydroxyl torsions are consistent with an equili- 
brium in which 1 is 2.00 kcal/mol more stable than 
2 (1). Furthermore, conformation 3, in which the OH 
bond is situated in a plane perpendicular to the ben- 
zene plane, lies 6.94 kcal/mol above 1. 

Carlson and Fateley (1) write: 

in which V ,  = 2.00 kcal/mol is the onefold com- 
ponent (maximum at 0 = 180"); whereas V ,  = 5.94 

kcal/mol is the twofold component (maximum at 
0 = 90") describing the torsional potential of the 
hydroxyl group about the C-0 bond. In phenol, V2 
is 3.4 + 0.2 kcal/mol (1-4). 

If V ,  is identified as the enthalpy difference be- 
tween 1 and 2 and if the entropy difference between 1 
and 2 is small enough, then at 305 K the equilibrium 
constant is 0.036 (assuming equal activities for the 
isomers in a dilute solution). It follows that 3.5% 
exists as the trans conformer, 2, at 305 K. 

CND0/2 MO calculations predict 1 as 1.32 
kcal/mol more stable than 2 (5). Both conformers are 
reasonably assumed to have the CH, group staggered 
about the C-0 bond. An empirical relationship (6) 
between hydroxyl torsional frequencies and the 
strength of the intramolecular hydrogen bond, 
suggests 1 as 1.7 f 0.2 kcal/mol more stable than 2. 
Apparently (5,6) the intramolecular hydrogen bond 
is considerably weaker in 2-methoxyphenol than in 
2-nitrophenol or in salicylaldehyde. 

Infrared band intensities and dipole moment data 
were interpreted (7) as indicating preferred cis con- 
formations, 1, for 2-nitro- and 2-methoxythiophenol; 
although it was clear that intramolecular hydrogen 
bonding was less marked than in the corresponding 

phenol derivath 
data (8) indicat 
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SCHAEFER AND WILDMAN 45 1 

phenol derivatives. A different set of dipole moment 
data (8) indicated roughly equal populations for 1 
and 2 (X = S) for 2-methoxythiophenol in cyclo- 
hexane, benzene and dioxane solutions. 

An extensive set of calculations, at the CND0/2 
and STO-3G levels of molecular orbital theory (5), on 
intramolecular hydrogen bonding in ortho substituted 
phenols and thiophenols successfully reproduces the 
stronger hydrogen bonds in the phenol derivatives. 
In particular, the cis form of 2-hydroxythiophenol, 
analogous to 1, is calculated as more stable than the 
trans form, analogous to 2. Furthermore, the lower 
values of V, in the thiophenol derivatives are also 
predicted (see below). 

On the other hand, long-range spin-spin coupling 
constants over five bonds between the thiol proton 
and ring protons in 2-nitrothiophenol dissolved in 
chloroform or benzene imply that the conformer in 
which the SH bond lies trans to the nitro group is 
favoured ,over the cis conformer by a free energy 
difference of 0.5 + 0.2 kcal/mol at 305 K (9). This 
implication depends on the stereospecificity of the 
five-bond coupling, 5JmH,XH (X = 0, S). References 
9-14 give a discussion of this method of determining 
intramolecular equilibria in phenol and thiophenol 
derivatives. 

In this paper, 5 ~ m H 7 X H  measurements are used to 
compare strengths of the intramolecular hydrogen 
bonds in 2-methoxythiophenol and in 2-methoxy- 
phenol. It turns out that a rough value for the barrier 
to rotation of the S-H group can also be deduced. 

Experimental 
2-Methoxyphenol, from Aldrich Chemical Co., was pre- 

pared as 5 mol% solutions in CCI4 and in benzene-d6. 2- 
Methoxythiophenol, from Tridom Chemical Inc., was made 
up as a 4.6 molz solution in CCI,. Degassed samples contain- 
ing internal tetramethylsilane (TMS) as a reference material, 
were sealed under vacuum into 5-mm od nmr tubes. Inter- 
molecular proton exchange was retarded as previously 
described (1 2). 

The 'H nmr spectra were recorded at a probe temperature 
of 305 K on an HA100 spectrometer. The spectra were 
repeatedly calibrated in the frequency sweep mode by placing 
markers at ca 5 Hz intervals. Interpolation between markers 
yielded peak positions whose rms deviations were typically 
less than 0.02 Hz. The spectral dispersion amounted to 1 Hzlcm 
and the spectra were swept at 0.02 and/or 0.01 Hz/s. 

Results and Discussion 
I .  Spectral Analyses 

The spectra were analyzed by means of the com- 
puter program LAME (1 5, 16). The spectral param- 
eters appear in Table 1. The chemical shift between 
H-3 and H-4 in the CCI, solution of 2-methoxyphenol 
was only 2.0 Hz. In consequence, the analysis was not 
as precise as desired, even under conditions in which 

the methyl protons were decoupled from H-3. The 
benzene-d6 solution yielded a more highly dispersed 
spectrum and proved amenable to a precise analysis 
(Table 1). 

The spectral quality was similar to that recently 
portrayed for 2-methylphenol (14). The standard 
deviations in the spectral parameters in Table 1 
should probably be multiplied by a factor of 3 to 
yield a measure of accuracy. 

2. Intramolecular Equilibrium in 2-Methoxyphenol 
In the following discussion it is assumed that 

5 j m X H , H 3  - = 5 Jc in 1 and 5JmXH,H5 = 5Jc in 2, vanish; 
i.e., that an observable 5 ~ m H 3 X H  arises only from con- 
tributions over the all-trans path in 1 and 2. Further- 
more, it is assumed that 5 ~ ,  in 1 and 2 are equal. These 
assumptions have led to self-consistent equilibrium 
measurements in a large variety of phenol derivatives 
(9-14) and to agreement with reliable data from 
other methods (17, 18). That 5 ~ c  is not observable 
under the conditions in this laboratory is known for a 
number of phenol derivatives (10-12). 

In the benzene-d, solution (Table 1) 5 ~ m 0 H 7 H 5  is 
0.42 + 0.01 Hz and S~,, ,0H,H3 is -0.01 + 0.01 HZ 
(not significantly different from zero). It follows that 
only the intramolecularly hydrogen bonded cis 
conformer, 1, is detectably populated at 305 K under 
these conditions. If AGO is 2.00 kcal/mol, then the 
trans conformer would be populated to the extent of 
3.5%. Hence, a 5Jm0H,H3 of 0.015 Hz (0.42 x 0.035) 
should be observed in principle. However, the 
spectral quality is not high enough to allow such an 
observation. Therefore, the present result is consis- 
tent with the far infrared conclusions above. 

A substantial barrier to out-of-plane rotation of 
the hydroxyl group follows from the unobservably 
small coupling over six bonds, 6Jp0H,H4, between the 
hydroxyl proton and the para ring proton. Appreci- 
able out-of-plane populations of the hydroxyl rotor, 
allowed by a V, of less than about 4 kcal/mol at 
305 K, would lead to a detectable o-R coupling (12). 

Turning to the CCl, solution, it is plain that, 
because of tight coupling, the errors in the spectral 
parameters are much larger than in the benzene-d6 
solution. Within experimental error (three times the 
standard deviations), the 5 ~ m 0 H , H  values are consis- 
tent with the conformational deductions based on the 
data for the benzene-d, solution. 

The relative chemical shifts in the two solutions are 
of interest. In general, the magnetic anisotropy of 
benzene molecules causes marked shifts to high field 
of solute proton resonances, relative to those in CCI, 
solution. However, only the CH, and H-3 resonances 
in 2-methoxyphenol display a marked upfield shift 
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CAN. J .  CHEM. VOL. 57, 1979 

TABLE 1 .  Proton chemical shifts and spin-spin coupling constants for 2-rnethoxyphenol and 
2-methoxythiophenol 

- -  

2-Methoxypbenol 
2-Methoxythiophenol 

ParametePeb CCI4 (5 molOJ,) C6D6 (5 mol%) CC14 (4.6 molx) 

V X H  540.682 (5) 554.570 (2) 366.1 
V C H ~  381.2 318.997 (1) 382.9 
v3 671.859 (10) 646.906 (2) 672.427 (5) 
v4 669.884 (8) 668.907 (2) 698.191 (4) 
vs 675.644 (1 1) 675.233 (2) 674.990 (5) 
v6 681.007 (lo) 699.951 (1) 713.551 (4) 
3J3 4 8.066 (1 2) 8.028 (3) 8.183 (7) 
3J4s 7.577 (12) 7.592 (2) 7.436 (6) 
3& 6 7.907 (11) 7.941 (2) 7.436 (6) 
4J3s 1 .422 (8) 1 .442 (4) 1.215 (5) 
4J4-5 1.575 (10) 1 .536 (4) 1 .648 (5) 
'J3 6 0.301 (1 3) 0.261 (2) 0.322 (6) 
4J XH.Hs 

e -0.100 (11) - 0.098 (2) 0 . 0  
SJ X H , H I  -0.041 (12) -0.007 (2) 0.282 (8) 
SJ XH.Hs  0.376 (13) 0.420 (2) 0.211 (9) 
6J XH,H4  0 . 0  ~ 0 . 0 3  -0.136 (8) 
SJCH$,H$ - (-)0.288 (1) (-)0.28 
Root-mean-square deviation 0.01 39 0.0135 0.0122 
Transitions calculated 85 704 90 
Peaks observed 42 69 61 
Transitions assigned 59 521 55 
- - -- 

.The chemical shifts, v, are given in Hz at 100 MHz to low field of internal tetramethylsilane at 305 K .  
bstandard deviations in the last one or two significant figures are given in parentheses. 

(Table 1). This observation can be rationalized as a 
preferential packing of the polarizable benzene sol- 
vent molecules about electron deficient sites in the 
solute molecule (19, 20). If the hydroxyl proton lies 
near the electron rich oxygen atom of the methoxyl 
group, as in conformer 1, its low-jeld shift in benzene 
solution can be understood. When appreciable 
amounts of trans conformers, 2, are present, the 
hydroxyl and H-6 protons display large upfield 
shifts (up to 1 ppm) in benzene solution (13). 

The conformation of the methoxy group in 2- 
methoxyphenol is no doubt as indicated in 1 or 2, as 
corroborated by the through-space coupling of 
-0.3 Hz between the CH, and H-3 protons (21,22). 

In summary, the l H  nmr spectral parameters for 
2-methoxyphenol are consistent with a conformation, 
1, whose energy relative to 2 has been calculated 
from the hydroxyl torsional modes. 

3. Conformational Properties of 2-Methoxythiophenol 
5JmSH9H3 is larger than 5JmSH,H5. The trans con- 

former, 2, is more stable (57% abundant) than the cis 
conformer, 1, by a free energy difference of 180 $- 120 
cal/mol. The quoted error assumes an accuracy in 5J 
determined by three times the standard deviation. 
For reasons to be given in Section 4, we prefer to 
write AGO = 0.2 f 0.2 kcal/mol. This result agrees 
with one set of dipole moment measurements (8), 
whose interpretation assumes the conformers 1 and 2 
(including the specified orientation of the methoxy 

group). The cis conformer in 2-methoxythiophenol is 
relatively more stable than in 2-nitrothiophenol (9), 
very likely a consequence of less favourable steric 
interactions in the latter compound (7). 

In contrast to the analogous coupling in phenol 
(12) and a variety of its derivatives (10-14), the six- 
bond coupling, 6 ~ p S H . H ,  in thiophenol (23) and in 2- 
methoxythiophenol has a finite magnitude. If, as 
expected from a o-n coupling mechanism, 6 ~ p  has a 
sin2 0 dependence (0 being the angle by which the 
OH or SH bonds twist out of the aromatic plane), 
these coupling magnitudes are consistent with the 
known twofold barriers to internal rotation in 
phenol and thiophenol. Thus, the far infrared gas 
phase torsions for phenol imply a V, of 3.6 kcallmol 
(I). This means that a t  305 K the out-of-plane popu- 
lations in phenol are small and, in terms of a hin- 
dered rotor model (23), 64H.0H should be very small 
in magnitude. Again, torsion data on gaseous thio- 
phenol yield a V2 of 0.76 kcal/mol (24). In CCl, 
solution, 6 ~ p S H , H  in thiophenol is -0.33 Hz (23) and 
was used to derive a V2 of 1.1 + 0.3 kcal/mol (23). 
This value of V2 depended on an assumed value for 
6JpSH,H (0 = 90O) of - 1.06 HZ. If this number is 
changed to -0.97 Hz, V2 becomes 0.76 kcallmol. 
Of course, a small solvent effect on the barrier is a 
definite possibility. 

The 'H nmr data (25) on a series ofpara substituted 
thiophenol derivatives strongly suggested that n 
electron donors cause a decrease in V2 and that n 
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SCHAEFER A N D  WILDMAN 453 

electron acceptors entailed an increase in V2. For 
example, V2 in 4-nitrothiophenol in solution was over 
2 kcal/mol and was near zero in 4-methoxythio- 
phenol. This trend was reasonably explained by a 
change in conjugation of the SH group with the 
aromatic nucleus. Such substituent induced changes 
in V2 are supported by STO-3G MO calculations (25) 
and are also found in analogous phenol derivatives 
(26). 

In 2-nitrothiophenol, 6J,SH,H is -0.03 + 0.02 HZ, 
suggesting a barrier to internal rotation of greater 
than 3 kcal/mol(9) for the SH group. 

Now, in 2-methoxythiophenol, the energy differ- 
ence between conformers 1 and 2 is apparently less 
than 0.2 kcallmol and therefore V, may well be 
much smaller'than V2 (see eq. [I]). in that event a 
hindered rotor treatment based on a twofold barrier 
(25, 27, 28) becomes meaningful. 6 ~ p S H * H  is -0.14 + 
0.02 Hz. If 6~ (0 = 90') is -0.97 Hz, the expectation 
value of sin2 8 becomes 0.14 f 0.02, yielding a V2 of 
2.7 f 0.6 kcal/mol. The quoted error is rather larger 
than implied by the error in 6 ~ p S H , H .  It is meant to 
indicate the approximate nature of the model. 

It appears that V, is indeed a small fraction of V,, 
so that one may write for 2-methoxythiophenol (and 
by analogy to eq. [I]) 

[2] V(kcal/mol) = (0.2 f 0.2)(1 - cos 8)/2 

+ (2.7 f 0.6)(1 - cos 28)/2 
Inclusion of V,, terms with n > 2, although correct in 
principle, would not be suitable here. It may be noted 
that a theoretical analysis of the potential function in 
phenol derivatives indicates that the magnitude of a 
V,,, term amounts to between 5 and 20% of the V,, 
term (5). 

If this treatment of the SH motion is correct, the 
barrier to internal rotation in both compounds is 
considerably higher than in the corresponding para 
derivatives. In the para derivatives the barrier 
decreases relative to the parent compounds by about 
1 kcal/mol (25, 26). In the ortho derivatives, the V2 
component increases by about 2 kcal/mol relative to 
the parent compounds. We hesitate to speculate 
about the origin of this phenomenon. 

4. The o-n Component of jJmSHVH 
Because the SH group has significant out-of-plane 

populations, 5JmSH9H will contain a small contribution 
from the o-n mechanism. This contribution is pro- 
portional to sin2 8 and should be subtracted from the 
observed 'JmSHYH to yield the stereospecific 'J, values 
used above. An estimate of the o-IT contribution to 
'JmSHvH is available from its value of 0.13 Hz in 4- 
bromo-3-methylthiophenol (25). The barrier in this 
compound is only about half that in 2-methoxythio- 
phenol, so that a much larger out-of-plane population 

exists in the bromo compound; for which (sin2 8) is 
about 0.3 (25). The ratio of (sin2 0) in these two 
compounds is 0.1410.3, or about 0.5. Then the o-n 
contribution to 5~mSH,H3  and 5 ~ m S H , H 5  in 2-methoxy- 
thiophenol is roughly 0.5 x 0.13, or 0.06 Hz. AGO 
becomes - RT In (0.21 - 0.06)/(0.28 - 0.06), or 
0.23 kcallmol at 305 K. In other words, the value of 
0.2 f 0.2 kcal/mol, quoted in [2], still stands. 
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Tautomeric equilibria and pK, values for 'sulfurous acid' in aqueous solution: 
a thermodynamic analysis 

J . PETER GUTHRIE' 
Department of Chemistry, University of Western Ontario, London, Ont., Canada N6A 587 

Received June 2, 1978 

J. PETER GUTHRIE, Can. J. Chem. 57,454(1979). 
The free energy of formation of dimethyl sulfite in aqueous solution can be calculated as 

-91.45 + 0.79 kcal/mol; this calculation required measurement of the solubility of dimethyl 
sulfite. From this value and the pK, of SO(OH),, using previously reported methods, the free 
energy of formation of SO(OH), can be calculated to be - 129.26 + 0.89 kcal/mol. Comparison 
of this value with the value obtained from the free energy of formation of 'sulfurous acid' 
solutions, calculated from the free energy of formation of sulfite ion and the apparent pK. 
values, permits evaluation of the free energy of covalent hydration of SO, as 1.6 + 1.0 kcal/mol, 
in agreement with earlier qualitative spectroscopic observations. From the apparent pK, and 
the anticipated pK, values for the tautomers (SO(OH)2, pK1 = 2.3; HS02(OH), pK1 = -2.6) 
it is possible to calculate the free energy change for tautomerization of SO(OH)2 to H-SOZ- 
(OH) as +4.5 f 1.2 kcal/mol. All equilibrium constants required for Scheme 1, describing the 
species present in dilute aqueous solutions of SO,, have been calculated. In agreement with 
previous Raman studies the major tautomer of 'bisulfite ion' is calculated to be H-SO3-. 

J. PETER GUTHRIE. Can. J .  Chem. 57,454 (1979). 
On peut calculer que I'tnergie libre de formation du sulfite de dimethyle en solution aqueuse 

est tgale a -91.45 f 0.79 kcalJmol; afin d'effectuer ce calcul, il faut mesurer la solubilite du 
sulfite de dimtthyle. En utilisant les methodes rapporttes antkrieurement, on peut calculer que 
I'energie libre de formation du SO(OH), est egale B - 129.26 + 0.89 kcal/mol a partir de 
cette valeur et du pK, de SO(OH),. Une comparaison de cette valeur avec celle obtenue a 
partir de I'tnergie libre de formation de solutions "d'acide sulfureux," calcultes a partir de 
I'energie libre de formation de I'ion sulfite et des pK, apparents, permet d'evaluer que I'energie 
libre d'hydratation covalente du SO2 est tgale a 1.6 + 1.0 kcal/rnol, en accord avec des 
observations spectroscopiques qualitatives. En utilisant le pK, apparent et les valeurs de pK. 
attendues pour les tautomitres (SO(OH),, pK, = 2.3; HS02(0H), pK, = 2.6), on peut 
calculer que I'tnergie libre du changernent associte a la tautorntrisation du SO(OH)2 en 
HSO,(OH) est egale a +4.5 + 1.2 kcal/mol. On a calcule toutes les constantes d'equilibre 
impliquees dans le schema 1 qui decrit les espkes en presence dans des solutions aqueuses 
diluees de SO,. En accord avec les etudes Raman anttrieures, on a calcult que le tautomere 
principal de I'ion "bisulfite" est le HS03-. 

[Traduit par le journal] 

Introduction has been considered. The present work will show that 
~t has been recognized for some time that 6sul- the situation is in fact more coinplicated than has 

furous acid' does not exist as such in aqueous solu- been considered in the past and that a satisfactory 
tion to any large extent (ref. 1 ,  p. 878). Infrared analysis, explaining both the infrared spectra and the 
spectra of concentrated aqueous solutions of sulfur P K ~  behavior, is possible- A rationalization for the 
dioxide show only bands due to sulfur dioxide and ~ o l u b i l i t ~  can also be ~ffered.  
water (2) and it has been concluded that sulfurous The Present work builds upon recent work from 
acid (SO(OH),) is present to the extent of less than this laboratory (4-6) which has shown that the free 
1 part in 30 (2). Bell has pointed out (3) that there are energies of hydrolysis of esters of inorganic OxY acids 
two peculiar features about the behavior of these (for which resonance effects are not important) can be 
solutions: first that the pKa for what are alleged to be calculated with useful precision from the pKa of the 
solutions of sulfur dioxide in water has the value OXY acid, using a linear free energy relationship which 
expected for SO(OH), ; and second that the solubility appears to hold over the entire accessible range of 
of SO, is much greater than would be expected by P K ~  values. This permits the free energy of formation 
comparison with CO,. On this basis he suggested of SO(OH)2 to be calculated from the known heat of 
that hydration might be much more favorable than formation of SO(OCH,),. From this fact, the known 

free energy of formation of sulfite ion, and the 
'Fellow of the Alfred P. Sloan Foundation, 1975-1979. observed pKa values, the entire system can be solved. 

ooos-40421791040454-04$01.00/0 
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GUTHRIE 

TABLE 1. Thermodynamic properties for compounds d~scussed In t h ~ s  papeP 

(a) Compounds for which free energles of formation have not been reported previously 

(b) Compounds for which free energles of formation in aqueous solut~on have been reported prev~ously 

Compound AGP(aq) Compound AG?(aq) 

(c) Compounds for whlch free energiep of formation In aqueous solutlon have been calculated in t h ~ s  work 

Compound AGfo(aq) Compound AGP(aq) 

-110.65(0.84) 
-124.90(1 14) 

'At 25°C. standard states are Ideal gas at 1 aim, pure I~qurd, and I M aqueous solut~on wrth an lnfinltely dllute reference state, unless 
otherwise noted 

b l n  kcal mol - 
=In cal deg-1 mol-I 
*Free energy of transfer, from gas at I atm to I M aqueous solut~on w ~ t h  an  lnfin~tely dllute reference state 
=Reference 13 
JCalculated from data In ref 14 
9Calculated from other values In thls table 
"eference I5 
'Calculated by the method of atomlc contrlbuttons, ref. 16 
JThls work 
hStandard state 1s the pure 11quld 

Results and Discussion wide range of species X-OH; it appears to hold for 
Thermodynamic properties for the compounds dis- OXY acids over the pKa range from -6 to 15 with 

cussed in this paper are found in Table 1. From data X = CIV", SV1, pV, AS"', ~ i ' " ,  and C (6). 1n this way 
in the literature, and the solubility of dimethyl sulfite were the free energies formation 
measured in this work, it was possible to determine sulfurou~ acid and monomethyl sulfite in Table 1. In 
the free energy of formation of dimethyl sulfite in these calculations, it is necessary to use the pKa value 
aqueous solution. Then the free energy of formation for the acid corresponding to the ester but with OH 
of sulfurous acid, SO(OH),~ could be calculated by replacing OR; in the present case the acid is sulfurous 
methods which we have reported previously, based acid (or its monomethyl ester). For sulfurous acid the 
upon calculation of the free energy of hydrolysis of pKa by KossiakOff and Harker (lo) 
the ester. For hydrolysis reactions of type [I], pro- Was used; these authors used a simple electrostatic 
vided that resonance is not important for the acid model which proved quite accurate for those acids 
X-OH, the free energy change for the hydrolysis, where resonance is not important in either the acid or 
corrected for symmetry and steric is given the anion. The estimated standard deviations are 

based upon the differences between observed and 
[ll X-OR + H 2 0  X-OH + HOR calculated values for all the acids which they studied 
[2] AG" = - 4.78(+0.28) + 0.336(+0.024)pKa where the model is appropriate and the structure and 

pka of the acid are known. For monomethyl sulfite 
by [21(5)- This equation has been used for phosphate the pKa was estimated assuming that the effect of 
( 5 )  and phosphite esters (7), and has been tested for a replacing OH by OMe was the same as the average 

2 1 ~  this paper  sulfurous acid, will be used to mean the value observed for phosphate esters (5) with suitable 
equ~librium mlxture obtained when sulfur dioxide is dissolved allowance for Symmetry effects (6). 
in water, sulfurous a c ~ d  will be used to refer to SO(OH),, From the known and unambiguous free energy of 
sulfonic acid will be used to refer to H-S02(OH); similarly formation of sulfite ion, ~ 0 , 2 - ,  in aqueous solution 
the monoanlons w~ll be referred to as 'bisulfite ion,' hydrogen 
sulfite ion, and tetracoord~natesulfonate ion. This suggested and the apparent pKa values for 'sulfurous acid' the 
nomenclature is analogous to that used for phosphorous acids apparent free energy of formation of 'sulfurous acid' 
(8). can be calculated. This value refers to the equilibrium 
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mixture of SO, and SO(OH),; from the two free 
energies of formation, the equilibrium constant for 
hydration can be calculated, since it may be shown 
that 

AG:('sulfurous acid') = AG:(SO(OH),) 

- RTln (1 + l/Kh) 

where Kh is the dimensionless equilibrium constant 
for hydration. This method leads to a free energy of 
hydration of + 1.6 + 1.0 kcal/mol. 

This value is in satisfactory agreement with the 
limit imposed by Giguere's infrared studies (2), which 
led to the conclusion that there was less than 1 part 
in 30 of sulfurous acid present. This would corre- 
spond to a free energy of hydration of +2. If the 
major species in solution is SO, then there is a 
problem explaining the pKa which is observed, since 
the apparent pKa is very close to that expected if the 
major species in solution were SO(OH), but is much 
too acidic for a solution of SO, and a very minor 
fraction of SO(OH),. There is, however, another 
tautomer possible, i.e., H-SO2-OH, which by 
analogy with the nomenclature of phosphorous com- 
pounds (8) should be called sulfonic acid. This is 
expected to be a strong acid and therefore could exert 
a marked influence on the apparent pKa even if the 
equilibrium proportion is very small. The complete 
set of equilibria required to describe the monosulfur 
species present in aqueous solution is shown in 
Scheme 1 .3 

From Scheme 1, the equilibrium constant K, for 
tautomerization of SO(OH), to H-SO,-OH can be 
expressed in terms of the other equilibrium constants 

Toncentrated solutions of bisulfite ion dimerize to give 
pyrosulfite ion, S2OS2- (ref. 1,  p. 880 and ref. 9). The present 
work deals only with the monomeric species. 

TABLE 2. Equilibrium constants describing Scheme 1" 

Parameter Value Parameter Value 

logKalaPP -1.89f0.10b logK, -3 .3 f0 .9  
log KazaPP - 7 1% Kh -1 .1k0.7  

log Kt -  1.6k1.4  
log Ka -2 .3k0 .9  log K.,, -7.Ok0.9 
log Ka,' 2 .6k0 .5  log Ka2 -8 .6k1.6  
log K,," 1 .0k1.3  

aIn aqueous solution at 2S°C. 
'Reference 14. 
CReference 17. 

as 

KalaPP is of course known, being the observed 
apparent first pKa of 'sulfurous acid;' pKal, the true 
pKa for SO(OH),, is not known experimentally; we 
will use the value calculated from an electrostatic 
model by Kossiakoff and Harker (10) of 2.3 + 0.9 
and also their value of 7.0 + 0.9 for the second pKa 
of SO(OH),. These values are imprecise but the 
results of the calculation are very insensitive to 
errors in them. 

For sulfonic acid, the pKa value was estimated by a 
Taft p* correlation which was recently shown to give 
good predictions for sulfonic acids (6). The value so 
obtained is pKaI1 = 2.6 + 0.5. 

When these values were substituted in [3], the free 
energy of tautomerization was calculated as 4.36 + 
0.72 kcal/mol. All of the equilibrium constants re- 
quired by Scheme 1 can now be calculated; the values 
are found in Table 2. These calculations simply in- 
volve calculating the one remaining equilibrium 
constant in a thermodynamic cycle. 

Table 3 shows the concentrations of the species 
present in solutions of pH 1-10 for a total 'SO,' 
concentration of 0.001 M. At high sulfite concentra- 
tions dimerization to 'metabisulfite' ions, s,o,~-, 
can be important (1, p. 880; 9); this dimerization has 
been ignored in constructing Table 3 and is unim- 
portant for concentrations less than 0.01 M (9). 

The results of this analysis are in good agreement 
with earlier qualitative observations; the major 
monoanion is the sulfonate anion, as had been con- 
cluded from the Raman spectra of aqueous bisulfite 
solutions (1 1). There are obvious implications for the 
interpretation of studies of nucleophilic reactions of 
bisulfite ion if the reactive species (with a lone pair on 
sulfur) is not the major species of the monoanion but 
rather a minor tautomer. Fortunately the reinterpre- 
tation will not be enormous since the factor by which 
apparent rate constants will have to be corrected is 
less than 100-fold. 

The contrast between the pKa of H-SO3-, 
8.6 f 1.6, and that for H-P(O),OH-, 28 f 2 (7), is 
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GUTHRIE 

TABLE 3. Concentrations of species present in aqueous solutions of SO2 a t  various p H  values, for a total concentration of 
0.001 M 

lo4 x Concentration of species 

very striking and shows the very large acid strengthen- I. M. SCHMIDT and W. SIEBERT. In Comprehensive inorganic 
ing effect of an increase by one unit of the formal chemistry. Edited by A. F.  Trotman-Dickenson. Perga- 

mon, Oxford. 1973. charge of the which hydrogen is 2. M. FALK and P. A. GIGUERE. Can. J .  Chem. 36,1121 (1958). 
bonded. The effect amounts to 19 + 2.6. 3. R. P. BELL. The proton in chemistry. 2nd ed. Cornell 

There remains the problem, to which Bell called University Press, Ithaca, NY. 1973. p. 92. 
attention (3), of the high solubility of sulfur dioxide 4. J. p. GUTHRIE. Can.J.Chem.539898(1975). 

in water. We suggest that the greater solubility of :: F: z::::::: ~ ~ ~ $ ~ . ~ ~ i ~ i  :y;;:;,977). 
jn  water than of 'O2 in water is due to the 7. J .  P. GUTHRIE. Can. J .  Chem. 57,240(1979). -- formal positive charge on the sulfur, leading to much 8. J .  H. FLETCHER, 0. C. DERMER, and R. B. Fox. Nomen- 

stronger dipole-charge interactions of water with the clature of organic compounds. American Chemical Soci- 

central S in SO, than with the central C in CO,. ety, Washington, DC. 1973. p. 279. 
9. R. M. GOLDING. J. Chem. Soc. 371 1 (1960). 

Experimental 10. A. KOSSIAKOFF and D. HARKER. J .  Am. Chem. Soc. 60, 
2047 (1938). 

The solubility of dimethylsulfite was determined by nmr 11. A. SIMON and K. WALDEMAN. Z. Anorg. Allg. Chem. 281, 
analysis of a saturated aqueous solution (pH 7 phosphate 113 (1955;281, 135 (1955). 
buffer, ionlc strength 0.1) integrating the methyl signals relative 12. BEILSTEIN. Handbuch der organlschen Chemie. 1, 282; 
to the solvent signal. Thesolubility so  obtained was 1.20 _+ 0.02 1(2), 271; 1(3), 11%; 1(4), 1250. 
M. The vapor pressure at  2S°C (14.1 Torr) was calculated from 13. F. D. ROSSINI, D. D. NAGMAN, W. H. EVANS, S .  LEVINE, 
a plot of 1% P vs. using data from Beilstein (12). These and J.  JAFFE. Natl. Bur. Stand. ( ~ . S . ) ~ i r c .  500(1952). 
values lead to a free energy of transfer from the gas phase at  14. H. F. JOHNSTONE and P. W. LEPPLA. J. Am. Chem. SOC. 
1 atm to aqueous solution at  1 M of -2.40 kcal/mol. 56,2233 (1934). 
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Structures and properties of mixtures of branched chain compounds and lecithin: 
phytol, a-tocopherol (vitamin E), and phytanic acid 

ROBERT J. CUSHLEY, BRUCE J . FORREST, ANNE GILLIS, AND JENIFER TRIBE 
Department of Chemistty, Simon Fraser Uniuersity, Burnuby, B.C. ,  Canada V5A IS6 

Received August 23, 1978 

ROBERT J. CUSHLEY, BRUCE J. FORREST, ANNE GILLIS, and JENIFER TRIBE. Can. J. Chem. 57, 
458 (1979). 

Phospholipid bilayers containing branched chain molecules, phytol (I), vitamin E (2), and 
phytanic acid (3), have been investigated by 3'P nmr, esr, and differential scanning calorimetry 
(dsc). 

A 31P lanthanide induced shift study indicated varying permeabilities to Pr3+ in the order 
phytanic acid > vitamin E > phytol > egg yolk lecithin alone; the half-lives (in days) were 
0.002,0.14, 0.83, and 6.5, respectively. The activation energy for Pr3+ permeation through the 
egg yolk lecithin - phytol membrane was found to be 84.9 + 0.8 kJ. 

The following esr order parameters, S3, were obtained using the extrinsic spin label, 5- 
doxylpalmitic acid, in oriented mixed multibilayers: S3 (1) = 0.29, S3 (2) = 0.50, and 
S3 (3) = 0.02. 

Differential scanning calorimetry revealed a lowering of the gel-liquid crystalline phase 
transition temperature, T,, as the concentration of incorporated isoprenoid compound in- 
creases, with eventual disappearance of the endothem. Specific entropy, s, calculated for 
dipalmitoyl lecithin + 25 molz  3 is 126 J kg-' K-I  compared to s = 114.2 J kg-' K-I  for 1 
and s = 85 J kg-' K-' for 2. 

ROBERT J. CUSHLEY, BRUCE J. FORREST, ANNE GILLIS et JENIFER TRIBE. Can. J. Chem. 57, 
458 (1979). 

Faisant appel la rmn du 31P, h la rpe et a I'analyse enthalpique differentiel (aed), on a 
etudie des doubles couches de phospholipides contenant des molkules a chaines ramifiees 
comme le phytol (I), la vitamine E (2) et I'acide phytanique (3). 

Une etude de deplacements induits par les lanthanides des spectres rmn du 31P met en relief 
que les diverses permeabilites au Pr3+ sont dans I'ordre acide phytanique > vitamine E > 
phytol > EYL (seui); les demi-vies respectives (en jours) sont 0.002,0.14,0.83 et 6.5. L'energie 
d'activation pour l'impregnation du Pr3+ a travers une membrane de EYL-phytol est egale a 
84.9 + 0.8 kJ. 

Dans des couches multiples mixtes orientkes, les paramttres d'ordre S3, mesuds en rpe en 
faisant appel a I'acide doxyl-5 palmitique, un marqueur de spin intrinskque, sont les suivants: 
S3 (1) = 0.29, S3 (2) = 0.50 et S3 (3) = 0.02. 

La aed met en evidence un abaissement de la tempkrature, T,, de transition de phase gel- 
cristal liquide au fur et a mesure de I'augmentation de la concentration du compose iso- 
prknique incorpore; il se produit Cventuellement une disparition de I'effet endothermique. 
L'entropie spkcifique, s, calculCe pour DPL + 25% de 3 est 126 J kg-' K-I comparke a une 
s = 114.2 J kg-' K-' pour 1 et une s = 85 J kg-' K-'  pour 2. 

[Traduit par le journal] 

Introduction 
Isoprenoid compounds assume an important role 

in biological systems. We have studied the effects of 
three of the 'phytyl' family: phytol (3,7,11,15-tetra- 
methylhexadecyl-trans-2-en-1-01, compound I), a- 
tocopherol (2,5,7,8-tetramethyl-2-(4,8,12-trimethyl- 
tridecy1)-6-chromanol, compound 2), and phytanic 
acid (3,7,11,15-tetramethylhexadecanoic acid, com- 
pound 3), on the structure and function of lecithin 
model membranes. 

The physiology of these isoprenoids is well known. 
The most important of the above three is vitamin E 
(a-tocopherol, 2, is the most active of the chromanols 
making up the vitamin). The pathogenic consequence 
of vitamin E deficiency is the onset of sterility and/or 

nutritional muscular dystrophy in rats. Less clear, 
and still controvertible, is the biological function of 
tocopherol. The most widely held view is that 
vitamin E functions as an antioxidant, protecting 
unsaturated lipids from free radical attack (1). How- 
ever it has also been proposed as a specific antioxi- 
dant for protection of protein bound Se or a cofactor 
in mitochondria1 oxidation or oxidative phos- 
phorylation (2). 

Theaccumulation ofphytanic acid(3) hasbeen found 
to be a factor in the progression of Refsum's disease. 
Patients afflicted with this disorder are not able to 
a-oxidize and decarboxylate phytanic or similar 
branched chain fatty acids, and an accumulation of 
branched acids results. This build-up has been cited 

as a causative f 
tion) of the ner 
death (3). 
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CUSHLEY ET AL. 

generous gift of Dr. A. C. Oehlschlager, Chemistry Depart- 
ment, Simon Fraser University. 

Egg yolk lecithin was extracted from fresh yolks by the 
method of Singleton et 01. (8). Thin-layer chromatographic 
analysis (0.25 mm silica gel G, developed with CHCI3- 
MeOH-H20 65:35:4) showed a single spot when sprayed 
with 50% H2S0, and heated or when exposed to I2 vapour. 
The fatty acid composition of egg yolk lecithin was determined 
by means of glpc analysis of the corresponding methyl esters 
using the methylating agent, methElute (methanolic trimethyl- 

Vitamin E anilinium hydroxide, 0.2 M). Approximately 1 mg of purified 
egg yolk lecithin was added to 0.5 mL methElute and a 1 pL 
aliquot injected onto a 6 ft x 4 mm Silar 10C column. Settings 
were as follows: column temperature, 180°C; detector tem- 
perature, 250°C; injector temperature, 250°C. Peaks were 
identified by comparison with known standards. 

Gas-liquid partition chromatography indicates an egg yolk 
as a causative factor in the degeneration (demyelina- lecithin composition of 42.7% palmitic acid, 16.9% stearic acid, 
tion) of the nervous system which eventually leads to 27.7% oleic acid, 11% linoleic acid, and 1.6% palmitoleic acid. 

death (3). Vesicles 
Furthermore, a number of observations have been Lecithin dispersions (egg yolk lecithin or DPL, 10-20% wlv) 

made linking a common effect owing. to 1-3 which were prepared by shaking the dry phospholipid with a suitable 

suggests these compounds may play a structural role volume of an aqueous phase (3-4 mL of H z 0  in the case of dsc 
and 0.05 M Tris pH 7.22, 0.05 M in KCI, in the case of 31P 

in membranes. instance, and Ding1e (4) spectra). The dispersions were then sonicated under nitrogen 
have demonstrated that the rapid haemolysis of on a Biosonic 111 probe type sonicator above the phospholipid 
rabbit erythrocytes by added retino] is inhibited in gel - liquid crystalline phase transition temperature until 
vitro by a-tocopherol as well as other branched translucence. Sonication time was approximately 10 min, 

except in the case of egg yolk lecithin - phytol, 1 : 1 mol ratio, 
chain 6-o-acet~1-u-toco~hero1~ mixed vesicles which required more prolonged sonication 
squalene, ubiquinone-30, vitamin KI,  and phytol, (20min-2 h). The temperature was maintained at approximately 
whereas N,N1-phenylenediamine and hydroquinone 10°C in the case of egg yolk lecithin preparations and at 
are completely ineffective. However, higher concen- a ~ ~ r o x i m a t e l ~  50°C in the case of DPL preparations by means 
tration of and phytol were a,so found to of water flowing through a jacket surrounding the sample. The 

vesicle preparations were then centrifuged or passed through a 
cause extensive haemol~sis (4). It has been 0.45 Dm Millipore filter to remove titanium debris or any 
shown that cytochrome-c reductase which has been larger liposomes and subsequently transferred under nitrogen 
inactivated by its extraction from porcine liver is to sample tubes. The spectra were determined immediately. 

Mixed vesicle preparations were prepared in a similar reactivated not Only by Ey but by '-'- manner by first codissolving the components in chloroform, acet~l-a-toco~herol, phytanic acid. and phytol (5) .  followed by and exhaustive pumping to 
It appears that the effects are not due to the chroma- obtain the dry lipid mixture. 
no1 ring system in 2 which provides the antioxidant Permeability Studies 
activity but rather that these effects are due to the 31p spectra were determined on a Varjan XL-100-15 nmr 
branched nature of the phytyl side chain. spectrometer in the pulse Fourier transform mode at 40.5 MHz 

We wish to propose, based on the following evi- using an external I9F field-frequency lock and a 2K dataset 
with external H3P04 (85%), as a reference. garnered at the level and On pre- For permeability measurements of pure egg yolk lecithin and 

vious 13C relaxation studies (6, 71, that the P ~ Y ~ Y I  mixed vesicle systems to Pr3+ initial spectra were determined 
compounds 1-3 act as membrane destabilizers and and a 150 pL portion of 0.1 M Pr(N03),3H20 in the afore- 
affect the permeability of model membranes. mentioned buffer solution was then added. The use of 3 rnL of 

vesicle preparation resulted in a Pr3+ concentration of 0.005 M. 
Experimental Subsequent spectra were determined at intervals and the rate of 

disappearance of the sharp upfield 31P resonance was moni- 
Chemicals were purchased from the following sources: tored. After the disappearance of the upfield peak, 300 DL of 

phytol, Nutritional Biochemical Corporation or Aldrich 0.2 M EDTA which complexes with pr3+ added, 
Chemical Co.; vitamin E (dl-a-tocopherol) and dipalmitoyl and the spectra redetermined. 
lecithin (99%) (DPL), Sigma Chemical Co.; disodium ethylene- 
diaminetetraacetate (EDTA) and cholesterol, Fisher Scientific Electron Spin Resonance Spectra 
Co. ; praseodymium nitrate (99.9%), Alfa Inorganics; phytanic Electron spin resonance spectra were determined at 23OC on 
acid (99.773 Analabs; deuterium oxide (99.773 Merck, Sharp a Varian E-4 epr spectrometer operating in the X band at 
and Dohme; palmitic acid, J. T. Baker Chemical Co.; meth- approximately 9.5 GHz. Typical spectrometer settings were: 
Elute (methanolic trimethylanilinium hydroxide, 0.2 M), scan range, 100-400 G ;  receiver gain, 5 x 10'; modulation 
Aldrich Chemical Co.; 2-(1Ocarboxydecyl)-2-butyl-4,4-di- amplitude, 0.5 G;  time constant, 0.3 s; scan time, 4 min; 
methyl-3-oxazolidinyloxyl (5-doxylpalmitic acid) was a microwave power, 10-100 mW. 
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PPM -7.2 +0.;9 (from axt HPO.) 
n 

FIG. 1. "P nmr spectra of 10% w/v egg yolk lecithin vesicles containing 25 mol% phytol or 25 mol% vitamin E at the 
indicated times after the addition of 0.005 M Pr3+. 

Oriented lipid multilayers used in esr spectral determinations 
were prepared by slowly passing wet nitrogen through a 
quartz aqueous esr cell which contained approximately 0.10 
mL of chloroform solution containing the multilayer com- 
ponents. This solution was prepared from stock solutions of 
5 x lo-' Mlipid and 1 x Mspin label. The total lipid to 
spin label mol ratio was 100: 1 unless otherwise specified. The 
lipid multilayers were then placed in the dark under vacuum 
for at least 3 h to remove residual chloroform and subse- 
quently hydrated with 0.05 M Tris, pH 7.40. Each sample was 
used for at least two spectral determinations, one with the 
magnetic field parallel and another with the magnetic field 
perpendicular, to the flat cell surface. 

Dzrerential Scanning Calorimetry 
Vesicle samples ( z  10 wt% lecithin) were sealed in Perkin 

Elmer sample pans and examined on the differential scanning 
calorimeter (Perkin Elmer DSCI). A scan speed of 10 deg 
min-' was used for heating and cooling runs over a tempera- 
ture range of 275-350 K. Indium was used as a primary 
standard for power and temperature calibration. Values are 
accurate to + 2 K. 

Results 
Lanthanide Induced Shift Studies 

In a previous publication (7), preliminary results 
were presented which indicated that compounds 1-3 
produced increases in the permeability of lecithin 
bilayers in the order 3 > 2 > 1 > lecithin alone. 

This work has been expanded to determine the effect 
of temperature and concentration on the rates. 

When the lanthanide, Pr3+, is added to preformed 
egg yolk lecithin vesicles, the phosphorus nuclei on 
the outside of the bilayer are shifted downfield (lis) as 
indicated in the top, left spectrum in Fig. 1 for egg 
yolk lecithin - phytol 3: 1 and top, right for egg yolk 
lecithin - a-tocopherol 3 : 1. The technique used for 
the permeation studies is essentially that of Barsukov 
et al. (9) and Fernandez et al. (10) except 31P nrnr is 
substituted for 'H nmr. The larger chemical shift 
differences of 31P with added lanthanide and the 
simplicity of the 3'P spectra of phospholipid vesicles 
makes 3'P nrnr more attractive for lis studies than 
'H nrnr (I I). 

As Pr3+ crosses the bilayer phosphorus nuclei on 
the inside layer become shifted downfield to reside 
under the 'outside' resonance peak. The time lapse 
for the 31P spectra are recorded in the rest of Fig. 1 
and show the effects of Pr3+ on egg yolk lecithin 
vesicles containing both 1 and 2 (times are indicated 
on the spectra). The rate of disappearance of the 
upfield, 'inside' 31P nrnr signal is a zero-order process 
describing permeation of the bilayer by Pr3+. The 
rate of leakage of Pr3+ through egg yolk lecithin 

TABLE 1. Leak r 

Mer 
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Egg yolk lecithi 
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'800 transients; 

bilayers for egg 
vesicles at 33°C i 

An examinatic 
corporation of 2f 
for the vesicle le 
vitamin E from 
phytanic acid b: 
obtained for purl 

After the dis; 
resonance due to 
EDTA was rout 
sible Pr3+ and 
peaks were reso 
phosphorus nucl 
are directly ex1 
behaviour indic 
pearance of the 1 

initial addition 
rupture. If the ( 

sible for the dis 
signal, the sub5 
result in a single 
accessible for 
vesicles are not 
during the time 
spectrum (3-10 
indeed monitors 

The 3'P nrnr 
studies which m 
a time interval 
observed half-li 
is on the order ( 
practical to cor 
Therefore the o 
subject to consic 
rapid rates in tl 
vesicle prepara 
changes in peak 
determinations 
lecithin vesicles 
each determini 
mately 2 x 10- 
deviations as c4 
ment of the ex[ 
order of 20-30 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CUSHLEY ET AL. 46 1 

TABLE 1. Leak rates for lecithin and lecithin - phytyl compound vesicles at 33°C; lecithin-additive, 3: 1 mol ratio (7) 

31P chemical shift 'Inside' 31P 
pre Pr3 + (ppm upfielda signal decay Relative Half-life 

Membrane from 85% &PO,) (% totallmin) rate (days) 

Egg yolk lecithin 0 .87 5 . 3 5 ~  1.00 6 . 5  
Egg yolk lecithin + phytol 0 .85 4.17 x 10-2 7.79 0 .83 
Egg yolk lecithin + vitamin E 0 .79  2 . 5 5 ~  lo-' 47.66 0 .14 
Egg yolk lecithin + phytanic acid 0.91 15.50 2897 0.0022 

a800 transients; pulse width = 10 ps (56' flip angle). 

bilayers for egg yolk lecithin - phytyl compound 
vesicles at 33°C is shown in Table 1. 

An examination of these rates shows that the in- 
corporation of 25 mol% phytol decreases the half-life 
for the vesicle leak from 6.5 days to 20 h, 25 mol% 
vitamin E from 6.5 days to 3.4 h, and 25 molx 
phytanic acid by nearly 2900 times over the rate 
obtained for pure egg lecithin vesicles to 3.2 min. 

After the disappearance of the upfield 'inside' 
resonance due to pr3 + entering the vesicles, sufficient 
EDTA was routinely added to complex with acces- 
sible Pr3+ and spectra redetermined. Again, two 
peaks were resolved, the upfield peak now due to 
phosphorus nuclei on the outside of the bilayer which 
are directly exposed to the added EDTA. Such 
behaviour indicates two things. First, the disap- 
pearance of the upfield resonance with time after the 
initial addition of Pr3+, cannot be due to vesicle 
rupture. If the destruction of vesicles were respon- 
sible for the disappearance of the upfield protected 
signal, the subsequent addition of EDTA should 
result in a single upfield peak since all Pr3+ should be 
accessible for complexation. Second, the mixed 
vesicles are not appreciably permeable to EDTA 
during the time required for the determination of a 
spectrum (3-10 min). Thus, the 31P lis procedure 
indeed monitors the permeability of lecithin vesicles. 

The 31P nmr method lends itself best to diffusion 
studies which may be followed to  completion during 
a time interval of 0-4 days. As can be seen, the 
observed half-life for pure egg yolk lecithin vesicles 
1s on the order of 1 week. It was understandably not 
practical to conduct experiments of such duration. 
Therefore the observed rate for egg yolk lecithin is 
subject to considerably more error than for the more 
rapid rates in the case of the aforementioned mixed 
vesicle preparations. This is due to the smaller 
changes in peak areas in the time available. Repeated 
determinations of the permeability of pure egg yolk 
lecithin vesicles, which were run as standards for 
each determination, yielded rates from approxi- 
mately 2 x to 5 x %/min. The standard 
deviations as computed from a least-squares treat- 
ment of the experimental data were typically on the 
arder of 20-30% of the calculated rate. The decay 

rates for the mixed vesicle systems are much more 
easily measured over a much wider change of spectral 
area and are considered to be accurate to + 10%. It 
is clear that the incorporation of phytol, vitamin E, 
and phytanic acid greatly increases the permeability 
of egg yolk lecithin bilayers. The effects of these 
compounds on permeability parallels their effect on 
the fluidity or, more correctly, the microviscosity, of 
the bilayer as shown by 13C TI relaxation times ( 6 , 7 ) ,  
i.e., phytanic acid > vitamin E > phytol > lecithin 
alone. 

Experiments were also carried out to determine the 
effect of temperature on the permeability of lecithin- 
phytoi (3 : 1 mol ratio) mixed vesicles. The results are 
shown in Table 2. Raising the temperature from 11 to 
52°C results in a rate increase of almost two orders of 
magnitude. In Fig. 2 the logarithms of the rates were 
plotted against the inverse of the absolute tempera- 
ture (Arrhenius plot). The plot is linear, yielding an 
activation energy of 84.9 + 0.8 kJ. It is interesting 
that the activation energy for Pr3+ permeation is in 
quite close agreement not only with that reported for 
Na+ permeation through lecithin - phosphatidic 
acid bilayers (12) but also with that reported for the 
transverse diffusion (flip-flop) of spin labelled 
lecithin molecules across phospholipid bilayers 
(80.8 kJ) (13). 

The rates of Pr3+ permeation (relative to egg yolk 
lecithin, 1.00) for mixed vesicles containing various 
amounts of a-tocopherol(2) are given in Table 3 and 
show a linear relationship between vitamin E concen- 
tration and log (relative rate). The table shows that 
even the incorporation of a small amount of vitamin 
E (3 mo1%) results in the increase of the inward 
diffusion of Pr3+ to approximately 300% of its 

TABLE 2. Permeation rates of Pr3+ into egg yolk 
lecithin vesicles containing 25 mol% phytol at 

various temperatures 

Temperature (K) Permeability" (%/min) 

325 525 x f 25 x 10-3 
306 4 2 x  + 2 x  l o - 3  
284 6 . 7 ~  + 3 . 8 ~  

"The errors reflect the standard deviation in the individually 
determined rates. 
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(1 I T )  X 1 000 K - I  

FIG. 2. Arrhenius plot of vesicle leak rate vs. the inverse o f  
absolute temperature for 10% w/v egg yolk lecithin vesicles 
containing 25 molz  phytol. 

original value. Thus, amounts of a-tocopherol, which 
approach the physiological ratios of a-tocopherol to 
phospholipid found in the human aorta (14, 15), 
exert a large etiect on the permeability properties of 
the membrane. 

Differential Scanning Calorimetry Measurements 
Endotherms for the gel-liquid crystal phase transi- 

tions for bilayer membranes have been obtained 
using differential thermal analyses (dta) or differential 
scanning calorimetry (dsc). Figure 3 shows the dsc 
endotherms for phytol (I), a-tocopherol (2), and 
phytanic acid (3) incorporated into DPL at various 
mol percentages. As concentrations of 1 ,2 ,  and 3 are 
increased a lowering of the transition temperature, 
Tc, and a reduction in the heat of transition are 
observed. As concentrations approach 50 molz  the 
transition broadens out and eventually the endo- 
therm disappears. This disappearance is no doubt 
due to the increased heterogeneity of the mixed 
DPL - phytyl compound system. 

A plot of Tc vs. percentage composition for DPL- 
cholesterol, DPL-phytol, DPL-a-tocopherol, and 
DPL - phytanic acid mixtures is shown in Fig. 4. 
From the transition temperature lowering it is clear 
that phytanic acid causes the greatest destabilization 
of the membrane. Both phytol and a-tocopherol 
show similar thermal behaviour whereas 1-3 are all 
considerably lower than cholesterol. 

The entropy associated with the melting of the 
fatty acyl chains of various DPL containing phytyl 
compounds can be calculated from the heat content 

at the transition temperature, T,, since the Gibbs free 
energy for the orderdisorder process is zero 

hence A S  = AHIT,. The variation of AG with 
temperature is given by 

A representative calculation of the entropy of 
gel- liquid crystal melt for identical mixtures 
ji.e., 25 mol% incorporated phytol, a-tocopherol, and 
phytanic acid) yields the specific entropy, s. For 1, 
s = 114.2 J kg-' K- ' ; for2,s  = 85 J kg-'K-';and 
for 3, s = 126 J kg-' K-'. This can be compared 
with the result for 25 mo lz  cholesterol incorporated 
into DPL which yields s = 78 J kg-' K-' (specific 
enthalpy, h = 24.27 kJ kg-'). 

A significant increase in specific enthalpy is 
observed for the lecithin - phytanic acid - water 
system compared with lecithin-cholesterol-water. 
Lessened effects are observed for lecithin-phytol- 
water and lecithin - vitamin E - water mixtures 
show the smallest increase. As represented by the 
above values for s, the differences in enthalpy can be 
explained in terms of entropy differences. The 
significant difference in s values for a-tocopherol and 
phytol can be explained in terms of excluded volumes 
of 1 vs. 2 (see later). 

Electron Spin Resonance 
Nitroxide spin labels embedded in membranes, 

above T,, undergo rapid anisotropic motion of 
limited amplitude. Jost et al. (16) used the following 
definition to describe the anisotropy about the 
molecular long axis : 

m m 

Hubbell and McConnell(l7) used a slightly modi- 
fied form which takes into account the polarity of the 
bilayer ; 

q 1 - T ~  T x x + T y , + T z z  
C41 = T - ( T  T )  T,, +2T,  

The order parameter, S,, thus provides a good probe 
of local orientational mobility and order of lipid 
bilayers (18-20). In the present case relative order 
parameters for 5-doxylpalmitic acid in the mixed 
bilayers are presented, hence, the perturbing effect of 
the bulky nitroxide moiety is minimized. Order para- 
meters have been determined for egg yolk lecithin 
multilayers containing 1% of the spin label 5-doxyl- 
palmitic acid (2-(lO-carboxydecyl)-2-butyl-4,4-di- 
methyl-3-oxazolidinyloxy) plus 25 molz  1, 2, and 3. 
5-Doxylpalmitic acid is known to orient in egg yolk 
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I " " '  

I % ,  ~~~ 1 
330 310 290 330 310 290 330 310 290 

AVERAGE TEMPERATURE K 

FIG. 3. Differential scanning calorimetry traces of DPL vesicles (10% w/v) plus varying amounts of compounds 1-3. 
The arrow indicates the transition temperature, T,. 

320 1 I I I 

TRANSITION TEMPERATURE 
vs. mol% (DSC) 

\ a-tocopherol 

phytanic acid 

FIG. 4. Plot of transition temperature, T,, vs. percentage 1,2, or 3 or cholesterol. 

TABLE 3. Permeation rates of Pr3+ into egg yolk 
lecithin vesicles containing various concentrations 
of incorporated vitamin E at 33'C (relative to 

egg yolk lecithin = 1.00) 

Mol% vitamin E Relative permeability 

lecithin bilayers with the long axis of the fatty acid 
chain normal to the surface of the bilayer. Thus, TII is 
the measured hyperfine tensor when B, is normal to 
the bilayer surface; T, when B, is parallel to the sur- 
face plane. S,  for 5-doxylpalmitic acid in egg yolk 
lecithin containing 25 molz  phytol is 0.29, S, for egg 
yolk lecithin containing 25 molz  ;:-tocopherol is 
0.50, and S, for egg yolk lecithin containing 20 molz  
phytanic acid is 0.02, i.e., essentially isotropic. The 
value of S, for egg yolk lecithin alone is 0.54 in keep- 
ing with literature values (21-23). Thus, vitamin E, 2, 
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has a small effect on the ordering of the phospholipids 
in the bilayer, phytol disorders the egg yolk lecithin 
bilayer more while phytanic acid completely disrupts 
the bilayer. 

Discussion 
The intercalation of phytol, vitamin E, or phy- 

tanic acid was previously shown to greatly increase 
the fluidity of the mixed membrane, as monitored by 
13C TI relaxation times (6, 7). The fluidizing effect 
was found to increase in the order phytol < vitamin 
E < phytanic acid. For example, the incorporation of 
25 molz vitamin E increased the 13C T1 relaxation 
times for the lecithin fatty acid carbons by 50-100%, 
whereas the largest increases, which were found upon 
the incorporation of 25 mol% phytanic acid, were on 
the order of 150-200%. 

The perturbations caused by the incorporation of 
phytol, vitamin E, and phytanic acid as monitored by 
the 13C TI values have been found to correlate with 
permeability increases of mixed phospholipid - phytyl 
compound vesicles to the Pr3+ cation using "P nmr 
spectroscopy. At 33"C, the permeability of egg yolk 
lecithin vesicles was increased by approximately 8 
times upon the incorporation of 25 mo1% phytol, by 
approximately 48 times upon the incorporation of 
25 molx vitamin E, and by approximately 2900 times 
upon the incorporation of 25 mol% phytanic acid. In 
other words, the permeability of'the two component 
(lecithin - phytyl compound) vesicles increases in the 
order phytol < vitamin E < phytanic acid. This is 
the same order in which the 13C TI relaxation times 
increase. From the 13C TI values of the various 
lecithin carbons effective correlation times, z,,,, can 
be obtained for the motion. These z,, reflect the 
relative change in 'fluidity' or, more precisely, 
microviscosity caused by the phytyl compounds at a 
particular position in the bilayer. 

Incorporation of a smaller amount of vitamin E 
which approaches physiological concentrations (3 
rnolz) still results in a permeability increase to 300% 
of the rate for pure egg yolk lecithin vesicles (Table 3). 

Monolayers of phytol, a-tocopherol, and phytanic 
acid occupy molecular areas of 55,60, and 61 A2 per 
molecule at 0.5 dyn/cm, respectively (24), whereas 
cholesterol is known to form stable monolayers of 
area 40 A2 per molecule. Thus, the area require- 
ments for the phytyl molecules is much higher. Such 
large monolayer areas must be due to the branched 
nature of the chains, since the unbranched C18 acid, 
stearic acid occupies monolayer areas of the order of 
24 A2 per molecule (24). 

Above the lecithin gel-liquid crystalline transition 
temperature, cholesterol is known to fit into cavities 
created by thermal motion of the fatty acyl chains 

causing an 'intermediate fluid' condition (25, 26). In 
addition, mixed monolayers of lecithin and choles- 
terol do not follow the additivity rule sincecholesterol 
occupies pockets in the membrane and causes little 
proportionaI increase in the area/molecule of mixed 
monolayers. Such behaviour has been correlated with 
a decrease in permeability above T, (12, 27). Very 
recently the monolayer behaviour of vitamin E in 
lecithin monolayers has been studied (28). It was 
found that in monolayers of distearoyl- or dioleoyl- 
lecithin the additivity rule was well followed, up to 
50 molz incorporated a-tocopherol. This indicates 
that, unlike cholesterol, a-tocopherol is not able to 
fit into the cavities between adjacent lecithin mole- 
cules and displaces its full area requirement in mixed 
lecithin-a-tocopherol systems. Such behaviour neces- 
sarily involves an increase in lipid-lipid separation 
due to intercalated vitamin E. 

The total interaction energy owing to London - 
Van der Waals dispersion forces between the long 
hydrocarbon tails of phospholipids is proportional to 
the inverse fifth power of the intermolecular distance 
(29). Thus, even a small lateral expansion of the lipid 
bilayer would result in a large decrease in the inter- 
action energies of adjacent lipid molecules. As an 
example, it has been found that the presence of a 
single methyl group in isostearic acid reduces the 
interaction energy from that of stearic acid by a 
factor of three (29). This decrease in intermolecular 
attraction would be expected to become even more 
severe for more highly branched molecules such as 
phytol, vitamin E, and phytanic acid. 

Decreases in intermolecular attractions and in- 
creases in phospholipid-phospholipid packing dis- 
tances due to the incorporation of phytol, vitamin E, 
and phytanic acid are consistent with the esr results. 
Vitamin E (2), with a monolayer area of 60 A2 per 
molecule, causes the least perturbation of the three. 
Although 2 has nearly the same area requirements as 
phytanic acid (60 vs. 61 A2/mo~ecule) because of its 
extremely hydrophobic nature it is not expected to 
penetrate as far into the region of the lecithin head- 
group. This is reflected in the order parameter for 2, 
S, = 0.50, which is essentially unchanged from S ,  
for egg yolk lecithin alone (0.54). Phytol, whose 
hydroxyl group we have shown previously (6) to 
penetrate to within hydrogen bonding distance of the 
head group phosphate, yields a smaller order para- 
meter for the bilayer (S, (1) = 0.29) even though the 
surface area requirements for phytol are smaller than 
those for 2 and 3. This becomes clear when it is re- 
membered that, although the characteristic 'plateau' 
of S, vs. hydrocarbon chain position for phospho- 
lipid bilayers is constant from CI-CIO (30), the 
nitroxide moiety in 5-doxylpalmitic acid probes the 
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Application of the Osterberg-Sarkar-Kruck method for obtaining free ion concentrations 
in solutions of complex equilibria 
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ROGER GUEVREMONT and DALLAS L. RABENSTEIN. Can. J. Chem. 57,466 (1979). 
A titration system has been developed for collecting pH titration data of sufficient accuracy 

for use with the method developed by Osterberg, and Sarkar and Kruck, for extracting free 
metal and free ligand concentrations from pH titration data. Titrant is delivered from a gravi- 
metric buret capable of part per ten thousand precision, and a concentrated metal or ligand 
solution is added from a second buret to satisfy the theoretical requirement that the total 
metal or ligand concentration remain constant. The entire system is computer controlled. Appli- 
cation of the titration system and procedures for extracting free ligand and free metal concen- 
trations from pH titration data are demonstrated with a study of the complexation chemistry 
of zinc with aspartic acid. 

ROGER GUEVREMONT et DALLAS L. RABENSTEIN. Can. J. Chem. 57,466 (1979). 
On a mis au point un systkme de titrage permettant de recueillir des donnks de dosage de 

pH assez prkcises pour ttre utilisees avec la mCthode developpee par Osterberg, et Sarkar et 
Kruck, pour dCduire les concentrations de metal libre et de ligand libre a partir de donnCes de 
titrages de pH. Le titrant est ajoute I'aide d'une burette gravimktrique capable d'une prkision 
d'une partie par dix milles; on ajoute une solution concentree de metal ou de ligand a I'aide 
d'une deuxikme burette afin de satisfaire aux exigences theoriques voulant que la concentration 
totale du metal ou du ligand soit constante. Le systkme global est contrBle par un ordinateur. 
On a dtmontre la validit6 du systkme de titrage et des procCdts nkcessaires a I'extraction des 
concentrations de ligand libre et de mCtal libre a partir de titrages de pH a I'aide d'une etude de 
la chimie de complexation du zinc par I'acide aspartique. 

[Traduit par le journal] 

Introduction 
In a previous paper (I), we reported on a study of 

the method developed by Osterberg (2) and Sarkar 
and Kruck (3) for estimating the concentrations of 
free ligand and free metal in solutions of complex 
equilibria. The results of that study indicate that 
successful application of this method, which we call 
the FICS method for Free Ion Concentrations in 
Solution, requires a large quantity of highly accurate 
data and, as pointed out by Sarkar and Kruck (3) in 
their original publication on this method, careful 
design of the experimental system so as to satisfy the 
theoretical requirements of the method. 

In this paper, we describe a titration system de- 
signed for the purpose of collecting potentiometric 
data suitable for the FICS method. The system has 
been designed to minimize those potential sources 
of error identified in previous publications (1, 3, 4). 
The heart of the system is a gravimetric buret (5 ) ,  
which is capable of part per ten thousand precision. 
To compensate for changes in metal or ligand con- 
centration due to dilution by titrant, which can lead 
to large errors in the FICS method, a concentrated 
metal or ligand solution is added from a second 
buret. The entire system is computer controlled be- 
cause of the large amount of data required. The 

titration system and the procedures described pre- 
viously (1) for extracting formation constants from 
pH titration data by the FICS method are then tested 
with a study of the complexation chemistry of zinc 
with aspartic acid. 

The FICS Method 
The FICS method is based on the general relations 

(2, 3) 

where CH is the total concentration of titratable pro- 
tons, C, and CM are the total analytical concentra- 
tions of ligand and metal, respectively, and [L] and 
[MI are their free concentrations. p[L], is the nega- 
tive logarithm of the concentration of free L .at some 
initial pH,. If possible, a pHo is usually chosen at 
which no complex is formed so that [L], and [MIo 
are equal to (or can be calculated from) C, and CM. 
The integral of (dCH/dCL)CM,pH Or ( d c ~ l d c ~ ) ~ ~ , , ~  is 
evaluated from pHo to  the pH at which p[L] or p[M] 
are to be evaluated. This requires that (dCH/dCL),,,pH 
and (dCH/dC,),,,,, be determined experimentally 
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CL)C,,,, 
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as a function of pH over the pH range pHo to the 
given pH. One way to accomplish this for (dCH/ 
dCL)c,,pH is to perform a series of titrations where 
C, is varied while the concentrations of all other 
components are kept constant, and then to compare 
the C, values from the series of C, values at each pH 
(3). The rate of change in CH with C, at a given pH 
is equal to (dCH/dC,),,,,,. Similarly, a series of 
titrations on solutions of varying CM will serve to 
provide ( d C H / d C ~ ) ~ ~ , p ~ .  

As stated by Sarkar and Kruck (3) and confirmed 
in our previous study (I), C, and C, must indeed 
remain constant to obtain correct values for (dCH/ 
~CL.),, ,,! and (d C H / ~  C d c L  7 respectively, by 
this t~ t r a t~on  procedure. If C, is allowed to decrease 
as titrant is added in the titrations designed for the 
evaluation of (dCH/dCL)cM,,H, serious error of a 
systematic nature results in p[L] (1). The error is 
cumulative, and increases in magnitude as the differ- 
ence between pHo and pH increases. Similarly, varia- 
tions in C, cause errors in p[M]. We also found that 
random errors in CH of a magnitude greater than 2 
parts per thousand of the initial CH significantly in- 
creased the errors in the final estimates of [L] and 
[MI (1). 

Experimental 
Apparatus 

A schematic diagram of the computer controlled poten- 
tiometric titration system designed to collect data specifically 
for the FICS method is shown in Fig. I. The titrant is delivered 
to the sample cell from an optically-coupled gravimetric buret 
capable of parts per ten thousand precision (5). The weight 
sensing component is a Sartorius 3015 electronic top loading 
balance with a sensitivity of 1 mg. The sample pH is monitored 
with a Corning glass electrode and a reference (AgIAgCI, 
NazSO4(satd)) electrode pair. The electrode potential is mea- 
sured with a sensitivity of 0.1 mV with a Fisher Accumet 520 
digital pH meter. The binary coded decimal (BCD) outputs 
of the pH meter and electronic balance are fed to a simple 
multiplexer circuit. Because output from the balance consists 
of six BCD digits, these are divided into two channels of the 
multiplexer. The data are collected from the multiplexer by a 
PDPll/IO minicomputer. The computer was equipped with a 
Laboratory Peripheral System (LPS) which included 16 bit 
digital input, 16 bit digital output, and programmable clock 
options. The data were stored on cassette tape or on floppy 
disc. To compensate for dilution by titrant, a concentrated 
ligand or metal solution was added to the sample solution 
from an auxiliary delivery system (Mettler DVI I piston buret). 

The program controlling the automatic collection of poten- 
tiometric data was written in FORTRAN IV. The main func- 

* tions of this program are to control the delivery of titrant from 
the gravimetric buret and from the Mettler DVI 1 piston buret, 
to collect BCD data from the pH meter and electronic balance, 
to supply the appropriate delay intervals and time the above 
operations, and to store the data for further manipulations. In 
addition the program performs several logical operations. 
These include deciding if electrode equilibrium has been 
reached, estimation of the quantity of titrant to be added 

Aux~liary 
Dsliven, 
System 

pH Meter 
Control 

Electronoc 
Tap Loadsng 

Balance 

data 

Multiplexer 
* PDPIIIIO - Minicomputer 

t- _ addrers 

FIG. 1. Schematic diagram of the automatic titration system. 

before the next data point, and calculation of the quantity of 
concentrated ligand or metal solution to be added from the 
auxiliary delivery unit in order to compensate for dilution.' 

The most important logical processes are those involving 
electrode equilibrium and the delivery of titrant. The electrode 
potential is sampled over an interval of, for example, 6 s and 
the average, standard deviation (sd), and drift in those sam- 
pled values are calculated. Typically 5 values are taken over 
this time interval. Optimum values of allowable SD and drift 
are chosen to arrive at a working compromise between the 
selection of a reliable electrode potential and avoiding un- 
necessary repetition of sampling the electrode potential. The 
quantity of titrant to be added for the next data point is esti- 
mated on the basis of the effect of the previous addition on the 
electrode potential. If the electrode potential changes by less 
than some minimum value, perhaps 5 mV, then the previous 
addition is doubled. within-other appropriate limits the in- 
crement is increased or decreased by factors of two to five. The 
limits are chosen on the basis of the number of data points 
desired. 

Procedure 
The measured electrode potentials were converted to p,H 

on the basis of standardization with NBS reference solutions 
of phthalate (pH 4.008), phosphate (pH 7.413), and carbonate 
(pH 10.012) (6). The role of the pH measurement in the FICS 
method (1) makes it unnecessary to convert hydrogen ion 
activity to hydrogen ion concentration. 

All solutions were prepared or standardized on the basis of 
weight. Carbonate-free NaOH titrant was standardized by 
gravimetric titration of primary standard KHP. A standard 
zinc solution was prepared by dissolution of Zn metal in a 
small volume of HNO,. The excess acid was neutralized with 
NaOH before dilution. NaClO, was added to bring the ionic 
strength to 0.3 mollkg. Aspartic acid was recrystallized from 
cold ethanolic solution, washed thoroughly with ethanol, and 
dried in air. A stock solution prepared from the recrystallized 
aspartic acid and NaCIO, (0.3 mollkg) was standardized by 
gravimetric titration with NaOH. All of the sample solutions 
were prepared by combination of a weighed portion of a 0.3 
mollkg NaC10, stock diluent solution, a weighed portion of 
the zinc solution, and a weighed portion of the aspartic acid 
solution to bring the total to 200.00 + 0.01 g. These solutions 
were titrated gravimetrically with NaOH at 25.0 + 0.I0C and 

'More details about the computer program can be obtained 
from the authors. 
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FIG. 2. CH VS. CL at selected pH values for aspartic acid. 

under a COz-free nitrogen or argon atmosphere. The series of 
titrations in which each component was varied was carried 
out in the order CI, CZr C4, C1, and C5 where C, < CZ < 
C3 < C4 < ' 2 5 .  

Results 
The Protonation Constants of Aspartic Acid 

A series of solutions of varying aspartic acid con- 
centration (2.643 x to 5.908 x mol/kg) 
was titrated from pH 3.5 to pH 11.0. The concentra- 
tion of titratable protons (C,) was calculated, and the 
change in CH with change in the total concentration 
of aspartic acid is shown in Fig. 2. The slopes of 
the lines are the experimental values of the term 
(dC,/dC,),, of eq. [I]. The values of these deriva- 
tives are shown as a function of pH in Fig. 3. The 
overall formation constants of the protonated forms 
of aspartic acid were calculated from these data by 
the iterative procedure described previously ( I ) .  First, 
the concentration of completely deprotonated ligand, 
[L], was estimated to be equal to the total aspartic 
acid concentration at pH 11.0. The concentration of 
completely deprotonated ligand was then calculated 
as a function of pH with this estimated p[L], and the 
data for (dCH/dCL) shown in Fig. 3. The overall 
formation constants of the protonated forms of 
aspartic acid were calculated from these values for 
[L] and the mass balance (C,) for the aspartic acid, 

VOL. 57, 1979 

pH 

FIG. 3 .  (dCH/dCL) as a function of pH for aspartic acid. 

and finally the value of [L] at pH 11 was calculated 
using these constants. As expected, the initial esti- 
mate that [L] equalled C, was slightly incorrect and 
the calculated value of [L] was therefore taken as a 
next best estimate of p[L], at pH 11.0. The above 
series of calculations was repeated to get a new esti- 
mate of p[L], at pH 11.0. After three such iterations 
there was no change in the value of p[L],. The final 
values of the protonation constants are shown in 
Table 1. A summary of literature values (7-14) is 
also included in Table 1. 

The Formation of Complexes Between Zinc and 
Aspartic Acid 

Two series of titrations of mixtures of zinc and 
aspartic acid were carried out, the first designed to 
study the general nature of the changes in C, with 
changes in the total aspartic acid concentration at a 
fixed zinc concentration, and the second designed 
to provide [L] and [MI data with which to calculate 
formation constants. 

The first set of titrations was carried out at a 
constant zinc concentration of 9.370 x mollkg 
and total aspartic acid concentration varying from 
I .1 x to 5.6 x mol/kg. The zinc concen- 
tration was mainteined at a constant value by adding 
the appropriate amounts of a concentrated zinc 
solution after each addition of titrant. Plots of CH as 
a function of the total aspartic acid concentration 
showed some curvature below a ligand-to-metal 
ratio of 2 to I. Though the curvature was not severe, 
our previous studies (1) indicate that the most reliable 
results are obtained if the CH vs. C, plots are linear. 
To obtain Iinear CH vs. C, plots in the second set of 
titrations, ligand-to-metal ratios greater than 3 to 1 
were used. 

Ten titrations were performed, five at a constant 
zinc concentration of 9.370 x mol/kg, and five 
at a constant aspartic acid concentration of 5.308 x 

mol/kg. T 
at constant CM 
CH with change 
5. The slopes, 
are plotted as i 

shown in Figs., 
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- 
TABLE 1. Protonation constants of aspartic acid, and stability constants of zinc-aspartic 

acid complexes 

log B" Conditions 

Ionic 
HzL HL ZnL ZnLz Temperature strength Reference 

13.36 9.68 5.66 10.14 25 0 . 3  This work 
13.33 9.63 25 0 .1  6 

5.73 10.20 25 0 . 2  7 
13.4 9.46 5 .84 10.15 30 0 .1  8 
12.87 9.27 6.01 10.10 37 0 .15 9 
13.34 9.63 25 0 . 1  10 
13.34 9.87 25 0 .1  1 1  
13.32 9 .62  25 0 . 1  12 
13.31 9.61 25 1 . O  13 

"p is the overall protonation or stability constant; P H ~ ~  = [H2LI/[HI~[Ll and P r n ~ ~  = [ZnLI/[Znl[L12. 

mol/kg. The change in CH with change in C ,  
at constant CM is shown in Fig. 4 and the change in 5.0 
CH with change in CM at constant CL is shown in Fig. 
5. The slopes, (dCHldCL)c,,,H and (dCH~dCM)c,,pH, 
are plotted as a function of pH in Fig. 6. Data are 6.0 
shown in Figs. 4-6 for selected pH values; (dCH/dCL) 
and (dCH/dCM) were actually evaluated at 0.1 pH 
unit intervals. The curve for (dCH/dCL) is similar to, 7.0 
but not identical with, that shown in Fig. 3 for 
aspartic acid in the absence of zinc. The curve for 
(dCH/dCM) indicates that complexation begins in the 5 
pH range 4.0 to 5.0 where (dCH/dCM) first deviates 8.0 

significantly from zero. m 

The concentrations of free aspartic acid in the 
completely deprotonated form, [L], and free zinc, 
[MI, were calculated using the (dCH/dCL) and O 

(dCH/dCM) data and eqs. 1 and 2. It was assumed 3.0 
as a first approximation that [MI at pH 4.0 equalled 
C,, and [L] was calculated from CL and the pro- 
tonation constants measured above. Using these as 
initial estimates for [L] and [MI over the pH range 
5 to 8, formation constants were calculated by the 
procedure described previously (I). Since there is 
some complexation at pH 5.0, the iterative pro- 

I I ,  

4.5 5.0 5.5 6.0 
cedure was used to obtain final values for p[L], and 
p[M],. The free ligand and free metal data were used CL x lo3 (mollkg) 

as described previously (1) to determine the stoi- FIG. 4. CH as a function of the total concentration of aspar- 
chiometries of the complexes. Over the pH range 5 tic acid (CL) for the zinc - aspartic acid system. The total zinc 
to 8, the complexes ZnL and znLZ2- account for concentration was 9-370 x mol/kg. 

nearly all the complexed zinc and aspartic acid, and 
the best estimates for log PznL and log PZnL2 were Discussion 
5.66 and 10.14, respectively. With a somewhat wider A study of the complexation chemistry of zinc 
pH range, from 4.0 to 9.0, there appear to be com- with aspartic acid was chosen to test the titration 
plexes with the stoichiometries HZnL' and z ~ L , ~ -  apparatus and the procedures described previously 
forming at the extremes of the pH range. log pH,,, (1) for extracting free ion concentrations from titra- 
and log PznL, were estimated to be 10.8 and 12.9, tion data by the FICS method. A relatively simple 
respectively. Other workers have reported the species system was chosen to avoid difficulty in assigning 
HZnL' and ZnL2(OH)24- (10). a model to the complexation equilibria. The fol- 
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FIG. 5. CH as a function of the total concentration of zinc 
(CM) for the zinc - aspartic acid system. The total aspartic acid 
concentration was 5.308 x rnollkg. 

lowing discussion will deal first with details of the 
application of the FICS method, and then the results 
of the zinc - aspartic acid experiments. 

Our earlier studies (1) based on simulated titration 
data revealed that the FICS method will provide 
accurate values of [L] and [MI only if the data are 
highly reliable and, as pointed out by Sarkar and 
Kruck (3), only if the theoretical requirements of the 
method are met. The experiments with the zinc- 
aspartic acid system have revealed several other dif- 
ficulties which can be encountered in an application 
of the FICS method. The accuracy of the derivative 
terms, (dC,/dC,) and (dC,/dC,), is dependent on 
the accuracy of C,, C,, and C,, and the changes in 
C,, C,, and C,. The most severe problems are asso- 
ciated with obtaining data of sufficient accuracy 
below pH 4 and above pH 10. At these pH extremes, 
the pH is changing relatively slowly as titrant is 
added. The result is that the error in C, due to an 
error of a fixed magnitude in pH, for example k0.1 
mV which corresponds to k0.002 pH units, is larger 
than when the pH is changing more rapidly. How- 
ever, it is necessary to start the titration at a low pH 
where the ligand is protonated and the metal ion free 
so that p[L], and p[M], can be estimated. In the 

FIG. 6. (dCH/dCL) and (dCH/dCM) as a function of pH for 
the zinc - aspartic acid system. The derivatives were evaluated 
for a solution having a zinc concentration of 9.370 x 
mollkg and an aspartic acid concentration of 5.308 x 
mol/kg. 

study of the zinc - aspartic acid system, a pH of 5.0 
was used for pH, even though some complex has 
formed at this pH. The correct values of p[L], and 
p[M], were then obtained by an iterative procedure 
(1). This is a workable solution to the problems asso- 
ciated with using a very low pHo, unless a model 
cannot be found for the complexation at pHo or if a 
large portion of the metal and ligand is complexed 
at this pH. 

The FICS method for extracting [L] and [MI as a 
function of pH from titration data has a considerable 
advantage over other calculation methods in that it 
provides free ligand and free metal concentrations 
without a priori assumptions about a model for 
complexation (3). Since the values of [L] and [MI 
obtained from the raw data do not reflect the effect 
of application of some arbitrary hypothetical model, 
a model may be systematically derived from the data. 
The method also has considerable advantage with 
respect to the role of the pH measurement (1). The 
calibration must be accurate and reproducible from 
titration to titration, but, as illustrated in this work, 
a conversion from hydrogen ion activity to hydrogen 
ion concentration is unnecessary if the C,  and C, 

FIG. 7. Experir 
for a solution co 
5.308 x mo 
0.3925 mol NaOE 

mass balances 
constants. HOJ 
used, the pH re 
ion concentrat 

The compar 
and the forma 
data is the fin; 
the FICS met1 
for the zinc - : 
from the form 
for ZnL and 2 
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- ment is good over the pH region from which data 
were used for the evaluation of the formation con- 
stants. As discussed above, other complexes begin - 9.0 to form outside of the pH region 5 to 8. 

The agreement between the acid dissociation con- 
stants and formation constants obtained in this work 
with those from other studies (Table 1) indicates that 

8.0 the FICS method can provide reliable equilibrium - 
constants. It must be emphasized, however, that to 
obtain reliable results by the FICS method requires 

7.0 
highly accurate data and careful design of the experi- 

5 ment to meet the theoretical requirements of the 
- method (1, 3). 
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R. L. C L A ~ R  and T. B. MCMAHON. Can. J .  Chem. 57.373 (1979). 
Reactions of trifluoromethoxide ion, CF,O-,  with carboxylic acids have been examined. 

Facile fluoride transfer is observed to  occur to the acids and a subsequent fluoride transfer 
equilibrium established in mixtures of carboxylic acids. From the equilibrium constant obtained 
for fluoride transfer acetic acid and propionic acid are found to  have near identical fluoride 
binding energies. Further reaction between the acid solvated fluoride ions and the carboxylic 
acids is observed to occur resulting in H F  displacement and formation of bicarboxylate 
anions. In mixtures of acetic and propionic acids acetate and propionate anion transfer 
equilibria are again established. An analysis of the energetics for these processes reveals that 
propionic acid binds the carboxylate anions more strongly than acetic acid by 0.1 to 0.2 
kcal,'mol. 

R .  L. CLAIR et T. B. MCMAFIO\. Can.  J .  Chern. 57. 473 (1979) 
O n  a etudie Jes reactions de I'ion trifl~~oromethylate, C F , O - ,  avec les acides carboxyliques. 

O n  a observe qu'un transfert facile de fluor vers les acides peut se produire et qu'il s'etablit un 
equilibre de transfert de fluor subsequent dans des melanges d'acides carboxyliques. En se 
basant sur des constantes d'iquilibre obtenues pour les transferts de fluor, on  a trouve que les 
energies de liaison des fluorures aux acides scetique et proprionique sont pratiquement identi- 
ques. On a observe que des reactions ~llterieures se produisent entre les ions fluores solvates 
cn milicu acide ct Ics acidcs carboxyliques; il en resulte une elin1ir.ation de H F  et la formation 
d'anions bicarboxylates. Dans des melanges d'acides acetique et proprionique, i l  re produit de 
nouveau des Cquilibres de transfert des anions acetate et proprionate. Une analyse des energies 
inipliquee pour ces processus revCle que l'acide proprionique lie l e  anions carbo::ylates plus 
fortenlent que l'acidc acetique par environ 0.1 B 0.2 kcal'niol. 

[Traduit par le journal] 

Introduction 
During the last decade the development of various 

techniques for the study of gas phase ion-molecule 
reactions has led to a detailed and quantitative under- 
standing of the intrinsic stabilities of ionic species and 
the fundamental nature of electronic substituent 
effects (for excellent review of gas phase ion thermo- 
chemistry, see ref. 1) .  In many cases relative orderings 
of ionic stabilities are found to be in sharp contrast 
to those inferred from comparable solution data 
indicating that for ionic reactions in solution the 
solvent plays an important, if not dominant, role in 
determining relative reactivity and stability. In order 
to  bridge the gap between gas phase and solution data 
Kebarle and co-workers have used a pulsed electron 

beam high pressure mass spectrometer to study the 
energetics of individual solvation steps for a wide 
variety of positive and negative ions (2-4). Such 
studies involve measurement of equilibria between 
ions A =  in the presence of a typical solvent molecule, 
S, in the gas phase and the solvated species AS', 
e s  i l l .  

[MI  
i l l  A =  + S ---ASr 

In a number of cases solvation of ions by several 
molecules has been characterized by observation of 
the successive clustering equilibria given by eq. [2] 
(5-7). 

Az(S)"-l  
[MI 

PI + S,Az(S)" 

0008-40421791050373-0530 1 .MI0 
c 1 9 7 9  N;~tional Ke\eai-ch Council of Can;ida/Con\eil national de I-echel-ches du Canada 
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From the relative magnitudes of the enthalpy changes 
associated \lith individual solvation steps the relative 
total solvation energies rnay be inferred ( 5 )  and from 
these a correlation beheen  gas phase and solution 
stabilities of ions deduced. 

The study of equilibria involving solvated or 
cluster ions such as [ l ]  or [2] is ilsually inaccessible to 
ion cyclotron resonance (ICR) experimellts since 
thermalizing collisions with some bath gas M must 
occur I~i th in  a time short compared to the lifetime of 
the initially formed cluster. This cluster ion nil1 be 
produced \+ith an amount of excess energy equal to 
the solvent binding energy and this energy inust be 
dissipated by collision nith the bath gas in order that 
the species be observable and in order that true 
therinodynamic equilibriuni be established. This 
condition necessitates the use of pressures beyond 
those usually available to the ICR trapped-ion 
technique1 and thus makes obser~at ion of terinolec- 
ular ciusteriilg equilibria untenable. 

In spite of the difficulties associated ~ i t h  observa- 
tion of normal clustering eq~~i l ibr ia  by ICR re la fir^ 
solvation equi!ibrium processes may be readily 
obtained by use of appropriate bimolecular reactions 
leading to production of solvated ions. In  the 
presence of t \ \o  or more appropriate solvents 
cluster ions thus formed may undergo 'solvent 
s\\.itching' reactions and a bimolecular solbent trans- 
fer equilibrium thus established. This then allo\+ s the 
determination of accurate rc1lirtir.c single molecule 
solvation energies. I f  an accurate absolute value for 
some i~ldividual single lnolecule solvation energy is 
known then all additional solvation energetics may 
be referenced to this species and an accurate scale of 
absolute solvation energies may therefore be esta- 
blished. 

One such appropriate bimolecular reaction leading 
to  the production of solvated species is fluoride 
transfer. As part of our continuing program of 
investigation of ion-molecule reactions of fluorinated 
organic and inorganic niolecules it \vas found that the 
trifluorornethoxide ion, CF,O-, generated by dissoci- 
ative electron attachment to trifluoromethylhypo- 
fluorite, CF,OF, acts as an eficient fluoride donor in 
the gas phase to both protic and Le~vis acids, eq. [3] 
(9) .  

[3 1 CF,O- + A + AF- + CF,O 

If two acidic species are present \\hich have com- 
parable fluoride affinities a fluoride transfer equili- 
brium may be established, eq. [4]. 

[41 AF-  + B S B F -  + A 

'At the pressures necessary to observe termolecular cluster- 
ing reactions in trapped-ion ICR experiments ion loss effects 
become significant, see ref. 8. 

and from the measured equrlibrium constant accurate 
relative free energies of fluoride attachment obtained. 

The equi l ibr~u~n techn~que also offers the advantage 
of allo\jlng study of systems where the fluorlde 
affin~ty of the ac~dic  inolecule IS very l a r e .  111 the 
high pressure mass spectron~etric experiment cluster- 
ing equilibria cannot normally be studied ~vhere the 
free energy of binding is greater than about 35 
k c a l n ~ o l  since this would necessitate conditions of 
temperature and pressure beyond the norrnal range 
of the apparatus. Unfortunately most fluoride attach- 
ment free energies for even moderately acidic 
~nolecules lie above this upper limit (3, 9 )  

In addition to straightforuard fluor~de transfer 
processes protic aclds, HX. of greater gas phase 
acidity than H F  u111 lnltlate H F  displacement reac- 
tions, eq [5]. \\here H F  rr preferent~allq ~eplaced by 
HX as the more faborable solbent for a general 
anlon, Y -  (10) 

15 I Y H F  + HX + YHX- + H F  

Further, if both H X  and H Y  are present and have 
similar gas phase acidities another series of solvent 
exchange equilibria il l  be established, eq. [ 6 ] .  

I601 X H X  - HY $ XHY- - HX 

[661 X H Y  + HY + Y H Y  + HX 

In the present publication \+e ~ l s h  to report 
equilibrium measurements for fluoride transfer 
between pairs of carboxylic acids and the subsequent 
displacenie~lt of H F  to produce both symmetrical and 
mixed bicarboxylate ions. From equilibria involving 
these bicarboxylate ions relative solvation energies of 
carboxylate ions by carboxylic acids are obtained. 

Experimental 
All experiments were co~lducted at ambient temperature 

(2.5-C) using an ICR spectrometer of basic Varian V-5900 
design but which had been extensively modified to permit 
trapped-ion experiments according to the method of McMahon 
and Beauchamp (1  1). Details of the design and operation of the 
trapped-ion ICR technique and conventional ICR single and 
double resonance experiments have been described in detail 
elsewhere (12, 13). 

Trifluoromethylhypofluorite was obtained from PCR Inc. 
Acetic acid and propionic acid were analytical grade reagents 
obtained from Aldrich. All materials were used without further 
purification other than simple freeze-pump-thaw cycles to 
remove volatile impurities. 

CF,OF is an extremely toxic material that reacts vigorously 
with many organic and inorganic compounds (14). It is 
extremely n~oisture- and light-sensitive and it was found most 
desirous to use it in darkened, passivated vessels. Fresh 
samples were prepared for use daily. 

Mixtures of acetic and propionic acids were prepared mano- 
metrically and ranged in ratios from 5:  1 acetic:propionic acid 
to 2 :  1 propionic:acetic acid. Experiments were carried out 
over a pressure range of Torr to lo-' Torr and a range of 
trapping times up to 1 s. Where possible rate constants of 
equilibrium reactions were determined using the time-delayed 
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ion ejection technique (15). Equilibriuni constant values 
reported are an average of six separate experimental deter- 
minations. 

Results 

The variation of relative abundaiices for a 1 : 4 :  5 
mixture of CF,OF: C,H,CO,H : CH,CO,H at  a 
total pressure of 5 x Torr is shown in Fig. 1. 
The reaction sequence initiated by the CF,O- ion 
co~lfirmed by double resonance experiments is sum- 
marized by eqs. [7] to [15]. 

In addition to the reactions of CF,O- a reaction 
sequence ansing from F is also observed given by 
eqs. [I 61 to [ I  81. 

The carboxylate ions are found to be unreactive 
toward either CF,OF or the carboxylic acids per- 
mitting the proton transfer equilibrium, eq. 1181, to 
be established. The known value of the equilibrium 
constant for eq. [I81 of 7.6 (16) \\/as reproducible, 
providing a confirmation of the ratio of pressures of 
the two carboxylic acids. 

Equilibriu~n co~istaiits obtained from steady state 
ionic abundances and the known ratio of carboxylic 
acids for eqs. [9], [14]: and [I51 are summarized in 
Table I. Also included are thermodynamic data 
derived from these equilibrium constants. Entropy 
changes have been estimated on the basis of sym- 
metry changes in the equilibrium reactions. 

Some care \vas taken to insure that true thermo- 
dy~lamic equilibrium rather than a steady state had 
been reached for the reactions studied. Within limits 
of normal experimental error all equilibrium con- 
stants were f o ~ ~ n d  to be in good agreement for the 
range of concentration ratios, pressures, and reaction 

FIG. 1.  Variation of relative ionic ahundances with reaction 
time in a 1 :4:5 mixture of CF30F:C2H,C02H:CH,C0,H at  
a total pressure of 5 x Torr. 

times studied. Cluster ions produced via exothermic 
biniolecular reactions become thermalized by a 
variety of processes analogous to those operative for 
proton transfer equilibria in low pressure ICR ex- 
periments. These are symmetric therinoneutral anion 
exchange reactions resulting in no observable reac- 
tion but diminishing ally excess internal energy in the 
ionic species by a factor of one-half (17) and simple 
non-reactive collisional deactivation. 111 addition, 
although no quantitative data are available, radiative 
cooli~ig may occur ~vithin the time scale ofthe trapped- 
ion ICR experiment. 

For the fluoride exchange equilibrium, [9], the 
eauilibrium constant was also determined from the 
ratio of forward and reverse rate constants obtained 
from time delayed ion ejection experiments (15). 
Within experimelital error these rate constants are 
determined to be identical as 7.0 + 0.7 x lo-'' cm3 
molecule-' s- ' .  The overall loss of rile 79 and 93 via 
H F  displacement proceeds with an average rate 
constant of 7.0 i. 0.7 x 1 0  ' ' cm3 molecule- ' s-'. 
According to the analysis of Davidson et a/ .  (18) this 
permits fluoride transfer equilibrium to  be estab- 
lished and observed since the fluoride excha~lge is 
ten times faster than EIF displacement. 
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TABLE 1. Equilibriutn constant and thermodynamic data for anion exchange equilibria 

Reaction K AG" (kcal niol) ASo (eu) AHO(kcal'mol) 

Due to the kinetic complexity of the sequence of 
carboxylate exchange equilibria all of the rate con- 
stants for the two equilibria [I41 and [I51 cannot be 
extracted from the time delayed ejection technique. 
However, both k,, and k-, ,  may be obtained and 
are found to be 2.4 i 0.2 x 10-lo cm3 niolecule-' 
s- '  and 1.3 0.1 x 10-lo cm3 niolecule-' s- ' ,  
respectively. Using the A.D.O. theory (19) the 
collision rate constants for the bicarboxylate ions are 
estimated to be 1.4 x lop9  cm3 molecule1 s - ' .  Thus 
each ion will ~ ~ n d e r g o  between five and fifteen non- 
reactive collisions for every reactive carboxylate 
exchange reaction which occurs. During the time 
scale for the experiment for the pressures employed 
over 100 collisions will have occurred and given this 
ratio of non-reactive to reactive collisions thermaliza- 
tion of the ions is insured. Combining the measured 
values of K , ,  and K ,  , with the rate constants k l ,  
and k- , ,  allows the determination of the remaining 
rate constants of the equilibria a s k -  ,, = 9.8 x 10-'I 
cm3 molecule-' sC1 and k , ,  = 9.7 x 10-l1 cm3 
molecule-' s - I .  

Discussion 

Previous experimental correlations (3) and recent 
rrb it~itio calculations (20, 21) support the very small 
differences in observed anion binding energies of 
acetic and propionic acids. Yamdagni and Kebarle 
(3) have proposed a relationship. eq. [19], between 
anion binding energies and gas phase acidities of a 
number of protic solveiits. 

Based on values of D(F--HCI) and D(F--H,O) of 
50 and 23 kcal/mol, respectively, the constants a and b 
of eq. [ I  91 for fluoride binding may be determined to 
be 0.56 and 0.47. Using gas phase acidity values of 
348.5 and 347.3 kcal/niol for acetic and propionic 
acids fluoride binding energies of 42.6 and 43.7 
kcal/mol, respectively, are calculated. Given the 
rather approximate nature of the reiationship the 
difference in fluoride binding energies may be 
regarded as in excellent agreement with our experi- 
mental results. Applying eq. [I91 to acetate and pro- 
pionate ion binding energies leads to the values sum- 

TABLE 2. Calc~~lated bond dissociation energies D(X--AH) 
in kcal niol* 

D for AH = 

X - H F CH3C02H C2H5C02H 

*Calculared from rq.  [ I i i ] ,  by  the  cnipir~cal rnctiiod oi l t l~ned iii ref. 3 .  

marized in Table 2. Also included are the predicted 
binding energies of these anions to HF.  

Ab initio calculations of fluoride binding enesgies 
to formic and acetic acids (20, 21) of 59.7 and 59.5 
kcal:niol, respectively, also support the experi- 
mentally observed small difference in fluoride affini- 
ties of carboxylic acids. The magnitude of binding 
energies calculated is greater than that predicted 
experimentally from eq. [19]. This is known to be a 
common occurrence for Gaussian 70 calculations of 
fluoride affinities (22, 23). 

The crb i~litio geometry optimization for fluoride - 
carboxylic acid adducts yields a structure with linear 
0. . . H .  . . F- bonds and a coplanar arrangement of 
all heavy ato11ls (23). ,411 examination of 8-H and 
H-F bond distances in these adducts reveals a long 
0-H distance and a short H-F distance indicating 
that these species may be more correctly regarded as 
carboxylate ions solvated by H F  rather than fluoride 
solvated by carboxylic acids. This is consistent \$ith 
intuitive expectation based on the greater gas phase 
acidity of carboxylic acids than HF. Viewed in this 
manner eqs. [lo] to [I31 are readily seen to be solvent 
displacement reactions \\here the ~veakly acidic 
solvent H F  is replaced by carboxylic acid solvents of 
greater acidity. From the data of Table 2, the H F  
displacement reactions are seen to each be roughly 
I l kcal,'riiol exothermic. 

Ah inifio calculations have also been carried out for 
the energetics and structure of the biformate ion 
which may be regardeci as a ~iiodel for the bicarboxy- 
late ions (24). These studies yield a planar trcrns coil- 
figuration of C,, symmetry ~vi th  a linear 0. . . H .  . .O 
bond and a binding energy D(P%CO2--HCO,M) of 
29 kcal/mol. This is in excellent agreement n i th  the 
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values for other bicarboxylate ions obtained from 
empirical correlations given in Table 2. These values 
show transfer of acetate from acetic to propionic 
acid, eq. [14], to be 0.5 kca1,'niol exothermic and 
transfer of propionate fro111 acetic to propionic acid, 
eq. [I51 to be 0.6 kcal/rnol exothermic. The difference 
in exothermicity of 0. I kcal, mol is again in excellent 
agreement \\ith our experimentally determined 
difference. 

The results presented above demonstrate that the 
ICR trapped ion technique may be extremely useful 
in the study of bimolecular solvent exchange equili- 
bria and in the generation of accilrate relative single 
niolecule solvation energies. The experimental data 
have been shown to be in good agreement with ub 
iizitio calculations and e~npirical correlatioiis from 
other solvation studies. 111 addition replaceme~lt of 
H F  by carboxylic acids in fluoride - carboxylic acid 
adducts has been shown to be exother~nic and to 
proceed facilely. Further studies of solvation ener- 
getics involving solve~lts of markedly weaker gas 
phase acidity are currently in progress. 
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FRED Y. FUJI'IVARA and LEOYARD W. REEVES. Can. J .  Chem. 57.478 (1979) 
A lyomesophase prepared from decylammorium tetrafluoroborate, ammonium tetra- 

fluoroborate, and water, which orients in a magnetic field perpendicular to the directors 
(type II), has been investigated with respect to  the isotopic composition, H 2 0  D,O of the 
aqueous conipartment at  constant overall chemical coniposition. A n  effect of the isotopic 
composition of the Rater has been discovered, which influences the packing of the water and 
tetrafluoroborate ions at  the interface. An interface structure transition occurs at  - 14 m o l z  
D,O in H 2 0 .  The ammonium ions, which d o  not form part of the first bound layer at  the 
interface, are affected to  a much snialler degree and the sudden changes in the direction of 
variation of nmr paranicters are not observed for this ion. The interface structure at  ;- 14 niol? 
D 2 0  evidently does include more remote participation of NH,+ ions. 

Recent low angle X-ray diffraction studies, available to us, indicate that the mesophases 
~ h i c h  orient in magnetic fields have two levels of structure, the packing of amphiphiles in 
discrete anisotropic niicelles and the super-packing of the micelles themselves. These studies 
now enable LIS to  reinterpret other similar thermally induced structural changes in the interface, 
from results previously encountered, in the decylammoniuni chloride system. It is possible to 
have changes in the packing of Ivater, amphiphiles, and ions at the interface without changes in 
the superstructure. Such changes in interface packing might ~vell go undetected in a measure- 
ment of hulk properties but are revealed by measurement of nmr paraiiieters for the oriented 
mesophase of different species involved in the interface stl-uctul-e. The isotope effect on  struc- 
tural packing a t  the interface is absent in two other mesophases inbeitigated. 

FRED Y. FLJIWARA et L F O ~ A R D  W. REELES Can. J .  C h e n ~ .  57. 478(1979) 
O n  a etudiC une I>omCsophase preparee 5 partir de tetrafl~~oroborate de decylanimonium, 

de titrafluoroborate d'arnmonium et d'eau qui oriente dans un champ magnetique perpendi- 
culaire aux directeurs (type 11): ces etudes ont porte sur la composition isotopique, H,O D,O 
d u  compartiment aqueux a des compositions chiniiques giohales q ~ ~ i  etaient constantes. O n  a 
decouvert un effet de composition isotopique de l'eau qui influence l'arrangement de I'eau et 
des ions tetrafluoroborates a I'interface. I I  se produit une transition de structure d'interface 
a - 14 m o l z  de D,O dans HzO. Les ions animonium qui ne font pas partie de la premiere 
couche liee a I'interface, sont moins afrectes et i l  ne se produit pas de changenient soudain 
dans la direction de la variation des paranietres rmn de cet ion. La structure interfaciale 
a > 14 mol? de D,O contient evidemnient plus de participation B distance des ions NH,+.  

Des etudes recentes de diffraction de rayons->< B petits angles qui nous etaient disponibles 
indiquent quc les mesophases qui orientent dani  les champs magnetiques ont deux niveaux 
de structure: I'arrangement des amphiphiles dans des micelles anisotropes definies et des 
super-arrangements des niicelles elles-niEnies. Ces etudes nous permettent maintenant de 
reinterpreter d'autres changements de str.uctures semblables induits d'une f a ~ o n  thermique 
dans I'interface a partir de resultats obtenues anterieurement dans le systcme de chlorure de 
decylammonium. I1  est possible d'obtenir des changements dans {'arrangement de I'eau des 
amphiphiles et des ions a I'interface sans changement dans la super-structure. De tels change- 
ments a I'interface pourraient passer inapercus lors de mesures de proprietes globales; o n  les 
decele toutefois par des mesures de paranietres de rnin de la mesophase orientee de differentes 
especes impliquPes dans la structure de I'interface. II n'y a pas d'effet isotopique sur l'arrange- 
rnent de structure i I'interface dans les deux autres mtsophases Ptudites. 

[Traduit par ie journal] 

We have recently been able to shou that some study of nmr spectra of oriented lyosnesophases 
effects of sons and water at  a hydrophobic hydro- ( I ,  2). I t  1s clear, for snstance, that the hydrat~on of 
philic Interface can be detected and snterpreted by the carboxylate head groups is the principal reason for 

the hlgher o rde~ lnp  of nater molecules In the Inter- 

'frcsent addless lns t~ turo  de Qulmrca, U n ~ v e r s ~ d a d e  face for those systems In nhich i h ~ s  head group 1s 
Estadual de Camplnas, U h I C A M P ,  Can~plnas,  S p , Brasl] mixed In different ProPortlons lblth Pyrldtnlum and 

'To M horn 'ill co11e5pondence should be add~essed  t r smethyla~nmon~un~ (1). These last head groups are 

0008-4042179/OS0478-05$O 1.00/0 
(C 1979 National Research Council of Canada/Conseil national de I-echel-the\ du Canada 
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not strongly hydrated and systems in ~vhich the inter- 
face is rich in these groups are characterised by a low 
degree of order for the M ater molecule 0-D axis as 
measured from the partially averaged deuteriuni 
nuclear quaclrupole splittings ( 1 .  2). By preparing 
rnesophases that are oriented by the niagnetic field 
bur with variations in the chemical nature of the 
amphiphiles ~vhich compose the basic bilayer struc- 
ture, the subtle study of interface water becomes 
accessible. 

I t  is now possible to ascert from these previous 
investigations by us (1. 2) and by others ( 3 )  that the 
order parameter measured by nlnr studies is a very 
sensitive tool for studying the interface region from 
the aqueous side. Water and ions ~ h i c h  reside 
remotely from the interface have Ion degrees of 
order, \vhile ions or molec~~les  at  the interface near 
the highly ordered head groups have higher order 
parameters. The relationship between head group 
order and that of H,O and C1- ions was discovered 
by Fuji\cara and Reeves some ti~ile ago (4) in a 
decylanimonium chloride mesophase systern. The 
experimental work no& accumulated indicates that, 
on the nrnr time scale, rapid exchange bemeen 
remote and low, ordered water and ions and the more 
ordered interface \+ater and ions occurs. The linear 
concentration average is the observable in the mea- 
sured order parameter. Sodium ion in the mixed 
detergent niesophase systems dodecalloate decyl- 
trimethylamnionium has three available specific 
sites, including strong association with the carboxy- 
late, associatio~i betcceen a shared carboxylate,l 
t r iniethylan~moniun~~ and sodium remote from the 
interface. The bromide counter ion on the other 
hand achieves appreciable order only at  interfaces 
rich in the -IV(CH,)+ head group. The differential 
ordering of different ions at  chemically varied inter- 
faces is clearly observable (1, 4). 

Since hydrogen bonding to polar and ionic head 
groups by water molecules is evidently a strong inter- 
molecular force contributing to interface ordering of 
water n~olecules, we have searched for an isotope 
effect at the interface bet\veen H,O and D,O mole- 
cules, there being a difference in hydrogen bond 
strengths for these species. Such an observation, as 
reported here, has i i ~ i p o r t a ~ ~ t  bearing on this same 
type of interface in biological systems. 

Experimental 
The mesophase studied, in which evidence for isotope eRects 

has been found, is similar to one reported earlier by us in a 
study of the distortion of the BF,- ion in unaxial media (5). 
Preparation and purification of the required compounds have 
been previously described (5). Mesophases of type 11 (6, 7), 

which orient with directors perpendic~~lar  to the applied field, 
were prepared from decylanirnonii~ni tetrafluoroborate, 
ani~iioniurn tetrafluorobol-ate, deiiteriated and normal Lvater. 
The water used in the preparation of the mesophase mas varied 
in deuterium content from 0 to  1007 .  The composition of 
mesophases was not varied in the m o l z  of detergent, electro- 
lyte, and \cater. Table I gi\-es these compositions. The water 
was al\bay\ acidified to 0.1 A\- HCI in order to inhibit exchange 
of deuterium and  or protons betnee11 the animonium ions and 
water. Proton, 'T. "B, and 'D nnir signals werc detected 
i~sing a Varian HR60 or  a Varian H A  100 spectrometer. The 
fi-equencq of the carrier was 7.95 LMHz for deuterium; 15.1 
M H z  for "B; 94.1 MHz for fluorine, and 100 MHz for pro- 
tons. The spect~-a of "B  and deuterium were calibrated by the 
audio side hand technique (8). The random error 011 peak 
poaition assignment \\.as as  indicated in the table of splittings 
obserbed. 

As the H,O D 2 0  content of thc aqueous co~~ipar tment  of 
the metophase \\as varied; f o ~ l r  nmr parameters were nlea- 
sured. The quadrupole splitting \*as investigated for the 
deuterium in the ua tc r  slgnal and for the "B in the tetra- 
fluorohorate ion. In the latter case the signal is a triplet from 
1 = 3 2 and the meahured splitting \ \ as  betmeen adjacent 
peaks. The magnitude of the scalar spin-spin coupling and 
dipole-dipole coupling het\\ecn "B and I9F, 1 D,, + J,,l, was 
measured between adjacent peaks in the "F spectrum. The 
'Hm! spectl-urn of N H 4 + ,  NDH,- ,  KD,H,- ,  and N D 3 H C  
\+ere examined to determine the magnitude of the scalar plus 
dipolar coupling between I4N and protons ( J , ,  + D,, , ) .  

In a scarch for other interface isotope effects a decyl- 
anlmoniuni chloride niesophase (9) as  \\ell as  a luesophase 
based o n  sodium dccylsi~lphate, decanol, \\ater, and sodium 
sulphate (10) \\ere exaniined. The results uere  negative in both 
cases indicating that such detectable effect\ as will he described 
here are a special anci not a general case. 

The investigation of the four nmr parameters 
listed in the Experimental section Lbere necessarily, 
under the conditions available, measured on dif- 
ferent days Some small temperature differences Rere 
recorded for the d~fferent nucle~.  

In the case of the deuter~um doublet spl~ttlnps frorn 
the mater. the measurements were deliberately made 
at  temperatures in separate serles ~ h i c h  here 3- 
apart to exaggerate any effect of temperature varia- 
tion. Other than a small change in the absolute 

TABLE I .  Compositions (n io lz )  of mesophases with varied 
isotopic content of water but mole fractions of components 

otherwise unchanged* 

D2O H z 0  D2O + H 2 0  DABF, NH,BF, 
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TABLE 2. Nuclear magnetic resonance parzmeters measured for mesophases described in Table l *  

*Slol"; of V,0 I!? H 2 0  used to  prepare the mesophase 1s g!\cn in the iirst col i~nin.  Tile deuterluni quadrupole spl~t l lng 'VoIU,O)' for \rater 1s glven for  
26.9 C and 39.9-C. The  fourth and  lift11 coliirnns list the qi~adri ipole  spl~t t ing of boron-1 I and coup l~ny  ID,, 1 -  .I,, for the B F ,  Ion T h e  last trio columns 
11st the deilteriiim qiiadriipole couplings for  the ammonium ion and aico the \aliie ID,,, ' /,,,I 

FIG. 1 .  Variations of the ivleasured nlnr paraineters in 
mesophases of constant molar composition but varied fraction 
of deuterium content in the water- compartment. The top 
curve shows the variation of the deuterium quadrupole split- 
t ing of the ha te r  against the left hand scale. The next curve 
down is the " B  quadrupole splitting for the BF,- ion plotted 
against a scale on  the right in kHz. The value of ' D,, + J,,' 
in Hz is the third curve from the top, against the scale in Hz 
a t  the left. The bottom curve h a s  obtained from values of the 
proton I4N coupling D,,, + J , , ,  for the arnmoniuni ion. 

values of the quadrupole splittings measured, there 
was no change in the variation of n ~ n r  parameters 
Lvith composition H,O D,O of the ~ \ a t e r  compart- 
ment. ~ h i c h  variations clearly indicate an isotope 
effect at  the interface. The sensitivity for detection of 
deuterium resonance in the ammonium ion \\as i11- 
suffic~ent to measure the quadrupole s p l ~ t t ~ n g  belom 
74'7 deuter~um content in the nater. 

In Table 2 are listed the n ~ n r  narameters nieasured 
~vi th  the quoted error limits being the maximum 
obtained for random error over a typical set of 
repeated measurements. The results for all param- 
eters measured are plotted in Flg 1 ,  select~ng the 
deuter~um quadrupole sp l~ t t~ngs  for \\atel at  29.9 C 
for display In the graph. 

Discussion 

The interface head groups In the 5ystem under 
study are cationic and the counter ions BF,- are of 
such a concentration that from the aqueous side a 
neutralising layer can be considered to be essentially 
complete at  the interface. The ammonium ions: being 
positively charged, are not expected to be so closely 
boulld at  the interface sites. The number of water 
molecules per -r\iH,' head group was 11.26 11hile 
the corresponding ratio for BF,- ions is 1.19 and 
for NH,' ions 0.19. The effect of charge on an ion in 
determ~nlng ~ t s  locat~on at  the charged lnte~face or 
removed from ~t 1s an electrostat~c consequence \\ell 
know11 prev~ously, but also ~llustrated In lecent nmr 
measurements of parametel order by Lee ef crl 
(1, 11). 

The fact that the water and counter Ion der~ve 
t h e ~ r  order from the head group contact has been 
shomn by Fujlwara and Reeves (4) In the case of 
sim~lar mesophases of type 11 (6) formed using 

decylammon~um chlor~de, ammonlum chlor~de, u ~ t h  
varled water content, the deuterium doublet splitting 
of the D,O and the 35C1 residual quadrupole coupling 
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FUJIWARA A N D  REEVES 481 

vary linearly to a high degree of experimental pre- 
cision ~vi th  the deuterium quadrupole splitting 
measured for the -ND,- head group of the decyl- 
animonium ion. Unlike the simplc proportionality 
among the deuterium quadrupole splittings of the 
chain segments (4), there is a residual head group 
coupling constant of 500 Hz for the -ND,+ group 
when the water and 35C1 splitting have become zero 
for the extrapolated state of i'ery high water content 
(4). This intercept of residual order in the head group 
is the only difference in behaviour detected bet~veen 
hydrocarbon segments connected by chemical bonds 
to the head group and water or counter ions which 
are subject to the ueaker hydrogen bonding, ion- 
dipole, and coulombic attraction at the interface. 

The ~liesopl~ases that have been the subject of 
study in this and our previous nork  ( I ,  2, 4, 6, 7, 9 )  
have the si_enificant property that they orient in an 
applied magnetic field normally used for nnir 
studies. It is now clear from recent low angle X-ray 
diffraction nark that these lyotropic liquid crystals 
are not the classic superstructures reported for the 
middle (hexagonal) or neat (lamellar) nlesophases 
(12, 13). Recent ullpublished X-ray diffractioil work3 
has shonn that in the original type 11 mesophase 
reported by La\cson and Flautt (15) there are no 
repeated distances but the single diffraction spots are 
characteristic of two size factors ill the colloid 
range. A distance of 38 is indicative of the bilayer 
thickness of an anisotropic micelle. while a diffuse 
diffraction has been associated with a \vater layer 
which has thicknesses distributed betbveen 90 and 
130 A. The micelle sizes are evidently of finite 
dimensions and their shape and packing leads to the 
anisotropic properties of the uniaxial fluid. It is 
logical to associate at least one case of the type I1 (6) 
~nesophase ~ s i t h  disc-like ~inicelles ~ h i c h  orient nith 
the plane of the disc in the magnetic field, and thus 
the director of the rnesophase perpendicular to it. 
One case of the type 1 mesophase (6) can probably 
be associated ~vi th  finite cylinders, \s hich orient with 
their axes along the magnetic field, co-linear with the 
director of the mesophase. This is contrary to  the 
speculations made before the X-ray work becanie 
available (4). l n  both type I and type I1 mesophases 
the extended hydrocarbon chains in  the bilayer of 
the anisotropic micelles c o ~ ~ t r i v e  to orient perpen- 
dicular to the magnetic field, that is, in the direction 
for minimilm diamagnetic susceptibilitj-. This is a 
rationai driving force for the n1acroscopic orienta- 
tion process in the mag~letic field (16). 

This rece??l uncterstanding is a precursor to the 

3h. Q~leiroz de Amarai, C.  Pimenlei, and M. Tavares. 
Private commun~caiion.  

consideration of isotope effects at  the interface and 
it also serves to interpret more fully Fig. 4 of the 
work of Fuji\vara and Reeies (4). A subtle change in 
slope of the dependence of -CD2-segment quad- 
rupole splittings \\ith temperature is accompanied 
by an abrupt change in the deuterium quadrupole 
splitting of the D 2 0  in the same mesophase at  the 
same temperature (32 i. Z'C). The dependence of 
the D,O splitting on temperature changes slope from 
positive bclow 32°C to negative above 32'C. The fact 
that an  a~lisotropic micelle could undergo an internal 
re-arrangement of amphiphile ion packing without 
affecting the superstructure packing of the micelles 
leaves us in principle with the possibility of a change 
in the structure of the interface without a phase 
change being strongly rcflccted in the superstructure 
or bulk liquid crystal properties. The liquid crystal 
depends for its anisotropic properties on the super- 
structure packing of micclles. Thc change in slope 
of the linear dependence of quadrupole splitting of 
deuterium i l l  D 2 0  from positive belo\\ 32'C to 
negative above indicates a change in sign of thc 
order parameter for the -0-D bonds. This must 
arise from a change in the hydration arrangement at  
the interface at  ~ h i c h  location the D,O gains its 
order. This prior example of a subtle change in 
packing at  the interface leads us to interpret the 
present results in a like manner. 

The mesophase, used i l l  this study, prepared fro111 
decylammonium tetrafluoroborate has Fome unusual 
features (4, 5). The ammonium ion ND,' in a dccyl- 
ammonium chloride mesophase manifests a deu- 
terium quadrupole splitting in the low range of 
-7 Hz while in the mesophase co~ltaining tetra- 
fluoroborate. the deuter~uni quadrupole sp l~ t t~ngs  
are found between 50 and 102 Hz 14. 5), being for the 
present niesophase - 85 Hz T h ~ s  ~ndicates that 
although the ND,- Ion 1s not In contact w ~ t h  the 
head -YH, - groups, ~t is more distorted from 
tetrahedral shape In the tet~afluoroborate-conta~nmg 
meso~hase  15). A reasonable conclusion ~vould be 
that there I S  sonle assoc~ation of the a i n m o i ~ ~ u m  lolls 
In the more remote pnrt of a necessarily compact 
electrical double layer It mould be reasonable to 
assume thdt each -NH,+ head group 1s associated 
u ~ t h  about t \%o \$ater molecules In a strong hydrogen 
bonded assoc~atlon, u h ~ l e  the BF,- Ion must also 
enter into tile ~nterface structure. Using the fraction 
of the totai ~ a t e r  estilnated at  the ~nterface and 
assuming non-~nterface water has zero degree of 
order a quadrupole coupl~ng at  the interface of - 1400 Hz can be computed assumnig rapid ex- 
change using the observed quadrupole couplings for 
water (Table 2 ) .  This is somewhat low. but the 
geometry of the interface association may involilc 
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-OD axes being constrained t o  align near the  magic 
angle of  cos - '  ( 1  3) t o  the interface normal .  T h e  
quadsupole coupling of  -CD-groups adjacent t o  the  
ND,' a re  indicative of  the order  parameter  fo r  
rather  rigid axes oriented in the plane of  the interface 
(4'1 but \vith the freedom t o  take all orientations in 
this plane in very short time intervals. 

T h e  feature of  the  figure is t h e  similarity in  the  
position of  a change in sign of the  slope of  the depen- 
dence of a n  n m r  parameter o n  H 2 0  D,O content,  
close t o  1 4 7  D 2 0  in the  aqueous compartment ,  fo r  
the  na tes  and  tetrafluoroborate Ions. These param-  
eters v ~ o u l d  be expected t o  have n o  dependence 011 

isotropic content o f  the n a t e s  o r  t o  hake a very small 
bu t  smooth  variation without sudden changes o r  
reversals in  SIODC. These discontinuities can be inter- 
preted a s  a change in the interFace structure provoked 
by a change in the aherage hydrogen bond strengths 
a n d  fur ther~nore  one \\ hlch afTects the  arrangements  
of  the water and  the tetrafluoroborate ions. T h e  
ammonium ion has n o  direct involvenient in this 
change in interface packing, but  does shon  a small 
b ~ ~ t  smooth  cl ia l~ge in the parameter ID,, + J N H j .  
T h e  value of  J,,,. the scalar coupling between nitro- 
gen-14 atid protons. has been repeatedly measured 
in o u r  previous I\ ork  and  is knou  11 t o  be  + 52.24 1 
0.05 Hz. F o r  mesophases n h i c h  are  rich in H,O the  
figure sho\ \s  t h a t  almost n o  distortion of the  
a m ~ n o n i u n i  ion occurs. A t  high D 2 0  contents the  
value of D,,, is appreciable, reaching - 1.59 i: 
0.1 Hz  a t  100'; D ,O in the aqueous compartment .  
T h e  figure sho\ \s  that  the appearance of a dipole- 
d ~ p o l e  coupllng b e t ~ f e e n  '"N and protons in the 
amlnonlum ton rs a smooth f u n c t ~ o n  of the D,O 
content  of  the n a t e s  and ,  fu r the~niore ,  appreciable 
distortion of  the ammonium ion o c c ~ l r s  onlv after 
t h e  subtle s t r ~ ~ c t u r a l  change at  the  interface. which 
in\jolces the  BF,- ions and  water directly. has  
occurred. This  is suggestive that  although the NH,' 
ion is not a species directly involved in the interface 
structure; it does play a secondary role i l l  t he  G o u y  
o r  second hydration layer and thus  is affected some- 
what  by a rather profounci structural change associ- 
a ted \\ith the  BF,- and  interface n a t e r  arrangements. 
It \\ ould be premature a t  this stage of understanding 
o f  molecular and  ionic packing a t  intcrfaces t o  
venture specific models 

The  bulk anisotropic properties of these liquid 
crystals, for  example, diamagnetic anisotropy, a re  
sn~a l le r  than for  thermotropic liquid crystals (14) 
and  it is probable tha t  u i t h  direct ~neasurements  of 
bulk physical properties parallel and perpendicular 
t o  the  director, the changes in structural packing a t  
the interface without changes i l l  the  superstructure 
packing of the large anisotropic micelles \vould pass 
undetected. This eruphasizes the  special and  sensitive 
applicability of  the nnir studies, which are  appro-  
priate for  local microscopic studies of interface 
packing. These local structirral changes must in their 
turn be of  considerable importance in the chemical 
reactivity of  ions, molecules, and  amphiphiles a t  
such interfaces. Such studies are  being pursued. 
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New hetesopolymetallic complexes of platinum(I1) with palladium(I1)-, gold(1)-, 
cadmium(I1)-, or mercury(I1)-chloride 
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F L A V ~ O  B O ~ A T I  and HOWARD C. CLARK. Can. J. Cheni. 57.483 (1979). 
The platinum(I1) complex ~ ~ . ~ I ~ ~ - P ~ C ~ ( P E ~ , ) ~ ( C H = N C ~ H ~ - ~ - C H , )  gives 1 : 1 complexes 

with CdCl,, HgCI,, and ALICI and a 1 : 2  trans-adduct with PdCI,, thus showing its character 
as  a nionodentate, A'-ligand. 

F L A V ~ O  BOUATI et HOWARD C. CLARK. Can.  J .  Chern. 57.383 (1979). 
Le complexe de platine(II), ~ ~ . O ~ ~ S - P ~ C ~ ( P E ~ ~ ) ~ ( C H = N C ~ H ~ - ~ - C H ~ ) ,  donne des complexes 

I : 1 avec du CdCI2, d u  HgCI,, d u  ALICI et Lin adduit 1 : 2 tran.5 avec PdCI,; ces resultats demon- 
trent son caractere de ligand azotC nionodentate. 

[Traduit par le journal] 

Introduction Experimerital 

The problem of synthesizing mixed-metal chain 
oligomers with two or more different metals in 
specific ligand sites has been successfully tackled by 
the use of a metal-containing molecule in nhich the 
coordinatively saturated central atom is kinetically 
inert and lvhere at least one basic function is avail- 
able to serve as a donor group. Such a molecule, in 
reaction ~vi th  a suitable acceptor, may then give a 
heteropolyn~etallic complex. Examples of this ap- 
proach can be found in the adducts fornied between 

The starting material, ~ I . ~ I I . I - C I ( P E ~ , ) , P ~ C H =  NC6H4-/)-Me, 
L, was prepared from p-tolyl isocyanlde and [ii.rrr~s- 
HPt(PEt,),CNC,H,]CI, according to  the literature (6, 7). 
Ecaporation \\'as always carried out under reduced pressure 
(water aspirator) unless o ther \~ ise  stated. Infrared spectra 
were recorded on a Becknian-1R-5.4 (NaC1 region) or Perkin- 
Elnier 457 (low frequency region) spectrometer. Nuclcar 
magnetic resonance spectra were recorded on a Bruker in- 
strument operating at 24.88 or 60 MHz for 31P or 'H, respec- 
tively. Analyses were cari-ied out by MHU', Phoenix, Arizona. 

L,  Y?C12, 2 
An ether so lu t~on  (10 ~ I L )  of m e r c ~ ~ r q ( l l )  chloride (87.8 mg; 

various salts and (ligand),Pt[C(OR)=NR'],, or 0.32 mmol) was added dropuise to  a stirred solution of L 
(ligand),~t(l-pyrazolyl)2 complexes ( 1 ,  2) or the (122.5 nig: 0.21 mniol) in the same solvent ( 1  mL).  A white 

crystalline precipitate separated out, which was filtered 2 h 
[C1(R3P)Pt1P( O ) ( O M e ) d 2 1 -  anions ( 3 ? :  i n  the later and uashed \\.ith ether to afford colllpound 2 (161 nlg: 
adducts, the platinunl-containing cornpounds act as 89% on n la t inun~) :  it was ~ur i f ied  by dissolvin in meths-lene ,, . 
chelatine licands. Other metal comnlexes have been chloride (2.5 mL) and precipitating with ether (20 mL)  to give - - 
used as monodentate, or b~dentate but not chelatl~lg the analytical saniple (56 8 1119) u h ~ c h ,  Lipon heating. sottened 

at 114 C and melted at  1 I6 C w ~ t h  s~ihsequent decomposition 
Ilgands' e's (Ph3P)AL1[C(oR) NR ' l  (4)' tr'mJ- The compound 1s soluble In CHCI,, CH2C12, and acetone, 
(Et3P)2PtH(CN) (5), O r  H~[C(oR)  ~ ~ ~ ' 1 2  (4)- al+ho~igh the chlorofoin~ s o l ~ i t ~ o n  becomes turbid upon 
respectively. 

A ne\b family of such ligands has recently (6) been 
prepared by the insertion of isocyanide into plat- 
inurn-hydrogen bonds to give conlpounds of the 
type friins-PtCl(PEt,)2[CH=NAr] (Ar = substitu- 
ted pheny!), L, and after further reaction (7) trcrns- 
Pt(PEt,),[C(OMe)-- NAr][CH=NAr], 1.These com- 
pounds are potentially monodentate and bidentate 
N-!igands, respectively. In particular. L is known 
(6) frorn both chemical reactivity and  nmr spectro- 
scopic data to be ~teakly  basic and hence, in vie\\, of 
its availability, stability, and solution behavior 
(6, 7), its characteristics as a ligand have now been 

standing 

L.CcICI,, 3 
Compound L (161.4 n ~ g :  0.278 mrnol) u a s  d i sso l~ed  in 

iiiethanol ( I0  ml) and CdCI,~I.SH,O (170.1 iiig: 0.245 mniol) 
added. The suspension was stirred for 4 day-s and then evapor- 
ated to  dryness. The residuc \\as extracteil with dichloro- 
illethane (10 inL) and the extract concentrated to 1 mL:  addi- 
tion of diethyl ether (4-5 niL) gave a \\bite crystalline preci- 
pitate, 3 ( 1  11 nig; 5 2 5  on platinum). 

L.AirC1, 4 
T o  a solution o r  L (202.9 mg: 0.347 nimol) in dichloro- 

~i iethane (1.7 inL) solid (diniethyls~11phide)chlorogold (1) 
(I05 nig: 0.357 n ~ m o l )  was added. The solution becaiiie 
brounish-yellow and sonie insoluble, finely divided material 
mas removed by filtration. Aftcr addition of more niethvlene 

investigated. chloridc (0.5 mL) ,  ethcr was added (2 niL) and the clear 
solution was concentrated to half volume: more ether was 

'On leave of absence from the University of Carnerino, added to give a total volume of 5 mL and theanalytical sample 
Italy. Author to  n h o m  correspondence should be addressed (174 nig: 60"; on  platinum) separated as a sno\v-white crlstal- 
a t  Tstituto di Chirnica Generaie, via L'enerian 21, 20133 line precipitate, which was washed ~ c i t h  ether. The compo~cnd 
Milano, Italy. is light sensitive and maq become bliiish-gray during filtration. 

ooO8-4042/79/050483-04S0 1 .OO/O 
2 1979 National Reieal-ch Council of CanadaIConseil national d e  recherche\ du Canada 
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TABLE 1. Analytical and other data for the bimetallic coniplexes 

Analysis (Y,) 
- . Decom- 

C H N Other position 
-- point 

Complex" Colour Found Calcd Found Calcd Found Calcd Found Calcd ('C) 

2, L,HgC12 White 27 .89  2 8 . 0  4 .48  4 . 4 4  1 .55 1 .63  23 .  l h  23.3-16 
3, L.CdC12 White 31.27 3 1 . 3  5 .48  4 . 9 5  1 .77  1 . 8 2  14.22' 13.88' 183 
4, L.AuC1" White 29 .68  2 9 . 4  4 . 9 4  4 .65  1 .55 1.71 130 
5, L,PdCI, Yello~v 35.33 35 .70  5.75 5 . 6 5  1 .81 2 .08  10.59" 10.54' 168-169 

O L  is trails-(Et,PJ,CIPt-CfI=N-(p-tolylj. 
b M e r c ~ ~ r y .  
CChlorine. 
*The analytical sample \\as bluish-gray oi i ing to rhe actlon of light. 

L,.Pr/CI,, 5 
A dichloromethane solution ( I n l L )  of L ( 1 6 2 . 5 m g ;  

0.278 niniol) was mixed with a solution of bis(acetonitri1e)- 
dichloropalladi~~m(II)  (36 mg: 0.14 niniol) in the same solvent 
( 6  mL).  The solution was then concentrated to 1 niL, ether 
( 6  n1L) added, and the yellow, crystalline compound, 5 
( 1  14 mg: 61",), \$as filtered. 

Misc.ellot~eoira E.~pe/.i~~ierifs 
Only a dark, oily residue was left after solvent removal from 

a n  ether solution of L and [(CO),RhCI],. After evaporation 
of the reaction mixtures of L with zinc(I1) chloride in ether, o r  
with hydrated tin(1l) cliloride in methanol, c o r n p o u ~ ~ d s  were 
obtained ~ h l c h  cannot be adducts, because of the presence in 
the ir spectrum of the \l(iVH) and 6(NH) bonds associated u i t h  
the protonated form of L. A black precipitate was obtained on  
treatment of L with silver nitrate in methanol. 

Results and Discussion 

The reactlon of L ~ { l t h  sultable Lew~s  a c ~ d s  such as 
mercury(I1) or cadm~um(II)  chloride, 01 the d ~ s -  
placement by L of a volatlle 01 lablle llgand such as 
din~ethqlsulfide or dcetonltr~le from Me,SAuCl or 
(MeNC)2PdC12, ga\e readlly the adducts 2-5 
(Table 1 )  

CI \ p t / P E t 3  

C1, ,PEt3 
/ \ 

PEt, ,,C=NLpd,,CI 

P t 
/Ar 

H H 

E~,P' 'C=N CI ' > N = c < ~ ~ , P E ~ ~  

H ' 'MCI,, A r 

2.  M = ~ g ,  n = 2  E~,P' %I 
4. M=Cd.11= 2 5 
4.  M = ,4u. 11 = 2 

These adducts are white or yellow (5) crystalline 
solids which decompose on heating between 110 and 
190'C, on exposure to laboratory light (4, or  slowly 
in solutions in chlorinated solvents ( 2  and 3). As a 
consequence, a molecular weight determination 
could be carried out only on 5 which was found to be 
lnonolneric in chioroform solution. Similar ineasure- 
ments for the mercury and cadmium derivatives, 

2 and 3, gave ratios of 1.27 and 1.44, respectively, 
between the experimental and calculated molecular 
weights, in agreement nit11 the partial formation of 
chlorine-bridged structures involvi~ig tetrahedrally 
coordinated M(I1) species. 

111 the 5000-625 cm-'  region, the infrared spectra 
of the adducts 2-5 resemble that of the free ligand L. 
The most meaningful difference is the shift to lower 
frequency of v(C=N) consequent upon the partici- 
pation of the nitrogen atom in dative bonding. This 
shift is of the order 15-80 c m '  (see Table 2) and is 
accompanied by a simplification of the band which 
in L is broad and flanked by a broad shoulder. 
perhaps connected with the presence of the sy11 and 
anti isomers.  hose existence In solution can be 
established by nmr spectroscopy In the far Infrared 
reglon, bands due to both Pt-Cl and M-CI 
(M = Cd, Hg, Pd, or Au) stretch~ng frequencies are 
expected In the 300 cm-' region. Two such bands 
are observed in all cases except for the cadmlum 
derlvat~ve 3, where only one broad band 1s observed. 
In  the absence of a d d ~ t ~ o n a l  data, ~t 1s not poss~ble 
to niake defin~te ass~gnments to \,(Pt-C1) and 
v(1M-CI). 

Both the ' H and 3 1 P  nmr spectra shov the expected 
resonances. In  particular, those due to the for~nylic 
hydrogen (Pt-C-H) are found at  fields (-0.68 to 
- 2 . 0 6 ~ )  \$liich are very low in conlparison with that 
for L (-0.61.). The assignment is supported by the 
presence of satellites due to coupling to I9"t and to 
t ~ v o  magnelically equivalent phosphorus nuclei 
with 2J(PtCH) and 3J(PPtCHj comparable. but 
different, to those in the starting ligauci L. It should 
be noted that. both for the for~nylic and the aryl 
hydrogens, each of the two sets of signals con-e- 
sponds to one of the two isomers ( s j ~  and anri) of k, 
a fact that shows how easily such protons are in- 
fluenced by even a modest change of environn~ent. 
Thus, substantial changes in  position are observed 
for the resonances of the C,H, protons of the adducts 
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BON4TI  AND CLARK 

Infrared absorption frequencies 
-- 

Compound Acceptor v(C=N) 400-250 cm- ' region 

Lh - ( 1560s(br) 
1 1582s(br) 402u, 375w, 322w, 255w 

2 HgClz 1515s 412w, 376w, 328w, sh, 318n1, 298111 
3 CdCI, 1545111 350111, br, 250 
4 AuCl 1515s 390vw, 347n1, 320w, sh, ca. 280111, br 
5 ;(PdCI2) 1545s 376vw, 342u, 2885, br 

"All data refer to  Nujol mulls. 
T ~ a o  isomers are possible and were detected bq nmr ii i  CDCI? solution (7) 

TABLE 3. Nuclear magnetic resonance datao for C 1  \,ipEt3 ,C6H4-~-CH3 

Et3P /" ' c = ~  I 
H' Accept01 

C o m p o ~ ~ n d  No. L antih L sj.nh 2 3 4 5 
acceptor - - HgCI, CdCI, AuCl + PdClz 

-0.62' 
117 

5 . 8  
2-3. lpq  
7.66s 
7 . 4 - 9 . 3 ~  

('H nmr) 
-1.14 
5 7 

3 . 5  
1.8-3.05 
7.70s 
7 .64-9 .26~ 

( 3 '  P nmr) 
11.26 
2590 

- 2.06 broad 
20 

1 

"The spectra \\ere run i n  CDCI, at ca. 27-C using Me,Si as  Internal refercncc or  SS';, phosphoric acid as external standard, Integration supports the 
assignments given in the table; s = singlet, c = complex, pq = pseudoquartet. 

bTa.o isomers (ayn and anri to the double bond) were found (6, 7). 
CIn the proton nmr the ariri:syrf ratio was found to be 2 :  1 (6, 7). 
dThe coupling n a s  not  observed probably owing to the broadness of the signal. 
e l n  the 3lP nmr the intensity ratio of the signals due to the urlri and to the syri form was found to be ca. 2 :  1 .  

2-5, mhile the p-methyl protons on the periphery of 
the ~nolecules are scarcely affected. The phosphine- 
ethyl resonances are cosnplex and spread over a wide 
range. 

The "P spectrum (Table 3) of L shows two singlets, 
the more intense (ca. x 2) being assigned t o  the crt~ti 
form in agreement u i th  the results (5) of the proton 
nmr spectrum. Each singlet is flanked by satellites 
with 'J(PtP) - 2.8 kHz. The adducts 2-5 give simple 
' 'P spectra, each shouing only one singlet with 
satellites having ' J ( P t P )  between 2.4 and 2.6 kHz. 
The two phosphorus nuclei are therefore magnet- 
ically equivalent, both in each isomer of the L and 
in the adducts 2-5, in agreement with the require- 
ments of a square planar arrangement about plati- 

num and of a Pt-C=N plane perpendicular to  it. 
I n  the case of the trinuclear cosnpound 5, the results 
are in agreement with a sy~nmetric arrangement of 
the two platinum-containing ligands, L, around the 
palladium atom, an arrangement which also will 
minimize steric crowding around the innermost 
coordination centre. Hence, the ligand L coordi- 
nates only in one of the two possible forms in which 
it is capable of existing. It is highly likely that it 
coordinates in the allti form, since in this arrange- 
merit the metal atoms and their ligands will be kept 
on opposite sides of the C:--N bond. Moreover, we 
previously found (4) by nmr studies that  only this 
crtzti form interacts with lanthanidc shift reagents. In  
any event, our results demonstrate the ability of the 
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compound L to act as ail AT-ligand ivhich affords both 
binuclear and trinuclea!. complexes. 
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Polarizable acid-acid and acid-water hydrogen bonds with M,PO,, H,PO,, H3PQ4, 
and HH,AsO,l 

MAR 1 IN LLUCHS Ah D GEORG ZUNDEL 
PI~~.\iX~iiicc~i~-CIIcl,i~~is(~I~c~,\ I17 \ r ; r t r r  tiri. U~iii.ei.\itiit .Ilii~ic.lzeii, 7'Ilc,i.c~.,ic,11str~(/i(~ 41, 0-8000 .2Iiit1c.lie1i 2 ,  Wc3,t C;ci.iilciii\ 

KeceiLed JLII) 21. 1978 

MARTIN LEUCHS and GEURG ZL\DEL. Can. J .  Cheni. 57.487 (1979). 
Hypophosphorous, phosphorous, phoiphoric, and arsenic acids, pure and their aqueous 

solutions were studied by ir spectroscopy. Strong cont~nuous  absorptions observed mith the 
pure liquid acids and ~ ~ i t h  solutions containing less than one mater molecule per acid r~~olecule  
demonstrate that acid-acid hydrogen bonds in these sqstenis are easily polarizable. The dis- 
cussion of the PO and A s 0  bands as \\ell as the discussion of the structure of the conti~iuuni 
demonstrates, houe\ser, that the degree of asynin~ets) o f  the energy surfaces in these hqdrogen 
bonds is relati\,elp large. It is s l i o \ ~ n  that extended nethorks of such bonds exist. Duc to the 
poiarizabiliry of these bonds, :he proton motion in these bonds i i  strongly correlated. With 
addition of water. easily polarizable acid-water h ~ d r o g e n  bonds ( I )  AH.. .OH, ;1 A-. . .H+ - 
OH2 (11) are formed. The ener-gy surfaces in these hydrogen bonds are sin~ilar  to  those in the 
acid-acid hydrogen borlds. \Vith further adclition of water, proton boundary structure 11 re- 
ceives noticeable \\eight, i.e., [he degree of asymn-tetr) of the energy surfaces in lhese bonds 
decreases due to addition of Rater rliolecuies. Thc degree of syi~imetry of the energy surfaces 
in thc a c i d h a t e r  hydrogen bonds increases in the series arsenic, phosphoric, phosphorous, 
and hypophosphorous acid. 

M.ARTI> LEUCHS et GEORC ZLYDFL. Can.  J .  Cheni. 57,187 (1979). 
Faisant appel i la spectroscopic ir, on a etudik les acides hypophosphoreux, phosphoreux, 

phosphorique et arsenique h I'etat pur et en solutions aqueuses. Les absorptions co~itinucs in- 
tense observees dans les cas des acides l i q ~ ~ i d e s  h I'etat pur et d a m  des solutions contenant 
nloins c l ' ~ ~ n e  riiolecule d'eaii par rnoiecuie d'acide deniontrent que les liaisons hydrogene acide- 
acide dans ces systemes sont faciiement polarisables. Une discussion des bandes PO et A s 0  
de 111krnc qu ' i~ne  disci~ssion de la structure du continuum demontre toutefois que le degre 
d'asyn~etrie des surfaces d'inergie dans ces liaisons hydrogene est reiat i~ement large. O n  a 
montre qu'il existe un reseau etendu de telles liaisons. Due a la po1arisabilitC de ces liaisons, 
une forte correlation existe avec le mouvenient des protons dans ces liaisons. Par addition 
d'eau, il y a forn-tation de liaisons hydrogenes eau-acide facilernent polarisables, ( 1 )  
AH, . .OH,  A-.. .H-OH, (11). Les stirfaces d'energie de ces liaisons hydrogenes sont 
seniblables a celles des liaisons hydrogenes acide-acide. Par addition subsequente d'eau, le 
poids statistique de la structure limite (11) du proton augniente, c'est a dire que le degre d'asy- 
nletrie des surfaces d'energie de ces liaisons diniinue a cause de I'addition de niolecules d'eau. 
Le degrC de symetrie des surfaces d'tnergie cleh liaisons hydrogenes acide-eau augmente dans 
la sPrie des acides arsenique, phosphol-ique, phosphoreux et hypophosphoreux. 

[Traduit par le journal] 

Introduction 

Hydrogen bonds with double nlinin~uru energy 
surface or  with an  energy surface having a very 
broad flat hell are easily polarizable (1-3). All these 
energy surfaces are time-dependent. The absorption 
of a quantum proceeds, however, so rapidly that with 
strong hydrogen bonds. as considered in the fol- 
lowing, it does not change considerably during the 
absorption process. These easily polarizable hydro- 
gen bonds are indicated by continuous absorptions 

the same. A large nunlber of bonds of this type is 
summarized in Table 1 of ref. 5.  Recently, it was 
sh0ti.n that not only hydrogen bonds with sym- 
metrical structure are easily polarizable but also 
bonds of type (6-10) 

B,H ... B, B,-  ... H-B, B, f B, 

111 the case of acids with pK;, < I ,  easily polarizable 
acid-water hydrogen bonds 

AH ... OH, A -  ... H T O H 2  
in the infrared spectra (4, 5). Easily polarizable are are observed if these acids can be studied a t  very 
hydrogen bonds of the type high concentrations (water:acid ratio, n < I )  

B-H B$B H T B  (1 1-13). 

i.e., bonds with which the acceptor and the donor are Results and Discussion 

'Dedicated to Professo t .G. -~ .  Schwab on the occasion of his In  this Paper, the following acids are studied with 
80th birthday. which the proton is not so easily removed from the 

0008-4042/79/05048?-o7S0 1.00/0 
1979 National Rebeat-ch Council of Canada/Conseil national de recherches du Canada 
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488 CAN J CHEM 

anion : hypophosphoro~is acid H,POOH, pK, 1.1 
(14); pl~osphorous acid HPO(OH),, pK,  of the first 
dissociation step 1.8 (14); phosphoric acid PO(OH),, 
pK[, of the first dissociation step 2.2 (14) (hydrogen 
bonding in aqueous solutions at pH values in the 
range of the second and tlie third dissociation step 
has been studied in ref. 15). For  arsenic acid, 
AsO(OH),, the pK~, of the first dissociation step is 
2.5 (14). 

Figure I sh0n.s selected spectra of aqueous solu- 
tions of these acids at various concentrations. Fo r  
co~iiparison, spectra of aqueous solutions of primary 
sodium salts are given in the regions in which these 
groupings sho~v characteristic vibrations. The most 
important bands and their assignment taken from 
refs. 15-1 7 are summarized in Table 1. 

Dcgi'ce of Dissocicifiorl 
Hjy~o1117o.rpl1or0~1.~ Acid (Fig. I a ar~d  b ) 
In the spectrum of the 5.7 M solution (11. number 

of water ~nolecules per acid molecule = 7.3) v,PO, 
of H , P 0 2 -  groupings i, observed as a \+leak band. A 
quantitative estimation shows that the degree of 
dissociation is less than 0.25 in the 0.5 M solution. 

P I I O J [ ~ / I O ~ O M S  - 3 d  (Fig. I C ~ 1 1 d  d) 
I n  the spectrum of the 4.5 M solution (n = 9.7) 

v,PO, of ( P 0 , O H )  groupings is found as a very 
weak shoulder which beconics stronger with in- 
creasing dilution. A quantitative estimation shows 
that tlie degree of dissociation at 0.5 M ,  however: 
is less than 0.1 5. 

P/~ospho~.ic~ Acid (Fig. 1 e c i r d  f) 
With dilution, i n  the spectrum of the 2.5 M solu- 

tion (11 = 19.4) the band of v,PO, a t  1065 cm- '  arises 
as a weak shoulder indicating (PO,(OH),)-- group- 
ings. i.e., removal of the first protons from the phos- 
phoric acid molecules. The degree of dissociation in 
the 0.5 '14 solution is also less than 0.15. 

Ar.re11ic Acid (Fig.  l g )  
N o  bands of dissociated groupings can be found 

even in the 0.8 ctf (n  = 57) solution. 

Polcrrizcrble H~'c/roger~ Bonds cat~d Liquid Strlictlire 
In all spectra in this study, strong continuous 

absorption is found. The absorbance of these con- 
tinua is plotted in Fig. 2 as a function of the niole 
fraction of Lvater sHZ, and as a function of 17. 

Prtre A c i h  
Figure 2 sho~vs that the continua d o  not vanish 

when the last water molecule is rernoved. Arsenic 
acid could not be studied pure. N o  decrease of the 
absorbance, however, is found with this acid in the 
region 11 = 1 to  rz = 0.5. 

These continua demonstrate that in the water-free 
acids easily polarizable hydrogen bonds are present. 

POH ... OP + PO- ... H ' OP 
0 r 

AsOH . , .  OAs + AsO- . . .  H-OAs 

I n  the preceding section, ho\+ever, it was shown that 
all protons are present at the anions. Thus the weight 
of proton boundary structure I 1  in these bonds is 
very lo\\.. 

From theory it is known (18) that with increasing 
degree of asymmetry of the double minimum energy 
surfaces the residence time in the higher well de- 
creases nluch stronger than the fluctuation frequency 
of the proton. Even when the residence time of the 
proton in the higher well is very short, the polar- 
izability is smaller but still appreciable. This theoret- 
ical result was confirmed by results with carboxylic 
ac idPN-base  systems. It was shown with these 
studies (see Fig. 2 of ref. 6)  that \vhen the proton is 
largely located a t  the N-base the absorbance of the 
continuurn is weaker but can still be observed. These 
continua, however, no longer extend to  the low wave 
number region. In the case of the acids studied in this 
paper in the region below 1400 c m ' .  the very intense 
vPO, vAs0.  and 6 0 H  vibrations are observed. 
Therefore. the decrease of intensity of the continuum 
touard  smaller wave numbers cannot be observed. 

The absorba~lce of the continuum in the large 
wave number region shows three maxima, one very 

TABLE 1. Assignment of bands of aqueous acid 
solutions 

W a ~ e  number 
Compound (cm-') Acslgnment 

H 3 P 0 2  - 2650 vO H 
2410 vPHz 
1175 vI-'=O 
1160 v,,P0,-(H2P02-) 
1040 v,PO~ (H,P02-) 
975 v P O H  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LEUCHS A Y D  ZUNDEL 489 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN.  J .  CHEM. VOL 57, 1979 

n n 
2 3 5  a) -T 05 1 2 3 5  

FIG. 2. Continuous absorption of acid solutions depending on the inole fraction of mater .\-,,,, and the mole ratio 
i~ = M,j20 .MJuid. (0)  H3PO2: (b)  H3PO;; ( c )  H3POj: ( d )  H ~ A s O ~ .  

intense in the region 3000-2500 cm-', a less intense 
one in the region 2400--2200 c m '  (the band a t  2410 
cm- '  with h)pophosphorous acid atid the band a t  
2410 cm-'  ~bi th  phosphorous acid are caused by 
\lPH Librations), and finally a Lerq broad maximum 
around 1600 cm-l .  This band-like structure is sinlilar 
t o  the bands which are obierbed nit11 asymmetrical 
acid-acid hydrogen bonds. Analogously. as xvith 
Hadii's ABC bands (19). ~ i t h  these acids, the broad 
band in the region 3000-2500 cm- '  is ascribed to  
\,OH. and the band in the region 2400-2200 c m - '  to  
the ?&OH \,ibration \\hich is intensified by Fermi 
resonance. With the acids studied in this paper. this 
band-like structure is n-~ost pronounced bvith arsenic 
acid. The above discussion of the dissociation be- 
habiour shous that the proto11 is more s t r o ~ ~ g l y  
bound to the anion in the case of arsenic acid than in 
the case of the phosphorous-co~ltai~iil~g acids. Hence 
the energy surfaces in the acid-\yarer hydrogen bond 
should be nlore asynimetrical \\ith arsenic acid than 

~ i t h  phosphoric acid. This is in good agreeli~ent ~vith 
the result that the band-like structure is more pro- 
nounced M ith arsenic than with phosphoric acid. 

Ail these results and considerations taken together 
shou that the energy surfaces in these acid-acid 
hydrogen bonds are relativelq- asy~nmetrical but not 
so asy~nmetrical as to  cause sharp bands instead of 
a continuum. Thus the polarizability of these bonds 
is i i~uch s~naller than that of symmetrical hydrogen 
bonds uitli double minima. but inuch larger than the 
polarizability of asymmetrical hqdrogen bonds. 

Finally, it is importat~t  to  consider the reasons 
nhy.  in this pK, region, hydrogen bonds between the 
acid molecules become so symmetrical that they are 
easily polarizable. The degree of asymmetry of the 
acid-acid bonds should decrease if the proton is less 
easily removed from the anions and if the hydrogen 
bond acceptor strength of the acceptor sites a t  the 
acid ~nolecules increases. Hence. with increasing pK, 
of the acids. a pK,, region should occur in ~vhich the 
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LEUCHS A h D  Z L N D E L  

acid-acid hydrogen bonds are less asymmetrical. 
The prevailing results show that this is the case vrith 
the acids studied in this paper. 

Liquid Sfi.llctlii.e of these Acids 
Hjpop/~o .cp l~oro~~s  Acid (Fig. la )  
A t  3570 cm-I ,  a weak shoulder is found. This 

shoulder is caused by non-hydrogen bonded O H  
groups. The ~ iumber  of POH groups which cannot 
find an  accelitol- is very small. Thus extended chains 
of acid niolecules are present 

El H H 
OPOH ... OPOH ... OPOH 

H H H 

Because of the polarizability of these hydrogen 
bonds, the proton inotion in these hydrogen bonds is 
strongly correlated (20). 

P1~osphoi~ou.r Acid /Fig. lc/  
N o  band o r  shoulder of non-hydrogen bonded 

POH groups is found in the spectrum of the pure 
acid. Thus all POH groups are bound to  P O  groups 
of neighbouring acid niolecules. Each PO group is an 
acceptor for t ~ v o  POH groups. Thus, an extended 
network of hydrogen bonds is present, because of 
the polarizability of these hydrogen bonds, t l~ep ro ton  
motion in these bonds is strongly correlated (20). 

Pl~o.cphoric Acid (Fig. le )  
In  contrast to both other acids. a broad band 

occurs a t  the high M,ave number slope of the con- 
tinuum. This band demonstrates that a large number 
of less stronglq- bound POH groups is present in the 
network of easily polarizable bonds between the 
phosphoric acid molecules. This occurs with phos- 
phoric acid since the number of hydrogen bond 
donor groups is larger than the number of hydrogen 
bond acceptor sites. 

Thus with all these water-fsee acids. chains or 
extended net~vorlts of easily polarizable bonds are 
present. Because of the polarizability of the hydrogen 
bonds. the proton motion in these bonds is strongly 
correlated (20). 

N~rl?lber of W'rrrer Molecule., per Ac.itl A\.folccule 
LP.SS tl1011 Q I I ~  

When one water molecule per acid molecule 
is added the continua remain largely unchanged. 
This is true u i th  regard to the structure of the con- 
tinua as well as to  its intensity. With H,PO, and 
H,PO,. a sniall intensity increase is observed e \ t n  
though the molarity of the acid decreases. 

These results show that the energy surfaces in the 
acid-water hydrogen bonds are iery similar to  those 
in the acid-acid hydrogen bondi. Although 

POH ... OH, Z PO- ... H + OH, 
or 

AsOH . . OH2 AsO- ... H+OH2 

are still easily polarizable, the \\eight of proton 
boundary structure I1 is so stnall that no anion bands 
are found in the spectra. 

N o  scissor vibration band of the water molecules 
in this grouping is observed. Thus, this vibration 
couples wit11 transitions of the proton of the easily 
polarizable hydrogen bond and merges in the con- 
tinuum due to  this coupling. 

With hypophosphorous acid, the stretching kibra- 
tion of the lvater molecules in these groupings is 
found as a broad band ui th  inaxirnu~n a t  3370 cm- ' .  
Thus, the OH groups of these Lvater lnolecules are 
bound via h~drogei i  bonds to acceptor sites of PO 
groups. and are in this way integrated in the net\\ork 
of hydrogen bonds of the liquid structure. With phos- 
phorous acid. an intense shoulder is found a t  about 
3600 c m  ' .  This band is caused by the stretching 
kibration of non-hydrogen bonded OH groups of 
\later n~olecules. Thus \zith this acid, a relatively 
lasge number of O H  groups of L\ater rnolec~~ies is 
not. or  only ~ e ~ i l t l y .  bound to  their eii\ironment. 
With phosphoric acid. this nu~nber  of non-hydrogen 
bonded OH groups of \cater ~nolecules is e\en 
greater, as indicated by a Lery intense shoulder a t  
about 3600 cm- ' (Fig. I([). This series of increasing 
non-hydrogen bonded OH group5 reflects the trend 
of the ratio of donor groups and acceptor sites with 
these acids. 

2Vui?~bri  of Milfrr ~\.folec~ule.~ j ~ o .  Acid ACfoiec~tle 
Grccrtc~i Tlliril 011c 

Urith increasing 11, the absorba~lce of the con- 
tinuum decreases \\ith all these acids since the con- 
centration of easily polarizable acid-lvater hydrogen 
bonds decreases due to dilution. 

As discussed in the scction concerning the degree 
of dissociation. u i th  increasing 11. protons are re- 
moved from the anions. Before the protons transfer 
in the network of hydrogen bonds betueen xvater 
molecules, i.e.. before H , 0 2 +  is formed, the weight 
of proton boundary structure I1 of the acid-water 

I I I 

hydrogen bonds increases. As discussed with other 
systems (6, 8, 2 1 2 3 )  an  increase of the \+eight of the 
polar proton boundary structure is caused by polar 
en\ironments. Hence \vith these acid solutions. the 
additional nater  ~nolecules cause the height incsease 
of proton boundary structure 11. As shown by the 
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bands of the anions, renioval of protons from the 
anions: i.e., a noticeable height of proton boundary 
structure 11: is observed, \vith hypophosphoric acid 
for t~  = 7.3 (Fig. Ib), \\it11 phosphorous acid for 
71 = 9.7 (Fig. Id), and uith phosphorous acid for 
t1 = 19.4 (Fig. 1 f ) .  With arsenic acid, even in the 
0.8 M solution. i.e.. for t i  = 57, no removal of pro- 
tons fro111 the anions is found. u.ithin the limit of 
experiniental error. 

Conclusions 

With the acicis studied, the acid-acid hydrogen 
bonds 

POH . . .  O P  + 1 ' 0  ... H - O P  
or  

AsOH ... OAs @ A s 0  ... H-'OAs 

which are formed in water-free and highly concen- 
trated solutions, cause very intense conti~luous ab- 
sorbance, indicating polarizability of these hydrogen 
bonds. The weight of proton boundary structure 11, 
however. is so small that no anion bands are found. 
Furthermore, the structure of the continuum indi- 
cates that the degree of asymmetry of the energy 
surfaces is relatibely large. The energy surfaces in 
these bonds are. however. sufficiently symmetrical 
that these hydrogen bonds are still easily polarizable. 
The fact that the energy surfaces in these structurally 
asyni~netrical hydrogen bonds become s~~fficiently 
symmetrical to be easily polarizable is explained as 
follow~s: with increasi~ig pK',, the protons are nlore 
strongly bound to the anions: and the hydrogel1 bond 
acceptor strength of the acceptor sites at  the acid 
~ n o l e c ~ ~ l e s  becomes stronger. Both changes together 
cause a decrease of the degree of asymmetry of the 
acid-acid hydrogen bonds. 

M'ith hy~~ophoiphorous  acid, extended cliai~is of 
acid molecules, and \+ith phosphorous. phosphoric 
acid. and arsenic acid. a net\zorli of hydrogen bonded 
acid molecules is present. The proton inotioii in these 
hvcirocen bontis is correlated because of the ~ o l a r -  - - 
izability of the h>.drogen bonds. The nulnber hf less 
strongly bound OM groups increases from hypo- 
phosphorous to phosphoric acid, since the ratio of 
hydrogen bond donor groups to acceptor sites de- 
ci-easeb in this series of nlolecules. 

When one lzaier iuoiecule per acid molecule is 
added, easilq polarizable acid-~vater Iiydrogen bonds 

POH ... O H ,  PO ... W+OHz 
Q r 

AsOH ... 013, $ A s 0  ... H'OH, 

are formed. The energy surfaces of these bonds are 

very similar to those of the acid-acid hydrogen 
bonds. The OH groups of these ~ a t e r  ~nolecules are 
bound via moderately strong hydrogen bonds to 
acceptor sites at PO or A s 0  groups of acid molecules. 
The number of only weakly or non-hydrogen bonded 
O H  groups increases; in  the series from hypophos- 
phorous to phosphoric acid. i.e., with increasing 
ratio of hydrogen bond donor groups to acceptor 
sites on the acid niolecules. 

With increasi~ig nu~nber  of water nlolecules per 
acid ~nolecule, proton boundary structure 1 1  gains 
noticeable \+eight; and protons transfer in the network 
of hydrogen bonds formed between water molecules. 
i.e., they are present in H j 0 2 -  groupings. This re- 
moval of protons is indicated by anion bands. which 
become apparent in the spectra, for hypophos- 
phorous acid at  / I  = 7.3. for phosphorous acid at  
/ I  = 9.9, and for phosphoric acid at 11 = 19.4. With 
arsenic acid no anion bands are found. even in the 
0.8 .$I solution. i.e. at  t f  = 57. 

Materials and Methods 
All phosphor acids, anaiytical grade, were purchased from 

Merck, Darmstadt, Germany. H,PO, and HjPOL \\.ere dried 
cinder kacuuni and P 2 0 ,  .H,AsO, h a s  prepared hy mixing 
3 niol AszO, \vith 5 mol H,O. 

The ir spectra were recorded at 293 i 1 K iis~r?g a Perkiii- 
Elliier double-bean? spectrophotometer', model 325. The air 
in the spcctrophororneter \vas dried and made C02-free by 
treatment \+ith silica gel and sodium asbestos. The cells ~lsed 
had silicon ~ i n d o \ \ s  and a wedge-shaped layer (mean thickness 
9.5 urn) in order to avoid an interference pattern superimposed 
o n  the spectra. ' l o  take the vvedge-shape into account, the 
absorbance \+as corrected as described in I-ef. 6. The absorb- 
ance of the continuum was determined as previoiirly described 
(23) I-eferring to the same background absorbance at  4700 
c r r ~ ~ ' .  Degree of dissociation \%,as estimated c o ~ i ~ p a r i n g  the 
spectra n i th  hands of the I-espective anioils in soili~lm salt 
ioiut io~ii .  

Our thanks are due to the Deutsche Forschungs- 
gcmei~;schaft and to the Fonds der Deutschen 
Chemie for probiding the facilities for this work. 
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o complexes as biophysical am161 biochemical probes. Part 111. Competitive demethylation 
and o-complex formation in reaction of 4,6-dinitro-7-methoxy benzofuroxan with 

nucleophiles 

ERWIK B B U S C ~ L , '  N O E ~ I I  CHU.-\QUI-OFFER~~.ANKS. ROBERT Y. MOIR, A N D  A L B E R I  R. NORRIS: 
Drplii.riire~ir oj'C/roni.\try, L)trrr/~'.\ Urri~~c~i.sif)~, Kirzg.cro~~, Oirt., C'ci~iiitlii K7L 3.V6 

R e c e i ~ e d  July l I. 1978 

EKUI\  B U ~ C E L ,  ~ O E M I  CHUAQUI-OFIEK~TA\YS, ROBERT Y. MOIK, and ALBERT R NORRIS. 
Can.  J. Chem. 57.494 ( 1979) 
4,6-Dinitro-7-methoxybenzofuroxan (4) reacts with MeONa-MeOH or mith Et,NH 

competiticcly by o-complex fornlation and dernethylation, by nucleophilic reaction at  the 
aromatic and aliphatic carbon centers, respectively. Carbonate ion in CHCI, in the presence 
of 18-crown-6 polyether also results in rapid demethylation. The facile leaving group ability 
in these S,2 displacements is consistent with the large acidity constant of 4,6-dinitro-7- 
hydroxybenzofuroxan (pK, ca. -3.7), i.e., 4 pK units stronger than picric acid. Some unusual 
features exhibited in the nnir spectral characteristics of the G-complexes are accounted for in 
tcrri~s of stereoelectronic cfyects. 

E K M I ~  B L ~ C L L ,  N0Ehl1 C H L A Q L I - ~ F F E R ~ ~ ~ \ \ $ ,  ROBERT Y MOIR C t  ALBEKT R NOKKIS. 
Can J Cheni. 57.494 (1979) 

Le dinitro-4,6 niethoxy-7 benzofuroxanne (4) reagit a \ec  le MeONa-MeOH ou avec le 
Et,KH, en competition avec la forniat io~l  d'un compose o et une dimethylation; les deux types 
de reactions proviennent respectiven1ent de reactions nucleophiles au niveau des carbones 
aromatiques et aliphatiques. L'ion carbonate dans le CHCI, en presence de polyether-6 
couronne-18 conduit aussi i une diniethylation rapide. La facilite avec laquelle ces substitu- 
tion5 S,2 se produisent est en accord ayec la constante d'acidite elevee ( p K ,  z 3.7) du 
dinitro-4,6 hjdroxy-7 benzofuro\anne q ~ l i  est environ 4 unites de pK plus elevee que celle d e  
I'acide picrique. On peut expliquer quelques caracteristiques inattendues des spectres rnin des 
complexes o en termes d'effets stereoelectroniques. 

[Traduit par le journal] 

In  relation to  our studies of o co~nplexes as bio- 
physical and biochemical probes (1): \ve have been 
inyestigating o-complex (2) formation in the nitro 
benzofuroxan and benzofurazan series, as this type 
of interaction has been inlplicated in explanation of 
the antileukemic activity of these compounds (3). We 
found (la) that 7-methoxy-4-nitrobenzofuroxal~ (1) 
reacts with rnethoxide ion in dimethyl sulfoxide - 
methanol solution to yield the 5-methoxy adduct 
(2) in a kinetically preferred process and the 7- 

CD,ONa-CD,OD (final concentrations. [4] = 0.1 1 
/\.I, [CD,O-] = 0.07 M),  the solution color changed 
from pale yellow to orange. The I I I I I ~  spectrunl take11 
5 mi11 after mixing exhibited the H-5 signal at  5, 8.80 
characteristic of 4 and a signal at  8 9.03 nhich was 
assigned to H-5 of the o-complex 5 . j  In addition, a 
signal at 6 3.30 bvas present and could be assigned to 
CH,OD resulting from methoxyl exchange betmeen 
solvent and substrate. This exchange apparently also 
occurs via the o-complex 5. As the reaction pro- 

lnethoxy adduct (3) in a therniodynamically pre- gressed further the s~gnals at  6 8.80 and 9.03 due to 
ferred process, Scheme 1 : no other reactions were 4 and 5 decreased while a signal at  6 9.18 corre- 
detected. Extension of the work to the 4,6-dinitro-7- spondingly increased in intensity. The latter could be 
methoxybenzofuroxan analog (4) has revealed a ass~gned to H-5 of the anlon of 4,6-dlnltro-7-hydroxy- 
d~fferent type of behallour w h ~ c h  1s the subject of benzofuroxan, i e. 6 ,  by colnparlson w ~ t h  an authent~c 
the present report. sample in t h ~ s  med~um After 12 h at ambient tern- 

perature only 6 could be detected. The above 
Results and Discussion observations can be explained by the reaction scheme 

given in Scheme 2, i.e., a rapid reversible formati011 of 
Renction of 4 ~. i t / z  Nucleo[)l~ile~ o-complex 5 occurring concurrently with a slower 

The course of the reaction of 4 with methoxide ion 
was studied by llmr uv-visible spectroscopy. 3The cor~ventional techniques used i n  this work allowed only 
When a solution of 4 in CD,OD \??as treated with the therrnodyrlamically stable product 5 to be observed and 

it is presumed that a kinetically preferred G adduct would be 
'For Part I1 see ref. 10. detected using fast reaction techniques, as  has been found in 
'Authors to whom correspondence should be addressed. related systems (4). 

0008-4042179I050494-06SO1 .00/0 
9 1979 National Research Council of CanadaIConseil national de recherches du Canada 
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BUNCEL ET 4 L .  4% 

,, 902- TABLE 1 .  Spectral characteristics of compou~?ds 4-7 

3 
SCHEME 1 

demethylation to yield 6. Co~nplete structural assign- 
ment for 5 was obtained by reacting 4 with CD,O- 
in CD,OD-CD,CN (6: 94 v,!v) which allowed the ob- 
servation of H-5 as  ell as the methoxy signal of 5 
occurri~ig at  2, 3.10, shifted from 6 4.23 in  the sub- 
strate. The uv-visible spectral characteristics of 4: §, 

and 6 are given in Table I. 
We sought to corroborate our results by investi- 

gating the reactivity of 4 with another common 
nucleophile, namely diethylamine. The reaction, in 
CDCI, solvent. was found by nmr to proceed as 
outlined in Scheme 2, i.e., initial rapid formation of a 
o complex (H-5: 6 8.87) follo\\ed by slower forma- 
tion of the deriiethylated product 6. In contrast, reac- 
tion of 4 with triethylat~line in CDCI, led to the rapid 
formation of 6. ~vi th  no indication of the formation of 
5, which is in agreement with the general finding that 
tertiary amines and nitroarornatic cornpounds do not 
normally give rise to stable o complexes (2). 

In view of the above results on demetliylation it 

appeared of interest to exanline a neaker nucleophile 
and carbonate ion \$,as chosen for this purpose using 
the nol~polar solvent chloroform in presence of 18- 
cro\\n-6 ether to render solubilization. l~n~ned ia te  
reaction \+'as found to occur on mixing the reagents 
and the initially recorded nmr spectrum showed that 
colnplete conversion to 6 had occurred. A possible 
mechanism for this reaction \+auld invoke attack by 
carbonate ion at  the aromatic carbon to form a 
metastable o-complex intermediate \i hich would lose 
successively CO, and C H , O  to yield 6 as shown 
in [ I ] :  

NO,- 

Although we cannot exclude this possibility on the 
basis of present evidence, we do not know of a 
precedent for C O , '  acting as an effective nucleo- 
phile a t  aromatic carbon (5). Demethylation by 
nucleophilic displacement at  the methyl carbon 
would describe the observations fully and is in agree- 
ment also n,ith the other results reported herein. 

There are several cases recorded in the literature 
for competitive demethylation and o-complex forma- 
tion in attack by ~nethoxide ion, ~iotably 3,5-dinitro- 
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496 CAN.  J .  C H E M  VOL. 57.  1979 

TABLE 2. Chemical 5hift data" in o-complex formation for nitroaromatic and benzofuroxan series: origin of siereo- 
electronic effects 

H, H,, AH, 
Reactant o coniplex Hz ( P P ~ )  HZ ( P P ~ )  Hz ( P P ~ I )  

NO? 

CH,O OCH, 1 
0 

5 

oVal~ies  of chcrn~cal shifts,  in Hz. as  ohtairied o n  a spectrometer oper dting at  60 M H z  (see Experimental).  

2-methoxypyridine (6) and 2,4-dinitroanisole (7). The 
latter was found to react with piperidine also by 
ShAr attack at  the ring carbon co~npetitively bvith 
S,2 displacement at the methyl carbon (8), rvhich 
bears some analogy to the present observations nith 
diethylamine. It is interesti~lg that 2,4.6-trinitro- 
anisole reacts \+it11 methoxide ion under corre- 
sponding conditions only by o-complex formation. 
There is however no report of demethylatioii by 
carbonate in these or related nitroaro~iiatic systems. 

Stereoelt~c,tronic Effects it7 ( T - C O ~ ? ~ ~ / L ~ X  Fot.mation 
An unusual feature of the nmr spectral cliaracteris- 

tics of the o-complex 5 is the downfield shift, by 14 
Hz, of the H-5 I-eso~iance M ith respect to this signal in 
the reactant 4 (Table 2). Upfield shifts accompanying 
o-complex formation have been uniformly observed 
hitherto (2) and have been explained on the basis of 
the Increased charge dens~ty in the anlonlc o 
complexes. For example, In the conversion of 1.3.5- 
trlnltrobenzene (TNB) 12 to ~ t s  methoxy adduct 113, 
an upfield shlft of 46 Hz 1s observed In the slgnal for 
H, The corlespond~ng upfield s h ~ f t  In the conversion 

of 2,4.6-tr1n1troan1solc 10 to the I ,  I-d~methoxy 
o-complex 11 is only 24 Hz and examination of 
Table 2 shows that the value has been lowered (with 
respect to that from I2 and 13) in t\vo nays. In the 

first place, H, in the reactant 10 has been shielded 
(nith respect to H, In 12) by the introduction of 
methoxyl, an effcct co~lventionally attributed to the 
conjugative electron release of methoxyl having a 
small effect at  a ineta position. In the second place, 
H, in the complex 11 is deshielded (nith respect to 
H, in 13) by the introduction of the second methoxyl, 
an effect explicable by the inductive effect of the 
second tetrahedrally-bound methoxyl. 

In  the benzofuroxan series. o-complex formati011 
is expected to lead to a relatively smaller upfield shift 
in H, as a result of the greater electron withdrawing 
capac~ty of the annelated furoxan rlng relat~ve to a 
11lt1 o group (r~cle ~ n f i a ) ,  11 h ~ c h  leabes a smaller net 
negatlve charge to be accommodated on the benzene 
rlng In the o cornplex Thls effect I S  seen on com- 
paring AH, In the converslon 8 -. 9 (17 Hz) \kith the 
analogous conkerslon 12 + 13 (46 Hz) 

Another factor must ho~iever be operat~ng to 
account for the reversed shift in H, in the conversion 
4 . 5. Examination of the data in Table 1 shows 
that the reversed shift in 4 -, 5 is due both to relative 
deshielding of H, in the product 5 and to relative 
sh~elding of the sdme hydrogen in the reactant 4 
The desh~eldlllg of H, in 5 (36 Hz w ~ t h  ~espect  to 13) 
1s somen hat la1 ger than the sum (29 Hz) expected for 
the cotnbiiied effects of introduction of a second 
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BUUCEL ET A I J  497 

methoxyl (15 Hz from 13 -t 11) and of replacetnent 
of nitro by the furoxan ring (14 Hz from 13 + 9). I t  
is proposed that the additional factor is steric com- 
pression between the ~nethoxyl group and the peri 
N-oxide functio~l in 4 and the relief of this interaction 
in formation of 5 .  The magnitude of the effect of 
steric cornpression in 4 is manifested in the 19 Hz 
upfield shift bet~veen 8 and 4; \\)hereas the corre- 
sponding shift on going from 112 to 10 is otlly 7 Hz. 

An approximate summation of the electronic and 
steric effects can be performed by means of the data 
in Table 2 and the above considerations regarding 
H, shielding. The electronic effect of the furoxan 
ring in o-complex formation can be taken from the 
differences of the H, shifts in the pairs 12,13 and 8,9 
which yields AAH,, = 46 - 27 = 19 Hz. The steric 
decon~pression effect is taken from the pairs 8,4 and 
12,10, giving AAH, = 19 - 7 = 12 Hz. The sum of 
two AAH, terms, 3 1 Hz, then represents the estimated 
overall downfield shift of the H-5 resonance in forrn- 
ation of 5. relative to formation of 11, f~-om their 
respective precursors. The observed effect on the 
H, shift (Table ?), i.e., 24 + 14 = 38 Hz, is of the 
same order of magnitude. 

The deshielding of H, as a result of the steric com- 
pression factor can be explained as arising fi-orn the 
illagnetic anisotropy of the nearer oxygen in the nitro 
group situated above H, in the figures (9). This effect 
\\.ill be larger the more nearly coplanar the nitro 
group is \\.it11 its attached ring and the closer that the 
group is made to approach H,,. In both 10 and 4. the 
adjacent methoxyl will have sonle efyect in forcing 
the oitho nitro group out of coplanarity but the effect 
\vill be larger in 4 because of the presence of the 
N-oxide function in the fi~sed furoxan structure. 
Thus in 4 it is to be expected that the nitro group will 
be tipped away froin H,, with a consecluent decrease 
in its deshielding effect larger than that in 12, 10, or 
8. Ho\vever the tetrahedrally disposed pair of 
inethoxyls in 11 and 5 \\,ill teilcl both to return the 
nitro group to a more nearly coplanar position. and 
to press it backliards against H,. As before, this 
effect should be greater in 5 than in the less rigid 11. 
with a co1:sequent increase in the relatike deshielding 
of H, in the former. Slight changes in geometrical 
alignments usually have large eKects at  the short 
distances present in the f-8,-NO, systems. so that the 
local anisotropy etiects would be expected to 
dominate any further secondary electronih: eKects 
that might be postulated for this group of com- 
pounds, 

Acidifj. of 4.6-Dir1ifi~o-7-lzj~c/ro,x~6ci1zqfi~ioxut1 
The remarkably facile dei i~ethyla t io~~ process 

undergone by 4 shows that this nucleophilic displace- 

ment is associated with an unusually good leaving 
group. Since leaving group ability is related to the 
pK, of the co~~juga te  acid; it was of interest to deter- 
tnine the acidity constant for the equilibriu~u in [?]. 

We have therefore studied the protonation of 6 in 
media of increasing acidity taking advantage of the 
different spectral characteristics of 6 and 7 in the 
LIV-visible region. The resulting spectral changes are 
sho\vn in Fig. 1 for su l f~~r i c  acid solutions of in- 
creasing concentrations. It is seen that the absorp- 
tions associated \kith the anionic species 6 (3.,,,,, 438, 
31 1 n m )  decrease \vitli acidity \vhile the absorptions 
associated lvith the protonated species 7 O,,,,, 358, 
275 nm) correspondingly increase. Reasonably well 
defined isosbestic points occur at  372 and 328 nm. 
Frotn the absorbance changes as a function of acid 
concentration one can estimate that 50";,rotonation 
occurs in a medium of -45'7 HH,SO,. 

Since molarity (or ", H2S0,)  does not gike a ~ a l i d  
measure of the effective acidity of tuedia in the 
moderately concentrated range, an operationally 
defined acidity function is used for this purpose. The 
acidity function appropriate to a protonation equili- 
brium of the charge type A -  + H +  e AH is H - .  as 
given by (10) t l  = -log u,  (f, - lf,,). However it 
is no\\ recognized that the protollation behaviour 
of anions of different structural types \ \ i l l  not be 
sub-ject to the same acidity function since the activity 
coefficient ratio will be structure dependent. Unfor- 
tunately literature data on H _  functions are available 
for only few structural types and over limited acidity 
ranges. An H -  acidity scale has been established (1 1) 
for the protonation of cyano substituted carbanions. 
eq. [3], covering the range up to 80'5 H,SO,. A more 

[ 31 
I I 

R-C-CN + H+ t-r R-C-CK 
I 

suitable acidity fi111ctioti for the process at  hand 
\\jould be given by the protonation of picrate anion 
or of the nitronate anion derived from the TNB- 
phenoxide o coinplex (12) but these are limited to a 
lower acid concentration range corresponding to the 
smaller acidity constants of the conjugate acids 
(picric acid, pK, = 0.2: nitronic acid. pK, = - I .2). 
The anions 8, are. however, charge delocalized 
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WAVELENGTH (n rn )  

FIG. 1 .  Spectral curves illustrating the equilibrium protonation of 6 in aqueous H,SO,. Curke I, 0% H2S0,;  2, 32.0'; 
HzSO,: -7, 45.0% H z S O ~ ;  4, 55.4Z H H , S O ~ ;  5, 64.6% HzSO4. 

TABLE 3. Spectral data for ecl~~iiibriuin protonation constructed from t ~ i o  separate sets of determilla- 
of 6 tions, yielding slope balues of 0.75 and '3.80. The 

H values corresponding to log I = 0 Mere 3 . 7  
H,S04 and -3.8. respectively. A value for the p K ,  could 
(wrt.%) H-" 4 ~ 3 8 ~  1' also be obtained by plotting A,,, vs. H -  \ihich 

0 0 0.880 - yielded bell defined sigmoid plots with H -  values 
18 .0  -0 .82  0.835 12.1 at  the inflexion point given by -3.8 and -3.6 for 
32 .0  -2 .20  0.795 5 .94  tbe two sets of experiments. I n  summar),, a pK,  value 
3 5 . 8  -2 .80  0.750 3.54 
45 .0  -3 .40  0.675 

of -3.7 is indicated by these results though it is 
1 . 8 8  

50 .4  -4 .00  0.485 0.494 apparent that the protonation behaviour is rather 
55 .4  -4 .45  0.415 0.267 poorly represented by the given H function (1  1 )  of 
60 .3  -5 .00  0.330 0.073 necessity employed.' Though the exacr p K ,  value 
64.6  - 5.50 0.300 0 .017 may thus be some~iha t  in doubt, this does riot affect 

"Reference I I .  appreciably our main C O I ~ C ~ U S ~ O ~ ~ .  
"Absorbance \alueb of  soliitions i\itIi stoiciiionietr~c con- 

centratlon of 4 -- 3 2 1  10-5 .!I and CCII path i e i i ~ t h  0s The pK, value of - 3.7 for 7 \vhen compared with 
1 .OO cm.  

= [ A - I  LAHI = ( 4  -- ~ , , , ) . ( 4  - A,.) calciilated a t  the value 0.2 for picric acid shows that 7 is the 
438 n m  i~ r ing  4 ,  - 0.880 and A,H - 0.290. stronger acid by - 4 pK, units.' It f o l l o ~ s  frorn this 

species \vith negative ch;rrge essentially distributed ol, 
result that the annelated furoxan ring has a powerful 

electronegative atoms and i n  this sellse there i s  electron withdra\ving capacity and that the anion 6 

analogy \vith species 6. Additionally, the degree of be \vritten as 

adherence to a given acidity function can be ascer- 
tained from the slope of the log 1 vs. H _  p!ot where 
I is the ionization ratio, i.e. I = [A-],/[AH]. For a 
'Hammett indicator' the slope should be unity. 

The ionizatioii ratios have been evaluated from 
the measured absorbance at  each acid concentration. 
Thus I = ( A  - A , , ) ' ( A ,  - A )  nhere A is the 
measured absorbance whereas A,,, and A,  - are the 
absorbance values due to the protonated and anionic 
species respectively at the given wavelength. The 
calculations were performed for absorbance values 
at  438 nm (Anl , ,  for A-) since this absorption under- 
goes the largest changes with acidity. The results for 
one set of determinations are given in Table 3. The 
plot of log I vs. H ( 1  1 )  while approximately linear 
showed appreciable deviation in the dilute acid range, 
suggesting that a differential medium effect is 
operating on the anionic species. Two such plots were 

\iith negative charge delocalized over both rings. 
This conclusion is also in agreelnent with the results 
of quantitative studies on nucleophilic addition to 
benzofuroxan systems by Terrier and co-workers 
(13). 

41t is recognized that the pK, thus derived is not the thermo- 
dynamic pk:, and a more exact description of the experimental 
re<ults should quote the H value (-3.7) at half-protonation. 

"We note that the difference in the acidities of picric acid 
and '7 may not solely he ascribed to  the difference in electron 
withdrawing power of the nitro and the furoxan moieties since 
picric acid is associated with an at-omatic ring system mhereas 
in 7 we have a dieile type structure. 
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Concludi~~g Remnt.ks 
In conclusion, it has been shown in this work that 

4 is a methylating agent of unusually high reactivity 
(cf. ref. 14 for reactivity in alkylation by ROS0,Cl 
and ROS0,OAr). As a corollary, 6 should be an 
exceedingly good leaving group and this is borne out 
by the observed pK; value of - 3.7 for the co~ijugate 
acid 7. Also, the bifunctio~ial reactivity of 4 in 
demethylation and o-complex formation offers the 
possibility of evaluating selectivity in reactions of 
~ucleopliiles at aliphatic and aroriiatic carbon 
centers. Finally, the bifunctional reactivity of 4 
could have implication in biological systems noting 
that the processes of methylation and o-complex 
formation have both, separately, been considered of 
biological importance. The hypothesis that the 
observed antileukemic activitv of nitrobenzofuroxan 
derivatives is the result of o-complex formation by 
~ntracellular amino and thiol functions Mas discussed 
by us previously ( I  b) in light of the tra~isforniations 
undergone by the initially formed o con~plex in the 
interaction of niethoxide ion with 4-nitrobenzo- 
fiiroxan. 

Experimental 
.\4~1fe1,iol.\ 

The purification of dimethyl s~tlfoxide and preparation of 
sodium lnethoxide solution ha \e  been described previously 
(I). Diethylamine h a s  purified by conversion to thep-toluene- 
sulfonamide which was recrystallized from dry ligroin (150). 
Hydrolysis bvith aqueous HCI followed by treatment ~vi th  
NaOH and distillation three times under nitrogen yielded the 
purified diethylamine. Triethylaniine was purified by treat- 
ment with acetic anhydride followed by distillation (15h). 

4,6-Dinirro-7-tnerlrox~~/1~~nzof11i'ox~otr (4 )  
The preparation of 4 !\as efl'ected by the nitration of I .  T o  a 

solution of 1.2 g (5  mmol) of 1 (Ih)  in 25 niL 96% H,SO, was 
added over I h 3 mL of nitrating mixture consisting of con- 
ceiltrated H,S04 and fuming HNO,  (3: I )  while keeping the 
temperature at  0-5 C.  Addition of the mixture to  crushed ice 
gave a precipitate which was filtered, dried, and recrystallized 
from CCI, to gice pale yellow crystals of product in 3 0 z  
yield, mp 1 1 0 C ;  t17,e 256. Atrol. calcd. for C,H,N,O;: 
C 32.82, H 1.57, N 21.87; found:  C 32.86, H 1.57, N 20.89. 

4,h- Dit7ir1.o-7-l~yil1~o.y.Denzofi1ro~~~1tr ( 7 )  
This compound was obtained as the main product in the 

nitration of 1, demethylation of 4 apparently occurring under 
the reaction conditions. The acidic aqueous solution obtained 
following the nitration and addition to ice was extracted with 
ether and the extracts were dried and evaporated to  dryness. 
Recrystallization from benzene yielded orange crystals, m p  
119-C; rn e 242. Anol. calcd. for C ,H,N40, :  C 29.76, H 0.83, 
N 23.14; found: C 29.78, H 0.86, N 22.18. 

The  product obtained as above had identical phbsical 
properties to  the product of demethylatioli obtained in thc 
reaction of 4 with CH,ONa-CH,OH, CO,*--l8-croh+n-6- 
CDC13, or  Et2NH-CDCIJ.  

Reacfiorr of 4 wit11 Il'~~cleopl~ile.s 
The  course of the reactions was followed on  a Bruker 60 

MHz HFX-60 instrument using both the normal and the FT 
modes of operation. Tetraniethylsilane was used as an internal 

standard. The species formed were also characterized by 
uh-visible absorption spectroscop~ (Table I). 

p K ,  Dctert17itrofiot7 
Sulfuric acid solutions Mere prepared by dilution of Fisher 

reagent grade concentrated H 2 S 0 4  and standardized by 
titration with base. A stock solution of 7 was prepared in 
methanol and aliquots added to  the H 2 S 0 4  solutions, the 
resulting solutions containing 0.2'5 CH,OH by volume. The 
spectral nieasurernents were perrormed using a Unicam 
SP800B and a Beckman 25 spectrophotometer, 
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Thermodynamic studies in solution. Part IV.' Solvent effect on the solvolysis of tert-butyl 
chloride. A new treatment of the experimental data 
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J ( I A Q L I \ ~  JOSE R . 1 0 ~ ~ 4  R4\1o\ JACQLES R ~ I S S E .  ,lnd M H A B R A H - \ ~ ~  C,ln J Chem 57.500 
(1979) 

A new treatriient of the solvent effect 011 the solvolysis of trrt-butyl chloride is proposed. 
This treatment is based on  activation free energy riieasurements and on transfer free energy 
measure~nents of the reactant (R) on the one hand and of a model (M) of the activated coniplex 
(AC) on the other hand.  Solute-solvent interaction free energies for the reactant, the activated 
complex and the model conipound are estimated. This estimation involves the calculation of 
the free energy of cavity formation of these various solutes ( R ,  AC, and M) in all the solvents. 
These cavity terms, which are a function of the cohesive propertie? of the solvent and of the 
surface of the cavity d o  not reflect the electronic structure of the solute whereas the interaction 
free energy term does. The method we propose can be described as a new 'experimental' 
approach for the study of the charge separation in an activated complex. 

J ~ Z O U I ~ I  JOSE MCJURA IZr\hf(ls. . ~ . A C Q L ~ E S  Rtl5st  et X I .  H .  A B R I H . ~ ~ .  Can.  J .  Chem. 57. 500 
(1979). 

L n  nouveau traiternent de I'effet de solvant sur la vitesse de solvolyse du chlorure d e  tertio- 
butyle est propose. La demarche suivie est basee sur des mesures d'energie libre d'activation et 
aussi sur des niesures d'energie libre de transfert pour le reactif d'une part, pour une molecule 
niodele du complexe active d'autre part. Les ternies d'energies libres associees a l'interaction 
solvant-solute sont estimes et ceci tant pour le reactif (R)  que pour le complexe active (AC) 
OLI pour le derive n~odele  (M). Ces estimations necessitent le calcul prealable de l'energie libre 
associee B la formation de cavites dans les solvants et ceci pour les trois types de solutCs CtudiCs 
(R, AC et M). Ces ternies de cavite qui sont fonction des proprietes de cohesion d u  solvant et 
d e  la surface de la cavitk ne refletent pas la structure electronique du s o l ~ ~ t e  alors que les termes 
d'interactions, eux, refletent cette structure. L a  rnethode que nous proposons peut t t re  decrite 
conime Luie nouvelle approche "experimentale" pour l'etude de la separation de charge dans 
Lln complexe active. 

In the solvolysis of twt-butyl chloride, the reactant chosen because of its similarity to the activated 
(R) is only slightly polar, whereas the activated complex. The ion pair M e , N - C I  was selected as 
complex (AC)  is highly polar. There is therefore a the model because it is highly polar and is about the 
large solvent effect on the rate of solvolysis of this same size as the activated complex. From @lots of 
compound ( I )  and Winstein and Gr~lnwald (2) used free energy of transfer of AC against free energy of 
the log k values to define a solvent scale (the Y scale). transfer of M ,  it was concluded that the charge 
An interpretation of the solvent effect on the separation in the activated con~plex is less in apolar 
solvolysis" rate \\.as given by one of us in 1972 (3: 4). solvents than in polar solvents (3). 
Thls work was based 011 the deterrnlnation of free We propose, 111 the present paper, a new method 
energies of transfer of the reactant, the activated of treatment for the efTect of solvents on the rate of 
complex, and a model cornpound ( M )  that was solvoly\ic of tert-butyl chloride. The method has 

been discussed in detail by two of us in the case of 
'For Part 111, see ref. 6. 
2Author to  whom all correspondence be addressed, enthalpies of transfer ( 5 ,  6) and the formal treatment 
3Revision received May 3 I, 1978. is the same for free energies of transfer. In this 
4For tert-butyl chloride the term solvoiysis is normally re- method, the free energy of transfer of a solute (X) is 

stricted to the reaction in hydroxylic solvents, leading mainly collsidered as the suIn of tcvo contributions: (i) the 
t o  teit-butyl alcohol and ethers together with some isobutene. 
In  aprotic solvents, the product is only isobi~tene. For  con- free energy required to create a cavity in the solvent 
venience, we use in this paper the term solvolysis to  cover and (ii) the free energy terln associated with the 
both of these types of reaction. solute-solvent interactions. Since it is the latter term 

ooO8-4042179/050S00-03$01 .00/0 
C'lY79 National Re\e:i~-ch Council of Canad:~/Conseil national de recherche\ ilu Canada 
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only that is important in the deduction of the nature 
of the solute, we hope that by separating out this 
term for the solvolysis reaction, a better under- 
standing of the nature of the activated complex will 
be obtained than was possible by the previous 
method used. 

The free energy change associated with the 
transfer of a solute (X) from the gas phase (g) to a 
solvent (s) can be described as in [I], where c,,,1, is 
the free energy needed to create a cavity in the 
solvent and \Gint ls  is the free energy term correspond- 
ing to  the solvent-solute interactions (7). 

[I I lctl: = l G c a \ l s  + I G i n t l s  

icc,,l, is a funct~on of the cohes~ve properties of the 
solvent (8) and is also a function of the surface of X 
~f the surface tenslon I S  used to character~se the 
cohes~on of s (7, 9) For reasons uell discussed (lo), 
the free energy of reorganlsatlon of solvent n~olecules 
around the solute can be considered as negl~gible 
and thus no other terms are needed in [ l ]  The 
calculation of Gc,,Is (cal mol-I) 1s carsled out 
through [2], 

[2] I c , , , ~ , = 9 7 6 1 ~ K ( r ) x V ~ ~ x o ,  

v" lth 
K(r) = 1 + ( v , ' v , ) ~  3 ( ~ ,  - I) 

where o, is the surface tension of s (dyn cm-') ,  V, 
and V, are the molar volumes of X and s (cm3 mol-I), 
and Ks is a nunlerical factor characteristic of each 
solvent and introduced to take into account the 
microscopic dimensions of the cavity (9, 11). K, can 
be derived from the solvent free energy of vaporiza- 
tion a t  2YC. The derivation is silliilar but not 
identical to the one which has been used to calculate 
the corrective coefficient in the case of R,,,, (6). In 
the particular case of G,,,, the estimation of Ks also 
requires the knowledge of the gain of translational 
entropy which follows the transition liquid -+ gas. 
The details concerning the nlethod we use to 
calculate Ks and the theoretical basis of [2] will be 
discussed e l s e ~ h e r e . ~  

We calculated the cavity term lec,,l, for R, M, 
and AC and then took methanol as the reference 
solvent to obtain the relative cavity terms lG,,,lsl. 
Combination with the transfer free energies given in 
ref. 3 then enables the relative interaction terms: 
/Gi,,,l:~, tobeobtained. Since the charge separation in a 
given solute will be reflected in Ici , , l : l  but not in 
IG,,,I;l, it seems clear that the calculated JGintI l1  
terms will provide a more sensitive probe for charge 

5J. J. Moura Rarnos and J .  Reisse. To be published. 

TABLE 1. Relative interaction free energies at 
25'C ($1 = CH,OH) 

6G,,.,,:l (kcal mol-')"." 

Solvents AC M R 

1 CH,OH 
2 Pentane 
3 Ether 
4 Benzene 
5 CeHSCI 
6 Acetone 
7 CH3CN 
8 I-Butanol 
9 I-Propanol 

10 Ethanol 
I 1  CH3N02 
12 Water - 

-- 

OThe signs are such tiint a positive ~ a l i ~ e  corresponds to a 
system less stable (on a free energy scale) in thii solvent 
than in CH,OH. 

bThe estimated errors of d[c,,,]$i for A C  and M are of 
rhe order of i I kcal mol-I ,  probably lo\rer for R .  The 
accuracy of the \aliles obtained for C,l-liCI and CH3h,0, 
may be l o ~ % e r  on lng  to the greater dificiilty In estimating 
the entropy associated a i th  the cawty formation in these 
solxents (because of lack of internal pressure \,allies for 
these salients). 

FIG. 1 .  The linear correlation between differential solvent- 
solute interaction enthalpy of AC and M (6[Gi,,]:1 in kcal 
niol-'; numbers refer to Table 1). 

separation than the overall ( G t / z t  terms used 
previously (3). 

In Table 1 are given the relative interaction free 
energies for R ,  M, and AC, and these interaction 
energies are compared directly for AC and M in 
Fig. 1. An excellent linear correlation exists between 
the / G i n t l : l  terms for AC and M over all the solvelits 
studied (correlation coefficient: 0.99). The value of 
the slope (0.73) confirms again the highly polar 
nature (3) of the activated complex. The fact that 
the same straight line, Fig. 1, is obtained over all the 
solvents studied suggest that charge separation in the 
transition state inust remain approximately constant. 
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Interestingly, this phenomenon does not seem to  be 
unusual because in the Menschutkin reaction (3, 4) 
plots of the free energy of activation against various 
solvent parameters also yield straight lines over a 
wide range of solvents. so that, again the charge 
separation in the transition state seems to remain 
constant with change in the solvent. 

The present niethod yields results that are 
quantitatively somewhat different from the previous 
results (3) although qualitatively similar. Futher- 
more, the present results are in excellent agreement 
with results of calculations, using the reaction field 
theory. that suggest in aprotic solvents the charge 
separation in the activated complex is 0.67 units (12). 

We thank Doctors Marie-Louise Stien and 
Robert Ottinger for helpful discussions. This work 
\vas supported by a grant from the Fonds de la 
Recherche Fondamentale Collective (Belgium). 
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Hydrogen-deuterium exchange in tetrahydroborate salts1 

IAN A. OXTOK 
Dcpiirt~nerrr c?f'C/~e/?~isr~.?., Diill~orrsie U~ril~c,t..sity, Hiil(f(i.~, lV.S., Cunridrr B3H 4J3 

A K D  

A .  GAVIN MCINNES A N D  JOHN A.  WALTER 
Atlcinric Region01 Lriboriitol?., Vririorztil Reseiircl7 Cotrncil qf'Ccincitlri, Holjfii.~, .Y.S., Ciinriiiii B3H 3Z1 

Received August 11. 1978 

IAN A OXION. A G A V I ~  \ I c I ~ \ t s  m d  JOH\  4 WALTER Can J Chem 57.501 (1979) 
' H  nmr spectroscopy has been used to demonstrate hydrogen-deuterium exchange in solu- 

tions of NaBH4'NaB2H, in diglyme and KBH,/KB2H, in 18-crown-6 ether.chloroform. 
Earlier observations of such exchange with LiBH,;LiB2H, in an ethereal solvent were con- 
firmed. Spectra were simplified by broadband decoupling of deuterium, facilitating quantitative 
measurement of the degree of exchange. 

IAV 4 Oxlo \  A G-\vr\ Mclhhts et JOH\ 4 WALTER Cdn J Chem 57.503 (1979) 
On a fait appel a la rmn du ' H  pour niettre en evidence l'echange hydrogene-deuterium dans 

des solutions de NaBH,'NaB2H, dans le diglyme et de KBH,/KB2H, dans un melange de 
couronne-18 ether-6,'chloroforme. On a pu confirmer des resultats anterieurs relatifs a de tels 
echanges dans LiBH4,LiB2H, dans I'ether. On a siniplifie les spectres par decouplage de 
deuterium; ce procede a rendu plus facile la determination quantitative du degre d'echange. 

[Traduit par le journal] 

Introduction 

Hydrogen-deuterium exchange in tetrahydroborate 
salts has been accomplished previously by rather in- 
convenient mealis (1 :  2), usually involving hydrogen- 
deuterium gas mixtures at  high temperatures andior 
pressures. Recently it has been shown that this 
exchange could be performed readily with lithium 
tetrahydroborate merely by dissolving mixtures of 
LiBH, and LiB2H, in an ethereal solvent (3, 4). This 
type of exchange would appear to provide an  attrac- 
tive way to incorporate low concentrations of the 
BH,2H ion into tetrahydroborate salts for their study 
by the isotopic dilution technique (cf. refs. 5 and 6 for 
other tetrahedral species). We found that the ex- 
change process could be extended to sodium tetra- 
hydroborate in digly~ne solution and potassium 
tetrahydroborate in 18-crown-6 ether,lclilorororm 
solution. Smith et a/ .  (4) had previously reported that 
sodium tetrahydroborate did not exchange in di- 
glyme. The isotopically-exchanged tetrahydroborate 
species were monitored by ' H  nmr spectroscopy, with 
2H-decoupling to facilitate the observatio~l of peaks 
separated by deuterium isotope-induced differences 
in chemical shift and boron-hydrogen spin-spin 
coupli~lg constant. 

Experimental 
Prepororion o f  San~plc~s 

(i) Lithium tetrahydroborate. Approximately 20 mg each of 
LiBH, and LiB2H, (both from ICN Pharmaceuticals Inc., 

'NRCC No. 17117. 

Plainview, NY) were dissolved i n  ca. 1.0 mL tetrahydrofuran- 
' H ,  containing 1;6 hexafluorobenzene by volume (for nmr 
lock) at room temperature. 

( i i )  Sodium tetrahydroborate. Approximately equal amounts 
(ca. 50 nig each) of NaBH, (BDH Chenlicals, Montreal, P.Q.) 
and NaB2H, (Merck, Sharp and Dohme Ltd., Montreal, P.Q.) 
were dissolved at room temperature in ca. 2.0 mL diglyme- 
'Hi, (bis(2-methoxyethyl) ether-2H,4j, to which was added a 
small amount of hexafluorobenzene (ca. 1 6 of the solution 
volume). 

(iii) Potassium tetrahydroborate. 18-Crown-6 ether (640 mg) 
(Aldrich Chemical Co., Milwaukee, W1) was \varnied until 
just molten (ca. 40-C), then roughly equal amounts (ca. 61 mgj 
of KBH, (Anachemia Chemicals Lid., Montreal, P.Q.) and 
KB2H, (Merck, Sharp and Dohme Ltd., Montreal, P.Q.) were 
dissolved in it. 

No special preca~~tions to dry samples or solvents were 
taken and spectra were recorded after the usual small amount 
of hydrogen had been evolved. 

~Vi~clenr Mugneric Resononce Meclsirre~~rent.r 
All ' H  nmr spectra were recorded \cith a Varian XL-100,'15 

Fourier-transform spectrometer equipped with a Varian 620L 
computer. Conditions were: frequency 100.06 MHz, spectral 
bandwidth 1000 Hz, acquisition time 8.0 s (16 000 data points), 
flip angle 90' (23 ps pulse length), delay between pulses 15 s, 
unweighted free induction decay used for Fourier transfornia- 
tion, broadband decoupling of 'H at 15.36 MHz by 0 to 180' 
phase nlodulation (at 40 Hz) of decoupling field (qH2i2n ca. 
310 Hz), 19F internal lock to C,F,, reference to internal 
(CH,),Si, temperature ca. 30 C, 5 mm diameter sample tubes, 
sample con~positions as above. 

Results and Discussion 

( 1 )  LiBH4/L~B2H, 111 t e t r a h y d r o f u r a n - 2 ~ , / C ~ .  
The 'H nlnr results here consistent \ \ ~ t h  those 
prev~ously reported (3, 41, although chernical sh~f ts  

0008-4042/79/050503-03!$01 .00/0 
1979 Kational Re\ea~-ch Council of Canodi~/Con\eil national de recherches du Canada 
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CAN. J .  CHEM. VOL. 57. 1979 

/P-/~>~,,("BH 'H;)-' 
I  I I--; b 8 H ( " ~ ~ 2 2 ~ ; ) ~ '  I I  
I  I 

I l l  / ,I I  I . 
I l l  

1 1 1 1  

I l l 1  

I l l  
l l i '  

5 H Z  

FIG. 1. 'H nmr spectrum, 2H-decoupled, of K"BH4~K1'B2H4 after complete 'H 'H equilibration (p = 0.62 i 0.02). 
Individual coniponents of the quartet due to "B-H coupling are shown on an expanded scale, with the distances between 
them truncated. 

differed due to C6F6 in the solvent. The spectra were 
considerably simplified by decoupli~lg 2H.  Hydrogens 
bonded to ' 'B gave a quartet of quartets, very 
similar to that shown in Fig. 1 for K1'BH,/K11B2H,, 
due to "B-H spin-spin coupling and isotope effects 
on both the 'H chernical shift and lJI1,-, (4) for the 
species " B H , ,  11BH32H-, 11BH22H2-,  11BH2H3- 
(Table I ) .  Similar splittings of individual components 
of the septet due to 'OB-H spin-spin coupling were 
not  resolved. 

The ratios of intensities, e.g. I(I1BH,-): 
I(1'BH,2H-) for each pair of peaks within the two 
well-resolved quartets at  lo~vest field (as in Fig. 1) 
were in accord with the relation 

wherep = 0.53 + 0.03 is the probability o f '  H ;  1 - p 
the probability of 2H.  This random distribution, 
which did not change with time or upon further 
heating, indicates a complete ' H ~ t .  'H exchange 
equilibration at  (or below) probe temperature (30cC). 
Thus the degree of equilibration is readily monitored 
quantitatively using deuterium-decoupled 'H spectra. 
Intellsities should be unaffected, \+ithi11 error, by 
nuclear Overhauser enhancemeilts due to irradiatioil 
of 2 H .  The maximum theoretical enhancement is 
small ( ~ ( ~ H ) / 2 y ( l H )  = 0.077) and would not be 
attained because of strongly competing dipolar 
spin-lattice relaxation via 'H andlor "B. Saturation 
effects, due to differences in spin-lattice relaxation 
time in the tetrahydroborate species, were avoided by 

using a long delay time between radiofrequency 
pulses. 

(ii) NaBH,,!NaB2H, in d i g l y m e - 2 ~ ,  ,/c,F,. The ' H  
nmr spectrum ivas very similar to that of LiBH,/ 
L ~ B ~ H ,  (Table 1 )  and, apart from chemical shift 
changes due to C,F, in the solvent, agreed with 
previous results (4). I n  this case the peak intensities 
(see i above) showed only a slight degree of exchange 
after approximately 1 h at room temperature. I t  was 
necessary to ivarm the tetrahydroborate solution to 
ca. 60'C to attain exchange equilibration, indicated 
by peak intensities in agreement \vith the relation 
above (with p = 0.64 0.02) and unchanged after 
further heating a t  75°C. This may explain why Smith 
et al. (4) observed NaBH,/NaB2H, exchange in a 
prelimi~lary experiment, but were unable to reproduce 
this result. 

(iii) KBH,/KB2H, in 18-crown-6 ether and chloro- 
f~ r rn -~H/C,F , .  The crown ether was chosen to test 
the premise that potassium tetrahydroborate would 
exchange, provided an ethereal solvent could be 
found. This salt is insoluble in simpler ethers but 
dissolves readily in molten 18-crown-6 ether, which is 
known to complex preferentially to K -  (7). The 
resulting co~nplex was heated a t  175'C for 2 h and 
cooled to 20'C before being dissolved in 1.2 mL 
~ h l o r o f o r r n - ~ ~ i 0 . 1  mL C6F6. Nuclear ~uagnetic 
resonallce examination of this S Q I U ~ ~ O I I  at  30'C 
showed no evidence of exchange, so it was heated at 
its boiling point (62'C) and periodically monitored by 
nmr, until 'H ~l 'H exchange equilibrium was 
attained (ca. 50 min). The peak intensities (see Fig. 1) 
were unchanged by further heating, the average 
value of p from four spectra being 0.62 1- 0.02. 
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TABLE 1. Deuterium isotope effects on  til1" a n d  l J~ lB-H- i .  from 'H nrnr spectra of M"BHn2H,_, 
(M = Li, N a ,  K ;  n = 1 to 4) 

n 

M Parameter 

L I ~  G H ( P P ~ ~ )  
A&+ '(ppm) 
' J l l  g - H ( H ~ )  
AJt(Hz) 

Pjal & I ( P P ~ )  
A ~ I , ' ( P P ~ ~ )  
'Jl I ~ - ~ ( H Z )  
AJ+(Hz) 

K; G ~ ( ~ ~ m )  
A6HV(ppnl) 
I J 1 1  B-I i(H~) 
AJ+(Hz) 

Error 

1 0 . 0 0 2  
i 0 . 0 0 2  
1 0 . 0 6  
i 0 . 1 0  

i 0 . 0 0 2  
+0 .002  - 
~ 0 . 0 9  
*0 .18  

f 0.002 
1 0 . 0 0 2  
+O. 10 - 
+ 0 . 2 0  - 

!6,,  referred to ~nternal  (CH,)I Si. A&, 1s  soto ope shift upfield of  l L B H ,  peak. 
'AJ = 1jlls-,, ( l l B H I - )  - l ~ ~ , ~ - ~  (1:BH,,2H4-n). 
XDlffereni solvents used f o r  each compound;  see text. 

It is interesting to note the increasing difficulty of 
exchange on going from the lithium to the sodium 
and potassium salts, and the absence of exchange in 
the latter unless the crown ether complex is dissolved. 
The fact that each salt achieved a 'H + 'H exchange 
equilibriuni corresponding to a constant p for all 
tetrahydroborate species, demonstrates that the free 
energies of the species in solution are indistinguish- 
able. As regards the original intent of this study, to 
achieve isotopic exchange in the higher alkali tetra- 
hydroborates, the most promising procedure would 
appear to be to secure isotopic equilibration in 
sodium tetrahydroborate, followed by metathetical 
reaction with a suitable salt of the desired cation in 
aqueous or  alcoholic solutio~i (8). 

I. R .  E.  h4tsait~ and W .  L.  JOLLY.  J .  Am. Chem. Soc. 84. 
2039 ( 1962). 

2. E.  H.  COKER and D. E.  H O F ~ K .  J .  Chem. Phqi .  53. 1652 
(1970). 

3. B .  D. J~xi ts .  B.  E.  SMITH. and R.  H .  NE\\RIX\. J .  Chem. 
Soc. Chem. C o m n i ~ ~ n .  29)3 1974). 

4. B.  E.  S ~ I I T H .  B.  D. J ~ x ~ E s .  and R.  M. PEACHEY. Inorg. 
Chem. 16.2057 (1977). 

5. I. A. Oxroh. 0. KNOP, and M .  FALK. J .  Phis. Chem. 80. 
1212 (1976). 

6. 1. A .  Ox-row J .  hlol. Struct. 41. 195 (1977). 
7. C .  J .  PEDERSEN and H .  K .  FRENSDORFF. Angew. Chem. 

Int. Ed. Engl. 11. 16(1972). 
8. N. N .  GKEEUWOOD. 117 Cornpi-ehens~ve 1no1-ganic chernis- 

t ry .  Vol. 1. Editrtl hx ,A. F. Trotman-Dickenson. Pel-ga- 
mon. Oxford. 1973. Chapt. l I .  p. 748. 
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The kinetics and equilibrium of the hydration of phthalaldehyde' 

ROBERT S. MCDONALD A K D  EARL V. MARTIN 
Drpeifi/tret7t of'Cllc,/ni.stry, Morr/it Sc i i~~t  I ; i l~ce /~ t  U/7ivi,1.~it!., H~ilifci.~, )Y.S.. C(i~rcid~i B3.W 2J6 

Received A u g ~ ~ a t  1, 1978 

ROBERT S. MCDOXAI-D and EARL V. MARTIN. Can. J. Chem. 57, 506 (19791. 
The equilibrium position and  the kinetics of the extensive hydration of the title conlpound 1 

have been inrestigated by spectroscopic (uv and nnir) techniques. The hydrate exists exclu- 
sively as the geometrically isomeric 1,3-phthalandiols and the hydration equilibrium constant 
is 7.7 ? 0.5 at 25 C. From the temperature dependence of the equilibrium position, Lalues of 
the enthalpy and entropy of hydration Mere calculated. The reaction is general acid - general 
base catalyzed; the Bronsted r and J3 coeffrcients are both near 0.5. Catalysis by Zn(1l) is 
observed. The mechanism of the reaction (which probably proceeds via rate-deterruining 
formation of the normal getil-diol followed by rapid cyclization) is discussed. 

An analysis of the thermodynamic data for the hydration of a variety of carbonyl compounds 
reveals that the degree of hydration is normally determined by both enthalpy and entropy 
contributions to the free energy. Horvever, the extensive hydration of 1 is determined solely by 
the enthalpy term. N o  hydration could be detected for benzaldehyde or  the other isomeric 
dialdehydes. 

ROBERT S. MCDOXALD et EARL V. MARTIT. Can.  J. Chern. 57.506 ( 1979). 
Faisant appel a des techniques spectroscopiques (uu et rmn), on  a Ctudie la position de 

I'iquilibre et la cinetique de l'hydratation du con~pose  1. L'hydrate existe uniquenient sous 
la  fornie des isomeres geornetriques du phtalanediol-1,3; la constante d'equilibre pour l'hydra- 
tation est egale a 7.7 I 0.5 a 25-C. En se basant sur la variation de la position de I'equilibre 
avec la temperature, on a pu calculer les valeurs des enthalpie et entropie d'hydratation. La 
reaction subit une catalyse generale par les acides et par les bases; les ~ a l e u r s  des deux coeffi- 
cients 3 et B de Br~r i s ted  sont pres de 0.5. O n  a observe une catalyse par le Zn(ll). O n  discute 
d u  mecanisme de la reaction qui procede probablement par la formation du gem-diol, comme 
etape determinant la ~ i tesse ,  suivie par une cyclisation rapide. 

L n e  analyse des donnees thermodynamiques associkes a l'hydratation d'un certain nombre 
d e  con~poses carbonyles revele que le degrk d'hydratation est generalernent determine par des 
contributions a la fois de I'enthalpie et de I'entropie a I'energie libre. Toutefois l'hydratation 
poussee de 1 resulte uniquen~ent  d u  terme enthalpique. On ne peut pas detecter d'hydratation 
dans le cas du benzaldehyde ou d'autres dialdehydes isomeres. 

[Traduit par le journal] 

Reactions of phthalaldeliyde (1) often involve 
chemical modification of both of the aldehyde 
groups. Thus, base-catalyzed co~ldensations with 
actike methylene compounds lead to 2-substituted-l- 
indanones (1) and reaction with amines yields a 
variety of compounds, most of which contain 
phthalimidine rings (2). Treatment with acidic 
methanol produces the cyclic bis-acetal, 1,3-di- 
methoxyplithalan (3) as one of the products (3). 

During a recent study of the behavior of 1 in 
aqueous base, we observed anomalously low extinc- 
tion coefficients (E) in the 200-330 nm region of the 
uv spectrum. Other workers (4) have also observed 
this but interpreted these low E values in terms of 
steric and electronic effects. However, these results, 
coupled with the recently reported proton nmr spec- 
trum in D,O (2) (which we had also observed in- 
dependently), point towards extensive hydration of P 

in aqueous solutions [I]  and, further, that the hydrate 
exists exclusively as the cyclic 1.3-phthalandiol 2. 

CHO 
0 H OCH? 

1 2 3 
11 (cis) cr (cis) 
h (trcin,\ ) h (rrcins ) 

Seekles (5) reported the isolation of a compound 
proposed to be the nlollohydrate from concentrated 
aqueous solutions of 1, although no structural infor- 
mation was given. Evaporation of aqueous solutions 
of 1 to dryness leads only to recovered starting 
material (2). 

The position of equilibrium and the kinetics of the 
reversible hydration of carbonyl compounds have 
been studied extensively2 but most of this work has 

'Presented, in part, at  the annual conference of the Chemical ZFor  a n  excellent review of much of the earlier work see 
Institute of Canada, Winnipeg, Man., June, 1978. ref. 6. 

0008-4042/79/0505os-1 lSO1 .00/0 
a 1 9 7 9  National Research Council of Canada/Conieil national de recher-ches d u  Canada 
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McDONALD 4 N D  MARTIN 507 

been limited to aliphatic compounds since only these 
are normally significantly hydrated. Aromatic car- 
bony1 compounds without strongly electron-with- 
drawing substituents are not significantly hydrated. 
Thus, although benzaldehyde itself has been estim- 
ated to have a hydration equilibrium constant 
(I(,,,) of 1 x (7,  8), values for the nitro- 
benzaldehydes are in the range 0.08-0.20 (7 ,  9, 10) 
whereas that for 4-pyridine carboxaldehyde is 1.5 
(1 1). 

Since 1 provides us with an  example of an ex- 
tensively hydrated aromatic aldehyde, we investigated 
in more detail the equilibrium position and the 
kinetics of the hydration reaction [ I ] .  In the light of 
the unique cyclic structure of the hydrate, we were 
particularly interested in the thermodynamics of the 
equilibrium and the susceptibility of the reaction to 
catalysis by acids, bases, and a divalent metal ion. 
Hydration of aliphatic carbonyl compounds is known 
to be general acid and general base catalyzed (6). 
The uv and nInr spectra of benzaldehyde and the 
isomeric dialdehydes were recorded for cornparison 
purposes. 

Experimental 
Gener.01 

Melting points \\'ere taken on a Gallenkamp apparatus and 
are uncorrected. An Orion 601A pH meter eq~lipped with a 
combination electrode was used to measure all pH values. 
The meter was standardized using Fisher certified buffer solu- 
tions at pH 1.00,4.00, 7.00, and 10.00. Ultraviolet spectra were 
recorded on a Beckluan model 24 spectrophotometer or on a 
Becknian DB-G instrument coupled to an  Omniscribe 
recorder (Houston Instruments). Routine nuclear magnetic 
resonance spectra were taken on a Varian EM 360A 60MHz 
spectrometer. Those recorded at  temperatures above ambient 
were taken on a Varian HA 100 instrument. Peak positions 
\\.ere measured in ppm (6) relative to tetramethylsilane (TMS) 
as internal reference in CDCI, and relative to sodium 2,2- 
dimethyl-2-silapentane-5-sulfonate (DSS) in the aqueous 
solutions. 

12lnterials 
Benzaldehyde (Aldrich) was freshly distilled under vacuum 

(bp 43-C12.5 Torr) immediately before use and stored under 
nitrogen until stock solutions were prepared. Isophthal- 
aldehyde and terephthalaldehyde (Aldrich) were used as 
obtained. Phthalaldehyde (Aldrich) was twice recrystallized 
from ether - petroleum ether (30-50-C), the first time using 
decolorizing charcoal, to yield pale yellow needles, mp 56.5 
58°C (lit. (12) nip 56-56.5'C, (13) nip 55.5-56'C). 

Distilled water was used in the preparation of all solutions. 
Compounds used in the preparation of all bufTer solutions were 
all reagent grade anc! used without further purification. Stock 
solutions of 1.0 and 0.10 IV hydrochloric acid and sodium 
hydroxide were prepared by diluting the appropriate Fisher 
concentrate with freshly boiled, then cooled, distilled water. 

The D 2 0  (Stohler Isotopes) was 99.8% enriched. 1,4- 
Dioxane (Fisher) used in the preparation of all stock solutions 
was purified before use by passage through a colurnn of Super 
Grade 1 W-200 aluminum oxide (ICN Pharmaceuticals). 

Kirzetics 
The rate of the hydration reaction [I]  was measured by 

nionitoring the decrease in intensity of the uv absorption bands 
which occurred when a few microlitres of a stock solution of 1 
in dioxane were injected into water or buffer-ed aqueous solu- 
tion. The half-life for the disappearance of 1 in water was 
about 2 min. Identical (within experimental error) observed 
rate constants were obtained by monitoring the reaction at  
each of three I.,,, values of 1 in water (i.e., at 222, 263 and 
300 nm). 

Buffer solutions were maintained at an  ionic strength (y) 
of 1.0 with KC1 unless otherwise noted. All kinetic measure- 
ments were carried out at 28.0 + 0.5-C in the cell compartment 
of the Beckman DB-G spectrophotometer described above. 
One-centimetre quartz cells with Teflon stoppers were used 
throughout. 

Typically the kinetic run was initiated by injecting 5-25 yL 
of a 0.03 M stock solution of 1 in dioxane into 3.0 mL of 
buffer solution in a cuvette which had been preequilibrated in 
the cell compartment. After rapidly mixing the cell contents, 
the absorbance of the solution at the preselected wavelength 
was traced out on the recorder. The reaction was monitored 
over at least 4 half-lives and an 'infinity' absorbance was 
taken after at  least 10 half-lives. Pseudo-first-order rate con- 
stants (k, , ,)  were then obtained from the slopes of the senii- 
logarithmic plots of (A - A,.) vs. time in the ~ ~ s u a l  way. The 
kinetic plots were lincar up to at least S O X  reaction. Quoted 
rate constants are the average of at least duplicate determina- 
tions; agreement between replicate runs was normally within 
5%. The pH of the kinetic solution was taken immediately 
after the run. Using this technique we were able to measure 
reliably the rates of reactions having half-lives as short as 4 s. 

Varying the initial substrate concentration over the range 
0.5-2.5 x M had no effect on the k,,, value. Similarly, 
the presence of up to 12 dioxane, introduced by injecting the 
substrate as a stock solution in dioxane, had no observable 
effect on the rate. 

Runs were monitored at 263 nm in the carboxylate buffers 
and at 222 nm in the other buffer solutions. A steady A ,  was 
obtained in all solutions except those in which tris(hydroxy- 
methy1)aminornethane was a component of the buffer. In these 
cases, the absorbance continued to decrease very slowly even 
after 10 half-lives of the very rapid hydration reaction. This is 
presumably due to Schiff's base formation between the residual 
dialdehyde and the primary a m i ~ ~ e . ~  Choosing an A, after 
10 half-lives of the initial hydration reaction gave linear 
kinetic plots up to at least 2 half-lives for this reaction. 

Results and Discussion 

Hydration Equilibriunz 
As pointed out in the Experimental, fairly rapid 

decreases in intensity of the uv absorption bands of 
1 were observed when a few microlitres of a stock 

3We thank a referee for making the alternat~ve suggestion 
that this absorbance decrease may be due to the formation of 
compound 7. Compounds of t h ~ s  type have been detected (2) 
when 1 reacts w ~ t h  primary amlnes In ether and would be 
expected to absorb only weakly at these wavelength>. 
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FIG. 1. Repetitive scanv of the uv spectrum of 1 (1.0 x 
lo-" 1M) in ~vater, p = 0, 25'C. Scans (from 360 nm) were: I, 
30 s; 2, 170 s: 3,  320 s ;  4,  500 s;  5, 1100 s (times after mixing). 
The last scan represents the final spectrum in ~vater. 

solution of substrate were injected into water. The 
results of a series of repetitive scans are shown in 
Fig. 1. Extinction coefficients calculated from the 
residual (final) absorbances and those determined at  
the three I,,,,, values extrapolated back to the mixing 
time (initial) from kinetic runs are reported in Table 
1. Also included in Table 1 are the spectral data for 1 
in dioxane and methanol and that for benzaldehyde 
and the other isomeric dialdehydes in these three 
solvents. 

It now seems clear that the very low absorbances 
of I in aqueous solution, rather than being due to 
steric inhibition of resonance (4), are indicative of 
extensive hydration. Correcting the final absorbance 
values at  263 and 300 nm for the small absorbance 
due to hydrate at  these  wavelength^,^ we can cal- 
culate that there remaills 10.5 1 lz free dialdehyde 
a t  equilibrium in aqueous solution at  25°C. This 
compares remarkably well with results from nrnr 
(below) which gives more direct and accurate infor- 
ination on the equilibriun~ position. 

The 'initial' spectrum of I in water is similar to  
that in dioxane. For  the other aromatic aldehydes, a 
change in solvent from dioxane to water causes only 

"The hydrate of structure 2 is assumed to have E values in 
aqueous solution similar to those for o-xyleae (i.e., & 2 6 5  Z 200, 
8 3 0 0  Z 0). 

a small shift in 3,,,,, and less than a 10% change in s .  
However, owing to the uncertainty of comparing s 
values in different solvents, we can only conclude 
that no spectral changes associated with appreciable 
(greater than 1 0 3  hydration is occurring for any of 
these compounds. Spectra recorded immediately 
after mixing and after 30 min were superimposable. 

The spectra in methanol were all recorded at  least 
30 inin after mixing (corresponding to 'final' spectra). 
Absorptions associated with the carbonyl group have 
s values significantly lower in methanol than those in 
dioxane or water. This is interpreted in terins of 
hemiacetal formation; the lowering of intensity of 
the x -+ x':' and the n -, x::' bands of benzaldehyde 
by 10% is completely consistent with the equilibrium 
constant for hemiacetal formation in methanol of 
0.09 (14). This value is expected to increase for 
benzaldehydes with electron-withdrawingving substi- 
tuents and the spectra for the nieta and para dial- 
dehydes in inethanol are certainly in accord with 
more extensive hemiacetal formation. The spectrum 
of 1 in methanol shows even weaker absorptions than 
it does in water: nmr results indicate directly that less 
than 55 exists as the free dialdehyde and that the 
predominant products are the geometrical isomers 
of 3-methoxyphthalan- 1-01. 

We have taken the residual absorbance (A,) at 
222 or 263 nm of the aqueous solutions of 1 from the 
kinetic runs as a measure of the amount of free 
dialdehyde remaining in the solution. We find no 
significant or systematic shifts in the position of 
equillbriuin with changes in ionic strength from 0 to 
1, in HC1 solution up to 0.01 M ,  or in the presence 
of any of the buffers (except Tris; see Experimental 
for an explanation) up to a concentration of 1.0 M 
and over the pH range 2.3-10.5 even where the rates 
were too rapid to be followed by our conventional 
techniques. In solutions of pH greater than 10.5, 
systematic absorbance decreases at 260 and 300 nm 
were observed up to 1.0 M NaOH. We interpret this 
behavior in terms of ionizatioil of the hydrate [2] and 
have been able to assign a pK~, of 11.6 i 0.2 to 2 at 
an ionic strength of 1.0 at 25'C. Further work is 
underway on the chemistry of 1 and 2 in more 

strongly basic solutions where we can also observe 
the much slower intramolecular Cannizzaro reaction 
!eading to the o-hydroxymethylbenzoate ion. 

Information on the structure of the hydrate comes 
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McDON 4LD AND MARTIN 5 09 

TABLE 1. Ultraviolet absorption data for benzaldehyde and the isomeric dialdehydes 

Compound Solventu ~ . , , a x b  (nm) (E) 

"D = 1.3-dioxarie, M = rne:hanoi, W = water. 
hErrors  are estimated to  be t I nni in i.,,.,, a n d  ? 5 7  in E. The symbol sh denotes a shoti!der. 
<The initial (i) F. \aiues for  1 in water \\ere ob ta~ i i ed  from absorbance val t~es  In h ine t~c  runs e\trdpolated back to  the mixing time. 
dThe  final ( f )  E values he re  obtained from the spectrum aftzr a t  least 10 hai i l l~ves of  the hydration ieacrlon. 

from nnir spectral results. The spectrum of a satu- 
rated solution of 1 in D,O is shown in Fig. 2. Clearly 
only residual peaks due to free dialdehyde are present 
(multiplet centred at  6 7.90, aromatic; 6 10.33, singlet, 
CHO). However, three new singlets have appeared 
at 6 6.27, 6.61, and 7.49 integrating in the ratio 
1 : 1 : 4. These new signals are reasonably interpreted 
(2) in terms of extensive hydration where the hydrate 
exists exclusively as the geometrically isomeric 
1,3-phthalandiols 2. The spectrum cannot be inter- 
preted in t e rn~s  of 'normal' hydration at  one or both 
of the aldehyde groups or a mixture of these forms 
with unreacted 1. Furthermore such hydration would 
not be expected to occur to any significant extent 
from results of the other isomeric dialdehydes. As 

11 10 9 8 7 6 

P P m l 6 I  

F I G .  2 .  The proton nnir spectrum o f  a saturated solution o f  
1 ill D 2 0  at 25.5'C (relative to DSS at 6 = 0.00). 

expected the aromatic protons of 2 resonate to higher 
field than those of 1 and are observed to be coinci- 
dent at  6 7.49 for the cis and tratls isomers. By analogy 
to assignments of the methine proton signals for the 
corresponding dimethyl acetals 3 (15). the 6 6.27 
signal is assigned to the cis isomer and the 6 6.61 
signal to the frai1.r. form. Multiple integrations over 
the two methine proton signals reveal a cis to trans 
ratio of 1.02 0.06 (average of seven determina- 
tions). 

The rztio of the integrals over the conlbined 
hydrate methine signals to that for the free dialdehyde 
at  6 10.33 reveal a hydrate to aldehyde ratio of 
88.5 : 11.5 ( k 0 . 6 5 ;  average of seven determinations) 
at  25.5-C (EM 360A probe temperature). This corre- 
sponds to a hydration equilibriunl constant in D,O 
( K D 2 , ) h f  7.6 i 0.5. These results agree well with 
those obtained from residual absorptions in the uv 
spectrum. Spectra recorded in D,O solution in the 
presence of 0.01 IM HCI or 0.001 M NaOH yielded 
the same value for K,,,. Spectra recorded in H 2 0  
lead to a K,,,, value of 7.6. 

The methine proton signals of the hydrate at  
6 6.27 and 6.61 appear as sharp singlets (v, , = 
1.2 Hz) in all of these solutions where the sulfonate 
salt, DSS, was used as internal reference. Hou.ever. 
these peaks were very significantly broadened 
(v , , ,  - 8 H z )  when the weakly basic internal 
reference, sodium 3-trimethylsilylpropionate-2.2,3:3- 
cl, (TSP), was used. The position of equilibriuln, 
however, remained unchanged. On warming the 
solution, the peaks broadened further, coalesced to 
a single very broad peak (at 40'C, v, ,, -- 16 Hz) and 
finally to a fairly sharp resonance (at 70CC, v ,  , - 
4 Hz). Similar observations are made in NaOH 
solutions at  concentrations above 0.01 M a t  room 
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5 10 CAN. J .  CHEM. 

temperature. In 0.10 M NaOH, for example, a single 
fairly sharp resonance is observed at 6 6.49 due to 
these methine protons. We interpret this behavior in 
terms of the interconversion of the cis and ~ ~ L I I I S  

hydrates (presumably via the free dialdehyde) which 
is slow on the nmr time scale in dilute HCI or NaOH. 
The equilibratio~l is, however, catalyzed by either the 
high concentration (- 10%) of the weakly basic 
carboxylate salt or by increasing concentration of 
NaOH and is more rapid at  higher temperatures. The 
results in NaOH solution must be regarded with 
suspicion, however, since we know hydrate ioniza- 
tion [2] is significant under these conditions (see uv 
results above). 

The position of the hydration equilibrium of 1 was 
investigated as a function of temperature in D 2 0  
solution from the ratios of multiple integrations of 
the hydrate methine and free aldehyde signals. The 
KD2, values obtained over the temperature range 
25.5-70°C are collected in Table 2. A plot of 
log,, K,,,, vs. 1,iT (Fig. 3) is reasonably linear and a 
short extrapolation yields a KD2,  value of 7.7 i 0.5 
a t  25.OZC (correspondi~g to a AG,,,, of - 1.20 
5 0.04 kcal/mol). From the slope can be calculated 
AH,,, = -8.90 0.34 kcal/mol \vhich leads to a 
value for ASh,, = -25.8 1.1 cal K - '  mol- ' .  

The very limited solubility of the /?zeta and para 
dialdehydes in D,O precluded detection of any 
hydration for these compounds by nmr. However, 
spectra of concentrated solutions in 50v/v", 
CH,CN-D20 revealed less than 2: hydrate could 
be present for either of these compounds under these 
conditions. Although solubility is considerably en- 
hanced, hydration will be depressed in the mixed 
solvent. However, combined with the uv results, \ve 
conclude that an  upper limit for k;,, for either of 
these compounds can be set at  0.05. This is in conl- 
plete accord with the limited literature data (7-10) 
for the hydration of ring-substituted benzaldehqdes. 
Ho\vever, on the basis of polarographic measure- 

TABLE 2. Equllibriu~i~ constants for 
phthalaldchpdc hydration in D,O0 

T ('C) KD-o (nIh 

25.5 7 .66f  0.44(7) 
28 6.21 20.29(5) 
40 3.99&0.16(4) 
50 2.25&0.22(3) 
55 I .99 i0 .07(4)  
70 1.06&0.04(4) 

"Determinatioiis a t  25.5 C mere made on the  
EM 360A instrument. Those at  28-C and higher 
were made on the HA 100 instrument. 

bKD,o = [hydrate]l[aldehyde], The errors 
quoted are standard de\iations of multiple Inte- 
gration ratios. I I  = number of separate deter- 
minations. 

FIG. 3. A plot of log,, KDzo for 1 vs. the reciprocal of the 
absolute temperature. 

ments, Bover and Z u ~ n a n  (16) have concluded that 
al thougl~ the rnefa isomer does not hydrate to any 
significant extent. both the ortho and the pcrra isomers 
are significantly hydrated. This coi~clusion for the 
para isomer must be in error. Other reports of exten- 
sive hydration for 111-chlorobenzaldehyde (17) and 
o-nitrobenzaldehyde (la) ,  on the basis of polaro- 
graphic measurements, have also required correction 
(9). 

Hj(lrafiot? Kirzetics 
Some preliminary kinetic results carried out in 

unbuffered H 2 0  solution at  ionic strength 0.0 and 
1.0 (with KC1) and in D 2 0  solution are collected in 
Table 3. The H,O results include runs carried out 
with several different batches of distilled water, at 
each of the three?,,,,,,, values of 1 ,  and with several dif- 
ferent substrate concentrations oker the range 
0.5-2.5 x lo-" ,M. The A,,, kalue is ~ndependent of 
these effects and, further, 1s unaffected by a change 1x1 
lonlc strength from 0 to I .  Ho-ever. the rate 111 D,O 
1s 30: loner than that 1x1 H,O 

Klnet~c  runs mere then carr~ed out In aqueous 
( H 2 0 )  solut~ons of dllute HC1 and 111 a series of 
buffers over the pH lange 2.6-7.8. The A,,, values 

TABLE 3. Preliminary kinetic results for the hydration 
of 1 in unbuffered aqueous solutions at 28.0-C 

Conditions pH" k, , ,  x lo3 ( s - I )  (nIb 

H2O (p = 0.0)  6 . 7  6 . 3 k 0 . 2  (7) 
H 2 0  (11 = 1 . 0 )  6 . 6  6 . 2 i 0 . 1  (2) 
D,O (1.1 = 0.0)  7 . 3  4 . 5 i 0 . 1  (3) 

"The p H  values are o i i l ~  approximate in thnse unbuffered rolu- 
tions. The baliie in D 2 0  1s a p D  value \\here p D  = nieter reading 
1 0.4. 

bThe k,,,, \slues quoted arc mean T standard deviation. i i  = 
number of runs. 
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McDON.4LD A N D  MARTIN 

TABLE 4. Kinetic data for the hydration of 1 in aqueous solution, = 1.0, 28.0-C 

Buffer ([HA]I[A-1; concentrations, M )  pH nu kob(s-') kn,b (!M-Is-') 

Chloroacetate (1:s ; 0.2-0.6) 2.66 6 0.17010.006 0 .125 i0 .014  
HCI (2.0 x 2.70 2 0 .141 i0 .004  
Formate (3'1 ; 0.25-1.0) 2.99 8 0.084k0.003 0.099k0.004 
HCI (1.0 x 3.00 2 0.0784k0.0004 
Chloroacetate (1;3; 0.25-0.75) 3.18 6 0.06910.002 0.076k0.003 
HCI (5.0 x lo-") 3.32 - 7 0.0420k0.0005 
Formate (li 1 ; 0.25-1.0) 3.52 8 0 .038 i0 .002  0 .070i0.003 
Acetate (1,'l; 0.25-0.75) 3.55 6 0.0354k0.0006 0 .049 i0 .001  
Chloroacetate (1:9; 0.25-0.75) 3.64 6 0.0254i0.0006 0 . 0 4 1 ~ 0 . 0 0 1  
HCI (I  .O x 1 0 4 )  4.00 2 0.0135k0.0003 
Formate (1,3 ; 0.25-1.0) 4.04 8 0 . 0 1 6 1 ~ 0 . 0 0 1 1  0 . 0 5 7 ~ 0 . 0 0 2  
Acetate (1 1 ; 0.25-0.75) 4.56 6 0.0078k0.0012 0.060k0.002 
Phosphate (9,'l; 0.10-0.40) 5.36 8 0.005610.0031 0.20310.010 
Acetate (1 9;  0.10-0.50) 5.63 6 0 . 0 0 6 0 ~ 0 . 0 0 0 5  0.078+0.001 
Phosphate (3'1 ; 0.10-0.30) 5.95 6 0.0066i0.0019 0 .234i0.009 
Phosphate (1) 1 ; 0.10-0.30) 6.50 6 0 .016i0.005 0 .37k0 .02  
Phosphate (l;3; 0.09-0.36) 6.98 8 0 .012 i0 .005  0 .56k0 .02  
Tris (9, 1 ; 0.05-0.20) 7.27 8 0 .015 i0 .002  0 .66&0.01 
Phosphate ( I  9 ;  0.10-0.30) 7.54 10 0.032k0.007 0 . 7 9 i 0 . 0 3  
Tris (3 1 : 0.02-0.08) 7.82 6 0 .058 i0 .002  1 .47+0.04 

" I  - n u m b e r  of runs .  
"lie er rors  q ~ l o t e d  a r e  standard dcviatlons. 

[4] I<, = kHz, + kl, [H'] + koH [OH-] 
, 0.18- FORMATE 0.31 neglected over certain ranges of pH.  Thus, a plot of 
Ln - 
LO n - 
0 

k,  bs. [ H f  ] (calculated from the pH) for the data in 
Y Table 4 at  p H  values less than 4.6 (Fig. 6a), where 

016 the third term in [4] can be neglected, gave a linear 
correlation from which values of k, = 70.4 i: 
2.5 M-'  s- '  and k,,, = 0.010 2 0.003 s - '  call be 

008 calculated from the slope and intercept, respectively. 
Similarly, a plot of k ,  vs. [OH-]  at p H  values greater 
than 5.9 (Fig. 66), where the second term in [4] can 

1 ,  I 

be neglected, also give a linear correlation from which 
I ,  

025 0 5  075 1 0  01 02 03 0.4 values of k,, = (7.9 + 0.4) x 10' M - ' s f 1  and 
CBtl  M 

- 0.L 
FIG. 4. Buffer plots for the hydration of 1 in aqueous 

solution, N = 1.0, 28.0-C. The buffer ratios ([HA],'[A-I) are 
noted. .-0.8 

Y 

were found to be linear functions of the total buffer $ 
conce~~tration,  [R,], for each buffer and buffer ratio -1.2- 

employed [3j. At least duplicate runs were carried 

- 1.6 13 I k,,, = /c, + kRL[BtI 

out at each bufer concentration and normally three 
to four bi~fTer concentrations were studied. The buEer - 2 0 -  

plots for formate and phosphate (Fig. 4) are repre- 
sentative. The least-squai-es-calculated values of the 

-2 .L -  
intercepts of the bulTer catalysis plots at  zero bufTer 

- \ 
- 

'\ 
- 9 

e\ 

8.0 

- 4 \ 

/ :  
1 

O/: 
/ 

.o,o_/ 

concentration. k,, and the second-order buffer- 
I I 1 I I I 

3 L 5 6 7 8 
cata!yzed rate constailts. k,<. are collected in Table 4. pH 

The p1-I-ratc profile (Fig" 5) illustrates the sensi- 5, The pH-rate profile for the hydration of in  
tivity of the k ,  values to pH.  The k ,  values follo\v [41 aqueous solution at 28.0-C (e, HCI solutions alld H,O; G ,  
where either the second or third terms can be intercepts of buffer plots; x , D,O, pH = pD). 
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CAN. J .  CHEM. 

FIG. 6. Plots of k ,  ~ s .  (a) [H+]  (at pH values less than 4.6), 
(b) [OH-] (at pH values greater than 5.9) for the hydration of 1 
a t  28.0 C ( j ~  = 1.0). 

= 0.005 f 0.001 sCI could be evaluated. The 
k,,2,  values from the intercepts of these plots are 
rather unreliable. We chose instead to correct the k ,  
values obtained froin the intercepts of the buffer 
plots in the plateau region (pH 4.5-6) for the con- 
tributions fro111 the second and third terms in [4] 
which can now be calculated. This lead to a value for 
k = (5.6 rt_ 0.4) x 10-3s- ' .  The solid curve in 
Fig. 5 follows [4] where k,, k,,,, and k ,,,, have the 
values derived above. The minimunl value of k ,  
occurs at  p H  5.5 where the last two ternis in [4] con- 
tribute roughly lo";, to its value. 

The buffer-catalyzed rate constants, k B t .  contain. 
in general, significant contributions from both the 
acidic and basic forms of the buffer. If k,, and k ,  are 
the second-order rate constants for catalysis by the 
acidic and basic forins of the buffer, respectively, then 

is given by [5], where ,f, is the fraction of the 
buffer in the basic fonii. Values of k , ,  and 1<, are 

then obtained from the intercepts at f, = 0 and 1,  
respectively, of the plots of kBt  1s. f, (Fig. 7). The 
plots for the carboxylate buffers are reasonably 
linear and the extrapolations are straightforward. 
Only two buffer ratios (9 : 1 and 3 : 1) \\ere employed 

Fie. 7 .  Plots of the buffer-catalyzed rate constants vs. the 
fraction of base in the buffer. The buffer species are (0) chloro- 
acetate; (b) formate ( O ) ,  acetate (@); (c) phosphate; (d) Tris. 

for Tris since lower ratios gave rates which were 
beyond the scope of our instrumentatio~~. However, 
making the reasonable assumption that I<,, for Tris 
is zero,6 a value for k, = 6.2 + 0.4 M - '  s- '  can 
be calculated. The plot for the f i ~ e  phosphate buffers 
shows definite curvature. We have observed no 
systematic changes of pH with dilution which could 
account for such an effect. Curved plots of this type 
have been observed prebiously (19) but the interpre- 
tation (a change in rate-deterruining step with pH) 
has been questioned (20). We are not prepared to 
offer an  explanation for this 'negative cooperativity' 
a t  this time and have simply made the rather short 
nonlinear extrapolations to f, = 0 and 1 to obtain 
values for k,, and I;,. 

The acid-base catalysis data are collected in Table 
5. Included are the values for h-,, and k,, and the 
balue for k H z ,  ~ h i c h  has been coiiverted to a second- 
order rate constant and is included both as a poten- 
tial general acid and a general base. The Bronsted 
plots for acid-base catalysis are illustrated in Fig. 8. 
The general acids H +  and the carboxylic acids define 
a line of slope cn = 0.52 + 0.03. The point for water 
lies 3 powers of 10 above this line but it does fall 
nicely on the plot defined by the general bases. The 
point for H,PO,- lies above the line defined by the 
other buffer acids by 1.8 powers of 10. Such en- 
hanced catalytic activity ib conimonly observed for 
phosphate (21. 22) since it can serve as a bifunctional 
acid-base catalyst in some proton transfer reac- 

'This assumption would appear to be reasonable since, if 
k , ,  for Tris falls on the Bronsted plot for the other acids, a 
value of 3 x lo-' ;M-' s - '  can be calculated. Such weak 
catalysis ~ o u l d  not be detectable. 
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M.I( DOY ALD 4 N D  MARTIN 

TABLE 5 Rate constants for genelal a c ~ d  - base catalysis of the hydration of 1 at 28.0 C 

Catalqst (HA B) PKHA" kHAb (M- ' s - ' )  h B b  (M- ' s r l  

(1) H + , H 2 0  -1  74 70 4 5 2  5 (1 O l i o  06 )x lO  
(2) CICH,CO,H CICH,COZ- 2 66 0 230 i 0 006 0 0 2 2 i  0 003 
(3) HCOzH HC02 3 52 0 1 1 8 i O  010 0 033kO 010 
(4) CH3C02H CH3C02- 4 56 0 044 i 0 003 0 081 = 0  003 
(5) H2P04  HP042- 6 50 0 1810 03 0 9 9 i O  OX 
(6 )  Tris H+ Tris 8 32 6 2 i 0  4 
(7) HzO OH 15 74 ( I  0 1 ~ 0  06 )x lO  (7 9 + 0  4)x lo4 

"For the b~it ier  species (entries - 6 ) ,  the p K , , ,  is taken to be thc pH at  half neutrali7ation a1 11 = 1.0; p K H -  = l o g  
[1H201: pK,,,, = pK,, - log [HzOI. 

bThe errors quoted are standard dexiations. 
'Assumed to be zero (see text) 

pathway for this species. The statistically corrected 
plots (of log , , k ,,, $1 and log,, k B 1 q  vs. log, ,, qKH,4 'p) 
s h o ~ ,  no im~rovernent in the correlations nor any 
significant clianges in the slopes (z' = 0.50 0.03; 
p' = 0.51 f 0.02). 

These rate constants refer to the overall rate of 

tions.' The points for H,PO,- and H,O were 
omitted from the general acid correlation. Our 
series of buffer acids is limited by the dominance of 
the H'- catalyzed pathway at p H  values less than 
2.5 and by the increasing importance of catalysis by 
the basic component of the buffer for acids having a 
pK,,, greater than 5.5. 

The Brernsted plot for the general bases, however, 
is noteworthy. All species studied, representing a 
catalytic range of nearly 109 and several different 
base and charge types, fall on a single straight line 
with remarkably good correlation ( p  = 0.51 + 0.01, 
correlation coefficient = 0.998). Water appears to be 
functioning as a general base in the spontaneous 
process. Hydroxide also falls on this line and there 
appears to  be no need to  invoke a nucleophilic 

A 

m 
0 - 

0 

-2  

- 

- 6 -  

'In fact, Bell and Evans (21) observed the k,,, values for 
chloroacetic acid and H2P0,- were identical although they 
differ by 4 units in pK,, (also see our results). 

/ approach to equilibrium and thus are the sum of the 

- \ ?  ,<" hydration (It-,,,) and dehydration (k,,,,,) rate con- - 
stants. However, since KHzo (= k,,,,/k, ,,,,,) is inde- .\. 

30~2 L pendent of pH, buffer type. and concentration over 
- the range in which kinetic data were obtained, then 

k,,, and k,,,,,, must be proportional to one another 
4 ~ 0 . 5 2  /\ and have z and coefficients identical to those 

/"I 7 above. 
Bell and co-workers (21, 23. 24) have reported 

Bronsted coefficients similar to those above for the 
I I I I I I hydration of several aliphatic aldehydes and ketones 

from 25°C and in mixed aqueous-organic solvents. 
Nevertheless, the observation of general species 
catalysis is indicative of proton transfer between 
substrate and catalyst occurring in the rate-deter- 
mining step. 

The mecha~lism of carbonyl hydration has been 
discussed in detail elsewhere (6, 25, 26). An analysis 
of the magnitude of the r values observed for the 
acid-catalyzed addition of a variety of nucleophiles 
to carbonyl con~pounds has lead Jencks (25, pp. 197- 
198) to  conclude that the catalysis is true general acid 
catalysis in the forward direction (hydration) and that 
the reverse reaction (dehydration) is subject to specific 
acid - general base catalysis (kinetically indis- 
tinguishable from general acid). Possible pathways 
for the acid-catalyzed hydration equilibrium of 1 are 
outlined in Scheme 1 .  Mechanism [At] involves 
general acid catalyzed water attack concerted with 
cyclization in the (s lo~j)  first step followed by rapid 
deprotonation of 5. Alternatively, a stepwise pathway 

L o L 8 12 16 and for the dehydration of the hydrates. However, it 
P K ~ ~  is difficult to determine the sensitivity of the cl. and P 

FIG. 8. Bronsted plots for general species catalysis of the values to the structure and reactivity of the carbonyl 
hydration of 1 at 28.OZC (the numbers refer to the species in compound since some of Bell's earlier work was 
Table 5 ) .  carried out at  temperatures significantly different 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



C A N .  J .  CHEM. VOL. 57. 1979 

[A21 can be envisaged in which the slow general 
acid catalyzed \\ater attack at one of the carbonyl 
groups is followed by rapid deprotonation to form 
the normal hydrate, the genl-diol 4. Rapid (and 
presumably acid-catalyzed) cyclizatio~l of 4 followed 
by deproto~lation of 5 leads to 2. Two factors lead us 
t o  fahor the stepwise pathway. Firstly, the Bronsted 
a coefficient for the hydration of 1 (0.52) is very 
similar to that measured by Bell et a/ .  (23) for the 
hydration of acetaldehyde (0.54) under sirnilar con- 
ditions. Secondly, our observed rates are similar to 
those measured by Sayer (10) for the hydration of 
p-nitrobenzaldel~yde.8 Since both of these latter 
cases involve for~nation of the ge171-dio1, we propose 
our mechanism also proceeds via formation of 4. If 
the concerted pathway [Al l  were preferred, one 
would expect some rate enhancement to be observed. 
Finally, Powell and Rexford (27) observed that when 
I was dissolved in ethaiiol, the disappearance of the 
uv carbonyl absorption band showed biphasic 
behavior; these authors proposed the intermediacy of 
the mono-hemiacetal which then went on to form the 
bis-hemiacetal although 3-ethoxyphthalan-1-01 might 
be the product of this reaction. 

The analogous pathways for the base-catalyzed 
reaction are outlined in Scheme 2. Again Jencks 
(28) has proposed that catalysis of the forward reac- 
tion corresponds to true general base catalysis. 
Although our evidence is rather limited here, the 
similarity of the Bronsted P coefficients observed for 
the hydration of I (0.51) and acetaldehyde (0.45) (23), 
leads us to favor the stepwise pathway [B2] via the 
geni-diol4 over the concerted pathway [ B l ] .  

The susceptibility of the hydration to catalysis by 
zinc(l1) ions was investigated briefly. Carbonic 
anhydrase catalyzes the hydration of acetaldehyde 
(29) and the pyridine carboxaldehydes (30) as well as 
carbon dioxide, and is known to contain a hydrated 

zinc ion a t  the active site (31). Although the enzyme 
has been the subject of many investigations, the 
exact function of the zinc is not known. We find the 
hydration of 1 to be only weakly accelerated by 
Zn(I1); a plot of k,,, vs. [ZnSO,] (not sho\vn) at 
pH 5.1 is linear from 0.10 to 1.0 M ZnSO, with a 
slope of k,, = (2.30 & 0.12) x 10-2 hi-' s -' . T h e  
reaction is only five-fold faster in 1.0 1W ZnSO, than 
in water at this pH. This rate constant is not con- 
sistent with general acid catalysis by the hydrated ion 
(pK, = 9.6 (32)) but rather suggests that the metal ion 
is providing some electrostatic polarization of the 
carbonyl group facilitating nucleophilic attack by 
water. Although weak catalysis of the hydration of 
aldehydes by zinc ions alone has been observed pre- 
viously (33, 34), cooperative catalysis by zinc and 
acetate or pyridine is rather more pronounced (34). 
However, we did not investigate further such catalysis 
for I. 

IBl l  

slow O- 

1 + H,O 7 
BH- 

B H- B 

General Coniments 011 Carbo17j.l Hjdratiorz 
A modified Taft equation [6] has been proposed 

(35) to correlate the hydration equilibriuin constants, 
KHz,, with the Taft o" substituent constants: 

[ 6 ]  log,, K,,,, = 1.70 xo:' + 2.03 A - 2.81 

where A IS a factor wh~ch  d~s t~ngu~shes  the beha~lor  
of aldehydes and ketones (A = 0 for ketones, I for 
aldehydes, and 2 f o ~  formdldel~j/de) Thus, ketones 
are normally less hydrated than aldehydes owlng to 
an electronic and an adjacent bond lnteractlon 
(hyperconjugat~ve) effect. Sterlc effects are concluded 
to be unimportant (35). Thls equatlon correlates the 
aka~lable K H z ,  data fa~r lp  well for allphat~c aldehydes 
and ketones of ~ i d e l y  varylng structure. Electron- 
withdraw~ng substltuents fa\or hydration. Howeker, 
aromatic carbonyl compounds have K,,,, values 
lo3-fold lower than thls equation would p r e d ~ c t . ~  

'Benzaldehyde is predicted by [6] to have a K,,,, of 11.8 
whereas the currently accepted value is near 1 x lo-' (7,  8). thank Dr. J .  P. Guthrie for making this observatiorl 
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M c D O N 4 L D  4ND MARTIN 

TABLE 6. Thermodynamic data for the hqdrat~on of some carbonyl compounds" 
-- 

Compound K1l,oD AGhidcsd AHh)dd(AHh,d~(calcd.))d~' AS,,," Ref. 

C H 2 0  2 . 2 7 ~  lo3  -4 .58  - 5 . 7  
- 8 . 0  ( -8 .0)  (- 1 3 7  

-14 .6  
C H 3 C H 0  1 .06  -0 .03  - 5 . 6  (-5.6) - 19 3  8 
CH3COCH3 1 . 4 x  l o 3  +3 .89  (-3.3) (-24) 39 
(CH30CHz)zCO 0.373 +0 .58  - 5 . 9  (-3.3) - 22 40 
C6HSCH0 ( I .  I  x 10-2)i ( + 2 . 7 )  (-3.7) (-21) 7  
4-C5H4NCHOj 1.53 -0 .25  - 3 . 8  (-3.7) - 12 11 
1 ,2-C61-14(cHo)2 7 . 7  -1 .20  -8 .9  (-6.9) - 26 This mark 

"All values refer to  25:C. Values In parentheses are  estimated (see I 
*KH,o - [hydrate] [carbo~iyl]. 
CAG,,,d -- -RT in K ,,,. 
*In kca1:niol. 
'Calculated by applying Benson's group add~tibi ty  rules (36) to the 
f l n  cal K- '  mol- ' .  
BCalculated using the \ d u e  of  -8.0 kcal,mol for  AH,,,,. 
"Value not  available. 
'Value estimated by Greenzald (7). 
J4-Pyridlne carboxaldehyde. 

This must be due to the conjugative stabilizatiol~ of 
the carbonyl group with the aromatic ring, a factor 
which this equation does not consider. This factor of 
l o 3  in Kklz0 corresponds to a stabilization free 
energy of 4.1 kcal/mol. Although the lack of solu- 
bility in water of aromatic carbonyl con~pounds 
hampers detection of the hydrate, it is clear that even 
moderately strong electron-withdrawing substituents 
d o  not favor hydration to any appreciable extent 
(see our results for the 1,3- and 1,4-dialdehydes). 
The K,,, value for p-nitrobenzaldehyde has been 
measured to be 0.15 (9) and 0.25 (10). Thus, the 
K,,,, value of 7.7 for 1 is lo2-fold larger than one 
would predict for no r~na l  hydration and the unique 
cyclic structure 2 of the hydrate is not totally 
unexpected. 

In view of the results for 1, we collected, for com- 
parison purposes, therlnody~lamic data for the 
hydration of a varicty of carbonyl con~pounds  
(Table 6). Much of the data is experimental but we 
have also included values for the enthalpy of hydra- 
tion (AH,,,) calculated by applying Benson's group 
additivity rules (36) to the normal hydration reaction 
or. for 1, to the forination of 2. Despite the fact that 
these calculated values refer to the gas phase, 
agreement with experin~ental values, where these are 
available, is good. Exceptions may occur where the 
carbonyl con~pound has remote electronic effects 
not considered in the calculation. Thus, the calcul- 
ated AH,,,, value for both acetone and 1,3-dimethoxy 
acetone is -3.3 kcal/mol and that for the aromatic 
aldehydes (except 1) is - 3.7 kcal/~nol. Where experi- 
mental AH,,, data were not available, we have used 
the calculated value to evaluate AS,,,. 

Some general trends in the therlnodynamic data 
may be noted. From tlie first three entries, it is clear 
that the increasingly unfavorable hydration observed 

eference c ~ t e d  o r  text). 

normal hydration reactlo11 o r ,  for 1,  to  the formation o f  2 .  

as the hydrogens of formaldehyde are progressively 
replaced by methyl groups is reflected in both the 
AH,,, and AS,,, terms. The more extensive hydration 
of 1,3-dimethoxyacetolle relative to acetone is de- 
termined mainly by the more exothermic (by 2.6 
kca1,'mol) AH,,,, term; the AS,,, is silliilar to that 
estimated for acetone. Although tlie data for benzal- 
dehyde are estimated, our calculations again reveal 
that much of the less favorable AGi,,,  is reflected in 
the AH,,, term while the AS,,, is only 2 eu more 
negative than that for acetaldehyde. On the other 
hand, the appreciable hydration of 4-pyridine car- 
boxaldehyde is determined by the much less negative 
AS,,, relative to the other aldehydes while the 
AH,,, is remarkably close to that estimated for an 
asonlatic aldehyde. Obviously, there appears to be 
no correlation between the AHh,, and AS,,, terms 
(i.e., no isoequilibrium relationship exists) and the 
degree of hydration may be determined by either one 
or  both of these terms. Finally, the extensive hydra- 
tion of 1 is determined solely by the AH,,, term which 
is some 5.2 kcal/mol more exothermic than that 
estimated for benzaldehyde. An inventory of bonds 
broken and made during hydration reveals that 
hydration of 1 to form 2 sl~ould bc more than twice 
as exothern~ic as that to form the gem-diol 4. The 
AS,,, term is, in fact, 5-7 eu more negative than that 
observed or calculated for the other aldehydcs, a 
result in accord with the loss of two rotational 
degrees of freedom accompanying ring formation. 
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Excess heats of tri-n-alkylamines and tetraaikyl tin compounds 
in linear and branched alkanes: correlations of molecular 

orientations and steric hindrance effect 
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R .  PIJILIPPE, 6. DELMAS, and PHUOVG N G L Y E ~  HOPUL Can.  J. Chem. 57.517 (1979) 
Excess heats of the following mixtures of trialkylamines and tetraalkyl tin co~npounds  with 

branched and  linear alkanes have been measured at  25 C :  five trialkylamines N R ,  (R = C,H,, 
C3H,, C,H,, C l o H , I ,  C l z H z 5 )  with six linear alkanes, n-C5, n-C,, 17-C8, n-C,,, n-Clz,  TI-C,,, 
and three highly branched alkanes, 2,2,4-trimethylpentane, 2;2,4,6,6-pentamethylheptane, and 
2,2,4,4,6,8,8-heptan~ethylnonane (br-CI6).  Further nleasurements were carried out  o n  tetra- 
propyl tin (SnPr,) with )I-C8, n-C16, and  br-C16. 

Measurements were made to obtain more information o n  the heats of disordering of long 
chain compounds and on  a n  exothermic contribution to the heats coming possibly from the 
sterically hindered character of one of the components of the mixture. The three short-chain 
trialkylamines have large heats a i t h  the linear long alkanes and small heats with the branched 
alkanes. O n  the other hand, the two long-chain trialkylamines have very small heats with 
linear alkanes anti large heats with the branched alkanes. These results are interpreted as indi- 
cating no  change of liquid or  solution 'structure' when two ordered compounds (long alkanes 
and long-chain amines) are mixed but a change of 'structure' \+hen a n  ordered compound 
(long alkane or  long-chain amine) is mixed with a non-ordered one (branchedalkane o r  short- 
chain amine). The heat of disordering of n-hexadecane is obtained with Inany order breakers 
and found to  depend to  some extent on  the expansion coefficient of the order breaker. HE values 
for the series of the shorter N R ,  d o  not vary regularly ~ i t h  molecular weight but are smaller 
for the propyl (and possibly the ethyl) derivative. Similarly, H E  of SnPr4 in n-C,,, br-C,,, and 
n-C, are much lower than the corresponding heats with SnEt, and SnBut,. This is attributed 
to the presence of the exothermic contribution to  the heats, HE(steric hindrance). The XI, 
parameter of the Flory theory has been calculated and is interpreted in terms of the disorder 
and steric hindrance contributions to  the heats. 

R. PHILIPPE, 6. DELMAS et P~[ ,auc,  NGIJYEN HONC,. Can.  .I. Chem. 57.517 (1979) 
Nous avons mesure les chaleurs de melange d'amines trisubstituees et de conlposes d'etain 

ti.tras~~bstitues avec des alcanes lineaires et ramifies 25'C. Les con~poses utilisks etaient les 
suivants: cinq anlines N R ,  (R = C,H,, C,H;, C,H,. C , , H 2 , ,  C l z H 2 , )  six alcanes lineaires 
17-Cs, 11-C6, 11-C,, tl-C,", 11-C,,, 11-C16 e t  trois alcanes tres ramifies 2,2,4-trimethylpentane, 
2,2.4,6,6-pentamethylheptane et 2,2,4,4,6,8,8-heptamethy111011a11e (br-C,,). Les systemes 
n-Cs, n-C16 et br-C, ,  a \ec  le tretrapropylbtain (SnPr,) on t  egalement ete mesures. 

Les systemes ont  ete choisis dans le hu t  d'obtenir plus d'information ( 1 )  sur la chaleur de 
desordre des con~poses en chaine et (2) sur une contribution exothermique aux chaleurs asso- 
ciee a I'emp6chernent sterique present dans un des constituants du melange. Les aniines glo- 
b ~ ~ l a i r e s  a courtes chaines ont  des chaleurs de melange clevees avec les alcanes lineaires et 
faibles avec les alcanes ramifibs. Par ailleurs, les deux amines a longue chaine ont de tres petites 
chaleurs avec les alcanes lineaircs et de grandes chaleurs avec les alcanes branches. L'inter- 
pretation de ce resultat est la suivante: la "structure" de la soli~tion est semblable a celle des 
liquides purs quand deux composes ordonnes (alcanes ou aniines a longue chaine) sont 
melanges ~ n a i s  elle est difftrente si un compose ordonne est melange a un compose non-ordonl~e 
(alcane ramifie ou amine a courte chaine). La chaleur de desordre de I'hexadecane lineaire 
obtenue a partir de differents destructeurs d'ordre semble dependre de I'etat d'expansion d u  
destructeur d'ordre. Les valeiirs des chaleurs ne varient pas regulierement avec le poids n~olecu- 
laire du composti N R ,  dans la sbrie mais sont plus faibles pour le derive propyle et peut-Ctre 
ethyle. De la meme f a ~ o n ,  Ies chaleurs avec n-C,, et n-Cs du cornposC SnPr, sont inferieures a 
celles obtenues a \ec  SnEt, et %But4. Cet effet est attribue la presence d'une contribution 
exothermique HE(emp&chement sterique). Le parametre X I  de la theorie de Flory a ete cal- 
cul6 et interpret6 en terrnes de ces deux contributions. 

'Revision received October 12, 1975. 

0008-4012/79/0505 17-09$01 .OO/O 
i;' 1979 National Reseal-ch Council of Canada/Con,eil national d e  I-echerche\ du Canada 
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Introduction 
In the case of the heats of mixing of non-polar 

mixtures, the importance of the difference in chem- 
ical nature of the two components has been recog- 
nized early and taken into account by several theories 
( la) .  The difference of size and shape of the two 
components which influences the chemical positive 
contribution to the heats has been analysed and 
written in terms of surface fractions (16, d). Contri- 
butions to the heats arising from non-zero volume of 
mixing have been calculated (lc). Theories, intro- 
duced in the last twenty years (Prigogine (2), Pat- 
terson (3a), Flory (4)), stress the importance of the 
difference of state of expansion (or free volume) of 
the two components mixed. In systems where this 
difference is large, negative contributions to  HE, VE, 
and  T S ~  are found experimentally and can be cal- 
culated from equations of state for the liquids and 
the solution. Solution properties of mixtures (5-10) 
consisting of molecules of different shapes, such as 
globular and linear alkanes or multibranched com- 
pounds like MR, (M = C, Sn, or  Si), have shown 
that another contribution depending on the shape 
of the molecule should be added. In the case of the 
heats of mixing, this contribution can be a positive 
tern?. related to the destruction of orientational 
order (5-8) or a negative one, namely, the condensa- 
tion or steric hindrance term (5-10) or a combination 
of the two. In many instances, the total heat, either 
positive (36, 5, 6) or negative (11), is constituted 
principally by these effects. Our aim is to obtain 
more information on the role of the shape of the 
molecules. Thermodynamic data (8-9) and depolar- 
ized Rayleigh scattering (12) on long-chain com- 
pounds, pure and in solution, are in agreement with 
the hypothesis that the 'structure' of the liquid is 
very sensitive to the molecular shape. Due to the 
anisotropy of the molecule, a long n-alkane keeps in 
the liquid state some of the order it had in the solid 
state. The chains are oriented one along the other in 
order to maximize the Van der Waals interaction 
along the chain. A branched alkane, being more 
isotropic. does not have such orientational order. 
The relatively large endothermic heats, obtained 
when a long alkane is mixed with a branched one, 
comes from the heat ( H ~ , ~ , )  associated with the 
disordering of the chains of the long alkane, i.e. with 
the  disappearance, in the solution, of the 'structure' 
which existed in the pure liquid. The rnuch smaller 
heats evolved when two branched alkanes are mixed, 
are explained by the lack of correlations of orienta- 
tions in a liquid consisting of globular molecules and 
consequent lack of the heat of disordering. This 
work presents the results of HE of trialkylamines 
with linear and branched alkanes. The investigation 

is rather similar to those made on the SnR, com- 
pounds (5, 6). However, the use of the trialkylamines 
as probes of the alkanes has seemed to us worthwhile 
for other reasons: (I) the magnitude of the heats can 
give the balance of the polar and non-polar contri- 
butions in the case of the shorter members of the 
NR, series, (2) comparison of the heats of the trisub- 
stituted compounds like NR,  with those of the 
tetrasubstituted SnR, (this work and refs. 5 and 6) 
could show evidence of intramolecular correlations 
of orientations present in long-chain SnR, although 
less important in long-chain NR, compounds, (3) 
measurements of the thermal pressure coefficient on 
the pure compounds appear to show a correlation 
between high P" values and steric hindrance within 
the molecule as seen by heats of mixing. Heats mea- 
sured on another series could confirm the correlation. 

Three important systems have been added, 
namely, SnPr, with n-C,, TI-C,,, and br-C,,. In the 
previous work on the SnR, + alkane systems (9, 
the SnR, molecules were used as order breakers of 
the alkanes due to  their globular shape. Knowledge 
of the heats with every member was not expected to 
give supplementary information, so that heats were 
obtained with the methyl, ethyl, and butyl deriva- 
tives only. However, because of the unexpected 
values of the heats with SnPr, when mixed with 
SnLaur, and SnOct,, it was decided that the heats 
of SnPr, with some alkanes should be measured, 
values of which are published here and compared to 
those obtained previously with SnMe,, SnPr,, and 
SnBut,. 

HE results are given on the following 41 systems at  
25°C: five trialkylarnines NR,  (R = C,H,, C,H,, 
C,H,, C, ,H, , ,  C12H2,)  with six linear alkanes (C5, 
C,, C,, C,,, C, , ,  C16)  and three highly branched 
alkanes in C, (2,2,4-trimethylpentane (br-C,)) in 
C , ,  (2,2,4,6,6-pentamethylheptane (br-C,,)), in C, ,  
(2,2,4,4,6,8,8-heptamethylnonane ( r - )  one 
SnR, (SnPr,) with two linear alkanes, 17-C8 and 
n-C16, and one branched alkane, (br-C,,). The 
abbreviated terms NEt,, NPr,, NBut,, NDec,, 
NLaur, are used in the text. 

Appur.ufris 
The heats of mixing were measured using a tilting 'Tian- 

Calvet calorimeter. Details of the measurements, the cells, and 
the calibration can be found in refs. 5 and 14, and with the 
reference system (cyclohexane + hexane) our points agree 
within 2Z of the published value (15). I t  was found useful to  
ernploy another reference system, benzene + CCI4 (16), for 
which the heats seem to  be less dependent on the purity of the 
compounds. Our  results agree with the published value within 
3z. The experimental heats of HE are fitted to the following 
equation where x is the mole fraction: 
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PHILIPPE ET A L  

TABLE 1. Parameters for the pure cornpounds 

C* î p* V" S 

Compounds r / z s - c  ( 1 0 % ~ )  ( J  c111r3 K - I )  YJ C I ~ I - ~ )  ( ~ 1 1 1 ~  mol-') {k') 

NEt, 
NPr, 
NBut, 
NDec, 
NLaur, 
SnPr, 
n-C5 
17-C6 
11-C* 
tl-cl" 
11-C, 2 

n-C,. 
?1-c16 
br-C8 
br-C,, 
br-Cl 

The curves are obtained from five to ten experimental points. 
In most cases, the difference between the experimental points 
and the calculated curve is less than I%,  but it could reach 5% 
for a few points with volatile components. 

Cl~emicals 
The alkanes and the lower alnines were obtained from the 

same companies as in previous work (13). 

Free Volume Theory 

Paravlleters for the Pure Con7pone1lts 
Densities, expansion coefficients, and thermal 

pressure coefficients have been found in the literature 
(17) for the alkanes and measured for the amines (13). 
Their values are listed in Table I together with the 
reduction parameters for the pressure P:" for the 
volume V':: obtained from the experimental quanti- 
ties, and from an equation of state for the liquid 
(3, 4). V:: can be construed as the core volume or the 
molar volume at 0 K. 

Surface-to-z olunie Parameters 
Models similar to those in general use for the 

alkanes (18) have been applled and are detailed in 
ref. 13 which also reports ineasuremeiits on the pure 
components. 

Calcirlar~on of r i le  Frcje Volw?le T o n ?  
The fiee volulne term depends only on the d~ffer- 

ence between the leduced volume of the pure com- 
poiients We have chosen to apply an  approxlmate 
(3) form of the Pr~gogine-Flory theory which sepa- 
rates the ~ n t e ~ a c t ~ o n a l  and free volulne eontribu- 
tions. The free volume co~ltribution H E , ,  is de- 
fined as 

Here &, is the average reduced temperature for the 

solution appropriate to the energy 0 and is defined 
by: 

O(TL) = $,O(T,) + j1,0(T2) 

With the Van der Waals model. 0 = - l i 6 ,  so that 
the volume corresponding to TL is 

liCC = $ l / C 1  + +, /C2  
with 

+ - u L I : : i  - , 1 , , (xl CI, ;:: + .u U 
2 2 7  

In this model, the reduced volume of the pure 
conlponents is obtained from their expansion coeffi- 
cients cr and 

C 1 1 3  = (+rT + i)/(xT + I )  

The reduced temperature is calculated from their 
reduced volume and 

The energy reducing parameter is 

where y 1s the thermal pressure coeficlent. Equatron 
[2]  does not depend on the surface-to-kolume ratlo. 
In the Flory term~noiogy, the ~nteractional contr~bu- 
tlon, which 1s the d~i-Terence betbeen the experimental 
value of the heat and the free volume contl!'uutlon, 
1s expressed thiough the XI, parameter. In the 
present form, XI, 1s obtained by eq [3]: 

[3] (HE,,, - HEf.".),I(xl U ,  '> + x 2 u, ::> 
= ( X ,  ,,'PI :")82+1f(L;) 
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culated free volume terms and the parameter 
X,,s ,- '  correspond~ng to HE,,,,, Figure l a  shows 
HE, at  the maxlmuni for the three order-destroyer 
amlnes NEt,, NPr,, NBut,, and Fig. 16 for the two 
ordered anilnes NDec, and NLaur, plotted agalnst 
the number. n, of carbon atoms of the alkane. Corn- 
parlson of Fig. 1 (HE>)  w ~ t h  Flg. 2 ( X 1 2 s l  - ' )  indl- 
cates that the trend of the experimental heats and 
that of the calculated parameter X l , s l - I .  w h ~ c h  
corresponds to the heat mlnus the free volume term. 
are very sim~lar.  It has seemed worthnhrle to present 
the two series of data since conclusions drawn from 
one or  the other only may be misleading. On one 
hand, HE,,, includes the free volume contribution 
which may represent a different proportion of HE,,, 
from one system to another; on the other hand, 
H ~ , , ,  and collsequently X I ,  is calculated to be too 
large in systems with a large free volume difference 
(14) (see in Fig. 2 the rise of for the long- 
chain amines from dodecane to octane while the 
corresponding HE,,, hardly depends on the alkane 
chain length). 

The characteristic features of the results are the 

Frc.1. Heats of mixing at the concentration of the ~naxiniuni 
expressed in J per cm3. H E I  V* ( V *  is the core volume of the 
solution) versus the carbon number of the alkanc for: (a) 
order-destroyer amines with 0, the linear alkanes; A, the 
branched alkanes; (b) ordered arnines with 0, the linear al- 
kanes; A, the branched alkanes. The lines are drawn through 
the points corresponding to the same aniine. 

FIG. 2. X,,.s,-' in J ~ r n - ~  A at the concentration of the 
niaxinium versus the carbon atom number of the alkane for: 
(0 )  the order-destroyer anlines with 0, the linear alkanes: A, 
the branched alkanes: ( / I )  the ordered arnines with 0, the 
linear alkanes; A, the branched alkanes. 

two fo!lowing: (I) The magnitude of the heats for 
short- and long-chain amines confirms previous 
results on the SnR, and alkane systems: there is 
orientational order in long-chain compounds order 
which is destroyed by mixing with a globular mole- 
cule. HEdis  is often the main contribution in these non- 
polar systems. (2) The negative steric hindrance 
contr~bution which lowers the experimental heats 
can be seen on the SnR, + alkane systems as well as 
on the SnR, + SnR, systems (10). The trialkyl 
amines (propyl or ethyl derivatives) appear to be 
also sterically hindered but the effect is much larger 
on the tin compounds (Fig. 36) than on the NR, 
colnpounds (Fig. 3a). 

The analysis of the data and the comparison of 
different systems raise other interesting points such 
as the concentration dependance of the heats (or of 
X,,) ,  the value of the chemical term in similar com- 
pounds, the validity of the assumption that the dif- 
ferent contributions are additive, the extent of the 
disordering of the ordered component in relation 
with the slze and shape of the order breaker, the 
effect of the shape of the second component on the 
steric hindrance contribution. In  the following dis- 
cussion, some of the points come up but the con- 
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clusions are not as definitive as the two areviouslv 
quoted. Furthermore. simplifying assumptions con- 
cerning these p o ~ n t s  have been put forward to make 
the conclusions less con~nlex. 

To obtain more information on the chemical con- 
tribution. we intend to study mixtures of homomorph 
compounds such as N R ,  + HCR, or MR, + CR,. 
On the other hand. analysis of the concentration 
dependance of the heat (or of XI,) is likely to give 
physical insight and quantitative information about 
the balance of the different coiltributions at  the ex- 
tremes of the concentration range. This has not been 
reported in this paper but will be the subject of further 
work. 

The experimental heats of mixing can be written 
formally as the sum of the different contributions: 

In the present systems for w h ~ c h  the contacts be- 
tween un l~ke  n~olecules I S  made of CH, and CH, 
groups, HEch,,,, must be small enough. As the free 
volume con t r~bu t~on  may be calculated (eq. [2]). the 
d~scuss~on  of the exper~niental heats w~111 be made In 
terms of the t n o  other contr~butions, HEd,, and 
HExtr i  h i n d r  . 
( A  j Structure Effccts 

Orlk~r-clestroj.~r Atnines: NEt,, NPr,, NBu t ,  
The heats with the branched alkanes are small and 

almost independent of the branched alkane chain 
length, indicating that the four contributions in eq. 
[4] are small and that orientational order is absent 
in branched alkanes. The heats with the normal 
alkanes increase regularly with the chain length. This 
is in agreement with the existence of orientational 

FIG. 3. HE, in J per cni3 versus the atom carbon number of 
the non-alkane compound with 0, I Z - C ~ ~ :  and 0, n-C8. ((7) 
N R ,  series, (b)  SnRl series. The lines are drawn through the 
points corresponding to  the sanie alkane. In Fig. Zb, the propyl 
findings are from this work, the other SnRJ result5 are froin 
ref. 5 .  

order in the pure 11-alkanes increasing regularly with 
chain length and then being destroyed by mixing 
with the globular NR,  molecule. Values of the heats 
of disordering of the two chain alkanes 11-C,, and 
n-C,, have been obtained in a manner similar to  that 
described below for the long chain amines and are 
tabulated in the first two rows of Table 3. The extra- 
polation of HEdi, found for n-C,, and tz-Cl2 to short 
alkanes indicates as well as depolarized Rayleigh 
scattering (14) that n-C, has little orientational order 
at  25°C. 

O r d ~ r r d  Aniit~es : N D c c ~ ,  hrLaur3 
Quantitative evaluation of HEdi,. Equation [4], 

which lists the contribution to the heats, can be 
written for two mixtures, one involving a linear 
alkane and the other a branched alkane of the same 
carbon aton? number and with the same second 
component 

HEd,, 1s assumed to be very sinall for a branched 
alkane m~xtuie .  Furthermore, ~f one assumes that the 
other con t r~bu t~ons  are either small (HEch,,) and, or 
very sim~lar for the l~near  and branched alkanes 
(HEf , and HE,,,, h lnd r  ), one finds 

[6] HEex,(llnear) - HE,,,(branched) = H~, , ,  

In other cases where there was no branched alkane 
available to give equations similar to [5] and [6], 
it was assumed that 

which is a good approximation for mixtures of non- 
polar components ~vhose expansion coefficients are 
not very different. Table 3 gives the values of HEdi ,  
for different order destroyers and different long- 
chain con~pounds obtained by either eq. [6] or [7]. 
These values are quite independent of any model or 
theory. Table 3 indicates that HEd,, is relatively con- 
stant whatever order breaker is used for making the 
solution. For  instance, HEdis for I I - C , ~  obtained from 
eq. [6] varies between 1.14 and 1.37 J/cni3 for five 
different order breakers. In the same way, HEdis de- 
rived from eq. [7] for SnLaur, varies between 1.22 
and 1.28 J/cm3 for five order breakers. This result 
justifies the simplified ass~~mptions  contained in eqs. 
[ 5 ]  to [ 7 ] .  Con~parison of the orientational order of 
a linear alkane with n carbon atoms and that of an 
alkyl chain with the same length but attached to a 
large group (NR, or SnR,) can be made. The dodecyl 
chains in NLaur, ( I .  I Jlcin,) have orientational 
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PHIL-IPPE ET AL.  523 

TABLE 3. Comparison of HEdi ,  of different ordered con~pounds  obtained with several order breakers 

Order breaker 
Ordered -- -- 

c o m p o ~ ~ n d  br-C8 br-C,2 br-C,, ?,2-DMB NEt, NPr, NBut, SnEt, SnPr, SnBut, 

t i - C I z  0 .83" ."  0 .  72 " 8  " 0.66" ."  1 .23 h s '  0 . 98"  0 . 5 5 h  0 .56*  0 . 7 6 b , d , r  - I . O b p f  

n-Ci ,  1.260." 1 .320." 1. 140.'' 1 .83h3 '  1 . 4 7 h  1 .03h 0 .97"  1 . ?9h , J  1.37' 1.55h3' 
NLaur, 1.14'  1.17" 1.12" - 1.09"*'  0.74"3C 0 . 7 9 " ~ '  - - - 

NDec, 0 .80"  0 .78"  0 .77"  - - - - - - - 

S~lLaur,  l.22".g 1 . 2 5 " 3 V 1 . 2 2 " . "  - - - - 1.28"  0 .97"  1.24" 

"According to cq.  17:. 
*Accorditig to eqs. [51 and [51. 
<Reference 21. 
Wt(SnEt,  - br-C,,) needed for the diffel-rnce has becn i n t e ~ p o l ~ ~ t s d .  
eReference 36. 
'Reference 5 .  
qReSerence 6. 
'vLiipiibl~siicd work In this lab. 

order of the same magnitude as those of SnLaur, 
(1.2 J,cm3). On the other hand, dodecane (HEdi, = 

0.8 J/cm3) appears to have only about two-thirds the 
orientational order of the attached dodecyl chain 
(1.15 J,!cni3). This inay be due to more mobility of 
the smaller niolec~~le.  Values of HEdis are higher than 
the average if the order breaker is a volatile com- 
pound (2,2-DMB or NEt,). or lower if it is a ster- 
ically hindered compound (SnPr,). These cases will 
be discussed later in the context of the , Y 1 2 ~ 1 - 1  
parameter. 

( B )  Steric Hintlrance Effc2c.r 
Coinparison ivitlz the StrR, Series 
Some unexpected exothermic heats have been 

found for non-polar systems \\.here one of the com- 
ponents of the mixture appears to be sterically hin- 
dered. This effect has been called either condensa- 
sation effect or steric hindrance effect. The corre- 
sponding negative contribution is H ~ ~ ~ ~ ~ . ~ ~ ~ ~ ~ . .  An 
example of such a system is 3,3-diethylpentane + 
t1-C8 measured by Mathot and Prigogine ( 1  1) whose 
negative heat ( -  80 J,:mol) could not be explained by 
the difference in free \lolume. In the SnR, series, 
the system SnBut, + br-C,, (-41 Jlmol) ( 5 )  was 
also much inore negative than expected. In this work. 
SnPr, + br-C,, ( -  84 J;mol) is another striking 
example of negative heats in non-polar systems 
which cannot be explained by the usual contribution, 
and particularly not by the difference in free volume. 
This steric hindrance contrib~ltion is likely to occur 
as well in systems where the total heat has become 
positive due to other contributions. In such cases, 
the experimental heat will be less positive than ex- 
pected by comparison with other systems. As seen 
in Table 1 ,  the same SnPr, ~nolecule gives a heat of 
mixing of 266 J i ~ n o l  \vith /I-hexadecane. This large 
value is due to the disordering of the alkane chains 
by SnPr,. However. the magnitude of the heat is not 
that Lvhich could be expected from those obtained 

with the other members of the series such as 522 
(SnMe,): 333 (SnEt,), and 354 (SnBut,). The ex- 
pected value intermediate bet\+een the ethyl and 
butyl derivative \\auld be about 350 ~ h i l e  an inter- 
polated value bet\+leen the butyl and methyl deriva- 
tive would be approximately 400 J:mol. 

The irregular trend of the heats can be better seen 
in Fig. 317 where the heats HE, of 11-C,, and tr-C8 
with the different members of the series have been 
plotted against tr the carbon at0111 number of the 
SnR, conipound. It is concluded then that these 
systems with a lower HE, involving SnPr, and SnEt, 
have a sizeable value for the negative contribution 
HE ,,,,,,, ,,,, which is larger than for the systems in- 
volving the methyl and butyl derivatives. Similar 
results have been found (10) in mixtures where 
SnLaur, and SnOct, are the second components 
instead of n - C , ,  and 12-C, ". 

Tlre Aniirres Series 
I n  Fig. 3a, HE, for the amines have been plotted 

against n, the carbon atom number of the NR, coni- 
pound. Comparison between Fig. 3 a and b indicates 
that the steric hindrance contribution occurs for 
NPr, and possibly NEt, but is less important than 
in the SnR, series. The lack of data on NMe, causes 
the coiiclusions to be less sure than in the case of the 
SnR, compounds. 

The molecular origin of this steric hindrance con- 
tribution is not very clear. It is possible that the low 
inability of the sterically hindered compound dimin- 
ishes that of the second component. An alternative 
explanation is the better packing in solution than in 
the pure state of the sterically hindered compounds. 
However, excess volumes obtained on these systems2 
d o  not seem more negative than expected as would 
be the case if the solution was packed better than the 
pure components. The similarity of shape between 
the two molecules which appear the most sterically 

'Bernard Rield and 6. Delmas. To be published. 
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TABLE 4. XI L.ii ' ( d i s o r d e r )  of d i f f e r e n t  ordered conipounds obtained w i t h  s e v e r a l  order b r e a k e r s  

Order breaker 
O l d e l e d  - 

c o n l p o u n d  b r - C ,  b r - C i 2  br-C,, 2,2-DMB NEt, NPr, NBilt3 SnEtl SnPl4 SnBut?  

"Assuming a separation of in different contributions as doric on the HE 
hAss~ln?ing that X,?, , ' ( t o t a l )  - X I > (  -!(disorder). 
<Reference 21. 
WHL nrsded hi the diference h;is heen interpolated. 
'Reference 3h. 
'Reference 5. 
QReference 6. 
"Lnpi~blis l~ed u o r h  i n  thts lab 

hindered, 3,3-diethylpentane (or CEt,) and SnEt,, is 
worth noting. A semiquantitative evaluation of 
HE,i,r,,i,,,, for five sterically hindered compounds 
and second components of different size have been 
given (21). 

Efeets of the State oJ'E.~,t~uiision of tlie Order 
Breaker 

Comparison of the heat of disordering alone for 
different order breakers cannot be done by using 
only H ~ , ~ ,  since: for instance, from 2.2-dimethyl- 
butane to br-C,, the free volume contribution in the 
11-C,, mixtures diminishes rapidly. Instead, com- 
parison can be made on the X 1 2 s l - '  parameter 
ivhich corresponds to the experimeiltal heats from 
which the free volun~e term has been subtracted. 
X 1 2 s l - 1  (disorder) call be obtained (Table 4) as 
HEdi, in tivo ivays: either by subtracting the values 
obtained for the branched alkane from that calcu- 
lated for the linear alkane (Fig. 40) or directly from 
the X, ,s , - '  tabulated in Table 2 (Fig. 4b, c). The 
reasonably small scatter of HEdis as seen in Table 3 
or  of X,,s,- '  in Table 4 is an indication that eqs. [ 5 ]  
and [6] are good assumptions for most of the order 
breakers. However, as X I ?  seemed to depend on the 
state of expansion of the order breaker, it has been 
plotted in Fig. 4 against the expansion coefficients of 
the order breaker. It is to be noted that the two 
methods of calculating X, ,s, ' (respectively, Fig. 
4 a ,  b, and c) give the same trend, although there are 
fewer points on the b and c curves. The smooth de- 
pendence of X I  ,s, (disorder) on a as seen in Fig. 4 
may have two origins: (I) Smaller molecules. i.e. 
molecules with a large Y, are more efficient order 
breakers than larger molecules, hence the increase of 
X,,s,-' or  of HEdi, for large a. (2) The negative 
steric hindrance contribution increases for large, 
more sterically hindered molecules, the effect of 
which would give the same trend for XI2s , - '  with 

a as in the preced~ng case. Several polnts have been 
added on Fig. 4 using ollgomers and polymers as 
order-destroyers. These points are with the dimes. 
tetranier, and the polymer of dimethylsiloxane (19) 
and polyisobutylene (14). Their X,,s ,- '  (disorder) 
follows undoubtedly the main curve because the 
shape of the polymer segment is not very different 
from that of the branched alkane or of the other 
non-polynierlc order breakers shown on the graph. 

The X12s, obta~ned w ~ t h  cyclohexane (a), SnMe, 
(n), and d~bromoethane (@) are q u ~ t e  outslde the 
general curve. The assumption needed to go from 
eq. [S] to eq. [6] is undoubtedly not valid in the case 
of these three order breakers. Excess heat capacities 
may give more understanding of these heats. It has 
been foundZ that cyclohexane and SnMe, have in 
common the unusual feature to give In decahydro- 
naphthalene solutions excess heat capacities which 
change sign with concentration. C," is positive in 
solutions rich in the globular component and nega- 

olon. tive in the other re,' 
Heats of  nixing of the trialkyl with the linear and 

branched alkanes have glven an  answer to two of the 
three questions detailed in the Introduction. Firstly, 
the magnitude of the heats seems to indicate that in 
alkane solution the trialkvlamines behave as non- 
polar compounds. A compensation of larger negative 
and positive terms to give these small heats is pos- 
sible but not very likely. Seco~ldly, the very similar 
magnitude of HEdi, with NLaur, and SnLaur, indi- 
cates no extensive contribution of intramolecular 
correlations of orientations. Had it been the case, 
HEdi, for the tetraalkyl derivative would perhaps 
have been twice as large as that of trialkyl. On the 
third point, i.e. the correlaticn in pure cornpounds 
of high P:' and high steric hindrance, it is not pos- 
sible to give a definite answer since the steric hin- 
drance effect is relatively small in NPr, and its P':' 
value is not very different from that of the other 
members of the series. 
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FIG. 4. X ,  x i  - '  (disorder) for long-chain compounds in J 
~ r n - ~  8\ versus r ;  the expansion coefficient of the order 
breaker. ( (1)  Ordered conipoundi 11-Ci6 (curve 1 )  and 11-Cir 
(curve 2): (0) ordered compound, SnLaur,: (c) ordered com- 
pound, NLaur,. Symbols for the order breaker molecule: 9, 
2,2-DMB: 0, br-C,,: A, NR,:  O ,  SnR,: x, dimer, te- 
tramer, polymer of dimethylsiloxane ( 1  9):  x, polyisobuty- 
lene (14). The points outside curve ( I )  in Fig. 4a and h corre- 
spond to the solution in ,z-C,, conipounds for which eq. [6] 
should not apply: 0, S n M e , : a ,  cyclohexane ref. 30: and @, 
dibromocthane (20). 
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cis- and trans-Platinum compounds of substituted pyrimidines and their products 
from thiourea in Kurnakov's reaction 
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PI-CHANG KONG and F. D. ROCHON. Can. J. Chem. 57.526 (1979). 
cis- and trans-[Pt(pm),X,] (M here pm = 2-ami1lopyrir-i1idine, 4-phenylpyriniidine, 4-methyl- 

pyrimidine and X = CI, Br) were prepared and characterized. The cis compounds were 
isolated from the reaction of K,PtCI, and pm in water, while ri.an.5-[Pt(prn),X,] was obtained 
by isomerization of cis-[Pt(pm),X,] in dimethylsulfouide. The cis- and irons-isomers react 
\vith thiourea (tu) to  gi\e different products (Kurnakov's test). 

tu 
trntls-[Pt(pm)2Xz] +irmu-[Pt(pm),(tu)& 

The con~plexes rrun~-[Pt(pm),(tu),]X, were isolated and characterized 

PI-CHANG KONG et F. D. ROCHON. Can.  J. Chem. 57.526 (1979) 
Les complexes cis- et truns-[Pt(pm),X,], oh  pn1 = an~ino-2  pyrimidine, phenyl-4 pyrimidine, 

methyl-4 pyrimidine et X = CI, Br, ont  ete prepares et caractCrises. Les composCs cis ont CtC 
isolts de la reaction de K,PtCI, avec pm dans l'eau, tandis que les composes trnns ont  etC 
obtenus par l'isomerisation de c D - [ P t ( p ~ n ) ~ C l ~ J  dans le dirnethqlsulphoxyde. Les isorneres cic 
et frnrl.\ reagissent avec thiouree (tu) pour donner des produits differents (test de Kurnakov). 

tu 
trtrrl.i-[Pt(p11i)~X,] --ttrans-[Pl(pri~),(tu),]X, 

Les complexes tt.crris-[Pt(pm)z(tu),]X, ont i t e  isoles et caractkrises. 

Introduction 
The discovery that cis-[Pt(NH,),Cl,] is an  effec- 

tive anti-tumor drug' has led a large research effort 
to synthesize complexes of the type ci.s.-[Pt(L),Cl,] 
which ~ o u l d  be active against a broad spectrum of 
tumor systems. Since fran.s-[Pt(L),CI,] has no anti- 
tumor activity and cis-[Pt(L),CI,] may isomerize in 
certain solveilis to trtr~zs-isomers, the configuration 
assignments of the structures and the choice of 
solvents used for dissolving drugs are important. 
Recently, Stetsenko er nl. (2) prepared t ~ v o  com- 
pounds from the reaction of K,PtCI, with 2-anii- 
nopyrimidine and 2-a1-ni110-4-phenyipyrirnidii?e iil 

aqueous solution. The conipounds habe an experi- 
mental formula [Pi(pm)ZCI,] (where pm = pyrimi- 
dine derivative). TIE compounds \\ere assigned to 
have the irons configuration (2). This assignment 
suggests that the chemistry of pyrimidine with 
K,PtCI, is not analogous to that of anlines and 
pyridine which give the cis-isomers in the same con- 
ditions. However, the evidence used to  assign the 

'The inost recent reports of the clillical status of the drug 
appear in a two-part issue of ref. 1. 

trat?.s configuration to the pyrimidine co~nplexes is 
not very conclusive. A more complete study of 
pyrimidine complexes was made in our laboratory 
in order to obtain more evidence for the assignment 
of the configuration. We have p~epared the ci.s.- and 
r i . ~ t ~ ~ - i s o n ~ e r s  of [Pt(p:n),Cl,] ~vhese pm = 2-amino- 
pyrimidine (2AP). 4-phenylpyrili~idile (4PhP), 4- 
methylp~rimidine (4MeP), and their bron~o-analogs 
and we h a ~ e  found that the ci.r-isomer isomerires to 
the ii.ai1.r-ison-~er in dimethyisulfoxide. T1:e results of 
K~~rnal iov 's  test (3) on the isonlers indicate that the 
pseeious assignment of the configuration was ~\;-on?g. 

h?icroanalyses \\ere perforiiied by Chemal:i.tics inc.. Tempe, 
.42,  U.S.A. Tnirared spectra were i~ieasiired as Kujol oi- 
he.tacl-ilorobutadiene inul!.: o r  KBr pellets oil a Perkin-Elmer 
621 grating spectrometer. Meltirig points mere measured on  a 
-. i-~sher-Johi~s apparatus and are uncol-1-ecred. 

The platinum salt was purchased from Johnson Matthey 
and Malloi-y and Mas recrystallired from mater. 4-Pheiiyi- 
pyrimidine and 4-methylpyrimidiiie were obtained from 
Aldrich and used :\ithoi:t furthei- purification. 2-.4mi;io- 
p)i-imidine (practical grade) from Eastinan mas purified twice 
from ivater by filtering i i i  aqueo:ls soliitior, throngh charcoal. 

0008-4042/79/050525-0-1S0! .OO/C; 
C ' l979 National Re\earch Council of Cariada/Conseil national d s  recherches du Canada 
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After recrystall~zation, the product \+as obtained as ~ h i t e  
crystals, mp 125 C (126 C (12)). 

Soll~rlon of K2 PtBr4 
K2PtCI, (0 83 g) and NaBr (0 5 g) were dissolved In 10 mL 

of water at room temperature. After 24 h the solutlon was 
ready to use 

cis-[PtlZAPj,X,] / X  = CI, Br) 
T o  an aqueous solution of K,PtX, (0.83 g of K2PtCI, in 

10 mL of water or 10 m L  solution of K,PtBr,) an aqueous 
solution of 2AP (0.6 g in 5 m L  of water) \ \as  added. The 
resultant solution was left at room temperature for 5 h 
(X = Br, 1 h). The yellow precipitate was filtered off, washed 
with water. alcohol, and ether, and dried at  80-C under 
\racuunl overnight. Yield 80% (65% X = Br). 

c i s - [ P t ~ 4 P l 1 P j ~ C l ~ l  
4PhP (0.65 g) dissolved in 15 mL of alcohol was added to 

0.41 5 g of K2PtC14 dissolved in 15 mL of water. A yellow pre- 
cipitate appeared after stirring the mixture at  room tenipera- 
ture. After 2 h,  the yellow precipitate was filtered off, Lvashed 
mith water and alcohol, and dried in a desiccator. When dried 
the product was d i sso l~ed  in 5 m L  diniethylformamide and 
filtered. Anhydrous ether (20 mL) was then added to the fil- 
trate and a precipitate appeared immediately. The yellow pre- 
cipitate Lvas filtered, Lvashed with ether, and dried at  100°C 
under \acuum overnight. Yield 5 0 z .  

cis-[Pri4P/~P),Br2] 
4PhP (1 e) d~sso l \ed  111 15 mL of alcohol \\as added to  10 m L  - 

solut io~i  of K,PtBr, at  room temperature with stirring. Three 
hours later, the precipitate was filtered off, washed with water, 
alcohol, and ether, and dried at  80 C under vacuum overnight. 
Yield 60%. 

cis-[Prl4MePj ,C12] 
4MeP (0.4 g) was added to  a solution of 0.415 g of K2PtCI, 

dissolved in 10 mL of H 2 0  at  room temperature with stirring. 
One  hour later, the precipitate was filtered off, washeti with 
water, and dried at 80 C o~ern ight .  Yield 55%. 

trans-[Pr{ptilj 2X21 
The ci5-conipound \\.as dissolved in a minimum amount of 

diniethylsulfoxide (DMSO). The DMSO solution was heated 
at  65'C \\ith stirring and 2 h later, the solution became cloudy. 
Three days later, the solution was cooled to room tenipera- 
ture. The precipitate was filtel-ed off and washed with DMSO,  
alcohol, and ether. It was dried at 80 C ~ l n d e r  vacuum over- 
night. Yield 75;;. 

trans-[Prlpti~j, l r t l )  ,]C12 
rrot1~-[Pt(pn1),Ci,1 (0.5 n~niol)  was suspended in 10 m L  of 

dimethylforrlianiide (DMF) with 0.38 g of thiourea (tu) and 
stirred overnight ( p ~ i i  = 2AP) or  10 h (pm = 4PhP). The 
yellow suspension became Lvhite. The conipound was isolated 
by filtration and sashed  with D M F  and ether. The compound 
was then dissolved in \vatel and filtered in order to remove the 
s1i1all amount of starting material (\\ater at room temperature 
for 2AP, a t  80 C for 4PhP). The aqueous filtrate was evap- 
orated to dryness \\ith a rotatory evaporator and a water 
pump. The compound \vas dried at  80-C under \acuum over- 
night. Yield 65%. 

t rans- [Pr l4PI1Pj~i r i~ j  ,]Br2 
ti~o/~.~-[Pt(4Phl'),BrZ] (0.5 ~ n i l ~ o l )  \\as suspei-ided in 10 m L  

of DMF \rith 0.38 g of thiourea and stirred overnight. The 
tinreacted starting material was filtered of? and a yellow- 

greenish filtrate was obtained. Ether (10 mL) was added to the 
filtrate and a white precipitate \\as obtained. The precipitate 
was isolated by filtration, mashed \\ith 20 niL of DMF-ether 
1 : 1 mixture, in 4 portions. It s a i  then nashed \\ith ether and 
dried at 80 C under vacuum o\ernight. Yield 70%. 

Results and Discussion 

K,PtCl, mixed with nitrogen bases (L) such as 
pyridine and an~ ine  in aqueous solutions gives a 
yellow precipitate, ci.s-[Pt(L),Cl,]. I n  similar condi- 
tions, pyri~liidine with K,PtCl, also gives a yellow 
precipitate with experimental formula [Pt(L),Cl,]. 
By analogy to the chemistry of pyridine and anline, 
the pyrimidine complex should also have the cis- 
configuration. However, con~pounds of 2-amino- 
pyrimidine and 2-amino-4-plienylpyrin~idine pre- 
pared in aqueous solution uere reported as having 
the trai7.~-configuration (2). The configuration assign- 
ment was based on the following: (a) one Pt-CI 
stretching band was observed in the infrared spec- 
trum. ( b )  on heating the conipounds uith pyridine 
(py). pyrimidine was displaced and trrrtis-[Pt(py),Cl,] 
was obtained. Actually, these two evidences are not 
very conclusive: ( u )  u e  have repeated the reaction 
and noted that if the c o ~ ~ i p o u n d  [Pt(2AP),C12] is well 
dried, the Pt-C1 stretching is not a single band, but 
a doublet, (b)  a final product: trun.c-[Pt(py),CI,], 
from the reaction between [Pt(pm),Cl,] and pyridine 
u a s  obtained, but it should not be used to justify the 
structure of the starting ~naterial, because isomeriza- 
tion can occur during the process of the reaction. 
For example, cis-[Pt(DMSO),Cl,] (4) and cis- 
[M(py),Cl,] (M = Pt (5) and Pd (6)) react with 
pyridine to give trans-[Pt(py),CI,]. T o  settle this 
controversy, both cis- and trans-isomers of [Pt(pm),- 
Cl,] are required. Usually, trans-isomers of pyridine 
and ailline complexes are prepared as f o l l o ~ ~ s  (7). 

HCI 
[Pt(L),]CI, +rrm~.,-[Pt(L),Cl,] 

H2O 

[Pt(L),]CI, can be obtained by refluxing (,is- or 
trat1.r.-[Pt(L),CI,] with an  excess of L. We tried this 
reaction to prepare [Pt(L),]Cl, from [Pt(L),Cl,] 
(L = 2AP, 4PhP) without success. 

A new method was found to prepare tha trar~s- 
isomer. The con~pounds of pyrimidines, [Pt(p:~~),Cl,l, 
isolated from an aqueous solution according to ref. 
2, were dissolved in DMSO at 65'C for 3 days. A 
lighter yellow precipitate was obtained. The results 
from the element analysis indicated that the experi- 
mental formula is the same as the starting material, 
[Pt(pm),Cl,]. But there is a remarkable difference in 
their properties, especially their solubility in DMSO. 
The lighter yellow precipitate is, at  least, 5 times less 
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TABLE I .  Element analysis, decomposing point of pyrimidine co~nplexes* 

Melting 
Compounds C H r\j X S point ('C) 

*Calculated \slue in first rob> 

soluble than the starting material. The infrared 
spectra of the 4-methylpyrimidine complexes are 
s h o \ ~ n  in Fig. 1.  The spectrum of the isomer from 
DMSO (a) shon,ed one single sharp band at 345 cm-I 
while the spectrum of the isomer frorn aqueous 
solution (b) showed two bands at 341 and 330 cm- ' .  
These bands are assigned as Pt--C1 stretching l~ibra- 
lions. The con~pounds of other pyrimidine deriva- 
tives sho\\ed the same Pt-C1 stretching as those of 
4MeP. There are two single bands from 4MeP 
ligands at  390 and 510 cm- '  in Fig. la,  while these 
two bands becorne doublets at  378, 390 and 500, 515 
cm-'. respectively, in Fig. 10. Therefore the infrared 
spectra suggest that the isomer isolated from the 
DMSO solution is the ircms-isomer while the starting 
material (isolated from K,PtCl, and pm in aqueous 
solution) has the cis configuration. This method has 
been used to prepare pyridine and picoline com- 
pounds. cis-[Pt(py),CI,] isolated from an aqueous 
solution was dissolved in DMSO and left at  room 
temperature for 5 days. Water was then added to the 
DMSO solution and the precipitate formed proved 
to  be tratis-[Pt(py),CI,] by infrared spectroscopy (8). 
From the infrared data and the isornerization of 
pyridine compounds in DMSO, the compounds with 
pyrimidine derivatives isolated from DMSO should 
be the trans-isomers. 

Very fortunately, the two isomers respond to 
Kurnakov's test in dimethylforrnai~de. l.e., ci5- and 
tratrr-[Pt(pn~),X,] react w ~ t h  thiourea (tu) to grve 
different products (3). 

t u 
[2 1 ~rwn\-[Pt(prn)~X,]  --i[l't(pm),(tu)& DMF 

The rate of the above reactioi~s are quite difTerent. 
Within I h; reaction [ I ]  is co~nplete and a clear 
yellow solution is obtained. However, 10 h is not 
enough for reaction [2] .  

The products from the above reactions can be dis- 
tinguished by their elemental analyses and their 
infrared spectra. The corifiguration of the isomers 
can no&/ be definitely assigned. The compou~ld from 
the aqueous solution is the cis-isomer and the com- 
pound from DMSO is the trans-isomer. 

Kurnakov's test was also tried in water and 
acetone at  room temperature. Both reactions [I]  and 
[2] were quite slo\v and only a small amount of 
product was obtained from the reactions. When the 
compounds were refluxed in water the test failed, 
both isomers gave [Pt(tu),]CI,. The test is reliable if 
the appropriate conditions and solvent are found 
and the compounds should be tested preferably in 
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FIG 1. Infrared spectra of ( t r )  cis-[Pt(4MeP),C12], (b) trnrls- 
[Pt(4MeP),C12] In Nujol mull 

pairs. If the trans-isomer is refluxed in uater without 
a parallel testing on the cis-isomer, it will be errone- 
ously assigned as the cis-isomer based on reaction [ I ] .  

Because of the s t e r i ~  hindrance of the phenyl 
group and the methyl group, the coordinating sites 
of 4PhP and 4MeP should be far from these groups, 
i.e. N, .  The binding site of 2-aminopyrirnidine is N ,  
(or N,) rather than the amino group. Cytidine and 
cytosine derivatives coordinate to platinusn t h r o ~ ~ g l i  
N, (9-1 1). The vN-, stretching of 2-aminopyrimi- 
dine is shifted to higher region upon complexation 

indicating that the asnino group is not involved in 
the bonding. 

l u  Fig. lcr, there is a band at  318 cm-' \\.liich 
becomes a shoulder in b because of the broad Pt-CI 
stretching very close to it. Free pyri~nidine ligands 
d o  not have bands around this position. It is assigned 
as Pt-N stretching with comparison to the coni- 
pounds of 4-methylpyridine having a Pt-7% stretch- 
ing band at  317 cn1-' (8). 

In  a previous work ( 5 ) ,  we have found a inethod 
to prepare t~uns-[Pt (pq. )~Cl~]  (py = pyridine and 
picoline) from D M F  solution of cis-[Pt(py),CI,] and 
p~ Pyrimidine collipounds can also be made by 
this method. Crystals of trails-pyrimidine ~01x1- 
pounds were obtained from a D M F  solution of 
cis-[Pt(pm),X,] and pm at  room temperature after 
1 to 2 weeks. 
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On the use of dilution calorimetry in the study of hydrogen-bonding self-association 
reactions: benzoic acid in benzene 

A N D  

C'etlti.c, tl'AppIic~ciiioti ell C~i/oi.itrrc;ti.ic~ et T l ~ e ~ ~ i t ~ o c l ~ t ~ c i t t ~ i c ~ i i r ,  D6pcii.tc'irretzt tie c.l~i~t!ic,, L1tlii.c,raiic; tie SIrci.hi.ooXc~, 
SI~c,i-hrooX(, (Qoc;.).  Ccii~ciclei .Ilk' 2RI 

TRICHUK KRISHSAS, WAYYE C ~ K L T O N  DUER,  SAUL GOLDMAN, and JEA>-LUC FORTIER. Can.  
J. Chem. 59.530 (1979). 

A calorin~etric dilution method was applied to the system benzoic acid in benzene at 25°C. 
Trio different calorimeters, a batch calorimeter (at Guelph) and a flow microcalorimeter (at 
Sherbrooke), mere used In this study. Our  results \{ere inconsistent with an ideal niononier- 
dinier model, bvhich had been used in previous calorimetric studies o n  this and other similar 
systems. Our  results mere consistent M ith an ideal monomer-dimer-trinier model, for which me 
obtained: K2 = 625 i 100 L mol, K 3  2 lo4 L2nio12 for the dimerization and trimeriration 
constants respectively, and AH,' = - 8.52 + 0.50 ltcal mol, AH,' = - 13.48 p 2 kcal mol 
for the molar enthalpies of dimerization and  trimerization, respectively. 

TRICHLR KRISHNAX, WAYNE CARL TO^ DUER,  SAUL GOLDMAN et JEAK-LUC FORTIER. Can. J .  
Chem. 57. 530 (1979). 

O n  a applique une methode de dilution calorinietrique a u  systeme acide benzoYquebenzene 
a 25'C. Deux calorimetres differents - un calorirnetre a masse (a Guelph) ct un microcalori- 
metre ecoulernent (a Sherbrooke) - ont ete utilises dans cctte etude. Nos resultats ne 
concordent pas avec un modele ideal monomere-dirnere q ~ i i  avait ete utilise dans des etudes 
calorimetriques anterieures sur ce systeme et d'autres semblables. Nos resultats sont en accord 
avec Lin modele ideal monomere diniere-triniere pour lequel on a obtenu des valeurs respectives 
de K2 = 625 i 100 L mol, K, = lo4 L2'mo12 pour les constantes de dimerisation et de 
trimerisation et des valeurs respectives de AH," = -8.52 + 0.50 kcal mol, AH,O = - 13.48 
i 2 kca1,mol pour les enthalpies molaires de dimerisation et de trimerisation. 

[Traduit par le journal] 

Recently, a number of papers have appeared which 
describe a calorimetric dilution technique that 
enables one to determine the thernlodynarnic quanti- 
ties AGO, AH0 (and AS0)  for self-association reactions 
that result from intermolecular hydrogen bonding 
(1-5). This technique is attractive because it is 
applicable to a wide variety of systems (5), and 
because it gives results rapidly. The method does, 
how-ever, require the assunlption that the heat evolved 
is due only to the change in the number of ideal 
molecular aggregates. When applied to carboxylic 
acids an  ideal monomer-dimes model \vas invariably 
assumed (2, 3, 5). 

Two fairly recent studies, however, cast doubt 
upon the validity of this model. In one (6) infrared 
data on the acetic acid - carbon tetrachloride system 
were investigated by the method of factor analysis. It 
was found that in all but the most dilute solutions 
species larger than dimers were present in appreciable 
concentrations. In  a second article (7) it was found 

that monomers, dimers, and trimers mere required to 
account for osmornetric data on benzene solut~ons of 
long-chained carboxylic acids. 

In view of these articles and the only fair agree- 
ment between the calorimetric results and those frorn 
others techniques for the benzoic acid in benzene 
system ( 5 ,  8-11), we considered it \vorthwhile to 
re-examine the calorimetric results. I11 the present 
work we used the results obtained from the heat of 
dilutionvalues measured in two different laboratories. 
A batch calorimeter in Guelph and a Picker flou 
~llicrocalorimeter in Sherbrooke mere used. 

Experimental 
The benzene (Fisher, B-245 reagent grade) was purified and 

dried as described elsewhere (I2), and  stored over molecular 
sieves (Fisher, 4 A). Traces of absorbed n~oisture in the benzoic 
acid (Analar, analytical reagent grade 9 9 . 9 2  assay) were 
removed by fusing in a platinum crucible at  135 5 5'C. Tmo 
separate analyses on  the final product by the sodium car- 
bonate - sodium hydroxide mcthod (13, 14) rcsi~lted in assay 
values of 99.97 and 100.COY,. 

A: the University of Guelph, the heats of dilution (A&,,)  

0008-4042/79/050530-0XS0 i .00/0 
1979 National Re\eal-ch Council of Can;ii!a/Conseil national d e  recherche\ du Canadr! 
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were measured with a batch calorin~eter, built by Dr.  W. C. 
Duer, which is similar to one described in ref. 15. With this 
instrument, fragile glass ampoules (capacity of - 5 mL) fitted 
with capillary side-arms (designed to minimize solvent eva- 
poration) were used for sample introduction. The heat of bulb 
breaking was found to be negligible. In all the experiments at 
Guelph the calorimeter vessel (volume of 200 mL) initially 
contained pure benzene and the ampo~~les  contained a known 
weight of a benzoic acid - benzene stock solution. Different 
final concentrations of benzoic acid in benzene were achieved 
both by using different concentrations for the stock solutions, 
and by varying the quantity of stock solution in the ampoule. 

The heats of dilution measured at the Universite de Sher- 
brooke were obtained with the con~inercial version (Sodev Inc.) 
of the Picker flow microcalorimeter. The principle of this 
calorimeter is described in detail else~vhere (16, 17). The 
measurements were done at a dilution ratio C,!Cf -. 2, where 
Ci and Cf are, respectively, the initial and final stoichiometric 
concentrations of benzoic acid in moliL. Due to the strong 
concentration dependence of the relative apparent molar 
enthalpy $, in the low concentration region (Fig. 1) we 
measured most of the AH,,, on the flow system with C, 5 0.1 M. 
The high sensitivity (1 x ^C)  of the flow microcalorimeter 
allows such measurements with good precision, i.e., 0.5% or 
better. 

The solutions were prepared by weight. Molality-molarity 
interconversions were made using solution densities, which 
were measured with a flow densinieter (18). The excess volunle 
of mixing was found to be negligible. 

The effect of the water content of the samples on the dilution 
data was checked and found to be appreciable, as already 
observed by Flitt and Jaycock and others (1, 19-21). Therefore 
special care was taken in both laboratories to minimize water 
contamination. This precaution was especially important in the 
flow experiments where the low concentration region was 
probed. The water content of all samples run on the flow 
system were therefore titrated before and after the dilution 
using an aquatest Karl Fischer titrimeter (Photovolt, model 
702). We kept only the AHdi, values for samples with less than 
25 pprn water, for reasons which are now explained. 

A number of preliminary trial experiments were run with the 
flow calorimeter, in which lvater was deliberately added either 
to the solution, or to the solvent, or to both. Two concentra- 
tions of benzoic acid were used in these trials: 0.04 171 and 
0.40 m. With 450 ppnl water in the solution, A$, was found to 
increase (i.e. become more negative) kith respect to the an- 
hydrous situation by about 15%, for both the 0.04 171 and the 
0.40 177 benzoic acid solutions. When 450 ppni water were 
present in both the solvent and the solution A+, decreased by 
about 5% with the 0.04 177 solutioll and it decreased by about 
15% with the 0.40 ti1 solution. In another experiment, where 
120 pprn water were added to the 0.04 w-r solution, A$, in- 
creased by about 2%. In still another set of preliminary experi- 
ments, two solutions of wet benzene containing 450 pprn and 
120 pprn water (but no benzoic acid) were diluted with an- 
hydrous benzene. The A$, values ohserved in these trials were 
negligible with respect to our experiniental uncertainty. These 
last experiments demonstrate that the effect of water on A$, is 
due to changes in the extent of hydration of benzoic acid, 
rather than to the heat of dilution of water in benzene. 

These observations made it imperative to reduce the water 
content of these solutions as far as possible. It was found, in 
practice, that by taking sufficient precautions it was possible in 
almost every run to reduce the total water content of our 
systems to 25 pprn or less. The water content of the solutions 
did not change significantly (the experimental uncertainty in 

0 2 01 0 3 C 4 05 

MOLARITY 

FIG. 1. Relative apparent molar enthalpy of benzoic acid in 
benzene at 25-C: solid line, this work; dashed line, calculated 
from K, and AH,' of Woolley and Zaugg (5). 

the mater analyses was 10 ppm) in the course of a dilution 
experiment. We found that when the water content of the 
solutions was within the range 0 to 25 ppm, the experimental 
A+,'s obtained from one run to the next were well within 
0.50% of each other, which is our experimental uncertainty in 
A$,. Consequently we retained only those data obtained with 
the flow system where the water content was 0 to 25 pprn. The 
order of magnitude calculation given below provides a theore- 
tical justification for the view that we can neglect the effect of 
water on our results provided the ~vater content of our solu- 
tions is less than 25 ppm. 

A previous study (which assunled a n~onomer-dimer model 
for the system benzoic acid in benzene) provides the following 
estimates for the hydration constants of benzoic acid in ben- 
zene at 25 C :  Kl l  = 12.4 L/mol; KIZ = 248 L2/lnolZ, Kzl = 
582 L2/n~o12 where K, ,, K,,, and K2, represent the hydration 
constants for the formation of the monorner-117onohydrate, the 
monomer-dihydrate, and thc dimer-monohydrate, respec- 
tively (22). In order to obtain an upper bound on the fractions 
of the benzoic acid species that were hydrated in our experi- 
ments with the flow calorimeter, we assume that all of the 
25 pprn (1.21 x 10-3 M) was in the form of free (i.e. non- 
bonded) water. Thus the maximum fraction of the benzoic acid 
monomer that can be hydrated in our solutions at 25-C is 
given by: 

Concentration of hydrated monomer 
F =  

Total inonomer conceiltration 
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TABLE 1 E~per~mental  heat of dilution data at 25.0 i 0 1 C using the batch solution calorimeter 

Run 1 Run 2 
- 

1 7 1 , ~  1 ? 7 ~ ~  X l o Z  AHdtlh 177," /?I," X l o2  AH,,,h 
(molal) (molal) (cal mol) (molal) (molal) (cal mol) 

-- - 

"n?, ,  1711 = stoich~ometric rnolality of benroic acid in benzene in the ampoule, and in the calorimeter (after the am- 
poule is broken), respecti\el) 

bAHd, ,  is the heat of d~lut ion.  

TABLE 2. Experimental heat of dilution data at 25.0 & O.lcC using the Picker flow micro- 
calorimeter 

Run 1 Run 2 
- 

Cia Cra AHoilh Cia Cf(' AHdi," 
(molar) (molar) (cal mol) (molar) (molar) (cal 'mol) 

0.001627 0.000813 510.5 0.003734 0.001867 493.6 
0.004097 0.002043 456.8 0.003734 0.001867 492.8 
0.005684 0.002845 449.3 0.004667 0.002335 449.8 
0.009890 0.004923 363.3 0.005665 0.002834 435.7 
0 .01  870 0.009312 289.8 0.008911 0.004462 385.5 
0.05695 0.02863 187.3 0.02066 0.01036 290.0 
0.07216 0.03629 169.8 0.03685 0.01811 235.9 
0.08472 0.04258 162.0 0.03685 0.01843 229.3 
0.12705 0.06390 133.3 0.10577 0.05288 147.4 
0.1880 0.09452 113.4 0.2632 0.1299 107.6 
0.2660 0.1337 98.53 0.2632 0.1314 102.0 
0.3276 0.1650 91.48 0.4430 0.2218 84.39 
0.4778 0.2406 79.87 

"C, and C ,  are the iliiual and final concentrations 
bAHd,l  is the heat of dilution. 

Similarly the rnaxivllurn fraction of dilner that can be hydrated 
in our experiments is found to be 0.001 1. 

Thus by keeping the water content of the benzene solutions 
to 25 ppnl or less we keep the extent of hydration very small 
indeed. 

Results and Treatment of the Data 

A total of 32 separate heat of dilution experimellts 
were carried out in two runs with the batch calorim- 
eter and 25 with the flow microcalorii~~eter. All the 
measurements were done at  25.0 + 0.l0C. The raw 

data from both sets of experiments are entered 111 

Tables 1 and 2 
It  is collventional to report heat of dllutlon data 111 

terms of 4,. After several trlal calculat~ons, \+e found 
that the data obtained n l th  the batch c a l o ~   meter d ~ d  
not extend suffic~ently into the d~ lu te  concentratloii 
reglon (Flg 1) to make such a reformulat~on either 
meaningful or useful Howeber, the data from the 
flow calorlineter d ~ d  extend to low enough concentra- 
tions to make t h ~ s  re-formulation northuhlle. 
Therefore, the data In Table 2 \+ere treated by a 
large-scale graphical lnterpolat~o~l procedure. slmllar 
to one that had been used previously in the Sher- 
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TABLE 3. Relative apparent molar enthalpy (- rjbL) of benzoic 
acid in benzene at 25 C from a graphical interpolation 

procedure 

M 
(molar) 

- $L 
(cal mol) 

1673 
2161 
2426 
2567 
2663 
2945 
3083 
3166 
3227 
3272 
3308 

M 
(molar) 

brooke laboratory. The smoothed $, values so ob- 
tained are entered in Table 3. While a direct com- 
parison of data i11 Tables 1 and 2 is not possible 
(because of the different concentration ranges 
involved and the difficulty of gettinr 4,'s from the 
data in Table 1) an  indirect colliparison (see text 
below and Table 4) indicated that the data from the 
two laboratories were consistent. 

The principal source of error in the evaluation of 
4, stems from the required extrapolation to ~nfinite 
dilution. While a large number of experime~lts on the 
flow system were run with C,  < 0.1 M in an  attempt 
to minimize this uncertainty, a substantial residual 
error in the extrapolation reinained. We estimate that 
the extrapolation led to an uncertainty of about 
+250 cal/mol in the absolute values of +,. The un- 
certainty i11 the values of A$, was of course much 
less. We estimate that for 8 x lop4  M I C 0.5 /If, 
the values of A$, are correct to f 0.57  or better. 

;Monomer-Dirrzer Model 
Several methods can be used to obtain values for 

K2 (the di~nerization coiista~lt) and AH,' (the 
enthalpy of dimerization) from heat of dilution data 
(1-3). 

In this section we describe two methods that were 
applied to our data. For the diinerization equilibrium 

2M F? D 

wherein the inonomers and diiners are each assumed 
to be ideal (see ref. 1 and belo\+): 

Ill K2 = [Dll[MI2 

[2 I [Cl = [MI + 2[Dl 

where [C] is the stoichiometric concentration of the 
solute and [MI and [Dl are the monomer and dimer 
concentrations. respectively (mol/L). Combi~iing 
eqs. [ I ]  and [2], one gets 

Method I 
4, can be related to the enthalpy of dimerization 

by the following equation 

[41 [C14, = AH,'[DI 

Using eqs. [ l ]  and [2] .  eq. [4] call be rearranged to 
give equation : 

Thus a graph of 4, vs (-+,/[C])' leads to the 
evaluat~on of AH,' and K, from the ~ntercept and the 
slope of the best h e a r  fit In fact, the plot of our +, 
results a c c o r d ~ ~ i g  to t h ~ s  equat~on shons a sllght 
curve a ~ t h  values for C < 0 1 1M as call be seen froin 
Fig 2 We w ~ l l  retulli to this point later. A Ilnear 
least-squares fit gave K, = 400 L'mol and AN,' = 
-7 6 kcal/mol 

Method 2 
It was found by experience that the values of AH,' 

and K, that mere obta~ned by method 1 \$ere strongly 
dependent 011 the absolute values of 4, \ $ h ~ c h  mere 
used with eq [5] As explained previously, the 
absolute values of 4, were subject to cons~derable 

TABLE 4. K z  and AHzO for benzo~c acid In benzene at 25'C calculated on the basis of an 
ideal monomer-d~mer model 

Method of data 
Data source treatmenta K, ( L  niol) - AHzO (kcallmol dimer) 

This work, 
Table 1 Method 2 458 7 . 7  

This work, 
Table 2 Method 2 500 8 .4  

This work, 
Table 2 Method 1 400 7 . 6  

Reference 5 Method 1 400 i 1 OOh 7 . 3 i 0 . S h  

P'LMethod 1 '  and 'method 2' are described In text. 
bThese standard deviar~ons \\ere obtained from Professor Earl Woolley in a private communication. 
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FIG. 2. Relative apparent molal enthalpy of benzoic acid in 
benzene at 25'C displayed as suggested by eq. [ 5 ]  (rnonomer- 
dimer model, n = 2) and eq. [7] (monomer-trimer model, 
12 = 3). 

uncertainty drle to the uncertainty in the extrapola- 
tion to infinite dilution. Therefore, it n.as desirable to 
treat our data by a second method. This method \vas 
applied to  the data from both the batch and the flow 
calorirneters. 

This method is an  iterative procedure that call be 
sulnrnarized as follons: first an  initial value for K, is 
chosen, and eq. [3] is used to calculate the change in 
the ~ i u ~ n b e r  of mole of dimers All, = 11, - ui for 
each dilution experiment (the subscripts i and f refer 
to  the initial and final states). Then the enthalpy of 
dimerization. AH,', is computed by means of 

where [Dl means d i~ner  concentration, V means 
volume, and q is the value of the measured heat 
change in the calorimeter. 

The calculatiori is carried out for all the experi- 
mental values and subsequently an average and a 
standard deviation is obtained for AH,'. These 
calculations are repeated for a nurnber of values of 
K2. The 'best' values of K2 and AH,' were obtained 
from that pair of values for which tlie standard 
deviation of AN,' was a minimum. When this 
procedure was applied to the data in Table 1 we 

obtained: K2 = 458 Limol: AH,' = -7.7 kcal/mol 
dimer. When applied to the data in Table 2 we found 
K2 = 500 L,imol; AH,' = -8.4 kcal/mol dimer. 

The values of K, and AH,' from both methods are 
grouped together in Table 4, together with the values 
for these quantities reported previously by Woolley 
and Zaugg (5 ) .  These authors used the I $ ,  method on 
their calorin~etric data which were obtained by a 
titrimetric procedure. 

Several points are immediately apparent from the 
entries in Table 4. First the data obtained by the 
batch and tlie flow calorimeters in this work are 
rnutually consistent, and they are both coilsistent 
with Woolley and Zaugg's data. Also, the uncer- 
tainties in this and in Woolley and Zaugg's work are 
of cornparable magnitude. Thus the A+,'s obtained 
here and in Woolley's work are consistent. The 
discrepancy in the ~ b s o l u f e  I $ ,  values (apparent from 
Fig. 1) obtained in this and in Woolley's work is a 
consequence of the fact that accurate absolute +, 
values require very accurate data in the dilute solu- 
tion regime. The titrimetric procedure used by 
Wooliey and his collaborators inadequately probes 
this dilute solutio~l region. 

Of course, co~lsistency of the above results really 
aniou~lts  to little more than a data check and cer- 
tainly this consiste~icy does not prove the validity of 
mononier-dimer model. Indeed we are prompted for 
several reasons to be suspicious of this model. First, 
other authors using methods as diverse as infrared 
spectroscopy (6) and osrnometry (7) found that larger 
species in addition to dimers were required to account 
for their data on carboxylic acids in n o ~ ~ a q u e o u s  
solvents. Second, the values listed ~ I I  Table 4 for K2 
are s o m e ~ h a t  lower than what is expected from 
previous studies invoi\.ing other experimental tech- 
niques. This discrepancy is demonstrated by the point 
with the symbol TJ in Fig. 3. We believe that the 
titri~netric calorinletric method employed by Woolley 
et 01. gives more weight to the high concentration 
regime than d o  other experimental methods, so that 
the K, values extracted from the titrimetric data are 
too low. Third, we were bothered by the slight 
curvature, which we believe to be real, in the +, vs. 
(-+L/i[C])l plot (Fig. 2: upper graph). This curva- 
ture is apparent when a large scale graph is used. The 
scaling down and distortion that occurs on photo- 
graphic reproduction makes this curvature un- 
observable in the upper graph of Fig. 2. We reasoned 
that if aggregates larger than di~ners were present in 
our solutions, then the use of a monomer-diiner 
model should result in a concentration-dependent 
K,. To test this idea me evaluated K, and AH,' from 
AHdi ,  by applying method 2 to different concentra- 
tion ranges. We split up our data from the batch 
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FIG. 3. Various values of K2 (molar) for benzoic acid in 
benzene using the ideal monomer-dinler model: A, infrared 
(8); a, isopiestic method (9); 0, ebullioscopy (10); 0, 
cryoscopy (11); V ,  heat of dilution (5); x ,  heat of dilution 
(this work with trimers included in the data treatment); solid 
line is linear least-squares line through all the values. 

FIG. 4. The dimerization equilibrium constant (K,) as a 
function of concentration. 

and K, the trimerization constant. We applied eq. [7]  
to the data in Table 3 ;  the results are plotted as the 
lower curve in Fig. 2. As is seen from Fig. 2, a very 
obvious curvature results. I t  was co~lcluded that this 
model was clearly inconsistent mith our data, and it 
was pursued no further. 

Monomer-Dirner-Tri171er Model 
calorimeter (Table I )  into two sets. In the first, the we next decided to fit our data to an ideal 
final solution collcentration (i.e. the concentration of monomer-dimerptrimer model,  hi^ model is the 
the solution in the calorimeter after the ampoule is simplest logical extellsion of the ideal 
broken) was always less than some selected value and dilner and, as previously mentioned, it has 
in the second it was always greater than this value. been used to account for oslnometric data on solu- 
The of a number of such calculations clearly tions of long-chained carboxy]ic acids i n  benzene (7) .  
showed that K?. dropped wit11 increasing concentra- Of course ill taking this approach we assume that the 
tion. This concentration-dependence of K, is even deviations we observed from the ideal monomer- 
more obvious with the data from the flow calorimeter dimer model are not due to non-ideality the 
(Table 2, since there the were measured \vith monomers and din1ei-s themselves. While this is an 
solutions covering a wide range of initial concentra- unprovab~e assumption at  present, it is consistellt 
tions, i.e., 0.0°16 < ci < 0.48 M. In Fig. 4, we with lnuch previous ky0i-k in this area (e.g. see ref. 1 
plotted the of for each AFil and references contained therein) and it is partially 
(Table 2, eqs. [61 and [31, assumi~lg AH2 = supported by the evidence that molecules that are 
- 8525 cal/mol dimer (our 'best' value, details given geometrically similar to bellroic acid but do not have 

and setting the = (Cf + a carboxylic acid group (e.g. chlorobe~lzene) are very 
Ci)/2. It is clear from Fig. 4 that when the ideal nearly ideal up to of - 1 M in llon- 
monomer-dimer is applied to our data, the values of aqueous solvents  ( 1 ,  23). ~h~ approach described 
K, that result are strongly concentration-dependent. below is silnilar to one that has been previously 

In view of these results, \ve considered it  worth- described (4). 
while to pursue other models, in an attempt to better F,, the case where trilners are assumed to comexist 
account for our data. in equilibriunl with monomers and dimers, the 
Monomer-Trimer Model relevant equations (assuming all the species behave 

This is an obvious alternative to the monomer- ideally) are: 
dilner model. Using the same approach as was taken [g 1 [C]  = [MI + ~ K , [ M ] '  + 3K3[MI3 
in the monomer-dirner case (method 1) one can show 
that for the case of an ideal monomer-trimer 191 q = An,AH,' + A n T A ~ , '  
equilibriulll (1) : 

[ l o ]  [C]+, = Af f20[D]  + AH3'[T] 
AH ' 

[7] +, = - 
where the trirnerization constant K, and the enthalpy 
of trimerization AN,', refer to the process : 

where AN,' is the molar enthalpy of trimerization 3M F? T 
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TABLE 5. Values of the dimerization constant (K,), enthalpy of dimerization 
(AHZo), trimerization constant (K,), and enthalpy of trimerization (AH,') 

of benzoic acid in benzene at 25'C from heat of dilution measurements 

Value 

Parameter Flow calorimeter Batch calorimeter 

K, (L mol) 625" - 

AH,O (cal, mol d~mer )  - 8 525" -- 

K, (L2, mo12) 9 000" 
AH?' (cal mol trlmer) - 13 475+ 100 - 12 9 7 5 ~ 4 3 5 ~  

5 e e  text for d~scuss io~ i  of the ~ ~ n c e r t a ~ ~ i t i e s  in 
TCa~culated using K 2  = 625, AH20 = 8 5 2 5 .  

these quantities. 
and K ,  = 9000. 

I11 eq. [9], An, is the change in the number of moles 
of t r~mers  in a dilution experiment. To  obtain unique 
values for the four constants K,, K,, AH,', and AH,' 
we proceeded in two steps. F ~ r s t ,  we d ~ v ~ d e d  the data 
in Table 2 Into two sets, one * ~ t h  C, < 0.1 M and the 
other with C, > 0.1 IM. Then we used an  iterative 
procedure as follons For the set C, < 0.1 M u e  
assume only monomers and dimers are present to get 
a first estimate of K, and AH,'. Then these valucs of 
K,, AH,' are used in the Ci  > 0.1 M set to calculate 
a first estimate for K, and AH,'. These last values are 
now used to get ail improved pair of values of K,, 
AH,', from the dilute range. The entire procedure is 
repeated until the values obtained for the four con- 
stants stabilize. As a final step, all the data in Table 2 
are combined into one set and the iterative calcula- 
tion is repeated, starting with the last values of the 
four constants, until the standard dcviation (sd) for 
all the 25 points is minimum, where 

The values we thus obtained for the four constants 
are grouped in Table 5. Since it is not possible to 
obtain unique Jlalues for the four constants K,, K,, 
AH,', AH,' using the data frorn Table 1 alone, the 
stock solutions used being too concentrated, we 
utilized these newly obtained results (K, = 625 
L/mol, AH,' = - 8525 ca1,'mol dimer, K,  = 9000 
~ ~ 1 m o I ~ )  to calculate a value for AH,' using the 
batch calorimeter data. The value thus obtained for 
AH,' is also entered in Table 5. As is seen from 
Table 5, both values of AH,' agree to within their 
estimated standard deviations. 

The entries in Table 5 provide a good fit to the data 
in Tables 1 to 3 in that the calculated values of AHdil 
were found not to deviate in any systematic (i.e. 
concentration-dependent) way from the correspond- 
ing experimental values. In other words these values 
provide a good fit to sets of A+, values that can be 
constructed from the +, values in Table 3. 

The uncertainties in the values K ,  and AH,' given 
in Table 5 are probably close to those that are 
deduced from thc entries in Table 4 (i.e, sd K, - 

100; sd AH,' - 0.5 kcalimol dimer). It is much 
more difficult to assess, even roughly, the net un- 
certainties in K, and AH,'. (The values of & 100 and 
k 4 3 5  cal given in Table 5 for AH,' are conditional 
uncertainties in that they depend on K,, AH,', and 
K, being perfectly correct.) This is because there is no 
concentration region in which trirners are the clearly 
predomil~ant species. From unpublished trial calcula- 
tions, however, we feel that AH,' is probably correct 
to within 2 kcal, and that K,  is of the right order of 
magnitude. 

Discussion 

Our values of K, and AH,' calculated from the 
monomer-dimer-trimer model are in good agree- 
ment \bit11 those obtained from other ~ o r k  (Fig. 3). 
The slope (d log K,,'d(l;'T)) through all the points 
leads to AH,' = -8.0 kcal/mol dirner compared 
with - 8.5 in the present m ork. Also our value for K, 
(625 Limol) falls almost perfectly on the least- 
squares line. 

I t  renlains to account for the quasi-linearity of our 
4, vs. ( - +LjC)112 plot (Fig. 2, upper graph). To  get 
better insight into this type of plot, we evaluated 4, 
and (-$,/C)ll' using eq. [lo] for different values of 
K,, keeping K,, AH,', and AH,' fixed a t  the values in 
Table 5. The results of these trial calculations showed 
that linearity of a +, vs. (-+L/C)'/2 plot is a poor 
criterion for the validity of the monomer-dimer 
model. For example: using K, = 90 000 (i.e., 10 
times our estimated value) which leads to  an  im- 
portant relative contribution of trirners to the 
stoichiometric concentration (for C = 0.10, the 
fraction of acid in monomer: dimer : trimer form 
~vould be 0.06 : 0.42 : 0.52), the 4, vs. (- +L/C)1.'2 plot 
manifests only a slight curvature, which may, 
depending on the quality of the data, be considered 
almost negligible relative to experimental error. 

Our value of AH,' per mol (AH30/3 = -4.49 
kcal/mol) is slightly more negative than AH,' per 
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FIG. 5. F(Ar) is the fraction of the stoichionietric benzoic acid concentration present as monomers, F(1);  diniers, F(2); 
and  trimers, F(3). Curves obtained by eq. [8] with K ,  = 625 L,'mol and  K ,  = 9000 LZImol2 .  

mol (AH201'2 = -4.26 kcal,!mol). This trend in 
enthalpies has been noted for carboxylic acids in the 
gas phase (24), for lo11.g-chained carboxylic acid in 
benzene (7) and from quantum mechanical calcula- 
tions (25). Also, our relative values of K, to K, are 
such that trimers make a significant contribution to 
the stoichiometric concentration for concentrations 
beyond 0.01 M. This is illustrated i l l  Fig. 5, and is in 
line with what has been found for long-chained 
carboxylic acids in benzene (7) and for acetic acid in 
carbon tetrachloride (6). 

W e  conclude, that except for very dilute solutions 
(i.e., less than M), the ideal monomer-dimer 
model is of questionable value in the study of 
carboxylic acid self-association. For  this reason, we 
believe that studies of H-bonding or self-association 
by the calorimetric dilution method have to be done 
in such a way that the dilute concentration region is 
well characteri7ed, and this requires a highly sensitive 
microcalorimeter. 
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Modelling of interactions in solutions: alkali halides in DMSO 
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PEETER KRUUS and BARBARA E. POPPE. Can. J. Chem. 57.538 ( 1979). 
A model of solutions of alkali halides in DMSO is developed. Each ion is described by a 

radius, a charge, a polarizability, and an exponential repulsion parameter. Each molecule is 
described by a polarizability, charges, 6-12 energy parameters, and 6-12 distance parameters 
centered on each of the 10 atoms in the molecule. The model is applied to calculate ( i )  the 
vaporization energy of solvent molec~~les, (iij single ion solvation energies and configurations 
of the solvating molecules, and (iii) the energy as a function of reaction coordinate for the 
formation of an ion pair. The energies and configurations are obtained by allowing the systems 
to relax to minimum energy configurations by allowing motion of the molecules. The results 
of ( i )  give a vaporization energy 6 0 z  of the experimental. The results of ( i i)  give solvation 
energies in reasonable agreement with the experimental, and configurations which are reason- 
able from the point of view of mobilities of ions. The results of (iii) show the presence of a dis- 
tinct solvent separated ion pair ~ h i c h  actually has an energy lower than the contact ion pair. 
Advantages and problems involved in using this approach to model solutions are discussed. 

PEETER KRCCS et BARBARA E. POPPE. Can. J. Chem. 57.538 ( 1979) 
On a diveloppe un n~odele pour les solutions d'halogknures alcalins dans le DMSO. On 

decrit chaque ion gr2ce a son rayon, a sa charge, a sa polarisabilite et a un parametre de 
repulsion exponentielle. On decrit chaque molecule griice a sa polarisabilitt, et a des charges et 
des parametres d'energie de distance 6-12 dont le centre coincide avec chacun des 10 atomes 
de la molecule. On a applique le modele pour calculer ( i j  I'energie de vaporisation des molecules 
de solvant; ( i i)  les energies de solvatation des ions uniques et les configurations des molecules 
solvatantes: et (iii) I'energie en fonction des coordonnees de la reaction conduisant a la forma- 
tion d'une paire d'ions. On a obtenu les energies et les configurations en permettant au 
systernes d'atteindre des configurations d'energie minimale griice au mouvelnent des n~olecules. 
Les rksultats de ( i )  conduisent a une Cnergie de vaporisation qui est egale a 60% de la valeur 
experimentale. Les rtsultats de (iij conduisent a des energies de solvatation qui sont en bon 
accord avec les valeurs experirnentales et a des configurations qui sont raisonnables du point 
de vue des mobilites des ions. Les rCsultats de (iii) indiquent la presence d'une paire d'ions 
definie qui est separee par le solvant et dont I'energie est plus faible que celle d'une paire d'ions 
en contact. On discute des avantages et des problemes impliquees dans I'utilisation de cette 
approche a des sol~~tions modeles. 

[Traduit par le journal] 

Introduction An approach intermediate to the two limiting 

Modelling of solutions can be approached from 
two extremes: by consideration of a large number of 
necessarily simple particles, or by detailed, quantum 
mechanical consideration of a necessarily small num- 
ber of particles. Realistic models of solutions con- 
taining geometrically more complicated molecules 
can be difficult to achieve via either of these ap- 
proaches. The configurations present in solutions 
can be quite sensitive to the detailed geometry of the 
molecules, so that description by spheres, ellipsoids, 
quadrupoles, etc. is not satisfactory. At the same 
time, it may be necessary to illclude several molecules 
in any realistic model of a solvated species, so that 
reasonably accurate quantum mechanical calcula- 
tions are prohibitively expensive. 

approaches was introduced for dimethyl sulfoxide 
solutions in ref. 1, where the geometry of the solvent 
molecules was described in detail. Similar approaches 
have been used for calculations involving interac- 
tions of very large molecules (2), conformations ( 3 ) ,  
liquids (4), crystals ( 5 ) ,  and hydration of ions (6 ) ,  
nonelectrolytes (7)> and even macromolecules (8). 
The intermolecular potentials used in these cases 
vary, but include primarily r - I  terms between point 
charges on atoms, r . -6  attractive dispersion terms, 
and repulsive terms ( I * - "  or exponential). The inter- 
molecular potentials used are in several cases cal- 
culated with the aid of quantum inechanics (e.g. 
refs. 2, 3 ,  5, 6, 7) ,  but the subsequent calculations 
involve only sums of pair potentials, with no further 
a l lowa~~ce for charge transfer or three body effects 

'Present address: Bell Canada, Ottawa K1G 354. (9, 10). 

0008-4042!79!050j38- 1450 1.0010 
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Various n~olecular models of solvation of ions 
are summarized in ref. 11. Solvation of ions by 
organic solvents have bee11 modelled by an  approach 
similar to the above (12), but only one acetonitrile 
molecule was considered. There have been several 
complete quantum mechanical calculations involving 
methanol (13), formic acid (14): acetonitrile (15): 
and other solvents (16), all using the C N D 0 / 2  ap- 
proach. The absolute values obtained are in some 
cases in very poor agreenlent with experiment (13, 
14), and the stabilization energies between Lit  and 
acetonitrile predicted in refs. 15 and 16 differ by 
320 kJ mol- '. 

Large numbers of quantum mechanical calcula- 
tions involving Ivater niolecules have been made 
(e.g. ref. 17). Classical calculations involving dipoles, 
induced dipoles, quadrupoles, polarization, disper- 
sion, and repulsion (18) give results for hydration of 
alkali rnetal ions which are essentially the same as 
the quantum inechanical SCF calculations (19). The 
repulsion parameters in the calculations in ref. 18 
were empirically selected, however. 

Different approaches to nlodelling of solutions 
are put in perspective in ref. 20 where three ap- 
proaches are compared for simple solvents (H,O 
and NH,). The calculations presented here would 
fall under the discrete,model, with contributions of 
the same type as those in ref. 20: electrostatic, dis- 
persion, repulsion, and polarization. No  allowance 
for any charge transfer (donor-acceptor) effects (21) 
is allowed for. This model is simple enough so that 
a system of up to 2 ions and 16 dimethylsulfoxide 
(DMSO) can be considered. However, as in ref. 20, 
a statistical niechanical (e.g., Monte Carlo) treat- 
ment is not feasible for such a cornplex system due 
to lack of computer resources. Thus thermal effects 
are neglected, and systems are simply allowed to 
relax to a ~ninimum energy configuration. 

The results of such caiculations for DMSO are 
presented here in three stages: (i) pure solvent, (ii) 
ion solvation, and (iii) ion pairing. DMSO was 
chosen as the solvent model nlolecule because sev- 
eral aspects of DMSO had been investigated pre- 
viously (1). I t  is also an important substance in its 
own right (22) and may be useful as a standard sol- 
vent for electrolytes (23). Only systems with uni- 
valent spherical ions were considered here. The ap- 
proach can be readily extended to structurally more 
complicated charged species and to other solvent 
species, as well as to mixed solvents. 

Computations 
l a )  M o d ~ l  

The model of the DMSO ~nolecule chosen is an 

extension of that in ref. 1 ,  with the geometry of the 
molecule and the charges on the atoms the same 
(Table 1). The charges \vere calculated in ref. 1 using 
experinlental data on DMSO, dimethylsulfide, and 
methane. The geometry of the DMSO niolecule was 
that obtained from X-ray data (24). 

I11 ref. 1, the polarization was described by 9 bond 
polarizabilities, each with a transverse and a longi- 
tudinal component (25). Here each DMSO molecule 
was assumed to have a scalar polarizability rx = 8.37 
x cm3 (26) close to the sulfur atom (1.22 A 

from the 0 atom along the dipole axis). The position 
of the scalar polarizability was chosen so that ener- 
gies obtained in calculations hith the scalar polar- 
izability were close to those obtained with polar- 
izabilities on each of the 9 bonds. The value of the 
polarizability used (8.37 x lo-," cm3) is a calcu- 
lated value (26); it is somewhat lower than the value 
9.32 x cm3 obtained by summing over the 
bond polarizabilities used in ref. I ,  but somewhat 
higher than 7.97 x c1n3 calculated from 
molecular volume and dielectric constant (27). The 
use of a scalar polarizability instead of 9 matrices 
saves considerable computational time. 

Repulsive and dispersion forces between DMSO 
molecules \vere described by 6-12 distance and 
energy parameters positioned on the centres of the 
10 atoms in each molecule (Table 1). These param- 
eters were calculated so that the atom-atom energy 
minima were the same as those used for calculations 
of lattice energies of crystals of organic molecules 
(5). The distance parameters were obtained by noting 
the 0-- -H distance (2.34 A) in DMSO crystals (24), 
and from Lennard-Jones distance parameters of 
O,, CS,, and COS (25). Attempts to use an  r - 6  
attraction and an exponential repulsion as in ref. 2 
were discontinued because of the difficulty of speci- 
fying a precise energy minimurn for the interaction 
in that mathematical form. 

The radii and the polarizabilities of the ions are 
the same as those used in ref. 1, i.e. from refs. 28 
and 29, respectively. The repulsions are assumed 
exponential, with the power 2.94 (Table 2) and the 

TABLE 1. Parameters describing a DMSO molecule* 

L-J energy L-J distance 
parameter parameter 

Atom Charge/lO-lOesu ergu2 VIA 

0 -1.63 11.80 1.40 
S -0.474 5.47 1.56 
C f 1 . 6 6  5.14 1.50 
H -0.202 5.09 0.94 

*r . , , (r )  = 4 ~ [ ( 0 / r ) ' ~  - ( ~ / r ) ~ l ,  E = E,E,.  G = ox 0,. 
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TABLE 2. Energy contributions concidered in calculations (expressions for cgs esu units) 

ETOT = EAC + ECD + E,D + 
E,c = EACP + E A C I  + E I I R  

E ~ C ~  ~ & ~ c ! ~ A , c  

EAC, = q,q,(mc + a,)1(2r,,c4) 

El l ,  = 0.243 x 1 0 "  exp [- 2.94(rA, - (0, + o,))] (in erg) 

ECD = ECDP + ECDI + E D I R  

ECDP = qc C ~ i , ~ ; i . c . ~ , ,  
L.J 

for i = 1, 16; J = 1, 10 

for i = 1, 16 with 
P, = zo(Fc,i + FA.I) 
F c , ~  = qcrc ,L; r~ , t~  

ED,, = 10 .082  x 10- l2  exp [-3.98(r., :,,, - (o,,, t oc))] (in erg) 
2 , j  

for i = 1, 16; j = 1, 10 

EAD = EADP + E.<DI + ED,, 

Expressions for E,,, contr~butions are analogous to those for E,, contributions. 

ED, = E P P  + E P I  + E I I  + EL,, + EDDR 

1 ci,j + Oh.' 
E~~~ = P-Z 1 4 ' l , j ~ k . i  

2 i,,  L , l  

i = 1, 16: j = I ,  10; k = 1, 16; 1 = 1, 10; i # k 

pre-exponential factor 0.243 x lo-" erg chosen 
after ref. 28. Son-atom repulsions are also assumed 
exponential with a power 3.98 (Table 2) taken fol- 
lowing (30). A pre-exponential factor 0.082 x 10-l2 
erg - 2kT is chosen for ion-atom repulsion, as a 
repulsion of this order of magnitude would be ex- 
pected when the ion and an atom are at their 'hard 
sphere' distance. A change in the pre-exponential 
factor is equivalent to a change in the ion and/or 
atom radii. 

Table 2 lists the interactions which are included in 
the calculations. Induced dipolespi are assumed to be 
due to  the ion fields only. Thus polarization of both 
the ions and other molecules due to fields of mole- 
cules are neglected. As pointed out in ref. 1, some 
additional terms are also neglected in dividing up the 
interaction between molecules in the field of ions 
into E,,, E,,, and E,,. A minimum distance of ap- 

proach to the center of polarizability was specified 
to prevent an unrealistically large induced dipole 
moment for the case of small ions. The polarizability 
was assumed shielded by an amount equal to the dis- 
tance (radius) parameter o for sulfur. 

The polarization of the molecules and ions is as- 
sumed linear, and any distortion of the geometry 
of DMSO molecuies by the field is neglected. The 
DMSO are assumed rigid at all times, so that rota- 
tion of methyl groups is also not taken into account; 
the significance of this approxin~ation is discussed 
in ref. 1. Other effects which are neglected are: (i) 
London dispersion forces between ions and molecules 
and (ii) any charge-transfer (21) or quantum me- 
chanical effects. 

The validity of the choice of the above model will 
be discussed following presentation of the results 
obtained using it. The parameters used mere chosen 
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as far as possible from experimental data in the 
literature. There was no adjustment of these param- 
eters during the calculations. 

('b) Calculation Metlfod 
The strategy for the calculations is outlined in Fig. 

1. Several different input files are used in the calcula- 
tions to describe the initial positions of the DMSO 
molecules: (i) 16 DMSO's in the geometry of the 
crystal as determined by X-ray scattering; (ii) 16 
DMSO's all at  least 10 A from the origin distributed 
approximately evenly around the origin: (iii) sym- 
metrical configurations (trigonal, tetrahedral, tri- 
gonal bipyramid, octahedral) about the origin either 
5 A or 9 A from the origin, and with dipoles pointing 
either into or out from the origin. 

Since the energy contributions are calculated 
from atomic coordinates, then these must be speci- 
fied. For a system of 16 rnolecules and 2 ions, the 3 
dimensional coordinates of 162 particles must be 
given. However, when a new configuration is gen- 
erated, the whole molecule must be moved; thus 
~nolecular coordinates are also necessary. The posi- 
tions of individual atonls are described by cartesian 
coordinates, while the molecular configuration is 
described by the distance of the center of the mole- 
cule from the origin, the direction cosines of the vec- 

[PLOT1 
FIG. 1. Schematic diagram outlining the calculation strategy. 

tor from the origin to the molecule, the direction 
cosines of the permanent dipole of the molecule, and 
the direction cosines of the line between carbon 
atoms on a DMSO. These molecular coordinates 
make it easy to visualize the motion of rnolecules and 
to alter the position of molecules by editing input 
files. 

The relaxation of a configuration to an  energy 
minimum is guided by a search pattern input file. 
This file specifies which molecule is to be moved, in 
which order the molecular coordinates of that 
DMSO are to be altered, the magnitude of a coordi- 
nate alteration, and the magnitude of the energy 
decrease to be considered significant enough to 
accept a new configuration. Temperature effects are 
thus neglected. 

There is also an option in the search pattern to 
have the molecule interact with all other molecules, 
or only with those numbered less than itself. The 
latter routine is useful for building up an  initial 
cluster of molecules containing fewer local minima. 
Since only one molecule at  a time can be moved in 
this search pattern, configurations such as dirners 
removed from the main cluster are unlikely to break 
up if a nlolecule interacts with all its partners. 

Achievement of an  energy minimu~n for systems 
containing. e . 5  an  ion and 6 DMSO molecules, is 
fairly rapid, requiring at most 3 iuin CPU time to  
reach an  equilibrium. The Xerox Sigma 9 computer 
has a CPU speed approximately 75% of the IBM/ 
360-65. Several different minimizations with different 
initial coordinates and energy minimum search pat- 
terns are necessary to reasonably ensure that the 
configuration arrived at  is not a subsidiary minimum. 

When the system contains 16 molecules and 2 ions, 
at  least 80 min CPU time is necessary to reach an  
energy minimum. This corresponds to the calcula- 
tion of the energy of the order of 10 000 configura- 
tions at  0.42 s CPU time per configuration. Under 
the charge system used, the cost of obtaining the 
minimum energy configuration for a system of 2 
ions and 16 molecules is of the order of $300. The 
core required for the calculations is not excessive, 
being only 32 000 bytes memory. 

I t  was possible to view configurations on a screen 
in between steps, and to obtain hard copy plots of 
configurations (see Fig. 2). Figure 2 also gives the 
single molecules energies in units of - 10-l9 5. 
When a molecule is moved, it is sufficient to note the 
change in the energy contributions involving that 
molecule only, and not all molecules. 

Results and Discussion 

(a)  Pure DMSO 
Table 3 shows the results of calculations for sys- 

tems of 2, 3, ..., 7, and I6DMSO molecules. In  sys- 
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FIG. 2. The final (louest energy) configuration of a system of 
l6DMSO nlolecules uhen the initial configuration consists 
of the experimentaiiy determined crystal configuration. Ener- 
gies of individual n~olecules in the configuration are given in 
units of - 10-lg J .  

tenis with 2 to 7 molecules, the initial configuration 
consisted of molecule I near the origin and the others 
several away. A cluster of DMSO molecules was 
then formed by 'condensing' molecules one a t  a time 
onto the first. This cluster was then allowed to relax 
to  its energy minimum. 

For the system with 16 molecules, the initial con- 
figuration was the experimental crystal configuration 
(24). This was then allo~ved to relax to an  energy 
minimum. The final minimum energy cor,figuration 
achieved is shown in Fig. 2. The energies in - J 
of the individual molecules are shown beside the 
numbers labelling the n~olecules. 

Table 3 indicates that contributions to the total 
energy from perillaneilt charge distribution inter- 

TABLE 3. Energy contribution in DMSO clusters (energies in 
10-l9 J) 

Number of 
molecules E,,, EPP ELON EDDR 

2 -0 .23  -0 .18  -0 .13  t 0 . 0 9  
3 -0 .42  -0.28 -0.31 +O. 18 
4 -0.94 -0 .71  -0 .65  +0 .41  
5 -1 .41  -0 .94  -1 .11  +0 .64  
6 -1 .79  -1 .32  -1 .30  t 0 . 8 3  
7 -2.34 -1 .67  -1 .63  + 0.96 

16 -6 .38  -4 .34  -4 .66  t 2 .62  
16' - 6 . 4  - 4 . 5  - 4 . 5  + 2 . 6  
161- -2.51 -1 .36  -1 .69  +0 .54  

'Values extrapolated from values for clusters of 4, 5 ,  6, 7DMSO's 
(AE,,,  r 0.45 x 10-l9 J). 

tExper~mental  crystal configuration. 

actions (E,,, Table 2) and London dispersion in- 
teractions (EL,,, Table 2) are of the same order of 
magnitude. Thus even in the case of quite polar 
molecules such as DMSO, dispersioil forces are very 
significant. The repulsive ( r  - ' 2 ,  term is separated 
out here from the 6-12 potential; often the sum of 
ELOX and ED,, is considered as being the dispersion 
interaction. There are no further terms contributing 
to the total energy as there are no ioils present and 
as the dipole ~noments j l i  induced in the molecules 
are assumed to be due to ions only. 

The neglect of permanent-induced interactions 
for the systems in Table 3 will make the calculated 
energies less favourable. The mean nearest neigh- 
bour distance for the configuration in Fig. 2 is 4.18 
A. The energy of a DMSO molecule due to perma- 
nent charge and London interactions in such a case 
is of the order of -0.7 x 10- 'VJ. The greatest pos- 
sible interaction energy between a dipole of 3.9 
Debye and a polarizable entity of 8.4 x cn13 
which are 4.18 A apart is -0.10 x lo-'' J. Since 
the fields of nearest neiglibours bvill have some can- 
cellatioll effect, and since this lilost favourable orien- 
tation will not be achieved, the error due to neglect 
of permanent-induced interactions for the systems 
ill Table 2 should be at  lllost of the order of 10%. 

The experinlental energy of vapourization for 
DMSO is 50 kJ mol-I (31). Frorn the slope of EToT 
vs. number of DMSO (Table 2. Fig. 3), a value of 
0.45 x J inolecule-' = 27 kJ mol-I is ob- 
tained for E,,, (really E for sublimation). Figure 2 
indicates several surface molecules to have an energy 
of -0.7 x 10-l9 J. Rernoval of such a molecule 
kvould mean an energy requirement of 42 kJ 111ol-'. 
The 42 kJ mol-I 1,alue is an activation enesgy for 
\-apourization, so that ivhen the cluster relaxes to fill 
the void, the net change is only 27 kJ mol-' .  Thus the 
calculations give an  E,,, of the right order of magni- 
tude but somewhat low. Calculation of such energies 
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TABLE 4. Ion solvation by DMSO molecules (energies in - 10-l9 J )  

No. of 
DMSO 

-- -- 

DMSO F- C1- 

Energy for solvated species* = 

*Numbers in parentheses stand for 
("'I:; cm> 

of vapourization or sublimation cannot be done very 
accurately given the limited amount of data used 
here (see, e.g., ref. 32). Detailed calculations of the 
lattice energy of benzene (10) also show how difficult 
it is to obtain agreement with experimental values 
in such cases. Thus the order of magnitude agree- 
ment with the experimental value should be con- 
sidered satisfactory, and evidence that the model of 
the DMSO molecules used is likely to be quite real- 
istic. 

A cluster of I6DMSO molecules has a very large 
surface-to-volume ratio, and might therefore be con- 
sidered as a n  inadequate model for a region of bulk 
liquid. Horvever, the properties of a cluster of 
I6DMSO call already be reasonably well extrap- 
olated from the properties of a cluster of 7DMSO 
as indicated by the data in Table 3. 

The difference in the energy and configuration of 
the 'relaxed' cluster of I6DMSO and the DMSO in 
the regular crystal configuration is most likely pri- 
~nar i ly  due to surface eirects. The 16-rnolecule crystal 
~:sed as an input configuration had no bulk mole- 
cules. When a very large ~iumber  or  DMSO are in- 
cluded in the calculation, then the regular crystal 
arrangemei~t nil1 be the lowest energy one. Tbe com- 
puter resources available were, hollever, not suffi- 
cient to perform calculations inbolving more than 16 
molecules, 110s to allow for the repetitive units 
usually employed in Monte Cario (MC) and molec- 
ular dynamics ( M D )  calculations to correct for 
surface effects. 

The main eniphasis in tllc calculations in part (i)  
is not to arrive at a definitive view of liquid DMSO, 
but simply to test the reasonableness of the model of 
the DMSO inoiecules chosen. A calculation such as 
this i\ hich neglects temperature etfects cannot in any 
case describe a liquid properly. More sophisticated 
MC and M D  calculations of liqriids can include 
sinliizr potentials. bct then only of simpler n~olecuies 
(2. 3, or e!se molecules where potentials are of a 
regular comet r i c  shape (33, 34). The number of 

configurations used in these M C  or  MD calculations 
is at  least an order of magnitude greater than the lo4 
feasible here. 

l b )  1017 Solcation 
Table 4 and Fig. 3 summarize the results for ion 

solvation calculations. The DMSO column in Table 4 
contains the same data as in Table 3, except that 
here a central DMSO is considered solvated by I ,  
2, ..., 6 other DMSO's. All the energies in Table 4 
are those for the lowest energy configuration of sev- 
eral configurations arrived at  from different initial 
configurations and,'or different patterns. At least 3 
initial configurations were used for cases where there 
were 3 or more DMSO's: a symmetrical configura- 
tion close in, a symmetrical configuratio~l 9 A away, 
and an  asy~nrnetric configuration. 

The configurations of the systems for which ener- 
gies are available in Table 4 are not presented in de- 
tail here. To illustrate the type of information ob- 
tained, the plot of Cl- with 5DMSO is shoivn in Fig. 
4. The io11-DMSO distances and the orientations of 
the solvating DMSO's for this system are given in 
Table 5. Figure 5 summarizes the configurational 
data for the ions with 6DMSO's. The DMSO's are 
numbered ill order of increasing distance from the 
ion and the distance-number relationship is plotted 
to indicate symmetry aspects of the solvating mole- 
cules. 

Some examples of detailed energy contributions 
are listed in Table 6 in order to illustrate some aspects 
of the calculations. 

The results in Table 4 and Fig. 3 are quite similar 
to the experimental results obtained for gas phase 
ion solvation by mass spectrometry (1 :, 12). Solva- 
tion of alkali metal ions by acetonitrile indicates that 
by the tiine the 5th solvent molecule is added, there 
is little dependence of the increme~ltal enthalpy (;:; 

the type of ion. In Fig. 3, this corresponds to the ob- 
servatio~i that the slopes of the curves of the energy 
vs. number of molecules are essentially the same rrur!: 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



544 C 4Y J CHEM VOL 57, 1979 

NUMBER OF SOLVENT MOLECULES 

g21 1 I 1 I I 
I 

J 
2 3 4 5 6 

SOLVENT MOLECULE NUMBER 

FIG. 3. Energies of DMSO clusters (data in Table 4). 

FIG. 4. Lowest energy configuration of C1- a i th  5DMSO 
(Table 5 and system 2 in Table 6). 

L I I I I I 

I 2 3 4 5 6 
1 

SOLVENT MOLECULE NUMBER 

FIG. 5.  1)istribution of ion-DMSO distances for ions sol- 
vated by 6DMSO niolecules. 

4DMSO's onward for inost ions These slopes are 
also close to the slope of the energy vs number of 
DMSO's curve for the case of a DMSO In the center 
~nstead of an Ion Thus from the polnt of vlew of 
energy, a relatively small number of solvent mole- 
cules are needed to describe a majol proportion of 
the solvation of the 1011 

Energ~es of solvat~on call be calculated for the 1011s 
from the data In Table 4. These ale calculated by 
taking the values 111 the last roll. less the value of the 
energy of 6DMSO's (- 1 79 x lo-'") and then 
add~ng  a contribut~on from the Born energy of 111- 

TABLE 5. Positions and orienta- 
tions of solvating molecules, Cl- 

with 5DMSO (Fig. 4) 

Molecule r 'P 
number r 

- 
t' ' p  

1 4 .10  0.87 
2 4 .14  0.88 
3 4.16 0.88 
4 4.36 0 .94  
5 4.48 0 .96  
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TABLE 6. Energy contribution in ion solvation by DMSO, energies in 10-l9 J 

ETOT Eion-D EDD 
System E ~ D P  E ~ D I  E D I R  EPP GI GI  EIOV EDOR 

(1) Br- (6D's) -3 .98  -4 .99  1 .Ol 
-4 .12  -1.19 0 .33  0 .48  0 .58  0 .17  -0 .44  0 .23  

(2) C1- (5D's) (Plot in Fig. 4) -3 .82  -5 .50  1.68 
-4 .49  -1 .50  0 .48  0 .70  0.91 0 .29  -0 .28  0 . 0 6  

(3) N a +  (6D's) -7 .22  -8 .01  0 .80  
-6 .15  -2 .88  1 .01  0 .04  0 .44  0 .49  -0 .51  0 .37  

(4) N a +  (4D's) -6 .07  -7 .39  1 .33  
-5 .72  -2 .73  1 .07  0 .26  0 .72  0 .43  -0 .23  0 .14  

(5) N a +  (4D's, cc, = 0) -4 .66  -5 .04  0 .40  
-5.88 - 0.84 0 .47  - - -0 .17  0 .10  

(6)Kf(4D'sa t3 .5 ,3 .6 ,3 .6 ,8 .1)  -4.85 -5 .58  0 .74  
-4 .65  -1 .74  0 .80  0 .17  0 .41  0 .20  -0 .13  0 .09  

(7) K +  (4D's at  3.5, 3.7, 3.9, 4.1) -4 .78  -6 .65  1 .88  
-5 .35  -1 .90  0 .61  0 .64  0 .96  0 .35  -0 .07  0 .01  

(8) Li+ (4D's) -9 .25  -9.52 0 .28  
-5 .55  -5.33 1 .35  -0 .14  -0 .22  0 . 5 4  -0 .50  0 .60  

TABLE 7. Comparison of calculated and experimental ion solvation energies in DMSO 
(energies in - kJ mol-I) 

Species E '  E,,,~(calcd)t E,,,,: E t  EbOl,(exp) ' Ec,a,sr 

H+ 1756 1859 1103 25.5 1129 7200 
Li + 574 677 533 26 .4  559 800 
Na + 327 430 417 27.7 445 595 
K + 247 350 333 34.9 368 478 
Cs + 179 307 289 30 .0  319 400 
F - 21 1 339 502 - (475) 606 
C1- 145 273 366 -18 .8  347 436 
Br- 129 257 335 - 3 . 5  331 400 
I- 109 237 294 12 .8  307 358 

*Values from Table 4. 
t E '  - 103 for cations, E' - 128 for  anions and Cs+. 
$From ref. 35. These are up t o  + 50 kJ m o l l  depending on the convention used (36). 
$From ref. 35.  The G r u n \ ~ a l d  assumption 1s used, i.e. A H e , ,  of Ph,As- = that of BPh4-. 

1 %  + Efr. 
:Values from the Born equation using radius valiles from Table 4. 

teraction with the remainder of the solvent partial molal volumes of ion could be obtained. How- 

q 2  1 T a l n ~  
ever, the overall volume of a configuration such as 

E B ~ ~ ~ I =  -z ( l -F -T(T)p)  that in Fig. 4 must be obtained to an  accuracy of 
better than 7:; for a Cl- with SDMSO if a molal 

where rB is the radius of a sphere containing the ion volume of 25 cm3 l n o l l  (23) is to be detected, as the 
solvated with 6DMSO's. From Fig. 5 this can be molar volume of DMSO is 71 cm3 mol-l .  
estimated as -7  A giving E,,,, - 103 kJ inol-l. Table 7 shows the resulting calculated solvation 

Figure 5 suggests that in the case of anions and energies compared to the experimentally determined 
C s f ,  a well-defined priinary solvation shell con- solvation enthalpies. The classical Born solvation 
taining 5DMSO is formed. Thus the anion calcula- energy (= solvation enthalpy) is also shown. The 
tions were done with the ion plus 5DMSO energies. calculated solvation energies for Nai ,  K i ,  and Cs' 
The most reasonable radius for the Born energy cal- are all about 20 kJ mol-I less favourable than the 
culations in this case is 5.6 A. experimental ones. This is good agreement, con- 

There is considerable difficulty in making a pre- sidering the latitude possible in the choice of the 
cise assessment of the effective radius of the solvated radius used for the Born contribution calculations 
ions. Thus the Born energy contributions could have and the uncertainty in the experimental solvation 
an  error of up  to 520 kJ mol-l .  In principle, the energy (really enthalpyj due to uncertainty in deter- 
volume of the solvated ions can be obtained from mining single ion values. Such uncertainties are re- 
the geometry of the configurations, e.g. Fig. 4, and moved when Eso,,. of pairs of ions are considered. 
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Data for some Li and K salts are available in ref. 37. 
A comparison of these data is given in Table 8. 

As can be seen in Table 8, there is some uncer- 
tainty regarding the experimental solvation enthalpy 
values, but consideration of Tables 7 and 8 together 
indicate that the solvation energy calculated here for 
the Li+ ion is too great. This is very possibly due to a 
break-down of the model for small ions \\illere electric 
fields are high. As can be seen in Table 6, row 8, in- 
duced contributions to the Li--DMSO energy are 
of the same order of magnitude as permanent charge 
contributions. Calculations with data from ref. 38 
give second order hyperpolarizability contributions 
a n  order of magnitude less than the linear contribu- 
tions in a field 2 to 3 A from an ion (see Fig. 5). 
Nevertheless, the assu~llption of a single scalar polar- 
izability seems suspect at  such small ion-molecule 
distances, and the induced interactions are far 
greater for Li' than for the other alkali metal and 
halide ions (except H + ). Representing induced inter- 
zictions by EpI and E!, terms alone has also a maxi- 
mum error when ions and molecules are close. 

Tables 7 and 8 also suggest that the solvation 
energies calculated for the other ions, but especially 
the large anions (C1-; Br-.  I - )  are too small. The 
three calculated values for C1-, Br-, and I -  in Table 
7 are uithin 5'7 of the experimental values if the 
Fajans conr-ention (K' = F-) (36) is used, but this 
extreme case is unlikely, and would mean larger 
errors for N a L ,  M', and Cs-.  

The calculated energies would become consider- 
ably greater if radii recently calculated from com- 
pressibility data (39) are used. The suggested radii 
arc 1.41 A for C1- (1.65 in Table 4), 1.55 A for Br- 
(1.80 in Table 4), and 1.72 for I -  (2.01 in Table 4). 
This means that the EsE,,,, calculated for I -  with the 
new radius from (39) ~ o u l d  be close to that listed for 
Br- in Table 7, in better agreement with the experi- 
mental value. Similarly, the new- calculated value for 
Br- ~vould bc close to the old for C1-, again in better 
agreement \vith the experiment. This indicates 110~~  

sensitive the calculations are to the choice of input 
data for the model. Other aspects may, however, be 

TABLE 8 Comparison of calculated and experi- 
mental sol\at~on energies In DMSO (energ~es 

In - k J  mol-') 

E,,,,(exp) from 
E,,,(calcd) 

Salt (Table 7) Ref. 37 Ref. 35 

LiCl 950 896 906 
LiBr 934 871 890 
LiI 9!4 841 866 
KBr 607 689 699 
KI 587 659 675 

responsible for the low calculated values in Table 7 
for C1-, Br-, and I- .  

One of the energy contributions not talcen into 
account in the calculations is the London dispersion 
attraction between ions and atoms in the molecule. 
A calculation of this contribution is difficult, as 
when ion-atom distances are of the order of or 
less than the ion radius, it is invalid to assume the 
r - 6  interaction to be between the centers of the moi- 
eties. This contributio~l could, ho\vever, be consider- 
able when ions with a large polarizability such as 
C1-, Br-, and I -  are involh-ed. Table 3 indicates the 
London attraction between two DMSO 4.18 A apart 
to be -0.13 x 1 0 1 9 J .  The I-  is 4.6 A from 5DMSO 
molecules according to Fig. 5. Thus dispersion in- 
teractions could contribute of the order of 

or 20 kJ n ~ o l - I  to the solhation energy of I F .  
Nuclear magnetic resonance results (40) suggest 

that I -  is strongly solvated in DMSO. Experimental 
nmr data can also be interpreted to give an idea of 
the dipole orientation of the solvating molecules 
(40). As indicated in Table 5, the dipo!es are oriented 
quite radially for all 5 molecules. Inclusion of ion- 
atom dispersion forces may alter such geometry, as 
well as the energy of solvation. 

The calculations here are completely classical 
electrostatic. Thus any charge-transfer (donor-ac- 
ceptor) effects are neglected. Such an approximati011 
is comrnon both for calculations of pure liquids (2: 
5) and ion-solvent c l~~s te r s  (41). Parker (42) esti- 
mates that donor-acceptor effects ma)- account for 
less than 10"; of the solvation energy for such sys- 
tems. Ab iliitio molec~~la r  orbital calculations (43) 
indicate that the net quantum mechanical contribu- 
tions to the solvation of F- by 4 waters is s117all 
(<7=;). This is, ho~vever, due to fortuitous near- 
cancellation of an  exchange and a charge-transfer 
term. Thus donor-acceptor considerations may be 
quite considerable in cases  here species such as I -  
are involved. 

The calculations for H +  are of a qualitative nature 
only with the H' taken as a charge with radius 0.1 A 
and zero polarizability. An interesting effect can, 
however, be noted from the data in Table 4 and 
Fig. 5, namely that the H +  essentially 'belongs' to a 
single DMSO molecule. This predicts that the mobil- 
ity of H +  in DMSO should be of the same illagnitude 
as that of a DMSO molecule. The ?, for H' in 
DMSO is obtained at  16.0 R-I cm2 m o l l  in ref. 44. 
This predicts a ~i~obi l i ty  u for Hr of 16.0 x 
(96500)2 = 1.72 x 10-l3 m s - '  N - ' .  The self- 
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diffusion coefficient for DMSO is 0.8 x cniZ the l o ~ e s t  energy system becomes a loose structure 
sC1 (40). This corresponds to a mobility for the with 'streamers' of solvent moleccles nit11 head-tail- 
DMSO molecule of 0.8 x x 10-"/(8.314 x head-tail orientation coming from the ion. 
298) = 3.2 x 10-l3 m s- I  N- I ,  somewhat greater 
than that for the H i  ion, as is reasonable. 

Values of I,,, for the other ions considered can be 
found in refs. 45 and 23, with the effective Stokes 
radii calculated ~ I I  ref. 45. L iL ,  N a t .  K- have i,, 
values of 13.3, 14.2, and 14.5 R-  ' cm2 mol-I respec- 
tively, corresponding to Stokes radii of 3.2, 3.0, 
and 2.9 A, respectively; well above their crystal 
radii. The mobilities of these ions \vould be of the 
same order as that of H', i.e. somewhat lower than 
that of a DMSO n:olecule. The C1-: Br-, and 1- 
have I., of 24.1, 23.7, and 23.5 corresponding to 
Stokes radii of 1.73, 1.76, and 1.75, of the order of. 
or less than the radii listed in Table 4. This is another 
indication of weak solvation of anions by DMSO, 
contrary to the nmr interpretations (40). 

As can be seen from Fig. 5, the larger ions (Cl-, 
Br-, J - )  and Cs' have lowest energy configurations 
which are quite symmetrical, with 5DMSO's in a 
definable first so l~a t ion  shell. However: the smaller 
ions have increasingly asymmetric configuratiolis. 
although a primary solvation shell of 4DMSO can be 
identified for Kt, 3 for Na- ,  2 for Lii and F-, and 
a single DMSO for H'. Approaches which assume 
symmetrical solvation shells. e.g. ref. 1, cannot there- 
fore arrive at  the loivest energy iotl-solvent con- 
figurations. At the same time, energy minimum 
search patterns which 'condense' one ~nolecule after 
another into an ion-solvent cluster (see Calculation 
Method) cannot arrive at  some symmetric configura- 
tions without excessive computation time. 

Some other aspects of ion-solvent interactions 
can be noted by reference to Table 6.  Systems 4 and 5 
indicate the importance of including polarizability 
contributions in the calculations. There is a change 
of 23% in the total energy when r is neglected. In- 
clusion of the polarizability gives a looser solvent 
structure around tlie ion, as the induced dipoles in 
the first shell solvent niolecules cause repulsion. 

Systems 6 and 7 in Table 6 indicate the difficulty 
of defining a definite minimum energy configuratioli 
for systems. System 6 has 3 first shell solvent mole- 
cules and one second shell, whiie system 7 has essen- 
tially 4 first shell molecules. The energy of 6 is lower 
because the decrease in repulsion betm'een n~olecules 
as compared to the more crowded configuration in 
system 7 is snore than sufficient to overcome the less 
favourable ion-solvent interaction. Such a trade-off 
between ion-molecule attraction and molecule- 
n~olecule repulsion is present throughout Table 6. 
The only consistently attractive molecule-molecule 
term is the London contribution. When it is excluded, 

/c/ Ion Prririr~g of Alkrrli Hcr1iri'e.s i~2 DhfSO 
A series of calculations were made utilizing the 

model to examine ion pairing of Na-  and Br- in 
DMSO. Figure 6 suinmarizes tlie results by pre- 
senting the total energy and the various contribu- 
tions to  it as a function of anion-cation distance 
r,,. These results were obtained by fixing the cation 
and anion at  various positions and allouing 16 
DMSO molecules to relax about them into a mini- 
mum energy configuration. At least 80 min CPU 
time were required to reach a final configuration for 
a particular value of r,,. Figure 7 shows an example 
of the final configuration obtained. 

Two runs were made with r,, = 4 A with different 
patterns of motion for the molecules. Although the 
total energy is in reasonable agreement, the final con- 
figurations for the two runs are quite different as 
indicated by the different &,, EcD, and ED, values. 
The possible error in E,,, is probably of the order 
of 1 x 10-lg J, i.e. E,,, values could be lo\ver by up 
to that amount. This is already of the order of 25h-T 
at  298 K. Several more runs under different condi- 

FIG. 6. Energies as a function of distance betmeen Na+ and 
Br- with l6DMSO present. 
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FIG. 7. Final (lowest energy) configuration of a system of 
16DMSO and Ka' and Br- ions 5 A apart. Energies of in- 
dividual molecules in the configuration are given in units of 
- 10-l9 J. 

tions xvould have to be necessary in order to test the 
reproducibility of the E,,, values. 

One source of error is the possibility of a molecule 
going into some subsidiary minimum. Some larger 
step sizes ruust be allo~ved for in the pattern gov- 
erning the relaxation in order for a ~nolecule to 
break out of a subsidiary energy minirnum. It  would 
be desirable to have a picture of the configuration 
appear a t  intervals during the relaxation (Fig. 1) so 
that lnolecules can be pulled out of obvious energy 
subminima. 

The total energy indicates that the contact ion pair 
is not  the lowest energy position, but instead a sol- 
vent separated ion pair with r.,, = 8 A .  As can be 
seen from Fig. 7, it is not possible when r,, = 5 A 
for DMSO's to enter the space between the ions. At 
8 A, however, molecules can fit into this energetically 
favoured region. The anion and cation fields add 
constructively in this region, and give favourable 
ion-molecule cnergies. 

The energy of a system with 16 molecules and the 
two ions at I.,, = 14 is considerably more favour- 
able than that for two free ions. From Table 4, the 
energy of an Na' and a Br-, each with 8DMSO 
molecules would be (-8.12 - 4.88) x 10-19 J = 
- 13 x 10-ly.T, considerably less favourable than 

the -20 x 10-ly J value. From systems 1 and 3 in 
Table 6 it can be seen that the ED, terms are both 
repulsive. When -2  x 0.45 x 10-19J are added 
on to both terms to account for addition of two 
molecules, then the total ED, is approximately zero. 
This is in agreement with the behaviour of ED, in 
Fig. 6. As the ions approach, molecule-molecule 
interactions become more favourable. The value of 
ED, with no ions present is -6.4 x lo-'' J, ap- 
proxinlately where the ED, curve extrapolates for 
completely overlapping ions (r,, = 0). 

The ion-molecule interactions terms become less 
favourable as r,, decreases as there is greater can- 
cellation of ion electric fields in regions other than 
the interion region. E,, follows the curve postulated 
for two free gaseous ions in the model. Thus EToT is 
the sum of four major effects, txvo decreasing as r,, 
decreases and t ~ o  increasing. 

I t  is likely that the calculations give unrealistically 
favourable energies for systems ivhen ions have sev- 
eral ~nolecules between them. Table 9 shows EcD1 
and E,,, contributions to be very large. This is be- 
cause the fields of the ions add constructively in the 
interior region. Solvent ~~lolecules which would be 
aligned favourably in this field would give rise to 
fields opposing the ion fields. Since the induced 
dipoles are calculated using ion fields only, their 
magnitudes would be exaggerated giving rise to 
favourable E,,,, E,,, values. 

The classical picture of such ion pairing involves 
generally smaller energy changes. The difference in 
energy q 2 / ~ ( l , ' r ,  - I/r,) in going from 8 A to 2.1 A 
is only 0.2 x 10-j9 erg using the continuum value 
46.7 for the dielectric constant E .  As indicated in Fig. 
7, however, there are no molecules between the ions 
a t  r,, I 5 A. 

Figure 6 indicates that the model predicts the 
existence of a solvent separated ion pair, and an 
activation energy for formation of a contact ion pair. 
This activation energy is from Fig. 6 of the order of 
3 x lo-'' J ~ 1 .  180 kJ ~no l - ' ,  an unrealistically high 
value. It is, ho~vever, arrived at  by subtraction of 
two large somewhat uncertain numbers. 

The existence of a solvent separated species was 
postulated in explaining ultrasonic absorption re- 
sults (46). However, in ultraso~lic studies of HCl ill 
DMSO (47), it was not necessary to postulate a sol- 
vent separated species. This can be explained by 
referring to Fig. 5. As the H +  is essentially solvated 
by only one molecule, there is greater freedom for 
the C 1  to approach it without formation of a dis- 
tinct solvent separated spccies. Thc Na' is better 
shielded by relatively strongly held first solvation 
shell molecules and cannot as readily be approached 
by anions. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



KRUUS AND POPPE 

TABLE 9. Energy contributions to ion pairing o f  Na+ and Br- (energies 
in 10-l9 J )  

Value for r,,--,,- = 

Parameter 2.1 A 5.0 A 8.0 .A 14.0 A 

I t  was indicated that the choice of the radius for 
the ions was of great importance in arriving at  ion 
solvation energies. I t  can be seen from Fig. 6 that the 
shape of the ion-ion potential (E,,) is of crucial im- 
portance in determining the relative energies of the 
contact and solvent separated ion pairs, or even the 
existence of a distinct solvelit separated ion pair. 

The repulsive potential exponent used seems to be 
in agreement with later work (48), and the inclusion 
of a n  r 6  term seems not to be necessary (48). There 
is some question about the correct values to be used 
for the radii (39) and the polarizability (49: 50). The 
best comparison of the E,, here \vould be with that 
of Woodcock (51) for gaseous alkali halides. The 
potential used in (51) also has an  r 1  terin, an r - 4  

term, and exponential term which is inore coiuplex. 
The Na'Br- potential has a minirnuln of -8.8 x 
10p15 J a t  2.5 A, as compared hvith - 10 x 10-"J 
a t  2.1 A here. However, the more recent potential 
in ref. 52 shows differences from the potentials in 
ref. 51 which approach that used here (i.e. deeper, 
further in). 

More accurate ion-atom potentials, including dis- 
persion force contributions, would also be desirable, 
both in calculation of ion pairing and ion solvation 
phenomena. Such probleills have been considered, 
e.g. ref. 53, but no reasonable simple mathematical 
forms are presented for the potential. Curves for the 
CI--Ar potential (53) show, however, that the dis- 
persion energy is approximately one quarter of the 
induced energy a t  the energy minimum, i.e. they are 
not negligible. 

Individual contributions to the energy calculated 
here are listed in Table 9. None of the contributions 
considered are negligible, and different terms dom- 
inate at  different values of r,,. Thus it does not seem 
wise to  simplify the calculatiolls by excluding any 
contribution, and it seems desirable to  add some. 

Conclusions 

The DMSO results discussed here indicate that 
valuable information regarding ion-solvent and ion 
pairing interaction can be obtained by this calcula- 
tion method. Solvation energies, as well as configura- 
tions of likely ion-solvent and ion-ion structures, can 
be obtained \vith a reasonable amount of computer 
time. The results obtained are in good agreement with 
available experimental data, especially considering 
the fact that really 110 adjustable parameters uere 
used in the calculations. The position of the scalar 
polarizability \vas chosen to reproduce results ob- 
tained using bond polal-izabilities, but its value was 
not adjusted. This type of calculation procedure can 
be generalized to include solvents other than DMSO 
and nlore complex ions. 

The point charges used to describe the n~olecule in 
the energy calculatio~ls can be obtained fro111 quan- 
tum mechanical calculations, or  from experimental 
data regarding that molecule and others containing 
common functional groups or bonds (1). The latter 
approach would seem advantageous for larger spe- 
cies where accurate quantum ~nechanical calculations 
are difficult to perform. I t  may be desirable to ex- 
tend the point-charge model by also including point 
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charges in places other than atom centers, e.g. to de- 
scribe lone pair electrons, or to give a directionality 
when hydrogen bonding should be included. 

Dispersion and repulsion contributions are best 
described by 6- 12 atom centered potentials. Parani- 
eters for these potentials are now quite readily avail- 
able from calculatio~is done 011 molecules of biolog- 
ical interest, e.g. refs. 3, 5. I t  seems desirable to 
extend consideration of dispersion interactions to 
include ion-atom contributions. A inodel of an  r . -6  
interaction bet\\een the centers of an atom and a 
large ion will iiot be very accurate however. 

Polarizability effects in the rnolecule cannot be 
neglected. For lilost purposes, it seeins satisfactory 
to  describe polarizability by one judiciously placed 
scalar polarizability for t l ieul~ole molecule. For mole- 
cules larger than DMSO, it may, however, be neces- 
sary to distribute the polarizability in several places 
in the molecule, e.g. in the bond centers as in ref. 1 .  
This results in a considerable increase in computa- 
tion time. 

Polarizability effects in the case of sillall ions seem 
to be overestimated. This could be alleviated by in- 
troducing a hyperpolarizability (i.e., setting p i  = 
rT - PF') .  Hyperpolarizability would in ally case 
have to be considered if multivalent ions are to be 
included. The addition of a second order term in the 
field may also be a method for compensating for 
terms left out by describing induced effects solely by 
E,, and El,. As pointed out in ref. 1 ,  several higher 
ordcr terrns are lcft out, and thcse call achieve non- 
negligible values when ion-molecule distances are 
small. 

I t  may be unsatisfactory to assume the induced 
dipoles in n?olecules to be due to ion fields only. If 
several aligned polar niolecules are considered, then 
the contribution of the molecule fields may also be 
considerable. Inclusion of this ill the calculations 
would increase the computation time considerably. 

The choice of ion-ion and ion-molecule intei-ac- 
tions call have considerable influence on the results. 
I t  seems feasible to describe ion-ion interactions 
reasonably by an  r - ' ,  an I . - ' :  and an exponential 
repulsion term uitli the factor in the exponent being 
1. 3. A11 F 6  teriii can be added if dispersion interac- 
tions involving ions are to be considered. loll-mole- 
cule (really ion-atom) interactions should be ex- 
tended to include an  r - 6  term. The pre-exponential 
factor (i.e. the effecti1.e size) and tlie factor in the 
exponent (i.e. the effective compressibility of the 

If only one rnolecule at  a time is moved, this means 
that at  least two patterns for the energy minimum 
search  nus st be used: (i) where nlolecules are 'con- 
densed' one bv one into an ion-aolvent cluster and 
(ii), cvliere molecules begin in a symmetric configura- 
tion and relax to a lniliimurn energy configuration. 

In these calculations, the efl'ect of temperature 
was neglected. The cut-OK for meaningful confi, ours- 
tional changes was set at  J -- 5 x 1OP3k7; so 
that the precision of the energy of a configuration 
was i 5  x 1 0 - 3 k ~ .  However, in most cases, the 
uncertainty in the minimum energjr which could be 
achieved was probably 2 k T  (for T = 298 K) due 
to the possibility of subsidiary minima. Thus Monte 
Carlo calculatio~ls were not thought uorthuhile, 
considering tlie order of magnitude or more of com- 
puter time which would have been required. In prin- 
ciple, either Monte Carlo or lnolecular dynamics 
si~nulatio~is are possible for these systems, but with 
such a large increase in computation time that it 
would defeat the original intention of an inexpen- 
sive, generally usable calculatio~i scheme. The mini- 
mum energy configurations obtained here would in 
M C  andlor MD calculations be averaged with many 
other configurations. The configurat~ons with higher 
energy aou ld  be averaged in uith a probability 
exp (AE hT) .  

The calculations described here cannot readily 
take into account charge-transfer (donor-acceptor) 
effects. On any charge transfer, the charge distribu- 
tion in the species involves changes, so that the com- 
plete description of the species must be altered. For 
systems where charge-transfer effects are minimal, 
the calculation systcm described secms quite useful. 
Copies of the programs used can be obtained 
from P.K. 
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dpso chlorination of 4-alkylphenols. Formation of 
4-alkyl-4-chlorocyclohexa-2,s-dienones 

ALFRED FISCHER A N D  GEORGE NAR.\YANAN HENDERSON 
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Keceiveti Septembe~. 5. 1978 

ALFRED FISCHER and GEORGE NARAYAYAN HE~DERSOY.  Can. J. Chem. 57.552 ( 1979). 
Chlorination of 4-methyl-, 4-ethyl-, 4-isopropyl-, and 4-tert-butylphenol, and of substituted 

4-methylphenols: with chlorine in acetic anhydride gives 4-chloro-4-methyl-, 4-chloro-4-ethyl-, 
4-chloro-4-isopropyl-, and 4-chloro-4-tert-butyIcpclohexa-2,5-dienl-one, and substituted 
4-chloro-4-methylcyclohexa-2,5-dien-I-ones, respectively, in yields ranging from 19 to  100%. 

ALFRED FISCHER et GEORGE N A R A Y A Y A ~  H E N D E R S O ~  Can J .  Chem 57. 552  (1979) 
La chloration, par le chlore dans I'anhqdride acetique, des methyl-4 ethyl-4, isopropyl-4 et 

trrt-butyl-4 phenols et de methyl-4 phenols substituks conduit respectivement aux chloro-4 
methyl-4, chloro-4 ethyl-4, chloro-4 isopropyl-4 et chloro-4 tert-butql-4 cyclohexadiene-2,5 
ones-1 et aux chloro-4 methyl-4 cyclohexadiene-2,j ones-1 substituees avec des rendements 
allant de 19 a 100";;. 

[Traduit par le journal] 

The formation of halo cyclohexadieiiones in the 
bro~nination and chlorination of cresols, xylenols, 
and trimethylpheilol was recognized by Zincke over 
80 years ago.' Although Auwers subsequelitly pro- 
posed iionketollic structures for these compou~lds, 
the dienone structures have long bee11 accepted and 
modern spectroscopic methods have established them 
conclusively (2,4). A very large number of halo cyclo- 
hexadienones are  low known (e.g., 23 4-halocyclo- 
hexa-2,5-dienones are indexed in Vol. 86 of Chemical 
Abstracts). Ho\vever, all but a very few of these are 
derived froni plieilols \\liich are either fully substi- 
tuted in the reactive ortho and para positions or, if 
the substrate phenol is not 2,4,6-trisubstituted, it 
becomes so through halogellation in the course of 
formation of the dienone (none of the 23 cyclohexa- 
2,5-dienones ~nentioiied above is less than tetrasub- 
stituted). Thus, it is not surprising that the view be- 
came current that the halo cyclohexadienones were 
only fornied after prior nuclear halogenat io~~ of the 
pheiiol substrates (1)  and that even in quite recent 
studies of the cliloi-ination of phenols to  forln 
(poly)chlorocyclohexadieno~~es the techiiique of ex- 
haustive chlorination has been used ihithout apparent 
co~isideratio~i of the possibility of formatioi: of the 
less substituted compounds (4, 5). Halocyclohexa- 
dieilolies occur in both the fi~lly-conjugated ortho 
(i.e., 2,4-dienone) and cross-conjugated para (2,s- 

'Formation of halocyciohexadienones has been reviewed by 
Ershov er 01. ( I )  and by Waring (2). References to  the early 
l i t e r a t ~ ~ r e  may be found in ref. 1 .  Ershov and Volod'kin have 
themselves made extensive contributions to  the study of the 
formation of halo dienones, e.g. ref. 3. 

dienone) series, the 2,5-dienones being more stable 
than their 2.4-isomers (2). 

In the present work l ie have synthesised a number 
of simple 4-chloro-2,5-die1iones. These compounds 
are of interest as substrates for dieiione-phenol 
rearrangement studies (cf. ref. 6) and also, in view of 
their functionalized nature, as potential intermediates 
for synthetic studies. The formation of the dienones 
is also of interest in relation to studies of 'abnormal' 
or 'non-conventional' pathways in reactions of 
aromatic substrates with electrophiles (7. 8). Of 
the colnpounds synthesised in the present work 
oiily 4-chloro-4-inethylcyclohexa-2,s-dienone (9) and 
4-chloro-3.4-di1nethylcyclohexa-2,5-dienone (10, 11) 
have been reported previously. Bromocyclohexa- 
dienoiies \i ere obtained by broniiliatio~l of phenols 
with molecular bromine in solvents such as acetic 
acid. ether, hexane, and carbon tetrachloride, in the 
presence of a suitable basic species, which is required 
to accept the proton from the hydroxyl group (1: 2). 
Chlorocyclohexadiei~ones were obtained by chlorina- 
tion of phenols \vith chlorine in acetic acid or aque- 
ous acetic acid (4, 11, 12-14), carbon tetrachloride 
(12), clilorcform ( 1  51, ether (l6), and in the solid state 
(17). Other chlorinating agents such as alkyl hypo- 
chlorites (1 3, 18, 19), sulfuryl chloride ( 1  5), hypochlo- 
rous acid (19), and a~itiinony pe~itachloride (9) have 
been used. These reactions, ~4 ith the exception of the 
last, \$,ere carried out at ambient or elevated tempera- 
tures and resulted in the formation of the mixtures 
of polychlorinated cyclohexadienones and cyclo- 
hexenones. Our objective was to prepare the 4-chlo- 
rocyclohexa-2,5-dieilones under co~lditioils such that 

(W)O8-4042179/050S52-06SO 1 .OOlO 
? &, 1979 National Research Council of Canada/Cun\eil national de I-echerche\ ~ L I  Canada 
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the only other products were the chlorophenols ob- 
tained on norn~a l  substitution of the phenol sub- 
strates. 

Results and Discussion 

Preliminary nmr studies of the chlorination of 
p-cresol with chlorine in a variety of solvents showed 
that the maximum yield (-33'7) of 4-chloro-4- 
~~lethylcyclohexa-2,Mienone (1) was obtained in 
acetic anhydride. Good yields were also obtained in 
mixtures of acetic anhydride and acetic acid, chloro- 
form, or ether: and also in aqueous acetic acid, chlo- 
roform, and pyridine-chloroform. Less dienone \\as 
obtained in neat ether and yields in methanol, di- 
oxaiie, and acetonitrile u.ere poor. Chlorination with 
sulfuryl chloride in acetic anhydride also gave a good 
yield of 1 and a similar yield of 1 \\.as obtained \+hen 
chlorine was used in the presence of a catalytic 
amount of iodine. In  chlorination ui th  molecular 
chlorine the yield of dienone measured at  -40'C 
was not reduced  hen the temperature was subse- 
quently raised, in one case to 35'C. When the ratio 
of the amount of chlorine to y-cresol was raised 
above 1 : 1 the total yield of dienones illcreased and 
2,4-dichloro-4-methylcyclohexa-2,5-dienoe (5) \vas 
obtained in addition to I. Preparative-scale (-0.1 
mol) experiments confil-med these observations. 
Chlorination of 11-cresol in acetic anhydride gave a 
3 1 x  yield of dienone I .  Chlorination in ether gave 
2 0 x  of the dienolie but chlorination in ether (1 dm3 
per mole of p-cresol) contai~iing 1 6 5  acetic anhy- 
dride gave almost the same yield ( 2 9 3  as in neat 
acetic anhydride and was Inore convenient for large 
scale preparations. Chlorination in aqueous acetic 
acid (1 : 3 viv) gave a similar yield of dienone to that 
using ether - acetic anhydride. Chlorination using a 
mole ratio of chlorine top-cresol of 1 : 1 gave a higher 
yield (342) of dienoiie than did the normal 0.9: 1 
ratio but this included a small amount of 2,4-dichloro- 
4-methylcyclohexa-2,5-dienone. When the mole ratio 
of chlorine was increased to 1.5: 1 the yield of di- 
enones increased to 549;; of which half was the 
dichloro compound. Separation of dienone I from 
accompanying phenols was more straightforward 
than the separation of the dienones B and 5. For  this 

reason we chose to use a chlorine to substrate ratio 
of 0.9:  1 in the general preparative method, thus re- 
ducing the opportunity for dichlorination to occur. 
Apart from the preliminary reactions ~ i t h  p-cresol 
reactions were carried out by mixing the reactants 
at  -78cC and then raising the temperature to - 20LC. 
This was to minimize the possibility of dichlorination 
as a result of reaction occurring before complete 
mixing of the reactants. The low reaction tempera- 
ture ruled out the use of acetic acid as solvent and 
the reactions were generally done in acetic anhydride. 
I11 a large-scale preparation (2 mol) use of the mixed 
solvent 16;; acetic anhydride in ether made for a 
more convenient work-up. 

Chlorination of the substituted phenols gave the 
corresponding 4-chlorocyclohexa-2,5-dienones in 
yields ranging from 19'z (for 4) to 1009;; (for 10). 
In general the chlorophenol substitution products 
were also formed but these were removed by absorp- 
tion on alumina in the process of isolating the di- 
enones and nere not themselves isolated and identi- 
fied. 2,4-Dichloro-4-niethyIcyclohexa-2;5-dienone (5) 
was obtained, in addition to 1, and was isolated and 
characterised from the chlorination of p-cresol using 
a chlorine to substrate ratio of 1.5 : 1 .  

The structures of the dienones are clearly estab- 
lished by their spectra. Infrared absorptions at 1675 
(C=O) and 1640 cm-I iC=C) in the spectrum of I 
confirm the presence of the conjugated enone system. 
The ' H nmr shows that there are four vinylic protons 
(AB quartet) consisting of t ~ o  pairs, the members 
of each pair being che~nically identical. Thus the 
enone is a dienone and specifically a 2,5-dienone, 
with a plane of symmetry. rather than a less sym- 
lnetrical2,4-dienone. The ' 3C nnlr spectrum confirms 
the presence of t\vo pairs of olefinic carbons, a 
quaternary carbon, and carbonyl carbon. These can 
only be accommodated by the 2,5-dienone structure. 
Similar arguments can be adduced to support the 
assigned structures for 2, 3, 4? and 10. The symmetry 
argument cannot be applied to distinguish between 
the ortl~o- and pcrra-dienone structures in the cases 
of 5, 6: 7, 8, and 9. However, it is apparent that the 
li~ethyl group which appears at  - 30 ppm in the 13C 
nmr spectra must be attached to a quaternary carbon 
atom and thus 5, 7, 8, and 9 must be 2,5-dienones. 
This is confirmed by the fact that this methyl group 
appears as a singlet in the 'H nmr spectrum. In  the 
orfho-dienone structure this nlethyl group would be 
attached to an  unsaturated carbon and be split by a 
vinylic protonis). Finally the close correspondence 
between the absorptions of groups in similar environ- 
ments in both the 'H and I3C nmr spectra of 6 and 
10 and more generally between 6 and the other 2,5- 
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dienones establishes that 6 must be a 2,5-dienone. 
Thus in the 13C spectrum of 6 the methyl groups 
appear at  almost exactly the same positions as those 
in 10, indicative of the close structural similarity. 

It is evident that in chlorination of pheriols \\.it11 
molecular chlorine attack at a substituted paru posi- 
tion is competitive nith attack at  an  unsubstituted 
ort l~o p o ~ i t i o l l . ~  Furthermore it would appear that 
attack at  a substituted para position is dominant over 
attack a t  a substituted ortho position: no ortl7o 
dienolies were obtained from 2,4-disubstituted phe- 
nols and mesitol gave the 2,5-dienone as the sole 
p r ~ d u c t . ~  However since par3  dienones are knokvn 
to  be inore stable than ortlzo dienones (2) it is possible 
that an  initially formed ort l~o dienone is rapidly equi- 
librated to its more stable paru isomer. A further 
illustration of the difficulty of forming ortho dienones 
ill chlorination was provided by the failure of both 
2,6-dimethylphenol and 2,5-dimethylphenol to form 
dienones (see below). The latter example is partic- 
ularly significant since n e  have shown that this 
phenol gives a 9 0 5  yield of 2,s-dimethyl-2-nitro- 
cyclohexadieno~ie on nitration in acetic anhydride.4 

Nilsson and co-workers (9) obtained 1 in close to 
quantitative yield on chlorination of p-cresol with a 
massive excess of antimony pentachloride in dichlo- 
romethane at - 60'C. We were able to obtain a good 
yield of 1 follo\\ing their procedure but the work-up 
proved troublesome and it \vas found necessary to 
centrifuge the mixture to separate the organic and 
aqueous phases. An added disadvantage of the 
niethod is the large amount of antimony pentachlo- 
ride required. Hussain (10) obtained 9 as well as 4,6- 
dichloro- and 2,4,6-trichloro-3,4-dimethylcyclohexa- 
2,5-dienones on chlorination of 3,4-dimethylphenol 
with 3 in01 of tert-butyl hypochlorite in 9 0 7  acetic 
acid. I t  was claimed that no dienones were formed 
when one and two nloles of the chlorinating agent 
were used, but it seems more likely that 9 was formed 
under these conditions but was not noticed. de la 
Mare and co-workers (1 1) subsequently obtained 9 
on chlorination of 3,4-dimethylphenol with molec- 
ular chlol-ine in acetic acid. They did not obtain the 
compound pure and stated that it is unstable and 
that it decomposes in acetic acid to a mixture 
of 3,4-dimethylphenol and 2-chloro-4,s-dimethyl 
phenol. We have found that the crystalline compound, 
like the other dienones, is quite stable in the pure 

'It has been stated (9) that "chlorination of p-alkylated 
phenols with the traditional chlorinating agents usually gives 
o-chlorophenols . . . " with the intended and clearly incorrect 
implication that 4-chlorodienones are not formed. 

3A 5% yield of ortho dienone would have been detected in 
the crude chlorination product from 2,4-dimethyl- and 2,4,6- 
trimethylphenol. 

4Unpublished work. 

state at  ambient temperature and that a solution of 
the dienone in acetic acid did not react over a period 
of one week, de la Mare et a/. ( I  I) also observed a 
trichlorocyclohexenone in the products of chlorina- 
tion of 3,4-dimet11ylphenol and they proposed that it 
is an intermediate in the formation of 2,4-dichloro- 
4,5-dimethylcyclohexa-2,5-dienone. Under our con- 
ditions we did not observe the formation of any tri- 
chlorocyclohexenones. A likely route to the dichloro- 
cyclohexadienone is from the further chlorination at  
the substituted pcrra position of the chlorophenol 
produced by ort l~o chlorination. 

In addition to those for p-cresol preliminary nmr 
scale experiments were also carried out on the other 
phenol precursors to the dienones 2-4 and 6-10 to 
establish the collditions for the subsequent 0.1-mol 
scale dienone preparations. Yields of dienones \\ere 
generally consiste~lt with those obtained in the larger 
scale experiments. Nuclear magnetic resonance scale 
experiments \yere also carried out on 2,5-dimethyl-, 
2,6-dimethyl-, 4-cliloro-, 2,4-dichloro-, and 3-methyl- 
4-chlorophenol. In no case was any dienone detected. 
The dimethylphenols have been discussed above. 111 
the cases of the chlorophenols it appears that sub- 
stitution at  the unsubstituted ortlro positionis) occurs 
more readily than addition to the para position nhich 
is illso to chlorine. Dienones have been formed from 
chlorophenols but only when the chlorophenols had 
no unsubstituted positions ortllo or para to the hy- 
droxyl group (4, 5, 12, 13, 19). For nitration, posi- 
tions $so and ???eta to chlorine are of comparable 
reactivity: ifC1:i?ifC1 = 1: 1-2 (20, 21). Chlorination, 
for which p = - 10 (22), is more sensitive to small 
diKerences in substituent electronic effects than is 
nitration, for which p = -6 (22). Even so, some 
chlorination (-25%) should occur $so to chlorine 
in 11-chlorophenol and the fact that it does not sug- 
gests some specific ipso deactivation in chlorination. 
Even p-cresol is less susceptible to chlorination at  the 
4-position than expected. Phenol is chlorinated to 
about the same extent at  the ortlro and para positions 
(23) i.e., the para position is twice as reactive as an  
ortho position. For  nitration i , " ' :~~~ ,~"  = 2-4: 1 
(24). Thus the methyl group is more activating at  the 
ipso than the nwtrr position and hencep-cresol should 
be chlori~lated to a greater extent at  the 4-position 
ipso to methyl than a t  the unsubstituted 2-position. 
In fact the 2- and 4- positions in p-cresol appear to 
be equally reactive towards chlorine with only one- 
third of the product arising from $so attack. The 
lower than expected reactivity of ipso positions to- 
wards chlorination is also consistent with the be- 
haviour of hydrocarbon substrates in chlorination. 
p-Xylene, 1,2,3,5-tetramethylbenzene (isodurene), 
and 5-fert-butyl-l,2,3-trimethylbenzene all give good 
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yields of diene adducts in nitration (25). Ho\vever, 
no  adducts could be detected on chlorinatiol~ nor 
were any side-chain products formed (which would 
point to the intermediate for~llation of an ipso-cyclo- 
hexadienyl cation intermediate (25)). It is of course 
also possible that an initially formed ipso-chloro- 
cyclohexadienyl cation could rebelt to the reactants 
or rearrange to the non-lpso cation, precursor to the 
lluclear cl~lorination product, \ \ ~ t h o u t  forrn~ng ad- 
duct. 

Nuclear 1nagIietlc resonance scale exper~~nents  
were also carr~ed out uslng 11-cresyl acetate and 
o-meth~lanisole as substrates. These compounds 
were so much less reactive than the phenols that 
under conditions under which p-cresol reacted coin- 
pleteiy they \\ere largely unreacted, although a small 
an1ount of dienone \\as formed in each case. 

Experimental 
4-Methyl. 4-ethyl-, 4-isopropyl-, 4-rcrt-butyl-, 2,4-dimeth- 

yl-, ?-rerr-butql-4-1neth\il-, 2-bronio-4-methyl-, 3:4-dimethyl-, 
and 2,4,6-trin~ethylphenol were from Aldrich. Alumina was 
Camag basic, activity I. 

lnfraretl spectra \vere obtained on a Pye-Unicani SPl000 or  
a Perkin-Elmer 337 spectrophotometer. ' H  nuclear magnetic 
resonance spectra at  90 MHz were determined using a Pel-kin- 
Elmer R32 spectrometer. 13C 11111r spectra at 15.1 M H z  were 
obtained with a Nicolet TT-14 spectrometer. Masi  spectra 
uere  obtained on  a Hitachi Perkin-Elmer R M U  7 spectrom- 
eter. High pressure liquid chromatography was carried out 
with a Waters Prep LC/System 500. 

lV~ilrcleov ,Llogneric Resoncmce Scale Espei.irnenfs 
Chlorine (24 cm3, 1 n ~ m o l )  was injected from a hypodermic 

syringe into a solution of the substrate (1 n ~ m o l )  in the appro- 
priate solvent (400 mm3) in an nmr tube at  -78'C and the 
nmr spectra were recorded at -40'C and at  successively higher 
temperatures until reaction was observed. Some experiments 
were carried out  on  a 0.5-mmol scale. 

Chlovinntion of p-Ciesof : 4-Ch/oro-4-r~1ethylcyclohexa-2,5-dic~1~- 
I-one ( 1 )  ond 2,4-Dichlovo-4-methylc~~~lohexa-2,5-cle~~- 
I-one ( 5 )  

Chlorine (2.2 dm3, 0.09 mol) was bubbled over 2 min, into 
a stirred solution of p-cresol (10.8 g, 0.1 mol) in acetic anhy- 
dride (200 cm3) a t  -78'C. After 10 min the reaction mixture 
was warmed to  - 20'C for 15 min and then cooled to  -78'C 
and poured into ether (1.5 dm3) at  - 78'C. Ainrnonia was 
condensed into the vigorously stirred ether solution, which was 
cooled in solid carbon dioxide - acetone, at  a rate such that  
the temperature did not  rise above -65°C. Excess ammonia 
was aspirated and the 111ixture allowed to  warm to  0 C.  The 
solution was washed ( x  5) wlth ice water, dried (MgS04),  and 
the solvent evaporated. The crude product (13.8 g) contained 
28% of a single dienone (31% yield based o n  chlorine), 624, 
of chlorophenol(s), and 1 0 7  ofp-cresol, by nrnr. Filtration of 
a pentane solution of the mixture through 20 times its weight 
of basic alumina and elution with ether gave the pure dienone 
(when ether solutions of the residue were used two filtrations 
through alumina were required for purification). The 4-chloro- 
4-methylcyclohexa-2,5-dienone gave a positive Beilstein test 
(26j5 and had ir :  1675 (C=O), 1640 (C=C), 708cn1-' 

'All of the chlorodiellones gave a positive Beilstein test (26). 

(C-CI); ' H  nmr (CDCI,) 6 :  1.69 (s, 3, CH,), 6.16(d, 2, J = 10 
Hz,  2 -H and 6-H). 6.95 ppni (d, 2, J = 10 Hz, 3-H and 5-H) :  
I3C Ilmr (CDCI,) 6c: 29.4 (CH,), 59.9 (C-4), 126.5 (C-2 and 
C-6), 149.5 (C-3 and C-5), 184.1 ppni (C-I): ms (70 eV) 111 e 
(relative intensity): 144 (20) and 142.022 (57, .Xfr (I2C7'H--  
35C1'60): 142,0191, 108 (68), 107 (100, .Xf - CI), 79 (301, 77 
(35). 

Siinilar chlorinations were cal-ried out  in ether (1 8'7 dienone, 
2 0 z  yield), 16% acetic a n h ~ d r i d e  in ether (26%, 29% yield) 
and,  with a 1 :  1 mole ratio of chlorine to p-cresol, in acetic 
anhydride (34% dienone(s)) and, at  - IOcC, in aqueous acetic 
acid (1 : 3  v'v) (31% die none^).^ Chlorination was also carried 
out  with sulf~iryl chloride by adding the chloride (7.3 cm3, 
0.09 mol) over 15 min to a solution ofp-cresol110.8 g, 0.1 mol) 
in acetic anhydride (200 cm'), with stirring, at -7X'C. Aftcr 
a further 15 min the mixture was warmed to  -20-C, main- 
tained at  that temperature for 15 min and ~ o r k e d  up in the 
usual manner to >ield the inixt~ire of the dienone (3172, 34% 
yield) and phenols. Chlorination with an t in~ony pentachloride 
(9) was carried out by adding a solution of p-cresol (9.0 g, 
0.083 mol) in dichloromethane (750 cm3) at  -50-C over 2 h 
to a solution of antimony pentachloride (60 cm3, 0.47 mol) 
in ciichloroi~~ethane (150cm3) at -70 C.  The r-iiixture was 
stirred for 10 min at  - 60'C, cooled to - 78 C', and cold nieth- 
an01 (50 cm3) was added clropwise keeping the temperature 
below -70-C. The rnixturc \+as poured into water (200 cm". 
The sticky mass p r o d ~ ~ c e d  could not be filtered (as called for 
in the literature procedure) and it was centrifuged to separate 
the organic layer, which \+as then washed with phosphate 
buA'er (pH 61, diluted with ether, and washed ( x  3) with water. 
After drying and removal of the solvent the product (9.8 g)  
contained dienone ( 8 6 7 )  and phenols (14";). Pure dienone 
(7.3 g) was obtained on passage of an ethereal solution of the 
crude dienone through alumina. 

Chlorination of 11-cresol in aqueous acetic acid with I . 5 :  I 
mole ratio of chlorine to  substrate gave a product containing 
both 1 (27%) and 5 (27%). High pressure liquid chromatog- 
raphy on  silica using ether solvent afforded the mixed phenols, 
the nlono- and the dichlorodienones. The 2,4-dichloro-4- 
methylcyclohexa-2,5-dienone (5) was further purified by filtra- 
tion through basic alumina and had ir :  1680 (C-0) 1640 
(C-C), 727 (C-CI), 660 cm- '  (C-CI): ' H  nmr (CDCI,) 6 :  
1.86 (s, 3, CH3), 6.27 (d, I ,  J,, = 10 Hz, 6-H), 6.97 (dd, I ,  
J,, = 2.7Hz,  .I,, = IOHz, 5-H), 7.12 ppm (d, I ,  J,, = 2.7 
Hz, 3-H):  ii-radiation of the 6-H resonance at  6.27 collapsed 
the 5-H quartet to  a doublet and irradiation of the 5-H reso- 
nance at  6.97 collapsed the 6-H doublet to  a singlet; 13C nmr 
(CDCI,) 6,: 29.5 (4-CH,), 61.0 (C-4), 125.4 (C-6), 145.4 (C-3), 
149.8 (C-5), 177.4 ppni (C-I): C-2 was not detected; ms (70eV) 
ii?,!e (relative intensity): 178 (20) and 175.981 (32, .24r('2C,'H,- 
"Cl,' 6 0 ) :  175.980), 144 (25), 143 (221, 147 (70), 141 (60), 113 
(20), 108 (14), 107 (loo), 78 (15), 77 (65). 

4-C/~lovo-4-eth~~/cycIoI1e~~a-2,5-rlirn-I-oie 12)  
Chlorination of p-ethylphenol (12.2 g, 0.1 mol) in acetic 

anhydride gake crude product (14.9 g) containing 49': (54% 
yield) of dienone. Filtration of a solution in ether through basic 
alumina gave 4-chloro-4-ethylcyclohexa-2,j-dienone (2) as an 
oil; ir: 1672 (C=O), 1635 (C=C), 870 cm-'  (C-CI); 'H nmr  
(CDCI,) 6 :  0.96 (t, 3, J = 7.0 Hz, CH2CH3),  2.12 (q, 2, 
J = 7.0 Hz, CH,CH,), 6.25 (d, 2, J = 10 Hz, 2-H and 6-H),  
6.88 ppm (d, 2, J = 10 Hz, 3-I-l and 5-H); 13C nmr (CDCI,) 
6,: 9.3 (CH2CH3),  35.3 (CH2CH,),  63.8 (C-41, 127.9 (C-2 
and C-6), 148.6 (C-3 and C-5), 184.6 ppm (C-I);  Ins (70 eV) 
in/e (relative intensity): 156.035 (22, i2/Ii('2C,'H,35C1160): 

6Chlorinations in ether and aqueous acetic acid were worked 
LIP by washing with cold bicarbonate solution. 
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4-Ci1loro-4-i.sopro~1j~Ic~~clo/1exa-2,5-den-I-one ( 3 )  
Chlorination of p-isopropylphenol(13.6 g, 0.1 niol) in acetic 

anhydride gave crude product (16.4 g) containing 357j (39% 
yield) of dienone. Filtration of a solution in ether through basic 
alumina gave 4-chloro-4-isopropylcyclohexa-2,5-dienone (3) 
as an oil: ir :  1675 (C=O), 1635 (C=C), 870 cm-'  (C-C1); 'H  
nmr (CDCI,) 6: 1.06 (d, 6, J = 7 Hz, CH(CH,)2), 2.23 (septet, 
1, CH(CH,j2), 6.26 (d, 2, J = 10 Hz, 2-H and 6-H), 6.92 ppm 
(d, 2, J = 10 Hz, 3-H and 5-H); 13C nnir (CDCI,) ?ic: 17.7 
(CHiCH,),), 38.5 (CH(CH,),), 67.4 (C-4), 128.2 (C-2 and 
C-6), 147.6 (C-3 and C-5), 184.7 pprn (C-I): ms (70 eV) t?~,'e 
(relative intensity): 170.049 (6, 14r('2C,'H,135C1'60): 
170.050), 155 (19, \1 - CH,), 136 (35), 130 (32) and 128 (100, 
ikl - C,H,), 121 (94), 107 (13), 103 (12), 91 (42), 77 (16). 

4-tert-B~rt~~1-4-c/1I0i'ocyc/o/1e.~c~-2,5-die1-1-oie 14) 
Chlorination of p-rerr-butylphenol (15 g, 0.1 mol) in acetic 

anhydride gave crude product (17.2 g) containing 17% (19z 
yield) of dienone. Filtration of a solution in pentane through 
alumina and elution with ether gave 4-tert-b~1tyl-4-chlorocy- 
clohexa-2,5-dienone (4), which was recrystallized from pentane 
as colourless needles, n ~ p  60'C: ir (Nujol): 1680 (C-0), 1660 
(C=C), 872 cm-' (C-CI): 'H  nmr (CDCI,) 6 :  1.12 (s, 9, 
C(CH,),), 6.24 (d, 2, J = 10 Hz, 2-H and 6-H), 7.05 ppm (d, 
2, J = 10 Hz, 3-H and 5-H); I3C nnir (CDCI,) 6,: 25.6 
(C(CH,),j, 39.4 (C(CH,),), 70.5 (C-4), 127.8 (C-2 and C-6), 
147.7 (C-3 and C-5), 184.6 ppm (C-I); ms (70 eV) i11,'e (relative 
intensity): 184.068 (3, ~ ~ r ( ' 2 C l o ' H ~ 3 3 5 C 1 ' 6 0 ) :  184.065), 169 
(14, M - CH,), 150 (15), 135 (45), 128 (22), 107 (20), 91 (191, 
77 (15), 57 (100, C(CH,),+). At~nl. calcd. for CloH13CIO: C 
65.04, H 7.10: found: C 65.40, H 7.28. 

4-C/1loro-2,4-dimct/iyIcy~I0I1exa-2,5-i/ien-I-ot1e 16) 
Chlorination of 2,4-dimethylphenol (12.2 g, 0.1 n~ol)  in 

acetic anhydride gave crude product (14.4 g) containing 4 5 z  
(50% yield) of dienone. Filtration of a solution in ether through 
alu~nina gave 4-chloro-2,4-dimethylcyclohexa-2,4-dienone (6)  
as an oil; ir: 1670 (C=O), 1647 (C=C), 890 cm-' (C-CI); 
'H nmr (CDCI,) 6 :  1.79 (s, 3, 4-CH,), 1.88 (d, 3, J = 1.5 Hz, 
Z-CH,), 6.15 (d, 1, J5, = 10 HZ, 6-H), 6.73 (ni, 1 ,  3-H), 6.91 
ppni idd, I, J,, = 3 Hz, J,, = 10 Hz, 5-H); I3C nnir (CDCI,) 
6,: 15.6 (2-CH,), 29.7 (4-CH,), 61.0 (C-4), 126.3 (C-6), 133.4 
(C-2), 145.2 (C-3), 149.4 (C-5), 184.9 ppm (C-1): 111s (70 eV) 
i n  e (relative intensity): 158 (19) and 156.035 (58, :\4r('2C,1H,- 
3TCi160): 156.034), 141 (5, M - CHa), 128 (25), 122 (75), 121 
(100, M - CI), 107 (57), 93 (30), 91 (55), 78 (15), 77 (45). 

2-tert-Butyl-4-c/1(oi-o-4-1~7etI1j~/~yc/oh~xn-2,5-~/ien-I-or1e ( 7 )  
Chlorination of 2-tet~-butyl-4-niethylphenol (16.4 g, 0.1 

mol) in acetic anhydride gave crude product (18.3 g) containing 
48% (53;4 yield) of the dienone. Filtration of a solution in pen- 
tane through alumina and elution with ether gave ?-tert-butyl- 
4-chloro-4-methylcyclohexa-2,5-dienone (7), obtained as pale 
yellow crystals after recrystallization from pentane, rnp 39-C; 
ir (Nujol): 1667 (C=O), 1640 (C=C), 840 (cm-') (C-CI); 
'H nmr (CDCI,) 6 :  1.22(s, 9, C(CH,),), 1.79 (s, 3, 4-CH,), 
6.07 (d, 1, JS6 = 10 HZ, 6-H), 6.69 (d, 1, J35 = 3 HZ, 3-H), 
6.83 ppm (dd, 1, J,, = 3 Hz, J,, = IOHz, 5-H); 13C nmr 
(CDCI,) 6,: 28.8 (C(CH,),), 30.2 (4-CH,), 34.4 (C(CH,),), 
61.5(C-4), 128.2 (C-6), 143.5 (C-2 and C-3) 147.2 (C-5), 184.4 
ppni (C-I); ms (70 eV) m/e (relative intensity): 198.070 (3, 
:M,('2Cll'H1535C1'60): 198.081), 183 (10, M - CH,), 164 
(36), 163 (41, IM - Cl), 162 (24), 150 (86), 148 (22), 135 (16), 
122 (20), 121 (loo), 107 (18), 105 (lo), 91 (24), 77 (26). Anal. 
calcd. for C, ,H,,CIO: C 66.50, H 7.61 ; found: C 66.09, H 
7.65. 

2-Broi?~o-4-chloro-4-t~1ethyIc~~c/0/1exa-2,5-dien-I-one ( 8 )  
Chlorination of 2-bromo-4-methylphenol (18.7 g, 0.1 mol) 

in acetic anhydride gave crude product (20.7 g) containing 
44% (49z yield) of dienone. Filtration of a solution in ether 
through alumina followed by recrystallization from ether- 
pentane at -20'C gake 2-bronio-4-chloro-4-methylcyclohexa- 
2,5-dienone (8), mp 55'C; ir (Nujol): 1660 (C=O), 1600 
(C=C), 915, 835 cn1-'; 'H nmr (CDCI,) 6: 1.83 (s, 3, 4-CN,), 
6.28 (d, 1, J 5 6  = 10Hz, 6-H), 6.96 (dd, 1, Jj5 = 2.5Hz, 
J 5 6  = 10 Hz, 5-H), 7.38 ppril (d, J,, = 2.5 Hz, 3-H); 13C nmr 
(CDCI,) 6,: 29.2 (4-CH,), 61.5 (C-4), 123.9 (C-2), 124.9 (C-6), 
149.5 and 149.7 (C-3 and C-5), 177.1 ppni (C-1); Ins (70 eV) 
mle (relative intensity): 222 (3) and 219.934 (3, Mr('2C,1H,- 
"9Br3'C1'60): 219.9291, 188 i70), 187 (40), 186 (74), 185 (37), 
143 (27), 142 (1 I), 141 (73), 113 (15), 108 (I?), 107 (loo), 79 
(15), 78 (60), 77 (75). Annl. calcd. for C,H,BrCIO: C 37.96, 
H 2.73: found: C 37.93, H 2.77. 

The presence of a significant a rno~~nt  of 2-brorno-p-cresol 
(r11,'e: 188 i62), 187 (231, 186 (621, 185 (20), 108 (20), 107 (loo), 
79 (1 3), 78 (24), 77 (42)) is evident in the mass spectrum. This 
must arise from thermolysis of the dienolie within the mass 
spectrometer since no phenol could be detected by either 'H  
nrnr or 13C nmr. 

4-C/~loi~o-3,4-dimer/1ylc~~~IoI1e~~i1-2,5-~Iic~1-I-ot1e ( 9 )  
Chlorination of 3,4-dirnethylphel~ol (12.2 g, 0.1 niol) in 

acetic anhydr~de gave crude product (15.0 g) which contained 
417; (46% yield) of dienone. Filtration of a solution in ether 
through alumina followed by crystallization from ether gave 
4-chloro-3,4-dirnethylcpcloheua-2,5-dienone (9) as colourless 
crystals, mp 51 C ;  ir (Nujol): 1675 (C=O), 1630 (C=C), 887 
c n - '  (C-CI); ' H  nnlr (CDC1,) 6 :  1.77 (s, 3, 4-CH,), 2.17 (s, 
3, 3-CH,), 6.09 (broad s, I, 2-H), 6.16 (dd 1, J,, = 1.5 Hz, 
J,, = 9 Hz, 6-H), 6.94 pp111 (d, I ,  J = 9 Hz, 5-H); 13C nmr 
(CDCI,) 6,: 19.3 (3-CH,), 28.3 (4-CH,), 62.8 (C-4), 125.6 and 
126.4 (C-2and C-6), 150.3 (C-5), 157.7 (C-31; 185.1 ppm (C-I); 
ms (70 eV) t71,'e (relative intensity): 158 ( i4)  and 156.034 (42, 
lzi1,('2C,'H93TC1'60): 156.034), 141 (7), 130 (24)" 128 (69), 122 
(71), 121 (loo), 120 (19), 107 (72), 93 (70); 92 i19), 91 (93), 78 
(181, 77 (95). Anal. calcd. for C,K,CIO: C 61.35, H 5.79; 
found: C 61.34, H 5.93. 

4-Cl1loro-2,4,6-rrii?1etl1ykyclo/1e.~a-2,5-dien-I-or1e (10)  
Chlorination of 2,4,6-trimethylphenol (13.6 g, 0.1 niol) in 

acetic anhydride gave crude product containing 9 0 2  dienone 
(100% yield) and 10'7, of the unreacted phenol. Filtration of a 
solution in ether through alumina at 0-C, followed by crystal- 
lization from pentane at - 20-C, gave 4-chloro-2,4,6-trimethyl- 
cpclohexa-2,5-dienone (10) as colourless crystals, mp 32°C; 
ir (Nujol): 1675 (C=O), 1647 (C=C), 900 cm-'  (C-CI); 
' H  nmr (CDCI,) 6: 1.76 (s, 3, 4-CH,), 1.88 (s, 6, 2-CH, and 
6-CH,), 6.73 ppm (s, 2, 3-H and 5-H); I3C 111iir (CDCI,) &:  
15.7 (2-CH, and 6-CH,), 30.1 (4-CH,), 61.5 (C-4), 133.0 (C-2 
and C-6), 145.1 (C-3 and C-5), 182.8 ppm (C-I); nis (70 eV) 
t?i:'e (relative intensity): 172 (12) and 170.046 (34, M,('2C,1H, ,- 
35C1'60): 170.048), 169 (1 8), 136 (LOO), 135 (82), 121 (67), 107 
(18), 105 (Is), 91 (52), 79 (20), 77 (16). Arlnl. calcd. for 
C9H11CIO: C 63.35, H 6.50; found: C 63.65, H 6.55. 
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The reactions of arenesulphonyl azides with tetrahydropyrido[l ,2-alindoles and the X-ray 
- 

crystallographic structure determination of a resultant novel zwitterion, 
1,2,3,4-tetrah) dro- l0-methyl-4a-p-toly1s~1phonylaminopyridol,2-a] indole 

T. STAKLEY CAIERON. RUTH 93. COKIIES. A N D  ARIS TERZIS 
Dc.pcii-rtrici~i ( ( f  Clici?zi.rri.?., Diiliio~iric, b't~ii c~i..tiiv. H(ilif(i.\, .V.S., C(ii~citici B3H4J3 

A N D  

A. SYDNEY BAILEY A N D  Pt-I-ER W. SCOTT 
Tlrc, D?.\oti Pc,i.riiir L(ihorcifoi-\.. Sorrtii P(ii.h r Roilti, O.vfi~i.ti OX1 3C) Y ,  Et~~ylrirrcl 

Received July 21. 1978 

T. STAVLEY CAMEROT, RUTH E. CORDES, ARIS TERZJS, A. SYDNEY BAILEY, and PETER W. 
SCOTT. Can. J .  Chem. 57.  5.58 ( 1979). 

The reactions of arenesulphonyl azides with tetrahydropyrido[l,2-nlindoles have been 
examined. Compounds formed by eliii~ination and by ring enlargement are obtained, including 
a conipo~~r id  with a novel ~ \+ i t te r ion  slructure. The blructure of this coiiipound has been deter- 
mined by X-ray crystallography. 

T. STANLEY CAMERON, RLTH E. CORDES, ARIS TERZIS, A .  S Y D ~ F Y  BAILEY et PETER W. SCOTT. 
Can.  J .  Chem. 57. 558(1979). 

O n  a et~ldie les reactions des azotures d'ari.nesulfonyles avec les tetrahydropyrido[,2-01- 
indoles. On a obtenu des coniposes, resultant d'une ellmination accompagnee d'une extension 
de cycle, pnrnii Iesquels se t rou \e  LIII cornposC comportant Line nor~veile slruct~lrc zwitterioni- 
que. On a determin6 la structure de ce coinpose par diffraction de rayons-X. 

[Traduit par le journal] 

We have described the reactioils or  arenesulpho~~yl 
azides with n'~net11yltetrahydrocarbazole (1) (1) and 
with the pyridocarbazole derivative (2) (2). It was of 
interest to extend this \\ark by investigating the reac- 
tions of a tetrahl dropyrido[l.2-uIi17dole and u e 
chose the known (3) dirnethyl cierivati1,e 3;  \ve also 
examined the reactions of the isomeric structure 
(4;  R = H and R = Me) since the reactions of sim- 
ple i~ldolizines n i th  azides h a ~ e  been reported (4). 
Compound 3 \vas prepared by the kno\\n route (3) 
via co~npound 5 ;  compounds 4:  R = H (5) and 4 ;  
R = Me (6) were synthesised from 2-bromocj~clo- 
hexanone. 

Compound 3 \vas treated \\ ith p-chloroben~enesul- 
phony1 azide (CbsN,) in C ~ ~ O I . C ~ O S I I I  solution and 
yielded t n o  products (plus polymeric materials). 
The compounds nere 11-chiorobenzeiies~~ipiio~~ai~~ide 
and an unstable oil (50"; 5 ield) nhich darkened 
rapidly and could not be analysed. Structure 6 is sup- 
ported by the nmr: inass, and r;., spectra of the corn- 
porrnd. The nlnr spectral values are in good agree- 
ment nith those reported (7) for compo~li-~d 7. We 
consider that co~npound 6 arises via the inrer~nediaces 
8 and 9 although it is possible that 10 is thr~iieci as an 
interriiediate (cf. the formation (1)  of I! from I )  and 
the loss of TsNH, fi-om 12 (8) to form 13. 

To determine if olefin formation occurred nith 
simple alkylindoles co~itainiiig a secondary allql 
group a t  position ( 2 ) .  the reactions of !,3-di1ilethyE- 
2-isopropylindole (15) with tosyl azide was examined 

(15 Lvas obtained by hydrogenation of 14 (9)). The 
major product (yield 5 7 3  was the 1 : 2  reaction 
product 16. This structure \+as supported by its 
physical properties and by hydrolysis of 16 to form 
18. Compound 16 arises by addition of a second 
molecule of azide to 1'7 f o l l o ~ ~ e d  by ring elilargemeiit 
(I: 10). T \ \o  other compounds Mere isolated from the 
reaction, y-toluenesulphona~nide and the olefn 14 
(yield IO",). The olefin arises from 117 by loss of 
TsNH, (cf. the forl~iation of 6). These obser~ations 
suggest that the el imi~~ation of TsNH, from the cyclic 
intermediate 9 occurs faster than the attack of TsN, 
~ ih i l s t  for the acyclic compound 17 the converse oc- 
curs. It is in~possible for coil~pound 3 to gike rise to 
ring-eillarged quinoline structures of type 16 by addi- 
tion of secolid inolectiie of azide to 9 since such prod- 
ricts i t o ~ ~ l d  contain a 5~1efii' bridge, 

I .2.3,4-Tetrahydrc~~yrido[l,2-ajindoie (4: W = K) 
reacted sil~oothly with CbsN, giving a high yield of 
the azo compound (20) \vith its characteristic LIL, 

spectruln (4). The reaction of 4 ;  R = Me ~v i tb  
CbsN, n a s  more complex, tic showing Inany proci- 
L I C ~ S :  only one compouiid \$as o b t a i ~ e d  crystalline 
(bield 237;). The ir spectrum of the coiiipound 
sho\\,ed the presence of a C=N-Cbs group ( i h 7 0  
cm- ' )  and the absence of an NEB group. N'e ccon- 
sidered that the c o i ~ l p o u ~ ~ d  had structure 23 arising 
from 4 via 21 and 22. With small quantities available 
it Lvas decided to carry out an X-ray determinatioi: 
since crystals \\ere suitable. It has Seen hm:d that 

oci08-4042/79/050558-07~G 1 . O ~ ~ / O  
i7; 1979 Nationni Ke\earch Council of Canirda/Con\eil naiiixal ~ l e  rscherche\ ~ i u  Canci~i:: ,- 
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structure 23 originally considered is incorrect and the 
compound has the 'io~iic' structure 25 and probably 
arises via 24. The presence of the pyridiniu~n ring 
explains the signals at  very low field in the n.m.r. 
spectru~n of the compound and the negatively 
charged NS0,Ar group explains why the signals of 
the SO,C,H,-Cl group have moved upfield from 
these 'normal' positions. 

Crystal data:  
C I , H , , C ~ N ~ O , S  f\v = 374.89 
Monocl~nic, P2, 'c. cr = 9.591(3), b = 21.08 1 (8), 
c = 8.939(3) A, 0 = 90.75(3), V = 1807.2 A3, 
Z = 4. p, = 1.377 g cn1r3 (18 & 2°C: CuK,,. 
3. = 1.54051 A (carbon monochromator) 11 = 29.40), 
F(000) = 784. 

The cell dimensions (refined from 12 general reflec- 
tions with 20 bet~veen 70-76') and intensities of 2786 
independent reflections \\ere measured on a Picker 
FACS-I four circle diffracto~neter nith an o - 20 
scan and 28 values between 4 and 120 . The mini- 
mum base-width Mas 2.2'. Three standard reflections 
were measured every 58 reflections. The intensity of 
these three reflections decreased steadily throughout 
the data collection but could be adjusted to a stan- 
dard scale by a least-squares fit ( o  = 0.015) to a first 
order decay: from the counting statistics the ratio 
of esd to reflection of these standards Lvas 0.019. The 
data were reduced to jF,l by the routine procedure. 
N o  absorption or extinction corrections ivere applied. 
The scattering factors for neutral atoms \\ere takcn 
from ref. I I : they were corrected for the real part of 
the anomalous dispersio~~. Reflections with I E  > 1.2 
were used to solve the structure by an application of 
the tangent formula that examined 4096 = 2" sets 
of starting phases and successively eliminated all but 
the most likely. This program is part of an X-ray 
system written by Sheidrick (12). The position of all 
but the hydrogen atoms liere found on the E nlap 
lvith the lo\\,est Karle R factor (1 3). 

The structure ivas refined by large-block least- 
squares (x(AlFi)2 = min) initially \\ith isotropic tem- 
perature factors using o n l ~  the 203 1 reflections with 
I > 3o(I). The atomic parameters for those hydrogen 
atoms with positions defined by the ~nolecule \\ere 
calculated and the remainder \\ere located from a 
difference Fourier synthesis calculated ii hen the con- 
ventional 41 n a s  0.1 3. The subsequent refinement ~bith 
anisotropic temperature factors converged1 with 

R = 0 051 8. The hydrogens of the methyl g ~ o u p  ap- 
peared to be disordered ~ ~ t h  at least t n o  p~eferred 
locat~ons The illethyl group !\as therefore refined as 
a r ~ g ~ d  body (12) (see belo\$). The least-squares 
uelghts \<ere calculated from ri = I,(021FoI - 
0.00043 / F,/ ,), here o 15 the 1% e ~ g h t  for each reflec- 
tlon der~ved from the d~ffractornete~ countlng statls- 
trcs The a t o m ~ c  coordlnates are glben In Table 1 and 
the ~ n t e r a t o m ~ c  distances and ~nteibond angles are 
l~s ted  in Table 2 Flgure 1 shams a s~ngle molecule 
and Flg 2 glves ~ t s  pack~ng \11thl11 the unlt cell 

The crystal was foulid to be const~ucted from ]so- 
lated n~olecules \$ h ~ c h  contained ap-chlorophen) lsul- 
phone group bonded through a nltrogen aton1 to a 
hexahydropqr1do[1,2-n]lndole sqstem (Fig 1) The 
S-N(I), N(1)-C(3), C(3)-N(2), and N(2)-C(5) 
d~stances ale 1 56313). 1 43214), 1 53114). and 1.33514) 

\ ,, \ ,  \ ,  

A, respectively. A formal S~--N double bond has 
been reported (14) at  1.52(2) and a S-NH- single 
bond at  1.635(8) in a tolylsulphenylamino group that 
has an sp3 carbon atom bonded to the third valency 
at  nitrogen (15). The N(1)--C(3) bond length is 
shorter than that nornlally quoted (16) (1.472(5)) for 
a bond bet\\een an .ry2 nitrogen and an sp3 carbon. 
whereas the C(3)-N(2) length (1.531(4)) is very 
mucll longer. The N(2)-C(5) and Kj2)-C(9) bonds 
of 1.335(4) and 1.362(4) are similar to those observed 
in pyridine derivatives (17). The t \ \o S-0 bond 
lengths, 1.449(2) and 1.453(3), are slightly longer than 
those normally observed in this type of inolecule 
(1 5). The nitrogen atom N(2) therefore for~nally 
forms four bonds and is positively charged, and the 
-S02N group has a balancing negative charge 
which is situated predominantly upon the nitrogen 
atom. This can be uritten as the zwitterion 25. A sul- 
irnido)pyridinium ylide has been observed ( 1  8) before 
and here too the negative charge is found on the sul- 
phony1 nitrogen atoms. 111 this case though no X-ray 
structure has been determined. 

The hexahydropyrido[l,?-rrlindole fragment of the 
lnolecule has two six-membered rings separated by a 
jive-membered ring. One six-membered ring: at- 
tached at  C(2) and C(3). is largely saturated and has 
the chair conformation. The C(I)-C(2) bond, how- 
ever, \vhich is part of the adjoining five-membered 
ring has a length of 1.337(4) 1-i and is clearly a double 
bond. The angle C(3)-C(2)-C(14) is 115.6(3)' and 
compares with the mean internal angle of 110.8- for 
this ring. The C-C-C-C torsional angles around 
this ring (Table 3) have an absolute \ d u e  which 

'A list of s t ruc t~~re  factors (Table 4) and complete atomic 
varies betn een 60.4' (c( I ~)-c(~)-c(~)-c(I 1))  

pararnelers is avallahle at a nominal charge from the Depos- and 52.5' (C(2)-C(14)-c(l3)-C(12)): with a mean 
itory of Unpublished Data, CISTI, National Research Coun- value of 56.6" so that the introduction of an  sp2 Car- 
cil of Canada. Ottauu. Ont.. Canada Kl - \  (IS?. boll at  C(2) only slightly distorts the ring. The five- 
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- 
NHCbs 

Me Me 
H NHTs 

q + a - mhte N ~ C / / C H :  mMe N CHMe2 
H H Ile / Me 

NHTs Me 

12 13 14 I5 

l T \ X 3  

TsNH Me r N H T s  m;;, M e  CH;,H 

Me I 
Me 

16 17 

NCbs 

4 ; R = H  - q N = N p  4 . R = V e  q e  + \q===$fe] + 

\ 4 ~ 2  \ - N  ' \ 

Cbs Cbs 

20 21 22 23 
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N 

Cbs 

2 4 

N C ~ S  TABLE 1. Atomic parameters ( x  104, except for hydro- +qe-* N / Atom x gen x lo3) 

Y 
- N  \ Me 
Cbs C1 5250(1) 1072(1) 195(1) 

S 9699(1) 1445(1) 5368(1) 
2 5 o(1) 10073(2) 814(1) 5878(3) 

membered ring has a mean deviation from the least- 
squares best plane of 0.010 A. As already noted, 
C(1)-C(2) is a double bond and 1s conjugated to the 
other six-membered ring, which is aromatic, through 
bond C(1)-C(9). This bond has a length of 1.459(4) 
A which compares with 1.480 A for the central bond 
in buta-1,3-diene (19). The hydrogen atoms of the 
methyl group at C(10) appeared in the difference map 
to have two alternative orientat~ons, so in the refine- 
ment the mhole CH, group \\as treated as a rigid 
body and \\.as permitted to rotate about the C(1)- 
C(10) bond (12). These hydrogen atoms \\ere con- 
strained (20) to have equal temperature factors and 
to have a site occupation ~ h i c h  summed to one for 
the two groups. The t u o  possible methyl orientations 
refined mith one rotated 38.6' about C(1)-C(1O) 
with respect to the other. The six-membered ring 
attached at  C(9) and N(2) is aromatic with a mean 

FIG. 1. The molecule 25. 

deviation from the least squares best plane of 0.004 
A. The mean C-C bond length within the ring is 
1.377(3) A and the two distances to the nitrogen 
atom : C(9)-N(2), 1.362(4) and C(5)-N(2), 1.335 
(4) A are expected (17) to be noticeably shorter. 
There is no obvious reason 13 hy the bond C(9)-N(2), 
though short, is significantly longer than C(5)-N(2). 
The corresponding lengths (17) in 3-aminopyridine 
are 1.331(4) and 1.336(4) A. However C(9)-N(2) is 
colnmon to the five- and six-membered rings and as 
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TABLE 2. Interatomic distances and interbond angles 

Bond 
Length 

(A) Bond 
Length 
(A) 

CI-C(I 5) 1 747(4) C(3)-C(1 I) 1 543(5) 
S-O(1) 1 449(2) C(5)-C(6) 1 378(5) 
S-O(2) 1 453(3) C(6)-C(7) 1 383(6) 
S-N(1) 1 563(3) C(7)-C(8) 1 374(6) 
S-C(18) I 792(3) C(8)-Ci9) 1 375(5) 
N(I )-C(3) 1 432(4) C(11)- C(12) 1 527(5) 
N(2)-C(3) 1 531(4) C(12)-C(13) 1 536(6) 
N(2)-C(5) I 335(4) C(l3)-C(14) 1 528(6) 
N(2)-C(9) 1 362(4) C(15)-C(16) 1 376(6) 
Cil)-C(2) 1 337(4) CC 15)-C(20) 1 389(5) 
CiI)-C(9) 1 459(4) C(16)-C(I 7) 1 383(5) 
C(1)-C(I 0) 1 495(5) C(17)-C(18) 1 393(5) 
C(2)--C(3) 1 526(4) C(18)-C(19) 1 389(5) 
C(2)- C(I 4) 1 479(5) C( 19)-C(20) 1 388(5) 

Angle Angle 
Bond (deg) Bond ideg) 

the five-membered ring has a double bond in it 
(C(1)-C(2)) this probably illtroduces strain a t  the 
sing junction thus lengthening the common bond. 

The distances in the p-chlorosulphoi~yl group are 
unexceptional. The sulphur-carbon distance of 
1.792(3) compares with 1.776(4) in the p-tolue~iesul- 
phonate ion (21) and the carbon chloriile bond length 
of 1.747(4) compares with 1.780(8) in 1 -(2-chloro-4- 
dimethylarnil1opheiiy1)-2-nitroethylene (22). 

Experimental 

TABIF 3. Tors~onal angles in the six-mem- 
bered ring attached at C(2) and C(3) 

Bonds 
Angles 
(deg) 

Infrared spectra were determined for Nujol mulls, LIV spectra 
for solutions in and nmr spectra for solutiolis in (Yield 70%) (lit. (3) n1P 134-C); r :  1.83 (IH, d, J = 8 HZ), 2.24 

CDCI, unless other\\ise stated. Chrof7iatogr.aphy (tic and (IH, d, = 8 Hz), 2.50-2.90 (2H, m), 3.54 ( I H ,  q ,  J = 7 and 

column) was carried out using silica-CHCI, uitless otherwise Hz C(8)H), 3.98 (IH, q, = and Hz C(7)H), 7.12 (3H, 
stated. Solutions were dried using 1MgSO4. sbr, C(6)CH3), 7.25 (3H, s. C(IO)CH,), and 7.36 (3H, sbr, 

C(9)CH3), these assignments Lvere confirmed by decoupling 
6,7-Dil1ydro-6,9,iO-trii~1etl1yll,~i'i~~o[I,2-a]indolc ( 6 )  experiments. Hydrogenation of 5 (3) afforded 1, mp 75-79'C 

6,9,10-Triniethqlpyrido[1,2-nlindole 5 had mp 134-134.5-C (lit. (3) n ~ p  76-80'C): z: 2.40-2.95 (4H, m), 5.3-5.65 (lH, ni, 
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FIG. 2. The unit cell of 25, viewed along c. 

C(6)H), 6.65-6.95 (1 H, m, C(9)H), 7.70 (3H, s, C(IO)CH,), 9.0, N 7.4. A mixture of this indole (1.0 g) and tosyl azide (2.1 
7.85-8.35 (4H, 111, C(7)H, + C(8)H,), 8.50 (3H, d,  J = 8 Hz, g) was kept for 24 h at room temperature. Methanol (3 mL) was 
C(6)CH,), and 8.62 (3H, d, J = 8 Hz, C(9)CW,); assignment then added and 3 days later the solid was collected and recrys- 
of C(6) and C(9) Me group signals was made by decoupling tallised from nlethanol (yield 57%). 1,2,3,4-Tetrahydro 1,3,3,4- 
experiments on the corresponding methine signals; r i ~ e  tetramethyl- 4-p-tolylsulphonylarnino- 2-p-tolylsulphonylin~i- 
(relative intensity): 213 (M', loo), 199 (30), 198 (95), and noquinoline 16 formed colouriess rods, mp 230-232-C; 
182(15). A solution of this co~npound (1.1 g) in chloroforn~ L,,,: 222 and 282 nm (E 26 900 and 18 000); v,,,,: 1555 and 
(20 n1L) containing CbsN, (1.1 g) mas kept in the dark for 3230 cm-I ;  T :  (DMSO) 2.24 (2H, d,  J = 9 Hz), 2.35 ( lH,  s, 
4 wccks. Chro~natography gavc 6 (0.55 g), stable at 0 C ;  NH, exchanged with D,O), 2.65 (2H, d, J = 9 Hz), 2.50-3.10 
v ,,,,: 210, 235(sh), 254(sh), 263(infi), 307, 319(sh), 336(infl) nm (8H, m), 6.57 (3H, s, NCH,), 7.58 and 7.63 (each 3H, s, 2 x 
(E 21 500, 15 500, 9600, 6500, 15 500, 14 200, and 5050); v,,, TsCH,), 8.40 (3H, s, CH,), 8.72 (3H, s, CCH,), and 9.28 (3H, 
(liquid film): 740 and 1465 cn1-I; T: 2.4-2.6 (1H, m), 2.7- s, CCH,); r?l,'e (relative intensity): 525 (M+, 4), 461 ( M  - 
3.1 (3H, m), 4.35-4.6 ( l H ,  rn, C(8)H), 5.25-5.6 (lH, m, SO,, 18, m V 4 5 ) ,  446 (13), 370 (25). 291 (60), 199 (63), and 
C(6)H), 7.0--8.0 (2H, m, C(7)H,) 7.54 (3H, s, C(IO)CH,), 147 (100). Ar~rrl. calcd. for C,,H,,N,0,S2: C 61.7, H 5.9, 
7.65-7.85 (3H, n?, C(9)CH,), and 8.86 (3H, d, J = 7 Hz, N 8.0, S 12.2; found: C 61.6, H 5.9, N 8.0, S 12.0. Chrornatog- 
C(6)CH,); irradiation of the signal at 8.86 showed that it was raphy of the mother liquors afforded starting material (0.09 g), 
coupled to C(6)H; irradiation of the signal 7.75 showed that it tosyl azide (0.1 g), and the olefin 14 (0.1 g) identical (tic, ir, 
was coupled to the vinyl proton, the complexity of the signals nmr) with an authentic sample. Hydrolysis of 16 (0.5 g) by 
in 7 has been noted (7); n ' e  (relative intensity): 211 (M*,  boiling in EtOH (20 mL) with aqueous NaOH (10 mL, 2 M) 
loo), 196 (M - CH,, 60, m" 182), 181 (196 - CH,, 58, m* for 1 h followed by dilution and extraction (CHCI,) gave 
167), and 196 (4). Further elution gave p-chlorobenzenesul- 1,2,3,4-tetrahydro-1,3,3,4-tetramethyl-4-p-tolylsulphonylam- 
phonarnide (0.4 g) and a black tar (0.5 g). inoquinolin-2-one (18) (yield 7573 needles, from benzene- 

cyclohexane, mp 175-175-C; ?.,,,,,: 233 and 256 nm (& 20 900 
The Rerrction of ~,3-Dili1er/1~~/-2-icoprop)'/i~1cio/e tvitll Azides and 16 100); v,,,: 1660 and 3280 cm-': T :  2.35-2.50 (IH, m), 

Hydrogenation (Pd'C, EtOH) of the olefin 14 afforded 15, 2.70-3.15 (6H, m), 3.45-3.65 (lH, m), 5.17 (IH, s, NH, ex- 
bp 130-14O2C1'0.2 Torr, mp 22-23'C; ?.,,,,: 230, 281(infl), 286, changed with D20) ,  7.12 (3H, s, NCH,), 7.65 (3H, s, TsCH,), 
and 293 11m (E 41 100, 7900, 8900, and 8800); T :  2.4-3.05 (4H, 8.15 (3H, s, C--CH,), 8.63 (3H, s, C-CH,), and 9.16 (3H, s, 
m), 6.33(3H, s, NCH,), 6.68 (1H, heptet, J = 7 Hz, CHMe,], C-CH,); ,rl,'e (relative intensity): 372 (M', 23) 302 ( M  - 
7.68 (3H, s, C-CH,), and 8.62 (6H, d, J = 7 Hz, C(CI-13)2); (CH3)2CC0, 11, n1"45.2), 202 (M - TsNH, 17), 147 
rnje (relative intensity): 187 (M-, 55), 173 (16), 172 ( M  - (302 - Ts, 100, m* at 71.5); and 132 (7). Annl. calcd. for 
CH3,100,m"158),and157(172-CH3,17,rn*143.3).Ann1. C2,H, ,hT,0,S:C64.5,H6.5,N7.5;found:C64.6,H6.5,  
calcd. for C,,H,,I';: C 83.4, H 9.1, iV 7.5; found: C 8-3.2, H N 7.3. 
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The Retrctioii.~ of 4 ;  R = Hand  4 ;  R = Me uitlz Azides 
1,2,3,4-Tetrahydropyrido[l,2-alindole (4; R = H) had m p  

54.5-55'C (lit. (5) m p  52'C); n1,'e (relative intensity): 171 
(M+, 57), 170 (26), 144 (13), and 143 (100, m Y  119.6). Corn- 
pound 4 ;  R = Me had mp 52-53'C (lit. (6) nip 41-43'C; m'e 
(relative intensity): 185 (M+,  loo), 184 (731, 158 (22), and 
157 (2.I - C2H,, 100, rn* 133). The indolizine 4 ;  R = H 
(0.85 g) was dissolved in chloroform (10 mL) and CbsN3 
(1.1 g) added. Seven days later the solid (yield 77%) was col- 
lected and recrystallised from chloroform. Blood-red needles 
m p  > 340'C: i .,,,,: 260,468(sh), and 504 nm (E 16 600, 22 100, 
a n d  22 500): v,,, : 1503, 1528iw), and 1 6 2 5 ( ~ )  cm-  ' ; the com- 
pound was too insoluble to  allow a n  nmr  determination in 
CHCI, o r  DMSO:  in T F A  s: 1 .Ol ( l H ,  d,  .I = 7 Hz), 1.25-1.8 
(4 H, m), 2.9-3.5 (3H, m), 4.45-4.8 (IH, nl), and  6.5-8.7 
(15H, m): t i /  e (relative intensity): 368 ( M + ,  8), 186 (13), 171 
(40), 157 (15), and 143 (100). Ai~al.  calcd. for C2,H2,N4: C 
78.2, H 6.5, N 15.2; found: C 78.1, H 6.6, N 15.0. A solution 
of the indolizine 4 ;  R = M e  (0.92 g) in chloroform (10 mL) 
containing CbsN, (1.1 g) was kept a t  room temperature for 
15 weeks. The solvent was removed and methanol (5 mL) 
added.  The solid (0.07 g) which separated was recrystallised 
(EtOAc-MeOH). 
1,2,3,4-Tetrahydro-10-methyl-4a-p -tolylsulphonylamino- 

pyridol[l,2-nlindole 25 formed colourless rods, EtOAc- 
MeOH,  m p  199-200'C: h,,,: 213, 248, and 325 n m  ( E  19 400, 
17 400, and  4850); v,,,: 1620 c n i r ' ;  r: 1.14 (IH, d,  J = 8 
Hz), 1.75-1.95 ( I H ,  m), and  2.35-2.9 (6E1, m), 7.4-9.0 (8H, 
~ n ) ,  7.88 (3H, s, CCH,); 177'e (relative intensity): 374 ( M + ,  
lo) ,  200 (17), 199 (M - Cbs, 100, m* 106), 185 (15), 184 (28), 
and  183 (23). A~lol. calcd. for C, ,H, ,CIN,02S: C 60.9, H 5.1, 
N 7.5, C1 9.3;  found: C 60.7, H 5.3, h- 7.5, CI 9.0. 

The mother liquors \\ere concentrated and the residues 
chromatographed (SiO,; MeOH), affording more compound 
25 (0.35 g). 
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Anomalie de formation d'une goutte de mercure a une klectrode polarographique 

HUGUES M ~ N A R D  
D~;l~eirte~nc,r~/ cle Cl l i~~i ie ,  Urzil.er.ritP cr'e Sllerbrooke. SherhrooC,r (QlrP.), Cei~icitr'o JIK 2Rl 

E T  

J A C Q U E S  DUBOIS 
D6pcirtcr,1e17r de .M<i/hPlncitic/~rea, Utzir~e~.sitc; ile Sl~crhrooke, Sherl~rooke (QuP.) ,  Cri17iidtr JIK 2Rl 

Reqt le 5 juin 1978 

HUGLES ~ I ~ \ A R D  et J i c ~ u t s  Ilunols. Can.  J .  Chern. 57.565 (1079). 
A l'aide d'un capillaire en polyethylene comme electrode polarographique, il a kt6 niis en 

evidence la formation d'une goutte de mercure ayant un col cylindrique anormal. Mathema- 
tiquenient ce col est justifie mais chimiquement nous devons operer en milieu NaOH afin 
d'avoir formation d'oxyde mercurique. 

H U G ~ E . S  h1Lh \RI> and J ~ C Q ~ F S  I ~ U B O I S .  Can. J .  Cheln. 57.565 (1079). 

Using a polyethylene capillary as polarographic electrode we could notice the formation of 
a mercury drop with an  abnormal cylindric neck. This can be justified niathematically hut 
cheinically we must use NaOH so as to have the formation of niercuric oxide. 

Introduction montage appropriC assure I'elin~ination des vibra- 

La ~nise  au  point d'un capiliaire en polyCthyle~ie tions mCcaniques. 

( I )  pour I'application, cornme Clectrode de travail en Discussion 
polarographie, dans des milieux extr2nilements cor- 
rosifs au I,erre (tels le fluorure d.hydrogene et les Selon Armstrong et coll. (21, il y aurait formation 

solutions de soudes concentries) a permis de mettre a la surface de l'C1ectrode d 'une touche de 

en ividellce une formation d lune  goutte de nIercure ayant une bonne conductivitC Clectrique. De plus, 

ayant une gComCtrie conlplexe. selon Cotton et Wilkinson (3) l'oxyde de ~ ~ l e r c u r e  
poss6derait une structure de chaine en zigzag 

Partie expkrimentale H g - 0 - H g -  avec une liaison de Hg-0 = 2.03 
Une solution de NaOH 1 M (A.C.S. Fischer Scientific A et des allgles de 109' pour HgOHg et 179" pour 

Company) a Cte preparee avec de l'eau bidistillee. Une cellule OHgO. 
en verre contenant un systeme a trois electrodes a Cte ~ttilisie. 11 est en outre possible de fournir une justification 
L'electrode de reference est de calomel satui-6 avec double lllath~nllatique pour ce p h ~ l l o m ~ n e ,  D~ faGon p r ~ c i s e  
jonction et l'electrode auxiliaire est de platine. Un potentiostat 
tacussel type PRT 30-0.1 a permi d.y appliquer les differents nouS allons, dans ce qui va suivre, presenter une 
potentiels d'oxydation. Cquation ~nathCmatique devant Ctre satisfaite par le 

p~ofil  de la goutte et nous allons vCr~fier comment 
Rksultats cette Cquat~on nous permet de conclure que la 

En effet dans une solution de NaOH 1 M et a des prCsence d'un col est poss~ble. 
potentiels 50.0 V par rapport a une Clectrode de F ~ r o n s  un temps t quelco~lque (apres le &but de 
calomel saturC, c'est-a-dire a des potentiels d'oxyda- formation de la goutte, mais avant sa chute). 
tion, nous avons photographii (fig. I), a des inter- DCsignons par 11 la hauteur de la goutte en ce temps 
valles de temps de I'ordre de 3 s, la formation d'une et par I- le rayon du capillaire. 
goutte de inercure au  bout d'un capillaire de 
polyCthylene. D'une goutte normale (fig. la) de 
mercure, nous avons apres avoir atteint une masse 
critique, formation d'un col cylindrique qui devient 
extr21nernent long par rapport B la goutte, (fig. 1 0, 
c,  d, e).  La longueur I~rnite du col cylindrique de 
mercure dCpend du potentiel appl~que B 1'Clectrode 
et de la concentration de la soude. 

11 est Q remarques qu'une diminution de  la t2te 
d'hydrostatique du mercure peut arrcter l'ecouiement 
du liquide et fixer la goutte dans I'espace. De  plus, un 

Afin de concilier les faits qu'expCrimentalement on 
observe une goutte suspendue et qu'il est habitue1 de 
denoter par x (resp. z )  les quantitCs mesurCes horiron- 
talernent (resp. verticalement) avec le fait que 
mathCmat~quement une fonctioli n'est bien dCfiiiie 
que si a chaque valeur de la variable indipendante 
on associe une et une seule valeur de ia fonction, 
nous allons utiliser un systkme d'axes rectangulaires 
(z,x) ayant pour origille le point infirieur de la goutte 
et oh cette fois z apparait en abcisse et x en ordonnCe. 
Util~sant cette convent~on tout 2 fait naturelle la 

0008-40421791050565-03$01.00/0 
1979 National Research Council of Cnnada/Conseil national d e  recherches du Canada 
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CAK.  J CHEM. VOL. 57. 1979 

goutte est alors dClimitie par une surface de rivolu- 
tion engendrie par une fonction non nigative, notie 
X(z) at  appelie la fonctlon profil. dont la valeur est 
nulle sur les intervalles [ -  x, 0] et [h, cc.] et qui est 
telle que X(h) = I .  (holr fig. 2) Notons au  passage 
que X(z) dinote la valeur de la fonct~on profil au  
doint z et aue selon une coutuine bien itablie nous 
prendrons la liberti d'icrire tout simplement X 2 la 
place de X(z) lorsque le contexte montrera clairement 
que X est une fonctioil de z. 

Posons n = constante d'acceliration due a la 
gravid;  p, = masse spicifique du Iuercure; p, = 
rllasse sptcifique de la solution de NaOH;  o = ten- 
sion superficielle: R = rayon du cercle osculateur a 
la fonction profil au  point (0,O); V(z) = volume de 
rivolution (dipendant de z) determine par la fonction 
profil restreinte a l'intervalle [O,z]; c'est-a-dire 

et B(z) = angle (dipendant de 2)  forini au point 
(z, X(z)) par la normale (pointie extirieurement) 8 la 
fonction X(z) et la verticale; c'est-8-dire 

PI cos O(z) = [ I  + ( ~ ( z ) ) ' ] -  

Dans ce travail, X ,  x disignent les dirivies (par 
rapport a z) premiere et seconde respectivement de 
la foilction X(z). A nouveau lorsqu'il y a lieu de bien 
faire ressortir que ces dirivies dipendent de la 
\ ariable z, on prendra le soin d'icrire ~ ( z )  et ~ ( z ) .  

Une approche gtnirale a la mise au point d'une 
mithode pour diterminer la tension superficielle a 
partir de la masse et du profil d'une goutte formie 
a l'extrirnite d'un capillaire est prisentie dans 
l'article de Badiali, Cachet, Cachet et Lestrade (4). 
Cette mithode est basie sur une relation rigoureuse 
qui doit exister entre la tension superficielle o et la 
Inasse de la goutte. En supposailt (ce que nous ferons 
nous aussi) que les pressions au  sei11- des fluides ne 
varient qu'avec le champ de gravitation, les con- 

FIG. 2. SchCma de la goutte de mercure avant 3 s. 
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MENARD ET DUEOIS 5 67 

ditions d7Cquilibre n~Cca~iique de la goutte permettent 
dmCtablir que la fonction profil X ( z )  doit satisfaire 
pour toute valeur de z  E [O,lz] l1Cquation de base 
suivante : 

[3] 2 x o X ( z )  cos 8 ( z )  = g ( p ,  - p,)V(z) 

+ n[x(z (z ) l" (2ol~)  - g(p ,  - pJz1 

Cette Cq. [3] est prCcisC1iient l'Cq. [4] de la ref. 4  
en page 744 et nous renvoyons le lecteur a cet article 
pour y trouver les details collduisant a son Ctablisse- 
ment. 

Maintenant si dans I'kquation intkpro-diffkrentielle 
[3]  oil remplace cos 8(z)  et V ( z )  par leurs expressions 
donnCes en [2] et [ I ]  respectivernent et si on derive 
par rapport a la variable z I'Cquation ainsi fournie, 
on obtient que la f o ~ ~ c t i o ~ i  profil satisfait l'kquztion 

aiiisi que les conditions X(0 )  = 0, X(h) = I- et 
~ ( 1 7 )  = 0. Observons de plus que dans [3] et [4] R 
est relik ii X(z )  par la forlnule: 

Le point important pour nous consiste i observer 
que chacune des Cqs [3] ou [4] fournit un modele 
~nathk~nat ique  qui permet la formation d'une goutte 
avec uii sol. Afin de virifier ceci. il nous faut moritrer 
qu'etant don126 / I , ,  0 < / I ,  < /7> et une fonction X(z )  
satisfaisant [3] oLi [4] sus I'intervalle [O,h,] et dont 
la valeur est coi-stante et egale a v  sur I'intervalle 
[Ill:??] (voir fig. 3) i l  suit que X(z)  satisfait aussi [3] ou 
[4j sur i'ii~tervalle [O,h]. 

Ell effet, pour chaque baleur de z E [l:,,h] on a 
aiors cos 8(z)  = 1, X ( Z )  = I . ,  V(z )  = V(/l ,)  + 
nr2 ( z  - i l l ) .  Utilisant ~naintenaiit le fait que [3] est 

kkrifiie pour z  = h ,  on obtient 

[61 2nro = d ? l  - ~ , ) V ( h l )  

+ n r 2  [ (2olR)  - g(pl  - p2)hll 

ce qui peut Etre Ccrit sous la fornie: 

[7] 2rri.o = g(pl - p, )[V(hl )  + nvZ( z  - h , ) ]  

+ nr2[(201'R) - g(p ,  - p2)zl 

Or 1'Cq. [7]  montre prCcisCment que (31 est s a t~s fa~ te  
Cgalen~ent pour z  E [lll ,/l].  D'autre part, 1'Cq [4] 
~ n d ~ q u e  b ~ e n  que toute fonct~on X ( z )  constante sul- u11 
interhalle sat~sfalt cette Cquatlon sur cet ln te i~al le  
car alors O sdr I'lntesvalle en question. 

Conclusions 

En conclusion, nous pouvons faire rernarquer 
qu'en niilieux hallogCnures ce phiiiomene de col n'est 
pas enregistrk ~iiais  que, par contre, en milieu sulfure 
110~1s obtenons la formation d'une goutte similaire a 
celle prisentie ici. 

Devant la coniiplexitC de ce phenomene, l'identifica- 
tion par voie spectroscopique et la diter~nination de 
la tension interfaciale permettront d'identifier le film 
a la surface de I'Clectrode et de difinir son im- 
portance. 

Enfin le modele inathimatique present6 lnontre 
bien que la formation d'un col cylindrique est 
thCoriqueinent possible et qu'il y a lieu de s'attendre 
a ce que le phC~iomene soit effectivelnent observC 
sous certaines conditions expCrimentales. Mal- 
lieureuse~nent les equations fondalnentales du 
modele, les Cqs [3] ou [4] ,  sont trop complexes pour 
permettre la ditermination d'une formule analytique 
pour la fonction profil X(z )  et ainsi arrives a prCdire 
la forme d'une goutte. D'autre part nous n'avons pas 
riussi dCterniiner la (les) relation(s) qui doit 
(doivent) exister entre les paramitres exp6rirnentaux 
p,, p ,  et o pour que les Cqs [3]  ou [4] permettent de 
prCdire ia formation d'un col. Cette question im- 
portaiite reste ouverte pour le moment. 

Les auteurs sont reconnaissants des oct ro~s  de 
recherche du CNRC et du M.E.Q. qui ont rendu ce 
travail possible. 
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C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Chemical reactions in glow discharges. 1V. Production and removal of oxygen atoms in the 
dc glow discharge1 

Mor I L  4~ D. COST\ A N D  PRESTOU A .  Z U L I ~ \ I  

A N D  

M ~ T I L A L  D. COSTA, PRESTON A. ZULIAPI,  and JACQUES hl .  I>LCKERS. Can.  J .  Chem. 57.568 
(1 979). 

An  experimental t e c h n i q ~ ~ e  for the measurement of the rate of formation and removal of 
atomic oxygen in an active glow discharge is described. The concentration of atomic oxygen 
was monitored mith a inass spectronleter by sampling the gases f l o ~ i n g  through the discharge. 
The rate of rcmo\al of oxygen atorns was found to be first order in atomic oxygen and 10 to  
100 times faster than the corresponding recombination rate in the afterglo\+ region. The Inea- 
sured rates of atom prodiiction are in ayreernent with those calculated by assumii-ig electron 
impact dissociation of ground state molecular oxbyen. The atoms are removed bq a wall 
recombination process. 

The ability of trace amounts of certain gases to  enhance significantly the extent of dissociation 
in a n  electric ilischarge in oxygen has been studied. Only those added gases which contain a 
hldrogen 01. nitrogen atom are effective in enhancing the yield of atomic oxygen. For each 
hydrogen atom introduced into the oxygen stream about 300 extra oxygen atoms could be 
produced. This 'catalytic' effect is s h o ~ n  to be d ~ ~ e  to a marked decrease in the rate of recom- 
bination of 0-atonis  at the walls of the discharge tube. Whate\,ersn~ali change that occurs in the 
rate of 0 -a tom production can be easiiy accounted for by a change in the energy distribution of 
the electrons in the discharge due to  the effect of the addit~ves.  

~ ~ O T I L ~ L  D. COSTA, P I ~ E S T O ~  A. ZULIAPII et JACQUES M .  DECKERS. Can. J .  Chem. 57.568 
(1979). 

On decrit uiie technique experimentale perrnettant de niesurer le taux de forination e t  
d'enlevement d'oxygene atoniique actif dans ilne decharge electrique sous pression reduite. On 
a e \ ~ a I ~ i e  la concentration de 1'oxygi.n~ atoniiqiie par spcctrontktrie de masse en preievant des 
echantillons de gar s'ecoulant a travers la decharge Clectrique. On a trouve que le taux d'en- 
I&\cn~el?t des atomes d'oxygeile est CILI premier ordre en oxygene atomique et est entiron 10 h 
100 fois plus rapide que le taux de reconibinaison correipondant dans la rCgioi1 de la phos- 
phorescence qiii suit la decharge electriquc. 1-es taux de prodi~ction pour les atome5 nie\urCs 
sont en accord a \cc  ceux calcules en faisant l'hypothese qu'il 4. a di5sociatio11, sous impact 
elcctronique, de I'oxygene moleculaire dans son Ctat fondanientai. Les atoines sont enle\+s 
par Lln processus de combinaison au ni\e,iu iie\ p'ii-oi\. 

On a etudie la propriete qu'ont certain? gar a I'ktat de trace d'augnienter d'une f a ~ o i i  
importante le taux de dissociation de I'oxygene soiis I'infliience d'une decharpe electrique. 
Parmi les gar additionnes, seuls ceiia qui contiennent des atomes d~hydrogene ou d'azcte sont 
efficaces pour rehausscr le rendernent en oxqgene atomique. Pour chaqi~e  atome d'hydrogene 
introduit dans un courant d'oxygerle. i l  ~c produit environ 300 atoines d'oxqgine en supple- 
ment. On a niontrk yue cet e rk l  catai>tique cst dii i une ilin~irliitioi~ ~ensible ~ L I  t u i ~ x  de 
I-ecombinaison des atomes d 'oxlgtne pres des parois du tiibe dc la dCcliarge. Tout changenlcnt 
rnincur dans le taux de protiiiction des atomes d'ouygeiie peut Etre explique par LIII changenient 
dans 13 ctistrihutiorl d'energie des electrons dans la decharge electriqiie dii B l'effet d.additifs. 

[Traduit par le joi!~.nal] 

I. Introduction product~on of oxygen atoms occurs by a stepwise 

There is much controversy concerni~ig the mech- process involving some unspecified metastable species 

al~isins for atom production and removal in dis- as an intermediate, a reaction sequence ivhich has 

charges in diatomic gases. I t  has been argued that the been postulated to occur in nitrogel? discharges 
(Baker et 01. ( 1 ) .  Young and St. Joh11 (2)). Others 

'Ab\tl.acteil. in pnl-t. from the p h . ~ .  the.;esofp. A .  Z. and n ~ .  !Maufman and Kelso ( 3 .  41, Linnett a!?d Marsden 
D. C.  !\ee refs. 1 1 .  12). ( 5 ) )  have felt that catslytic production schemes in- 

00!~8-404~/?9/050568- 1280 1 .OO/O 
c81979 S;ition,~l Ke\eal-ch Council oSCanuda/Conseil natiorial de rechel-che5 du Cun;ida 
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volving tl-ace impurities are responsible for the atom 
production. More recently, Kaufiiian (6) has pro- 
posed that the main atom production term in dis- 
charges in O,, N2,  and H, i~lvolves the simple 
electron impact dissociation of the ground state 
molecules. While this proposal has not met with 
unlveisal acceptance, at least for N2. ~t seemed to us 
to be  an attractlie poss~bility for oxygen d~scharges. 
K a u f n i a ~ ~  (6) has also suggested that the mall recom- 
b lnat~on of atoms rn~ght  be veiy much faster In the 
active discharge than in the afterglou- 'nd could be 
the domillant removal term. 

11.1 this paper u e  describe an experimental design 
nhich perinits the sampl~ng of an ac t~ve  d~scharge. 
The sampled products and intermediates are 
anallsed continuously by mass-spectrometry. The 
~ ieasu red  profiles of atomic oxygen concentration 
i7ersus time are tllen used for kinetic analysis in order 
to determine the dominant reaction mechanism. 

Although discharges are colnnionly used to  
generate atonis for other studies, very little is kno~vn  
about parameters controlling the atom concentratio~l 
in the discharge effluent. I t  has long been realized that 
addition of small amounts of other gases causes large 
increases in the extent of dissociation in diatomic 
gases. We report our studies of the effect of addition 
of sinall amounts of gases on the oxygen atom 
concentration in the discharge. Those effects have - 
been exteiisively studied in the case of hydrogen and 
nitrogen (7,  8). Ho\+ever, surprisingly little is known 
in the case of oxygen. We will show that the dominant 
effect of these added gases is to  inhibit the atom 
recombination process rather than to affect the atom 
production process. 

2, Experimental 
The experin~ental apparatus is illustrated schematically in 

Fig. 1 .  The gas or gas mixture which was to  be studied was 
passed through a liquid nitrogen cold trap to remove traces of 
wa:er vapor. The gas flow system was all glas? and metal and 
the use of mercury was strictly avoided. The flow rates of the 
gases Mere n-ieasured with Xastings flow transducers. The 
average stream velocity of the gas 7, through the discharge was 
calculated from the total flow rate, the pressure in the discharge, 
and the tube diameter.. The discharge was sustained in a U- 
shaped Pyrex glass tube with an inside diameter of 12.7 mm. 
.A. moveable anode was located in one of the arms of the L- 
tube. A small (0.07 mm radius) 'leak' was located in a thin 
glass membrane at  the tip of a giass cone near the bottom of 
the U-tube in line with the anode. The gas entered the discharge 
tube upstrean: of the anode. A pressure transducer was used to  
rezord the pretsure at a tap-off located 3 crn downstrean? of the 
leak. A small piatinurn wire probe was located about  1 crn 
downsiream of the pinhole and was used to  measure the 
floating potential in rhe discharge near the sampling orifice. A 
further side-arm in th: anode region contained an additional 
electrode. When desired, a discharge could be struck between 
this elecirode and  tile anode: in this case the mass spectrolneter 

TO MECH. P U M P  

TO DIFFUSION P U M P  
1- -NO, 

V A C U U M  VESSEL 

10" 
10 T O R R  

SPECTROMETER 

FIG. 1. Schematic of apparatus. 

leak would be located in the afterglow region so  that the after- 
glow aton1 concentrations could be measured directly. I t  was 
calculated that about 0.570 of the gas flowed through the 
~ a n ~ p l i n g  orifice. 

Thc gas discharge was sustained by a regulated 5000 V power 
d up ply. The diicharge \bas 'floated' in such a manner a< to 
maintain the plasma in the vicinit)- of the pinhole very slightly 
negative with respect to  the grounded mass spectrometer to  
prevent positive ions, formed in the discharge, from entering 
the mass spectrometer. 

The electrodes were fashioned from copper. Care was taken 
that n o  detectable anode sputtering occurred in the positive 
column of the discharge during the reported runs. In  particular, 
frequent cleaning of thed~rcharge tube with nitric acid followed 
by copious rinsing n i th  distilled water ensured that no  compli- 
cations occurred due to sputtering of electrode material on  the 
walls. Tbe cathode was a hollow cllinder located in a side-arm 
well downstreain from the region in which measurements were 
taken. 

The sample of discharged gas M hich had passed t h r o ~ ~ g h  the 
pinhole travelled about 6 c m  in a Torr  environment 
before part of it flowed through a 2 mni diameter aperture at 
the apex of a second chamber which housed the mass spectrom- 
eter. The presiare in this chamber was maintained at  less than 
lo-' Torr  by ~rsing differential pumping and liquid nitrogen 
cooling. An Extranuclear Laboratories high efficiency ionizer, 
yuadrupole mass spectrometer, and 14 stage particle multiplier 
were used to  analyze the gases. 

The molecular beam emanating from the discharge was 
mechanically chopped at  400 Hz and  the resulting ac signal 
was recovered by phase sensitive detection. By setting the 
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electron energy in the ionizer just below the threshold for the 
dissociative ionization of O,, the relative concentration of O- 
atoms formed in the discharge could be measured as a function 
of experiniental parameters. These concentrations were then 
converted to absolute 0-atom concentrations by calibrating 
the mass spectrometer using the NOz titration technique. Titra- 
tion experiments were always performed in the afterglow region 
of the discharge using the side-arm clcctrodc, as it was found 
that, in the active discharge, the NOINOz were also subjected 
to  partial decomposition (see sections 3.6 and 4.4) which might 
affect the results of the titration. 

3. Results and Interpretation 

The fundaniental measureme~it In t h ~ s  work in- 
volved the determ~nation of the concentrat~on of 
atomic oxygen as a functlon of d~stance b e t ~ e e n  the 
plnhole and the anode locat~on 111 either ultrapure 
oxygen or  In oxqgen to n h ~ c h  measured trace 
amounts of another gas had been added. Slmul- 
taneously the potentla1 at  the floatlng probe was 
recorded. The mass spectrometric signal versus 
distance profile was then converted into atomic 
co~lcentration versus time by taking into account the 
callbratlon factor of the mass spectrometer, the gas 
flow, the pressure, and the d~ameter of the dlscharge 
tube A sample graph 1s shonn in Fig 2 The slope of 
the floatlng potentla1 kersus d~stance curve gake a 
measure of the electrlc field In the posltlve column of 
the dlscharge (9). After a dlscharge was struck, ~t !+as 
~iotlced that measured quant~tles such as the mass 
spectrometric signal, the potential at  the electrodes, 
o r  the current through the discharge ~vould  drift, 
reaching a steady value after a couple of hours. All 
measurements reported are taken under the 'steady' 
conditions. Each time one or lnore of the discharge 
operating parameters were altered. it was necessary 
t o  wait from 5 mill to as 11iuch as 1 h before a new 
steady measurement could be recorded. 

FIG. 2. Plot of oxygen atoms produced versus time spent 
in the discharge for various currents (P = 0.798 Tor-r, t;', = 
7.25 ni s- I ) .  

3.2 Ultrupure Oxjgen 
The oxygen atom concentration \\as found to rlse 

~nonoton~cally w ~ t h  the res~dence t ~ m e  of the gas 111 

the dlscharge to achleve a final steady-state value 
[O],,. Plots of In ( [O] , ,  - [0]) [O],, versus t ~ m e  \\ere 
l~nea r  de~nonstratl~lg that the rlse was exponentla1 
and that the oxygen atom concentration at  any time 
could be described by an equatloi~ of the type 

Here k,, is an arbitrary constant which is obtained 
from the slope of the logarithmic plot. A sample 
graph is shown in Fig. 3. 

Let us now test the hypothesis that the 0-atoms 
are being produced by simple electron impact dissoci- 
ation with rate constant k ,  and removed by a first 
order wall recombination process with rate constant 
k,. Then 

k ,  
[21 0 Z ( X 3 Z , - )  + e * ~ + 2 0 ( ~ P j  + e 

\\here 77, 1s the electron concentration. Integrating. 
one gets 

[ 5 ]  [O]  = (2/c,ri,[0,]~kU)(l - exp -/cut) 

We can ~mmedlately see that this mechan~srn 1s 
cons~stent mlth the observed [O]  versus t profiles 
ithere k, is the first order remokal rate constant and 

We now attempt to test this ~ ~ ~ e c h a n i s i ~ i  further by 
calculating [O],, from eq. [6] and comparing the 
calculated variation of [O],, with discharge current 
and pressure ilith the experimentally drterinined 
profiles. 

3.3 Vciriufioti qf [O]s, r.ersus Currctlt crtlr/  Pressurc 
Tn,o of the parameters in eq. [ O ]  necessary to 

calculate [O],, are readily available. [O,] \\as deter- 
mined by measuring the discharge pressure wl-~ile k,, 
could be determined from the slope of the plots as 
s h o ~ t n  in Fig. 3 ,  In  actual practice, k ,  was deter- 
mined by a least-squares fit to the [O]  versus t data 
with corrections being made for back d i f f ~ s i o n . ~  

Values for the electron concentration, I T , ,  were 
obtained using the equation 

\\here I is the discharge current, A the tube cross 
section, e the electronic charge, and I . ,  the electron 
drift velocity. To  obtain ti ,  as a function of discharge 

'For details see Zuliani's Ph.D. thesis (11). 
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FIG. 3. Logarithmic plot of ([O,,] - [O]! [O]., versus tiine 
spent in the discharge (P = 0.798 Torr, 7, = 7.25 111 s ' ) .  

current aild presqure. it was necessary to measure 
the electric field as a fuiictlon of these parameters 
T h ~ s  \+as done uslng either the Langmuir probe 
and or the mo\ Ing anode technique (9) The electroll 
concentratlor, 17, could be calculated froin X ,  = I ~ , L ,  

\\here the cir~ft velocit~es here taken fro111 Hake and 
Phelps ( i O )  and Y, is the electric field. 

F ~ i ~ d l l y ,  F, i t  a5 calculated fi 0111 the expl ession 

where f ( ~ )  is the electron energy distribution function, 
Q(E) the electron impact cross section for reaction 
[2], while c: and 177, are the energy and Inass of the 
electron, respectively. 

Actually, reaction [2]  is a composite of three 
reactions : 

The cross sections for these three reactions are 
available as a function of the electrori energy (10). 

I n  this laboratory Rur~dle et 01. (9) mea-sured the 
electron energy distribution function over a limited 
range of discharge pressure. For extrapolating 
beyond this range, we assumed a Druyvesteyn energy 
distribution (16) since, ivhere comparison was 
possible, this Lvas a closer approximation to the 

measured distribution than was an equilibrium 
distribution. 

The differences between values of k ,  calculated by 
using a Druyvesteyn energy distribution versus those 
calculated using the fui~ctional for111 determined by 
Rundle et 01. (9) \?,ere smaller than the experimental 
uncertainties. 

In Fig. 4, we illustrate the effect of current 011 k,+ 
and [O],,, ~vhile in Fig. 5 the effect of pressure on 
[O],, is shown. The values of an expanded set of 
measurenieiits of k,  obtaiiied similarly (using a dif- 
ferent oxygen supply) are tabulated as a function of 
pressure and current in Table 1. The magnitudes of 
the back diffusion correction, expressed as a per- 
centage of k,,, are given in pareiitheses underneath 
the values of k,. The effect of pressure on k, is 
illustrated in Fig. 6. 

In  Fig. 7, the measured and calculated values for 
the ",  oxygen dissociation are presented for ultrapure 
oxygen. The agreement bet\\een calculated and 
experimental values is mithin a factor of 2 for the 
whole range of pressures investigated and provides 
further confirmation of the interpretation of the 
data. 
3.4 Addition o f  Foreigri Grrses: Gerzeral 

Wherever hydrogen or  nitrogen con ta in i~~g  gas \\,as 
added to the oxygen flo\v, the oxygen atom concen- 
tration in the discharge rose sig~lificantly and reached 
a new steady-state value after a certain time (usually a 
matter of a few minutes). When the flow of foreign 
gas was stopped, the atom yield started to  decrease 
immediately, reti~rnirlg to its  original 'steady' value 
after about an hour. 

Results could be presented in two uays depeiiding 
on the type of information desired. Reco~nbination 

FIG. 4. Plot of atomic oxygen in the steady state (0) and 
X ,  ( g )  versus current (P = 0.798 Torr, p, = 7.25 111 s - I ) .  
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T A R L ~  1. Variation of k ,  (s-') with currenl and preisur-e' 

k ,  (s- I) \-s hen pressure (Torr) = 

I (mA) = 2 326 276 202 179 I50 - 124 117 87 - - - - 

(21) (25) (1 1) (I I)  (9) (7) (7) (5) 

3 418 380 253 217 172 I40 138 - 1 1 1  I79 - - - 

(16) (31) (13) (12) (10) (9) (8)  (5) (6) 

4 438 437 294 256 188 156 153 141 95 188 - - 70 
(28) !32) (15) (14) (10) (10) (8) (7) (5)  (6) (4) 

5 528 434 340 282 202 167 164 - 1 1 1  193 - - 72 
(31) (33) (16) (15) (10) (10) (9) (6) (6) (4) 

6 592 519 177 313 214 177 173 159 119 199 98 - 78 
(34) (35) (IS) ( i6)  (10) (11) (9) (8) (6) (7) (8) (4) 

'7 655 538 417 340 225 185 184 - 125 201 98 - 80 
(35) (37) (20)  117) (11) (11) (10) (6) (7) (8) (4) 

8 715 584 466 366 237 194 192 168 132 202 101 53 82 
(36) (381 1 (18) (12) (11) (11) (8)  (7) (7) (8) (3) (4) 

9 829 655 510 385 248 203 202 - 138 203 101 51 83 
(38) 140) (22) (19) (12) (12) (12) (71 (7) (9) ( 3 )  (4) 

10 851 696 534 418 258 211 210 177 146 206 104 51 83 
0 (41) (23) (20) (12) (12) (12) (9) (8) 17) (9) (3) (4) 

v. (111s-I) 6 . 8 5  6 7 .77  7 . 2 6  7 . 2 5  6 .17  5 . 9 0  6 . 9 2  6 . 3 0  7 . 2 3  4 . 3 9  5.01 4 .65  
P (Torr) 0.452 0.512 0 .614  0 .699  0 .822  0.965 1 .01  1 . 0 4  1 . 1 5  1.15 1 . 5 9  2 .10  2 . 3 7  

- - 
" I  310 1< xias used :is t h e  gas rcnipe!nrurc in  order  lo calculate Y ,  2nd h ,  for all ~esi l l ts ,  P'< 15 the ,!\cra&c gas strc'lm \e loc i ty  in the  discharge tilbc 

Tlie n1:mhers i n  pCi~.tntheses are liie r i i a n i ~ i i d e s  ofr l ie  back dili'usion correction, cipressed as  a 1 of/,,, 

PRESSURE, TOWW 

Frc;. 5. Plot of 7; atomic oxygen in the steady state versus - 
discharge pressure at various currents (I.; = *- 3 in s - ' ) .  

rate constants could be obtained for a given gas, addi- 
ti1;e ratio from the plotting procedure outlined in 
section 3.2. Alternate!?, tile percent dissociation of 
Oi r,c,?~ld be piotied :.ersgs the percent of added gas, 
hence describing the effect of the additive o:: the 
o\.eral! osygen atom concentration. la  Fig. 8: we 
plot the perce:lt dssociatlon v e r s a  the concei~bralion 
of various: aciditivss in  parts per million. Tn Fig. 9 the 
range of added gas is il:c;eased. It is inxnediateiy 
obviobis f~w111 ail examil~atio!: of these ccrtes that, 
even i r  very srsiall amounts of gas added, several 

0 
0 1 2 

PRESSURE, K O R R  

FIG. 6. Plot of ii, bersus pressure at tho  values of rhe dis- 
charge current: 9, 3 il;A, @, 8 mA. 

;:undrec! additiol~ai osqgen a:cn>s are produced per 
r?lolecuie of added gas. 11.1 fact, tl-ie slojxs of the c~irves 
i n  Figs. 8 and 9 are equal to the n u ~ ~ i b e r  of oxygen 
atoms produced per added molecu!e; this slope is 
defined as the 'cata!ytic efliciei:cy' of the additive gas. 
As car? be seen froin Figs. 3 and 9. the  oxygen atom 
concentratio!? rises sharply for smail concentra.tions 
of the 'catalyst" (0-30 ppn?) a:id less rapicily at larger 
coi~centrations. F i x  catalytic eEciency is thus very 
large initialiy ail6 decreases mo~~otoi~ical ly  \s,ith 
increasing additive gas concentratioi;. lil Table 2 the 
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F 
CALCULATED (DRUYV.)  

P R E S S U R E ,  TORR 

Fro. 7. Calcl~inted and measured plots of extent of dissocia- 
tion versus pressure at  8 1nA in ultrapure oxygen ( -  10 pprn 
impurities). i;;, = 6.8 In s '. 

ppm ADDITIVE 

FIG. 8. P!ot of 7 atomic oxqgc~i produccd Xcrsus coliccntra- 
tion of additives in ppm. P = 1.21 Tori-, IF; = 1.96 m s - '  
(at 8 m.4). T = 340 K (at 8 m4) .  Sqnihols: NO; G ;  C,H,, + ; 
N1, @: CzHz,  A: CM,, u: C,H, (1,2-butadiene), A :  C 2 H 6 ,  
x : !CW,),C, 0 ; CO,  V : COz,  g; Nc,  Kr,  Xe. Ar,  3. 

initiai slope has been tabulated i l l  for a number of 
additive gases at Larious currents. 111 Table 3 the 
slope is plotteci at the 0. I ",; a d d i t i ~ e  !el:e!. A ~0117- 
parisoi: ef the .+dues in these ~ M O  tabies iilustraies the 
decrease in efiiciei:cy. 

3.3 Uj'~!i'o~.nr.ho:: Acl/liti:,es 
Plots of the percent of oxygen atoms produced 

versus the percent hyc!rocarbon added are charac- 
terized by very steep initial rises ~ \ h i c h  gradually 
levei off. For vesy large additioils i-0.5";,), the 
catzlytic efficiencies assume negative values: the 
concentration of o x q e n  atoms in the discharge 
decreases up011 further hydrocarbon additions. This 
decrease in  the oxygen atoil1 conceiitration is \vhoiIy 
accounted h r  by the coiisun~piion of the a to i l~s  by 
reaction n i th  the hydrocarbons a,nd their reaction 

o 4 e 1 2  1 6  2 o 
% ADDITIVE 

FIG. 9. Plot of ", atomic oxygen produced versus concentsa- 
tion of additives in "I,. P = 1.21 Torr, I/, = 1.96 rn s - '  (at mA) ,  
T = 340 K (8 mA:. Syliibols: (upper range) NO,  C : C,H,, + ; 
H,, @: C 4 H s ,  A:  CH,, EZ: (CH?I4C, 0: C,H,, x : (lo\+er 
range) He, A :  CO, O :  Ne; T; C O Z ,  9: Kr,  C :  Ar, x . 

products. A plot of the catalytic efliciency of some 
gases is shonn as function of current ill Fig. 10. 

Plots of 0 atom concentration kersus the concen- 
tration of nitrogen containing additives are shown in 
Figs. 11, 12. 

3 7 Iticrt Gascs, CO. GO2 
Plots of [O],, xersus percent of added ~ n e r t  gases 

are 5hown In F1g5 8, 9 Alihough thew gaseq \+ere 
q u ~ t e  ~ n e f f e c t ~ ~ e  13 enhancing the atom )irld, a 
finlte slope n a s  rneasured For He, As. Mr. and Ne, 
this s!ope \\as < O  3 oxygen atom pei inert gas atom. 
For CO the s!opc n a s  18 6, \xl?ile for CO,  it \\as <2 
oxygen atom per impurity added. These lock eI?icien- 
cies are quite likely due to tlie snlall amounts of 
isater present as an impurity in the gases. 

4. Discussion 

4.1 Getlcr~rl 
We \\is!; to  en?pliasize here that tile samplim pin- 

hole \ \as located in the a c t i ~ e  discharge and not in the 
afterglow region. The only purpose of the additional 
electrode located in the side-arm \\as for establishing 
on ail absolute scaletheOatom concentration through 
the NO titration technique. Lr~minosity due to the 
discharge itself and the pariiai decompcsition due to  
reactions interfered .with the n~easurement ivhen it  
n a s  attempted iz l  the a c t i ~ e  discharge. 

Results in a given discharge tube Liere very 
reproducible, especialijl \+hen trace a m o ~ a t s  of 
cata!ytic gases \\.ere zdbeci. Mo\ve\~er~ because of the 
extreme sensitibity of [O],, to  Trace impilrities in 
highly purified oxygen, it w o d d  be expected that 
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TABLE 2. The catalytic efficiency of added gases as a function of the discharge current 

Catalytic efficiency when discharge current (mA) = 
-- -~ 

Added gas 2 4 6 8 10 

He, Ar, Kr, Ye 
CO 
COZ 
so2 
NO 
hi 2 

NzO 
H Z  
C2Hl 
CH4 
C2H4 
CzHs 
C4H6 
C S H I ~  

NOZ 
CHC I,F 

5 0 . 3  1 0 . 3  
5 0 . 6  ( 0 . 6  
1 0 . 2  1 0 . 2  
1 6  - < 6 
464 406 

3 4 49 
200 263 
232 384 
3 54 455 
467 850 
719 988 

1080 1530 
1030 1280 
1510 2180 

Comparable to NO 
100 = 200 at 8 mA 

TABLE 3. Catalytic efficiency of added gases as a function of d~scharge current (0 .1z  
additive)" 

Catalytic efficiency when discharge current (mA) = 

Catalyst 2 4 6 8 10 

He, AI. 
co 
COz 
NO 
Nz 
N20 
H2 
C2H2 
CH4 
C2H4 
C2H6 
C4Hb 
CSHI,  

*P = 1.21 Torr, 8 n iA,  T - 340 K ,  V ,  = 1.96 m is1, a n d  t c~ idencc  t ime in  t h e  d~acha rge  - 163 rns 

different [O],, lalues might be obtained in different 
laboratories, or indeed, ivith different oxygen 
cylinders. due to slightly different impurity levels. 
Hence, great care shou!d be taken in lifting 0 -a tom 
concentration to be used for other purposes. 

In fact, at one time, after having run a discharge 
through oxygen - carbon monoxide mixtures for 
sollle time, it mas no longer possible to obtain the 
very high values of /c, observed before this set of 
experiments was performed. Close examination of 
the discharge tube wall revealed that it was coated 
with a very thin brownish-black film. This fill11 could 
not be removed by running the discharge for many 
hours through pure oxygen. Only after cleaning with 
colicentrated HNO, mixed with HCI was the film 
removed and the original k ,  values reproduced. 

Black part~cles (probably some form of polynierlc 
carbon) mere suspended In the solution. No  rilrther 
analysis of the phenonrenon \\as attempted. 

4 .2  P w e  O,\-j.gm 
The proposed ~nechanism predicts an [O] versus t 

profile which rises exponentia!ly to a steady-state 
value in agreement wit11 experiment. Moreover, 
calculations of the absolute value of [Q],, from 
eq. [6] agree to within a factor of 3 with the experi- 
nlentai values. This is nithin the uncertainty limits of 
the cross sections, the electron concentrations, and 
the eliergy distribution function used in the calcula- 
tion. 

Figure 13 shows that [O],, increases strongly with 
current at high pressures. but decreases with current 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



COST.4 El' AL.  575 

FIG.  10. Plot of the number of oxygen atoms produced for 
each foreign gas molecule added ('catalytic efficiency') versus 
the current for different gases (initial slope method). P = 1.21 
Torr, Vs = 1.96 ni s-'. 

F IG .  I I .  Plot of oxygen atoms produced \leisus the con- 
centration of added catalyst for several gases which contain N 
atoms. P = 1.21 Torr, ps = 1.96 m s - ' .  Synlbols: NO,, 0: 
NO, 9; Nz, x , @;  NZO, A. 

- FIG. 13. Plot of [0],, versus current at various pressures. 
V, - 3 m s- ' .  

a t  low pressures. T o  determine whether the postulated 
mechanism is colisistent with the observed trend, we 
may rearrange eq. [6] and use eq. [7]: 

[lo] k,[O],, = 2k,[0,]J/eVcA = (Constant) x I 

Thus, this mechanism will explain the measureci 
current dependence of [O],, only if all plots of k,[O],, 
versus I a r e  linear with zero intercept. Such behaviour 
\\as always observed, as can be seen in Fig. 14 where 
the product k,[O],, = 8 is shonn a t  three pressures. 
The extrapolatio~l to  zero current intersects the 
origin within experimental uncertainty. 

The calculations also predicted that the percent 
dissociation of 0, should increase with increasing 
pressure, passing through a broad ~nax in iu~n  from 
2-4 Torr. As is shown in Fig. 7, this is in a, areenlent 
with experiment. (The predicted curve was calculated 
using I-lake and Phelps dissociation cross sections 

FIG.  12. Plot of % oxygen atoms produced versus the con- 
centration (larger arnounts) of added catalyst for several gases -FIG. 14. Plot of 0 = k,[Ol,, versus current: P = 0.59 Torr, 
w h i c h c o n t a i n N a t o r n s . P =  1.21 Torr, vs = 1 . 9 6 m s - I .  V , = 7 . 8 ~ n s - ' ; P = 0 . 9 5 T o r r , ~ s = 6 . 2 m s - ' ; P = 1 . 2 T o r r ,  
Symbols as in Fig. I I .  vs = 5.2 rn s- I .  
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(10) and drift velocities and assuming a Druyvesteyil 
energy distributioii (lb).) 

Attempts have been made, without success, to 
correlate the value of k ,  with known or suggested 
gas phase reactions to explain the observed first order 
removal of atomic oxygen. The fact that when the 
setting of an experimental parameter such as pres- 
sure, flow rate, or  current was altered a significant 
lag time occurred for steady measurements is clear 
indication that wall effects play a dominant role in 
controlling the discharge. 

The various observations related so far, especially 
those iilvolving the observed inability to obtain very 
high k ,  values when the walls of the discharge tube 
were coated with the broivn-black deposit, establish 
quite unanlbiguously that the first order removal of 
0 atoms is a wall process. 

4.3 Hydrocurbo~? Addlitires 
As the number of hydrogen atoms present in the 

additive gas molecule increases, the catalytic efficiency 
increases. Figure 15 shoivs a plot of the catalytic 
efficiency versus the number of hydrogen atoms in the 
additive molecule. The straight line obtained through 
the points has a slope of 300 oxygen atonis produced 
per hydrogen atom in the additive gas molecule. 
Since hydrocarbo~ls added to the discharge decom- 
pose to form H, and CO as the dominant reaction 
products (13) this result is reasonable. As Figs. 8 and 
9 shoiv, H ,  is highly effective at  increasing the atom 
yield in the discharge while CO and CO, are rather 
ineffective. 

Winkler (7) has suggested that the catalytic 
efficiency of additives in enhancing the nitrogen atom 
yield in a N, discharge can be correlated with the 

1 1 NUMBER OF W-ATOMS I 

molecular complexity of the additives. Such a plot is 
shown i11 Fig. 16. The correlation obtained with the 
number of hydrogen atoms is certainly better than 
the correlation obtained with the nunlber of internal 
degrees of freedom. It  is probable that for the much 
shorter residence times used by Winkler, the added 
hydrocarbons were only partially decomposed. 

In  Fig. 10, the catalytic efficiency, as calculated 
from the initial slope, is shown to increase with 
current in a non-linear fashion. For species contain- 
ing the same number of hydrogen atoms (H,, C,H,; 
CH,, C,H,; C2H6,  C,H,), the decrease at  lower 
currents is greatest for those species which decom- 
pose most slowly in the discharge (H,, CH,, C,H,). 
The increased catalytic efficiencies at  high currents 
may thus simply be the results of a greater conversion 
of the added hydrocarbon to hydrogen or its oxyda- 
tion products. 

4.4 Nitrogen Con fai ~ i n g  Itnpurifies 
Plots of the oxygen atom concentration versus the 

concentration of nitrogen containing additives are 
similar to  those obtained when using hydrogen 
additives except that no maxima are observed for 
additions of up to 1 0 7 .  Instead, the oxygen atom 
concentratioil increases monotonically with impurity 
concentration. Since oxygen atoms are not consumed 
by a reaction with nitrogen containing species, no 
maxima are expected. 

From Figs. 11 and 12, it is apparent that the 
catalytic efficiency decreases less rapidly with in- 
creasing additive concentration in the case of nitro- 
gen containing species than for hydrogen containing 
ones. I t  is also obvious that no  correlation exists 
between the number of nitrogen atoms in the additive - 
n~olecules and the catalytic efficiency. This is consis- 

FIG. 15. Plot of the number of oxygen atoms produced for FIG. 16. Plot of the number of oxygen atoms produced for 
each foreign gas molecule added ('catalytic efficiency') versus each foreign gas molecule added ('catalytic efficiency') versus 
the number of H-atoms in the additive. P = 1.21 Torr, the number of internal degrees of freedom in the additive. 
V, = 1 . 9 6 m s - ' ; I =  8mA.  (Conditions as in Fig. 13.) 
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teiit with the fact that interconversion between the 
nitrogen additives occurs: (!) N O  addition: 50-60% 
remains intact: the remainder is converted to N,. 
( 2 )  N, addition: 95% remains intact; the remainder 
is converted to NO. (3) P!,O addition: 2 0 7  remains 
intact: 25% is converted to NO: 55; is converted to 
N,. (4) NO, addition: 0% remains intact: 50"; is 
converted to N, ;  50% is converted to NO. 

Thus, if X",f NO, N,, and N,O were added to 
the discharges, then taking the stoichiometry into 
account, one would expect X125 , ,  Xilo?, and X/2",, 
respectively, of N O  to be present in the discharge. 
Thus the ratio of the percent NO present for each of 
these gases is approximately the saine as the ratio of 
the catalytic efficiencies ( -  10:2:9 for NO, N,, and 
N,O, respectively). This suggests that either N O  or 
some species proportiolial to the NO conce~ltration 
(perhaps NO') is the active species. 

5. Discussion 

5 .  I 
The remarkable enhancement in [ 0 ]  when trace 

amounts of certain gases are added to an oxygen 
discharge must be ascribed either to the enhanced 
production or to the decreased removal of atoms (or 
a combination of these). 

By measuring the time development of the oxygen 
atom concentration in the discharge, one can 
separate the effects due to the production and 
removal processes. When presenting the data, we 
have postulated that oxygen atoins in the discharge 
are produced by direct electron impact dissociation 
of ground state molecules \vhile the atoms are 
removed by a first order process [2], [3]. 

Figure 17 illustrates the dependence of both [O],, 
and k ,  on conce~ltration of added NO. Siinilar 
results were obtained ivith other catalytic gases. The 
marked enhancement in the atom co~icentration is 
seen to be accompanied by an equivalent decrease in 
the removal rate constant k,. This established quite 
unequivocally that the production term k,[O],,, from 
eq. [lo], is independent of [NO] within the experi- 
mental error. 

These results provide striking evidence that the 
catalytic effects are almost entirely the result of a 
decreased removal rate of atoms and not as a result 
of changes in electron energy distribution nor of 
catalytic production sequences. Indeed, measure- 
ments of the ratio of the electric field over gas density, 
EiN,  which is a measure of the electron properties, 
were found to decrease by less than 2 y o r  addition of 
hydrocarbons of up to 1 0 5  to  the oxygen discharge. 
On this basis alone, one would have expected a 
decrease in the atomic oxygen production. 

We have also attempted to account for the removal 

! ,- - - - -_. l 4 
,3c  C O C  15°C 

-- -- - 

10 2 0 0  
r 

-. 
D - 

z 

5 1 0 0  

100 ZOO 3 0 0  1 0 0  

ppm N O  

FIG. 17. Plots of [O],, and k ,  kersus the concentration of 
added NO. P = 1.20 Torr, I.', = 5.64 m s - ' ,  I = 8 mA. 

process vla Ion inolecule processes. Although some of 
those processes have very large rate constants. the 
concentration of the various specles. especially ions, 
are very small at the rather lo\\ current densities a t  
which these experinients vere  carried out. Because of 
the low concentratiolls. none of the processes for 
which calculations \!ere attempted had rates vhich 
were even \\ithi11 1-f the measured rates, and 
almost all \\ere many orders of magnitude louer. 

Even \+hen large amounts of nltrogen additives 
\\ere present and that it fias suspected that NO or 
NO' m ~ g h t  play a s~gnlficant role in the removal 
process, the results of calculated rates \\ere too low to 
account fol the k ,  observed 

It 1s a we l l -kno~n  fact that because of the ambl- 
polar d~f fus~on  M hich susta111s the posltive column of 
a glo~v discharge (17) the walls are coated ~11th a 
layer of electrons ~ ~ h ~ l e  the core of the column 
coiita~ils a sllghtly posltlve charge It  is believed that 
when ultrapure oxygen is fed into the discharge, the 
ualls are 'cleaned' from most impurities by this 
eleclron bombardment and Inany active s~ tes  are then 
formed on which oxygen atoms can condense. 
Because of the large nu~nber  of electrons, these 
atoms should be fa~r ly  mobile and, hence, recombine 
efficiently. The catalytic efficiency of impurities is 
then explained by either accepting that the impurities 
(especially H,  probably as OH) will preferentially be 
adsorbed at  the active sites and thus Doison them for 
oxygen recombination, or alternately, that the pre- 
sence of those foreign niolecules on the surface would 
inhibit significailtly the diffusion of adsorbed 0 
atoms, thus reducing the rate of recombination. 

The rather long times elapsing before a new steady 
measurement could be taken after a change in either 
composition or some of the discharge parameter are 
consistent with this interpretation. 
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TABLE 4. Comparison of (0-atonls produced) (catalyst molecules added) wlth results of other 
workers 

Catalyst efficiency 

Present study 
Brown Kaufrnan 

Catalyst (ref. 8) (ref. 7) 0 . 01z  a d d ~ t ~ o n  ln~tlal  slope 

He, Ar - < 0 . 2  1 0 . 3  1 0 . 3  
CO 2 

- 1 0 . 2  1 2  1 2  
NO - 40-45 - 300 - 400 
NZ 80-1 00 80-90 30-70 30-80 
N 2 0  - 80-90 150-300 200-350 
H, 150-200 160-200 130-400 200-650 

5.2 Con7ynrison With Other Res~ilts 
I11 Table 4 the catalytic efficiencies in oxygen are 

compared with those found in the literature. 
The studies of Kaufman and Kelso (3) and Bro\vn 

( 1  4) were conducted ~1si11g nearly identical conditions 
in their microwave discharges and yielded similar 
results. Brouii (14) also reports that the catalytic 
efficiency of H,O is about 90 to 130 oxygen atoms 
produced per H,O molecule added. 

It is apparent that the catalytic efficiencies mea- 
sured here arc sonicwhat larger than those reported 
by Kaufnian and Kelso. The difference is especially 
apparent in the case of NO. 

The major difference between the experiments by 
Kaufman and Kelso and those reported here is that a 
microwave discharge was used in the former study 
while an  electrode discharge was used in this study. 
Kaufman and Kelso used the NO, titration technique 
downstreain of the discharge to measure 0-a tom 
concentrations and assumed that this was equivalent 
to  the concentration in the discharge (i.e.. they 
assumed that there was no large renloval term a t  the 
elid of the discharge as Kaufman (15) has more 
recently postulated). 

Since the measurements in the present study were 
done at  a slightly greater pressure (1.2 Torr com- 
pared to  0.8 Torr), higher catalytic efficiencies would 
be expected since both studies indicate that the 
efficiency increases with pressure. Also, Kaufman's 
catalytic efficiencies were reported for additions of 
0.01 to 0.05: impurity. Since in the present study it 
was found that the catalytic efficiency decreases with 
impurity concentration the values from the present 
study for 0.01% impurity are best used for compari- 
son. 

6. Conclusions 

We have been able to  quantitatively measure the 
conceiitration of atomic oxygen in an active glow 
discharge. Concentration-time profiles have es- 

tablished that the atom production is a dissociative 
excitation of the oxygen moleculc under electron 
impact. The reconibination of atomic oxygen obeys 
first order kinetics and appears to occur at the walls 
of the discharge tube. This removal is more than t n o  
orders of magnitude faster than that occurring in the 
after-glow region. This observation bias originally 
presented as a suggestion by Kauf~nan ( 1  5 )  and is thus 
confirmed experinientally. The variation of the re- 
combination constant with pressure and current is in 
good agreement with calculations, taking into account 
the uncertainties nith wliicli these quantities are 
known. 

We have further established that the rate of pro- 
duction of atomic oxygen is not significantly altered 
when a foreign gas is added to the oxygen stream, but 
that the rate of atom relnoval is decreased by up to 
two orders of magnitude (possibly more) leading to a 
very large increase in the atomic oxygen concentra- 
tion. Most effective are hydrogen containing com- 
pounds while nitrogen containing species are less 
effective. Other compounds do not appear to have a 
significant influence. All evidence indicates that the 
renioval step is a wall process. The increase in oxygen 
atom concentration is then the result of the deactiva- 
tion of the recombination a t  the wall 
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Self-adduct formation in the extraction of cobalt(I1) chelates of certain 8-quinolinols 
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T(~ti i  I IZJ titicte oj'Flit7tin1nrt~tnl Re.srnrc,h, Colaho, Bornbtry 400005, I ~ ~ t l i c i  
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ARVIND T. R A \ E  and KASHINATH S. BHATKI. Can.  J. Chem. 57. 580(1979) 
Eqiiilibrium distribution ratios have been determined for the extraction of cobalt(I1) with 

8-quinolinol and its 2-methyl-, 4-methyl-, 5-chloro-, and 5-nitro- analogues into chloroforn~ as 
a function of pH and reagent concentration at  ambient temperature. Except in the case of 
2-methyl-8-quinolinol, which formed a simple 1 : 2  chelate, the extractable con~plexes were 
mono-adducts, that is, 1 : 2 chelates to  which a third n~olecule of the reagent was coordinated. 
T h e  overall formation constants of the cobalt chelates in aqueous solution were determined. A 
linear correlationship was observed between the formation constants, adduct formation con- 
stants, and  the basicity of the reagent. This dependence could be used to  predict, based 011 

known data, the stabilities of not yet studied complexes of cobalt with this family of ligands. 
The  distribution coefficients of the chelates and the chelate adducts are discussed in terms of 
structural influences. A penta-coordinate, square pyramidal structure has been proposed for 
the self-adducts of cobalt(l1) with 8-quinolinols (except 2-methyl analogue). 

ARVIND T .  R A N E  et KASHINATH S. BHATKI. Can.  J .  Cheni. 57.5800979) 
O n  a dktermine les rapports des equilibres de distribution pour I'extraction d u  cobalt(I1) 

pal- le quinoleinol-2 et ies  del-ive\ meth) 1-2. nieth) 1-4, chlol-0-5 et nitlo-5 dan\ le chioroforme. 
c n  fonctio~l  du pH et de la concentration du reactif, a temperature ambiante. A I'exception 
d u  cas d u  methyl-? quinoleinol-8 qui forme un chelate 1 : 2  simple, les complexes qui peuvent 
@tre extraits sont des mono-adduits, soit des chelates 1 : 2  a u x q ~ ~ e l s  une troisieme molecule 
vient se coordonner. O n  a determine les constantes globales de formation des chelates de 
cobalt en solution aqueuse. O n  a remarque une relation linealre entre les constantes, les 
constantes de formation des adduits et la basicite d u  reactif: on pourrait utiliser cette relation 
pour predire, a I'aide de donnees connues, les stabilites de complexes qui ne sont pas connus 
d u  cobalt avec ces fan~illes de ligands. On discute des coefficients de distribution des chelates 
et des adduits de chelates en termes de facteurs structuraux. O n  propose la presence d'une 
structure penta-coordonnee pyran~ide carree pour les auto-adduits d u  cobalt(l1) avec les 
q~~inoleinols-8 (a I'exception de l'analogue methyle en 2). 

[Traduit par le journal] 

Introduction 

In his review, Stary (1) reported the extraction 
and colorimetric determination of metals with 
8-quinolinol (oxine). We reported recently (2) the 
extractio~l of the self-adduct of nickel(I1) with oxine 
and its analogues froni the aqueous phase with chlo- 
roform. Our successful attempts to deternline the 
adduct forn~ation constants spectrophoto~netrically 
in a single phase, chloroform, are also described (3 ) .  
Both these studies (2, 3 )  confirmed the penta-coordi- 
nate square pyraniidal structure for the self-adduct 
of nickel with oxines, except its 2-methyl analogue. 

During his coinprehensive study of several metal 
ions, Stary (4) recorded the extraction of Co(1l) as a 
cobalt-oxinate adduct, CoQ,.2H20; whereas, Oki 
and others (5, 6) observed that the extraction of 
cobalt from perchlorate solutions occurred as 
CoQ2.HQ. In order to resolve these controversies 
we attempted the extraction of cobalt with oxine and 

'To whom all the correspondence should be addressed. 
2Revision received October 12. 1978. 

extended the study to know more about the influ- 
ences of steric hindering groups present in the ligand 
on the formation of the adduct. This is described in 
the sequel. 

Experimental 
Appni.ntiis 

The shaking assen~bly, radioactive counting, and pH mea- 
surements have been described earlier (2). 

Material 
A R  grade 8-quinolinol (E. Merck), 2-methyl-8-quinolinol 

(8-quinaldine, Fluka), 5-chloro-8-quinolinol (Aldrich), and 
5-njtro-8-quinolind (K and K )  were recrystallised from abso- 
lute alcohol. This gave products having melting points 73, 
74, 126, and 179 C; respectively, very close to  the literature 
reported value. The 4-methyl-8-quinolinol was synthesized 
from o-aminophenol and methyl-vinyl ketone and purified as 
described previously (2). 

Carrier-free cobalt-58 ( t ,  . 2  - 72 days) activity was supplied 
by Isotope Division, B.A.R.C., Trombay as a solution of 
cobalt chloride. The activity h a s  sufficiently diluted with dis- 
tilled water to  give 6 x 10"ts min-' rnL-' and 0.2 n1L 
a l i q ~ ~ o t s  were taken every time from this stock solution for the 
distribution study. A set of Clark and Lubs buffer solutions 
were prepared with p H  varying successively by 0.2 units. 

0008-4042/79/050580-06SO 1 .0O/O 
sG 1979 National Research Council of CanadaIConseil national d e  recherches du Canada 
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Requisite amounts of sodium perchlorate were added to the 
buffers to maintain a constant ionic strength at  0.25 ;M. 

Pvoced~we 
Five millilitres of buffered cobalt-58 solution at  a constant 

ionic strength (p = 0.25) at  various pH (3.0-8.0), and 5 niL 
of the reagent so lu t io~~  of varying concentration (lo-" to 
1.0 M) in chloroforn~, were equilibrated by shaking for 30 
min. After the shaking was over, the mixtures were centrifuged 
and equal volunies of both phases were pipetted out in suitable 
counting tubes and counted for radioactivity separately at a 
constant and a reproducible geonietry. 

Results and Discussion 

The extraction of a simple chelate is generally de- 
scribed by a plot of log D vs. pH,  at  a constant 
reagent concentration in the organic phase. These 
plots essentially consist of two linear portions; the 
log D increasing initially in the lower pH region with 
a slope r z ,  the number of protons released on chelate 
formation and then eventually reaching a constant, 
pH-independent value, determined by K,,, the dis- 
tribution coefficient of the chelate. At a higher value 
of the reagent concentration, the entire curve shifts 
to the left, i.e. to a lower p H  region, without altera- 
tion of either the slope or  the value of the maximum 
log D, which remains equal to log K,,. This situation 
changes when the extractable complex is not a simple 
chelate but an  adduct. The adduct reagent concen- 
tration then influences the entire extraction curve. 
An increase in reagent concentration then causes the 
plateau region of the curve to shift to a higher log D, 
the initial-linear portion of the curve shifting to a 
lower pH, without changing its slope. In Fig. 1 are 
shown the extraction curves (log D vs. pH) of 
cobalt(l1) for the reagent 8-quinolinol (HQ) and its 
four substituted derivatives: 2-methyl-, 4-methyl-, 
5-chloro-, and 5-nitro-. Various plots (drawn man- 
ually) in each part (Fig. 1 A ,  1 B etc.) correspond to a 
different reagent concentration. The slopes of these 
plots are allnost 2, indicating that in each of these 
extractions two protons are released on the formation 
of the extractable co~nplex (7). In Fig. 1 A ,  C, D, and 
E, the plateau region of each curve shifts to higher 
log D, indicating the formation of an adduct with 
the increase in adduct reagent concentration, whereas 
in the case of 2-methyl-8-quinolinol (Fig. 1 B),  all the 
curves in the higher p H  region merge, indicating the 
absence of an adduct in the extraction system. 

Plots of log D vs. the logarithm of the reagent 
concentration, log [HQlo, were constructed for the 
extraction of cobalt(I1) with 8-quinolinols, and are 
shown in Fig. 2. The slopes of these plots show the 
number of reagent rnolecules incorporated in the 
extractable complex. The behaviour of the 2-methyl- 
8-quinolinol exti-action indicates that the extractable 
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FIG. 2. Extraction of cobalt with 8-quinolinois, plot of log D vs. log [HQ],. ( A )  8-Quinolinol: slope = 3.0; V, pH 5.5; 
x , p H 5 . 3 :  A, pH 5.0; 0, pH4.8 :  3, pH4.4 .  ( B )  2-Methyl-8-quinolinol: slope = 2.0; V, p H  6.4: x ,  pH 6.0: A, pH 5.6. 
(C) 4-Methyl-8-quinolinol: slope = 3.0: 7, pH 6.0; x , pH 5.8: A, pH 5.5. (D) 5-Chloro-8-quinolinol: slope = 3.0: V, 
p H  5.8; x .  pH 5.4: A ,  pH 5.0. ( E )  5-Nitro-8-quinolinol: slope = 3.0;  V ,  pH 5.2: x ,  p H  4.8; A, p H  4.4; 0, pH 4.0. 

con~plex is a simple 1 : 2  chelate since two reagent 
n-~olecules per cobalt ion are involved in the extrac- 
tion. 111 other cases (Fig. 2A,  C. D, and E), ho\%ever, 
the slope of three of these plots indicates the addi- 
tional reagent molecule utilised for the formation of 
a mono-adduct. e.g. CoQ2.HQ. 

These plots in Fig. 2 show a number of curves in 
each portion A ;  B, C. etc. These are d r a ~ n  for various 
p H  values from the data in plots of Fig. 1 .  It is inter- 
esting to note from these curves that at  lower reagent 
concentration, the slopes (Fig. 2A. C, D, E) approach 
a value of 2  indicating the absence of the adduct. 
The slopes subsequently increase to 3 \vith the in- 
crease in reagent concentration showing that the 
adduct formation has taken place. In  the case of 2- 
methyl-8-quinolinol (Fig. 2B) ,  the slope re~nains 2 
throughout, thus confirming the absence of any 
adduct in this system. 

The distribution ratio D for the extraction of 
cobalt by oxine or its analogue is then given by (2, 7) 

The equation can be modified when the adduct 
formation predominates over the sinlple CoQ, of 
the adduct complexes, a = 1 to a = a.  The value of u 
call then be determined from the plot of log D vs. 
log [HQ],. Siilce two reagent nlolecules are involved 
in the formation of a si~nple 1 : 2 chelate, the slope of 
the resulting line should be (2 + 0) as a = 0. It is 
seen from Fig. 2  that the value of a for 8-quinolinol, 

4-1nethyl-? 5-chloro-, and 5-nitro-8-quiiiolinol sys- 
tems is unity and for the 2-methyl-8-quinoli~iol 
system it is zero, i.e, no adduct formation is involved 
in the extraction of the cobalt chelate of 2-methyl-8- 
quinolinol, ~vhereas a mono-adduct is involved in 
other chelates. 

At lower conce~ltrations of H Q  when the forma- 
tion of a simple l : 2 chelate cannot be ignored and at 
the lower pH range where Co2- predominates in 
the aqueous phase, the distribution ratio D is then 
given by (2, 7) 

where 

KDc and KDR being the distribution coefficients of 
cobalt chelate and HQ. respectively: K, being the 
dissociatioll constant of the reagent and K,,, the 
adduct formation constant. 

The plot of log D vs. log [HQ], gives tno straight 
lines ( 2 ) ,  the intersection of ~vhich gives the value for 
the adduct fornlation constant in the organic phase. 

at  the intersection. 
A plot of log D[H]2![HQ]02 against log [HQ], 

takes into account the variation both in pH and in 
the reagent concentrations sirnu!taneously (8). Such 
a plot gives two straight lines. The horizontal line 
corresponds to log D = log K,, and the line of slope 
u shows the number of neutral reagent lnolecules in- 
volved in the self-adduct formation. The intersection 
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R A N E  AND BHATKI 

of these lines gives the adduct formation constant, 
log K,,, (Fig. 3). Results for 2-methyl-8-quinolinol 
are also given in Fig. 3. The entire curve in the case 
of 2-methyl analogue is parallel to log [HQ], axis 
indicating the absence of adduct formation in this 
case. 

The overall formation constants, K,K, or Kf, of 
the chelates may be evaluated from the extraction 
constant, K,,, the K,, and K, values being obtained 
from the literature (9, 10). 

Alternatively, a plot of log D - cr log [HQ], vs. 
-log [Qp 1 or pQ- ,  where [Q-] represents the 
corresponding quinol i~~ol  anion concentration in 
the aqueous phase, takes into account the variations 
in the pH and the reagent concentration simulta- 
neously giving two straight lines. The log Kf values 
may be obtained (7) from the ~ntersection of the two 
lines, i.e. pQ-  = 3 log K,. 

Such plots were constructed for 8-quinolinol, 
4-methyl.-, 5-chloro-, and 5-nitro-8-quinolinols and 
are shown in Fig. 4 while a plot for 2-1nethyl-8- 
quinolinol is given in Fig. 5.  In these plots (except 
2-methyl-), the value of a = 1 and the value of u, for 
a simple 1 : 2  chelate, such as that formed by 
cobalt(I1) with 2-n1ethy1-8-quinolinol, is zero. Figure 
5 shows a plot of log D vs. pQ-  instead of 

N- N-O 

21 f 
n 

B - 

- 
I ~ Q  [mlo z 

FIG. 3. log DIH]Z,'[HQ]oZ vs. log [HQ],: 0, 5-NO,-8-HQ: 
0, 8-HO: A, 4-Me-8-NQ; @, 5-CI-8-HQ; V, 2Me-8-MQ. 
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584 CAN J .  CHEM 

FIG. 5. log D vs. pQ- for 2-methyl-8-quinolino1. 

log D - log [HQ], vs. pQ- .  All these curves 
were plotted manually. 

Table 1 gives the summary of equilibrium con- 
stants for cobalt chelates of 8-quinoli~iol and its 
substituted products. 

This study has also shorn n a similar difference be- 
tween the behaviour of cobalt(I1) with 2-methyl-8- 
quinolinol fro111 other 8-quinolinols as in the case of 
nickel (2) and zinc (7). The reason for this difference 
is that the extractioli of the siinple chelate results 
froin the steric hiiidrance to the adduct formation 
exerted by the substituent in the 2-position. Substitu- 
tion at a particular position in the chelating inolecule 
not only alters its basic strength, and the stability of 
the complex it forms as \\ell, but also introduces 
steric effects. This is very well shown by the difference 
in the extraction behaviour of cobalt(l1) by 2-methyl- 
and 4-methyl-8-quinolinols. The steric hindrance 
offered by the 2-methyl- group in the case of co- 
balt(I1) is similar to the earlier findings observed in 
the extraction of nickel(l1) (2). 

In Fig. 2 a slope of 3 obtained in the plots of log D 
vs. log [HQlo indicates that to each atom of cobalt 
are attached three inolecules of the reagent, HQ.  
Whereas, only two protons are liberated in the course 
of extraction, as seen from the lop D vs. p H  plot 
(Fig. 1). It is obvious that 8-quinolinol is playing a 
dual role, firstly, by coordinating with cobalt as a 
bidentate ligand, forming a 1 : 2  chelate, and sec- 
ondly, as an  unidentate ligand in the adduct forma- 

tion. The slope of 2 in the log D vs. p H  plot indicates 
that cobalt is extracted as Co(I1). It has been shown 
(6) that Co(Il1) complex can be extracted in the 
presence of 0.8 M hydrogen peroxide, and identified 
spectrophotornetrically by the shift in the spectrum, 
presumably with respect to that of Co(1I) complex. 
However, in the normal course oxidation of the 
Co(I1) complex can readily be avoided if the extrac- 
tion is carried out with a large excess of oxine solu- 
tions and in the absence of any oxidlziiig agents, such 
as hydrogen peroxide. Large excess of oxine prevents 
the oxidation of Co(11) to Co(II1) in the complex. 
The possibility of formation of a self-adduct In 
Co(11I) has not been reported so far. 

When the loearithm of the chelate formation con- ... 
stants were plotted against pK, values of the 8-quin- 
olinols (where pK, = pK,, + pKa2), the overall 
basicity of the donor atoms, a linear correlationship 
was observed (Fig. 6). In the same figure, a similar 
plot was constructed between the adduct forination 
constants and the pK, values of the reagents. In this 
case also a linear deuendence was observed. This 
dependence may be used to estimate, based 011 known 
data, the stabilities of not yet experimentally studied 
co~nplexes in this series of ligaiids. It is seen from 
Fig. 6 that the chelate formation coilstants and the 
adduct formation constants are almost constant over 

0 KF Over-a11 cholote f o r m a t ~ o n  constants 

A K A D  Adduct formation constants 

6 8 10 12 14 16 18 

PK, 

FIG. 6. Correlationsh~p between adduct format~on constants, 
chelate format~on constants. and the bas~clt~es of the chelat~ng 
agents: 0, log K,; A, log K,,. 
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RANE AND BHATKI 585 

TABLE 1. Summary of equilibrium constants for cobalt(l1) chelates of 8-quinolinol and substituted 
8-quinolinols at  28 + 2'C 

Substituted 
8-quinolinol log Kc ,  log K m o  log KDC pKa1 + pKa2 log KDR log Kr 

Parent - 5 . 9 3  2 . 1 0  1 . 2 8  1 4 . 9  2 .64  17 .8  
2-Methyl- -9 .15  N o  adduct 1 . 3 0  1 5 . 9  3 .22  18 .1  

formation 
4-Methyl- - 6 . 3 5  2 .85  1 .40  15.66 3 .27  22 .0  
5-Chloro- - 6 . 7 5  2 .45  1 . 7 3  13.00 3 . 3 2  18.55 
5-Nitro- -2 .60  3 .35  2 .08  8 . 7 9  2 .64  1 8 . 6  

a wide range of pK, values. This can be explained as 
follows: an adduct is fornled between a Lewis base 
of the donor as well as the Lewis acid of the acceptor, 
the metal chelate. The Lewis acidity of the metal after 
chelation decreases with the increasing stability of 
the chelate. The overall effect would be a much small- 
er net decrease ill the adduct formation constants for 
a relatively large increase in the reagent basicity. The 
2-methyl- group in 8-quinaldine, however, does not 
produce any adverse effect on the linearity of the 
plot. 

From the data obtained in the prese~lt study, it is 
presumed that cobalt(I1) forms a penta-coordinate 
structure as observed in nickel (2) and zinc (7). 

simple coplanar 1 :2 complex. i.e. the base of the 
pyramid. 

Presence of perchlorate ions, added to keep the 
ionic strength constant, does not produce any appre- 
ciable influence on the extraction of Co(11) by oxlne. 
This was ascertained in a separate experiment, by 
varying the C10,- concentration. 

1. J .  S-TARY. The solvent extraction of metal chelates. Perga- 
mon Pre\s, Oxford. 1964. p p .  80-100. 

2. K .  S .  BHATKI. A. T .  R ~ N E ,  and H. F R E I S ~ R .  Indian J .  
Chem. 154 ,983  (1977). 

3. K.  S .  BHA I ~1 and A.  T .  RANE. Indian J .  Chem. In PI-ess. 
3.  J .  S T ~ R ~ .  Anal. Chim. Acta. 28, 132 (1963). 
5. S .  OKI  and I .  TERAD.~.  Anal. Chim. Acta. 61. 49 (1972): 66 .  

During the extractio~l of Co(1I) by oxine, the water 201 (1973). 

nlolecules are pushed out of the coordination sphere : i s E R  ,rial, Cheln, 
and are replaced by the third molecule of the excess 37, 36, (1965). 
of the ligand present. The two ~nolecules of 8-quin- 8. T. SEKIVE and D. DYRSSEN. J .  inorg. ~ u c ~ .  Chem. 26. 1727 
olinol forin the square base of a pyramid and the (1964). 

unidelltate ligand is ill the axial position of the pyra- 9.  F .  C .  CHOU and H. FREISER. .Anal. Chern. 40,34 (1968). 
10. A. J .  FRESCO and H. FREISER. Anal. Chem. 36,631 (1964). 

mid (point group C,,) ( 1  1). The extracted species are 11. J ,  S ,  WOOD. Progress in inorganic chemistry. Vol. 16. 
presumably the anhydrous penta-coordinate adducts, Etliretlhy S. J .  L i p p a r d .  Interscience Publishers. NY.  1972. 
except i11 the case of 8-quinaldine, where it forms a pp .  227-486. 
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Synthesis and crystal and molecular structure of ethanolaminogallium dimethyl, 
M,NCH,CH,O. GaMe, 

KENKETH S. C H O ~ G ,  STEVEV J .  RETTIC;. A L A ~  STORK. A N D  JAnlEs TROTTER 
Dci,cii.t~tr?tit ofC/rcnii.\ft.y, Utrii.rr.rity oj'Bi.ifi\/r Coir~itihici, Vtrtrc.o~r~,c.r, R.C. ,  C(iticiclii V6T I l + ' j  

Received October 10. 1978 

K E N ~ E T H  S. CHOVC;, STEVEY J.  RETTIG, ALAU STORK, and JAMES TROTTER. Can.  J .  Chem. 
57, 586 (1979). 

Details of the synthesis and physical properties of H,NCH,CH20.GaMe2 are given. The 
compound crystallizes in the tetragonal space group P4,, a = 12.2771(2), c = 9.7345(4) A, 
Z = 8. The structure was solved by Patterson and Fourier syntheses and  was refined by full- 
matrix least-squares procedures to a final R value of 0.028 and X,, of 0.036 for 1378 reilections 
bvith I r 3 r ~ ( I ) .  The structure consists of monomeric niolecules containing tetrahedraliy- 
coordinated g a l l i ~ ~ n i  atoms. Molecules are linked by an extensive network of N-H ... 0 
hydrogen bonds. Bond lengths (corrected for libration) are:  Ga-0, 1.916(5) and  l.917(4), 
Ga-N, 2.056(6) and  2.072(6), and Ga-C, 1.962-1.974(8-9) A.  

K E ~ N E T H  S. CHOW, S T E \ E ~  J.  RETTIG, A L ~  STORR et JAMES TROTTFR. Can. J .  Chern. 57, 
586 (1979). 

O n  rapporte lesdetails relatifs la synthese et a u i  proprietes phys iq~~es  du H,NCH,CH,O.- 
C a M e 2 .  Le compose cristallise dans le groupe d'espace tetragonal P4,, a = 12.277!(2), 
c = 9.7345(4) A. Z = 8. On a resolu la structure par des syntheses de Patterson et de Fouricr 
et on  l'a affinee par la mkthode des moindres carres (niatrice completc) jusqu'i une valeur 
finale de R de 0.028 et de R,, d e  0.036 pour 1378 reflexions avec I 2 30(I) .  La structure coni- 
prend des niolecules monomeres contenant des atomes de gallium tetracoordo~~nees.  Les 
n~olecules sont liees entre-elles par de nonibreuses liaisons hydrogCnc N--H . . .  0. Les lon- 
gueurs des liaisons (corrigees p o ~ ~ r  les librations) sont : G a - - ~ - 0 ,  1.91 6(5) et 1.91 7(4), Ga-N, 
2.056(6) et 2.072(6) et Ga-C, 1.962-1.974(8-9) A. 

[Traduit par le journal] 

Introduction 

A previous report (1) characterized the N,- 
N-dimethylethanolaminopalliu~n dimethyl dimer, 
[Me,NCH,CH,O.GaMe,],, as a conlpound con- 
taining five-coordinate gallium atoms with distorted 
trigonal bipyramidal geometry. The present account 
details the synthesis and crystal structure determina- 
tion of the ethanolaminogallium dimethyl compound, 
H,NCH,CH,Q,GaMe,. and compares the results 
with those previously obtained for similar boron 
complexes, H,NCH,CH,Q.BPh, (2, 3) and 
H,NCH,CH,O.B(p-RC,H,),, where R = F (4) and 
R = Me (3), and for other similar galliu~li dimethyl 
coruplexes (1, 5). 

Experimental 

C H 
H,NCH,CH,OH + GaMe, ~ H , N C H , C H , O . G ~ M ~ ,  

retlux 
+ M e H  

After ;.emo\al of solvent from the clear product solution, the 
desired compound was isolated as an extremely air and 
moisture sensitive white solid. Annl. calcd. for H2NCH,CH,0 .  
GaMe, :  C 3 0 . 1 , H 7 . 5 ,  N 8.8; found:  C29.9 ,  H 7.0, N 8.5. 

The ir spectrum in Nujol showed strong bands in the 
v,,-, region of the spectrum at  573 and  533 cm-' .  A strong 
6,-,, band at  1620 c n ~ '  was also a prominent feature but the 
\I,-,, region of the spectrum, - 3300 cni-', was not clearly 
resolved. 

The ' H  nnir spectrum in C,D, solution showed two well 
resolved triplets for the two CH, groups at T = 6.66 and 7.83 
p p n ~  (J,,,, 2 5 Hz), a bl-oad NH,  signal at r = 9.09 ppm, 
and  a sharp singlet for the GaMe, group a t  T = 10.13 ppm. 
(All signals refer to  T , - ~ , , ~  ,= 2.84 ppm.) The sharp GaMe, 
signal indicates a fluxional rlng in the C6D6 solution. 

The mass spectrum of the compound, in addition to  a 
strong signal corresponding to the monomer ion minus a 

Strrrtit~g Allaterials methyl group, displayed strong signals at  higher mass numbers 
Ethanola~nine was refluxed over anhydrous C a S 0 4  and  dis- corresponding to  Cia2- and Cia,-containing moieties. 

tilled prior to  use. Gallium trimethyl was prepared as de- Crystalline samples suitable for X-ray study were obtained 
scribed previously (6). Benzene solvent was dried by refluxing by slow sublimation in evacuated tubes. Selected crystals were 
over molten potassium followed by distillation. All materials positioned in capillaries under a nitrogen atmosphere to  avoid 
were handled in a glove-box filled with dry nitrogen or  o n  a atmospheric interference and to  prevent sublimation within 
standard vacuum line. the capillary tube during the collection of X-ray data. The 

tubes were flame-sealed. 
Ethar1olnnritiog~1lIii1177 Diitrc~thyl, H,NCH,CH20.GaA4e, 

Ethanolamine (0.771 g, 12.64 m n ~ o l )  was reacted with gal- X - ~ n y  C r ~ ~ s m l / o g ~ n p / ~ i c  Analysis of Ethnnolai~~inogullirrr,l 
lium trimethyl (1.451 g, 12.64 mrnol) in refluxing benzene sol- Dii~retli.~~/ 
vent until cessation of methane gas evolution. The crystal was mounted in a general orientation and had 

0008-4042/79/050586-05S0 I.0010 
,c 1979 National Research Council of Canada/Con,eil national de ~recherches du Canada 
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C H O N G  ET AL 587 

dimensions of ca. 0.20 x 0.32 x 0.50 mm. Unit-cell param- factors ranged from 0.265 to  0.444. Of the 1604 indepen- 
eters were refined by least-squares on  2 sin B!h values for 25 dent reflections n ieas~~red ,  1378 (86%) had intensities greater 
reflections measured on a diffractometer with Cu K, radiation than 3o(I) above background where 02(1) = S i 2B t 
(?, = 1.54184 A). Crystal data (at 22'C) are:  (0.04(S - B))' mith S = scan count and B = background 

C,H, ,GaNO fw = 159.87 
Tetragonal, n = 12.2771(2), c = 9.7345(4) A, V = 1467.3(1) 
.A3, Z = 8 (two niolecules per asymmetric unit), p, = 1.448 g 
cm-" F(000) = 656, p(Cu K,) = 47.5 cni-I. Absent reflec- 
tions: 001, I Z 471. Space P4, (Ci. No. 76) or P4, (C$,  No.  78); 
the latter was confirmed by structure analysis for the particular 
crystal used. 

Intensities were measured \\ith nickel-filtered CLI K, radia- 
tion on  a n  Enraf-Nonius CAD4-F diffractometer. An w scan 
at  0.91-6.71 n i i n l  over a range of (0.90 + 0.15 tan 0) degrees 
in o (extended by 2 5 z  o n  both sides for background measure- 
nient) mas employed. Data were measured to  28 = 150 . The 
intensities of three check reflections, measured every 3600 s 
throughout the data collection, did not vary hy morc than 1%. 
After data reduction, a n  absorption correction was applied 
using the Gaussian integration method (7, 8). Transniission 

TABLE 1. Final positional parameters (fractional: 0. N, and  
C x lo4, C a  x lo5 ,  H x lo3) with estimated standard 

deviations in parentheses 

count. 
The positions of the two independent gallium atoms were 

determined from the Patterson function and those of 0 ,  N ,  
and  C atoms from a subsequent difference map.  After full- 
matrix least-squares refinement of all non-hydrogen atoms with 
anisotropic thermal parameters to  R = 0.041, a difference 
map gave positions for 18 of the 24 hydrogen atoms (all of 
those not located mere methyl hydrogens, but at least one 
hydrogen o n  each methyl group was located). The remaining 
hydrogen positions were calculated by assuming ideal geoni- 
etries. Attempts to  refine the methyl hydrogen positions did 
not  give satisfactory results and thus these atonis were left 
fixed in calculated positions during the final stages of refine- 
ment. The other 12 hydrogen atoms l\ere included in the 
refinement with isotropic thernial parameters. The scattering 
factors of ref. 9 were used for non-hydrogen atoms and  those 
of ref. 10 for hydrogen atoms. Anomalous scattering factors 
from ref. 11 \+ere used for the non-hydrogen atoms. The 
weighting scheme, iv = 1 0 2 ( F )  where o Z ( F )  is derived from 
the previously defined ri2(1) gave ~ ~ n i f o r r n  average values of 
~ V ( ~ F ,  - eyer ranges of IFo1 and was employed in the 
final stages of refinement. An isotropic Tqpe I extinction cor- 
rection (Thornley-Nelnles definition of mosaic anisotropy with 
a Lorentzian distribution) was applied (12-14). The final value 
of g was 0.34(3) x 1 0,. Convergence a a s  reached at  R = 0.028 
and R,, = 0.036 for 1378 reflections with I > 30(1). For all 
1604 reflections R = 0.035 and R,, = 0.037. 

Hamilton's test (15) \+,as applied to the R factor ratios 
resulting from parallel refinements carried out in P4 ,  and P4,. 
For observed planes only, R(P4,) R(P4,) = 1.011 and 
R,,,(P4,)'R,.(P43) = 1.019, indicating that P4, is the correct 
space group at  a confidence level of > 99.5%. 

O n  the final cycle of refinement the mean and maximum 
parameter shifts corresponded to  0.18 and 1.390, respectively. 
The mean error in a n  observation of unit weight mas 1.0654. A 
final difference map showed rnaximuni fluctuation of i 0.4 e 
k3. The final positional and thernial parameters appear in 
Tables 1 and  2 '  respectively. Measured and calculated struc- 
ture factors have been placed in the Depository of Unpublished 
Data. '  

The ellipsoids of thermal motion for the non-hydrogen 
atonis are shown in Fig. I .  The thermal motion has been 
analysed in terms of the rigid-body modes of translation, 
libration, and screw motion (16) using the computer program 
MCTLS. '  The rms standard error in the temperature factors 
oCr,,  (derived from the least-squares analysis) is 0.0037 A2. 
Analyses were successf~il for each of the two independent 
tnolecules (rms AUij = 0.0034 and  0.0035 AZ for the lnolecules 
containing Ga(1) and Ga(2), respectively). The appropriate 
bond distances have been corrected for Jibration (17), using 
shape parameters y2 of 0.08 for all atoms involved. Corrected 
bond lcngths are shown in  Fig. 1 and  are listed in Table 3' 
along with uncorrected values (corrections were f 0.007- 
0.014, mean 0.010 A). Corrected bond angles d o  not differ by 
niore than l o  from the uncorrected values in Table 4. Intra- 
a~unular torsion angles are given in Table 5. 

'The thermal motion analysis, structure factor table, and 
Tables 2 (thermal parameters) and 3 (bond lengths) are 
available, at  a nominal charge, from the Depository of Un- 
published Data,  CISTI, National Research Council of Canada, 
Ottawa, Ont., Canada K I A  OS2. 
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TABLE 4. Bond angles (deg) ~ i t h  estimated standald deviations in parentheses 

(a) Non-hydrogen atoms 

Bonds Angle (deg) Bonds Angle (degj 

O(1) -Ga(l)-hT(1) 87 l(2) O(2) -Ga(2)-N(2) 86 9(2) 
O(1) -Ga(l)-C(5) 111 5(3) O(2) -Ga(2)-C(7) 111 2(3) 
O(1) -Ga(l)-C(6) 109 5(3) O(2) -Ga(2)-C(8 j I 10 6(3) 
N(1) -Ga(l)-C(5) 109 2(3) N(2) -Ga(2)-C(7) 107 9(3) 
N(1) -Ga(I)-C(6) 108 8(3) N(2) -Ga(Z)-C(8) 110 9(4) 
C(5) -Ga(l)-C(6) 124 4(4) C(7) -Ga(2)-C(8) 123 3(4) 
Ga(1)-O(1) -C(1) 109 9(4) Ga(2)-O(2) -C(3) 10% 7(4) 
Ga(1)-h(1) -C(2) 103 7(4) Ga(2)-N(2) -C(4) I05 6(4) 
0(1) -C(I) -C(2) 109 9(6) O(2) -C(3) -C(4) 1 10 4(7) 
N(1) --C(2) -C(l) 109 l(7) N(2) -C(4) -C(3) I08 4(7) 

(b) Angles involving hydrogen atoms 

Bonds Angle (deg) Mean (deg) 
- 

R/ H-C, N-H 92-129 (4-9) 106 (10) 

FIG. 1. The two independent molecules of ethanolaniino- 
gallium dimethyl. 50% probability thermal ellipsoids are 
shown for non-hydrogen atoms. Bond lengths are in A (mean 
N-H = 0.89(18), C-H = 1.03(12) A). 

Results and Discussion 

The reaction between ethanolamine and gallium 
trimethyl was investigated in connection with a series 
of anionic ethai~olaminopyrazolylgallate ligands 
which were under study (18, 19). It Lvas well known 
that  gallium trimethyl would react with 'active 
hydrogen'-containing compounds to undergo meth- 
ane elimination and produce associated gallium- 
containing species. The fact that enthanolamine 
bears 'active hydrogen' atoms on both the nitrogen 
and  oxygen ends of the molecule prompted us to  
substantiate our prediction that the hydroxyl 
hydrogen would react preferentially in a 1 : 1 stoi- 
chionietric reaction leaving the amino group intact. 
Thus it is known that molecules with amino groups 
coordinated to gallium tri~nethyl require elevated 
temperatures for elimination of methane whereas 
molecules with hydroxyl groups coordinated to the 
gallium alkyls eliminate alkane much more readily 
a t  lower temperatures (20). The isolation of the title 

co~npound left no doubt that the preferential reac- 
tion was indeed occurring and this fact paved the 
way for the syntheses of the numerous complexes 
already reported incorporating the ethanolamino 
moiety in chelating anionic gallate ligands (19, 21). 

The crystal structure of H2NCH2CH20.GaMe2  
(Fig. 2) consists of discrete ~nonomeric molecules 
(two per asymmetric unit) which display the gallium 
atoms in distorted tetrahedral environments. The 
individual monomer units are each linked to four 
others by an  extensive network of N-H ... 0 
hydrogen bonds (see Table 6). Evidently this hydro- 
gen bonding is quite strong since fragments con- 
taining two and three gallium atoms have been 
identified in the Inass spectrum of the compound. 
Molecules of the related boron colnpounds 
H2NCH2CH20.BAr2 (Ar = C6H,, p-FC6H,, and 
p-CH,C,H,) are also linked by N-H ... 0 hydrogen 
bonds, but due to the bulky aromatic substituents 
attached to the boron atom only one of the protons 
bonded to  nitrogen is involved in N-H ... O 
hydrogen bonding. Apart from the hydrogen bonds, 
the packing is do~ninated by van der Waals contacts 
between hydrogen atoms with several H...H 
distances between 2.23 and 2.50 A. The structure is 
quite different from those of the N,N-dimethyl- 
ethanolamino derivatives [Me2NCH2CH20.GaR2],  
(R = H or  Me), which consist of well-separated 
dimeric units containi~lg five-coordinate gallium 
atoms (I). 

The two independent molecules (Fig. 1) are nearly 
identical; there are no significant differences between 
corresponding bond lengths but there are small but 
significant differences in some bond angles and tor- 
sion angles (see Tables 3-5). The gallium atoms are 
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TABLE 5. Intra-annular torsion angles (deg) 

Bond Angle (obs.) Bond Angle (obs.) 

I-lve-membered chelate rlngs 
Ga(1)-O(1) 13 l(4) Ga(2)-O(2) I8 9(4) 
o(1) -c(1) -37 9(6) o(2) -c(3) -42 3(6) 
C(1) -C(2) 50 8(7) c(3) -c(4) 49 7(7) 
C(2) -N(1) -36 7(5) C(4) -N(2) -31 2(6) 
N(1) -Ga(l) 13 5(4) N(2) -Ga(2) 7 7(4) 

FIG. 2. Crystal structure of ethanolaminogalliun~ dimethyl viewed normal to the ah plane. 

TABLE 6. Hydrogen-bond dataydistances ir? and angles in deg) 

D-H . . . A H . . . A  D . . . A  i DHA L X A H  

*H...O(I)...H 86(3)', H...0(2)...H 80(2)'. Superscripts refer to atoms at positions: ' I  - x, I - 3, z - 112: 2 1  - y .  
x, i - 1,'4; 31 - J', x - I ,  r - 1/4; 4 , ~  - 1, y ,  2.  

four-coordinate with distorted tetrahedral coordina- boron con~pounds and a mean value of 1.435(7) A 
tion geometry; bond angles at gallium range from in the present structure. This may be due to the in- 
86.9(2) (0-Ga-N) to 124.4(4)" (C-Ga-C). The volvement of the oxygen in a second N-H ... 0 
Ga-0 and Ga-C distances are normal for tetra- hydrogen bond in the present study. The 0-C 
hedral galliutn (22-24) and very similar to equatorial distances in the dimers [Me,NCH,CH,O.GaR,], are 
Ga-0 and Ga-C distances for trigonal bipyranlidal significantly shorter a t  1.369(5) and 1.384(7) A, but 
gallium (1, 5). As in the boron compounds (2-4) the the oxygen is trivalent, being bound to a carbon and 
bonds to nitrogen are somewhat long, 2.056(6) and 
2.072(6) A, compared to values of 1.971-2.042 A 
previously observed for tetrahedral Ga-N bonds 
(22-24 and references therein). The Ga-N bonds in 
the five-coordinate dimers [Me,NCH,CH,O.GaR,], 
(1) are axial mith lengths of 2.279(3) P\. for R = H 
and 2.479(4) A for R = Me. 

The geometry of the ethanolamino moiety is very 
similar to  that observed for the boron compounds. 
The only significant difference is the 0-C bond 
length which has a mean2 value of 1.412(2) P\. in the 

'Here and elsewhere in this report mean values are weighted 
ineans with rms deviations from the mean in parentheses. 

two gallium atoms. 
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Band resolution of optical spectra of solvated electrons in water, alcohols, and 
tetrahydrofuran1 

FANG-YUAN JOU A N D  GOKDOV R.  FREEMAN 
C'l~o,~i.rrrx Dep~irit?reiit, U/1ii,ei..ciiy cjf Albertci, Etlinot~toti. Alici., Cci/~otlri T6G 2G2 
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FAUG-YLAU JOU and G O R D O ~  R. FREE MA^. Can. J. Chem. 57.591 (1979) 
The optical absorption spectra of solvated electrons in water, alcohols, and tetrahydrofuran 

are empirically resolved into two Gaussian bands and a continuun~ tail. The first Gaussian band 
covers most of the low energy side of the spectrum. The second Gaussian band lies at an energy 
slightly above that of the absorption maximum of the total spectrum. With the exception of 
teit-butyl alcohol, in water and alcohols the following were obserbed: (0) the first Gaussian 
bands have the same half-width, but the oscillator strength in water is about double that in an 
alcohol; (b) the second Gaussian bands have similar half-widths and oscillator strengths; (c) the 
continuum tails have similar half-midths, yet that in water possesses only about one third as 
much oscillator strength as one in an alcohol. 711 tert-butyl alcohol and tetrahydrofuran the 
first Gaussian band and the continuum tail each carry nearly half of the total oscillator strength. 

FANG-YVAN Jou et G O R D O ~  R.  FREEMAX. Can. J .  Chem. 57.591 (1979) 
Les spectres d'absorbtion optique des electrons solvates dams l ' e a ~ ~ ,  les alcools et le tetra- 

hydrofuranne peuvent @tre resolus en~piriquement en deux courbes gaussiennes et en Line 
queue continue. La premiere courbe gaussienne recouvre presque toute la partie de faible 
energie du spectre. La deuxien~e courbe gaussienne se trouve a une energie Iegerement 
superieure au maxiillurn d'absorbtion du spectre global. A I'exception du teii-butanol, on 
observe generalement avec I'eau et les alcools, les faits suivants: (cr) les largeurs a demi-hauteur 
des premieres courbes gaussiennes sont approximativernent les rnsmes; la force de I'oscillateur 
dans I'eau est approximativement deux fois celle dans l'alcool: (b )  les largeurs a demi-hauteur 
et les forces des oscillateurs des deuxiemes courbes gaussiennes sont semblables; (c) les 
largeurs a demi-qauteur des queues continues sont semblables; toutefois la force de l'oscillateur 
de celle de I'eau est environ trois fois rnoindre que celle d'un alcool. Dans le reri-butanol el le 
tetrahydrofuranne la force de I'oscillateur de la premiere courbe gaussienne est approximative- 
ment igal a cela de la queue continue. 

[Traduit par le journal] 

Introduction the \.lings OF the spectrum. Therefore. we have 

Theoretical treatlnellts of the optical absorption measured the spectra over wide ranges of wavelength 

spectrum of solvated electrons in polar liquids have ~ I I  water, alcohols, and tetrahydrofuran. The results 

been moderately successful In rationalizing the transi- the are reported 
t ~ o n  enelgy dt the absorpt~oii maxlllium, but have Experimental 

expla'n the breadth and Of the 
The mater~al\, purrficat~on, and opt~cal system were de- 

band ( '  -3)- Seml-emplrlcal lnodels for fitting the scribed elseuhere (8-10) Ethanolamrne (~cintrllatron grade) 
band shape help to provide a qualltatlbe under- \\.as f ~ o m  Eastman Kodak CO The p u ~ ~ f i c a t ~ o n  was the same 
s tand~ng of the spectrum (4, 5) Recent theoretical as for a normal alcohol but under reduced pressuie 

\bark (6) supports the suggest,ol, (4) that the broad Thc whole solbated electron spectrum in v~ater and ethanol- 
amlne and the partial spectra at r > 900 nm and ) < 500 nm 

'pectrurn I s  comprised of overiapplllg bands for a In methanol, ethanol, I-propanol, and I-butanol, and that at  
small number of bound-bound tlallsltlons, nith a 

?L < 1000 nm In tetrahvdrofuran (THF) mere measured In a 
tail towards high energies due to bound-continuum 1.5 cm s~ectrosil cell. The ultraviolet and bisible portions in - - 
transitions. water and alcohols were measured with 100 ns puls& (6 x 1016 

I,, view of the ~~~~~i~~ shape the ~ ~ ~ ~ ~ k -  eV/g) and those in THF with 1.0 ~s pulses (30 x 10'' eV/g). 
The infrared portion in water and alcohols uas  measured with 

Condon factor (7 )  which governs the band shape Of a 1.0 ps pulses. Appropriate Corning glass filters were placed in 
bound-bound transition, the whole spectrum of front of the ooticai cell and the nionochromator. 
solvated electrons v,as previously resolvkd illto tbvo The operatihn of the lP28 uv detector was limited to a light 

~~~~~i~~ bands and a tail (8). ~h~ input of 1.0 + 0.2 V, as the linearity mas good only in this 
range (deviation - 2 7 3 .  The high voltage was varied between 

empirical fitting requires extended measurement of 600-90OV, depending upon wavelength, The slits of the 
monochromator were kept at constant widths. 

'Assisted financially by the National Research Council of The irradiation temperature was 26 i- l0C, except for T H F  
Canada. which was - 99-C. 

0008-404?!79!05059 1-07501.00/0 
Q 1979 National Research Council of CanadaIConseil national de recheiches du Canada 
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5 92 C A N .  J C H E M .  VOL. 57. 1979 

TABLE 1. Parameters of optical absorption spectra of solvated electrons in ethanolamine, water, and alcohols at 26-C and 
tetrahydrofuran at - 99^Ca 

Value 

Parameter EA G L  EG PD W M E I P 1B 1 0  2P tB  THF 

"EA - ethanolamine, GL = g l~ce ro l ,  EG = ethylene glycol, PD - 1.2-propanediol, \V - kiater. M - methanol, E - ethanol, I P  = I-propano],  
IB  - I-butanol, 1 0  = I-octanoi, 2P = 2-propanol, t B  - icrt-butyl c~ lco l~o l ,  T H F  = tetrahydrofuran. 

"11 l o4  (100 e\' ,If cn1)-'. 

Results 

The absorbance measured after a 0. I ps pulse was 
not corrected for decay during the pulse, but that 
after a 1.0 ys pulse was corrected according to first- 
order decay kinetics and square pulse. The rate 
constant uas  taken from the first half-life of the 
obserhed maximum absorbance of individual pulse. 
At  7, < 400 nrn (700 nm in THF) correction n a s  also 
made for radical absorption (9). The parameters of 
the optical absorption spectra of solvated electron in 
ethanolaruine, \vatel, alcohols, and THF are listed in 
Table 1 in \vhich E,,,,, (eV) is the energy at  maxiinurn 
absorption, If', , (eV) is the width at  half-peak 
height, i.e.; half-lvidth, and GF,,,, is the product of the 
free ion yield in (100 eV)-I  and the decadic 11iolar 
extinctio~l coefficient in lV1 cm-' .  The half-width 
was separated to the blue, C%; and red, W,.; sides of 
the absorption maximum. The ratio T.tb I"J, shows the 
asym~iietry of the spectrum. 

Fitting the spectrum \+ith a combined Gaussian- 
Lorentzian shape function (1 1) is satisfactory in 
nater and aqueous solutio~l (8, 11) for absorbances 
larger than 10"; of the maximum absorbance. A,,,,. 
and in ethers (9: 12) for absorbances larger than one 
third of A,,,,. The fitting is, however. not satisfactory 
in alcohols (8). I n  general, all or most of the red side 
of a spectrum of solvated electrons follo\vs the 
Gaussian shape function. 

Lugo and Delahay (4) have previously resolved the 
solvated electron spectrum into several Gaussian 
bands, each having the same width: and a coliti~luum 
tail. Since each band represents an ensemble of 
electroilic and vibronic broadening, be it homo- 
geneous or inhomogeneous, of many individual 
transition lines? they need not have the same width. 
Therefore, in the present spectrum fitting, the over- 
lapping Gaussian bands are not restricted to having a 
same half-bvidth. 

The fitting starts from the lo\\' energy side of the 
spectrum. The Gaussian equation for the ith band is 
transformed to a linear form: 

[ l ]  In A = In A ,,,,,, , - (In 2 ' g : ) ( ~ ~  - E)2 

for E  < Ei, i = 1: 2 

\I here A is the absorbance at  energy E  (eV), E, (eV) is 
the energy at n~aximum absorbance, A,,,,,,, and g, is 
half of the width of the ith band at  0.5An,,,,i. E,  is 
varied and the correlation factor calculated. The final 
values of E,, g, ,  and A ,,,,,, are obtained from the 
equation that provides the largest correlation factor. 
Absorbances entering the least-squares fitting have in 
general at  least 4% of the niaxiniuin. The first 

FIG. I .  The band ~.esolution of the optical absorption spec- 
trum of solvated electrons in ethanolamine at 26'C: 0, 
experimental; A, first remainder; @, second remainder; ---, 
first Gaussian; -.  , second G a ~ ~ s s i a n ;  - - -, continuum tail; 
J, spectrum maximum; t, band maximum. 
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JOU A N D  FREEMAN 

- 
GLYCEROL ' ETYLENE'GLYCO: : 

t I 

I 

e 
1,2 ~ROPANEOIOI - WATER - 

I 
I e 

FIG. 2. Band resolution in glycerol, ethylene glycol, 1,2-propanediol, and water at 26'C. Symbols as in Fig. 1. 

Gaussian is subtracted fi-om the \vhole spectrum to 
obtain a remainder, \i hich is then fitted bvith a second 
Gaussian. A third Gaussian, if it exists, ~vould have a 
very narrom, width. Therefore, the whole spectrum is 
resolved into only two Gaussians and a high energy 
tail. The resolution of the optical spectrum in 
ethanolamine at 26'C is sho\vn in Fig. 1. The resolu- 
tion bvas also done for spectra of solvated electrons in 
glycerol, ethylene glycol, 1,2-propanediol, water 
(Fig. 2), methanol, ethanol, I-propanol, I-butanol 
(Fig. 3), I -octanol, 2-propanol, rert-butyl alcohol, 
and T H F  (Fig. 4). In tert-butpl alcohol and T H F  the 
experimental data on the low energy side are not 
extensive enough. The resolutions of these two 
spectra are tentative. 

In water and all alcohols the widths at half-height 
of the Iirst and second Gaussian bands are 2gi = 

0.71 ) 0.07 eV and 0.37 i 0.08 eV, respectively, and 
the width a t  half-height of the high energy tail about 
1.0 f 0.2 e ~ . ~  If the optical excitation on the low 
energy side of the spectrum corresponds to a bound- 
bound transition, then the presently obtained Gaus- 
sian shape justifies the semi-classical Franck-Condon 
factor due to vibronic broadening (6, 7). The high 

'The analysis includes the possibility that g, = g,, but the 
best fit of the band shape always gave g2 < gl. The earlier 
assumption that g, = g ,  (4) was only tolerable if the measured 
band lacked most of the low energy side. When the present 
analysis was applied to spectra measured for the same solvent 
in different types of apparatus, such as a high pressure appara- 
tus and a variable temperature apparatus, the values of g, at a 
given T and P nere reproducible within 2-lox, while those of 
g, were reproducible within 20%. 

energy tail has a rather steep rise 011 its low energy 
side. It is quite similar to the band shape of a theo- 
retically calculated bound-continuum transition (13, 
14). Therefore, the high energy tail is believed to be a 
bound-continuum transition. From the onset of the 
high energy tail, the threshold energy of photoioniza- 
tion of the solvated electrons (E,) could be estimated. 
The threshold energy is 1.7 eV in ethanolamine, 
2.4 eV in multihydric alcohols, 2.2 eV in ~vater, 2.0- 
2.1 eV in normal monohydric alcohols, 1.8 eV in 
2-propanol, and 1.5 eV in tert-butyl alcohol. These 
energies lie -0.1-0.3 eV above E,,,,, of the overall 
spectrum in alcohols and 0.5 eV above in water. In 
T H F  the first Gaussian band has the same half-width 
as that of the second Gaussian band in alcohols. The 
second Gaussian band in T H F  is very small. The 
threshold energy of photoionization is 0.95 eV, which 
locates 0.18 eV higher than E,4,,,. The parameters of 
the Gaussian bands and the continuum tail of each 
spectrum are listed in Table 2. 

The high energy sides of the spectra were tested to 
see whether they follow a simple exponential law: 
AIA,,, cr, E p Z ,  where rj. is a constant and may be 
obtained from the slope of the plot ln(A,'A,,,) vs. 
In E. Straight lines were obtained for A,'A,,, _< 
0.6 + 0.1. The value of cn is 4.4 in water, (8 + 1)/3 in 
alcohols, and 2.2 in THF.  The spectrum at the high 
energy side in ethanol at 77 K (15) and in 3-methyl- 
octane at 127 K (16) were also examined. The fitting 
is AIA,,, = 41.26Ep3.77 from 3.0 eV to 6.0 eV for 
the former and 0 . 5 4 E - 2 . 1 ~ r o r n  0.9 to  2.1 eV for the 
latter. The value of cn is not 813 or 3 for electrons in 
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CAW J CHEM VOL 57. 1979 

FIG. 3. Band resolution in methanol, ethanol, I-propanol, and I-butanol at 26°C. Symbols as in Flg. 1. 

FIG. 4. Band resolution in I-octaaol, 2-propanol, rrut-butyl alcohol at 26 C and THF at -99 C. Symbols as in Fig. 1. 

all solvents, as suggested earlier (4); the variations 
fro111 2.2 to 4.4 lnentioned above are \+ell outside of 
the experimental uncertainty. 

Discussion 

The optical absorption spectra reported here cover 
a ~ ~ ~ i d e  range of spectral region. Both sides of each 
spectrum maximum extend to the observation limit of 
our optical system. All the spectra have the \yell 
known broad, asymmetric shape and no noticeable 
fine structure. A cut-off energy, \+hich is charac- 
teristic of bound-continuum transitions (ref. 13, 
sect. 74, refs. 14, 17). is not observed i11 the uscrnding 

Dart of the sDectrum. The difference betneen Gaus- 
sian and (linear) cut-off shapes is most clearly visible 
at  AIA,,,, < 0.2 on the low energy side (see Figs. 2 
and 3). Theoretical studies of solvated electrons 11-6. 
18) st111 d o  not conform ~ i t h  the expel imental line 
shape. The studies of temperature dependence of the 
spectrum In ethers (9) and piessure dependence 111 

alcohols (8) shoued that the half-\\ idth of a spectluin 
is less informati\e about the natdre of the trans~tlon 
than are the sepaiate LT idths on the t\4 o sides of the 
band maximurn. 

The whole band \\as empirically resolved into t\+ o 
Gaussian bands and a continuum tail. The first 
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TABLE 2. Parameters of Gaussian bands and continuunl tail" 

Value 

Parameter EA GL E G  PD W M E I P 1B 1 0  2P r B  THF 

El (eV) 1 . 3 2  2 .15  2 .06  2 .02  1 .72  1 .81  1 .66  1 . 6 8  1 .72  1.75 1 .44  1 .14  0 .78  
g ,  (eV) 0 .35  0 .36  0 .37  0 .39  0 .36  0 . 3 6  0 .36  0 .35  0 .36  0 .36  0 .34  0 .33  0 .20  
A I 0 .93  0 .90  0 .93  0 .93  1  . O O  0 .92  0 .93  0 .87  0 .87  0 .87  0 . 9 5  1 .00  1  . O O  
f ;  0.39  0 .35  0 .35  0 .36  0 .69  0 .36  0 .33  0 .30  0.31 0.31 0 .33  0 .50  0 .48  

E2 (eV)  1 .76  2 .46  2 .40  2 .40  2 .23  2 .14  2 .06  2 .10  2 . 1 4  2 .16  1.83 1.51 0 .96  
g2(eV) 0 .25  0 .18  0 .18  0 .20  0.20 0 .19  0 .21  0 .23  0 . 2 2  0 .22  0 .20  0 .15  0 .08  
A2 0 .43  0 .37  0.38 0 .44  0 .22  0 .38  0 .50  0 .58  0 .55  0 .59  0 .45  0 .29  0 .21  
f 2  0 .13  0 .07  0 .07  0 .09  0 .08  0 .08  0 .10  0 .13  0 .13  0 .13  0 .09  0 .06  0 .04  

E, (eV) 2 .22  2 .85  2 .76  2.81 2 .58  2 .54  2.48 2 .53  2 .58  2 .60  2 .23  1.81 1 .16  
g,  (eV) 0 .59  0 .58  0 .60  0 .60  0 .43  0 .54  0 .60  0 .58  0 .58  0 .56  0 .57  0 .46  0 . 3 2  
A , 0 . 4 1  0 . 6 2  0.61 0 .62  0 .21  0 .62  0 .63  0 .68  0 .67  0 .67  0 .56  0 .41  0 . 3 5  
f, 0 .48  0 .58  0 .58  0 .55  0 .23  0 . 5 6  0 .57  0 .57  0 .56  0 .56  0 .58  0 .44  0 .48  
Eo(eV) 1 . 7  2 . 4  2 . 4  2 . 4  2 . 2  2 . 1  2 . 0  2 . 0  2 . 1  2 . 1  1 . 8  1 . 5  1 . 0  
a 2 . 4  3 . 0  2 . 7  2 . 7  4 . 4  2 . 9  2 . 8  3 . 0  2 . 9  2 . 9  2 . 6  2 . 6  2 . 2  

OE = band nia\irnuni, i. = lialf of the \ridth at  h~lf-height .  .A - relati\e absorbance, - percentage of o\cillator strenglh. Subscript 1 indlcatcs first 
Gaiissian band, 2 indicates second Gaussian band,  c indicates contiliuurn tdil ,  to = threrhold enerpy of bound-coiit~nuurn transition, 2 = desceiiding 
po\%er of A'A,,,, b s .  E curve. 

Gaussian band is a bound-bound transition. This 
proposition is based on the fact that ill the photo- 
bleaching studies of trapped electrons in organic 
glasses (15, 19,20). ice (21). and liquid methanol (22). 
the quantum yield is very lo\\ with photon energies at 
the red side of the absorption spectrum. This 
phenomenon \\as also observed by photoconductivity 
(23-26) and stimulated luminescence (27). It could be 
explained that the excited electron in the energy 
region of the first Gaussian band could still be 
bound by the same potential \yell. The s~iiall photo- 
respolise that is observed in this energy region (15. 
19-27) could arise froni thermal agitation or tunnel- 
ling froni the excited state to the continuum. 

The second Gaussian band ~ t h i c h  lies slightly 
above E,,,,,, could be due to transition to higher 
excited states. This \\as speculated in theoretical 
s tud~es  but was concluded not to contribute slgnl- 
ficantly to the total n ~ d t h  ( I )  Indeed, t h ~ s  band 
contr~butes only about 1 0 3 f  the total oscillator 
strength (Table 2) Huang et ill (24, 25) postulated a 
posslble second transrtion band of \+hlch the final 
state is In the continuum, on the b a s ~ s  that there n a s  
no temperature dependelice of photobleach~ng yield 
and photocurrent in ~llethyltetrahydrofuran and 3- 
methyihexane glasses. Ho\{ ever, the latter \\ ork 
ili\olved a double photon process, so the transition 
presumably passed through an Intermediate stale 

The continuum tall IS character~zed by a rapldly 
ascending and slouly descending A vs E curbe The 
slope o r  both sides lies betneen those in neutral and 
negat~ve hydrogen atoms (13). The o\erall band 
shape 1s very s~rnllar to the photoion~zat~on spectrum 
due to  direct bound-contrnuum t ranb~ t~on  (28) The 

band maulnium 1s hlgher than E,,l,,, bq about 0 6 1 
0 I eV in alcohols, 0 9 eV In \\atel. and 0 4 eV 111 

T H F  T h ~ s  band resembles. in lelatibe poqltlon, the 
detrapp~lig curies of photobleachlng qleld ( 1  5. 19- 
21), photoconducti\~ty (23-26). dnd st~mulated 
luiii~nescence Intensit) (27) The cut-off energy, i e , 
threshold energy of the bound-cont~riuum transition. 
\\as obta~ned by lineal extrapolatron of the Ion 
energy s ~ d e  of the c o n t ~ n u i ~ m  (Table 2) 

By analogy \ \ ~ t h  the hydrogen atom spectrum. the 
first Gausc~an band is due to 1s -t 2/1 t r a n s ~ t ~ o n ,  the 
second Gausslan band to 1 Y + 317 trans~tlon. and the 
high enesgy tall to Is + continuum The ~ ~ d t h s  
corne from the Franck-Condon fact01 (7) FOI 
hydrogen atoms the osc~llator strength \\as calculated 
(ref 13, sect 63) to be f l ,  ,,, = 4 2 7 ,  f ,,,,,, = 8'7,. 
and f,,,,,, = 5OU, In  all alcohol l ~ q u ~ d s  except t e t f -  
butyl alcohol the f i ~  st Causs~an band carrle$ - 33",, 
the second one - IO", , and the high energy tall - 5 5 7  
of the total measured osc~llator strength I n  \\atel the 
d~stribution of osc~llator strength 1s 69. 8, and 23",,. 
respectivelq In  tcrt-butyl dlcohol dnd T H F  the first 
Gausslan band and the hlgh energy tall each con- 
t r~bu te  nearly half of the total osc~llatoi strength. It 
1s to be noted that the first and secor-rd Gauss~ali  
bands both extend ~ n t o  the h ~ g h  energy tall due to 
phonon b ~ o a d e n ~ n g  effect (29) The okerlapplng 
pol t ~ o n  betileen the t \ \o  Gausslan ba~ids  nnd the high 
energy tall I S  about 2-4'7, each of the total stlength. 
This Inay account f o ~  the 4 7  bound-cont~nuum 
tlanslt~on In aqueous glass \ \ ~ t h  a photon energy on 
the red s ~ d e  of the f i ~ s t  Gauss~an band (30) 

If a Slater type of IS ~ a v e  funct~on, $(IS) = 

(P3/7c))''' exp (- o r ) ,  represents the grouild state orbl- 
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COMMUNICATIONS 

Dichotomous reactions of thioketones with tetracarbonylferrate 

FIOWRD ALPF I<. B E R N A R D  M.ARCHAI\D, A K D  MASA-1.0 T . 4 h . a ~ ~  
L)c,pcii.tiiic,~/r cj/'('/iettiirtt.~, L'iiii c,t.,ir~ ( j f  O r r ( i l t , ( i ,  Orriili~ci. O f ~ i . ,  C'ci~iciclii K I  V 9B4 

Received Octohe1.26. 1978 

HOWARD ALPER, B E R ~ A R D  MARCHAND, and MASATO T A N A K ~ .  Can. J.  Chern. 57, 598 
(1979). 

Treatment of nonenolizable and enolizable thioketones, first with disodium tetracarbonyl- 
ferrate and then with an acid chloride, affords saturated and unsaturated thioesters, respec- 
tively. hlechanisnis are proposed for these different reactions. 

HOWARD ALPER, B E R ~ A R D  MARCHAKD et MASATO TRKAKA. Can. J .  Chem. 57, 598 (1979). 
Si l'on traite rerpectivernent des thiocetones qui peuvent &tre CnolisCes et d'autres qui ne 

peuvent pas I'&tre par du tetracarbonylferrate de disodium puis par u11 chlorure d'acide, on 
obtient des thioesters satures et insatures. On propose des niecanismes pour ces diverses 
reactions. 

[Traduit par le journal) 

The reactio~ls of thioketones with nucleophiles 
represent an  intriguing aspect of the chemistry of 
these sulfur compounds. Thiophilic and carbophilic 
additions have been described in the literature (1). 
One of us has recently observed that the cyclo- 
pentadienylmetal carbonyl anions, C,H,M(CO),,- 
(M = Mo, W, n = 3; M = Fe, 11 = 2), can effect 
desulfurization and coupling of thiobenzophenones 
to  give fulvenes (2). We now wish to report on the 
dichotomous reactions of thioketones with disodium 
tetracarbonylferrate, a reagent of demonstrated (3) 
value in several areas of synthetic organic chemistry. 

Disodium tetracarbonylferrate, generated from 
iro11 pelltacarbollyl and sodium amalgam (4), was 
reacted with a nonenolizable thione such as 4,4'- 
dimethoxythiobenzophe~ione (1) in tetrahydrofuran 
(THF) at -50°C. Subsequent addition of an acid 
chloride (2) and work-up affords the thioesters 3 in 

3 

modest yields (R = CH,, 2 0 7  yield, ir(v,,) 1690 
cm-', nmr(CDC1,) 6 5.73 (s, iH,  CHS), ms (n?/e) 
302: R = Ph, 2 7 z  yield. ir(v,,) 1665 cin-', nmr- 

1 

(CDCI,) 6 6.01 (s, 1H, CHS), 111s (mle) 364). Ada- 
mantanethione, a nonenolizable cycloalkyl thione, 
reacted in a similar maliner with tetracarbonylferrate 
and benzoyl chloride to give the analogous thioester 
in 4 0 2  yield (ir(v,,) 1665 cm-', ms (171le) 272). 

When an enolizable thione such as thiocamphor 
(4) was reacted under identical coliditio~ls as de- 
scribed for nonenolizable thioketones, unsaturated 
thioesters (5) were formed in 52-62z yields. Satur- 

( i )  THF, -500C 

ated thioesters were not detected in any of these 
reactions. The yields of 5, together with pertinent 
spectral data for these new compounds, are listed in 
Table 1. 

Saturated thioesters (3) may arise from initial 
thiophilic addition of the metal carbonyl dianion to 
a nonenolizable thione (e.g. 1) to give the dianion 6 

(ii) RCOCl (2). 
room temperature 

0008-4042/79/050598-03SOl.00/0 
li' - 1979 National Re\earch Council of Can:ida/Conseil national tie 1.echerche5 du C2in;tda 
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TABLE 1. Yields and analytical and pertinent spectral data for conipouncl 5 

Analysis 

Botllng point C H S 
Y ~ e l d  pressure - \'con 6 

R (2) ( C Torr) Calcd Found Calcd Found Calcd Found (cni- ') (ppm) r?i e 

CH3 52 65(0.1) 68.52 68.90 8 .63  8 .61  15.24 15.27 1710 6 . 3 8  210 
Ph 58 113(0.1) 74.96 74.45 7 . 4 0  7 . 6 0  11.77 11.87 1680 6 . 5 3  272 
2-Fury1 62 112(0.15) 68.67 68.45 6 .92  6 . 8 1  12.22 12.29 1670 6 .51  262 
p - C H 3 0 C 6 H 4  60 150(0.15) 71.48 71.87 7 .33  7 .29  10.61 11.25 1670 6 .47  302 
Cyclopropyl 61 85(0.4) 71.13 70.92 8.53 8 . 4 9  13.56 13.71 1700 6 . 3 8  236 

'Neat. 
*The data cited are those for the vinylic protori which appears ds a doc 

internal standard. 

(Scheme 1)  Acylatioii of the latter w ~ t h  an a c ~ d  
chloride (2), followed by reductwe el~inlllatlon to 8 
(the Fe(CO), formed trlmerlzes to Fe,(C0),2) and 
protonat~on ~{ou ld  afford 3. Some ev~dence for 7 
comes from the react~on of 1 with ~e (C0) , ' -  and 2. 
folloued by 1-bromo-2-methylpropane, ~ h ~ c h  alky- 
lates at the belizylic positlon 

I1 
C-R 

The results for thioca~nphor clearly show that 
tetracarbo~~ylferrate is a sufficiently strong base to 
effect proton ren~oval from an enolizable thione, or 
its thioeilol tautoiner (9), to forin the thioenolate 
anion 10 and the hydridotetracarboi~ylferrate anion 
PI (3) (Scheme 2). The unsaturated thioester 5 would 
then result from reaction of 10 bvith the appropriate 
acid chloride 2. 

Related to the results for thiocamphor are some 
very recent findings by Werstiuk and Andrews (5). 
They shoxed that the e.uo and endo protons of thio- 
camphor (4) undergo NaOD catalyzed deuterium 
exchange at  a considerably faster rate than the 

lblet ( J  = 3-4 I-I=). The nmr  Tpectid \\ere icco~ilsd in CDCI,. \\ith T51$ aa an  

corresponding protons of camphor. We have 
observed that although, as noted above: Fe(CO),Z- 
readily abstracts a proton from thiocamphor, 
camphor is inert to the metal carbonyl dianion. 

The follo\cing general procedure was used. Iron 
pentacarbonyl (4 .0mL) in T H F  (7.5n1L) ivas 
added, over a 2-h period, at  O'C, to sodium amalgam 
(3.5 mk)  in T H F  ( iOmL).  Excess amalgam was 
removed, the stirred solution was cooled to - 502C, 
and then the thioketoile (9.9 mmol) in THF (5 mL) 
was added. The mixture was allowed to warm, ~v i th  
stirring, to roo111 temperature. The acid chloride (2, 
2.5 equiv.) was added and the reaction mixture was 
stirred for a short time; concentrated to approxi- 
mately one-fifth its volume, and then treated with 
ether (60 mL). The solution was washed successiveiy 
with water ( 1  5 mL), 10: sodium bicarbonate (10 
mL), and water ( 1  5 mL).  The dried organic phase was 
then chromatographed on silica gel (60-220 mesh, 
elution hvith benzene or 1 : 1 hexane-benzeile) or 
fractionally distilled to give pure 3 or 5. 
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Electron spin resonance observations of photochemically generated contact ammonium 
ion-pairs of fluoro-substituted ketones 

K .  S. CHEN, T. FOSTER. A N D  J .  K .  S. WAN 
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K. S. CHEN, 7. FOSTER, and J. K. S. WAN. Can .  J. Chem. 57, 600 (1979). 
Contact radical ion-pairs of a n i m o n i ~ ~ m  and fluoro-substituted ketones were generated in 

photochemical systems and their here-to-fore elusive esr spectra were characterized. 

K .  S. CHEN, T. FOSTER et J. K. S. WAY. Can. J. Chem. 57, 600 (1979). 
Des paires de contact d'ions ammonium et cic radicaux de cetones substituees par fluor ont  

ete generees dans un systerne photochirnique. O n  a pu caracterise leur spectres rpe qui n'ont 
pas ete observes auparavant. 

[Traduit par le journal] 

The mechanism involving electron transfer in the operative only when the amine used is the 1,4-diazo- 
photoreductions of ketones by tertlary amines has bicyclo[2.2.2]octane. The CIDEP and C l D N P  
remained controversial in recent years. Cohen and applications to photochelnistry have been revieued 
co-workers (1) initially suggested that amines react recently by Wan (7). 
with excited carbonyl con~pounds via an  electron Flash photolysis with optical detection has also 
transfer mechanlslil folloned by a proton transfer been applied to study the electron transfer mechanism 
from the amine radical cation. The earlier CIDEP in the ketoneeatnine systems (8). Arimitsu and co- 
results obtained in the photoreduction of quinones workers (8) have reported that aillong a number of 
by anlines were interpreted in terms of this electso11 amines quenching the triplet benzophenone, only the 
transfer mechanism followed by a hydrogen transfer N,N-dialkylanilines produce radical ions. Although 
from the alcoholic solvent to the amine radical esr spectroscopy is now commonly used to follow 
cation (see, for example, ref. 2). Subsequently, photochemical reactions in solution and to identify 
McLauchlan and Sealy (3) have demonstrated that the transient intermediates, it has not been possible 
in the CIDEP systeni involving the photoreduction to confirm the presence and the fate of the counter 
of benzophenone by amine in the presence of biacetyl arnine radical cation in the ketoiie-amine photo- 
the primary process does not involve electron chemical systems. 
transfer. On the other hand. Wong (4) has recently We wish to report here the first high resolutio~i esr 
concluded from his ClDEP experiments of the 
photoreduction of naphthoquinone by pyridine and 
by tertiary triethyl anline that the primary process is 
a hydrogen abstraction reaction in the first case and 
it becomes an electron transfer reaction in the latter 
case. Similarly, the early CIDNP results in the 
photoredaction of benzophenone by amines were 
interpreted based on an electron transfer mechanism 
(5). Further studies by Roth and co-workers (6) have 
revealed that the electron transfer mechanism is 

observations of contact amrnoniuh ion-pairs of 
hexafluoroacetone and the radical anion of c*,cr,cr- 

t r if l~oroaceto~henone. '  While the results \\ill shed 
sonie light on the contro~ersial  electron transfer 

'A charged ion aggregate involving the amrnonium cation 
and a ninhydrin anion radical, in rapid equilibrium with the 
free ninhydrin anion radical and the tetraalkylammoniu~n salt, 
has been proposed to  account for the variation of esr pa- 
rameters as  a function of the ammonium salt concentration 
(9). 
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Contact radical ion-pairs of a n i m o n i ~ ~ m  and fluoro-substituted ketones were generated in 

photochemical systems and their here-to-fore elusive esr spectra were characterized. 

K .  S. CHEN, T. FOSTER et J. K. S. WAY. Can. J. Chem. 57, 600 (1979). 
Des paires de contact d'ions ammonium et cic radicaux de cetones substituees par fluor ont  

ete generees dans un systerne photochirnique. O n  a pu caracterise leur spectres rpe qui n'ont 
pas ete observes auparavant. 

[Traduit par le journal] 

The mechanism involving electron transfer in the operative only when the amine used is the 1,4-diazo- 
photoreductions of ketones by tertlary amines has bicyclo[2.2.2]octane. The CIDEP and C l D N P  
remained controversial in recent years. Cohen and applications to photochelnistry have been revieued 
co-workers (1) initially suggested that amines react recently by Wan (7). 
with excited carbonyl con~pounds via an  electron Flash photolysis with optical detection has also 
transfer mechanlslil folloned by a proton transfer been applied to study the electron transfer mechanism 
from the amine radical cation. The earlier CIDEP in the ketoneeatnine systems (8). Arimitsu and co- 
results obtained in the photoreduction of quinones workers (8) have reported that aillong a number of 
by anlines were interpreted in terms of this electso11 amines quenching the triplet benzophenone, only the 
transfer mechanism followed by a hydrogen transfer N,N-dialkylanilines produce radical ions. Although 
from the alcoholic solvent to the amine radical esr spectroscopy is now commonly used to follow 
cation (see, for example, ref. 2). Subsequently, photochemical reactions in solution and to identify 
McLauchlan and Sealy (3) have demonstrated that the transient intermediates, it has not been possible 
in the CIDEP systeni involving the photoreduction to confirm the presence and the fate of the counter 
of benzophenone by amine in the presence of biacetyl arnine radical cation in the ketoiie-amine photo- 
the primary process does not involve electron chemical systems. 
transfer. On the other hand. Wong (4) has recently We wish to report here the first high resolutio~i esr 
concluded from his ClDEP experiments of the 
photoreduction of naphthoquinone by pyridine and 
by tertiary triethyl anline that the primary process is 
a hydrogen abstraction reaction in the first case and 
it becomes an electron transfer reaction in the latter 
case. Similarly, the early CIDNP results in the 
photoredaction of benzophenone by amines were 
interpreted based on an electron transfer mechanism 
(5). Further studies by Roth and co-workers (6) have 
revealed that the electron transfer mechanism is 

observations of contact amrnoniuh ion-pairs of 
hexafluoroacetone and the radical anion of c*,cr,cr- 

t r if l~oroaceto~henone. '  While the results \\ill shed 
sonie light on the contro~ersial  electron transfer 

'A charged ion aggregate involving the amrnonium cation 
and a ninhydrin anion radical, in rapid equilibrium with the 
free ninhydrin anion radical and the tetraalkylammoniu~n salt, 
has been proposed to  account for the variation of esr pa- 
rameters as  a function of the ammonium salt concentration 
(9). 
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mechanism in the ketone-alnine photochen~ical 
reactions, the esr characterization of the here-to-fore 
elusive a m ~ n o n i u n ~  ion-pairs should be of wider 
interest to chemistry in general. 

When a degassed cyclopropane solution of hexa- 
fluoroacetone and triethylamine was uv-irradiated 
within the esr cavity of a E-3 spectrometer at  - 78'C, 
a well resolved spectrum was observed (Fig. I). The 
volunle ratio of the s a n ~ ~ l e  solution was : 1 : 5 for 
hcxafluoroacetone, triethylamine, and cyclopropane, 
respectively. The experimental technique has been 
previously described (10). The spectrum in Fig. l a  
represents a septet with only the major 5 group 
showing on scale. The septet can be unambiguously 
assigned to the six fluorines by comparison with the 
known fluorine splitting in the hexafluoroacetone 
ketyl generated electrochemically (11). The inserts 
with an expanded scale in Fig. I b further resolve the 
triplet (1 : 1 : I )  splitting due to the nitrogen nucleus 
14N, I = ,  1. Additional but partially resolved 
second-order fluorine splittings are also observed 
which were predicted by Fessenden (12). The 
spectrum is therefore assigned to the contact am- 
monium ion-pair of the hexafluoroacetone. The esr 
Darameters are listed in Table 1. 

The contact amnionium ion-pair is produced 
probably via the following schenle: 

ISC 
[ I ]  (CF,)2C=0 + /iv -+ '[(CF,),C=O] 

Reactions [ 2 ]  and [3] have been postulated for other 
ketone-amine systems by Davidson and co-workers 
(13) and recently by McLauchlan and Sealy (3). The 
ion-pair ( I )  formed in reaction [3]  can be either a 
contact pair or a 'solvent separated' pair (14), de- 
pending upon the solvent involved. For example, 
contact ion-pairs of phenanthroquinone were nor- 
rnally observed in T H F  but the contact ion-pair 
would dissociate in a more polar solvent such as 
DMF. In the ammonium ion-pair case: a non-polar 
cyclopropane solvent had to be used because the 
ion-pair would dissociate even in the conlmonly 
used T H F  solvent. Thus, only the esr spectrum of 
the hexafluoroacetoile radical anion Lvas observed 
(Fig. l c  and Table 1)  in THF.  The choice of the 
proper solvent ivas probably the main reason why 
the contact ammonium ion-pairs had escaped esr 
observation until now. 

FIG. 1 .  Electron spin resonance spectra obtained d u r ~ n g  the 
photolyses of hexafluoroacetone and tr~ethylamlne in i n )  
cycloplopalle at  - 7gcC, (b)  cyclopropane at  - 78 C but w ~ t h  
an expanded scale ( x 4), (c) THF at - 78 C. 

Although the ketyl radical can be produced via an 
intern~olecular hydrogen abstraction ( 1  5) 

this process is unlikely to compete favourably with 
the most efficient amine quenching reaction in [ 2 ] .  
Furthermore, the dissociation of the (CF,),COH 
radical into the radical anion (cF,),co' and H -  
in the absence of amine was not observed even in the 
presence of added alkali metal salts such as the metal 
tetraphenylborate. In the presence of a tertiary 
amine, it is thought that the ionization in reaction [3] 
requires the formation of a complex in which the 
hydrogen bonding is essential between the ketyl 
radical and the nitrogen atom of the amine. 

The effect of solvent on the observation of am- 
monium ion-pairs also depends upon the individual 
ketone used. When a T H F  solution of rx,%,~-trifluoro- 
acetophenone and triethylaniine was photolyzed 
within an esr cavity, a contact ammonium ion-pair 
was readily observed. In addition to the well kno\v~l 
pattern of the hyperfine splittings of the trifluoro- 
acetophenone radical anion, the nitrogen triplet 
splitting vias resolved (Table 1). Horvever, if aceto- 
nitrile was used as the solvent such as in the CIDNP 
experiments, no  contact ammonium ion-pair could 
be observed. If a THF solution of the unsubstituted 
acetophenone and triethylamine was irradiated, 
again no a n ~ n ~ o n i u m  ion-pair was observed. It 
appears that a trifluoromethyl group next to a 
carbonyl is essential for the formation and observa- 
tion of a 'stable' ammoniurn ion-pair, but this is not 
always sufficient. A series of compounds, CF,- 
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TABLE 1. Electron spin resollance paramctcrs of contact a ~ ~ i ~ n o n i u m  ion-pairs of (CF,),CO and  tl-ifluoroacetophenone 

ion-nair 
(or rad~cals)  S o l ~ e n t  T (  C) (1, (6) a, uHo iii-,"' iiHP o, ,OH 

( C F ~ ) ~ C O I ; I H E ~ ~  

(CF,),CO &HE[, 

( C F ~ ) ~ C O  (ref I I ) 

(cF , ) ,~oH 

(cF~) (c~H, )c  O A H E ~ ~  
(cF~)(c,H,)co & H M ~ ~  

(cF,)(c,H,)c~ (ief 16) 

Cyclopropane 

T H F  

C H 3 C L  

C>clopropane 

T H F  

T H F  

DMF 

IPA 

COCH,COX, \\ith X = CH,, CF,, and (! have 
S 

been syste~natically studied in their photoreductioli 
by anlines in THF and none led to the observation 
of the contact aminonium ion-pair. Perhaps an 
exceptionally electron-deficient carbonyl group such 
as that in the hexafluoroacetone and the trifluoro- 
acetophenone is the prerequisite for the formation 
of a 'stable' a m n ~ o n i u ~ n  ion-pair. 

Finally, u e  point out that the type of amines used 
also plays an important role in the observation of 
the contact am~llonium ion-pair. Thus. in the 
photoreduction of trifluoroacetophenone by amines 
in THF, triethylamine, tributylamine, and triamyl- 
aniine all yield contact ammonium ion-pairs \vhile 
trinlethylamine does not lead to formation of the 
ion-pair. 

Further investigation of these contact a n i ~ i ~ o ~ ~ i u r n  
ion-pairs in photochemical systems including CIDEP 
experiments is in progress. 
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The crystal and molelcular structure of benzil bisthiosemicarbazonatocopper(11) and the 
antitumour mechanism of related compounds 
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C O R D ~ V  W. BCSHUELL and ANNIE Y .  M. TSAKG. Can. J. Chem. 57.603 (1979). 
The crystal structure of benzil bisthiosemicarbazonatocopper(I1) has been solved and refined 

to an  R-value of 0.082. The dark red triclinic crystal has cell dimensions u = 960.8(4), b = 
1090.7(6), c = 895.8(4) pm, cl = 106.23'(4), (3 = 92.36'(7), y = 99.50'(7), and belongs to 
space group P i  with two molecules per cell. The measured and calculated densities are 1.571 
and 1.568 g cn1r3, respectively, using C16H,,CuN6S, (mol. wt. 417.99). The copper co- 
ordination is significantly non-planar. The five non-hydrogen atoms of each original thiosemi- 
carha7ide niolecule lie close to planes set at a dihedral angle of 8.9". The fold is away from 
the origin and the neighbouring n~olecule. Bond lengths to copper are: Cu-S(l) = 223.7(3), 
Cu-S(2) = 223.4(3), Cu-N(13) = 197.1(6), Cu-N(23) = 197.0(7) pm. The bond angles at 
the Cu atom are S(1)-Cu-S(2) = 108.62"(9), N(13)-Cu-N(23) = 81.lC(3), N(13)-Cu- 
S(1) = 85.lC(2), and N(23)-Cu-S(2) = 85.Oz(2). The first and second phenyl rings are at 
100.3' and 93.0" to the mean Cu coordination plane, which is at a perpendicular distance of 
330 p111 from a similar plane in the inverse molecule. Intermolecular double hydrogen bonding 
occurs at  each side of the conlplex between the uncoordinated nitrogen atoms, thus linking 
the molecules into parallel ribbons. 

GORDON W. BC'SHNELL et ANNIE Y. M. TSANG. Can. J. Chem. 57,603 (1979). 
011 a rCsolu la structure cristalline du benzyl bisthiosemicarbonato cuivre(I1) et on I'a 

affinCe jusqu'a une valeur de R de 0.082. Les dimensions de la maille du cristal triclinique 
rouge fonce sont rr = 960.8(4), h = 1090.7(6), c = 895.8(4) pm, x = 106.23'(4), B = 92.36"(7), 
A{ = 99.503(7); il appartient au groupe d'espace Pi et compte deux moltcules par maille. Se 
basant sur une formule n~oleculaire C16H,,CuN6S, (masse mol. 417.99), les densites mesurkes 
et calculCes sont respectivement 1.571 et 1.568 g ~ m - ~ .  La coordination du cuivre est loin 
d'&tre planaire. Les cinq atornes qui ne sont pas des hydrogenes de chacune des ~noli.cules de 
thiosemicarbazide originales se trouvent dans des plans formant un angle diedre de 8.9'. Le 
plissement s'Cloigne de I'origine et de la molecule voisine. Les longueurs des liaisons avec le 
cuivre sont: Cu-S(1) = 223.7(3), Cu-S(2) = 223.4(3), Cu-N(13) = 197.1(6), Cu-N(23) = 
197.0(7) pm. Les angles de valence au niveau de l'atome du cuivre sont S(1)-Cu-S(2) = 
108.62'(9), N(13)-Cu-N(23) = 81.l0(3), N(13)-Cu-S(1) = 85.1°(2) et N(23)-Cu-S(2) = 
85.OZ(2). Les premier et deuxieme noyaux phenyles sont respectivement a des angles de 100.3' 
et 93.0" par rapport au plan moyen de coordination du cuivre qui est lui m&me a une distance 
perpendiculaire de 330 pm d'un plan semblable dans la molecule inverse. I1 se produit une 
liaison hydrogene intermolCculaire double de chaque cbte du complexe entre les atomes 
d'azote qui ne sent pas coordonnees; il y a donc une liaison de rnolCcules en rubans paralleles. 

[Traduit par le journal] 

Introduction sulfur and nitrogen atoms may be involved in the 
Thiosemicarbazide reacts with a wide variety of coordination, thus invoking the a or b character of 

aldehydes and ketones to form thiosemicarbazones, the metallic centre. The chemistry of the transition 
which may be used as ligands. Compounds formed metal complexes of thiosemicarbazide and thiosemi- 
in this way are structurally interesting, since both carbazones has been reviewed ( I ) .  Certain of the 

0008-40421791060603-05S01.0010 
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copper(I1) compounds of this kind have significant 
ant~turnour act~vity, thus 3-ethouy-2-oxobutyralde- 
hyde blsthiosemicarbazonatocoppei(I1) (abbreviated 
CuKTS) is effective aga~nst  the Walker 256 carclno- 
sarcoma in rats (2, 3) Blndlng to DNA and R N A  
has been established for the N-methyl~satln p-th~o- 
seniicarbazone copper complexes (4) Inh~blt lon of 
the RNA directed DNA polyrnerase In the virion by 
thiosernicarbazone copper(11) complexes prevents 
inalignant transformation by the Rous sarcoina 
virus (5). 

While renlarkable progress in understanding the 
antitumour activity of these copper coinplexes has 
been inade by biological methods, the chemistry 
remains obscure in detail. The substances adminis- 
tered in animal tests have often been the free ligands, 
and one of the early postulated mechanisms was that 
of renloval or trailslocation of essential metal ions 
involved in biological processes (6). The w~ork of 
Petering and VanGiessen (7) has shown that in the 
case of CuKTS it is the coillplex which is active. I t  is 
recognised that the transport of the complex in the 
body depends on the balance bet~been hydro- and 
lipophilic properties and on solubility, which are 
substituent dependent properties. Methylation of the 
terininal -NH, group in a thiosemicarbazone will 
affect the hydrogen bonding. Booth and Sartorelli 
suggest that CuKTS interferes cvith the illcorporation 
of thymine illto DNA (8). It has also beell suggested 
that CuKTS interacts with cellular thiols, such as 
those in co-enzyme A and dihydrolipoate (9-1 1). 
Petering has suggested that reduction to the cuprous 
state illay be involved (12). The crystal structures of 
CuKTS and the free ligand H,KTS have been com- 
pleted (12). In  order to get more insight into the 
ailtitumour mechanism of these compounds, LTe 
decided to  investigate beilzil bisthiosemicarbazonato- 
copper(T1) by chemical and crystallographic methods. 

Experimental 
Thiosemicarbazide was recrystallised from water. Prepara- 

tion of benzil bisthiosemicarbazone has been described (13). 
The title compound was prepared by adding I nlmol of 
CuC1,.2H20 in water to 1 mmol of benzil ditsc in 20 mL of 
dimethylformamide (dmf) slowly with stirring. The reddish 
brown powder precipitates on addition of water. Washed with 
dilute HCI, uater, hot EtOH, and acetone. Yield 0.31 g. Anal. 
calcd. for C,,H,,CuN6S2: C45.98, H 3.38, N 20.11; found: 
C 45.95, H 3.33, N 20.36, mp 250'C; uvivisible spectrum: 
? .,,,, = 3 1 3 n m , ~ = 2 . 2 x  104,shoulderat360nm,? .,,,, = 510nm, 
E = 3.8 x lo3, shoulder at 565 nm. Crystals were grown by 
diffirsion of water from gelatin into a dmf solution of the 
complex. Preliminary photographic work on Weissenberg and 
precession cameras using CuK, radiation gave a unit cell 
n = 960, b = 1200, c = 895 pm, r/ .  = 119", = 88', ). = 100'. 
Picker 4-circle diffractorneter measurements of 16 pairs of 
reflections centered at i 28, Delaunay reduction (transforma- 
tion matrix: - 1,0,0; 0,- 1, - 1 ; O,O,l) and least-squares refine- 
ment of the cell gave a = 960.8(4), b = 1090.7(6), c = 
895.8(4) pm, r /  = 106.23'(4), B = 92.36'(7), y = 99.5OZ(7). 

The cell volume is 0.8852(7) 11m3, density = 1.571 
(flotation) and 1.568 g c ~ n - ~  (calcd.) with 2 molecules per cell. 
The linear absorption coefficient for MoK, radiation, 1- = 
71.069 pm, mas 15.19 cnl-'. The crystal shape is defined by 
perpendicular distances of six faces from a central origin: 
{l,0,0), 0.0328; {O,I,-l\, 0.123; {0,1,0), 0.458 mm. The 
goniometer head axis \\as parallel to the length of the crystal. 
Intensity measurements were done on the 4-circle diffracto- 
meter controlled by a PDP 1 1110 minicomputer, sca~lning in 
50 steps of 0.04' in 28, and counting for 1 s per step and for 
25 s at  each extremity. Three standards -900, 0-50, and 0-55 
were measured at intervals of 50 reflections. The measurements 
(total scanned = 3583) were cornplete to 28 = 50'. There was 
no visible or X-ray evidence of crystal decon~position. 
Analysis of the standards gave a mean instabilit) constant of 
0.023 which was used to get ~ ( 1 ) .  2307 reflections and 210 
standards for ~ h i c h  I ,o( I )  > 3 were retained. Lorentz, 
polarisation, and instrunlent variation factors were applied. 
Corrections for absorption used Gaussian quadrature (14) and 
a 4 x 6 x 4 grid. The transmission range was 0.70 to 0.91. 
After sorting and merging, 2164 reflections remained in the 
data file. 

S/rlrc///re De/ei.ft~itlation 
The structure u'as solved by the use of the Patterson 

function. The programs used were supplied hy Penfold (15) 
and are based on ORFLS, FORDAP, ORTEP, and ORFFE. 
The atomic scattering factors were those of Cromer and Waber 
(16). All atoms were assumed to be uncharged, and the copper 
atom \\as treated as an anomalous scatterer (17). The R value 
was 0.46 with Cu only. The lighter atoms mere found by 
difference syntheses. The full-matrix least-squarcs refinement, 
minimising w(F, - , F, )2,\vas uneventful. The\veights derived 
from counting statistics were not con~pletcly satisfactory, so a 
weighting scheme was devised: i t .  = (A + B.x - Cx2 - 
D.w3)-' where s = F,I, A = 5.2830, B = -4.4944 x l o - ' ,  
C = 2.9134 x lo-', D = -1.2204 x lo-". This gave ap- 
proximate constancy of ZwA2 in sets of reflections g r o ~ ~ p e d  
according to IF, or sin 0 7.. The refinement converged at 
R = 0.082, R, = 0.105 with a maximum (changejerror) ratio 
of 0.21. Most of the hydrogen atonis were located in the final 
difference map, including those invol\ed in the hqdrogen 
bonding. The maximum peak height was 1.38 x 
electrons pm-3 near to the Cu atom. Tables containing the 
structure factors and the anisotropic tenlperature parameters 
are in the Depository of Unpublished Data.' 

Results 
Fractional atomic coo~dlnates ale given III Table 1. 
Figure 1 shov~s the molecule ~ t i t h  labels, bond 

lengths, and angles. The right and left h a l ~ e s  of the 
figure are closely s~mllar. The benzene rings are 
normal. The bonds C(12)-C(22), C(12)-C(13), and 
C(22)-C(23) are predominantly slngle (C-C = 154 
pni, C=C = 134 pin). The lengths of the bonds 
running from N(11) to C(12) and from N(21) to 
C(22) suggest mult~ple bonding with partial delocal- 
~ s a t ~ o n  (C=N heterocyclic = 135 pm, C-N = 147 
pm, N=N = 125 pm, N-N = 146 pnl). Alternate 
bonds C(12)-N(13), N(12)-C(l1) are shorter on 
the left hand side, but on the right of the d~agram 
this alternatioil is a llttle less convincing. However, 

'Copies may be obta~ned, at  a nominal charge, from the 
Depository of Unpubl~shed Data, CISTI, National Research 
Council of Canada, Ottawa, Ont., Canada K I A  OS2. 
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TABLE I .  Fractional atomic coordinates ( x  lo4)* 

Atom s Y z 

"Est~mated staiiddrd deviations are glr.e,i in parentheses 

FTG. 1. Bond lengths and angles and the atom labelling 
scheme. 

in the crystal structure of CuKTS (12) the bond 
lengths alternate in a similar \lay on both sides. The 
bonds to the terminal NH, groups are short in both 
compounds. 

Table 2 gives comparative measurements for these 
two substances, emphasizing the copper coordina- 
tion. There are slight differences where the sulfur 
atoms are concerned. Mean plane calculations show 
that both phenyl rings are close to planarity, the 

TABLE 2. Con~parison of bond lengths (pni) and angles 

Length or angle 

Bond Title co~npound CuKTS* 

copper coordination group Cu, S(l), S(2), N(13), and 
N(23) is non-planar with deviations froin the mean 
plane being - 0.8, 1.3, 1 .O, 4.5, and 10.5 pm, respec- 
tively. The angles between the first and second 
phenyl groups and the mean coordination plane 
Lvere 100.3" and 93.OZ, respectively. The mean co- 
ordination plane is 165 pnl from the origin and hence 
330 pm from its parallel and symmetrically related 
neighbour. All three five-membered rings containing 
Cu are non-planar. The five non-hydrogen atoms of 
each original thioseniicarbazide nlolecule are close 
to planarity ( x 2  = 29.4 and 12.6). These groups are 
set at a dihedral angle of 8.9', nith the coordination 
plane folded away from the origin and the neigh- 
bouring n~olecule, as can be seen in Fig. 2. 

Table 3 gives the crystal packing results for the 
title compound. The copper atom has in addition to  
its distorted square coordination, an S(2)' neighbour 
at a distance of 345.4(3) p n ~  on one side only. 
Relevant bond angles are: S(1)-Cu-S(2)' = 
98.87'(8), S(2)-Cu-S(2)' = 101.53'(9), N(13)- 
Cu-S(2)' = 77.7'(2), N(23)-Cu-S(2)' = 81.6"(2). 
Viewed perpendicular to the mean coordination 
planes, S(2)' lies approximately over the centroid of 
the Cu, N(13), N(23) triangle. In Fig. 2, atom labels 
can be assigned using this information. In contrast 
the copper atom in CuKTS has neighbouring sulfur 
atoms on both sides of the coordination plane a t  
distances of 310.1 and 331.2 pm (12). 

Row 2 of Table 3 gives the hydrogen bonds present 
in the crystal structure. Use of Fig. 2 with rnental c 
translations is recommended. Double hydrogen 
bonds link the molecules into polymeric ribbons. The 
hydrogen bonding in crystalline CilKTS involves the 
oxygen atom of the disordered ethoxy side chain. A 
sulfur atom also functions weakly as an H acceptor. 
The strongest hydrogen bond in CuKTS is a single 
one between a terminal NH2 group and the central 
nitrogen of a thiosemicarbazonato moiety. There is 
therefore some resemblance betneen the two 
structures with respect to hydrogen bonding, and the 
differences can be ascribed to the side chain. 

Comparison of the crystal structures of the title 
compound and CuKTS leads us to  suggest that the 
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FIG. 2. The crystal structure of benzil bisthiosemicarbazo~~atocopper(II). 

TABLE 3. Selected intermolecular distances (complete to 360 pm) 

Symmetry Symmetry 
Bond position* Distance Bond position* Distance 

Cu- S(2) 
N(11)-N(12) 
N(11)-C(13) 
N(l  I )-C(14) 
N(11)-C(15) 
N(l  1)-C(l6) 
N(11)-C(18) 
N(11)-C(28) 
S(1)-K(22) 

*Symmetry posirions I ,  -.x,-.I,, - z ;  11, - x.1 - 
- 1 - x , l - . b ~ , - z : V I , - 1 - x , - L . , - l - z .  

bonding of sulfur to the axial copper sites is probably 
not totally dominant over the forces of double 
H-bonding. Hydrogen bonding may be an  important 
factor in the antitumour mechanism. Adenine, 
guanine, and cytosine all have anline groups adjacent 
t o  unprotonated ring nitrogen atoms, and are thus 
ivell equipped to form double H-bonds with the 
bis(thiosen~icarbazone)copper(II) complexes. We 
have also noticed a structural similarity between 
CuKTS and the nucleosides formed from guanine 
and ribose or deoxyribose: 

~ J ' . - z :  Ill, A-,J , ,~  -1-2: JV,  - , y , - y , - l - ~ :  V, 

I t  seems from the literature that the particular 
effectiveness of CuKTS was discovered from animal 
testing studies, and that the above structural 
analogy has not been previously noticed. There are 
many thiosemicarbazone copper(I1) complexes which 
have some antitumour activity, for n h ~ c h  no such 
structural analogy call be drann.  Nevertheless, the 
relationship is a curious one, and warrants further 
investigation by crystallographic methods. 
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G ~ R A R D  D O U H ~ R E T  and MAURICE M o ~ i h a s .  Can. J. Chem. 57.608 (1979) 
Dielectric constants of water + glycol (mono-, di-, tri-, and tetraethyleneglycol) mixtures have 

been measured at 298.15 K over the entire composition range. The mixtures involving mono- 
ethyleneglycol have also been studied at temperatures from 308.15 to 288.15 K. Calculated 
deviations from ideality are always positive and show one n~aximun~.  Related properties have 
been computed: polarizability volun~e and excess polarizability volume, correlation factor of 
mixtures, and dipole moments of both components  sing the Mecke-Retiter treatment. Results 
support conclusions previously deduced from excess and partial molar volumes; they suggest 
that the addition of glycol ~no lec~~ les  gives rise to a slight enhancement of the \\ater-lattice in 
the water-rich region, followed by a progressive destructuring; the ether functions do not seem 
to play a prominent role. 

GERARD DOUHERET et MAURICE M o R ~ ~ s .  Can. J. Chem. 57.608 (1979) 
On a rncsurk lcs constantcs diblectriques de melanges eau + glycol (mono-, di-, tri- et 

tCtraethyleneglycol), a 298.15 K, sur toute l'itendue de con~position. Les melanges eau + 
monoethyleneglycol o11t ete egalen~ent etudies clans la gamme de temperature 288.15-308.15 K. 
Les ecarts a la loi d'idealite ont ctd calcules: ils sont toujours positifs et presentent un seul 
n ~ a x i r n ~ ~ m .  La polarisabilite et la polarisabil~te d'exces, ainsi que le facteur de correlation ont 
egalement Cte calcules, de mime que le nlornent dipolaire de chacun des conlposes des melanges 
binaires, ceci par le traiternent de Mecke-Re~~ter. Tous ces resultats confir~llent les conclusions 
rtsultant des donnces precedemment obtenues relatives aux volunles d'excks et aux volumes 
rnolaires partiels: ils suggerent que l'addition de molecules de glycol donne lieu a une augmen- 
tation l-iloderde de la structuration du reseau de l'eau dnns les regions riches en constituant 
aqueux, suivie d'une destructuration progressive; les follctions ether-oxyde ne paraissent pas 
jouer Lln r6le predominant. 

Introduction 

In  a previous systematic work on the physical 
and thermodynalnlc properties of niixtures of water 
+ polyethyle~ieglycol [CH,OH-(CH,-CH,O-),- 
CH,OH]: 11 = 0, 1,2-ethaned1ol; n = 1, 2,2'-oxy- 
bis-ethanol; n = 2, 2,2'-[1,2-ethanediylbis(oxy)]bis- 
ethanol; n = 3, 2,2'-[oxybis-(2,I-ethanediy1oxy)lbis- 
ethanol (more commonly known as mono-, di-, tri-, 
and tetraeihyleneglycsl, respectively), the acid-base 
properties of some of these mixtures mere first inves- 
tigated over the organic component mole fraction 
range x = 0 to 0.6 (1). Later, excess and partial 

the water-polyethyleneglycol interactions (3, 4). 
Therefore, the dielectric constants and the refractive 
indices were determined at 298.15 K for 11 = 0 to 3:  
the temperature effect was studied for n = 0 only. 
The dielectric constant deviations from ideality 
were computed using Decroocq's formula involving 
volume fractions (5). Using these results and the 
corresponding densities (2), the polarizability vol- 
umes, the excess polarizability volumes, the correla- 
tion factors, and the dipole nloments have been 
calculated, following the Frohlich theory (6) and the 
Mecke-Reuter treatment (7). 

moral volumes have bee'n calculated over theAwhole Experimental 
composition range (2). These results suggest that a 

Apparatus and Merliorl 
slight enhancement of the three-dimensional water- Dielectric constant measurements were carried out, at 
lattice may develop in the \?later-rich region, its 1.8 MHZ, by the heterodyne beat method with a Wissen- 
magnitude increasing with the size of the hydrocar- schaftliche-Technische Werkstatten DK03 Dekameter.' The 

bon chain. thermostated (+ 0.05 K) measuring cells (MFL-2 and MFL-3 

seems \vorthwhile to support the foregoing con- type) were adequate to cover the dielectric-constant range 
( E  = 19 to 82) of water + glycol at relevant  temperature^.^ It 

clusion by examining departures froin ideality of 

other physlcal properiles The of the 2W~ssenchaftl~ch-Tech~~~sche Werkstatten, lndustr~egeb~et 
electric constallt and of related excess properties Tr~fthof, D-8120, We~lhe~~l~lOberbayern, West Germany. 
appeared to us as an adequate approach to estimate 3Complete set of the actual experimental data 1s available, at 

a nominal charge, from the Depository of Unpublished Data, 
'Present address: Laboratoire de Thermodynamique et CISTI, National Research Councll of Canada, Ottawa, Ont., 

Cinetique Chimique, B.P. 45, F-63170, Aubiere, France. Canada KIA OS2. 

0008-4042179IO60608-06S01 ,0010 
,91979 National Research Council of CanadaIConseil national de rechel-ches du Canada 
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was checked that a good overlapping was obtained when 
passing from MFL-3 (E, = 20-90) to MFL-2 ( E ,  = 7-24) 
measuring cells, the difference lying always within the experi- 
mental accuracy of the equipment. Reproducibility of measure- 
ments was approximately equal to t 0 . 1  dielectric-constant 
unit. The cells were previously calibrated at 298.15 K with 
standard pure liquids: water, nitrobenzene, acetone, and 
ethylene chloride, in accordance with the manufacturer's 
specifications and with Natl. Bur. Stand. circular 514 (8). The 
results obtained for pure solvents are in very good agreement 
(within 0.1 unit) with the data published by Koizurni and 
Hanai (9); they are also in satisfactory agreement with res~rlts 
of Levin and Podlovchenko (10) although a systematic differ- 
ence (-0.5 unit) is observed between the two sets of values, the 
difference being a little greater than the experimental accuracy 
of the equipment. Akerlof (11) published the first set of 
n~easurements on water f ~nonoethyleaeglycol covering the 
whole range of concentration. However, his data for the pure 
components show serious discrepancies with our results as well 
as with those of Koizumi and Hanai (9) and those of Levin and 
Podlovchenko (10). Furthermore, the discrepancy becomes 
larger as the co~~centration of glycol increases; it is thus likely 
that some systematic error has occurred in his measurements. 

Refractive index measurements were carried out at 288.15, 
298.1 5, and 308.15 K by means of a thern~ostated Abbe refrac- 
tometer. Thermoregulation was the same as for dielectric 
constant measurements. Values were obtained for Na-D light 
(wave length: 589.3 nm). The reproductibility was as good as 
0.0001. Conlpariso~l with literature data (12) for pure ethylene- 
glycol shows very good agreement. 

Chen7icals 
Chemicals were used as follows. 
Water was purified by means of a demineralizer. Its conduc- 

tivity was always less than 1.0 x QR-' cm-'. It was stored 
under previously purified dry nitrogen. 

Ethyleneglycol and its derivatives were prepared from con-i- 
niercial best grade Fluka products. They were first dried over 
dehydrating agents and then fractionally distilled. The glycols 
were distilled under reduced pressure and the middle fraction 
was dried over anhydrous hTa2SOd for se~feral days. The 
material was then redistilled and stored under nitrogen. The 
final products had a specific conductance less than 5 x 
Q 1  cni-l. The water content was measured, for all samples, by 
the Karl-Fischer method, and was always f o ~ ~ n d  to be less 
than 0.01%. 

Mixtures were made up by weight using Mettler B5 and B6 
balances, correcting for the Y ~ C L I L I ~ I .  Sa~nples of the mixtures 
have been thoroughly degassed so as to avoid air bubbles, the 
solubility of nitrogen in the rnixtiires being lower than that in 
the pure solvents. 

Results 

Diele~ Pic Co!istaf7r i 
Smoothlny values for the dlelectnc constant on the 

)\hole organic component mole fraction range 
(x, = 0 to 1) are given by the following equation: 

\\/hose coefficients. obtaiiied by a least-squares 
method. are su~ lmanzed  in Table 

Deviations fsom ideallry are determined by 

where E , ~  and qid are, respectively, the excess and the 
ideal dielectric coi~stants. As shown by Fialkov (1 3) ,  
zrid must be defined on the volume fraction scale 
(under certain conditions shown by Decroocq (5)). 
Thus we can \+trite 

uhere ~ ~ ( 1 )  and ~ ~ ( 2 )  are the dielectric constants of 
water and polyethyleneglycol, respectively, + is the 
volume fraction defined on the partial molar volun~e 
basis (14) 

v2 and Vl bemg the water and polyethylene- 
glycol partla1 nlolar volun~es, respect~vely. 

These excess dielectric constants chalacterlze the 
water-polyethyleneglycol interact~ons, among them 
one can quote thed~pole-d~poleinteractions and the H- 
bonded complexes F ~ g u r e  1 represents the changes 
of the excess dlelectrlc constant when x, 15 allowed to 
vary over the en t~ re  compos~tlon range. 

Polarizabilitj Vol~(rrzes 
The statlc dielectric constant, &,($), of mixtures is 

used to calculate the polarizability volume P ( 4 )  from 
the Kirkwood-Frohlich equation : 

where V($) is the molar volume of the nlixture and 
n(4) the refractive index. Some authors consider it 
s.ufficiently accurate to make a linear interpolation of 
r z ( + )  between the refractive index of the two pure 
liquids. However, to obtain higher accuracy we have 
~neasured refractive indices of all considered water- 
glycol systems a t  the relevant t e m p e r a t ~ r e s . ~  
Snloothing values for the refractive index are given by 

whose coeficients, also obtained by a least-squares 
method. are sulnmarlzed in Table 2. Polarizability 
volume shows how the fralnework of a molecule 
(electroils and nuclei) is mod~fied by an  external 
electric field. 

The variations of the excess p o l a r ~ z a b ~ l ~ t y  volume 
in terms of x, are shown in FIE 2. This excess func- 
tlon is calcuiatcd by an equation analogous to [2], 
uhele  volume fractions ha>e been substlt ed bj 
mole fracl~oils. 
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TABLE 1. Coefficients of eq. [ I ]  applicable to the dielectric constant of mixtures: water + [CH,OH-(CH,-CH20),,-CH2 OH] 
and standard deviation, or 

TABLE 2. Coefficients of eq. [6] applicable to the refractive index of mixtures: water + [CH,OH-(CH2--CH20),,-CH20H] 
and standard deviation, o, 

o r  x 
12 TIK 00' 01 ' 0 2  ' a3 ' a4 ' 05  c ? ~ '  104 

X 

FIG. 1. The excess dielectric collstant E," at 298.15 K, 
plotted against the Inole fraction x 2  for the mixtures ( I  - x2)- 
H,O + x2[CH20H-(CH2-CH20),,-CH20H]. 0, n = 0 ;  
@,n = 1; 0,n = 2; & , n  = 3. 

Corrrlutiorr Fuctors 
Polarizability volumes lead further to the calcula- 

tion of the correlation factor y,  as pointed out by 
Kirkwood (15) in a general theory of the dielectric 
polarization of polar liquids (16). This factor tends to 
clarify the role of hindered molecular rotation; it 
shows how the contribution of the individual 
molecular dipoles to the dielectric constant of a 
liquid is modified in terms of the correlation in the 
orientation of the neighbour~ng molecules. The 
correlation factor g has been calculated from the 

FIG. 2. The excess polarizahility voluvne PE(.r) at 298.15 K, 
plotted against the mole lraction x, for the mixtures (1 - 
x2)H20  + x~[CH~OH-(CH,-CH~Q),,-CH,OH]. 0, 
11 = 0: . , / I  = I :  0 , 1 2  = 2: 8 1 , I I  = 3. 

Frohlich theory ( 6 ) ,  using the following equation: 

where k and L are. respectively, Boltzmann's and 
Akogadro's constants, E, 1s the permlttlvity of 
vacuum, while p-represents the gas-phase d~polc  
moment of the cons~dered solvent. The rule of 
additivity has been appl~ed to get the gas-phase 
dipole ~nornent p"$) from the pure cornponcnts gas- 
phase dlpole moments y y l )  and pE(2) 
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DOUHERET AND MORENAS 61 1 

TABLE 3. Coefficients of eq. [9] applicable up to the correlation factorg, the dipole moments w, and H ~ ,  
and standard deviatio~ls or (D - 3.3356 x C m) 

Correlation factor g 
-0.164 0.470 
-0,101 0.417 

0.001 - 0.075 
-0.088 0.171 
-0.587 0.297 
- 1 ,023 1 ,546 

Dipole moment: p,/D 
0.634 -0.091 
0.598 -0.250 
0.606 -0.179 
0.917 -0.160 
1 ,697 - 1.916 
1.846 - 1.434 

Dipole moment: p,/D 
-0.777 1.208 

0.050 - 1.664 
-0.071 - 1.553 

1.348 -7.886 
-7.499 20.65 
-1.551 -0.621 

The pg(l) and p"2) values relative to water and Dipole Moments 
monoethyleneglycol were taken from the literature Finally, the dipole moments of both components 
(1 7). For the higher homologs, an empirical equation of the mixtures were calculated from dielectric 
given by Smyth (18) has been used to supply the lack constant, refractive index, and density measurements. 
of experimental data;  it relates the dipole moment, The Mecke-Reuter relationship [7], which takes into 
p" in the solvent S to that in the gas-phase, pg, account the Onsager treatment of the reaction field of 
through the following relationship : a molecule (16) allows the calculation of the dipole 

PI 
moment p2 by the following equation : 

ps = pg{l + C[&,(S) - 1 1 )  - " - 
\+here &,(S) IS the d~electr~c constant of the solvent S [-lo] pZ2 = [(E,. app) ,  - nZ2] 2 + -- 
and C IS an emp~rical constant to wh~ch Muller (19) 
attr~buted the value 0 038. Smyth (18) has shown that 

1 ;;;)I 
x [9kTV2~,/L]F/[n,2 + 21' 

t h ~ s  equatlon 1s val~d for many substances It should 
also be ernphas~red that gas-phase dipole moments If (E,, app ), 1s an apparent dlelectrlc constant defined 
are ~ ~ i s e n s ~ t ~ v e  to temperature changes over a w ~ d e  as 
range. Consequently, the gas-phase dipole moments 
of the glycols were calculated from eq. [8], using the [ I l l  (&I, app.12 = [&I(+) - (1 - +)(&,)Ill+ 

pS data determined for the glycols in dioxane solu- then, F, a correction factor is given as: 
tlolls (20). Results relative to the different glycols are: 

1121 F = l + X Y  
11 = 0,  LL = 2.28 D : M  = 1,  p = 2 . 5 7 D ; n  = 2, 
LL = 2.86 D ;  n = 3, p = 3.11 D. where 

In cornpanson with the value gixien by ref. 17 for 
[13] X =  [(EG a~p.1.2 - (&1)1l(l - $2) n = 0,  2.28 D. a \cry good agreement i5 observed. [2&,($) + n1~1[(&,, app.12 - ~ 2 2 ~ 1  

The correlatioi~ factor for all systems continuously . 
and but  slonly decreases as the n~oie  fractioil, x,, goes - - 

from 0 to 1 .  Coefficients of the equ,"' 1 L I O ~  : 
I 

are given in Table 3. 
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TABLF 4. Oldlnates and abscissae ( ~ n  parentheses) of the extrema In m~xcd sqstems H,O-glycols 

Value for n = 

Parameter 0 0 0 1 2 3 

Parallel formulae can be written for the compo- 
nent i . 

Dipole inonlents are reported in Table 3, together 
with correlatioil factors; they too obey an equation of 
the type [9] whose coefficients A, to A ,  and standard 
deviatio~i, or, are given. 

Discussion 

Excess dielectric coilstants are positive for all the 
systems considered here. The magnitude of the 
extreina increases from mono- to triethyleneglycol 
(Fig. 1);  at  the same tirne, it is shifted towards water- 
rich region. N o  simple teinperature dependence is 
observed for the water + ~nonoethyle~ieglycol sys- 
tem: we observe a minimum at  298.15 K which is 
shifted ton ards the water-rich region when tempera- 
ture 1s decreased. 

The excess polarizability voluiiles are albiays 
positive too, showing the same trends as E," when the 
same variables. x, and T, are considered. I t  means 
that  the strength bf i~lteractio~ls between water and 
glycol 1s augmented when passing to higher homologs 
o r  mhen temperature is decreased. I t  appears there- 
fore that the structure of separate components 1s 
somewhat distolted, because of the increasing dis- 
parity of the shapes of the neiglibour~ng molecules in 
the different mixtures. T h ~ s  can be related to the 
phenomenon of hydrophobic hydration which is 
l~kely  to occur a t  the same extent the hydrocarbon 
chains are able to  counterbalance the dissociative 
power of polar groups. the ether oxygen atom devel- 
oping a colllparatively weak interaction mith water 
(21-23). 

If we now refer to the excess and partial molal 

volumes of these systems (3),  the same reinarks are 
valid relative to the deviations froin ideality; one 
should nevertheless notice the slightly different con- 
centration at  \\hich the extrema of VL, E , ~ ,  and PE 
appear. The ordinates and abscissae of all extrema 
are summarized in Table 4. 

If weconsider now the variations of correlation fac- 
tor, g,  in terms of .Y,. a slo~v decrease is generally ob- 
served over the whole range of concentration except for 
the water-monoethyleneglycol and water-diethylene- 
glycol systems, where a quasi-constancy of g occurs 
in the water-rich region (x, < 0.3-0.4), indicatillg 
that the number of neighbouring dipoles decreases, 
i.e. that the water inolecules are progressively re- 
placed by glycol molecules, whose correlation factor 
is lower. A Aat maxiillurn has also been postulated 
for water + monoethyleneglycol system by Hasted 
(24). The decrease of g suggests a progressive destruc- 
turing of the tetrahedral water-lattice. Flo~vever, be- 
cause of the initial slow decrease, or quasi-co~lstancy, 
one cannot exclude a slight enhancement of the 
water-structure in the water-rich region. However, 
there is no  point of coinparison between such 
systems and the rapid decrease o f g  in water + aceto- 
nitrile mixtures (3), for which no enhancement of the 
aqueous structure was assumed to take place. 

A supplementary argument to support this assump- 
tion lies in the variations of the dipole moments of 
glycols in the different systems. Except for the system 
water-triethyleneglycol, a maximum of p2 is ob- 
served, which was never the case for the above quoted 
water + acetonitrile solvents. 

The above conclusions support a previous inter- 
pretation issued of the volumetric properties of these 
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DOUHERET A N D  MORENAS 613 

binary solvents. Water-glycol systems !nay be 
class~fied in an ~~lterniedlate pos~tlon betueen systems 
like water + aceton~tnle m~xtures, where the role of 
the fu~ lc t~ona l  group 1s prominent compared to that 
of the hydrocarbon chain, and Inore structured 
systems, for example [later + monohydric com- 
pounds, homologs of glycols; as a matter of fact, the 
hydrocarbon chain has to counterbalance to a far less 
extent the ~nfluence of polar hydroxy groups, due to 
the presence of ether functions. 
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Nuclear analogs of P-lactam antibiotics. XII. 2-Oxodesthiocephalosporinsl 
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ALAI\ MARTCL. TERREYCE W I L L I ~ X I  DOYLE, and BIPIG-YU LUH Cnn J Chem 57. 614 
(1979). 

Epoxidation of A2-1-carbacephenis 2 followed by base treatment gave the allylic alcohols 4. 
Oxidation of 4 gave the 2-keto-A3-carbacephem 9 which could be reduced to the isomeric 
allylic alcohol 7. Conversion of these intermediates to a series of biologically active cephalo- 
sporin analogs 13g-I and 14 is described. 

A L A I ~  MARTEL, TERRENCE WILLIAM DOYLE et Blrsc-Yu LUH. Can. J .  Chem. 57. 614 
(1979). 

L'kpoxydation des A2-carbacephenies-1 (2) suivie d'une reaction en milieu basique conduit 
aux alcools allyliques 4. L'oxydation de 4 fournit les cCto-2 A3-carbacephemes 9 que l'on peut 
reduire en alcools allyliques isomeres 7. On decrit la transformation de ces interniediaires en 
une strie d'analogues (l3g-1 et 14) de cephalosporines biologiquement actifs. 

[Traduit par le journal] 

Previously, the syntheses of 1-carbacephalosporins 
carrying carboxylic acid, carboxylic acid ester, and 
brorno substituents at C(2) were described (1, 2). In 
view of the observation that increased antibacterial 
activity was seen in the 2-hetero-atom substituted 
analogs as the ability of the hetero atom to donate 
electrons to  the chromophore was decreased, we were 
interested in the synthesis of an analog in which an 
electron withdrawing group would be placed at 
C(2).' For  this purpose the carbonyl function was 
chosen as our target, e.g., 1 with X = C=O. 

As we reported earlier, attempts to displace a 2- 
bromo function so as to give other 2-substituents, 
were disappointing (2). Consequently, an alternate 
approach departing from the A2 ester 2a was devised. 
T o  provide a variety of ester functions which could be 
cleaved subsequently under mild conditions the 
conversion of the acid 2b (2) to the esters 2c-e was 
carried out. 

Thus treatment of 2b with tert-butyl acetate in the 
presence of a catalytic amount of 60% perchloric acid 
gave 2c in 80% yield as well as recovered starting 
material in 18% yield (3). The conversion of 26 to 2d 
and 2e was carried out via treatment of the acid with 
the appropriate chloroformates so as to form the 
mixed anhydrides followed by thermal carbon 

'For Part X of this series see Ref. 1. 
'Holder of an NRCC Industrial Postdoctoral Fellowship 

1972-1 974. 
3To whom inquiries concerning this paper should be ad- 

dressed. 
4Present address: Bristol Laboratories, P.O. Box 657, 

Syracuse, NY 13201. 
5For example, the activity in order of decreasing potency for 

the series previously reported is O > SO2 > SO > S - 
NC0,Et > NMe. 

C 0 2 H  
1 

X = 0 ,  S, SO, SOZ, NCH,, NC0,CH2CH,, 
C(COZR),, CH(CO,R), CHBr 

FIG. 1 .  N~lclear analogs of cephalosporins 

d~oxide extrusion. The yields of 2d and 2e were 89 
and 62%, respectively. 

We reasoned that formation of the epoxide from 
compounds 2a-e followed by base treatment would 
yield the allylic alcohols 4 which by suitable 
manipulat~on could be converted to the desired 
target molecules (Scheme 1). Treatment of 2a, 2c, 
and 2e with 171-chloroperbenzoir, acid gave the 
desired epoxides 3a-c in good yield. In the caqe of 2cr 
and 2e the only detectable products were the cc- 
epoxides 3a and 3c, respectively. The epoxidation of 
2c gave an excellent yield of the x-epox~de (91%) and 
an additional amount of material containing the 
P-epoxide 5 as a minor const~tuent (35-40% of the 
mixture). The assign~nent of the x configuration to 
the epoxides 3a-c 1s based upon the nmr spectra of 
these materials. An analysis of the coupling constants 
for 30-c of the C(6) proton indicates that the nlost 
probable conformation for these molecules is that 
shown for 3A in Fig. 2. This, coupled with the fact 
that the proton a t  C(2) appears as a triplet (J = 2.3 
Hz), establishes the configuration as cl. 

As expected, treatment of the x-epoxides 3a-c with 
DBN in methylene chloride gave the desired allylic 
alcohols 4a-c in 83, 93.5, and 100% yields, respec- 
tively. An examination of the proton nmr of the 

0008-404217910606 14- 12S0 1 .0010 
,a 1979 National Reseal-ch Council of Canadn/Conseil national de recherches du Canada 
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alcohols revealed that the C(2) proton appears at  
-4.2 6 in 4a, 4b, and 4c. The coupling coilstants and 
coupling pattern are consistent with a pseudoaxial 
configuration for the alcohol as illustrated in Fig. 2. 
111 an  attempt to determine whether or not base- 
catalysed rearrangement of the P-epoxide would lead 
to  the P-alcohol, the mixture of 3b and its isomer 5 
was treated with DBN as for 3b alone. A quantitative 
yield of 4b was obtained based on the amount of 36 
in the starting mixture. The only other detectable 
product was the pyridine derivative 6 obtained in 
507; yield based on the amount of 5 estimated to have 
been present in the isomer mixture. N o  trace of the 
P-allylic alcohol 7 could be detected (Scheme 2). The 

4 

FIG. 2. Base elimination of d-epoxide 

structure of 6 is based on its ir and nmr spectra and 
its conversion to  the carboxylic acid 8 a known 
compound (4). The formation of 6 rather than 7 on 
treatment of 5 with DBN may be due to  the fact that 
the departing hydrogen and the epoxide are not 
transdiaxially oriented in the base catalysed abstrac- 
tion of the C(4) proton in either of the two possible 
conformations of 5. Proton abstraction would give 
the anion (i) which would have to either invert or  
become trigonal to give ii to effect rearrangement. A 
trigonal intermediate would have severe gauche 
interactions between the C(3)-methyl, C(4)-ester 
groups, and the 0-lactam carbonyl, and the process 
of inversion would necessarily go through such a 
sterically hindered transition state. We propose that 
intermediate i instead undergoes a retro-cycloaddi- 
tion to give iii which then rearranges to give iv. 
Dehydration of iv would give the observed product 6. 
N o  attempt to trap the azidoketene which would be 
expected as a by-product in this reaction was made 
owing to  the difficulty in obtaining 5. 

The preparation of the P-allylic alcohol 7 was 
carried out via oxidation of the cr-alcohol to the 

C02R 

iii  
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ketone follo~ved by reduction. The oxidation of 4a to 
9a was effected by the use of activated manganese 
dioxide in 4 1 2  yield. In  view of the low yield of 9u 
obtained, an alternative oxidizing agent for the 
collversion of 4b to 9b was sought. Treatinellt of 4b 
with iV-chlorosuccinii~~ide - dimethyl sulfide in methy- 
lene chloride (5) gave, after work up, the desired 
ketone 9b in 75% yield. As a test of the stability of the 
2-ketocarbacephalosporin system to acid, the removal 
of the tert-butyl ester of 9b was studied next. Treat- 
ment of 96 lvith trifluoroacetic acid gave the acid 9c 
in 98% yield, thus indicating the suitability of the 
tert-butyl ester protecting group in this series. 
Anticipating that protection of the ketone might well 
be desirable, the collversion of 90 and 9b to their 
respective ketals 1Ou and 106 was carried out. Treat- 
ment of 9a and 9b with ethylene glycol and a trace of 
p-toluenesulfonic acid at  reflux in benzene, converted 
them to lOu and lob, respectively, in moderate 
yields. Reduction of 9b with sodium borohydride 
gave the a-allylic alcohol 7 as the sole product of the 
reaction (97% yield). Conversion of 7 to its acetate 
110 proceeded readily in 65% yield. The ester lla was 
deblocked as the conversion of 9b to 9c to give llb in 
good yield (Scheme 3). The structures of compounds 
7, lln, and llb were evident from their nmr spectra 
and are consistent with a 0-allylic alcohol in the 
pseudoequatorial position. 

The conversion of the azido esters to the appro- 

R I K, R3 

(1 0+CH2)-O B z 
h O H  H B z 
c O 4 c  H B z 
d -0- B z 
e H OH Bz 
J H OAc Bz 

g --OICH,)2--O- H 
h O H  H H 
i OAc H H 
j -0- H 
k H O H  H 
I H OAc H 

priate 7-P-amido acids 13g-1 was carried out in the 
usual fashion (1, 2). Reduction of IOU and 4a with 
hydrogen sulfide - triethylamine gave the amines 12a 
and 126, respectively. These were coupled with 
phenoxyacetic acid ~lsing 1Y-ethoxycarbonyl-2-ethoxy- 
1,2-dihydroquinoline (EEDQ) to give 13u and 13b, 
respectively, in 56 and 77"; yields (6). Acetylation of 
13b gave the acetate 13c (91.5%). Oxidation of B3b 
with manganese dioxide yielded 13d (63.5%) which 
was reduced to 13e using sodium borohydride (92:/;). 
Acetylation of B3e gave the acetate P3j'(835). With 
the esters 13cr-f in hand, these Lvere converted to the 
carboxylic acids 13g-I via hydrogenation using 10% 
palladium-on-carbon in ethyl acetate (Scheme 4). 

As expected, I.3j exhibited enhanced bioactivity in 
comparison to the parent 1-carbacephalosporin 
system whereas the alcohols B3/1 and 1311 were less 
active and of approxiinateiy equai potency. The 
acetates exhibited quite different activity, 13i being 
inactive while I31 was close in potency to the ketone 
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13j. We speculate that the lack of activity for 13i may 
have been due to inactivation via solvolysis to a 4- 
hydroxy-A~-desthiocephem by analogy with our 
results in the 2-bromo case (2).6 

In  vie\?. of the activity of 131, the preparation of an 
analog having a side chain other than phenoxyacet- 
amido was carried out. Thus I l b  was treated with 
tri~nethylchlorosilane and triethylamine followed by 
hydrogen sulfide. The solution was evaporated to 
remove excess hydrogen sulfide and an equivalent of 
triethyla~nine added, followed by 2-thienylacetyl 
chloride. Work up gave the desired alnide 14 in 707% 
yield from I l b .  

The promising activity of I3j, 131, and 14 en- 
couraged us to attenlpt the preparation of a 3- 
acetoxyrnethyl analog of 13j. Attesnpts to brominate 
the C(3)-111ethyl function of 4a using :V-bro~no- 
succinimide (NBS) (Fig. 3) led to oxidation of the 
C(2) alcohol to the ketone followed by brolnination 
a t  the C(1) position. Use of 1 equiv. of NBS gave a 
mixture of 4a and 15 in approximately equimolar 
amounts. Evidently oxidation of 4tr to 9a occurs more 
slowly than the brornination of 90 to 15. T o  avoid 
this side reaction, it was decided to protect the allylic 
alcohol in 4b.  Treatment of 46 with 2,2.2-trichloro- 
ethyl chloroformate and I,5-diazobicyclo[4,3.0]-5- 
uonene gave the carbonate 16 in 85" yield. 

Treatment of 16 with NBS gave the crude bron7o- 
methyl compound 1'9 \~h ich  was converted to the 
acetoxymethy! compound 18 by treatiilent mith 
sodium acetate in dimethylformamide, The overall 
yield \%as 59.5% from 16. The azido function was 

'The 7-bromo cephem v gave ui on silica gel chromatog- 
raphy. 

. : : .  * "'7f0 +SR 
Br 

\ 6 i 

converted to the amine using hydrogen sulfide - 
triethylamine and the amine converted to the 2- 
thienylaceta~nide 20 in 53'5 yield from 18. Cleavage 
of the 2,2,2-trichloroethyl carbonate with zinc dust in 
acetic acid proceeded snioothly (947  yield) to give 
the alcohol 21 (7). Oxidation of 21 with manganese 
dioxide gave trvo products. In  addition to a low yield 
of the desired 2-keto compound 22 (25%) there was 
obtained traces of an overoxidation product 23 in 
which the methylene Y to the thienyl group was 
oxidized to the ketone. 

All attenlpts to remove the tcrt-butyl ester function 
of 22 led to decomposition of the material. In view of 
the publication of a Inore facile route to the 3- 
acetoxyri~ethylcarbacephams by the Merck Labora- 
tories, further work in this series was abandoned (8). 
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PIX 3,Tft.P d 
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TI- 

2; - = 0 m ;zmC 
PI ' -T-r~ * z - 3" P I  TI- 

&= 11 1 1  5~ 1 1  II 
0 C  - C lr. 
m - \ <  m - < <  . . . . 

r- r- r - t -  t- 
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TABLE 2. Ultraviolet spectra and elemental analyses 

Analyses (%) 

Ultravioleta Calculated Found 
--- 

Compound /-mar E C H N C H N 

2c 
2d 
2e 
3a 
3b 
3c 
40 
46 
4c 
9n 
90 
9c 

1 On 
100 
15b 
7 

l l a  
l l b  
6 

130 
130 
13c 
13d 
13ec 
13f 
13g 
1311 
13i 
13j 
13kc 
13" 
14'1j 
l t ig 
20" 

21' 

22j 

23' 

ORecorded in absolute ethanol. bAnslysis for CI: calcd.: 22.64; found: 22.66. C& hydrate. "~.drate. '+ h ~ d r a t e ,  ) acetone. 'Analysis for S: calcd.: 7.69: 
found: 7.65. #Anal>-sis for C1: calcd.: 20.15; found: 19.74. *A~i?alysis for Cl: calcd.: 16.99; found: 17.04. Analysis for S:calcd.: 5.12; fo~tnd:  5.34. 'Analysis 
for S :  calcd.: 7.12: found: 6.97. JAnalysis for S: calcd.: 7.15; found: 7.10. xAnalysis for S :  calcd.: 6.93; found: 6.97. 

All extensive discussion of the biological activities teri-Blriyi 3-Afei/~~~/-7-~-a~i~lo-A2-desiliioc~~pI~eii~-4-cn~/~o.~yIate - 
of the co~npounds discussed in this and earlier papers 
of the series nil1 be forthcoming. 

The infrared spectra tvere recorded on a Unicam SP-20UC; 
grating ir spectrophotometer. The uv spectra were recorded on 
a Unicam SI'-800 uv spectrophotorneter. The nnir spectra were 
determined on a Varian A60-A spectrometer using tctramethyl 
silane as an internal standard. Melting points are uncorrected 
except where noted and were determined on a Callcnkamp 
melting point apparatus. The analyses were performed by 
Micro-Tech Laboratories, Skokie, IL. 

12cj 
To a solution of 2.50 g 11 1.25 mmol) of 20 in 75 mL of tei.t- 

but" acetate Lvas added 2 drops of 60% perchloric acid, The 
solution was let stand 6 days at ambient te~uperature (20- 
25 C). The solution mas evaporated and the I-esidue parti- 
tioned between ether and 1 0 z  sodium bicarbonate. The 
organic phase was washed twice with additional sodium 
bicarbonate solution, dried over sodium su!fate, and evap- 
orated to yield 2.50 g (80%) of 2c, rup 69.5-70'C. The basic 
extracts were made acidic with 10% hydrochloric acid and 
extracted nith methyleae chloride. The extracts were dried 
over sodium sulfate and evaporated to yield 0.45 g of 2b (18%): 
ir (CHC1,): 2110, 1765, 1730 cm-'. 
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MARTEL ET AL. 623 

2,2,2-Trichloroetizyl 3-Methyl-7-/3-azido-A2-desthiocep!~ei?l-4- 
cnrboxj~late 12dj 

To  a solutio~l of 1.0 g (4.50 mmol) of 2b in 30 mL rnethylene 
chloride at - 15 C (ice-methanol) was added 1 g (4.73 mmol) 
of 2,2,2-trichloroethyl chloroformate dropwise over 5 niin. To  
this was added 0.366 mL pyridine in 15 mL rnethylene chloride 
over 10 min. The solution was stirred at - 15'C for 1 h, then 
for 1 h a t  2 jcC,  and finally it was refluxed I h.  The solution was 
poured into ice - 10% hydrochloric acid and the solution 
extracted with ether. The extracts were washed with 10% 
hydrochloric acid, water, sodium bicarbonate, and brine. The 
washed extracts were dried over sodium sulfate and evaporated 
to  yield 1.41 g (89%) of 2d, mp 68.5'C (corrected) after recrystal- 
lization from petroleum ether (30-60'C). 

p-Nitrobenz~~l3-MetI1yl-7-/3-azido-A~-dest/1iocepI~ei~i-4- 
cnrbo.uj~lite i2e) 

Treatment of 1.0 g (4.5 mmol) of 20 with 1.0 g (4.65 mmol) 
p-nitrobenzyl chloroformate and 0.366 n1L pyridine as in the 
preparation of 2d gave I .0 g of 2e (62%), mp 11 8-1 19'C. From 
the basic extracts there was recovered 0.36 g of 20 (36%); ir 
(CHCI,) : 2120, 1765, 1750 cm-I. 

Cor?~poui~d 3a 
T o  a solution of 2.4 g (7.3 1n1no1) of 2rr in 30 mL CH,Cl, 

was added 1.6 g (9.25 mmol, 85%) of irz-chloroperbenzoic acid 
at  0-5'C (ice bath). The solution was left at  4'C for 24 h, after 
which it \\,as diluted with 20 n1L ether, washed with 10% 
aqueous Na,S20, (2 x 20 mL), 10% NaHCO, (2 x 20 mL), 
and brine (2 x 20 mL). The organic layer was dried over 
Na,SO, and evaporated to give an oily oxide nhich crystallized 
out on trituration with ether. Filtration gave 1.7 g (68%) of 
crystalline 30, mp 108.5-109.5cC: ir (CHCI,): 21 10, 1765, 
1753 cm-l. 

Cornpo~rrzd 3b 
Treatment of 5.0 g (18.65 mmol) of 2c with 7.3 g of 177- 

chloroperbenzoic acid as in the preparation of 3a gave an oil 
which on trituration with ether yielded 5.0 g (91%) of pure rl- 
epoxide 30, mp 121-121.5'C; ir (CHCI,): 2110, 1762, 1740 
cm-'. 

From the mother liquors an additional 400 mg of oil was 
obtained, the llmr spectrum of which indicated that the oil 
consisted of a mixture of the 2- and /$-epoxides plus a small 
amount of 2c. Chromatography of the oil on silica gel (15x 
water, \v'\v) using chloroform as an eluent gave 300 n ~ g  of a 
mixture of u- and p-isomers of the epoxide (5:3 ratio). 

Coi~zpo~md 3c 
Treatment of 1 y (2.80 mmol) of 2e with 0.80 g (4 mmol) of 

171-chloroperbenzoic acid as in the preparation of 3a gave 800 
mg (77%) of 3c, mp 117.5-1 18 C, recrystallized from chloro- 
form-ether: ir (CHCI,): 21 10, 1770, 1750 cm-'. 

Brnzj,l 2-rl-Hy&os:~~-3-i?letl~yl-7-/$-nzic/o-A3-desthiocepl~eii~-4- 
carbos~~lrrte 14a) 

T o  a cold (0-5-C) solution of 1.7 g (5.2 mmol) epoxide 30 in 
30 mL CH,CI, \\,as added d r o p ~ i s e  0.65 g DBN (5.2 mmol) in 
10 mL CH,CI, over a 15-min period. Stirring was continued 
for 2 h at 0-C. The solutio~l was diluted with 20 mL ether, 
washed a i th  107; HCI (1 x 50 nlL), brine (3 x 20 mL), dried 
over Na,SO,, and evaporated. The oily residue upon tritura- 
tion with ether crystallized. Filtration gave 1.4 g (83%) of 
crystalline 4a, rnp 152-153-C; ir (CHCI,): 3610, 3420, 21 10, 
1777, 1725, 1635(\) cni-'. 

tert-Britjl 2-r-H~~drorj-3-ii1etl1~~1-7-/$-azi~/o-A~-&st/7iocep/ieiiz- 
4-cnrbo.u~,lute 14b) 

Treatment of 294 n ~ g  (1 n~mol)  of 3b (pure %-isomer) with 

124 mg (1 rnmol) DBN as 111 the abo>e example gaIe 275 mg 
(93.5%) of 4h, mp 140 5-141 C, crystall~zed from ether, Ir 
(CHC1,) 3580(s), 3400,2110, 1780, 1720, 1 6 4 0 ( ~ )  cm-'. 

p-Nitrobo1zyl2-cc-Hydroxy-3-r~1etI1j~I-7-~-n~i~/o-A~-destl1io- 
cepl7er11-4-ciri~boxj~Inre 14c) 

Treatnient of 800 mg (2.14 nimol) of 3c with 100 nig (0.8 
mmol) DBN as in the above example yielded 800 mg (100%) of 
4c, mp 163.5-164'C, crystallized from ether: ir (CHCI,): 
3590(s), 3420(bj, 2110, 1773, 1725, 1605 cm-'. 

Berlzj,l 2 - K ~ ~ r o - 3 - i 1 7 e f l ~ l - 7 - ~ - u z i d o - A ~ - r k . s -  
lrrte 19a) 

To  a solution of 500 mg (1.5 mmol) allylic alcohol 4u in 
30 I ~ L  CH2CI, \?.as added 2 g activated manganese dioxide. 
The mixture was stirred for 2 h at room temperature then 
checked by tlc. The reaction was brought to completion by 
further addition of 2 g activated MnO, and stirring 3 h more. 
The M n 0 2  was filtered through Celite and the solvent evap- 
orated. The residue crystallized upon trituratioii with ether. 
Filtration gave 200 mg (41%) crystalline 90, nip 105.5-106.5'C; 
ir (CHCI,): 2110, 1785, 1730, 1680, 1605(w) cm-'. 

tert-B~~t~~l2-Keto-3-ii1etl1yl-7-~-~rido-A~-di.stlzioce~117ei17-4- 
curbo,uy/nte (9b) 

To a suspension of 5.20 g (40 mmol) of IV-chlorosuccinirnide 
in 100 niL dry toluene \+as added 5 mL of dimethyl sulfide at 
-25°C. To this was added 1.60 g (5.45 mmol) of 40 in one 
portion and the solution was stirred 3 h at - 15-C. To the 
solution was added 11 mL of triethylamine in 20 mL petroleum 
ether ocer 10 niin. The cooling bath was removed and the 
solution stirred 10 min. To the solution was added 100 n1L 
ether and it was washed with 5 2  hydrochloric acid, water, 
brine, dried over sodium sulfate, and evaporated to give an oil 
which crystallized on triti~ration with ether. Filtration yielded 
1.20 g (74%), 1i1p 117-11SC, of 9h; ir (CHCI,): 2110, 1782, 
1722, 1675, 1600 cin-'. 

2-K~~to-3-r~1etl7~'I-7-~-azido-A~-dest/1ioci.plie111-4-cnrbos~~lic 
Acid /9c) 

A solution of 200 mg (0.68 mmol) of 9b in 10 mL trifluoro- 
acetic acid \+as evaporated to dryness at 40 C at  reduced 
pressure. This procedure was repeated four times until the 
nmr spectr~~rii of the residue indicated complete loss of the 
tert-butyl group. Trituration of the residue with chloroforrn 
induced crystallization. Filtration yielded 161 n ~ g  (98%) of 9c, 
m~7 145-147'C (decomposition): ir (h'ujol mull): 21 10, 1780, 
1725, 1640, 1595 cni-'. 

Prc.pnration of lOa 
A solution of 300 n ~ g  (0.9 rnniol) of 9a and 500 mg ethylene 

glycol in 50 mL benzene with - 25 mg p-toluenesulfonic acid 
added as a catalyst Ivas retluxed for 48 h under a Dean-Stark 
trap. The solution was poured into \later and extracted with 
ether. The combined extracts \>ere washed with water, 5% 
sodium bicarbonate, and brine. After drying over sodi~nn 
sulfate the extracts were evaporated. Trituration of the residual 
oil with ether and filtration gave 230 mg (67.5%) of 10~1, 111p 
120-12lCC: ir (CHCI,): 2110, 1777, 1730, 1630(w) cnl-'. 

Preparirtiun of' l o b  
Treatment of 100 nig (0.34 mmol) of 50 with i 50 mg ethylene 

glycol as in the preparation of 60 gave 75 ing (65z)  of lob, mp 
150-150.5'C: ir (CHCI,): 2110, 1775, 1720 cm-'. 

Preparntiorl qf' I6 
To  a solution of 5.56 g (18.9 mn~ol)  of 4b in 100 1nL methy- 

lene chloride at  O'C was added 4.14 g (19.5 nln~ol) 2,2,2- 
trichloroethyl chloroformate followed by 4.41 g (35.5 mmol) 
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decomposition), recrystallized from acetone: ir (Nujol mull): 
3440, 3310, 2500-3600, 1763, 1730, 1710, 1645, 1545, 1495 
cm-'. 

2-r-Acrioxj.-3-iiier/1~~1-7-~- ip/ier~o.u).ctcrrail~itio j -A3-destl7io- 
te~1/7ein-4-cai/1(1.~j~/ic Acid 113i) 

Reduction of 200 nig (0.430 rnniol) of 13c as in the previous 
examples gave 150 n ~ g  (90%) of 13i, nip 126.5-127.5 C (with 
decomposition), recrystallized from ether; ir (Nujol niull): 
2500-3600, 3310, 1777, 1738, 1692, 1677 c m - l .  

2-~eto-3-i?1elh~/-7-~-~p/1r11ox)~ocrlc~ii1if/o) -A3-d~>rt/1ioccy1/1ri)i-4- 
toi.bo,~j./ic Acid /I3j /  

Reduction of 150 rng (0.355 mmol) of 13das  in the previous 
example gave 89 mg (695) of 13j, m p  162-162.5.C (with 
deconlposition), recrystallized fro111 acetone-ether; ir (Nujol 
mull): 2500-3600, 3340, 1760, 1725, 1683, 1655 c n l ' .  

2-P-Hyili.oxy-3-111~f/1y/-7-~-1p/1et7osyacetaiiliciu)-A~-r/esil1io- 
c~liciti-4-cai'/10~\~j~Iic Acid f13kJ 

Reduction of 175 mg (0.415 mmol) of 13e as in the previous 
examples gave 100 m g  (709;) of 13k, m p  125.5-126.5-C (with 
deconiposition), crystallized from ether; ir (Nujol mull): 
2500-3600, 3480, 3300, 1765, 1695, 1655 cm-'. 

2-~-Acc~iorj~-3-ii1eiI1~~1-7-~-f~~/iei7o.uyc1cerntiiid~1) -A3-c/esi/~i~- 
cephciii-4-ciri.bo.~j~/ic Acid (131) 

Reduction of 140 mg (0.300 m~??ol)  of 13f in the usual man- 
ner gave 80 mg (68%) of 131, nip 133.5-135.5'C (with decom- 
position), crystailized from ether: ir ( S ~ i j o l  mull): 3600-2500, 
3440(b). 3320, 1750, 1710, 1635 c n ~ r ' .  

2-~-Aceiox;l.-3-ii1erl1~~l-7-~-~2'-r/1iet1j~lcrcetc1ii1i~/o) -A3-desrl~io- 
c ~ ~ J I I L ~ I ~ I - ~ - c I I ~ ~ ~ ~ I , Y ~ I ~ ~  Acid 114) 

T o  a solution of 371 rng (1.325 mmol) of I l b  in 10 1111- 
methylene chloride a t  0 ' C  was added 0.146 g (1.34 rnniol) 
trimethyl chlorosilane. T o  this was added 0.1 36 g (1.35 mmol) 
triethplamine in 2 niL methylene chloride and the solution was 
stirred for 10 min. T o  the stirred soliltion n a s  addcd 0.5 m L  
triethylamine and hydrogen sulfide gas was passed through the 
solution for 10 min. The mixture was stirred at  0-5-C for 
80 rnin after which the solvent wai removed by evaporation. 
The semisolid rcsidue \vas taken LIP in 10 rnL methylene 
chloride to  which 0.3 niL triethylaiiiine had been addcd. The 
solution was cooled to  0-5'C and a solution of 270 mg (1.68 
mmol) 2-thienylacetyl chloride in 4 niL of methylene chloride 
was added dropnise over 30 niin. The solution \\as stirred 17 11 
at  25-C. T o  this was added 20 m L  5% hydrochloric acid and the 
solution was stirred for I5  min. The organic phase was re- 
moved, dried over sodium sulfate, and  evaporated to  give a 
residue ~vliich crystallized o n  trituration with ether. Filtration 
gave 351 m g  (70::) of 14, 111p 169-170 C, recrystallized from 
acetone; ir (Kujol mull): 2500-3600, 3270, 1780, 1728, 1690, 
1645, 1530 cm-  ' . 
tert-Butyl2-a-12',2',2'-Tiichloroeiliylcnrbo11ate)-3-neetoxy- 

i~1eihyl-7-~-nzido-A~-de.~iI1ioee~1/1et11-4-~~i'bo~~~Iaie ( 8 )  
A suspension of 1.79 g (3.82 nimol) of 16 and 1.0 g (5.6 

mmol) of X-bromosuccinimide in 100 niL carbon tetrachloride 
was refluxed 25 min. The solution was washed with 5% 
sodium thiosulfate solution, water, and brine. The solution was 
then dried over sodiuln sulfate and evaporated to  give 2.10 g of 
crude 17. 

The crude 17 was taken up in 20 m L  of dry dirnethyl- 
formamide at  O'C and  400 mg sodium acetate was added. The 
solution mas stirred 4.5 h a t  25'C and poured onto ice Lvater. 
The aqueous solution was extracted with ether and  the ex- 
tracts Ivere washed with water and brine then dried over 
sodium sulfate. Evaporation of the solution gave a n  oil which 
was chromatographed o n  20 g of silica gel (15% water \v,'w) 

using benzene then benzene-ether (19: 1) as eluent to  yield 
1.10 g (59.57) of 18  as an oil: ir (CHCI,): 2110, 1785, 1755, 
1733 cm-I.  

tert-Biiij.1 2--~-/2'~2'~2'-Ti'ic/iloroeil1yIcni'ho11r1tc~) -3-riceio~-j,- 
1iier/1yl-7-/3-f2"-t/ii~~11)~lmceio1~1i~/o) -A3-rlesi/iioceyl1eii1-4- 
cciiboxylnte 120) 

Reduction of l .0 g (1.94 mnlol) o f  18  in methylene chloride 
using triethylarnine - hldrogen sulfide in the usual maniler 
gave the arnine 19 which was taken LID in 50 m L  niethylene 
chloride and cooled to 0-C. T o  this \vas added 350 mg j2.46 
mniol) thienylacetic acid follo\ved by 570 1ng (2.30 mniol) 
EEDQ. The solution was let stand 18 h at  4'C and worked u p  
as in the preparation of 13b. Trituration of the residual oil \vith 
benzene gave 650 mg (52.5%) of 20, n ~ p  131.5-132'C; ir 
(CHCI,): 3320, 1780, 1755, 1730, 1680, 1510 c m ' .  

tert-Buiyl 2-~-Hydi~os~-3-acetoO~~i~~et/~yl-7-~-12'-t/~iet~j~l~~cetn- 
1~1ido)-A~-iiesr/1iocep/~ei11-4-c~1i'bo.~j~Inte 121) 

T o  a solution of 920 rng (1.44 mmol) of 20 in 20 m L  90% 
acetic acid was added 7 g activated zinc powder. The suspen- 
sion was stirred for 3 h ,  filtered through Celite, and the filtrate 
u.as diluted to  200 n?L with ether. The solution was washed 
\vith Lvater (3 x 50 mL), 10% sodium bicarbonate solution to  
neutrality, and finally with brine. The solution was dried over 
s o d i ~ ~ m  sulfate and e ~ a p o r a t e d  to  give 620 mg (94%) of 21, mp 
145.5-147-C, cr) stallized froill ether; ir (CHCI3) : 3400, 3320, 
1780, 1725, 1680, 1515 cm-I.  

t e r t - B i r i ~ ~ l 2 - K e t o - 3 - a c e t o . u ~ . i i 1 e r / i J I - 1  j - 
A3-dest/1iocep/~eiii-4-cni~b~~x~~lote 122) 

T o  a solution of 650 rng (1.35 niniol) of 20 in 25 mL methy- 
lene chloride under nitrogen \+as added 4 g manganese dioxide. 
The suspension was stirred for 36 h at  25 C and  the MnO, 
removed by filtration and the filtrate was evaporated. The 
residual oil was chromatographed o n  20 g silica gel (10% HzO, 
w w) using benzene as eluent. The solvent \+as slo\vly changed 
to benzene-ether then ether. The first compound nhich eluted 
from the column (benzene-ether, 1 9 : l )  \\as 23. A total of 
30 n ~ g  was obtained, nlp 178-179 C .  

Further elution of the column (benzenexther, 9 : l )  ga\e 
167 rng (25.5%) of the desired con~pound 22. mp 155-156 C :  ir 
(CHCI,): 3400, 1777, 1720, 1685, 1598(w), 1500 cm-I .  
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Mechanisms of bromination of uracil derivatives. 4.' Formation of adducts in acidic 
aqueous solutions and their dehydration to 5-bromouracils 

O ~ W A L D  S.  TEE^ A N D  SUJIT BANERJEE 
Depcirt~?~et/r of Choriistry, Co~lcordicr Ut~ii,cr.sity, Motttrrcrl, P.Q.. Cancitln H3G /.\I8 
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OSWALD S. TEE and SLJIT B A ~ E R J L E .  Can. J. Cheni. 57,626 (1979) 
The reactions of bromine with uracil, 1-niethyluracil, 3-methyluracil, and with 1,3-dime- 

thyluracil in 0.125-2.0 >W aqueous sulfuric acid have been examined. Under these conditions 
r r ~ ~ ~ i d a t t a c k  by bromine upon the uracil leads to the forn~ation of an observable intermediate, a 
5-bron10-5,6-dihydr0-6-hydroxyuracil, which subseqitently undergoes slow acid-catalyzed 
dehydration to the appropriatc 5-brornouracil. The iniermediates derived from uracil and 
3-methyluracil also show acid independent dehydration. The dehydration of the adduct 
derived from 6-niethyluracil proceeds much more rapidly and so precludes observation of 
that adduct. The dehydrations show significant primary isotope effects for the rupture of 
C(5)-H bonds of the intermediates. The mechanistic implications of these results are dis- 
cussed. 

OSWALD S. TEE et SUJIT B A ~ E R J E E .  Can. J. Chem. 57. 626 (1979). 
On a etudie la reaction du brome avec l'uracil et les methyl-1, methyl-3 et dimethyl-1,3 

ilraciles en solution da i s  de I'acide sulfurique aqueux a 0.125-2.0 ,W. Dans ces conditions, il se 
produit une attaque rnpidr de I'uracile par le brorile q ~ ~ i  conduit a la formation d'un inter- 
rnCdiaire qui peut eire mis en evidence, le bronio-5 dihydro-5,6 hydroxy-6 uracile, et qui subit 
une dkshydratation acido-catalyske en bromo-5 ~~rac i l e  approprie. Les intermediaires provenant 
de I'uracile et du methyl-3 uracile se dkshydratent aussi par un mecanisme n'in~pliquant pas 
d'acide. La dkshydratation de l'adduit provenant du methyl-6 uracile se produit beaucoup plus 
rapidernent; on ne peut donc pas le mettre cn evidence. Les deshydratations presentent des 
effets isotopiques primaires importants pour la scission de la liaison C(5)-H de ces inter- 
mediaires. On discute des implications mecanistiques de ces resultats. 

[Traduit par le journal] 

Introduction In strong acid the derivatives 4 revert to 5-bromo- 

The occurrence of uracil (1, R ,  = R, = H) alld uracils 3 the loss of HOBr (lo). In a recent paper 

thymille (5-methyluracil) ill llucleic acids (4), and the we discussed the kinetics of this type of reaction for 

biological activity of 5-halouracils (4) has stimulated the 6-n1ethy1uraci1 of (2 ) .  
much work 011 the chemistry of these pyrirnidiiles (5). 0 
However, only recently have there been mechanistic Br tx, Br2 studies of some of their reactions with electrophiles. [I]  

A H 2 0  :2ri 
Johnson et a/. (6) studied the nitration of some R 1 HO R1 
simple uracils in sulfuric acid, and the hydrogen- 

1 
deuterium exchange of various uracil derivatives in 2 

acidic and basic deuterium oxide has been studied 
by several workers (7, 8 ;  9 and references therein). I - H 2 0  

Prior to our bromination studies (1-3) there does 
not appear to have been any kinetic studies of the Br 

0 0 

Br,. H,O Br 
halogenation of uracils. Wang (10) proposed that 
uracil and 1,3-dimethyluracil (1, R,  = R2 = H and - actd 
Me) react rapidly wlith brornille in aqueous solution HO R~ RI 
to  yield intermediated (2) which subsequently under- 4 3 
go dehydration to the corresponding 5-bromburacil ) Moore and made 
(see ''I. ['I). These ~ r o d u c t s  also react "it' aqueous which not totally explicable ill terms of the 
bromine to give isolable 5.5,-dibromo-5,6-dihydro-6- sequence I , , + 4, They carried out potelltio- 
h ~ d r o x ~ u r a c i l s  (5, lo, ''1 have structures metric and spectrophotometric tltrafions of uracils 
very to those of the proposed intermediates with bromise ill an aqueous acetate buffer of pH 4.7. 

'For Parts 1-3 see refs. 1-3. They found that 1,3-dimethyluracil (1, R, = R, = 

'To whom correspondence should be addressed. Me) and uridine (I ,  R ,  = ribosyl, R2  = H) react 

0008-4042/79/060626-09$01 .0010 
GI979 National Research Council of CanadaIConseil national de I-echerches du Canada 
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TEE 4 U D  BAUERJEE 627 

with 1 mol equiv. of bromine to give, it was pre- 
sumed, intermediates 2. The conversion of 2 to  
5-bromouracils 3 \vas then achieved by heating or by 
treatment with acid. In contrast, they found that 
uracil reacts with 2 rnol equiv. of bromine and 
appears to  give, in succession, 5-bromouracil (3, 
R ,  = R, = H) and its 5,s-dibromo derivative (4, 
R ,  = R, = H). Thus for two uracils possessing a 
substituent at  N,  the step 2 + 3 appeared to be quite 
slow, whereas for uracil the steps 1 -. 3 + 4 all 
seem to occur fairly rapidly. 

The literature now contains a fair amount of 
evidence which is supportive of the postulated inter- 
mediates 2. As already mentioned, the related 5,5- 
dibromo derivatives 4 are isolable (5, 10, 11). More 
recently, Nofre and co-workers (12) have carried out 
ir and 'Hinr spectral studies of a variety of dihydro- 
uracils. Among these were the thymine adduct 5, the 

5,5-d~bronio der~vatlve 4 (R, = R, = H) and, more 
~mportantly, the adduct 2 (R, = R, = Me) (12c). 
Unfortunately they do not report (12c) how this 
adduct was made Add~t ion of t a r ~ o u s  hypohalites to  
5-fluorouracils glves adducts 6 (13). L ~ k e w ~ s e  the 
6-methoxy adduct 7 \\as prepared by addltlon of 
methyl hypobrom~te to I-methyluracil (1, R ,  = Me, 
R, = H) and its 'Hmr spectrum was reported (14). 

Quite recently Robins and co-workers (1 5) have 
accomplished synthetically useful fluorinations of 
uracil derivatives usillg trifluoromethyl hypofluorite 
in trichlorofluorornethalle and methanol. Their 
initial products are the adducts 8, which upon treat- 
ment with base undergo elimination of methanol to 
give good yields of 5-fluorouracils. It was shown (15) 
that  the fluorine and methoxyl group of 8 have a cis 
relationship. On the other hand, in the adduct 6 
(X = Br, R = Me, R '  = H), prepared from 5- 
fluorouracil, the bromine and the methoxyl are 
tvuns (15). Likewise, it appears that bromine and 
hydroxyl are trans in the thymine adduct 5 and in 
the 1,3-dimethyluracil adduct 2 (R, = R, = Me) 
(12). 

We have undertaken kinetics studies of the 
bromination of uracils with a view to defining more 
precisely the mechanistic features. Previously pub- 
lished work concerned debronlinations analogous to  
4 -+ 3 (2) and the bromination of 6-azauracils (3). 
The main thrust of the present work was to establish 
the intermediacy of structures 2 and to study their 
conversion to the substitution products 3. A pre- 
liminary account of this u,ork has appeared (1). 

Results and Discussion 

We chose as substrates for our study uracil (1, 
R ,  = R, = H), 1-methyluracil (1, R ,  = Me, R, = 
H), 3-methyluracil (1, R ,  = H, R, = Me), and 1,3- 
dimethyluracil (1, R ,  = R, = Me). S o ~ n e  additional 
experiments were carried out using 6-methyluracil 
(14). 
Titrution Studies 

We first carried out spectrophotometric titrations 
similar to those of Moore and Anderson (1 1) upon 
the four uracil substrates (1, R,,  R, = H, Me). In 
agreement with their observations (1 1) we found that 
at  low acidity (<0.05 M sulfuric acid) uracils 
possessing a substituent on N, (1, R ,  = Me, R, = H 
or  Me) undergo a rapid 1 : 1 reaction with bromine, 
whereas uracils bearing hydrogen on N, (1, R ,  = H, 
R, = H or Me) react with 2 in01 equivs. In addition, 
however, we found that at  high acidity (>0.05 M 
sulfuric acid) all four uracils 1 undergo a 1 : 1 
reaction. The uv absorptions due to bromine and the 
uracil are extinguished rapidly but the appearance of 
absorptions appropriate to the 5-bromouracils 3 
occurs relatively slowly. Thus at high acidity all four 
uracils 1 react rapidly with bromine to form inter- 
mediates which undergo subsequent slow conversion 
to the corresponding substitutioil products 3. The 
intermediates could have structures 2, as proposed 
by Wang (lo), and be formed from 1 via 9 as shown 
in [2]. Confiriuation of the intermediacy of 2 was 
provided by the followi~ig liinr studies. 

Proton Magrzetic Resonarzce Spectra 
The four uracil substrates 1 (W, = H or Me, 

R, = H or Me) show very simple spectra (Table 1) 
(5b). Upon addition of bromine to aqueous solutions 
of the substrates their absorptions are replaced by 
ones at  higher field attributable to the proposed 
intermediates 2 (see Table I ) .  The 5- and 6-hydrogens 
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TABLE 1. Proton mapnetic resonance spectral data for uracils 1 and adducts 2 

Shifts (6) 
-- 

J3,6 

Structure Solhent 5-H 6-H N(1)-Me h(3)-Me Other (HL) Ref. 

1 (R, = R, = H) Dh4SO-ci, 5.47 7 .40  - - 7 . 6  This work 
1 (R,  = Me, R 2  = K) D,O 5 .79  7.61 3.34 - 7 . 8  This work 
1 (R1 = H, R Z  = Me) D,O 5.85 7 .50  - 3.26 7 . 4  This work 
1 (R,  = R z  = Me) 0 . 1 K D , S 0 4 D z C I  5.83 7.59 3.40 3.25 7 . 5  This work 

2 (R, = Rz = H) DzOn 4.37 5 .10  - - 2.2. This work 
2 (R,  = Me, R, = H )  DzOn 4.62 5 .37  3.20 - 2 . 4  This work 
2 (R, = H, R z  = Me) D,Oa 4.58 5 .32  - 3.17 2 .4  This work 
2 (R, = R 2  = Me) D,O" 4 .50  5.10 3 .15  3 .13  2 .4  This work 

DMSO-c/, 4.55 4.98 3.05 3.03 2 . 2  12c 

5 (from thymine) D 0" - 5.31 - - 1.95 (C-Me) - This work 
DIMSO-(1, - 4.80 - - 1.80 (C-Me) - 12c 

7 Acetone-& 4.66 4.92 3.18 - 3.55(OMe) 2 . 1  14 

"This rnedlurn \\as strongly acidic due to DBr formed d ~ i r ~ n g  the brorn~iiatioii re,~ction. 
"Plus 2 drops concentrated DCI D1O. 

of 2 appear as doublets at  6 - 4.5 and - 5.1, re- 05 
spectively. The coupli~lg (J,,, - 2.3 Hz) between 

D- 
them was confir:ned by spin-spin decoupling experi- 131 

2 -  :*rA ments. In addition, adducts 2 generated from 5- 56 R1 
deuteriouracils lacked the signal at  6-4.5 and the 

10 
6-hydrogen simply appeared as a singlet. Signals for 
N-methyl protons appear at  6 3.1-3.2. 

These observations are very much hvhat are to be J/ \ 
expected for structures 2 when one considers the 0 0 Br 
available literature (12-15) on similar compounds. 
For  comparative purposes Table 1 contains literature fxzi ;x2 
data for three compounds: 2 (R,  = R, = Me), 5, 0 

D d  R,  DO R, 
and 7. We also have observed the thy~nine adduct 5 ~ ( 5 - d )  I I  
but were unable to observe an adduct derived from 
6-methyluracil ~vhicli undergoes dehydration quite of the 6H doublet. More noticeable, however, is a 
quickly (ride inpa).  singlet 3-4 Hz dounfi eld of the 6H doublet which 

As mentioned earlier, Nofre and co-workers (12) appears, reaches a niaximu~n and then disappears 
have concluded that the bromine and hydroxyl are \vith the appearance of the 5-bromouracil 3. There 
trans in the thymine adduct 5 and in the adduct 2 is a similar growth and decay of an additional singlet 
(R, = R, = Me). In view of the similarity of their in the N-methyl region. These last two observatio~ls 
cheruical shifts and particularly of coupling constants we attribute to the formation of the diastereomer 11 
(J,,, - 2.3 Hz) it appears that all of the adducts 2 with bronii~le and deuteroxyl cis to one another, and 
have this stereochemical relationship. ~ . i t h  deuterium at  the 5-position (since no new peaks 

I n  time the 'Hmr signals due to the intermediates 2 appear in the regioii of the 5H). 
decay and are replaced by signals of the 5-bronio- All of the above observations may be rationalized 
uracils (3). However, at  the same time as 2 converts by enolizatioli leading to concoinitant exchange and 
to  3 there are ininor spectral changes which suggest diastereomerizatiol~ as shown in [3]. I11 this acid- 
that  other processes are occurring. The intensity of catalyzed loss of tlie 5-hydrogen of 2 (Br and OD 
the 5H doublet of 2 diminishes somewhat faster than trans) leads to the en01 10. Ketonization of PO can 
that  of the 6H doublet, even though the area of 6N lead to either of the diastereo~ners 2 ( 5 - 4  or 41. 
resonances niaintain a constant ratio to the area of We attempted to follo\v the kinetics of the 'Hmr 
appropriate N-methyl signals. These observations spectral changes to support the above rationalization 
suggest that the 5-hydrogen of 2 undergoes slow and to find out the iniportance of the processes [3] 
exchange with the deuterated medium to produce 2 relative to the conversion of 2 + 3. Unfortunately 
(5-cr') [3]. Consistent with this interpretation the the small differences in peak positions, and the ease 
spectra show the appearance of a singlet in the centre with which the 5-bromo products 3 crystallize out of 
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TEE AND BAiiERJEE 629 

solution prevented accurate mea~ure inen t s .~  How- 
ever, since we observed significant isotope effects for 
the conversion of 2 + 3 followed by uv spectro- 
photometry (next section), isotopic exchange of 2 
must be slower than 2 -+ 3. 

As further evidence for the identity of the adducts 
2, addition of potassium iodide to the 'Hmr solutions 
results 111 the regeneration of the starting uracil I and 
in the formation of iodine (eqs. [4] and 151). 

[51 IBr + I- i I, + Br- 

There are several precedents for this type of con- 
version in the literature. Iodide ion converts the 
5,5-dibromo derivatives of barbituric acid, uracil, 
6-methyluracil, and 4,6-dihydroxypyrimidine to their 
respective monobron~o derivatives (2, 5). Also we 
have showll that the analogous bromide ion induced 
debrominations of the dibromo derivatives of 
4,6-dihydroxypyrimidine and 6-methyluracil are 
acid catalyzed (eq. [6] and Scherne 1) (2). 

H+,  - H 2 0  Br- 
[61 19, ' 18 d 1 7  + Br, 

H,O, -H- 

I n  summary, 'Hmr studies fully support the inter- 
mediacy of the adducts 2 in the broinination of the 
uracils 1 in acidic media. There is some evidence of 
concomitant diastereomerization and isotopic ex- 
change of 2 but in view of the observation of primary 
isotope effects these processes occur Inore slowly 
than the dehydration of 2 to 3. 
Kinetics 

The titration studies described earlier established 
that in strongly acidic media (>0.05 M FI,SO,) all 
four uracil substrates P react rapidly with bromine4 
in a 1 : 1 reaction but that the 5-bromouracils 3 appear 
only slowly. On the basis of the 'Hmr studies the 
intermediates between 1 and 3 have structures 2. 

The slow appearance of the 5-bromouracils (3) 
follo\vs first-order kinetics and the pseudo-first-order 

'I11 general, observation of the adducts 2 in D,O is not 
without its difficulties. Some of the uracils 1 are not particularly 
soluble; the 5-bromouracils 3 even less so. Thus as 2 converts 
to 3 the latter often crystallize out. Moreover, the acidity of 
the medium is diffic~ilt to control because of the large amount 
of hydrobromic acid produced in the initial reaction 1 + Br, 
-, 2. If one starts out with an acidic medium the total acidity 
becomes such as to make the conversion 2 i 3 fairly fast since 
this conversion is acid catalyzed (ciclr iirzfio). Consequently we 
chose to start with essentially neutral D,O which becomes 
acidic due to the production of DBr. 

4Using the stopped-flow method we have recently shown 
that bromine attack upon uracil and up011 1,3-dimethyluracil 
has k 2  = 5 x lo4 and lo5 k - ' s - ' ,  respectively. 0 .  S. Tee 
and C.  6. Berks. Unpublished results. 

rate constants (k,,,) are independent of the initial 
concentrations of uracil 1 and of bromine. Thus the 
formation of the intermediates 2 is irreversible. The 
acidity dependence of k,,, values for various uracils 
are presented in Table 2. 

For the intermediates 2 derived from I-methyl- 
uracil (1, R,  = Me, R, = H) and from 1,3-dimethyl- 
uracil (1, R ,  = R, = Me) the rates of appearance 
of the corresponding 5-bromouracils increase linearly 
with the acidity function H, (Fig. 1). The least- 
squares correlation lines are as follows. 
For I -methyluracil 

[7] log k,,, = -4.60 - 1.1 3H, (r = 0.9997) 

For 1,3-dimethyluracil 

Intermediates derlved froin 5-deuterio-1,3-dimethyl- 
uracil undergo dehydration more s l o ~ l y ,  and gi\e a 
prlmary kinetic Isotope effect k, X, - 3 4 (see Table 
2) for rupture of the C(5)-H bond. 

The above results are compatible with the de- 
hydration 2 + 3 havlng rate-determining depro- 
tonatlon of the cation 9 (by \\atel) formed In a pre- 
equilibrium from 2 (eq. [9]). Assuming [2] >> [9] 

\?hich is justified by the 'Hmr studies, the mechanism 
shown in [9] requires that 

and 

[ I l l  log k,,, = log k,  + pK - H, 

where K = [2]h,,'[9] and H, = -log h, 1s the 
acidity function governing the equilibrium. Clearly 
the correlation l~nes  (eqs. [7] and [8]) are compatible 
with [11] in view of the known linear relationships 
between acidity functions ( I  6). 

The acidity dependences of the rates of appearance 
of 5-bromouracils from the intermediates 2 derived 
from uracil (I, R, = R, = H) and from 3-methyl- 
uracil (I, R, = H, R, = Me) are decidedly non- 
linear (see Fig. 2). At the highest acidities the slopes 
against H, approach - I ,  whereas at  the lowest 
acidities they approach zero. Thus it appears that 
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630 CAK. J .  CHEM VOL 57, 1979 

TABLE 2. Acidity dependence of pseudo-first-order rate con- 
stants for ;he appearance of 5-bron~ouracils (3 and 17)" 

[HzSO,l koba x lo5 
Substrate (AM 1 19 o (s-I) 

Uracil 
(1, R1 = R1 = H) 

5-Deuteriouracil 

1-Methyluracil 
(1, R1 = Me, R2  = H) 

3-Methyluracil 
(1, R I  = H, R2 = Me) 

1,3-Dimethyluracil 
( l , R I  = R, = Me) 

5-Deuterio-l,3-diniethyl 
uracil 

6-Methyluracil (14) 

5-Deuterio-6-methyl- 
uracil 

"At 30°C. Each hob, is the average of t v o  or three determinations. 
bGiies a primary kinetic isotope (k,/k,) of 4.32. 
'Gives k , / k ,  = 3.37. 
dGives ki l lku = 3.49. 
'Gives k,,'k, = 2.42. 

k,,, is made up of an acid dependent term and an 
acid independent term (k, say). For the appearance 
of 5-brornouracil we estimate k, = 7.9 x 10-' s-' 
and for the appearance of 5-bromo-3-methyluracil 

FIG. 1. Acidity dependence of koba for the forlilation of 5-bro- 
mouracils (3 and 17): A for 3(R, = R2 = Me) and + for 
3(R1 = Me, R2 = H), upper and lefthand scales; V for 17, 
lower and righthand scales. 

FIG. 2. Acidity dependence of k,,, for the formation of 5-bro- 
mouracils (3): for 3(R1 = H, R, = Me) and 0 for 
3(R1 = R2 = H). 

k,  = 1.46 x lo-%- ' .  Using these values the 
quantity log (/cobs - k,) varies linearly with acidity 
as shown in [12] and [13]. 
For uracil 

[12] log (k,,, - ko)  = - 4.83 - 0.90H0 ( r  = 0.9993) 
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TEE AND BANERJEE 63 1 

For 3-methyluracil 

[I 31 log (A-,,, - k,) = -4.43 - 0.98H0 (r = 0.9993) 

In 2 M sulfuric acid the intermediate derived from 
5-deuteriouracil undergoes dehydration more slowly 
(see Table 2) and leads to k,/k, = 4.32. 

In view of the similarity of the acidity dependences 
expressed by [I21 and [13] to those of [7] and [8], 
and the observation of a primary isotope effect, it is 
reasonable to propose that the acid dependent com- 
ponents of the k,,, values for the formation of 
5-bromouracil(3, R ,  = R, = H) and of 5-bromo-3- 
inethyluracil (3, R, = H, R, = Me) are also due to 
the operation of mechanism [9]. The acid indepea- 
dent terms (k,) may be due to either (or both) of two 
processes: (a) removal of the 5-hydrogen of cation 9 
(R, = H) by hydroxide ion; (6) removal of the 
5-hydrogen of the free base form of 9 (viz. structure 

12) by water. The first of these seems unlikely. If 
process (a) operated on cations 9 (R, = H), one 
would expect it to operate on cations 9 (R, = Me) 
also but the data for 2 + + 3 (R, = Me) show no 
evidence of a k, term. Furthermore, under our 
reaction conditions [OHp] < 10-13 M and [9] < 

M, and so even if attack by hydroxide on 9 
(R, = H) were diffusion controlled (- 10" M-I  s- l )  
the pseudo-first-order rate constant for process (a) 
would be < s- l ,  whereas the observed lc, is 
about s-I. 

For these reasons we favour process (6) in which 
the unstable tautomer 12 is deprotonated by water 
to give the anion 13 of the product (see [14]). Since 
the pK, of 5-bromouracil (3, R,  = R, = H) is 8.0 
(5a, 6) the anions 13 are reasonably stable and thc 
proposal of 12 + 13 is not unreasonable. 

The broinination of 6-methyluracil (14) (Scheme 1)  
in sulfuric acid solutions appears to be considerably 
more complicated than that of the uracils 1. The 
formation of 5-bronio-6-methyluracil (17) occurs in 
three distinct time frames. Immediately after mixing 
bromine with an equivalent amount of 14 in solution 

there is a rapid appearance of absorptions appro- 
priate to 17. This is followed by a slower (t, , ,  = 24 s 
in 0.5 M H,SO,) build-up of 17. Finally, there is a 
much slower reaction, the rate of which is acid 
dependent and dependent upon bromide ion con- 
centration ( t l I 2  = 770 min, at [Br-] = 0.0036 M? in 
0.5 M H,SO,) which also yields 5-bromo-6-methyl- 
uracil 17. This last step was dealt with in an earlier 
paper (2) and was shown to be due to the conversion 
of the 5,5-dibromo derivative 19 to 17 and brdmine, 
the liberated bromine reacting with unreacted 
6-methyluracil to produce more 17. 

The initial absorbance increase observed im- 
mediately after mixing bromine with an excess of 14 
occurs too quickly to be followed by conventional 
means. However, the second process leading to the 
formation of 5-bromo-6-methyluracil 17 is easily 
monitored. Pseudo-first-order rate constants which 
were obtained are presented in Table 2 and plotted 
against H, in Fig. 1. They increase linearly with 
acidity according to [15]. 
For 6-methyluracil 

[15] log k,,, = - 1.44 - 0.96H0 (r = 0.9992) 

This acidity dependence we ascribe to acid-catalyzed 
dehydration of the intermediate 16 by way of the 

0 
Br 

0 LTo B r 2 - - B r -  , Hgro 
Me fast 

H Me H 

14 

J 
Br 

0 

Br,, -Br- 

Me Br-, -Br, Me 
H H 

H 2 0 ,  -H+ H', - H 2 0  IT 
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cation 15. Partially or totally rate-determining de- 
protonation of 15  is supported by the observatioli of 
a primary kinetic isotope effect of 2.42 (see Table 2). 

The steps 16 $ 15 -. 17 are in essence the same 
as those in mechanism [9] which was postulated 
earlier. However, the intermediate 16 derived from 
6-methyluracil undergoes dehydration about 2500 
times as fast as the intermediate (2, R ,  = R, = H) 
derived from uracil (1, R ,  = R, = H). This is 
perfectly reasonable in terms of the proposed 
lliechanisms in that the formation of cation 15 from 
interrnediate 16 should be more facile than the 
forniation of 9 from 2 due to the electronic and steric 
effects of the 6-methyl group. 

We presume that the adduct 16 arises by way of 
capture of water by the cation 15 formed initially by 
attack of bro~nine upon 6-methyluracil 14 (Scheme 
I).  This sequence is analogous to that proposed for 
the formation of the adducts 2 (eq. [2]). Moreover, 
the intermediacy of cation 15 call explain the rapid 
initial fornlatio~i of 5-bromo-6-methyluracil (17) as 
well as the slomer reaction \ye have measured and 
have ascribed to the dehydration of the adduct 16. 

The cation 15, formed rapidly from bromine and 
6-methyluracil 14: may be partitioned betkveen 16 
and 17. That is, it niay be captured by water (k,,) to 
give the adduct 16 or it nlay be deprotonated by 
water (k,,) to give 17 (eq. [16]).' Clearly the kinetic 

behaviour which is observed will depend upon the 
relative magnitudes of the first-order rate constants 
I;,, and k,,. If they are of comparable magnitude 
there should be an  initial relatively fast increase in 
absorbance due to 87 arising directly from 15 
followed by a slower increase due to the slow acid- 
catalyzed dehydration of 16. This is the sort of 
behaviour that me have observed. 

The ratio kl, /kl,  may be estimated fro111 the ratio 
[17]![16] before significa~lt dehydration of 16. At this 
stage the absorbance at  the analytical wavelength6 is 
due to 17' and so [I71 = A,/sl. The coucentratioll 

of 16 may be esti~lnated from the amount of 17 
formed subsequently during the slow conversion of 
16 to 17 and so [16] = (A, - A,,)&/. Accordingly 
the partition ratio may be obtained from 

Insertion of appropriate numerical values into [17] 
yields k,,"/k,, = 0.938 (average of two values in 
0.5 M H,SO,) for the 5-protio cation 15. 

For the cation 15 derived from 5-deuterio-6- 
methyluracil the rate constant k,, should be 
esse~ltially unaffected, whereas k17 should be reduced 
due to a primary isotope effect. I11 agreement with 
this we find that kl,Djk,, = 0.219 (averages of two 
values in 0.5 M H,SO,). From this ratio and that in 
the previous paragraph the isotope effect on k , ,  
appears to be kl,Hl;lc17D = 0.93810.219 = 4.28. 

This value is similar to the kinetic isotope effect 
of 4.32 found for the dehydratio~i of the adduct 2 
(R,  = R, = H) derived from uracil (Table 2) but 
higher than the value of 2.42 obtained directly from 
rate constants of the appearance of 17 (Table 2). This 
apparent discrepancy is removed when one takes 
account of the relative values of k, ,  and k , ,  (eq. 
[16]). Since these rate constants are of similar 
magnitude: the k , -  step (15 + 17) is only partially 
rate determining in the overall dehydratio~i of the 
adduct 16, and coiisequently its isotope efTect is 
attenuated. 

Consider the proposed mechanism for the de- 
hydration of 16 (eq. [18]). 

For a steady-state concelitratioll of the reactive 
cation 15  this mechanism requires 

for the 5-protio system and 

for thc 5-deuterio system. Division of these two 
equations leads to 

'Under the conditions of our kinetic experiments the 
formation of the 5,5-dibromo derivative 19 should be negligible lnsertioll of appropriate values from above into [19] 
since we used [14] > [BrZ] and 14 reacts more rapidly with gives 
bromine than 17 (2). kob,H/k,b5D = 4.28 (1.2 19)/(1.938) = 2.69 

6The appearance of 17 was monitored at a wavelength 
where only it absorbs significantly and so E is the extinction Jvhich is in  reasonable ,vith the value of 
coefficient of 17 at the analytical wavelength. A. was estimated 
by least-squares analysis of I n  ( A ,  - A )  vs, tinle, the same 2.42 obtained directly from the measure~nellt of rate 
analysis providing the rate constant for the appearance of 17 constallts. 
(Table 2). Overall the observed spectral changes, rate con- 
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stants and the effects of isotopic substitution upon 
them are consistent with mechanism [18] and with 
k,, - k,,. Together u i th  earlier results (2) they 
provide good evidence for the total mechailis~il set 
out in Scheme 1. 

The acidity function behaviours exhibited by the 
rate data in Table 2 are similar to what we have 
observed in related systems. 111 the present work we 
have slopes against H ,  of -0.90, -0.96, -0.98: 
- 1.13, and - 1.20 (see [12], [15], [ I  31. (71, and [8]). 
Analysis of the rate data (17) for the acid-catalyzed 
dehydration of the adducts 28 gives slopes of -0.93, 
- 1.02, and - 1.10. For the acid-catalyzed debro- 
mination of the 5,5-dibromo derivative 19 (eq. [6]) 

leads to the formation of observable intermediates 2, 
as originally proposed by Wang (10). These inter- 
mediates undergo slow acid-catalyzed dehydration 
2 F? 9 + 3, ~ i t h  deprotonation of the cation 9 being 
rate determining. At l o ~ v  acidities intermediates 2 
bearing hydrogen at N ,  (i.e. R, = H) also undergo 
dehydration by \lay of the neutral species 12, that 
is, by the pathway 2 9 ~t 12 --t 13 ", 3. 

The reaction of 6-methyluracil 14 with bromine 
occurs via similar pathways as shown in Scheme 1. 
However, in this case it appears that deprotonation 
of the cation 15 and its capture by water (leading to 
16) are of comparable magnitude. As a consequence 
the deprotonation 15 + 16 is only partially rate 
determining and a reduced primary isotope effect is 

Br  OH 
Experimental 

The uracils used in this study were obtained from commer- 
HO RI R I RI O cial sources and recrqstallired before their use. The following 

compourtds were prepared by literature methods: 5-deu- 
20 ( K , .  R2 = H or Me) teriouracil (8), 5-deuterio-1,3-dimethyluracil (8), 5-bromo- 

uracil (lo), 5-bromo-1,3-dimethyluracil (lo), 5-bromo-6- 
the slope is - 1.20 (2). These similarities in behaviour rnethyluracil (18), ~-~l~on~o-6-hydroxy-5-1neth~~dih~drouraci~ 
add further support to our interpretation of the rate (19), and 5,5-dibro~l~-6-hydroxydihydroL~sacil (10). 
data in Table 2, 

5,5- Dibuo1no-6-h~~dro.~j~-0-111eth~./~/i/1j~n',.o~ri.ncil 

Conclnsions Bromine (3.2 g, 20 mmol) was added to a suspension of 
6-methyluracil (1.26 g, I0 mmol) in 15 mL of water. The 

011 the basis of the evidence  resented above we mixture was stirred for 30 min, then refrigerated, and the solid 

propose that in strollgly acidic aqueous media was filtered off. Recrystallization from acetone-ligroin gave 
2.28 g (88%) of the dibronio compound (20), nip 232-234°C 

(>0.05 "lfuric acid) undergo (darkens above 200-C), Alln/, calcd, for C,H,N,O,Br,: 
monobromination by the mechanism set Out in C 19.89, H 2.00, N 9.28, Br 52.93; found: C 19.74, H 1.88, 
Scheme 2. In this; initial rapid attack by bromine4 N 9.22, Br 52.85. 

- H + ( H 2 0 )  slow I - H+(HZO) \leu 

0 

I 
0 - 
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5- Deuterio-6-niethylul.mil Weissberger. Intel-science. New York. 1962: (h)  D.  J .  
This was prepared from 6-methyluracil in 88% yield and BROW\.  The pyrimidines, Suppl. I. Wile)-Interscience. 

with an isotopic purity above 9 5 z  using the literature method New York. 1970; ( c )  E. FAHR. Angeu.  Chem. Int. Ed.  Engl. 
(8) reported for the deuteriation of uracil. 8 ,578  ( 1969). 

Kinetic Procedures 
These were essentially the same as those used in earlier 

work (1 7j, as were those used in the preparation of the sulfuric 
acid and the bromine solutions. The rate of appearance of the 
5-bromouracils was monitored at  wavelengths where only they 
absorb significantly (280-300 nm). Initial uracil concentrations 
werc about 1M; bromine concentrations slightly less. The 
cell holders of the Cary 14 spectrophotometer were thermo- 
statted at  30'C as previously. 

The higher values of the acidity function H, were inter- 
polated from those given by Johnson et 01. (21) as described 
before (17). T o  provide a continuous scale down into the 'pH' 
region Ho values were calculated from the published log I 
values and  the known pK, ofp-nitroaniline (21). 

Proton Magnetic Resonnnce Spectra 
Spectra of the uracils and their adducts were obtained in 

deuterated media using a Varian A-60 spectronleter (see 
Table 1 and  footnote 3). 
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The conformation and reorientation of enclathrated 1,2-dichloroethanel 

S. K. GARG, D. W. DAVIDSOV, S. R. GOUGH. A N D  J .  A. RIPMEESTER 
Dii.isiori o j ' C l i e ~ n i a t ~ ,  .Vrrtio17ciI Reseut~cli Corrricil ofCor7~idr1, Ottci\c'ci, 011t., Cancitln K I A  OR9 

Received Jul!, 20, 1978 

S. K .  CARG, D. W. DAVIDSON. S. R. GOUGH. and J .  '4. RIPMEESTER. Can. J .  Chem. 57. 635 
(1979). 

The rigid-lattice nnir line shape of the four-proton system in I,2-dihaloethanes has been 
obtained by spectral simulation as a function of dihedral angle (6) and used to show that 1,2- 
dichloroethane is encaged in the structure I1 hydrate in a galtchr configuration with 4 = 60 i 
3'. Very broad low-temperature dielectric absorption is associated with an  average activation 
energy of 0.87 kcal~mol for guest-molec~~le reorientation. 

S K GXRG,  D W D A V I D S O ~ ,  S R GOLGH et J A RIP\IEESIER Can J Chem 57. 635 
(1979) 

On a determine ['allure des bandes rmn du systeme a quatre protons des dihalo-1,2 ethanes 
dans des reseaux solides; on a obtenu ces resultats en simulant les spectres en fonction des 
angles diedres (4) et on les a utilises pour montrer que le dichloro-1,2 ethane est insert dans 
l'hydrate de structure I1 dam une configuration gnltclie avec un = 60 i 3'. Une absorbtion 
tres large a basse tempirature est associee a une energie d'activation moyenne de 0.87 kcal/mol 
pour la reorientation de la molecule-hBte. 

[Traduit par le jour~lal] 

Rotational isosnerization of 1,2-dillaloethanes has been recorded for 1,2-dichloroethane (a )  in the solid 
long been a popular subject of study (see, for exam- solution bvith perdeuterated 1,2-dichloroethane and 
ple, ref. 1). We sho~v  here that the shape of the rigid- (6) in a D,O clathrate hydrate lattice. Failure of 
lattice iimr spectrum of the four-proton systenl in 1,2-dichloroethane to form a clathrate hydrate by 
these molecules is sensitive to the molecular con- itself has been reported several times (3-5), although 
figuration and may be used to determine the dihedral a hydrate of the doubtful (6) composition C2H,- 
angle in the solid state. Cl,.34H20 has recently been reported to be formed 

A modified LAOCOON program (2) was used to in the presence of air (7). In  the presence of H,S a 
simulate the four-proton spectrum of the polycrys- structure I1 double hydrate is readily formed (S), 
talline powder as a function of dihedral angle. Figure with 1,2-dichloroethane incorporated in the 16-hedral 
1 gives calcuiated derivative spectra for a number of cages. Enclathration of this relatively large molecule 
dihedral angles (taken as zero for the cis or  sjSiz con- may be expected to modify considerably the molec- 
figuration) with the following molecular parameters ular conformation. 
assumed: r,, = 1.10 A: r,, = 1.51 A, all angles a t  Figure 2 shows the proton spectrum of C2H,CI, in 
C = 109.5". These spectra have been subjected to solid solution is1 C2D,CI, (99 at.% D)  as recorded 
Gaussian broadening, a relatively sinall value of P with a marginal oscillator and phase-sensitive detec- 
(0.5 G) being used to bring out clearly the spectral tion. The narrow central line, whose relative ampli- 
features. The shape is least perturbed from thc tude dccrcases with incrcase in concentration of 
doublet shape of the isolated proton pair for 4 near C,H,CI,, is attributed to C,D,HCl, iinpurity in the 
90" and most perturbed for the cis configuration. A C,D,Cl,. Otherwise the spectrum agrees well with 
pronounced central dip in the absorption occurs at  that calculated for the trarzs (or anti) conformation 
all angles except those near 60'. i t  is clear that the (4 = 180") shown as the lowern~ost spectrum of 
angular dependence of the line shape may be used to Fig. 2. Solid I,2-dichloroethane is well known to con- 
determine the dihedral angle with considerable ac- sist exclusively of the t r a ~ ~ ~  form (9). 
curacy, provided that ii~termoleculai- broadening is The double hydrate of 1,2-dichloroethane and 
sufficiently sinall and that the line shape is not appre- D,S (98 at.?: D) was prepared with D 2 0  (99.7 at.% 
ciably perturbed (as it likely is for i,2-difluoroethane) D)  by the procedure used to prepare neopentane- 
by magnetic interaction ~ i t h  the halogen atoms of D,S D 2 0  hydrate (10). Its spectrum (Fig. 3, lo~ver 
the same moiecule. curve) was recorded at  very low temperatures to  

Rigid-lattice proton resonaxlce line shapes have ensure the absence of motional narrowing. The well- 
defined central peak cannot be ascribed to C,H,CI, 

'I\JRCC NO. 17144. and, in common with a similar feature in the spectra 
0008-4042179/060635-03W .00/0 

9 1979 National Research Council of CanadaIConseil national de I-echerches du Canada 
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FIG. 1. Calculated der-ivative 'H  nrnr- spectr-urn of a 1.2-dihaloethane a5 a firrlction of linglc of t.otarion fr-on? 
the ci.5 form. 

FIG. 2. Proton magnetic resonance snectra of I2 and 2 4 7  i/ 
solutions of CZI-I~CIZ In C L D ~ C I ,  recorded at  - 57 R.lHz and FIG 3 Conipartson of expel rn~ental '1-i nnir spectrum 
112 K The bottorn spectrum mas calculated for the f t n i ~s  form (belo\+) of 1,2-drchloroethane-D2S deuterroh)drate at - 20 
and fl = 0 65 G MHz and 2 5 K and simulated iigrd-lnttlie spectr urn (abo] e) 

~ l t h  @ = 60 and HDO represented b, an added cen t~~ i l  llne 
of other deuteriohydrates (ll), must be assigned to  
HDO The remalnlng features may be satisfactorily t ~ o n  of a cential (HDO) line of ~ i i d t h  P = 0 75 G and 
assigned to 1,2-dichlo1oethane In nhich 4 IS close to an  Integrated intensity 3 2";; of that contl~buted by 
60 . The upper curve of Fig 3 mas calculated for this C,H,CI,. This rnagnl'g~dg. corresponds to the pres- 
gauche conformation and fi = 0 65 G. ni th  the addi- ence of 0.36 at.";; in the D,O 
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FIG. 4. Dielectric loss a t  low temperatures in  1,2-dichloro- 
ethane-H,S hydratc. 

The agreement betheell experimental and simu- 
lated spectra is decidedly poorer at  angles only a few 
degrees removed from 60 . With due allonance for 
uncertainties in the assun~ptions made with respect to 
bond lengths and angles, Gaussian broadening, and 
neglect of conformation-dependent coupling of the 
protons to the chlorine nuclei. the akerage d~hedral  
angle appears to be defined as 60 rfi 3 . The con- 
figuratton of the enclathrated ~nolecule 1s thus not 
only entirely different from the trans form found in 
so11d 1,2-dschloroethane but also d~ffers from the 
~ ~ L I C I I P  form i ~ h l c h  (together u ~ t h  the domlnant 
trans f o ~ m )  occurs sn the vapor (12). Electro~l d ~ f -  
fraction studies have shonn the dihedral angle of - 
the vapor-phaqe gauclrc confoi-mat~on to be 72 i 3 
(13). Overlap repulsion of C1 atoms by nates mole- 
cules In the cage walls undoubtedly plays the inajor 
role In modtfqing the confolrnat~on of the enclath- 
rated nlolecule The mean 'free dsameter' of the 
16-hedral cage 1s  about 6 9 A (14), uhereas the van 
der Waalc dlmenslon of 1,2-dichloroethane through 
the C1 atoms 1s 8 1 A f o ~  4 = 180 , 7.2 for 72 , 
and 7 0 for 60 

For the geometrically similar n-butane molecule, 
the trans form is also too large to be encaged : dielec- 
tric measurements have shown the preseiice of a 
dipolar gauche conformation for enclathrated n-bu- 
tane (10). Results of low-temperature measurements 
of dielectric loss in the C,H,CI,-H,S double hydrate 
are shoi\n in Fig. 4. The rise in c" ivith decrease of 
temperature below 5 K arises from H,S (lo), the 
remaining frequency-dependent loss from 1,2-dichlo- 
roethane. From the variation of the temperature of 
lnaximunl E" \vith frequency, an 'activation energy' 
of 0.87 kca1,'mol for reorientation of 1,2-dichloro- 
ethane is obtained. The loss peak is exceptionally 
broad even for a hydrate-enclathrated n~olecule. I t  
may be that the two loss peaks shown by n-butane 
(lo), a dominant peak arising froin niolecular reori- 
entation and a lo~~er-temperature peak possibly 
associated with conformational interchange, are not 
distinguishable for 1,2-dichloroethane. 
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Correlation of the photoelectron and electronic spectra of thiochromones and 
thioihromanones with their electrochemical data 

IAN W. J .  STILL. MICHAEL THO.LIPSON, A N D  TOONG S. LEONG 
Depcir i r~~~nr  r ? f C h e r ~ ~ i s t ~ ,  Uni~,ersiiy of Tororztr,, Toror~io, O r ~ t . ,  Crrr~nilri M5S 1AI 
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RAFIK 0. LOUTFY, IAY W. J. STILL, MICHAEL THOMPSO\, and  too\^ S LEONG. Can. J. 
Chem. 57.638 (1979) 

The gas phase ionization potentials, electrochemical redox potentials and spectroscopic 
properties of a series of thiochrornan-4-one and thiochroinone derivatives have been studied. 
A dramatic shift in the energies of the lowest vacant and highest occupied niolecular orbitals 
of the parent thiochrorna~lone as a function of the addition of a double bond and o r  oxidation 
of the sulphur atom was observed. This shill in energy of the molec~llar orbitals was reflected 
in their spectroscopic characteristics. The lowest singlet (and triplet) state of conlpounds 1-3 
in solution is n,n" in natul-e, while that of colupounds 4-6 is n,n". These ~esults are best 
explained in terms of substituent effects on the energetics of the acetophenone moiety. The 
change in the nature of the lowest excited state from rc,rr" (1-3) to n,n" (4-6) should result in 
quite different types of photochemistry for the two series. 

A linear free-energy relationship between the singlet and triplet energies and the absolute 
difference between the oxidation and reduction potentials of the two series was found. These 
correlations have been utilized to estimate the half-wave oxidation potentials of compour-ids 
3-6. A correlation was f o ~ ~ i l d  to exist between the gas phase ionization potential and the solu- 
tion electrochemical oxidatio~l potential. 

RAFIK 0. LOUTFY, IAN W. J. STILL, MICHAEL THOMPSON et TOONG S. LEOAG. Can. J 
Chem. 57.638 (1979). 

On a etudie les potentiels d'ionisation en phase gazeuse, les potentiels d'oxydo-reduction 
electrochimiques et les proprittes spectroscopiques d'une sirie de derives de la thiochroma- 
none-4 et de la thiochromone. On a observC des changements in~porla~ils clans les Cnergies des 
orbitales rnoleculaires basse vacances (BV) et hautes occupies (HO) de la thiochromanone 
fondamentale lors de I'addition d'une double liaison et;ou lors de I'osydation de I'atome de 
soufre. Ces deplacements dans les energies des orbitales moleculaires se refletent dans leurs 
caracteristiques spectroscopiques. La nature de I'etat singulet (et triplet) le plus bas pour les 
composks 1 a 3 en solution est n,n"lors quc pour les coniposer 4 a 6, elle cst de n,rr*. On 
explique ces resultats en termes d'effets de substituants sur les niveaux energetiques de la 
portion acetophenone. Le fait que la nature de I'etat excite 1e plus faible pasie de x,n* (I a 3) 
a n,n"4 a 6) doit Ctre le resultat de types de photochiniie assez diffkrents pour chacune des 
series. 

On a note une relation lineaire d'eilergie libre entre les energies singulet et triplet et la 
diffirence absolue entre les potentiels d'oxydation et de reduction des deux series. On peut 
utiliser ces correlations afin d'evaluer le potentiel d'oxydation a demi-\ague des composes 
3 a 6. On a trouve qu'il existe une correlation entre le potentiel d'oxqdation en phase gazeuse 
et le potentiel d'oxydation Clectrochimique en solution. 

[Traduit par le journal] 

Introduction determining the absolute values of the energy levels 
Recent years have seen the development of the use of these molecules. A desire to develop the connec- 

of electrochemical redox and gas phase ionization tion between spectroscopic and electrochemical data 
potential data to interpret photochemical reactions (2),  coupled with our previous interest in the photo- 
in ~ ~ h i c h  the exc~ted states undergo electroll or charge chernical behavior of thiochroman-4-one derivatives 
transfer processes (1). In order to understand these (3, 4), prompted us to examine the gas phase ioniza- 
processes, it is necessary to know not only the tion and electrochen~ical redox potentials, and the 
excitation energy of the electrons, but also the oxida- absorption and luininescence properties for a series 
tion and reduction potentials of the interacting of simple thiochroinanones and thiochromones, 
molecules, which provide a convenient method for 1-6 (Fig. 1). 

0008-4042/79/060638-07S0 1 ,0010 
01979 National Research Council of Canada/Conseil national de recherches du Canada 
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LOUTFY ET A L .  639 

FIG. 1. The chemical structures of the thiochroman-4-one 
and thiochromone derivatives studied. 

Interestingly, thiochronione 1-oxide (3), unlike 
other members of this series, had nGer  been re- 
ported previously and proved to be illaccessible fro111 
thiochromone using standard oxidative procedures. 
Only recently did we successfully obtain thio- 
chromone I-oxide by a less direct route (5). 

The objective of this study kvas, first, t o  carry out 
a lnolecular orbital assignment and to elucidate the 
nature of the singlet and triplet excited states in 
order to gain further insight into the photochemical 
behavior of this interesting series and, secondly, to 
establish the relationship between the lowest excited 
state energies and the electrochemical and gas phase 
parameters. These correlations were utilized (a) to  
predict the n,ng' triplet energies of compounds 1-3, 
which are undetectable by experimental spectro- 
scopy, and (b)  to estimate the oxidation potentials 
and gas phase ionization potentials of 4 and 5, for 
which me were unable to obtain satisfactory photo- 
electron spectra because of their relative involatility. 

Experimental 
Thiochroman-4-one (97%) (1) is commercially available 

from A!drich Chemical Co., Tnc. and was further purified by 
colun~n chromatography. Thiochromone (2) was prepared 
from 1 by dehydrogenation, as described previously (6). 
Thiochroman-4-one I-oxide (4) and the two sulphones 
(5, 6 )  were prepared by the respective oxidative procedures 
already described (3, 4). Thiochronione 1-oxide (3) was syn- 
thesized from thiochroman-4-one by a non-oxidative proce- 
dure which we have recently reported (5). 

Electrochemistry 
A Princeton Applied Research (PAR) model 174A polaro- 

graphic analyzer, equipped with a drop mercury electrode or a 
Becliman 2 mm platinum button electrode model 39281, was 
employed for the polarographic reduction and voltammetric 
oxidation analysis. 

The electrochemical cell assembly consisted of a PAR 
model 9301 and 9300, cell base and cover, with the mercury 
drop electrode as cathode and a platinum wire auxiliary elec- 

trode as anode. A Brinkmann model EA410 saturated calomel 
electrode, making contact via a PAR model 9361 non-aqueous 
liquid junction bridge, served as the reference electrode. For 
oxidation potential measurements a platinum disc electrode 
was employed as an anode and a Pt wire as auxiliary counter 
electrode. 

The electrolyte, tetra-n-butylammonium perchlorate 
(TBAP), was polarographic grade and dried in a vacuum oven 
at 100'C for 6 h prior to use. Spectral grade methylene 
chloride was distilled from P205 before use. Methylene 
chloride was chosen as the solvent for a number of reasons. It 
is an excellent, yet relatively inert, solvent for a wide variety of 
organic compounds, it has an exceptionally wide potential 
window for the appropriate redox measurements, it is aprotic, 
and it has a low dielectric constant. Direct current (dc), normal 
pulse (np), and differential pulse polarograms were obtained 
from 0.05 mlM solutions of con~pounds 1-6 in 0.1 IM TBAP - 
methylene chloride. Measurements were performed at  room 
temperature (22'C) under a dried argon atmosphere. 

Absorprion uric1 Lrm~itzescerzce Spectroscopy 
Ultraviolet absorption spectra were recorded on a Cary 17 

spectrophotorneter in spectral grade 2-methyltetrahydrofuran, 
methanol, methylene chloride, and acetonitrile. 

Emission spectra were recorded on a Perkin-Elmer PMF4 
spectrofluorimeter. Phosphorimetry was carried out using a 
conventional phosphorescence attachment at  77 K in 2- 
methyltetrahydrofuran. The luminescence excitation spectra 
were recorded in ratio mode. The quantum yield of lumines- 
cence was not determined. 

Pl~ofoelecrron Specrroscopy 
The ultraviolet photoelectron spectra of compounds 1, 2, 3, 

and 6 were recorded on the magnetic spectrometer described 
previously (7). The He(1) resonance line of 21.22 eV was used 
as the excitation source and spectra were calibrated against 
xenon lines at 12.13 and 13.44 eV, and the argon signal at 
15.76 eV. 

Results and Discussion 

Gas Phase Ionizatio~z Potoltials 
The vertical ionization poteiitials obtained from 

the spectra of coinpounds 1, 2, 3, and 6 shown in Fig. 
2 are given in Table 1.  The spectrum of 1 can be 
rationalized by consideration of previous analyses of 
the spectra of thioanisole (8) and substituted aceto- 
phenones (9). The spectrum of thioanisole ill the 
lower IP region is discussed in terms of a 'p-model', 
i.e., delocalizatioii of the sulphur lone-pair into the 
aromatic n-system. This results in the splitting of the 
parent benzene el, orbitals at  9.23 eV into three 
bands in thioanisole a t  8.07 eV (significant sulphur 
character), 9.28 eV (largely unperturbed benzene 
rr-antisymmetric orbital), and 10.14 eV (orbital of 
significant benzene n-symmetric character). The 
spectrum of o-methylacetophenone exhibits over- 
lapping bands in the region 9.15-9.70 eV. The acetyl 
n-orbital 1P occurs at  9.32 eV. The highest occupied 
orbital is given as the aroinatic ring rr-orbital a t  
9.15 eV. Thus we could expect for 1 four events a t  
I P  less than (approximately) 10.5 eV. The spectrum 
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8 10 12 14 16 18 20 22 

I.P. (Electron vol ts)  

FIG. 2. Photoelectron spectra of compounds 1, 2,  3, and 6. 

actually shows three bands in this region. However, 
the cross-section of the second peak suggests that 
this band contains two ionizations. Consideration of 
the above leads us to the co~lclusion that the band a t  
8.53 eV arises from a n-orbital with significant sul- 
phur contribution. The co~nposite band a t  9.70 eV 

can be assigned to ionization of benzene-n and oxy- 
gen n-orbitals and the peak at 10.41 eV to the other of 
the split benzene el, orbitals. The appropriate 
n-IP's for 1 are greater than those for thioanisole, 
ulldoubtedly due to the presence of the electron- 
accepting carbonyl group. The oxygen 11-ionization 
of 9.70 eV probably reflects the resultant effect of 
the sulphur atom and the increment in negative 

\ charge on the,C=O group due to electron migra- 

tion fro111 the benzene ring. 
With regard to the spectrum of 2, the addition of 

a further n-orbital to the situation described above 
for 1 will likely result in an additional ionization 
event in the region of 8.5-11.0 eV (10). The spectrum 
actually shows four peaks in this area. Therefore, 
the extra n-orbital is either overlapped in the lower 
1P region or is a component of the broad peak 
centred at 12.1 eV which has an adiabatic IP of 
about 11.4 eV. The peak a t  8.68 eV can clearly be 
assigned to the n orbital with significant sulphur 
character. 

As for the spectrunl of 3, the picture must now be 
modified to take account of a further factor expected 
to increase spectral complexity, the S=O bond. 
Previous results for alkyl-substituted sulphoxides 
(11) showed that the highest occupied orbital is the 
sulphur lone-pair (8.2-9.6 eV) followed by the S=O 
n-orbital (9.2-10.2 eV) and further oxygen lone-pair 
(1 1.2-12.9 eV). The spectrum of 3 shows four peaks 
in the range 9.0-1 1.5 eV. The intensity of the second 
peak (9.90 eV) clearly indicates that there is more 
than one ionization event associated with it. It seems 
reasonable, therefore, to assign the first band at 
9.24 eV to a n-orbital of significant sulphur character 
and some oxygen character. As expected, the value 
is shifted to higher IP with the formation of the 
sulphur-oxygen bond. Furthermore, it is expected 
that the benzene el, orbitals will be shifted further 
to higher IP by the presence of the S=O bond. 
Clearly, the relatively intense peak at 9.90 eV arises 
in part frons an ionization of one or both of these 
orbitals. The complexity of the spectrum prevents us 
from making further assignments. 

Since the first ionization potential of methyl 
phenyl sulphone at 9.74 eV has been assigned to 
benzene Rel, orbitals (12), it is tempting to assign the 
first peak in the spectrum of 4 (9.93 eV) to the related 
orbitals in that compound. However, the carbonyl 
lone-pair level is also expected to have a similar 
energy. Further evidence is thus required to make a 
positive assignment of this band. This was provided 
by an examination of the electrochemical and spec- 
troscopic properties of the molecules studied in this 
work. 
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TABLE 1. Veltical ionization potentials measured by ultraviolet photoelectro~l spectroscopy (eV) 

Ionization potential 

Con~pound 1 - 7 3 4 5 6 7 8 9 10 11 

1 8.53 9.70 10.41 11.52 12.2 14.0 14.9 15.7 16.1 
2 8.68 9.31 9.68 10 2 12.1 13.0 14.0 13.5 15.7 16.1 16.8 
3 9.24 9.90 10.95 11.21 12.9 14.7 15.2 16.3 
6 9.93 10.74 12.04 13.1 14.2 15.5 16.7 17.3 

Polarographic Ret/zrction and Vhlfanln?etric Oxidatiorz 
Figure 3 shows typical differential pulse and dc 

polarograins of cornpour~ds 1, 4, and 5 in methylene 
chloride, with TBAP as supporting electrolyte. The 
half-wave reduction potentials, E, for the first 
wave, are included in Table 2. (In all cases the 
limiting cui-rent was diffusion-limited, the number 
of electrons transferred was 1, and the electron 
transfer coefficient, a: \\.as 0.5.) The values, 
which relate to the energy of the lowest vacant 

n~olecular orbital (TL~:), become progressively anodic 
from the sulphides, through the sulphoxides to the 
sulphones. This anodic shift of the reduction poten- 
tials is typical of acetophenones substituted with 
electron-withdra\ving groups (13). 

A typical vo l t a~n~ t~ogram,  that of compound 2 in 
methylene chloride is shown in Fig. 4. N o  cathodic 
wave was observed, indicating an irreversible electron 
transfer process. The oxidation peak shilled by 60 mV 
(anodic) on increase of the scan rate by 10-fold. A 
plot of the anodic peak current versus the square 
root of the scan rate yields a straight line mith a slope 
of 1.  These results are in agreement with an irrever- 
sible one-electron transfer electrode process with a 
transfer coefficient of 0.5. The half-wave oxidation 
potentials for conlpounds B and 2 are included in 
Table 2. 

Absoytion and Lwninescer~ce Spectroscopy 
The singlet energies, E,, determined from the 

Potent ial  ( v o l t s  vs. SCE)  Potent101 (vo l ts  vs. SCE) 

FIG. 3. Differential pulse ( A )  and dc (B) reduction polaro- FIG. 4. Cyclic voltammogram of thiochromone 2 in CH,CI,, 
grams of thiochroman-4-one 1, its sulphoxide 4, and sulphone 0.1 M TBAP at Pt disc electrode. Scan rate (1) 100, (2) 200, 
5 in CH,CI,; 0.1 MTBAP at DME vs. sce. and (3) 500 mV/s. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J .  CHEM. VOL. 57.  1979 

TABLE 2. First vertical ionization potentials and solution redox potential data 

Electrochemical data (V 1s. sce) 
Ip fror1, 

Comvound UPS (cV) E ,  2 ° y  E, Zre* (El 2°T - El 2rCd) 

"Estimated \al~!es accordiiig to El ,"\ = If - 6.72. 
hCalculatzd from eq. [j] using JI1 - 1.25 eV. 

TABLE 3. Absorption and luminescence data obtained in 2-methyltetrahydrofi~ran (eV) 
- - - 

Absorption Luminescence 
-- 

Compound E~(n,nx~" Es(n,n*:-' E ~ ( r , n * )  E T ( ~ , ~ * )  E ~ ( n , n * ] '  AEs-T J 1 2  

1 3.62 (342) 2.85 (435) 3.24 0.77 0.86 
2 3.71 (334) 2 .83  (438) 3 .20  0.88 0.96 
3 3.37 (368) 2.53 (490) 2 .84  0.84 0 .94  
4 4.21 (294) 3.35 (370) 3 .10  (399) 3.12 0.25 (1 .25)' 
5 4.23 (292.5) 3.33 (372) 3 .09 (400) 3 .08  0.24 (1.25)' 
6 3 .95  shoulder (313) 2.98 (415) 2.78 (445) 2.79 0.20 (1.29)" 

4 .42  (282.5) 

OWalelength 0.) in nm.  
hCalc~llated by eq. [GI. 
'Piedicted ,slue, see ref. 2. 

ultraviolet absorption spectra, recorded a t  ambient 
temperature in 2-methyltetrahydrofuran (2-MTHF), 
are given in Table 3 for compounds 1-6. The spectra - 
of all compounds in methanol, methylene chloride, ; 
o r  acetonitrile were identical to those obtained from 
the aforementioned solvent, ~vi th  the single exception 
that  3 showed a shoulder at  368 n n ~  in methanol. 

Relatively strong fluorescence emission was ob- 
served for compound 1 in n~ethylene chloride solution 
a t  ambient temperature (?bn,,,F, 415 nm). Fluores- 
cence from other members of the series was weak 
and difficult to determine. Ho~vever, every compound 
exhibited relatively strong phosphorescence in 2- 
M T H F  glass at  77 K. The phosphorescence einission 
from 1 and 2 is slightly structured (e.g., Fig. 5) and 
resembles luminescence froill triplet n,n" states of 
aromatic ketones. Compounds 4, 5 ,  and 6 show 
structured phosphorescence (e.g., Fig. 6 )  typical of 
n,+ triplet states of aromatic ketones. Compound 
3 exhibited a unique low energy non-structured 
phosphorescence. The energies of the lowest excited 
triplet states of compounds 1-6 are included in 
Table 3 .  
Correlut io~~ bettreen Gas-pha~e and Solutiorz loniza- 

tion Energies 
The efyects of substituents on the redox potentials 

of molecules have been extensively studied during 
the past decade and several reviei? articles and books 

Wavelength (nm) 

FIG. 5. Phosphorescence emission and excitation of thio- 
chroman-4-one 1 in 2-MTHF at 77 K. The arrows indicate the 
wavelengths of excitation and monitoring. 

have been written (14). Similarly, the effects of sub- 
stituents on the gas phase ionization potential of 
lnolecules have also been reported (15, 16). On the 
other hand, few examinations of the interrelation 
between the gas phase ionization potential and the 
solution El , 2 0 x  are available (17-22). This is mainly 
due to the fact that reversible one-electron electro- 
chemical oxidation potential data are scarce and also 
due to difficulties in allowing for the junction poten- 
tiai. Ionization potentials of some organic molecules 
are difficult to determine (e.g., 4 and 5) .  Although 
ionization potentials have been calculated by 
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Wovelength (nml 

FIG. 6. Phosphorescence emission and excitation of thio- 
chroman-4-one 1,l-dioxide 5 in 2-MTHF at 77 K. The emission 
is representative of the series 4,5,  and 6. 

studying charge transfer spectra, it would be useful 
to  have another easily accessible experimental 
measure of relative ionization potentials. 

I t  is well-kno~vn that half-wave oxidation poten- 
tials of organic compou~lds are closely related to the 
energy of their highest occupied molecular orbitals 
(23). This in turn is related to the gas-phase IP of a 
molecule by the expressioil 

where ERE0 1s a constant whlch ~licludes the free 
energy of the electron ~n the reference electrode 
versus an  electroil zn CUCL~O at  ~ i l f in~ty  (EO = -4.38 V 
for the staildard calomel electrode) (14), and AF,' IS 

the dlfferent~al real solvat~oil energy of the rad~cal  
c a t ~ o n  (22). It 1s ~ntelestlng to note that use of eq [ I ]  
and the data of Table 2 results In a so l \ a t~on  enelgy 
of -2.34 eV for compounds 1 and 2 T h ~ s  value is 
typ~cal for molecules \I lth relatn ely u ell-delocal~zed 
electron charge d~stribution and 1s coils~ste~lt  with 
the assignment of the first 1P as bemg due to lonlza- 
tioil of a x-orb~tal  n 1t11 sign~ficailt sulphur character. 
The o x ~ d a t ~ o n  pote~ltlals of compou~lds 3 and 6 call 
be computed from t h e ~ r  first 1P's and eq. [I] .  assom- 
Ing the same solvat~on energy found for compouilds 
B and 2 appl~es. These values are s h o ~  n In Table 2. 

Gort~ekation of Excited  stat^ E I Z E I . ~ I E S  and RecIOx 
Potet~tinls 

The single configuratlo~l formula for the s~nglet 
and trlplet exc~ ta t~on  energies, E, and E,, respectitely, 
can be glven by the follow~ng equat~ons  (25): 

[2 I Es = rE1 - E, - J12 + 2K1, 
PI ET = E ,  - r2 - J12 

where r, and r, are the energies of the highest 
occup~ed and lowest vacant molecular orb~tals,  
respect~vely, J ,  , is the coulomb repulsion integral, 
and K,, is the exchange integral. A distinction iuust 
be made between the energy of the lowest vacant 

MO of a lnolecule lvhen occupied by ail electron 
after excitation and the energy of the empty orbital 
in a closed shell configuration. This difference. in the 
case of a singlet excited state: is -J12 + 2KI2 and 
for the triplet state is given by -J , , .  Since the elec- 
troche~nical half-have oxidation and reduction po- 
tentials are related to the energies of the highest 
occupied (r,) and lovest vacant (E,) molecular 
orbitals, respectively, then the singlet and triplet 
excitation energies1 can be given in terms of electro- 
chemical redox potentials, as indicated below (2). 

According to eq. [4]. a linear rclationship should 
exist between the absolute difference of the oxidation 
and reductio11 potentials and the energy of the singlet 
excited state for a series of closely related niolecules, 
provided that the sum of the coulomb repulsion and 
the exchange integral is constant or  varies in a regular 
man~ler  within the serics. Similarly, according to 
eq. [ 5 ] ,  the existence of a linear free energy relation- 
ship betaeen the redox properties of a series of mole- 
cules and their triplet cnergics is cxpccted, provided 
that the couloinb repulsion integral is constant. 

It was recently reported that a linear relationship 
exists between the 11,n'~ triplet energies of a series of 
acetophenone derivatives and their half-wave reduc- 
tion potentials ( 1  3). This correlation is only possible 
if both J,, and E,, or their diffcrencc, remain con- 
stant throughout the series. If \ve consider that the 
compounds 1-6 are simply derivatives of aceto- 
phcnonc, then it is possible to predict their I I , ~ " '  
triplet energies using the follou ing equation (1 3) : 

[ 6 ]  ET( ,,,, = - 0.42(E1 ,, (V vs. sce) - 0.33) 

+ 2.3 eV 

The n,rr':: triplet energies of cornpounds 1-6, cal- 
culated using eq. [6] from their experimental EIizred 
values, are shown in Table 3, along with the experi- 
~neiltally obtained triplet energies. It can be seen that 
the agreement between the calculated and experi- 
mental values is excellent for coi~lpounds 4, 5, and 
6 which all possess a lolvest n,7c2' triplet state. How- 
ever, the triplet energies of compounds 1, 2, and 3 
do not fit the above correlation. This strongly indi- 
cates that the lowest triplet transition of these com- 
pounds is a x + 7c'k transition rather than a n + n4' 
transition. 

The singlet-triplet splitting energy (AE,-,) is 
generally of the order of 1 eV for rr,rc'$ singlet- 

'Where n and b are proportionality constants which, in 
most cases, were found to be near unity ( l ,2) .  
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triplet states and 0.2-0.5 eV for n,n"' states. The 
nleaIl value of AE,-, for corupounds 1, 2, and 3 is 
0.83 eV, while that for c o m p o u ~ ~ d s  4, 5, and 6 is 
0.23 eV (Table 3). These results are in agreement with 
the assignment that 1, 2, and 3 possess n:n": lowest 
singlet and triplet states, while con~pounds  4, 5 ,  and 
6 have n,n:," loivest singlet and triplet states. 

Accordi~lg to eq. [5], the triplet energies of a series 
of structurally similar ~nolecules should correlate 
with the absolute difference between their oxidation 
and reduction potentials. The data of Tables 2 and 3 
show that such a correlation exists for compounds 1 
2, and 3. Although the oxidation potentials for corn- 
pouilds 4, 5 ,  and 6 could not be nleasured experi- 
mentally, eq. [5] can be used to estimate the term 
(El,,"" - E,,"~) and therefore the El , O x  values, 
through use of the experimentally determined 
E,(n,n') results and a value for J ,  ,%f 1.25 eV (2). 
The E, ,,OX values are included in Table 2. It is inter- 
esting to note that, as expected. their values are be- 
yond the experimentally attainable electrochemical 
potential limit. 

The apparent difference between the lobvest energy 
triplet states of compounds 3 and 6 (7r.n':' bersus 
n3n:::) is particularly interesting in the light of the 
observed differences in photochemical reactivity of 
these tlvo corn pound^.^ This, and related aspects of 
the photochemical behavior of these rno1eculesl will 
be the subject of a forthconling publication. 

The gas phase ionization and the solution electro- 
chemical oxidatioll-reduction potentials of a series of 
sinlple thiochromano~les and thiochromones 1-6 
have been determined. The highest occupied mole- 
cular orbital for coinpounds 11-3 \\as assigned as a 
x-orbital ivith significant sulphur character. This 
assignment \+as confinned from the study of the 
ultraviolet absorption and phosphorescence spectra, 
where the lowest singlet and triplet states of 1-3 svere 
fouild to involve n -, n" transitions. 

The photoelectroil spectrum of coinpound 6 Lvas 
too complex to make a definite assignment and those 
of 4 and 5 Lvere experimeiltally unattainable. Frolll 
the spectroscopic and electi-ocl~emical investigatios~ 
of cosnpouilds 4-4, the lonest singlets and triplets 
are clearly n,n':' in nature. Therefore, the highest 
occupied molecular orbital In these cayes is attribu- 
table to the 11-orbital of the carbony1 group. A 
correiation between the n,x:"riplet energles and the 

'1. W. 9. St111 and  T. S. Leong. Unpublrsbed results. 

absolute difference between the oxidation and reduc- 
t1011 potentials was utll~zed to estimate the h a l f - n a ~ e  
o x ~ d a t ~ o n  potentla1 of compounds 3-6. L~keuise, a 
correlation betneen IP and E l  ,Ox mas used to estl- 
mate the ionization potentials of compounds 4 and 5. 
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A stereoselective synthesis of sucrose. "art IL2 Theoretical and chemical considerations 
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BERT FKASER-REID and DAVID ERLE TLEY. Can. J .  Chem. 57.645 (1979). 
Under the agency of a n  iodonium ion, the tertiary anonieric hydroxyl of tetraacetyl fructo- 

furanosc adds stereoselectively in a 1,4 sense, to  a pyranoid 4,6-0-benzylidenated conjugated 
diene receptor. The resulting disaccharide, isolated in 457; yield, is an hex-2-enopyranoside 
possessing a n  all>lic primary iodide ~ h i c h  can be oxidised to  an aldehyde either directly or  
after hydrolysis to  the allylic pri~nary alcohol. The aldehyde is decarbonylated and the un- 
substituted hex-2-enopyranoside formed undergoes hydroxylation giving exclusively the 
niunr~o-diol. After protecting the equatorial hydroxyl as the benzoate ester, the axial 2-hydroxyl 
group is inverted via oxidation follolved by borohydride reduction. Acetylation gives the 
known 4,6-0-ben~ylidene l~exaacetql derivati~fe of sucrose, which is identified by rnixture rnelt- 
ing point. 

BERT FKASER-RLIU et D A V I D  ERLE ILEY. Can.  .I. Cheni. 57.645 (1979). 
Sous I'influence d'un ion iodoniun~,  le groupe hydroxylc anomere tertiaire du tetraacetyl 

du fructose s'additionnc en 1,4 ti'une faqon stereoselective, sur le recepteur dienique conjugue 
d'un pyrannoPde portant un groupe 0-benzylidene en 4,6. On a isole le disaccharide qui en 
rksulte avec un rendement de 457;: i l  s'agit d'un hexeno-2 pyrannoside portant un iodure 
allylique primaire qui peut etre oxyde en aldehyde soit dircctement soit apres hydrolyse ell 
alcool allylique primaire. O n  peut decarbonyle l'aldehyde: I'hexcno-2 pyraunoside non- 
substitue qui en resulte subit une hydroxylation conduisant uniquement a u  diol-n~rrr~no. Apres 
avoir protegc I'hydrox>lc equatorial par un groupe benzoyle, on  provoque une inversion du 
groupe hydroxyle axial en position 2 par une oxidation suivie d'une reduction a u  borohydrure 
de sodium. Une acetylation fournit le derive 0-benzylidene-4,G hexaacetyle connu que I'on 
identifie par son point de fusion. 

[Traduit par le journal] 

Introduction4 
Sucrose ( l a )  is the compound produced comn~er-  RO*@oR RO& 

cially in greatest quantity with the highest degree of RO 
purity.' In spite of this fact, the compound presented O R  o OR OH 
organic chemists \lit11 t\\,o cliallenges (u) determining o R 

its structure and (b)  achieving its synthesis, both of 1 2 
(1 R = H  0 K = H  

which were met only a generation ago. For the h R = A c  h R - A c  
majority of natural products, realization of the second ( K = l i e  ( K = z h l e  
objective would have concomitantly dispensed with 
the first. However: in the case of sucrose this was 
not the case. It had been known for decades that the H o 
componer~ts were glucose (2a) and fructose (3u) but 

Po. 
OR 

'Dcdicatcd to  Professor Sir Derek Barton on  the occasion 3 
of his 60th birthday. (i R = H  

'For Part 1, see the preliminary account of this work (6). h R = A c  
"older of the NRCC Studentship 1973-1975. Taken from (. R = hle 

the M.Sc. Thesis of D.E.I., University of Waterloo, 1975. ~i R = PhCH, 
Present address: Ontario Hydro, W.  P. Dobson Laboratories, 
800 Kipling Ave., Toronto, Ont.  the nature of the anorneric linkages continually 

"In disaccharides such as 21x, 21p, 228, 32P, etc., the 'u' or  baffled organic chemists6 ai,d indeed not pro- '8' refers to  the anorneric configuration of thefnianose moiety, 
since the linkage of the pyranose anorneric centre is always 'n.' mulgated (4) until five years czffer the first chemical 
Use of 21, 22, 32, etc., indicates a mixture of anomers at  the synthesis had been a~lloullced by Le1llieux and 
furanose centre. Huber (5 ) .  

jTable sugar has a melting point of 183-185-C. The analyti- 
cally pure material melts at  185-186-C. The annual production 6Proof of the anomeric configurations by crystallographic 
of sucrose is in excess of 60 million tons (1). methods had been obtained (2, 3). 

0008-4042/79/060645-08S01.0010 
1979 National Reseal-ch Council of Canada/Con\eil national de I-echel-ches du Canada 
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In  1975 we made a preliminary ailnou~lcement of a 
nen synthesis of sucrose In \+l i~ch all of the steps 
~nvolved proceeded \\ith cornplete stereoselectivity 
(6). In a d d ~ t ~ o n .  the synthes~s introduced a novel 
method for unlting t n o  saccharides by a procedure 
wli~ch generated lnterniediates 14 hich \\ere themselves 
interest~ng synthons for branched-cham and inod~fied 
sugars. 

Our synthes~s (6) mas pred~cated upon the steieo- 
select~ve n~e t l~oxybrom~~ia t lon  of the d~eile 8 (z~de 
i r~ f ia) .  Homever, \ \e  \\ere cognisant of the fact that 
the stereochemical course of reactions a t  the ano- 
inerlc centle of sugals frequently change \+hen one 
goes from s~mpler to more complex alcohols (see, 
f o ~  example, ref. 7) ( r  irk. z r f i  0) The che~nlcal manlpu- 
lations \+ere therefore undertaken ~ ~ t h  a high degree 
of f a ~ t h  and chem~cal v~nd ica t~on  came only w ~ t h  the 
final ~ s o l a t ~ o n  of a crystall~ne dellvatwe of sucrose, 
32P4 Ho\\evel, ~ l i ~ l e  proceed~llg in t h ~ s  bay,  ex- 
tenslve spectroscopic studies Mere ~i lade  on our 
~ n t e ~ i n e d ~ a t e s  n h ~ c h  provide ~ndepe~ldent  proof of 
structure Thus In this papel 1I.e descr~be the chem~cal 
details of our synthesis and 111 tlie accompanylng 
papei (8) the spectioscoplc s tud~es  ale cons~dered 

The simplest conception of a synthesis of sucrose 
involves the direct dehydrative union of appropri- 
ately protected glucosyl and fructosyl derivatives and 
this \+as indeed the approach 111 the earliest attempts. 
Ho~tever ,  the acetates 2b and 30 could not be united 
to  gl\e octaacetyl sucrose 117 (9). Interest~ngly a inoi-e 
recent attempt uslng the inethylated counterparts 
(2c and 3c) and z111c chlor~de gake - 7% of l c  (10). 

Hosever. such dlrect condensations allow no con- 
trol over the stereo- or ieg~ochemistry of the process, 
so that inyr~ad products nere obta~ned ( 9 4 .  This 
could be o\eicome by specifically activat~ng the 
anoineric centre of one of the units. Traditionally 
such activation is ach~eved nn~th glpcosyl halides such 
as 4 which are usualiy stable, crystalline, well- 
characterised products. By contrast, the halide de- 
rived from 3 is, understandably, exceedingly un- 
stable (96). Thus most efforts have utilized glucosyl 
halides (4) and fructosyl alcohols (3). However, 
reaction of 4ci with 30 gave the D-n-pyranoside 5 
(isosucrose) (1 1) a result which reflects tlie participa- 
tion of the C-2 acetoxy grou13 of 4u in the reactio~i 
(12). Accordingly when nonparticipating benzyl 
groups were utilized (46 + 3d) sucrose was obtained 
in 4.57; yield (13). 

The above-described successful approaches to 
sucrose are in fact predated by Lemieux's historic 
breakthrough (5) in which the activated partner was 
the R-epoxy ether Brigl's anhydride (6) .  The synthesis 

+ 3d 

4 
(I R = Ac, X = BI 
h R =  P h C H , . X = C I  

\ 

Aco*o+LOAc AcO 

OAc OAc 

5 

\\as the climax of a series of studies in ~ h l c h  it was 
observed that 111 the reactions of 6 nith alcohols, the 
proportion of the anoniers, 7% and 7P in the products 
increased as the residue R got more and inore 
bulky. Thus use of the exceedl~igly bulky alcohol 30 
led to an  8.8: y~eld  of sucrose octaacetate (16) ( 5 ) .  

The three successful syntheses (5,  10, 13) above 
also glve varylng ainounts of tlie P-linked lsosucrose 
(e g.. S), a result uhich ieflects the lack of stereo- 
selectivity In the reactlon at  the glucosyl centre. 
Clearly, therefore, there are unfavourable stereo- 
electronic influences to be overcollie in Ihrging the 
llnk between the t n o  saccharide units. 

A method of some promise elnaiiated from the 
observat~on (Scheme 1) that the nolel  dlene 8 
under!$ ent methoxybromination lo glke %-product I 1  
quantitatively and exclusively (14). ~redoni inant ,  
although not exclusive, axial addition might have 
been anticipated si~?ce broinination of 8 would 
produce the highly delocalized ally1 oxocarbonium 
ion 90. Entry of the alcohol a t  the electron-deficient 
centre a t  C-! could occur fro111 above, leading to the 
0 product 10, or below, leading to  the 3 product 11. 
The latter allons for greater continuous overlap ln 
going f ro l l~  the transition state to product and is 
Ihelefore more favou~able This plinc~p;e \$as origi- 
nally e~iunc~ated by Corey In order to rational~ze the 
lnitia! formation of the axla1 halide as the kiilet~c 
product in the Y-halogenat~on of ketones ( I  5). I3o%- 
ever the first forined glycoslde here. 11, has !he 
bellefit of the anoinerlc effect (1 2, 16) and 1s therefore 
the preferred product. 

T o  these favourable electronic cons~deratioils must 
be added the encouraging stereochemical circum- 
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FRASER-REID AND ILEY 647 

stance arlsing from the planar nature of the 1011 9. so 
that theie are no obstacles 111 the path of the In- 
comiilg nucleophlle The total piognosls, therefore, 
augured \?ell for the addl t~on of the t~oublesome 
tertiary alcohol of 3b to the r-face of 9 Wlth thls 
secured the other functional groups ~4 ould then be 
added subsequelltly 

We  \$ere mliidful of the fact that a s~mllar ~n te r -  
mediate 13 can be inhoked for the Ferrler r e a c t ~ o n , ~  
Scheme 2, which also gives a piedomlnance of 
CI-glycos~de 14 (17). The use of t h ~ s  procedure for 
the p~oposed syilthesis would be even more appro- 
priate than our o u n  (Scheme l), slnce unlike 11, 
compound 14 does not have the extra carbon at  C-3 
to be subsequently removed However, our efforts 
to b r ~ n g  about the reaction of trlacetyl glucal(12) ( I  3) 

'However, see refs. i 7  and 18 b r  further discussion. 

and tetraacetyl fructose (3b) under the standard Ferrler 
condlt~ons went completely unrev arded T h ~ s  was 
not entirely surpi~slng slnce ~t had been leported 
that 12 undergoes self-condensation rather than 
glycos~dat~on, ~4hen a sugar itas used In Scheine 2 
111 the hope of fo rm~ng  a disac~haride (18) 

The Lemieux-Nagabhushan leaction (Scheine 3) 
is currently widely used for the sqnthes~s of a- 
glycosides, e g , 7% (ref. 19 and references clted 
there~n) Intelestlngly. the Intel mediate in these 
react~ons IS the n~ t roso  plycal 17, a canoii~cal form of 
whlch 1s the dipolar specles 18 ~\111ch bears a crit~cai 
resemblance to 9 and 13. Honever, attempts to 
glycosylate 16 with 3tl ne ie  also unsuccessful in our 
hands 

AcO C I 

OR NOH 

The Syaatihesis4 (Schemes 4 and 5) 
Although the halogen-promoted condensation of 

the diene 8 and methanol (Scheme I) had proceeded 
so efficiently, it was found that with tetraacetyl 
fructose (3b), the outcome was. not encouraging. 
Reaction of equiniolar amounts of 8, 36, and lodine 
in chloroform containing silver acetate or silver 
oxide, did afford a new product \vhich according to 
tic monitors had been formed immediately. However 
its concelitration was lo\\ and attelilpts to increase 
its productioii either by use of excess iodine or by 
proionged reaction tiines had the opposite effect. 
The reactive nature of the iodide in 20 was coilsidered 
to be the cause of the extreme lability. but attempts 
to stabilize the product by solvolysis to the acetate 
(Et,NCAcO-, benzene) led to decomposition. 

The use of iodoiliuln dicollidine perchlorate (19; 
I f  (collidine),C10,-) as a ready source of iodoniurn 
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OAc 

Mn02 01 /wo I A F  (Ph,P),RhCI 

Collins' reagent 79% - 
-75% CHO 

lons has been de~eloped by Lenlleux and Mo~ga l i  
(20) and it seemed Ideal to1 our purposes particulailq 
because of the nonnucleophll~c coun te r io~~  Wlth 
chloroform as solvent. the condensatlo11 product \{as 
formed but agaln ~t decomposed Honever the con- 
deilsatlon ploceeded smoothlq 111 benzene and the 
product (20) could be isolated In 45: yleld (Scheme 
4) 

There mere t n o  othei coinponents In the product 
and one of these proved. upon ~ s o l a t ~ o n ,  to be 
unreacted tetraacetyl fructose (3b) The other had 
the same R, value as the dlene 8 but ~t \\as d~fferent 
Unfortunately ~t p ~ o v e d  to be unstable and decom- 
posed upon attempts to isolate ~t  chromatograph^- 
cally. liberating inolecular iodine 

The foregorng ~iidlcates that 20 \ \as the only 
reaction product arislng from the union of 8 and 3b 
In  vie\$ of ~ t s  high ~eactlr l ty,  20 was im~nedlately 
sol) olysed to the allylic alcohol 21 

We had planned to reinove the 'extra' carbon by 
decarbonylation (21) of the aldehyde 22 to glve the 
alkene 23 To this end, the alcohol \has oxldised 
smoothly with either manganese diovde ol Co11111s' 
reagent (22) Alternat~\ely. the ~ o d l d e  20 could be 
oxldised dlrectly to 22 by the procedure of Ganem 
and Boeck~nan (23) 

It &as  our expectatloll based 011 the precedent In 
Scheme 1 ,  that the o l ~ e n t a t ~ o n  at  C-1 of the pyianose 
~es idue  of the condensat~on ploduct 20 v,ould be 
exclus~vely 7 ,  but since the tetraacetyl fiuctose (3b) 
used )\as a iulxture of u and p anomers. me expected 
to obtalli t n o  products d~fferlng In the anomerlc 

21p, 223, and 22P uhlch v,e!e all noncrystall~ne 
The11 ~dentltles \\eie cross-checl\ed by ox~datlon 
nherebq 2Bn gave 22r ,  and 21p ga\e 22P. and the11 
st1 u c t ~ ~ r e s  mere confirmed spectroscop~cally (8)  

The dernands of these fractlonat~ons vele  so 
daontlng thdt ~t \\as decided to use the m~xtules 
(21-23) of furanose anoiuers In the hope that a mole 
oppoi tune stage for sepal at1013 v, ould a1 ~ s e  subse- 
quently 

The task \$as noit to add equator~ally oilented 
hydroxyl groups to the olefinlc centres of 23 A 
model study was carr~ed out on the related mono- 
saccharide 24 (Scheme 5) and ~t u a s  advantageous 
that the tra~lsformat~on products 25 (24), 26 (25). 
dnd 27 (26) had already been reported 111 the I~tera- 
ture Thus the conberslon of 24 Into 28 \+as exaln~ned 
by us, and an okerall y~eld of 45"; \\as achleved 

Accord~ngly, osmyldt~on (24) of the alkelle 23 ga\e 
the diol 29 In 75", yield The problem of ~ i i ~ e r t i n g  
the configuration at C-2 mas solved bq taklng 
adkantage of the greatei reactlklt) of the e q u a t o ~ ~ a l  
'n] dr oxyl group to~vards acylatlon (25) Thus benzoy- 
Jcttlon of 29 at  -30°C In pqr ld~ne-  inethylene 
c'nl,>itde solution ( I  1 )  gave 30 (750;,), w h ~ c h  \%as 
o x ~ d ~ s e d  ~ i t h  Colllns' reagent (22) to 31 (80";) The 
latter \bas treated ~ t h  excess S O ~ I U ~ I I  borohvdrlde III 

methanol (27) and the product acetylated to glve 32 
(8771. 

4,6-0-Benzyl~denesucrose (32P) has recently been 
prepared by Khan by treating sucrose (la) ~ i t h  
benza? bro~llide followed by acetic anhydride (28). 
N~~cleat ion of our synthetic substance 32 w ~ t h  a 

collfi~uratlon ofthe furallose portion Indeed, patlent, 8ThiS carr,ed out h> D J Balcarras as palt of his 
repeated slllca column chro~natography of the alcohol 1 ,a1 rv ~esearch project, U n ~ ~ e r s ~ t y  of Waterloo, Watelloo, 
2% and aldehyde 22 d ~ d  afford the co~nponents 2 1 ~ ,  Onr , 1974 
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FRASER-REID AND ILEY 

P ~ C O C I  {q Collins3 - 
84% HO 75% BzO reagent 

8Wr 

24 R = Me 
23 R = TAF 

I 

0 R 
25 R = Me 
29 R = TAF 

I 

OR 
26 R = Me 
30 R = TAF 

sample of the material obtained from Dr. Khan 
caused fractional crystallisation of the desired 32a, 
identified as such by mixture melting point and 
microanalytical data. 

Since 32P can be debenzylidenated and converted 
to sucrose ( la)  or its octaacetate (10) the foregoing 
constitutes a total synthesis of sucrose. 

I n  view of the fact that the intermediate (13) in the 
Ferrier reaction (17) (Scheme 2) and that (9) in our 
reaction (Scheme 1) are both ally1 oxocarbonium 
ions, the complete failure of the former to react with 
the alcohol 36 is deserving of comment. The major 
difference between 9 and 1 3  is the C-3 substituent 
but the electron-withdrawing nature of the halo- 
methyl group should make 9 less stable than 13 and 
concomitantly less prone to  react with the hindered 
alcohol (3d). A nlore probable reason niight be 
sought in the differing conditions utilized in the two 
procedures. Thus the Lewis acid catalyst used in the 
Ferrier reaction undoubtedly complexes with the 
hydroxyl group of the alcohol thereby increasing its 
bulk and reducing its nucleophilicity. 

I n  the light of the failure of the tertiary alcohol 36 
to undergo the other u-glycosylation reactions sum- 
marized in Schemes 2 and 3 (vide supra), it appeared 
that the haloalkoxylation procedure would be even 
more efficient with less hindered alcohols. 

An interesting alcohol for the test is cholesterol 
which undergoes both the Ferrier (Scheme 2) and 
Lemieux-Nagabhushan (Scheme 3) reactions. Ac- 
cordingly, reaction of diene 8 with cholesterol as in 
Scheme 4 gave a product which was isolated chroma- 
tographically. The derived alcohol 33 (Scheme 6) 
was characterized as the benzoate. The a configura- 
tion was assigned on the basis of the H-1 absorption 
(5.21 ppm) which corresponds well with that (5.18 
ppin) for the analogue 14 (R = cholesteryl). The 
yield of the latter from the Ferrier reaction (Scheme 
2) was 50% (17); of 7u (R = cholesteryl) in the 

(I) NaBH, 

BzO (2) Ac,O '% O R  87% ' AcO OR 

27 R = Me 
31 R = TAF 

28 R = Me 
32 R = TAF 

Lemieux-Nagabhushan reaction (Scheme 3), 73 .5z  
(29); and of 33 (Scheme 5), 84z .  

The u-enone alcohol (cf. 34) is a sensitive sub- 
stance (30) and should therefore provide a test for 
the rnildness of the condensation. In fact the iodin- 
ated disaccharide was obtained quantitatively as was 
the alcohol 34. The latter was a crystalline material 
and its configuration was assigned on the basis of 
H-1 (5.12 ppm). 

Experimental 
Genernl 

The progress of all reactions was followed by thin-layer 
chromatography (tlc) which was performed on 5 cm x 20 cm 
and/or 20 cm x 20 cm glass plates coated with silica gel 
(HF-254, E. Merck) to a thickness of 0.3 mni. The chromato- 
grams were first viewed under ultraviolet light, then sprayed 
with concentrated sulfuric acid, and finally heated in an oven 
at llO'C. Colun~n chromatography was performed using 
silica gel 60 particle size 0.063-0.20 mm (70-230 mesh ASTM, 
E. Merck). Melting points were determined in capillary tubes 
in a Mel-Temp block and are uncorrected. Elemental analyses 
were performed by Microanalyses Laboratory, Toronto, Ont. 

All solvents were removed on a rotary evaporator under 
reduced pressure at  40°C and the residues dried under high 
vacuum. 

Methyl 4,6-O-Be~zzylidene-1,2,3-trideoxy-3-C-methylene-~- 
erythro-hex-I-erzopyranoside 18) 

The diene 8 was prepared by one of the six synthetic routes 
developed in our laboratory (31). 

1,3,4,6-Tetra-O-ncetyl-~-fi1~ctofilranoe (3b) 
The tetraacetate 3b was prepared from inulin by the method 

of Binkley and Wolfrom (9d).  
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1',3',4',6'-Tetra-0-ncetyl-a nnd 8-~-fiuctofirrar1osyl 
4,6-0-Benzj~lider7e-2,3-dideoxy-3-C- iiodonzethyl) -a-D- 
erythro-hex-2-enopj~ranoside (20) 

Freshly prepared (20) iodonium dicollidine perchlorate, 19 
(1.40 g, 3.0 mmol) was added in small portions, over a 20-nlin 
period, to a solution of the diene 8 (460 mg, 2.0 mmol) and 
tetraacetyl fructofuranose (3b) (3.48 g, 10.0 mmoI) in an- 
hydrous benzene (46mL). During this time, the reaction 
mixture turned a light yellow colour as the powdery iodoniurn 
ion co~nplex was consumed and replaced by microcrystalline 
collidinium perchlorate. The excess reagent was precipitated 
by the addition of diethyl ether (50mL) to the reaction 
mixture. The solids formed were renloved by filtration through 
a bed of Celite. The filter cake was washed with more diethyl 
ether and the filtrate extracted with saturated aqueous sodium 
thiosulfate, 5% hydrochloric acid, saturated aqueous sodium 
bicarbonate, and water. The organic layer was dried (Na,S04) 
and concentrated to yield a syrupy residue which was im- 
mediately subjected to silica column chromatography. Elution 
with ethyl acetate - petroleum ether (30-60'C) (1 : 1) gave the 
material with R, 0.48 in the same solvent system; yield 
635 mg (45%). This compound which was judged by nmr to 
be the title compound, 20 (8), was unstable and decomposed 
a t  room temperature overnight or in the freezer (- 15'C) 
within several days. 

1',3',4',6'-Tetm-0-acetl.1-a nnd 8-D-fi~rctofuranosy/ 
4,6-O-Ber1zylicr'er1e-2,3-di(leox;l.-3-C- ilzyrli~o,~yinetlzylj -2-D- 
erythro-hex-2-enop).i.anoside 12l j  

The iodide 20 (635 n ~ g ,  0.902 mmol) was dissolvcd in 2557, 
aqueous dioxane (75 n1L) and treated with silver carbonate 
(2.5 g, 9.0 rnn~ol) aild 1 M silver perchlorate (2.3 mL, 2.3 
n~rnol). The mixture was stirred for 4 h at room temperature 
after which time tlc showed that an homogeneous product had 
forlned (R, 0.26, ethyl acetate - petroleum ether (30-60°C) 
(I  : I ) ) .  The silver salts were rernoved by filtration through a 
bed of Celite and the filter cake was washed with chloroform 
(75 mL). The filtrate was extracted with water (50 mL). This 
aqueous extract was uashed once with chloroform (75 mL). 
The combined organic layers were extracted with water, dried 
(iYa,SO,), and concentrated to afford the title compound; 
yield 525 mg (9857,). Compound 21 was resolved into its two 
anomers 21a and 218 by repeated silica column chromatog- 
raphy with diethyl ether - benzene ( I :  1) as eluant. These 
were converted into the aldehydes 22.r and 228, respectively, 
by oxidation with chromium trioxide - dipyridine complex in 
methylene chloride. 

Spectroscopic data for 21, 21a, and 2113 are presented in the 
accompanying paper (8). 

If ,3 ' ,4 ' ,6 '-Tetrn-0-awl-a- and 8-D-fi.uctofurnnosy1 
4,6-0-Benzy1ider~e-2,3-dideo0~y-3-C-formy1-~-~-erythro- 
hex-2-erlopyinnoside (22) 

iWethod A 
The allylic alcohol 21 (525 lng, 0.884 mmol) was dissolved 

in anhydrous methylene chloride (50 mL) and treated with 
chromium trioxide - dipyridine complex (22) (2.72 g, 10.6 
mmol). Thin-layer chromatography showed that after 1 h, a 
faster running product had formed ( R ,  0.34, ethyl acetate - 
petroleum ether (30-6OCC) (1 : I)). The reaction mixture was 
diluted with diethyl ether (50mL) and the solid residue 
formed was removed by filtration through a bed of Celite. The 
filter cake was washed with diethyl ether and the filtrate was 
extracted with 5% hydrochloric acid, saturated aqueous 
sodium bicarbonate, and water. The dried (Na2S04) organic 
layer after concentration afforded the title compound; yield 
398 mg (76%). Compound 22 was resolved into 22a and 22P 

by silica column chromatography with diethyl ether - benzene 
(1 : 1) as eluant. 

 method B 
A solution of the allylic alcohol 21 (164 mg, 0.276 mmol) 

and manganese dioxide (1.4 g) in tetrahydrofuran (32 mL) 
was stirred at room temperature for 48 h. The manganese 
dioxide was removed by filtration through a bed of Celite and 
the filtrate evaporated to give the aldehyde 22; yield 119 mg 
(73%). This material had physical properties identical to those 
of the material prepared by method A. 

Method C (23) 
The iodide 20 (95 mg, 0.135 mmol) was dissolved in an- 

hydrous dimethyl sulfoxide (0.5 mL) and treated with silver 
tetrafluoroborate (39.5 rng, 0.203 mmol). The reaction mixture 
was stirred at room temperature for 10 min during which 
time a yellow precipitate formed. Anhydrous triethyl amine 
(0.05 mL) was added to the reaction mixture and stirring was 
continued for another 5 min. (Cnutioiz: Stirring with triethyl 
amine for periods longer than 5 min caused partial deacetyla- 
tion of the product.) The aldehyde 22 was isolated by extrac- 
tion with diethyl ether (3 x 20 mL). The combined extracts 
were washed with water (3 x 20 mL), dried (Na2S0,), and 
concentrated to afford 22: yield 64 mg (SOX). 

For 22: ir v,,,: 1670 (trisubstituted olefin), 1705 (a,[l- 
unsaturated aldehyde), 1745 (OAc), 2860, 2920 (aldehyde) 
cn1-'. 

Additional spectroscopic data for 22, 22a, and 228 are 
presented in the accompanying paper (8). 

1',3',4',6'-Tetra-0-acetyl-a- culd ~-o-fi.~ictojirrar~osyl 
4,6-0-Benzylickne-2,3-dideo.~y-a-~-erythro-l1e.~-2- 
enopymnoside 123) 

A solution of the aldehyde 22 (398 mg, 0.672 mmol) in 
anhydrous benzene (40 mL) was stirred with tris(tripheny1- 
phosphine)chlororhodiu~n (21) at  80°C for I h. Thin-layer 
chron~atography then showed that an homogeneous product 
had formed (R, 0.44, ethyl acetate - petroleum ether (30-60°C) 
1 : 1)). During this time, the reaction mixture changed fro111 
the burgundy colour of the starting complex to the beige 
colour of the carbonylated complex. The reaction mixture was 
concentrated and treated with either diethyl ether or ethanol. 
The inorganic complex which precipitated was removed by 
filtration. The filtrate was concentrated and purified from 
some residual inorganic material by filtration down a short 
column of silica gel. Elution with ethyl acetate - petroleum 
ether (30-60 C) (I : 1 gave syrupy 23; yield 300 nig (79%)). The 
absence of the aldehyde group was readily apparent from nmr 
and ir spectra. Additional spectroscopic data for 23 are 
presented in the accompanying paper (8). 

1',3',4',6'-Tetra-0-ncetj,l-r- arld P-n-fi.uctojurni~o.~yl 
4,6-O-Benzy~iderle-r-~-mnnno~1yi'nnoside 129) 

A 0.10 1 1 1  solution of osmium tetroxide in pyridine and a 
solution of sodiurn bisulfite (1.8 g) in water (30 mL) and 
pyridine (20 mL) were prepared for use in the hydroxylation 
experiments. The olefin 23 (120 mg, 0.213 mmol) was allowed 
to react with the solution of osmium tetroxide (2.4 mL, 
0.24 mmol) for 20 h at room temperature. As the reaction 
proceeded, the colour of the mixture turned from light yellow 
to dark brown or black. This colour change was accompanied 
by the precipitation of the pyridine-complexed osrnate ester 
of the olefin. The latter was decomposed by the addition of a 
portion of the sodium bisulfite solution (3.4 mL) and stirring 
continued for another 4 h. The resulting orange solution was 
extracted with methylene chloride (6 x 10 mL) and the 
extract dried (Na2S04) and concentrated to give syrupy 
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ID AND lLEY 65 1 

homogeneous 29; yield 107 mg (84z)  (R, 0.12, ethyl acetate - 
petroleum ether (30-60'C) (1 : 1) or Rf 0.44, ethyl acetate). 

The mass spectrum of 29 showed peaks at 171,'e 251 (hexo- 
pyranosyl cation), 331 (ketofuranosyl cation), and those 
characteristic of benzylidene acetals (see ref. 8). In the infrared: 
v,,,: 3300-3650 (OH) cm-'. 

1',3',4',6'-Tetrci-0-ncetyl-a nnd j3-~-fi~iictofiiranos~~l 
2,3-di-O-Acetyl-4,6-O-benzy/idene-a-~-g/~~copyru~~oside 
(32)-Sj.ntheric 4,6-0-Bcnzylidenesuci'o~e Hexaacetare 
(328) 

A solution of benzoyl chloride (0.15 nlL, 1.79 mmol) in 
anhydrous methylene chloride (20 mL) was prepared. The 
diol 29 (107 mg, 0.179 mmol) was dissolved in anhydrous 
pyridine (2 mL) and cooled to - 30'C. To this solution was 
added a portion of the above benzoyl chloride solution 
(2 mL) representing one equivalent of that reagent. After 
stirring for 5 h, tlc showed that a trace unreacted starting 
material and that an homogeneous product (Rf 0.34, ethyl 
acetate - petroleum ether (30-60-C) (1 : 1)) had formed. A 
slight excess of the benzoyl chloride solution (0.05 mL) was 
added and stirring continued for another 5 h.  The product 
(30) was isolated by conventional chloroform extraction 
procedures; yield 94 mg (75%). 

A portion of this material (70 mg, 0.10 mmol) was oxidized 
with chromium trioxide - dipyridine complex (22) (1.5 g) in 
methylene chloride (15 mL). The product (31) was isolated in 
the usual manner; yield 56 rug (80%). 

The latter was dissolved in methanol (30 mL) and treated 
with excess sodiunl borohydride (600 rng). The mixture was 
stirred for 4 h at room temperature and the excess reagent was 
then destroyed by dropwise addition of acetic acid. The 
mixture was concentrated to dryness and the resulting residue 
was dissolved in anhydrous pyridine (15 mL), cooled to 0-C, 
and alloued to react with acetic anhydride (15 mL) overnight. 
The reaction mixture was cooled in ice and the excess reagent 
destroyed by dropwise addition of methanol. The mixture was 
extracted several times with chloroform and the extracts were 
washed with dilute hydrochloric acid, aqueous sodium bicar- 
bonate and then dried Na2S04. The product (32) 44 mg (877<) 
was homogeneous on tlc and had an R, value identical with 
that of an authentic sample of 32B (28) (Rf 0.30, benzene - 
diethyl ether (1: 1)). The mass spectrum of 32 showed peaks 
at m / e :  632 (M), 335 (hexopyranosyl cation), 331 (keto- 
furanosyl cation), and those characteristic of bcnzylidene 
acetals (see ref. 8). 

Nucleation of a solution of 32 in diethyl ether - petroleum 
ether with an authentic sample of 328 kindly supplied by Dr .  
Khan (28) afforded the desired material, mp 162-164'C; 
mixture mp 161.5-163'6: authentic sample mp 162.5-164'C. 
Annl. calcd. for C31H38017: C 54.55, H 5.61; found: C 54.71, 
H 5.64. Additional spectroscopic data for 32 and 32p are 
presented in the accompanying paper (8). 

Cholesteryl 4,6-0-Benz~lidene-2,3-dicIeo0~y-3-C-(/~jdro.~y- 
methyl)-a-D-erythro-hex-2-enopymnosirlr ( 3 3 )  cmd its 
Benzoj>l Drvirjutilje 

Iodoniurn dicollidine perchlorate (19) (20) (352 mg, 0.75 
mmol) was added in portions over 20 min to a solution of the 
diene 8 (1 15 mg, 1 .0 mmol) and cholesterol (387 mg, 1 .0 mmol) 
in anhydro~ls benzene (10 n L ) .  The reaction mixture was 
worked up as previously described above for 20. The product 
(R, 0.70, ethyl acetate - petroleuln ether (30-60'C) (1 :4)) was 
isolated by silica coluinn chromatography (yield 310 mg, 8 4 z )  
and was immediately dissolved in dioxane (37 mL) and water 
(5 mL) and treated with silver carbonate (1.38 g) and 1 M 
silver perchlorate ( 5  rnL). The mixture was stirred at  room 

temperature for 4 h after which time tlc showed that an 
hon~ogeneous product had forlned (Rf 0.25, ethyl acetate - 
petroleum ether (30-60'C) (1 :4)). The product 33 was isolated 
as previously described for 21; yield 249 mg (95%). This 
compound jelled on all attempts at crystallization and was 
therefore characterized as its benzoate ester, prepared in 90% 
yield via standard procedures. 

In the mass spectrum of 33, no nlolecular ion was observed 
but peaks at  m,'e 351 and 385 owing to cleavage of the glyco- 
sidic bond were readily apparent (8). Also present were the 
peaks characteristic of benzylidene acetals. In the infrared: 
v,,,: 1740 (aryl ester) cn1- l .  

The 'Hmr spectrum of 33 at 60 MHz showed (CDCl,, 
TMS) 6 :  0.5-2.6 (m, 44, cholesteryl protons), 3.6-4.6 ( n ~ ,  4, 
H-4, H-5, H-6a, H-6e), 5.0 (m, 2, benzoxymethyl), 5.21 (m, 1, 
H-l) ,  5.36 (m, I ,  cholesterylic olefin), 5.60 (s, 1, benzylidene 
methine), 5.80 (m, 1, H-2), 7.2-8.2 (m, 10, aromatic protons). 

The benzoate of 33 was recrystallized from ethanol; mp 
132-134'C. Anal. calcd. for Ca,BHslOe: C 78.22, H 8.75; 
found: C 78.39, H 8.59. 

Ethyl 2,3-Didrosy-6-0-14,6-O-benzyIidene-2,3-dideo.~y-3-C- 
fhydroxjnletl~yl) -r-~-erythro-hex-2-e11opjrnnosyl) -a-D- 
glycero-l1ex-2-e/~opyr.nnosid-4-~i/ose 134) 

Iodonium dicollidine perchlorate (19) (20) (352 rng, 0.75 
mmol) was added in portions over a period of 29 rnin to a 
solution of the diene 8 (1 15 mg, 0.50 mmol) the enone 97 (30) 
(172 mg, I .0 mmol) in anhydrous benzene (I0 mL). The 
reaction mixture was worked-up as previously described for 
20 and the product (R, 0.47, ethyl acetate - petroleum ether 
(30-60 C) (1 : 1)) was isolated by silica column chroma- 
tography; yield 264 nlg (100z).  The material was immediately 
dissolved in dioxane (26 n1L) and water (5 n1L) and treated 
with silver carbonate (1.38 g) and 11M silver perchlorate 
(5 n1L) at room temperature for 3 h after which time tlc 
showed that an homogeneous product had formed (R, 0.26, 
ethyl acetate - petroleunl ether (30-60°C) (1 : I)). The product 
(34) was isolated as previously described; yield 210 mg (100z). 

In the luass spectrum of 34, peaks were observed at v / e :  
419 (M + I), 418 (M), 401 (M t 1 - HZO), 400 (M - H20) ,  
374 (M + 1 - OEt), 373 (1M - OEt), and those characteristic 
of benzylidene acetals (8). Also prevalent were the peaks due 
to cleavage of the disaccharide linkage (i.e., rn,'e 247 and 171). 

The 'Hmr spectrum of 34 at 60 MHz showed (CDCI,, 
TMS) 6 :  1.25 (t, 3, 0CH2CH3),  1.92 (bs, 1 ,  exchangeable OH), 
3.4-4.8 (m, 11, hydroxymethyl, H-4, H-5, H-6a, H-6e, 
OCH,CH,, H-5', H-6a', H-6e'), 5.1 2 (m, 1, H-I), 5.17 (d, 1, 
H-l', J,, , , ,  = 5.0 Hz), 5.60 (s, 1, benzylidene methine), 5.71 
(m, 1, H-2'), 6.15 (d, 1, H-3', J 2 , , 3 ,  = 10.0 HZ), 6.92 (dd, 1, 
H-2'), 7.2-7.7 (m, 5, aromatic protons). 

Compound 34 was recrystallized from diethyl ether - 
petroleum ether (30-60-C); mp 97-99'C. Atlal. calcd. for 
C22HZ608: C 63.15, H 6.26; found: C 63.12, H 6.37. 
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A stereoselective synthesis of sucrose. Part Spectroscopic analyses of key 
intermediates 
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DAVID ERLE ILEY and BERT FRASER-REID. Can. J. Chem. 57,653 (1979). 
Condensation of the diene 1 with the a,p-anomeric mixture of tetraacetyl fructofuranose 

and processing of the resulting product gives rise to a series of disaccharides, 5,  6, and 7, each 
of which is a mixture of t uo  substances differing only in the anomeric configuration at the 
fructosyl centre, the linkage at the pyranosyl moiety being a in all cases. This conclusion is 
reached by careful comparison of the 'Hmr and I3Cmr spectra of these disaccharides with those 
of a number of fructofuranose derivatives. There are interesting correlations in configuration, 
conformation, and optical rotation. 

DAVID ERLE ILEY et BERT FRASER-REID. Can. J. Chem. 57,653 1979) 
La condensation du diene 1 avec le melange des anomeres a et 0 du tetraacetyl fructofuran- 

nose et la transfornlation du p r o d ~ ~ i t  qui en resulte donne lieu B la sCrie de disaccharides 5,  6 et 
7; dans chaque cas, il s'agit d'un melange de deux produits qui ne diffirent que par la con- 
figuration du carbone anomere de la portion fructoyle puisque la liaison avec la moitie pyran- 
nosyle est x dans tous les cas. On peut tirer cette conclusion en se basant sur une comparaison 
soignee des spectres rmn du 'H et du 13C de ces disaccharides avec ceux d'un certain nombre 
de derives fructofurannoses. On peut deduire des correlations interessantes concernant la 
configuration, la conformation et la rotation optique. 

[Traduit par le journal] 

I n  the accompanying paper ( I )  we gave details of 
a novel synthesis of sucrose. In spite of the theoretical 
considerations upon which the synthetic plan was 
devised, we were assured of the validity of our ap- 
proach only at  the final stages when a substance 
having the sucrosyl skeleton was finally isolated. 
Admittedly, the halogen-promoted addition of 
methanol to the diene 1 to give the a-glycoside 3 
exclusively, was a promising precedent (2). However 
it is known that with glycosidation reactions, 
changing from simple to  complex alcohols some- 
times causes drastic variations not only in the stereo- 
chemistry (see, for example, ref. 3) but even in the 
pattern of the reaction (4). Thus unquestioning 
reliance upon our precedent seemed ill-advised and 
we therefore sought assurances by making detailed 
spectroscopic analyses of our key intermediates. 
Many of the latter are interesting in their own right, 
for being highly functionalised and amenable to 
diverse chemical manipulations they are promising 
synthons for the preparation of branched-chain and 
other modified sugars. In this paper we therefore 

'Dedicated to Professor Sir Derek Barton on the occasion 
of his 60th birthday. 

2For Part 11, see the accompanying paper (1). 
3Holder of the NRCC Studentship 1973-1975. Taken from 

the M.Sc. Thesis of D.E.I., University of Waterloo, 1975. 
Present address: Ontario Hydro, W. P. Dobson Laboratories, 
800 Kipling Ave., Toronto, Ont. 

describe various aspects of these spectroscopic 
studies. 

Reaction of diene 1 with tetraacetyl fructose 2, in 
the presence of iodoniun~ dicollidine perchlorate 
gave the iodide 4 which was immediately solvolysed 
to the alcohol 5. Oxidation of the latter gave the 
aldehyde 6, decarbonylation of which gave the alkene 
7 (1). The structures of these key intermediates were 

p h T E y 2  + ROH 

OAc 

AcO \ X 
2 3 X = Br, R = Me 

4 X = 1.R = tetraacetyl fructosyl 

R AcO I 

5 R = CH,OH 
6 R = C H O  
7 R = H  

SCHEME 1 

0008-4042I791060653-09$01.0010 
sc 1979 National Resear-ch Council of CanadaIConseil national de recherches du Canada 
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654 CAY. J .  CHEM. VOL. 57. 1979 

studied by mass spectroscopy, and proton and car- 
bon-1 3 magnetic resonance. 

Experimental 
Proton magnetic resonance ('Hmr) spectra were determined, 

unless otherwise stated, in deuteriochloroforrn containing 1% 
tetramethylsilane (TMS) as internal standard with either a 
Varian T-60 or Varian HR-220 ~pectrometer .~  Coupling con- 
stants were obtained by measuring the spacings of spectra 
judged to be first order. Infrared (ir) spectra were determined 
on a Beckman model IR-10 spectron~eter using 0.1-mm sodium 
chloride solution cells, chloroforn~ being the solvent used. 
Mass spectra lvere determined on a Hitachi mass spectrometer 
model RMU-6E. Carbon-13 nuclear magnetic resonance 
(I3Cmr) spectra were recorded on a Bruker HX-90 spectrom- 
eter, operating at 22.63 MHz and equipped with a Nicolet 
1083 instrument computer for Fourier transform spectros- 
copy.' The spectra were recorded in deuteriochloroforn~. The 
latter showed its characteristic absorptions at  78.5, 77.2, and 
75.7 ppm dow-nfield from tetramethylsilane. 

Optical rotations were measured on a Carl Zeiss model 
LEP niir 370740 Lichtelektrisches Prazisionpolarimeter at  546 
and 578 nm at 23'C. 

Most of the con~pounds described in this paper are benzyl- 
idene acetals. The benzylidene group was detected by a five- 
proton multiplet at about 7.40 ppm (aromatic) and a one- 
proton singlet at about 5.60 pprn (H-7, benzylidene methine) 
in the 'Hmr spectra. At 60 MHz the H,, H,, H,,, and H,, 
resonances formed a multiplet at about 3.7-4.6 ppni. The mass 
spectra of benzylidene acetals show, characteristically, peaks 
a t  it1;e: 149 (PhCHOCH2CHO+), 106 (PhCHO-), 105 
(PhCO+), 91 (C,H,+), and 77 (C6H5+). The compounds 
studied were obtained as described in the accompanying 
paper (1). 

Results and Discussion 

Mass Spectra 
The mass spectra of 5 and 6 gave n~olecular ions 

P h T O  AcocH2* 

- CH20Ac 

AcO 
8 R = CH,OH rn/e 247 m/e 331 
9 R = C H O  rnIr245 11 

10 R = H  n1Ie 217 

a t  r?l/e 594 and 592, respectively. Although the con- 
ventional electron impact mass spectrum of 7 failed 
to  produce a molecular Ion, field lonlzation mass 
spectroscopy sho%ed a molecular ion at  m / e  564 and 
chem~cal iontzatlon Inass spectroscopy gave a large 
peak a t  582 replesentlng the M + NH,' Ion corre- 
sponding to r ? ~  e 564. 

The inost readily observed fragmentation of these 
glycosides is cleavage of the g lycos~d~c  bond (5). Thus 

the mass spectra of 5, 6,  and 7 showed peaks at  
mie :  247, 245, and 217 attributed, respectively, to 
the hexopyranosyl cations 8, 9, and 10, and all the 
spectra contained a relatively intense peak at  t?i,'e 331 
for the ketofuranosyl cation 11. 

' H  N~rcleur Magnetic Resotlance Spec trn 

The Pj I anosj I iMoretj 
It \\as antlclpated that the chernlcal shift of H-1 of 

the slmple hex-2-enopylanosides 1 2 ~  and 128 (6) 
(Flg I )  could be used as a probe for the determlna- 
tlon of the configuration a t  the anolnerlc carbon of 
the pyranosyl residue of the olefinlc dlsacchandes. 
Thus if the condensation react~on (Scheme 1) had 
proceeded stereoselectively to give only the c/ adduct, 
the H-1 resonance should appear around 4 9 ppm as 
agalnst 5.3 ppm for the P adduct 

Unfortunately. the 60 MHz spectra of 5, 6 ,  and 7 
were not resolked hell enough in the region of Interest 
to allow such analyses and ~t was therefore necessary 
to study the model cornpounds 12r, 12P, 2, 13u, and 
13P at  220 MHz 111 an  effort to sort out the complex 
dlsaccharlde spectra 

The 220 MHz 'Hmr data for 12x and 12P 111 deu- 
terated chloroform, benzene, and pyrldlne solutions 
In Table 1 reveal that the different solvents caused 
only mlnor varlatlons In che~nical shlft and that all 
the spectra were well resolved 

,We are indebted to Dr.  A. A. Grey of the Canadian 220 
MHz NMR Centre for determining the 220 MHz spectra and 
for his help in their interpretation. 7 o 6 o 

5 0  PPM 
5We are indebted to Professor J. K. Saunders of the Uni- 

versite de Sherbrooke for determining the I3Cnlr spectra and FIG. 1. The H-1 region of the 'Hmr spectra (220 MHz) of 
for his help in their interpretation. compounds 121 and 128. 
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ILEY AND FRASbR-REID 

TABLE 1. 'H nuclear magnetic resonance parameters for the anomeric hex-2-eno- 
pyranosides 120: and 120 

Chemical shifts 

12% 12a 

Proton CDC13 C6D6 C6DSN CDCl3 C6D6 C6D,N 

H- 1 
H-2 
H-3 
H-4 
H-5 
H-6a 
H-6e 
H-7 
OMe 
Ph 

Coupling constants (Hz) 

Compound J, ,2 J1.3 J I  ,'I J2 ,3  J2.4 J3,4 J4,5 J5.6.3 J5,6e J f i a . 6 ~  

The 220 MHz 'Hmr  spectra of the methyl fruc- 
tofuranoside derivatives I3'x and 13P (7) were more 
difficult to analyze completely. Fortunately in both 
spectra the area of interest (4.8-6.0 ppm) was not 
obscured by the complex absorptions for H- la ' ,  
H-I,', H-5', H-6,,', and H-6,16 occurring between 3.8 
and 4.8 ppm. The results of the analysis of the area 
of interest are reported in Table 2 and the spectra in 
deuteriochloroform are displayed in Fig. 2. 

These data can be used to determine the confor- 
ination of the furaliose rings in 13rx and 13P. Since 
J,,,,, is the same (5.0 Hz) in both of these compounds 
but J,,,,, is different, it seems probable, on the basis 
of Karplus considerations (8), that in ihe conforma- 
tions of 1 3 ~  and 13p. the dihedral angles must be the 
same for H-4' and 14-5' but different for H-3' and 
H-4'. The E-2 conformations sho~vn for these sub- 

M e 0  

OAc AcOCHz 

AcO PI4 M e 0  

stances accommodate these parameters. These con- 
formational preferences can be rationalized by noting 
that because of the anolneric effect, the glycosidic 

oxygens will favour quasi-axial orientations (9) in 
both forms, and that the bulky acetoxymethyl groups 
should prefer to occupy quasi-equatorial orienta- 
tions. It is noteworthy that in these conformations 
eclipsing illteractiolls of large substituents are mini- 
mised. 

The purpose of the foregoing model studies was to 
gain a better basis for analyzing the spectra of the 
disaccharides. I t  was hoped that the condellsation 
of 1 and 2 would produce only two diastereomers 
arising from the presence of both the x and P anom- 
eEic forms of 5. After prolonged efforts, it was found 
possible to resolve 5 into two components by chro- 
matographic fractionation but the required proce- 
dure was so tedious that only small amounts of pure 
5rx and 50 could be accumulated. Unfortunately, 
these did not crystallize but their 'Hmr spectra at  
220 MHz were recorded. 

Although the spectra were extremely complex, 
the 4.8-6.0 pprn regions displayed in Fig. 3 could be 
partially analyzed on a first-order basis. A visual 
cornparisoil of the H-3' and H-4' resonances in Figs. 
2 and 3 was undertaken to permit the assignment of 
configuration of the fructofuranosyl residues as 
shown in 5% and 50. Thus, the slower running corn- 
ponent 5u was judged to possess the u-fructofu- 
ranosyl residue. The similar coupling constants, 
J,,,,, and J,,,,, (see Tables 2 and 3) in Su and 1%. 
imply that the furanose ring in the disaccharide 5% 

6The pr~rned numbers will be used to refer to posltlons In is also in the E-2 conformation as Was deduced above 
the fructofuranose res~due for 1 3 ~ .  In contrast, the faster running component, 
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656 CAN. J .  CHEM. VOL 57. 1979 

FIG. 2. The 220 MHz lHmr spectra of fructofuranose derivatives. 
FIG. 3. The 220 MHz 'Hmr spectra of disaccharides 5% and 58 .  

TABLE 2. Selected 'H  nuclear magnetic resonance parameters 
for the anomeric methyl fructofuranosides 13% and 13P 

Chemical shifts 

133 138 

Proton CDC1, C,D, C,D5N CDCl, C,D, C,D,hT 

Coupling constants (Hz) 

Compou~id J3,,4, J4 . ,5 ,  

5P, can be seen to have a different conformation than 
13P, since H-4' appears as a triplet in the former 
compound. The E-4 confor~nation as expressed in 
14, for the furanose ring in the disaccharide 5(3 may 

CH20Ac 
AcOCH2 q-++ 

OAc h, 4 = + 4  5 = 150" 
0 AcO 

%' H4' 

14 (=5P) 

be assigned on the basis of the fact that the 0-fruc- 
tofuranosyl residue of sucrose exists in this forrn (10). 
This conformation accounts for the large coupling 
constants observed for J,,,,, and J,,,,. in 5P. Hence 
the dihedral angle for H-3' and H-4' is the same as 
that for H-4' and H-5'. 

Attempts were made to obtain information about 
H-1 and H-2 of the pyranosyl moiety in §a and 5P, 
and some relevant data are assembled in Table 3. It 
was assumed that the resonances for these protons 
were buried - 5.6 p p n ~  (Fig. 3) but changing the 
solvent to benzene-d6 proved to be ineffective. 

Fortunately this problem was solved when it was 
found that the %,a-unsaturated aldehyde 6 was also 
resolvable (with considerable difficulty) into two 
components, namely 6 r  and 6P. These compounds 
also failed to crystallize but gave good l ~ m r  spectra. 
The region of interest, 4.8-6.0 ppin, is displayed in 
Fig. 4 and the results of the spectral analysis are 
reported in Table 3. lnspection of the H-3' and H-4' 
resonances clearly shows that 6cr and 6P have the 
structures as shown with respect to the fructofu- 
ranose rings. Distinct absorptions for H-1 and H-2 
of 6s: and 6P can be seen, although their chemical 
shifts cannot be used to infer the anomeric configura- 
tion. In both compounds, H-1 appears as a broad 
signal but H-2 appears as a triplet. The coupling 
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ILEY AND FRASER-REID 

TABLE 3. Selected 'H nuclear magnetic resonance 
parameters for 51, 5P, 6a, and 68 

Chemical shifts 

Proton 5% 61  5P 68 

Coupling conslanls (Hz) 

Compound J, , 2  J z , ~  J33,4' J4',5' J5,6a J5,ce J6a.6e 

FIG. 4. The 220 MHz 'Hmr spectra of disaccharides 6a 
and 68. 

constants J1,, and J,,, are the same as in the mon- 
omer 12% (cf. Tables 1 and 2) and thus it can be con- 
cluded that in both of these compounds, the linkage 
at the pyranosyl residue is r .  This result in turn con- 
firmed the original supposit~oa (1) that the alkoxy 
halogenation of the diene 1 proceeds stereoselec- 
tiveIy p i n g  r adducts exclus~vely. 

Additional correlation of structure was obtained 
when the alcohols 5x and 5P were oxidized indepen- 
dently by chromiuin trioxidedipyridine co~nplex in 
methylene chloride and gave products identical with 
6% and 68, respectively (1). 

' 3C Nuclear Magr~etic Resonance Spectra 
Added proof for the cc configuration of the hex-2- 

enopyranosyl moiety of the disaccharides 5, 6, and 7 
was sought from their 13C nuclear magnetic reso- 
nance spectra. The correlation of the 13C spectral 
peaks of a complex molecule with those of the con- 
stituent monomers has recently been utilised with 
great effectiveness by Wenkert and co-workers (11) 
in a study of tobramycin and related antibiotics of 
the kanamyc~n family. 

Tlze Pyranos~ll Moiety 
For the probleln at hand, the monomeric deriva- 

tives 12m, 12P, 2, 1 3 ~  and 13P were subjected to 
13Cmr analysis. The natural abundance 13C signals 
in the spectra of the compounds studied were as- 
signed to specific carbons by means of the following 
procedures : (a) off-resonance decoupling techniques, 
(O) application of known chemical shift rules (12), 
and ( c )  comparison with the results of related studies 
from the literature (13). 

A study of the I3Cmr data for the olefins 12% and 
128 (Table 4) reveals that there are very large chem- 
ical shift differences between the two anomers for 
C-5 (A6 = - 6.6 ppm) and C-1 (A6 = - 3.1 ppm). 
The former observation is by far the more important 
and is a direct consequence of the manifestation of 
the 'y steric effect' (126) also known as the 'steric 
compression shift' (12a). Interestingly, a similar 
trend is observed for the conformationa~iv inore 
labile derivatives 15 and 16 (see Table 41. This i \  
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AcO 

7 0 6 0 5 0  PPM 

FIG. 5 .  The H-1 region of the 'Hrnr spectra (220 MHz) of 
compounds 15 and 16. 

TABLE 4. I3C chemical shifts for the hex-2-enopyranos~des 
1 2 ~ ,  12P, 15, and 16 

I4 
O OCH? 7- 

Carbon 12a 128 A6 1% 16 46 

noteworthy because the chemical shifts of H-1 in 
the proton spectra of 15 and 16 are so close that this 
data cannot be used to diagnose the anomeric con- 
figuration of these and structurally related com- 
pounds (see Fig. 5). 

Thus the 13C chemical shifts of C-1 and C-5 in the 
r anomers of hex-2-enopyranosides are shielded 
relative to the corresponding resonances in the P 
anomers. These observations lay the groundwork 
for the structural analysis of the related disac- 
charides with respect to the hex-2-enopyranosyl 
moiety. 

The F~lranosj.1 Moiety 
The l3Cmr spectrum of 1,3,4,6-tetra-0-acetyl-D- 

fructofuranose (2) was recorded as a model for the 
fructofuranosyl moiety of the structurally related 
disaccharides. The spectrum showed two distinct and 
clearly defined sets of resonances of different intens- 
ities. The two peaks at 103.9 and 101.5 ppm (see 
Table 5) were assigned to the anomeric carbons of 
the r and p anorners, respectively. This is in keeping 
with the recent assignment of the absolute anolneric 
configuration of the di-D-fructose anhydrides (13~1) 
based on the observation that the 13C chemical shift 
of the ano~neric carbon of the r anomer of D-fruc- 
tofuranosyl residues al~vays resonates dou.nfield 
from its /3 counterpart. lntegration of these peaks 
revealed that the r to P ratio was 46: 54. Thus, the 
predominant furanose anomer has the C-2' hydroxy- 
methyl group and the C-3' hydroxyl group in a ti.at~s 
relationship as previously noted (i3a-c). 

The remaining 10 signals were readily assignable 
to the r or P ano~ner  by their relative intensities. The 
signal a t  63.3 ppnl was assigned to C-1' of 2z because 
of the expected shielding effect of the C-3' acetoxy 
group. C-6' of 2% was therefore the signal at 64.4 
apm. The signal a t  64.8 ppm Lvas assigned to C-6' of 
2~ because inversion at the anomeric centre n-ould 
not greatly affect the chemical shift of C-6'. The 
only remaining methylene carbon at 65.3 ppln was 
therefore C-1' of 2P. 

With regard to the three secondary carbons of 
23, C-3' and C-4' should be the least and most 
shielded, respectively. Inversion of the anomeric 
centre should not affect C-4' and C-5' appreciably, 
and these carbons would therefore have similar 
chemical shifts in both 2r and 2P. On the other hand, 
C-3' is greatly affected by inversion at the anomeric 
centre. Thus the large A6 value of +4.3 ppm is 
immediately identified with C-3'. 

To confirm these assign~nents the spectra of 13~. 
and 1313 were recorded and analyzed. The results 
(see Table 5) compare favourably and follow the 
expected trends. Also .; ~ r t h y  of mention is the excel- 
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ILEY AND FRASER-REID 

TABLE 5. 13C chemical shifts for some fructofuranose derivatives 

Carbon 17%" 17p" A6 22 2b A6  13nb 13pb A 8  

1' 63.1 62.9 + 0 . 2  63.3 65.3 -2 .0  58.2 62.1 -3.9 
2' 104.8 101.9 +2 .9  103.9 101.5 + 2 . 4  106.9 103.0 +3 .9  
3' 82.2 74.7 4-7.5 80.5 76.2 f 4.3 80.3 75.8 i 4 . 5  
4' 76.3 75.7 t 0 . 6  77.9 76.6 + 1 . 3  78.1 76.4 f 1.7 
5' 81.5 80.9 i 0 . 6  80.0 78.9 f 1 . l  79.6 78.1 i 1 . 5  
6' 61.2 62.5 -1.3 64.4 64.8 -0 .4  63.1 64.4 -1 .3  

aSee reC. 13c. 
bThe methoxy peaks in these compounds resonated at 48.7 (131) an 

lent agreement of our assignments with those of Que 
and Gray (13c). Their assignments for a-D-fructo- 
furanose ( 1 7 ~ )  and 8-D-fructofuranose (17P) (see 
Table 5) were based on a study of the structurally 
related coinpouild 2,5-anhydro-D-glucitol (18) and 
2,5-anhydro-D-mannitol (19). It might also be noted 

OH 

that the resonances of 17% assigned by Que and Gray 
(13c) have virtually the same chemical shifts as the 
P-D-fructofuranosyl resonances of sucrose recorded 
by Dorman and Roberts (14). The only discrepancy 
between our results and those of Que and Gray is in 
the assigilinent of the methylene carbons of 178. If 
their C-1' and C-6' assigni~~elits were reversed, then 
a more favourable comparison of A6 values would 
result (i.e., for C-l', A8 = -1.7 vs. +0.2 cf. -2.0 
and for C-6', A6 = -0.7 vs. - 1.3 cf. -0.4). 

Thus the I3C chemical shifts of C-2' and C-3' in 
the 0 anomers of fructofuranoses are shielded rela- 
tive to the correspondiilg resonances in the r* anomers 
and this allows the ready assignnient of the anonieric 
configuration of these derivatives. 

13C magnetic resonance analyses of 5, 6, and 7 
revealed the presence of olily t ~ s o  coillponents arising 
from the presence of the a and fi anoniers in the 
furanosc ring. The cheinical shifts of C-5 in these 
conlpounds affiri~l the a linkages in the hex-2-eno- 
pyraiiosyi moieties. A.r tilere are no other methine 
peaks it? this region, the ~ / l c t?? ic~ i  .silift of C-5 becomes 
rotoily dingi?oslic of t/!r anon?ei.ic configuratioi? of 
tize.se conzpolmds. Accordii~giy, there are signals at 
63.2 ppm in  5 ,  64.4 ppm in 6 ,  and 63.5 ppm in 7 
corresponding to the one a t  63.9 ppln in the related 
rnollolner 12% but none (ca. 70.5 ppin) correspondi~ig 
to the p anorner, 129. 

For C-I, signals were observed at 87.8 pp111 in 5, 
87.5 ppm in 6, and 87.9 pprn in 7'. These chemical 
shifts are shield-ed compared to that of C-1 in 12% 

TABLE 6. I3C chemical shifts for the disaccharides 
6% and 6P 

OAc 

14 OAc 

6 

Carbon 6% 6B 

(cf. 96.1 ppm). This is attributablc to thc steric com- 
pression of G-1 caused by the attachment of the 
fructofuranosyl moiety. 

A detailcd ailalysis of the spectra of 5, 6, and 7 
was not attempted, however; the two components of 
6, viz. 6 x  and 68, were analyzed. The 13C data for 
thcse two diastereomers are presented in Table 6. 
The resonances followed the expected trends ob- 
served in Tables 4 and 5. The anomeric configura- 
tion at C-I was r* as described above. The assignment 
of the anoiileric configuration of the fructofuranose 
ring in 63  and 60 was readily made. The peaks at 
102.7 and 73.6 ppm for C-2' and C-3' of 68 were 
observed at higher field than the correspoilding 
resonances, 107.9 and 82.1 ppm, for 6 ~ .  

In conclusion, the 13C spectra1 data proved u a a n -  
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OAC 

synthetic 
' 1  I m ~ x t u r e  I' i,l'";Jq 

*rrrl + i d i  
b I . . . !  . .  . 

5.0 4 .O PPM 

C 

synthet ic I 
mixture 1 1  E 

k b '  I 
d i  

FIG. 6 The 220 MHz 'Hmr spectrum (CDCI,) of 4,6-0-benzylrdenesuc1ose hexaacetate, 208. (a) authentrc mater~al; 
(b) admrxed ~ r t h  u anomer (see footnote 4). 

FIG. 7. The 220 MHz 'Hmr spectrum (C6D6) of 4,6-0-benzylrdenesucrose hexaacetate, 20P: (a) authentrc materral, (b) 
admixed wrth u arlomer (see footnote 4) 

biguously. that 6a was lf,3',4',6'-tetra-0-acetyl-WD- Optical Rotatiotz 
fructofuranosyl 4.6-0-benzylidene-2,3-dideoxy-3-C- Another interesting correlation between the disac- 
formyl-a-D-erythro-hex-2-enopyranoside and that 6p charides 6a and 6P and the fructofuranosides 13a 
was I ',3',4',6'- tetra- 0 -acetyl- P -D-fructofura~losyl and 13P is in their relative specific rotations. Inspec- 
4,6-O-benzylidene-2,3-dideoxy-3-C-formyl--~-e- tion of Table 7 reveals that these compounds, and 
thro-hex-2-enopyranoside. the known compounds listed, follow the trend that 
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ILEY AND FRASER-REID 

TABLE 7. The specific rotation of some fructofuranose derivatives 

Anomeric 
Comoound configuration" [a] ,  Reference 

13% a 
138 P 
16% a 
16D P 
6a U. 

6 8  B 
21a U. 

268 (sucrose octaacetate) p 
o A ~  the fr~ictofiirano\e moiets. 

OAc 

Ac 0 
21 

those derivatives possessing the a-fructofuranosyl 
residue all are more dextrorotatory than the corre- 
sponding P anomers. 

Spectral Conzparisot~s of Synthetic and Authentic 
Deri~atires of Sucrose 

Because of the extreme difficulty (~:ide supra) in 
separating the desired component (5P or 6P) from 
the anomer (5a or 6a), it was decided to test the 
feasibility of our planned route on the mixture 7. If 
successful, the final product would contain sucrose 
in addition to one of its isomers, and spectroscopic 
verification of this fact would be extremely encour- 
aging. Fortunately, 4,6-0-benzylidenesucrose hexa- 
acetate (20P), a colnpound well correlated with our 
synthetic plan, was described by Khan (15). Com- 
pound 7 was therefore converted to 20 (1) and spec- 
troscopic comparisons were undertaken. 

The 3.0-6.0 ppm regions of the 220 MHz 'Hmr 
spectra of authentic 20P and the synthetic mixture 20 
determined in deuteriochloroform and benzene-d6 
are shown in Figs. 6 and 7, respectively. In the case 
of the former, signals for H-1, H-2, and H-3 were 
assigned on a first-order basis for 20P (Fig. 60) and 
these signals were clearly recognisable in the syn- 
thetic inixture 20 (Fig. 66). 

With benzene-d6 as solvent, the comparison was 
much more fulfilling, since discrete signals were ob- 
served for H-1, H-2, H-3, H-3', H-4', and H-7 of 
20P, the assignments being made on a first-order 
basis (Fig. 7a). Appropriately, these signals could 
all be identified in the synthetic mixture, 20 (Fig. 
7b), thereby confirming that sucrose was present in 
the mixture. 

It proved possible to obtain a crystalline sample of 
the synthetic material 20P by nucleation with the 
authentic material ( I ) .  

This work 
This work 

7 
7 

This work 
This work 

16b 
17 
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Artificial carbohydrate antigens: synthesis of rhamnose disaccharides common to 
Shigellaflexneri 0-antigen determinants1 
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DAVID R. BUNDLE and STAFFA\ JOSEPHSON. Can.  J. Chem. 57.662 (19791 
Three disaccharides containing *-linked rhamnopyranoside units have been synthesised in 

a form suitable for covalent linkage to  protein. The artificial antigens obtained in this manner 
represent structural elernents similar to portions of the repeating unit of the Sl~igella j7efles11eri 
0-antigen. The glycosylation reactions leading to  the disaccharides utilised silver trifluoro- 
methanesulphonate and .Ir,N-tetraniethylurea, o r  syt71-collidine, conditions which generated 
the three 1,2-ti.a11~-linked glycosides in high yield and stereospecificity. The blocking groups 
used in these syntheses are consistent with further chain extension to  tri- and tetrasaccharides. 
2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-r-~-glucopyranosl chloride and the 1,2-oxazoline 
derivative obtained from it were not effective in glycosylating the C-2 position of partially 
blocked rhamnopyranoside but 3,4,6-tri-0-acetyl-2-deoxy-2-phthaliniido--glucosyl bromide 
gave the desired 1,2-ri~ans-2-amino-2-deoxyglucoside in good yield. Selective conversion of the 
phthalilnido group to  a n  acetamido function in the presence of an ester function was achieved, 
thereby extending the utility of the phthaliniido protecting group to  sequential oligosaccharide 
synthesis, in which 2-acetanlido-2-deoxy-m-glucosides are internal units. Proton nrnr evidence 
in support of the cxo-anomeric eifect is presented. 

Davro R. BUNDLE et STAFFAN JOSEPHSON. Can. J .  Chem. 57.662 (1979) 
O n  a synthetist trois disaccharides contenant des unites rhamnopyrannosides qui portent 

une liaison a et qui sont presents sous une forme appropriee a la formation d'une liaison 
covalente avec une proteine. Les antigenes artificiels obtenur de cette nianiere correspondent h 
des elements de structures semblables a ceux de portions de l'unite de base du 0-antigene du 
S / ~ i ~ e l l a  flexi~eri. Les reactions de glycosylation conduisant aux disaccharides font appel a u  
trifluoromethanesulfonate et a la ~lr,Ili-tetramethylurCe ou a la sytn-collidine; ces conditions 
conduisent aux trois glycosides lies rrrms-1,2 avec de bons rendements et une haute stereo- 
sptcificite. Les groupes bloqueurs utilises dans ces syntheses sont compatibles avec des exten- 
sions subsCquentes des chaines vers des tri- et des tetrasaccharides. Les chlorure de I'acetamido-2 
tri-0-acetyl-3,4,6 desoxy-2 a-D-glycopyrannosyle et le derive oxazoline-1,2 qui en derive ne 
sont pas des agents efficaces pour provoquer la glycosylation en position C-2 d'un rhamnopy- 
rannoside partiellement bloque; toutefois le bromure de tri-0-acetyl-3,4,6 desoxy-2 phtali- 
mido-2 D-glycosyle conduit a u  glucoside trans-1 ,? amino-2 desoxy-2 avec un bon rendenlent. 
L a  transformation selective du groupe phtalirnido en fonction acetamido en presence d'une 
fonction ester a pu @tre realisee; ce rcsultat etend le champ d'application du groupe protecteur 
phtalimido a la synthese sequencielle d'oligosaccharides dans lesquels les unites internes sont 
des acetarnido-2 desoxy-2B D-glucosides. On prescnte des donnees de rmn du proton qui sont 
en accord avec un effet anoniirique exo. 

[Traduit par le j o u n ~ a l ]  

Introduction 

Structural studies of the lipopolysaccharides (LPS) 
from various strains of Shigella pext~eri indicate a 
basic tetrasaccharide repeating unit cornnlon to all 
serogroups (1-5). The simplest structure is that of 
strain Y ( 3 )  which possesses the structure 

Other strains of S.  Jiextzeri possess LPS with dif- 
ferent glycosyl or acyl substitution patterns upon this 

basic structure (4, 5). The serological classification of 
S. Jiexncri finds its basis in this variability of fine 
structure. The serogroup Y polysaccharide is a high 
molecular weight antigen contailling approximately 
40 repeating units (3 ) .  Since this polysaccharide has 
neither charged groups nor side chains which are 
knoun (6-8) to direct the synthesis of antibody com- 
plementary to these features, the structural units that 
constitute the immunodo~ninant regions are not 

L. 

immediately obvious. I t  is k n o ~ l n  from published 
data (9, 10) that linear charged polysaccharides 
ellicit antibody populations with specificities for dif- 

'NRCC No.  17121. 
'NRCC Research Associate. 

ferent portions of the polysaccharide structure. 
Extensive studies of the dextrans (1 1 ,  12) show that 

0008-4042/79/060662-0730 1.0010 
~c 1979 National Research Council of Canada/Conseil national d e  recherches du Canada 
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BUNDLE AND JOSEPHSON 663 

there is heterogeneity wilh respect to the specificity 
for a1,3 or ~ ! ; 6  linkages and in the size of the com- 
bining site. Although the Y polysaccharide would be 
expected to exhibit similar immunogenic properties, 
the occurrence of several I ,2-glycosidic linkages (1 3) 
might be imagined to render a particular region of 
the repeating unit more 'accessible' to cell surface 
receptors responsible for initiating the process of 
antibody synthesis in vivo. Little is known of such 
iinmunodominant features of S. prxneri. 

The objective of the work currently in progress in 
this laboratory and reported in part here is to investi- 
gate the immunodominant regions of S.  Jiext?eri by 
the use of artificial antigens. Advances in glycoside 
synthesis in conjunction with modern methods of 
al-tificial antigen synthesis (14, 15) and conforma- 
tional analysis provide particularly attractive tools 
to  probe this question. Oligosaccharides possessing 
6-deoxyhexopyranosides mere chosen for study in 
the expectation that high resolution nmr would 
provide important insights into the conformational 
basis of serological specificity (14). In addition 
synthetic oligosaccharides hold prornise as diag- 
nostic reagents either via artificial antigens (14) or 
imn~unoabsorbeiits. 111 this context Me report the 
synthesis of three disaccharides in a form suitable 
for covalent linkage to proteins or solid supports. 
The blocking sequences employed are consistent 
with our ultimate goals, the syntheses of tri- and 
tetrasaccharide antigens Lthich are currently in 
progress. 

Results and Discussion 

The three d~saccharides, u l i ~ c h  ale tlie object of 
t h ~ s  syrithet~c \ v o ~ k  are exc lus~~e ly  glycosldes of the 
1,2-trat~s-linked type Each d~saccharide has been 
synthes~sed as its 8-methouycarbonyloctyl glycoside 
to  allon subsequent covalent attachment to protein 
after rernoval of blocking g ~ o u p s  Thls necessitates 
the fo imat~on of t \ to glycoside linkages both con- 
sistent n i th  those port~ons of the LPS antlgen to 
mh~ch  the artificial antigen colrespoiid Conse- 
quently the t h e e  disaccha~ides lequ~red Mere of the 
follo\\ing structure 

where R = 0(CH2) ,C02CH,  referred to here and 
elsen here (15) as the 'bridging' or  ' l~nking arm.' 

The initial stage of the synthesis of 2-acetanlido- 
2-deoxy - 3 - 0 -(a  - L - rhamnopyranosyl) - f3 - D - glyco- 
pyranoside (17) required a 2-acetanlido-2-deoxy-p- 

D-glucopyranoside selectively blocked at  the 4 and 
6 positions. The 4,6-0-benzylidene derivative 15 used 
in this work was previously synthesized by Lemieux 
et al. (14) as a precursor to Lewis-a blood-group 
antigens. The attachment of an  a-linked rhamno- 
pyranoside residue at the 3-position was a coni- 
paratively straight formard step. Although per-0- 
acetyl-x-rha~nnopyra~iosyl and %-~-mannopyranosy1 
bromides are known to yield significant amounts of 
orthoester under Koeiiigs-Knorr conditions (16, 
17), Helfrich conditions usually alleviate this prob- 
lem (18) and indeed disaccharide 16 was synthesised 
in 527, yield by this procedure. Silver trifluoro- 
methanesulphonate(triflate)tetramethylurea has been 
sholvn by Hanessian and Bailoub (19) to be effective 
for 1,2-trans-glycoside synthesis. Related \vork 
utilising silver triflate - sjw-collidine in conjunction 
with the plithalimido group as a limited participating 
group at  C-2 establish these as conditions of choice 
for 2-amino-2-deoxyglycoside synthesis (20). The 
latter conditions lead to ortho ester formation \$hen 
per-0-acetylated glycosyl bromides are used as the 
glycosylati~~g species (Banoub and Bundle (28)) 
 herea as glycosides result \then the \beaker base 
tetra~nethylurea is s~lbstituted for sjlll-coll~dine. 
When the protected glycoside 15 \\as reacted w ~ t h  I 
under these c o n d ~ t ~ o n s  (s~lver tr~flate - tetramethyl- 
urea) the y~eld of 16 was 6 7 7 ,  an  lncreasc froin the 
5 2 5  g~eld  obta~ned with nlercuric cyanide as the 
promotor S ~ n c e  silver triflate - tetramethylurea 
effectively avoids the problem of ortho estcr forma- 
tion due to the acidic nature of these conditions, this 
procedure Lvas used in all subsequent glycosylations 
leading to r-1--rhamnopyranosidic bonds. 

The synthesis of 2-0-(a-L-rhamnopyranosy1)-r-L- 
rhamnopyranoside (7) resolved itself into the selective 
blocking of positioiis C-3 and C-4 of 8-methoxy- 
carbonyloctyl-r-L-r!~amnopyranos~de. These protec- 
tlng groups \$ere required to be 'pers~stent' t o  allou 
the synthesis of a trisaccharide antlgen, uhe re~n ,  a 
f3-linked 2-acetam1do-2-deoxy-~-glucopyranose sugar 
could be l~nked  to C-2 of tlie terminal rhamnose of 
disacchai~de 7 T h ~ s  objective was most conveniently 
achieved by utilisiiig the approach of Garegg and 
co-workers (21), in which a 1,2-ortho ester (2) is 
benzylated to give the derivative 3 which may be 
used directly to  give the glycoside 4 using standard 
orthoester glycosylation procedures (22). Conver- 
sion of the acetate 4 to the alcohol 5 followed by 
reaction with 1 using silver triflate as proinoter pro- 
vided disaccharide 6 in 7 6 5  yield. Attempts to pre- 
pare the analogous 2-0-l~nked glucosamide (12) by 

3Paper in preparation. 
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reaction of 2-acetamido-3,4,6-tri-0-acetyl-2-deoxy- 
c*-D-glucopyranosyl chloride or the oxazoline derived 
from this compound with partially blocked rhamno- 
side 5 were not successful. However, using the con- 
ditions described by Lemieux and c o - ~ o r k e r s  (20) 
the bromide 9 reacted wlth rhamnopyranoside 5 to 
give the expected glucosarninide 10 in 70% yield. 

The deblocking of disaccharide 10 provided im- 
portant findings which should allow the uses of the 
phthalimido protecting group in sequential oligo- 
saccharide synthesis, where the glucosaminyl residue 
is not the terminal sugar. The approach to synthetic 
carbohydrate antigens developed by Lemieux et al. 
(14) and utilising the alcohol S-methoxycarbonyl- 
octanol has synthetic convenience in addition to the 
important biological effects associated with the 

choice of a nine carbon atom 'bridging arm' (15). 
However, the ester function of the bridging arm 
must be compatible with all reaction conditions, 
blocking, glycosylation and re~noval of protecting 
groups. In this connection it may be appreciated that 
strongly reducing conditions such as LiAIH,, 
B,H,, or alkaline conditions, both of which destroy 
the ester function, must be avoided. The ester func- 
tion is required to  be converted to a hydrazide, e.g., 
8, 14, or 18 in the final step preceding antigen prepa- 
ration (cf. 13, 14). Conversion of the phthalimido 
function of 11 to a 2-amino-2-deoxy glucoside with 
hydrazine was anticipated to  replace the 8-methoxy 
carbonyloctyl function by its hydrazide derivative, 
thereby necessitating selective N-acetylation to pro- 
vide 14. However, it was found that the phthalirnido 
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BUNDLE A N D  JOSEPHSON 665 

group can be selectively converted by hydrazine 
without affecting the ester function. In addition it 
was found that catalytic de-0-acetylation of com- 
pound 10 by sodium in methanol proceeds smoothly 
without conversion of the phthalimido group to  a 
2'-carboxybenzamido function as reported by Baker 
et ul. (23). When the disaccharide 11 was refluxed 
with hydrazine hydrate in ethanol, an 80";ield of 
the desired product 12 was obtained. Clearly the 
finding, that the phthalimido function is stable to 
conventional de-0-acetylation procedures and that 
the amino blocking group may be removed without 
destroying thc essential ester function of the 'spacer' 
or  'bridging arm' permits manipulation of the gluco- 
saminide residue such that another sugar may be 
attached a t  C-3, C-4, or C-6 positions with suitable 
ester or acetal blocking groups. 

All c o ~ ~ ~ p o u n d s  synthesised Lvere characterised by 
both ' H  ninr and 13C nmr. Thc rcsults of the latter, 
particularly, establish the stereochemistry of the 
reaction products. The most striking feature of the 
'H nmr data \\)as the 0.6 ppm upfield shift of the 
H-6' protons of disaccharide 16. That this is due to 
the influence of the aromatic ring of the benzylidene 
acetal and not to  other confor~national reasons was 
indicated by conversion of 16 to the 4,6-isopropyl- 
idene ketal. Both this ketal and the de-0-benzylide- 
nated, tri-0-acetyl-rhamnopyranosyl-glucosaininide 
showed 'normal' shifts, 6 ? 1.2 ppm for the H-6' 
protons. Consideration of the rxo-anomeric effect 
with respect to orientation of the glucosamine residue 
about the C-1' to  glycosidic oxygen bond (torsional 
angle 4) indicates two possible staggered arrange- 
ments, one of which, with the C(1')-C(2') bond 
antiparallel to the O(1 ')-C(3) bond, is predicted to 
be the more stable rotanier (24). The direction of 
chemical shift for the H-6' protons indicates that 
they must lie close to the centre of the aromatic ring. 
Exanlination of ~nolecular models shows that for 
the H-6' protons to remain in this orientation it is 
necessary to  restrict not only 4 but also the second 
torsional angle, 9, used to define disaccharide con- 
formation at  the glycosidic linkage. In fact the rota- 
mer about O(1 ')-C(3) that maintains the exocyclic 
methyl group in maximum overlap with the aro- 
matic nucleus is that in which the C(3)-H(3) bond 

Experimental 
Thin-layer chroinatography was performed with Merck 

precoated silica gel 60 F-254 plates and the detection of com- 
pounds was achieved by quenching of uv fluorescence and with 
5% sulphuric acid in ethanol. Colunin chromatography 
utilised silica gel G60 (70-230 mesh) and redistilled solvents. 
The loading on all colun~ns was 1 : 100 unless otherwise iii- 
dicated. Skellysolve B refers to hexane supplied by Getty 
Refining and Marketing Company, Tulsa, OK. Palladiu~ii 
10% on charcoal was purchased from Engelhard Industries, 
Newark, NJ. Solvents were purified and dried according to 
standard procedures (25). Processed solutions were dried o\er 
anhydrous sodium sulphate and solvent removal Mas achieved 
with bath temperat~~res 40-C or lower unless otherwise stated. 
Melting points were determined on a Fisher-Johns apparatus 
and are uncorrected. Optical rotations at the sodium-o-line 
were measured in a 1-dm cell at room temperature (20-23 C). 
Carbon-1 3 and 'H  nmr spectra were recorded at 20 and 79.9 
MHz, respecti\ely, in the p ~ ~ l s e d  Fourier transforiii mode on 
a Varian CFT-20 spectrometer. Proton chemical shifts are 
expressed relative to 1% tetramethylsilane (TMS) for deuterio- 
chloroforn~, acetone-d, and niethanol-(I4. Carbon-13 shifts are 
expressed relative to internal TMS in methanol-& and 
assignments of 13C resonances are tentative. 

3,4-Di-O-ucet~l-l,2-0-lmrtl~oxyet/i~~lic/erie) -P-L- 
rkntiiizopyrnnose f 2 )  

Anhydrous n~ethanol (19 mL, 469 mmol) was added to a 
stirred solution of 164.8 g (467 minol) of 2,3,4-tri-0-acetyl- 
2-L-rhaninop)ranos>I bromide (1) (26) in 235 n i l  of 2,6- 
lutidine. After 48 h at room temperature absolute chloroforni 
(250 mL) was added and after I6 h 1 had been consumed. 
Filtration and quenching of the filtrate in cold water (1 L) 
followed by addition of 1 M hydrochloric acid to pH 8 
produced an oil which was extracted with ethyl acetate 
(3 x 200 niL). The conibined extracts were washed with Fvater 
(3 x 300 mL), dried, concentrated, and the syrup taken up in 
ether - Skellysolve B. Crystallisation overnight at 4-C gave 
53.6 g and a further 30.9 g on retreatnient of the mother 
liquors. Both samples had mp 86-87-C, [a], 34.4' (c 1.0, 
CHCI,) (mp 84-86'C, lit. (27) b], 34.7 (CHCI,)), and were 
pure by 'H nmr (single isomer, exu-OCH,) and by analysis; 
' H  nmr (CDCI,) 6 :  1 .I9 (d, 3H, H-6), 1.68 (s, 3H, CH,-C), 
2.03 (s, 3H, CH,CO), 2.07 (s, 3H, CH,CO), 3.22 (s, 3H, 
CH30) ,  3.27-3.61 (ni, IH, H-5) 4.53 (dd, J , , ?  = 2.5 H Z ,  
J2 .3  = 4.0 Hz, IH ,  H-2), 4.99 (m, 2H, H-3, H-4), 5.26 (d, 
J 1 , 2  = 2.5Hz, 1H,H-1).  An~I . ca l cd . fo rC ,~H, ,O , :C51 .31 ,  
H 6.63; found: C 51.32, H 6.80. 

The mother liqiiors contained 45 g of material which may 
be used directly as a syrup in the next step without significant 
decreases in yield. The purity of this material by ' H  nmr was 
approxiniately 90%. 

3,4-Di-O-brtizyl-I,2-O-~n~etho.~~~e1/~yli&t~e)-~-~- 
i-lmnirropj,rcmo~e 13 J 

Crystalline 2 (50.9 g, 167 mmol) dissolved in dry methanol 
(200 mL) was treated with 100 mL of ammonia saturated ~, ~, 

near]y the C(ll)-O(l I )  bond, A similar methandl and left for 48 h at room teiiiperature under anhy- 

coll~orlllat~o,~ has been predicted from hard-sphere drous conditions. The crystalline residue obtained when this 
solution was evaporated could be recrystallised from ethyl 

calcu!ations based on the Pxo-an~meric effect for acetate - Skellysol~,~e B but was most collveniently dried as a 
cyclohexyl-a-~-glucopyrano~ides (24). The 13C ninr solid mass and used directly. This solid (34.7 g), after drying 
spectra for compound 14 show a related but opposlte under vacuum over phosphorous pentox~de, \%as dissolved in 
chemlcal s h ~ f t  for the C-6' carboll 111 other respects dry DMF (200 n1L) and added slouly to a suspension of so- 

dium hydr~de (16 g, 667 ~ i ~ n ~ o l )  in 250 mL of DMF Benzyl Ihe 13' nmr spectra of the compounds are bromide (60 mL, 491 mmol) \+as added dropwise to the solid 
conslstellt with the structures syntheslsed and d o  not mxture formed b> the addttion of ortho ester to sodium 
warrant further comment at present hydride The benzyl bromide mas added over 30 mtn w ~ t h  
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cooling to keep the reaction at approxin~ately 20°C. The solu- 
tion was then left stirring for 18 h and worked up by addition 
of methanol 50 mL. After 1 h the clear solution was poured 
into water (1 L) and brought to pH  8 with 1 M hydrochloric 
acid. Ethyl acetate (200 mL) was added and the aqueous phase 
extracted with ethyl acetate (2 x 200 ntLj. After hashing with 
hater (2 x 200 mL) the organic phase was dried, concentrated, 
and dissolved in ether - Skellysolve B. 011 standing at 4 C 
crystals (42.7 g, 64%) Lvere deposited, mp 110-11 1-C, [r], 0.6" 
(e 1.0, CHCI,). A filrther 3 g of material \\.as obtained upon 
crystallisation of the mother liquors, mp 109-ll12C, total 
yield 68%; ' H  nnir (CDCI,) 6 :  1.31 id, 3H, H-6), 1.73 (s, 3k1, 
CH3-C), 3.27 (s, 3H, CH,O), 3.27-3.79 (in, 3H, H-3, H-4, 
H-5) 4.38 (dd, J2. ,  = 4.0Hz,  J,,, = 2.5 HZ, IH, H-2), 4.53- 
5.02 in?, 4H, CH,$), 5.26 id, J,., = 2.5 Hz, l H ,  H-I). Anal. 
calcd. for C,,H,,O, : C 68.98, H 7.05; found : C 69.13, H 7.10. 

8-Mer/1osj~cc1r6o11yI~1ct~~l 3,4-Di-0-bews,vl-a-L- 
i . / i i ~ t ~ ~ i i o ~ ~ j ~ r ~ i i ~ o . ~ i C j ~  f 5 )  

Ortho ester 3 (18.0 g) was refluxed for 30 min with 8- 
methoxycarbon~locta~~ol (9 g) in acetonitrile (200 mL) con- 
taining n~ercuric bromide (100 mg). The solbent was then 
distilled off l e a~ ing  a light bro\+n syrup to ~ h i c h  dichloro- 
methane (500 niL) n a s  added. Following extraction with ice 
cold \{ater (300 n?L) thc solution \+as dried, e\.aporated, and 
a small sample of the resulting syrup was chrornatographed on 
silica pel using Skellysol\e B - ethyl acetate (3 : 1 ) to provide 
pure 4 as a syrup, b] ,  -23.3'(c 1.1, CHCI,): ' H  nmr (CDCI,) 
6 :  0.9-1.7 (m, 15H, H-6 a1-id-(CH~)~-),2.12(s, 3H, CH,CO), 
2.28 (t. 2H, CH,CO-), 3.63 (s, 3H, -OCH,), 3.20-4.25 (m, 
4H, ring protons and OCH,), 4.33-5.01 (ni, 6H, C H , $  and 
ring protons), 5.32 (dd, J,,, = 1.8 Hz, J,,, = 3.4 Hz, IH, 
H-2); 13C nmr ( C D 3 0 D j  6 :  98.7 (CI), 81.1, 80.9 (OCH2$), 
76.1 (C4), 72.7 (C2), 70.3 (C3), 68.8 (ZC, C5 and OCH,), 
18.3 (C6). 

The remaining portion of 4 bas  deacetylated directly i i i  

methanol (500 I ~ L )  containing a catalytic amount of sodium. 
Deionisation with Rex! I? 101 ( H +  ) resin, concentration, and 
chromatography on a column of silica gel (I200 g) with Skelly- 
solve B -ethyl acetate (I : I) gave pure 5 (14.5 g) and 3.0 g of 
nieth>l 3,4-di-0-benzyl-x-L-rhamilopyranosidc Pure, homo- 
geneoui syrup 5 had [r], -24.2' (c 1.0, CHCI,): 'H nrnr 
(CDC13) 6 :  0.90-1.75 (ni, 15H, H-6 and -(CH2),-), 2.30 (t, 
2H,  CH,CO), 2.50 (d, IH,OH),  3.62 (s, 3H, OCH,), 3.23-4.18 
(n?, 7H, OCH, and ring protons), 4.43-5.01 (m, 4H, CH,Oj, 
7.23-7.27 (m, IOH, aromatic): I3C nmr (CD,OD) 6 :  101.3 
(CI), 81.1. 80.9 (OCHZdj), 76.0 (C4j. 72.3 (C3), 69.1 (CZ), 68.8 
(OCH,), 68.4 (C5), 18.3 (C6). Ann/. calcd. Ibr C,,H,,O;: 
C'70.01, 1-i 8.23: found: C69.90, H 8.30. 

8-filet/1oxj.cui.b011ylocrj~I 2-0-(2,3.4-T~i-O-cic~et~~l-a-~-1~/1il1~1t10- 
pj.~.nwo~j~l) -~,~-~~~-O-/I~~IZ,~I-.~-L-I'II~I~II~IO~~~~~~II~I.I~~I~~ (6) 

The partially protected gllcoside 5 (2.0 g, 3:9 n~n?ol)  mas 
dissol\ed in dichloromethane (35 n?Lj containing silver triflate 
(1.9 g, 7.5 mmol) and tetramethylurea (3.6 n?L, 30 mmol). 
This solution was cooled to -70'-C and 2,3,4-tri-0-rhamno- 
p).ranosyl bromide (1) (2.4 g, 6.8 in~nol)  (26) dissolved in 
dichloromethane (15 niL) was added dropwise with stirring. 
The reaction Mas allo~ved to warm to room temperature over- 
night and then filtered. Following extraction with saturated 
sodium bical-bonate (20 mL), the concentrated syrup was puri- 
fied on a silica gel column mith Skell lsol~e B - ethyl acetate 
(2: 1) as solvent. Pure disaccharide, 6 (2.0 g) \%,as obtained in 
73Z  yield [r], -42.7 (c 0.9, CHCI,), R, 0.48 (Skellysolve B - 
ethyl acetate, 2 :  1); 'Fi nmr (CDCI,) 6 :  1.0-1.8 (111, 18H, H-6, 
H-6', and -(CH,),-), 1.95 (s, 3H, CH,CO-), 2.02 (s, 3H, 

CH,CO-), 2.06 (s, 3H, CH3CO-), 2.28 (t, 2H, CH,CO-), 
3.56 (s, 3H, OCH,), 3.10-4.16 (m, 7H, OCHz and ring pro- 
tons), 4.45-5.51 (m, 7H, OCH,4 and ring protons), 7.06-7.36 
(m, IOH, aromatic); 13C nmr (CD,OD) 6 :  100.3 (CI'), 99.8 
(Cl), 81.0, 80.7 (CH,d), 77.3 (C2), 76.1 (C4j, 73.1 (C3), 72.0 
(C4'), 70.8 (C3'), 70.5 (CZ'), 69.1 (OCH,), 68.5 (C5), 68.0 
(C5'), 18.2 (C6), 17.6 (C6'). 

8-Met/1o.~.cu1 bonj~loctj~l 2-0-  / r*-~-R/~i i t rmo~,~ . i~c~r~o,~ j~I )  -3-1- 

r/ii~n~iropj~~'aflo.tide 17) 
Compound 6 (1.5 g) in nlethanol (200 mLj containing a 

catalytic amount of sodium was left for 16 h at room tempera- 
ture. The syrup, obtained after removal of sodium ions with 
Rexyn 101 ( H A )  resin, filtration, and evaporation, was dis- 
solved in acetic acid (100 mL) and hydrogenated with pal- 
ladium, 1 0 x  on charcoal (0.5 g), at 70 psi for 3 h. Filtration 
and co-ekaporation with toluene (3 x 150 mL) followed by 
colurnn chromatography on silica gel with the solvent, ethyl 
acetate - methanol -water (85: 10:5) gave pure 7 (0.7 g, yield 
74"/,), [z], - 60.5' (c I .0, methanol), R, 0.40 (solvent 85: 10: 5 
as a b o ~ e ) ;  ' H  nn1r (acetone-d6 6 :  1 . I9  (d, J5,6 = 6 HZ, H-6), 
I .22 (d, J 5 . 6  = 6 HZ, H-6'), 1.0-1.75 (n?, 18 H, -(CH,),-), 
2.25 (t, 2H, CH,CO), 3.60 (s, 3H, CH,O), 3.10-4.16 (m, 
ring protoils), 4.74 (bs, IH,  H-1') 4.93 (bs, IH, H-1); 13C 
nmr (CD,OD) 6 :  103.9 (CI), 100.1 (CI'), 80.2 (CZ), 74.1 
(C4); 73.7 (C4'), 72.1 (C3), 72.0 (C3'), 7 1.8 (C2'), 70.0 (Cj) ,  
69.6 (OCH,), 68.4 (C5'), 18.0 (C6), 17.8 (C6'). 

8-Hj~d~uzir1occirboiz.~~loctj~l ~ - ~ - / ~ * - L - R / ~ ~ I ~ ~ I ~ ~ ) ~ ~ N I I o s ~ / ) - c I - L -  
r.lrnrnt~opyrc~i~o.~ide ( 8 )  

The fully deblockcd disaccharide 7 (0.5 g) in ethanol solu- 
tion (3 mL) was treated ~ i t h  hydraziile hydrate (0.5 g) at 
room temperature for 60 h.  After evaporation and codistilla- 
tion with ethanol, the solid residue \\.as dried under vacuum. 
Purification on a column of silica gel with dichloromethane- 
methanol (1 : I )  gave pure 8 (0.45 g, 9 0 z  yield), [c*], - 53.6 (c 
1 .O, methanol), R, 0.51 (1 : 1, as abobe); ' H  nmr (D,O) 6 :  1.1- 
1.9 (rn, 18H, H-6, H-6', -(CH,),-), 2.20 (t, 2H, CH,CO), 
3.18-4.56 (m, 10H, ring protons, -CH,O), 4.86 (bs, 1H, 
H-1'), 4.96 (bs, IH,  H-1). Anul. calcd. for C,,H,,N2010: 
C52 .49 ,H8 .39 ,K5 .82 ; found :  C52 .50 ,H8 .59 ,N5 .69 .  

8-,Mct/1o.y~cwi~boti~~Ioct.vl 2-0-(3,4,6-Ti~i-O-neet~~1-2-droxy-2- 
yt/iuliiriido-[3-~-gli1copj~runos,vI) -3,4-di-0-henzj.1-r-L- 
rl~an~nol~yranoside l I 0  j 

The partially benzylated rhan-tnopyranoside 5 (1.40 g, 
2.7 mmol) Mas dissolved in dichloromethane (30 mL) together 
with collidine (0.37 g, 3.3 mmol) and silver triflate (0.85 g, 
3.3 mmol). The solution \\as maintained ~lnder  a dry nitrogen 
atrnoiphere and cooled to -40'C. The bromo sugar 9 (1.6 g, 
3.2 mmol), prepared according to Lemie~ix and co-~vorkers 
(20), diisol\ed in dichlorornethane (20 mL) was added drop- 
wise to the coolcd solution of 5 and alloaed to warm to room 
temperature overnight with constant stirring. After filtration, 
extraction of the filtrate with 3 z  hydrochloric acid, satilrated 
sodiun~ bicarbonate, and water, the soli~tion was dried and 
evaporated. The product was purified on silica gel with 
Skellysolve B -ethyl acetate (1:  1) as sol\ent to give pure 10 
(1.75 g, 7 0 z  yield), [a], + 8.0 (c 1 .O, CHCI,). R, 0.58 (solvent 
as for column chromatography): ' H  nmr (CD,OD) 6 :  0.85- 
1.70 (m, 15H, H-6 and -(CH,),-), 1.86 (s, 3H, CH,CO), 
2.02 (s. 3H, CH,CO), 2.07 (s, 3H, CH,CO), 2.25 (t, 2H, 
CH2CO), 3.53 (s, 31-1, CH,O), 2.75-3.68 (m, 5H, ring protons, 
OCHr) ,  3.68-4.57 (m, 9H, 0CH2$ ,  ring protons), 4.67 (d, 
Jl,, = 8 Hz, l H ,  H-1'), 5.99 (1, J,,, = 9 Hz, IH,  H-3'j, 
6.85-7.86 (m, 14H, aromatic): 13C nmr (CD30D)  6 :  101.8 
(Cl'), 100.1 (Cl), 81.6, 79.6 (OCH,$), 78.8 (C2), 75.8 (C5'), 
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acetate. Crystals of 17 (1.0 g, yield 77%) were collected, 
[rID - 48.9" (c 1.2, CH,OH), R, 0.45 (dichloroniethane- 
methanol 1 : I), nip 175-177-C (recrystallized from ethanol - 
ethyl acetate 3 : l ) ;  'H nmr (CD,OD) 6 :  1.10-1.75 (m, 15H, 
H-6'  and -(CHI),-), 1.96 (s, 3H, CH,CO), 2.28 (t, 2H, 
CH2CO), 3.62 (s, 3H, CH30) ,  4.39 (d, Jl,I = 8.0Hz,  l H ,  
H-I), 4.82 (d. J, , ,Z, = 1.8 Hz, IH, H-1'), 3.10-4.27 (remaining 
protons); 'T nnmr (CD,OD) 6: 103.3 (CI), 102.3 (Cl'), 83.8 
(C3), 77.9 (C5), 73.8 (C4), 72.6 (C4'), 72.2 (C3'), 70.8 (C2'), 
70.6 (C5'), 70.4 (OCHI), 62.5 (Cb), 56.9 (CZ), 17.9 (C6'). 
A17nl. calcd. for C,,H41N0,2: C 53.62, H 8.06, N 2.61; 
found: C 53.33, H 8.10, N 2.80. 

~ - H ~ ~ ~ / I ~ N ~ ~ I ~ ~ ~ ~ ~ ~ ' O O I I J ~ / O ~ ~ J ~ /  ~ - A C ~ ~ N I ? I ~ ~ / O - ~ - ~ / < ~ O . Y J . - ~ - O -  
fr-~-i~/mi~rtio~~~~i'ci~~~i,~~~/)-~-o-g/iic.o~~~.i~rnt~o.~i~/e ( 1 8 )  

The deblocked disaccharide 17 (0.50 g) Lvas dissolved in 
ethanol (5 I ~ L )  containing hycirarine hydrate (0.5 g): the sol~r- 
tion Mas stirred for 48 h, then evaporated and dried under high 
Lacuum. Recryitallisation from ethanol gave pure 18 (0.45 g, 
90:; lieeld), [?ID -48.3- (c 1.1, CH,OH), R, 0.54 (dichloro- 
methane-metha1101 1 : 1 ), nip 184-1 87 C (recrystallized from 
ethanol); ' H  nnir (CD,OD) 6 :  1.21 (d, J , , ,  = 6.3 Hz, H-6'1, 
1.05-1.70 (m, 15H, - ( C H 2 ) ,  and H-6'), 1.95 (s, 3H, 
CH,CONH), 2.12 (t, 2H, CH,CO), 4.39 (d, J i .2  = 8 HZ, l H ,  
H-I), 4.79 id, 1 H. H-l  '), 3.15-4.27 (remaining protons). 
Awn/. calcd. for CL3H43N3011 :  C 51.39, H 8.06, N 7.82: 
found: C 51.53, H 8.25, N 7.63. 
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Kinetic isotope effect and tunnelling in the proton transfer reaction between 
2,4,6-trinitrotoluene and I,Pr93,3'-tetramethylguanidine in dimethylformamide solvent 
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ARYOLD J A R C L E ~ S K I ,  PRZFR.IYSLA\V PRI~SZYNSKI, and KE\\ETH T. LEFFEK. Can. J .  Chem. 
57, 669 ( 1979). 

The proton transfer reaction betmeen 2,4.6-trinitrotoluene and 1 ,I ',3,3'-tetramethylguani- 
dine in diniethylforn~amide sol\ent shams a large primary deutel-ium isotope effect, k, ,  k, 
= 2 4 . 3  at 0 C and 16.9 at  20 C.  The enthalpy of acti\'atioii difference (AH,; - AH,,=) = 
2.6 i 0.4 kcal r n o l '  and the entropy of acti\ation difference (ASD* - A S , , = )  = 3.4 r 1.3 cal 
mol-I K- ' .  This isotope effect, when fitted to  Bell's equation, indicates that there is a con- 
siderable contribution to this reaction Sron~ tunnelling of the proton through the potential 
energy barrier. 

ARYOLD JARCLEWSKI,  PRLEMYSLAW PRCSZYTSKI el K E Y ~ L T H  T. LEFFEK. Can. J. Chem. 57, 
669 (1979). 

L a  reaction tie transfert de proton entre le trinitro-2,4,6 toluene et la tCtrar?ietl1yI-l,I',3,3' 
guaniiiiiie dans le dimethylforman~ide conime s o l ~ a n t  est accornpagnic d'un efTet isotopique 
primaire important, k,, kD = 24.3 i 0-C et 16.9 i 20 C.  Les differences d'enthalpie d'activa- 
tioil (AH,+ - AH,,*)  et d'entropie d'activatioii (AS,= - AS,,') soiit respectivenient 2.6 r 
0.4 kcal mol-I et .3.4 i I .3 cal niol- '  K - ' .  Lorsqu'on insere ces \ a l e ~ ~ ~ . s  d'etfets isotopiques 
clans I'equation de Bell, on en deduit que I'eJl'et tie tunnel du proton i tra\ers la barriere 
I'dnergie potentielie contribue d'une faqon importante B la rCaction. 

[Traduit par Ic journal] 

Introdustion This paper is a development of the previous work 

The reaction of 2,4,6-trinitrotoluene (TNT) with (1) on the reaction of T N T  with tetramethylguani- 

1,1',3,3'-tetrasnethylguanidine (TMG) gives, in polar dine in polar aprotic solvents. Caldin et al. (12-16) 

aprotic solvents, the purple anion of T N T  (l) ,  the have demonstrated large kinetic isotope effects in 

absorption maxima and molar absorptivities of weakly polar solvents for reactions of this base and 

which are very similar to those observed by Buncel have suggested that in less polar solvents the lack 
ef a / ,  ( 2 )  for the reaction of T N T  ethoxide ion of reorgaslization a c c o s n ~ a n ~ i n g  the proton 
in ethanol. Despite some opposing views (3-6), it tra~lsfer allows proton tunnelli~lg through the energy 

now appears established 2, 7) that the protoll barrier which increases the isotope effect. In more 

transfer reaction takes place to form the anion under polar solvents. some solvent reorganization takes 

appropriate conditions, free of competing reactions place during proton transfer which increases the 

such as nucleophilic atlacl\ on the benzene rillg and effective ''lass of the proton and thereby greatly 

radical anion for~nation.  reduces tunnelling. D M F  was chosen as the solvent 

The observation of a kinetic isotope effect, on the basis that it is a more bulky inolecule than the 

k,;k, - 7 for tlle fornlation of the purple T N T  anion nitriles already studied and therefore might reor- 

upon treatment with ethoxide ion in ethanol ( 2 ) ,  8.4 ganize to a lesser extent during the activation process 

for isopropoxide in isopropanol (9), and 8 for fert- of the proton transfer. Thus, even though D M F  has 

butoxide in ferr-buiyl alcohol (LO), have been rein- the same dielectric constant as acetonitrile it should 

forced by k,ik, values of20,4 and 13.7 for the TMG allow a greater contribution from the tunnel effect 

reaction in acetonitrile and benzonitrile, resnectivelv and therefore a larger isotopic rate ratio. 

(1). Cons~stent k i th  this primarj kinetsc isotope 
Buncel ef crl. (11) showed that T N T  exchanged the Results and Discussion 

hydrogens of the methyl group completely after 30 The reaction betueen T N T  (1.5 x lo-") and 
min at  room temperature in alkaline 90;< DDMF- T M G  ranging in concentration from 5 x to 
105 D20.  5 x l o p 3  M in D M F  gives the purple anion. No  

0008-4042/79/060669-04T0 1 0010 
1979 hatlonal Resealch Council of Canad,i/Conse~l ndtlondl d e  lecherches du Canada 
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brown product, originally described by Caldin rt al. 
(7), was observed. A careful examillation of the 
possibility of side reactions has been made pre- 
viously (1) for the reaction in acetonitrile and benzo- 
nitrile from which it was concluded that any com- 
petitive reactions to the proton transfer were neg- 
ligible under these conditions. The absorption 
maxima for the product of the reaction in D M F  are 
identical to those observed in acetonitrile ( I )  and the 
rllolar absorptivities differ by only about 57:. The 
maxima are 377 nm (E = 8500 L mol-'  cmp') ,  
526 nm (E = 13800 L mol-' cnlp'), and 645 nm 
(E = 6800 L molp i  cm-I). The equilibrium con- 
stant K,, was calculated as 1800 L mol-' from the 
slope of the plot [SIIOD vs. lj[B] shown in Fig. 1 for 
the relationship shown in [ I ]  where [S] is the initial 

I 1  1 
[S]/OD = -- + - 

K E  [B] E 

concentration of TNT. [B] that of TMG,  and O D  is 
the optical density at  526 nm. 

This equation was derived on the assumption that 
the anion and protonated base products exist in 
D M F  solve~lt as an ion pair. If this assumption were 
not valid the plot in Fig. 1 would show a curvature. 

Pseudo-first-order rate constants (k,) were de- 
termined frorn runs carried out with excess base in 
which the change in optical density with time was 
monitored. A good fit to the first-order equation was 
found for both the proton and the deuteron transfer. 
The k ,  values were plotted against the base concen- 
tration and the slopes of these plots afforded the 
second-order rate constants. These are shown in 
Table 1 for both T N T  and TNT-d,. The error limits 
quoted are standard deviations. The second-order 
constants in D M F  are greater that1 those observed 
in benzo~litrile and acetollitrile (1) by factors of 
about 2 and 5, respectively. The activation param- 
eters derived from the second-order rate constants 
are given in Table 2. For the proton transfer, AH' in 
DMF is the same as that observed in benzonitrile 
and about 2.5 kcal molp greater than that observed 
in acetonitrile. The rate differences are, therefore: 
due to an  overriding entropy of activation effect. I n  
aceionitrile (ASZ = -31.4 cai mol-'  K - '  ) the en- 
tropy of activation is about 12 cal inolp '  K - '  more 
negative than in DMF, from which it can be con- 
cluded that  the DMF transition state solvatioll shell 
is less ordered than the acetonitrile solvation shell. 
i.e.. that solvent reorganization is less complete in 
DMF. 

The primary isotope eA'ects in D M F  are large, well 
in excess of the rate ratio of 7 at  300 K expected froill 
the loss of zero-point energy associated with the 
C-H stretching vibration which is conve~ted into a 

FIG. 1.  Plot of 10-2;[B] vs. 105[S]/OD for the reaction of 
2,4,6-trinitrotoluene with 1,1',3,3'-tetramethylguanidine in 
dirnethylforrnamide solvent at  25'C. 

translation during proton transfer. The value of 
k,/k, = 16.9 at 293 K falls between the 19.2 observed 
in acetonitrile and 13.1 in benzonitrile (1). Thus, we 
d o  not find a greater rate ratio as postulated from 
the solve~lt effect. However, from the isotope effects 
on the activation parameters, collated in Table 3, 
there does appear to be a larger tunnelling contribu- 
tion in D M F ,  since the enthalpy of activation dif- 
ference is much larger than the 1.1 kcal mol-I arising 
from the ioss of the stretching vibration. 

These results confirm the general phenomenon of 
large isotope effects for T M G  observed by Caldin 
and Mateo (5) with 4-nitrophenylnitromethane as 
substrate. Only acetonitrile is common to both sets 
of data and for this solvent the isotope effects on the 
activation parameters are very similar 

TABLE 1. Second-order rate constants for the reaction of 
normal and r-deuterated TNT with tetrarnethqlgi~anidine in 

DMF 

Temperature /1211 h ZD 
( C, (L m o l - '  S - ' )  (L 1??01-' s - ' )  / L 2 , ,  /LzD 

TBLE 2. P.eti\ation paran~eters  Sor the proton and 
deuteron transfer reactions froin TNT and TNT-0, to 

tctramethylguanidine in D M F  solvent at 25 C 

Deuteron 
Parameter Proton transfer transfer 
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JARCZEWSKI ET AL-. 

TABLE 3. Isotope effects on activation parameters for the proton transfer reaction from 
T K T  to tetramethylguanidine in dipolar aprotic sol\ents 

Parameter DhlF Acetonitrile* Benzonitrile* 

"From ref. 1. 

I n  the extreme case of a complete loss of the C-H 
stretching frequency and two C-H bending fre- 
quencies during the activation process, the maximum 
isotope effect on the activation parameters is 2.1 
kcal mol-I for AH,' - AH,,*, 1.4 cal mol-I K- '  
for ASDT - ASH* and AD/A,, = 2.0. Since our 
results in DMF solvent are in excess of these maxi- 
mum values, it is assumed that there is a significant 
contribution from the tunnel effect. The results were 
fitted to Bell's equation (17-19) for a parabolic 
potential energy barrier, using the technique of 
Caldin and Mateo (13). For comparison, the tun- 
nelling correction was also calculated for the isotope 
effects observed for the proton transfer reaction 
from 4-nitrophenylnitro~nethane to I ,8-bis(dimethy1- 
amino)naphthalene in terf-butyl alcohol solvent (20).  
For  this reaction liH,kD = 3.0 a t  3OCC, (AH,* - 

AH,') = 1.1 + 0.7 kcal mol-I and (AS,' - A S H * )  
= 1.5 + 2.3 cal mol-I K1, from which we con- 
cluded that there was probably no contribution from 
proton tunnelling (20). The tunnelling calculation is 
basically a trial and error fit of three parameters, 
E,, and ED, the activation energies corrected for the 
tunnel effect for the protium and deuterated sub- 
strate, and 2b, the width of the barrier a t  the base, to 
Bell's equation. The value of ED - EH was liinited to 
a maximum of 1.3 kcal mol-l .  The values of these 
parameters which give the best fit with the nleasured 
/ iH1kD over the temperature range are given in Table 
4. The calculated paralneters confirm the qualitative 
conclusion that the tunnelling contribution is im- 
portant in the T N T  reaction but insignificant in the 
reaction 4-NPNM with 1,8-bis(di1nethyl)amino- 
naphthalene. In making these cornputations we have 
ignored the secondary isotope effect which arises 
from the fact that in the deuterated substrate only 
one of the three deuterium atoms is transferred. It is 
known that secondary effects of this type bring about 
a rate constant change of about 12 to 18% per D 
(21-23). However, they are difficult to measure in the 
presence of the primary effect and the uncertainties 
in the results are of the same magnitude as the 
secondary isotope effect itself, so it is impossible to 
measure the temperature dependence of the secon- 
dary effect in order to obtain the value of this effect 
on  the activation parameters. Thus, although one 
can correct the rate ratio, using an  estimated 15% 

per D atom for the secondary effect, this correction 
cannot be incorporated into the tunnel effect cal- 
culation which uses activation energies. Therefore. to 
make our computations directly co~nparable to those 
of Caldin and Mateo (13), we have followed the same 
method and ignored the secondary isotope effect, but 
we have a l l o ~ e d  the activation energy difference to 
be as large as 1.3 kcal mol-I, slightly larger than pre- 
dicted by the loss of the C-H stretching frequency. 
For the T N T  reaction, the values in Table 4 for the 
barrier lvidth 2b and parameters C,, L',, and E,,o,,tlEH 
are very similar to those of a number of reactions, 
tabulated by Caldin (24) ,  in which tunnelling is 
believed to be important. They are also very similar 
to those calculated by Caldin et a/ .  (13) for 4-NPNM 
reacting \vith T M G  in solvents such as tetrahydro- 
furan, dichloro~~iethar~e and acetonitrile. 

In contrast the reaction of 4-NPNM with 1,s- 
bis(dimethy1amino)naphthalene yields a wide barrier 
of 3.3 A and a correspondingly s~nal l  curvature at  
the apex of the barrier C,, with EHob5,'E, close to 
unity. The different behaviour between the two 
bases may be correlated with the hybridization at  
the nitrogen atom to which the proton or deuteron 
is being transferred. As previously noted by Caldin 
et 01. (14, 15) the larger isotope effects can be 
attributed to the smaller barrier widths with the 
more compact sp2 hybridized orbitals at  the nitrogen 
of TMG. 

Experimel~timl 
;MnterinO 

2,4,6-Triniti-otoluene (TNT) was purified by repeated 
crystallization from e tha~to l  with charcoal until a constant 
melting point of 81-C was reached. The purity of T N T  was 
tested by ir and nnir methods (methyl protons 6 2.75 ppni, 
benzene ring protons 6 8.95 ppni in the ratio 3 : 2). The values 
obtained were in a good agreement with the literature. 

Deuterated 2,4,6-trinitrotoluene (TNT-d,) \\as obtained by 
reacting 0.1 M N a O D  with 0.2 ,M T N T  in a mixed solvent 
DMF-D,O (90: 10 v'k). Neutralization of this purple solution 
\vas effected after 2 h with a few drops of concentrated 
deuterium chloride in D,O. The yellow solution was poured 
into an excess of D,O, yellow crystals being obtained. This 
inaterial was then recrystallized from deuterated ethanol and 
evaporated to dryness under \acuum. This procedure was 
carried out  three times yielding deuterated material con- 
taining more than 9 6 z  D on  the aliphatic carbon atom, as 
judged from the nmr spectrum. The peak at  6 2.75 ppni dis- 
appeared. The melting point of the TNT-d, was 80.5-81°C. 

,V,N-Dinie thy l formide  (DMF)  was purified by the 
method of Zaugg and Schaefer (25). 
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1,1',3,3'-Tetramethylguanidine (TMG) (Eastnian) was dried 
over KOH, fractionally distilled over BaO under N,, and 
collected at  161-C. 

Kinetic. Measurenrent.~ 
The kinetic measurements were carried with a Specord 

UV-VIS spectrophotometer equipped with a therrnostating 
device to  keep the cell temperature constant n'ithin 0.1-C. 

The first-order rate constants ( k , )  were obtained using con- 
siderable excess of the base. The values of k ,  were calculated 
according to  the Guggenheiln method (8). The following 
concentrations of the solutio~is were used: TNT,  1.5 x 

M and T M G ,  5 x to 5 x M .  From the first- 
order rate constants (k,), the k Z  values were calculated as a 
slope of the plot of k l  against base concentration. The cal- 
culated second-order rate constants (k,) were used for the 
Arrhenius relation of log k 2  = f ( l lT)  fro111 which, applying 
the transition state equation, the activation parameters 
AH', A S F ,  and A were evaluated. 

Both the second-order rate constants and the activation 
paranieters mere computed by the least-squares method. 
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Volumes, expansivities, enthalpies of solution, and conductivities of K+ and of Bu,NS 
I-adamantylcarboxylates in N,O and in D,O 

Lrihoriitoirr tf'Etiide tie.\ Ititeriictiot~.\ So11rtPsSoli.orir.r. Utiicer.tirP dc Cle/.tnot~t, B.P.  4.5, 63/70 AuhiPre, Friitice 
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NICOLE MOREL-DESROSIEKS and JEAN-PIERRE MOREL. Can. J. Chem. 57.673 (1979). 
The standard rnolar volun~es, the standard molar enthalpies of solution, and the liniiting 

conductivities have been determined for potassium and t e t r a b u t y l a m i ~ ~ o n i ~ ~ ~ ~ i  adamantyl- 
carboxylates in water and heavy water, at  298.15 K. The temperature dependence of the 
volume and of the conductivity of the potassiu~li salt has also been studied. The results are 
compared mith those relative to  po tass i~ ln~  acetate. The change of the methyl group for the 
adamantyl one does not follow the behaviour normally expected for the transfer o f  hydrophobic 
solutes from water to heavy water. 

NICOLE MOIIEL-DESROSIERS et JEAN-PIERRE MOREL. Can. J. Chem. 57.673 (1979). 
Les volun~es lnolaires standard, les enthalpies molaires standard de solution et les conduc- 

tivites lirnites de I'adamantylcarboxylate de potassium et de l'adan~antylcarboxylate de tetra- 
b~ltyIan11ilo~li~i111 ont ete deternines dans l'eau et dans I'eau lourde, h 298.15 K. Le volume et la 
conductivite du sel de p o t a s s i ~ ~ m  ont aussi ete etudies en fonction de la ternpdrature. Les 
resultats o11t ete compares a ceux relatifs a l'acetate de potassium. Le remplacenlent du groupe 
rnethyle par le groupe adamantyle n'a pas l'cffet nornlalement attendu lors du transfert de 
solutCs hydrophobes de I'eau a l'eau lourde. 

Introduction definite conclusions about hydrophobic interactions" 
During the last twenty years, much attention has (4). From the sign and lnagnitude of the transfer 

been devoted to the study of hydrophobic phenom- entropies they deduced that there was a transition 

enon. Completely apolar lnolecules like the rare gases from structure breaking to structure making in 

and  the alkanes induce purely hydrophobic phenom- passing from sodium formate to sodium caproate. 

enon when dissolved in water. Unfortunately, these More Lucas and Le Bail ( 5 )  measured the 

solutes are so sparingly soluble in water that tileis volumes and the heat capacities of transfer of sodium 
solution properties are very difficult to measure and adanlantylcarboxylate from lvater to heavy ~vater  and 
hence the paucity of such studies in the literature, studied the ' H nmr and Raman spectra of the potas- 
r hi^ problem is usually circuIl,vellted by studying S ~ L I ~ I  salt. The volumes of transfer did not give them 
alkyl derivatives, pointed out by ~~~~k~ (1). alkyl significant structural information whereas the heat 

derivatives that possess only one siIllple polar site are capacity results allolved them to consider sodiurn 

believed to behave like hydrocarbons=, adamantylcarboxylate a structure fornler relative to 
their functional providing only a minor  con- sodium felt-butylcarboxylate. On the other hand, 

tribution to the therlnodynamic of a from their spectroscopic results potassiu~n adaman- 
homologous series (2). Carboxylates, however: seem tylcarboxylate to be a net structure 
to be an exceptioll to this rule ,  on the other hand, breaker relative to smaller potassium trrt-butylcar- 
these solutes are likely to represent closely \\,hat is boxylate. Lucas and Bury ( 6 )  hake tried to 
ellcountered in proteins where the hydropllobic measure the enthalpies of transfer of sodium ada- 
groups are us~ially in the neighbourhood of electso- mantylcarboxylate from l$ater to water. 
static entities. Therefore, despite the difficulty in The adama11tylcarboxylate anion (Fig. I )  is a very 
interpreting their properties, the carboxylates should interesting solute and this has led us to precisely 
be interesting solutes. determine some of its properties in water and in 

very few studies have beell done on these systems, heavy water. 111 order to have confidence in the ionic 
snell and G~~~~~~ ( 3 )  have the heats of data, n e  have measured the properties of potassium 
transfer and the free energies of trallsfer of the and of tetrabutylammonium adamantylcarboxylates, 

sodium formate to sodiuln caproate from water to the additivity rule serving as a check of the results. 
heavy water; the hydration of partic- The standard volumes, expansivities (obtained for 
ular transfer are believed -to be useful in reaching potassium adanlantylcarboxylate only, from the 

temperature dependence of the volume), enthalpies 
'To whom all correspondence should be addressed. of solution, and limiting conductivities were deter- 

0008-40421791060673-05SO1 .00/0 
C 1979 National Research Council of CanadaIConseil national de recherches du Canada 
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COO - 

FIG. 1. The I-adarnantylcarboxyiate anion. 

mined at 298 15 K In ~i ater and in heavy \\ ater As me 
~nteild to compare the adamantllcarboxylate to the 
acetate, \re hahe also measured the c o n d u c t ~ v ~ t ~ e s  of 
potasslum acetate In water and 111 heavy water, a t  
298 15 K .  

Experimental 
The adaniantylcarbox) lates mere prepared by stoichiometric 

neutralization of adamantylcal-boxylic acid (Fluka, purum) 
with Bu,NOH asid KOH.  The potassiun~ salt (KAd) \bas 
recrystallized iii nater  and dried under \acuuni at  410 K during 
many days. The tetrabutylammoniurn salt (Bu,SAd), obtained 
from the t e t r a b u t y l a n ~ n i o n i ~ ~ ~ ~ ~  niethoxide in methanol (7), was 
recrystallized in ethyl acetate and dried under vacuuil~ at  350 K 
d~i r ing  many dajs .  The potassium acetate (KAc) (i'rolabo) was 
recrystallized in anhydrous ethanol and dried under vacuum at  
373 K .  All solutioi~s were prepared by \$eight with triply 
distilled water or with h e a ~ y  water 9 9 . 8 7  minimum. For  con- 
ductivity measurements, the solution concentration was varied 
by successi~ely diluting the initial solution, using the Mettler 
DPl1:DPlOl neighing burette. Because of their hygroscopic 
nature. all manipulations of the salts \\ere carried out under 
~iitrogen atmosphere. 

The coslducti\ities, the densities, and the enthalpies of solu- 
tion \Yere measured with a Beckman RC-18-A conductivity 
bridge using a Tacussel CM 02 probe, a Picker flow differential 
densimeter, and a L.K.B. calorimeter, respectively, following 
the procedures described elseu here (8-10). The conductivity cell 
was calibrated \\ith aqueous KC1 solutions on  the concentra- 
tion range suitable for our study (8). Thesolvent conductivity KO 
is of the order of 2 x f i r '  cni- ' .  The uncertainty of our  
density measurements is about 3 x l o r 6  g cnir3. The densities 
of heavy \vater at 288.1 5, 298.15, and 308.15 K were determined 
relative to those of pure water; we have obtained 1.105728, 
1.104278, and 1.101559 g cmr3 ,  respecti~ely, using Kell's data 
for pure ~va te r  (18). These results are in excellent agreement 
with the values of Millero et al. (15). 

The apparent nlolal volun~es $, \$ere derived from 

\\here M ,  1s the solute molecular nelght. 1s the 
molality, p and p, are the denr~ties of the solut~on 
and the pure solvent, respect~vely They nere deter- 
m ~ n e d  in the co~lcentration range 0 02-0 08 171. a t  
298 15 K for KAc and for Bu,NAd and at  288.1 5 K, 
298 15 K,  and 308 15 K for KAd lnwater and 111 heavy 

hater., The results are fitted to an equation ofthe type 

where V e  is the standard nlolar volume. A, is the 
Debye-Hiickel limiting slope, and B, is an empirical 
constant determined from the experimental results. 
We have used for 1 : I electrolytes in H 2 0  and in D,O 
the A, parameters calculated by Perron e t a / .  (I 1). We 
estimate the uncertainty in I/', including the error 
likely to arise from the extrapolation; to be less than 
0.5 cm3 mol-'. From the temperature depende~~ce of 
the standard molar volumes \ye have roughly esti- 
mated the standard molar expansivity EB = ? V ' ; ~ T  of 
KAd in  water and in heavy water, at  298.15 K. 

The enthalpies of solution in H,O and in D,O 
Lvere measured at  co~lcentratioils around 0.01 5 m for 
KAd and 0.003 MI for Bu,NAd, at  298.15 K. The 
concentration dependence being generally siruilar in 
both solvents ( I  I) ,  we can assunle the transfer func- 
tions at  these concentrations to be approximately 
equal to the standard transfer enthalpies AH,:. 

The conductivities were measured in the concen- 
tration range 0.0010.01 171, at  298.1 5 K for KAc and 
Bu,NAd and at 288.15 K ,  298.15 K,  and 308.15 K 
for KAd.l  The limiting conductivities A0 were ob- 
tained from the equation of Fuoss-Onsager: as 
described by Juillard e t a / .  (8). The parameters of the 
equation hvere calculated at 288.15 K: 298.15 K,  and 
308.1 5 K using the dielectl-ic constants of water and 
of heavy \later as given by Malmberg and Maryott 
(12) and by Malinberg (13), respectively, and the 
viscosities as a function of temperature as given by 
Stokes and Mills (14) for water and by Millero c ~ t  al. 
(I 5 )  for heavy water. The uncertainty in the linliting 
conductivities is of the order of 0.3 R-' em2 mol-'. 

All these results are shown in  Tables 1 and 2. 
The additivity rule can be used as a check of soiue 

of our results. We have compared, for instance, the 
therinodynamic property differences between Ru,- 
NAd and KAd with that between Bu,NBr and KBr. 
The differences of standard volumes in water and in 
heavy water agree to better than 0.5 em3 m o l l ,  using 
the data of Perron et 01. (1 1) for Ru,NBr and that of 
Fortier et 01. (16) for KBr. The differences of standard 
transfer enthalpies from water to heavy Lvater agree to 
0.3 kJ ~ n o l - I ,  using Friedman and Krishnan's (4) 
compiled data. Using their ionic enthalpies of trans- 
fer, one would then predict an  enthalpy of transfer 
of NaAd of 0.1 kJ mol-' instead of the anomalously 

'Complete set of the actual expel~mental data is a\~ailable, at  
a n o m ~ n a l  charge, from the Depository of Unpublrshed Data,  
CISTI, Natlonal Research Coullcil of Canada, Ot tana ,  Ont., 
Canada K I A  0S2. 
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TABLE I .  Standard molar kolurnes and B, parameters, expansi~ities, enthalpies 
of solution, and limitillg conductivities of KAd,  Bu,IiAd, and KAc in water 

and in heaby water, at  298.15 K 

Value for 

Property Sol\eilt K A d  

V" (em3 mol-I) Hz0 
DzO 

B, (em3 r n ~ l - ~ )  Hz0 
D,O 

E' (em3 K - I  mol - ' )  HzO 
D2O 

AH,' (kJ mol-') H2O 
D,O 

A0 (0-' em2 mol-') Hz0  
D2O 

"Reference 20. 
UH,,o(H,O - D20) = 0.4, kJmolk l  (obtained from ,I i n l ue  h r  L a A c  (3, 6 )  by u s ~ ~ i g  the 

ionic transfer enthalpies (4) of K + and  >-a+) 

TABLE 2. Temperature depelidence of the standard molar volumes, of the B, param- 
eters, and of the lirnitii~g conductivities of KAd in ua te r  and in heavy water 

Value at  

large value of 4.6 kJ mol-I given by Lucas and 
Bury (6). 

Juillard ef al. (8) give a value of 114.6 0-' crn2 
mol-I for the liilliting conductivity of KAc. Their 
result is directly comparable with ours since both 
were extrapolated in the same way. The agreement is 
not  perfect but this is not surprising nith this type of 
electrolyte. Ho~hever, we shall expect the cortiparison 
of our results in H 2 0  and D 2 0  to be relatively better 
as long as both sets of iileasurements are rigorously 
made under the same conditions. 

Discussion 
T o  gain a better uilderstaiiding of anion-solvent 

interactions, it is desirable to evaluate the individual 
ionic contributions to the observed solvent isotope 
effect. This \vas done using the volume and the 
enthalpy of transfer for K +  froill water to heavy 
water (4) and the limiting ionic conductivity of K +  in 
water and in heavy water (17). The transfer property 
data for acetate and adamantylcarboxylate anions are 
listed in Table 3. 

TABLE 3. Ionic properties relatile to the acetate and to the 
adaniantylcarbouylate in water and in heavy \\ater, at  298.15 K 

Value 

Property Ac - A d  

The anlonic volumes of transfer are negative and 
cha~lging the illethyl for the adarnantyl group results 
in a more negative volume of transfer. The strong 
electrostriction associated with the -COO- group is 
probably responsible for the negative sign, as ob- 
served with the halides (4). The alkyl strwtural 
behaviour should attenuate this effect since the 
volurnes of transfer of hydrophobic solutes are 
expected to be positive (4): furthermore, the cavity 
contr~bution to the volume of transfer ( H 2 0  + D 2 0 )  
of an  alkyl group is positive and increases with the 
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TABLE 4. Ionic Walden products of the acetate and of the adainantqlcarbox~late 
in H,O and in D,O 

(il) Temperature dependence of the Walden product of adaniantylcarboxqlate 111 

Lvater 

Value at  

(6) Sol~ent- isotope effect 011 the Walden products of the 
acetate and of the adamantylcarboxylate, at  298.15 K 

Value 

Walden product Ac- Ad 

alkyl size (19). Surprisingly, we observe the opposite 
effect when Lve increase the size of the alkyl group 
attached to the carboxylate. 

The anionic enthalpies of transfer are negative; 
this was expected since. although for different 
reasons, both the strongly electrostatic anions and the 
hydrophobic groups give a negative enthalpy of 
transfer from water to heavy water (4). Amazingly, 
the ionic enthalpies of transfer seem independent of 
the spherical alkyl size, the large adamantyl group 
apparently perturbing the solvent as much as the 
small methyl group. Snell and Greyson (3), on the 
other hand, have observed a slight dependence with 
the increase of the linear alkyl chain, the ionic 
enthalpies of transfer varying from -2.2 to -2.9 kJ 
mol-I by going from the methyl to the pentyl- 
carboxylate. 

In Table 4 we have listed the ionic limiting conduc- 
tivity - solvent viscosity products (Walden products) 
of adaluantylcarboxylate in Lvater a t  288.15 K ,  
298.15 K, and 308.15 K, calculated by using the 
viscosity of pure water as a function of temperature 
(14) and the ionic limiting collductivities of K' at 
288.15 K (interpolated), 298.15 K ,  and 308.15 K 
(interpolated) of Kay and Evans (17). We have also 
listed the Walde~l products of the acetate and 
ada~nantylcarboxylate anions in H,O and in D,O. a t  
298.15 K.  Structural information is usually obtained 
from the ratio of the Walden products at two tem- 
peratures or in two solvents. We have thus reported 
in Table 4 the ratio of the Walden product of 
adamantylcarboxylate in H,O at  temperature T over 
the Walden product a t  288.15 K .  We have also given 
the ratio of the Walden products in D,O and in H 2 0  
for the acetate and for the adamantylcarboxylate. The 

ternperatuse dependence of the former 1s kery slightly 
poslt~ve. T h ~ s  could be Interpreted according to the 
classlcal nlodels as reflecting the behavlour of a 
sllghtly hydrophob~c solute. It could also mean that, 
of the t ~ o  contributions ~nvolved. the carboxylate 
(electrostat~c) one and the alkyl group (hydrophobic) 
one, the latter is Inore temperature dependent than 
the former. However. such small effects are hardly 
s~gnlficant ~f we take Into account the uncertainty 111 

the lln~ltrng conduct~v~tles Surpllslngly, the ratlo of 
the Wdlden products in D,O and rn t f 2 0  is snlaller 
than un~ty  for the acetate and greater than unrty for 
the adamantylcarboxylate The classlcal lnterpleta- 
t ~ o n  of t h ~ s  ratlo, \I h ~ c h  1s based on the fact that there 
1s more structural order in D,O than ~n H,O at the 
same tempelature (17), ~nlplles the acetate 1s a 
structure former \\heleas the adamantylcarboxylate 
is a structure breaker, in apparent contradiction with 
what was just observed with the temperature effect. 
This unexpected conclusion and what was observed 
\vith the voluines and the enthalpies of transfer 
probably reflect the fact that the classical interpreta- 
tlons are not suitable for this type of solute. One 
reason for thls could be that the 'structural' influences 
of both parts of the solute: the carboxylate one and 
the alkyl one, are not necessarily additive. This 
seems very important and should be kept in mind 
when studying biological systems since in proteins, 
for instance, alkyl groups are very often in the field 
of highly electrostatic entities. The cornparis011 of the 
hydrophobic contribution of such alkyl groups with 
what is observed when we dissolve rare gases or 
hydrocarbons in pure water thus does not seem very 
helpful, the enviro~l~nent of these 'hydrophobic' enti- 
ties being completely different. 
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Excess properties of cumene + pdioxane system at 30°C 

HORACIO N.  S O L I ~ , ~ O , '  SILVIA DEL V. ALONSO, and MIGUEL KATZ 
Cdtedrn de Fi.tic,oq~rirnicii, Fcic~rrltadde Ciencici.~ E,~octa.s J Tec~tzolo,gici, 

Ur~ii.ersidtid .2'nc~iot1cil tle T~rcirrnur~, Tilcurncirz, Argerztirzrr 

Received Decembel- 16. 1977' 

HORACIO N. SOLI\IO, SILVIA DEL V. A L O ~ S O ,  and MIGVEL KATZ. Can. J. Chein. 57. 678 (1979) 
Densities, viscosities, enthalpies, and magnetic susceptibilities at 30'C were determined for 

the system cumene f p-dioxane. From the experimental results, thc excess viscosity, excess 
enthalpy, excess volume, and excess molar magnetic susceptibility were calculated. The excess 
functioils show deviations from the additivity lam. An attempt has been made to explain the 
observed deviations on the basis of intermolecular interactions. 

HORACIO N. SOLIMO, SILVIA DEL V. ALO\SO et MIGUEL KATZ. Can. .I. Chem. 57.678 (19791. 
On a dCtern~ine les densites, les viscosires; les enthalpies et les susceptibilites magnktiques du 

systeme cuinene 1)-dioxanne, a 30'C. A l'aide de ces donnbes experimentales, on a calcule les 
viscosite, enthalpie, volume et susceptibilite magnetique molaires en exces. Les fonctions 
d'exces ne suivent pas la loi de I'additivite. 011 a essay6 d'expliquer les deviations observees en 
se basant sur les interactions interrnoleculaires. 

[Traduit par le journal] 

Introduction thiocyanate cobalt (X = 16.49 x cgslg) ( 5 )  were used as 
reference substances. 

The excess properties such as:  q E  (excess vis- 
cosity), /zE (exciss molar enthalpy), cE (excess molar M~r" . i~ i l~ .  afld Solutiorzs 

Cumene and p-dioxane, Fluka p.a., were fractionally dis- 
volulne), and x M E  (excess diama~lletic tilled sodium under reduced pressure, and the middle 
ceptibility) have been studied to obtain information co~or~ess  fraction was collected, 
about the type and degree of interaction between Mixtures were prepared by mixing weighed amounts of the 
nlolecules of the com~ollellts. This is a continuation pure liquids. Caution was taken to prevent evaporation. 

of our investigation of the thermodynamic proper- 
ties of binary liquid mixtures (1, 2). 

Results 

Densities, viscosities, enthalpies, and magnetic The experimental results for the pure liquids are 
susceptibilities for the cumene + p-dioxane (C + D) reported in Table 1 along with the values from the 
system at  different molar fraction \\ere measured a t  literature for comparison. 
30°C, where one cornpoilent (D) is non-polar and the The excess thermod~llamic functions were cal- 
other (C) weakly polar, without association in the culated with the following equations: 
pure state. 

The diamagnetic molar susceptibility of the mix- [ I ]  qE  = Q - ( ~ 1 ~ 1  + ~ 2 % )  
ture is correlated with the molecular polarizability of [2] /zE = ItM - (xlhl  + x2h2) 
the pure components by the Boyer-Donzelot equa- 
tion (3). PI 2,E = z. - (x, + x2c2) 

Experimental 141 xE = Xhs - (XIXI + ~ 2 x 2 )  
The methods uqed in 

cosities, and enthalpies 
described previously (4). 

our laboratory for the densities, vis- 
of binary liquid mixtures have been 

Magnetic Susceptihilitj 
The magnetic susceptibility was determined by a Gouy 

method using a Mettler H20T balance. Measurements have 
been made in a 9 k C  magnetic field. The Gouy force ranged 
from 10 to 15 nig and the accuracy of its determination was 
estimated to be & 0.01 mg. Water twice distilled from alkaline 
permanganate (X = -0.720 x lo- '  cgs;g) and inercury tetra- 

'Present address: Centro de Tecnologia, Universidade 
Federal do Rio Grande do Norte, Natal, Brazil. 

'Revision received October 12, 1978. 

where 11. q , ,  and q, = viscosity of the mixture and of 
the pure components; 1 1 ~ .  /zl, and /I, = molar 
enthalpy of the mixture and of the pure components; 
v, v,, and c, = molar volume of the mixture and of 
the pure components; x,,, x l ,  and x, = molar dia- 
magnetic susceptibility of the mixture and of the 
pure components. 

The molar volume of the mixture is defined by: 

I5 1 t' = ( x ,M ,  + x,M,)/p 

where ,iM, and M ,  are the molecular weights of the 
components and p the density of the solution. 

0008-4042/79/060678-04SO I .00/0 
1979 National Research Council of Canada/Conseil national de recherches du Canada 
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SOLIMO ET AL. 679 

TABLE 1. Properties characterizing the pure conlponents at 30'C 

Value 

Cumene p-Dioxane 
- -- 

Property* Exp. Lit. Ref. Exp. Lit. Ref. 

Density 0.85330 0.85323 13 1 ,02297 1.02230 14 
Viscosity 0.703 0.694 13 1 ,094 1.087 15 
Refractive index 1.48628 1.48628 13 1.41906 1.41810 14 
Molar magnetic susceptibility x 106 - 89.97 -89.53 16 -51.68 -52.16 16 
Polarizability x loz4? 16.047 -. 8.627 - 

*Units: p, s n, cP; %A,, cgs mol - l :  x, c m h d - I  
TCalculated from the Lorentz-Lorenz equation. 

TABLE 2. Values of coefficients for eq. [8] determined by the method of least squares* 

Function a I a2 0 3  a5 G 

The experimental densities, viscosities, and molar 
enthalpies for the C + D systems were measured at  
different molar fractions, over a wide range of con- 
c e n t r a t ~ o n . ~  

The diamagnetic suscept~b~lity was related with 
the molecular polarizability by the Boyer-Donzelot 
equation (3), for organic pure compounds : 

For  niixtures, we can assume to a first approxinia- 
tiosi that the additivity law for molar diamagnetic 
susceptibility is correct. then 

where f = constant = -3.46 x lo6 ;  n,' = effective 
number of electrons. a ,  = molecular polarizability 
of the component i. This effective number of elec- 
trons could be calculated by: 

where M ,  = valence electron? of the component i and 
uO = character~st~c constant for every fam~ly of 
substances (cumene = 10 and p-dloxane = 3.4). 

The molar dsalnagnet~c suscept~bil~tles of the 
binary systems were measured over a u lde  range of 

3Complete set of the actual experimental data is available, 
at a nominal charge, from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, Ottawa, 
Ont., Canada KIA OS2. 

concentration and compared wlth those calculated 
w ~ t h  eq. [7].3 

The agreement bemeen the observed and cal- 
culated values (e g., for u, = 0.5059: ~, ,(exp) = 

-70.1 1 x cgs mol-I;  ~ , ( c a l c d )  = -71.90 x 
cgs mol-l)  points to the valsdity of the addl- 

t~vl ty  la~v for thls m ~ x t u r e . ~  
Each set of results was htted 1%1th a Redlsch-Klster 

(6) form of the type 
n 

P I  Xr. = x,(l - u,) C a,,\,'-' 
J =  1 

where XE represents the excess property under con- 
sideration: u i  = polyno~iiial coefficients, and n = 

polynomial degree. The method of least-squares was 
used to determine the values of the coefficients rr j .  In  
each case, the optimum number of coefficients was 
ascertained fro111 an examination of the variation of 
the standard error of estimate with 11:  

where ~z,, ,  1s the number of measurements. 
The values adopted for the coefficients a, (cal- 

culated with an IBM 1620 computer) and the stan- 
dard error of the estimate associated with the use of 
[8] are summarized in Table 2. 

Figures 1, 2, 3, and 4 show the experimental 
values obtained for the excess properties as a func- 
tion of the molar fraction of cumene. The con- 
tinuous curves ivere calculated from [8] using these 
values for the coefficients. 
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FIG. I .  Excess viscosity at 3OCC for the C + D system. 
Experimental results: x ; continuous curve was calculated 
from eq. [8]. 

FIG. 3. Excess molar volun~e at  30'C for the C + D 
5ystem. Experimental results: x ; continuous curve was cal- 
culated from eq. [8]. 

FIG. 2. Excess molar enthalpy at  30-C for the C + D FIG. 4. Excess molar magnetic susceptibility for the C + D 
system. Experimental results: x ; continuous curve was cal- system. Experimental results: x ; continuous curve was cal- 
culated from eq. [8]. culated from eq. [8]. 
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SOLIMO ET AL. 68 1 

Discussion 

Figure 1 shows negative excess viscosity for this 
system over the whole concentration range. Taking 
into account that neither of the components exhib~ts 
hydrogen bonding in the pure state, dispersion 
forces are domillant (7). However, since the minimum 
of the curve rlE vs. xC ib well marked, evidence of 
interaction between the molecules of different kinds 
is clear (8). 

More quantitatively, evidence of this interaction 
is established taking into account h E  for C + n-hep- 
tane mixtures (/zEm,,/J mol-' (298 K) - 500) (9) and 
for D + cyclohexane mixtures (/zE,,,/J ~ n o l - '  (298 
K) - 1600) (10). The rather small hE for C + D 
mixtures (hEm,,]J mol-I (303 K) - 400) indicates 
that the interaction between C + D leads to a large 
decrease in hE of about 1700 J mol-I (1 600 + 500 - 
400 = 1700). This is not surprising since D gives rise 
to  complex formation (11-n type or dipole-induced 
dipole type) with even non-polar molecules like 
benzene and CCl, with curnene, due to the inductive 
effect of the isopropyl group, the complex should be 
stronger. 

Almost similar reasoning can be made for c E :  the 
contraction resulting in mixing C with D largely 
compensates the positive contributio~i observed 
(uE > 0) in D and hydrocarboil mixtures (10). 

In  the case of mixtures in which one component 
is non-polar and the other weakly polar, the force 
field is envisaged as a superposition of a weak angular 
dependent field on a centrally spherical one (1 1). 
The cumene has a high polarizability and when it is 
mixed with p-dioxane there arises an induced dipole 
interaction because of the presence of these polar- 
izable weakly polar molecules, and as expected gives 

rise to negative deviations in X, which produce a 
negative xE.  As the concentration of cumene is in- 
creased there is an inversion at x, - 0.5, which 
could be explained by the so-called "ring effect" (12) 
which causes an increase in the value of x,,, that is, 
positive XE. 
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Halogen-bridged complexes of platinum(I1) and their reactions with dimethylformamide 

PI-CHANG KONG A K D  F .  D. ROCHON 
D4purtetnent de  c11i1~ie, U11ir.o.sifd cfu QliPhec h Montrt.'cil, C.P. 8888, bfont~.enI(QlrP.), Critzntla H3C3P8 
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PI-CHANG KONG and F. D. R o c r r o ~ .  Can. J. Chem. 57. 682 (1979). 
Bridged compounds, [Pt(L)CI,], (L = pyridine, picoline, and lutidinej have been prepared 

from the reactions between K[Pt(L)CI,] and perchloric acid. The molecular weight measure- 
ments indicate that they are dimers in chloroform solutions. When [Pt(L)CI,], is dissolved in 
dimethylformamide (DMF), [Pt(L)(DMF)CI,] is formed and has been isolated. Infrared and 
nmr studies have shown that D M F  is coordinated to platinum through the oxygen atom. 

PI-CHANG KONG et F. D .  ROCHON. Can. J. Chem. 57.682 (1979). 
Des composes a ponts [Pt(L)CI,], (L = pyridine, picoline et lutidine) ont ete prepares par la 

reaction entre K[Pt(L)CI,] et I'acide perchlorique. Les mesures de poids molkculaires indiquent 
que les con~poses sont des dimeres en solution dans le chloroforme. Lorsque [Pt(L)Cl2IZ est 
dissout dans le dimethylformamide (DMF), [Pt(DMF)(L)CI,] est forrne et a ete isole. Des 
etudes de spectroscopie infrarouge et de rnin ont n~ontre que le site de coordination du D M F  
est I'atome d'oxygene. 

Introduction (DMF)CI,] is produced and can be isolated. These 

General methods for the preparation of halogen- compounds are 'lso discussed. 
bridged complexes of of the type [Pt(L)CI,], Experimental 

were by Chatt and (I)' Two of Microanalyses were done by Chernalytics Inc., Tempe, .AZ, 
these methods can be used to prepare a'nine Or U.S.A. ,  and molecular weight measurements were done by 
pyridine complexes. The first method is the thermal Gaibraith Laboratories, lnc., Knoxville, TN. Melting points 
decomposition of olefin complexes : were measured on a Fisher-Johns apparatus and are  un- 

corrected. Nuclear magnetic resonance spectra were taken on a 
2tmns-[Pt(olefin)(L)C12] -t [Pt(L)CI,], + 2olefin Perkin-Elmer R-12 spectrometer. Infrared spectra were 

The reaction is very slow and requires a week to 
several months to obtain a reasonable yield of 
products. Complexes of piperidine, 4-?I-pentylpyri- 
dine, 4-n-nonylpyridine, and toluidine were prepared 
by this method. The method was later modified. 
tmns-[Pt(acetylene)(L)Cl,] was used and the rate of 
reaction was increased. However, only the bridged 
compound with pyridine has been prepared (2). The 
second method is the decomposition of acids: 

The authors have pointed out that the method was 
strictly limited because the starting material is not 
very common. Only [Pt(NH,)Cl,], has been pre- 
pared by this method. 

Recently, we have developed a method to prepare 
salts, K[Pt(L)Cl,] (3) ,  which can be readily con- 
verted to acid H[Pt(L)CI,]. Therefore the limitation 
of the second method no longer exists. A series of 
bridged complexes with various pyridine derivatives 
have been prepared and are described in this paper. 

The bridged bonds can be easily cleaved even by 
weak nucleophiles which cannot displace chlorides 
f r o m  PtC1,'-. For example, when [Pt(L)Cl,], is 
dissolved in dimethylformamide (DMF), [Pt(L)- 

measured on a perkin-Elmer 621 grating spectrometer. 
The platinum salt, K,PtCI,, was obtained from Johnson 

R4atthey & Co. Limited. Pyridine (py), picoline (pic), and luti- 
dine (lut) were purchased frorn Aldrich and Eastlnan and used 
without further purification. All the co~nplexes were dried at 
65-C under vacuum in the presence of P20,. 

Pvepnratiorz of tire Bridged Chloro Cotrzpiexe.~ 
The freshly prepared salt, K[Pt(L)C13] (3) (0.4-0.5 g), was 

dissolved in a minimum amount of water and then 10 IIIL of 
HClO, (0.2 IW) was added. The solution mas allowed to stand 
at room temperature overnight and the KCIO, was then 
filtered off. The filtrate was evaporated nearly to dryness and 
the red-yellow product was collected by filtration, washed with 
cold water, and dried. If the washings were still very yellow, 
more product was obtained by evaporating again to dryness. 

Preparation of DMF Conlpo~tnrIs 
The bridged compound was dissolved in a minimum amount 

of DMF. The solution was allowed to stand 30 min and was 
then evaporated to dryness. The yellow product was washed 
with ether, collected by filtration, and dried. The yield is almost 
quantitative. 

Results and Discussion 

Tlze Bridged Cornpout?d~ 
These conlpounds are reddish yellow. Their 

analytical data and melting points are listed in 
Table 1. They are soluble in most common organic 
solvents, such as chloroform, acetone, and tetra- 

0008-40421791060682-03$01 ,0010 
01979 National Research Council of CanadaIConseil national de recherches du Canada 
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KONG AND ROCHON 683 

TABLE 1. Analytical results, melting points, molec~~lar  weights, and vPt-C1 stretching frequencies of the br-idged complexes 

Melting Molecular 
point weight in 

Compounds c h H N C 1 (;c) CHCI, Yield (x) vPt-Cl (cm-') 

[Pt(py)C!zlz 17.39 I .45 4.06 20.58 
17.23 1.42 4 .00  20.03 185 70 348 vs, 308 s 

[Pt(4-pic)Cl,], 20.56 1 .95  3.90 19.78 718 
20.16 1 .76  3 .50  18.93 160 685 65 348 vs, 325 s, 31 1 sh 

[Pt(2-pic)Cl,j, 20.56 1 .95  3 .90  19.78 
20.05 1 .79  3.75 19.54 150 40 345 vs, 313 sh 

[Pt(2,4-lut)Cl,], 22.52 2.43 3 .75  19.03 746 
22.42 2 .34  3 .80  18.31 150 690 5 5 345vs, 311 m 

[Pt(2,6-lut)Cl,], 22.52 2.43 3.75 19.03 
21.97 2.35 3 .63  19.30 225 70 346 vs, 318 s, 305 w 

*The upper ~ a l u e s  represent the theoretical xal~les 

hydrofuran Compounds u ~ t h  subst~tuted pyrldlne 
are soluble In benzene All of them are ~nsoluble In 
water. The lneasureillents of molecular we~ght 
~ndlcate that the compounds ale d~mers  111 chloro- 
form solutlon (Table I). 

A crqstallographlc study of the 2,6-lutldlne com- 
pound \+as done in our laboratory (4), and the 
results showed that ~t has the trans-configuration. 

The dimers slowly form potassium salts K[Pt(L)- 
Cl,] in the presence of potassiunl chloride in acidic 
solution. When the dimers are dissolved in DMF, 
solvated compounds characterized as [Pt(L)(DMF)- 
CI,] are obtained (see next section). When [Pt(L)- 
(DMF)Cl,] is dissolved in chloroform: [Pt(L)CI,], is 
partially formed. Crystals of [Pt(2,6-lutidine)Cl,], 
were obtained from a dichloromethane solution of 
[Pt(2:6-lut)(DMF)Cl,] at room temperature. Simi- 
larly Chatt and Venanzi found that [(4-tz-pentylpyri- 
dine) (2,6-dibromo-4 -11 - dodecylani1i11e)dichloroplati- 
num] lost the aniline derivative in tetrachloro~nethane 
solution (5). It seems therefore that the bridged com- 
plexes are moderately favored in non-coordinating 
solvents, even in the presence of weak nucleophiles 
like D M F  and aniline. 

In acetone, the bridged conlplex of piperidine 
reacts with 4-t1-pentylamine to give a mixture of cis 
and trun.r isomers, using stoichiometric proportions 
at room temperature or with an excess of ligand in 
boiling acetone (5). The mechanism of the reactions is 
uncertain. Using stoichiometric proportions at room 
temperature, we have found that the product of the 
reaction between [Pt(py)Cl,], and pyridine in D M F  
is cis-[Pt(py),Cl,]. 

In a previous work (3), we have found that cis- 

[Pt(py),Cl,] ~somerlzed to ttuns-[Pt(py),Cl,] 111 the 
presence of p y l ~ d ~ n e  at 80 C in D M F  and that the 
reactloll 1s not revel s~ble We may now conclude that 
111 these cleavage react~ons. the clr-compounds are 
first formed and the r1an5-compounds are formed 
from the subsequent ~somerlzat~on of the us-~somer 

D MF Co 17ipozitic/~5 
D M F  compounds can be obtained by the follow~ng 

two react~ons : 
DMF 

[I]  [Pt(L)CI,], t ~DMF-- '~[I '~(L)(DIMF)C~~~ 

[21 K[Pt(L)Cl,I + AgNO, + D M F  -t [Pt(L)(DMF)CI,] 

+ AgCl j i KNO, 

The D M F  compounds are soluble in many organic 
solvents. In chloroform a mixture of two compounds 
is in equilibrium. 

The nmr spectra showed that the complexed D M F  
and the free D M F  are in equal amounts in chloroform 
solution. No free pyridine (L) was found. When the 
chloroform was evaporated the above reaction 
shifted to the left except for the 2,6-lutidine complex 
where both compounds were obtained. 

The ir spectra of the D M F  compounds in Nujol 
mull showed that the carbonyl stretching of D M F  is 
lowered by 20-40 cmpl  (Table 2) indicating that the 
oxygen atom is the donor atom. The same conclusion 
was made for [Pt(DMF),Cl,] and [Pt(DMA),CI,] 
(DMA = dimethylacetamide) by an infrared study 
(6). The nmr spectra of [Pt(Py-d,)(DMF)CI,] also 
indicated that the oxygen atom is the donor atom 
(Fig. I). The aldehyde proton of D M F  shifted from 
8.15 to  8.35 ppin with a coupling constant of 40 Hz 
w ~ t h  Ig5Pt while the methyl group on the nitrogen 
atom has no coupling. If nitrogen was the donor 
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684 CAN.  J .  CHEM. VOL. 57, 1979 

TABLE 2. Analytical results, melting point, vC-0 and vPt-Cl stretching frequc~lcies of D M F  complexesa 

Melting 
polnt vC=O vPt-Cl 

Coll~pound C  H N Cl ( C )  (cm - ') (cm-') 

D M F  
Pt(DMF),Cl,h 
D M A  
Pt(DMA)ZC12b 

aThe upper values represent tile theoretical balues. 
bFrom ref. 6. 

FIG. 1. Nuclear magnetic resonance spectra of (a)  D M F  and 
(b) [Pt(Py-ds)(DMF)C1,] in chloroform solution. Because 
CSDSN was used the signal of the aldehyde proton of D M F  can 
be clearly observed, and shifted from 8.15 to 8.35 ppm with 
coupling of 40 Hz. The signals of the methyl groups shifted 
from 2.95 to 3.10 ppm. In (b) a small amount of dissociatcd 
DMF can be observed from the signals of the methyl group. 

atorn, the methyl group should have a coupling 
constant with lg5Pt  of about 40 Hz like N-methyl- 
aminoacid in platinum compounds (7). The crystal 
structure of trans-[Pt(2,6-lutidine)(DMF)ClJ is pres- 
ently being studied by X-ray diffraction in our 
laboratory. The results have confirmed that D M F  is 
bonded to platinum through the oxygen atom (8). 

Both trans- and cis-[Pt(L),Cl,] (L = py, 2-pic, or 
4-pic) can be obtained from the reaction of [Pt(L)- 
(DMF)CI,] and L in DMF or CHCI, at room tem- 
perature (Pt : L = 1 : 1, conc. 0.05 M and time 1.5 h). 
The yield of cis-[Pt(L),Cl,] is quite low (20%). If an 
excess of L is used or if the time of the reaction is 
longer (5 h), only trans-[Pt(L),Cl,] is obtained. 
trans-[Pt(2,6-lut)(DMF)Cl,] can be recovered from a 
D M F  solution in the presence of an excess of 2,6-lut. 
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Determination of AH0n98(C6Flo,g) and L ! ~ I ~ ~ , ~ ~ ( C ~ F , , , ~ )  from studies of the combustion of 
decafluorocyclohexene and dodecafluorocyclohexane in oxygen and calculation of the 

resonance energy of kexafiuorobenzene 

S T ~ N L E Y  J A ~ I E S  W. PRICE' A N D  HEKRY J .  SAPIANO 
Drpcirtt~zr~~t of C'he~nisrr~,, Uni~,er~i tx  of Witztl.sor, Wirzd.ror, Otlr., C ~ r ~ n d i i  V9B 3P4 
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STAVLEY JAMES W. PRICE and HEWY J SAPIA~O.  Can. J. Chem. 57.685 (1979) 
The heats of formation of decafluorocyclohexene and dodecafluorocyclohexane have been 

determined by the direct con~bustion method pre\riously developed and used for hexafluoro- 
benzene and related compounds. The combustion of decafluorocyclohexeile and dodecafluoro- 
cyclohexane fornled the reaction products COZ, CF,, and F,. In both cases a portion of the 
compound remained ~~nburned .  The unburned material was collected and quantitatively 
determined gravimetrically. A material balance was obtained for carbon and fl~torine on the 
basis of COz, CF4, and F, and the amount of unburned compound. With a ten-fold excess 
of oxygen, the average C0,-to-CF, molar ratios for C,Flo and C,F,, are 2.03 i 0.01 and 
1.35 + 0.01, respectively. The values obtained for the heats of formation are AHU,,,,(C,Flu,g) 
= 1 9 0 6 . 6  r 7.2 kJ mol-' and AHO,,,,(C,F,,,g) = -2368.9 k 7.6 kJ mol-I. AHu,,,, for 
the reaction C,Flo,,, + F,,,, + C6F,,,,, mas calculated to be -462.3 i 14.8 kJ mol-' and 
the 'resonance energy' of C,F, is estimated at -36.4 kJ mol-'. 

STAXLEY JAMES W. PRICE et H E ~ R Y  J.  SAPIAPIO. Can. J. Chem. 57. 685 (1979). 
On a determine les chaleurs de forn~ation du decafluorocyclohexi.iie et du dodicafluoro- 

cyclohexa~ie par la methode de conibustion directe de\reloppee antirieurement et utilisee pour 
I'hexafluorobenrene et des conlposes apparentes. La combustion du decafluorocyclohexene et 
du dodecafluorocyclohexane conduit au COz, au CF, et au F, cornme produits de la reaction. 
Dans chacun des cas, uiie partie ciu produit est refractaire a la combustion. On recupere le 
produit qui n'a pas rCagi et on le determine quantitatikement par gravimetrie. 011 peut etablir 
un bilan pour le carbone et le fluor ei; se basant sur les quantites de CO,, de CF, et de F, 
obtenues et de produit rCcupCre. Lorsque I'exces d'oxpgene est egal a 10 fois la quantite 
requise, les rapports molaires de CO, et de CF, pour le C6F1, et le C6F12 sont respectivement 
2.03 i 0.01 et 1.35 i 0.01. Les valeurs obtenues pour les chaleurs de formation sont AHo,,,, 
(C6Fl0,g) = -1906.6 i 7.2 k J  mol-' et AHuf2,,(C,F,,,g) = -2368.9 1 7.6 kJ niol-'. On a 
calculC que le AH0,,,, de la reaction C,F,,,,, + F,,:, -t C,F,2(g, est -462.3 i 14.8 kJ mol-' 
et on Cvalue a -36.4 kJ mol-' I'energie de resonance du C,F,. 

[Traduit par le journal] 

Introduction Experimental 

T o  date no thermodynamic study for the heat of M(~feri~/s 

formation of C,F,, has been repbrted. The corn- f i )De~a f l l~oroc~c lohe -~e~ze  
C,Fl0 obtained from the Imperial Smelting Corporation bustion of C 6 F l ~  bags has been reported was purified by preparative-scale gas chromatography. The 

by Cox and co-workers ('1. To ensure final product had the following physical properties (the values 
combustion hydrogen-containing organic lnaterials in parentheses are those reported by the manufacturer) 
were added to the crucible. The approach taken in (6) bp = 53°C (53'C), nDZJ = 1.29 (1.29). Analysis by gas chro- 

this study involves open dish coInbustion under niatography (6 ft. x 1,'8 in. od Durapak 11-octanelPorasil C, 
100-200 mesh, N,, 60 cm3iniin, column temperature IlO'C, anhydrous conditions and without auxiliary materials detection) showed the presence of three 

(2-5). This nlethod has been adopted for the corn- impurities which represented a maximum of 0 .02z of the 
bustion of decafluorocvclohexene and of dodeca- samule. The imnurities were collected and analvzed bv mass 
fluorocyclohexane throigh the use of a steel crucible spectronletry and nmr. They were ldentlfied to' be C ~ F ,  ,H, 
in a steel bomb. In each case some parent compound C6F&t:: ~~~&""2measuTemmti  were made over the 
remained unburned but the combustion prod- of 4 C to 46 C The data are adequately represented by 
ucts were CO,, F,, and CF,. The quantity of un- 
burned material was determined gravimetrically. [ l ]  log,,P(cm) = 10.474 - 1783.317 

'To whom all correspondence should be addressed. - 1.236 log,, T 

0008-4042/791060685-04$01 0010 
1979 N'~tlonnl Reseal ch Councll of Canada1Consell natlondl de recherches du Canada 
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The resulting heat of vapourization and average heat capacity 
differences (vapour-liquid) are AHo,,, = 30.96 kJ mol-' and 
(AC,, 4'C-46'C) = - 10.3 J deg-' m o l ' .  The heat of vapouri- 
zation is in good agreement with the value of 30.75 kJ mol-' 
reported by Cox EI a/. (I). 

i i i )  Doclecnfl~~oroc~clol7escme 
C,Fl, obtained from the Imperial Smelting Corporation 

was used without further purification. Analysis by gas chro- 
matography (same conditions as for C,F,,) showed the pres- 
ence of a minor impurity which represents a maximum of 
0.01% of the sample. Vapour pressure measurements were 
made over the range l c C  to 49 C. The data can be adequately 
represented by: 

[2] log,, P (cm) = 5.4180 - 1781.7iT 

+ 0.7799 log,, T 

The resulting heat of sublimation and average heat capacity 
difference (vapour-solid) are A H o 2 , ,  = 35.98 kJ mol-' and 
(AC,, lcC-49°C) = + 6.49 J deg-I n ~ o l ' .  

(iii) CO,, CF,, F, 
CO,, CF4, atid F, were obtained from the Matheson 

Chemical Company and were used mithout further purifica- 
tion. 

Aypnrrrtus nrzd Calori~i~etric Procedrlr.e 
The apparatus and procedure used for the nlain combustion 

process were identical to those ~ ~ s e d  for C,F5Br (5). A Parr 
model 1004C steel bomb and steel crucible were again used 
for the combustion process. 

The rate of loss of C,Flo and C6F12 from the steel crucible 
in which they were weighed were 0.833 mg s '  and 0.667 mg 
s-', respectively. The time between weighing the crucible con- 
taining the sample and closing the bomb was such that less 
than 1.7% of the total sample for C,F,, and 1.3% for C,F12 
were lost by evaporation. The correction for the evaporation 
is estimated to be accurate to bctter than i 3 z .  The error 
generated by the correction procedure for CsFlo and C,F12 
should therefore be less than + 0.05% and i 0.042, respec- 
tively. 

I t  must be remembered that the CGFlo and CsF12 samples are 
not contained in any way and that con~bustion occurs in a 320 
cm3 bomb with an initial temperature of 23.5'C and an initial 
pressure of 450 psi. The experimental procedure therefore 
involves the con~bustion of 1.23 g CGF1, vapour and (w - 
1.23) g CGFlo liquid where = weight of C6Fl,  sample in 
grams and the colnbustion of 1.18 g C,F,, vapour and 
(w - 1.18) g C6FIZ solid where IV = weight of C,F,, sample 
in  grams. This means that on the average approximately 74Y, 
of the C6Fl, and 67% of the C,F,, are in the vapour state 
before combustion. 

AI INIJS~S  of Reaction Products 
The analytical procedures for CO,, CF4, and F, have been 

described elsewhere (2-5). The unburned material was col- 
lected in a glass U-trap which was immersed in an  acetone - 
dry ice bath. The quantity of unburned material was deter- 
mined gravimetrically. Mass spectra were obtained using a 
Varian MAT CH5-DF spectrometer controlled by an INCOS 
computer system. A Bausch and Lomb Spectronic 100 was 
used to determine iron with I,l0-phenanthroline (7). 

Results and Discussion 

In the combustion of C6F,, and C6FI2 in the steel 
bomb it was observed that the formation of a green 
coloration was less extensive inaide the bomb in both 
cases as compared with the amount observed in the 

study of C6F,Br (5). The amount of Fe(1I) and 
Fe(1II) fluorides after combustioll of C6Fl,  and 
C,F,, Lvas determined using a colorimetric proce- 
dure (7). 111 both cases the quantity found was 
1.23 + 0.01 mg. Approximately 8 0 z  of the iron 
fluoride was FeF,. The correction to the heat of 
formation of C,F,, and C,F,, caused by the forma- 
tion of FeF, and FeF, was less than 1.5 kJ mol-' 
and 1.6 kJ mol-': respectively. 

Apart from the small quantities of' iron fluoride 
the products of combustion were CO,, CF,, and F,. 
These products were identified and quantitatively 
determined in the same manner reported for the 
products of combustion of C,F6 (21, except that in 
the gas chromatographic procedure the silica gel 
column was replaced with a Porapak Q column. 

The column used was a 6 ft. x 114 in. od Porapak 
Q column (25'C, He carrier, 48 cni3!min). Calibra- 
tions were carried out using 0,-CF, and 0,-CO, 
mixtures. If pure CO, is used the CO, calibratio~i is 
unaffected. If pure CF, is used the net result is that 
the relative response factor for CF, is increased by 
3.5T resulting in values for AHof,,,(C,F,,,g) a n t  
A H ~ , ~ , ~ ( C , F , ~ , ~ )  which are about 35.6 kJ mol- 
and 50.2 kJ mol-' too high, respectively. 

Gas chrolnatographic and mass spectrometric 
analyses indicate that observed unburned material in 
the study of both C6F,, and C6F,, is a portion of 
the original material. The mass spectrum of unburned 
C,F12 was compared with that of an authentic 
sample and with API 0201 (8). No literature spectra 
could be found for C6F,,. Table I presents the major 
peaks (R.A. > 4'x base peak) for both an authentic 
sample and the recovered unburned material. 

TABLE 1. Main peaks (R.A. > 4 2  base peak) for 
C,Flo and for unburned material from the com- 

bustlon of C,F,, (isotope peaks omitted) 

Relative abundance 

Unburned 
1i7/e 1011 C,FIO material C
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PRICE AND SAPIASO 687 

T ,~BLE 2. Combustion data and calculated enthalpy of formation for decafluorocyclohexei7e' 

Mass COz F, Theoretical yieldsc Mass Y, Theoretical yieldsd 
C ~ F I O "  ATcai C 0 2  'CFlb collec~ed collected - C ~ F I O "  AHof298(C6Flo3 g) 

(si ( C )  (by sc) (g) ig) c F (8)  c F ( k ~  mol-l) 

1.364 0.3437 2.03 0.709 0.158 77 .0  77 .0  1.050 100.0 100.0 -1905.8 
1.671 0.3928 2.05 0.821 0.187 72 .5  72.5 1.212 100.0 100.0 -1913.8 
1.468 0.3541 2.04 0.731 0.167 73 .6  74 .1  1.083 100.0 100.5 - 1905.8 
1.501 0.4178 2.03 0.860 0.194 84 .9  85 .1  1.274 100.0 100.2 -1901.6 
1.443 0.3954 2.03 0.817 0.184 83 .9  84 .0  1.211 100.0 100.1 - 1906.2 

"Maas of C,F,, pidced in the bomb. 
CMolar ratio. 
'Psrcent yield based on amount of C,Flo placed in bomb. 
dBased oil recobery of carbon (from C02  and CF,). 
LAdditionai t~p ica i  data (see ref. 14 for notation); A E ,  Ign J - 13.7, 4E(J)(-l,)/J = - 6778.0, A E O ,  bl(compound),J 8 - '  = 5 8 0 0 .  

TABLE 3 Con~bustion data and calculated enthalpy of forrnatron f o ~  dodecafluorocyclohevane' 

Mass C 0 2  F2 7 Theoret~cal yieldsc Mass 7 Theoretical yieldsd 
C6F,," AT,,, C 0 2  CF,b collected collected C6F12" AH0fz9a(CsF~~, g) 

(6) ( C) (by gc) (g) (!a C F (6) C F (kJ mol-') 

"Mass of C,F,, placed in bomb. 
* M o l a ~  ra~io .  
<Percent yield based on amount of CoFlz placed in bomb. 
"ased on recoberq of carbon (from C 0 2  and CF4). 
eAdditional typical data (see ref. 14 for notation); AE, ign'J = 13.7, A E ( J ) ( f , )  J = -6055.3, 4E0,rM(compound),'J g- '  = -4545.9. 

The total material balance based on CO,, CF,, F,, 
and unburned material was ill general low by about 
0.25%. This was shown to be due to small losses froin 
the trapping systems used to recover the unburned 
material. Subsequent thermochen~ical calculations 
were therefore based on the GO,-CF, recovery. 

From the material balance shown in Table 2 
along with the average CO,/CF, lnolar ratio reac- 
tion [3] may be written to represent the con~bustion 
of decafluorocvclohexe~~e 

Based 011 the preceding data and an estimated 
correction to standard state of 3.4 kJ mol-', 
AH0 ,,,, (C,F,,,g) = - 1906.6 f 7.2 kJ mol-'. The 
previously reported values - 1881 .I kJ mol-I (1) 
and - 1935.1 kJ molKi (1 1) were based 011 AH0,,,, 
(HF.20H20) = - 316.44 and -322.00 kJ mol-l ,  
respectively. Hubbard's work (12) would seein to 
support the latter value which leaves a discrepancy 
of about 28 kJ rnol-' between the present result and 
that of Cox and Pilcher (11). 

[31 C6F10 + 4.0240, -t 4 .024~0 ,  + 1 . 9 7 6 ~ ~ ~  + 1 . 0 4 8 ~ ~  The value for AH0,2g,(C,F,,,g) based on the above 
F~~~~~ Inaterial balallce showll in Table along data and an estimated correctioil to standard state 

with the average CO,/CF, n~o la r  ratio reaction [4] 2.9 kJ nlO1-l is -2368.9 7.6 kJ mol- l .  

lnay be to represent the of It is possible from the present data and from the 

dodecafluorocyclohexane heat of formation of hexafluorobenzene to calculate 
the enthal~ies  of reactions r51 and I61 

In treating a con~plex mixture of products possible 
interactions between the compounds must be taken 
Into account. No  detectable heat of mixing was 
observed when F,, O,, CF,, and CO, were mixed 
under anhydrous condit~ons (4). 

In carrying out the thermochen~ical calculat~ons 
the following heats of formations have been used; 
CO,(gj, -393.512 kJ l n ~ l - ~  (9); and CF,(g), 
-933.0 kJ 1x01-' (10). 

and subsequently to  calculate a value for the 
'resonance energy' of hexafluorobenzene (defined as 
A N ~ , ~ , ( R X [ ~ ] )  - 3A~O,,,(Rx[51). Based on AHO,,,,- 
(C6F6,g) = -945.6 kJ mol-' (4) this 'resonance 
energy' is found to be - 36.4 kJ mol- ', implying 
little difference in energy between hexafluoroben- 
zene and the hypothetical triene. This conclusion 
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s e e m  to be in agreement n-ith 'destabilization' cal- 
culations by Cox et (11. (13) which show that the de- 
stabilizing effects of the C-F dipoles do not seem 
to  be significantly moderated by ally 'resonance' 
effect. 

It is interesting to note that if the values of Cox 
et al. for AH0 ,,,, (C,F,,,g) (11) and AH0 ,,,, - 
(C,F,,g) (13) are used the calculated 'resonance 
energy' is - 112.1 kJ mol-I. However, if the enthal- 
pies used here are recalculated using the older NBS 
selected value of AH0, , , , (~F~20H,0)  = - 319.16 
kJ niol-I (9) rather than the more recent result of 
Hubbard, - 322.1 kJ m o l l  (12), then the resonance 
energy is -44.7 kJ mol-I and A H ~ , , , , ( C , F , ~ , ~ )  
= - 1908.1 kJ mol-I, both in good agreement with 
the present work. Although the ilnplicatioil here is 
far  from conclusive it may indicate that further study 
of the heats of formation of aqueous HF solutions is 
needed. 
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A shock-tube study of ammonia pyrolysis 
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JOHN E. DOVE and WING S. NIP. Can. J. Chem. 57.689 (1979). 
The pyrolysis of NH, was studied behind reflected shock waves at teniperatures 2500-3000 K, 

using mass spectrometric analysis of dynaniically sampled gas. The initial mixtures contained 
0.14% to 6z NH,, with Kr as diluent, at total gas concentrations of about 2 x mol c111-~. 
Co~lcentration profiles of NH,, NH,, NH, and N, were measured. It was found that the 
apparent rate coefficient for overall removal of NH, is increased by increasing the initial NH3 
concentration, but is decreascd by addition of HZ.  Addition of H z  also suppressed NH,  but 
left the NH, concentration relatively unchanged. A close correlation was found between NH, 
concentration and N, formation rate, indicating that NH, participates in the reaction which 
produces N,. 

The experimental rcsults are consistent with a chain mechanism in which NH, is removed by 
uiiimolecular deco~iiposition and by attack by H ,  NH, and NH,. Computer analysis yields a 
rate constant of 1.2 x 1016 exp (-91 000 cal mol-'IRT) cm3 n~o l - '  s-' for the ~inimolecular 
process. 

JOHN E. DOVE et WING S. NIP. Can. J .  Chem. 57.689 (1979). 
Faisant appel a la spectrometrie de masse d'Cchantillons de gar, prClevCs d'une faqon dynanii- 

que, on a i tudii  la pyrolyse du NH,, derriere des ondes de choc rkflechies, a des temperatures 
de 2500 a 3000 K. A des concentrations totales de gal: de 2 x mol,cm3, les melanges 
initiauw contiennent de 0.14 a 6% de KH, lorsqu'on utilise du Kr  pour diluer. On a mesure les 
profils de concentration de NH,, NH2,  NH et N,. On a trouve que le coefficient de vitesse 
apparent pour I'kliniination glohale de NH, aug~ilente avec une augmentation de la concentra- 
tion initiale du KH, mais qu'il diniinue avec une addition de Hz. L'addition de H, supprime 
aussi la formation cle NH mais i~ifluencc peu la concentration de NHZ. On a trouve une 
correlation Ctroite entre la concentration de NH, et le taux de formation de N,; ceci indique 
que le NH, participe la reaction qui produit le N,. 

Les resultats ewpCrinientaux sont en accord avec un mecanisme en chaine dans lequel le 
NH, est eliniine par une decoi~iposit io~~ unimoleculaire et par des attaques par H, NH et 
NH,. Une analyse par ordinateur permet d'obtenir ulie constante de vitesse dc 1.2 x 1016 
x exp (-91 000 cal mol-'/RT)cm3 m o l l  s-I pour le processus unimolCculaire. 

[Traduit par le journal] 

In&oduction 
The thermal decon~position of gaseous ammonia 

provides a potentially interesting and important test 
case for the theory of unimolecular reactions. This 
decomposition has indeed already been the subject of 
a number of experimental studies (1-8), from which 
it is evident that the overall reaction is influenced by 
secondary processes. However, the reaction mech- 
anism is by no means clear, and consequently it is 
difficult to deduce the unirnoIecular rate constant 
unambiguously from the observed kinetics. 

in NET, and zero order in diluent concentration. 
However, the variation in diluent concentration by 
these two workers was less than 50%, and hence 
their statements about the diluent concentration 
dependence should be viewed with caution. Most of 
the recent studies are in agreement that, at  the total 
gas concentrations typical of shock-tube experi- 
ments, the overall rate is first order in NH, and first 
order in diluent, so that 

- d[NH3]/dt = kD[NI13][M] 

Table 1 summarrzes the literature values for the The study by Michel and Wagner (2) over a 120-fold 
overall decornpos;liol~ rate coeficlent, k,. There has variation in NH, concentration, and a n  8-fold 
been some doubt about the form of the overail rate variation in diluent concentration, is particulariy 
equation. Jacobs ( I )  found orders of 1.5 and 0.5 with convincing in this respect. 
respect to  NH, and dduent, respectively. Johnson (41, The values of k ,  found by different workers vary 
on  the o t l~e r  hand, found that the rate was first order sabstantially; e.g. at  2500 M, Talceyama and Miyame 

"resent addless. Div~s~oi l  of Chemistry, Nat~onal Research 
(5) report a value 6 3 times larger than that o f ~ r i d l ~  

Councli of Canaoa, Ottawa, Ont , Canadh KIA 0R6. et a/ (6) Hoi\ever, the obserted temperature depen- 
ZRev~sion received October 6, 1973 dences (Table 1) are all about 80 kcal mol-', \vh;c:; 

OOOX-4042/79/060689- 1350 1 .OOiO 
i'; I979 I'ationai Kc-se;ii-ch Council of C'~in~iiia/Cunseil na:ioniil d e  I-ccherches JLI  Canada 
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TABLE 1. Sumruary of literature rate coefficients for the overall deconiposition rate of NH3*' 

Temperature 105 x total gas 
range concentration M o l z  NH3 
(K) (mol ~ r n - ~ )  (in Ar) 

1' u Refeience 
(cn13 n1o l1  s l )  

- 

1 and 8 
0.1 to 1 .5  

6 .8  
I 

5, 10, and 20 
4.25 and 8 .5  

I to 3 

"kD - ([hH3]-J[R.I]- l(d[Wll ,] 'dt))  except in refs. 1 and 4 :   nits In crn' 
centration. 

t l n  ref. 1 ,  /<, = ( [ N t i , j l . ' [ h l l - O  5(d[KH3j dl)). 
:In ref. 4, h ,  = ( [ N H , ] - ' ( d [ N H , ]  dl)) in s - ' .  

is much lower than the N-H bond dissociation 
energy of 103 ltcal mol-I. There are several ways of 
explaining this difference between the activation 
energy and the exothermicity: 

(i) If the unimolecular dissociation step 

1 N H , + M - + N H , + H + M  
A&' = 103 kcal mol-' 

IS rate-determining for the overall reaction, the 
lomering in a c t ~ v a t ~ o ~ i  energy could be ascr~bed to 
ullimolecular fall-off. The lowering appears, holve~ er, 
t o  he rather large to be wholly explained in this way. 

(ii) While it is usually assumed in tlie literature 
that  the products of the unimolecular step are NH, 
and H,  the formation of N H  and H, is thermo- 
chemically somewhat more favourable: 

[21 N H , + M + N H + H , + M  
AH,' - 91 kcal mol-' 

Allowing for some unimolecular fall-off, this endo- 
thermicity appears to fit the observed activation 
energy quite well. 

(iii) An alternative is that the decomposition is a 
chain reaction, or  at  least that secondary reactions of 
lower activation energy also influence the rate of 
N H ,  removal. The occurrence of a chain reaction is 
supported by the results of Takeyama and Miyama 
( 5 ) ,  who observed an  illduction period in the pyro- 
lysis process below 2400 K. The nature of the 
secondary reactions is by no means clear. Previously, 
it has usually been assumed (on the basis of low 
temperature rate data) that H atoms d o  not react 
with NH,. This forced Bradley et 01. (6) to  conclude 
that tlie chain carrier must be NH,. They proposed 
the follo\ving mechanism 

[7'1 NH, + NH, -t products 

- 

2 5 x 1016 erp ( - 7 7  700 RTJ 
4 4 x I O l 5  ex{) ( -79 500 K l )  

1 x 10" exp (- 86 500 R T )  
1 x 10" exp (-83 700 RT) 

2 3 x 1 0 ' '  exp ( - 7 1  100 PT) 
4 Ox 1 0 "  exp (-81 000 RT) 
4 2 x  10'' exp (-83 420 RT)  
5 b x 10" exp (-77 000 RT)  

mol-1 s-1 \bi t11 ills acti\ation cncrgi In cal mol-I .  [MI = d!li~ei?t gas coil- 

However, it is now known (9) that H atoms do 
react n i th  NH, at  high temperatures. The mechanism 

a 1011. of Bradiey ef 01. therefore needs further examln t' 
Haluk (7) used a theoretical rate coefficient from 

the literature (10, 11) from a Johnston and Pars type 
of calculation. for the reaction of H n i th  NH,, and 
concluded that most of the secondary reactions must 
be carried out by M atoms. Me proposed the follon ing 
mechanism: 

[61 H + NH, -. H, f NI-I 

Ho\se\er, the theoret~cal value ahich  he chose for k ,  
IS so much larger than all of the expellmelital vah~es  
that it is almost certainly wrong Hence he most 
probablq o\erestlmates the importance of H atoms 
Johnson (4) also p~oposetl  ihac EI atonis are 1111- 
portant 111 aninlonia pprolps~s, based on 211s findnig 
that add~t lon of H, ~ncreased the decompos~t~on 
rate However. his analyses \$ere not conc!usi\e. 

NH lids not been suggested a: an  important ~n le r -  
~lledlate in the pyrolysis nlechanlsili Ne~ertbeless, 
s tud~es  of its behawour In NH, p y ~ o l y s ~ s  have beer, 
reported by three research groups (6, 8, 12) mho 
agreed in picposing that hTFI \$as derived from NH,, 
rather than fro111 the d~rec t  decompos~tron of NH, 
lnto N H  anti Fi, Hoheser,  there n as no agreement 
about the observed kinetic behaviour Bradley et (il 

(6) found that the NH concentrat~on, measured by 
~nfrared enilsslon, rose parabol~cally 

[NH] = k[N~- i , ]~[Ar] t~  

They proposed the follo\ving n~eclianism for forma- 
tion of NH 
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which is consistent with their overall mechanism 
mentioned earlier. Cann and ICash (12) and Genich, 
Zhirnov, and Manelis (8) studied the ultraviolet 
emission of NH, and found an initial linear rather 
than parabolic rise: 

However, this emission from electronically excited 
N H  is apparently non-thermal, and it may \\ell bear 
no  direct relatioilship to the concentration of 
electronic ground state N W. 

Evidently, there is still considerable uncertainty 
about the deconlposition mechanism, and in par- 
ticular about the possible role of radical inter- 
mediates. For this reason, we have made a shock- 
tube kinetic study using mass spectrometric detec- 
tion. This method gives concentration versus time 
profiles of reactant, products, and some major inter- 
mediates, and therefore yields a very good overview 
of the processes taking place. 

Experimental 
Apparntcrs 

The basic apparatus and detailed experimental procedure 
have been described previously (13) so that only a brief account 
will be given here. The equipment included a stainless steel 
shock tube coupled to a time-of-flight niasr spectrometer. The 
hot reacting gas was sampled fro111 the reflected shock region 
directly into the ion source of the mass spectrometer. A set of 
Inass spectra, recorded sequentially from oscilloscopes at  
intervals of typically 15 to 25 us, constituted the basic kinetic 
data from each experiment. The speed of the incident shock 
wave was measured by timing it over 4 successive intervals, 
using digita! time interval meters of 0.1 ps resolution. The 
temperature, pressure, and density behind the reflected shock 
wave were then calculated from the shock speed (extrapolated 
to the end wall of the shock tube) using standard thermo- 
dynamic data (14) and computational methods. 

Before commencing each experiment, the shock tube was 
pumped down to a pressure less than Torr, nieasured by a 
hot filament ion gauge. Since NH3 is polar and tends to 
adsorb on stainless steel, the shock tube was then flushed with 
ammonia, pumped down to about 1 x Torr, and f l~~shed 
with the reaction n~ixture before every experiment. 

Before the present study, several significant changes were 
made lo !he original apparatus (13), as follows: 

(u )  A preclynode gating circuit (151, designed in this labora- 
tory, Mas added to the electron multiplier of the mass spec- 
trometer. This allowed the bery large mass peaks due to the 
dilileat gas to he elimiria!sd berore amplification in the multi- 
plier. The electron multiplier could then be operated at larger 
gain without danger oi'non-linearity dile to saturation effects. 

(O) The inlet c j  linder to the differential pumping baffle in the 
flight tube of the iliass spectron:eter was replaced by a cylin- 
drical grid. This change reduced the pressure build-up in front 
of the baffle which was the cause of a slight collision broadening 
of mass peaks found in earlier work with illis instrument. 

(c) The original glass manifold and gas handling system were 
replaced by a bakable ali stainless steel system. Gas pressure 

measurements were made by a Texas Instru~nents q ~ ~ a r t z  
spiral gauge n h ~ c h  was cal~brated by the National Research 
Council of Canada. 

E.uperimerzfal Guses 
Kinetic experiments aere  made with four mixtures: mix- 

ture l : 6.2% NH,, 5.0% Ar, 88.7% Kr ;  mixture 2 :  6.0z NH,, 
1.2% H,, 5 . 6 x  Ar, 87.2% Kr;  mixture 3: 6.1% NH,, 5.8% H,, 
6.4% Ar, 81.7% K r ;  mixture 4: 0.14% NH,, 0 .16z Ar, 99.70% 
Kr. The mixtures were made up by manometric measurement 
of partial pressures. No further analysis was made of the 
mixture composition, but the purity was checked mass 
spectron~etrically. 

Unless otherwise stated, the gases used were obtained from 
Matheson of Canada: NH,: "anhydrous" grade, 99.99% pure. 
The gas was further purified by fractional distillation from 
liquid nitrogen and from a dry ice - acetone bath at about 
- 40'C. H Z  : "ultra high purity" grade, 99.999%, used without 
further purification. Ar:  "research purity" grade, 99.9999%, 
used without further purification. K r :  "research purity" grade, 
99.99x, from Air Products and Chemicals Ltd., used without 
further purification. The only significant impurities were other 
inert gases. N,: "high purity" grade, 99.99%, from Canadian 
Oxygen Ltd., used without fi~rther purification. (Used for 
calibration only.) 

_Vfa.rs Spectrornerric Drrrn 
For measurements of the time-dependent NH, and N, 

concentration in the kinetic experirnents, Ar was used as an 
internal standard, i.e. the mass peak heights were measured 
relative to the Ar- peak. Absolute concentrations could then 
be obtained using the appropriate relative sensitivity factors 
and the known Ar concentration. This procedure, rather than 
reliance on the measurement of absolute peak heights, was 
~ ~ s e d  to find concentrations because of its insensitivity to slight 
variations, from experiment to experiment, in the performance 
of the mass spectrometer and in the behaviour of the flow 
through the sampling orifice. The relathe sensitivity factors 
were measured using known mixtures in shock wave experi- 
ments under conditions as close as possible to those of the 
kinetic experiments themselves; the gas temperature in the 
calibration experirnents was, of course, kept low enough for the 
extent of reaction to be insignificant. 

'To follow the concentration profiles of NH,, Hz, and NH, 
the electron beam energy was set at  25.0 eV. However, when 
NH, was being studied, the electron energy was lowered to 
13.0 eV to avoid interference from the fragmentation of NH, + . 
(The appearance potential (16) of NH,+ from NH, is 16.0 eV.) 
With such a low energy, it is impossible to use Ar+ as an 
internal standard, since the ionization potential of Ar is 15.8 
cV. Therefore the N H 2 +  mass peaks were standardized to the 
NH,+ peak at  time zero. (The height of NH3+ at time zero 
was obtained by extrapolation from the NH3+ peak in the 
first mass spectrum after arrival of the shock wave, knowing 
the decay rate of the anlmonia peaks.) The question of mass 
spectrometer sensitivity to NH and NH, is discussed below. 

Results 
Kinetic experiments were carried out at tempera- 

tures of 2500 to 3000 K and total gas concentrations 
of about 1.7 x mol ~ m - ~ .  The resulting mass 
spectronletric observations are summarized below 

Ammonia Analysis 
In all of the mixtures studied, the NH, prof;le 

followed a pseudo-first order decay, to w1;1ilii 

experimental accuracy. Exprcssing the rate c f  de- 
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composition in the form C 1 " - I  

a second order decon~position rate coefficient k, 
could be defined for each experiment. Arrhenius 
plots of k ,  for the four mixtures are given in Figs. 1 
and 2. The corresponding Arrhenius expressions are : 

x exp ( -78 400 + 7 200/RT) 

x exp (- 56 800 1- 6 000/RT) 

/cD(65 NH,, 6 x  H,) = 1013.96*0.63 

x exp (- 60 300 i 8 000/RT) 

x exp (- 89 500 + 8 600/RT) 

in cm3 mol-I s-l ,  with activation energies in cal 
mol-l. The quoted uncertainties are standard 
deviations. 

I t  \\ill be seen from Fig. 1 that addition of NH, 
increases k,. This implies that, over a large range of 
NH, concentrations, the reaction is not strictly 
first order with respect to [NH,]. As shown by 
Fig. 2, addition of H, progressively decreases k,. 

NH,  Ar?alj~sis 
As explained above, NH,+ mass peaks were 

standardized to NH,'. Because there appeared to  be 
no reliable way of measuring a sensitivity factor for 
NN, relative to NM,, the data presented in Fig. 3 
assume a relative sensitivity of unity. Since the ioniza- 

FIG. 1. Arrheniu~ plot of k,, the rate constant for overall 
removal of NH,, for NA,/Kr mixtures: upper line and open 
points, 6.2% NH, in Kr ;  lower line and solid points, 0 .14z 
NM, in Kr. 

FIG. 2. Arrhenius plots s h o ~ i n g  how addition of H, 
progressively reduces k ,  in ammonia pyrolysis: dashed line, k ,  
for 6.2% NH3 in Kr (cf. Fig. 1): upper solid line and open 
points, k ,  for 6.0% NH, i- 1.2Z H, in K r ;  lower solid line 
and solid points, k ,  for 6.1% NH, + 5.8% H, in KT.. 

TIME ( p s )  

FIG. 3. Typical NH, NH,, and N, concentration profiles in 
pyrolysis of mixture 1 (6.2% NH, in Kr). T = 2511 K. Total 
gas concentration = 1.7 x lo-' mol The arrow on the 
lowest profile indicates the end of the induction period for N, 
formation. (The NH, and NH profiles use an arbitrary mass 
spectrometric sensitivity factor of unity, relative to NH,;  see 
the text for discussion of the actual sensitivity.) 

tion potential (16) of NH, (11.4 eV) is higher than 
that of NH, (10.4 eV) and is fairly close to the elec- 
tron energy used (13.0 eV), the NH, concentration 
deduced in this way is very probably an under- 
estimate. Nevertheless the shapes of the NH, profiles 
are expected to be correct. Moreover, as shown later, 
a knowledge of the relative concentrations of NH, in 
different mixtures is useful in determining the reac- 
tion mechanism. 

Because the concentration of NH, was snlall, the 
results from experiments with similar temperatures 
were grouped and averaged to reduce scatter. A 
typical NH, profile is shown in Fig. 3. Coniparison 
of results from mixtures 1 and 3 showed that addition 
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of Hz has very little effect on the NH, profiles over 
the present temperature range. 

NH Ai~ulj.sis 
The NH concentration profiles were deduced from 

the 25 eV experiments, corrected for NH,' fragmen- 
tation. Fortunately this correction is found to be very 
small 

([NH+If,,,",,",/[NH3 + I) = 0.03 

N o  corrections were made for NH,' fragmentation, 
because the mass 16 peak (NH,') in these experi- 
ments could be accounted for almost entirely by 
NH,' fragmentation; this implies that the contribu- 
tion of NH, to mass 16 in the 25 eV experiments was 
very sniall and its contribution to mass 15 (NHf) is 
probably even smaller. The data in Fig. 3 assume that 
the mass spectrometric sensitivity to N H  is the same 
as to NH,. This assumption under the present condi- 
tions is expected to be good to within a factor of two 
(17), since the electron bean1 energy is substantially 
higher than the ionization potentials of both species. 
Scatter of data again forced grouping of experiments 
under similar conditions. 

In the 6 x  NNH, mixture, the NH concentration 
shows a linear rise (Fig. 3) and falls slo\vly. This 
agrees with the observations of Cann and Kash 
rather than those of Bradley et 01. Addition of 
hydrogen (1.2 mol",) reduced the concentration of 
NH;  with an initial hydrogen concentration of 
6 molx  the concentration of NH was below the 
detectability limit. This suppression of NH on addi- 
tion of H, was also observed by Bradley et rrl. The 
fact that the N H  concentration can be suppressed to 
below the detectability limit with the NH, concentra- 
tion relatively unchanged confirms that the NH' 
from 6x NH, mixture was not formed from NH,' 
by fragmentation. 

N ,  Analysis 
The N, profiles (Fig. 3) show an induction period 

before the N, concentration rises linearly. We define 
the induction period z as the time between the shock 
arrival and the linear extrapolation of the N, concen- 
tration to the time axis. A plot of log z vs. 117' is 
shown in Fig. 4. Addition of hydrogen (6 molz )  
decreases the induction period slightly, but has very 
little effect on the rate of linear rise (Fig. 5). Because 
of the limited number of mixtures, it is not possible to 
determine the dependence of the N, growth rate on 
[NH,l and [MI. 

Other Species 
Masses 14, 29, 30, 31, and 32, corresponding to N, 

N2H, N,H,, N2H3, and N,H,, were searched for but 
not found. The nitrogen mass balance was very good 
for the low temperature (< 2400 M) experiments both 

FIG. 4. Plot of the logarithm of r, the induction period for 
N, formation, against 104/T, in ammonia pyrolysis. 0, 
mixture 1 (6.2Z NH, in Kr); A, mixture 3 (6.1% NH, + 5.8% 
H, in Kr). 

FIG. 5. Plot of log (rate of linear rise of [N,]) against 104/Tin 
NH, pyrolysis. Total gas concentration -1.7 x mol 
~ r n - ~ .  0, Mixture 1; a, mixture 2; A, mixture 3. 

w ~ t h  and mithout H, in the initial mixture. At high 
temperatures the N balance was less satisfactory 
especially over long periods of time, although over 
80",of the N was st111 recovered at  times less than 
100 ps. The cause of this discrepancy is not known. 
I t  is quite unlikely that there exist N-containing 
species other than those already mentioned. The rela- 
tive sensitivity of N, to Ar has been found to be 
independent of temperature, and the mass peaks 
remained reasonably well shaped (i.e., there  as no 
sign of pressure broadening of peaks). Because of 
this discrepancy, the results of high temperature 
experiments at  times beyond 100 ps must be viewed 
wi th  caution. Most of our kinetic analysis was done 
on the early part of the reaction, so that there should 
not be a serious effect on our conclusions. 

Concentration profiles of FI, and H atoms would 
be very useful in studying the reaction mechanism. 
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Unfortunately, the very low sensitivity of the mass 
spectrometer to these species made it impossible to 
obtain useful information about them. 

Discussion 

Volzres of k, 
Figure 6 shows that our second order decomposi- 

tion rate coefficients k ,  for mixtures 1 and 4 fall 
essentially in the range of previous observations. 
However, the present work is the first one using Kr 
as diluent, so that exact agreement with studies 
using Ar diluent is, in any case, not necessarily to be 
expected. The work of Michel and Wagner (2) and our 
own measurements nith niixture 4 are the only two 
studies using very low NH, mole fractions. Compari- 
son of these two studies implies that Ar is twice as 
efficient as Kr in decomposing NH, over the tem- 
perature range 2500-3000 K as far as the effect on k, 
is concerned. 

The factor of three difference in k, obtained be- 
tween our iuixtures 1 and 4 is too large to be dis- 
missed as probably due to experimental scatter. One 
possible explanation is the NH, has a much larger 
collision eficiency than Kr in deconiposing ammonia. 

6.0 I 1 I 
3.5 4.0 45 5 .O 

lo4/ T 

FIG. 6. Comparison of our results for ko, the overall rate 
coefficient for NH, removal, with literature values. - 1, 
this work, mixture 1 (6.2% NH, in Kr); - 4, this work, 
mixture 4 (0.14z NH, in Kr; - - -, Takeyama and Miyama 
(5); Michel and Wagner (2); - - -, Henrici (3); . . ., 
Bradley et al. (6). For clarity, Haluk's line (7) has been omitted. 
It is essentially coincident with that of Bradley et 01. in the 
range 104/T = 3.4-5.0. 

To explain the whole of the difference in this manner 
would require that NH, be about 40 times as 
efficient as Kr. An alternative is that secondary 
reactions become important at  higher NH, concen- 
trations; this explanation is supported by the slight 
decrease in activation energy m~lien the NH, mole 
fraction is increased, implying the participation of 
other reactions of lower activation energy. 

One possibility is that the reaction occurs by the 
following type of mechanism: 

N H 3 + M - + A + P 1  

A + NH3 -t Pz + P3 

where PI ,  P,, and P, are species which do not react 
with NFI,. Two mechanisnis of this type are: 

Mechanism 1 

[11 N H , + M - + H + N H , + M  

AHoO 2: 103 kcal mol- ' 
[51 H + NH3 -t NH2 + H2 

AHoo -. 1 kcal mol-I 

[lo] NH, + NH, -t N, + H2 + H, 

AHoo -. - 84 kcal mol-l 
or 

Mechanism 2 

[21 N H 3 + M - t N H + H 2 + M  

AHoO -. 91 kcal mol- 

[-71 NH + NH3 -+ NH2 + NH2 

AHoO -. 15 kcal mol-' 

[lo] NH2 + NH2 -t N2 + HZ + HZ 

AHoo -. - 84 kcal mol-I 

However, this type of mechanism increases the rate 
of NH, removal by at most a factor of two. In order 
to explain entirely in terms of secondary reactions 
the finding that kD(6x NH,)/kD(O. 14z NH,) -- 3, one 
must introduce also a reaction between NH, and 
NH,. Of the two reactions 

[31 NH, + NH3 -+ NzH3 + H2 

AHoO -. 19 kcal mol-I 
and 

[11I NH2 + NH3 -t N2Ha + H 

AHoO -. 46 kcal mol-' 

reaction [3] is favoured on therrnochemical grounds. 
N,H, can break up by either of 

[41 N2H3 + M -t NH2 + NH + M 

AHoO - 72 kcal molt1 
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TABLE 2. Apparent rate constant for NH formation. Compari- 
son with results of Cann and Kash (12) 

AHoO = 54 kcal mol-' k '  (cm3 mol-' s-') 

The products of either reaction (H or NH) can react 
with NH, to regenerate NH,, thus constituting a 
chain. 

The fact that successive additions of H, to the 
initial mixture decrease the overall deconlposition 
rate (Fig. 2) also suggests a chain process. Mech- 
anism 2 cannot be correct since it would predict no 
effect of addition of H,, as long as the reverse of 
reaction [2] is slow, which is the case under the present 
conditions. Mechanism 1 predicts that under no 
conditions can the addition of H, decrease k ,  by 
more than a factor of 2, whereas we find that, at high 
temperatures, the actual factor exceeds 3 (Fig. 2). 

I t  thus appears that neither mechanism 1 nor 
lnechanism 2 (and hence no combination of the two) 
can fully explain our values of k,. We must therefore 
analyze the effects of introducing a reaction between 
NH, and NH,, which will inevitably lead to a chain 
reaction. At this point we disagree with Halulc (7), 
who considered that such a reaction was not neces- 
sary in order to explain his results. Honever, we 
support the suggestion by Bradley et al. (6) of such a 
reaction, and the conclusion that the overall activa- 
tion energy of about 80 kcal mol-' does not repre- 
sent exactly the activation energy of the primary 
step. 

Reuctioi~s of NH 
Our results for mixtures 1 and 2 show a linear rise 

in NH concentration followed by a drop, agreeing 
with the results of Cann and Kash but in conflict 
with the parabolic rise observed by Bradley et al. 
Cann and Kash found that the growth of NH follows 
a relationship 

Temperature - 
(K) Cann and Kash This work 

Addition of hydrogen to the reaction mixture sup- 
presses the growth of NH. N H  can only be formed 
from NH, or by splitting NH, into NH and H,. In 
the NH, analysis, it was shown that addition of H, 
does not affect the NH, concentration profiles much; 
thus it is fairly safe to assume that the rate of forma- 
tion of NH is not much affected by the addition of 
H,. Presumably therefore the lowering of NH con- 
centration is due to removal by reaction with H,, 
probably by 

The other possible reaction with H,, the conlbination 
reaction 

is probably a three body process and very slow. The 
formation and removal of NH can therefore be 
represented by 

F 

where F is the rate of production of NH. A value of F 
can be read from the early part of a profile of [NH] 
against time in the absence of added H,. Then for 
mixture 2 (672 NH3, 1.2z Hz), at a time in the very 
early part of the reaction, we can write 

with Using values of d[NH]jdt from mixture 2, we get 
ic' = 4.8 x 10" exp k - ,  = 1.8 x 10" cm3 mol-I s - l  at 2601 K 

Assuming the same dependence on ammonia concen- 
tration, Table 2 conlpares values of the rate co- 
efficient k' computed from the present work and 
from the results of Cann and Mash. The scatter of 
experimental data forced grouping of a large number 
of experiments to obtain any reasonable estimate of 
the rates, hence the very few experimental points 
available for comparison. Agreement between the 
present work and Cann and Kash's data is very good, 
especially the two low temperature points. 

This simple analysis does not require a knowledge 
of the absolute sensitivity of the mass spectrometer to 
NH. k - ,  deduced this way is expected to be accurate 
to within a factor of 3, the errors being mainly due to 
the uncertainty in determining the slope of the [NH] 
profile in the very early part of the reaction. This value 
of k - ,  appears to be the first based on experimental 
measurements. There are theoretical calculations by 
Mayer and Schieler (10, 18) which agree well with the 
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present measurements; the closest agreement is with 
the results of (1 8b) which are 20z  below our values at 
both 2601 and 2788 K. Calculations using k - ,  
indicate that in mixture 3, with 5 .8x H,, the concen- 
tration of NH should be too small to be observed, as 
was found in our experiments. 

The above analysis predicts that addition of H, 
will convert NH to NH, through reaction [ -  61. The 
resultant increase in [NH,] will be small, as observed 
experimentally, because even before adding H,, the 
N H  concentration is already substantially below that 
of NH,, especially at short reaction times. Note that, 
as discussed above, our NH, profiles (cf. Fig. 3) 
should be multiplied by a factor which is almost 
certainly greater than unity; the computer analysis 
outlined later indicates that the factor is about 5.  

Meclzanism o f  N ,  Forn~ation 
A very interesting problem in ammonia pyrolysis is 

the mechanism of formation of molecular nitrogen. 
In principle, N, can be formed from mutual or cross 
combination of any of the species NH, NH,, and 
NH,. Coniparison of the concentration profiles of 
these species with those for N, allows us to test ~ h i c h  
processes may be important. 

In the previous section, Re showed that addition of 
6"; H, to the initial reaction mixture drastically re- 
duces the concentration of N H  but has very little 
effect on N,. This observation eliminates all reactions 
involving NH as the main source of N, in ammonia 
pyrolysis. The other possibilities are 

[I41 NH, + NH, -t . . . -t N, 

Reaction [IS] must be rejected as a major source of 
N, because it predicts a maximum rate of production 
of N, at the start of the reaction, contrary to our 
experimental observations. Reaction [13] predicts a 
very strong correlation between the induction period 
T for the formation of N, and the build up of NH, 
radicals. Since only a cmall fraction of the NH, is 
decomposed during the induction period, reaction 
[14] also predicts a correlation between T and the 
build up of NH, radicals, Figure 7 shows that, for 
either reaction [I31 or [14], the correlation is very 
satisfactory. 

The tests can be carried one step further. If most of 
the N, comes from the recombination s f  NH,, 
reaction [13]. then 

(d iN2 l ) ld t  = /c1,ENB-1,12 
and 

IP + 

FIG. 7. Comparison of induction period T for N, formation 
with time taken for [NH,] to reach 40% of its maximum value. 
Mixture 1 (6.2% NH, in Kr): 0, induction period T; 0, time t 
to reach 4 0 z  of maximum [NH,]. Mixture 3 (6.1% NH, + 
5.8% HZ in Kr): 9, induction period T; ., time r to reach 40% 
of maximum [NH,]. 

Thus the concentration of N, at any time t should be 
proportional to the area under a [NH,I2 vs. time 
plot. Similarly, if one assumes that reaction [I41 is 
the major producer of N,, then 

P t 

and the concentration of N, at time t would be 
proportional to the area under a graph of [IVH,] x 
[NH,] against t .  The above two comparisons were 
made for mixtures 1 and 3. Satisfactory correlations 
were found assuming either reaction [I 31 or [14]. An 
example of the con~parisons is shown in Fig. 8. We 
cannot decide at this stage whether reaction [13] or 
reaction [I 41 is responsible for the production of N, 
in the pyrolysis of ammonia. 

Yt should be noted that our results do not rule out 
the possibility that NM contributes to the formation 
of N, in ammonia pyrolysis, but they do show that a 
major route to N, involves NW, and not WH. 

The details of reactions j13] and 1141 will now be 
considered. The reaction of two NH, radicals is often 
believed to lead to disproportionation to NH, and 
IUH 

However, if reaction [I31 leads to N,, then there 
must be a significanQrobabiliky that a collision of 
two NH, radicals leads to products different from 
those of reaction 171, e.g. 

I161 NHz + NHZ * WzHZ + Hz 

dHoo cz - 50 kcal mol-' 
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- 
5 

0 
0 50 100 

TIME ( P S I  

FIG. 8. An example of the comparison of the experimentally 
measured N, profiles with the time integrals of [NHZIZ and 
[NH2][NI3,]. (a) Mixture 3 (6.1% NH3 + 5.87, Hz in Kr), 
T = 2748 K. (6) Mixture 1 (6.2% NH, in Kr), T = 2511 K. . . ., 
kJ[NH212 dt. - - -, kf.f[NH2][NH3] d t .  k and k '  were treated as 
adjustable parameters. 

followed by 
M 

1171 N2Hz + Nz + Hz 

AHoO -. - 50 kcal mol-' 

However, Michel and Wagner (2)  suggested that 
N,H, splits into N,H and H.  The sequence leading 
to N ,  formation would then be 

AHoO -. - 34 kcal mol- ' 

AHoO - 82 kcal rnol-' 

AHoO -. - 28 kcal mol-' 

Even though hiichel and Wagner's suggestion does 
not alter the present argument about the source of 
the N,, it wiH affect the overall kinetics of pyrolysis 
because it implies that the combination of NH, 
radicals is a chain propagation step rather than a 
termination reaction. One drawback of the above 
sequence is that it includes the highly endothermic 
reactloll i18] :vh~cl~ would be fairly slow. Possibly 
therefore reactions 1181 and 1191 occur in a single 
concerted process which would be much less endo- 
thermic. Azornethane, a close relative of N,H,, 
forms two radicals 

y 3  

N=N 4 ZCH3 + N2 
\. 

CW3 

apparently in a single step. However, Wiliis and Back 
(19) hake studied the thermal decomposition oEN,A, 

at room temperature and found that free radical 
nlechanisms are not important in the process. This 
tends to suggest that N,H2 does not split into N, and 
H atoms. 

The most plausible reaction sequence for producing 
N, from NH, + NH, (reaction [14]) is 

AHoO -. 17 kcal mol-' 

[I91 NZH3 + M Nz $- HL f H + M 

AHoO 2: 4 kcal mol-' 

Reaction [I91 may not occur as written but may 
involve splitting off H and H, in two separate steps. 

Computer Simulations 

In order to study the kinetics of this system further, 
we have calculated concentration profiles by com- 
puter integration of the reaction rate equations, using 
diKerent assumed mechanisms, and have compared 
these profiles with our experiinental results. A 
serious handicap is that, not only are the rate co- 
efficients of most of the elementary reactions quite 
unknown. but also there is considerable uncertainty 
about the thermocl~emistry of some of the chemical 
species (e.g. refs. 14, 20-25). Uncertainties in the 
thern~ochemistry, and hence in the equilibrium con- 
stants, introduce additional uncertainties into the 
kinetic analysis, since a standard procedure is to use 
the rate quotient law to calculate a reverse rate con- 
stant from the forward rate constant and the equi- 
librium constant. 

Because it is not feasible to make a computer 
simulation analysis of every individual experiment, 
we represented our results by four sets of concentra- 
tion profilcs of NH,, N,, NH,, and NH (each of 
which was the average of many experiments): 
(a) mixture I (6% NNH,, 94% diluent) at 2511 K, 
(b) mixture 1 at 2992 K, (c) mixture 3 ( 6 x  NNM,, 6 z  
H,, 8 8 x  diluent) at 2600 K, (4 mixture 3 at 2873 K, 
together with the foilowing ratios of k ,  for mixtures 
1 and 4: (c) k D ( 6 ~ N H , ) / k , ( O . 1 4 ~ N H , )  - 3.6 at 
2511 K, and (f> k,(67: NH,)/k,(8.!4% NH,) = 2.9 
at 2792 M. These data were chosen because their tem- 
pcratures are fairly close to the middle oS the experi- 
mental range, wl-iere the quality of the resu!ts is best, 
yet the temperature spread is large enough to allow 
thc temperature dependence of the kinetics to be 
studied. Thern~odynarnkc data from the JANAF 
Tables (14) \;./ere r~seci in the computations. 

ResuEts 
After a very large number of trials using various 

combina.tions of  ?he elementary reactions discussed 
above, we found that a good fit to our chosen NH,, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



698 CAN.  J .  CHEM. VOL. 57. 1979 

TABLE 3. Reaction rate coefficients and ecluilibrium constants used in computer fitting o f  experimental results* 
(a) Set No. 1 

Reaction Reference for 
number Rate coefficient Equilibrium constant rate coefficient 

HI 8 56 x 10" exp (- 92 500, RT)  
[2] 5 51 x 10" exp (-91 000 RT)  

I31 8 0 0 x  10"T" ' exp (-21 567 R T )  
[41 6 31 x 10" exp (- 10 000 R T )  

[ j l  2 45 x l o i 3  exp (- 17 1 0 0 1 ~ ~ )  
[61 6 17 x lOI3 exp ( - 5  225 R T )  

[71 6 30x 1012 exp (- 10000 R T )  
PI 9 00 x 1 0 ' - T  

[91 3 60 r 10"TO " exp (- 1 900 R T )  
[ lo]  3 98 x 10" exp (- 12 000 R T )  

1 32 x 1 0 ' T 1  O exp (- 105 730 R T )  
1 82 x IO'T-' ' exp (-94 356,RT) 
2 61 x 1 0 '  exp (-  14 260,'RT) 
6 95 x IOhT-' exp ( -  80 096 RT)  
4 5 5  exp (3 853 R T )  
1 .24exp( l2026 RT)  
0 267exp(8 287 RT)  
3 91 x IO'T-' ' exp (92 600 R T )  
7 80x exp (I62 220 R T )  
3 10 x I02T-' exp (-94 356 R T )  

7 ,  ::; 
9 

This nark 
26 
27 
28 
26 

"Rare coefficient5 arc In cm' mol s unlts, \bit11 s c t i ~ a i i o ~ i  energlea In cal iiiol ' .  Ec~~i~ l ib r~ t i rn  consrants for reactioii? [ 3 ]  aiid [4] ale  esilniatcs: others are 
taken from re< 11. 

+This \\ark: ohtainsd after numerous trlals. 
:Tlierrnocheniic:il darn suggest that the acri\atioii energ) is too lo\ \ :  it can be Increased to 20 hcal mol-I ,  \\ith corierpoiiding redi ict~on ii i  A,. \\ithout 

significantly norseniny the f i t .  
( b )  Set No. 2 is the same as No. 1 except for 

k ,  = 8.00 x 10" exp (- 89 500:RT) 
k ,  = 5.51 x 1011 exp (-91 000,'RT) 
/r3 = 1.40 x I O l 4  exp (-28 300RT)  

( c )  Set No. 3 is the same as N o .  1 except for 
k ,  = 8.00 x 10'' exp (-89 500"RT) 
k ,  = 1.10 x I0l6 cexp (-89500 R T )  
k3  = 1.00 x 10"T0 ' exp (-21 5 6 7 R T )  

NH,, and N, profiles? and to  the 12, ratios of ( e )  and of fitting our rate data. Secondly, for one species, 
( f )  above, could be obtained using the following namely NEI, the con~puted and measured profiles do 
mechanism with the rate data of Table 3: not agree very well (Fig. 9). The discrepancies in 

[ I ]  N H 3 + M @ N H 2 + H + M  
shape of the N H  profiles are more disturbing than the 
differences in magnitude, since the latter could be due 

[2] N H 3 + M + N H + H z + M  to uncertainties in the sensitivity of the mass spec- 
[31 NH2 + NH, @ N2H3 + H2 troineter to this unstable species. Therefore, there 

C41 N2H3 + M + NH + NHz + M seems to be a real possibility that an  important 
reaction involving NH has been omitted from our 

[5 I H  + NH3 e H2 t NH2 mechanism, or that one or more of the rate constants 
[GI H + N H , + H Z + N H  in Table 3 are wrong. However, a very substantial 

[7 I NHz + NHz + NH + NH3 
computer study of this problem did not give a better 
fit. 

[Sl M + H + M F t H Z + M  Because of the doubts expressed above, we will not 
PI NH + N I I @ N 2  + H Z  discuss in detail the results in Table 3. Hotvever, we 

[ l o ]  
wiil briefly comment on two points of general im- 

NH2 + NH2 @ N2 + Hz + H2 portance which emerge from our calcuiations, 
where, as discussed above, reaction [lo] may take namely, the predicted overall rate law and the rate of 
place in more than one stage. To get this agreement, the uninioleciilar initiation step. 
the erperirnental NH, profiies had to be multiplied Xi,,e fits o f t b e  Oreriiii ReUt,iiOli 

by 5 ,  a factor which is very reasonable in view of the An. inlnortant question ivhy, if there is a chain 
considerations about ionization potential discussed mecilanisrn as we suggest, most workers have found 
above. Two variations of this set of rate coefficients, tlie rate be which gave very siniilar fits, are also included in 
Table 3. --d[NH,j/dt = k,[NH,][M] 

Disczrssion To rest this, we ran computer simulations, using the 
The results in Table 3 must be vie\ared with caution first set of rate data from Table 3, for initial coni- 

for two reasons. Firstly, in a system with so many positions in tile range 0.08% t o  2 0 x  NH,. k ,  was 
unknown parameters, there could well be other ways calculated from the time At for [NH,] to fall t o  8 5 z  
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TIME ( v s )  TIME ( v s )  

FIG. 9. Example of comparison of measured (solid lines) and con~puter simulated (dashed lines) concentratio11 profiles 
in NH, pyrolysis. Cornp~~ted profiles of species which were not ineasured haxe been onlitted. All si111i:lations s h o ~ e d  
[N,H,];[NH,], i l W 3 .  These sini~~lations used the reaction scheme [I]  to [lo] ii; the text, incl~itling both forward and 
reverse processes, with the first set of rate coefficients of Table 3. 111 these diagrains, the expet.imenta1 NH, profiles are 
those cbtained using an arbitrary sensitivity factor of unity, relative to NH,: as disc~issed in the text, these profiles should 
be multiplied by a factor of approximately 5, for cor?iparison with the ccillputed ~a lues .  ( c i )  h4ixture 1 (6.2x XH3) at 
2511 K.  [MI = 1.5 x lo-' mol C I ~ I - ~ .  Note that the experimental and computed NH, profiles coincide. (0) Mixture i at 
2792 K .  [MI = 1.6 x loM6 rnol cn1r3. ( r i  Mixture 3 (6.1% NH, + 5.8% X 2 )  at 2600 K .  [MI = 1.7 x lo- '  mol c111r3. 
(d) Mixture 3 at 2873 K.  [MI = 1.8 x 1W6 mol ~ r n - ~ .  
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of [NH,],, i.e. k, = -(In 0.85)/[M]At. The results slightly larger than 89.5 kcal mol-I. We propose 
(Fig. 10) agree with our observed variation in k ,  
betueen mixtures 1 and 4, and they suggest that the k ,  + k, = 1.2 x 1016 

reason why most other workers did not see such a x exp (-91 0 0 0 1 ~ ~ )  cm3 mol-' s- '  
variation was either that they did not change [NH,], 
sufficientiy, or that their NH, percentages fell in the 
range where k, remains fairly constant. Thus Bradley 
et nl. (6) used 5 to 2 0 m H , ;  the resulting variation 
in k, would be 40%, well within experinlental 
scatter. Even though Michel and Wagner (2) varied 
the composition from 0.1 1 z  to 1.5jz NH,, we 
predict that k ,  would only change by a factor of 2, 
again within experimental scatter. An exception to 
these comments seems to be the work of Jacobs, who 
used 1% and 8";H,. Assuming a rate law of the 
form 

- d[NH,]/dt = k[NH,]x[M]Y 

our simulations predict that Jacobs would find 
x = 1.36, which is close to the value of 1.5 which he 
reported. 

The hiticrtion Reaction 
Our sinlulations could not distinguish between 

channels [ I ]  and [2] for the initiation step. Irrespec- 
tive of whether N H  or NH, is produced initially, 
secondary reactions will rapidly shuflle these 
radicals. 

The discussion in the previous section indicates 
that, while our ~llechanisn~ may not reproduce all 
details of the secondary processes, it does ade- 
quately represent the way in which k, increases with 
increasing [NH,]. Therefore, it appears that we have 
succeeded in separating the effects of initiation and 
secondary reactions, so that our rate constant for the 
unimolecular initiation process should be fairly 
accurate. Our simulations, and conlparison of results 
from mixtures 1 and 4, indicate an activation energy 

which we expect to  be correct to  within a factor of 2 
under the conditions of our experiments. This 
expression is about 25% lower than k, for mixture 4, 
0.14x NH,, at 2500-3000 K. Thus our analysis indi- 
cates that in this mixture, our measured k, was not 
strongly influenced by secondary reactions. 

Since the unimolecular reaction is almost certainly 
very close to its low pressure limit, it is interesting to  
compare our rate constant with the calculated strong 
collision value. We assume that k,  >> k2 and that the 
n ~ i n i m u n ~  critical energy is the endothermicity of 
reaction [I], 101.7 kcal mol-'. Using the recently 
published inethod of Troe (29), with nlolecular data 
fro111 refs. 14 and 30, we calculate strong collision 
rate constants of 4.15 x lo9 and 9.21 x cm3 
mol-l  s 1  at 2500 and 3000 K.  Conlparison with our 
experimentally derived values yields a collision 
efficiency PC of 0.032 at 2500 K and 0.031 at 3000 K. 
These values of PC are similar to  those found (29) for 
the unimolecular dissociation of a number of other 
small polyaromic molecules in this temperature 
range, and they add further evidence that the strong 
collision assumptiori should not be used in the 
theoretical analysis of unimolecular rates at high 
temperatures. 

Our experimental studies and analysis lead to the 
f o l l o ~  ing main conclusions : 

(a )  The pyrolysis of ammonia is a chain reaction 
initiated by the unimolecular decomposition of NH,. 
In the absence of added H,, NH, is also removed by 
reaction with H, NIH, and NH,. Addition of 61, 
markedly reduces the concentration of NH.  

(h)  Measuren~ents of the effect of added H, show 
that the rate constant of the reaction 

1 1 I , I I 
-0.8 -0.4 0 0.4 0.8 1.2 

log i% NH,)G 

FIG. 10. Computed values of kD, the second order rate co- 
efficient for overall removal of NH,, at  251 1 K as a function of 
initial mole percentage of NH,. The reaction mechanism used 
was reactions [ I ]  to [lo], with the first set of rate coefficients of 
Table 3. 

is about 2 x 10'' cn13 mol-I s-I in the temperature 
range 2600-2800 K. 

(c) The principal reaction leading to N, is the re- 
combination of NH, radicals or the reaction between 
NH, and NH,. Our analysis slightly favours the 
first of these alternatives. Reactions involving N H 
xre substantially Ie5s important in forming N,. 

(d) The rate constant of the unimolecular initiation 
step, at total gas concentrations of about 1.7 x 
mol cm-, is 

k = 1.2 x loL6 exp (- 91 000/RT)cm3 mol-I s - I  
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DOVE AND KIP 701 

with the activation energy in cal mol-'. If this rate 
constant applies to  the reaction 

then Mr has a collision efficiency of about 0.03 in the 
dissociation of NH, at 2500-3000 K. 

Acknowledgments 
We thank the National Research Council of 

Canada for a grant in aid of this research and for the 
award of a scholarship to W.S.N. 

1 .  T.  4 .  J.+cons. J .  Phys. Chem. 67, 665 (1963). 
2. K .  W .  ~ ~ I C H E L  and H .  GG. W ~ G ~ E R .  10th S)mp.  Int. 

Combust. The Combustion Institute. Pittsburgh. 1965. p. 
353. 

3. H. H E ~ R I C I .  Doctorill thesis. Univei.sity of Gotlingen. 
Germany. 1966. 

4. D.  L.  J O H Y S ~ N .  D.Sc. Thesi5. Wahington University. 
MO. 1966. 

5. T .  T-\Kt\.A\l.+ and H .  I \ ~ I Y A ~ I . + .  Bull. Chem. Soc. Jpn. 39. 
2352 (1966). 

6.  .I. N. BRADLEY. R. N. BUTLER. and D. L E W I S .  TI-ans. 
Faraday Soc. 63. 1 (1967). 

7. M.  HALUK.  Ph.D. Thesis. Univenity ofToronto. Tol-onto. 
Ont.  1970. 

8. '4. P. G ~ V I C H .  A. A. ZHIRNO\.. and G .  B. MAXELIS. Kinet. 
Catal. 4.726 (1979): 4.729 (1975). 

9. J .  E .  DOVE and W.  S. NIP. Can. J .  Chem. 52. 1171 (1974). 
10. S .  W. MAIEK and L .  S C H I ~ L F R .  Aerospace Corp. Rept. 

TR-669 (92 10-02)-3. 1966. 
11. G .  S.  B A H \ .  Reaction rate compilation for the H-0-N 

system. Gordon and BI-each. New York. 1968. 
12. M.  W .  P.  C A ~ L ~  and S .  W.  CASH.  J .  Chem. Phys. 41. 3055 

(1964). 

13. S .  C.  BARTO\  and J .  E.  DOVE. Can. J .  Chem. 47,521 (1969). 
14. J.4NAF thel-mochemical tables. 2nd ed.  NSRDS-NBS 37. 

'Vational BLII-eau of Standards. Washington, DC. 1970. 
15. M. A.  DI V A L E ~ T I N .  Ph.D. Thesis. University of Toronto, 

Toronto, Ont. 1969. 
16. Ionization potentials. appearance potentials, and heats of 

formation of gaseous positive ions. NSRDS-NBS 26. Na- 
tional Bureau of Standards. Washington, DC. 1969. 

17. D .  RAPP and P. ESGL,A'VD~R-COLDLY. J .  Chem. Phys. 43. 
1464 (I 965). 

18. ( ( I )  S.  W.  \ ~ A Y ~ R  and L .  SCHIE: ER. Aei-ospaceCorp. Rept. 
TDR-669 (9210-02)-1. 1966; ( h )  Thermocherni~try Res. 
Dept., r\erospace Corp. Aerospace Coi-p. Rept. TR-100 
(9210-02)-1. 1966. 

19. C .  WILLIS and R. A. BACK. Can. J .  Cheni. 51. 3605 (1973). 
20. D. M .  GOLDEX. R. K .  SOLLY, N. A .  GAC, and S .  W.  

B E N S O ~ .  J .  Am. Cheili Soc. 94. 363 (1972). 
21. K .  E .  SEAL and A.  G.  C . 4 1 ~ 0 ~ .  Proc. Leeds Philos. Lit. 

Soc. Sci. Sect. 89.459 (1966). 

23. W.  J .  STEVENS.  J .  Chern. Ph)s .  57.2164(1973) 
24 S N FOVFR and R L HLDSO\ J Chem P h \ \  29. 442 

(1958) 
25. V .  H .  D I B E L F K ,  J .  L. FR.\\KLIN. and R ,  hl. R E E S ~ .  Ad- 

vances mas, spectrometr> . Pergamon Press. 1959. p. 443. 
26. K .  W.  ~ ~ ~ C H E L .  10th Symp. Int. Combust. The Combustion 

Institute. IJitt\burgh. 1965. p. 351. 
27. A. L .  hZur.~so\  and W.  S .  W.ATT. .I. Chem. Phy,. 49. 425 

(1968). 
28. S. L"v ~ M A ' ~ E R .  L. S C H I ~ L E . R .  and H. S .  JOHUSTOY. 11th 

Symp. Int. Combuht. The Combustion Inititi~te. Pitts- 
burgh. 1967. p. 837. 

29. J.T~ot.J.Chern.Ph)s.66.4745(1977);66.4758(1977). 
30. J .  0. H I R S C H F E L D ~ R .  C.  F. CURTISS. and R. B. BIRD. 

hlolecular theorq of gases and liquids. 2nd ed.  Wile). Nelr 
York. 1963. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Evidence for the existence of complex ions in mixed solutions of indium trichloride and 
ammonium chloride 
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ALAY N. CAMI'BTLL. Can. J. Chem. 57.702 (1979) 
The conductances, densities, and viscosities of concentrated solutions of amnioni~irn 

chloride in water, at  25'C, have been determined with good agreenient \vith existing conduc- 
tance data. The same data have been obtained for mixed solutions of indium trichloride and 
ammonium chloride. The fact that the conductance is allvays much less than the sum of the 
individual conductances, in some cases less than that of indium chloride alone, points to the 
existence of a complex in solution. 

ALA\ N. CAMPBELL. Can. J. Chem. 57.703- (1979) 
On a determine les conductivite, les densites et les viscosites de solutions coacentrCes de 

chlorure d'anirnoniurn dans l'eau B 25-C: les valeurs ohtenues sont en bon accord avec les 
donnees de conciuctivit(. existantes. On a aussi obtenu les inimes clonnees pour des solutions 
mixtes de chlorures d'indium et d'ammonium. Le fait que les conductivites des lnelanges sont 
toujours plus faibles quc la somnie des conductivites individuelles et dans quelques cas plus 
faibles que celle du chlorure d'indium seul, suggere ]'existence d'un conlplexe en solution. 

[Traduit par le journal] 

Introduction de~ ia t ion  from additivity should indicate complex 

It has been shown (1) that indiuln iricllloride forills ion formation. Such deiiatioii ivas found ; ind;ed, 

a double salt with aillnloniuln chloride, whose the conductance of a mixture of indium chloride and 
fornIula is ~ , c ' I . I ~ C ~ , . ~ , ~ .  is urually a i n ~ n o n i u i ~ ~  chloride is soiiletimes less than that of 

assumed that double salts. when dissolved in water, 
dissociate completely into t h e ~ r  individual Ions but 
so  g ~ e a t  IS the tendency of indlum chlor~de to form 
double salts \ ~ ~ t h  the chlo~ldes of the metals of 
Groups I and 2 of the Peliodlc Table, that it 1s 
poss~ble that nhen some of the l n d ~ u m  chlor~de 
double salts d~ssol\e to for111 concentrated soIutiol~s, 
a coinplex anlon may ex~s t  in solut~on. In the case of 
the double salt quoted above the first result of 
solut~orl could be 

[ I ]  2NH4CI . InCI3 + In3- + ((NH4C1)2.C13)3- 

rollowed on dilution by 

Or,  alternatively 

follo\\ed on dilution by 

The method of lnvestigat~on chosen by the author 
was that of conductance If the double salt dis- 
sociates completely into its co~lstltuent single salts 
then, apart fi 0111 the ~nevitable effect oil the actlv~ty 
due to the presence of the conimon 1011, the nieasured 
conductance should be approx~inately equal to the 
surn of the ~ n d i v ~ d u a l  coiiductances. A inarked 

Experimental 
The methods of determining conductance are well k n o ~ t i  

and have frequently been described by the author (2 ) .  Density 
was determined with a large pyknonieter (capacity 50 cm3) and 
therefore density figures are only good to fo~lr  decimals but 
this is amply sufficient for the preient purpose. Viscosity was 
determined with the visconieter of Cannon and Fenske. The 
product A11 (equivalent conductance multiplied by viscosity) 
offers a better cornparison than the simple conductance. 

The conductatice of a~nnioniurn chloride in water a1 25'C 
has been determined from 0.1 1V to 0.01 N by Longsworth ( 3 )  
and from 5.252 iV to 0.1019 N by wishaw and Stokes (4). 
Wishaw and Stokes have long been interested, in cornmon with 
the present author, in the conductances of concentrated 
solutions, and have offered an equation for the expression of 
conductance as a function of concentration which, whatever 
itu theoretical hasis or lacli of it, does in fact represent the 
conductance lery well. 

The author has repeated the work cf Wishaw and Stokes on 
ainmonium chloride and at the same time determined the 
density, viscosity, and apparent nlolal voiumc. Thc results are 
rcprociiiced in Table 1 .  Eq~tivalent conductance and con- 
ductance--viscosity products are sho~vn in Fig. I .  

Although the conductances of indium trichioride sol~itions 
mere determined preliouslp (21, the measurements were no\?. 
repeated mith the same resi~lts. A \+cigiied amount of am- 
monium chloride was then added anti the conductance re- 
determined. The specific condi~ctancc of indiun~ chloride Mas 
then subtracted from the specific conductancr of the mixed 
solution and the apparent conductance of the amrionium 
cl~ioride obtained, oil the assumption that that of the indium 

0008-40421791060702-03$01 .~!0/0 
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C A M P B E L L :  1 703 

TABLE 1. Densities, viscosities, specific and equivalent conductances, and apparent molar volumes of 
ammonium chloride in aqueous solution at  25°C" 

rl(H2O = 1) K 
N (relative (ohm-' 6, 

(equiv. 'L) ,'N c I ~ ~ ~ ~ ~  ~'iscosity) cm-') A All (cm3) 

"\ = ecjui\alcnt molarit), d = densir! ( \ r l t l ~  respect to \\atel. ,1t4'C), 7 = \iscosit), K - speclfic condnctance, A = equi\aie~i t  
conductancc, 6, = apparent  molal \ o l i ~ m e  of KH-CI. Volume (solid RH,CI) = 35.03. 

A B  = A vs N , o = Campbell's p o n i s  
o = W t S s  ponts 

- - A 

I I E eo-  N+C I" YE u I P C L ~ ( L -  
\ 

4 5 C 

CONCENTRATION OF NHCl  IN EQUiVALENT NORMAL C- I 
u 

FIG. 1 .  Equlvale~lt conductance and equivalent conductance 
x viscos~tj of NW,Cl In hater \ s  , c. 

chloride did not change. Actually, of course, it must change, 
the conductance measured being the sum of those of the ions 
In3', C1-, NHIT,  and cornplex ions, but the assumption is 
only a basis of reference. 

Discussion 

Table 1 .  \%hell coinpaled with the results of 
W l s h a ~ ~  anti Stokes (4). s h o ~ \ s  that the plesent 
1esult5 are In good agreement. if anything, the present 
result5 are a shade higher and this gives better 
agreement n ~ t h  the calculateJ ~esu l t s  of W ~ s l ~ a \ \  and 
Stokes. The apparent \olurnes aie not of hlgh 
accuracy since they rebt on deils~t) deterniinat~ons of 
only foul declinal accuiacy, b ~ i t  they shon that the 
apparent volume decreases ivith dilutiorl and 
approaches that of solid ammo~liuni chloride. This is 
to be expected if ai~inionium chloride is completely 
ioiiized i~: the lattice. 

Table 2 shc\$s that ~vi th  strong indium trichloride 
( 1 3 . 7 3 N ) .  additicli of only O.1 N ammonium 
chloride produces a conductance Iess than that oi' 
i t ~ d i u ~ n  chioride alone. With 4.91 6 AT indium 
chloride. the effect is similar. Bf A for i 5.78 N iiidiu~n 
chloride is nlultiplied by the viscosity of the mixed 
sol~itio!~. containing 15.78 n' indium chloride and 

FIG. 2. Equivaleiit conductance and equivalent conductance 
x viscosity of NH,CI in InCI, solutions of fixed concentra- 
tion vs. , c. 

0.25 A; arni~ioniurn chloride (1.406 x 21.3 = 29.95) 
the value of the product is much greater than the 
value (1 5.22) for the mixed solutio!l, in other words, 
the presence of 0.25 of NH,C1 has greatly in- 
creased the viscosity ~vithout adding to the conduc- 
tance. The value of the (apparent) equivalent con- 
ductance of ammonium chloride remains roughly 
constant over- the co~lcentration range 0.05 N to 
0.5 1V, anti this is no  doubt connected with an 
equilibrium of the for111 : 

With 13.73 h. the \cry great increase in viscosity 
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704 C.4N J .  CHEM VOL. 57 .  1979 

TABLE 2. Corresponding data for mixed solutions of indium trichloride and ammonium chloride, the indium trichloride being 
alaays 13.73 h: except for the last two concentrations \\.here it \ \as  15.78 N. The experiments could not be carried beyond 

0.5 A' NH,CI, as this represents the extent of solubility of NH,C1 in such highly concentrated indium chloride 

"Conductance less than tha t  of InCI, nbo\e. 

-Tile iesults of (0) are  e\prcssed graphically in Fig. 2 

(from 9 896 to 25 60) caused by the addl t~on of only I E hl K \ R I Z I \ I A R K  CIln J Chem 55.2792(1977) 

0 5 N NM,Cl (and where the apparent co~lductance A CA\lpBEL1 Cdll Chem sl, 3007(1973) 
3 L G LO~GSLIORTH J 4m Chem Soc 57 1185(1935) 

'la' negative) lndlcates  that the added 4 B F WISHA\\ <ind R H S T O K ~ s  J Am (jhen, Sot 76, 
amlnoniurn chlorlde ev~sts largely as complex and 2065(]954) 
that  thls complex 1s much bulk~er than any of the 
component Ions 
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The density and vapour pressure of dimethylsulfoxide at various temperatures 
and the (hypothetical) critical density 

ALAN N .  C A M P B E L L  
Depcirtrtlrr~t c~f'C'lle~r~istry, Ulzii.ersiiy oj':\lcinitohri, Wirznipeg, Mir,~. , Crilliidir K372.*1'2 

Keceived June 14. 1978 

ALAN N. CAMPBELL. Can. J. Chem. 57.705 (1979) 
The density ~ i p  to 257°C and the vapour pressure up to 189°C of dimethylsulfoxide have been 

determined directly. Dimethylsulfoxide decomposes below the critical temperature, but by 
indirect methods the (hypothetical) critical density is found to be 

The \apour pressure measurements qleld a molar heat of e\aporatlon of 10 84 kcal'mol or 
138 7 cal g 

ALAN N. CAMPBELL. Can. J. Chem. 57, 705 (1979). 
On a determine, par des mtthodes directes, la densite du dimethyli~~lfoxyde jusqu'a 257'C 

et sa tension de vapeur jusqil'a 189'C. Le dimCthylsulfoxyde se decompose B une temperature 
inferieure sa temperature critique; par des methodes indirectes, on a toutefois pu calculer 
que la densite critique (hypothitique) est 

p, = 0.366 g1cm3 
OU 

I> = 237.7 cm3 

A partir des lnesures de tension de vapeur, on peut Cvaluer une chaleur nlolaire d'evaporation 
de 10.84 kcaljmol ou 138.7 cal/g. 

[Traduit par le journal] 

Introduction 

I t  should be said at  the outset that it is not pos- 
sible to deternline directly the critical constants 
because of decomposition. I t  is, however, possible 
to arrive at  an approximation to the critical density 
and in the attempt to  do so good values of the vapour 
pressure and density have been obtained. 

Experimental 
The dimethylsulfoxide used was a Fisher product (certified 

A.C.S.). A sinall quantity was dried by standing over molecular 
sieves, as reconmended by Perrin, Arnmarego, and Perrin (I), 
but this produced no change in the freezing point or density: 
for subsequent work, the product was used without further 
purification. 

For the determination of density, all the custonlary pre- 
cautions of the best pyknometry were used, viz. a large, but 
not too large, pyknometer (50 cm3 capacity). The thermostat 
temperature was constant to *0.01'C, as determined with a 
Beckmalin thermometer, which had been standardised against 
a standard platinum resistance thermometer. The pyknometer 
was left in the balance case for a fixed time before weighing. 
Conductance water was used for the calibration and buoyancy 
was eliminated by using an identical pyknometer as a counter- 
poise. Under these circumstances, it is usual to claim an 
accuracy of 0.0001 in the density, say 0.0003. 

Above 92'C, density was obtained with a dilatometer, con- 
sisting of a bulb and graduated capillary: the apparatus was 
evacuated and sealed to prevent boiling of the liquid. The rise 

in the capillary was measured with a cathetometer reading to 
0.01 cnl. Measurements with the dilatometer are somewhat 
less accurate, since they depend on the accuracy of the cathe- 
torneter. An accuracy of 0.001 is claimed. 

Vapour pressure was measured with a closed manometer up 
to a pressure of 78.1 cm of rnercury and a temperature of 
189'C. The DMSO in the manometer was repeatedly frozen, 
pumped down on a high vacuum line, melted, and the opera- 
tion repeated. The  nanometer itself was flamed to remove 
occluded luoisture from the glass. The accuracy is estimated as 
0.1 cm. This means that for pressures less than 1.0 mrn the 
error is high. Direct observation is not a good method for 
such low vapour pressures. Densities are given in Table 1 and 
vapour pressures in Table 2. 

Results 

Density has been determined by various investi- 
gators, at  temperatures ranging from 20 to 80cC 
(2-4). The measurements of this paper extend to 
257°C. Despite the uide range of temperature and 
the fact that density determinations above 92°C were 
made with a dilatometer, it was found that the results 
call be represented quite accurately by the equation 

d,  = rl,,(l - @At -  A AT)^) 
where 

At = r - 25 

When the experimental results were offered to the 

0008-4042179I060705-03$01 0010 
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TABLE 1 

(0) Density of din~ethylsulfoxide at  
various temperatures 

t ( T )  6/4 

CAN. J .  CHEM. VOL. 57. 1979 

25.00 1.0961 
48 1 ,0730 
6 1 1.0623 
72 1.0513 
92 1.0323 

116 1 ,004 
172 0.945 
188 0.925 
195 0.910 
250 0.855 
257 0.845 

(b) Results calculated and compared with those of previous 
wol.kersz: 

( ~ C )  Exp. \ d u e  of il Calcd. Discrepancy 

20 1.1014 (10) 1 ,0965 - 0.0049 
3 5 1.0855 (11) 1.0863 + 0.0008 
40 1 ,0825 (2) 1.0814 -0.0011 
45 1.0745 (1 1) 1 ,0764 +0.0019 
50 1.0721 (10) 1 ,0696 -0.0025 
55 1.0637 (10) 1 ,0665 + 0.0028 
60 1.0637 (11) 1.0619 -0.0018 
80 1 ,0472 (2) 1 ,0324 -0.0148 

*Reference ii~lmbers in parentheses. 

TABLE 2. Vapour pressures of dimethylsulfoxide 

t T 1 IT x lo3  p in Torr log P 

44.1 317.3 3.152 0.095 - 1 ,0223 
65.0 338.2 2.957 0.710 - 0.1487 
76.5 349.7 2.860 1.233 0.2095 
94 .3  367.5 2.721 3.800 0.5798 

113 386 2.591 7.943 0.9000 
135 408 2.451 19.09 1.281 
190 463 2.159 80.0 1.909 
97 3 70 2.703 4.452 0.6486 

139 412 2.427 18.84 1.275 
155 428 2.336 32.24 1.508 
163 436 2.294 39.585 1 ,598 
172 445 2.247 51.3 1.710 
178 451 2.217 61.1 1.786 
180 453 2.208 65.7 1.818 
182 455 2.198 68.1 1.833 
185 458 2.183 72 .3  1.859 
186 459 2.179 74.3 1.871 
187 460 2.174 74.3 1.871 
188 461 2.169 76.1 1.881 
189 462 2.164 78.1 1.893 

computer, it obtained for the constailts: 

ti. = 0 97514 x 

B = 0.4400 x 

The average discrepancy between calculated and 
observed results 1s 0.039667 and the ~l-~aximum devi- 
a t ~ o n  is 0.8360x at  188'C. Table l glves the expen- 

lnental results together with the densities calculated 
from the above equation for the temperatures of 
previous workers. Considering the conditions of 
experiment, the agreement is good. except that the 
previous figure for 20°C is obviously too high. The 
discrepailcies betn-een observed and calculated 
results are small and vary in algebraic sign. 

It is surprising that so little work has been done on 
the vapour pressure of DMSO. The ollly nark dis- 
covered by the author is that of Teichnlann and 
Ziebarth (51, who give the vapour pressure as p = 

16 mm at 79.803C and 12 l u ~ n  at 72.50cC, and that 
of Douglas (6). Douglas determined the vapour 
pressure of DMSO over the temperature range 20 to 
50cC. Comparing his results with those of this kvork, 
we have 

Douglas Canlpbell 

3.07 Torr ( t  = 50°C) 7 .10  Torr ( t  = 65-C) 
2.27 Torr ( t  = 45'C) 0.95 Torr ( t  = 4 4 3 3  

Considering that the present method \\as the direct 
observation of a 11:ercul-y column in a manometer 
and that of Douglas the more delicate one of the 
air-saturation method. the agreement 1s good 
enough. Perhaps Douglas' results may be low, since 
his method of saturating the air is hardly sufficient, 
according to modern technique. Douglas used the 
Kirchhoff equation to express his results: 

log JJ = A - BIT + C log T (11is C is negative) 

Using Douglas' constants to calculate the vapour 
pressure at the experimental tenlperatures of this 
paper, very poor agreement results, e.g. at 18gcC 
which is generally agreed to be the normal boiling 
temperature, the vapour pressure is calculated to be 
1051 mm, instead of 760 mm. But this, of course, is 
not a criticism of Douglas, since his equation only 
purports to cokes the range 20 to 50°C. 

Discussion 

The Kirchhoff equation assuines a constani AH,,, 
over the temperature range, but AH,,,, is not con- 
stant. Nevertheless, the Icirchhoff equation satis- 
ractorily describes the behaviour of many liquids 
over a wide range of temperature. For instance, 
mercury, ethanol, mesitylene, acetone: cyclohexane. 
and ether give very good straight line plots for log p 
vs. IOOOIT over the temperature range 0 to 1 6OCC1 
though AH,,, is not constant. The constant B of the 
Kirchhoff equation is proportioilal to AH,,,, but 
AH,,, is not constant. The slope of the log p vs. l / T  
plot must therefore give a mean value of AH,,, over 
the temperature range. Cornpensatill factors must 
account for the straightness of the plot. This criti- 
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CAMPBELL : 2 707 

cisni applies to all A H  values obtained from vapour 
pressure plots. 

The results of Table 2 m-hen plotted in the form of 
log 11 VS. l,!T give a good straight line. From the 
slope of the straight line, the heat of evaporation 
results as AH = 10.84 + 0.2 kca1,'niol (as a mean 
value over the range 25 to 189°C). Similar treatment 
of Douglas' (6) results gives 12.64 kcal over the 
range 20 to  50°C. A single and often quoted direct 
experimental deternlination for the heat of evapora- 
tion at  the boiling point is that of Priickner (7) who 
gives 13.67 kcal. The application of Trouton's rule 
gives A H  = 9.26 kcal but Trouton's rule is only an  
approxiniation. The Nernst-Bingham rule: A S  = 

TABLE 3. D a t a  for the applicat~on of 
Hakala's rule' 

t ( C )  ( , + p ) ' 2  (t  - P)'O'~ 

*The above results are expressed graphically 
in Fig. 1. The Intercept of the straight 11ne - 
p, = 0.366g cm'. From the slope, k = 0.133. 
V,!mol - 237.7 cm3. 

FIG. 1. Plot of ( r  i- p):2 vs. ( r .  - p)'OI3. 

17 + 0.011T gives A S  = 22.082, and hence AH = 

10.20 kcal/mol. 
The la\\? of the rectilinear diameter while giving a 

straight line plot lor  the ruean density of orthobaric 
liquid and vapour, for most of the temperature rise, 
is liable to bend in a distressing manner just before 
the critical temperature is reached. A modification of 
the rectilinear dia~neter rule by Hakala (8) has been 
found very successful. According to Sheehan (9) 
"In general, values of PC found by this linear extrapo- 
lation agree with traditional methods: even when the 
densities are one hundred degrees from Tc, the 
values of PC are correct ~vithin one percent." The rule 
takes the form : 

(r + p);2 = p, + k(r - p)10'3 

where 1. = liquid density, p = density of saturated 
vapour, k = empirical constant, p, = critical den- 
sity. 

In applying Hakala's rule to the present results, 
the density of the vapour up to 189'C and a vapour 
pressure of 1 atm \vas calculated from the observed 
vapour pressures and the ideal gas laif : any devia- 
tions from ideal behaviour ivould not be significant, 
since the density of the vapour is so small in  co111- 
parison with that of the liquid. The results are given 
in Table 3. 
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COMMUNICATION 

A total synthesis of (-)-khusimonel 

HSING-JANG LIU ~ i i ~  W I N G  HONG CHAY 
Dep~irrtt7ciir of (-ileini.\ri.\.. Uizic.ersif!. c?fA IOcrtci, Edt?rot~toil, Altii., C'ciiicitlri T6C 2G2 

Received No~emhel- 24. 1978 

HSING-JAKG LIC and Wruc Hohc CHAK. Can. J. Chem. 57,708 (1979). 
A total synthesis of (-)-khusinione (1 ), an odoriferous norsesquiterpenoid ketone, has been 

achieved in 16 steps from the ammoniuni salt of I-10-call~pl~orsulibnic acid. 

HSI~G-JA\G LIU et WIP*G Ho\c  CHAP*. Can J. Chem. 57.708 (1979) 
On n I-eali\i la \!nthese totale cie la (-)-hhu\imone (1) .  une cetone nocsesquiterptnique 

odol-ifer-ante. en 16 etapes It partir du sel d'ammoniurn de l'acide I-camphi-esulfonique-10. 
[TI-aduit pat- le journal] 

The norsesquiterpenoid (-)-khusimone, a highly 
odoriferous ketone found in vetiver oil ( I ,  2), has 
been shown to possess the tricyclic skeleton and 
absolute stereochemistry depicted in formula 1 (1) 
by spectroscopic and chemical evidence. Recently, 
Biichi and co-workers (3) reported an  elegant total 
synthesis of its racemic ~~iodification using a n  intra- 
~nolecular Diels-Alder approach. We nish to de- 
scribe an  efficient photochemical route leading to 
the naturally occurring ketone in optically active 
form. 

(-)-r-Ca~npholesiic acid (2) ,2 prepared in SO\ 
yield from the commercially available I- I O-camphor- 
sulfo~iic acid am~lio~liurn salt bv fusion n i th  solid 
potassium hydroxide,\uas esterified with methyl 
iodide and potassium carboilate in  acetone (5). 
Ozo~lolysis of the resulting ester 3 sol lo^ ed by reduc- 
tive nork  up uslng trlphenylphospl~~ne (6) gave keto 
aldehyde 4 \\.hlch mas s~noothly cqcl~zed by means 
of p-toluenesulfonic acid 111 refluxing benzene. The 
product 5 obta~ned In 700; yleld from 2 was subse- 
quently irrad~ated (450-W H a n o v ~ a  li~gh-pressure 
quartz mercury vapor lamp and Pqrex filte~) \ + ~ t h  
I,]-d~ethoxyethene (7, 8) In benzene a t  room tem- 
perature for 3 h .  The photocycloaddition proceeded 
with complete regioselectivity to give an  inseparable 
mixture of at  least t\vo d~astereosners (four sets of 
partially superinlposed -OCH,- quartets at  6 3.39 
region ill the nmr spectrum) oS the head-to-tail 

'Dedicated to Professor K. Wiesner on the occasion of his 
60th birthday. 

2All compounds were adequately characterized by spec- 
troscopic methods (ir, nmr, and ms) and by exact mass tnea- 
surement andior elemental analysis. 

3The published procedure (4) for the degradation of the 
sodium salt of d,l-l0-camphorsulfo1~ic acid to a-canipholenic 
acid was used. 

adduct 6'  When hydrolyzed ~ i t h  d~ lu te  hydrochlor~c 
a c ~ d  In acetone, the Inrxture afforded, as the only 
products, two d~astereomer~c d~ketones 7 and 8" 
(total 80"; y~eld fiom 5 )  111 a latlo of 5 8. In the sinlr 
spectra, the lnlnol ~ s o ~ n e r  s h o ~ ~ e d  t ~ u o  s~nglets at  6 
1.21 and 0 97 for the gem-d~methyl group \$hereas 
the coriespond~ng ssgnals of the inajor Isomer, which 
was obtained as d solid (mp 127-128 C). appeared 
at  6 1.12 and 1.06. The laigei 8 6  observed for the 
iulnor product suggested ~ t s  structure was 7 (and 
thus that of the major isomer was 8) as the   no st im- 
portant contr~bution conforrnat~on could be repre- 
sented by forlnula 70 In v h ~ c h  the 0-faced methyl 1s 
shielded and the P-methyl desh~elded respectively by 
the cyclobutanone and the cyclohexanone carbonyl. 
These tentative structural ass~gnments bere substan- 
t ~ a t e d  by subsequent transformat~ons. Dlrect con- 
version of diketone 8 to 7 was attempted without 
success usi~lg a variety of conditions which were ex- 
pected to induce epimerization a t  both ring junction 
centers. However the desired isornerization could be 
achieved by a tho-step sequence as follows. Treat- 
ment of diketone 8 with pyridinium bromide perbro- 
~ n i d e  in acetic acid gave a 7 0 2  yield of unsaturated 
ketone 9 which was reduced to diketoiles 7 and 8 
(3:2;  65"; yield)6 with zinc in acetic acid (9) at  room 
temperature. 

Before the incorporation of the required exo- 

4The regioselectivity and the orientation of the photocyclo- 
addition follow from the result obtained from the subsequent 
hydrolysis of the photoadduct. 

'Regardless of the ring junction stereocheniistry of the pre- 
cursors, a cis ring juncture could be readily assigned to these 
conipounds on the basis of reported observations (8). 

60ur  original plan was to introducc the dcsircd stcreochcm- 
istry more efficiently by the following intramolecular photo- 
chemical process: 

0008-4042/79/060708-02S01 .OO/0 
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1 2 R = H  4 
3 R =  CH, 

\ 
R 

9 10 R = CH,: R' = O 15 R =  OH 
11 R = H ; R ' = O  16 R =  C1 
12 R =  H ; R ' =  H.OH 
13 R = C H , ; R ' =  H , O H  
14 R = CH,: R' = CH2 

methylene group into diketone 7, its cyclobutailone 
carbonyl was protected by means of selective tran- 
sketalization with 2-ethyl-2-methyl-1,3-dioxolane a t  
95°C using p-toluenesulfonic acid as a catalyst. Hy- 
drolysis of ester 10 with 2 N aqueous sodium hy- 

Of several suitable compounds studied, only one (Y = 
CHOOCCH3) underwent intra~nolecular cycloaddition but in 
an ulldesirable head-to-head fashion to give keto acetate i .  

droxide in refluxing methanol follo\rcd by treatment 
of the resulting acid 11 sequentially with 1 equiv. of 
sodium hydride and a fivefold excess of methyl mag- 
nesium bromide gave rise to hydroxy acid 12 which 
was esterified with diazomethane to afford hydroxy 
ester 13  (71'5 yield from 7). On treatment with 
thionyl chloride and pyridiile in benzene, hydroxy 
ester 13  underwent dehydration cleanly with exclu- 
sive formation of the exocyclic double bond as ex- 
pected7 and ester 14 was isolated in 89% yield. Ester 
14 was reduced with lithium alurninu~ll hydride and 
the resulting alcohol 15  co~lverted by phosphorus 
oxychloride ill pyridine to the correspoilding chloride 
16 in 70% yield over two steps. Hydrolysis of chloride 
16 was effected by treatment with dilute hydrochloric 
acid to give quantitatively keto chloride 17. 

The trailsformation of keto chloride 17 to (-)-khu- 
simolie (1) requires two primary operations : one- 
carbon expansion of the cyclobutanoi~e ring and 
cyclization. Each was accomplished by a single step. 
Boron trifluoride catalyzed ring expansion of keto 
chloride 17 with ethyl diazoacetate (10, I I )  proceeded 
with high regioselectivity by the expected lnigration 
of the less substituted a-carbon (1 1 ,  12) to give keto 
ester 18 as the predominant product in 597; yield. 
When heated at  reflux with 1 N sodium hydroxide in 
ethanol, keto ester 18 underwent coilcornitant de- 
carbethoxylation and ring closure giving rise to 
(-)-khusimone (1) in 61";,ield, which was shown 
to be identical in all respects with the natural inate- 
rial. 
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M. NAKAHARA, P. T. T. WONG, and E. WHALLEY. Can. J. Chem. 57,711 (1979). 
The polarized Raman spectrum of s-trioxane has been measured in single-crystal phase I, 

the melt, and the chloroform-d solution and the measurements used to improve the assign- 
ments, particularly in the C-H stretching region. 

M. NAKAHARA, P. T. T. WONG et E. WHALLEY. Can. J. Chem. 57,711 (1979). 
On a mesurt le spectre Raman polarist du J-trioxanne sous forme de cristal unique en 

phase I, de produit fondu et en solution dans le chloroforme-d; on a utilisC les mesures pour 
ameliorer les attributions, en particulier dans la rtgion de vibration de valence C-H. 

[Traduit par le journal] 

Introduction As trithiane becomes flat under ~ressure (11. it is 
\ ,, 

It has recently been shown by a detailed analysis certainly expected that trioxane would become flat 
(1) of the infrared (2) and Raman (I) spectra under also, perhaps at a higher pressure than trithiane. 
pressure that the puckered ring of trithiane, a six- However, a detliled analysis of the spectroscopic 
membered ring compound (CH,S),, is greatly effects of flattening (4) suggested that the current 
flattened at 18 kbar, and by extrapolation appears to assignment (5) of the spectrum and the observed 
become flat at -40 kbar. A few years ago, Brasch effects of pressure were not consistent with flattening. 
et al. (3) reported that when trioxane was squeezed This statement was also true (1) of the spectrum of 
between diamond anvils to pressures of the magni- trithiane as originally assigned, but several of the 
tude of 40 kbar its spectrum changed markedly at a assignments could be changed in a reasonable 
change of phase that occurred (2) in a piston- manner to make the effect of pressure on the infrared 
cylinder apparatus at a nominal pressure of 27 kbar spectrum agree with flattening. 
on increasing the load, and 8 kbar on decreasing, and It seemed that the assignment of trioxane could not 
several bands lost all or most of their intensity in the be changed in a similar way, but nevertheless, there 
high-pressure phase. On releasing the pressure, the were some uncertainties in the assignment, and it 
high-pressure spectrum persisted until at least 10 
kbar, but was reported to revert to the low-pressure 
spectrum when the pressure was fully released. When 
a "single" crystal of trioxane was squeezed, the high- 
pressure phase was formed with considerable 
orientation, as shown by the strong polarization of 
the absorption spectrum of several bands. I t  was 
tentatively suggested, without a detailed analysis, 
that trioxane became ilat under pressure. 

'NRCC No. 17171. 
'NRCC Research Associate 1977-1978. Permanent address: 

Department of Chemistry, Faculty of Science, Kyoto Univer- 
sity, Kyoto 606, Japan. 

seemed worth verifying by recording the polarized 
Raman spectra of a single crystal. In addition, the 
polarized spectra of the melt and of a solution in 
chloroform-d have been obtained. The spectra will 
also provide a basis for discussing the Raman 
spectrum of the high-pressure phase trioxane 11, a 
phase which was first observed by Brasch et al. (3). 
As we shall see, the Raman spectrum of trioxane I1 
(6) also helps to interpret that of trioxane I. 

The vibrational spectra of trioxane have been 
investigated previously in the infrared for the gas 
(5, 7-10, l I), carbon tetrachloride solution (5,7,12), 
liquid (5, 1 l), and single crystal (5), and in the Raman 

0008-4042/79/0707 11-07$01 .00/0 
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using a mercury source for the liquid (9), carbon 
tetrachloride solution (13), and crystal (9). 

Experimental Methods and Results 
Experimental Methods 

Practical grade s-trioxane was supplied by the 
Eastman Kodak Co. Single crystals were made by 
heating the solid to about 70°C in a bottle and storing 
at room temperature, 21.5"C. The vapor slowly 
condensed on the upper part of the wall to form 
clear long crystals. Single crystals were distinguished 
from polycrystals by the polarized Raman spectrum. 
The long axis of a crystal was assumed to coincide 
with the crystallographic c axis as has been observed 
by several workers (5, 14, 15), and the ends of the 
crystals were cut approximately perpendicular to the 
axis. The crystals were sealed in 3-n~m-diameter 
glass tubes and mounted near the spectrometer slit, 
and were oriented to give the maximum intensity of 
the appropriate polarized components of several 
strong bands near 3000 cm-'. Melt and solution 
samples were made by sealing trioxane either alone 
or with chloroform-d in a 3-mm-diameter glass tube. 
The melt was made by heating the tube to -70°C 
with an air gun. 

The Raman spectra were obtained using the 
5145-A argon line from a Coherent Radiation 
Laboratories model 52 argon-ion laser and a Jarrel- 
Ash model 25-300 spectrometer, using a 90" scatter- 
ing angle. The polarization properties were measured 
using a half-wave plate for the exciting light and a 
polarization scrambler and an analyzer for the 
scattered light. They were checked by measuring the 
carbon tetrachloride bands (16). The intensity of the 
laser beam was - 1 W for the melt and solution 
spectra, and was reduced to -300 mW for the 
single-crystal spectra to prevent sublimation. For the 
final spectra, the spectral slit width was 2.9 cm-', 
time constant 10 s, and scanning speed 10 cm-' 
min-I. The spectrum of a neon lamp (17) was 
recorded with several of the spectra, and the neon 
lines and the stronger plasma lines of the laser were 
used to calibrate the frequencies. Sharp bands were 
reproducible to k0.2-0.3 cm-I, and all are reported 
to f 1 cm-I. 

Results 
Polarized spectra were run on 5 different single 

crystals. The polarized spectra of the crystal in the 
range 4000-200 cm-I are shown in Fig. 1, in which 
the a and a'  directions are perpendicular to the c axis 
of the crystal and to one another, and selected 
regions are shown on an expanded scale in Fig. 2. 
The polarized spectra in the region of the lattice 
vibrations are shown in Fig. 3. No laser Raman 
spectrum of liquid trioxane appears to have been 

FIG. 1. Polarized Raman spectra of single-crystal trioxane 
in the range 4000-200 cm-'. The polarizations are indicated 
in the frames. The scanning speed was 20cm-I min-', 
maximum counting rate 2000 s-I, and time constant 2 s. 

published and so polarized spectra are shown in 
Fig. 4. The frequencies and peak intensities for the 
crystal are summarized in Table 1. The frequencies, 
qualitative relative intensities, and depolarization 
ratios for the liquid at - 70°C and the 0.3 M solution 
in chloroform-d are summarized in Table 2. 

The Raman spectrum of polycrystalline trioxane 
has been reported by Stair and Nielsen (9) using 
mercury excitation, and their frequencies and 
assigned species are summarized in Table 1. The two 
measurements agree well, although Stair and 
Nielsen's experiments were not sensitive enough to 
detect some of the weaker bands. 

The Raman spectrum of the lattice vibrations of 
the single crystal has recently been reported by 
Thomas (18). Our spectra agree with his except that 
the band he reported at 64 cm-' was found at 
69 cm-' in this work, and he did not report the 
54-cm-I band although it seems to be present as a 
weak shoulder in his cc and bc spectra. 

The infrared spectrum has been studied several 
times in the gas (5, 7-10), liquid (5, 12), and solution 
in carbon tetrachloride (5, 7, 11). Single crystals have 
been studied in the infrared by Kobayashi et al. (5), 
and a selection of their frequencies, particularly 
those assigned to the fundamentals, qualitative 
intensities, and polarizations are summarized in 
Table 1. Our frequencies agree reasonably well with 
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NAKAHARA ET AL. 

v/cm-' 

FIG. 2. Expanded polarized Raman spectra of single-crystal trioxane in selected frequency regions. The polarizations 
are indicated in the frames. The scanning speed was 10 cm-' min-l, maximum counting rate 2000 s-', and time constant 
10 s. 

and both become A, and are active in both infrared 
and Raman. Under the unit-cell symmetry, each of 
the A vibrations splits by intermolecular coupling 
into an A,  and an A, vibration, and only the A ,  
vibrations are active. The E vibrations of the 
isolated molecule remain E under the site group, and , m b  each frequency Thus, gives the by rise A,  the vibrations to effects two E of vibrations of intermolecular the isolated which coupling. molecule differ in 

remain active as A,  vibrations in the crystal, the A, 
> 
k vibrations give A,  vibrations and are presumably 
cn 
z weakly active, and the E vibrations double. The 
W 
I- intermolecular coupling is probably small, and the 
Z two coupled E vibrations probably differ little in vI rJ:rl frequency. parallel In the to infrared, the crystallographic the A,  vibrations c axis are and polarized the E 

vibrations parallel to a,b. In the Raman, the scatter- 
ing matrix for the A, vibrations has the form 

100 80 60 40 20 100 80 60 40 20 

FIG. 3. Polarized Raman spectra of single-crystal trioxane 
in the region of the lattice vibrations. The polarizations are 
indicated in the frames. The scanning speed was 5 cm-' min-', 
maximum counting rate 1000 s-', and time constant 40 s. 

theirs except for the band that appears to be at 
486 cm-' in the Raman spectrum and 469 cm-' in 
the infrared. It will be discussed in the following 
section. 

Synimetry Assignment 
The isolated trioxane molecule has symmetry C,,. 

It has thirty fundamental vibrations which form the 
reducible representation 7A1 + 3A, + 10E. The A, 
and E vibrations are active in both the infrared and 
Raman spectra, and the A, vibrations are inactive 
in both. The crystal belongs to space group R3c, 
C$, with two molecules in the unit cell on sites 
of symmetry C, (14, 15). Under C, site symmetry, 
the distinction between A,  and A, species disappears 

and for the E vibrations the forms 

- c  - d  (i.) and (:; : :) 
(19). The A,  vibrations, therefore, occur in aa and cc 
polarizations only. The E vibrations occur in all 
polarizations except cc, and the aa and ab polarized 
spectra have the same intensity. 

The Raman bands of the single crystal can there- 
fore be assigned to their symmetry species as in 
Table 1. The assignment is straightforward for most 
bands. Several bands had strong aa and aa' com- 
ponents and a weak cc component. The cc com- 
ponent could be either an A, component or leakage, 
and an A ,  component was deduced only if the aa 
and aa' intensities were significantly different. There 
is no evidence that the coupled E vibrations derived 
from a particular E vibration of the isolated molecule 
differ significantly in frequency. 
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A f  
TRIOXANE 

FIG 4. Raman spectrum of 11qu1d trloxane at - 70°C polarized parallel ( I ) ,  perpend~cular (I) to the electr~c vector of 
the exc~tlng Ilght. The Inset spectra are selected reglons of the main spectra w ~ t h  the lntenslty scale reduced to one half. 
The scannlng speed was 20 cm-' nxn-I, maxlmum countlng rate 5000 s-I, and tlme constant 2 s. 

The species assigned by Kobayashi et al. (5) from 
their polarized infrared spectra of single crystals 
agree with ours, with a few exceptions which will be 
discussed below. The species assigned to the bands 
in the pure liquid and in solution based on the 
Raman polarization agree with the crystal assign- 
ments, again with a few apparent exceptions which 
will be discussed below. 

The 3033-cm-I Raman band of single-crystal 
trioxane has strong and nearly equal aa and aa' 
components. The E vibration, for which aa and aa'  
intensities are the same, dominates and the evidence 
for an A, vibration, i.e. that the aa and aa'  com- 
ponents are not equal and there is a significant cc 
component, is not overwhelming. The Raman band 
of the liquid has a depolarization ratio of 0.29 and 
so has significant contribution from the A, band. 
The infrared spectrum is nearly all perpendicularly 
polarized, and so is due to the E vibration, and the 
A, is very weak at best. In the Raman spectrum (6) 
of trioxane 11, a high-pressure phase which is pro- 
duced at pressures about -27 kbar at 22°C (2), most 
of the bands that are undoubtedly degenerate are 
split into two approximately equal components and 
none of the A, bands is split. No doubt the C, mole- 
cular axis is absent. The band at -3033 cm-' is 
split into two unequal parts, which can be interpreted 
as a strong doublet at 3037 and 3027 cm-' derived 
from an E band and an A, component about 5 cm-I 
lower than the mean E frequency of 3032 cm-', i.e., 
at - 3027 cm-I. The spectrum of trioxane I is there- 
fore probably due to a strong E vibration at 3033 
cm-I in both infrared and Raman and a weak A, 
vibration at -3028 cm-I in both infrared and 
Raman. In the polarized Raman spectrum the weak 
A, component seems to be dominated by leaked E 
spectra and the difference of frequencies is not 
evident. 

The 2888-cm-I Raman band of the single crystal 

is mainly the A, vibration, which agrees with the 
spectrum of the melt, and is largely cc polarized. In 
the infrared, there are clearly two bands, an A, at 
2883 cm-I and an E at 2877 cm-'. In the Raman 
spectrum of trioxane I1 (6), there is a strong band 
and two weak sidebands. The sidebands are no 
doubt due to the split E vibration, and their mean 
frequency is -6 cm-I below that of the A,. It seems 
likely, therefore, that the A, vibration of trioxane I 
is at 2888 cm-I and the E components at -2882 
cm-I. Apart from a frequency shift of 5 cm-', these 
agree with the infrared spectra. 

Three of the combination bands, at 2855, 2630, 
and 1076 cm-l, appear to have different species in 
the infrared and Raman spectra. Perhaps the two 
spectra see different combinations. 

The 966- and 746-cm-I bands appear to have 
significant A, and E contributions in the single- 
crystal Raman spectra, but to be only A, in the 
infrared. Their depolarization ratios in the liquid are 
0.00 and 0.06 respectively. It seems likely that the 
apparently significant E component is due to leakage 
caused by imperfect alignment of the crystal and 
unwanted reflections and refractions. 

The band at 480 cm-I is clearly asymmetric in the 
Raman spectrum, and appears to consist of an A, 
band at 486 cm-I and a weaker E band at 477 cm-'. 
In the infrared (5), only a strong A, band at  469 
cm-I was reported. 

The infrared spectrum has therefore been care- 
fully recorded on a Perkin-Elmer model 521 infrared 
spectrometer. It is a broad asymmetric band, as is 
the Raman band, centered at about 475 cm-', and 
appears to be composed of two bands centered at 
-484 and -472 cm-', as does the Raman spectrum. 
However, according to Kobayashi et al's. (5) Fig. 4, 
there is no perpendicularly polarized infrared band 
in this region, and the explanation of this dis- 
crepancy is not known. 
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NAKAHARA ET AL. 715 

TABLE 1. Polarized single-crystal Raman spectrum of trioxane at -- 22'C. Polarized infrared spectra (5) of single-crystal 
and Raman spectra of polycrystal (9) trioxane are included for comparison 

Single crystal 

Ramana Infraredb Polycrystal 
Ramanc 

vlcm- aa aa' ac cc Speciesd v/cm-' Polarization Species v/cm - l 

.This work. 
"Reference 5. Most weak bands that do  not coincide with Raman bands and appear to be combinations have been omitted 
<References 9 and 18. 
T h e  stronger comnonent is listed first. 
Ps = strong, m = medium, w = weak, v = very, sh = shoulder. 
fSee discussion in the text. 
Single crystal, ref. 18. 
"This is a weak band and the polarizations are uncertain. 

The Raman-active intermolecular rotational vibra- 
tions form the representation A,  + 2E and the only 
active translational vibration belongs to species E. 
They can be assigned as in Table 1. Thomas (18) 
assigned his 64-cm-I band to the E species, but there 
seems little doubt that it is the A ,  band. 

2E, of which A,  + E is caused by each of the 
symmetric and asymmetric stretches. When coupled 
in the crystal, each forms the reducible representation 
A,  + A, + 2E, of which the A, vibration is 
inactive. 

The coupling between the C-H stretches within 
a CH, group is expected to be much greater than 
the coupling between CH, groups, and so the 
designation symmetric and asymmetric should be a 
good approximation. The doubling of the E vibra- 
tions due to intermolecular coupling is probably 

Discussion 
Vibrational Assignment 

The CH, stretching vibrations of the isolated 
molecule form the reducible representation 2A, + 
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TABLE 2. Raman spectrum of trioxane in 
the liquid phase 

0.3 M solution in 
Liquid, - 70°C CDCI, at 22°C 

v/cm- ' P v/cm-' p 

3O24vs4 0.29 3021vs 
2950w - 2943w 
2869vs 0.14 2866vs - 2852sh - 2853sh 
2794s 0.06 2789s 
2742m 0.03 2738m 
2704w 0 .5  2700w - 2630vw - - - 2610vw - - 

- - 1419sh 
1476m 0.70 1472m 
1412m 0.71 1408m 
1309m 0.70 1306m 
1165w 0.67 1162m 
- - 1077sh 

1071w 0.72 1068m 
1052w 0 .8  1053w 
963vs 0.00 964vs 
933m - 930m 
750s 0.06 750s 
612w 0.00 Solvent 
524s 0.62 524s 
474m 0.01 475m 
308m 0.76 309m 

OAbbreviations are as for Table 1. 

small, and so in a first approximation the symmetric 
and the asymmetric stretches each give an A, and 
two overlapping E Raman-active vibrations. The 
scattering matrices of the four CH, vibrations were 
calculated assuming that the polarizability of the 
C-H bond was cylindrically symmetrical. For 
simplicity, the C-H bonds were assumed to be 
parallel to or at the tetrahedral angle to the c axis, 
and the effective masses of the symmetric and 
asymmetric motions have been assumed equal. The 
predicted relative intensities of the Raman polariza- 
tions and the depolarization ratios are summarized 

in Table 3. The relative infrared intensities have 
been calculated assuming that the dipole-moment 
derivative for the stretching of the C-H bond is 
parallel to the bond direction. They are also 
summarized in Table 3. 

Kobayashi et al. (5) assigned the E and A, 
asymmetric stretches to bands at 3031 and 2883 
cm-l, respectively, although their vibrational 
analysis predicted that their frequencies differed by 
only 4 cm-l, which agrees with two other calcula- 
tions (10, 20). Pickett and Strauss (10) assigned the 
3025-cm-I vapor band to the overlapping asyni- 
metric stretches, and the 2850-cm-I band to the 
symmetric stretches. Clark and Hewitt (20) assigned 
the asymmetric stretches to 3030 and 2852 cm-I and 
the symmetric stretches to 2852 and 2790cm-'. 
Kobayashi et al. (5) also assigned the E and A, 
symmetric stretches to the widely spaced bands 2877 
and 2807 cm-I in spite of a calculated difference of 
only 1 cm-l.  The polarized infrared spectra shown 
in their Fig. 7 show that the 2883-cm-I band has a 
strong A ,  con~ponent and a somewhat weaker E. The 
3031-cm-I band contains a very strong E com- 
ponent, and the A, component is so weak that it 
might be due to leakage. The Raman spectrum is, 
however, quite clear in requiring both A, and E 
components. The final assignment is summarized in 
Table 3. 

The predicted polarizations agree qualitatively 
with experiment when the different experimental 
arrangements for the different polarizations are 
allowed for. For example, the ratio of aa' and ca 
intensities for the two E bands is predicted to be 4. 
It is about 4 for the asymmetric, and the symmetric 
is probably dominated by leakage of the A, band. 
The cc component of the A, symmetric band is pre- 
dicted to be much stronger than the aa, as is ob- 
served. The aa component of both the symmetric 
and the asymmetric bands is predicted to be 
dominated by the E vibration, which is true for the 

TABLE 3. Predicted relative intensities of the C-H stretching bands of single-crystal trioxane in the Raman and infrared spectra 

Ramanarb Infrared"sb 

Assigned 
Band frequency, cm-' aa aa' ac cc pc a c 

A ,  (CH2 symm. st.) 2888 (2 + 7r)' 0 0 (5 + 4r)' 3/49d 0 3 
E (CH2 symm. st.) 2882 16(1 - r)2 16(1 - r)Z 4(1 - r)' 0 - 4 3 1 0  
A, (CHZ asymm. st.) - 3029 4(1 - r)' 0 0 16(1-r)2  1/28 0 2 
E (CH2 asymm. st.) 3033 16(1 - r)' 16(1 - r)' 3(1 - r)2 0 - 3 1 0  

'The factor (4/3)all'2 multiplies the entries in the aa, an', nc, and cr. columns for the Raman, and 2 4 ~ ' ~  multiplies the columns a and c for the infrared. 
= a ~ ' / a ,  , a 1  = aa~lar,,, a '  = aall/arcH, a, and a ,  are the components of the polarizability tensor perpendicular and parallel respectively to the 

bond axis, ry, 7 C-H distance, u' = au/arc,, N = dipole moment. 
CFor the I~quld. 
dApproximately, assuming r << 1. 
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NAKAHARA ET AL 717 

asymmetric; the E symmetric band is weak, and has 
unknown leakage from the strong cc of the A, band. 
The cc component of the A, symmetric band is 
predicted to be stronger than the A, asymmetric; it 
is about 10 times or more stronger. 

The depolarization ratio of the combined asym- 
metric stretching vibrations was calculated as 0.38, 
independent of r .  The experimental value for the 
pure liquid was 0.29, and for the solution in chloro- 
form-d was 0.20. For the symmetric band the pre- 
dicted values are f for r = 0 and 0.13 for r = 0.25. 
The experimental values were 0.14 for the pure 
liquid and 0.10 for the solution. The agreement is 
reasonable. 

In the infrared spectrum, the A ,  asymmetric 
stretch is predicted to be twice as strong as the E, 
and the E symmetric stretch to be twice as strong as 
the A , .  In fact, the relative intensities (5) are the 
inverse of the predicted, for reasons that are not 
understood. 

All the other bands observed in the 3-pm region 
in the infrared and Raman spectra must be com- 
binations. Several of them are quite strong in both 
the Raman and infrared, and are probably in Fermi 
resonance with the fundamentals. While assign- 
ments can be suggested for several combinations, 
there is no eviden~e that they are correct except the 
approximate coincidence of frequencies, and this is 
not reliable if several bands are in Fermi resonance, 
as seems to be so. 

Kobayashi et al. (5) proposed a complete vibra- 
tional assignment of the n~olecule based on a normal 
coordinate analysis, and Pickett and Strauss (10, 21) 
have analyzed the ring vibrations that have sig- 
nificant internal rotation. Except in the C-H 
stretching region discussed above, our spectra do 
not require any revision of these assignments, except 

that the A,v, internal rotation is at 484 cm-' 
instead of 469 cm-l .  The companion E band at 
-477 cm-I is presumably a combination, but there 
is no obvious candidate for it. 
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The catalytic reaction between carbon monoxide and nitrous oxide 
over chromium(111) oxide 
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BORDAN W. KRUPAY and ROBERT A. ROSS. Can. J. Chem. 57,718 (1979). 
The catalytic reaction between carbon monoxide and nitrous oxide over chromium(111) 

oxide has been investigated in a continuous flow system at atmospheric pressure from 525 to 
583 K. Two kinetic regions with apparent activation energies of 172 f 4 kJ mol-' (525 to 
559 K) and 239 + 4 kJ mol-' (565 to 583 K) were observed. The rate-controlling step in both 
regions was associated with the formation of an intermediate carbonate-like species during 
the consecutive decompositions of two nitrous oxide molecules. In the region of higher 
apparent activation energy, the presence of polymeric surface chromate groups may influence 
the reactivity of any carbonate-like intermediate and the subsequent desorption of carbon 
dioxide thereby leaving a vacant site for nitrous oxide decomposition. 

BORDAN W. KRUPAY et ROBERT A. ROSS. Can. J. Chem. 57,718 (1979). 
On a etudie la reaction catalytique du monoxyde de carbone avec l'oxyde nitreux sur de 

l'oxyde de chrome(II1) dans un systeme a Ccoulement continu, a la pression atmosphtrique, 
entre 525 et 583 K. On a observe deux regions cinetiques des energies d'activation apparentes 
de 172 k 4 kJ mol-' (525 a 559 K) et 239 f 4 kJ mol-I (565 a 583 K). L'Ctape qui determine 
la vitesse dans chaque region est associee a la formation d'une esptce intermediaire ressemblant 
a un carbonate au cours des dCcomposition consecutives de deux molecules d'oxyde nitreux. 
Dans la region associee avec 1'6nergie d'activation apparente la plus elevee, la prCsence de 
groupes chromates polymeres a la surface peut influencer la reactivite de tout intermediaire 
ressemblant a un carbonate et la desorbtion subsequente du dioxyde de carbone qui laisse 
ainsi un site vacant pour la decomposition de I'oxyde nitreux. 

I [Traduit par le journal] 

Introduction involving the metal/oxygen bond, (b) the destabiliza- 

The catalytic reduction of nitric oxide by carbon tion of a surface carbonate intermediate, and (c) the 

monoxide has received considerable attentioil (1). In desOr~tiOn of carbon dioxide which may be adsorbed 

regard to the relative activities of various transition On surface sites. 

metal oxides, the oxides of iron and chromium The present study with chromium(II1) oxide is a 

were more catalysts than those of nickel, further contribution to  kinetic work on the catalysis 

cobalt, and manganese ( 2 ) ;  a finding which differs of the CO/N,O reaction on transition metal oxides 

from the usual pattern associated with oxidation and provides an opportunity to assess the 

reactions (3) although in later work (4, 5) ,  the oxides general applicability of earlier hypotheses (7, 8). 

of copper, cobalt, and manganese were reported to Experimental 
be most active. Further, it has been proposed that 

The catalytic reaction between carbon monoxide and nitrous of the Co/No may proceed by an oxide was examined in a differential-reactor flow system (9, 
associative mechanism or if by a stepwise (regenera- 10) at atmospheric pressure. High-purity helium was used as 
tive) scheme oxide reduction would not be rate- the carrier gas in the flow system and Beckman GC-5 gas 
determining (6). chromatograph. Nitrogen, carbon monoxide, carbon dioxide, 

F~~~~ studies have been reported on the catalytic and nitrous oxide were analyzed by a thermal conductivity 
bridge using stainless steel columns, 183 x 0.32 cm od, packed 

reaction between carbon monoxide and nitrous with 61 cm uCarbosieve B- and the remainder with -Poropak 
oxide, a reaction which carries less immediate Q.' at a column temperature of 353 K which was sufficient to 
technological import. Reactivity patterns for the resolve all components. 
first row transition metal oxides (7) have suggested The standard reacting gas mixture consisted of carbon 

monoxide and nitrous oxide at a partial pressure of 5.33 kPa that three possible key contributory processes may (40 Torr). "Blank" runs confirmed that reaction on the quartz 
explain catalysis: (0) the adsorption and reaction of wool and reactor walls reached 1% at 853 K which was 270 K 
carbon monoxide via a cyclic transition state above the highest temperature of catalysis. Preliminary experi- 

ments with the oxide catalysts established that diffusion 
'Present address: Division of Chemistry, National Research phenomena (1 1, 12) did not influence the rate measurements 

Council of Canada, Ottawa, Ont., Canada KIA OR9. at a total gas flow rate of 350 mL min-I (NTP). 

0008-404217910707 18-05$01 .00/0 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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KRUPAY AND ROSS 

loglO ( Par t ia l  pressure 1 k~rn-' ) 

log lO ( Partial pressure I Torr ) 

FIG. 1. The effects of variations in the partial pressures of carbon monoxide (A,  A), nitrous oxide (0, a), nitrogen 
(0, W), and carbon dioxide (0, +) on the catalytic COIN20 reaction on chromium(II1) oxide at 567 and 545 K, 
respectively. 

Chromium(II1) oxide (99% w/w, Alfa Inorganics Inc.) was range of variation in the CO, partial pressure added 
pelletized in a 1.27 cm die at 3 tons for 2 min and then calcined to the reaction gas stream was much higher than the 
at 873 K for 10 h to increase tensile strength. After coarse level of CO, produced from the mixture. crushing and sieving, particles with a 1-2 mm diameter were 
used for catalysis. The catalyst was heated in the reactor in On this basis, the rate order for the gas was corn- 
flowing helium at 853 K for 30 min and then at 583 K for 3 h puted at the lowest CO, partial pressures and found 
in the reacting gas mixture to establish steady catalyst activity. to  be - 0.2 at both 578 and 545 K. The reaction rate 
The conversion level at  the highest temperature was 13.1%. indepelldent of variations in nitrogen partial After the kinetic studies were completed, the surface area 
was 3 n , ~  g - ~  and bulk volume 0,65 cm3 g - l .  X-ray powder pressure at both temperatures from 2.67 to 10.7 kPa. 
diffraction photographs before and after exposure to the Thus, the rate of the reaction, r (mol m-2 s-I), can 
standard gas mixture, consisting of 5.33 kPa each of carbon 
monoxide and nitrous oxide, did not reveal any changes in 
catalyst composition. 

Carbon monoxide (C.P.; 99.5% minimum), carbon dioxide 
(Coleman; 99.9973, nitrogen (super-pure; 99.9973, nitrous 
oxide (99.9% minimum), and helium (high purity; 99.995%) 
were used as supplied. 

Results 

The reaction rate order with respect to carbon 
monoxide was determined at 545 and 567 K in the 
partial pressure range 4.00 to 13.3 kPa with nitrous 
oxide fixed at 5.33 kPa. At both temperatures, the 
reaction rate was independent of variations in the 
carbon monoxide partial pressure (Fig. 1). 

The partial pressure of nitrous oxide was varied 
from 4.00 to 13.3 kPa with carbon monoxide 
maintained constant at 5.33 kPa. At 567 K, the 
reaction rate order with respect to nitrous oxide was 
1.0 while at 545 K, a value of 0.8 was calculated 
(Fig. 1). 

With the partial pressures of carbon monoxide 
and nitrous oxide each fixed at 5.33 kPa, the carbon 
dioxide partial pressure was varied from 0.33 to 5.79 
kPa in individual experiments at 578 and 545 K. At 
both temperatures, the rate of reaction was retarded 
with increasing carbon dioxide partial pressure. The 

be expressed as 

and 

Steady catalytic activity was attained at 583 K 
after 3 h with the standard gas mixture. Temperature 
was then progressively decreased from 583 to 525 K 
in 6 K intervals. Rate constants were calculated from 
the integrated forms of eq. [2] in the lower tempera- 
ture region and eq. [ l ]  at higher temperatures. The 
Arrhenius plot exhibited two apparent activation 
energies: 172 f 4 kJ mol-' from 525 to 559 K and 
239 + 4 kJ mol-' from 565 to 583 K (Fig. 2). 

Discussion 
Infrared spectroscopic studies (13) indicate that 

a-Cr203 belongs to a class of oxidation catalysts 
that does not possess a metal/oxygen bond having 
double-bond character as evidenced by the absence 
of an infrared absorption band in the region near 
1000-900~m-~.  However, under oxidizing con- 
ditions, C r203  can be oxidized to CrO, which does 
have some Cr-0 double bond character. The 
catalytic properties are related to calcination tem- 
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720 CAN. J .  CHEM. VOL. 57. 1979 

FIG. 2. Arrhenius plot of the rate constants for the CO/N,O 
reaction on chromium(II1) oxide. 

perature (14) while the extent of surface dehydration 
influences the sorption of carbon monoxide (15). 
Chromium(II1) oxide exhibits intrinsic p-type semi- 
conductivity (16) and lattice oxygen does not appear 
to be involved in catalytic oxidation (17, 18). 

The rate order results were analyzed by testing 
various Langmuir-Hinshelwood kinetic expressions 
(19,20). Correlations based on statistical fitting have 
been discussed (21,22) and, in view of recent findings 
(23) regarding their interpretation, their use has been 
adopted as a general guide to  the nature of the 
surface reaction. Only one kinetic expression 
accommodated both nitrous oxide and carbon 
dioxide rate order results : 

where 

The relationship was valid for both components at 
545 and 565 K (Figs. 3 and 4). 

Since the experimental reaction rate was zero 
order with respect to carbon monoxide partial 
pressure, the adsorption and reaction of CO would 
necessarily be rapid relative to  nitrous oxide. The 
form of eq. [3] may be interpreted to indicate that 
the rate-controlling step is associated with the 
formation of a surface carbonate-like intermediate 
which has been previously detected in calorimetric 
studies of carbon monoxide, carbon dioxide, and 
oxygen adsorption (24) on Cr203 and, more 

P 1 Torr  
N2° 

FIG. 3. Nitrous oxide rate order results plotted according 
to eq. [31 at 545 (A) and 567 K (A) for the catalytic CO/N,O 
reaction on chromium(lI1) oxide. 

FIG. 4. Carbon dioxide rate order results for the CO/N,O 
reaction on chromium(II1) oxide at 545 K (*) and 567 K (0) 
plotted according to eq. [3]. 

specifically, could be the surface reaction involving 
nitrous oxide during the formation of this inter- 
mediate. In this respect, the value of the apparent 
activation energy, EA, for the CO/N20 reaction was 
172 + 4 kJ mol-I (525 to 559 K) in good agreement 
with that reported for nitrous oxide decomposition 
(25) on Cr203, 167 kJ mol-I, albeit in a 200 K higher 
temperature range when the decomposition of 
adsorbed nitrous oxide was proposed as the rate- 
determining step. The overall rate was associated 
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KRUPAY AND ROSS 72 1 

with the number of reaction sites available for N 2 0  
decomposition determined by the inhibitory effect 
of adsorbed oxygen. 

The formation of surface carbonates has been 
detected by infrared spectroscopy during the 
adsorption of carbon dioxide on a-Cr,O, (26). The 
nature of the surface species depends on the degree 
of dehydration and the amount of CO, not removed 
at 473 K increases with activation time and tempera- 
ture since bidentate carbonates formed on highly 
dehydrated surfaces are more strongly held than 
bicarbonates that predominate at low dehydration 
levels. Since the catalytic reaction rate is independent 
of CO partial pressure, the reactions involving N,O 
may be proposed to intervene after the adsorption 
of carbon monoxide at a reactive site which has been 
identified as Cr3+ (15, 18). A surface scheme in- 
volving the simultaneous reaction between the 
reactants as adsorbed species does not seem likely 
since then the denominator of the kinetic expression 
should be squared (27). Further, the interaction 
between CO and N,O yielding the intermediate 
carbonate-like species must proceed on specific sites 
since the introduction of CO, into the reacting gas 
mixture does not augment the catalytic reaction rate 
in the manner observed with C0,04 (8). 

The slight increase in rate order with respect to 
nitrous oxide partial pressure from 0.8 at 545 K to 
1.0 at 567 K would not usually be regarded as 
significant b ~ ~ t  it did occur in step with the increase 
in apparent activation energy from 172 f 4 kJ mol- ' 
(525 to 559 K) to  239 f 4 kJ mol-' (565 to 583 K) 
and hence may be associated with a variation in the 
surface reactivity of nitrous oxide. However, 
although the rate order was consistently zero with 
respect to carbon monoxide partial pressure at all 
temperatures, there remains the possibility that a 
change in the reactivity of this relatively strongly 
adsorbed reactant could occur within the two 
temperature zones. In this respect, correlations of EA 
values obtained for the CO/N20 reaction over 3d 
metal oxides with metal/oxygen bond polarization 
(7) and length (28) suggest that the adsorption of 
carbon monoxide via a cyclic intermediate does 
contribute to the catalytic reaction although the 
strengths of the metal/oxygen bonds may pre- 
dominate in controlling the overall course of 
catalysis. 

Oxygen desorption studies have revealed two 
surface oxygen states for Cr,03 with desorption 
activation energies reported as 155 and 197 kJ mol-' 
(29) and 146 and 230 kJ mol-' (24). The non- 
uniformity of the surface oxygen of chromium(II1) 
oxide has been examined by isotopic exchange (30) 

and samples annealed at 873 K exhibited parallel 
exchange with two types of surface oxygen species. 
The variation in non-uniformity and the amount of 
exchangeable oxygen on the surface was related to  
the presence of hexavalent chromium. Increase of 
temperalure favoured the preponderance of poly- 
meric surface chromate groups (14, 31) which 
possessed stronger metal/oxygen bonds resulting in 
higher activation energies for isotopic oxygen 
exchange and variations in the strength and form 
of the surface complex arising from CO, adsorption. 

For the CO/N20 reaction, the change in the 
apparent activation energy may be associated with 
a change in the bonding level of the catalyst metal/ 
oxygen bond which could influence the reactivities 
of the reactants and also the ease of CO, desorption. 
Thus, the rate-determining step in the lower tem- 
perature region would be associated with the 
adsorption and decomposition of nitrous oxide and, 
at higher temperatures, the increase in activation 
energy would be related to a change in mechanism, 
similar to that observed in the catalytic oxidation of 
carbon monoxide (6), from an associative to a 
regenerative scheme. Finally, polymeric surface 
chromate groups would be expected to influence the 
decomposition of any carbonate-like intermediate 
as well as the desorption of carbon dioxide which 
relates in turn to the availability of vacant sites for 
nitrous oxide decomposition. 
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Passage des phosphorinenes aux hexadienyl-3,s-phosphines: un nouveau type de coordinat 
P(II1)-dkne pour les mCtaux de transition 

FRANCOIS MATHEY ET CATHERINE SANTINI 
Equipe IRCHA-CNRS, 2-8 rue Henry Dununr, BP no 28, 94320 Thiais, France 

R e ~ u  le 19 juillet 1978 

FRANCOIS MATHEY et CATHERINE SANTINI. Can. J. Chem. 57,723 (1979). 
La reaction du tertiobutyllithium sur la phenyl-1-phosphorinanone-4 fournit un melange 

d'alcools isomeres qui sont partiellement separes sous forme de sulfures. Ce melange est 
dkshydrate par P4S10 pour fournir le sulfure de phknyl-1-tertiobutyl-4-phosphorintne-3. Ce 
sulfure donne avec le nickelocene et I'iodure d'allyle un complexe P(II1) + Ni(I1) qui rtagit 
avec P(OMe)3 pour donner un sel de mtthyl-phknyl-phosphorinenium. Ce sel conduit par 
action du butyllithium et de la cyclohexanone ti un produit a chaine ouverte, I'oxyde d'hexa- 
dienyl-3,5-phosphine correspondant. Cet oxyde est reduit par HSiC1, et la phosphine obtenue 
est caracteriste sous forme de complexe avec Fe(CO),. Le sulfure de phosphorintne est mttallC 
sur C(2) par le butyllithium dans le THF. Le derive lithie rkagit avec l'acttone pour donner un 
melange d'alcools "cis" et "trans" separes et pleinement caracttrisks. Des variations significa- 
tives des couplages ZJ(H-P), 3J(H-P) et des frtquences ir v(OH), v(P=S) sont observtes entre 
les deux isomkres. Le melange d'alcools "cism-"trans" est deshydratt pour fournir un diene 
endo-exocyclique qui ne s'isomerise pas par rtaction avec Fe3(CO)IZ. En fait, on observe 
une reduction-complexation du groupement P=S. Le lithio-2-phosphorinene rtagit aussi 
avec I'iode pour donner un dimere ponte. 

FRAN~OIS MATHEY and CATHERINE SANTINI. Can. J. Chem. 57,723 (1979). 
The reaction of tertbutyllithium with 1-phenylphosphorinan-4-one yields a mixture of 

isomeric alcohols which are partly separated as their P-sulfides. This mixture is dehydrated 
by P4SIo to afford 1-phenyl-4-tertbutylphosphorin-3-ene sulfide. This sulfide with nickelocene 
and ally1 iodide gives a P(II1) + Ni(I1) complex which reacts with P(OMe)3 to yield a methyl- 
phenylphosphorinenium salt. This salt with BuLi and cyclohexanone gives the corresponding 
open chain product, i.e. a hexa-3,5-dienylphosphine oxide. This oxide is reduced by HSiCI3 
to the corresponding phosphine which is characterized as its P + Fe(CO), complex. The 
phosphorinene sulfide is metalated on C(2) by n-butyllithium in THF. The lithium derivative 
with acetone yields a mixture of 'cis' and 'trans' alcohols which are separated and fully 
characterized. Significant variations of 'J(H-P), 3J(H-P) coupling constants and v(OH), 
v(P=S) ir frequencies are observed between the two isomers. The mixture of 'cis' and 'trans' 
alcohols is dehydrated to give a endo-exocyclic diene which is not isomerized when reacted with 
Fe3(CO)Iz. A reduction-complexation of the P=S group is observed instead. The 2-lithio- 
phosphorinene is also reacted with iodine to afford a bridged dimer. 

Introduction 
Les dibnes conjuguCs comme les dCrivCs du phos- 

phore trivalent font partie des quelques coordinats 
fondamentaux utilisCs dans la chimie des mCtaux de 
transition. Cette constatation suffirait a expliquer 
l'intCr6t que nous portons aux systbmes du type 

Avec un choix convenable de la valeur de n, ce genre 
de coordinat peut acquCrir des propriCtCs chCla- 
tantes ou, du moins favoriser la criation de liaisons 
mCtal-mCtal car le phosphore peut devenir suffisam- 
ment proche spatialement du systbme diCnique. On 
peut alors espCrer obtenir des complexes du type I 
dans lequel M dCsigne un centre mono- ou poly- 
mitallique : 

(I) (11) 

Des complexes d'un type apparent6 ont d'ailleurs Cte 
dCcrits dans des cas particuliers (1, 2). 

En prCsence d'un autre dibne en excbs, (I) pourrait 
Cvoluer pour donner rkversiblement des complexes 
du type (11). Voir par exemple a ce sujet, les travaux 
de Cais (3) sur les Cquilibres dibne libre - dibne 
complexC par Fe(CO),. Notons simplement que 
l'effet stabilisant de la chdlation sur la liaison mCtal- 
dibne dans (I) peut dkfavoriser la formation de (11). 
On con~oit  neanmoins tout l'intCr2t de tels systbmes 
pour catalyser certaines transformations des compo- 
sCs diiniques. L'Ctude des modbles de Dreiding mon- 

0008-40421791070723-06$01 .OO/O 
01979 National Research Council of CanadaIConseil national de recherches du Canada 
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724 CAN. J .  CHEM. VOL. 57, 1979 

tre que l'obtention de complexes tels que (I) ne peut 
se produire que si n 2 2. Dans le cas des hexadiinyl- 
3,5-phosphines (n = 2) il faut en outre que le sub- 
stituant -(CH2),PR2 et la double liaison C,=C, 
soient en position "cis" (structure 111) par rapport a 
la double liaison C,=C, et non en position "trans7' 
(structure IV). 

,CH2 

(dans 111 et IV les ichelles ne sont pas respecties). 
Nous avons donc entrepris l'itude de quelques voies 
possibles d'accks aux hexadiinyl-3,5-phosphines de 
structure "cis". Ce mtmoire dtcrit nos premiers 
travaux synthitiques effectuis dans cette optique. 

Accks aux hexadiknyl-3,5-phosphines 

Pour respecter les conditions structurales impodes, 
nous avons fond6 notre approche sur les travaux de 
Lednicer (4) qui a montrt que les sels de phospho- 
rininium-3 posstdant un substituant arylique R1 en 
position 4 riagissaient sur les dirivts carbonylis en 
presence de base pour fournir des oxydes d'hexa- 
dienyl-3,5-phosphines dont la disposition "cis" 
ttait imposie par la nature cyclique du produit de 
depart : 

nous sommes refusis a un tel choix car nous ne 
voulions pas disactiver le d i h e  par des substituants 
ilectroattracteurs ni introduire des possibilitis de 
coordination parasite faisant intervenir les doubles 
liaisons et le cycle benzinique de R1. Pour Cviter 
nianmoins une attaque du dtrivi carbonyli sur la 
position 4 de l'ylure, nous avons choisi un substituant 
R1 encombrant, le tertiobutyle. Ce choix nous a 
obligi en fait, A modifier de fond en con~ble le 
schema rtactionnel dicrit par Lednicer. La siquence 
finalement retenue est dicrite dans la fig. 1. 

Nous avons fait riagir la phtnyl-l-phosphorina- 
none4 (5) sur le tertiobutyllithium. Comme Quin 
dans un cas analogue (6), nous avons obtenu deux 
alcools isomkres 1 + 2 avec un rendement quasi 
quantitatif. 

Les deux isomtres n'ont pas Cti siparis mais leur 
existence se manifeste par la prtsence de deux 
signaux t-Bu en rmn du proton situts respectivement 
a 0.75 et 0.95 ppm dans le rapport approximatif 2 :  1 
(CDCI,, TMS). On notera que la diffirence de 
diplacement chimique des protons des tertiobutyles 
est nettement plus importante dans ces alcools 

Ph 
cis trans 
1 2 

Le choix d'un substituant R1 arylique est essentiel 
car, comme il se conjugue avec la double liaison du 
cycle, il facilite la synthkse du sel de phosphori- 
ntnium et permet un dtroulement normal de la con- 
densation de Wittig en diminuant le poids statistique 
de la forme misomkre de l'ylure. Cependant, nous 

9 
FIG. 1 .  La sequence finalement retenue. 
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MATHEY ET SANTINI 725 

P-phtnylts que dans leurs homologues P-mtthylts 
prtparks par Quin. Apres sulfuration dans le toluene 
a chaud, nous avons pu, par contre, stparer partielle- 
ment les isomeres par chromatographie sur gel de 
silice (tluant: pentane-tther 1 : 3). Le produit passant 
en t&te a it6 is016 a l'ttat pur et completement carac- 
ttrist notamment par rmn 'H, 13C et3'p.  

Nous lui attribuons la structure "cis7' 3 (par rap- 
port aux substituants phtnyle et hydroxy) par 
analogie avec les travaux de Quin sur des sulfures 
analogues (7) parce que son signal phosphore 
(CDCI,, H,PO, 85%, 6 positif a champ faible) est 
plus dtblindt que celui du deuxieme isomere auquel 
nous attribuons la structure "trans" 4 mais que nous 
n'avons pu isoler a l'ttat pur: h3'P (3) = 34.4 ppm; 
h3'P (4) = 31 ppm. 

Pour dtshydrater le mtlange d'alcools 1 et 2, nous 
avions a notre disposition trois techniques decrites 
dans la litttrature. La premiere utilise l'acide 
chlorhydrique concentre dans le xylene au reflux (8), 
la deuxieme l'acide para-tolui.nesulfonique dans les 
memes conditions (4) et la troisieme l'alumine vers 
400°C en phase vapeur (9). Les deux premieres tech- 
niques ne nous ont donnt aucun rtsultat; pour des 
raisons non tclaircies cette dtshydratation s'avere en 
fait tres difficile a effectuer. La troisieme technique 
ntcessite l'utilisation de quantitts importantes 
d'alcool; nous n'avons pu l'employer malgrt un 
essai prtliminaire encourageant. Nous avons donc 
dQ developper un nouveau prockdt de dtshydrata- 
tion utilisant le pentasulfure de phosphore dans le 
toluene a reflux pendant 2 h. Evidemment, il n'est 
pas question dans ces conditions, de respecter la 
trivalence du phosphore et nous obtenons finalement 
le sulfure de phosphorinene-3 5 avec un rendement 
de 45% (nous assurons la conversion complete du 
P(II1) en P(IV)=S en ajoutant un peu de soufre 
dans le milieu rtactionnel). Le spectre ir de 5 (KBr) 
comprend une bande d'absorption C=C faible a 
1640 cm-' et une bande P=S forte a 585 cm-l.  Le 
spectre rmn 'H inontre un singulet a 1.14 ppm 
correspondant au tBu et un doublet de triplet cor- 
respondant au CH tthyltnique centrt a 5.91 ppm 
,J(H-H) = 6 Hz; ,J(H-P) = 25.3 Hz. Le pic de 
rtsonance du phosphore apparait B 31.9 ppm. 

Pour convertir ce sulfure 5 en sel de phosphori- 
ntnium, la solution tvidente consistait a le rtduire 
en phosphine puis a quaternariser cette phosphine. 

Pour tviter toute migration ou destruction de la 
double liaison, nous avons prtfert utiliser la tech- 
nique tres douce de la rtduction-complexation des 
sulfures de phosphines par le nickelocene en prtsence 
d'iodure d'allyle (10). La rtaction est conduite dans 
le benzene B 40°C, pendant 3 h. Le complexe 6 
obtenu avec un rendement de 85% se prtsente sous 
la forme d'une huile rouge caractkrisee par analyse 
tltmentaire C, H, Ni et par rmn du proton (CDCI,). 
Les rtsonances des protons du tertiobutyle et du 
cyclopentadii.nyle apparaissent sous la forme de 
singulets fins respectivement a 0.99 et 5.27 ppm. 
Apres dtcouplage des CH,, le proton tthyltnique 
donne un doublet situt a 5.56 ppm (,J(H-P) = 
17.2 Hz). Enfn, apres dtcouplage du CH Cthylt- 
nique, le CH,P allylique se prtsente sous la forme 
d'un pseudo-doublet Clargi a 3.03 ppm ('J(H-P) 
= 9 Hz). Le complexe 6 a ensuite t te dktruit par le 
trimethylphosphite en exces pour donner directe- 
ment l'iodure de phtnyl-1-mtthyl- I-phosphorint- 
nium correspondant: 7 avec un rendement de 83%. 
L'iodure de n~tthyle ntcessaire B la quaternarisation 
provient de l'attaque par P(OMe), du motif Ni-I 
du complexe intermtdiaire (C,H,)Ni(I)[P(OMe),] 
suivant un schtma qui rappelle celui de la rtaction 
d'Arbuzov : voir rkf. 11. Le spectre rmn de 7 (CDCI,, 
TMS externe) comprend le pic de rtsonance des 
protons du tertiobutyle a 1.03 ppm, un doublet dQ 
B CH,P 2.52 ppm ('J(H-P) = 14 Hz) et un doublet 
de triplet centrt B 5.64 ppm (,J(H-P) = 22 Hz; 
3J(H-H) = 5 Hz) correspondant a la rtsonance du 
proton tthyltnique. 

L'iodure 7 reagit sur la cyclohexanone dans le 
THF en prtsence de tBuOK suivant la technique de 
Lednicer pour fournir l'oxyde ditnique attendu 8 
(rendement 61%). Son spectre de rmn (CDCl,, TMS 
interne) montre un premier singulet B 1.03 ppm dQ 
aux protons du tertiobutyle, un singulet Clargi a 1.53 
dQ aux trois CH, cyclohexaniques non liks a la 
double liaison, un doublet dQ au CH,P a 1.72 ppm 
(2J(H-P) = 12.8 Hz) et un systeme AB a 5.57 et 
6.08 ppm 3J(H-H) = 11.4 Hz dQ aux deux protons 
ethyltniques. Le pic de rtsonance du phosphore 
apparait B 37.2 ppm. Le spectre de masse (70 eV, 
90°C) comprend le pic moleculaire de mle 344. Enfin 
on observe dans le spectre ir (KBr) une bande 
moyenne d'absorption a 1600 cn1-' : v(C=C) et une 
bande intense a 1180 cm-' : v(P=O). 

La rtduction de cet oxyde 8 par HSiCl, conduit B 
la phosphine correspondante 9 avec un rendement 
de 52% en produit distillt. Nous n'observons aucune 
hydrogtnation dttectable du systime ditnique con- 
trairement a ce qui est constatt avec les oxydes de 
butaditnylphosphines (12). 

Le spectre rmn de 9 est tres semblable B celui de 8. 
La principale difftrence est visible au niveau du 
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MATHEY ET SANTINI 727 

Nous avons effectut une deuxieme approche plus FT a respectivement 36.447 MHz et 22.63 MHz. Les dtplace- 
indirecte. Par chauffage dans le toluine avei de ments chimisues sont comptCs positivement a champ faible 

l'acide paratoluene-sulfonique, les alcools 11 ou 12 des rCfCrences (TMS pour 'H et 13c, H3p04  (852, en capil- 
laire) pour 31P). Les chromatographies sont effectuees sur 

se dkshydratent sans difficult6 : colonne de gel de silice (70-230 mesh). 

11ou12 - 
TsOH 

Le systeme diknique de 11, compte tenu de sa 
gtomktrie, ne peut donner le complexe 7c avec 
Fe(CO),. Par contre, la dihydrophosphorine qui 
dkrive de 14 par isomkrisation peut fournir un tel 
complexe. Nous avons donc penst que 11, chaufft en 
prtsence de Fe,(CO),,, conduirait au complexe de 
cette dihydrophosphorine. En fait, nous avons 
observi non une isomkrisation mais une simple rk- 
duction-complexation du P=S conduisant au com- 
plexe P + Fe(CO), 15 selon un schkma dkja observk 
avec des sulfures de phosphines plus classiques (16): 

Conclusion 

La prkparation des hexadienyl-3,5-phosphines de 
structure cis a partir des sels de phosphorintnium 
s'avere &tre u11 schtma viable. Cependant, pour 
exploiter pleinement cette voie, il nous faudra 
auparavant simplifier l'accks aux cycles phosphori- 
nenes. A cette condition, nous pourrons probable- 
ment dtvelopper une intkressante chimie des com- 
plexes de mttaux de transition avec ce type de 
coordinats. 

Toutes les reactions sont effectuees sous courant d'argon. 
Les points de fusion ont etC determinks au banc Kofler. Les 
spectres ir ont CtC enregistrCs a I'aide d'un spectrophotometre 
Perkin-Elmer 457 en pastille KBr, la position des bandes 
d'absorption est exprimee en cm-l. Les spectres de masse ont 
kt6 mesures a l'aide d'un appareil MS 30 (AEI). Les analyses 
BlCmentaires ont CtC effectukes au service de Microanalyse de 
1'IRCHA (Vert le Petit). Les spectres de rmn (dans le deuterio 
chloroforme) ont CtC enregistres pour le proton sur appareils 
Perkin-Elmer R12 et R24 a 60 MHz et JEOL PS 100 FT a 
100 MHz; pour le phosphore et le carbone sur JEOL PS 100 

La phtn~l-l-phosphbrinanone-4 a Btt synthCtisCe comme 
dCcrit dans la littkrature (5). 

Phtnyl-I-terbuty/-4-phosphorinand-4 ( I  + 2) 
A une suspension de 2.40 g (1.25 x mol) de phtnyl-l- 

phosphorinanone-4 dans 50 cm3 d'ether Cthylique, refroidie a 
environ -50°C. sont aioutCs 20cm3 d'une solution 0.66 . . .. 

molaire de tertiobutyllithium. En fin d'addition, le milieu 
rkactionnel est porte au reflux de l'tther pendant 3 h. Apres 
hydrolyse acide, puis dkcantation, la phase organique est 
sCchCe sur Na2S04 puis distillke, conduisant a 1.6 g (52%) du 
melange d'isomeres 1 + 2 (le rendement du produit brut est 
quantitatif) [Eb 130-135"C, p :  0.4 mm Hg] - F = 90°C. 
Analyse trouve pour C15Hz30P: C 71.68, H 9.27; calc.: 
C 71.97, H 9.26. ir: v(0H) a 3400 cm-'. 

Sulfure de phtnyl-I-terbutyl-4-phosphorinanol-4 (3 + 4)  
Dans 20 cm3 de benzene, 1.4 g du mClange d'isomeres (1 + 

2) (cette Ctape peut &tre realisCe sur l'alcool (1 + 2) brut) et 
1.5 g de soufre sont chauffCs a reflux du solvant pendant 2 h. 
Le rendement est quantitatif. Par chromatographie sur colonne 
(silice 100 g, Cluant ether Cthylique 3 volumes; pentane 1 
volume, fractions 20 cm3) seuls 70 mg de l'isomere 3 ont pu 
&re obtenus purs (fractions 15, 16, 17), les autres fractions 
Ctant des melanges de 3 et 4 (F: 164'C (isomere pur)). Analyse 
trouvC pour C15H230PS: C 63.78, H 8.14; calc.: C 63.82, 
H 8.15. ir v(0H): 3430 F v(P==S): 585 F. rmn: 3:  1.08 [s, tBu]; 
1.55 [s, OH]; 4: 0.9 [s, tBu]; 1.82 [s, OH]. 13C (isomere pur) 
SCoH: 74.5 FpcHZ: 27.2 'JpC: 43.4 Hz 6C3,,: 26.2 ppm. 

Sulfure de phtnyl-I-terbutyl-4-phosphorin2ne-3 (5) 
Une suspension de 4.62 g (1.85 x mol) de { l  + 2), 

13 g (2.9 x lo-' mol) de pentasulfure de phosphore et 1 g 
(3.1 x mol) de soufre dans 100 cm3 de toluene est chauf- 
fee au reflux du solvant 3 h. Apres filtration de 1'exci.s de 
P4S,,, le milieu reactionnel est agite vigoureusement (agitation 
mecanique) pendant 1 h avec une solution saturee en NaHCO,. 
Apres decantation, la phase organique est stchCe sur NaZSO4, 
concentrke puis chromatographiCe (silice 150 g, Cluant: ether 
Cthylique 1 volume, pentane 3 volumes) conduisant a 2.2 g 
(p = 45%) du produit attendu: ce rendement optimal a etC 
obtenu pour des quantitCs de l'ordre de 4 g en alcool (1 + 2); 
pour des quantitCs superieures (7 + 15 g) il a toujours CtC 
infkrieur [-30%]. F :  60°C. Analyse trouvC pour C1,HZ1PS: 
C 68.28, H 8.05; calc.: C 68.15, H 7.95. 

Iodure de q5-cyclopentaditnyl[phtnyl-l-terbutyl-4-phosphori- 
ngne-31 nickel(Z1) ( 6 )  

Une solution de 1.6 g (6 x mol) de 5, 3.4 g de nickel- 
ocene (1.8 x mol) et 0.85 cm3 d'iodure d'allyle dans 
100 cm3 de benzene est chauffke a 40°C pendant 3 h. Apres 
filtration de I'insoluble noir puis concentration, le rCsidu est 
chromatographi6 sur colonne de gel de silice (40 g Cluant 
benzene). Passent en tCte des impuretCs organiques, puis le 
complexe dont la progression est aisCment suivie grace a sa 
coloration rouge sombre. Cette chromatographie est rCalis6e 
sous argon. Apres Cvaporation du solvant 2.2 g (p: 85%) de 
complexe sont isoles. Analyse trouve: C 49.95, H 5.50, Ni 12.0; 
calc.: C 49.73, H 5.42, Ni 12.15. 

Iodure de phtnyl- I-mtthyl-I-terbutyl-4-phosphorinen-3-ium ( 7) 
A une solution de 0.7 g (1.45 x mol) de complexe 6 

dans 50 cm3 de benzene sont ajoutts, sous argon et avec une 
forte agitation, 0.6 g (4.85 x mol) de trimCthylphosphite. 
La solution est agitte 24 h a la temperature ambiante dans un 
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Erlenmeyer hermetiquement boucht. Les cristaux obtenus sont 
filtres et laves a 1'Bther -0.46 g (p: 83%) du sel de phospho- 
nium sont obtenus. F :  153°C. Analyse trouve pour Cl6Hz4IP: 
C 50.66, H 6.42; calc.: C 51.53, H 6.41. ir v(C=C) 1635 et 
1580 cm-'. 

Oxyde de mtthyl, phtnyl, (cyclohexylyd2ne-5-terbutyl-3) 
pent2n-3-yl-phosphine (8)  

Un melange de 1.6 g (4.27 x mol) de 7, 1 g de ter- 
butylate de potassium et 1 cm3 de cyclohexanone est chauffe a 
reflux du tetrahydrofuranne (fraichement distill6 sur Na/ 
&CO) pendant 20 h. Apres Cvaporation du solvant le rtsidu 
marron est repris avec 100 cm3 d'eau acidulee et 100 cm3 de 
chlorure de mkthyltne. La phase organique apres lavage 
I'eau jusqu'a pH neutre, est sCchee puis concentree. Le rksidu 
est chromatographie (45 g de silice eluant acetate d'6thyle 95 
alcool methylique 5) conduisant a 0.9 g (61%) de l'oxyde 
attendu. F: 92°C. Analyse trouvk pour C22H330P: C 75.69, 
H 9.09; calc. : C 76.7, H 9.65. ir v(C-C): 1590, 1600 ep, m. 
v(P=O) = 11 80 F. 

Mtthyl, phdnyl, (cyclohexylyddne-5-tevbutyl-3) pent2n-3-yl- 
phosphine (9) 

0.4 g (1.16 x mol) de 8 et 1 cm3 de trichlorosilane dans 
50 cm3 de toluene sont chauffes a 120°C pendant 2 a 3 h. 
Aprts evaporation du toluene et de l'exces de HSiCI,, le rCsidu 
est lave au benzene puis avec une solution dBsoxygCnCe de car- 
bonate de sodium afin d'eliminer les traces residuelles de 
HSiCI3. Aprts decantation, la phase organique est sechee puis 
concentree; 0.2 g (53%) de phosphine sont obtenus apres dis- 
tillation 160°C (p = 0.2 mm de Hg) dans un four tubulaire 
GKR.50 Bucchi. 

[Methyl, phtnyl, (cyclohexylyd2ne-5-terbutyl-3) pentdn-3-yl 
phosphine] tttracarbonyl fer (0) (10) 

Sous atmosphere d'oxyde de carbone, 0.6 g (1.65 x 
mol) de fer nonacarbonyle et de phosphine brute 9 dans 80 cm3 
de tetrahydrofuranne (fraichement distille sur Na/$2CO) sont 
agitb 3 h 25°C. La solution orangee obtenue est concentree 
puis chromatographiee (silice 40 g tluant hexane 90 benzene 
10). 0.62 g (p = 72% par rapport a l'oxyde de phosphine 8) du 
complexe 1 : 1 sont ainsi obtenus (huile jaune) spectre de masse 
(8O0C, 70 eV) M 496, (M-CO) 468 et (M-2CO) : 440. ir : 
v(C0) : 2047 F, 1971 F, 1930 TF.L, v(C=C) 1600 f large rmn : 
1.95 [d, 'J(H-P): 9.9 Hz, Me] 6A: 5.73, 6,: 6.17 (systeme AB, 
=CH). 

Suuure de phtnyl-1 (a-hydroxyisopropyl) -2-tertbutyl-4- 
phosphorin2ne-3 ( I 1  et 12) 

A une solution (1.25 g, 4.73 x mol) de 5 dans 
50cm3 de tetrahydrofuranne (fraichement distill6 sur Na/ 
&CO)), refroidie a - 7S°C, sont ajoutes 3 cm3 d'une solution 
hexanique de butyllithium (N = 1.75). La reaction de metalla- 
tion se caracterisant par une coloration orange fonce du 
milieu, est spontante. Cependant, le milieu rkactionnel est 
lentement rechauffe a la temperature ambiante puis agite a 
cette temperature 30 min. Le milieu est, de nouveau refroidi a 
- 78°C et 1 cm3 d'acetone (fraichement distillee sur P205) est 
ajoute, entrainant une dCcoloration quasi-spontanee du 
milieu. Aprks rkhauffement a la temperature ambiante, le 
solvant est BvaporC, le rksidu repris avec 50 cm3 d'eau acidulee 
puis 100 cm3 de chlorure de methylene. La phase organique, 
apres lavage avec 3 x 20 cm3 d'eau, est decantee, s6chBe sur 
Na2S0, puis concentree. Par chromatographie sur colonne 
(50 g silice eluant ether Cthylique 1 volume: pentane 3 volumes), 
on obtient d'abord 11 (0.4g), puis le melange 11 + 12 
(0.2 g), puis 12 (0.2 g), soit un rendement global de 53%, alors 
que 0.4 g de 5 sont recouvres. F :  11 : 82°C; 12: 118°C. Analyse 
(sur 11) trouvk pour Cl8HZ70PS: C 66.89, H 8.63; calc.: 
C 67.08, H 8.44. rmn: S31P (11) 33.56; F31P (12) 35.74/H3P04). 

Bis[thio-l-phtnyl-l-terbutyl-4-phosphorin2n-3-yl-2] (13) 
La reaction de metallation est realisee comme ci-dessus avec 

2.2 g (8.3 x mol) de 5 et 6 cm3 d'une solution hexanique 
de butyllithium (2 N). Puis 2.5 g (9.8 x mol) d'iode dans 
20 cm3 de tetrahydrofuranne sont ajoutes au milieu reactionnel 
qui est ensuite lentement rechauffe a la temperature ambiante. 
Aprts 1 h 30min d'agitation,le milieu reactionnelest lave avec 
une solution de bisulfite de sodium. Apres Cvaporation du sol- 
vant, le rksidu est repris au chlorure de methylene (50 cm3) et a 
l'eau(20 cm3). La phase organique(apr6s d6cantation)est sechee 
sur Na2S04, concentree puis chromatographite (100 g silice, 
eluant: ether Cthylique 1 volume, pentane 3 volun~es). 0.43 g 
(20%) du produit ponte sont ainsi obtenus. F 210°C. Analyse 
trouvC pour C3,H4,P2SZ: C 68.62, H 7.65; calc.: C 68.41, 
H 7.65. ir v(C=C) 1635f, 1580, et 1560f v(P=S) 600 cm-'. 
rmn: 6 = 6 ppm (dd, 3J(H-P): 22 Hz, =CH). 

Sulfure de phtnyl-I-mtthylt!thylyd?ne-2-terbutyl-4- 
phosphorindne-3 (14) 

En presence d'une quantite catalytique d'acide p-toluene 
sulfonique 0.25 g de 11 ou 12 sont chauffes a reflux du toluene 
pendant 2 h. Apres evaporation du solvant, le residu est 
chromatographie (40 g de silice tluant ether Bthylique 1 
volume, pentane 3 volumes) conduisant a 0.2 g (85%) du 
produit deshydrate F = 88°C. Analyse trouvk pour CI8Hz5SP: 
C 70.61, H 8.29; calc.: C 71.07, H 8.27. ir v(C=C): 1635f, 
1575m large. rmn: 1.13 (s, tBu); 1.8 (d, 'J(H-P): 1.5 Hz, 
Me); 1.93 (d, 'J(H-P) = 1.5 Hz, Me); 6.45 (d, 3J(H-P) = 24.3 
Hz, =CH). 

[PhCnyl-l-mtthyltthylyd~ne-2-terbutyl-4-phosphorin2ne-3] 
tttracarbonyl fer (0) (15) 

0.2 g (0.65 x mol) de 14 et 0.5 g (1 x mol) defer 
dodkcacarbonyle dans 50 cm3 de toluene sont chauffes a reflux 
du solvant pendant 2 h. Apres filtration d'un prtcipite noir, la 
solution orangee obtenue est concentree puis chromatographiee 
(silice 40 g eluant hexane 90 benzene 10) 0.240 g (p = 82%) du 
complexe sont isoles. ir (decaline) v(C0): 2020F, 1955F, 
1920FL (KBr) v(C=C) : 1570F. rmn: 1.1 (s, tBu); 1.66 (s, Me); 
1.96 (s, Me); 6.29 [d, 'J(H-P) = 20 Hz, =CHI tj3'P: 41.341 
H3P04, spectre de masse [70°C, 70 eV]: mle 440 (M); 412 
(M-CO); 384 (M-2CO); 356 (M-3CO); 328 (M-4CO); 
pic de base a 257. 
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Molecular orbitals from group orbitals. IX. The problem of hybrid lone pairs 

DANIEL KOST 
Department of Chemistry, Ben Gurion Unicersity of the Negec, 84 120 Beer~her a ,  I~ rae l  

H. BERNHARD SCHLEGEL 
Department of Chemist,?, Cnrnegie-Mellon Uni~ers i ty ,  Pittsburgh, PA 15213, U.S.A.  

A N D  

DAVID JOHN MITCHELL AND SAUL WOLFE 
Department of C h e m i ~ t p ,  Queen's Unicersity, Kingston, Ont., Canada K7L3N6 

Received August 14, 1978 

DANIEL KOST, H. BERNHARD SCHLEGEL, DAVID JOHN MITCHELL, and SAUL WOLFE. Can. J. 
Chem. 57,729 (1979). 

The quantitative PMO analysis of the ab inifio wavefunction of a molecule A-B is based 
upon a partitioning of the Fock matrix elements of this wavefunction to obtain the fragments 
A and B, followed by computation of the stabilizing and destab~lizing orbital interactions 
between the orbitals of these fragments that contribute to the HOMO of A-B. However, 
when one or both of the fragments is NH, or a congeneric species, neither the 3al nor the l b ,  
orbital of this fragment is appropriate for overlap with the second fragment, and the PMO 
analysis cannot be performed. A solution to this problem is proposed, and has been tested by 
application to various conformational properties of methylamine. 

DANIEL KOST, H. B E R ~ H A R D  SCHLEGEL, DAVID JOHN MITCHELL et SAUL WOLFE. Can. J.  
Chem. 57,729 (1979). 

L'analyse quantitative PMO de la fonction d'onde ab initio de la molecule A-B est baste 
sur une partition des elements de la matrice de Fock de cette fonction d'onde en vue d'obtenir 
les fragments A et B suivie par une Cvaluation des interactions orbitalaires stabilisantes et 
destabilisantes entre les orbitales de ces fragments qui contribuent a la OM haute occupte 
de A-B. Toutefois si l'un ou les deux fragment est NH, ou une espece congenere, ni l'orbitale 
3al ni l'orbitale l b ,  de ce fragment n'est appropriee pour un recouvrenlent avec le deuxieme 
fragment et l'on ne peut pas realiser une analyse PMO. On propose une solution a ce probleme 
et on l'a verifie en l'appliquant a diverses proprietes conformationnelles de la methylamine. 

[Traduit par le journal] 

The concept of the functional group has long been 
a part of the language of organic chemistry. In terms 
of this concept, 'chemical intuition' might be de- 
scribed as the ability to predict the properties of a 
molecule from a knowledge of the number, location, 
and different kinds of functional groups that are 
present. 

Molecular orbital calculations also lead to pre- 
dictions concerning molecular properties, but the 
notion of functional groups does not emerge nat- 
urally from such work. This has made it difficult to 
convey the results of theory in a manner compatible 
with chemical intuition. 

Significant progress on this communication prob- 
lem has been made recently, as a result of the obser- 
vation that n~olecular orbitals can often be expressed 
qualitatively as a linear combination of a small num- 
ber of canonical 'group orbitals' which recur from 
molecule to molecule (1). Using the language of per- 
turbational molecular orbital (PMO) theory (2) to 
estimate the stabilizing and/or destabilizing effects 
associated with these linear combinations (orbital 

interactions) it has become possible, in principle (3), 
to treat the behaviour of every molecular orbital of a 
molecule in a manner that closely parallels the tradi- 
tional conception of functional group interactions. 
For practical reasons, however, it has seemed desir- 
able to focus attention upon the interactions that 
lead to certain specific molecular orbitals. In partic- 
ular, it is of interest to consider the interactions in the 
highest occupied molecular orbital (HOMO), because 
trends in calculated total energies from one system 
to another are very often parallelled by trends in the 
energy of the HOMO (4). 

The PMO interpretation of a molecular orbital 
calculation on the general system A-B, which con- 
tains the functional groups A and B, will, therefore, 
require the following information: (i) a knowledge 
of the nature, origin, and energies of the canonical 
orbitals of A and of B; (ii) a knowledge of the elec- 
tron occupancies of these orbitals; (iii) a knowledge 
of which orbitals of A and of B contribute to the 
HOMO of A-B. 

In several recent publications (5-9), we have de- 

0008-40421791070729-04$01.0010 
@I979 National Research Council of CanadalConseil national de recherches du Canada 
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scribed a quantitative PMO analysis of ab initio 
SCF-MO wavefunctions, in which the required infor- 
mation is obtained by a partitioning of the Fock 
matrix elements of these wavefunctions. The com- 
puter program for the analysis of A-B, with the 
fragmentation A...B, provides the orbitals of A and 
of B, their energies (e:) and occupancies (i.e., gross 
populations), the interaction matrix elements, ALj, 
the overlap integrals, SiJ,  and an expansion of each 
of the n~olecular orbitals of A-B in terms of the 
fragment orbitals of A and of B. Equations [I]  and 
[2] are then employed (5) to calculate, respectively, 
the stabilizing (i.e., doubly occupied with unoc- 
cupied) and destabilizing (i.e., doubly occupied with 
doubly occupied) interactions associated with the 
fragment orbitals that contribute to the HOMO of 
A-B. 

0 
[I]  Ae,, = 2(Aij - ~ , ~ e ; ) ~ / ( e ~ '  - e j  ) 

[21 AeiJ = 2SLJ[-2A,, + (e: + e;)SLj]/(l - sLjI2 
The molecules treated in this manner include 

ethane (5), propylene (5), (CH,),X (6), the dimethyl- 
(7) and difluoroethylenes (8), and XCH,YH (X = 
CH,, H,N, HO, F, C1; Y = 0 ,  S) (9). The results 
for these molecules have been characterized by the 
following general features: (i) the HOMO is com- 
prised mainly of a linear combination of n-type and 
n 'k-type group orbitals and (where applicable) p-type 
lone pairs; (ii) the electron occupancies of these 
orbitals are either very close to 2 or very close to 0; 
(iii) the energy differences, from conformation to 
conformation or from molecule to molecule, that are 
calculated by application of eqs. [ I ]  and [2], are 
close to the calculated total energy differences. 

It has now been found that this quantitative pro- 
cedure requires modification when the HOMO of the 
molecule contains a significant contribution from a 
hybrid lone pair orbital, as is the case in amines and 
their congeners. The purpose of this paper is to ex- 
plain why the problem exists, and to provide a solu- 
tion to it which otherwise retains the features of the 
general method. 

Consider a molecule of ammonia, oriented as in 
Fig. 1, with one hydrogen on the x-axis of the co- 
ordinate system. If the fragmentation H,N...H, is 
performed, the amino group that results has the set 
of canonical orbitals shown in Fig. 1 as o, n, n,, and 
n,, and 7 valence electrons. The lower lying o and n 
orbitals are each doubly occupied, leaving three 
electrons to populate 11, and n,. Our intuition sug- 
gests that one of these orbitals should be doubly 
occupied, and the other should be singly occupied. 
Moreover, the doubly occupied orbital should point 
in the direction of the lone pair of ammonia; and the 

FIG. 1. The canonical orbitals of the NH, fragment of 
ammonia. 

singly occupied orbital should be directed along the 
x-axis, because it will form the bond to H,. It is 
clear, however, that neither n, nor n, meets these 
latter requirements. The quantitative PMO treat- 
ment of ammonia in the manner just described' 
leads to NH, orbitals corresponding to o, n, n,, and 
n,, and the electron occupancies of n, and n, are 
found to be approximately 1.5 in each case. Equa- 
tions [ I ]  and [2] are, therefore, not applicable. 

The problem arises because the C,, axis of the 
NH, fragment does not coincide with the H,N-H, 
bond axis. This leads to significant overlap of H, 
with both n, and n,. As discussed in ref. 5, orbital 
occupancy depends upon the overlap between the 
fragment orbitals, because the gross population 
(Qp) of an orbital 4; is defined as 

C ~ I  Q p  = Qpp + C Qpi  
iZ p 

where 
OCC 

C ~ I  Q p i  = 2 C SpiTpnTin 
n 

with T the matrix that expresses the molecular orb- 
itals in the fragment orbital basis. Fragment orbitals 
with populations close to 1.5 might be regarded as 
linear combinations of filled (population close to 2) 
and half-filled (population close to 1) orbitals. There- 
fore, one solution to the problem might consist of 
'unmixing' these orbitals manually by taking a 
linear combination to form two new fragment orb- 
itals with populations ca. 1 and ca. 2. 

Alternatively, such a linear combination might be 
based upon the overlap properties of the two frag- 
ment orbitals. For any 2 x 2 rotation of a pair of 
orbitals 4; and $2 of one fragment, one has the 

'All calculations were performed at the STO-3G level on a 
Burroughs B6700 computer, using a locally modified version 
of GAUSSIAN 70, and the optimized geometries reported in 
ref. 10. 
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KOST ET AL 

result 

[5 I Sfip = Sip cos 0 - Siq sin 0 

[6 1 Sfiq = Sip sin 0 + Siq cos 0 

where +iO is an orbital of the second fragment and 
Sf is the overlap matrix after transformation. The 
sum of the squares of these overlap integrals with all 
n orbitals of the second fragment is invariant under 
the transformalioi~, i.e., 

(sfip'  + sliq2) = {(s ip  cos 0 - si, sin B ) ~  
1 1 

n 

+ (Sip sin 0 + Siq cos 0)') = C (s ip2 + Siq2) 
1 

The angle 0 should then be chosen so that C1 SlipZ 
is maximized (while C: SfiP2 is minimized), with the 
result that +:' more closely approximates the singly 
occupied o-bonding orbital between the fragments, 
and +:' describes the lone pair orbital. 

Application of this latter procedure to the nO(3a,) 
and n,(lb,) orbitals of Fig. 1 leads to the hybrid 
fragment orbitals shown in Fig. 2. As can be seen, 
one of these is nearly aligned with the bond axis, and 
the other is nearly aligned with the C,, symmetry 
axis of the molecule. In addition, the transformation 
has changed the electron occupancies, from 1.686 
and 1.565 in n, and n,, respectively, to 1.256 for the 
orbital on the bond axis and 1.996 for the orbital 
on the symmetry axis. 

Methylamine 
Figure 3 shows the effects of this transformation 

procedure upon the 3a, and lb, fragment orbitals 
of the amino group of methylamine in its staggered 
conformation. As a result of the transformation, the 
computation of the destabilizing and stabilizing 
interactions between the nitrogen 'lone pair' (4a1) 

FIG. 3. The transformed n, and n, orbitals of the NH, frag- 
ment of methylamine in its staggered conformation. 

and the n, and n,;%ethyl group orbitals becomes 
feasible. These are the only doubly occupied and 
unoccupied fragment orbitals that coiltribute to the 
HOMO. It is noteworthy that, since the axis of the 
methyl group coincides with the C-N bond axis, 
transformation of the orbitals of this fragment is not 
necessary, as is evident from the gross populations: 
n,, 1.998; n,*, 0.019; n,, 1.025. 

The quantitative PMO analysis of methylamine 
will, therefore, be based upon the interaction dia- 
gram shown in Fig. 4, which contains a destabilizing 
interaction between N,, and n,, and a stabilizing in- 
teraction between N,, and n, *. The energies of these 
fragment orbitals, and the calculated interaction 
energies in the staggered and eclipsed conforma- 
tions, are collected in Table l .  In terms of this anal- 
ysis, the staggered conformation is found to be less 
destabilized by 0.20 kcal/mol, and more stabilized 
by 0.34 kcal/mol, than the eclipsed conformation. 

The (Nip-n,*) interaction is shown in Fig. 5. As 
a result of this interaction, antibonding CH regions 
become populated, and the CH bonds are weakened. 

"0 "r 
FIG. 2. Transformation of the n, and n, canonical orbitals 

of the NH, fragment of ammonia based upon the criterion 
NH2 CH3 

of maximization of the overlap of one of these orbitals with FIG. 4. Interaction diagram for the PMO analysis of methyl- 
the fragmented H. amine. 
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TABLE 1 .  Quantitative PMO analysis of methylamine 

Interaction energy 
(kcal/mol) 

Fragment 
Conformation orbital e: (au) Nip-n Nip-n* 

UC~lc~~ la ted  tot;~l encrgy. - 94.03286 at]. 
bCalcul;~tcd total energy, - 94.0211311 :iu. 

-4.95 -1.45 -0 94 
(0.0194) (0.0073 (0.00 34) 

FIG. 5. The (NIP-n,*), (xNH~-~,*),  and (nY-nNH2*) orbital 
interactions in the staggered conformation of methylamine, 
and the values calculated for these interactions in kcal/mol. 
The numbers in parentheses are the gross populations of the 
n* orbitals. 

However, since H, has a larger atomic orbital coeffi- 
cient in x,* than does H,, the C-H, bond is weak- 
ened preferentially (11). An experimental manifesta- 
tion of this effect is found in the Bohlmann bands 
(12), which appear in the infrared spectrum of 
methylamine (13). 

Although they do not contribute to the HOMO, 
two other orbital interactions, shown in Fig. 5 as 
( 7 ~ ~ ~ ~ - 7 ~ ~  *) and ( 7 ~ ~ - 7 ~ ~ ~ ~  *), also lead to weakening of 
CH bonds. In the ( 7 ~ ~ ~ ~ - 7 ~ ~  *) interaction, the charge 
transfer is to antibonding C-H, regions; this leads 
to preferential weakening of the C-H, bonds. In 
the (n,-xNH2*) interaction, the charge transfer is 
from bonding C-H, regions; this also weakens the 
C-H, bonds preferentially. The values computed 
for the three orbital interactions are included in 

Fig. 5, together with the gross populations of the 
three x *  orbitals. These populations reflect the 
amount of charge transfer which occurs in each case. 
As can be seen, the (N,,-x, *) interaction, which con- 
tributes to the HOMO, and weakens C-H, prefer- 
entially, is significantly larger than the other two. 
This indicates that the Bohlmann band phenomenon 
has been predicted by a quantitative PMO analysis 
which is based upon examination of the interactions 
in the HOMO. 
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MALCOLM S. ALLEN, NICHOLAS DARBY, PHILLIP SALISBURY, ELIN R. SIGURDSON, and 
THOMAS MONEY. Can. J. Chem. 57,733 (1979). 

Chemical oxidation of (-)-bornyl acetate provides a mixture of 3-, 5-, and 6-oxobornyl 
acetate, whereas microbiological hydroxylation with cultures of Helminthosporium sativum 
gives a mixture of 2,3-, 2,6-, and 2,5-bornanediols. In each case the reaction occurs preferen- 
tially at the C(5) position. Microbiological hydroxylation of (+)-bornyl acetate with H. sativum 
occurs almost exclusively at the C(5) position. Regiospecific hydroxylation of (+)- or (-)- 
bornyl acetate with cultures of Fusarium culmorum also occurs at the C(5) position but without 
concomitant hydrolysis of the acetoxy group. 

MALCOLM S. ALLEN, NICHOLAS DARBY, PHILLIP SALISBURY, ELIN R. SIGURDSON et THOMAS 
MONEY. Can. J. Chem. 57,733 (1979). 

L'oxydation chimique de ]'acetate du (-)-bornyle conduit a un melange des acetates des 
0x0-3, -5 et -6 bornyles; l'hydroxylation microbiologique par des cultures d'Helminthosporiurn 
satiuum fournit un melange des bornane-diols-2,3 -2,6 et -2,5. Dans chaque cas, la reaction se 
produit pref6rentiellement en position C(5). L'hydroxylation microbiologique de 17acCtate du 
(+)-bornyle par le H. sativum se produit presqu'exclusivement en position C(5). L'hydroxyla- 
tion regiospecifique des acetates des (+)- ou (-)-bornyles par des cultures de Fusarium 
culmorum se produit aussi en position C(5); elle n'est toutefois pas accon~pagnCe d'une 
hydrolyse du groupe acetoxy. 

[Traduit par le journal] 

As part of our synthetic studies (2 and references 
cited therein) in the monoterpenoid and sesquiter- 
penoid area we have considered the possibility of 
using remote oxidation or hydroxylation reactions to 
convert commercially available or synthetically 
accessible mono- and sesquiterpenoids to more com- 
plex, oxygenated derivatives. Our interest in this 
approach ;o terpenoid synthesis was prompted by a 
consideration of biosynthetic evidence which demon- 
strates that the introduction of hydroxyl or carbonyl 
groups into unactivated positions (i.e., remote from 
activating functionality) is a characteristic feature of 
many biosynthetic sequences. In addition there are 
many reports in the literature which indicate that 
transformations of this type can be accomplished in 
the laboratory using microbiological (3) or chemical 
techniques (4). Since our immediate synthetic objec- 
tives were dependent on the synthesis of 2,5-disubsti- 
tuted bornane (camphane) derivatives we directed our 
initial attention to the direct remote oxidation or 
hydroxylation of bornyl (1) and isobornyl acetate 
( a 2  

'The results described in this paper were previously re- 
ported in preliminary communications (1). 

,Remote oxidation of isobornyl acetate (2) (5; M. S. Allen, 
D. H. Hunter, and T. Money. Unpublished observations) and 
its use in the synthesis of nojigiku alcohol and monoterpenoid 
analogs of cis-sativenediol, trans-sativenediol, and helmintho- 
sporal will be described in later papers (17). 

1 R, = H, R, = OAc 
2 R, = OAc, R, = H 

Remote Oxidation of (-)-Bornyl Acetate (1)  with 
CrO,/HOAc or CrO,/HOAc/Ac,O 

Several reports in the literature have established 
that oxidation of bornyl acetate with CrO,/HOAc 
(6) or Cr03/Ac20/HOAc (7) provides 5-oxobornyl 
acetate (3) and its 6-0x0 isomer (8) in - 15-35% 
yield. In our initial investigations we reexamined this 
remarkable transformation to assess its potential use 
in synthetic and biosynthetic studies. 

Oxidation of (-)-bornyl acetate (1) with CrO,/ 
Ac,O/HOAc (7) for 7 days at 0-25°C provided a 
mixture of products which was partially purified and 
separated into components by crystallisation, column 
chromatography, and/or preparative glc. The major 
product (-40% yield, see Table l), readily isolated 
by crystallisation, was identified as 5-oxobornyl 
acetate (3) (7c) on the basis of its spectroscopic pro- 
perties and conversion to 5-oxoborneol (4), 5-exo- 
hydroxyborneol (5) (7c), and bornan-2,5-dione (6) 
(7c). Minor components of the reaction mixture were 
identified as 5-exo-acetoxybornyl acetate (7), 6- 

0008-40421791070733-09$01 .oo/o 
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CAN. J .  CHEM. VOL. 57, 1979 

TABLE 1. Chemical oxidation of (-)-bornyl acetate (1) 

Yield (z',)" 
Product Cr03/HOAc/AcZ0 Cr03/HOAc 

(-)-Bornyl acetate (1) 2 
Camphor - 
5-Oxobornyl acetate (3) 40 
6-Oxobornyl acetate (8) 16 
3-Oxobornyl acetate (11) 2 
5-exo-Acetoxybornyl acetate (7) 6 
Bornane-2,5-dione (6) 1 
Bornane-2,6-dione (10) 5 

OEstirnated by glc analysis (prep. 309, SE-30 and QF-1) of total reaction product using samples of 
individual components as standards. 

AcO &lc Ho&: 

,A. OAc AHAH OH A"&0 

OH 

SCHEME I .  ( a )  CrO,lAc,OIHOAc; (b) Na,CO,IH,OIMeOH; ( c )  C,H,N+H. CrO,. C1;  
(4 LiAlH(OMe),; (e) Ac,O/C,H,N; (f) LiAIH,. 

oxobornyl acetate (S), and 3-oxobornyl acetate (11) 
by chemical correlation with bornan-2,6-dione 
6-endo-hydroxyborneol (9), bornan-2,5-dione (6),3 
and 3-exo-hydroxyborneol (12) (8) (Scheme 1). The 
stereochen~istry of the acetoxy group in 7 was 
established by its nmr spectrum i n d  i t s  synthesis 
from 5-exo-hydroxyborneol (5). Oxidation of (-)- 

3Bornane-2,5-dione (6) and bornane-2,6-dione (10 and 
references cited therein) were also identified as minor com- 
ponents of the oxidation process. 

bornyl acetate with CrO,/HOAc (6) produced a 
similar mixture of products in lower yield (Table 1). 

Microbiological Hydroxylation of ( - )- and (+)- 
Bornyl Acetate 

The regiospecificity of the oxidative transforma- 
tion described above led us to consider that a similar 
functionalisation of the C(5) position in more com- 
plex camphane systems could occur during the bio- 
synthesis of several groups of sesquiterpenoids. For 
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A L L E N  ET AL.  

I 
13 14 R = (H, OH) or 0 15 

a R =  H,OH 
b R = O  

TABLE 2. Hydroxylation of (- )-bornyl acetate (5) by H. sativum4 

Product Yield (%)a 

'For analytical procedure see Experiment 

example introduction of oxygen functionality into an 
ylangobornane derivative (13; OH endo or exo), 
followed by Wagner-Meerwein rearrangement of 14 
to a 5-0x0- (15a) or 5-hydroxysativene (15b) could be 
involved in the biosynthesis of cis-sativenediol (16), 
helminthosporal (17), and related compounds pro- 
duced by Helminthosporium satiuum (cf. ref. 9) 
(Scheme 2).4 Similarly we considered that the final 
step (?) in the biosynthesis of culmorin (19) (cf. 
ref. lo), a metabolite of Fusarium culmorum, could 
involve C(5)-hydroxylation of longiborneol(18) or a 
suitable derivative. A result of these biosynthetic 
considerations is the prediction that H. sativum and 
F. culmorum contain a C(5)-hydroxylase which may 
be capable of introducing oxygen functionality at the 
C(5) position in compounds such as borneo15 or more 
complex compounds such as longiborneol, etc. 
Support for .these predictions is described below. 

Hydroxylation of ( - ) - and ( +) -Bornyl Acetate 
with H. sativum4 

(-)-Bornyl acetate (1) was added to 3-day-old 

4 N o ~  classified as Bipolaris sorokiniana. 
5Previous studies (3a, b) have shown that the methylene 

groups of camphor, fenchone, and isofenchone can be 
hydroxylated by microorganisms or animals. 

al. 

cultures of H. satiuum and, after 7-10 days, ether 
extraction of the broth provided (-)-borne01 and a 
mixture of bornanediols which were separated by 
column chromatography. On the basis of their nmr 
spectra and chemical correlation with products 
obtained in the chemical oxidation of 1, the various 
microbiological products were identified as (-)-5- 
exo-hydroxyborneol (5) (major), (-)-5-endo-hy- 
droxyborneol (20), (-)-6-exo-hydroxyborneol (21), 
and (-)-3-exo-hydroxyborneol (12) (8). The overall 
yield of diols was - 50% and the relative proportions 
of 2,5-, 2,3-, and 2,6- isomers (- 5 : 2 : 1) was calcu- 
lated from glc analysis of their diacetates (Table 2).6,7 

When (+)-bornyl acetate (22) was used as sub- 
strate with H. sativum the regiospecificity of hy- 
droxylation increased considerably and the only 
major products were (+)-5-exo- (23) and (+)-endo- 
hydroxylborneol (24).8 The yield of diols 23 and 24 
was -35-65% and their relative proportion, as 

60ther minor components of the reaction mixture have been 
tentatively identified as 6-ketoborneol and bornane-2,s-diol. 

'We are unable to provide a satisfactory explanation for the 
variation in relative yields of products in successive micro- 
biological experiments (see Tables 2 and 3). 

8The only other reaction product, (+)-3-exo-hydroxy- 
borne01 (25) was formed in - 2% yield (see Table 3). 
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TABLE 3. Hydroxylation of (+)-bornyl acetate (22) by H. sativum 

Product Yield (zy 

'For analyt~cal procedure see Experimental 

HO & H OAc A& OAc & R l & H + H O &  R2 OH H OH + &H H O ~  OH 

26 1 5 R, = OH, R2 = H 21 12 
20 R, = H, R, = OH 

.- H& - + 

OAc AcO OH OH 
H R2 H 

22 23 R, = OH, R, = H 25 
24 R, = H, R, = OH 

( i )  Helminthosporium sativum; (ii) Fusarium culmorum. 

determined by glc and nmr of the corresponding 
diacetates, varied from -2.5 : 1 to -77: 1 (Table 3).7 

Hydroxylation of (-)- and (+)-Bornyl Acetate 
with F. culmorum 

Addition of (-)-bornyl acetate (1) to 7-day-old 
cultures of F. culmorum and work-up after 18 days 
provided 5-exo-hydroxybornyl acetate (26) as the 
only major product (- 12% yield). The identity of 
this product was established by its spectroscopic 
properties and by its conversion to (-)-5-exo- 
acetoxybornyl acetate (7) and 5-oxobornyl acetate 
(3). An almost identical result was obtained when 
(+)-bornyl acetate (22) was used as substrate 
(Scheme 3). 

The efficiency, regiospecificity, and stereoselec- 
tivity of the microbiological hydroxylations de- 
scribed above compare favourably with microbial 
transforn~ations of other terpenoids (3a-e). In addi- 
tion the regiospecificity of hydroxylation of (+)- 
bornyl acetate by H. satiuum and the ability of F. 
culmorum to hydroxylate at C(5) while leaving the 
C(2)-acetoxy group intactg could be of value in 
subsequent synthetic studies. 

gPreliminary observations (R. Zerr. Unpublished results) 
indicate that F. culmorum converts isobornyl acetate (2) to 5- 
hydroxyisobornyl acetate. Hence 5-0x0-isobornyl acetate is 
accessible by a microbiological route which complements the 
laboratory synthesis involving direct oxidation with Cr03/ 
HOAc/Ac20 (5; M. S. Allen, D. H. Hunter, and T. Money. 
Unpublished results). 

The remarkable correspondence in regiospecificity 
between the chemical and microbiological reactions 
described above probably reflects the greater accessi- 
bility of the C(5) position towards oxidising agents or 
enzymic systems. We have suggested a similar expla- 
nation for the partial regiospecificity of other direct 
remote oxidation reactions (1 1). 

Experimental 
Chromium trioxide (Mallinckrodt, Technical grade 99.7573 

(-)-bornyl acetate (Aldrich Chemical Company), and (+)- 
camphor (Eastman Organic Chemicals) were used as received. 
(+)-Bornyl acetate, [a],, +43.2" (c 2.47, CHCl,), was pre- 
pared by calcium - liquid ammonia reduction (12) of (+)- 
camphor followed by column chromatography (alumina) and 
acetylation. Pyridine was dried over potassium hydroxide 
pellets before use and methylene chloride for pyridinium 
chlorochromate oxidations was dried by distillation from 
phosphorus pentoxide. . . 

Nuclear magnetic resonance spectra were recorded at 100 
MHz using either a Varian HA-100 or XL-100 machine, or the 
HA-100 magnet with Bruker TT23 console and Nicolet 16 K 
computer. Infrared spectra were recorded with Perkin Elmer 
137 or 710A instruments. 

Column chromatography was performed with aluminium 
oxide Woelm neutral, for column chromatography (ICN 
Pharmaceuticals) or with silicic acid, 100 mesh (Mallinckrodt). 
Alumina was deactivated to grade 111 before use. Thin-layer 
chromatography plates were made from silica gel GF-254 for 
tlc (E. Merck) and were visualised by spraying with a saturated 
solution of ceric sulphate in 12 N aqueous sulphuric acid 
followed by heating. 

Gas-liquid chromatography was performed with either a 
Varian Aerograph model 90-P or Hewlett-Packard HP5831A 
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ALLEN ET AL. 737 

instrument, using thermal conductivity and flame ionisation 
detectors respectively. Analytical glc on the Varian instrument 
was conducted with 6 ft x 0.25 in. stainless steel columns using 
3% SE-30, 10% OV-210, or 20% DEGS stationary phases on 
60-80 or 80-100 mesh Chromosorb W. Preparative glc was 
performed with a 10 ft x 0.375 in. stair~less steel column with 
20% DEGS as the stationary phase on 60-80 mesh Chromo- 
sorb W. Mass spectra were recorded at 70 eV with a Varian/ 
MAT CH4B spectrometer and high resolution mass measure- 
ments were determined with a Kratos-AEI MS50 instrument. 
Gas-liquid chromatography on the Hewlett-Packard instru- 
ment was performed with 6 ft x 0.125 in. stainless steel col- 
umns, using 3% OV-17, and 10% Carbowax stationary phases 
on 80-100 mesh Chromosorb W-HP support. 

Optical rotations were measured with a Perkin-Elmer 141 or 
241MC instrument and microanalyses were performed by 
Mr. P. Borda, Microanalytical Laboratory, University of 
British Columbia, Vancouver. 

Oxidation of (-)-Bornyl Acetate with Chromium Trioxide in 
Acetic Anhydride - Acetic Acid 

A solution of (-)-bornyl acetate (1) (60 g, 0.31 mol) in 
glacial acetic acid (260 mL) and acetic anhydride (1 15 mL) was 
cooled to 0°C. The solution was stirred and maintained at 0°C 
while a solution of chromium trioxide (85 g, 0.85 mol, 2.1 
equiv.) in acetic anhydride (135 mL) was added in several 
portions over 24 h. After this time the mixture was allowed to 
warm to room temperature and stirring was continued at this 
temperature for a further 6 days. The green viscous reaction 
mixture was dissolved in water (2500 mL), extracted with ether 
(3 x 650 mL), using filtration through Celite 535 to aid phase 
separation, and the ether extracts washed successively with 
water, excess aqueous sodium bicarbonate, and saturated 
aqueous sodium chloride. Drying (Na2S04) and evaporation 
provided a viscous yellow oil. Separation of the oxidation 
products (27.2 g; bp 90-96OC10.85 Torr) from recovered 
starting material was achieved by fractional distillation in 
vacuo. 

Typical Oxidation Procedure using Chromium Trioxide in 
Glacial Acetic Acid 

A solution of (-)-bornyl acetate (1) (20 g, 0.10 mol) in glacial 
acetic acid (30 mL) was stirred and heated to reflux while a 
slurry of chromium trioxide (50 g, 0.50 mol, 3.75 equiv.) in 
glacial acetic acid (70 mL) was cautiously added in small 
portions over 40-80 min. A further portion of glacial acetic 
acid (70 mL) was used to wash the oxidising agent into the 
reaction vessel. Heating and stirring were continued for 30-80 
min and the solution was cooled, d~luted with water (600 mL), 
and extracted with ether (3 x 350 mL). The ether extracts were 
washed successively with excess aqueous sodium bicarbonate 
and saturated aqueous sodium chloride, dried (Na2S04), and 
evaporated to give a pale yellow viscous oil. Separation of the 
oxidation products (7.3 g; bp 89-9O0C/0.8 Torr) from un- 
reacted starting material was achieved by fractional distillation 
in vacuo. 

Isolation of (-)-5-Oxobornyl Acetate (3) 
The fractionally distilled product from the oxidation of (-)- 

bornyl acetate with chromium trioxide in acetic acid readily 
crystallised upon standing at -20°C. Washing with ice-cold 
hexane followed by crystallisation from hexane gave (-)-5- 
oxobornyl acetate (3) as a colourless solid, mp 78°C (lit. (7b) 
mp 78"C, lit. (7c) mp 74-76°C); [aIDZ5 - 102.6" (c 1.96, CHCI,) 
(lit. (7c) [a], -97" in CHCI,)); v,,, (CCI,): 1745, 1235, 
1035 cm-'; 6 (CDCI,): 0.94, 1.00, 1.01 (3H each, s, CH,), 1.30 
(lH, d of d, J = 3.5 and 14 Hz, 3-endo-H, collapses to d, J 
= 14 Hz, upon irradiation at 5.06 F), 2.03 (3H, s, CH3C02-), 

2.16 (lH, d, J = 5 Hz, C(4)-H), 2.35-2.75 (2H, overlapping of 
d, J = 18 Hz (6 endo-H) and multiplet (3-exo-H), collapsing to d 
of d, J = 14 and 5 Hz, upon irradiation at 5.06 F), 5.06 (IH, mul- 
tiplet, collapsing to dd, J - 9 and 1-2 Hz, upon irradiation at 
1.30 6, 2-exo-H); mle (relative intensity): 210(Mf, 24), 
168(84), 124(36), 1 1 1 (23), 109(32), 108(40), 107(34), 43(100), 
41(24). 

( - ) -5-Oxoborneol (4) 
A mixture of (-)-5-oxobornyl acetate (3) (1 .OO g) and sodium 

carbonate decahydrate (1.37 g) in methanol (4 mL) and water 
(7 mL) was briefly heated to reflux and then allowed to stand 
for 48 h. The mixture was diluted with water, extracted with 
ether several times, and the ether extracts washed with water, 
dried (Na2S04), and evaporated. Recrystallisation from cyclo- 
hexane gave (-)-5-oxoborneol(4) as a colourless solid (0.65 g, 
81%), mp 239-241°C (sealed capillary) (lit. (7c) mp 247-248°C); 
[aID2' - 87.0" (C 1.55, CHCI,) (lit. (7c) [aID - 74' in CHCI,); 
v,,, (CHCI,): 3630, 3480, 1745, 1035 cm-' ; 6 (CDCI,): 0.91, 
0.95, 1.00 (3H each, s, CH,), 1.27 (IH, d of d, J = 14 and 
3.5 Hz, 3-endo-H), 1.86 (IH, d with fine coupling, J = 18 Hz, 
6-exo-H), 2.13 (lH, d, J = 5 Hz, 4-H), 2.3-2.75 (2H, over- 
lapping of doublet, J = 18 Hz, 6-endo-H, and of multiplet, 
3-exo-H), 4.20 (lH, multiplet, 2-exo-H): d of d at 1.27 6 col- 
lapses to d ( J  = 14 Hz) upon irradiation of 4.20 6; d with fine 
coupling at 1.86 6 collapses to d ( J  = 18 Hz) upon irradiation 
at 4.20 6; mle (relative intensity): 168(M+, 49), 125(49), 
124(100), 109(46), 71(30), 70(39), 55(32), 41(44). 

( - ) -5-exo-Hydroxyborneol (5) 
To a freshly prepared solution of lithium trimethoxy 

aluminum hydride (13) (11.2 mmol) in tetrahydrofuran (25 
mL), stirred under nitrogen at O°C, was added a solution of 5- 
oxobornyl acetate (3) (250 mg, 1.2 mmol) in tetrahydrofuran 
(5 mL). Stirring was continued for 30 min at O°C, then for 17 h 
at room temperature. Ether (25 mL) was added, followed by 
just sufficient water to decompose the excess reducing agent 
and produce a white, easily filtered precipitate. Filtration of the 
product followed by evaporation of the filtrate and crystallisa- 
tion from benzene provided (-)-5-exo-hydroxyborneol(5) as a 
colourless solid (169 mg, 84%), mp 258-259°C (sealed capil- 
lary); [aIDz7 - 16.3" (c 0.81, CHCI,); v,,, (CHCI,): 3650, 1040 
cm- ;6(CDC13):0.76,0.81, 1.04(3Heach,s,CH3), 1.25-1.50 
(IH, multiplet), 1.73 (lH, d, J = 5 Hz, 4-H), 2.1-2.5 (2H, 
multiplet), 3.83 (2H, multiplet, 2-exo-H and 5-endo-H); m/e 
(relative intensity): 170(Mf, 4) 137(18), 126(29), 125(47), 
11 1(100), 109(59), 83(17), 55(18), 43(22), 41(26). Anal. calcd. for 
CloH1802: C 70.55, H 10.66; found: C 70.50, H 10.76. 

( - ) -5-exo-Acefoxybornyl Acetate (7) 
A solution of (-)-5-exo-hydroxyborneol (6) (50 mg) in 

pyridine (1.6 mL, dried by standing over potassium hydroxide 
pellets) and acetic anhydride (0.4 mL) was heated at 90°C with 
stirring while under nitrogen for 19 h. The mixture was diluted 
with water, extracted three times with ether, and the ether 
extracts washed successively with 1 N aqueous hydrochloric 
acid (excess), water, excess aqueous sodium bicarbonate, and 
saturated aqueous sodium chloride. The ether extracts were 
then dried (Na2S04) and evaporated to give (-)-5-exo- 
acetoxybornyl acetate (7) as an almost colourless viscous oil 
(72 mg, 97%). Purification by preparative glc (30% SE-30) gave 
a colourless viscous oil; [a]d7 -13.6' (c 1.49, CHCI,); v,,, 
(CCI,): 1740, 1230, 1030 cm-'; 6 (CDCI,): 0.85, 0.90, 1.01 
(3H each, s, CH,), 1.49 (lH, multiplet), 1.88 (IH, d, J = 5 Hz, 
4-H), 1.97 and 2.00 (3H each, s, CH3C02-), 2.2-2.6 (2H, 
multiplet), 4.63 (lH, d of d, 5-endo-H), 4.78 (lH, multiplet, 
2-exo-H); mle (relative intensity): 254(M+, 25), 195(30), 
1 68(24), 152(27), 137(27), 135(27), 134(70), 126(30), 119(57), 
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109(73), 108(63), 93(37), 43(100). Anal. calcd. for C14H2204: (1% in CHCI,): 3620, 3480, 1130, 1060 cm-'; 6 (CDCI,): 0.84 
C 66.12, H 8.72; found: C 66.16, H 8.67. (6H, s, C(8)- and C(9)-CH,), 1.06 (3H, s, C(10)-CH,), 1.34 

(2H, d of d, J = 12.5 and 2.5 Hz; collapsing to d, J = 12.5 HZ, 
 sola at ion of 6-~xobornyl Acetate ( 8 ) ,  3-Oxoborn~l Acetate upon irradiation at 4.25 6; collapsing to d, J = 2-3 Hz, up011 

(II) ,  and 5-exo-Acetoxybornyl Acetate (7) irradiation at 2.47 6; 3-endo- and 5-endo-H), 1.75 (IH, t, J = 5 
The fractionally distilled oxidation product from the oxida- H,, collapsing to upoll irradiation at 2.47 6, c(~)-H), 2,47 

tion of bornyl acetate with chromium trioxide in acetic acid (2H, multiplet (d o fd  ofd), J = 12.5, 9.5, and 5 H ~ ;  collapsing 
and acetic anhydride was cooled to -20°C for 7 days to to d of d, J = 12.5 and 5 H~ upon irradiation at 4.25 6; 
promote crystallisation of 5-oxobornyl acetate (3). This was collapsing to d of d, J = 12.5 and 9.5 H ~ ,  upon irradiation at 
removed by filtration and the mother liquors subjected to 1.75 6; collapsing to d of d, J = 9.5 and 5 H~ upon irradiation 
column chromatography on silica gel (2.0 g of substrate, 200 g at 1.34 6; 3-exo- and 5-exo-H), 4.25 (2H, d, of d, J = 9.5 and 
of silica gel deactivated to grade 111; eluted with 15% ether in 2.5 H ~ ,  collapsing to doublet, J = 9.5 H ~ ,  upon irradiation at 
hexane). Two fractions were obtained, each of which was a 1.34 6; collapsing to broad singlet upon irradiation at 2.47 6; 
mixture of two main components by glc (20% DEGS). Each 2-exo- and 6-exo-H); 6 (C6D6): 0.64 (6H, s, C(8)- and C(9)- 
component was isolated by preparative glc. Preparative glc CH,), 1.08 ( 3 ~ ,  s, C(10)-CH,), 1.25-1.6 (3H, complex, 3- 
(30% SE-30) of the more rapidly eluted fraction (0.42 g) endo-, 5qndo-, and C(4)-H), 2.33 (2H, m, 3-exo- and 5-exo-H), 
~rovided 3-oxobornyl acetate (11) and 5-exo-acetox~born~l 4.19 (2H, m, 2-~XO- and &xo-H); 6 (CCI,): 0.82 (6H, s, C(8)- 
acetate (7) in order of increasing retention time. and C(9)-CH,), 0.98 (3H, s, C(1O)-CH,), 1.30 (2H, poorly 

3-Oxobornyl acetate (11) was obtained as a colourless resolved d of d, j = 2-3 and 13 Hz, 3-endo- and 5-endo-H), 1.68 
partially crystalline solid, a single component On tic (silica gel, ( l ~ ,  t, J = 4.5 H ~ ,  C(4)-H), 2.39 (2H, m, 3-exo- and 5-exo-H), 
ether - ~etroleum ether 1 : 2) and glc (3% SE-30 and 5% QF-1); 4.12 (2H, poorly resolved d of d, J = 2-3 and 10 Hz, 2-exo- and 
[c~]D~'  - 42.500 (c 1.0, CHCI,); V ~ X  (CC14): 1755, 1250, 1060 6-exo-H); m/e (relative intensity): 109(17), 108(100), 95(9), 
cm-'; (CDC13): 0.98 and (6H and 3H respectively, s y  93(18), 68(5), 55(5), 43(6), 41(112), no molecular ion visible. 
CH3)3 2.11 (3H9 s, CH3C02-), 2.29 (IH, d, = Hz, 4-H) Anal. calcd. for CloHl8O2: C 70.55, H 10.66; found: C 70.56, 
5.19 (1 H, fine coupling, 2-exo-H); m/e (relative intensity): H 10.74. 
210(Mf, 23),168(39), 123(33), 122(18), 113(14), 81(14), 71(18), ~ - ) - 3 - e x o ~ ~ y ~ r o x y ~ o r n e o ~  (12) 69(12), 58(10), 55(13), 43(100); Mol. Wt. calcd. for C12H1803: T~ a Of 3-oxobornyl acetate (11) (approximately 210.1256; found (mass spectrometly): 210.1237. 10 mg) in dry ether (1 mL), stirred at -78'C under nitrogen, 5-exo-Acetoxybornyl acetate (7) was obtained as a colourless was added lithium aluminum hydride (22 mg). Stirring was viscous oil, identical with material from the acetylation of continued at -780C for then at 250C for h, and the 5-exo-hydroxyborneol (5) by tic (silica gel, ether - petroleum mixture was worked up by adding just water to ether l : '1 and glc (3% SE-30 and 20% DEGS), as as by decompose the aluminum salts to a readily filterable precipi- nmr (CDCI,) and ir (CCI,) spectrometry. tate. Filtration and evaporation of the ether followed by Preparative glc (30% QF-1) of the less rapidly eluted fraction column chromatography (silica gel, 0.5 g, elution with ether - g) provided 6-0x0b0rn~1 acetate (') and 5-0x0b0rn~1 petroleum ether 1 :2) provided (-)~3-exo~hydroxyborneo~ acetate (3) in order of increasing retention time. (12). The physical constants and spectroscopic and glc 6-Oxobornyl acetate (8) was isolated as a co~ourless partially characteristics of this product were identical to those recorded crystalline solid, providing colourless crystals from hexane, mp for the sample of 12 isolated from H, sativum (vide infra). 62-62.5"C; [cxID2' + 31.42O (c 1.13, CHCI,); v,,, (CCI,): 1750, 
1245, 1075, 1050 cm-l; 6 (CDCI,): 0.85, 0.94, 1.04 (3H each, Oxidation of f  -)-5-Oxoborneol ( 4 )  and (-1-5-exo-Hydroxy- 
s, CH,), 1.27 (lH, d of d, J = 14 and 3 Hz, collapsing to d, borne01 (5) 
J = 14 HZ, upon irradiation at 5.1 3 6, 3-endo-H), 1.99 (3H, s, Treatment of (- 1-5-oxoborneol (4) or (- 1-5-exo-hydroxy- 
CH,Co2-), 5.13 (lH, d of d, J = 9 and 3 Hz, 2-exo-H); m/e borneol (5) with pyridinium chlorochromate (14) in methylene 
(relative intensity) : 210(M+, 5), 168(46), 167(27), 153(100), chloride at room temperature for 4-5 h provided (-1-bornane- 
150(19), 121(21), 109(19), 108(58), 107(29), 43(39), 41(18). 2,5-dione (6) in - 80% yield; mp 207-209"C; [EID - 113". The 
Anal. calcd. for C12H180B: C 68.55, H 8.63; found: C 68.49, product had the same ir (CCL), nmr (CC14 and C,D,), tic 
H 8.55. (silica gel, petroleum ether - ether 1 :I), and glc (3% SE-30, 

5-Oxobornyl acetate (3) was isolated as a colourless crystal- Carbowax C-20M, and 20% DEGs)~ characteristics as 
line solid, identical with material previously isolated from the authentic (+ )-bornane-23-dione prepared from (+)-camphor. 
chromium trioxide - acetic acid oxidation of bornyl acetate by oxidation of6-endo~Hydroxyborneo~ ( 9 )  
tlc (silica gel, ether - petroleum ether 1 :2), glc (3% SE-30 and Treatment of 6-endo-hydroxyborneol (9) (1 1 rng) with pyri- 
5% QF-I), as well as by nmr (CDC13) and ir (CC14) SPectrom- dinium chlorochromate in CH2CI2 (14) for 6 h gave, after 
etry. preparative glc (20% DEGS), bornane-2,6-dione (10) as a 

6-endo-Hydroxyborneol (9) colourless solid (31% yield) with the same spectroscopic and 

To a solution of 6-oxobornyl acetate (8) (81 mg) in dry ether glc characteristics as authentic bornane-2,6-dione prepared 
(2 mL), stirred under nitrogen at -7S°C, was added lithium from (+)-camphor infia), 
aluminum hydride (37 mg, 3.4 equiv.) in three portions over ( + ) - ~ ~ ~ ~ ~ ~ ~ - 2 , 5 - d i ~ ~ ~  and ~ ~ ~ ~ ~ ~ ~ - 2 , 6 - d i ~ ~ ~  
15 min. After stirring at -78°C for a further 3 h the mixture oxidation of(+)-camphor with chromium trioxide in acetic 
was allowed to warm to room temperature and the stirring acid - acetic anhydride according to the literature procedure 
continued for a further 19 h. Just sufficient water was added to (15) a mixture of bornanediones ( N  7% ::yield) which 
decompose the aluminum salts to a readily filtered precipitate were separated by preparative glc (30% SE-~O). '~  
and the mixture was filtered and the filtrate evaporated. This ~ornane-2,6-dione (10) of shorter retention time, clystallised 
provided a colourless viscous oil which was purified by column 
chromatography on silica gel (9 g, deactivated to grade 111, and l010% Carbowax C-20M resolves 2,3-, 2,5-, and 2,6-bor- 
eluted with ether - petroleum ether 1 : 2). This gave 6-endo- nanediones; 20% DEGS separates 2,6-dione from the 2,3- and 
hydroxyborneol(9) (53 mg, 81%), n ~ p  258-260°C (from hexane) 2,5-diones; and 3% SE-30 separates 2,5-dione from the 2,3- and 
(sealed capillary); [c(IDz5 -0.05 2 0.06" (c 3.46, CHCI,); v,,, 2,6-diones. 
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from hexane, mp 190-192°C (sealed capillary) (lit. (15) mp 194- 
195"C, lit. (16) mp 192-193°C); [@.ID +0.7" (C 2.59, CHC1,); 
v,,, (CC14): 1770, 1735 cm-'; 6 (CDCl,): 0.95 (3H, s), 0.99 
(6H, s); 6 (CbD6): 0.48 (6H, s), 0.97 (3H, s) 1.80 ( lH,  t, J = 5 
Hz, C(4)-H); mle (relative intensity): 166(M+, 96), 123(38) 
109(38), 97(61), 95(48), 83(40), 81(52), 69(65), 41(100), 39(52). 

(+)-Bornane-2,5-dione (enantiomer of 6) crystallised from 
hexane, mp 210-211°C (sealed capillary) (lit. (7c) mp 213- 
214°C); [@.IDz6 + 115' (C 1.71, CHC13); V,,, (CC1,): 1755 cm-'; 
6 (CDCI,): 0.97 (3H, s), 1.05 (6H, s); mle (relative intensity): 
166(M+, 93), 123(54), 95(37), 83(59), 81(31), 69(78), 67(23), 
53(25), 41(!00). 

Fermentation with H. sativum 
Helminthospovium sativuml' was grown in 1-L Erlenmeyer 

flasks each containing modified Czapek-Dox medium (200 mL) 
(water (200 mL), sucrose (6 g), sodium nitrate (0.4 g), yeast 
extract (0.2 g), potassium dihydrogen phosphate (0.2 g), 
potassium chloride (0.1 g), magnesium sulphate heptahydrate 
(0.1 g), iron(II1) (0.1 mg), zinc(I1) (0.1 mg), manganese(I1) 
(0.05 mg), and copper(I1) (0.1 mg)) on a rotary shaker (106 
rpm) at 26'C. After 3 days (+)- or (-)-bornyl acetate was 
added (0.2 g per flask). After a further 7-10 days the mycelium 
was separated by filtration and the culture filtrate extracted 
with ether, using a continuous extraction apparatus, for 3 days. 
The ether extract was dried (Na2S04) and evaporated to 
provide the crude fermentation product. 

Isolation of Hydvoxyborneols 5 ,20,  21, and 12  
The crude fermentation product (2.0 g) from fermentation 

with (-)-bornyl acetate (-2 g) as substrate was purified by 
column chromatography on silicic acid (50 g). After elution of 
the less strongly absorbed material (0.4 g) with chloroform, the 
hydroxyborneols were removed as a mixture (1.2 g) with 3% 
methanol in chloroform. A portion of this mixture of hydroxy- 
borneols (0.5 g) was purified further by several cycles of column 
chron~atography (silica gel, deactivated to grade 111, 100: 1 
ratio of adsorbant to substrate, eluted with ether - petroleum 
ether 1 : 1 then 2 : 1). This provided fractions that were suffi- 
ciently pure in each of the four hydroxyborneols for them to be 
purified by recrystallisation from benzene. 

(-)-5-exo-Hydroxybovneol (5) (135 mg), mp 257-259'C 
(sealed capillary); [a]D2' - 15.9" (c 0.94, CHCl,), identical to 
previously characterised 5-exo-hydroxyborneol (5) (vide supra) 
by nmr (CDCl,), ir (CHCl, and Nujol mull), mass spectrom- 
etry as well as by tlc and mixture melting point. 

(-)-5-endo-Hydvoxyborneol (20) (37 mg), mp 244.5- 
245.5"C (sealed capillary); [@.IDz5 - 33.25' (C 0.8, CHCl,); v,,, 
(CHCl,): 3600, 3450, 1060 cm-'; 6 (CDCI,): 0.82 (3H, s, 
CH,), 0.91 (6H, s, CH,), 1.6-1.85 (4H, complex), 1.9-2.4 ( lH,  
complex), 4.06 (lH, d of d, J = 4 and 10 Hz, 2-exo-H), 4.44 
( lH,  complex, 5-exo-H) ; mle (relative intensity) : 170(M +, 30), 
152(30), 137(63), 111(50), 109(100), 108(84), 95(31), 41(27), 
32(23). Anal, calcd. for C10H1802: C 70.55, H 10.66; found: 
C 70.73, H 10.60. 

(-) -6-exo-Hydroxyborneol (21) (1 8 mg), mp 268-270.5"C 
(sealed capillary); [@.IDZ5 - 56.4' (C 0.96, CH3CN); v,., 
(CHCl,): 3600, 1070, 1050 cm-'; 6 (CDC1,): 0.82, 0.95, 1.03 
(3H each, s, CH,), 1.6-1.95 (3H, conlplex), 2.0-2.4 ( lH,  com- 
plex), 4.04 (lH, d of d, J = 10 and 4 Hz, 2-exo-H) 4.33 ( lH,  m, 
6-endo-H); mle (relative intensity): 170(M +, I), 11 1(17), 
109(41), 108(100), 95(16), 93(18), 55(13), 43(18), 41(23). Anal. 
calcd. for CloHl8O2:  C 70.55, H 10.66; found: C 70.41, H 
10.50. 

"Subculture from single spore of culture isolated by Dr. 
Stanley Chinn (Canada Agricultural Research Station, Saska- 
toon, Sask.) from wheat (subculture sent to ATCC). 

(-)-3-exo-Hydroxybovneol (12) (17 mg), mp 247-240°C 
(sealed capillary); [a]D25 - 19.4" (c 0.66, CHCl,); v,,, (CHCl,): 
3650,3470, 1060, 1050cm-I (cf. ref. 8b); 6 (CDCI,): 0.86,0.89, 
and 1.09 (3H each, s, CH,), 1.65-2.0 (3H, complex), 3.55 ( lH,  
d, J = 2Hz, 3-endo-H), 3.97 (lH, m, 2-exo-H); the nmr spec- 
trum in pyridine-d5 with a trace of D2O is identical to published 
spectrum (8a); mle (relative intensity) : 170(M +, 3), 152(3 I), 
123(18), 111(67), 109(32), 108(35), 95(100), 81(29), 69(25), 
60(18), 55(18), 43(22), 41(28), 32(19), 31(18). Anal. calcd. for 
C10H1802:  C 70.55, H 10.66; found: C 70.41, H 10.76. 

5-exo-, 5-endo-, 6-exo-, and 3-exo-Acetoxybovnyl Acetates 
Hydroxyborneol5,20,21, or 12, (5-15 mg) was stirred with 

pyridine - acetic anhydride (4 : 1 , 2  mL) at 90°C under nitrogen 
for 18-21 h. After dilution with water (10 mL) and extraction 
with ether (3 x 5 mL), the ether extracts were washed succes- 
sively with excess 1 N aqueous hydrochloric acid, water, excess 
saturated aqueous sodium bicarbonate, and saturated aqueous 
sodium chloride. Removal of solvent provided the appropriate 
acetoxybornyl acetate in almost quantitative yield. 

5-exo-Acetoxybornyl acetate (7) was identical by tlc (silica 
gel, ether - petroleum ether 1 : 1) and glc (3% SE-30 and 20% 
DEGS) as well as nmr (CDCl,), ir (CCI,), and mass spectrom- 
etry to material isolated from chemical oxidation of bornyl 
acetate (vide supra). 

5-endo-Acetoxybornyl acetate derived from 20; v,,, (CCI,) : 
1740, 1240 cm-'; 6 (CDCl,): 0.83 (3H, s, CH,), 0.97 (6H, s, 
CH,), 2.07 and 2.10 (3H each, s, CH3C02), 4.94 ( lH,  d of d, 
J = 9 and 3.5 Hz, 2-exo-H), 5.15 (lH, m, 5-exo-H); mle 
(relative intensity): 254(M+, 21), 195(73), 152(32), 137(27), 
135(40), 134(27), 119(48), 109(53), 108(41), 93(43), 43(100), 
32(25). 

6-exo-~cetoxyborn~l acetate derived from 21; v,,, (CCI4) 
1740, 1235, 1060, 1040 cm-I; 6 (CDCl,): 0.89, 0.93, and 1.03 
(3H each, s, CH,), 2.05 and 2.08 (3H each, s, CH3C02-), 4.99 
( lH,  d of d, J = 10 and 3.5 Hz, 2-exo- or 6-endo-H), 5.31 (lH, d 
of d, J = 7.5 and 4 Hz, 2-exo- or 6-endo-H); mle (relative 
intensity): 254(M+, 15), 212(6), 197(6), 194(5), 152(14), 134(9), 
119(12), 109(16), 108(100), 95(6), 93(9), 43(34), 41(7), 32(16). 

3-exo-Acetoxybornyl acetate derived from 12; v,,, (CCI4): 
1740, 1240, 1045 cm-I;  6 (CDCI,): 0.87, 0.88, and 1.08 (3H 
each, s, CH,) 2.06 and 2.10 (3H each, s, CH3C02), 4.50 (lH, d, 
J = 3 Hz, 3-endo-H), 5.21 ( lH,  m, 2-exo-H); mle (relative 
intensity): 254(M+, 4), 152(51), 137(22), 135(28), 134(44), 
124(10), 123(23), 119(29), 109(20), 108(13), 102(24), 96(10), 
95(48), 83(14), 81(12), 80(22), 43(100), 41(14). 

Oxidation of (-)-5-endo-Hydvoxybovneol (20) 
Treatment of 5-endo-hydroxyborneol (20) (8 mg) with 

pyridinium chlorochromate (14) for 6 h gave (-)-bornane-2,5- 
dione as a colourless solid (6 mg, 76% yield); nmr (in CC14 and 
C6D6), ir (CCl,), tlc (silica gel, ether - petroleum ether 1 : I), 
and glc (3% SE-30, 10% Carbowax C-20M, and 20% DEGS) 
characteristics identical to those of authentic bornane-2,5-dione 
(vide supra). 

Oxidation of 6-exo-Hydroxyborneol (21) 
Treatment of 6-exo-hydroxyborneol (21) (10 mg) with pyri- 

dinium chlorochromate (14) for 6 h gave bornane-2,6-dione 
(10) as a colourless solid after preparative glc purification 
(20% DEGS); nmr (CDCI, and CbDb), ir (CC14) spectra of this 
specimen of 10 were identical to those recorded for the 
authentic compound prepared from camphor (vide supra). 

Hydroxylation of ( + ) -Bovnyl Acetate (22) by H,  sativum 
The reaction product from fermentations using (+)-bornyl 

acetate (22) as substrate was acetylated and then analysed by 
comparing the nmr and glc characteristics with the diacetates 
derived from hydroxyborneols 5, 20, 21, and 12 (vide supra). 
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The results obtained from four experiments indicated that the 
original microbiological product was a mixture of (+)-5-exo- 
hydroxyborneol (23), (+)-5-endo-hydroxyborneol (24), and 
(+)-3-exo-hydroxyborneol (25). The yields of diols from four 
separate fermentations are shown in Table 3. 

Quantitative Gas-Liquid Chromatographic Analysis of 
H. sativum Products 

Analysis of Fermentation Extracts Directly 
This was performed on a Varian Aerograph model 90-P 

chromatograph fitted with TC detector and analytical 20% 
DEGS column, using 10-100 pL injections of solutions in ethyl 
acetate. With a column oven temperature of - 130°C the 
absolute quantity of hydroxyborneols was determined by 
injecting known quantities of the fermentation products and 
comparing the area of the peak corresponding to the hydroxy- 
borneols with that arising from the injection of known quanti- 
ties of pure 5-exo-hydroxyborneol as a standard. In the same 
way, using a column oven temperature of -70°C and (-)- 
bornyl acetate as standard, it was possible to determine the 
absolute quantities of bornyl acetate and borneol. All injec- 
tions were performed several times to ensure reproducibility 
of the results, and fermentation peak areas were only compared 
with those of standards that had been injected immediately 
beforehand. 

Analysis of Acetylated Fermentation Extracts 
Fermentation extracts were acetylated in the usual way and 

the acetylated products were analysed by glc (analytical 3% 
SE-30 column at - 100°C). The absolute quantities of acetoxy- 
bornyl acetates were determined by using 5-exo-acetoxybornyl 
acetate (13) as a standard, taking the same precautions that are 
described above. The identity of the peaks in the glc analysis 
was confirmed by isolation (preparative glc, 30% SE-30) and 
nmr analysis of the isolated components. 

Fermentation with F. culmorum 
Fusarium c u l m o r ~ r n ~ ~  was grown in 4-L Erlenmeyer flasks 

each containing Raulin-Thom medium (1 L) (water (1 L), 
glucose (50 g), tartaric acid (2.7 g), ammonium tartrate (2.7 g), 
ammonium phosphate NH4H2P04 (0.4 g), potassium car- 
bonate (0.4 g), magnesium carbonate 0.27 g), ammonium 
sulphate (0.17 g), zinc sulphate heptahydrate (0.047 g), and 
ferrous sulphate heptahydrate (0.047 g)) on a rotary shaker 
(120 rpm) at 26°C. After 7 days, (+)- or (-)-bornyl acetate was 
added (1.0 g per flask). After a further 18 days the mycelium 
was separated by filtration and the culture filtrate extracted 
with ether using a continuous extraction apparatus for 3 days. 
The ether extract was dried (Na,S04) and evaporated to 
provide the crude fermentation product. 

Isolation of 5-exo-Hydroxybornyl Acetate ( 2 6 )  
The crude fermentation product (3.01 g) was purified by 

column chromatography (silicic acid, 180 g). Elution with 
CHCl, provided 5-exo-hydroxybornylacetate (26) (900 mg; 
97% pure by glc); v,,, (CHCI,): 3600, 1720, 1250, and 1040 
cm-I; 6 (CHCI,): 0.84, 0.86, 1.09 (3H each, s, CH,), 1.99 
(3H, s, CH3C02-) 3.84 (lH, d of d, J = 7.5 and 3 Hz, 5-endo- 
H), 4.76 (lH, m, 2-exo-H). 

5-exo-Acetoxybornyl Acetate (7) 
5-exo-Hydroxybornyl acetate (26) (41 mg), isolated in 96% 

purity (glc, 10% Carbowax C-20M TPA) from silicic acid 
chromatography of the crude fermentation product, was 
stirred at 90cC under a nitrogen atmosphere with pyridine - 
acetic anhydride (4 : 1,2 mL) for 22 h. The reaction mixture was 

12Subculture of culture No. CBS 171.28 obtained from 
Centraal-bureau voor Schimmelcultures, Baarn, Holland. 

diluted with water (10 mL), extracted with ether (3 x 5 mL), 
and the ether layers washed with excess aqueous 1 N hydro- 
chloric acid, water, excess saturated aqueous sodium bicar- 
bonate, and saturated aqueous sodium chloride. Removal of 
solvent provided 5-exo-acetoxybornyl acetate (7), identical by 
tlc (silica gel, ether - petroleum ether 1 : 2), glc (3% OV-17 and 
10% Carbowax C-20M; HP-5831A), and by nmr (CDCI,) and 
ir (CHC1,) spectrometry to material prepared previously by 
lithium trimethoxy aluminum hydride reduction of 5-0x0- 
bornyl acetate (3) followed by acetylation (vide supra). 

Oxidation of 5-exo-HydroxybornyI Acetate ( 2 6 )  
Treatment of 5-exo-hydroxybornyl acetate (26) (46 mg) with 

pyridinium chlorochromate (14) for 7 11 gave 5-oxobornyl 
acetate (3) (41 mg), identical by tlc (silica gel, ether - petroleum 
ether 1 :2) and glc (3% OV-17 and 10% Carbowax C-20M 
TPA; HP-5831A) and by nmr (CDCI,) and ir (CHCI3) spectro- 
metry with authentic material isolated from the oxidation of 
bornyl acetate with chromium trioxide - acetic acid (vide 
supra). 

Quantitative Gas- Liquid Chromatographic analysis of 
F. Culmorum Products 

Quantitative glc analysis of the fermentation products of 
(+)- and (-)-bornyl acetate was performed using (-)- 
camphorquinone as an added internal standard. The relative 
detector responses to borneol, bornyl acetate, 5-exo-hydroxy- 
bornyl acetate, and (-)-camphorquinone were determined by 
injectionofamixture of known quantities of the four substrates 
(10% Carbowax C-20M TPA; HP-5831A); an average of three 
determinations was taken. By injection of a mixture of a known 
quantity of the fermentation product and a known quantity of 
camphorquinone (10% Carbowax C-20M TPA; HP-5831A) 
the relative peak areas, after correction for the detector re- 
sponse, were used to determine the absolute quantities of 
borneol, bornyl acetate, and 5-exo-hydroxybornyl acetate; an 
average of two determinations was taken. 
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Synthesis and absolute configuration of nojigiku alcohol 
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NICHOLAS DARBY, NANCY LAMB, and THOMAS MONEY. Can. J. Chem. 57,742 (1979). 
The structure, absolute configuration and physical constants of nojigiku alcohol ((+)-6-exo- 

hydroxycamphene) and derivatives have been established by synthesis from (-)-isobornyl 
acetate. 

NICHOLAS DARBY, NANCY LAMB et THOMAS MONEY. Can. J. Chem. 57,742 (1979). 
On a determine la structure, la configuration absolue et les constantes physiques de I'alcool 

nojigiku ((+)-hydroxy-6 exo-camphene) et de ses derives g rke  a une synthese a partir de 
l'acetate du (-)-isobornyle. 

[Traduit par le journal] 

Nojigiku alcohol (10) (6-exo-hydroxycamphene), a 
metabolite of Chrysanthemum japonense (I), has pre- 
viously been synthesised in low yield from camphene 
(2) and tricyclene (3). Our interest in applying remote 
oxidation techniques to the synthesis of various 
mono- and sesquiterpenoids has res~llted in an 
alternative synthesis of this naturally occurring 
camphene derivative. 

Remote oxidation of (-)-isobornyl acetate (2) 
with CrO,/HOAc/Ac,O provided a mixture (4: 1) 
of 5-ketoisobornyl acetate (3) and its 6-keto isomer 
(4) in - 55% yield (4). Treatment of this mixture with 
SeO, gave 5,6-diketoisobornyl acetate (5) (50% 
yield) which underwent regiospecific and stereo- 
selective reduction with Zn/HOAc (5-7) to provide 
6-endo-hydroxy-5-ketoisobornyl acetate (6) ( w  82% 
yield). 

The regiospecificity and stereoselectivity of the 
latter reaction was established by nmr and chemical 
evidence. For example the nmr of 6 showed absorp- 
tion at 6.15 .t which is almost identical to that found 
in 2-endo-hydroxyepicamphor (13) (5-7) and differs 
markedly from the C(3)-exo-hydrogen absorption 
(5.78 T) in 3-endo-hydroxycamphor (14) (5, 6). The 
presence of a C(6)-endo-hydroxy group in 6 is also 
supported by the fact that the C(2)-endo-hydrogen 
(4.75 T) is shifted downfield from its expected posi- 
tion (cf. isobornyl acetate, CHOAc, 5.43 T). This 
effect of a C(6)-endo-hydroxyl on the neighbouring 
C(2)-endo-hydrogen in bornane systems is also evi- 
dent when the nmr of isoborneol (15) and 6-endo- 
hydroxyisoborneol (16) or isobornyl acetate (2) and 
6-endo-hydroxyisobornyl acetate (7) are compared 
(8). Chemical evidence for the structure of 6 was 
obtained by an alternative synthesis involving low- 
yield a-hydroxylation (MoO,/HMPA/C,H,N) (9) of 
5-ketoisobornyl acetate (3). In addition reduction of 
the derived thioketal (vide infra) followed by 

hydrolysis provided 6-endo-hydroxyisoborneol (16), 
a compound whose structure has been confirmed by 
nmr evidence and oxidation to 2,6-bornanedione (8). 

The regiospecificity of the Zn/HOAc reduction of 
5,6-diketoisobornyl acetate (5) was totally unex- 
pected since the analogous reaction involving cam- 
phorquinone provides a mixture (2: 1) of 2-endo- 
hydroxyepicamphor (13) and 3-endo-hydroxycam- 
phor (14) (5). We conclude, therefore, that the regio- 
specificity of the Zn/HOAc reduction of 5,6-diketo- 
isobornyl acetate (5) is probably due to some 
unknown directing effect of the C(2)-acetate group. 

Thioketalisation of 6 followed by reduction 
(Raney Ni) gave 6-endo-hydroxyisobornyl acetate (7) 
(14) which was converted to the tert-butyldimethyl- 
silyl (TBDMS) (10) ether and subsequently hydro- 
lysed (Na,CO,/MeOH) to hydroxyether 8 in 50% 
overall yield. Wagner-Meerwein rearrangement 
(MsCl/C,H,N) of 8 followed by removal of the 
TBDMS group with Bu,NF/THF or HOAc/H,O/ 
THF (3: 1 : 1) provided nojigiku alcohol (10) (I), 
mp 67.5-69.5"C (sealed tube), sublimation point 
52°C (lit. (1) mp 52-53"C, lit. (2c) mp 59.5-60°C); 
[a], + 58.6" (c 1.33, CHCI,), + 60.4" (c 1.16, CHCI,) 
(lit. (1) [a], + 12" (c 1.1, CHCI,), lit. (2c) [a], +9"). 

Although the nnlr and ir spectra of our synthetic 
material are identical to those of the natural com- 
pound (12)' the specific rotation of 10 (measured at 
different concentrations and on two different in- 
struments (Perkin Elmer 141 and 241MC)) was 
significantly different from the value quoted in the 
literature. Similar differences were noted for the 
corresponding acetate (11) (I), [a], + 37.6" (c 1.1 1, 
CHC1,) (lit. (1) [a], +20.9" (c 0.58, CHCI,), + 11.6" 
(c 1.20, CHCI,)) and ketone (12) (I), mp 73.5- 

'We are grateful to Dr. A. Matsuo and co-workers (Hiro- 
shima University) for providing us with ir and nmr spectra 
of nojigiku alcohol. 

0008-4.042/791070742-05$01 .oo/o 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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DARBY ET AL. 

(a) LiAIH,; ( b )  Ac20/C,H,N; (c)  Cr031Ac,01HOAc; (6) SeO,; (e) Zn/HOAc; 
(f) MoO,/HMPA/C,H,N; (g) (CH,SH),/BF3. Et,O; (h )  Raney Ni; (i) rBuMe,SiCl/imidazole; 
( j )  KOH/E~OH; ( k )  MsCI/C,H,N/A; ( I )  Bu,NF/THF; (m) Ac,O/C,H,N; (n) Cr03/C,H,N/HCI 

75.5"C (sealed tube), sublimation point 40°C; 
[a], + 155.3" (c 0.91, CHCI,) (lit. (1) mp 47-48°C; 
lit. (1) [a], +33.7" (c 0.86, CHCI,)). Regeneration 
of 6-exo-hydroxycamphene (lo), [a], + 58.86" (c 
0.88, CHCI,), from acetate 11 and its subsequent 
oxidation to ketone 12, [a], + 158.2" (c 0.79, CHCI,), 
provided further support for the authenticity of the 
physical constants we have recorded for these com- 
p o u n d ~ . ~  Gas-liquid chromatographic evidence (see 
Experimental) demonstrated that the synthetic 
alcohol 10 was pure and the absence of common 
chemical shifts in the nmr spectra of 10 and its 
enantiomer, measured in the presence of a chiral 
shift reagent (TFMC-Eu) (13), indicated that our 

2(-)-6-exo-hydroxycamphene, (-)-6-acetoxycamphene, and 
(-)-6-oxocamphene, synthesised from (-)-camphor by the 
route outlined above, have specific rotations numerically 
equivalent to those of the enantiomers (9-1 1). 

synthetic alcohol 10 was also optically pure. We con- 
clude, therefore, that the specific rotation of (+)-6- 
exo-hydroxycamphene (nojigiku alcohol) (10) falls 
within the range, +55 to 61" (see Experimental). 
This conclusion is relevant to recent studies on the 
free radical benzoyloxylation of camphene (2c) since 
the mechanism proposed for that reaction was based, 
to some extent, on the assumption that the specific 
rotation of pure 6-exo-hydroxycamphene is approxi- 
mately + 12". 

Experimental 
Unless otherwise stated the following are implied. Melting 

points (mp) were determined on a Kofler micro heating stage 
or a Thomas Hoover capillary melting point apparatus and 
are uncorrected. Gas chromatography was carried out on 
either a Hewlett-Packard model 5831A gas chromatograph 
using 6 ft x 9 in. columns and nitrogen as carrier gas, or a 
Varian Aerograph model 90-P with 5 ft x +in. columns and 
helium as carrier gas. The following columns were employed. 
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Column Dimensions Stationary phase Support Mesh 

A 6 ft x & in. 3% OV17 Chromosorb W (HP) 80-100 
B 6 ft x & in. 3% OVlOl Chromosorb W (HP) 80-100 Hewlett- 
C 6 ft x & in. 3% OV210 Chromosorb W (HP) 

80-100 

k 80-100 Packard 
D 6 ft x + in. 10% DEGS Chromosorb W (HP) 80-100 5831A 
E 6 ft x + in. 1 0 z  Carbowax Chromosorb W (HP) 
F 5 ft x $ in. 3% SE30 Varaport 30 

f 
100-120 Varian 

G 5 ft x & in. 20% DEGS Chromosorb W 80-100 1 90-P 

Carrier gas flow rate for t i n .  columns was about 60 mL/min 
and for + in. columns about 35 mL/min. The 60 MHz nmr 
spectra were recorded on a Varian Associates model T-60 
whereas 100 MHz spectra were recorded on Varian Associates 
model HA-100 or XL-100. Signal positions are given in the 
Tiers tau scale (r) with tetramethylsilane (TMS) as an internal 
reference. Signal multiplicity and integrated area are indicated 
in parentheses. Infrared spectra were recorded on a Perkin- 
Elmer 137 spectrophotometer and optical rotations were 
measured with either a Perkin-Elmer model 141 or 241 MC 
polarimeter. Low resolution mass spectra were recorded on a 
Varian/Mat model CH4B mass spectrometer and high resolu- 
tion mass spectra were determined on the AEI model MS902 
or model MS 50 instrument. Microanalyses were performed by 
Mr. P. Borda, Microanalytical Laboratory, University of 
British Columbia, Vancouver. All the solvents used for nmr, 
ir, and optical rotations were of Spectral grade. Zinc dust 
purchased from Fisher Scientific Company. 

( -) -Zsoborneol(15) 
(+)-Camphor (1) (40.0 g, 0.26 mmol) (Eastman Kodak 

Co., [ct]DZ5 +41.2' (c 1.06, CHC13)) in dry THF (-100mL) 
was added dropwise (1 h) to a stirred suspension of lithium 
aluminum hydride (10.0 g, 0.26 mmol) in dry tetrahydrofuran 
(100 mL) at 0-5°C. The reaction mixture was then stirred at 
0°C for 4 h and excess lithium aluminum hydride hydrolysed 
by dropwise addition of water (10 mL), followed by 2 N 
sodium hydroxide (10 mL) and then water (40 mL). The white 
precipitate was filtered off, washed with ether and the com- 
bined filtrates dried with anhydrous magnesium sulphate. 
Removal of the solvent gave a colorless crystalline product 
(40 g) which was shown, by glc analysis (column D; carrier 
gas, nitrogen; flow rate 38 mL/min; 120°C), to be a mixture of 
(-)-isoborneol (retention time 3.49 min) (92%) and borne01 
(retention time 4.17 min) (8%). Recrystallization of the crude 
product from petroleum ether (30-60°C) provided isoborneol 
(98% pure by glc); T (CC14): 6.49 (dd, IH, J  = 7.0 and 
2.0 Hz), 9.02, 9.16, and 9.21 (three singlets, 9H); v,,, (CCl,): 
3790, 3500,2850 and 2800, 1070 cm-'. 

( - ) -Zsobornyl Acetate (2) 
A mixture of (-)-isoborneol (37.0 g, 0.24 mol), acetic 

anhydride (43.0 g, 0.42 mol), and dry pyridine (120 mL) was 
heated at 100°C under nitrogen for 11 h. The reaction mixture 
was cooled, diluted with water, and extracted with ether. The 
combined ether extract was washed with water, 2 N hydro- 
chloric acid, water, saturated sodium bicarbonate, and dried 
over anhydrous magnesium sulphate. Removal of solvent 
followed by distillation (43-5O0C/0.05 Torr) provided iso- 
bornyl acetate (2) as a colorless oil (45 g, 96% yield); T (CCl,): 
5.44 (m, lH), 8.10 (s, 3H), 9.06, 9.20 and 9.21 (3 singlets, 9H); 
v,,, (CCl4): 2900,2850, 1740, and 1245 cm-'; mle: 194(M+), 
154, 136; [aID -51.8" (c 1.29, CHCl,) (lit. (11) [all, -50.2" 
(EtOH)). 

Oxidation of ( -) -1sobornyl Acetate (2) 
Chromium trioxide (80.0 g, 0.80 mol) in acetic anhydride 

(140 mL) was slowly added (2 h) to a cooled (ice bath) and 
vigorously stirred solution of (-)-isobornyl acetate (2) 
(45.0 g, 0.23 mol) in glacial acetic acid (200 mL) and acetic 
anhydride (100 mL). The reaction mixture was then stirred for 
8 days at room temperature, diluted with water, and extracted 
with ether. (The heavy emulsion formed during extraction was 
broken up by filtration through Celite.) The combined ether 
extract was neutralized with sodium carbonate and then 
washed successively with water, 3 N hydrochloric acid, water, 
saturated sodium bicarbonate, water, and dried over anhy- 
drous magnesium sulphate. Removal of solvent and glc 
analysis of the crude oily product (36 g) showed that it was 
mainly a mixture of unreacted isobornyl acetate, 6-0x0- 
isobornyl acetate (4) (retention time 7.19 rnin), and 5-0x0- 
isobornyl acetate (3) (retention time 7.79 min) (column A, 
carrier gas, nitrogen;. flow rate 41 mL/min; IIO"C).' ~ractional 
distillation, using a 5-in. Vigreux column, gave a mixture of 5- 
anc! 6-oxoisobornyl acetate (about 4: 1 by glc) (19.6 g, 40% 
yield); T (CCI,): 5.36 (dd, J  = 7.5, 4.0 Hz), 5.14 (dd, J  = 7.0, 
4.5 Hz), 7.98 (s, 3H), 8.01 (s, 3H), 8.86, 8.89, 9.01, 9.05, 9.15, 
and 9.16 (six singlets, tertiary methyls); v,,, (CCI,): 2900, 
2750, 1750, 1235 cm-l. 

( + ) -5,6- Dioxoisobornyl Acetate (5) 
A mixture of 5- and 6-oxoisobornyl acetate (0.79 g, 3.75 

mmol) was dissolved in acetic anhydride (1.0 mL, 10 mmol). 
Selenium dioxide (1.63 g, 14.6 mmol) was added and the 
stirred reaction mixture was refluxed for 18 h. After cooling to 
room temperature, the mixture was diluted with ether and the 
precipitate of selenium filtered and washed with ether. The 
filtrate was washed with water, saturated sodium bicarbonate, 
water, and dried over anhydrous magnesium sulphate. 
Removal of solvent gave an orange coloured product (0.72 g) 
which was chromatographed on silica gel (activity grade 111). 
Elution with ether - petroleum ether (30-60°C) (30:70), 
followed by crystallisation from petroleum ether (30-60°C) 
gave (+)-5,6-dioxoisobornyl acetate (5) (0.36 g, 53% yield) as 
a yellow crystalline solid, mp 101-103"C, 97.5-99.5"C (sealed 
tube) (lit. (4) mp 95-96°C); [aIDz5 +37.3" (c 1.35, CHC13); 
r (CCl,): 5.26 (dd, lH, J  = 8.0 and 4.0 Hz), 7.31 (dd, IH, 
J =  5.0and 1.0Hz),8.00(s,3H), 8.80, 8.98,and9.11 (three 
singlets, 9H); v,,, (CCl,): 2900, 1825, 1780, 1760, 1230, 1200 
cm-I ; m/e (relative intensity): 224(M +, 9), 196(5), 154(5), 
141(18), 136(50), 127(18), 121(45), 115(4), 111(9), 109(14), 
108(18), 99(100). Mol. Wt. calcd. for C1~H1604: 224.1049; 
found (high resolution mass spectrometry): 224.1050. 

(-)-5-0x0-6-endo-hydroxyisobornyl Acetate ( 6 )  
Zinc dust (0.40 g, 6.15 mmol) was added to a cooled solution 

of (+)-5,6-dioxoisobornyl acetate (5) (0.37 g, 1.65 mmol) in 
acetic acid (14 mL) and water (3 mL). The yellow color of the 
solution disappeared within 10 min and the reaction mixture 
was stirred at O°C for 1 h. The filtrate obtained after removal 
of zinc dust was diluted with water, neutralized with sodium 
carbonate, and extracted with ether. Removal of solvent gave 
a pale yellow oil (0.4 g) which on short-path distillation (bulb- 
to-bulb, 120-160°C/0.05 Torr) afforded (6) as colorless crystals 
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DARBY ET AL. 745 

(0.31 g, 82% yield), mp 120-122°C (from petroleum ether 
(30-60°C) - ether); [aIDZ5 - 68.0°(c 0.50, CHCI,); z ((321,): 
(dd, lH ,  J = 7.0 and 4.5 Hz), 6.15 (d, lH,  J = 1.5 Hz), 6.75 
(bs, l H ,  exchanged with D20) ,  7.99 (s, 3H), 8.85,8.91, and 9.03 
(three singlets, 9H); v,,,: 3520, 2900, 1760, 1240cm-I; mle 
(relative intensity): 226(M+ 2), 198(18), 184(1), 167(3), 
151(2), 138(100), 129(52), 123(55), 109(18). Mol. Wt. calcd. 
for ClZH1804: 226.1204; found (high resolution mass spec- 
trometry): 226.1204. Anal. calcd. for ClZH1804: C 63.70, 
H 8.02; found: C 63.59, H 7.94. 

( - ) -6-endo-Hydroxyisobornyl Acetate (7) 
To a solution of (- )-5-0x0-6-endo-hydroxyisobornyl acetate 

(6) (205 mg, 0.91 mmol) in 1,2-ethanedithiol (4 mL) was added 
freshly distilled boron trifluoride etherate (4 drops). A fine 
white prec~pitate was formed after 15 min and the reaction 
mixture was stirred at room temperature for 22 h. Water was 
added and the mixture was extracted with ether. Work-up in 
the usual way followed by removal of excess ethanedithiol by 
distillation (60-75"C/0.5 Torr) gave the ethylene thioketal as a 
colorless oil (233 mg, crude yield 85%). The crude product was 
distilled (bulb-to-bulb, 150-16O0C/0.05 Torr) to give colorless 
crystals which on crystallization from petroleum ether 
(30-60°C) - ether, provided pure thioketal of (6), mp 102- 
104°C; z (CC1,) : 5.22 (dd, l H ,  J = 8.0 and 5.0 Hz) 6.14 (bs, 
lH,  wl12 = lOHz), 6.70-7.00 (m, 4H), 8.09 (s, 3H), 8.85, 
9.00, and 9.16 (three singlets, 9H); v,,, (CCI,): 3500, 2900, 
1750, 1245 cm-' ; mle (relative intensity): 302(M+, 30), 
274(20), 258(30), 242(5), 214(6), 186(100), 173(10), 168(30), 
159(40), 134(20), 131(40), 126(20), 119(20), 11 1(20), 109(40). 
Mol. Wt. calcd. for Cl4HZZO3S2: 302.1011; found (high reso- 
lution mass spectrometry): 302.1002. Anal. calcd. for 
C14HZ203S2: C 55.60, H 7.33, S 21.20; found: C 55.37, 
H 7.56, S 21.10. 

In general the intermediate ethylene thioketal of 6 was de- 
sulfurized without purification. A slurry of Raney nickel (3 g) 
(Grace Davidson Chemical Co.) in ethanol was added to the 
ethylene thioketal of 6 (106 mg, 0.35 mmol) and the mixture 
refluxed for 1 h. Catalyst was removed from the cooled reac- 
tion mixture and the filtrate was concentrated by removal of 
most of the solvent. The residue was dissolved in ether and 
after washing (saturated sodium chloride) and drying (an- 
hydrous magnesium sulphate) removal of solvent gave color- 
less solid (75 mg). Crystallization from petroleum ether (30- 
60°C) afforded 6-endo-hydroxyisobornyl acetate (7) (57 mg, 
80% yield), [a], - 70.7" (c 0.55, CHCI,) (lit. (14) [a], - 59.7" 
(c 1.5, CHCI,)), mp 94.5"C (sublimation point - 80°C) (lit. (14) 
mp 94-94.5"C); z (Cc1,): 4.72 (dd, lH,  J = 9.5 and 3.5 Hz), 
8.06 (s, 3H), 9.05 and 9.18 (two singlets, 9H); v,,, (CCI,): 
3580,2900, 1755,1250 cm-l;  m/e (relative intensity): 212(M+, 
4), 194(1), 170(8), 155(18), 152(8), 137(6), 11 9(4), 108(100). 
Mol. Wt. calcd. for C12H2,0,: 212.1412; found (high resolu- 
tion mass spectrometry): 212.1401. Anal. calcd. for C I Z H Z ~ ~ ~  : 
C67.89, H9.50; found: C 68.07, H9.53. 

6-endo-tert-Butyldimethylsilyloxyisoborneol ( 8 )  
A mixture of (-)-6-endo-hydroxyisobornyl acetate (7) 

(400 mg, 1.88 mmol), tert-butyldimethylsilyl chloride (470 mg, 
3.11 mmol) (Aldrich Chemical Co.), and imidazole (510 mg, 
7.50 mmol) in dry dimethylformamide (10 mL) was heated at 
85°C under nitrogen for 20 h. The reaction mixture was cooled, 
poured into water, and the solution extracted with a mixture 
(1: 1) of ether and petroleum ether (30-60°C). Removal of 
solvent gave crude tert-butyldimethylsilyloxyisobornyl acetate 
(768 mg) which was hydrolysed without purification. A mix- 
ture of the acetate (730 mg) and potassium hydroxide (400 mg, 
7.14 mmol) in 95% ethanol (15 mL) was refluxed for 1% h. 
After cooling to room temperature part of the solvent was 

removed under reduced pressure and the residue dissolved in 
water and extracted with ether. The combined ether extract 
was washed thoroughly with water and dried over anhydrous 
magnesium sulphate. Removal of the solvent followed by 
column chromatography of the product on silica gel (activity 
grade 111) yielded 8 as colorless solid (509 mg, 95% yield). Part 
of the product was sublimed (oil bath temperature 90°C, at- 
mospheric pressure) to give 8 as colorless crystals, mp 77.0- 
78.0°C, sublimation point -50°C; z (CDCI,, without TMS): 
5.68 (dd, lH ,  J = 7.0 and 4.0 Hz), 6.10 (dd, IH, J = 10.0 and 
3.5 Hz), 9.01, 9.12, 9.15, and 9.21 (four singlets, 18H, tertiary 
methyls), 10.02 and 10.04 (two singlets, 6H, -SiCH3); v,,, 
(CCI,): 3700, 3500, 3000, 1250 cm-'; mle (relative intensity): 
28qM +, 9), 269(23), 227(32), 151(100), 135(27), 123(18), 
109(91). Mol. Wt. calcd. for C I ~ H ~ Z O Z S ~ :  284.2171; found 
(high resolution mass spectrometry): 284.2184. Anal. calcd. 
for C16H320ZSi: C 67.54, H 11.34; found: C 67.52, H 11.21. 

6-exo-tert-Butyldimethylsilyloxycamphene ( 9 )  
6-endo-tert-Butyldimethylsilyloxyisoborneol (8) (509 mg; 

1.79 mmol) in dry pyridine (15 mL) was treated with mesyl 
chloride (920 mg, 8.07 mmol) at room temperature under 
nitrogen for 15 min and then refluxed for 10 h. The resulting 
dark brown solution was cooled, diluted with water, and ex- 
tracted with ether. The combined ether extract was washed 
with water and dried over anhydrous magnesium sulphate. 
Removal of solvent and chromatography of product (1.76 g) 
on silica gel (activity grade 111) gave 9 as a colorless oil (192 
mg, 40% yield); z (CDCI,, without TMS): 5.18 (bs, lH), 5.40 
(bs, IH), 6.30 (dd, lH,  J = 7.0 and 3.0Hz), 7.46 (bs, lH), 
9.00 (s, 3H), 9.05 (s, 3H), 9.15 (s, 9H), 10.00 (s, 6H); v,,, 
(CCI,): 2950, 2900, 1650, 1460, 1360, 1260, 890cm-'; m/e 
(relative intensity): 266(M+, 0.6), 251(4), 209(100), 191(6), 
179(6), 165(6), 153(5), 135(13). Mol. Wt. calcd. for C16H3,0Si: 
266.2065 ; found (high resolution mass spectrometry) : 266.2052. 

Elution of the silica gel column with ether gave about 
10 mg of colorless crystals with nmr, tlc, and glc characteris- 
tics of 6-exo-hydroxycamphene (nojigiku alcohol) (vide infra). 

(+)-6-exo-Hydroxycamphene (Nojigiku Alcohol) (10) 
Method A 
6-exo-tert-Butyldimethylsilyloxycamphene (139 mg, 0.52 

mmol) in dry tetrahydrofuran (10 mL) was stirred with 
tetra-n-butylammonium fluoride (10) (200 mg, 0.76 mmol) 
under helium in a dry box at room temperature for 15 min. 
Water was added, the solution extracted with ether, and the 
combined organic extracts washed with water and dried over 
anhydrous magnesium sulphate. Removal of solvent followed 
by column chromatography of product (165 mg) on silica gel 
(activity grade 111) (4 g) provided compound 10 as colorless 
crystals (78 mg). Sublimation (oil bath temperature 70°C, 
atmospheric pressure) afforded 10 as colorless needles (62 mg, 
78% yield), mp 67.5-69.5"C (sealed tube), sublimation point 
52.0°C (lit. (1) mp 52-53"C, lit. (2c, 36) mp 59.5-6O0C, lit. 
(2b) mp 58-59"C, lit. (3a) mp 54-55°C); [aIDZ5 +58.6" (c 1.33, 
CHCl,), (lit. (1) [a], + 12.0" (C 1.1, CHCI,), lit. ( 2 ~ )  [~]D'O 
+9"); z (CCI,): 5.21 (bs, lH), 5.43 (bs, lH), 6.29 (dd, l H ,  
J = 6.0 and 3.0Hz), 7.48 (bs, wIl2 = 4.0Hz, lH), 8.98 (s,3H), 
and 9.30 (s, 3H); v,,, (CCI,): 3700, 3400, 2900, 1670, 1060, 
890 cm-' ; mle (relative intensity): 152(M+, 5), 137(7), 135(5), 
134(2), 121(10), 119(12), 108(100). Mol. Wt.calcd.for CloH160:  
152.1201; found (high resolution mass spectrometry): 
152.1209. Anal. calcd. for CloH160: C 78.90, H 10.59; 
found: C 79.00, H 10.72. 

The sublimed material was shown to be homogeneous on 
tlc (silica gel GF 254 with CaSO,) and on various glc columns: 
3% OV17 (90°C, from 12&200"C), 3% OVlOl (90°C, from 
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120-20OCC), 10% OV210 (from 120-20OCC), 10% DEGS (from 
120-17OCC), and 10% Carbowax (from 90-200°C). 

Method B 
6-exo-tert-Butyldimethylsilyloxycamphene (9) (1 16.8 mg, 

0.43 mmol) was dissolved in a mixture (10 mL) of acetic 
acid - water - THF (3: 1 : 1). The solution was stirred at room 
temperature for 11 h then neutralized with sodium carbonate 
and extracted with ether. Work-up in the usual way afforded a 
colourless product (116.4mg) which on column chroma- 
tography on silica gel (grade 111) (4 g), elution with 10% 
ether-petroleum ether (30-60°C) provided (+)-6-exo-hydroxy- 
can~phene (62.0 mg, 94% yield) as colourless needles. Spectral 
data, glc retention time, tlc, Rf value, and specific rotation 
were identical to those of 6-exo-hydroxycamphene (10) pre- 
pared by method A. 

( + ) -6-exo-Acetoxycamphene (11)  
A solution of (+)-6-exo-hydroxycamphene (10) (21.4 mg, 

0.14 mn~ol) in acetic anhydride (100 mg, 0.99 mmol) and dry 
pyridine (10 mL) was heated at 100cC under nitrogen for 9 h. 
After cooling the reaction mixture was diluted with water and 
extracted with ether. Work-up in the usual way gave yellow 
oil (24 mg) which was chromatographed on silica gel (grade 
111) (2 g) to provide 11 as a colorless oil (19.6 mg, 72% yield); 
[aIDz5 + 37.6" (c 1.11, CHC1,) (lit. (1) [a], +20.9" (c 0.58, 
CHC13), + 11.6" (c 1.20, CHCI,)); T (CCI,): 5.08 (s, lH), 
5.35 (s, lH), 5.56 (dd, lH ,  J =  8.0 and 3.5Hz), 7.30 (bs, 
~ 1 1 2  = 4 HZ, 1H), 8.09 (s, 3H), 8.97 (s, 3H), 8.99 (s, 3H); v,,, 
(CCI,): 2900,1740, 1240, 1230, 895 cm-'; mle (relative inten- 
sity): 194(M+, 21), 179(3), 150(100), 134(13), 119(13), 107(76). 
Mol. Wt.  calcd. for C12H1802 : 194.1306; found (high resolu- 
tion mass spectrometry): 194.1320. Anal. calcd. for C12H1802: 
C74.19,H9.34;found: C74.17,H9.20. 

( + ) -6-Oxocamphene ( 12 )  
A solution of 6-exo-hydroxycamphene (10) (26.5 mg, 

0.17 mmol) in methylene chloride (3 mL) was added to a 
suspension of pyridinium chlorochromate (12) (132 mg, 
1.44 mmol) in methylene chloride (spectral grade) (3 mL). A 
dark brown precipitate was formed after 5 min and the reac- 
tion mixture was stirred at room temperature for 2 h. Filtra- 
tion through a short Florisil column followed by removal of 
solvent from the filtrate gave a pale yellow oil (37 mg). Column 
chromatography of this oily product on silica gel (grade 111) 
(3 g) afforded 12 as crystals (21 mg, 80% yield) which, on sub- 
limation (bath temperature 50°C), provided colorless needles, 
mp 73.5-75.5"C (sealed tube), sublimation point 40°C (lit. 
(1) mp 47-49"C, lit. (2b) mp 65-7OCC, lit. (3a) mp 75-76°C); 
[ c ( ] ~ ' ~  $ 158.2C (C 0.79, CHCI3) (lit. (1) [a]D + 33.7C (c 0.86, 
(CHC13); T (CC1,): 5.00 (bs, 1H), 5.25 (bs, lH), 7.04 (bs, lH), 
8.81 (s, 3H), and 8.88 (s, 3H); v,,, (CCI,): 2850, 1750, 1660, 
895 cm-' ; mle (relative intensity): 150(M+, loo), 135(42), 
121(25), 107(67), 106(83). Mol. Wt. calcd. for C10H140: 
150.1045; found (high resolution mass spectrometry): 
150.1033. Anal. calcd. for C10H140: C 79.95, H 9.39; found: 
C 79.72, H 9.25. 

( - ) -6-endo-Hydroxyisoborneol (16) 
A mixture of (-)-6-endo-hydroxyisobornyl acetate (7) 

(74.5 n ~ g ,  0.35 mmol) and Na2C03.H20 (100 mg, 0.8 nln~ol) in 
5 mL methanol-water (1 : 1) was refluxed for 22 h. The reac- 
tion mixture was cooled and extracted with ether. Removal of 
solvent and crystallisation of the product from ether - petro- 
leum ether (30-60°C) provided 6-endo-hydroxyisoborneol (16) 
(syn. 6-exo-hydroxyborneol) as colourless needles (see ref. 8 
for physical constants). 
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Studies in membrane processes. VIII. A deuterium and sodium nuclear magnetic 
resonance investigation into the hexadecylpyridinium/hexadecyltrimethylammonium 

liquid crystalline system 

LEONARD W. REEVES, ALAN S.  TRACEY, A N D  MARCELLINE M .  TRACEY 
Uepurlrnent of Chetnistty, Uniurrsity o f  Wtrterloo, Wrrtrrloo, O n / . ,  Cirnndrr N2L 3G1 

Rcccivcd July 4, 1978 

LEONARD W. REEVES, ALAN S. TRACEY, and MAKCELLINE M. TKACEY. Can. J. Chcm. 57.747 
(1979). 

Novel lyotropic mesophases that spontaneously orient in magnctic fields have been prepared 
using hexadecylpyridinium chloride and hexadccyltrimcthylammoniun~ bromide as well as, in 
limited regions, mixtures of the two detergents. Thcse mcsophases of type I1 provide the 
opportunity to study the behaviour of oricntcd watcr (DOH) at  the hydrophobic interface, 
sodium ions, and the effect on hydrocarbon chain motions of variations in composition of thc 
constituent bilayers formed by the mixed dctergcnt systems. The pyridinium hcad group is 
especially accessible to definitive studies using deuterium magnetic resonance spectra of 
specifically deuteriated ring and adjacent hydrocarbon chain segments. Such investigations 
reveal the lack of cylindrical symmetry of motion about thc extended chain axis near thc pyri- 
dinium head group. 

The deuterium resonance of the HOD species shows that both pyridinium and trimethyl- 
anlmoniunl head groups have a very small orienting effect on the adjacent water, which appears 
to be indifferent to  the choice of thcsc chemical identities. This is understandable in terms of the 
lack of hydrogen bonding to  these moictics. Sodium ions also exhibit small quadrupole 
splittings in all systems studied here and thus probably play a passive role in the interface 
chemistry and structure. 

LEONARD W. REEVES, ALAN S .  TRACEY et MARCELLINE M. TRACEY. Can. J .  Chem. 57.747 
(1979). 

On a prdpare de nouvelles mdsophases lyotropcs qui s'oricntcnt spontandment dans des 
champs magnetiqucs cn utilisant du chlorurc d'hexadccylpyridi~~ium et du bromurc d'licxa- 
dCcyltrimdthylammonium ainsi que, dans dcs regions limitics, dcs melangcs dcs deux ddtcr- 
gents. Les mesophases de type T I  permettent d'ktudier le comportement d'eau (DOH) orient6 
a ]'interface hydrophobe, d'ions sodium et l'effct sur les mouvcmcnts de la chaine hydro- 
carbonec de variations dans la con~position des doublcs couches constituantes formCcs par 
les systkmes de ddtcrgents mixtes. Le groupe pyridinium cst particulierenicnt accessible pour 
des dtudcs definitivcs utilisant les spectres de rdsonance magnctique de cycles deuterCs d'une 
f a ~ o n  spdcifique et de segments de chaines hydrocarbonkcs adjacentcs. Dc tcllcs dtudes revklcnt 
le manque de symdtric cylindriquc dans le mouvement autour de l'axe prolongd de la chai~ie 
prks du groupe pyridinium. 

La rCsonance du dcuteriurn des espkccs DOH montre que les groupes pyridinium ainsi que 
trimdthylammonium ont un effet trks faiblc sur l'oricntation dc l'cau adjaccntc qui semble 
Ctre indiffdrente au  choix dc ccs cntitis chimiques. On peut comprendrc ce comportement en 
termes d'un manque de liaisons hydrogene vers ccs moities. Lcs ions sodium prkscntcnt aussi 
de faibles couplages quadrupolaires dans tous les systkmcs CtudiCcs ici ct joucnt probablemcnt 
un r61e insignifiant dans la chimie interfaciale et dans la structure. 

[Traduit par le journal] 

Introduction 
The behaviour of water, alkali ions, halide ions, 

and hydrocarbon chains as a function of surfactant 
headgroup as well as the behaviour of the headgroups 
themselves are topics of considerable interest in 
various branches of chemistry, particularly those of 
colloid and interface chemistry, biochemistry of 
membranes, and the chemistry of lytropic liquid 
crystalline materials for which disciplines there are 
various broad areas of overlap. 

One facet of lyotropic mesomorphic systems which 
has been of interest is how headgroups determine the 

motional behaviour of the hydrocarbon chains to 
which they are attached and also how they affect that 
of other alkyl chains with which they are associated 
in the bilayer. It has been found, for instance, that a 
carboxyl headgroup has a significantly greater restric- 
tive effect on the hydrocarbon chain motions of 
neighbouring chains than does a trimethylammonium 
group (1) .  On the other hand, motions of individual 
chains are governed to a large extent by their respec- 
tive headgroups ( I ,  2). 

The headgroups of surfactants such as decyltri- 
methylammonium, decylsulfate, decylammonium, 

0008-40421791070747-07$01.00/0 
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dodecanoate and others are all rather simple and as a 
result, using nuclear magnetic resonance techniques, 
it is often difficult to obtain information concerning 
the polar groups themselves. It  has been found that 
liquid crystalline mesophases which spontaneously 
align in the magnetic field of an nmr spectrometer can 
be prepared from aqueous solutions of either hexa- 
decylpyridinium chloride or hexadecyltrimethyl- 
ammonium bromide (3). The pyridinium group is 
particularly useful since two order parameters may be 
measured for the pyridinium ring. None or only one 
such parameter may be obtained in most other cases. 
This headgroup is also of interest because of the 
inherently very large diamagnetic anisotropy of the 
aromatic ring compared to that of a hexadecyl chain. 
One question in this regard was whether the aromatic 
ring would cause a 90" rotation of the director from 
similar mesophases with the -N(CH3), headgroup 
since the diagmagnetic anisotropy of aromatic 
systems is opposite to that of hydrocarbon chains. 

To investigate the behaviour of these two meso- 
phases, the partially averaged deuterium quadrupole 
splittings from specifically and perdeuterated deter- 
gents and deuterated water as well as sodium quadru- 
pole splittings from added sodium ions were utilized. 
Mixed detergent mesophases were also studied. 

Results and Discussion 
Lyotropic mesophases which are aligned by the 

magnetic fields of nmr spectrometers are readily 
prepared from both hexadecylpyridinium chloride 
and hexadecyltrimethylammonium bromide. More- 
over, throughout a limited region the two meso- 
phases can be prepared with the same molar propor- 
tions of all components, i.e., detergent, sodium 
chloride, decanol, and water. They may also be mixed 
in all proportions to give a mesophase with the same 
superstructure. 

Preliminary experiments showed that both meso- 
phases were of type 11, that is, the directors are 
aligned perpendicular to the magnetic field (4, 5). 
This was established simply by observing the deu- 
terium signal from a deuterated component of the 
mesophase and finding that spinning the sample tube 
in an iron core spectrometer had no effect on the 
deuterium doublet splitting. Type I mesophases align 
with their directors parallel to the magnetic field (4,5) 
and spinning the sample provides a two dimensional 
powder spectrum immediately after cessation of 
spinning (6). 

Several features of these mesophases were in- 
vestigated. The anisotropic motions of the long 
hydrocarbon chains as determined from deuterium 
magnetic resonance of deuterated derivatives were of 
interest. Various properties of the pyridinium head- 

group were investigated, particularly its alignment in 
these detergent systems. Some structural features of 
the pyridinium ring were determined. 

Deuterium magnetic resonance studies of speci- 
fically or perdeuterated compounds in mesomorphic 
materials have proven to be of considerable value for 
obtaining degrees of order of micro-axes of such 
materials (1-1 1). This arises because the deuterium 
quadrupole splitting is generally not averaged to zero 
in liquid crystalline materials and the residual split- 
ting is determined by the alignment of that material 
in the magnetic field. Quadrupole splittings arise from 
the presence of electric field gradients and the 
deuterium splitting, Av, is given by the expression [I]. 

where QD is the deuterium quadrupole coupling 
constant, q given the asymmetry in the electric field 
gradients, and SZ;, S,:, and SxxO give the alignment 
of a coordinate system in which the ZO axis coincides 
with the major axis of the electric field gradient. For 
deuterated hydrocarbons the major axis of the field 
gradient is very close to the carbon-deuterium bond 
axis and is generally assumed to coincide with that 
axis. For saturated systems it is usually assumed that 
the asymmetry in the electric field gradient is negli- 
gibly small, the measured value for instance being 
less than 0.01 in deuterated cyclohexane (12). 
Assuming the two above conditions, eq. [I] reduces 
to PI 
[21 Av = (312) QDSCD 

where ScD gives the alignment of the carbon- 
deuterium bond in the magnetic field. 

For aromatic systems the asymmetry parameter is 
not negligible, having values in the order of 0.04 to 
0.06 (12, 13). In this particular case we are concerned 
with the alignment of the pyridinium group as a unit. 
If we adopt a pyridinium fixed coordinate system 
such as shown in Fig. 1, then by simple coordinate 
transformation we can obtain the expressions [3], [4], 
and [5] (14) 

[31 Av1 = $QD,[szz - cosVrl(szz - syy> 
+ (r11/3)(2SYY + s z z  + cos2 Yl(SZZ - SYY))1 

where S,,, S,,, and Szz are the order parameters for a 
coordinate system fixed in the pyridinium ring. Since 
any differences between the quadrupole coupling 
constants, QDi, and asymmetry parameters, qi,  will 
be unimportant, we can subtract [5] from [3] and [4] 
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TABLE 1. Deuterium quadrupole splittings from the perdeuterated pyridinium group in various concentrations in the mixed 
hexadecylpyridinium/hexadecyltrimethylammonium mesophase. Deuterium splitting from specifically labelled decanol are 

included as are the experimental ratios for cos y,/cos yl (see Fig. 1) (HDPCI = hexadecylpyridinium chloride) 

Quadrupole splittings (kHz) 
Composition 

Pyridinium* Decanol-1,l ,2,2-d4t 
Water* 

Avl AVZ AV 
Molz  HDPCl 

Phase in total detergent 

1 4.7 
2 25.4 
3 49.9 
4 75.2 
5 100.0 

15.05 14.10 0.019 
12.78 12.06 - 

9.64 (broad) 0.020 
9.62 (broad) 0.024 

11.41 0.029 

*Errors in quadrupole splittings from non-overlapping transitions are estim 
tErrors in quadrupole splittings are estimated to be less than 1%. 

~ated to be less than 5 Hz. 

sion since with even rather crude angle assumptions 
it will establish the relative signs of the quadrupole 
splittings. Specifically deuterated compounds were 
used to ascertain the proper assignments of quadru- 
pole splittings. 

Table 1 gives various deuterium splittings obtained 
from the pyridinium ring and as a reference, the 
deuterium splitting from decanol deuterated in the 
1,2 positions. The ratio, cos y,lcos y,, is also 
given. In this case it should be noted that often 
transitions from deuteriums 2 and 3 overlap so that 
individual resonances were not observed and as a 
consequence the mean frequency was assigned to the 
splittings. Even so, the agreement between the 
various mesophases is extremely good. It is clear 
from the results that in order to obtain a constant 
ratio of cosines, the quadrupole splitting Av, is of 
opposite sign to those of positions 1 and 2. The ratio 
obtained from only the completely resolved spectra 
(entries 1 and 2 from Table 1) is 1.071 8 + 0.0002 and 
the angles corresponding to this ratio are plotted in 
Fig. 1. The results shown in Fig. 1 demonstrate that 
the two angles must differ by 6 or 7". Since the 
angular distortion from the 30" of a hexagon is 
caused mostly by the fact that the C-N bond is 
shorter than the C-C bond, it can be expected that 
y, is greater than 30" while y, is less than that value. 
If we make the following assumptions y, = 28", 
11 = 0.05, and QD = 185 kHz we can determine from 
Fig. 1 that y, = 34.5" and from eqs. [5] and [7] and 
the specific quadrupole splittings Av,,, = 7.208 kHz 
and Av, = - 9.731 kHz that S,, = - 0.0363, S,, = 

0.0552, and finally Sxx = -0.0189. Note that relative 
signs of the order parameters are given, not absolute 
values. The value determined for S,, is insensitive to  
the angle assumed for y,. S,, depends on that value, 
increasing in magnitude about 3-4% for each lo  incre- 
ment in angle assumed. For our purposes this effect 
is not important unless there is a very large error in 
the assumed angle. 

FIG. 1. The relationship between the angles y1 and y, which 
are defined relative to a molecular fixed coordinate system is 
shown. 

to obtain eqs. [6] and [7] 

from which it is clear that 

Equations [3] to [7] by themselves are not parti- 
cularly useful because of the large number of un- 
known parameters required. The quadrupole cou- 
pling constants may be estimated to be about 185 
kHz (12, 13, 15) and the asymmetry parameter about 
0.05 (12). The exact values are not critical but even 
so the above estimates are unlikely to be in error by 
more than 5.0 kHz and 0.01 in QD and q ,  respec- 
tively. The parameter S,,, the alignment of the C, 
symmetry axis of the pyridinium, may be estimated 
reasonably well by neglecting q but from only 
deuterium quadrupole splittings no estimate of S,, 
can be obtained without structural assumptions, i.e. 
either of the angles y, or y2 which are related by 
eq. [8]. Equation [8] is a particularly useful expres- 



750 CAN.  J .  CHEM. VOL. 57, 1979 

We can now do a coordinate transformation from 
a coordinate system locked to the pyridinium head- 
group to a new system fixed with respect to an axis 
located in the first methylene segment of the hexa- 
decylpyridinium ion as depicted below. 

The two coordinate systems are related by eq. [9] 

and similar expressions for S,, and S,, which com- 
bined with the trace relationship that S,, + S,, + 
S,, = 0 give the following values for conformation A 
shown. S,,' = -0.0014, S,,' = 0.0552, and S,,' = 
-0.0538. These values are extremely small, pro- 
viding a calculated methylene quadrupole splitting 
about one-half that observed experimentally. Thus 
conformation A is probably not very important. 

X 

Order parameters from conformation B give S,,', 
S,,', and S,,' equal to $0.1467, -0.0189, and 
- 0.1278, respectively. These are closer to experi- 
mental values. 

The above transformation has been made in order 
to determine whether the pyridinium with its 
attached hydrocarbon chain behaves as an effectively 
cylindrically symmetric system at the headgroup. For 
this symmetry and an S,,' of - 0.1278, S,,' and S,,' 
should both equal +0.0639. Clearly this condition is 
not even approximately true at the pyridinium posi- 
tion. Different structural assumptions will change the 
calculated parameters, particularly because the 
pyridinium residue can rotate. However, if confor- 
mation B represents the dominant rotamer as is 
suggested by the values computed for S,,', S,,', and 
S,,' the deuterium quadrupole splitting at the 
methylene group of position 1 can be calculated. The 
values are 16.3 kHz and 9.3 kHz using effective 
cylindrical symmetry from S,,' and noncylindrical 
symmetry, respectively. The observed value is 11.71 
kHz for the methylene splitting in the particular case 
corresponding to the pyridinium values previously 
used. The agreement is not particularly good. How- 
ever, when we note the unusual and large increase in 
methylene quadrupole splitting by going from posi- 
tion 1 to 2, i.e., 11.71 kHz compared to 14.06 kHz, 
one sees that this latter value at the plateau of the 
order profile is in much better accord with an effec- 
tive axial symmetry, a view which is supported by the 
fact that the 14 kHz splitting extends from methylene 

2 to 9 inclusive. The lack of exact agreement in this 
latter case probably reflects the fact that the pyri- 
dinium is not fixed with respect to these methylenes 
but undergo hindered rotation about the C-N axis. 
Under the assumption that S,,' is determined by the 
14.06 kHz splitting, i.e. S,,' = -0.1 103, the param- 
eters S,,' and S,,' may be determined for the a- 
methylene from the Av of 11.71 kHz and eq. [2] in 
conjunction with eq. [9]. The order parameters ob- 
tained are 0.0828, 0.0275, and - 0.1 103 for S,,', S,,', 
and S,,', respectively. These calculations indicate 
strongly that there is a large deviation from axial 
symmetry at the a-methylene. 

Referring again to Table 1, a comparison of the 
results from the specifically deuterated pyridinium 
ring in the various mixed mesophases shows that the 
mixing of the detergents has little effect on the align- 
ment. The decanol specifically substituted in the 1 
and 2 positions does show a small effect from the 
changing compositions. In the hexadecylpyridinium 
mesophase the two decanol resonances are well 
resolved. This contrasts with the results from the 
hexadecyltrimethylammonium phase where only one 
signal was observed for the two positions. Mixing of 
the detergents revealed a gradual collapse in separa- 
tion between the splittings on going from the one 
extreme to the other. This gradual collapse coupled 
with the lack of significant change in the alignment of 
the pyridinium indicated that nothii~g extraordinary 
occurred to the micellar superstructure or the inter- 
face when mixing the two dstergents, indeed the 
integrity of the mesophase is preserved. 

Investigation of sodium ions and deuterated water 
showed that species in the aqueous region were also 
insensitive to changes in composition of the meso- 
phase. Unfortunately deuterium resonance of deu- 
terated water was not very helpful because of the very 
small water splittings, typically less than 30 Hz. This, 
however, does show that water associated with the 
cationic headgroups is essentially isotropic, partic- 
ularly when one bears in mind the large differences 
in shape between pyridinium and trimethylammon- 
ium. Nuclear magnetic resonance spectra from the 
sodium ion showed that its behaviour was virtually 
unaffected by the replacement of one detergent with 
the other. The sodium quadrupole splittings changed 
very little on going from the extreme of one meso- 
phase to the other (Table 2). Because of the similarity 
of the results from the various mixed mesophases it 
was decided to investigate the chain motion of the 
hexadecyl chains only at the two extremes of com- 
position. 

Methylene quadrupole splittings serve as a good 
indicator of the relative motion of the various 
methylene segments in the same chain. Figure 2 
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TABLE 2. Sodium quadrupole splittings for the various mixed mesophases indicated. The sodium 
splittings increase in magnitude as the sample warms from room temperature to magnet temperature 
(32°C) (HDTMABr = hexadecyltrimethylammonium bromide, HDPCl = hexadecylpyridinium 

chloride) 

Phase composition 
(each component in mg) 

Quadrupole splitting (Hz)* 
HDTMABr HDPCl NaCl H 2 0  Decanol 23Na 

595 - 43 1052 114 1078 
471 90 43 1050 114 966 
446 139 43 1052 113 922 
297 277 43 1050 116 897 
149 416 43 1050 1 20 869 
- 555 44 1054 114 759 

*Errors in quadrupole splittings are estimated to be less than 1%. 

- 5.0 kHz 

FIG. 2. A deuterium magnetic resonance spectrum from the 
perdeuterated chain of hexadecylpyridinium in a lyotropic 
mesophase. 

shows a spectrum from a perdeuterated hexadecyl 
chain attached to the pyridinium headgroup. The 
relative linewidth of the intense outer transitions, 
which arise from superimposed methylene quadru- 
pole splittings, compared to the other transitions 
show the small range of values over which those 
splittings are spread. Table 3 gives the measured 
deuterium quadrupole splittings from the various 
methylene groups for the hexadecylpyridinium meso- 
phase. The values for the hexadecylpyridinium as a 
minor component in a hexadecyltrimethylammonium 
phase are included as are the corresponding results 
for the perdeuterated hexadecyl chain of the tri- 
methylammonium derivative. The splittings for 
decanol, which is a minor component in the meso- 
phases, are also given. Note that the values reported 
in Tables 1 and 3 are for a dilute (- 10% by weight) 
labelled component in total detergent. 

The magnitudes of the splittings from the various 
components of the mesophases are all similar and 
provide minimal information concerning the relative 

chain motions. However, information can be ex- 
tracted from these splittings by obtaining their ratios. 
Typically this is done by dividing all the methylene 
quadrupole splittings from a particular chain by the 
value obtained for the terminal methyl group. The 
advantage of these ratios is that the contributions to 
the deuterium quadrupole splittings which arise 
because of rigid body motions of the chain cancel. 
The resultant chain profiles provide information con- 
cerning the internal motion of the hydrocarbon chains 
and in particular allow con~parisons to be drawn 
between different chains and between different meso- 
phases (1). Figure 3 shows the chain motion profiles 
for the three components of the two mesophases 
investigated, 15.1 and 87.5 mo lz  hexadecylpyridin- 
ium chloride in total detergent, the second detergent 
of course being hexadecyltrimethylammonium bro- 
mide. A major feature of the hexadecyl chain profile 
from the pyridinium salt is the value for the ratio 
between the methyl and the plateau methylene 
quadrupole splittings. This ratio is 8.4 in the pyri- 
dinium mesophase and rises to 10.1 where hexa- 
decylpyridinium is associated mainly with the tri- 
methyl derivative. A ratio of three is expected for a 
rigid rapidly rotating chain. This value becomes 
larger with increase in chain flexibility which is 
related to the increased probability for random gauche 
rotamers to occur near the terminal positions of the 
hydrocarbon chains. 

Figure 3 clearly shows that this ratio for the hexa- 
decyl chain of hexadecylpyridinium increases as the 
pyridinium is diluted in trimethylammonium thus 
indicating more freedom for the formation of iso- 
lated gauche rotamers. A similar but opposite 
behaviour for the trimethylammonium's hexadecyl 
chain is also observed. The results indicate that in 
this latter case the hexadecyl chain is least restricted 
in its motion when in the pyridinium phase but 
becomes much more restricted with an increasing 
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proportion of hexadecyltrimethylammonium. The 
relative motional freedom of the two chains have 
interchanged on going from the one extreme to the 
other. This type of behaviour has not been observed 
previously but since in both cases hexadecyl chains 
are being observed, this change in relative motion 
must be determined by the headgroup through both 
its own orienting influence and through its interaction 
with its neighbours. The very flat hexadecyl chain 
profile for the trimethylammonium derivative strong- 
ly suggests that only one order parameter is required 
for a description of its alignment, at least in the 
plateau region. 

The chain profiles for deuterated decanol are 
relatively insensitive to the composition of the meso- 
phase as is evident from Fig. 3. Of particular interest 
here is the fact that decanol, having a chain only ten 
carbons long, is significantly shorter than the other 
chains which are sixteen carbons long. As a conse- 
quence if the hydroxyl group is in the interface then 
effectively the whole decyl chain is confined to the 
highly aligned portion of the bilayer, i.e., the 
methylene quadrupole splittings from the hexadecyl 
chains begin dropping at carbon 10. This should have 
a substantial effect on the chain profile as compared 
to the profile from other mesophases prepared from 
shorter chain detergents such as decylammonium, 
decylsulfate, or dodecanoate, for example. 111 such 
mesophases the plateau to methyl splitting ratio 
varies from about 7 to 9 to compare with the value 
here of 6. Even this value is surprisingly large but 
probably results from the fact that the detergent 
headgroups are quite bulky and allow the chains to 
retain considerable motional freedom. In meso- 
phases containing decyltrimethylammonium bro- 
mide, compared to hexadecyltrimethylammonium 
here, the ratios for decanol are the largest so far 
observed, being about 9 (1). 

Recently the importance of pure components for 
the preparation of lyotropic liquid crystals was 
strongly stressed, the authors having difficulty in 
reproducing previously published results (19). Un- 
fortunately those same authors used "commercially 
supplied detergents" without "purification". Com- 
mercial detergents simply are much too impure and 
generally three if not more recrystallizations from 
distilled solvents are required to obtain good 
reproducibility of results. 

Experimental 
Perdeuterated hexadecanoic acid was prepared using an 

adaption of the process of Stenhagen and Dinh-Nguyen (16). 
Adam's catalyst, Pt02 (3.67 gin 50 mL D20),  was reduced with 
D2 gas under 1-2 atm pressure. The mixture was transferred 
with 100 mL D 2 0  to a stainless steel pressure vessel cooled in 
an ice/water bath, and Na202 (2.32 g) was added slowly. 
Potassium hexadecanoate (20 g) was added, followed by an 
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FIG. 3. Chain motion profiles for the three amphiphile components of the lyotropic mesophases. 0, 85 molz hexa- 
decylpyridinium chloride in total detergent; a, 15 mol% hexadecylpyridinium chloride in total detergent. The second 
detergent is hexadecyltrimethylammonium bromide. 

additional 75 mL D,O. The vessel was equipped with a 
magnetic spin bar, then sealed, frozen in Dry Ice, and evacu- 
ated. The reaction mixture was heated, with stirring, using a 
salt bath (sodium nitrite:potassium nitrate 7: 10 by weight) at 
220°C for 10 days. The contents were acidified with HCI, and 
the acid extracted into CHCI,. The chloroform layer was 
filtered to remove the spent platinum and the solvent removed 
under reduced pressure using a Buchi rotary evaporator. The 
acid was then distilled under reduced pressure. Approximately 
a 90% exchange of deuterium for hydrogen was obtained in 
95% yield. 

I-Hexadecyl-d3,-pyridinium Chloride 
Perdeuterated hexadecanoic acid was converted to the acid 

chloride with thionyl chloride and the acid chloride reduced 
with LiAID, to give the perdeuterated hexadecanol. The 
alcohol was converted to the bromide with constantly boiling 
HBr (17). Hexadecylpyridinium bromide was prepared by 
warming on a hot plate for 1: h equal molar proportions of 
hexadecylbromide and pyridine. The bromide was recrystal- 
lized from ethylacetate. 

1-Hexadecylpyridinium bromide was dissolved in methanol 
and a slight molar excess of Ag,O was added. (Water added at 
this point caused rapid decomposition of the pyridinium salt.) 
After the mixture was stirred for 112 h, the solution was 
filtered and the filtrate acidified with HCI. The methanol was 
removed under reduced pressure and the l-hexadecylpyri- 
dinium chloride was crystallized from ethylacetate. 

I-Hexadecyl-d3,-trimethylammonium Iodide 
Perdeuterated hexadecanol was converted to the hexa- 

decyliodide with red phosphorus and iodine using standard 
techniques (18). The iodide (3.6 g) was added to methanol 
(100 mL) and trimethyl amine (16 mL of a 25% solution in 
water) was added. The reaction mixture was stirred overnight 
at room temperature. Methanol and water were removed under 
reduced pressure and the resulting salt was crystallized from 
ethylacetate/ethanol. The corresponding chloride and bromide 
were prepared from the iodide by the Ag,O method above. All 
salts were crystallized from ethylacetate. 
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PHILIP A. W. DEAN. Can. J. Chem. 57,754 (1979). 
31P and 77Se nmr spectra have been measured for a range of phosphorus(V) selenides, 

diphosphorus(V) diselenides, and triphosphorus(V) triselenides in the inert solvent CH2C12 
and in liquid SO,. Significant roughly-correlated reductions in IIJ(PSe)) and deshielding of the 
77Se resonance accompany change of solvent from CH,Cl, to SO,. These changes are shown 
to arise from 1 : 1 phosphorus(V) selenide:S02 donor:acceptor complex formation. Approxi- 
mate thermodynamic constants for the formation of the complexes have been determined and 
possible structures for the 1 : 1 complexes with the diphosphorus(V) diselenides discussed. It is 
shown from 'H and 31P nmr spectral changes that Ph,P(CH2),PPh2 forms a 1 : 1 complex with 
SOz, and approximate thermodynamic data for the SO, complexation of the diphosphine have 
been established. Complexation is indicated by changes in both I1J(PTe) and 6, when 
(Me2N)3PTe is dissolved in SO,, but the chemical reactivity of this system precluded detailed 
study. 

PHILIP A. W. DEAN. Can. J. Chem. 57,754 (1979). 
On a dttermint les spectres rmn du 31P et du 77Se d'un certain nombre de stltnures de phos- 

phore(V), de distltnures de diphosphore(V) et de triskltnures de triphosphore(V) dans le solvant 
inerte CH,Cl, et dans le SO, liquide. Un changement de solvent de CH2C12 a SO, s'accom- 
pagne de rkductions marqutes qui prtsente une corrklation grossikre des IIJ(PSe)l et des 
dtblindages de la resonance du 77Se. On a montrt que ces changen~ents sont dus a la formation 
d'un complexe 1: 1 d0nneur:accepteur stltnure de phosphore(V):S02. On a dttermint les 
constantes thermodynamiques approximatives pour la formation des complexes et on discute 
des structures possibles des complexes 1 : 1 avec les distlenures de diphosphore. On a montrt, 
grace aux chailgements dans les spectres rmn du 'H et du 31P, que le PH2P(CH2)2PPH2 forme 
un complexe 1 : 1 avec le SO, et on a dttermint les donnkes thermodynamiques approximatives 
pour la complexation de la diphosphine par le SO,. La complexation est rtvtlte par des change- 
ments & la fois dans JIJ(PTe)l et dans le Sp lorsqu'on dissout du (Me2N)3PTe dans le SO,; la 
rtactivitt chimique de ce systkme ne permet par une ktude plus dttaillke. 

[Traduit par le journal] 

Introduction interaction of Ph,P(CH,),PPh, and (Me,N),PTe 
Our studies of the complexation of phosphorus(V) with In an earlier 13C nmr study, it was shown 

selenides by metal ions in liquid sulfur dioxide (1-3) that SO2 acts as an acceptor towards t r i ~ h e n ~ l ~ h o s -  
have, of necessity, required an nmr spectroscopic phine (I). 

investigation of the ligands alone in this medium. 
Previously, this class of ligands has been studied in Results 

''inert" media by both 31p (4-7) and 7 7 s e  (7) nmr. In most cases, the 31P and 77Se nmr spectra of the 
Where there is overlap, our data are in agreement compounds examined could be analyzed readily. 
with earlier work, but we find that use of SO, as sol- The 77Se satellites in the 31P-{H) spectra, and the 
vent leads to significantly different 31P and 77Se nmr 77Se-{H) spectra of mono~hos~horus(V) mono- 
parameters. Our results, and their interpretation in selenides, diphosphine monoselenides, and diphos- 
terms of specific SO,-solvation of the phosphorus(V) phorus(V) diselenides are the appropriate parts 
selenides are presented here. of AX, AMX, and AA'X (ABX if the (experimentally 

To further study the generality of S02-solvation unobserved) selenium isotope effect is included) 
of "soft" donors, we have also investigated the spectra, X being 77Se. Because of the zero values of 

4~(P-P) and 'J(P-Se), (Ph,P(Se)CH,),CMe gives rise 
'No reprints available. to  an AX spectrum. Ph,P(Se)(CH,),(Se)PPh(CH,),- 
'Presented, in part, at the 61st Annual Conference of the P(Se)Ph2 gives rise to two sets of 7 7 ~ ~  satellites in Chemical Institute of Canada, Winnipeg, Manitoba, Canada, 

June 1978, and the 6th International Conference on Non- the 31p-{H) spectrum: the AB2 part an AB2X 

aqueous Solvents, Waterloo, Ont., Canada, August, 1978. spectrum from P~,P(s~)(cH,),(~~s~)PP~(cH,),- 

0008-40421791070754-08$0 1 .OO/O 
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TABLE 1. Changes in JIJ(PSe)I and 6p of phosphorus(V) selenides caused by SO2 
solvation (308 K) 

31P chemical shift 
I 'J(PSe) ~(Hz) a ( P P ~ )  

Phosphorus(V) 
selenide CH2C12 SO, CH2C12 So2 

SeP(OMe), " 957 
SeP(NMe2), 795 
SePPh, 736 
SeP(p-C6H4Me), 728 
SePMePh, " 725 
SeP(o-C6H4Me), 71 1 
SePEt3 69 1 
SeP(C6H1 113 683 
[Ph2P(Se)l2CHZf 753 
[Ph2P(Se)12(CH2)2 736 
[Ph2P(Se)12(CH2)3 730 
[Ph2P(Se)12(CH2)4 730 
[Ph2P(Se)12(CH2), 728 
[Ph2P(Se)12(CH2)6 728 
[Ph2P(Se)CH2],CMe 722 
[Ph2P(Se)(CH2)JgP Bl, 737 
[Ph2P(Se)(CH2)~I1 p (I^ , e ph 734 

"Reproducibility %-i 1 Hz; L.~(PS~)  is known to be negative for phosphorus(V) selenides (7). 
bMeasured relative to external oP(0Me)~ in (CD3),C0 and corrected for susceptibility differ- 

ence; downfield shifts positive. 
cIn pure sep(OMe)~, JIJ(PSe)l = 961 Hz. 
'In CHCl-. IIJ(PSe)l = 731 + 2: in acetone. IIJ(PSe)l - 742 Hz. 
eln pure S ~ P M ~ P ~ ;  ' 1 'J(PSe)l = '728 Hz. ' ' ' " 

f12J(PP:~I = 14.7  in CH2C12, 13.5 Hz in SO2. 13J(PSe)l - 1.9 Hz in both solvents. 
g 3J(PP) = i 64.9 Hz in CH2C12, i 66.2 Hz In SO2. 4J(PSe) = T 0.5 Hz in both solvents. 
"J(PP) = k 6 2 . 6 H ~ ; ~ J ( P  ,.,, I..I-Se) = 74.1 i ~ . O H Z ; ~ J ( P  ,,.,,, ,-Se) = T 1.4 i 0.8Hz. 
'3J(PP) = i 6 3 . 9 H ~ ; ~ J ( P  ,.,, i.,l-Se) = 0.1 + O . ~ H Z ; ~ J ( P  ,..,,, ,-Se) = T0.9 k 0.4Hz. 

P(Se)Ph,, and the AA'B (or ABC) part of an AA'BX 
spectrum (or ABCX spectrum with an isotope effect 
included) from P~,P(~~S~)(CH,),(S~)PP~(CH,),- 
P(Se)Ph,. In this case, the centreband obscured 
much of the satellite spectrum and only an approxi- 
mate analysis was possible. 

In Table 1 are presented 3 1 ~  nmr spectral param- 
eters for the phosphorus(V) selenides in the inert 
solvent CH,Cl, and in SO,. Table 2 shows the 
analogous 77Se nmr data for those compounds in 
Table 1 which were sufficiently soluble in the two 
solvents to make the measurement worthwhile. 

The 'P chemical shifts and one-bond phosphorus- 
selenium coupling constants of the selenides in SO, 
solution were independent of concentration, sug- 
gesting complete solute-solvent interaction in this 
medium. The stoichiometry of the interaction was 
determined for several representative selenides by 
measurement of the variation of 6, and/or 'J(PSe) 
as a function of SO,/selenide in the systems selenide- 
SO,-CH,CI, and computer-analysis of the titration 
curves. In all cases, even for the diphosphine di- 
selenides, 1 : 1 complex formation is indicated; ap- 
proximate stability constants and enthalpies and 
entropies of formation are given in Table 3. 

To assess the extent of interaction between the 

two Ph,P(Se) groups of the diphosphorus(V) di- 
selenides, the 31P and 77Se nmr spectra of Ph,P- 
(CH,),PPh,, Ph,P(Se)(CH,),PPh,, and Ph,P(Se)- 
(CH,),P(Se)Ph, (n = 1-6) have been obtained for 
CH,CI, solutions of equilibrium mixtures of the 

TABLE 2. 77Se nmr data for some phosphorus(V) 
selenides at 308 K 

Selenide CH2C12 so2 
SeP(NMe2), 
SeP(C6Hl 113 

SePEt, 
SePMePh, 
SeP(p-MeC6H4), 
SeP(o-MeC6H4), 
SePPh3 
SeP(OMe), 
[SePPh212CH2 
[SePPh212(CH2)~ 
[ S ~ P P ~ Z I Z ( C H Z ) ~  
[SePPh212(CH2)4 
[ S ~ P P ~ Z I Z ( C H Z ) ~  
[SePPh2CHz],CMe 

ORelative to pure SeP(0Meh (SS,M,, = ~S,P,OM.,, 
396.1 ppm (7)); downfield shifts positive. 

bseP(~-Mec~H*)~ has poor solubility in SO2. 
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TABLE 3. Approximate thermodynamic constants for the formation of 1 : 1 complexes of phosphorus(V) selenides and diphos- 
phorus(V) diselenides with SO, 

Error Approximate Approximate 
Temperature KI a Data used 1020 - AH0 - AS0 

Selenide (K) (M-l) for Kl a ( Total range ) (LJ n-101-l) (J mol-l K-I) 

'For method of calculation see Experimental section. 
bCalculated from AIJ(PSe) for consistency. 

three components. The comparison is made in Table 
4. The data show the sensitivity of the nmr param- 
eters to the proximity of a second phosphorus-con- 
taining group to be in the order 6,, 6,, < 1 '  Or ("',)J- 
(PSe)J < ('"")J(PP)I, the least sensitive parameters 
suggesting virtually independent action of the two 
end groups at n 2 2, the most sensitive at n 2 5. 
On chemical evidence, the distribution of selenium 
when equimolar amounts of Ph,P(CH,),PPh, and 
Se react, it has been suggested that independent 
behaviour occurs when n - 2 (8). 

The sensitivity of 6,, and IIJ(PSe)l but not 6, to 
complexation of the selenides by SO, suggests that 
the selenium atom is the site of the interaction. The 
yellow colour of the phosphorus(V) selenide - SO, 
solutions is indicative of acceptor behaviour by sul- 
fur dioxide (9). In addition, the solid, approximately 
1 : 1, yellow adduct between SeP(o-C,H,Me), and 
SO, shows v(SO),,, at 1134 f 2 cm-' in the Raman 
spectrum, in the range expected for 

\ 
0 

(pyramidal) coordination (10). (For comparison, 
the pyramidal IS0,- ion in [PPh3Bz](IS02) has 
v(SO),,, at 1123 cm-I (lo).) Clearly, the sulfur atom 
of SO, 1s acting as an acceptor in the selenide-SO, 
adducts. 

changes markedly when the compound is dissolved 
in liquid SO, (Fig. I). The equivalence of the two 
phosphorus atoms is maintained, at least on a time- 
average, and the 'filling in' of the aliphatic triplet 
signal is consistent with either a reduction in 13~(pp)I 
or an increase in 12~(PH) - 3J(PH)I, or both. Now 
oxidation or quaternization of phosphorus(II1) is 
known to cause ,J(PH) to become more negative and 
the positive 3J(PH) to become more positive (12) 
while 13J(PP)I has been shown to increase on oxida- 

The (I I) dece~tivel~-sinl~le, second- FIG. 1 .  Methylene region of the 100 MHz 308 K 'H nmr 
order, 'triplet' signal given by the aliphatic protons spectrum of Ph2P(CH2)2PPh, dissolved in CD2Cl, (top) and 
of Ph,P(CH,),PPh, dissolved in an inert solvent in liquid SO2 (bottom). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DEAN 757 

TABLE 4. A comparison of the 31P and 77Se nmr spectra of [Ph2P],(CH2)., Ph2P(CH2).P(Se)Ph2, 
and [Ph2P(Se)12(CH2)," 

6~ 1 'J(PSe)l In+2J(PSe)l In+'J(PP)I 6se 
n Compound Phosphorus (ppm) (Hz) (Hz) (Hz) ( P P ~ )  

1 P2 -24.4 
P2Se2 22.9 754 - 1 . 9 ~  13.7 138.7 

P -28.9 
P2Se 29.1 733 13.8 85.5 101.0 

ESpectra of equilibrium mixtures from Ph2P(CH2).PPh, + +Sea in CH2C12 solution at 308 K. 
Qelative to external 0P(OMe)3 in (CDd2C0 (8H3~04 = + 1.72 ppm); downfield shifts positive. 
CRelative to external neat SeP(0Me)a = 6ScP(OMe,3 - 396.1 ppm (7)); downfield shifts positive. 
dThe relative signs of 'J(PSe) and 3J(PSe) could not be determined. 
elJ(PSe) and 4J(PSe) have opposite signs. 
,These assignments may be interchanged. 
gPh2P(Se)(CH2)6P(Se)Ph2 has low solubility in CH2CI2. 

TABLE 5. Approximate thermodynamic constants for the formation of the 
1 : 1 complex of Ph2P(CH2)2PPh2 with SO2 

Temperature 1020 Standard enthalpy and 
(K) KI (M-'1" A&,max entropy of formation 

"For method of calculation see Experimental section. 
Qome oxidation of the diphosphine is evident at 308 K. 

tion (13). The lower spectrum in Fig. 1 is thus con- 
sistent with complexation of the diphosphine at phos- 
phorus, with the concomitant changes in the geminal 
and vicinal phosphorus-hydrogen coupling con- 
stants. Accordingly, the deshielding of the 3 1 ~  nmr 
signal of Ph,P(CH,),PPh, in SO, solution (3.89 
ppm at 308 K, 17.99 ppm at 228 K relative to 6, for 
CH2C12 solution) is assumed to result from com- 
plexation of the diphosphine. A "P chemical shift 
titration of Ph2P(CH2),PPh2 with SO, in CH,Cl, 
gives shifts consistent with the formation of a 1: 1 
complex; the stability and approximate enthalpy 
and entropy of formation are shown in Table 5. 
Some error in the value of K ,  at 308 K must be ex- 

pected because SO2-oxidation of the phosphine, an 
example of a well-studied general phenomenon (14), 
occurs at this temperature. On long standing at 
308 K, the yellow colour of Ph2P(CH2),PPh2- 
SO,-CH2C12 solutions is discharged. 

As indicated in Table 6, both ' J ( ~ ' P - ' ~ ~ T ~ )  and 
1J(31P-'25Te) are visible in the 31P nmr spectrum 
of colourless solutions of (Me,N),PTe in CH,Cl,. 
In the blood-red solutions of the telluride in SO,, 
some decomposition occurs even at 228 K, giving 
broader lines, but a greatly reduced 3 1 ~ - 1 2 5 ~ e  satel- 
lite splitting is evident (Table 6). Attempts to ascertain 
the stoichiometry and stability of the (Me,N),PTe- 
SO, adduct were thwarted by the evident decom- 
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TABLE 6. 3iP nmr spectral data for (Me,N),PTe in CH2C12 and in SO2 

Temperature I 'J(P-lZ5Te) 1 I lJ(P-lZ3Te)I 6, " 
Solvent (K) (Hz) (Hz) ( P P ~ )  

ORelative to external OP(OMeI3 in (CD,),CO; downfield shifts positive. 
bNot observed. 

position occurring in CH,Cl, solutions of (Me,N),- 
PTe with SO, at 228 K. If, as expected by analogy 
with (Me,N),PSe, a 1 : 1 complex is formed, K ,  
appears to  be of the order 0.1-1 M- l ,  but the 1: 1 
stoichiometry could not be firmly established. 

Discussion 
Our results are consistent with all the phospho- 

rus(V) selenides studied being completely complexed 
in liquid SO, to give 1: 1 Lewis acid:Lewis base 
adducts containing a sulfur-selenium bond. To our 
knowledge, the only other example of SO, acting as 
an acceptor to a selenium-donor ligand is in the re- 
cently-reported [NCSeSO,]- anion (10). It seems 
likely, however, that such behaviour by SO, is gen- 
eral. Thus it cannot safely be assumed that in SO, 
solution direct donation from a selenium-donor to an 
acceptor will always occur: indirect donation, e.g. 
via 

0 0 

is a possibility needing consideration. 
General medium effects on 6, and IIJ(PSe)l have 

been neglected, and only empirical allowance for 
changes in activity with system composition is made 
in calculation of the stability constants in Table 3. 
Nonetheless the degree of agreement between ex- 
pected and found values, indicated by 1020/range, 
varies from reasonable to very good suggesting that 
the K,'s determined are good approximations. The 
SO, - phosphine selenide complexes are evideiltly 
weakly formed,, though their stability increases as 
expected with increasing electron-releasing ability 
of the substituents on phosphorus. The diphosphine 
diselenides Ph,P(Se)(CH,),P(Se)Ph, show insignifi- 
cant change in K ,  for n = 1, 2, 4, or 6. 

The SO, solutions provide an unusual opportunity 
to  study the effects of complexation of a wide range 
of different phosphorus(V) selenides with a com- 

3For comparison, Zingaro and co-workers (15a) find K, 
to be 2.40 x lo3 M-' for Ph3PSe.12 in CHCI3 at 308 K, while 
Bruno et al. (156) find K1 for (Me2N)3PSe.12 to be 12 900 + 
650 M-I under the same conditions. 

mon acceptor, the solvent molecule. From the data 
in Table 1, it is clear that in the 31P nmr spectrum a 
reduction in I1J(PSe)l from its value in an inert sol- 
vent is the most uniform indication of complexation: 
noticeable reductions in this coupling constant occur 
even when changes in 6, are very small. In the 77Se 
nmr spectrum, a large downfield shift from the free 
ligand (i.e. inert solvent) value accompanies com- 
plexation. Interestingly, there is a fair correlation 
between the changes in I1J(PSe)l and the changes in 
6,, accompanying complexation by SO,, as shown in 
Fig. Such a correlation seems reasonable since 
both coupling constants involving 77Se (16, 17) and 
77Se chemical shifts (18) are thought to depend on 
the nature and the number of the lone pairs of elec- 
trons on selenium. 

In general, it seems that the more easily obtained 
31P spectra should provide a satisfactory indication 
of complexation of the phosphorus(V) selenides. 
However, when SO, or another acceptor solvent is 
used, the changes in IIJ(PSe)l could be small, as the 
magnitude of this coupling will already have been 
reduced by complexation with the solvent. 

The forkation of only 1 : 1 complexes by all the 
diphosphine diselenides, SePPh,(CH,),Ph,PSe (n = 
1,2,4,6) is perplexing. The Ph,P(Se) group is known 
to be electron-withdrawing (19), so that 1 : 1 complex 
formation at short aliphatic chain lengths is not 
surprising. However, as discussed above, the two 
Ph,P(Se) groups are certainly spectroscopically in- 
dependent at n = 6 (see Table 4) and may act in- 
dependently chemically at n = 2. It should be noted 
though that the two ends of 

do not act independently upon protonation in nitro- 
methane, the two pKa's being 11.6 and 4.7 (20). In 
the present examples, the formation of a simple one- 
ended 1 : 1 complex (1) appears favoured by the 

41t should be noted that data for complexes of phospho- 
rus(V) selenides with acceptors other than SO2 do not cor- 
relate with the data for the SO2 complexes, e.g., we find 
AllJ(PSe)l = 306Hz and Atis, z 387 ppm at 308 K when 
(MeSeP(NMe2)3)+ is formed from Me1 and SeP(NMe2), 
in SO2. 
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thermodynamic data (Table 3) but from the spec- 
troscopic results is most unlikely. The exchange- 
averagedvalues of A6,, and IIJ(PSe)l are in the ranges 
155.5-222.7 ppm and 34-53 Hz, respectively, which 
means that complexation by SO, would have to 
produce changes in A6,, of ca. 301-445 ppm and in 
I1J(PSe)l of ca. 68-106 Hz at the donor site: the 
largest of these changes, at least, would be anomal- 
ously high compared with the other data in Fig. 2. 
Thus ring-closure either by chelation as in 2, or in- 
ternally, perhaps as in 3, must be o~cu r r ing .~  In 
either event, it is surprising that neither the thermo- 
dynamic data (Table 3) nor the spectroscopic data 
(Fig. 2) are anomalous. The nature of the 1 : 1 com- 
plexes of diphosphine diselenides and SO, must re- 
main an open question. 

The analogues of structures 1 and 2 are possibil- 
ities for the 1 : 1 complex of Ph,P(CH,),PPh, and 
SO,, and the present data do not permit a clioice. 
The stability of the diphosphine adduct is only a 
little less than those of the diphosphine diselenides, 
and like the selenides the diphosphine is apparently 
totally complexed in liquid SO,. Earlier, it has been 
suggested on the basis of 13C nmr data that PPh, 
is totally complexed in SO, (1). The earlier data for 
the system PPh,-SO,-CS, can be used to estimate 
that K, for Ph,P.SO, is ca. 0.03 M-' at 305 K.6 For 
both PPh, and Ph,P(CH,),PPh, adducts with SO,, 
the formation of phosphorus-sulfur bond is indi- 
cated, supporting a previous suggestion (14a) that 
SO2-oxidation of phosphines and related phos- 
phorus(II1) species proceeds through R,P -, SO, 
adducts. 

Both the blood-red colour of solutions of TeP- 
(NMe,), in SO, or SO2-CH,Cl, and the remark- 
able changes in the 31P spectral parameters which 
occur when the telluride is dissolved in an SO,-con- 

- 

51ntramolecular association similar to 3 has been suggested 
earlier to account for the anomalous vibrational spectra of 
tetrakis(diphenylphosphinoselenoy1 and -thioyl)methanes (21). 

%uch a calculation also shows that 'J(P-Cl) must change 
sign on complexation of PPh, by SO,. 

FIG. 2. Relationship between the downfield shift of the 77Se 
resonance and the decrease in the magnitude of 'J(PSe) occur- 
ring at 308 K when some phosphorus(V) selenides are dis- 
solved in liquid SO, instead of CHzClz (1 = SeP(OMe),; 
2 = SePPh,; 3 = SeP(p-C6H4Me),; 4 = SePMePh,; 5 = 
SeP(C6H11)3; 6 = SePEt,; 7 = SeP(NMe2)3; 8-12 = 
[SePPh2],(CH2),, n = 1-5, respectively; 13 = [SePPh2- 
CH2I3CMe). 

taining medium (Table 6) are good evidence that an 
SO,-TeP(NMe,), interaction occurs. Unfortunately 
the chemical instability of the system precluded more 
detailed characterization. However, the formation 
of a tellurium-to-SO, bond seems very likely from 
the large reduction in 'J(PTe) occurring in SO, as 
solvent. 

Experimental 
Materials 

Triethylphosphine (PCR, Inc.), tri-o-tolylphosphine (PCR, 
Inc.), tri-p-tolylphosphine (Eastman Chemicals), bis(dipheny1- 
phosphino)methane (PCR, Inc.), 1,3-bis(dipheny1phosphi- 
no)propane (Strem Chemicals, Inc.), 1,s-bis(dipheny1phos- 
phino)pentane (Strem Chemicals, Inc.), 1,6-bis(dipheny1phos- 
phino)hexane (Strem Chemicals, Inc.), l,l,l-tris(dipheny1- 
phosphinomethy1)ethane (Strem Chemicals, Inc.), bis(2-di- 
pheny1phosphinoethyI)phenylphosphine (Strem Chemicals, 
Inc.), and methyldiphenylphosphine (prepared by D. Stephan 
of this Department by Grignard synthesis) showed no signifi- 
cant impurities in their 31P nmr spectra and were used as re- 
ceived, as was the CS, adduct of tricyclohexylphosphine (Strem 
Chemicals, Inc.). Triphenylphosphine (Eastman Kodak Co.) 
was recrystallized from ethanol, and both trimethylphosphite 
(Strem Chemicals, Inc.) and tris(dimethy1amino)phosphine 
(Aldrich Chemical Co., Inc.) were purified by distillation under 
reduced pressure. 

Literature methods were used in the synthesis and purifica- 
tion of 1,2-bis(dipheny1phosphino)ethane (22) and 1,4-bis(di- 
pheny1phosphino)butane (23). 

Trimethylselenophosphate, (Me0)3PSe, was prepared by the 
direct reaction of a slight excess of finely-powdered selenium 
with freshly-distilled trimethylphosphite under a dry nitrogen 
atmosphere (24). The supernatant liquid showed no significant 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



760 CAN. J .  CHEM. VOL. 57. 1979 

impurity by either 'H or 31P nrnr and was used without further 
purification. Crude tr~s(dimethylamino)phosphine selenide 
was prepared in a like manner (25). Purification was achieved 
by sublimation followed by d~ssolution in liquid SO,, filtra- 
tion, and removal of volatiles in vacuo. All of the other phos- 
phorus(V) selenides were synthesized by refluxing a benzene 
solution of the phosphine with excess selenium shot under 
nitrogen (26). Methyldiphenylphosphine selenide was purified 
by reduced pressure distillation (27). The solid selenides were 
purified by recrystallization. (The solvents used were ethanol 
(for SePEt3 and SeP(C6H11)3), benzene (for SePPh, and 
(SePPh2)z(CHz), (n = 3-6)), and n-butanol (for SeP(o- 
C6H4Me)3, SeP(p-C6H4Me),, (SePPhZ)2(CHZ)n (n = 1 or 2), 

, prfirw3p and [SePPh2(CHz) 2]P(SePh) .) The two - tri elef3de's are ew compounds; they are haracterized by the 
spectral data reported in this paper and by their melting points 
(247-249 and 208-21 C uncorr), for (SePPhZCH2),CMe and 

~ g b e s p e c t i v e l y ) .  
P&h6t;d&J&ylaminobhosphine telluride was prepared 

by reaction of a slight excess of finely-powdered tellurium with 
freshly-distilled tris(dimethy1amino)phosphine for 3 h in a 
sealed tube at 437 K (25, 28). Unreacted P(NMe,), was re- 
moved by pumping in vacuo. (This removal is crucial because 
rapid tellurium exchange between P(NMe2), and TeP(NMe2)3 
is known to occur (29).) Excess tellurium was removed by fil- 
tration of a CH2C1, solution of the pumped product. Re- 
moval of the solvent in vacuo gave a straw-coloured product 
showing no significant impurities by either 'H or 31P nmr. 

(MeSeP(NMeZ)3)I was prepared in situ in SO2 by the direct 
reaction of Me1 and SeP(NMe,), (30, 31). ('H (30, 31) and 
partial 31P (31) nrnr spectra of this compound have been re- 
ported.) Methylene chloride (Fisher Scientific Co., certified 
Grade) was dried by standing over 3A molecular sieves and 
used without additional purification. Sulfur dioxide (Matheson 
Anhydrous Grade) was dried by standing in the gas phase over 
3A molecular sieves for 12-24 h. 

Raman Spectrum 
The Raman spectrum of solid SeP(o-C6H4Me), 0.63 SOz 

in a melting point capillary was obtained using a Cary 82 
Spectrometer and excitation by the 5145 A line of an Ar+ laser. 

Nuclear Magnetic Resonance Spectra 
All nmr spectra were obtained using a Varian XL-100-12 

spectrometer system equipped with the Gyrocode Observe 
accessary. 

31P and 77Se spectra were measured with samples in a 10 mm 
hand-made sample tube within a 12 mm precision nmr tube, 
the external lock material (and, for ,'P, the reference) being 
in the annulus. Generally a 32 K transform was used. 

For ,'P, the locklreference was a 2% solution of OP(OMe), 
in (CD3)zC0 (80P(oMe), = 8 ~ , p 0 ~  - 1.72 ppm). Typically, 
selenium satellites in the spectra of 0.1-0.2 M samples were 
clearly visible after 25C500 ca. 60" pulses at 8-10 min-'. For 
77Se, the lock substance was either (CD3)ZC0 or DZO, and 
referencing to neat SeP(OMe), was by sample interchange 
( ~ s ~ P ( o M ~ ) ~  = ~ s ~ M ~ ~  + 396.1 ppm(7)). For this nucleus, pulses 
of ca. 20" were used. The repetition rate was 10 min-' for 
solutions in CH2C12; in these cases 10004000 transients gave 
acceptable spectra when the sample concentration was 0.1- 
0.2 M. In SO2 solutions T I ,  not unexpectedly, seems much 
longer: poorer spectra could be obtained in the same number 
of transients at 3 min-'. The 77Se nmr spectra of Ph,P(CH,),- 
PPh2-Se8 equilibrium mixtures (Table 4) were obtained from 
samples having a total phosphine concentration of ca. 0.5 M, 
as were the spectra of SeP(C6Hll),, Ph2P(Se)(CHz), 
P(Se)Phz (n = 4 or 5), and (Ph,P(Se)CH,),CMe in SO2. 

Temperatures were measured using a Doric Trendicator Type 
400 thermocouple thermometer, with a stationary probe. The 

temperature controller of the nrnr spectrometer was able to 
hold 228 K to better than + 1 K. 

Preparation of Nuclear Magnetic Resonance Samples 
'H nrnr samples were made up in standard 5 mm od nmr 

tubes. "P and 77Se samples were prepared in tubes made from 
10 mm od standard wall Pyrex tubing. Those tubes which were 
to contain SO, had attached a length of 9 mm od special wall 
tubing to allow their connection to a vacuum system via 
318 in. Ultratorr fittings. The solid components were added 
to the tubes by weight, and the CH2C12, if any, by volume. 
Samples without SO, were sealed with plastic pressure caps. 
For those which did contain SO,, known amounts of the gas 
were condensed in from a calibrated conventional glass-and- 
Teflon vacuum line before flame-sealing at the special wall 
tubing. 

The composition of each sample was determined from its 
total weight. Sample volumes at 308 and 228 K were found by 
measurement of the weight at room temperature of the same 
volume of CH2C12 (density 1.33 g cm-,). 

Analysis of Exchange-averaged Chemical ShifilCoupling 
Constant Titration Curves 

The composition of each sample was corrected for the 
amount of SOZ in the headspace, assuming ideal behaviour 
Incremental chemical shifts were corrected for changes in the 
magnetic susceptibility of the solutions with composition. 

Titration curves of the exchange-averaged chemical shift 
and/or coupling constant versus SOz/L were analyzed using 
the program LISA (32). The chemical shifts and coupling 
constants in SOZ as solvent were independent of concentra- 
tion, suggesting virtually complete complexation. Therefore 
SOz/L for such solutions was arbitrarily set at 9999.99999 to 
ensure that the predicted curve passed close to these points 
and hence to obtain the best fit over the whole range of com- 
position. The Kl's given in Table 3 were calculated in this way, 
and we take the reasonable to very good fits to justify the 
treatment. However, our conclusions regarding the formation 
of 1 : 1 complexes does not depend on inclusion of the point 
for neat SO,. 

It should be noted that in all cases examined IIJ(PSe)l was 
temperature dependent, being smaller at lower temperatures. 
In the analysis of the data, the incremental changes for the 
appropriate temperature were used. At 228 K the values of 
I 'J(PSe)l(Hz) are : SeP(OMe), : 949 (CHZClz), 914 (SO,); 
SePEt, : 674 (CHzCIz), 585 (SOZ); SeP(NMe,), : 778 (CH2CIz), 
675 (SO,); Ph2P(Se)CHzP(Se)Ph2: 746 (CH2C12), 696 (SO,); 
Ph2P(Se)(CH2)4P(Se)Phz: 717 (CHzClz), 646 (SO,). 

Spectral Analysis 
The 77Se satellite spectra in the 31P-{H) nrnr spectrum of 

Ph2P(Se)(CHz)z(Se)PPh(CHz)2P(Se)Phz were analyzed itera- 
tively using the program LAOCN3(33). The values of 'J(PSe) 
(Table 1) were insensitive to small chzrlges in 4J(PSe). 
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Mercury(I1) cyanide complexes of bulky phosphines. Preparation, characterization, 
and spectral studies 
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RAM G. GOEL, WILLIAM P. HENRY, and WILLIAM 0. OGINI. Can. J. Chem. 57,762 (1979). 
Mercury(I1) cyanide forms 1 :2 complexes with triphenylphosphine and tri-p-tolylphosphine. 

Both 1 : 1 and 1 :2  complexes are formed with tricyclohexylphosphine but only the 1 : 1 complex 
is obtained with tri-tert-butylphosphine, and no complex is formed with tri-o-tolylphosphine. 
The complexes have been characterized by elemental analyses and by infrared and Raman 
spectral measurements. Their behaviour in solution has been investigated by conductance, 
molecular weight, and 31P nmr measurements. The infrared and Raman data for the 1 : 2 com- 
plexes are in accord with a pseudotetrahedral structure of C2, skeletal symmetry. At least one 
of the 1 : 1 complexes is indicated to have a dimeric structure involving terminal and bridging 
CN ligands. The C=N, Hg-CN, and Hg-P stretching frequencies and the 31P-199Hg spin- 
spin coupling for the complexes are discussed. 

RAM G. GOEL, WILLIAM P. HENRY et WILLIAM 0. OGINI. Can. J. Chem. 57,762 (1979). 
Le cyanure de mercure(I1) forme des complexes 1 : 2 avec la triphknylphosphine et la tri-p- 

tolylphosphine. I1 se forme des complexes 1 : 1 ainsi que 1 : 2  avec la tricyclohexylphosphine 
alors que l'on n'obtient que des complexes 1 : 1 avec la tri-tert-butylphosphine; il ne se forme 
aucun complexe avec la tri-o-tolylphosphine. On a caractkrist les complexes grgces a leurs 
analyses centksimales et a leurs spectres infrarouges et Raman. On a ktudik leur comportement 
en solution par des mesures de conductivitk, de leurs poids moleculaires et de leurs spectres 
rmn 31P. Les donntes infrarouge et Raman concernant les complexes 1 : 2 sont en accord avec 
une structure pseudotttrakdrique de symktrie de squelette Cz,. I1 semble qu'au moins un des 
complexes comporte une structure dimkre impliquant des ligands CN terminaux servant de 
ponts. On discute des frkquences de vibration C=N, Hg-CN et Hg-P ainsi que des cou- 
plages spin-spin 31P-199Hg des complexes. 

[Traduit par le journal] 

Introduction Results and Discussion 
Mercury(I1) halides are known to form a variety of 

complexes(1) with tertiary phosphines (1) and a num- 
ber of spectroscopic (2-10) as well as crystallographic 
studies (11, 12) on these complexes have been re- 
ported recently. An investigation on triphenylphos- 
phine complexes of mercury(I1) pseudohalides 
showed that, unlike mercury(I1) halides, mercury(11) 
cyanide forms only a 1 :2 complex (13). In another 
study ( 9 ,  both 1 : 1 and 1 : 2 complexes of mercury(I1) 
cyanide were obtained with trimethylphosphine. 
Apart from these studies no report has appeared on 
phosphine complexes of mercury(I1) cyanide. 

In continuation of our investigations on metal 
complexes of sterically hindered phosphines we have 
undertaken a systematic study of phosphine com- 
plexes of mercury(I1) (7, 8, 14) and other d l 0  metals 
(15, 16). In the present work complexes of mer- 
cury(I1) cyanide with tri-teut-butyl-, tricyclohexyl-, 
tri-o-tolyl-, and tri-p-tolylphosphines were investi- 
gated. In view of very limited information reported 
for the triphenylphosphine complex (13), it was also 
included in the study. 

Like mercury(I1) halides, mercury(I1) cyanide 
forms only 1 : 1 complex with tri-tert-butylphosphine 
(7) and both 1 : 1 and 1 :2 complexes with tricyclo- 
hexylphosphine (4). However, unlike mercury(I1) 
halides, mercury(I1) cyanide does not form any com- 
plex with tri-o-tolylphosphine (7). This is indeed due 
to the large steric requirement and relatively low 
basicity of tri-o-tolylphosphine. In agreement with 
the observation of previous workers (13), only 1 :2 
complexes could be isolated with triphenylphosphine 
as well as with tri-p-tolylphosphine. 

The analytical, n~olecular weight, and conductance 
data for the complexes included in the present study 
are recorded in Table 1. All the complexes are white, 
air-stable solids, soluble in polar solvents such as 
dichloromethane, acetone, or acetonitrile. As shown 
by the conductance data, the complexes do not 
ionize to any significant extent in acetonitrile. The 
complexes [(p-tolyl),P],Hg(CN), and (Cy,P),Hg- 
(CN), exist as undissociated molecular species in 
dichloromethane but significant dissociation is indi- 
cated for the complex (Ph,P),Hg(CN),. The com- 

0008-4042/79/070762-05$01 .OO/O 
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GOEL ET AL. 763 

TABLE 1. Analytical, molecular weight, and conductance data 

%c %H Mol. wt.* 
Melting point 

Compound ("c) Calcd. Found Calcd. Found Calcd. Found A,? 

(PhsP)zHg(CN)z 240 58.69 58.36 3.90 3.56 776 555 1.65 
[(p-T~lyl)~Pl~Hg(CN)~$ 204 (decom.) 61 .32 60.68 4.88 4.85 860 860 1 .OO 
(CY~P)ZH~(CN)Z 77 56.20 56.21 8.10 8.72 812 788 5.77 
Cy,PHg(CN)z 125 45.10 45.41 6.20 6.30 532 644 5.33 

1000 5 
(t-Bu)aPHg(CN)z 270 36.92 36.89 5.93 5.78 454 618 1.00 

*In dichloromethane unless stated otherwise; concentration range to M. 
tIn ohm-' cm2 mol-1 for 10-3  M solutions in acetonitrile. 
$%N: calcd., 3.25; found, 3.03. 
$In benzene. 

plex Cy,PHg(CN), has a dimeric constitution in 
benzene. The molecular weight data for both 
Cy,PHg(CN), and (t-Bu),PHg(CN),, in dichloro- 
methane, are explicable in terms of partial dissocia- 
tion of the dimeric species into monomers. 

Vibrational Spectral Studies 
Vibrational spectra for the complexes (Ph,P),- 

HgX, and (Cy,P),HgX,, X = C1, Br, and I, are in 
accord with a pseudotetrahedral structure of C,, 
skeletal symmetry (2, 10) and such a structure has 
been established for the complex (Ph,P),Hg(SCN), 
by a X-ray diffraction study (17). The infrared and 
Raman data for the dicyanobis(phosphine)mer- 
cury(I1) complexes are also consistent with a pseudo- 
tetrahedral structure. The mercury-halogen stretch- 
ing and bending frequencies (2, 10) for the dihalo- 
bis(phosphine)mercury(II) complexes are very similar 
to those for the corresponding HgX,2- complexes 
(18). The CEN and Hg-CN stretching and the 
Hg-CN bending frequencies for the dicyanobis- 
(phosphine)mercury(II) complexes are also found 
to be very similar to those for the cyano complex 
Hg(CN)2 - (1 9). 

The Raman spectrum of solid [(p-tolyl),P],Hg- 
(CN),, in the C e N  stretching region, showed a 
strong band at 2146 cm-' and a weak band at 2141 
cm-I. A strong Raman band at 2143 cm-I and a 
weak Raman band at 2130 cm-I were observed for 
the complex (Cy,P),Hg(CN),, and a very strong, 
broad Raman band at 2140 cm-' was observed for 
(Ph,P),Hg(CN),. The infrared bands due to the 
CEN stretching frequencies for all three com- 
plexes were very weak. Two very weak infrared 
bands were observed at 2145 and 2130 cm-' for 
[(p-tolyl),P],Hg(CN), but only a very weak band 
at ca. 2140 cm-I was observed for the triphenylphos- 
phine and tricyclohexylphosphine complexes. There- 
fore, the previously reported assignment (1 3) for the 

CEN stretching frequency for the (Ph,P),Hg(CN), 
complex appears to be erroneous. 

Previously reported assignments (13) for the 
Hg-P and Hg-CN stretching frequencies and the 
Hg-CN bending frequency for the (Ph,P),Hg(CN), 
complex are also indicated to be erroneous. The 432 
and 395 cm-I infrared bands assigned to the Hg-P 
and Hg-CN stretching frequencies, respectively, 
are in fact due to the internal vibrations of triphenyl- 
phosphine (20). Our infrared and Raman data show 
that the skeletal vibrations for the dicyanobis(phos- 
phine)mercury(II) complexes occur in the region 
below 400 cm-'. The observed infrared bands in the 
400-130 cm-I region and the Raman bands in the 
400-100 cm- region for the three complexes, in the 
solid state, together with their assignment are listed 
in Table 2. The proposed assignments for the 
Hg-CN stretching and bending frequencies for the 
complexes follow from those for Hg(CN)2- (19). 
As discussed later, the 31P-199Hg spin-spin cou- 
pling constants for the mercury(I1) cyanide com- 
plexes are of the same order of magnitude as those 
for the mercury(I1) iodide con~plexes. Since the 
Hg-P stretching frequencies for the (Ph,P),HgI, 
and (Cy,P),HgI, con~plexes are indicated (2, 10) to 
occur in the 100-90 cm-I region, the Hg-P stretch- 
ing frequencies for the corresponding cyano com- 
plexes are expected to fall below 100 cm-I. 

For the complex (Me,P),Hg(CN), (5), an in- 
frared band at 311 cm-' has been assigned to the 
Hg-CN stretching frequency and a Raman band 
at 329 cm-I has been assigned to the Hg-P stretch- 
ing frequency. Our results suggest that the aforemen- 
tioned bands are due to the antisymmetric and sym- 
metric Hg-CN stretching frequencies, respectively. 
The CN stretching frequencies reported for the 
trimethylphosphine complex (5) are comparable to 
those observed in the present work. 

A centrosymmetric dimeric structure of C,, 
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TABLE 2. Infrared and Raman frequencies? for (Ph,P),Hg(CN),, [(p-t~lyl)~P],Hg(CN)~, and 
(Cy3P),Hg(CN), in the region below 400 cm-' 

- - -- 

( P ~ ~ P ) ~ H ~ ( C N ) Z  [ ( P - T ~ ~ Y ~ ) ~ P I Z H ~ ( C N ) Z  ( C Y ~ P ) ~ H ~ ( C N ) Z  

Infrared Raman Infrared Raman Infrared Raman 

268ms 268s 256ms 258ms 265ms 264ms 6Hg-CN 
257*sh 257*w 242*w 
251*vw 250*vs 233*w 219*vs 
222w 220s 222w 225m 21 6w pHg-(CN)z 
213*w 211*m 
196*w 198*m 198*w 

194*m 178*s 
186*w 184*w 162*w 

144*sh 
132sh 132sh pHg(CN), 

*Bands due to the internal vibrations of phosphine. 
t I n  the solid state. Abbreviations: b, broad; m, medium; s, strong; sh, shoulder; v, very; w, weak; v, stretching 

mode; 8, bend~ng mode; p, rocking mode. 

skeletal symmetry as shown below is indicated for 
the I : 1 triphenylphosphinel (2, 10) and tricyclo- 
hexylphosphine (10) complexes of mercury(I1) 
halides. 

As shown by molecular weight measurement, the 
complex Cy,PHg(CN), is undoubtedly a dimer in 
benzene. The observed CN stretching frequencies 
for this complex in the solid state as well as in solu- 
tion are in accord with the presence of terminal and 
bridging CN groups. Its infrared spectrum, in the 
solid state, showed weak bands at 2180 and 2146 
cm-l, and its Raman spectrum showed a strong 
band at 2149 cm-' and a weak band at 2179 cm-l. 
The higher frequency bands can be attributed to the 
bridging CN groups (21,22) and the lower frequency 
bands to the terminal CN groups. Infrared measure- 
ments in chloroform showed that the CN stretching 
frequencies in solution are virtually identical to those 
observed in the solid state. Thus, the solid state 
structure of the complex appears to be maintained 
in solution. The infrared spectrum of Cy,PHg(CN),, 
in the low frequency region (400-130 cm-l), showed 
bands at 344 (m, b), 270 (m, b), and 230 (w, b) cm-I 
which can be attributed to the vibrations involving 
Hg-CN bonds. The 344 cm-' band can be assigned 
to the terminal Hg-CN stretching frequency but it 
is difficult to make clearcut assignments for the other 

'The structure of Ph3PHgC12 has been established by a 
crystal structure determination (11). 

two infrared bands. The Raman spectrum of 
Cy,PHg(CN), in the region below 400 cm-I was 
not very informative. 

In the C r N  stretching region, a medium infrared 
band at 2157 cm-I and a strong Raman band at 
2152 cm-I were observed for the complex (t-Bu),- 
PHg(CN),, in the solid state. The infrared frequency 
was not altered when the complex was dissolved in 
dichloromethane. The observed frequencies attribut- 
able to the skeletal vibrations of the complex include 
infrared bands at 335 (m, b), 281 (mw), 273 (mw), 
and 170 (mw, b) cm-I and the Raman bands at 336 
(w) and 112 (s) cm-'. The 335 cm-' infrared band 
and the 336 cm-I Raman bands can be assigned to 
the terminal Hg-CN stretching frequency. The 112 
cm-l Raman band is similar to that observed for the 
iodo complex (t-Bu),PHgI, (7) and is assigned to the 
Hg-P stretching frequency. 

Although definitive structural conclusions for the 
1 : 1 complexes must await X-ray diffraction studies, 
the molecular weight and vibrational spectral data 
for the complex Cy,PHg(CN), are consistent with a 
dimeric structure involving bridging and terminal 
CN groups and tetrahedrally coordinated mercury 
atoms. 

31P Nuclear Magnetic Resonance Studies 
The 31P nmr data for the 1 :2 as well as 1 : 1 com- 

plexes at ambient temperature and at 183 K are 
given in Table 3. As shown by the data in Table 3, the 
31P nmr spectra of the complexes of less basic and 
less bulky phosphines, i.e., triphenylphosphine and 
tri-p-tolylphosphine, consisted of a single peak at 
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TABLE 3. 31P nrnr data* 

Compound Amb. temp. 183 K Amb. temp. 183 K Amb. temp. 183 K 

(Ph3P)zHg(CN)z 12.6 18.7 18.4 27.7 - 2645 
[(p-Tol~l),PlzHg(CN)~ 5.0  16.2 13.5 28.2 - 2766 
(CY~P)ZH~(CN)Z 36.5 37.3 27.6 29.1 3416 3544 
Cy,PHg(CN)z 50.4 50.4 41.8 42.2 4560 4998 
(t-Bu)d'Hg(CN)z 87.0 82.6 26.3 21.6 4604 4858 

*In dichloromethane at ambient temperature and at 183 K. Positive chemical shifts are downfield from external 
reference (859,  H3P04).  AS = S(comp1ex) - S(phosphine). 

ambient temperature whereas the spectra for the 
tricyclohexylphosphine and tri-tert-butylphosphine 
complexes showed a main peak and two satellite 
peaks due to 31~-199H g spin-spin coupling. The 
satellites due to 31P-199H g spin-spin coupling for 
the (Ph,P),Hg(CN), and (p-tolyl),PHg(CN), com- 
plexes were observed when the spectra were recorded 
at 183 K. The solution behaviour of mercury(I1) 
cyanide complexes is thus very similar to that of the 
corresponding halide con~plexes (8). The 31P nrnr 
spectra of the triphenylphosphine and tri-p-tolylphos- 
phine complexes containing excess phosphine gave 
a single resonance peak even at 183 K, showing that 
the rate of phosphine exchange is increased markedly 
by the presence of free phosphine. The 31P ilmr spec- 
trum of an equimolar mixture of the 1 : 1 complex, 
Cy,PHg(CN),, and free phosphine, at ambient tem- 
perature, was identical to that of the 1 :2  complex, 
(Cy,P),Hg(CN),. Addition of another equivalent 
of phosphine, however, gave a spectrum showing 
only a single resonance peak. Upon cooling the solu- 
tion to 183 K the spectrum showed characteristic 
peaks of the 1 : 2 complex and free phosphine. From 
these results we conclude that the phosphine ex- 
change occurs via an associative mechanism. 

The J(31P-199Hg) values for the three non-labile 
complexes increase with a decrease in temperature 
and the largest increase is observed for the Cy3PHg- 
(CN), complex. Increase in the 31~-199Hg spin-spin 
coupling with decreasing temperature is also ob- 
served for complexes of mercury(I1) halides (9) and 
carboxylates (14). The increase in the 31P-199H g 
spin-spin coupling for the mercury(I1) halide com- 
plexes (9) has been explained in terms of decrease 
in the rate of phosphine exchange with decreasing 
temperatures. However, we believe that further 
investigations are required to explain the temperature 
dependence of the 31P-199Hg spin-spin coupling. 
Such studies are underway in our laboratory. 

For the 1 :2  con~plexes, the 31P-199Hg spin-spin 
coupling increases markedly with increasing basicity 
of the phosphine but the increase in the coordination 
chemical shift is not substantial. The ~ ( ~ l P - l ~ ~ H g )  

values for the 1:2 complexes (Ph,P),HgX, and 
(Cy,P),HgX,, where X = C1, Br, I, and CN, follow 
the order C1 > Br > I > CN. However, the coordi- 
nation chemical shifts for the cyano complexes in 
both series are larger than those for the iodo com- 
plexes. These observations as well as our recent 31P 
nrnr data on mercury(I1) carboxylates (14) show that 
the correlations between the 31P-199Hg spin-spin 
coupling and the coordination chemical shifts ob- 
served in previous studies (3, 8) are fortuitous. 

In agreement with the 31P nrnr data for the com- 
plexes of mercury(I1) halides (3, 8, 9) and carboxy- 
lates (14), the J(31P-199Hg) value for the 1 : 1 com- 
plex, Cy,PHg(CN),, is much higher than that for 
the 1:2 complex, (Cy,P),Hg(CN),. The J(31P- 
199Hg) values for the complexes in the series Cy3- 
PHgX,, where X = C1, Br, I, CN, follow the se- 
quence C1 > Br > CN > I.   he J(31P-199Hg) values 
for the tri-tert-butylphosphine complexes also vary 
in the above order. 

31P nrnr measurements on ethanol solutions con- 
taining nlercury(I1) cyanide and tri-o-tolylphosphine 
in 1 : 1, 1 12, and 1 : 10 mole ratios showed only the 
resonance signal due to free phosphine at ambient 
temperature as well as at 183 K indicating lack of 
any interaction between mercury(I1) cyanide and the 
phosphine. 

Experimental Section 
Materials 

Tri-tert-butylphosphine was prepared and purified as de- 
scribed previously (23). Triphenylphosphine (Eastman Kodak) 
was recrystallized twice from hot ethanol. Tricyclohexyl- and 
tri(p-toly1)phosphines (Pressure Chemical) were used without 
further purification. The purity of phosphines was checked by 
their infrared and 'H and 31P nrnr spectra. Mercury(I1) cyanide 
was reagent grade. Ethanol was dried by refluxing over mag- 
nesium and subsequent distillation. Acetonitrile was treated 
with phosphorus pentoxide and distilled over potassium car- 
bonate. Other solvents were reagent grade. 

Physical Measurements 
Elemental analyses were performed by M-H-W Laboratories, 

Garden City, MI. Molecular weights were determined by 
Galbraith Laboratories, Knoxville, TN. Conductances were 
determined at 25°C with a Yellow Springs Instrument con- 
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ductivity bridge using a cell with platinized platinum elec- Council of Canada and the award of an Ontario 
trodes. The infrared spectra (4000-130 cm-') were recorded ~ ~ ~ d ~ ~ t ~  ~ ~ l l ~ ~ ~ h i ~  (to W-0.0.) are gratefully 
on a Perkin-Elmer 180 double beam spectrophotometer. Solid 
samples were prepared as mulls in Nujol, and KRS-5 and 
polyethylene discs were used for spectral measurements. Sealed 
sodium chloride cells were used for measuring the spectra in 
solution. Raman spectra were recorded on a ~ a r r e l - ~ s h  Raman 
spectrometer using the 5145 excitation of an  argon ion laser 
(Spectra Physics). The samples were powdered and sealed in 
glass capillary tubes. 31P nmr spectra were obtained with a 
Bruker WP-60 F T  spectrometer at 24.3 MHz using 85% 

as external reference. The spectra were recorded at  
ambient temperature and at 183 K. 

Preparation of Complexes of Triphenylphosphine and 
Tri-p-tolylphosphine 

Hg(CN), (0.100 mmol) was dissolved in 20 mL ethanol and 
this solution was added dropwise, with constant stirring, to an  
ethanol solution of the phosphine (2.00 mmol). The mixture 
was refluxed for 1 h. Upon cooling, a white precipitate was 
obtained which was filtered off and recrystallized from a mix- 
ture of dichloromethane and petroleum ether. Yields: over 
80%. Reaction of mercury(I1) cyanide and phosphine in 1 : 1 
mole ratio afforded a mixture of 1 : 2 complex and mercury(I1) 
cyanide. 

Preparation of Complexes of Tricyclohexylphosphine and 
Tri-tert-butylphosphine 

The phosphines were handled under an  atmosphere of 
oxygen-free dry nitrogen in a controlled atmosphere glove-box. 
Stoichiometric amount of mercury(11) cyanide was added to 
the solution of phosphine in dichloromethane and the mixture 
was stirred to give a clear solution which was concentrated in 
vacuum. Upon adding hexane (in excess) to the above solution 
a white precipitate of the complex was formed which was fil- 
tered off. The complex Cy,PHg(CN), was recrystallized from 
benzene and the tri-tert-butylphosphine complex was recrys- 
tallized from a mixture of dichloromethane and hexane. The 
1 :2 complex (Cy,P),Hg(CN), was recrystallized from an ice- 
cold solution in ethanol. Reaction of Hg(CN), and (t-Bu),P 
in 1 : 2 mole ratio also gave 1 : 1 complex. Yields: - 80%. 

Attempted Preparation of Tri-o-tolylphosphine Complexes 
Mercury(11) cyanide and phosphine in 1 : 1 and 1 :2 mole 

ratios were dissolved in alcohol, acetone, or  dimethylacet- 
amide and the solutions were refluxed for several hours. In 
each case, a mixture of mercury(I1) cyanide and phosphine 
was recovered upon removal of the solvent. 
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FADEL M-N. KHEIRI, CONSTANTINOS A. TSIPIS, CHRISTOS L. TSIAMIS, and GEORGE E. 
MANOUSSAKIS. Can. J. Chem. 57,767 (1979). 

Seventeen new mixed-ligand complexes of As(II1) and Sb(II1) with dithio-ligands have been 
prepared and studied. The preparation of the mixed-ligand complexes has been made by 
reacting the corresponding iodobis(dialkyldithiocarbamate) complexes with either CSZ and 
HNR, or the sodium salt of the dithiocarbamate. Alteration of the second method facilitated 
the preparation of the mixed-ligand dithiocarbamate-xanthate complexes of Sb(II1) whereas 
the analogous arsenic compounds have not been isolated. The study of these new compounds 
reveals that their stability depends on the nature of both ligand and central atom. The spectro- 
scopic data of the compounds are discussed and compared with those of similar complexes of 
Bi(II1). 

FADEL M-N. KHEIRI, CONSTANTINOS A. TSIPIS, CHRISTOS L. TSIAMIS et GEORGE E. 
MANOUSSAKIS. Can. J. Chem. 57,767 (1979). 

On a prCparC et Ctudie dix-sept nouveaux complexes avec des ligands mixtes du As(II1) et du 
Sb(II1) avec des ligands disulfures. On a prCpart les complexes avec des ligands mixtes en 
faisant reagir les complexes iodobis(dia1kyldithiocarbamate) correspondants soit avec du CS, 
et du HNR, ou le sel de sodium du dithiocarbamate. Une modification de la seconde methode a 
facilitt la preparation des complexes avec les ligands mixtes, dithiocarbamate-xanthate, du 
Sb(II1) alors que Yon n'a pas pu isoler les composts analogues de l'arsenic. L'Ctude de ces 
nouveaux complexes rkvele que leur stabilitt dCpend a la fois de la nature du ligand et de 
I'atome central. On discute des donnkes spectroscopiques et on les compare avec celles de 
complexes semblables du Bi(II1). 

[Traduit par le journal] 

Introduction 

In previous papers (1, 2) we have reported the 
syntheses and study of some new mixed-ligand com- 
plexes of Fe(II1) and Bi(II1) with dithio-ligands. In 
the course of our studies on metal complexes with 
sulfur containing ligands, it seemed interesting to 
investigate the effect of the different size and electro- 
negativity of the central atom on the stability and the 
electronic properties of the mixed-ligand dithio- 
complexes. In this paper we report the results con- 
cerning the preparation and study of some new 
mixed-ligand complexes of As(II1) and Sb(II1) with 
dithio-ligands and compare their properties with 
those of the Bi(II1) analogues. 

Experimental 
Materials 

The sodium dialkyldithiocarbamate salts, the potassium O- 
ethylxanthate, the iodobis(dialkyldithiocarbamate) complexes 
of As(II1) and Sb(1II) and the As(II1) and Sb(II1) O-ethyl- 
xanthates were prepared by previously reported methods (3-7). 

Synthesis of the Mixed-ligand Complexes 
The following two general methods were applied for the 

ITo whom all correspondence should be addressed. 

preparation of the mixed-ligand complexes of As(II1) and 
Sb(I1I) of the general formula M(RZfdtc)(R2dtc)2. 

Method A 
The preparation was carried out into a three-necked flask 

equipped with a magnetic stirrer, a reflux condenser, and a 
separatory funnel. Into the flask were charged 2.0 mmol of the 
iodobis(dia1kyldithiocarbamato)arsine or -stibine, 2.0 mmol of 
CS2 and LOO cm3 of CCl, as a solvent. 

To the resulting suspension 4.0 mmol of the amine (Rz'NH), 
dissolved in - 30 cm3 of CCl,, were added slowly under con- 
tinuous stirring in a period of 0.5 h. 

The mixture was refluxed for 4-5 h and after cooling it was 
filtered. The filtrate was condensed up to a small volume 
(-30 cm3) and upon addition of ethanol the mixed-ligand 
dithio-complex was precipitated as a crystalline solid. The 
products obtained were purified by dissolving them in a small 
volume of CHCl, or benzene and reprecipitating by adding 
methanol or petroleum ether. 

Method B 
The reaction was run into a conical flask. Into the flask were 

charged 3.0mmol of the iodobis(dialkyldithiocarbamato)arsine 
(or -stibine) suspended into 60 cm3 of chloroform. Then 
3.0 mmol of sodium dialkyldithiocarbamate salt, dissolved in 
15 cm3 of ethanol, were added to the suspension slowly, under 
continuous magnetic stirring. The reaction mixture was left for 
1 h at room temperature and then was filtered in order to 
remove the insoluble potassium iodide formed. The filtrate was 
condensed up to a small volume (-20 cm3) and upon addition 
of ethanol or petroleum ether the mixed-ligand dithio-complex 

0008-4042/79/070767-06$01 .OO/O 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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was precipitated. The crude product obtained was purified as 
described in method A. 

The synthesis of the mixed-ligand dithiocarbamate-xanthate 
complexes of antimony has been done according to the follow- 
ing method. To a suspension of 2.5 mmol of iodobis(dialky1di- 
thiocarbamat0)stibine in 60 cm3 of chloroform, 2.5 mmol of 
potassium 0-ethylxanthate, dissolved in 10 cm3 of ethanol, 
were added slowly under continuous stirring. The reaction 
mixture was left at room temperature for 1 h and then was 
filtered. The filtrate was condensed up to a small volume 
(-20 cm3) and the mixed-ligand complex was precipitated by 
addition of petroleum ether. The crude product was purified by 
dissolving it in a small volume of benzene and reprecipitating 
by adding petroleum ether. 

Measurements 
Infrared spectra were recorded in the region of 4000-650 

cm-' with a Perkin-Elmer 257 spectrophotometer. Proton 
nmr spectra were obtained with a Varian A 60A (60 MHz) 
spectrometer in CDCI3 and C6H6 solutions, using TMS as an 
internal standard. Electronic spectra in the region 200-1000 nm 
were measured at ca. 30°C using a Zeiss PMQII spectrophotom- 
eter. Solutions in chloroform were used in 1 cm "suprasil" 
cells fitted with Teflon stoppers, with pure solvent in the 
reference cell. Mass spectra were measured on an RMU-6L 
Hitachi Perkin-Elmer mass spectrometer with ionisation source 
of AT-2p type operating at -70 eV. Molecular weights in 
solution were determined using a Perkin-Elmer Model 115 
molecular weight apparatus at a concentration ranging from 
3 x to 6 x 10;4mol/kginchloroform. 

Results and Discussion 
Seventeen new mixed-ligand complexes of arsenic 

and antimony with dithio-ligands have been pre- 
pared by reacting the iodobis(dialky1dithiocarbamate) 
complexes of As(II1) and Sb(II1) with sodium 
dialkyldithiocarbamate salts according to the follow- 
ing general equation 

Na(Rzfdtc) + M(Rzdtc)J -r M(R2'dtc)(R2dtc)z + NaI 

where M = As or Sb, R,'dtc = Et,dtc, Pyrrdtc, 
Bz,dtc, THPyrdtc, and R,dtc = Et,dtc, Pyrrdtc, 
Pipdtc (Et = C2H5, Pyrr = (CH,),N, Bz = C,H5- 

CH,, THPyr = 0 N, Pip = (CH,),N). 

These complexes can also be prepared by reacting 
the iodo-complexes with carbon disulfide and the 
amine (HNR,') in one step according to the reaction : 

This method cannot be applied for the preparation 
of the mixed-ligand complexes, whenever the amine 
is the dibenzylamine. 

The iodobis(dialky1dithiocarbamate) con~plexes of 
Sb(II1) also react with potassium 0-ethylxanthate to 
give the mixed-ligand dithiocarbamate-xanthate 
complexes according to the reaction: 

where EtXanth = EtOCSS- and R,dtc = Et,dtc or 
Pyrrdtc. 

However, in the case of the arsenic compounds, it 
was not possible to obtain mixed-ligand dithio- 
carbamate-xanthate complexes, as the products of 
the second reaction were the corresponding tris(dia1- 
kyldithiocarbamate) and tris(0-ethylxanthate) com- 
plexes of arsenic. 

This may be due to a disproportionation reaction 
which undergoes the mixed-ligand dithiocarbamate- 
xanthate complexes of arsenic formed possibly as 
intermediates: 

In order to support the above idea, some ligand 
exchange experiments were performed. The tris(dia1- 
kyldithiocarbamate) and tris(0-ethylxanthate) com- 
plexes of arsenic were dissolved in CHCl, in a mole 
ratio 2: 1 and the mixture was refluxed for several 
hours. From the reaction mixture only the starting 
materials were isolated. 

The mixed-ligand dithio-complexes of arsenic and 
antimony are stable in air, in solid state as well as in 
solution. All the complexes are soluble in chloroform, 
methylene chloride, and benzene, and insoluble in 
methanol, ethanol, petroleum ether, and water. The 
analytical data and some physical properties of the 
complexes are given in Table 1. 
Infrared Spectra 

The thioureide band (1460-1500 cm-') of the 
complexes studied is a composite band, containing 
the frequencies of the C=N bonds of both types of 
the dithiocarbamato ligands. The maximum of these 
bands corresponds to the C=N stretching frequency 
of the dithiocarbamato ligand, which is in higher 
proportion in the molecule of the mixed-ligand 
complex. The stretching frequency of the C=N bond 
of the other ligand appears as a shoulder. Generally, 
there is no significant influence of the nature of the 
central atom on the position of the thioureide band. 

There are some bands in the region 800-1000 cm-I 
which are attributed (8) to the C=S stretching 
vibration of both types of the dithiocarbamato 
ligands. The position of these bands is about the 
same as those of the corresponding simple tris(dia1- 
kyldithiocarbamate) complexes. In the mixed-ligand 
dithiocarbamate-xanthate complexes of antimony, 
the C=S stretching frequencies of the xanthate 
moiety are higher than those of the dithiocarbamate 
group. 

The asymmetric stretching vibration of the C=O 
bond of the xanthate group appears in the region of 
1200-1300 cm- ' and depends heavily on the nature 
of the central atom (9-13). As the electronegativity of 
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TABLE 1. Elemental analysis results and some physical properties of the mixed-ligand complexes of As(1II) and Sb(II1) with 
di thio-ligandst 

Melting 
Yield point* Molecular 

Compound (%I Color ("(3 c (%I H (%I N(%) % M ( 1  weight 

A~(Et~dtc)(Pyrrdtc)~ 64 white 220-223d 35.00 5.18 7.88 37.10 14.62 518 
(34.94) (5.08) (8.14) (37.30) (14.83) (515.7) 

Sb(Et,dt~)(Pyrrdtc)~ 82 yellow 191-193d 31.84 4.50 7.14 34.06 21.18 567 
(32.30) (4.66) (7.47) (34.20) (21.64) (562.6) 

As(Pyrrdt~)(Et~dtc)~ 69 white 226-228d 35.01 5.32 8.07 37.23 14.34 524 
(34.90) (5.45) (8.11) (37.16) (14.48) (517.7) 

Sb(Pyrrdtc)(Et,dtc), 86 yellow 165d 31.81 4.85 7.25 33.82 21.26 561 
(31.91) (5 .00) (7.44) (34.08) (21.57) (564.5) 

As(B~,dtc)(Et~dtc)~ 70 white 50-52d 46.50 5.44 6.46 29.78 11.27 587 
(46.64) (5.32) (6.52) (29.88) (1 1 .64) (643.8) 

Sb(B~~dtc)(Et,dtc)~ 62 pale-yellow 54d 43.33 4.91 5.88 27.54 17.40 713 
(43.47) (4.96) (6.08) (27.85) (17.63) (690.7) 

As(Bz2dtc)(Pyrrdtc), 82 white 100d 47.11 4.36 6.08 30.04 11.57 654 
(46.93) (4.73) (6.56) (30.07) (11.71) (639.8) 

Sb(Bz2dtc)(Pyrrdtc)2 65 yellow 69 d 43.68 4.30 6.23 27.94 17.38 614 
(43.73) (4.40) (6.12) (28.02) (17.73) (686.6) 

As(Et,dtc)(Pipdtc), 90 white 179 37.18 5.46 7.61 35.16 13.46 542 
(37.85) (5.56) (7.72) (35.38) (13.78) (543.7) 

Sb(Et2dtc)(Pipdtc), 90 yellow 107-109 34.37 5.09 6.86 32.38 20.22 579 
(34.57) (5.12) (7.12) (32.57) (20.62) (590.5) 

Sb(Bz,dtc)(Pipdtc), 73 yellow 82d  44.94 4.49 5.64 26.43 16.97 728 
(45.37) (4.79) (5.88) (26.92) (17.03) (714.7) 

As(THPyrdtc)(Pyrrdtc), 78 pale-yellow 230-233 36.28 4.56 7.82 36.20 14.34 546 
(36.56) (4.60) (7.99) (36.60) (14.25) (525.7) 

Sb(THPyrdtc)(Pyrrdtc), 92 yellow 172d 33.34 4.69 7.13 33.33 21.04 569 
(33.57) (4.23) (7.34) (33.60) (21.27) (572.5) 

As(THPyrdtc)(Pipdtc), 78 pale-yellow 214-215 39.16 4.84 7.68 34.52 13.21 519 
(39.04) (5.10) (7.59) (34.74) (13.53) (535.7) 

Sb(THPyrdt~)(Pipdtc)~ 92 yellow 196-198 35.65 4.33 6.61 31.84 20.64 584 
(36.00) (4.70) (7.00) (32.03) (20.27) (600.6) 

Sb(EtXanth)(Et2dtc), 99 pale-yellow 116-1 17 29.12 4.60 5.03 35.26 22.32 517 
(28.94) (4.67) (5.19) (35.66) (22.57) (539.5) 

Sb(EtXanth)(Pyrrdtc), 88 yellow 221d 29.40 3.95 5.57 35.62 22.46 504 
(29.16) (3.93) (5.23) (35.93) (22.74) (535.4) 

*d = decompos~t~on. 
tF~gures In parentheses are the theoretical calculated values. 

the central atom decreases, the band is shifted to 
lower frequencies. This dependence is more pro- 
nounced than that of the C-N bond of the dithio- 
carbamate ligand. 

The C=O frequency for the mixed-ligand dithio- 
carbamate-xanthate complexes is lower than that for 
the corresponding tris(0-ethylxanthate) complexes. 
That would be expected for the dithiocarbamate 
group which, as a stronger electron donor, increases 
the electron density on the central atom. Thus the 
latter reduces the electron releasing ability of the 
xanthate group. 

Proton Nuclear Magnetic Resonance Spectra 
The 'H nmr chemical shifts (T, ppm) of the mixed- 

ligand complexes of As(II1) and Sb(II1) with dithio- 
ligands are given in Table 2. 

There is a remarkable difference in the 'H nmr 

spectra of the mixed-ligand complexes concerning the 
dithiocarbamate and xanthate ligands. In the 
xanthate ligand, as its electron releasing ability 
increases, the proton chemical shifts are moved to 
lower frequencies, while in the dithiocarbamate 
ligand only the protons, the most distant from the 
nitrogen atom, are deshielded. This can be explained 
on the basis of the different location of the protons 
in the shielding or deshielding cone, which is the 
consequence of the magnetic anisotropy of the C=O 
and C=N bonds in the xanthate and dithiocarba- 
mate ligands, respectively. This explanation also 
holds true for the analogous behaviour observed (2) 
in the mixed-ligand Bi(II1) dithio-complexes. 

In benzene solution the usual Aromatic Solvent 
Induced Shift (ASIS) was observed. This is attributed 
to the formation of weak collision complexes between 
the solute and solvent molecules (14). In the mixed- 
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TABLE 2. 'H nmr chemical shifts (7, ppm) of the mixed-ligand complexes of As(II1) and Sb(II1) with dithio-ligands 

Complex Ligand Chemical shift 

As(Et,dt~)(Pyrrdtc)~ Etzdtc 8.69(9.16)*(t, 6H, CH,), 6.15(6.67)(m, 4H, -CH2-) 
Pyrrdtc 7.96(8.97)(m, 8H, b-CH2-), 6.15(6.67)(m, 8H, a-CH,-) 

Sb(Et,dtc)(P~rrdtc)~ Etzdtc 8.69(9.13)(t, 6H, -CH3), 6.16(6.61)(m, 4H, -CH2-) 
Pyrrdtc 7.96(8.95)(m, 8H, p-CH,-), 6.16(6.61)(m, 8H, a-CH2-) 

As(Pyrrdt~)(Et~dtc)~ Pyrrdtc 7.69(8.97)(m, 4H, p-CH2-), 6.16(6.66)(m, 4H, a-CH,-) 
Etzdtc 8.70(9.16)(t, 12H, C H , ) ,  6.16(6.66)(m, 8H, -CH2-) 

Sb(Pyrrdt~)(Et,dtc)~ Pyrrdtc 7.96(8.95)(m, 4H, p-CH2-), 6.15(6.62)(m, 4H, a-CH,-) 
Etzdtc 8.69(9.13)(t, 12H, -CH3), 6.15(6.62)(m, 8H, -CH2-) 

As(B~,dtc)(Et~dtc)~ Bz2dtc 2. 65(-)(s, 10H, C6H5), 4.89(5.03)(s, 4H, -CHz-) 
Etzdtc 8.69(9.18)(t, 12H, -CH3), 6.08(6.60)(q, 8H, -CHz-) 

Sb(Bz,dtc)(Et2dtc), Bz2dtc 2.62(-)(s, 10H, C6H5), 4.86(4.99)(s, 4H, -CH2-) 
Etzdtc 8.68(9.14)(t, 12H, -CH3), 6.08(6.59)(q, 8H, -CH2-) 

As(Bz2dtc)(Pyrrdtc), Bz2dtc 2. 62(-)(s, 10H, C6H5), 4.87(4.99)(s, 4H, -CH2-) 
Pyrrdtc 7.96(8.92)(m, 8H, b-CH,-), 6.15(6.67)(m, 8H, a-CH,-) 

Sb(Bz,dtc)(Pyrrdtc), Bz2dtc 2. 62(-)(s, 10H, C6H5), 4.89(4.99)(s, 4H, -CH,) 
Pyrrdtc 7.93(8.97)(m, 8H, B-CH,-), 6.15(6.67)(m, 8H, a-CH2-) 

As(Et,dtc)(Pipdtc), Etzdtc 8.70(9.16)(t, 6H, -CH3), 6.09(6.56)(q, 4H, -CH,-) 
Pipdtc 8.30(8.98)(Su, 12H, B, y-CH,-), 5.92(6.35)(su, 8H, a-CH2-) 

Sb(Et2dtc)(Pipdtc)2 Et,dtc 8.69(9.10)(t, 6H, C H , ) ,  6.08(6.60)(q, 4H, -CH,-) 
Pipdtc 8.29(9.OO)(su, 12H, P, y-CH2-), 5.90(6.40)(su, 8H, a-CH2-1 

Sb(Bz2dtc)(Pipdtc), Bz,dtc 2. 65(-)(s, 10H, C6H5), 4.89(5 .OO)(s, 4H, -CH2-) 
Pipdtc 8.29(9.OO)(su, 12H, b, y-CH2-), 5.94(6.40)(su, 8H, a-CH2-) 

As(THPyrdtc)(Pyrrdtc),? THPyrdtc 7.53(8.36)(m, 2H, a-CH,-), 5.79(6.27)(m, 2H, b-CH2-), 
5.43(5.82)(m, 2H, C-CH2-), 4.07(-)(m, lH,  d=CH-), 
4.20(-)(m, lH,  e=CH-) 

Pyrrdtc 7.96(8.94)(m, 8H, P-CH,-), 6.04(6.63)(m, 8H, a-CH2-) 
As(THPyrdt~)(Pipdtc)~ THPyrdtc 7.72(8.37)(m, 2H, a-CH2-), 5.80(6.27)(m, 2H, b-CH,-), 

5.50(5.84)(m, 2H, C-CH2-), 4.10(-)(m, lH,  d=CH-), 
4.20(-)(m, 1 H, e=CH-) 

Pipdtc 8.30(8.96)(su, 12H, p, y-CH,-), 6.15(6.66)(su, 8H, a-CH2-) 
Sb(THPydtc)(Pi~dtc)~ THPyrdtc 7.70(8.32)(m, 2H, a-CH,-), 5.79(6.24)(m, 2H, b-CHZ-), 

5.43(5.79)(m, 2H, c-CH,-), 4.05(-)(m, 1H, d=CH-), 
4.19(-)(m, 1 H, e=CH-) 

Pipdtc 8.29(8.97)(su, 12H, p, y-CH2-), 5.89(6.33)(su, 8H, a-CH,-) 
Sb(EtXanth)(Et,dt~)~ EtXai~th 8.56(9.09)(t, 3H, -CH3), 5.34(5.69)(q, 2H, -CH2-1 

Etzdtc 8.68(9.18)(t, 12H, -CH3), 6.11(6.66)(q, 8H, -CH,-) 
Sb(EtXanth)(Pyrrdt~)~ EtXanth 8.56(8.99)(t, 3H, -CH,), 5.30(5.70)(q, 2H, -CH2-) 

Pyrrdtc 7.94(8.90)(m, 8H, b-CH2-), 6.15(6.70)(m, 8H, a-CH2-) 

*F~gures in parentheses are the T values for the benzene solutions. 
d c 

t e~cH-cH;os- 

HC \CH~--CH, ) 
a b 

ligand dithiocarbamate complexes, the observed ASIS Electronic Spectra 
has approximately the same magnitude as that in the As shown in Table 3 the compounds gave, as 
case of the tris-derivatives. This observation supports expected (1 5), intense bands at approximately 255, 
the notion that, in a complex, each dithiocarbamate 310, and 360 nm. Most authors (16-18) agree that 
ligand acts as an independent centre for electrophilic the intense band near 255 nm, band I, should be 
attack from the benzene molecules (14). The ASIS in assigned to intraligand x* c x transition of the 
the mixed-ligand dithiocarbamate-xanthate com- N L C ~ S  group. In the mixed-ligand dithiocarba- 
plexes is smaller than in the previous cases. The mate-xanthate complexes this band partly obscures 
different ASIS between the xanthate and dithio- the band at A,,, 245 nm due to an o* c q electronic 
carbamate ligands is attributed to the different transition of the xanthate moiety (19). Band I1 is 
orientation of the attached benzene molecule as this attributed to a x* c .n transition of the S--C=S 
orientation is dependent on the stereochemistry of group. This band, which appears as a shoulder in 
the ligand and the magnitude of the positive charge dithiocarbamate and mixed dithiocarbamate com- 
on the oxygen or the nitrogen atom respectively. plexes, exhibits a characteristic A,,, and a blue shift 
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KHEIRI ET AL. 

TABLE 3. Electronic spectra of the mixed-ligand complexes of As(II1) and Sb(II1) with dithio-ligands 

Band I Band I1 Band I11 

Compound vmax(kK) log Ern,, vmax(kK) log Em01 vmax(kK) log Em01 

32.3 sh* 
31.8sh 
32.6sh 
32.4sh 
32.4sh 
32.3 sh 
32.3 sh 
31.5sh 
32.5sh 
32.3 sh 
- 

32.6sh 
32.3 sh 
32.6sh 
- 

35.1 sh 
32.3 sh 

*sh = shoulder. 

TABLE 4. Mass spectra of As(Etzdtc)z(Bzzdtc) 

1% 1% 1% 1% 
mle (250°C) (280°C) Ion formulae m/e (250°C) (280°C) Ion formulae 

in the case of xanthate conlplexes. The same observa- 
tions can be made for band 111 which is attributed to 
either an n* c q transition located on the sulfur 
atom or a d-orbital t ligand transition (5, 19, 20). 

Mass Spectra 
The mass spectra (ms) of the mixed-ligand dithio- 

carbamate and dithiocarbamate-xanthate complexes 
were obtained over a temperature range as these 
complexes might undergo a thermolytic decomposi- 
tion at elevated temperatures (250-300°C). In com- 
mon with dithiocarbamate and xanthate complexes, 
the nlolecular ion was not observed. Again, at the 
lower end of the temperature range, the base peak 

appeared at (mle) = 76 attributed to the ICS,I+' ion. 
As the temperature was raised the fragmentation 
pattern changed and this was accompanied by a 
change in peak intensity. There was a sharp increase 
in the intensity of peaks attributed to ions ICSJ+', 
ICOI'', IRI', IR'I'. This and the appearance of 
sulfides of the general formula As,S,, Sb,S,, where 
n, m = 1, 2, 3, 4, are in support of a pyrolytic 
decomposition taking place (21). The mass spectra of 
a representative complex at different temperatures 
are given in Table 4. 

The salient feature of the mass spectra of the 
dithiocarbamate-xanthate conlplexes is that no peak 
could be assigned to fragments containing the xan- 
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Etude des complexes du tungstCne(V1) dans l'excks de acide malique 

ANTONIO CERVILLA, AURELIO BELTRAN ET JOSE BELTRAN 
De'pavtement de Chimie Inorganique, Faculte' de Sciences, Unioer-site' de Valencia, Espagne 

R e p  le 10 aoDt 1978 

ANTONIO CERVILLA, AURELIO BELTRAN et Josh BELTRAN. Can. J. Chem. 57,773 (1979). 
L'etude polarimetrique des complexes de W(V1) avec l'acide malique montre, en presence 

d'un exces d'acide rnalique (H2M), I'existance de trois complexes differents. La stoechiometrie 
et le degre de condensation de ces complexes sont fonction du pH. Les resultats obtenus 
indiquent que I'acide malique et l'acide tartrique montrent un comportement analogue. La 
constante de formation du complexe [02W(OH)2(M2)]4- a ete determinee par deux methodes 
differents. 

ANTONIO CERVILLA, AURELIO BELTRAN, and Josh BELTRAN. Can. J. Chem. 57,773 (1979). 
The complex formation between W(V1) and malic acid (HIM) has been investigated polari- 

metrically in excess malic acid. The formation of three different complexes is confirmed. The 
stoichiometry and the degree of condensation of these complexes can vary depending on the 
acidity. Furthermore, the results obtained show that both tartaric and malic acids behave 
similarly in forming complexes with W(V1). The formation constant of the complex 
[02W(OH)2(M2)]4- has been determined by two different methods. 

Introduction 
Le pouvoir rotatoire du tartrate ou malate neutre 

n'est pas modifit par l'addition de W0,2-, ce qui 
preuve qu'il ne se forme pas de complexe dans cettes 
conditions. Par contre, on a observe depuis long- 
temps (1) que l'acidification du mtlange provoque 
une augmentation importante de son pouvoir rota- 
toire, ce qui indique la formation de complexes. 

Desal(2) Ctudie les variations du pouvoir rotatoire 
en fonction de la neutralisation progressive des 
mtlanges d'acide tungstique et d'acide l(+)-tartrique 
ou I(-)-malique. Avec l'acide tartrique, Desal ne 
reconnait qu'un seul complexe tungsto-tartrique 
(TWO~N~,) ,  dextrogyre. par centre,-avec l'acide 
malique, les courbes polarimttriques de neutralisa- 
tion misent en tvidence deux groupes de com- 
plexes. Un complexe tungsto-dimalique levogyre 
(M2W02Na2) et un complexe ditungsto-malique 
destrogyre (MW02(OH)Na2W04H2). I1 n'existe pas 
de complexes dans lesquels le rapport M/W = 111. 

En 1961, Baillie et Brown (3) montrent, a partir 
des mesures polarimttriques de neutralisation des 
melanges d'acide tungstique et d'acide l(+)-tar- 
trique ou I(-)-malique, l'existence de trois espbces, 
avec un degri difftrent de protonation, donc le 
rapport M/W est toujours Cgale a 111. 

Face & ces conclusions assez divergentes, dans un 
travail prtcedant (4), nous avons fait 1'Ctude des 
complexes du W(V1) avec l'acide l(+)-tartrique, en 
utilisant une mtthode polarimttrique dtcrite par 
Viossat (5). 

Les rtsultats obtenus sont partiellenlent en accord 
avec d'autres rtcemment parus dans la rCf. 6. 

Avec le propos de deduire l'influence des groupes 

alcooliques dans les complexes qui forme le W(V1) 
avec l'acide tartrique, dans ce travail nous allons 
ttudier les complexes qui se forment avec l'acide 
malique. 

I1 faut remarquer, d'accord avec un travail publit 
en avance (7), que l'acide tartrique forme les espbces 
complexes antirieurement citts, indtpendamment de 
la concentration de W(V1). Tout au contraire, il 
semble que l'acide malique forme des espbces com- 
plexes en l'excbs de cet acide, difftrents a ceux qui se 
forment en prtstnce d'un excbs de W(V1). Dans ce 
travail nous n'allons nous occuper que des complexes 
formis en excbs d'acide malique. 

Mise en 6vidence des diff6rents complexes 
Dans la fig. 1 (courbe A) on a portt le pouvoir 

rotatoire, face au pH pendant la neutralisation d'une 
disolution de H2M 0.1 M avec NaOH. 

Cette courbe A es trbs influencite par la addition 
de Na2W04 & la disolution initial de H2M (courbe 
B, fig. 1). La concentration de Na,WO, corres- 
pondant a la courbe B est de 4 x M, c'est-&-dire 
H2M/W042- = 25. Dans cette courbe B apparaisent 
superpostes les rotations dues aux complexes 
existants et A l'excbs d'acide malique. 

Comme nous verrons apr6s, la relation M/W dans 
les complexes formCs ne sera pas plus grande de 2/ 1. 
Pourtant, l'excbs d'acide malique ne sera jamais 
inferieur & 23 fois la concentration de ~0, ' -  prt- 
sente. Pour cela et etant donnC que le pouvoir 
rotatoire de l'acide malique est trbs inftrieur & celui 
des complexes formts, on peut dtduir, avec une 
erreur ntgligeable, que la difftrence entre les 
courbes A et B (courbe C, fig. 1) rtpresente la 

0008-4042/79/070773-04$01 .oo/o 
@I979 National Research Council of CanadalConseil national de recherches du Canada 
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774 CAN. J. CHEM. VOL. 57, 1979 

FIG. 1 .  b = f(pH) i h = 436 nm. Courbe A :  H2M seul 
0.1 M. Courbe B: W 0 4 2 -  4 x M + H2M 0.1 M. 
Courbe C :  courbe A - courbe B. 

variation du pouvoir rotatoire avec le pH, dii aux 
complexes formts. 

On peut deceler, a partir de la forme presentte par 
la courbe C, l'existance de trois zones distinctes. Ces 
trois zones correspondront a trois complexes 
difftrents. 

Zone A: p H  compris entre 10 et 8.5 
Les courbes A et B (fig. 1) coincident a partir du 

pH Cgal B 10, ceci nous indiquerai l'absence de 
complexes pour les pH suptrieurs B celui-ci. L'addi- 
tion d'acide HClO, produit une montCe brusque du 
pouvoir rotatoire, cela nous montre la formation 
d'un complexe que nous appellerons I. Au pH 8.5 
on observe sur la courbe C un maximum, ceci indique 
que tout le W(V1) est complext sous la forme I 
puisqu'il existe un exds  de ions malate. 

Les variations du pouvoir rotatoire dii aux com- 
plexes formts, courbe C, varient entre 0.000 et 0.072 
pour des pH 10.0 et 8.5 respectivement. Cette 
variation servira a la dttermination des ions H +  
necessaires au passage des ions WO2-  au complexe 
I, suivant la reaction: 

W 0 4 2 -  + nH+ + zM2- g (l/a)I 

oh la valeur du param6tre a est lit au degrt de con- 
densation du complexe. En appelant a la fraction 
molaire de I formCe, C la concentration total de 
W(VI), et en appliquant la loi d'action de masse a 
l'tquilibre prtctdant, on obtient: 

[ l ]  log K + (lla) log a - log C(l/a - 1) 

+ z log (M2-) = cte = npH + log alia/(l - a)  

Pour des valeurs de C et (M2-) constants la con- 
naissance des valeurs de a permet le calcul de la 
fonction log alia/(l - a) pour diffirents valeurs de a. 
Si on porte cette fonction envers le pH on obtient 
une serie de courbes, la seule qui satisfait l'tquation 

prCctdente est la droite, dont la pente ditermine la 
valeur de n. 

Les valeurs de a ,  pour un pH fixt, sont calcults a 
partir de la relation: 8 = aD, = 0.072a; oh 
8, = D ( p ~  = 8.5) et a = 1. 

Sur la fig. 2 sont representies les courbes corres- 
pondant aux valeurs de a 1, 112 et 2. La seule droite 
correspond au valeur de a = 1, une pente de - 1.9 8 
et ordonnte a l'origine 19.83. On peut donc conclure 
que le complexe I est un monom&re, dont la forma- 
tion ntcessite 2H+/W. 

On peut calculer le rapport M/W present dans 
l'esp&ce I par la mtthode de la droite d'Asmus (8). 

Chaque ichantillon a 1 mL de Na,WO, 0.2 M 
dans un volume total de 50 mL (a, = 4 x M) 
et volumes croissants de H2M (b, = 2 M). On ajoute 
a chaque tchantillon la quantiti necessaire de NaOH 
pour obtenir un pH de 8.5. 

Dans la fig. 3 on represente l/Vn face a 118, oh 8 
est le pouvoir rotatoire mesurC moins celui corres- 
pondant l'acide malique qui 6xiste. Dans cette 
graphique on peut voir que la ligne droite obtenue 
correspond a une valeur de n = 2, ce qu'indique que 
la rapport M/W dans l'esp6ce I est tgal B 211. Ce 
resultat nous amtne a la conclusion de que la 
formation du complexe I peut donc &tre reprtsentte 
par l'equilibre suivant : 

La droite obtenue quand on represente 1/ V" face a 
l /D,  a une ordonnte a l'origine de -0.0126. De ce 
valeur on dtduit aue la constante de formation du 
complexe [ o ~ w ( o H ) ~ ( M ~ ) ] ~ -  est de K = 1.27 x 
loz3. 

FIG. 2. log al/'/(l - a) = f(pH); pH compris entre 10 et 8 .5 .  
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CERVILLA ET AL. 775 

FIG. 3. Calcul de la relation M/W present a l'espece I par la 
mkthode de la droite d'Asmus. V, = 50 mL, a, = 4 x 
M, bo = 2 M, force ionique 1 M (NaC104). pH = 8.5, 
h = 365 nm. 

~galement  1'Cq. [l]  permet le calcul de K, puis- 
qu'on connaft (M2-) = 0.1 M, C = 4 x M, 
a = 1, z = 2 et ordonnCe a I'origine de la droite 
obtenue quand on represente log a/(l - a) = f(pH) 
Cgale a 20.63. On obtient la valeur de K = 4.26 x 
loz2. Cette valeur de K est comparable B celle 
obtenue avec la mCthode d7Asmus. 

Zone B : pH compris entre 8.5 et 5.5 
Dans cette zone une diminution du pH entraine 

une diminution du pouvoir rotatoire. Ceci indiquerai 
la formation d'une nouvelle esptce que nous apel- 
lerons 11. Comme prCcCdemment, 1'Cquilibre : 

a CtC suivi polarimttriquement. I1 faut noter que la 
fraction molaire, p, de I1 est like au pouvoir rotatoire 
du melange NaW04/25H2M en fonction du pH, 
suivant I7Cquation: B = B,(1 - P) + D,,P. La fig. 1 
(courbe C) fournit, pour h = 436 nm, les valeurs 
D, = 0.072 et B,, = 0.162 degrCs. 

Avec le mCme raisonnement utilisC pour I'ttude 
de la zone A il ressort, que la seule valeur de b 
satisfactoire est 2. La droite log P'12/(1 - P) = f(pH) 
a une pente de - 1.02. 

Ces resultats montrent que l'esptce I1 est un 
dimtre dont I7Cquilibre de formation peut s'exprimer : 

Pour le calcul de la relation M/W present A 
l'esptce 11, nous avons appliquC, de f a ~ o n  similaire 
celle de I'apartat A, la mCthode de la droite d'Asmus, 
en excts d'acide malique et pH Cgal a 5.5. 

En reprCsentailt l /Vn face a l /D  on obtient une 
droite pour n = 1, ce qu'indique que la espkce 
levogyre I1 presente un rapport M/W = 111 et son 
Cquilibre de formation, a partir de I'esp&ce I, on peut 
reprksenter par 17Cquation: 

Zone C: pH cornpris entre 5.5 et 3.2 
Le pouvoir rotatoire dans cette zone diminue, 

apparaissant un minime au pH 3.2. L'esptce I1 doit 
se transformer dans une autre, 111, suivant 17Cquilibre : 

La constance des valeurs de B, pour les pH 
infkrieurs ii 3.2, indique que I'esptce 111 est la seule 
stable dans cette zone. 

L'Ctude de 1'Cquilibre de formation de la 
esp2ce I11 a besoin des valeurs de y, fraction de 
[03W2(OH)4(M2)]2- transformke en 111, calculCes 
avec I7Cquation: D = b,,(l - y) + fi,,,y = -0.162 
x (1 - y) - 0.206~. 

La fonction log y'lc/(l - y) face au pH donne une 
droite pour c = 1, dont la pente est de - 0.96. 

Ce rtsultat indique que les complexes I1 et 111 ont 
le mCme degrC de condensation, c'est-a-dire il s'agit 
de deux espkces dim&res. 

La mCthode d'Asmus, appliquCe a pH 2.5, en 
excts d'acide malique nous indique aussi que le 
rapport M/W est Cgal 111 pour I'esptce 111. 

Ainsi, 17Cquilibre de formation de cette esptce, a 
partir de [O, w,(OH),(M,)]~ -, on peut Ccrire : 

Conclusion 

En excts d'acide malique, le W(V1) forme un 
complexe tungsto-dimalique destrogyre et deux 
tungsto-malique levogyres. La formation de ces 
esptces, a partir de W04'- et MZ-, necessite 2, 2, 
et 2.5 Ht/W respectivement. 

Nous avons comprobC, aussi, que le degrC de 
condensation de I'esptce [ 0 2 ~ ( O ~ ) z ( M 2 ) ] 4 -  est 1, 
tandis que les autre deux, de stoechiomktrie 1 : 1, son 
dimtres. 

De ce rksultats on peut conclure que I'acide 
malique montre un comportement analogue a celui 
de I'acide tartrique (4). 

La constant de formation de I'esptce [02W(OH),- 
(M,)I4- a CtC deduite par deux mkthodes differents. 
De la valeur obtenue on dCduit que cette complexe 
est plus stable que celle formCe par I'acide tartrique 
(K = 1.07 x 10'') (4, 6). 
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776 CAN. J .  CHEM. VOL. 57, 1979 

Le pouvoir rotatoire des tchantillons a t t t  mesurt I'aide 
d'un polarimttre phototlectrique Perkin-Elmer Mod. 141, i 
sortie digitale. La precision des mesures est de f 0.002 degrts. 

La cellule est therrnostatte a 30 f O.OS0C et a une longeur 
de 10 + 0.002 cm. L'appareil permet effectuer les mesures a 
cinq longeurs d'onde difftrents (589, 578, 546, 436, 365 nm). 
Les rtsultats obtenus pour chacune de ces longeurs d'onde son 
comparables dans tous les cas. 

Les pH sont mesurks I'aide d'un pHmktre Radiometer 26, 
a 30°C. La force ionique des solutions est maintenue constante 
et kgale i 1 a l'aide de NaCIO,. 
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Determination of rates of hydrogen atom reactions with alkenes at 298 K by a double 
modulation technique 

K.  O K A ~  AND R. J .  CVETANOVIC 
Division of Chemistry, National Research Council of Canada, Ottawa, Ont., Canada KIA OR9 

Received August 28, 1978 

K. OKA and R. J. CVETANOVIC. Can. J. Chem. 57,777 (1979). 
Hydrogen atoms and HgH radicals are the two precursors of the HNO('AU) chemi- 

luminescence in the mercury photosensitized reaction of gaseous mixtures of Hz, NO, and Hg 
and are responsible, respectively, for its slow and fast decaying component. The total intensity 
of the cherniluminescence is decreased when an olefin is added to the gaseous mixture and, 
with an excess of the olefin added, 85% of the luminescence is eliminated. This fraction cor- 
responds to the slow component of the chemiluminescence, due to the reaction H + NO + M 
-+ HNO* + M, while the residual 15% is due to the reaction HgH + NO -+ HNO* + Hg. 
The magnitudes of the decrease of chemiluminescence intensity and of the increase of the rate 
of decay of its slow component at a given concentration of an added olefin provide information 
on the rate of H atom reaction with the olefin. 

Relative values of the rate constants of H atom reactions with ethylene, propene, 1-butene, 
cis-2-butene, trans-2-butene, isobutene, and 1,3-butadiene have been determined in the present 
work from the observed dependence of the luminescence intensity on olefin concentration. At 
the same time, the absolute values of these rate constants have been determined from the 
relation between the decay rate of the slower component of the chemiluminescence and olefin 
concentration. The relative and the absolute values of the rate constants are compared with 
each other, to check their mutual consistency, and with the available relative and absolute 
values in the literature. 

K. OKA et R. J. CVETANOVTC. Can. J. Chem. 57,777 (1979). 
Les atomes de H et les radicaux HgH sont les deux prkcurseurs de la chemiluminescence 

HNO('AU) dans la rtaction photosensibilisee au mercure de melanges gazeux de HZ, NO et 
Hg et ils sont les causes respectives des composantes lentes et rapides de la decroissance. 
L'addition d'un alckne aux melanges gazeux produit une diminution de I'intensitk totale de la 
chemiluminescence; si on ajoute un excks d'alckne, 85% de la luminescence est klimin6e. Cette 
fraction correspond a la composante lente de la cherniluminescence due a la reaction H + NO + M -+ HNO* + M, alors que le 15% residue1 est dQ a la reaction HgH + NO + HNO* 
+ Hg. Les amplitudes des diminutions des intensites de la chemiluminescence et de l'aug- 
mentation du taux de decroissance de sa composante lente a une concentration donnee d'un 
alcene ajoutk fournissent des renseignements concernant la vitesse de la rtaction de l'atome 
de H avec l'olefine. 

Les valeurs relatives des constantes de vitesse des reactions des atomes H avec de l'ethylene, 
du propene, du butene-1, du butene-2 cis, du butkne-2 trans, de I'isobutkne et du butadikne-1,3 
ont Bte evaluees dans ce travail en observant I'effet de la concentration en olefine sur l'intensite 
de la luminescence. A la fois, on a evalue les valeurs absolues de ces constantes de vitesse en 
utilisant la relation qui existe entre le taux de decroissance de la composante plus lente de la 
cherniluminescence et la concentration en olefine. On a compare les valeurs relatives et absolues, 
soit les unes avec les autres pour verifier leur accord mutuel, soit avec les valeurs relatives et 
absolues qui sont disponibles dans la littkrature. 

[Traduit par le journal] 

Introduction 
The chemilun~inescence observed in the mercurv 

photosensitized reaction of gaseous mixtures of Hz, 
NO, and Hg has been studied previously (1-3) and 
it has been established that it consists of two distinct 
components, decaying at very different rates. The 
two precursors of the chemiluminescence are H 
atoms and HgH radicals, which are both the primary 

'NRCC No. 17168 
ZNRCC Research Associate. 

products of the reaction of Hg6(3P,) with Hz. The 
excited molecules which luminesce, HNO('Au), are 
formed simultaneously by the following two reac- 
tions 
[1 1 HgH + NO -t HNO + Hg 

and emit light in the 600-800 nm spectral region. 
Since the decay rate of reaction [I] is 2-3 orders 

of magnitude faster than that of reaction [2], the 
individual decay rates can be evaluated by the 

0008-40421791070777-08$01 .OO/O 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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double modulation technique, in which the illumin- 
ating 253.7 nm radiation is modulated simulta- 
neously at two different modulation frequencies. 

In the experiments carried out, variation of the 
concentration of the olefin added to the gaseous 
mixture of Hz, NO, and Hg caused variations both 
in the intensity and in the decay rate of the chemi- 
lumirlescence which were measured using the double 
modulation technique (1-3). The relative and the 
absolute values of the rate constants of reactions of 
H atoms with olefins were evaluated, respectively, 
from the observed variations in the intensity and in 
the decay rate of the slower component of the 
chemiluminescence as functions of the concentra- 
tions of the reactants. Although there is a con- 
siderable amount of information in the literature 
both on the relative and the absolute values of the 
rate constants of the reactions of H atoms with 
simple olefins, there are some substantial discrepan- 
cies between data from different sources. In view of 
these discrepancies, further determinations, especially 
when they can be done by entirely different tech- 
niques, are still necessary. The present results 
represent a new contribution of this kind. 

The experimental arrangement was the same as described 
previously (1-3). 

The gases used were Matheson U.H.P. hydrogen, C.P. 
nitric oxide, propene, isobutene and cis-2-butene, and Phillips 
ethylene, trans-2-butene, 1-butene, and 1,3-butadiene. All the 
olefins used were research grade products. NO was passed 
through a column of freshly activated Linde Molecular Sieve 
13 x to remove any traces of NO,. The range of H, flow rates 
( f . ~ . ~ ~ )  was 3.0-6.5 x mol s-'. 

The basic quantities measured have been the amplitudes of 
the modulated signals of the 253.7 nm incident radiation and 
of the chemiluminescence at the low frequency of 10 Hz and at 
higher frequencies in the kHz region. The three experimental 
parameters measured, x,, x, and y, are, respectively, the relative 
values of the intensities of the total luminescence (x,) and of 
the in-phase (x) and - 90" out-of-phase (y) components of the 
luminescence modulated in the kHz frequency region. The 
value of x, was measured at 10 Hz, since at this low modula- 
tion frequency the total luminescence intensity is to a good 
approximation confined to the in-phase component. The 
precise definitions and derivation of the relevant rate expres- 
sions are given in our earlier papers (1-3). 

The luminescence measured is the sum of two processes, 
i.e., of a slow and a fast decaying component. The decay rate 
(m,,) of the slow luminescence is therefore given by the 
equation (1) 

where v, is the modulation frequency in the kHz region. The 
correction term CII is a function of the ratio mlI/mI of the 
decay rates of the slow (m,,) and the fast (m,) luminescence (1). 
The latter corresponds to the decay rate of HgH, by reaction 
with NO or thermal decomposition, and is given by the 

equation 

where [MI is the total concentration. The rate constants 
k,,,,,, and kHgH+M have been measured before (3). Since the 
correction term CII is close to unity (0.9-1) for the experi- 
mental conditions used and its dependence on mll/m, is very 
small, a simple procedure for evaluating m,, is to assume 
initially that C,, = 1 and calculate with it the first approx- 
imate value of m,,, which is then used to obtain an improved 
value of C1, and from it the final value of mll. 

Results 
A. Luminescence Intensity in the Presence and 

Absence of Olefins 
Luminescence intensity (x,) in the absence of 

olefins is approximately proportional to the mole 
fraction of Hz and inversely proportional to the total 
pressure (P). The inverse proportionality to P indi- 
cates that, at the pressures used, the quenching of 
HNO(IA") is much faster than the light emitting 
process and a correction for this effect can be made 
simply by multiplying x, by P.  The proportionality 
to the H, mole fraction is due to partial removal of 
Hg*, i.e., of H ~ ~ ( ~ P , ) ,  by quenching with NO (and 
with the olefins. when added). a correction for which , , 

can be made by multiplying x, by F. This correction 
factor is given by 

where 01  stands for the olefin and the relative values 
of the quenching rate constants (k,g~+,o/kH,~+H2 
and k,, ,+,,/kHg ,+,,) are taken from the literature 
(4). The product x,PF represents therefore the 
luminescence intensity corrected for the above two 
quenching processes. x,PF is to first approximation 
independent of P and [NO] in the absence of olefins. 

Figure 1 shows the corrected luminescence inten- 
sity, x,PF, plotted as a function of [NO][M'] for 
various experimental conditions. [M'] is the effective 
concentration of the third body for reaction [TI], i.e. 

where I011 is the concentration of the olefin added, 
k,,,,, k,,,,, and k,,,, are the rate constants of reac- 
tion [2] for H2,N0 and olefin, respectively, as the 
third body. The value of k2,,o/kz,H2 has been ob- 
tained in previous work (2). The last term in eq. [111] 
is very small in the present study because [Hz] > 
[NO] > [Ol]. 

Luminescence intensity decreases very strongly 
when 1,3-butadiene is added, as shown in Fig. 1 by 
half filled circles (0). Since most of the H atoms are 
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OKA AND CV 

loglo ([NO] [MI]), ( loglo [mol2i21) 

FIG. 1. Plots for several experimental conditions of the 
corrected luminescence intensity, xoPF, as a function of 
[NO][M'] in the presence ( 0 )  and absence (other symbols) of 
added 1,3-butadiene. The experimental conditions are: 
0, P = 50 Torr, 1253.7 ,,,,, = 8 x 1013 photons s-', the flow 
rate of H, is f . ~ . " ~  = 5 x mo1 s-', P,, = 1.8 x 10-l3 
Torr, T = 298 K;  A, light intensity changed to 1253.7 ,,,,, = 
3 x 1013 photons s-I;  0, 1253.7 ,,,,, = 0.8 x 1013 photons 
s-I;  a, changed to = 1.6 x mol s- l ;  ., 
PHE = 4.8 x Torr; A, PTOtal = 20 Torr; x , P~,,t*l = 
100 Torr; V, P,,,,, = 300 Torr; 0 ,  1,3-butadiene is added, 
[1,3-C4H6] = 7 x loT6 mol/L. The arrow indicates experi- 
mental points for [1,3-C4H6] varying from 2.7 x lo-' to 
16 x mol/L, with the highest point corresponding to the 
lowest butadiene 'concentration. The horizontal line at 
xoPF = 1.1 is the estimated net luminescence intensity of 
HNO* from reaction [I1 (HgH + NO + HNO* + Hg). The 
solid line is the 'theoretical' curve, obtained assuming absence 
of any secondary consumption of H atoms. 

then scavenged by the added olefin, the residual 
luminescence is due to the reaction of HgH with NO 
(reaction [I]). Removal of H atoms by olefins 
evidently competes efficiently with their termolecular 
combination with NO. Nevertheless, at large [NO], 
luminescence intensity increases slightly when the 
concentration of the 1,3-butadiene added is sub- 
stantially smaller (as shown by the four experimental 
points in the region indicated by the arrow in Fig. 1) 
because of the less complete scavenging of H atoms 
by the olefin in this case. 

The intensity of the chemiluminescence from HgH 
reaction with NO has been estimated by subtracting 
from the observed total intensity in the presence of 
1,3-butadiene the small contribution of the lumines- 
cence from any residual (unscavenged) H + NO 
reaction. It is found to be independent of [NO][M1] 
under the experimental conditions used and is 
indicated by the horizontal line at x,PF = 1.1 in 
Fig. 1. 

In the absence of olefins the intensity of the 

luminescence increases with increasing [NO][M1] 
and reaches a plateau value at large [NO][M1], as 
shown in Fig. 1. The magnitude of the plateau value 
attained depends on the experimental conditions 
used. Since the transmittance of the 253.7 nm radia- 
tion increases with decreasing Hg vapor pressure, 
the small plateau value at small [Hg], as shown in 
Fig. 1 by filled squares (m), is due to the decreased 
light absorption in the cell. 

At 50 and 100 Torr pressure, indicated, respec- 
tively, by open circles and crosses (0 and x )  in 
Fig. 1, the intensities fall approximately on the same 
curve. Under these conditions the intensity is in- 
dependent of the flow rate of the gaseous mixture, 
except at small [NO][M1], as shown by filled circles 
(0). 

The absorbance of the 253.7 nm line varies with 
the total pressure in the reaction cell and maximum 
absorption was found to occur between about 50 and 
100 Torr. Both at 25 and 300 Torr the absorbance 
decreases slightly because of a mismatch between the 
lamp emission and the absorption contours of the 
253.7 nm line. A slight reduction of the luminescence 
intensity at 25 and 300 Torr may therefore be partly 
due to the reduced absorbance of the 253.7 nrn light. 
Since the luminescence intensity is small at 300 Torr, 
the errors in the measurements of the background 
luminescence also affect somewhat the values of x, .  
At 25 Torr, the decrease of intensity is probably 
partly due to the loss of H atoms by diffusion to the 
cell wall and recombination on it. 

As shown in Fig. 1 by filled triangles and open 
squares (A and U), the plateau value is slightly 
larger when the light intensity is decreased, although 
the curvature does not change. A potential cause for 
this slight increase is the secondary consun~ption of 
H atoms by reaction with some of the products 
(HNO, HgH, etc.). Another reason may be a slight 
change of the alignment of the optical path of the 
253.7 nm radiation since a rough wire mesh was used 
to decrease its intensity. 

The 'theoretical' curve (the solid curve in Fig. 1) 
was obtained in the following manner. The value of 
x ,  is defined as the ratio of the amplitudes of modu- 
lation at 10 Hz of the luminescence and of the 
253.7 nm incident radiation and is proportional to  
cos O,,, where O , ,  is the phase shift at 10 Hz between 
the luminescence and the incident radiation. For the 
purpose of calculating the theoretical curve, it was 
assumed that the secondary consumption of H 
atoms is negligibly small so that their pseudo-first 
order decay rate is simply given by k,[NO][M']. In 
view of this, the values of O , ,  were obtained directly 
from the relation tan O , ,  = 27t x 10/kz[NO][M1] 
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and were used to  calculate the values of xoPF for the 
solid curve in Fig. 1. At larger values of [NO][Mt], 
the modulation frequency of 10 Hz is much smaller 
than k2[NO][Mt] and O,, is therefore negligibly small 
so that the theoretical curve is at  a plateau value 
(since cos O,, x 1). At smaller values of [NO][M1] 
this is no longer the case, the calculated value of O,, 
begins to increase and the theoretical curve declines 
by a factor approximately equal to cos O,,. (The 
value of this factor is actually slightly larger than 
cos O,, because of the contribution of the very fast 
decaying luminescence, due to the HgH + NO 
reaction.) 

All the experimental points plotted in Fig. 1 are 
seen to be shifted to the right from the 'theoretical' 
curve, i.e., to  the larger values of [NO][M1]. This 
shift indicates the occurrence of some secondary H 
atom consuming reactions, which are in fact respon- 
sible for the decrease in luminescence intensity at 
smaller values of [NO][Mf]. It is actually found 
experimentally (I) that in this region O,, remains 
small (and thus cos O,, x 1). The reason for this is 
that O I Q  is not determined by k2[NO][M1] alone, as 
assumed above in the calculation of the 'theoretical' 
curve in Fig. 1, but by the substantially larger (at 
small [NO][M1]) sum k2[NO][Mf] + k', where k t  is 
the pseudo-first order rate of consumption of H 
atoms in secondary reactions. Therefore, although 
the value of the cos O,, factor does not decline, the 
intensity i~evertheless declines at smaller [NO][M1] 
because the secondary consumption of H atoms, i.e., 
the ratio k1/k2[NO][M'], is relatively large. The 
intensity of luminescence is reduced by the factor 
equal to  k2 [NO] [Mt]/(k2 [NO] [M'] + kt). Assuming 
that k t  is a constant, it is estimated from the trends 
in Fig. 1 that k t  is about 1.5-2.0 x lo2 s-l .  

B. Relative Rates of H Atom Reactions with Olefins 
In the presence of olefins the intensity of the 

luminescence decreases with increasing olefin con- 
centration. The ratios of the intensities in the presence 
of olefins and in their absence are plotted in Fig. 2 as 
functions of log,, ([Ol]/[NO][Mt]). The x,PFvalues 
used are corrected for the slight consumption of H 
atoms in secondary reactions, but this correction is 
very small in this case since large NO concentra- 
tions, in the range 0.6-6 x mol/L, were used 
in the experiments. After this correction, the ratio 
of the intensities is given by 

FIG. 2. Ratios of the corrected luminescence intensities in 
the presence and absence of olefin, (xoPF)/(xoPF),o,,=o, 
plotted as a function of logl, [OI]/[NO][M'] at 50 Torr total 
pressure for several C4 olefins (A,  cis-2-butene; a, trans-2- 
butene; 0, 1-butene; V, isobutene; 0, 1,3-butadiene. The 
luminescence intensities are corrected for the effect of the total 
pressure (P), the quenching of Hg6(3Pl) by NO and olefins 
(F), and the secondary consumption of H atoms). 

I .o I I I 

where a is the ratio of the intensity of the chemi- 
luminescence due to the HgH + NO reaction 
(reaction [I]) to the total intensity. As shown in Fig. 
2, the ratios (xoPF)/(xoPF)~oll,o decrease with in- 
creasing [Ol]/[NO][Mt] and level off at  a lower 
plateau value of about 0.16, corresponding to the 
fraction of the luminescence intensity due to  the 
HgH + NO reaction. A rough estimate of the value 
of kH+,,/k2 is therefore given by the value of 
[NO] [Mt]/[OI] in Fig. 2 at which ( X ~ P F ) / ( ~ ~ P F ) ~ ~ , ~  = , 
= (a + 1112. 

Better estimates of kH+,,/k2 and of a can be 
obtained from the plots of the following rearranged 
linear form of eq. [IV]. 

0.8- 

In accordance with eq. [V], plots of (1 - (x,PF)/ 
(xoP~)~olJ=o~[NOI[M'I/[O~l vs. (xoPF)I(xoPF),,I]=o 
are found to be linear. The x-intercepts give the 
values of a and the slopes of k,+,,/k,. The values 
obtained are listed in Table 1 for several olefins. 
Since k2 is constant, the values of kH+,,/k2 provide 
the relative rate constants of the H atom reactions 
with olefins. 

O A a b  A cia-2- butene 
trans-2 -butene 

O 0 
O * A  0 I-butane 

C.  Absolute Rate Constants of the H Atom Reactions 
with Olefins 

The rate of decay (m,,) of the slow decaying 
luminescence (due to the H atom reaction with NO), 
as defined by eq. [I], is close to the pseudo-first order 
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TABLE 1. Relative rate constants, kH+Ol/kH+NO+H2, of the reactions of H atoms with olefins and NO 

Reactant concentrationsa 
~ H + O I  NO, of 

~ H + N O + H ~  I H e H  Pressure expts. [NO1 LO11 
Olefin (mol/L) IH~H + IH (Torr) (n) ( x mol/L) ( x n~ol/L) 

Ethylene 0.0251i0.0027 0.27 20 9 2.4-2.8 1.1-3.6 
0.0293i0.0008 0.16 50 12 1.2-2.1 1.3-4.1 
0.0341i0.0006 0.16 100 11 1.2-3.2 2.3-7.3 

Propene 0.0481_+0.0007 0.14 50 10 1.0-2.0 1.0-2.0 
1-Butene 0.0494_+0.0013 0.14 50 12 0.9-1.7 0.7-1.9 
cis-2-Butene 0.0229 i 0.0005 0.15 50 17 0.7-1.9 1.7-2.0 
trans-2-Butene 0.0265 _+ 0.0005 0.14 50 10 0.7-1.9 1 .O-1.8 
Isobutene 0.156i0.004 0.15 50 29 1.3-9.5 0.6-3.6 

0 .147i0.006 0.16 100 22 1.2-7.8 0.4-5.5 
1,3-Butadiene 0.250_+0.010 0.16 20 19 1.3-2.9 0.1-0.3 

0 .207i0.003 0.18 20b 9 0 .6  0.03-0.13 
0.263i0.009 0.15 50 15 1.9-2.2 0.24-0.6 
0 .276i0.005 0.15 100 11 3.3-4.0 0.5-1.0 

0 .28+0.01 0.12 300 15 5.9-9.4 4.7-6.5 

'The range of reactant concentrations provldlng polnts between 0.35 < (XOPF)/(XOPF)~O,~ = 0 < 0.65 
*The intensity of the 253.7 nm inc~dent radiation was reduced to 113. 

rate of decay of H atoms under the conditions used, 
i.e. 

As will be discussed below, k t ,  the rate of secondary 
consumption of H atoms, can be assumed to be 
negligibly small at larger [NO][Mt]. The slopes of 
the plots such as shown in Fig. 3 of mII/NIO][Mt] vs. 
[O1]/[NO][Mf] provide then the absolute values of 
k,,,,. The values obtained are listed in Table 2. 

As discussed in our earlier paper (2), a slight 
experimental uncertainty may arise because of a 
probable small difference in the sensitivity of signal 
measurements at 10 Hz and in the kHz region of the 
modulation frequencies. However, since the exact 
magnitude of this sensitivity change is not known, 
the overall uncertainty in mII is almost entirely due 
to it and much less to the random errors. In view of 
this, the uncertainties in k,,,, shown in Table 2 
have been evaluated as the differences between the 
observed values of the slopes of the plots in Fig. 3 
and the corresponding values after allowing for a 
potential 1% error in xo due to the difference between 
the signal measurement sensitivities at 10 Hz and in 
the kHz region. From the analysis of x,y-semicircles 
in our previous work (2), we estimate approximately 
that the overall uncertainties in k,+,, are probably 
within a factor of 3 of the uncertainties given in 
Table 2. It may be noticed that these uncertainties 
are 2-3 times larger than that for k,+,,+, in the 
absence of olefins. 

The experimental data for the plots of mII/ 
[NO][Mt] vs. [Ol]/[NO][Mt] (such as shown in Fig. 

FIG. 3. The plots of m,,/[NO][M'] vs. [Ol]/[NO][M'] at a 
total pressure of 50 Torr for several C4 olefins. (The symbols 
are the same as in Fig. 2. The modulation frequencies are: 
V and A, 15 kHz; remaining points 8 kHz.) 

3) were obtained in most cases (except at very large 
[Ol]/[NO] [M']) by varying olefin concentration 
without changing NO concentration. If k t  is in- 
dependent of [Ol], its effect on the values of k,,,, 
can be neglected. In any case, although the exact 
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TABLE 2. The observed mean values of the rate constants, kHtOl, for various olefins 

Pressure ~ H + O I "  vm [NO1 LO11 No. of 
Olefin (Tom) ( x  SOs L mol-I s-') (kHz) ( x  mol/L) ( X  lo-' rnol/L) exvts. 

Ethylene 20 
50 

100 
Propene 50 
1 -Butene 50 
cis-2-Butene 50 
trans-2-Butene 50 
Isobutene 50b 

50 
50 
50 

100 
1,3-Butadiene 20' 

20d 
20 
20 
50 

100 

OThe indicated uncertainties are the differences between the observed values of the slopes of the plots of m,,/[NO][M'] vs. 
[OII/[NOlIMl and the corresponding values obtained after allowingfor a potential 1% systematic error in xo,  as discussed in the text. 

bMean of all the values at 50 Torr and 8 and 15 kHz. 
CThe intensity of 253.7 nm radiation was reduced to 113 the value in the next experiment. 
"can of all the values at 20 Torr and 2 and 8 kHz. 

TABLE 3. Comparison of the absolute values of kHtol from Table 2 with the 
values obtained from the relative rate constants in Table l a  

B, derived from 
Pressure A, absolute values relative rates Ratio 

Olefin (Torr) from Table 2 in Table 1 BIA 

Ethylene 20 0.41 0.39 0.96 
50 0.44 0.46 1.04 

100 0.47 0.53 1.13 
Propene 50 0.83 0.75 0.91 
1 -Butene 50 0.84 0.77 0.92 
cis-2-Butene 50 0.36 0.36 0.99 
trans-2-Butene 50 0.46 0.41 0.91 
Isobutene 50 2 43 2.43 1.00 

100 2.52 2.29 0.91 
1,3-Butadiene 20 4.79 3.90 0.81 

20b 3.61 3.23 0.89 
50 4.46 4.10 0.92 

100 4.27 4.31 1.01 

"Calculated from k~ + In Table 1 taking (1, 2) k2 = 1.56 x 101° L2 mo1-2 S-I. 
'The lntenslty of the 253.7 nm lnc~dent radiation reduced to 113 of the lntenslty In the preceding 

determmat~on. 

magnitude of the effect of k' is not certain, it is is seen that in most cases the indirectly obtained 
probably not as large as the uncertainty due to the values (set B) differ from the directly determined 
potential sensitivity change discussed above. absolute values (set A) by less than about lo%, with 

only one difference of 13% and one of 19%. The two 
Discussion sets of values are therefore mutually consistent 

The relative rate constants listed in Table 1 can be within the likely combined experimental uncertain- 
compared with the absolute values in Table 2 by ties. Nevertheless, the set A values are somewhat 
taking k ,  = 1.56 x 10'' L2 n ~ o l - ~  s-l ,  the value de- preferable, because of their more direct method of 
termined in our earlier work. The comparison is determination, and will be used further below for 
made in Table 3, which lists the two sets of the comparison with the data in the literature. 
k,,,, values and, in the last column, their ratios. It The data in Tables 1-3 show that the value of the 
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TABLE 4. Compar~son o f  the kH+ol values obtained with the data in  the literature 

x kHfOl (L mol-I s-') 

AMRa JCbJ YCsd BLe W C f  CDc,g KPBh*' C K M Y J  DNWk Present' 
Compound 1953 1961 1962 1967 1969 1969 1970171 1971 1971 1978 

Ethylene 0.75 (0.44)" 0.54 0 .60 0.52 0.50 0.82h 0.23" 0.47" 
Propene 0.18 0.83' 0.83' 0.83 083 '  0.97' 0.57 0.46p(0662) 0.83 
1-Butene 0.93 0.83 0.78 0.83(0.83) 0.84 
cis-2-Butene 0 80 0.40 0.26 0.25 0.48 (0.41) 0 36 
trans-2-Butene 0.63 0.52 0.29 0 6 0  0.33 0.54 (0.47) 0.46 
Isobutene 0.57 2.0 7 . 9  2.3 2.0 2.0 2.1 (2.0) 2.4 
1,3-Butadiene 4 .0  10.8 3.9 4 . 2  5 .0  (3.2) 4 3 

EAllen Melville, and Robb ref. 11 (1953). 
b~enniAgs and CvetanovlC, ;ef 12 (1961). 
CRelatlve data converted to absolute values by taklng k H  + ,,,,,.. = 8 3 x lo9  L r n ~ l - ' s - ~ ,  the value of Woolley and CvetanoviC In column 5 of thls 

table. 
dYang, ref. 13 (1962). 
DBraun and Lenzl, ref. 14 (1967) 
fWoolley and CvetanovlC, ref 15 (1969); relatlve data converted to absolute values by taklng k H  + H 2 P  = 7 77 X lo9 exp (-860/T) Lmol-Is-' ,  as 

recommended by Natl. Bur. Stand. 
qCvetanov~C and Doyle, ref. 16 (1969) 
hKury10, Peterson, and Braun, ref. 10a (1970) 
'Kurylo, Peterson, and Braun, ref lob (1971) 
JCowfer, Kell, Mlchael, and Yeh, ref. 17 (1971). 
kDaby, Nlkl, and Wemstock, ref. 18 (1971). The values In parentheses are for D atoms 
'Present results, the absolute values of kn  + ol from Table 3 (set A). 
"'Less reliable value because of experimental dlfficultles (12) 
"Pressure (10-15 Torr H Z )  1s lower than 1s required for the hlgh pressure llmltlng value of k .  
oPressure (100 Torr H Z )  1s probably lower than 1s requlred for the hlgh pressure limiting value of k .  
rpressure (2 4 Torr He) 1s probably lower than is requlred for the high pressure llmltlng value of k 

rate constant for H reaction with ethylene is pressure 
dependent. Initial formation of vibrationally excited 
('hot') alkyl radicals in the exothermic addition of 
H atoms to olefins has been known for a long time 
(5) and it has been recognized that at low pressures 
they may undergo unimolecular decomposition (6) 
including back decomposition into H and the 
(original or isomerized) olefin (6-9). To what extent 
such back decomposition occurs in a particular 
system depends on the nature of the moderating 
gases present and their pressures. Kurylo, Peterson, 
and Braun (lOa, b) have carried out detailed kinetic 
studies of the effect of pressure, using helium as the 
moderating gas, on the k,,,, values for ethylene 
(1Oa) and propylene (lob). However, it is not possible 
to utilize their results directly to assess reaction 
systems with other moderating gases, which are 
expected to be more efficient deactivators of vibra- 
tional excitation than is helium. Since in the present 
work the uncertainties of the measurements become 
large at pressures greater than about 200 Torr, a 
detailed experimental study of the pressure depen- 
dence of k,,,, was not feasible. It is probable that 
the value of the rate constant for ethylene obtained 
at the highest pressure of the moderating gas used 
(100 Torr H,) may still be somewhat below the high 
pressure limiting value. It is possible that the value 
for propylene may also be slightly below the high 
pressure limiting value although the difference, if 
any, would be expected to be much smaller in this 
case because of the greater number of degrees of 
freedom and thus a longer life time of the 'hot' 

propyl radicals initially formed. Additional informa- 
tion on this point may be provided by the compari- 
son with the literature values of the rate constants 
given further below. 

The relative rate data for 1,3-butadiene in Table 1 
may appear to  suggest that there is a slight pressure 
dependence of the rate constant. However, the effect 
is very small and close to the experimental un- 
certainty. Furthermore, it is not confirmed by the 
absolute rate constants for 1.3-butadiene in Table 2. 
which seem to be pressure 'independent within the 
experimental scatter. The slight decrease in the value 
of the rate constant for 1,3-butadiene at 20 Torr after 
a three-fold decrease of light intensity is also un- 
certain because of the weaker luminescence signals 
and increased experimental errors at the reduced 
light intensity. 

The present values of k,,,, are compared in 
Table 4 with the corresponding values taken from 
some of the more comprehensive sets of data in the 
literature. The values of k,,., from different sources 
are listed in the chronological order of the year of 
publication. The three sets of relative rate constants 
obtained previously in this laboratory (12, 15, 16) 
and those of Yang (13) have been converted to 
absolute values in the following manner. Woolley 
and CvetanoviC7s (WC) values of k,,,,, which have 
been measured relative to the rate constant of the 
reaction of H with H,S at 25"C, have been converted 
to  the absolute values in column 5 of Table 4 by 
taking the now available (and Natl. Bur. Stand. 
recommended (19)) value k,,,,, = 7.77 x lo9 exp 
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(-860/T) L mol-I s-I of Kurylo, Peterson, and 
Braun (10c). Since this and the other three sets of 
relative rate constants in Table 4 (JC, Y, and CD, in 
columns 2, 3, and 6, respectively) have all been 
obtained in the presence of high pressures of relatively 
efficient moderating gases (CO,, n-C,Hl,, C,H,, 
H,), it is reasonable to assume that the kH+pr,py,ene 
values must all be very close to the high pressure 
limiting value. The WC value kH+pr,py,ene = 8.3 
x lo8 L mol-I s-I (column 5) was therefore used to 
convert the JC, Y, and CD relative data to absolute 
values. It is evident that the absolute rate constants 
in the JC and CD sets in Table 4 would remain 
unaltered if the conversions to absolute values were 
based on the WC rate constant for isobutene instead 
of for propylene. However, Yang's set of values 
(column 3) would be substantially altered, since, as 
has been pointed out before (15), it is not quanti- 
tatively consistent with the other sets of values in 
Table 4 although it clearly shows qualitatively similar 
trends. Similarly, the AMR values in column 1, 
obtained in the pioneering work of Allen, Melville, 
and Robb (11) by the ingeneous molybdenum tri- 
oxide technique, although very much of the right 
order of magnitude, show some quantitative dis- 
parities. 

The absolute values of kH+,, obtained in the pres- 
ent work, listed in the last column of Table 4, are, 
within the combined experimental uncertainties, 
consistent with the other data in the table (apart from 
some deviations of the AMR and Y data mentioned 
above and allowing for the fact that some of the 
values for ethylene and propylene are below the high 
pressure limiting values). The agreement with the 
previous three sets of relative determinations in this 
laboratory (JC, WC, and CD) is particularly good. 
The present value for propylene turns out to be 
identical with the WC value. Since the latter is 
believed to have been obtained under conditions re- 
quired for the high pressure limiting value, the agree- 
ment suggests that the present value corresponds 
also to the high pressure limit. The difference of 
about 15% from the KPB high pressure extrapolated 
value for propylene (column 7) is probably not 
larger than the combined experimental error. The 
present value for ethylene is probably below the high 
pressure limit, as already mentioned. This may 
perhaps be also true for the JC, WC, and CD 
ethylene values and is no doubt so for the CKMY 
value (column 8). The KPB ethylene value of 8.2 

x lo8 L mol-I s-I (column 7) provides a high pres- 
sure limit for this rate constant. However, Hikida, 
Eyre, and Dorfman (20) obtained a (seemingly) pres- 
sure independent value of 5.5 x lo8, which could 
possibly be scaled up at most to 6.5 x lo8 L mol-I 
s-I by applying KPB's empirical expression to 
extrapolate from 1500 Torr to infinite He pressure. 
KPB quote (10c) the results of Yokota (21) which 
seem to indicate a high pressure limit of 7.0 x lo8 
L mol-I s-I. Thus, there may still be an uncertainty 
of the order of about 10% in the high pressure limit 
of the H + C2H4 constant. 

1 .  K. OKA, D. L. SINGLETON, and R. J .  CVETANOVIC. J. 
Chem. Phys. 66,713 (1977). 

2. K. OKA, D. L. SINGLETON, and R. J. CVETANOVIC. J.  
Chem. Phys. 67,4681 (1977). 

3. K. OKA and R. J .  CVETANOVIC. J .  Chem. Phys. 68, 4391 
(1978). 

4. (a)  J. V. MICHAEL and G. N. S u ~ s s .  J .  Phys. Chem. 78,482 
(1974); (b) H. HORIGUCHI and S. TSUCHIYA. Bull. Chem. 
Soc. Jpn. 44, 3221 (1971); ( c )  B. DEB. DARWENT, M. K. 
PHIBBS, and F. G. HURTUBISE. J. Chem. Phys. 22, 859 
(1954); (d) S. D. GLEDITSCH and J. V. MICHAEL. J.  Phys. 
Chem. 79,409(1975). 

5. R. J. CVETANOVIC. Adv. Photochem. 1, 115 (1963). 
6. B. S.  RABINOVITCH, S. G. DAVIS, and C. A. WINKLER. 

Can. J. Res. B21,251 (1943). 
7. A. H. TURNER and R. J. CVETANOVIC. Can. J. Chem. 37, 

1075 (1959). 
8. B. S. RABINOVITCH. D. W. SETSER. W. H. MCLAIN, and J.  

H.  CURRENT. J.  hem. Phys. 32,493 (1960). 
9. C. A. HELLER and A. S. GORDON. J. Chem. Phys. 36,2648 

(1 962). 
10. M. J. KURYLO, N. C. PETERSON, and W. BRAUN. J.  Chem. 

Phys. (a )  53, 2776 (1970); (b )  54, 4662 (1971); (c) 54, 943 
(1971). 

11. P. E. M. ALLEN, H. W. MELVILLE, and J.  C .  ROBB. ROC.  
R. Soc. London, A218,311(1953). 

12. K. R. JENNINGS and R. J. CVETANOVIC. J. Chem. Phys. 35, 
1233 (1961). 

13. K. YANG. J. Am. Chem. Soc. 84,3795 (1962). 
14. W. BRAUN and M. LENZI. Discuss. Faraday Soc. 44, 252 

(1967). 
15. G. R. WOOLLEY and R. J. CVETANOVIC. J.  Chem. Phys. 50, 

4697 (1969). 
16. R. J. CVETANOVIC and L. C. DOYLE. J.  Chem. Phys. 50, 

4705 (1969). 
17. J.  A. COWFER, D. G. KEIL, J .  V. MICHAEL, and C. YEH. J.  

Phys. Chem. 75, 1584 (1971). 
18. E. E. DABY, H. NIKI, and B. WEINSTOCK. J .  Phys. Chem. 

75, 1601 (1971). 
19. NBS Technical Note 866. U.S. Department of Commerce, 

Natl. Bur. Stand. Washington, DC. 1975. p. 51. 
20. T. HIKIDA, J.  A. EYRE, and L.  M. DORFMAN. J.  Chem. 

Phys. 54,3422 (1971). 
21. T. YOKOTA. Doctoral thesis, the Catholic University of 

America, Washington, DC. 1969. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Chemical reaction in electric discharge. V. Reaction kinetics in a low 
frequency modulated discharge1 

Department of Chemistry, University of Toronto, Toronto, Ont., Canada M5S IAl 
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JOHN N. SMITH, MOTILAL D. COSTA, and JACQUES M. DECKERS. Can. J. Chem. 57,785 (1979). 
A current modulation technique has been developed for the determination of kinetic infor- 

mation in glow discharges through flowing gases. A low frequency sinusoidal modulation 
superimposed on the dc discharge current produces modulations in the electron density and 
radical concentrations. Measurements of the amplitudes and phase shifts of radical concentra- 
tions can be used to elucidate reaction mechanisms and to determine rate constants for some 
reaction processes. 

The kinetic response of discharge chemical phenomena to an applied current modulation 
is discussed for several general types of reaction mechanisms. Rates of 0 atom production and 
removal measured in a current modulated O2 glow discharge are compared to rates measured 
in a dc glow discharge. The excellent agreement of these two sets of results provides an experi- 
mental foundation for the current modulation method. 

JOHN N. SMITH, MOTILAL D. COSTA et JACQUES M. DECKERS. Can. J. Chem. 57,785 (1979). 
On a dtveloppe une technique de modulation de courant afin de tirer des informations 

cinttiques des dtcharges tlectriques a travers des courants gazeux. Si on superpose une 
modulation sinusoidale de basse frequence a un courant de dkcharge cd il  se produit une 
modulation de la densite electronique et des concentrations radicalaires. On peut utiliser des 
mesures d'amplitudes et de deplacements de phase des concentrations radicalaires pour 
Blucider les mecanismes reactionnels et pour determiner les constantes de vitesse de quelques 
processus reactionnels. 

On presente une discussion relative a la reponse cinetique du phenomene de decharge 
chimique a une modification de courant applique pour plusieurs types generaux de mecanismes 
reactionnels. On a compare les vitesses de production et d'enlevement d'atomes de 0 mesurkes 
dans une decharge electrique de O2 modulee par un courant avec celles mesurees dans une 
dkcharge Blectrique cd. Le bon accord entre ces deux series de valeurs fournit une base experi- 
mentale pour la methode de modulation de courant. 

[Traduit par le journal] 

1. Introduction tion mechanism and to determine the value of the 

For some time the kinetics of reactions occurring rate 

in glow discharges have been investigated in this Bair al. (2) have previously employed a chemical 

laboratory (1). order to determine additional infor- modulation technique in their detection of free rad- 

mation on the kinetics of reaction processes occurring ical absorption spectra in a pulsed electrical dis- 
in the glow discharge, a low frequency sinusoidal charge. Most other applications of chemical modula- 
modulation has been superimposed on the dc current tion techniques to gas phase systems have 
through the discharge. The rates of electron-mole- modulation of the intensity of the exciting light 
cule reactions are thereby modulated and the re- Source in photolysis experiments. Burnnett and 

suiting response of the system to the applied rnodula- (3) have discussed the theory the 

tion depends on the nature of the reaction rnecha- Sector method as applied to the study (free 

nism. observations of the perturbations thus pro- chain reactions initiated in a photochemical system. 

duced in the concentrations of reactants, interme- Metcalfe (4) has measured the rates consecutive 

diates, or products can be used to elucidate the reac- and competing reactions in modulated 
experiments. Johnston et al. ( 5 )  applied chemical 

'Taken in part from the P ~ . D .  theses of J.N.S. and M.D.C. modulation techniques to photolysis experiments in 
'Revision received November 15, 1978. which the absorption spectrum of reactive interme- 

0008-4042/79/070785- 11$01 .oo/o 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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786 CAN. J .  CHEM. VOL. 57, 1979 

diates was measured. Atkinson and CvetanoviC ob- 
tained modulated concentrations of 0(3P) atoms 
from the reaction Hg(3P) + N,O + 0(3P) and ob- 
tained kinetic information about the reactions of 
these 0 atoms with various substances (6), using 
phase shift techniques. For a review and further dis- 
cussion of these techniques, see ref. 7. 

In this paper we describe an experimental system 
designed to measure the amplitude and phase shift 
of radical concentrations in a current modulated 
oxygen glow discharge. We then discuss the equations 
which predict the kinetic response of a glow dis- 
charge to modulation of the current for several gen- 
eral types of reaction mechanisms. Finally, the ex- 
perimental validity of the method is established for a 
two-step reaction mechanism. 

2. Experimental 
Most of the apparatus used in the experiments has been 

described previously (1, 8, 9). The modifications which have 
been made are in the electrical circuitry which controls the dis- 
charge current. Briefly, gas flows through a discharge tube 
which contains moveable electrodes. A pinhole located in the 
core of the tube allows us to sample the gas and analyze it 
mass-spectrometrically. The discharge power supply was 
operated to keep the location of the sampling hole near zero 
potential. The ac modulation was superimposed on the dc 
component through an especially designed unit. The frequency 
could be adjusted from 0 to 1000 Hz with less than 1% har- 
monic distortion. 

The modulated output signal from the mass spectrometer 
was amplified and applied to the input of a 100 channel analog 
analyzer (PAR TDH-9 waveform educator). The amplitude 
of the observed signal and its phase relative to the applied 
current modulation could be measured graphically from a strip 
chart recording of the analyzer output or electronically, with a 
PAR lock-in phase detector. It was established that the phase 
angles between the signals measured by both methods did not 
differ by more than 1 deg. 

To ensure that the amplification and detection system did 
not introduce a phase shift or distortion into the measured 
signal, a sinusoidal voltage was imposed on one of the focusing 
lenses of the mass spectrometer, with the discharge operating 
in the dc mode. It was verified by amplification and analysis 
of the resulting signal that no measureable phase shift or dis- 
tortion was introduced into the mass spectrometer output 
signal. 

3. Theory 
3.1 General 

The rates of electron molecule interactions in the 
positive column of the discharge can be described by 
the expression (10, 11) 

where ni is the concentration of molecules in state i, 
n, is the electron concentration, j is the state popu- 
lated in the collision, Qij(E) is the cross section for 
the process, and f(E)dE is the fraction of electrons 
having energy between E and E + dE. ki j  is the 

equivalent of a rate constant in chemical kinetics 
as applied to an inelastic collision between an elec- 
tron and a molecule. It is shown below that, within 
experimental error, for discharges through oxygen, 
the electron energy distribution function, f (E), 
remains invariant when a small modulation is super- 
imposed on the dc current. I f f  (E) remains constant, 
kij  also remains constant while the current is modu- 
lated. Under some conditions, modulation of the 
current will produce both a modulation in the elec- 
tron density and thus in the rates of electron-mole- 
cule interactions. From the analysis presented in this 
paper, it will become apparent that measurements of 
the phase shifts and amplitudes thus produced in 
radical concentrations can be used to characterize 
special features of the reaction mechanisms and to 
evaluate rate constants for specific steps in the mech- 
anism. 

3.2 Modulation of the Discharge Current, 
Experimental 

We shall consider the case of a glow discharge 
with the electrodes positioned at each end of a cylin- 
drical glass tube. The gas flows in the direction of the 
cathode with a stream velocity, v,. For small stream 
velocities, we neglect the spatial pressure and tem- 
perature gradients and we assume the gas glow to be 
piston (plug) flow. The gas residence time, t,, at a 
distance, d, in the discharge tube is then given by 

A sinusoidal modulation, having a relative ampli- 
tude, a, and angular frequency, o ,  is imposed on the 
dc current, i,. The dependence of the current, i, on 
time, t, is given by 

[3 1 i = i,(l + a sin o t )  

The total (integrated) current density to which a 
volume element of gas is exposed during its passage 
through the discharge tube is a function of both the 
gas residence time, t,, associated with that volume 
element of gas and the phase angle, cot, of the current 
density. Consequently, the rates of reactions occur- 
ring in each volume element of gas are also functions 
of t, and a t .  In a steady state flow system, radical 
concentrations at a given point in the discharge 
corresponding to a given gas residence time, t,, will 
be modulated and for some n~echanisn~s, phase 
shifted with respect to the current modulation, as 
volume elements associated with different current 
phase angles pass the observation point. 

3.3 Criteria for the Validity of the Method 
The applicability of the current modulation tech- 

nique to glow discharge systems depends on the fol- 
lowing two criteria which will now be discussed. 
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SMITH ET AL. 787 

Criterion I : A sinusoidal modulation im~osed on the 
dc current produces a modulation of identicalphase and 
amplitude in the electron density through the discharge 

Because no measurements of ne have been made in 
the current modulated discharge, the validity of the 
above criterion must be judged indirectly. There is 
evidence from measurements conducted in a dc dis- 
charge that this criterion is valid under certain con- 
ditions. 

Rundle et al. (12) employed a microwave absorp- 
tion technique to measure the average electron con- 
centration in the positive column of a dc oxygen 
glow discharge. They showed that ne is directly pro- 
portional to the current density for i = 2-10 mA 
(at a pressure of 1 Torr) within the limits of the pre- 
cision of their measurements. 

The current density in the discharge, j, is equal to 
the flux of electrons through unit cross section of the 
discharge tube and is given by 

where v, is the electron drift velocity, which itself 
depends on the electron energy distribution function, 
e is the electron charge, and A ,  is the cross sectional 
area of the discharge tube. If v, remains constant as 
i is varied then the electron density must vary di- 
rectly with the current. The dependence of vd on 
the ratio of the experimental parameters, E/N, where 
E is the electric field and N is the gas number den- 
sity, has been measured for different gases by means 
of electron drift tube experiments (13, 14). Measure- 
ments of E/N in our laboratory show that this ratio 
varies by less than 2% in an oxygen discharge and 
by less than 5% in a nitrogen discharge as the current 
is varied from 2 mA to 10 mA in discharge tubes 
having a cross sectional area of 1.22 cm2. It can be 
inferred from these results that, within the indicated 
limits, the drift velocity is nearly independent of the 
current at low pressures; thus n, is directly propor- 
tional to the current to a good approximation. 

At very low frequencies the current-modulated 
discharge can be considered as a dc discharge in 
which the current is slowly varied with time. Since 
the production and loss rates of electrons in the 
positive column are in balance, the ability of the 
electron concentration to follow the current modula- 
tion is determined both by the rate of loss of elec- 
trons through ambipolar diffusion to the walls of the 
discharge and by the local rate of production of 
electrons in the positive column. If these rates are 
large compared to the modulation frequency the 
electron density will follow the current modulation. 
Ambipolar diffusion leads to an apparent first order 
removal of the electrons with a time constant of the 
order of lo-' s-' (15) in discharges through gases 

such as oxygen and nitrogen. The pseudo first order 
rate of production of electrons by electron impact 
with ground state n~olecules is of the order of 106ne 
s-I in oxygen and nitrogen discharges at the pressure 
of 1 Torr (14). For frequencies under 500 Hz, the 
phase shift induced in ne by production and loss pro- 
cesses will then be less than 1 deg and, hence, negli- 
gible to a good approxinlation. Criterion 1 should be 
valid over the frequency range of 1-500 Hz. 

It  follows then that the electron density in the dis- 
charge is given by 

[5 1 ne = (io/A,evd)(l + ct sin a t )  

= neO(l + a sin a t )  

where neO is the electron density in the dc discharge. 

Criterion 2: The electron energy distribution and 
hence the average electron energy remain constant 
as  the current density is varied through the range 
1.8-10 mAlcm2 

Rundle and co-workers' (11) measurements of E 
and f (E)  in an oxygen glow discharge show that 
f (E) does not depend on the current within the range 
of 2-10 mA. Therefore, the above criterion is valid 
for a dc discharge through oxygen. 

The ability of the electrons to maintain the same E 
and f (E) in a current modulated discharge depends 
on the electron relaxation time. The relaxation time 
can be considered to be the time taken for an ensem- 
ble of electrons to reestablish the original energy dis- 
tribution after a perturbation in one or more of 
the parameters controlling it. We have estimated this 
to be of the order 10-' s (or smaller) in the active 
discharge. Criterion 2 should, therefore, be valid for 
low frequencies (<500 Hz) for discharges in which 
f (E) is independent of the current. 

Although criterion 2 is valid for the oxygen dis- 
charge, the same cannot be said for the nitrogen 
discharge and possibly other types of discharges. 
Chenery's (16) attempted measurements .of f (E )  
in the nitrogen discharge show that f (E)  depends 
more on the current than was the case in oxygen. 
Under these conditions, the applicability of the cur- 
rent modulation technique to the nitrogen discharge 
is limited by the possible failure of the system to con- 
form to criterion 2. 

It  should be borne in mind that the drift velocity 
is mainly dependent on that part of the electron 
energy distribution which is most highly populated. 
Because the electron density at high energies is a 
small fraction of the total electron concentration, 
large variations in the high energy part of f (E )  
correspond to relatively small changes in the drift 
velocity, and criterion 1 should remain valid. 
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4. Analysis of Some Reaction Mechanisms 
In this section, eq. [6], for ne in the current modu- 

lated discharge, is introduced into the rate equations 
for several simple reaction mechanisms which are 
typical of chemical processes in the discharge. Equa- 
tions are determined for the phase shifts and ampli- 
tudes of radical concentrations as functions of the 
experimental parameters. It is shown by this analysis 
that phase shift measurements can be used not only 
to determine rate constants for some reaction pro- 
cesses but also to distinguish between various pos- 
sible mechanisms. 

4.1 Mechanism 1 
A radical Xj  is produced by electron impact with 

a reactant species Xi;  Xj  is then deactivated in a first 
order process 

We shall assume that the depletion of Xi is small and 
its concentration, [Xi], remains approximately equal 
to the initial concentration, [Xi0]. The rate equation 
governing [Xj] is 

Substituting eq. [5] for n, into the above equation, 
we obtain 

[9] d [Xj]/dt = kin: [Xio](l + a sin o t )  - k, [Xj] 

Integration of this equation gives 

where C is an integration constant. Integration over 
the gas residence time is accomplished by using the 
integration limits t - t, and t. C is evaluated and 
the resulting expression substituted in the above 
equation to give a complicated algebraic expression 
for [Xj]. Simplification of this expression for [Xj] 
is accomplished by solving the following equation 
for a, A, and 0. 

[11 1 [Xi] = a(1 + A sin (o t  - 0)) 

to give 

[I - 2exp(-k,t,)cosot, + e~p(-2k,t ,)] ' /~ 
X 

1 - exp ( - 2k2t,) 

sin ot, 
[14] 0 = arctan olk, - arctan 

exp k,t, - cos ot, 

At each point in the discharge characterized by a 
given gas residence time, t,, [Xi] is a sinusoidal 
function of t, having an amplitude A and lagging 
n, by a phase shift, 0. 

For values oft,  which are large compared to k,-' 
(corresponding to large distances in the discharge 
tube), the terms in the above equations dependent 
on t, become negligibly small and the above equa- 
tions simplify to 

[I51 0 = arctan (elk,) 

Under this condition, t, >> k,-', a pseudo steady 
state (PSS) is attained in the concentration of Xj. 
A measurement of either A or 0 in this region of the 
discharge can be used to determine k, from the above 
equations. Empirically, it can be shown that the most 
accurate measurements of k, can be made in the 
frequency range k, < o/2n < 10k2; the frequency 
should be of the same order of magnitude as the 
reciprocal lifetime of Xj. Because we are only con- 
cerned with low frequency modulation of the current, 
the most useful applications of this technique to glow 
discharge are the measurements of the lifetimes of 
long lived metastable species and to the elucidation 
of reaction mechanisms which involve metastable 
species. 

The dependence of 8 and the ratio Ala, on t, and 
distance in the discharge (at a stream velocity, 
v,  = 2.8 ms-') for values of k, ranging from 2 s-' 
to 200 s-' is illustrated in Figs. 1 and 2. The maxima 
and minimum which appear in both sets of curves 
become more pronounced for smaller values of k,. 

The dependence of 0 and A/a on t, is determined 
by the values of the experimental parameters, and 
k,, and by the nature of the reaction mechanism. 
It can be shown that many different types of reaction 
mechanisms will give the pseudo steady state values 
of 0 and A/a shown in Figs. 1 and 2, but these same 
mechanisms will give different profiles of 0 and A/a 
as a function of t,. Measurements made in the dis- 
charge region preceding the onset of a pseudo steady 
state (a region that has previously been neglected in 
chemical modulation experiments) provide a means 
of verifying the nature of the reaction mechanism 
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DISTANCE (cm) The concentration of Xj  is governed by the rate 
equation : 

166 

[201 d[Xjlldt = k,ne[Xil - (k2 + k3ne)[Xjl 

No restriction is placed on the concentration of X, 
5 120 
Y other than the conservation of mass: 
ee 
U YI 

0 80 - [21 I [X,Ol = [Xi1 + [Xjl 
'a 1 3  

1 4  
where [Xi0] is the total initial concentration. Sub- 
stitution of [Xi] in eq. [20] from the above equation 

40 allows us to eliminate [Xi] from the former equation. 
I 1 Combining this equation with [6] then gives the rate 

0 
0 . 0 5  0 1 

equation for [Xj] in the current modulated dis- 
0.15 charge. The integrated form of this rate equation 

FIG. I TIME ( s )  simplifies considerably in the pseudo steady region 
DISTANCE (cm) of the discharge (large values of t,) to  give: 

0 10 20 30 4 0  klneoCXiol 
r221 cxjl = k, + (k, + k3)neo 

5 14 x [l + A sin (o t  - 0)] 

4 where [Xj] is phase shifted (with respect to n,) by 
an angle 8. ---? [23] 0 = arctan o/[k, + (k, + k3)neo] 

FIG. 2 TIME ( s )  

FIG. 1. Phase shift, 8, of [ X j ]  versus time and distance 
(mechanism 1): v, = 2.8 m s-l, v = 20Hz, neO = 3 x lo9 
~ m - ~ ,  cc = 0.2, k,  = lo-" cm3 s-l, k, = 2s- '  (curve I), 
10 s-I (curve 2), 20 s-I (curve 3), 100 s-' (curve 4), 200 s-I 
(curve 5). 

FIG. 2. Ratio of amplitude A of [ X j ]  to the amplitude cc of 
n, versus time and distance in the discharge (mechanism I), 
conditions are the same as in Fig. 1. 

and checking the values of rate constants measured 
in the pseudo steady state region. 

4.2 Mechanism 2 
If, in addition to the electron impact excitation and 

the first order removal of Xj, we also assume that 
de-excitation occurs via a superelastic collision with 
an electron, the phase shift and amplitude equations 
take a different form. This reaction sequence is de- 
scribed by 

k, 

and has an amplitude A 

[24] A = ak,/{02 + [k, + (k, + k3)ne0]2}1'2 

The rate equation for [Xj] was integrated with the 
use of a series expansion. Higher order terms in an, 
where n 2 2, are neglected in this calculation for the 
case in which the amplitude of the current, a ,  is 
small, a << 1. This condition must be met experimen- 
tally to insure the applicability of the above equa- 
tions to experimental results. The above equations 
can be solved simultaneously for measured values of 
0 and A in the pseudo steady state, and for a given 
frequency o ,  to  determine the value of k, and 
(k, + k3)ne0. For the case in which k, << k3 both the 
first order and electron impact removal rate con- 
stants, k, and k3neo can be measured by this method. 

4.2.1 Phase Shift Dependence on Time 
Phase shift and amplitude versus time curves 

should prove particularly useful for distinguishing 
between reaction mechanisms which generate simi- 
lar results in the pseudo steady state. For example, 
phase shift versus time curves, determined by nu- 
merical integration of the rate equations for Mech- 
anism 2, are shown in Fig. 3. The phase shift in the 
pseudo steady state (eq. [23]) of 78" is determined 
solely by the magnitude of k, + k3neo (for the case 
k, << k,) which in this case is 50 s-I. However, 
as the rate constant ratio, k3ne0/k2, is varied from 0 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN. J .  CHEM. VOL. 57, 1979 

TIME (s) 

FIG.  3. Phase shift of [X,] versus distance in the discharge 
(mechanism 2) :  t, = 2.8 m s- ' ,  v = 40 Hz, n,O = 5 x lo9 
cn1r3, cl = 0.2, k l  = lo-" cm3 s- ' ;  k 2  = 50s- ' ,  k 3  = 0 
(curve 1 ) ;  k ,  = 37.5 s- ' ,  k 3  = 2.5 x cm3 s-' (curve 2 ) ;  
k ,  = 25 s- ' ,  k 3  = 5 x cm3 s-' (curve 3 ) ;  k 2  = 12.5 
s- ' ,  k 3  = 7.5 x cm3 S - ' .  

DISTANCE ( c m )  

to 3, the peak phase shift decreases from 125" to 
90". Measurements of the peak phase shift provide 
an additional experimental observable which in this 
case can be used to determine the relative values of 
k3neo and k,. 

160 

z 120- 
Y 
Y 
ee 
E 
E 8 0 -  

e 

40 0 

4.2.2 Modulation of [ X i ]  : Negative Phase Shifts 
Due to the conservation of mass (eq. [21]) [ X i ]  is 

also modulated and phase shifted. The phase shift, 
8, of [ X i ]  in the pseudo steady state is given by 

5 10 15 

- i] 4 
I 

3 
2 

' P S S .  

1 

- /\,..-~1 0.02 0 04 0.06 I 

[25] 8 = - 180" + arctan o / [ k ,  + ( k ,  + k3)neo] 

for cr << 1 and has the amplitude A 

The phase shift of [ X i ]  is negative; the waveform of 
[ X i ]  precedes that of n,. Phase shifts in the first and 
second quadrants are defined as positive phase shifts 
while those in the third and fourth quadrants are 
defined as negative phase shifts. In general, the phase 
shifts of the coilcentrations of reaction intermediates 
and short lived states excited from reaction inter- 
mediates will be positive. On the other hand, the con- 
centrations of reactants and short lived states ex- 
cited directly from the reactant species will be nega- 
tively phase shifted. 

Phase shifts of both types have been observed in 
this laboratory in the nitrogen glow discharge (7). 

A low frequency modulation superimposed on the 
discharge current resulted in modulations in the in- 
tensities of both the first positive system (B3II,- 
A3Cu+) and the second positive system (C311,- 
B~I I , ) .  The former intensities, proportional to the 
populations of the vibrational levels of the B311, 
state, were positively phase shifted. It follows from 
these results that the B311, state must be populated 
from a long lived intermediate. The intensities of the 
second positive system, proportional to the popula- 
tions of the vibrational levels of the C311, state, were 
negatively phase shifted. This result indicates that 
the C311u state is excited mainly by electron impact 
from the ground electronic state which itself is de- 
populated by excitation processes. 

4.3 Mechanism 3 
Here, we consider the case of a short lived excited 

state, Xj* ,  produced both by an electron impact 
reaction and by a first order (or pseudo first order) 
process from a long lived intermediate, X j .  

Because Xj:"s a short lived excited state, it radiates 
in the same region of the discharge in which it is 
produced, and its concentration, proportional to the 
emission intensity, I, is also proportional to the rate 
of production of Xj*  by reactions [29] and [30] 

Hence, modulations in [ X j ]  are reflected by modula- 
tions in the emission intensity I. 

For the case k ,  > k3neo + k,, [ X j ]  is given by eq. 
[ I l l ,  discussed for mechanism 1. If we substitute eq. 
[11] in the above expression for I and neglect higher 
order harmonic terms, for the case a << 1, then we 
obtain an expression proportional to I in the pseudo 
steady state region. 

The phase shift, 8, of I is 
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and the amplitude, A ,  is 

The dependence of A and 0 on the ratio, wlk,, for 
different ratios of the rate constants, k4/k3ne0, is 
shown in Figs. 4 and 5. 

If Xj" is excited only by a first order or pseudo 
first order process, (k3ne0 = 0), then the phase shift 
of both I and Xj* shows the same dependence on 
frequency as does the phase shift of Xj  and ap- 
proaches a value of 90" at high frequencies. On the 
other hand, if any of the production of Xj* occurs by 
electron impact with Xj, then the phase shift must 
approach 0" at high frequencies. 

For large values of wlk,, the amplitude (eq. [34]) 
attains a constant value 

FIG. 4. Phase shift, 0, of [ X j * ]  versus w / k ,  (mechanism 3 ) :  
k4/k,nea = 0.01 (curve I), 0.1 (curve 2), 1 (curve 3), 10 (curve 
4), 100 (curve 5). 

FIG. 5. Ratio of amplitude A of X j *  to the amplitude a of 
n, versus o / k  (mechanism 3), conditions are the same as in 
Fig. 4. 

which is independent of the value of k, .  A measure- 
ment of the amplitude of Xj* at high frequencies pro- 
vides a direct measurement of the rate constant ratio, 
k,/k3ne0. 

This result illustrates an important application of 
chemical modulation techniques. At frequencies 
which are large compared to the removal rate con- 
stants for intermediate species (in this case, Xj; the 
amplitude of X j  approaches a value of 0 (see eqs. 
[16] and [34])). But eq. [35] shows that A attains a 
constant value different from 0 for w going to in- 
finity. Measurements of the amplitude of the concen- 
tration of short lived excited states at high frequen- 
cies provide a direct measurement of the relative 
rates of excitation of these states by first order and 
electron impact processes, regardless of how many 
intermediate states are involved in the reaction mech- 
anism. It would be impossible to determine this type 
of kinetic information from measurements performed 
in a dc discharge unless the reaction mechanism was 
simple and well defined. Clearly, kinetic information 
can be obtained by measurements of the limiting 
high frequency phase shift and amplitude of modu- 
lated radical concentrations. 

The phase shift, O m a x ,  at the maximum of the curves 
in Fig. 4 is given by 

[36] O m a x  = arctan [212 ++ yEe:)]1i2 
A measurement of this quantity, for this specific 
mechanism, is sufficient to determine the rate con- 
stant ratio, k4/k3ne0. 

The frequency, omax, at which this maximum 
occurs is given by 

The value of k ,  can be determined from a measure- 
ment of omax, and the ratio k4/k3ne0. 

An interesting case is that for which k3ne0 >> k4 
(curve 1 in Figs. 4 and 5). Here, omax is given by 

and the phase shift at the maximum is 

[391 O m a x  = arctan 112 4 2  = 19.5" 

The position of the maximum is determined solely by 
the value of k ,  ; the largest possible phase shift in the 
pseudo steady state becomes 19.5". Measurements 
of 0 and A as a function of the frequency can be used 
to both identify this particular mechanism and also 
to determine values of the rate constants k ,  and the 
ratio k4/k3ne0. 

Other reaction mechanisms can be treated in a 
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similar manner to those discussed above. In most 
cases approximate solutions for 0 and A in the pseudo 
steady state can be readily obtained. However, when 
extremely complex mechanisms are considered, it 
becomes more convenient to use computer methods 
to determine the phase shift and amplitude by in- 
tegrating numerically the rate equations correspond- 
ing to an assumed mechanism. 

4.4 Conclusions 
For a limited number of reaction mechanisms, rate 

constants can be deduced from measurements of 
radical concentrations as a function of the gas resi- 
dence time in the dc current discharge. The anal- 
ogous experinlent in the current modulated discharge 
is the measurement of the phase shift of a radical 
concentration as a function of the frequency in the 
pseudo steady state region. This shift in emphasis 
from gas residence time (a calculated parameter 
which is poorly defined under many experimental 
conditions in flow tubes) to the frequency (an experi- 
mental parameter which can be accurately deter- 
mined) allows for greater flexibility and accuracy in 
the measurement of rate constants in glow discharges. 

Measurements performed in the dc current dis- 
charge are only usef~rl for the case in which the reac- 
tion mechanism is simple and well established. Phase 
shifts and amplitudes are dimensionless parameters 
which have physical significance, regardless of the 
complexity of the reaction mechanism. Consequently, 
measurements performed in a current modulated 
discharge can be used to elucidate complex mech- 
anisms for cases in which dc current techniques can 
provide only marginal kinetic information. 

Another advantage of current modulation tech- 
niques is that phase shift and amplitude measure- 
ments in the pseudo steady state region are indepen- 
dent of the gas stream velocity. Although there are 
spatial concentration gradients in this region of the 
discharge, as there are along the entire length of the 
discharge, the phase shift and amplitude of radical 
concentrations will be identical in each volume ele- 
ment of gas in the pseudo steady state. This follows 
from the definition of PSS as being the discharge 
region in which the radical amplitude and 0 attain 
constant values. Although there may be spatial con- 
centration gradients in this region as there are in the 
dc discharge, the phase and amplitude of the modu- 
lated concentrations are identical in each volume 
element of gas. Hence, it is unnecessary to make any 
assumption regarding the nature of the gas flow (such 
as the con~n~only employed assumption of plug flow) 
to determine accurate rate constants. Since phase 
shifts and amplitudes in the pseudo steady state are 
unaffected by radial or axial gradients in the stream 

velocity, corrections for these gradients, which must 
be applied to measurements performed in a dc cur- 
rent discharge, need not be considered for experi- 
ments in a current modulated discharge. 

The application of chemical nlodulation tech- 
niques to a gas flow discharge system provides an 
additional experimental observable, the peak phase 
shift (defined as the maximum phase shift measured 
along the length of the discharge). For many mech- 
anisms, this quantity exhibits an entirely different 
dependence on frequency compared to the phase shift 
measured in the pseudo steady state region. In con- 
trast to the pseudo steady state parameters, transient 
phenomena such as the peak phase shift are depen- 
dent on the gas flow profile. The phase shift peaks 
predicted theoretically may be distorted as a con- 
sequence of stream velocity gradients and diffusion 
of metastable species. Measurements of the peak 
phase shift can provide kinetic information in a 
manner which has not been considered in previous 
applications of chemical n~odulation techniques. 

5. Experimental Testing of the Current 
Modulated Technique 

5.1 General 
The mechanism for the production and removal 

of 0 atoms in a flowing oxygen glow discharge was 
determined in this laboratory. Mass spectrometric 
measurements (1) of the atom concentration profile 
in the active discharge have established that the 
atoms are produced by direct electron impact dis- 
sociation of the molecule and removed by a process 
first order in the atom concentration 

The magnitude of the removal rate constant, k,, 
was found to be from 10 to 100 times larger than the 
corresponding value in the afterglow. In the present 
study measurements obtained in a dc glow discharge 
have been compared by investigating the kinetics 
of 0-atom formation using the current modulated 
technique, under otherwise identical experimental 
conditions. This mechanism is of the type discussed 
in section 4.1 where X i  is 0, and X j  the 0 atom. The 
response of the important measured quantities are 
given by eqs. [13]-[16], where k ,  = k,. 

The concentration of oxygen atoms thus can be 
visualized as consisting of two parts: a dc component 
which is identical to that in a dc current discharge 
and a modulated component with a relative ampli- 
tude, A ,  which is phase-shifted with respect to n, by 
a phase angle 0. Both 0 and A are functions of the 
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residence time t, and rate constant k, in addition to 
the modulation parameters. By flowing ultrapure 
oxygen through the discharge tube and adjusting the 
energy of the ionizing electron beam of the mass 
spectrometer so as to ionize 0 atoms (but not O,), 
one can obtain a measure of X j  as a function of the 
resident time in the discharge (1) and hence deter- 
mine k,. Alternately, phase angles and amplitudes 
of the modulated atom concentration could be ob- 
tained experimentally at various values of the gas 
residence time as a function of the applied frequency 
and amplitude of modulation. 

Within the limits of detection, the modulation in- 
duced in the oxygen atom concentration was found 
to be sinusoidal and consequently could be described 
by a phase shift and an amplitude of the fundamental 
frequency only. Any phase shift introduced by the 
flight time of the atoms in the molecular beam be- 
tween the sampling orifice and the mass spectrometer 
could be determined by operating the discharge in 
the dc mode and chopping the molecular beam at the 
appropriate frequency. 

5.2 Results 
The dependence of the phase shift and relative 

amplitude of the modulation in the oxygen atom 
concentration is plotted against time in the discharge 
in Figs. 6 and 7. As the applied frequency was in- 
creased, the relative amplitude was found to decrease 
while the phase shift increased. At large values of 
time both the phase shift and relative amplitude 
assumed a constant value. 

The theoretical phase shifts and amplitude of the 
oxygen atom concentration for the postulated mech- 
anism were fitted to the experimental points. The 
only nonexperimental parameter available for this 
fitting procedure is the value of k,. The best fit of the 
experimental and calculated points was obtained for 
a value of k, of 280 s-I for any value of the gas resi- 
dence time t. 

At large values oft, the equations for the calculated 
phase shift and relative amplitude simplify to [15] 
and [16]. Note that both 0 and A for this special case 
are independent o f t  in the pseudo steady state region 
of the discharge. 

Figures 8 and 9 show the dependence of both the 
phase shift and relative amplitude as a function of 
the applied frequency. As the frequency is increased 
the phase shift asymptotically approaches a value of 
90" while the relative amplitude decreases to a value 
of 0". Excellent agreement is thus obtained between 
the calculated and experimental values for the entire 
experimental frequency range (1 0-500 Hz). 

A value of the first order recombination rate con- 
stant was also determined in the dc discharge. The 

10 20 

FIG. 6 TIME (ms) 

FIG. 7 TIME (ms) 

FIG. 6. Phase shift, 8, o f  the oxygen atom concentration 
versus residence time in the discharge: p = 1.0 Torr, v, = 9.0 
m s-l,  a = 0.25, I, = 8 mA. Experimental points: m, v = 

20 hv; V, v = 40 hv; a, v = 80 hv. Solid lines: calculated 
values for k,, 280 s-', curve 1 = 20 hv; curve 2 = 40 hv; 
curve 3 = 80 hv. 

FIG. 7. Relative amplitude, Ala, o f  the oxygen atom con- 
centration versus residence time in the discharge, conditions 
are the same as in Fig. 6. 

technique consisted of monitoring the [O] as a func- 
tion of gas residence time. A plot of ln([O],, - 
[0],)/[0],, versus t yielded a straight line with a 
sloped (k,) of 330 s-I (Fig. 10). This value is in good 
agreement with that determined using the current 
modulated technique. 

In Fig. 11 the value of k, determined at various 
frequencies from a reading in the PSS is plotted. This 
shows that the value of k, thus obtained is indepen- 
dent of frequency. 

The excellent fit obtained for both the 0 and A over 
the entire range of experimental parameters and the 
good agreement obtained between the rate constant 
determined using both methods is taken as evidence 
for the correctness of the postulated mechanism and 
hence the soundness of the current modulated tech- 
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FIG. 8 FREQUENCY (Hz) 

FIG. 9 FREQUENCY (Hz) 

FIG. 8. Steady state phase sh~ft,  O,, ,  of the oxygen atom con- 
centration versus applied frequency in the d~scharge. v, = 6.0 
m s-', I, = 8 mA, ci = 0.25. Experimental points: a, p = 
0.55 Torr; A,  p = 0.80 Torr; W, p = 1.5 Torr. Solid lines: 
calculated values, curve 1, k ,  = 500 s-'; curve 2, k ,  = 210 
s - l ;  curve 3, k ,  = 110 s-'. 

FIG. 9. Steady state relative amplitude, A,,/ci, of the oxygen 
atom concentration versus applied frequency in the d~scharge, 
conditions are the same as in Fig. 8. 

nique. It should be noted that the suggested mech- 
anism was the only one among the many tested which 
predicted the correct variations of the phase shift and 
relative amplitude with the experimental parameters. 

These results illustrate convincingly several ad- 
vantages of using the current modulated technique 
over the DC technique in the determination of k,. 
Since both the phase shift and relative amplitude in 
the pseudo steady state are exclusive functions of k ,  
and modulation parameters (ci,v) the value of k ,  can 
be determined from either of these measurements in 
this region of the discharge. The experimental errors 
associated with the determination of k ,  from mea- 
surements associated with short residence times of a 
dc current discharge are thus eliminated. 

TIME (ms) 

FIG. 10. Logarithm of ([O],, - [0],)/[0],, versus residence 
time in the discharge, v,  = 9.5 m s-', p = 1.00 Torr, I, = 
8 n1A. 

FREQUENCY (Hz) 

FIG. 11. Tangent of the steady state phase shift (tan O,,) of 
the oxygen atom concentration versus applied frequency in the 
 discharge,^ = 1.00 Torr, 0, = 9.0 m s-', ci = 2.5,Z0 = 8 mA. 
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Erratum: Enrichment of nitrogen-15 by the direct laser photolysis of 
ammonia-d, in the A-x transition 

P. A. HACKETT, R. A. BACK, A N D  S. KODA 
PIE Group, Division of Chemistry, National Research Council of Canada, Ottarva, Ont., Canada KIA OR6 

Received December 14, 1978 

(Ref.: Can. J .  Chem. 56,2981 (1978)) 

The diagrams for Figs. 1 and 2 have been interchanged so that Fig. 1 appears above the caption for Fig. 2 
and vice versa. 

Erratum: Pyrazolato bridged binuclear complexes of palladium and platinum 

FLAVIO BONATI' AND HOWARD C. CLARK 
Guelph-Waterloo Centre for Graduate Work in Chemistry, Guelph Campus, University of Guelph, Guelph, Ont., Canada N1G 2 W1 

Received December 12, 1978 

(Ref.: Can. J. Chem. 56,2513 (1978)) 

In the abstract "1-monosubstituted" should be "1-unsubstituted". 

Dans le resume on devrait lire "nonsubstitue" au lieu de "monosubstitue" 

'Present address: Instituto di Chimica Generale, via Venezian 21,20133 Milano, Italy 
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The en01 content of simple carbonyl compounds: a kinetic approach 

J. PETER GUTHRIE' 
Department of Chemistry, University of Western Ontario, London, Onf., Canada N6A 5B7 

Received June 16, 1978 

J. PETER GUTHRIE. Can. J. Chem. 57,797 (1979). 
Following a suggestion of Lienhard and Wang, we demonstrate that the en01 content of 

simple carbonyl compounds can be estimated as the ratio of the rate constants for acid- 
catalyzed enolization of the carbonyl compound and acid-catalyzed hydrolysis of the corre- 
sponding methyl en01 ether. Values so estimated are in excellent agreement with those deter- 
mined by our thermochemical method. Sufficient data are available for the following; com- 
pound, pK,,,,: acetaldehyde, 4.7; propionaldehyde, 4.2; isobutyraldehyde, 2.7; acetone, 7.0; 
cyclopentanone, 6.7; cyclohexanone, 5.3,; cycloheptanone, 7.2; cyclooctanone, 6.6; p-nitro- 
acetophenone, 4.9;~-bromoacetophenone, 6.2; acetophenone, 6.6;~-methylacetophenone, 7.0; 
p-methoxyacetophenone, 7.3; and by estimating the rate constants for enolization, the follow- 
ing; indanone, 7; 2-phenyl-2-propanone, 4; cyclopropyl methyl ketone, 8; chloroacetaldehyde, 
2 (corrected for hydration); phenylacetaldehyde, 2. 

J. PETER GUTHRIE. Can. J. Chem. 57,797 (1979). 
A la suite de la suggestion de Lienhard et Wang, on demontre que l'on peut Cvaluer le taux 

d'knol dans des composes carbonyles simples en faisant le rapport des constantes de vitesse 
de l'enolisation acido-catalyske du compose carbony16 et de l'hydrolyse acido-catalyske de 
I'Cther Bnolique methylique correspondant. Les valeurs evaluees de cette maniere sont en 
excellent accord avec celles determinees par notre methode therrnochimique. Des donnees 
suffisantes sont disponibles dans les cas suivants; compose, pK,,,,; acetaldehyde, 4.7; pro- 
pionaldehyde 4.2; isobutyraldehyde, 2.7; acetone, 7.0; cyclopentanone, 6.7; cyclohexanone, 
5.3 ; cycloheptanone, 7.2; cyclooctanone, 6.6; p-nitroacetophtnone, 4.9;~-bromoacetophenone, 
6.2; acetophenone, 6.6; p-methylac6toph6none, 7.0; p,-m6thoxyacetoph6none, 7.3; et si I'on 
fait une evaluation des constantes de vitesse de l'Cnollsation, les donnCes seraient aussi dis- 
ponibles pour les cas suivants; indanone, 7; phknyl-2 propanone-2, 4; cyclopropylmCthyl- 
cetone, 8; chloroacetald6hyde, 2 (corrig6 pour l'hydratation); phenylacCtaldehyde, 2. 

[Traduit par le journal] 

Introduction of the corresponding enol, if protonation of the en01 
Although the question of the enol content of simple ether on carboil is the rate-determining step. Lien- 

carbonyl compounds has been addressed at intervals hard and Wang demonstrated that this identity 
for a long time (1-5), the problems involved in obtains for cyclohexanone and drew the appropriate 
obtaining an unambiguous answer have remained n~echanistic conclusions. 
formidable (3, 6) .  Recently (7) we reported a thermo- It is obvious that if this approximate identity is 
chemical method which appeared to offer a general generally valid, then from the rate of acid-catalyzed 
and unambiguous answer to this problem. In the h ~ d r o i ~ s i s  of an en01 ether (equal to the rate of 
course of the investigations leading to the thermo- ketonization of the enol) and the rate of acid- 
chemical method, we found that a quite independellt catalyzed enolization of the corresponding keto 
method of comparable generality exists but has not tautomer one can determine the en01 content of the 
been exploited. This method is based upon the work carbonyl compound. It is curious that although this 
of Lienhard and Wang (8), who pointed out, in an has been recognized (9, 10) there seems to have been 

investigation of the mechanism of hydrolysis of en01 no real attempt to utilize this potentially very Power- 
ethers, that the accepted mechanism for general-acid- ful method. One serious difficulty hindering the 

catalyzed enolization of a ketone (and therefore for acceptance of this method is the dearth of simple 
the ketonization of an enol) requires that the rate com~ounds, for which the en01 content is known, 

constants for general-acid-catalyzed hydrolysis of an which could be used to test the method. With a set of 
en01 ether must be approximately equal to the rate equilibrium constants for enolization determined by 
constant for the general-acid-catalyzed ketonization Our thermochemical method (7) now in hand, it is 

possible to demonstrate that the kinetic method 
implicit in the work of Lienhard and Wang (8) is 

'Alfred P. Sloan Fellow, 1975-1979. indeed quite general and has the potential for great 

0008-4042/79/070797-06$01 .00/0 
01979 National Research Council of Canada/Conseil national de recherches du Canada 
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utility.' The available data are already sufficient to 
show that the method can not be exactly correct 
(which was hardly to be expected), since the rate 
constant for acid-catalyzed hydrolysis of an alkyl 
en01 ether depends upon the nature of the alkyl group 
(1 1). The rate factors are fairly small for simple alkyl 
groups, so that these facts do not invalidate the 
method but simply demonstrate an inherent im- 
precision. 

Results and Discussion 
In Table 1 are summarized the available data for 

acid-catalyzed enolizations of carbonyl compounds 
and hydrolysis of the corresponding en01 ethers. The 
list is believed to be essentially complete for hydrolyses 
of methyl en01 ethers (some other compounds which 
differ only in the alkyl or substituted aryl substituent 
and are closely similar to related compounds in ' Table 1 have been studied; these other compounds 
are referred to in the table) but is less complete for 
acid-catalyzed enolization, for which there are 
numerous compounds for which the en01 ether has 
not been studied. 

Table I reports only rate constants for methyl en01 
ethers (some of which are estimated from the corre- 
sponding ethyl en01 ethers); although in a few 
thoroughly studied en01 ether systems a variety of 
other alkyl or aryl groups have been present in place 
of methyl (or ethyl), this restriction does not reduce 
the number of carbonyl compounds considered. 

Assuming that the rate constant for acid-catalyzed 
hydrolysis of an en01 ether is the same as the rate 
constant for ketonization of the corresponding enol, 
the equilibrium constant for enolization can be calcu- 
lated as the ratio of the rate constant for enolization 
to the rate constant for hydrolysis. It is convenient 
to  use pKEno, = -log KEno, as a measure of the ten- 
dency of a carboilyl compound to enolize. These 
values are also found in Table 1. This method for 
estimating KEno, as the ratio of rate constants will be 
referred to as the 'kinetic method' in this paper. 

For 1-methoxypropene both the methyl and ethyl 
ethers of both E and Z isomers have been studied 
(1 1). As is generally the case the ethyl ethers are about 
twice as reactive as the corresponding methyl ethers. 
The Z isomers are about three times as reactive as the 
corresponding E isomers. This difference in reactivity 

'A referee has pointed out that on a priori grounds one 
might have expected that the method would not work since 
hydroxy and alkoxy should differ in their ability to stabilize a 
developing positive charge. However since the rate constants 
for acid-catalyzed hydrolysis of an en01 ether or ketonization 
of the corresponding en01 are in fact approximately equal (8) 
it seems clear that this difference is really quite small. 

is not a reflection of differences in stability of the two 
isomers because the equilibrium constant for geo- 
metrical isomerization is 1.2 (12). Assuming that the 
proton transfer to (or from) carbon is the rate- 
determining step for ketonization (or enolization), 
the observed rate constant for enolization is the sum 
of the rate constants for formation of the E and the Z 
enol, and the corresponding overall rate of ketoniza- 
tion is given by: 

E-En01 
kketonization = (k ketonization 

2-En01 + kketonization ' Kz/E)/(~ f KZIE) 

For all cases except the alkyl isopropenyl ethers 
where both ethyl and methyl ethers have been studied 
the methyl ether is the less reactive by a factor of 
about twofold. The average value for the five cases 
excluding alkyl isopropenyl ethers is ko,,:koEt = 
0.48 + 0.05. In contrast to this pattern, the value for 
k,+ reported for methyl isopropenyl ether (13) is 
larger than the value for ethyl isopropenyl ether (1 1, 
14). The experiments were done in different labora- 
tories, under slightly different conditions (0.04 as 
opposed to 0.08 M ionic strength); the most likely 
source of the discrepancy is that the rate constant for 
the methyl ether is based upon experiments done in 
phosphate buffers where the hydronium ion catalyzed 
reaction makes only a small contribution to the 
observed rate, although the errors are claimed to be 
only 1.3%. For methyl isopropenyl ether and for 
1-methoxycyclopentene rate constants for acid- 
catalyzed hydrolysis were estimated from the ob- 
served rate constants for the ethyl ethers (1 I) and the 
average value of 0.48 for the methyl to ethyl rate 
ratio. In the case of methyl isopropenyl ether we 
consider that this estimated value is probably the 
better one to use. 

The data supporting the value of the methyl to 
ethyl rate ratio are collected in Table S-I, which has 
been placed in the Depository for unpublished 
Data.3 

Rate constants for enolization of the aldehydes 
were taken from the work of Talvik and Hiidmaa (15) 
and are observed rate constants for the equilibrium 
mixture of aldehyde and hydrate, not corrected for 
number of enolizable hydrogens. There appear to 
have been no studies of the enolization of cyclo- 
alkanones in water except for the studies of cyclo- 
hexanone by Lienhard and Wang (8). Schechter et al. 

3Copies of material on deposit may be obtained, at anominal 
charge, from the Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Ont., Canada 
KIA 0S2. 
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GUTHRIE 799 

TABLE 1. Kinetic data permitting calculation of enolization constants" 

Rate constantb 
for hydrolysis 

( M - I  s-l) Carbonyl compound 

Rate constantb 
for enolization 

( M - I  S - l )  PKE~OP En01 ether 

OMe 

OMe 
~ C = C H ~  

QIn water at 25°C. 
bAcid catalyzed; for 1 methoxypropene a weighted average rate constant for hydrolysis was calculated: see text. 
'KE,,~ = [Enolll[Keto]; pK,.,, = log K,,,,; values in parentheses are approximate, based on estimated rate constants for enolization. 
dReference 1 1. 
'Reference 15. 
fCalculated from the rate constant for the ethyl ether, using a ratio ~ O M ~ I K O E ,  = 0.48. 
QReference 25. 
hcalculated from the results m ref. 16 measured in 90% acetic acid with HCI as catalyst assuming that relative rates would be the same as in water. 

Cyclohexanone was used as the standard (ref. 8). 
LReference 8. 
>Not available. 
'For other substituted a-methoxy styrenes, bearing COOMe, COOH or COO-, see ref. 32. 
'Reference 33. 
mCalculated from the rate constant for acetophenone measured at 25°C (ref. 17) using relative rates from ref. 18, measured at 30°C in 1.4 M HCIOI. 
"Assumed to be the same as p-CL 
OReference 17. 
RReference 34. 
#Reference 19. 
'Calculated from rate constants determined in 80:20 dioxane-water, using a linear free energy relationship, see text. 
'Reference 20. 
'For further examples of styryl ethers see ref. 20; for P-alkyl substituted vinyl ethers see ref. 21. 
"Estimated as described in the text. 
"For the keto tautomer. 
WApparent value for the equilibrium mixture of keto and hydrate. 
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TABLE 2. Comparison of enolization constants obtained by various methods" 

pKEnoib 
Kineticc thermochemicald Direct 

Carbonyl compound method method measurement 

CH3CHO 4.7 5.3(0.6) 
CH3CHZCHO 3.9 3.9(1.0) 
(CH3)ZCH-CHO 2.7 2.8(1.1) 
CH3-CO-CH3 7.0 7.2(0.9) S.S(O.9)' 

>6.0f 
5 .  S g v h  

"All referring to dilute aqueous solutions at 25'C unless otherwise noted, quantities in parentheses are 
estimated uncertainties. 

bpK,,.~ = --log K E , , ~ I ;  KEnol == [Enoll/[Keto]. 
<This work 

gReference 2. 
hExtrapolated to neat liquid. 
'Reference 1 .  
JReference 28. 

40% tcrf-butyl alcohol -- water. 
'Reference 35. 

(16) studied a series of cycloalkanones in 90% acetic 
acid with HCl as catalyst. We have estimated the 
rate constants for the other cycloalkanones in water 
from these data assuming that the relative rates in 
water at 25°C will be the same as in 90% acetic acid at 
20°C. 

The rate constant for the acid catalyzed enolization 
of acetophenone was taken from studies at 25°C 
using 0.053 or 0.109 M H2S04 as catalyst (1). Rate 
constants for ring-substituted acetophenones were 
calculated from this value assuming that relative 
rates will be approximately the same as those for a 
study at 30°C in 1.39 M HClO, (18). 

A number of en01 ethers have been studied in 80 : 20 
dioxane-water (19-21); these rate constants have 
been corrected to pure water as solvent by taking 
advantage of the linear free energy relation between 
rate constants in dioxane-water and water. This 
relation can be expressed as 

with a correlation coefficient of 0.992. The rate 
constants upon which the correlation is based, as well 
as the corrected rate constants for all compounds 
studied in dioxane-water are found in Table S-11, 
which has been placed in the Depository for Un- 
published Data.3 

It is of interest to  attempt to  estimate the en01 

content for the final group of compounds in Table 1, 
for which only the rate of hydrolysis for the en01 
ether is available. For indanone, the observation that 
acetone and cyclopentanone have very similar rates 
of enolization suggests that indanone will be very 
similar to acetophenone, with a rate constant of ca. 

M - l  s- l .  Although there has been no investiga- 
tion of the enolization of phenylpropanone under 
conditions where the reaction is unambiguously acid 
catalyzed reaction of the ketone, an investigation of 
exchange in acetic acid (22) showed that the methy- 
lene position in l-phenyl-2-propanone exchanged 
faster than either position in butanone; comparison 
with rates of acid-catalyzed enolization for butanone 
in water (23) suggests that the rate constant for 
phenyl propanone is about lo-, M- I  s-I . The rate 
constant for enolization of the keto tautomer of 
chloroacetaldehyde can be estimated from the rate 
constant for acetaldehyde by using the rate ratio for 
chloroacetone to acetone. The rate constants for 
acid-catalyzed enolization (in the case of chloro- 
acetone, expressed in terms of the keto form, cor- 
rected for hydration) have been measured at 15°C 
(24, 25). Taking the observed values at Ho = 0.0 as 
the desired second-order rate constants (in both 
cases plots of log k,,, vs. Ho are linear with unit slope 
in this Ho region), one finds that the rate constants 
are 1.4 x M- '  s-I for chloroacetone (24) and 
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GUTH IRIE 801 

5.0 x M-'s- '  for acetone (25). Thus one 
estimates that the rate constant for enolizatioil of the 
keto tautomer of chloroacetaldehyde will be ca. 
10-6 M-1 s - l .  , the apparent rate constant would be 
slower because of the extensive formation of hydrate 
to be expected: K,,,,,,,,, = 10, estimated from ref. 
26. The apparent rate constant for enolization of an 
equilibrium mixture of chloroacetaldehyde and its 
hydrate would be about M- I  sp l .  

These estimated rate constants lead to predicted 
values of pKEnol shown in Table 1; of particular 
interest are the predictions for I-phenyl-2-propanone, 
for which pKEnol = 4; chloroacetaldehyde, for which 
pKEn,, = 2, although hydration would lead to an 
apparent value (for KiP,:, = [Enol]/([Aldehyde] + 
[Hydrate])) of pKiP,:, = 3; and phenylacetaldehyde, 
for which pKEnol = 2. For the closely related 2- 
phenylpropanal, the en01 content in DMSO at 60°C 
is about 10% (27). Since one expects that the extra 
methyl group might well favor the enol, this result is 
not inconsistent with our prediction. 

Table 2 compares the results from the application 
of the 'kinetic method' with those from our thermo- 
chemical method and also with the various values 
reported by other laboratories, using more direct 
methods. It must be borne in mind that the earlier 
attempts to use halogen titrations were probably 
subject to systematic errors (3, 6); furthermore the 
latest attempts to use halogen titration (3,28) lead to 
values which are sometimes in disagreement with 
expectations based upon the overall chemical 
behaviour of the systems concerned (9, 10). 

For cyclohexanone the agreement with Bell's 
measured value is good, but for cyclopentanone the 
agreement is very poor; the discrepancy amounts to 
two orders of magnitude. Hine and Arata (9, 10) have 
pointed out that Bell's result for cyclopentanone is 
inconsistent with a considerable body of information 
concerning relative behaviour of five- and six- 
membered ring compounds; one is reluctantly driven 
to consider the possibility that Bell's result is in 
error. This is extremely serious since if one of the 
values reported is in error, the other cannot be 
trusted entirely and there remains no firmly estab- 
lished and directly measured equilibrium constant 
for enolization of a simple carbonyl compound. For 
acetone the value which we obtain is consistent with 
the limit placed by Bell's work. The other recent 
investigation of the en01 content of acetone was by 
Toullec and Dubois (4, 5), who measured the rate of 
halogenation of acetone under acidic conditions 
where tautomerization was rapid and the rate- 
determining step was reaction of en01 with halogen. 
They concluded that the reaction occurred at the 
diffusion controlled limit from the identity of the 
rate constants for chlorine, bromine and iodine. 

Using a rate constant for diffusion controlled reac- 
tion of 1 x 10" M- I  s-' (29) one obtains an equili- 
brium constant for enolization of 1.5 x lo-' (76). 

This corresponds to a pKEno, of 8.8, which is 
disturbingly far from the values estimated by our 
methods. As Dubois and Toullec (5) point out, their 
value is only approximate, because of uncertainties 
concerning the appropriate values of the parameters 
used to estimate the rate of diffusion. It is difficult to 
estimate the uncertainty in the pKEno, values calcu- 
lated by the 'kinetic method' but it should be less 
than 1 pK unit. (Although the reasons for choosing 
the estimated value for kOMe for 2-methoxypropene 
continue to seem convincing it should be noted that 
the value from ref. 13 would give a pKEnol = 7.5, in 
closer agreement with the value of Dubois and 
Toullec (6).) 

Novack and Loudon (28) have reported measure- 
ments, in 40% tert-butyl alcohol - water, of the en01 
content of cyclopentanone and acetophenone (28). It 
is most disturbing that they obtain the same value for 
cyclopentanone as was reported by Bell and Smith 
(3), in view of the arguments mentioned above for 
thinking that this value is out of line with other 
chemistry of cyclopentanone. For acetophenone the 
value which Novack and Loudon report is not con- 
sistent with the p ~ , E n O L  which they report (28) on the 
basis of independent experiments studying the 
aminolysis of en01 esters and the value of pKaKeiO 
which can be derived (7b) from Bartlett and Vincent's 
(30, 31) studies of the rate of chlorination. Conse- 
quently we are led to propose that there is some 
systematic error in the halogenation titration used by 
Bell and Smith (3) and also by Novack and Loudon 
(28), which is not associated with trace impurities, 
although it may be associated with products of 
reactions induced under the experimental conditions. 

The agreement between the 'kinetic method' and 
the thermochemical method is clearly excellent. Since 
the two approaches are entirely independent, this 
agreement tends to increase confidence in both 
methods. 

Conclusions 
The 'kinetic method' leads to reliable values of 

pK,,,,, is quite general, and for many simple 
carbonyl con~pounds may be the method of choice. 
It would be exceedingly valuable to have rate con- 
stants for the hydrolysis of a greater range of en01 
ethers, incorporating more of the structural features 
(halogen, alkyl, aryl, alkoxy, etc., substituents) im- 
portant in synthetic applications of enolization. 
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LOIS M. BROWNE, R. E. KLINCK, and J. B. STOTHERS. Can. J .  Chem. 57,803 (1979). 
The 13Cmr spectra of 5P,lOp-dimethyldecalin, lop-decal-5p-01, and lop-methyldecal-5p-01 

have been examined as a function of temperature to determine the barriers to conformational 
inversion. Lineshape fitting was employed to extract rate data from which the thermodynamic 
parameters governing the inversion processes were extracted. Comparison of these results with 
those obtained by molec~~lar mechanics calculations indicates that the barrier for chair-twist to 
twist-twist interconversion dominates the conformational inversion profile. 

LOIS M. BROWNE, R. E. KLINCK et J. B. STOTHERS. Can. J. Chem. 57,803 (1979). 
On a dktermink les spectres rmn I3C des dimtthyl-5[3,10P dkcaline, 10~-d6calol-5p et 

methyl-lop d&calol-5[3 en fonction de la tempkrature dans le but d'kvaluer les barrikres a 
l'inversion conformationnelle. On a utilisk la technique de la superposition des formes des pics 
pour en tirer les donnees a partir desquelles on a pu Cvaluer les parametres thermodynamiques 
qui gouvernent les processus d'inversion. Une comparaison de ces rksultats avec ceux obtenus 
gr2ce a des calculs de mkcanique molkculaire indique que la barriere a I'interconversion 
chaise-croiske a croisee-croiske domine le profil de l'inversion conformationnelle. 

[Traduit par le journal] 

Introduction 
. Conformational inversion of the cis-decalin ring 

system [I] has been the subject of several nmr in- 
vestigations (1-5). Gerig and Roberts (1) used lgFmr 
spectra to measure the inversion barriers for a series 
of 2,2-difluoro substituted cis-decalins whereas 
Altman et al. (2) analyzed the 'Hmr spectra of cis- 
decalins bearing -CH,R substituents at the ring 
junction to estimate the barriers. More recently, the 
utility of 13Cmr for sucl~ determinations has been 
demonstrated (3-5). In addition to their barrier deter- 
minations Gerig and Roberts (I) carried out potential 
energy calculations to obtain an energy profile for 
the inversion process. Their calculations showed the 
chair-chair (CC) conformation to be the preferred 
ground state, as expected, with the major barrier 
involving a half-chair-twist (3CT) form (see Fig. 1). 
The symmetrical boat-boat (BB) conformation was 
found not to represent a significant barrier to 
inversion, i.e., A > B in Fig. 1. Because inversion 
from one CC form to the other requires passage 
through two equivalent 3CT forms a transmission 
coefficient (K) of 0.5 has been used in the Eyring 

FIG. 1. Energy profile for the conformational inversion of the 
cis-decalin skeleton. 

treatment of the rate constants in the more recent 
studies (3-5). 

During the study of 13C shieldings in a series of 
cis-decalins, we decided to investigate the inversion 
barriers for examples with substituents at the ring 
junction. It was felt that such substitution should 
increase the energy of the symmetrical BB form and 
in disubstituted derivatives perhaps alter the profile 
for inversion such that this form constitutes the 
highest point, i.e., A < B in Fig. 1. If this were the 
case, a K value of 0.5 would be inappropriate in the 
Eyring analysis. To provide a comparison with the 
observed energy barriers and to obtain an energy 
profile for the inversion process, molecular mechanics 

'For Part 80, see ref. 14; Part 79, see ref. 15. calculations have been examined. 
'Present address: Adirondack Community College, Glens Three substituted cis-decalins, 10P-deca1-5P-01 (la), 

Falls, New York, NY. 10~-methyldecal-5~-o1 (lb), and SP,lOP-dimethyl- 

0008-4042/79/070803-04$0 1 .OO/O 
@ 1979 National Research Council of CanadalConseil national de recherches du  Canada 
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decalin (lc) were chosen for study. Molecular 
mechanics calculations were also carried out for cis- 
decalin (Id) and its 50-methyl analog (le), experi- 
mental barriers for which had been determined pre- 
viously by l3Cmr (4, 5). During the course of this 
work, inversion parameters were published for l b  (5) 
and these provide an independent check for the 
present experimental results. 

Experimental 
Materials 

100-Decal-50-01 (la) 
This alcohol, mp 52-56"C, was prepared as described by 

Huckel et al. (6). 
100-Methyldecal-5g-01 (Ib) 
A mixture of 40,50-epoxy-100-methyldecal-3-one (0.108 g), 

prepared by the method of Kuehne and Nelson (7), hydrazine 
hydrate (0.25 mL), glacial acetic acid (2 drops), and methanol 
(2 mL) was stirred at room temperature for 2 h. After dilution 
with water (5 mL), the mixture was extracted with pentane. 
The pentane extract was washed successively with buffer pH 5, 
NaHCO, solution, brine, and dried over MgSO,. The solvent 
was removed by distillation at atmospheric pressure to give 
A3-100-methyldecal-50-01 (0.086 g, 87% yield). This alcohol 
had the following properties: ir (neat): 3460, 1655, 940, 910 
cm-l; 'Hmr (CDC13)G: 1.00 (s, 3H, 10-CH,), 5.49 (d of t ,  lH,  
J =  1, 5 Hz, 4-H), 5.74 (d o f t ,  IH, J - 2, 5 HZ, 3-H); 
(C5D5N)G: 1.20 (s, 3H, 10-CH,); Exact mass calcd. for 
Cl ,H180: 166.1358; found (high resolution ms): 166.1354. 

This octal01 (0.050 g), triethylan~ine (1 drop), and ether was 
hydrogenated over 5% Pd/C in a Parr hydrogenator at 40 psi 
for 1 h. The solution was filtered through a small plug of silica 
gel and the solvent removed to give l b  (0.050 g). Its spectral 
data agree with those reported (8): ir (neat): 3470 cm-l; 'Hmr 
(CDC13)6: 0.98 (s, 3H, lO-CH,); (C5D5N)G: 1.11 (s, 3H, 
10-CH,). Exact mass calcd. for CI1H2,0: 168.1514; found 
(high resolution ms): 168.1509. 

50,IOg-Dimethjddecalin (Ic) 
Methyllithiun~ (0.55 g, 30 mL, 0.7 M) was added to a cooled, 

stirred solution of cuprous iodide (2.48 g) in ether (50 mL). 
After stirring at O°C for 10 min, A4-log-methyldecal-3-one (1.25 
g) in ether (20 mL) was added over 30 min. Stirring was contin- 
ued for 1 h and then the reaction was quenched with saturated 
NH4CI solution. The two-phase system was stirred rapidly for 
10 min, filtered in vacuo, and the layers separated. Theaqueous 
fraction was extracted with ether (3 x 20 mL) and the com- 
bined extracts dried over MgSO,. Removal of the ether 
afforded 1.0 g of product from which 50,100-dimethyldecal-3- 

one (0.74 g, 54% yield) was isolated by chromatography over 
silica gel. This material had the following properties: mp 108- 
120°C (lit. (9) mp 108-118°C); ir (CC14): 1715 cm-'; 'Hmr 
(CC1,)G: 0.89 (s, 3H), 1.02 (s, 3H); Exact mass calcd. for 
CI2HZ00:  180.1515; found (high resolution ms): 180.1510. 

Reduction of the carbonyl group of this ketone was accom- 
plished using the Huang-Minlon modification of the Wolff- 
Kishner reaction as described by Ireland et al. (10) to yield l c  
in 54% yield. This hydrocarbon exhibited essentially the same 
properties as those reported for l c  by Ireland et al. (10). The 
observed mp of 55-7O0C, however, indicated contamination 
with a small amount of the trans isomer since the melting range 
is the same as that reported for a similar mixture (10). The 13C 
spectra of l c  confirmed that the compound was > 95% pure 
and the requisite data were readily obtained. 

Spectra 
Methylene-d2 chloride employed as the solvent for this study 

was obtained from Merck, Sharp and Dohme, Canada and 
used without further purification. Solution concentrations 
ranged from 5-8 mol%. 

The spectra were obtained with a Varian XL 100-15 system 
equipped with variable temperature accessories and operated 
in the FT mode using the solvent signal for a lock. Probe 
temperatures were monitored before and after the collection of 
each spectrum with a thermocouple placed in a sample tube 
containing toluene. Temperature measurements should be 
reliable to & 1°C. Initially spectral widths of 2500 Hz were used 
to follow the temperature dependence of the spectra from - 60 
to + 10OoC, to obtain zero exchange separations and approxi- 
mate coalescence temperatures and to identify the optimum 
temperature ranges for the spectra required for complete line- 
shape analysis. Subsequent spectra were recorded from 0 to 
100°C at 10" intervals with smaller steps in the region of 
coalescences. Spectral widths of 800 Hz (8 K transforms) 
spanned the signals for exchanging carbons. For lineshape 
fitting, 100 Hz portions of these spectra were used in conjunc- 
tion with the EXCHG program to obtain the best fits (1 1). 

The 13C shielding data for these derivatives will be presented 
and discussed with the results for several other cis-decalins in a 
forthcoming paper. 

Molecular Mechanics Calculations 
The Allinger MM1 program with the 1973 force 

field parameters (12) was used to investigate the 
energy profile for the inversion process. Input co- 
ordinates were generated with COORD 4 (13) using 
109.5"C for the tetrahedral angle and the following 
bond lengths: C-C, 1.54 A; C-H, 1.10 A; C-0, 
1.44 A; 0-H, 0.94 and 0.5 A for an oxygen lone 
pair. The energies of the BB, TT, and 4CT forms 
(see Fig. 1) relative to that of the CC conformation 
were computed. A symmetrical BB conformation 
requires a X-C-C-Y dihedral angle of 0°C. I t  was 
necessary to restrict the motion of these atoms to 
maintain this condition. For l c  and Id, this restric- 
tion resulted in eclipsing the %-hydrogens with those 
on C-3 as well as the 7-hydrogens with those on C-&; 
For the other, less symmetrical cases, however, 
eclipsing interactions did not occur about the C-2,-3 
and C-7,-8 bonds. Without these restrictions energy 
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minimization led to structures consistent with twist- 
twist ( T T )  conformations. A symmetrical BB arrange- 
ment constitutes an energy maximum between the 
T T  forms and less symmetric species of lower energy 
are probably involved in the actual interconversion 
between T T  forms. Thus, the values calculated for 
barrier B represent upper limits. For the +CT forms, 
there are three possible conformers which represent 
six different cases for 1, X # Y ;  each was investi- 
gated using input coordinates obtained from the 
aforementioned bond lengths and typical dihedral 
angles available from calculations for cyclohexane. 
Since these forms represent energy maxima, restric- 
tion of the motions of certain atoms was necessary to 
fix the conformation. Initially, the motion of the 
carbons in the half-chair (C-1,-2,-3,-4,-5 and -10 in 
+CT-1) were constrained to obtain a first approxima- 
tion of the energy for each form. Removal of the 
constraint for C-5 or -10 maintained the $CT form 
but, in most cases, removal of the restrictions on both 
C-5 and -10 led, after minimization, to inappropriate 
conformations of much lower energy, for example, to 
a T T  form. Although, in principle, all possible +CT 
forms could be attained, the &CT-1 conformation is 

required to proceed to a symmetrical BB form and, 
in general, it was found that this form has the lower 
calculated energy. The values computed for the 
+CT-1 forms were used in each case for the estimates 
of barrier A in Fig. 1 .  

Results and Discussion 

Rate constants for the inversion process were 
obtained for all pairs of exchanging carbons in each 
of la-c. Because there are significant differences in 
the coalescence temperatures for the various ex- 
changing nuclei it was possible to cover a wide 
temperature range without resorting to the use of 
data only from very fast or very slow exchange rates 
(4). For each case, from 15 to 27 rate constants were 
utilized in the Eyring and Arrhenius treatments 
(see Fig. 2). The results are summarized in Table 1 
which includes published data for Id and e for 
comparison. Agreement with recently reported 
parameters for l c  (5) is excellent indicating a 
negligible solvent effect since the latter data were 
obtained for the neat liquid. Although the experi- 
mental AH* values for the disubstituted derivatives 
are greater than those for cis-decalin and the mono- 

FIG. 2. Eyring plots from the data for the exchanging sites is 
l a  (A) ,  16 (B), and l c  (C) .  

substituted derivatives, no conclusion regarding the 
relative magnitudes of the barriers A and B for these 
cases can be drawn from these results alone. It may be 
noted that the observed AS* values do not exhibit a 
regular variation as had been reported previously (2)  
for the change from symmetrical to unsymmetrical 
substitution at the ring junction. The activation 
energies, E,,,, for inversion of la-d are listed for 
comparison with the results of the molecular 
mechanics calculations, which are included in 
Table 1 in terms of the barriers A and B. For all cases, 
it was found that A > B indicating that passage 
through the +CT conformation represents the domi- 
nant barrier to inversion, in agreement with the 
original conclusion of Gerig and Roberts ( 1 )  for cis- 
decalin itself. It had been suggested (5) that the 
presence of bulky substituents at both ring junction 
positions could render B > A because of a greater 
destabilization of the BB form through the eclipsing 
interaction of these substituents. However, the 
present results indicate that this is not the case for 
two methyl groups. For the disubstituted derivatives 
there is a significant increase in the calculated value 
for barrier B but there is a concomitant increase for 
barrier A involving the +CT form. Clearly, de- 
stabilizing interactions of the substituents with the 
ring skeleton are comparable to the eclipsing inter- 
actions. For the hydrocarbons reasonable agreement 
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TABLE 1. Experimental and calculated activation parameters for inversion of cis-decalins 

Calculated barriers 
Experimental results (kcal/mol) 

- (see Fig. 1) 
Compound AH* AS* AG*z,, E a c t  

No. X Y Ref. Solvent (kcal/mol) (eu) (kcal/mol) (kcal/mol) A B 

I d  H H 3 Nil 13.6k0.7  3 . 5 k 3  12.6 b 

4 CDZCIZ 12.4k0.1 0 . 2 k 0 . 4  12.3 12 .9k0 .1  14.8 8.5 
l e  Me H 3 Nil 12.4k0.7  - 0 . 7 k 3  12.6 b 13.1 7.3 
l c  Me Me " CD,CI2 15 .6k0 .3  1 .4k0 .8  15.2 16.2k0.3 16.9 10.1 
l a  O H  H " CDzClz 14.1k0.6  4 .9k1 .8  12.6 14 .7k0 .6  14.0 7.4 
l b  O H  Me 5 Nil 15.9k0.3 2 . 9 k 1 . 2  15.0 16 .7k0 .2  

" CD,CIZ 15.7k0.4  3 .0k1 .3  14.8 16.4k0.4 12.1 6.9 

NOTE: Errors shown are standard deviations obtained from the least-squa~ 
.Present study. 
bNot reported. 

is observed between the calculated values for barrier 
A and the experimental E,,, values with the calculated 
results tending to be somewhat greater. A com- 
parison of the energies for the same conformation for 
the three hydrocarbons indicates that the major effect 
of methyl substitution is to alter the bending and 
compression contributions to the total strain energy. 
This is consistent with the finding that skeletal 
changes in the ring system resulting from methyl 
substitution dominate the energy profile rather than 
the eclipsing interactions in the BB forms. 

Since the force field parameters for hetero atoms 
are not so well refined as those for carbon and 
hydrogen, agreement between calculated and experi- 
mental inversion barriers cannot be expected to  be as 
good for the decalols as found for the hydrocarbons. 
The strain energies for the various decal01 conformers 
seem to differ but slightly from those for the hydro- 
carbons indicating that the parameters for oxygen 
are inadequate. In contrast to the findings for the 
hydrocarbons, the major differences for the decalols 
appear to arise from contributions calculated for the 
van der Waals interactions. In any event, the general 
tendency is the same, namely, A > B for the two 
decalols. 

Since, in each case, the difference between the 
calculated values for the two barriers is at  least 
5 kcal/mol, one can conclude that passage through 
the +CT conformation represents the dominant 
barrier to conformational inversion in each of these 
systems. Thus, a transmission coefficient of 0.5 is 
required for the Eyring treatment of the rate data. It 
remains to be established whether bulkier substit- 
uents can render the BB form dominant in the 
energy profile. 

-es analysis. 
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Spin-spin coupling constants between side-chain and ring fluorine nuclei in some 
benzotrifluoride, benzal fluoride, and benzyl fluoride derivatives: coupling mechanisms 
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TED SCHAEFER, WALTER NIEMCZURA, CHIU-MING WONG, and KIRK MARAT. Can. J. Chem. 
57,807 (1979). 

A complete analysis of the 'H and 19F nmr spectra of 2,5- and 3,4-difluorobenzotrifluoride, 
together with multiple resonance experiments, yields the signs and magnitudes of the long- 
range 19F,19F and 'H,19F spin-spin coupling constants. The coupling mechanisms are dis- 
cussed. In  particular, the coupling over six bonds, 6JpF,CF3, whose sign is interpretable in 
terms of a o-n mechanism, is too large in magnitude when compared to 6JpH*CH3, 6JpF,CH3, 

and 6JpH,CF3 in the analogous compounds. These latter three couplings are consistent in sign 
and magnitude with what is known about hyperfine interaction constants. The magnitudes of 
6JpF,CF~ are reported for 4-fluorobenzotrifluoride, 3-amino-4-fluorobenzotrifluoride, 3-nitro-4- 
fluorobenzotrifluoride, as are 6JpF,F values for p-fluorobenzal fluoride and p-fluorobenzyl 
fluoride. In contrast to 6JpH,CH and 6J F,CH , ~t ' seems unlikely that, unless its coupling mechanism 
becomes more precisely understood, 6JpF,CF will be a reliable indicator of conformational 
preferences. 

TED SCHAEFER, WALTER NIEMCZURA, CHIU-MING WONG et KIRK MARAT. Can. J. Chem. 
57,807 (1979). 

Une analyse complete des spectres rmn du 'H et du 19F des difluoro-2,s (et 3,4) benzotri- 
fluorures, de concert avec des experiences de resonance multiple, permet de determiner les 
signes et les amplitudes des constantes de couplage spin-spin 19F,19F et 'H,19F a longue 
distance. En particulier I'amplitude du couplage a travers six liaisons, 6JpF,CF3, dont on peut 
interpreter le signe en termes d'un mecanisme o-n, est trop grande comparee aux 6 J p H 3 C H 3 ,  
6J,,F,CH3 et 6JpH,CF3 observkes dans les composCs semblables. Les trois derniers couplages sont 
en accord, tant en ce qui a trait au signe qu'8 I'amplitude, avec ce qui est conilu concernant les 
constantes d'interactions hyperfines. On rapporte les amplitudes des 6 J p F 3 C F 3  des fluoro-4, 
amino-3 fluoro-4 et nitro-3 fluoro-4 benzotrifluorures de mCme que les 6JpF,F des fluorures de 
p-fluorobenzal et dep-fluorobenzyle. Par opposition aux 6JpH,CH et 'JPFsCH, il est peu probable, 
que les 6JpF,CF puissent Ctres utilises comme indicateurs surs des preferences conformation- 
nelles a moins qu'on arrive a une meilleure comprehension de leur mkcanisme de couplage. 

[Traduit par le journal] 

Introduction 

The o-x electron contributions to the long-range 
spin-spin coupling constants over four, five, and 
six bonds, J:;:? and J?:,?, in toluene derivatives 
have been discussed in some detail (1-12). In 
addition to their intrinsic interest as indicators of 
electronic structure, some of these couplings are 
useful in the aetermination of conformational 
preferences and, indeed, of internal barriers to 
rotation in benzene derivatives (13-16). 

On the other hand, the signs and magnitudes of 
Jf,$,"," in benzotrifluoride derivatives have been less 
 thorough!^ investigated (17-23). This paper briefly 
reports on these parameters for 2,5-difluorobenzo- 
trifluoride, (1) and for 3,4-difluorobenzotrifluoride 
(2). 

In addition some spectral parameters, useful in 
the discussion of 1 and 2, are given for p-trifluoro- 
methylbenzotrifluoride and 3-nitro-4-methylbenzo- 
trifluoride; for p-fluorobenzotrifluoride and its 

1 
H4 F4 
1 2 

3-amino and 3-nitro derivatives; and for p-fluoro- 
benzal fluoride and p-fluorobenzyl fluoride. 

Experimental 
The preparation of 1 involved repeated nitration and 

diazotization of benzotrifluoride whereas that of 2 necessitated 
a diazotization of 3-amino-4-fluorobenzotrifluoride (Pierce 
Chemical Co.). The details of the syntheses are in ref. 24a. 

The preparation of 3-nitro-4-methylbenzotrifluoride in- 
volved 10 g of the benzoic acid (Aldrich Chemical Co.) and 
26.7 g of SF,, heated to 15OoC/12 h in a 150 mL steel cylinder. 
The product, 6 g, 29% yield, distilled at 178"C/100 Torr. 

The p-fluorobenzal fluoride was prepared from 1.1 g of the 
aldehyde (Pierce Chemical Co.) and 3.8 g of SF, by heating in 
a 75 mL steel cylinder, 125"C/17 h. The product was trap-to- 
trap distilled. No boiling point was determined but the 'H nmr 

0008-4042/79/070807-06$01 .OO/O 
@I979 National Research Council of CanadalConseil national de recherches du Canada 
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808 CAN. J. CHEM. VOL. 57, 1979 

TABLE 1. lH and 19F spectral parameters for 2,5- and 3,4-difluorobenzotrifluoride 

2,5-Difluorobenzotrifluoridea 3,4-Difluorobenzotrifluorideb 
- 

Parametercsd 100.001 MHze 56.443 MHzf 100.OOIMHze 56.443MHzf 

v 1 

vz 
v3 
v4 
v5 
v6 
4J1 

5Ji 3 

6J14 

'Ji 5 

4J1 6 

3J23 

4Jz4 

'Jz 5 

4J26 

3J34 

4J35 

'J36 

3J45 

4J46 

3J5 6 

Root-mean- 
square error 

Peaks assigned 
Peaks calculatedh 

050 volz  in benzene-d, and 5 volz  TYS and 5 v o %  CF3CC13. 
*30 volg in benzene-d6 and others as In footnote a. 
=The pr:ton shifts are given in Hz relative to internal TMS at 305 K for 100 MHz spectra. 
dThe '9F shifts are given in Hz relative to internal CF3CC13 at 301 K for 56.4 MHz spectra. Negative values are to 

hieh field of reference. -- - - - -  ~-~ 

'Analysis of 100 MHz 'H nmr spectra. 
'Analysis of 56.4 MHz 19F nmr spectra. 
'Numbers in parentheses are equal to 5 x standard deviation in the last significant figure. 
hCounting those transitions whose relative intensities were greater than 0.05. 

spectrum gave the characteristic triplet components for the 
side-chain proton (2JH,F = 56.4 Hz). 

The p-fluorobenzyl fluoride was prepared in a similar way 
from p-fluorobenzyl alcohol (Aldrich Chemical Co.) and gave 
the characteristic doublet components for the side-chain 
protons in the 'H nrnr spectrum. The physical properties of a 
series of benzyl fluoride derivatives, including the p-fluoro 
compound, have been described (246). 

Degassed samples of 1 and 2 in benzene-d6 (details in foot- 
notes to Table 1) had their 'H nrnr and 19F nrnr spectra cali- 
brated on HA100 and DAB01 spectrometers, respectively. 
Calibration markers, obtained by reading sweep and manual 
oscillator frequencies, were placed at 2 to 5 Hz intervals. 
Repeated calibrations were performed in the frequency sweep 
mode at spectral dispersions of 1 and/or 2 Hzlcm and at sweep 
rates of 0.02 and 0.01 Hz/s. Probe temperatures were deter- 
mined by means of a thermocouple. 

Weak irradiation experiments (25) on the I9F nrnr spectra 
were performed in the usual manner. 

The 'H nmr spectrum at 100 MHz of a 20 vol% solution of 
3-nitro-4-methylbenzotrifluoride was also recorded and 
calibrated in the manner described above; 50 vol% solutions 
in C6D6 of all other compounds contained internal CF3CC13 
and TMS. Degassed samples were used to record and calibrate 
'H nrnr and 19F nmr spectra as described for 1 and 2. An 
exception was p-trifluoromethylbenzotrifluoride (Chemical 

Procurements Co.) which was used as 9 5  vol% solution in 
CF3CCI3. 

INDO MO FPT calculations (26) were performed on an 
IBM 3701158 system, using standard geometries (27). 

Results and Discussions 

Spectral Analysis of 1 and 2 
These were performed with the computer program 

LAME (28, 29). The 'H nrnr spectra at 100 MHz 
were analyzed first. The parameters obtained in this 
way were used in an iterative analysis of the 19F 
spectra at 56.4 MHz. The spectral parameters from 
the latter analysis were again used in an iterative 
analysis of the 'H spectra. The final parameters 
satisfactorily reproduced the 60 MHz 'H nrnr 
spectra of 1. 

The spectral parameters are found in Table 1. 
Good agreement between the parameter sets is 
evident; the numbers in parentheses are five times 
the standard deviations. Iterations were not per- 
formed on the peaks from the CF, groups, severe 
overlap of peaks yielding ambiguities in their 
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SCHAEFER ET AL. 

FIG. 1 .  The 19F nmr spectrum of F-2 in 2,5-difluorobenzotrifluoride, 1, observed at 56.44 MHz at 30 K for a 50 ~01% 
solution in benzene-d, is shown in a. In b the calculated spectrum is displayed, employing the parameters in Table 1. The 
scale refers to frequencies to high field of the internal lock, CF3CC13. 

The Spectral Analysis of p-Fluorobenzal Fluoride FIG. 2. The observed, a, and calculated, b, '"F nmr spectrum 
of the C F ,  group in 1 (see Fig. 1). Each small division on the 

In the 'H nmr spectrum at 100 MHz, 288 transi- scale represents 1 Hz. The midpoint of the spectrum falls at 

frequencies. However, the calculated spectra for these a 1 

tions were assigned, leading to a root-mean-square 1108.5 HZ to low field of internal CF,CCI,. 

groups bore every resemblance to the observed 
spectra. 

Figure 1 gives an example of observed and 

1 

calculated 19F nmr spectra, those of F-2 in 1. Figure 1: 
2 displays the 19F spectrum of the CF, group of 1. 

Relative Sign Determinations in 1 and 2 

I '  
Sutcliffe and co-workers (20, 23) have given a 

series of detailed descriptions of double resonance ex- 
periments designed to determine the signs of 19F,19F 
coupling constants in fluoroaromatic compounds. 
Our experiments are very similar and will not be 
described in detail; complete descriptions can be b 4 

found in ref. 24a. In particular, the present series of 

1 

modified to accommodate eight nuclei. Good agree- 
ment with experimental spectra was found. 

double irradiations showed that 4J0F,CF3/5JpF,F > 0, 

As, invariably (30), 5JpF,F > 0, 3 ~ o F , F  < 0, 4JrnH,F > 
0, the signs in Table 1 follow. 

A number of the double resonance spectra were 
calculated by the computer program DOR (31), 

I 

4 F,CF3/5 jmF,CF3 
Jo 

6 F,CF3/3 joF,F >07 Jp 
< 0, 5 j  F,CF3 

m I 
joF.F < 0, 5JrnF,CF3/6~,F,CF3 > 0, 4JmH,F/5JpH,F < 0. 

I 

I 
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deviation of 0.02 Hz between calculated and 
observed peaks. However, there exist three correla- 
tion coefficients greater than 0.5 in this analysis. 
There were also some curious intensity anomalies, 
which could not be removed despite considerable 
effort, suggesting unknown errors in at least some 
of the parameters. Consequently, the spectral para- 
meters are not tabulated here. 

However, the 19F nmr spectrum did yield 6 ~ p F , C F 2  

as f 3.45 f 0.05 Hz, certain, even though the ring 
19F peaks overlapped one of the two bands (2JH,F = 
56.4 Hz) from the CF2H group. Because benzal 
fluoride itself has been satisfactorily analyzed (32), 
the analysis of p-fluorobenzal fluoride was ter- 
minated at this stage. 

The 19F spectrum of p-fluorobenzyl fluoride 
yielded 6 ~ p F , F  as f 5.8 f 0.2 HZ. 

7JpCH3,CF3 in 3-Nitro-4-methylbenzotriJEuoride 
A full analysis was not made and attempts to 

determine the sign of 7JCH3,CF3 were unsuccessful. 
However, a partial analysis indicates that this 
coupling is k0.76 + 0.05 Hz, assumed positive. 

6JpF,CF3 in p-FluorobenzotriJEuoride and its 3-Amino 
and 3-Nitro Derivatives 

Again, the spectra were not fully analyzed. How- 
ever, it was clear that 'J F 9 C F 3  had the values given 
in Table 2, where the '$F chemical shifts are also 
found. 
7 J CF,,CF "n p-TriJEuoromethylbenzotriJEuoride 

Because 4J0H,CF3 and 5 ~ m H , C F 3  are nearly of the 
same magnitude but of opposite sign (33), the 13C 
side bands in the 19F nmr spectrum at 56.4 MHz are 
(somewhat distorted) quartets arising from long- 
range lgF,19F coupling. 7JpCF3,CF3 is . 0.85 + 0.05 Hz, 
very likely positive. ' ~ ' ~ ~ 3  IgF is 271.9 f 0.4 Hz in 
magnitude, close to tbe literature value (34). The 19F 
chemical shift is 1012 Hz (17.93 ppm) to low field of 
CF3CC13. 

The 9~ Chemical Shifs 
If the 19F shift in fluorobenzene is taken as 31.0 

ppm to high field of CF,CCl, and that in C6H5CF3 
is 18.4 ppm to low field of CF3CC1,(35), then the 
observed shifts in Table 2 are compatible with known 
substituent perturbations (35). The ring 19F shifts in 
1 agree closely with earlier observations (36). 
Although the chemical shifts in the ring follow the 
common substituent effects, in that electron donating 
substituents cause increased shielding, the 19F shifts 
of the CF, group display the opposite trend (36, 37). 
A similar but more marked substituent dependence 
for the CH,F group has been discussed periodically, 
if not explained (38-40). 

The CF2H group displays a shift similar to that 

TABLE 2. Fluorine chemical shifts4 in ppm relative to internal 
CF3CCI3 and 19F,19F coupling constants over six or seven 

bonds 

Compoundh Ring F CF3 6 , 7 ~  

OA negative sign indicates a shift to high field of CF3CC13. 
vol% in benzene-d,, containing also 5 vo% TMS and 5 vol% CF3CC13. 

<95 volz  In CF3CCls. 
dShift of the CFzH group or of the CFH, group. 
'Coupling constants are in Hz, the uncertainty in the last place being 

given in parentheses. 

of ring fluorine nuclei (Table 2) and this can lead to 
overlapping bands. 

The Coupling Constants Within the Ring 
There are no exceptional magnitudes of these 

couplings and the reader is referred to  refs. 41-43 
for full discussions. 

Long-range 19F,C19~,  Couplings 
Over Six Bonds, 6JpF,CF3 
6JpF,CF3 is + 1.89 Hz in 2; tentatively, and now 

very likely, + 1.33 Hz in perfluorotoluene (23). This 
coupling equals + 1.97 Hz in 4-fluorobenzotri- 
fluoride, f 1.96 Hz in the 3-amino derivative, and 
sinks to + 1.67 Hz in the 3-nitro derivative. In view 
of the known sign for 1, these couplings are very 
likely positive. The following observations are 
pertinent. 

In contrast to 6JpH,CH3 = -0.62 Hz and 6JpF,CH3 
= 1.12 Hz in toluene (8) and p-fluorotoluene (15), 
respectively, it seems unlikely that 6 J p F 3 C F 3  can be 
interpreted in terms of a simple o-n mechanism (2). 
For such a mechanism, J ~ ~ , ~ ~ ~  cc QCFQCCH, where 
the Q parameters are hyperfine interaction constants 
between an electron in an aromatic n orbital and the 
proton or fluorine nucleus. QcF > 0 (44) and an 
appropriate value is 41.1 G, derived from nickel(I1) 
aminotroponeimineate derivatives in which a small 
spin density is delocalized into the p-fluorophenyl 
groups (45). QcH is -22.5 6, so that 6 ~ p H 3 c H 3 /  

6 J p F 3 C H 3  = -0.6211.12 = -0.55 = -22.5141.1, as 
expected for a o-n coupling mechanism. 

However, 6JpH,CF3 in benzotrifluoride is -0.64 Hz 
(32) and, if this coupling is also dominated by a o-n 
mechanism, it follows that 6 ~ p F 3 C F 3  in p-fluorobenzo- 
trifluoride should equal - 0.64(41.1/ - 22.5) or 1.17 
Hz. Yet its value is 1.97 Hz. It is tempting to attribute 
this result to a large increase in Qw relative to 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SCHAEFER ET AL. 811 

p-fluorotoluene and to argue that the reduction to 
1.67 Hz in 3-nitro-4-fluorobenzotrifluoride is caused 
by a polarization of the C-F bond by the ortho nitro 
group. Because QcF is a composite term, dependent 
on the extension of the n:-electron system to the 
fluorine atom (44), such an interpretation has its 
attraction. 

It is then difficult to account for the very small 
changes (10% or less) in 6 ~ p F , C H 3  observed in 
p-fluorotoluene (2, 15), 2-fluoro-5-methylpyridine 
(3), 5-fluoro-2-methylpyridine (3), and in some 
p-fluorotoluene derivatives (2), these results being 
consistent with very minor changes in QcF (QcH is 
also largely substituent independent, 6 ~ p H * C H 3  being 
invariant in toluene (8), tetrachlorotoluene (1 l), and 
some polynitrotoluenes (12)). 

On the other hand, 6 J p F , C F 3  is rather insensitive to 
amino or fluoro substituents placed ortho to the 
C-F bond (Table 2). 

INDO MO FPT calculations of the type previously 
described for toluene (5) and benzotrifluoride (46) 
gave a sin2 0 dependence for 6 ~ p F , C F 3  (0 is the angle 
by which the exocyclic C-H or C-F bond twists 
out of the benzene plane), thereby implying a o-n: 
mechanism. Because the barrier to internal rotation 
in benzotrifluoride is only 0.010 kcal/mol (47), the 
average value of sin2 8 is 0.5. The calculations yield 
6JpF3CF3 as 2.8 Hz, an overestimate probably attri- 
butable to the parameters employed for the CF, 
group (46). 

That a o-n: mechanism is at least partially opera- 
tive, is supported by our observations of 6 ~ p F , C F  as 
f 3.45 + 0.05 and + 5.8 f 0.2 Hz, respectively, in 

p-fluorobenzal fluoride and p-fluorobenzyl fluoride. 
The decrease in magnitude of 6 ~ p F , C F  on successive 
substitution to CH2F, CHF,, and CF, groups is 
expected if the group orbitals become successively 
lower in energy and interact to  a lesser degree with 
the n: electron system (48, 49). 

Returning to QccF, it is interesting that 6 ~ p H 9 C F 3  

is - 0.62 Hz in 1 and is - 0.64 Hz in benzotrifluoride, 
i.e., the same as 6 ~ p H , C H 3  in toluene; suggesting that 
Q C C F  Q C C H  if 6 ~ p H 3 C F 3  is due solely to  a o-n: 
mechanism. One test of this mechanism involves the 
very reasonable assumption that coupling constants 
over seven bonds arise from a o-n mechanism. 
'JPCH3gCF3 is 0.76 + 0.05 Hz in 3-nitro-4-methyl- 
benzotrifluoride, implying a positive o electron 
contribution1 of +0.1 to +0.2 Hz to 6JpH3CF3. 

A further test involves the 0.85 + 0.05 Hz mea- 
sured for 7 J C F 3 , C F 3  in 4-trifluoromethylbenzotri- 
fluoride. These results indicate QccF/QccH - 
0.8510.76 = 1.1 f 0.1, close to the ratio of unity 

'A o electron contribution of +0.3 Hz to 6JpH,CFz in benzal 
fluoride is indicated (50) by this methyl group replacement 
technique (4). 

derived for the neutral CF3CH2. and CH,CHy 
radicals (51, 52). It appears that 6JpH3CF3 contains a 0 

electron component of 0.15 f 0.05 Hz. 
In consequence, it seems that the large value of 

6 ~ p F , C F 3  in p-fluorobenzotrifluoride could be attri- 
buted to a large o electron component of + 0.7 +_ 0.1 
Hz present only in the F,CF, combination; a rather 
unsatisfactory situation. 

In summary, whereas 6 ~ p H , C H 3  and 6 ~ p F , C H 3  are 
interpretable in terms of a simple o-n: electron 
coupling mechanism, which is rather insensitive to  
ring substitution, 6Jp:3CF3 is larger than expected in 
p-fluorobenzotrifluoride on this basis and displays a 
peculiar substituent dependence. The successful use 
of 6 ~ p F , C F  in aromatic compounds in the derivation 
of preferred conformations and of internal rotation 
barriers (50) is therefore unlikely. 

Over Five Bonds, 5 J , F , C F 3  

In toluene (5) and 3-fluorotoluene (lo), 5 J m H , C H 3  

and 5 ~ m F , C H 3  can be interpreted as composites of o 
and o-n: electron coupling mechanisms. The o con- 
tributions are positive. The o-n: contribution to  
'JrnHfCH3 is also positive because, although QCH and 
QccH are of opposite sign, the induced n: electron 
spin density at C-3 is negative (a result of electron 
correlation, the spin densities at C-2 and C-4 being 
positive), as discussed previously (10). On the other 
hand, the o-n contribution to 5 J m F , C H 3  is negative 
because QcF and QccH have the same sign, positive, 
and this contribution outweighs the o electron 
component, resulting in a negative 5 J m F , C H 3 .  

In 1 and 2, respectively, 5 ~ r n F , C F 3  is 0.56 and 0.86 
Hz. By analogy to 5 J , F , C H 3  and noting that Q c ,  and 
QccF are both positive, it follows that the negative 
o-n: electron component is outweighed by a positive 
o contribution. INDO MO FPT calculations on 
5 ~ r n F , C H 3  in 3-fluorotoluene reproduce the model 
behaviour very well (lo), predicting substantial 
negative values at 0 = 90" and large positive values 
as 0 approaches 180" (all-trans conformation). 
Similar calculations on 1 and 2 show the same 
qualitative behaviour2 (the plots are entirely similar 
to that in Fig. 3 of ref. 10) and suggest that the 
two-component model is adequate. 

In perfluorotoluene (23), 5 ~ m F , C F 3  is +0.62 Hz, 
implying that substituent perturbations will not 
change the sign of this coupling constant. 

Over Four Bonds, 4 J / 3 C F 3  

This coupling of 13.1 Hz in 1 is an example of a 
'through-space' coupling, discussed in detail by 
Sutcliffe and co-workers (21,23). They point out that 
its attribution to a predominant Fermi contact 
mechanism (53) is unsatisfactory. We note here that 

2Details are given in ref. (24a), where calculations on 
6JpF,CFs and 4J,F,CF3 are also tabulated. 
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our INDO MO FPT calculations confirm their 
criticism, the calculated average coupling being of 
the same magnitude as 6JpF,CF3 with a maximum 
at 0 = 90". In other words, the Fermi contact con- 
tribution is calculated by INDO MO FPT to have 
a large o-n component. 

Conclusions 
The long-range coupling constants over six bonds 

between methyl protons and para ring protons or 
fluorine nuclei in toluene and p-fluorotoluene, and 
perhaps between fluorine nuclei and ring protons in 
benzotrifluoride, are satisfactorily interpreted in 
terms of a o-n electron coupling mechanism in which 
QCH > 0, QccH Q c c ~  > 0, and QCF > 0. BY way 
of contrast, the corresponding six-bond coupling 
between fluorine nuclei in p-fluorobenzotrifluoride, 
although of the sign expected for a o-n mechanism, 
is much too large to be consistent with the other 
six-bond coupliigs. The six-bond fluorine-iluorine 
coupling constants involving CR,F and CRF, 
groups are unlikely to be very reliable conforma- 
tional indicators. 
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Synthese et ktude du rearrangement SR = NR des diazoles-1,3 : alkyl-1 alkylthio-2 
(allylthio, arylthio, cycloalkylthio) imidazoles. Partie I. Synthese et etudes 

physicochimiques 

FucultP des Sciences et Techniques, Aix-M~~rseille I l l ,  Rue Henri PoincnrP - Suint Jkrbme, 13397, M(~rseille, France 

Regu le 2 octobre 1978 

JACKY KISTER, GEORGES ASSEF, GILBERT MILLE et JACQUES METZGER. Can. J. Chem. 57,813 
(1979). 

Nous avons ttudit la synthtse et le rtarrangement SR % NR de thiotthers des stries imi- 
dazoliques N- et S-substitutes (60 composts). Les etudes physicochimiques complktes des 
thiotthers, thiones, catalyseurs de rtarrangement et des tventuels produits d'hydrolyse onL 
Ctt effectutes, ainsi que l'ttude des cinttiques de rtarrangernent SR % NR a diverses temptra- 
tures. Ces rtsultats de rtarrangement et d'hydrolyse ont t t t  comparts a ceux des alkyl-1 
mtthylthio-2 A-2-imidazolines et alkyl-1 mtthylthio-2 A-2-tttrahydropyrimidines. Les effets 
tlectroniques et sttriques sont discutts. Dans cette premiere partie nous prtsentons unique- 
ment l'aspect synthttique et les rtsultats des ttudes physicochimiques. 

JACKY KISTER, GEORGES ASSEF, GILBERT MILLE, and JACQUES METZGER. Can. J. Chem. 
57,813 (1979). 

The synthesis and the SR % NR rearrangement of thioethers in the N- and S-substituted 
imidazolic series have been studied (60 compounds). The physicochemical studies of the 
thioethers and mercapto compounds, catalysts of the rearrangement, and of the eventual 
hydrolysis products have been carried out and the kinetics of rearrangement have been 
examined at several temperatures. The rearrangement and hydrolysis results are compared 
with those of 1-alkyl-2-methylthio-A-2-imidazolines and 1-alkyl-2-methylthio-A-2-tetrahydro- 
pyrimidines and the electronic and steric effects are discussed. In this first part the synthetic 
aspect and physicochemicals results are presented. 

Introduction lR 

Dans le cadre d'une Ctude gCnCrale sur un procCdC 
photographique non argentique a haute rksolution 
(1-3), nous avons rCcemment rapport6 la prCpara- 
tion et l'ktude du rtarrangement SR % NR des 
mkthyl-1 mkthylthio-2 imidazole, imidazoline et 
tCtrahydropyrimidine et des rkactions secondaires 
s'y rattachant (2-5). 

Alkyl-1 methylthio-2 A-2-imidazoline (C,)  

- 
Plusieurs ktudes concernant des thiokthers de 

Alkyl-1 methylthio-2 A-2-tetrahydropyrimidine (C,)  sCries azahCtCrocycliques montrent que le taux de 
SR NR (conlnle la quaternisation FIG. 1. Les series imidazolinique et tetrahydropyrimidinique. 

des thio~thers) est notablement inflienck par la 
nature de I'hCtCrocycle et sa substitution (6-13). 
Dans cette optique nous nous sommes intiressts dans 
un premier temps A l'influence de la N-substitution 
sur le rkarrangement de composts des skries ap- 
varues comme les vlus rCactives dks 1974 (2): les .. , 
sCries imidazolinique et tCtrahydrovyrimidiniaue - A -  

(3, 7, 14) (fig. 1) 
Cependant l'existence de reactions parasites 

genantes pour le prockdC photographique (2) et 
provoquant soit un rearrangement parallde, soit une 

'Laboratoire de Chimie Moleculaire et de Petroleochimie; 
Contrat DRME 771003. 

Tentre de Spectroscopie Moleculaire. 

dCgradation du cycle, a orient6 nos travaux vers des 
stries moins rapides a priori, mais prksentant l'avan- 
tage de ne pas &re le si6ge de rCactions secondaires 
importantes (2). 

Ainsi il nous a semblC intkressant d'entreprendre 
la synthkse et 1'Ctude du rkarrangement de thiokthers 
imidazoliques N- et S-substituks, ainsi que de divers 
composCs substituks en position 4 et 5 (3, 7). Les 
composCs 5, 6 et 7 (fig. 2) sont donc susceptibles de 
prCsenter des diffkrences intkressantes avec leurs 
homologues mkthylCs en position 1 et 2 et leurs 
homologues des sCries saturkes a cinq ou six 
chainons. 

L'analyse des rCsultats des rCactions de rearrange- 

0008-40421791070813-09$01 .OO/O 
e l 9 7 9  National Research Council of CanadalConseil national de recherches du Canada 
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10 11 12 
R, = H, Me, Et, iPr, tBu, C,H,, nBu 
R, = H, Me, Et, iPr, nPr, nBu, Benzyl, Cyclopentyl, 

Allyl, Acetonyl, Dodecyl 
% = R , = H , M e  

FIG. 2. Les composes imidazoliques N- et S-substitues et les 
divers composes substitues en position 4 e t  5 .  

ment SR % NR nous a permis de comparer les effets 
de cycle et de substitution pour ces stries htttro- 
cycliques de type diazole-1,3 et diazine-1,3 (14b). 
Une ttude plus gtntrale des relations qui existent 
entre le taux de rtarrangement et le pK, des thiotthers 
est mente sur des composts htttrocycliques benzo- 
condensts, aromatiques ou saturts B cinq ou six 
chainons (fig. 3) et permet une analyse cohtrente des 
effets structuraux, effets de cycle, de champ, de sub- 
stitution (3). Cette gtntralisation fera l'objet d'un 
mtmoire indtpendant (1 5). 

Synthese des thioe'thers 5, 6 et 7 
La synthbse de ces thiotthers procbde soit par 

alkylation des thiones 1 et 2 suivie d'une neutralisa- 
tion de l'iodhydrate 3 et 4 (schtma I), soit par une 
rtaction de catalyse polyphasique mente sur ces 
thiones (schtma 2). Nous avons donc t t t  aments B 
synthttiser initialement des thiones de type 1 et 2. 

Synthbe des thiones de type 1 et 2 
La synthbse des alkyl-1 A-4-imidazolinethiones-2 

substitutes ou non en position 4 et 5 est beaucoup 
plus complexe que celle de leurs homologues en 
stries imidazolinique et tttrahydropyrimidinique 
(14). 

(a) Ces composts sont accessibles par chauffage 
d'a-hydroxycttones ou a-hydroxyaldthydes et de 
thiourtes convenablement substitutes (16-21) 
(schtma 3). Cette mtthode a ttk appliquke pour la 
thione 2 (R, = R, = R, = Me) conduisant au 
trimtthyl-1,4,5 mtthylthio-2 imidazole et trimtthyl- 
1,4,5 isopropylthio-2 imidazole. Rtcemment Les- 
pagnol et al. (22) a prtpart les alkyl-4 (5) A-4-imida- 
zolinethiones-2, par la mtthode de synthbse qui con- 
siste B faire rtagir, comme l'avaient fait Posner et 
coll. (23), des a-aminocttones ou a-aminoaldthydes 
sur des dtrivts de l'acide thiocyanique. 

(b) Les composts de type alkyl-1 A-4-imidazoline- 
thiones-2 non substitutes en position 4 et 5 peuvent 
etre obtenus par rtaction d'un isothiocyanate d'al- 
kyle (tthyle, phtnyle) sur l'aminoacktaldthyde 

NaOH 

SCHEMA 1 

ditthylacttal, selon la mtthode de Wohl et Marck- 
wald (24-26) (schtma 4), ou par la mtthode de Jones 

cX&y. 0 ; b y .  QYR 
et Kovtunovskaya (27, 28) par action du thiocyanate 

N de potassium et de l'acide chlorhydrique sur les 

R1 P1 Y1 
I 

X = N , S , O  
Y = S , O  
R = Alkyl, Aryl, Allyl, Acetonyl, Dodecyl I 

FIG. 3. Les composes heterocycliques benzocondenses, aro- H 
matique ou satures. SCHEMA 2 
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KISTER ET AL.: I 815 

OEt NR 
n E t O l  'C=S 

(E~O),CHCH,NH, S=C=N-R U -+ +/ NH? 

N-alkylaminoacCtaldChyde diethylacetals (tthyle, iso- 
propyle, tertiobutyle) prtctdemment synthttists par 
action d'amines primaires sur les bromoacttaldt- 
hyde diCthylacttals (27, 29-32) (schtma 5 et synthese 
des intermtdiaires). La mithode de Wohl et Marck- 
wald est directement utilisable pour les seuls iso- 
thiocyanates commerciaux substituts par un groupe- 
ment tthyle ou phtnyle. La synth2se du phinylami- 
noacttaldthyde ditthylacttal ayant CchouCe nous 
avons synthCtisC directement la phtnyl-1 A-4-imida- 
zolinethione-2 par cette mCthode. 

RNH, + BrCH2CH(OEt)2 + RNHCH,CH(OEt),, HBr 

RNHCH2CH(OEt), + KSCN 

En 1932, Easson et Pyman (33) ont utilisi une 
variante de la rtaction prCcCdente, comportant une 
Ctape supplkmentaire. 11s prtparaient d'abord un 
acttylcarbamide qui rtagissait ensuite sur une alkyl- 
amine pour donner un ditthylacttal d'aldthyde 
a-isothiocyanate. 

OEt NHR 

[A = 

D'autres auteurs (34) ont utilisC la mCthode de 
Easson et Pyman (33) en priparant d'abord 1'acCtal 
de I'aldthyde a-isothiocyanate par action de l'amino- 
acttaldChyde diCthylacCta1 sur le sulfure de carbone, 
suivant le schCma 7. 

Nous citerons B titre d'exemple la mCthode 
utilisant des intermtdiaires ayant un groupe carboxy- 
late en position 5, mtthode surtout dCveloppte par 
Jones (35). Le micanisme de cette rtaction est donne 
par le schtma 8. I1 existe encore diverses autres 
mithodes moins utilisCes (21, 36-39). 

COR 
NaOCH, I 

RNCH2C02CH3 + HC02CH3 - RNCC02CH3 
I 

COR 
II 
CHONa 

'H 
\(I) NaOH 
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Synthgse des thioe'thers 5, 6 et 7 
(a) Par quaternisation B froid avec l'iodure de 

mCthyle dans I'acCtone anhydre, nous isolons les 
iodhydrates 3 et 4 qui conduisent aux thiokthers par 
dCprotonation basique dans des conditions analogues 
a celles dtcrites pour les alkyl-1 mkthylthio-2 A-2- 
imidazolines et A-2-tCtrahydropyrimidines (14). Seuls 
les iodhydrates 3 ont CtC isolCs et ttudits. Les iod- 
hydrates 4 n'ont pas CtC isolCs, la rCaction en deux 
Ctapes ayant lieu dans le meme ballon. 

(b)  Malgre' une optimisation powse'e des synthlses 
intermtdiaires, nous prCfCrons B ce schCma en deux 
Ctapes (rendement global >70%), la technique de 
catalyse interfaciale (ctp) (40). Outre le gain de temps 
puisque la synthkse est rCalisCe en une Ctape, s'ajoute 
aussi un gain de puretC puisque le produit S-alkylC 
est obtenu de manikre univoque sans rCactivitC de 
l'atome d'azote (schCma 2). Ce point de vue doit 
cependant etre complCtC, par le fait que la rCaction 
de S-alkylation est univoque en sCrie aromatique, 
tandis qu'en sCrie saturCe, la S-alkylation est accom- 
pagn6e d'environ 5% de N-alkylation. Cette rCacti- 
vitC particulilre de l'anion ambident NCS a CtC 
vCrifiCe sur les A-4-thiazolinethiones-2 et A-4-imi- 
dazolinethiones-2 (41-42). Les rendements obtenus 
sont plus faibles quand on utilise des haloginures 
d'alkyle B longue chaine (40). La mCthode peut 
utiliser des bromures ou chlorures d'alkyle, les 
iodures conduisant a une inhibition du catalyseur. 

Indiquons schtmatiquement le principe de la 
catalyse par transfert de phase qui est appliquke ici: 
un systlme biphasique, contenant une solution 
aqueuse d'un hydroxyde d'ammonium quaternaire 
(obtenu in situ par rtaction d'un sel d'ammonium 
quaternaire avec une solution de soude concentrCe) 
et une solution organique d'agent alkylant (halo- 

f 7 = s  
\ / 

gCnure d'alkyle) et de substrat (NH ), est mis en 
rCaction par agitation et chauffage (40-45). En fin 
de &action, le mClange rCactionnel est refroidi et 
laissC au repos. La phase organique contenant le 
produit attendu est alors sCparCe puis traitCe de 
manilre conventionnelle. 

Le choix du solvant de la rCaction et du sel quater- 
naire catalyseur a CtC effectuC lors d'Ctudes an- 
tCrieures menCes sur la N-alkylation des imidazoles 
et pyrazoles (43). Le solvant doit favoriser au maxi- 
mum l'extraction de l'esplce NR,' OH-, ne pas 
Etre rCactif et permettre les conditions de temptra- 
ture et de solubilitC des rkactifs. Le benz6ne est le 
plus souvent utilisC. Le syst6me biphasique Ctant 
iixC, le catalyseur utilisk est le bromure de tCtra- 
butylammonium (commercial) a la concentration de 
4% en mole par mole de substrat. 

La catalyse interfaciale apparait donc dans notre 

cas comme une mCthode de choix pour l'obtention 
de dCrivCs N,S-alkylCs, B partir de thiones ayant un 
ou plusieurs hydroglnes mobiles, permettant la for- 
mation d'anions ambidents N-C-0 ou N-C-S. 
Dans le cas de la A-4-imidazolinethione-2 non sub- 
stituCe, deux protons mobiles sont presents dans la 
molCcule et l'on peut obtenir des N,S-alkylation~.~ 
La A-4-imidazolinethione-2 Ctant comn~erciale, l'on 
juge bien de I'intCrCt de ces N,S-alkylations qui font 
Cviter les synthkses dClicates des alkyl-1 A-4-imi- 
dazolinethiones-2. Cette technique a Ctk appliquCe a 
la synthlse du trimithyl-1,4,5 mithylthio-2 imi- 
dazole B partir de la trimithyl-1,4,5 A-4-imida- 
zolinethione-2. 

I 

ctp I ~ S R  + ZHX [ S  + 2RX - [z, 
I 

Par contre la catalyse par transfert de phase n'est 
pas utilisable quand on veut fixer en position 2 un 
groupe acktonyle. En prCsence de soude, la rCaction 
de Darzens avec la c11loroacCtone devient prCpondC- 
rante (46, 47); nous avons synthttisk le mCthyl-1 
acCtonylthio-2 imidazole en deux Ctapes par le mode 
de synth6se classique (48). Cependant ces substrats 
intCressants par le gain de rkarrangenient en phase 
liquide ne seront pas utilisables en phase adsorbke 
(support solide du procCdC photographique) du 
fait d'une complexation parasite du groupenlent 
acCtonyle provoquant une diminution notable du 
taux de rkarrangement. 

Les conditions de rCaction et caracttristiques 
physiques et physicochimiques des composts 1-7 
sont rassemblies dans les tableaux 1-3. La synthese 
des intermkdiaires est donnCe dans la partie expCri- 
mentale. 

Synthise des catalyseurs et thiones de rkarrangement 
La rCaction de rkarrangement que nous Ctudions 

est une rCaction autocatalytique ionique contr6lable 
thermiquement et dont le schtma gCnCral (schCma 10) 
est le suivant. 

Nous avons donc synthCtisC et purifiC les cataly- 
seurs utilids: les sels quaternaires 9. La synthlse 
correspond toujours a une alkylation par l'iodure de 

3J. Kister. Travaux non publiCs. 
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TABLEAU 1.  Caracttristiques physiques et physicochimiques des composts 1 et 2 

Rr 
ComposCs (ccm, SO2 ,  uv ir (solide)? v (cm-') 

rdt CHC1,-MeOH (EtOH) rmn 'H (acetone-d,) 
No RI Rz R4R5 (%I pf PC) 90: 10) h,,,(nm) 6 (ppm) (nombre de protons) v(NH) 6(NH) v(C=C) 

*Spectre enregistre dans CDCI,. 
tLes intensites des bandes infrarouges sont indiquees par les lettres m, moyenne; F, forte. 

TABLEAU 2. Caracttristiques physiques et physicochimiques des composts 3 et 4 

ir (solide)* v(cm-1) 
Composts uv 

rdt pf (EtOH) + + + 
No RI  Rz R4R5 (73 ("C) Amax (nm) rmn (CDCI,) 6 (ppm) (nombre de protons) 6(NH) v(C=C) v(C=N) 

3 H Me H 75 167 218-253 8.85(2) 7.62(2) 2.99(3)t 2950F 1451m 1584F 1483m 
Me Me H 99 150 220-253 6.78(2) 3.81(3) 2.71(3) 2985F 1465e 1575F 1486F 
Et Me H 92 170 220-253 7.39(2) 4.20(2) 3.02(3) 1 .50(3) 2990F 1463f 1572m 1480F 
iPr Me H 93 190 219-252 7.50(1) 7.40(1) 4.55(1) 3.05(3) 1.55(6) 2998F 1468m 1575m 1457F 
tBu Me H 93 210 220-253 7.45(1) 7.30(1) 3.10(3) 1.72(9) 3048F 1462e 1570F 1469F 
Ph Me H 52 162 219-261 7.70-7.45(7) 3.02(3) 2960F 1454e 1573m 1472m 

4 Me At t  H 90 178 220-278 7.60(2) 5.0(2) 4.0(1) 2.50(3) 1.60(3) - - - - 
- 

*Les intensitb des bandes infrarouges sont indiquees par les lettres F, forte; m, moyenne; f, faible; e, epaulement 
?Spectre enregistre dans acetone-d,. 
fAt = ac6tonyl. 
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TABLEAU 3. Caracttristiques physiques et physicochimiques des composts 5, 6 et 7 ?? 
w 

Rr 
(ccm, SiOJ 

Compos6s CHC1,- CsH6- ir (so1ide)t v(cm-l) 
- rdt pf ou p6 MeOH AcEt uv (EtOH) -- 

NO RI  R2 R4R5 (%) PC) 90:lO 80:20 h,,, (nm) rmn 'H (CDClJ G (ppm) (nombre de protons)* v(=CH) v(C=N) et v(C=C) 

137 
4810.5 Torr 
6211.3 Torr 
7010.7 Torr 
60 
9510.15 Torr 

9010.05 Torr 
6310.05 Torr 
6811 .5 Torr 
8011 .5 Torr 
110/0.1 Torr 
8510.08 Torr 
8710.08 Torr 
10412 Torr 
Non distill6 

Non distill6 
7510.6 Torr 

NOTE: Ph, ph6nyl; Bz, benzyl; Cp, cyclopentyl; Al, allyl; At, acetonyl; Dd, dodCcyl. 
*Les nombres entre crochets indiquent les protons du substituant lie a l'atome de soufre. 
tLes intensites des bandes infrarouges sont indiqu6es par les lettres: f, faible; m, moyenne; F, forte; e, Cpaulement. 
$Spectre enregistre dans DMSO-d6. 
§Spectre enregistre a l'6tat liquide. 

TABLEAU 4. Caracttristiques physiques et physicochimiques des composCs 8 

Compos6s ir (solide): v(cm-l) 
- rdt pf uv (EtOH) 'Hmr (CDClJ G (ppm) -- 

No R 1  R.2 R4R5 (Z) ?C) h,,, (nm) (nombre de protons) v(=CH) v(C=C) v ( C N )  

*Les intensitb des bandes infrarouges sont indiqu6es par les lettres: f, faible; m, moyenne; F, forte; FF, tres forte. 
?Spectre enregist16 dans DMSO-dB. 
$Spectre enregistre a I'Ctat liquide. 
§Spectre enregistre dans CH2C12. 
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KISTER ET AL.: I 819 

mtthyle, la quaternisation se faisant sur l'azote N, 
et non sur le soufre exocyclique. Lorsque la quater- 
nisation est trop lente B tempirature ambiante, les 
catalyseurs sont obtenus par fusion du thioither et 
d'un net exds d'iodure de mCthyle sans solvant, puis 
recristallisCs dans l'tthanol et parfaitement stchis. 
Les caractiristiques physiques et physicochimiques 
des sels 9 et 10 sont rassamblCes dans le tableau 5. 

De la mCme f a ~ o n  certaines thiones de type 8 ont 
CtC isoltes directement par rtaction de rtarrangement 
des thiotthers. Les caractiristiques physiques et 
physicochimiques sont rassembltes dans le tableau 4. 

D'une f a ~ o n  gtntrale, les ttudes de spectromttrie 
ultraviolette (49), infrarouge (50) et de risonance 
magnttique nucltaire du carbone-13 (51) ont fait 
l'objet de mtmoires indkpendants. L'Ctude des rtac- 
tions de rearrangement SR %= NR et l'analyse des 
effets structuraux fera I'objet de la seconde partie de 
ce mCmoire (14b). Les effets de substitution sur 
l'azote N,, le soufre S, et en position 4 et 5 seront 
discutCs ainsi que les effets de temptrature et de 
catalyseur. 

Dans l'analyse des rCsultats nous ttudierons les 
relations pK,/rCarrangement pour les thioithers de 
la sCrie C, imidazolique et nous les comparerons a 
ceux dCjB exposCs des sCries C, imidazolinique et C ,  
tttrahydropyrimidinique. Les diverses reactions para- 
sites, issues de l'hydrolyse des thioCthers (rtarrange- 
ment parasite et rtactions de dkgradations) seront 
CtudiCes. 

Les points de fusion ont ete determines au banc Kofler. Les 
spectres rmn du 'H ont t t t  enregistrts sur des appareils du 
type Varian HA 100 et JEOL C 60 H. Sauf indications con- 
traires, les spectres ont ett enregistrts dans le chloroforme 
deuttrit une concentration de 10% avec le tetramtthylsilane 
comme rtference interne. Les deplacements chimiques sont 
donnes en ppm par rapport au TMS (s, singulet; d, doublet; 
t, triplet; q, quadruplet; qd, quadruplet dedoublk; m, multi- 
plet). Les spectres infrarouges ont etd enregistrts a l'ttat 
solide entre 4000 et 400 cm-I sous forme de pastille KBr ou 
K I  I'aide d'un spectrographe Perkin-Elmer modkle 225. Les 
echantillons liquides ont ete etudits sous une tpaisseur de 15 1 
dans des cellules scellees a lame de bromure de potassium. Les 
spectres ultraviolets ont CtC enregistrts dans I'tthanol sur un 
spectrophotomktre Cary 14. 

Synthdse des intermediaires 
Synthsse d'alkyl-1 arninoacttaldthyde diithylacttal 
Les aminoac6taldChydes N-substituts sont obtenus en 

chauffant en ampoule scellCe a haute temperature pendant 24 h 
un chloro- ou un bromoacCtald6hyde ditthylacktal avec un 
excts d'amine primaire. Comme l'ont dkrit  dkja Knorr (29) 
et Paal et Gember (30), ainsi que d'autres auteurs (27, 31, 32), 
il se forme d'abord un bromhydrate qui sera libere par une 
solution de potasse a 50%. Les aminoacCtaldBhyde di6thylack- 
tals sont ensuite distilles avant leur utilisation ulttrieure en vue 
de l'obtention des alkyl-1 A-4-imidazolinethiones-2 (C,) .  Le 
mecanisme est dtcrit par le schema 11. 

- 
C. 
w  
? - - - 

N W -  

m m  c . . .  - - - - 
w m - N  
-ill 

0 Z F 8  . . . .  
~ m m m  

ZEE8 
m w w w  w  - - - 
N'4 d 4 
h h h h  

ECNC 
O O W O  - - - - . . . .  
s l m m m  
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820 CAN. J .  CHEM. VOL. 57, 1979 

RNH, + BrCH,CH(OEt), ---+ RNHCH2CH(OEt),, HBr 

A 

A + KOH -+ RNHCH,CH(OEt), + KBr + H,O 

Prtparation du N-tthylaminoacttaldthyde ditthylacttal 
(27, 29, 30, 32, 36) 

L'ethylamine ayant une temperature d'ebullition de 16°C 
on prendra soin de tremper les ampoules dans une solution 
d'acCtone-carboglace. Dans une ampoule prtalablement re- 
froidie, on place 0.2 mol (40 g) de bromoacttaldehyde 
diethylacttal et tres rapidement I'aide d'une seringue on 
ajoute 0.6 mol (27 g) d'ethylamine. L'ampoule est rapidement 
scellee et placee ensuite dans une gaine mttallique que l'on 
met dans une etuve thermostatke a 140°C pendant 24 h. 
Souvent le produit cristallise sur les parois de I'ampoule. On 
ajoute ensuite 70 cm3 d'une solution de potasse a 50%. On 
filtre le bromure de potassium forme, dtcante et recupere la 
phase organique. L'exces d'amine dans le cas de la tertiobutyl 
et isopropylamine est distill6 sous pression reduite puis on 
distille l'alkyl aminoacetaldehyde dikthylacttal. Par une voie 
analogue nous avons synthitise les substrats suivants. 

a b c d  e 

dement 507,; DC 90°C/20 Torr: rmn 'H: a 1.10 (0, b 2.60 (ci), . . .  . . 
d 2.65 (d), 'e 4:55 (t), f 3.60 (qd), g 1.20 (t). 

a b  c d  e f  
Compost 1 (CH3CHzN(CHzCH(OCHzCHj)z)z)-Ren- 

dement 10%; pC 160"C/20 Torr; rmn 'H (CDC13/TMS): a 1.05 
(t), b 2.60 (q), d 4.50 (t), c 2.63 (d), e 2.60 (qd), f 1.19 (t). 

a b c d  e 

dement 80%, pC 88"C/21 Torr; rmn 'H (CDClJTMS): a 
1.03 (d), b 2.72 (s), d 2.65 (d), e 4.52 (t), f 3.60 (qd), g 1.20 (t). 

a b c  d 
Compost 4 ((CH3)3NHCH2CH(OC~,Cf,3)2 )-Rende- 

ment 8 0 z ;  pC 193"C/760 Torr; rmn 'H (CDC13/TMS): a 1.10 
(s), d 4.55 (t), c 2.65 (d), e 3.60 (qd), f 1.20 (t). 

Remarques 
Contrairement aux auteurs prktdents (26-32), lors de la 

distillation du N-CthylaminoacCtaldehyde diethylacetal, nous 
avons isole un sous produit (2) ayant une temptrature d'Cbul- 
lition de 160°C/20 Torr, 25% a cBtC du produit attendu qui 
bout A 90°C/20 Torr (1). 

La spectrometric de masse et la resonance magnetique 
nuclCaire du proton nous ont permis de determiner la struc- 
ture de ce sous produit: 

Ce sous produit n'a pas Ctt obtenu lors de la synthese de 
I'isopropyl et du tert-butylaminoacttaldehyde diCthylacCta1 a 
cause de la gene sterique qui interdit la double condensation. 

Une experience supplCmentaire d'optimisation de cette 
etape de synthtse a kt15 effectuCe en utilisant un rapport 5: 1 
d'amine - bromoacCtaldehyde diethylacCtal au lieu du rapport 
3: 1 de l'exptrience prkedente. Ainsi nous avons obtenu le 
produit B (schema 11) avec quelques traces de C. 

Par la mCme mtthode, nous avons tente de synthktiser le 

phtnylaminoacetaldehyde diithylacttal. A plusieurs reprises 
les ampoules scellCes ont explosC. Etant moins nuclCophile 
que ses homologues aliphatiques, I'aniline rtagit moins bien 
sur le bromoacCtaldChyde. Ce dernier (PC 5OoC/760 Torr) se 
trouve tres rapidement a 140°C dans l'ampoule avant mCme 
de rCagir sur I'amine, il se crCe une forte surpression suivie 
d'explosion. Par contre les amines aliphatiques Ctant tres 
rtactives, le bromoacetaldChyde a deja rCagi sur I'amine avant 
m&me que l'ampoule ait atteint 140°C. 

Nous avons enfin effectut la reaction en autoclave sous 
pression a diverses temperatures: nous n'avons recueilli que 
des goudrons dont I'analyse par chromatographie en couche 
mince a dCcelt quelques traces du produit B (schema 11). Ce 
mode experimental, inexploitable dans ce cas, nous a oblige 2 
rechercher une autre voie de synthese. Nous avons donc effec- 
tue la synthese directe de la phtnyl-1 A-4-imidazolinethione-2 
par la mCthode de Wohl et Marckwald, I'tthyl et le phenyl 
isothiocyanate Ctant commerciaux (Fluka A.6). 

Synthdse de la phtnyl-1 A-4-imidazolinethione-2 
Dans un rCacteur mini d'un vibreur et d'un refrigerant on 

place 0.75 rnol (100 g) d'aminoacetaldthyde diCthylacCtal, on 
ajoute goutte a goutte 0.83 (100 cm3) de phCnyl isothio- 
cyanate en 20 min. Un prkipite blanc se forme et la tempera- 
ture du reacteur passe de 50 a 80°C en fin d'addition. On 
ajoute 300 cm3 d'kthanol et on laisse 2 H a reflux. Le rende- 
ment brut aprts filtration et sCchage est de 80%. 

Synthdse de la tert-butyl-1 A-4-imidazolinethione-2 
Dans un rCacteur de 1 L muni d'un vibreur et d'un refrigk- 

rant ascendant, on place 0.40 mol(75.6 g) de N-tert-butylami- 
noacetaldehyde diCthylacetal en solution dans 400 cm3 d'alcool 
absolu. On ajoute 0.48 mol(48 g) de thiocyanate de potassium 
et 200 cm3 d'acide chlorhydrique 2 N. Le melange rkactionnel 
est mis a reflux pendant une nuit. On Cvapore ensuite le solvant 
et rtcuptre le residu solide. On le solubilise dans une solution 
de soude diluke, le traite avec du charbon actif pendant 30 min 
a reflux. On filtre le charbon, reprkcipite le solide avec une 
solution diluCe d'acide chlorhydrique. Le produit obtenu par 
filtration est recristallist dans un melange acetone-Cther 50: 50. 

SynthZse de I'iodure de tert-butyl-1 mtthylthio-2 imidazolium 
Dans un bicol de 1 L surmontt d'un refrigerant ascendant et 

d'une ampoule a brome, muni d'un agitateur mkanique, on 
place 0.40 mol (72.4 g) de tert-butyl-1 A-4-imidazolinethione-2 
dans 700 cm3 d'acktone ar~hydre. On ajoute lentement 0.42 
mol (59.64 g) d'iodure de methyle. On laisse sous agitation a 
temperature ambiante pendant 3 h. Le solide obtenu est filtre, 
puis recristallise dans de ]'ethanol absolu. 

Synthdse de la tert-butyl-1 mtthylthio-2 imidazole 
Dans un reacteur de 2 L muni d'un vibreur et d'un 

refrigerant ascendant, on place 0.30 rnol (89.4 g) d'iodure de 
tert-butyl-1 mkthylthio-2 imidazolium en suspension dans 1 L 
d'ether anhydre. On ajoute une quantite stoechiomCtrique 
de soude pulverisCe. On chauffe a reflux pendant 4 h. On filtre 
ensuite I'iodure de sodium formt, Cvapore le solvant et distille 
sous pression reduite. 

Synthdse de la tert-butyl-I mtthyl-3 A-4-imidazolinethione-2 
On place dans une ampoule 0.05 mol de tert-butyl-1 methyl- 

thio-2 imidazole et on ajoute 3% mol d'iode pulverisk. L'am- 
poule scellte est placee dans une gaine mktallique a 1'Ctuve a 
140°C pendant 24 h. La thione obtenue est purifite par chro- 
matographie preparative. On peut isoler directement la thione 
lors des experiences de rearrangement classique catalyskes par 
le sel quaternaire correspondant. 

Synthdse de I'iodure de tert-butyl-1 mtthylthio-2 mtthyl-3 
imidazolium 

On place 0.05 mol de tert-butyl-1 methylthio-2 imidazole 
dans un microballon avec 0.09 rnol d'iodure de methyle dans 
I'acetone anhydre et on laisse sous agitation a temptrature 
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KISTER ET AL.: I 821 

ambiante pendant 3 h. Le sel obtenu est ensuite recristallise 
dans ]'ethanol absolu. 

SynthPse pav catalyse polyphasique (ctp) 
S-Alkylation de la mdthyl-1 A-4-imidazolinethione-2 
Procddure gtndvale (40)-0.05 mol (5.71 g) de methyl-1 

A-4-imidazolinethione-2, 0.05 mol de bromure d'alkyle et 
0.97 g (0.003 mol, 6% mol par rapport au thiokther) de  bro- 
mure de tetrabutylammonium sont places dans 150 mL de  
benzene et 15 mL de  soude (40%). Le melange est agitC pen- 
dant 6 h au minimum 60°C. La  phase organique est stparte, 
sechee et concentrke et le rCsidu est distill6 ou recristallise (40). 

NS-Dialkylation 
NS-Dibutylation de la A-4-imidazolinethione-2-5.01 g (0.05 

mol) de A-4-imidazolinethione-2, 13.7 g (0.1 mol) de bromo-1 
butane et 1.95 g (0.006 mol) de bromure de tktrabutylam- 
monium sont places dans 150 mL de benzene et 15 mL de 
soude (40%). Le melange est agite 6 h a 60°C, puis la phase 
organique est separee, sCchCe et le solvant est evapore. Le 
produit brut est obtenu avec un rendement de 80% (8.51 g) et 
analyse par rmn 'H (40). 

N,S-Didthylation de la A-4-imidazolinethione-2-Dans les 
mCmes conditions avec 2.5 equiv. de bromure d'tthyle on 
recueille apres 12 h a temperature ambiante, 67% de composC 
N,S-diethyle (5.5 g) et 2% decompose N,N'-diethyle. L'analyse 
a Ctt effectuee par spectrometric de masse (40). 

SynthPse du mdthyl-1 acdtonylthio-2 imidazole 
Une mixture de 7.5 de methyl-1 A-4-imidazolinethione-2 

et 6.8 g de chloracCtone est placCe dans 400 cm3 de butanone-2. 
Aprks 3 h de reflux et evaporation partielle du  solvant, re- 
fro~dissement et filtration, on obtient le chlorhydrate que l'on 
reprend par I'eau et que l'on neutralise par une solution de 
carbonate saturC. On extrait au  chloroforme et on s k h e  sur 
sulfate de  sodium. Apres evaporation du solvant de distillation, 
on recueille le thioether (PC 104"C/2 Torr; rendement 25%) 
(3, 48). 

SynthPse de la tvimdthyl-1,4,5 A-4-imidazolinethione-2 
Une mixture de 0.2 mol de N-mtthylthiouree et 0.2 mol 

d'acttoine est mis a reflux 12 h dans 100 mL de pentanol-l4 
ou hexanol-1 (16). Apres distillation azkotropique, le melange 
est refroidi. Le solide form6 est recristallise dans l'tthanol. Le 
rendement est de 25% (pf 216°C). La  purification est effectute 
par chromatographie preparative (C6H6-AcEt 80: 20) sur 
silice. 

Synthkse de la tdtvamdthyl-1,3,4,5 A-4-imidazolinethione-2 
La thione est obtenue par chauffage a reflux d'un melange 

BquimolCculaire de N,N'-dimtthylthiouree et d'acttorne dans 
I'hexanol-1 (16). 
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Synthese et etude du rearrangement SR % NR des diazoles-1,3 : alkyl-1 alkylthio-2 
(allylthio, arylthio, cycloalkylthio) imidazoles. Partie 11. Rearrangement et 

reactions parasites 

JACKY KISTER, GEORGES ASSEF, GILBERT M I L L E ~  ET JACQUES METZGER' 
Facult4 des Sciences et Techniques, Aix-Murseille 111, Rue Henri Poincrrre' - Saint JerBrne, 13397, Marseille, France 

R e p  le 2 octobre 1978 

JACKY KISTER, GEORGES ASSEF, GILBERT MILLE et JACQUES METZGER. Can. J. Chem. 57, 
822 (1979). 

Les Ctudes cinetiques de la reaction de rkarrangement SR % NR ont Ctt realisees a diverses 
temperatures sur les composCs de type alkyl-1 alkylthio (ou allylthio, arylthio, cycloa1kylthio)-2 
imidazoles. Ces etudes de rearrangement et d'hydrolyse ont ete comparkes a celles menees sur 
les alkyl-1 methylthio-2 A-2-imidazolines et A-2-tetrahydropyrimidines. Les effets electroniques 
et stkriques sont discutes et un parallele pKa-rearrangement est proposk. La limite de ce 
parallele est d'ordre structural, due a des interactions steriques directes (effet ortho) ou indirectes 
(deformation de cycle) ou a des modifications geomktriques des hettrocycles 6tudiCs (cycles 
a cinq ou six chainons). L'ensemble de ces rksultats a permis le choix coherent du substrat 
d'amplification d'un procede photographique non conventionnel. 

JACKY KISTER, GEORGES ASSEF, GILBERT MILLE, and JACQUES METZGER. Can. J. Chem. 
57, 822 (1979). 

The kinetics of the SR = NR rearrangement reaction for a series of I-alkyl-Zalkylthio (or 
allylthio, arylthio, cycloalkylthio) imidazoles has been studied at various temperatures. The 
rearrangement and hydrolysis results have been compared with those of 1-alkyl-2-methylthio- 
A-2-imidazolines and 1-alkyl-2-methylthio-A-2-tetrahydropyrimidines Electronic and steric 
effects are discussed and a parallel between pK, and rearrangement is proposed. The limit of 
this parallel is either a structural effect such as direct (ortho effect) or indirect (cycle deforma- 
tion) steric interactions or geometric modifications of the heterocycles studied (five- or six- 
membered cycles). All these results permitted the coherent choice of the amplification com- 
pound of a nonconventional photographic process. 

Introduction 
Dans un premier memoire nous avons decrit la 

synth6se et les Ctudes physicochimiques des alkyl-1 
alkylthio-2 (ou allylthio, arylthio, cycloalkylthio) 
imidazoles (1). 

RCcemment nous avons rapport6 1'Ctude du 
rearrangement SR k NR des methyl-1 mkthylthio-2 
imidazole, A-2-imidazoline et A-2-tetrahydropyrimi- 
dine, ainsi que les reactions secondaires s'y ratta- 
chant (2-5). Ces etudes sont likes au developpement 
d'un procedi photographique non argentique dans 
lequel la reaction de rearrangement SR NR 
constitue 1'Ctape d'amplification du signal photo- 
chimique primaire (2, 3, 6). 

Plusieurs travaux concernant des thiokthers de 
series azahCtCrocycliques montrent l'influence de la 
nature de 1'hCtCrocycle et de sa substitution sur le 
taux de rearrangement (7-13). Recherchant des 
conditions d'amplification du signal photographique 
assez douces, nous nous sommes intCressCs dans un 
premier temps B l'influence de la N-substitution sur 

'Laboratoire de Chimie MolCculaire et de ~Ctrolkochimie. 
Contrat DRME 771003. 

'Centre de Spectroscopie MolCculaire. 

le rearrangement de composis des series apparues 
comme les plus reactives d&s 1974 (2): les series 
imidazolinique et tktrahydropyrimidine (3, 14, 15). 

L'existence de reactions secondaires parasites pro- 
voquant, soit un rearrangement parasite, soit une 
suite de reactions de degradation, a orient6 nos 
travaux vers des series moins reactives a priori, mais 
presentant I'avantage de ne pas Ztre le siege de 
reactions secondaires importantes (2, 5). Ainsi nous 
avons synthCtisC les thiokthers de la sCrie imidazoli- 
que, en faisant varier la substitution de l'azote N,, 
du soufre S, et eventuellement des positions 4 et 5 de 
1'hetCrocycle (fig. 1) (13, 14). Les thioethers 5, 6 et 7 
sont donc susceptibles de presenter des differences 
interessantes avec leurs homologues mkthylCs en 
position 1 et 2 et leurs homologues des series saturts 
B cinq ou six chainons. L'analyse des risultats de 
cinetique du rearrangement SR % NR nous permet 
de comparer les effets de substitution pour les divers 
hCterocycles A cinq ou six chainons et par la mCme, 
d'analyser l'effet du cycle. 

Une etude plus gknerale des relations qui existent 
entre le taux de rearrangement et le pK, des thio- 
ethers menee sur des composCs hCtCrocycliques ben- 

0008-4042/79/070822-09$O 1 .OO/O 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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KISTER ET AL.: I1 

10 11 12 
R, = H, Me, Et, iPr, tBu, C,H,, nBu 
R, = H, Me, Et, iPr, nPr, nBu, Benzyl, Cyclopentyl, 

Allyl, Acetonyl, Dodecyl 
%= R,= H,Me 

FIG. 1 .  Composes imidazoliques N- et S-substitues et com- 
poses substitues en position 4 et 5. 

zocondensCs, aromatiques ou saturts a cinq ou six 
chainons rend possible une analyse cohkrente des 
effets structuraux (effet de cycle, de champ, de 
substitution) (3). Cette gCnCralisation fera l'objet 
d'un mCmoire indkpendant (16). 

Etude du rearrangement autocatalytique ionique 
S R C N R  des thioethers 5 , 6  et 7 

Gkne'ralite's 
Le mCcanisme de cette rCaction est identique a 

celui dCcrit pour les alkyl-1 mkthylthio-2 A-2- 
imidazolines et A-2-tCtrahydropyrimidines (2-4, 14 
et 15). Bien que plusieurs mtcanismes aient CtC 
discutCs (2-5, 7-15), c'est celui de type Chambonnet 
et d'Amico qui a CtC adopt6 (2, 7). Le rtarrangement 
SR % NR est donc un rtarrangement autocatalyti- 
que ionique contr6lable thermiquement pouvant Ctre 
schCmatisC de la f a ~ o n  ripresentie dans le schCma 1. 
Cette rCaction correspond a un mCcanisme de sub- 
stitution nuclCophile bimolCculaire (SN2). Le carac- 
tkre intermolCculaire et la rCversibilitC du rCarrange- 
ment ont CtC CtudiCs (9) en sCrie thiazolique. Dans le 
cas des diazoles et diazines-1,3, nous avons vCrifiC ce 

caractkre intermolCculaire de la rCaction. Celle-ci 
est bien rkversible, mais pratiquement dCplacCe vers 
la forme thione. Nous avons vCrifiC la non Climina- 
tion du groupe migrant en ttudiant la rCaction de 
rCarrangement du mCthyl-1 isopropylthio-2 imidazole 
en prCsence de 3% mol d'iodure de mCthyl-1 iso- 
propylthio-2 isopropyl-3 imidazolium. Nous n'avons 
observC que du produit rCsultant de la SN2, sans 
aucune trace de produit d7Climination (12, 14). 

Les thiokthers 5, 6 et 7 examinks sont gCnCrale- 
ment purifits par distillation sur potasse et conservCs 
sur potasse afin d'Cviter les rCactions parasites dues 
2 l'eau rCsiduelle (2-5, 14, 15). Pour chaque substrat 
nous contr6lons la stabilitC thermique en vkrifiant 
ainsi l'existence et l'importance des rCactions 
parasites. Rappelons que le mCthyl-1 acttonylthio-2 
imidazole ne peut Ctre purifiC et conservk sur potasse 
du fait de la possibilitC de rCaction de Darzens 
(17-18). Cette meme rCaction ne permet pas la 
synthese de ce thioCther par catalyse par transfert de 
phase (I). Nous effectuerons donc a diverses tem- 
pCratures la cinCtique de rkarrangement des sub- 
strats d'amplification suivants: alkyl-1 (aryl-1) 
mtthylthio-2 imidazoles, 5; mCthyl-1 alkylthio-2 
(benzylthio ...) imidazoles, 6 ;  et trimkthyl-1,4,5 
mCthylthio-2 imidazole, 7. 

Conditions d'e'tude du rkarrangement SR % NR 
Elles sont du mCme type que celles retenues pour 

1'Ctude des thiotthers des sCries imidazolinique et 
tCtrahydropyrimidinique (2-5, 14-1 5). Les Ctudes 
sur les thiazolines ttaient rCalisCes en ampoules 
scellCes a l'ktuve, en presence d'iodure de mCthyle 
formant in situ le sel quaternaire, vCritable catalyseur 
de la rtaction (8,9). 

Ici, nous Ctudions la cinCtique de migration S -t N 
d'une f a ~ o n  diffkrente: les transpositions sont 
rCalisCes dans un microballon ouvert, la phase 
liquide Ctant continuellement agitCe et maintenue a 
une tempkrature rCgulCe (2-4). Le catalyseur utilisC 
sera toujours le vtritable catalyseur correspondant 
au sel quaternaire issu de la quaternisation par 
l'iodure de m6thyle du thioCther CtudiC (1). Ces 
catalyseurs (9 et 10) qui sont donc les sels quater- 
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824 CAN. J .  CHEM. VOL. 57. 1979 

TABLEAU 1. Pourcentage de thione en fonction du temps, de la temperature et du substituant R1 sur N1: cas des 
alkyl-1 (phenyl-1) methylthio-2 imidazoles 

/R1 /R1 

Temps (min) 

TABLEAU 2. Pourcentage de thione en fonction du temps et du substituant R2 sur le soufre (T = 140°C): cas des 
methyl-1 alkylthio (allylthio, benzylthio, acetony1thio)-2 imidazoles 

/CH3 /CH3 

Temps (min) 

R2 5 15 30 60 90 1 20 1 SO 160* 

Me 20.0 28.96 42.22 47.78 53.84 1 . 5  
Et 32.69 41.66 50.98 60.0 5 .0  
i Pr 8.69 13.04 16.66 28.26 4.6 
Allyle 29.27 44.44 54.17 78.13 80.77 35.90 
Benzyle 79.41 88.23 93.0 94.74 96.0 30.0 
AcCtonyle 23.0 37.0 47.0 67.0 74.0 7 .5  

naires iodCs des thiotthers sont les plus efficaces 
(9, 14), ils sont synthCtisCs, isolts et purifiCs par 
double recristallisation dans 1'Cthanol anhydre (1). 
L'influence de l'anion associC du catalyseur sera 
CtudiCe pour le mCthyl-1 mCthylthio-2 imidazole. Le 
taux de catalyseur retenu pour 1'Ctude cinetique est 
de 3% m d .  

Nous avons recherche diffkrents modes de dosage. 
Le dosage par spectrom6trie ultraviolette s'est avCrC 
inutilisable par suite de la grande analogie entre les 
spectres ultraviolets des formes thioCthers 5, 6 et 7 
et thiones de transposition 8 dans le cas des diazoles 
et diazines-1,3 (1, 19). Nous avons envisagd un mode 
de dosage par spectrographie de masse utilisable en 
phase adsorbke en prCsence de semi-conducteur et de 
liant (conditions technologiques likes au procCdC 
photographique). L'Ctude en phase liquide a montrC 
la possibilitk thCorique de rearrangement, mais le 
manque de precision, dfi au mClange hCtCrog6ne 
entre thioCther (le plus souvent liquide) et thione 

(solide) nous a obligC a revenir au mode classique de 
dosage par resonance magnCtique nuclkaire du 
proton mis au point en 1974 (2, 4). 

Lors de la transposition, des prCl6vements sont 
effectuCs A intervalles de temps rCguliers et la rCaction 
est subitement arrZt6e apr6s chaque prCl6vement par 
refroidissement. La prkcision de ce dosage est de 
l'ordre de 3%. Les quantitCs de thioCther utiliskes 
par Ctude cinCtique sont de 1 g, permettant ainsi six 
prdl6vements. 

Le calcul du taux de rearrangement s'effectue par 
1'Ctude en rmn du 'H de la disparition de la bande 
du groupe SMe ou SR du thioCther en faveur de 
l'apparition de la bande NMe ou NR de la thione 
(2-4).3 Les tableaux 1 et 2 et la fig. 2 donnent les taux 

3Toutes les caractkristiques de synthkse et caractkristiques 
physico-chimiques nkcessaires A l'ktude et au dosage du 
rearrangement des thioethers en thiones sont indiquees dans la 
ref. 1. 
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KISTER E T  AL.: I1 

Temps ( m l n l  

FIG. 2. Pourcentage de thione en fonction du temps, du subslituant R, sur N, et du cycle (T = 120°C): cas des alkyl-1 
methylthio-2 imidazoles, des alkyl-1 methylthio A-2-imidazolines et des alkyl-1 methylthio-2 A-2-tetrahydropyrimidines. 

' [ S S C H ,  Alkyl-1 mkthylthio-2 imidazole (C,) 
N 

dR' SCH3 
Alkyl-1 mithylthio-2 A-2-titrahydropyrimidine (C,) ' 4 3 ~  

R, = C H , ,  C 2 H 5 ,  iC,H, ,  tC4H, et C,H5 

de rkarrangement en thione en fonction du temps, 
de la tempkrature et de la structure du thiokther. 

Phe'nomPnes secondaires 
Quand les thiokthers ne sont pas purifiks et con- 

servks sur potasse ou quand ces substrats sont en 
prksence d'eau, deux types de reactions parasites sont 
mises en kvidence: le rkarrangement parasite et les 
re'actions de dkgradation (2-5, 14-16). L'existence 
d'un intermkdiaire tktraedriaue en kauilibre avec un 
hydroxyde d'ammonium quaternaire 11 formk par 
hydrolyse des thiokthers a kt6 dkmontrke en 1974 
(2, 4) et gknkraliske aux composks des skries diazoli- 
que et diazinique-1,3 N-substitukes (3, 5, 14, 15). La 
structure du sel 11 est proche de celle des sels 3 et 4, 
intermkdiaires de synth&se des thiokthers 5, 6 et 7 
obtenus partir des thiones 1 et 2 (1). Nous ne 
rappelerons done que les conclusions intkressant les 
composts diazoliques-1,3. 

L'ktude de la stabilitk thermique (sans catalyseur) 
de ces substrats nous a permis-de montrer que les 

rkactions "sans catalyseur" sont en rkalitk des 
rkactions autocatalytiques ioniques de type Cham- 
bonnet (7) catalyskes par un sel parasite forink 
in situ par hydrolyse lente du thiokther. Le mkcanisme 
a d6ja ktk dkcrit (2-5, 14-15). Alors qu'un thiokther 
distill6 sur potasse reste stable a 140°C (cf. tableau I), 
l'adjonction de traces de sel form6 par hydrolyse et 
prkalablement isolk et identifik, provoque un 
rkarrangement parasite qui conduit aux thiones de 
transposition classique 8 (2, 4). 

L'ktude des thiokthers imidazoliniques et tktra- 
hydropyrimidiniques, nous a permis de proposer un 
mkcanisme gknkral de compktition eiltre cette voie 
de catalyse parasite et des voies de dkgradations 
passant par un intermkdiaire tktraEdrique (2-5, 
14-1 5) (schkma 2). 

Nous avons dkja montrk que la prkpondkrance de 
l'une ou de l'autre voie dkpend de la structure et de 
la substitution de l'hktkrocycle (2, 3, 14). Dans le cas 
des composks imidazoliques, seule la voie I + 2 a pu 
Etre mise en tvidence. Aucun composk de dkgrada- 
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Rearrangement parasite 

A Thioether 
D Hvdroxvde d'ammonium auaternaire 

SCHBMA 2. Reactions parasites: la voie I + 2 correspond a la 
catalyse parasite; les voies I + 3 + 4, 1 + 3 + 5, 1 + 3 + 6, 
... correspondent aux voies de degradation. 

tion n'a CtC identifit et les intermidiaires D et E 
n'ont pas CtC isolts. Contrairement aux composCs 
imidazoliniques et tCtrahydropyrimidiniques (2-4, 
14-15), ces rCactions parasites sont de faibles im- 
portances et la purification par simple distillation 
sur potasse permet d'obtenir une tr6s bonne stabilitd 
par chauffage (tableaux 1 et 2). Nous verrons que la 
substitution peut intervenir directement sur l'im- 
portance et l'existence de cette catalyse parasite 

30 60 90 
Temps lmin) 

120 

I 1 

Ilopopy* 

Eth Ie d - s t y , .  

f 5 0  
Met,,"* 

8 

1 5  

0 30 60 
Temps (rninl 

comme nous l'avons dCja dCmontrt pour les alkyl-1 
mCthylthio-2 A-2-imidazolines et A-2-tCtrahydro- 
pyrimidines (14-1 5). 

InterprCtation des rCsultats 
Etude du re'arrangement SR % NR : modzfications 

structurales 
Une analyse des tableaux 1 et 2 et des courbes 1-4 

montre bien la variation du taux de rkarrangement 
SR % NR en fonction de la substitution en position 
N, et S, et en fonction de la grandeur ou de l'aro- 
maticit6 du cycle. 

Influence du substituant Rl  fixe' sur l'azote N 1  
(fig. 3) 

Au sein d'une m&me famille, nous notons une aug- 
mentation du taux de rkarrangement en thione allant 
du mCthyle 6 l'isopropyle, puis une dCcroissance pour 
les groupements tert-butyle et phCnyle en position 1. 

La croissance du taux de rearrangement des 
groupements mCthyle, Cthyle et isopropyle s'explique 
par un effet Clectronique dQ au groupement alkyle R,. 
Cet effet inductif donneur du groupement R, tend a 
augmenter la densit6 Clectroilique sur l'azote N, et 
ainsi renforce la nuclCophilie de cet azote N,. A une 
augmentation du pKa correspond une augmentation 
du taux de re'arrangement. L'abaissement du taux de 
thione transposCe dans le cas du tert-butyle est dQ a 
une g&ne stCrique qui l'emporte sur l'effet inductif. 
L'Ctude de rmn du 13C confirme bien cette dCforma- 
tion du cycle diazolique (20). 

Comme le montre le schCma 3, on peut penser que 
les substituants mCthylthio sont repoussCs par les 
groupements tert-butyle et ainsi les mCthylthio du 
substrat et du catalyseur entrent en interaction. 
L'abaissement dans le cas du compose porteur du 
phCnyle en position N, est dii a un effet Clectronique. 
Ce groupement a tendance a attirer les Clectrons de 
l'azote N, pour se conjuguer avec l'ensemble du 
cycle. Ainsi ci un abaissement de pKa correspond un 
abaissement du taux de re'arrangement. L'augmenta- 

FIG. 3. Pourcentage de thione en fonction du temps et du 
substituant sur N, a 120 et 140°C: cas des alkyl (aryl)-1 
methylthio-2 imidazoles. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



KISTER ET AL.: I1 827 

0 
Temps (m~n)  

FIG. 4. Pourcentage de thione en fonction du temps et du 
substituant Rz sur le soufre (T = 140°C): cas des mCthyl-1 
alkylthio (allylthio, acCtonylthio et benzy1thio)-2 imidazoles. 

tion du taux de rkarrangement pour R, = isopropyle 
est due a l'augmentation de l'effet inductif, la gene 
stkrique Ctant attCnu6e du fait d'une configuration 
privilCgiCe. 

Influence du substituant R,jixe' sur le soufre (jig. 4) 
Dans le cas ou R, = Cthyle et isopropyle, nous 

observons une baisse du taux de rkarrangement, 
baisse beaucoup plus significative pour l'isopropyle. 
Le rkarrangement SR + NR se faisant par mica- 
nisme SN2, l'attaque du substrat se fera d'autant plus 
difficilement que le groupement R, est encombrant. 

Dans le cas d'un groupement benzyle, nous cons- 
tatons un accroissement du taux de riarrangement. 
La rCaction S,2 passe par un ttat de transition de . , 

\ / 
type Y --- C --- X. Toute insaturation sur le carbone 

I 
en a du ckrbone central augmente la stabilitC de 
I'intermCdiaire par une possibilitC de conjugaison et 
par la m&me, influe sur la rCactivitC du substrat. 

Pour le substrat substitut par un groupement 
allylthio, comme prCcCdemment, I'intermCdiaire 
rCactionnel est stabilisC par conjugaison, la stabilisa- 
tion &ant inferieure a celle du mCthyl-1 benzylthio-2 
imidazole. Remarquons que le substrat chauffC seul 
sans catalyseur, donne un taux de r6arrangement 
important. En accord avec Hayami et coll. (21) nous 
pouvons admettre qu'un mCcanisme concert6 se 
superpose a la rCaction S,2. 

Le cas de la substitution par un groupement 
acCtonyle est un peu plus dClicat. En phase liquide 
ce substituant provoque un accroissement du taux 
de rkarrangement. Ainsi le mCthyl-1 mkthylthio-2 
imidazole donne 4 2 7  de thione a 140°C en 30 min 

AT, (Thann et Mulhouse)), le taux de rkarrangement 
devient inferieur a celui du mCthyl-1 mkthylthio-2 
imidazole par stabilisation du groupe migrant par 
complexation (3). 

Influence des substituantsjixb en position 4 et 5 
IndCpendamment des variations de substituants en 

position 1 et 2, nous pouvons Ctudier l'influence des 
substituants en position 4 et 5. L'analyse qui en 
rCsulte diff2re fondamentalement des effets de pKa. 
Ainsi, lors d'une Ctude affkrente au doublet de l'azote 
dans la sCrie du thiazole. conduite simultankment 
par une Ctude cinCtique d'alcoylation et une Ctude 
d'Cquilibre de protonation, Chanon et al. (22) dCgage 
deux effets de substitution. 

Les premiers sont les effets Clectroniques transmis 
par le squelette, qui peuvent augmenter la rCactivitC 
au niveau du doublet de l'azote (cas du mCthylthio-2 
mCthyl-5 thiazole), ou la diminuer (cas du m6thyl- 
thio-2 thiazole). Ces effets sont additifs et sont 
traduits directement par le pKa (3). 

Le second effet est transmis a travers l'espace et il 
est de nature stCrique. Dans le cas d'encombrement 
ortholortho, les effets sont exaltis par rapport a ce 
qu'on aurait pu attendre par simple additivitC. Ainsi 
en position 4, l'influence d'un mCthyle est remar- 
quable: par son effet Clectronique, il devrait aug- 
menter la constante de vitesse de quaternisation et le 
taux de rkarrangement comme il augmente le pKa. 
Au contraire, l'effet stCrique provoque une diminu- 
tion de la constante de vitesse et du taux de 
rkarrangement . 

On retrouve alors l'ordre de quaternisation et de 
rkarrangement suivant (les deux rCactions Ctant de 
type SN2): 

De tels effets de substitution seront particuliCre- 
ment intiressants au niveau du choix de substrat de 
rkarrangement dans la se'rie imidazolique. Nous avons 
vCrifiC cet aspect prCvisionne1 en Ctudiant les com- 
posCs b et c. Ainsi le mCthyl-1 mCthylthio-2 imidazole 
(pKa = 5.5) donne 48% de thione a 140°C en 60 min 
et le trimCthyl-1,4,5 mithylthio-2 imidazole (pKa = 
6.68) donne 57% dans les mCmes conditions (b > c ) . ~  

8 "  

et le mCthyl-1 acCtonylthio-2 imidazole donne 47% 4La determination des pK, des divers hCtCrocycles CtudiCs a 

dans les memes conditions. ce t  effet est classique et CtC rCalisCe par corrClations ou approximation a partir des 
composCs CtudiCs par Perrin (23), Katritzky et Lagowski (241, vCrifiC aussi pour les sCries imidazolinique et tCtra- Chanon et (22), Kjellin et Sandstriim (25), Deady (26) et 

hydropyrimidinique. Cependant en phase adsorb& Gonmlez (27). 0, ,etrouvera une 6tude compl6te des p ~ ,  
sur semi-conducteur (oxyde de titane type anastase dans les rCfCrences (3, 16,28). 
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FIG. 5. Pourcentage de thione en fonctlon du temps et du 
cycle: cas des methyl-1 methylthio-2 lmldazole (el),  des 
methyl-1 methylthio-2 A-2-~rnldazollne (C2) et des methyl-1 
methylthio-2 A-2-tetrahydropynmldine (C3). 

L'effet accelCrateur (pK,) est nuanct par l'effet ralen- 
tisseur de l'ortho-substitution (effet sttrique) : 

Effet de cycle (jigs. 2 et 5) 
On peut raisonner de la m&me f a ~ o n  pour les 

cycles saturts a cinq et six chainons et les effets de 
substitution 44'155' en strie imidazolinique. Tou- 
jours dans le meme esprit, regardons le passage d'un 
cycle cinq a un cycle a six chainons: 

c3 c4 

L'tchelle des pK, de ces composts (3, 16, 28) 
correspond a C, > C2 >> C, > C,. L'ordre expkri- 
mental de riarrangement (3) correspond a C, > C, 
>> C,. Si nous observons ces Cchelles, nous con- 
statons un fort accroissement du taux de rtarrange- 
ment par passage des stries C, a C2. Cet accroisse- 
ment correspond a une augmentation importante du 
pKa. Par contre l7Ctude des con~posts de la strie des 

tttrahydropyrimidines (C,) fait intervenir un facteur 
sttrique supplkmentaire, qui est le passage du cycle 
a cinq au cycle a six chalnons. La principale difference 
observte dans ces stries est donc une modification 
structurale. I1 semble donc que le parallele pK,- 
rearrangement ne puisse etre appliqut qu'8 des 
structures comparables. Cette remarque avait dtja 
CtC faite par Deady (26) et Chanon et al. (9) lors de la 
comparaison de thiazoles et pyridines. La strie 
pyrimidinique (C,) prCsente pour le rkarrangement 
des effets de pK, et des effets sttriques (six chainons) 
dtfavorables. SynthCtises par catalyse par transfert 
de phase (29) ces composes ont un taux de migration 
S -+ N pratiquement nu1 en 1 h a 140°C (3). 

Le parallde pKa-rtarrangement est evident. 
Comme la quaternisation, le rtarrangement est une 
rCaction de type S,2. Toute corrtlation ttablie pour 
la quaternisation sera donc applicable B l'optimisa- 
tion du substrat d'amplification. Nous venons de 
voir que l'effet de substitution en N, rCpond aussi au 
parallde pKa-rtarrangement. Les limites a ce 
parallele sont des limites sttriques qui peuvent etre 
indirectes (R, = tBu) ou directes (ortho-substitu- 
tion). Cependant a partir des figs 1 et 4, on constate 
que les shies C, et C, (15) sont plus sensibles a la 
N-substitution que la strie C,. Dans la sCrie 
aromatique les effets Clectroniques sont beaucoup 
plus dilues que dans les series imidazolinique et 
tttrahydropyrimidinique, ou la dtlocalisation tlec- 
tronique se limite aux azotes N, et N,. Cette obser- 
vation est vCrifiCe en particulier par les Ctudes de rmn 
du carbone-13 (20) au niveau de l'effet de la N-subs- 
titution sur les carbones 2 et 5 ou 2 et 6 dans les 
shies B cinq ou six chainons, et principalement, dans 
le cas particulier du groupement tert-butyle. 

En rCaction de rtarrangement comme en rmn du 
13C, ou en spectroscopie ultraviolette (19), l'tcart 
observt entre les thiotthers 5 ou thiones 1 et 8 
substituts par les groupements Cthyle, isopropyle et 
tert-butyle est maximum pour les sCries imidazolini- 
que et tCtrahydropyrimidinique. 

EfSets de tempe'rature sur le taux de rkarrangement 
(fig. 6 )  

La fig. 6 et le tableau 1 traduisent ces effets. Les 
thiotthers de la skrie imidazolinique (C,) ttant moins 
rtactifs que ceux des stries imidazolinique (C,) et 
tttrahydropyrimidinique (C,), les ttudes sont le plus 
souvent menkes a 140°C (15). 

EfSets des catalyseurs (injuence de I'anion associe') 
Ces effets ont dtja CtC discutCs en serie thiazolique 

(9); c'est d'ailleurs ce qui avait orient6 le choix de 
nos sels quaternaires 9 et 10, comme catalyseurs 
optimum: "les iodures de me'thyl-3 azolium." 

Nous avons ttudit le rtarrangement SR + NR 
du mtthyl-1 mtthylthio-2 imidazole a 14.0°C catalyst 
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zolinique et tCtrahydropyrimidinique. Ces rCactions 
parasites peuvent devenir trks importantes sur 
support semi-conducteur selon la nature et la variktC 
cristalline du support (Ti0,AT ou RL, ZnO, Al,O,, 
SiO,, etc.). 

Ainsi les composCs de dCgradation Ei (schima 2) 
ont ttk identifiks sur support Ti0,AT (oxyde de 
titane anastase, Thann et Mulhouse). Le choix du 
support est donc un critkre important pour la 
rialisation des expiriences photographiques utilisant 
la rCaction de riarrangement SR + NR comme 
rkaction d'amplification (rCf. 3 et renvoi 5). 

Stabi l i t e  140'C I 
= 110 

Ge'nkralisation et conclusion 
imps (mln) Les divers effets de cycle, de substitution, de champ 

FIG. 6. Pourcentage de thione en fonction du temps et de (hCtCroatome en position 1) etc., ont it6 Ctudiis 
la temperature: cas du methyl-1 mtthylthio-2 imidazole. systCmatiquement pour des thioCthers aromatiques, 

saturCs ou benzocondends a cinq ou six chainons par les sels de type iodure, tosylate, chlorure de 
dimCthyl-1,3 mithylthio-2 imidazolium (3% mol). (3, 16). 

La rkaction de rkarrangement Ctant une rCaction 
de type S,2, nous retrouvons 1'Cchelle ktablie pour la 

C ~ ~ S C H I  N [ x k S ~ ~ 3  N @&&SCH3 

quaternisation ..... I-  > TSO- > C1- ..... ExpCri- X = O , S , N R  

nous obtenons un de 50% en Le parallele pKa-rkarrangement est alors drifiC pour 
Pour l'iodure, 37% en 1 h Pour 1' tos~late et 10% en l.ensemble des substrats ~ l ~ ~ ~ r o c y c ~ i q u e s ~  
1 h pour le chlorure. Ainsi pour les diazoles-1,3 (X = NR), on observe Ces mCmes expCriences effectukes en prtsence que 1'6chelle de pK, (3, 16, 28) est: 
d'iode ou de tosvlate de mCthvle (3'Z moll en 
ampoule scellCe a 140°C donnint ies" r~s i l ta t s  
suivants: 80% de rkarrangement en 2 h pour l'iode 

/R /R /R 

et 25% de rkarrangement en 2 h pour le tosylate de N 
mkthyle. 

Ces rksultats sent ~roches  de ceux obtenus Par 1'Cchelle de rkarrangement observie (3, 16) est: 
Chanon et al. en sCrie thiazolique (9). L'explication 
de ces resultats est purement mkcanistique et suggire 
la prksence de 1Cgire quantitC d'iodure de mkthyle 
libre dans le milieu (9). N 

Re'actions parasites 
Contrairement aux thioithers des dries imidazoli- 

nique et tktrahydropyrimidinique (4, 5, 15) aucun 
intermkdiaire de type 11 ou composCs de dCgradation 
de type 12 n'a CtC is016 ou identifiC en phase liquide. 

Seule la voie de catalyse parasite 1,2 (schtma 2) a 
pu Ctre mise en Cvidence (tableau I). Cependant, 
d'une f a ~ o n  gCnCrale cette rCaction parasite est trCs 
faible et une simple distillation sur potasse limite le 
"back-ground7' A 3%. Le taux de rkarrangement sans 
catalyseur pour les benzylthio-2 et allylthio-2 imida- 
zoles, traduit un micanisme de migration diffkrent 
de la rCaction de rkarrangement du type Chambonnet 
mCcanisme concert6 (21), rCaction de Claisen ou 
Chapman. I1 semble que cette hydrolyse parasite soit 
favoriske par les mCmes conditions que celles qui 
favorisent le rkarrangement, cependant les variations 
de rCactivitC des thioithers vis-a-vis de l'eau sont 
beaucoup plus importantes pour les skies imida- 

L'ensemble des rCsultats prksentCs dans ce mC- 
moire pour les sCries imidazolique et pyrimidinique, 
ainsi que ceux des sCries imidazolinique et tCtrahydro- 
pyrimidinique (15) permet le choix coherent du 
substrat de rearrangement qui sera le substrat d'am- 
plification du procCd6 photographique (2, 3, 6). La 
limite du parallkle pKa-rkarrangement permettant 
cette optimisation du substrat d'amplification du 
procCdC photographique est bien d'ordre structural. 
Elle peut Ctre due a des interactions stCriques 
directes (effet ortho) ou indirectes (deformation de 
cycle) ou a des modifications gkomitriques des 
hCtCrocycles CtudiCs (cycles a six ou cinq chainons). 
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Cyclization of the 6cyanobutyl radical1 

DAVID GRILLER, PETER SCHMID,~ AND KEITH U. INGOLD 
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DAVID GRILLER, PETER SCHMID, and KEITH U. INGOLD. Can. J. Chem. 57,831 (1979). 
The rate constant for the irreversible cyclization of the 4-cyanobutyl radical to the cyclo- 

pentiminyl radical, kcCzN, has been measured from -52 to 12°C by kinetic epr spectroscopy. 
The temperature dependence of this rate constant can be represented by, 

log (k,C'N/s-') = (9.9 2 1.0) - (8.6 t l.0)/8 

where 8 = 2.3RT kcal/mol. This rearrangement is somewhat slower than the analogous 
cyclizations of the 5-hexenyl and 5-hexynyl radicals. 

DAVID GRILLER, PETER SCHMID et KEITH U. INGOLD. Can. J. Chem. 57,831 (1979). 
On a mesurk les constantes de vitesse de la cyclisation irrtversible du radical cyano-4 butyle 

en radical cyclopentiminyle, kcCEN, a des tempkratures allant de - 52 a 12°C en faisant appel 
a la spectroscopie rpe. On peut reprtsenter la relation entre la constante de vitesse et la tem- 
ptrature grlce a l'tquation 

oh 0 = 2.3RT kcal/mol. Cette transposition est un peu plus lente que les cyclisations analogues 
des radicaux hexenyle-5 et hexynyle-5. 

[Traduit par le journal] 

Introduction by Ogibin et al. (7) who found that cyclopentanone 

Free-radical ring closure reactions occur when a Was produced in high yield when 4-cyanobut~l9 3, was 
suitably constituted radical undergoes intramolecular generated in an aqueous medium. clearly, the cycle- 
addition to an unsaturated function. M~~~ such pentylketiminyl radical, 4, must be an intermediate 

reactions are known, the most thoroughly studied N N o 
being the cyclization of 5-hexenyl, 1, to form cyclo- 1 1  k F = ~  11 11 
pentylmethyl, 2 (for recent reviews of ring closure G ~ f i ~ % f i  
0 3 4 

in this reaction (7, 8). Trapping experiments with 
1 2 Cu" indicated that cyclization was rapid (7, 8). 

reactions see ref. 1). This rearrangement first 
achieved prominence as a quantitative probe for the 
presence of primary alkyl radicals in reaction systems 
(1). Subsequently, the rate constant for this cycliza- 
tion, k,C=C, was determined by a 'classical' procedure 
at 25°C (2) and later by kinetic epr spectroscopy over 
a range of temperatures (3, 4). This reaction is 
frequently employed to determine the rates at which 
primary alkyls react with suitable molecules (4, 5). 

Many analogs of the 5-hexenyl cyclization have 
been reported (1) but the rate constants for these 
reactions have, at best, been determined only by 
competitive methods and generally at a single 
temperature (see for example ref. 6). A particularly 
interesting rearrangement belonging to this general 
class of radical cyclization was first described in 1975 

lIssued as NRCC No. 17204. 
'NRCC Research Associate, 1975-1977. 

Although there are some examples of inter- 
molecular (9) and of intramolecular (10, 1 I) addition 
of alkyl radicals to alkyl nitriles there do not appear 
to have been any measurements of the rates of such 
processes. We wished, therefore, to measure 
and compare its magnitude with that of kcC=' which 
we had previously determined (2-4). However, the 
kinetic epr technique (3, 4) can be applied only if 
rearrangement is irreversible, i.e., only if 4 1 4 4 3 .  
To check this point it was necessary to generate 4 in 
some direct manner from a cyclopentyl precursor. 
The usual route to ketiminyls, which involves 
hydrogen abstraction from ketimines (12), was in- 
applicable since cyclopentylketimine appears to be 
unknown. Other routes to ketiminyl radicals are 
known (13, 14) but none of those we investigated 
proved suitable. 

In 1977 Cooper et al. (15) reported that photo- 
chemically generated tert-butoxy radicals reacted 

0008-4042179107083 1-04$0 1 .00/0 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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with alkyl azides to produce iminyl radicals 'cleanly' 
and at concentrations suitable for epr spectroscopic 
study. This procedure worked well with cyclopentyl 
azide and, over the temperature range (- 10 to 
40°C, vide infra), the epr spectrum of the cyclo- 
pentylketiminyl was entirely free of the 4-cyanobutyl 
spectrum. Thus, conditions can be found where the 
3-4 cyclization is irrever~ible.~ 

generated from cyclopentyl azide at -7°C are: 
g = 2.00300 + 1 x aN = 9.40 + 0.05, 
aH"(4H) = 4.43 f 0.05, aH~(4H) = 1.94 + 0.05 G. It 
is noteworthy that the epr signal due to 4 has much 
sharper lines than that due to 3. In the kinetic 
experiments 3 was monitored at a modulation 
amplitude of 1.6 G and 4 at 0.16 G. 
Steady-state Kinetic Measurements 

Absolute concentrations of 3 and 4 were measured 
under conditions of steady photolysis in the tem- 
perature range (-57 to 12°C) where both radicals 
could be detected when 3 was generated from 5- 

In the present paper we report measurements of bromovaleronitrile. From these concentrations the 

kcCEN and derive Arrhenius parameters for this rate constant ratio, kcC'N/2k,4 can be determined 

c~clization.~ from the expression (3, 4) 

Experimental 
The kinetic epr method which is used to measure the rates of 

unimolecular radical reactions has been described previously 
(3, 4, 17). Radicals 3 and 4 were generated photochemically in 
solution in isooctane directly in the cavity of a Varian E-4 epr 
spectrometer under conditions of slow flow (0.2 mL/min). 
Radical 4 was generated as described above. Radical 3 was 
generated by bromine abstraction from 5-bromovaleronitrile 
using tri-n-butyltin radicals generated by photolysis of hexa-n- 
butylditin. 

nBu3Sn' 
BrCH2(CHz)3CN d ' C H 2 ( C H 2 ) 3 C N  

Materials 
5-Bromovaleronitrile was prepared from tetramethylene 

bromide and potassium cyanide according to the procedure of 
Leonard and Wildman (18). Distillation yielded a colorless 
liquid (bp l11°C/15 Torr (lit. (18) bp 114-115"C/12 Torr)) 
which was purified by preparative vpc before use. This com- 
pound was rather immiscible with isooctane and it was there- 
fore used at concentrations 20.05 M. Cyclopentyl azide was 
prepared from cyclopentyl bromide and sodium azide in 
diethyleneglycolmonomethyl ether according to the procedure 
of Lieber et al. (19) and was purified by distillation (bp 62"C/50 
Torr (lit. (19), bp 72"C/77 Torr)). This compound was used at a 
concentration of 0.01 M. 

All other compounds were commercial materials that were 
purified by standard methods before use. 

Results 
Electron Paramagnetic Resonance Spectra 

Bromine abstraction from 5-bromovaleronitrile at 
temperatures I -70°C gave only 3. This radical 
showed a spectrum typical of a primary alkyl, viz., 
g = 2.00237 ) 5 x aHu(2H) = 21.75 + 0.05, 
aHD(2H) = 27.50 f 0.05, aHy(2H) = 0.55 f 0.05 G at 
- 10°C. At higher temperatures the spectrum of 4 
appeared and this was the only radical observable at 
temperatures 2 17°C. The epr parameters for 4 

3The ring opening reaction 4 -&3 does occur in the gas 
phase at temperatures > 250°C (16). 

4The rate constant for this reaction has also been determined 
at -10°C by Dr. B. P. Roberts (private communication) 
using the kinetic epr method. 

where 2kt4 is the rate constant for the bimolecular 
self-reaction of 4, provided this reaction is diffusion 
~ont ro l led .~  The results of these experiments are 
summarized in Table 1. 

Measurement of 2k," 
This rate constant was determined in the usual way 

(22) by monitoring the decay of 4 when the light was 
chopped by a rapidly rotating sectored disc. At 
18.5"C this radical was found to decay with 'clean' 
second-order kinetics. The measured rate constant 
for decay, 2k,4 = 5.9 x lo9 M- I  s-l ,  indicates that 
this reaction is diffusion controlled, just as we would 
expect for this sterically unhindered ketiminyl (12). 
The variation of 2k,4 with temperature was com- 
puted from the temperature coefficient of viscosity of 
the solvent (21). It can be represented by 

log [2k:(M-' S-l)] = 11.56 - 2.4210 

where 0 = 2.303 RT kcallmol. Values of 2k: calcu- 
lated from this relation have been used to calculate 
the values of kcCEN which have been listed in 
Table 1. 

Discussion 
The rate constant for cyclization of 4-cyanobutyl 

can be represented6 by 

1 0 g ( k , ~ ~ ~ / s - ~ )  = (9.9 f 1.0) - (8.6 + 1.0)/0 

'The actual requirement is that 2kC4 be equal to the rate 
constant for the bimolecular reaction between 3 and 4 (3,4,17). 
Since the latter reaction involves unhindered radicals it will 
certainly be diffusion controlled (see e.g., refs. 2 4 ,  20, 21). 

6The error limits given for the A factor and activation energy 
reflect the uncertainty introduced when extrapolating beyond 
the experimental temperature range to determine the activation 
energy and A factor. Within the experimental range the error 
in k,C'N is reasonably small and is probably not greater than a 
factor of 2 or 3. 
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GRILLER ET AL. 

TABLE 1. Values of radical concentrations and k,C=N/2k,4 at various 
temperatures 

T [31 x lo7 [41 x 107 kCc=y2k,4 
(KY' (M-l) (M- l)  x lo7 (M-I) 

221 1 .202 0.121 0.133 
222 1.689 0.139 0.150 
227 1 ,440 0.196 0.223 
227 1.280 0.242 0.288 
234 0.982 0.277 0.355 
234 1.296 0.277 0.336 
244 0.881 0.423 0.626 
244 1.155 0.436 0.601 
253 1.150 0.611 0.936 
254 0.973 0.586 0.939 
264 0.698 0.941 2.210 
265 0.831 0.734 1.382 
276 0.863 1 .063 2.372 
278 0.653 1.012 2.580 
285 0.374 0.982' 3.560 

"Held to within + 0.5K during the course of each measurement. 

which yields = 4.0 x lo3 s-I at 25°C and have been measured or estimated for the species 
4.0 x lo4 s-I at 80°C. For comparison, the rate con- involved in these three reactions: C2H4, 12.5 (23); 
stant for the 5-hexenyl cyclization can be represented C2H5', 26.0 (24);' CH3CN, 19.0 (25); CH3CH=Nn, 
by (4) 34.4 (26); C2H2, 54.2 (23); H,C=CH, 69.0 (26); H', 

52.1 (26). The three model reactions and their 
1% (kcGCls- l) = (9.5 rfi. 1.1) - (6.1 f 1.111'3 calculated exothermicities are : 

which yields, kcCGC = 1.1 x lo5 s-I at 25°C and H' + H ~ C = C H ~  + H ~ c - ~ H ~  -38.6 kcal/mol 
5.3 x lo5 s-I at 80°C. The rate constant for cycliza- H' + CH3C-N + CH,CH=N -36.7 kcal/mol 
tion of the 5-hexynyl radical, i.e., 5*6, has been 

H' + H&CH -, H ~ C = ~ H  -37.3 kcal/mol 

estimated to be 1.2 x lo5 s-I at 80"Ce7 The cycliza- 
tions of 1, 3, and 5, therefore proceed at rates which 
are not grossly dissimilar and the differences in rate 
can probably primarily be attributed to differences in 
activation energy. The Arrhenius preexponential 
factors are smaller than might have been anticipated 
for such simple cyclizations (4). 

It is not unreasonable that 1, 3, and 5, should 
cyclize at similar rates since the reactants are 
structurally related and even their thermochemistry 
must be very similar. The latter point can be illus- 
trated by considering the estimated thermochemistry 
of three model reactions, viz., hydrogen atom addi- 
tion to ethylene, a~etonitrile,~ and acetylene. The 
following heats of formation, AH: (in kcal/mol), 

7A. L. J. Beckwith and A. G. Lawrence. Private communica- 
tion. 

$Chosen in place of HCN (which would have been more 
appropriate) because AHfO for H2C=Na appears to be un- 
known. 

Rates of cyclization of other analogs of 5-hexenyl 
are currently under investigation. 
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The effect of tetra-n-butylammonium bromide on the proton magnetic resonance of 
1-X-2,4-dinitrobenzenes 

D. R. MCLAUCHLIN A N D  J .  D. REINHEIMER' 
Depclrtrnent of Chernist~y, The College of Woosrer, Wooster, 0H44691, U.S.A. 

Received September 5, 1978 

D. R. MCLAUGHLIN and J. D. REINHEIMER. Can. J. Chem. 57,835 (1979). 
The chemical shifts of the ring protons of 1-X-2,4-dinitrobenzenes are changed with the 

addition of tetrabutylammonium bromide. In general, the chemical shift of proton 3 decreases 
with salt addition, that of proton 5 may increase or decrease, while that of proton 6 increases. 
Where X is an oxygen containing group, the changes are somewhat more pronounced. 

D. R. MCLAUGHLIN et J. D. REINHEIMER. Can. J. Chem. 57,835 (1979). 
Les dtplacements chimiques des protons aromatiques des dinitro-2,4 X-1 benzknes varient 

lors de I'addition de bromure de tttrabutylammonium. En gkntral, le dtplacement chlmique 
du proton en 3 diminue par addition du sel; celui du proton en 6 augmente alors que celui du 
proton en 5 peut augrnenter ou diminuer. Lorsque X est un groupement contenant un oxygkne, 
les changements sont quelque peu plus prononcts. 

[Traduit par le journal] 

Introduction the nmr tube. After vigorous shaking, no change in nmr 
spectrum was noted. 

In coniiection with our studies of salt effects on the 
rate of aromatic nucleophilic substitution reactions Discussion 
(lP3)9 we found the H ~ n e  and Fabris (4). The chemical shift changes are more complex with 
Hyne and Fabris suggested that tetrabutylammonium 
bromide and iodide associated with both the aryl 
ring and the nitro group of nitrobenzene as an ion 540 

pair. The anion was placed over the meta and para 
positions of the benzene ring. If it were a nucleophile, 530 

the anion would be well positioned to attack the ring 
and form a o anionic complex (5). This study was an 520 

extension of Hyne and Fabris' work to a series of 
dinitro compounds. 510 

Experimental - 
All spectra were taken in the solvent methylene chloride. The ; 500 

Varian T-60 was locked on the solvent peak and peak positions C 
b 

were determined by a frequency counter. ,a 

The samples were commercial chemicals which were re- -1 

5 
crystall~zed until the melting point range was 1°C and agreed 2 470 

with the literature melting point. The tetra-n-butylammonium W 

bromide was recrystallized twice from benzene and then dried 
U 

in an Abderhalden drying pistol for 24 h. Samples were sealed 460 

and stored in a desiccator over CaSO,; mp 117-119"C, lit. (6) 
mp 118°C. The solvent was dried over CaS04 and distilled 450 

before use. Sample solutions were prepared by weighing the 
compound and d~luting to volume in a 1-mL volumetric flask. 

The effect of water was investigated as follows: a control 440 

sample of dried tetra-n-butylammonium bromide in CHzClz 
was prepared by performing all manipulations in a plastic 

430 
glove bag filled with dry nitrogen. The second sample was 
prepared from purified tetra-n-butylammonium bromide that 0 0. 2 0 .4  0 .6  0. 8 1. 0 1. 2 

had been on the laboratory bench for several days. The third Concentrat~on natlo, B ~ ~ N + B ~ - I ~ - X - ~ .  I - ~ ~ ~ ~ t ~ ~ b ~ ~ ~ ~ ~ ~  

sample was taken from the commercial tetra-n-butylammonium FIG. 1. Chemical shift vs. concentration ratio. H, -; bromide sample. The spectra of 1-chloro-2,4-dinitrobenzene 
C1, m-m; F, .---.; OH, O---O; 0CH3, O-O; C ~ 3 ,  with each salt solution were identical within experimental 0-0. At zero salt concentration, proton 3 is found at error. Next, 2 drops of water were added to the dried sample in 517-540 at 495-515 Hz, alld proton 6 at 430-470 . - 

lTo whom correspondence should be sent. Hz. 

0008-40421791070835-03$0 1 .OO/O 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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CAN. J .  CHEM. VOL. 57, 1979 

TABLE 1. Variation of chemical shifts for I-X-2,4-dlnitrobenzenes in CH2C12 with added 
tetra-n-butylammonium bromide 

Chemical shiftsa 
Substituent 

X [Saltl/[Xl Proton 3 Proton 5 Proton 6 

H 0 538.3 511.9 468.4 
0.200 535.5 511.5 471.1 
0.402 532.8 510.7 473.0 
0.595 530.4 509.9 474.5 
0.827 527.1 508.7 475.8 
0.978 525.1 507.8 476.5 

0 521.9 501.4 466.7 
0.398 518.2 504.3 471.9 
0.749 516.1 505.2 474.2 
0.854 515.9 505.1 474.3 

0 539.7 505.1 438.5 
0.290 532.6 500.6 451.6 
0.590 526.0 495.7 461.7 
0.850 521.7 492.8 467.9 

0 518.5 503.5 434.0 
0.246 516.3 503.9 441 .O 
0.494 513.6 502.8 445.3 
0.750 511.1 501.6 448.9 
0.870 511.8 502.4 450.1 
1 .Ol 508.0 500.0 452.4 

0 534.0 511.2 452.3 
0.210 531.8 512.4 456.4 
0.400 530.7 513.5 459.4 
0.590 528.1 514.1 462.3 
0.780 525.8 514.1 464.8 
0.980 523.7 514.3 466.6 

0 523.2 498.3 454.1 
0.222 520.7 497.8 455.8 
0.430 518.0 496.9 457.2 
0.640 515.8 496.1 457.9 
0.780 513.8 495.3 458.6 
1.17 509.4 493.4 459.9 

Chemical shlfts were measured In Hz from TMS 

the dinitro series. In nitrobenzene, Hyne and Fabris(4) The chemical shift changes were attributed to  an 
found that the change for the ortho position was very association of the tetrabutylammonium ion with a 
small, whereas the downfield changes for the meta nitro group and the halide ion with the benzene ring. 
and para protons were greater. Our data (Fig. 1 and The fact that the dinitro conlpounds dissolved much 
Table 1) reveal an upfield change of chemical shift for more rapidly in tetrabutylammonium bromide 
proton 3 (ortho to both NO, and meta to X) with all solution than in pure solvent provides weak evidence 
X. The magnitude of this change is largest for for a~sociation.~ 

= OH' for = and for 2 . 4  referee has suggested that the solubility rate statement 
other X. For protoll 5 ,  (ortho,~ara to the NO2 does not clearly delineate between thermodynamic and kinetic 
groups and meta to X), a small upfield change is data. A better experiment would have been the investigation of 
observed for all X except the halogens. Again, the the change in solubility of dinitro compounds with added 

greatest change is found for the OH group. l-he tetrabutylammonium bromide. We did not make this study; 
our qualitative observation was that the dinitro compound dis- give rise to a slight downfield change. For solved in solution after one or two inversions of the 

proton 6 (meta to both NO2 and ortho to X), the volumetric flask but a period of minutes and many inversions 
change is downfield for all X. The magnitude of this for solution in the pure solvent. The unstated assumption was 

change is greatest for OH and OCH, large for F, and that the rate of solution would depend on the relative un- 

about the same for CH,, and H. The chemical saturation of the solution with respect to the dinitro compound. 
If the species that is in solution is a salt - dinitro compound 

shift VS. concentratioil ratio plot is not linear in all complex, the concentration of dinltro compound would be low 
cases; this is in contrast to Hyne and Fabris' data. and its rate of solution correspondingly fast. 
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McLAUGHLIN AND REINHEIMER 837 

The crucial question is where the ions are posi- 
tioned with respect to the aromatic ring. If the tetra- 
butylammonium salt were complexed to X, the 3 and 
5 positions are symmetrically placed and their change 
in chemical shift should be quite similar. A survey of 
Fig. 1 shows that this is not the case. Association of 
the cation of potassium tert-butoxide with the nitro 
group of o- and p-fluoronitrobenzene was postulated 
by Del Cina et al. (7). Ehrlich and Popov (8) have 
demonstrated that a downfield shift of the Nai 
resonance occurs in an ion pair (Na', I-). These data 
are indicative of an association of the Br- with the 
aryl ring and the tetrabutylammonium cation with 
the nitro group. In short, they support the Hyne- 
Fabris model. Additional support may be found in 
the following result. If the cation were above the 
benzene ring, the ring current should affect the butyl 
protons. This chemical shift should move upfield 
with added salt. To eliminate any NO, group effect, 
the nmr spectra of tetrabutylammonium bromide 
with nitromethane (A), with 2,4-dinitrochlorobenzene 
(B), and with no added solute (C) were taken. The 
aliphatic spectra of A and C were identical, but B was 
slightly different. The chemical shifts of B were 

downfield. If this is a ring current effect, the cation 
must not be above the benzene ring; a reasonable 
position is at the NO, group. This experiment is not 
a definitive result, but it provides more support for 
the Hyne-Fabris model. 

In summary, the tetrabutylammonium bromide is 
associated with the nitro group or groups and the 
benzene ring. We postulate, with Hyne and Fabris, 
the association of the cation with the nitro group and 
the anion with the electron deficient benzene ring. 
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(1979). 

The rate constants kl for the reaction of solvated electrons with allyl alcohol in a number of 
hydroxylic solvents differ by up to two orders of magnitude and decrease in the order tert- 
butyl alcohol > 2-propanol > 1-propanol a ethanol > methanol a ethyleneglycol > water. 
In methanol and ethylene glycol the rate constants (7 x lo7 M-' s-' at 298 K) and activation 
energies (16 kJ/mol) are equal, in spite of a 32-fold difference in solvent viscosity (0.54 and 
17.3 cP, respectively) and 3-fold difference in its activation energy (11 and 32 kJ/mol, respec- 
tively). The reaction in tert-butyl alcohol is nearly diffusion controlled and has a high activation 
energy that is characteristic of transport in that liquid (El = 31 kJ/mol, En = 39 kJ/mol). The 
activation energies in the other alcohols are all 16 kJ/mol, and it is 14 kJ/mol in water. They 
do not correlate with transport properties. The solvent effect is connected primarily with the 
entropy of activation. The rate constants correlate with the solvated electron trap depth. When 
the electron affinity of the scavenger is small, a favorable configuration of solvent molecules 
about the electronlscavenger encounter pair is required for the electron jump to take place. The 
behavior of the rate parameters for propargyl alcohol is similar to that for allyl alcohol, but 
kl,  A', and El are larger for the former. The ratio k(propargyl)/k(allyl) at 298 K equals 10.5 
in water and decreases through the series, reaching 1.3 in tert-butyl alcohol. Rate parameters 
for several other scavengers are also reported. 

ALEXEI M. AFANASSIEV, KIYOSHI OKAZAKI et GORDON R. FREEMAN. Can. J. Chem. 57,839 
(1 979). 

Les constantes de vitesse kl, pour la rCaction d'klectrons solvatCs par le I'alcool allylique 
dans un certain nombre de solvants hydroxyles different par des facteurs allant jusqu'a 100 et 
diminuent dans I'ordre tert-butanol > propanol-2 > propanol-1 z Cthanol > mkthanol a 
Cthylene glycol > eau. Dans le methanol et I'ethylene glycol, les constantes de vitesse (7 x lo7 
M-1 s-l a 298 K) et les Cnergies d'activation (16 kJ/mol) sont Cgales mCmes s'il existe un 
rapport de 32 dans les viscositCs des solvants (0.54 et 17.3 cP) et un rapport de 3 dans les 
Cnergies d'activation de viscositk (respectivement 11 et 32 kJ/mol). La rCaction dans le tert- 
butanol est pratiquement contr81Ce par la diffusion et possede une Cnergie d'activation 
ClevCe qui est caractkristique du transport dans ce liquide (El = 31 kJ/mol, E, = 39 kJ/mol). 
Dans tous les autres alcools, les Cnergies d'activation sont toutes Bgales ti 16 kJ/mol; dans 
I'eau E, est Cgale a 14 kJ/mol. Ces valeurs ne peuvent pas Ctre reliks avec les propriCtes de 
transport. L'effet de solvant est principalement liC a I'entropie d'activation. I1 y a un corrtla- 
tion entre les constantes de vitesse et les profondeurs des pitges des Clectron solvatBs. Lorsque 
I'affinitC Clectronique pour le solutC est faible, il faut une configuration favorable des molBcules 
de solvant autour de la paire Clectron-solutC qui se rencontre pour que le saut Blectronique 
puisse s'effecteur. Le comportement des parametres de vitesse pour I'alcool propargylique est 
semblable a celui de I'alcool allylique; les valeurs de kl, Al et El sont toutefois plus ClevCes 
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dans le premier cas. Le rapport k(propargyl)/k(allyl) a 298 K est Cgal ii 10.5 dans I'eau et 
diminue pour toute la serie pour atteindre une valeur de 1.3 dans le tert-butanol. On rapporte 
des paramirtres de vitesse pour plusieurs autres solutks. 

[Traduit par le journal] 

Introduction 
The temperature dependence of solvated electron 

reaction rates has not been extensively studied (1-9), 
in spite of the importance of the subject. Perhaps 
one reason for that was the near constance of the 
observed activation energies for rate constants that 
varied by several orders of magnitude (1-3). These 
results indicated that there were greater variations 
in the entropy than in the enthalpy effects, and 
kinetics models are usually more suited to considera- 
tions of the latter. 

Recent measurements have turned up systems in 
which the differences between the reaction activation 
energies Ea are greater than the experimental uncer- 
tainty (2d, 3b). For efficient scavengers in a series of 
alcohols and alycerol/water mixtures, the activation 
energy for soliated 'electron reaction was related 
to that, E,,, of viscous flow: Ea = ciE,, + p, where 
ci = 0.440.65 and p = 3-12 kJlmol(3b). In another 
study, Ea for the inefficient scavenger benzene was 
found to be nearly double that for more efficient 
scavengers (2d). However, the values of Ea for ben- 
zene and toluene in C,-C, alcohols are all 25-33 
kJ/mol, and do not reflect the two-fold variations 
in E,, and the activation energies of dipolar rotational 
relaxation (2e). 

The present work is devoted to the study of the 
effect of temperature on the reactivity of solvated 
electrons with two inefficient scavengers, ally1 and 
propargyl alcohols, in a series of hydroxylic solvents 
that have different molecular structures. 

Experimental 
Materials 

Allyl alcohol (2-propen-1-01, 99%) and propargyl alcohol 
(2-propyn-1-01, 97%) were Analyzed grade from Aldrich 
Chemical Co. The solvents were water (triply distilled), meth- 
anol (Spectroanalyzed, Fisher Scientific Co.), ethanol (U.S.P. 
anhydrous 200 proof, U.S. Industrial Chemical Co.), 1- and 
2-propanol (Analyzed or Spectral grade, 99+%, Aldrich 
Chemical Co.), tert-butyl alcohol (99.5%, Aldrich Chemical 
Co.), and ethylene glycol (99%, Fisher Scientific Co.). 

Methanol, 1- and 2-propanol, tert-butyl alcohol, and ally1 
and propargyl alcohols were treated for 1 day under argon 
with sodium borohydride (1 g/L) at 40, 60, 50, 50, 65, and 
40°C, respectively. The alcohol was then fractionated through 
an 80 x 2.3 cm column packed with glass helices. The middle 
50% was collected and kept under argon. Allyl and ~ropargyl 
alcohols were treated twice in this manner. An argon (UHP, 
Matheson Co.) pressure and syphon system was used to trans- 
fer the alcohol without contacting air. 

Ethylene glycol was distilled under reduced pressure at - 100°C. The first 15% and last 35% fractions were discarded 
and the middle 50% kept under an atmosphere of UHP argon. 

Ethanol was used as received (lo), but was kept under argon. 

Techniques 
The methods of sample preparation ( l l ) ,  temperature con- 

trol, irradiation, and optical measurement (12-14) were essen- 
tially the same as described in the indicated references. In 
brief, a 0.1 bs pulse of 1.8 MeV electrons delivered 1-2 x 1016 
eV/g to the sample. The dosimeter was oxygen saturated 5 mM 
potassium thiocyanate, using G~(478 nm) = 2.1 x lo4 (100 
eV M cm)-I for (SCN)2-. 

The temperature during an experiment at a given tempera- 
ture was constant to within 1°C. The absorbed dose/cm3 and 
solute concentration were adjusted for the change of solvent 
density with temperature (15). 

In water, methanol, and ethanol optical measurements were 
made at the absorption maximum, hz,,,, of the solvated elec- 
tron band at each temperature. In 1- and 2-propanol and in 
ethylene glycol the wavelength was held constant at the h,,,, 
for 298 K, respectively 645, 815, and 566 nm. For tert-butyl 
alcohol the use of the fast response detector prevented measure- 
ments being made at h,,,, (298 K) = 1220 nm, so 950 nm 
was used. 

Results and Discussion 
The Solvents 

The quality of each alcohol solvent was assessed 
by measuring the first order decay constant of sol- 
vated electrons in the absence of added solute, at 
several temperatures over an -80 deg range. Tem- 
peratures from 298 K downwards were used for the 
propanols, from 298 K upwards were used for ethy- 
lene glycol and tert-butyl alcohol, while those for 
methanol and ethanol straddled 298 K. When a 
decay curve displayed an initial faster decay portion 
(geminate reaction), only the first order tail was mea- 
sured. For example, geminate reaction was observ- 
able for 3 ps in tert-butyl alcohol at 300 K, so the rate 
constant was then taken from the decay between 6 
and 16 ps. The values of the rate constants at 298 K 
and of the Arrhenius parameters are listed for the 
different alcohols in Table 1. The alcohols compare 
favorably with the purest used earlier (2d, 16-18). 

The activation energy for tert-butyl alcohol is 
double that for the other alcohols (Table 1). 

The electron half life in the purified water was 20 
ps at 298 K. 

Reaction of e-,,,, with Allyl and Propargyl Alcohols 
Pseudo first order decay constants of e-,,,, were 

measured for several different concentrations of a 
solute S at a given temperature. The value of the rate 
constant of reaction [I] was obtained from the slope 

[I] e-,,,, + S -, product 

of a plot of the first order constants against the solute 
concentration. The nature and quality of the results 
are illustrated by the decay constants obtained for the 
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AFANASSIEV ET AL. 841 

TABLE 1 .  Rate parameters for first order decomposition of e-,,,, in purified alcohols" 

Alcohol k/s - (298 K) log (Als-l) EJkJ mol-' Comment 

Methanol 2 . 2 ~  lo5 8.56 18 
1 1 . 4 x 1 0 ~ ~ . "  8.70b,8.15" 20b,17" 1mMbase 

Ethanol 9 x  lo4 9.58 26 
s8x104b=c  8.45b,9.15C 20b,24' 1rnMbase 

1 -Propano1 5 x lo5 8.95 18 
1 . 7 ~ 1 0 ~ ~  10.6d 20 1 x  1017 eV/g 

2-Propanol 1.1x105 7.61 15 
3 x 7 .6b  17b 1 mM base 

tert-Butyl alcohol 7 x  lo4 11.5 38 
2 . 6 ~  lo5' 

Ethylene glycol 1 .1x106 9.26 18 
4 . 5 ~  105f 

'Reference 18. 
'Reference 3 2  

methanolic solutions at different temperatures (Figs. I I I I I 

1 and 2). 
Arrhenius plots of k ,  for ally1 alcohol in the dif- 2.0 - - 

ferent solvents are shown in Fig. 3. The rate constant 
and activation energy are largest in tert-butyl alcohol. 
The activation energies in the other alcohols are all 
equal to about half that in tert-butyl alcohol. The 
rate constants at a given temperature decrease in the 
order 2-propanol > 1-propanol z ethanol > meth- 
anol x ethylene glycol. The rate constant and acti- 1.5 - - 

vation energy are smallest in water. Numerical values 
of k 1  at 298 K and of the Arrhenius parameters A ,  
and El are listed in Table 2. - 

The behavior of the rate constants for propargyl 7- 
alcohol is similar to that for allyl alcohol (compare 2 
Figs. 4 and 3). The values of k ,  for the former are 1.0 - - 
larger and tend to be grouped into two clusters. One 
cluster includes the solvents tert-butyl alcohol, 
2-propanol, 1-propanol, and ethanol, while the other 
includes methanol, ethylene glycol, and water (Fig. 
4). Values of k ,  at 298 K and of the Arrhenius param- 
eters are listed in Table 2. The values of A ,  and El - 
are all larger for propargyl than for allyl alcohol. 

There is no correlation between the activation 
energies of the reactions and those of transport in the 
liquids. The latter are related to those of dielectric 
relaxation (Table 2 and refs. 19-21) and shear vis- 
cosity (Table 2 and ref. 15). Consider, for example, 
the activation energies in ethylene glycol and meth- 0 4 8 12 
anol: E, differs by 10Z or less in these two solvents, - . -  
whereas E,, differs by a factor of 2.9 and E, by a 
factor of 1.8 (Table 2). 

There is between the of FIG. 1 .  Pseudo first order rate constants for the reaction of 
the rate constants in the different solvents and their solvated electrons in methanolic solutions of allyl alcohol at 
activation energies (Table 2). The solvent effect is 243 K (A), 298 K (n), 320 K (e), and 336 K (0). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



842 C A ~ .  J .  CHEM. VOL. 57, 1979 

FIG. 2. Pseudo first order rate constants for the reaction of 
solvated electrons in methanolic solutions of propargyl alco- 
hol at 273 K (A), 299 K (o), 310 K (@), and 333 K (0). 

therefore connected primarily with the entropy of 
activation. 

The rate constant for propargyl alcohol is desig- 
nated kp and that for ally1 alcohol k,. The ratio 
kp/kA at 298 K equals 10 in water, in which the rate 
constants are smallest. As the values of k, and kp 
increase, their ratio tends to decrease. A plot of kp/kA 
against log k, is shown in Fig. 5. The ratio extra- 
polates to unity at k, = 3 x 10' M-' s- ', which is 
the value one calculates for the diffusion controlled 
reaction using a reaction radius of 4 A, a molecular 
diffusion coefficient of 3 x lop6 cm2/s (22) and an 
electron diffusion coefficient of 7 x lop6 cm2/s. This 
estimate for the diffusion coefficient of e-,,,, in tert- 
butyl alcohol at 298 K is consistent with earlier esti- 
mates of 2-8 x cm2/s in methanol and 1-4 x 
10- cm2/s in ethanol (23a, 24).3 

The rate constants for these scavengers are largest 

3Mobilities estimated from refs. 23 b and c. 

10001T (K) 

FIG. 3. Arrhenius plots of k1 (M-I s-l) for ally1 alcohol in 
water (O), methanol (O) ,  ethanol (V), I-propanol (x) ,  
2-propanol (A), tert-butyl alcohol (I]), and ethylene glycol 
(@). 

in the alcohol in which the electron trap depth is the 
smallest, tert-butyl alcohol. Provided that the num- 
oer of bound levels is similar for electrons solvated in 
jifferent alcohols, the trap depth is related to the 
optical absorption energy (25). When the electron 
affinity of the scavenger is small, it is more difficult 
for an electron to jump from a deeper trap than from 
a shallower trap onto the scavenger molecule. The 
great breadth of the optical absorption band indi- 
cates that all the electrons are not in traps of the same 
depth in a given liquid. Electrons in the shallower 
traps h2;- a greater probability of reacting per unit 
time than do those in deeper traps. We therefore 
choose as an indicator of the trap depth for kinetics 
purposes the quantity E, = (E,,,, - W,), where 
E,,,, is the energy at absorption maximum and W, 
is the portion of the width at half height that is on 
the red side of E,,,, (13, 26). E, is therefore the 
energy half way up the red side of the band. There is 
a significant correlation between log k, and E, in the 
alcohols (Fig. 6). Water lies well off the curve. 

A plot of log k, against E,,,, shows a poorer cor- 
relation than tha in Fig. 6. The fact that E, works 
better than E,,,, supports the heterogeneous broad- 
ening interpretation of the optical band in alcohols 
(27). 

With the exception of the tert-butyl alcohol sys- 
tem, the activation energy of the reaction is nearly 
independent of E, (Table 2). The solvent effect acts 
through the entropy of activation. A favorable con- 
figuration of solvent molecules abo, t the electron/ 
scavenger encounter pair is required for the electron 
jump to take place (28). The desired configuration 
would tend to stabilize the molecular anion and to 
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AFANASSIEV ET AL. 843 

TABLE 2. Rate parameters for reaction of e-,,,, with unsaturated alcohols in different solvents 

Ally1 alcohol Propargyl alcohol 

Solvent k1,"298K logAla E l b  kl ,"298K logA14 E l b  ET b* c ~ ~ b . d  

Water 2 . 0 ~  lo7 9.7 14 2.1 xlOs 11.4 18 21 18 131 
Ethylene glycol 7 x lo7 10.6 16 3.2x1OS 12.1 2 1 28 @ 32 164 
Methanol 7 x lo7 10.6 16 3 . 9 ~ 1 8 '  12.0 19 16f.@ 11 144 
Ethanol 3.8x1OS 11.5 17 1 . 6 ~  lo9 12.0 16 18f 14 129 
1 -Propano1 4.2x1OS - - 1 . 2 ~  lo9 - - 24f.h 17 132 
2-Propanol 9.1 xlOs 11.9 17 1 . 9 ~  lo9 12.7 19 27f 21 108 
tert-Butyl alcohol 1 . 4 ~  lo9 14.5 3 1 1 . 8 ~  lo9 15.6 36 - 39 80 

nIn M-' s-'. kl at 298 K. 
bIn kJ/mol. 
 activation energy of solvent dielectric relaxation near 298 K, calculated from data in the indicated reference. The values of 7 ,  were used when more than 

one relaxatlon mode was observed. 
dActivation energy of solvent shear viscosity near 298 K. Calculated from data in ref. 15. 

= (EE,na, - W,) is the energy on the red side of the optical absorption band at half the maximum absorbance, for e-,.I,. References 13 and 26. 
IReferenre 19. 

9 \\ 1 FIG. 5. Plot of k,/k, against log k,, where kp and kA desig- 

FIG. 4. Arrhenius plots of k, (M-I s-I) for propargyl 
alcohol in water (O), methanol (O), ethanol (V), 1-propanol 
( x ) ,  2-propanol (A), tert-butyl alcohol (n), and ethylene 
glycol (0). 

make a less stable site for the electron in the solvent. 
The anion is probably finally stabilized by protona- 
tion (29). 

P I  ~-SO,"  + S =s S -so,v 

P I  S-,,l, + ROH + SH + RO-,,I, 

One may therefore write 

nate k, for propargyl and allyl alcohol, respectively, in a 
solvent. T = 298 K. 

. given 

Based upon earlier results in methanol and ethanol 
(29), one may predict that the overall volume of 
activation of process [I.], AV,",  is + 3  cm3/mol for 
allyl alcohol in methanol and +7 cm3/mol in eth- 
anol. For propargyl alcohol AV, * should be near 7 
cm3/mol in both solvents if the reaction mechanism 
is [2, 31. 

The rate constants for propargyl alcohol are 
greater than those for allyl alcohol, which implies a 
greater electron affinity for the former. The values of 
k, are therefore less sensitive to E, than are those of 
k,, so the ratio kp/kA increases with E, (Fig. 6). 

The value of k, in tert-butyl alcohol is near the 
diffusion controlled limit (Figs. 5 and 6). The large 
values of El are caused mainly by the activation 
energy of diffusion in this solvent (compare El with 
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TABLE 3. Energies and entropies of activation 

Ally1 alcohol Propargyl alcohol 

El AS1 * EI AS1 * 
Solvent (kJ/mol) (J/mdl K) iJcJ/mol) (J/mol K) 

Water 14 - 60 18 - 27 
Ethylene glycol 16 - 42 21 - 13 
Methanol 16 - 42 19 -15 
Ethanol 17 - 25 16 -15 
2-Propanol 17 - 17 19 - 2  
tert-Butyl alcohol 3 1 -k 33 36 -k 54 

I I I I I 

E, (kJ/mol) + exp (AG,*/RT) 

and 

9 

a 
-Y 

B 8 -  - 

7 

8 

a 
-Y 
\ 
a. 

-Y 

4 

0 

FIG. 6. Plots of log k, and kp/kA against E, (see Table 1). 

E, in Table 2). Transport has a higher activation 
energy in liquid branched chain compounds than in 
their straight chain counterparts (22, 30). The 
branched structure is more rigid and probably 
requires a greater amount of rearrangement of neigh- 
boring molecules to undergo a diffusion step. 

Entropies of Activation 
To estimate rdative values of AS, * one may write 

[ 5 ]  exp (- E , / R T )  w exp ( - -AH,  * / R T )  

- 2P 
tB 

y-., 
- 

\ 1p 

- 3, - 

!\tG - 

\ - - 
"2O 
0 

- - 
I I I I I 

I I I I 
o - - 

- - 

- /#/ - 
0 /' 

,/'# o - 0 ,  - 
,/' 

,e***O 
** 

- - 
_--* e- 

I l I I I 

60 100 140 

where k, and AG,* refer to the diffusion together of 
the reactants, while k ,  and AG,* refer to the reaction 
of an encounter pair. Electron diffusion coefficients 
in alcohols are difficult to measure, but there is now 
great need of the information. 

[6 ]  log A ,  w log (kT/h) + (AS,  * /2 .3R)  

At 298 K one has 

[71 log A ,  w 12.8 + (AS1*/19) 

where ASl* is in units of J/mol K. Values of AS,* 
so calculated are compared with El in Table 3. The 
entropies vary relatively much more than do the 
,energies of activation. 

The capture of a solvated electron by a scavenger 
that has a low electron affinity is dependent upon the 
occurrence of a favorable configuration of solvent 
dipoles about the reaction site. A favorable con- 
figuration would increase the solvation energy of the 
molecular anion and decrease that of the electron. A 
more negative entropy of activation signifies the 
smaller probability of occurrence of a sufficiently 
favorable configuration. 

Further interpretation of the positive and less 
negative values of AS, (less negative than, say, 
-20 J/mol K )  requires knowledge of the parameter 
values for diffusion of e-,,,, and S. The value of k ,  
can be divided into two components, 

[8 I k , - l  = k d - l  + k , - l  

or 

180 [9 ]  exp (AG, * / R T )  = exp (AG,"/RT) 

Other Scavengers 
Rate parameters for a number of other scavengers 

in water, methanol, and ethanol are listed in Table 4. 
The smaller values of k ,  are limited by a large nega- 
tive entropy of activation. However, acetonitrile has 
a high enthalpy of activation, which indicates that 
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TABLE 4. Rate parameters for other scavengers 

I Solvent = H 2 0  Solvent = CHBOH Solvent = C2H,0H 

I S l o g k l a  l o g A l a  Elb ASlCC l o g k l a  l o g A l a  Elb A S I C C  l o g k l a  l o g A l a  Elb ASICC 

I Perchloric acid 10.73 13.1 13 + 6  10.52 1 3 4  17 +11 
1 Nitrobenzene 10.62 13.26 15 +9 10.36 12.5 12 -6 10.18 12.4 13 -8  

Acetone 9.83 11.95 12 -16 9.63 1 .  11 -21 9.67 11.8 12 -19 
Naphthalene 9.48 11.9 13 -17 9.63 12.0 13 -15 
Acetonitrile 7.64 11.66 23 -22 8.11 12.50 25 -6 
Ethyl acetate 7.66 10.51 16 -44 
Phenol 7.20 9.84 15 -57 7 .0  10.3 19 -48 7.70 10.9 18 -36 

'In M-I s-I. kl at 299 K. 
"n kJ/mol. 
'In J/mol K. 

its reaction is in the border region between depen- 14. K. OKAZAKI and G. R. FREEMAN. Can. J. Chem. 56,2305 

dence on and independence of reaction [3] to stabil- (1978). 

ize the anion (27, 31). 15. R. W. GALLANT. Physical properties of hydrocarbons. 
Vols. 1 and 2. Gulf Publishing Co., Houston, TX. 1968. 
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Polymorphism of crystalline tert-butyl chloride-do and tert-butyl chloride-4: a Raman 
spectroscopic study1 
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S. SUNDER. Can. J. Chem. 57,846 (1979). 
Raman spectra of the three solid phases of tert-butyl chloride-do and -d9 have been recorded 

for the regions of the intramolecular vibrations. The spectra of solid I are typical of those 
seen for plastic crystals and those of solid I1 of solids with partial orientational order. The 
transition from solid I to solid I1 results in the ordering of the three-fold molecular symmetry 
axes but the axes perpendicular to the molecular symmetry axes remain randomly oriented. 
The transition from solid I1 to I11 results in a more-or-less ordered structure. The spectra of 
phase I11 at 90 K suggest an ordered solid with the molecules on sites of symmetry C, or C1. 

S. SUNDER. Can. J. Chem. 57,846 (1979). 
On a enregistre les spectres Raman de trois phases solides du chlorure de tert-butyle-do et 

-d9 dans les regions des vibrations intramolCculaires. Les spectres du solide I sont typiques 
de ceux observes avec des cristaux plastiques alors que ceux du solide I1 se comparent a ceux 
de solides comportant un ordre partiel d'orientation. La transition d'un solide I en solide I1 
provoque une orientation des axes tertiaires de symktrie moleculaire alors que les axes per- 
pendiculaires aux axes de symetrie molCculaire restent orientes au hasard. La transition d'un 
solide I1 en I11 conduit a une structure plus ou moins orientee. Le spectre de la phase I11 a 
90 K indique la presence d'un solide oriente comportant des molecules sur les sites de symktrie 
c, ou C'. 

[Traduit par le journal] 

Introduction 
tert-Butyl chloride (TBC), (CH,),CCl, is a 

globular molecule and shows two phase transitions 
in its solid state, with the 1-11 and 11-111 phase 
transitions occurring at 219.6 K and 183 K, re- 
spectively, under 1 atm pressure and its freezing 
point being 247.5 K (1). The three solid phases of 
TBC have been investigated using several physical 
techniques, e.g., heat capacity measurements (2-6), 
dielectric measurements (2, 3, 6, 7), nmr (8-lo), 
nqr ( l l ) ,  ir (6), far-ir (12-14), X-ray diffraction 
(15-17), and more recently by inelastic, neutron 
scattering (1 8). Their Raman spectra, however, have 
been reported only for the region below 100 cm-I, 
i.e., only for the lattice modes (intermolecular 
vibrations) according to the information available 
to us (14). There seems to be general agreement 
about the nature of phase I (the high temperature 
phase), that it is plastic crystalline in nature and that 
molecules undergo hindered reorientations around 
all possible axes. Also, there seems to be agreement 
that at or below 90 K solid I11 has a fixed lattice. Byt 
there appears to be differences in opinion about tlie 

'NRCC No. 17123. 
2Present address: Anorganisch Chemisches Institut der 

Universitat, 6900 Heidelberg, W. Germany. 

nature of solid 11, and about that of solid I11 at 
temperatures above liquid air temperature. The nmr 
(10) and X-ray (17) data have been interpreted to 
indicate that the CCl bonds of the TBC molecules 
are fixed in solid I1 and the molecules can reorient 
about the molecular symmetry axis (CCl bond). 
Neutron scattering data, on ,the other hand, has 
been interpreted to suggest that the molecules can 
reorient both about the molecular symmetry axis 
and the axes perpendicular to it (18). Neutron 
scattering data did not suggest any molecular re- 
orientations in phase I11 at temperatures around 
173 K while the nmr data indicated the presence of 
molecular reorientations about the CCl bonds as 
well as the rotations of the methyl groups around 
the CC bonds at these temperatures in phase 111. In 
light of the above interest in the solid phases of TBC 
we report here the Raman spectra of tert-butyl 
chloride-do (TBC-do) and tert-butyl chloride-dg 
(TBC-dg) in the regions of the intramolecular vibra- 
tions for their three solid phases, and discuss and 
compare the evidence obtained from Raman spectra 
regarding the structure, disorder, and molecular 
motions in the three solid phases with that derived 
from the other techniques. Earlier we presented a 
similar study of the three solid phases of tert-butyl 
bromide, a very closely related system (19-21). 

0008-4042/79/080846-07$01.0010 
@ 1979 National Research Council of CanadaIConseil national de recherches du Canada 
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SUNDER 

~ I - w ~  RAMAN SHIFT lcrn") 

FIG. 1. Laser Raman spectra of the 'well-separated' Al modes of tert-butyl chloride in the liquid and the three solid 
phases using 4880 A excitation: (a) tert-butyl chloride-do; (b) tert-butyl chloride-d9. 

Experimental 
TBC-do was obtained from B.D.H. Co. of England and was 

purified following the procedure of Baker and Smyth (2). 
TBC-d, was obtained from Merck, Sharp and Dohme of 
Canada and used without further purification. Its isotopic 
purity was better than 99% as indicated by its Raman spectra 
in the CH and CD stretching regions. The liquid samples were 
sealed in melting-point Pyrex capillaries (id 1 mm) and placed 
in an unsilvered vacuum jacketed transfer tube (22). Tempera- 
ture control was achieved using a cold nitrogen gas stream 
flowing over a heater-sensor system in the transfer tube. The 
sample temperature was measured with a separate thermo- 
couple placed near the sample and the reported temperatures 
are accurate to + 3 K. The two transitions from phase I to I1 
and from I1 to I11 were found to be spectroscopically complete 
when the solid samples were held for N 30 min at 205 K and 
170 K, respectively (19, 21). Therefore all the spectra of 
phase I1 were recorded after the samples had been kept at 
205 K for at least 40 min and the samples were held at 170 K 
for at least 40 min before recording any spectra of phase 111. 

The Raman scattering excited by the 4880 A line from a 
Coherent Radiation 52 GA argon ion laser was recorded with a 
90' scattering geometry using a Spex model 1400 dual mono- 
chromator, a photomultiplier tube (EM1 6256), and photon 
counting electronics. The laser output was filtered to remove 
extraneous emission lines and the power at the sample was 
about 250 mW. The frequency scale was calibrated using a 

neon lamp. No correction was applied to the observed 
intensities for the frequency-dependence of the instrunient 
response. 

Results 
tert-Butyl chloride has 8A1 and 12E Raman 

active modes under C,, molecular point group 
symmetry (19, 23-25). Assignment of the Raman 
bands of liquid TBC-do and TBC-d9 has been dis- 
cussed in the literature (23-24). Here we have 
collected the bands due to the 'well-separated' and 
'unambiguous' A ,  and E modes in Figs. 1 and 2, 
respectively, for the purpose of comparison. The 
assignment of the features in the CH, (CD,) 
stretching and deformation regions are less certain 
due to the occurrence of several fundamentals and 
overtonelcombination vibrations in these regions 
and the Fermi-resonance between them (19, 23-26). 
The spectra for these regions are shown in Fig. 3. 
The spectra of solid I11 are shown at two tem- 
peratures, at -- 170 K, just below the 11-111 transition 
temperature, and at -- 90 K, the lowest temperature 
used in this work. The spectra of phase I11 shown 
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1-7 

brt-8ulyl Chloride-do 
Liquid 297 K 

Solid 1 235 X 

I 

I I I IWN IY lFT lrlml 785 730" 550 300 250 

RIM&N SHIFT (cm-'l 

FIG. 2. Laser Raman spectra of the 'well-separated' E modes of tert-butyl chloride in the liquid and the three solid 
phases using 4880 A excitation: (a) tert-butyl chloride-do; (b) tert-butyl chloride-d9. 

here are recorded at - 1.5 cm-' spectral slitwidth, 
while those of the high temperature phases were 
recorded at -2.5 cm-l spectral slitwidth for better 
signal-to-noise ratio. The spectra of the high tem- 
perature phases were also studied at -1.5 cm-' 
resolution, but no additional features were observed. 
Here it may be mentioned that the spectra shown in 
Figs. 1-3 are photocopies of the original spectra and 
that the monochromator used was linear in wave- 
length. The Raman shifts of the observed features 
in the regions of the intramolecular fundamental 
vibrations are listed in Tables 1 and 2 for TBC-do 
and TBC-d,, respectively, for their three solid 
phases as well as the liquid phase. The frequency 
accuracy is believed to be +2 cm-' for the sharp 
features. These tables also contain the qualitative 
relative intensities of the observed features. The 
intensities are relative within the same phase. The 
spectra shown in Figs. 1-3 were recorded under 
different vertical expansions for the purpose of 
clearer presentation. 

The spectra of solid I are very similar to those of 
the liquid (Figs. 1-3). The main exception to the 
above is that the shoulder on the high frequency side 
of the v, band of TBC-d,, at around 527 cm-l, 
shows a marked decrease in its intensity in solid 
phase I. The feature was assigned to an H-impurity 
in ref. 24 but the progressive decrease in its intensity 
with the lowering of the temperature suggests that 
this feature probably arises from a 'difference 
transition' of TBC-d, itself and not from any 
impurity. The transition from solid I to solid I1 does 
not produce any marked change in the bands due 

to the E modes (Fig. 2) but it does cause a sharp 
decrease in the halfwidths of the bands due to the 
A, modes (Fig. 1). Each of the A, modes shows a 
single band in the solid I1 phase. Additional very 
weak features seen near some of the A, bands are 
believed to be due to the combinations and/or 
overtones. The features assigned to v, in TBC-do 
and to v, and v, in TBC-d, also show considerable 
sharpening in going from solid phase I to phase I1 
(Fig. 3) which thus supports their assignment to A, 
modes. Transition from solid I1 to I11 is accom- 
panied by the splitting of the bands due to the well 
separated E modes into two sharp bands (Fig. 2) 
while the bands due to the A, modes show no such 
splitting. Further cooling to 90 K does not produce 
any new splitting, but it does sharpen the features. 
The sharpening of the bands due to cooling in the 
phase I11 is maximum for the bands due to the 
methyl (methyl-d,) torsion vibrations. A similar 
behaviour was seen for the corresponding bands in 
the far-ir (14). 

Discussion 
All three phases of TBC are isotopically grossly 

disordered due to the occurrence of chlorine as two 
isotopes, 35C1 and ,,C1, in a ratio of about 3: 1. The 
isotopic splitting due to the two chlorine isotopes 
can be of significance mainly for the bands due to 
v,, v,, and v,, according to the isotopic studies on 
TBC (27). However, no splitting or broadening is 
seen in the spectra, even in the bands due to these 
modes at -90 K, which can be associated with the 
presence of two chlorine isotopes (Figs. 1 and 2). 
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SUNDER 

TABLE 1. Raman spectra o f  the three  solid phases of tert-butyl chloride-doa 

Solid I11 
Sol id  I1 Sol id  I 

90K 170 K 205 K 235 K Liquidb Assignment 

URaman shifts (Av) are In wave numbers (cm-l) and are l~sted only for the spectral region of intra- 
molecular fundamental vibrations. s, m, w, v, sh, and br stand for strong, medium, weak, very, shoulder, 
and broad, respectively. 

bLiquld data are from ref. 24. 
CPossible combinations with a lattice mode, see ref. 14 for lattice vibrations In TBC. 

Therefore we have assumed that the system is Solid phase I of TBC has been shown to be 
within the 'amalgamation limit' (28), and that the plastic crystalline, and its X-ray diffraction data 
spectra due to the intramolecular vibrations can be indicated that the molecules occupy sites of cubic 
qualitatively treated as though the disorder in the symmetry even though the molecular symmetry is 
masses of chlorine atoms was not present (21, 29). only C,,  (15). Nuclear magnetic resonance (1 I), 
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CAN. J .  CHEM. VOL. 57, 1979 

TABLE 2. Raman spectra of the three solid phases of tert-butyl chloride-dgn 

Solid I11 
Solid I1 
205 K 

2239s 
2222vs 

Solid I 
235 K Liquid Assignment 

"Raman shifts (Av) are in wave numbers (cm-') and are listed only for the spectral region of  inlramolecular 
fundamental vibrations. 

dielectric ( 6 , 7 ) ,  and more recently neutron scattering 
studies (18) have shown that the molecules can 
undergo hindered reorientations about all possible 
axes at rates greater than lo9 s-I in solid I. The 
similarity between the spectra of the liquid and solid 
phase I is in agreement with the above conclusions 
that there is no loss of reorientational freedom in 
going from the liquid to solid I. Similar conclusions 
have been drawn from the vibrational spectra of 
other plastic crystals (19, 20, 22,30-34). The 'large' 
halfwidth of the vibrational bands of the plastic 
crystals has been attributed to the disorder in their 

structure as well as to the reorientational motions 
of the molecules (19, 20, 22, 34). Both the molecular 
reorientations and the disorder in the orientations 
of the molecules contribute to the observed breadth 
of Raman bands in solid I of TBC, as was shown 
also for the plastic crystal phase of tert-butyl 
bromide (19, 20), a very similar system. Although all 
Raman bands are quite broad in the liquid and 
plastic crystal phase, it can be seen from Figs. 1-3 
that the bands due to the A ,  modes are less broad 
than the bands due to the E modes at the same 
temperature. This is consistent with the facts that 
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59186 n 203 r: 

3WO 
z m ~ ~ ~ m  SHIFT ,m-?M 2850 

Solid m 1 7 0  K ~ /AK 
I 

-1500 1460 
I 

1420 . 
RAMAN SHIFT icrn.') 

I 2260 I 2230 I 2200 I " ,. I 4 I 2150 2100 2050 
I 

RAMAN SHIFT (cm-'1 

. . . . . . . . .  . . . . . .  . . FIG. 3. Laser Raman spectra of the liquid and the three solid phases of tert-butyl chloride for the methyl (methyl-d3) 
. . . . . . .  

. . . . .  
. . . .  stretching and deformation regions using 4880 A excitation: (a) CH3 stretching vibrations in TBC-do; (b) CD3 stretching 

vibrations in TBC-d9; (c) CH3 deformations in TBC-do; (d) CD3 deformations in TBC-d9. 

- 
'7 

W 

Z - 

(a) the reorientational motions of the molecules axis while the A ,  bands are sensitive only to the 
affect only the anisotropic part of Raman scattering, tumbling motions (34), and (c) the A ,  bands are 
(b) the E mode bands are sensitive to both the polarized or partially polarized (24) and therefore 
tumbling motions of molecules (reorientations about the major contribution to their intensities is from the 
the directions perpendicular to the molecular isotropic Raman scattering rather than the aniso- 
symmetry axis), and to the motions about the C ,  tropic Raman scattering. 

I 
Solid m 

9 0  K 

I I I I 
1!00 I050 LODO 950 

RAMAN SHIFT Icm?l 
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The X-ray studies indicated that in solid phase I1 
of TBC the dipolar axes of the molecules are 
ordered, but there is 'orientational disorder' about 
this axis (17). Sharp features seen for the A, modes 
(Fig. I), and broad features seen for the E modes 
(Fig. 2) in the Raman spectra are consistent with 
these X-ray results. Similar spectral results have 
been obtained for other systems with similar partial 
orientational disorder, e.g. methyl ammonium 
halides (35) and tert-butyl bromide (19, 21). The 
sharpness of the features due to the A, modes 
suggests that the tumbling motion of the molecules 
in phase I1 indicated by the neutron scattering 
study, if present, is not able to affect the halfwidth 
of the A, bands to a significant extent. 

The splitting of the bands due to the E modes into 
two sharp features in solid phase I11 (Fig. 2) suggests 
that the transition from phase I1 to I11 is accom- 
panied by the ordering of the molecules in the 
directions perpendicular to the molecular symmetry 
(C,) axes as well. The appearance of the bands due 
to the methyl torsion vibrations in the far-ir (14) and 
the Raman spectra at temperatures below the 11-111 
transition temperature indicate that the methyl 
groups do not undergo 'free-rotation' in the solid 
phase 111. At about 90 K, most of the observed 
features are quite sharp, indicating thereby that at 
this temperature the TBC lattice is not only fixed 
(10) but also ordered. The splitting of all the well- 
separated bands due to the E-modes into two sharp 
features while all the A, modes are showing only 
one feature indicates that the splitting of the E- 
modes is probably due to 'site-group-splitting'. This 
is possible only if the molecules are on sites of 
symmetry C, or C,  in solid I11 (19'21). The 'absence' 
of 'factor-group-splitting' suggests that either there 
is only one molecule per 'unit-primitive-cell' or that 
the factor-group-splitting is less than the observed 
halfwidth of the bands, which at about 90 K is less 
than 3 cm-' for most of the bands shown in Figs. 1 
and 2. At present there are no published X-ray data 
about the structure of solid I11 to check the above 
conclusions (16). 
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THOMAS W. S. LEE and KOK-PENG ANG. Can. J. Chem. 57,853 (1979). 
A series of eight carbon acids, a,a-bis(benzy1sulfonyl)toluene and 7 substituted a,a-bis- 

(benzylsulfonyl)toluenes, was synthesized and their equilibrium ionization constants were 
determined by spectrophotometric measurement in 80% (w/w) dimethyl sulfoxide - water 
solvent at 25°C. From a plot of -log Kversus o for the 'well-behaved' substituents and o -  for 
para-cyano and para-nitro substituents, a p value of 2.53 is obtained. The correlation co- 
efficient is 0.99. Comparing this p value with the reported p value of 12 for the substituted 
toluenes in dimethyl sulfoxide, it shows that the acidities of the disulfonyl toluenes are at 
least 8 to 9 orders of magnitude less sensitive to substituent effects than are the acidities of 
substituted toluenes implying that, for disulfonyl toluenes, the negative charge on the benzylic 
carbon is extensively delocalised into the two adjacent sulfonyl groups. 

THOMAS W. S. LEE et KOK-PENG ANG. Can. J. Chem. 57,853 (1979). 
On a synthCtisC une strie d'acides comportant huit atomes de carbone, le a,a-bis-(benzyl- 

sulfonyl) toluene et 7 a,a-bis-(benzylsulfonyl) toluenes substitues et on a determine les con- 
stantes d'ionisation A l'equilibre par des mesures spectrophotomCtriques dans des solutions A 
80% (p/p) de dimCthylsulfoxyde dans l'eau A 25°C. A l'aide de la courbe de -log K versus o 
dans le cas des substituants "se comportant bien" et o- pour les substituants p-cyano et 
p-nitro, on a pu obtenir une valeur de p de 2.53. Le coefficient de correlation est 0.99. Une 
comparaison de cette valeur de p avec la valeur de p de 12 toluenes substituks en solution 
dans le dim6thylsulfoxyde montre que les aciditks des disulfonyltoluenes sont au moins 8 a 9 
ordres de grandeur moins sensibles aux effets de substituants que les acidites des toluenes 
substituks; cette observation suggere que, dans les disuIfonyltolu~nes, la charge ntgative du 
carbone benzylique est fortement delocaliste par les deux groupes sulfonyles adjacents. 

[Traduit par le journal] 

Introduction Chemical Co.) was used for preparing the solvent mixture. 
Buffer solutions were prepared from carbonate-free sodium 

Evidence for the acid-strengthening effect of hydroxide solution. Cresol red was purified according to the 
sulfonyl group on the hydrogens attached to the method of Baughman and Kreevoy (10). 
a-carbon atom is compelling (1-6) but interpretation Syntheses of bis(benzylsulfonyl)methane, 1; a,a-bis(benzyl- 

of the nature of this effect is not always unanimous. suIfon~l)-~-x~lene, 2 ;  a,a-bis(benzy]sulfon~l)-~-fluorotoluene, 
3; a,a-bis(benzylsu1fonyl)-p-chlorotoluene, 4; a,a-bis(benzy1- 

Some authors ('3 2, 5, have attributed the ~ulfonyI)-~-bromotoluene, 5; 4-[bis(benzylsulfonyI)-methyl]- 
effect on the C-H to conjugative interaction be- benzonitrile, 7; and a,a-bis(benzy1sulfonyl)-p-nitrotoluene, 8 . - 

tween sulfur and the carbon atom presumably had been reported previously (6, 11). 
involving the sulfur d-orbitals while others (7, 8) have a,a-Bi~(be~~~~ulfon~l)-m-nitrotoluene 6, prepared by the 

been skeptical of such an interaction. same method as the para isomer: mp 214-215°C; ir v,,, 
(Nujol): 1320, 1150 cm-' (SO*); 'H nmr (C2D6SO) 8 4.72, 

The recent finding of Bordwell et al. (9)  on the 4.88 (q, J = 13.8 Hz, 4H, benzylic H), 6.90 (s, lH,  CH), 7.40 
acidities of substituted toluenes has prompted us to (s, 10H, aromatic H), 7.68-8.50 (m, 4H, nitrophenyl H). Arzal. 
report our results on the pKvalues and the Hammett calcd. for C Z ~ H ~ ~ N O ~ S Z :  C 56.6, H 4.3, N 3.1, S 14.4; found: 

plot of a series of substituted a,a-bis(benzylsulfony1)- 56.83 4.4y 2.99 14.4. 
toluenes. 

Experimental 
Melting points were determined on a Thomas-Hoover 

capillary melting point apparatus. Microanalyses were per- 
formed by the Microanalytical Laboratory of the University. 
Infrared spectra were recorded on a Perkin-Elmer Model 337 
spectrometer. Ultraviolet spectra were obtained on a Beckman 
DU-2 spectrophotometer coupled to a Hewlett-Packard 3465A 
multimeter for digital readout of the percentage transmission. 
Routine 'H nmr spectra were recorded on a Perkin-Elmer 
R12B spectrometer with tetramethylsilane as internal standard. 

Materials 
Spectrophotometric grade dimethyl sulfoxide (Aldrich 

Spectrophotometric Measurements 
All spectrophotometric measurements were made on 

triplicate solutions at 25°C using matched 1-cm silica cells. The 
temperature of the thermostated cell compartment was main- 
tained at 25 f O.l°C and the temperature of the air-con- 
ditioned room was kept close to 25°C. The experimental 
details and methods of calculation of the pK values are given 
in ref. 6. 

Results and Discussion 
These disulfonyl carbon acids are all high-melting 

crystalline products with very low solubility in water. 
As a result, spectrophotometric measurements for uv 

0008-4042/79/080853-03$01 .oo/o 
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CAN. J .  CHEM. VOL. 57, 1979 

chromophores and pK values were all carried out in 
80% (wlw) dimethyl sulfoxide - water solvent at 25°C. 

Results of uv measurements of these compounds, 
in both acidic and anionic forms, are shown in Table 
1. The equilibrium ionization constants of com- 
pounds 1 to 5 were determined by using the spectro- 
photometric indicator method (10, 12). Their pK 
values were calculated from the spectral data of 
cresol red indicator in buffer solutions containing a 
carbon acid and its salt. For compounds 6,  7, and 8, 
their pK values were calculated from their spectral 
absorption data in acetate buffers (6). Each of these 
pK values, with a precision of + 0.02 pK unit, is an 
average of triplicate measurements at seven wave- 
lengths near the hma, of a chromophore; Table 2 gives 
a typical sample of the experimental data for com- 
pound 5. The pK values of all the compounds studied 
are shown in Table 3. 

A plot of these pK values against o for the 'well- 
behaved' substituents and o- for p-cyano and p-nitro 
substituents yields a p value of 2.53 (Fig. 1). The 
correlation coefficient for the plot is 0.99 and the 
standard error is k0.16. The need to use exalted 
substituent constants (o-) for p-cyano and p-nitro 
groups supports the expected effect of through con- 
jugation between the benzylic carbanions and the 
two strongly electron-withdrawing substituents. 

The p value of 2.53 for this plot is highly signif- 
icant. It is remarkably low compared to the recently 

TABLE 1. Ultraviolet spectral data of a,a-bis(benzy1sulfonyl)- 
toluenes in 80% (w/w) DMSO-H20 at 25°C 

TABLE 2. pK of a,a-bis(ben~ylsulphony1)-p-bromo- 
toluene (HA) in 80% (wlw) DMSO-H20 at 25"C* 

a,a-Bis(benzylsu1phonyl)-p-bromotoluene 

h (nm) D2 (in 0.1 M NaOH) D DK 

Average pK = 10.019 0.006 

*HA, 2.50 x M ;  sodium salt, 7.51 x lo-", log 
([saltll[acidl) = 0.478; cresol red, 1.22 x M ;  1-cm ;ells; 
Dl ( ~ n  0.01 ?M HCl) is 0 for h570-600 nm. pK = 10.68 for cresol 
red (ref. 10). D l ,  D2, and D are the optical densities of the same 
concentration of indicator in acid solution alkaline solution, 
and the disulphonyl carbon acid buffer solution, respectively. 

reported p value of 12 for the ionization of sub- 
stituted toluenes in dimethyl sulfoxide at 25°C (9). 
Although it is reasonable to assume that our p value 
could have been slightly larger had it been deter- 
mined in pure dimethyl sulfoxide (p value generally 
increases with less polar solvent because of decreasing 
degree of charge stabilization by solvation of the acid 
anion relative to the undissociated acid) (13), still 
the difference in the p values of the two systems 
would not likely be less than 8 or 9 units. The high 
sensitivity of the acidity of toluene to substituent 
effects was, in fact, long predicted by Dolman and 
Stewart (14) based on the argument that the equal 
electronegativity of the carbon atom at the reaction 
site and the carbon atoms of the aromatic ring 
permits extensive charge delocalization into the aryl 
ring of the benzylic anion. In view of this, it is 
apparent that the smaller charge density in the aryl 
ring of the disulfonyl benzylic anion, as evidenced 
by the much lower sensitivity of the acidity of 
disulfonyl toluene to substituent effects, must have 
been due to extensive electron withdrawal from the 
carbanion site by the two sulfonyl groups. 

Although polarization and conformational con- 

In HCl (0.01 M)  In NaOH (0.1 M )  TABLE 3.  pKvalues of a,a-bis(benzylsu1fonyl)- 
toluenes in 80% (w/w) DMSO-H20 at 25"C* 

Compound h,,, (nm) A,,. (nm) . . 

1 * 266 1.26 274 8.41 Substituent PK o 0- 

*a values from ref. 15; a- 
values from ref. 6. 

values from ref. 16; italic 
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LEE AND ANG 855 

FIG. 1. pKvalues of disulfonyl toluenes vs. substituent con- 
stants: 0, o values; e, o- values. 

straint may affect the charge distribution on the 
carbanion site, yet, without considering the con- 
jugative effect it would be very difficult to justify the 
huge difference of over 28 pK units between the 
acidity of a,a-bis(benzylsulfonyl)toluene, 1 (pK = 
11 .I), and that of toluene (pK = 42) (9), assuming 
that the solvent effect is not likely to change the pK 
by more than 3 units (6). 

In conclusion we believe that our results on the 
equilibrium ionizations of these disulfonyl carbon 
acids have quantitatively . - provided a strong evidence 

for the conjugative effect of sulfonyl group and this 
evidence is certainly in line with that of Bordwell et al. 
(5) who, based on the polar effect of trimethylam- 
monio group N(CH,),+, suggested that the acidify- 
ing effect of sulfonyl group caused by polarization 
was small compared to that caused by conjugative 
interaction. 

1 .  E. A. TEHNEL and M. CARMACK. J .  Am. Chem. Soc. 71, 
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Salt desorption from surfaces of non-aqueous solvents 

Department of Chemistry, The University of Hull, Hull, England HU6 7RX 
Received August 8, 1978 

ROBERT AVEYARD and YVONNE THOMPSON. Can. J. Chem. 57,856 (1979). 
Following previous studies of the desorption of salts from the surface of water, the desorp- 

tion of several salts from various non-aqueous solvents has been investigated. Three protic and 
3 dipolar-aprotic liquids were used. The surface properties of the solvents in the absence of 
electrolytes are discussed and it is observed that the molar excess surface entropies of the aprotic 
solvents are more positive than those of the protic solvents. Salt desorption, determined from 
measurements of surface tension, is discussed in terms of purely electrostatic models, and also 
ion solvation. The extent of salt desorption in systems where strong ion solvation exists is 
related to the thickness of the primary solvation sheath around the ions. In the present context 
water does not behave as an anomalous solvent but in a way similar to the other protic solvents. 

ROBERT AVEYARD et YVONNE THOMPSON. Can. J. Chem. 57,856 (1979). 
Suite a des etudes antbieures concernant la desorbtion de sels de la surface de l'eau, on a 

Ctudie la disorbtion de plusieurs sels de divers solvants non aqueux. On a utilisC trois liquides 
protiques et 3 liquides dipolaires aprotiques. On discute des proprietes superficielles des sol- 
vants en I'absence dY6lectrolytes et on observe que les entropies molaires de surface en excb 
dans le cas des solvants aprotiques sont plus positives que celles des solvants protiques. On 
discute de la desorbtion des sels, determinee a partir de mesures de tensions superficielles, ainsi 
que de la solvation des ions, en termes de modeles strictement electrostatiques. Le taux de 
dksorbtion des sels dans des systkmes ou il existe une forte solvatation ionique est reli6 a 1'6pais- 
seur de la premiere couche de solvatation autour de ces ions. Dans le contexte actuel, l'eau ne 
se comporte pas d'une f a ~ o n  anormale mais plutBt d'une f a ~ o n  semblable a celle des autres 
solvants protiques. 

[Traduit par le journal] 

! Introduction Experimental 
We have previously investigated the desorption 

of simple inorganic salts in aqueous solutions from 
both air-water and organic liquid - water interfaces 
in connection with a study of salt effects on non- 
ionic materials at interfaces (1-3). The ~resent  inves- 
tigation is concerned with dksobtion of electrolytes 
from the surfaces of the organic solvents methanol, 
formamide, N-methylformamide, N,N-dimethyl- 
formamide, dimethylsulphoxide, and propylene car- 
bonate. The salts studied are LiCl, LiBr, LiI, NaI, 
and KI. The choice of these svstems has allowed us to 
consider the effects on desorption of ion solvation, 
and of changing the dielectric constant of the solvent 
from less than half to more than double that of water. 
A considerable interest in the physical chemistry of 
non-aqueous electrolyte solutions has grown up in 
recent years (4). Apart from providing a general in- 
sight, this has furnished some of the thermodynamic 
data necessary for a useful surface-chemical study of 
the solutions. The present work points the way to 
future investigations, which should prove to be an 
interesting facet of the study of non-aqueous solvents 

Materials 
Dimethylsulphoxide (DMSO), dimethylformamide (DMF), 

N-methylformamide (NMF), and propylene carbonate (PC) 
were all Aldrich (England) samples of greater than 99% purity, 
and the formamide (F), a BDH (England) sample, also had a 
minimum purity of 99%. DMSO, which had a water content as 
determined by nmr of 0.07 w t z  (0.3 mol%) was used untreated. 
The DMF, which as supplied contained 0.58 wt% water, was 
stored over P205 for 3 days and distilled under a reduced pres- 
sure of N,, and the final water content was 0.2mol%. As 
bought, PC had a water content of 0.42 wt% which was re- 
duced to undetectable levels by distillation at 76°C under a low 
pressure of N,. NMF was allowed to stand over P205  for 48 h 
and then distilled at 94°C under N,; no water was detectable 
in the final product. Molecular sieve 5A was used to dry F,  
which was subsequently distilled under N, at 116"C, and the 
distillate contained no detectable water. Finally, a pure sample 
of methanol (M) was prepared from "puriss" grade material 
by refluxing with I, and Mg and distilling at atmospheric pres- 
sure. The surface tension and density of each of the samples 
are listed in Table I together with reliable literature values, 
where available. 

Lithium chloride, NaI, and KI, all AnalaR samples, were 
heated for 48 h in silica containers at 450°C and stored in a 
desiccator. Anhydrous LiBr and LiI (both 99+% pure) were 
from Alfa Products (U.S.A.) and were used without further 
treatment. 

in general. 
We note that a fair amount of work has previously M ~ ~ ~ ~ ~ $ ~ - ~ ~ $ $ ~ a s  as dexribed elsewhere 

been on non-aqueous electrolyte solutions (I), with the exception that the thermostatted tube housing the 
in contact with liquid mercury (5, 6). barrel of the drop-volume apparatus was initially purged with 

0008-4042/79/080856-07$01 .OO/O 
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AVEYARD AND THOMPSON 

TABLE 1. Surface tension, yo, and density, p, of solvents at 25"C* 

P 

Yo This 
Solvent Yo (literature) Reference work Literature 

M 22.30 22.28 7 0.7867 0.7866 
DMSO 42.94 42.93 8 1 .0964 1.0958 
DMF 36.42 - 0.9453 0.9443 
PC 41.39 - 1.1998 1.198 

F 58.15 : '  1.1295 1.1292 

NMF 39.46 - 0.9987 0.9976 
-- 

*yo in mN m-I,  p in g cm-3; literature values of p taken from the compilation on p. 5 of ref. 4. 
Of the literature values of yo for F, that given in ref. 10 is probably the more nearly correct since 
the sample was highly purified. 

dry N2 and then during measurements a steady stream of dry 
N, was passed. All solutions were prepared in a polythene 
glove bag (I2R, U.S.A.) filled with dry N2. Surface tensions 
were reproducible to better than 0.1%. 

The necessary densities, p, were determined to within + 2 x 
g cm-3 using a 25 cm3 density bottle. Densities of salt 

solutions were in all cases linear functions of salt molality, 
m2, and densities were frequently interpolated from plots of p 
against m2. 

TABLE 2. Surface tension, yo, as a function of tem- 
perature 

YO (mN m-'1 
T 

("C) DMF DMSO PC NMF 

24 36.49 43.04 41.42 39.65 
Results and Discussion 25 36.44 42.95 41.39 39.46 

Surfaces of Pure Solvents 26 36.32 42.85 41.27 39.42 
28 36 11 One of several factors which can influence the 30 35:93 

42.62 40.98 39.23 
42.36 40.83 39.07 

desorption of salts at liquid surfaces is the surface 
'structuring7 of the solvent. The solvents employed 
here all have high dielectric constants (>30) and 
can be classified as either protic or dipolar aprotic 
liquids. The surface tension, yo, of a solvent tells us 
little about the nature of that solvent in that both 
protic and aprotic solvents can have high or low sur- 
face tensions. Since we are concerned with the 
ordering of surface solvent molecules,. 'surface en- 
tropies' are of more potential interest than yo. The 
excess surface entropy per unit area, su, of a solvent 
is given by 

where s y s  the total entropy of the material ( r  moles) 
in unit area of surface, and S,,, is the molar entropy 
of solvent in bulk. We have, where necessary, deter- 
mined yo as a function of T, the absolute temperature 
in the range 293 to 303 K (Table 2) and the (constant) 
values of so are given in Table 3, together with s" for 
sulpholane (S), acetone (A), and ethylene glycol 
(EG) obtained from literature values of yo. As with 
yo, there is no obvious correlation between su and 
solvent type. However, as a result of the different 
molecular sizes I' varies from solvent to  solvent. 
Assuming that the surface layer of solvent is mono- 
molecular, we can calculate from the molar volume 
V,  of the liquid an approximate partial molar sur- 

TABLE 3. Excess surface entropies per unit area, so, and molar 
excess surface entropies, S,,,", for protic and aprotic solvents* 

(a) Protic solvents 

Value when solvent = 

Parameter M EG W F NMF 

so/(mJ m-2 K-') 0.088 0.060 0.155 0.097 0.092 
Smo/(Jmol-' K-') 8.8 7 .4  9 .0  9.6 11.9 

(b) Aprotic solvents 

Value when solvent = 

Parameter S A D M F  DMSO PC 

so/(mJ m-2 K-') 0.091 0.123 0.106 0.117 0.110 
S,,"/(Jmol-'K-') 16.0 18.3 16.2 16.9 17.9 

*Entropies obtained in the range 20 to  30°C except for sulpholane which 
is for 30 to 60°C, and methanol which is for 20 to 50°C. Values for M, EG, 
W, F, S, and A were obtained from yo values reported in, respectively, refs. 
11, 1, 12 ,lo, 13, and 8. 

face area, om, and hence a molar surface excess en- 
tropy s,,: using 

where NA is the Avogadro constant. 
The quantity S,", which is the difference between 

the molar entropies of solvent in bulk and surface, 
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is seen to be positive in all cases (Table 3). It is more 
positive for aprotic solvents as a group (between 16 
and 18 J mol- ' K- ') than for protic solvents (be- 
tween 7 and 12 J mol-' K-'). Since protic solvents 
are probably more "structured" in bulk than are 
aprotic liquids (14) it seems likely that the surfaces 
of the protic solvents are more "structured" in an 
absolute sense than those of aprotic solvents. 

The above arguments are not rigorous since, inter 
alia, we have assumed that the surface region is con- 
fined to a monolayer of solvent. More importantly 
we cannot deduce from thermodynamic data alone 
what form a "structured" surface will take. The most 
widely studied interface is that between air and water, 
and there now appears to be a consensus of opinion 
that the H-atoms of surface water molecules on 
average face the liquid phase, although the extent of 
orientation is not agreed. Surface potentials, AX, of 
aqueous 1,1 -electrolytes suggest that often, solvated 
anions approach the surface more closely than do 
cations, as might be expected from the direction of 
orientation of surface water. In the case of water 
then, information concerning the state of interfacial 
solvent, ion solvation in bulk, and surface potentials 
taken together furnishes a reasonable picture of the 
observed salt desorption (1). It will not be possible at 
present to use information regarding surface struc- 
ture in non-aqueous solvents in this way since AX 
values for the relevant salt solutions are not avail- 
able. As well as aiding in the understanding of salt 
desorption, however, surface potentials could be 
used in conjunction with desorption data to throw 
light upon the orientation of surface solvent. This 
remains an interesting possibility for the future. 

General Observations of Salt Efects on Suvface 
Tension 

In all the systems investigated surface tension, y,  
is, within experimental error, a linear function of salt 
molality, m,.' Results have been fitted by the method 
of least-squares to 

121 y = A + Bm, 

and the values of B (with rms errors) and of A are 
recorded in Table 4. Experimental points fall within 
f 0.04 mN m-' of the fitted lines except for yo for 
the system LiCl/DMSO; in this case A differs from 
yo by 0.06 mN m-' which could mean that the initial 
slope of y versus m, (below m, - 0.025 mol kg-') is 
greater than the recorded value of B. The results for 
KI in PC are the least reliable since these were con- 
fined to m, < 0.15 mol kg-' as a result of the low 

'Data on surface tension are available, at a nominal charge, 
from the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Ont., CanadaKlA 0S2. 

salt solubility. The most extensive results are those 
for LiCl in DMSO and in DMF. 

The extent of salt desorption from concentrated 
solutions, and hence the increase in y, depends on 
various factors in a complicated way. The solvation 
of ions and degree of ion association, which together 
are reflected in the electrolyte activity coefficients, 
are of obvious importance. One might also expect 
the solvent dielectric constant, and surface structure 
to play a role in the desorption. These factors will 
be discussed later, but in view of all this it is sur- 
prising that y should be an apparently linear func- 
tion of m,. As might be expected, however, B values 
for a given salt (LiCl) in a series of solvents are not 
simply related to solvent type or to solvent properties 
such as dielectric constant, dipole moment, molec- 
ular size, or surface tension. 

Application of Electrostatic Theory for Low Salt 
Concentrations 

Theories based on the Coulombic repulsion of ions 
from the interface between two dielectrics give the 
limiting law for the variation of y with concentration 
at high dilution. Our present results are for concen- 
trated solutions but since y varies linearly with m, 
for m, - 0.02 mol kg-' upwards, it is worthwhile 
to compare the predicted increments in y with our 
experimental results. It should be remembered, how- 
ever, that for a strictly valid comparison, experimen- 
tal results for very low concentrations would be re- 
quired. 

Consider the interface between dielectrics cc and 
p with dielectric constants E, and E ~ .  A particle, 
carrying a charge e,  in phase cc and at a normal dis- 
tance x from the interface, is repelled from that inter- 
face as if by a charge e' (the image charge) at a dis- 
tance 2x in a medium of uniform dielectric constant 
E,. The image charge is given by e' = eh  where 

In purely electrostatic theories of salt desorption (1 5) 
the electrolyte is supposed to consist of point charges, 
and each of the dielectrics is treated as a continuum. 
On this basis Bellemans (16) obtained the equation, 
written here for a 1,l-electrolyte, 

in which Ay = y - yo, and c, is the molarity (mol 
dmp3) of salt and y is in mN m-'. For the case where 
E? y 1 and E, >> 1 (i.e. h - l), [3] reduces to the 
l~miting form, given previously by Onsager and 
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AVEYARD AND THOMPSON 859 

TABLE 4. Constants of eq. [2] for various systems at 25°C 

(a) Constants for LiCl in various solvents 

Value when solvent = 

Parameter M DMF DMSO F NMF 

A/(mN m- l) 22.20 36.41 43.00 58.15 39.46 
B/(mN m-I m-') 1.22k0.02 1.42+0.01 2.02+0.02 1.60+0.01 1.1OkO.02 
Data points 7 17 18 7 6 
Maximum m2 1 1 1 1 0.5 

(b) Constants for salts other than LiCl 

Value when system = 

Parameter LiIIPC NaI/PC KIIPC LiBrIDMSO LiI/DMSO 

A/(mN m-l) 41.38 41.38 41.37 42.91 42.97 
B/(mN m-I m-I) 1.04+0.07 1.47k0.09 1.20k0.14 2.81k0.08 2.38k0.07 
Data points 7 6 7 6 8 
Maximum m, 0.3 0.25 0.15 0.5 0.5 

Samaras (17), 

79.9 {1.141 x 1 0 - 1 3 ( ~ a ~ ) 3  
[4] Ay = - c, log 

E, c2 - -1 
Equations [3] and [4] give differing values of Ay for 
the liquid/vapour interface ( E ~  = l), at higher con- 
centrations (c, > mol dm-3) and lower E, 

(<50). For c, ? 0.01 mol dmp3, however, the pre- 
dicted Ay are essentially equal for all E, relevant to 
the present study. 

The comparisons between the theoretical Ay and 
Ay computed from values of B (Table 4) are shown 
in Fig. 1 for DMSO, F, NMF, and water (W). The 
agreement is surprisingly good for NMF, which has 
the highest E, (1 82) of the solvents studied, and quite 
reasonable, i.e. well within a factor of 2, for F (E, = 
110), W (E, = 78), and DMSO (E, = 47). For M 
(E, = 33) and DMF (E, = 37) the agreement, al- 
though less satisfactory, is still within a factor of 2 
for c, = 0.05 mol dmp3. 

The equations, however, cannot be expected to 
hold for the more concentrated systems which have 
been the main concern in this work, and we now con- 
sider the results for solutions up to concentrations of 
1 mol kg-'. 

The Surface Excess of Salts in Concentrated 
Solutions 

The extent of salt desorption can be expressed in 
terms of the surface excess of salt T,". For a I, l-elec- 
trolyte, A+B- ,  the Gibbs equation may be expressed 
(17) as 

/ 
/ / 

/ DMSO 
/ 
/ W 

/ 

I I .  

FIG. 1. Theoretical (full lines) and experimental (interpo- 
lated, see text) Ay. 

where the T" are surface excesses relative to a Gibbs 
dividing surface for which the excess of solvent is 
zero, and a, is the mean ionic activity of the salt. 
The availability of (molal) activity coefficients in the 
literature (4) was one of the main constraints on the 
choice of systems for study. 

In Fig. 2 we have plotted surface tension incre- 
ments, Ay, against -In a, for LiCl in various sol- 
vents, including W (from ref. 1) for comparison. It is 
apparent that the T," values are all negative, and vary 
with concentration. To compare behaviour it is 
necessary to choose a fixed (arbitrary) concentration, 
and we list in Table 5 values of T," for rn, = 0.25 
mol kg-'. 

The most striking observation is that for LiCl, the 
desorption is stronger for the aprotic solvents (DMF 
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FIG. 2. Surface tension increments as a function of -In a ,  
at 25°C for LiCl in various solvents. 

and DMSO) than for the 3 protic solvents. In a sim- 
ple picture it might be expected that the more 
strongly solvated an ion the more strongly it will be 
desorbed. However, it is known (14) that although 
Li' is similarly strongly solvated in all 5 solvents, ' C1- is much more strongly solvated in the protic 

1 solvents, where the desorption is small, than in the 
I 
1 aprotic solvents. 
I A further observation is that the desorption of 

LiX (X = C1-, Br-, I-) from DMSO is similarly 
strong for all three halides although the halide ions 
are all weakly solvated in this solvent. It is possible 
that this arises from a preferential orientation of 
DMSO at the surface with the negative poles ( 0  
atoms) on average pointing into the bulk liquid and 
thus repelling anions from the surface. This however 
is purely speculative. We do not have at present any 
explanation of the order of desorption from PC of 
LiI and NaI; Li+ is very much more strongly sol- 
vated by PC than is NaC. 

TABLE 5. Surface excess of salt at 25OC 
for rn2 = 0.25 mol kg-'* 

System - 107~2a/(mol m-') 

'Result not given for LiCI/NMF since activity 
coefficients not available. 

?Obtained using results in ref. 1. 
$Obtained using activity coefficients for 

freezing point (-2.5"C). 

In order to gain a clearer insight into some of the 
above findings we now consider a more specific 
model for the desorption process. 

The Ion-free Layer Approach to Desorption 
Strongly solvated ions will approach a surface with 

their primary solvation layers intact. To a first ap- 
proximation, therefore, we may assume in such cases 
that the ions meet an infinite potential barrier close 
to the surface, and that there is an ion-free layer of 
solvent, thickness 6, at the surface. For univalent ions 6 
is expected to be of the order of the diameter of a 
solvent molecule. This model, which is discussed 
elsewhere, leads to the form of the Gibbs equation 
(1, 18, 191, 

where c, is the concentration in mol vol-l, subscript 
1 refers to solvent, and p is the chemical potential. 
The molal osmotic coefficient, @, of a solution of 
1,l-electrolyte is defined by (20) 

[71 lna ,  = -2m2Ml@ 

where M, is the molar mass (kg mol-') of solvent. 
Combination of eqs. [6] and [7] gives 

Noting that c,M, - p,, the density of the solvent, 
6 is given to a reasonable approximation by 

Osmotic coefficients are not directly available for 
the svstems of present interest and so have been ob- 
tained by graphical integration using the expression 
(20) 

and the mean molal activity coefficients, y,, given 
in the compilations of ref. 4. In the case of LC1 in 
DMF it was necessary to interpolate values of y, 
for intermediate m, by the use of the equation (21) 

where A = 3.572 for DMF at 25"C, and P is a con- 
stant. For LiI in PC the data were not available for 
the above analysis but over the concentration range 
of present interest (0.05 < m2 < 0.3) y, in this 
system is fairly constant (0.75 f 0.02). For constant 
y, it is readily shown from eq. [6] that 

Equation 11121 has also been used to obtain a rough 
estimate of 6 for LiCl in F where y , is only available 
at the freezing point (e 2.5"C). It must be remarked 
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AVEYARD AND THOMPSON 

TABLE 6. Ion-free layer thickness 6 and related parameters* 

Value 

LiCl LiI 
LiBr 

Parameter DMSO D M F  M W F DMSO PC DMSO 

6 0.46 0.45 0.31 0.32 0.3  0.42 0.18 0.53 
OL-J 0.51 0.52 0.37 0.28 0.38 0.51 0.52 0.51 
r +  0.43 0.42 0.38 0.28 0.35 0.43 (0.35)t 0.43 
r- 0.18 0.14 0.26 - 0.15 0.14 - 0.16 

*All values in nm. 
tThe  value listed is the uncorrected Stokes radlus, whlch will be less than r+. 

in this case that for rn, between 0.2 and 1 mol kgd1, 
y, varies between 0.94 and 1.11 and so the value of 
6 can only be taken as a very rough guide. Activity 
coefficients are not available at the required concen- 
trations for LiCl in NMF, and our results for KI in 
PC extend only up to rn, -- 0.15 mol kg- l and are 
unsuitable for use in the above analysis. 

Plots of Ay against m,+ are shown for some of the 
systems investigated in Fig. 3 and good linearity is 
observed indicating the constancy of 6, values of 

I which are given in Table 6. In some cases, the plots 
do not pass through the origin (e.g., LiCl in DMSO 
and in M as seen in Fig. 3) and it likely that 6 values 
for low rn, (<0.05 mol kgp1) are somewhat larger ' than those given in Table 6. A similar situation is 
known to exist for various aqueous electrolytes (22). 

Values of 6 are now compared with quantities re- 
lated to the size of solvent molecules. A reasonable 
measure of solvent molecule diameter is the Lennard- 
Jones o parameter, oL-,, values of which (23) are 
given in Table 6. There is a very reasonable corre- 
spondence between 6 and oL-, except in the case of 
LiI in PC, where it is known that I-  is only very 
weakly solvated and (relative to Li' in W) Li' is 
also weakly solvated (14). 

The comparison of 6 and o,-, makes no direct 
reference to any differences which exist between 
anions and cations. Perhaps a more informative 
approach is to compare 6 with the solvodynamic 
radii of the ions. For all the systems represented in 
Table 6, except Li+ and I-  in PC, and C1- in W, 
corrected Stokes radii, r,*, for anions and cations 
are available. If the crystallographic radius, rc*, is 
subtracted from r,*, an estimate is obtained for the 
thickness of the solvation sheath immediately sur- 
rounding an ion. The quantity r,* - rc* is written 
in r* in Table 6; the values of Gourary and Adrian 
(24) were used for rc*, and the corrected Stokes radii 
were taken from refs. 20, 25, and 26. 

The similarity between 6 and r +  is obvious; r -  
is always considerably smaller than r + .  It appears 
then that for both the protic and the aprotic solvents 
it is the cation that is largely responsible for the extent 

FIG. 3. Plots according to eq. [8] for LiCl in three solvents. 

of salt desorption. The high T," (Table 5) for aprotic 
solvents is seen to result from the large molecular 
diameter of these liquids. Judging from the 6 values 
the anions (with the exception of I in PC), though 
relatively weakly solvated, do not approach the sur- 
face significantly more closely than the cations. We 
have suggested earlier the possibility of a surface 
orientation of DMSO with the negative poles to the 
liquid phase; DMF is similar to DMSO in that the 
positive pole is shielded by 2 methyl groups, and it 
may also be oriented with the negative poles on 
average pointing into the liquid. There is evidence (27) 
that this is the orientation assumed by surface mole- 
cules of M. Water, however, is known to have the 
opposite orientation and so would not have the 
tendency to repel anions from the surface. Surface 
potentials indicate that halide ions do in fact ap- 
proach the water surface more closely than do alkali 
metal cations, but in the case of LiCl, for which 
6 = 0.32 nm, we do not expect the segregation of 
anions and cations normal to the surface to be very 
great. 

Conclusions 
(1) The molar excess surface entropies of the protic 

solvents investigated are less positive than those of 
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the aprotic solvents. The results are consistent with 
the presence of a more highly structured surface 
layer in the protic solvents. 

(2) There is no obvious correlation between the 
(constant) values of dyldrn, for LiCl in various sol- 
vents, and the physical properties of these solvents. 

I (3) The electrostatic theories of Onsager and 
Samaras, and Bellemans, give reasonably good 
agreement with the (assumed) low concentration 
surface tension increments caused by the 1,l-elec- 
trolytes. The agreement is better for the solvents with 
the higher dielectric constants. 

(4) The desorption of LiCl is smaller from the 
protic than from tf .: aprotic solvents. This appears 
to result from the smaller molecular size of the former 
solvents as a group. The ion free layer thicknesses 
are comparable in most cases to the thickness of the 
cation primary solvation sheath and to the solvent 
molecular diameters. 

(5) A very useful further insight into salt desorp- 
tion in non-aqueous systems could be gained from 

I 
I surface potential measurements. 
I 
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Photolyse du methyl-2-butene-1, du methyl-3-butene-1 et du 
cis-pentene-2 a 174,163 et 147 nm 
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GUY J. COLLIN, HBLBNE DESLAURIERS et SYLVAIN AUCLAIR. Can. J. Chem. 57,863 (1979). 
L'Ctude de la photolyse du mCthy1-2-butene-1 (M2B1), du cis-penttne-2 (CP2) et du mCthyl-3- 

buthe-I (M3Bl) a CtC faite systCmatiquement a 163 nm, et l'effet de pression a CtC mesurC a 
la fois a 147, 163 et 174 nm. On observe que le processus majeur de fragmentation de ces trois 
olCfines est la rupture de la liaison C-C situCe en position 0 par rapport a la double liaison: 
@ 2: 0.9 + 0.1. Le radical a-methallyle obtenu dans le cas du M3B1 et du CP2 se fragmente 
partiellement a basse pression en butadiene-1,3 et en atome d'hydrogene. Le radical 0-mtthal- 
lyle produit lors de la photolyse du M2B1 se fragmente en allene et en un radical mCthyle. Les 
rendements en butadiene-1,3 et en allene suivent la relation linCaire de type Stern-Volmer. 
Cela permet de dCduire le rapport des constantes de dissociation et de stabilisation par collision, 
k,/k,, des radicaux a-mCthallyles et p-mCthallyles. On en conclut que la distribution de l'excks 
d'energie du photon dans les fragments suit une (des) loi(s) particulii.re(s), cette loi n'Ctant pas 
statistique. 

G U Y  J. COLLIN, HBL~NE DESLAURIERS, and SYLVAIN AUCLAIR. Can. J. Chem. 57,863 (1979). 
Photolysis of 2-methyl-I-butene (M2B1), cis-2-pentene (CP2), and 3-methyl-I-butene 

(M3B1) has been systematically studied at  163 nm. Pressure effect has been measured a t  147, 
163, and 174 nm. The main fragmentation process of the photoexcited olefine is the C-C split 
of the bond located in position [3 relative to  the double bond: @ T 0.9 + 0.1. a-Methallyl 
radicals obtained in the M3B1 and CP2 photolysis decompose partly at  low pressure, giving rise 
to the formation of 1,3-butadiene and hydrogen atoms. 0-Methallyl radicals decompose also 
at  low pressure into allene and methyl radicals. Butadiene and allene quantum yields follow the 
Stern-Volmer law, and this allows us to  determine the ratio of the rate constant of dissociation 
relative to the rate constant of stabilization, k,/k,, through collision of the a- and a-methallyl 
radicals. From these values, we conclude that the excess of photon energy is not statistically 
distributed into the fragments, and that the decomposition process follows one (or several) 
particular law(s). 

Introduction 
Nous avons rkcemment ttudit la photolyse des 

I difftrents butknes vers 174 et vers 163 nm (1). La 
diversitt des moltcules ttudites n'a pas permis 
d'extraire le comportement gtntral des oltfines 
photoexcittes dans ce domaine, bien que les travaux 
obtenus en photolyse tclair par d'autres laboratoires 
montrent l'importance quantitative de la scission des 
liaisons situtes en position p par rapport a la double 
liaison (2, 3). Nous avons ttendu nos prkctdentes 
etudes au mkthyl-3-but2ne-1 (M3B1), cis-penthe-2 
(CP2) et mtthyl-2-buthe-1 (M2B1), hydrocarbures 
qui possedent chacun une liaison C-C en position 
p par rapport A la double liaison. En outre, nous 
sommes tvidemment inttressts a connaitre le com- 

: portement chimique des radicaux allyliques prove- 
nant de la scission de cette liaison. L'existence de 
certains radicaux a t t t  tliminte lors de la photolyse 
des butknes (1). Nous prksenterons ici des arguments 
dtfinitifs qui justifient cette tlimination. 

'Auteur auquel toute correspondance devrait 6tre envoyte. 

Mkthode expkrimentale 
Les methodes expirimentales ont CtC largement dCcrites dans 

la IittCrature (1). C'est le cas des lampes d'irradiation au xCnon 
(8.4 eV, 147 nm) (4), au brome (7.6 eV, 163 nm) (Id) ainsi que 
celle a l'azote (7.1 eV, 174 nm) (Ib). L'origine et la preparation 
des Cchantillons a elle aussi CtC rapportke. Nous y avons ap- 
portt  une modification quant a I'usage de I'iodure d'hydrogtne 
et du sulfure d'hydrogbne en utilisant les produits perdeutCriCs 
(Merck, Sharp and Dohme of Canada) car ils prCsentent une 
purete molCculaire beaucoup plus grande que les produits 
commerciaux perhydrogCnCs correspondants. Etant donnCe 
l'importance de la prkision quant a la mesure des rendements 
quantiques dans I'Ctablissement des courbes de type Stern- 
Volmer (voir plus loin), IyactinomCtrie dans ces cas a CtC faite 
de la faqon suivante: dans chacun des cas, et ce chaque jour 
oh ont CtC faites ces mesures, une irradiation du cis-buthe-2 
pur (133 N m-2) a CtC faite au dCbut et a la fin de la journCe. 
Les photolyses des olCfines en C5 faites en cours de journke ont 
CtC comparCes a ces deux photolyses ttmoins (lb, c). En regle 
gknerale, la stabiliti des lampes, ainsi que le positionnement de 
la lampe dans la cavitC microonde maintient une fluctuation 
du debit de lampe inferieure a 5%. 

Les rtsultats sont indiquCs dans les tableaux et les 

0008-4042/79/080863-07$0 1.00/0 
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figures qui accompagnent le texte. 11s sont indiquts 
sous forme de rendements quantiques. 

Cas du me'thyl-2-butkne-I (M2BI)  ci 163.3 nm 
Les produits majeurs obtenus dans la photolyse 

du produit pur sont l'tthane ( a  2 0.27), l'allbne 
( a  I 0.16), le mtthane ( a  I 0.14) ainsi qu'un cer- 
tain nombre de produits qui apparaissent en quan- 
titts mineures ( a  I 0.05) (tableau 1). En prtsence 
d'oxygbne (lox), les rendements s'amenuisent: 
l'tthane, I'isobutane et le dimtthyl-2,2-butane dis- 
paraissent. On a tgalement indiqut dans le tableau 1 
l'effet du D2S ou de DI sur certains produits. I1 faut 
ajouter en outre qu'en presence d'oxygbne le rende- 
ment en mtthane est constant entre 60 et 6600 N 
m-2: @(CH4) = 0.012 + 0.003. L'addition de D2S 
montre un rendement en isopentane de 0.18 + 0.05 
et en mtthane de 1.5 + 0.1. Finalement l'addition de 
DI ne donne pas de valeurs reproductibles. On note 
cependant une augmentation du rendement en 
mtthane: 0.2 I aD,(CH4) I 0.9, en butbne-2: 
0.06 I aD1(C4H,-2) 5 0.76, dtpendant de la pres- 
sion totale du rtacteur (133-7050 N mP2) et du 
pourcentage moltculaire de DI. L'habilett qu'ont 
les atomes d'iode de rtagir avec les oltfines (5) semble 
responsable de la disparition (?) du DI avant la fin 
de l'irradiation. On a note en effet une isomtrisation 
importante du M2B1 (6). A la fin de la photolyse de 
ces mtlanges 40% de lYolCfine pouvait &tre isomeriste 
en methyl-2-butbne-2. 

Finalement l'effet de pression observt est surtout 
important sur l'allbne (fig. 1). Le tableau 1 montre un 
effet de pression qui semble present sur plusieurs 
produits d'origine radicalaire. C'est le cas du 
mtthane, de l'tthane, etc. Par contre les rendements 
en tthylbne, propbne et propyne ne sont pas ou peu 
affectts par l'augmentation de pression. 

TABLEAU 1.  Photolyse du mithyl-2-butene-1 pur a 163 nma: 
rendements quantiques 

Pression 
(N m-2) 12 133 1330 10 600 

CH4 0.040 0.058 0.095 0.14 
C2HZc" n.m. 0.001 <0.001 n.m. 
C Z H ~ ~ . '  0.017 0.021 0.013 0.006 
CzHsb 0.27 0.46 0.50 0.28 
Propynec 0.013 0.020 0.019 0.011 
C3HsC 0.005 0.012 0.011 0.007 
AllitneC.I 0.16 0.14 0.065 0.013 
ISO-C4HsC 0.053 0.044 0.029 0.024 
Iso-C5Hlzb n.m. 0.022 0.012 0.016 
C6H14b'd n.m. 0.043 0.035 0.031 

'22 experiences faites entre 12 et 10 600 N m-2.  incertitude relative: 
A@/@ - 5% et 10% si @ superieur ou inferieur B 0.1 iespectivement. 

bProduits dont les rendements sont inferieurs 10.005 en presence de 10% 
d'oxygene. 

CProduits peu ou pas affectes par la presence de 10% dd'xygene. 
dDim6thyl-2,2-butane. 
%.m. = non mesurb. 
JProduits peu ou pas affectbs par la prCsence de DI ou de D2S. 

50 - X 174nm 

40 - 

30 - x = 163.3 nm 

Photolyse du 
X = 147.0nm Mithyl -2-but ine-1  

" 0 .  ". Pression lotale : Torr 

FIG. 1 .  Photolyse du mCthyl-2-butene-1. Inverse du rende- 
ment quantique de I'allene en fonction de la pression a diverses 
longueurs d'onde. 

Cas du me'thyl-3-butkne-1 (M3Bl)  ci 163.3 nm 
Les tableaux 2 et 3 rtsument les rendements 

quantiques des produits obtenus. Le comportement 
de ces rendements en prtsence d'additifs est similaire 
A celui dtja rapport6 pour le M2B1. Par contre, on a 
eu ici aucune difficult6 dans l'usage de DI comme 
intercepteur radicalaire. Tout au plus a-t-on observt 
une isomtrisation marginale de I'oltfine. De l'accrois- 
sement des rendements en mtthane et en isopentane, 
on a dtduit facilement le rendement des radicaux 
CH, et C5HI1  en tenant compte de la rtaction (7) : 

Donc @(CH,) 11 1.4 et @(C,Hll) 11 0.4 a 133 N 
mP2. De la m2me f a ~ o n  on peut dtduire le rendement 

TABLEAU 2. Photolyse du methyl-3-buttne-1 pur B 163 nma: 
rendements quantiques 

Pression 
(N m-2) 26 133 2660 6400 Note 

CH4 
CzHz 
CZH4 
CzHs 
C B H ~  
Propyne 
ISO-C4HIo 
C4H6-1,3 
C4Hs-2b 
I s o - C ~ H ~ ~  
CsHlo-2' 
CsH14 

a 1 4  ex~eriences faites entre 26 et 6400 N m - l .  Incertitude relative: voir 
tableau 1; note a. 

bLe rapport frans-butene-2/cis-buthe-2 est de 2.0. 
CLe rapport trans-pentene-2/cis-pentine-2 est de 1.3. 
'Produits qui disparaissent par addition de 1 0 7  d'oxyde nitrique. 
PProduits pas ou peu affectes par I'addition de i0% dd'xyde nitrique. 
f@(CH,) = 0.018 f 0.004 entre 133 et 6400 N m-2 en presence de 10% 

de 02. 
9n.m. = non mesurC. 
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TABLEAU 3. Photolyse du mBthyl-3-butene-1 B 163 nm en 
prksence d'additifs": rendements quantiques 

Additif (%) HzS D I  (5-1 5) 
:pression C5H10 (24-32) 

(N m-2) 133 133 1330 6600 

CH4 1.3 1.30 1.50 1.65 
CzH, 0.01 0.02 0.013 0.01 
CzH4 0.11 0.11 0.085 0.08 
CzH6 0.04 0.008 0.005 0.005 
C3H6 n.rn.' 0.017 0.012 n.m.e 
C3Hs n.m.' 0.03 0.05 n.m.' 
C4H8-1 + C4H6-1,3 n.m.' 0.64 0.52 0.35 
C4H8-1 0.00 0.15 n.m.' n.m.' 
C4Hs-2 0.17* 0.17' 0.40' 0.60' 
Iso-C,Hlo 0.41 0.27".20d O.lOd 

.Incertitude relative: + 10%. 
ORapport trans-butene-2/m-butdne-2 1 2.0. 
<Rapport trans-buttne-2/ci.s-butene-2 1 1.45. 
dRendements qui d6crolssent quand le pourcent de D l  croit; les valeurs 

indlqu6es ont 6t6 mesur6es B 10% de DI. 
*n.m. = non mesur6. 

en radicaux a-mtthallyles: 

Ici la mesure exacte du rendement @(C4H7) est plus 
laborieuse. Tout d'abord, il faut noter que les cis- et 
trans-butbne-2 sont formts en prtsence de 10% 
d'oxyde nitrique, via l'addition des atomes d'hy- 
drogene libres sur le M3B1, suivis de la fragmentation 
du radical C5Hll excitt (8, 9) 

P I  H + M3B1 + CsHll* 

[41 C5HI1* + CH3 + cis- ou trans-C4Hs-2 

[ 5 ~  C5H11' + M + M + C5Hll 

La formation du butbne Dar cette voie d t ~ e n d  de la 
pression et n'est apprtciable qu'aux faibles pressions : 
P s 133 N mP2. En outre, pour des raisons analy- 
tiques, la stparation du butadikne-1,3 du butkne-1 
n'a pas t t t  faite B toutes pressions. Cependant en 
soustrayant du total @(C4H6-1,3 + C4H8-1) la 
valeur @(C4H,-1,3) obtenue en prtsence d'oxyde . . 

nitrique, on peut tirer la valeur du rendement 
@(C4H7) : 

D'oa @(C4H7) = 0.26, 0.61 et 0.83 a 133, 1330 et 
6600 N m-'. L'isomtrisation du M3B1 en M2B2 
n'a pas Ctt observte a 133 N mP2 (O(M2B2) < 0.02). 
Par contre elle devient importante B 1330 (@ - 0.3- 
0.8) et B 6600 N m-2 (@ N 6). 

Finalement, I'effet de pression sur le rendement en 
butadibne-1,3 est indiqut B la fig. 2. 

-20 0 20 40 Torr 
I 

FIG. 2. Photolyse du M3B1 ( 0 ,  0 ,  @) et du CP2 (A, A, 
m. Inverse du rendement quantique en butadiene-1,3 en fonc- 
tion de la pression a 174 (A, a ) ,  163 (A, 0 )  et 147 nm (A, a). 
Note: L'actinomktrie n'a pas BtC rigoureusement faite dans le 
cas de la photolyse du CP2 t~ 174 nm (A). 

obtenus dans I'olCfine pure ou photolyste en prtsence 
d'additifs. Les resultats sont trbs semblables B ceux 
obtenus dans 1e cas du M3B1. On retrouve ici comme 
produit majeur, l'tthane qui disparait en prtsence 
d'oxygbne et le butadibne-l,3 qui a un rendement 
fortement sensible B l'augmentation de pression 
(fig. 2). DI  augmente de f a ~ o n  importante 1es rende- 
ments en methane, et en C4H8, avec une ltgbre 
augmentation de l'tthylbne et du propbne. 

Discussion 
Rkactions radicalaires 

Dans ces systbmes, l'tthane dont la formation est 
perturbte de f a ~ o n  importante par la prtsence 
d'oxygene, d'oxyde nitrique ou d'iodure d'hydrogene, 
provient par voie radicalaire. Comme le butane 
normal n'apparait jamais, et qu'en outre l'addition de 
DI  ou de D2S fait apparaitre une quantitt impor- 
tante de mtthane, la formation de l'tthane ne peut 
Ctre attribute qu'a la combinaison de radicaux 
mtthyles. En outre, les autres produits majeurs 
mesurts en prtsence de DI  sont les radicaux C4H7. 
Dans les systCmes sans additif on retrouve aussi les 
produits de combinaison des radicaux mtthyles et 
C4H7. Ainsi dans le M3B1, le radical C4H7 a la struc- 
ture a-mtthallyle et les reactions de combinaison 
envisagte conduisent au M3B1, et aux cis- et trans- 
pentbne-2. 11 est inttressant de noter que le rapport 
cis-/trans-pentbne-2 qui est voisin de 1.3 (tableau 2) 
est en accord avec celui connu dans la litttrature (10, 
11). Inversement, dans la photolyse du CP2, le M3B1 
est un produit aussi attribuable aux mCmes rtactions 
de combinaison. Comme on n'a Das mesurt le ~ rodu i t  

Cas du cis-pentgne-2 (CP2) ci 163.3 nm de la combinaison des rad icauxAc4~,  (les c~H,,) il 
Le tableau 4 indique les rendements des produits est difficile d'tvaluer le rendement absolu en radicaux 
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TABLEAU 4. Photolyse du cis-pentene-2 a 163.3 nm (pur ou en presence d'additifs)": rendements quantiques 

CH4b 
C2H2 
CzHab 
CzHsb 
C3H6 
Propyne + C3H8 
Allene 
C4H6-1,3 
C4H8-1 
C4Hs-2 0 .00 0 .00 0 .00'  0 .12 0 .34  0.44 n.m. 
M3B1 0.10 0.175 0 .19 0 .00 0 .00 0 .00 <0.005 

"A@/@ - 5% dans les systemes purs ou en presence de 02; A@/@ 2 10% dans les systemes contenant du DI. 
bEffet de D2S slm~lalre a c e l u ~  de Dl. 
CVolr fig. 2. 
dnn.rn. = non mesure. 

TABLEAU 5. Rendernents radicalaires obtenus dans la photolyse d'olefines 163 nm" 

CH3 1 . 5  1 .3  1 . 2  1 .O 1 . 4  1 .4  1 . 4  
CH~-CH-CH-CH, 0 .00 0 .30 0.61 0.83 0 . 4  0 . 5  0.73 
C H Z - ( C ~  H Z  2 0 . 4  0 .00 0.00 0 .00 0 .00 0.00 0 .00 
CzHs 0.10 0 .00 0.00 0 .00 0.10 0.09 0 .09 
CzH, 0 .00 0.08 0.05 0 .06  0.06 0.03 0 .02 
C3H7 0.00 0.03 0.03 n.m.b 0.00 0 .00 0.00 
H 0.18 0 .40 0 .28 0 .16 n.m.b n.m.b n.meb 

aL'6valuation du rendement de chacun des radicaux est faite en tenant compte du rendernent des produits sensibles B la presence 
de O2 ou de NO, de I'effet de DI o u  de D2S (voir texte). L'incertitude relative est au moins 10%. 

bn.m. = non mesur6. 

a-methallyles. Cependant, une estimation grossi6re ~ a travers la loi statistique simple 

oh R(A + A) est le rendement de la reaction de 
combinaison des radicaux mtthyles, et R(A + B) 
est celui de la rtaction entre les radicaux mtthyles 
et E-mtthallyles, permet d'tvaluer le rendement 
@(C4H7). Ce rendement, avec d'autres, est indiqut 
dans le tableau 5. Les autres radicaux observts sont 
aussi indiquts et proviennent essentiellement de la 
mesure de l'effet de DI. L'evaluation du rendement 
en radicaux mtthyles est aussi faite en faisant la 
somme suivante (cas du M3B1) 

@(CH3) = 2@(C2H6) + @(C6H14) X 1.2 

+ @(C5Hlo-2) x 1.2 (8-11) 

En outre, l'tvaluation du rendement en atomes 
d'hydroghe, A travers la mesure de l'isopentane (cas 
du M3B1 en prtsence de DI) est corrigee pour l'in- 
terception directe des atomes d'hydrog6ne par le 
DI (12). 

I1 reste un point d7inttr&t qu'il faut soulever ici, 
c'est l'augmentation du rendement en mtthane 
"radicalaire" avec l'augmentation de la pression de 
l'oltfine pure. A basse pression, oh une part impor- 
tante des radicaux C4H7 se fragmente (voir plus loin), 
la rtaction majeure de disparition des radicaux 
mtthyles est celle de combinaison CH, + CH,. La 
rtaction de combinaison CH, + C4H7 croit en 
importance au fur et B mesure que la pression croit. 
Par consequent, la dismutation correspondante croit 
en importance, et explique qualitativement la crois- 
sance du rendement en mtthane "radicalaire". I1 
existe une valeur du rapport kdis,,t/k,,mb pour la 
paire CH, + cl-C4H7: A(CH,,u-C4H7) = 0.02 (1 1). 
Etant donnte la valeur du rendement en mtthane 
"radicalaire" obtenue dans le cas du M3B1 et du 
CP2, cette valeur est insuffisante pour expliquer 
l'augmentation du rendement en mtthane. Une 
valeur A(CH,,E-C4H7) de l'ordre de 0.2 serait plus 
convenable B moins que d'autres processus inter- 
f6rent comme par exemple la dismutation des 
radicaux mtthyles et C5Hll : A(CH,,(CH,),CH- 
CH-CH,) = 0.2 ou 0.4 (8, 9) qui croit aussi en 
importance avec l'augmentation de pression. 
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Fragmentation des moIPcuIes photoexcitbes 
Le bilan complet qui vient d'Ctre fait (tableau 5) 

montre sans ambiguitts, l'importance des inter- 
mtdiaires radicalaires que sont les radicaux mtthyles 
et C4H7. Dans le cas du M3B1 et du CP2, le produit 
"moleculaire" formt en quantitts majeures est le 
butadikne-1,3 suggtrant le mtcanisme suivant: 

[61 M3B1 ou CP2 + hv + C5Hlo** 

Ainsi, si l'on ajoute au rendement du butadikne-1,3 
celui des radicaux allyles mesurt a travers l'effet de 
DI on trouve que ces reactions, donc que la scission 
de la liaison C-C en position p de la moltcule 
photoexcitte, comptent pour au moins 85% du total. 
Cette valeur est par dtfaut car il n'est pas exclu 
qu'une part mineure des radicaux allyles disparait 
dans d'autres voies rtactionnelles. 

Dans le cas du M2B1, le bilan est plus difficile a 
rtaliser, ttant donntes les rCactions secondaires 
dtia mentionntes des atomes d'iode. NCanmoins si 
l'on ajoute, le rendement de l'allkne, a celui des 

1 radicaux P-methallyles, on obtient une valeur au 
moins Cgale 0.55 et pouvant Ctre aussi Clevte que 
0.90: la scission de la liaison C-C en position P est 
encore prCpondCrante. 

[Ill C5Hlo** + CH3 + P-C4H7* 

k d  

[I21 P-C4H7* --+CH3 + C3H4 (alltne) 

Parmi les autres scissions possibles notables, il y a la 
scission de la liaison C-C en position a par rapport 
a la double liaison. La formation de radicaux propyles 
et du propkne dans le cas du M3B1 en est un indice, 
de mCme que la formation de l'acttylkne et des 
radicaux vinyles. 

Les deux dernieres rtactions sont, bien entendu, en 
compttition avec les rtactions de stabilisation par 
collision de sorte que les sommes @(C3H7) + 
@(C,H,) et @(C2H3) + @(C2H2) donnent une valeur 
maximum au rendement de la scission de la liaison 
a(C-C). Ces deux valeurs sont 0.05 et 0.07 respec- 
tivement. Dans le cas du CP2, la mesure est un peu 

plus dtlicate, car il y a deux liaisons a(C-C). . La 
somme @(C2H5) + @(C2H4) N 0.14 correspond A 
la rupture d'une de ces liaisons. L'autre scission est 
difficilement apprtciable car ses produits disparais- 
sent dans la formation de produits par d'autres voies. 
Le fait que la chaleur de liaison a(C-CH,) soit 
environ 3 kcal mol-I plus Cnergttique que celle de 
la liaison a(C-C2H5) ne permet pas de dire si la 
rupture a(C-CH,) se produit ou pas, bien qu'elle 
soit thermodynamiquement moins probable. Dans 
le cas du M2B1, on retrouve le mCme problkme. La 
somme des rendements @(C2H5) + @(C,H4) - 0.12 
donne 2 nouveau une valeur maximum a la rupture 
de la liaison a(C-C2H5). Par contre, on n'a pas de 
moyen d'tvaluer la rupture de la liaison a(C-CH,). 
Disons seulement qu'un tcart de 3 kcal mol-' dans 
les Cnergies de liaisons, AH(C-CH,) - AH(C- 
C2H5), donne une valeur e-3000/RT inftrieure a 0.01. 
Cet argument tendrait Climiner la scission de la 
liaison C-CH,. 

I1 est inttressant de noter, cas du M3B1, que le 
rapport de la probabilitt, P, de rupture de la liaison 
a(C-C3H7) par rapport a celle de la rupture de deux 
liaisons P(C-CH,) est tel que 

Dans le cas du CP2, on obtient le rapport suivant: 

P[a(C-C)]/P[P(C-C)] -- 0.1310.84 -- 116.5 

Un rapport similaire peut Ctre dtduit dans le cas du 
M2B1, bien que la mesure exacte ne puisse Ctre 
facilement obtenue A partir des rtsultats prtsentts 
ici. Lors de leur ttude par photolyse Cclair, Bayrak- 
ceken et al. (3) ont observt un rapport P[a(C-C)]I 
P[P(C-C)] de l'ordre de 1/13. Bien qu'il soit difficile 
de savoir comment cette valeur a ett  calculte, on 
peut penser a la possibilitt d'un effet notable de la 
longueur d'onde: une Cnergie plus faible favorisant 
la rupture de la liaison P(?). 

Les autres processus possibles, scission des liaisons 
C-H, ne sont pas directement visibles a la lumikre 
des rksultats. Les liaisons C-H en position P de- 
vraient Ctre aussi plus fragiles que les autres liaisons 
C-H ttant donnte l'tnergie de rCsonance du 
radical allylique. Dans le cas du M3B1 ou du M2Bl 
on devrait trouver l'isoprene. En effet, les radicaux 
allyliques rtsultant conduisent a la formation de ce 
produit (1 3). Les techniques utilistes n'ont pas permis 
d'tclaircir ce point: le rendement en isoprkne ttant 
toujours non mesurable. Quand bien mCme il y 
aurait-il eu quelques traces d'isoprkne, qu'il aurait 
aussi fallu compter avec les rtactions possibles 
d'abstraction des radicaux chauds, tels que 

1171 CH3* + CSHIO + CH4 + CsHs 

Les radicaux mtthyles chauds sont probablement 
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produits dans la scission de la moltcule photoexcitte 
(rtaction [7]), les deux fragments emportant l'excis 
de l'tnergie du photon. 

On note cependant (cas du M3B1), qu'en prtsence 
de DI, on forme ?L 133 N mP2 une faible quantitt de 
M2B2: @ -- 0.02. Cela peut indiquer une valeur 
maximum du rendement en radicaux a,a-dimCthal- 
lyles, compte tenu des remarques faites A propos de 
I'isomtrisation des oltfines catalyste par les atomes 
d'iode, et de l'attaque possible du M3B1 par des 
radicaux chauds. Donc, la scission de la liaison C-H 
en position est un processus mineur: @ 5 0.02. 

Cette remarque a d t j i  ett observte dans la pho- 
tolyse directe du but2ne-1 (une autre oltfine ayant 
une liaison C-C en position P) 185 nm (14), ainsi 
qu'h 174 nm (Ic). On a cependant note un accroisse- 
ment de l'importance de cette scission avec l'augmen- 
tation de l'tnergie du photon (lc). 

Effet de longueur d'onde 
L'analyse du rendement de l'alline (cas du M2B1). 

et du butadiine (cas du M3Bl et du CP2) en fonction 
de la pression, montre que les rendements de ces 
produits suivent une loi de type Stern-Volmer (15): 

1 1 
I ks [MI + -- 

@(XI - @,(XI @ o ( W  kd 
ou @(X) et @,(X) sont les rendements de l'allkne ou 
du butadiine-1,3 pression quelconque ou nulle 
respectivement; [MI tient lieu de pression. k, et k, 
sont les constantes de vitesse d'ordre 2 de stabilisa- 
tion par collision et d'ordre 1 de fragmentation 
respectivement du radical prtcurseur du produit X :  
figs 1 et 2. 

L'interception de ces droites avec l'axe des pres- 
sions donne la valeur du rapport -kdlk, en unitts 
de pression (tableau 6). On note que les rapports 
obtenus ?L 7.1 et 7.6 eV sont les m&mes pour chaque 
oltfine (A l'inttrieur de l'incertitude exptrimentale). 
Par contre, les valeurs obtenues A 8.4 eV sont nette- 
ment difftrentes. Les Ctats tlectroniques impliquts 
dans la photoactivation des molCcules sont peut-&tre 
difftrents. En fait on sait que l'imission obtenue 

TABLEAU 6. Valeurs des rapports k,/k, (Torr) obtenus dans 
difftrents systkmes pour les radicaux a- et 0-m6thallyles 

Radical a-Mtthallyle 0-M6thallyle 

Activation ~hotochimiclue 
indirectedu M3Bl CP2 M2B 1 

7.1 eV 1 1 . 1  13.0 7 .0  
7.6 10.9 13.5 7.0 
8.4 48 63 34.5 

Activation 
chimique (rtf. 16) 
(H + CH3-CH=C&CH2) -0.6 - 

avec les lampes a azote (7.1 eV) et a brome (7.6 eV) 
correspond B une bande d'absorption n* + n 
tandis que celle de la lampe A xtnon (8.4 eV) cor- 
respondrait plut8t a l'excitation d'tlectrons o. 

Une deuxiime remarque concerne les valeurs 
identiques observtes a 7.1 et A 7.6 eV. MalgrC la 
difftrence d'tnergie des photons incidents (- 11.5 
kcal mol-l), la constante de vitesse de dissociation 
du radical intermtdiaire n'est pas affectte. En terme 
de la thtorie RRK, cela implique que les intermt- 
diaires ont la m&me tnergie interne. Autrement dit, 
qu'ils soient formts A 7.1 ou A 7.6 eV, ils vthiculent 
la m&me quantitt d'tnergie interne. Cela va A l'en- 
contre d'une distribution statistique de l'exc2s de 
l'tnergie du photon dans les fragments (la statistique 
ttant faite sur les degrts de libertt de vibration). 

Finalement, la variation des valeurs obtenues 
pour une m&me Cnergie avec la structure du mono- 
mire traduit probablement entre autres (a) les varia- 
tions des diamitres moltculaires des intermtdiaires et 
des oltfines, (b) la difftrence dans la distribution de 
l'tnergie dans les fragments qui obtit B d'autres lois 
que celle de la distribution statistique rapportke plus 
haut. 

En outre, il faut ici rappeler que lors de la pho- 
tolyse du butadiine-1,2 A 8.4 eV, Diaz et Doepker 
ont montrt que le butadiine-1,3 provient de la frag- 
mentation du radical a-mtthallyle produit lors de 
l'addition des atomes d'hydrogine sur le butadiine- 
1,2 (16). En admettant que les atomes d'hydrogine 
sont thermiques; 

[18] H + C ~ H ~ - I , ~  -t CH~CH-CH-CH~* 

AH = 250 kJ mol-' 

La fragmentation de ces radicaux chimiquement 
actives suit une loi linCaire de type Stern-Volmer et 
le rapport kdlk, obtenu est voisin de 0.6 Torr. Hormis 
la difference mineure dans les diamitres de collision, 
il apparait que la vitesse de dtcomposition des radi- 
caux a-mtthallyles obtenus lors de la photolyse du 
M3Bl et du CP2 est plus rapide en admettant, bien 
sar, une constante de vitesse k, identique dans chacun 
des cas. 
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Photolyse du propkne et du methyl-2-butkne-2 vers 174 et a 163 nm 
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GUY J. COLLIN, HBLENE DESLAURIERS et JOVET~E DESCH~NES. Can. J. Chem. 57,870 (1979). 
On a Ctudie la photolyse du propene a 163 nm et vers 174 nm, ainsi que celle du methyl-2- 

buthe-2 a 163 nm. A cette derniere longueur d'onde (7.6 eV), la moldcule de propene photo- 
excitee se decompose principalement par rupture de la liaison p(C-H): @ = 0.565 et a(C-C): 
@ = 0.335. Le rapport p(C-H)/a(C-C) est donc voisin de 1.69. Dans le cas du mBthyl-2- 
butene-2, les deux ruptures prtcedentes constituent encore la majorit6 des reactions de frag- 
mentation de la molecule photoexcitte. Cependant le rapport est inverse: p(C-H)/a(C-C) 
2: 0.58. Ce rapport a tgalement ett mesure pour le butene-2 dans un autre.travai1 et il est 
voisin de l'unite. En outre, afin d'expliquer la formation de l'allene et du butadikne-1,3 dans 
la photolyse du methyl-2-butene-2, on propose l'isomerisation des radicaux vinyliques inter- 
mediaires en conformite avec les observations de Callear et Lee. 

GUY J. COLLIN, HBL~NE DESLAURIERS, and JOVE~TE DESCH~NES. Can. J. Chem. 57,870 (1979). 
We have studied the 163 nm photolysis of propene and of 2-methyl-2-butene and a few 

results on the 174 nm photolysis of propene are also included. At 163 nm (7.6 eV), the main 
decomposition processes of the photoexcited propene molecule are p(C-H) split (@ = 0.565) 
and a(C-C) split (@ = 0.335). Thus, the B(C-H)/a(C-C) ratio is close to 1.69. In the case 
of the photolysis of 2-methyl-2-butene, the same ratio is reversed: p(C-H)/a(C-C) 2: 0.58. 
In another work, the ratio obtained in the photolysis of 2-butene was close to unity. Finally, in 
order to explain the allene and 1,3-butadiene formation in the photolysis of 2-methyl-Zbutene, 
isomerisation of vinylic radical intermediates is proposed, in agreement with observations made 
by Callear and Lee. 

Introduction 
Dans la publication prtctdente (I), nous avons 

montrt que la dtcomposition des moltcules oltfi- 
niques, photoexcittes dans la rtgion de l'uv sous 
vide (vers 160 + 15 nm), se fait principalement par 
le bris de la liaison C-C situte en position P par 
rapport a la double liaison: cD - 0.9. Cette scission 
libere un radical allylique et un radical alkyle. Dans 
ce prtsent rapport nous avons concentrt notre 
attention sur la photodtcomposition des olCfines qui 
n'ont pas de telle liaison P(C-C). Dtja, un certain 
nombre de rapports existent sur la photolyse du 
prophe  (2-4), du buthe-2 (5, 6) et de l'isobutene 
(7-9). Cependant les observations qui y sont rap- 
portkes sont incompletes: soit qu'il manque les 
rendements quantiques, soit que les mtcanismes de 
fragmentation n'aient pu &tre clairement mis en 
evidence pour toutes sortes de raisons. En plus de 
I'ttude systtmatique du prophe  et du mCthyl-2- 
butbne-2 a 7.1 et surtout a 7.6 eV, nous rediscuterons 
rapidement de certaines valeurs obtenues pour le 
butene-2. 

Les techniques experimentales ont toutes kt6 rapportees 
dans la litterature. Le propene est un produit de Matheson of 
Canada, "Research Grade" dont les impuretes principales 

sont: le propane: 105 _+ 5 pprn, 1'6thane: 4.48 ppm et I'ethy- 
lene: 2.67 ppm. Le methyl-2-butene-2 est un produit "A.P.I." 
de purete moleculaire affichee 99.4 0.4%. Les impuretes 
observees sont: le methyl-3-butene-l : 40.0 ppm, le mBthyl-2- 
buthe-1 : 50.6 ppm, l'isoprene: 11.4 ppm et l'isopentane: 
18.7 ppm. Les concentrations des impuretQs varient legerement 
d'un Bchantillon a l'autre (5 lo%), ainsi que pour un Cchan- 
tillon entre le debut et la fin de son utilisation. Les autres 
produits, les techniques ont kt6 decrites ailleurs (1, 6, 9), de 
m&me que les lampes d'irradiation et l'actinometrie (6, 10). 
I1 faut mentionner les precautions particulieres prises pour 
I'actinometrie (1). 

Les analyses ont kt6 faites par chromatographie en phase 
gazeuse a I'aide d'un detecteur a double flammes ionisantes. La 
majorite des produits ont kt6 analyses sur une colonne de 
squalane (6c). On a en outre utilise une colonne d'alumine en 
programmation de temperature pour separer le propane du 
propene, une colonne de n-octanelporasil C pour separer le 
butene-1 de l'isobutene et du butadiene-1,3 (6c) et enfin une 
colonne de UCON LB 550 x 20% pour separer l'allene du 
prophe (1 1). 

RCsultats 
Les rCsultats sont indiquks sous la forme de 

rendements quantiques dans les figures et les tab- 
leaux qui accompagnent le texte. 

Cas du prop6ne 
La photolyse du propene est relativement simple, 

elle donne lieu, lorsque 5 a 10% dd'xyde nitrique sont 
ajoutts, a la formation de mtthane (@(CH,) = 0.05 
$- 0.01 entre 66 et 26 600 Nmp2)? d'acttylene et 

'Auteur auquel toute correspondance devrait &tre envoyke. 2133 N m-2 = 1 Torr. 

0008-4042/79/080870-06$01 .OO/O 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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d'allene (fig. 1). Pour des raisons analytiques on n'a 
pas chercht a mesurer le propyne. Par contre, la 
photolyse du monombe pur (dtgast A la temptra- 
ture de I'azote liquide) montre une varittt de pro- 
duits allant du mtthane aux C,. Parmi les produits 
principaux, on trouve ceux citts plus haut ainsi que 
l'isobutane, le mtthyl-4-pent2ne-l et le dimtthyl-2,3- 
butane (tableau 1). L'addition de D,S ou de DI 
(10 A 20%) au propene augmente de f a ~ o n  marqute 
les rendements en propane, mtthane, ethylene et 
acttylene (tableau 2). Dans aucun de ces systemes on 
a trouvt de quantitts apprtciables (@ I 0.002) de 
cyclopropane, mtthylcyclopropane, vinylacttyl&ne et 
de mtthyl-3-butyne-l quelle que soit la pres- 
sion entre 66 et 26 600 N m-2. I1 faut en outre noter 
un effet de pression marqut sur le rendement en 
acttylene, tthylene et allene (fig. 1) ainsi que sur 
d'autres produits (tableau 1). Enfin, la photolyse 
a 174 nm, donne des rtsultats en tout point similaires 
a ceux rapportts ici. On n'a montrt ici que les rende- 
ments en acttylene et en allene (fig. 1). 

TABLEAU 1. Photolyse du proptne pur B 163 nrn: rendernents 
quantiques 

Pression (N rn-') 133b 1330 6650 13 300 

Methane 0.096 0.041 0.085 0.098 
Acetyltne 0.235 0.21 0.19 0.20 
Ethyltne 0.152 0.099 0.079 0.076 
Ethane 0.083 0.063 0.062 0.064 
Alltne 0.219 0.130 0.060 0.035 
Propane 0.095 0.09 n.rn. n.m. 
Isobutane 0.169 0.130 0.112 0.114 
Buttne-1 0.10 

0.12 : o.13 Butaditne-1,3 -0.00 0.01 
n-Butane 0.005 0.010 0.017 0.017 
Buttne-2" 0.002 0.005 0.006 0.006 
Mtthyl-3-buttne-1 0.002 0.026 0.017 0.012 
Pentaditne-1,4 0.024 0.019 0.031 0.028 
Isopentane 0.011 0.016 0.021 0.22 
Methyl-4-penttne-1 0.185 0.219 0.254 0.236 
Hexaditne-1,5 -0.00 0.040 0.045 0.30 
Dirnkthyl-2,3-butane 0.165 0.128 0.116 0.110 
Methyl-2-pentane -- 0 .OO 0.024 0.023 0.014 
Hextne-1 -0.00 0.009 0.017 0.019 

- 

atrans/cis 2 2.0. 
bTaux de conversion 2% a 133 N m-2 (1 Torr) et infkrieur a 0.4% a 

1330 N m-2 (10 Torr). 

Cas du rne'thyl-2-but2ne-2 ci 163 nrn TABLEAU 2. Photolyse du proptne en presence de 
La photolyse du mtthyl-2-buthe-2 donne aussi D,S ou de DI (10 a 20%) B 163 nrn: rendements 

lieu ti une varittt importante de produits. En prt- quantiques 
sence de 10% d'oxygene un certain nombre de 
produits ont des rendements indtpendants de la Pression totaleb 133 1330 6650 
pression entre 20 et 2600 N m-,. Ce sont : le mtthane: 
0.033 f 0.01, l'acttylene: 0.005 f 0.002, I'tthyl&ne: 
0.015 f 0.010 et le propene: 0.005 f 0.002. Par 
contre les rendements en propyne, allene, buta- 
diene-1,3 et isoprene ont des rendements qui dCcrois- 
sent avec la pression (fig. 2). Les rendemeilts de ces 
produits extrapolts B pression nulle sont: @,(pro- 
pyne) = 0.065 f 0.005, @o(allene) = 0.022 * 0.002, 
@,(butadi&ne-1,3) = 0.105 f 0.01 et @,(isoprene) 
= 0.27 + 0.03. L'addition de D2S ou DI (10 a 20%) 

I 
-4 0 4 8 I2 16 20 24 

xlOOO N.m2 

FIG. 1. Photolyse du proptne B 163 nm (B, 0, A) et vers 
174 nrn (0, A). Inverse du rendernent quantique en fonction 
de la pression totale du systtrne: prop6ne:oxyde nitrique 
(1.O:O.lO). 

Methane 0.43" 0.42 0.40 
Acetylene 0.22 0.16 0.15 
Ethyltne 0.32 0.25 0.25 
Propane 0.80 0.85 0.72 

au mtthyl-2-butene-2 n'a pas ou peu d'effet sur les 
rendements en acttylene, tthylene, prophe,  propyne 
et alltne. I1 augmente cependant de f a ~ o n  importante 
le rendement en mtthane (tableau 3). On y observe 
aussi un rendement important en isopentane. L'effet 
avec DI est similaire B celui du D2S bien que la 
reproductibilitt experimentale laisse B dtsirer 
(+25%). En particulier, dans ce cas on a observk une 
formation importante d'un compost dont le rende- 
ment croit tres vite avec le pourcentage de DI 
(0.2 5 @ 5 2.0) et attribut a des reactions secon- 
daires. On n'a pas poursuivi plus a fond l'ttude de 
ce produit qui a le m&me temps de passage que 
l'isobutene ou le butadilne-1,3 sur la colonne de 
squalane. 

Discussion 
Cas du prop2ne 

L'analyse des rtsultats montre que la majoritt des 
produits disparait lorsque la photolyse est faite en 
prtsence d'oxyde nitrique, suggtrant ainsi la nature 
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0 
-10 0 10 20 30 

Torr 
40 

FIG. 2. Photolyse du methyl-2-butkne-2 a 163 nm. Inverse 
du rendement quantique en fonction de la pression totale du 
systkme: methyl-2-butkne-2:oxygkne ou oxyde nitrique 
(1.0:0.10). Attention: les rendements en allene et en buta- 
dikne sont representes par la mCme droite, mais non par le 
mCme axe des ordonnkes. 

radicalaire du mtcanisme de leur formation. Les 
principaux produits en C, ttant le dimtthyl-2,3- 
butane et le methyl-4-pentene-I, les intermtdiaires 
radicalaires les plus probables sont les radicaux 
propyles secondaires et allyles. I1 faut mentionner 

1 deux produits en C, issus des radicaux mtthyles et 
I allyles d'une part et mtthyles et iso-propyles d'autre 
I part et qui sont le butene-1 et I'isobutane respective- 
I ment. Compte tenu des rapports des constantes des 
I rtactions de dismutation et combinaison, kd/ke, 
I donnCs dans la litttrature, on peut estimer h chaque 

pression le rendement quantique des radicaux. 

Ces cinq relations sont discutables, puisque un bon 
nombre de rapports kd/k, sont inconnus (12). On 
peut estimer que les rtactions de dismutation sont 
peu importantes bien que ce soit pas ntcessairement 
le cas. Compte tenu des rendements des produits de 
combinaison, parmi ceux qui manquent, deux sont 
importants: celui se rapportant au couple mtthyl + 

TABLEAU 3. Effet de D,S (20-30%)" dans la 
photolyse du methyl-2-butine-2 a 163 nm: 

rendements quantiques 

Pression totalef 150 700 1500 

Y1OZ de D2S sont insuffisants pour intercepter tous les 
radicaux m6thyles: @(CzH6) = 0.11 et @(CH,) = 0.65 a 
150 N m-l .  Avec 207 et plus @(C,H,) 5 0.04. 

bR6sultats similaire: dans 1;s melanges C5HI,:DI. 
=En presence de DI, les valeurs @(iso-C,H,,) sont plus 

faibles. 
dLe rapport trans/cis -- 2.0. 
'Le rapport methyl-2-butene-l/m6thyl-3-butbnal E 4. 
f N  m-2. 

allyl et celui se rapportant au couple iso-propyl + 
allyl. Le premier couple produit la paire CH, + 
C3H,. La valeur du rendement en mtthane radica- 
laire i m ~ o s e  un rendement maximum de 0.03 h cette 
dismutation, c'est-h-dire le rendement en mtthane 
radicalaire, diminut de celui provenant de la dis- 
mutation mtthyl + iso-propyl calculable h partir de 
la formation de l'isobutane. L'autre couple est moins 
facilement accessible. La dismutation de ce couple 
conduit soit h la paire C3H8 + C3H4 soit A la paire 
C,H, + C3H,. La premiere paire est de peu d'im- 
portance, car tout le propane formt est explicable 
par la dismutation des radicaux iso-propyles. Quant 
a l'autre paire, elle n'est pas accessible ici. Enfin ces 
relations n'expliquent pas le rendement important en 
ethylene et en acttylene qui sont inhibts par la 
prtsence d'oxyde nitrique et qui peuvent provenir 
via I'abstraction d'un atome d'hydrogene sur le 
monomere par le radical convenable. 

Pour rtsoudre ce probleme, DI et D2S ont Ctt 
utilists pour intercepter les radicaux libres (tableau 
2). Le rendement du produit XD obtenu en Ijrtsence 
de DI ou de D,S diminut de celui obtenu en prtsence 
de NO est attribut h la rtaction. 

Cette difftrence est donc tgal au rendement du 
radical X. On trouve une bonne concordance entre 
les valeurs obtenues par cette mtthode et ceux 
obtenus a I'aide des prtctdentes relations (tableau 4). 
Tout d'abord, les valeurs @(C3H7) obtenues par la 
mCthode d'interception, sont un peu plus faibles que 
la somme @(iso-C3H7) + @(n-C3H7). Les atomes 
d'hydrogene sont les prtcurseurs de ces radicaux 
(voir plus loin) et sont partiellement interceptts par 
I'additif (13). Quant aux autres radicaux l'accord est 
acceptable. La formation des radicaux mtthyles, 
vinyles et allyles est facilement comprthensible. Les 
radicaux propyles sont formCs par addition des 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



COLLIN ET COLL.: 2 873 

TABLEAU 4. Photolyse du propene a 163 nm: rendements 
quantiques" 

Rendements des radicaux 
Pression 
(N m-2) 133 1330 6650 13 300 

@(iso-C3H7) A 0.90 0.85 0.82 0.82 
@(n-C3H7) A 0.03 0.05 0.07 0.05 
Q(CsH7) D X  0.80 0.85 0.72 n.m. 
@(allyl) A 0.34 0.45 0.51 0.51 
@(CzH3) A 0.064 0.084 0.079 0.071 

B 0.21 0.215 0.20 0.25 
D X  0.21 0.24 0.21 n.m. 

@(CH3) A 0.47 0.48 0.40 0.43 
D X  0.43 0.42 0.40 n.m. 

OA: d6duit des 5 relat~ons, photolyse du propene put; DX: dCduit de 
I'effet de D2S ou de Dl ;  B: valeurs obtenues en A augmentees du rende- 
ment en acetylene et en Bthyline radicalaire (voir texte). 

atomes d'hydrogene sur le monomere. 

[2al H + C3H6 T', iso-C3H7* 

/ oh k2,/k2, - 0.06 (13) et k2,/k2 - 0.04 (12). Les 
/ radicaux iso- et n-C3H7 sont chimiquement excites et 

se dtcomposent a basse pression: la rtaction [2a] 
est rCversible et le radical n-C3H7* se dtcompose en 

1 radical mkthyle et en tthylene (14). 
[3] n-C3H7* -+ CH3 + C2H4 

AH = +96 kJ mol-l 

En admettant que les atomes d'hydrogene sont 
thermiques, la majorit6 (>99%) des radicaux iso- 
propyles sont stabilists par collision B une pression 
de 133 N m-'. Par contre, il faut au moins une pres- 
sion de 800-1000 N m-2 pour stabiliser la moitit des 
radicaux n-propyles (14). A basse pression une part 
importante de l'tthylene est donc formt via la rtac- 
tion [3]. Une autre possibilitt de formation de 
l'tthyline est l'ejection d'un groupe mtthylene par la 
moltcule photoexcitee. On n'a pu mesurer de forma- 
tion de methyl-cyclopropane (addition d'un groupe 
mtthylene sur le monomere) malgrt qu'2 13 300 N 
m-2 une part importante de ce produit soit stabilist 
par collision (15). A basse pression oh le mtthyl- 
cyclopropane s'isomCrise en butenes lintaires (15), 
on n'observe que de faibles rendements en C,H,. 
En admettant qu'B 13 300 N m-', les radicaux 
n-propyles ne se fragmentent plus, la mesure du 
rendement en tthylene B cette pression donne une 
valeur limite B cette rtaction 
[41 C3H6 + hv C3H6** 

Enfin le rendement en acttylene augmente 
(A@ - 0.05) lors de l'addition de D2S ou de DI. Sur 
la base de la rtaction [I], cette augmentation est 
attribuable au radical C2H bien que dans ce cas 
l'efficacitt puisse &tre douteuse (1 6). En l'absence, ou 
en prtsence de NO, ce radical rtagit tres rapidement 
avec le prophe  (17). I1 se forme le vinylacttylene et 
un polymere. Cela explique pourquoi on n'observe 
pas le produit de combinaison entre les radicaux 
C2H et iso-C3H7: le methyl-3-butyne-1. Seule, la 
valeur obtenue en utilisant D,S ou DI, donne une 
valeur fiable et suggere la rtaction suivante 

L'allene est formt, m&me en prtsence d'oxyde 
nitrique. A basse pression, c'est le produit majeur et 
son rendement dtpend fortement de la pression et 
suit une loi de type Stern-Volmer (18): 

oh @, et @ sont les rendements quantiques a pres- 
sion nulle et h pression P, ks et kd les constantes de 
vitesse de stabilisation par collision (d'ordre 2) et de 
dtcomposition (d'ordre 1) de l'intermidiaire qui 
precede la formation de lYall6ne, et [MI est ici la 
pression du prophe. L'intermtdiaire probable de 
I'allene est le radical allyle. En effet, la somme 
Q(ally1e) + @(all&ne) = 0.565 + 0.02 entre 133 et 
13 300 N mP2. La dtcomposition du monomere 
photoexcitee est quantitative dans ce domaine de 
pression; il n'est donc pas l'intermtdiaire rechercht. 

[81 CHI-CH-CH~* -+ H + CH,=C=CH, (k,) 

L'acttyltne est aussi formt en prCsence d'oxyde 
nitrique, et son rendement suit aussi une loi de type 
Stern-Volmer et la somme @(C2H3) + Q(C2H2) 
est aussi constante dans le m&me domaine de pres- 
sion: @(C2H3) + @(C2H2) = 0.335 + 0.02. 

I1 reste finalement un produit form6 en prtsence 
d'oxyde nitrique: le mtthane. La rtaction [6] a 
dejB CtC envisagte comme source de mCthane. 
Cependant, une alternative est possible. Une Cmis- 
sion simultante de mtthane et d'adtylene n'est pas 
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exclue. 

I1 est tentant de se baser sur les rendements en 
atomes hydrogkne et en radicaux mkthyles pour 
tenter de justifier ou d'tliminer l'une ou l'autre des 
rtactions [6] et [13]. Cependant ces mesures ne per- 
mettent pas une prtcision expirimentale pour ce 
faire, bien qu'elles favorisent la rtaction [6a], au 
dttriment de [6b] et donc au dttriment de [13] 
(tableau 5). 

11 est inttressant de noter que le changement de 
longueur d'onde n'a pas d'effet sur le rendement en 
acttylhe. Par contre, la formation d'allene est forte- 
ment influende par ce changement (fig. 1). Alors que 
le rapport k,/k, = 9.0 Torr a 174 nm, il devient kgal 
a 21.5 Torr a 163 nm. L'effet de I'tnergie interne est 
tvidemment visible sur 'la fragmentation du radical 

I allyle. 

Enfin, il faut noter que pour cette moltcule qui 
n'a pas de liaison P(C-C), la scission principale est 

I celle de la liaison P(C-H) suivie par celle de la 
liaison a(C-C) dans le rapport P(C-H)/a(C-C) = 
1.69 + 0.15. A 185 nm, ce rapport a t t t  mesurt: 1.2 
(4). A 147 nm, le mtcanisme propose est plus com- 
plexe et il n'est pas facile d'extraire ce rapport d o  

I 

rtsultats (2, 3) bien que la scission a(C-C) semble 
favoriske. 

Cas du me'thyl-2-butsne-2 
En prtsence de D2S (tableau 3) les pi.uiiuits 

majeurs sont le mtthane et l'isopentane. De f a ~ o n  
similaire a ce qui a t t t  dit pour la photolyse du 
prophe, ces produits, via la rtaction [I], proviennent 
des radicaux mtthyles et CjHl 

[I461 H + (CH3)2C=CHCH3 + (CH3)zCHCHCH3' 

Si les radicaux secondaires se fragmentent a tr6s basse 
pression, une pression suptrieure a 133 N m-2 ils 
sont stabilists par collision. Quant au radicaux ter- 
tiaires ils ne se dkcomposent pas dans les conditions 
prtsentes sauf si les atomes d'hydrogkne vthiculent 
une part importante d'tnergie cinttique. La quantitt 
importante d'isopentane permet d'ignorer ces rtac- 
tions de dtcomposition. En outre, m&me 22 N m P 2  
le rendement (D(C,H,-2) est inftrieur ti 0.015, con- 
firmant le peu d'importance de cette fragmentation 
(19). 
1151 (CH3)zCHCHCH3* + CH3 + C4Hs-2 

L'addition de D2S augmente aussi les rendements 
du buttne-2 et du mtthyl-2-buthe-1 et mtthyl-3- 
buthe-1 mais dans de moindres proportions. La 
rtaction [I] sugg2re la prtsence de radicaux C4H7 et 

TABLEAU 5. PhotodCcomposition du propene a 
163 nm 

Reaction C,Hs** + cD 

[71 C3H5* + H 0.565 
4 CH2=C==CH2 + H 

[lo] C2H3* + CH3 0.335 
4 ~ 2 ~ 2  + H 

Fa1 C2H + (CH4 + H) -0.05 
[5 I CH2 + CzH4 0.02 

Total 0.97 

CsHg. Ausloos et coll. ont montrt que 1'hydrog;ne 
sulfur6 n'intercepte pas les radicaux allyliques (20). 
Par consequent, les radicaux C4H7 doivent avoir une 
structure vinylique: CH,C=CHCH,. Dans le cas de 
la formation du mtthyl-2-butkne-1 et mtthyl-3- 
buthe-1 les structures des radicaux CsHg devraient 
&tre CH=C(CH3)C2Hs et (CH,),CHC--CH, ou 
(CH,),CHCH=CH. I1 n'est pas facile d'ktablir 
l'origine de ces radicaux (voir plus loin). 

Parmi les produits "moltculaires", l'isoprkne est 
le plus important, et demande la formation concur- 
rente de deux atomes ou d'une moltcule d'hydro- 
gene. Le bilan global (voir plus loin) favorise sa scis- 
sion en deux ttapes, avec formation d'un intermt- 
diaire allylique. 

[I91 A * o u B *  + M + M  + A o u B  

Ce mtcanisme est bast sur le fait que le rendement 
en isoprhe suit une loi de type Stern-Volmer (fig. 2). 
Les autres produits "moltculaires" importants que 
sont le propyne, l'allene et le butadikne-1,3 peuvent 
s'expliquer sur la base de rupture priinaire d'une 
liaison a(C-C) : 
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COLLIN ET COLL.: 2 875 

Les reactions [21], [22], [24] et [25] sont bien siir en 
compttition avec les rtactions de stabilisation par 
collision. I1 s'ensuit que les rendements en propyne, 
a l lhe  et butadibne-l,3 suivent la loi "Stern-Volmer" 
(fig. 2). 

Les rtactions'd'isomtrisation [21b] et [24b] ont 
I t t t  observtes dans d'autres systemes (21). Elles 

demandent la formation d'un complexe cyclique a 
quatre cctts, donc posstdant une forte tnergie 
interne. En particulier les radicaux P-mtthallyles ont 
t t t  observes dans la photolyse tclair de ce mono- 
mere (22). L'tnergie disponible apr&s la rupture pri- 
maire de la liaison a(C-C) est suffisante pour per- 
mettre a la rtaction de passer par dessus la barribre 
de potentielle (23), bienaque tois  les radicaux C4H7 
issus des rtactions [20] et [23] peuvent ne pas avoir 
suffisemment d'tnergie pour ce faire. En particulier, 

, la prtsence de radicaux vinyliques C4H7 est l'indice 
qu'au moins une part des radicaux CH3C=CHCH3* 
ne s'isomtrisent pas en structure allylique. Quant 
aux rtactions [22] et [25] elles ont t t t  propostes dans 
la publication prtctdente (1). 

I Finalement, il est inttressant d'essayer de mesurer 
l'importance relative de la scission P(C-H) par 
rapport a celle de la liaison a(C-C). 11 n'est facile 
d'extraire le rapport P(C-H)/a(C-C) car tous les 
produits radicalaires n'ont pu &tre mesurts con- 
venablement. Ntanmoins, le rendement en atomes 
d'hydrogene -@(isopentane) obtenu en presence de 
D,S- diminut du rendement des rtactions (18) 
- @(isoprene)- et [22] - @(butadiene- 1,3)- et en ajou- 
tant le rendement des atomes d'hydrogene qui 
rtagissent directement avec D,S plutat qu'avec le 
monomke, permet d'tvaluer le rendement de la 
rtaction [17]: @,,,(rCaction [17]) - 0.35 + 0.05. De 
la m&me m a d r e ,  les reactions [20] et [23] peuvent 
ttre tvalutes a partir de la mesure du rendement en 
radicaux mtthyles en presence de D,S, diminut du 
rendement en methane "moltculaire", ainsi que de 
ceux des rtactions [21a], [24a] et [25]. On trouve alors 
@([20]) + @([23]) 1. 0.60 k 0.05. Le rapport 
P(C-H)/a(C-C) est donc Cgal 0.58 + 0.16. Ce 
rapport est l'inverse de celui obtenu avec le propene. 
Dans le cas du cis-butene-2, le m&me rapport ttait 
voisin de l'unitt (lc). L'effet de substitution sur le 
groupe tthyltnique, ou la grosseur de la moltcule, a 
donc un r61e dans la scission de la moltcule. Le 
remplacement successif d'un atome d'hydrogkne par 
un radical mtthyle semble affaiblir la liaison a(C-C) 
par rapport a la stabilitt de la liaison P(C-H). On a 

tgalement montrt un effet de longueur d'onde dans 
le cas du cis-butene-2 (lc). 
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Etude de I'ion HC204- en solution aqueuse par spectromCtrie 
infrarouge et Raman 
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M. JABER, F. BERTIN et M. T. FOREL. Can. J. Chem. 57,876(1979). 
Les auteurs ont examine les solutions aqueuses de l'ion hydrogenooxalate par spectroscopie 

infrarouge et Raman. 11s montrent l'existence de 1'6quilibre entre une structure monomkre 
plane like par liaison hydrogkne aux molecules d'eau du solvant et une forme associke. Un tel 
Bquilibre peut fournir une explication satisfaisante des spectres obtenus et de leur modification 
avec la temperature et la concentration. Un calcul de champ de forces de valence utilisant les 
coordonnees normales de I'ion HC2O4- SUPPOSB plan, permet de verifier les attributions pro- 
posees pour la forme monomkre de cet ion. 

M. JABER, F. BERTIN, and M. T. FOREL. Can. J. Chem. 57,876(1979). 
The authors have investigated aqueous solution of the hydrogenooxalate ion by infrared and 

Raman spectroscopy. They show the existence of an equilibrium between a planar monomer 
structure linked by hydrogen bond to solvent molecules and an associated form. Such an equi- 
librium can provide a satisfactory explanation for the experimental spectra and their depen- 
dence upon temperature and concentration. The assignments for the monomeric form are sup- 
ported by a normal coordinate analysis and by a calculation of the valence force field. 

Introduction 
L'Ctude structurale de l'ion HC204- A 1'Ctat cris- 

tallis6 a dCjA fait l'objet de plusieurs publications; 
nous ne rCsumerons que les plus importantes. 
Tellgren et Olovsson (I) montrent A partir des spectres 
de diffraction X du compost NaHC204, H 2 0  et de 
son dCrivC deutCrit que la maille cristalline est tri- 
clinique et que les ions HC204- s'associent en 
chaines dCfinies par I'intermtdiaire d'une liaison 
hydrogbne OH---0 trbs courte (2.571 A). Les molC- 
cules d'eau forment des ponts entre ces chaines 
constituant ainsi des liaisons hydrogbne longues 
(2.808 et 2.826 A). 

De Villepin et Novak (2-4) analysent les spectres 
infrarouges et Raman des hydrogtnooxalates cris- 
tallisCs de Li, Na et K, hydratCs et anhydres, obtenus 
A deux tempkratures difftrentes (tempirature am- 
biante et - 180°C). Ces auteurs proposent une attri- 
bution des bandes observtes aussi bien pour les 
groupements oxalates que pour les moltcules d'eau 
lites 9 ces groupements; pour justifier leurs attribu- 
tions, les auteurs s'appuient sur les donntes cris- 
tallographiques de Tellgren et sur les modifications 
spectrales dues 9 la deuttriation. 

'Boursier du C.N.R.S. Libanais. 

Nous avons ttudit par spectromttrie Raman la 
dissociation de l'acide oxalique en solution aqueuse 
en fonction du pH, et identifit les bandes caracttris- 
tiques des trois espbces en Cquilibre: H2C204, 
HC204- et C2042- (5). Dans ce mtmoire nous dis- 
cutons essentiellement les rCsultats obtenus pour 
HC204- en utilisant chaque fois que cela est possible 
les donntes de I'infrarouge. Nous comparerons les 
spectres de vibration de cet ion A ceux de l'ion 
DC204- en solution dans D20. Aprbs avoir discutC 
les difftrents types d'association possibles pour ces 
ions en solution nous proposons une interprttation 
de leurs spectres et nous tentons de justifier nos 
hypothbses 9 I'aide d'un calcul de vibration. 

Conditions exp6rimentales 
Les solutions de HC204- 0.25 M sont prkparks en neu- 

tralisant une seule acidit6 de I'acide oxalique par la potasse 
suivant un procede dkja dkri t  (5). 

Pour obtenir une concentration plus Blevk en HC204- 
nous avons utilise l'hydrog6nooxalate de cesium car il est 
soluble jusquYA une concentration proche de 0.7 M. Ce sel est 
prepare par action, dans I'eau bouillante de I'acide oxalique 
sur le carbonate de cesium introduits en quantites BquimolBcu- 
laires; aprks degagement du gaz carbonique il faut recristalliser 
le produit plusieurs fois pour obtenir des cristaux blancs de 
CsHC90,. On redissout alors ces cristaux dans de l'eau dis- - - " 7 

tillke; la solution ainsi obtenue doit &tre assez rapidement 
utilisee car elle noircit aprks plusieurs jours. 

0008-4042/79/080876-07$01 .OO/O 
@I979 National Research Council of CanadalConseil national de recherches du Canada 
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JABER ET COLL. 877 

TABLEAU 1. Frequences infrarouge et Raman des ions HC204- et DC204- en solution aqueuse* 

450 685 853 950 1060 1270 1421 1560 1640 1700 1720 
DzO 

F f T F  tf tf ep T F  tf f ep F 

'TF: tres forte; F: forte; m: moyenne; f: faible; tf: t r k  faible; e,: Bpaule. 

Quelles que soient les solutions prkparees, il est impossible 
d'isoler un domaine de pH dans lequel la concentration en 

I ions HC204- represente plus que 91% de la concentration 
analytique totale; les 9% restants sont constitues d'ions 
C204'- ou de molecules H2C204 non dissocikes. 

Les solutions de DCz04- dans D 2 0  sont obtenues en dis- 
solvant Na2C204 anhydre, produit Merck pour analyse, dans 
D 2 0  (99.75%) et en acidifiant progressivement cette solution 
de depart par une solution de DCI, 7.8 N environ, dont la 1 teneur en D 2 0  est de 99.5%. Les produits deuteries sont fournis 

I par le C.E.A. Les manipulations sont realisees dans une boite 
a gants. Les spectres infrarouges et Raman sont ceux de solu- 
tions 0.20 M de NaDC204. 

Les spectres infrarouges sont enregistres a la temperature 
ordinaire avec un spectrometre P.E. 457, en utilisant des cel- 
lules a liquide munies de fendtres en Irtran I1 separees par un 
joint de Teflon dY6paisseur 27 pm. Une cellule identique con- 
tenant le solvant (H20 ou D20) est disposee sur le faisceau 
reference du spectrometre. Les domaines observables sont 
alors les suivants: 2000-1700 cm-', 1500-900 cm-' dans 
H 2 0  et 2000-1300 cm-' et 1100-800 cm-' dans D20.  

Les spectres Raman sont obtenus I'aide d'un spectrometre 
CODERG PHO equip6 d'un laser ti argon ionise; la raie 
excitatrice, 488 nm, fournit une puissance de 1 a 1.2 W. Les 
conditions moyennes d'enregistrement sont les suivantes: 
tension d'alimentation du photomultiplicateur 950 V, fentes 
6 cm-', vitesse de defilement des reseaux 25 cm-'/mn. Pour 
les spectres enregistres ti temperature ambiante, les solutions 
sont placees dans des cuves parallelepipediques de 0.3 ou 1 mL. 
Pour enregistrer les spectres a diffkrentes tempbatures com- 
prises entre 4 et 90°C on dispose rune d'elles dans une jaquette 
cylindrique en verre dans laquelle circule de I'eau dont la tem- 
perature est maintenue constante par un thermostat. 

Analyse des spectres 
Le tableau 1 rassemble les frtquences ir et Raman 

, caracttristiques des espbces HC204- et DC204- en 
solution. 

Les spectres des solutions dont le pH est compris 
entre 2.1 et 2.4, domaine dans lequel ces espbces sont 
prtpondtrantes, prtsentent des bandes faibles dues 
aux moltcules H2C204 ou D2C204 non dissocites ou 
A l'ion C2042- (5). Pour tviter toute confusion, ces 
bandes parasites sont identifites en enregistrant les 

spectres de solutions trbs acides oh H2C204 et 
D2C204 sont seuls et de solutions neutres oh 
C2042- est totalement formt. 

L'examen des spectres montre qu'il existe un 
grand nombre de coi'ncidences entre les frkquences 
infrarouges et Raman aussi bien pour HC204- que 
pour DC204-. Toutes les bandes Raman sont 
polaristes donc si l'on admet que la moltcule est 
plane, seuls les modes de vibration symttriques 
situts dans le plan sont observts. La modification 
fondamentale, en passant du compost hydrogtnk 
ou deuttrit, est le remplacement du quadruplet 
1305-1380-1410-1444 cm- par trois bandes A 
950, 1060 et 1421 cm-l, cette dernibre Ctant trbs 
intense. 

Etude vibrationnelle du mod2le monomdre 
Nous avons montrt que la position. des bandes 

Raman de HC204- reste fixe en frtquence malgrk 
leur changement d'intensitk corrtlatif A la variation 
d'aciditt du milieu. De plus nous avons vtrifit que 
la hauteur de certaines bandes Raman est rigoureuse- 
ment proportionnelle h la concentration de l'espbce 
HC204- en solution, calculte d'aprbs les constantes 
de formation de l'acide oxalique. Ceci accrtdite 
l'hypothbse de la formation d'une espbce de structure 
bien dtfinie, au moins A temptrature constante. 

Si l'espbce qui se forme en solution est un ion 
monombre, plan, plus ou moins solvatt par les 
moltcules d'eau, elle appartient au-  groupe de sy- 
mttrie C, et possbde 11 vibrations de type A'. 

Par analogie avec les attributions proposkes par 
De Villepin et Novak (2, 3) pour l'hydrogtnooxalhte 
cristallist, nous pouvons proposer une premibre 
interpretation des spectres Raman (tableau 2). Pour 
les spectres infrarouges la comparaison avec l'ttat 
solide est plus difficile par suite de l'ttroitesse du 
domaine observable en solution aqueuse et des im- 
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prtcisions sur les maxima de certaines bandes, dues 
a la forte absorption du solvant. 

Rkgion 1800-1 500 cm- ' 
Dans H 2 0  la mise en tvidence des bandes carac- 

tiristiques est difficile en raison de la large bande de 
diffusion a 1640 cm-' due au solvant; on observe 
toutefois un maximum a 1725 cm-', dtplact par 
deuttriation A 1720 cm-' et attribuable a v(C-0) .  

Dans D 2 0  une autre bande, affirmte par l'absence 
de celles caracteristiques de HOD (1450 cm-I) et 
H 2 0  (1640 cm-') en milieu trks acide et neutre, 
apparait A 1640 cm-I; elle correspond au mode 
v,(COO) en accord avec les conclusions de De 
Villepin et Novak (2). Dans ce solvant on constate 
en outre la prtsence d'une bande faible a 1560 cm-' 
et d'une tpaule a 1700 cm-', difficilement attribuable 
a des vibrations du modkle monomkre. 

Rkgion 1500-1000 cm- ' 
Dans ce domaine de frtquences on attend trois 

bandes correspondant aux modes v,(COO), v(C-0) 
et S(0H) ou S(OD), or le spectre du composC hy- 

, drogtnt comporte cinq bandes dont l'une, situte a 
i 1240 cm-' est probablement due a v(C-0). Dans 

le cas du dtrivt deuttrit cette rtgion perturbte par 
I la bande intense de D 2 0  a 1204 cm-', prtsente ' quatre bandes (tableau I). La vibration S(0D) doit 1 correspondre a 17une des frtquences observtes a 

1060 ou 950 cm-'. 
Rkgion 1000-250 cm- ' 

I La raie Raman intense situte a 868 cm-' dans 
H 2 0  et a 853 cm-' dans D,O est attribute a la 
vibration v(C-C). Les bandes a 725 et 453 cm-', 
dtplactes respectivement a 685 et 450 cm-' par 
deuteriation, correspondent respectivement a des 
deformations des groupements COOH et COO- ; on 
ne peut cependant prtciser leurs modes. 

I1 apparait donc entre 1750 et 900 cm-' un certain 
nombre de raies qui ne peuvent pas &tre attributes 
aux vibrations du monomkre plan. I1 est trZs peu 
probable qu'elles proviennent de combinaisons car 
celles-ci sont gkntralement peu intenses en Raman. 
L'hypothkse d'une seule forme monoprotonte est 
donc insuffisante pour interpreter la totalitt des 
frtquences exptrimentales. Nous sommes donc 
aments a supposer l'existence d'au moins deux 
formes en tquilibre entre-elles. L'une est trks 
probablement la forme monomkre, l'autre serait alors 
associte, pour laquelle diverses structures seront 
envisagtes. 
Mise en kvidence d'un kquilibre d'association 

pour HC204- en solution 
Afin de vtrifier l'existence d'un tquilibre, nous 

avons Ctudit l'influence de difftrents facteurs physi- 

ques et chimiques sur le spectre Raman de la solution. 
Celle-ci est maintenue a un pH voisin de 2.4 car 
l'espkce HC204- est alors majoritaire. 

Influence de la tempkrature 
Nous avons suivi de fagon systtmatique 1'Cvolu- 

tion du spectre Raman de HC204- et DC204- en 
fonction de la temptrature. Dans H 2 0  cet effet porte 
principalement sur les bandes du quadruplet 1305- 
1380-1410-1444 cm- '. L'intensitt des bandes a 
1305 et 1410 cm- ' croit rtgulikrement avec la tem- 
ptrature (fig. 1). Comme cet effet doit &tre relit a la 
rupture des associations entre les groupements 
HC204- nous attribuons ces deux bandes a la forme 
monomkre et celles a 1380 et 1444 cm-' a une forme 
plus ou moins associte (tableau 2). Notons qu'il se 
produit simultantment des diminutions de frtquences 
de l'ordre de 5 cm-'. 

Aucune variation im~ortante de l'intensitt des 
bandes n'est observte pour les solutions deutirites. 
A 60°C on constate seulement que la raie intense a 
1421 cm-' s'est dtplacte jusqu'h 1415 cm-I et qu'elle 
semble presenter une tpaule vers 1400 cm-I. 

Influence de la concentration 
Nous avons enregistrt le spectre d'une solution 

d'hydrogtnooxalate de ctsium trois fois plus con- 
centrte que la solution utiliste jusqu'a prtsent (0.7 
M). On relkve la prtsence d'une nouvelle bande t r b  
faible vers 600 cm- ' et on constate une ltgire diminu- 
tion relative des intensitts des bandes a 1305 et 1410 
cm-' par rapport a 1380 et 1444 cm-' sans change- 
ment apprtciable de frtquences. L'augmentation de 
concentration doit en effet conduire a un renforce- 
ment des associations au detriment de la forme 
monomkre; ceci est donc compatible avec l'effet de 
temptrature. 

FIG. 1. Spectre Raman du compose HC204- en solution 
aqueuse, A deux temperatures differentes, dans la region 1 2 0 s  
1500 cm-I. 1:  T = 4°C; 2: T = 90°C. *Bande de C2042- h 
1486 cm-I. 
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JABER ET COLL. 

Influence de la nature du solvant 
Nous avons suivi 1'Cvolution du quadruplet Raman 

1305-1380-1410-1444 cm-' de l'ion HC204- en 
solution, en ajoutant k l'eau diffkrents composCs 
donneurs ou accepteurs de protons tels que CHCI,, 
HCN, CD3CN afin de modifier 1'Cquilibre entre les 

, formes. Ces solvants ne doivent pas possCder de 
I bandes Raman intenses dans le domaine de frCquence 

CtudiC. Ainsi CH,CN n'a pu Ctre utilisC et a da Ctre 
remplacC par CD3CN aprbs avoir vCrifiC que 
l'tchange deutCrium-hydrogbne Ctait inexistant; 
CD3CN possbde cependant trois bandes entre 1250 
et 1450 cm- ' dont deux a 1393 et 1451 cm- ' sont de 
trbs faible intensiti, la troisibme a 1281 cm-' Ctant 
plus genante. 

L'addition de CHC1, ou de HCN n'apporte 
aucune information car le premier est trbs peu mis- 
cible l'eau et le second ne parait pas interagir avec 
HC204-. Par contre l'addition progressive, jusqu'a 
28% en volume de CD3CN a une solution d'hy- 
drogCnooxalate, 0.25 M provoque une augmentation 

, rCgulibre de lYintensitC de la bande a 1410 cm-', qui 
1 s'abaisse 9 1404 cm-', tandis que la bande B 1444 

, cm-' se dCplace 9 1440 cm-'. I1 n'y a pas de modi- 
fication mesurable des intensitCs des bandes B 1380 
et 1444 cm-'. L'Cvolution de la bande 9 1305 cm-' 
ne peut pas etre chiffrCe en raison de la prCsence B 
1281 cm-' de la raie plus intense de CD,CN. 

, L'influence du CD,CN peut s'interpriter par une 
compCtition entre les formes associCes de l'ion 
HC204- et une entiti du type: 

Les mCmes mesures effectuies pour les solutions 
de NaDC,O, dans D 2 0  ne permettent pas de dCceler 
des modifications significatives. 

L'ensemble des rksultats obtenus nous conduit h 
proposer une ripartition des friquences entre formes 
monombres et formes associCes (tableau 2). 
Proposition de structure pour 17esp&ce HC204- en 

solution aqueuse 
Pour la forme monombre, les interprktations de 

structures de Davies et Sutherland (1 l), Lascombe 
et coll. (12) et De Villepin et coll. (13, 14) concernant 
des monoacides carboxyliques en solution dans des 
mClanges H20-CCl, ou dans des solvants donneurs 
ou accepteurs de protons, nous conduisent sup- 
poser la formation d'un hydrogCnooxalate mono- 
mbre, liC par liaison hydrogbne aux moltcules d'eau 
du solvant suivant les enchainements (A), (B), (C) ou 
(D) envisagCs par De Villepin et Lascombe: 

Pour la forme associCe, Z i  1'Ctat cristallisk, De 
Villepin et Novak (2) admettent que l'association en 
chaines longues, mises en Cvidence par Tellgren et 
Olovsson (I), permet d'expliquer leurs rCsultats 
spectroscopiques. En solution, la longueur des 
chaines dipend du pH et on peut admettre que leur 
rupture entraine des variations de frCquences ce qui 
est contraire aux observations experimentales. La 
prCsence de telles chaines est donc peu probable, ceci 
est confirm6 par l'absence de certaines bandes ob- 
servCes sur les cristaux. 

D'autre part une structure dimbre fermCe du type: 

parait peu compatible avec les donnCes spectros- 
copiques. En effet, d'aprbs les travaux de plusieurs 
auteurs (6-10) si une telle structure dimbre existe, 
elle prCsente un centre de symCtrie et doit conduire 
a deux modes (CLO), l'un asymktrique actif en 
infrarouge et situC vers 1750 cm-', l'autre symCtrique 
actif en Raman et vibrant entre 1650 et 1700 cm-'. 
La coi'ncidence infrarouge Raman observCe pour 
I'hydrogCnooxalate A 1725 cm-' (H20) et 1720 cm-' 
(D20) rejette donc l'hypothbse du modble (E). 

L'existence d'une structure de dimbres ouverts 
associts A des molCcules d'eau suivant le schCma: 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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TABLEAU 2. Attribution des bandes Raman 

Resultats de De Villepin et Novak 
Monomtre (A), (B) ou (D) Associe (F) ou (G) ti 1'Btat cristallise (2) 

Type de vibration H 2 0  D20 H20 D2O NaHC204. H,O NaDC204. D 2 0  

ne peut Ctre totalement exclue, mais la concentration 
d'une telle association doit Ctre assez faible car le 
pouvoir solvatant de l'eau est tel que cette autoasso- 
ciation ne devrait apparaitre qu'd concentration 
tlevCe. 

I1 reste donc la possibilitt d'association dipolaire 
entre les formes monombres likes par les moltcules 
du solvant tel que: 

L'hypothbse d'un tquilibre entre la forme mono- 
mere de type (A), (B) ou (D) et une association de 
type (F) et (G) peut expliquer les phtnombnes ob- 
servCs par spectromttrie Raman. 

Nous avons effectuC un calcul des modes normaux 
des vibrations planes de l'ion HC204- monombre 
afin de prCciser l'interprttation des spectres et 
d'expliquer les modifications de frCquence et d'in- 
tensit6 entraintes par la deutkriation. 

Calcul de vibration de l'ion H q  0 ,' pour la 
forme monomere 

Le calcul a CtC rtalisC par la mtthode de Wilson 
et coll. (15) et les parambtres de structure utilisCs 
pour calculer la matrice G sont ceux donnCs par 
Tellgren et Olovsson (1). Nous les rappelons ci- 
dessous : 

Nous utilisons dans notre discussion la notation (I) 
et (11) pour dtsigner respectivement les groupes 
COO- et COOH. 

Choix du champ de force 
Pour obtenir la matrice F de l'ion HC204- nous 

transftrons 19 constantes de force provenant soit du 
champ de forces de valence du groupe -C-COO- 
dtduit des donntes spectrales de l'ion +NH,-CH2- 
COO- l'ttat solide et en solution (16), soit du 
champ de force du groupement -COOH de l'acide 
formique B 1'Ctat gazeux (17). Les coordonntes 
utilisCes pour le calcul sont les mCmes que celles des 
ions de rtftrence. Nous disposons tgalement des 
champs de forces proposts par Murata et Kawai 
(18, 19) pour l'ion C2042- et la molCcule H2C204; 
les constantes de force principales donnCes par cet 
auteur et utilistes plus rtcemment par Bardet et 
Fleury (20) pour le mCme type de calcul sont du 
mCme ordre de grandeur de celles de Caillet et 
Destrade, exceptk pour la liaison C-C. 

Ce champ de force initial a t t t  ajustC. Ainsi, la 
constante de force de la liaison C-C a Ctt poste 
tgale a 4.9 mdyn a-1. Nous avons augment6 les 
constantes de force de dkformation 6(OH) et 
6(OCO),, et diminut celles des vibrateurs v(C=O) et 
v(C-0) du groupe COOH afin de tenir compte du 
changement dYCtat physique. Nous admettons que la 
constante de force du rocking du groupement COOH 
dont nous ne connaissons pas la frCquence de vibra- 
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JABER ET COLL 

TABLEAU 3. Constantes de forces pour I'hydrogCnooxalate monomhre plan. Les constantes 
de force de valence sont exprimks en mdyn A-', celle de deformation en mdyn A rad-2 et 

les interactions angles-liaison en mdyn rad-' 

Constantes de force principales Constantes de force d'interaction 

1 F(vC-C) 4.90$ 11 F(vC-0, vC-0)1 1.lOt 

1 2 F(vC-0)1 9.40t 12 F(vC==O, ~ c - 0 ) ~ ~  0.186* 
3 F(vC-0)11 4.55$ 13 F(vC-0, VC-C)~ 1.lOf 
4 I;(vC=O),, 10.00$ 14 F(vC-0, 60H)[[ - 0.235$ 
5 F(vOH)II 7.20* 15 F(vC-C, 60CO)I - 0.4G0t 
6 F(60CO)I 1.45t 16 F(vC-0, r OCO)I I .  loof 
7 F(6OCO)II 1.80$ 17 F(60C0,60H)II -0.106* 
8 F(VOCO)~ 1.59t 18 F(vC-0, 60CO)I 0.200t 
9 F(rOCO)II 1.595 19 F(vC==O, rOCO)II -0.5005 

10 F(60H),, 0.9001 20 F(vC=O, 60H)[[ - 0.094* 
21 F(vC-0, 60CO)11 0.300* 
22 F(vC-C, 60C0)II -0.5005 

'Constantes de forces donnees par Caillet (17). 
?Constantes de forces donnees par Destrade (16). 
$Constantes de  forces rnod~fiees. 
BConstantes de forces nouvellement ~ntroduites. 

tion est du meme ordre de grandeur que celle du 
groupement COO-. De plus, nous avons introduit 
deux constantes d'interactions suppltmentaires 
numtrottes 19 et 22 dont les valeurs sont ajusttes 

1 par approximations successives. L'interaction 19, 
analogue l'interaction (v,,, 6,") de l'acide 
formique, a pour effet de diminuer la frtquence 

I v(C=O) trop tlevte avec le champ de forces initial. 
I1 n'est pas possible de modifier davantage le champ 
de forces prtsentt dans le tableau 3 en raison de 
l'insuffisance des donntes exptrimentales. 
Re'sultats 

Le tableau 4 regroupe les frtquences calcultes et 
observtes pour la forme monomere des ions HC204- 
et DC204-. I1 permet de comparer l'attribution 
initialement proposte a la rtpartition de l'tnergie 
potentielle de chaque mode. 

Frtquences calcule'es 
La frtquence de l'tlongation v(C=O) de l'ion 

HC204- est suptrieure de 3% a la valeur exptrimen- 
tale. Seule l'introduction et l'ajustement des cons- 
tantes d'interaction entre ce vibrateur et les dtforma- 
tions r(OCO), et r(OCO),, permettraient d'amtliorer 
l'accord entre le calcul et l'exptrimental, mais les 
modes mettant surtout en jeu r(OCO), et r(OCO),, 
sont inobservts pour l'ion HC204- en solution. 
Le probl6me est donc indttermint. 

Les modes situts B 1240 et 1305 cm-' (HC204-) 
et a 1270 cm-' (DC204-) sont calcults a des frt- 
quences de 2 B 4% suptrieures aux frbquences ob- 
servtes, mais le petit nombre de donntes exptrimen- 
tales ne permet pas un affinement; quant au mode 
calcult 1108 cm-' pour DC204-, il peut corres- 
pondre soit B la bande observte B 1060 cm-l, primi- 
tivement attribute aux formes assocites, soit B une 
frtquence masqute par la t r b  large bande de D 2 0  B 
1204 cm-'; les tcarts sur &(OH) et &(OD) peuvent 

s'expliquer en partie par le fait que ces vibrations 
doivent Ctre anharmoniques en raison des liaisons 
hydrogene. 

Le calcul reproduit bien l'influence de la deuttria- 
tion sur l'tvolution des frtquences. En particulier 
vs(COO), s'abaisse alors que v(C-0) augmente; 
ces variations sont dues aux couplages entre ces 
tlongations et les deformations &(OH) ou &(OD). 

Modes de vibrations 
Dans l'ion HC204- le mode attribut B vs(COO), 

met egalement en jeu &(OH) et v(C-C); dans le 
compost deuttrit la contribution de &(OD) devient 
nulle alors que celles de v(C-C) et vs(COO), aug- 
mentent. Ceci est cohtrent avec l'exaltation de 
l'intensitt diffuste 1400-1421 cm-'. 

Les difftrences spectrales observtes dans le 
domaine 1450-1300 cm-' sont dues principalement 
aux modifications de couplage entre la vibration 
&(OH) ou &(OD) d'une part et les mouvements 
vs(COO),, v(C==O), &(OCO),, ... d'autre part. 

Le mode de vibration calcult a 1360 cm-' con- 
tient seulement 22% du &(OH) tandis que la dtfor- 
mation &(OD) participe pour 56% au mode situt a 
1108 cm-'. 

La polarisation de la bande attribute B va(COO), 
s'explique par des tlongations d'amplitudes dif- 
ftrentes des deux liaisons C-0 et par une mise en 
jeu de la liaison C-C. 

Les modes situts vers 870 f 10 cm-' et attributs 
a v(C-C) correspondent en fait B une Clongation 
en phase de toutes les liaisons. 

Enfin le mode observt vers 450 cm-I correspond 
a une ouverture en phase des angles: 
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882 CAN. J. CHEM. VOL. 57, 1979 

TABLEAU 4. FrCquences de vibration et rkpartition de 1'Cnergie potentielle pour les deux ions HC204- et DC204- en 
solution 

Attribution 

v(OH) 
v(-) 
va(C00)1 
vs~C00)1 
WOH) 
v(C-0) 
v(C-C) 
6(0c0~11 
~(OCO)II 
~(OCO>I 
~(OCO)I 

Distribution d'knergie potentielle 100Llk2Fll/hk 

100 v(0H) 
59v(C=O) + 136(OH) + 13r(OCO),, + 1 lv(C-4)  + lOr(OCO), 
104va(C00)1 + 10r(OCO)I 
376(0H) + 25v(CC) + 21vS(C00), + 136(OCO),, + lO6(OCO), 
50~,(C00), + 226(0H) + 186(0C0)1 + 14v(CC) + IOv(C=O) 
286(0C0)11 + 26v(C-0) + 17v(CC) + 136(OH) + llv(C=O) + 1 0 ~ , ( C 0 0 ) ~  
386(OCO), + 21~ , (C00)~  + 17v(CC) 
336(OCO),, + 13v(C-0) + 1 lv(C=O) + 106(OH) + 106(OCO), + lOr(OCO), 
38v(C-0) + 27r(OCO)I + 21r(OCO),, 
33v(CC) + 286(OCO), + 186(OCO),, 
52r(OCO), + 50r(OCO)II 

Attribution V e x p  Vcalcd Distribution d'knergie potentielle 100Llk2Ftl/hk 

qui entraine une contraction de la liaison C-C. La 
participation de v(CC) explique la polarisation de la 
bande. 

Conclusion 
L'Ctude de la structure de l'ion HC204- en solu- 

tion aqueuse par spectromCtrie moltculaire, nous 
permet de mettre en Cvidence l'existence d'un tqui- 
libre d'association entre deux formes au moins; 
l'une d'entre elles, prCpondCrante a temptrature 
ClevCe, est probablement de type monom&re. 

Le calcul de vibration, effectut en transferant les 
constantes de forces dCjB connues pour les molCcules 
voisines, confirme nos attributions. En effet les 
valeurs calculCes sont en assez bon accord avec les 
rCsultats expkrimentaux et reproduisent bien les 
variations spectroscopiques observCes quand on 
passe de HC204- h DC204-. 
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Stereoselective interaction of a tridentate Schiff base complex of nickel(I1) and amino acids 

B. ERNO AND R. B. JORDAN 
Depot ttnent of Chemistry, Uniuersity of Alber to, Edmonton, Alto., Conado T6G 2G2 

Received September 12, 1978 

B. ERNO and R. B. JORDAN. Can. J. Chem. 57,883 (1979). 
It has been observed that a tridentate Schiff base complex of nickel(II), triaquotribenzo- 

[b,f; j][l.5.9]-triazacyclodecinenickel(II), commonly called (TRI)Ni(OH2)32 +, shows substantial 
stereoselectivity on complexing with several amino acids. This provides a convenient way to 
resolve (TRI)Ni(OH2)32+ using histidine as a resolving agent, and either ion exchange or 
perchlorate salt crystallization techniques. 

The resolved (TRI)Ni(OH2)32+ may then be used to resolve other amino acids or as a 
sensitive test of the stereochemistry of an amino acid. The test can be done on milligram 
quantities because of the insolubility of the complex perchlorate salt and because of the 
relatively large molecular rotation (2 x lo5 deg at 283 nm) of (TRI)Ni(OH2)32+. The amino 
acid is easily released by treatment of the complex with dilute acid (pH z 2). The procedure 
has been tested with histidine, tyrosine, methionine, and phenylglycine. 

B. ERNO et R. B. JORDAN. Can. J. Chem. 57,883 (1979). 
On a note qu'un complexe entre du nickel(I1) et une base de Schiff tridentate, triaquotri- 

benzo[b,f,j][l.5.9]-triazacyclodkcine nickel(I1) gknkralement connue sous le nom de(TR1)Ni- 
(OH,),'+, prksente une st6rkosklectivitk importante lors de sa complexation avec plusieurs 
acides arninks. Cette reaction fournit une mkthode utile pour rksoudre le (TRI)Ni(OH2)32+ 
faisant appel a I'histidine c o m e  agent de rksolution et des techniques d'echange d'ions ou 
de cristallisation du sel de perchlorate. 

Le (TRI)Ni(OH2)32+ rksolu peut alors Etre utilise soit pour rksoudre d'autres acides aminks 
soit comme une sonde sensible a la stkrkochimie d'un acide amink. Les essais peuvent gtre 

I effectuts sur des quantites de I'ordre du milligramme a cause de la faible solubilitk du perchlo- 

~ rate du complexe et a cause de la rotation moleculaire relativement klevk (2 x lo5 deg a 
283 nm) du (TRI)Ni(OH2)32+. On peut regknkrer facilement I'acide amink en traitant le com- 
plexe avec de I'acide diluk (pH 2). On a evaluk la methode avec I'histidine, la tyrosine, la 
methionine et la phknylglycine. 

[Traduit par le journal] 

Introduction 
The observation of a stereoselective interaction of 

one optical isomer of a ligand by a metal ion generally 
requires the presence of a second ligand of specific 
stereochemistry on the metal ion. This second ligand 
should be stable, both stereochemically, and with 
respect to displacement from the metal ion. This 
ligand should also have sufficient steric bulk so that 
there is some interaction between the two ligands 
when complexed to the metal ion. 

The tridentate Schiff base complex of nickel(II), 
triaquotribenzo [b,f,jl [l.5.9]-triazacyclodecinenickel- 
(11), commonly, and hereinafter, referred to as 
(TRI)Ni(OH2),2' (Fig. l), seems to satisfy these 
requirements. The complex has been resolved (1) and 
is stable in aqueous solution at pH < 7. Observa- 
tions are reported here on the interaction of this 
complex with histidine and several other amino 
acids. FIG. 1. Structure of (TRI)N~(OH,)~'+. 

Experimental and Opie (3) was used to prepare ortho-aminobenzaldehyde, 
Materials and this product was allowed to trimerize in dilute HCI as 

The complex (TRI)Ni(OH2)3(N03)2 was prepared by the described by McGeachin (4). The trimer (1 g) was heated with 
method suggested by Taylor et al. (2). The method of Smith an equimolar amount of Ni(OH2)6(N03)2 in 40 mL of ethanol 

0008-4042/79/080883-03$01 .OO/O 
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for 1 h. The initially green solution turned yellow-orange, and 
on cooling in ice yielded (TRI)Ni(OH2)3(N03)2 (1.5 g). 

The perchlorate salt was prepared by adding 10 mL of 3 M 
NaCIO, to 1.5 g of the nitrate salt in 100 mL of warm (-50°C) 
water. The perchlorate salt was recrystallized twice from aque- 
ous sodium perchlorate and dried under vacuum over calcium 
sulfate. Anal. calcd. for (TRI)Ni(OH2)3(CI0,)2: C 40.62, 
H 3.41, N 6.78; found: C 40.75, H 2.79, N 6.85. The electronic 
spectrum of the complex showed maxima at 315 nm and 275 
nm, with molar absorbtivity coefficients of 1.18 x lo4 dm3 
mol-I cm-I and 4.10 x lo4 dm3 mol-' cm-', respectively, in 
agreement with previous results (1). 

The histidine complex of (TRI)NiZ+ was prepared as 
described in the Results section and characterized by the fact 
it could be converted to (TRI)Ni(OHz)32+ with aqueous add, 
and by analysis. Anal. calcd. for (TRI)Ni(histidine)(OH,)- 
(C10,): C50.7,H 3.94,N 13.1; found: C 50.7,H 3.98,N 12.5. 

The L-(+)-histidine (Nutritional Biochemicals) was re- 
crystallized twice from 50% aqueous ethanol and dried over 
calcium sulfate. Anal. calcd. for C,H,N30z: C 46.5, H 5.81, 
N 27.1; found: C 46.9, H 5.83, N 27.5. D-(-)-Histidine and 
D(-)-d-aminophenylacetic acid (D-(-)-C-phenylglycine) (Sig- 
ma Chemical Co.) were used as supplied, as were L-(-)- 
tyrosine (Eastman Organic Chemicals) and L-(+)-methionine 
(Aldrich Chemical Co.). 

znstrumentation 
Electronic spectra were recorded on a Cary 14 spectro- 

photometer. A Jasco Model ORD/UC-5 was used to measure 
ORD spectra, while routine optical rotations in the visible 
region were measured on a Perkin-Elmer 241 polarimeter. 

Solvent proton transverse relaxation times were measured on 
a Bruker SXP 4-100 spectrometer at 61 MHz. The standard 
180"-7-90' pulse sequence was used and the temperature was 
controlled at 25 + 0.5"C with a standard Bruker temperature 
controller. 

Results and Discussion 
Preliminarv examination of models indicated that 

there might be a steric interaction between histidine 
and the phenyl rings of (TRI) in a (TRI)Ni(histi- 
dine)' complex. As a resolving agent histidine also 
has the attraction of a cheap, widely available 
optical isomer. Subsequent studies have shown that 
(TRI)Ni(OH,):+ can be resolved with L-(+)- 

histidine by either an ion exchange or a fractional 
crystallization method. The details are described 
below, but it is useful to bear in mind that the 
(TRI)Ni(histidine)+ complex is rapidly dissociated in 
acidic solution (pH 5 2) to (TRI)Ni(OH,),'+, and 
that the perchlorate salt of the latter cation is almost 
quantitatively insoluble in solutions containing 3-4 M 
perchlorate ion. 

In the ion exchange method a column (2 cm x 20 
cm) of weak acid cation resin (Baker CGC-271) in the 
sodium ion form was charged with 50 mL of a solu- 
tion containing 0.062 g (0.1 mmol) of (TR1)Ni- 
(OH2),(ClO4),, and 0.077 g (0.5 mmol) of L-(+)- 
histidine free base in 0.04 M sodium acetate at pH 6. 
The column was eluted with increasing concentra- 
tions of sodium acetate (pH 6) always containing 
lo-' M L-(+)-histidine. The complex moved down 
the column with 0.08 M sodium acetate, and was 
collected in six, 20 mL fractions. Each fraction was 
acidified (pH 1-2) with 6 M perchloric acid to con- 
vert the (TR1)Ni-histidine complex (yellow-orange) 
to (TRI)Ni(OH2)32+ (yellow). The ORD spectra of 
the acidic solutions showed that the first two frac- 
tions contained (+)546(TRI)Ni(OH2)32+ and the 
last two contained (-),46(TRI)Ni(OH2)32+. The 
product was recovered by adding 4 M sodium 
perchlorate to the acidic solutions to precipitate 
12 mg of the (+),,, isomer from the first two frac- 
tions and 9 mg of (-),,, isomer from the last two 
fractions. The ORD spectrum of the (+),,, isomer 
was essentially the same as that reported by Taylor 
and Busch. The maximum and minimum in the 
ORD spectrum of the (+),,, isomer occurred at 
254 nm and 283 nm, with molecular rotations of 
+7.0 x lo4 deg and - 1.9 x 10, deg, respectively. 
The (-),,, isomer gave corresponding molecular 
rotations of - 6.8 x lo4 deg and +2.1 x lo5 deg. 

The precipitation method is shown in the following 
reaction scheme 

(TRI)Ni(OH2)32+ + L-histidine (+)s46(TRI)Ni(~-hist)(OH2)(CI04) & 
NaOAc 
HOAc 9 \ 

The precipitate of (TRI)N~(L-hist)(OH2)(C104) was activity of the product. The (+)546(TRI)~i(OH2)32+ 
redissolved in lo-' M HOAc (100 mL per mmol) and product gave molecular rotations of +6.5 x lo4 deg 
reprecipitated with an equal volume of L-(+)- and -2.0 x lo5 deg at 254 nm and 283 nm, respec- 
histidine. A total of three precipitations was tively, in good agreement with results from the ion 
sufficient to produce no further change in optical exchange method. The (-),,, isomer may be re- 
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covered by adding D-histidine to the filtrate from the 
first step with L-histidine. 

Clearly the success of the precipitation method 
depends on the low solubility of the perchlorate salt 
of the (TRI)Ni2+-histidine complex. The tetra- 
fluoroborate salt is similarly insoluble, but the nitrate 

, and chloride salts are too soluble to be used effi- 
ciently in the precipitation method. 

On the other hand, the success of the ion exchange 
method implies that complex formation is stereo- 
selective. An attempt has been made to measure the 
formation constants of the histidine complexes. Be- 
cause (TRI)Ni(OH,);+ is not stable in alkaline 
solution, the usual potentiometric titration method 
could not be used. A spectrophotometric method was 
investigated but the - 10% decrease in absorbance at 
275 nm on complexing was too small to yield 
accurate measurements. 

It was found that measurements of the solvent 
proton longitudinal relaxation rates (TI-') as a 
function of ligand concentration could be used to 
calculate the formation constants. This method relies 
on the fact that histidine replaces rapidly exchanging 
water molecules (5) from (TRI)Ni(OH2)32+, and as 
these are replaced the effect of the paramagnetic 
complex on the solvent proton TI-' decreases pro- 
portionately. For example, at pH 6.2 and 25"C, the 
value of (TI-')/[(TRI)Ni],,,,, decreases from -550 

1 s-' M-'  to -130 s-' M-'  as the [histidinell 
[(TRI)Ni] ratio increases from 0 to 2. The data 
analysis is directly analogous to that used in a 
spectrophotometric method. The results for the titra- 
tion of racemic (TRI)Ni(OH2)32 + and L-( +)- 
histidine gave the logarithm of the formation con- 
stant as 7.26 f 0.1, while (-),46(TRI)Ni(OH2)32f 
and D-(-)-histidine gave 7.42 $- 0.1. The differences 
are too small relative to the experimental uncertainty 
to show any definite difference in formation con- 
stants. 

Since the stereoselectivity observed with histidine 

did not seem to be due to any dramatic formation 
constant differences it seemed possible that other 
amino acids might also demonstrate this effect. If 
this is the case (TRI)Ni(OH2)32f could be a useful 
resolving agent for amino acids, or, because of its 
high molecular rotation, could be used to test for the 
presence of a particular stereoisomer. In fact stereo- 
selectivity was shown by the amino acids tested. 

As a general procedure a solution of 5 x M 
(TRI)Ni(OH2)3(C104)2 and 3 x lop3  M amino acid 
in dilute acid (e.g., lo-, M acetic acid) was treated 
with sodium carbonate to a final pH of 6.2-6.5. 
Precipitate formation begins after a few minutes of 
stirring or a few drops of 4 M NaClO, may be added 
until precipitation begins. After cooling in ice for 2 h 
the precipitate may be collected by filtration or 
centrifugation depending on the scale of the experi- 
ment. For ORD measurements a 4 x M solu- 
tion of the product in lo-' M HClO, in a 1 cm cell 
gave an easily measured rotation of 3-5 x deg 
at 283 nm. In the cases tested L-(+)-histidine, L-(-)- 

tyrosine, L-(+)-methionine, and D-(-)-C-phenyl- 
glycine the (+),,, isomer of (TRI)Ni2 + was precipi- 
tated preferentially. 

In summary it appears that the (TRI)N~(OH,); + - 
amino acid system shows a degree of stereoselec- 
tivity which can be useful in studies involving optical 
isomers of amino acids. 
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Etude structurale du monofluorophosphate de potassium K2P03F 
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JEAN-LUC PAYEN, JEAN DURAND, LOUIS COT et JEAN-LOUIS GALIGNE. Can. J. Chem. 57,886 
(1979). 

Le KzP03F est orthorhombique, groupe d'espace Pnma, avec a = 7.554(4), b = 5.954(5), 
c = 10.171(6) A et Z = 4. On a mesurt les donnees d'intensite a I'aide d'un diffractometre 
automatique muni d'une source de radiations CuK.. On a determine la structure cristalline 
par analogie avec celle du K2S04 et on a mis en evidence une interaction "F---K" importante. 
La valeur finale de R est de 0.065 pour 353 reflexions observees. 

JEAN-LUC PAYEN, JEAN DURAND, LOUIS COT, and JEAN-LOUIS GALIGNE. Can. J. Chern. 57, 
886 (1979). 

KzP03F is orthorhombic, space group Pnma, with a = 7.554(4), b = 5.954(5), c = 10.171(6) 
A, and Z = 4. Intensity data have been measured on an automatic diffractometer with CuK. 
radiation. The crystal structure was determined by analogy with that of K2S04 and shows an 
important interaction 'F---K'. The final R index is 0.065 for 353 observed reflections. 

1 Ce travail s'inscrit dans le cadre de 1'Ctude systb 
1 matique des composCs oxyfluorCs du phosphore V Robinson Ce travail 

(1-9); Les r~sultats obtenus ont permis de montrer 
I I'isostructuralitC de certains composCs sulfites et 
I monofluorophosphates (anions i symCtrie 3m) d'une 
1 part puis de certains composCs sulfates et fluoro- 

berylattes (anions B symktrie 43m) d'autre part (6). I1 
n'y a isotypie entre sulfates et monofluorophosphates 
que lors dYintCractions fortes "cation---fluor". 11 Ctait 
intCressant de dCterminer la structure de K2P03F,  
isotype de K2S04, pour verifier cette remarque sur 
un nouvel exemple. 

Par ailleurs, K2P03F est utilisC industriellement 
dans le cadre de la passivation des surfaces metal- 
liques apr6s phosphatation et avant peinture (7). 

La rCsolution de la structure de K,P03F avait CtC 
rCalisCe en 1958 par Robinson (10) mais, par suite 
du clivage des monocristaux utilisCs, les rCsultats 
obtenus sont trop peu prCcis pour &tre utilisables 
(R = 0.185). 

orthorhornbique 
Systkrne de groupe d'espace Pnma ou Pn2,a 

L'Ctude structurale a BtC r6alisk partir d'un monocristal 
en forme de b2tonnet de 0.42 x 0.18 x 0.18 mm3. Les rnesures 
d'intensite ont kt6 effectukes sur diffractometre automatique 
Enraf-Nonius type CAD 3 avec la radiation CuK. mono- 
chromatisee. 435 reflexions ont BtC rnesurkes jusqu'a un angle 
de Bragg 8 Bgal a 60". 

Les rtflexions de reference 013 et 013 Btaient repekes a 
intervalle rCgulier de 50 reflexions. 

Les intensites ont kt6 corrigees des effets de Lorentz polarisa- 
tion. Les corrections d'absor~tion ont ett effectuks en 
assimilant le b2tonnet a un cyiindre et en utilisant les pro- 

Partie expkrimentale gramrnes permettant de traiter les cristaux cylindriques. Les 
par cristallisation a 3 0 0 ~  dyune solution saturee de K,PO,F, 353 reflexions independantes pour lesquelles cr(Z)/Zest infkrieur 

nous avons obtenu des monocristaux en forrne de b2tonnets. a 0.3 Ont cOnservees. 
11s sont stables a la temperature du laboratoire. Les constantes 
cristallographiques et le groupe d'espace ont tte determines Affinement de la structure 
par les methodes du monocristal. Les pararnetres ont BtC La structure a rCsolue par isotypie avec le 
affines partir des diffractogrammes de poudre enregistrks 
avec une precision de + 1/100 de degrt 8. La rnasse volumique sulfate de potassium K2S04 P forme basse tem- 
observee p, a t t t  rnesurte par pycnornktrie dans le benzene a pCrature. 
20.0 + o.l0C. En dCbut d'affinement les positions des atomes K, 

0008-4042/79/080886-04$01 .OO/O 
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PAYEN ET COLL. 

TABLEAU 1. Paramktres de position et coefficient d'agitation thermique 
anisotrope (1048,,)* 

'Expression du facteur de temperature: T = exp [-(l31lhz + PzzkZ + P3312 + 
2l31zhk + 2b13hf + 2Pz3kOl. 

P, 0 et F sont respectivement celles des atomes K, 
S et 0 de la moltcule K2S04. 

Le groupement P03F2- est symttrique par rapport 
au miroir m du groupe d'espace Pnma situt a y = 114 
ou y = 314. Afin de pouvoir identifier I'atome de 
fluor, nous avons assimilt celui-ci 2 un atome 
d'oxygkne. Dans le calcul d'affinement avec agitation 
thermique isotrope, un des 2 atomes d'oxygkne en 
position 4c (c'est-&-dire dans le miroir m), voit son 
agitation thermique prendre une valeur nettement 
inftrieure a celle de l'autre: il s'agit de I'atome de 
fluor (Z = 9). De plus un calcul de distances montre 
que la distance de cet atome au phosphore auquel il 
est lit est nettement supkrieure a celle des trois autres 
atomes a ce phosphore. 

A ce niveau le facteur de reliabilitt se stabilise a 
R = 0.112. L'affinement s'est poursuivi avec agita- 
tion thermique anisotrope; R converge alors vers la 
valeur de 0.065 pour les 353 rtflexions utilistes. 

Les facteurs de diffusion atomique utilists sont 
ceux donnts par Doyle et Turner pour K+ ,  P, 0 et 
F (1 1). 

En' fin d'affinement les positions atomiques ainsi 
que les coefficients d'agitation thermique anisotrope 
sont rassemblts dans le tableau 1 .' 

Description de la structure 
La fig. 1 reprtsente la projection de la structure 

sur le plan yOz. Les atomes K(l), K(2), P, O(1) et F 
sont dans les miroirs m situts a y = 114 et y = 314. 

Cet arrangement peut etre dtcrit a partir de tttrakdres 
p03F2-  isolts et de cations K'. Le tableau 2 
rassemble les distances et angles interatomiques dans 
le tktrakdre P03F2-. 
L'atome de potassium K(1)-posskde un environne- 
ment constitut par 9 atomes d'oxygkne et un atome 
de fluor (fig. 2a): d'une part, 4 atomes d'oxygkne 
O(2) et 2 atomes O(1) situts a des c6tes voisines de 
x = 0.173; d'autre part, 3 atomes d'oxygkne d'un 
tttrakdre P 0 3 F  situts aux c6tes x voisines de 
-0.200; enfin, l'atome de fluor d'un tttrakdre P 0 3 F  
situt x = 0.526. 
L'environnement de l'atome K(2)-est assurt par 
(fig. 2b): 6 atomes d'oxygkne disposts en antiprisme 
dtformb. Ces antiprismes se dtveloppent selon l'axe 
Ox en mettant une face en commun; 1 atome de fluor 
situt dans le plan m, a une distance F---K de 2.845 A. 
Les atomes d'oxygdne O(1) et O(2)-posskdent un 
environnement octatdrique dtformt constitut par un 
atome de phosphore auquel ils sont lits et a 5 atomes 
de potassium. (Les distances sont rassembltes dans 
les tableaux 2 et 3.) 
Lejluor est environnk-par 4 atomes de potassium et 
l'atome de phosphore auquel il est lie, avec cepen- 
dant des interactions nettement difftrentes (fig. 3). 
Cet environnement est du type bipyramide trigonale: 
K(l) 2.671(7) A :  distance voisine de la somme 
des rayons ioniques K +  + F-  = 2.69 A ;  K(2) 
2.845(8) A : interaction moyenne; 2K(2) 9 3.41 5(4) A : 
interaction trks faible. 

'On peut obtenir la liste des facteurs de structure observes Discussion 
et calcules, a un prix nominal, en s'adressant au Dep6t de 
donnQs non publites, ICIST, Conseil national de recherches I1 apparait que ce type d'arrangement se dCduit 
du Canada, Ottawa (Ont.), Canada KIA 0S2. directement de la structure K2S04 P (12). 
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I FIG. 1. Projection de la structure de K,PO,F sur le plan yOz. 

TABLEAU 2. Distances et angles TABLEAU 3. Distances potassium-oxygene (ou fluor) pour les 
interatomiques* deux types d'environnement du potassium 

P-O(1) 1.479(8) -x/a ~ l b  z/c Distances 
P a ( 2 )  1 .486(6) 

I 
P-O(2') 1 .486(6) Environnernent K(l) 
P-F 1 .609(7) K(1) 0.1735 114 0.0755 

I 
O(1)-P-O(2) 114.5(3) O(1) -0.1842 114 -0.0459 2.971(8) 
O(1)-P-O(2') 1 14.5(3) o(1) 0.1842 -114 0.0459 2.993(2) 
O(2)-P-O(2') 114.2(5) o(1) 0.1842 314 0.0459 2.993(2) 
0(1 j P - F  103.8(4) o(2) 0.2655 0.0404 0.3368 3.017(6) 
O(2)-P-F 104.0(3) O(2) -0.2345 0.4596 0.1632 3 .442(6) 
0 (2')-P-F 104.0(3) o(2) 0.2345 -0.0404 -0.1632 3.016(6) 

o(2) 0.2345 0.5404 -0.1632 3.016(6) * ' designe la position Cquivalente x ;  
112 - y ; z .  O(2) 0.2655 0.4596 0.3363 3.017(6) 

O(2) -0.2345 0.0404 0.1632 3.442(6) 

En effet, les atomes K(2) ont des projections sur 0.5263 114 0.0586 2.671(7) 

le plan yOz difftrentes quoique plus proches que dans Environnement K(2) 

K2S0, P. Leur environnement est identique. K(2) 0.0093 114 0.7209 
De plus K(l), P et F ont tgalement des projections 0.3158 114 0.5459 2.920(8) 

O(1) -0.1842 114 0.9541 2.786(8) 
trks voisines. L'axe ternaire du groupement PO3F 0(2) -0.2655 0.5404 0.6632 2.765(6) 
situt dans le miroir m fait un angle voisin de 10" avec 0(2) 0.2345 -0.0404 0.8368 2.697(6) 
l'axe Ox. O(2) -0.2655 -0.0404 0.6632 2.765(6) 

DU fait de la distance K(1)---F = 2.671(7) A g(2) 0.2345 0.5404 0.8368 2.697(6) 
(16gkrement inftrieure B la somme des rayons 0.0263 114 0.4414 2.845(8) 

ionisues K t  et F- 'gale a 2.69 A) la structure de formule NaM3(P03F)2 de structure glastrite. On 
K2P03F est un exemple de de constate alors que I'interaction metal alcalin---fluor 
P03F2- subit, de la part du cation voisin, une in- est forte: 
teraction forte. 

Cet exemple montre l'isostructuralitt entre mono- r,+ + r,- = 2.671 A pour K2P03F 
fluorophosphate et sulfate correspondant. Cette iso- 

rK+ + r F -  = 2.584 A pour NaK3(P0,F12 structuralit6 se retrouve pour l'ensemble des sels 
simples alcalins anhydres ainsi que pour les sels de Par contre, lorsque la distance M+---F- est 
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PAYEN ET COLL. 

FIG. 2. (a) Environnement de l'atome de potassium K(1). 
(b) Environnement de I'atome de potassium K(2). 

suptrieure a la somme des rayons ioniques, cette 
inttraction est faible et les monofluorophosphates ne 
sont plus isostructuraux des sulfates correspondants. 
C'est en particulier le cas des sels doubles anhydres 
de la strie lithium soit LiMP03F (6). Dans ce dernier 
cas, les monofluorophosphates prtsentent des 

FIG. 3. Environnement de I'atome de fluor. 

arrangements en couches tandis que les sulfates sont 
caracttrists par des structures en canaux. 

La giomttrie de l'anion P03F2- (tableau 2) est 
de type C,,; elle est comparable ii celle trouvte dans 
la bibliographic (1-6 et 9), avec une distance P-F 
supirieure d'environ 0.1 A par rapport A P-0. I1 a 
t t t  trouvt (13) un rtsultat identique pour I'anion 
S03F- : S-0 = 1.45 A et S-F = 1.55 A. 
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Chemistry of phenoxo complexes. VI. Reactions of phenoxocopper(1) complexes with 
carbon tetrachloride 
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JOHN F. HARROD and PATRICK VAN GHELUWE. Can. J. Chem. 57,890 (1979). 
The reactions of several substituted cuprous phenoxides with CC14 in acetonitrile were 

examined. Phenoxides without ortho-substituents usually gave high yields of tetraarylortho- 
carbonates. It is shown that the latter are also produced catalytically from sodium phenoxides 
and CCI4 in the presence of small amounts of cuprous chloride. Cuprous phenoxides with 
ortho-chloro substituents, in the absence of facile hydrogen transfer agents, gave stable mixed 
oxidation state complexes of approximate composition: C U ~ ' C U ~ ~ C I ~ ( O A ~ ) ~ .  In the presence 
of facile hydrogen atom transfer agents, such as free phenol or ascorbic acid, both the phen- 
oxides without ortho-substituents and the orfho-chlorinated phenoxides gave moderate yields 
of triarylorthoformates. Some reactions of tritertbutylphenol and tritertbutylphenoxyl with 
copper complexes are described. The mechanisms of the various reactions are interpreted in 
terms of homo- and cross-coupling between phenoxyl and 'CCI, radicals. 

JOHN F. HARROD et PATRICK VAN GHELUWE. Can. J. Chem. 57,890 (1979). 
On a Ctudie les reactions de plusieurs phenolates cuivreux substitues avec le CC14 dans 

I'acetonitrile. Les phenolates qui ne portent pas de substituants en ortho conduisent gknerale- 
ment a de bons rendements d'orthocarbonates de tetraaryles. On a montrk que I'on peut aussi 
obtenir ces derniers par une reaction catalytique des phenolates de sodium et du CC14 en 
presence de faibles quantitis de chlorures cuivreux. Les phenolates cuivreux portant un chlore 
en ortho, en I'absence d'agents permettant des transferts faciles d'hydrogenes, conduisent a 
des complexes stables comportant des Btats d'oxydation mixtes et de composition approxima- 
tive C U , ~ C ~ ~ ~ C ~ ~ ( O A ~ ) ~ .  En presence d'agents permettant des transferts faciles d'atornes 
d'hydrogene, tels du phenol libre ou de I'acide ascorbique, les phenolates sans substituants en 
ortho de mkme que les phenolates portant des chlores en ortho conduisent a des rendements 
moyens d'orthoformates de triaryles. On decrit quelques reactions du tri-tert-butylphenol et 
du radical tri-tert-butylphenoxyle avec des complexes de cuivre. On interprete les mecanismes 
des diverses reactions en termes de couplages homolytiques et croises entre les radicaux 
phenoxyle et 'CCI,. 

[Traduit par le journal] 

I 
Introduction 

An earlier paper (1) described a mechanistic study 
of reaction [I], first reported by Blanshard et al. (2). 

One conclusion of this study was that the initial 
step in reaction [I] is the homolytic ligand transfer 
from 1 to an initiator radical as depicted in [2] (1). 

radicals according to [2], to produce unstable tri- 
halomethylcyclohexadienones, 3a, as intermedi- 
ates (1). 

Although a number of substituted trichloromethyl- 
cyclohexadienones have been synthesized, it is evi- 
dent that their formation is favoured by alkyl sub- 
stitution and strongly disfavoured by halogen sub- 
stitution (3,4). It is possible, however, that the latter 
empirical observation is the result of mechanistic 
rather than thermodynamic effects. To our knowl- 
edge there is a single reported example of a cyclo- 
hexadienone bearing both a chlorine and a trichlo- 
romethyl substituent on the same ring carbon. 

8 

4 
It was further suggested that one of the modes of 

participation of carbon tetrahalides in reaction [ l ]  This compound, 4, was prepared by Pirkle and 
involved the formation and reaction of trihalomethyl Koser and although no specific reference to its ther- 

0008-4042/79/080890-09$01 .oo/o 
@ 1979 National Research Council of CanadaIConseil national de recherches du Canada 
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HARROD AND VAN GHELUWE 891 

ma1 stability was made, it is certainly of relatively 
long-term stability under ambient conditions (5). 
Thus, the plausibility of 3a as an unstable interme- 
diate in reaction [I], catalyzed by carbon tetrachlo- 
ride, remained open to question. 

In order to further test the plausibility of 3a as an 
intermediate it was decided to take advantage of the 
well known tendency of copper(1) complexes to 
undergo reaction with carbon tetrachloride according 
to reaction [3] (6, 7). 

[3 1 c u l  + CCI, + cu1Ic1 + 'CCI, 

By using a phenoxocopper(1) complex in reaction 
[3] the possibility existed that both phenoxocop- 
per(I1) species and trichloromethyl radicals could be 
generated simultaneously in high concentration, 
thereby fulfilling all of the requirements for testing 
reaction [2]. The results of such a study are reported 
in the present paper. 

Results 
I The results of the reactions studied may be clas- 
I sified in terms of the principal products obtained. 

These products are (ij aryi orihocarbonates, (ii) 
aryl orthoformates, (iii) cyclohexadienone deriva- 
tives. Only in the case of cuprous tritertbutylphen- 
oxide was the anticipated trichloromethylcyclohexa- 
dienone obtained as the major product. 

All of the reactions described below were carried 
out in acetonitrile except where otherwise stated. 
Acetonitrile is particularly appropriate for the in 
situ preparation of cuprous phenoxides by reaction 
of cuprous chloride with the appropriate sodium 
phenoxide. 

Orthocarbonate-forming Reactions 
As previously reported (8), certain cuprous phen- 

oxides undergo smooth reaction with CC1, under 
ambient conditions to produce the corresponding 
tetraarylorthocarbonate as the principal product. 
The most important criteria for success in this reac- 
tion are the requirements that there be no ortho-sub- 
stituents on the phenoxo group and that the sub- 
stituents not be exceptionally reactive towards rad- 
ical attack. 

The operation of the first criterion is illustrated 
by the high yields of orthocarbonate from reaction 
of 3-methyl and 4-methylphenoxocopper(I), but 
very low yields from 2-methylphenoxocopper(I).1 A 
similar result was obtained with the monochloro- 
phenoxo analogues. 

The operation of the second criterion is illustrated 

by the failure of any methoxy-substituted phenoxide 
to yield orthocarbonate. This failure seemed to be 
due to the extreme ease of hydrogen atom abstrac- 
tion from the methyl group. The mixtures of prod- 
ucts obtained in such reactions were not charac- 
terised. 

Reactions of ortho-methylated phenoxide gave 
products typical of phenoxyl radical coupling. The 
usual complex mixture, typical of oxidative coupling 
(9), was obtained from 2-methylphenoxocopper(I). 
The 2,6-dimethylphenoxo complex reacted rapidly 
and cleanly according to reaction [4] : 

[4] 4Cu-0 0 + 4 CCI, 

The precise fate of the 'CCl, in reaction [4] was not 
determined. None of the reactions described herein 
was ever found to produce perchloroethane. A num- 
ber of analyses by vpc all showed the presence of 
chloroform in solvent removed by distillation at the 
end of the reaction. It therefore seems reasonable to 
assume that 'CCl3 radicals are removed by hydrogen 
abstraction rather than coupling. 

A reaction of dicopper(1) catecholate with CCl, 
produced the previously prepared bisphenylene 
orthocarbonate in good vield (101. " \ ,  

Since cuprous chloride is both a reactant and a 
product in the orthocarbonate forming reaction, it 
was anticipated that cuprous chloride would catalyse 
the reaction of a sodium phenoxide with CCl,. A 
reaction in which an equimolar mixture of sodium 
4-methylphenoxide and CCl, was reacted in the 
presence of 0.05 molar equivalents of cuprous chlo- 
ride gave a high yield of orthocarbonate, thus con- 
firming the expected catalysis. - 
Orthoformate-forming Reactions 

The production of orthocarbonates described 
above only occurs in high yield under scrupulously 
anhydrous conditions. The use of undried acetoni- 
trile as solvent led to the formation of triarylortho- 
formate as a major reaction product. Such reactions 
were also accompanied by precipitation of yellow 
cuprous oxide due to hydrolysis of the cuprous 

'Although small amounts of orthoesters were detected in phenoxide. 
the reaction product by ir they were not successfully separated. An especially interesting case of orthoformate 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J .  CHEM. VOL. 57, 1979 

TABLE 1. Some properties of aryl ortho esters 

Melting 
Compound Mass spectrum m/e (abundance) 'H nmr (CDCI,)" point (OC) 

95 (lit. 96-98) 

84-85 

101 

129-1 30 

109 (lit. 109) 

104 

177 

165-1 67 

224-226 

"Orthocarbonate. 
bOrthoformate. 
<Chemical shifts in 6 units (s = singlet, d = doublet, m = multiplet). The figures in parentheses are the ratios of  protons in the order of cited chemical 

shifts. 
dThe methine proton was coincident with the aromatic multiplet in this compound and was not assigned. 

production was observed with cuprous 2,4,6-tri- relatively unhindered phenoxides. The reaction 
chlorophenoxide. Under conditions normally used shown in [5] occurred rapidly and cleanly: 
for the formation of orthocarbonate, the latter com- 
pound reacts to give a stable product of approximate 
composition [Cu, 'Cu "Cl,(OAr),]. This reaction 
always leads to the production of a small amount of 
tris(trichlorophenyl)orthoformate and, by implica- 
tion, cuprous chloride, thus rendering exact analysis 5 

of the Cul/Cul' complex impossible. Equivalent re- Since CuCl is generated in [5] and the cuprous phen- 
S U ~ ~ S  were obtained using cuprous pentachlorophen- oxide is easily formed from CuCl and sodium phen- 
oxide. oxide, the cyclohexadienone can be synthesised in 

When the products of reactions of excess CC14 good yield from the reaction of CCl, and the sodium 
with either cuprous pentachloro- or trichlorophen- phenoxide in the presence of a catalytic amount of 
oxide were treated with a facile hydrogen atom trans- cucl .  
fer agent such as ascorbic acid, or a reducing phenol A reaction of equimolar amounts of 2,4,6-tritert- 
such as 2,6-xylenol, the intense reddish-brown C O ~ O U ~  butylphenoxyl radical and cuprous trichlorophen- 
was rapidly bleached and workup of the reaction oxide in the presence of CCl, also yielded 5 as the 
mixture gave the ~ o l ~ h a l o ~ h e n ~ l  orth~formate in major product (ca. 50%). The remainder of the tert- 
substantial yield (see Table 1). Reduction of the butylphenoxyl radical was recovered as the peroxide, 
reddish-brown mixed oxidation State complex with 6 (ca. 25x1, and the quinol ether, 7 (ca. 25%). The 
stannous chloride also resulted in rapid bleaching, product 6 resulted from oxygenation of unreacted 
but no orthoformate. could be detected in the radical during workup. 
product. 

When the ascorbic acid reduction of the reddish- 
brown material was carried out in the presence of 
carbene scavengers such as cyclohexene or norbor- 
nene, no dichlorocarbene adducts were detected and 
the formation of orthoformate proceeded normally. 

Reactions Involving Tritertbutylphenoxyl Species 
The reaction of cuprous 2,4,6-tritertbutylphen- c1 

oxide with CCl, was quite different from those of 6 7 
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HARROD AND VAN GHELUWE 893 

A similar reaction in which the tertbutylphenoxyl 
radical was replaced by 2,4,6-tritertbutylphenol re- 
sulted in a substantial increase in the yield of 7 at the 
expense of 5. 

No reaction occurred between tritertbutylphenoxyl 
and either bi~(pyridine)bis(trichlorophenoxo)cop- 
per(I1) or the mixed oxidation state product of the 
cuprous trichlorophenoxide/CC1, reaction. 

Reaction [6] was found to proceed readily for 
X = C1, but did not occur for X = CH,COO, SCN, 
or OCH,. 

Discussion 
Ortho Ester-forming Reactions 

All of the experimental results described above can 
be accommodated by mechanisms involving free 
radicals. The production of ortho esters evidently 
occurs by an analogy of reaction [3] in which a cop- 
per(1)phenoxide generates a CCI, radical by chlorine 
atom abstraction from CCI, (see Scheme 1). If the 
phenoxide ligand is easily oxidised to the radical, 
such radical production should take place following 
oxidation of the Cu(1) by CCI,. The simultaneously 

produced CCl, and phenoxyl radicals may undergo 
a number of different reactions, of which cross-cou- 
pling to produce an aryl trichloromethyl ether is 
presumably the precursor to ortho ester production. 
The fact that no mixed aryloxychloromethanes are 
observed in the ortho ester-producing reactions, even 
in the presence of a large excess of CCI,, indicates 
that further substitutions into the trichloromethyl 
ethers are rapid compared to the initial substitution 
into CCI,. The further substitutions could conceiv- 
ably occur by simple nucleophilic attack by phen- 
oxide (11) but the formation of orthoformates, as 
discussed below, is best explained on the assumption 
that they occur by a sequence of radical processes 
involving chlorine abstraction by copper(1). 

In the case of phenoxyl radicals that are unencum- 
bered in the ortho positions the cross-coupling reac- 
tion to give ortho esters seems to occur with high 
efficiency. Alkyl substitution in the ortho-positions 
seems to favour homo-coupling of phenoxyl radicals 
relative to the cross-coupling reaction. This is prob- 
ably a result of the reduced effectiveness of the bulky 
CCl, radical when it is competing with phenoxyl 
radical for a ring carbon position rather than for an 
unencumbered oxygen. Only in the case of the tritert- 
butylphenoxyl radical, where phenoxyl radical homo- 
coupling is precluded, is carbon-carbon cross-cou- 
pling to CCl, observed. 

The extreme rapidity of reaction [4] (complete 

I 
ArOH - ( ~ r 0 , ) k  (ArO)3CCI \ 

products 

CuOAr + CCI, 
Start here 

SCHEME 1 .  Production of ortho esters. 
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within a few minutes) suggests that phenoxyl rad- 
icals are generated in high concentration but that 
their rate of homo-coupling is much faster than 
either C-C, or C-0, coupling to trichloromethyl 
radicals. The stoichiometry of phenol production 
in the reaction also suggests that hydrogen abstrac- 

I tion from the primary coupling product, 9, or its en01 
isomer, by phenoxyl radicals is fast compared to 
radical coupling, or to abstraction of hydrogen from 
solvent. 

The formation of diphenoquinone rather than C-0 
coupled phenolic oligomers conforms to the generally 
accepted view that the diphenoquinone is the normal 
product of the coupling of 2,6-dimethylphenoxyl 
free radicals. 

The observed formation of 2,4,6-trichlorophenyl 
orthoformate under certain reaction conditions 
proves that the steric impediment to cross-coupling 

1 at oxygen is not overly severe when both ortlzo posi- 
tions are substituted with chlorine (in view of the 
similar steric size the same is surely true of methyl 
substituents). There is no doubt that the low stability 

I of the homo-coupled phenoxyl dimers (either C-0 
1 or C-C) of the trichlorophenoxyl radical also di- 

rects the reaction towards orthoformate production. 
I An examination of molecular models makes clear 
I that orthocarbonate formation is sterically impos- 

sible in this case and it is expected that the triaryloxy- 
methyl radicals will terminate by hydrogen atom 
abstraction. Even in the cases where there are no 
ortho-substituents the formation of orthoformate is 
observed when a facile hydrogen atom transfer agent, 
such as hydrolytically produced free phenol, is 
present. Since the mixed oxidation state products 
resulting from partial oxidation of cuprous penta- or 
trichlorophenoxides by CCl, are stable at room tem- 
perature, the generation of phenoxyl radicals in these 
systems most probably occurs via hydrogen atom 
abstraction from free phenol by other radicals in the 
system, and in particular by trichloromethyl radicals. 
Thus, in the absence of added hydrogen donor, a 
small amount of adventitious free phenol could yield 
phenoxyl radicals by hydrogen transfer to CCI, 
radicals generated by reaction [3]. 

The resulting phenoxyl radicals are then scavenged 
by cross-coupling with CCl,'. The low yield of ortho- 
formate results from the limited amount of CCl,' 
available and the inability of the phenoxide to recycle 
the CU" to Cul  by reduction. These limiting factors 

are obviated by the addition of a protic reducing 
agent which can both recycle the Cu" to Cur (thus 
ensuring a continuous supply of CCI,') and generate 
free phenol by protolysis of the phenoxide complexes 
(see Scheme 2). 

The alternative possibility that orthoformate 
might be generated via insertion of dichlorocarbene 
into the O-H bond of free phenol is considered 
unlikely since no carbene derived products could be 
detected when the reactions were carried out in the 
presence of the carbene scavenger norbornene. It is 
not unlikely that dichlorocarbene might be extruded 
from an unstable trichloromethylcopper interme- 
diate if it were formed. The present evidence pro- 
vides little support for such a mechanism. The further 
possibility that orthoformate may arise from reaction 
of chloroform, resulting from hydrogen atom trans- 
fer to CC1, radicals, may be excluded on the grounds 
that chloroform was found to react only very slowly 
with cuprous phenoxides. 

Reactions of Tritertbutylphenoxide and Tritert- 
butylphenol 

All of the reactions of cuprous tritertbutylphen- 
oxide and of tritertbutylphenol investigated in the 
present study gave products consistent with free rad- 
ical mechanisms. The trichloromethylcyclohexa- 
dienone produced by reaction of cuprous tritertbutyl- 
phenoxide with CC1, is the expected product of 
cross-coupling between the phenoxyl radical and 
CCl, when steric hindrance precludes coupling at 
oxygen. The fact that only the 6trichloromethyl 
derivative was isolated probably gives no clear indi- 
cation of the stereoselectivity of the primary cou- 
pling process. The 'H nmr spectrum of the crude 
reaction product indicated the presence of appreci- 
able amounts of a 2-substituted cyclohexadienone. 
The failure to isolate such a compound may have 
been due to its spontaneous isomerisation to the 
more stable 4-isomer. The general failure to observe 
2-substituted products from tritertbutylphenoxyl 
coupling reactions has previously been attributed to 
spontaneous isomerisation (12). The production of 
the quinol ether, 7, in reactions of tritertbutylphen- 
oxyl and tritertbutylphenol with cuprous trichloro- 
phenoxide and CCl, is very likely due to protolysis 
of the cuprous trichlorophenoxide, followed by hy- 
drogen abstraction from the free phenol to yield 
trichlorophenoxyl radicals. The reaction of tritert- 
butylphenoxyl with trichlorophenol is known to pro- 
duce 7 in high yield (13). Since tritertbutylphenol 
introduces more protons into the system than the 
phenoxyl radical (where the protons come from 
hydroxylic impurities), it favours the formation of 
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T I Reductant 

CC14 + Cul 
Start here 

SCHEME 2. F'roduction of orthoformates from trichlorophenoxide. 

The ligand abstraction reaction shown in [6], 
where X = C1, is quite typical of ligand transfer 
reactions from cupric compounds to organic radicals 
(14); it is, we believe, the first such example involving 
an aryloxy radical. As such it raises some interesting 
speculation regarding the mechanisms of phenol 

I substitution reactions mediated by metal complexes. 
For example, the well-known chlorination of phenols 
by cupric chloride is most simply explained by as- 
suming the generation of a phenoxyl radical, fol- 
lowed by chlorine atom abstraction from CuCl, (15). 

I Chlorine attachment at an unsubstituted ortho- or 
I para-carbon would be followed by rapid enolisation 

to the phenol. In our study of reaction [6] it was also 
observed that use of CuC12.4H20, rather than anhy- 
drous CuCl,, did not result in any decrease in the 
yield of 8. Such behaviour parallels that of the reac- 
tions of alkyl radicals with copper(I1) compounds, 
where the rates of transfer of chlorine or bromine 
atoms are very fast compared to reactions of ligands 
bonding through oxygen. The much higher reactivity 
of phenoxyl radicals towards chlorine ligand, rather 
than water or hydroxyl, also explains the relatively 
clean generation of monochlorophenol product in 
the copper catalyzed oxychlorination reaction [7] 
(16). 

[71 HOG + HCl + a2 + HO -@c' + H 2 0  

Given the fact that chlorination can occur bv 
ligand transfer it is reasonable to ask whether there 

I is any condition under which hydroxylation can 
occur by a similar process, particularly in view of 
the important role played by metalloenzymes in bio- 
logical hydroxylation (17). In a number of prelimi- 
nary experiments we were unable to effect reaction 
[6] where X = CH30,  CH3CO0, or CNS. Although 

the compound 7 was isolated from reactions. of 
tritertbutylphenoxyl and tritertbutylphenol with 
cuprous trichlorophenoxide, its formation was more 
likely due to the known reaction of tritertbutylphen- 
oxyl with free trichlorophenol (13) than to ligand 
transfer. An unequivocal resolution of the latter 
uncertainty is very difficult since solutions of tritert- 
butylphenoxyl radical are difficult to free of hydrox- 
ylic impurities. Since the lowering of oxidation poten- 
tial of the metal by ligation to oxygen, rather than 
chloride, impairs transfer of oxygen bonded ligands, 
the problem may be solved by design of a more suit- 
able non-reacting ligand environment about the 
copper (e.g., more polarisable ligands such as those 
found in copper-containing oxidases (17)). 

Experimental 
Solvents were generally of reagent grade. Hydrocarbons 

were freshly distilled from sodium benzophenone dianion be- 
fore use. Acetonitrile was distilled from calcium hydride and 
stored over molecular sieves. Ethanol was dried with sodium 
and distilled under dry nitrogen prior to use. Phenols were ob- 
tained as reagent grade materials and subject to either a single 
recrystallisation or distillation prior to use. Cuprous chloride 
was prepared according to a standard procedure (18) and 
stored under vacuum. 

Preparation of Cuprous Phenoxides 
A sample of the appropriate sodium phenoxide was pre- 

pared by dissolution of sodium (2.3 g) in dry ethanol (150 mL) 
under nitrogen. Following dissolution of the sodium the phenol 
was added in slight excess (1.05 equivalent) and solvent was 
removed by distillation until solid began to appear. The re- 
maining solvent and excess phenol were removed by heating 
at 90°C and 0.001 Torr for 16 h. The resulting sodium phen- 
oxide was ground to a fine powder under dry nitrogen and 
used immediately. 

Sodium phenoxide (100 mmol) in deoxygenated, dry acetoni- 
trile (200 mL) was stirred to achieve a fine suspension and then 
cuprous chloride (100 mmol) was added. After stirring for 1 h 
the white precipitate was sometimes filtered off under nitrogen 
and identified as sodium chloride (ca. 5.8 g), but normally the 
NaCl was not removed and further reactions were carried out 
directly on the solution of cuprous phenoxide. 

Preparation of Orthocarbonates 
A solution of cuprous phenoxide, prepared as above, was 

treated with CCI, (9 mL; 100 mmol). On contact with the 
solution the CCl, initially generated an intense blue colour 
which almost instantly turned dark brown. After stirring for 
12 h the brown colour was usually either completely dis- 
charged or considerably faded. Sodium chloride was removed 
by filtration and the filtrate was evaporated to dryness on a 
rotary evaporator to yield a white, sticky solid. Extraction of 
the solid with CCI, yielded insoluble CuCl ( N  100 mmol). The 
remaining solution contained essentially pure orthocarbonate 
in the cases of phenyl, 4-methylphenyl, 3-methylphenyl, and 
4-chlorophenyl (by 'H nmr). Evaporation of CCI, and recrys- 
tallisation from absolute ethanol gave the pure orthocar- 
bonates in ca. 50% yield. The product from the reaction of 
cuprous 2-chlorophenoxide contained a considerable amount 
of phenol and some ortho ester (by ir). Removal of the phenol 
by vacuum sublimation and recrystallisation of the residue 
from ethanol gave a small amount of tris(2-chlorophenyl) 
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orthoformate (14% based on reactant phenol). Although the 
product of the cuprous 2-methylphenoxide reaction contained 
some ortho ester (by ir), neither orthocarbonate nor orthofor- 
mate was successfully isolated from the mixture of products. 

A reaction of dicopper(1) catecholate (50 mmol) with CCI, 
(200 mmol) gave a dark greenlblack suspension with consider- 
able evolution of heat. After stirring for 12 h the mixture was 
added to an excess of water, extracted with CH2C12, dried and 
evaporated to a dark brown viscous oil. The oil was deposited 
on a Florisil column and eluted with CH2C12 to yield pure 
bisphenylene orthocarbonate (50% yield). 

Some properties of the orthocarbonates are summarised 
in Table 1. 

Catalytic Synthesis of 4-Methylphenyl Orthocarbonate 
To a stirred suspension of sodium 4-methylphenoxide (100 

mmol) in acetonitrile (200 mL) was added cuprous chloride 
(5 mmol) and CC14 (100 mmol). After stirring for 12 h at 
room temperature the product was worked up as in the stoi- 
chiometric reaction and the yield of orthocarbonate was essen- 
tially the same. 

Synthesis of 4-Methylphenyl Orthocarbonate in Wet 
Acetonitrile 

The stoichiometric synthesis of 4-methylphenyl orthocar- 
bonate was carried out using exactly the procedure described 
above, except for the use of reagent grade acetonitrile con- 
taining 0.2 to 0.3% water. Removal of a small amount of free 
phenol from the crude organic product by vacuum sublima- 
tion left a mixture of orthocarbonate and orthoformate in the 
ratio of 10:l (by 'H nmr). 

Reaction of Cuprous 2,6-Dimethylphenoxide with CCI, 
Cuprous chloride (9.9 g) was added to a stirred suspension 

of sodium 2,6-dimethylphenoxide (14.4 g) in acetonitrile 
(100 mL). After 1 h CC14 (10 mL) was added. The mixture 
immediately turned dark brown, but after a few minutes the 
dark brown colour had completely faded to be replaced by the 
dark orange suspension of 2,2',6,6'-tetramethyldiphenoqui- 
none. The latter was filteredand washed with water to remove 
sodium chloride (yield: 5.8 g). The filtrate was evaporated to 
dryness and the resulting sludge was slurried with CC14 (100 
mL). The precipitated CuCl was filtered off and the solution 
was evaporated to a brown oil. Sublimation of the oil under 
vacuum yielded xylenol(4.5 g) and left a dark brown tar (1.0 g) 
which contained a small amount of diphenoquinone together 
with other unidentified products. 

Reactions of Cuprous 2,4,6-Trichlorophenoxide and Penta- 
chlorophenoxide 

Reactions of the title compounds with CCI, under the con- 
ditions described for orthocarbonate synthesis led to dark red- 
brown solutions of more or less indefinite stability at room 
temperature. The colour changes were much slower for the 
pentachlorophenoxide than for other phenoxides. Evapora- 
tion of the acetonitrile on a rotary evaporator gave an amor- 
~ h o u s  dark brown solid whose infrared svectrum was identical 
io  that of the uncomplexed copper(I1) trichloro- or pentachlo- 
rophenoxide (19). 

Extraction of the solid derived from the trichlorophenoxide 
with ether yielded trichlorophenyl orthoformate in ca. 10% 
yield. Extraction of the solid derived from the pentachloro- 
phenoxide with toluene yielded pentachlorophenyl orthofor- 
mate in ca. 10% yield. 

Reactions in the Presence of Hydrogen Transfer Agents 
A reaction of cuprous 4-methylphenoxide was carried out 

under the same conditions as the orthocarbonate synthesis but 
in the presence of one equivalent of 4-methylphenol. The crude 

organic product yielded cresol (77% based on total 4-methyl- 
phenoxyl) on vacuum sublimation and a residue containing 
only orthocarbonate and orthoformate in 2:l molar ratio 
(by 'H nmr) (50% based on sodium phenoxide). 

A similar reaction with cuprous trichlorophenoxide and 
free trichlorophenol, using the same workup as that used in 
the stoichiometric orthocarbonate synthesis, yielded a crude 
organic product from which free phenol was sublimed (75% 
based on total trichlorophenoxyl) to leave essentially pure 
trichlorophenyl orthoformate (45% based on sodium phen- 
oxide). 

A solution of cuprous trichlorophenoxide, prepared from 
the sodium phenoxide (1.0 g) and cuprous chloride (0.46 g)  in 
acetonitrile was reacted with CCI, (3 m ~ ) .  2 , 6 - ~ i m e t h ~ l ~ h ~ n o l  
(0.58 g) was added and the solution was stirred until the dark 
brown colour was discharged. The precipitate was recovered 
and washed with water to yield 2,2',6,6'-tetramethyldipheno- 
quinone (0.3 g). Evaporation of the filtrate to dryness and 
extraction with CC1, gave a crude organic fraction (1.1 g) 
containing mainly trichlorophenyl orthoformate, trichloro- 
phenol, and xylenol. Removal of the phenols by vacuum sub- 
limation left a residue consisting almost entirely of orthofor- 
mate (0.49 g; 44% yield). 

Repetition of the latter reaction, but using ascorbic acid 
(0.88 g) in place of xylenol, resulted in a similar bleaching of 
the dark brown solution. The initial precipitate contained 
sodium chloride and unreacted ascorbic acid (only slightly 
soluble in CH3CN). The CCl, extraction left a residue of 
CuCl mixed with dehydroascorbic acid. The CCl, soluble 
material was a mixture of trichlorophenol and trichlorophenyl 
orthoformate (0.91 g total weight). Removal of the phenol and 
recrystallisation of the residue from ethanol yield the pure 
orthoformate (0.36 g ; 40%). 

Synthesis of 2,4,6-Tritertbutyl-4-trichloromethylcyclohexa- 
2,5-dienone 

Sodium tritertbutylphenoxide (1.29 g) was suspended in 
acetonitrile under nitrogen. Cuprous chloride (0.45 g) was 
added and the mixture was stirred for 1 h before addition of 
CCJ, (5 mL). The mixture turned slowly from yellow, to green, 
to blue, and was left at room temperature several hours. The 
product was evaporated to dryness and the resulting green 
mass was extracted with CCl,. Slow evaporation of the CCI, 
solution yields the vroduct 5 as a vale vellow crvstalline vowder 
(1.38 g ; 80%; mp ?1-72"~, lit. 68-71"~ (20))- Anal. caicd. for 
Cl9HZ90Cl3: C 60.1, H 7.64, C1 28.04; found: C 59.16, H 
8.05, C1 26.93. 'H nmr (CCI,): 6 = 1.9 (S, 27H); 6 = 7.35 
(S, 2H); ir: vc=,, = 1660 and 1640 cm-' (KBr pellet). 

A small amount of the peroxide 6 was isolated by concentra- 
tion of the mother liquor. This product had properties ident- 
ical to those previously reported (12). 

A catalytic reaction was carried out using the sodium phen- 
oxide (0.7 g; 2.5 mmol) and CuCl (0.025 g;  0.25 mmol) in 
acetonitrile (40 mL) and an excess of CCl,. After stirring at 
room temperature for 5 h a conversion of phenoxide to  5 of 
65X was estimated bv 'H nmr. 

Reaction of the Cuprous Trichlorophenoxide/CC14 Reaction 
Product with 2,4,6-Tritertbutylphenoxyl 

A solution of cuprous trichlorophenoxide was prepared by 
reaction of the sodium phenoxide (1.1 g) and cuprous chloride 
(0.5 g) in acetonitrile (15 mL). Following a standard procedure 
(21), the phenoxyl radical was prepared under Nz by stirring 
tritertbutylphenyl (2.0 g) with MnOz (6 g) in benzene (100 
mL). The radical solution was introduced into the cuprous 
phenoxide by filtration through a Schlenk filter under pressure 
of Nz. Carbon tetrachloride (3 mL) was injected and the mix- 
ture was stirred for 1 h. The product was evaporated to  dry- 
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TABLE 2. Results of analyses of two complexes obtained from cuprous polyhalophenoxides* 

Cu(I)TCP/CCl, cU(I)PCP/CC14 

Approximate stoichiometry [CuTCP][CuCI][CuClTCP] 
Cu(1): calcd. 19.40 

found 19.78 
Cu(tota1): calcd. 29.11 

found 26.68 
Phenoxide: calcd. 60.04 

found 59.6 
C1- : calcd. 10.85 

found 8.98 
C: calcd. 22.00 

found 17.37 
H: calcd. 0.61 

found 1.01 
C1: calcd. 43.39 

found 43.85 

*TCP = trichlorophenoxide; P C P  = pentachlorophenoxide. 

ness and extracted with hexane. Slow evaporation of the 
hexane solution yielded the trichloromethylcyclohexadienone, 
5 (1.5 g, 51% based on tritertbutylphenol). The residual mother 

I liquor was shown by 'H nmr to contain the peroxide 6 and the 
1 quinol ether 7 in roughly equal amounts. The compound 7 
I was crystallised by concentration of the mother liquor and its 
i identity confirmed by comparison of its properties with those 

cited in the literature (22). 
I A similar reaction in which the tritertbutylphenol was used 

directly, without preoxidation to the radical, yielded a crude 
product which was shown by 'H nmr to contain 5 and 7 in 
roughly equal proportions and only a small amount of 6. 

Reaction of 2,4,6-Tritertbutylphenoxyl with CuCl, 
The radical was prepared by oxidation of the phenol (2.62 g) ' with MnO, (12 g) in benzene (100 mL). The radical solution ' was filtered into a solution of anhydrous CuCI, (2.0 g) in 

acetonitrile (50 mL). The blue colour of the radical was dis- 
charged on contact with the CuCI, solution and on completion 
of the addition the solution was dark greenlbrown. Filtration, 
to remove precipitated CuCI, and evaporation yielded a sticky, 
black solid which was extracted with hexane. Evaporation of 
the hexane extract yielded an oil (2.2 g) which was shown by 
nmr to be a mixture of 4-chloro-2,4,6-tritertbutylcyclohexa- 
2,5-dienone, 8 (70%), and 4-hydroxy-2,4,6-tritertbutylcyclo- 
hexa-2,5-dienone, 10 (30%). The compound 8 was recovered 
by recrystallisation of the mixture from absolute ethanol 
(mp: 89-9O0C, lit.: 9496°C (23)), ir (thin film) 1665, 1645, 
1370, 920 cm-'; 'H nmr (CCI,): 6 = 1.6 (S, 9H); 6 = 1.79 
(S, 18H); 6 = 7.1 (S, 2H). 

Examination of a sample of the reagent radical solution 
showed it to be contaminated with 10 before reaction with 
the CuCI,. 

Treatment of a solution of 8 with CuCl in acetonitrile led 
to the rapid appearance of a dark blue colour, indicating the 

, reversibility of reaction [6]. 
Similar reactions of the phenoxyl radical were carried out 

I with bis(pyridine)bis(trichlorophenoxo)copper(II) and a num- 
ber of other simple copper compounds. In each case the per- 
oxide 6 was isolated in high (>75%) yield following aerobic 
workup of the reaction mixture. No ligand transfer products 
were identified. 

were prepared in acetonitrile as described above. Following 
removal of acetonitrile the orthoformate was removed from 
the product by washing with either ether (trichlorophenoxide) 
or toluene (pentachlorophenoxide). The resulting dark brown, 
amorphous powders were then dried under vacuum. 

An accurately weighed sample was hydrolyzed in dilute 
nitric acid and carefully extracted with ether to remove phenol. 
The ether solution was evaporated and the phenol residue was 
weighed. The ionic chloride content of the aqueous hydrolysate 
was determined by both a gravimetric AgCl determination 
(23a) and by the Fajans method (23b). 

The total copper and the relative amounts of Cu(1) and 
Cu(I1) were determined using a procedure described by Kochi 
(24). Elemental analyses for C, H, and C1 were performed by 
Schwartzkopf Microanalytical Ltd. The results of these anal- 
yses are shown in Table 2. 
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Sur quelques sulfites de cations monovalents; etude structurale de LiCsSO,. 2H20 
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CHRISTIAN ARCHER, JEAN DURAND, LOUIS COT et JEAN LOUIS GALIGNE. Can. J. Chem. 57, 
899 (1979). 

L'ktude cristallographique des sulfites de cations monovalents permet de mettre en kvidence 
un plus grand nombre de composks isotypes des sels a anions C3" (P03F2-), que des sels a 
anions Td (SO4'- ou BeF4'-): F de P03F2- ou la paire libre de SIV ne sont pas lies avec les 
atomes voisins. 

LiCsS03.2H20 cristallise dans le systeme monoclinique, a = 11.927(7), b = 5.670(3), 
c = 4.828(2) A, p = 109.26(4)", V = 308.2(9) A3, p0 = 2.758(9) g/cm3, Z = 2, p, = 2.771(6) 
g/cm3 (20°C; MoKa, d = 0.7107 A). 

La structure est caractkriske par des chaines de groupements de SO3 et Li04 parallkles a 
l'axe b. Ces chaines sont likes entre elles par un systeme de liaison hydrogkne. L'anion SO3'- 
est pyramidal, le doublet libre de S4+ se localise sur I'axe ternaire. Les dimensions moyennes de 
I'ion sulfite sont : S-0 = 1.526 A et 03-0 = 105.4". La valeur finale de R est 0.046. 

CHRISTIAN ARCHER, JEAN DURAND, LOUIS COT, and JEAN LOUIS GALIGNE. Can. J. Chem. 
57, 899 (1979). 

A crystallographic study of some monovalent cation sulfites allows us to propose a larger 
number of salt anions with C3" symmetry (e.g., P03F2-) than with Td symmetry (SO4'- or 
BeFdZ-). In P03FZ- the F atom and the lone pair of SIV in S032- are not bonded to neigh- 
bouring atoms. 

LiCsS03.2H20 crystallises in the monoclinic system, a = 11.927(7), b = 5.670(3), c = 
4.828(2) A, p = 109.26(4)", V = 308.2(9) A3, p0 = 2.758(9) g/cm3, Z = 2, p, = 2.771(6) g/cm3 
(20°C; MoKa, d = 0.7107 A). 

The structure is characterised by chains of SO, and Li04 groups parallel to the b axis. 
These chains are connected by a system of hydrogen bonds. The SO3'- anion is pyramidal with 
the sulphur lone pair on the ternary axis. The average dimensions of the sulfite ion are 
S-0 = 1.526 A and 0-S-0 = 105.4". The final R value is 0.046. 

[Journal translation] 

Analogie avec les sels A anions t6trahdriques 
de sym6trie Td ou C3, 

I1 existe une identiti structurale tr2s Ctroite entre 
(NH4),S03, H 2 0  et (NH4),P03F.H20. Le doublet 
de SIV de l'ion occupe exactement la place de 
F -  de l'ion P03F2- et a un volume sensiblement 
Cgal (1). L'atome de fluor except& tous les autres 
ClCments occupent des positions identiques. 

A c6tC de cet exemple particuliQement net oh le 
doublet de SIV a une activitC stCrCochimique analogue 
A celle de F- ,  il Ctait intCressant de prCciser la cris- 
tallochimie des sulfites de cations monovalents, afin 
de dCfinir leur isotypie avec les sels correspondants 
d'anions de symCtrie C3, (P03F2-) ou T, 
ou BeF4'-) et de mettre en Cvidence de nouveaux 
exemples oh I'activitC stCrCochimique du SIV soit 
comparable A celle de F- ou de 0'-. 

Nous avons pu priparer, puis identifier cristallo- 
graphiquement plusieurs familles de sels simples et 
doubles, pour la plupart totalement inCdits : 

M2S03.xH20 avec x = 1 si M = Li et NH, 

x = 0 si M = Li, Na, K, Rb, Cs 

LiMS03.xH20 avec x = 2 si M = Rb ou Cs 

x =  l s i M = K  

x = 0 si M = K, Rb, Cs, NH4 

NaM3(S03)z avec M = Rb et T1 

NaxK2-,SO3 avec 0 5 x 5 2  

il s'agit d'une solution solide continue. Le principe 
de prCparation des sulfites alcalins est le suivant (2). 
Pour les sels simples (i) formation du pyrosulfite 
M2S20, par action du SO2 sur la base correspon- 

0008-4042/79/080899-05$01 .OO/O 
a1979 National Research Council of CanadalConseil national de recherches du Canada 
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CAN. J .  CHEM. VOL. 57, 1979 

TABLEAU 1. Constantes cristallographiques des sels simples M2'S03.(x)H20 

Systeme 

Monoclinique 
(C2, Cm ou C2/m) 

Groupe 
d'esvace Li (x = 1) 

Hexagonal ( p 3 )  Orthorhombique (Pnma) 

T~BLEAU 2. Constantes cristallographiques des sels doubles LiMS03.(x)H20 

Systeme 

Groupe 
d'espace 

a (4 
b (-4 
c (4 
P (deg) 
v (A3) 
pX(g/cm3) 
prn(g/cm3) 
Z 

Monoclinique (P2,lc) Monoclinique (Cm) 

LiK (x = 1) 

5.251(5) 
7.053(6) 

12.490(10) 
108.52(5) 
438 .7(9) 

2.181(6) 
2.175(9) 
4 

LiK (x = 0) 

5.349(6) 
4.861(5) 

13.224(10) 
91 .56(5) 

343.8(9) 
2.435(6) 
2.418(10) 
4 

LiRb (x = 2) LiCs (x = 2) 

dante : 

(ii) formation du sulfite M2S03 par action de la 
base MOH sur le pyrosulfite: 

Pour les sels doubles (i) action du SO, sur la base 
MOH : 

(ii) action de la base MOH sur la pyrosulfite 
M2S2O5 : 

La solution est alors concentrCe chaud (60°C) puis 
portCe a tempCrature infirieure A l'ambiante, entre 5 
et 15°C. La cristallisation fait apparaitre des mono- 
cristaux sous forme d'aiguille. Le contrBle de la 
puretC des produits se fait par dosage du groupement 
sulfite et caractkrisation de l'ion SO,'- par spectro- 
scopie d'absorption infrarouge. 

Les dkterminations cristallographiques (syst2me 
cristallin et param2tres de maille) ont CtC conduites 
par les techniques du monocristal et sont rassem- 

bltes dans les tableaux 1-3. Certains composts 
n'ont pu &tre isolts sous forme de monocristaux. 11 
s'agit de Li,SO,P (forme haute temptrature), 
LiRbSO, et LiCsSO,. 11s ont CtC caractCrisCs par leur 
diagramme de poudre.' 

D'aprbs la connaissance des parambtres cristallo- 
graphiques, l'isostructuralite' des sulfites avec les sels 
d'anions te'trazdriques de syme'trie T, est t r b  limite'e: 
seuls Rb,SO, et Cs,SO, d'une part, et NaRb,(SO,), 
d'autre part sont respectivement de types structuraux 
K,SO,P et glastrite (3): composC de formule 
CaBa,(SiO,),. Par contre l'isostructuralite' avec les 
composb h anion te'trazdrique de syme'trie C,, est 
plus riche; ainsi nous avons respectivement les iso- 
structuralitts suivantes. Sels simples (a) Rb,SO, et 
Cs,SO, avec M,PO,F pour M = K, Rb, Cs; (b) 
(NH,),SO,.H,O et (NH,),PO,F.H,O (1). Sels 
doubles: (a) LiKSO,.H,O avec LiKPO,F.H,O (4); 
(b) LiKS0,a et LiNH,SO, avec LiMP0,F (5) pour 

'On peut obtenir les listes des distances interreticulaires, les 
intensites relatives, les facteurs de temperature anisotrope ainsi 
que la liste des facteurs de structure observes et calcules, B un 
prix nominal, en s'adressant au DBp6t de donnees non pub- 
likes, ICIST, Conseil national de recherches du Canada, 
Ottawa (Ont.), Canada KIA 0S2. 
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ARCHER ET AL. 90 1 

TABLEAU 3. Constantes cristallographiques des sulfites doubles 
NaM3(SO3I2 

Systeme 

Hexagonal (PJrnl) 

Groupe d'espace NaRb3(So3)~ NaTL(s03)~ (7) 

M = K, Rb, Cs et NH,; (c) NaRb,(SO,), et 
NaT13(S03), avec NaM,(PO,F), (6) pour M = K 
et Rb. 

Enfin les sels LiKS0,P (forme haute temptra- 
ture), LiRbSO, et LiCsSO, (isotypes entre eux) ne 
sont pas isotypes des composts B anions tetrabdriques 
de symCtrie T, (SO4'- et BeF,'-) et de symttrie 
C,, (P03FZ-). 

Les temptratures dedeshydratation de LizS03.Hz0, 
LiKSO3.HZO, LiRbS0,-2H,O et LiCsS03.2Hz0 
sont respectivement de 78,53,5 et 55°C. L'oxydation 
des sulfites alcalins se produit vers 330, 435,475, 720 
et 740°C respectivement pour LizS03, NazS03, 
KzS03, RbzSO, et CszS03; puis vers 260, 290 et 
330°C pour LiKSO,, LiRbSO, et LiCsSO,. Les sels 
d'ammonium, (NH4),SO3.HZO et LiNH4S03 se 
dtcomposent d b  30°C. 

Le sulfite double LiKSO, obtenu par dkshydrata- 
tion de LiKS03.Hz0 ?i 53°C est isotype des mono- 
fluorophosphates LiMP03F anhydres; il possbde 
une deuxi6me varittt allotropique: dbs 212"C, il passe 
B la forme LiKS0,P (appelte forme haute temptra- 
ture) isotype des sels doubles anhydres LiRbSO, et 
LiCsSO,. 

d 

En conclusion, les anions SO3'- et Po,F'-, h 
symttrie C,, induisent autour de leur environnement 
une assymttrie de charge responsable d'une plus 
grande isostructuralitt entre les sels de ces anions 
qu'entre les sels d'anions h symttrie T,. En effet dans 
la grande majoritt des structures rtalisCes sur les 
monofluorophosphates (1, 4-6) le F n'est pas lit 
avec ses voisins; il en est de m&me de la paire libre 
du S dans les composCs sulfites isotypes correspon- 
dants. 

Etude structurale de LiCsSOs. 2H20 
Aprbs avoir montrt les isostructuralitts entre cer- 

taines de ces phases et les monofluorophosphates 
correspondants, il ttait intkressant de connaitre 
l'arrangement structural dans l'une de ces phases non 

isotypes; notre choix s'est portt sur LiCsS03.2Hz0 
isostructural de LiRbS03.2Hz0. 

L'ttude sur monocristal en chambre de Weissen- 
berg indique que LiCsSO, 2Hz0 cristallise dans le 
systbme monoclinique groupe spatial C2/m, C2 ou 
Cm avec les parambtres indiquts dans le tableau 2. 

Un test sur poudre montre que LiCsS0,-2Hz0 a 
une rtponse en optique non linCaire de l'ordre de 30 
fois le quartz ce qui permet de ne retenir que les 
groupes non centro-symttriques, soit Cm ou C2. 

Les mesures d'intensitks ont t t t  rtalistes ?i tem- 
ptrature ambiante sur un monocristal de dimensions 
0.34 x 0.20 x 0.15 mm3 B l'aide d'un diffracto- 
metre Enraf-Nonius type CAD 3 utilisant la radia- 
tion MoKcl monochromatiste. Un balayage 8/20 a 
Ctt utilist et 776 rtflections ont t t t  mesurCes jusqu'h 
un angle de Bragg 8 = 35". Nous avons tlimint 
toutes les rtflections pour lesquelles a(I)/I ttait 
suptrieure ?i 0.30. Les 729 reflections indtpendantes 
restantes ont t t t  corrigtes des effets de Lorentz 
polarisation mais non d'absorption (pMoKa = 
6.39 cm-l). 

RQolution de la structure 
La structure a t t t  rtsolue h partir d'une synthbse 

de Patterson tridimentionnelle qui a permis de 
localiser l'atome de ctsium en position particulibre 
2(a) pour le groupe d'espace Cm. Cette synthbse de 
Patterson n'est pas exploitable dans le groupe C2. 
Une synthbse de Fourier tridimentionnelle utilisant 
la contribution de cet atome de cesium, dont les 
coordonntes ont t t t  bloqutes afin de fixer I'origine, 
a permis de localiser l'atome de S tgalement en 
position particulibre 2(a). Aprb affinement, une 
nouvelle synthese de Fourier nous a permis de 
localiser les atomes d'oxygbne des groupements SO, 
ainsi que ceux des deux molCcules d'eau. L'affine- 
ment des coordontes de ces atomes ainsi que de leurs 
facteurs de temptrature isotrope converge vers une 
valeur du coefficient de reliabilitt : 

R = CIF, - IF,II/CF,, = 0.108 

A ce niveau une synthbe difftrence de Fourier 
permet de localiser l'atome de lithium en site tttra- 
bdrique, mais non les atomes d'hydrogbne des molt- 
cules d'eau. Les liaisons hydrog6ne possibles per- 
mettent de dtterminer les positions des atomes 
d'hydrogbne HI, et H,, de la moltcule d'eau W(l), 
mais ceux de W(2) ne peuvent pas ttre positionnts. 
Le problbme a kt6 rtsolu par un calcul de minimisa- 
tion de 1'Cnergie Clectrostatique du rtseau h l'aide 
d'un programme Ccrit par Tordjrnaa2 Les positions 
dttermintes alors ont t t t  introduites pour un calcul 

2G. Tordjman. Communication privee. 
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902 CAN. J .  CHEM. VOL. 57, 1979 

TABLEAU 4. Parametres de positions atomiques (les kcarts 
types rnis entre parentheses portent sur la derniere dkcimale) 

xla ulb 3/c 

d'affinement et aprks trois cycles d'affinement avec 
agitation thermique anisotrope pour les atomes de 
Li, Cs, S et 0 et isotrope pour les atomes H, le 
coefficient de reliabilitt non pondCrC se stabilise B 
R = 0.046. Ce rtsultat confirme le choix du groupe 
Cm choisi pour la structure. Les facteurs de diffusion 
utilisCs sont ceux donnCs par Doyle et Turner (8) 
pour Lif ,  Cs, S, 0 et ceux donnts par Stewart et al. 
(9) pour les atomes d'hydrogtne. Le tableau 4 
rassemble les positions atomiques finales. 

Description de la structure 
La fig. 1 donne la projection de la structure sur le 

plan xOz. L'arrangement structural peut Etre dCcrit 
B partir de chaines parallkles B l'axe Oy. Ces chaines 
sont formCes de pyramides SO, et de tktrakdres LiO, 
ayant un sommet commun O(2). Li et S sont situCs 
au niveaux y = 0 et y = 3. Les diffkrentes chaines 
SO,-LiO, sont relikes entre elles par deux rCseaux 
de liaison hydrogkne, d'une part un rCseau paralltle 

au plan xOz (niveau y = 0 ou y = f )  B partir de 
W(l), d'autre part un second rCseau perpendiculaire 
B ce plan B partir de la moltcule W(2) (fig. 2). 

La pyramide SO, a une symCtrie proche de la 
symttrie C,, (3m). Les valeurs des distances S-0 
dans l'ion sulfite (tableau 5), correspondent bien B la 
valeur thCorique suggCrCe par Gillespie et Robinson 
(10): 1.54 A. Ces distances sont en accord avec les 
valeurs trouvCes pour plusieurs sulfites (11-19). 
Dans ce type de composts les oxygknes sont liCs soit 
B des hydrogknes, soit B des mCtaux. Ces valeurs sont 
nettement plus ClevCes que celles rencontrkes dans le 
cas oh les atomes d'oxygkne du motif SO:- sont 
peu liCs aux proches voisins (20,21). 

Le lithium est environnC par quatre atomes 
d'oxygkne, deux atomes d'oxygkne O(2) de deux 
groupements SO, diffkrents appartenant B une meme 
chaine et deux atomes d'oxygtne de deux molCcules 
d'eau W(l) et W(2) situCs au mEme niveau que 
l'atome de lithium soit y = 0 ou y = f ,  tableau 5. 

Le cCsium se dispose dans des canaux perpendicu- 
laires au plan xOz. Son environnement est contsituC 
par six proches voisins: deux oxygtnes O(1) i 
y = 0 et 1 pour Cs(3, 3, 1); deux oxygtnes O(2) B 
y = 0.715 et 0.285 pour Cs(+, 3, 1); deux oxygtnes 
de W(l) B y = 0 et 1 et z = 1.426 pour Cs(+, 3, 1); 
et quatre autres voisins B des distances supkrieures 
B 3.5 A :  iW(1) (y = 0 et 1, et z = 0.426) et 2W(2) 
(y = 0 et 1, et z = 1.352) pour Cs(+,+, 1). 

Le doublet du SIV est sur l'axe ternaire du groupe- 
ment SO,'-. Cet axe fait un angle de 27" avec la 
direction S.  . .Cs (fig. 3). La distance S . .  .Cs de 
3.80 A est de 18% inftrieure B la distance S-0. . . Cs 
lintaire de 4.64 A rencontrie dans la bibliographic - A 

pour Cs,S04 (20). 

FIG. 1. Projection sur le plan xOz de la structure FIG. 2. Reprksentation du rkseau de liaisons hydrogene 
LiCsS03.2H20. reliant les chaines L i o 4 4 o 3  dans le plan xOz. 
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ARCHER ET AL. 903 

TABLEAU 5. Distances et angles interatomiques (entre paren- 
theses sont not& les Bcarts types portant sur la derniere 

dkimale) 

(a) Ion SO3'- 

Distances (A) Angles (deg) 

Distances (A) Angles( deg) 

(c) Molkules d'eau 

Parametre Valeur Parametre Valeur 

(d) Environnement du cesium 

Parametre Valeur 

I1 a CtC signal6 (1) une semblable diminution pour 
(NH4),P03F.H,0 par rapport h (NH4),S03.H,0 
puis Na,P03F par rapport h Na,S03. I1 semble donc 
que 1'activitC stCrCochimique de la paire Clectronique 
de S1" (traduite par son encombrement) soit 1Cglre- 
ment infirieure h celle du fluor. 

LiCsS03.2H,0 prCsente un pouvoir de doublage 
de frCquence optique remarquablement ClevC. L'Ctude 
de cette propriCtC sur monocristal est en cours de 
rCalisation. 
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FIG. 3. ReprBsentation du proche environnement du soufre 
dans la structure LiCsS03.2H20. 
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Cycloadditions and other chemistry of 4-oxygenated pyrazoles 
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PAUL J. FAGAN, ELI E. NEIDERT, MARTIN J. NYE, MICHAEL J. O'HARE, and WAH-PIu TANG. 
Can. J. Chem. 57,904 (1979). 

Several synthetic routes to some new substituted pyrazol-4-01s and the reactions: methyla- 
tion, acetylation, Michael addition, and oxidation are reported. Synthesis and cycloaddition 
reactions of the systems pyrazolium-4-olate and 3,4-diazacyclopentadienone are also reported. 
The former does not cycloadd, whereas the latter behaves as both a diene and a dienophile in 
various cycloadditions. 

PAUL J. FAGAN, ELI E. NEIDERT, MARTIN J. NYE, MICHAEL J. O'HARE et WAH-PIu TANG. 
Can. J. Chem. 57,904 (1979). 

On rapporte de nouvelles m6thodes de synthtse de nouveaux pyrazolols-4 substituks et leurs 
rkactions de mkthylation, d'acktylation, d'additions de Michael et d'oxydation. On rapporte 
aussi la synthese et des reactions de cycloaddition des systemes pyrazolium-olate-4 et diaza-3,4 
cyclopentaditnones. Les premieres ne donnent pas de reaction de cycloaddition alors que les 
dernieres se comportent i la fois comme des dienes et des diknophiles lors de diverses 
rkactions de cycloaddition. 

[Traduit par le journal] 

~ Pyrazoles bearing an oxygen atom in the 4 posi- 
tion are of interest since one would expect some of 
the chemical reactions particularly cycloaddition to 
differ markedly from the 3- and 5-oxygenated ana- 
logues (1). Another point of interest is that the 
4-oxygenated pyrazoles are in general less accessible 
synthetically and hence have received much less 
attention. This work was initiated from an interest 
in the possible cycloaddition reactions of the 
systems 1 and 2. Compound 1 was found to cycloadd 
but compound 2 did not. This paper2 includes these 
results and reports a number of new compounds 
synthesized incidently. 

1 2 6 
(for key to R,R,R,&R, see Tables 1 and 2) 

Results and Discussion 

Ring Synthesis 
Four general ways of synthesizing pyrazol-4-01s 

have already been reported (4). Of these the preferred 
route (route 2) is shown in Scheme 1. The fifth and 

'To whom correspondence should be addressed. 
,The results in this paper are in part found in the Ph.D. 

and M.Sc. theses of W. P. Tang (2) and P. J. Fagan (3), 
respectively, and have been partly reported in preliminary 
form (4). 

R* NH~NHI 
0 0 N-N 

H/ 

\ 
R&R 

N-N 
H/ 

YCH2COOEt N-N 
H/ 
I 
I 

H&H 
N-N 

H' 
6a 

Route6 RyR NOH HN02 P R*R N-N 5 HOAc 5 

od Lo 
(Y = COOEt or CN. When Y = COOEt, 6a can be produced 
by hydrolysis and decarboxylation) 

SCHEME 1 
sixth methods first used by Bertho and Niissel (5) 
and Freeman et al. (6),  respectively, and used in this 
laboratory are also shown in Scheme 1. 

In the case of the fifth method for preparation of 
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01979 National Research Council of CanadalConseil national de recherches du Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



FAGAN ET AL. 

TABLE 1 .  Synthesis of substituted pyrazol-4-01s (6) 

Corn- Melting point ("C) 
RI  R3 R4 Rs pound Route yleld (lit. mp (ref.)) 

Me* 
Met 

Ph* 
Pht 

Ph 
Ph 
Ph 

COOEt 

Ph 
Ph 
Ph 

COOEt 

COOEt 
COOMe 

CN 
COOMe 

COOEt 
Ph 
Ph 
Ph 

*The product is a mixture of 70% of this compound with 30% of  the compound with the methyl and phenyl reversed. 
tThe 3-methyl and 5-phenyl might be reversed. 
SUsing methylhydrazine instead of hydrazine. 
&Using ~henvlh~drazine instead of hidrazine. 
[See Eiperimenial. 

61 several by-products were obtained and identified 
(Scheme 2). Under conditions of aqueous work-up 
the main products were the hydrazones 7, 8, and 9, 
whereas under anhydrous conditions 61, 10, and 11 
were the isolated products. Compound 10 was shown 
to be the precursor to 61 and 11. 

Synthesis of 6m and 6n from 6k by action of 
methanolic potassium hydroxide at room tempera- 
ture and ammonium acetate at 130"C, respectively, 
are reported. It is curious in the latter case that none 

of the 3,5-dicarbamyl product could be isolated even 
when the temperature and duration of the reaction 
were increased. 

Methylation 
0-Methylated pyrazol-4-01s (6r and 6s) may be 

synthesized in 60-70% yields by shaking a solution 
of the pyrazole in aqueous sodium hydroxide with 
dimethyl sulfate (presumably via an anion inter- 
mediate), whereas N-methyl derivatives (6i, 6s, and 

OEt OEt 
N,CHCOOEt NaOEt 

+ 
NCCH,COOEt EtOH 

N-N 
H' 

N-N 
H' 
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TABLE 2. Methylation and acylation of pyrazol-4-01s to give 2 or 6 (route 7: DMS -t alkali; route 8: 
DMS; route 9 :  via N,N'-dimethylhydrazine; route 10: acetyl chloride; route 11: DMAD, 

Y = MeOOCCH=CCOOMe) 

Corn- % Melting point 
RI  R2 R3 R4 R5 pound Route yield ("(3 

H - Ph Me Ph 6r 7 80 161-163 
Me - Ph Me Ph 6s 7 72 89-90 
Me - Ph H Ph 6i 8 78 175-177 
Me - COOEt H COOEt 61 Me1 65 90-95 
Me Me H - H 2at Me1 72 160-165 
Me Me Me - Me 2bt 8 64 158-161 

9 50 
Me Me Me - Ph 2ct 8 8 1 110-112 
Me Ph Me - Me 2dt 8 40 Oil 
Me Ph Me* - Ph* 2et 8 62 138-142 
Me Me Ph - Ph 2f 8 91 201-203 

9 42 (dec.) 
Me Ph Ph - Ph 2g 8 40 139-141 
Me Me COOEt - COOEt 2hS 8 71 234-235 
AC - Ph H Ph 614 10 91 155-157 
Ac - Ph Ac Ph 6v 10 94 146148 
Ac - Ph Me Ph 6 w  10 95 79-80 
PhCO - Ph H Ph 6x PhCOCl 73 163-165 
Y - Ph H Ph 6y 11 30 118-120 
Y - Ph Y Ph 62 11 26 143-144 

'The positions of  Me and Ph m~ght be reversed. 
tAs  rnonohydrates. 
$As hernlhydrate. 

6r) may be prepared by direct heating with dimethyl I OH OH 
sulfate (DMS) or methyl iodide. Similarly, N,Nt- ph+h AC,O p h h p h  - disubstituted pyrazolium compounds may be made N-N min N-N MeOOC N-N 
directly from either an N-substituted or from an H/ Ac / 
N-unsubstituted pyrazol-4-01 by heating it with 
excess dimethyl sulfate or methyl iodide to give the 

HxCOOMe 
6h 6u 6~ 

methosulfate or iodide salt which is then treated with 
alkali or passed down an ion exchange column to 
generate the zwitterion (2a-h). The zwitterions 2b 
and 2f have also been prepared by treating 2- 
acetoxy- 1,3-diphenyl-1,3-propanedione and 3-ace- IEf 30 rnln 
toxy-2,4-pentanedione (12) with N,Nf-dimethyl- 
hydrazine. The analogous reactions of 12 with N,Nf- 
diphenylhydrazine and N-methylhydroxylamine were 

I.c20 
OAc 

unsuccessful. Table 2 summarizes the yields and ph 
melting points. Gph - A ~ O ,  p h y $ . ( ~ h  

N-N N-N 
Acetylation H/ AC/ 

Acetylation of pyrazol-4-01s by refluxing with 
acetic anhydride occurs at both the N, and 0 60 6 v  
positions but the rate of N-acetylation is faster. 
Hence depending on the time of reaction one can MeOOC H 

isolate either N-acetyl- or N,O-diacetylpyrazol-4-01s 
as the main products (see Scheme 3). Convenient- 

X c o o M e  

ly the 0-acetylpyrazol-4-01s can be prepared by 
ph&ph 

monodeacetylation of the diacetyl compounds by MeOOC N-N 
passing them down a column of neutral alumina. 
For example 60 is formed by deacetylation of 6v in H ~ C O O M ~  

937, yield. The site of acetyl substituent is readily 6z  

revealed by the carbonyl band in the ir spectrum SCHEME 3 
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(0-acetyl - 1760 cm-l, N-acetyl - 1740 cm-l). An 
alternative route to 0-acetyl compounds is via route 
2 in Scheme 1. 

N-Benzoylation is effected on pyrazol-4-01s by 
heating them at 100°C with benzoyl chloride. Table 
2 reports yields and melting points. 

Michael Additions 
Attempts at cycloadditions between 1,3-diphenyl- 

pyrazol-4-01 and dimethylacetylene dicarboxylate 
(DMAD) yielded the 1 : 1 and 1 :2 Michael adducts 
6y and 62 instead (Table 2). 

Oxidation 
1,3-Diphenylpyrazol-4-01 (6h) is oxidized to 1,3- 

diphenyl-3,4-diazacyclopentadienone (1) by lead 

dioxide in dry ether. It is a purple solid, deep red in 
acetonitrile solution and purple in concentrated 
sulfuric acid - acetonitrile mixtures, like tetraphenyl- 
cyclopentadienone (13) in all these respects. How- 
ever, unlike 13, l has a barely detectable ir carbonyl 
band (at 1740 cm-') in the solid state. Weak ir 
bands are known (10) to occur when the change in 
dipole moment during transition is close to zero and 
this could conceivably be the case for 1 as the 
polarity of the CO bond would be greatly reduced 
compared to normal ketones by the contribution 
from the five resonance structures represented by 14 
which are stabilized by virtue of the aromatic sextet 
and also the presence of the electronegative nitrogen 
atoms. The charges calculated for 1 and cyclopenta- 
dienone by the HMO method, although imprecise, 
clearly show the expected trend (Fig. 1). 

FIG. 1.  Charges calculated for 1 and cyclopentadienone. 

Conversion of 6h to 1, observed by visible spectro- 
photometry, can also be effected in solution by 
thionyl chloride or by butyl nitrite both of which 
have been used for analogous reactions by Biichi and 
Lukas (1 1). Further confirmation of the structure ,cf 
1 is gained by its observed formation in solution 
from 5-hydroxy-3,5-diphenylpyrazolin-4-one (15) 
(prepared by reaction of diphenyltriketone with 
hydrazine (4)), by treatment with concentrated 
sulfuric acid. 

Solutions of 1 are very unstable at room tempera- 
ture even in the dark and within 30 min are prac- 
tically completely decomposed. A crystalline product 
may be isolated from the solution and had previously 
been tentatively assigned (3) structure 16 from ele- 
mental analysis, uv, ir, and 'Hmr spectra. This struc- 
ture was later confirmed by Trost and Whitman (12) 
by mass and I3C spectra. 

Cycloadditions of the Diazacyclopentadienone ( I )  
Two questions were of great interest in connection 

with the cycloadditions of 1. Firstly, does it react as 
a diene (13-15), as a dienophile (13, 16), or as a 
1,3 dipole (13, 16)? Secondly, if 1 behaves as a diene, 
is it an example of the rare class of electron deficient 
dienes described by Sauer and Weist (17) which are 
highly reactive towards unactivated (electron rich) 
alkenes ? 

When 1 was treated with a wide variety of cyclo- 
addition reagents with various conditions of solvent 
and temperature, it behaved either as a diene or a 
dienophile but not as a 1,3 dipole. As a dienophile it 
reacted with 2,3-dimethyl-l,3-butadiene to give 17 
and with cyclopentadiene to give an analogous 
product. As a diene it reacted with [2.2.l]bicyclo- 
heptene to give 18, presumably via 19 by loss of 
carbon monoxide and hydrogen. The latter steps 
have plenty of analogies (18). No products were 
isolated when 1 was treated with maleic anhydride, 
dimethylacetylene dicarboxylate, diphenylacetylene, 
dimethyl fumarate, carbon disulfide, isobutyl vinyl 
ether, cyclohexene, and cyclopentene. 

Although the diene and dienophile reactivities of 
1 were anticipated, the self condensation to give 16 is 
unusual. The first step, a simple Diels-Alder dmer- 
ization to give 20, is presumed but one would then 
anticipate formation of 21 by loss of carbon monox- 
ide as normally observed for cyclopentadiene dimers 
(18) and as occurs when 18 is formed from 19. Instead 
nitrogen is lost. A possible explanation is that 
although carbon monoxide is lost by concerted 
reverse cycloaddition, nitrogen may be eliminated 
by a two-step free radical process (10 -, 22 -, 23). 
There is a precedent (15) for this mechanism in that 
24 on heating (120°C) is converted to 25 and a 
diradical intermediate analogous to 23 was pro- 
posed. The factor which encourages the free radical 
mechanism for both 20 and 24 could be the presence 
of a stabilizing nitrogen substituent attached directly 
to the carbon radical generated in the initial bond 
breaking step. Note that this substituent is absent in 
19 and hence the radical mechanism would be dis- 
couraged in favour of a concerted reverse cyclo- 
addition. The final product 16 could then arise by 
two-step cycloaddition of 23 to another mole of 1. 
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The above suggested mechanism has the advantage 
of avoiding symmetry problems associated with the 
simpler mechanism (20 -+ 26 -+ 16). If the latter 
mechanism is concerted, according to the Frontier 
Molecular Orbital (FMO) theory (19, 20), the over- 
lapping lobes of the HOMO orbital of one reactant 
and the LUMO orbital of the other reactant should 
have the same phase. Figure 2 shows the eigenvector 
coefficients of the HOMO's and LUMO's of 1 and 26 
as calculated by the Huckel n method and reveals a 
mismatch for suprafacial attack and therefore the 
reaction is disallowed. Similarly suprafacial extrusion 
of N, from 20 is disallowed. Hence a four-step 
radical mechanism for conversion of 20 to 16 is 
probable but a four-step heterolytic mechanism or a 
combination of both cannot be ruled out. Trost et al. 
(12) observed the formation of 16 from the bis- 
diazoketone 27 and proposed a mechanism in which 
27 is converted to 1 and further 27 reacts with 2 
moles of 1 with elimination of 2 moles of N,. This 
mechanism may still be correct provided 27 is 
present but this current work reveals an alternative 
route which does not require reaction of 27 with 1. 
The ability of 1 to react with [2.2.l]bicycloheptene 
but not maleic anhydride is intimately connected 
with its strong electron affinity and this property is 
further emphasized by the observation that it can 
oxidize hydrochloric acid to chlorine. When dry 
hydrogen chloride is passed through a solution of 1 
in dry ether, chlorine gas is readily detected and a 
quantitative yield of 1,3-diphenylpyrazol-4-01 hydro- 
chloride is produced. The low intensity carbonyl ir 
band of 1 is a manifestation of the comparable elec- 
tron affinity of the heterocyclic ring relative to the 
exocyclic oxygen atom and this situation might also 
give rise to susceptibility of the oxygen of the 
carbonyl group towards nucleophilic attack. Indeed 
1 reacts immediately with triphenylphosphine as does 

0 0.00 -0.52 0 -0.33 
0.00 ------- 

0 . 5 5  Ass 28 
-0.43 N - N - - . - - - z ~ . ~ ~  N-N 

0.43 ------ -0.08 -0.36 
0.53 

HOMO LUMO 
(E = -0.83P) (E  = 0.03P) 

-0.25 

LUMO HOMO 
(E  = -0.35P) (E  = -0.55P) 

FIG. 2. Eigenvector coefficients and orbital energies of the 
HOMO's and LUMO's of 1 and 26. 

also the similarly electron-deficient 2,s-diphenyl-3,4- 
dicyanocyclopentadienone. In the latter case a 
crystalline adduct was obtained and characterized 
(21) but in the case of 1, triphenylphosphine oxide 
and 6h were isolated which implies formation of 28 
followed by hydrolysis in work-up. 

Cycloadditions of 4-Oxidopyrazolium (2) 
In a previous paper (22) a first example of a 

heterocyclic zwitterion cycloadding to a diene was 
reported (29 -+ 30) and using FMO theory it was 
predicted that the 4-oxidopyrazolium system (2) 
should behave in a similar way (2 -+ 31). Figure 3 
shows the eigenvector coefficients of the interacting 
lobes of the frontier orbitals. Since then exhaustive 
attempts to cycloadd 2 bearing methyls at the 1 and 
2 positions and either H (2a), phenyl(2f), or ethoxy- 
carbonyl(2h) at the 3 and 5 positions with numerous 
dienes and activated alkenes and alkynes have failed. 
The most likely compound to succeed was thought 
to be 2h as it bears electron withdrawing activating 
groups but it suffered from instability problems. For 
example it is completely destroyed by heating it for 
15 h at 100°C in bromoform. The nmr spectrum 
indicated conversion to 1-methyl-3,s-diphenyl-4- 
methoxypyrazole. This type of behaviour had been 
observed previously for derivatives of 2 bearing 
phenyl or methyl substituents (2,23). In the presence 
of moisture the decomposition accelerates and 1- 
methylpyrazol-4-01 arises by hydrolysis and decar- 
boxylation. For example acetonitrile containing 
0.02% water decomposes 2h in 12 h at room tempera- 
ture. So in the case of 2h any cycloaddition activity 
was masked by the highly competitive side reactions. 
For 2a and 2f the explanation of inactivity must be 
the fact that neither the HOMO nor LUMO lies 
close to zero and rates of cycloaddition are roughly 
inversely proportional to the energy difference 
between the interaction frontier orbitals (20). 

Experimental 
Infrared spectra were recorded on a Beckmann IR5A 

spectrophotometer as Nujol mulls unless otherwise stated and 
major peaks are reported in reciprocal centimeters. Nuclear 
magnetic resonance spectra were recorded on a Varian A-60A 
spectrometer using the internal standards DSS (sodium 
2,2-dimethyl-2-silapentane-5-sulfonate) and TMS in CDCI, 
unless otherwise stated, and the data are presented in the 
order; chemical shift in ppm relative to the standard, multi- 
plicity, number of protons, and assignment. Ultraviolet spectra 
were recorded on a Unicam SP-800 spectrophotometer in 95% 
ethanol unless otherwise stated and the data are presented in 
the following order: h,,, in nm, molar extinction coefficient 
(in parentheses). Mass spectra were run on a Varian MAT CH7 
spectrometer. Symbols have the following meanings: b, 
broad; i, inflection; sh, shoulder; s, singlet; m, multiplet; d, 
doublet; t, triplet; q, quartet. Melting points were determined 
on a Mel-Temp apparatus and are uncorrected. Most of the 
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N-N 

. ,, 
19 HOMO LUMO LUMO HOMO 

I 
(E = -0.5Op) (E = 0.61p) (E = 0.39P) (E = -0.61P) 

-0, -Hz FIG. 3. Eigen-vector coefficients and orbital energies of the 
HOMO'S and LUMO's of 2 and 1,3-butadiene. 

w P h  
+ Y' 

N\ N-N Y 

ph+ 

N-N N-N 

elemental analyses (performed by A. B. Gygli, Microanalysis 
Laboratories Ltd., Toronto; C. Daesslt, Organic Micro- 
analyses, Montreal; and H. S. McKinnon, Chemistry Depart- 
ment, University of Guelph) and ir spectra have been omitted 
for brevity and are available from the Depository of Unpub- 
lished Data.3 All new compounds had satisfactory elemental 
analysis. 

Route 2 (3 + 4 + 5 )  
The starting materials, I ,3-diphenyl-2-acetoxy-l,3-propane- 

dione, 3-acetoxybenzoylacetone, and 3-acetoxypentane-2,4- 
dione, were prepared according to the methods of Neufville 
and Pechmann (24), Bohme and Schneider (8), and Auwers 
and Auffenberg (25), respectively. Typical procedures are 
given below for 6j and 6q, together with 'Hrnr and uv spectra 
for the products. 
3,5-Dimethylpyrazol-4-01 (6b)-uv: 232 (5270); 'Hrnr 

(acetic-d3 acid-dl) 2.23 (s, 6H, CH,). 
1,3,5-Trimethylpyrazol-4-01 (6c)-'Hmr: 2.13 (s, 6H, 

CH,), 3.65 (s, 3H, N-CH3). 
I-Phenyl-3,5-dimethylpyrazol-4-01 (6d)-uv: 225(i) (7890), 

263 (11 550); 'Hmr; 1.99 (s, 3H, CH3), 2.04 (s, 3H, CH,), ca. 
6.80 (b, lH,  OH), 7.18 (s, 5H, aromatic). 
1,3-Dimethyl-5-phenyIpyvazo1-4-01 (70%) mixed with 1,5- 

dimethyl-3-phenylpyrazol-4-01 ( 3 v 0 )  (6f)-'Hmr : 208 (s, 
3H, CCH,), 3.54 (s, 3 x 70% H, NCH,), 3.59 (s, 3 x 30% H, 
NCH,), 7.17-7.95 (m, 5H, aromatic). 
3-Methyl-1,5-diphenyIpyvazo1-4-01 or 5-methyl-1,3-diphenyl- 

pyrazol-4-01 (6g)-'Hmr: 2.13 (s, 3H, CH,), 7.2 (m, 10H, 
aromatic). 

3,5-Diphenylpyrazol-4-01 (6h)-uv: 252 (22 700), 276(sh) 
(17 loo), 295(sh) (10 000); 'Hmr (DMSO-d6): 7.32-7.67 (m, 
7H, aromatic + OH), 7.94-8.11 (m, 4H, aromatic), 8.40 (b, 
lH,  NH). 
I-Methyl-3,5-diphenyIpyvazo1-4-01 (6i)-uv: 245 (21 500), 

276(sh) (10 600); 'Hmr: 3.80 (s, 3H, CH3), 7.35-7.62 (m, 9H, 
aromatic + OH), 7.98-8.14 (m, 2H, aromatic). 
1,3,5-Triphenylpyrazol-4-01 (6j)-phenylhydrazine (0.5 rnL, 

0.005 mol) was added to a warm solution of 1,3-diphenyl-2- 
acetoxy-l,3-propanedione (1.13 g, 0.004 mol) in 95% ethanol 
(10 mL). After refluxing the solution for 1.5 h orange crystals 
separated and were collected by filtration. 
4-Acetoxy-3,5-diphenylpyrazole (60)-uv : 251 (29 900) ; 

'Hmr: 2.26 (s, 3H, CH3), 7.30-7.50 (m, 6H, aromatic), 
7.60-7.77 (m, aromatic), 10.68 (bs, lH, NH). 

3Photocopies may be obtained, at a nominal charge, upon 
request from the Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Ont., Canada 
KIA 0S2. 
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I-Methyl-4-acetoxy-3,5-diphenylpyuazole (6p)-uv: 247 
(27 800); 'Hmr: 2.13 (s, 3H, CH,), 3.83 (s, 3H, NCH3), 
7.32-7.55 (m, 8H, aromatic), 7.75-7.92 (m, 2H, aromatic). 

4-Acetoxy-1,3,5-triphenylpyrazole (6q)-phenylhydrazine 
(0.42 mL, 0.0042 mol) was added with stirring to a solution of 
1,3-diphenyl-2-acetoxy-1,3-propanedione (1.13 g, 0.004 mol) 
in acetic acid (10 mL). The mixture was stirred for 1 h, left for 
18 h, evaporated at reduced pressure, and the crude mass 
triturated with ether (5 mL) to yield 1.03 g (72%) crude prod- 
uct; uv: 248 (27 300), 271(i) (21 500), 283(i) (14 800); 'Hmr: 
2.15 (s, 3H, CH3), 7.08-7.38 (m, 13H, aromatic), 7.66-7.83 
(m, 2H, aromatic). 

Route 5 (Preparation of 3-Carbethoxy-5-cyanopyrazol-4-01 
(61) and By-products 7-11) 

A solution of 2.2 g (0.02 mol) of ethyl cyanoacetate, 2.2 g 
(0.02 mol) ethyl diazoacetate, and 20 mL of absolute ethanol 
was added to a solution of 1 g (0.04 mol) sodium in absolute 
ethanol. The solution was maintained at 0-5°C during the 
addition and for 3 h thereafter. After stirring at room tem- 
perature for an additional 14 h the solution was divided into 
two equal portions which were worked up, individually, as 
follows. 

Anhydrous Work-up 
Dry hydrogen chloride was bubbled into the solution 

followed by evaporation to dryness. The crude grey residue 
was triturated with 5 x 50 mL anhydrous ether. The ether was 
removed under reduced pressure leaving a viscous brown oil. 
Thin-layer chromatographic analysis showed that this oil 
consisted of one major component and several minor com- 
ponents. Purification by preparative tlc yielded 730 mg (33%) 
of a clear yellow oil identified as (2)-ethyl ethoxycarbonyl- 
methylhydrazonocyanoacetate (10) on the basis of the follow- 
ing spectral properties; ir (neat): 3210,2980,2230, 1740, 1720 
(sh), 1690, 1220-1150, 1022, 785; 'Hmr (CD3CN): 1150 (b t), 
J E 5 Hz, lH, NH), 3.39 (d, J = 5 Hz, 2H, NCH,), 4.30 (q, 
J = 7 HZ, 2H, CH2CH3), 4.20 (q, J = 7 HZ, 2H, CHZCH,), 
1.34 (t, J = 7 HZ, 3H, CH2CH3), 1.25 (t, J = 7 HZ, 3H, 
CH2CH3), addition of D,O causes NH to exchange and the 
NCH, peak to collapse to a singlet; ms: molecular ion at mle 
227; uv: 295.5 (1.5-1.8 x lo4). 

Aqueous Work-up 
The remaining half of the solution was diluted with 4 

volumes of water and extracted with 2 x 125 mL of ether. 
These ether layers were discarded. The remainder of the 
aqueous phase was acidified to pH 4-5 with dilute hydro- 
chloric acid and extracted with 4 x 125 mL ether. The com- 
bined ether layers were washed with saturated sodium chloride 
solution and dried over anhydrous sodium sulfate. Upon 
removal of the ether under reduced pressure a viscous yellow 
oil consisting of two major components at Rf 5.1 and 4.2 (tlc) 
and several minor components was isolated. Purification by 
two successive collections from preparative tlc enabled the 
isolation of the two major .components as white crystalline 
solids. The product having Rf 5.1 (360 mg, 19%) was identified 
as (2)-ethoxycarbonylmethylhydrazonocyanoacetic acid (9), 
mp 104-106"C, on the basis of the following spectral proper- 
ties; ir (KBr): 3500-2500(b, several bands), 2230, 1735, 1695, 
1530, 1220-1 170(strong), 1020, 776; 'Hmr (CD3CN): 8.80 
(bs, IH, NH), 7.32 (bs, IH, COOH), 4.38 (d, J = 5 Hz, 2H, 
NCH,), 4.32 (q, J = 7 HZ, 2H, CH2CH3), 1.32 (t, J = 7 HZ, 
3H, CH,CH3), addition of D,O causes NH and COOH to 
exchange and the NCH, peak to collapse to a singlet; ms: 
molecular ion at mle 199; uv: 302.5 (1.48 x lo4). Anal. calcd. 
for C7HgN3O4: C 42.21, H 4.56, N 21.09; found: C 42.37, 
H 4.66, N 21.16. 

The material having Rf 4.2 (380 mg, 20%) was identified as 
a 2: 1 mixture of (2)-ethyl carboxymethylhydrazonocyano- 
acetate (7) and its (E)-isomer (8), respectively. It was not 
possible to separate these isomers by any simple techniques, 
thus the spectral data following is a superimposition of the 
spectral properties of 7 and 8. From the 'Hmr spectrum of the 
mixture it was possible to derive the spectra of 7 and 8 indi- 
vidually. These spectral properties were as follows; ir (KBr): 
350&2500(broad, several bands), 2200, 1730, 1690,1235,1180, 
1160(sh), 767; 'Hmr (7) (CD3CN): 8.77 (bs, lH,  NH), 7.83 
(bs, lH,  COOH), 4.46 (d, J = 5 Hz, 2H, NCH,), 4.38 (q, 
J = 7 HZ, 2H, CH2CH3), 1.38 (t, J = 7 HZ, 3H, CH, CH,); 
'Hmr (8) (CD3CN): 7.01 (bs, lH, COOH), 4.29 (q, J = 7 Hz, 
2H, CHZCH,), 3.29 (s, 2H, NCH,), 1.27 (t, J = 7 HZ, 3H, 
CH2CH3); addition of D,O causes NH and COOH protons 
to exchange immediately and the NCH, protons of 8 to 
exchange slowly (half-life 0.5 h), and the NCH, protons of 7 
to collapse to a singlet; ms: molecular ion at mle 199; uv: 298 
(1.73 x lo4). Anal. calcd. for C7H9N304: C 42.21, H 4.56, 
N 21.09; found: C 42.26, H 4.60, N 21.00. 

A solution of 500 mg (2.2 mmol) of diester 10 was heated at 
reflux in 20 mL absolute ethanol containing 100 mg (4.35 
mmol) of sodium for a period of 8 h. The solution became a 
very dark clear brown at the end of this time. Water (80 mL) 
was added to the solution followed by the addition of 6 N 
HC1 until pH 8 was reached. The aqueous layer was extracted 
with 6 x 50 mL ether. The combined ether layers were washed 
with saturated sodium chloride solution and dried over 
anhydrous sodium sulfate. Removal of the ether under re- 
duced pressure gave a viscous brown oil which crystallized 
slowly. Recrystallization from acetonitrile-chloroform yielded 
40 mg (8%) of a white crystalline solid, mp 143-145°C (lit. (5) 
mp 144"C), identified as 3,5-dicarbethoxy-4-aminopyrazole 
(11) on the basis of the following spectral properties; ir (KBr): 
3450, 3340, 3180(b), 2980, 1710, 1615, 1285, 1250, 1130, 788, 
770; 'Hmr (CD3CN): -12.9 (very broad elevation in base 
line, NH), 5.25 (bs, 2H, NH,), 4.38 (q, J = 7 Hz, 4H, 
CH,CH3), 1.39 (t, J = 7 Hz, 6H, CH,CH3); ms: molecular 
ion at mle 227; uv: 312 (8.27 x lo3), (+0.1 N NaOH) 296 
(6.24 x lo3). Anal. calcd. for CgHl,N304: C 47.57, H 5.77, 
N 18.49; found: C 47.50, H 5.52, N 18.75. 

The remainder of the aqueous layer was acidified further to 
pH 5-6 and again extracted with 6 x 50 mL ether. After 
washing with saturated sodium chloride solution, the com- 
bined ether layers were dried over anhydrous sodium sulfate. 
The ether was removed under reduced pressure leaving a 
viscous brown oil consisting (tlc) of several components. The 
major component Rf 0.22 was collected by preparative tlc. 
Recrystallization from acetonitrile-chloroform yielded 20 mg 
(5%) of 61, mp 228-229°C; ir (KBr): 3200(b), 2225,1730,1595, 
1295, 1255, 1198, 1034, 782, 717; 'Hmr (DMSO-d6): -5.1 
(broad elevation in base line NH, OH), 4.19 (q, J = 7 Hz, 2H, 
CH,CH3), 1.26 (t, J = 7 Hz, 3H, CH2CH3); ms: molecular 
ion at mle 181; uv: 283 (7.5 x lo3), 329 (1.5 x lo3), (+0.1 N 
NaOH) 329 (8.5 x lo3). 

3,5-Dicarbometlroxypyrazol-4-01 (dm) 
A solution of 100 mg 3,5-dicarbethoxypyrazol-4-01 (6k), 

100 mg potassium hydroxide, and 10 mL methanol was stirred 
at room temperature for 12 h, 40 mL water was added, and 
the solution acidified with dilute hydrochloric acid to pH &7. 
This aqueous solution was extracted with 4 x 25 mL ether. 
The ether was removed under reduced pressure leaving a gray 
solid which was readily recrystallized from chloroform- 
hexane. Pure 3,5-dicarbomethoxypyrazol-4-01 (6m) was 
isolated as a white solid, mp 240-242°C; ir (KBr): 3400, 3210, 
1705, 1675, 1535, 1310, 1295, 1210, 1075, 1012, 887; 'Hmr 
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(DMSO-d6): 3.83 (s, 6H, 0CH3); uv: 275 (8 x lo3), (+0.1 N 
NaOH) 319 (7-8 x lo3). 

3-Carbamyl-5-carbethoxyl-5-carbethoxypyrazol-4-01 (6n) 
A mixture of 100 mg (0.44 mmol) 3,5-dicarbethoxypyrazol- 

4-01 (61) and 4 g (0.05 mol) ammonium acetate was heated at 
130°C (mixture melts at 100-120°C) for 2 h and the crude 
fusion products completely dissolved by addition of water 
followed by dilute HCI to pH 5-6. The combined ether 
extract (3 x 50mL portions) was dried over anhydrous 
sodium sulfate and concentrated. Thin-layer chromatographic 
analysis revealed the presence of three components oneof which 
was starting material. The major component (bottom spot) was 
readily purified by recrystallization leaving 35 mg (41%) of 
3-carbamyl-5-carbethoxypyrazole-4-01 (6n) as a white crystal- 
line solid, mp 261-263°C; ir (KBr): 3460, 3315, 3200, 1685, 
1678,1655,1325,1173,1023,820,784,750; 'Hmr (DMSO-d6): 
4.28 (q, J = 7 HZ, 2H, CHZCHB), 1.27 (t, J = 7 HZ, 3H, 
CH2CH3); uv: 271 (10-12 x lo3). 

Route 7 (0-Methylation of Pyrazol-4-01s) 
Typical 0-methylations are illustrated below. 
4-Methoxy-3,5-diphenylpyrazole (6r)-A solution of 6h 

(1.18 g, 5 mmol) in 10% NaOH (60 mL) was heated to 60°C 
to dissolve and diluted to a volume of 90mL with water; 
2.5 mL of dimethyl sulfate was added and the two phases 
vigorously shaken. Solids were filtered and more methyl 
sulfate (2.5 mL) added to the filtrate to give a second crop of 
solid. The combined products were washed with water and 
dried; uv: 255 (28, loo), 291(sh) (6000); 'Hrnr: 3.63 (s, 3H, 
CH3), 7.28-7.53 (m, 6H, aromatic), 7.83-8.00 (m, 4H, aro- 
matic), 10.87 (s, lH, NH). 

I-Methyl-4-methoxy-3,5-diphenylpyvazole (6s)-uv: 251 
(24 100); 'Hmr: 3.55 (s, 3H, 0CH3), 3.83 (s, 3H, NCH3), 
7.33-7.86 (m, 8H, aromatic), 8.02-8.18 (m, 2H, aromatic). 

Route 8 (N-Methylation of pyrazol-4-01s) 
Typical examples are given below. 
1,2-Dimethylpyrazolium-4-olate monohydrate (2a)-'Hmr 

(DMSO-d6): 7.02 (s, 2H, aromatic), 3.79 (s, 6H, CH3); uv 
(H,O): 285 (4000). 
1,2,3,4-Tetramethylpyvazolium-4-olate monohydrate (2b)- 

uv (H20): 289 (7900); 'Hmr (D20): 3.77 (s, 6H, NCH3), 
2.21 (s, 6H, CCH3). 

1,2,3 - Trimethyl- 5 -phenylpyvazolium- 4 - olae monohydrate 
(2c)-uv (HzO): 311 (9200); 'Hmr (D,O): 7.55 (s, 5H, 
aromatic), 3.87 (s, 3H, NCH3), 3.69 (s, 3H, NCH,), 2.32 
(s, 3H, CCH3). 

1,3,5 t trimethyl-2-phenylpyrazolium- 4-oIate monohydrate 
(2d)- uv (H20): 297 (7500); 'Hmr (D,O): 7.84-7.38 (m, 
5H, aromatic), 3.56 (s, 3H, NCH,), 2.35 (s, 3H, CCH3), 
2.05 (s, 3H, CCH,). 
1,3-DirnethyI-2,5-diphenylpyrazolium-4-olate monohydrate or 

1,5-dimethyl-2,3-diphenylpyrazolium-4-olate monohydrate (2e) 
-uv (H,O): 322 (10 200); 'Hmr (D,O): 7.69-7.18 (m, 10H, 
aromatic), 3.55 (s, 3H, NCH3), 2.45 (s, 3H, CCH3). 
1,2-Dimethyl-3,5-diphenylpyrazolium-4-0late (2f)-uv: 226 

(14200), 248(i) (6700), 325 (9700); 'Hmr @,0): 8.61 (s, 
10H, aromatic), 3.75 (s, 6H, CH3). 
I-Methyl-2,3,5-triphenylgyrazolium-4-olte (2g)-uv (HzO): 

341 (11 500); 'Hrnr: 8.02-7.16 (m, 15H, aromatic), 3.58 (s, 
3H, aromatic). 
1,2-DimethyI-3,5-dicarbethoxypyrazolium-4-0late (2h)-A 

solution of 500 mg (2.2 mmol) 3,5-dicarbethoxypyrazol-4-01 
(6k) in 6 mL dimethyl sulfate was heated at 100°C for 2 h. After 
cooling to room temperature, dry ether was added dropwise 
until crystallization was initiated. The product was filtered and 
recrystallized from acetonitrileether to yield 600 mg (60%) of 

3,5-dicarbethoxy-1,2-dimethylpyrazolium-40 methosulfate, 
mp 133-134°C; 'Hmr (CD3CN): 4.54 (q, J = 7 Hz, 4H, 
CH,CH3), 4.35 (s, 6H, N-CH3), 3.48 (s, 3H, MeSO,), 
1.42 (t, J = 7 Hz, 6H, CH2CH3). A 100 mg (0.27 mmol) 
sample of the methosulfate was dissolved in a minimum 
amount of acetonitrile at room temperature. To this solution 
was added 1 equiv. of triethylamine and an immediate 
appearance of precipitate was noted (2h). Maximum crystal- 
lization was achieved by adding carbon tetrachloride and 
cooling; uv: 278 (10 000 est.); 'Hmr (D20): 4.28 (q, J = 7 Hz, 
4H, CHZCH,), 4.08 (s, 6H, NCH,), 1.22 (t, J = 7 Hz, 6H, 
CH2CH3), internal standard: acetone taken as 2.07. 

I-Methyl-3,5-diphenylgyrazol-4-01 (6i)-A mixture of 6h 
(2.36 g, 0.01 mol) and dimethyl sulfate (4.8 mL, 0.05 mol) was 
heated in an oil bath (10&130°C) until dissolution and then 
for 10 min more. After cooling, 150 mL of water was added 
with stirring to dissolve excess dimethyl sulfate. A precipitate 
of 6i formed, and was filtered and washed with water. 

Route 9 
A typical example is given below. 
1,2,3,5-Tetramethylgyrazolium-4-olate (2b)-A mixture of 

1,2-dimethylhydrazine hydrochloride (1.40 g 10.5 mmol), 
3-acetoxy-2,4-pentanedione (1.40g, 10.4 mmol) and 80% 
aqueous ethanol (25 mL) was heated at reflux for 3 h. The 
solution was concentrated under vacuum to 20 mL and 
extracted with 3 x 20 mL of ether and the combined layers 
were washed with 2 x 10 mL portions of water. The water 
layers were concentrated to a viscous oil whicil crystallized on 
standing. Recrystallization was effected with acetone-aceto- 
nitrile mixture. This product, the hydrochloride of 26 was con- 
verted to 26 by ion exchange over Amberlite IR45 resin. 

Route 10 
Typical mono- and diacetylations are given below. 
I-Acetyl-3,5-diphenylpyrazol-4-01 (6u)-A mixture of 6h 

(0.94 g, 4 mmol) and acetic anhydride (1.6 mL, 17 mmol) was 
heated at reflux for 5 min. After cooling, 15 mL of water was 
added and the precipitate (6u) filtered; uv: 233(i) (20 500), 
298 (18 900), 376 (784); 'Hrnr: 8.12-8.28 (m, 2H, aromatic), 
7.42-7.65 (m, 8H, aromatic), 4.90 (s, lH ,  OH), 2.70 (s, 3H, 
(333). 
4-Acetoxy-I-acetyl-3,5-diphenylpyrazole (6v)-A mixture 

of 6h (0.94 g, 4 mmol) and acetic anhydride (5 mL, 52 mmol) 
was heated at reflux for 30 min. Cooling and addition of water 
caused 6v to precipitate; uv: 232 (20400), 273 (20300); 
'Hmr: 7.87-8.03 (m, 2H, aromatic), 7.42-7.65 (m, 8H, 
aromatic), 2.77 (s, 3H, NCOCH3), 2.1 1 (s, 3H, 0COCH3). 

I-Acetyl-4-methoxy-3,5-diphenylgyrazoIe (6w)-uv: 233 
(19 600), 287 (19 800); 'Hrnr: 8.14-8.31 (m, 2H, aromatic), 
7.44-7.66 (m, 8H, aromatic), 3.55 (s, 3H, OCHS), 2.73 (s, 3H, 
OCOCH3). 

I-BenzoyI-3,5-diphenylpyrazole (6x)-'Hmr: 7.20-7.65 (m, 
11H, aromatic), 7.93-8.20 (m, 4H, aromatic). 

Deacetylation 
A typical selective deacetylation was the conversion of 6v 

to 60 which was effected by passing a warm solution of 6v 
(640 mg) in minimum benzene through a column packed with 
neutral alumina (200 mesh) (20 g); 60 was eluted with benzene- 
acetone mixture (6: 1). 

Route 11 
I: I and 1 :2 Adducts (6y and 6z) 
A mixture of 6h (1.18 g, 5 mmol) and dimethylacetylene 

dicarboxylate (DMAD) (2.13 g, 15 mmol) in 60 mL of aceto- 
nitrile was heated at reflux for 3 h. The solvent was removed 
under vacuum, the residue dissolved in benzene, and chroma- 
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tographed on a neutral alumina column. Using benzene, 
acetone, and methanol as eluting solvents, the order of elution 
was DMAD, 6z, and 6y; 6y: uv: 239 (23 OOO), 275(sh) (13 500), 
335 (4200); 'Hmr: 8.07-8.23 (rn, 2H, aromatic), 7.38-7.63 (m, 
9H, aromatic + OH exchangeable with DZO), 6.93 (s, lH, 
C=CH), 3.63 (s, 3H, CH,), 3.55 (s, 3H, CH,); 62: uv: 238 
(24 loo), 323 (17 000); 'Hrnr: 7.93-8.10 (m, 2H, aromatic), 
7.37-7.55 (m, 8H, aromatic), 6.05 (s, lH,  C=CH), 5.90 (s, 
lH, C=CH), 3.68 (s, 3H, CH3), 3.67 (s, 3H, CH,), 3.58 (s, 
3H, CH3), 3.57 (s, 3H, CH3). 

2,5-Diphenyl-3,4-diazacyclopentadienone (1) 
Compound 6h (1.0 g, 4.3 mmol), lead dioxide powder 

(20 g, 84 mmol), and 1500 mL of anhydrous ether were stirred 
vigorously for 10 min. The lead dioxide was filtered and the 
red solution evaporated under vacuum as quickly as possible. 
The purple solid was washed with carbon tetrachloride; yield: 
0.9 g (85x), mp llO°C (dec.); ir: 3150, 1565, 1535, 1255, 982, 
885; uv (ether): 253 (13 OOO), 433 (900). Anal. calcd. for 
CI3HlONZO: C 77.95, H 5.12, N 7.91; found: C 77.71, H 5.47, 
N 8.02. 

1,4,6,7,8,10-Hexaphenyl-2,3,11,12-tetraazatetracyclo- 
[5.5.1.02~608~'Z]trideca-3,10-diene-5,9,I3-trione (16) 

Compound 6h (l.Og, 4.3 mmol), lead dioxide powder 
(20 g, 84mmol), and 1500 mL of anhydrous ether were 
stirred vigorously for 1 h. The lead dioxide was filtered and the 
yellow solution reduced to 20 mL by vacuum distillation; 
yield 0.5 g (50z), mp 205-207°C (dec.) (lit. (12) mp 206- 
208°C). 

I ,9-Diaza-3,4-dimethyl-6,8-diphenylbicyclo[4.3.0]-3,8- 
nonadien-7-one (1 7) 

An ether solution of 1 was prepared as above and immedi- 
ately after filtering the lead dioxide, 2,3-dimethyl-l,3-butadiene 
(1.0 g, 0.012 mol) was added. The red solution turned yellow 
after 10 min and the ether was removed under vacuum. The 
gummy residue was extracted with chloroform leaving the by- 
product 6h behind. Petroleum ether (bp 80-100°C) was added 
to the extract to give a slightly cloudy solution which was 
allowed to crystallize open to the air to yield 500 mg (3773 of 
17, which was recrystallized three times from carbon tetra- 
chloride, mp 159-160°C; ir: 3040, 1680, 1188, 990, 830; uv: 
270 (17 500), 392 (8200); 'Hrnr: 8.20 (m, 2H, aromatic), 
7.40 (m, 8H, aromatic), 4.36 (m, 2H, NCH,), 2.70 (q, J = 17 
Hz, 2H, CH2), 1.63 (m, 6H, CH3). Anal. calcd. for CZ1HZON20: 
C 79.75, H 6.33, N 8.86; found: C 79.05, H 6.44, N 8.77. 

(22 500); 'Hmr: 8.20-7.45 (m, 10H, aromatic), 3.73 (m, 2H, 
CH), 2.14 (rn, 2H, bridge CH,), 1.63 (m, 4H, CHZCH,). Anal. 
calcd. for CzlHz0NZ: C 84.60, H 6.04, N 9.39; found: C 84.66, 
H 6.22, N 8.83. 
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Etude structurale des chlorure et sulfate de biiryllium hydratiis par spectromiitrie 
infrarouge et Raman 

FRANCOIS BERTIN 
Laboratoire de Chimie Analytique II, Universite' de Lyon I, 43 boulevard du I1 Novembre 1918, 69621 Villeurbanne, France 
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FRANCOIS BERTIN et JEAN DEROUAULT. Can. J. Chem. 57,913 (1979). 
Les auteurs ont Btudik, la nature du compose qui se forme lors de I'hydratation directe du 

chlorure de beryllium. On a analyse le compose par voie chimique, par spectroscopie infra- 
rouge et Raman et par comparaison de ses spectres avec ceux du sulfate tetrahydrate. Les 
rksultats sont en accord avec la formule [Be(OH)(H20)2+CI-].. 

On fait I'hypothese que le compose est un trimere cyclique et on a effectue une analyse 
simplifike des coordonndes en vue de trouver un appui pour ces attributions. 

FRANCOIS BERTIN and JEAN DEROUAULT. Can. J. Chem. 57,913 (1979). 
The authors have investigated the nature of the compound which is formed by direct 

hydration of beryllium chloride. The compound is analysed by chemical means, by infrared 
and Raman spectroscopy, and by comparison with the spectra of tetrahydrated sulphate. The 
results are consistent with the formula (Be(OH)(H,O),+ C1-).. 

A cyclic trimeric compound is assumed and a simplified coordinate analysis is performed in 
order to support these assignments. 

[Journal translation] 

L'affinitt particuliire du btryllium pour les 
groupements oxygtnts donneurs d'tlectrons permet 
d'obtenir de nombreux complexes stables (1). Cette 
stabiliti est d'ailleurs renforcte lorsque des composts 
de coordination formts sont du type chelate com- 
portant des liaisons ll plus ou moins conjugutes. 

Certains de ces complexes sont dits polynuclCaires 
hydroxydts lorsqu'ils renferment plusieurs ions 
mttalliques sCparts par des ponts hydroxo; par 
exemple, l'anion bicoordinateur (2) pyridine car- 
boxylate-2 conduit au compost neutre dont la 
structure, Ctablie par radiocristallographie (3), est 
schCmatiste ci-dessous. 

on peut suivre la substitution progressive des molt- 
cules d'eau de cette espice par des bicoordinats tels 
que l'acide pyridine-carboxylique-2, les diacides 
carboxyliques, le sulfosalicylaldChyde et certains 
amino-acides (1, 6). I1 est a noter que peu de co- 
ordinats donnent des complexes contenant un seul 
atome de bCryllium. Toutefois les techniques 
prCcCdentes ne permettent pas une observation 
directe des especes formtes ce qui limite la validitt 
des modiles proposts; par contre l'utilisation de la 
spectromttrie moltculaire (ir, Raman, rmn) peut 
donner des informations sur la structure des com- 
posts obtenus. 

Lors d'un travail prkliminaire (7) nous avons 
discutt les spectres ir et Raman des solutions 
aqueuses de chlorure de btryllium A concentration 
et pH variables; cette ttude nous a permis de 
confirmer les rtsultats anttrieurs obtenus par poten- 
tiomttrie (5) A savoir l'existence de l'tquilibre: 

En solution, les techniques basCes sur les lois de la Dans une strie d'articles concernant divers sels de 
thermodynamique: potentiomttrie, cryomCtrie, per- btryllium, Grigor'ev et coll. (8) indiquent quelques 
mettent de dtterminer le degrt de condensation des frtquences infrarouges et Raman d'un compost 
complexes du btryllium; ainsi on a pu mettre en solide prtsentt comme Ctant BeC12.4H20 et les 
tvidence en milieu aqueux l'espice trinucltaire interpretent par la formation du cation (Be(H20),)2+. 
hydroxydke (Be3(OH)3(H20),)3+ (4, 5). De mtme, Nous avons cherchC complCter l'ttude entreprise 

0008-4042/79/080913-07$01 .OO/O 
a1979 National Research Council of CanadaIConseil national de recherches du Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



914 CAN. J .  CHEM. VOL. 57, 1979 

par Grigor'ev et a dtterminer s'il est possible d'isoler 
une espece autre que le complexe (Be(H,0)4)Z+.2C1-. 

Nous avons cristallist, par difftrentes mtthodes, 
un hydrate solide du chlorure de beryllium et son 
homologue deuttrit et nous avons enregistrt leurs 
spectres ir et Raman; il apparait que cette espece est 
difftrente de celle itudite par Grigor'ev. Afin de 
disposer d'tltments de comparaison, nous avons 
analyst5 les spectres du sulfate de btryllium tetra- 
hydratt tgalement ttudit par cet auteur. Par un 
calcul de vibration simplifit, nous vtrifions que la 
structure proposte pour le compost hydrati, que 
nous avons isolt A partir du chlorure de bCryllinm, 
est plausible. 

Etude expCrimentale 
Prkparation des produits solides 

Sulfate 
Le sulfate de btryllium tetrahydrate est un produit Prolabo. 

On le recristallise plusieurs fois dans l'eau pour disposer 
dY6chantillons convenables pour les mesures Raman. L'analyse 
thermogravimktrique est compatible avec la formule 
BeS04.4Hz0: a 200°C le produit de depart a perdu quatre 
molecules d'eau et la calcination compltte a 1000°C laisse 
l'oxyde Be0 comme rksidu. 

Le compose BeSO4.4D2O est obtenu directement en dis- 
solvant le sulfate anhydre dans un grand exces d'eau lourde. 
Le produit obtenu par evaporation est redissous et prkipite 
deux fois dans D 2 0 ;  sa cristallisation est difficile. Aprks 
sechage par P20S l'analyse thermogravimktrique confirme que 
le compose obtenu contient bien quatre mol6cules de D 2 0  
par molecule de BeS04. Toutes les manipulations sont 
effectutes dans une boite a gants. 

Chlorures 
Diffkrents modes de preparation ont kt6 essay&. Dans tous 

les cas, on part de BeC1, anhydre Merck. L'hydratation et la 
deuteriohydratation sont realisees f a ~ o n  identique. 

(a)L'hydratation lente: elle est effectuee dans une boite a gants 
en introduisant dans un recipient hermetiquement ferm6, 
quelques cristaux de BeCI, anhydre d'une part, et d'autre 
part, un exces d'eau legkre ou d'eau lourde. On s'arrange pour 
qu'il n'y ait pas de contact direct entre les cristaux et le 
liquide. Apres quelques heures, les cristaux sont devenus 
psteux puis sirupeux. 

(6) La dissolution brutale en milieu neutre: la dissolution di- 
recte dans l'eau est une reaction violemment exothermique qui 
rompt les ponts Be-CI et s'accompagne d'un degagement de 
gaz chlorhydrique. On parvient a faire cristalliser un produit 
Bvidemment different du compose BeC1,.4H20 mentionne par 
Grigor'ev et coll. (8). 

(c) La dissolution brutale en milieu acide chlorhydrique: BeCI2 
anhydre est melange a une solution plus ou moins concentree 
de HCI (jusqu'a 10 N) dans un recipient totalement clos. 

Les preparations obtenues suivant les modes a, b ou c sont 
dessechkes par P20S. Dans tous les cas il apparait apres 
quelques jours, une masse blanche que l'on broie, a I'abri de 
I'air, avant de terminer le sechage sous vide. Le depart de l'eau 
excedentaire est contrBl6 pkriodiquement par I'enregistrement 
du spectre infrarouge de prises d'essais de ces compos6s. 
Comme les spectres des produits finaux sont tous identiques, il 
semble que, quel que soit le mode de preparation, on parvienne 
a un compose unique. 

L'analyse Bkmentaire de ce compose a kt6 effectuee (tableau 

1): dosage de la teneur en chlore: prkipitation de AgCl par 
addition de nitrate d'argent en ex&; dosage de la teneur en 
metal: calcination a 1000°C pour transformer le produit en 
BeO. 

Les pourcentages obtenus ne correspondent pas du tout au 
compose BeCI2.4H2O; ils se rapprochent davantage d'une 
composition du type (BeCl(OH)(H20)Z),: la teneur un peu 
Blevee en chlore peut provenir d'une elimination incomplete 
de HC1, mais il est noter que le rapport stoechiometrique en 
metal/chlore est tres voisin de l'unitk. 

Enregistrement des spectres 
Les spectres infrarouges sont obtenus au moyen d'un 

spectrometre Perkin-Elmer PE 457, a partir de pastilles dans 
KBr et avec des conditions normales d'enregistrement. 

Les spectres Rarnan sont enregistres sur un spectrometre 
Coderg PH I$ avec la raie excitatrice 488 nm d'un laser 
Spectra-Physics SP 165. Les conditions moyennes d'enregistre- 
ment des spectres sont les suivantes: puissance du laser 400 
mW, tension d'alimentation du photomultiplicateur 850 V, 
largeur spectrale de fente 3 cm-', vitesse d'enregistrement 
50 cm-' par minute. Pour BeSO4.4HzO on dispose un cristal 
sur un support; pour le derive deuterie on enferme les cristaux 
dans un tube conique en verre, scell6 afin d'eviter l'tchange 
entre DzO et H 2 0  de I'atmosphere. Nous avons enregistre les 
spectres des chlorures en tube scelle Bgalement, mais les bandes 
observees ont une intensite trks faible. 

Description des spectres et interprdtation 

La fig. 1 prtsente les spectres ir et Raman de 
BeS0,,4H20 et de son homologue deuttrit en- 
registrts dans un domaine de frtquence inftrieur a 
1700 cm-l. 

En accord avec la litttrature (9), nous retenons 
comme hypothese de structure la juxtaposition 
d'ions tttraedriques Be(H20)42+ et S 0 2 -  plus ou 
moins dtformts. Nous prtsentons donc (tableau 2) 
une rtpartition des bandes observtes par ir et Raman, 
entre les groupes BeO, et SO, et les moltcules d'eau 
de coordination et une attribution de ces bandes aux 
modes normaux des groupes de symttrie respectifs. 
La prtsence de certaines bandes Raman peut 
s'expliquer par l'existence d'effets de corrtlation qui 
entrainent des tclatements ou rendent actifs des 
modes interdits dans un motif isolt. 

Nous comparons ces rtsultats a ceux de Grigor'ev 
et coll. (8) et nous soulignons les principaux points 
de dtsaccord. Par exemple, il ne nous parait pas 
possible d'attribuer la bande ir a 975 cm-' au mode 
vl(Al) de en raison de l'tcart de frtquence 
avec la bande Raman correspondante (17 cm-') et 
de l'intensitt qui parait trop importante pour un 
mode normalement interdit en ir, m&me si l'on 
admet une distorsion importante de l'ion 
dans le cristal de l'hydrate, qui se traduit par des 
tclatements des modes fondamentaux de cet ion (a 
l'exception de v,). D'ailleurs cette bande disparait 
complttement par deuttriation pour &tre remplacte 
par une bande intense a 860 cm- '. Grigor'ev observe, 
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BERTIN ET DEROUAULT 

TABLEAU 1 .  Analyse tltmentaire du chlorure de btyllium hydrate 

% Rtsultats Hypothese Hypothese 
pondtraux exptrimentaux BeC12.4H20 (BeCI(OH)(H20)2), 

FIG. 1. Spectres infrarouges et Rarnan des sulfates de btyllium cristallists. BeSO4.4H2O: I, infrarouge; 2, Raman. 
BeS04.4D20: 3, infrarouge; 4, Raman. 

lui aussi, une bande a 859 cm-' sur BeS04.4H,0 et 
a 850 cm-' sur BeS04.4D20; il l'attribue a une 
composante du mode v,(F2) de BeO,. Cependant 
nous n'avons jamais observt de bande dans cette 
rtgion pour l'hydrate, de plus l'tclatement propost 
par Grigor'ev pour le mode v3(F2): 690-859 cm-' 
pour Be(H20)2+ et 660-850 cm-' pour Be(D20)2+ 
nous parait trop important; en constquence, nous 
attribuons les bandes a 980 cm-' (H20) et 860 cm-' 
(D20) ii un mouvement de rocking ou de wagging 
des moltcules d'eau de coordination des ions 
Be2+, en accord avec le rapport isotopique observe: 
1.14. 

Ces rtsultats concordent avec ceux obtenus par 
Gardiner et coll. (10) et Chang (11) sur le nitrate 
Be(N03),.4H20 et avec nos propres rtsultats con- 
cernant les solutions acides de BeCl, (7) ou 1'esp;ce 
Be(H20)2+ est prtpondtrante (tableau 2). 

Chlorures solides 
Bien que l'enregistrement des spectres Raman soit 

tr2s dtlicat, nous avons observt une bande vers 
510 cm-' dtplacte par deutCriation ii 490 cm-', et il 
semble qu'il existe une bande a 415 cm-l. 

Les spectres infrarouges (fig. 2) prtsentent les 
caracttristiques communes suivantes : Une bande 
Ctroite, intense, situte ii 1120 cm-' dtplacte ii 920 
cm-' par deuttriation. Sa frCquence augmente 
lorsque le stchage est insuffisant et tend a rejoindre 
la frtquence observte sur les solutions (7). Un massif 
avec deux maxima a 860 et 890 cm-' (H20) ou a 
820 et 880 cm-' (D20);  l'observation est souvent 
rendue difficile par la prtsence d'une bande large, 
intense, a 950 cm-' (H20) ou a 780 cm-' (D20) 
due a l'eau d'hygroscopie de composts insuffisam- 
ment desstchts. Une bande a 690 cm-', dtplacte 
550 cm-' par deuttriation; de plus il apparait une 
bande de faible intensitt situte vers 540 cm-' sur les 
spectres des produits hydratts et vers 400 cm-' sur 
ceux des produits deuttrits. 

Ces rCsultats n'ont aucun point commun ni avec 
ceux de Grigor'ev qui suppose la formation d'une 
esp6ce BeC12.4H20 ii l'ttat solide, ni avec nos 
propres observations concernant les solutions acides 
de BeCl, (tableau 2). En particulier, l'absence d'une 
bande intense dans la rtgion 300-350 cm-', observCe 
sur tous les tttrahydrates cristallists: sulfate, nitrate, 
perchlorate, ..., aussi bien en infrarouge qu'en 
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TABLEAU 2. Proposition d'attribution des bandes ir et Raman observies sur BeS0,.4H20 et son homologue deutkrik; comparaison avec les attributions de Grigor'ev et 
coll(8); rappel des attributions proposies pour BeC12.4H20 en solution aqueuse (7) (fdquences donnks en cm-') 

(a) BeS04.4H20 

Ce travail Rdsultats de Grigor'ev (8) Solution acide de BeCI, (7) 

BeOla SO4" H 2 0 b  Be04 so4 H20 BeO,, H 2 0  

V l  v2 v3 V 4  v1 v2 v3 v4 S P w v1 vz v3 v4 v1 v2 v3 vq 8 P V l  v2 v3 V 4  S P,W 

780 325 1080 625 - - 690 1651 520 
Infrarouge 1130 1640 980 550 1058 - 1667 A * 6 1640 990 771 312 975 - 

1200 690C 750 859 1121 1678 660 
(280) 415 1080 588 697 412 1081 593 0 

Raman 542 190 * 992 1110 * * * 563 - 335 1000 505 1120 638 - - 534 * * 357 1640 * 
340 495 628 78 1 P DP 5 

1120 C 

n 
(b) BeSO4.4D20 8 

Solution acide de BeCI2 (7) 
3: 

Ce travail Rbsultats de Grigor'ev (8) < 
Be04' SO4' DzO Be04 SO4 D20  Be041 D 2 0 b  

0 r 
VI v2 V 3  v4 v1 v2 v3 v4 8 P w v1 v2 v3 v4 v, v2 v3 v4 S p V l  v2 v3 v4 S P,W -: 

770 307 1090 613 1240 420 - - 660 412 1078 589 440 
- 

Infrarouge 1120 660C 860 490 767 302 962 1240 A r e *  * 1210 840 3 
850 507 1142 613 490 

(255) 410 1091 570 512 * * 330 1210 * 
Raman 516 180 d 992 488 1120 610 * d * - - - - - - - - - - P DP 

315 652 

QLa notation correspondant P la symdtrie T, est conservke pour le groupe Be04 malgrd la symdtrie diffbrente dans Be(H20)42+; dans l'bypothdse de la symbtrie T,, le ddnombrement est r = lAl(vl), lE(v2), 
2F2(va9v4). 

bMouvements de ddformation des molkcules d'eau de coordination de l'ion Be2+, S: scissoring, p :  rocking, w: wagging. 
<Attribution incertaine (attribuable aussi au mode v3 de Be04). 
*Vibration active non observde sur nos spectres. 
=Vibration inactive. 
IP; biide~pol&isd& DP dkpolarisde. 
REMARQUES: Les frdhuences en italiques correspondent aux principaux points de ddsaccord entre nos rdsultats et ceux de Grigor'ev (le signe - reprdsente les valeurs non indiqudes par cet auteur; aucun 

rdsultat n'est reportd pour BeS04, 4D20). Le doublet 412-507, attribud par Grigor'ev P la v2(E) de Sod2- pour le spectre ir de BeSO4.4D20 nous a paru plutBt correspondre aux mouvements des molbcules 
d'eau, par analogie avec le spectre de BeS04,4H20 pour lequel ce mBme doublet n'est pas repdrd en ir; cependant les spectres Raman de ces 'deux composbs (fig. 1) prdsentent des diffdrences importantes qui 
suggbrent qu'un changement de symdtrie s'est produit dans le cristal au cours de la deuttiation. 
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BERTIN ET DEROUAULT 

L . : :  1800 800 460 A + - . : . : . : . I  5 800 roo 3 

(cm-') 

FIG. 2. Spectres infrarouges des chlorures de beryllium cristallisks. 1, A I'btat hydratk; 2, a I'ktat deuteriohydrate; en 
pointille': I'allure du spectre lorsque le produit est insuffisamment sec. 

Raman, exclut la prtsence de tttrabdres Be(H20)42f. 
Par contre ces rksultats correspondent assez bien 2 
ceux que nous avons report& pour les solutions 
neutres de BeC1, (7). Ainsi, l'existence d'une bande 
intense 5 1100-1 150 cm-I voisine de celle que nous 
observons en solution nous conduit A admettre la 
formation d'un composC possCdant des ponts 
hydroxo-, probablement polynuclCaires, du type 
((H20)2Be(OH)),"f enC1-. Dans cette rtgion en effet, 
une bande infrarouge a t t t  observte par Scargill (12) 
sur les composts hydroxydts de l'ttain et attribute 
par cet auteur la vibration de dtformation du 
groupement SnOH. Les autres bandes que nous 
avons observtes sont dues, soit ii des vibrations 
symttriques ou asymCtriques des liaisons mttal- 
oxygbne (515 cm- et 860-890 cm- I), soit des 
mouvements y, hors du plan, des enchainements 
Be-0-H (690 cm-I) si l'on suppose que l'espbce 
formCe est cyclique, ce que l'on ne peut affirmer 
avec certitude. 

Nous remarquons que l'hypothbse de la formation 
de cette espbce est en bon accord avec les rCsultats 
de l'analyse Cltmentaire (tableau 1). 

Le caractbre hygroscopique particulibrement mar- 
qut de ce compost ne nous a pas permis de faire une 
ttude radiocristallographique et d'ttablir avec 
certitude sa structure, mais l'hypothbse d'un trimbre 
cyclique, dtjh observt avec de nombreux composts 
du bCryllium (1, 3 a 6) peut &tre envisagte. 

Calcul des modes de vibrations de modiles simplifiks 
pour les cations Be(H20)42+ et (BeOH(H20)2)33+ 
Le but de ce calcul de vibration n'est pas de 

dtterminer des champs de forces prkcis, mais seule- 
ment de vtrifier si les proprittCs mtcaniques d'un 
compost cyclique sont compatibles avec l'analyse 
des spectres proposCe ci-dessus. Afin de disposer de 
constantes de forces de valeur raisonnable, nous avons 
dttermint en premier lieu le champ de forces d'un 
tttrabdre rtgulier BeO,, comme modble du cation 
Be(H20)42f. Ensuite nous avons transftrt les 
rksultats au modble cyclique (BeOH(H,O),),. 
Nous tiendrons compte de l'existence des groupes 

hydroxo- mais nous nkgligerons les atomes d'hydro- 
gbne des molCcules d'eau coordintes. 

Ces calculs ont Ctt effectuts selon la mtthode de 
Wilson et coll. (13)' & l'aide de programmes tcrits 
au laboratoire (14). 

Te'trazdres BeO, 
Les parambtres gkomttriques du groupe BeO, sont 

ceux d'un tCtrabdre rtgulier, avec distance Be0 prise 
Cgale Zi 1.58 A, en accord avec la 1ittCrature (3, 8). 
Pour tenir compte approximativement de la deu- 
ttriation, nous avons affect6 l'oxygbne de masses 
tgales 2 18 ou 20. La dttermination des constantes 
de forces des modes de symttrie A et E est sans 
ambiguitt car il n'y a qu'un seul mode par espbce de 
symktrie, et donc pas de constante d'interaction. Les 
modes de symCtrie F2 ttant au nombre de deux, il 
existe une constante d'interaction et le systbme est 
indetermint. Selon la mtthode de Torkington (15), 
la rCsolution de l'tquation skulaire conduit deux 
fonctions reliant une constante principale et la con- 
stante d'interaction dont les termes dipendent de la 
gtomttrie, des masses et des frtquences de vibration 
de la moltcule. Les courbes obtenues F, 1F2 = fl(FI ,) 
et FZzF2 = f2(F12) sont des ellipses. On trouve ainsi 
une infinitt de champs de forces conduisant aux 
frtquences exactes, mais correspondant ii des 
~Cparations dYCnergie potentielle difftrentes. En 
l'absence des frtquences de dCrivCs isotopiques, le 
choix d'une solution est arbitraire; celle qui corres- 
pond A la constante de force de dtformation mini- 
mum est souvent prCfCrCe (16) car les valeurs de la 
constante de force-de valence bbtenues ainsi sont en 
gtntral les plus satisfaisantes. Les rksultats que nous 
avons obtenus en appliquant la mtthode ci-dessus 
aux tttrabdres BeO, ( 0  = 18 et 0 = 20) conduisent 
aux valeurs moyennes mentionntes dans le tableau 3. 
Bien que la prtcision des effets isotopiques calcults 
paraisse bonne, cela ne signifie pas forctment que 
dans le cation rtel Be(H20)42f les interactions entre 
les modes du groupe BeO, et les mouvements de 
l'eau soient ntgligeables, mais que celles-ci demeurent 
presque inchangkes aprbs deuttriation. 
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TABLEAU 3. Champ de forces et frkquences calculkes pour les modkles Be0, 

BeO, 

O =  18 0 = 20 

Constantes de forces Modes vcalc (cm-') vex, (cm-') I m 1  vex, (cm-') 

REMARQUES: Les constantes de forces de liaison sont exprimees en mdyn A-', celles de deformation en mdyn rad-2 A et celles 
d'interaction liaison-angle en mdyn rad-1. 

TABLEAU 4. Champs de forces et frkquences calculees pour les modkles (BeOH(02)), 

vex, (cm-9 Vcalcd (CFi) ( ~ m - ' )  vea~ed (CF2) ( ~ m - ' )  

F CFl CF2 H D H D H D Modes 

Fi(BeO) 
F,(BeO) 

X1(BeO,BeO) 
ee 

f,,(BeOBe) 
FaE(0BeO) 
FmF2(0BeO) 
f d .  - f d.' 

FvOH 
Fp(Be0Be) 
F60H 
FyOH 
f (Be01,60H) 
f (Be0,;yOH) 
FzBeO 

REMARQUES: i :  interne au cycle; e :  externe au cycle; frkquence en italique: Raman; unites voir tableau 3 ;  S: solide; L: solution. 

Cycle (BeOH(O,)), 
D'apres l'tquilibre de cyclisation vu prtctdem- 

ment, il nous a paru logique de prendre comme 
modele pour ce dtrivt cyclique l'tdifice atomique 
obtenu en joignant trois tttraedres BeO, par leurs 
sommets, avec mise en commun des atomes d'oxy- 
g&ne. 

La distance Be0 a t t t  gardte tgale B 1.58 A et les 
angles autour du btryllium ont Ctt maintenus B 109" 
28'. Nous avons fait l'hypothese d'un cycle plan, ce 
qui conduit a un angle Be-0-Be tgal a 130" 3 1'. 

Comme ci-dessus, l'effet isotopique dfi aux molt- 
cules d'eau a t t t  simult en affectant des masses de 

18 ou 20 aux atomes d'oxygene correspondants. 
Cependant en raison de l'importance de la bande 
attribute aux mouvements FOH au cours de l'analyse 
des spectres, nous avons tenu compte des hydroxydes 
OH rtels et non des masses ponctuelles. La distance 
OH a t t t  poste Cgale B 0.97 et les angles BeOH 
pris tous tgaux. 

Pour un tel modele, de symttrie D,,, les 39 modes 
se ripartissent comme suit: r = 5A11 + 3A2' + 8E' 
+ lA1" + 4A2" + 5E". Seuls les modes de type 
A,', E'  et E" sont actifs en Raman alors qu'en 
infrarouge on ne peut observer que les modes A," 
et E'. 

Les coordonntes de vibration ont t t t  tcrites B 
partir de celles des tttraedres, en distinguant toute- 
fois les liaisons du cycle et les liaisons hors du cycle. 
Les dtformations des angles Be-0-Be et Be-OH, 
ainsi que les dtformations hors du plan yOH et ~ B e 0  
ont Ctt prises en compte. Les coordonntes surabon- 
dantes propres au cycle ont ttC tlimintes au cours 
du calcul numCrique, tandis que celles qui corres- 
pondent aux angles entourant les atomes de btryllium 
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BERTIN ET DEROUAULT 919 

ou d'oxyg6ne (OH) ont t t t  tlimintes directement afin 
de pouvoir transftrer les constantes de forces 
provenant du calcul prtctdent de BeO,. 

Un premier calcul a CtC effectut avec le champ de 
forces CF, (tableau 4). Dans ce champ de forces, les 
constantes transftrtes depuis BeO, ont conservt leur 
valeur d'origine et seules les constantes principales 
indispensables ont t t t  dtfinies pour le cycle 
(6Be-0-Be, ~ B e 0 )  et les groupements hydroxydes 
(vOH, 6 0 H  et yOH). Le tableau 4 prtsente tgalement 
les frtquences calcultes pour les modes susceptibles 
de correspondre aux bandes observtes. On voit que 
les frtquences de cycle sont trop faibles et l'effet 
isotopique sur 60H est trop transmis aux valences; 
de m&me le mouvement yOH a un effet isotopique 
trop faible. Le champ de forces CF,, dans lequel la 
constante de force des liaisons Be0 du cycle a CtC 
augmentte et quelques interactions introduites pour 

I remtdier aux dtfauts ci-dessus, conduit & des 
rtsultats assez satisfaisants (tableau 4). 

Le nombre de constantes de forces calcultes ~ a r a i t  
: tlevt mais un grand nombre d'entre elles ont Ctt 

transftrtes directement de BeO, sans modification. 
j En conclusion, ces calculs montrent que les pro- 

prittts mtcaniques du mod6le cyclique sont com- 
I patibles avec notre interprttation des rtsultats 
I spectroscopiques. De plus, avec les rtserves ntces- 
I saires dues aux approximations, il est possible de 

1 .  F. BERTIN et G. THOMAS. Bull. Soc. Chim. Fr. 3467 (1971). 
2. P. SOUCHAY. Ions mineraux condensks. Masson Ed., Paris, 

France. 1969. 
3. R. FAURE, F. BERTIN, H. LOISELEUR et G. THOMAS- 

DAVID. Acta Crystallogr. B30,462, (1974). 
4. H. KAKIHANA et L.  G. SILLEN. ActaChem. Scand. 10,985 

(1956). 
5. F. BERTIN, G. THOMAS et J. C. MERLIN. Bull. Soc. Chim. 

Fr. 2393 (1967). 
6. G. DUC, F. BERTIN et G. THOMAS-DAVID. Bull. SOC. Chim. 

Fr. 793 (1974); 495 (1975); 414 (1976); 1% (1977); 645 (1977). 
7. F. BERTIN et J. DEROUAULT. C.R. Acad. Sci. C973 (1975). 
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Dokl. Akad. Nauk SSSR, 160, 383 (1965); Zh. Strukt. 
Khim. 10,820 (1969); 11,458 (1970). 

9. D. A. EVEREST. The chemistry of beryllium. Elsevier, 
Amsterdam, London, New York. 1964; R. E. CONNICK et 
D. FIAT. J.  Chem. Phys. 39, 1349 (1963); A. FRATIELLO, 
R.  E. LEE, V. M. NISHIDA et R. E. SCHUSTER. J. Chem. 
Phys. 48,3705 (1968). 

10. D. J .  GARDINER, R. E. HESTER et E. MAYER. J. MOI.  
Struct. 22,327 (1974). 

1 1 .  T. G. CHANG. Ph.D. Thesis, University of Waterloo, 
Waterloo, Ontario, Canada; cite par D. E. IRISH dons 
Structure of water and aqueous solution. Editipar W. A. P. 
Luck. Verlag Chemie, Weinheim, Germany. 1974. p. 338. 

12. D. SCARGILL. J .  Chem. Soc. 4440 (1961). 
13. E. B. WILSON, J. C. DECIUS et P. C. CROSS. Molecular 

vibrations. McGraw Hill Book Company Inc., New York. 
1955. 

14. J .  DEROUAULT, M. T.  FOREL et P. MARAVAL. Can. J.  
Spectrosc. 23,67 (1978). 

15. P. TORKINGTON. J .  Chem. Phys. 17,357 (1949). 
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, prtciser l'attribution des bandes observtes. 
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The kinetics of the reactions of boric acid with 5-substituted salicylate ions 

ALAN QUEEN, LORNE DAVIES, AND ANDREW CON 
Parker Chemical Laboratory, University of Manitoba, Winnipeg, Man., Canada R3T2N2 

Received August 24, 1978 

ALAN QUEEN, LORNE DAMES, and ANDREW CON. Can. J. Chem. 57,920 (1979). 
Salicylate ions form 1: I complexes with boric acid. The kinetics of these reactions have 

been studied by the stopped-flow method and stability constants have been calculated from 
absorption measurements on the solutions at equilibrium. Temperature studies of the rates of 
reaction of boric acid and unsubstituted salicylate ions at pH 5.29 have been carried out. The 
data correlate well with the Arrhenius equation. 

ALAN QUEEN, LORNE DAMES et ANDREW CON. Can. J. Chem. 57,920 (1979). 
Les ions salicylates forrnent des complexes 1 : 1 avec I'acide borique. On a etudik la cinktique 

de ces rkactions par la technique des flux stoppks et on a calculk les constantes de stabilitk a 
partir de mesures d'absorption de solution I'equilibre. On a effectuk des etudes sur la variation 
des vitesses de rkaction de l'acide borique avec des ions salicylates non-substituks a un pH de 
5.29 en fonction de la tempkrature. Les donnkes sont en bon accord avec I'kquation d'Arrhknius. 

[Traduit par le journal] 

Introduction reactions proceed through the intermediates 4 and 6 
a-Hydroxyacids form 1 : 1 and 1 :2 complexes with 

boric acid. At low hydroxy acid concentrations only 
the 1 : 1 complexes are important (1-5). Although the 
1 : 1 complexes have not been isolated, the 1 :2 com- 
plex formed from salicylate ions and boric acid has 
been shown (5) to have the spiro structure 1. These 
results suggest that the 1 : 1 complex has the cyclic 
structure 2. Further support for this view is provided 

(Scheme 1). 
It was thought that further information about the 

mechanism of the reaction might be obtained by 
studying the effects of temperature on the rate 
constants and by measuring the effects of sub- 
stituents on the rate and equilibrium constants for 
complex formation. The results of these studies are 
reported. 

by the observation (6j that borate ions specifically 
H+ + HL- + B(OH), 

& 
catalyse the hydrolysis of phenyl salicylate but not r H+ + (HL. B(OH),}- 

the corresponding reaction of phenyl o-methoxy- J 

benzoate. Moreover, we have found that boric acid 
causes large changes in the uv spectra of 5-substituted L 

salicylate ions and o-hydroxybenzyl alcohol but 
has no effect on the, spectra of methyl salicylate, 
o-methoxybenzoate ions, p-hydroxybenzoate ions, or KI 
p-hydroxybenzyl alcohol. 

SCHEME 1 

Experimental 
The 5-substituted salicylic acids were commercial samples 

The rates complexation acid with sali- which were recrystallised from water or aqueous ethanol to 
cylate ions may be readily measured by the stopped- constant melting ooint. Boric acid was Fisher Certified 
flow method. A previous study (7) has shown that, at Reagent. All mGe$als were dried in vacuo over phosphorus 
pH 5.29, the first-order rate constants are indepen- pentoxide. 

Temperatures were measured with a platinum resistance dent of the wavelength used to monitor the reaction. thermometer and were constant to within O.O1oC. The 
However, at PH 3.45, wavelength-dependent rate kinetic data were obtained from measurements of the changes 
constants are observed. These results suggest that the in transmitted light at 320 nm using a standard Canterbury 

0008-4042/791080920-04$01.0010 
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QUEEN ET AL. 

stopped-flow apparatus (8). Rate constants were calculated by 
an on-line method that has been described (9) and were 
accurately first order over at least three half-lives. Each rate 
constant was measured 10 times in separate kinetic runs. 

The equilibrium constants were calculated from spectro- 
scopic data recorded at 320 nm, using the method of Rose and 
Drago (10) as previously described (7). 

pH measurements were carried out at 25°C using a 
Radiometer pH meter calibrated at pH 4.00 + 0.02 and pH 

' 6.00 + 0.02. 

Results 
Under the conditions used in the stopped-flow 

experiments, concentration changes are too small to 
be measured at low pH values where the salicylic 
acids are undissociated (7). For this reason, the 
present studies have been carried out at pH > 5, 
where the only reactants present in significant 
amounts are boric acid and salicylate ions. 

The pseudo-first-order rate constants fit eq. [2], in 
all cases. Rate data for the salicylate ion reaction at 

I pH 5.29 are listed in Table 1 for five different 
temperatures. 

The results at 24.76"C are only in fair agreement with 
our previous values for this reaction at 25°C and pH 
5.29. These earlier data were obtained by fluorescence 

I stopped-flow experiments using exciting light at 
335 nm. However, measurements were also made at 
other wavelengths and with transmission measure- 
ments and no dependence of the rate constants on 
wavelength was observed. We are unable to explain 
the differences in the two sets of results but it is 
possible that an error was made in recording the pH 
value. The differences would be explained by a lower 
pH value for the earlier experiments. In any case, the 
conclusions drawn in the earlier paper are not 
changed and, importantly, the value of the ratio 
k,/k, is not greatly altered. 

Plots of In k,  and In k, against T-' are shown in 
Fig. 1. Both plots are linear within the experimental 
error. The enthalpies and entropies of activation for 
the forward and backward reactions are given at the 
bottom of the table. The values of the ratio k,/k, are 
compared with those of the formation constant, 
K,,-, at 5, 15, and 25°C. 

The rate constants for the reactions of 5-sub- 
stituted salicylate ions with boric acid at pH 5.48 are 
summarised in Table 2. The equilibrium constants 
for complex formation, K,,-, are also shown in the 
same table together with the first dissociation con- 
stants, K,, of the substituted salicylic acids (1 1). 

I Discussion 

If the reaction between the salicylate ions and 
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922 CAN. J .  CHEM. VOL. 57, 1979 

TABLE 2. Rate and equilibrium constants for the reaction of 5-substituted salicylate ions with boric acid at 
25°C and pH 5.48 

h kb k f kflkb KHL - 
Substituent (nm) (s-l) (s-I M-I)  (M-l) (M-l) ~ O ~ K ~ '  

SO3 - 3 20 2.69k0.05 31.1k1.5 11 .6k1 .6  7 . 1 k 0 . 1  
CH3 3 20 4.57k0.28 50.2+ 1.8 11 .0k2 .1  11 .3k0 .2  
~ 0 . b  3 20 3.16k0.12 35.9k1.5 11.4k1.6 11.0+0.2 
CH30 320 7.90k0.07 82.3k1.1 10.4k 1.2 10.7k0.3 
C1 3 20 5.53k0.06 49.3k0.9 8 .3k1 .0  7.1k0.3 
Br 320 5.03k0.04 44.3k0.6 8 . 8 k 0 . 6  7 . 4 k 0 . 3  
NOz 320 2.38k0.11 13 .3k0 .7  5 .6k0 .8  3 .0k0 .1  

o ~ H  5.29. 
*Previous results (7) obtained from fluorescence stopped-flow studies: k, = 3.55 (s-I); kr = 39.4 (s-1 M- I ) ;  KHL- 
=Reference 11. 

I.2 same correspondence of the kinetic and thermo- 
dynamic equilibrium constants would be observed if 

I.o the reactions were one step processes. However, the 
k,/kb ratios and the values of KHL- are not the same 

0.8 for the reactions involving 5-sulfo- and 5-nitrosali- 

1.6 
cylate ions. Moreover, the values of kobs vary slightly 

0.6 in the case of the sulfo compound (Table 3). These 

3 . 4  0.4 
results suggest that, at least in some cases, kinetically 
significant intermediates such as 4 are formed during 

1 . 2  0.2 
the course of the complexations. 

The values of log k,, log k,, and log KHL- do not 
I . O  : linearly correlate with any of the standard o values. 

Since the carboxylate group is meta and the hydroxyl 
2 . 8  -a, 2 group is para to the substituent, this is perhaps not 

surprising. However, linear free energy correlations 
2.6 - a . 4  such as [5] were not significantly more successful in 

TABLE 3. Rates of reaction of 5-substituted salicylate 
1.4 1.5 3.6 ions with boric acid at 25°C and pH = 5.48: the 

I O ~ ~ T - ~  ( K-I, effects of wavelength changes 

FIG. 1. Arrhenius plots for the reaction of salicylate ions 
with boric acid at pH 5.29: forward reaction; A backward [H3B031 h k 
reaction. Substituent (M) (nm) (s-I) 

boric acid proceeds through the intermediate 4, kb 
and k, will be complex functions of the rate constants 
k,, k- , ,  k,, and k-,. Hence, the Arrhenius plots for 
kb and k, might be appreciably curved. Figure 1 
shows that this is not the case, so that any inter- 
mediate formed in the reaction must rapidly reach 
steady-state concentrations. If this is so, kobs is given 
by [31 

Hence, the equilibrium constant for the reaction is 
given by [4] 

This is consistent with the closely similar values of 
the rate ratios and equilibrium constants for most 
of the reactions summarised in Tables 1 and 2. The 
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QUEEN ET AL.  923 

correlating the data than the Hammett equation. It 
is interesting that the dissociation constants of the 
salicylic acids do not correlate particularly well with 
any combination of the various o values (1 1). Not 
surprisingly, the best linear free energy relationship 
was obtained by plotting log KH,- or log k,/k, 
against pKl. However, the separate values of log k, 
and log k, do not linearly correlate with pKl. We 
interpret this to indicate that the rate constants are 
complex quantities, as required by Scheme 1. 

The activation parameters for the reaction of the 
unsubstituted salicylate ions with boric acid do not 
show any unusual features that would require the 
presence of an intermediate in the reaction. How- 
ever, the results do not exclude the formation of 
such an intermediate but if one is formed it must 
reach steady-state concentration during the early 
stages of the reaction. 

It was not expected that the entropy term would 
play such a large role in limiting the ease of complex 
formation. The transition state and the intermediate, 

if formed, must be very ordered compared to the 
reactants. This suggests strong solvation effects and 
the possibility of steric hindrance to the free rotation 
of the B(OH), group. 
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Synthesis related to the octodiose in apramycin. Part I11 

Department of Chemistry, Queen's Uniuersity, Kingston, Ont., Canada K7L 3N6 
Received July 31, 1978 

HAROLD C. JARRELL and WALTER A. SZAREK. Can. J. Chem. 57,924(1979). 
A synthesis of methyl 2,3-di-0-benzyl-7,8-dideoxy-4-O-methylthiomethy-~-glycero- and 

L-glycero-a-D-gluco-oct-7-enopyranoside (11 and 12) has been achieved by the reaction of 
methyl 2,3-di-0-benzyl-4-0-methylthiomethyl-~co-hexodiado-1,5-pyranoside (9) with 
vinylmagnesium bromide; the stereochemistry at C-6 was established by degradation of 12 to 
the enantiomer of a known heptose derivative. Olefin 12 was converted, in six steps, into a 
mixture of dialdose derivatives 18 and 19 from which methyl glycosides 21 and 20, respectively, 
were prepared and shown to have the desired trans-decalin structure. The stereochernistry at 
C-7 in glycosides 20 and 21 was established by nmr spectroscopy. 

An intramolecular reaction involving the methylthiomethyl function has been observed and 
shown to give rise to O-methylene derivatives. 

HAROLD C. JARRELL et WALTER A. SZAREK. Can. J. Chem. 57,924 (1979). 
On a reussi une synthirse des di-0-benzyl-2,3 didkoxy-7,8 0-mBthylthiomBthy1-4 D-glyckro- 

et L - ~ ~ ~ c ~ ~ o - u - D - ~ ~ u C O  octeno-7 pyrannosides de methyle (11 et 12) gr2ce a la reaction du 
di-0-benzyl-2,3 0-mBthylthiomBthyl-4 a-D-glucohexodialdo-1,5 pyrannoside de methyle (9) 
avec le bromure de vinylmagn6sium; on a determine la stkreochimie en C-6 par une dkshydra- 
tation de 12 vers 1'6nantiomkre de derive heptose connu. L'alckne 12 a pu &tre transformi, en 
six etapes, en un melange de derives dialdoses 18 et 19 a partir desquels on a pu preparer les 
glycosides de mkthyle 21 et 20 respectivement; ceci dtmontre qu'ils possedent la structure 
decalinique trans dksiree. On a demontrk la stereochimie en C-7 des glycosides 20 et 21 g r k e  a 
la spectroscopic rmn. 

On a not6 une reaction intramol6culaire impliquant le groupe methylthiom6thyle qui donne 
lieu ?I des derives 0-m6thylirne. 

[Traduit par le journal] 

I Introduction 
I Antibiotics have proven to be a rich source of 

higher-carbon amino sugars (1) which include the 
aminooctose in lincomycin (2) and in the ezomycins 

I (3) as well as an 11-carbon amino sugar, namely, 
hikosamine, which is a component of the nucleoside 
antibiotic hikizomycin (4). Recently, apramycin (1) 
(5) and oxyapramycin (2) (6) have been shown to be 
components of the aminocyclitol antibiotic complex 
nebramycin (7). Structural studies have revealed that 
apramycin contains the unusual aminooctodiose 3 
(8) whereas oxyapramycin contains 4 (6). In addition 
to its unique structural features, apramycin is of 
interest because it has been found to be a potent 
antibiotic relative to neamine (9a) and has been 
reported (10) to be inactivated by only one amino- 
glycoside-inactivating enzyme. Replacement of the 
terminal 4-amino-4-deoxy-D-glucose moiety in ap- 
ramycin with a methyl group yields a cyclitol 

I derivative which exhibits an antimicrobial spectrum 
similar to that of apramycin (9). In view of the latter 

I result, this laboratory has been investigating the 
I preparation of octodioses which are related to 

structures 3 and 4 and which may be useful in the 
synthesis of pseudodisaccharides containing these 

structures. An earlier report (1 1) from this laboratory 
described the synthesis of two octodioses which were 
not successfully converted into the desired trans- 
decalin structure. The present article describes in 
detail results, which have been outlined (12), of a 
synthesis of derivatives of two octodioses having a 
trans-decalin structure. 

Results and Discussion 
The synthesis utilizing a chain extension of the 

readily available derivative 9 is shown in Scheme 1. 
Methyl 2,3-di-0-benzyl-a-D-glucopyranoside (5) was 
selectively benzoylated with benzoyl chloride in 
pyridine to give methyl 6-0-benzoyl-2,3-di-0-benzyl- 
a-D-glucopyranoside (6) in good yield. In the 'Hmr 
spectrum of 6 in dimethyl-d, sulfoxide, the hydroxyl 
proton gave a doublet at T 4.48 (J,,,, = 6 Hz); this 
result established that acylation had occurred at 0-6. 
Methylthiomethyl ether 7 was prepared by a modi- 
fication of a procedure reported by Pojer and Angyal 
(13); 7 could not be isolated in a pure form. Crude 7 
was 0-debenzoylated to give crystalline 8 in 66% 
yield from 6. Oxidation of 8 gave aldehyde 9 which 
was characterized by conversion into the crystalline 
1,3-diphenylimidazolidine derivative 10. Treatment 

0008-4042/79/080924-09$01 .OO/O 
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JARRELL AND SZAREK 

I of compound 9 with vinylmagnesium bromide 
afforded the epimeric, dideoxy derivatives 11 and 12 
in an approximately 1 : 5 ratio, respectively. 

I 
The stereochemistry at C-6 in compounds 11 and 

i 12 was established by the route outlined in Scheme 2 
(see below). Attempted removal of the methylthio- 
methyl group in 12 with methyl iodide (13) gave 

I methyl 2,3-di-0-benzyl-7,s-dideoxy-L-glycero-a-D- 
1 gluco-oct-7-enopyranoside (13) and an equal quantity 

of a second product, namely, methyl 2,3-di-0-benzyl 
7,s -dideoxy -4,6- 0- methylene-L- glycero-a-D-gluco- 
oct-7-enopyranoside (23). Compound 23 presumably 
arises from attack of 0-6 on the intermediate sul- 
fonium ion resulting from S-methylation of the 
tliioether function. The facility with which cyclization 
occurs is evidenced by the formation of 23 when an 
excess of water was present in the reaction mixture. 
Attempted removal of the methylthiomethyl function 
with silver nitrate and 2,6-lutidine (14) in aqueous 
tetrahydrofuran gave 13 and 23. When the epimeric 
olefin 11 was treated with methyl iodide, methyl 
2,3-di-0-benzyl-7,s-dideoxy-4, 6-0-methylene-D-gly- 
cero-a-D-gluco-oct-7-enopyranoside (24) was formed 
as the major product. These results indicate that the 
intramolecular reaction occurred more readily in the 
case of compound 11 than in that of 12 and, there- 
fore, reflect the stereochemistry of these derivatives 
at C-6. Structure 25 represents the projection along 

the C-5-C-6 bond of the rotamer of 12 which would 
be required for the cyclization of 12 to give 23. 
Similarly, structure 26 represents the steric situation 
for the formation of compound 24 from 11. Rotamer 
26 might be expected to be more favored than 
rotamer 25, and hence formation of 24 from 11 
might be expected to be more facile than formation 
of 23 from 12. In view of the preceding considera- 
tions, the major product from the Grignard reaction, 
namely 12, may be assigned the L configuration and 
the minor product the D configuration at C-6, a con- 
clusion which is supported by other results (see 
below). The problem experienced with the methyl- 
thiomethyl group may prove to be a general limita- 
tion on its usefulness in compounds in which an 
hydroxyl group is situated such that it can react at 
the methylthiomethyl group's methylene carbon 
during deprotection procedures. 

To establish unambiguously the configuration at 
C-6 in compounds 11 and 12, compound 12 was 
degraded by the sequence of reactions shown in 
Scheme 2. Acetylation of 12 afforded 14 which 
reacted smoothly with methyl iodide to give 15 in 
8 0 z  yield. Treatment of compound 15 with osmium 
tetroxide in the presence of sodium metaperiodate, 
followed by reduction of the resulting aldehyde with 
sodium borohydride, afforded methyl 2,3-di-0- 
benzyl-L-glycero-a-D-gluco-heptopyranoside (27). Re- 
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JARRELL AND SZAREK 927 

2-methoxyethanol afforded a mixture of dialdose 
derivatives 19 and 18 from which the former was 
isolated as a solid foam while the latter was obtained 
as crystals which showed no ir absorption attribut- 
able to an aldehyde group. 'Hmr spectroscopy 
suggested that the products exist primarily as cyclic 
structures (trans-decalin) as evidenced by the absence 
of an aldehydic proton signal. 

The reducing dialdose derivative 18 was treated 
with methanol in the presence of acidic, ion-exchange 
resin to give crystalline 21 in 49% yield. In the 'Hmr 
spectrum (220 MHz) of compound 21 H-1 gives rise 
to a doublet at z 5.42 (J,,, = 3.8 Hz) and H-8 
appears as a doublet at 5.21 (J,,, = 1.8 Hz). Coxon 
(18) has reported that the H-1's of methyl 4,6-0- 
benzylidene-a-D-gluco- and -mannopyranoside re- 
sonate at z 5.35 (J,,, = 3.5 Hz) and 5.35 (J,,, = 0.6 
Hz), respectively. The values of the coupling con- 
stants J,,, and J,,, observed for H-1 and H-8, 
respectively, are also consistent with those observed 
for J,,, in the spectra of methyl a-D-gluco- and 
-mannopyranoside (19) as well as their derivatives 

BzlO BzlO 

(1 8). Therefore, the product is assigned the L-erythro- 
D-gluco configuration as shown in structure 21. Inter- 
estingly, the protons of the hydroxyl groups at C-6 
and C-7 give rise to doublets; irradiation of the 
hydroxyl protons resulted in the partial collapsing of 
the multiplets arising from H-7 and H-6 at z 6.01 and 
6.1 1, respectively. Irradiation of H-6 and H-7 
allowed the resonances at z 7.31 (JH,,, = 3 Hz) and 
7.34 (J,,,, = 4.5 Hz) to be assigned to HO-7 and 
HO-6, respectively. 

Support for the stereochemical assignment of C-7 
in compound 21 was obtained from 13Cmr spectros- 
copy. In the 13Cmr spectrum of 21 resonances at 
6 101.0 and 99.0 can be assigned to C-8 and C-1, 
respectively. Gorin and Mazurek (20) have reported 
that for methyl a-D-gluco- and -mannopyranoside 
the anomeric carbons resonate at 6 100.3 and 101.9, 
respectively, whereas the corresponding 4,6-0- 
benzylidene derivatives have anomeric carbon reson- 
ances 6 99.9 and 101.7, respectively (21). The close 
agreement of the chemical shift observed for C-8 
with the reported chemical shifts of C-1 of manno- 
pyranosides supports the above assignment of the 
stereochemistry at C-7. Finally, only two resonances 
attributable to methyl groups were observed in both 
the 'Hmr and 13Crir spectra of compound 21, a 
result which establishes that in 21 there exists only 
one anomeric form at each of C-1 and C-8. 

Removal of the benzyl groups in 21 by hydro- 
genolysis over palladium-on-charcoal afforded 22 
which had mp 192-196°C (dec.) and [a], +56.3". 
The 'Hmr spectrum (220MHz) of 22 showed 
doublets at z 5.13(J = 4.0 Hz) and 5.18(J = 1.8 Hz) 
for H-1 and H-8, respectively. Irradiation of H-1 
resulted in the H-2 signal's appearing as a doublet 
at z 6.37 ( J  = 10 Hz). The observed splitting of H-8 
( J  = 1.8 Hz) is in agreement with the value (1.5 Hz) 
observed for J,,, in the spectrum of methyl a-D- 
mannopyranoside (19). 

13Cmr data for compound 22, and for methyl 
a-D-gluco- and -mannopyranoside and their 4,6-0- 
benzylidene derivatives, are given in Table 1. The 
C-1 and C-2 resonances observed for 22 are in close 
agreement with the corresponding resonances re- 
ported for the D-glucose derivatives. The chemical 
shifts observed for C-8 and C-7 are in good agree- 
ment with those reported for C-1 and C-2, respec- 
tively, of the D-mannose derivatives. Thus, the 'Hmr 
and 13Cmr data establish that the product has the 
stereochemistry assigned in 22 and, therefore, cor- 
roborate the stereochemical conclusion which was 
reached for compound 21. 

Compound 19 was treated with methanol in a 
manner similar to that used for the preparation of 21. 
Crystalline 20 was obtained, which was more dex- 
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TABLE 1. Carbon-13 chemical-shift datau for compound 22 and some related aldopyranosides 

Compound C- 1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 OMe 

22 99.8 72.4 70.9' 68.3 67.4 70.1 70.5' 101.7 55.2 
54.7 

Methyl a-D-glucopyranosideb 100.3 72.5 74.2 70.6 72.7 61.7 56.2 
Methyl 4,6-0-benzylidene-a-D- 

glucopyranosidec 99.9 72.4 70.5 80.8 62.0 68.5 54.9 
Methyl a-D-mannopyranosideb 101.9 71.2 71.8 68.0 73.7 62.1 55.9 
Methyl 4,6-0-benzylidene-a-D- 

mannopyranosidec 101.7 70.6 68.0 78.5 62.9 68.4 54.4 
Methyl e-D-glucopyranosideb 104.3 74.2 76.9 70.8 76.9 61.9 58.3 
Methyl 8-D-mannopyranosided 101.0 70.3 73.0 66.8 76.3 61.1 56.6 

'In ppm from tetramethylsilane in deuterium oxide for compound 22. 
'Data are those reported in ref. 20. 
=Data are those reported in ref. 21. 
dData are those reported in ref. 22. 
=Assignments may be reversed. 

trorotatory than 21 and was shown to be a mixture of 
glycosides. In the 'Hmr Spectrum of the methanolysis 
product three signals attributable to methoxyl groups 
were observed at z 6.42, 6.55, and 6.58, results which 
establish that the product was a mixture of anomers 
29 and 30. The stereochemistry of the octodiose 
derivatives 29 and 30 was assigned using the follow- 

M e 0  

BzlO 

BzlO 

ing considerations. In the product's 'Hmr spectrum 
(220 MHz) in chloroform-d, doublets at z 5.19 
( J  = 3.3 Hz), 5.39 ( J  = 3.8 Hz), 5.41 ( J  = 3.8 Hz), 
and 5.75 ( J  = 7.5 Hz) have been assigned to H-8, H-1, 
H-1 ', and H-8', respectively, the nonprimed numbers 
referring to 29 and the primed numbers to 30. The 
observed spacings of 3.8 Hz are consistent with that 
observed for H-1 (a anomer) in compound 21 and 
with the value of 3.6 Hz observed for J,,, in methyl 
a-D-glucopyranoside (19) and its derivatives (18). The 
assignment of the resonances at z 5.39 and 5.41 to 
H-1 and H-1' (assignments may be reversed) was 
based upon the observation that H-1 in 21 resonates 
at z 5.42. The doublet for H-8' has a spacing of 7.5 
Hz, a value which is indicative of a trans-diaxial 
orientation of H-8' and H-7' and, therefore, of the 
p configuration in 30. 

The assignment of the signals for H-1, H-1 ', H-8, 
and H-8' were confirmed in the following way. The 
spectrum of the product mixture 20 in a mixture of 
chloroform-d and acetone-d, exhibited signals which 
were shifted relative to the corresponding signals 
observed in chloroform-d. Signals in the region of z 
6.20-6.60 were sequentially irradiated and positions 
were noted of signals which on irradiation caused the 
anomeric proton signals to collapse. This procedure 

RG. 1. (A) Partial 'Hmr spectrum (chloroform-d) at 220 
MHz of compounds 29 and 30; (B) partial 'Hmr spectrum 
(chloroform-d) at 220 MHz of compounds 29 and 30 with 
irradiation of H-2 and H-2'; (C) partial 'Hmr spectrum 
(chloroform-d) at 220 MHz of compounds 29 and 30 with 
irradiation of H-7. 
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JARRELL AND SZAREK 929 

permitted the signals for H-2, H-2', H-7 and H-7' to 
be located. The corresponding signals in the spectrum 
in chloroform-d were then irradiated (see Fig. l), a 
procedure which resulted in the signals for H-1, H-1', 
and H-8 to be identified. Irradiation of the H-1's 
resulted in the multiplets, observed for H-2 and 
H-2', to collapse to doublets with a spacing of 10 Hz, 
a value which is in agreement with that observed (18) 
for the coupling between trans-diaxial protons. The 
assignments of the signals for H-1, H-1', H-8, and 
H-8' were thus confirmed. 

The observed values of 3.5 Hz and 7.5 Hz for the 
coupling constants J,,, and J,,,,,, respectively, are in 
agreement with the values of 3.0 and 7.5 Hz which 
have been reported (19) for J,,, in methyl a- and P- 
D-glucopyranoside, respectively. The 'Hmr data 
establish that the product from the methanolysis of 
19 is composed of a 1: 1 mixture of anomeric 
glycosides (29 and 30) of D-threo-D-gluco-octodiose. 

The present approach provides access to structures 
which are analogs of those found in 1 and 2. To the 
authors' knowledge compounds 21, 22, 29, and 30 
represent the first synthetic examples of dialdoses 
which have the trans-decalin structure. Investigations 
into improvements in the synthesis of octodioses and 
the preparation of pseudodisaccharides containing 
these moieties are currently underway. 

Experimental 
Melting points were determined on a Fisher-Johns apparatus 

and are uncorrected. Optical rotations were measured with a 
Perkin-Elmer model 141 automatic polarimeter at 26 t 3°C. 
Infrared spectra were recorded with a Unicam SP 1000 or a 
Perkin-Elmer 180 spectrophotometer. The 'Hmr spectra were 
recorded at 60 MHz or with a Varian HR-220 spectrometer 
at 220 MHz in chloroform-d with tetramethylsilane (TMS) as 
the internal standard, unless otherwise stated. The 13Cmr 
spectra were determined at 15.09 MHz on a Bruker HX-60 
spectrometer equipped with an FT60M Fourier transform 
accessory; chemical shifts are given in parts per million 
downfield from TMS. Thin-layer chromatography (tlc) was 
performed with silica gel G, containing 1-3% of the indicator 
Lumilux Green ZS (Brinkmann), as the adsorbent in the follow- 
ing solvent systems (v/v): (A) 4: 1 benzene - ethyl acetate; (B) 
5:2 petroleum ether - ethyl acetate; (C) 1 : 1 benzene - ethyl 
acetate; (D) ethyl acetate; (E) 1 : 1 ethyl acetate -methanol. 
The term 'petroleum ether' refers to the fraction of bp 6 C  
110°C. The developed plates were air dried and compounds 
located by heating the plates at 150°C after they had been 
sprayed with 10% aqueous sulfuric acid containing 1% cerium 
sulfate and 1.5% molybdic acid; benzyl ethers were detected 
by irradiation of the developed plates with short-wavelength 
uv light from a 2537 A 'Mineralight.' Column chromatography 
was performed on Brinkmann silica gel (7C230 mesh). 

Ultraviolet irradiations were performed with a 450-W 
Hanovia medium-pressure mercury-arc lamp (Cat. No. 
679A-36) contained in a water-cooled, quartz immersion well. 
The whole assembly was mounted in a borosilicate glass 
reaction vessel. 

Methyl 6-0-Benzoyl-2,3-di-0-benzyl-a-D-glucopyranoside (6) 
To a cooled (0°C) solution of 5 (23) (3.7 g) in pyridine (50 

mL), benzoyl chloride (1.25 mL) in pyridine (10 mL) was 
added dropwise with stirring. Thin-layer chromatography 
(solvent A) revealed that after 3 h compound 5 (trace), a 
major component (Rr 0.46), and a trace of a minor component 
(Rf 0.73) were present. The reaction mixture was poured into 
ice water and the resulting mixture was extracted with chloro- 
form; the chloroform extract was washed successively with 
cold 2 N sulfuric acid, saturated aqueous sodium hydrogen 
carbonate, and water. Concentration of the dried (MgSO,) 
chloroform solution afforded a syrup which was adsorbed onto 
silica gel and the column eluted (solvent A). Compound 6 was 
obtained as a colorless syrup (3.6 g, 76%) which solidified on 
standing. Recrystallization from petroleum ether afforded 6 
as white needles having mp 75-77"C, [a], + 22 f lo (c 1.4, 
CHCI,); v,,, (KBr): - 3485 (OH) and 1695 cm-' (OBz); 'Hmr 
T: 1.8C2.00 (2H, aromatic H's), 2.37-2.95 (12H, aromatic 
H's), 4.88-5.60 (7H, H-1-H-3, 2 CH2-C6H5's), 5.90-6.65 
(7H, H-4, H-5, H-6's, OMe), 3.30 (lH, OH, exchanged in 
DzO); 'Hmr (dimethyl-d6 sulfoxide) r: 4.48 (lH, d, JH.OH = 6 
Hz, OH). Anal. calcd. for C28H3007: C 70.3, H 6.3; found: 
C 69.7, H 6.4. 

Methyl 2,3-Di-0-benzyl-4-0-methylthiomethyl-a-D- 
glucopyranoside (8) 

Glacial acetic acid (4 mL) and acetic anhydride (6.6 mL) 
were added to a solution of compound 6 (1.43 g) in dry di- 
methyl sulfoxide (IOmL), and the mixture was stirred at room 
temperature for 24 h. The reaction mixture was poured into 
cold, saturated sodium hydrogen carbonate. The neutral 
mixture was extracted with chloroform (3 x 20 mL); the 
extract was washed with water, dried (MgSO,), and con- 
centrated to a syrup (1.3 g) which was shown by tlc (solvent B) 
to be composed of two compounds having Rr 0.59 (major) and 
Rf 0.53 (minor). Column chromatography and an attempted 
distillation of the crude product failed to provide pure 7. 

Crude 7 (1.3 g) in methanol (30 mL) was treated for 4 h at 
5°C with methanolic sodium methoxide (5 mL, -1 M). 
Neutralization of the reaction mixture with Dry Ice followed 
by evaporation of the resulting mixture afforded a residue 
which was dissolved in chloroform. The chloroform extract 
was washed with water, dried (MgS04), and concentrated to 
a syrup. Crystallization from petroleum ether afforded 8 as 
white needles (690mg, 53%) having mp 88.5-89.5"C, [a], 
-!- 153.2 f 2" (c 2.2, CHC13); 'Hmr r: 2.70 (lOH, aromatic 
H's), 4.60-6.60 (14H, H-1-H-5, H-6'~, 2 CH2-C6HsYs, 
SCH20, OH), 6.53 (3H, OMe), 7.85 (3H, s, SMe). Anal. calcd. 
for C23H3006S: C 63.6, H 7.0, S 7.4; found: C 63.3, H 6.8, 
S 7.5. 

Methyl 2,3-Di-0-benzyl-4-0-methylthiomethyl-a-~-gluco- 
hexodialdo-1,5-pyranoside (9) 

Methyl 2,3-di-0-benzyl-4-0-methylthiomethyl-a-~-gluco- 
pyranoside (8, 4.35 g) in dry dimethyl sulfoxide (75 mL) was 
treated with N,Nf-dicyclohexylcarbodiimide (8.0 g), pyridine 
(0.4 mL), and trifluoroacetic acid (0.4 mL) for 18 h at room 
temperature to give a single product having Rf 0.7 (solvent C). 
The reaction mixture was diluted with ethyl acetate (50 mL) 
and a solution of oxalic acid dihydrate (3.75 g) in methanol 
(10 mL) was added to the mixture. After 30 min the mixture 
was poured into ice cold, saturated aqueous sodium chloride 
and the resulting mixture was filtered. The organic phase was 
separated and the aqueous solution was extracted with ethyl 
acetate (2 x 20 mL). The combined phase was washed with 
saturated aqueous sodium hydrogen carbonate and then with 
water. The aqueous washings were extracted with ethyl 
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acetate and the organic phases were combined, dried (MgS04), residue was partitioned between chloroform and water; the 
and concentrated to dryness. The syrupy residue was dissolved chloroform solution was washed with water, dried (MgSO,), 
in warm acetone (20 mL) and the remaining N,N'-dicyclo- and evaporated to an orange syrup. The syrup was adsorbed 
hexylurea was removed by filtration. The filtrate was con- onto a column of silica gel and fractions were eluted (solvent 
centrated to give 9 as an orange syrup which had v,,,(film) A). Methyl 2,3-di-O-benzyl-7,S-dideoxy-4,6-0-methylene-~- 
1730 cm-' (C=O) and which was used without further glycero-a-D-gluco-oct-7-enopyranoside (23) was isolated as a 
purification. homogeneous syrup having Rf 0.70, [aID -25.1 & lo  (c 0.88. 

1,3-Diphenyl-2-(methyl2',3'-di-O-benzyl-4'-O-methylthio- 
methyl-a-D-gluco-pentopyranosid-5'-yl) imidazo lidine (10) 

Compound 8 (870 mg) was oxidized as described above. 
After oxalic acid dihydrate (0.75 g) in methanol (5 mL) had 
been added to the reaction mixture, the mixture was filtered 
and N,N'-diphenylethylenediamine (400 mg) was added to the 
filtrate. After 24 h at room temperature the mixture was 
refrigerated to give 10 as colorless needles (800 mg). Recrystal- 
lization fiom ethanol gave 10 as colorless needles having mp 
113-115.5"C, [aID -32.0 ? 0.9" (c 1.09, CHCI,); 'Hmr 7: 
2.53-3.47 (20H, aromatic H's), 4.30 (lH, s, H-2), 4.85-5.67 
(7H, H-1', 0CH2S, 2 CH2-C6H5's), 5.75-6.77 (8H, H-4's, 
H-5's, H-2'-H-5'), 6.90 (3H, s, OMe), 7.83 (3H, s, SMe). 
Anal. calcd. for C37H42N205S: C 70.9, H 6.8, S 4.5; found: 
C 70.9, H 6.7, S 4.0. 

Methyl 2,3-Di-0-benzyl-7,8-dideoxy-4-O-methylthiomethyl-~- 
glycero- and -L-glycero-a-D-gluco-oct-7-enopyranoside 
(11 and 12) 

A solution of crude 9 (-4.35 g) in dry tetrahydrofuran 
(15 mL) was added dropwise with vigorous stirring to a tetra- 
hydrofuran (10 mL) solution of vinylmagnesium bromide 
(prepared from vinyl bromide (3.9 mL) and magnesium 
turnings (1.37 g)). The reaction mixture was stirred at room 
temperature for 4 h after which time tlc (solvent A) revealed 
that all of the starting material had disappeared. Aqueous 
ammonium chloride (30 mL) was added dropwise to the cooled 
(0°C) reaction mixture. Ethyl acetate (30 mL) was added and 
the organic phase separated; the aqueous phase was extracted 
with ethyl acetate (2 x 30 mL). The combined organic solu- 
tion was washed with saturated aqueous sodium chloride, 
dried (MgSO,), and concentrated to a syrup. Column chroma- 
tography on silica gel (solvent A) gave methyl 2,3-di-0-benzyl- 
7,8-dideoxy-4-0-methylthiomethyl-~-glycero-a-~-gluco-oct-7- 
enopyranoside (12) as a colorless syrup (2.9 g, 62.9%) having 
Rf 0.67, [a],, f 109.7 k 0.8" (c 1.29, CHCI,); v,,, (film): 35CO 
(OH) and 1455 cm-' (C=C); 'Hmr T: 2.65 (lOH, aromatic 
H's), 3.654.30 (lH, m, vinyl H), 6.40-5.75 (lOH, 2 vinyl H's, 
2 CH2-C6H5's, SCH20, H-1, H-2), 5.8C6.75 (7H, H-3- 
H-6, OMe), 7.03 and 7.15 (lH, OH, exchanged in D20), 7.80 
(3H, SMe). Anal. calcd. for C25H3206S: C 65.2, H 7.0, S 7.0; 
found: C 65.4, H 6.9, S 6.8. 

Methyl 2,3-di-0-benzyl-7,8-dideoxy-4-O-methylthiomethyl- 
D-glycero-a-D-gluco-oct-7-enopyranoside (11) was isolated as 
a homogeneous syrup (560 mg, 12.1%) which crystallized on 
standing. Recrystallization from hexane afforded 11 as white 
needles having Rf 0.39, mp 93-94OC, [aID f 115.5 + 0.5" (c 
2.1, CHCI,); v,,, (KBr): 3450 (OH) and 1450 cm-' (C==C); 
'Hmr T:  2.73 (lOH, aromatic H's), 3.65-6.75 (18H, H-1-H-7, 
H-83, 2 CH2-C6H5's, SCH,O, OMe), 7.05 (lH, bs, OH, 
exchanged in D,O), 7.90 (3H, s, SMe). Anal. found: C 64.9, 
H 6.8, S 6.9. 

Treatment of Compound 12 with Methyl Iodide 
A mixture of 12 (660 mg), methyl iodide (0.75 mL) and 

sodium hydrogen carbonate (0.6 g) was refluxed for 12 h. 
Thin-layer chromatography (solvent A) revealed that all of 12 
had reacted to give a mixture (1 : 1) of two components having 
Rf 0.70 and 0.16. Water (2.5 mL) was added to the reaction 
mixture and then the mixture was concentrated to dryness. The 

C H C I ~ ) ;  v,,, (film): 1460cm-' (c=c); no ir absorption 
attributable to OH; 'Hmr T:  2.67 (lOH, aromatic H's), 3.45- 
5.60 (12H, 3 vinyl H's, H-1, H-2, H-6, 0CH20,  2 CH,- 
C6H5's), 5.7C6.80 (6H, H-3-H-5, OMe). Anal. calcd. for 
C 2 4 H 2 8 0 6 : C 6 9 . 9 , H 6 . 8 ; f ~ ~ n d : C 7 0 . 4 , H 6 . 9 .  

Methyl 2,3-di-0-benzyl-7,8-dideoxy-~-glycero-a-~-gluco-oct- 
7-enopyranoside (13) was isolated as crystals which upon 
recrystallization from petroleum ether gave white needles 
having Rf 0.16, mp 109-llO°C, [aID -1.6 ? 0.8", [a]365 
-29.4 & 0.8" (c 1.2, CHCI,); 'Hmr T:  2.65 (lOH, aromatic 
H's), 3.704.35 (lH, m, vinyl H), 4.45-5.75 (8H, 2 vinyl H's, 
H-1, H-2, 2 CH2-C6H5's), 6.00-6.70 (7H, H-3-H-6, OMe), 
6.90-7.60 (2H, 2 OH'S). Anal. calcd. for C2,H2,06 : C 69.0, 
H 7.1; found: C 68.8, H 7.1. 

The reaction was repeated using the same procedure as out- 
lined above except that acetone was replaced by water-acetone 
(I : 1 (v/v)) as the solvent. Thin-layer chromatography revealed 
that compounds 13 and 23 were produced in approximately 
equal proportions. 

Treatment of 12 with Silver Nitrate and 2,6-Lutidine 
Silver nitrate (288 mg) was added to 12 (157 mg) and 2,6- 

lutidine (107 mg) in tetrahydrofuran-water (0.8 mL, 4:l  
(v/v)) and the mixture was stirred for 16 h at room tempera- 
ture. Thin-layer chromatography (solvent A) showed that 12, 
13, and 23 were present with 23 being the preponderant 
component. 

Treatment of Methyl 2,3-Di-0-benzyl-7,8-dideoxy-4-0- 
methy~thiomethyl-~-glycero-a-~-g~uco-oct-7-enopyranoside 
(11) with Methyl Iodide 

Compound 11 (560 mg) in acetone (5 mL) was treated with 
methyl iodide (0.75 mL) and sodium hydrogen carbonate (600 
mg) as described for 12 (see above). Thin-layer chromatog- 
raphy (solvent A) showed that after 12 h the reaction mixture 
contained a major component (R, 0.84) and a trace of a minor 
component (Rf 0.12) but no starting material. The major 
product was isolated by the procedure described for 23 to give, 
after column chromatography on silica gel (solvent A), 
methyl 2,3-di-O-benzyl-7,8-dideoxy-4,6-O-methylene-~-gly- 
cero-a-D-gluco-oct-7-enopyranoside (24) as an amorphous 
solid (70 mg) which could not be crystallized. The product had 
[aID f 30.9 + 0.8" (c 1.2, CHCI,); v,,, (film): 1450 cm-' 
(C=C); no ir absorption attributable to OH; 'Hmr T:  2.67 
(lOH, aromatic H's), 3.73-5.47 (lOH, 3 vinyl H's, 0CH20,  
2 CH2-C6H5, H-1), 5.65-6.75 (8H, H-2-H-6, OMe). Anal. 
calcd. for C2,H2,06: C 69.9, H 6.8; found: C 69.6, H 7.1. 

Methyl 6-O-Acetyl-2,3-di-O-benzyl-7,8-dideoxy-4-O-methyl- 
thiomethyl-~-g1ycero-a-~-gluco-oct-7-enopyranoside (14) 

Compound 12 (2.9 g) in pyridine (30 mL) was treated with 
acetic anhydride (3 mL) for 48 ha t  room temperature and then 
the mixture was poured with vigorous stirring into ice water 
(300 mL). The aqueous mixture was extracted with chloro- 
form; the chloroform extract was washed successively with 
cold 2 N sulfuric acid, saturated aqueous sodium hydrogen 
carbonate, and water. Concentration of the dried (MgS04) 
chloroform solution afforded a syrupy residue which was 
fractionated on silica gel (solvent A) to give 14 as a homo- 
geneous syrup (2.9 g, 92.7%) having Rf 0.78, [a]D f82.3 + 
1.2" (c 0.85, CHCI,); v,,, (film): 1745 cm-' (OAc); no ir 
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absorption attributable to OH; 'Hmr 7: 2.70 (]OH, aromatic 
H's), 3.85-6.70 (15H, 3 vinyl H's, H-1-H-6, 0CH2S, 2 
CH2-C6H,'s, OMe), 7.87 (6H, SMe, OAc). Anal. calcd. for 
C27H3407S: C 64.5, H 6.8, S 6.4; found: C 65.1, H 7.0, S 6.3. 

Methyl 6-0-Acetyl-2,3-di-0-benzyl-7,8-dideoxy-~-glycero- 
a-D-gluco-oct-7-enopyranoside (15) 

A mixture of compound 14 (2.9 g), methyl iodide (4.2 mL), 
and sodium hydrogen carbonate (3.6 g) in acetone (60 mL) 
was refluxed overnight to give a single component having Rf 
0.44 (solvent A). The reaction mixture was processed in the 
usual way (see above) to give, after column chromatography 
on silica gel (solvent A), compound 15 as a colorless syrup 
(2.3 g, 80%) having [a], +2.9 k 0.4,  - 17.2 k 0.9' (c 
1.05, CHC13); v,,, (film): 3520 (OH) and 1730 cm-' (OAc); 
'Hmr r :  2.65 (]OH, aromatic H's), 3.70-5.40 (9H, 3 vinyl H's, 
H-1, H-2, 2 CH2-C6H,), 5.70-6.70 (7H, H-3-H-6, OMe), 
6.97-7.10 (IH, OH, exchanged in D20), 7.90 (3H, s, OAc). 
Anal. calcd. for C25H3007: C 67.9, H 6.8; found: C 67.9, 
H 6.8. 
Methyl 2,3-Di-O-benzyl-~-glycero-a-~-gluco-heptopyranoside 

(27) 
A mixture of compound 15 (2.3 g) and osmium tetroxide 

(10 mL of a 1% solution of osmium tetroxide in tert-butyl 
alcohol) in ethyl ether - water (50 mL, 1 : 1 (v/v)) was treated 

1 with sodium metaperiodate (5.5 g) and the mixture was 
vigorously stirred overnight at room temperature. Thin-layer 

1 chromatography (solvent A) revealed the absence of 15 (R, 
0.44) and the presence of one product (Rf 0.23). The ether 

I solution was separated, and the aqueous phase was extracted 
with ethyl ether (2 x 50 mL); the combined ether solution 

; was concentrated to a small volume to which methanol (100 
mL) was added. Sodium borohydride (900 mg) was added to 
the methanol solution and the mixture was stirred overnight 
at room temperature. The reaction mixture was neutralized 

I (pH 7) with concentrated hydrochloric acid and the neutral 
mixture was evaporated to a residue which was concentrated 
several times with methanol. Thin-layer chromatography 
(solvent D) showed that the syrupy residue contained a major 
component (Rr 0.25) and a trace of material which did not 
migrate. The residue was extracted with hot ethyl acetate 

I (3 x 50 mL) and the extract was concentrated to a syrup 
which was fractionated on a column of silica gel (solvent D) to 
give 27 as a homogeneous syrup (1.4 g, 64%) having [a], 
+15.6 k 0.5" (c 1.0, CHCI3); v,,., (film): 3450 cm-' (OH); 
no ir absorption attributable to acetyl or aldehyde functions; 
'Hmr 7: 2.69 (lOH, aromatic H's), 4.90-5.60 (5H, H-1, 2 
CH2-C6H,), 5.70-6.85 (13H, H-2-H-6, H-7's, OMe, 3 OH's, 
3 exchanged in D20). Anal. calcd. for C22H2807: C 65.3, 
H 7.0; found: C 64.9, H 7.4. 

Methyl L-glycero-a-D-gluco-Heptopyranoside (28) 
Compound 27 (500mg) in ethanol (75 mL) was hydro- 

genated (60 psig) over 10% palladium-on-charcoal for 6 h to 
give one product (Rr 0.51, solvent E). The reaction mixture 
was filtered and the filtrate was concentrated to a solid residue 
which was recrystallized from ethanol to give 28 as white 
needles (220 mg, 80%) having mp 163-1 65°C and [a], + 137.8 
? 0.5" (c 1.5, H20). For methyl D-glycero-a-L-gluco-hepto- 
pyranoside mp 167.5-169°C and [a], - 142" have been reported 
(16). Anal. calcd. for C8H1607: C 42.9, H 7.2; found: C 43.2, 
H 7.5. 

Methyl 2,3-Di-0-benzyl-7,8-dideoxy-~-glycero-a-~-gluco- 
oct-7-enopyranoside (13) 

Methyl 6-0-a~ety l -2 ,3 -d i -O-benzyl -~-g lycero-~-oct -  
7-enopyranoside (15) (3.2 g) in a mixture of triethylamine 

(5 mL), water (5 mL), and methanol (10 mL) was left over- 
night at room temperature. The reaction mixture was con- 
centrated to a residue which was partitioned between chloro- 
form and water. The dried (MgS04) chloroform extract was 
concentrated to a solid which was recrystallized from petro- 
leum ether to give 13 as needles (2.3 g, 80%) having mp 
10G107"C; for another sample of 13 mp 109-110°C had been 
observed (see above). The product had the same mobility (tlc) 
as the other sample of 13 and the 'Hmr spectra of the two 
samples were indistinguishable. 

Methyl 7,8-Anhydro-2,3-di-0-benzyl-D-threo- and -L-erythro- 
a-D-gluco-octopyranoside (16) 

m-Chloroperbenzoic acid (1.03 g) was added to a stirred 
solution of 13 (1.9 g) in dry dichloromethane (50 mL). After 
48 h the reaction mixture was filtered and the filtrate was 
washed with aqueous sodium hydrogen carbonate. Con- 
centration of the dried (MgS04) dichloromethane solution 
afforded a residue which was fractionated on a column of 
silica gel (solvent C). Compounds 16 were isolated as a 
mixture which was a white solid (1.55 g, 78.7%) having Rr 
0.24, mp 118.5-120.5°C (softened at 11 1.5"C), [a], + 9.0 + 
0.9" (c 1.22, CHC13); 'Hmr T: 2.67 (]OH, aromatic H's), 
4.90-5.55 (5H, H-1, 2 CH2-C6HSys), 5.90-7.35 (13H, 
H-2-H-7, H-8's, 2 OH's, OMe). Anal. calcd. for CZ3Hz8O7: 
C66.3,H6.8;found:C66.0,H7.1. 

Methyl 8-Azido-2,3-di-0-benzyl-8-deoxy-D-threo- and 
-L-erythro-a-D-gluco-octopyranoside (1 7) 

A mixture of sodium azide (1 g), ammonium chloride 
(500 mg), and anhydro derivatives 16 (1.55 g) in 2-methoxy- 
ethanol (25 mL) - water (2.5 mL) was refluxed for 1 h. The 
reaction mixture was partitioned between chloroform and 
water; the dried (MgS04) chloroform extract was concen- 
trated to a solid which was purified by column chromatography 
on silica gel (solvent C). Azides 17 were obtained as an 
amorphous solid mixture (1.39 g, 82%) which had Rf 0.34 
(solvent C), mp 122-128OC (softened at 1 10°C), [a], + 9.9 k lo  
(c 1.01, CHC13); v,., (KBr) : 2095 (N3) and 3380 cm-' (OH); 
'Hmr r: 2.65 (IOH, aromatic H's), 4.90-5.60 (5H, H-1, 2 
CH2-C6HSys), 5.87-7.53 (14H, H-2-H-7, H-8's, OMe, 3 
OH's, 3 exchanged in D20). Anal. calcd. for Cz3H2,N307: 
C 60.1, H 6.4, N 9.1; found: C 59.7, H 6.3, N 9.0. 

Photolysis of Compounds 1 7  
A solution of azides 17 (1.6 g in benzene-2-methoxyethanol 

(100 mL, 9: 1 (v/v)) under nitrogen was irradiated with uv light 
for 6 h after which time tlc (solvent D) showed that all of the 
starting material had reacted. The reaction mixture was con- 
centrated to a syrup which was adsorbed onto silica gel; the 
column was eluted with solvent D. A mixture of two com- 
ponents (560 mg, 36.7%) having R, 0.44 and 0.35 was obtained 
as a syrup which solidified on standing and which reduced 
Fehling's solution. Recrystallization from hexane - ethyl 
acetate gave compound 18 as a white powder (210 mg) having 
Rf 0.45 (solvent D), mp 88-8g°C, [a], +20.6 k 0.5" (c 2.13, 
CHCI,); v,,, (KBr): 3400cm-' (OH); no ir absorption 
attributable to an aldehyde group; 'Hrnr r :  2.5C2.90 (lOH, 
aromatic H's), 4.87-5.65 (6H, H-1, H-8, 2 CHZ-C6H5), 
5.70-7.45 (12H, H-2-H-7, OMe, 3 OH's, 3 exchanged in 
D20). Compound 18 reduced Fehling's solution. Anal. calcd. 
for CZ3H2808: C 63.9, H 6.5; found: C 63.9, H 6.5. 

In a second experiment azides 17 (1.4 g) afforded 18 and 19 
as a mixture (755 mg, 57.3%) from which 19 (R, 0.35) was 
isolated as a solid foam (140 mg); the sample of 19 was 
revealed by tlc (solvent D) to be contaminated with compound 
18 (510%). This material had [a], +14.8 k 0.5", [a]365 
+27.3 + 0.5" (c 1.76, CHC13); 'Hmr r: 2.40-2.91 (]OH, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



932 CAN. J .  CHEM. VOL. 57, 1979 

aromatic H's), 4.70-6.93 (18H, H-1-H-8, 2 CH2-C6H5's, 
OMe, 3 OH'S). 

Methanolysis of Compound 18 
Compound 18 (100mg) in dry methanol (30mL) was 

refluxed for 16 h in the presence of Dowex 50 ion-exchange 
resin (H+) with the exclusion of moisture. The reaction mixture 
was filtered and the filtrate was concentrated to a crude 
product which was purified by column chromatography on 
silica gel (solvent D) to give 21 as white crystals (50 mg, 
48.5%). Recrystallization from hexane - ethyl acetate gave 21 
as whlte needles having Rf 0.59 (solvent D), mp 148.5-150°C, 
[a]D -11.6 f 0.9", [a1365 -53.1 f 0.9" (C 1.20, CHC13); 
'Hmr (220 MHz) r: 2.61-2.82 (lOH, aromatic H's), 5.06, 5.15, 
5.16, and 5.37 (4 1H d's, J,,, = 10.5 Hz, 2 CH2-C6H5's), 
5.21 (lH, d, J7.8 = 1 . 8 H ~ ,  H-8), 5.42 (lH, d, J1 .2  = 3.8Hz, 
H-1), 6.01 (lH, m, H-6), 6.00, 6.20, and 6.49 (3 1H t's, J = 9.5 
Hz, H-3, H-4, H-5), 6.52 (lH, m,J2,3 = 10 HZ, H-2), 6.60 and 
6.61 (2 3H s's, 2 OMe's), 7.31 (IH, d, J 7 , 0 H  = 3.0 HZ, HO-7), 
7.34 (lH, d, J 6 , 0 H  = 4.5 HZ, H0-6); 13Cmr data (CDCI,) 6: 
128.4, 128.3, 128.1, 127.9, and 127.5 (aromatic), 101.0 (C-8), 
99.0 (C-1), 55.3 and 54.8 (2 OMe's). Anal. calcd. for C24H3008 : 
C 64.6, H 6.8; found: C 64.5, H 6.7. 

Methanolysis of Compound 19 
Compound 19 (140mg) was treated with dry methanol 

(30 mL) in a manner similar to that used with 18. After a 
I 

reaction time of 48 h, tlc (solvent D) revealed that the reaction 
mixture contained a trace of 19 (Rf 0.35) and a component 
having Rf 0.50. The product was isolated by the procedure 
which was used for 21 to give compound 20 as a white solid 
(70 mg). Recrystallization from hexane - ethyl acetate gave 

I white crystals having mp 120-122"C, [a], + 15.2 + 0.6", [a]365 
+25.4 f 0.6" (c 1.58, CHC13); 'Hmr (220 MHz) T:  2.91-2.84 

I (lOH, aromatic H's), 5.11-5.37 (4H, 2 CH2-C6H5's), 5.19 
(0.5H, d, J7.8 = 3.5Hz), 5.39 (0.5H, d, J =  3.8Hz, H-1 or 
H-l'), 5.41 (0.5H, d, J = 3.8 Hz, H-1 or H-1'), 5.75 (0.5H, d, 

I 
J 7 T . 8 3  = 7.5 HZ, H-8'), 5.98-7.48 (14H, H-2-H-7, 2 OH'S, 2 
OMe's). The protons of the methoxyl groups gave three 
singlets having chemical shift values of T 6.42, 6.55, and 6.58. 
Double-resonance experiments are described in Results and 
Discussion. Anal. calcd. for C24H3008 : C 64.6, H 6.8; found: 
C 64.7, H 6.9. 

Preparation of Compound 22 
Compound 21 (200 mg) in ethanol (50 mL) was hydro- 

genated (50 psig) over 10% palladium-on-charcoal to give a 
single product having Rf 0.60 (solvent E). The reaction mixture 
was concentrated to give 22 as a white solid (100 mg, 84%) 
having mp 192-196°C (dec.), [a], + 56.3 f 0.5", [a1365 + 168" 
+ lo  (c 1.07, CHCI,); 'Hmr data (220 MHz, D 2 0  with 
sodium 2,2-dimethyl-2-silapentane-5-sulfonate as the internal 
standard) T:  5.13 (IH, d, J lB2=4.0Hz,  H-1), 5.18 (lH, d, 
J7,8 = 1.8 HZ, H-8), 6.01 (lH,m, J7,6 = 3.2Hz, H-7), 6.05- 
6.11 (lH, m, H-6), 6.16 and 6.20 (2 1H t's, J = 10 Hz, 4-H, 
H-5), 6.37 (lH, J2,, = 10 Hz, H-2), 6.43-6.52 (lH, m, H-3), 
6.55 and 6.57 (2 3H s's, 2 OMe's); 13Cm (D20) 6: 101.7 (C-8), 
99.8 (C-1), 72.0, 70.9, 70.5, and 70.1 (C-2, C-3, C-6, C-7), 68.3 
and 67.4 (C-4, C-5), 55.2 (OMe, a-manno), and 54.7 (OMe, 
a-gluco). Anal. calcd. for C10H1808: C 45.1, H 6.8; found: 
C 44.7, H 7.2. 
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Hydrogenation during ligand exchange reactions between ferrocene and pyrene 
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CHOI CHUCK LEE, KEN J. DEMCHUK, and RONALD G. SUTHERLAND. Can. J. Chem. 57,933 
(1979). 

From ligand exchange reactions between ferrocene and pyrene, carried out in the presence 
of AIC13-AI, the q6-pyrene-q5-cyclopentadienyliron, q6-4,5-dihydropyrene-$-cyclopenta- 
dienyliron, and q6-4,5,9,10-tetrahydropyrene-q5-cyclopentadienyliron monocations (2, 3, and 
4, respectively) as well as the q6-pyrene-trans-bis-$-cyclopentadienyliron and q6-4,5,9,10- 
tetrahydropyrene-trans-bis-~-cyclopentadienyIiron dications (5 and 7, respectively) were 
isolated and identified. A possible mechanism for the partial hydrogenation of the pyrene 
ligand is discussed. 

CHOI CHUCK LEE, KEN J. DEMCHUK et RONALD G. SUTHERLAND. Can. J. Chem. 57,933 
(1979). 

A partir de rkactions d'tchange de ligands entre le ferrocene et le pyritne effectutes en 
presence de AI-AICI, on a pu identifier et caractkriser les monocations q6-pyrtneq5-cyclopenta- 
diknylfer, q6-dihydro-4,5 pyritne q5-cyclopentadiknylfer et q6-tktrahydro-4,5,9,10 pyritne q5- 
cyclopentadiknylfer (respectivement 2, 3 et 4) ainsi que les dications q6-pyritne trans-bis-q5- 
cyclopentadiknylfer et q6-tktrahydro-4,5,9,10 pyritne trans-bis-q5-cyclopentadienylfer (respec- 
tivement 5 et 7). On discute d'un mkanisme possible pour I'hydrogtnation partielle du ligand 
pyritne. 

[Traduit par le journal] 

In 1975, the first observation of a partial hydro- 
, genation of the aromatic ligand during the ligand 

exchange reaction between ferrocene and naph- 
thalene or anthracene, carried out in the presence 
of AlC1,-Al, was reported from this laboratory (1). 
Other polycyclic aromatic ligands have also been 
found to give similar hydrogenations (2), and it is of 

1 interest to note that in a recent communication on 
the synthesis of bis(q6-naphthalene)chromium(0) (3), ' it was stated in a footnote that control experiments 
with naphthalene-AlC1,-A1-CrCl, in C6H5C1 as 
solvent gave bis(q6-tetralin)chromium(O) as the main 
product. On the basis of the observation of a stereo- 
specific hydrogenation when 9,lO-dimethylanthra- 
cene was the aromatic ligand, a mechanism for the 
hydrogenation process has also been proposed 
recently (4). As an extension of these studies, the 
present work was undertaken on the ligand exchange 
reaction between ferrocene and pyrene in order to 
ascertain the extent of hydrogenation that might 
occur during ligand exchange with this tetracyclic 
aromatic system. 

In ligand exchange reactions between ferrocene 
and phenanthrene, effected in the presence of AIC1,- 
Al, hydrogenation could take place at the C-9,10 
positions giving rise to q6-phenanthrene-q5-cyclo- 

, pentadienyliron and q6-9,l0-dihydrophenanthrene- 
1 q5-cy~lopentadien~liron monocations and q6-phen- 

anthrene-trans-bis-q5-cyclopentadienyliron and q6- 
9,lO-dihydrophenanthrene- trans- bis-q5-cyclopenta- 

dienyliron dications (5). In similar reactions with 
pyrene (I), if analogous partial hydrogenations occur 
at C-4,5 and C-9,10, monocations 2, 3, and 4, and 
dications 5, 6, and 7, might be obtained. In the 
present work, attempts were made to isolate and 
characterize these cations. 

The extent of hydrogenation in ligand exchange 
reactions between ferrocene (FcH) and polycyclic 
arenes has been found to be highly dependent on 
reaction conditions such as the molar ratio of the 
reactants, the reaction temperature and the nature 

0008-4042/79/080933-04$0 1 .OO/O 
1979 National Research Council of CanadalConseil national de recherches du Canada 
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TABLE 1. 'H nmr data from monocations 2, 3, and 4 and from dications 5 and 7 

6 (ppm from TMS) 

Complexed Uncomplexed 
Ion* Solvent CHz CP aromatic aromatic 

. . .  . . 
5 CD3CN 4 . 5 8 ( ~ ,  10H) 6.63(m, C-2,7,3H) 8 .18(~ ,  C-4,5,9,10,4H) 

7.09(m, C-I ,3,6,8,4H) 
7 CD3NOz 3.27(bs, 4.90(s, IOH) 6.43(m, C-1,2,3,6,7,8,6H) 

C-4,5,9,10,8H) 

*As the mono- or dihexafluorophosphate salt. 

of the solvent. For example, in the formation of the 
tetralin complex from naphthalene, an increase in 
the relative amount of AlCl, or a decrease in the 
relative amount of FcH tended to increase the pro- 

I 
portion of the hydrogenated product (2). Moreover, 
the use of n-alkanes as solvent instead of alicyclic 

I 

I hydrocarbons such as decalin tended to decrease the 
I extent of hydrogenation (2, 5). Utilizing the usually 
1 

I employed molar ratio of 1 : 1 : 2 : 1 for arene-FcH- 
AlC1,-Al, and an n-alkane as solvent to minimize 

I 
hydrogenation, attempts were made to prepare non- 
hydrogenated products such as ion 2. However, often 

I 
mixtures of products were obtained. Thus reaction 
with a molar ratio of 1 : 1 : 2 : 1 for 1-FcH-AlC1,-A1 in 
refluxing n-hexane (69°C) for 20 h or in refluxing 
n-heptane (98°C) for 16 h gave about 16% yields of 
a 3 : 1 mixture of the q6-pyrene-q5-cyclopentadienyl- 
iron cation (2) and the q6-4,5-dihydropyrene-q5- 
cyclopentadienyliron cation (3), and these products, 
as their hexafluorophosphate salts, were separated 
by passage through an alumina column. When the 
same reaction was carried out in refluxing n-decane 
(174°C) for 16 h, a 24% yield of 2 was obtained 
directly without chromatographic separation. At this 
higher temperature, besides a greater yield of 2, any 
hydrogenated product such as 3 has apparently been 
decomposed. Using a molar ratio of 1 : 1 : 10: 1 for 
1-FcH-AlC1,-Al, reaction in decalin at 115°C for 
16 h gave a 9% yield of the q6-4,5,9,10-tetrahydro- 
pyrene-q5-cyclopentadienyliron cation (4). When 2, 
3, and 4, as their hexafluorophosphate salts, were 
subjected to pyrolytic sublimation under reduced 
pressure (4), pyrene, 4,5-dihydropyrene, and 4,5,9,10- 
tetrahydropyrene, respectively, were recovered, thus 
confirming the nature of the arene ligands in ions 
2, 3, and 4. 

From the work with naphthalene on the effect of 
varying the amount of AlCl, on the extent of hydro- 

genation, interpolation of the data suggested that a 
reaction carried out with a molar ratio of 1 : 1 : 5 .6  : 1 
for naphthalene-FcH-A1C13-A1 at 140°C for 4 h in 
decalin would give a 1 : 1 mixture of the nonhydro- 
genated and hydrogenated naphthalene and tetralin 
complexes (2). Using these conditions with 1 instead 
of naphthalene, only a 6% yield of the q6-4,5,9,10- 
tetrahydropyrene-trans-bis-q5 -cyclopentadienyliron 
dication (7) was obtained. Morrison et al. (6) have 
previously reported the preparation, from ligand 
exchange reactions, of a number of dications includ- 
ing the nonhydrogenated q6-PYrene-trans-bis-q5- 
cyclopentadienyliron dication (5). Using the con- 
ditions of Morrison et al. (molar ratio of 1 : 20: 100 : 33 
for 1-FcH-AIC1,-A1 in refluxing cyclohexane (81°C) 
for 16 h), we have obtained, in 35% yield, only the 
tetrahydro dicationic product 7. With a molar ratio 
of 1 : 2 : 2 : 1 for 1-FcH-AlC1,-A1, a reaction carried 
out in refluxing n-decane (174°C) for 16 h gave a 
mixture of products from which a 5% yield of the 
nonhydrogenated dication 5, as its hexafluoro- 
phosphate salt, was recovered. In the present work, 
however, it has not been possible to obtain the 
q6-4,5-dihydropyrene-trans-bis-q5-cyclopentadienyl- 
iron dication (6). 

The identification of the structures of ions 2, 3, 4, 
5, and 7 was greatly facilitated by their 'H and 13C 
nmr spectra. These spectral data are summarized in 
Tables 1 and 2. When hydrogenation occurs at 
C-4,5 or at C-4,5, and C-9,10, these carbon positions 
become methylene groups and only in the hydro- 
genated ions 3, 4, and 7 do methylene absorptions in 
the aliphatic region appear in both the 'H and 13C 
spectra (Tables 1 and 2). For dications 5 and 7, the 
symmetry of the structures greatly simplified both 
their l H  and 13C spectra. The two CpFe groups are 
assigned a trans geometry by analogy with similar 
assignments in dications formed from other poly- 
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LEE ET AL. 935 

TABLE 2. 13C nmr data from monocations 2, 3, and 4 and from dications 5 and 7 

6 (ppm from TMS) 

Complexed Uncomplexed 
Ion* Solvent CHz CP aromatic aromatic 

93 . O(C-3a,10a) 
3 CDjNOz 25.5(C-43) 75.8 83.2,84.2,84.4 124.3,125.7,126.5, 

(C-1,2,3) 127.3,129.4,131.4, 
88.4,92.9,99.5 133.0,135.4 

(C-3a,lOa,lOb) (C-6-10,5a,8a,lOc) 
4 CD3CN 26.2,26.3 76.9 84.3(C-2) 125.4,126.5 

(C-4,5,9,10) 85.9(C-1,3) 130.0,136.7 
93.5(C-lob) (C-6-8,5a,8a,lOc) 
99.1 (C-3a, 10a) 

5 CD3NOz 77.8 85.5(C-1,3,6,8) 131 .8(C-4,5,9,10) 
86.7(C-2,7) 
93.6(C-3a,5a,8a,lOa) 

7 CD3CN 25.1(C-4,5,9,10) 77.9 86.3(C-2,7) 
86.6(C-1,3,6,8) 
89.2(C-10b,10~) 

100.2(C-3a,5a,8a,lOa) 
I 
1 *As the mono- or dihexafluorophosphate salt. 

cyclic arenes (1, 4 7 ) .  Moreover, if the two CpFe 
groups were cis, in dication 7, four of the C-4,5,9,10 
protons would be on the same side (endo) and the 
other four would be on the opposite side (exo) 

relative to the two CpFe groups, and it would be 
unlikely for these protons to appear as a broad 
singlet in the 'H spectrum as was observed (Table 1). 

The partial hydrogenation of the pyrene ligand 
observed in the present work may be formulated via 
the ion-radical mechanism which has been proposed 
and discussed earlier (4). The formation of ion 3 
from 2 is illustrated in Scheme 1. The hydrogenation 
is initiated by the hydride abstraction from C-4 of 2 
by AlCl, to give a carbonium ion. An intramolecular 
oxidation-reduction would then take place through 
the transfer of an electron from Fe(I1) to give Fe(III), 
while the carbonium ion center is reduced to a 
radical, and this is followed by reactions with H 
atoms as previously described (4). The process may 
be repeated starting with hydride abstraction from 
C-10 of 3, eventually giving rise to the tetrahydro 
cation 4. It may be noted that the carbonium ions 
derived from hydride abstraction from C-4 of 2 and 
C-10 of 3 should be of high stability and could be 
formed quite readily since they are structurally 
analogous to a-ferrocenyl substituted carbocations 
which have extraordinarily high stability (8, 9). 
Further hydrogenation of the uncomplexed aromatic 
ring of 4 is not feasible since hydride abstraction 
from this ring would not give a stable carbonium ion 
analogous to an a-ferrocenyl substituted carbocation. 

Experimental 
Ligand Exchange Reactions 

Ligand exchange reactions between pyrene (1) and ferrocene 
(FcH), effected in the presence of AIC13-Al, were carried out 
using a general procedure as previously described (I), but with 
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TABLE 3. Reaction conditions for the preparation of and analytical data from ions 2, 3, 4, 5, and 7 

Calcd. (%) Found (%) 
Molar ratio Temp. Reaction Yield Analysis 

Ion* (1-FcH-AICI3-A1) Solvent PC) time (h) (%) for C H C H 

2 1:1:2:1 Decane 174 16 24 CZ1H15FePF6 53.87 3.23 53.95 3.20 
3 1:1:2:1 Hexane 69 20 4 t  CzlHl,FePF6 53.64 3.64 53.45 3.70 

1:1:2:1 Heptane 98 16 
Decalin 

4 t 
4 1:l:lO:l 115 16 9 C2,H1,FePF6 53.42 4.06 53.03 3.97 
5 1 :2:2: 1 Decane 1 74 16 53 C26H20Fe2P2F12 42.53 2.75 42.38 2.81 
7 1:1:5.6:1 Decalin 140 4 6 CZ6HZ4Fe2P2FL2 42.31 3.28 42.29 3.46 

1 :20: 100: 33 Cyclohexane 81 16 35 

*Isolated as the mono- or dihexafluorophosphate salt. 
?Separated from a 3: 1 mixture of 2 and 3 through an alumina column by elution with acetone. 
$Separated by passage through an alumina column with elution by nitromethane after all monocations were removed by elution with acetone. 

the experimental conditions varied as summarized in Table 3 132°C) and 136°C (lit. (11) mp 134-136"C), and their mass 
to give cations 2,3,4,5,  and 7. The following is an illustration spectra show parent ions at mle 204 and 206, respectively, as 
of a typical experiment. expected. 

A mixture of 5.1 g (25 mmol) of pyrene, 4.7 g (25 mmol) of 
ferrocene, 6.7 g (50 mmol) of A1Cl3, and 0.65 g (25 mmol) of Acknowledgement - 
Al powder in 50 mL of n-heptane was heatedmder N2 and 
under reflux (98°C) for 16 h. After cooling to room tempera- in the form grants given 
ture, 50 mL of H,O was added and the mixture was filtered to the National Research Council of Canada to C.C.L. 
remove all solid material. The aqueous layer was separated, 
washed with hexane, and then filtered into a concentrated 
solution of ammonium hexafluorophosphate (4.0 g, 25 mmol, 
in 10 mL of H20). The hexafluorophosphate salts that pre- 
cipitated were collected by filtration, redissolved in acetone 
and passed through an alumina column (chromatographic 
activated alumina F-20, Sargent-Welch Scientific Co.). Elution 
with acetone gave 1.4 g (12%) of the hexafluorophosphate salt 
of q6-pyrene-q5-cyclopentadienyliron cation (2) and 0.5 g (4%) 
of the hexafluorophosphate salt of q6-4,5-dihydropyrene-q5- 
cyclopentadienyliron cation (3). These products, as well as the 
hexafluorophosphate salts of 4, 5, and 7, were identified by 
their 'H and 13C nmr spectra (Tables 1 and 2). The data from 
the C and H analyses are given in Table 3. 

Pyrolytic Sublimation of 2,3, and 4 
The hexafluorophosphate salt of monocation 2 , 3  or 4 was 

pyrolytically sublimed at 0.1 Torr and at 180°C in an oil bath 
as previously described (4) to give, respectively, pyrene, 4,5- 
dihydropyrene, or 4,5,9,10-tetrahydropyrene in yields of 
85-90%. The pyrene so obtained, mp 15O0C, was identical to a 
commercial sample. The 4,5-dihydropyrene and 4,5,9,10- 
tetrahydropyrene melted, respectively, at 132OC (lit. (10) mp 
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Structure et reactivite des benzoxazoles : etude par resonance magnetique 
nucleaire du carbone-13 

JEANINE LLINARES, JEAN-PIERRE GALY, ROBERT FAURE~ ET EMILE-JEAN VINCENT 
Laboratoire de Chimie Organique Physique, Universite' d'Aix-Marseille III, Rue Henri Poincar-e', 13397, Marseille, France 

ET 

JOSE ELGUERO~ 
Laboratoire de Chimie Mole'culaire, Uniuersite' d'Aix-Marseille III, Rue Henri Poincare', 13397, Marseille, France 

R e p  le 1 aoDt 1978 

JEANINE LLINARES, JEAN-PIERRE GALY, ROBERT FAURE, EMILE-JEAN VINCENT et JosB ELGUERO, 
Can. J. Chem. 57,937 (1979). 

Les spectres de rmn du 13C de 34 benzoxazoles, de I'oxazole et de 10 o-aminophknols ont 
ktk enregistrks. Tous les dkplacements chirniques ont kt6 attribues a partir des effets de sub- 
stituant. Les structures des produits obtenus par nitration du benzoxazole ont kt6 determinkes 
par rmn du 13C. Les perturbations induites par une substitution en position 2 sont discutees 
en fonction d'un modele ernpirique qui fait intervenir les parametres structuraux F, R et Q*. 
Nous discutons kgalement de la tautornerie azido-tktrazole (position 2 substitukepar un groupe- 
ment N3) et de la tautomerie prototropique (position 2 substituk par des groupements NH,, 
OH et SH). Enfin, nous avons compark les dkplacements chirniques et les constantes de 
couplage de I'oxazole et du benzoxazole. 

JEANINE LLINARES, JEAN-PIERRE GALY, ROBERT FAURE, EMILE-JEAN VINCENT, and JosB 
ELGUERO. Can. J. Chem. 57,937 (1979). 

Thirty-four benzoxazoles, oxazole, and 10 o-arninophenols have been studied by 13C nrnr 
spectroscopy. All the signals have been attributed from substituent effects. The structure of 
products obtained by nitration of benzoxazole have been determined by 13C nrnr. The shifts 
induced by substitution at the 2 position have been discussed as a function of an empirical 
model using the structural parameters F, R, and Q*. Azido-tetrazole equilibria (N, in position 2) 
and prototropic tautomerism (NH,, OH, and SH in position 2) have been also discussed. The 
chemical shifts and coupling constants of oxazole and unsubstituted benzoxazole have been 
compared. 

Introduction Partie expkrimentale 
Dans le cadre dYttudes physicochimiques entre- Les spectres de carbone-13 ont kt6 enregistrks sur un spec- 

prises depuis plusieurs anntes sur les benzazoles trometre Varian CFT-20. Les composks ont kt6 ktudiks k~ la 
temperature de 28 f 2"C, en solution dans le dimethyl 

(benzimidazO1e 3, 8), indazO1e 4, 59 7 9  8), sulfoxyde hexadeutkrik. Les dkplacements chimiques, mesurks 
benzotriazole (1, 8) et benzothiazole (2, 6, 9)), nous sur les spectres dkouplks par bruit par rapport a la raie . . 

prtsentons dans ce mimoire les rtsultats de la centrale du solvant, sont rappores au signal du TMS par la 
rtsonance magnttique nucltaire du carbone-l 3 des relation [I] (lo), et sont donnks avec une prkision supkrieure 

dtrivts benzoxazoliques du type I. Notre travail a 0.1 pprn. 

portera principalement sur les effets de la substitu- [I] ~ T M S  = 6 ~ ~ s o - d ~  + 39.6 PPm (6 en PPm) 
tion en position 2, effets que nous comparerons avec Les constantes de couplage sont mesurkes sur les spectres 
ceux de la strie benzothiazolique (9). Lors de la couples, avec une erreur absolue de 0.5 Hz. 
synthese de dtrivts ntcessaires pour attribuer La plupart des composts ktudiks ont dkja kt6 dkcrits dans la 

litterature (la premiere rifkrence renvoie au mode de synthese les dt~lacements ~ ~ i m i q u e s ,  certains problemes nous utilisk, la seconde a sent donnees les principales 
Ont conduits ttudier le mtcanisme de la nitration caractkristiques du produit; dans ~ r t a i n s  cas, ces deux 
en strie benzoxazolique. references peuvent coincider): 1 (11, 12), la (13, 14), lb,, 

2 (11, 15), 3,2 4 (16), 5 (11, 17), 6 (ll) ,  7 (18), 8 (19), 9,, 9a 
(20), 9b,2 10 (21, 22), 11,2 lla (23, 24), llb (23, 25), 12 (26), 
13 (26,27), 14 (28), 15 (22,29), 16 (30), 17 (31), 18 (32), 19 (33), 
20 (32, 33), 21 (33), 22 (34), 23: 24; 25: 26; 27 (23), 33 

4 3 (35, 36), 34 (37), 35,2 36 (38), 37 (39, 40), 3S2, 39 (41, 42). 
I Par contre, les produits suivants n'etaient pas connus (tous 

les produits ont Btk recristallisks dans I'kthanol). 

'Auteurs auxquels la correspondance doit dtre adresske. ,Ces produits sont comrnerciaux. 

0008-40421791080937-09$01 .oo/o 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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93 8 CAN. 1. CHEM. VOL. 57, 1979 

Le chloro-5 benzoxazole l l c  est obtenu en chauffant le 
chloro-4 formamido-2 phenol vers 16&180°C sous une pres- 
sion de Torr, selon le prockde de Bamberger (23). Ce 
compose est un solide de couleur beige qui cristallise en 
paillettes, pf 36-37'C. 

L'azido-2 benzoxazole 14 trait6 par l'acide nitrique fumant 
en presence d'acide sulfurique, selon la methode decrite par 
Newberry et Phillips (20), donne I'azido-2 nitro-6 benzoxazole 
14a. Ce dernier est un solide jaune-orange, pf 207OC (dk.). 

Les formanilides 28, 29 et 30 sont prepares par action de 
I'acide formique sur les aminophenols correspondants (43): 
(i) le formamido-2 nitro-4 phenol 28 a kt6 Btudie en uv par 
Passerini (25), mais n'a pas kt6 decrit. C'est un solide rouge 
brique, pf 245°C (dec.); (ii) le formamido-2 nitro-5 phenol 29 
est un solide jaune-vert, pf 235°C (dec.); (iii) le chloro-4 
formamido-2 phenol 30 cristallise en paillettes marron fonce, 
pf 165°C. 

Par action de l'acide nitrique fumant sur les derives mono- 
nitrCs 28 et 29 (20), on obtient les derives dinitres: (i) le dinitro- 
4,6 formamido-2 phenol 31, solide jaune clair, pf 196°C (dtc.); 
(ii) le dinitro-3,5 formamido-2 phenol 32, solide jaune, pf 
165°C (dec.). 

Attribution des dPplacements chimiques 
Lors de prtctdents travaux dans la strie du benzo- 

thiazole (6, 9), nous avons prtsentt une mtthode 
d'attribution des dtplacements chimiques des car- 
bones protonts de l'homocycle. Ce proctdt, bast sur 
l'hypothtse que les perturbations sur le cycle hexa- 
gonal sont similaires en grandeur et en direction A 
celles observtes en strie benztnique (44), conduit 
d'excellents rtsultats, m&me lorsque !e domaine de 
rtsonance de ces atomes est peu ttendu, comme dans 
le cas du benzothiazole (6, 9). 

A notre avis, le substituant le plus adapt6 pour 
l'ttude de ce genre de probltme est le groupement 
nitro; les raisons de ce choix sont les suivantes: (i) 
d'une part les effets de ce substituant sont nettement 
difftrencits selon la position considtrte; ainsi, en 
strie benztnique (49, les perturbations sont les 
suivantes: ipso = 19.6, ortho = -5.3, meta = 0.8 
et para = 6.0 ppm; (ii) d'autre part, du moins en ce 
qui concerne la strie benzothiazolique, la nitration 
est une rtaction facile a mettre en oeuvre. Toutefois, 
un des aspects ntgatifs de ce choix est la faible 
solubilitt des dtrivts nitrts, ce qui ntcessite un 
temps d'accumulation plus tlevt. 

En strie benzoxazolique, l'utilisation du substi- 
tuant nitro entraine des complications suppltmen- 
taires. Comme nous le montrerons dans le cas du 
benzoxazole lui-m&me 11, certains dtrivts nitrts, 
moins stables que leurs homologues soufrts, s'ou- 
vrent en milieu acide. En constquence, l'obtention, 
dans cette strie, de substrats nitrts est plus altatoire. 
Par ailleurs, ces composts nitrts peuvent Cgalement 
s'hydrolyser durant l'ttude spectroscopique; ainsi, 
dans le spectre rmn du 13C du mtthyl-2 nitro-6 
benzoxazole 9a (solvant: DMSO-d,), on note 

l'apparition progressive de nouvelles raies de rtso- 
nance attribuables a un produit d'hydrolyse (il est 
bien connu que les solvants polaires aprotiques, 
comme le DMSO, acctltrent l'attaque nucltophile 
de l'eau). 

Ntanmoins, comme le domaine de resonance des 
carbones protonts de l'homocycle des dtrivts ben- 
zoxazoliques est relativement large, les effets d'autres 
substituants que le groupe nitro permettent tgale- 
ment de rtaliser une attribution compltte des dt- 
placements chimiques. La seule ambigu'itt concerne 
les signaux des carbones C-5 et C-6, lorsque l'tcart 
entre les dtplacements de ces deux carbones est 
inftrieur ou Cgal B 0.5 ppm; dans ces conditions, cer- 
taines des attributions du tableau 2 peuvent &tre 
inverdes. 

Dans le tableau 1 sont rassembltes les perturba- 
tions dues i une substitution sur l'homocycle 
(valeurs entre parentheses), pour quelques dtrivts 
benzoxazoliques substituts en position 2. Au cours 
de notre ttude en strie benzothiazolique (9), nous 
avons observt une ltgtre dtpendance entre la gran- 
deur de la perturbation et la nature du substituant 
en position 2; cependant ceci ne rend pas notre 
approche inoptrante. Les valeurs du tableau 1 mon- 
trent qu'il en est de meme en strie benzoxazolique, 
du moins dans le cas des substituants nitro et chloro, 
et que, de plus, cette dtpendance semble plus impor- 
tante qu'en strie soufrte. Le manque de donntes ne 
nous permet pas d'effectuer une ttude quantitative 
de ce phtnomtne. 

Dans le tableau 2 sont prtsenttes les valeurs des 
dtplacements chimiques des divers benzoxazoles sub- 
stituts en position 2. La plupart des attributions ont 
t t t  faites par analogie avec les rtsultats prtctdents 
ou par analyse des spectres couplts (cas des chloro-2 
et bromo-2 benzoxazoles, 16 et 17). En ce qui con- 
cerne les benzoxazoles substituts par un groupement 
tlectron attracteur, nous avons considtrt que le 
signal du carbone C-6 rtsonnait B une frtquence plus 
tlevte que celui relatif 2 C-5, et ce pour les raisons 
suivantes: (i) d'une part on observe un comporte- 
ment similaire en strie benzothiazolique; (ii) d'autre 
part, une permutation des attributions conduit a de 
plus mauvaises corrtlations avec les parametres 
structuraux. 

Enfin, signalons que l'azido-2 benzoxazole 14 peut 
prtsenter un phtnomene de tautomerie azido- 
tttrazole (A P T): 

Les rtsultats de la rmn du 13C indiquent que seule 
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LLINARES ET AL. 939 

TABLEAU 1. DBplacements chimiques du 13C.* Effets de substituant sur I'homocycle 

ComposB X R5 R6 C-2 C-3a C-4 C-5 C-6 C-7 C-7a Autres 

1  NHZ H H 163.0 143.8 115.5 123.7 120.2 108.6 148.2 
l a  NH2 H NOz 166.4 151.0 114.1 121.0 140.4 104.5 147.2 

(3.4) (7.2) (-1.4) (-2.7) (20.2) (-4.1) (-1.0) 
l b  NH, C1 H 164.3 145.45 115.3 128.2 119.8 109.4 147.1 

(1.3) (1.65) (-0.2) (4.5) (-0.4) (0.8) (-1.1) 
9  CH3 H H 163.5 141.4 119.0 124.lt 123.8t 110.0 150.5 CH3:13.7 
9a CH, H NO, 169.3 146.6, 119.3 120.3 144.4 107.1 149.3 CH3:14.5 

(5.8) (5.25) (0.3) (-3.8) (20.6) (-2.9) (-1.2) 
96 CH3 CH3 H 163.4 141.8 119.1 133.2 125.1 109.35 148.9 CH3(2):13.8; 

( 0 . 1 )  (0.4) (0.1) (9.1) (1.3) ( - 0 . 6  ( 1 . 6 )  CH3(5):20.7 
11 H H H 153.7 140.0 120.1 124.3 125.3 110.8 149.6 
l l a  H H NO, 158.8 144.9 120.5 120.5 145.2 107.9 148.7 

(5.1) (4.9) (0.4) (-3.8) (19.9) (-2.9) (-0.9) 
l l b  H NO, H 157.4 $ 116.4 $ 121.7 112.1 $ 

(3.7) (-4.1) (-3.6) (1.3) 
l l c  H C1 H 155.7 141.0 119.9 128.95 125.7 112.35 148.2 

(2.0) (1.0) (-0.2) (4.65) (0.4) (1.55) (-1.4) 
14 N3 H H 156.9 141.0 118.4 125.1 124.4 110.5 149.5 
14a N3 H NOz 161.7 146.8 118.5 121.5 144.0 107.2 148.7 

(4.8) (5.8) (0.1) (-3.6) (19.6) (-3.3) (-0.8) 

*Les ddplacements chimiques sont exprimes en ppm par rapport au TMS; les valeurs entre parenthkses representent les effets de substituant. 
tDbplacements dont l'attribution peut Btre inversbe. 
$Ces raies ne sont pas observables (voir texte). 

la forme azide est prksente en solution dans le nitrCs, 28 et 29 (25% de 28 et 75% de 29); par chauf- 
DMSO-d,, en accord avec nos rtsultats anttrieurs , fage sous pression rtduite, le mtlange conduit aux 
sur ce type dYCquilibre (45). nitro-5 et nitro-6 benzoxazoles, l l a  et l l b  (schCma 

1). En aucune f a~on ,  la rCaction ayant CtC rCpCtCe 
Etude de la rkaction de nitration du benzoxazole plusieurs fois, nous n'avons observC de dCrivCs 

Certaines structures benzoxazoliques peuvent s'hy- benzCniques dinitrCs. 
drolyser, plus ou mains rapidement, en milieu acide. Les structures des diff6rents produits de la rtaction 
Ainsi, dans le cas du benzoxazole 11, l'hydrolyse de nitration du benzoxazole dtterminCes par 
acide conduit a 1'0-formylamino phenol 27. une Ctude comparative des diplacements chimiques 

Cette hydrolyse intervient durant la nitration de dU 1 3 ~ ;  a effet, nous avons synthCtid, et ce de 
11, puisqu'au lieu des derives normalement attendus, faGon univoque, chacun des produits repr~sent~s  
l l a  et l lb ,  on obtient les formylamino phCnols mono- dans le schCma selon la voie rtactionnelle du 

schCma 2. 

l l a  ou lib I - 

OH 
HCO H 

NO2 aoH NH, A Reflux N 0 2 a  NHCHO 

QNmHo 
SCHEMA 2. 

NO2 L'hydrolyse du benzoxazole est donc une rCaction 
28 29 ~arasi te  intervenant lors de la nitration de celui-ci. 

Le probl6me que l'on veut rCsoudre est la connais- 
sance de l'ordre dans lequel ces deux r6actions vont 
se rCaliser. Dans cette intention, nous avons nitrC 

N 1'0-formylamino phtnol (produit d'hydrolyse du 
11b l l a  benzoxazole) 27. Par une Ctude comparative des 

SCHEMA I. diplacements chimiques du 13C et par des synth6ses 
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TABLEAU 2. DBplacements chimiques du 13C des benzoxazoles substituks en position 2* 
7 1 :cIFx 

3a N 

Composks X C-2 C-3a C-4 C-5 C-6 C-7 C-7a Autres 

NHz 
NHCHS 
NHCZH5 
N(CzH5)z 
NHNH, 
NHC6H5 
n 
N 0 u 
a P 

OCH3 
CH3 
CzH5 
H 
SCH3 
SCzH5 
N3 
CsH5 

Br 
c1 
=NH(OCH3) 
CONH, 
COzCzH5 

CN 
SOBK ' 

CN: 156.2; CH3: 53.65 
CO: 156.0 
CO: 155.8; CH,: 62.7 
CH3: 13.9 
CN: 109.6 

*Les ddplacements chimiques sont exprim& en ppm par rapport au signal du TMS. 
tD&placements dont I'attribution peut Btre inversde. 
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LLINARES ET AL. 

NH2 NHCHO NHCHO 

NHCHO 

HN03- 80% 31 + 20% 32 
dilue 

HC02H 
23 - 27 

Reflux 

LHN03 + 20% 31 + 80% 32 fumant 

univoques (nitration de 28 et 29), nous avons pu 
identifier les difftrents composts obtenus (schtma 3). 

On obtient toujours deux dtrivts dinitrts dont la 
proportion dtpend de l'aciditt du milieu rtactionnel. 
Compte tenu du site de nitration, on peut admettre 
qu'en milieu fortement acide le substrat est une 
esp2ce protonte sur le groupe formamido. 

Ces expiriences (obtention des dirivts mononitrts 
28 et 29 a partir du benzoxazole 11, et obtention des 
dtrivts dinitrts 31 et 32 A partir de 1'0-formylamino 
phtnol 27) dtmontrent avec certitude que la nitra- 
tion (formation de l l a  et l lb)  prtc2de l'hydrolyse. 

Les dtplacements chimiques des diffkrents phtnols 
sont rassemblts dans le tableau 3;  l'ttude des dtrivts 
26 et 30 sert a confirmer les attributions. 

Discussion 
Corrblations empiriques entre dbplacements chimiques 

du 13C et parametres structuraux 
En strie htttroaromatique, la dtficience des 

calculs de mtcanique quantique A prtdire correcte- 
ment les valeurs des dtplacements chimiques a con- 
duit de nombreux auteurs a relier les rtsultats 
exptrimentaux avec certains paramktres structuraux, 
caracttristiques de la nature du substituant (46,47). 

Comme dans le cas des dtrivts benzothiazoliques 
(9), et dans l'intention de rialiser des corrtlations 
avec les effets de substituant observts en strie ben- 
zoxazolique, nous avons utilist l'tquation tripara- 
mttrique [2] proposte par Smith et Proulx (48,49). 

Dans cette tquation, F et R sont les paramktres 
structuraux de Swain et Lupton (50); F reprtsente 
une mesure des effets de champ et R une mesure des 
effets de rtsonance. Q* est un param2tre semi- 
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TABLEAU 4. Coefficients de 1'Cquation AS13C = aF + bR + cQ* + d 

Coefficients Composks C-2 C-3a C-4 C-5 C-6 C-7 C-7a 

a BZT* -2.58k3.02 -5.35k1.96 1.79k0.59 2.21k0.47 2.24k0.27 0.63k0.17 0.69k1.34 
BZO -9.86k7.44 -2.11k1.38 0.90+0.63 2.54k0.61 3.48k0.56 1.07k0.33 -2 .53k1.04 

b BZT 17.32L-7.04 0.96k4.57 7.61k1.36 4.01k1.09 5.97k0.63 3.92k0.41 2.22k3.32 
BZO 4.76k 1.88 -7 .21k3.49 7.68k1.59 3.38k1.54 13.05k 1.43 5.17k0.84 -8.60k2.64 

c BZT -15.48+1.59 0.81 k0.97 -0.52k0.29 -0.72k0.23 -0 .21k0.13 -0.68k0.09 0.72k0.71 
BZO -8.90k4.69 0.80k0.83 -0.39k0.38 -0 .49k0.37 -1 .28k0.34 -0 .54k0.20 2.71k0.63 

d BZT 2.43L-2.83 0.77k1.79 -0.55k0.53 0.20k0.42 -0 .04k0.24 0.09+0.16 1.09k1.30 
BZO 2.61k4.32 0.49k0.74 -0.15k0.33 -0.09k0.32 0.10k0.30 -0.16k0.18 0.49k0.56 

r BZT 0.9852 0.7797 0.9746 0.9542 0.9945 0.9815 0.8204 
BZO 0.9745 0.9366 0.9914 0.9742 0.9967 0.9913 0.9552 

*BZT: benzothiazole (9 points, substituants: NH2, OCHs, CH3, H, F, C1, Br, CN, NO2); BZO: benzoxazole (mBmes substituants sauf: F et NO2). 0 > z 
? 

P 
F 
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LLINARES ET AL. 943 

considbre que ce parambtre structural reprtsente une 
mesure grossibre de l'effet sttrique, on peut expliquer 
cette absence de relation par des interactions plus 
faibles entre le substituant et l'htttroatome lorsque 
ce dernier est un oxygbne. Par contre, l'effet inductif 
de cet atome se traduit par d'importantes modifica- 
tions des valeurs des dkplacements chimiques du 

' substituant en position 2; on observe un effet de 
blindage par rapport au dtrivC soufrt. Ces rtsultats 
sont rassemblts dans le tableau 5. 

Les dkplacements des carbones, C-4 et C-6 sont 
surtout fonction des effets de rtsonance, ce que l'on 
peut expliquer par la prtpondtrance des structures 
canoniques dipolaires suivantes : 

Le dtplacement du carbone C-6 dtpend Cgalement 
des effets de champ (parambtre F) et de Q*. I1 est 
inttressant de remarquer que les dtplacements de 
C-6 sont les seuls A Ctre fonction des trois parambtres 
F, R et Q*, et que la position 6 de l'homocycle est la 
plus rCactive vis-A-vis des rtactions de substitution 
tlectrophile. 

Dans le cas de C-4, C-5 et C-7 les coefficients de 
rCgrtssion sont peu dipendants de la nature de 
l'htttroatome (S ou 0).  Par contre, dans le cas de 
C-6, les coefficients, bien que de mCme signe, ont une 
valeur plus grande pour le dCrivt oxygtnt, ce qui 
traduit une relation plus importante avec le substi- 
tuant en position 2. 

Enfin, le fait que les carbones C-5 et C-6 dtpendent 
tgalement de Q, confirme que ce parambtre ne rep- 
rCsente pas seulement la mesure des effets stCriques. 

Etude de la tautomkrie prototropique 
Certains benzoxazoles substituCs en position 2 

prCsentent un phCnombne de tautomirie proto- 
tropique : 

Ce type d'tquilibre a fait l'objet de nombreux travaux 
en strie htttrocyclique aromatique (55). Au cours de 
prkctdentes ttudes, nous avons montrt les avantages 
et les inconvtnients de l'utilisation de la rmn du 
13C pour de possibles analyses qualitatives et quanti- 
tative~ de ce problbme (9, 56). Sans revenir sur ces 

, rtsultats, prtcisons ntanmoins que, lorsque l'hCtC- 
I roatome X reprCsente un atome de soufre ou d'oxy- 

gbne, 1'Cquilibre est t r b  fortement dkplact vers la 

forme b, et que l'influence de l'ttat physique (solide, 
solution ou phase vapeur) est trbs importante (57).3 

Les dtplacements chimiques des composts pou- 
vant prtsenter ce phCnombne de prototropie, ainsi 
que les valeurs de certains produits modbles (dans 
lesquels le proton pyrrolique a t t t  remplacC par un 
groupement mtthyle), sont rassemblts dans le 
tableau 6. Les effets du groupement nitro (composC 
36) permettent, comme nous l'avons prtctdemment 
expliqut, de rtaliser une attribution complbte des 
dtplacements chimiques des carbones de l'homocycle 
du dtrivt 35. Compte tenu de la similitude des spec- 
tres, nous garderons la mCme attribution pour le 
composC 38. En toute rigueur, l'utilisation des effets 
de substituant pour attribuer les signaux de struc- 
tures prototropes est critiquable. En pratique, comme 
l'tquilibre est fortement dtplact vers l'une des formes 
tautombres, l'introduction d'un substituant sur le 
noyau benztnique ne modifie pas, d'une manibre 
apprtciable par la mtthode spectroscopique, la posi- 
tion de l'tquilibre. 

La comparaison des dtplacements chimiques des 
carbones du cycle oxazolique des difftrents composCs 
du tableau 5 montre que lYCquilibre est trbs dkplact 
vers les structures de type b. De plus, comme nous 
l'avons signal6 en strie benzothiazolique (9), le car- 
bone C-4 est plus blind6 dans b. Cet effet est attribuC 
A la variation de l'tlectrontgativitt de l'atome 
d'azote N,. Les autres carbones de I'homocycle sont, 
quant A eux, peu influencts par le phtnombne de 
tautomtrie. 

Rtcemment (58), dans le cas de la phtnyl-4 
A-4-thiazolinethione-2 40 et de son homologue 
oxygtnC 41, nous avons mis en Cvidence des cou- 
plages entre le proton pyrrolique et les carbones du 
cycle (en particulier avec C-2). 

On n'observe pas ce type de couplage dans le cas 
du dtrivt non substitut; on explique ce phtnombne 
par un ralentissement de l'tchange du proton pyr- 
rolique avec le milieu environnant, lorsque le cycle 
est substitut par un groupement phCnyle. 

La benzocondensation ne conduit pas A une 
observation similaire: dans le spectre couplC de 35, 
le signal du carbone 2 reprtsente un singulet; quant 
aux figures de couplage des carbones de jonction, 

3L'existence en solution de structures associhes (dimerisa- 
tion ou association avec le solvant) a 6th mise en evidence pour 
ce type de composes (53). De plus, dans le cas du dimethyl- 
sulfoxyde, les constantes &association sont relativement 
importantes. 
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H 

35 

C-3a et C-7a, elles ne peuvent Ctre analys6es i cause 
de leur mauvaise rtsolution. 

Efets  de la benzocondensation et analyse des couplages 
"J(C,H) 

Les perturbations crtCes par la condensation d'un 
noyau bendnique sur des hCtCrocycles pentagonaux- 
1,3 sont prCsentCes dans le tableau 7. 

Comme pour la sCrie monoh6tCroatomique (59), 
l'effet de la benzocondensation sur le carbone en 
position 2 dtpend, non pas de 1'ClectronCgativitC de 
I'hCtCroatome adjacent, mais de sa taille. En effet, on 
observe, pour ce carbone, l'ordre devariation suivant : 

TABLEAU 7. Effets de la benzocondensation en 
skrie pentagonale-1,3 

= 139.3 ppm. 
SValeurs de la r6f. 9. 
§Valeurs de la ref. 8. 

TABLEAU 8. Constantes de couplage "J(C,H) 

Oxazolet BenzoxazoleS 

Paramttre Valeur Parametre Valeur 

*Les constantes de couplage sont exprim6s en Hz; les spectres ont kt6 
analyses au premier ordre. 

tLes couplages A longue distance, 2Jel35, des carbones C-4 et C-5 ont 6t6 
attribu6s par cornparaison avec les r6sultats du (pyridyl-4')-2 oxazole (M. N. 
Dinia et C. Marzin. R6sultats non publi6s. 

SLa figure de couplage du carbone C-7a est ma1 dsolue. 
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LLINARE : AL. 945 

S < 0 < NCH,. En ce qui concerne les effets sur 
les atomes de jonction, comme nous l'avons dCja 
montrC (9), la perturbation est plus importante sur 
le carbone adjacent B I'hCtCroatome le moins Clectro- 
nCgatif. Dans le cas du couple oxazole-benzoxazole, 
nous avons AC-4 > AC-5. 

Les constantes de couplage "J(C,H) du benzoxa- 
zole et de l'oxazole sont donnCes dans le tableau 8. 
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COMMUNICATION 

Nucleophilic reactions of zwitterionic species from deprotonation of 
q6-arene-q5-cyclopentadienyliron cations 

CHOI CHUCK LEE, BARRY R. STEELE, KEN J. DEMCHUK, AND RONALD G. SUTHERLAND 
Department of Chemistty and Chemical Engineering, Uniuersity of Saskatchewan, Saskatoon, Sask., Canada S7N OW0 

Received December 18, 1978 

CHOI CHUCK LEE, BARRY R. STEELE, KEN J. DEMCHUK, and RONALD G.  SUTHERLAND. 
Can. J. Chem. 57,946 (1979). 

A variety of q6-arene-q5-cyclopentadienyliron cations in which the arene ligand has an 
a-carbon substituent containing one or more hydrogens can be deprotonated with base to give 
the corresponding neutral zwitterionic species. These zwitterions can react in situ as nucleo- 
philes with different substrates, such as CH31, CO,, and CS,, to give a wide range of synthetic 
applications. 

CHOI CHUCK LEE, BARRY R. STEELE, KEN J. DEMCHUK et RONALD G.  SUTHERLAND. Can. 
J. Chem. 57,946 (1979). 

Un grand nombre de cations q6-arene q5-cyclopentadienylfer dans lesquels le ligand arene 
possede un carbone en a portant un ou plusieurs hydrogenes peuvent &re deprotonks k I'aide 
de bases et donnent naissance aux especes zwittbioniques neutres correspondantes. Ces 
zwittbions peuvent rkagir in situ comme nucleophiles avec divers substrats, tels CH,I, CO, 
et CS,, donnant lieu k un large tventail d'applications en synthkse. 

[Traduit par le journal] 

I Recently, Johnson and Treichel (1) reported that 
the deprotonation of the q6-fluorene-q5-cyclopen- 
tadienyliron cation (1) with tert-BuOK in C6H6 gave 
the neutral, zwitterionic q6-fluorenyl-q5-cyclopen- 
tadienyliron (2) which subsequently can react as a 
nucleophile with alkyl halides such as CH,I. Simi- 
larly, Helling and Hendrickson (2) also obtained 2 
from the reaction of 1 with sodium bis(trimethy1- 
sily1)amide in benzene, as well as the analogous 
neutral complexes from the treatment, with NaNH, 
in NH,, of q6-arene-q5-cyclopentadienyliron cations 
in which the aromatic ligands were triphenylmethane, 
diphenylamine, and carbazole. While the crystal- 
lographic studies of Johnson and Treichel (1) indi- 
cated that 2 may be formulated with the zwitterionic 
structure 2a, Helling and Hendrickson (2) also 
stressed the contribution from a n-cyclohexadienyl- 
iron complex with an exocyclic double bond (e.g., 

In conjunction with our studies on ligand exchange 
reactions between arene and ferrocene (3-9, we have 
also observed the formation of 2 from 1, even under 
the relatively mild, basic conditions of K2C03 in 
dimethylformamide (DMF). We wish to report that 
the deprotonation to give zwitterionic species is not 
restricted to systems such as 1 but can occur in a 
variety of q6-arene-q5-cyclopentadienyliron cations 
(3) in which the arene ligand possesses one or more 
saturated a-hydrogens. The zwitterion can then react 
in situ as a nucleophile to provide a wide range of 
synthetic possibilities. 

The q6-arene-q5-cyclopentadienyliron cations (3) 
were prepared from ligand exchange reactions be- 
tween the arene and ferrocene in the presence of 
AlC1,-A1 (4, 5). In a typical experiment, 2.0 mmol 
of 3, as the hexafluorophosphate salt, was stirred in 
tetrahydrofuran (THF) at a given temperature. 

2b), especially in the case where the original arene Upon addition of an equivalent or an excess of tert- 
ligand was triphenylmethane. BuOK, there was an immediate change in color to 

deep red or dark blue, indicative of the formation of 
the zwitterionic species.' The substrate such as CH31 

@@@ was and added then allowed and the to mixture warm was to room stirred temperature. for 30 min 

Fei Fe+ Fe 
I I 1 methane as the arene ligand, after the THF solution was con- 

'As sample cases, from cation 3 with mesitylene or triphenyl- 

CP CP CP centrated, the zwitterion was isolated by chromatographic 
1 2a 26 separation on silica gel and identified by mass spectroscopy. 

0008-4042/79/080946-03$0 1 .OO/O ' 
01979 National Research Council of CanadalConseil national de recherches du Canada 
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COMMUNICATION 947 

TABLE 1 .  Data from nucleophilic substitution reactions of zwitterionic species from deprotonation of ~1~-arene-q~-cyclo- 
pentadienyliron cations (3) 

Aromatic ligand in 3 Reaction Aromatic ligand in product Yield (%) 

CH3Ph I" EtPh 20 
i-PrPh 10 

CH3Ph I, - 60°C EtPh 60 
EtPh I i-PrPh 10 
0-(CH3)ZPh I 0-CHS(Et)Ph 60 
0-CI(CH3)Ph I 0-Cl(Et)Ph 55 
1,3,5-(CH3)3Ph I 1-Et-3,5-(CH3)zPh 70 
PhzCHz I PhzCHCHs 70 

PhzC(CH3)z 10 
Ph3CH I Ph3CCH3 95 
Tetralin I, -20°C a-Methyltetralin 80 
9,lO-Dihydroanthracene I, -20°C 9,lO-Dihydro-9-methylanthracene 7 

cis-9,lO-Dihydro-9,lO-dimethylanthracene 20 
Xanthene I 9-Methylxanthene 65 
CH3Ph IIAb PhCH(CH3)COOCH3 60 
CH3Ph IIA, -50°C PhCHZCOOCH3 70 
CH3Ph IIBb PhCH=C(SCH3)z 80 
EtPh IIA PhCH(CH3)COOCH3 50 
EtPh IIB Ph(CH3)C=C(SCH3)z 40 
i-PrPh IIA PhC(CH3)2COOCH3 85 
i-PrPh IIB PhC(CH3)2CSSCH3 65 
Fluorene III,c EtI 9-Ethylfluorene 60 

9,9-Diethylfluorene 30 
I Fluorene 111, 1-C1-2,4-(NOz)2Ph 9-(2,4-Dinitrophenyl)fluorened 65 

1 Fluorene 111 PFeCp[pF61 70 
[ClPhFeCp] [PF,] 

"Reaction I involves deprotonation of 3 with 1 equiv. o f  tert-BuOK in THF followed by treatment with CHJI, the whole process being carried 
out at room temperature or at the temperature indicated. 

bReaction 11 involves deprotonation of 3 with an excess o f  tert-BuOK in THF followed by treatment with C02 (IIA) or CS2 (IIB) and then with 
(CH3),S04 the whole process being carried out at room temperature or at the temperature ~nd~cated.  

~ ~ e a c t i o h  111 involves deprotonation of 3 with an excess o f  K2COs in DMF followed by treatment with the indicated RX, the whole process 
being carried out at room temperature. 

dThe initial product was the blue zwitterionic q6-9-(2,4-dinitrophenyl)-9-Auorenyl-q5-~yclopentadienyliron which upon treatment with HCI 
gave the 65% yield o f  the q6-9-(2,4-dinitrophenyl)fluorene-q5-cyclopentadienyliron cation. 

During the reaction, the color also changed to yellow 
or orange. Upon quenching the reaction with H 2 0  
containing NH4PF,, the product, q6-substituted 
arene-q5-cy~lopentadien~liron cation (4), as the 
hexafluorophosphate salt, was extracted with CH,C12 
and then precipitated from the dried extract by the 
addition of ether. When necessary, purification and 
separation of mixed products were effected by chro- 
matography through an alumina column (4, 5). All 
the product ions (4) were identified by their 'H and 
13C nmr spectra. The results are summarized in 
Table 1. 

The variety of reactions given in Table 1 serves 
only to illustrate the wide range of synthetic applica- 
tions. The ready formation of the zwitterions appar- 
ently arises from complexing the arene with the 
highly electron withdrawing CpFe' group. Similar 
activations of the a-carbon in nucleophilic reactions 

by carbonylchromium groups in systems such as 
methyl arylacetate - chromium tricarbonyl and re- 
lated compounds have also been reported (6, 7). 

We wish to communicate the present results in 
preliminary form since the method used is apparently 
of general applicability. It is likely that a variety of 
zwitterions besides those given in Table 1 may also 
be utilized in nucleophilic substitution reactions with 
many other substrates, thus providing a wide ranging 
possibility for the alkylation and functionalization 
of q6-arene-q5-cyclopentadienyliron cations. Since 
we have already shown that the aromatic ligand in 
cations such as 4 may be regenerated as the substi- 
tuted arene itself either photolytically (4), or in better 
yields by pyrolytic sublimation under reduced pres- 
sure ( 9 ,  the synthetic applications may be extended 
to include the preparation of substituted arenes. As 
an example, 9-methylxanthene was recovered in 
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948 CAN. J. CHEM. VOL. 57, 1979 

85-90% yield from vacuum sublimation of the 
q6-9-methylxanthene-q5-~~clopentadienyliron cation 
(Table 1). Currently, we are extending our studies to 
include similar reactions with other heterocyclic 
ligands. Cations 3 with heterocyclic ligands other 
than xanthene (thioxanthene, 9,lO-dihydroacridine, 
and phenothiazine) have been prepared and their 
deprotonation and subsequent nucleophilic substi- 
tution reactions are under investigation. 
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W. S. NIP, D. L. SINGLETON, and R. J. CVETANOVIC. Can. J. Chem. 57,949(1979). 
Rate constants were determined for the reactions of 0(3P) atoms with allene ancl with 

1,3-butadiene by a phase shift technique in which oxygen atoms were generated by modulated 
mercury photosensitized decomposition of nitrous oxide and monitored by the chemilumines- 
cence from their reaction with NO. Over the temperature interval 297-574 K, the Arrhenius 
equation for the 0(3P) + allene reaction is k,, = (2.99 f 0.41) x lo-" exp [(-941 + 
54)/T] cm3 molecule-I s-', where the indicated uncertainties are 95% confidence limits. 
At 299 and 488 K, the rate constant for 0(3P) + 1,3-butadiene is essentially the same, within 
lo%, with an average value of 2.07 x lo-'' cm3 molecule-' s-'. 

W. S. NIP, D. L. SINGLETON et R. J. CVETANOVIC. Can. J. Chem. 57,949 (1979). 
On a determink les constantes de vitesse des reactions des atomes 0(3P) avec l'all6ne et le 

butaditne-1,3 en faisant appel a la technique du deplacement de phase dans laquelle les atomes 
d'oxygkne sont g6nQes par une dkomposition modulke photosensibiliske par le mercure de 
I'oxyde nitreux et contr81ee par la chimiluminescence de leur rbction avec NO. A des tem- 
peratures allant de 297 A 574 K, I'equation d'Arrhenius pour la reaction 0(3P) + allkne est 
klR = (2.99 + 0.41) x 10-'I exp [(-941 f 54)/T] cm3 mol6cule-' s-I oh les incertitudes 
indiquees sont A l'intkrieur de limites de confiance de 95%. A 299 et 488 les constantes de 
vitesse pour la reaction de 0(3P) + butadhe-1,3 sont pratiquement les m&mes a + lo%, et la 
valeur moyenne est 2.07 x lo-" cm3 molecule-' s-'. 

[Traduit par le journal] 

Introduction 
The reactions of ground state oxygen atoms with 

diolefins have not been studied as extensively as the 
reactions with olefins. Analyses of products at high 
(1-7) and low (8) pressures suggest that the general 
mechanism of the diolefin reactions is similar to that 
of the olefins, i.e. electrophilic addition of 0(3P) to 
the double bond. 

The only determinations of absolute rate con- 
stants for reactions of atomic oxygen with diolefins 
have been for allene and 1,3-butadiene, 

[ I 4  0(3P) + allene + products 

[lBI 0(3P) + 1,3-butadiene -, products 

'NRCC No. 17258. 
ZNRCC Research Associate. 

The two absolute values at room temperature for 
k , ,  (9, 10) differ from the relative values of Havel(4) 
by more than a factor of two. The relative (1, 11) 
and absolute (9) results for k, ,  agree well at room 
temperature, but there is only one reported deter- 
mination of the temperature dependence (9). In the 
present work the phase-shift technique is used to 
determine absolute values of k , ,  and k,,, and their 
temperature dependence. 

Experimental 
The apparatus has been described in detail elsewhere (12-14) 

and will be described only briefly here. 0(3P) atoms were 
produced by mercury photosensitized decomposition of 
nitrous oxide using a sinusoidally modulated low pressure 
mercury lamp. The concentration of 0(3P) was monitored by 
the chemiluminescence from NO,* when NO was introduced 
into the flowing reaction mixture. The reaction sequence is 

0008-4042/79/090949-04$01 .00/0 
01979 National Research Council of CanadalConseil national de recherches du Canada 
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950 CAN. J .  CHEM. VOL. 57, 1979 

Hg6('So) + hv(253.7 nm) + Hg6(3P1) (fast) 

Hg6(3P1) + N 2 0  + Hg6('S0) + N2 + 0(3P) (fast) 

[1 1 0(3P) + diolefin + products 

NO2* + NO2 + hv (fast) 

NO2* + M + N 0 2  + M (fast) 

The phase-shift, +, between the incident 253.7 nm light and 
the NO2* chemiluminescence was measured with photo- 
multipliers and a lock-in amplifier. The 253.7 nm light was 
isolated with an interference filter between the lamp and 
the reaction cell, and at the entrance to the photomultiplier 
tube which viewed the incident light. A Corning 3-70 filter was 
used with the photomultiplier viewing the chemiluminescence. 
Since the reactions labeled 'fast' do not contribute sigilificantly 
to the phase shift, + is related to the reaction rates according to 

[3] 2nv/tan 4 = k, [diolefin] + k, [NO][M] o 2 I .o 4.0 I 6.0 I 8.0 I 10.0 I 

where v is the modulation freauency (1600 or 5970 Hz). For [ALLENE](XIO'~ cm3) 
constant [NO] and [MI, a plot bf 2 4 t a n  4 vs. [diolefinj gives FrG. Plots of 2rcvltan + vs. concentration of allene at three a straight line with 'lope k1 and different temperatures. The concentration of NO and the total 
k,[NOI[Ml. pressure were constant at each temperature. Reagents flowed into the reaction cell via calibrated flow 
meters. The temperature of the reaction cell was measured by 
a thermocouple and controlled to better than 1 K. Oxygen 
atoms were generated at the rate of 7 x 1012 s-'. The flow 
rates were such that the maximum consumption of diolefin 
was less than 0.04%. 

The purities of the gases were, according to the manu- 
facturers: allene, 2 97%; 1,3-butadiene, 99.9%; N20,  98%; 
NO, 99.0%. The NO was passed through a molecular sieve 
trap to remove NO2 and H,O. The other gases were used 
without further purification. 

Results 
Typical plots of 2nv/tan 4 vs. [diolefin] for allene 

and 1,3-butadiene are shown in Figs. 1 and 2. The 
linearity of these plots indicates the validity of eq. 
[3]. The rate constants determined from the slopes 
of these plots using a linear least-squares analysis are 
shown in Table 1. The rate constants for allene can 
be represented by the Arrhenius equation 

x exp [(- 941 f 54)/T] cm3 molecule-I s-I 

which is plotted in logarithmic form in Fig. 3. The 
indicated uncertainties are 95% confidence limits 
based on 5 degrees of freedom and a Student's t value 
of 2.571. The rate constants for the reaction with 
1,3-butadiene are plotted also in Fig. 3. Although a 
slight negative Arrhenius activation energy is 
evident in the case of 1,3-butadiene, it is probably 
better, because data were obtained at only two 
temperatures, to consider the rate constants to be, 
within the experimental error, independent of 
temperature in this interval. The average of the two 
values of k,, is 2.07 x lo-'' cm3 molecule-I s-l. 

FIG. 2. Plots of 2nvltan + vs. concentration of 1,3-butadiene 
at two temperatures. The concentration of NO and the total 
pressure were constant at each temperature. 

Any systematic error in k,, and k,, is probably less 
than 20%, based on estimated potential systematic 
errors in phase shift (14), flow rate, and pressure 
measurements. 

Values of k, obtained from the intercepts of plots 
of 2nvltan 4 vs. [diolefin] are given in Table 1. They 
are slightly higher than the literature values (14-16). 
A possible explanation could be the presence of a 
small amount of NO, in the N,O used in the present 
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NIP ET AL. 95 1 

TABLE 1. Rate constants for reaction o f  0 ( 3 P )  atoms with allene and with 1,3-butadienea 

kl kz 
T Total concentration [NO1 Number (10-l2 cm3 cm6 

(K) (loL7 n~olecules ~ m - ~ )  (1016 molecules ~ m - ~ )  o f  points molecule-l s-') molecule-2 s - l )  

0 ( 3 P )  + Allene 
298 9.38 2.95 19 1 .28k0 .02  16.9 k 0 . 2  
298 19.1 1.53 12 1 .32k0 .04  17.8 k 0 . 3  
336 8 .72 5.60 13 1 .86k0 .03  7 . 9 7 k 0 . 1 2  
386 7 .54  3.84 13 2 .54k0 .03  13.3 k 0 . 2  
434 6.81 3.36 12 3 .34k0 .04  12.0 k 0 . 2  
491 6.33 3.98 14 4 . 5 0 k 0 . 1 2  10.4 k 0 . 5  
574 5.81 4.74 12 5 .97k0 .09  9 .19k0 .25  

0 ( 3 P )  + 1,3-Butadiene 
299 9 .54 10.3 15 21.7 k 0 . 7  14.7 k 0 . 6  
488 7 .08 12.6 11 19.7 k 0 . 8  11.7 k 0 . 7  

"The indicated uncertainties are one standard deviation. 

-10.5 

- 
I U) 

-11.0- - 
I al - 
3 

- 
g 

n -11.5 

5 - - 
x 
rn - 

- 12.0- 

1.5 2.0 2.5 3.0 3.5 with the discharge-flow results of Hekbrechtsmeier 
1 0 ~ 1 ~  (K-'I and Wagner (10) is not as good, as seen in Fig. 3, 

FIG. 3. Arrhenius plots o f  the rate constants o f  reaction o f  but the difference is no more than 35%. Have1 (4) 
0 ( 3 P )  with allene and with 1,3-butadiene. ko+,,,,,,: 0 and determined k,, relative to ko+,-bute,e and 
solid line, this work; --- ref. 9,  -.-.-. ref. 10. ko+l,3-butadiene: ko+isobutene at a total pressure of 610 Torr. With Our 
0, this work; ---, ref. 9 .  recent kO+l-butene and kO+isobutene (I7), 
work. About 150 ppm of NO, would be required to Havel's value of k,, is -3 x lo-" cm3 molecule-I 
account for the difference. The NO, content was s-l,  which is more than a factor of two higher than 
found to vary dramatically among three different that from the present work. The reason for the dis- 
cylinders of N,O that were analyzed. Concentra- crepancy is not clear. Although it is possible that 
tions of NO, between 2.6 and 0.01 ppm were found. secondary reactions may have occurred in Havel's 
Unfortunately, the cylinder of N,O which was used experiments because of the high conversions (-30%), 
for the rate constant determinations was depleted the same results, within 6%, were obtained from 
before the decision to analyze for NO, was made, relative disappearance of reactants and from relative 
so that it is uncertain whether the NO, content appearance of products (4). 
could have been as high as 150 ppm. It should be The trend in the values of k,, reported in the 
noted that this amount of NO, would not affect the literature may appear to suggest increasing values 
values of k, obtained from the slopes of plots of of the rate constant with increasing pressure. The 
2nvltan c$ vs. [diolefin]. reported values at room temperature vary from 

0.87 x lo-'' at 5 Torr (lo), to -1.2 x 10-lL at 
Discussion 26-50 Torr (ref. 9, present work), to - 3  x 10-l2 

The concentration of oxygen atoms in the present cm3 molecule-' s-I at 610 Torr (4). However, in 
work is sufficiently small that secondary reactions the present work there was no significant difference 

o ----------e 
I, 3-BUTADIENE 

-1 ALLENE - .\\ 
‘"...::. 

\.%. .-. 
I I I I 

of 0 ( 3 ~ )  with products of reaction [lA] or [lB] are 
negligible. Less than 0.9% and 0.2% of the oxygen 
atoms in reactions [lA] and [lB], respectively, are 
consumed by secondary reactions at room tem- 
perature, according to calculations based on a 
generalized mechanism previously outlined (1 3). The 
phase shift measurements showed no significant 
effect due to a factor of 10 reduction in the intensity 
of the incident 253.7 nm light (hence a factor of 10 
change in the rate of production of 0(3P)). 

The rate constants for 0(3P) + allene, k,,, 
obtained in the present work agree well (<20% 
difference) with the flash photolysis results of 
Atkinson and Pitts (9), who determined k,, over a 
slightly smaller temperature range. The agreement 
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between the rate constants determined at 29 and at 
59 Torr. Also, the rate constants of the reactions of 
0(3P) with olefins are independent of pressure (17, 
18). It would be desirable to have values of k,, 
obtained by one technique over an extended range 
of pressures. 

The present results for 0 + 1,3-butadiene are in 
excellent agreement with those reported by Atkinson 
and Pitts (9), and confirm that k , ,  is essentially 
independent of temperature over the range 297-500 
K, as seen in Fig. 3. Furthermore, the activation 
energy reported by CvetanoviC (1) for 0 + 1,3- 
butadiene relative to 0 + 1-butene, when combined 
with our results for 0 + 1-butene (l7), is 0.06 kcal 
mol-', consistent with the present results. The 
relative rate constants at 298 K of Cvetanovik (2) 
and McClenny (1 l), taken relative to 1-butene, are 
4.2 (1) and 5.4 (ll) ,  respectively, which can be put 
on an absolute scale using our value of ko+ ,-,,,,,, 
(17). The relative values of k,, become 1.7 x lo-'' 
and 2.2 x lo-'', respectively, again in good agree- 
ment with the present average value of 2.07 x lo-'' 
cm3 molecule-' s- '. 

The low activation energies for the diolefin re- 
actions are consistent with an addition mechanism 
proposed on the basis of product analyses (1-8), i.e., 
addition of the oxygen atom to the double bond 
followed by stabilization, rearrangement, or frag- 
mentation of the adduct, as occurs for olefins. The 
room temperature rate constants for 0 + allene and 
0 + 1,3-butadiene have been shown (9) to fit 
adequately into the correlation of k0+,,,,,, vs. the 
ionization potential of the olefin. Also, the activation 
energies for reactions [IA] and [IB] are consistent 
with the correlation between activation energies for 
0 + olefin reactions vs. ionization potential of the 
olefin (19). On the other hand, the pre-exponential 
factors for 0 + allene and 0 + 1,3-butadiene are 
somewhat larger (2-3 x lo-'') than those for most 

of the 0 + olefin reactions (1-1.5 x lo-'', except 
for tetramethylethylene, for which it is 2.1 x lo-'' 
cm3 molecule-' s-l) (17), reflecting, perhaps, the 
number of double bonds. However, because there is 
evidence of curvature in the Arrhenius plots for 
some 0 + olefin reactions (17, 18), trends in pre- 
exponential factors should be interpreted with 
caution. 
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Decomposition of vinyl chloride induced by multiphoton absorption of infrared radiation. 
I. Decomposition yields1 
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A. GANDINI, C. WILLIS, R. A. BACK, and J. M. PARSONS. Can. J. Chem. 57,953 (1979). 
The infrared induced decomposition of vinyl chloride has been studied as a function of 

pressure and as a function of exciting wavelength with a pulsed C 0 2  laser. The main reaction 
gives CzHz and HCI 

CzH3CI + CzHz + HCI 

but smaller amounts of C2H4 are observed. At pressures below 0.5 Torr, the yield of C2H4 
shows apparent enhancement relative to CzHz. In an earlier publication it had been speculated 
that this was due to dissociation from higher vibrational levels attained in the multiphoton 
absorption process. Present data indicate this is not the case and suggest rather strongly that 
the enhanced CZH4 yield is derived from infrared induced decomposition of CzH3CI on cell 
windows and walls. 

The effective quantum yield of CzHz increases approximately linearly with pressure in the 
range 0-2.5 Torr and C2H3CI, Hz, and 0, produce similar behaviour. This is interpreted in 
terms of collisional enhancement of photon absorption associated with depletion of specific 
rotational states by the laser radiation. 

A. GANDINI, C. WILLIS, R. A. BACK et J. M. PARSONS. Can. J. Chem. 57,953 (1979). 
Utilisant un laser a COz on a ktudik la dkcomposition, induite par I'infrarouge, du chlorure 

de vinyle en fonction de la pression et en fonction de la longueur d'onde servant exciter. La 
reaction principale fournit du CzHz et du HCI, 

CzH3CI + CzHz + HCI 

mais on a observe la formation de quantitks plus faibles de C2H4. A des pressions inferieures 
a 0.5 Tom, le rendement en C2H4 subit une augmentation par rapport a CZH2. Dans une 
publication anterieure, il avait kt6 suggkrk que ceci est dC ti une dissociation provenant de 
niveaux vibrationnels superieures obtenues dans un processus d'absorption multiphoton. Les 
donnees rapportkes ici indiquent que ce n'est pas le cas et suggkrent plutBt fortement que 
I'augmentation du rendement en CzH4 provient de la dkcomposition induite par I'infrarouge 
du CzH3Cl sur les fenetres et les parois de la cellule. 

Le rendement quantique effectif de CzHz augmente d'une f a ~ o n  approximativement linkaire 
avec la pression entre 0 et 2.5 Torr. Le CzH3CI, Hz  et O2 provoquent des comportements 
semblables. On interprkte ces rksultats en termes d'une augmentation collisionnelle de l'ab- 
sorption des photons qui est associke avec une diminution des ktats rotationels spkcifiques 
provoquke par la radiation laser. 

[Traduit par le journal] 

Introduction [ l l  C2H3CI -t C2Hz + HCI EA = 69 kcal/mol 

In a recent communication (1) on the isotopically [21 C2H3Cl + CzH3 + C1 AH = 90 kcal/mol 

selective infrared photolysis of vinyl chloride, 1 
C,H,Cl, we reported preliminary results which CZH4 + products 
showed that below 1 Torr the isotopic selectivity of 
the decomposition decreased with decreasing pres- Was varying with pressure. This that a 

sure. It was suggested that this behaviour was due petition between multiphoton absorption, collisional 

to enhanced amounts of C,H, being produced at deactivation, and decon~posilion determined the 
low pressures which led to non-selective disappear- energy colltent the and 
ante of the substrate. on the basis of a few results thereby their mode of decomposition. If true, this 

we speculated that the ratio of molecular elimination interpretation is important to the understanding of 

(2), reaction [I], to bond scission (3), reaction [2], the physical Processes involved in multi~hoton dis- 
sociation, and therefore we have investigated the 

'NRCC No. 17262. Presented, in part, at Interr~ational phenomenon in greater detail. The present results 
Quantum Electronics Conference held at Atlanta, May 1978. suggest that the processes at low pressures leading 

0008-4042/79/090953-05$01 .OO/O 
@I979 National Research Council of CanadalConseil national de recherches du Canada 
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predominantly to ethylene are unrelated to the gas- 
phase multiphoton decomposition, and that in the 
latter the ratio of molecular elimination to bond 
scission is pressure independent. 

During the progress of the present studies a paper 
by Lussier and Steinfeld (4) covering some aspects 
of the infrared induced decomposition of vinyl 
chloride was published. Using 0.1-1.0 J pulses from 
a CO, TEA-laser focussed with a relatively long 
focal length lens into 10 Torr of C2H,C1 they report 
production of only C,H, and HCl. In a few experi- 
ments using a much shorter focal length lens they 
observed break-down and report a new product 
absorption in the ir analysis which was tentatively 
assigned to diacetylene. 

Experimental 
Radiation from a line-tunable COz TEA-laser (Lumonics 

Model 103: pulse duration -250 ns, pulse energy 5-6 J, beam 
intensity - 1.3 J ~ m - ~ )  was focussed into a cylindrical Pyrex 
cell (40 mm id, 60 mm long) fitted with NaCl windows (Har- 
shaw laser-grade) by a germanium lens (f = 40 mm) placed 
approximately 1 cm from the front window. The focal point 
coincided roughly with the centre of the cell. Samples were 
irradiated (normally for 15 min at 36 pulse/min) and the entire 
cell contents were transferred to an inlet tube of a gas chro- 
matograph where the amounts of C2Hz and CzH, formed 
were determined. Mass spectrometric analysis was used to 
identify other minor products. Experiments with vinyl 
chloride alone were restricted to pressures below -2.5 Torr, 
above which break-down was observed. With added Hz total 
pressures up to 20 Torr were possible without break-down. 

Results 
The absorption spectrum of vinyl chloride con- 

tains two main bands in the region accessible to 
C0,-laser radiation, the CH, rocking mode (v,) 
centred around 1040 cm- ' and the twist mode (v,,) 
around 950 cm- l. We have investigated laser-induced 
decomposition in both regions. The yield per pulse 
is reported as an effective reaction volume, the 
amount of reagent decomposed expressed as a 
volume at the ambient reagent pressure and tem- 
perature. If in the focal region there is a sharp fluence 
threshold beyond which decomposition is virtually 
complete, the volume defined by this threshold will 
in fact equal the effective reaction volume. It is in any 
case a convenient wav to ~resent the data. whether 
or not such threshold behaviour pertains. 1t should 
be noted that this usage tacitly includes a first-order 
reagent pressure term, so that the effective reaction 
volume is proportional to a percent decomposition 
or a decomposition probability. 

Effect of Pressure 
Figure 1 shows the observed yields of products as 

a function of vinyl chloride pressure the PI, line of 
the 10.6 ym band. Figure 2 shows similar data for 

PRESSURE OF VINYL CHLORIDE (Torr) 

FIG. 1. Observed yields of CzH2 and C2H4 as a function of 
pressure of vinyl chloride for irradiation with PIS line of 10.6 
Bm band of COz laser (6.7 Jlpulse). 

the P,, line of the 9.6 ym band. These data are 
typical of the experiments carried out in the two 
regions. The yield of C,H, decreases linearly 
towards zero with decreasing pressure, whereas that 
of C2H4 is enhanced at low pressure. Irradiation in 
the v,, band shows only a slight enhancement in the 
fraction of C2H4 in the products; irradiation in the 
v, bands shows a much larger increase with C2H4 
becoming the dominant product below 0.4 Torr. 

Starting with 0.1 Torr vinyl chloride, addition of 
H, leads to a decrease in C2Hp yield but an increase 
in C,H,. Data for the variation of yields with 
pressure for irradiation with the P2,/10.6 pm line are 
collected in Table 1. 

Effect of Irradiation Time 
The amounts of C,H, and C2H4 formed were 

linear with time for low conversions, shown for a 
series of experiments in Fig. 3. The invariance of 
yields per pulse suggests that both are primary 
products of photolysis, although secondary decom- 
position within a single pulse cannot be ruled out. 

Effect of Wavelength 
The yields of C2H4 and C2H2 for irradiation with 
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GANDINI ET AL. 

TABLE 1. Effect of pressure on yields (PZ0/9.6 pm line; 6.2 Jlpulse; 15 min irradiation 
at 36 pulse/min) 

Amount of product Effective reaction 
Pressure of Pressure of (mol/l0- 9, volume (mL/10-3) 

vinyl chloride additive - 
(Torr) (Torr) C2H4 CZHZ C2H4 CZHZ 

0.08 - 7.45 0.65 3.22 0.28 
0.10 - 4.70 0.54 1.63 0.19 
0.17 - 6.37 1.76 1.29 0.36 
0.29 - 5.14 2.81 0.61 0.33 
0.56 - 4.22 10.00 0.26 0.62 
1.12 - 7.53 35.3 0.23 1.08 
2.63 - 39.7 199 0.52 2.60 
0.10 0.14(Hz) 1.32 ' 0.75 0.45 0.26 
0.10 0.32 (Hz) 1.87 1.25 0.64 0.43 
0.10 1.00 (Hz) 1.16 3.01 0.40 1.04 
0.10 1.00(0z) 1.05 2.46 0.36 0.85 
0.10 3.90 (Hz) 0.89 4.01 0.31 1.38 
0.10 20.00 (Hz) 0.64 5.28 0.22 1.82 

PRESSURE OF VINYL CHLORIDE (Torr) 

FIG. 2. Observed yields of CzHz and C2H4 as a function of 
pressure of vinyl chloride for irradiation with P,, line of 9.6 
pm band of COz laser (6.2 J/pulse). 

various laser lines are given in Table 2. All yields are 
normalized to the same pulse energy using the 
dependence to the power 2.3 (below) and were 
measured with 1.0 Torr vinyl chloride plus 5.0 Torr 
Hz. The Hz was added in an attempt to minimize 
variations with pressure. 

Effect of Varying Energy per Pulse 
The yields of decomposition were measured at 2, 

4, and 6 J/pulse with the P,, line at 9.6 pm. The 

IRRADIATION TIME (rnin) 

FIG. 3. Formation of C2Hz and CZH4 as a function of 
irradiation time: pulse rate, 36 pulses/min of PI6 line of 9.6 
pm band, 1.0 Torr CzH3CI. 

amount of product formed for two pressures of vinyl 
chloride, 0.36 Torr and 2.00 Torr, fitted a simple 
expression giving a dependence of yield on pulse 
energy to the 2.3 + 0.2 power. 

Discussion 
The main results to be discussed are the increase 

in C2H4 yield observed at low pressure and the 
variation of C2Hz yields with pressure. Only brief 
mention will be made of the variation of yields with 
wavelength of the laser radiation. As will be seen, 
such a spectral dependence will be a complex 
function of pressure, fluence, and probably flux. 
Moreover, recent work by Steinfeld and co-workers 
(5) has examined this aspect in some detail making 
further comment here redundant. 
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TABLE 2. Yields from irradiation with various C02 laser lines (15 min irradiation at 
36 pulse/min; 1.0 Torr CzH3CI, 5.0 Torr HZ) 

Effective reaction 
volume (mL/10-3) 

Amount of product (normalized to 6 J/pulse 
Energy (m01/10- 9, incident) 

per pulse 
Line (J) C2H4 CZHZ C2H4 CZHZ 

Pressure 
in cell 
(Torr) 

0.oc 
0.Od 
0.0' 
0.11 
1.00 

Amount produced (m01/10-~) 

CzH4 CzH2 

1.91 x 3 . 4 2 ~  
4 . 6 0 ~ 1 0 - ~  3 . 3 5 ~ 1 0 - ~  
1.88 x lo-' Not detected 
3 . 0 6 ~  4 . 3 5 ~  
1 . 7 6 ~ 1 0 - ~  8 . 1 4 ~ 1 0 - ~  

'All experiments involve the same irradiation time (15 min) and were carried out with un- 
focussed o u t ~ u t  of laser with P,, line of 9.6 um band unless otherwise stated. 

bNearest equivalent data poi% for focussed output. Zero pressure data are compared to 
vields from 0.1 Torr C,H,CI. 

~ ~ l u s h e d  ki th2  TG C2H3c1 and pumped for 15 min before irradiation. 
*Flushed with 2 Torr C2H,CI and pumped for 18 h before irradiation. 
eFlushed with 2 Torr C2H3CI and pumped for 60 min before irradiation with focussed 

output. 

Formation of Ethylene at Low Pressure 
A probable mechanism for formation of C2H4 in 

the multiphoton decomposition of C2H3CI is 
through the vinyl radical, 

[21 
nhv 

C2H3CI - C2H3 + C1 

[3 1 C2H3 + CzH3Cl -+ C2H4 + products 

This hypothesis was tested by photolysing C2H3C1 
with added DBr or I, which should give characteristic 
products in reactions with vinyl radicals, 

Photolysis of 0.1 Torr C2H3CI with the P2, line at 
9.6 pm with either 1.0 Torr DBr or 0.3 Torr I, 
followed by mass spectrometric analysis showed no 
detectable C2H3D or C2H31. Limits of detection 
corresponded to the interception of less than 1% of 
the vinyl radicals required to produce the observed 
yield of C2H4, a strong indication that C2H3 
radicals were not involved in its formation. 

In a series of experiments where photolysis of 
C2H3C1 was interspersed with experiments involving 
other compounds, it was noted that the 'enhanced' 

C2H4 yield was much less reproducible than the 
C2H2 yields and showed dependence on cell history. 
This led to the suspicion that adsorption of C2H3CI 
on cell walls and windows was involved and further 
that C2H4 was being formed outside the focal 
region. The data given in Table 3 were taken to test 
this hypothesis. The three experiments at nominally 
zero pressure involved flushing the cell with vinyl 
chloride at a relatively high pressure and then 
pumping. As can be seen, significant yields of C2H4 
were formed in all three cases: pumping overnight 
reduced the yield compared to that obtained with 
only 15 min pumping and focussing the beam in the 
'empty' cell led to yields of C2H4 very similar to 
those obtained with 0.1 Torr C2H3C1 in the cell. The 
yields of C2H2 were very much smaller than those 
observed for the low-pressure photolysis of C2H3C1. 
The other experiments for increasing pressures of 
C2H3C1 photolysed with the unfocussed beam all 
gave similar yields of C,H,, comparable to those 
obtained in the focussed beam experiments, but 
C2H2 yields which again were very much smaller. 

Taken together, this evidence argues against 
significant formation of C2H4 in the collisionless 
multiphoton decomposition of C2H3C1. Although 
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GANDINI ET AL. 957 

there is a distinct wavelength dependence and the 
behaviour is not observed to the same extent in other 
vinyl compounds we have studied (6), C2H4 forma- 
tion is most likely associated with decomposition of 
C2H3CI adsorbed on the cell walls and windows. The 
detailed mechanism of the induced decomposition 
on the cell walls is probably complex and more 
extensive study does not seem warranted at present. 

Variation of Yields with Pressure 
If small corrections are made for the amount of 

C2H2 apparently formed on the cell walls or win- 
dows, the C2H2 yield increases linearly both with 
pressure of vinyl chloride and with pressure of added 
gas up to about 2 Torr (Figs. 1 and 2, Table 1). This 
behaviour was not expected. Elsewhere (7) it has 
been shown that the product yields in some multi- 
photon decompositions with focussed beams follow 
the general expression 

161 Yield = a + bP 

The first team corresponds to the yield arising from 
essentially collisionless decomposition. The second 
term, linear in substrate.pressure, represents the 
product formed by a collisional energy pooling 
mechanism. It is not reasonable to explain the 
observed behaviour of C2H3CI in this way. The 
pressure dependent term usually tends to become 
dominant only at much higher pressures than found 
with vinyl chloride (8) and more importantly, when 
collisional energy pooling makes a significant con- 
tribution, addition of a non-absorbing inert gas 
decreases rather than increases the yield (7, 9). 

A much more reasonable explanation of the 
observed pressure dependence is that pressure affects 
the photon absorption process. The rotational 
envelopes of the absorption bands in vinyl com- 
pounds are very broad compared to the effective 
bandwidth of the exciting radiation, even when 
power broadening is taken into account. In the 
absence of rotational repopulation, only a small 
fraction of the molecules is accessible to the laser 
r a d i a t i ~ n . ~  The most obvious effects of pressure are 
simple pressure broadening, and an increase in the 
rate of rotational repopulation during the laser pulse, 
so that the effect of line bleaching is reduced and a 
larger fraction of molecules becomes accessible to 
excitation. Absorption studies on C2H,Cl strongly 
support this explanation (5). 

The observed dependence of the amount of 
product formed on (pulse energy) 2.3 is larger than 

'This should not be true for irradiation on the Q-head 
(AJ = 0) which will allow a much higher fraction of molecules 
to be excited. In the bands involved in the present study there 
is not a well developed Q-head and the suggestion cannot be 
tested. 

the 312-power dependence usually found with 
focussed beams. One could speculate that power 
broadening of the exciting radiation could lead to 
spectral overlap with more rotational levels as the 
energy per pulse is increased, resulting in higher- 
order dependence on pulse energy than would other- 
wise be expected. However, uncertainties in the 
variations of power density in the reaction zone 
make a quantitative assessment of this effect 
difficult. 

Variation of Yields with Wavelength 
The variation in the acetylene yields with wave- 

length shown in Table 2 follows approximately the 
low-intensity low-resolution absorption spectrum of 
vinyl chloride (4), except for the yield with the P3, 
line at 933 cm-l. which lies in a more structured 
region of the absorption spectrum, and showed the 
highest yield both in the present and previous 
studies (4). In view of the probably complex effects 
of pressure, dynamic stark modulation, and line 
bleaching 011 the absorption, already discussed in 
some detail by Steinfeld et al. (4, 5), and in view of 
the uncertain power gradients in the focussed beam, 
further discussion of the wavelength dependence is 
unwarranted here. 

Conclusions 

The enhanced yield of C,H4 observed in the low 
pressure decomposition of vinyl chloride is probably 
not formed in the gas phase multiphoton process, but 
rather on the vessel surface. The observed linear 
pressure dependence of the C2H4 yields is more 
significant. We have attributed this behaviour to  
collisional repopulation of J-states depleted by 
absorption, without which only a small fraction of 
the molecules are accessible to excitation. This type 
of behaviour may be general, especially in hydrogen- 
containing species, which tend to have broad 
rotational envelopes. 
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Phosphorus-31 nuclear magnetic resonance spectra of methylplatinum(I1) and 
methylpalladium(II) cations containing Qsubstituted pyridine ligands 

Department of Chemistry, University of Western Onturio, London, Ont., Canada N6A 3K7 
Received September 12, 1978 

HOWARD C. CLARK and CHARLES R. MILNE. Can. J. Chem. 57,958 (1979). 
The ,'P nmr spectra of the compounds cis-[M(CH,)(L)diphos]P&, where M = Pd, Pt; 

L = 4-C5H4NX; X = CH,, H, NMe,, COOMe, COMe, CN; diphos = 1,2-bisdiphenylphos- 
phino ethane, have been recorded. The 31P chemical shifts and 31P-195Pt coupling constants 
decrease regularly as the p values of the substituent on pyridine decrease. These trends are 
attributed to decreasing lone pair donation from phosphorus as the electron donating ability 
of the other ligands on the metal increases. The trans influence of the coordinated pyridine 
molecule, as measured by J(195Pt-31P), is greater than its cis influence on the phosphorus atoms. 

HOWARD C. CLARK et CHARLES R. MILNE. Can. J. Chem. 57,958 (1979). 
On a dBterminB les spectres rmn 31P des composks cis-[M(CH,)(L)diphos]P& oh M = Pd, 

Pt; L = X-4C5H4N; X = CH,, H, NMeZ, C02Me, COMe, CN; diphos = bisdiphknyl- 
phosphino-1,2 ethane. Les dkplacements chimiques du 31P et les constantes de couplage 
31P-195Pt diminuent rkgulikrement avec une diminution des valeurs p des substituants de la 
pyridine. On attribue ces tendances A une diminution de la disponibilitd de la paire libre du 
phosphore lorsque le caracthe Blectrodonneur des autres ligands sur le mktal augmente. 
L'influence trans de la molkcule de pyridine coordonnke, telle que mesurke par J(195Pt-31P), 
est plus grande que son influence cis sur les atomes de phosphores. 

[Traduit par le journal] 

Introduction trends between second and third row transition 

The factors contributing to the nature of 31P chem- 
ical shifts and coupling constants are not particularly Results and Discussion 
well defined. It has been suggested that the electronic The 31p chemical shifts and coupling constants of 
and steric properties of the substituents on phos- the new compounds are summarized in Table 1. We 
~ h o r u s  determine 31P chemical shifts and coupling have not determined the relative signs of the coupling 
constants by varying the mnount of s character asso- constants; thus their absolute values are presented. 
ciated with the phosphorus lone pair (1-4). In addi- ~h~ 1~ decoupled 31p nmr spectra of the cations 
tion, 31P chemical shifts and coupling constants of where M = pd consist of two doublets with them- 
coordinated tertiary phosphines are also affected by ical shifts of about 60 and 40 ppm, having a mutual 
the properties of the other ligands at the metal centre. coupling constant of about 23 HZ. The 1H decoupled 
We are particularly interested in the latter contribu- spectra where M = pt consist of two signals at 
tion to 31P chemical shifts and coupling Constants. around 57 and 37 ppm, Each signal is flanked by 

Accordingly we have prepared and have obtained 195pt satellites ofca. one-fourth intensity. NO 3lp-3lp 
the 31P nmr spectra of complexes of the type coupling is observed. 
[M(CH3)di~hos(L)]PF6  here L is a ~ ~ r i d i n e  sub- The low field signals have a J(31P-195Pt) of about 
stituted in the 4 position, M = Pd or Pt and diphos 1720 Hz while the high field signals have a J(31p- 
= 1,2 b i sd i~hen~l~hos~h ino  ethane. We hoped to 19'Pt) of about 3700 Hz. Thus, the low field signal in 
be able to correlate 31P chemical shifts, J(31P-31P) each spectrum is assigned to the phosphorus atom 
and J(31P-195Pt) values with the electronic properties trans to the methyl group, PC, and the high field 
of the substituted ~ ~ r i d i n e s  as rmasured by the signal to the phosphorus atom trans to the substituted 
Hammett substituent constant p (5). The use of the pyridine (6, 7) pt. 
chelating diphosphine, di~hos,  allows the n ~ ~ ~ s u r e -  The assignment of the resonances of the palladium 
merit and comparison of both trans and cis influences cations is based on the argument that the chemical 
with the same molecule, while the study of anal- shifts of the phosphorus nuclei should be similar to 
ogous Pd and Pt complexes allows comparisons of those in a similar environment in the platinum com- 

'To whom all correspondence should be addressed. Present pounds. 
address: Department of Chemistry, University of Guelph, The 31P of Pt, the phosphorus 
Guelph, Ont., Canada N1G 2W1. trans to the pyridine, for both M = Pd and Pt, occur 

0008-40421791090958-03$01 .OO/O 
01979 National Research Councn of CanadalConseil national de recherches du Canada 
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CLARK AND MILNE 

TABLE 1. 31P nmr data for compounds of the type [M(CH3)(py-X)diphos]PF, 

M X 6Pc ( I J P ~ )  6Pt (ppm) I J(Pt-PC) I (Hz) ( J(Pt-PC) I (Hz) IJ(Pt-Pt) I (Hz) 

Pt NMez 49.12 38.26 
Pt Me 50.35 37.72 
Pt H 50.70 37.36 
Pt COOMe 51.04 37.47 
Pt COMe 51.08 37.40 
Pt CN 51.74 37.40 

Pd NMe, 59.04 37.50 
Pd Me 59.52 38.66 
Pd H 59.57 39.02 
Pd COOMe 59.75 39.51 
Pd COMe 59.89 39.64 
Pd CN 60.10 39.84 

around 37 ppm while those for PC, the phosphorus 
atom cis to the pyridine, occur at around 59 for 
M = Pd and 50 ppm for M = Pt. The chemical shift 
values for Pt are obviously influenced by changing 
the pyridine 4-substituent but for M = Pt, unex- 
pectedly, the changes show no relationship to p 
values. For M = Pd, the 31P chemical shifts of P' 
decrease in a regular way with decreasing o values of 
the substituent (Fig. 1). 

The values of the 31P chemical shift for PC, on 
changing the substituent on pyridine, decrease in an 
essentially linear fashion, for both M = Pd and Pt, 
with decreasing p value of the para substituent (Fig. 
I), although the changes are smaller than for Pt. 

-.8 -.6 -.4 -.2 0 .2 .4 .6 .8 

P 
FIG. 1. Plot of G(Pt-Pd) and G(Pc-Pd) vs. p. 

These trends can be understood by considering the 
relation between the electron density at the metal and 
the amount of electron density on the phosphoru$ 
lone pair. On coordination to a transition metal, the 
'P chemical shift of a tertiary phosphine invariably 

moves to lower field from its free value (3). This 
downfield shift is due to removal of electron density 
from the phosphorus lone pair viadonation to suitable 
metal orbitals. It would seem reasonable, therefore, 
that an increase in the electron density on the metal 
would lessen the availability of metal orbitals to 
accept electron density from the phosphorus. Thus, 
in this case increasing the electron density at the 
metal by increasing the donating ability of the pyri- 

P 

FIG. 2. Plot of IJ(Pt-PC)/ and IJ(Pt-Pt)I vs. p. 
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960 CAN. J. CHEM. VOL. 57, 1979 

dine causes the observed decrease in 31P chemical 
shifts for both the trans and cis phosphorus atoms. 

The 31P-195Pt coupling constants for Pt increase 
in an essentially linear fashion from 3654 Hz 
(X = NMe,, p = -0.79) to 3822 Hz (X = CN, 
p = +0.66) as p increases. The 31P-195Pt coupling 
constant for PC also increases, although not so dra- 
matically, in a steady manner from 1713 Hz to 1728 
Hz as p increases from -0.79 to f0.66 (Fig. 2). Note 
that, in Fig. 2, different scales are used for PC and Pi 
and that the effect on J(Pt-P? is about 10 times 
greater than for J(Pt-PC). 

The larger ranges for Pt than for PC are a result of 
trans influence being larger than cis influence. It  is 
widely believed that the Fermi contact term makes 
the major contribution to the magnitude of plati- 
num-phosphorus coupling constants (8). Therefore, 
factors which allow the platinum 6s orbital to partici- 
pate more fully in bonding to a phosphorus atom 
will increase the platinum-phosphorus coupling 
constant. In this case, decreasing the electron dona- 
tion of the other ligands on the metal by increasing 
the p value of the 4-substituent on pyridine increases 
the availability of the Pt 6s orbital to the phosphorus 
atoms resulting in larger values for both IJ(Pc-Pt)l 
and 1 J(Pt-Pt)J . 

Conclusions 
It  has been shown that 31P chemical shifts and 

31P-195Pt coupling constants of tertiary phosphine 
atoms bonded to Pd and Pt are sensitive to small 
changes in the electronic properties of the other 
ligands on the metal. Increasing the electron donating 
ability of these other ligands leads to regular de- 
creases in both 31P chemical shifts and 31P-195Pt 
coupling constants. Although both cis and trans 
phosphorus atoms are affected, the changes in 

J(31P-195Pt) are greater for the trans phosphorus 
atom. 

Experimental 
Phosphorus-31 nmr spectra of the cations in dichloro- 

methane solution were measured in 5 mm tubes with a 12 mm 
reference tube of 1% HH,P04. Chemical shifts downfield from 
this reference are inpositive ppm. A Varian XL-100 spectrom- 
eter at 40.5 MHz was employed along with Fourier transform . ~ 

techniques. 
The compounds Pd(Me)(Cl)diphos and Pt(Me)(Cl)diphos 

were prepared as described previously (9, 10). The cationic 
compou~ds [ M ( M ~ ) ( P ~ - ~ ) d i p h o s ] ~ ~ ~  were all prepared in a 
similar manner; thus, only a representative preparation is de- 
scribed. 

To a suspension of Pd(Me)(Cl)diphos (0.200 g) in tetrahy- 
drofuran (10 mL) was added one equivalent of pyridine fol- 
lowed by a tetrahydrofuran solution of AgPF, (0.095 g). After 
an hour the solution was stripped to dryness and extracted 
with dichloromethane (10 mL). Passage of the dichloro- 
methane solution through a 112 in. column of Florosil, con- 
centration and subsequent addition of diethylether gave white 
crystals of Pd(Me)(py)diphosPF, in 80% yield. All of the com- 
pounds listed in Table 1 are analysed for the correct C ,  H, 
and N content. 

1. C. A. TOLMAN. Chem. Rev. 77,313 (1977). 
2. M. M. CRUTCHFIELD, C. H. DUNGAN, J. H. LETCHER, V. 

MARK, and J. R. VAN WAZEN. 31P nuclear magnetic reso- 
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Thermodynamics of transfer of hydrogen halides from water to glycerol-water mixtures 
and the structuredness of the solvents 

INDRA NARAYAN BASUMALLICK' AND KIRON K. K U N D U ~  
Physical Chemistry Laboratories, Jadavpur University, Calcutta 700032, India 

Received June 5 ,  1978' 

INDRA NARAYAN BASUMALLICK and KIRON K. KUNDU. Can. J. Chem. 57,961 (1979). 
Standard free energies (AG?) and entropies (AStO) of transfer of HX (X = Br and I) from 

water to glycerol-water mixtures containing 10, 30, 50, and 70 wt.% glycerol have been deter- 
mined from emf measurements on the cell: Pt, H,(g, 1 atm)/HX(m), solvent/AgX-Ag at seven 
equidistant temperatures ranging from 1MO0C. The observed AG,%omposition profiles of 
HBr, HI, and also of HC1 obtained from the relevant literature data are essentially similar to 
those in aquo-alcoholic and aquo-glycolic systems. But the observed short maxima in 
TAS,O(HX)-composition profiles with their relative order: HI > HBr > HCI in water-rich 
compositions and the reverse order at higher proportions of glycerol are indicative of the effect 
of small structure promoting propensity of glycerol. Comparison of TAS?(HIfiomposition 
profiles of methanol, isopropanol, and tert-butyl alcohol on the one hand and that of methanol, 
ethylene glycol, and glycerol on the other, leads us to suggest that the structure promoting 
ability of hydrophobic -CH3 group is significantly reduced due to 'specific site hydration' 
effect when its one H-atom is being replaced by one hydrophilic -OH group. Also, the com- 
positions at which the characteristic maxima appear, either in the former cases or in the latter, 
are, as expected, the size effect of the co-solvents. 

INDRA NARAYAN BASUMALLICK et KIRON K. KUNDU. Can. J. Chem. 57,961 (1979). 
Les tnergies libres (AGtO) et entropies (AStO) standard de transfert de HX (X = Br et I) de 

l'eau vers des melanges de glyctrolkau contenant 10, 30, 50 et 70% en poids de glyczol ont 
pu &tre dttermintes a partir de mesures de fem sur la cellule: Pt, Hz(g, 1 atm)/HX(m), solvant 
AgX-Ag a sept temptratures Cquidistantes allant de 10 a 40°C. Les profils observes pour 
AGto-composition pour HBr, HI et aussi pour HCI, obtenus a partir de donnkes approprites 
provenant de la litttrature, sont presque semblables A ceux obtenus dans des systemes aquo- 
alcoolique et aquo-glycolique. Toutefois les ltgers maxima observts dans les profils de 
TAStO(HX)-composition avec leur ordre relatif: HI > HBr > HCI des compositions riches 
en eau et les ordres inverses des proportions plus elevks de glyctrol indiquent qu'il existe 
un ltger effet favorisant la formation de structures dans le glyctrol. Les profils de TASt0(HI)- 
composition du mtthanol, de I'isopropanol et du tert-butanol d'une part et ceux du mtthanol 
de 1'tthyli.neglycol et du glyctrol d'autre part permettent de suggtrer que la facilitt avec 
laquelle le groupe hydrophobe -CH3 favorise la formation de structures diminue d'une f a ~ o n  
importante, a cause d'un effet "d'hydratation d'un site sptcifique" lorsqu'on remplace un de 
ses hydrogenes par un groupe-OH hydrophile. De plus, les "compositions magiques" aux- 
quelles les maxima caracttristiques apparaissent soit dans les premiers ou les derniers cas, 
sont, tels que prtvus, dO a I'effet de grosseur des co-solvants. 

[Traduit par le journal] 

Introduction It is now increasingly recognized (10-16) that, like 
Denaturation of aqueous solutions of proteins by 

urea and their stabilization by glycerol and their 
possible genesis from the alteration of water structure 
are a subject of wide biochemical interest (1-4). 
Whilst the numerous studies made so far (1-3) have 
helped reveal the structuredness of urea-water 
mixtures to a large extent, the corresponding studies 
in glycerol-water mixtures are remarkably few and 
hence the effect of glycerol on water structures is yet 
a conflicting issue (4-9). 

'Holder of a Teacher Fellowship of the University Grants 
Commission, New Delhi. 

'Author to whom all correspondence should be addressed. 
3Revision received December 15, 1978. 

various direct and indirect techniques, the thermo- 
dynamic quantities, specifically the standard enthal- 
pies and entropies of transfer, of various solutes serve 
as fairly useful probes for gaining structural informa- 
tion of aquo-organic solvents. Previously, as part of 
the studies of ion-solvent interactions as well as the 
structuredness of aquo-organic solvents, Kundu and 
co-workers (3) reported the free energies (AG:) and 
entropies (AS:) of transfer of hydrogen halides in 
urea-water mixtures and drew important reflections 
on the structuredness of the solvents. So, it should 
be of particular interest to extend such studies to 
glycerol-water mixtures as well. Moreover, glycerol 
being intermediate between mono-01s and mono- 

0008-4042/79/090961-07$01 .OO/O 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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962 CAN. J .  CHEM. VOL. 57, 1979 

saccharides, such studies are also expected to be 
amply useful in correlating structural effects of 
simple alcohols and simple sugars. 

In glycerol-water mixtures transfer free energies 
of HC1 or the related standard potentials (EO) of 
the Ag-AgC1 electrode are known at different 
temperatures (17-19) and those of HBr and HI or 
the E0 values of Ag-AgBr and Ag-AgI electrodes 
are known (5a) at one temperature only. A recent 
study (15) has, however, emphasized that studies of 
transfer entropies of HCl, HBr, and HI side by side 
rather than any of the solutes alone provide an 
additional support to the effectiveness of ASP(HX) 
as a probe for solvent structures. So, the chief object 
of the present paper is to report the ASP of HBr and 
HI in this solvent system as obtained by determining 

I the E0 values of the Ag-AgBr and Ag-AgI electrodes 
at seven equidistant temperatures ranging from 
10-40°C and to exanline the structuredness of the 
solvents. Cell [A] 

[A] Pt, H2(g, 1 atm)/HX(m), glycerol (Y) i- .water/AgX-Ag 

where X = Br or I and Y = 10,30, 50, and 70 wt.% 
glycerol, has been used for the determination of E0 
values. 

Experimental 
Glycerol (G.R., Merck) was purified by vacuum distillation 

with considerable rejection of head and tail fractions. Deion- 
ized water was distilled from alkaline KMnO, and redistilled 
before use. Purification of HBr and HI (Riedal de Haenag), 
preparation of solutions and electrodes, cell design, and the 
general experimental procedure were essentially the same as 
described before (3, 20). Electromotive force measurements 
were made with a precision potentiometer and a moving coil 
galvanometer (Cambridge Instrument Co.). The time taken to 
reach equilibrium was 3-4 h and the constancy k 0.1 mV for 
1 h was taken to be the criterion of equilibrium. Final readings 
were occasionally checked with a freshly platinized Pt-electrode 
and were found to agree to within k0.2 mV. Equilibrium 
values were recorded first at lowest temperature and then at 
successively higher temperatures. The equilibrium emf values 
when checked at a lower temperature were found to be repro- 
ducible to within * 0.2 mV. 

Solvent densities (21), vapour pressure data (21) computed 
at each temperature as before (15) using Rault's law, and the 
dielectric constant values (E,) taken from Akerlof's data (22) 
are given el~ewhere.~ 

Results 
The standard potential Em0 (on the molal scale) of 

the Ag-AgX electrode at any temperature for any 
solvent was obtained by use of an extrapolation 
function EO' defined by [l] (20a) 

4Complete set of the actual experimental data and the 
solvent constants required for computing EO' (eq. [I]) are 
available, at a nominal charge, from the Depository of 
Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Ont., Canada KIA 0S2. 

where the parameters have their usual significance 
(20a). The emf values (E) corrected to a hydrogen 
pressure of 1 atm against the molalities (m) of HX 
have been tabulated el~ewhere.~ The relevant param- 
eters including Debye-Hiickel constants AoBo 
(= 2.303 x 1.824 x 106d:/2(~sT)-312) and Bo 
(= 5 0 . 2 9 d , ~ / ~ ( ~ , ~ ) - ' ~ ~ )  are 'given in Table 1. Com- 
puted EO' values were fitted to a linear plot against m 
by a least-squares procedure, from which Em0 and 
the slope 2k'P values were determined. As earlier 
(20), the value of a, was taken as zero, since this 
gave a good linear plot in each case and reasonable 
variation of a, had no significant influence on Em0. 
Table 1 gives the values of Em0 and 2k'P for the 
Ag-AgX electrodes for the solvent mixtures at 
different temperatures. The average standard devia- 
tion in Em0 values is k0.3 mV and average uncer- 
tainty in 2k'P values is k0.004 V mol-l kg. 

As shown in Table 1, E,' values for the Ag-AgBr 
electrode at 25°C compare fairly well with those of 
Khoo (5a); but the values for the Ag-AgI electrode 
increasingly differ and the divergence is as large as 
4 mV at 50 wt.% glycerol. It should be noted that 
Khoo's data for the Ag-AgI electrode are based on 
cells con~prising borate buffer and KI instead of pure 
HI as in cell [A]. But it is well known that boric acid 
forms borospiranic acid con~plex [B] with glycerol 
(23) imparting enchanced acidity to the solution. 

This is also evident from the pK, data reported by 
Khoo (5a), which are found to decrease from 7.308 
at 10 wt.% glycerol to 5.947 at 50 wt.% glycerol, in 
contrast to what are expected from the decreased 
dielectric constant of the solvents. Moreover, Khoo's 
values impart a hump in the related AGP-com- 
position profile, which seems rather unusual, as no 
such hump is exhibited either by the present set of 
data or by those for HCl and HBr reported by Khoo 
(5a) and others (17, 19) as obtained by use of cell [A] 
comprising of pure HX instead of borate buffers. 

The Em0 values of the Ag-AgX electrodes at 
different temperatures for each solvent were fitted by 
the method of least-squares to [2] 

where t is the temperature in deg Celsius. The 
co-efficients a, b, and c for the electrodes in different 
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BASUMALLICK AND KUNDU 963 

TABLE 1. The values of Em0 of the Ag-AgX electrode and constant 2k'P of [ I ]  at different temperatures in different 
glycerol + water mixtures* 

Value at 
Wt.% 

glycerol Parameter 10°C 15°C 20°C 25°C 30°C 35°C 40°C 

2kfP/(V mol-' kg) 
30 EmO/V 

2kfP/(V mol-' kg) 
50 EmO/V 

2krP/(V mol-' kg) 
70 EmO/V 

2kfP/(V mol-' kg) 

2kfP/(V mol-' kg) 0.210 0.230 
30 EmO/v -0.1599 -0.1610 

2k1P/(V mol-' kg) 0.092 0.102 
50 EmO/V -0.1657 -0.1681 

2kfP/(V mol-I kg) 0.216 0.229 
70 EmO/v -0.1796 -0.1830 

2k'P/(V mol- ' kg) 0.233 0.230 

*Values in parentheses are reported by Khoo (5a). 

TABLE 2. The constants a in V ,  b in V "C-l, and c in V " C 2 ,  of eq. [2] for Ag-AgX electrodes in glycerol + water mixtures 

X = I  
Wt.% 

glycerol a - b x 1 0 4  - c x 1 0 6  

07 -0.15242 3.19 2.84 
10 -0.1548 3.22 4.20 
30 -0.1638 3.28 4.70 
50 -0.1729 4 .82 0 .20 
70 -0.1900 7 .02 0.70 

- - 

*These values were obtained using E,.O values of the Ag-AgC1 electrode from 10 to 40°C reported by Knight et al. (18) and Harned and Nestler (17). 
?Reference 3. 

solvent mixtures are presented in Table 2. Those for [4] As,O(Hx) = ~ ( b ,  - bw) + 2R In Ms/Mw 
the Ag-AgC1 electrode computed from Knight et al.'s 
relevant data (18) for 10 and 30 wt.% glycerol and where the subscripts s and w refer the "lvent and 

from Harried et al.'s data (1'7) for 50 wt.% glycerol water7 respectively. As before (20)7 probable uncer- 

are also included in Table 2. tainties in AGP and AS; are 21 J mol-' and f 1 

The free energy changes (AG;) accompanying the J K-' mOl-' respectively7 AGP, ASP, and TASP 
transfer of 1 mol of HX from the standard state in (T = 298.15 K, for HBr, and HC1 are 

water to the standard state in each of the mixed presented in 3- 

solvents were evaluated on the mole fraction scale at Discussion 
25°C using [3] 

Free Energies of Transfer 
[3] AGP(HX) = - F  [(E~O), 250C - (Ern0), 250Cl AGP(HX)-composition profiles for this solvent 

- 2 x 298.15R In Ms/Mw system (Fig. 1) resemble closely those in aqueous 
alcohols (15, 20), glycol (24), etc. and typical of 

and the corresponding entropy changes (ASP) by [4] systems having decreasing dielectric constant and 
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TABLE 3. Standard free energies (AG:), entropies (AS:), and related quantities AY = TAS?(H+) + TASt,,,O(X-) of transfer 
of HX (X = C1, Br, or I) from water to glycerol + water mixtures at 25°C 

A Y = TASP(H +) + TASt,,hO(X-)/ 
AG:/(kJ mol- ') AStO/(J K-' mol-') (kJ mol-I) 

Wt.% Mol% 
glycerol glycerol HCI HBr HI HCI HBr HI HCI HBr HI 

*Computed from the data given in ref. 18. 
?Reference 5a. 

more or less similar variation of chemical nature, 
including acidity, basicity, hydrogen-bonding capa- 
city, and structural features. Thus, as the proportion 
of the co-solvent increases, the transfer of both HC1 
and HBr is found to be increasingly unfavourable 
and that of HI, though favourable at water-rich 
compositions, has a tendency to become unfavour- 
able at co-solvent-rich compositions. Moreover, at 
any given composition, AG?(HX) decreases in the 
order HCl, HBr, HI, as is expected if, as in aqueous 
alcohols, the effects of decreased dielectric constant 
and the acidity of the mixed solvents destabilize the 
anions (5, 15, 25). 

When the electrostatic effects (26), AGt,,;(HX), 
which arise from the difference in the dielectric con- 
stant of the solvents, are tentatively computed by the 
simple Born equation (27) using r,,,+ = 2.76 (28) and 
Pauling's crystallographic~radius for X- (29) and are 
subtracted from the respective AG:(Hx) values, the 
resulting 'non-electrostatic' or 'chemical' contribu- 
tions, AG,,,;(HX), become increasingly negative, as 
shown in Fig. 1. As has been found to be the case in 
aqueous alcohols (15), if the solvation of these ions 
be assumed to be dictated chiefly by 'acid-base' 
type ion-solvent interactions (25), and the acid-base 
nature of the solvents be essentially similar (5a) to 
those of aqueous alcohols (15), the results would 
apparently suggest that in this solvent system as well 
H +  is solvophilic and halide ions hydrophilic and 
that the solvophilicity of H f  exceeds the hydro- 
philicity of the halide ions at least in the range of 
con~position studied. This would then imply that 
these mixed solvents are more 'basic' but less 'acidic' 
than water. This 'basicity' and 'acidity' of course 
mean electron-pair donicity and acceptibility of the 
solvents respectively (25). 

However, for a better understanding of the ion- 
solvent interactions the splitting of AG?(HX) to 
individual ion contributions is in order. Till recently 
two sets (54 30) of AG?(i) values have been reported 
for these ions. The data obtained by Khoo (5a) using 
Feakins-type extrapolation procedure (25), however, 

FIG. 1.  Variation of AGtO(HX) and AGtSch0(HX) (broken 
lines) at 25°C with mol% glycerol: 0, HCI; 8,  HBr; e, HI. 

differ from those obtained by Wells' method (30) not 
only in magnitude but even in sign, as in the cases 
of Hf  and I-. Consequently, the interpretation of 
the results and the nature of the ion-solvent inter- 
actions derived thereof are also different in the two 
cases. Under the circumstances, the attempt for 
elucidating the true picture of the solvation of these 
ions in these solvents should await till individual ion 
contributions are obtained by other suitable methods 
(31), particularly by reference electrolyte Ph4AsBPh4 
(Ph = phenyl) method which has been very recently 
demonstrated (32) to be theoretically sound and 
hence more useful than others. 

Entropies of Transfer 
As in aquo-alcoholic systems (15), TAs:(Hx)- 

composition profiles for this system (Fig. 2) exhibit 
'characteristic' maxima at water-rich compositions 
followed by downward trends at higher co-solvent 
compositions. Also, the relative order of TAS;(HX) 
values in the region of maxima is a regular one: 
HI > HBr > HCl; but a reverse one at higher com- 
position of glycerol. Moreover, when ASP(HX) 
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BASUMALLICK AND KUNDU 965 

FIG. 2. Variation of  TAS,O(HX) and AY = TAS,O(H+) + 
TAS,,,,O(X-) (broken lines) with m o l z  glycerol: 0 ,  HC1; 
9, HBr; a, HI. 

values are tentatively rationalized by subtracting the 
Born-type electrostatic contributions of the halide 
ions computed in a manner described earlier (27), 
one finds that as in aquo-alcoholic solvents (15) the 
quantities A Y = TAs,O(H+) + TAS,,,,O(X-) (Fig. 2) 
are shifted upwards, retaining the essential features 
of ~ ~ ~ : ( ~ ~ ) - c o m ~ o s i t i o n  profiles all the same. 

The implications of the observed TAS:(HX), or 
more preferably, A Y-composition profiles for this 
system can be visualized in the light of our previously 
proposed semi-quantitative theory (15). This was 
essentially based on the Frank and Wen (33) model of 
ion-solvation and on our earlier views (3, 15, 20, 34) 
that the transfer of any of these ions from water to a 
mixed solvent consists of four successive steps: (i) 
dismantling of the hydration zones to give the bare 
ion and infinitely dilute gas of water molecules, (ii) 
condensation of the gas to give norn~ally structured 
liquid water, (iii) evaporation of solvent molecules 
required for step (iv) from the bulk solvent to give 
dilute gas of solvent molecules, and (iv) solvation of 
the bare ion and its introduction into the solvent. 

Taking into account the detailed entropy changes 
for the composite transfer process and assuming that 
for the solvents containing up to at least 50 wt.% 
co-solvent the primary solvation zone is composed 
wholly of water (31), it has been concluded (15) that 

(a) when solvent structure > pure water structure 

AS,,,,O(HX) > 0 and AS,,,,O(HI) 

> As,,,>(HBr) > AS,,,,O(HCI) 

(b) when solvent structure < pure water structure 

AS,,,,,"(HX) < 0 and As,,,~(HI) 

< AS,,,,O(HBr) < AS,,,,O(HCI) 

Moreover, since small amounts of monohydric 
alcohols by virtue of their hydrophobic moieties 
promote three-dimensional (3D) ice-like structures 
while larger amounts break up the same due to 
increased packing imbalance (35) and also the 
observed As,,,,O(HX)-composition profiles for these 
aqueous alcohols are in accord with the dictates of 
the above theory, it has been concluded that AY- 
composition profile should serve as a useful probe 
for the structuredness of other aquo-organic 
solvents. 

In the light of the above observations the results 
of the present study could be taken to suggest that 
like the monodrydic alcohols small addition of 
glycerol also promotes water structure but larger 
amounts break up the same and that the maximum 
structure promotion occurs at about 9 mol% 
glycerol. Moreover, it may be observed from Fig. 3, 
where A Y-composition profiles for a number of co- 
solvents are illustrated, that while the characteristic 
maxima of isopropanol and tert-butyl alcohol are 
significantly sharper, narrower, and higher compared 
to that of methanol, those of ethylene glycol and 
glycerol are somewhat flat and short as that of 
methanol. Since the monohydric alcohol containing 
larger hydrophobic group causes a more rapid and 
more extensive promotion followed by an equally 
rapid and complete collapse due to packing im- 
balance, the compositions at which the maximum 
in TAS: or A Y appears will be smaller for the larger 
hydrophobic moiety of the alcohol. Consequently, 
the flat maxima of nearly similar heights for 
methanol, ethylene glycol, and glycerol suggest that 
the structure promoting propensities of these co- 
solvents are more or less similar and much smaller 
compared to higher monohydric alcohols and that 
their observed compositions of maxima are also in 
accord with their respective sizes. 

Again, the significant difference between the 
maxima in isopropanol + water and glycerol -k 
water systems indicates that the effect of structure 
promoting propensities of hydrophobic -CH, 
groups in isopropanol is appreciably reduced when 
replaced by -CH,OH groups in glycerol. This is 
possibly due to the fact that the monomeric 'dense' 
water in equilibrium with 'bulky' 3D structure of 
water instead of being repelled due to hydrophobicity 
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FIG. 3. Variation of A Y = TAS,,,R(I-) + TASP(H+) with 
mol% co-solvents: 0, tevt-butyl alcohol (20a); 8, isopropanol 
(15); 0, glycerol (present work); A, ethylene glycol (24); and 
A, methanol (estimated from the data of ref. 41). 

of -CH, groups and inducing 'ice-berg' formation 
(36) or 'hydrophobic hydration' (36) are likely to 
induce 'specific site hydration' (37) forming hydrogen 
bonds with hydrophilic -OH sites of -CH20H 
groups and thus causes an appreciable reduction in 
structure promotion. This further explains why there 
is little difference in the heights and extensiveness of 
characteristic maxima in the cases of ethylene glycol 
and glycerol compared to that of methanol, as two of 
its H-atoms in methyl group are successively sub- 
stituted by less hydrophobic and less structure- 
promoting -CH20H groups. The observed shifting 
of maximum towards lower co-solvent compositions 
is also indicative of the result of an increased number 
of -CH20H groups of the co-solvents. This 
seemingly suggests that the characteristic maxima of 
higher polyols would be shifted to so low co-solvent 
compositions that those polyols are likely to behave 
as effective structure breakers, as are evidenced from 
various studies (38) and also expected from the 
effect of 'specific site hydration' as well as the com- 
patibility of polyol conformation with the solvent 
structure (37). In the cases of lower polyols like 
glycerol, however, the structure-promoting effects of 
hydrocarbon skeletons seem hardly augmented by 
the structure-breaking effects of 'specific site hydra- 
tion' as these polyols are likely to assume con- 
formations which are completely compatible (4, 39) 
with the water structure at least in water-rich 
compositions. 

Notably, close similarity of the variations of 
Washburn number in glycerol-water mixtures with 
that in methanol-water mixtures also led Khoo (5b) 
to invoke the same type of structural variation as 

contended from the results of the present study. 
Moreover, the observed maxima in the P (cf. [I])- 
composition profiles for HCl and HBr in glycerol- 
water mixtures have also been attributed by Khoo 
(5a) to similar structural changes of the solvents. 
Variations of some physical properties such as water 
activities (6), viscosities (7), sound absorption (7, 8), 
and partial molar volumes (9), however, indirectly 
suggest that the incremental addition of glycerol 
simply affects a gradual breakdown of 3D structure 
of water. Moreover, a comparison (4) of apparent 
volumes and heat capacities of transfer of several 
ionic solutes from water to glycerol-water mixtures 
and literature data for the said transfer quantities to 
D 2 0  and to 3 m urea solutions suggests that as in 
urea-water mixtures there is less structural order in 
glycerol-water mixtures than in water. But present 
observations when compared with our earlier findings 
in urea-water mixtures (3) reflect some apparent 
differences in the structural behaviour of the two 
co-solvents. Thus, while increasing addition of urea 
(up to 3 m) shifts the equilibrium: water (dense) ++ 
water (bulky) to the left glycerol like the simple 
mono-01s shifts the same to the right at least up to 
the composition of its characteristic maxima. As the 
conformation of urea (40) and glycerol (4, 39) are 
compatible with the water structure, the effect of 
'specific site hydration' presumably induces urea to 
shift the equilibrium towards the left while the pre- 
dominant effect of hydrophobic character over 
'specific site hydration' induces glycerol to shift the 
same towards the right. 
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The preparation and crystal structure of pentaiodinium hexafluoroantimonate(V) 
containing IIs3+ 

JACK PASSMORE, PETER TAYLOR, TOM WHIDDEN, AND PETER S. WHITE 
Department of Chemistry, University of New Brunswick, P.O. Box 4400, Fredericton, N . B . ,  Canada E3B 5A3 

Received October 12, 1978 

JACK PASSMORE, PETER TAYLOR, TOM WHIDDEN, and PETER S. WHITE. Can. J. Chem. 57, 
%8 (1979). 

Crystalline pentaiodinium hexafluoroantimonate was prepared by the reaction of I, and 
SbF, in AsF,. The crystals were triclinic, a = 8.295(4) A, b = 15.61(1) A, c = 8.390(4) A, 
cr = 81.49(4)", = 110.02(4)", y = 85.06(4)", Z = 3, space group Pi. The structure was solved 
by multiple-solution direct methods and Fourier syntheses and refined by full-matrix and 
blocked-matrix least-squares procedures to a final R of 0.062 and R, of 0.090 for 2229 reflec- 
tions with I >  3o(I). The two crystallographically independent planar, bent I,+ chains (one 
centrosymmetric, the other essentially centrosymmetric), each have two collinear central bonds 
of 2.899(2) A ( x  2); 2.896(2), and 2.920(2) A, bond angles 180" and 178.7(6)", respectively, 
and two shorter terminal bonds of 2.680(3) A ( x  2); 2.666(3) and 2.698(2) A, with bond angles 
between central and terminal bonds of 94.53(6)" ( x  2); 93.86(7) and 93.17(7)", respectively. 
Three I,+ units are joined by a weak (3.416(3) A) interaction to form what may be regarded as 
an I,,,+ unit. The SbF6- anions are approximately octahedral. 

JACK PASSMORE, PETER TAYLOR, TOM WHIDDEN et PETER S. WHITE. Can. J. Chern. 57,968 
(1979). 

On a prdpard l'hexafluoroantimonate de pentaiodinium cristallin en faisant rdagir du I, avec 
du SbF, dans le AsF,. Les cristaux sont tricliniques, a = 8.295(4) A, b = 15.61(1) A, c = 
8.390(4) A, cc = 81.49(4)", P = 110.02(4)", y = 85.06(4)", Z = 3, groupe d'espace Pi. On a 
rdsolu la structure par des mdthodes directes de solutions multiples et des syntheses de Fourier 
et on l'a affinde par la mdthode des moindres carrds (matrices complete et diagonale) jusqu'a 
une valeur finale de R de 0.062 et R, de 0.090 pour 2229 reflexions avec I 2 %(I) .  Les deux 
chaines de I,+ sont planes, recourbdes et independantes du point de vue cristallographique; 
l'une est centrosymetrique et l'autre est essentiellement centrosymdtrique et chacune possirde 
des liaisons centrales mesurants 2.899(2) A;  2.896(2) et 2.920(2) A avec des angles de liaisons 
respectifs de 180" et 178.7(6)" et deux liaisons terminales plus courtes de 2.680(3) A ( x  2); 
2.666(3) et 2.698(2) A avec des angles entre les liaisons centrales et terminales qui sont respec- 
tivement de 94.53(6)" ( x  2); 93.86(7) et 93.17(7)'. I1 y a trois unites de I,+ qui sont reunies par 
une interaction faible (3.416(3) A) formant ce qu'on peut considdrer comme une unite de I,,,+. 
Les anions de SbF6- sont approximativement octaedriques. 

[Traduit par 1e journal] 

Introduction 
A wide variety of halogen homopolyatomic anions 

have been well characterized for some time (1-3). 
More recently, polyatomic halogen cations have been 
prepared and identified (1, 4). The structure of Br, ' 
and I,' in Br,Sb,F,, (5) 2nd I,Sb,F,, (6) have been 
determined by X-ray crystallographic methods. 
Vibrational evidence (4) has been given in support of 
the bent Cl,', Br,', and I,+ cations. Evidence has 
recently been presented for salts of Br,' (7) and 
Cl, + (8). Of the iodine cations, I,+, I, +, and 
possibly I,' have been observed in fluorosulphuric 
acid and 100% sulphuric acid solutions (4) but no 
structural data for the latter two ions were obtained. 
The following salts of polyatomic iodine cations have 
been prepared as solid compounds: I,M,F,, 
(M = Sb, Ta) (9), I,SO,F and I,SO,F (lo), 
13AsF6 (11) and I,SbF, (12), and 13A1C14 and 

I,AlCI, (13). Nuclear quadrupole resonance mea- 
surements (13) indicated that I,+ in 13AlC14 has a 
bent structure with an angle of 97.1". The compound 
I5A1Cl4 was prepared in the same study but no 
structural data were reported. 

In this work we have prepared I,SbF, by the 
oxidation of I, with SbF, and have determined its 
structure by X-ray diffraction methods. 

Experimental 
Preparation of Pentaiodinium Hexafluoroantimonate( V )  

Preparative techniques are described in ref. 11. In the reac- 
tion from which single crystals were obtained, iodine (5.89 g, 
23.2 mmol) and SbF, (3.08 g, 14.2 mmol) were reacted in 
AsF3 (7.09 g, 53.7 mmol) for 1 h at room temperature. The 
resulting dark brown solution was filtered through a sintered 
disk and the washing repeated until only a white solid re- 
mained. The AsF, and excess I2 were condensed back onto 
this solid and allowed to stand overnight. Further reaction 
was found to occur, the solution becoming coloured. The entire 

0008-40421791090968-06$01 .OO/O 
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process was repeated three times after which no further reac- 
tion was evident. Slow removal of the solvent produced a 
black, highly crystalline solid which was pumped to constant 
weight in order to remove trace amounts of iodine. The weight 
of soluble product (7.72 g) was not inconsistent with the forma- 
tion of 15SbF6. Elemental analysis of the white insoluble solid 
(0.82 g) agrees with the stoichiometry SbF3; however, the 
Raman spectrum is very different from that of SbF3 but 
similar to (SbF3);(SbF5), where x very approximately 
equals 5, this is the subject of further investigation.' 

X-ray Crystallography of Pentaiodinium HexafEuoro- 
antimonate( V )  

The crystal chosen for study approximated to a right 
parallel-piped of dimensions ca. 0.033 x 0.027 x 0.014 cm, and 
included angle of approximately 125" between the two long 
edges. This was mounted in a rigorously dried glass capillary. 
Preliminary Weissenberg and precession photographs showed 
the crystal to be triclinic and yielded initial unit cell dimen- 
sions. Accurate cell parameters were obtained using a least- 
squares fit of cell dimensions and an orientation matrix to the 
diffractometer settings for 11 well-centered reflections (30" 
1. 28 5 40") distribtTted through the hemisphere in which 
data were collected. Crystal data for 15SbF6 are: 
15SbF6 fw = 870.3 
Triclinic. Pi. a = 8.295(4) A. b = 15.61(1) A. c = 8.390(4) A. 

The reduced cell is obtained by the transformation (loo)/ 
(001)/(010) and has parameters a = 8.295 A, b = 8.390 A, 
c = 15.612 A; a = 81.489", = 85.055", y = 69.98". This cell 
satisfies the conditions for the reduced cell stated by Buerger 
(14, 15). 

Intensities were collected on a Picker FACS-I four-circle 
diffractometer using graphite crystal monochromated MoK. 
radiation. An a-28 scan with a base width of 2" (28) corrected 
for dispersion of the K, doublet, and a scan rate of l o  per 
min was employed. Background counts (20 s) were measured 
at each end of the scan. Data were collected for 28 5 45". Two 
reflections were measured as standards every thirty reflections. 
These varied less than 1.50 from their mean throughout the 
data collection. 

A total of 2593 independent reflections were measured in 
four octants. Of these, 2229 (86%) were initially classified as 
observed, being greater than 30(1) where o(1) is estimated 
from counter statistics (16). Corrections for Lorentz and 
polarization factors were applied to the data. Application of 
an absorption correction (17) to the data was purposefully 
delayed until a reasonably low R value was obtained. This 
method was used to make certain that crystal definition was 
correct and the application of the correction improved the 
model. When applied, the correction reduced R from 0.126 to 
0.090. Maximum and minimum transmission factors were 
0.22 and 0.07, respectively. 

Structure Determination 
Data reduction and structure refinement utilized the 

X-RAY 76 program package (18). Atomic scattering factors 
for the neutral atoms were taken from Cromer and Mann (19) 
and the iodine and antimony scattering factors were corrected 
for anomalous dispersion (20). Statistical treatment of the 

'Peter Taylor, Jack Passmore, and Shantha Nandana. 
Unpublished results. 

TABLE 1. Final atomic positional parameters (fractional x 
lo4) with estimated standard deviations in parentheses 

Atom x/a  ylb zlc 

Sbl 0 0 0 
Sb2 4854(2) 6574(1) 1427(2) 
F1 193(20) 702(10) 1694(18) 
FZ 914(18) 823(10) - 1192(18) 
F3 2218(16) -591(10) 1279(18) 

normalized structure factors indicated a centric crystal system 
and the structure determination was therefore carried out in 
the space group PI. Initial positional parameters were de- 
termined using the MULTAN system of direct methods 
programs (21). A total of 243 reflections with E 2 1.70 were 
used as input to MULTAN. An E-map phased by the best 
solution from MULTAN gave the positions of 9 out of the 
10 iodine and antimony atoms. An Fo synthesis using these 
parameters determined the position of the remaining heavier 
atom and two of the fluorines. With these atomic positions 
included in the calculation, two cycles of least-squares refine- 
ment reduced the R value to 0.134. The function minimized by 
the procedure was Cw(lF,( - IF,)' with w = 1. Another F, 
synthesis at this point allowed the determination of the 
remaining fluorine positions. Including all atoms in the cal- 
culation with isotropic thermal parameters, refinement con- 
verged at R = 0.126. The absorption correction was then 
applied as noted above. When the thermal parameters of the 
iodine and antimony atoms were varied anisotropically R 
dropped to 0.081. 

Weighting factors for the procedure were changed to 
w = l/o(F)' where o(F) is directly derived from ~ ( 1 )  (15). 
With the inclusion of the new weighting scheme the refinement 
converged to R = 0.062, R, = 0.090 for 2229 reflections. 
Average shiftlerror for the final cycle was 0.049 with a maxi- 
mum value of 0.294 associated with a fluorine atom. A A F  
synthesis at this point showed a maximum electron density of 
2.13 e-/A3 at (0.0908, 0.0410, -0.0113), 1.04A from Sbl, 
indicating essentially no misplaced or uncounted atoms. The 
high noise level due to the fluorescence in the sample may be 
the cause of this. A number of other peaks approaching this 
height are distributed throughout the unit cell. Final positional 
parameters appear in Table 1.' 

An attempt was made to refine the structure in the space 
group P1. The atoms were displaced from their centric posi- 

'Photocopies of tables of the structure factors and thermal 
parameters may be obtained, at a nominal charge, from the 
Depository of Unpublished Data, CISTI, National Research 
Council of Canada, Ottawa, Ont., Canada KIA 0S2. 
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FIG. 1. The crystal packing in I,+SbF6- as viewed down a vector perpendicular to the bc plane. 

FIG. 2. The configuration of IIs3+ showing interionic contacts. Crystallographic centre of symmetry at I6 (0, 112.0). 

tions and then refined by least-squares methods. It was found 
that the shifts generated by the least-squares refinement tended 
to return the atoms to the centric configuration. No improve- 
ment in the R value occurred with refinement converging at 
the significantly poorer R value of 0.111. This indicates that 
the space group had been correctly chosen as Pi. 

Results and Discussion 
The crystal packing is shown in Fig. 1 and the 

structure of the iodine cations and the interionic 
contacts are illustrated in Fig. 2. Appropriate bond 
lengths and angles are presented in Tables 2 and 3. 
There are no anion-cation contacts less than 
2.98(1) A (Table 2) suggesting that Is'SbF6- is pre- 
dominantly an ionic species. Shorter contacts 
(2.89(2) A) have been observed (6) in I,'Sb,Fll- 
for the more electrophilic I,' ion. 

The distance between I(1) and I(8) (3.416(3) A, 
Table 2, Fig. 2) is comparable to bonds found 
between atoms in elemental I, (in-plane intermo- 
lecular I,-I, distance = 3.496(6) A, ref. 22) and in 
some iodine anions (central 1-1 bond in 
= 3.450(3) A, ref. 23). These are significantly less 
than the sum of Van der Waals radii for iodine 
(3.92 A, ref. 24) and have been considered as weak 
bonding interactions (22). The next closest iodine- 

iodine contact is between iodine cations and is 
essentially at Van der Waals distance (I(5)-I(5') 
= 3.906(3) A, Table 2). Therefore, the centro- 
symmetric I,,3' grouping can be identified (Fig. 2) 
giving rise to an overall formulation of Ils3+- 
(SbF,-),. This species may gain an extra measure 
of stability by delocalization of electrons over the 
larger chain. The two independent I,+ units are 
planar3 and the angle between each plane and the 
next is 22.7", small enough that the IIs3' unit itself 
may be considered very roughly planar. The con- 
figuration of the I, + units (and the as a whole) 
may reflect some type of n-bond delocalization and/ 
or may minimize electrostatic repulsions. 

The two crystallographically independent Is+ 
units, one required by crystal symmetry to be 
centrosymmetric, contain bond distances and angles 
that are similar (see Tables 2 and 3). The terminal 
1-1 bonds are comparable with those found in 
I, (22, 25). They have bond distances of 2.666(3)- 
2.698(2) A. The central collinear bonds have dis- 

3Photocopies of table giving least-squares plane through 
I,+ cations may also be obtained, at a nominal charge, from 
the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Ont., Canada KIA 0S2. 
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TABLE 2. Bond lengths (A) with estimated standard deviations 
in parentheses 

(a) Intramolecular (b) Intermoleculara 

Bond Distance Bond Distance 

- ~ ( 3 )  1.86ilj  1(7)-~(4) 3 .01(2) 
Sb(2)-F(4) 1 .85(2) -F(7) 3.19(1) 

4 3 5 )  1.83(2) 
-F(6) 1.88(2) 
-F(7) 1 .84(2) 
--F(8) 1 .87(2) 
-F(9) 1 .86(1) 

.Included are 1-1 distances 5 4.00 A, and all I-F distances 5 3.40 A. 

tances 2.896(2)-2.920(2) A and are comparable with 
bond lengths observed for the symmetric linear I,- 
ion in (C6H5),As13 (26) (2.920(2) A). We note that 
the average 1-1 distance in various symmetric and 
asymmetric I,- ions remains very close to the saine 
value (1). This appears to be true also of 15+SbF6- 
(average central bond length I(1) . . . I(5) = 2.908(3) 
A, I(8) . . . I(8') = 2.899(2) A; average terminal 
bond length I(1) - . . I(5) = 2.682(3) A, I(8) . . I(8') 
= 2.680(3) A). The variation in bond lengths in I,+ 
suggests that it may be described by valence bond 
structures I and I1 

giving formal bond orders of 1.0 and 0.5 for terminal 
and central bonds, respectively. The observed bond 
angles, similar in both I,+ units (Table 3, Fig. 2) are 
consistent with this model. The angle at I(2), I(4), 
and I(7) (94 ) lo) is somewhat smaller than that 
calculated for I,+ from nqr measurements (97.1°, 
ref. 13) and that observed in the isoelectronic ~ e , ' -  
(1 13.1(2)", ref. 27) presumably in part because of 
reduced bond-bond repulsions. 

There is weak interaction between the iodines 
containing the formal positive charge and the 
fluorines in the anions (Table 2, Fig. 2), whereas the 
central bridging iodines in both crystallographically 
different I,+ units show no such interaction. How- 
ever, there are other interactions which involve I,+ 

terminal atoms. (N.B. Resonance structures III and 
IV place some positive charge on I@), see below.) 
The geometry about I(1) and 1(8) would suggest that 
I(8) donates an electron pair to I(1) (angles of 90" 
have been found with halogens acting as donors in 
various adducts and 180" with acceptors (29)). This 
would lead to some positive charge on I(8). The 
stereochemistries about all iodine atoms (including 
I-F contacts less than 3.39 and 1-1 contacts less 
than 3.90 A) are consistent with VSEPR theory (28). 

Further support for an interpretation of the 
species as is found in the minor variations 
observed in formally similar bond lengths. The 
terminal I(4)-I(5) bond (2.666(3) A) of the I,,,' 
unit is significantly shorter than the related I(1)-I(2) 
and I(7)-I(8) bonds (Table 2). This may be a con- 
sequence of the interaction between 1(1) and I(8) 
linking the 1,' units and subsequently lengthening 
the I(1)-I(2) (2.698(2) A) and I(7)-I(8) (2.680(3) A) 
bonds, thus causing them to approach the distance 
observed in solid I, (2.715(6) A, ref. 22). The 
I(4)-I(5) bond, being more isolated, is closer to the 
length found for gaseous I, (2.666 A, ref. 25). Sub- 
sequent polarisation may lead to the observed 
lengthening of I(4)-I(3) and shortening of I(3bI(2) 
relative to I(7)-I(6). Perhaps valence bond structures 
such as I11 and IV make a small contribution to the 
bonding in I, ,, + . 
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TABLE 3. Bond angles (deg) with estimated standard deviations in parentheses 

Bond Angle Bond Angle 

These would lead to some bonding between I,' 
units and provide an explanation of the slight 
lengthening of I(3)-1(4) and 1(1)--1(2) and the small 
shortening of I(2)-1(3) and I(4)-1(5) with respect 
to the average bond lengths at their respective posi- 
tions in the I,+ cation (see Table 2). Thus the bond 
distances in the central centrosymmetric I,' unit are 
'average', and the asymmetric bond distances are to 
be found in the outer I,' cations. 

We note that, from observation of the number and 
strength of the I-F contacts (Table 2), the more 
numerous cation-anion interactions present in the 
central I,' unit suggest that it possesses more 
positive character than the terminal units. This 
would be in keeping with some contribution from 
valence bond structures I11 and IV which place a 
positive charge of 1.5 on the central I,' cation and 
0.75 on each terminal I,' unit. 

Both SbF,- anions are regular octahedra (average 
Sb-F distance 1.86 + 0.02 A, average F-Sb-F 
angle 90 + lo, Tables 2 and 3). Some variation in 
Sb-F distance is to be expected as a consequence of 
varying involven~ent in cation-anion interactions; 
however, within the limits of error, no obvious 
differences were detected. 

We thank the National Research Council of 
Canada for financial assistance. 
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The application of DPASV to the determination of the low temperature solubility of lead 
sulphate in sulphuric acid solutionsl~* 
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EUGENE M. L. VALERIOTE, LLOYD D .  GALLOP, and PEDRO J. ARAGON. Can. J. Chem. 57, 
974 (1979). 

Measurements of the solubility of lead sulphate in 35% by weight sulphuric acid, pure water, 
and at two intermediate acid concentrations have been made over the temperature range 25°C 
to - 50°C using differential pulse anodic stripping voltammetry. 

Values of the standard enthalpy of solution, derived from the data and from that of other 
workers, have been found to be higher than those obtained from emf measurements. The extent 
of lead sulphate ion pairing is analyzed at 25°C and discussed. The slowness of equilibration of 
acid solutions supersaturated with lead sulphate was judged of importance in deciding the 
relevance of the use of thermodynamically calculated lead ion concentrations with respect to 
lead acid battery mechanisms. 

EUGENE M. L. VALERIOTE, LLOYD D. GALLOP et PEDRO J. ARAGON. Can. J. Chem. 57, 
974 (1979). 

Nous avons mesure la solubilite du sulfate de plomb, B des temperatures variant de - 50°C a 
25"C, dans une solution d'acide sulfurique a 35%, dans de I'eau pure, et dans deux solutions 
intermediaires par la methode de voltammetrie de decapage anodique B pulsation differentielle. 

Des valeurs de l'enthalpie standard de solution, derivees de nos donnees et de celles d'autres 
chercheurs, etaient plus hautes que celles obtenues par la mesure de forces electromotrices. 
Nous avons analyse et etudie le degrt de formations de paires d'ions de sulfate de plomb B 
25°C. On a juge que la lenteur de mise a I'equilibre des solutions acides, sursaturees en sulfate 
de plomb, ttait importante pour decider de la pertinence de I'usage des concentrations de l'ion 
de plomb, calculees thermodynamiquernent en regard du mecanisme de I'accumulateur de 
type plomb-acide. 

Introduction controlled by its solubility. Although the evidence is 
Information on the low temperature solubility of 

lead sulphate is of importance to the understanding 
of the reaction processes involved in the operation 
of lead acid batteries under conditions of severe cold. 
For reasons that are not yet established, the lead acid 
battery, at very low temperatures ( I  -30°C), is 
incapable of accepting recharge at acceptably rapid 
practical rates. It has been suggested that the electro- 
chemical reactions of both the PbS04/Pb02 positive 
electrode (1) and the Pb/PbS04 negative electrode 
(2) are related to the solution rate of lead sulphate 
and that the precipitation or dissolution of PbSO, is 

'Prepared for presentation at International Conference on 
Modern Electrometric Techniques for Investigating Chemical 
Systems, at Carleton University, July 13-16, 1976. 

ZDREO Report No. 802. 
3To whom all correspondence should be addressed. Present 

address: Cominco Product Research Centre, Sheridan Park, 
Mississauga, Ont., Canada L5K 1B4. 

4Present address: Instituto de Investigaciones Petroleras, 
Edificio Los Chaguaros, Avda, 5 de Julio Con 9B, Appartado 
98, Maracaibo, Venezuela. 

stronger for a dissolution-precipitation mechanism 
at the negative than at the positive electrode, both 
mechanisms appear to be very complicated (3-6), 
giving rise to a need for low temperature lead 
sulphate solubility and dissolution rate data. 

Measurements of lead sulphate solubility do not 
appear to have been made at temperatures below 
O°C, and particularly not at temperatures near the 
freezing points of concentrated H2S04 solutions, 
although the need for such data is clear (7). Lead 
sulphate solubilities have been determined as a 
function of sulphuric acid concentratioils in the 
temperature range of 0 to $50°C (8-14). 

A method based on the reaction of dissolved lead 
with dithizone to form a coloured complex which 
could be detected photometrically (8, 9) gave good 
agreement with iodometric determination of lead, 
following evaporative concentration of dissolved 
lead chromate (10). Other methods (11-13) also 
agreed well, except for the lead chromate-colori- 
metric method of Crockford and Brawley (14), where 

0008-4042I791090974-08$01 .OO/O 
01979 National Research Council of CanadalConseil national de recherches du Canada 

- - - -  - -  
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competition between chromate and sulphate ion 
pairing may be the cause of the low values in the 
range of 0.5-50x acid. 

In order to understand the role of dissolved lead 
at very low temperatures, a knowledge of its con- 
centration is required. This may be estimated by 
application of the van't Hoff equation, using values 
of AH obtained from solubility measurements at 
higher temperatures, as has been done in order to 
interpret the low temperature charging kinetics of 
anodic films on lead in sulphuric acid solutions (5). 
However, the validity of such an extrapolation 
remains to be demonstrated experimentally. 

The previous methods cited were not sufficiently 
sensitive to determine lead quantitatively at con- 
centrations much less than 1 ppm, whereas at - 50°C, 
concentrations of the order of 40 ppb might be 
expected on the basis of extrapolation of the van't 
Hoff expression, using the Craig and Vinal data (8). 
However, measurement of such low concentrations 
of lead are well within the capability of modern 
analytical techniques such as atomic absorption 
spectroscopy (AA) and stripping voltammetry and 
both methods were assessed for the present work. 
Although AA was a suitably sensitive method for 
analysis of lead in pure (acidified) water, strong 
interference by sulphuric acid was observed at the 
two strongest lead absorption wavelengths (283.2 nm 
and 217.0 nm) and this technique was abandoned. 
However, it has been used successfully recently in a 
study (15) in which micro-aliquots of sulphuric acid 
were evaporated to dryness prior to atomization of 
the residual lead. 

Of the various stripping voltammetry methods, 
differential pulse anodic stripping voltammetry with 
deposition at a hanging mercury drop electrode 
(HMDE) was chosen for reasons of required 
accuracy, minimal deposition time, and availability 
of equipment. 

Experimental 
The concentrations of lead sulphate in water and in aqueous 

sulphuric acid solutions, equilibrated at various temperatures, 
were determined using differential pulse anodic stripping 
voltammetry (DPASV) at a hanging mercury drop electrode, 
calibrated by determination of standard solutions containing 
known quantities of lead (16). The work was carried out co- 
operatively at the Defence Research Establishment Ottawa 
(DREO) and at the Cominco Product Research Centre 
(CPRC), using essentially the same methods but with some 
differences of detail as discussed below. At CPRC lead sulphate 
solubilities were determined in pure water and in three concen- 
trations of sulphuric acid : 0.1, 1 .O, and 4.4 M at temperatures 
from 25°C to near the freezing point of the solutions, or to 
-40°C for 4.4 M acid. At DREO measurements were also 
made for pure water and a more extensive study of 35% 

sulphuric acid was carried out covering a temperature range 
from +25"C to -50°C. 

Apparatus and Instrumentation 
A Princeton Applied Research Corporation polarograph 

(PARC Model 174A), with HMDE and polarographic cell, 
was used. At DREO the reference electrode was Hg/Hg,SO,/ 
35% ',,SO4 and at CPRC a PARC saturated calomel elec- 
trode was used. The pulse (25 mV pp) was superimposed on a 
2 mV/s potential scan. The current was sampled at the end of, 
and immediately before, the application of each pulse and the 
difference was recorded on a suitable x-y or x-t recorder. 

Thernlostatted ethanol-water baths (FTS Multicool, FTS 
Systems Inc., Stone Ridge, NY) were used to equilibrate solu- 
tions (+0.3"C). A magnetic stirrer, built into the bath, was 
used to stir the solution by means of a magnetic bar in the 1 L 
glass (DREO) or 500 mL polyethylene (CPRC) bottle. In later 
experimental work at DREO, this stirrer failed and periodic 
manual agitation was required during the lengthy equilibra- 
tion periods. The same magnetic stirrer stirred both the solu- 
tion and the bath fluid at CPRC, but at DREO, a paddle 
stirrer was used for the bath so that stirring of the solution 
and the bath fluid were independent. 

Chemicals and Purity 
Standard solutions of acidified lead nitrate were made up 

using high purity (< 1 ppb Pb) nitric acid (Baker Ultrexm) 
and water which was prepared by multiple distillation, pyro- 
distillation (17), deionization, pre-electrolysis, or a combina- 
tion of these. The standard solutions and the solvent were 
periodically checked by comparison of new standard solutions 
with older ones or by blank runs on solutions containing no 
added lead, using AA or DPASV. The lead concentrations of 
the solvent water were generally less than 2 ppb. Reagent or 
analytical grades of PbSO,, PbNO,, and sulphuric acid were 
normally used. For runs with added chloride or for blank 
determinations in sulphuric acid, Baker ULTREXm acids 
(< 1 ppb Pb) were used. Care was taken to ensure that all 
solutions containing lead were acidic (pH < 2) at all times, 
whether they were in glass or polyethylene containers, to pre- 
vent significant lead adsorption on container surfaces (18). 

At DREO, the polarographic cell and all glassware were 
soaked in 30% nitric acid for several hours and rinsed in lead- 
free (< 1 ppb) distilled water before each use and the cell was 
dried in a vacuum oven following the final rinse. At CPRC, 
blank determinations were repeated for dilute nitric acid solu- 
tions following the rinse step until the DPASV lead peak 
reached a steady value characteristic of less than 3 to  4 ppb Pb 
before proceeding to the analysis of the unknown samples. 

Mercury was triply distilled, with further prior purification 
steps at DREO such as passage through a pin-hole filter, 
agitation with an air stream under dilute nitric acid and a 
Hulett distillation procedure (19). Nitrogen for deoxygenation 
was scrubbed, by passage through vanadous chloride solutions 
(20) and water, before admission to the cell. Disposable Epen- 
dorf pipettes were used for transfer (spiking) of standard 
solutions. 

Analytical Procedures 
At each temperature of the study, sulphuric acid solutions 

containing excess solid lead sulphate were equilibrated with 
continuous and intermittent stirring. From time to time, samples 
were withdrawn for analysis following a settling period during 
which the solutions were not stirred. At DREO 1 mL samples 
were withdrawn through a medium-porosity fritted disc after 
an overnight stand without stirring. At CPRC, to avoid exces- 
sive temperature excursions, due to the ganging of the two 
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stirring systems, settling times of only 5 to 10 min were allowed. 
For 35% acid, a relatively inefficient glass wool - filter paper - 
glass wool filtration system was used at CPRC but this was 
changed to a medium-porosity fritted disc and filter paper for 
the lower acid concentrations. For the 35% &So4 solutions 
it was found necessary to dllute the sample 10- to 20-fold in 
order to eliminate background noise and loss of reproducibility. 
Accordingly at DREO, the 1 mL san~ples were added to 20 mL 
of water in the polarographic cell. At CPRC for the lower 
concentrations of acid, 12 mL samples were withdrawn, the 
first being used to rinse the sampling system and the second 
being added to the cell or transferred to a polyethylene storage 
bottle containing 4 drops of concentrated ULTREXB nitric 
acid. 

Dilution of the sample of 35% acid carried with it the dis- 
advantage of necessitating a correction for the lead contrib- 
uted by the dilution water, which was done in three ways. 
Firstly, in most of the early determinations, this correction 
( N  1 ppb) was obtained for the dilution water, acidified with 
ULTREXD nitric acid directly. In the second method, two 
1 mL aliquots of the unknown were added to the solution and 
determinations made after each addition. The difference in 
currents between the second and first aliquot could then be 
taken as due to the second aliquot only. The results using 
both methods agreed within experimental error. 

Finally a third method of eliminating background and other 
dilution water contributions to the measured current was used 
for the last analyses of 35% H H , S O ~  at 25"C, P C ,  -2PC, and 
-40°C. This emerged as the method of preference. Twenty 
mL of 0.5 M ULTREXe hydrochloric acid solution was added 
to the polarographic cell and degassed for at least 45 min by 
nitrogen bubbling through the cell. The HCl was added to 
desorb organic contaminants which may have been adsorbing 
on the mercury drop and causing spurious results, due to 
variations of electroactive area, from run to run. It has been 
shown (21) that many organic molecules which are adsorbed 
from sulphate solutions at the potential of the lead peak are 
desorbed in chloride solutions. 

One or two aliquots of standard solution were added to the 
supporting electrolyte before addition of 1 mL of the unknown, 
followed by at least three more standard additions. Without 
such prior additions of lead, sensitivity often appeared to 
change subsequent to addition of the unknown. After each 
addition, lead was deposited on the mercury drop at a uniform 
stirring rate and for a fixed selected potential and time. The 
differential pulse polarograms were then run at room tempera- 
ture. Some typical results obtained for samples from solutions 
of 35% sulphuric acid equilibrated at -40°C are shown in 
Fig. 1. The differences between the peak current in the solu- 
tions containing the unknown plus the standard additions and 
the peak current immediately prior to the addition of the un- 
known are plotted against the lead added to the unknown as 
standard additions. The intercept at zero then gives the con- 
centration of lead in the unknown, which must then be cor- 
rected for the dilution factor. Thus the concentrations shown 
are those in the polarographic cell; the concentration in the 
1 mL sample of unknown before dilution was approximately 
20 times larger than shown by the intercept. 

The third procedure (described above) appeared to give the 
best reproducibility and most constant detection sensitivity 
during a series of lead additions (such as in Fig. 1). Further- 
more it automatically corrected for any residual lead contrib- 
uted by the dilution water. For these reasons it was found to 
be the preferred method, although it was only used for a 
limited part of the work (see Fig. 2). 

0.00' 
-09 -O& -d7 -ds -d.5 

HMDE POTENTIAL (V) 
~ g /  HCJ~SO,/ 3 5 %  ti2SO4 

FIG. 1. (a) Plots of experimentally observed pulsed anodic 
stripping scans for 20 mL solutions of 0.5 M HC1 supporting 
electrolyte, degassed for 45 min using N2 passed through a 
vanadous chloride scrubber with no addition (I) and with 
additions of 10 yL of a PbN03 standard solution (0.0100 g/L 
lead), i.e. 1.00 x lo-' g of lead (2); plus 1 mL of 35% sul- 
phuric acid, saturated with PbS04 at -40°C (3); plus three 
more 10 pL additions of the standard lead nitrate solution 
(4, 5, and 6). (6) Plot of current peak heights for peaks 3 to 6 
minus the peak height of peak 2, from (a) vs. the increment 
by standard addition of concentration of lead to the 20 mL 
solution containing the unknown lead sulphate aliquot (i.e. 
peak 3 is plotted as zero added lead). 

Results and Discussion 
Treatment of Data 

For the equilibrium 

the solubility product at constant pressure can be 
shown (22) to vary with temperature according to a 
form of the van't Hoff isochore: 

PI [d ln K,,/d(l/T)], = - AHOIR 

for ideal solutions where AH0 is the standard enthalpy 
of solution. 

This equation can be rewritten as: 
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FIG. 2. Logarithm of experimentally determined values of 
saturation lead concentration in 35% sulphuric acid as a func- 
tion of reciprocal equilibration temperature: data of Craig and 
Vinal(8), A;  CPRC data for solutions previously equilibrated 
at a higher temperature, 0, or a lower temperature, H ; DREO 
data for solutions previously equilibrated at a higher tempera- 
ture, 0, or at a lower temperature, 0, and containing no 
chloride; DREO data for solutions previously equilibrated at 
a higher temperature, @ or at a lower temperature, B, deter- 
mined in 0.5 M HCI solutions. Right hand ordinate scale 
refers to volume at 25°C. 

where y+  is the stoichiometric mean molal activity 
coefficient of PbSO,. 

If concentrations are expressed as molal quantities 
(or on any other weight basis) the analytical con- 
centration of sulphate will be negligibly dependent 
on temperature in sulphuric acid which is sufficiently 
concentrated that the contribution to the total 
sulphate concentration due to lead sulphate dissocia- 
tion is negligible. Then if the temperature coefficient 
of y, can be neglected, the following approximation 
is obtained 

In pure water, the first two terms of eq. [3] contribute 
equally to AH0 and the third term represents the 
variation of interionic forces with temperature, 
including ion-pairing effects. In sulphuric acid 
solutions, where the main source of sulphate ion is 
the acid, the third term will also include acid associa- 
tion effects. 

From a plot of In Cpbz+( ,,,,, vs. 1/T, AH0 can be 
estimated from the slope according to eq. [4]. The 
value of the slope will be -AHO/R in moderately 
concentrated acid solutions and -AH0/2R (by com- 
parison with eq. [3]) in pure water. 

The analytical results obtained for 35% sulphuric 

acid solutions saturated with lead sulphate are given 
in Fig. 2. The points represent sets of experimental 
results grouped according to the supporting electro- 
lyte (presence of chloride or quantity of sulphuric 
acid added), and modifications of experimental 
technique or chronology. The solid straight line was 
obtained from a linear regression analysis of 81 con- 
centrations, experimentally determined at DREO. A 
correlation coefficient of -0.91 was obtained with a 
slope of 2.29 + 0.23R at the 95% confidence level, 
corresponding to a value of AH0 = 4.56 f 0.46 
kcal m01-l.~ The standard error about the central 
point is indicated by the vertical bars. Where the 
point plotted represents an average of at least three 
experimental determinations, the standard deviation 
is indicated by vertical bars. Where no bars appear 
the point represents only two determinations. 

Results obtained at CPRC and by Craig and Vinal, 
using a dithizone method (8), are also shown for 
comparison. At temperatures of 0 to -40°C (broken 
line) there is very little correlation (correlation 
coefficient = - 0.26) between the solubilities (deter- 
mined at CPRC) and temperature. The correlation 
improves but remains poor (-0.47) if the 15°C data 
are included. This is probably due to inadequate 
settling time (5-10 min) and inadequate filtration, 
resulting in the inclusion of suspended lead sulphate 
in the sample. As noted previously, the filtration 
system was changed for later CPRC work, for which 
PbSO, concentrations were much higher; inclusion 
of suspended lead did not appear to be a problem a t  
the lower H2S04 concentrations and at high tem- 
peratures. Reasonably close agreement with the 
dithizone method (8) was obtained at 0 and 25°C. 

When the linear regression analysis was repeated, 
including the Craig and Vinal (8) and the CPRC 
data for 0-25"C, along with the 24 DREO points 
plotted in Fig. 2, a correlation coefficient of -0.95 
was obtained giving a value of AH' = 4.74 + 0.61 
(95% confidence). Even at the 75% confidence level, 
where the estimated error term is one-half that 
given, these two samples are insignificantly different. 

Results obtained for the three sulphuric acid con- 
centrations and for pure water, in the temperature 
range of 0 to 25"C, are similarly plotted and com- 
pared with literature values in Fig. 3. Because of the 
limited number of points, the uncertainties in AH0 
given are at the 75% confidence level. There is no 
statistically significant dependence of AH0 on con- 
centration within the limits of experimental uncer- 
tainty. Thus a reasonable estimate of lead sulphate 
solubility at a sulphuric acid concentration in the 

5l kcal = 4.1840 kJ. 
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range of 0 to 4.5 M and 0 to 25°C would be obtained 
by application of the van't Hoff isochore using 
AH0 = 5.6 + 0.5 kcal mol-I and an experimental 
value of solubility for the same acid concentration 
at only one temperature. A somewhat more accurate 
estimate to include temperatures below O°C, and for 
acids of battery strength, would be obtained from a 
value of AH0 = 4.7 f 0.3 kcal mol-I (75% con- 
fidence). 

Although the larger errors in the higher tempera- 
ture data of Fig. 3 make it impossible to determine a 
concentration dependence of AH0,  the more precise 
data of Fig. 2 may correspond to a genuinely lower 
value of AH0 in 4.5 M acid, compared to 1.0 M acid 
or less. 

All of these values of AH0 are appreciably higher 
I than the value of 3.0 kcal mol-I derived from emf 

(23) measurements or from standard heats of 
formation (24). Even for the case of lead sulphate in 
pure water, which one might expect to most closely 
obey the Debye-Huckel theory, and therefore give 
values of AH0 most comparable to those from emf 
data, measurements of the temperature dependence 
of solubility in the range 0 to 25°C consistently yield 
values of AH0 greater than those derived from emf 
measurements. From solubility determinations by 
five groups of workers, using gravimetric and con- 
ductivity methods, over the range 0 to 25°C (1 I), a 
value of AH0 = 5.9 kcal mol-I can be calculated. 
Determinations by other groups using a lead 
chromate-iodometric method (10, 11, 14) yield 
values of AH0 = 4.0 kcal mol-I over the range 0 to 
35°C but 3.6 kcal mol-' for 25 to 50°C. 

This discrepancy cannot be explained as due to 
increasing non-ideality of solution as temperature 
decreases, which might have made neglect of the 
third term of eq. [3] unjustified. If y, becomes 
smaller as the temperature decreases, due to increased 
ion pairing for example, or as predicted by Debye- 
Hiickel theory, neglect of this term would yield 
values of AH0 smaller than the true values, since the 
third term of eq. [3] would be negative. Nor can the 
discrepancy be explained as due to insufficient 
equilibration of solutions or uptake of suspended 
lead sulphate in the samples, since both these experi- 
mental problems would cause a reduced dependence 
of measured lead content on temperature and (again) 
a smaller derived value of AH' than the true value. 
Thus the discrepancy would become even larger if 
the temperature coefficient of y, could not be 
neglected. 

One possible reason for the discrepancy may be 
related to some unreliability of the temperature 
coefficient of the standard emf of the lead- lead 

FIG. 3. Logarithm of lead concentration in water and in 
sulphuric acid solutions saturated with lead sulphate at various 
temperatures. Water: e, from refs. 10, 14; 8, from ref. 12; 
0, CPRCdata; - slope x 2R = AH0 = 6.2 + 1.4kcal mol-' 
for fitted least-squares line (75% confidence level). 0.1 M 
H2S04: ., from ref. 8; a, CPRC data; - slope x R = AH0 
= 5.4 + 1.9 kcal mol-l. 1.0 M H2S04: V, from ref. 8; 
V ,  CPRC data; - slope x R = AH0 = 5.6, 1.5 kcalmol-'. 
35% (4.5 M) H2S04: A, from ref. 8; A, CPRC data; 0, 
DREO data; - slope x R = AH0 = 5.2 + 1.2 kcal mol-'. 

sulphate electrode, on which the value of AH0 = 3.0 
kcal mol-I appears to be based. Harned and Hamer 
(25), whose work yields a value of 2.9 kcal mol-l, 
formed an adverse opinion of the reliability of this 
electrode in acid solutions (26). This may be related 
to the formation of oxides or basic sulphates 
beneath the oxide layer (4, 6). Other emf measure- 
ments on the lead - lead sulphate electrode and the 
lead amalgam - lead sulphate electrode (26) yield 
values of AH0 of 3.7 and 3.8 kcal mol-I, respectively. 

Since there appears to be good reason to believe 
that the value of AH0 = 4.7 + 0.6 kcal mol-' (95% 
confidence level) obtained from Fig. 3 is not too high, 
some re-examination of the E0 values may be in order 
to resolve the discrepancy. 

Ion Pairing EfSects 
The probable effect of change of degree of ion 

pairing with temperature on the calculated values of 
AH0 has already been indicated. In the experimental 
work described, the concentration of free unpaired 
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TABLE 1. Lead sulphate solubility as a function of sulphuric acid concentration 

Calculated assuming (33): 
log K,,,, = 2.4 

Experimental [so,'- 1 [Pbz + I  
[HzSO~I PbS04 solubility ([S04Z-la + U C P ~  E C P ~  

(mol L-l) (mol L-') ( fda  (mol L-') f * E (mol L-') 

0.000 1.46 x lo -4  0.860 1 . 4 2 ~  0.886 0.973 1.42 x 
0.001 3 . 4 6 ~  0.716 8.96 x 0.760 0.885 3 . 0 6 ~  l o - 5  
0.005 2.18 x 0.484 3 . 1 0 ~  0.536 0.817 1.78 x 
0.010 1 . 7 0 ~  0.432 5.01 x l o - 3  0.493 0.766 1 . 3 0 ~  
0.050 1 . 5 2 ~ 1 0 - ~  0.263 0.015 0.307 0.738 1 .12x10-~  
0.100 1 . 6 2 ~  0.178 0.030 0.208 0.754 1 . 2 2 ~  lo -5  
0.500 2.01 x l o -5  0.074 0.142 0.0832 0.802 1 .61 x l o -5  
1 .OO 2 . 2 0 ~  l o - 5  0.051 0.275 0.0566 0.819 1 . 8 0 ~  
3 .O 1 . 2 8 ~ 1 0 - ~  0.036 0.98 0.0428 0.689 8 . 8 2 ~  
4.5 6 . 6 5 ~  0.041 1.40 0.0651 0.401 2 . 6 7 ~  
7.11 3 . 5 6 ~  0.049 1.90 + co + 0 + 0 

ions in the sulphuric acid solutions was measured 20 4.0 

using DPASV by means of calibration using lead 
nitrate standard additions for which the degree of - 
ion pairing would be expected to be small. The 35% 2 I5 3.0 

acid was diluted by a factor of at least 10 and 
normally 20 for DPASV analyses in order to reduce 

(f *), 
the concentration of ion pairs as much as possible, 5 10 

2.0 

yet retain a sufficiently concentrated total lead 2 
content to permit precise analyses. Other researchers 2 
cited, complexed the lead as dithizone (8, 9), or pre- A 5 I .o 
cipitated the lead and determined it as lead chromate 
(10, 13, 14). In spite of the different methods used, 
generally good agreement between this work and 

!4.0 -3 0 -2.0 -1.0 0.0 1.0 
that of other workers was obtained with the excep- 

IOQ [ti2s04+ pbso4] ( ~ O I  L-I) 
tion of the gravimetric study of Crockford and 
Brawley (14) for sulphuric acid solutions. (Their FIG. 4. Values of lead sulphate solubility as determined by 

results for pure water, however, were obtained by Craig and Vlnal (8) at 25°C (solid curve) and Purdum and 
Rutherford (10) at 20°C corrected to 25°C using a van't Hoff iodometric titration of the and were in isochore for extrapolation (solid curve) or a linear extrapola- 

good agreement with other determinations.) tion (8) (open circles). Values of calculated apparent ionic 
In order to assess the extent and importance of ion activity coefficients (see text) for sulphate ion (a), lead ion (HI, 

pairing at 2j°C, the overlapping and consistent and lead ion expanded 100 times (n). 
data Craig and Vinal (8) and Purdum using values of the sulpl~ate ion concentration (27) 

and Rutherford (10) for lead sulphate solubility as a determined by R~~~~ spectroscopy (28-30). 
function of sulphuric acid concentration were used. 
The latter data, obtained at 20°C, were corrected to [51 Ksp = apbz+as0,2- = (f*),2Cpb[S0,2-] 
25°C using an equation of the form of eq. [4] for the 
correction. The values are given in Table 1 as a 
function of sulphuric acid concentration. These are 
also shown in Fig. 4, as a plot similar to that given 
by Craig and Vinal (8) although their temperature 
correction to the Purdum and Rutherford data was 
somewhat less theoretically based than that used 
here. 

From the experimentally determined lead solubil- 
ity, it is possible to calculate the apparent mean ionic 
activity coefficient (f,), from the solubility product, 

The term (f,), is an apparent value as is the apparent 
concentration of lead ion Cpb, which is the sum of the 
concentrations of free lead ions and of ion pairs in 
solution : 

[6I Cpb = [pb2+] + [PbS04],, 

Thus (f*), absorbs any errors due to a lack of 
knowledge of ion pairing by treating the electrolyte 
as if only unpaired ions existed. The values of (f,), 
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so calculated are given in the third column of Table 
1. From the stoichiometric mean molal activity 
coefficients for sulphuric acid solutions (31), a formal 
sulphate ion activity can be calculated, which can be 
combined with the solubility product to give a value 
of lead ion activity. From the spectroscopically 
determined sulphate ion concentrations and the 
measured lead solubilities, formal values of the 
apparent lead and sulphate mean ionic activity co- 
efficients, respectively, can be calculated. These have 
been plotted in Fig. 4. 

Ion pairing can be taken into account explicitly, 
and values off, (for free ions) can be calculated, 
given a value for the association constant of lead 
sulphate 

for the equilibrium 

where, for an ionization constant of the ion pair, a ,  
the concentrations of each species are indicated 
above the equation. Then 

where 

i.e. the sum of sulphate ion contributed from the 
sulphuric acid solution and that contributed by the 
dissociation of lead sulphate, and 

Equations [9] to [ l l ]  can be solved directly to 
obtain values off, and a :  

although at concentrations of H2S04 between 0.000 
and 0.001 M, where the terms on the right hand side 
of eq. [lo] would be comparable to one another, an 
iterative process might be necessary to obtain values 
off, and A value of the association con- 
stant, given by log K,,,, = 2.4 (32), is independently 
available from conductivity and radiochemical 
solubility measurements of PbSO, in water and 
NazS04 solutions (29). The values for f,, 
and a, so obtained, are given in columns 4 to 6 of 
Table 1. In column 7, the concentration of unpaired 
lead is also given. 

It is apparent from Table 1 that at concentrations 
of sulphuric acid greater than 0.1 M, more than 25% 
of the lead in solution is bound up in ion pairs and 

that in battery strength acid, more than half is so 
bound. The formation of these neutral complexes in 
solution has been found to be slow (29) in agreement 
with our observations that several days of continuous 
stirring or several weeks of intermittent stirring were 
necessary before obtaining time-invariant solubilities. 
For example the lowest solubility point at -40°C in 
Fig. 2 was an average for solutions previously at 25°C 
and equilibrated for 3 to 7 weeks at -40°C; during 
this time the measured solubilities decreased from 
82 ppb after 22 days of equilibration to 56 ppb at 
33 days and 51 ppb at 47 days. This would suggest 
that if the values of measured solubility at very low 
temperatures are in error, they are too high for 
solutions previously at higher temperatures and in 
such a case the value of AH' estimated is too low. The 
time required for equilibration following an increase 
in temperature or dilution of the sample seemed to 
be less. There was no apparent increase of the peak 
current with time for successive scans, following 
dilution of the 1 mL unknown sulphuric acid aliquot 
by the 20 mL of acidified water in the polarographic 
cell which one might expect if ion pair dissociation 
was a slow process. 

The values of apparent ionic activity coefficient for 
sulphate ion, given in Fig. 4, are not altered iff, 
values are used instead of (f,),. However, the values 
of fpbz+ will be greater than those of ( fPbz+), accord- 
ing to the equation 

[I41 f P b 2 +  = (fPb2+)ala 

The curve for the lead ionic activity coefficient in 
Fig. 4 would be increased somewhat at high con- 
centrations of acid if ( fPbz+), were replaced by fPbz+. 

However, this will not substantially alter the basic 
interpretation of the relationship between solubility 
and activity coefficients which can be drawn from 
the graph. 

Thus the solubility minimum, near 0.025 M 
H2S04, is due to a strong maximum in the sulphate 
ion activity, prior to which the common ion effect 
determines lead solubility. The lead solubility then 
increases up to an acid concentration of about 1 M 
because the decreasing sulphate ionic activity co- 
efficient causes a decrease in sulphate activity despite 
its increasing concentration. There is a minimim in 
the sulphuric acid activity coefficient at about 1.7 M 
(30) however, so that sulphate activity increases once 
again at higher concentrations leading to a further 
decrease of lead solubility after the maximum. 

Summary and Conclusions 
The temperature dependence of lead sulphate 

solubility in 35% sulphuric acid has been determined 
down to -50°C and confirmed for other acid con- 
centrations and for pure water. Solubility data deter- 
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mined using DPASV, as well as for those using other 
analytical methods, appear to give larger positive 
values of the standard enthalpy of solution, as 
obtained by application of the van't Hoff equation, 
than have been obtained from emf data. Values of 
saturation lead ion and lead sulphate ion pair con- 
centrations at 25°C have been calculated. The data 
for 35% sulphuric acid are not sufficiently precise to 
state that AH0 is completely independent of tem- 
perature over the temperature range of 25°C to 
-50°C studied. If subsequent work confirms the 
linearity of Fig. 4 with greater accuracy, however, the 
temperature-independent AH0 value may suggest 
that the degree of ion pairing is independent of 
temperature since, due to the experimental technique, 
the measured lead is the sum of paired and unpaired 
lead in solution. Alternatively, increased ion pairing 
at lower temperatures may be compensated for by 
other factors such as shifts of hydration or bisulphate 
dissociation equilibria. 

The lengthy equilibration time required to attain 
constant concentrations raises a question of the 
significance of using thermodynamic values of lead 
sulphate solubilities in trying to interpret lead acid 
battery behaviour. Based on the present observations, 
solutions in a battery might exist for days or weeks 
in a state of supersaturation with respect to lead 
sulphate, following a discharge or a reduction of 
temperature. However, the higher surface area (per 
unit electrolyte volume) of lead sulphate crystals in 
battery plates might provide more effective equilibra- 
tion than observed in the solutions studied here. 
Only accurate measurements of lead sulphate 
solubility at various temperatures, and with samples 
from actual batteries, can resolve this question. In 
the meantime it must be assumed that the kinetics of 
lead sulphate dissolution and precipitation are of at 
least as much importance in discussing battery 
reactions as are the thermodynamics and that 
assumptions of thermodynamically calculated lead 
concentrations must be made with caution. 
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IT -Conlplex equilibria between ethylene and PdC1,2- in aqueous solution 
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RAJ N. PANDEY and PATRICK M. HENRY. Can. J. Chem. 57,982 (1979). 
The interaction of aqueous PdC1,'- with ethylene to form n-complexes has been reinvesti- 

gated using a reactor with high efficiency gas-liquid mixing. This reactor permitted study of 
the equilibria at low [H+] and [Cl-1, the conditions under which the oxidation of ethylene 
to acetaldehyde proceeds rapidly. 

Previously the n-complex formation had been determined at high [H+] and [Cl-] to retard 
the oxidation reaction which interfered with study of the non-oxidative equilibria. 

Two equilibria reactions were reported where Kl and Kz have appreciable values. 

The present measurements give K1 values close to those previously reported: Ki = 19.6 
at p = 2 M (adjusted with NaClO,); 11.0 at p = 3 M (adjusted with NaC10,); and 14.7 at 
p = 3 M (adjusted with LiClO,). However, the K2 values are much less than those reported 
earlier. Thus the maximum possible value of Kz at p = 3 M (LiC10,) consistent with the 
present data is less than 0.01 while the previously reported value was 0.22. Possible reasons 
for the differences between the two studies are discussed. 

The values of the aquation constant Kh needed for treating the gas uptake data were de- 
termined spectrally 

and found to be 0.012 at p = 2 M and 0.0060 at p = 3 M (NaClO,). Spectra taken at high 
[Pd(II)] indicate dimeric species are not formed under these conditions. 

RAJ N. PANDEY et PATRICK M. HENRY. Can. J. Chem.57,982 (1979). 
Faisant appel a un reacteur permettant un melange gazlliquide trbs rapide, on a rtetudit 

l'interaction entre le PdCId2- aqueux avec l'ethylbne formant des complexes n. Ce reacteur a 
permis d'ktudier l'kquilibre a de basses concentrations de H C  et de C1-, les conditions per- 
mettant une oxydation rapide de 1'6thylbne en acetaldehyde. 

Anterieurement, on avait determine la formation du complexe n a des concentrations Blevees 
de H +  et de C1- afin de retarder la reaction d'oxydation qui interfkre avec l'ktude de 1'6quilibre 
non-oxydant. 

On avait rapport6 I'existence de deux reactions d'kquilibre possedant des valeurs de Ki et 
de Kz importantes. 

Les mesures effectuees dans le present travail donnent des valeurs de 4 semblables A celles 
rapportees anteneurement: Kl = 19.6 A p = 2 M (ajuste avec du NaC10,); 11.0 A p = 3 M 
(ajust6 avec du NaCIO,); et 14.7 a p = 3 M (ajuste avec du LiCIO,). Toutefois les valeurs de K2 
sont beaucoup plus faibles que celles rapportks anterieurement. Ainsi la valeur maximale 
possible pour K2 a p = 3 M (LiClO,) et en accord avec les donnks actuelles est moins que 
0.01 alors que la valeur rapportke anterieurement est 0.22. On discute des raisons qui per- 
mettraient d'expliquer les differences entre les deux etudes. 

On a determine spectrom6triquement les valeurs pour la constante, K,, d'aquation necessaire 

'Present address: Guelph Chemical Laboratories, 500 York Road, Guelph, Ont., Canada NlE 3J4. 

0008-4042/79/090982-OS$OI .OO/O 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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PANDEY AND HENRY 983 

pour le traitement des donnkes d'assimilation des gaz et on a trouvC que cette constante est 
Bgale a 0.012 a = 2 M e t  0.0060 a p = 3 M (NaCIO,). 

Kh PdC14Z- + H2O$PdCl3(HZO)- + C1- 

Des spectres dCternlinCs a des concentrations BlevBes de Pd(I1) indiquent qu'll n'y a pas de 
formation d'especes dimeres dans ces conditions. 

[Traduit par le journal] 

I~itroduction did not contain a gas phase, were able to fit their 

The basic reaction of the Wacker Process for data a term rate expression (6-8): 
acetaldehyde manufacture is the oxidation of ethyl- - d[olefin] [~dCl,~-][olefin] 

dt 
= k1 

PdC1, CH'1CCl-l2 

ene by PdC142- in aqueous solution to give acetal- 
dehyde (1). The kinetics and mechanism of [2] 

have been studied by several groups of researchers 
(1-10). There is general agreement that under a 
range of reaction conditions ([Pd(II)] = 0.005- 
0.04 M ;  [Cl-] = 0.1-1.0 M ;  [H'] = 0.04-1.0 M), 
the rate expression is given by [3]. Analogous rate 
expressions have been found for other acyclic 
olefins (8, 11). 

On the basis of the kinetic studies plus other 
evidence, the following general reaction sequence is 
accepted by most workers in the field. 

In spite of the effort expended in studying this 
oxidation there is still controversy concerning 
several aspects of the reaction pathway. For instance 
the form of the rate expression at low [H'] and 
[Cl-] (2), the mode of transformation of 2 to 3 (12) 
as well as the mode of decomposition of 3 to final 
products (2) have all been topics of discussion. Two 
controversial points, which are experimentally 
related, involve the form of the rate expression at 
high [Pd(II)] and the value of K, in [5]. 

Moiseev and co-workers, using a reactor which 

One characteristic of the experimental technique 
of these workers is that the calculation of the rate 
constant from the experimental data is very sensitive 
to the values of K, and K, in [4] and [5], respec- 
tively. Unfortunately these values were not measured 
under conditions the oxidation kinetics were de- 
termined but rather at high [Cl-] and [H'] to  
prevent the oxidation reactions, [6] and [7], from 
interfering with the equilibrium measurements 
(13-16). Furthermore, although constant ionic 
strength was maintained with C104- as [Cl-] was 
varied, the vwiation in [Cl-] was in some cases as 
much as 75% of the total ionic strength. The principle 
of constant ionic strength would not be expected to 
hold with such changes in solution composition. 

One of the authors used a high efficiency gas- 
liquid mixing reactor to measure the kinetics of the 
oxidation of ethylene and other acyclic olefins (9). 
This reactor, which contained a gas phase, was 
suitable for measuring values ofK, and K, under the 
actual reaction conditions the kinetics were deter- 
mined. At an ionic strength of 2, adjusted with 
C10,-, the value of K, was found to be less than 
lo-, from a rather limited set of data. At the same 
ionic strength Moiseev reported that a value of 0.14 
for K, is most co~lsisteilt with his experimental 
results (7, 16). 

Later one of the authors measured the kinetics of 
the oxidation at high Pd(I1) at p = 2 M and found 
no evidence for the second term (10). It was sug- 
gested that the second term may be an artifact 
arising from using inaccurate values ofK, and K, in 
treating the kinetic data for the one phase reactor 
system. However, the very high efficiency gas-liquid 
reactor was not available for this study and it was 
later claimed that the second term was not detected 
because of diffusion limitations (7) of the reactor 
used. 
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Since the presence of a second term in the rate 
expression could have very interesting mechanistic 
implications in Pd(I1) chemistry, it is worthwhile to 
examine both the n-complex equilibria under the 
reaction conditions as well as the kinetics at high 
Pd(I1) using a high efficiency gas-liquid mixing 
reactor. This paper will describe a study of the first, 
the equilibria between ~ d C 1 2 -  and ethylene under 
the reaction conditions. 

Finally it has been suggested (7) that one reason 
that equilibrium [5] was not detected in earlier 
studies (9) is that the aquation of P$Cl,'- under the 
reaction conditions was not taken into account. 

Thermodynamic values of K, range from 2-4 x 
lo-' (17-22). The value ofK, at higher ionic strength 
might be expected to be lower since PdC1,'- would 
be stabilised more than the simply charged ions. 
One determination ofK, at p = 2 M gave a value of 
2.56 x lo-' (22). This value of K,  would indicate 
aquation is only important at low [Cl-1. In any case 
it seems worthwhile to check this value since it is 
higher than expected from the thermodynamic 
values. Another point that deserves checking is the 
possibility that monomer-dimer equilibrium exists at 
high [Pd(II)]. 

The presence of such an equilibrium could seriously 
affect the interpretation of kinetic data. A potentio- 
metric study suggested that dimeric Pd(I1) complexes 
do not exist under the conditions the oxidation reac- 
tion was studied (23). Confirmation of this important 
point by spectral studies is desirable. 

Experimental 
Materials 

The palladous chloride was purchased from Engelhardt, 
Inc. All other chemicals were of reagent grade. Preparation of 
reaction mixtures has been described (10). 

Spectral Studies 
The spectra were recorded on a Cary 118 spectrophotometer 

at 25°C. The cells were of 10mm or 0.5 mm pathlength 
depending on the palladium(I1) concentration. 

Ethylene Uptake Studies 
The reactor, shown in Fig. 1, has a volume of ca. 500 mL. 

Near the bottom it has a sintered glass base, sealed to the sides 
of the reactor. During the course of a reaction the ethylene is 
continuously circulated through the reactor by means of a 
varistaltic pump (VP). As the gas passes through the glass frit 
it is broken into small bubbles. The reaction mixture is also 
stirred by means of a magnetic stirring bar. The amount of 
ethylene absorbed is measured using a gas buret. The mercury 

&I 
F.P. 

+ V.P. 4) 

FIG. 1. Schematic diagram of reactor: C, constant tempera- 
ture bath; J, adjustable jack; E, fume hood; 1-6, metal valves 
(vacuum tight); S1-S3, glass stopcocks; GI,  G2, gauges; 
W1, W2, inlets and outlets of thermostated water; VP, van- 
staltic pump; FP, forepump; R, glass reactor; F, delivery flask; 
M, stirring magnets; G.B., gas buret. 

as possible to connect the varistaltic pump and gas buret to 
the reactor. Where flexible tubing was required thick walled 
vinyl tubing was used. The temperature was maintained by 
circulating thermostated water at 25.0 _+ 0.l0C through the 
outer jackets of the reactor and gas buret. 

To start a run 25 mL of the reaction solution is placed in the 
flask (F) which is placed in a constant temperature bath (C) at 
25 + 0.l0C. The bath is held on an adjustable jack (J). After 
the reaction mixture came to temperature the tube between 
the Hg leveling bulb and the gas buret was clamped to prevent 
Hg from flowing into the pump. The valves 1, 2, 3, and 5 and 
glass stopcocks S1, S2, and S3 were opened and the forepump 
(FP) turned on to evacuate the system up to the ethylene 
cylinder. While the pump was on the magnetic stirrer in the 
flask F was turned on to aid in removing dissolved gases. After 
a couple of minutes the stirring bar was turned off and ethylene 
was added until slightly over 1 atm was attained. Then the 
clamp was removed from the tubing on the gas buret and gas 
was allowed to escape by means of the valve No. 4 to a fume 
hood (E). When 1 atm of gas was in the reactor as indicated by 
the equal mercury levels in leveling bulb and buret, valve No. 
4 was closed and the varistaltic pump and magnetic stirring 
bar in the reactor activated. The reaction solution was then 
added to the reactor by revolving the flask F to the position 
indicated by the dotted line. 

As it has  been suggested that ethylene uptake prior to start 
of a run could be a source of error (7), the amount of gas 
uptake was measured by the solution in flask F before transfer 
to the reactor. For several minutes there is no appreciable gas 
uptake. Since in an actual run there is only a delay of seconds 
between charging with ethylene and start of a run, this cannot 
be a source of error. 

Results 
in the leveling bulb is constantly Faisid so the levels in the All equilibrium studies were carried out at 2 5 0 ~ .  bulb and the gas buret are at the same height, thus main- 
taining atmospheric pressure. To minimize escape of gas by The n-complex studies were made at atm 
diffusion through vinyl tubing, glass tubing was used as-much ethylene pressure. 
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PANDEY AND HENRY 985 

TABLE 1. Calculation of aquation constants, Kh, at 25°C" 

Dt AD, POIAD [PdCl,'-] [PdC13(H20)-] 
~ 2 7 8  ~ 2 7 8  x 10, ( M  x 109  (M x 109  

M = Na; I.I = 2 M (adjusted with NaClO,) 
0.175 0.633 1.26 4.07b 3. 92b 
0.265 0.545 1.47 4. 63b 3. 36b 
0.430 0.360 2.17 5.57 2.22 
0.544 0.246 3.17 6.28 1.52 
0.605 0.185 4.21 6.65 1.14 
0.635 0.155 5.03 6.84 0.956 
0.675 0.115 6.78 7.09 0.709 
0.680 0.110 7.09 7.12 0.679 

Average 1 .2 lC 
M = Li; I.I = 3 M (adjusted with LiCIOL) 

1.20 1.44 0.300 0.533 1.50 5. 70b 2.29b 0.48 
2.00 4.00 0.435 0.395 2.02 6. 29b 1 .70b 0.54 
3.00 9.00 0.519 0.294 2.65 6.53 1.26 0.58 
5.00 25.0 0.602 0.211 3.69 6.89 0.91 0.66 
7.00 49.0 0.660 0.153 5.10 7.14 0.66 0.64 
9.00 81 .O 0.700 0.113 6.90 7.31 0.48 0.59 

12.0 144.0 0.728 0.085 9.17 7.43 0.36 0.58 
15.0 225.0 0.739 0.074 10.5 7.48 0.32 0.64 
20.0 400.0 0.762 0.051 15.3 7.58 0.22 0.58 

Average 0.  60d 
'Kh is for equilibrium given by [91. [HCIO,] = 0.31 M for all runs 
bTotal [Pd(II)] = 7.99 x 10-5 for'these runs and 7.79 x 10-5 for ihe remainder. 
CValue of K, calculated from plot of [ I l l  is 1.2 x 10-2 M with AE = 1.62 x lo4. 
dValue of K,, calculated from plot of [ll] 1s 0.60 x 10-2 M with AE = 2.33 x 10,. 

Tetrachloropalladate(ZZ) Aquation Equilibrium 
The equilibrium given by [9] was studied at 0.8 

p = 2 M adjusted with NaClO, and p = 3 M 
adjusted with LiClO,. 0.7 

Ultraviolet spectra in the range 400-200 nm of 
solutions at fixed Pd(I1) and with [Cl-] varying from 0.6 

0.01 to 0.6 M give isosbestic points at 260 and 
310 nm, suggesting that the two species are in 0.5 

equilibrium in this range. The changes in spectra o.4 
indicate that one species is gradually being con- 
verted to a second species. At [Cl-] = 0.6 M the 0.3 
conversion is complete and f~~r the r  increase in 
[Cl-] causes no change in spectra. 0.2 

Assuming the equilibrium given by [9] is operative, 
a relationship between change in optical density and 0.1 

K, can be derived. This relationship, which has been 
derived previously (24), is given by [l 11 0 

0 4 8 12 16 20 24 28 32 

where Po = totad [Pd(II)]; As is the difference in 
extinction coefficients between the two species at a 
given wavelength, I = pathlength, and AD = D, 
- Di where Di are the optical densities at various 
[Cl-] and Dm is obtained from the final spectrum 
above 0.6 M [Cl-1. Plots of POIAD vs. [Cl-] at 
several [Pd(II)] and different wavelengths give 
straight lines from which A& andK, can be calculated. 
Some typical data are shown in Table 1. If the data 
are treated in a similar fashion assuming [lo] is 

[Pd (II)] x lo2 (MI 

FIG. 2. Plots of O.D. vs. [Pd(II)] at p = 2 M (adjusted with 
NaC10,) and 25°C. [HClO,] = 0.20 M, [Cl-] = 0.20 M. 

operative, the values of K,  do not remain constant 
but vary over a factor of about 4. Thus [lo] cannot 
be the correct equilibrium at low [Pd(II)]. 

Spectra were also taken at high [Pd(II)] concen- 
tration to see if there was any evidence of equilibria 
such as [lo] becoming important in this range. As 
shown in Fig. 2 there is a linear relationship between 
optical density and [Pd(II)] indicating that there is 
no polymeric species formed at high [Pd(II)]. 
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n-Complex Formation 
n-Complex formation was determined from initial 

ethylene uptake using the rapid gas-liquid mixing 
reactor shown in Fig. 1. The rate of gas absorption 
this reactor can achieve was determined by the mea- 
suring of CO, uptake by 0.2 M NaOH. The mea- 
sured rate was 600 mL C02/min/25 mL. Since the 
maximum rate of ethylene uptake due to the oxida- 
tion was 10 mL/min/25 mL, the initial fast uptake of 
ethylene due to ethylene solution and n-complex 
forn~ation would be complete before any appreciable 
oxidation occurs. In all runs this was the observed 
result and if a small correction for uptake due to 
oxidation was required, it was made by extrapolation 
to zero time. The amount of uptake due to solubility 
was determined by blank runs in which all reagents 
but the palladium(I1) chloride were present. 

In addition to the equilibrium given in [4] and [5] 
there is the possibility of the following two equilibria 
being operative : 

K' 
[12] PdCI4'- + 2CzH4+PdClz(CzH4)z + 2C1- 

Moiseev found that [12] and [13] were inconsistent 
with his experimental results (8) and the present 
study confirms the fact they are not present. Thus 
values of K,' calculated at various [CI-] varied over 
a wide range and the amount of n-complex formed 
was independent of [H'] thus eliminating [13]. 

Assuming that the true equilibria are given by [4] 

and [5] the following equality can be written 

where [C2H4], represents the total ethylene absorbed 
and [C2H4] is the ethylene solubility. 

Dividing [14] by [C2H4] and expressing the con- 
centration ratios in terms of K,, K,, [PdCl:-], and 
[Cl-1, [15] is readily derived where + = [C2H41E/ 
[CzH,]. 

Thus a plot of the left hand side of [15] vs. [Cl-] 
should give a plot with slope equal to K, and inter- 
cept equal to K,K,. In Fig. 3 is shown the plot of the 
data at p = 2 M adjusted with NaCIO,. Both the 
original data (9) as well as the present results are 
included. The data are corrected for the aquation 
reaction [9], using the value of 0.012 for K,. 

All points but the highest [Cl-] of the older data 
fall on a straight line. The least-squares fit excluding 
this point gives a value ofK, of 19.6 f 1.3 from the 
slope. The intercept is 0.063 which gives a value of 
3.2 x for K,. The value calculated using the 
maximum positive variation of the intercept at the 
95% confidence level is 0.33 which gives a maximum 
K, of 0.016. The arrow shows the intercept required 
to give a K, of 0.14, the previously reported value 
(16). The data used for the plot are listed in Table 2. 

A similar plot for p = 3 M adjusted with NaC10, 
is shown in Fig. 4. In this case the data were corrected 
for [9] using K, = 0.0060, the value found for the 
LiClO, system at the same ionic strength (see Table 

5 
I - - 
A* 4 
D 
P P - 
3 
N - 
9 2 - 
P 

I 
a - 

1 

I 

0 1 2 3 4 5  0 

[CI-] x 10 (M) 0 1 2 3 4 5  
[CI-] x 10 (M) 

FIG. 3. Plots of [4 - 1][Cl-]Z/[PdC14Z-] vs. [Cl-] at 
p = 2 M  (adjusted with NaCIO,). Data from Table 2. Arrow FIG. 4. Plots of [4 - 1][C1-z]/[PdC142-] vs. [Cl-] at p 
indicates intercept of Levanda and Moiseev (ref. 16). [HCIO,] = 3  M  (adjusted with NaClO,). Data fromTable 3; an average 
= 0 ,0 .2  M ;  Q,0.8,0.6 M ;  @, 0.25 M ;  V, corrected data of value has been plotted for identical runs. [HCIO,] = @, 0.2 M; 
Henry (ref. 9). 0 , 0 . 4  M ;  Q, 0.8 M. 
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PANDEY AND HENRY 

TABLE 2. Ethylene uptake data used for calculation of K1 and K2 at p = 2 M (NaCIO,)" 

Total 
[HClO4] [Pd(II)] [PdC142-] [Cl-Ib [PdC13(H20)-1' [C2H4lSd [I$ - 1][C1-]2/[PdC14z-]d 

(M) (M x lo2) (M x lo2) (M x 10) (M x lo4) (M x lo3) (MI 

Present results 
0.800 1.25 0.71 1.05 8 4.6 2.25 
0.800 2.50 1.45 1.09 16 8.8 2.29 
0.200 0.20 0.14 2.01 1 .O  0.50 4.42 
0.200 2.40 1.77 2.05 10 5.2 3.96 
0.200 5.0 3.62 2.12 21 11.6 4.56 
0.600 20.0 15.5 2.37 79 36.9 4.26 
0.800 20.0 15.4 2.38 78 38.4 4.53 
0.250 20.0 15.3 2.39 77 39.4 4.71 
0.200 5.0 3.99 3.09 16 8.5 6.46 

Previous results recalculated for hydrolysise 
0.200 0.90 0.49 0.82 7.0 33.0 1.72 
0.200 0.97 0.72 1.82 5.0 2.0 3.44 
0.200 0.90 0.68 1.84 4.5 1.8 3.26 
1.000 0.72 0.53 1.87 3.0 1.6 3.60 
0.200 0.89 0.78 3.83 25.0 0.90 6.52 

O K 1  and K ,  defined by 141 and 151. respectively. Ethylene solubility = 3.14 x 10-3 M. 
bC1- added as NaCI. 
CCalculated using Kh = 0.012. 
'These quantities defined by [I41 and 1151. 
Tram ref. 9. 

TABLE 3. Ethylene uptake data used for calculation of Kl and K2 at p = 3 M (NaClO,)" 

Total [$ - l][C1-]zd 
[HC104] [Pd(II)] [PdC142-] [Cl-Ib [PdC13(HzO)-]" [C2H4lSd [PdC142-] 

(M) (M x lo2) (M x lo2) (M x 10) (M x 104) (M x 103) (M) 

0.200 5.00 3.80 1.35 17 10.3 1.52 
8.00 6.77 2.10 20 10.3 2.06 

10.0 8.59 2.62 20 12.1 2.96 
15.0 13.6 3.87 21 12.1 4.09 

0.400 2.26 1.43 6.26 14 6.9 0.576 
2.26 1.39 6.31 13 7.3 0.647 
5.64 4.16 12.0 20 12.8 1.35 
5.64 4.21 11.9 21 12.1 1.25 
5.64 4.19 11.9 21 12.4 1.30 
4.51 3.30 12.2 16 10.5 1.45 
6.80 5.29 15.7 20 13.1 1.87 

18.8 16.1 22.3 43 22.9 2.16 
18.8 15.8 22.6 41 26.2 2.60 
15.0 13.5 38.8 21 12.8 4.34 
15.0 13.6 38.7 21 12.3 4.15 
18.8 17.4 48.2 22 12.2 5.03 
18.8 17.2 48.4 21 13.6 5.63 

0.800 5.64 4.25 11.9 21 11.8 1.20 
18.8 17.4 48.2 21 12.3 5.03 
15.0 13.9 50.9 17 9.5 5.42 

1.000 15.0 13.4 38.9 20 13.9 4.80 

and K ,  defined by [41 and [51. respectively. Ethylene solubility = 3.27 x 10-3 M. 
bC1- added as NaCI. 
 calculated using Kh = 6.0 x 10-3. 
'These quantities defined by 1141 and [15]. 

1). A value of 11.0 + 0.3 is calculated from the slope intercept is 0.10 which gives a value of 0.007 for K,.  
with the intercept being -0.015. The maximum The arrow indicates the intercept which would give 
value of the intercept at the 95% confidence level is aK2  of 0.22, the previously reported value (16). 
0.076 which gives a value of 0.007 for K,. Data are 
listed in Table 3. The plot for the LiC10, at p = 3 M Discussion 
is shown in Fig. 5. The value of 0.0060 for K ,  is used The most important result of this study is the 
to correct the data. The slope is 14.7 + 1.7 and the demonstration that values of K ,  for the equilibrium 
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988 CAN. J. CHEM. VOL. 57, 1979 

FIG. 5. Plots of [4 - l][C1-]2/[PdC142-] vs. [Cl-] at 
= 3 M (adjusted with LiC104). Data from Table 4. Arrow 
indicates intercept of Levanda and Moiseev (ref. 16). 

given by [5] are actually much less than those 
reported previously (7, 16) and, in fact, are too small 
to be accurately measured by the present techniques. 
Thus ill both the NaClO, systems the intercept of the 
least-squares treatment of the data is actually nega- 
tive while the corresponding intercept at y = 2 M 
gives a K, of 3.2 x lop3 which is approximately 
1/40 of the previously reported value of 0.14 + 0.16. 
Even the maximum possible intercepts from the data 
are much below the previous values. This value is 
0.016 for the p = 2 M systems and <0.01 for the 
p = 3.0 M systems with ' LiClO, as supporting 
electrolyte, the previous value was 0.22 (16). 

The variation in values of K, obtained in the two 
studies must result from the difference in experi- 
mental techniques. In the earlier study the gas 
uptakes were measured at high [Cl-] and [H'] to 
prevent interference from the oxidation. It  is true that 
a constant ionic strength was maintained with per- 
chlorate ion but the fluctuations in solution com- 
position were quite large. Thus chloride concentra- 
tion was as high as 75% of the total ionic strength. 
Errors in this study could arise from two sources. 
First the extrapolation from the lowest [Cl-] used 
to [Cl-] = 0 is quite large. Thus the lowest [Cl-] 
used was usually >0.7 M. Extrapolation from this 
concentration to [Cl-] = 0 must be considerably less 
accurate than extrapolations from [Cl-] = 0.1 M as 
in the present study. Secondly, over the wide range 
of solution composition used the principle of con- 
stant ionic strength would not be expected to hold. 
A systematic variation in activity coefficients would 
give an erroneous slope. With such a large extrapo- 
lation even small errors in slope would cause large 

errors in the intercept. In the present study the highest 
[Cl-] is less than 20% of the total ionic strength so 
there should be little or no change in activity coeffi- 
cients over the range of [Cl-] used. 

As might be expected the differences in K t  values 
in the two studies are much less than the K ,  values. 
This results from the fact that the slope is much less 
sensitive to the factors discussed above than is the 
intercept. The value of K, of 19.6 at p = 2 M is just 
a little higher than the average value of 17.4 pre- 
viously found by one of the writers and the value of 
15.0 reported by Levanda and Moiseev (16). At 
p = 3 M adjusted with LiClO, the present value of 
K, is 14.8 (16). The NaClO, system at y = 3 M has a 
little lower value of 11.0. This difference between the 
LiC10, and NaC10, systems might be expected since 
anionic species are mainly involved in the equilibrium 
given in [4] (Table 4). 

The absolute values ofK, and K, are of little direct 
importance to the mechanism of the oxidation of 
ethylene by aqueous PdCl,,-. It  is true that a quanti- 
tative knowledge of the concentrations of 1 and 2 in 
[4] and [5], respectively, under various reaction con- 
ditions would allow the more accurate estimation of 
subsequent rate constants but this is only of basic 
importance in the demonstration .that certain routes, 
such as [16], are impossible because of diffusion 
control (9). 

However, this last calculation is valid even if K ,  has 
a value as high as 1 .O. 

Of more importance is the use of correct values of 
K t  and K, in calculation of rate constants from 
experimental data. Errors of the order of those in 
the previous reported values would not affect the 
calculated values of the rate constants in the reac- 
tions with a gas phase but in the reactions without a 
gas phase the use of these incorrect values of K,  and 
K, would cause considerable error in rate constants. 
Furthermore these errors in K,  and K, will give 
systematic errors in the calculated rate constants 
which vary as [Cl-] and [PdC142-] vary (10). The 
form of the rate expression at high [PdC12-] as well 
as a discussion of the errors in K, and K, on the 
interpretation of the kinetic data of Moiseev and 
co-workers will be the topic of a later paper (25). 

A few minor points deserve comment. First, the 
present work confirmed the conclusion of Levanda 
et al. (23) that dimeric species are not present in the 
reaction system and thus their involvement cannot be 
responsible for the two term rate expression given 
by PI .  

The previous calculation of equilibrium constants 
by one of the authors (9) has been criticized because 
the aquation equilibrium, [9], was not taken into 
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PANDEY AND HENRY 

TABLE 4. Ethylene uptake data used for calculation of Kl and K2 at  fi = 3 M 
(LiClO,)" 

Total [41 - l][Cl-]2d 
[Pd(II)] [PdC14'-] [Cl-]* [PdCl,(HzO)-1' [C2H4],d [PdC142-] 

(M x lo2) (M x 102) (M x 10) (M x lo4) (M x 10,) (MI 

account (7). This criticism is valid although at the 
time of the initial measurements the reported values 
of Kh (26) indicated the correction would be insig- 
nificant. In any case the correction is small and the 
recalculation of the original data (using a Kh of 
0.0256) to give a K, of 0.05 (7) does not result from 
this correction but rather the fact the point of highest 
[Cl-] is inaccurate. This is obvious from Fig. 3. 

The values of K, determined in this work (0.012 M 
at p = 3 M) are lower than Levanda's values of 
0.0256 at y = 2 M and 0.017 at y = 3 M (22) but, 
as mentioned in the Introduction, his values seem 
high for the thermodynamic constants reported by a 
number of other workers. 

Finally, several arguments advanced by Moiseev 
to justify his extrapolation over such a range of 
C1- and Cl0,- solution compositions at constant 
y rebut the suggestions of one of the authors (9) 
that his values ofK, were in error because of changes 
in activity coefficients (8). The main thrust of these 
arguments is that a change in anion composition 
over the range used would change the activity 
coefficients relatively little (< 10%). However a 
systematic error of this magnitude over the range of 
conditions used followed by a long extrapolation 
from the lowest chloride ion concentration would 
give a considerable error in the intercept. In actual 
practice the error would seem to be larger. Thus at 
y = 2 M the correct slope was found to be 19.6 while 
the value of Moiseev was 15.0. 
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Electrochemical synthesis of some 1,2-dimethyl1,2-disubstituted ethylenesl 
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ROGER N. RENAUD and PHILIPPE J. CHAMPAGNE. Can. J. Chem. 57,990 (1979). 
The anodic oxidation of sodium acetate in the presence of a series of 1,2-disubstituted ethy- 

lenes was performed in acetonitrile-water solution. Under low concentration of substrates, 
very good yields of the monomeric 1,2-dimethylated products were obtained. In the case of 
diethyl fumarate, an increase in concentration caused a decrease in the ratio of monomer to 
polymer when all other parameters were held constant. 

The stereoisomers of the products were separated and their physical properties are reported. 

ROGER N. RENAUD et PHILIPPE J. CHAMPAGNE. Can. J. Chem. 57,990 (1979). 
L'oxydation de l'acetate de sodium en presence de molecules d'ethylene substituees en posi- 

tion 1 et 2 dans un melange acCtonitrileeau fut etudiee. A basse concentration du substrat, 
de bons rendements en produits dimethyles furent obtenus. I1 a ete constate dans le cas du 
fumarate d'ethyle que le rapport monom8re/polym8re diminue avec une augmentation de la 
concentration de l'ester. 

Les stereoisomeres des produits furent separes et leurs propriktes physiques sont rapportees. 

The electrochemical oxidation of acetate anions 
in the presence of unsaturated substrates has been 
widely studied. Isolated double bonds usually give 
low yields of a mixture consisting of more than 
twelve compounds (1, 2). Important quantities of 
acetoxy and methoxy derivatives were obtained when 
the reaction was done in methanol. These results can 
be explained by a mechanism involving cationic 
intermediates which react with nucleophiles present 
in the medium. Ethylene has been reported to un- 
dergo either additive dimerization (3) or dimethyla- 
tion (4) depending on the reaction conditions used. 
Butadiene as substrate also gave very low yields of 
adducts. The main products isolated in this case were 
dimers (5). Stilbene gave mainly diacetoxy deriva- 
tives which can be explained by a direct oxidation 
of the substrate (6). When the double bond is acti- 
vated by one electron withdrawing group such as 
COMe, CHO, CO,R, or CN, the radical formed by 
the addition of the methyl radical at the P-carbon is 
resonance-stabilized and, therefore, dimerizes in 
good yields (7). The reaction was represented as fol- 
lows : 

a general synthetic procedure for the alkylation of 
activated double bonds. While our work was in pro- 
gress a short communication appeared in the litera- 
ture (8) concerning the methylation of dimethyl 
fumarate and dimethyl maleate. The authors claimed 
that the yields of dimethyl 1,2-dimethylsuccinate 
were nearly quantitative and that the maleate reacted 
faster than the fumarate. However, their results did 
not agree with our observations. Therefore, it was 
decided to complete our systematic study on a series 
of disubstituted ethylenic molecules. 

Experimental 
All starting materials were commercially available except 

for compound 4 which was prepared according to a method 
described in the literature (9). All melting points are uncor- 
rected. The cell used in this study is illustrated in Fig. 1. Gas- 
liquid chron~atographic analyses and separations were per- 
formed respectively on a Fisher/Victoreen Series 4400 and an 
Aerograph Autoprep model A-700 using a 20 ft x 318 in. 
column, 30% SE 30 on 45/60 chromosorb P. Proton magnetic 
resonance spectra were taken in deuteriochloroform on a 
Varian Associates spectrometer model E. M. 360 and are re- 
ported in the 6 scale. The molecular weight determinations 
were carried out on a Hitachi Perkin-Elmer RMU-6D mass 

CHFOO- a CH; + C02 spectrometer. 

The objectives of this present study were to detei- 
mine the effect of two electron withdrawing groups 
on the methylation of double bonds and to develop 

lNRCC No. 17256. 

Electrolysis of Sodium Acetate in the Presence of an Ethylenic 
Substrate (General Procedure) 

The anodic solution consisted of a solution of the ethylenic 
substrate (Table 1) in a mixture of acetonitrile (170 mL) and 
water (70 mL). To this solution was added a solution of NaOH 
(6 g) in acetic acid (60 mL). The electrolysis was carried out at 
a current of 1.8 A (140 mA/cmZ) at 20-25°C for 6 h or until 
0.4 mol of electrons had been transferred. The anodic solution 
was then concentrated on a rotary vacuum evaporator and the 
low vapor pressure residue was poured into water (600 mL). 
The aqueous solution was extracted three to six times with 100 

0008-4042/79/090990-04$01 .OO/O 
@I979 National Research Council of CanadalConseil national de recherches du Canada 
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RENAUD AND CHAMPAGNE 99 1 

TABLE 1. Electrochemical oxidation of sodium acetate in the presence of 1,2-disubstituted ethylenes 

Substrate Molarity Product 

Ratio of 
monomer to 

Yie ldz  polymer 

1, Diethyl fumarate 0.03 6, Diethyl 2,3-dimethylsuccinate 80(84) >15:1 
0.30 53(64) 2.5:l  
1.00 30(41) 

2, Diethyl maleate 0.03 6, Diethyl 2,3-dimethylsuccinate 21(65) 
3, Fumaronitrile 0.03 7, 2.3-Dimethylsuccinonitrile 55b 

'Numbers in parentheses refer to yield based on amount of substr 
bYield not optimized. 

FIG. 1. Schematic diagram of the electrochemical cell assem- 
bly: a, 300 mL flask; b, Pt electrode 3.8 cm x 3.2 cm; c, car- 
bon rod electrode; d, O-ring joint 25 mm; e, cellulose mem- 
brane; f, 2.0 M aqueous NaOH. 

mL methylene chloride and the combined extracts were con- 
centrated on an evaDorator. 

Purification and Physical Properties of the Products 
(A) Diethyl2,3-Dimethylsuccinate 6 
(i) From diethyl fumarate (1) 
Distillation of the extracted oil at 75°C under a pressure of 

0.01 Torr gave a colourless liquid which by vpc was mostly 6, 
along with a small amount of starting material and traces of 
side reaction products. The monomeric product was further 
purified by preparative glc to give a colourless oil in 80% yield. 
This product, on vpc, showed two approximately equal peaks 
partly superimposed. This was taken to be a 1 : 1 mixture of the 
meso and dl isomers of 6 :  nmr 4.2 (4H, q, J = 6.6 Hz, methy- 
lenes), 2.85 (2H, m, methines), 1.28 (6H, t, J = 6.6 Hz, methyls 
of ester groups), 1.24 (6H, d, J = 7.0 Hz, methyls at C-2 and 
C-3). Anal. calcd. for C10H1804: C 59.41, H 8.91; found: C 
59.57, H 8.80. 

Careful collection by preparative glc of the first of the super- 
imposed peaks and the tailings of the second peak gave colour- 
less oils with slightly different retention times on the analytical 

.ate consumed. 

vpc and whose nmr's and elemental analyses were identical to 
that given above for the mixture. The slower moving fraction 
was hydrolyzed under acidic conditions to a diacid which 
melted at 124127°C (literature (10) value for the dl-diacid is 
127°C). The faster moving peak then corresponds to the meso- 
diester. 

(ii) From diethyl maleate (2) 
Distillation of the extracted oil as above gave a colourless 

oil which, by analytical vpc, contained 2 (70% of initial 
amount) and the same mixture of meso:dl-dimethylated 
monomer 6 as obtained above but in only 21% yield. No fur- 
ther attempts were made to separate these compounds. 

( B )  2,3-Dimethylsuccinonitrile (7) from Fumaronitrile (3) 
Distillation of the extracted solid and oil mixture at 140°C 

under a pressure of 0.01 Torr gave a colourless solid oil mix- 
ture which on repeated centrifuging in a 'Craig Tube' gave a 
dry, white solid melting at 45-46"C, and which showed two 
equal but well separated peaks on the vpc. These were shown 
to be the meso- and dl-isomers of 7. The residual oil, by vpc 
analysis, also consisted mainly of the same two products plus a 
small amount of a slower moving product. This mixture was 
separated by column chromatography (silica gel column with 
4: 1 hexanelethyl acetate as eluent). The column chromatog- 
raphy resulted in separation of the two solid products such that 
each showed only one peak on vpc. A sample of the solid 
which moved slower on the vpc, when treated with sodium 
methoxide in methanol, was converted to the same mixture of 
solids as obtained above. 

Meso:dl isomeric mixture of 7: mv 4546°C (55% yield), 
nrnr 2.73 (2H, m, methines), 1.29 (6H, d, J = 7.0 Hz, methyls); 
ms mle 107 (M - l )+ ,  93 (M - CH,)+, 82 (M - CN)+, 54 
(M/2)+. Anal. calcd. for C6H8NZ: C 66.64, H 7.46, N 25.91; 
found: C 66.34, H 7.42, N 25.79. 

dl-Isomer of 7: mp 57-59°C (assigned as the dl-isomer in 
ref. lo), nnlr and ms as above. Anal. found for C6H8Nz: C 
66.21, H 7.51, N 25.48. 

Meso-isomer of 7: mp 73575°C (lit. (10) 46°C); nmr and 
ms as above. Anal. found for C6H,Nz: C 66.40, H 7.31, N 
26.02. 

( C )  2,3-Dimethyl-N-phenylsuccinimide 8 from N-Phenyl- 
maleimide 4 

Extraction of the reaction mixture with CHzClz yielded an 
oily solid product. Repeated extraction of the oil from this 
mixture with diethyl ether, in which the solid was relatively 
insoluble, gave a white solid which showed two separate and 
equal peaks on vpc analysis. This product was shown to be a 
1 : 1 mixture of cis- and trans-isomers of 8 and corresponded to 
a yield of 80%. Melting point 124126"C, nmr 7.40 (5H, m, 
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aromatic), 3.15 (lH, m, methine), 2.65 (lH, m, methine), 1.4 
(6H, d of d's, methyls). 

The chromatographic separation on silica gel column gave 
two different solids each of which had the same retention time 
on vpc as one or the other of the compounds in the original 
mixture of solids. These were shown, by comparison of melting 
points and nmr spectra with the literature values, to be the 
cis-8 (melting at 127-129.5"C, lit. (11) 126°C) and trans-8 
(melting at 144-146"C, lit. 146°C). Treatment of the solid 
which moved slower on the vpc (cis-8 or meso) with sodium 
methoxide in methanol resulted in its conversion to trans-8 
(dl) to the extent of about 95% conversion by vpc analysis. 

(D) 2,3-Dimethyl-N-ethylsuccinimide 9 from N-Ethyl- 
maleimide 5 

The mixture obtained from the extraction was fractionally 
distilled on a vacuum line. The low vapor pressure oil was col- 
lected in a stock trap and consisted of nearly pure cis- and 
trans-9 (88% yield of 1 : 1 mixture). Pure 9 was obtained by a 
careful distillation in a Spath bulb at 0.01 Torr: nmr 1.28 (9H, 
m, methyls), 2.45 and 3.00 (2H, 2m, cis- and trans-methines), 
3.58 (2H, q, methylene), ms mle 155 (M)+, 140 (M - CH3)+. 
Anal. calcd. for C8HI3NO2: C 61.94, H 8.39, N 9.03; found: 
C 61.76, H 8.27, N 9.08. 

The cis- and trans-isomers were separated by preparative 
glc. The product corresponding to the second peak was con- 
verted to the product corresponding to the first peak in the 
presence of a methanolic solution of sodium methoxide. There- 
fore, assuming that the trans-isomer is thermodynamically 
more stable than the cis-isomer, as was found for 8, the first 
peak should correspond to the trans-isomer and the second 
peak to the cis-isomer. 

cis-9: nmr 3.56 (2H, q, J = 7.4 Hz, methylene), 2.95 (2H, 
m, methines), 1.2 (6H, d, J = 7.0 Hz, methyls at C-2 and 
C-3), 1.18 (3H, t, J = 7.4 Hz, methyl of the N-ethyl group). 
Anal. found: C 62.07, H 8.27, N 9.18. 

trans-9: nmr 3.58 (2H, q, J = 7.4 Hz, methylene), 2.41 (2H, 
m, methines), 1.35 (6H, d, J = 7.0 Hz, methyls at C-2 and 
C-3), 1.18 (3H, t, J = 7.4 Hz, methyl of N-ethyl group). Anal. 
found: C 61.88, H 8.28, N, 8.99. 

Results and Discussion 
The electrochemical oxidation of sodium acetate 

in aqueous acetonitrile solution was carried out in 
the presence of five substrates (Table 1). Diethyl 
fumarate (1) and diethyl maleate (2) in 0.03 M solu- 
tion gave diethyl 2,3-dimethylsuccinate (6) in 80% 
and 21% yields respectively. The use of methanol as 
solvent as described in ref. 8 did not improve the 
yields. The quantitative yields reported in ref. 8 were 
not obtained. Increasing the concentration of diethyl 
fumarate from 0.03 M to 1.00 M solution under the 
same experimental conditions caused a significant 
decrease in the monomer/polymer ratio. The amount 
of unreacted material also increased. Furthermore, 
a run was tried at a current density of 20 mA/cm2 as 
reported in ref. 8 and no addition products were ob- 
tained. It  was also mentioned in this reference that 
dimethyl maleate reacts faster with methyl radicals 
than dimethyl fumarate. It  was observed by us that 
the fumarate reacted faster when equivalent amounts 
of dimethyl fumarate and diethyl maleate were used 
as substrates. The same observation was obtained 

for a mixture of diethyl fumarate and dimethyl 
maleate. Also, under the same experimental con- 
ditions, the diethyl fumarate was greater than 90% 
consumed during electrolysis while the diethyl male- 
ate was only about 30% consumed. 

The fumaronitrile (3) was methylated in acceptable 
yields. The melting point of the product was 46°C. 
Linstead and Whalley (10) reported melting points 
of 46 and 58°C for the meso- and the dl-2,3-dimethyl- 
succinonitrile respectively. Therefore, it seemed that 
the electrochemical dimethylation of fumaronitrile 
was stereospecific. However, we found by glc that 
the product melting at 46°C was an equal mixture of 
meso- and dl-stereoisomers. They were separated by 
column chromatography and one isomer melted at 
5S°C, corresponding to the dl-isomer found by Lin- 
stead, and the other at 73.5-76"C, corresponding to 
the meso-isomer. Linstead did not obtain a "clearcut" 
inversion of the isomers simply because the meso- 
isomer was in reality the meso:dl mixture. Each 
isomer could be converted into the same mixture of 
meso- and dl-isomers melting at 46°C in the presence 
of a base. 

The methylation of N-ethylmaleimide 5 and N-phe- 
nylmaleimide 4 gave very good yields of dimethylated 
products, 9 and 8 respectively. The synthesis of cis- 
and trans-2,3-dimethyl N-phenylsuccinimide has been 
reported in the literature starting from the corre- 
sponding erythro- and threo-2,3-dimethylsuccinic 
acids (1 I). The products obtained by the electrolytic 
method was a mixture containing equal amounts of 
cis- and trans-stereoisomers. The cis-isomer was 
easily converted to the more stable trans-isomer in 
the presence of methoxide ion in methanol. The 
melting points, the mass spectra, and the nmr spectra 
agree well with the reported data for the trans- and 
the cis-isomers (1 I). 

The unknown 2,3-dimethyl-N-ethylmalein~ide 
was also obtained as a mixture of equal amounts of 
cis- and trans-stereoisomers. The more stable isomer 
was taken as the trans-isomer based on the fact that 
in the case of the N-phenyl derivative the trans is the 
more stable isomer. 

It can be concluded that the methylation of ethy- 
lenic compounds substituted in the l and 2 positions 
with electron withdrawing groups, utilizing the elec- 
trochemical oxidatioil of acetate anion, results in 
high yields of the monomeric 1,2-dimethylated prod- 
ucts. Practically no dimers or polymers were found 
under the described conditions. These products are 
readily isolated and purified and, except in the case 
of the fumarate and maleate, the stereoisomers are 
easily separated and characterized. 

One observation which remains to be discussed is 
the great difference between the rates of methylation 
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of the fumarate and the maleate esters. The low reac- 
tivity of the maleate ester relative to the fumarate 
ester (and also the N-substituted maleimides) seems 
to indicate an effect of absorption and orientation of 
the substrate near the electrode. The orientation of 
the radical and the double bond relative to each other 
and to the electrode must be such that the rate of 
addition is fast compared to the rate of Kolbe prod- 
uct formation. The absorption of the maleate ester 
might be expected to be the same as that of the fuma- 
rate ester but the orientation of the double bonds may 
differ between the two. Such an effect is supported by 
another observation obtained in our laboratory2. 
Butadiene sulfone is absolutely inert toward methy- 
lation under the conditions of electrolysis described 
in the present work, even though other examples of 
methylation have been shown for unactivated double 
bonds such as ethylene (3, 4), butene-1 (2), and 
butene-2 (1). Therefore, the SO2 group of the sulfone 
molecule may orient the double bond in such a way 
that the methylation is extremely slow relative to 
formation of the Kolbe product. Further studies on 
this subject are in progress. 

ZR. N. Renaud and P. J. Champagne, unpublished results. 
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(1979). 

The reactions of SiF,, Si2F6, and SiF2 with pH3, CH3PH2, (CHS)~PH, (CH3),P2, HSCH,, 
and HSi(CH,), have been studied. Several new compounds resulting from insertion of Si-F 
containing units into P-H, S-H, or Si-H bonds have been identified. 

JAMES CHARLTON THOMPSON et ARTHUR PAUL GERALD WRIGHT. Can. J. Chem. 57, 994 
(1979). 

On a etudie les reactions de SiF,, Si2F6 et SiF, avec PH,, CH3PH2, (CH,),PH, (CH3),P2, 
HSCH, et HSi(CH3),. On a identifie plusieurs nouveaux composes provenant de I'insertion 
d'unitks contenant des Si-F dans des liaisons P-H, S-H ou Si-H. 

[Traduit par le journal] 

Introduction The polymerization of SiF,, which always occurs 

The chemistry of the divalent silicon species, during the reactions, presumably involves the forma- 

silicon difluoride (SiF,), has been extensively studied tion of Si-Si bonds, which thus offer further 

in recent years (1). ,Reactions with over seventy possible sites for reaction. We have therefore studied 

target molecules have been reported, and many of the interactions of Si2F6 as the simplest example 

these reactions produce novel products. These of a silicon fluoride with a Si-Si bond, with this 

commonlv contain monomeric. dimeric. or trimeric series of molecules. 

SiF, units and result from addition andjor insertion 
on the reagent molecule. Relatively few reactions in 
which SiF, reacts with a non-metal hydride have 
been described, though it is likely that a variety of 
compounds could be formed by SiF, insertion with 
the non-metal hydride bond. 

SiF, reacts with GeH, to form H(SiF,),GeH, 
where n = 1-3 (2). There have been no reported 
reactions of SiF, with compounds containing Si-H 
bonds, though it is well known that other divalent 
silicon species such as (CH,),Si will react, for 
example, with HSi(CH,), (3). 

The reaction with H,S (4) produced the 1 : 1 
insertion product HS~F,SH as bell as rearrangement 
products HSiF,SSH and SiF,SiF,SSH. Reactions 
with H,O (9, B2H6 (6), and NH, (7) have also been 
described. More recently PH, (8) was found to 
produce HSiF,PH,, SiF3PH2, HSiF,SiF,, and a 
number of other compounds which were too 
unstable thermally to characterize. 

Our continuing investigations into the chemistry 
of silicon fluorides (9) have also led us to study the 
PH, reaction and the reaction of a number of other 
phosphorus derivatives including CH,PH,, (CH,),- 
PH, and (CH,),P,. In addition, we report here the 
reactions of SiF, with HSCH, and HSi(CH,),. Since 
our method of preparation of SiF, always results in 
a mixture of SiF, and SiF,, we have studied sepa- 
rately the interaction of SiF, with these compounds. 

Experimental 
( i )  SiF2 was prepared by the method of Timms et al. (10). 

pH3 (ll),  CH3PH2 (12, (CH3)2PH (13, and (CH,),P, (14) 
were prepared by standard methods. Si2F6 was prepared by 
fluorination of Si2C16 (15). HSCH, was obtained from 
Matheson and HSi(CH3), was obtained from Peninsular 
Chem. Research Inc. 

(ii) Reactions with SiF, or Si2F, were studied initially in 
sealed nmr tubes employing variable temperature 'H and 19F 
spectra from a Varian A56/60D spectrometer. Any reactions 
which seemed to offer some hope of isolation of useful 
products were then run on a larger scale on the vacuum line. 

(iii) The hydrides were condensed with SiF2 at - 196°C. 
After warm-up the products were manipulated by conven- 
tional vacuum line techniaues. In some cases a low temverature 
fractional distillation apparatus (16) was employed in an 
attempt to obtain purer compounds. 

(iv) 'H nmr spectra were obtained on Varian T60, A56/60D, 
and HA100 spectrometers. lgF spectra were obtained on the 
Varian A56/60D machine while 31P spectra were run in the 
FT mode on a Varian XLlOO spectrometer. Mass spectra were 
obtained on a Dupont 21-490 mass spectrometer. 

Results 

(i) Reactions with SiF, and Si2F6 
No reaction was observed between either SiF, or 

Si2F6 and PH, at low temperatures or on warm-up 
to room temperature. Si2F6 reacted with (CH,),P, 
at -40°C in a complicated way. Si2C16 reacts with 
(CH,),P, to give SiCl,P(CH,), (17). Si2F6 has been 
reported to react with (CH,),P, to produce 
SiF3P(CH3), in 9% yield (18). In our reaction the 
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THOMPSON AND WRIGHT 

TABLE 1. Products of the reactions of silicon fluorides with non-metal hydrides* 

Reaction products with 

Hydride SiF4 Si2F6 SiF, 

CH3PH2 Yellow 
solid 

(CH3),PH Yellow 
solid 

(CH3)4P2 yellow 
solid 

NR 

Yellow 
solid 

Yellow 
solid 

SiF3P(CH3), 
Yellow 
solid 

HSiF3 
SiF3SCH3 

*NR = no reaction. 

major product was an involatile yellow solid. A very 
small yield of SiF,P(CH,), was produced. The 
compound was identified by nmr (data in Table 2). 

CH,PH, and (CH,),PH also produced uniden- 
tified yellow solids when reacted with Si,F6. Con- 
siderable broadening of both proton and fluorine 
nmr spectra was observed at -40°C when CH,PH,, 
(CH,),PH, or (CH,),P, were sealed with SiF, 
although only uncharacterized yellow solids were 
formed on warm-up. SiF, forms a 1 : 1 and a 2: 1 
adduct with (CH,),P at -78°C (19). 

A 1: 1 mixture of HSCH, and Si,F6 underwent 
little reaction at -40°C but after 1 h at room tem- 
perature only traces of starting materials remained 
and approximately equal quantities of HSiF, and 
SiF,SCH, were produced. No reaction occurred 
between SiF, and HSCH,. 

HSi(CH,), did not react with Si,F6 or SiF,. 

(ii) Reactions with SiF, 
(a)  General 
Equal quantities of SiF, and hydride (0.07 mol) 

were taken for each reaction. Based on recovered 
SiF,, the conversion to SiF, was around 50% for all 
reactions. The yield of total volatiles from the PH,, 
HSi(CH,),, and HSCH, reactions was about 10% 
based on condensed hydride. The relative yields of 
volatile products containing hydride moieties were 
similar in the three reactions. Yields from the other 
reactions were less than 1%. The ratio of hydride to 
SiF, in the involatile residues was not determined. 

HSiF3, HSiF2SiF3, HSiF2PH2, SiF3PH2, 
HSiF,SiF,PH,, Si3F8, involatile solid 

Si2F6, Si3F8, HSiF3, HSiF2SiF3, involatile 
solid, no volatile Si-P compounds 

Si,F6, involatile solid, no volatile Si-P 
compounds 

SiF3P(CH3),, involatile solid 

HSiF2SCH3, HSiF2SiF,SCH3, SiF3SCH3, 
Si2F6, Si3F8, HSiF3, HSiF2SiF3, 
HSi(SiF3),SCH3, FSi(SiF3)2SCH3, 
HSi(SiF3) (SCH,),, SiF3Si(SCH3),, 
HSiF,Si(SCH3)3, involatile solid 

FSi(CH3)3, SiF3Si(CH3)3, Si3F8, 
HSiF2Si(CH3)3, HSiF2SiFzSi(CH3)3, 
involatile liquid 

These residues burn readily in air and are insoluble 
in organic solvents. All the residues were solid 
except that from HSi(CH,), which was a dense 
liquid. Nothing is yet known of the composition or 
structures of these residues. 

When mixed in the gas phase SiF,, SiF,, and 
either (CH,),PH or (CH,),P, reacted and deposited 
brown or purple solids on the walls of the apparatus 
prior to the co-condensation trap cooled to - 196°C. 
No volatile products were obtained. However, by 
condensing alternate layers of reactants at - 196°C 
thereby avoiding mixing in the gas phase, small 
quantities of volatile product could be obtained, at 
least in the case of (CH,),P,. 

Most of the volatile products from the PH,, 
HSCH,, and HSi(CH,), reactions which contained 
more than one SiF, or SiF, unit were thermally 
unstable, leaving solid residues in the vacuum line. 
This instability made attempts at purification by 
distillation or chromatography extremely difficult. 
Most of the identification is thus based on the low 
temperature nmr spectra of samples which had been 
subjected to minimum warming and which in many 
cases contained mixtures of compounds. The 
products identified from each reaction are shown in 
Table 1. 

(b)  PH, Reaction 
We have identified the compounds (also found by 

Odom (8)) HSiF,PH,, SiF,PH,, and HSiF,SiF,. 
HSiF, was also recovered as a decomposition 
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TABLE 2. Summary of nmr data from the products of the reactions of SiF2 with PH,, CH3PH2, (CH3),PH, (CH3),P2, HSCH,, and HSi(CH3)3* 

Chemical shifts Coupling constants 
- 

SH SH SF SF SF SF 
Compound Si X SF3-X H-SiF,-X X-SiF,-X F-Si-X3 fjp 'JPH 'JHF 'Jpp l J p ~  ,JHF 3JFf 3JHH jJFp 3JHp 4JHH 4JFF 4JHF 5JHF 

5.02 
d o f q  

127.7 143.4 
d o f t  d o f q  

SiF3PH2 1.58 115.8 
d o f q  d o f t  

HSiF2PH, 5.62 1.44 126.2 
t o f d o f t  do f to fd  d o f d o f t  

HSiF,SiF2PH2 5.02 1.55 146.1 142.5 
t o f t o f d  d o f m  d o f t  of d m 

HSiF2SiF2SCH3 5.28 
t o f t  

HSi(SiF,),SCH, 4.71 
sep 

1.24 
d o f q  
2.24 

9 
2.02 

t 
2.08 
t o f t  
2.33 

d of sep 
2.43 
m 

Not 
observed 

130.2 
d of sep 

132.7 
4 

131.5 
d o f q  
145.1 128.8 
d o f t  q of q 

118.6 
d o f q  
123.8 Not 
d o f q  observed 
119.1 

d of sen . & 

SiF3Si(SCH3), Not 120.7 
observed decet 

HSiF2Si(SCH3), Not Not 147.0 
observed observed d of decets 

FSi(CH,), 0.31 
d 

SiF3Si(CH3), 0.40 122.6 
q decet 

HSiF2Si(CH,), 5.17 0.31 144.9 
t t d of decets 

HSiF2SiF2Si(CH,), 5.45 Not 135.4 Not 
t observed d o f t  observed 

152.6 
decet 

*Positive S values are chemical shifts in ppm downfield relative to internal TMS for proton resonances, upfield relative to internal CC1.F for fluorine resonances, and upfield relative to external H,POd 
for phosphorus resonances. All coupling constants are in Hz. s = singlet, d = doublet, t = triplet, q = quartet, sep = septet. m = multiplet. 
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product from the less volatile fractions but was not 
trapped out immediately after warm-up of the 
reaction mixture. The 19F chemical shift of HSiF,, 
which we have consistently found to be around 
136 ppm (upfield relative to internal CC1,F) from 
this and a number of other reactions, differs from the 
literature value of 109.5 ppm (20). We can find no 
reason for this discrepancy but suspect the literature 
value may be in error. The remaining chemical shifts 
and coupling constants agree with published values. 
SiF,PH, has been prepared by a variety of routes 
not involving SiF, (21). 

In addition to these compounds we have also been 
able to identify a new 2 : 1 compound HSiF,SiF,PH, 
which could be obtained by trap-to-trap distillation 
but which did not survive distillation in the low 
temperature column. This compound was fairly 
stable once dissolved in a TMS/CCl,F solution. It 
was volatile at - 45°C and was trapped out at - 63°C 
together with some Si,F6, some unidentified com- 
pounds, and a large amount of Si3F8. The relatively 
high yield of Si,F, prevented the isolation of a pure 
sample of HSiF,SiF,PH, since these compounds 
could not be separated on our distillation apparatus. 
Both 19F resonances of Si,F, are to low field of and 
are well separated from those of HSiF,SiF,PH,. A 
large amount of yellow solid appeared in the nrnr 
tube containing this mixture after 1 day at room 
temperature. The nrnr data are given in Table 2, and 
the spectra of HSiF,SiF,PH, are shown in Fig. 1. 
No full analysis of the second order lH and 19F 
spectra has yet been attempted. 

Mass spectral evidence in the form of molecular 
ion peaks and reasonable fragment ions was also 
obtained. There was also evidence for Si,F,PH, and 
Si,F,PH, from the mass spectra of the unseparated 
reaction products. 

(c) (CH,) 4P2 Reaction 
By careful low temperature operation of the 

vacuum system SiF,P(CH,), was recovered. This 
compound is also formed in the reaction with Si2F6 
(18). Our nrnr spectral parameters agree with the 
published values except for 6F which we found at 
130.2 ppm (literature value 109 ppm). 

(d) CH3PH2 and (CH,) ,pH Reactions 
No volatile Si-P compounds have been found 

that were sufficiently stable to permit identification. 
Si2F6, Si,F,, HSiF,, and HSiF,SiF, were recovered 
from the CH,PH, reaction while only Si2F6 was 
found in the (CH,),PH reaction. 

(e) HSCH, Reaction 
A number of unexpected compounds were pro- 

duced in this reaction in addition to the 1 : 1 product 
HSiF,SCH, (largest yield), 2: 1 product HSiF,SiF,- 
SCH,, SiF,SCH,, Si,F6, Si3F8, HSiF,, and 

40.5MHz 
PHOSPHORUS 

FIG. 1 .  Nuclear magnetic resonance spectra of HSiF2SiF2- 
pH2. Positive 6 values are downfield from internal TMS for 
proton, upfield from internal CC13F for fluorine, and upfield 
from external &Po4 for phosphorus. 

HSiF,SiF,. The unexpected compounds contained 
varying numbers of SiF, and SCH, groups and 
included HSi(SiF,),SCH,, FSi(SiF,),SCH,, HSi- 
(SiF,)(SCH,),, SiF,Si(SCH,),, and HSiF,Si- 
(SCH,),. The nrnr data which led to the identifica- 
tion of these compounds are given in Table 2. In 
some cases some of the 19F and 'H resonances were 
not observed. This was because the compounds 
were identified as mixtures in nrnr tubes. Fractiona- 
tion frequently changed the relative amounts of each 
compound but never separated them cleanly. The 
distribution of recovered products also varied from 
reaction to reaction. Thus these compounds were 
identified from a large number of nrnr samples con- 
taining differing quantities of products. The diversity 
of the products in each tube resulted in a low con- 
centration for each and frequent overlap of peaks 
in the 'H spectra. These factors coupled with the low 
sensitivity of the available A56/60D spectrometer 
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relative to modern FT machines leave some doubt 
as to the identity of some of these compounds. 

(f) HSi(CH,) , Reaction 
The product formed in highest yield was 

FSi(CH,),. SiF,Si(CH,), and Si,F, were also 
produced. The 1:1 product HSiF,Si(CH,), was 
formed in larger amounts than the 2 : l  product 
HSiF,SiF,Si(CH,),. Some unidentified volatile com- 
pouilds were also produced. The involatile polymer 
was a clear viscous liquid. The nmr data are sum- 
marized in Table 2. 

Discussion 
The non-metal hydrides PH,, HSCH,, and 

HSi(CH,), all produced the 1 : 1 and 2 : 1 insertion 
product. Addition of methyl groups to P resulted in 
a loss of Si-P containing volatile products. It may 
be that the products were too unstable to isolate 
even though SiF,P(CH,), was recovered from the 
(CH,),P, reaction with SiF, and Si,F6. As men- 
tioned above (CH,),PH reacts with SiF, at room 
temperature so that facile reaction occurs; but these 
products are not volatile, perhaps indicating that 
radical reactions and not simple insertion are 
dominant. 

In the case of HSCH, more varied volatile prod- 
ucts are produced than in the H,S reaction. The 1 : 1 
and 2: 1  insertion products are formed as well as 
products from possible radical reactions. The 
sulphur radicals may be stabilized by the methyl 
group. 

Similarly HSi(CH,), produces 1 : l  and 2 : l  in- 
sertion products as well as FSi(CH,), and 
SiF,Si(CH,), and some unidentified unstable prod- 
ucts. 

The large amounts of HSiF,, HSiF,SiF,, Si,F6, 
and Si,F, might be products of the decomposition 
of thermally unstable products or might be formed 
by combination of radicals. 
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Spectrophotometric study of ion pairing in diphenylmethyl alkali metals salts1 
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E. BUNCEL, B. C. MENON, and J. P. COLPA. Can. J. Chem. 57,999 (1979). 
A spectrophotometric study of diphenylmethyllithium (DPM-Li+) and diphenylmethyl- 

potassjum WPM-K+) in ethereal solvents has yielded information on ion pairing and solva- 
tion phenomena in these carbanion systems. Different spectral absorptions are observed, 
characteristic of two types of contact ion pairs (unsolvated and partially solvated) as well as 
the solvent separated ion pair species, on varying the cation and solvent. This contrasts with 
our previous observations with triphenylmethyl alkali metal salts where only contact and 
solvent separated ion pairs were observed. The effect of 18-crown-6 polyether and the effect 
of temperature changes on the ion pairing equilibria are evaluated. Thermodynamic para- 
meters are obtained for equilibria pertaining to the DPM-Li+/THF and DPM-Li+/DME 
systems. The results are discussed in relation to literature reports on ion pairing in these 
systems as derived from nmr studies. Comparison with triphenylmethyl alkali metal salts 
yields information relating to delocalization and steric effects on ion pairing. 

E. BUNCEL, B. C. MENON et J. P. COLPA. Can. J. Chem. 57,999 (1979). 
Une etude spectrophotomktrique du diphenylmkthyllithium (DPM-Li+) et du diphknyl- 

mkthylpotassium (DPM-K+) dans des solvants kthkres a fournit des informations concernant 
les paires d'ions et la solvatation dans ces systemes carbanioniques. Lorsqu'on a fait varier le 
cation et le solvant, on a observe diverses absorbtions spectrales qui sont caracteristiques de 
deux types de paires d'ions de contact (non-solvatk et partiellement solvate) de m2me que des 
paires d'ions skparks par le solvant. Ces resultats different de ceux obtenus au cours de nos 
travaux antkrieurs avec les sels triphenylmkthyles de mktaux alcalins alors qu'on avait observe 
uniquement la prksence de paires d'ions de contact ou skparks par le solvant. On a Bvaluk I'effet 
de polykther-6 couronne-18 et de changements de temperature sur les tquilibres des paires 
d'ion. On a obtenu des paramktres thermodynamiques pour l'kquilibre relatif aux systemes 
DMP-Li+/THF et DMP-Li+/DME. On discute des resultats en fonction de rapports, parus 
dans la litterature, concernant les paires d'ions preseiltes dans ces systemes qui sont basks sur 
des etudes rmn. Une comparaison avec des sels triphknylmethyles de metaux alcalins 
fournit des informations concernant les effets stbiques et la dklocalisation sur le pairage des 
ions. 

[Traduit par le journal] 

In our study of triphenylmethyllithium (TPM-Li') parison of our results. The necessity of investigating 
and triphenylmethylpotassium (TPM-K') in ether- ion-pairing phenomena by different experimental 
eal solvents by uv-visible spectroscopy, it was found techniques has been emphasized (5). An earlier 
that these carbanion alkali metal salts showed spectrophotometric study (6) of 1,l-diphenylhexyl- 
spectral behaviour characteristic of contact or lithium in THF or di-n-propyl ether and benzene 
solvent-separated ion pairs, depending on the nature or hexane mixtures was interpreted in terms of 
of the solvent, cation, temperature, and complexing formation of specific complexed species such as 
agents (1). The results could be compared with a RLi.2THF and RLi.4THF. Study (7) of the 1,1,4,4- 
parallel study of these carbanion systems by 'H nmr tetraphenylbutane dianion, P~,CCH,CH,~P~, ,  in 
spectroscopy (2). THF at various temperatures gave evidence of 

In this paper we have extended the systematic formation of more than one type of ion pair, though 
study to investigation of diphenylmethyl carbanion overlap of the absorption bands did not permit the 
alkali metal salts (3). It was anticipated that com- separate observation of each ion pair. Some related 
parison with the triphenylmethide system would be spectrophotometric studies of carbanions, including 
informative regarding delocalization and steric effects the fluorenyl (8, 9) and phenylallyl (10, 1 1) systems 
on ion pairing. In addition, a recent 13C nmr study have been described. We have now found that, in 
(4) of diphenylmethyl carbanion alkali metal salts contrast to our previous study with triphenylmethyl 
has given evidence on ion pairing and solvation alkali metal salts, the results with the diphenylmethyl 
effects, providing an independent measure for com- system point to the presence of three types of ion 

pair species differing in solvation state. Whereas 
lcarbanion mechanisms. Part 10. For Part 9, see ref. 1. contact and solvent separated ion pairs have been 

0008-40421791090999-07$01 .oo/o 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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well characterized spectrally, there have been only 
scant reports in the past of partially solvated contact 
ion pairs in the carbanion series. 

Results and Discussion 
Diphenylmethyllithium (DPM-Lif) in THF solu- 

tion was readily prepared by reaction of diphenyl- 
methane (DPM) with n-butyllithium (12). The 
reactions in DME and Et20, however, proceeded 
only to partial completion and solutions of 
DPM-Lif in these solvents were obtained from the 
THF solution by removal of THF under vacuo and 
replacement by the desired solvent. Diphenylmethyl- 
potassium (DPM-Kf) was obtained by reaction of 
DPM with potassium amide in THF or DME 
(13). The Et20  solution of DPM-Kf was prepared 
from the THF solution as in the case of DPM-Li'l 
E t20  above. 

EfSect of Solvent on Spectral Characteristics and the 
Nature of Ion Pairing 

The spectrum of DPM-Lif in E t20  and DME at 
room temperature exhibits a single absorption 
maximum at 407 and 448 nm, respectively, while in 
THF two broad peaks at ca. 418 and 448 are present 
(Fig. 1). By analogy with reasoning detailed pre- 
viously (I), these observations would suggest that 
DPM-Lif exists in Et20 predominantly as the 
contact ion pair, in DME predominantly as the 
solvent separated ion pair, and in THF as a mixture 
of both species in comparable concentrations. The 
bathochromic shift on passing from contact to 
solvent separated ion pairs is a characteristic feature 
of carbanion alkali metal systems studied hitherto 
(14). The greater effective solvating capability of 

I : I 
350 450 550 

Wavelength (nm) 

FIG. 1. Visible absorption spectra of diphenylmethyllithium 
in ether (-.-.-.), tetrahydrofuran (-), and dimethoxyethane 
(---) at room temperature. 

DME relative to THF is evident by the fact that in 
the former case an appreciably larger proportion of 
solvent separated ion pairs are present. As these two 
solvents have virtually identical dielectric constants, 
it is probable that the possibility of bidentate co- 
ordination towards the cation of DPM-Lif by DME 
is responsible for this effect. 

However, the current results with diphenylmethyl 
carbanions (Table 1) differ from those obtained in 
our study of the triphenylmethyl system (Table 2). 
In the TPM-Lif case the contact ion pair species, 
associated with the shorter wavelength absorption, 
were only observed in ether so that the results did not 
allow evaluation of the effect of solvent on the 
contact ion pair absorption. In the DPM-Lif case, 
on the other hand, as is apparent from Fig. 1, the 
shorter wavelength absorption in THF is appreciably 
shifted with respect to Et,O. By comparison, in 
studies of the fluorenyl anion system by uv-visible 
spectroscopy, from which we derive most of our 
current knowledge of the spectral characteristics of 
the different types of ion pairs, the F-,Lif contact 
ion pair exhibited negligible shift (2 nm) in A,,, with 
change in solvent (9). 

The present results bring forth the question 
whether in the DPM-Li+ system more than one 
type of contact ion pair is present, differing in 
solvation state. Corresponding evidence was pre- 
sented (10) in the case of the 1,3-diphenylbutene 
anion (DPB-) for formation of an externally 
solvated contact ion pair (DPBP,M+,S,), in addition 
to the conventional (virtually unsolvated) contact ion 
pair (DPB-,M+), and the solvent separated ion pair 
(DPB- I JM +) species. Thus the equilibria [I]-[3] were 
invoked on the basis of the following observations 

and reasoning. (a) Equilibrium [I] involving forma- 
tion of the externally solvated ion pair was indicated 
by the continuing shift in A,,, (467 -+ 502 nm) for 
DPB-Lif in weakly solvating ethereal solvents such 
as Et20. (b) In media of intermediate solvating 
power such as tetrahydropyran absorption maxima 
were found to be present at 530 and 565 nm, in accord 
with equilibrium [3] being operative. (c) In dioxolane 
and m-dimethoxybenzene the two bands occurred at 
500 and 565 nm, indicating that three species were 
present, apparently formed through combination of 
[I] and [2] or [I] and [3]. (d) In more powerful 
solvating media such as DME only the long wave- 
length (565 nm) absorption was found, characteristic 
of the solvent separated ion pair species. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BUNCEL ET AL. 1001 

TABLE 1. Contact (R-,M+), externally solvated contact (R-,M+,S,), solvent separated (R- IIMt), and crown- 
ether complexed (R-,X,M+) ion pairs of diphenylmethyl carbanions 

L a x  
Fractionc of h,,, 

R-M + Solvent R-M+ R-,M+,S, R- 1 1  M+  R-IIM+ at 25°C R-,X,M+ 

DPM-Li+ EtzO 407 (30 800) 0.0 445 
THF 418 448 0.4d 452 
DME 448 (37 000) O.Sd 448 

DPM-K+ EtZO 432 (40 000) 0.0 444 
THF 440 (43 000) 0.0 448 
DME 441 (43 800) 0.0 445 

- 

RExtinction coefficient (L mol-I cm-I) at absorotion maximum. 
bThe h,.. value refers to the   red om in ant soeciis in the eiven solvent. 
~Reckoied as [R-~M+]/([R- M+l  + [R- M+,S.I + [R'/IM+]). 
dThis fraction 1s estimated fro& K = [ss]/[c~] at 25'C, as calculated from absorbance changes at a single wavelength, i.e. A,.. for 

the solvent separated species (see text). The results are in qualltat~ve agreement with a procedure based on the construct~on of the 
absorption spectra by means of the component curves due to the respective Ion palm. 

TABLE 2. Contact (R-,M+) and solvent separated (R- l(Mf) ion pairs of triphenyl- 
methyl carbanions in ethereal solvents at room temperature: effect of solvent and 

counterion 

hmax 

R-M+ Solvent R-,M+ R-IIM+ 

TPM-Li+ Et20  446,390 sh 
THF 500,435 sh 
DME 496,432 sh 

TPM-K+ EtzO 476,414 sh 
THF 486,420 sh 
DME 494,430 sh 

Fraction of 
R-  (IM+ at 25°C 

0.15 
0.95 
1 .oo 
0.00 
0.65 
0.85 

The results of our work can similarly be inter- 
preted. Thus we propose that in the DPM-Li+ 
system the 407 nm absorption is associated with the 
unsolvated contact ion pair DPM-,Li+(C,), the 
4.18 nm absorption with the externally solvated con- 
tact ion pair DPM-,Lif,S,(C2), and the 448 nm ab- 
sorption with the solvent separated ion pair 
DPM-IILi+(SS). Hence in Et20 we have present 
predominantly C,, possibly in equilibrium with a 
small proportion of C, (eq. [4]). In THF the equi- 
librium would involve mainly C2 and SS (eq. [5]), 
the two species being present in comparable amounts. 
In DME equilibrium [5] would be substantially on the 
right hand side. 

[51 DPM-,Li+,S, + qS + DPM-ILi+ 

The ambient spectrum of DPM-K+ in Et20, 
THF, and DME exhibits single absorption maxima 
at 432, 440, and 441 nm, respectively (Fig. 2). By 
analogy with TPM-Kf in Et20 (1) as well as other 
potassium salts of carbanions (1 1) one would expect 
DPMPK+ in Et,O to exist as the contact ion pair 
(C,). The bathochromic shift of 25 nm on going from 
DPM-Lif to DPM-K+ in Et20 would then 

I I 
350 4 50 550 

Wavelength (nm) 

FIG. 2. Visible absorption spectra of diphenylmethyl- 
potassium in ether (-.-.-.), tetrahydrofuran (-), and di- 
methoxyethane (---) at room temperature. 

correspond to the 30 nm shift observed for TPM-Li+ 
+ TPM-Kf (1). Bathochromic shifts of this order 
of magnitude are generally associated with increase 
in cationic radius for contact ion pairs and have been 
attributed (15) to a greater destabilization of the 
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ground state than of the excited state with the larger 
cation. In the ground state the dipole is minimized 
by locating the cation close to the center of negative 
charge but on excitation there is a re-distribution of 
charge density, and hence an increased dipole, since 
the position of the cation is unaffected according to 
the Franck-Condon principle. This leads to a lower 
energy transition with the larger cation. 

The A,,, value of DPM-K+ in THF or DME 
shows that in these media solvent separated ion pair 
species are present in negligible extent. The shift in 
A,,, from 432nm in Et20  to 4401441 nm in 
THF/DME can be ascribed to formation of the C, 
species by analogy with the above argument. We 
thus conclude that DPM-K+ in E t20  exists pre- 
dominantly as the C, species and in THF or DME 
predominantly as the C, species. In going from 
DPM-Li+ to DPM-K+ one would expect the 
degree of solvent separated ion pair formation to 
decrease, while contact/externally solvated contact 
ion pairs should increase, in a given solvent, in 
accord with the lesser solvation requirements of K +  
relative to Li+. The results for THF and DME 
solvents (Table 1) bear out this expectation. 

Externally solvated contact ion pairs are probably 
more commonly found than hitherto believed, 
though they may not always be spectrally resolvable. 
One can consider the solvent molecules in this type 
of ion pair to be peripherally coordinated to the 
cation, whereas in the solvent separated ion pair the 
cation is totally enveloped by the solvent molecules. 
Thus in the externally solvated contact ion pair 
charge delocalization takes place to a much lesser 
extent than in the solvent separated ion pair. This 
will be reflected in a smaller bathochromic shift for 
the former than for the latter, relative to the absorp- 
tion maximum of the unsolvated contact ion pair. 

Eflect of 18-Crown-6 Ether 
The addition of 18-crown-6 ether to DPM-Li+ in 

Et20 or THF causes a shift in A,,, to 445 and 452 nm, 
respectively (Table I), but for DME there is no 
noticeable change in the spectral absorption. Since 
crown ether complexed ion pairs have absorptions 
alike to the solvent separated ion pairs (I), this is 
further evidence that in the absence of crown 
DPM-Li+ in DME is present predominantly as the 
solvent separated ion pair. The shifts observed in 
the case of THF or Et,O are in accord with our 
earlier conclusions that in the absence of crown 
DPM-Li+ exists in THF as a mixture of mainly the 
C2 and SS species while in Et20  predominantly C, 
is present. One would expect that crown ether should 
convert both types of contact ion pairs to the crown 
complexed species, as observed. 

When 18-crown-6 ether was added to DPM-K+ 
in Et20, THF, and DME, there resulted in each case 
a shift in the absorption maxima, the final A,,, values 
being 444, 448, and 445 nm, respectively. These 
spectral characteristics correspond closely to crown 
ether complexed diphenylmethyllithium. Since 
change in cation generally has little effect on A,,, of 
solvent separated or complexed ion pairs (8-1 I), this 
corroborates our earlier conclusion that in the 
absence of crown ether DPM-K+ is present in these 
solvents as the two types of contact ion pairs. The 
small variation in A,,, of the crown ether complexed 
DPM-K+ ion pair with solvent change is quite 
comparable to corresponding observations with 
TPM-K+ (1). 

Effect of Temperature 
The absorption spectrum of solutions of DPM-K+ 

in Et20, THF, and DME remained unchanged over 
the temperature range 25 to - 50°C. Thus there is no 
change in the type of ion pair present over this range. 

Solutions of DPM-Li+ exhibited different spectral 
behaviour with change in temperature depending on 
the solvent. The effect of lowering the temperature 
below ambient was explored first. For DME or E t20  
the absorption spectrum remained unchanged on 
cooling to -50°C. In the former case this result is 
to be expected on the basis of the evidence that 
DPM-Li+ exists in DME predominantly as the 
solvent separated ion pair already at room tempera- 
ture. Conversely it follows that in the latter case the 
contact ion pair is the predominant species present 
over the entire temperature range investigated. 

The DPMWLi+/THF system has been found to 
exhibit large spectral changes on cooling to - 60°C. 
Thus the absorption at 418 nm decreases while that 
at 448 nm increases in peak height (Fig. 3). The 
spectral changes are reversible, indicating that an 
equilibrium between two species is established. Since 
the DPM-Li+/THF system has been shown to 
contain the C2 and SS species (see above), the 
spectral changes as a function of temperature corre- 
spond to a shift in the equilibrium [5] towards the 
right hand side, i.e. increased formation of solvent 
separated ion pairs at low temperatures. 

Since in the DPM-Li+/DME system the ambient 
temperature spectrum suggested the predominance 
of SS species in the equilibrium [5], the effect of 
raising the temperature was examined on the 
expectation that a shift in position of the equilibrium 
would occur towards the C2 species. A small effect 
was observed as anticipated on increasing the tem- 
perature 0 + 40°C, beyond which decomposition of 
the carbanion became important as shown by 
irreversibility of the spectral changes. 
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BUNCEL ET AL. 

FIG. 3. Temperature variation of absorption spectra of 
diphenylmethyllithium in THF. Spectrum I, -58.0°C; 3, 
-38.O"C; 5, - 145°C; 8, +23"C. 

The spectral study as a function of temperature 
for the DPM- Li + /THF and DPM- Li /DME 
systems allowed evaluation of the A H  and A S  para- 
meters pertaining to equilibria [ 5 ] .  The equilibrium 
constant at a given temperature was calculated from 
the expression 

where A is the observed (density corrected) absorb- 
ance value at 448 nm (I,,, corresponding to the SS 
species), while A,, A, are the absorbance values at 
448 nm due to 100% C2 and SS species, respectively. 
Since the spectrum of the C2 species is not available, 
the absorption value at 448 nm due to 100% C, has 
been estimated from (a) the spectrum of DPM-Lif 
in Et,O (C,), or (b) the spectrum of DPM-Lif in 
THF at -64°C (SS), assuming that the extinction 
coefficients and shapes of the spectra of the C,, C, ,  
and SS species are similar. From plots of log K vs. 
1/T (e.g. Fig. 4 for DPM-Lif ITHF) values of A H  
and A S  were calculated. For DPM-Lif/THF one 
obtains A H  = - 5.4 or - 6.1 kcal/mol, A S  = -20.2 
or -24.4 eu, respectively, when methods (a) or (b) 
were used to calculate the absorbance for 100% C, 
species at  448 nm. For DPM-Li+/DME, A H  = 
- 13.2 kcal/mol, A S  = -41 eu. The error limit 
associated with these values is believed to be in the 

FIG. 4. log Kvs. l/Tplot for diphenylmethyllithium in THF. 

range 10-20%. Negative enthalpies and entropies 
have been characteristic of contact + solvent 
separated ion pair equilibria (14), and evidently the 
same principles apply in the formation of solvent 
separated ion pairs from the externally solvated 
contact ion pair species. 
Comparison of Ultraviolet-Visible and Nuclear 

Magnetic Resonance Studies 
Ion pairing in diphenylmethyl alkali metal salts 

was recently investigated by I3C nmr spectroscopy 
(4) and the results are of interest in relation to the 
present work. The chemical shift changes observed 
for the a and para carbons as a function of solvent 
and temperature were interpreted in terms of contact 
and solvent separated ion pair formation. DPM-Lif 
in DME at 25°C was found to be present almost 
exclusively as the solvent separated ion pair and in 
THF predominantly so, while DPMPK+ showed 
nmr evidence of only contact ion pairs in THF or 
DME. 

The conclusions of the present work are in 
qualitative agreement with those derived from the 
13C nmr study, with the exception that the uv-visible 
study has allowed us to discern two types of contact 
ion pairs. Otherwise the degree of formation of 
solvent separated ion pairs is found to be of the same 
order of magnitude in both studies when the cation 
and solvent are varied. An important aspect of the 
nmr studies concerning which uv-visible spectros- 
copy yields no information is the sp2 hybridized state 
of the central carbon in arylmethyl carbanions (16, 
17), as expected on theoretical grounds (18). 
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Concluding Remarks 
A significant finding of the present study is that 

the uv-visible spectral observations in the diphenyl- 
methide system have allowed us to discern two types 
of contact ion pairs in addition to the solvent 
separated ion pairs, whereas the triphenylmethide 
system gave evidence of only one type of contact ion 
pair and the solvent separated ion pair (1). 

Apart from the above finding, there is overall 
agreement between the conclusions of the present 
work and those derived from a 13C nmr study of 
diphenylmethyl alkali metal salts (4). Previously sub- 
stantial agreement had been found between our 
uv-visible study of triphenylmethyl alkali metal salts 
(1) and a corresponding 'H nmr study (2) regarding 
the dependence of contact and solveilt separated ion 
pair equilibria on the nature of the cation, solvent, 
and temperature. 

A remarkable parallel of the TPM- and DPM- 
systems is the magnitude of the transition energy 
difference for the contact and the solvent separated 
(or crown ether complexed) ion pair absorptions. 
Thus for TPM-Li', in Et,O solvent, the transition 
energy difference on going from contact to com- 
plexed ion pairs is 6.3 kcal/mol, while for DPM - Li* 
this takes the value 6.0 kcal/mol. The corresponding 
values for TPM-Kf and DPM-K' are 1.9 and 1.8 
kcal/mol, respectively. These parallel results are 
noteworthy in view of the different steric and de- 
localization characteristics of the two carbanions, a 
factor considered further below. 

The tendency for solvent separated ion pair 
formation is greater for the Lif salt of both car- 
banions, in agreement with the greater solvation 
requirement of Lif versus K f .  However, on going 
from TPM-Li' to DPM-Lif, or TPM-K* to 
DPM-K*, the tendency for contact ion pair forma- 
tion increases. This appears to arise in part due to 
delocalizability and in part to steric effects. The 
greater charge delocalization in TPM- results in 
decreased electrostatic attraction for the cation, com- 
pared to DPM- and its counterion. Concomitantly, 
the increased steric interaction between the cation 
and the anionic center in the "propeller" shaped 
trityl anion (18) will make contact ion pair formation 
more difficult, with the result that the solvent 
separated ion pair will be energetically preferred. 

Finally we wish to draw attention to the concep- 
tual difficulties involved in the clear definition of the 
various types of ion pairs. Thus in passing from 
contact to solvent separated ion pairs an inter- 
mediate state could be encountered with respect to 
the interaction between the charge separated solute 
species and the solvent molecules. This intermediate 
state has been termed as peripheral or external 

solvation, which should be of increased importance 
compared to the situation in contact ion pairs. Alter- 
natively one could visualize the intermediate state as 
one in which the distance between the ions is larger 
than in the contact ion pair but not yet so large that 
a solvent molecule can be entirely placed between the 
two ions. The perturbation of the energy levels of the 
carbanion by the electric field of the cation will be 
influenced by this incipient solvation, with con- 
sequent effect on the spectral absorption. The present 
results have shown further that such intermediate 
states can have sufficient stability so as to be observ- 
able as separate species. 

Experimental 
Diphenylmethane (Eastman) was distilled under vacuo, bp 

125°C (10 mm). n-Butyllithium in hexane (Aldrich or Ventron) 
was standardized by titration. The solvents employed were 
purified and dried as given previously (19). The reaction vessel 
used in the spectrophotometric method has been described 
(20). DPM-Li+ solutions in THF were prepared from DPM 
and n-BuLi as described previously for the case of TPM-Li+/ 
THF (1). Solutions of DPM-Li+ in E t20  or DME were pre- 
pared from the THF solution by removal of this solvent under 
vacuo and distillation of the desired solvent from a reservoir, 
under vacuo. This solvent replacement was performed at least 
twice in each case. The spectrophotometric measurements were 
performed as previously (1). 

The spectra shown in Figs. 1 and 2 were taken in a 1 mm cell 
on a Unicam SP800B spectrophotometer. The carbanion con- 
centrations were calculated from the weights of DPM and 
solvent employed. In Fig. 1 we have the [DPM-Li+] values: 
Et20, 4.65 x M ;  THF, 4.67 x M ;  DME, 4.34 x 

M. In Fig. 2 the [DPM-K+] values are: Et20, 3.84 x 
10-4 M ;  THF, 3.54 x 10-4 M ;  DME, 3.44 x 10-4 M. 

The spectra given in Fig. 3 were taken on a Beckman Acta IV 
spectrophotometer using a 10 mm cuvette with [DPM-Li+] = 
3.18 x M. 
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OSAMU KIYOHARA, PATRICK J.  D'ARcY, and GEORGE C. BENSON. Can. J .  Chem. 57, 1006 
(1979). 

Ultrasonic velocities and volumetric heat capacities at constant pressure were measured at 
298.15 K for water f tetrahydrofuran mixtures over the whole concentration range using 
pulse+cho-overlap equipment and a flow microcalorimeter respectively. Isentropic and iso- 
thermal compressibilities and heat capacities at constant pressure and at constant volume were 
derived from the results in combination with the results of previous studies of thermal expansi- 
vities and excess volumes. The significance of the excess compressibilities and excess heat 
capacities is discussed in terms of molec~~lar interactions. 

OSAMU KIYOHARA, PATRICK J. D'ARCY et GEORGE C. BENSON. Can. J. Chem. 57, 1006 (1979). 
On a mesure les vitesses ultrasoniques et les capacites calorifiques volum6triques B pression 

constante et B 298.15 K a toutes les concentrations de melanges d'eau et de tktrahydrofuranne 
en faisant appel respectivement a un appareil de superposition d'kcho pulse et d'un micro- 
calorimktre continu. On a deduit les compressibilitks isentropes et isothermes ainsi que les 
capacites calorifiques ti pression constante et a volume constant a partir des resultats examines 
de concert avec des resultats d'etudes antkrieures d'expansivites thermiques et de volumes en 
excks. On discute de la signification des compressibilit6s en exces et des capacitks calorifiques 
en exces en termes d'interactions molCculaires. 

[Traduit par le journal] 

Introduction 
Excess enthalpies, excess volumes, and thermal 

expansivities of water + tetrahydrofuran (THF) 
mixtures at 298.15 K have been reported previously 
(1, 2). The present paper describes the extension of 
our investigation of the thermodynan~ic properties of 
water + THF mixtures to include isobaric and iso- 
choric heat capacities, and isentropic and isothermal 
compressibilities. 

Experimental 
Purificatioil and handling of the THF and water were the 

same as in our previous work (1). The density of the THF used 
for the present measurements was 0.88197 g ~ m - ~  at 298.15 K. 

Ultrasonic velocities in water f THF mixtures were deter- 
mined in a successive dilution mixing cell using a pulse-echo- 
overlapmethod (3,4) with the rf generator operating at 3 MHz. 
The error of the velocities measured relative to water 
(1496.687 m s-I at 298.15 K (5)) is believed to be less than 
0.2 nl s- l ;  the error of the compositions of the mixtures is less 
than 0.02%. 

The heat capacities of water + THF mixtures were studied 
in a Picker flow microcalorimeter. Details of this apparatus 
and its operation have been described previously (6,7). A single 
reference procedure was used, in which the difference of the 
volumetric heat capacity A(C,/V) of the mixture from that of 
water was determined. A value of 75.292 J K-l  mol-I was 

adopted for the heat capacity of water at 298.15 K (8). The 
error of the molar heat capacity is estimated to be less than 
0.1 J K-I mol-l. Mixtures were prepared by mass and Ihe 
error in the mole fraction is less than 5 x 

Results 
Experimental values of the velocity of ultrasound u 

in water + T H F  mixtures are listed in Table 1, where 
x, is the mole fraction of water. The result for pure 
T H F  (1277.44 m s-') is somewhat lower than the 
value 1284.1 m s- ' interpolated from the measure- 
ments by Deshpande et al. (9) at 293 K and 308 K. 
There is a fairly sharp maximum of u at x,  = 0.938. 
Our results are qualitatively similar to  those of 
Baumgartner and Atkinson (10) which are available 
only in graphical form. 

Isentropic compressibilities Ks were calculated 
from the equation 

where values of the density p were estimated from the 
densities of the pure components and the smoothing 
function for the excess volume of water + T H F  
mixtures (1). The values obtained for Ks are reported 
in Table 1. 

Although absorption of ultrasound in the fre- 
'NRCC No. 17257. This work was presented in part at the quency range has been reported by 33rd Annual Calorimetry Conference, Utah State University, 

Logan, Utah, U.S.A., July 25-29, 1978. Werblan et al. (11) for water + THF mixtures at 
'NRCC Research Associate from 1975. 298 K, it appears that such absorption will not 

0008-4042/79/09 1006-05$01 .OO/O 
01979 National Research Council of CanadalConseil national de recherches du Canada 
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KIYOHARA ET AL. 1007 

TABLE 1. Ultrasonic velocities u, isentropic compressibilities K,, and excess isentropic compressibilities K ~ ~ ,  for water (1) + 
THF (2) mixtures at 298.15 K 

TABLE 2. Changes of volumetric heat capacity A(Cp/ V) ,  heat capacities Cp, and excess heat capacities CpE for water (1) + THF (2)  
mixtures at 298.15 K 

significantly vitiate the interpretation of K, as the capacities C, were derived from these values using 
thermodynamic isentropic compressibility. densities estimated in the manner already described. 

The results of the calorimetric measurements are The result for pure THF (123.56 J K-' mol-l) is in 
summarized in Table 2, where the values of A(C,/V) reasonable agreement with values in the recent 
denote the deviation of the volumetric heat capacity literature (C,/J K-' mol-' = 120 (12) and 123.9 (13)). 
of the mixture from that of pure water. Molar heat Isothermal compressibilities K, and isochoric heat 
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capacities C, were calculated from the equations TABLE 3. Coefficients a, and standard deviations o for 
representations of K~~ and Cpe by eq. [Il l* 

[21 KT = K~ + T V C L ~ / C ~  

and Value for 

[31 = C p K ~ l K T  

where a is the thermal expansion coefficient and V is 
the volume at temperature T. Values of a for pure 
THF and water + THF mixtures at 29 8.15 K were 
taken from our previous work (2); a = 0.2572 kK-I 
was used for water at 298.15 K (8). 

Excess compressibilities and heat capacities of the 
mixtures were obtained from the general relation 

where X and xid are the values of the particular 
property for the real mixture and the corresponding 
ideal mixture, respectively. The following formulas 
were used for the properties of the ideal mixture: 

and 

K s E  CPE 
Parameter (TPa- l) (J K-l mol-l) 

*For K S ~ ,  z = @I; for CDe, r = xl. 

range, but are less reliable near the ends of the range, 
particularly for evaluating slopes near x, = 1. 

Plots of the experimental results for K , ~  and CpE 
and of their representations by [ l l ]  are shown in 
Figs. 1 and 2. Also included in these figures are 
curves for and CvE calculated from the smoothed 
values of K , ~  and CpE, and of vE(l) and aE(2). Glew 
and Watts (14) reported excess enthalpies HE for 
water + THF mixtures at 283 K and 298 K. Assu- 
ming that HE varies linearly with temperature (i.e. 
CpE is independent of temperature) we estimated the 
values of aHE/aT which are shown in Fig. 2. These 

where the superbar denotes a molar quantity 
and the superscript zero indicates a value for a pure 
component. In eqs. [7] and [8] 

[lo1 
-0 Bid 

+ i  = xi Vt I 
is the volume fraction of component i. Results for 
+cSE and CpE are listed in Tables 1 and 2, respec- 
tively. - 

We were unable to find smoothing functions to -100 
represent the experimental results for +cSE and CpE 
accurately over the entire mole fraction range. * 
Similar difficulties were experienced in our previous 
studies of other excess thermodynamic properties of 
water + THF mixtures (1, 2). The best representa- 
tions were obtained with the functional form 

n 

[1 l] XE = z(1 - z) C a,(l - 2z)j-I 
j= 1 

with z equal to the volume fraction in the case of -200 

and z equal to the mole fraction in the case of CpE. 
Values of the coefficients determined by the method 
of least squares with all points weighted equally are XI 

listed in Table 3, along with the standard deviations 
FIG. compressibilities of water + THF (2) mix- 

of the representations, These functions are suitable tures at 298.15 K. Points: 0, experimental results for 
for interpolation over most of the mole fraction Curves: -, K ~ ~ ;  ---, K ~ ~ .  
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KIYOHARA ET AL. 1009 

FIG. 2. Excess heat capacities of water (1) + THF (2) mix- 
tures at 298.15 K. Points: 0, experimental results for CpE. 
Curves: ----, CpE; ---, CvE; . . ., aHE/aTestimated from Glew 
and Watts (14). 

agree reasonably well with the results of our more 
direct calorimetric determinations. 

Discussion 
Previous studies of excess volumes, enthalpies, and 

thermal expansivities (1, 2) suggest that the THF 
molecule enhances water structure in dilute water + 
THF mixtures. Over the central mole fraction range, 
the mixture behaves like a pseudo two-phase system, 
and in THF-rich mixtures hydrogen bonding is the 
predominant interaction between water and THF 
molecules. 

The excess isentropic and isothermal compressibili- 
ties in Fig. 1 are both negative over the whole mole 
fraction range with deep minima near x, = 0.85. The 
curves cross several times and the differences between 
them are relatively small. In Fig. 2 the excess heat 
capacities at constant pressure and at constant 
volume are positive. The maximum of CpE occurs at 
x, = 0.78, that of CvE at x, = 0.91. The cVE curve 
is relatively flat over the central mole fraction range. 

The behavior of the excess compressibilities and of 
the excess heat capacities qualitatively support the 
view that strong hydrophobic hydration occurs in 
water + THF mixtures. To investigate this aspect 
further, partial molar excess compressibilities K,,iE 

FIG. 3. Partial molar excess compressibilities of water 
(1) + THF (2) mixtures at 298.15 K. Curves: -, Ks,iE; ---, 
KT,iE. Labels denote component i. 

and K,,iE and partial molar excess heat capacities 
Cp,iE and Cv,iE were ~alculated.~ Over most of the 
mole fraction range, the smoothing equations for the 
excess properties K , ~ ,  CpE, VE, and aE were used for 
this calculation. However, values for dilute THF 
mixtures were obtained by smoothing the experi- 
mental results with cubic splines. Curves of the 
partial molar excess compressibilities and heat 
capacities are plotted in Figs. 3 and 4. Values of 
Cp,2E from the literature (12) are included in Fig. 4 
for comparison. At infinite dilution, the limiting 
value of K,,2E is -71 cm3 mol-I GPa-I and of CpE 
is 172 J K-I mol-l. These agree fairly well with 
values derived from the literature ( ~ , , , ~ / c m ~  mol-I 
GPa-I = -70.4 (15); CpSzE/J K-I mol-I = 160 + 
11 (161, 171 (171, 172 (12)). 

The most interesting feature of the curves in Figs. 
3 and 4 is the rapid change of the partial molar excess 
values for THF in the dilute THF region. Differences 
between the partial molar excess compressibilities at 
constant entropy and at constant temperature are 
relatively insignificant, and the variation of K , , , ~  
(and is nearly linear in x,. The partial molar 
excess heat capacities for water are approxin~ately 

3By definition, Ks,iE and KT,iE are the partial derivatives of 
the quantities (VK,)~ and ( V K T ) ~  with respect to the moles of 
component i. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1010 CAN. J. CHEM. VOL. 57. 1979 

show that the hydrogen bonding of water molecules 
is stronger in the range x, = 0.15-0.82 than in pure 
water, and also with nmr relaxation time measure- 
ments (19) which show an increase of water re- 
orientation times in the water-rich region. However it 
should be noted that Dawber (20) has recently con- 
cluded from magneto-optical rotation studies that 
THF  breaks the water structure over the whole mole 
fraction range. This contradiction appears to  be 
largely semantic since the magneto-optical measure- 
ment is based on a comparison with pure water and 
formation of a clathrate cage is regarded as a disrup- 
tion of the normal water structure (21). 
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Nucleophilic substitution in tris(pentafluorophenyl)phosphine 
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HANNA R. HANNA and JACK M. MILLER. Can. J. Chem. 57,1011 (1979). 
Reaction of tris(pentafluoropheny1)phosphine with various nucleophiles (DMF, HMPA, 

HEPA, diethylformamide, hydrazine, UDMH, phenylhydrazine, formamide, and aniline) 
gave exclusively the replacement of all three para fluorines with the exception of aniline, 
phenylhydrazine, and formamide which gave mixtures of the mono- and bis-%substituted 
phosphines. Sodium bisulphide and various alkoxides led mainly to C-P bond rupture 
though some alkoxides did under certain conditions give some of the expected substitution 
product. 19F, 31P, and 'H nmr and mass spectral data are presented. 

HANNA R. HANNA et JACK M. MILLER. Can. J. Chem. 57, 101 1 (1979). 
La reaction de la tris(pentapheny1)phosphine avec divers nucleophiles (DMF, HMPA, 

HEPA, dikthylformamide, hydrazine, UDMH, phknylhydrazine, formamide et aniline) con- 
duit uniquement a la substitution des trois fluors en para A l'exception de l'aniline, de la 
phknylhydrazine et de la formamide qui conduisent k des melanges de phosphines mono- et 
bis-substituees. Le bisulfure et divers alcoolates de sodium conduisent a la rupture de la 
liaison C-P m6me si quelques alcoolates ont conduits, dans certains cas, B un peu du produit 
de substitution attendu. On prksente des donnkes de spectroscopie de masse et de rmn du I9F, 
du 31P et du 'H. 

[Traduit par le journal] 

Introduction 
As part of our continuing study of rearrangements 

in the mass spectra of perhaloaromatic compounds 
(1, 2) we wish to look at a series of substituted tetra- 
fluorophenyl derivatives of phosphorus. Rather than 
preparing these by reaction of the corresponding 
fluoroaromatic lithium reagent with PX,, etc., we 
investigated the possibility of their preparation by 
nucleophilic displacement of fluorine from tris- 
(pentafluoropheny1)phosphine (1). 

Reaction of hexafluorobenzene with nucleophiles 
such as NH, (3, 4), N-methylacetamide (5 ) ,  amines 
( 6 4  alkoxides (9-13), etc., is a well-known route 
for the production of pentafluorophenyl compounds. 
Studies of nucleophilic attack on pentafluorobenzene 
and its derivatives C6F5X (14-19) show that the 
fluorine para to the hydrogen or other substituent X 
is most readily substituted (e.g., X =H, Me, SMe, 
NMe,) but meta substitution is possible (X = NH-, 
0- ) .  Burdon (20) and Epiotis and Cherry (21) have 
explained these observations on both qualitative and 
on a MO basis. 

There have been two previous reports of nucleo- 
philic displacement of fluorine for pentafluorophenyl 
phosphorus compounds. Burdon et al. (22) have 
studied reactions of nucleophiles with pentafluoro- 
phenyldiphenylphosphine (2), its oxide (3), and 
sulphide (4). With NaOMe in MeOH, 2 gave the 

'Author to whom correspondence should be addressed. 

4-methoxytetrafluorophenyl derivative, whereas with 
MeNH, in MeOH the 4-N-methylaminotetra- 
fluorophenyl derivative was produced. In the case 
of 3 and in part 4, n~ethoxide resulted in cleavage of 
the C6F5 group from the phosphorus, though for 4 
the 4-methoxy derivative was the main product 
(59%) along with some 21% of the 2,4-dimethoxytri- 
fluorophenyl derivative. Methylamine with 3 or 4 
resulted in mixtures of the ortho- and para-substituted 
tetrafluorophenyl compound when benzene was the 
solvent but exclusive para replacement was observed 
in ethanol as solvent. Magnelli et al. (11) report that 
the reactions of Me,NH with (C6F,),PC1 gave a mix- 
ture of (4-NMe2C6F,), PNMe, or [C,F,(NMe,),]P- 
(C6F5)(NMe2). 

In this work we have reacted 1 with a wide variety 
of nucleophiles with the results as noted below. 

Results and Discussion 
Tris[4-(N,N-dimethylamino) -2,3,5,6-tetraJuoro- 

phenylJphosphine (5) 
Pedersen et al. (24) showed that hexamethyl- 

phosphoric triamide (HMPA) is an excellent nucleo- 
philic reagent for the introduction of a dimethyl- 
amino group into para-substituted nitrobenzenes, 
whereas high pressures were required for correspond- 
ing reactions of dimethylamine. The reaction was 
surprisingly fast, giving, after only 10 min, the tri- 
substituted para product (5) which was isolated in 
good yield. A small amount of the corresponding 

0008-4042/79/0910 1 1-07$01 .OO/O 
@I979 National Research Council of Canada/Conseil national de recherches du Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1012 CAN. J.  CHEM. VOL. 57. 1979 

phosphine oxide was also detected as a by-product, 
presunlably formed by air oxidation while the 
reaction mix was refluxing. 

An analogous reaction using dimethylformamide 
(DMF) also yielded product 5 but in a very much 
slower reaction (51 h). This slow reaction permits the 
preparation of the mono- and bissubstituted deriva- 
tives as well as 5 since after 3 h only 14% of the 
starting material is consunled and the product at 
that point shows substitution in one of the rings. 
Substitution on the second ring begins after 7 h and 
substitution on all three rings begins to be detected 
after about 12 h. The yield in the DMF preparation 
is lower than when HMPA is used and more phos- 
phine oxide impurity is produced by the longer 
reflux times. 

The diethylamino derivatives (6) corresponding to 
5 could be similarly prepared from diethylformamide 
(DEF) or hexaethylphosphoric triamide (HEPA); 
the latter reaction is much faster than the former, 
but requires 30 mill for incomplete reaction com- 
pared with 10 min for the complete reaction with 
HMPA. This is consistent with the lower nucleo- 
philicity of HEPA vs. HMPA (25, 26). The DEF 
route is preferred here on the basis of cost. 

Another simple amine derivative was obtained 
from the reaction of aniline in ethanol with 1, 
yielding the bis derivative after 71 h. With aniline 
as the solvent the same results were seen after only 
6 h. Addition of KF  to the aniline gave similar 
results in only 3 h, an example of enhanced nucleo- 
philicity due to hydrogen bonding (27-32). 

Reactions of (C6F5),P with Hydrazines 
Aqueous hydrazine in ethanol gave a good yield 

of tris(4-hydrazine-2,3,5,6-tetrafluoropheny1)phos- 
phine (7). No oxidation of the phosphine was 
observed, possibly as a result of competing oxidation 
of the hydrazine. The reactions were solvent de- 
pendent, a good yield being obtained with a large 
excess of ethanol. Tetrafluorophenylhydrazine was 
the major product obtained at ethanol-water 
mixtures on the order of 2: 1 or if aqueous hydrazine 
alone was used. In dioxane an exothermic reaction 
rapidly produced the phosphine oxide, (C6F5),P0. 

N,N-Dimethylhydrazine reacted slowly with 1 
under reflux conditions (40% after 7 h) but in the 
presence of finely divided anhydrous potassium 
fluoride a 71% yield was obtained in a shorter time 
(13 h). This is due to the formation of a strongly 
hydrogen bonded solvate, with electron density 
donated by the fluoride ion via the hydrogen bond 
being able to improve the nucleophilicity of the 
-NH, group of the hydrazine. In addition the K F  
can convert HF  produced to KHF,. This improve- 
ment in yield is another example of strong hydrogen- 

bond-assisted reactions studied by Clark and Miller 
in a recent series of papers (27-32). Theoretical 
calculations of Emsley et al. (33) showed that the 
Mulliken charges on the hydroxy oxygen are greater 
in the acetic acid - fluoride system than in free 
acetate ion itself, consistent with the observed results. 

Although the mass spectrum showed the expected 
molecular ion (mle 652), proton and fluorine nmr 
spectra revealed a mixture of two isomeric com- 
pounds. Upon recrystallization, the major product 
obtained was tris[4-(N,N-dimethy1hydrazine)-2,3,5,6- 
tetrafluo:ophenyl]phosphine (8) as shown by the nmr 
('H 6 2.6 ppm, sharp singlet, (CH,),N-; 6 4.5 ppm, 
triplet due to coupling to 2 ring fluorines, -NH-: 
19F 6 - 156.9 ppm, multiplet 2 fluorines ortho to 
-NH- and 6 - 134.3 ppm, 2 fluorines ortho to 
phosphorus). The second product obtained from the 
mother liquor was the isomer with the hydrazine 
isomerized from unsymmetrical to symmetrical 
dimethylhydrazine, i.e., tris[4-(N,Nf-dimethylhydra- 
zine)-2,3,5,6-tetrafluorophenyl]phosphine (9), con- 
taminated by a small amount of 8. The 'H nmr 
spectra show one methyl resonance at 6 2.6 and a 
second at 3.0 split into a triplet by the ortho-ring 
fluorines, the chemical shift being similar to that in 
compound 5. Similarly, the lgF nmr spectra has a 
new multiplet at 6 - 152.5 very similar to that 
observed for the two fluorines ortho to the -NMe, 
group in 5. The other two fluorine resonances overlap 
those of 8, such that their integrated intensity is 
equal to the two sets of fluorines ortho to nitrogen 
at 6 - 152.5 and - 156.9. We are unable to account 
for this isomerization. On refluxing 1 with phenyl- 
hydrazine in THF a monosubstituted derivative was 
isolated, this being bispentafluorophenyl-(4-P-phenyl- 
hydrazine-2,3,5,6-tetrafluorophenyl)phosphine, 'H 
and 19F nmr confirming the structure. 

Substitution by NH, Groups 
Reaction of ammonium hydroxide with 1 in 

refluxing ethanol or THF with or without the 
presence of KF  was unsuccessful but at elevated 
pressure in ethanol, mono- (lo), di- ( l l ) ,  and tri- (12) 
substituted species were observed along with mixed 
species involving attack of both NH,- and ethoxide 
ion. In isopropanol the major product was the tris- 
amino derivative (12). In hexane, a mixture of 11 and 
12 was obtained. Ammonium hydroxide with no 
ethanol gave a mixture of 10, 11, and 12, though 
anhydrous ammonia in ethanol did not react after 
24 h. However, in THF at 130°C in the presence of 
anhydrous KF, anhydrous ammonia gave 11 as the 
sole product after 24 h or a mixture at a shorter time. 
This is another example of a hydrogen-bond-assisted 
reaction. 

Refluxing 1 with commercial formamide gave a 
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mixture of 10,11, and 12 plus a side product identified 
as (NH2C6F,),PC6F4NHCH0 (13). 

Other Nucleophiles 
The reactions of 1 with different alkoxides in the 

corresponding alcohols lead mainly to C-P bond 
cleavage giving pentafluorobenzene and alkoxytetra- 
fluorobenzene as the main products. When triphenyl- 
phosphine itself was subjected to similar conditions 
it was recovered unchanged. In pentafluorophenyl- 
diphenylphosphine C-P bond cleavage did not 
occur but rather the fluorinated ring was substituted 
in the 4 position (22). It thus appears that on in- 
creasing fluorine substitution in the rings, the C-P 
bond becomes more susceptible to nucleophilic 
attack. However, with some of the higher alkoxides 
such as tert-butoxide, reaction at room temperature 
slowly gave a mono-substituted derivative. When 
methanol was replaced by ether as the solvent in the 
reaction of 1 with sodium methoxide, a 20% yield of 
tris(4 - methoxy - 2,3,5,6- tetrafluoropheny1)phosphine 
(14) was obtained as well as the usual cleavage 
products. 

Somewhat similar behaviour was observed for tris- 
(pentafluoropheny1)phosphine oxide (15), i.e., 

or hexane 
15 16 

SH- nucleophiles resulted only in cleavage products. 
Nuclear Magnetic Resonance Studies 

The 'H, 19F, and 31P nmr spectra of the para-tris- 
substituted derivatives are summarized in Table 1. 
The proton nmr data are similar to that observed for 
the corresponding substituted benzene or penta- 
fluorophenyl derivative, a fact which aided appre- 
ciably in the determination of substitution and 
isomerization in the case of the hydrazine derivatives. 

In the 19F spectra, 6,,,, the chemical shift of the 
fluorines ortho to phosphorus are only slightly 
affected, the range of shifts being from a low of 
- 130.6 ppm for X = F to a maximum of - 135.2 
p p n ~  for X = NH,. Crudely, there is an electro- 
negativity effect, on changing the substituting atom 
from F to 0 to N. All five nitrogen derivatives fall 
into the narrow range of - 134.1 to - 135.2 ppm. The 
range is only 0.7 ppm if -NH, is not considered. 

The second 19F shift, 6,,,, that of the fluorines 
ortho to the nucleophile and meta to  the phosphorus 
show a much wider variation. The shift now ranges 
from - 150.8 to - 162.5 ppm in the following order 
of shifts upfield of CFCI, : NEt, < NMe, < NHNH, 
< NHNMe, < OCH, < F < NH,. 

The F-F coupling constants show little variation, 
what there is usually being characteristic of the 

nucleophile X. For example, J2,, is in the narrow 
range of 19-21 Hz for nitrogen nucleophile vs. 16.7 
for -0Me and 24.2 for F. None of the other F-F 
couplings of the AA'BB'X system show any 
systematic variation. Similarly, the P-F couplings 
show little variation on substitution of the fluorine 
at position 1 by various species, JP-, falling into a 
narrow range of 35.8-37.8 Hz. 

There was also very little variation in the 31P 
chemical shifts. By far the greatest variation was 
noted when deuterioacetone rather than the CDCl, 
had to be used as the solvent. 

Mass Spectra 
The mass spectra of these compounds did not 

exhibit the dominant losses of PF,, PF,, and P F  
neutral species previously reported for 1 and related 
compounds (34, 35). Rather, the spectra appear to  
be dominated by fragmentation of the substituent. 
Only one compound, the amino derivative 12 showed 
metastable ion supported loss of PF, from the R2Pf 
ion (Scheme 1). This is contrasted with the frag- 
mentation of the dimethylamine compound 5 shown 
in Scheme 2. Here the metastable ions show either 
loss of entire ligands or fragmentation of the ring 
substituent. The loss of H F  is a common mode of 
fragmentation. The concentration of fragmentation 
modes involving the nitrogen or oxygen based 
nucleophiles suggests that the lone pairs on these 
atoms are the site of ionization, rather than the 
phosphorus lone pair suggested in the case of 1. 

For all the derivatives studied, the parent ions 
were of high intensity, being the base peak for com- 
pounds 1,5,12, and 14. For the remaining compounds 
the base peak is derived from losses of simple moieties 
from the nucleophile. All compounds showed loss 
of a first C6F4X group followed by a second, con- 
sistent with the behaviour of the parent compound 
(C6F5),P. Similar fragmentation of substituents is 
observed from the parent ion, R,P+, and the two 
products of the above cleavages, the R2Pf and RP' 
ions. For example, NMe, is lost from each in the 
case of 5, C,H, or CH, lost from each in the spectra 
of 6,  NH in the case of 7, CH, from 8, and OCH, or 
CH, in fragmentation of 14. For almost all the 
derivatives studied, high mass ions carried the bulk 
of the positive ionization. 

Experimental 
Infrared spectra were recorded on PE 225 or 237B spectro- 

meters using KBr disks. Nuclear magnetic resonance spectra 
were obtained on a Bruker .WP-60 FT nmr spectrometer 
operating at 60 MHz ('H, 90" pulse = 3.8 ps), 56.45 MHz 
(19F, 90" pulse = 4.0 ps), and 24.288 MHz (31P, 90' pulse = 
11 ps). Spectra were normally run in CDCI, solution using 
deuterium lock, internal TMS reference ('H), internal CsF6 
reference (19F reported relative to CFCI,, negative numbers 
being upfield shifts) and external 85% (31P). Some of 
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- HCN 
C6F2NH2+ * CSF2H+ 

SCHEME 1. Mass spectral fragmentation of (C6F4NH2),P. 

1 - NMe, 

CnFAP+ 

C15H7F7B2P 

SCHEME 2. Mass spectral fragmentation of (C6F4NMe2),P. 

the spectra were obtained using quadrature detection after 
retrofit of this facility. Spectra were normally accumulated 
using a 30" flip angle in PAPS modes. Spectrometer operation 
was under the control of the Bruker FT nmr programs both 
disk and nondisk versions; 8K data blocks were collected 
giving 4K spectral blocks. Computed spectra and interactive 
fits of coupling constants were calculated on the WP-60 using 
the program NMRCAL + ITRCAL. The nmr data are 
summarized in Table 1. 

Mass spectra were obtained on an AEI MS-30 double 
beam, double focussing mass spectrometer, operating at 70 eV 
ionizing energy, 4 kV acceleration voltage, 100 PA trap 
current, 1000 resolution, and a source temperature of 180°C. 
Solids were introduced into beam I via a solid probe and 
referenced to PFK in beam I1 inserted via a gas probe. Gas 
chromatographic - mass spectral analyses were carried out on 
a Pye 104 chromatograph interfaced to the MS-30 via both a 
glass frit and membrane separator, the former being preferable 
for these compounds. A 6 ft x f in. glass column packed with 
3% SE30 on Chromosorb W was used for all separations. 
Spectra are reported relative to the base peak equalling 100%. 

Starting materials were prepared by literature methods for 
1 (36) and 15 (23) with slight modifications to improve yields. 
Representative synthetic reactions are described below. 

Reactions of 1 with HMPA and DMF 
To a two-necked 100-mL flask fitted with a condenser and 

N2 inlet, 1 (2.2 g, 4.0 mmol) was added along with hexa- 
methylphosphoric triamide (15 mL) and stirred under reflux 
for 10 min at 230°C. On cooling, a pale yellow solid (2.2 g, 
92%) was precipitated with 75 mL of sodium bicarbonate 
solution. The crude material recrystallized from ethanol and 
gave short white needles of tris[4-(N,N-dimethylamino)-2,3,5,- 
6-tetrafluorophenyl]phosphine (5) (1.8 g, 75% yield), melting 
at 1lO"C; ms m/e (relative intensity): 608(27), 607(M+, loo), 
606(11), 416(8), 415(32), 399(10), 223(22), 222(8), etc., ir v,,,,,: 
2925(m), 2875(m), 2800(m), 1625(s), 1520(s), 1460(s), 1430(s), 
1380(m), 1230(s), 1065(s), 960(m), 815(w) cm-'; nmr, see 
Table 1. Anal. calcd. for CZ4Hl8Fl2N3P: C 47.45, H 2.97, 
N6.92,F37.56,P5.11;found:C47.0,H2.85,N7.14,F37.43, 
P 5.09. 

In an analogous reaction, 1 (1.5 g, 2.8 mrnol) and DMF 
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(50 mL) were refluxed 51 h at 150°C. Work up as above gave 5 
after recrystallization (1.2 g, 71% yield, mp 11O0C), confirmed 
by spectral data and microanalysis. A similar reaction was 
monitored over a period of 23 h and the variations in the 
products are summarized below. 

Composition of product mix (%)* 

Product 3 h  7 h  9 h  13 h 2 3 h  

(C6F,)2PC6F4NMe2 14 24 40 45 50 
C6F5P(C6F4NMe2)~ 0 2 4 25 25 
(C6F4NMe2)3P 0 0 0 0.1 10 
(C6F5)3P 86 74 56 30 15 

*Determined by 'H and '9F nmr. 

Reactions of 1 with DEF, HEPA, and Aniline 
Compound 1 (4 g, 7.6 mmol) was reacted for 71 h under 

reflux at 170°C with diethylformamide (50 mL). After cooling, 
the mixture was stirred for 1 h with a dilute solution of sodium 
bicarbonate. If no precipitate is obtained at this point, the 
mixture may be extracted with ether and the ethereal layer 
dried over MgS04 and evaporated to yield a brown liquid. This 
material, when chromatographed with toluene on a 60 cm 
silica gel column (50-200 mesh), gave a white solid, which, 
when recrystallized from ethanol, yielded white crystals of 
tris(4-N,N-diethylamino-2,3,5,6-tetrafluorophenyl)phosphine 
(6)  (2.6 g, 50% yield), mp 135°C; ms mle (relative intensity): 
691(M+ 81), 676(100), 662(5), 648(5), 632(16), 604(6), 574(5), 
560(6), etc.; ir v,,,: 2965(m), 2925(w), 2865(w), 1625(s), 
1455(s), 1367(d), 1340(w), 1195(s), 1085(s), 965(m), 815(m); 
nmr; see Table 1. Anal. calcd. for C30H30N3F12P: C 52.1, 
H 4.34, N 6.08, F 33.00, P 4.49; found: C 52.31, H 4.31, 
N 6.01, F 33.03, P 4.33. 

In an analogous reaction, compound 1 (1 g, 2 mmol) was 
stirred under reflux with 10 mL of HEPA for 30 min. Reaction 
was not complete, with the disubstituted derivatives being 
observed. On the basis of cost this reaction was not pursued. 

Reactions of 1 with aniline were tried under various con- 
ditions and the product identified spectroscopically. The 
mixture of mono-, di-, and trisubstituted product was not 
separated. A summary of these reactions is given below. 

Reflux Substitution 
time (h), product (2) 

(C6F5),P Aniline C2H50H (tempera- 
(g) (mL) (mL) ture "C) Mono Di Tri 

1.1 35 35 2(86) 80 20 - 
1.1 20 35 41(86) 70 25 5 
1.1 20 35 48(86) 30 60 10 
1.1 30 35 71(86) 10 80 10 
1.1 30 - 6(180) 10 88 2 
1.1 20 0 .74gKF 3(180) ? 90 ? 

added 

Reactions of 1 with Hydrazine 
Compound 1 (3.2 g, 6.0 mmol) in absolute ethanol (105 mL) 

and 6.0 g of 64% aqueous hydrazine were stirred under reflux 
for 16.5 h. After cooling, the mixture was poured into 250 mL 
of water and a white solid (2.8 g) was collected by filtration. 
Recrystallization from aqueous ethanol gave white crystals of 
tris(4-hydrazino-2,3,5,6-tetrafluorophenyl)phosphine (7) (2.7 g, 
79% yield), mp 145°C; ms mle (relative intensity): 568(M+, 
93), 523(100), 508(95), 359(57), 344(45), 343(41), 342(48), 
210(55), etc.; ir v,,,,,: 3300(s, br), 2580(w), 1640(s), 1464(s), 

1376(m), 1296(m), 1272(s), 11 84(m), 1152(s), 11 12(m), 1088(m), 
1048(w), 972(s), 916(m), 856(w), 832(w), 800(m) cm-I; nmr, 
see Table 1. Anal. calcd. for C18H9F12N6P: C 38.03, H 1.58, 
N 14.79, F 40.14, P 5.46; found: C 37.95, H 1.55, N 14.90, 
F 40.23, P 5.46. 

Compound 1 (2.1 g 4 mmol), N,N-dimethylhydrazine 
(UDMH, 99%, 6.0 g, 100 mmol), and potassium fluoride (2 g, 
35 mmol) were stirred under reflux for 90 min and, after 
cooling, treated with a dilute sodium bicarbonate solution. 
The precipitate gave a white solid (2.1 g, 80.5%), mp 110°C. 
The nmr showed two isomers present (see Discussion). Re- 
crystallization from ligroin (30-60°C) produced a white 
crystalline solid of tris(4-N,N-dimethylhydrazino-2,3,5,6-tetra- 
fluoropheny1)phosphine (8) (1.8 g, 71% yield), mp 117°C; ms 
mle (relative intensity): 652(M+, 65), 608(43), 607(100), 
565(35), 564(97), 238(85), 195(48), 69(41); ir v,,,: 3250(s), 
2950(m), 2850(m), 2825(m), 2775(m), 2550(w), 1635(s), 1455 
(s,br), 1375(s), 1270(s), 1625(w), 1210(w), 1110(s), 1015(w), 
965(w), 875(m), 815(w), 725(s) cm-' ; nmr, see Table 1. Anal. 
calcd. for C24H21N6F12P: C 44.17, H 3.22, N 12.88, F 34.97, 
P 4.75; found: C 43.9, H 3.55, N 13.0, F 34.79, P 4.76. 

The mother liquid yielded a material which showed the 
same mass spectra and an nrnr spectrum indicative of a 
mixture of 8 and its SDMH isomer. 

Compound 1 (1 g, 2 mmol), tetrahydrofuran (35 mL), and 
phenylhydrazine (2.0 g, 97.5%) were stirred under reflux for 
8 h. After cooling and adding water, the product was extracted 
into ether, the ethereal extracts dried over MgS04, and 
evaporated giving a yellow solid. Recrystallization from 
aqueous ethanol gave yellow crystals of bispentafluorophenyl- 
(4-~-phenylhydrazino-2,3,5,6-tetrafluorophenyl)phosphine (0.4 
g, 32%), mp 110°C; ms mle (relative intensity) : 620(M +, 46), 
529(46), 528(27), 362(35), 198(22), 105(27), 92(100), 77(81), 
69(39), etc.; 'H nmr 6: 5.87 (m, lH), 613 (m, lH), 6.99 ppm 
(m, 5H); 19F nmr 6 :  -131.50 (m, 4F), -132.78 (m, 2F), 
- 149.92 (m, 2F), - 158.78 (m, 2F), - 161.06 (m, 4F). 

Reactions of 1 with NH40H 
Compound 1 (1 g, 2 mmol), ammonium hydroxide (5 mL, 

28-30% NH,), potassium fluoride (3 g, 52 mmol), and THF 
(5 mL) were placed in a large glass test tube (16 x 3.6 cm) and 
placed in a 3000 psi Parr bomb (198-mL capacity). The bomb 
was cooled in liquid N2 and the air evacuated. The sealed bomb 
was heated for 22 h at 130°C. On coollng the bomb was 
opened and its contents treated with dilute sodium bicar- 
bonate solution, followed by extraction with ether. The 
ethereal extract gave a pale yellow solid (0.6 g) which was 
recrystallized from ligroin (30-60") to give white crystals of 
tris(4-amino-2,3,5,6-tetrafluoropheny1)phosphine (0.5 g, SO%), 
mp 159°C; ms mle (relative intensity): 541(21), 523(M+, loo), 
508(7.3), 360(8.3), 359(48), 290(9.6), 195(14.6), 79(33), etc.; 
ir v,,, : 3500(m), 3400(s), 2600(w), 1650(s), 15 10(s), 1475(s), 
1375(s), 1300(w), 1270(s), 1175(m), 11 15(s), 290(m), 825(w), 
750(w), 735 cm-l; nmr, see Table 1. Anal. calcd. for Cl8H6FI2- 
N3P:C41.30,H1.15,F43.59,N8.03,P5.93;found:C41.31, 
H1.03,N8.18,F43.52,P5.80. 

Reaction of 1 with Sodium Methoxide 
To a solution of 1 (2.2 g, 4.0 mmol) in ether (200 mL) a 

solution made by dissolving sodium (0.276 g, 13 mmol) in dry 
methanol (15 mL) was added dropwise over 1 h. After 2 h at 
room temperature, the solution was treated with water and 
extracted with ether. Gas-chromatography - mass spectro- 
metry showed the ethereal extract to contain four compounds 
with molecular ions of 168, 180, 140, and 568 corresponding 
to pentafluorobenzene, tetrafluoroanisole, trimethylphosphite, 
and tris(methoxytetrafluoropheny1)phosphine. Chromato- 
graphy on sllica using benzene as eluant gave a 20% yield of 
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a yellow liquid, tris(4-methoxy-2,3,5,6-tetrafluoropheny1)- 
phosphine; ms mle (relative intensity): 569(30), 568(Mf, loo), 
469(9), 389(38), 229(26), 210(50), 193(10), 167(10), etc.; ir 
v,,,: 2910(m), 2820(m), 1640(s), 1525(w), 1475(s), 1435(s), 
1375(s), 1275(w), 1190(s), 11 10(s), 980(m), 910(m), 813(m), 
725(s) cm-I ; nmr, see Table 1. 
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Hydrolysis and ammonolysis of EDTA in aqueous solution1 

RAMUNAS J. MOTEKAITIS, DAVID HAYES, AND ARTHUR E. MARTELL 
Coordination Chemistry Consultants, Bryan, TX 77801, U.S.A. 

AND 

WAYNE W. FRENIER 
Dowel1 Division, Dow Chemical USA, Tulsa, OK 74102, U.S.A. 

Received October 11, 1978 
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J. Chem. 57, 1018(1979). 

The hydrolysis and ammonolysis of EDTA were studied in aqueous solution over a range 
of temperatures and at various pH values with the aid of nmr, gc, and gc - mass spectroscopic 
techniques. At high pH in the presence of ammonia, both ammonolysis and hydrolysis occur 
with the production of N-(2-aminoethy1)iminodiacetic acid (UEDDA), N-(2-hydroxyethy1)- 
iminodiacetic acid (HEIDA), and iminodiacetic acid (IDA) in molar ratios such that [IDA] = 
[UEDDA] + [HEIDA]. The first-order rate constant for the disappearance of EDTA at 
175°C in dilute aqueous ammonia is 8.6 x s-l  whereas in the absence of ammonia its 
hydrolysis constant is 4.2 x s-'. The value of AH0 for this reaction is approximately 
35 kcal/mol. When methylamine replaces ammonia, the UEDDA is replaced by N-(2-methyl- 
aminoethyl)iminodiacetic acid. The rate of hydrolysis is increased by the presence of a tertiary 
amine but the latter does not become incorporated into the reaction products. A reaction 
mechanism is proposed involving bimolecular SN2 attack by base on a carbon atom of the ethy- 
lene bridge adjacent to a protonated nitrogen atom of EDTA with concomitant displacement 
of iminodiacetic acid. 

RAMUNAS J. MOTEKAITIS, DAVID HAYES, ARTHUR E. MARTELL et WAYNE W. FRENIER. Can. 
J. Chem. 57, 1018(1979). 

On a CtudiC l'hydrolyse et l'ammonolyse de l'AEDT dans des solutions aqueuses a diverses 
temperatures et divers pH en faisant appel a des techniques de rmn, de cpg et de spectroscopie 
de masse couplee B la cpg. A des pH Clevks, en prksence d'ammoniaque, il se produit une 
ammonolyse ainsi qu'une hydrolyse avec formation d'acides N-(amino-2 Cthyl)iminodiacBtique 
(AAEID), N-(hydroxy-2 15thyl)iminodiacetique (AHEID) et iminodiacetique (AID) dans les 
rapports molaires tels que [AID] = [AAEID] + [AHEID]. La constante de vitesse du 
premier ordre pour la disparition de I'AEDT B 175°C en solution dans I'ammoniaque diluk 
est egale a 8.6 x s-' alors qu'en I'absence d'ammoniac, la constante d'hydrolyse est 
Cgale a 4.2 x s-l. La valeur du AH0 pour cette reaction est approximativement 35 
kcal/mol. Si I'on remplace I'ammoniaque par de la methylamine, il se forme de l'acide 
N-(methylamino-2 ethyl)iminodiacCtique au lieu de AAEID. La vitesse d'hydrolyse est 
accklkr6e par la presence d'une amine tertiaire; celle-ci n'est toutefois pas incorporee dans les 
produits de la reaction. On propose un mecanisme rkactionnel impliquant une attaque SN2 
bimoleculaire par la base sur un atome de carbone du pont Bthylkne voisin de l'atome d'azote 
de ARDT protone avec une substitution simultanee de l'acide iminodiacetique. 

[Traduit par le journal] 

Introduction 
Since important applications of EDTA involve its 

use in aqueous solution at high temperature and pres- 
sure and possibly in the presence of ammonia or 
other basic compounds, it seemed that a study of the 
kinetics and mechanism of such reactions would be 
of importance. Earlier studies of EDTA hydrolysis 
at elevated temperatures (1-6) resulted in conflict- 
ing reports. These experiments were carried out at 
relatively high temperatures, which precluded ac- 

'This work was carried out in the course of a contract 
between Dow Chemical Company and Coordination Chem- 
istry Consultants. 

curate determination of reaction rates. The present 
work describes hydrolytic measurements at more 
moderately elevated temperatures that allow the 
measurement of the rates of appearance of reaction 
products and the rates of disappearance of EDTA. 
The influence on reaction rate and product distribu- 
tion resulting from the addition of basic substances 
such as ammonia and methylamine was also studied 
and was found to have mechanistic implications. 

The pH was generally maintained at or near 9.3 
by the addition of ammonia as a buffer as well as a 
reactant. The temperature range employed in this 
investigation, 145-175"C, was selected to provide a 

0008-4042/7910910 18-07$01 .OO/O 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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convenient range of reaction rates for experimental 
measurements. 

Experimental 
Materials 

EDTA, methylamine, and triethylamine were obtained from 
Eastman Chemical Company. Hydroxyethyliminodiacetic 
acid (HEIDA) and iminodiacetic acid (IDA) were obtained 
from Aldrich Chemical Company. Reagent grade ammonia 
and gaseous hydrogen chloride for esterification were obtained 
from Matheson. Coleman and Bell. Methanol and votassium 
carbonate were bbtained from Baker Chemical company. The 
water employed was distilled from glass and the methanol 
was dried over Linde Molecular Sieves. The 50% NaOD/D20- 
solution and 99.7% D 2 0  were obtained from Merck, Sharp 
and Dohme. Ethylenediamine-N,N-diacetic acid was syn- 
thesized by alkaline alkylation of N-acetylethylenediamine 
with bromoacetic acid, followed by alkaline hydrolysis of the 
amido group. N-Acetylethylenediamine was prepared by 

I refluxing excess ethylenediamine with ethyl acetate for a 
12-h period. 

Instrumentation 
The nrnr spectra were recorded with a Varian T-60 nrnr spec- 

trometer which was found to be sufficiently accurate for 
quantitative determinations with the use of the sample prepa- 
ration procedure described below. The gas chrom-atograms were 
obtained at 200°C on a Hewlett-Packard Model HP 5834a gas 
chromatograph equipped with a 12-ft, 3% OV-1 column and 
both FID and TC detectors. The gc mass spectrograms were 
measured with a Hewlett-Packard Model HP-5982-59-33, 
housed and operated by the Texas A&M Center for Trace 
Characterization, with the same chromatographic column but 
with linear temperature programming to shorten data collec- 
tion time. 

pH was measured at room temperature with a Beckman 
Research Model pH meter equipped with extension glass and 
calomel electrodes and was calibrated with standard strong 
acid and base to measure hydrogen ion concentration directly. 
The pH values cited in this paper were those measured at room 
temperature although the pH values at the high temperatures 
of the experimental runs may be estimated with known values 
of the heats of dissociation of water and heats of dissociation 
of the various bases used as buffers. 

Procedure 
Typical experimental runs were carried out as follows: a 2-L 

titanium glass-lined autoclave equipped with a titanium stirrer 
was charged with 1.50 L of 0.015-0.695 M EDTA, previously 
adjusted to the desired pH in the range 5.5-1 1, and was heated 
rapidly to the desired temperature in the range 145-175°C. 
Samples of the reaction solution were withdrawn at  timed 
intervals and were analyzed either by nmr, gc, or gc - mass 
spectrometry. The nrnr samples were prepared and measured 
in alkaline D 2 0  relative to TMS as an internal standard. The 
solvent was replaced by D 2 0  several times, followed by 
evaporation, and finally the solution was made up to 0.50 ml 
with 5% NaOD in D20.  Precision nrnr tubes were employed 
and calibrated by integration of a standard EDTA solution. 
Samples for gas chromatography were prepared through the 
use of a quantitative Fischer (7) methyl esterification pro- 
cedure. Excess HCI was removed by vacuum evaporation 
followed by dilution to the desired concentration with dry 
methanol. Solid potassium carbonate was used to liberate the 
tiee esters from their hydrochloride salts immediately before 

injection in the gas chromatograph. Samples for gc - mass 
spectrometer analysis were prepared in the same manner. 

Results and Discussion 
Product ZdentiJication 

EDTA (1) was found to decompose in dilute 
aqueous ammonia solution at 145-175°C by the 
nucleophilic attack of ammonia (eq. [I]) on 1 to 
produce N-(2-aminoethy1)iminodiacetic acid (2) and 
iminodiacetic acid (3) and by a similar hydroxyl 
attack (eq. [2]) to give N-(2-hydroxyethy1)iminodi- 

acetic acid (4) in addition to 3. The aminolysis 
reaction (eq. [I]) is new and had not been described 
previously, while the hydrolysis reaction (eq. [2]) is 
consistent with previous studies (1,4, 5, 8) which had 
been made at much higher temperatures in ammonia- 
free systems. 

Originally, tentative product identification was 
made through nrnr spectral anaIysis. Although it 
had been reported earlier that the hydrolytic cleavage 
of EDTA produces 4 and 3, the similarity in the 
values of the chemical shifts between the respective 
protons in acetate groups of compounds 2,3, 4, and 
even 1 precluded an unequivocal determination by 
the nrnr method that 2 had indeed been formed. As 
is also shown in Table 1, a similar ambiguity arose 
which was caused by the proximity of the ethylene 
proton chemical shifts in the starting material 1 and 
the ammonia cleaved product 2. 
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TABLE 1. Nuclear magnetic resonance spectra (60 MHz) of reference com- 
pounds measured in 0.15 M D 2 0  solutions containing 5% NaOD; chemical 
shifts are reported in Hz relative to trimethylsilylpropanesulfonate (TMS*) 

Chemical shifts" 

Compound Acetate Ethylene 

Ethylenediaminetetraacetic acid (1) 190(2) 160(1) 
Ethylenediamine-N,N-diacetic acid (2) 185(1) 154(1) 
Imii~odiacetic acid (3) 186 
N-Hydroxyethyliminodiacetic acid (4) 191(2) 214(l)b 160(l)b 
Glycine(NH2CH,C00-) 186 

aRelative integrated intensities in parentheses. 
*Triplet. 

A more direct confirmation of the new reaction 
product 2 was obtained through comparisons of the 
retention times shown in Table 2 from gas-liquid 
chromatograms of the methyl ester derivatives of the 
standard com~ounds with those obtained from the 
methyl esterifiled reaction mixture shown in Table 3. 
The gc technique also helped confirm the presence 
of the normal hydrolysis products, 3 and 4, which had 
alreadv been shown to form under the conditions of 
higher temperature even in the absence of ammonia. 
Table 2 contains a summary of the gc analytical data 
which were not only indispensable in fixing the reac- 
tion products but also provided evidence for the 
absence of any significant quantities of other side 
products. Thus, the reaction cleanly led only to the 
three products shown in [l] and [2]. 

To help appreciate the mechanism and the scope 
of these reactions, other reagents were substituted 
for dilute ammonia for adjusting pH, and represen- 
tative samples of the results obtained are also pre- 
sented in Table 3. All these reactions appear clean 
under a variety of reagent conditions as evidenced 
by the absence of gc peaks corresponding to the 
appearance of side products. 

In the absence of ammonia, only the normal 
water-cleaved EDTA hydrolysis products were 
found. These experiments were carried out using 
NaOH, or TEA (triethylamine), or borax buffers. By 
contrast, ammonia was found to become incor- 
TABLE 2. Retention times and relative intensitieslunit con- 
centration of gas chromatographic peaks representing the 
methyl ester derivatives of compounds encountered in this 
study of EDTA in dilute ammonia solutions at 145-17S°C and 

pH 5.5-1 1.0 

Retention time 
No. Con~pound (min) Relative sensitivity" 

1 EDTA 21.05 1 .OO 
2 UEDDA 4.88 0.39 
3 IDA 1.05 0.55 
4 HEIDA 2.73 0.34 

Walues depend on both yield of derivative and on detector (FID) 
response. 

TABLE 3. The gas chromatographic determinations of the esteri- 
fied reaction products formed in the employment of various 
buffers to achieve an initial pH of 9.3 on EDTA solutions 

which were subsequently heated at 175°C" 

Derivative 
retention 

time Product 
Original composition (min) assignment 

EDTA + NaOH 1.03 IDA 
2.67 HEIDA 

21.53 EDTA 

EDTA + NH3 1.04 IDA 
2.69 HEIDA 
4.85 UEDDA 

21.55 EDTA 

EDTA + NH, + 7.2 atm O2 1.16 IDA 
at 145°C 2.57 HEIDA 

20.86 EDTA 

EDTA + TEAb 1.03 IDA 
2.62 HEIDA 

21.03 EDTA 

EDTA + CH3NHz 1.03 IDA 
2.65 HEIDA 
4.04 N-CH3-N',N'- 

EDDA 
20.47 EDTA 

EDTA + borax 1.07 IDA 
2.85 HEIDA 

21.15 EDTA 

Wnless stated otherwise. 
bTEA = tr~ethylamine. 

porated into EDTA through the formation of 
UEDDA (2) and in an analogous way methylamine 
was found to react with EDTA according to [3] to 
give N-(2-methylan~inoethy1)iminodiacetic acid (5) 
and the usual IDA (3). These assignments were made 
through the comparison of retention times listed in 
Table 3. In particular, the evidence for 5 was the 
appearance of a new single gc peak at 4.04 min 
replacing the 4.88 peak for UEDDA. The nmr spec- 
trum (Fig. 1) of the product showed additional 
resonances at 2.26 and 2.92 ppm relative to TMS* 
(trimethylsilylpropionate), which are ascribable to 
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MOTEKAITIS ET AL. 1021 

5 3 

N-CH, and N-CH2CH2-N type proton group- 
ings. The 2.2612.92 peak ratio is - 3 : 4. 

The chemical shift assignments were confirmed by 
comparison with the chemical shifts observed for an 
'analogous' N-methyl compound measured under 
identical conditions. Thus for N,N'-dimethylethyl- 
enediamine the resonance for N-CH, appears at 
2.28 ppm and the remaining resonance for the di- 
methylene bridge protons is at 2.63 ppm from TMS*. 

The degradation experiment under added oxygen 
was performed at 145°C and confirms that EDTA is 
stable toward oxidation by molecular oxygen. How- 
ever, the presence of UEDDA was not detected at 
this temperature indicating a higher temperature 

reaction coefficient for ammonolysis as compared 
with the hydrolysis. For safety reasons, the reaction 
was not investigated under pressurized oxygen at 
higher temperatures. 

Ultimate identification of the reaction products 
shown in [I] and [2] was obtained through the com- 
parison of gc - mass spectrometric data measured on 
the methyl esteriiied hydrolysis reaction products 
with those obtained on a set of methyl esterified 
known reference compounds. The mass patterns 
were identical in peak position, ratio, and number 
for corresponding pairs of compounds. The last 
four peaks and the strongest peaks are tabulated in 
Table 4. 

An examination of the mass spectra indicates that 
EDTA and IDA esterify normally to yield the 
tetramethyl ester, 348 u, and the diester, 161 u, 
respectively, whereas UEDDA cyclizes during the 
acidic treatment with methanol to produce the 
monomethyl lactam, 172 u, while HEIDA forms a 
cyclic monomethyl lactone, 173 u. However, it is 
believed that under the experimental basic aqueous 
solution conditions, the actual products 2, 3, and 4 
exist in their respective open forms. 

Kinetics of EDTA Decomposition 
For the chemical changes specified by [I] and [2], 

the overall rate of disappearance of EDTA through 
parallel solvolytic and ammonolysis paths was found 
to be proportional to the concentration of unreacted 
EDTA. Since the pH of the medium remained con- 
stant and a large excess of NH, was generally 
employed, first-order reaction conditions prevailed 
over a significant portion of the reaction time. 
Although the overlap in the nmr peak positions pre- 
cluded the routine determination of the rates of 
formation of the three individual reaction products, 
the nmr method provided a very convenient means 
for following the rate of disappearance of EDTA 
itself. 

The kinetic data listed in Table 5 were obtained 
from the slopes of plots of log, I vs. t (I = integrated 
intensity of the -CH2CH2- resonance) reflecting 
the observed first-order kinetic expression shown in 
[4]. These rate constants were measured at two - I . . . . I  

3.0 2 .O 3.0 2.0 
141 -d[EDTA]/dt = k,,, [EDTA] 

concentrations and three temperatures as shown, yet 
- appeared to be concentration independent within 

FIG. 1. Nuclear magnetic resonance spectra of two samples the scatter of the data. From a plot of log, kob, 
from the hydrolysis of EDTA at 175°C pH (25°C) 9.3 buffered against reciprocal absolute temperature, the activa- 
with methylamine. Scale is in ppm relative to internal tri- tion parameter AH,* was found to be 34.6(0 = 0.7) 
methylsilylpropionate: left, before heating; right, after 4.0 h of kcallmol. heating. Peaks marked M (see text) indicate the incorporation 
of methylamine through the formation of N-methyleth~lene- With the fundamental rate law established for 
diamine-N',Nf-diacetic acid; E represents EDTA peaks. aqueous ammonia at pH 9.30 and 175°C and a firm 
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1022 CAN. J .  CHEM. VOL. 57, 1979 

TABLE 4. Gas chromatographic - mass spectrometric data for EDTA-tetramethyl ester and esterified reaction 
products formed in ammoniacal solutions of EDTA at 145-175°C 

Mass Strongest 
No. Compound (u) Form Last four peaks peak 

1 EDTA 348 Tetraester 317.1 348.2 349.2 350.2 174.1 
2 UEDDA 172 Monoester 157.1 163.0 172.1 173.0 113.1 

lactam 
3 IDA 161 Diester 130.0 146.1 161.1 162.0 102.0 
4 HEIDA 173 Monoester 171 .O 173.1 174.1 175.1 114.0 

lactam 

TABLE 5. The pseudo-first-order rate constants for the dis- as shown in [5], to include all the individual EDTA 
appearance of EDTA measured in aqueous NH3 at pH 9.3 as 

a function of temperature and concentration [5] -d[EDTA]/dt = {kNH3(''[~4-] 

Time- 
[EDTAIo averaged 
(mol/L) temperature o (OC) kobr (s-l) o (s-I) 

+ {koH("[L4-] + 
0.015 174 4 7 . 8 ~ 1 0 - ~  0 . 5 ~ 1 0 - ~  + k o H ' 3 ' [ ~ 2 ~ 2 - ] } [ o ~ - ]  + {kH20(1)[L4-] 

proof of the reaction products formed, other reaction 
conditions were tried and the results of the variation 
in temperature, reagents, and pH are listed in Table 
6. Thus, when ammonia is not present and NaOH is 
used to adjust the pH to 9.4, the value of the ob- 
served rate constant k,,, is reduced to about one-half 
of the original magnitude observed when NH3 is 
present. Likewise, when pyridine was employed to 
effect 'neutralization' and just enough NH, was 
added to raise the pH, the value of the rate constant 
exceeded that of the NH,-free run but was much 
lower than the NH,-buffered solutions. Triethyl- 
amine in place of ammonia showed definite catalytic 
activity with a k,,, of 6.4 x s-l, yet only 
hydrolytic products were formed. Methylamine 
approached the reactivity of ammonia with a result- 
ing k,,, of 7.8 x s-' with the reaction pro- 
gressing according to [4]. 

Variation in pH on the ammonia system showed 
that at pH 6.01, which corresponds to about half 
neutralization of EDTA, the rate constant was 
about the same as in the absence of ammonia at 
pH 9.3, with k,,, = 3.6 x s-'. On the other 
hand, a very large excess of ammonia, pH 11.08, led 
to a pronounced increase of the rate with k,,, = 
1.1 10-4 S-1. 

The variation in k,,, measured under a variety of 
conditions indicates that the rate law may be a 
composite of both hydrolytic and ammonolysis terms 
with each term in turn depending on the degree of 
protonalion of the EDTA anion itself. Therefore, in 
the most general case, the rate law may be expanded, 

species present in the pH range over which the 
measurements have been made. The pseudo-first- 
order kinetic expression shown in [4] becomes 
identical with [5] only under three conditions: (i) 
the reactive species of EDTA predominates to 
the virtual exclusion of the other species in equi- 
librium with it; (ii) only one form of EDTA is 
reactive, irrespective of its concentration, while the 
remaining species are sufficiently less reactive to be 
neglected; (iii) the very remote possibility that the 
rate constants of the various forms are equivalent 
for reaction with NH,, OH, OH, (i.e., kNH,(" = 
kNHs(2) = k (3), kOH(l) = k (2) = k (31, and 

NH 3 OH OH 

kH20(" = k H 2 0  = k (,). This possibility may be 
Hz? 

discarded since reactivities of differently charged 
species cannot possibly be equivalent. The fact that 
first-order kinetics have indeed been observed under 
a variety of conditions provides preliminary evidence 
that n~echanisn~ ii is most likely. 

At this point, it is necessary to consider the de- 
tailed solution equilibria at 175OC, the temperature 
of the reaction. To accon~plish this, the pK, values 
for EDTA and NH4+ and Kw for water are needed 
at this elevated temperature. Although a direct 
measurement was not possible, an inverse tempera- 
ture extrapolation technique was utilized to deter- 
mine the ion product concentration constant for 
water and the proton association constants of EDTA 
at p - 0.100 and T = 175°C. The values of -log Kw 
for water and log KLH for EDTA were measured at 
several elevated temperatures up to the boiling point 
of water and were then extrapolated to 175OC; 
-log Kw was found to be 10.72 while the successive 
log protonation constants for EDTA were deter- 
mined to be 8.79, 5.62, 3.61, and 2.6. The pK, for 
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MOTEKAITIS ET AL 

TABLE 6. Smoothed valuesa of kabs from Table 5 and kOb, values determined under other reaction 
conditions 

Temperature 
System PC) 0 PC) PH kobs (sw1) 0 (ssl) 

EDTA/NH3 175 9.30 8 . 6 ~ 1 0 - ~  0 . 6 ~ 1 0 - ~  
EDTA/NH3 163 9.30 2 . 8  x ~ O - ~  0 .3  x ~ O - ~  
EDTA/NHs 149 9.30 7 . 5  x ~ O - ~  0 .3  x ~ O - ~  
EDTA/NH3 175 1 . 2  11.08 1 . 1 ~ 1 0 - ~  0 . 1 x 1 0 - ~  
EDTA/NH3 175 0 .8  6.01 3 . 6 ~ 1 0 - ~  0 . 3 ~ 1 0 - ~  
EDTA/NaOH 175 1.5 9.40 4 . 2 8 ~  0 . 0 8 ~  
EDTA/Py/NH3 175 2 . 0  9.39 5 .0  x 1 0 - ~  0 . 3  x l o 4  
EDTA/CHBNHz 175 0 . 9  9.45 7.8 x ~ o - ~  0 . 3  x ~ o - ~  
EDTA/(CzH5)3N 175 1 . 9  9.35 6 . 4 ~ 1 0 - ~  0 . 3 ~ 1 0 - ~  

'First three entries; subsequent entries are results of individual experiments. 

NH4+ was taken from the literature (9, 10) and cor- decomposition was observed over several half-lives 
rected for ionic strength while that for boric acid was of EDTA hydrolysis. The property which sets EDTA 
calculated from the work of Mesmer et al. (1 1). The apart is that its structure possesses two basic nitrogen 
final values of log KH used in the calculation of the atoms on adjacent carbon atoms capable of facile 
initial species concentration at 175°C shown in protonation. The increased localization of positive 
Table 7 were 6.19 for NH4+ and 8.26 for H3B03. charge resulting from diprotonation contributes to 

Table 7 illustrates some very important observa- the affinity for negatively charged nucleophiles and 
tions concerning the changes in species distributions lone pairs on amine bases, thus greatly increasing the 
upon elevating the temperature from 25 to 175°C. In reactivity and rate of initial nucleophilic attack. 
all cases, the pH at 175°C is lower than the original Presumably, the other EDTA species (i.e., H L ~ -  
to different extents, depending mainly on the prin- and L4-) can also react with the same nucleophiles 
cipal buffer present. For example, Table 6 contains but require higher temperatures (i.e., their reaction 
an entry which shows that the rate of hydrolysis rates are much lower). 
promoted by NaOH at pH 9.4 and 25°C is charac- With H2Y2- as the reactive species, [5] may be 
terized by a kobs = 4.28 x s-l. The use of simplified considerably to give [6]. Since [H2L2-] is 
material and electrobalance equations shows, in 
Table 7, that at 175"C, and pH 7.62, the hydroxide ion [6] -d[EDTA]/dt = {kc3'[NH3] + k'3'[OH-] 

concentration rises some 20 times, while the pre- 
dominating EDTA species, HL3-, remains at 
-93% of the total EDTA. Also the low pH solution 
dropped only -0.8 pH units on heating while the 
free NH, concentration approached 10% of the total 
NH3 added. The pK, for NH,' drops 2.94 log units 
in this temperature interval. In contrast, the borate 
buffered solution remained relatively alkaline, yet 
demonstrated a remarkably small kobs. The remark- 
able catalytic effect of ammonia and the lack of cata- 
lysis by borate suggest an important role for low pH 
EDTA species in the hydrolysis reaction. 

After calculation of high temperature initial dis- 
tributions of the species under a variety of reaction 
conditions, the predominating species (vide supra, 
case i) model was tried both with and without 
kHz,. No satisfactory fit of the data could be ob- 
tained and the calculated results were inconsistent. 

It was then assumed that only one protonated form 
of the EDTA was reactive while the remaining two 
were relatively unreactive. H2L2- was chosen as the 
reactive species because such a choice would be in 
conformity with several important observations. 
When HEIDA, or IDA, or NTA were subjected to 
the hydrolytic conditions described in this paper, no 

only a part of the EDTA present in solution, at each 
pH (175°C) a concentration correction is necessary 
to equate terms in [4] to corresponding terms of 
161. Thus 

and 

Equation [8] was analyzed in two ways. First, a 
regression analysis was performed which in addition 
to giving a very poor overall fit, provided a very large 

which rendered the contributions from 
hydroxide attack and ammonia attack relatively 
unimportant. The actual values obtained in this way 
also do not make chemical sense (koH(3) = 3.2 x 
lo-3 M-I S-l, kNH,(3) = 1.0 x M - l  s - l, and 

= 3.9 x lop3 M-'  s-l or 7.0 x M-I 
s-l for 55.5 M H20). 

Another analysis of [8] was made assuming that 
is relatively unimportant and as such can be 
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eliminated from [8]. A linear least-squares regression 
computation was made which gave k,H,(3) = 8 .5  x 
10-3 M-I s - ~  and koH(3) = 5.1 M-I s - I  (o = 18%). 

This is a remarkable iit, which suggests that the 
kinetic model chosen is probably the correct one. 

It appears then that the reaction pathways in- 
dicated by [ I ]  and [2] may proceed by the attack of 
the respective nucleophiles (NH, or OH-) on the 
diprotonated form of EDTA as shown in [9] and 
[lo].  

-OOCCH2 CH2COO- 
/ 

191 \HN+ -cH~cH~-+ NH 
/ \ 

-OOCCH2 ( CHfOO- 

1 Rate-determining step 

-OOCCH2 + / 
CH2COO- 

) N H C H ~ C H ~ N H ~  / + NH \ 

-OOCCH2 CH2COO- 

fast -Hi 1 
-OOCCH2 ,CH2COO- 

[ 101 / \NH+-CH~CH~-+NH \ 
-OOCCH2 

. CH2c00- 
OH- 

1 Rate-determining step 

-OOCCH2 /CH2COO- 
\ N H + C H ~ C H ~ O H  + NH 
/ 

-OOCCH2 \ CH2COO- 
I .i! 
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Enzymes in organic synthesis. 14.' Stereoselective horse liver alcohol dehydrogenase 
catalyzed oxidations of diols containing a prochiral centre and of related hemiacetals 
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Department of Chernistty, University of Toronto, Toronto, Ont., Canada M5S 1Al 
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J. BRYAN JONES and KAR P. LOK. Can. J. Chem. 57, 1025 (1979). 
The asymmetric synthetic potential of horse liver alcohol dehydrogenase catalyzed oxida- 

tions of variously 3-substituted pentane-1,5-diols has been further delineated. The oxidations 
proceed with enantiotopic selectivity to give the corresponding (3s)-3-substituted valero- 
lactones of up to 78% ee. The reactions occur via initial oxidation of the p r o 3  hydroxyethyl 
group, with the initially-formed hydroxyaldehydes undergoing further in situ enzyme-catalyzed 
oxidation in their hemiacetal forms to give the (3s)-lactones directly. The hemiacetal oxidation 
step is also stereoselective, with oxidation of the (4s)-enantiomer being much preferred. The 
size of the substituent at C-3 in the diols (C-4 in the hemiacetals) affects both the enantioto~ic 
and enantiomeric specificity of the enzyme. Both types of stereospecificity are highest when 
the substituents are smallest, such as methyl or ethyl, and diminish progressively for diol or 
hemiacetal substrates bearing large aliphatic or aromatic substituents. All reactions were 
carried out on a preparative (up to 2 g) scale. 

J. BRYAN JONES et KAR P. LOK. Can. J. Chem. 57, 1025 (1979). 
On a delimite d'une f a ~ o n  plus precise les possibilites en synthirse asymktrique d'oxydations 

catalysees par I'alcool deshydrogknase du foie de cheval de pentane-diols-1,5 varies. Les 
oxydalions-se produisent avec sClectivit6 enantiopique pour donner les 3S valerolactones 
corresoondantes avec des ire allant iusau'i 78%. Les reactions se oroduisent oar l'intermkdiaire 
d'une bxydation initiale du hidroxy6thyle pro-S, avec uhe oxydatidn in situ catalyske 
par les enzymes, des hydroxyaldChydes formes initialement et presents sous forme d'hemi- 
acetals conduisant directement aux 3s-lactones. L'Ctape de I'oxydation de I'hCmiac6tal est 
aussi sterCos6lective; I'oxydation de I'enantiomere 4S est de beaucoup favoriske. La taille des 
substituants en C-3 des diols (C-4 des hCmiac6tals) affecte la specificitk Bnantiotope et 6nantio- 
mirre de I'enzyme. La ster6ospecificite de chaque type est a son maximum avec les substituants 
les moins volumineux tels un mkthyle ou un Cthyle et elle diminue progressivement lorsque 
les diols ou les hCmiac6tals portent des substituants aliphatiques ou aromatiques plus volu- 
mineux. On a effectue toutes les reactions au niveau preparatif (jusqu'a 2 g). 

[Traduit par le journal] 

Exploitation of the chiral catalytic properties of 
enzymes for asymmetric synthesis purposes is 
attracting increasing attention (2). HLADH? a 
commercially available NADf-dependent alcohol 
dehydrogenase which catalyzes CH(0H) + C=O 
oxidoreductions for a broad spectrum of substrates 
of organic chemical interest, is one of the most 
versatile of the enzymes of proven practical value (2). 
Of particular asymmetric synthesis value is its ability 
to effect enantiotopically selective transformations 
on substrates containing a prochiral centre. This was 
demonstrated previously (lb) with the diol substrates 
la, d, and f. The overall reactions observed are 

with the initially-formed hydroxy aldehydes 2 under- 
going subsequent HLADH-catalyzed oxidation in 
their hemiacetal forms 3 to give the lactones 4a, d, 
and f directly. 

It is clear that two types of HLADH stereo- 
specificity can influence the degree of enantiomeric 
enrichment observed in the product lactones 4. These 
are enantiotopic selectivity in the 1 -+ 2 step and 
stereoselectivity during oxidation of the hemiacetal 
diastereomers 3. The original study (lb) indicated 
that both types of stereospecificity could be im- 
portant and that the extent of asymmetric synthesis 
was also affected by the nature of the R-group at 

summarized in Scheme 1. For each of la ,  d, and f, C-3. However, no firm conclusions could be drawn 
enantiotopically selective oxidation of the pro-S from the limited data available. 
hydroxyethyl group was the predominant reaction, We have now examined these important questions 

in more detail using the broadened structural range 
lFor previous papers in this series, see ref. 1, and references of dial substrates la-h. l-he stereospecificity of 

therein. 
*Abbreviations used: HLADH, horse liver alcohol dehy- hemiacetal oxidation reaction has also been eval- 

drogenase; NAD+, nicotinamide adenine dinucleotide; FMN, uated. The results show that the enantiotopic 
flavin mononucleotide; ee, enantiomeric excess. selectivity of HLADH in the 1 -+ 2 oxidation step 

0008-4042/79/091025-08$01 .OO/O 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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1026 CAN. J .  CHEM. VOL. 57, 1979 

is the most important factor in determining the 
enantiomeric excess of the final lactone product 4 
from diols 1 and that the stereospecificity of the 
enzyme diminishes for both 1 -, 2 and 3 + 4 oxida- 
tions as the substituent R becomes larger. 

Results 
The diols la-h and the racemic lactones 4a-h were 

prepared by the methods used previously (la, b) and 
diastereomeric mixtures of the hemiacetals 3a-h by 
reduction of (f )-4a-h with diisobutylaluminum 
hydride (3). 

Preparative-scale HLADH-catalyzed oxidations of 
the diols la-h and of the hemiacetals 3a-h were 
carried out at pH 9 using FMN recycling of catalytic 
amounts of the expensive NADf coenzyme (Id). 

The reaction products contained the lactones (3s)- 
4a-h and the hemiacetals (4R)-3a-h of varying 
degrees of optical purity. The (4R)-enriched hemi- 
acetals were oxidized to the corresponding (3R)- 
lactones with silver oxide, and the enantiomeric 
excesses and absolute configurations of each pair of 
lactones then determined. All enantiomeric excesses 
were determined directly (4). Absolute configura- 
tions were correlated by comparison with previously 
assigned (lb) lactones (4a, d, and f )  or by,conversion 
to a 2-substituted succinic acid 7 or 3-substituted 
valeric acid 8 of known configuration using one of 
the Scheme 2 degradations. The results are sum- 
marized in Tables 1 and 2. A kinetic analysis of the 
hemiacetal substrate oxidations was also carried out. 
The data are recorded in Table 3. 

Me N Me > A  
or COOEt 

(1) (C6H5),Se2 

R 

HOW+ 
COOEt COOH 

8 7 
SCHEME 2 
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JONES AND LOK 1027 

TABLE 1. Enantiomeric excesses and absolute con- 
figurations of lactones 4a-h obtained via HLADH- 

catalyzed oxidations of diols la-ha 

Substrate Productsb %yield % ee 

aReactions allowed to go to completion at pH 9. 
b3R-Lactones obtained by silver oxide oxidation of the 4R- 

hemiacetals isolated from the individual reaction mixtures. 
CAnomalously high, see Discussion. 

TABLE 2. Enantiomeric excesses and absolute con- 
figurations of lactones 4a-h obtained via HLADH- 

catalyzed oxidations of hemiacetals 3a-ha 

Substrate Productsb yieldc %ee 

3a (3s)-4a 70 73 
(3 R)-4a 30 66 

36 (33)-46 68 44 
(3 R)-46 24 53 

3c (3s)-4c 80 29 
(3 R)-4c 16 24 

3d (3s)-4d 64 20 
(3 R)-4d 24 22 

3e (3s)-4e 96 12 
(3 R)-4e 12 10 

3f (38-4f 58 13 
(3R)-4f 18 11 

3g (3s>-4g 78 12 
(3R)-4g 16 8 

3h (3s)-4h 84 14 
(3 R)-4h 8 8 

'Reactions terminated at 50% oxidation stage at pH 9. 
b3R-Lactones obtained by silver oxide oxidation of the re- 

covered 4R-hemiacetals. 
<Based on 50% reaction. 

Discussion 
All of the enzyme-catalyzed reactions were carried 

out on synthetically significant (up to 2 g) amounts 
of the substrates. The hemiacetal oxidations were 
stopped after - 50% of reaction. (Enzyme-catalyzed 
resolutions of chiral substrates are traditionally 
terminated at this point since this is the stage at 

which optically pure products are obtained if the 
enzyme's stereospecificity is absolute). In contrast, 
with the symmetrical diol substrates 1, the reactions 
were allowed to proceed to completion since enantio- 
topically selective transformations are true asym- 
metric inductions. Operating on symmetrical sub- 
strates thus has the great advantage that it avoids the 
inevitably lower (50% maximum) yields of a desired 
stereoisomer obtained when the substrate is a 
racemate. In the latter cases the unwanted enantio- 
mers are generally wasted. 

The experimental techniques used to carry out the 
enzyme-catalyzed oxidations were quite straight- 
forward. The work-up procedure was also simple, 
consisting of continuous chloroform extraction, first 
at pH 3 to isolate the 3s-enriched lactones 4a-h, 
followed by a second continuous extraction at pH 12 
to recover the 4R-enriched hemiacetals 3a-h present. 
The latter were all smoothly oxidized to the corre- 
sponding 3R-lactones with silver oxide. Good yields 
of the 3s-lactones were isolated in all cases. How- 
ever, the amounts of 3R-enriched lactones obtained 
were somewhat reduced by mechanical losses during 
the hemiacetal extraction and subsequent oxidation 
stages. No attempt was made to optimize the yields 
in any reaction. The percentages listed in the Tables 
1 and 2 can undoubtedly be improved significantly. 

The optical purities of the 3s-lactones 4a, g, and h 
obtained previously (lb) were estimated from 
optical rotation data. Optical methods are, however, 
well recognized to be unreliable at times and all 
enantiomeric excesses reported in the present work 
were determined directly by gas chromatographic 
analysis of their (2R,3R)-butanediol orthoester 
derivatives (4). Care was taken during the absolute 
configuration correlations of Scheme 2 t o  ensure that 

w 

no epimerization occurred at any stage.3 Dehydro- 
halogenation of 5 to 6 using the diphenyldiselenide 
procedure (7) proved much superior to the 2,4,6- 
trimethylpyridine-mediated elimination used initially 
(lb). 

The kinetic data (Table 3) on the hemiacetals 3a-g 
showed that each was a very good substrate of the 
enzyme, thereby confirming the earlier supposition 
(lb) that they were intermediates in the overall 
oxidation of 1 + 4. With the exception of the 

3The apparent discrepancies (lb, 6a) in the optical purity and 
absolute configuration assignments of the phenyl lactone 4f 
has now been resolved (6b). The (+)-enantiomer has the 3S 
absolute configuration (lb). A detailed investigation (66) of 
the properties of 4f has shown that the erroneous 3R assign- 
ment (6a) was due to the unsuspected sensitivity of (+)-4f to 
distillation. The other 3-substituted lactones are stable. The ee 
values for 4 f based on optical rotation (lb, 66) and the ortho- 
ester glc data of this paper are now in total agreement. 
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TABLE 3. Kinetic parameters for HLADH- 
catalyzed oxidations of the hemiacetals 3a-ha 

Substrate K,,,(app) (mM) V,,,ax(s-l) 

3a 2 .9  1.67 
36 2 .4  1.85 
3c 0 .9  1.56 
3d 5 .3  0.75 
3f  0 . 6  1.28 
3g 2 . 2  1.49 

Ethanolb 0.70 2.38 
Cyclohexanolc 0.90 3.30 

.Determined at 25°C in 0.05 M glycine-NaOH buffer, 
pH 9 with [NAD+] 5.0 x 10-4 M and [hemiacetal] 
1 0 - ~  - M. 

From ref. 5. 
=From ref. la. 

isopropyl compound 3d, each hemiacetal is oxidized 
at effectively the same maximum velocity. Further- 
more, the Vmax values are not significantly different 
from those of ethanol and cyclohexanol, for which 
NADH dissociation from the enzyme-NADH com- 
plex in the final step is rate determining (5,8). NADH 
dissociation is thus the predominant rate determining 
step in the oxidation of the hemiacetals 3a-c, e-f 
also, just as it is for the diols la-f (la). The much 
lower Vmax value for 3d indicates that the hydride 
transfer step has become slow enough to be at least 
partly rate determining. 

The results of the preparative-scale experiments 
summarized in Tables 1 and 2 are of considerable 
asymmetric synthesis interest. As Table 1 shows, 
HLADH always exhibits pro-S selectivity in its 
catalysis of the oxidation of the enantiotopic 
hydroxyethyl groups of the diols la-h. The degree of 
enantiotopic selectivity is strongly influenced by 
the size of the substituent at C-3. When it is small, 
e.g., methyl (la), the 3s-lactone isolated has a very 
high optical purity. The enantiomeric excess dimin- 
ishes as the size of the R group is increased through 
ethyl (lb) to propyl (lc) but remains high as long as 
the steric bulk of the C-3 substituent remains below 
a critical threshold level. The isopropyl function has 
clearly begun to exceed the tolerance of the enzyme 
in this regard with the optical purity of (3s)-4d 
being only 46%. Further increases in the size of the 
C-3 substituent lead to progressively diminishing 
enantiomeric excesses; for oxidation of the diols 
le-h, the optical purities of the lactone products are 
too low to be of asymmetric synthesis interest. The 
3s-enriched lactones 4a-h are obtained in good yield 
and are the only major products. The amounts of 
the 3R-lactones obtained by chemical oxidation of 
the residual 3R-hemiacetals in the reaction mixtures 
were very low. Furthermore, their enantiomeric 
excess levels were unexciting, except for (3R)-4g. In 
this case, the anomalously high optical purity of 68% 

is probably the result of an unusually powerful effect 
of substrate concentration on the relative rates of 
enzymic oxidation of the diastereomeric hemiacetal 
intermediates (la). 

From Table 2, it is seen that HLADH-mediated 
oxidation of the racemic hemiacetals (+)-30-h is 
routinely enantiomerically selective for the 4S- 
enan t i~mer .~  The chemical yields of (3s)-3a-h are 
very respectable, those of (3R)-3a-h are low owing 
to the losses incurred during purification following 
chemical oxidation of their 4R-hemiacetal pre- 
cursors. Again the enantiomeric excesses of the 
lactones are high when the C-4 group is small and 
diminish progressively as this substituent becomes 
larger. However, for the hemiacetal substrates, the 
stereoselectivity of the enzyme is far more sensitive 
to the size of the C-4 substituent than with the 
corresponding diol substrates. With the exception of 
3a, the enantiomeric excesses of the lactones of 
Table 2 are not of practical asymmetric synthesis 
value. 

As is usual in enzymic resolutions of racemates, 
the optical purities of the enantiomeric pairs of 
lactones 4a-h are effectively equal. This contrasts 
the situation in Table 1 where the optical purities of 
the enantiomeric lactones derived from the better 
diol substrates la-c are dramatically different. This 
fact, together with the disparities between the hemi- 
acetal yields of the diol-derived 3R- and 3s-lactone 
pairs, proves conclusively that the enzyme is exhibit- 
ing true pro-S enantiotopic selectivity in its 
catalysis of the oxidation of the diols la ,  b to the 
initial hydroxyaldehyde products (3s)-2a-h. For- 
tuitously, the second oxidation, 3 + 4, also occurs 
with S stereoselectivity. 

The enantiomeric excess levels of the 3s-lactones 
isolated from the diol precursors therefore reflect the 
combined effects of these enzyme specificity proper- 
ties. From the data of Tables 1 and 2, it is seen that 
the enantiotopic selectivity factor is most important 
when the R substituent is smallest. Its influence 
diminishes as its bulk increases and becomes incon- 
sequential when R is larger than isopropyl. 

The results summarized in Tables 1 and 2 are all 
rationalizable in terms of the system of coordinates, 
termed the diamond lattice (2), whereby the preferred 
and allowed orientations of a substrate at the active 
site of the HLADH can be identified. The diol and 
hemiacetal analyses described previously (lb) apply 
without qualification. 

40xidation of the hemiacetals is considered to take place 
with the C-2-hydroxyl group axially oriented in the ES com- 
plex (16). Enantiomeric selectivity has also been observed in 
the HLADH-catalyzed oxidation of five-membered ring 
hemiacetals (lc). 
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JONES AND LOK 1029 

The benzyl ( l g ,  3g)  and phenethyl ( l h ,  3h) sub- and concentrated. The residual oil was distilled to give 
strates were included in this study in order to aster- 3-c~clohex~l~entane-1,5-diol (le, 3.5 g) bp 13l0C/0.05 Torr; 

'H nrnr (CZHC13) 6: 0.8-2.2 (16H, m) and 3.3-3.9 (6H, m) tain whether or llot the adverse interactions of the ppm. Anal. calcd. for CllHzzOz: C 70.92, H 11.90; found: 
phenyl group of I f  and 3f with forbidden regions of ~ 7 0 . 7 7 .  H 11.78. - 

the active site (lb) could be alleviated by progressive 
3-Phenethylpentane-l,5-diol (lhJ of groups. This is the sodium (11.5 g, 0.5 mol) was dissolved in ethanol (200 mL) 

case. Any large group in this region of the active site and ethvl malonate (80 a. 0.5 mol) added. The mixture was 
is evidently undesirable. 

Experimental 
Melting points were determined on a Fisher-Johns apparatus 

and are uncorrected. Infrared and nrnr spectra were recorded 
for all compounds; in each case the spectra were unexcep- 
tional and selected spectral data only are reported. Optical 
rotations all refer to CHCl, (c, 1) solutions unless specified 
otherwise. Gas-liquid chromatographic analyses were per- 
formed using 1 m x 3 mm columns of 2 z  QF-1 on Chromo- 
sorb G with flame ionization detection. NAD+ and FMN 
were purchased from Sigma. HLADH (EC 1.1.1 .l) may be 
purchased from Worthington or Boehringer. It was assayed 
(8c) before use; the amounts of HLADH quoted represent 
milligrams of active enzyme. 

Preparation ofthe 3-Substituted Pentanediols la-h 
The diols la-d, f, g were prepared as described previously 

(la, b). 
3-Cyclohexylpentane-1,5-diol (le) 
Diethyl cyclohexylmalonate (34 g, 0.14 mol, prepared as 

described by Hope and Perkin (9)) in dry tetrahydrofuran 
(200mL) was added dropwise with stirring at 20°C to a 
suspension of lithium aluminum hydride (7.6 g, 0.2 mol) in dry 
tetrahydrofuran (400 mL). The mixture was heated on an oil 
bath at 60°C for 1 day and then cooled to 0°C. The reaction 
was quenched carefully with 3 z  aqueous sodium hydroxide 
(40 mL), filtered, and the dried (M~so,) filtrate evaporated. 
The residue was recrystallized from acetone to give 2-cyclo- 
hexylpropane-1,3-diol, (16.5 g) mp 90-91°C. 

Methanesulfonyl chloride (16.2 mL, 0.21 mol) was added 
dropwise to a solution of the above diol (15.8 g, 0.1 mol) in 
dry benzene (100 mL) and dry pyridine (50 mL) cooled to 5°C. 
The mixture was then stirred overnight at 20°C. The solid 
present was filtered off and washed with benzene and the com- 
bined organic filtrates washed with saturated aqueous sodium 
bicarbonate followed by saturated brine. The dried (NazS04) 
organic layer was evaporated to give 2-cyclohexylpropane-1,3- 
diol bismethanesulfonate (30 g, 0.097 rnol). This was dissolved 
in ethanol (150 mL) and potassium cyanide (13.7 g, 0.21 mol) 
in water (50 mL) added. The mixture was refluxed for 6 h, then 
10 N aqueous sodium hydroxide (50mL) was added and 
refluxing continued for a further 20 h. The resulting solution 
was concentrated to 150 mL and washed with ether. The 
aqueous layer was decolourised with Norite, filtered, and the 
filtrate cooled in an ice bath and acidified with 6 N hydro- 
chloric acid. The resulting solid was filtered off, dissolved in 
saturated aqueous sodium bicarbonate and then reprecipitated 
with 6 N hydrochloric acid to give, after drying, 3-cyclohexyl- 
glutaric acid (8.28 g, 0.04 rnol). 

The cyclohexylglutaric acid (5.0 g, 24 mmol) in dry tetra- 
hydrofuran (50 mL) was added dropwise with stirring at 20°C 
to lithium aluminum hydride (1.9 g, 50 mmol) in dry tetra- 
hydrofuran (100 mL). The resulting suspension was refluxed 
for 8 h, then cooled to O°C, and the reaction quenched by the 
careful addition of 2 z  aqueous sodium hydroxide (10 mL). 
The solid produced was filtered off, washed with tetrahydro- 
furan, and the combined filtrate and washings dried (NazS04) 

maintained at 60°C during the slow addition of phenethyl 
bromide (92.5 g, 0.5 mol) and then refluxed for 20 h. The 
cooled (20°C) mixture was diluted with water (300 mL), the 
organic solution separated, and the aqueous layer extracted 
with ether. The combined organic solutions were dried 
(MgSO,), evaporated, and the residue distilled to give diethyl 
phenethylmalonate (75 g), bp 168-170"C/2.5 Torr; ir (film): 
1725 cm-'; 'H nrnr (CZHCl3) 6: 1.3 (6H, t, J = 6 Hz), 2.0-2.9 
(4H, m), 3.3 (lH, t, J = 7 Hz), 4.2 (4H, q, J = 6 Hz), and 7.2 
(5H, s) ppm. Anal. calcd. for CI5Hl5O4: C 68.16, H 7.62; 
found: C 68.04, H 7.50. 

The subsequent procedures were as described above for le. 
Reduction of the phenethylmalonate (74.5 g, 0.34 mol) gave 
2-phenethylpropane-l,3-diol as a crystalline product (40.3 g), 
mp 57°C; 'H nrnr (CZHC13) 6: 1.3-2.0 (2H, m), 2.4-2.8 (3H, 
broad t), 3.4-4.0 (4H. m). and 7.2 (5H. s) mm. Anal. calcd. for 
C11Hl60Z: C 73.30, H 8.95; found: C 73:33, H 9.14. This diol 
(9 g, 50 mmol) was converted to 2-phenethylpropane-I,3-diol 
bismethanesulfonate (16.7 g, 50 mmol) which was transformed 
directly into 3-phenethylglutaric acid (3.6 g after recrystalliza- 
tion from water), mp 99-100°C; 'H nrnr ((CzH3),SO) 8:  1.4- 
2.0 (2H, m), 2.1-2.9 (7H, m), and 7.1 (5H, s) ppm. Reduction 
of 3-phenethylglutaric acid5 (1 1.8 g, 50 mmol) yielded 3- 
phenethylpropane-1,3-diol (lh, 8.53 g), bp 152-1 54"C/0.5 Torr ; 
'H nrnr (CZHC13) 6 : 1.3-1.9 (7H, m), 2.4-2.8 (2H, m), 3.3-4.1 
(6H, m), and 7.2 (5H, s) ppm. Anal. calcd. for CijHzoOZ: 
C 74.96, H 9.68 ; found : C 74.88, H 9.76. 

Preparation of Hemiacetals 3a-h 
The 4-methylhemiacetal3a was synthesized by the literature 

method (11). The remaining hemiacetals 36-h were prepared 
by reduction of the corresponding lactone 4b-h with diiso- 
butylaluminum hydride according to the procedure of 
Schmidlin and Wettstein (3). All of the hemiacetals were 
relatively unstable. These were used immediately following 
chromatographic purification. 

2-Hydroxy-4-ethyltetrahydropyran (( f ) -3b) 
Diisobutylaluminum hydride (10 g, 70 mmol, 2 0 z  solution 

in n-hexane) was added dropwise with stirring under nitrogen 
at -78°C to 3-ethylvalerolactone ((f)-4b, (la), 3.9 g, 30 
mmol) in dry toluene (300 mL). Stirring at -78°C was con- 
tinued for a further 3 h and the reaction was then quenched 
by the slow addition of methanol until gas evolution ceased. 
The mixture was stirred for 30 min at 20°C, then diluted with 
ether (100 mL). Saturated brine (100 mL), followed by 6 N 
hydrochloric acid (50 mL) to destroy the resulting emulsion, 
were added and the organic layer separated. The aqueous 
solution was reextracted with ether and the combined ether 
solutions washed with saturated brine and then dried (MgS04). 
The solvent was rotary evaporated carefully at 20°C and the 
oil obtained chromatographed quickly on silica gel (50 cm x 
2 cm column, ether - petroleum ether, bp 4 6 0 ° C  (30:70) 
elution). Evaporation of the desired eluant fractions yielded 
2-hydroxy-4-ethyltetrahydropyran ((+)-3b, 2.9 g); 'H nrnr 6: 
0.7-2.2 (1 OH, m) and 3.2-5.4 (4H, m) ppm. 

5Subsequently prepared by the method of Koppang et al. 
(10). 
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This basic procedure was used to prepare each of the 
following hemiacetals (f )-3c-h. 
2-Hydroxy-4-n-propyltetrahydropyran (( + ) -3c) 
This was obtained in 64% yield from 3-n-propylvalero- 

lactone ((f )-4c (la), 5 g, 35 mmol); 'H nrnr (CZHC13) 6: 
0.8-2.2 (1 2H, m) and 3.2-5.4 (4H, m). 

2-Hydroxy-4-isopropyltetrahydropyran (( f ) -3d) 
This was obtained in 76% yield from 3-isopropylvalero- 

lactone ((f)-4d (lb), 5 g, 35 mmol); 'H nrnr (C2HCI3) 6: 0.9 
(6H, d, J = 6.4 Hz), 1.1-2.1 (6H, m), and 3.2-5.4 (4H, m) ppm. 

4-Cyclohexyl-2-hydroxytetrahydropyran (( + ) -3e) 
3-Cyclohexylglutaric acid (8.28 g, 40 mmol, see preparation 

of le) was refluxed with acetic anhydride (50 mL) for 10 h. 
Excess acetic anhydride and acetic acid were removed by 
rotary evaporation and the residue distilled to give 3-cyclo- 
hexylgluraric anhydride (6.3 g), bp 158"C/0.75 Torr; ir (film): 
1750, 1820 cm-' ; 'H nrnr (C2HC13) 6: 0.62.2 (12H, m) and 
0.6-2.2 (4H, m) ppm. Anal. calcd. for CllH1603: C 67.32, 
H 8.22; found: C 67.21, H 8.18. 

The anhydride (4.9 g, 25 mmol) in dry tetrahydrofuran 
1 (40 mL) was added at 0°C to sodium borohydride (0.95 g, 25 

mmol) in dry tetrahydrofuran (10 mL). Stirring was continued 
for 10 h at 20°C, then 6 N hydrochloric acid (10 mL) was 
added cautiously and the mixture concentrated. Water (100 
mL) was added and the solution extracted with ether (3 x 50 
mL). The ether extract was dried (NaZSO4) and evaporated to 
give 3-cyclohexylvalerolactone (( + )-4e, 3.3 g), bp 120-1 21 "C10.2 
Torr; 'H nrnr (C2HC13) 6: 0.62.2 (14H, m), 2.2-2.7 (2H, m), 
and 4.0-4.6 (2H, m) ppm. Anal. calcd. for CllHI802: C 72.49, 
H 9.95; found: C 72.64, H 9.89. 

Reduction of (f )-4e by the Schmidlin and Wettstein (3) 
method gave 4-cyclohexyl-2-hydroxytetrahydropyran ((+)-3e, 
60% yield, acetone-hexane (1:3) elution) as a more-than- 
usually unstable hemiacetal. 
2-Hydroxy-4-phenyltetrahydropyran (( + ) -3f) 
This was prepared from 3-phenylvalerolactone ((+)-4f (12), 

6.06 g, 35 n~mol) in 55% yield (methanol - methylene chloride 
(1 :20) elution); 'H nrnr (C2HCI3) 6: 0.84.2 (9H, m) and 7.2 
(5H, s) PPm. 
4-Benzyl-2-hydroxytetrahydropyran (( f ) -3g) 
This was obtained by reduction of 3-benzylvalerolactone 

((f )-4g (la), 6.72 g, 35 mmol) in 61% yield; 'H nrnr (CZHCl3) 
6: 0.94.3 ( l lH,  m) and 7.3 (5H, s) ppm. 
2-Hydroxy-4-phenethyltetrahydropyran (( f ) -3h) 
3-Phenethylglutaric acid (4.7 g, 20 mmol, see preparation 

of lh)  was converted to the anhydride as described above for 
(f )-3e. 3-Phenethylglutaric anhydride (2.78 g after recrystal- 
lization from ether - petroleum ether (bp 40-60°C)) had mp 
69.5-70°C; 'H nrnr (C2HC13) 6: 1.5-3.3 (9H, m) and 7.2 (5H, 
m). Anal. calcd. for C13H1403: C 71.54, H 6.47; found: 
C 71.47, H 6.54. 

The above anhydride (10.9 g, 0.05 mol) in dry tetrahydro- 
furan (50 mL) was added at 0°C with stirring to sodium boro- 
hydride (2.0 g, 0.05 mol) in dry tetrahydrofuran (10 mL). 
Stirring was continued for 10 h at 20°C and 6 N hydrochloric 
acid (20 mL) then added cautiously. After concentrating, 
water (100 mL) was added to the mixture and it was extracted 
with ether (3 x 50 mL). The ether extract was dried (Na2S04), 
evaporated, and the residual oil distilled to yield 3-phenethyl- 
valerolactone ((+)-4h, 6.3 g) bp 153-154"C/0.25 Torr which 
subsequently solidified, mp 4343.S°C; 'H nrnr (C2HC13) 6: 
1.3-3.0 (9H, m), 4.0-4.7 (2H, m), and 7.2 (5H, s) ppm. Anal. 
calcd. for C13H1602: C 76.44, H 7.89; found: C 76.52, H 7.84. 

The lactone (+)-4h (4.08 g, 0.02 mol) was reduced in the 
usual way to give 2-hydroxy-4-phenethyltetrahydropyran 

((_+)-3h) in 75% yield (n-hexaneacetone (7:3) elution) as a 
colourless solid, mp 60-64°C; 'H nrnr (CZHCI3) 6: 0.8-2.8 
(10H, m), 3.24.8 (3H, m), and 7.2 (5H, s) ppm. 

HLA DH-Catalyzed Oxidation of the Diols la-h 
The oxidations were effected on a 10 mmol of substrate 

scale using the previously described procedure (1b).6 The 
enantiomeric excess of the product lactones (3s)- and (3R)- 
4a-h were measured directly by glc examination of their 
orthoesters with (2R,3R)-butane-2,3-diol (4). The results are 
summarized in Table 1. 

The physical properties of the lactones were as described 
previously (la, b) or as given above for the racemates. The 
optical rotations observed are given below. 

Compound [c(]~" % ee Compound [c(IDz5 % ee 

(3s)-4a -23.6" 78 (3R)-4a +4.7" 15 
(38)-46 -20.4" 74 (3R)-46 +5.8" 21 
(3s)-4~ - 13.5" 67 (3R)-4c + 2.0" 11 
(3s)-4d - 14.4" 46 (3R)-4d + 11 .So 36 
(3s)-4e +4.3" 18 (3R)-4e (-3.9")" 26 
(3s)-4f +0.8" 16 (3R)-4f -0.4" 6 
(3s)-4g - 19. 1" 20 (3R)-4g (+24.2")" 68 
(3s)-4h -14.3" 18 (3R)-4h (+17.1°)" 36 

'1These compounds were obtained in very low yields (Table 1)  and the 
quantities isolated were insufficient for accurate specific rotation measure- 
ments. 

HLA DH-Catalyzed Oxidations of the Hemiacetals ( +) -3a-h 
The enzyme-catalyzed oxidations of the hemiacetals (+)-  

3a-h were each carried out on a 10 mmol of substrate scale. 
The physical properties of the product lactones 4a-h were as 
detailed previously (la, b) or as given above for the racemates. 
Their ee's were determined directly by the orthoester glc 
analytical method (4). The overall results are summarized in 
Table 2. 

The procedure for oxidation of the 4-methyl hemiacetal 
(f )-3a is representative. 

2-Hydroxy-4-methyltetrahydropyran (1.2 g, 10 mmol), 
NAD+ (0.65 g, 1 mmol) and FMN (9.6 g, 20 mmol) were dis- 
solved in 0.05 M pH 9 glycine-sodium hydroxide buffer (900 
mL). The pH of the resulting solution was then readjusted to 9 
with 10 N aqueous sodium hydroxide and HLADH (35 mg) 
added. The reaction mixture was kept in a stoppered flask for 
12 h and the pH readjusted to 9 once again. After a further 7 h, 
glc analyses indicated the desired 50%-of-reaction point had 
been reached. The pH was then raised to 12 with 10 N aqueous 
sodium hydroxide and the mixture continuously extracted 
with chloroform for 2 days. (The aqueous solution was 
retained for further work-up, vide infra.) The dried (MgS04) 
chloroform extract was evaporated and the residual (4R)- 
hemiacetal 3a (514 mg) was oxidized with silver oxide (pre- 
pared by adding sodium hydroxide (2.4 g, 60 mmol) in water 
(10 mL) to silver nitrate (5 g, 30 mmol) in 60% aqueous 
ethanol (30 mL)). The mixture was stirred overnight and was 
then filtered and continuously extracted with chloroform for 
1 day. The chloroform extract was discarded. The aqueous 
solution was acidified to pH 3 with 6 N aqueous hydrochloric 
acid and continuously extracted with chloroform for 36 h. 
After evaporation of the dried (MgS04) chloroform extract 
and molecular distillation of the residue, (3R)-3-methylvalero- 
lactone ((3R)-4a, 180 mg); [ c ( ] ~ ~ '  +20.0° (66% ee) was 
obtained. 

The aqueous solution retained from the initial extraction 

6Reactions were monitored by glc. The longest reaction 
period required was 6 days. 
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was brought to pH 3 with 6 N aqueous hydrochloric acid and 
then continuously extracted with chloroform for 2 days. 
Evaporation of the dried (MgS04) chloroform solution 
yielded, after molecular distillation, (3s)-3-methylvalero- 
lactone ((3s)-4a, 425 mg); [alDZs -21.5" (73% ee). 

Oxidation of the remaining hemiacetals (2)-4b-h in an 
exactly similar manner yielded lactones 46-h, re~pectively.~ 
The optical rotations observed are given below. 

Compound [aIDz5 % ee Compound [c(]D" % ee 

Determination of Absolute Conjigurations of Lactones (3s) - 
and (3R) -4a-h 

The absolute configurations of (3s)- and (3R)-4a, d, and f 
were known (lb). 

Correlation of ( - ) -(3S) -4b 
(-)-(3s)-Ethylvalerolactone (46, 1.28 g, 0.01 mol, [alDZs 

-20.4") in absolute ethanol (20 mL) was treated with excess 
dry hydrogen bromide at 0°C. .After being stirred overnight 
at 20°C, the solution was diluted with water (120 mL) and 
extracted with ether (3 x 50 mL). The ether extract was 
washed with saturated aqueous sodium bicarbonate, then with 
brine, dried (MgSO,) and evaporated. Distillation of the 
residual oil gave (-)-ethyl (3R)-5-bromo-3-ethylpentanoate 
(2.16 g) bp 98-99"C/5 Torr, [aIDz5 - 8.2"; 'H nmr (CZHC13) 6: 
0.95 (3H, t, J = 6.0 Hz), 1.3 (3H, t, J = 7.0 Hz), 0.9-2.4 (7H, 
m), 3.45 (2H, t, J = 7.0 Hz), and 4.15 (2H, q, J = 7.0 Hz) 
ppm. Anal. calcd. (on racemate) for C9HI7O2Br: C 45.59, 
H 7.23; found: C 45.44, H 7.18. 

The above ester (2.16 g, 9 mmol) was refluxed in 2,4,6-tri- 
methylpyridine (10mL) for 3 h. The cooled mixture was 
poured into saturated aqueous copper sulfate solution (200 
mL) and extracted with ether. Evaporation of the dried 
(MgS04) ether solution followed by distillation yielded (-)- 
ethyl (3R)-3-ethylpent-4-enoate (280 mg), bp 70-7l0C/15 Torr, 
[aIDz5 -4.6"; 'H nrnr (CZHC13) 6: 0.9 (3H, t, J = 7.0 Hz), 1.2 
(3H, t, J = 7.0 Hz), 1.4-1.9 (3H, m), 2.2-2.5 (2H, m), 4.1 (2H, 
q, J = 7.0 Hz), 4.8-5.0 (lH, m), 5.1 (lH, broad s), and 5.5-6.0 
(lH, m) ppm. Anal. calcd. (on racemate) for C9H160: C 69.20, 
H 10.32; found: C 68.61, H 10.69. 

Hydrolysis of this olefinic ester (280 mg) was effected by 
refluxing in 5% ethanolic potassium hydroxide (20 mL) for 2 h. 
The cooled solution was then diluted with water (80mL), 
acidified with 6 N hydrochloric acid, and continuously 
extracted with ether for 24 h. Evaporation of the dried 
(MgS04) ether extract afforded the free acid; this was dis- 
solved immediately in methylene chloride and ozonized at 
-78°C for 45 min. After purging excess ozone with oxygen, 
the solution was concentrated to 15 mL and heated on a steam 
bath with formic acid (6mL) in 30% hydrogen peroxide 
(60 mL) for 2 h. 

The excess peroxide was decomposed with 10% Pd-C, and 
the mixture filtered and evaporated. Recrystallization of the 
solid obtained from ethyl acetate - petroleum ether (bp 40- 
60°C) gave (- )-(2R)-2-ethylsuccinic acid (65 mg) mp 93-94"C, 
[aIDz5 - 8.7' (c 1, (CH3)zCO) (lit. (13) mp 96"C, [aIDz5 - 15.4" 
((CH3)zCO)). 

Correlation of ( - ) -(3S) -4c 
This was effected in an identical manner. (-)-(3s)-3-n- 

Propylvalerolactone (4c, 1.14 g, 8 mmol) was treated with 
hydrogen bromide to give (-)-ethyl-(3R)-5-bromo-3-n- 
propylpentanoate (1.92 g), bp 107-109"C/4 Torr, [aIDZs - 5.8", 
'H nrnr (CZHC13) 6 : 0.95 (3H, t, J = 7.0 Hz), 1.25 (3H, t, J = 
7.0 Hz), 0.9-2.4 (9H, m), 3.45 (2H, t, J = 7.0 Hz), and 4.5 
(2H, q, J = 7.0 Hz). Anal. calcd. (on racemate) for 
C10H1902Br: C 47.82, H 7.63; found: C 47.90, H 7.53. On 
refluxing with 2,4,6-trimethyl pyridine, this ester (1.92 g) 
yielded (-)-ethyl (3R)-3-n-propylpent-4-enoate (153 mg), bp 
77-78"C/15 Torr, [a]DZs -3.6'; 'H nrnr (CZHCI3) 6: 0.9 (3H, 
t, J =  7.OHz), 1.2 (3H, t, J =  7.OHz), 1.4-1.9 (SH, m), 
2.2-2.5(2H,m),4.1 ( 2 H , q , J =  7.0Hz),4.8-5.0(1H,m),5.15 
(lH, m), and 5.4-6.0 (lH, m) ppm. Anal. calcd. (on racemate) 
for Cl0Hl8OZ: C 70.55, H 10.66; found: C 70.42, H 10.54. 

Subsequent hydrolysis followed by ozonolysis afforded 
(-)-(2R)-2-n-propylsuccinic acid (21 mg), rnp 98-100°C (from 
benzene - petroleum ether (bp 40-6O0C)), [aIDz5 -6.2" (c 1, 
(CH3),CO) (lit. (13) mp 103-104"C, [ a ] ~  - 18"). 

Correlation of ( -) -(3S) -4h 
Treatment of (-)-(3s)-3-phenethylvalerolactone (4h, 1.3 g, 

63 mmol, [aIDz5 - 14.3") with hydrogen bromide gave 
(-)-ethyl (3R-5-bromo-3-phenethylgentanoate (1.52 g), [alDZs 
-2.3"; 'H nrnr 6: 1.2 (3H, t, J = 6.0 Hz), 1.4-2.8 (9H, m), 
3.4(2H, t, J = 7.0Hz),4.1 (2H,q, J = 6.0Hz),and 7.2(5H,s) 
ppm. Anal. calcd. (on racemate) for C15H210ZBr: C 57.51, 
H 6.75; found: C 57.32, H 6.88. 

Sodium borohydride (0.104 g, 3 mmol) was added slowly 
with stirring at O"C under nitrogen to a solution of diphenyl 
diselenide (0.78 g, 2.5 mmol) in dry ethanol (10 mL) until the 
yellow colour disappeared (7). The bromo ester (1.5 g, 4.5 
mmol) was then added and the mixture refluxed overnight. 
The solutiofi was cooled to 0°C and tetrahydrofuran (60 mL) 
added, followed by 30% hydrogen peroxide (7.6 mL, 8.4 
mmol). MgSO, (2g) was added and the resulting slurry stirred 
at 20°C for 1 day. The mixture was then diluted with water and 
extracted with ether. The ether extract was washed with 
saturated aqueous sodium bicarbonate, dried (NaZSO4) and 
evaporated. Molecular distillation of the residual oil yielded 
(+)-ethyl (3R)-3-phenethylpent-4-enoate (372 mg), [,IDzs 
+7.9" (c 1, C6H6); 'H nrnr 6:  1.3 (3H, t, J = 6.0 Hz), 1.5-2.0 
(2H, m), 2.2-2.8 (5H, m), 4.1 (2H, q, J = 6.0 Hz), 4.8-6.1 (3H, 
m), and 7.2 (5H, s) ppm. Anal. calcd. (on racemate) for 
C I S H Z ~ O ~ :  C 77.55, H 8.68; found: C 77.69,H 8.92. Hydrol- 
ysis of this olefinic ester (360 mg, 1.5 mmol) followed by 
ozonolysis gave (2R)-2-phenethylsuccinic acid (131 mg after 
recrystallization from ether - petroleum ether (bp 40-6O0C)), 
mp 124-126"C, [a]DZ5 +7.3' (c 0.5, EtOH) (lit. (14) mp 136- 
137"C, [U]D" + 38.1°, EtOH). 

Correlation of ( - ) -(3S) -4g 
This was effected using the same procedures.' (-)-3s-3- 

Benzylvalerolactone (4g, 1.5 g, 7.9 mrnol, [a]DZs - 19.1") was 
converted to (-)-ethyl (3R)-benzyl-5-bromopentanoate (1.7 g), 
bp 13WC/0.25 Torr, -0.01" (c 1.8, EtOH), 'H nrnr 6: 
1.2 (3H, t, J = 7.0Hz), 1.7-2.8 (7H, m), 3.4 (2H, t, J = 7.0 
Hz), 4.15 (2H, q, J = 7.0 Hz), and 7.2 (SH, m) ppm. The 
bromo ester (1.49 g, 5.2 mmol) was dehydrobrominated by 
the diphenyldiselenide - peroxide method to give (+)-ethyl 
(3R)-3-benzylpent-4-enoate (870 mg), [a]DZ5 + 6.6' (c 0.8, 
C6H6): 'H nrnr 6 :  1.2 (3H, t, J = 7.0 Hz), 2.2-3.2 (5H, m), 
4.1 (2H, q, J = 7.0 Hz), 4.85 (lH, m), 5.1 (lH, m), 5.5-6.05 
(lH, m), and 7.25 (5H, m) ppm. Anal. calcd. (on racemate) for 
C14H1802: C 77.04, H 8.30; found: C 76.89, H 7.95. This 

7Part of this work was done by Dr. H. B. Goodbrand. 
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unsaturated ester (870 mg, 4 mmol) was hydrolyzed and then 
ozonized to give, after chromatography on silica gel (ethyl 
acetate elution), (2R)-2-benzylsuccinic acid (620 mg), mp 
159.5-160.5"C, [c(IDz5 $5.4" (c 0.4, EtOAc) (lit. (15) for 
2s-enantiomer, mp 160.5"C, [aIDz5 -27.0" (c 2.0, EtOAc). 

Correlation o j  ( + ) -(3S) -Be 
A solution of (+)-(3s)-3-cyclohexylvalerolactone (48, 1.45 g, 

7.1 mmol, [aIDz5 +4.3") in dry ethanol (15 mL) was saturated 
with dry hydrogen bromide at 0°C and then kept at 20°C 
overnight. Saturated brine (50 mL) was then added and the 
mixture extracted with ether (3 x 50 mL). Evaporation of the 
dried (MgSO,) ether solution followed by molecular dis- 
tillation yielded (-)-ethyl (3s)-5-bromo-3-cyclohexylpentanoate 
(1.48 g), [c(IDz5 - 1.8". The bromo ester (1.0 g, 3.4 mmol) and 
tri-n-butyltin hydride (1.1 g, 3.8 mmol) in dry benzene (25 mL) 
was stirred under nitrogen at 20°C for 12 h and then refluxed 
for 4 h. The solvent was then evaporated and the oil obtained 
heated with 10% ethanolic potassium hydroxide (20mL) at 
100°C for 2 h. The mixture was cooled, diluted with water 
(50 mL), acidified with concentrated hydrochloric acid, and 
extracted with ether. Evaporation of the dried (MgS04) 
ether extract and then distillation afforded 3-cyclohexylvaleric 
acid (500 mg), bp 172-174"C/20 Torr (lit. (15) bp 160-16l0C/18 
Torr). This acid was treated with ethereal diazomethane to 
give (+)-methyl (3s)-3-cyclohexylualerate (410 mg), bp 120°C/ 
20 Torr, [c(IDz5 + 1.2" (c 1, EtOH), (lit. (16) for 3R-enantiomer, 
[c(]DZ5 -7.2' (C 1, EtOH)). 

Kinetic Studies 
The rates of HLADH-catalyzed oxidations of (+)-3a-g 

were determined as described previously (la). The results are 
summarized in Table 3. 
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HEIMO JURGEN KELLER, DIETRICH NOTHE, and MANFRED WERNER. Can. J. Chem. 57,1033 
(1979). 

Simple (1:l) and complex (2:3) TCNQ salts of the N-ethylquinoxalinium (NEQ) and 
N-methylquinoxalinium (NMQ) cations were prepared and characterized. In contradiction to 
earlier claims it was found that the 1 :1 NMQ-TCNQ compound is not highly conducting but 
is a semiconductor. The triclinic crystals with unit cell dimensions a = 4.79, b = 10.46, 
c = 7.60 A, a = 93.49, p = 110.92, y = 82.69" show triplet exciton lines in the epr spectra 
indicating the occurrence of dimerized radicals in this solid. The high dc conductivity of the 
simple salt as reported earlier can orily be attributed to a complex salt. 

HEIMO JURGEN KELLER, DIETRICH NOTHE et MANFRED WERNER. Can. J. Chem. 57, 1033 
(1979). 

On a prepare et caracterid des sels TCNQ simples (1 : 1) et complexes (2:3) des cations 
N-BthylquinoxaIinium (NEQ) et N-m~thylquinoxalinium (NMQ). En opposition avec des 
pretentions anterieures, on a trouvk que le compose 1 : 1 NMQ-TCNQ ne conduit pas bien 
I'dlectricitt5 mais est plutBt un semi-conducteur. Les dimensions de la maille des cristaux 
tricliniques sont a = 4.79, b = 10.46, c = 7.60 A, a = 93.49, p = 110.92, y = 82.69"; ces 
cristaux prksentent des raies d'exciton triplet dans leur spectre rpe ce qui indique la presence 
de radicaux dimeres dans le solide. La conductivite cd Blevee du sel simple rapportee plus tat 
ne peut Stre attribuee qu'a un sel complexe. 

[Traduit par le journal] 

Introduction 
Only a very few simple (1:l) TCNQ salts of 

nitrogen-containing donors (including organic amines 
and N-heterocyclic compounds) are reported to show 
high electrical conductivity (1, 2). One can therefore 
assume that these exceptional salts crystallize in 
regular segregated stacks. The most famous of these 
rare examples, the one-dimensional conductor NMP- 
TCNQ (3-6), seems to contain systematic crystal 
impurities (7, 8) which could favor this special ar- 
rangement of molecular radical ions in the solid. This 

linium-7,7,8,8-tetracyanoquinodimethanide (NMQ- 
TCNQ) (2), its ethyl homologue and some other 
TCNQ derivatives. This paper summarizes some of 
the results concerning the chemistry and physics of 
these compounds. 

Experimental 
Preparation of Compounds 

NMQ-TCNQ 
This compound was prepared essentially as described by 

Melby (2). The procedure was altered because of the oxygen 
sensitivity of the solutions! To a boiling solution of 0.317 g 

supjosition is supported by the fact that NMp- (1.5 mmol) Li-TCNQ (which was prepared from L ~ I  and 
TCNQ shows increased dc conductivity after substi- TCNQ in CHsCN) in 30 mL dry ethanol, was added N-methyl- 

quinoxaliniumiodide (NMQ-I) (0.408 g, 1.5 mmol) in 15 mL 
tutiOn part NMPf the hot ethanol. The mixture was allowed to cool to room tem- 
phenazine (9). verature. A microcrvstalline violet vroduct which was isolated 

It was oir'task to establish whether NMP-TCNQ 
and the three other 1 : 1 nitrogen donor con~pounds 
with comparatively high electrical conductivities 
(4-hydroxy-2,3,5,6-tetramethylanilinium-TCNQ (I), 
5,8-dihydroxyquinolinium-TCNQ (I), and N-methyl- 
quinoxalinium-TCNQ (2)) are in fact outstanding 
exceptions to the general rule, i.e., that 1 :l salts of 
TCNQ with nitrogen donors normally do not crystal- 
lize in segregated uniform stacks, or whether there 
are any exceptions at all. Therefore, we reinvestigated 
one of the reported examples of 'highly conducting' 
1 :I TCNQ-nitrogen-donor salts, N-methylquinoxa- 

gfter the filtration, was washed -with a few millilitres of 
methanol and finally with ether. The yield was as described 
by Melby (2): 88%, mp 177°C (dec.). Anal. calcd. for NMQ- 
TCNQ, CZ1Hl3NS: C 72.19, H 3.75, N 24.05; found: C 72.16, 
H 3.82, N 24.13. 

For recrystallization (about 1 g in 100 mL acetonitrile) only 
absolutely oxygen- and moisture-free solvents could be used. 
All the procedures were carried out in a nitrogen atmosphere. 
After recrystallization and slow cooling in a Dewar flask, 
reddish-purple, shiny prisms up to an inch in size were obtained. 
All of them were twinned as shown by their X-ray and esr data. 

f NMQ) 2 f TCNQ) 3 

TCNQ (0.204 g, 1 mmol) and NMQ-TCNQ (0.349 g, 
1 mmol) were dissolved in 25 mL hot dry acetonitrile in a 

0008-4042/79/09 1033-04$01 .OO/O 
e l 9 7 9  National Research Council of CanadalConseil national de recherches du Canada 
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nitrogen atmosphere. The solution was filtered while hot and 
allowed to cool slowly to room temperature. Black needles 
with a metallic lustre separated and were filtered, washed with 
ether, and dried in a desiccator over CaCl,. Recrystallization 
from acetonitrile and heatless drying in high vacuum did not 
change the properties of the isolated solid. The yield was 95%, 
mp 193°C (dec.). Anal. calcd. for NMQ(TCNQ),, C33H17N10: 
C 71.60, H 3.10, N 25.30; calcd. for (NMQ)z(TCNQ)3.CH3- 
CN, Cs6H33N17: C 71.25, H 3.52, N 25.22; calcd. for (NMQ),- 
(TCNQ)3, C S ~ H ~ ~ N ~ ~ :  C 71.83, H 3.35, N 24.82; found: 
C 71.10, H 4.05, N 25.43; C 71.31, H 3.96, N 25.42;' C 72.09, 
H 3.54, N 24.61.2 
N-Ethylquinoxalinium-TCNQ (NEQ-TCNQ) 
A boiling solution of Li-TCNQ (0.317 g, 1.5 mmol) in 

30 mL ethanol and a hot solution of NEQ iodide (0.429 g, 
1.5 mmol, prepared as described previously (10)) in 15 mL 
ethanol were filtered under Nz while hot, poured together, 
and cooled rapidly. The black lustrous, microcrystalline 
platelets which formed were filtered, washed with a few 
millilitres of methanol, and finally with ether, yield 63%, 
mp 139'C. Anal. calcd. for NEQ-TCNQ, C2,HlSN6: C 72.71, 
H4.16, N23.13; found: C72.52, H4.40, N 23.03. 

Slow cooling of the reaction mixture and recrystallization of 
the primary product yields only products containing appreci- 
able amounts of the complex salt. 

(NEQ) 2 (TCNQ) 3 

TCNQ (0.102 g, 0.5 mmol) and NEQ-TCNQ (0.182 g, 0.5 
mmol) were dissolved together in 30 mL boiling acetonitrile 
(in an N2 atmosphere!). The solution was filtered while hot 
and allowed to cool slowly to room temperature. The black 
crystals were washed with methanol and ether after filtration, 
yield 70%, mp 198-200°C. Anal. calcd. for: (NEQ)2- 
(TCNQ),.CH,CN, Cs8Hs,N17: C 71.67, H 3.84, N 24.50; 
(NEQ)(TCNQ)z, C34HI9N10: C 71.97, H 3.35, N 24.68; 
(NEQ)JTCNQ)3, Cs6Hs4N16: C 72.24, H 3.68, N 24.07; 
found: C 71.72, H 3.48, N 24.52; C 71.78, H 3.47, N 24.45;3 
C 72.14, H 3.59, N 23.93: These results show that on the basis 
of the analyses alone a clear decision cannot be made as to 
whether the composition of the complex salt is 1:2 or 2:3 
(see Discussion). 

Quinoxalinium-TCNQ (NHQ-TCNQ) 
Attempts to synthesize a TCNQ salt of the protonated 

quinoxaline NHQt were carried out on the basis of quinoxa- 
linium iodide (NHQ-I) and perchlorate (NHQ-CIO,) (ob- 
tained by direct reaction of quinoxaline dissolved in ethanol 
with an excess of the respective concentrated acid). Mixing 
the alcoholic solutions of these salts with alcoholic solutions 
of Li-TCNQ did not lead to the TCNQ salt. On the contrary, 
the deep green colour of the dissolved TCNQ anion disap- 
peared immediately and, after a short period of time, greenish- 
yellow platelets precipitated. These platelets were identified 
as a mixture of TCNQ and H2TCNQ. The experimental 
results suggest the following reaction 

'Recrystallized from acetonitrile and dried in high vacuum. 
2After heating the sample in high vacuum for 3 h to 120°C. 
3Recrystallized from acetonitrile and dried under high 

vacuum. 
4After heating the sample in high vacuum for 3 h to 120°C. 

which is similar to the reaction of TCNQ- with mineral acids 
(1). This result suggests that quinoxaline is too weak a base to 
form NHQ-TCNQ compounds in the usual way. 

When the yellow solutions containing quinoxalinium salts 
and Li-TCNQ were cooled the color changed to green. This 
suggests that at lower temperatures the ionic forms are more 
stable. Accordingly, on quenching a solution of quinoxaline, 
TCNQ, and H2TCNQ (2:l:l) in CHCI, in a liquid nitrogen 
bath a precipitate formed consisting of a mixture of greenish 
yellow crystals and a few violet crystals. The shiny violet 
platelets seem to be the 1 :1 salt of NHQ-TCNQ. 

Conductivity 
The dc conductivity was measured on pressed pellets of 

about 0.3-mm thickness under a pressure of 1500 kPa. Re- 
sistivities of pressed powders frequently are about four orders 
of magnitude larger than values of single crystals measured 
along the radical chain direction. 

Electron Paramagnetic Resonance Data 
The epr spectra were taken on a Bruker B-ER 418 spec- 

trometer with an nmr gaussmeter for field calibration and 
a DANA 320 D microwave frequency counter. 

Discussion 
The N-methyl- and N-ethylquinoxalinium ions 

form simple (1 :1) and complex salts with TCNQ. 
Though the quinoxalinium salts are structurally 
similar to the N-alkylphenazinium ions, the chemistry 
is quite different predominantly owing to the reduced 
basicity of quinoxaline. 

The experimental results clearly suggest that as 
already considered by Melby (2), a highly-conducting 
1 :1 NMQ-TCNQ adduct does not exist. The high 
conductivity reported for the 1 :1 salts is possibly 
caused by an admixture of the complex salt in the 1 :1 
sample. The results prove that the 1 :I phase, which 
can be obtained in high purity by the usual (neverthe- 
less more elaborate) methods, is a semiconductor 
(pressed pellet conductivity 4 x lop5  R-'  cm-' ) and 
has properties quite different from those reported by 
Melby (2). During the preparation of the 1 :1 com- 
pound there was no evidence of another pure and 
conducting 1 : 1 phase. A conducting sample was then 
obtained by recrystallizing the pure NMQ-TCNQ 
in contact with the air. This sample had properties 
very similar to the ones mentioned by Melby (2). 
Whether this compound actually contains high 
amounts of the complex salt or only some neutral 
TCNQ 'impurities' in the stacks (which would give 
rise to partially charged TCNQ chains) was not in- 
vestigated further. The formation of a sample con- 
taminated with a complex salt can easily be explained 
in terms of the oxidation of TCNQ- anions to 
neutral TCNQ by air, which could result in the final 
precipitation of the con~plex salt. The latter com- 
pound is in fact a better conductor (pressed-pellet dc 
conductivity 4 x Q-' cm-' as compared to 
4 x 0-' cm- ' of the pure compound). 

Typical epr spectra of NMQ-TCNQ at 230 K are 
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KELLER ET AL. 

FIG. 1 .  Single crystal epr spectra of NMQ-TCNQ at 230 K. Spectra of three different crystal orientations (rotation of 
the crystal around an axis perpendicular to the field direction) which show the angular dependence of the triplet exciton 
splittings are drawn. The central peak corresponds to the 'impurity' peak. 

shown in Fig. 1. Apart from the strong central line, 
sharp triplet exciton lines occur. The two different 
'exciton' pairs are apparently due to the twinning of 
the crystal. The figure shows the spectra of three 
different crystal orientations, with the higher pair of 
peaks consecutively far apart from each other (a), 
closer together (b), and finally almost coinciding 
with the central S = 3 peak (c). 

This evidence of triplet excitons (which can be 
observed at room temperature too) proves that a 
kind of radical dimer exists in the lattice and can be 
thermally activated. Systems of this type cannot be 
expected to have high electrical conductivities. 

As mentioned above, all the crystals obtained from 
NMQ-TCNQ were twinned. Therefore a full struc- 
ture determination could not be carried out. Never- 
theless we obtained the unit cell dimensions from 
single crystal X-ray data. The crystals are triclinic 
witha = 4.79, b = 10.46, c = 7.60W,a = 93.49, 
p = 110.92, y = 82.69", and unit cell volume 352.7 A. 

The complex salt, which was obtained in very high 
yield by the usual methods, seems to be a 2:3 salt. 
The problems of varying stoichiometry and inclusion 
of solvent molecules for the complex TCNQ salts 
was recently discussed in connection with very simi- 
lar donors (1 1, 12). 

The pronounced differences in the behaviour of 
the semiconducting 1 : 1 and the highly conducting 
2:3 compounds can easily be observed by comparing 
their ir spectra. The 1 : 1 compound shows highly re- 
solved spectra with many typical and sharp peaks 
(most prominent the v,,, at 2180 cm-I) whereas 

the ir bands of the 2:3 compound are hidden under a 
broad and intense electronic absorption which is 
typical of all 'metallic' donor acceptor complexes 
(for a recent example see ref. 13; 16). The pressed 
pellet conductivity for this compound is 9 x lop3  
R-I cm-I, which fits well with previous reports on 
similar complexes (14). 

The N-ethyl derivatives were investigated because 
of the special behaviour of N-ethylphenazinium- 
TCNQ (15). The chemical and physical behaviour of 
NEQ-TCNQ is very similar to that of NMQ- 
TCNQ. 

The 1 : 1 adduct shows a pressed pellet conductivity 
of 4 x lo-' R- I  cm-I. The ir spectra with a v,,, of 
2180 cm- indicate, as seen above, no major elec- 
tronic absorption in contrast to the 2:3 adduct which 
has a conductivity of 5 x RP1 cm-I and a very 
broad electronic absorption in the ir. The epr spec- 
trum of the complex salt consists of a single line with 
a very anisotropic line width. 
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Electronic excited states of small ring compounds. VII. Bicyclo[2.1.O]pentanes by the 
photocycloaddition of 1,2,3-triphenylcyclopropene to fumaro- and maleonitrilel 

P. C. WONG AND D. R.  ARNOLD* 
Photochemistry Unit, Department of Chemistty, The Uniaersity of Western Ontario, London, Ont., Canada N6A 5B7 

Received September 11, 1978 

P. C. WONG and D. R. ARNOLD. Can. J. Chem. 57, 1037 (1979). 
Irradiation of the charge-transfer complex between 1,2,3-triphenylcyclopropene (1) and 

fumaronitrile (7) and maleonitrile (8) leads to formation of bicyclo[2.1 .O]pentane cycloaddition 
products (9, 10, 11) and the photoene product (12). These products were also formed when 
the reaction was photosensitized (triplet-triplet transfer). The structure of the adducts was 
established by analysis of 13C and 'Hmr spectra. Nuclear Overhauser effect studies were also 
useful. The triplet energies of 7 and 8 (ET ca. 50 kcal mol-l) were determined by studying the 
photosensitized isomerization as a function of sensitizer triplet energy. The thermal stability 
of the new bicyclo[2.1 .O]pentanes has been studied, particularly with regard to the isomerization 
resulting from cleavage of the central [0] bond in these strained systems. The mechanism of the 
photocycloaddition reactions is discussed. 

P. C. WONG et D. R. ARNOLD. Can. J. Chem. 57,1037(1979). 
L'irradiation du complexe de transfert de charge entre le triphenyl-1,2,3 cyclopropkne (1) et 

le fumaronitrile (7) et le maleonitrile (8) conduit a la formation de produits de cycloaddition 
bicyclo[2.1.0]pentane (9, 10, 11) et du produit (12) photoene. Ces produits se forment aussi 
lorsque la reaction est photosensibilisee (transfert triplet-triplet). On a determine la structure 
des adduits g rke  a une analyse des spectres rmn 13C et lH. Des etudes d'effet Overhauser 
nuclCaire se sont aussi avCrBes utiles. On a determint les Bnergies triplet de 7 et de 8 (ET ca. 50 
kcal/mol) en etudiant I'isomCrisation photosensibilisCe en fonction de l'energie du sensibilisa- 
teur triplet. On a CtudiB la stabilitk thermique des nouveaux bicyclo[2.1.O]pentanes en parti- 
culier en ce qui a trait a I'isom6risation resultant du clivage de la liaison [0] centrale de ces 
systemes tendus. On discute du mecanisme des reactions de photocycloaddition. 

[Traduit par le journal] 

Introductioli 
We have previously reported (lb,c) that the direct 

irradiation of the charge-transfer complex between 
1,2,3-triphenylcyclopropene (1) and dimethyl fuma- 1 2 
rate (2) gives the bicyclo[2,1.O]pentane (3) (reac- hv(h > 350 nm) 
tion [I]). Only one of the six possible stereoisomeric 

C6H6 

adducts was obtained as a primary product from this \ 
Ha 

reaction, that having the ester groups trans and the 
~ ~ ~ 5 x 5  + c6H5wH02~~3 phenyll at carbon-5 exo. This result could be taken as 

an indication that this type of cycloaddition reaction 
favours retention of the configuration of the olefin in C6H5 C ~ H ~  C6H5 C6Hs C02CH3 
the product. It was, however: impossible to test this 4 (9%) 3 (82%) 
hypothesis by using the isomeric olefin since no + 
adduct was obtained when the weaker charge- 
transfer band of (1) and dimethyl maleate (6) was HC6H5 C6H5 

irradiated.3 The possibility, therefore, remained that c6Hd$x%c 
C6H5 

lcontribution No. 192 from the Photochemistry Unit. This 6 5 

article is dedicated to Professor E. Havinga, on the occasion of 5 (9%) 
his 70th birthday (May 7th, 1979). Part 6 of this series is 
ref. la. the observed product stereochemistry was controlled 

ZTo whom correspondence should be addressed. Depart- by thermodynamic rather than kinetic factors. The 
ment of Chemistry, Dalhousie University, Halifax, N.S. determination of the factors which control the 
B3H 453. 

31t is important to reczll that the dimethyl maleate- product stereochemistry is important not only from 
dimethyl fumarate isomerization was not efficient under these the practical defining the 
Conditions (lc). utility, but also for an understanding of the mech- 

0008-4042/79/09 1037- 13$01 .OO/O 
@I979 National Research Council of CanadalConseil national de recherches du Canada 
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anism of this reaction. The proposed mechanism 
involved the cyclopropene triplet as the reactive 
species and thus a concerted cyclization would seem 
unlikely. Retention of stereochemistry could alter- 
natively be explained as the result of rapid closure of 
a 1,Cdiradical intermediate with a rate competitive 
with bond rotation. 

Our search for a pair of isomeric olefins which 
would provide further examples of this type of 
reaction and allow a test of the stereospecificity led to 
fumaro- and maleonitrile (7 and 8). These dinitriles 
are more reactive dienophiles and 1,3-dipolaro- 
philes than are the analogous diesters (2 and refer- 
ences cited therein). Furthermore, they have lower 
reduction potentials (3) so we expected they would 
form stronger charge-transfer complexes with 1, 
complexes which would absorb at longer wave- 

I 
lengths and thus allow more efficient excitation. 

In this paper, we report the results of a study of the 
photocycloaddition of 1 with the dinitriles 7 and 8, 
brought about by irradiation of the charge-transfer 
band. We have characterized the bicyclo[2.1.O]pen- 
tane products and have also studied the thermal 
isomerization which results from cleavage of the [O] 
bond of these strained systems. 

In contrast with the previous results with the 
isomeric diesters 2 and 6, which were configura- 
tionally stable, the dinitriles 7 and 8 undergo com- 
paratively rapid isomerization upon irradiation of the 
charge-transfer complex. In a search for an explana- 
tion for this difference in behaviour, we have studied 
the photosensitized (triplet-triplet transfer) iso- 
merization of both the diesters and the dinitriles and 
conclude that the triplet energy of both of the 
dinitriles (ET 7 and 8 ca. 50 kcal mol-') is consider- 
ably lower than that of the diesters (ET 2 - 61 kcal 
mol-', ET 6 > 72 kcal mol-') (4). 

While this work was in progress, Farid and co- 
workers reported (5) a similar reaction involving the 
photocycloaddition of methyl 1,2-diphenylcyclo- 
propene-3-carboxylate to dimethyl fumarate sensi- 
tized by triplet-triplet transfer. Their results and 
interpretation are in substantial agreement with ours. 
Furthermore, they were able to isolate and charac- 
terize the isomeric bicyclo[2.1.O]pentane, having the 
methyl ester groups cis, which gave an indication 
that reaction of the cyclopropene triplet did not 
occur with complete retention of the olefin con- 
figuration. Other pertinent results from their work 
will be mentioned in the Discussion. 

Results 

A benzene solution of 7 (0.3 M) and 1 (0.3 M) has 
long wavelength absorption not present in the 
spectrum of the individual components at the same 

FIG. 1 .  Absorption curves for (a) 7 (0.3 M) ,  (b) 1 (0.3 M ) ,  and 
(c) 7 and 1 (each 0.3 M )  in benzene solution. Similar results 
were obtained using 8 instead o f  7. 

concentration (Fig. 1). We assign this long wave- 
length absorption to the charge-transfer transition of 
the complex between 7 and 1. Similar results were 
observed with 8 instead of 7. The absorption spectra 
of both complexes tail about the same and extend to 
longer wavelength than do the complexes between 
either 2 or 6 and 1. 

Excitation of the charge-transfer band can be 
achieved by irradiation, with a medium pressure 
mercury vapour lamp, through a chemical solution 
filter ( A )  which absorbs light of wavelengths shorter 
than 350 nm. 

A solution of 1 and 7 was irradiated through this 
filter solution and the progress of the reaction 
followed by proton nuclear magnetic resonance 
('Hmr) spectroscopy. After 24 h irradiation, all the 
cyclopropene had been consumed and the product 
mixture consisted of the tricyclohexane dimer of 1 
(4), the bicyclo[2.1.O]pentane adducts 9, 10, and 11, 
and the photoene product 12 (reaction {2]). Analysis 
of the 'Hmr spectrum during the course of the reac- 
tion indicated that all of these products were primary 
products, although the ratio of products was not 
constant, and that the starting dinitrile 7 isomerized 
rather rapidly to a mixture of the isomers (7:8, 
65 : 35). 

When 1 and maleonitrile (8) were irradiated under 
these conditions, the same products resulted; how- 
ever, the proportion of adducts 10 and 11, having the 
cyano groups cis, was larger. Again, the starting 
dinitrile isomerized during the course of the irradia- 
tion until a photostationary state (7:8, 60:40) was 
obtained. 

The cycloaddition reaction can be photosensitized 
(triplet-triplet transfer). For these experiments, a 
benzene solution of 1 (0.3 M), 7 (0.3 M), and thio- 
xanthen-9-one (0.01 M, ET = 65 kcal mol-') or 
fluoren-Pone (0.01 M, ET = 53 kcal mol- ') was 
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WONG AND ARNOLD 1039 

1 7 (or 8) 

+ 
8 (or 7) 

CN 

CN 

irradiated through a chemical solution filter (B) 
which absorbs all wavelengths shorter than 358 nm. 
Under these conditions, the sensitizer absorbs most 
of the light. Using thioxanthen-Pone as sensitizer, 
after only 2-h irradiation, 8957, of 1 was consumed, 
the same products (8-12) were obtained, only in a 
different ratio, and the dimer 5 was also formed. The 
ratio of the unreacted 7 and 8 was again 60:40. 

The reaction mixtures from each of the above 
irradiations were separated by column chroma- 
tography to provide products for structural analysis. 
The yields of products, obtained under these varying 
conditions were accurately determined by quantita- 
tive 'Hmr of the crude reaction mixtures and are 
summarized in Table 1. The isolated yields and 
material balance were generally good and are 
reported in the Experimental. 

Some control experiments were carried out to 
confirm that these reactions were reactions of the 
excited state. Heating a sealed tube of a toluene 
solution of 1 (0.075 M) and 7 (0.15 M) at 120°C for 

2 weeks gave a good yield (9557,) of the dimer 5 and 
none of the other products. A benzene solution of 1 
and 7 was refluxed, under nitrogen, and small por- 
tions of a free-radical chain initiator (azobisiso- 
butyronitrile) were added over a 2-day period. The 
starting materials were largely recovered; the only 
product identified was the dimer 5 (-257,) present in 
amounts expected from the thermal (nonchain) 
reaction. 

All three bicyclo[2.1 .O]pentane adducts (9, 10, and 
11) were thermally unstable. Heating adduct 9 in 
benzene solution at 65°C gave complete rearrange- 
ment to the corresponding phenyl-in isomer 13  
(reaction [3]). The progress of this reaction was 

[ 31 

CN CN 
9 t , , ,  = 9.5 h a t  65°C 13 

followed by 'Hmr and the half-life of 9 was 9.5 h 
under these conditions. 

Adduct 10 is even more thermally labile. We were, 
in fact, unable to obtain 10 free from the corre- 
sponding phenyl-in isomer 14. Heating a reaction 
mixture from the photosensitized (thioxanthen-9- 
one) irradiation of 1 and 7 for 1 h at 65°C gave rise to 
an equilibrium mixture of adducts 10 and 14 (ca. 1 : 3) 
among the other products. Adduct 14 is relatively 
stable in the crystalline form and since it is much less 
soluble than 10 in a mixture of chloroform-hexane, 
it can be obtained essentially pure upon crystalliza- 
tion from this solvent. Refluxing a benzene solution 
of 14 for 2 h gave an equilibriummixture of 10 and 14 
(23 : 77) (reaction [4]). 

10 (23%) 14 (77%) 

Adduct 11 was stable by comparison with 9 and 10. 
Prolonged heating (24 h at 75°C) in benzene-d, 
resulted in decomposition of 11 to products which, 
from an analysis of the 'Hmr spectra, did not include 
the isomeric bicyclo[2.1.O]pentane and which were 
not further characterized. 

Proof of Structure of the Adducts 
The structural assignments for the bicyclo[2.1.0]- 

pentane adducts (9-11, 13, and 14) was based largely 
upon an analysis of their nuclear magnetic resonance 
spectra, both 13C and 'H. This series represents all 
but one of the six possible stereoisomers, the missing 
member is the isomer having the 5-phenyl and both 
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TABLE 1. Yields of products from reaction [I] 

Product yields (%) 

(Unreacted) 
Reaction conditions 1" 7* s b , c  4a .c  5" 9" 10" 11" 12" 

aCalculated referring to the starting cyclopropene (1). 
bCalculated referring to the starting olefins. 
cApproximate values estimated from closely situated peaks in the 'Hmr. 
dSame kind of time-dependent product evolution observed as with 1 + 7. 
*Precipitate (mostly 12 and 4) formed in reaction mixture. 

cyano groups endo. Isomerization of 11 might have 
afforded this isomer; however, it was not detected 
and it seems reasonable that 11 is strongly favoured 
at equilibrium. 

Details of the nmr spectra are reported in the 
Experimental. Only the salient features which 
distinguish each isomer will be discussed here. 
Consider first the isomeric pair 9 and 13. The lack of 
symmetry in these isomers was obvious from both 
the 13C and 'Hmr spectra. Three features of the 
spectra allow the distinction between 9 and 13. 
First, there is the long range 'w-coupling' observed 
between Ha and H, for one of the isomers which is 
consistent with the geometry of 13. Second, there is a 
4% enhancement in the intensity of the signal 
assigned to Ha owing to the nuclear Overhauser 
effect (nOe) when H, of the other isomer was double 
irradiated. This is an indication of the proximity of 
these nuclei and is consistent with 9. The third 
observation is that the signals due to the protons in 
the aromatic region of the 'Hmr spectrum of 9 
appear as a series of multiplets over a broad region 
whereas the absorption in this region of 13 is a 
relatively narrow multiplet. This observation is 
reminiscent of the early report of the 'Hmr of cis- 
and trans-1,2-diphenylcycloalkanes (6). The protons 
in the aromatic region of the cis-isomers appear as a 
multiplet whereas the trans-isomers have a relatively 
sharp singlet in this region. The multiplet was 
attributed to restricted rotation of the phenyl group 
in the more hindered (cis) isomers. This explanation 
is consistent with the relative stability of 9 and 13; 9, 
being the less stable isomer, has restricted rotation 

of the phenyl group and the multiplet absorption in 
the aromatic region. This correlation is also useful for 
assigning configurations of the other isomers, those 
having the phenyl on the apical carbon in the exo 
position (10 and 11) have a series of multiplets in the 
aromatic region while the corresponding (more 
stable) endo-phenyl isomer 14 has a relatively narrow 
multiplet. 

The relatively simple 'Hnlr and 13Cmr spectra of 
the other isomers are consistent with the more sym- 
metric structures, 10, 11, and 14. The assignment of 
structure 11, that is, the isomer having both the 
phenyl in the 5-position and the cyano groups exo 
was made possible by the observation of a nuclear 
Overhauser effect. The intensity of the signal assigned 
to the proton on carbon-5 (Ha) increased (18%) when 
the protons on carbon 2 and 3 (H, and H,) were 
double irradiated. 

The relationship between 10 and 14 was made 
apparent from the observation that they interconvert 
by inversion about the central [O] bond. In neither 
isomer is the proton on carbon-5 (Ha) significantly 
coupled to  the protons H, and H,. The choice 
between them was made on the basis of the observed 
series of multiplets in the aromatic proton region of 
the 'Hmr spectrum of 10, while a relatively narrow 
multiplet is observed in this region of 14. Further- 
more, the relative stability of 10 and 14 is consistent 
with the assigned structures. 

The structure of 12 was assigned on the basis of 
spectral (ir, mass, and 'Hmr) characteristics. There is 
a close similarity of the 'Hmr spectrum of 12 and 
that of phenylsuccinodinitrile (7). The structures of 4 
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WONG AND ARNOLD 

TABLE 2. Stationary states of the olefin pairs with various sensitizers 

Sensitizern ET (kcal mol-')* Maleonitrile (Z",)' Dimethyl maleate (79 

Xanthen-9-one 
1,3,5-Triacetylbenzene 
Acetophenone 
4,4'-Dimethoxybenzophenone 
Benzophenone 
4,4'-Dicyanobenzophenone 
Thioxanthen-9-one 
2-Acetylfluorene 
2-Acetonaphthone 
Benzil 
Fluoren-9-one 
Phenanthrenequinone 
Pyrene 
1,2-Benzanthracene 
Acridine 
Phenazine 
9,lO-Dibromoanthracene 

'Sensitizer concentration was 0.01 M and olefin concentration was 0.05 hf. 
bValues taken from ref. 9 unless otherwise noted. 
<Derivation for 2& rllns wrrr + 2 9  - . -~  ... - . . -.- - -, ". 
dValues taken from 0-0 band of phosphorescence spectra in EPA at 77 K. 
'Not isomerized on prolonged irradiation. 
'Relatively slow comuared to the high energv sensitizers. 
*Too slow to give possible estimation. 

-. 

and 5 were established by direct comparison ('Hmr, 
ir) with authentic samples (8). 

For reasons which will be made clear below, 
estimates of the triplet energies of 7 and 8 were 
required. An attempt was made to observe direct 
So + T absorption by utilizing the external heavy 
atom effect. The absorption spectra of the dinitriles 
(7 and 8) (0.3 M) were measured in ethyl iodide 
solution. Both solutions were visibly yellow but the 
spectra showed only structureless absorption tailing 
out beyond 450 nm ( ~ 6 3 . 5  kcal mol-I). Since it is 
impossible to determine the onset of such tailing, no 
definite conclusions can be drawn from these spectra. 

The triplet state energy of an alkene can some- 
times be determined by observing the variation of the 
stationary state in the photosensitized cis-trans 
isomerization as a function of sensitizer triplet 
energy. This approach has been successfully applied 
to the closely related diethyl maleate - diethyl 
fumarate esters by Hammond and his co-workers (4). 
The photostationary states established upon irradia- 
tion of benzene solutions containing the dinitriles 7 
and 8 and various sensitizers were measured and are 
recorded in Table 2. In every case, the stationary 
state was approached from both directions. With 
some sensitizers complications arose as the result of 
instability of the sensitizer and/or the formation of a 
light absorbing residue on the surface of the irradia- 
tion vessel. For instance, phenanthrenequinone was 
particularly unstable as a sensitizer and the formation 
of a residue was a serious problem in the case of 1,2- 
benzanthracene and acridine. To minimize these 

complications, mixtures of the dinitriles close to the 
stationary state were used instead of the pure isomers 
so that shorter irradiation times were required to 
reach the stationary state. 

The efficiency of the isomerizations were qualita- 
tively similar, comparable irradiation times were 
required to reach the stationary state, with the higher 
energy sensitizers; that is, with sensitizers having a 
triplet energy of 49 kcal mol-I or greater. 

Since the reported work (4) on the diesters used the 
ethyl derivatives and our studies have involved the 
methyl esters, we determined the photostationary 
states of 2 and 6 with a few sensitizers. In this case, 
the approach to stationary states became appreciably 
slower using sensitizers having a triplet energy below 
61 kcal mol-I. These results are also reported in 
Table 2. 

Discussion 
In our previous report, we proposed a mechanism 

for reaction [l] which involved initial excitation of 
the charge-transfer complex followed by an inter- 
system-crossing process which led to formation of the 
cyclopropene triplet. Product formation was attrib- 
uted to the reactivity of the cyclopropene triplet. 
This mechanism is also applicable to reaction [2]; 
however, there are significant differences between the 
behaviour of the diesters and that of the dinitriles. 
Scheme 1, for reaction [2] starting with 1 and 7, is 
abbreviated to illustrate only those steps which lead 
to products. The differences in behaviour between the 
diesters and the dinitriles can be explained in the 
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TABLE 3. Half-wave oxidation and reduction potentials obtained by 
cyclic voltammetrya 

Compound EI /zred (VIb EL ,20X (V)* 

Fumaronitrile -1.63 e 

Maleonitrile -1.63 e 

Dimethyl fumarate -1 .79  C 

Dimethyl maleate -2.05 e 

1,2,3-Triphenylcyclopropene d 1 .Ol 

"Pt electrode, tetraethylammonium perchlorate (TEAP, 0.1 M )  in acetonitrile 
solutions, vs. Ag/AgNOa (0.1 M )  electrode. 

bTaken as 0.03 V before the anod~c peak potential and 0.03 V before the cathodic 
peak potential. All the oxidative and reductive processes observed above were irrever- 
sible, the half-wave potentials were estimated using the 100 mV/s sweep rate. 

<No observed signal through scanning voltage from 0 to -2.2 V. 
*No observed signal through scanning voltage from 0 to +2.2 V. 

context of Scheme 1, as the result of the lower 
reduction potentials, the lower triplet energies, and 
the greater reactivity of the dinitriles in comparison 
to the diesters. 

The reduction potentials of the diesters 2 and 6 
and the dinitriles 7 and 8 are listed in Table 3. The 
dinitriles, since they have significantly lower reduc- 
tion potentials than either of the diesters, should be 
better electron acceptors and the resulting charge- 
transfer complexes with 1 should absorb at longer 
wavelengths. The observations are consistent with 
these predictions. Charge-transfer complex forma- 
tion between 6 and l is barely detectable in the long 
wavelength region of the absorption spectra of the 
mixture (lb). On the other hand, the charge-transfer 
complexes between both 7 and 8 and 1 are obvious 
from the extended absorption in this region (Fig. 1). 

Step 1 1 + 7 [I-71 

Charge-transfer complex formation 

hv 
Step 2 [I-71- [I-7]* 

Excitation of the charge-transfer absorption band 

Step 3a [I-7]* --+ l3 + 7 

Deactivation of the excited charge-transfer 
complex to give the cyclopropene triplet 

Step 3b [I-7]* --+ 1 + 73 

Deactivation of the excited charge-transfer 
complex to give the triplet of fumaronitrile . . 

Step 4 l3 + 7 -+ [I-713 --+ 9-12 

Reaction of the cyclopropene tr~plet, via 1,4- 
diradical intermediate(s) to yield adducts . . 

Step 5 l3 + 1 -+ [I-113--+ 4 + 5 

The use of filter solution A,  which absorbs light of 
wavelength less than 350 nm, ensures that the excita- 
tion process involves predominantly, if not exclu- 
sively, the charge-transfer transition of the complex 
(step 2 in Scheme 1). The triphenylcyclopropene (1) 
does have absorption which tails out beyond 370 nm, 
so some direct excitation may occur; however, the 
cyclopropene alone is stable to  direct irradiation 
(i.e., no dimers form) and the intersystem crossing 
process from the singlet of 1 has a quantum yield of 
less than loT3 (8a). Furthermore, direct excitation of 
1, followed by complex formation between the singlet 
of 1 and 7 might give a species identical with that 
obtained by direct excitation of the charge-transfer 
complex (10). 

Step 3 in Scheme 1 represents the deactivation 
pathway of the excited state of the charge-transfer 
complex which leads to formation of the triplet of 
one or both of the components of the complex. Most 
of the precedents for this process comes from photo- 
physical studies where the triplet of one of the com- 
ponents of the charge-transfer complex or exciplex 
has been detected by flash spectroscopy or by phos- 
phorescence (1 1). Surprisingly few examples of this 
potentially useful phenomena have been recognized 
in the area of preparative organic photochemistry 
(12). 

In spite of the significant number of charge- 
transfer complexes studied by the photophysical 
techniques, it remains difficult to predict whether the 
triplet of a component of the complex will form upon 
irradiation. In the case of the complex between 1 and 
2 it is clear that the irradiation gave only the triplet 
of 1. This follows from the fact that the adduct 3 and 
the cyclopropene dimers 4 and 5 were obtained while 
isomerization of 2 was not observed. However. 

Reaction of the cyclopropene triplet, via 1,4- irradiation of the charge-transfer complex between 1 
diradical intermediate(s) to yield dimers and 7 (or 8) gives the triplet of both 1 (step 3a) and 7 

Step 6 73 -f a7 + (1 - a)8 (or 8) (step 3b) since isomerization of the dinitrile was 
observed. 

Isomerization of the fumaronitrile triplet It seems likely that this difference can be attrib- 
SCHEME I uted, at  least in part, to the differences in triplet 
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WONG AND ARNOLD 1043 

TABLE 4. The application of the Weller equation to these systems 
- 

Reactants 
E l  pox (D) El la"" (A) AIEo,o  (D), AG 

D A Solvent (v)o (Va (kcal mol- l )  (kcal mol -I)' 

1 2 CH CN 1.01 -1.79 82.4" -19.1 
CeHe - - 82.4 + 5 . 5  

1 7 (or 8) CH3CN 1.01 -1.63 82.4 -22.9 
CsHs - - 82.4 +0.2 

Naphthalene 7 (or 8) CH3CN 1.19* -1.63 92. Od -27.4 
CsHs - 92.0 -3.7 

'Reference electrode Ag/AgNO, (0.1 M). 
bSee ref. 14. Value corrected to our system by subtracting 0.35 V. 
Value taken from o v e r l a ~ ~ i n a  of absorption and fluorescence spectra. .. - 
dSee ref. 15. 
eThe Coulombic attraction terms are 0.056 and 0.90 eV for acetonitrile and 

energy of 2 and 7  (and 8). It may well be that while 
the excited state of the corresponding charge- 
transfer complexes can deactivate to give the triplet 
of 1 (ET ca. 53 kcal mol-I): 7  (and 8) (ET ca. 50 kcal 
mol-l), not enough energy is available to give the 
triplet of 2  (ET = 61 kcal mol-I). Since the large 
difference in triplet energy between the diesters and 
the dinitriles was unexpected, we will return to this 
point later. 

There are several mechanisms which could apply 
to this intersystem crossing process; mixing of 
states which increase the probability of intersystem 
crossing, dipole-dipole or dispersion interactions, 
caged radical ion pair formation followed by back 
electron transfer, electron transfer between solvent- 
separated radical ions, etc. Although our results do 
not allow us to choose positively from among these 
possible explanations, we favour a mechanism in- 
volving the caged radical ion pair. It seems unlikely, 
in view of our use of nonpolar solvent, that solvent- 
separated radical ions are involved; yet, because of 
the large differences in oxidation and reduction 
potential of the components of the complex, it is 
reasonable to suggest considerable electron transfer 
ie the complex and a radical-ion pair is not unlikely. 

An estimate of the free-energy change associated 
with radical ion pair formation can be obtained by 
applying the concepts developed by Weller and his 
group (13). The Weller equation is shown in eq. [5]. 

benzene, respectively. The AAF,.,, is 1.91 eV from acetonitrile to benzene. 

between a donor (D) and an acceptor (A) molecule 
within an encounter complex, based upon the oxida- 
tion potential of the donor and the reduction poten- 
tial of the acceptor. The Coulombic attraction term 
takes into account the fact that the charges (eo) 
remain within the encounter distance (a ca. 7 A) in 
the solvent dielectric (E). Since the oxidation and 
reduction potentials are measured in high dielectric 
solvents (e.g., acetonitrile, E = 37) and the photo- 
chemical reaction is carried out in nonpolar solvents 
(benzene, E = 2.28), a solvent correction term 
(AAF,,,,) must be applied. The energy available 
(A1 E,,,) is the singlet energy. 

The Weller equation is strictly applicable only to 
systems where no charge-transfer complex exists 
between the ground state molecules. Nevertheless, 
when the association constant for the charge- 
transfer complex is small (i.e., the binding energy 
between the components is weak), as it must be 
between 1 and 2 , 7  and 8, the energy required for the 
electron transfer (the term in parentheses) is essen- 
tially the same and if the singlet energy of one of the 
components is used, the calculated free-energy change 
can be taken as a maximum (i.e., most favourable) 
value. 

Table 4 lists the values which we have used in 
eq. [5] and the calculated AG values for the systems 1 
and 2, and 1 and 7  and 8. Values have been calculated 
for both acetonitrile (where no solvent correction 
term is required) and benzene solution. The large 
negative values calculated when acetonitrile is the 

+ s v ) )  - l o , o  soivent leads to the prediction that radical-ion pair 
formation is favourable. Even for the benzene solu- 

This an estimate of the tions, the calculated are only slightly positive 
free-energ~ change (AG) for the electron transfer and we take this as an indication that radicalpion 

4Although fluoresces strongly upon irradiation in rigid pair formation is possible in these systems as well. 
media at 77 K. we were unable to detect ~hos~horescence There is a brief report in the literature which 
emission even when ethyl iodide was addeci to the solvent. greatly influenced our thinking regarding the 
This estimate was made by analogue with the reported triplet mechanism of step 3. Taylor5 has studied the photo- 
energy of methyl 1,2-diphenylcyclopropene-3-carboxylate 
which was determined by the Hammond-Herkstroeter method 5G. N. Taylor. Private communication and unpublished 
(5).  results cited by Roth (16a). 
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1044 CAN. J. CHEM. VOL. 57, 1979 

chemically induced dynamic nuclear polarization 
(CIDNP) of the system naphthalene and 7 (16). 
Irradiation of a dilute solution of naphthalene and 
fumaronitrile (7) in acetonitrile-d3 gave enhanced 
absorption of the protons on 7 and emission was 
observed for the protons of maleonitrile (8). This 
result was interpreted in terms of the radical-ion pair 
mechanism. The enhanced absorption of the protons 
on 7 results from back electron transfer within the 
singlet radical-ion pair, whereas the emission of the 
protons of 8 results from back electron transfer 
within the triplet radical-ion pair producing initially 
the triplet of 7 which can then isomerize to give 8. 
Although it seems likely that a similar mechanism 
pertains during step 3, particularly in view of the 
similarities in the calculated free energy for the 
electron transfer processes (Table 4), we were unable 
to detect nuclear polarization upon irradiation of an 
acetonitrile-d3 solution of 1 and 7. Details of these 
attempts are given in the Experimental. It should also 
be mentioned that as a result of more recent ad- 
vances in the theory of CIDNP, the mechanism 
originally proposed no longer uniquely explains the 
results. 

Both of the isomeric dinitriles 7 and 8 react with 
the triplet of 1. This is in contrast with the isomeric 
diesters 2 and 6 where the adduct is formed only with 
dimethyl fumarate (reaction [I]) (lb). The observed 
ratio of adducts to cyclopropene dimer (4) indicates 
that the reactivities of both 7 and 8 are comparable 
to that of 2. 

The ratio of one-to-one adducts (9-12) to cyclo- 
propene dimers (4 and 5) was larger when the charge- 
transfer complex was irradiated than when the cyclo- 
propene triplet was generated by photosensitization. 
This is consistent with previous results which were 
attributed to the cyclopropene triplet being formed 
next to the dinitrile upon irradiation of the charge- 
transfer complex and a rate of reaction of the cyclo- 
propene triplet with the dinitrile which is competitive 
with diffusion (lb). 

Although reaction [2] is not stereospecific with 
regard to the configuration of the vicinal cyano 
group, it is clear that there is some preference for 
retention of configuration (Table 1). These observa- 
tions are in accord with the suggestion that the rate 
of ring closure of the intermediate 1,4-diradical which 
is formed initially in the triplet state (step 4 in 
Scheme l), is competitive with the rate of bond 
rotation. There is adequate precedent for this 
behaviour (17). 

The bicyclo[2.1.O]pentanes 9, 10, and 11 all have 
the phenyl on the apical carbon (carbon-5) in the exo 
position. This regiospecificity was also observed upon 

addition of 1 to 2 (reaction [I]) and to maleic an- 
hydride (Ib). Apparently, the phenyl on carbon-3 of 
the triplet of 1 hinders the formation of the initial 
bond on the same side even though the favoured 
configuration of the final product is the endo-phenyl 
isomer. 

Reactions [3] and [4] provide additional examples 
of the isomerization of bicyclo[2.1 .O]pentanes which 
illustrate the rate acceleration resulting from phenyl 
substitution at the bridge head. The half-life of 9, 
9.5 h at 65"C, is con~parable to that of the analogous 
diester 3, t,,, = 5 h at 65°C (lb), which also re- 
arranges to the phenyl-in isomer. The difference in 
thermodynamic stability between 9 and 13 favours 13 
to such an extent that 9 was not detected at equi- 
librium. In contrast, the cis-dinitriles 10 and 14 are of 
similar stability with 14 only slightly favoured at 
equilibrium (reaction [4]). The isomer of 11 was not 
detected; this is perhaps not surprising since the 
apical phenyl and both nitriles would be forced endo 
in this isomer. 

In addition to the bicyclo[2.1 .O]pentane adduct, 
the adduct 12 was also obtained as a major product. 
A possible mechanism for formation of 12 involves 
hydrogen migration of the 1,Cdiradical in competi- 
tion with ring closure. The alternative concerted 
photoene process seems unlikely since this product 
was also obtained in the triplet sensitized reactions. 
Ring closure and hydrogen migration of 1 ,4-diradical 
intermediates has been proposed as the mechanism to 
account for the formation of the cyclopropene dimers 
4 and 5 from the triplet of 1 (8). We have pointed out 
before that this explanation is not entirely satis- 
factory because the ratio of 4 to 5 is dependent upon 
the concentration of 1 (Ib). Now, we find that 4, but 
not 5, is formed in reaction [2]. Clearly, different 
intermediates must be involved in the competitive 
formation of 4 and 5. The reaction cannot simply be 
as shown in step 5 of Scheme 1. 

It seemed possible that 5 and/or 12 could be 
products of a free-radical chain reaction; however, 
this was ruled out after control experiments indicated 
that neither 5 nor 12 was produced thermally in a 
chain initiated reaction. These control experiments 
also confirm that 5 does result from a thermal, non- 
chain, ene-reaction of 1 and that 7 does not compete 
with 1 via this mechanism. It should also be men- 
tioned that the analogous ene-reaction product 
incorporating 2 was not observed from reaction [2]; 
however, Farid and co-workers (5), obtained this 
type of product from the triplet sensitized reaction of 
methyl 1,2-diphenylcyclopropene-3-carboxylate and 
2. Obviously, the factors which determine the ratio of 
these two types of products remains to be defined. 
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WONG AND ARNOLD 1045 

The Triplet Energy of Fumaro- and MaIeonitriIe 
At the onset of this work, there was little indication 

in the literature as to what the triplet energy of 
fumaro- and maleonitrile might be. It  was known 
that the triplets of butyrophenone (E, = 72 kcal 
mol-I), acetone (ET = 78-80 kcal mol-I), and 
benzophenone (ET = 68 kcal mol-I) were quenched 
at the diffusion controlled rate by fumaronitrile and 
so these results at least establish an upper limit for the 
triplet energy of this isomer (18, 19). It  was also 
known that irradiation of ketones with a triplet 
energy that of biacetyl (ET = 55 kcal mol-I) and 
fluoren-9-one (ET = 53 kcal mol-I) could lead to 
some isomerization of fumaronitrile but the photo- 
stationary state was not reported and there was no 
mention of the efficiency of these isomerizations (1 8). 
The photo-CIDNP results mentioned earlier were the 
most informative in this regard, since they require 
that the triplet energy of both fumaro- and maleo- 
nitrile be less than that of naphthalene (E, = 61 kcal 
mol-I) (16). 

In Table 2 are listed the photosensitized stationary 
state ratios of isomers 2-6 and 7-8 as a function of 
triplet energy of the sensitizer. The Saltiel plots of 
these data are shown in Fig. 2 (20). 

Notice first that our results for the dimethyl esters 
are similar to those reported by Hammond and co- 
workers (4) for the diethyl esters. Energy transfer to 
dimethyl maleate (6) is apparently less than diffusion 
controlled when the triplet energy of the sensitizer is 

FIG. 2. Saltiel plots for A dimethyl maleate and fumarate, 
x diethyl maleate and fumarate (4), and 0 maleonitrile and 
fumaronitrile. 

less than 70 kcal mol-I and efficient energy transfer 
to  dimethyl fumarate (2) requires a sensitizer having a 
triplet energy greater than 6 1 kcal mol- I .  

No isomerization was induced when fluoren-9-one 
was the sensitizer and the isomerization observed 
when pyrene and acridine were used as sensitizers was 
relatively inefficient and of unknown mechanism. 
Rapid isomerization of 6 to 2 occurred when 9,10- 
dibromoanthracene was used as the sensitizer and the 
resulting mixture, i.e. >99% 2, was identical to the 
thermodynamic equilibrium. Irradiation of this sensi- 
tizer is known to lead to carbon-bromine bond 
homolysis and the resulting bromine atoms could 
subsequently catalyze the thermal isomerization (21). 

The behaviour of the isomeric dinitriles is ob- 
viously very different. The photosensitized stationary 
state is insensitive to variation in sensitizer triplet 
energy. Isomerization does, however, become rela- 
tively inefficient with sensitizers having a triplet 
energy less than 49 kcal molpl and no isomerization 
was observed with the sensitizer having triplet energy 
44 kcal mol-I. Our interpretation of these results is 
that the triplet energy of both 7 and 8 is approxi- 
mately 50 kcal mol-l. 

Since it is known that sensitizers having a triplet 
energy between 68-78 kcal mol-I are quenched at the 
diffusion-controlled rate by 7 and since the photo- 
stationary state is invariant over this range, it can be 
assumed that 8 also quenches these sensitizers at the 
diffusion limit. The fraction of triplets (7, 8)3 that 
decay to  fumaronitrile (step 6 of Scheme 1) can be 
deduced from the photostationary state ratio es- 
tablished with these high energy triplet sensitizers: 
a = 0.61. 

Again in this case, isomerization was relatively 
rapid when 9,IO-dibromoanthracene was the sensi- 
tizer. We believe the resulting mixture arises from a 
bromine atom catalyzed reaction and reflects the 
thermodynamic stability (33% 8 at  10°C; AG = 0.4 
kcal mol-I). The thermodynamic equilibrium has 
been established in a thermal reaction (180°C), 
catalyzed by iodine. The reported equilibrium value 
(33.8% 8) (22) was based upon isolated yields and 
differs from the value we obtain (43.5% 8 at  180°C; 
AG = 0.2 kcal mol-I) by vpc analysis of the crude 
reaction mixture. We believe it is fortuitous that the 
thermodynamic equilibrium is so similar to the 
photosensitized stationary state value. 

No explanation was offered in the original work 
(4) for why diethyl maleate has such a high triplet 
energy relative to the fumarate. Since steric and 
electronic repulsions strongly (4.22 kcal mol-l) (23) 
favour the trans-isomer in the ground state, the 
difference in the planar triplet state energies must be 
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proportionally larger; that is, the 'planar' triplet of 
diethyl maleate must be more than 16 kcal mol-I 
above the 'planar' triplet of diethyl fumarate. To our 
knowledge the cause of this large difference has re- 
mained unexplained. Obviously, little or no difference 
exists between the triplet energy of 7 and 8. 

We were surprised that the triplet energies of the 
dinitriles were so much lower than that of the trans- 
diesters; we had assumed that 2,7, and 8 would have 
similar triplet energies with the triplet of 6 being 
exceptionally high. This reasoning was based on the 
fact that both carbomethoxy and cyano substitution 
lowers the triplet energy of benzene by the same 
extent; methyl benzoate and cyanobenzene have 
essentially the same triplet energies (24). Baird (25) 
has proposed an empirical approach for estimating 
the energy of the 'twisted' TC,X* triplet of conjugated 
alkenes6 To use this approach to compare the 
relative triplet energies of two alkenes, one considers 
the relative stabilities of the pairs of radicals resulting 
from twisting each of the 7c bonds by 90". From the 
reported heats of formation of the cyanomethyl 
radical (27) and fumaronitrile (28) the estimate of the 
'twisted' triplet energy of fumaronitrile is 38.9 kcal 
mol-I, similar to that of stilbene (37.8 kcal mol-I 
(25)). The 'planar' triplet energy of trans-stilbene 
(49 kcal mol-I (4)) is also close to  that of the dini- 
triles. Unfortunately, the required thermodynamic 
data are not available for an estimate of 'twisted' 
triplet energy of the diesters. 

An analysis based upon electron spin resonance 
hyperfine splitting, suggests that electron delocaliza- 
tion is much greater with the cyano than with the 
carbomethoxy substituted radicals (29). 

It therefore seems likely that conjugation of the 
alkyl oxygen nonbonding pairs of electrons with the 
carboxyl carbonyl decreases the extent of conjuga- 
tion of the carbonyl with the carbon-carbon double 
bond in the ground state and with the unpaired 
electrons in the triplet. This explanation gains some 
support from the relatively large reduction potential 
of the diesters (3), and the observation that rotation 
about the alkyl oxygen - carboxyl carbonyl carbon in 
the radical anion is relatively slow (30). 

Experimental 
General 

Fumaronitrile (Aldrich Chemical Co.) was freshly sublimed 
under vacuum before use. Maleonitrile was vrevared by thermal 
isomerization of fumaronitrile catalyzed with-iodine 122), and 
was isolated by fractional distillation, column chroma- 
tography on neutral alumina (Woelm) eluting with a 1: 1 
mixture of benzene and hexane, followed by recrystallization 

6Semiempirical molecular orbital calculations of the triplet 
energy ('planar') of both 7 and 8 range between 41.4 and 
61.5 kcal mol-' (26). 

from ether-pentane. 1,2,3-Triphenylcyclopropene was pre- 
pared using the method described by Breslow and Chang (31). 

Dimethyl fumarate (Aldrich Chemical Co.) was recrystal- 
lized once from methanol. 

Dimethyl maleate (Eastman Kodak Co.) was fractionally 
distilled twice before use. 

The sensitizers thioxanten-9-one, 4,4'-dimethoxybenzo- 
phenone, 1,3,5-triacetylbenzene, 2-acetylfluorene, and phena- 
zine (Aldrich Chemical Co.); benzophenone (Fisher Scientific 
Co.); benzil and 1,4-benzanthracene (BDH Chemical Co.); 
xanthen-9-one, 9,lO-dibromoanthracene, fluoren-9-one 2- 
acetonaphthone, phenanthrene quinone, and pyrene (Eastman 
Kodak Co.); 4,4'-dicyanobenzophenone (32); were either 
repeatedly recrystallized or sublimed under vacuum until they 
gave a sharp melting point and showed a single spot on thin- 
layer chromatography using silica gel plates. 

Thiophene-free benzene was obtained using the procedure 
employed by Wagner (19). The melting points were determined 
on a Thermolyne hot-stage microscope and were corrected. 
The combustion analyses were performed by Chemalytics Inc., 
Tempe, Arizona. 

Mass spectra were obtained from a Varian Mat 311A mass 
spectrometer and are reported as m/e (relative intensity); only 
parent molecular-ion peak and the base peak are reported. 

The infrared spectra were run in KBr disk on a PE-621 
infrared spectrometer using the 1601 cm-' absorption band of 
polystyrene for calibration. The 'Hmr spectra were obtained 
either on a Varian T-60 or a Varian XL-100spectrometer. The 
chemical shifts are taken as the centre of multiplets referring to 
tetramethylsilane and the coupling constants are the result of 
first-order analysis. 

The ultraviolet absorption spectra were recorded on a Cary 
118 spectrometer using 1.0-cm quartz cuvettes. 

The 13Cmr spectra were determined using a Varian XL-100- 
15 system operation at 25.2 MHz in the Fourier transform 
mode with 2000 Hz sweep widths, the peak positions were 
determined to 1 Hz reference to internal tetramethylsilane. 
Off-resonance decoupling was employed to confirm assign- 
ments for methylene, methine, and quarternary carbons. 

All irradiations were performed using a General Electric Co. 
1-kW medium pressure mercury vapour arc lamp with a 
quartz cooling jacket (Photochemical Research Associates). 
All solutions were placed in Pyrex irradiation vessels flushed 
with dry nitrogen and sealed with rubber septums. The irradia- 
tion vessels were immersed in a constant temperature bath 
maintained at 10°C. 

Filter Solution A 
BiC13 (200 mg) was dissolved in 10% HCl(150 mL) and this 

solution was placed in a container such that there was at least 
1 cm of filter solution shielding the irradiation vessel. The long 
wavelength cut off is 350 nm. This filter solution was photo- 
labile and was replaced after each 24-h irradiation. 

Filter Solution B 
Same as filter solution A except that a more concentrated 

solution of BiC13 was employed (1000 mg BiC13 in 150 mL 
10% HCl). The long wavelength cut off is 358 nm. 

Oxidation and Reduction Potential Measurements 
Cyclic voltammetric data were obtained using a three- 

electrode cell with a Princeton Applied Research Electro- 
chemistry System model 170. The working electrode was a 
platinum sphere sealed into glass and the counter electrode was 
a platinum wire. A Ag/AgNOs (0.1 M) electrode was used as a 
reference electrode and 0.1 M tetraethylammonium perchlorate 
as supporting electrolyte. The solvent was acetonitrile. 
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CZDNP Experiment 
The light source was an Oriel Corporation 200-W HgXe 

lamp focused and passed down through a light pipe into the 
solution in a 5-mm nmr tube. The signals were detected by a 
Varian XL-100 'Hrnr spectrometer. No CIDNP signal was 
found under the following conditions although we were able to 
reproduce Taylor's result (footnote 5 and ref. 16) under similar 
conditions: a CD3CN (or C6D6) solution of 1 (18.6 mM)and 7 
(13 mM) or a solution containing 1 (0.1 M )  and 7 (0.1 M )  in 
CD,CN. Solutions were deaerated by purging thoroughly with 
dry nitrogen. 

Irradiation of 1,2,3-Triphenylcyclopropene and Fumaronitrile 
A solution containing 1,2,3-triphenylcyclopropene (3.0 g, 

11.1 mmol) and fumaronitrile (0.9 g, 11.5 mmol) in 40 mL of 
benzene was irradiated through filter solution A. After 120-h 
irradiation, the 'Hrnr spectrum of the reaction mixture 
revealed that all the cyclopropene had been consumed. 
Remaining was a complex mixture of adducts, cyclopropene 
dimer, and the unreacted fumaronitrile together with maleo- 
nitrile. 

Benzene was removed under vacuum and the residue was 
charged onto a column of silica gel (Woelm activity 111) and 
eluted with hexane-benzene. The first component to be 
eluted was the hexaphenyltricyclohexane dimer 4 (546 mg, 
18.2%), followed by the unreacted fumaronitrile, which 
sublimed readily as the solvent was being taken off. Adduct 9 
(806 mg, 20.8%) was not stable under the column condition 
and had partially isomerized to the corresponding phenyl-in 
isomer 13. Maleonitrile was next to be eluted and sublimed 
while the solvent was being evaporated. Adduct 10 isomerized 
to give an equilibrium mixture of 10 and 14 (202 mg, 5.2%). 
The photoene adduct 12 (431 mg, 13.9%) came next. The last 
component to be eluted was adduct 11 (100 mg, 2.6%). All of 
the above yields were isolated yields of pure compounds 
calculated on the bases of starting cyclopropene. 

Since the adducts are labile to heat and/or silica gel, direct 
measurement of yields by 'Hmr was conducted on the crude 
reaction mixture using cyclohexane as an internal standard. A 
benzene (0.5 mL) solution of 1,2,3-triphenylcyclopropene 
(0.3 M) and fumaronitrile (0.3 M) was irradiated for 24 h 
through filter solution A. The 'Hrnr spectra revealed that all 
the cyclopropene had been consumed. The calculated yields 
accounted for 89% of the cyclopropene consumed: dimer 4 
(17.5%), adduct 9 (44.573, adduct 10 (7.373, adduct 11 (4.473, 
the ene-product 12 (15.3%). The starting nitrile(s) was 75% 
consumed and the ratio of fumaronitrile to maleonitrile 
remaining was 65: 35. Neither adduct 13 nor 14 was present in 
this reaction mixture. 

Adduct 9 was purified by recrystallization from CHC1,- 
hexane to give colourless rhombic crystals: mp 188-190°C; ir 
(KBr) v: 3040, 2970, 2250 (m), 1600, 1495, 1442, 1160, 1080, 
1030, 1000,920,850 cm-'; 'Hmr G(CDC1,): 3.25 (Ha, s, lH), 
3.45(Hb,d, lH,Jb, = 4.5Hz),3.80(HC,d, lH,Jbc = 4.5Hz), 
6.40-7.40 (m, 15H, the pattern of this multiplet was common 
to the phenyl-out adducts so far observed which divided into 
three groups of multiplets with the lowest field group being the 
largest); 'Hmr 6(C6D6): 2.85 (Ha, s, lH), 2.35 (H,, d, IH), 3.00 
(H,, d, lH), 6.15-7.10 (m, 15H); no nOe effect was observed in 
CDCI, on Ha upon irradiating H,, however, a 4% nOe en- 
hancement of Ha was observed upon irradiating H, in C6H6 
while the intensity of H, remained unchanged; 13Cmr chemical 
shifts (CDCI,): 43.6 (bridgehead carbons), 36.48 (methine 
carbons), 39.95 (apex carbon), 116.4 and 117.3 (cyanocarbons), 
133.4 (one of the aryl carbons attached directly to the bicyclo- 
pentane nucleus), 126.6-132.0 (other aromatic carbons); ms 
(70 eV): 346 (95, M+), 319 (100). Anal. calcd. for CZ5HlsN2: 

C 86.68, H 5.24; found: C 86.59, H 5.44. Mol. Wt. calcd. for 
CZ5Hl8N2 : 346.14699; found (mass spectroscopic): 346.14616. 

Heating of adduct 9 in benzene at 65°C for 72 h gave com- 
plete rearrangement to the phenyl-in adduct 13 which, upon 
recrystallization from ether-hexane, gave colourless rhombic 
crystals: mp 141-143OC; ir (KBr) v: 3030, 2965, 2255, 2245, 
1600, 1500, 1445, 1320, 1190, 1125, 1075, 1030 cm-'; 'Hmr 
G(CDC1,): 3.8 (H,, d, lH, J,, = 5.35 Hz), 3.9 (Ha, broads, lH,  
J,, = 1 Hz), 4.4 (H,, q, J = 1 and 5.35 Hz), 7.4-7.9 (m, 15H). 
The same pattern was observed in C6D6 6: 2.4 (d, lH), 2.5 
(broad s, lH), 3.0 (q, lH), 6.0-7.0 (m, 15H); since Hb and Ha 
overlapped, nOe was not attempted; 13Cmr chemical shifts 
(CDCI,): 40.3 and 42.2 (bridgehead carbons), 30.6 and 31.1 
(methine carbons), 40.0 (apex carbon), 115.3 and 117.6 
(cyanocarbons), 135.4 (one of the aryl carbons attached 
directly to bicyclopentane nucleus), 126.9-131.0 (other aro- 
matic carbons); ms (70 eV): 346 (48, M+), 319 (100). Anal. 
calcd. for CZ5Hl8N2: C 86.68, H 5.24; found: C 86.41, H 5.49. 
Mol. Wt. calcd. for CZ5HlsNz: 346.14699; found (mass 
spectroscopy) : 346.14633. 

Adduct 10 was never isolated since isomerization occurred 
under mild conditions; on the other hand, the isomer, adduct 
14, readily crystallized from the mixture in CHC1,-hexane: 
mp 215-217OC; ir (KBr) v: 3065,2248,1600,1500,1450,1280, 
1085, 1032, 930, 830 cm-'; 'Hmr G(CDC1,): 3.4 (s, 3H), 
7.0-7.7 (m, 15H), the singlet at 3.4 was not split upon addition 
of a shift reagent Eu(fod),III; 'Hmr 6(C6D6): 1.7 (s, 2H), 2.1 
(s, lH), 6.0-6.8 (m, 15H); 13Cmr chemical shift (CDCI,): 41.8 
(bridgehead carbons), 31.8 (methine carbons), 40.2 (apex 
carbon), 116.3 (cyanocarbons), 133.5 and 131.0 (aryl carbons 
directly attached to bicyclopentane nucleus), 128.5-130.1 
(other aromatic carbons); ms: 346 (81, M+),  319 (100). Anal. 
calcd. for Cz5H1,N2: C 86.68, H 5.24; found: C 86.48, 
H 5.20. 

Refluxing adduct 14 in benzene for 2 h gave an equilibrium 
mixture consisted of adduct 10 (23%) and adduct 14 (77%). 
The ir (KBr), ms, and tlc of this mixture was essentially the 
same as adduct 14 alone; however, 'Hmr and 13Cmr spectral 
assignments for adduct 10 can be obtained by subtracting the 
peaks due to adduct 14 from the spectra of the mixture: 'Hrnr 
G(CDC1,): 3.55 (s, lH), 3.8 (s, 2H), 6.4-7.8 (m, 15H, same 
pattern as adduct 3); 'Hmr 6(C6D6): 2.3 (s, 2H), 3.1 (s, lH), 
6.0-7.0 (m, 15H); 13Cmr chemical shift (CDCI,): 43.2 (bridge- 
head carbons), 35.0 (methine carbons), 38.4 (apex carbon), 
115.0 (cyano carbons), 133.2 and 132.2 (aryl carbons attached 
directly to bicyclopentane nucleus), 126.0-130.3 (other 
aromatic carbons). Another piece of evidence supporting this 
thermodynamic equilibrium was the observation that, after 
crystals of 14 had been removed, the mother liquid which 
initially consisted of 72% of adduct 10 and 28% of adduct 14, 
reverted to the equilibrium composition after 11 days at room 
temperature. 

Adduct 11 was recrystallized from CHC1,-EtOH to give 
shiny plates: mp 191-193°C (dec.); ir (KBr) v: 3040, 2960, 
2245, 1600, 1500,1445, 1075, 1035,925, 762,700 cm-l; 'Hmr 
G(CDC1,): 2.9 (Ha, s, lH), 3.6 (H,, s, 2H), 6.2-7.2 (m, 15H, 
same pattern as adduct 9); 'Hrnr 6(C6D6): 1.6 (s, lH), 2.0 
(s, 2H), 5.6-6.8 (m, 15H); nOe (CDCI,): irradiating H, gave 
7.3% enhancement of the methine protons and an 18% en- 
hancement of Ha was observed when the methine protons were 
irradiated. 13Cmr chemical shift (CDCI,): 44.6 (bridgehead 
carbons), 36.8 (methine carbons), 41.8 (apex carbon), 115.9 
(cyano carbons), 133.8 (one of the aryl carbons directly 
attached to bicyclopentane nucleus), 126.4-1 31.7 (other 
aromatic carbons); ms: 346 (75, M+), 319 (100). Anal. calcd. 
for C2,H18N2: C 86.68, H 5.24; found: C 86.56, H 5.45. This 
adduct was also thermally unstable in solution. Upon heating 
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at 75°C in C6D6 for 24 h, the solution turned from colourless to 
red-brown, the 'Hmr spectrum showed that 11 had been 
consumed, remaining was a singlet at 6(C6D6) 2.9 and a 
multiplet at 6.3-7.4 in the ratio ca. 1 : 10. No further attempt 
was made to characterize this product(s). 

Compound 12 was colourless cubic crystals after recrystal- 
lization from CHC1,-EtOH: mp 207-208°C; ir (KBr) v: 3030, 
2960, 2260, 2245, 1825, 1600, 1495, 1445, 1310, 1160, 1070, 
1000,960, 803 cm-'; 'Hmr G(CDC1,): 2.55 (d, 2H, J = 7 Hz), 
4.3 (t, IH, J = 7 Hz), 6.8-7.9 (m, 15H); 'Hmr 6(C,D,): 1.2 
(d, 2H), 2.9 (t, lH), 6.2-7.4 (m, 15H); ms: 346 (9, M+), 267 
(100). Anal. calcd. for CZ5Hl8N2: C 86.68, H 5.24; found: C 
86.86, H 5.41. This compound was thermally stable and no 
change was observed upon heating at 75°C in C6D6 solution 
for 24 h. 

Irradiation of 1,2,3-Triphenylcyclopropene and Maleonitrile 
A solution containing 1,2,3-triphenylcyclopropene (80.4 mg, 

0.3 mmol), maleonitrile (23.4 mg, 0.3 mmol) in benzene (1 mL) 
was irradiated through filter solution A .  After irradiating for 
47 h, analysis of the 'Hmr spectrum revealed 94.4% of the 
cyclopropene had been consumed. The same products were 
found as in irradiation of the cyclopropene with fumaronitrile 
except the product ratios were different: adduct 9 (25.4%), 
adduct 10 (12.6%), adduct 11 (7.2%), compound 12 (18.2%), 
dimer 4 (19.5%). These yields are corrected for the unreacted 
cyclopropene and represent an 84% material balance. The 
ratio of the unreacted fumaronitrile and maleonitrile was 
60: 40. 

Irradiation of 1,2,3-Triphenylcyclopropene and Fumaronitrile in 
the Presence of Thioxanthen-9-one 

A solution of 1,2,3-triphenylcyclopropene (40.2 mg, 0.15 
mmol), fumaronitrile (1 1.7 mg, 0.15 mmol), and thioxanthen-9- 
one (1 mg, 0.005 mmol) in benzene (0.5 mL) was irradiated 
through filter solution B. After 2 h, the 'Hmr spectrum re- 
vealed that 89% of the cyclopropene had been consumed. The 
same products (and one additional) were obtained as upon 
direct irradiation: adduct 9 (17.9%), adduct 10 (14.0%), 
adduct 11 (4.773, compound 12 (25.2%), dimer 4 (24.3%), and 
dimer 5 (11.8%). These yields were corrected for the cyclo- 
propene unreacted and thus, 98% of the starting cyclopropene 
was accounted for. The ratio of the unreacted fumaronitrile 
and maleonitrile was 60:40. Essentially, the same results were 
obtained when fluoren-9-one was used as sensitizer. 

Attempted Thermal Reactions of 1,2,3-Triphenylcyclopropene 
with Furnaronitrile 

A solution of 1,2,3-triphenylcyclopropene (20 mg, 0.075 
mmol), fumaronitrile (12mg, 0.15 mmol) in toluene (1 mL) 
was sealed after three cycles of freeze-thaw and was then 
heated in an oil bath at 120°C. After heating for 450 h, most of 
the cyclopropene (r 95%) was consumed while fumaronitrile 
remained unchanged. The sole product identified with 'Hmr 
and tlc was dimer 5. 

A solution containing 1 (200 mg) and AlBN (10 mg) in 
benzene (5 mL) was refluxed under a nitrogen atmosphere. 
After 3 h, 'Hmr and tlc showed small amount of 5 had been 
formed (half-life of AlBN at this temperature is -1 h). 
Portions of AlBN (total 10 mg) were added after each 6 h. 
After 47 h of refluxing, 'Hmr revealed -2% of 5 as the sole 
product. A control experiment was performed in the absence 
of AlBN. After 48 h, approximately same amount of 5 was 
obtained. 

Photostationary States of Photosensitized Isomerization of 
Fumaronitrile, Maleonitrile, Dimethyl Fumarate, and 
Dimethyl Maleate 

Preliminary studies were conducted at higher concentration 

of fumaronitrile (0.3 M) and dimethyl fumarate (0.2 M )  with 
the concentration of sensitizers being 0.05 M in benzene 
followed by 'Hmr. Irradiations were done using a 0-51 
Corning glass filter (cut off at 360 nm). The photostationary 
state was taken as the constant cis-trans ratio obtained upon 
prolonged irradiation. 

To minimize possible complications, such as blocking of 
light due to polymer formation or sensitization other than 
triplet-triplet energy transfer from the lowest triplet excited 
state of the sensitizer, experiments were conducted at lower 
concentrations of quencher (0.05 M) and sensitizers (0.01 M). 
In these experiments, isomerization was followed by vapour 
phase chromatography (vpc) (PYE 140 vpc with a 5 ft 10% 
DEGS column at 17S°C for the nitriles and 170°C for the 
esters). The response factors for the corresponding isomers 
were almost the same and the ratios were determined by 
weighing the peak areas. Also, 0.05 M of the synthetic mixtures 
close to the photostationary state were irradiated in the 
presence of 0.01 M sensitizer. In these experiments, no further 
change of the ratio of the cis-trans isomers occurred after a 
short period of irradiation. The results are listed in Table 2. 
In most of the cases, the two procedures gave the same (within 
experimental error) ratio of isomers. 
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A nuclear magnetic resonance study of pyridoxal phosphate - metal ion interactions. 11. 
Binding of manganese(I1) 
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TENKASI S. VISWANATHAN and TERRENCE J. SWIFT. Can. J. Chem. 57, 1050 (1979). 
The line width and spin-lattice relaxation rates of phosphorus and proton nuclei in PLP have 

been measured as a function of temperature in the presence of Mn(I1) using pulsed nmr 
methods. The TIM of 31P in PLP-Mn(I1) is very close to the TIM values of p- and y-phosphorus 
atoms in ATP-Mn(I1) at --40°C. The TI data of 31P and 'H have been interpreted in terms of 
the dipolar interaction between the electron and nuclear spins. With the assumption that the 
Mn(I1) interacts directly with the phosphate of PLP the rotational correlation time T, at 38°C 
was calculated to be 7.6 x 10-1°s from phosphorus TI data. This T, value was subsequently 
used to calculate metal-proton distances from proton TI and T2 data. The results lead to the 
conclusion that the phosphate-bound metal interacts directly with the aldehyde oxygen in a 1 : 1 
PLP-Mn(I1) complex. The linewidth of the l3C resonances of PLP in the presence of Mn(I1) 
supports this conclusion. The structure assigned for PLP-Mn(I1) complex is in conformity with 
the structure for PLP-Co(I1) complex. 

TENKASI S. VISWANATHAN et TERRENCE J. SWIFT. Can. J. Chem. 57, 1050 (1979). 
On a mesure les largeurs des raies et les taux de relaxation spin-reseau des noyaux de 

phosphore et du proton du PLP en fonction de la temperature en presence de Mn(I1) en faisant 
appel a des mtthodes de rmn pulsee. Les valeurs de TIM du 31P dans le PLP-Mn(I1) sont tres 
pres des valeurs de TIM des atomes de phosphore p et y dans 1'ATP-Mn(I1) A ~ 4 0 ° C .  On a 
interpret6 les donnees de TI pour le 31P et le 'H en termes d'interactions dipolaires entre les 
spins electronique et nucleaire. En faisant l'hypothese que le Mn(I1) interagit directement avec 
le phosphate du PLP, on a calcule que le temps de correlation rotationnelle, T,, a 38°C est Bgal 
a 7.6 x lo-'' s a partir des donnees de TI, pour le phosphore. On a ultkrieurement utilise 
cette valeur de 7, pour calculer les distances metal-proton A partir des donntes de TI et T, pour 
le proton. Les resultats conduisent a la conclusion que le metal lie au phosphore interagit 
directement avec l'oxygene de l'aldehyde dans un complexe 1 : 1 PLP-Mn(I1). Les largeurs des 
raies des resonances 13C du PLP en presence de Mn(I1) sont en accord avec ces conclusions. 
La structure attribuee au complexe PLP-Mn(I1) est conforme a la structure du complexe 
PLP-Co(I1). 

[Traduit par le journal] 

Introduction CHO 

The metal complexes of Schiff bases derived from H ~ O ~ P O H ~ C ~  

pyridoxal phosphate (PLP) (1) have been well 0 2  

studied because of their importance as model CH3 

systems for PLP-catalyzed enzymatic reactions such 1 Pyridoxal phosphate 

as transamination and deamination (1). Pyridoxal particular, cause large changes in the chemical shifts 
phosphate itself has considerable affinity for divalent and relaxation rates of the neighbouring nuclei 
metal ions and only a limited number of studies (2, 3) making the metal ion an exceptionally good probe of 
have been reported on these complexes. The recent its environment. We have used a combination of 3 1 ~ ,  
report by Farago et al. (3) describes these complexes 'H, and 13C nmr studies to find the nature of the 
as insoluble and probably polymeric solids. divalent metal ion complexes of PLP. The results 

Nuclear magnetic resonance is one of the powerful presented in this report are useful in assigning an 
techniques used in the determination of binding unambiguous structure for the PLP-Mn(I1) complex. 
sites, when the ligand in question possesses more than 
one binding site. Paramagnetic metal ions, in Experimental 

Pyridoxal phosphate was purchased from Sigma Chemical 
'Based on the Ph.D. Thesis of T.S.V., Case Western Reserve Co. and it was found to be free of paramagnetic impurities. 

University, 1975. Measurements of proton line widths were done at 60 MHz at 
ZAddress correspondence to this author at the Chemistry 37°C on a Varian A60A nmr spectrometer. Measurements of 

Department, Simon Fraser University, Burnaby, B.C., Canada proton spin-lattice relaxation times and all the I3C and 31P 
VSA 1S6. nmr determinations were done on a Varian XL-100 in the 

0008-4042/79109 1050-06$01 .OO/O 
@I979 National Research Council of CanadalConseil national de recherches du Canada 
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VISWANATHAN AND SWIFT 1051 

pulsed FT mode. The temperature of the A60A and XL-100 
probes were determined by inserting a calibrated thermometer 
inside the spectrometer cavity. The Tl determinations were 
done by the inversion-recovery method. Usually 10 different z 
values were taken with the largest T value about three times the 
null point. The error in the Tl values obtained in this study 
varied from 3 to 10%. 

Internal tetramethylammonium (TMA) chloride was used as 
the reference for 'H and 13C nmr studies. The reference used 
for 31P nmr was hexamethylphosphoramide (HMPA) con- 
tained in a coaxial tube. All nuclear resonances with frequency 
greater than the resonance frequency of the reference material 
were given positive sign for the chemical shift. 

Theory 
The effects on the nmr spectrum of a ligand 

molecule exchanging between the first coordination 
sphere of a paramagnetic metal ion and the free solu- 
tion are described by the equations of Swift and 
Connick (4) and Luz and Meiboom (5). The con- 
tributions TI,-' and T2,-' by the metal ion to the 
observed relaxation rates are determined by the 
relaxation times of the resonances in the bound state, 
TIM and T2,, the fraction of the coordinated ligand, 
f, and the average residence time of the ligands in the 
bound form, 7,: 

it has been assumed that ( 0 , ~ ~ ) ~  >> 1 and (wsz,)2 >> 1, 
where o, is the resonance frequency of the electron. 

Results and Discussion 
Phosphorus Nuclear Magnetic Resonance Studies 

The temperature dependence of the normalised 
paramagnetic contribution to the relaxation rates 
(fT,,)-' and(fT2,)-' of the phosphorus resonance of 
PLP-Mn(I1) are shown in Fig. 1. The following 
features are noticeable in the curves. ( i )  As the tem- 
perature is raisedCfT,,)-' passes through a maximum 
at 54°C and then decreases with further increase in 
temperature. (ii) The value of (a,)-' at its maxi- 
mum is about 150 times larger than the value of 
(f~,,)- '  at  the same temperature. (iii) Increase in 
temperature causes decrease in the value of (fTlp)-' 
in the temperature range studied. 

Since T,,-' >> TI,-' for the phosphorus resonance 
in PLP-Mn(II), it follows that zMP1 >> TIM-' at the 
temperature of maximum CfT,,)-' or higher. At 
54°C and above one would expect the value of TI,-' 
to reflect truly the weighted average longitudinal 
relaxation rate. Figure 2 shows the linear dependence 
of TI,-' and T2,-' of the phosphorus resonance of 

[I] TI,-' = f l ( T 1 ~  + TM) PLP-on the concentration-of added Mn(I1) ion at 
69°C. Little shifting of the phosphorus resonance was 

[21 T2,-' observed. 
T~,-'(T,,-' + 7,-') + AwM2] From the measured TI,-' values, it is possible to 

= 'lzM[ ( T ~ ~ - '  + zM-')' + A W ~ ' -  calculate the distance of the phosphorus atom from 
the Mn(I1) ion using [3]. A knowledge of the magni- where 40, is the shift between the resonances of free tude of the dipolar correlation time rc is essential for 

and bound ligand at the 'low exchange limit (4)  the calculation of r. However, qualitative conclusions Shulman et ". (6) modified the Solomon-B1oem- may be drawn by the results for PLP- bergen equations (7, 8) to describe the relaxation of Mn(II) with results for similar complexes the ligand bound to the Mn(I1) ion: 

where y, is the magnetogyric ratio, Alh is the scalar 
coupling constant between the nucleus and the 
electron, and r is the nuclear-electron distance. The 
dipolar correlation time zc and the scalar correlation 
time z, are given by: 

where z, is the electron spin relaxation time and z, is 
the rotational correlation time. In deriving [3] and [4] 

FIG. 1. The temperature dependence of(fT2,)-' and(fTlp)-' 
of the 31P resonance of PLP-Mn(I1) complex at 40.5 MHz. The 
pD of the solution was 7.0 and the concentration of PLP was 
0.75 M. Mn(I1) was added to yield a [Mn(II)] to [PLP] ratio of 
1.33 x 
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1052 CAN. J. CHEM. VOL. 57, 1979 

FIG. 2. The dependence of TI,-' and T2,-l of the 31P 
resonance of PLP on the concentration of the added Mn(I1) at 
69°C. 

such as ATP-Mn(I1). The value of 0.8 x lo5 s- ' for 
(fTlP)-l of phosphorus in PLP-Mn(I1) is in excellent 
agreement with a value of 1 x lo5 for the P- and 
y-phosphorus resonances of ATP-Mn(I1) at 40°C. 
Since ATP and PLP are similar in size, their rota- 
tional correlation times should have similar magni- 
tude. With that assumption the conclusion is that the 
nature of the Mn-phosphate interaction is similar for 
Mn-ATP and Mn-PLP, namely, direct binding. 

Since 'direct binding' of Mn(I1) to the phosphate 
of PLP is a reasonable conclusion from our results, 
one can use the values of g, S (10, l l ) ,  and r (12) 
available in the literature for LiMnPO, to calculate 
the correlation time for PLP-Mn(I1). For g = 2.0, 

S = 512, and r = 3.3 A, the value of t ,  is 4.4 x 10-lo 
s at 69"C, 6 x 10-1°s at 54"C, and 7.6 x 10-1°s at 
38°C. 

Measurement of (fT,,)-' in the temperature range 
studied does not provide any binding structure in- 
formation since T,,-' = T,-' at temperatures as 
high as 69°C. Since in this slow exchange limit [2] 
reduces to fT,, = z,, the exchange rate may be 
calculated from the line width measurement. The 
average residence time of PLP molecules in the 
coordination sphere of Mn(I1) at 38°C is 0.16 ps and 
T, has an activation energy of 5.6 kcal/mol. 

Proton Nuclear Magnetic Resonance Studies 
The addition of Mn(I1) to a solution of PLP at 

pD 6.2 does not cause any significant shift of any of 
the proton resonances. However, selective broaden- 
ing of the proton resonances does take place. The 
maximum broadening was observed for the formyl 
proton resonance. The line broadening of the 6-H 
proton was about half of that observed for the 
formyl proton whereas the 2-methyl proton broaden- 
ing was only one-fifth of the broadening of the 
formyl proton. The dependence of the line width at 
half-height of these and the solvent (HDO) proton 
resonances on the concentration of the added 
Mn(I1) at 37°C are shown in Fig. 3. The temperature 
dependences of the logarithm of the full line width at 
half-height of the 2-methyl, 6-H, and the solvent 
HDO resonances are shown in Fig. 4. This figure 
shows that at 37°C the observed line widths of all 
these protons are the weighted average values. The 

FIG. 3. The full line width at half-height of the proton resonances of PLP (0.25 M) at pD 6.2 and at 37°C as a function 
of the Mn(I1) concentration: (a) 4-CHO and 6-H protons and (6) 2-methyl and solvent (HDO) protons. 
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VISWANATHAN AND SWIFT 

TABLE 1. The transverse and longitudinal relaxation rates (s-') and metal-nuclei 
distances (A) for the PLP-Mn(I1) complex 

(fTzp)-' at (fT1,)F1 at 
Nuclei 60 MHz r 100 MHz Y 

4-CHO proton 1 . 7 ~  lo4 6.0 9 . 6 ~  lo3 6 .4  
5-CH2 protona - - 2 . 2 ~  lo4 5 .6  
6-H proton 8 . 7 ~  lo3 6 .7  9 . 0 ~  lo3 6 . 5  
2-CH, protonb 1 . 9 ~  lo3 8 . 6  - - 
Phosphorus - - 8 x  lo4 3.3" 

#The measurement of 11ne w~dths 1s compl~cated by the coupl~ng of 3'P to the 5-CH, resonance. 
*The T, value of the methyl resonance was not measured 
CAssumed for a d~rect blndlng of Mn(I1) to phosphate 

3.5 - 

3.0 - 12 

rr 

8 
V - 
I C 

I- 
4 

- 19 

1.0 - 2 4 6 

I I I I I f x104 
2.7 24 3.1 3 36 FIG. 5. The dependence of the observed TI-' of the 5- 

methylene, 4-CHO, and the 6-H proton resonances (100 MHz) 
K!!fK of PLP (0.25 M) at 35°C on the ratio of [Mn(II)] to [PLP]. 

FIG. 4. The temperature dependence of the full line width at determined. The extrapolated T2-' and TI -' values 
half-height of the solvent HDO (right scale) and the 6-H and at 60 and 100 MHz, respectively, of the proton 
2-methyl (left scale) proton resonances of PLP-Mn(11) at PD resonances in the 1 : 1 PLP-Mn(II) complex are 
6.2. The [Mn(II)] to [PLP] ratio, f, was 1.4 x for 6-H 
proton and 4 x for 2-methyl and HDO protons. The shown in Table 1. The (fT2,)-' for 6-H is slightly 
concentration of PLP was 0.25 M. lower than the (fTl,)-' of this proton. This is spur- 

ious since T;" < T,-' for all systems without 
temperature dependence of (fT2,)-' of the formyl exception and may be the result of experimental un- 
proton (not shown) exhibits a maximum at -40°C. certainties. However, the significant point is that the 
Consequently, the line width of the formyl proton values of (fTlp)-' and (fT2?)-' are comparable 
may have some coiltributions from rate effects and it indicating that the spin-lattice relaxation of the 
yields an upper limit for T2,-'. proton resonances in PLP-Mn(I1) are controlled by 

The TI relaxation times of the 4-CHO, 6-H, and the dipolar mechanism. Consequently, the expression 
5-CH, proton resonances were also measured at for T,,-' of the protons in the PLP-Mn(I1) complex 
37°C. However, these measurements were done at is: 
100 MHz. The dependence of the observed TI- '  for 
these protons on the concentration of the added [7] T,,-' = 7/15[S(S + l)g2p2y,%-6~,] 

Mn(I1) is shown in Fig. 5. The large HDO peak at the The expression for TIM- ' is given by [3]. Thus, the 
center of the proton spectrum of PLP introduced ratio of T2,-' to TI,-' would be 7:6 or approxi- 
some spectral phasing problems, especially when the mately unity. 
TI run was in the complete control of the computer. The proton relaxation data could be used to calcu- 
Consequently, only peaks to the low field side of the late the metal-proton distances using [3] and [7] and 
HDO peak were plotted for TI determination. Thus, from a knowledge of the rotational correlation time. 
the TI values of the 2-methyl protons were not It was shown by Sternlicht et al. (9) that the P-O- 
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H 
2 

CHO 

I 
H---OH2 

.*' / CHO 

FIG. 6. Scheme of three possible PLP-Mn(I1) complexes. 

Mn-OH, chain is rigid relative to its axis and the 
fastest motion is a tumbling of that chain. The 
tumbling may be isotropic since the 1 : 1 PLP-Mn(1I) 
con~plex lacks symmetry elements. Under these 
circumstances, the correlation time for all the PLP 
protons would be the same as the 3 1 ~  correlation 
time. The metal-proton distances calculated from [3] 
and [7] with a 7, value of 7.6 x lo-'' s are tabulated 
in Table 1. Since the value of 7, may be in error 
owing to certain assumptions made in its calculation, 
no significance could be given to the absolute magni- 
tudes of these metal-proton distances. 

The metal-proton distances tabulated in Table 1 
are extremely valuable in arriving at a structure for 
the PLP-Mn(I1) complex. The shortest distance 
from the metal is observed for 5-CH, protons, which 
strongly supports our conclusion that Mn(I1) binds 
directly to the phosphate. There are three possibilities 
for the phosphate-bound metal to interact with the 
ring: (i) The metal may bind to both 4-CHO and 
3-0- functional groups of another PLP molecule in a 
2: 1 PLP-Mn(I1) complex. (ii) The metal may 
interact only with the aldehyde oxygen in a 1: 1 
complex. (iii) The metal may interact with the 
heterocyclic nitrogen in a 2 : 1 or a 1 : 1 complex. 

The third possibility is less likely since the nitrogen 
remains protonated at the pD employed (6.2) in our 
studies. Table 1 also reveals that the 2-methyl 
protons are more than 2 A units farther away from 
the metal ion than the 4-CHO proton, which will be 
inconsistent with this model. The first possibility 
would place the methyl protons closer to the Mn(I1) 
than the 6-H proton, which is inconsistent with the 
observed r values. The second model would place the 
metal closest to the methylene protons. The 6-H and 
4-CHO protons would be nearly equidistant with the 
latter closer to the metal ion and the methyl protons 
would be quite far away from the metal ion. The 
average r values of 5.6, 6.4,6.6, and 8.6 A for 5-CH,, 
4-CHO, 6-H, and the 2-methyl protons observed in 
our results entirely supports this model. The next 
question would be whether complex 2 is a majority 
species? Potentiometric studies of Mn(I1) and PLP at 
a total PLP concentration of 0.001 M indicate (14) 
that a 1 : 1 complex is formed and the stability con- 
stant of the complex indicates a definite interaction 
with the ring. However, it is possible that a sequential 
binding mechanism exists. The metal may be bound 
tightly to the phosphate all the time and this metal- 
phosphate complex exchange rapidly with complex 2, 
which may account for less than 100% of Mn(I1) in 
solution, a situation similar to the Mn-ATP com- 
plex in solution (13). Our evidence does not rule out 
this possibility. 

Carbon Nuclear Magnetic Resonance Studies 
The gradual addition of Mn(I1) to a 0.75 M PLP 

solution at 35°C produces selective broadening of the 
carbon resonances of PLP. Figures 7a and 7b show 
the aromatic region of the 13C nmr spectrum of PLP 
before and after Mn(I1) was added to obtain a 

FIG. 7. The aromatic region of the 13C nmr spectrum of 
0.75 M PLP solution at pD 7.0: (a) metal-free solution and 
(b) after addition of Mn(I1) to f = 5.33 x The broaden- 
ing of the side-chain carbon resonances, 5-methylene and 2- 
methyl, by Mn(I1) present to this concentration was negligible. 
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-6 -5 
lo lo to4 

f 
FIG. 8. The dependence of the full line width at half-height of 

the C-3, C-2, 4-CHO, C-4, C-5, and 2-methyl carbon reso- 
nances (25.16 MHz) of PLP (0.75 M) at pD 7.0 and at tem- 
perature 35°C on the logarithm of the [Mn(II)] to [PLP] ratio. 

[Mn(II)] to [PLP] ratio of 5.33 x The C-3 
carbon broadening is the largest, followed closely by 
the 4-CHO and C-2 broadenings. A plot of the full 
line width at half-height of the C-2, C-3, C-4, C-5, 
2-CH,, and 4-CHO resonances, caused by the addi- 
tion of Mn(I1) against log f is shown in Fig. 8. The 
C-5, C-6, and 5-CH, resonances have a small cou- 
pling to the 31P making accurate measurement of 
their line widths difficult. However, rough measure- 
ments showed that the line broadening follows the 
order C-3 >> 4-CHO z C-2 >> C-5 z C-4 >> C-6 z 
5-CH, > 2-CH,. Very little shifting was observed for 
any of the carbon resonances even for large amounts 
of added Mn(I1). The temperature dependence of the 
13C line widths was not studied. 

The ATP-Mn(I1) complex was studied in detail 
with the use of 13C nmr by Kuntz et al. (13). These 
authors showed that the transverse relaxation of the 
13C resonances of ATP-Mn(I1) is dominated by the 
scalar mechanism. Hence, the Solomon-Bloem- 
bergen equation describing T,,-' for the carbon 
resonances reduces to : 

Thus, relative values of T2,-' do not have any 
relationship to the metal-carbon distances. The 
T2,-' values rather indicate the extent of spin 
delocalisation to these carbon atoms. The large 
T2,-' observed for the C-3 may be the result of 
covalent binding of Mn(I1) to the 4-CHO and subse- 
quent spin transport by the resonance of the o- 
hydroxyaldehyde functional group. The value of 
(fT2,)-l for C-3 in PLP-Mn(1I) is about 25 times 
larger than the (fT2,)-I for C-5 and C-8 resonances 
of ATP-Mn(I1). In ATP the C-5 and C-8 carbons are 
a to the heterocyclic nitrogen to which Mn(I1) was 
shown to form a covalent bond (13). Thus, the large 
values observed for T,,- ' of the carbon resonances of 
PLP-Mn(I1) probably indicate covalent binding of 
the metal ion to the ring. 

In conclusion, the present ,'P, 'H, and 13C nmr 
study of the PLP-Mn(I1) system indicates a structure 
for the metal-PLP complex in which the metal ion is 
simultaneously bound to the phosphate and the 
aldehyde oxygen. A similar structure has been pro- 
posed for the PLP-Co(I1) complex (Swift and 
Viswanathan, to be published) and other divalent 
metal ion complexes of pyridoxal phosphate. 

1 .  E. E. SNELL and D. E. METZLER. J .  Am. Chern. Soc. 77, 
2431 (1955). 

2. T. S. VISWANATHAN. Ph.D. Thesis, Case WesternReserve 
University, Cleveland, OH. 1975. 

3. M. E. FARAGO, M. M. MCMILLAN, and S. S. SABIR. Inorg. 
Chirn. Acta, 14,207 (1975). 

4. T. J .  SWIFT and R. E. CONNICK. J .  Chern. Phys. 37, 307 
(1962). 

5. Z. Luz and S. MEIBOOM. J .  Chern. Phys. 40,2686 (1964). 
6. R. G .  SHULMAN, H. STERNLICHT, and B. J .  WYLUDA. J.  

Chern. Phys. 43,3116 (1965). 
7. I. SOLOMON. Phys. Rev. 99,559 (1955). 
8. N. BLOEMBERGEN. J .  Chern. Phys. 27,572 (1957). 
9. H. STERNLICHT, R. G. SHULMAN, and E. W. ANDERSON. J .  

Chern. Phys. 43,3123 (1965). 
10. J.  M. MAYS. Phys. Rev. 131,38 (1963). 
1 1 .  J .  M. MAYS. Phys. Rev. 108, 1090(1957). 
12. S. GELLER and J .  L. DURAND. Acta Crystallogr. 13, 325 

(1960). 
13. G. P. P. KUNTZ, Y. LAM, and G. K o ~ o w u c z .  J .  Am. 

Chern. Soc. 96, 1834 (1974). 
14. T. N .  BRIGGS. Ph.D. Thesis, Case Western Reserve Uni- 

versity, Cleveland, OH. 1976. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Synthesis of a thioanalogue of neamine. The reaction of nitrosochloroadducts of glycals 
with thiols 
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GERRY KAVADIAS, ROBERT DROGHINI, YVON PEPIN, MARCEL MENARD, and PHILIPPE 
LAPOINTE. Can. J. Chem. 57, 1056 (1979). 

The reaction of the dimeric 4-0-acetyl-6-azido-2,3,6-trideoxy-2-nitroso-a-~-ribo-hexopy- 
ranosyl chloride 2 with cyclohexanethiol and 2-propanethiol is stereospecific and produces the 
corresponding 2-hydroxyimino-l-thio-c~-~-erythro-hexopyranosides 3a and 3c in high yields. 
Acetylation of the oxime 3a followed by reduction with borane, then by reduction with sodium 
borohydride and acetylation gave cyclohexyl 2,6-diacetamido-4-0-acetyl-2,3,6-trideoxy-1- 
thio-a-D-ribo-hexopyranoside (4b). By a similar sequence of reactions, the oxime 3c was con- 
verted to isopropyl 2,6-dibenzamido-4-0-benzoyl-2,3,6-trideoxy-l-thio-a-~-ribo-hexopyrano- 
side (44. 

Condensation of the nitrosochloro adduct 2 with (lS,2S,4R,5R)-2,4-diethoxycarbonyl- 
amino-5-hydroxycyclohexanethiol (5c) gave the a-D-thioglycoside 6c which, after acetylation 
followed by reduction and removal of the protective groups, yielded (lS,2S,4R,5R)-2,4- 
diamino-5-hydroxycyclohexyl 2,6-diamino-2,3,6-trideoxy-l-thio-a-~-ribo-hexopyranoside (74, 
a thioanalogue of neamine. 

GERRY KAVADIAS, ROBERT DROGHINI, YVON PEPIN, MARCEL MENARD et PHILIPPE LAPOINTE. 
Can. J. Chem. 57, 1056 (1979). 

La reaction du chlorure du 0-acetyl-4 azido-6 tridkoxy-2,3,6 nitroso-:! a-D-ribo-hexopyran- 
nosyle dimkre 2 avec le cyclohexanethiol et le propanethiol-2 est sttrkospkifique et conduit 
aux hydroxyimino-2 thio-1 a-D-irythro-hexopyrannosides 3a et 3c correspondants avec de 
bons rendements. L'acktylation de I'oxime 3a, suivie par une reduction avec le borane, puis 
par une reduction avec le borohydrure de sodium et une acktylation conduit au diacktamido-2,6 
0-acetyl-4 trideoxy-2,3,6 thio-1 a-D-ribo-hexopyrannoside de cyclohexyle (4b). Utilisant les 
mtmes reactions, on peut transformer I'oxime 3c en dibenzamido-2,6 0-benzoyl-4 trideoxy- 
2,3,6 thio-1 a-D-ribo-hexopyrannoside d'isopropyle (44. 

La condensation de I'adduit chloro-nitroso 2 avec le (1S,2S,4R,5R) diethoxycarbonyl- 
amino-2,4 hydroxy-5 cyclohexanethiol (5c) conduit B l'a-D-thioglycoside 6c qui, aprks une 
acttylation suivie d'une reduction et de l'elimination des groupes protecteurs, fournit le 
diamino-2,6 trideoxy-2,3,6 thio-1 a-D-ribo-hexopyrannoside de (lS,2S,4R,5R) diamino-2,4 
hydroxy-5 cyclohexyle (7c), un thioanalogue de la neamine. 

[Traduit par le journal] 

In continuation of our research program in the 
area of aminocyclitol antibiotics (I), we thought it 
desirable to explore the synthesis and biological 
properties of thio analogues of the clinically impor- 
tant antibiotics. The target structures were the 
kanamycins, gentamicins, tobramycin, etc., in which 
one or both of the glycosidic oxygens have been 
replaced by a sulfur atom(s). These novel structures 
have not been reported previously. 

The present paper describes the synthesis of a 
thioanalogue of neamine, namely the (1 S,2S74R, 5R)- 
2,4-diamino-5-hydroxycyclohexyl 2,6-diamino-2,3,6- 
trideoxy-1-thio-a-D-ribo-hexopyranoside (7c). 

Several problems are associated with the prepara- 
tion of 1-thio-a-glycosides such as 7c and related 
compounds, the most important of which are: (a) a 

'Author to whom correspondence may be addressed. 
'On sabbatical leave; present address: Universite du 

Quebec B Montreal. 

glycosidation process to yield selectively the a- 
glycosidic structure, (b) the availability of thio 
analogues of 2-deoxystreptamine as the aglycon 
components in the synthesis; and (c) the selection of 
protective groups which could easily be removed at 
the end of the synthesis in the presence of sulfur. 

1-Thioglycosides (2) can be prepared by several 
methods, the most important of which are: (i) by 
reaction of an aldose with a thiol under strongly 
acidic conditions (3) yielding mixtures of 1,2-cis- 
and 1,2-trans-isomers; (ii) by the Helferich reaction 
(4) involving the reaction of a fully acetylated sugar 
with a thiol in the presence of a Lewis acid (5); (iii) 
from the reaction of 0-acetylglycosyl halides with an 
alkali salt of a thiol (6 ) ;  and (iv) by S-alkylation of 
1-thio sugars with alkyl halides (7). None of the 
above procedures could be adopted for the synthesis 
of 7c for obvious reasons. 

A promising potential route for the preparation of 

0008-4042/79/09 1056-08$0 1 .OO/O 
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KAVADIAS ET AL. 

7c appeared to be the reaction of the nitrosochloro 
adduct 2 with the aminothiol5. It is well known that 
the reaction of nitrosochloro adducts of glycals with 
alcohols, also known as the Lemieux-Nagabhushan 
reaction (8-19), produces selectively the a-glycosides 
in most cases and can be used to prepare 2-amino- 
and 2-hydroxyglycosides. A similar reaction, how- 
ever, of nitrosochloro adducts of glycals with thiols 
has not been described previously and in order to 
determine its utility for the synthesis of the l-thio-a- 
D-glycoside 7c, the reaction of the nitrosochloro 
adduct 2 with cyclohexanethiol and 2-propanethiol 
were examined first. 

4-0-Acetyl-3-deoxy-6-0-tosyl-D-glucal (la) was 
prepared by a literature procedure (20); on treatment 
with sodium azide in dimethylformamide (DMF) a 
50% yield of 4-0-acetyl-6-azido-3,6-dideoxy-D-glucal 
(20) (lb) was obtained. Treatment of the glucal l b  
with nitrosyl chloride in methylene chloride gave the 
dimeric 4-0-acetyl-6-azido-2,3,6-trideoxy-2-nitroso- 
a-D-ribo-hexopyranosyl chloride (20) (2) in high 
yield. 

Condensation of the nitrosochloro adduct 2 with 
cyclohexanethiol in DMF at 23°C in the presence of 
2,2,6,6-tetramethylpiperidine (TMP) afforded cyclo- 
hexyl 4-0-acetyl-6-azido-2,3,6-trideoxy-2-hydroxy- 
imino-1-thio-a-D-erythro-hexopyranoside (3a) in high 
yield. The 'Hmr spectrum of 3a showed two ano- 
meric proton singlets at 6 5.8 and 6.51, in a ratio of 
10: 1, presumably due to E- and Z-oxime isomers, 
respectively. This assumption was based on a pre- 
vious report (14) that the anomeric proton of the 
E-isomer of 2-hydroxyimino-a-glucopyranosides 
resonates at higher field than that of the Z-isomer. 
Acetylation of the oxime 3a produced the acetate 
3b which on reduction with borane (16) in tetra- 
hydrofuran followed by acetylation gave a mixture 
of cyclohexyl 2-acetamido-4-0-acetyl-6-azido-2,3,6- 
trideoxy-1-thio-a-D-ribo-hexopyranoside (4a) and cy- 
clohexyl-2,6-diacetamido-4-O-acetyl-2,3,6-trideoxy- 
1-thio-a-D-ribo-hexopyranoside (4b). The reduction 
of 3b with borane had caused partial reduction of its 
azide function. For identification purposes the two 
products were separated by chromatography on a 
silica gel column. Reduction of the azido group in 4a 
with sodium borohydride in isopropanol (21) 
followed by acetylation provided 4b. The yield of 4b 
based on the oxime acetate 3b was 50%. These reac- 
tions are summarized in Scheme 1. Structural 
assignment to 4a as the a-D-ribo-isomer was based on 
'Hmr spectroscopy. The 'Hmr spectrum of 4a (Fig. 
1) showed a doublet at 6 5.39 (J,,, = 5 Hz) due to 
the anomeric proton. It  also showed a double triplet 
at 6 2.16 (J2,3e = J3,,4= ~ H z ,  Jvic2 12Hz) due 

1 
a R1 = OTs 

3 
a R1 = H, R2 = Cyclohexyl 
b R1 = Ac, R2 = Cyclohexyl 
c R1 = H, R2 = CH(CH3)2 
d R1 = Ac, R2 = CH(CH3)2 

1 

R3HN "'"% SR4 

4 
a R1 = N,, R2 = R3 = Ac, R4 = Cyclohexyl 
b R1 = NHAc, R2 = R3 = Ac, R4 = Cyclohexyl 
c R1 = NHBz, R2 = R3 = B z,  R4 = CH(CH3)2 

to the equatorial H-3 indicating that this proton was 
coupled with two adjacent axial protons. It also 
exhibited an octet at 6 4.44 (J , , ,  = J2,3e = 5 Hz, 
J2,,- = 13 Hz, J2,NH = 8 Hz) with band intensities 
ratio of 1:2:2:3:3:2:2:1, due to H-2, in good 
agreement with a theoretical first-order spectrum 
(Fig. 2) for this proton. These spectral data are in 
complete accord with the structure assigned to 4a. 
The 'Hmr spectrum of 4b was also in agreement with 
that expected for the assigned structure. 

Treatment of the nitrosochloro adduct 2 with 2- 
propanethiol in dimethylformamide in the presence 
of 2,2,6,6-tetramethylpiperidine produced isopropyl 
4-0-acetyl-6-azido-2,3,6-trideoxy-2-hydroxyimin~- 1- 
thio-a-D-erythro-hexopyranoside (3c). Acetylation of 
the oxime 3c gave the oxime acetate 3d. Reduction of 
3d with borane in tetrahydrofuran (16) followed by 
reduction with sodium borohydride in isopropanol 
(21), to reduce the azide function, and benzoylation 
gave a 32% yield of isopropyl2,6-dibenzamido-4-0- 
benzoyl-2,3,6-trideoxy- 1 -thio-a-D-ribo-hexopyrano- 
side (4c). The 'Hmr spectrum of 4c was interpreted 
via extensive decoupling experiments (Fig. 3). It 
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CAN. J.  CHEM. VOL. 57, 1979 

FIG. 1. The 'Hmr spectrum at 100 MHz of cyclohexyl 2-acetamido-4-O-acetyl-6-azido-2,3,6-trideoxy-l-thio-~-~-ribo- 
hexopyranoside in deuteriochloroform. 

from 
= 5. 

t I 

exhibited a doublet at 6 5.51 ( J ,  ,, = 5 Hz) due to the 
anomeric proton, a double triplet at 6 1.81 (Juic = 
15 Hz, J2, ja  = J3a,4 = 11 HZ) due to the axial 
H-3, and a double triplet at 6 2.52 (J, ,  = 13 Hz, 
J,,,= = J,e,4 = 4.5 Hz) due to the equatorial H-3. 
The above data can only be consistent with the a-D- 

ribo-configuration for 4c. The preparation of the 
above model a-D-thioglycosides from the nitroso- 
chloro adduct 2 demonstrated as anticipated that 
this process could successfully be applied to prepare 
thioanalogues of aminocyclitol antibiotics. 

The preparation of 7c (Scheme 2) was then under- 
taken. The arninothiol 5b was prepared by our 
previously published method (22). Condensation of 
the nitrosochloro adduct 2 with the aminothiol 5b 
in dimethylformamide in the presence of 2,2,6,6- 
tetramethylpiperidine gave an 82% yield of the 
crystalline oxime 6a. The 'Hmr spectrum of 6a 
showed a one-proton singlet at 6 5.85 due to the 
anomeric proton and, on the basis of precedents (14) 
discussed above, the E-configuration was assigned 
to this product. Acetylation of the oxime 6a afforded 
the acetate 6b which on reduction with borane in 
tetrahydrofuran gave a complex mixture of products 
due to the reduction of the oxime, of the azido and of 
the benzamido groups. The N-benzoyl protective 
group in 5b was then replaced with N-ethoxy- 
carbonyl group. 

Treatment of the nitrosochloro adduct 2 with 5c 
in dimethylformamide in the presence of 2,2,6,6- 
tetramethylpiperidine afforded an 8 0 x  yield of 
crystalline oxime 6c. Acetylation of 6c produced the 
acetate 6d which, on reduction with borane in 
tetrahydrofuran (16) followed by acetylation, gave a 

-- 

. I  
I 

--. - . --- - - t i  - _ i  It! 1 ,  I 

I .  I .- .! , 
I 
f - I  - I - -  

FIG. 2. Theoretical spectrum of H-2 in 4a calculated 
the coupling constants J Z m 3 ,  = 13, J 2 . h ~  = 8, J t . 2  

J , , , ,  = 5 Hz. 
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KAVADIAS ET AL. 

FIG. 3. The 'Hmr spectrum at 60 MHz of isopropyl 2,6-dibenzamido-4-0-benzoyl-2,3,6-trideoxy-l-thio-a-~-ribo- 
hexopyranoside in deuteriochloroform. The amide protons have been exchanged with deuterium (D,O, trifluoroacetic 
acid). 

mixture of the 6-azido compound 7a and of the oxime 6c. The structure of 7b was established by 
6-acetamido product 7b. Hydrogenation of this chemical and spectroscopic means. Desulfurisation 
mixture in methanol - acetic anhydride solvent of 7b with Raney nickel in ethanol gave 8 thus 
mixture in the presence of platinum oxide catalyst establishing that 7b was a thioglycoside. The 'Hmr 
afforded crystalline 7b in 30% yield based on the spectrum of 7b contained a doublet at 6 5.43 due to 

- - -  
2 5 6 

a R l = R 2 = H  a R1=  R4= H,R2=  Bz,R3=Cbe 
b R1 = Bz, R2 = Cbe b R ~ = R ~ = A  c, RZ = Bz, R3 = Cbe 
c R1 = RZ = Cbe c R1 = R4 = H, R2 = R3 = ('be 

d R l = R 4 = A  c, R2 = R3 = Cbe 

OAc "o* s* NHR4 

8 -NHR4 
OR5 

7 
a R1 = N,, RZ = R3 = RS = Ac, R4 = Cbe 
b R1 = NHAc, R2 = R3 = R5 = Ac, R4 = Cbe 
c R l = N H  ,R2=R3= R4=RS=H 

(Cbe = COzCzH5; Bz = C o c , ~ , ;  AC = COCH,) 
SCHEME 2 
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- I , , , , I 2 , , , I  , ( ,  I , , , , I  I , , ,  I  , , , L  I , , z , l  , , , ,  I 0 1 1  I , < , ,  I 
JLuLtJL& 7 6 4 3 ' B lppm) 

FIG. 4. The 'Hmr spectrum of 7c at 60 MHz in D,O. 

the anomeric proton with a coupling constant of 
5 Hz consistent with an cc-D-ribo-configuration. 

Removal of the protective groups in 7 b  by basic 
hydrolysis gave 7c. The 'Hmr spectrum of 7c (Fig. 4) 
confirmed the assigned structure and exhibited a 
doublet at 5.35 (J = 5 Hz) due to the anomeric 
proton. 

Compound 7c exhibited no significant antibiotic 
activity against 32 test organisms. At a concentration 
of 250 pg/mL compound 7c showed no inhibition 
in the growth of Staphylococcus aureus. The mini- 
mum inhibitory concentration (MIC) of neamine 
against this organism was 8 pg/mL. 

Experimental 
The melting points were determined on an Electrothermal 

melting point apparatus and are not corrected. The ir spectra 
were recorded on a Unicam SP-2OOG grating ir soectrometer. 
'Hmr spectra were obtained at 60 or i O O  M H ~  with either a 
Varian EM-360A or an HA-100 spectrometer. Tetramethyl- 
silane (for solutions other than deuterium oxide) and sodium 
4,4-dimethyl-4-silapentane-1-sulfonate (for solution of deu- 
terium oxide) were used as internal standards. Thin-layer 
chromatography (tlc) was carried out on microscope slides 
coated with silica gel and the spots were visualized with iodine 
or sulfuric acid. Optical rotations were measured with a 
Perkin-Elmer Model 141 polarimeter. The analyses were 
performed by Micro-Tech Laboratories, Skokie, IL. 

cedure (20) as follows. To a solution of 4-0-acetyl-3-deoxy- 
6-0-tosyl-D-glucal (la) (34.5 g, 0.11 mol) in dry dimethyl- 
formamide (400 niL) at 80°C, was added sodium azide (14 g, 
0.22 mol) and the mixture stirred for 1 h maintaining the 
temperature between 75 and 80°C. The reaction mixture was 
poured into ice water (400 mL) and extracted with methylene 
chloride (3 x 150 mL). The combined extracts were washed 
successively with saturated sodium bicarbonate solution and 
water and dried (Na,SO,). Removal of the solvent by evapor- 
ation gave 19.7 g of a dark-colored syrup which on tlc (silica, 
209, ethyl acetate in petroleum ether) showed three spots of 
Rf 0.48, 0.35 (major, lb), and 0.25. The crude product was 
purified by columi~ chromatography on silica gel (1 kg) using 
209, ethyl acetate in petroleum ether as eluent to give 10.5 g 
(50%) of 4-0-acetyl-6-azido-3,6-dideoxy-D-glucal (lb) as an 
oil; ir (neat): 2100, 1715, 1660 cm-'; 'Hmr (CDCI,) 6 :  2.06 
(s, 3H, OAc), 2.0-2.7 (m, 2H, H-3), 3.45 (d, 2H, H-6, J = 
4.5 Hz), 4.00 (d of t, l H ,  H-5, J, = J2 = 4.5, J3 = 8 HZ), 4.71 
(d of d of d, IH, H-2, Jl = 6, J2 = 4.5, J3 = ~ H z ) ,  4.98 
(d of t, l H ,  H-4, Jl = J 2  = 8, J3 = ~ H z ) ,  6.39 (d of t, lH,  
H-1, Jl = J 2  = 2, J3 = 6 HZ). 

4-0-Acetyl-6-azido-2,3,6-trideoxy-2-nitvoso-c1-~-ribo- 
hexopyvanosyl Chloride (2) 

This product was prepared by a modified literature proce- 
dure (20) as follows. The glucal l b  (3.0 g, 15.2 mmol) was 
dissolved in dry methylene chloride (60mL) in a 250 mL 
three-neck flask equipped with a low temperature thermometer 
and gas inlet and outlet tubes. Nitrogen was passed through 
the magnetically stirred solution while it was cooled to - 70°C 
in a Dry Ice - acetone mixture. To this solution was added a 
cold solution of nitrosvl chloride (3.2 g. 49 mmol) in methylene 

4-O-Acetyl-6-azid0-3,6-dideoxy-~-glucal (Ib) chloride (20 mL) and- the mixture was stirred for 1 h under 
This product was prepared by a modified literature pro- nitrogen while the temperature was slowly increased to - 20°C. 
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KAVADI AS ET AL. 1061 

The reaction mixture was filtered to remove some solid im- 
purities and evaporated to give 3.6 g (90%) of 2 as a gum; 
'Hmr (CDCI,) 6: 2.10 (s, 3H, OAc), 6.75 (m, lH, H-1). 

This material, soon after its preparation, was used without 
further purification in the glycosidation reaction. 

Cyclohexyl4-0-Acetyl-6-azido-2,3,6-trideoxy-2-hydroxyimino- 
I-thio-a-D-erythro-hexopyranoside (3a) 

A solution of 1.52 g (5.8 mmol) of 2, 1.5 mL of 2,2,6,6- 
tetramethylpiperidine and 1.3 mL of cyclohexanethiol in 5 mL 
of dry DMF was stirred at 23°C for 3 h. The reaction mixture 
was evaporated and the residuewas dissolved in ether (100mL). 
The ether solution was washed with 10% hydrochloric acid 
(100 mL) and water and, after drying, was evaporated to give 
1.95 g (99%) of the oxime 3a as a syrup. A sample (1.0 g) was 
chromatographed on a silica gel column using chloroform as 
eluent. The E-isomer was eluted first giving 630 mg as an oil; 
[aIDz3 +105" (c 1.0, EtOH); ir (neat): 3330,2090,1730 cm-'; 
'Hmr (CDCI,) 6: 2.09 (s, 3H, OAc), 5.80 (s, 1H, H-1). 

The Z-isomer was eluted next, to give 70 mg of material as 
an oil; [aIDZ3 +121° (c 0.5, EtOH); ir (neat): 3320, 2090, 
1730 cm-'; 'Hmr (CDCI,) 6: 2.10 (s, 3H, OAc), 6.51 (s, 1H, 
H-1). 

Cyclohexyl2-Acetoxyimino-4-O-acetyl-6-azido-2,3,6-trideoxy- 
I-thio-a-D-erythro-hexopyranoside (3b) 

A solution of 0.63 g (1.84 mmol) of the oxime 3a (E-isomer) 
and 1.6 mL of acetic anhydride in 4 mL of anhydrous pyridine 
was left at 23°C for 20 h. The reaction mixture was diluted with 
ether and washed first with 10% sodium bicarbonate solution 
and then with water and dried. Removal of the solvent by 
evaporation left a syrup (0.68 g) which was chromatographed 
on silica gel with chloroform to give 0.58 g (82%) of the acetate 
36 as a syrup [aIDZ3 + 151" (c 0.7, EtOH); ir (neat): 2100, 1770, 
1740 cm-'; 'Hrnr (CDCI,) 6: 2.10 and 2.18 (2s, 6H, OAc), 
5.94 (s, lH, H-1). 

Cyclohexyl2,6-Diacetamido-4-0-acetyl-2,3,6-trideoxy-l- 
thio-a-D-ribo-hexopyranoside (4b) 

To a solution of 0.26 g (0.68 mmol) of the oxime acetate 
36 in 5 mL of anhydrous THF at O"C under nitrogen was 
added a 1 M solution of borane in THF (7 mL). After the 
addition of borane, the cooling bath was removed and the 
reaction mixture was stirred at room temperature for 3 h. The 
excess borane was decomposed by dropwise addition of 
methanol (10 mL) at O°C, the reaction mixture was diluted 
with methylene chloride, and washed with water. After drying, 
the solvent was removed in vacuo to give 220 mg of a syrup. 
This product was dissolved in dry pyridine (4 mL), acetic 
anhydride (2 mL) was added and the solution let stand at 23°C 
for 3 h. The reaction mixture was diluted with methylene chlo- 
ride and washed successively with 10% sodium bicarbonate 
solution and water. After drying, the solvent was removed in 
vacuo to give 280 mg of a syrup. Thin-layer chron~atography 
(5% MeOH in CHCI,) showed two spots of Rf 0.55 (4a) and 
0.4 (46). This material was chromatographed on silica gel 
using ether as eluent. The azido compound 4a was eluted first; 
80mg, mp 148°C; [a]D2, +151° (c 0.6, EtOH); ir (Nujol): 
3320, 2090, 1730, 1650cm-'; 'Hmr (CDCl,) at 100 MHz 
6: 1.2-1.8 (m, 1 lH, cyclohexyl and H-3.), 1.90 (s, 3H, NHAc), 
1.98 (s, 3H, OAc), 2.16 (d of t, lH, H-3,, J,,, = 12Hz, 
JZs3. = J3e,4 = 5 HZ), 2.90 (m, lH, S-C-H), 3.31 (d, 2H, 
H-6, J = 5 HZ), 4.26 (d of t, lH, H-5, J1 = 10, J2 = 5, 
J3 = 5Hz),4.44(octet,lH,H-2,J1,, =J2,,, = 5,J2,3a = 13, 
J~ ,NH = ~ H z ) ,  4.77 (d of t, lH, H-4, J3,,4 = J4 ,5  = 10, 
J 3 e , 4 = 5 H ~ ) ,  5.39 (d, lH, H-1, J 1 , 2 = 5 H ~ ) ,  5.64 (d, lH, 
NH, J = 8 Hz). 

The second product was the amide 46,60 mg, mp 229-230°C 

(MeOH); [a]d3 + 178" (c 0.5, EtOH); ir (Nujol) 3320, 3300, 
1730, 1640 cm-'; 'Hmr (CDCI,) at 100 MHz, 6: 1.0-2.0 (m, 
11H, cyclohexyl and H-3,), 2.0 (s, 6H, NAc), 2.05 (s, 3H, 
OAC), 2.29 (d oft ,  1H, H-3,, Jvic = 8, J2,3, = J3,,4 = 5 HZ), 
2.82 (m, 1H, S-C-H), 3.43 (d, 2H, H-6, J = 4 Hz), 4.16 
(dof t,IH, H-5, Jl = J2 = 10, J, = 4Hz), 4.35 (octet, IH, 
H-2,Ji,z = J2,3* = 5,J2,3, = 1 3 , J 2 , ~ ~  = 8 HZ), 4.64 (d of t ,  
1-H,H-4, J3a,4 = J4,5 = 10, J3.,4 = 5H~),5.30 (d,lH, H-1, 
J I , ~  = 5 HZ), 5.76 (m, 2H, NH). Anal. calcd. for C18H30NZ- 
05S: C 55.62, H 7.71, N 7.40; found: C 56.00, H 7.83, N 7.25. 

The azide 4a (80 mg) and sodium borohydride (80 mg) were 
dissolved in dry isopropanol (4 mL) and the solution was 
heated under reflux for 18 h. The reaction mixture was diluted 
with water and extracted with methylene chloride. The 
organic extracts, after drying were evaporated to give a syrup 
(60 mg). This product was acetylated with acetic anhydride in 
pyridine to give 72 mg (86%) of 4b, mp 229-23O0C, identical in 
all respects with the product described above. This material 
was combined with the one above to give a total of 132 mg of 
46, which corresponds to a 50% yield based on the oxime 
acetate 36. 

Zsopropyl 2,6-Dibenzamido-4-0-benzoyl-2,3,6-trideoxy-I-thio- 
a-D-ribo-hexopyranoside (4c) 

A solution of 2.6 g (10 mmol) of 2, 2 mL (20 rnmol) of 2- 
propanethiol and 3.3 mL of 2,2,6,6-tetramethylpiperidine in 
40 mL of dry dimethylformamide was stirred at 23°C for 2 h. 
The reaction mixture was diluted with ether and washed 
successively with water, 1 N hydrochloric acid, and water and 
dried. Removal of the solvent by evaporation gave the oxime 
3c as a syrup. Thin-layer chromatography (ether) showed a 
major spot of R, 0.73 and three minor ones with Rf 0.66,0.51, 
and 0.42. 

The above product and acetic anhydride (5 mL) were dis- 
solved in pyridine (20 mL) and the solution let stand at 23°C 
for 16 h. The reaction mixture was diluted with methylene 
chloride and the solution washed with 10% sodium bicarbonate 
and water and dried. Removal of the solvent by evaporation 
gave 3.1 g (91% based on 2) of the acetylated oxime 3d. Thin- 
layer chromatography (ether-hexane (4: 1)) showed a major 
spot of Rf 0.48 (3d) and a minor of Rf 0.34. 

The above oxime acetate 3d (3.1 g) was dissolved in dry 
THF (40 mL) and the solution, blanketed with nitrogen, was 
cooled to PC. A solution of 1 M borane in THF (60 mL) was 
added and the solution stirred at room temperature, under 
nitrogen, for 3 h. The excess borane reagent was decomposed 
with methanol and the reaction mixture was evaporated. The 
residue and sodium borohydride (1.5 g) were dissolved in dry 
isopropanol(40 mL) and the solution was heated under reflux 
for 18 h. After cooling to room temperature, Dowex 1-X8 
resin (OH- form) was added and the mixture stirred at 23°C 
for 2 h. The mixture was filtered and the filtrate evaporated to 
dryness. The residue was dissolved in pyridine (20mL), 
benzoic anhydride was added, and the mixture stirred at 23°C 
for 18 h. The reaction mixture was poured into ice water and 
the solid precipitate collected. Recrystallization from methanol 
gave 1.7 g (32% based on 2) of 4c, mp 212-217°C; ir (Nujol): 
3320, 1730, 1720, 1640cm-'; 'Hmr (CDCl,) of the N-deu- 
terated product, 6: 1.27 (d, 6H, CH,, J = 7 Hz), 1.81 (d of t, 
IH, H-3,, J,{, = 13 HZ, J2,,, = J3,,4 = 11 HZ), 2.52 (d of t, 
lH, H-3,, JUi, = 13, J2,3e = J3c,4 = 4.5Hz), 3.08 (m, lH, 
S-C-H), 3.44 (d of d, lH, H-6, Jl = 14.5, J 2  = 6.5 HZ), 
4.05 (d of d, lH, H-6, J1 = 14.5, J2 = 3 Hz), 4.50 (octet, 1H, 
H-5, Jl = 10, J 2  = 6.5, J3 = 3 HZ), 5.09 (d of t, lH, H-4, 
J3.,4 = J4.5 = 10.5, J3e,4 = 4.5 HZ), 5.51 (d, lH, H-1, 
J1.2 = 5 HZ), 7.22-8.15 (m, 15H, ArH). Anal. calcd. for 
C30H32N205S: C 67.65, H 6.05, N 5.26; found: C 67.42, 
H 5.93, N 5.34. 
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(IS,2S,4R,5R)-2,4-Diethoxycarbonylamino-5-hydroxy- 
cyclohexanethiol(5c) 

To a stirred solution of 3.05 g (13 mmol) of the hydro- 
chloride salt of 5a (22) in 30 mL water, under nitrogen atmo- 
sphere, was added 7.65 g (91 mmol) of sodium bicarbonate to 
liberate the free base. After gas evolution ceased, 10 mL 
methanol was added. To this mixture was added dropwise 
(10 min) a solution of 4.2 g (39 mmol) of ethyl chloroformate 
in 6.5 mL dry acetone and the reaction mixture was stirred 
at room temperature for 1.5 h. The solids which were formed 
were collected by filtration and dried to give 3.6 g of a mixture 
of 5c and its S-carbethoxy derivative. This product was added 
to a 1 N solution of sodium hydroxide in 80% ethanol (25 mL) 
and the mixture stirred at room temperature for 30 min under 
nitrogen. The solution was diluted with ethanol (25 mL), 
neutralized with Dowex SOW-X8 cation exchange resin (12 g), 
and evaporated to give 2.3 g (58%) of 5c, mp 200-202°C; 
[aID 25 + 16.5' (C 1.0, pyridine); ir (Nujol): 3300, 1700, 1550 
cm-'. Anal. calcd. for C12H22N205S: C 47.04, H 7.24, N 
9.14, S 10.46: found: C 47.03. H 7.34. N 9.08. S 10.30. 

( I  S,2S,4R,5R) -2-Benzamido-4-ethoxycarbonylamino-5- 
hydroxycyclohexyl4-0-Acetyl-6-azido-2,3,6-tvideoxy-2- 
hydroxyimino-I-thio-a-D-erythro-hexopymnoside (6a) 

A solution of 3.4 g (13 mrnol) of freshly prepared 2, 4.4 g 
(13 mmol) of 5b (22) ([aID 25 +33.40) and 2.25 g (16 mmol) 
of 2,2,6,6-tetramethylpiperidine in 25 mL of dry dimethyl- 
formamide was stirred for 2 h at room temperature under a ni- 
trogen atmosphere. Thin-layer chron~atography on alumina 
plates with 10% ethanol in chloroform as eluent showed one 
spot of Rf 0.46 (6a). The reaction mixture was poured into ice 
water (200 mL) and the solids were collected by filtration, 
washed with water, and dried to give 6.0 g (82%) of 6a. A 
sample (1.85 g) was recrystallized from ethanol to give 0.8 g 
of 6a, mp 198-200°C (dec.); [aIDz5 +I340 (c 0.7, DMF); ir 
(Nujol): 3450, 3300, 2100, 1750, 1680, 1640, 1540cm-'; 
'Hmr (DMSO-d6) 6: 1.17 (t, 3H, CH,, J = 7 Hz), 2.0 (s, 3H, 
OAc), 4.0 (q, 2H, CH2 of C02Et, J = 7 Hz), 5.85 (s, 1H, 
H-I), 7.3-8.0 (m, 5H, ArH). Anal. calcd. for C24H32N608S: 
C 51.05, H 5.71, N 14.88, S 5.66; found: C 51.10, H 5.70, 
N 14.85, S 6.46. 

Preparation of the Oxime Acetate (6b) 
A solution of 4.36 g (7.7 mmol) of 6a (mp 198-200°C) and 

6.4 mL of acetic anhydride in 24 mL of dry pyridine was 
stirred at room temperature for 24 h. The mixture was poured 
into cold water (400 mL) and the solids collected by filtration, 
washed with water, and dried under vacuum (10O0C, 2 h) to 
give 4.16 g (83%) of 66, mp 177-181°C; [a]DZ5 4-96.7' (C 1.0, 
CHC1,); ir (Nujol): 3300, 2100, 1780, 1730, 1680, 1630, 
1540 cm-'; 'Hmr (CDCI3) 6: 1.20 and 4.07 (t and q for 
C02Et), 2.0, 2.08 and 2.13 (3s, 9H, Ac), 5.97 (s, 1H, H-l), 
7.2-8.0 (m, 5H, ArH). Anal. calcd. for C28H36N6010S: 
C 51.84, H 5.59, N 12.96, S 4.94; found: C 51.72, H 5.54, 
N 13.02, S 4.96. 

(IS,2S,4R,5R) -2,4-Diethoxycarbonylamino-5-hydroxy- 
cyclohexyl4-0-Acetyl-6-azido-2,3,6-trideoxy-2- 
hydvoxyimino-I-thio-a-D-erythro-hexopymmide (6c) 

A solution of 2.9 g (1 1 mmol) of freshly prepared 2, 3.36 g 
(1 1 mmol) of 5c, and 1.55 g (11 mmol) of 2,2,6,6-tetramethyl- 
piperidine in 22 mL dry dimethylformamide was stirred for 2 h 
at room temperature under nitrogen atmosphere. The solution 
was diluted with water (150 mL) and stirred for 15 min. The 
crystalline product which was formed was collected by filtra- 
tion, washed with water (3 x 30 mL), and dried in vacuo at 
100°C to give 3.82 g (65%) of 6c, mp 167-171°C. The combined 

filtrate and washings were extracted with chloroform (3 x 
80 mL). The chloroform extracts were combined, washed with 
water (5 x 100mL), dried, and evaporated. The syrupy 
residue, on trituration with ether (30mL), solidified. The 
crystalline product was collected by filtration, washed with 
ether, and dried to give 0.86 g of 6c. Both crops showed on tlc 
(alumina, 10% EtOH-CH2C1,) a single spot of Rf 0.44. The 
two crops were combined to yield 4.68 g (80%) of 6c; [aIDz5 
+ 132" (c 0.9, DMF); ir (Nujol); 3450, 3300, 3200,2100, 1750, 
1695, 1540cm-'; 'Hmr (CDC1,-DMSO-d,) 6: 1.27 (t, 6H, 
CH3, J = 7 Hz), 2.08 (s, 3H, OAc), 4.13 (q, 4H, CH2 of 
C02Et), 5.75 (s, 1H, H-1). Anal. calcd. for C2nH32N609S: -. --  

C 45.10, H 6.06, N 15.78, S 6.02; found: C 45.05; ~ ' 5 . 8 1 ,  
N 15.95, S 6.37. 

(IS,2S,4R,5R) -2,4-Diethoxycarbonylamino-5-acetoxy- 
cyclohexyl2,6-Diacetamido-4-0-acetyl-2,3,6-trideoxy-l- 
thio-a-D-ribo-hexopyranoside (7b) 

A solution of 5.7 g (10.7 mmol) of the oxime 6c and 8 mL of 
acetic anhvdride in 35 mL dry vyridine was left at room 
temperature for 24 h. Water (5 AL) was added to decompose 
the excess of acetic anhydride. The reaction mixture was 
diluted with chloroform (200mL) and washed with water 
(5 x 200 mL). The chloroform solution, after drying, was 
evaporated to give 6.3 g (95%) of the oxime acetate 6d as a 
foam. Examination by tlc (10% ethanol in chloroform) showed 
a single spot of Rf 0.61; [a]D25 +65.7" (c 1.0, CHCI,); 'Hmr 
(CDCI,) 6: 1.23 and 1.29 (2t, 6H, C02CH2CH3), 2.08, 2.12, 
and 2.22 (3s, 9H, CH,CO), 4.13 and 4.20 (2q, 4H, C0,CH2- 
CH,), 5.9 (s, 1H, H-1). 

The oxime acetate 6d (6.3 g, 10.2 mmol) was dissolved in 
dry tetrahydrofuran (25 mL) and the solution, blanketed with 
nitrogen, was cooled to 0°C with stirring. A 1 M solution of 
borane in tetrahydrofuran (100 mL) was added gradually and 
after the addition was completed, the cooling bath was 
removed, and the reaction mixture was stirred at room 
temperature for 3 h. The excess of borane reagent was de- 
stroyed by dropwise addition of methanol (80 mL) at 0°C and 
the solution evaporated in vacuo. The residue was dissolved in 
methanol (50 mL), the solution evaporated, and the process 
repeated once more. The resultant syrupy product was dis- 
solved in a methanol-water mixture (5:1, 120 mL), 20 g of 
Rexyn 201 (anion exchange resin, OH- form) was added and 
the mixture was stirred at room temperature for 1.5 h to de- 
compose the borane-amine complex. The resin was filtered off 
and washed with a hot solution of concentrated ammonium 
hydroxide (2 mL) in ethanol (100 mL). The filtrate and 
washings were combined and evaporated in vacuo to give 3.9 g 
of product as a foam. Examination of this product by tlc using 
NH40H-EtOH-CHC1, (1 : 5 : 5) as eluent showed two major 
spots of Rf 0.23 and 0.32 and two minor ones of Rf 0.59 and 
0.81. The ir spectrum showed only a comparatively small azide . . band. 

The above product (3.9 g) and acetic anhydride (10 mL) 
were dissolved in dry pyridine (30 mL) and the solution was 
stirred at room temperature for 20 h. The reaction mixture 
was diluted with chloroform (200 mL) and washed with water 
(3 x 200 mL). The chloroform solution, after drying, was 
evaporated in vacuo to give 3.7 g of product as a foam. Inspec- 
tion by tlc (silica, 10% EtOH-CHC13) showed the substance 
to contain two major components (Rf 0.19 and 0.41) and three 
other minor components. 

The above product (3.70 g) and acetic anhydride (40 mL) 
were dissolved in methanol (150 mL). To this solution was 
added platinum oxide catalyst (0.8 g) and the mixture was 
hydrogenated in a Paar apparatus at room temperature and an 
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initial pressure of 50 psi for 2 h. The reaction mixture was 
filtered through a bed of activated charcoal (2.5 cm x 4.5 cm 
id) and the cake was washed with ethanol (4 x 25 mL). The 
combined filtrate and washings were evaporated in vacuo to 
give 3.2 g of solid material. This product was mixed with ethyl 
acetate (30 mL) and the mixture was refluxed with stirring for 
20 min then cooled to room temperature and the crystalline 
precipitate collected to give 1.98 g (30% based on the oxime 
6c) of 7b. Thin-layer chromatography (10% EtOH-CHCI,) 
showed one major spot of Rf 0.20 (7b) and traces of another 
component with Rf 0.40. The analytical sample was prepared 
by recrystallization from ethanol - ethyl acetate, mp 266- 
267°C; [ct]DZs + 106O (c 1.0, DMF); ir (Nujol): 3310, 1740, 
1690, 1650, 1550 cm-'; 'Hmr (DMSO-d6) 6: 1.15 and 1.20 
(2t, 6H, CH, of COzEt), 1.80, 1.83, 1.97, and 2.0 (4s, 12H, Ac), 
3.93 and 4.03 (2q, 4H, CHZ of C02Et), 5.43 (d, lH, H-1, 
J1,, = 5 Hz). Anal. calcd. for C 50.47, 
H 6.84, N 9.06, S 5.18; found: C 50.26, H 6.77, N 9.13, 
P C 9- 

(IS,2S,4R,.SR) -2,4-Diamino-5-hydroxycyclohexyl 
2,6-Diamino-2,3,6-trideoxy- I-thio-a-D-ribo- 
hexopyvanoside (7c) 

To a 2.4 N solution of sodium hydroxide in ethanol (10 mL) 
was added 0.5 g (0.8 mmol) of 76 and the mixture was heated 
under reflux under nitrogen with stirring for 19 h. Examina- 
tion by tlc (silica, MeOH - concentrated NH40H - CHCl,, 
4: 2: 1) showed several spots indicating incomplete hydrolysis. 
The solvent was removed by evaporation, replaced with water 
(IOmL), and the solution was heated under reflux under 
nitrogen for 25 h. The reaction mixture was neutralized with 
an equivalent amount of hydrochloric acid (1 N, 24 mL) and 
filtered to remove some insoluble matter. The filtrate was 
evaporated in vacuo and the solid residue extracted twice with 
boiling ethanol (25 and 10 mL). The combined ethanol 
extracts were evaporated to give 0.5 g of a solid product. 
Thin-layer chromatography showed two spots of R, 0.39 (7c) 
and 0.65. This material was chromatographed on Rexyn 102 
(NH4 +, 13 g) and resin eluted successively with water (100 mL), 
0.1 N ammonium hydroxide (400 mL), and 1 N ammonium 
hydroxide (400mL). Fractions of 15 mL were collected in 
tubes. The fractions containing 7c (tubes 19-48) were com- 
bined and evaporated to give 150 mg of 7c. This product was 
further purified by chromatography on silica gel plates using 
MeOH - concentrated NH,OH - CHCI, (4: 2: 1) as eluent to 
give 7c as an amorphous solid; 'Hmr (D,O) 6: 5.35 (d, lH, 
anomeric, J = 5 Hz). Anal. calcd. for C12Hz6N403S . 3H20:  
C 47.04, H 8.55, N 18.28, S 10.46; found: C 45.90, H 8.52, 
N 17.18, S 9.80. 

Desulfurization of 7b 
To a solution of 100 mg of 76 in 10 mL ethanol was added 

Raney nickel catalyst (-0.5 g) and the mixture heated under 
reflux with stirring for 1.5 h. The reaction mixture was filtered 
and the catalyst was washed with boiling ethanol. The com- 
bined filtrate and washings were evaporated to give 90 mg of 
a solid product. Thin-layer chromatography (10% ethanol in 
chloroform) showed two major spots of R, 0.57 (8) and 0.21, 
and three minor of R, 0.35, 0.32, and 0.28. The product was 
chromatographed on silica gel plates (10% ethanol-chloroform 
as eluent) to give 30 mg of 8, mp 110-112°C, resolidified and 
melted at 150-151°C; 'Hmr (CDCI,) 6: 1.27 and 4.13 (t and q 
for C02Et), 2.08 (s, 3H, OAc). Anal. calcd. for CI4Hz4N2O6: 
C 53.15, H 7.65, N 8.85; found: C 53.26, H 7.63, N 8.79. 
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Intramolecular alkylation of a ,P-unsaturated ketones: a study of the effect of substrate 
structure and experimental conditions on the site of alkylation 
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EDWARD PIERS, MICHAEL ZBOZNY, and DONALD C. WIGFIELD. Can. J. Chem. 57, 1064 (1979). 
The syntheses of 4a-(3-chloropropyl)- (22), 4a-(3-iodopropy1)- (23), and 4a-mesyloxymethyl- 

4,4a,5,6,7,8-hexahydro-2(3H)-naphthalenone (24) are described. The results obtained from the 
intramolecular alkylation of each of these compounds under a variety of experimental condi- 
tions are summarized in Tables 1 and 2. It was found that alkylative cyclization of compounds 
22 and 23 gave varying amounts of two products, one (34) resulting from cc' alkylation and the 
other (35) being derived from cc alkylation. In contrast, intramolecular alkylation of the enone 
24 produced only the y alkylation product 11, or afforded a mixture of 11 and the a alkylation 
product 41. The intramolecular alkylation results are discussed in terms of Scheme 5. 

EDWARD PIERS, MICHAEL ZBOZNY et DONALD C. WIGFIELD. Can. J. Chem. 57, 1064 (1979). 
On decrit les syntheses des (chloro-3 propy1)-4a (22), (iodo-3 propy1)-4a (23) et mtsyloxy- 

methyl-4a hexahydro-4,4a,5,6,7,8 (3H)-naphtalenones-2 (24). Les resultats obtenus lors de 
I'alkylation intramoleculaire de chacun de ces composes dans diverses conditions experimen- 
tales sont resumes dans les Tableaux 1 et 2. On a trouvk que la cyclisation alkylante des com- 
poses 22 et 23 conduit a des quantitks variables de deux produits, I'un, 34, provenant d'une 
alkylation en cc' et l'autre, 35, dii a une alkylation en a. Par ailleurs, l'alkylation intramole- 
culaire de ]'&none 24 ne fournit que le produit 11, correspondant a une alkylation en y, ou a 
un melange de 11 et du produit d'alkylation cc, 41. On discute des resultats d'alkylations intra- 
mol6culaires en termes du Schema 5. 

[Traduit par le journal] 

Introduction 
The intermolecular alkylation of a,p-unsaturated 

ketones has been, and continues to be, a very impor- 
tant reaction in the area of synthetic organic chem- 
istry. It appears to be quite well established that, in 
general, treatment of an enone (e.g., 1, see Scheme 1) 
with a strong, nonnucleophilic base (e.g., lithium 
diisopropylamide) under aprotic conditions, results 
in the kinetically controlled formation of the a '  
enolate anion 2. If alkylation of the latter is fast com- 
pared with enolate anion equilibration, it is possible 
to obtain the a' alkylation product 3 in good yield.' 
On the other hand, if a compound such as 1 is treated 
with a base under conditions (e.g., in the presence of 
a protic solvent) which promote enolate anion equi- 
libration (thermodynamic control), the more stable 
(compared with 2) dienolate anion 4 is obtained. 
Alkylation of 4 occurs preferentially at the a carbon, 
affording 5 as the primary alkylation p r ~ d u c t . ~  

'Author to whom correspondence should be addressed. 
=For some examples, see ref. 1. 
3For a general discussion regarding this type of reaction, 

see ref. 2. 

In contrast to the number of reported studies con- 
cerning the ii~termolecular alkylation of a,p-unsatu- 
rated ketones, the intramolecular variant of this type 
of reaction has received relatively little attention. 
Nevertheless, on the basis of the few examples which 

0008-4042/79/091064- 11$01 .OO/O 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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MsO 

0 

can be found scattered throughout the chemical 
literature, it is clear that every possible mode of 
cyclization has been observed. For example, treat- 
ment of the keto tosylates 6 and 7 (see Scheme 2) with 
sodium hydride in refluxing dioxan containing a 
small amount of tert-butyl alcohol gave, in fairly low 
yields, the y alkylation products S4 and 9, respec- 
tively (3). In similar fashion, the substituted octalone 
10, upon treatment with potassium tert-butoxide in 
hot tert-butyl alcohol, gave the enone 11 as the only 
intramolecular alkylation product (5).5 On the other 
hand, intramolecular alkylation of the substrates 12 
(sodium hydride in hot dimethoxyethane containing 
a small amount of ethanol) (7) and 13 (potassium 
tert-butoxide in hot benzene) (8) afforded as the 
major products the a alkylated materials 14 and 15, 
respectively. Finally, in what has been to date the 
most extensive single study of the intramolecular 
alkylation of enones, Cargill and Jackson (9) showed 
that treatment of the bromo ketones 16-18 with 
potassium tert-butoxide in tert-butyl alcohol resulted 

The examples cited above indicate that substrate 
structure has a marked effect on the site of intra- 
molecular alkylation of a,&unsaturated ketones. 
However, we were intrigued by the following ques- 
tion: is it possible to control the site of alkylation 
within a given substrate by varying reaction condi- 
tions and/or by varying the nature of the leaving 
group? Clearly, an affirmative answer to this question 
would have potentially useful repercussions in syn- 
thesis (particularly in the area of natural product 
synthesis), since alkylation at different positions 
would give rise to products with distinctly different 
carbon skeletons. To our knowledge, no study aimed 
at obtaining an answer to the above question has as 
yet been reported. In this paper, we describe the 
preparation and intramolecular alkylation of the 
substituted octalones 22-24. The results obtained 
clearly show that, with these substrates at least, it is 
indeed possible to (partially) control the site of intra- 
molecular alkylation by varying experimental con- 
ditions. 

in the exclusive (or nearly exclusive) formation of the 
a' alkylation products 19-21, respectively. Preparation of 4a-(3-Chloropropyl)- (22), 

4a-(3-Iodopropy1)- (23), and 4a-Mesyloxymethyl- 
4For other examples of y alkylation involving the closure of 4,4a,5,6,7,8-hexahydro-2(3H)-naphthalenone (24) 

three-membered rings, see ref. 4. 
5For similar y alkylations of 19-mesyloxy-(or tosyloxy-)d4- The two substituted octalones 22 and 23 were pre- 

3-keto steroids, see ref. 6. pared from 2-allylcyclohexanone (25) (10) via a 
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straightforward sequence of reactions as outlined in 
Scheme 3. Robinson annelation of 25 with methyl 
vinyl ketone by means of a procedure very similar to 
that reported by Marshall and Fanta (11) gave the 
octalone 26 which, upon subjection to standard 
ketalization conditions (ethylene glycol, p-toluene- 
sulfonic acid, benzene), afforded the ketal diene 27. 
Site-selective hydroboration of the latter with disi- 
amylborane (12), followed by oxidation of the resul- 
tant trialkylborane intermediate with alkaline hydro- 
gen peroxide, gave the olefinic alcohol 28, which was 
converted (methanesulfonyl chloride, triethylamine, 
dichloromethane) into the corresponding mesylate 
29. Treatment of 29 with lithium chloride in refluxing 
acetone followed by hydrolysis (sulfuric acid in 
aqueous acetone) of the resultant ketal chloride 30 
afforded the substituted octalone 22. In similar 
fashion, the ketal mesylate 29 was also converted 
into the iodo compound 23. 

The known ketal alcohol 32 (13) served as a con- 
venient starting material for the mesyloxymethyl 
octalone 24. Thus, treatment of the former com- 
pound with methanesulfonyl chloride - triethylamine 
in dichloromethane gave the crystalline ketal mesy- 
late 33 which, upon hydrolysis with sulfuric acid in 
aqueous acetone, afforded the desired octalone 24. 

Characterization of Intramolecular Alkylation 
Products 

Before discussing the results obtained from the 
intramolecular alkylation of the octalones 22-24, it is 
appropriate to make a few remarks regarding the 
characterization of the products of these reactions. 
Theoretically, three possible products could have 
been obtained from the alkylative cyclization of the 
octalones 22 and 23: the enone 34 (derived from a '  
alkylation), the P,y-unsaturated ketone 35 (a alkyla- 
tion), and the enone 36 (y alkylation) (see Scheme 4). 
In fact, subjection of 22 and 23 to intramolecular 
alkylation under a variety of experimental conditions 

(vide infra) afforded only two different products. On 
the basis of spectral data obtained from pure samples 
of these products, it was clear that one of them was 
the P,y-unsaturated ketone 35, the product of a 
alkylation. However, although 35 could be distin- 
guished readily from the other possible products 34 
and 36, a similar distinction between the latter two 
compounds (both a,gunsaturated ketones) was not 
at all straightforward, since one would expect the 
spectral data obtained from these two substances to 
be very similar. This problem of determining the 
identity of the second alkylation product was solved 
by means of chemical transformations. 

Subjection of the a alkylation product 35 to a 
modified Wolff-Kishner reduction procedure (14) 
gave the tricyclic olefin 37. Allylic oxidation of the 
latter with chromium trioxide - dipyridine complex 
in dichloromethane (15) afforded the a,p-unsatu- 
rated ketone 36, the compound which would have 
been derived from y alkylation of the octalones 22 
and 23. Spectral data clearly showed that the oxida- 
tion product 36 was different from the a$-unsatu- 
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rated ketone 34 which was obtained from the alkyla- 
tion reactions. 

When the mesyloxymethyl octalone 24 was sub- 
jected to  intramolecular alkylation under a variety 
of experimental conditions (vide infra), the sole prod- 
uct obtained in most cases was the a,P-unsaturated - 
ketone 11 (y alkylation). This compound had been 
obtained and characterized previously by Mukharji g 
and Ganguly (5). To further confirm the structural 8 
assignment, con~pound 11 was subjected to  base- 2 
catalyzed deuteration. Mass spectral analysis of the 2 
product 38 showed that two deuterium atoms had $ 
been incorporated into the molecule. I t  is clear that $ 
if the original alkylation product had been that de- c 
rived from a '  alkylation (the a,P-unsaturated ketone 2 
39), the deuteration experiment would have pro- X 
duced the trideuterio derivative 40. -3 

Sntramolecular alkylation of 24 with potassium .$ 
tert-butoxide in hexamethylphosphoramide (vide 
infra) gave a major product different from 11. Spec- 
tral analysis of this material showed clearly that it 2 
was the P,y-unsaturated ketone 41, the product of a $ 
alkylation. a x 

8 
Intramolecular Alkylation Studies. G 

a 

Results and Discussion a o .- 
The two halo enones 22 and 23 were subjected to  

& intramolecular alkylation under a variety of experi- w 

mental conditions and the results are summarized in 
Table 1. In similar fashion, the results obtained from 3 
alkylative cyclization of the mesyloxy enone 24 are 
tabulated in Table 2. - - 

From the data summarized in Tables 1 and 2, it is 6 
clear that there was considerable variation in the rela- 
tive amounts of a', a ,  and y alkylation, this variation 8 a 
depending on the nature of the substrate and on the v 
experimental conditions used. On the one hand, it is % 
of interest to try to  understand the product ratio 2 
variation for each individual substrate as a function 
of reaction conditions. Even more intriguing, how- .S 

cd 
ever, is the extraordinary contrast between the inter- T, 
nal alkylations of compounds 22 and 23 as compared $ 
with those of the enone 24. The former substrates $ 
yielded varying amounts of a and a '  alkylation but $ 
no y alkylation, whereas the latter substance gave 

- 
E only a and y alkylation products (no a' alkylation). 2 * 

The framework in which one must endeavor to  
understand these intramolecular alkylations is given 
in Scheme 5. The main features of this scheme may 3 
be summarized as follows. Deprotonation of the 2 
ketone 42 can, in principle, give rise either to the a' 
enolate anion 43 or to the resonance delocalized 
dienolate anion 44. St has been well established that 
kinetically controlled deprotonation takes place on 
the a' position to  give an anion of the type 43 (1) but 
that the thermodynamically more stable anion is that 
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TABLE 2. Intramolecular alkylation of 4a-mesyloxymethyl-4,4a,5,6,7,8-hexahydro-2(3H)-naphthalenone (24) 

Product yielda Product ratiob 
Reaction 

Entry Base Solvent Added reagent conditions glc Isolated 11:41 

1 Me3COK Me3COH - rt," 20 h 77 74 >99: i 1 
2 Me3COK Me3COH 18-Crown-6 rt, 45 min 73 71 >99: i 1 
3 Me,COK THFd - rt, 20 h 63 60.5 >99: < 1  
4 Me3COLi Me3COH - reflux, 20 h 79 74 >99: i 1  
5 LDA-HMPAe THF - reflux, 48 h 96 92 >99: < l  
6 Me3COK HMPAf - rt, 1 h 74 73 20: 80 
7 Me3COK HMPA 18-Crown-6 rt, 30 min 78 75 8:92 

"Gas-llqu~d chromatograph~c and Isolated ylelds were determined as described In the Expenmental. Appropriate, separate control exper~ments showed 
that the products 11 and 41 were stable under the varlous reactlon condltlons employed. 

bProduct ratlos were determined by glc analysls All experlments were done In duplicate and the numbers given are average values. The ratios obtalned 
from lndlv~dual experlments did not vary by more than f 2%. 

Crt = room temperature. 
'THF = tetrahydrofuran. 
'LDA-HMPA = llthlum dlisopropylamide complexed wlth hexamethylphosphoramide. 
fHMPA = hexamethylphosphoram~de. 

of the type 44, reached by subsequent proton transfer 
equilibration. Anion 43 would subsequently alkylate 
to give the a '  products (34 or 39) and anion 44 would 
alkylate to afford either or both of the a (35, 41) and 
y (36, 11) alkylation products. It is clear, then, that 
the competition between rates of anion equilibration 
and of alkylation may represent a key point in under- 
standing these reactions. Consideration of the various 
individual results follow. 

(a) Internal Alkylation of Compound 22 
(i) Use ofLDA-HMPA in THF (Table I ,  Entry 7) 
Under conditions where equilibration of the anion 

43 does not occur, it is clear that the only possible 
internal alkylation product is the a' product 34. The 
title conditions are known to meet this criterion (1) 
and, indeed, the experimental results confirm exclu- 
sive formation of compound 34. 

(ii) Use of Me3COK in Me3COH (Table 1, 
Entry 1) 

At the other end of the reaction condition spec- 
trum, the conditions involving potassium tert-bu- 
toxide in the protic solvent tert-butyl alcohol are 
known to effect equilibration between ions of the type 

43 and 44 (2). Equilibration of this sort does not, 
however, necessarily allow for an a priori prediction 
of which product (a' or a,y) would predominate. 
Even though ion 44 predominates, it would still be 
possible for a '  alkylation to be significant, or even 
predominate, if a' alkylation happened to be a sub- 
stantially lower energy barrier process (Curtin- 
Hammett principle (16)). As it happens, the experi- 
mentallv obtained result was an 88: 12 ratio in favor 
of a a1k;lation; two explanations are possible for the 
significant amount of a '  alkylation. On the one hand, 
anion equilibration might be complete and this prod- 
uct ratio might simply represent the alkylation of 
the equilibrium mixture as indicated above (Curtin- 
Hammett). On the other hand, the significant amount 
of a' alkylation product might be derived from signi- 
ficant remaining amounts of a' anion 43, owing to 
incomplete anion equilibration. Although this one 
result obviously does not allow distinction between 
these possibilities, consideration of subsequent re- 
sults favours the second explanation and the fol- 
lowing results will be discussed in terms of the rate 
competition between anion equilibration and anion 
alkylation. 

(iii) Use of Me,COK in THF (Table I ,  Entry 3) 
The use of tetrahydrofuran as solvent (entry 3) in 

place of tert-butyl alcohol (entry 1) essentially re- 
versed the a to a' product ratio, giving an 85: 15 ratio 
in favor of a' alkylation. This result is clearly consis- 
tent with slower anion equilibration in the aprotic 
solvent and thus an increased alkylation to  equilibra- 
tion rate ratio of the initially formed anion (43). 

( iv )  Effect of Cation and of Cation-complexing 
Solvents and Reagents (Table I ,  Entries 2, 4, 
5, 6 8 )  

Use of these reagents had a substantial and ex- 
pected effect on the rate of reaction, as represented 
crudely by the time required for completion of the 
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alkylation (Tables 1 and 2). Use of cation complexing 
reagents either as additive (18-crown-6) or solvent 
(hexamethylphosphoramide) increased the activity 
of the anion and decreased the required reaction time 
to 15 min or less. In contrast, decreasing the activity 
of the anion by the greater coordination of Lif led 
to the necessity of a 6-h reflux to  complete the alkyla- 
tion reaction. Inspection of the results shows that 
the a to a' product ratio is correlated with this ex- 
perimentally variable anion activity. Proceeding 
from entry 1 to  entry 2, it is seen that the effect of 
18-crown-6 was to increase the a to  a' product ratio 
from a value of 88: 12 to 95: 5. Similarly, in aprotic 
solvents the relative amount of a alkylation product 
35 increased from 15% (tetrahydrofuran, entry 3) to 
35% (addition of 18-crown-6, entry 4) and up to 81% 
when hexamethylphosphoramide was used as total 
solvent (entry 5). In contrast, proceeding from entry 
1 to entry 6, it is seen that the retarding effect of the 
lithium cation reduced the a to a' product ratio from 
88: 12 to 57:39. 

These results are characterized by greater anion 
activity being associated with an increased a to a' 
product ratio and diminished anion activity being 
associated with a decreased a to  a' product ratio. The 
simplest rationalization of these results appears to 
be in terms of competition between the rate of equili- 
bration of the anion 43 to anion 44 with the rate of 
alkylation. This is a classic case of competition be- 
tween the anion acting as a base or as a nucleophile, 
respectively, and the results are consistent with the 
idea that increased anion activity accelerated both 
equilibration and alkylation, but that the rate of 
equilibration was affected to a greater extent than 
that of alkylation. Thus, for example, in circum- 
stances where the anion activity was increased, this 
caused increased equilibration relative to alkylation 
and resulted in an increased a to  a' product ratio. 

It should be emphasized that the above generaliza- 
tions, although they appear to be the most reasonable 
rationalization of the experimental results, are based 
only on product ratios and approximate times for 
completion of reaction and should not be confused 
with a proven explanation. They do, however, at 
least provide a useful framework within which prod- 
uct ratios may be predicted and experimentally manip- 
ulated. Consideration of these generalizations, for 
example, leads to  the use of the combination of ex- 
perimental conditions and low temperature for in- 
creased selectivity, in order to achieve an alkylation 
in which a' alkylation is entirely suppressed (Table 1, 
entry 8). 

alkylations in terms of the rate competition between 
anion equilibration and alkylation, it is clear that the 
nature of the leaving group would have a more clear- 
cut and predictable effect. Although the variation of 
conditions n~entioiled above affected the rates of both 
equilibration and alkylation, the nature of the leaving 
group would, to a first approximation, affect only the 
rate of alkylation. The prediction of the effect of in- 
creasing the leaving group ability of X (cf. 42) by the 
use of iodine in the place of chlorine (17), is that the 
rate of alkylation would be increased relative to that 
of equilibration, thus giving rise to  increased a' 
alkylation. The experimental results indicate a dram- 
atic shift in this direction. Comparison of entry 9 
with entry 1 (Table 1) shows that under identical 
experimental conditions, compound 23 (chloride as 
leaving group) gave 88% a alkylation while enone 23 
(iodide as leaving group) produced only the a' alkyla- 
tion product. To explore the degree to which the 
latter result could be manipulated, conditions which 
caused increased a alkylation in the case of conl- 
pound 22 were applied to  23 (entries 10, 11). Some a 
alkylation product was indeed obtained under these 
conditions but a maximum of only 22%. 

( c )  The Absence of y Alkylation 
Although the dienolate anion 44 could, in prin- 

ciple, alkylate both at the a and at the y po~ i t i on ,~  
no detectable amounts of y alkylation product were 
formed in the internal alkylation of compounds 22 
and 23. One of us has previously found it useful to  
consider the C- vs. 0-alkylation of ambident anions 
in terms of the nature of the transition state (18) and 
the same type of consideration seems appropriate 
also in this regioselectivity question. If the transition 
state of the alkylation process were essentially reac- 
tantlike, a dominating factor in determining the a to 
y product ratio would be the electron density at these 
positions in the anion 44 and thus one would expect 
predominant formation of the a alkylation product 
35. If, on the other hand, the transition state were 
productlike, factors affecting product stability would 
also be felt in the transition state, and thus, for purely 
kinetic reasons, one would obtain the more stable 
product, in this case the conjugated ketone arising 
from y alkylation (compound 36). 

In this framework, the experimental observation 
of exclusive a alkylation is unremarkable. The prod- 
uct-determining reaction involves the conversion of 
a reactive intermediate 44 into a stable product (35 
and/or 36). Application of Hammond-postulate (19) 
reasoning to this situation leads to  the expectation 

61t is also conceivable that both anions 43 and 44 could 
f b )  Internal Of 23' EfSect Of undergo 0-alkylation. However, these processes would result 

Leaving Group in the formation of compounds having a double bond at a 
Continuing the consideration of these internal bridgehead. 
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of a reactantlike transition state and, therefore, a 
alkylation. 

(d) Internal Alkylation of Compound 24 
(i) Use of Me,COK in Me,COH (Table 2, 

Entry 1) 
Intramolecular alkylation of the mesyloxy enone 

24 under these conditions gave exclusively the y 
alkylation product 11. This result is in sharp contrast 
to the alkylative cyclization of compounds 22 and 23 
under the same conditions (Table 1, entries 1, 9). In 
the case of compound 24, not only was a' alkylation 
completely suppressed but the product derived from 
the dienolate anion 44 (n = 1) was exclusively the y 
alkylation product 11, whereas with 44 (n = 3, de- 
rived from 22) only a alkylation occurred. 

(ii) Other Conditions 
Use of other reaction conditions (Table 2, entries 

2, 3, 4, 5), which had caused variation of the alkyla- 
tion product ratio in the case of compound 22 caused 
no variation when applied to compound 24. In each 
case the only detectable alkylation product was that 
of y alkylation, compound 11. Most noteworthy is 
the reaction employing lithium diisopropylamide as 
base, conditions which gave 100% a' alkylation of 
compound 22 (Table 1, entry 7). These conditions 
gave no reaction with compound 24 at room tem- 
perature, and when forced, using a 2-day reflux, 
again gave exclusively y alkylation (Table 2, entry 5). 

(iii) Absence of a' Alkylation 
The absence of a' alkylation in the case of com- 

pound 24, a striking difference in comparison with 
the behaviour of the enones 22 and 23, requires com- 
ment. The fact that using lithium diisopropylamide 
as base, conditions which normally give rapid and 
exclusive a' alkylation, gave no reaction except under 
forcing conditions, clearly indicates a substantial 
barrier to internal a' alkylation in the case of com- 
pound 24. Molecular models indicate the probable 
origin of this barrier to be steric interaction between 
the leaving mesylate group and the axial hydrogen at 
C-6. (cf. 45). The recent formulation of the Baldwin 

rules (20) have highlighted the critical importance of 
maintaining the appropriate geometry in displace- 
ment reactions. In the case of a' alkylation of com- 
pound 24 this is the angle C-3-C-1'-OMS, which 
must be 180" (cf. 45). Since both C-3 and C-1' are 

more or less fixed in space, the direction of leaving 
of the mesylate group is rigidly controlled and heads 
directly to within the van der Waals radius of the 
axial hydrogen at C-6. Postulation of this steric repul- 
sion to leaving is clearly a rationalization similar to 
the suggestion of Brown and co-workers to the 
leaving of 2-endo substituents from norbornyl deriv- 
atives (21). It is noteworthy that although the angles 
of departure of the mesylate group in a and y alkyla- 
tion of compound 24 are also fixed, the line of depar- 
ture does not encounter such steric interference. In 
addition, the flexibility of the three-carbon side chain 
in compounds 22 and 23 renders the steric hindrance 
factor irrelevant for these substances. Thus, the resis- 
tance to a' alkylation is peculiar to compound 24. 

(iv) Predominant y Alkylation 
In the alkylative cyclization of compounds 22 and 

23, the competition between a and y alkylation was 
totally in favor of the a pathway. We rationalized 
this observation in terms of a reactantlike transition 
state, based oil a Hammond postulate analysis (see 
(c), above). Clearly in order to account for the fact 
that internal alkylation of 24 under conditions sum- 
marized in Table 2, entries 1-5, gave only y alkylation 
product, this rationalization must be modified. For 
a reactantlike transition state, the ideal conditions 
are the reaction of a reactive intermediate, via a small 
barrier, to a stable product. Although these condi- 
tions are met in the internal alkylation of compounds 
22 and 23, there are two modifying factors which 
must be considered in the alkylation of compound 
24. Firstly, because of the formation of the strained 
four-membered ring, the energy barrier to reaction is 
increased and, secondly, for the same reason, the 
stability of the product is reduced. Thus, the reaction 
has a higher activation energy and is less exothermic, 
and the Hammond postulate prediction is that of a 
transition state that is less reactantlike. Evidently 
the transition state shift in going from compounds 22 
and 23 to compound 24 was sufficiently large so that 
the product stability factor in the transition state 
predominated over the electron density factor. 

(v) Formation of the a Alkylation Product 
If the above transition state argument has any 

validity, then the way in which it might be possible to 
induce a alkylation of the mesyloxy enone 24 would 
be to use conditions in which the transition state 
would be more reactantlike. Two factors are signifi- 
cant here: the energy barrier to reaction and the 
exothermicity of the process. The former can be re- 
duced and the latter increased simultaneously by 
using conditions which would generate a more reac- 
tive anion. This approach proved to be successful. 
When 24 was treated with potassium tert-butoxide 
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in hexamethylphosphoramide (Table 2, entry 6), the 
predominant process became that of a alkylation 
(ratio of 41 : 11 = 80: 20). Addition of 18-crown-6 to 
render the anion even more 'free' further increased 
this ratio to 92: 8 (Table 2, entry 7). 

Conclusions 
It was found that internal alkylation of compounds 

22 and 23 involved a competition between a and a' 
alkylation. This competition is most easily rational- 
ized in terms of competition between the relative 
rates of anion equilibration and irreversible alkyla- 
tion. Exclusive formation of a '  product required 
either a good leaving group (compound 23) or con- 
ditions in which anion equilibration was suppressed 
(lithium diisopropylamide in aprotic solvent). Pre- 
dominant formation of the a product required a 
poorer leaving group (compound 22), and the maxi- 
mum reactivity of the anion, since fortunately, in- 
creased anion reactivity (hexamethylphosphoramide, 
18-crown-6) apparently increased the rate of anion 
equilibration more than it did the rate of alkylation. 
No y alkylation of compounds 22 and 23 was ob- 
served; this can be rationalized in terms of a reac- 
tantlike transition state. 

Internal alkylation of compound 24 was apparently 
governed by entirely different considerations. Steric 
requirements of the leaving group are considered to 
be responsible for the total lack of a' alkylation. 
Furthermore, the strain induced by the formation of 
the four-membered ring is considered to give rise to 
a less reactantlike transition state, leading to the ex- 
clusive formation of the y alkylation product under 
most conditions. Raising the anion reactivity (hexa- 
methylphosphoramide, 18-crown-6) can, apparently, 
restore some of the reactantlike nature of the transi- 
tion state, leading to a alkylation predominating to 
the extent of 92%. 

It is clear from the results described in this paper 
that it is indeed possible to control, at least to some 
extent, the site of intramolecular alkylation of a 
specific a,P-unsaturated ketone. Since each different 
mode of internal alkylation produces a product pos- 
sessing a distinctive carbon skeleton, it is also clear 
that this control has obvious synthetic implications. 

Experimental 
General 

Melting points were determined on a Fisher-Johns melting 
point apparatus and are uncorrected. Infrared spectra were 
recorded on a Perkin-Elmer model 710 spectrophotometer. 
Proton magnetic resonance spectra were measured using 
Varian Associates spectrometers, models T-60 and/or HA-100 
or XL-100. Signal positions are given in 6 units, with tetra- 
methylsilane as the internal standard; the multiplicity, in- 
tegrated peak areas and proton assignments are indicated in 
parentheses. High resolution mass spectrometric measure- 

ments were recorded on an A.E.I. model MS-50 mass spec- 
trometer. Gas-liquid chromatographic analyses were carried 
out with a Hewlett-Packard model 5832A gas chromatograph 
containing a 6 ft x 0.125 in. column (5% OV-17 on 8C100 
mesh HP Chromosorb W). Microanalyses were performed by 
Mr. P. Borda, Microanalytical Laboratory, University of 
British Columbia, Vancouver, B.C. 

Preparation of Substrates for Intramolecular Alkylation 
Studies 

4a-Allyl-4,4a,5,6,7,8-hexahydro-2(3H)-naphthalenone (26) 
To a cold (- 1O0C), efficiently stirred mixture of 3 N meth- 

anolic sodium methoxide (3 mL) and 2-allylcyclohexanone 
(25) (10) (100 g, 0.72 mol) were added, over a period of 2 h, 
54 g (0.77 mol) of methyl vinyl ketone. The reaction mixture 
was stirred at - 10°C for 24 h. The thick, creamy mixture was 
diluted with water and the resultant mixture was extracted 
thoroughly with ether. The combined ether extract was washed 
with brine and dried over anhydrous magnesium sulfate. Re- 
moval of the ether gave - 180 g of crude oil. This material was 
dissolved in 5% methanolic sodium methoxide and the re- 
sulting solution was refluxed for 2 h and then cooled. The base 
was neutralized by addition of glacial acetic acid and the sol- 
vent was removed under reduced pressure. The residue was 
dissolved in ether and the resultant solution was washed with 
brine and dried over anhydrous magnesium sulfate. Removal 
of the solvent gave a yellow oil. Distillation of the latter gave 
50 g of 2-allylcyclohexanone, bp 10~105"C/19 Torr, and 46 g 
(67%, based on unrecovered starting material) of the octalone 
26, bp llC115"C/0.4 Torr; ir (film): 1675, 1620, 910cm-I; 
'H nmr (CDCI,) 8: 0.95-2.88 (diffuse, 14H), 4.77-6.17 (diffuse, 
4H). Anal. calcd. for CI3Hl80: C 82.06, H 9.53; found: C 
81.90, H 9.77. 

Preparation of the Ketal Diene 27 
A solution of the octalone 26 (5 g, 26.3 mmol), ethylene 

glycol (4.6 ml, 75.0 mmol), and p-toluenesulfonic acid (100 
mg) in 160 mL of benzene was refluxed under a Dean-Stark 
water separator for 18 h. The cooled solution was washed 
successively with aqueous sodium bicarbonate and brine, and 
dried over anhydrous magnesium sulfate. Removal of the sol- 
vent, followed by distillation (air bath temperature 135-145'C/ 
0.5 Torr) of the residual oil, gave 5.5 g (92%) of the ketal diene 
27; ir (film): 1640, 1090, 905 cm-' ; 'H nmr (CDCI,) 6: 3.92 
(s, 4H, ketal protons), 4.766.10 (diffuse, 4H, olefinic protons). 
Exact mass calcd. for C15H2202 : 234.1618; found: 234.1620. 

Preparation of the Ketal Alcohol 28 
To a cold (O°C), stirred solution of 2-methyl-2-butene (14.3 

mL, 0.131 mol) in 100 mL of tetrahydrofuran under an atmo- 
sphere of nitrogen was added 6.72 mL (0.065 mol) of borane - 
dimethyl sulfide complex. After the solution had been allowed 
to stir at O°C for 1 h, a solution of the ketal diene 27 (5.0 g,  
0.021 mol) in 40 mL of tetrahydrofuran was added. The re- 
sulting reaction mixture was allowed to stir at room tempera- 
ture for 2 h and was then cooled again to 0°C. To this cold 
solution was added, successively and dropwise, 85 mL of 3 N 
aqueous sodium hydroxide and 85 mL of 30% aqueous hydro- 
gen peroxide. The resulting mixture was allowed to warm to 
room temperature and was stirred for 3 h. Most of the solvent 
was removed under reduced pressure and the residual material 
was diluted with water and then thoroughly extracted with 
ether. The combined ether extract was washed with brine and 
dried over anhydrous magnesium sulfate. Removal of the sol- 
vent gave an oil which was subjected to colun~n chromatog- 
raphy on silica gel. Elution with mixtures of petroleum ether 
and ether produced 4.6 g (70%) of the ketal alcohol 28 as a 
colorless oil. An analytical sample of this material, obtained by 
preparative glc, exhibited ir (film): 3450, 1090 cm-l; 'H nmr 
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(CDCI,) 6: 3.60 (poorly resolved t, 2H, --CH20H), 3.98 (s, 
4H, ketal protons), 5.46 (broad m, 1H, olefinic proton). Exact 
mass calcd. for CI5HZ4O3 : 252.1726; found: 252.1726. 

Preparation of 4a-(3-Chloropropyl)-4,4a,5,6,7,8-hexahydro- 
2(3H) -naphthalenone (22) 

To an ice cold solution of the ketal alcohol 28 (3 g, 11.9 
mmol) and methanesulfonyl chloride (1.5 g, 13 mmol) in 80 
mL of dry dichloromethane was added, dropwise, 1.8 g of 
triethylamine. The solution was allowed to stir under an atmo- 
sphere of nitrogen for 1 h and then poured into ice water. The 
resultant mixture was extracted with dichloromethane. The 
combined extract was washed with water and dried over anhy- 
drous magnesium sulfate. Removal of the solvent gave 3.8 g 
(97%) of the crude ketal mesylate 29 which exhibited ir (film): 
1450, 1350, 1170, 1090 cm-' ; 'H nrnr (CDCI,) 6: 3.03 (s, 3H, 
-OS02CH3), 3.98 (broad s, 4H, ketal protons), 4.28 (t, 2H, 
-CH2-OMS, J = 7 Hz), 5.50 (broad m, lH,  olefinic proton). 
This material was not purified further. 

A solution of the crude ketal mesylate 29 (3.8 g, 11.2 mmol) 
and anhydrous lithium chloride (2.5 g, 60 mmol) in dry acetone 
was refluxed for 18 h. Most of the solvent was removed under 
reduced pressure and the residual material was diluted with 
water and then thoroughly extracted with ether. The combined 
ether extract was washed with brine and dried over anhydrous 
magnesium sulfate. Removal of the solvent gave the crude 
ketal chloride 30 (2.8 g, 87% from the ketal alcohol 28) as a 
slightly yellow oil. This material, which was not purified fur- 
ther, exhibited ir (film): 1450, 1090 cm-'; 'H nrnr (CDCl,) 6: 
3.50 (m, 2H, -CH2C1), 3.97 (s, 4H, ketal protons), 5.47 (m, 
1H, olefinic proton). 

To a solution of the crude ketal chloride 30 (2.8 g, 10.4 
mmol) in 20% aqueous acetone was added 0.3 mL of sulfuric 
acid and the resulting solution was refluxed for 14 h. After the 
solution had been cooled, sol~d sodium bicarbonate was added 
and most of the solvent was removed under reduced pressure. 
The residual mixture was diluted with water and then thor- 
oughly extracted with ether. The combined ether extract was 
washed with water and dried over anhydrous magnesium sul- 
fate. Removal of the solvent gave a crude oil which was sub- 
jected to column chromatography on silica gel. Elution of the 
column with mixtures of petroleum ether and ether afforded 
2.1 g (78% from the ketal alcohol 28) of the chloro octalone 
22, which was further purified by distillation (air bath tempera- 
ture 125-13O0C/0.03 Torr). This material exhibited ir (film): 
1660, 1620,1450 cm-' ; 'H nrnr (CDCI,) 6: 1.07-2.60 (diffuse, 
16 H), 3.57 (m, 2H, -CH2CI), 5.82 (broad s, 1H, olefinic 
proton). Exact masscalcd. for C13Hl,35C10: 226.1 124; found: 
226.1 120. 

Preparation of 4a-(3-Iodopropyl)-4,4a,5,6,7,8-hexahydro- 
2(3H) -naphthalenone (23) 

A stirred solution of the crude ketal mesylate 29 (1.2 g, 3.6 
mmol), sodium iodide (18 mmol), and sodium bicarbonate 
(4 mmol) in acetone was refluxed for 20 h. Most of the solvent 
was removed under reduced pressure. The residual material 
was diluted with water and then thoroughly extracted with 
ether. The combined ether extract was washed successively 
with water, brine, aqueous sodium thiosulfate, and water, and 
dried over anhydrous magnesium sulfate. Removal of the sol- 
vent afforded the crude ketal iodide 31. This material was dis- 
solved in 40 mL of 10% aqueous acetone and 0.15 mL of sul- 
furic acid was added to the resultant solution. The solution 
was refluxed for 18 h. After solid sodium bicarbonate had been 
added to the cooled solution, most of the solvent was removed 
under reduced pressure. The residual material was diluted with 
water and then extracted thoroughly with ether. The combined 
ether extract was washed with water and dried over anhydrous 

magnesium sulfate. Removal of the solvent afforded a white 
crystalline material which, upon recrystallization from a mix- 
ture of petroleum ether and ether, gave 350 mg (36%) of the 
iodo octalone 23 as white needles, mp 60-61°C; ir (CHCI,): 
1665,1620 cm-' ; 'H nrnr (CDCl,) 6: 1.03-2.57 (diffuse, 16 H), 
3.17 (m, 2H, -CH21), 5.73 (broad s, lH,  olefinic proton). 
Exact mass calcd. for C13H,,IO: 318.0484; found: 318.0482. 

Preparation of4a-Mesyloxymethyl-4,4a,5,6,7,8-hexahydro- 
2(3H)-naphthalenone (24) 

To a cold (O°C), stirred solution of the ketal alcohol 32 (13) 
(2.24 g, 10 mmol) and methanesulfonyl chloride (12 mmol) in 
70 mL of dichloromethane under an atmosphere of nitrogen 
was added, dropwise, 18 mmol of triethylamine. After the solu- 
tion had been allowed to stir at O°C for 45 min, it was poured 
into ice water and the resulting mixture was extracted thor- 
oughly with dichloromethane. The combined extract was dried 
over anhydrous magnesium sulfate. Removal of the solvent 
afforded a quantitative yield of the crude ketal mesylate 33 as 
an oily solid. An analytical sample of 33, obtained by recrystal- 
lization of a small amount of this material from ether - petro- 
leum ether, exhibited mp 102-102.5"C; ir (CHCI,): 1350. 1170, 
1090,940 cm-'; 'H nrnr (CDCI,) 6: 3.00 (s, 3H, -OS02CH3), 
3.84 (s, 4H, ketal protons), 4.20 (m, 2H, -CH20Ms), 5.60 (m, 
lH,  olefinic proton). Exact mass calcd. for C14HZ205S: 
302.1 188; found: 302.1173. 

To a solution of the crude ketal mesylate 33 (obtained as 
described above) in 60 mL of 10% aqueous acetone was added, 
dropwise, 1 mL of sulfuric acid, and the resulting solution was 
refluxed for 24 h. Solid sodium bicarbonate was added to the 
cooled~solution and most of the acetone was removed under 
reduced pressure. The residual material was diluted with water 
and extracted with ether. The combined extract was washed 
with brine and dried over anhydrous magnesium sulfate. Re- 
moval of the solvent, followed by recrystallization of the resul- 
ting crystalline material from carbon tetrachloride - hexane, 
gave 1.75 g (68% from the ketal alcohol 32) of the mesyloxy 
octalone 24, mp 98-99°C; ir (CHCI,): 1670, 1620, 1350, 1170, 
980,940 cm-I; 'H nrnr (CDCI,) 6: 3.00 (s, 3H, -OS02CH3), 
4.33 (s, 2H, -CH20Ms), 5.80 (s, 1H, olefinic proton). Exact 
mass calcd. for C12H1804S: 258.0926; found: 258.0918. 

Intramolecular Akylation Experiments 
Base: Potassium tert-Butoxide; Solvent: tert-Butyl Alcohol 

(Table I ,  Entries 1,2,9,10; Table 2, Entries 1, 2) 
To a solution of potassium tert-butoxide (2.0 mmol) and, 

where appropriate, 18-crown-6 (2.0 mmol) in dry tert-butyl 
alcohol (20 mL) under an atmosphere of nitrogen was added a 
solution of the appropriate octalone (22,23, or 24) (1.0 mmol) 
in 20 mL of dry tert-butyl alcohol and the resulting solution 
was stirred at the desired temperature for the designated length 
of time. The solution was poured into ice cold 0.1 N hydro- 
chloric acid and the resultant mixture was extracted thoroughly 
with ether. The combined extract was washed successively with 
water and brine and dried over anhydrous magnesium sulfate. 
Removal of the solvent afforded a crude oil which was sub- 
jected to glc analysis in order to determine the ratio of prod- 
ucts. At this point, 1.0 mmol of a standard compound (10- 
methyl-A1(g)-octal-2,5-dione, Wieland-Miescher ketone (22))7 
was added to the crude product and the resultant mixture was 
analyzed by glc to determine the (glc) yield of the products. 

7This compound was chosen as a standard because it was 
found to possess a glc molar response factor (thermal conduc- 
tivity detector) essentially identical with those of the various 
alkylation products. Also, its retention time was different from 
that of each of the alky!ation products. 
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Finally, the entire mixture was subjected to bulb-to-bulb dis- 
tillation under reduced pressure and the isolated yield of the 
products was determined by subtracting the weight of the 
standard compound which had been added from the total 
weight of distilled material.8 

Base: Potassium tert-Butoxide; Solvent: Tetrahydrofuran 
(Table I ,  Entries 3,4; Table 2, Entry 3) 

A solution of potassiun~ tert-butoxide (2.0 mmol) in 20 mL 
of tert-butyl alcohol was distilled, under an atmosphere of 
nitrogen, until most of the alcohol had been removed. The re- 
maining solvent was removed by warming the flask under re- 
duced pressure (vacuum pump). To the residual potassium 
tert-butoxide was added successively 20 mL of dry tetrahydro- 
furan, 18-crown-6 (2.0 mmol, when desired) and a solution of 
1.0 mmol of the appropriate octalone (22 or 24) in 20 mL of 
tetrahydrofuran. After the resultant solution had been stirred 
at the desired temperature for the appropriate length of time, 
it was subjected to work-up and analysis procedures identical 
with those described above. 

Base: Potassium tert-Butoxide; Solvent: Hexamethylphos- 
phoramide (Table I ,  Entry 5; Table 2, Entries 6, 7) 

To 2.0 mmol of dry potassium tert-butoxide (prepared as 
described above) under an atmosphere of nitrogen was added 
successively 20 mL of dry hexamethylphosphoramide, 2.0 
mmol of 18-crown-6 (when desired), and a solution of 1.0 
mmol of the appropriate octalone (22 or 24) in 20 mL of dry 
hexamethylphosphoramide. After the resultant solution had 
been stirred at the desired temperature for the designated 
length of time, it was subjected to work-up and analysis pro- 
cedures identical with those described above, except that prod- 
uct extraction was done with petroleum ether instead of with 
ether. 

Base: Potassium tert-Butoxide; Solvent: tert-Butyl 
Alcohol - Tetrahydrofuran (40: 60) (Table I ,  Entries 
8 , I l )  

To a cold (-78"C), stirred solution of potassium tert- 
butoxide (2.0 mmol) and, where appropriate, 18-crown-6 
(2.0 mmol) in 32 mL of a 1 : 1 mixture of dry tert-butyl alcohol 
and dry tetrahydrofuran, under an atmosphere of nitrogen, 
was added slowly a solution of 1.0 mmol of the appropriate 
octalone (22 or 23) in 8 mL of dry tetrahydrofuran. After the 
resultant solution had been stirred at -78°C for 30 min, it was 
allowed to warm to room temperature and then stirred for an 
additional 15 min. Work-up and analysis procedures were 
identical with those described above. 

Base: Lithium tert-Butoxide; Solvent: tert-Butyl Alcohol 
(Table I ,  Entry 6; Table 2, Entry 4) 

To 20 mL of dry tert-butyl alcohol, under an atmosphere of 
nitrogen, was added successively 2.0 mmol of n-butyllithium 
(hexane solution) and a solution of 1.0 mmol of the appro- 
priate octalone (22 or 24) in 20 mL of dry tert-butyl alcohol. 
After the resultant solution had been refluxed for the desig- 
nated length of time, it was cooled and subjected to work-up 
and analysis procedures identical with those described above. 

Base: Lithium Diisopropylamide; Solvent: Tetrahydrofuran 
(Table I ,  Entry 7; Table 2, Entry 5) 

To a stirred solution of diisopropylamine (2.2 mmol) and 
hexamethylphosphoramide (2.0 mmol) in 20 mL of dry tetra- 
hydrofuran, under an atmosphere of nitrogen, was added 2.0 
mmol of n-butyllithium (hexane solution). A solution of 1.0 
mmol of the appropriate octalone (22 or 24) in 20 mL of dry 

8The boiling point of the Wieland-Miescher ketone was very 
near to, although somewhat lower than, those of the various 
alkylation products. 

tetrahydrofuran was added and the resultant reaction mixture 
was kept at the required temperature for the designated period 
of time. The solution was cooled to 0°C and subjected to 
work-up and analysis procedures identical with those described 
above. 

Isolation and Characterization of Intramolecular Alkylation 
Products 

The a,e-Unsaturated Ketone 34 
Distillation (air bath temperature 115-125"C/0.2 Torr) of 

the crude product obtained from an experiment as summarized 
in Table 1, entry 9, afforded (94%) the tricyclic a$-unsaturated 
ketone 34 as a clear colorless oil which exhibited one peak on 
glc; ir (film): 1670, 1618 cm-'; 'H nmr (CDCI,) 6: 0.73-2.70 
(diffuse, 17H), 6.02 (s, lH,  vinyl proton). Exact mass calcd. 
for C13H180: 190.1357; found: 190.1363. 

The 0,y- Unsaturated Ketone 35 
The distilled product obtained from an experiment as sum- 

marized in Table 1, entry 2 (ratio of 34:35 % 5:95) was sub- 
jected to column chromatography on silica gel. Elution of the 
column with ether - petroleum ether gave a pure sample of the 
tricyclic 8,y-unsaturated ketone 35; ir (film): 1710 cm-'; 'H 
nmr (CDC13) 6: 0.90-2.63 (diffuse, 16H), 2.87 [broad s, lH), 
5.56 (t, lH, olefinic proton, J = 4.0 Hz). Exact mass calcd. for 
C,,H180: 190.1357; found: 190.1352. 

Wolfl-Kishner Reduction of the 8,y-Unsaturated Ketone 35 
To 25 mL of anhydrous diethylene glycol, under an atmo- 

sphere of nitrogen, was added 0.84 g (36.5 mmol) of sodium 
metal and the mixture was stirred until all of the sodium had 
reacted. Anhydrous hydrazine (prepared by refluxing hydra- 
zine hydrate over sodium hydroxide) was distilled directly into 
the resulting solution until the latter refluxed freely at 165°C. 
The solution was cooled and 470 mg (2.47 mmol) of the tri- 
cyclic ketone 35 was added. The mixture was refluxed for 12 h 
and excess hydrazine was distilled (the distillate was saved) 
from the mixture until the internal temperature of the latter 
reached 210°C. Refluxing was then continued for an additional 
8 h. The mixture was cooled, combined with the distillate (see 
above), and then poured into water. The resulting mixture was 
extracted with petroleum ether. The combined extract was 
washed with water and dried over anhydrous magnesium sul- 
fate. Removal of the solvent gave a colorless oil which upon 
distillation (air bath temperature 135-lWC/7.0 Torr) afforded 
0.35 g (90%) of the tricyclic olefin 37; ir (film): 1665 cm-'; 'H 
nmr (CDC1,) 6: 1.13-2.50 (diffuse, 19H), 5.30 (t, lH ,  olefinic 
proton, J = 4.0 Hz). Exact mass calcd. for C13HZO: 176.1565; 
found : 176.1572. 

Preparation of the a$-Unsaturated Ketone 36 
To a solution of chromium trioxide - dipyridir,.: complex 

(16.7 mmol) in 40 mL of dry dichloromethane, under an atmo- 
sphere of nitrogen, was added a solution of the tricyclic olefin 
37 (0.195 g, 1.11 mmol) in 5 mL of dichloromethane. The re- 
sulting mixture was stirred at room temperature for 6 h, was 
filtered through Celite, and the filtrate was passed through a 
short column of activity I11 neutral alumina. The column was 
washed with additional volumes of dichloromethane. The 
combined eluant was washed successively with water, 3 N 
hydrochloric acid, and water and then dried over anhydrous 
magnesium sulfate. Removal of the solvent followed by dis- 
tillation (air bath temperature 135"C/0.2 mm) of the residual 
oil gave 0.180 g (86%) of the tricyclic a,p-unsaturated ketone 
36 as a colorless oil; ir (film): 1670, 1630 cm-'; 'H nmr 
(CDCI,) 6:  1.13-2.83 (diffuse, 17H), 5.78 (s, lH,  olefinic pro- 
ton). Exact mass calcd. for C13H180: 190.1357; found: 
190.1357. 
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The a,B-Unsaturated Ketone 11 
The crude product obtained from an experiment as sum- 

marized in Table 2, entry 1, was distilled (hot box) under re- 
duced pressure, affording, in 74% yield, the pure tricyclic a$- 
unsaturated ketone 11 (5); ir (film): 1660 cm-'; 'H nmr 
(CDCl,) 6: 5.75 (s, l H ,  olefinic proton). Exact mass calcd. for 
CllH1,O: 162.1045; found: 162.1038. 

The B,y- Unsaturated Ketone 41 
The crude product obtained from an experiment as sum- 

marized in Table 2, entry 7, was distilled (hot box) under re- 
duced pressure, affording, in 75% yield, a clear oil which was 
shown (glc analysis) to consist of two components in a ratio of 
approximately 92: 8. Subjection of this mixture to preparative 
glc gave a very small amount of the minor component (ident- 
ical with the enone 11) and a sample of the pure tricyclic 
B,y-unsaturated ketone 41; ir (film): 1720 cm-'; 'H nmr 

I 
(CDCl,) 6: ~ 2 . 5  (m, 2H, -cH,c=o), 3.55 (t, l H ,  

I I 
-CH-c=o), 5.35 (t, lH ,  olefnic proton). Exact mass calcd. 
for C1,Hl,O: 162.1045; found: 162.1053. 

Deuteration of the a$-Unsaturated Ketone 11 
T o  a solution of 40 mg of the a$-unsaturated ketone 11 in 

1.0 rnL of 1,2-dimethoxyethane was added 0.5 mL of deu- 
terium oxide and a catalytic amount of potassium hydroxide. 
The solution was stirred at  room temperature for 3 days. A 
small amount of acetic acid was added and the resultant mix- 
ture was extracted with ether. The combined extract was 
washed successively with water, aqueous sodium bicarbonate 
and brine, and dried over anhydrous magnesium sulfate. Re- 
moval of the solvent, followed by distillation (hot box, reduced 
pressure) of the residual oil gave 32 mg of the dideutero deriv- 
ative 38. Exact mass calcd. for Cl1Hl2D,O: 164.1170; found: 
164.1164. 
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A study of 14N relaxation and nitrogen-proton spin coupling in Watson-Crick base pair 
models through Fourier transform measurements on NH proton spin-lattice 

relaxation in the rotating frame 
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MICHAEL E. MOSELEY and PETER STILBS. Can. J. Chem. 57, 1075 (1979). 
Indirect measurements of nitrogen-14 nuclear spin-lattice relaxation times and direct proton 

coupling constants are presented together with carbon-13 TI data for a series of alkyl-substi- 
tuted nucleic acid bases and mixtures thereof in DMSO-d,. With the exception of the guanine 
N H  nitrogen, which possibly experiences a decrease in the electric field gradient upon com- 
plexation with cytosine, no indications of significant changes in the electronic environment 
around the nitrogen nuclei were found for any combination of bases. Forsen-Hoffman spin 
saturation transfer experiments on the N H  and NH, protons are also presented. 

MICHAEL E. MOSELEY et PETER STILBS. Can. J. Chem. 57, 1075 (1979). 
On rapporte des mesures indirectes de temps de relaxation spin-nucleaire reseau de l'azote-14 

et des mesures directes de constantes de couplage du proton ainsi que des donnCes de TI pour 
le 13C pour une skrie de bases d'acides nuclCiques substitues par des groupes alkyles et de leurs 
melanges dans le DMSO-d6; aucune des combinaisons de bases ne semble conduire 2 des 
changements importants dans l'environnement klectronique autour du noyau d'azote. On rap- 
porte aussi des experiences de transferts de saturation de spin de Forsen-Hoffman sur des 
protons N H  et NH,. 

[Traduit par le journal] 

Introduction 7H3 

Despite a great body of knowledge concerning the 
static structure of the inherent specific interaction 
between complementary nucleic acid bases, in which 
adenine specifically hydrogen bonds with thymine 
and cytosine with guanine, very little is known about 
the dynamic properties of the base pairs or of how 
the bonding influences the electronic character of the 
amino and imino moieties involved in the interaction. 
Although other factors than hydrogen bonding 
(stacking, hydrophobic forces, etc.) probably con- 
tribute to the specificity of interaction, it has been 
shown by Shoup et al. (1) and by Katz and Penman 
(2) that significant amino and imino 'H downfield 
shifts occur in mixtures of complementary bases in 
solution but not for noncomplementary base pairs. 
Such downfield 'H shifts are characteristic of 
hydrogen bonding and do reflect changes in the 
electronic environment of the NH groups involved. 
Since 14N spin relaxation times and direct 14N-'H 
spin couplings also reflect such changes we have 
found it to be of interest also to investigate their 
behaviour under similar conditions. 

The present paper therefore coilcerns measure- 
ments of 14N relaxation times (TI,) and direct pro- 
ton-nitrogen spin coupling constants ('J~ .,,-,) made 
on the nucleic acid base derivatives 9-ethylguanine 
(henceforth denoted as G), 9-methyladenine (A), 

H R 
C G 

FIG. 1. The complementary base pairs G + C and A + T. 

1-methylcytosine (C), and 1-methylthymine (T) and 
mixtures thereof in water-free DMSO-d, solutions, 
employing the technique presented earlier (3) 
utilizing Fourier transform measurements of N H  
proton spin-lattice relaxation in the rotating frame 
(spin locking, TI,). 

The TI, method for indirect determination of 
relaxation times and spin-spin couplings for qua- 
drupolar nuclei embodies measurements of TI and 
TI, for (usually) directly bonded spin 3 nuclei (see 

0008-4042/79/091075-05$01 .OO/O 
01979 National Research Council of CanadaIConseil national cle recherches du Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1076 CAN. J. CHEM. VOL. 57, 1979 

refs. 3-5). TI, is essentially T, measured at a very low 
field (B, instead of B,), and thus becomes sensitive to 
the intensity of magnetic field fluctuations at an 
angular frequency of o, (=yB,) instead of o, 
(= yB,). Owing to common spectrometer design this 
will typically be in the kHz range. Sources of ex- 
traneous magnetic field fluctuations in this frequency 
range are, for example, (partially collapsed) spin 
couplings between the spin 3 nuclei being studied 
and a rapidly relaxing (usually quadrupolar) 
nucleus. Assuming a spin coupling of JHz,a  quadru- 
polar relaxation time of TI, s, and a spin of I makes 
l/Tlp for the spin 3 nucleus larger than its l/Tl value 
by an amount shown in [ l ]  (4, 5): 

fiere l/T,p(s,), the relaxation effect due to scalar 
coupling with the quadrupolar nucleus, is seen to 
depend on the strength of the B, field, provided that 
o,Tl, is significant with regard to unity. Under these 
circumstances a study of the o, dependence of TIP 
does give information about both TI, and J. If 
olTlq is close to zero, TI, can still be evaluated, 
however, provided that J can be estimated inde- 
pendently. 

Another possible source of magnetic field fluctua- 
tions in the kHz range is chemical exchange between 
nonequivalent sites and exchange rates and shift 
differences can be measured in a similar fashion 
(4-6). When both mechanisms are present simul- 
taneously an analysis of the TI, data becomes un- 
certain and difficult, a factor which has been very 
troublesome in the present work (vide infra). Initial 
attempts to study the unsubstituted nucleosides were 
discontinued owing to disturbing proton exchange 
effects and it was also found necessary to prepare the 
samples under anhydrous conditions to eliminate 
possible proton exchange effects with water. Alterna- 
tive approaches, which would eliminate this prob- 
lem, are to study the T I ,  of ring carbon-13 nuclei or 
fluorine-19 in fluorinated analogues. However, in 
both cases more than one nitrogen will contribute to 
their TIP relaxation, making the analysis complicated 
and uncertain. 

Experimental 
The nucleoside base derivatives l-methylcytosine (C) and 

9-methyladenine (A) were obtained from Vega-Fox Bio- 
chemicals. 1-Methylthymine (T) was obtained from Pfaltz and 
Bauer Research Chemicals and 9-ethylguanine (G) was 
obtained from Sigma Chemical Co. Deuterated dimethyl 
sulphoxide (DMSO-d6), purchased from Ciba-Geigy, was 
dried with 4 A molecular sieves and transferred to a vacuum 
line storage bulb through standard vacuum line techniques. 

Samples were prepared by first degassing weighed amounts 
of the bases in 5-mm medium-wall tubes and then DMSO-d6 
was distilled over from the storage bulb to make the concen- 
trations 0.1 M for each derivative. In addition, samples of T 
and G were prepared at 0.2 M as well (denoted 2T and 2G). 
9-Ethyladenine (A) was only sparingly soluble in DMSO-d6, to 
an estimated conceniration of 0.07 M. 

Chemical shifts were measured using the center of the 
DMSO-d5 signal as an internal reference, and later adding the 
observed shift of DMSO-d5 relative to TMS to these values. 

Traces of water in the samples were found to be negligible 
and usually not observable in the proton spectra. 

All measurements were made by Fourier transform methods 
on a JEOL FX-100 pulsed nmr spectrometer with double 
quadrature detection under control of the JEOL Autostacking 
program. The method of measurement, as well as the data 
analysis and error estimation were carried out as previously 
described (3, 6) noting that for each sample, T I ,  for each NH 
and NH2 proton signal was measured from 15 spectra at each 
of six ol values in the range 2600 to 18000 rad/s and that all 
quoted error limits correspond to a 90% confidence interval, 
encompassing only random error limits. 

ForsBn-Hoffman spin saturation transfer experiments (7) 
were carried out on all samples having two or more exchange- 
able proton types (NH, NH,) and average proton lifetimes in 
each site were estimated. 

Carbon-13 relaxation times for all ring methine carbons 
were measured for the same samples by the progressive satu- 
ration method. Each determination embodied the measure- 
ment of 11 spectra, each of 11 000 accumulations, at an ob- 
served temperature of 25°C. 

Results and Discussion 
Hydrogen-bond-induced Shifts and Proton Exchange 

Effects 
The data in Table 1 present changes in amino and 

imino proton shifts for all combinations of bases, 
confirming earlier studies (1, 2). As previously 
pointed out (1, 2) the bases are already strongly 
hydrogen bonded in DMSO and the shift changes 
thus to reflect even more pronounced hydrogen 
bonding conditions. The pair interaction G + C is 
very significant whereas the A + T interaction is 

TABLE 1. Interaction shifts upon base pairing 

6 

Base G-NH G-NH2 T-NH 

(10.53)" (6.43)" 
0.02 0.01 

(11.17)" 
0.02 

aThe shift of this signal is taken as a reference and downfield shifts are 
denoted positive. 
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not. Although it may be possible to get more clear- 
cut results on solvents which do not form hydrogen 
bonds (2), this was not possible in the present study 
due to solubility reasons and to increased exchange 
rates for protons bonded to nitrogen. 

Since the application of the present method relies 
on very slow exchange of the studied protons, an 
investigation of their lifetimes was carried out 
through ForsCn-Hoffman spin saturation transfer 
experiments (7). Reliable data could be obtained for 
signals not too closely spaced and are summarized in 
Table 2. Proton exchange for G-NH protons is most 
severe with C-NH, protons and probably also with 
T-NH protons. Interestingly, exchange of G-NH, 
protons is invariably slow in all systems. Exchange 
between T-NH and G-NH, protons is very pro- 
nounced though considerably slower between 
T-NH protons and A-NH, protons. 

A similar study on a few base combinations was 
recently presented by Iwahashi and Kyogoku (9) 
with much the same results. While information of this 
kind could have significant chemical implications, 
we must emphasize that it does not in any way prove 
that proton exchange occurs within a base pair as 
suggested in ref. 9. NH and NH, proton lifetimes at 
25°C are of the order of a second although the life- 
times of the base pairs are probably less than a 
millisecond, since only averaged sets of 'H nmr 
signals are observed.' Therefore, many other proton 
exchange pathways are possible, including exchange 
through trace impurities. 

Nitrogen-14-Proton Spin Coupling Constants 
('JI wN-) and Nitrogen-14 Relaxation Times 
(TIN) in Nucleic Acid Base Derivatives 

In nucleic bases where the nitrogen-14 nucleus is 
directly linked to a proton the nuclei yield large 
direct spin couplings on the order of 65 Hz, charac- 
teristic of sp2-type nitrogens (10, 1 I).' The measured 
coupling constants are given in Table 3 for each base 
or combination thereof. Nothing from the data 
seems to indicate any experimentally significant 
difference in the coupling constants between imino 
and amino groups in each base either alone in varying 
concentrations or upon admixture of bases, ruling 
out possible changes in nitrogen hybridization. 

The data within parentheses in Tables 3 and 4 are 
apparent values, obtained from an analysis of proton 
T1 and TIP data for signals shown (by the previously 
mentioned ForsCn-Hoffman experiments) to be 
subject to significant protoil exchange with no 

'Compare with the results in Fig. 4 of ref. 2. 
,The original relations given in refs. 10 and 11 concern 

''N nuclei for which the coupling constants are (y(15N)/ 
y(I4N)) = 1.402 times larger. 

TABLE 2. Estimated site lifetimes from Forstn-Hoffman 
measurements 

Lifetime (s) 

Base G-NH G-NH, T-NH A-NH, C-NH, 

G > 7 > 3" 
2G > 7 > 3" 
G + C ~ ~ 0 . 0 2 ~  2 3  0.13 
G + A  > 7  > 3 > 5 
G + T c > 3 C 

A + T  l . l d  l . l d  
T + C  0.03 0.07 
C + A e e 

'This is the lower limit estimated from the observation of no significant 
saturation effect and a T 1  of 0.25 s. However, since the lifetime of a G-NH 
proton appears to be > 7  s, the lower limit must be considerably higher, 
probably > 15 s. 

bExperimentally uncertain value. The G-NH2 lifetime which can be more 
accurately determined, suggests a G-NH lifetime of the order of 0.06 s. 

CPartial overlap prevented measurement. Signals were significantly 
broadened; significant proton exchange is suspected ( ~ 0 . 0 5  s). 

dThese apparently inconsistent values arise from the lower A concentra- 
tion (cf. Experimental). 

ePartial overlap. No significant signal broadening. Proton exchange is 
suspected to be slow ( >  5 s). 

account for thereby induced effects on TI,. The real 
significance of these data is unclear, since to our 
knowledge no theory presently exists for effects of 
slow exchange combined with averaging of N-H 
coupling on TIP. All original TI and TIP data are 
given in the Appendix and can be used together with 
the data in Tables 1 and 2 to calculate more reliable 
data with the appearance of such a theory. 

Changes in the electronic environment of the 
interacting nitrogen as well as changes in rotational 
behaviour affect nitrogen-14 relaxation times. The 
dominant relaxation mechanism is quadrupolar 
relaxation (8) and in the present mobility range 
relaxation rates are given by [2] : 

Here eq is the electric field gradient at the nitrogen 
nucleus, q is the assymetry parameter of the field 
gradient, eQ is the electric quadrupole moment of 
14N, and 7, is the rotational correlation time. Since 
changes in relaxation behaviour can be due to either 
changes in the electronic environment or changes in 
the rotational rate of the molecules. inde~endent 
estimates of 7, must be made in orde; to enable an 
interpretation of the data in Table 4. These estimates 

3The C-NH, data should also be corrected for TI, con- 
tributions from hindered internal rotation of the amino group 
(1, 12). However, since our DMSO solutions cannot be cooled 
much below 25°C and since a comparison between our spectra 
and those of Shoup et al. (1, 12) clearly indicates that 6v and 
(or) 7, for this process are highly solvent dependent, this is not 
possible in the present study. It is clear, however, that this Ti, 
contribution is much smaller in the present study than in the 
spectra at 25OC given in ref. 12. 
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TABLE 3. Nitrogen-14-proton spin-spin coupling constants in nucleic acid base derivativesa 

J I ~ N - H  (H3) 

Bases G-NH G-NHZ T-NH A-NHz C-NH, 

G 63.0k0.6 67.5k0.3 
2G 63.2k0.4 68.1k0.7 
T 64.5k0.4 
2T 65.3k0.1 
A 64.6k0.6 
C 62.9k0.5 
G + C (58.9k1.2) 66.4k1 .O (68.4k1.0) 
G + A 68.3k0.5 62.5k2.3 64.4k0.2 
G + T (62.2k1.0) 69.1k2.5 (61.0k0.6) 
A + T  (75.7k 1.2) (64.6k1.0) 
T + C  (67.4k0.4) (68.4k0.5) 
C + A  63.1k1.2 63.1k0.4 

4Values within parentheses are subject to systematic errors (see text). 

TABLE 4. Nitrogen-14 relaxation times (TI,) in nucleic acid base derivativesa 

Bases G-NH G-NHZ T-NH A-NHZ C-NH2 

- 
G + T (161.9k6.1) 62.1T6.4 (178.2k4.2) 
A + T (186.0k12.2) (114.5k8.5) 
T + C (263.726.3) (191.025.0) 
C S A  120.4k5.7 129.1k3.3 

"Values within parentheses are subiect to systematic errors (see text). 

TABLE 5. Carbon-13 spin-lattice relaxation times (TI) for ring methine carbons in nucleic acid base derivatives 

Base G T Az As c, c6 

have been made through interpretation of the what speculative, some comment can be made about 
carbon-13 TI measurements of the ring methine the corresponding G-NH and C-NH, data. The 
carbons which are summarized in Table 5. TI, data for the 'H signals are affected by the same 

Combining data of Tables 4 and 5 makes possible proton exchange effect but still the apparent (vide 
for example, the deduction that the 30% TIN decrease supra) TIN values show opposite trends. 
of the G-NH, nitrogen in the G + C mixture is due The C-NH, TI, decrease can be explained by 
to decreased molecular mobility. Although some- decreased mobility but the G-NH increase might 
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MOSELEY AND STILBS 1079 

possibly be due to a decreased electric field gradient 
upon complexation. No major TIN or carbon-13 TI 
changes were observed upon admixture of any non- 
complementary base pairs and unfortuilately no 
reliable TIN data could be obtained for the A + T 
pair due to the mentioned proton exchange effects. 

The data can similarly be used to estimate relative 
electric field gradients at the nitrogens by inserting 
T, data deduced from carbon- 13 TI measurements in 
[2].4 Information of this kind is not readily obtained 
from direct nitrogen-14 nmr and nqr studies owing to 
the low concentrations and the large number of 
nitrogens contributing to the spectra. It is seen that 
the T-NH nitrogen experiences a lower field gradient 
than does the G-NH nitrogen. The field gradient is 
also higher at the G-NH, nitrogen than either the 
A- or C-NH, nitrogens. 
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Appendix 
Observed proton Tl and TI, at  25°C 

'HTI, (s) 
-- -- - 

Base proton 'HT, (s) w, = 17500" ol = 12800 ol = 9500 wl = 6600 w1 = 4650 ol = 2600 

G-NH 0.77 0.27 0.19 0.15 0.11 0.093 0.083 
G-NH2 0.27 0.14 0.12 0.11 0.099 0.094 0.086 
2G-NH 0.71 0.26 0.19 0.15 0.11 0.096 0.087 
2G-NH2 0.25 0.13 0.12 0.11 0.098 0.094 0.092 
T-NH 1.69 0.61 0.37 0.24 0.13 0.075 0.043 
2T-NH 2.08 0.51 0.32 0.20 0.12 0.080 0.051 
A-NH2 0.49 0.23 0.17 0.13 0.10 0.082 0.073 

I C-NH2 0.54 0.27 0.19 0.14 0.10 0.081 0.059 
G + C, G-NH 0.33 0.19 0.16 0.13 0.11 0.10 0.069 
G-NH2 0.19 0.12 0.11 0.10 0.10 0.097 0.097 
C-NH2 0.32 0.16 0.13 0.10 0.086 0.071 0.060 
G + A, G-NH 0.71 0.23 0.17 0.13 0.097 0.079 0.064 
G-NH2 0.26 0.17 0.12 0.11 0.098 0.092 0.091 
A-NH2 0.49 0.22 0.17 0.13 0.10 0.084 0.076 
G + T, G-NH 1.21 0.38 0.24 0.20 0.11 0.088 0.068 
G-NH2 0.27 0.13 0.12 - 0.099 0.093 0.091 
T-NH 1.20 0.38 0.25 0.19 0.13 0.091 0.066 
A + T, T-NH 1.17 0.27 0.17 0.12 0.083 0.059 0.041 
A-NH2 0.47 0.21 0.16 0.13 0.10 0.085 0.072 
T + C, T-NH 0.75 0.35 0.23 0.17 0.11 0.072 0.043 
C-NH2 0.76 0.30 0.20 0.14 0.096 0.070 0.049 
A+C,A-NH2  0.48 0.23 0.17 0.13 0.10 0.090 0.073 
C-NHZ 0.52 0.25 0.19 0.14 0.10 0.083 0.065 

is the proton resonance frequency In the rotatlng frame and 1s expressed In rad~ans per second. 
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Interaction entre les reactifs lanthanidiques et les bases de Lewis: Application a l'analyse 
- 

conformationnelle d'alcools cyclohexaniques 

JAMES BOUQUANT,' ALAIN MAUJEAN ET JOSSELIN CHUCHE 
Laboratoire de Chimie Organique Physique, Centre de Spectroscopie mole'culaire, E.R.A. 688 associke au C.N.R.S., 

B.P. 347,51062 Reims, France 

R e ~ u  le 14 juillet 1978 

JAMES BOUQUANT, ALAIN MAUJEAN et JOSSELIN CHUCHE. Can. J. Chem. 57, 1080(1979). 
Une methode de dktermination des parametres intrinseques K et A de complexes reactif 

lanthanidique-substrat a kt6 Btendue aux molkules conformationnellement mobiles. Ces 
parametres determines pour une serie d'alcools cyclohexaniques secondaires (cyclohexanol et 
methyl-2 cyclohexanol) et tertiaires (methyl-1 cyclohexanol et ethyl-1 cyclohexanol) complexes 
par Eu(DPM), et Yb(DPM), ont permis de determiner les constantes d'kquilibre conforma- 
tionnelles entre les especes libres d'une part, et les espkces complex6es d'autre part. 

Les resultats obtenus pour les especes libres sont en bon accord avec ceux obtenus par 
d'autres mkthodes physico-chimiques. Pour les especes complexees, un deplacement de 1'6qui- 
libre conformationnel important est observe dans le cas des faibles valeurs des quotients 
d'association. 

Pour la premiere fois, le groupement tert-butyle du reactif Yb(DPM)3 a Btk utilisk comme 
sonde conformationnelle. 

JAMES BOUQUANT, ALAIN MAUJEAN, and JOSSELIN CHUCHE. Can. J. Chem. 57,1080 (1979). 
A method for the determination of the intrinsic parameters Kand A for lanthanide-substrate 

comvlexes has been extended to conformationallv mobile molecules. These varameters. deter- 
mined for a series of secondary cyclohexane alcohols (cyclohexanol and 2-me-thylcycloh~xanol) 
and for tertiary alcohols (1-methylcyclohexano1 and 1-ethylcyclohexanol) complexed with 
Eu(DPM), and Yb(DPM), lead to the determination of the conforn~ational equilibrium con- 
stants between.the free species on one part and the complexed species on the other. 

The results obtained for the free species are in good agreement with those obtained by other 
physicochemical methods. For the complexed species an appreciable shift of conformational 
equilibrium is noted for low values of the association constants. 

For the first time, the tert-butyl group of Yb(DPM)3 has been used as a conformational 
probe. 

[Journal translation] 

Introduction 
Ces dernibres anntes les rCactifs de dCplacement 

chimique ont CtC trbs utilisCs pour dkterminer la 
configuration de substrats conformationnellement 
homogbnes (1, 2); par contre, les rdsultats relatifs B 
des systbmes conformationnellemel~t mobiles sont 
beaucoup moins nombreux. Les Ctudes portent, en 
particulier, sur la rotation des amides (3-5) et des 
amino esters (6), systbmes pour lesquels la barribre 
CnergCtique entre les rotambres est assez ClevCe. Dans 
1'Ctude des Cquilibres conformationnels pour lesquels 
il existe un Cchange rapide, il est admis que les varia- 
tions des ddplacements chimiques avec la concentra- 
tion du rCactif paramagnttique sont B relier aux 
populations et aux dkplacements chimiques intrind- 
ques des conformbres; ces derniers sont ceux de 
composCs modbles complexCs (7-10) ou Cvaluts 
(11-17) en utilisant l'tquation de MacConnell- 
Robertson (18). Toutefois, on peut remarquer que 
ces mCthodes supposent que l'aptitude B se com- 

'Cette publication constitue une partie de la th8se de Doc- 
torat 8s-Sciences soutenue par J.B. 

plexer des diffkrentes espbces en Cquilibre rapide est 
la meme et que le chelate n'a pas d'effet sur cet 
Cquilibre. Cette hypothbse ne semble pas toujours 
vkrifiee: en effet, un dkplacement des Cquilibres 
rotationnels (3-6, 19) et conformationnels (7, 13 et 
rCfCrences citCes, 14, 20-23) a CtC mis en Cvidence en 
prCsence de rCactif. En ce qui concerne les alcools 
cyclohexaniques, objets de ce travail, il a kt6 montrC 
(24, 25) que la valeur de la constante d'interaction 
dCpend fortement de la position axiale ou Cquatoriale 
de l'hydroxyle. Dans une note prdckdente (26), nous 
avons dtcrit la premiere Ctude quantitative d'un 
Cquilibre conformationnel qui tient compte d'un 
Cventuel dCplacement de l'tquilibre conformationnel 
par le rCactif. 

Nous nous proposons ici de complCter cette Ctude 
en montrant que la mCthode de dttermination des 
parambtres caracteristiques de l'interaction entre 
les rtactifs lanthanidiques et les bases de Lewis, 
dtveloppke prtctdemment (27), peut s'appliquer 
aux molCcules conformationnellement mobiles. Les 
parambtres apparents (K et A) ainsi obtenus, permet- 

0008-4042/79/091080-09$01 .OO/O 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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BOUQUANT ET AL. 1081 

Nous adnlettrons que 6, et 6, peuvent Ctre as- 

~1% * HO@ 
similes au dtplacement chimique du substrat libre 
(6, 1: 6, 1: 60) qui est la moyenne pondtrte de ces 

R3 
deux valeurs.' Dans ces conditions, l'expression du 

R3 RI 
dtplacement chimique induit par le rCactif s'tcrit: 

tent de calculer la constante d'tquilibre conforma- 
tionnel entre les espbces libres d'une part, et com- 
plextes d'autre part. 

Le modble propost sera ensuite testt sur des al- 
cools cyclohexaniques conformationnellement mo- 
biles substituts ou non en positions 1 et 2 (Schtma I). 

Le choix de ces substrats se justifie dans la mesure 
oh les constantes d'tquilibre conformationnel sont 
connues ou peuvent Ctre estimtes. Leur connaissance 
nous permettra de dtgager un certain nombre de 
critQes pour apprtcier la validitt des valeurs ob- 
tenues. Nous nlontrerons, Cgalement, I'inttrCt de 
changer de rtactif ou de solvant dans une telle Ctude. 

Le modble propost s'applique ii un nombre quel- 
conque de conformbres, toutefois pour simplifier, 
nous considbrerons seulement le cas de deux con- 
formeres S, et S, pour le substrat S. Dans l'hypothbse 
de la formation de complexes de stoechiomttrie 1 : 1 
(25) en prtsence d'un rtactif de dtplacement chimi- 
que, on peut postuler l'existence des tquilibres sui- 
vants : 

K1 
Sa+R S e + R  

Dans cette expression A, = 6,,, - 60 et A, = 
6,,, - Fo, sont les dtplacements chimiques in- 
trinsbques des noyaux engagts dans le complexe. 

En outre, la loi d'action de masse permet de relier 
les concentrations entre elles : 

Aprbs combinaisons des Cqs [2] et [3] nous ob- 
tenons : 

Si les concentrations initiales en rtactif et en 
substrat sont maintenues tgales (27), l'tq. [4] s'tcrit: 

I1 apparait que la courbe reprtsentative de la fonc- 
tion 6ind = f(6ind/C,")'12 est une droite de pente P, 
et d'ordonnCe ii l'origine A, 

K,, Ke d'une part, K, et Kc d'autre part, sont ~ 7 1  A, = A, + KcAe 
respectivement les constantes d'association de S, et 1 + Kc 
S, avec  R et d'tquilibres conformationnels des Posons Km = A,lPm~ 
formes libres et assocites. 

Dtsignons par C0 et C les concentrations initiales 
C8l K, = 

K,(l + Kc) 
et a l'tquilibre, et par 6 et 6,, respectivement les 
dtplacements chimiques mesurCs en rtfirence in- 

(1 + Kc) 

terne des conformbres libres et complexes. Le dt- oh K, et A, sont les parambtres intrinsbques ap- 
placement chimique observe est alors donilt par la parents du cOm~lexe S-Eu(DPM)3. 
relation [l ] : Apres combinaisons des 6qs [7] et [8], nous ob- 

'La diffkrence 6. - 6, est de quelques hertz, alors que les C1l 6 ~ b ~ =  "a6, + Cse6e + C ~ s a 6 ~ s a  + C ~ s e 6 ~ s ~  dkplacernentr chimiques induits sont comprise entre 10 et 
csO 20 ppm. 
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tenons les expressions suivantes : 

Ces Cquations sont formellement analogues a 
celles propostes par Stolow (28) et Eliel et Luckack 
(29) respectivement dans le cas de la protonation des 
amines et de mesures cinktiques de la solvolyse de 
tosylates de cyclohexyle. 

Ces relations indiquent clairement que la con- 
naissance des dCplacements chimiques intrinseques 
permet uniquement de calculer Kc. Les parametres 
des conformeres nCcessaires a 1'Cvaluation de K, 
peuvent 2tre eslimts a partir d'une Ctude de la com- 
plexation de composCs modeles semblables. 

Quelle que soit la mCthode utilisCe pour Cvaluer 
les paranietres intrins6ques, ceux-ci sont determints 
avec une incertitude fonction de la nature du substrat 
du rCactif ou du solvant (25). Les constantes d'Cqui- 
libre conformationnel K, ou Kc seront acceptables a 
la condition nkcessaire que la variable Xa ou X, 
(notCe Xale) soit significativement diffkrente de Xm 
(X dCsigne le quotient d'association ou le dCplace- 
ment chimique intrins6que). Les deux variables 
XaIe et Xm itant c a l c u l ~ ~ s  dans deux Cchantillons 
indkpendants, la condition prCctdente sera vCrifiCe 
(30) si la variable alCatoire: 

ne suit pas une loi de Student. 
Dans l'expression ci-dessus, C T ~ ~ ~ ~ - ~ ,  reprtsente 

1'Ccart type estimC de la diffkrence Xale - Xm. 
En d'autres termes, X,,, - Xm sera significative- 

ment diffkrent de ztro si la condition Xd > t,,, ou 
z = Xd/tv,, > 1 est vCrifiCe. La borne t,,, donnCe 
par la table de Student, est atteinte dans moins de 
a% des cas pour v degrCs de libertC (v = nale + 
nm - 4: expression dans laquelle n reprtsente le 
nombre de mesures de la variable Xale ou X,). 

Determination des paramhtres intrindques 
Nous savons que la prtcision de mesure des 

parametres intrindques est fonction de la grandeur 
des quotients d'association (27). I1 Ctait donc in- 
ttressant de comparer les complexations des cyclo- 
hexanols avec, d'une part Eu(DPM),, (association 
la plus forte), et d'autre part Yb(DPM), (association 
la plus faible) (25). 

3(DPM)H = tktramkthyl-2,2,6,6 heptane dione-3;5. 

Rdactif de dgplacement chimique Eu(DPM) , 
Les valeurs des quotients d'association et des 

dCplacements chimiques intrins6ques des complexes 
Eu(DPM),-cyclohexanols conformationnellement 
mobiles (1  a 5) en solution dans le chloroforme 
deutkrit sont reporttes dans le tableau 1. Dans ce 
m2me tableau sont Cgalement rappelis les parametres 
intrinseques des tert-butyl-4 cyclohexanols homo- 
logues qui oiit CtC CtudiCs (25) dans les m2mes con- 
ditions expkrimentales. Ces alcools sont not& 
(tableau 1) avec un indice a ou e pour rappeler la 
position axiale ou Cquatoriale de la fonction alcool. 

La comparaison des rCsultats fait apparaitre que 
les valeurs des parametres intrinskques obtenues 
pour les alcools conformationnellement mobiles sont 
toujours comprises entre celles des dtrivCs tertio- 
butylCs. En ce qui concerne l'alcool tertiobutylk 3,, 
homologue de la conformation trans di-axiale de 
l'isomkre 3, il n'a pas pu 2tre isolC; toutefois, pour 
l'alcool3,, le mtthyle axial Ctant trans a l'hydroxyle, 
l'influence de ce mCthyle sur la complexation doit 
2tre faible, voire nulle (25). De ce point de vue, il est 
a prCvoir pour l'isomtre 3, des valeurs des para- 
metres intrinseques proches de celles du tert-butyl-4 
cyclohexanol cis (K = 323 M-'  et A = 26.49 ppm 
calculCes (25) a partir de l'hydrogene en position 1). 
On peut d'ailleurs remarquer que les parametres 
intrinseques de 3 sont bieii compris entre ceux de cet 
alcool et de l'alcool 3,. 

Rdactif de ddplacement chimique Yb(DPM), 
Dans les conditions expkrimentales utilisCes 

(CRO = C:), ce rCactif prCsente l'inconvtnient de 
provoquer des Clargissements de raies tels que nous 
perdons l'information relative a la multiplicitt de 
ces raies. Cet Clargissement explique pourquoi nous 
nous sommes limitCs la ditermination des dtplace- 
nients chimiques des raies des radicaux mCthyle et 
tert-butyle. En effet, seules ces raies peuvent 2tre 
mesurCes avec une pricision acceptable. 

En outre, les quotients d'association avec 
Yb(DPM), Ctant plus faibles que ceux avec Eu- 
(DPM), (25), iious avoiis pu envisager I'Ctude d'une 
part des alcools 1, 4 et 5 dans le tetrachlorure de 
carbone et d'autre part des alcools 1 et 5 dans le 
chloroforme deutCriC. 

La comparaison des valeurs des parametres in- 
trinskques (K et A, tableau 2) a celles rapportCes dans 
le tableau 1 fait apparaitre clairement que les dtplace- 
ments chimiques avec Yb(DPM), sont environ 3.5 
fois plus grands que ceux observCs avec Eu(DPM),. 
Quant aux quotients d'association, ils restent in- 
fkrieurs A ceux de Eu(DPM), m2me lorsque le solvant 
est le tCtrachlorure de carbone. Par contre, nous 
retrouvons des propriCtCs communes pour ces deux 
rtactifs, a savoir: (i) le tert-butyl-4 cyclohexanol cis 
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TABLEAU 1 .  Paramttres intrinstques des complexes Eu(DPM)3-cyclohexano1 (1-5) en solution dans le chloroforme deuterie* 

R3 K ( M - ' )  
-- 

A ( P P ~ )  

NO? N$ R I Rz R3 R1 Rz R3 RI Rz R3 

*Les erreurs statistiques sont calculbes pour des limites de confiance de 95Z. 
tLes alcools conformationnellement mobiles sont notbs sans indice. Les tert-butyl-4 cyclohexanols bomologues sont notes avec un souscrite a ou e pour rappeler la position axiale ou bquatoriale de la fonc- 

tion alcool. 
t N  = nombre d'expbriences independantes. 
$Protons observbs. 
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interagit plus fortement que le trans; (ii) les valeurs 
des parambtres intrinsbques des alcools mobiles sont 
situtes entre celles des alcools homologues confor- 
mationnellement homogbnes, except6 pour le dt- 
placement chimique du mtthyle de l'alcool 4. 

Dans le tableau 2 sont tgalement consignts des 
rtsultats originaux relatifs aux paramMres intrinsb- 
ques des tert-butyles du ligand DPM. I1 avait kt6 
observe (31), qualitativement, que l'addition de 
substrat B Eu(FOD), entrainait un dtplacement de la 
rtsonance des tert-butyles du rtactif vers les champs 
forts. Nous avons envisagt une ttude quantitative 
de ce dtplacement dans le but de trouver Cventuelle- 
ment une voie d'accbs aux quotients d'association. 
En particulier, avec Yb(DPM),, la variation du 
dtplacement chimique des tert-butyles est suffisante 
pour dtterminer les parambtres intrinsCques cor- 
respondant a ce groupement. En examinant les 
rtsultats, on constate un excellent accord entre les 
quotients d'association dttermints B partir du rtactif 
ou du substrat (tableau 2). Remarquons dbs main- 
tenant que cette concordance peut Ctre inttressante 
d'un point de vue pratique pour l'ttude de la com- 
plexation de substrats pour lesquels les noyaux ont 
une raie de rtsonance trbs large (mesure imprtcise du 
dtplacement chimique) ou pas de raie de rtsonance. 

Les valeurs des dtplacements chimiques intrinsb- 
ques des tert-butyles du rtactif sont indtpendantes 
du solvant mais, par contre, sont influenctes par une 
interaction stCrique entre le substrat et le rtactif. En 
effet, pour un alcool de configuration donnte, le 
dtplacement chimique intrindque est d'autant plus 
grand que le substituant portt par le carbone 1 est 
plus volumineux (comparer entre eux la ,  4, et 5, ou 
I,, 4, et 5,). En outre, pour deux alcools Cpimbres 
en 1, on observe entre les dtplacements un kcart qui 
croit avec l'encombrement sttrique du substituant 
(comparer 1, et I,, puis 4, et 4,, et enfin 5, et 5,). 
Ce rtsultat peut Stre interprttt comme un change- 
ment de gtomCtrie du rtactif complext (31, 32). En 
l'absence de substrat, il existe une interaction rtac- 
tif-solvant puisque le dtplacement chimique des 
groupements tert-butyles, mesurts par rapport B une 
rtftrence interne de cyclohexane, sont respective- 
ment de -91 + 0.3 Hz dans le tttrachlorure de 
carbone et de - 107.5 + 0.3 Hz dans le chloroforme 
deuttrit. 

Dans le cas de Eu(DPM),, l'tcart A, - A, des 
valeurs extrCmes des dtplacements chimiques in- 
trinsbques (A(1,) = 26 + 3 Hz; A(1,) = 26 + 5 Hz; 
A(4,) = 39 + 3 Hz et A(4,) = 33 , 3 Hz B 60 
MHz) des groupements tert-butyles du rtactif sont 
plus faibles que ceux dttermints avec Yb(DPM),; 
ce qui semble confirmer l'origine sttrique plut6t 
qu'tlectronique de ces effets (rayon ionique de Eu3+ 
superieur B celui de Yb3 + . Ce faible tcait exclut l7uti- 

lisation des groupements tert-butyles de Eu(DPM), 
pour des ttudes quantitatives. 

Analyse conformationnelle 
L'tvaluation des pararnbtres X, ou X, intervenant 

dans les tqs [9] A [ I l l  ne peut pas se dtduire de 
l'ttude A basse temptratvre du complexe Eu(DPM),- 
substrat conformationnellement mobile. En effet, 
on n'observe jamais qu'un seul signal trbs large B 
- 120°C pour le cyclohexanol 1 complext, tlargisse- 
ment de la raie de resonance attribut B un ralentisse- 
ment de la relaxation Clectronique (3). Les valeurs 
de ces parambtres peuvent Ctre dCduites des dtrivts 
cis et trans tert-butylts en 4 conformationnellement 
homogbnes. Cette approximation est justifite dans la 
mesure ou la prCsence d'un groupement tert-butyle 
en position tquatoriale a une influence ntgligeable 
sur les valeurs de ces parambtres intrinsbques. Nous 
avons constatt, en effet, que deux alcools de mCme 
configuration mais appartenant respectivement B la 
strie sttroi'dique et cyclohexanique ont des valeurs de 
K et A t r b  voisines (25). En remplaqant dans les 
tqs [9] B [ I l l  les difftrents parambtres par leurs 
valeurs extraites des tableaux 1 et 2, nous pouvons 
calculer les constantes d7Cquilibre conformationnel 
des alcools 1 B 5. Nous en dtduisons alors directe- 
ment la difftrence d'enthalpie libre calculCe par la 
relation classique : 

Les rtsultats obtenus avec les alcools cyclohexa- 
niques secondaires et tertiaires sont rassemblts 
respectivement dans les tableaux 3 et 4. Dans ces 
tableaux, nous avons Climint les valeurs de AGO 
calcultes B partir des parambtres pour lesquels z est 
inftrieur a l'unitt au seuil 5% (vide supra). On cons- 
tate en effet que ces valeurs compartes B celles de la 
litttrature sont aberrantes. 

D'une manibre gtntrale, nous remarquons que les 
valeurs de AG1O calculCes B partir des valeurs des 
quotients d'association sont en bon accord, alcool 1 
exceptt, avec celles relevtes dans la litttrature et 
rappelkes dans les tableaux. Dans le cas du cyclo- 
hexanol, le ZK,-Km inftrieur B 1 est dQ B la faible 
difftrence entre les valeurs des quotients d'associa- 
tion (tableaux 1 et 2) et B une grande incertitude sur 
leurs dkterminations. En effet, nous avons montrt 
(27) que les erreurs sur la dttermination des K sont 
d'autant plus grandes que les valeurs de ceux-ci sont 
plus tlevtes. La diminution de ces parambtres par 
utilisation de Yb(DPM), et du chloroforme deuttriC 
entraine une meilleure dttermination de AGO. 

En ce qui concerne les alcools tertiaires, nous ne 
connaissons pas de valeurs de AG1O dttermintes par 
d'autres mtthodes dans des solvants "inertes" a une 
temperature voisine de 40°C. Cependant, on peut 
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TABLEAU 2. Parametres intrinseques des complexes Yb@PM)3-cyclohexanol (1, 4 et 5)* 

NO R I R A R I R A DPM R 1 R4 DPM 

Solvant : titrachlorure de carbone 
1, H (6quat.) tBu 2 150 +24 155 k 1 3  
1 H H 2 - 152 k 1 4  
1. H (axial) tBu 1 156 k 1 2  105.3 k 8.7 

4, CH3 (equat.) tBu 15.88tk0.62 16.12tk  0.76 15.89k 0.96 
4 CH3 H 23.2t k 2 . 0  - 27.0 k 1.7 
4, CH3 (axial) tBu 38.9t k 1 . 7  39.4t + 2.1 39.1 k 4.6 

5, CHzII 
/ (Cquat.) tBu 

CH3 

5, CHzII 
I (axial) tBU 

CH, 

1, H (6quat.) tBu 
1 H H 
1, H (axial) tBu 

5, CH2 
I (Cquat.) tBu 

CH3 I I  

Soluant : chloro forme deutiriP 
2 31.6 + 2.3 30.4 k 4 . 4  
2 - 24.1'b'f 1.5 
2 23.31. k 1.1 21 .3'b'k 1.3 

5, CHz 
I (axial) tBu 

CH3 I I  
*Les erreurs statistlques sont calculCes au risque 5%. 
tValeur obtenue par moyenne pondtrCe des valeurs de deux experiences indtpendantes. 
fRaie trop large pour etre repCrte avec prec~sion. 
BRecouvrement des rales. 
llProtons observes. 
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1086 CAN. J .  CHEM. VOL. 57, 1979 

TABLEAU 3. Variation d'enthalflie libre de cyclohexanols secondaires libres et complex6s par Ln(DPM), 

Enthalpie libre* 

Alcool Ln Solvant Groupement X zcxn - xm) qXm - xe) AGIO AG," 

Cyclohexanolt Eu CDCI3 H(1) A 7 . 0  1 .8  -0 .99 -0.81 
EU CDC13 H(l) K 0 . 7  1 .7  
Y b CCl4 tBu(DPM) A 2 .1  1 . 0  -0.65 -0.41 
Yb CCl, tBu(DPM) K 0 . 3  4 . 6  
Yb CDC13 tBu(DPM) A 2 . 4  0 . 6  
Y b CDCI3 tBu(DPM) K 2 . 8  2 . 0  -0 .49 -0.27 

Methyl-2 cyclohexanol cis$ Eu CDCl, H(l) A 2 . 6  < I §  
ELI CDCI3 H(l) K 1 . 0  >> 1 g 1 .60 1.29 
Eu CDC13 CH3(2) A 0 . 9  < 1 8  
Eu CDCl, CH3(2) K 1 . 2  >> 1 $ 1.51 1.22 

*Les valeurs de AGO sont exprlmees en kcal/mol a 41°C. 
tLes valeun de AGO (T  "C) de 1 relevees dans la l~tterature (refs 33-35) sont comprises entre -0.6 (2S°C) et - 1.17 (-76°C) kcal/mol. 
tS~pos et coll. (36) proposent une valeur de AGO (2S°C) = 1.5 kcal/mol. 
§La valeur de z est estlmee a partlr des ~ntervalles de confiance (tableau 1). 

TABLEAU 4. Variation d'enthalpie libre de cyclohexanols tertiaires libres et complexes par Ln(DPM), 

Enthalpie libre* 

Alcool Ln Solvant Groupement X zcxa - x,, Z(X, - x,) AGI0 AG," 

Methyl-1 cyclohexanolt Eu 
Eu 
Yb 
Y b 

- 

*Les valeun de AGO sont exprimkes en kcal/mol a 41°C. 
tValeurs de AGO comprises entre +0.21 (25°C) et 0.41 (-80°C) kcal/mol (refs 37 et 34). 
SAG0 = +0.47 kcal/mol a -82°C dans le sulfure de carbone (34). 

s'attendre ii ce que les diffkrences d'Cnergie libre 
pour les molCcules 5 et 6 soient comparables, car il 
est gkntralement admis que les Cnergies libres des 
groupes mtthyles et Cthyles sont Cquivalentes (35 
et rtfkrences citCes). Nous observons effectivement 
que nous pouvons attribuer aux alcools tertiaires 4 
et 5 une valeur moyenne, calculCe a partir des quo- 
tients d'association, de AG,' = 0.16 kcal/mol. Cette 
valeur indkpendante du rCactif ou du solvant est 
comparable B celles de 0.21 et 0.24 kcal/mol dCter- 
minCes par Cquilibration de 4 en prCsence respective- 
ment d'acide acktique (37) et d'acide perchlorique 
(38) en solution aqueuse. Par contre, elle est trbs 
infbrieure A la valeur de 0.41 kcal/mol obtenue par 
intCgration des raies de rCsonance magnttique nu- 

clCaire des deux conformbres (34 et rCfCrences citCes) 
B basse tempkrature. 

Quant aux valeurs de AG1O calculCes ii partir des 
diplacements chimiques, I'accord entre les valeurs 
observCes et attendues est beaucoup moins satis- 
faisant. On constate en gCnCraI pour une m&me 
exptrience que la valeur de z ~ ~ , ~ - ~ ~  est alors in- 
firieure B z ~ ~ , ~ - ~ ~  a I'exception du mCthyle de 5 
(tableau 4). Dans ce dernier exemple, il est vraisem- 
blable que la conformation de la chaine Cthyle dans 
les conformbres axiaux et Cquatoriaux diffbre de 
celle des composCs modbles complexCs par le rtactif, 
l'effet Ctant moins sensible pour le groupement 
mCthylbne du radical Cthyle. 

Des valeurs de AGO plus prtcises pourraient &tre 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BOUQUANT ET AL. 1087 

dttermintes en considtrant des groupements tloignts 
du site fonctionnel tels que H(2)trans ou H(3)cis. 
Cependant, en prtsence de Eu(DPM), et Yb(DPM),, 
nous observons, a 60 MHz, un recouvrenlent des 
raies de ces hydrogenes cyclohexaniques, en par- 
ticulier dans les isondres coi~formationnellement 
mobiles. 

Dans les tableaux 3 et 4, nous avons uniquement 
rapport6 les valeurs de AG: calculCes a partir des 
valeurs des parametres qui donnaient les valeurs de 
AG1O les plus proches des valeurs attendues. En 
prtsence de riactif paramagnttique, nous observons 
toujours un dtplacement de 1'Cquilibre conforma- 
tionnel qui s'accompagne d'une diminution de la 
difftrence d'enthalpie libre A l'exception du cyclo- 
hexanol. Compte tenu de [ll], l'importance du 
dtplacement croit avec le rapport KJK, et nous cons- 
tatons que le rtactif le moins complexant Yb(DPM), 
dtplace davantage l'tquilibre que Eu(DPM),. 
L'tquilibre ne sera pas dtplacC lorsque K, = K,, 
condition souvent admise implicitement mais rare- 
ment vtrifite. 

Conclusion 
La mtthode de dttermination des parametres 

intrinseques K et A des complexes rtactif-substrat, 
dCveloppte prtctdemment (27) a t t t  ttendue a celle 
des moltcules conformationnellement mobiles. Les 
paramares dttermints dans le cas des cyclohexanols 
ont permis de calculer des difftrences d'enthalpie 
libre AGIO comparables a celles atteintes par d'autres 
techniques physico-chimiques. Ces rtsultats obtenus 
par utilisation de rtactifs de pouvoir complexant 
trks diffirent nous autorisent a accorder un seuil de 
confiance tlevt la grandeur des param&tres in- 
trindques. 

Les valeurs les plus satisfaisantes de AG1O ont t t t  
dttermintes a partir des quotients d'association. 
D'un point de vue pratique, s'il y a discordance, 
pour un complexe donnt, entre les valeurs de AG1O 
obtenues a partir de K et de A, le choix doit s'effec- 
tuer par rtftrence au test statistique. La validitt de 
ce test sera renforcte en augmentant le nombre 
d'exptriences indtpendantes (minimisation des er- 
reurs systtmatiques). 

Pour la premiQe fois, A notre connaissance, nous 
avons utilist le groupement tert-butyle du rtactif 
comme "sonde conformationnelle." 

Enfin, nous avons constati, dans tous les cas 
Ctudits, un dtplacement de l'tquilibre conforma- 
tionnel des molCcules complextes, d'autant plus 
grand que le quotient d'association est plus faible. 
Aussi, toute Ctude structurale par resonance mag- 
nttique nucltaire de moltcules conformationnelle- 

ment mobiles en prtsence de rtactif devra Etre 
prtctdte d'une connaissance approfoildie de l'apti- 
tude se complexer des diffdrentes espkes en 
tquilibre. 

Synth2se et purification des cyclohexanols 
La prtparation des alcools, a l'exception du cyclohexanol 

qui est d'origine commerciale (Merck), a CtC dkcrite prkckdem- 
ment (39). Avant utilisation, les cyclohexanols ont CtC purifiCs 
par chromatographie en phase vapeur (cpv) puis sublimCs. 

En ce qui concerne la sCparation des sttrCoisomeres du 
mCthyl-2 cyclohexanol-1, leur skparation a dfi &tre envisagee 
a partir des Cthers silylCs correspondants, obtenus avec un 
rendement quantitatif selon le protocole dCcrit par Corey et 
Venkateswarlu (40). Ces Cthers silylCs sont sCparCs par cpv 
sur colonne Carbowax 20 M (152, 3) a 70°C. Chaque 
sterCoisom~re authentique est ensuite soumis a une hydrolyse 
acCtique selon le protocole dtcrit par Corey et Venkateswarlu 
(40). 

Prtparation des tchantillons 
La prkparation des solutions et les conditions d'enregis- 

trement des spectres de rmn sur Varian A 60 A sont analogues 
a celles dCcrites pr6ctdemment (27). 

1. A. F. COCKERILL, G. L. 0. DAVIES, R. C. HARDEN et D. M. 
RACKMAN. Chem. Rev. 73,553 (1973). 

2. R. E. SIEVERS. Nuclear magnetic resonance, shift reagents. 
Academic Press, New York, NY. 1973. 

3. H. N. CHENG et H. S.  GUTOWSKY. J. Am. Chem. Soc. 94, 
5505 (1972). 

4. R. A. FLETTON, G. F. H. GREEN et J. E.  PAGE. J. Chem. 
Soc. Chem. Commun. 1134 (1972). 

5. H. KESSLER et M. MOLTER. J. Am. Chem. Soc. 98, 5969 
(1976). 

6. H. KESSLER et M. MOLTER. Angew. Chem. Int. Ed. Engl. 
12. 1011 (1973). 

7. T.P.  FORREST, D. L. HOOPER et S. RAY. J .  Am. Chem. 
SOC. 96,4286 (1974). 

8. K. L. SERVIS, D. J. BOWLER et C. ISHIIC. J. Am. Chem. 
SOC. 97,73 (1975). 

9. K. L. SERVIS et D. J. BOWLER. J. Am. Chem. Soc. 95,3392 
(1973); 97,80 (1975). 

10. J .  T. GROVES et M. VAN DER PUY. Tetrahedron Lett. 1949 
(1975). 

11. R. PERRAUD et J. L. PIERRE. Bull. SOC. Chim. Fr.  Pt. 2.11, 
2615 (1974). 

12. K. L. SERVIS et D. J. PATEL. Tetrahedron, 31, 1359(1975). 
13. P. FINOCCHIARO, A. RECCA, W. G. BENTRUDE, H. W. TAN 

et K. C. YEE. J. Am. Chem. Soc. 98,3537 (1976). 
14. A. J. DALE. ActaChem. Scand. Ser. B, 30,255 (1976). 
15. D. DOSKOCILOVA et B. SCHNEIDER. J. Mol. Struct. 31,337 

(1976). 
16. Y. KODAMA, K. NISHIHATO et M. NISHIO. J .  Chem. Res. 

(S), 4, 102 (1977). 
17. D. J. RABER, M. D. JOHNSTON, JR. et M. A. SCHWALKE. J .  

Am. Chem. Soc. 99,7671 (1977). 
18. H. M. MACCONNELL et R. E. ROBERTSON. J. Chem. Phys. 

29, 1361 (1958). 
19. K. L. WILLIAMSON, D. R. CLUTTER, R. EMCH, M. ALEX- 

ANDER, A. E. BURROUGHS, C. CHUA et M. E. BOGEL. J .  
Am. Chem. Soc. 96, 1471 (1974). 

20. W. G. BENTRUDE, H. W. TAN et K. C. YEE. J. Am. Chem. 
SOC. 94,3264 (1972). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1088 CAN. J.  CHEM. VOL. 57, 1979 

21. A. J .  DALE. Acta Chem. Scand. 26,2985 (1972). 
22. N. PLATZER, J .  J. BASSELIER et P. DEMERSEMAN. Bull. 

Soc. Chim. Fr. Pt. 2,5,  1717 (1973). 
23. T. SATO et K. GOTO. J .  Chem. Soc. Chem. Commun. 494 

(1973). 
24. M. D. JOHNSTON, JR., B. L. SHAPIRO, M. J .  SHAPIRO, J .  W. 

PROULX, A. D. GODWIN et H. L.  ~ A R C E .  J. Am. Chem. 
SOC. 97,542 (1975). 

25. J. BOUQUANT. Thtse Doctorat t s  Sciences, Reims. 1978. 
26. J. BOUQUANT, M. WUILMET, A. MAUJEAN et J .  CHUCHE. 

J. Chem. Soc. Chem. Commun. 778 (1974). 
27. J .  BOUQUANT et J .  CHUCHE. Bull. Soc. Chim. Fr. Pt. 2,959 

(1977). 
28. R. D. STOLOW. J.  Am. Chem. Soc. 81,5806(1959). 
29. E. L. ELIEL et C. A. LUCKACK. J.  Am. Chem. Soc. 79,5986 

(1957). 
30. A. ROSENGARD. Probabilitks et statistiques en recherche 

scientifique, Dunod. 1972. p. 190. 
31. J. REUBEN. J.  Am. Chem. Soc. 95,3534 (1973). 

32. D. SCHWENDIMEN et J. I. ZINK. Inorg. Chem. 11, 3051 
(1972). 

33. E. L .  ELIEL et E. C. GILBERT. J.  Am. Chem. Soc. 91,5487 
(1969). 

34. J. MOULINES, J. P. BATS et M. PETRAUD. Tetrahedron 
Lett. 2971 (1972). 

35. J .  A. HIRSCH. Duns Topics in stereochemistry. Tome 1. 
Edite'par N. L. Allinger et E .  L .  Eliel. Wiley Interscience, 
New York, NY. 1967. p. 204. 

36. F. SIPOS, J. KRUPICKO, M. TICHY et J .  SICHER. Coll. 
Czech. Chem. Commun. 27,2079 (1962). 

37. J. J. UEBEL et H. W. GOODW~N. J. Org. Chem. 33, 3317 
(1968). 

38. N. L. ALLINGER et C. D. LIANG. J.  Org. Chem. 33, 3319 
(1968). 

39. J. FICINI et A. MAUJEAN. Bull. Soc. Chim. Fr. 219(1971). 
40. E. J .  COREY et A. VENKATESWARLU. J.  Am. Chem. Soc. 

94,6190 (1972). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Isotope effects in nucleophilic substitution reactions. 11. Secondary a-deuterium kinetic 
isotope effects: a criterion of mechanism? 

KENNETH CHARLES WESTAWAY' AND SYED FASAHAT ALI 
Department of Chemistry, Laurentian University, Sudbury, Ont., Canada P3E 2C6 

Received August 1, 1978 

KENNETH CHARLES WESTAWAY and SYED FASAHAT ALI. Can. J. Chem. 57, 1089 (1979). 
A very large secondary a-deuterium kinetic isotope effect of 1.179 i 0.007 (1.086 i 0.003 

per a-deuterium) has been observed for the SN2 reactlon of thlophenoxide ion with benzyl- 
dimethylphenylammonium ion in D M F  at 0°C. This large isotope effect which is far outside 
the range reported for SN2 reactions, is attributed to the fact that the extraordinarily large 
steric crowding around the Ca-H bonds in the substrate is reduced in the SN2 transition state. 
The structure of the transition state is shown to be consistent with this hypothesis. 

KENNETH CHARLES WESTAWAY et SYED FASAHAT ALI. Can. J. Chem. 57, 1089(1979). 
Dans la reaction SN2 de l'ion thiophenolate avec l'ion benzyldimethylphenylamn~oi~ium 

dans le D M F  a O°C, on a observe un effet isotopique cinttique secondaire du deuterium en 
alpha qui est tres grand 1.179 + 0.007 (1.086 i 0.003 par deuterium a). Cet effet isotopique 
important, qui est a l'exterieur des valeurs rapportees pour des reactions SN2, peut btre attribue 
au fait que l'encombrement sttrique qui est particulierement important au niveau des liaisons 
Ca-H dans le substrat est reduit dans l'etat de transition SN2. On demontre que la structure 
de I'etat de transition est en accord avec cette hypothese. 

[Traduit par le journal] 

The magnitude of secondary a-deuterium kinetic for distinguishing between nucleophilic substitution 
isotope effects has been widely accepted as a criterion reactions at saturated carbon which react by way of 

a carbonium ion mechanism, eq. [I], 

and those reacting by the one-step SN2 mechanism 
(1 and ref. 2, pp. 104-137), eq. [2] 

The criterion simply stated, is that large secondary 
a-deuterium kinetic isotope effects, i.e. (k,/kD), of 
2 1.07 per a-deuterium for a primary alkyl iodide, 
Table 1, identifies a carbonium ion mechanism 
whereas isotope effects of less than 1.04 per a-deu- 
terium for a primary substrate (3) (including inverse 
isotope effects) indicate that the reaction proceeds by 
the SN2 mechanism. 

Unfortunately, the magnitude of these isotope 

'Author to whom all correspondence should be addressed. 

effects does not remain constant for a particular 
substrate. For example, the magnitude of the isotope 
effect changes significantly when (i) the leaving group 
is changed (3,4) and also (ii) with a shift in the rate- 
determining step of a carbonium ion reaction (ref. 2, 
p. 137). In fact, maximum secondary a-deuterium 
kinetic isotope effects are observed when the forma- 
tion of the solvent-separated ion pair or the free 
carbonium ion, i.e. when the k ,  or the k ,  step in [I], 
is rate determining. Smaller isotope effects of about 
75% of the maximum values are observed when for- 
mation of the intimate ion pair (the k, step) is rate 
determining (ref. 2, p. 137), Table 1. Finally, the 
magnitude of these isotope effects can be changed to 
a smaller extent (1-2% per a-deuterium) by a change 
in solvent (5, 6). 

Although the magnitude of the secondary a-deu- 
terium kinetic isotope effects for S,2 reactions also 

0008-4042/79/09 1089-09$0 1 .OO/O 
@I1979 National Research Council of CanadalConseil national de recherches du Canada 
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1090 CAN. J .  CHEM. VOL. 57, 1979 

TABLE 1. Maximum secondary a-deuterium kinetic tion followed an 'ionic internal nucleophilic substi- 
isotope effects for SN reactions of primary substrates tution' mechanism involving the triple ion 'A' shown 

which react by way of a carbonium ion nlechanism in [3] (7, 10). 
Although large secondary a-deuterium kinetic 

Maximum ( k ~ l k ~ ) .  ( k ~ I k ~ ) a  Per 
per a-deuterium a-deuterium if isotope effects should be observed for this mecha- 

Leaving (kZ or k3 rate ionization (kl) is nism, the formation of a benzyl carbonium ion seemed 
group determining) rate determining unlikely for several reasons. First, subsequent studies 

OTs, OBs 1.23 1.17 
F 1.22 1.16 
C1 1.15 1.11 
Br 1.125 1.09 
I 1.09 1.07 
NO3 2 1.18 2 1 . 1 4  

varies with the leaving group,2 the variations are 
much smaller than those observed in carbonium 
ion reactions (ref. 2). This criterion of mechanism is 
successful in spite of these variations because the 
isotope effects for SN2 reactions are significantly 
smaller (I  1.04 per a-deuterium) than those found 
for reactions involving carbonium ion intermediates. 

Although many workers have measured secondary 
a-deuterium kinetic isotope effects for SN reactions 
wirh the leaving groups shown in Table 1, only two 
isotope effects have been measured for S, reactions 
of quaternary ammonium ions. KO and Leffek (7) 
found very large secondary a-deuterium kinetic 
isotope effects (k,/k,) of 1.12 and 1.10 per a-deu- 
terium at 30°C for the reaction between bromide ion 
and benzyldimethylphenylammonium ion in chloro- 
form and acetone, respectively, eq. [3]. These isotope 

~ P ~ c H , ~ ( c H , ) , P ~ B ~ -  # [(P~cH,&(cH,),P~),B~-I+ 

'A' 
+ + [PhCH,N(CH,),PhBr,]- 

effects are considerably larger than those observed 
for SN2 reactions and Leffek and KO very reason- 
ably concluded that these reactions must involve the 
formation of a carbonium ion intermediate in the 
slow step of the reaction. Based on this and other 
evidence (8, 9) these authors proposed that the reac- 

ZThe magnitudes of secondary a-deuterium kinetic isotope 
effects for SN2 reactions will also be affected by a change in the 
nucleophile. 

showed that quaternary ammonium salts could react 
in dipolar aprotic solvents by an SN2 mechanism (1 1). 
Second, the reverse of these reactions, the Men- 
shutkin reaction, occurs by an SN2 process (12) and 
the principle of microscopic reversibility requires 
that the forward reaction also be an SN2 process. 
Finally, all the experimental evidence except for the 
secondary a-deuterium kinetic isotope effects, is 
equally consistent with a mechanism where the sub- 
stitution occurs in a one-step SN2 reaction within the 
triple ion, 'A,' eq. [4]. 

Br- - -?- - -N(CH,),Ph 

If the reaction occurs by the mechanism shown in 
[4], very large secondary a-deuterium kinetic isotope 
effects result when dimethylaniline is the leaving 
group and the criterion of mechanism based on the 
magnitude of these isotope effects fails. 

It was important to measure a secondary a-deu- 
terium kinetic isotope effect for an SN2 reaction of a 
quaternary ammonium salt to learn if this criterion 
of mechanism applied to these reactions. Westaway 
and Poirier (1 1) have demonstrated that the reaction 
of benzyldimethylphenylammonium ion with thio- 
phenoxide ion at 0°C in DMF is an SN2 process, 
eq- P I .  

The secondary a-deuterium kinetic isotope effect 
was determined for this reaction in order to test the 
hypothesis that an isotope effect of I 1.04 per a-deu- 
terium is observed for all SN2 reactions. 
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WESTAWAY AND ALI 109 1 

Results and Discussion 
The secondary a-deuterium kinetic isotope effect 

for the reaction shown in [5] was measured using 
the competitive technique (1 1, 13, 14). The isotope 
effect was calculated using [6]. 

where f is the extent of reaction expressed as a frac- 
tion, R, is the ratio of the undeuterated to dideu- 
terated quaternary ammonium salt in the reactant, 
and R, is the ratio of the undeuterated to dideuterated 
benzyl phenyl sulfide in the product after small ex- 
tents of reaction (15). The isotope effect per a- 
deuterium is the square root of the value obtained 
from [6]. The initial concentrations of the undeu- 
terated and dideuterated auaternarv ammonium 
salts in the reactant were determined from the weights 
of the undeuterated and deuterated quaternary salts 
and the deuterium content of the deuterated auater- 
nary ammonium salt.3 The ratio of undeuterated to 
dideuterated benzyl phenyl sulfide was determined 
in a mass spectrometric analysis of the product. The 
fraction of reaction was determined in a gas chroma- 
tographic analysis using the internal standard tech- 
nique (1 1). The results are presented in Table 2. 

The secondary a-deuterium kinetic isotope effect 
measured for small fractions of reaction for the SN2 
reaction of benzyldimethylphenylammonium ion 
with thiophenoxide ion at O°C is 1.179 + 0.007 or 
1.086 per a-deuterium. The magnitude of this isotope 
effect is significantly larger than the maximum value 
of the isotope effect for SN2 reactions, k,/kD = 1.082 
or 1.04 per a-deuterium. The magnitude of this 
unexpectedly large isotope effect was confirmed by 
measuring the isotope effect at large fractions of 
reaction even though these isotope effects are less 
accurate. The isotope effects at high fractions of reac- 
tion are less accurate because ( i )  the differences 
between the isotopic ratios of the reactant and prod- 
uct are smaller (15) and thus the error in the R,/R, 
ratio, eq. [6], is larger and (ii) because the fraction 
of reaction cannot be determined as accurately at 
high extents of reaction. A Duncan's test (56) shows 
that the isotope effects measured at 36 and 63% of 
completion (Table 2) are not significantly different 
at the 96% confidence level from those measured for 
lower fractions of reaction. In addition, there is no 
trend in the i so to~e  effects with fraction of reaction 
and this rules out a systematic error in the analyses. 
The constant value of this isotope effect over a wide 
range of fractions of reaction illustrates that the 

%ee Experimental for details. 

isotope effect for this reaction is k,/kD = 1.179 
(1.086 per a-deuterium). 

This secondary a-deuterium kinetic isotope effect 
is much larger than the upper limit of 1.04 per a-deu- 
terium for SN2 reactions and the criterion of mech- 
anism based on the magnitude of this isotope effect 
fails, at least in the case where the leaving group is 
N,N-dimethylaniline. The very large isotope effect 
found in this study suggests that the maximum value 
of the isotope effect for S,2 reactions will have to be 
carefully established when large, bulky leaving 
groups such as quaternary ammonium, sulfonium, 
or possibly even nitrate or arenesulfonate are in- 
volved in the reaction. Although the result of this 
study clearly illustrates that the magnitude of secon- 
dary a-deuterium isotope effects cannot be used as an 
absolute criterion of mechanism for S, reactions, it 
does not totally destroy the usefulness of these iso- 
tope effects. The maximum value of 1.04 per a-deu- 
terium is probably valid for most of the small or 
medium sized leaving groups in Table 1. 

It  is interesting to speculate on the reason for the 
very large isotope effect observed in the S,2 reaction 
between benzyldimethylphenylammonium ion and 
thiophenoxide ion. The magnitude of secondary 
mdeuterium kinetic isotope effects is primarily deter- 
mined by the changes that occur in the Ca-H out- 
of-plane bending vibration when the reactant is con- 
verted to the transition state (2, pp. 104-137, 17, 18). 
In an SN reaction involving a carbonium ion inter- 
mediate, eq. [I], the Ca-H bonds are more sterically 
crowded in the tetrahedral substrate than in the 
transition state whether the formation of an ion pair 
or the free carbonium ion is rate determining. The 
Ca-H out-of-plane bending vibrations will be of 
lower frequency (energy) in the transition state of the 
rate-determining step and the zero point energy dif- 
ference between the Ca-H and Ca-D out-of-plane 
bending vibrations will be smaller (19), Fig. la. A 
large normal isotope effect is observed for these reac- 
tions. For an S,2 reaction, the opposite is true. Here 
the out-of-plane bending vibrations are usually of 
higher energy in the more sterically crowded trigonal 
bipyramidal transition state than in the tetrahedral 
reactant. The zero point energy difference is larger 
in the transition state and a small or inverse isotope 
effect is observed, Fig. lb. 

In the SN2 reaction of the benzyldimethylphenyl- 
ammonium ion the situation is again different. The 
bulky phenyl group and the extremely large leaving 
group (N,N-dimethylaniline, is even larger than a 
tert-butyl group) on the a-carbon place the Ca-H 
bonds in the reactant in an extremely crowded en- 
vironment. Thus, the Ca-H out-of-plane bending 
vibrations in the substrate would be very high energy 
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TABLE 2. Secondary u-deuterium kinetic isotope effect for the SN2 reaction of thiophenoxide ion with benzyldimethylphenylammonium ion in DMF at P C  
- 

Wt. ratio of P ~ C H , A ( C H ~ ) ~ P ~ "  PhCH2SPh Fraction of 
undeuterated to deuterated P~cD,&(cH,),P~ PhCD,SPh reactionb 

substrate (Ro) (Rd (f > k ~ / k ~  k,/k, per u-D 

OTbis mole ratio was calculated on the basis that 98.17 of the deuterated quaternary salt was dideuterated at the a-carbon (see Experimental). 
bTbese values were obtained by correcting the observedfraction of reaction for the error in the recovery of the product. 
'The error limits are the standard deviation. 
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WESTAWAY AND ALI 

FIG. 1.  The reaction coordinate diagram for (a) an SN reac- 
tion with a carbonium ion intermediate, (b) an SN2 reaction, 
and (c) an SN2 reaction of a substrate that is very sterically 
crowded around the a-carbon. 

and an unusually large zero point energy difference 
would be observed. In this circumstance, the zero 
point energy difference might be smaller in the transi- 
tion state and a normal kinetic isotope effect would 
be found, Fig. lc. This would be particularly likely 

6- 6+ 
if the Ca---S and the Ca---N bonds in the transition 
state were significantly longer than the normal 

+ 
Ca-N and Ca-S bonds of the reactant and product 
respectively (20).4 

Finally, it is worth noting that the steric explana- 
tion of the very large isotope effect in this SN2 reac- 
tion is supported by the work of Kaplan and Thorn- 
ton (21). These investigators concluded that the 
secondary a-deuterium kinetic isotope effects in the 
closely related SN2 reaction between N,N-dimethyl- 
d,-aniline and methyl p-toluenesulfonate was caused 
by steric crowding in the transition state. 

Structure of the Transition State 
Nitrogen (leaving group) kinetic isotope effects and 

Hammett p values have been used to determine the 
lengths of the Ca---N and Ca---S bonds in this S,2 
transition state. In a previous study the nitrogen 
(leaving group) kinetic isotope effect was found to be 
1.0200 + 0.0007 (11). This isotope effect which is 
approximately half of the theoretical maximum 
nitrogen isotope effect, shows that the Ca-N bond 
is significantly weaker in the SN2 transition state. 
Thus, the Ca---N bond is reasonably long in the 
transition state. This conclusion was supported by 
the magnitude of the Hammett p value for reactions 
with different para substituents on the phenyl ring of 

4Although .this large normal secondary a-deuterium kinetic 
isotope effect could also be a result of a transition state that 
is much looser (has longer S---Ca and Ca---N bonds) than 
other SN2 transition states, the above explanation is preferred 
because (i) there is no evidence to suggest that this transition 
state is looser than normal (in fact other information from 
studies in our lab indicate that this is not the case) and (ii) 
because the study by Kaplan and Thornton (21) indicates that 
steric crowding is present in closely related SN2 reactions. 

the leaving group, i.e., where the rates of reaction 
for para-substituted phenylbenzyldimethylammo- 
nium ion were used to prepare a Hammett plot (1 1). 
In fact, the p value of +2.04 is approximately half of 
the value obtained for an equilibrium protonation of 
para-substituted dimethylanilines (1 1). This also sug- 
gests a substantial weakening of the Ca-N bond in 
the transition state and it can be concluded that the 
Ca-N bond is substantially longer in the transition 
state than in the reactant. 

An estimate of the length of the Ca-S bond in the 
transition state was obtained in the following man- 
ner. Hudson and Klopman (22) reported the rate 
constants for the SN2 reactions of several para-sub- 
stituted thiophenoxide ions with several different 
para-substituted benzyl bromides eq. [7]. 

Y =  OCH,, CH,, H, C1, Br, and OAc 
Z =  OCH,, CH,, H, Br, and NO, 

When the log k/ko values calculated for the reactions 
of several para-substituted thiophenoxide ions with 
a particular para-substituted benzyl bromide were 
plotted against the sigma value of the para substit- 
uent on the thiophenoxide ion, good Hammett plots 
were obtained. The correlation coefficients for the 
Hammett plots for the five different benzyl bromides 
of [7] averaged 0.97 with extreme values of 0.95 and 
0.99 (23). A consideration of the p values obtained in 
these Hammett plots led to the idea that the magni- 
tude of the p value is inversely related to the length 
of the S---Ca bond in the transition state. If the 
S---Ca bond is almost fully formed in the transition 
state, the sulfur atom will be almost neutral. This 
means there will be a large change in the charge on 
the sulfur in going to the transition state and a 
large p value would be observed. Conversely, a long 
S---Ca bond would lead to a small p value. 

The rate constants for the SN2 reaction of para- 
substituted thiophenoxide ions with benzyldimethyl- 
phenylammonium ion are given in Table 3. The 
Hammett p value is - 1.70 + 0.0475 with a correla- 
tion coefficient of 0.990. This p value is approxi- 
mately half the magnitude of the Hammett p value 
of 3.30 (correlation coefficient = 0.997) calculated 
from the ionization constants of para-substituted 
thiophenols (24), eq. [8]. The relatively small p value 
of - 1.70 for the S,2 reaction indicates that there is a 

5Standard deviation. 
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TABLE 3. Rate constants for the reaction 
of para-substituted thiophenoxide ions 
with benzyldimethylphenylammonium ion 

at 0°C in DMF 

Para substituent 
on the thiophenoxide k x lo2 

ion (L mol-I s-l) 

relatively small change in charge on the sulfur atom 
in going to the transition state. This in turn, means 
that the S-Ca bond formation is far from complete, 
i.e., that the S---Ca bond is fairly long in the transi- 
tion state of this SN2 reaction. 

Combining the information about the S---Ca bond 
with that for the Ca---N bond leads to a complete 
(albeit qualitative) model of the transition state for 
the SN2 reaction between benzyldimethylphenylam- 
monium ion and thiophenoxide ion. In fact, both the 
S---Ca and Ca---N bonds are reasonably long in the 
transition state. Any increase in the length of the 
Ca-N bond moves the very bulky (CH,),NC,H, 
group away from the alpha carbon and reduces the 
steric crowding around the Ca-H bonds. The 
Ca---N bond is reasonably long in the transition 
state and thus the steric crowding around the Ca-H 
bonds will be markedly reduced from that in the 
substrate.,s7 Normally, this reduction in steric 
crowding is balanced by an increase in steric crowd- 
ing caused by the approach of a nucleophile. In this 
reaction, however, the S---Ca bond is also long in the 
transition state and the nucleophile will not increase 
the steric crowding around the Ca-H bonds signifi- 
cantly.' The net effect would be a much less crowded 
environment for the Ca-H bonds in the transition 

6The Ca-H out-of-plane bending absorption occurs at 
1487 cm-I in the benzyldimethylphenylammonium ion. This 
is significantly higher energy than the corresponding absorp- 
tions in benzyl compounds with smaller leaving groups 
and hence less crowded environments at the a-carbon. For 
example, the Ca-H out-of-plane bending vibrations occur at 
1440 cm-I for benzyl chloride, 1448 cm-l for benzyl bromide, 
1460 cm-' for benzyl formate, 1460-1490 cm-I for benzyl- 
tert-butyl sulfone, 1485 cm-l for benzyltrimethylammonium 
ion, and 1490 cm-I for dibenzyldimethylammonium ion (25). 

'For most SN2 reactions the leaving group will be smaller 
than dimethylaniline and the reduction in the steric crowding 
around the Ca-H bonds will be smaller. 

8This is the first transition state where the length of the 
nucleophile-a-carbon bond has been estimated. Comparisons 
with other systems are therefore impossible. 

state. This means that the frequency of the Ca-H 
out-of-plane bending vibrations will be less in the 
transition state. The zero point energy difference for 
the Ca-H and Ca-D bonds will be lower than that 
in the reactant and a normal isotope effect should be 
observed. Thus, the hypothesis that this unusually 
large secondary a-deuterium kinetic isotope effect is 
caused by an inordinately large steric crowding 
around the a-carbon in the substrate which is re- 
lieved in going to the transition state, is supported 
by the structure of the transition state for this reac- 
tion. 

Finally, it is worth noting that the secondary 
a-deuterium kinetic isotope effect of 1.179 measured 
in this study compares very well with the isotope 
effects of 1.20 in chloroform and 1.25 in acetone9 
measured by Leffek and KO (7) for the reaction of 
the same substrate with bromide ion. The close 
agreement between the isotope effects for the bro- 
mide ion and the thiophenoxide ion reactions sug- 
gests that both of the reactions occur by the same 
mechanism, i.e., the one-step SN2 mechanism. Thus, 
it is reasonable to conclude that the reaction with 
bromide ion in chloroform and acetone occurs by an 
internal S,2 mechanism (an SN2 reaction within the 
triple ion, eq. [4]) and not by the carbonium ion 
mechanism shown in [3]. 

The carbonium ion mechanism for the bromide 
ion reaction is unlikely for another reason. The small- 
est secondary a-deuterium kinetic isotope effect ex- 
pected for a carbonium ion reaction is k,/k, = 1.07 
per a-deuterium (Table I). The isotope effects mea- 
sured by Leffek and KO for this reaction; kH/k, = 
1.10 and 1.12 per a-deuterium, are only slightly 
larger than the smallest possible value. In fact, a 
very large isotope effect (larger than most of the 
isotope effects in Table 1) would be expected if the 
benzyldimethylphenylammonium ion was converted 
into a benzyl carbonium ion during the reaction. This 
would occur for several reasons. First, calculations 
by Hartshorn and Shiner (26) have shown that the 
maximum secondary a-deuterium kinetic isotope 
effect for the reaction of a quaternary ammonium 
ion is large (approximately 1.19 per a-deuterium). 
Thus, an isotope effect of at least 1.14 per a-deu- 
terium (kH/k, = 1.30) would be observed even if the 
ionization step were fully rate determining (2, p. 137). 
In fact, an even larger isotope effect than 1.14 per 

- 

gThe isotope effect for the reaction with thiophenoxide ion 
in DMF was measured at 0°C whereas the isotope effect for 
the reactions with bromide ion were measured at 30°C. The 
temperature effects on secondary alpha deuterium kinetic 
isotope effects are small (2, 7). The isotope effect for the reac- 
tion with thiophenoxide ion at 30°C would be approximately 
1.17. 
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a-deuterium would be expected for a carbonium ion 
reaction because (i) the leaving group is extremely 
large and the initial state will be sterically crowded, 
(ii) the relief of steric crowding associated with the 
lengthening of the Cct-N bond of the very bulky 
leaving group is not replaced by an increased crowd- 
ing from the approaching nucleophile (see Fig. 11, 
and (iii) because leaving group kinetic isotope effect 
studies have shown that the a-carbon leaving group 
bond is longer in the transition state of a carbonium 
ion reaction than in an SN2 reaction (27, 28). Thus, 
the secondary a-deuterium kinetic isotope effects for 
the reaction are not large enough to be consistent 
with the formation of a benzyl carbonium ion inter- 
mediate. 

In conclusion, this study has shown (i) that the 
magnitude of secondary a-deuterium kinetic isotope 
effects cannot be used as an absolute criterion of 
mechanism particularly for reactions of substrates 
with large, bulky leaving groups. (ii) The complete 
modelling of the SN2 transition state for the reaction 
between benzyldimethylphenylammonium ion and 
thiophenoxide ion has shown that the structure of 
the transition state is consistent with the large normal 
isotope effect observed in this reaction. (iii) This 
study has also shown that the maximum value of 
secondary a-deuterium kinetic isotope effects for 
SN2 reactions is more dependent on the leaving group 
than was previously suggested (2, pp. 104-137). This 
means that the maximum value of the isotope effect 
for S,2 reactions will have to be established for each 
leaving group before the criterion of mechanism 
based on the magnitude of these isotope effects can 
be used with complete confidence. Finally, (iv) these 
results suggest that the reaction between benzyl- 
dimethylphenylammonium ion and bromide ion in 
chloroform and acetone also occurs by way of an SN2 
mechanism within the triple ion. 

Experimental 
Materials 

The preparation of benzyldimethylphenylammonium ni- 
trate, sodium thiophenoxide, and the solvent, N,N-dimethyl- 
formamide, are described elsewhere (11). The benzyl-1,l-d2- 
dimethylphenylammonium nitrate was prepared from benzyl- 
1,l-d2 bromide and N,N-dimethylaniline using the method 
described for the undeuterated compound (11). The benzyl- 
1,l-d2 bromide was prepared in two steps. First, 25.5 g (0.177 
mol) of ethyl benzoate was reduced with 4.0 g (0.095 mol) of 
lithium aluminum deuteride (Merck) in anhydrous ether to 
give 18.5 g (88%) of benzyl-l,l-d2 alcohol (13). An nmr anal- 
ysis indicated that the alcohol was 99% deuterated at the 
a-carbon. Next, anhydrous hydrogen bromide gas (Matheson) 
was bubbled through a solution containing 18.0 g (0.163 mol) 
of the alcohol in 50 mL of benzene for 3 h. The benzene layer 
was separated, washed with water and dried over anhydrous 
CaC12. The benzene was removed on the rotary evaporator 
and the product distilled to give 17.2 g (61%) of benzyl-l,l-d2 

bromide, bp 56°C (3 Torr), lit. (29) bp 56°C (3 Torr). An nmr 
analysis indicated the bromide was 99% deuterated. The 4.5 g 
(64% yield) of pure benzyl-1,l-d2-dimethylphenylammonium 
nitrate, mp 157-157.5"C lit. (11) mp 157-158"C), produced 
from 4.0g (0.023 mol) of benzyl-1,l-d2 bromide and 3.1 g 
(0.026 mol) of N,N-dimethylaniline was also 99% deuterated. 
A mass spectrometric analysis showed that the quaternary 
ammonium salt was 98.1% dideuterated and 1.9% monodeu- 
terated at the 1-position (vide infra). 

The undeuterated benzyl phenyl sulfide standard required 
for the mass spectrographic analysis was prepared previously 
(11). The deuterated standard, benzyl-1,l-d2 phenyl sulfide, 
was prepared by refluxing 2.3 g (0.013 mol) of the benzyl- 
1,l-d2 bromide with sodium thiophenoxide in ethanol for 3 h. 
The sodium thiophenoxide was formed when 2.64 g (0.024 
mol) of benzenethiol reacted with the sodium ethoxide pro- 
duced from 0.58 g (0.025 mol) of sodium and 15 mL of de- 
gassed, anhydrous ethanol. Most of the ethanol was removed 
on the rotary evaporator and 100 mL of cold water was added. 
The solid that precipitated was filtered and recrystallized from 
ethanol. The purified yield was 1.10 g (41%), mp 42°C (lit. 
(30) mp 42°C). The amount of deuterium on the a-carbon 
was determined in a mass spectrometric analysis (vide infra). 

The para-substituted sodium thiophenoxides used to deter- 
mine the rate constants for the Hammett plot were prepared 
using the procedure described for sodium thiophenoxide (1 1). 
The yield of the sodium p-chlorothiophenoxide was signifi- 
cantly lower (60%) than that of the other salts. 

Secondary a-Deuterium Kinetic Isotope Efect 
This isotope effect was measured by the competitive tech- 

nique (11, 13). The reactions were carried out using the pro- 
cedure described in the section entitled 'Kinetic Measurements' 
in ref. 11 except that the reactant was a mixture of almost equal 
quantities of the deuterated and undeuterated benzyldin~ethyl- 
vhenvlammonium nitrate. The amounts of dideuterated and . . 
undeuterated quaternary ammonium salts in the starting mate- 
rial were calculated from the weights of the deuterated acd 
undeuterated substrate and the percentage (98.1%) of the 
dideuterated compound in the deuterated benzyldimethyl- 
phenylammonium nitrate. The deuterium content of the deu- 
terated quaternary ammonium salt was estimated by mass 
spectrometry (vide infra). The reactions were stopped after 
fractions of reaction ranging from 17 to 63% of completion 
by pouring the reaction mixture into 1400 mL of cold (0°C) 
pH 12 water. The product, a mixture of deuterated and undeu- 
terated benzyl phenyl sulfide, was extracted from this mix- 
ture.1° The fraction of reaction was estimated from the results 
of a gas chromatographic analysis of the sulfide (11). The 
volume of the ether solution used in the gas chromatographic 
analysis was reduced to approximately 0.25 mL by evaporating 
the ether in a stream of nitrogen and the ratio of the undeu- 
terated to dideuterated benzyl phenyl sulfide determined by 
mass spectrometry (vide infra). The isotope effect was cal- 
culated using [6]. 

Mass Spectrometric Analyses 
The amount of dideuterated quaternary ammonium salt in 

the deuterated substrate (required in the calculation of R, in 
[6]) was determined in a mass spectrometric analysis of the 
benzyl phenyl sulfide recovered (1 1) from reactions taken 100% 
to completion. The ratio of undeuterated to dideuterated 

- 

1°Control experiments using synthetic mixtures showed that 
93 rf: 3% of the benzyl phenyl sulfide was recovered. This error 
in the recovery was taken into account in calculating the frac- 
tion of reaction. 
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benzyl phenyl sulfide in the product of reactions taken part 
way to completion (Rf in [6]) were also determined by a mass 
spectrometric analysis of benzyl phenyl sulfide. These analyses 
involved injecting 25 pL of the concentrated ether solutions 
containing the benzyl phenyl sulfide produced in the reaction 
(vide supra), into the liquid inlet system of a Dupont 21-491 
double focussing mass spectrometer. The oven temperature 
was 140°C and the source temperature was 180°C. The ion- 
izing voltage was 70 eV. The actual analyses were done by 
adjusting the sensitivity so that the largest of the m/e 200 and 
202 peaks was expanded to nearly full scale on the galvano- 
metric recorder (the concentration of benzyl phenyl sulfide was 
large enough so that a low sensitivity was used). The m/e 200- 
202 peaks were scanned 12 times using a scan speed of 200 s/ 
decade and a chart speed of 0.5 in./s. The sample was pumped 
out and the background run at high sensitivity until there was 
no signal in the 200-202 mass range. The same sample was 
then reinjected and scanned 12 more times. The heights of the 
appropriate peaks were measured to the nearest hundredth of 
an-inch andthe ratio of the peaks calculated with the largest 
eeak (either the mle 200 or 202 eeakl given a height of 100. 

monium nitrate in the deuterated substrate was confirmed 
when it was found that the benzyl-1,l-d2 phenyl sulfide pro- 
duced from the benzyl-1,l-d, bromide used in the synthesis fo 
the deuterated quaternary ammonium salt, was also 98% dideu- 
terated. In fact, the results from 11 different experiments using 
the two methods described above, indicated that the benzyl- 
1,l-d2 phenyl sulfide was 97.7 + 0.5% dideuterated. 

The undeuterated to dideuterated ratio for the benzyl phenyl 
sulfide in the product from reactions taken part way to com- 
pletion (Rf) was determined using the ether solution from the 
gas chromatographic analysis (vide supra). 

Hammett p Value 
The procedure used to measure the rate constants required 

for the Hammett plot has been described (11). The only dif- 
ference was that the colour which developed at the end point 
in the titration of the substituted thiophenoxide ions varied 
from pink to blue. A purple colour is observed at the end point 
when sodium thiophenoxide is titrated. 
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because it is converted to monodeuterated benzyl phenyl sul- 
fide which gives a peak at m/e 201. 

The amount of dideuterated substrate in the benzyl-1,l-d2- 
dimethylphenylammonium nitrate was determined in two 
ways: (i) by determining the relative heights of the m/e 201 
(monodeuterated) and 202 (dideuterated) peaks of the benzyl 
phenyl sulfide produced when a reaction of the deuterated 
quaternary ammonium salt was taken 100% to completion, 
and ( i i )  by determining the term c (eq. [l l])  which makes the 
ratio of undeuterated to dideuterated benzyl phenyl sulfide 
obtained when a mixture of undeuterated and deuterated 
benzyldimethylphenylammonium nitrate was reacted 100% to  
completion, equal to the weight ratio of the undeuterated to 
deuterated substrate in the reactant. 

wt, undeuterated reactant = undeuterated product 
wt. deuterated reactant dideuterated product 

The term c is in fact, the fraction of dideuterated material in 
the deuterated quaternary ammonium salt. The results from 
five different reactions showed that the benzyl-1,l-d2dimethy1- 
phenylammonium nitrate was 98.1 + 0.7% dideuterated at 
the 1 position. This value was used to calculate the ratio of 
undeuterated to dideuterated quaternary ammonium salt 
(Ro) in the starting material of the isotope effect experiments. 
The percentage of the dideuterated benzyldimethylphenylam- 
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Kinetics and mechanism of decarboxylation of some pyridinecarboxylic acids in aqueous 
solution. 111. 3-Hydroxy- and 3-aminopyridine-2-carboxylic acids 

GERALD E. DUNN, HARALD F. THIMM, AND RAJANI K .  MOHANTY' 
Department of Chemistry, University of Manitoba, Winnipeg, Man., Canada R3T2N2 
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GERALD E. DUNN, HARALD F. THIMM, and RAJANI K. MOHANTY. Can. J. Chem. 57, 1098 
(1 979). 

Pseudo-first-order rate constants for the decarboxylation of 3-hydroxy- and 3-amino- 
picolinic acids in aqueous solution at 150°C were determined and plotted as a function of 
acidity. Each rate profile has a maximum at an acidity well above the isoelectric point and this 
is attr~buted to decarboxylation of an intermediate protonated at the 2-position, analogous to 
the intermediates involved in the decarboxylation of salicylic and anthranilic acids. There is 
also a shoulder on each rate profile at a lower acidity corresponding to the isoelectric point 
where the Hammick ylide mechanism has a rate maximum in most picolinic acid decar- 
boxylations. It is concluded that 3-hydroxy- and 3-aminopicolinic acids decarboxylate by the 
ylide mechanism at low acidity and by the protonation mechanism at higher acidities. In 
agreement with this interpretation, the 13C kinetic isotope effect in 3-hydroxypicolinic acid 
decarboxylation is 2.0% on the ylide part of the curve, 1.3% where decarboxylation of the 
protonated intermediate is rate determining, and drops to 0.4% in the intermediate region. 
Comparison of the rate constants for ylide decarboxylation with those for other 3-substituted 
picolinic acids shows that 3-hydroxy and 3-amino substituents facilitate decarboxylation, 
probably by their inductive and field effects on the developing negative charge at the 2-position 
of the transition state. 

GERALD E. DUNN, HARALD F. THIMM et RAJANI K. MOHANTY. Can. J. Chem. 57, 1098 (1979). 
On a determine les constantes de vitesse de pseudo-premier ordre pour la decarboxylation 

des acides hydroxy-3 et amino-3 picoliniques en solution aqueuse a 150°C et on a trace la 
courbe qui les relie a l'aciditk. Pour chaque profil de vitesse, il existe un maximum a une 
acidit6 bien au dessus du point isoelectrique et on I'attribue a la decarboxylation d'un inter- 
mediaire protone en position 2, analogue aux intermediaires impliques dans la decarboxylation 
des acides salicyclique et anthranilique. On note aussi un epaulement sur chaque profil de 
vitesse, a une acidlte plus basse que celle du point isoelectrique, ou la vitesse pour le mecanisme 
ylide de Hammick est maximale pour les decarboxylations de la plupart des acides picoliniques. 
On en conclut que les acides hydroxy-3 et amino-3 picoliniques se decarboxylent par un 
mecanisme ylide a faible acidite et par un mkcanisme de protonation a des acidites plus 
6levCes. En accord avec cette interpretation, l'effet isotopique cinetique 13C observe lors de la 
decarboxylat~on de l'acide hydroxy-3 picolinique est &gal a 2% dans la portion ylide de la 
courbe, a 1.3% lorsque la decarboxylation implique un intermediaire dans 1'Ctape qui determine 
la vitesse et tombe a 0.4% dans la region intermediaire. Une comparaison des constantes de 
vitesse pour la dtcarboxylation par I'intermediaire d'ylides avec celles d'autres acides pico- 
liniques substitues en position 3 montre que les substituants hydroxy-3 et amino-3 facilitent la 
decarboxylation, probablement grdce a leurs effets inductifs et de champs sur la charge 
negative qui se developpe en position 2 de 1'Ctat de transition. 

[Traduit par le journal] 

Introduction 
The preceding papers in this series reported that 

the pH dependence of the first-order rate constants 
Qc40 
c; 

for decarboxylation of picolinic acid (1) and 3- 
benzoyl-, 3-carboxyl-, 3-bromo-, and 3-nitropicolinic 
acids (2) in aqueous solution fit the mechanism 

H-O \ 
proposed by Dyson and Hammick (3) for decar- [I1 

c02 + 0:- 
l1  / 

N 
boxylation of picolinic acid in nonaqueous solvents, I 
as shown in reaction [I]. This mechanism requires H 

that the first-order rate constant be a maximum at 
the isoelectric pH and that there be a 13C kinetic a0 N c4 

'On leave of absence from Ravenshaw College, Cuttack, 
Orissa, India. 

I I 
H O- 

0008-4042/79/091098-07$01 .OO/O 
@I979 National Research Council of CanadalConseil national de recherches du Canada 
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aO" y coo- 
aO- 
y' coo- 

[21 
COOH COOH K2 

isotope effect at all pH's, both of which criteria were 
satisfied (1, 2). However, the pH-rate profiles for 
3-hydroxy- and 3-aminopicolinic acids do not have 
maxima at their isoelectric pH's, so they were 
assumed to proceed by some mechanism other than 
[I]. The present paper reports an investigation of 
the mechanism of decarboxylation of these two acids. 

Results and Discussion 
3-Hydroxypicolinic Acid 

The successive ionization constants of 3-hydroxy- 
picolinic acid are defined in eq. [2]. Dutt et al. (4) 
report pK2 = 5.17 and pK, = 10.76 at 25°C and 
ionic strength p = 0.10. Potentiometrically, we find 
pK2 = 5.21 and pK, = 10.74 at 25°C and p = 1.0. 
The concentration maximum for HA- under these 
conditions is therefore at pH 8.0. The value of K, is 
not known but, since pK, for picolinic acid is 1.08 
(5) and an ortho hydroxy group increases the ioniza- 
tion constant of benzoic acid by 1.2 pK units, one 
may estimate pK, for 3-hydroxypicolinic acid as 
probably in the vicinity of zero. This puts the con- 
centration maximum for H2A in the vicinity of pH 
2.6. Consequently, if 3-hydroxy, like other picolinic 
acids, decarboxylates in zwitterionic form by the 
Hammick mechanism (1, 2), there should be rate 
maxima at pH 2.6, or 8, or both. 

The decarboxylation of 3-hydroxypicolinic acid in 
buffered aqueous solution is found to be first order 
with respect to substrate and the pseudo-first-order 
rate constants are recorded in Table 1. It is seen that 
the maximum rate constant occurs, not at either 
concentration maximum, but near pH 0. The rate 
constants are plotted against acidity in Fig. 1, which 
shows that the rate profile is not symmetrical, as 
would be the case if only one species were decar- 
boxylating, but has a distinct shoulder at approx- 
imately pH 2.5. This suggests that H2A may be 
decarboxylating by the Hammick mechanism at the 
concentration maximum as expected but there is 
evidently an additional mechanism for decarboxyla- 
tion which has its rate maximum at a pH lower than 

HA- AZ- 

TABLE 1. Pseudo-first-order rate constants for decarboxylation 
of 3-hydroxypicolinic acid in aqueous solution at 150°C 

pH or HA (25°C) Buffer k x 106(s-I)" 

5.45 HCI, NaH2P04, Na2HP04 
4.93 HCI, NaH2P04, Na2HP04 
4.48 HCI, NaH2P04, Na2HP04 
4.14 NaH2P04 
3.61 HCI, NaH2P04 
3.33 HCI, NaH2P04 
2.82 HCI, NaH2P04 
2.27 HCI, NaH2P04 
2.11 HCI, NaH2P04 
2.03 HCI, NaH2P04 
1.20 HCI, KC1 
1.00 HCI, KC1 
0.52 HCI, KC1 
0.30 HCI, KC1 
0 HCI 

-1.05 
-1.72 HzSO4 
-2.19 H2S04 
-3.38 HzS04 

'Average of two runs f maximum deviation. Constants with no deviation 
listed are from single runs. 

either of the concentration maxima. The rate 
maximum at high acidity is reminiscent of the 
decarboxylation of aminobenzoic acids, where the 
rate maximum occurs a few pH units below the iso- 
electric pH (6, 7). In these cases decarboxylation 
takes place from intermediates in which the carbon cc 
to the carboxyl group is protonated before decar- 
boxylation. The pH-rate profile for 3-hydroxy- 
picolinic acid may then be accounted for by a 
Hammick-type decarboxylation of H2A in the pH 
range 2-5, which is overwhelmed by electrophilic 
substitution by proton at higher acidities. 

The Hammick part of the decarboxylation may be 
represented by eq. [3]. 
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is negligible at pH < 5, one obtains [7] as the 
expression for the dependence of the pseudo-first- 
order rate constant for this part of the decar- 
boxylation upon acidity. 

2  - \ 
, \ 

As in the aminobenzoic acid case (6, 7), the 

1 ,  I 

mechanism can be simplified with the aid of 13C 

- 3 - 2 - 1  0 1 2 3  4 5 6 
kinetic isotope effects. Table 2 shows the 13C kinetic 

+H*+PH+ 
isotope effects in the decarboxylation of S-hydroxy- 
picolinic acid at various pH's. There is a distinct 

FIG. 1.  Pseudo-first-order rate constants for the decar- isotope effect in the pH range 2-5. This is as expected, 
boxylation of 3-hydroxypicolinic acid in aqueous solution at Since we postulate the ~ ~ ~ ~ i ~ k  mechanism (eq. [51) 150°C. Circles represent experimental points. The solid line is 
generated by [12], the dashed line by [Ill, and the dotted line predominate in this regi0n and its rate-determining 
by PI. step is C-C bond breaking. In the acidity range 0 

The equilibrium concentration of H2A is given by 
[4], in which [C] represents the total stoichiometric 
concentration of substrate. 

The pseudo-first-order rate constant for this part of 
the decarboxylation is therefore given by [5]. 

The protonation mechanism analogous to that 
found for the amino- and hydroxybenzoic acids is 
given by [6]. Applying the steady-state approxima- 
tion to ([H3A*] + [H2A*]) and recognizing that K,  

- 
k~kcooH K2 L N ~ c O O -  

H2A HA- 

to - 3  where the protonation mechanism (eq. [7]) 
should predominate, the isotope effect is small at 
low acidity, probably zero when the effect from the 
overlapping Hammick mechanism is subtracted, and 
increases at high acidities. This is the pattern shown 
by aminobenzoic acids decarboxylating by the 
protonation mechanism, and can be interpreted in 
the same way. 

With the observation that in mechanism [6] the 
only C-C bond-breaking steps (and therefore the 
only ones which can produce 13C kinetic isotope 
effects) are kHz,* and kH,,*, the interpretation is as 
follows. At low acidity [7] reduces to [8] 

so that the observed rate constant increases with 
acidity, as observed. However, since the isotope 
effect is small in this region, k-HA must be small 
compared to kHz,*, indicating that H2A* decar- 
boxylates faster than it deprotonates. 

At high acidity [7] reduces to [9] 

I T I T TABLE 2. 13C kinetic isotope effects in the decarboxylation of 
~ H , A  Hf ~ - H , A   HA Hf k-HA 3-hydroxypicolinic acid in aqueous solution at 150°C 

+ 
[61 

% isotope effect 

pH or HA (25°C) Observeda Calculated from [12] 
COOH K2* COO- 

H3A* HzA* 4.35 2.03k0.04 2.00 
2.32 1.96 2.00 
0.15 0.50+0.01 0.42 

-0.92 0.38 0.48 
- 1.95 0.62 0.90 
-2.18 1.26 1 .OO 

.Percentage isotope effect = (k121k13 - 1)100 ? average dev~at~on of 
three runs. Where no dev~at~ons are listed, results are from a slngle run. 
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so that the observed rate constant should level off at 
high acidity. In fact, however, the rate constant 
decreases at high acidity. To account for this we 
postulate that, as in the aminobenzoic acid case, 
k,,,,[H+] < k,,,,K2*; i.e. that the COOH group 
in H3A* ionizes to COO- in H2A* before decar- 
boxylating. With this assumption, [7] at high acidity 
becomes [lo]. 

Then, in order to account for the large 13C kinetic 
isotope effect at high acidity, we postulate that 
k-,,, > k,,,,. Putting these three assumptions 
(IC-~A > k ~ z ~ * ,  kHaA*[H+l < k~2~*K2*,  k ~ 3 ~ *  < 
k-,,,) into [7] produces [l 11. 

The overall expression for the dependence of rate 
constant upon pH is then obtained by combining [5] 
and [11] to give [12]. 

To fit the data of Table 1 to eq. [12] it is necessary 
to assume some acidity function for protonation at 
acidities above pH 0, where [12] reduces to [13]. 

[13] log k = log 
k -  H2A ( kH2AkH2A*K2* 

In this range the pH term must be replaced by an 
acidity function, but the proper function is not 
known. However, since most acidity functions are 
proportional to Ho (8), pH may be replaced by nHo. 
A plot of log k vs. Ho for the high acidity points 
gives a straight line with n = 0.46. This slope is 
similar to that obtained for the decarboxylation of 
pyrimidinecarboxylic acids (9) and corresponds 
roughly to that for the acidity function HA. There- 
fore, in Fig. 1 rate constants at high acidities are 
plotted against HA. 

Also using HA at high acidities, the data of Table 1 
were fitted to [12] by an iterative least-squares com- 

TABLE 3. Rate and equilibrium constants at 150°C calc~~lated 
from [12] and the data of Tables 1 and 4 

3-Hydroxypicolinic 3-Aminopicolinic 
Parameter acid acid 

puter program (10) with the results shown in Table 3. 
The curve generated by [12] with the data of Table 3 
is shown as the solid line in Fig. 1. It can be seen that 
the fit of the experimental points to the curve is 
reasonably good and that the values of pK, and pK2 
at 150°C obtained from the kinetic data are in 
reasonable agreement with the values at 25OC. As is 
the case with other picolinic acids (I), pK, is not 
much affected by the rise in temperature but pK2 is 
decreased by about 1 pK unit. The tailing of the 
points at pH's above 4 suggests that the monoanion, 
HA-, may also be decarboxylating, as is the case with 
picolinic acid itself (I), but the number of experi- 
mental points in this region is not sufficient to justify 
the additional complexity that inclusion of this mode 
of decarboxylation would produce in [12]. 

It  is apparent from the shape of the curve in Fig. 1 
that at pH > 3 the ylide mechanism predominates 
over the protonation mechanism, so that the rate 
profile should be represented in this region by [5]. In 
this same region [12] reduces to [14], which means 

that kHAK2 must be negligible compared to k,, or 
k, = 5.92 x low6 s-l.  This makes it possible to 
draw separate rate profiles of the ylide and pro- 
tonation mechanisms, as shown by the dotted lines 
in Fig. 1. 

Furthermore, multiplying the value of k, by the 
value of the last parameter in Table 3 and comparing 
the result with the value of the first parameter in 
Table 3 shows that the second term in the first pa- 
rameter is negligible. Equation [12] can therefore be 
reduced to [15]. The final mechanism, of which 

[15] is the kinetic expression, is a combination and 
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moH -.02 o-fH y coo- k H t  N .  
I 

[I61 - 
COO 

I 

H 

H3A+ H2A HA- 

~ H , A  Hf ~ - H ~ A  1 T 
COOH COO 

simplification of reactions [2], [3], and [6] which may 
be represented by [16]. 

In the pH region 6 to 2.5 H2A is decomposing by 
the ylide mechanism, k, represents the rate-deter- 
mining step with a 13C isotope effect and k increases 
as [H2A] increases. As pH decreases from 2.5 to 0.5, 
[H2A] remains relatively constant but k continues to 
increase because H2A is being protonated to H3A* 
which decarboxylates rapidly via H2A*; kHz, is the 
rate-determining step, so there is no 13C isotope 
effect. From pH 0.5 to HA = -3 the rate of pro- 
tonation of H2A to H3A* exceeds the rate of decar- 
boxylation of H2A* so that the rate-determining 
step is kHz,* which has a 13C kinetic isotope effect; 
k decreases as H2A* (which is now in tautomeric 
equilibrium with H2A) is increasingly converted to 
H3Af which does not decarboxylate.' 

This mechanism, as represented by [12], can be 
used to predict changes in the 13C kinetic isotope 
effect with pH. Assuming isotope effects of 2% in k, 
and 1% in k,,,,, one calculates the isotope effects 
shown in Table 2. The agreement between calculated 
and observed isotope effects at a particular pH is 

only fair but the trend is correct and the difference 
between observed and calculated values is probably 
not much outside the experimental error, particularly 
when the naive treatment of acidity functions is 
considered. 

In summary, then, the proposed mechanism 
agrees satisfactorily with the rate vs. pH profile, the 
expected ionization constants at 150°C, and the 
variation of 13C kinetic isotope effect with pH. 
Obviously these observations can not prove the 
mechanism to be correct, but they do show that it is 
consistent with the data, and it is consistent also 
with what is known about the mechanisms of decar- 
boxylation of hydroxybenzoic and picolinic acids. 

3-Aminopicolinic Acid 
The protonation equilibria for 3-aminopicolinic 

acid are shown in [17], omitting the zwitterionic 
forms. Literature values for pK2 and pK3 are 1.22 
and 7.20, respectively, without reference to ionic 
strength (1 I). Potentiometrically, in 1 M KC1 we 
found pK2 = 1.53 and pK3 = 7.09. No doubt pKl 
would be considerably negative. 

The pseudo-first-order rate constants for 3-amino- 

'A referee suggests that H,A+ is at all times in tautomeric P~co"~"  acid are shown in Table 4 and plotted 
equilibrium with H3A*, which decarboxylates directly by loss against PH in Fig. 2. It is seen that the PH vs. rate 
of COOH+ without the intermediacy of HZA*. To account profile has a similar shape to that for 3-hvdroxv- 
for the decreasing rate at high acidity he postulates that the picolinic acid, except [hat the ring-protbnati& 
equilibrium constant for the tautomerism between H3A+ and contributes relatively more to the total H3A* changes with the medium so as to decrease [H,A*] as 
acidity increases. This is, of course, a possible interpretation rate in the amino acid case. The data were fitted 
but we  refer the one in the text because the referee's r121 by the same procedure used for the hvdroxv 
mechanism requires an unpredictable change in the tauto- acid, with the resulis shown in Table 3. 
meric equilibrium constant, because it requires that protona- A, in the ~y~roxypico~in ic  acid case, the shape of 
tion at a carbon site be always rapid and because 3-hydroxy- 
picolinic acid is following the same pattern as anthranilic acid the rate profile suggests that k ~ ~ K 2  is 
(6) ,  for which the rate decrease occurs at much lower acidity compared to k ~ ,  so that the overall rate constants 
(pH 1.5 to 0) where no such dramatic medium effect is possible. can be separated into their ylide and protonation 
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[I71 - K2 COO- 

components by means of eqs. [5] and [ l l ]  as shown 
by the dotted lines in Fig. 2. 

Finally, it should be noted that the decarboxyla- 
tion study of 3-hydroxy- and 3-aminopicolinic acids 
was originally undertaken as part of a study of the 
effect of 3-substituents on the rates of decarboxyla- 
tion by the ylide mechanism (2) but that the 3- 
hydroxy and 3-amino acids had to be eliminated 
from the study because of the intrusion of the 

TABLE 4. Pseudo-first-order rate constants for decarboxylation 
of 3-aminopicolinic acid in aqueous solution at 150°C 

pH or HA (2S°C) Buffer k x lo6 (s-I)" 

NaHZP04 
HCl, NaH2P04 
HCI, NaH2P04 
HCI, NaHzP04 

HCI, KC1 
HCI, KC1 
HCI, KC1 
HCI, KC1 

HCI 
HzS04 
HzS04 
HzS04 
HzSO4 
HzSO4 

aAverage of two runs f maximum deviation. Constants with no deviation 
listed are from single runs. 

0 

n 

FIG. 2. Pseudo-first-order rate constants for the decar- 
boxylation of 3-arninopicolinic acid in aqueous solution at 
150°C. Circles represent experimental points. The solid line 
is generated by [12], the dashed line by [ll], and the dotted 
line by [5]. 

protonation mechanism. Now that rate constants 
for the ylide component of the decarboxylation of 
these acids are available, they are compared with 
those from other 3-substituted picolinic acids (2) in 
Table 5. 

TABLE 5. First-order rate constants for the decar- 
boxylation of 3-substituted picolinic acids by the 
Hammick mechanism in aqueous solution at ionic 

strength 1.0 

Substituent Temperature ("C) k ,  (s- ') 

Amino 
Hydroxy 
Methyl 
None 
Benzoyl 
Carboxyl 

Bromo 
Nitro 

From the earlier set of rate constants (2) it was 
observed that all 3-substituents increase the rate of 
decarboxylation by the ylide mechanism and it was 
concluded that 3-substituents exert their influence 
largely by inductive or field effects tending to 
stabilize negative charge at the 2-position of the 
ylide. But, since 3-methyl also accelerates the decar- 
boxylation, it was felt that steric interaction with the 
carboxyl group must favor decarboxylation. The new 
data for 3-hydroxy and 3-amino substituents confirm 
that the electronic component of the 3-substituent 
effect is largely inductive since they, like 3-carboxyl, 
3-benzoyl, 3-bromo, and 3-nitro substituents acceler- 
ate decarboxylation. It is surprising that the 3-amino 
substituent should have a larger inductive effect than 
3-hydroxy but it must be remembered that sub- 
stituents also affect the zwitterionic distribution of 
protons within the various species and that it may 
well be the protonated amino group which has the 
large inductive effect. 

Experimental 
3-Hydroxypicolinic acid was a commercial product (Al- 

drich). The synthesis of 3-aminopicolinic acid has been 
described previously (2), as have the methods of measuring 
rates (2) and 13C kinetic isotope effects (12). All pH's were 
measured with an Orion digital pH meter, Model 801. In the 
negative region HA values (13) were calculated from density 
measurements of sulfuric acid solutions. 
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A new type of Lycopodium alkaloid. The alkaloids from Lycopodium lucidulum 
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WILLIAM A. AYER, LOIS M. BROWNE, YUJI NAKAHARA, MOTOO TORI, and LOUIS T. J. 
DELBAERE. Can. J. Chem. 57, 1 105 (1979). 

The structures of lucidine B, dihydrolycolucine, and lycolucine, representatives of a new 
type of Lycopodium alkaloid, have been determined, mainly on the basis of an X-ray crystallo- 
graphic study of a derivative (N,O-di-p-bromobenzoyltetrahydrodeoxyoxolucidine B) of 
lucidine B. Dehydrogenation of lucidine B gives dihydrolycolucine which in turn has been 
prepared from lycolucine. 

WILLIAM A. AYER, LOIS M. BROWNE, YUJI NAKAHARA, MOTOO TORI et LOUIS T. J. DELBAERE. 
Can. J. Chem. 57, 1105 (1979). 

On a determine les structures de la lucidine B, de la dihydrolycolucine et de la lycolucine, 
reprtsentatifs d'un nouveau type d'alcaloi'de du Lycopodium, en se basant principalement sur 
une etude de diffraction de rayons-X effectuk sur un derive (la N,O-di-p-bromobenzoyIt6tra- 
hydrod~soxyoxolucidine B) de la lucidine B. La deshydrogenation de la lucidine B conduit a 
la dihydrolycolucine qui a pu &re preparte a son tour a partir de la lycolucine. 

[Traduit par le journal] 

In 1963 we described the separation of the alka- 
loids of Lycopodium lucidulum into strong and weak 
bases (1). The strong bases have been the subject of 
two further reports (2, 3). In 1968 the separation of 
the weak bases, which constitute about 80% of the 
total alkaloids, was described in more detail and the 
structure of one of these bases, luciduline (I), was 
reported (4). Luciduline, however, is one of the 
minor components of the weak base fraction and 
considerable work in these (5 ,  6) and other (7) 
laboratories has been devoted to the separation and 
identification of the remaining alkaloids. We have 
succeeded in characterizing several different C,,N, 
alkaloids from this source (5 ,  6) and now wish to 
report the structures of three of these alkaloids, 
representatives of a distinctively new type of Lyco- 
podium alkaloid. 

Separation of the weak bases of L. lucidulum was 
accomplished by countercurrent distribution between 
chloroform (moving phase) and saturated aqueous 

isolated, along with a compound C3,H4,N30 (lyco- 
lucine) and a compound C3,H,,N3O (dihydrolyco- 
l ~ c i n e ) . ~  

Structure 2 is proposed for lucidine B on the basis 
of an X-ray crystallographic study of the derivative 3 
(N, 0-di-p-bromobenzoyltetrahydrodeoxyoxolucidine 
B) prepared from lucidine B as described below. 

The presence of the tertiary >N-COCH, and 

>N-CH, groups in lucidine B are readily estab- 

lished by spectroscopic methods (ir, 'Hmr). The 
presence of the fully substituted imino group is 
revealed by the ease of NaBH, reduction to dihydro- 
lucidine B which, unlike lucidine B, shows NH 
absorption in the ir, and by the presence of a C=N 
absorption band (1643 cm-l) in desacetyllucidine B 
(4), prepared by acid catalyzed hydrolysis of lucidine 
B. When a chloroform solution of lucidine B is 
stirred in the presence of air, a more polar com- 

potassium hydrogen tartrate (stationary phase) 
2Several other C30N3 alkaloids, not yet fully characterized, 

by extensive and thin layer chro- are also present. Copies of the infrared spectra of the four 
m a t o g r a ~ h ~  over alumina.' Two ik3omeric alkaloids alkaloids mentioned are available from the Depository of 
C3,H4,N3O, named lucidine A and lucidine B, were Unpublished Data. Photocopies may be obtained, a t  a 

nominal charge, from the Depository of Unpublished Data, 
'Details of the separation procedure will be provided in the CISTI, National Research Council of Canada, Ottawa, Ont., 

full paper. They may also be found in refs. 5 and 6. Canada KIA 0S2. 

0008-4042/79/091105-03$01 .OO/O 
01979 National Research Council of CanadalConseil national de recherches du Canada 
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bromine atoms of the molecule. Structure factors 
calculated for these bromine atoms produced an R 

2 R = COCH, 
4 R = H  

pound C3,H4,N,02 ('oxolucidine B'), 5, is formed. 
Spectroscopic studies indicate the presence of a 
tertiary hydroxyl in oxolucidine B, and the X-ray 
structure reveals its position. Facile aerial oxidation 
of cyclic imines is well precedented (8). Treatment of 
5 with lithium aluminum hydride in tetrahydrofuran 
brings about reduction of the imino group and the 

index (R = [ChklllFoI - I ~ C I I I I [ C ~ ~ ~ I ~ O I I ,  where 
and F, are the observed and calculated structure 
factors, respectively) of 0.374. Twelve additional 
atoms, corresponding to two six-membered rings in 
chair conformations, were chosen from a subsequent 
difference Fourier map. The quantity minimized was 
Chklo(lFol - k l ~ , I ) ~ ,  where o is the weight and k is 
the scale factor relating to the observed and cal- 
culated structure amplitudes, in the CRYLSQ 
program of the X-RAY 70 system (9). The positions 
of the remaining nonhydrogen atoms were obtained 
by continually phasing on larger molecular frag- 
ments and calculating difference maps. After full 
matrix isotropic refinement of all of the 52 non- 
hydrogen atoms of the molecule, the R index was 
0.186. Further blocked anisotropic refinement pro- 
duced an R index of 0.097. Twelve hydrogen atoms 
were located on subsequent difference maps and 
were assigned isotropic temperature factors based on 
their peak heights. The hydrogen atom positional 
parameters (but not the temperature factors) were 
included in subsequent blocked refinement. Con- 
vergence was achieved at an R index of 0.087. 

f h e  choice of the enantiomorph was checked by 
converting the y/b values of these final atomic 
coordinates to -y/b values; the corresponding 
structure factor calculation produced an R index of 
0.13 1. Application of Hamilton's significance test 

~ - a c e t ~ l  group and provides ' t e t rah~drode~x~oxo-  
lucidine B', 6.  Acylation of 6 with p-bromobenzoyl 
chloride in pyridine provided the first crystalline 
derivative in this series, N,O-di-p-bromobenzoyl- 
tetrahydrodeoxyoxolucidine B, 3, mp 203-205°C 
(from ethyl a ~ e t a t e ) . ~  The complete structure of 3 
was determined by an X-ray crystallographic study. 
Compound 3 crystallized in the monoclinic system 
with the following crystal data: 

C44H.5!3N,03Br2 fw = 837.8 
P2,, a = 11.340(1), b = 15.859(2), c = 12.922(3) A, 

= 115.5", V = 2097.6 A3, Z = 2, po = 1.30 g/cm3, 
p, = 1.32 g/cm3. Radiation Ni-filtered CuKa, h = 
1.5406 A, temperature 22°C. Data collected : hkl, 
hkl, hEl, fiEl with 3" 20 50" and hkl, hkl with 
50" I 20 < 103". A total of 2435 reflections com- 
prised the data set. 

The solution of the structure involved examining 
the Patterson map to obtain the positions of the two 

3Compound 3, which does not show a molecular ion in the 
mass spectrum, gave a satisfactory C, H, N combustion 
analysis. Molecular formulas for the other compounds 
described herein were determined by high-resolution mass FIG. 1. Perspective view of N,O-di-p-bromobenzoyltetra- 
spectrometry. hydrodeoxyoxolucidine B. 
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(10) shows that the original coordinates correspond 
to the correct enantiomorph of the molecule to a 
confidence level >99.5%.4 A perspective drawing of 
3 is shown in Fig. 1. 

Dihydrolycolucine shows the properties of a 2,3,6- 
trisubstituted pyridine (Amax 276 nm (E 8500), hmaxH' 
279 nm (E 13 400), AB quartet at 6 7.30 and 6 6.84 
(J = 8 Hz)) and is assigned structure 7. Dehydro- 
genation of lucidine B (2) with 5% Pd-C in refluxing 
isoquinoline gives, among other products, dihydroly- 

4Tables of atomic parameters, bond lengths and angles, and 
structure factors are available, a t  a nominal charge, from the 
Depository of Unpublished Data, CISTI, National Research 
Council of Canada, Ottawa, Ont., Canada KIA 0S2. 

colucine (7), confirming the stereochemical features 
depicted for 7. 

Lycolucine, mp 198-200°C, on mild catalytic 
hydrogenation affords dihydrolycolucine (7). The uv 
spectrum (Amax 261 nm (E 8800), 272 nm (E 7800), 
and 300 nm (E 10 200)) indicates the extra unsatura- 
tion is conjugated to the pyridine ring and the 'Hmr 
spectrum shows the presence of a single olefinic 
proton (6 6.60, s). Treatment of lycolucine with 
cyanogen bromide in chloroform gives the N-cyano- 
diene 9 (Amax 230, 282, 294, 309 nm), and establishes 
that the double bond in lycolucine (8) is located 
between C-10 and C-1 1, and not between C-10' and 
c-1 1'. 

It  is interesting to note that the structures of these 
new alkaloids may be derived formally by attaching 
two (enantiomeric) C,,N units (compare with 1) to 
a piperidine ring as indicated by the broken lines in 
10. The fusion of a single C,,N unit to a piperidine 
ring is found in the Lycopodium alkaloid phleg- 
marine (7). 
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Micellar super-structure in magnetically aligned lyotropic liquid crystals 
studied by light scattering1 
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PAULO C. ISOLANI, LEONARD W. REEVES, and J. ATILIO VANIN. Can. J. Chem. 57, 1108 (1979). 
Depolarized components of laser light scattering patterns have been investigated for type I1 

lyotropic liquid crystals. These patterns are characterized by intensity maxima and minima 
with constant angular separation. By using the Bragg equation, a set of distances typical for 
lamellar arrays can be derived. Two possible models are proposed to explain the results: the 
first is that the distances are related to the average diameter of lyomesomorphic micelles not 
accessible to low angle X-ray studies and the second model is a repeating hyperstructure of 
micellar microdomains. 

PAULO C. ISOLANI, LEONARD W. REEVES et J. A ~ L I O  VANIN. Can. J. Chem. 57, 1108 (1979). 
On a ttudit les composantes dipolaristes des modtles de diffusion de la lumitre laser pour 

des cristaux liquides lyotropes de types 11. Ces modtles sont caracttrists par des maxima et 
minima d'intensite entre lesquels on observe des stparations angulaires constantes. Faisant 
appel i l'tquation de Bragg, on a pu dtriver un ensemble des distances typiques pour des 
arrangements lamellaires. On propose deux modtles pour expliquer les rtsultats: pour le 
premier, on fait I'hypothtse que les distances sont relites au diamttre moyen des micelles 
lyomesomorphiques qui ne sont pas accessibles aux ttudes par rayons-X aux petits angles alors 
que le second modtle est une hyperstructure de microdomaines micellaires qui se rtpttent. 

[Traduit par le journal] 

Introduction 
In the last few years, Reeves and co-workers have 

been studying magnetically aligned lyotropic liquid 
crystals by means of nmr spectroscopy (1-11). The 
structure of most of these mesophases is not known 
and a tentative classification based on magnetic 
properties was proposed by Reeves et al. (6). This 
work reports a new contribution to the study of 
lyomesophases, in the sense that an attempt is made 
to clarify how the organized micellar arrays behave 
in magnetic fields by means of light scattering studies. 

Light scattering phenomena, showing interference 
due to i article size in micellar or macromolecular 
solutions, were extensively studied during the 1940 
decade by protein chemists (12). Friberg et al. used 
light scattering to distinguish between normal and 
inverted micelles in amphiphilic micellar solutions 
(1 3). Light scattering in thermotropic nematic and 
cholesteric liquid crystals have also been studied 
(14-18). Recently, Ribota reviewed the results in 

crystals (6) and its dependence on the angle of 
scattering and sample orientation in magnetic fields. 

Experimental 
Scattering Studies 

Light scattering experiments were carried out in a home- 
made apparatus. A Spectra-Physics model 155 helium-neon 
laser was used as a light source. The laser beam passed through 
a polarizer before incidence on the sample, which was kept in 
a 5 mm diameter high quality nmr tube. Scattered light passed 
through a narrow pass-band interference filter for 6328 A 
wavelength (Oriel Optics, 90 FWHM), a second polarizer 
crossed with respect to the first, and was detected by a photo- 
multiplier (RCA No. 4832) placed immediately behind a 
10 pm slit. 

Sample, interference filter, second polarizer, slit, and photo- 
multiplier were placed in a closed box mounted on a gonio- 
meter which allowed angular readings. Sample position coin- 
cided with the center of the goniometer and it could be kept 
immobile with respect to the laser beam as well as rotating 
with the detector. 

A HP model 6516a DC power supply was used for the photo- 
multiplier. Optimum signal-to-noise ratios were attained at 
800 V. Current was measured bv a Keithley model 616 digital 

thermotro~ic smectic mesovhases (19). electrometer. Typical currents were in the range of lo-' A. .. , 

We have investigated illtensity measurements of Scattering patterns were obtained by plotting the photo- 

depolarized scattered light by lyotropic type II liquid multiplier current as function of the scattering angle. 
Optical birefringence was measured by a Zeiss universal 

polarizing microscope. 
'Work partially presented at the 29th Annual Meeting of 

the Brazilian Society for the Advancement of Science (SBPC), Sample Preparation 
Sgo Paulo, July 1977. Typical percent weight compositions of samples are the 

ZVisiting Professor since 1967, Universidade de Silo Paulo. following: Sample A :  36% sodium decanoate, 6% KC], 

0008-4042/79/091108-03$01 .OO/O 
e l 9 7 9  National Research Council of CanadalConseil national de recherches du Canada 
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4% decanol, and 64% water. Sample B: 37% sodium decyl- 
sulfate, 6% Na2S04, 6% n-decanol, and 51% water. Sample C: 
36% sodium dodecanoate, 6% KCI, and 68% water. 

Sample alignment was achieved in the 23.5 kG magnet of a 
Varian XL-100-12 NMR spectrometer, with or without 
sample spinning of a high precision 5 mm nmr tube. It was 
observed that liquid crystalline samples of this kind, once 
oriented in a magnetic field, keep their alignment at room 
temperature for several months. Samples were removed from 
the magnet without shaking and placed in the light scattering 
apparatus. All the experiments were performed in an air- 
conditioned room with temperature 23 + 1°C. 

Results 
Figure 1 shows a typical pattern of depolarized 

scattered light. This specific lyomesophase was 
sample A, oriented in the 23.5 kG magnet overnight 
with sample spinning, as for a conventional nmr 
experiment. Angular measurements show maxima 
and minima in light intensity separated by well 
defined angles. 

The angular separations between those maxima 
showed no modifications by varying slightly (about 
2%) the relative concentrations of the sample con- 
stituents, as far as it still was a type I1 lyotropic liquid 
crystal. There was also no change with the direction 
of polarization of incident light. These separations 
were shown to vary only with the nature of the 
detergent headgroup- in the mesophase. It is impor- 
tant to emphasize that the intensity of depolarized 
scattered light was observed to be much lower with 
respect to scattered polarized light; thus, only by 
using a crossed second polaroid was it possible to 
observe the diffractogram. 

. . . .  . * ; ;  i ..... 
. . .  .. , 4 4 '  .' ? 

*...... ..' '... ... 

A N G L E  
[ lo/ DIVISION I 

FIG. 1. Pattern of depolarized scattered light from sample 
A. Relative depolarized scattering intensity versus angle of 
diffracted laser light. Diffraction patterns have also been 
photographed in each case. 

Measuremeilts on sample A showed sharp maxima 
separated by 2" $. 15' angle. By using the Bragg 
equation, h = 2d sin 0, a set of d spacing values was 
obtained, with the relation 1 : 0.50 : 0.33 : 0.25 : 0.20, 
which are characteristic of lamellar arrays with 
9.2 +_ 1.2 pm periodicity. Sample C gave the same 
periodicity within experimental error. Lyomeso- 
phases of sodium decylsulfate (sample B) also gave 
sharp scattering maxima, but not as well defined as 
for sample A. For this mesophase, the scattering 
pattern shows an angular separation of lo f 15'. 
Using again the Bragg equation, these data can be 
fitted to  a lamellar array of periodicity 19 + 4 pm. 
The intensity of scattered light and the definition of 
intensity maxima were observed to be strongly 
dependent on the alignment of samples. Unoriented 
samples showed the same angular separation between 
maxima, though the observed pattern was very 
diffuse and sometimes not observable. All samples 
after stationary alignment in a magnetic field showed 
intense scattering and good maxima definition when 
the laser beam coincided with the direction of the 
steady magnetic field. Incidence in the perpendicular 
direction showed less sharp maxima and lower 
intensity of scattered light. Samples aligned by 
spinning in the magnetic field have shown the greatest 
light scattering intensity and the best maxima 
definition. All sanlples, when examined in a polar- 
izing microscope, were characterized as optically 
monoaxial, showing negative birefringence. 

Discussion 
Extensive low-angle X-ray diffraction studies on 

samples of the same composition of sample B indicate 
that the structure of this kind of lyomesophase can 
be explained by a model consisting of arrays of 
disc-shaped lamellar micelles of about 38 A thick- 
ness, corresponding to the length of two chains, with 
long range orientational but not positional order. The 
separation between micelles is in the range 54 to 92 A 
and is filled with water. These distances are obtained 
directly from the low-angle X-ray diffractogram 
(20, 21). 

The effect of the magnetic field is to align the 
normal to the disc surface (the so-called director) 
perpendicularly to the magnetic field force lines. 
Samples oriented in stationary magnetic fields have 
micellar directors in all directions perpendicular to  
the field. In the cylindrical tube of high quality, 
usually employed for nmr studies, the directions 
perpendicular to the liquid crystal/glass interface are 
favoured and therefore the distribution of the direc- 
tors in the plane perpendicular to the magnetic field 
direction is not uniform. Samples which are aligned 
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by spinning the nmr tube perpendicular to the mag- 
netic field have directors oriented perpendicularly to 
the force lines and parallel to the spinning axis. 
Obviously, unoriented samples have directors in all 
possible directions in space, but some cooperative 
effects between neigl~bour micelles or wall effects can 
induce local order over short ranges. 

The pattern of scattered light can be explained by 
one of the following models: (i) The greatest dimen- 
sion of the micelle or the average disc diameter, not 
accessible for investigation by low angle X-ray 
diffraction, might be responsible for the periodicity 
and give rise to the characteristic distance detected 
by visible light scattering. This hypothesis is sup- 
ported by the fact that no X-ray scattering is ob- 
served in a direction perpendicular to the orienting 
magnetic field (20). In this respect also the analysis 
of the diffractogram widths in the low angle X-ray 
study (20, 21)3 indicates a disc size greater than 
1000 A. (ii) The micelles may be packed in a super- 
superstructure, which could be called a hyperstruc- 
ture or micellar microdomain. These hyperstructures 
could have a size corresponding to the distance 
obtained in this work and they might be disposed in 
a lamellar array. 

Observations of samples in the polarizing micro- 
scope showed evidence of the micellar orientation 
between cover and slide. The observed optical 
monoaxial pattern suggested that in this thin layer 
of liquid crystal surface orientation makes the disc- 
shaped micelles stay in a position parallel (and, 
consequently, the directors perpendicular) to the 
glass surface. Further experiments in type I lyome- 
sophases are in progress and the results will be re- 
ported briefly. 
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Absorption and magnetic circular dichroism spectra of metal-free phthalocyanine in 
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KATHERINE A. MARTIN and MARTIN J. STILLMAN. Can. J. Chem. 57, 11 1 1 (1979). 
Absorption and magnetic circular dichroism spectra of metal-free phthalocyanine (H2Pc) 

have been recorded over the range 270-800 nm. The use of solvents transparent in the 270-400 
nm region allows the observation for the first time of the B band spectral envelope of H2Pc in 
solution. The mcd spectrum clearly indicates that the complex (NH,),Pc is formed when 
ammonia is bubbled through a solution of H,Pc in dimethyl sulphoxide. The multi-transition 
nature of the B band region is identified as a property of the phthalocyanine n: electron system 
rather than arising from charge transfer between the ring and a central metal cation. 

KATHERINE A. MARTIN et MARTIN J. STILLMAN. Can. J. Chem. 57, 11 1 1  (1979). 
On a enregistrk, entre 270 et 800 nm, les spectres d'absorption et de dichroisme circulaire 

magnetique de la phtalocyanine (H2Pc) ne contenant pas de metal. Utilisant des solvants qui 
n'absorbent pas entre 270 et 400 nm, on a pu observer pour la premikre fois la bande B, 
enveloppe spectrale de H,Pc en solution. Le spectre de dcm indique clairement qu'il y a 
formation du complexe fNH4)zPc lorsqu'on fait barbotter de I'amn~oniac dans une solution 
de H2Pc dans le dimkthylsulfoxyde. On a identifik que la nature multitransitiomelle de la 
bande dans la rkgion B est une proprikte du systkme d'klectrons n: de la phtaloeyanine et 
qu'elle n'est pas due a un transfert de charge entre le cycle et un cation mktallique central. 

[Traduit par le journal] 

The numerous calculations reported in the litera- 
ture describing the electronic states in the phthalo- 
cyanine molecule (1-4) contrast with the paucity of 
data of a systematic nature that can be used to check 
the accuracy of these theoretical predictions. In 
particular, two problems are evident from a survey 
of both the calculations and the available spectra. 
(i) The perturbation of the central metal cations' 
orbitals on the ring n orbitals results in considerable 
variation in the observed MPc spectra (5-7); (ii) even 
with the same metal cation at the centre of the 
phthalocyanine ring, the effect of solvent and axially 
coordinating ligand can cause dramatic changes to 
the intensities and band energies of the major 
features of a "typical" phthalocyanine spectrum 
(5-8). 

The key to this problem appeared to us to be the 
measurement of the spectra of a wide range of 
phthalocyanine complexes in a single solvent in 
which axial ligation effects on the n spectrum could 
be studied. It is clear from the calculations that we 
must attempt to include n -+ n* transitions to 250 nm 
(3). For unlike the analogous porphyrin spectra the 
250-380 nm region in the phthalocyanines is charac- 
terized by a series of broad, overlapping bands in 
both solution (6, 7) and solid state spectra (9, 10). In 
addition, magnetic circular dichroism spectra (mcd) 

'To whom all correspondence should be addressed. 

should be included to provide polarization and 
angular momentum data to aid in the assignment 
(7, 10, 11). 

Clearly an important spectrum in this survey is 
that of metal-free phthalocyanine as this will allow 
identification of both metal and ligand effects. 
Phthalocyanines are notoriously insoluble, in most 
spectroscopically-useful solvents. We have shown 
previously that it is possible to obtain the spectra of 
a large range of MPc complexes in dimethyl sul- 
phoxide (DMSO) (7), and,  these experiments have 
been extended by us and others (12, 13) to include 
dimethyl acetamide (DMA), and dimethyl form- 
amide (DMF). No spectra of H,Pc in such solvents 
have been reported to our knowledge. 

Solid state spectra, both from crystals in the 
phase (14), and sublimed thin films in the a phase 
(9, lo), are available, but ligand effects cannot be 
studied readily due to extensive broadening and 
Davydov splitting (10). While vapour phase absorp- 
tion experiments (15) have yielded spectra in the uv 
region (down to 200 nm), it is unlikely that ligand 
binding studies would be successful at these elevated 
temperatures. Solution spectra of H,Pc have been 
reported in a-chloronaphthalene (5 ) ,  where the two- 
banded Q band in the 670-690 nm region charac- 
terizes the D,, symmetry resulting from the sub- 
stitution of the metal, M2+, by two protons, un- 
fortunately the uv region is almost totally obscured 

0008-4042/79/091111-03$01 .OO/O 
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in this solvent. Whalley (16) reported that HzPc 
exhibited a D,, spectrum in pyridine, but, yet again, 
the solvent absorption in uv region restricted the 
analysis. Our data do confirm her characterization 
of the chromphoric species as the pyridinium salt. 

Absorption and rncd spectra of H2Pc between 270 
nm and 720 nm in DMSO and DMA have been 
obtained by two methods. Figure 1 shows the spectra 
recorded after the addition of very dilute HCl to a 
solution of Li2Pc in DMA at room temperature. A 
similar absorption spectrum is produced by dis- 
solving multiply-sublimed HzPc in DMSO at 150°C, 
in this case there is a red-shift of 2 nm compared 
with the acid-produced spectrum. The band centres 
in the absorption are 693,660,638 (sh), 633 (sh), 600, 
360 (sh), 333, 305, and 285 nm (sh) for HzPc in 
DMSO. When ammonia gas is bubbled vigorously 
through a solution of H2Pc in DMSO the absorption 
and rncd spectra shown in Fig. 2 are obtained, with 
new band centres at 669, 638 (sh), 603, 380 (sh), and 
367 nm. This species is stable at room temperature 
for several hours. Spectra with a similar visible 
region band envelope are obtained when other 
nitrogen donor ligands are added to H2Pc in either 
DMA or DMSO (13). 

We suggest that the chromophoric species in each 
of these complexes is the PcZ- ion, thus with am- 
monia we have (NH,' ),PC'-. Bubbling nitrogen gas 
through the ammonia saturated solution for 30 min 
displaces the bound ammonia. The absorption 
spectrum now reverts to its original form, which is 
characterized by two bands in the Q region at 693 
and 660 nm. 

The rncd spectra clearly indicate the difference in 
the symmetry between the two phthalocyanine com- 
plexes (HzPc in DMSO and H2Pc + NH,(g) in 
DMSO), supporting our assignment of HzPc as the 
molecular species in Fig. 1 and Pc2- as the species 
in Fig. 2. It is perhaps reasonable to suggest that the 
(NH,),Pc spectrum, with its D,,, 18n electron ring 
unperturbed by the asymmetric protons of the 
H2Pc species, will most closely resemble a 'pure' 
phthalocyanine spectrum. 

If this is the case, then we have, for the first time, a 
clear indication of the complex nature of the B region 
at 340 nm. The rncd spectra support the view that 
these absorption bands are all centred on the ring, 
which implies that there are at least three distinct 
states in this region arising from the n molecular 
orbitals. Until now it has been impossible to separate 
unambiguously the ring n -+ n* transitions, from 
charge transfer transitions between the ring, the 
metal cation and/or the axial ligands. 

The presence of a multi-transition envelope in the 
B region has not been generally discussed in the 

LITHIUM PHTHALOCYANINE 

rn 
Q 

kz-T6C-s 600 ' 7 b  
I 

WAVELENGTH /nm 

FIG. 1. Absorption and rncd of H2Pc in DMA prepared 
by the addition of dilute acid to a solution of Li2Pc. A mag- 
netic field of 5.0 T was used for the mcd. 

WAVELEN GTH/nm 

FIG. 2. Absorption and rncd of (NH4),Pc in DMSO pre- 
pared by bubbling NH,(g) into a solution of H,Pc. A magnetic 
field of 5.5 T was used for the rncd in the uv region and 1.4 T 
in the visible region. 

literature. With the advent of rncd spectroscopy the 
details of this region have become much clearer. 

Dale (6) used the ordering of states given by 
Weiss et al. (17) to assign the band envelope observed 
in this region in the spectrum of FePc complexes in 
DMSO. These data give a B band energy of between 
25 000 cm- (400 nm) in FePc(CN), and 29 000 cm- 
(345 nm) in FePc, and an N band energy close to 
3 1 000 cm- ' (323 nm) for each species studied. These 
values are far from the energies observed in the 
vapour phase (15), however, the effect of the ~ e ' +  
cation is still unknown. In our experiments we have 
extended the accessible wavelength range with 
DMSO to 260 nm, in doing so we have observed a 
band close to 270 nm for a wide range of complexes 
(7, 13). This transition, part of which is quite clear 
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in the mcd spectrum of (NH,),Pc, Fig. 2, as a 
negative lobe at ca. 283 nm, lies close to the N band 
assigned by Edwards and Gouterman (15). We con- 
sider that the band envelope observed in the 330 nm 
region arises from at least two degenerate .rr: + n* 
transitions associated with the configurations that 
give rise to the B band. 
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Huw 0. PRITCHARD, NABIL I. LABIB, and ARUNACHALAM LAKSHMI. Can. J .  Chem. 57, 11 15 
(1979). 

The rotation-vibration relaxation of a mixture of a diatomic gas (approximately simulating 
hydrogen) with an inert gas is studied both by direct integration, and by an approximate 
linearised normal-mode method. It is shown that although the linearised normal-mode approxi- 
mation is a powerful aid to understanding these processes, its numerical accuracy is limited to 
high dilutions (e.g. 1% of X, in M) and to times shorter than the final relaxation time. 

Direct numerical integration of the relaxation equations for various mixture ratios shows 
that the plot of vibrational relaxation rate constant vs. mole fraction x is non-linear, and that 
the slope of this plot near x = 0 can be correlated with the rates of the R-R processes, not the 
V-V processes as is normally assumed. A brief discussion is presented of the conditions under 
which the linear mixture rule for relaxation is rigorously obeyed: as is the case for chemical 
reaction, these conditions are impossibly stringent. 

An appendix presents a comparison of the transition probabilities used in this series of 
papers with those recently obtained by Tarr and Rabitz for the relaxation of hydrogen in 
argon. 

Huw 0 .  PRITCHARD, NABIL 1. LABIB et ARUNACHALAM LAKSHMI. Can. J .  Chem. 57, 1115 
(1979). 

On a Btudie la relaxation rotation-vibration d'un melange d'un gaz diatomique (simulant 
I'hydrogirne) avec un gaz inerte par une integration directe ainsi que par une methode approxi- 
mative du mode normal lintaire. On montre que m&me si I'approximation du mode normal 
lineaire est trirs utile pour comprendre ces processus, son exactitude numkrique est limitee A 
hautes dilutions (environ 1% de X, dans M) et A des temps plus courts que le temps final de 
relaxation. 

Une intkgration numkrique directe des equations de relaxation pour divers rapports de 
melange montre que la courbe reliant la constante de vitesse de la vibration de relaxation 
et la fraction molaire (x) n'est pas lineaire et que la pente de cette courbe prirs de x = 0 peut 
&tre relike aux taux des processus R-R et nonpas aux processus V-V comme il est gknkalement 
supposi. On pre'sente une brirve discussion des conditions ou la rirgle des melanges linkaires 
pour la relaxation est suivie d'une f a ~ o n  rigoureuse: cornrne c'est le cas pour la reaction 
chimique, ces conditions sont trirs strictes. 

Dans un appendice, on presente une comparaison des probabilitts de transitions qui sont 
utilises dans cette serie de communications avec celles rkemment obtenues par Tarr et Rabitz 
pour la relaxation de I'hydrogirne dans I'argon. 

[Traduit par le journal] 

Introduction vibrational and rotational transition probabilities for 
The two preceding papers in this series (1, 2) have any molecule, calculations were conducted using two 

been devoted to the problem of understanding the hypothetical sets of transition probabilities, one 
nature of the rotation-vibration relaxation process termed the "standard" set which, it was hoped, 
for a system of diatomic molecules infinitely diluted would mimic the behaviour of H,, and the other 
in an inert-gas bath. In the absence of a detailed set of termed a "modified" set which was intended to 
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mimic the behaviour of a typical diatomic molecule. 
As time passes, more information is becoming 
available concerning the required transition proba- 
bilities for H, itself and it would appear that, at 
1500 K, our so-called "standard" set couples the 
rotational and vibrational relaxations a little too 
strongly: an analysis of this problem is presented in 
the Appendix. 

However (anticipating the results presented below), 
because of the partial failure of the linearised normal- 
mode approach, most of the conclusions of this paper 
were derived from numerical integration of the 
relaxation equations; these equations are stiff and an 
increase in the separation of characteristic times for 
rotational and vibrational relaxation would auto- 
matically bring with it a corresponding increase in 
the computing time required to perform the necessary 
integrations. Consequently, this work continues to 
use the "standard" set of T-V, T-R, and T-VR 
transition probabilities used previously, essentially 
for three reasons: first to minimise computing costs, 
second to facilitate comparison with the earlier work, 
and third because at the low temperature of 500 K 
considered here, it does not obscure any of the 
essential features of the H,/M relaxation process. 
The model used in this work, therefore, consists of 
this "standard" set of transition probabilities de- 
scribing the relaxation of H, in M at infinite dilu- 
tion, as summarized1 in Table I(]), together with an 
additional non-linear term in each differential equa- 
tion for the ith population n,, viz., 

+ Zf j k l  1 (Pkz+ijnknz - Pij,klninj) 

In eq. [I], [MI is the number density of the inert gas 
atoms, ni is the number density of H, molecules in 

where IAEI is the energy difference in cm-l for any 
exothermic process and IAJ(  is the net change in J for 
the two partners; this parametrisation fits the results 
of Zarur and Rabitz reasonably closely. Endothermic 
and exothermic processes are of course related by the 
detailed balancing relationships 

where n", etc. represent the equilibrium number 
densities at the temperature of the heat bath. 

In order to keep the size of the problem within 
reasonable bounds, the temperature for study was 
chosen to be 500 K so that truncation at 10 levels was 
permissible; also, because of the intrinsic interest of 
the v = l , J  = 1 level in laser-schlieren experiments, 
the calculations were again performed on the o d d J  
system, i.e. ortho-hydrogen. Likewise, because of the 
rapid decay of eq. [2] with IAEI, no values of Pij+kl 
were calculated for IAEI > 1000 cm-l, which is 
acceptable at this temperature. Moreover, to facili- 
tate some analysis of the results (since the linear 
mixture law does not necessarily hold for X, at 
infinite dilution in a mixture of two inert gases) it was 
assumed that as far as all T-V, T-R, and T-VR 
processes are concerned, H, and M have the same 
efficiencies, i.e. 

141 ZP,,, = z'P,~,,~ for all j 

Linearised Normal Mode ~esu i t s  
Equation [I.] can easily be put in normal-mode 

form by assuming that in the second term, nj and n1 
can be replaced by their equilibrium values fij and 
n",, respectively, and by performing the appropriate 
summations: this transforms [l] into the form 

state i, Z-and 2' are the collision numbers for M and 
H, and for H, and H, respectively, Pi,, is the C ~ I  $ = ( A  + xB)ni = Cn, 

transition probability per collision between M and 
H, of a transfer from state i to state k, and pij+kl is where x is the mole fraction of H, in the mixture. 
the probability of a simultaneous transfer in two Note that in this representation, the matrix A con- 
colliding H, molecules from states i and j to states k tains all the T-VR processes for H2-N2 collisions: 
and I. the matrix A really is 

The values chosen for the Pij,,, transition proba- [6] A = (I - x)A + xA' 
bilities at 500 K were taken from the calculations of 
Zarur and Rabitz (3), and, in order to generalise since by eq. [4], A A'; thus the matrix contains 
them to all required transitions in the system, were only transition probabilities Pij+,, for which k and I 
fitted to the empirical formula differ from i and j. One would expect this linearised 

form to be extremely accurate for small temperature 
[2] Pij+,, = 0.006 exp [-(0.002IA~l + 2.51AJ))I changes, or for the final approach to equilibrium, 
-- especially so as x + 0. Examination of the normal- 

'Equations, figures, and tables located in Parts I and I1 mode diagrams generated from the solution of (refs. 1 and 2) will henceforth be denoted by a Roman prefix 
indicating the Part number, followed by the number of the fq. I51 that, for = O.O1 Or O.O2¶ are 
equation, etc., in parentheses. imperceptibly different (if the comparison is made 
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visually) from each other, or from the normal-mode 
diagrams such as we have published previously (1,2) 

, for the infinitely dilute system; see, e.g., Fig. I(1). 
1 Moreover, in a given relaxation, e.g. a temperature 
1 step from 300 to 500 K, or from 499.5 to 500 K, the 
I corresponding relaxation strengths ci (as defined in 

eq. I(10)) are only slightly different for the three 
cases x = 0, 0.01, and 0.02. This is consistent with 
Shuler7s observation almost 20 years ago (4) that the 
inclusion of these non-linearities does not alter the 
essential pattern of the relaxation. 

I ~ Examination of the magnitudes of the eigenvalues 
themselves, however, yields an unexpected result 
which restricts the general usefulness of the linearised 
normal-mode technique. Apart from the zero eigen- 
value, which is required by conservation, all the other 
eigenvalues move to a slightly more negative value, 
as required by the appropriate addition theorem. 
Most eigenvalues move by only a small amount, 
varying between 0.1 and 0.2%; however, the last 
eigenvalue (hereinafter designated simply as h) 
representing the final vibrational part of the relaxa- 
tion (see e.g. M14 of Fig. I(1)) is approximately 
doubled as x goes from 0 to 0.01, and is moved 
almost as much again when x goes from 0.01 to 0.02. 
This was not expected since the vibrational relaxation 
time of H, should not be grossly sensitive to the mole 
fraction x, and in fact it can easily be shown to be an 
artefact by direct numerical integration of eq. [I]. 
This integration gives the population evolution 
directly, and thus the evolution of the energy 

[ 7 ~  AE(t) = E(t) - E~ol tz rnann 

of the system; the required relaxation time is then 
derived simply as the numerical derivative 

[81 qi,-' E -h = d In AE(t)/dt 

For x = 0.01 and 0.02, the final relaxation times 
(.tVib) are only very slightly different from the un- 
perturbed value (i.e. for x = 0) as expected: the 
actual magnitudes of the differences will be discussed 
in detail later in this paper. 

Comparison of the population and energy evolu- 
tions calculated from the linearised normal modes 
and by direct integration is quite interesting. Both 
calculations agree well (better than 1% in any 
particular value) right through almost to the end of 
the rotational part of the relaxation, but then they 
begin to differ because of the incorrect long-time 
behaviour of the linearised form, eq. [5]. If the 
temperature change is very small, e.g. 499.5 + 500 K, 
this deficiency can be patched up by artificially 
adjusting the last non-zero eigenvalue back to the 
proper value (given by eq. [8]) or else to the un- 
perturbed value, since these two quantities differ by 
so little; however, for larger temperature jumps, this 

trick will not work since the eigenvectors and eigen- 
values of e are now no longer mutually consistent; 
and some calculated populations go negative in the 
very early stages of the relaxation. In view of these 
limitations, we will not discuss this linearised form of 
the master equation any further in this paper, except 
in-so-far as it helps to throw light on the nature of the 
relaxation process; other than that, it would appear 
that its usefulness as a computational technique 
would be limited to exploring ultrasonic rotational 
relaxation measurements. The only discussions of 
which we are aware concerning the conditions for 
linearisation of vibrational relaxation equations are 
for the special case of mixtures of harmonic oscilla- 
tors (4-6). 

Some Simple Results Concerning Population 
Evolution at Early Times 

There has been considerable interest over the years 
in the concept of canonical invariance in relaxation 
processes (5,7, 8), but as more integration results be- 
come available, it becomes clear that canonical 
invariance is likely to be a rather unusual occurrence. 
It turns out to be a very common occurrence for 
some populations to set off in the wrong direction 
once the relaxation is allowed to commence, before 
turning around and approaching their final equili- 
brium values: alternatively, some populations over- 
shoot and approach their final equilibrium values 
from the "wrong" direction ; examples and explana- 
tions of these occurrences were given in Part 11. In the 
non-dilute case, there are two additional sources for 
these "false starts" and overshoots, which can be 
understood relatively easily in algebraic terms. The 
dominant fluxes for X2/X2 collision processes are 
usually those of the kind 

X2(i) + X2(i) + X2(i + 1) + X2(i - 1) 

where i denotes either a rotational or a vibrational 
quantum number. We can write the initial fluxes for 
these processes as 

+ P i + l , i - l + i i m i + l m i - l  

21t appears that this large shift of the vibrational relaxation 
eigenvalue is an interference effect. If we choose other non- 
physical sets of P,,k, e.g. the present ones truncated to tri- 
diagonal form, the set corresponding to the tridiagonal sum 
rule (eq. [8] of ref. 19), or the full matrix of probabilities 
given by eq. [16a] of ref. 9 (cf. Fig. I(5)), the last non-zero 
eigenvalue is hardly ckanged on going from the matrix A to 
matrix C = A + 0.01B (cf. eq. [5]). None of these forms 
possesses a normal mode which is clearly recognisable as 
"vibrational", as is M9 of Fig. I(1). However, when a more 
physically realistic set of transition probabilities is used, so 
that the slowest mode of relaxation is essentially xibrational, 
then there is interference between this and M,' of B in Fig. 2, 
resulting in a large shift in the combined eigenvalue. 
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where the mi etc. represent the equilibrium number 
densities at the starting temperature; because of 
detailed balancing, eq. [3a], we then find that 

We imagine a change to take place from Ti (with 
equilibrium populations mi-,, mi, and mi+ ,) to T, 
(with equilibrium populations n",- ,, n", n",+ ,): then it 
is simple to show that for a harmonic oscillator, for 
all i (except the highest and the lowest in the system 
of levels) Fi is zero, whereas for a Morse oscillator Fi 
is always negative if Ti > T,, and for a rigid rotor Fi 
is always positive if Ti > T, (with the respective 
signs reversed if Ti  < T,). 

Numerical Experiments for Non-dilute Relaxing 
Systems 

Equation [I] was solved numerically for a series of 
hypothetical mixtures of M and X,, X, being taken 
to have the same energy-level structure as ortho-Hz. 
In order to circumvent complications from the failure 
of the mixture rule for the relaxation of X, in a 
mixture of M and M', M and X, (EM') were 
assumed to have identical T-VR transition rate 
constants for collisions with X,, cf. eq. [4]; these 
were derived from eq. [16] of ref. 9, cf. Table 1(1) 
for a selection of numerical values. For collisions 
between pairs of X, molecules, the transition 
probabilities were those appropriate to H,/H, col- 
lisions, parametrised as eq. [2]. The initial distribu- 
tion for each relaxation calculation, following our 
earlier work (2), was assumed to be one in which the 
population distribution was appropriate to the tem- 
perature of 500 K, except that the population of the 
v = l , J  = 1 state was increased by a factor of 100, to 
simulate a typical laser-schlieren relaxation experi- 
ment. 

Figure 1 shows the results of these calculations, 
expressed as -h, the rate constant for the final 
approach of the internal energy to the equilibrium 
value, found by using eq. [8]. It can be seen that the 
vibrational relaxation time, even for this idealised 
model, does not obey the mixture rule, and the plot is 
rather similar to those obtained by Glanzer (10) for 
nitric oxide - argon mixtures. In the special case of 
H, - inert-gas mixtures, there have been two sets of 
experiments: those of Dove and Teitelbaum (11) 
which show a linear relationship between JhJ and x,, 
for x,, > 0.35 - very much as we find in Fig. 1 ; and 
those of Audibert, Joffrin, and Ducuing (12) which 
show a linear portion over most of the range of mole 
fraction, but a definite downward curvature as 
x,, + 0. In the remainder of this section, we devote 

a5 10 

MOLE FRACTION X 

FIG. 1. Plot of -h = z , ~ ~ - ~  for mixture of M and X,, with 
a total number density of 3.5 x 1019 particles The 
T-VR transition rates are constrained to be identical for 
collisions of both M and X, with X,, and are defined by the 
"standard" set of probabilities, eq. [I61 of ref. 9. The TVR- 
TVR transition rates are defined by eq. [2]. 

our attention to the problem of deducing the physical 
meaning of the slope of this line, dhldx. 

If the mixture rule is obeyed, then following the 
traditional arguments (13, 14) we would have 

which, since we have taken identical transition rate 
matrices for the first two terms, reduces to 

[I21 h = h0 + xh' 

where h0 is the eigenvalue at infinite dilution and h' is 
the hX2/XdTVR-TVR) of eq. [ll] .  Thus, the plot in 
Fig. 1 would be expected to be a straight line whose 
slope dhldx would give the (so-called) V-V relaxation 
rate constant. Examination of the matrix of energy 
fluxes at a time t = lh-'( reveals that by far 
the largest energy flux is due to the transitions 
(v = l , J  = 1) c* (v = 0,J = 1) and (v = l , J  = 3) tt 
(v = 0,J = 3) as expected; the energy fluxes for bi- 
molecular collisions are dominated by two processes 
in the v = 0 manifold 

The relative importance of these bimolecular pro- 
cesses varies with x (the ratio of [13]/[14] being about 
1.15 at x = 0.01 and about 2.52 at x = l), as also 
does their absolute importance, being about 0.2% of 
the total energy flux at x = 0.01 and 5% of it at 
x = 1. 

Because of network-like effects, the final value of h 
is very insensitive indeed to arbitrary variations in 
individual values of Pij,,,, and the only meaningful 
correlation we have been able to find is that if the 
values of Pij,,, are doubled for all processes like 1131 
and [14] having a net AJ = 0, then the initial slope of 
the h vs. x curve doubles from -5.0, x lo4 s-' to 
- 1.0 x lo5 s-' at x = 0. Doubling of other subsets 
of the Pij,,, has only insignificant effect on the initial 
slope of dhldx. This clearly identifies ( d h / d ~ l , = ~  as 
the mean rate constant for R-R processes of the 
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types [13], [14], etc. This identification is strongly 
confirmed by our normal-mode analysis. Figure 2 
shows the form of the normal modes for the linearised 
perturbation matrix B of eq. [5]. It can be seen that 
three of the "effective modes" are vibrational in 
character, i.e. M,', M,', and M,', and that they are 
among the fastest modes; the remainder are all 
rotational in character, with the two slowest having 
time constants of -5.1 x 10, and -3.6 x lo4 s-l, 
respectively. If we now imagine a hypothetical relaxa- 
tion in which only the matrix B is operative (i.e. all 
the Pi,, and Pij,kj are put equal to zero in eq. [I]) 
then 90% of the relaxation strength is carried by the 
mode M,', and most of the rest by M,' and M,'. 
Since M,' and M,' both have time constants of the 
order of - 1 x lo6 s-l ,  and since M,' which in- 
volves v = 0,J  = 9 is (therefore) not used, this 
hypothetical relaxation appears to have a time 
constant of - 5.1 x lo4 s- l ,  virtually exactly the 
value derived from the initial slope of dhldx. This, in 
our view, conclusively identifies the quantity 
(dh/dx(,,, as the rate constant for R-R relaxation: 
and were it not for doubts about the validity of the 
mixture rule for two different monatomic gases, one 
might now be able to deduce an approximate R-R 
relaxation rate constant for H,/H, collisions from the 
laser-schlieren data of Audibert et al. (12). For some- 
what different reasons, that the rotational and 
vibrational relaxations are expected to be better 
separated, and that the temperature regime is very 
different from that considered here, we cannot iden- 
tify at this stage the significance of the initial slope in 
Glanzer's nitric oxide - argon experiment (10) with- 
out undertaking further model calculations designed 
to reproduce the behaviour of such mixtures at 
2500 K. 

Having discerned the meaning of Idhldxl,,, in this 
model calculation, we have now to identify the 
meaning of the slope at other values of x. To this end, 
we examined the sensitivity of h to variations in the 
Pij+kl for x = 0.75 and x = 1. Doubling all of the 
probabilities of the J-conserving transitions (like [I31 
and 1141) raises the relaxation rate minutely, but has 
the same effect at both concentrations, so that 

30ne might argue, on inspection of Fig. 2, that the trunca- 
tion scheme has excluded some very important states, namely 
v = 2, J = 1 and 3, so that processes of the type X,(v = 0,J)  
+ X,(v = 2,J) c* 2X,(v = l , J )  are missing. We have repeated 
a selection of these calculations with a different set of 10 levels. 

Jdh/dxJ,, , remains unchanged at 1.9 x lo3 s-l. On 
the other hand, doubling all the transition probabili- 
ties for which Av = +1 does almost double the 
slope, to 3.2 x lo3 s-l, suggesting that we are 
dealing here with an R-V property. However, there is 
no eigenvalue of the linearised relaxation matrix B 
smaller than -3 x 10,s-I and, moreover, the 
vibrational components of this "effective" relaxation 
have time constants of the order of -6 x 10' s-l  or 
faster : consequently, although Idhldx),, , appears 
from our sensitivity tests to be the R-V relaxation 
rate constant, this conclusion is not corroborated by 
our (admittedly imperfect) normal-mode analysis. 

The Linear Mixture Rule 
The current state of theoretical knowledge con- 

cerning the linear mixture rule as it applies to 
chemical reaction was summarised recently by Boyd 
(15). He concluded that the conditions for rigid 
adherence to the mixture rule are impossibly 
stringent, and the problem remains as to how to 
predict the conditions under which experimentally 
observable deviations from the rule may be expected. 
As an eigenvalue problem, internal relaxation is 
really no different from chemical reaction, and so we 
may expect the same considerations to apply: 
perhaps a useful clue is that the linear mixture rule 
for reaction appears to hold to acceptable accuracy 
when the V-V transition rates are small compared 
with the T-V rates, but it fails badly when they are 
large (16). Experimental tests of the linear mixture 
rule in relaxation over large ranges of composition 
are few, and the results were summarised at the 
beginning of the preceding section. 

Before we can take any particular experiment and 
try to interpret the meaning of dhldx, as we have 
been able to do for the limiting case (dhldx),,, in this 
work, we have to know how much of the curvature in 
the h vs. x plot is due to the simple failure of the 
linear mixture rule for the T-V or T-VR relaxations 
alone - in other words, if we exclude all non-linear 
terms, how curved will be the plot considering the 
relaxation as [(I - x)M + X,] + [xM' + X,]? As 
Boyd showed for the reaction case, the conditions for 
zero curvature are impossibly stringent, and we have 
found only two? The first is when each T-VR (or 
T-V) transition probability for X, 'in collision with 
M' is the same multiple of the corresponding proba- 
bility for X, with the other partner M ;  our simplifica- 

including these two but excluding v = 0,J = 9 and 11.  he 
results are only insignificantly different from those already 41t is trivial to show that if the matrix AM governing the 
discussed, as would be expected since processes of this type relaxation of X ,  at infinite dilution in M commrrtes with the 
are unimportant in H2 at these temperatures. In our laser- matrix AM, governing the relaxation of X2 at infinite dilution 
schlieren simulation calculation, the energy flux for this in M', then the mixture rule will hold for the relaxation of X ,  
reaction is about of that for M + X2(v = 1,J) c* M at infinite dilution in mixtures of M and M' (the examples 
+ X2(v = 0,J). This would not be the case for heavier cited here both fall into this class); otherwise, the mixture rule 
molecules and/or higher temperatures. cannot hold rigorously (15). 
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z - R E L R X R T I O N  T I M E  I N C R E R S I N G -  

appropriate, for the particular temperature and set of 
energy-level spacings in question. 

Acknowledgements 

This work was supported by the National Research 
Council of Canada; we also wish to thank Andrew 
Yau for continued assistance, and Herschel Rabitz 
for providing detailed sets of transition probabilities 
in machine-readable form. 

Appendix 

V=1 J = 7  

V=O Jrll 

Vsl J-5 

V=O J19 

V=L J=3 

V=1 J:l 

V=O J = 7  

v.0 J.5 

V:O J=3 

V'O J'l 

1 
I 

Recently, Tarr and Rabitz (18) have published 
details of calculations on T-V, T-R, and T-VR 
transitions amongst the first 27 states of para-H2 for 
temperatures of 1000, 2000, and 2500 K. We have 
interpolated these probabilities to 1500 K in order to 
make a comparison of the best currently available 

Ilklo) M; M ~i M M i  M6 M j  MA M$ iii 

FIG. 2. Effective normal modes for the linearised TVR-TVR transition matrix B; for details of how to interpret these 
diagrams, see ref. 1. 
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theoretical data with our assumed "standard" and 
"modified" sets of probabilities. The level structure 
for even J is somewhat different from that of odd J ,  
with the first 20 levels ranging only up to (v = 0,J = 
14), (v = l , J  = 12), and (v = 2,J = 8) instead of 
(v = O,J= 15), (v = 1 , J =  11), (v = 2 , J =  7), and 
(v = 3,J = 3); however, with due allowance for the 
substitution of v = 3 levels for the topmost J-levels 
of v = 1 and v = 2, the normal-mode diagrams for 
our two sets of assumed probabilities with even J are 
exactly what one would expect by inspection of the 
already published odd-J diagrams, i.e. Figs. 1(4) and 
II(3) respectively. The normal-mode diagram for the 
transition probabilities of Tarr and Rabitz is very 
similar indeed to that for our "modified" set: fifteen 
of the nineteen modes are clearly recognisable as 
being the same, and they come out in precisely the 
same order in both cases. The differences between the 
diagrams are two-fold. First, the modes for our 
"modified" set tend to couple non-adjacent J states 
a little too strongly - for example, referring to 
Fig. II(3), the v = 2,J = 5 component of MI would 
be at least a factor of two too large. Second, where 
the modes are not immediately recognisable as being 
the same, our "modified" set modes have a some- 
what more complex structure: this is immaterial in 
practice since there is virtually no traffic carried by 
these modes (i.e. ki is minute) in any practical 
relaxation; these very complex modes appear to be 
unphysical. 

The net result is that the qualitative form of the 
normal modes used in the relaxation of H, at infinite 
dilution at 1500 K would be virtually indistinguish- 
able whether our "modified" set of probabilities or 
those of Tarr and Rabitz were used. The relaxations 
would not be the same, however, since although the 
modes have the same ordering of time constants, the 
grouping of the time constants is rather different. 
The points of similarity and difference are best shown 
by comparing the contributions of the various modes 
to a practical relaxation, and this is done in Fig. 3 for 
all three sets of probabilities, for a sudden heating 
from 300-1500 K. It is clear that the probabilities of 
Tarr and Rabitz are intermediate between our 
"standard" set and our "modified" set5 in respect of 
the uncoupling of the rotational and vibrational 
relaxations, and that in fact, to produce virtually 
indistinguishable relaxation behaviour at 1500 K, all 

51n Fig. II(2), due to an accidental interchange of two cards 
in the computer program, the bottom two panels of the figure 
should be displaced to the left by a factor of 2.8 in t :  this 
alters the details, although not the overall principle, of the 
discussion of this diagram in the first fifteen lines of p. 2377. 

RELAXATION rlME IN SECONDS 

10-9 10-8 10-7 10-6 

FIG. 3. Normal-mode analysis of a relaxation ofpara-Hz, at 
infinite dilution in M, from T, = 300 K to Tf = 1500 K. From 
top to bottom, the transition probabilities are those of the 
"standard" set used throughout this series of papers (i.e. 
eq. [I61 of ref. 9), those of Tarr and Rabitz (18) and those of 
our "modified" set (derived from the "standard" set by 
multiplying all T-R transition rates by 10 and dividing all 
other transition rates by 10). In all cases Z, q, = 1.136 R, the 
mean heat capacity ofpara-Hz between 300 and 1500 K; also, 
the component of the relaxation which is essentially vibra- 
tional in character is indicated by shading. 

0.3H- 

k! 5 0.3R- 

C 
k 0,- 

i? 

that would be necessary would be to take our 
"standard" set (i.e. eq. [I61 of ref. 9), leave the 
rotational (i.e. T-R) probabilities unchanged, but 
multiply all probabilities for which v changes by a 
factor of about 0.05. 

Returning to the problem of the present investiga- 
tion where we have limited our calculations for the 
sake of feasibility to T = 500 K, we could simply 
take our "standard" set of transition probabilities 
and scale all the vibrational components by one- 
twentieth. However, because of step-length restric- 
tions, this would make our integrations lengthier and 
costlier by a factor of at least 10. Moreover, it is un- 
necessary from the point of view of understanding 
the physics of the relaxation since at 500 K, even 
with our "standard" set of probabilities, the rota- 
tional and vibrational relaxations separate, and the 
final group of non-zero eigenvalues does correspond 
to the vibrational part of the relaxation, cf. Fig. I(1) 
and also the lengthy discussion of laser-schlieren 
experiments in Part I1 (2). 

I ' " " " ' I  ' " r r r r  

'STANDARD' SET 

n 

TARR AND RABITZ 

1 
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Etude chimique et spectroscopique du systkme B(SCH,),-B(NCS), 
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HABIB-RAMAN ATCHEKZAI, HENRI MONGEOT, JACQUES DAZORD et JEAN-PIERRE TUCHAGUES. 
Can. J. Chem. 57,1122 (1979). 

Le trimkthylthioborate B(SMe)3 rkagit a la tempkrature ordinaire avec le triisothiocyanato- 
borane B(NCS), pour donner des melanges contenant B(SMe),, les dkrivks mixtes B(NCS)- 
(SMe), et B(NCS),(SMe) en faible concentration et des dkrivks d'association. Les composks 
prkkdents ne sont pas isolables par suite de I'existence d'kquilibres chimiques. Les donnkes 
de rrnn, de spectromktrie ir et de spectromktrie de masse sont reportees. Des structures faisant 
intervenir des liaisons donneur-accepteur S-B entre les monom&res sont proposkes pour les 
dkrivks d'association {B(NCS),(SM~)},, {B(NCS)2(SMe)},{B(NCS)3} et {B(NCS),(SM~)},- 
{BfNCSL ),. La reaction de ces com~osks avec la trimkthvlarnine conduit a la formation de 
M;~NB(NES), et M~,NB(Ncs),(sM~). La mdme reaction avec le dimkthyl-sulfure est 
incomplete et ne conduit qu'i la formation de Me,SB(NCS),. Les aciditks dkcroissent dans 
I'ordre B(NCS), > B(NCS),(SMe) > B(NCS)(SMe), > B(SMe),. Cette dkcroissance expli- 
que la dimkrisation de B(NCS),(SMe) a lieu, contrairement a celle de B(NCS)(SMe),. 

HABIB-RAMAN ATCHEKZAI, HENRI MONGEOT, JACQUES DAZORD, and JEAN-PIERRE 
TUCHAGUES. Can. J. Chem. 57, 1122 (1979). 

Reaction of trimethylthioborate, B(SMe),, with triisothiocyanatoborane, B(NCS),, at room 
temperature gives mixtures containing B(SMe),, the mixed compounds B(NCS)(SMe), and 
B(NCS),(SMe) in low concentration, and association compounds. The previous compounds 
cannot be isolated due to equilibria being set up. Mass spectrometry, infrared and nrnr data 
are reported. Structures involving S-B donor-acceptor bonds between the monomers are 
proposed for the association compounds {B(NCS),(SMe)},, {B(NCS),(SMe)},{B(NCS)3), 
and {B(NCS),(SMe)}, {B(NCS)3}2- Reaction of these compounds with trimethylamine yields 
Me,NBfNCSL and Me,NB(NCS)?(SMe). The same reaction with dimethylsulphide is in- - .  
completk andiields only M~,sB(Ncs),. Acidity strength decreases in the eider B(NCS), > 
B(NCS),(SMe) > B(NCS)(SMe), > B(SMe),. This trend explains why dimerization of 
B(NCS),(SMe) occurs whereas B(NCS)(SMe), is unassociated. 

Introduction RCsultats 
Le pseudo-haloghe NCS est bien connu pour 

prtsenter de nombreuses analogies avec les halo- 
g&nes. Ses propriitts chimiques sont considtries 
comme intermtdiaires entre celles de l'iode et du 
brome (1). Le triisothiocyanate de bore B(NCS), a 
gintralement un comportement voisin de celui des 
halogtnures de bore autres que BF, avec lesquels il 
donne d'ailleurs des riactions de redistribution (2, 3). 
Le trimtthylthioborate B(SMe), conduit facilement 8 
des redistributions, en particulier avec les halo- 
ginures de bore BX, (4, 5); il y a alors formation de 
BX(SMe), et BX,(SMe) ainsi que du dim6re 
{BX,(SMe)),. La tendance 8 la dimtrisation aug- 
mente de l'iode au chlore. Nous avons entrepris 
l'itude du systbme B(SMe),-B(NCS), en vue de le 
comparer aux syst&mes B(SMe),-BX,. 

Le mtlange A la temperature ordinaire de B(NCS), 
et B(SMe), en solution dans des solvants inertes 
(CS,, CCl,, ...) conduit 8 des redistributions im- 
mtdiates; les syst&mes ainsi obtenus contiennent les 
deux dtrivis libres B(NCS),(SMe) et B(NCS)(SMe), 
mais ceux-ci, et en particulier le premier, sont tou- 
jours en concentration tris faible par suite de la 
formation de dCrivis d'association. Ces dtrivts 
d'association se forment en quantitC d'autant plus 
importante que le mtlange contient ' une forte pro- 
portion d'isothiocyanate. A titre d'exemple, le 
mtlange de B(NCS), avec une faible quantiti de 
B(SMe), ne conduit pratiquement qu'8 la formation 
de produits d'association alors qu'8 l'oppod, on 
obtient des solutions dilutes qui ne laissent apparaitre 
en rmn l lB  que les composts B(NCS)(SMe), et 

0008-4042/79/101122-05$01 .OO/O 
01979 National Research Council of CanadalConseil national de recherches du Canada 
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ATCHEKZAI ET AL. 1123 

B(SMe),, le rapport B(NCS)(SMe),/B(SMe), pou- 
vant dtpasser 9%. Dans ce dernier cas, ces mtlanges 
sont obtenus soit par mtlange de B(NCS), et 
B(SMe),, soit, beaucoup plus lentement, par la 
rtaction : 

B(SMe), + AgNCS -, B(NCS)(SMe), + AgSMe 

Les deux dtrivts B(NCS)(SMe), et B(NCS),(SMe) 
ont t t t  caracttrists par spectromttrie de masse B 
partir de leurs pics moltculaires, par rmn "B et 'H 
(voir tableau 1) et par spectromttrie infrarouge (voir 
tableau 2). Ces dtrivts, comme tous ceux dans 

TABLEAU 1. Dkplacements chirniques" observes sur les com- 
poses non associes et leurs complexes (en ppm) 

Compose rm"B rmn 'H rmn13C 

lesquels le bore est lit au g r o u p  NCS posddent Une valeurs des dkplacements chimiques sont comptees nkgativement 

structure iso. signalons cornme preuve le fait que quand les pics se situent vers les champs forts Par rapport i retalon (rmn llB 
etalon externe B(OMe)3, rmn 'H et l3C etalon interne Si(CH3).,). 

leur spectre infrarouge s'apparente respectivement 2 valeur donnbe dans la litterature est -43 ppm (9). 
~ 1 1  s'agit de la valeur obtenue i ~art ir  de B(NCS13 pur en solution dans 

de BX2(NCS) et de BX(NCS)2' C'est ainsi que 
C%v'ikur obtenue pour un mklange equimolkulaire de Me3N et B(SMe)3. 

Dour ces derniers les vibrations de valence CN 
apparaissent respectivement vers 2045 et 2010 cm-' 
(3) et qu'un eRet isotopique l0Bl1B d'environ 10 
cm-' est observt vers 800 cm-' sur vC=S, aussi 
bien pour BC12NCS et BBr2NCS1 que pour 
B(SMe),(NCS). Les valeurs des dtplacements chimi- 
ques observtes en rmn "B sont tgalement en bon 
accord avec une structure du meme type que dans 
B(NCS),. 

L'existence des produits d'association a t t t  mise 
en tvidence par rmn "B et 'H et par des mesures de 
masse molaire au moyen de la tonomttrie. Des 
tentatives de distillation n'ont pas permis d'isoler de 
produits purs. Toutes les reactions observtes sont 
rtversibles; nous avons pu rendre compte de la 
totalitt des phtnomtnes observts B partir des 
tquilibres suivants : 

Etude des dkrivks d'association En effet, l'ttude des melanges B(NCS),-B(SMe), 
Le compost B(NCS),(SMe) se dimtrise de la dans un rapport molaire B(NCS),/B(SMe), compris 

meme f a ~ o n  que ses homologues halogtnts entre 0 et 4 montre que le degrt d'association moyen 
BX2(SMe) (4, 5). Cependant les phtnomtnes ob- dans les composts d'association est compris entre 2 
serves ne se limitent pas B une simple dimtrisation. et 3.2 environ. D'autre part, le rapport NCS/SMe 

dans ces composts est suptrieur B 2 ce qui suggtre la 
'Etude du champ de force des moiecules BX,NCS B publier. possibilitt de fixation d'une ou deux moltcules 
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CAN. J. CHEM. VOL. 57, 1979 

TABLEAU 2. Frkquence des principales bandes infrarouge observ&sC 

Produit 
B(NCS),(SMe)' B(NCS)(SMe),' d'associationb Attribution 

2025 TF 2070 TF 2020 9 2060 TF vCN 
1302 TF va1OBN2 
1275 f v.11BN2 

1238 f vlOBN 
1212 m vl1BN 

1070 8 1 165 F v3N2 
800 f vC=S (lOB) 
790 m vC=S (l lB) 

7309 760F vC=S 
'Le faible nombre de bandes rbpertoriks pour B(NCS)2(SMe) et B(NCS)(SMe)2 est 

dO A la faible concentrati.on de ces produits dans les mblanges. 
bLe produit d'assoc~at~on 1 donne une bande B 2060 cm-1. 
eLe spectre de B(SMe), 6tant connu (81, il n'a pas 6t6 report6 ici. TF = t rb  forte, 

F = forte, m = moyenne, f = faible, tf = t rb  faible. 

B(NCS), sur ce dimbre. La formation de ces dCrivCs 
est rkversible; c'est ainsi qu'ils se dCgradent trbs 
rapidement lorsqu'on les met en solu'tion dans 
B(SMe), pour redonner B(NCS)(SMe),. Les dCter- 
minations de masses molaires ne sont plus possibles 
pour des solutions riches en B(NCS), par suite de la 
formation connue (3, 6) du polymbre insoluble 
{B(NCS), 1". 

L'Ctude des spectres d'absorption infrarouge de 
ces dCrivCs nous montre que les vibrations de valence 
vCN se trouvent dans la rCgion 2020-2070 cm-l. 
Leur frCquence n'a donc subi qu'une ClCvation trbs 
faible par suite de l'association ce qui indique que les 
groupes NCS ne sont pas modifiCs. De plus la t r b  
1Cgere augmentation de frCquence observde suggere 
que le bore est pass6 de 1'Ctat tricoordink a 1'Ctat 
tCtracoordinC; nous avons en effet noti un phCno- 
mbne analogue (7) dans 1'Ctude des complexes 
R,NBX,(NCS),-, avec n = 0, 1, 2. 

L'Cvolution des spectres de rmn llB du systbme 
B(SMe),-B(NCS), est representee sur la fig. 1. Quand 
on ajoute progressivement B(NCS), Z i  B(SMe),, il 
apparait successivement dans la partie du spectre 
situke vers les champs forts par rapport a B(OMe), 
des pics larges pour 6 = -27, -23.5, - 19 et 
- 14.6 ppm. Le premier pic est attribuC au composC 
1, la dimkrisation de B(NCS),(SMe) se traduisant 
par un fort dCplacement vers les champs forts. Le pic 
situC A -23.5 pprn est attribuC aux deux atomes de 
bore appartenant au cycle du composC 2. Le fait 
qu'un atome de soufre du cycle devienne tktravalent 
entrainant un lCger dkblindage du bore. Le pic 
observC A - 19 pprn est attribuC aux deux atomes 
cycliques du composC 3, les deux atomes de soufre 
du cycle Ctant cette fois tktravalents. Enfin, le pic 
situC A - 14.6 pprn appartient B(NCS), libre, le 
dkplacement chimique observC est en effet trbs voisin 
de celui dCterminC pour B(NCS), seul; de plus, 

FIG. 1. Evolution des spectres de rmn "B du systkme 
B(SMe)3-B(NCS)3 en solution dans CS,: ( I )  B(SMe), pur, 
(2 )  {B(NCS), )/{B(SMe)3 1 = 0.28, (3) {B(NCS)3 )/(B(SMe)3 1 
= 2. (4) {B(NCS)3)/{B(SMe)3) = 5, (5) B(NCS)3 pur. 

I'Ctude des spectres infrarouge a permis d'ktablir 
avec certitude que l'existence de ce composC dans les 
mklanges est like a la prCsence du pic situC - 14.6 
ppm. Nous pensons par ailleurs que les atomes de 
bore de B(NCS), lits aux atomes de soufre cycliques 
dans les composCs 1 et 2 sont peu diffkrents les uns 
des autres, et donnent lieu A des dCplacements 
chimiques voisins de -27 ppm. Cette valeur est en 
effet peu diffirente de celle obtenue avec les com- 
plexes Me,NB(NCS), et Me,SB(NCS), (voir tableau 
1). De plus on observe un 1Cger Clargissement du pic 
situt B -27 pprn quand on ajoute des quantitks 
croissantes de B(NCS), A un mClange. 

En rmn du proton, les spectres des produits 
d'association Cvoluent Cgalement en fonction de la 
composition du mklange. Quand on ajoute pro- 
gressivement B(NCS), A une solution de B(SMe), il 
apparait d'abord un massif centrC vers +2.74 pprn 
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i puis progressivement un second massif vers + 3 ppm 
1 alors que les pics du premier massif diminuent d'in- 

tensit6 pour devenir tr2s faibles. Nous attribuons le ' premier massif aux groupes CH, lies B un soufre 
I tricoordini, et le second B ceux liCs B un soufre 

tttracoordinC. La multiplicitC des pics trouve sa 
justification dans le fait que chaque composC peut 
exister sous deux formes isombres. I1 est B noter que 
Siebert et coll. (5) observent pour BI,(SMe) et son 

1 dimbre des pics a +2.73 et +3.12 ppm. Nous 
1 obtenons un Ccart identique (0.39 ppm) entre la 

/ position du pic de B(SMe)(NCS), (+2.25 ppm) et 
j celle de son dim6re (+2.74 ppm). 

Rkactions de complexation avec Me,N et Me,S 
Dans le but d'avoir des indications complCmen- 

taires sur le systbme B(SMe),-B(NCS),, nous avons 
CtudiC les rtactions de Me,N et Me,S avec B(SMe),, 
B(NCS), ainsi que les produits formCs en les mClan- 
geant. B(SMe), conduit avec Me,N B un complexe 
instable, qui est facilement dCtruit par elimination de 
l'amine en portant simplement le produit sous vide 
B la tempkrature ordinaire. Par suite d'une rtaction 
d'tchange rapide, on n'observe qu'un seul pic en 
rmn "B quand on mClange Me,N avec B(SMe), en 
excbs. La position de ce pic est intermtdiaire entre 
celle de B(SMe), libre et celle observCe avec un 
melange Cquimolaire de deux rCactifs (voir tableau 1). 
Nous avons Cgalement observt un phtnombne 
d'Cchange rapide en rmn du proton. 

Dans les m&mes conditions B(NCS), donne un 
complexe stable; celui-ci rCagit d'ailleurs dans une 
faible proportion avec B(SMe), suivant: 

ce qui montre que le complexe Me,NB(NCS),(SMe) 
est plus stable que Me,NB(NCS)(SMe),. I1 est B 
noter que la complexation d'un mClange s'accom- 
pagne d'une redistribution des groupes NCS et SMe. 
C'est ainsi que la complexation des produits rCsultant 
du mtlange de B(NCS), et B(SMe), dans un rapport 
2 (voir fig 1, spectre 3) conduit presque exclusivement 
B Me,NB(NCS)(SMe),. 

Les mCmes rCactions de complexation effectukes 
B partir de Me,S n'ont permis de montrer que 
l'existence de Me,SB(NCS),. Contrairement B Me,N 
qui dissocie presque compl6tement les dCrivts d'as- 
sociation, Me,S qui est une base plus faible ne rCagit 
que partiellement sur les produits d'association pour 
donner Me,SB(NCS),. Le produit 1 subsiste dans 
ces conditions. 

L'Ctude de ces rCactions de complexation montre 
que le pouvoir accepteur du bore dans les composts 

B(NCS),(SMe), -, augmente avec n. Ceci explique 
que seul B(NCS),(SMe) se dimtrise avec formation 
du cycle B,S,. Ce cycle renferme deux liaisons 
donneur-accepteur S-B que I'on rencontre tgale- 
ment dans Me,S-B(NCS),. 

Discussion 
D'aprbs les structures que nous avons propostes 

pour les composCs 1 ,2  et 3, la formation des produits 
d'association rtsulte de liaisons donneur-accepteur. 
Le fait que leur formation soit concurrende par des 
rCactions de complexation avec une base de Lewis 
justifie bien I'existence de ce type de liaison. Les 
dtplacements chimiques observCs en rmn "B ren- 
dent Cgalement bien compte du fait que le bore joue 
un rble d'accepteur. Par contre, il peut paraitre sur- 
prenant que seul le soufre lib au groupe mtthyl 
intervienne en tant que donneur, alors que, ni 
l'azote, ni le soufre des groupes NCS ne sont con- 
cernCs. Cette hypothbse repose sur les considCrations 
suivantes: en premier lieu 1'Ctude des spectres infra- 
rouge ne rtvble aucune modification des groupes 
NCS. D'autre part, l'ttude des spectres de rmn 'H 
permet de classer les groupes CH, en deux types; il 
est logique de penser que c'est l'environnement du 
soufre auquel ils sont lits qui en est responsable 
plutbt que celui des groupes NCS beaucoup plus 
CloignCs. Enfin, ceci est conforme au fait que 
B(NCS), en solution est exclusivement sous forme 
de monom6re. 

Au sujet de B(NCS),, nous avons signal6 qu'il 
avait tendance B former des polymbres solides, mais 
il s'agit de composts trbs stables qu'il n'est plus 
possible de dissocier par l'action d'une amine. I1 
semble d'ailleurs que les molCcules de B(NCS), 
soient likes entre elles par des liaisons C-N, ce qui 
expliquerait la prCsence dans leur spectre infrarouge 
d'une bande forte et large entre 1550 et 1600 cm-'. 
Or les spectres des produits d'association dont il est 
question ici ne renferment aucune bande de ce type. 

Le systbme CtudiC diffbre des syst6mes BX,- 
B(SMe), par la formation des composts 2 et 3. Si on 
fait abstraction de ce phCnombne, il est assez voisin 
du systbme BBr,-B(SMe),, en particulier en ce qui 
concerne les proportions relatives de produits libres 
et associCs. 

B(NCS)3 pr6park par rkaction de BBr, sur AgNCS (3) a kt6 
caractbrisk a partir de ses spectres de m "B et infrarouge 
ainsi que par des mesures de masse molaire. B(SMe)3 a btb 
obtenu par action de MeSH sur BC13 en prksence de Et3N en 
solution dans 1'6ther (10). I1 a kt6 caract6ris6 a partir de son 
spectre de rmn "B (9), de son spectre infrarouge (8) et de 
mesures de masse molaire. 
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Les complexations par Me3N ont 6tB realisees a basse tem- 
perature. L'amine (produit commercial contenu dans une 
bouteille m6tallique) est introduite par petites fractions a l'aide 
d'une rampe a vide dans une ampoule contenant les produits 
a complexer. Au cours de l'introduction, l'ampoule est a la 
temperature de l'air liquide, on la laisse ensuite revenir a la 
temperature ambiante tout en agitant le melange. Cette 
optration est rCpCt6e jusqu'a ce qu'on se trouve en presence 
d'un excbs d'amine. Les complexations, portant sur des 
quantites de produit allant de 1 g a 10 g, ont lieu indifferem- 
ment en presence ou non de solvant (CH2Cl2 ou CS2). Dans 
le cas de la complexation par Me,S, la reaction n'est pas 
violente et on ajoute lentement a la temperature ordinaire le 
sulfure liquide a une solution du produit a complexer main- 
tenue sous agitation. 

Les produits Btudies etant hydrolysables, toutes les mani- 
pulations sont kt6 effectuees a l'abri de I'air. 

De'termination des masses molaires 
Le solvant utilise a kt6 dans tous les cas CS,. Sa tension de 

vapeur a kt6 determinee a 0°C et 25°C par mesure directe a 
I'aide d'un manombtre a mercure. Aucune variation notable 
du degr6 d'association n'a et6 dicelie entre ces deux tem- 
peratures. 

Spectromdtrie de masse 
Les spectres ont kt6 enregistres a l'aide d'un appareil A.E.I. 

MS 902 double focalisation avec une Bnergie d'ionisation de 
70 eV. Nous avons introduit les produits par ballon chauffe 
tout en verre (all glass heated inlet system) A des temperatures 
allant de 25°C 90°C. La temperature doit Etre d'autant plus 
tlevte que le melange est riche en B(NCS)3. La source etait 
dans tous les cas maintenue a 70°C. En plus des pics mole- 
culaires de B(SMe),, B(NCS)(SMe),, B(NCS),(SMe) et 
B(NCS)3, des fragments diis a B(SMe), (11) on note la pr6- 
sence des ions {SB(NCS)(SCH)3}+, {NB(SCH3),}+ et 
{B(NCS)(SCH3)}+ qui proviennent de la fragmentation de 
B(NCS)(SMe),. 

Spectrome'trie infrarouge 
Les spectres ont kt6 enregistres a I'aide d'un spectrombtre 

Perkin-Elmer modble 457, les cellules a liquide utilisees Btaient 
munies de fenstres en CsI. 

Rdsonance magndtique nuclkaire 
Les spectres ont kt6 enregistres a l'aide d'un appareil Varian 

X.L.lOO avec une frequence de 32.1 MHz pour les noyaux "B 
et 13C, et avec un appareil Varian A60A a la frequence de 
60 MHz pour les noyaux 'H. 

"B. A titre d'exemple, nous reportons ci-dessous les resultats 
obtenus pour un melange dont le spectre est represent6 fig. 1, 
spectre 3. Pour une composition de depart en millimoles 
de: B(SMe)3: 10, B(NCS)3: 20.49, CS2: 844.54, les surfaces 
de pics de rmn l lB sont a 1'Bquilibre: B(SMe),: 6.29, 
B(NCS)(SMe), : 4.19, B(NCS)2(SMe) : 5.59, produits d'asso- 
ciation: 83.91. Compte-tenu de la presence de monombres, on 
obtient pour les produits d'association la formule empirique 
B(NCS)2.22(SMe)0.78. En admettant que ceux-ci sont con- 
stitues des composts 1, 2 et 3, le rapport NCS/SMe precedent 
correspond a un degre d'association de 2.6 ou encore a la 
formule empirique {B(NCS)2(SMe)}, {B(NCS)3}0.6. Les me- 
sures de masse molaire effectuees sur la meme solution ont 
permis de determiner un degre d'association de 2.5, ce qui, 
comptetenu de la presence de 16% environ de moltcules non 
associees conduit pour les produits d'association a un degrk 
d'association de 2.8. Etant donnees IYinstabilit6 des solutions 
de B(NCS)3 et I'impr6cision dans les dosages par rmn "B, ces 
resultats peuvent etre consider6s comme compatibles. 
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Etude des mobilites ioniques dans les melanges eau-hexamethylphosphotriamide (HMPT) 
a 25°C. 11. Application de la theorie de Zwanzig au comportement des ions monovalents 

Laboratoire de Chimie Analytique, UniuersitC des Sciences et Techniques du Languedoc, Place E.  Bataillon, 34060, 
Montpellier Cidex,  France 
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JEAN-YVES GAL, CHRISTINE LAVILLE, FRAN~OISE PERSM, MICHEL PERSIN, JEAN-CLAUDE 
BOLLINGER et TH~OPHILE YVERNAULT. Can. J. Chem. 57,1127 (1979). 

On a mesure la conductibiliG klectrique de 19 electrolytes 1-1 MX (M = alcalin, ammonium 
quaternaire; X = halogenure perchlorate, nitrate) dans les melanges eau-hexamethylphos- 
photriamide B 25°C. A I'aide de I'hypoth6se de I'dquimobilit6 des ions dam Bu4NBPh4, on a 
d6duit les conductibilites individuelles pour 17 ions monovalents dans ces melanges. Aprks une 
critique des m6thodes traditionnellement utilisees, nous montrons que seule la theorie de 
Zwanzig permet, B partir de ces rksultats, d'aborder objectivement le probl6me des interactions 
ion-solvant. Cependant, cette theorie ne permet pas, dans 1'6tat actuel de son developpement, 
d'elucider la totalite des probl6mes puisque Zwanzig considkre le dkplacement de I'ion nu mais 
elle permet de bien distinguer, selon la mobilite d'un ion, la nature des interactions entre 
celui-ci et le solvant. 

JEAN-YVES GAL, CHRISTINE LAVILLE, FRAN~OISE PERSIN, MICHEL PERSIN, JEAN-CLAUDE 
BOLLINGER, and TH~OPHILE YVERNAULT. Can. J. Chem. 57, 1127 (1979). 

The electrical conductibilities of 19 1-1 MX electrolytes (M = alkaline, quaternary ammo- 
nium; X = perchlorate, halide, nitrate) in water-hexamethylphosphotriamide mixtures at  
25°C has been measured. The individual conductibilities of 17 monovalent ions in these mix- 
tures were calculated using the hypothesis of ion equimobility in Bu4NBPh4. Following a 
critical review of the traditionally used methods, it has been shown that, from these results, 
Zwanzig's theory alone allows the objective assessment of ion-solvent interactions. However, 
this theory at its present state of development cannot be used to elucidate all the problems 
(because Zwanzig considers the displacement of the free ion) but it does distinguish the nature 
of the interactions between an ion and the solvent, depending on the mobility of that ion. 

Introduction 
Les mtlanges eau-hexamtthylphosphotriamide 

(HMPT) sont caractCrisCs par de fortes interactions 
entre les deux solvants. La variation importante de la 
viscositt en fonction de la composition du mtlange 
nous a conduits a poursuivre dans ces milieux, 
l'Ctude des mobilitts ioniques que nous avions entre- 
prise dans le HMPT pur dans une ttude prtckdente 
(1). Nous avons alors abordt le probleme de la 
solvatation des ions dans les mtlanges eau-HMPT 
en utilisant l'ensemble de nos rtsultats. En raison de 
lYincapacitC des mtthodes routini2res a donner un 
ensemble cohtrent de conclusions sur la sphere de 
solvatation des ions, nous nous sommes proposts 
d'appliquer la thtorie de Zwanzig (2, 3) pour ttudier 
le comportement des ions a partir de leur conduc- 
tivitt Cquivalente limite. 

Partie expbrimentale 
L'origine et la purification des sels et du solvant ont kt6 

'Auteur B qui toute correspondance doit &re adresske. 

indiquees prkkdemment (1). Nous avons aussi indique notre 
f a ~ o n  d'operer et les reserves en ce qui concerne la rusticit6 de 
notre appareillage. 

Les melanges eau-HMPT sont obtenus par pesee. Les solu- 
tions mkres ont ett contrBlees par dosage (methodes klectro- 
chimiques variees ou spectrophotom6trie de flamme selon les 
cas). 

Les rksultats publies pour chaque melange sont dkduits, pour 
chaque sel, de 3 B 6 series de 15 mesures sur des solutions de 
concentration C = 4 x B 10-2 mol L-'. Nous avons 
track pour chaque sel des graphes A. = ~(XHMPT) oh AO est la 
conductibilite limite Quivalente et X H ~ p T  la fraction molaire 
en HMPT. Les valeurs retenues sont issues du lissage de ces 
courbes, nous ne pouvons donc fournir les tableaux de mesures 
des conductivites en fonction des concentrations. 

On estime pour les A. une incertitude de k0.05 R-' cm2 
mol - l. 

Propribtbs physiques des mblanges eau-HMPT 
L'Cvolution des proprittks physiques des mC- 

langes eau-HMPT avec leur composition a CtC 
rtcemment discutCe (4-10). I1 apparait clairement 
que les deux solvants ont une grande affinitt l'un 
pour l'autre, les variations d'enthalpie, d'enthalpie 
libre et d'entropie d'exces ttant toujours ntgatives 

0008-4042/79/10 1 127-09$01 .OO/O 
@I979 National Research Council of Canada/Conseil national de recherches du Canada 
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1128 CAN. J .  CHEM. VOL. 57, 1979 

(4, 7), cette dernibre permettant de supposer une 
organisation plus grande dans les mdlanges que dans 
les solvants purs. 

On peut calculer l'enthalpie de solvatation de l'eau 
dans le HMPT pur (8). La valeur trouvCe (AH = 
-52.7 kJ mol-l) semble indiquer de la part du 
HMPT un pouvoir accepteur du proton encore 
supCrieur a celui du DMSO (11). Par des mesures de 
temps de relaxation des protons Kessler et coll. (6, 10) 
confirment la stabilisation de la structure des mtlanges 
eau-HMPT, essentiellement dans les milieux riches 
en eau, le maximum Ctant situC pour une fraction 
molaire en HMPT de l'ordre de 0.1 5. La variation de 
la viscositC (6-8) nous a semblC en tous points re- 
marquable. Sur la fig. 1, on peut observer une trbs 
forte augmentation de la viscositC des mClanges par 
rapport aux solvants purs. 

Ce phCnomene est atttnuC lorsqu'on Clbve la tem- 
pCrature mais il reste ntanmoins bien plus important 
que celui observC pour les mtlanges d'eau et de 
solvants courants (fig. 1). La viscositt est maximale 
pour une fraction molaire en HMPT de l'ordre de 
0.2, ce qui semble confirmer une stabilitC maximum 
des mClanges dans ce domaine. 

En fait, le comportement gtnCral des mClanges 
eau-HMPT est compatible avec le modble proposC 
par Franks et Ives (14) pour les mClanges eau- 
Cthanol et repris depuis par de nombreux auteurs 
pour d'autres mtlanges eau-solvant (15-20). Aux 
fortes teneurs en eau, les interactions entre les 
molCcules d'eau se trouveraient renforctes par la 
prCsence du HMPT, les structures tCtraCdriques 
seraient stabilisies. La faible variation du facteur de 
Kirkwood dans les milieux riches en eau (8) indique 
que la structure de l'eau n'est pas dkfaite par les 
premiers apports en HMPT, ce qui est confirmi par 
Saumagne et coll. (21) dans l'infrarouge. Dans le cas 
du HMPT, ce maximum de structuration de l'eau 
rCsulterait d'une part de l'influence hydrophobe des 
groupements mCthyle et d'autre part de la forte 
polarit6 de cette molCcule et de son encombrement 
stCrique. Les molCcules de HMPT seraient emprison- 
nCes dans le rCseau des molkcules d'eau qu'elles 
auraient renforcC. Ce modtle explique bien l'aug- 
mentation constante du volume molaire partiel du 
HMPT (8) quand XHMpT augmente (phCnomtne que 
l'on n'observe pas avec les solvants donnant eux- 
mCmes des liaisons hydrogbnes (1 l,22,23)). Dans ce 
domaine, les propriCtCs solvatantes du HMPT 
devraient Ctre faibles et l'on pourrait s'attendre a une 
solvatation prCfCrentielle des ions par l'eau. 

Lorsque XHMpT augmente, les agrCgats d'eau sont 
progressivement remplacCs par des agrCgats mixtes 
de composition ddpendant de la teneur en HMPT. 

FIG. 1. Viscositk en centipoises de diffkrents mklanges en 
fonction de X fraction molaire en composk organique. (I) 
Eau-HMPT a 25°C; (1') eau-HMPT i 35°C; ( I " )  eau- 
HMPT a 45°C; (2) eau-terbutanol a 25°C (15); (3) eau-NMA 
a 30°C (12); (4) eau-DMSO 25°C (13); (5) eaudthanol 
25°C (16); (6) eau-dioxane a 25°C (15, 16). 

Si on retient pour rayon de sphbre rigide la mo16 
cule d'eau 1.37 A (24) et 3.36 A pour celui de la 
molCcule de HMPT (25), il est clair que + H M P T  la 
fraction volumique de HMPT augmente beaucoup 
pour de faibles augmentations de XHMPT et le milieu 
doit rapidement se comporter peu diffkremment du 
HMPT lui-mCme. On peut mettre alors en Cvidence 
dans l'infrarouge des complexes H,O(HMPT), et 
H,O(HMPT) (21) et Cgalement {H'(HMPT), }OH- 
qui a Ctt confirm6 par conductomCtrie et rmn de lH  
et 31P (9). L'ttude des variations de la constante 
diClectrique (4, 5, 10, 26) en fonction des XHy pT n'a 
pas rCvClC une quelconque singularit6 des melanges 
eau-HMPT. Par contre, le calcul a partir de ces 
rtsultats de la constante diklectrique d'excbs (7, 8) 
met bien en Cvidence une augmentation de l'orienta- 
tion des dipoles de l'eau dans le dornaine riche en eau 
(fig. 2). 

I1 nous a semblC intkressant d'effectuer des 
mesures de mobilitCs ioniques dans les mClanges eau- 
HMPT essentiellement en raison des fortes varia- 
tions de la viscositC en fonction de la teneur en 
HMPT. Nous verrons lors de l'interprttation de nos 
rCsultats selon la thCorie de Zwanzig combien le 
comportement diklectrique d'un mClange de solvants 
est important et combien il est nCcessaire d'en tenir 
compte lorsque l'on veut relier les valeurs des 
mobilitCs des ions a leur Ctat de solvatation. 

Etude des mobilitbs ioniques dans les melanges 
eau-HMPT a 25 C 

Nous avons indiqut dans notre prickdent mCmoire 
(1) comment nous dtterminons la conductivitC 
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GAL ET AL. 1129 

TABLEAU 1. Valeurs des constantes physiques et des constantes a, P, El,  E2 (27) pour les differents melanges Btudies ?i 25°C 

0.05 0.1 0.2 0.3 0.4 0.6 1 

"Nous-mema. 
bD1apr& Clechet et al. (4). 

FIG. 2. Variation de la constante dielectrique d'exds DE 
?i 25°C: (I) en fonction de XHMpT; (2) en fonction de 4 " ~ ~ ~ .  
tquivalente limite des sels en utilisant l'tquation de 
Fuoss-Onsager (27). Nous rCsumons dans le tableau 
1 les constantes correspondant aux mClanges ttudits 
et dans le tableau 2 les valeurs de conductivitts tqui- 
valentes limites obtenues pour l'ensemble des sels 
CtudiCs. 

La fig. 3 montre bien que l'addition de HMPT 2 
l'eau diminue considtrablement la conductivitk des 
sels, ce qui est compatible avec la forte augmentation 
de la viscositt. Lorsque celle-ci diminue, la conduc- 
tivitt n'augmente pas dans les m&mes proportions, 
ce qui montre bien dtj i  que la viscositt n'est pas le 
seul facteur important. 

Pour atteindre les valeurs des conductivitts 
tquivalentes limites ioniques, nous avions dans notre 
premier mtmoire (I), considCrC que dans le HMPT 
pur : 

En fait, le tttrabutylborate de tttrabutylammo- 
nium est trop peu soluble dans les milieux riches en 
eau pour pouvoir servir de rtftrence. Nous avons 
dO avoir recours a une autre hypoth6se de travail en 
utilisant le tttraphtnylborate de tktrabutylammo- 
nium, soit : 

+A0(Bu4NBPh4) = h0(Bu4N+) = ho(Ph4B-) 

oh X est I, Br et C10,. 
Cette mtthode conduit A augmenter encore l'incer- 

titude absolue sur ho(Bu4Nf). Nous avons dans le 
tableau 3 compart les rtsultats tirts de ces deux 
hypoth6ses de travail. I1 apparait dans les milieux 
riches en HMPT oh la premi6re mtthode est appli- 
cable, que les rtsultats obtenus B l'aide de la seconde 
peuvent &tre considtrts comme satisfaisants dans le 
cadre de notre ttude. Nous rapportons dans le 
tableau 4, l'ensemble des valeurs de conductivitts 
ioniques tquivalentes limites trouvtes pour les dif- 
ftrents mtlanges eau-HMPT ttudits. I1 semblerait 
que la mobilitt des anions dtpende plus de la vis- 
cositt du milieu. Par ailleurs, pour l'ensemble des 
ions, au-delh d'une fraction molaire en HMPT de 
l'ordre de 0.3, on peut remarquer que la mobilitt 
varie peu et qu'elle est tr6s nettement inftrieure aux 
valeurs correspondant 2 l'eau pure. Les mClanges 
eau-HMPT ne permettent donc pas d'obtenir des 
milieux tr6s conducteurs du courant tlectrique. 

InterprBtation des rdsultats, Btude de la solvatation 
des ions 

L'utilisation de valeurs de mobilitCs ioniques pour 
aborder l'ttude des interactions ion-solvant conduit 
B classer les mtthodes de travail en deux catkgories. 

1. MCthodes conuentionnelles 
Elles reposent sur l'hypothbe que l'ion est 

sphtrique et qu'il est entourt d'une sph6re de solva- 
tation qu'il entraine dans son dtplacement. La com- 
position de la sph6re de solvatation dtpend de la 
nature de l'ion et des proportions des deux cosol- 
vants. Dans une premi6re ttape, le mtlange de sol- 
vant est assimilC B un milieu continu. Selon la com- 
position de la sph6re de .solvatation les A, seront 
difftrents et de ce fait les mesures de conductivitCs 
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1130 CAN. J .  CHEM. VOL. 57, 1979 

TABLEAU 2. Conductivitk 6quivalente limite des sels B 25°C (Ao en R-' cm2 mol-') 

XHMPT = 

Sels 

Me4NC104 
Et4NC104 
Pr4NC104 
Bu4NC104 
LiCIO, 
NaCIO, 
KC104 
RbC104 
csc1o4 
NaCl 
NaBr 
NaI 
NaN03 
NaF 
NaBPh4 
Bu4NBr 
Bu4NI 
Bu4NBBu4 

0.05 0.1 0.2 0.3 0.4 0.6 

27.0 14.0 10.6 11.1 12.5 15.5 
23.3 12.4 9.9 10.3 12.3 16.2 
21.2 10.6 8.8 9.5 11.1 15.0 
19.8 9.6 7.8 9.9 10.6 14.2 
25.3 11.4 8.5 9 .1  10.1 13.0 
31.0 16.1 10.9 10.8 11.5 14.2 
36.0 18.3 12.2 11.8 12.8 15.0 
37.9 18.8 12.6 11.9 12.8 15.1 
36.3 18.5 12.1 11.9 12.9 15.4 
42.0 22.9 13.6 12.0 12.7 16.0 
42.0 22.4 13.4 12.4 13.1 15.7 
36.3 19.6 11.9 12.0 12.6 15.0 
40.8 22.1 13.5 12.7 14.0 17.4 
46.5 18.8 8.4 Trop peu soluble 
21.7 12.5 8.1 7.4 7.2 8.0 
30.8 15.9 10.3 10.6 12.2 15.7 
25.2 13.0 9 .2  10.1 11.7 15.1 

7 .7  4.6 5.3 6.3 8.4 
42.9 22.0 13.1 12.2 14.2 17.8 

peuvent &re solvatts par les solvants polaires apro- 
tiques. 

On peut citer les ttudes qui consistent: a tracer les 
variations de A, en fonction de la viscositt, en 
ntgligeant les phtnomtnes ditlectriques (12, 20, 34- 
36); ttudier les variations du produit de Walden 
Aoqo en fonction de la fraction molaire (14, 15, 18, 
37-39); a calculer le volume de solvatation des ions 
selon la mtthode de Robinson et Stokes que nous 
avons exposte dans notre prtctdent mtmoire (1, 14, 
15, 18, 37-39). 

Nous avons utilist ces difftrentes mtthodes dans 
les mtlanges eau-HMPT (40). Nos rtsultats sont bien 
cohkrents avec ce qui a t t t  publit dans d'autres 
mtlanges, mais nous ne pensons pas qu'ils permet- 

0.2 04 0.6 0.8 'HMPT 
tent de faire avancer le probltme, c'est pourquoi nous 

FIG. 3. Variation de A. ( W 1  cm2 mol-I) de perchlorates 
en fonction de XHMpT: - LiCIO,; -.-.-. KClO4, RbCIO4, 
CsC104; NaCIO,. 

ioniques constituent une approche de l'ttude de la 
solvatation des ions par les mtlanges de solvants. 

Ces mtthodes ont t t t  largement utilistes et toutes 
conduisent des contradictions que les auteurs ont 
levtes en ajoutant des hypothtses suppltmentaires. 
Le milieu ambiant ne serait plus un continuum, mais 
sa structure au voisinage d'un ion dtpendrait de la 
nature de cet ion. En dtfinitive, ces mtthodes per- 
mettent bien de retrouver ce que l'on cherche a 
obtenir a priori: les cations sont plus solvatts par les 
solvants polaires, les anions sont plus solvatts par 
les solvants protiques, les gros anions polarisables 

TABLEAU 3. Cornparaison des valeurs de 
ho(Bu4N+) dkduites de Ao(Bu4NBBu4) 
(hypothkse I) et de Ao(Bu4NBPh4) (hypo- 

thkse 11) ( a - '  cm2 equiv.-l) 

Hypothkse I Hypothkse 11 

19.3 
5.3 
3.0 
2.5 
2.78 
3.2 
4.0 
6.15 
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GAL ET AL. 

TABLEAU 4. ConductivitB Bquivalente limite des ions a 25°C (h, en Q-I  cm2 equiv.-l) 

XHMPT = 

Ions 0 0.05 0.1 0.2 0.3 0.4 0.6 1 Rc (A) 

Li + 38.7 10.8 5.2 3.2 3.0 2.7 3.0 5.3 0.74b 
Na + 50.0 16.5 9.5 5.6 4.6 4.1 4.0 5.7 l.Olb 

I K+ 73.5 21.5 11.7 6.9 5.6 5.4 4.8 5.7 1.32b 
Rb+ 77.8 23.4 13.1 7.3 5.7 5.2 4.9 6.3 1.48' 
Cs+ 77.3 21.8 11.9 6.8 5.7 5.5 5.2 6.5 1.69" 
Ag+ 61.9 18.6 9.3 5.1 4.4 4.2 4.4 5.3 1.13d 
Me4N+ 44.4 12.5 7.4 5.3 4.9 5.1 5.3 7.8 2.77" 
Et4N+ 32.2 8.8 5.8 4.6 4.1 4.6 6.0 9.5 3.42' 
Pr4N + 23.2 6.7 4.0 4.5 3.3 3.7 4.8 6.9 3.97" 
B u ~ N +  19.3 5.3 3.0 2.5 2.8 3.2 4.0 6.1 4.37" 
clod- 67.2 14.5 6.6 5.3 6.1 7.4 10.2 15.6 2.45f 
NO3- 71.4 24.3 12.6 7.9 8.0 9.9 13.3 20.1 1.88' 
C1- 76.3 25.5 13.4 8.0 7.4 8.6 12.0 19.7' 1.82b 
Br- 78.0 25.5 12.9 7.8 7.8 9.0 11.7 18.1 1.9ab 
I- 76.8 19.8 10.0 6.7 7.3 8.5 11 .O 16.8 2.24b 
F - 55.4 30.0 9.3 2.8 Trop peu soluble 1.36' 

aValeurs de Prue et coll. (28). 
bValeurs de Wadd~ngton (29). 
CValeurs de Nightingale (30). 
Waleurs de Goldschmidt (31). 
LValeurs de Desnoyers et coll. (32). 
JValeurs de Halliwell et Nyburg (33). 

I prtftrons exposer l'interprttation de nos mesures de ZeF 
I mobilitts ioniques en se reftrant a la thCorie de 'orlo = AR, + (B/R?) 
: Zwanzig (2, 3). 

oh A = A,n reprtsente les forces de freinage 1 2. Mkthode b a d e  sur I'exploitation de la thkorie de hydrodynamique dues au milieu. Et - 
Zwanzig 

Nous avons rtcemment rappelt cette thCorie dans 
le cadre de son application dans le HMPT pur (25). 

La loi de Stokes (41) ne traduisant pas parfaite- 
ment le comportement hydrodynamique des ions 
(36), une correction a cette loi a t t t  proposCe par 
Fuoss (42) et tvalute quantitativement par Boyd (43) 
et Zwanzig (2). 11s ont calcult une force ditlectrique 
de friction en supposant que le dCplacement relatif 
entre l'ion et un Cltment de volume de solvant ttait 
constant. Cette force de friction provient de l'tnergie 
produite par l'ion orientant les dipoles de solvant 
qu'il rencontre lors de son dtplacement. Ce calcul 
tient compte du retard dQ a la relaxation des dipoles 
autour de l'ion en mouvement. 

Quelques annCes plus tard, la vitesse relative d'un 
ion et d'un solvant dtpendant de la distance entre 
l'ion et un tltment de volume du solvant, Zwanzig 
(3) a revu sa thtorie. I1 vient 2 distinguer le cas oh 
les moltcules de solvant n'adh6rent pratiquement 
pas a la surface de l'ion (slipping = glissement par- 
fait) et le cas oh les dipoles de solvant proches de 
l'ion sont retenus plus ou moins longtemps prks 
de l'ion (sticking = adhesion). 

L'tquation rtsultante du produit de Walden 
devient alors : 

les forces de friction dielectrique. Z ttant la charge 
de l'ion, F le Faraday, R, le rayon cristallin de l'ion, 
E, la constante ditlectrique du solvant, E, la con- 
stante ditlectrique a frtquence infinie, q0 la viscositt 
du solvant, T le temps de relaxation ditlectrique, 
A, et AD des constantes respectivement tgales a 6 et 
318 dans le cas du "sticking" et 4 et 314 dans le cas 
du "slipping". 

I1 est important de bien remarquer qu'h ce jour la 
thtorie de Zwanzig suppose que l'ion, positif ou 
ntgatif, se dtplace dans un milieu continu et que le 
rayon pris en compte par Zwanzig est le rayon 
cristallin. Cela veut dire que, sans nier les phtno- 
mbnes de solvatation, l'auteur suppose que les ions 
ne se dtplacent pas en entrainant avec eux leur 
"sphbre" de solvatation mais qu'ils la reconstituent 
de proche en proche. 

Dans le cas du glissement parfait, l'tchange ion- 
solvant est infiniment rapide, l'adhtsion correspond 
au cas oh la vitesse de dtplacement de l'ion dtpend 
de la cinttique de cet tchange. 

L'analyse sommaire de l'tquation de Zwanzig 
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1132 CAN. J .  CHEM. \ 

montre que pour les gros ions, le terme en R, sera 
prtpondtrant et que ce sera le terme 1/R: pour les 
petits ions. Cela conduit a prtvoir un maximum pour 
les courbes hoqO = f(l/R,). Ce maximum a bien CtC 
observt sur les courbes exptrimentales (44-47). 
Lorsque le terme en R, est prCpondtrant on retrouve 
l'expression de la loi de Stokes. Le dtplacement des 
ions est alors limit6 principalement par les forces de 
friction hydrodynamique. 

Dans le cas des petits ions, ces dernibres devien- 
nent progressivement nkgligeables devant les forces 
dues aux interactions ditlectriques. 

L'application de la thCorie de Zwanzig pour les 
cations a CtC effectuCe dans l'eau, le methanol, 
l'tthanol et lYacCtonitrile par Kay et Evans (48) en 
1966. Plus rtcemment Fernandez-Prini et Atkinson 
(47) en 1971 se sont inttressks a cette thCorie dans 
l'eau et d'autres solvants polaires et dipolaires 
aprotiques. 

Ces auteurs ont constat6 que le maximum des 
mobilitCs calculi d'aprbs la thtorie correspondait au 
maximum exptrimental pour les solvants dipolaires 
aprotiques 2 condition de considtrer le cas du 
"glissement parfait". Pour les solvants polaires la 
thtorie prCvoit la position du maximum sauf dans 
le formamide. 

11s concluent Cgalement que dans les solvants 
aprotiques dipolaires, les mobilitCs des ions ammo- 
niums quaternaires sont en accord avec la thtorie de 
Zwanzig et celle de la loi de Stokes. 11s admettent - 
done que le diplacement de ces ions est essentielle- 
ment contra16 par des forces de friction hydrody- 
namiaue. 

Pour les cations alcalins ces auteurs ont constat6 
que les courbes experimentales se situaient toujours 
au-dessus des courbes thkoriques quels que soient 
les solvants. La thCorie prtvoit donc un freinage 
plus important que les rCsu1tats exptrimentaux ne le 
font apparaitre. L'tcart d'autre part est plus im- 
portant pour les courbes obtenues dans les-solvants 
protiques et particulibrement dans l'eau. Ces auteurs 
montrent tgalement que l'excbs de mobilitt observC 
est d'autant plus grand que l'ion est plus petit, la 
thtorie de Zwanzig donnerait alors trop d'impor- 
tance au terme relatif B la force de friction ditlec- 
triaue. 

Nous avons reprCsentt sur les figs 4 et 5 les courbes 
hoqO = f(l/R,) relatives aux difftrents cations et 
anions que nous avons Ctudits dans les mtlanges 
eau-HMPT. Nous constatons qu'elles prksentent 
toutes un maximum comme le prCvoit la thCorie de 
Zwanzig, que les courbes obtenues pour les mtlanges 
de fraction molaire XHMpT < 0.15 sont situtes au- 
dessus de celles de l'eau, que pour les melanges de 
fraction molaire XHMpT > 0.15 plus le mtlange est 

FIG. 4. Variation du produit hoqo ( a - l  cm2 equiv.-l cP) des 
cations en fonction de l /R, .  

FIG. 5. Variation des produits hoqo (a-I  cm2 equiv.-' cP) 
des anions en fonction de l /R, .  
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GAL ET AL. 1133 

riche en HMPT, plus la courbe hoqo = f(l/Rc) 
s'aplatit. 

On peut d'apr6s ces constatations considkrer que 
l'ion est moins freinC dans les mClanges riches en eau 
que dans l'eau ou les autres mClanges eau-HMPT. 
On peut concevoir que cet excts des mobilitCs des 
ions dans ces mClanges par rapport A l'eau serait 
di3 A une diminution des interactions didectriques 
ion-solvant par suite des propriCtCs physiques par- 
ticuli6res des melanges dans ce domaine. On a vu en 
effet que ces milieux Ctaient plus structurCs que 
l'eau par suite d'interactions dipole-dipole impor- 
tantes entre la molCcule d'eau et la molCcule de 
HMPT (8-10). L'on peut donc peut-Ctre envisager 
que les forces de friction diklectrique qui s'exercent 
entre les molCcules de solvant et l'ion seraient plus 
faibles que si les molCcules de solvant n'interagis- 
saient pas. Dans les milieux riches en HMPT, le ' ralentissement plus important des ions peut provenir 
d'une augmentation des forces de freinage aussi bien 
hydrodynamique que diklectrique Ctant donnC la 

I polarit6 du HMPT et l'encombrement stCrique de sa 
1 molCcule. 

L'analyse des courbes hoqo = f(l/Rc) montre que 
les ions Cs', Rb', K' situCs aux environs du maxi- 
mum, c'est-A-dire A la limite des zones de prCdomi- 
nance, subissent l'influence plus ou moins importante 
des forces de friction hydrodynamique ou diClec- 
trique selon le mClange. ' Dans les mClanges de fraction molaire X,,,, = 
0.05,O.l et 0.2, le plus gros cation alcalin Cs', de par 
sa position, semble obiir plut6t A la loi de Stokes. 11 
subirait davantage l'influence de la viscositC que dans 
les autres milieux. Dans les milieux riches en HMPT, 
les gros ions alcalins sont situCs bien A droite du 
maximum. Si l'on consid6re que le HMPT est un 
composC tr&s polaire, dans les milieux oh il sera en 
exc6s par rapport A l'eau on peut envisager que les 
forces de friction diklectrique entre l'ion et le solvant 
deviennent de plus en plus importantes au fur et A 
mesure que la teneur en HMPT du milieu augmente. 
On constate que mCme l'ion Me4N' dans ces milieux 
tr&s riches en HMPT est A droite du maximum. Cet 
ion semble donc subir principalement des interac- 
tions diilectriques dans ces milieux. 

Dans cette zone intermCdiaire oh la viscositL et la 
constante diklectrique influent plus ou moins selon la 
composition du solvant et selon l'ion se trouvent 
Cgalement situCs les anions. 

I1 convient d'ajouter que les anions ne se placent 
pas sur la mCme courbe que les cations, ce qui est 
contraire A la thiorie. Ce rCsultat n'est pas propre 
aux mClanges eau-HMPT, Kay et coll. rapportent 
que cela a CtC observC dans tous les solvants (44). 
Wolynes (49) a rCcemment note que seule une thCorie 

molCculaire pourrait tenir compte de l'influence de 
la charge de l'ion. Dans les mClanges eau-HMPT 
Ctant donnCe l'allure des courbes, il semble que dans 
les mClanges riches en eau (X,,,, < 0.2) la viscositC 
joue un r81e plus important que la constante diilec- 
trique sur le diplacement des anions C10,-, I-,  Br-. 
Par contre, dans les mklanges A plus forte teneur en 
HMPT, les forces de friction diklectrique augmen- 
tant, les plus petits anions, C1- et Br- subiraient plus 
leur influence. 

En dCfinitive, la thCorie de Zwanzig ne peut donner 
dans son expression actuelle des informations sur la 
sphke de solvatation des ions. 

Par contre, la distinction entre les forces de 
freinage hydrodynamique et les forces de freinage de 
nature diClectrique permet de bien mettre en Cvi- 
dence les diffbrences d'interactions entre les ions et 
les mClanges selon la nature de ces ions et leur rayon 
cristallographique et selon les proportions relatives 
des deux cosolvants. Les contradictions apparentes 
relevees lors de l'exploitation conventionnelle des 
rCsultats peuvent Ctre expliqukes si l'on se rCf6re A la 
thCorie de Zwanzig. 

3. Retour sur les rne'thodes conventionnelles 
Nous avons reporti sur la fig. 6 les courbes h, = 

f(qo) des diffkrents ions CtudiCs. Ces courbes prCsen- 
tent deux parties, la partie supCrieure correspondant 

3 6 9 6 9 ' l o  

FIG. 6. Courbes h = f (q) de diffkrents ions. 
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plus faible pour les plus gros cations dans les mt- une croissance de leur mobilitt, celle-ci dkpendant en langes riches en eau, c'est bien ce que nous avons vu. effet beaucoup de ces forces. Vers les milieux plus Pour les anions, plus l'anion est gros et plus l'angle riches en HMPT, l'addition de ce compost induirait est petit et c'est la courbe relative aux milieux riches 
en HMPT qui varie le plus. un effet inverse par suite de la polaritt tlevke du 

Les gros anions ClO,- et I-, plus proches de la HMPT. 
Pour les anions C10,-, I- et le cation BU,N+, zone oh la viscositt a un effet prtdominant sur le l'absence de maximum marqut des courbes hoqo = deplacement des ions, sembleraient influencts davan- f(XHMpT) est en accord avec le fait que le dtplace- tage par ce facteur que les petits anions Br-, Cl-. Par 

merit de ces ions dtpendrait davantage des forces contre, ces derniers ions subiraient en plus un effet hydrodynamiques et dans ce cas la thtorie de Zwan- suppltmentaire dO aux forces de friction ditlectrique. zig prtvoit aussi une invariance du produit de Ces forces de freinage suppltmentaires pourraient 
expliquer que la mobilitt des plus petits anions dans Walden. 

les mtlanaes riches en HMPT soit inftrieure a celle Conclusion 

aux milieux riches en eau. Pour les gros cations 
ammoniums quaternaires, l'angle des deux parties 

A 

qu'ils posikdent dans les milieux plus riches en eau. 
Ainsi la thtorie de Zwanzig permet semble-t-il 

d'apporter une explication simple aux probltmes que 
nous posaient l'interprttation des courbes h, = 
f(rl0). 

I1 peut &tre tgalement inttressant d'ttudier l'kvo- 
lution du produit de Walden en fonction de la frac- 
tion molaire en HMPT en tenant compte de l'ana- 
lyse des rtsultats selon la thtorie de Zwanzig. 

Pour les cations alcalins et les petits anions au 
voisinage de XHMpT = 0.2, les courbes hoqo = 
f(XHMpT) prtsentent un maximum comme c'est le cas 
dans tous les autres mtlanges eau-solvant (fig. 7). 

I1 semble qu'il ne soit pas indispensable d'invoquer 
une dtsolvatation sptciale des ions dans le domaine 
du voisinage du maximum du produit de Walden ni 
une destructuration du milieu. En effet, dans la zone 
riche en eau, nous avons envisagt une diminution des 
interactions diklectriques entre l'ion et le solvant. 
Cette baisse des forces de friction ditlectrique vis-a- 
vis des petits ions pourrait par constquence entrainer 

des courbes est nu1 ce qui conduit a conclure que la 
viscositt est le facteur prtdominant. C'est bien ce 

I1 ressort de notre travail que les mesures de 
mobilitts ioniques effectukes dans les mtlanges eau- 
HMPT ne permettent pas d'tlucider les probltmes 
de la solvatation des ions mais que l'application de 
la thkorie de Zwanzig permet de rendre compte de la 
rtpartition des influences de la viscositk et de la 
constante diklectrique d'un solvant sur ces mobilitts. 

De nombreux auteurs et rkcemment Kay et coll. 
(44) considtrent que les mtthodes conductomttriques 
ne peuvent apporter des informations sur la solvata- 
tion que par la dktermination des constantes de dis- 
sociation des sels. I1 n'est pas toujours possible 
d'atteindre ces constantes par des mesures de con- 
ductivitt, d'autres mtthodes klectrochimiques peu- 
vent Ctre utilistes (40), nous en rendrons compte 
dans un prochain mtmoire. Mais il convient bien de 
relever que les mesures de mobilitts ioniques sont 
des donnCes cinttiques alors que les constantes 
thermodynamiques sont dttermintes A l'kquilibre. 
Une corrtlation des rksultats ne peut ktre envisagte 
de f a ~ o n  systkmatique. 

.r\ 

que l'on retrouve avec la thtorie de Zwanzig, mais 
8 0 i'$.;\. 

ici sans faire l'hypothkse que les ions ammoniums 
quaternaires ne sont pas solvatb. Cela est beaucoup 6 0 
plus conforme aux travaux rkcents oh l'on envisage 
une solvatation de ces ions pour expliquer certaines 
de leurs proprittts aux interfaces (50, 51). Pour les 4-,..m 
cations alcalins on constate une croissance de l'angle 
avec la taille du cation que l'on ne saurait expliquer 
par une augmentation de la solvatation des gros ions 
par le HMPT. 

20 

En fait, cette croissance est due a une Cltvation de 

I :\ 
"..,, ',, 
,' /.-:$.'. \-. .. '\.., Br- . \ ......,,, -.- .-.-.-. - ._.-.- 

j \ , ".. . ......... __._ ........ . ........ ...''.' 
1 ,.*..\. \ 
' ,.rnN +'1 \\ I- 

a .'%.\, \:;:, + ,.- 
M %N ':.:?*..= -._. ........ - - - - _ _ _ _  .. ....... 

' ~ u ~ N +  

la branche de courbe relative aux milieux riches en 
> 

eau. I1 semblerait que si l'importance des forces Q2 0.4 0.6 0.8 'HMPT 
ditlectriques est sensiblement la m&me pour tous CeS FIG. 7. Variation de hOq, (a -1  cm2 equiv.-l CP) de quelques 
cations dans les milieux riches en HMPT, elle serait ions en fonction de XHMPT 
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Studies on the adsorption and the association of cytidine sulphate at the dropping mercury 
electrode with phase-sensitive ac-polarography 
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YASSEIN M. TEMERK. Can. J. Chem. 57, 1136 (1979). 
The adsorption and association of cytidine sulphate have been studied by using phase- 

sensitive ac-polarography in acidic buffer solution (pH 3.24) at the dropping mercury electrode. 
At low bulk concentrations, adsorbed molecules of cytidine sulphate at maximal adsorption 
potential (-0.7 V) are orientated in 'dilute' adsorption layer planar to the electrode surface 
where the interaction of n-electrons with interface favours adsorption. At bulk concentrations 
above a threshold value (6.6 x M), the stacking interactions between vertically oriented 
molecules lead to association and formation of a compact layer; and a pit is observed. The 
concentration dependence of the accapacity current at a maximal adsorption potential 
(-0.7 V) shows a two-step Frumkin isotherm due to association of the adsorbed molecules. 
The adsorption parameters are computed and discussed. 

YASSEIN M. TEMERK. Can. J. Chem. 57, 1136 (1979). 
On a Btudie I'adsorbtion et I'association du sulfate de cytidine en faisant appel a la polaro- 

graphie-ca sensible aux phases, en solution acide tampornee a un pH de 3.24 au niveau de 
1'Blectrode a goutte de mercure. A des concentrations globales faibles, les molkules de sulfate 
de cytidine adsorbkes, au potentiel d'adsorbtion maximal (-0.7 V), sont orientees dans des 
couches d'adsorbtion "dildes" qui sont dans le plan de la surface de I'electrode oh I'interaction 
des Bectrons n avec I'interface favorise I'adsorbtion. A des concentrations globales supbieures 
a une valeur de seuil (6.6 x M), les interactions d'entassement entre les molkules 
orientks verticalement conduisent a une association et a la formation d'une couche compacte; 
on observe un creux. L'influence de la concentration sur le courant de capacitk ca a un potentiel 
d'adsorbtion rnaxirnal (-0.7 V) suggkre I'existence d'une isotherme de Frumkin en dew  
Btapes qui est due aux molkules adsorbkes. On a Bvalue les parametres d'adsorbtion et on 
les discute. 

[Traduit par le journal] 

Introduction 
The nucleic acids are substances of paramount 

biological and physiological significance. In the 
living cell, nucleic acids come into contact with 
various types of boundaries such as the surface 
of ribosomes and nuclear membranes. Interactions of 
nucleic acid with charge biological interfaces involve 
several specific processes with adsorption being the 
initial stage (1). Since both the charged interfaces 
found in biological systems, such as cell surfaces, 
and nucleic acid are very complex macromolecular 
assemblies (2, 3), it seems prudent to study the ad- 
sorption and interfacial orientations of the bases 
occurring in nucleic acids and derivatives of analog- 
ous structure. The surface of a cell has been com- 
pared to a liquid-solid interface like an electrode (4). 

The adsorption properties of some bases, nucleo- 
sides and mononucleotides, present in the nucleic 
acid have been studied at the mercury electrode 
(5-17). Previous investigations have been made by 
Vetterl and co-workers (5-9) on pyrimidine and 
purine bases and nucleotides and by Elving and 
co-workers (10-13) on adenine and cytosine mono- 

and oligonucleotides using measurement of the 
changes of the double layer capacity with the impe- 
dance bridge or by means of total ac-polarography. 
Recently Niirnberg and co-workers (14-16) and 
Kinoshita et al. (17) have determined the adsorption 
parameters of cytosine, adenine, and deoxyadenine 
mononucleotides by out-of-phase ac-polarography 
and single sweep voltametry. 

In the present paper the adsorption stages and the 
association of cytidine sulphate at charged inter- 
faces have been investigated by using phase-sensitive 
ac-polarography. This investigation is focussed on 
the interfacial behaviour of adsorbed molecules of 
cytidine sulphate when the surface is covered by a 
rather 'dilute' coverage in contrast to the properties 
of the film stage resulting at higher bulk concentra- 
tions. No work on this salt of cytidine from the 
present standpoint has been published. 

Experimental 
(a) ChemicaIs and Solutions 

Cytidine sulphate was a commercial sample from Serva, 
Heidelberg, FRG. A McIlvaine buffer brought to constant 
ionic strength of 0.5 M by addition of KC1 was used as a sup- 

0008-4042/79/10 1 13605$0 1 .OO/O 
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~ 
I -0.4 -0.6 -0.8 -1.0 -1.2 -1.4 -1.6 

E.V. VS SCE 
FIG. 1. AC-capacity current curves for cytidine sulphate at DME. 0.5 M McIlvaine buffer, pH 3.24, drop time 5 s, scan 

rate 2 m V s-', frequency 330 Hz, amplitude 5 m Vpp phase angle 90°, 5OC, curve (I),  0.0; (2), 4 x lo-'; (3), 8 x 
; (4), 1.7 x (5), 3.3 x (6), 8.1 x (7), 1.4 x (8), 3.2 x (9), 6.0 x ( lo) ,  6.6 x 
I (II),  7.0 x (12), 7.7 x (13), 8.5 x (14), 9.0 x (15), 1.3 x (I@, 2.2 x lo-' M cytidine 
' sulphate. 
i 
I 

, porting electrolyte. The pH was measured with an Orion 
digital pH meter, Model 701. All chemicals were reagent 
grade, KC1 was Merck "Suprapur". Triply distilled water was 
used for preparing all solutions. The cytidine sulphate content 
of the polarographed sample was determined with a Unicam 
SP 800 Spectrophotometer at 279 nm. 
(b)  Apparatus and Method 

The ac-polarographic measurements were carried out with 
a PAR Analyzer, Model 170, in a thermostat4 Metrohm cell 
with a three electrode system. Phase-sensitive ac-polarograms 
corresponding to the out-of-phase component of the total ac 
response were recorded at 90°, amplitude 5 mV (peak-to-peak), 
scan rate of dc ramp 2 mV s-', and a fixed medium frequency 
of 330 Hz. 

The electrocapillary maximum potential was measured 
with a streaming type capillary electrometer similar to that 
used originally by Grahame (18). 

The dropping mercury electrode used had the following 
characteristics: mercury flow rate rn = 0.229 mg s-', natural 
drop time t = 22.2 s at open circuit in 1 M KC1 and at a height 
of the mercury reservoir h = 82.5 cm. The drop time was 
controlled by mechanical detachment of the drop. The refer- 
ence electrode was an Ingold saturated calomel electrode, and 
a platinum coil served as auxiliary electrode. All measurements 
were performed at 5OC. 

Results and Discussion 
, Phase-sensitive ac-polarograms of cytidine sul- 
I phate in acidic buffer solution (pH 3.24) at the drop- 

ping mercury electrode are shown in Fig. 1. The 
recorded out-of-phase ac-component (90" phase 
angle) reflects, due to its strict proportionality to the 
differential double layer capacity (19), in potential 
ranges where no faradaic response occurs. 

For relatively low bulk concentrations of cytidine 
sulphate (4 x M - 4 x M), the ac- 
polarograms indicate a progressive decrease of the 
capacitive ac signal around electrocapillary zero 
charge E,,, (-0.54 V (sce) for the supporting elec- 
trolyte), corresponding to progressive coverage of 
the electrode surface by the 'dilute' adsorption layer. 
However, at cytidine sulphate concentrations at or 
above the threshold value (6.6 x M), a sudden 
sharp decrease in an ac-capacity current is observed 
at a maximal adsorption potential .-0.7 V giving a 
very sharply defined pit. With increasing bulk con- 
centration the pit grows in depth up to a saturation 
value and also in extension with respect to more 
positive and more negative potentials. The conclu- 
sions of Vetterl and co-workers (5-9) and Niirnberg 
and co-workers (14-16) suggest that the pit reflects 
the association of the oriented molecules on the elec- 
trode surface by intermolecular attraction forces and 
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formation of a compact layer. The broad peak fol- 
lowing at more negative potentials (- 1.1 V) is 
caused by a re-orientation of the adsorbed cytidine 
sulphate. This ac-peak which is also observed with 
cytidine (16), adenine mono-nucleotides (14, 15), 
denatured (20) and native DNA and related biosyn- 
thetic polynucleotides (21), is due to a structural 
rearrangement of the adsorbed species. It was estab- 
lished that in DNA this peak is specifically con- 
nected with a rearrangement of cytosine and adenine 
moieties of the adsorbed biopolymer. Closer inspec- 
tion of this peak shows that the height of the peak 
measured (Aiac) varies linearly with frequency (up 
to 420 Hz) of the superimposed alternating voltage 
and presents a constant phase angle of 90". These 
characteristics correspond to a peak of a nonfaradaic 
nature and the phenomenon is purely capacitive. 
After the re-orientation peak at more negative poten- 
tial (around - 1.35 V), an extended minimum capa- 
citance is observed indicating a lateral adsorption 
of cytidine sulphate on the cathodic area. The rise of 
the response at more negative potentials (- 1.4 V) 

1 is caused by a faradaic response due to cytidine sul- 
phate reduction in an adsorbed state. 

Further quantitative studies on the adsorption 
I and the association of cytidine sulphate could be 

elucidated by plotting Aiac, the decrease of the capaci- 1 tive ac-current with respect to the iac value of the 
blank supporting electrolyte for a given bulk con- 
centration, as a function of bulk concentration of 1 cytidine sulphate (C). The plot of Aiac is .  C at the 

1 maximal adsorption potential - 0.7 V indicates a 
two-step isotherm (curve a, Fig. 2), corresponding 

I 

to two adsorption stages of cytidine sulphate on the 
electrode surface. The first stage, which gives rise to 
the inflexion point at bulk concentration 2.0 x lo-" 
M, reflects the 'dilute' adsorption layer for relative 
low bulk concentrations of cytidine sulphate. Above 
the threshold concentration value 6.6 x lop3  M, 
one obtains the second stage, which is due to strong 
lateral interactions and high interaction coefficients 
between the adsorbed molecules giving rise to a com- 
pact layer of the adsorbed cytidine sulphate on the 
electrode surface. It is concluded that at maximal 
adsorption potential (-0.7V) cytidine sulphate 
is oriented in a dilute adsorption layer planar to the 
electrode surface where the interaction of n-electron 
with the interface favours the adsorption. With the 
increase of the bulk concentration above the thres- 
hold value, the stacking interactions between vert- 
ically oriented molecules lead to association and 
formation of a compact layer in the pit region. The 
ratio at full coverage for the first and second step of 
isotherm indicates that the number of adsorbed 
molecules for the dilute layer is increased by a factor 

FIG. 2. Dependence of the capacity current decrease Ai,, 
on the bulk concentration of cytidine sulphate, 0.5 McIlvaine 
buffer, pH 3.24, curve (a), adsorption potential -0.7 V; curve 
(b), adsorption potential -1.35 V, other conditions as in 
Fig. 1. 

of 2.4 for the compact layer. This is in good agree- 
ment with the conclusions of Parsons (22) and 
Damaskin et al. (23) that the number of water mole- 
cules displaced from the surface by adsorption of a 
hydrophobic species is doubled for a change in 
adsorption orientation from the planar to the vertical 
position. 

The concentration dependence of the ac-capacity 
current Aiac has the form of a one-step isotherm for 
the extended cathodic capacitance minimum at 
- 1.35 V (curve b, Fig. 2). This indicates that the 
association of the adsorbed molecules of cytidine 
sulphate takes place only at potentials more positive 
than the re-orientation peak where the pit occurs. 
On the other hand, at potentials more negative 
than - 1.2 V the adsorbed molecules of cytidine sul- 
phate are more accessible to reduction via the cyto- 
sine moiety than to association on the electrode 
surface. 

The dependence of the ac-capacity current per unit 
area of the dropping mercury electrode on the drop 
time (t) is of considerable interest. The curves are 
obtained at a maximal adsorption potential - 0.7 V 
(Fig. 3). The horizontal curves 1 and 2 indicate the 
independence of ac-capacity current on the drop 
time for rather low bulk concentrations. This re- 
flects the adsorption equilibrium of cytidine sulphate 
on the electrode surface for dilute adsorption layer. 
However, for concentrations larger than the thres- 
hold value where the pit occurs on ac-polarograms, 
a decrease of the ac-capacity current is observed 
(curve 3, Fig. 3), indicating a slow adsorption pro- 
cess due to re-arrangement of the surface layer from 
a dilute state to a compact state. At very large bulk 
concentrations a compact layer is already formed and 
the adsorption equilibrium is attained more rapidly 
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FIG. 3. Time dependence of the out-of-phase component of ac-curre~t. pH 3.24, adsorption potential E, = -0.7 V ,  
concentration of cytidine sulphate: ( I ) ,  4.0 x M ;  (2), 3.5 x M ;  (3), 7.0 x M ;  (4), 2.2 x 10-'M cytidine 
sulphate, other conditions as in Fig. 1. 

FIG. 4. Dependence of surface coverage O on the bulk concentration of cytidine sulphate for dilute layer, pH 3.24, 
I adsorption potential E, = -0.7 V ,  O is calculated from the results of out-of-phase ac-polarography. Other conditions 

as in Fig. 1. 

(curve 4, Fig. 3). A similar phenomenon has been decrease corresponding to full coverage. The concen- 
observed previously for the formatioil of a compact tration dependence of the surface coverage for the 
layer of cytidine at the HDME (16). The result 'dilute' adsorption layer is shown in Fig. 4. It has 
shown in Fig. 3 indicates that the ac-readings corre- been found that the experimental data fit well a 
sponding to 'dilute' adsorption layer are well equili- Frumkin adsorption isotherm given by eq. [2]. 
brium values. Accordingly, the following adsorption 
parameters are computed for the 'dilute' adsorption r2] BC = [@/(I - 0) ]  exp (- 2aO) 
layer. where O is the degree of coverage, a the interaction 

In the parameters coefficient, b the adsorption coefficient, and C the 
for the dilute adsorption layer at maximal adsorption bulk concentration of cytidine sulphate. 
-0.7 V, the equilibrium values of the ac-capacity ~ h ,  interaction coefficient a was determined from 
current at a given bulk concentration were measured the slope of the logarithmic plot of the ~ ~ ~ ~ k i ~  
and the degree coverage @ was calculated using isotherm and the adsorption coefficient B from the 
the relation values at half coverage (O = 0.5). The free energy of 
[I] O = (Co - C)/(Co - C,) = AiaC/(Aiac), adsorption (-AGO) was then calculated from the 

adsorption coefficient B (O = 0.5) according to 
where C's are the differential capacities in the support- eq. [31. 
ing electrolyte (C,), at a given bulk concentration of 

B = -  -AGO 
cytidine sulphate (C), and at bulk concentrations cor- C31 
responding to full coverage (C,), Aiac is the decrease 

5l.5 exp (T) 
of the capacitive ac-current (with respect to the The calculated values of the adsorption param- 
iac-value of the blank supporting electrolyte) for a eters of cytidine sulphate for the 'dilute' adsorption 
given bulk concentration and (Ai,,), is the maximal layer at pH 3.24 are: adsorption coefficient, 8.7 x 
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lo3 L/mol; interaction coefficient, 0.48; free energy 
of adsorption, 7.27 kcal/mol; bulk concentration at 
half coverage (C,=,.,), 7 x M; pit potential, 
- 0.70 V, orientation potential, - 1.1 V. The mod- 
erately high positive interaction coefficient a for the 
'dilute' layer indicates moderate lateral attractive 
interaction of adsorbed molecu1es. The rather large 
adsorption coefficient of cytidine sulphate is quite 
common behaviour for heterocyclic compounds as 
has been shown previously (24) for pyridine deriva- 
tives. The low value of adsorption energy -AGO 
indicates that the deviation from adsorption equi- 
librium is minimized and that equilibrium is estab- 
lished at relatively low bulk concentration of cytidine 
sulphate. 
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Characterization of autohydrolysis aspen (P. tremuloides) lignins. Part 1. Composition and 
molecular weight distribution of extracted autohydrolysis lignin 
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MIRANDA G. S. CHUA and MORRIS WAYMAN. Can. J. Chem. 57, 1141 (1979). 
Extractive-free aspen wood meal was subjected to autohydrolysis at 195'C for 5 min to 2 h, 

and the lignin extracted with 90% dioxane. Extracted autohydrolysis lignin was found to be 
higher in carbon but lower in hydrogen and oxygen content than aspen milled wood lignin. The 
methoxyl content was also lower than the reference lignin. These differences have been attri- 
buted to condensation and incorporation into the lignin of non-lignin components. A lignin 
extractability curve with a maximum delignification at autohydrolysis time of 30-40 min was 
found. From molecular weight distribution studies the ratio of high molecular weight to low 
molecular weight materials varied for the different extracted lignins and reached a maximum at 
autohydrolysis time of 40 min. A mechanism of depolymerization/repolymerization of the 
lignin via carbonium ions has been proposed. p-Hydroxybenzoic acid is postulated as contri- 
buting to the extractability of aspen lignin by acting as a blocking agent. 

MIRANDA G. S. CHUA et MORRIS WAYMAN. Can. J. Chem.,57, 1141 (1979). 
On a soumis de la sciure de bois de tremble (ne contenant plus de produits pouvant dtre 

extraits) a une autohydrolyse k 195'C pour des temps allant de 5 min k 2 h puis on en a extrait 
la lignine par du dioxanne a 90%. On a trouvk que la lignine extraite de l'autohydrolyse con- 
tient plus de carbone et moins d'hydrogkne et d'oxygene que la lignine provenant de bois de 
tremble broy6. La quantitk de methoxyle qui y est contenue est aussi plus faible que celle 
contenue dans la lignine de rkfkrence. On a attribuk ces diffkrences k la condensation et k 
I'incorporation dans la lignine de composants qui ne sont pas des lignines. On a dktermink 
une courbe permettant d'kvaluer la facilitk d'extraction de la lignine; elle prksente un maximum 
de dklignification a des temps d'autohydrolyse de 30 ti 40 min. En se basant sur des Btudes de 
distribution de masses moleculaires, on a determine que le rapport des produits de masses 
molkculaires klevBes/produits de masses molkculaires plus faibles varie suivant les diffkrentes 
lignines extraites et qu'il atteint un maximum k un temps d'autohydrolyse de 40 min. On 
propose un mkcanisme de dkpolymkrisation/repolymkrisation de la lignine par l'intermkdiaire 
de carbocations. On croit que I'acide p-hydroxybenzoi'que facilite l'extraction de la lignine de 
tremble en agissant cornrne agent bloqueur. 

[Traduit par le journal] 

Introduction 
Autohydrolysis (1, 2) of wood with water or steam 

at elevated temperature and pressure is catalysed by 
the organic acids formed from the wood components 
during the hydrolysis. The chemical changes which 
take place during autohydrolysis in the three main 
constituents of wood (hemicelluloses, cellulose, and 
lignin) are very much dependent on the temperature 
and the time at temperature. The hemicelluloses are 
hydrolysed to soluble sugars by the organic acids, 
mainly acetic acid derived from the acetylated poly- 
saccharides present in wood. However, under more 
drastic conditions secondary reactions occur which 
result in the formation of furfural, hydroxymethyl 
furfural, and their precursors by the dehydration of 
pentoses and hexoses (3-5). The reactive precursor 
besides undergoing self-polymerization can partici- 
pate in condensation reactions with lignin (refs. 
5-10, ref. 11, pp. 287-295, 395-399). 

Lignin degradation and modification during auto- 

hydrolysis has been reported by various investiga- 
tors. In their studies of prehydrolysis kraft pulping, 
Traynard and Eymery (12) and Richter (13, 14) ob- 
served that the treatment of wood with water at high 
temperatures in prehydrolysis affected the lignin and 
its subsequent behaviour in kraft pulping. Work in 
this laboratory has shown that the solubility of lignin 
in 90% dioxane after autohydrolysis is a maximum 
over a narrow time range at each temperature be- 
tween 165°C and 215°C. Goldschmid (15) and 
Stanek (16) found and identified monomeric lignin 
degradation products present in autohydrolysis 
liquor. Modification of the lignin remaining in the 
wood after autohydrolysis is indicated by its subse- 
quent extractability by various organic solvents (12, 
17) and dilute alkali as was found in this laboratory. 
It has also been observed that softwood lignins are 
much more affected by prehydrolysis treatment than 
hardwood lignins (14). 

Studies on the steaming of wood have centred 

0008-4042/79/101141-09$01 .OO/O 
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ASPEN WOOD CHIPS 

1'1 *"d,*d 
121 Ground m Wllsy Umll CollsclW30/8)m.VI lnclion 
131 Ernrastl- mmomd by sxtnstfng r f ! n  m z a n s n 5 ~  m~hano!. ethanol and r a a r  

EXTRACTIVE-FREE WOOD MEAL (EWM) 

I COOL,". urna,,,on, 

I AUTOHYDROLYSIS 
Ill TmmmnluR, 195' C 
12) 19 ~ , m  ~ l m  to st tornmrnlum t a r n m n ~ ~ r s  5mm amln - 120 mln 

141 WC&.II~II~IIO I I 

/"\ 
EXTRACTION-LIQUOR (EL) EXTRACTED LIGNIN-CELLULOSE RESIDUE (ER) 

ETHER-SOLUBLE 
EXTRACTED LlGNlN 

171 Co"untf.bd lo 1DI ,.,Id. 

IV ENZYMATIC 

HYDROLYSIS 

ETHER-INSOLUBLE 
EXTRACTED LIGNIN (XL) 

III ~ I I U I O Y )  l n ~ ~ ~ o n  
41"- m o m v  

RESIDUA1 
LlGNlN 

IRL) 

FIG. 1. Flow-chart of overall process involving the following four stages: I, autohydrolysis; 11, extraction; 111, purifica- 
tion; IV, enzymatic hydrolysis. 

mainly on the hemicellulose fraction, for example, in 
the production of furfural (ref. 11, pp. 272-331) and 
on the cellulose fraction, as in the case of prehydrol- 
ysis pulping (14) and lately as a possible pretreatment 
before enzyme saccharification of the cellulose in 
wood (18). Thus far there has been very little com- 
prehensive work with regard to the effect of steaming 
on the lignin component. 

The purpose of this present work was to charac- 
terize the lignin obtained on autohydrolysis with a 
view to elucidating the mechanism involved in lignin 
depolymerization and repolymerization. In addition, 
it is hoped that such characterization would further 
the utilization of the autohydrolysis lignin which 
represents a potential source~of renewable phenolic 
compounds, as well as medically interesting com- 
pounds (46). 

The overall process used to obtain the extracted 
autohydrolysis lignin (XL) and the residual auto- 
hydrolysis lignin (RL) involved the four stages of 
autohydrolysis, extraction, purification, and enzyme 
hydrolysis as outlined in Fig. 1. The present paper 
deals with the chemical composition and the physical 
characterization of the extracted autohydrolysis 
lignin. 

Results 
Extractives 

The percentage of extractives in aspen wood meal 
on extracting with benzene/95% ethanol (2: I), 95% 
ethanol, and water was 2.7% based on dry aspen 
wood meal. It was necessary to work with extractive- 
free wood meal (EWM) to avoid difficulties in inter- 
preting results as lignans and polyphenolic extrac- 
tives have similar chemical properties to lignin. 

Autohydrolysis (Fig. 1) 
The pH of the autohydrolysis liquors from the 

different cooking times at 195°C was between 3.2- 
3.4, and xylose contents ranged from 0.3-6.2% based 
on EWM for the longest to the shortest cook, repre- 
senting less than 40% of the xylose potentially obtain- 
able from aspen. This indicated that 195°C may not 
be the optimum temperature for hemicellulose 
recovery since the bulk of the hemicellulose is de- 
graded. The lignocellulosic residue (R) yields were 
between 69 and 73%. 

Extraction of R with 90% dioxane resulted in 
isolating the extractable lignin (XL) portion leaving 
behind the insoluble lignin fraction termed residual 
lignin (RL). Yields of extracted lignocellulosic resi- 
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LlGNlN YIELDS BASED ON EWM AFTER 
AUTOHYDROLYSIS AT 195' C 

\ (6) Yo Extracted Llgnin 
1R n *\ (Ether-insoluble XL and Ether-soluble 

i 
0' i (A) % Residual Lignin 

(Klason Lignin in ER) 

\\. *--*.-.*' ,' 
2.0 

I I I I I I I I I I I I I  
0 20 40 60 80 100 120 

Time at Temperature (min.) 

FIG. 2. Lignin yields based on EWM after autohydrolysis 
at 195°C. 

due (ER) were between 50-61% based on EWM, and ' pH of the extraction liquor varied from 4.0-5.2. 
A characteristic delignification trend as indicated 

, by curve A in Fig. 2l was obtained, with maximum 
lignin extactability represented by minimum Klason 
lignin left in ER in the 30-min cook. Curve A sug- 

I gests that during autohydrolysis two types of reac- 
tions are occurring. Initially the faster reaction, 

1 depolymerization of the native lignin by acidic hy- 
drolysis, predominates, accounting for the solubility of 
the lignin in the solvent. However, as heating con- 
tinues, condensation/repolymerization reactions take 
over, resulting in increasing amounts of insoluble 
residual lignin. 

Curve B in Fig. 2 represents the total lignin re- 
covered after extraction and purification by precipita- 
tion into ether. It represents both the ether-soluble 
and ether-insoluble (the bulk of the material) ex- 
tracted lignin. Curve C is the sum of curves A and B 
and has been termed total 'apparent' lignin because 
it contains another component which is not lignin. 
This is substantiated by the fact that the Klason 
lignin content in the original aspen wood meal is 
17.6%, but as shown in Fig. 2 the amount of 
'apparent' lignin ranges from 18.1% upwards to 
29.0%. The data support Klemola's (3) postulate that 
reactive hemicellulose degradation products, such as 
furfural and its precursors, can react with the lignin 

' ~ a t a  in support of Fig. 2 are available, at a nominal charge, 
from the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Ont., Canada KIA 0S2. 

during autohydrolysis, thereby accounting for the 
apparent increase in lignin content. This also ex- 
plains the low yield of xylose obtained in the auto- 
hydrolysis liquor mentioned earlier. 

Elemental Analyses of Extracted Autohydrolysis 
Lignin (XL) (Table 1) 

Using aspen milled wood lignin (MWL) purified 
according to the method of Lundquist et al. (19) as 
the reference lignin, two trends were observed. First 
the C-content of the extracted lignins is higher than 
the reference lignin whereas the H and 0 contents 
are consistently lower. These changes in C, H, and 0 
can result from (a) condensation reactions which in- 
volve the elimination of water; and/or (b) they can 
also be associated with incorporation into the lignin 
of entities having higher C to H/O ratios during 
autohydrolysis; and/or (c) the initial preferential 
removal of syringyl to guaiacyl units at the shorter 
autohydrolysis times. 

The second significant observation is that the 
methoxyl content per C, unit decreases gradually 
with increasing cooking time. This could be attri- 
buted to demethoxylation of the lignin during auto- 
hydrolysis, as is indicated by the presence of meth- 
anol (0.5-0.6% based on EWM or 2.5-3.0% based 
on lignin) found in the autohydrolysis liquor (20). 
Also, Klemola identified six catechol derivatives 
among the low-molecular degradation products, sug- 
gesting demethylation during the course of steam 
hydrolysis as catechols have not been identified in 
wood protolignins (21). Another explanation would 
point again to the inclusion of so-called non-lignin 
components, in all probability carbohydrate degrada- 
tion products, which would also contribute to the 
decreasing percentage of methoxyl content observed. 
Pepper and Siddiqueullah (22) in their work with 
acidolysis lignins encountered similar C, H, 0 
changes and lowering of methoxyl content with in- 
creasing acidolysis time. They attributed the differ- 
ences to either non-homogeneity of protolignin or to 
inclusions of non-lignin (carbohydrate) residues. 
Finally, a variation of the proportion of syringyl to 
guaiacyl units in the extracted lignins would again 
account for the observed methoxyl content trend. All 
this implies that the extracted lignins are modified 
li~nins, different from milled wood lignin, which has 
been widely accepted as representative of proto- 
lignin. 

The rate of change in C% and OCH,% in the first 
3040 min of autohydrolysis is 7-8 times greater 
than for the next 80 min. It is interesting to note that 
the transition point is the same as in delignification 
(Fig. 2) and molecular weight distribution (Fig. 4). 
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TABLE 1. Elemental analysis of milled wood lignin (MWL)* and extracted lignin (XL) (carbohydrate-free basis) 

Molecular 
weight of % 

Sample 0CH3/C9 average Carbohydrate 
no. c %  % 0 %  OCH3% C9 formula unit lignin unit in lignin 

MWL 59.50 6.25 34.25 21.54 CgH~.7003.os(OCH3)1.47 1 .47 211.2 2 . 5  
XL-5 60.41 5.69 33.92 20.55 CgH7.~403.oo(OCH3)1.37 1.37 206.1 3 .9 -4 .8  
XL-10 60.75 5 .90 33.35 19.46 C9Hs.o602.96(OCH3)1.z7 1.27 203.2 1.2-1.8 
XL-20 61.55 5 .70 32.75 18.58 CgH7.6702.8s(OCH3)1.1 9 1.19 198.8 0 .5-0 .6  
XL-30 62.78 5.52 31.61 17.74 C9H7.2702.71(0CH3)1.11 1.11 193.3 0 .5-0 .8  
XL-40 62.62 5.66 31.72 16.74 CgH7.6902.78(OCH3)1.04 1 .04 192.4 0 .5-0 .5  
XL-60 62.79 5.52 31.69 16.80 C ~ H ~ . ~ O ~ Z . ~ ~ ( O C H ~ ) I . O ~  1.04 192.1 0 .4-0 .9  
XL-90 62.70 5 .50 31.80 15.98 CgH7.490~.82(OCH3)0.99 0 .99 191.6 0 .4-0 .9  
XL-120 63.45 5.69 30.86 15.58 CgH7.7902.68(OCH3)0.95 0.95 188.2 0 .5-0 .9  

*Aspen milled wood lignin purified according to the method by Lundquist (19) was prepared by Mr. J. H. Lora. 

Molecular Weight Distribution ( M D )  of XL by tained for the chromatograms were slightly different. 
Gel Permeation Chromatography (Fig. 3) This can probably be attributed to different absorp- 

Gel permeation chromatography has proved to be tivities for the different samples and for individual 
a fast and effective method of fractionating polymers fractions. The absorptivities increased from 17.5 L 
according to molecular size. In applying gel permea- g-' cm-' for XL-5 to 24.9 L g-' cm-' for XL-120, 
tion chromatography to the study of MD of ex- compared to 13.6 L g-I cm-' for MWL. The ab- 
tracted lignins, the analytical system used by Obiaga sorptivities for HML and LML were 16.9 and 23.8 L 
and Wayman (23, 24) employing Sephadex G-100 g-' cm-', respectively. Due to this, analyses have 
(a dextran gel) swollen in dimethyl sulphoxide been made based on the comparison of areas and on 
(DMSO) was again used. DMSO, a good lignin sol- ratios of HML: LML which will enable one to follow 
vent, swells Sephadex G-100 to a greater extent than the solubilization, degradation, and repolymeriza- 
water (25), and adsorption effects of the lignin on the tion processes taking place during autohydrolysis. 
gel are absent. The hydrodynamic volume of lignin Figure 4 illustrates the increase of the HML to LML 
in DMSO is different from globular protein or dex- materials in the extracted lignin with autohydrolysis 
tran in aqueous buffer, and conventional calibration time, reaching a maximum HML: LML ratio of 
standards are of little use. To calibrate the column, 0.6 at 30-40 min, which is also the region of maxi- 
lignin samples of known molecular weight have been mum lignin extractability. In order to compare the 
used. However, in using one column of a single pore amounts of HML to LML generated based on orig- 
size for fractionating a polydisperse polymer like inal wood, the areas under the HML and LML peaks 
lignin, molecular weights and polydispersities ob- were multiplied by factors proportional to the yield 
tained from the chromatograms are only approxi- of purified extracted lignin at each autohydrolysis 
mate, because separation is incomplete. In spite of time. The soluble HML material was found to in- 
this inherent limitation, substantial information can crease, again reaching a maximum at the region of 
be derived by comparing the XL chromatograms. maximum delignification, followed by a decrease 

A prominent and common feature to all the XL corresponding to an increase in the amount of insol- 
chromatograms shown in Fig. 3 is the distinct dual- uble residual lignin. This suggests that soluble HML 
peaked character of the elution pattern, which is recondensing to form insoluble lignin. The LML 
clearly indicates that the XL are highly polydis- fraction has two maxima, one at autohydrolysis time 
perse. Broadly speaking the chromatograms can be of 30 min and the other at 90 min. The first maximum 
divided into two fractions, namely, a high molecular is related to the initial extraction of low molecular 
weight at fraction number 20 and a low molecular weight material and the second, at longer autohy- 
weight portion at fraction number between 50-65, drolysis time, to degradation of HML under the 
termed HML and LML respectively. The different more drastic conditions. 
XL have different amounts of HML and LML mate- Acidolysis lignins of known molecular weights and 
rials. Especially interesting is the observed increase polydispersities were used to calibrate the Sephadex 
in HML material from autohydrolysis time of 5 min G-100 column as is shown in Fig. 5. However, it was 
to 40 min, with subsequent decrease of the peak not possible to obtain a complete calibration curve 
thereafter. of molecular weight vs. retention volume for the sys- 

It was found that although the quantity of XL tem, because the HML (Mw = 196 000) is above the 
injected was the same for all samples, the areas ob- exclusion limit of the gel used. In comparing the 
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CHUA AND WAYMAN 

GEL PERMEATION CHROMATOGRAPHY OF EXTRACTED LlGNlN (XL): MOLECULAR WEIGHT DISTRIBUTION 

Fraction No. (Elution volume=Fraction No. x27ml) 

GEL PERMEATION CHROMATOGRAPHY OF EXTRACTED LlGNlN (XL): MOLECULAR WEIGHT DISTRIBUTION 

Fraction No. (Elution volume=Fraction No. x2Jml) 

FIG. 3. Gel permeation chromatography of extracted lignin (XI,): molecular weight distribution. 

chromatograms of MWL and XL-40, it would appear 
that autohydrolysis resulted in the formation of more 
HML material. This has been substantiated by work 
in this laboratory with MWL under autohydrolysis 
conditions, which showed initial building-up of 
HML material followed by a decrease. 

Table 2 contains the molecular weight determina- 
tions and polydispersities for XL's and MWL. The 

weight average molecular weight, M,, was deter- 
mined for samples XL-40, XL-120, HML, and 
MWL. Using the M, obtained for XL-40 and 
XL-120 together with the intrinsic viscosity measure- 
ments for all XL, and applying the Mark-Houwink 
equation, RW was calculated for the other XL. 
Although reservations with regard to the absolute 
value of the numbers based on two measurements 
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VARIATION OF THE PROPORTION OF HML AND LML 
WITH AUTOHYDROLYSIS TIME 

Time of Autohydrolysis (mins.) 

FIG. 4. Variation of the proportion of HML and LML with 
autohydrolysis time. 

and the assumption that the Mark-Houwink rela- 
tionship applies for XL, the values of R, and the 
polydispersities so generated do not contradict, but 
supplement the trends observed for the MWD pat- 
terns obtained from gel permeation chromatography 
studies as shown in Figs. 3 and 5. The R, ,  R, and 
the polydispersities increase for the first 30-40 min of 
autohydrolysis and decrease thereafter. 

These molecular weight numbers and polydis- 
persities are higher than observed for kraft lignins 
(24, 26) but more similar to the values obtained for 
lignosulphonates (27). This is indicative of the dif- 
ference in mechanisms between alkaline pulping and 
acid pulping resulting in cleavage of different bonds 
in lignin and therefore varying molecular weight. 
Gierer (28) in his review of the reactions of lignin 
during pulping discussed in detail the mechanisms 
of alkaline and acid pulping. 

It is interesting to note that the HML material has 
a M ,  of 196 000. On the other hand, the XL-40 
(which has the highest proportion of HML:LML 
material) has an average M, of only 16 000. This 
means that the actual number of HML molecules in 
each of the XL is quite small. 

In using the Mark-Houwink equation, [q] = 
KMa,  the value of a was found to be about 1.6, 
whereas alkali lignin and lignosulphonates believed 
to have spherical conformations had values of 0.1- 
0.5. In addition, linear and branched polymers like 
cellulose and xylan had a values of between 0.75 to 
1.1 5 (29). The high value of a obtained suggests that 
the extracted lignin has a linear rather than a spher- 
ical conformation. 

Discussion 
From MD studies, it has been shown that in- 

creasing amounts of soluble HML material are being 
extracted with increasing autohydrolysis time up to 
the region of maximum lignin extractability. This 
phenomenon of successively extracting more higher 
molecular weight material as the cook proceeds is a 
common observation for both alkaline and acid 
delignification processes (30-32) and oxidized lignin 
(33). However, different interpretations have been 
placed on such MD patterns from chemically pre- 
pared lignin. The presence of a maximum over the 
time range considered suggests that the depolymeri- 
zation/repolymerization reactions of lignin during 
autohydrolysis are taking place via a consecutive 
series of reactions, with the existence of an interme- 
diate species which can be maximized. Alkaline 
nitrobenzene oxidation studies have also shown that 
XL increases in degree of condensation with auto- 
hydrolysis time. This implies that the soluble HML, 
although still extractable, is highly condensed, 
formed probably from the condensation of low 
molecular weight depolymerized lignin. This is re- 
lated to the disappearance of the initial LML peak, 
which is associated with the appearance of the maxi- 
mum of the HML peak. It is thus seen that repoly- 
merization of lignin can be regarded as a succession 
of condensations leading eventually to the formation 
of insoluble residual lignin. Thus, soluble HML is 
postulated to be the intermediate species in the for- 
mation of insoluble residual lignin from depolymer- 
ized lignin. Scheme 1 illustrates the postulated path- 
way of depolymerization/repolymerization reactions 
of lignin during autohydrolysis. 

As has been established by various authors (34- 
37), cleavage of lignin bonds under acidic conditions 
involves the formation of resonance-stabilised car- 
bonium ions. In addition, carbonium ions are also 
strong electrophiles with the ability to participate in 
substitution forming carbon-carbon bonds with the 
aromatic C-1 or C-6 atom. Lignin depolymerization 
and condensation can be viewed as proceeding via a 
carbonium ion mechanism resulting in the observed 
extractability and repolymerization. 

In autohydrolysis studies (I), aspen lignin has been 
found to be the most readily extractable compared 
with lignin of other hardwoods and softwoods 
studied. Aspen lignin is almost unique in that it con- 
tains large amounts of p-hydroxybenzoate groups, 
up to about 10% by weight (38-40). The ease of ex- 
tractability of aspen lignin may thus be related to the 
presence of these p-hydroxybenzoate groups. p-Hy- 
droxybenzoic acid, from hydrolysis of thep-hydroxy- 
benzoate groups, can act as a blocking agent, prevent- 
ing the self-condensation of lignin carbonium ions to- 
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CHUA AND WAYMAN 

CALIBRATIONS OF SEPHADEX G-100 WITH KNOWN ow LlGNlNS 

Fraction No. (Elution volume=Fraction No. x2.7ml) 

FIG. 5. Calibrations of Sephadex G-100 with known mW lignins. 

TABLE 2. Intrinsic viscosity 11, &in, aw, and polydispersity of milled wood 
lignin (MWL) and extracted lignin (XL) 

Weight 
No. average average 

Sample dL/g molecular molecular Polydispersity 
no. (in DMF) weight a,, weight ATW awlan 

MWL 
XL-5 
XL-10 
XL-20 
XL-30 
XL-40 
XL-60 
XL-90 
XL-120 

16 000* 
10 900 
13 100 
14 800 
16 800 
16 600* 
14 200 
10 000 
8 ooo* 

*&for MWL, HML, XL-40, and XL-12Owere determined by Mr. W. Q. Yean on the 
Beckman Spinco Model E Ultracentrifuge. Mw for HML was 196 000. The other Mw 
were calculated from the Mark-Houwink equatlon [ql = KM", using K and a values 
derived by solving the simultaneous equations for samples XL-40 and XL-120. 

Protolignin Depolyrnerization (extractable Polymerization (extractable 
in wood lignin) k ,  lignin) 

(LML) (soluble HML) 

I 

I 

I 

I k21 Successive 
condensations 

I 
L - ------------------  + c  

Insoluble residual 
lignin 
(RL) 

SCHEME 1. Representation of depolymerization/repolymerization reactions of lignin. The soluble HML passes through a 
maximum. LML = low molecular weight lignin, &iw < 8 000; soluble HML = soluble high molecular weight lignin, mW 
196 000. 

wards the formation of insoluble residual lignin, Experimental 
allowing the to be extractable. Wayrnan ( a )  Preparation of Extracted AutohydroIysis Lignin 

and Lora (2) have shown that during autohydrolysis, The wood used in these experiments was aspen. Extractive- 
some aromatic additives acting as-blocking agents free wood meal (EWM) was prepared according to TAPPI 

are effective in preventing self-condensation to insol- standard TI2 m-59. Autohydrolysis of 30 g of EWM for each 
run (with a wood: water ratio 1 : 1) was carried out in 300 mL 

uble lignin and enhance the of the pressure vessels equipped with pressure gauge, thermocouple 
lignin. and safety valve. The pressure vessel was heated in a silicone 
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1148 CAN. J .  CHEM. VOL. 57, 1979 

oil bath maintained at 195°C. Preheating time as indicated by 
the thermocouple and pressure gauge was 30min. After 
heating for a further 5 min to 2 h, the pressure vessel was 
cooled by immersing in ice-water, the contents removed, 
washed with boiling water, and filtered. Washing was repeated 
3 times to ensure complete removal of hemicellulose and its 
degradation products. 

The lignocellulosic residue (R) was air-dried and batch 
extracted with 10 times its weight of 90% dioxane at 70°C for 
1 h. After three extractions, the residue was thoroughly washed 
with boiling water, air-dried, and its Klason lignin content 
determined. This value represented the residual Ijgnin left in 
the pulp after autohydrolysis. The three extracts, containing 
the extracted lignin, were combined and concentrated in a 
Buchi Rotovapor-R vacuum evaporator to approximately 
1/10 its original volume. To displace the initial water present 
in the solvent system, pure dioxane was added and the solution 
concentrated further until a final solution of approximately 
10% lignin in dioxane was obtained. 

Purification was carried out by precipitating the above solu- 
tion dropwise into anhydrous diethyl ether, stirring vigorously. 
The precipitation was done in stages. To 200rnL of ether 
5-6 mL of solution was added, the solution centrifuged at 
1500 rpm for 5 min, the supernatant decanted, 200 mL of 
fresh ether added, and a further 5-6 mL of solution added. 
The procedure was repeated until all the solution was precipi- 
tated. The precipitate was washed twice with fresh ether, twice 
with pure benzene, and twice with low-boiling petroleum ether. 
The lignin, in the form of a brown powdery material, was air- 
dried to remove traces of petroleum ether and stored in a 
vacuum desiccator. The supernatant ether was collected and 
vacuum evaporated to recover the low molecular weight lignin 
components. The yields of both products were determined. 

(6)  Elemental Analyses, Methoxyl Determination of 
Extracted Lignin, and % Carbohydrate in the Extracted 
Lignin 

Lignin samples were analysed for C, H, and methoxyl con- 
tent by Schwarzkopf Microanalytical Laboratory, Inc., New 
York. 

The % carbohydrate in the extracted lignin was determined 
by measuring the amount of sugar present in the final hydrol- 
ysis liquor after Klason analysis. Two methods of sugar anal- 
ysis were used: ( i )  dinitrosalicyclic acid (41) and (ii) phenol - 
sulphuric acid method (42). 

( c )  Analytical Gel Permeation Chromatography 
The column used for molecular weight distribution (MD) 

analysis consisted of Sephadex G-100 swollen in dimethyl sul- 
phoxide, packed in a Pharmacia solvent resistant glass column 
SR 25/45 with two polytetrafluoroethylene (PTFE) flow 
adaptors attached to the column ends. A Marriotte flask served 
as solvent reservoir as well as maintaining the elution rate 
through the column at 18 mL/h by adjusting its height. Sample 
injection was via a Sarle sample applicator valve assembly 
with a sample loop of 0.3 mL. The concentration of the sample 
injected was 3.5 mg/mL. The colurnn was run on upward flow. 
The column effluent was continuously monitored at 280 nrn 
with an ISCO UA-5 Absorbance Monitor (Instrumentation 
Specialties Co.) equipped with a micro-flowcell of capacity 
10 pL and 5 mrn light path length. The fractions were collected 
in a 2.7 mL siphon which had a manometer electrode assembly 
which triggered an event marker producing a spike of the 
chromatogram each time the siphon was Hied and the con- 
tents dumped into a fraction collector. A complete chroma- 
togram giving the MD pattern was obtained after 11 h. 

( d )  Preparative Gel Permeation Chromatography 
For preparation of narrow molecular weight fractions a 

Pharmacia K50/100 column with two PTFE flow adaptors, 
packed with Bio-Gel A 0.5 m 50-100 mesh was used. The Bio- 
Gel A was obtained pre-swollen in 0.001 MTris-EDTA buffer. 
The buffer was displaced in stages by 25%, 50%, and finally 
75% dioxane. The preparative colurnn was run with 75% 
dioxane as eluant for convenience of recovery of the lignin 
after fractionation. The flow and monitoring scheme was 
essentially the same as for the analytical column, except that 
the injection was via a Pharmacia SA-5 sample applicator and 
a 10 mL siphon was used. 

Samples of approximately 100-1 20 mg of XL-40 in 1.5 rnL 
of 75% dioxane were run through the column until sufficient 
material was collected for the high molecular weight peak 
(fractions 19-21). Flow rate was maintained at 58 mL/h and 
total elution time was 7 h. The collected fraction labelled high 
molecular weight lignin (HML) was concentrated in a vacuum 
evaporator and recovered as in (a) for lignin purification. The 
sample was used for weight average molecular weight deter- 
mination. 

( e )  Beckman Spinco Bodel E Analytical Equilibrium 
Ultracentrifuge, M, 

The weight average molecular weight of samples MWL, 
XG40, XL-120, and HML were determined using the short- 
column sedimentation equilibrium technique on a Beckman 
Soinco Model E analvtical ultracentrifuge. The determinations 
were carried out b y - ~ r .  W. Q. y e a n a t  McGill University, 
using a reported procedure (43,44). 

( f )  Ultraviolet Absorptivity at 280 nm 
A Unicam SP 1700 spectrophotometer was used to deter- 

mine the extinction coefficients of milled wood lignin (MWL) 
and XL at 280 nm. The samples were dissolved in DMSO and 
the spectra obtained relative to the solvent. 

( g )  Determination of Number Average Molecular Weight, 
M, and Intrinsic Viscosity, q 

The number average molecular weight of MWL and XL 
were determined using a Hewlett-Packard Model 302B vapor 
pressure osmometer. Samples in the concentration range 8-60 
g/L in dimethyl formamide were run and the average of tripli- 
cate determinations at each concentration was taken. The 
dimethyl formamide was dried over anhydrous sodium sul- 
phate and distilled before use. The instrument was calibrated 
using benzil (MW 210). An experimental value of 354 for 
curcumin was obtained giving a 4% error. The working tem- 
perature was 80°C and steady state was reached after 6 min. 
The molar concentration constant for the system was 12.35. 

The intrinsic viscosities of the extracted lignin were deter- 
mined using an automatic recording capillary viscometer (45). 
Measurements were made in dimethyl formamide at 25°C with 
solutions of about 0.1 g/dL concentration. 
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JOHN R. HARBOUR and MICHAEL L. HAIR. Can. J. Chem. 57, 1150(1979). 
The T O z -  radical has been generated by photolysis of a solution of sodium peroxydisulfate 

containing sodium formate and by hydrogen abstraction using TiCI, and H 2 0 2  in the presence 
of sodium formate. In both cases, the inclusion of DMPO resulted in the formation of a spin 
adduct with aN = 15.8 G, aDH = 19.1 G, and g = 2.0058 which is assigned to the 'COZ- 
adduct. In addition the DMPO adduct of SO,-' is presented. Finally, it is shown that DMPO 
can react with anionic radicals and that the resultant spin adducts are themselves highly 
dissociated. 

JOHN R. HARBOUR et MICHAEL L. HAIR. Can. J. Chem. 57,1150(1979). 
On a pu gCnCrC le radical T O z -  en photolysant une solution de peroxydisulfate de sodium 

contenant du formate de sodium et par enlkvement d'hydrogkne faisant appel a du TiC13 et du 
HzOz en prCsence de formate de sodium. Dans chacun des cas, l'inclusion de DMPO conduit 
a la formation d'un adduit de spin avec aN = 15.8 G, aDH = 19.1 G et g = 2.0058 que Yon 
attribuea l'adduit du 'Cop- .De plus on prCsente l'adduit du SO4-' avec leDMPO. Finalement 
on montre que le DMPO peut rCagir avec des radicaux anioniques et que les adduits de spin 
qui en rCsultent sont eux-mCmes trks dissocib. 

[Traduit par le journal] 

Introduction 
The use of spin trapping has been steadily in- 

creasing during the past few years. The technique has 
found application in biological systems (1-3), pig- 
ment dispersions (4, 5), polymer systems (6), and 
studies of chemical reaction mechanisms (7). One 
particular spin trap, 5,5'-dimethyl-1-pyrroline-1- 
oxide (DMPO) which was introduced by Janzen and 
Liu (8) in 1973, has been found to be particularly 
useful since the hyperfine splitting constants of the 
adducts depend strongly on the nature of the radical 
trauued and exhibit sufficient variation to make 
identification of different radicals relatively easy. In 
addition this trap is extensively soluble in water (as 
well as other solvents) and is uncharged. 

The utility of the trapping technique depends to a 
large extent on the number of radical adducts which 
have been characterized in terms of the hyperfine 
splitting constants. Janzen and Liu (8) have compiled a 
list of various radical adducts of DMPO in benzene. 
However, in relation to the biological applications of 
spin trapping, it is important to consider the aqueous 
environment and the types of radicals which may 
exist in and derive from water. The initial effort in 
this area identified the formation of the hydroxyl 
('OH) and superoxide (0,-) radical adducts of 
DMPO (9). This was followed by the utilization of 
these results in a photochemical study of chlorophyll 
in micelles (2) and of both chloroplasts (1) and 
chromatophores (2). We have now extended this list 
to include the 'C0,- radical which derives from the 
biologically important carbon dioxide (CO,). This 

radical was generated by two independent means and 
trapped with DMPO in aqueous medium. 

Experimental 
The electron spin resonance (esr) and photochemical equip- 

ment have been previously described (9). DMPO was syn- 
thesized and purified prior to use by vacuum distillation. 
Sodium persulfate (Na2S208), sodium formate, hydrogen 
peroxide, and titanium trichloride (15% w/v) were used as 
received from BDH Chemicals Ltd. The water was double 
distilled from an all glass apparatus. 

Results and Discussion 
Chawla and Fessenden (10) have shown that pho- 

tolysis of an aqueous peroxydisulfate (S,082-) 
solution in the presence of sodium formate results in 
the generation of the 'C0,- radical. The SO4-' 
radical anion is initially formed according to 
reaction [I]. 

hv 
[I] sz08z- -+ 2s04-'  

This radical is a good one-electron-transfer oxidizing 
agent. Hence it reacts with formate ion according to 
reaction [2]. 

This photochemical system can therefore serve as a 
generator of 'C0,- radicals. 

When DMPO was added to a solution of S,082- 
and the system photolyzed, an esr signal was ob- 
served which presumably results from the trapping of 
the SO4-' radical (see Fig. 1). Large signal intensities 

M) could be generated within several 

0008-4042I79110 1 150-03$0 1 .OO/O 
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I I 

FIG. 1. The esr spectrum resulting from photolysis of an 
aqueous Na2SzOs (3 x M)  solution containing DMPO 
(- 1 M). The 'OH adduct (1 : 2 : 2 :  1) is superimposed upon the 
SO4-' spectrum (see text). 

I seconds of photolysis and this observation can be 
contrasted to the absence of any signal under similar 
photolysis of a DMPO blank. This signal has 

I aN = 13.9 G, upH = 10.1 G, a,,H = 1.3 G, a,: = 

, 0.9 G, and g = 2.0062. This radical is rather un- 
/ stable decaying under these conditions with a decay 

time, T, (time to l/e of the initial value) of -20 s. 
As can be seen from Fig. 1, a small amount of .OH 

, radical adduct could also be detected. This radical 
has also been observed by Chawla and Fessenden 

; 
(10) when S2O8'- was irradiated in the presence of 
the fumarate spin trap. They argued that 'OH 

I results from the reaction 
1 

[3 1 SOa-' + OH- -t S04'- + 'OH 

The hydroxyl radical adduct of DMPO is quite 
stable under these conditions as contrasted to the 
SO4-' adduct. Hence the apparent equal production 
of both adducts seen in Fig. 1 only reflects the fact 

I that much of the SO4-' adduct has decayed away. 
Addition of sodium formate to the solution yields a 

new esr signal upon irradiation (Fig. 2). This signal 
has aN = 15.8 G, upH = 19.1 G, and g = 2.0058 and 
is assigned to the 'C0,- adduct which is formed 
according to reaction [2]. The SO4-' adduct signal is 
much diminished under these conditions and can be 
reduced further by additional formate. This demon- 
strates that the 'C0,- results from a reaction with 
SO4-' and in fact competes with the DMPO for the 
available SO4-' radicals. 

A second method for production of 'C0,- exists 
and has been used to confirm the assignment. The 
system Ti3+-HzOz is known (1 1) to oxidize formate 
in both acidic and basic media. The hydroxyl radical 
is first produced 

FIG. 2. The esr spectrum of the 'COz- adduct of DMPO 
generated by TiCI3 and HzOz. 

and this subsequently reacts with the formate 

[5 1 'OH + HCOZ- -, HzO + TO2-  

In acidic solutions the 'C0,H radical is formed 
whereas in neutral or basic solutions the 'C0,- 
radical is generated. 

Addition of Ti3+ into a solution of H202  con- 
taining DMPO results in a strong 'OH radical adduct 
signal. However, when formate is initially present, an 
esr signal is generated which is identical to that shown 
in Fig. 2. Hence, as expected from reaction [4], this 
system produces the 'C0,- adduct. 

Both of these independent methods of generation 
of the 'C0,- radical lead to the same signal in the 
presence of DMPO. This strongly suggests that the 
radical being observed is the adduct of the 'C0,- 
radical. Chawla and Fessenden (10) have demon- 
strated that the 'C0,- radical is a carbon-centered 
radical with g = 2.00045 and AHpp - 2.3 G. The 
sigpal we assign to the 'C0,- adduct reflects that the 
radical trapped was indeed a carbon-centered 
radical. This can be deduced from the facts that upH is 
quite large, no a," is observed and g = 2.0058. 

It is worth noting that the spin trap DMPO is 
reacting with ionic radicals in this work. The pK of 
'C0,H is less than 2 which implies that essentially all 
of the radical is present in the ionized form ('C0,-). 
Similarly the SO4-' radical is an anion. The present 
study therefore demonstrates that anionic radicals 
can be trapped with DMPO. This may also have been 
the case with 0,- in water (4) but the fact that it has 
a pK of 4.6 leads to uncertainty as to which species 
was actually being trapped. Finally, once these 
adducts are formed, a new equilibrium is established. 
For example, the spin adduct of C0,- is a carboxylic 
acid. Since this acid derives from a salt, the spin 
adduct is present as the salt of a weak acid. Assuming 

[41 Ti3+ + H202 - 2'OH a dissociation constant of - 1 x and a concen- 
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tration of N 1 x M, the spin adduct will be 4. J .  R. HARBOUR and M. L .  HAIR. J.  Phys. Chem. 81, 1791 

predominantly (> 99%) in the ionized state. (1977). 
5. J. R.  HARBOUR and M. L. HAIR. J. Phys. Chem. 82, 1397 
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SUMAN RAKHIT, MICHAEL GEORGES, and JEHAN F. BAGLI. Can. J. Chem. 57, 1153 (1979). 
Reaction of 2-amino-3-nitropyridine with acid chlorides in the presence of dimethyl sulfoxide 

and a tertiary base, such as pyridine, unexpectedly yielded the aminal N,N'-bis(3-nitro-2- 
pyridiny1imino)methylene 5. A similar aminal 6 formed when 2-amino-Snitropyridine was 
treated under the same conditions. However, simple aminopyridines such as 2-aminopyridine or 
2-amino-6-methylpyridine gave only the 2-N-methylenethiomethyl derivatives. It was proved 
that the aminals are formed by the attack of a suitable base on the N-methylenethiomethyl 
intermediates with expulsion of methyl mercaptan. The formation of these unusual aminals 
may be explained to be taking place via a Pummerer type rearrangement. 

SUMAN RAKHIT, MICHAEL GEORGES et JEHAN F. BAGLI. Can. J. Chem. 57, 1153 (1979). 
La reaction de I'amino-2 nitro-3 pyridine avec des chlorures d'acide en presence de DMSO 

et d'une base tertiaire comme la pyridine conduit d'une f a ~ o n  surprenante a l'aminal, N,N'- 
bis(nitro-3 pyridinyl-2 imino)m6thylBne (5). I1 y a formation d'un aminal semblable (6) 
lorsqu'on fait rCagir l'amino-2 nitro-5 pyridine dans les m&mes conditions. Toutefois des 
aminopyridines simples comme l'amino-2 pyridine ou l'amino-2 methyl-6 pyridine ne con- 
duisent qu'a des dkriv6s N-methylBnethiomethyles-2. On a prouve que les aminals se forment 

I 
par une attaque d'une base appropriee sur des intermediaires N-mithylBnethiomBthyles avec 
l'expulsion de mkthylmercaptan. La formation de ces aminals surprenants peut &tre expliquke 
par une transposition du type Pummerer. 

[Traduit par le journal] 

I Activation of DMSO (dimethyl sulfoxide) by a J = 5.5 Hz) that collapsed to a singlet after D 2 0  
variety of electrophiles such as acetic anhydride and exchange. The ir spectrum showed no carbonyl 

I related compounds is well documented (1). The absorption. The above spectral data could be best 
I intermediate complex 1 is known to decompose via a accommodated by the structure 5. This structure was 

Pummerer rearrangement to yield an acyloxsulfonium further confirmed by X-ray crystallographic studies1 
salt of type 2. These intermediates readily react with and is represented as in Fig. la. 

I nucleophile generated from alcohols leading to thio- RCOCl 
I methyl ethers (2). Analogous reaction of the reactive uNo2 DMSO + uNo2 ' intermediate 2 in the presence of an amine would be NH2 Pyridine or 

Et3N N NHCOR 
expected to yield hemithiomethyl aminals. However, 
such compounds have hitherto not been reported. minor 

4 

1 

+ / RCHOH 
CH3-S=CH2 OAc- - CH3-S-CH,-OCHR 

2 3 

In a synthetic programme involving acylation of 
aminopyridines, 2-amino-3-nitropyridine was re- 
acted with ethyl oxalyl chloride in pyridine at room 
temperature in the presence of DMSO as a cosolvent. 

, Surprisingly, the desired oxamate represented only 
the minor component of the reaction mixture. The 
major product obtained from this reaction was 
crystallized from acetone (mp 198-200°C; C, ,HI,- 

, N604, m/e: 290 (M')). The nmr spectrum in 
DMSO-d6 showed six aromatic protons at 6 6.8-8.3 
and two methylene protons of an aminal at 6 5.4 (t, 

major 
5 

To test the scope of this unusual reaction, several 
2-aminopyridines were allowed to react under the 
same conditions. 2-Amino-5-nitropyridine gave the 
aminal 6 (mp 267-268°C; CllHl,N604, mle 290 
(M')). In contrast, 2-aminopyridine and 2-amino-6- 
methylpyridine yielded the hemithiomethyl aminal 
derivatives 7 (mp 61-63°C; C,HloN2S,mle 154 (M')) 

'The structure was determined by three dimensional X-ray 
crystallography by Drs. A. W. Hanson and C. Huber of the 
National Research Council of Canada, Ottawa. Details will be 
published elsewhere. Further information is obtainable from 
A. W. Hanson. 

0008-4042/79/10 1 153-04$01 .OO/O 
a1979 National Research Council of Canada/Conseil national de recherches du Canada 
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P 

FIG. 1 .  Perspective view of (a) compound 5 and (b) compound 15. 

and 8 (oil; C,Hi2N2S, mle 168 (M")) respectively, 
along with some acylated products. 

The absence of the aminal in the reaction of 
DMSO - acid chloride with 2-aminopyridine or 2- 
amino-6-methylpyridine suggested that the hemi- 

thiomethyl aminals were the progenitors in the forma- 
tion of the aminal. When a time course study was 
performed of the reaction of 2-amino-3-nitropyridine 
and DMSO - ethoxalyl chloride in either DMSO or 
CH2C12 in the presence of Et3N, and the reaction 
quenched at half-time, it was possible to isolate the 
corresponding hemithiomethyl aminal derivative 9 
(mp 9692°C; C,H,N302S, mle 199 (M+); nmr 

DMSO-d, 6 :  2.15 (s, -SCH3), 4.65 (d, N-CH2-S, 
J = 7 Hz collapsing to a singlet after exchange with 
D20). This intermediate disappeared in time with the 
corresponding increase in the yield of the aminal at 
the end of the reaction. Also, when the isolated 
hemithiomethyl aminal 9 was heated at 80°C with 
2-amino-3-nitropyridine in DMSO, the aminal 5 was 
obtained in quantitative yield. 

The establishment of the precursor of aminal 
formation in this reaction suggested its potential 
utility for the synthesis of mixed aminals using 
various combinations of hemithiomethyl aminal 
derivatives and amines. When compounds 7 or 8 were 
treated with 2-amino-3-nitropyridine in DMSO or 
CH2C12 in the presence or absence of Et3N at 80°C, 
no mixed aminal was formed. The products were 
identified as 9 and 5. However, when the N-methylene- 
thiomethyl derivative 10 was allowed to react with 
2-amino-3-nitropyridine under the conditions de- 
scribed above, the corresponding mixed aminal 11 
(mp 212-214°C; C,,H,,N,O,, mle 290 (M+)) was 
obtained in 30% yield. 

Formation of the hemithiomethyl aminal 9 and 

7 R = H  I 
H H H  
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aminal5 in the above reaction must follow a pathway NHCH2SCH3 
similar to that reported for the formation of meth- + aNH2 .HCI 
ylenethiomethyl ethers 3. Thus the intermediate 2, N Cl N CI 

I must be quenched by a molecule of amine to generate 12 
' the hemithiomethyl aminal. The thiomethyl com- 

pound must then react with amine to lead to aminal 
and methyl mercaptan. The second step appears to be 
dependent on the base strength of the attacking and H 

leaving nucleophile as demonstrated by the reaction 
of 7 to 9. NH2 
[2] C H ~ - - ~ ~ C H , .  O A ~ -  + CH,SCH~-NHR + ACOH 15 

t 

R'NH, / 
RNH CH2NHR1 + CH3SH 

On the other hand, when 2-chloro-3-aminopyridine 
was treated with DMSO - ethoxalyl chloride in 
DMSO containing Et,N, it produced the methylene- 
thiomethyl derivative 12, the acylated product 13, 
and a small amount of a compound (mp 217-219°C; 
Cl1H,,N,Cl2, mle: 268, 270, 272 (M+, M +  + 2, 
M +  + 4)). The nmr spectrum showed only five 
aromatic protons, one of them being a quartet at 7.56 
(J1 = 4.5 and J2 = 1.5 Hz). This precludes the 
structure 14, the expected product formed similar to 
5. It also showed three (2 + 1) exchangeable protons 

-NHCH2SCH3 

14 

attributable to NH protons and a two proton 
doublets for CH2NH (6 4.41 (2H, d, J = 6 Hz)) 
collapsing to a singlet after D 2 0  exchange; ir 
(CHCI,) v: 3495, 3439, and 3400 cm- l. These data 
strongly suggested structure 15 for the new com- 
pound. This product could be obtained in better 
yield (30%) by heating the methylenethiomethyl 
derivative 12 with the hydrochloride salt of the base 
in DMSO at 80°C for 10 min. The structure of 15 was 
finally established by X-ray crystallography1 and is 
represented in Fig. lb. 

Acylation of 15 by acetic anhydride in methanol 

16 

The nmr spectrum of 16 was very informative: it 
showed three proton singlets at S 2.12 (-CH,CO), a 
two-proton doublet at 6 4.41 for CH2NH, collapsing 
to a singlet after D 2 0  exchange. The five aromatic 
protons could be assigned as follows according to 
their splitting patterns. Two ortho-coupled protons at 
S 7.25 (H3) and 8.03 (H4) ( J  = 8.5 Hz), one proton 
(H5') as doublet of a doublet at S 7.10 (J,,,, = 4.5, 
JsT4. = 8 Hz) one proton (H6') as two doublets 
(ortho and meta coupled) at 7.56 (J,,,. = 4.5, 
J4,,, = 1.5 Hz). These data are clearly indicative of 
structure 16, and hence the structure of 15 follows 
from them. 

Experimental 
Melting points were determined in a Thomas Hoover- 

Unimelt apparatus and are uncorrected. Infrared (ir) spectra 
were recorded on a Perkin Elmer model 225 spectrophotometer 
in chloroform solution or as a mull. The proton magnetic 
spectra ('Hmr) were measured on a Varian CFT-20 spectro- 
meter using tetramethylsilane as internal standard. Mass 
spectra (ms) were determined on a LKB 90004 spectrometer. 

N,N'-Bis(3-nitro-2-pyridiny1)methanediamine ( 5 )  
Ethoxalyl chloride 1.37 g (0.01 mol) was added slowly to 

cold dimethyl sulfoxide (10 mL). This mixture was then added 
to a solution of 2-amino-3-nitropyridine 1.36 g (0.01 mol) in 
dimethyl sulfoxide (10 mL). The reaction mixture was allowed 
to stir at room temperature for a period of 18 h, when tlc 
showed disappearance of the starting material. The mixture 
was poured into ice water and the resulting precipitate was 
collected, washed with water and air dried to give 1.4 g of the 
desired product (98% yield). A portion was crystallized from 
acetone, mp 198-200°C; lHmr (DMSO) 6:  5.4 (t, 2H, J = 5.5 
Hz, HNCH2NH, collapsing to singlet after exchange), 6.8-8.3 
(m, 6H, aromatic); ir (mull) v,.,: 3420 (NH), 1505, and 1350 
cm-' (NO2); ms (170°C) mle 290 (M+). Anal. calcd. for 
CIIHLONSO4: C 45.52, H 3.45, N 28.97; found: C 45.49, 
H 3.37, N 29.25. 

yielded the monoacetate 16 (mp 169-1 7 1 " ~  ; C 1 ,H 12- N-[(Methylthio)methyI]-2-pyridineamine (7) 
N40C12, m/e: 310, 312,314 (M+, M +  + 2, M +  + 4)). Ethoxalyl chloride (6.8 g) was added to cold dimethyl 
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sulfoxide (4.0g). The resulting mixture was then added to a The third fraction (1.1 g) was identified as the desired 
solution of 2-aminopyridine (4.7 g) in 200 mL of benzene product; mp 212-214°C; 'Hmr (DMSO) 6: 5.4 (t, 2H, J = 5.5 
containing triethylamine (5 g). The mixture was heated under Hz, NHCHZNH), 6.7-7 (m, 4H, aromatic), 8.2 (dd, 2H, 
reflux for a period of 3 h. It was cooled and washed successively J1 = 2, JZ = 9 HZ, aromatic); ms m/e 290 (M +). Anal. calcd. 
with cold 2 N HCl and water, dried over anhydrous sodium for CllHl0N6O4: C 45.52, H 3.45, N 28.97; found: C 45.27, 
sulfate, and filtered. Removal of solvent in vacuo yielded an oil H 3.42. N 28.87. 
that was purified by chromatography over si~ica-~el using 5% 
acetone, methylene chloride as eluant. The appropriate frac- 
tions were mixed to yield 2.5 g of desired product; mp 61- 
63°C; 'Hmr (CDCI,) 6: 2.05 (s, SCH,), 4.4 (d, J = 6.5 Hz, 
NHCH, collapsing to singlet after D,O exchange), 6.2-7.9 
(m, 4H, aromatic); ms mle 154 (M+). Anal. calcd. for CIHlo- 
NOZS: C 54.54, H 6.54, N 18.17; found: C 54.53, H 6.70, 
N 17.99. 

5-Nitro-N-[(methylthio)methyl]-2-pyridimin (10) 
Ethoxalyl chloride (4.08 g) was added to cold dimethyl 

sulfoxide (2.5 mL). This mixture was added to a solution of 2- 
amino-5-nitropyridine (4.17 g) in benzene (50 mL) containing 
triethylamine (4 mL). The mixture was refluxed for a period of 
6 h, after which it was washed with water and dried over an- 
hvdrous sodium sulfate and filtered. Removal of solvent 
yielded a mixture of solids that was chromatographed over 
silica gel using 3% ethyl acetate in methylene chloride as 
eluant. Appropriate fractions were collected to yield 1.8 g 
(30% yield) of the desired product; mp > 250°C; 'Hmr 
(DMSO) 6: 2.15 (s, 3H, SCH,), 4.45 (d, 2H, J = 7 Hz, 
NH-CH, collapsing to singlet after D,O exchange), 6.5 
(d, 1 H, J = 8 Hz, aromatic), 7.9 (dd, 1 H, Jl = 2 Hz, Jz = 8 
Hz), 8.6 (d, 1H, J = 2 Hz, aromatic); ir (mull) v,,.: 3420 (NH), 
1505, and 1350 crr-' (NO,); ms mle 199 (M+). Anal. calcd. for 
ClH,N302S: C 42.21, H 4.55, N 21.10; found: C 42.10, 
H 4.39, N 20.92. 

N,N1-Bis(5-nitro-2-pyridinyl)methane Diamine (6) 
This product was synthesized exactly in the same manner as 

described for 5 excepting that the reaction mixture was 
refluxed for 18 h. After the reaction was over, the solution was 
cooled and poured into ice. The resulting precipitate was 
collected, washed thoroughly with water and dried. It was 
further purified by chromatography over silica gel using 5% 
ethyl acetate - methylene chloride as eluant. The appropriate 
fractions were mixed to give the desired product in a yield of 
70%. It was crystallized from methylene chloride - acetone; 
mp 267-268°C; 'Hmr (DMSO) 6: 5.4 (t, 2H, J = 5.5 Hz, 
NHCH,NH, collapsing to singlet after D,O exchange); ir 
(mull) v,,,: 3420 (NH), 1505, and 1350 cm-' (NO,); ms mle 
290 (M+). Anal. calcd. for Cl1Hl0N6O4: C 45.52, H 3.45, 
N 28.97; found: C 45.70, H 3.45, N 29.30. 

N-(3-Nitro-2-pyridinyl)-N'- (5-nitro-2-pyridiyl) methane 
Diamine (11) 

A mixture of 2-amino-3-nitropyridine (1.39 g) and 2-N- 
methylenethiomethyl-5-nitropyridine (2.0 g) in 10 mL di- 
methyl sulfoxide was refluxed for a period of 6 h. After this, the 
reaction mixture was cooled and poured into ice water. The 
resulting precipitate was collected, washed thoroughly with 
water, and air dried. The mixture was chromatographed over 
silica gel using methylene chloride as solvent. Identical frac- 
tions were mixed together to give three products. The first 
fraction (0.1 g) was identified as 2-N-methylenethiomethyl-3- 
nitropyridine 9; mp 90-92°C; 'Hmr (CDCI,) 6: 2.1 (s, 3H, 
SCH,), 4.3 (d, 2H, NHCH,), 6.5-7.2 (m, 2H, aromatic), 7.9 
(dd, lH, J1 = 2, JZ = 8 Hz, aromatic); ms mle 199 (M +). 
Anal. calcd. for ClHgN30zS: C 42.21, H 4.55, N 21.10; found: 
C 42.46, H 4.55, N 21.44. 

The second fraction (0.2 g) was identified as the N,NJ-bis(3- 
nitro-2-pyridiny1)methane diamine 5; mp 198-200°C (identical 
nmr and ir spectra and no depression in melting point on 
admixture with the authentic sample). 

2-Chloro-N-[(methylthio)methyl]-3-pyridinai (12) 
To a cooled mixture of dimethyl sulfoxide (5.5 g) and dry 

tetrahydrofuran (75 mL), acetyl chloride (5.5 g) was added. To 
this solution triethylamine (14.1 g) and 3-amino-2-chloro- 
pyridine (6.4 g) were added successively. The reaction mixture 
was refluxed for 18 h, after which the solvent was removed 
under reduced pressure. The residual oil was purified by 
chromatography over silica gel using 2 v 0  ethyl acetate- 
methylene chloride as eluant, thus giving 8.8 g of the desired 
product as an oil (yield 93%); 'Hmr (CDCI3) 6: 2.12 (s, 3H, 
SCH,), 4.36 (d, 2H, J = 6.6 Hz, NHCH,), 7.06 (m, 2H, 
aromatic), 7.25 (dd, lH, Jl = 4, J2 = 1.5 Hz, aromatic); ms 
m/e 188 (M+). Anal. calcd. for ClHgN2SCI: C 44.56, H 4.77, 
N 14.85; found: C45.27, H 4.84, N 14.36. 

5-Amino-N-(2-chloro-3-pyridinyI)-6-chloropyridine-2- 
methanamine (1 5) 

A solution of 2-chloro-3-N-methylenethiomethylpyridine 12 
(3.8 g) and 2-chloro-3-aminopyridine hydrochloride (3.3 g) in 
dimethyl sulfoxide (5 mL) was heated at 80°C for a period of 
15 min. The cooled reaction mixture was poured into ether. 
The ether layer was decanted off and discarded. The resulting 
oil was washed several times with ether. The residue was 
chromatographed over silica gel using 20% ethyl acetate in 
methylene chloride as eluant. Appropriate fractions were 
mixed together to give 1.7 g of the desired product (3v0 
yield); mp 127-129°C (methylene chloride - hexane); 'Hmr 
(CDCI,) 6: 4.45 (d, 2H, J = 6 HZ, NH-CH,), 6.75-7.15 
(m, 4H, aromatic), 7.7 (dd, lH, Jl = 4.5, Jz = 1.5 Hz, aro- 
matic); ms mle: 268, 272,274 (M+, M +  + 2, M +  + 4). Anal. 
calcd. for CllHloN4CI,: C 49.25, H 3.73, N 20.90; found: 
C 48.93, H 3.73, N 20.90. 

5-Acetamido-N- (2-chloro-3-pyridinyI) -6-chloropyridine-2- 
methanamine (1 6) 

A solution of 15 (200 mg) in pyridine (5 mL) and acetic 
anhydride (1.5 mL) was stored at room temperature for a 
period of 18 h. Excess of anhydride was decomposed by adding 
methanol under cooling and the mixture was poured into ice 
water. The resulting precipitate was collected, washed with 
water, and air dried to give a brown powder that was purified 
by chromatography over silica gel using 20% ethyl acetate - 
methylene chloride as eluant. Thus 150mg of the desired 
product was obtained (65% yield); mp 169-171°C (methylene 
chloride - hexane); 'Hmr (DMSO) 6: 2.12 (s, 3H, CH3CO), 
4.41 (d, 2H, J = 6 HZ, NHCH,), 6.85 (dd, lH, J1 = 8, 
Jz = 1.5 HZ), 7.10 (dd, lH, J1 = 8, J, = 4.5 HZ), 7.25 (d, lH, 
J =  8.5Hz),7.56(dd,1H,J1 = 4.5,J2 = 1.5Hz),8.03(d, IH, 
J = 8.5 Hz); ms mle: 310,312,314 (M+, M +  + 2, M +  + 4). 
Anal. calcd. for C13HlzN40Cl,: C 50.32, H 3.87, N 18.06; 
found: C 50.08, H 3.69, N 18.13. 
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B. P. GIRI, G. PRASAD, and K. N. MEHROTRA. Can. J. Chem. 57,1157 (1979) 
Several diimines have been synthesised from the reaction of substituted imines with sodium 

in dry ether followed by bubbling in oxygen and subsequent protonation. A probable mecha- 
nistic route for the formation of products through the dimerisation of initially formed anion 
radicals is presented and an alternative route, through the dimerisation of radicals formed by 
hydrogen abstraction from starting imine, has been excluded by substituent labelling experi- 
ments. Ketone hydrazones on treatment with sodium in ether and subsequent air oxidation 
gave substituted diazomethanes in excellent yields (88-95%). 

B. P. GIRI, G. PRASAD et K. N. MEHROTRA. Can. J. Chem. 57,1157(1979). 
On a synthktisk plusieurs diimines en faisant d'abord rkagir des imines substitukes avec du 

sodium dans Ether anhydre puis en y faisant barbotter de I'oxygkne et finalement en pro- 
tonant. On a prksentk un mecanisme probable pour la formation de produits par l'inter- 
mediaire de la dimerisation des radicaux anions qui se forment initialement; on a exclu un 
autre mecanisme possible impliquant une dimkrisation des radicaux formks par l'enlkvement 
d'hydrogkne de l'imine de depart en se basant sur des Btudes impliquant le marquage des 
substituants. Si l'on traite des hydrazones de cktones par du sodium dans l'kther, puis qu'on 
oxyde le tout par de l'air, on obtient des diazomkthanes substituks avec d'excellents rende- 
ments (88-95%). 

[Traduit par le journal] 

The reductive dimerisation of substituted anils 
either by the reaction of active metals (Li, Na, and K) 
in nonaqueous solvents (1) or of aluminium in moist 
ether (2) has been reported. This procedure has been 
extended to N-substituted imines (3). It was con- 
sidered necessary to observe the effect of added 
oxygen before protonation of the sodium salt in the 
reaction of several substituted imines with sodium 
in dry ether. In the present paper we describe this 
modified procedure which leads to a new and more 
convenient synthetic route to substituted diimines. 
This one-step method has a distinct superiority over 
the conventional method, the condensation of 1,2- 
ethanediamines and carbonyl compounds, as the 
preparation of 1,2-ethanediamines alone would 
involve several steps. Similar treatment of ketone 
hydrazones leads to the formation of substituted 
diazomethanes in excellent yields. 

Results and Discussion 
The product mixture obtained with benzaldehyde 

N-benzylimine (la; Ar = Ar' = C6H5, R = H) was 
separated by repeated (4-5) fractional crystallisation 
from ethanol; it consisted of meso- and dl-N,N'- 
dibenzylidene-l,2-diphenylethylenediamine (2a; 17% 
each). Authentic samples of meso- and dl-2a were 
prepared according to the method reported (4) and 

were identical to the products (ir, nmr, and mp). 
Catalytic hydrogenation of meso- and dl-2a gave 
meso- and dl-N,N'-dibenzyl-l,2-diphenyl-1,2-di- 
aminoethane (5 ) ,  respectively (ir, nmr, and also mp 
in case of meso product, Table 1). 

The probable reaction sequence for the formation 
of meso- and dl-diimines can be as shown in Scheme 1. 

The radical anion formed by an electron transfer 
from sodium to imine l a  dimerises. The dianion may 
exist in equilibrium with the dicarbanion which may 
take up 2 molecules of oxygen; loss of hydroperoxide 
ions would lead to the diimines 2a. A similar 
equilibrium between the amide ion, obtained from 
aminoalkylsilanes in the presence of traces of n-butyl- 
lithium, and the isomeric carbanion has been pro- 
posed (6). The elimination of hydroperoxide ions has 
been suggested in the formation of diazomethanes 
from the reaction of ketone hydrazones with methyl 
lithium (7). 

An alternative route for the formation of diimines 
(2a) could be through the dimerisation of the inter- 
mediate radical formed by a possible hydrogen 
abstraction from the imine as shown in Scheme 2. 
This mechanistic route could be tested by labelling 
experiments. 

Benzaldehyde N-(p)-methylbenzylimine (lb; Ar = 
C,H5, Ar' = pCH,C6H,, and R = H) when simi- 

0008-4042/79/101157-05$01 .OO/O 
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TABLE 1. Conversion of imines 1 to diimines 2 

Product 2 

Elemental analysis (%) 

Melting Found Calculated 
Imine Yield point Molecular 

1 Ar Ar' R (%) ("(2) formula C H N  C H N  

a CsHs CsHs H meso 17 164-1 65 
(lit. (4) 164-165) 

Cz~Hz4Nz 
dI 17 149-151 

(lit. (4) 151-152) 

b C6H5 pCH3C6H4 H meso 11 184-1 85 
CaoHzsNz 

dI 11 172-173 

c CsHs C6Hs C6H5 dI 45 228-229 C40H3ZNZ 

d P C H ~ C ~ H ~  C6H5 CsHs dl 45 215-216 C 4 2 H 3 6 N ~ 0 z  
e pClC6H4 C6Hs C6Hs meso 10 Liquid 

larly treated as l a  gave two products which were 
separated by repeated fractional crystallisation and 
characterised as meso- and dl-N,Nf-di-p-methyl- 
benzylidene-l,2-diphenylethylenediamine (2b ; 1 1% 
each) on the basis of analytical and spectral (uv, ir, 

dirnerisation I 
Na+ 

C~H,-CH-N=CH-C~H~ 
2a 

meso and dl 

and nmr) data. The structure of meso-2b was con- 
firmed by comparison (ir and undepressed mixture 
melting point) with an authentic sample obtained 
from the condensation of meso-1,2-diphenyl-l,2- 
diaminoethane (4) with p-methylbenzaldehyde. This 
excludes the mechanistic route for the formation of 
diimines given in Scheme 2. 

Similar treatment of benzaldehyde and p-methoxy- 
benzaldehyde N-benzhydrylimines ( lc  and 4 gave 
dl- N,N'- dibenzhydrylidene- l,2 -diphenylethylenedi- 
amine (2c) and dl-N,N'-dibenzhydrylidene-l,2-di-p- 
methoxyphenylethylenediamine (24 ,  respectively, 
whereas the p-chlorobenzaldehyde N-benzhydryli- 
mine (le) afforded both meso- and dl-N,N'-dibenz- 
hydrylidene - 1,2- di-p - chlorophenylethylenediamine 
(2e) The dl-isomers of 212, d, and e show a common 
feature in their nmr spectra (Table 2). Four aromatic 
protons in each appeared at higher field (between 
6 6.47-6.62) as compared with the chemical shifts of 

1 dirnerisation 

C6H5-CH=N-CH-C6Hs 1 

I 
C6Hs-CH-NH-CH2-C6HS 

meso and dl 
SCHEME 1 

2a 
meso and dl 

SCHEME 2 
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TABLE 2. Spectral data of diimines 2 

Ultraviolet Infrared 
Compound h,,, (EtOH) (nm) vm (cm-') Nuclear magnetic resonance 6 (ppm) 

meso-2a 25 1 1640 (Nujol) (CCI,) : 4.70 (s, 2H, CH), 7.30 and 7.65 (m, 20H, aromatic), 
7.95 (s, 2H, -N=CH-) 

1640 (Nujol) (CCI,): 4.63 (s, 2H, CH), 7.30 and 7.70 (m, 20H, aromatic), 
8.27 (s, 2H, -N=CH) 

meso-26 260 1645 (Nujol) (CDCI,): 2.32 (s, 6H, CH,), 4.75 (s, 2H, CH), 
7.30 (m, 18H, aromatic), 7.95 (s, 2H, -N=CH-) 

dl-2b 259 1645 (Nujol) (CDCI,): 2.23 (s, 6H, CH,), 4.75 (s, 2H, CH), 
7.30 (m, 18H, aromatic), 7.92 (s, 2H, -N=CH-) 

dl-2c 253 1625 (KBr) (CDCI,) : 4.95 (s, 2H, CH), 6.50 (m, 4H, aromatic), 
7.33 (m, 26H, aromatic) 

dl-2d 254 1630 (KBr) (CDCI,): 3.72 (s, 6H, OCH,), 4.80 (s, 2H, CH), 
6.62 (m, 4H, aromatic), 7.25 (m, 24H, aromatic) 

mesole 254 1660 (neat) (CDCJ,): 5.57 (s, 2H, CH), 7.25 (m, 24H, aromatic), 
7.75 (m, 4H, aromatic) 

dl-2e 255 , 1630 (KBr) (CDCI,): 4.80(s, 2H, CH), 6.47 (m, 4H, aromatic), 
7.25 (m, 24H, aromatic) 

remaining aromatic protons (6 7.25-7.33). On 

i catalytic hydrogenation the dl-diimines (2c and d) in 
separate experiments gave dl-dihydrodimers of 

I imines (ir and mmp) (5). The formation of diimines 
with benzaldehyde N-substituted imines can be 

I as shown in Scheme 3. 
Ketone hydrazones (3a-f) on similar treatment, as 

described for imines, gave substituted diazomethanes 
j (4a-f) in 88-95% yield. The structural assignment of 
) the products 4a-f was made on the basis of similarity 
i of ir spectra (9, 10) and melting points (Table 3) and 
i also by conversion to their respective azines 5a-f 

Ar /Ar' 
\ 

H /C=N-CH 
la-e 

\R 

( i )  Nalether 

,Ar' 

2a-e 
\R 

meso andlor dl 

Ar Ar' R 
a C6H5 C6H5 H 
b C6H5 C6&CH3~ 
c CbH5 C6H5 C6H5 
d C ~ & ~ C H ~ P  C6Hs C6 HS 
e C6H4C1~ C6H5 C6H5 

SCHEME 3 

which were characterised on the basis of spectral 
data (Table 4). The formation of diazomethanes can 
be as shown in Scheme 4. 

Electron transfer from sodium to hydrazones 3a-f 
and loss of sodium hydride may lead to the anion m. 
When oxygen or air was not bubbled through the 
reaction mixture, protonolysis of m gave the starting 
ketone hydrazones (3a-f). Addition of oxygen to m 
and loss of hydroperoxide ion would lead to the 
substituted diazomethanes (4a-f). A similar mech- 
anism has been proposed in the oxidation of benzo- 
phenone hydrazone anion formed by the reaction of 
methyl lithium in tetrahydrofuran (7). The above 
'method provides a useful and convenient method for 
synthesising substituted diazomethanes in better 
yields in comparison with the earlier methods (7 
and 8). 

Experimental 
Melting points were obtained on a Biichi apparatus (capil- 

lary method) and have been uncorrected. Infrared spectra 
were recorded on a Perkin-Elmer 720 spectrometer. Ultra- 
violet spectra were obtained in 95% ethanol on a Cary-14 
spectrophotometer. Proton nuclear magnetic resonance data 
were obtained on a Varian A-60D spectrometer using TMS as 
internal standard. 

Preparation of Zmines 
The starting imines were prepared by the condensation of 

an equimolar mixture of carbonyl compound and aliphatic 
amine as reported in the literature (11, 12) and characterised 
on the basis of ir, uv, and nrnr data. 

Preparation of Ketone Hydrazones 
The ketone hydrazones were prepared by the condensation 

of ketone (2.0 g) with hydrazine hydrate (2.0 g) in 1 mL of 
n-butanol (13) and characterised by ir, uv, and nmr data. 
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TABLE 3. Conversion of ketone hydrazones 3 to diazomethanes 4 

Product 4 

Melting Infrared Nuclear magnetic 
Hydrazones Yield point Ultraviolet V-N=N resonance (CDCI,) 

3 Ar R (%) PC) h,,, (EtOH) (nm) (cm-') 6 ( P P ~ )  

a CsHs CsHs 93 Liquid 526,288 
(lit. (10) 30) 

b CsHs C6H40CH3p 94 51-52 527,3 17 

c C ~ H ~ C H ~ P  C ~ H ~ C H ~ P  93 106107 541,284 
(lit. (10) 107) 

d CsH40CH3p C6H40CH3p 95 110-111 556,280 
(lit. (10) 112) 

e C6Hs CH3 89 Liquid 521,270 

f C ~ H S  C6H4NMeZp 88 80-82 530,285 
(lit. (15) 82-84) 

2030 
(lit. (9)) 

2030 

2104 
(lit. (9)) 

2030 

6.90 (m, H, aromatic) 

7.18 (m, 9H, aromatic), 
3.70 (s, 3H, OCH3) 

7.23 (m, 8H, aromatic), 
2.35 (s, 6H, CH3) 

6.91 (m, 8H, aromatic), 
3.68 (s, 6H, OCH3) 

7.29 (m, 5H, aromatic), 
2 .40(~ ,  3H, CH3) 

7.21 (m, 9H, aromatic), 
2.97 (s, 6H. N-CH3) 

General Procedure for Preparation of Diirnines 2 through for 15 min and the mixture was allowed to cool. 
Pieces of sodium (1.0 g, 0.044 gat.) were slowly added to Unreacted pieces of sodium were removed by filtration. The 

dry ether (40 mL) with stirring under a nitrogen atmosphere. ethereal suspension was treated with 10% aqueous ammonium 
Stirring was continued and the contents were heated under chloride and the organic layer was washed twice with water 
reflux for 2 h. A solution of the imine (1.0 g) in dry ether and dried over sodium sulfate. The solvent was removed on 
(40 mL) was added dropwise. The reaction mixture was stirred a rotary evaporator and the residual material was crystallised 
and heated under reflux for 3-12 h. Oxygen gas was passed from methanol. The products were separated by repeated 

aqueousammon J 
chloride 

Ar 
\ 

Ar 
C=N-NH2 

\ + 

/ ,C=N=N 
R R 

3a-f 4a-f 

I Refluxing benzene 

Ar 
\ 

C=N-N=C 
/Ar 

/ 
R 

5a-f 
'R 

Ar R 
a C ~ H S  C6H5 
b G H 5  C6&OCH3p 
c C ~ & C H ~ P  C ~ & C H ~ P  
d C~&OCH~P C~&OCH,P 

C6H5 CH3 

f CsH5 C6&NMe2p 
SCHEME 4 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



GIRI ET AL. 1161 

TABLE 4. Spectral data of azines 5 

Compound Melting point Infrared (Nujol) Ultraviolet 
5 c'c) V ~ N  (cm-') I,,, (EtOH) (nm) Nuclear magnetic resonance (CDC13) 6 (ppm) 

a 162-163 1605 310(sh), 278,230 7.3 (m, H, aromatic) 
(lit. (14) 163-1 64) 

b 13&131 1605 326,278,252 3.74 (s, 6H, 0CH3), 7.24 (m, 18H, aromatic) 
(lit. (15) 131-132) 

c 192-1 94 1605 315,250 2.35 (d, 12H, CH,), 7.25 (m, 16H, aromatic) 
(lit. (16) 193-194) 

d 179-1 80 1603 335,278,224 3.82(d, 12H, OCH,), 7.15 (m, 16H, aromatic) 
(lit. (16) 181-182) 

e 121-122 1604 290 (sh), 256 2.30 (s, 6H, CH,), 7.85 (m, 10H, aromatic) 
(lit. (14) 121-122) 

f 194-1 95 1605 366,248 2.98 (s, 12H. N-CH,), 
(lit. (17) 194-195) 7.00 (m, 18H, aromatic) 

NOTE: These compounds gave satisfactory C, H, N analyses C k0.34, H f 0.20, N f 0.15. 

fractional crystallisation from ethanol. The analytical results 
are given in Table 1 and the spectral data of the products in 
Table 2. 

General Procedure for Prepuration of Diazotnethanes 4 and 
Azines 5 

In this procedure a solution of the hydrazone (2.0 g) in dry 
ether (75 mL) was used in place of imine. The red-violet 
product obtained was dissolved in n-hexane (25 mL) and 
filtered to remove any unreacted hydrazones. The solid 
products were crystallised from n-hexane. When air or 
oxygen was not bubbled into the reaction mixture and the 
sodium salt was washed with aqueous ammonium chloride, 
the starting hydrazones were recovered almost quantitatively. 

The benzene solution of diaryldiazomethanes 4a-f was 
heated at reflux temperature till complete disappearance of 
red-violet coloration. The solvent was removed on a rotary 
evaporator and the residue was crystallised from ethanol to 
give the azines. 

0. ANSELMINO. Chem. Ber. 11, 623 (1908); W. STIIHMER 
and G. MESSWARB. Arch. Pharm. 286,211 (1953). 
K. N. MEHROTRA and B. P. GIRI. Synthesis, 489 (1977). 
G. GROSSMANN. Chem. Ber. 22, 2298 (1889); F. FEIST. 
Chem. Ber. 27,213 (1894). 
K. N. MEHROTRA and B. P. GIRI. Indian J. Chem. B, 15, 
1106 (1977). 
J. M. DUFF and A. G. BROOK. Can. J. Chem. 55, 2589 
(1977). 
W. FISCHER and J. P. ANSELME. J. Am. Chem. Soc. 89, 
5312 (1967). 
J. B. MILLER. J.  Org. Chem. 24,560 (1959). 
C. PECILE, A. FOFFANI, and S. GHERSETTI. Tetrahedron, 
20,823 (1964). 
R. BALTZLY, N. B. MEHTA, P. B. RUSSELL, R. E.  BROOKS, 
E. M. GRIVSKY, and A. M. STEINBERG. J. Org. Chem. 26, 
3672 (1961). 
R. JUDAY and H. ADKINS. J. Am. Chem. Soc. 77, 4559 
(1955). 
M. MICHAELIS. Chem. Ber. 26,2169 (1883). 

Acknowledgements 13. A. SCHONBERG, A. E. KADER, and A. E. M. A. SAMMOUR. 
J. Am. Chem. Soc. 79,6020 (1957). 

We thank Professor 0. P. Malhotra for providing 14. D. B. MOBBS and H. SUSCHITZKY. J. Chem. Soc. C, 175 
facilities and the Council of Scientific and Industrial (1971). 

Research, New Delhi for financial support to B.P.G. 15. R. HOVEL, J. RIEDL, H. WRTlN, and K. ~ N K E .  Chem. 
Ber. 93, 1425 (1960). 

16. D. BETHELL, A. R. NEWALL, and D. WHITTAKER. J. 
1. J. J. EISCH, D. D. KASKA, and C. J.  PETERSON. J.  Org. Chem. Soc. B, 23 (1971). 

Chem. 31,453 (1966); J. G. SMITH and I. Ho. J. Org. Chem. 17. H. H. SZMANT and C. MCGINNIS. J. Am. Chem. Soc. 74, 
37,653 (1972). 240 (1952). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Mass spectra of bis(trimethylsily1)- and bis(trimethylgermy1)carbodiimide 

JOHN E. DRAKE, BORIS M. GLAVINCEVSKI, H.  ERNEST HENDERSON, A N D  CLARA WONG 
Deparfment of Chemistry, University of Windsor, Windsor, Onr., Canada N9B 3P4 

Received July 26, 1978 

JOHN E. DRAKE, BORIS M. GLAVINEEVSKI, H. ERNEST HENDERSON, and CLARA WONG. Can. 
J. Chem. 57, 1 162 (1979). 

The mass spectral fragmentation patterns of bis(trimethylsilyl)- and bis(trimethylgermy1)car- 
bodiimides are compared. Metastable confirmed transitions involve elimination of neutral 
fragments apparently containing Si=N and/or Si=C bonds. The fragmentation pathways are 
similar for the germyl analogue but no proof of a fragment containing a Ge==C bond was 
observed. 

JOHN E. DRAKE, BORIS M. GLAVINEEVSKI, H. ERNEST HENDERSON et CLARA WONG. Can. J. 
Chem. 57, 1 162 (1979). 

On compare les types de fragmentation en spectromktrie de masse des bis(trimkthy1silyl) et 
bis(trim8thylgermyle) carbodiimides. Des transitions confirmees par des ions mktastables 
impliquent I'klimination de fragments neutres contenant apparemment des liaisons Si=N 
et/ou Si=C. Les voies de fragmentation sont semblables dans le cas des analogues germylks; 
toutefois on n'a obtenu aucune preuve permettant de confirmer la presence d'un fragment 
contenant une liaison Ge==C. 

[Traduit par le journal] 

In a recent publication, we reported the synthesis. used to fit theoretical polyisotopic patterns of our compounds 
characterisation, and reactivity bf various Glyl- and to the experimental data, and another program (MASPEQ' 
germylcarbodiimides (1). of these, only (H3GeN :),C was used to calculate the theoretical polyisotopic clusters of 

each ion fragment. In 'clusters' involving silicon, the presence 
has b12en analysed by mass spectrometry and from of M. M - 1. or M - 2 veaks could be readily discerned; 
the observed ion fragments the existence of several typical average deviations dbtained from the SMASABD pro- 
rearrangement ions was deduced (2). The existence gram were ca. 1.0 for silicon species but closer to Ca. 5.0 for 

of both positively charged and neutral fragments germanium clusters. 
Me3SiNCNSiMe3 and Me3GeNCNGeMe3 were prepared containing an bond has been postulated in as described previously and their purity checked by their vibra- 

mass spectroscopic studies of organosilicon com- tional and 'H nmr svectra (1). Carbodiimides are readily 
pounds (3, 4), as has the formation of species con- hydrolysed to the oxides, so care must be taken to avoid 
taininc! the Si=N bond in the spectra of silazanes any contact with moisture when the mass spectra are recorded. 

(5).   he two trimethyl derivatives-M~,S~NCNS~M~, 
and Me,GeNCNGeMe, were selected for a com- Results and Discussion 
parativeustudy of their dfragrnentation pathways to The major features of the fragmentation patterns 
avoid problems of interpretation that might arise of Me,SiNCNSiMe, and Me,GeNCNGeMe, are 
from 'hydrogen stripping' in the hydrido analogues. very similar and surprisingly simple. If only those 
The carbodiimide skeleton could provide a basis for peaks with an ion count greater than 5% of the base 
interesting rearrangements and also for the formation peak are considered, then the main ions present are 
of intermediates involving double bonds to silicon or Me3SiNCNSiMe3+ + Me3SiNCNSiMe2+ + Me3Si+ 
germanium. - 

Experimental for the silane and 
The mass spectra were obtained using a Varian MAT CH5 Me3GeNCNGeMe3+ + Me3GeNCNGeMe2+ + 

double focusing spectrometer, of reversed geometry, equipped 
with an INCOS 2000 comvuter svstem. The spectra were Me3Ge+ + MeGe+ 

recorded at 70 eV. The metastable iransitions were observed for the germane. ~ ~ b l ~  1 includes all those peaks 
in the field free region by scanning the accelerating voltage 
(1-3 kV) at constant electric sector voltage (285 kV) and mag- which have an ion count greater than 1x of the base 
netic strength. The m/e value of the daughter ion is known to peak and which are clearly Part of a silicon- or ger- 
the nearest mass unit. It was possible, under special condi- manium-containing ion. 
tions, in the normal electron-impact spectrum, to record the 1, the course of investigating the metastable-sup- 
silicon compound under high resolution to 0.001 eV. A linear 
least-squares iterative computer program (SMASABD)' was' ported fragmentation pathways for Me,SiNCNSiMe, 

(Table 2) it becomes apparent that the loss of neutral 
ISMASBD and MASPEC were obtained from J. Miller of species containing Si=C or Si=N bonds Can readily 

Chemistry Department, Brock University. account for the majority of features in Scheme 1. The 

0008-4042/79/10 1 162-05$01 .OO/O 
01979 National Research Council of Canada/Conseil national de recherches du Canada 
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DRAKE ET AL. 

SCHEME 1. Fragmentation pattern for bis(trimethylsily1)carbodiimide 

formation of Me&+ arises from the loss of neutral 
fragments that apparently contain a Si=N bond and 
for which similar and reasonable electronic structures 
can be proposed. The transfer of charge to the 'other 
end' of the molecule should be a relatively simple 
mechanism given the delocalized nature of the 
x-bonding system in the SiNCNSi skeleton. Unfor- 
tunately, we were unable to get accurate determina- 
tion of the parents of the ion below Me,Si+. Clusters 
containing one and two methyl groups attached to 
silicon are mixtures. The relative peak intensities 
suggest that the ions Me,SiH+ (m/e 59.024; calcd. 

59.0317) and Me,Si+ can be detected in a ratio of 
ca. 3: 1 as are the ions MeSiH,+ (mle 44.98; calcd. 
45.0161) and MeSi' (mle 42.96; calcd. 43.0004). The 
genesis of the intermediates at mle 1-57, 155, and 141 
leads to metastable-confirmed transitions which 
apparently arise from 'parents' that have one hydro- 
gen atom less than an ion that is seen in the main 
spectrum. These parents at mle 185, 170, and 156 
show insignificant abundances in the normal run- 
ning mode and the origins of the latter two are un- 
known. The signal corresponding to mle 99 is seen 
at 99.0219 under higher resolution which indicates 
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TABLE 1. The mass spectra of bis(trimethylgermy1)- and bis(trimethylsilyl)carbodiimide 

M = Ge M = Si 

Ion family m/e Int %RA mle Int %RA 
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DRAKE ET AL. 

TABLE 1 (Concluded) 

M = Ge M = Si 

Ion family mle Int %RA mle Int %RA 

MeM + 

MeMHz + 

SCHEME 2. Fragmentation pattern for bis(trimethy1gerrnyl)carbodiirnide 

the presence of Me,SiNCNH+ (m/e calcd. 99.0378) cult to assign unambiguously the species of m/e 100. 
rather than Me,SiNC+ (m/e calcd. 99.0504). The The peak is of low intensity, making metastable and 
former ion requires the loss of the neutral fragment high resolution work less reliable. The metastable 
CH,=SiMe,, whereas the latter requires the forma- studies show an array of poorly characterised parent 
tion of two odd-electron scission products. It is diffi- ions (Table 2) and in high resolution spectra there is 
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TABLE 2. Metastable transitions 

Daughter m/e Parent m/e 

(a) Me3SiNCNSiMe3 
73 141, 155, 171* 
99 171 

100 115, 127, 141, 155, 172 
141 156,* 171* 
155 170* 
157 185* 

(b) Me,GeNCNGeMea 
89 104, 117 

119 233, 263* 

*Peaks of good intensity are marked with an asterisk. 

an indication of peaks of even lower intensity at m/e 
100.03 and possibly at 99.96 in addition to the main 
one at 99.9954. Thus it seems clear that more than 
one species is present, one of which could be 
Me,Si,N+ (m/e calcd. 100.0039) resulting from the 
loss of HCN (from m/e 127) and MeCN (from m/e 
147). The formation of rearrangement ions of 
this type was suggested in the mass spectrum of 
H3GeNCNGeH3 (2) but there was no indication of 
the corresponding species, Me,Ge,N+, in the spec- 
trum of Me3GeNCNGeMe3. 

The polyisotopic nature of germanium results in 
the mass spectrum of Me3GeNCNGeMe3 being 
potentially more complex than that of the silicon 
analogue. This not only leads to difficulty in assessing 
the degree of 'hydrogen-loss' in simple species such 
as Me,Ge+ compared with Me,GeH+, but also 
makes metastable work more difficult, because rela- 
tively few m/e values have significantly high inten- 
sities. Nevertheless, we can establish some meta- 
stable-confirmed transitions and suggest a probable 
pattern (Scheme 2) based on a comparison with the 
silicon analogue. The principal route is again the loss 
of methyl group to give the P - 15 ion followed by 
loss of a large neutral fragment to give Me3Ge+. This 
neutral fragment can be written as with the silicon 
analogue, as involving a double bond from the group 
IV element to nitrogen. Equally well, it may be writ- 

ten in a Zwitterion form which avoids the necessity 
of involving a n-bond to germanium, namely as 
- : N=C=N-Ge' Me, rather than as :N=C-N= 
GeMe,. This is also true of the fragment :N_C- 
N=Ge: which can be written as :-N=C=N-Ge+ :. 
It is interesting to note that there is no indication, 
either in the main spectrum or the metastable studies, 
of the intermediate Me,GeNCNGe=CH,+ (m/e 
245 for 74Ge) which would contain a double bond 
between germanium and carbon, even though the 
corresponding pathway certainly exists in the silane. 
The presence of HNCNGeMe, + and/or Me3GeNCf 
(m/e 145 for 74Ge) cannot be ruled out completely 
because very weak peaks were detected in the region 
of m/e 141 to 145 but they did not correspond to a 
typical germanium cluster. The elimination of C2H6 
from Me,GeNCNGeMe,+ is similar to that noted 
from Me,GeCl+ in the spectrum of Me3GeC1 (6) and 
the corresponding transition in the silicon analogue 
is metastable-confirmed. The elimination of C2H4 
from Me3Ge+ is a well established pathway (6, 7). 
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Bound complex and triple collision mechanisms for diatom dissociation and recombination 
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NEIL SNIDER. Can. J. Chem. 57, 1167 (1979). 
A method was devised for estimating relative contributions to atom recombination from 

the bound complex and triple collision mechanisms. The method is based on three assumptions : 
a collinear model is valid, recrossings of a suitably chosen transition state surface equally 
affect both contributions to the recombination rate, and the two contributions correspond to 
crossings of parts of the transition state surface which differ only in total energy. Ratios of 
the rate constants for recombination by the two mechanisms were calculated for a classical 
model of Br and I atom recombination in rare gases. The ratios had already been obtained 
for the model from three-dimensional trajectory calculations. The results disagreed by as much 
as a factor of ten for helium as the third body, but they were within 50% or better for xenon. It 
was argued that the discrepancies are largely due to a breakdown of the second of the foregoing 
assumptions. The formula for the rate constant for recombination by both mechanisms 
together was extended to three dimensions at the expense of introducing an adjustable para- 
meter. The extended formula was found to give results in agreement with the trajectory 
calculation to within 30% or better. 

I 

1 NEIL SNIDER. Can. J. Chem. 57, 1167 (1979). 
On a developpe une methode qui permet d'kvaluer les contributions relatives a la recom- 

binaison d'un atome par des mecanismes de liaison complexe et de collision triple. La methode 
est basee sur trois hypotheses: un modele colineaire est valable, les recoupements d'une surface 

1 d'ttat de transition choisie judicieusement affecte d'une facon &ale les deux contributions a la 
vitesse de recombinaison et les deux contributions correspondent a des recoupements de 

1 portions de la surface de 1'Btat de transition qui ne different que dans leur energie totale. On a 
calculk les rapports des constantes de vitesse pour la recombinaison par les deux mecanismes 
pour un modele classique de recombinaison d'atomes de Br et de I dans des gaz rares. On a 
deja obtenu les rapports pour le modele a partir de calculs de trajectoires tridimensionnelles. 
Les resultats different par des facteurs pouvant atteindre 10 lorsque I'helium est le troisieme 
corps; dans le cas du xenon les resultats ne different que par 50% ou moins. I1 est propose que 
ces differences sont dues en grande partie a l'insuffisance de la deuxieme hypothese. On a Btendu 
la formule de la constante de vitesse pour la recombinaison par les deux mecanismes aux trois 
dimensions en faisant intervenir un parametre ajustable. On a trouvt que la formule Btendue 
conduit a des resultats en accord a 30% ou mieux avec les calculs de trajectoire. 

[Traduit par le journal] 

Introduction sociated state may be either the break-up of A,, 
The simplest mechanism for gas phase recom- [31 A z + M + 2 A + M  

bination of two atoms A in the presence of an inert 
diluent M is a termolecular process or exchange, 

However, in practice, diluent gases are never com- 
pletely inert, and the formation of bound species AM 
is always a possibility. Theories of the rate of recom- 
bination have been formulated (1, 2) wherein AM 
plays a central role, 

A + 2M AM + M rapid equilibrium 

A M + A + A z + M  

Reaction [l] has come to be known as the "triple 
collision" mechanism for recombination, and re- 
actions [2] as the "bound complex" mechanism (3). 

In the reverse process, dissociation of A,, the final 
step in the collisional excitation of A, to the dis- 

Reaction [3] is the reverse of [I], and [4] is the reverse 
of the second step of [2]. By detailed balancing the 
ratio of rates of [l]  and [3] is equal to the ratio of 
rates of [2] and [4]. It follows that the recombination 
rate via the triple collision mechanism relative to the 
recombination rate via the bound complex mechan- 
ism is equal to the branching ratio for the possible 
reactions of M with A,. 

If M is one of the rare gases, the A-M bond is 
generally weak, and AM is not easy to detect experi- 
mentally. Thus, it is that there are no experimental 
data concerning the relative rates of [l] and [2] in 
this case. What are available are results of trajectory 

O008-4O42/79/1O1167- 1O$O1 .OO/O 
01979 National Research Council of CanadalConseil national de recherches du Canada 
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1168 CAN. J. CHEM. VOL. 57, 1979 

calculations for Br atoms and I atoms recombining [15] of ref. 8, 
in the presence of He, Ar, and Xe (3,4). These studies 
indicate that for M = Ar, Xe the bound complex [51 k3 + k4 = J7,t-1(P/2np)1'2 
mechanism predominates at low temperatures, the 
triple collision mechanism at high temperatures 

x J (87 HlQ( - (8, Hl)  exp (- PHI dpdq 

whereas for M = H~ the triple collision mechanism where YIn, is the phase integral for the vibrational 

predominates at all temperatures of interest. degree of freedom of A,, P is the reciprocal of Boltz- 
l-he primary objective of the present work is to mann's constant times temperature, p is the reduced 

develop and test a method for estimating the relative of the A,-M pair, H i s  the Hamiltonian for the 
rates of dissociation and recombination via the two System with the center of mass taken to be at rest, 
aforementioned mechanisms. Three approximations { denotes bracket, is the unit step 
are introduced over and above those of the trajectory and p and q are the momenta and cO- 

studies. First, the problem is reduced t~ one dimen- ordinates for the two degrees of freedom of the 
, sion. second, the dynamics are simplified as per collinear, three-atom system with fixed center of 
transition state theory (5). Third, the contributions mass. It is to be that the on the right 
to the rate from the two mechanisms are identified of 151 is essentially a surface integral since the 

with fluxes across parts of the transition state surface bracket of ' as a a Dirac 

which differ only in total energy. ~h~ potential energy delta function which is non-zero only at the transition 

surfaces are assumed to be the same as those used state. Provided only that the transition state surface 
in the above cited trajectory studies (6), and corn- entirely separates the A, + M region from the rest 
parisons are made with the ratios of triple collision the phase space, eq- C51 gives an upper 

and bound complex contributions to the equilibrium the exact k3 + k4 for the same (5). 
rate of recombination k;q from these studies. one The transition state surface to be assumed in the 
thereby eliminates uncertainties due to lack of present work the one in  the 
knowledge of the potential energy surfaces, to the original version of the variational theory of three- 

need to correct for non-equilibrium effects, and to body recombination (9). This surface is defined 

the need to correct for quantum effects. Discrepancies in different regions Of phase space. In the 

between the estimated values of the branching ratios region for which a function f(q) is negative7 i-e. the 

and those calculated from trajectories can be due region which by definition off includes reactant-like 

only to the three approximations mentioned pre- it is the surface along which H 1 n t 7  the 

viously. Hamiltonian for the vibrational degree of freedom 
A secondary objective of this work is to test a of isolated A,, is equal to D, the dissociation energy. 

simple method for extending collinear results for k, In the region for which &nt is less than D7 it is the 

to three dimensions (7). The extended results can be surface along whichf is zero. The function 8 is then 

compared directly to the values of k,'q obtained from given by 

trajectories. This comparison will provide some 161 8 = Q(D - HI.JQ(-f> 
indication of the amount of inaccuracy which results In the present work the explicit form o f f  to be 
from simplification of the dynamics. assumed differs from that of ref. 9 although, as in 

Formulation of the Theory 
Transition State Theory 

The following derivation makes reference to 
reactions [3] and [4]. Extension to reactions [l] and 
[2] is effected by a straightforward application of the 
principle of detailed balancing. Semiclassical tran- 
sition state theory has recently been formulated in 
one dimension (8) for the reaction scheme represented 
by [3] and [4]. The theory expresses the rate constant 
for the overall disappearance of A, by reactions [3] 
and [4] in terms of a phase space function 8. This 
function is a unit step function, and its discon- 
tinuity occurs at the surface in phase space which 
has been chosen to be the transition state. 

In the just mentioned theory, the classical limiting 
expression for the sum of rate constants for reactions 
[3] and [4] is obtained by combining eqs. [13] and 

ref. 9, it is made to depend on a variational para- 
meter. The explicit form off used in the present work 
will be discussed later along with the rationale 
underlying its choice. 

Partitioning of the Surface 
The desired branching ratio r is given by 

r = k31k4 

Equation [5] cannot provide this ratio. The tran- 
sition state surface can be divided into a part 
through which pass trajectories which contribute to 
[3] and another part through which pass trajectories 
which contribute to [4]. However, one does not know 
how to effect this partitioning of the surface without 
actually computing the trajectories. Lacking tra- 
jectories, one must resort to a reasonable assumption. 

Before discussing the partitioning which was here 
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SNIDER 1169 

assumed, it is to be noted that the law of conserva- 
tion of energy imposes limits on that portion of the 
surface through which reactive trajectories may 
pass and also on the portion through which dis- 
sociative trajectories may pass. Let E ,  be the binding 
energy of isolated AM. Then for H less than D - E ,  

no reaction can take place, and for H between 
D - E ,  and D only reaction [4] can occur. Thus the 

' integration in [5] is restricted to that part of the 
surface for which H i s  greater than D - E,,  and the 
integral over the part for which H lies between 
D - E ,  and D may contribute only to k,. 

The simplest assumption one can make is that 
trajectories which pass through that part of the 

, surface for which H is greater than D contribute 
entirely to [3]. This assumption is the one which was 
finally adopted in the present work. It leads to an 
upper bound to k ,  because all trajectories which 

1 contribute to [3] must pass through that part of the 
surface for which H is greater than D. The assump- 

Formula for the Branching Ratio 
The branching ratio is thus assumed to be a ratio 

of integrals over portions of the transition state 
surface which differ only in total energy. As the first 
step in the evaluation of these integrals, explicit co- 
ordinates are chosen. These are R, the distance from 
M to the center of mass of A, and r, the A-A 
distance, both conveniently mass weighted, 

In [7], rAA is the A-A distance, rAM is the distance 
between M and the nearest A, and b is given by 

where m, and mM are the masses of the designated 
atoms. In terms of these coordinates the Hamiltonian 
for the vibration of isolated A, is given by 

i tion seems physically reasonable in those cases for and the total Hamiltonian is given by 
! which A-M attractive forces are weak. In such a 
: case it seems unlikely that many trajectories for 

= (pRz + p,2)12F + v0(,.) + v , ( ~ ,  r )  / which H is greater than D would contribute to 
u 

i reaction [4]. If the A-M attractive forces are strong, where p is given by 
I however, the assumption probably breaks down 
i 
i because many trajectories which cross the transition [I 11 p = t b p  = mAlb 
) state surface are likely to be deflected into the 

AM + A region and to have their excess energy and p,, p, are the momenta conjugate to the desig- 
i channeled into relative AM - A translation. Never- nated coordinates. 

theless, in those cases for which calculations are With O given by [6] and coordinates given by [7], 
: reported here, the A-M attractive forces are weak. the Poisson bracket in the integrand of [5] becomes 

where 6 denotes the Dirac delta function. Substituting [I21 into [5] and applying the assumption of the 
previous section concerning the parts of the integral which contribute to k ,  and k,, one obtains 

[I31 
k3 = (P41n,)- (b/2)'12 J (F3 + G3)dR 

k4 = (P41nt)-' (b/2)'12 S (F4 + G4)dR 
where F3 and G ,  are given by 

x O(D - H,,,)O(H 1 D) exp ( - PH) 

The functions F4 and G, differ from F3 and G ,  in that O(H - D) in [14] is replaced by O(H - D + E,)O 
x ( D  - H).  The branching ratio is given by 

It is to be noted that the P's and G's are dimensionless. Since PSI,, has the units of time, it is clear from 
[13] that k 3  and k ,  have the units of velocity, as they should. 
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1170 CAN. J .  CHEM. VOL. 57, 1979 

Integrations over r, p,, andp, in [14] require no special skill, only a certain amount of care. The mathemat- 
ical manipulations involved are described in the Appendix. The zero of energy is taken to be the energy of 
the three atoms at infinite separation and at rest. Hence, D is set to zero. For F3 and F, one obtains 

[16al F3(R) = ({Z[PVo(r+) csc2 + + I  - Z[PV(R,r+)ll set ++ exp [- PJ'o(r+)l 

- {z[Pvo(r+> ctn"+1 - z[PVl(R,r+)l> + 2(-Pvo(r+)lx)112 tan I++/  exp [PVo(r+) 

x ctn"+I>exp [-PVl(R,r+)l for V1(R,r+) 2 V0(r+)ctn2++ 

= 2 (- P Vo(r+)/n)112 tan I + +  1 for V,(R,r+) < V,(r+) ctn2 ++ 

[16bl F,(R) = ({Z[PV(R,r+)l - Z[PVc(R,r+)l) set ++ exp [- PVo(r+)l - Z[PV,(R,r+)l) 

x eXP[-PV,(R,r+)I for V,(R,r+) 2 Vo(r+)ctn2++ 

= ({Z[PVo(r+) csc2 + + I  - Z[PVc(R,r+)II set ++ exp [- PJ'o(r+)l 

- z[P Vo(r+) ctn2 + + I  + 2 (- P Vo(r+)~n)'/~ tan I++ I el- Vo(r+)l {exp [ P ~ , i ~ , r + ) l  

- exp [Pvo(r+) csc2 ++I))  exp [PV1(R3r+)1 for V1(R7r+) < Vo(r+) ctn2 4, 
The function Z is defined by 

~171  Z(X) = 2n-''12' 8(- x)y(3/2, - X) 

where y denotes the incomplete gamma function. The function r+(R) is obtained by solving the equation 

for r. The angle ++ is given by 

[I81 tan ++ = dr+/dR 

The potential functions V and Vc are given by 

V = V , + V ,  V c = V + & ,  
For G3 and G, one obtains 

where r- is the value of r for which V,  changes sign 
and is understood to be less than r + .  The rm's are 
values of r between r- and r +  at which V, has 
maxima or minima. The plus signs in [19] apply at 
values of r for which V, is a minimum; the minus 
signs apply at maxima. 

To proceed further, one needs explicit expressions 
for V,, V,, and f. In general these expressions will be 
such that the R-integration must be done numerically. 

Extension to Three Dimensions 
In the present work it is assumed that the one- 

dimensional k3 and k, differ from their three- 
dimensional analogs by factors which are the same 
for both. It follows from this assumption that [15] 
may be used to estimate branching ratios for the 

corresponding three-dimensional system. Such is not 
the case for the rate constants themselves. 

A fairly simple method for generalizing one- 
dimensional values of the recombination rate con- 
stant to three dimensions has been proposed (7). The 
result is given by eq. [14] of the just mentioned 
reference. 

where R, is the ratio of electronic degeneracies for 
the ground states of A, and 2A, o is a hard sphere 
collision cross section, k is Boltzmann's constant, 8, 
is the characteristic rotational temperature of A,, 
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and T is (PDe)-l. The parameters X*,  n, and E, 

characterize the angular momentum dependence of 
the height of the centrifugal barrier for a rotating 
Morse oscillator of well depth D,. The way in which 
X*,  n, and E, are calculated is described in ref. 7. At 
low temperatures one can safely make the approx- 
imation 

where (in this section only) r denotes gamma 
function. The factor r is the non-equilibrium correc- 
tion, which is set equal to one if k, is assumed to be 
k,'¶. The sum in [20] is related to the rate constant 
for the total disappearance of A,, 

where Q,,, is the partition function for the vibra- 
tional degree of freedom of A,, and ii is the mean 
relative velocity of A,-M pairs. 

In the classical limit Q,,, is h-' f,,,. Hence, from 
[I31 and [22] one obtains 

x j (F, + F, + G, + G,) dR 

In the second line of [23], [l 11 has been used, and f 
denotes the integral in the foregoing line. Combining 
[8], [20], [21], and [23] and using the standard 
formula (10) for 0, of a diatomic molecule in terms 
of m, and the internuclear distance re, one obtains 

where r, is the hard sphere collision diameter. The 
parameters n and X* are fixed for given Morse para- 
meters re and u. The only adjustable parameter in 
[24] is therefore r,. Equation [24] gives the rate 
constant for recombination in three dimensions by 
reactions [l] and [2] together. In its derivation the 
tacit assumption has been made that k, and k, in 
three dimensions both differ from their one-dimen- 
sional analogs by the same factor. In this respect the 
derivation is consistent with the derivation of the 
branching ratio in the preceding section. 

Explicit Formula for r + 

The function r+(R) is obtained by solving the 
equation 

f(R,r) = 0 

for r. Hence, the choice of a specific functional form 
for r+  implies a choice off. The graph of r+  in the 

r-R plane represents that portion of the transition 
state surface which is most easily visualized. 

The explicit form of r+  to be used in the present 
study was motivated by several considerations. The 
first is that it must represent a curve which com- 
pletely separates the A, + M region of configuration 
space from the AM + A region. Another is that it 
should be simple. A third is that it should depend 
on a parameter in order to allow some flexibility of 
choice. The potential energy surfaces assumed in the 
present work either have no saddle point or, at most, 
a saddle point of negligible height with respect to the 
AM + A valley. Hence, in the present study one 
cannot be guided in the standard way in one's 
choice of the transition state. The final, somewhat 
arbitrary condition on r+  is that for some value of 
the parameter it should represent the transition state 
for a symmetric potential surface with a saddle point. 

The above considerations led to the choice 

where a is the parameter, and ow is the equilibrium 
internuclear distance for isolated AM. In the present 
study a was chosen such as to minimize k, + k,. 
Hence, it is not an adjustable parameter. 

Numerical Results 
Numerical evaluation of the integrals on the right 

of [13] was carried out using a subroutine based on 
Simpson's rule. All of the a-dependence of the rate 
constants is in these integrals. In a typical case, 
evaluation of f at five to ten values of a was 
sufficient to locate the minimum. As can be seen from 
eq. [19], the computation of G ,  and G, entails the 
location of relative maxima and minima in V,. These 
extrema were found using a slightly modified version 
of Harwell Subroutine VD02A. The calculations 
reported here were done on a B6700, but it was found 
that calculations of this type can be performed 
satisfactorily on a PDP1103. 

Thirty cases, six A,-M combinations at each of 
five temperatures, were studied. They are the same 
as those reported in ref. 4. The potential function 
assumed is potential B of ref. 6. Morse functions 
with the standard Br, and I, parameters were used 
for V,. For the sake of ready reference, these para- 
meters are included in Table 1. Also for the sake of 
ready reference, the additional parameters which 
enter into V, are presented in Table 2. These para- 
meters are the same as those used in ref. 4, thus 
making the results of this study and that one strictly 
comparable. The potential energy surface for Br, + 
Ar is depicted in Fig. 1. The potential surfaces for 
the other five A, + M combinations are qualitatively 
much the same. 
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TABLE 1. Electronic degeneracy factors, Morse potential parameters and para- 
meters derived therefrom for the isolated molecules 

Az R, u (nm-') re (nm) D. (kJ/mol) n X* 

TABLE 2. Assumed potential parameters for A,-M interactions 

Az M oo (MI) om (MI) EO (kJ/mol) &a (kJ/mol) 

Br2 He 0.3081 0.288 0.35 0 .6  
Ar 0.3506 0.332 1.19 2.5 
Xe 0.3853 0.362 1.61 2 .9  

FIG. 1. Assumed potential energy surface for Br2-Ar 
collisions. Note that the contours are not equally spaced in 
energy. The dashed line indicates the r+(R) curve for T = 
1500 K. 

In Table 3 the branching ratios calculated in the 
present study are presented along with those cal- 
culated in ref. 4. Agreement is seen to be fair for 
M = Xe and for M = Ar but poor for M = He. 
Also shown in Table 3 are the values of a, denoted 
a,,,, for which the sum k, + k, is minimized. The 
resulting curve of r+(R) for Br, + Ar at 1500 K is 
shown in Fig. 1. In all cases a, decreases somewhat 
with increasing temperature, but the resulting shift 
in r+(R) is never great. 

The data of Table 3 are shown graphically in Fig. 2 
as a plot of log,, T vs. loglo PE,. The results of ref. 4 
for M = Xe, Ar and the results of the present study 
all lie close to a straight line of slope -312. Inter- 
estingly, a (PE,)-~" dependence of T was also found 
in three-dimensional trajectory studies of N, + Ar 
and C1, + Ar (1 1). Finally, it can be seen from the 
scatter in the results from ref. 4 that some of the 
discrepancy between those results and the present 
ones is due to random numerical errors in the 
trajectory calculations. 

Table 4 shows values of k,"q given by eq. [24] along 
with corresponding values from ref. 4. Also shown 
are the values of ro, these having been obtained from 
a least-squares fit of the k,"q's of ref. 4 to eq. [24]. 
Agreement of the k,"q's is generally better than 
agreement of the T's, but it still must be regarded as 
only fair since an adjustable parameter has been 
used. Again, random errors in the trajectory cal- 
culations seem to be causing part of the disagree- 
ment. The best fit values of ro are smaller than the 
corresponding 0,'s of Table 2. This would be 
expected since transition state theory gives an upper 
bound. It is also to be noted that the rO7s do not 
increase in the same order as do the oo's, the values 
for M = He being most notably out of line. 

Discussion 
The results of the present study are in fair agree- 

ment with the results of a three-dimensional tra- 
jectory study of the same model (4) for the cases 
M = Xe, Ar. Agreement is poor for M = He. The 
discrepancies may be due to one or more of the three 
simplifying assumptions adopted in the present 
study. It will here be argued that the largest dis- 
crepancies between the results of this work and those 
of ref. 4, i.e. the discrepancies in the T's for M = He, 
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TABLE 3. Comparison of calculations of relative rates of 
reaction via triple collision and bound complex mechanisms 

for a model of halogen recombination in inert gases 

A, ' M  T (K) a,, (nm) Eq. [13] Ref. 4 

BrZ He 

BrZ Ar 

Br, Xe 

12 He 

12 Ar 

are due to a breakdown of the fundamental assump- 
tion of classical transition state theory. 

From Table 4 one sees that the k,'q's calculated in 
the present study agree fairly well with those cal- 
culated in ref. 4. The method of calculation used in 
the present study is based on a simple extension of 
one-dimensional results to three dimensions. This 
extension changes both k, and k, by the same 
factor. The implication is that a one-dimensional 
calculation should suffice to determine T. One there- 
fore has evidence (albeit inconclusive) for the 
validity of using the analogous collinear model in 
calculations of T. Another bit of evidence is the 
PE,-dependence of T as shown in Fig. 2. It seems 
reasonable to suppose that the displacement of the 
trajectory values for M = He from a straight line is 
due to dynamical effects. It is less likely that the 
phase integrals of three-dimensional transition state 
theory differ in such an essential way from those of 
the one-dimensional theory that the resulting values 

FIG. 2. log-log plot of the branching ratios from ref. 4 and 
from the present work. Filled circles represent results of the 
present work; open circles, results from ref. 4 for M = Xe, 
Ar; crosses, results from ref. 4 for M = He. 

of log T as a function of log PE, lie close to a straight 
line in the one case but not in the other. Thus the 
reduction to a collinear model does not appear to 
cause the large discrepancies between the T's cal- 
culated in the present work and those calculated in 
ref. 4. 

As already mentioned, the assumed partitioning of 
the transition state surface is such as to give an 
upper bound to k, but not k,. Since T is defined as 
k,/k,, it follows that this assumption as to the 
partitioning of the surface is more likely to over- 
estimate T than to underestimate it. However, in the 
cases of worst disagreement the present calculations 
grossly underestimate T. One is therefore not 
inclined to ascribe these discrepancies to a break- 
down of the assumption as to the partitioning of 
the surface. 

One is left with the fundamental assumption of 
classical transition state theory, and at this point 
one should recall the physical significance of this 
assumption (5). The assumption is entirely valid 
provided that all trajectories which cross the tran- 
sition state surface cross it only once. The more 
recrossings of the surface there are, the larger is the 
amount by which the transition state theory approx- 
imation overestimates the rate constant. 
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TABLE 4. Comparison of calculations of equilibrium rate con- 
stants for a model of halogen recombination in inert gases 

k,'q (lo9 L2/mo12 s) 

A2 M ro (nm) T ( K )  Eq. [22] Ref. 4 

It is reasonable to suppose that multiple crossings 
are most likely through that portion of the transition 
state surface which has been associated with the 
bound complex mechanism (11). There the total 
energy is lower, and hence, ,the effect of the A-M 
attractive forces is larger. This effect very likely 
manifests itself in more complicated trajectories 
which make more crossings of the transition state 
surface. 

It may be noted in passing that one can now 
advance a plausible explanation for the relatively 
large values of ro obtained for M = He. As men- 
tioned in the previous section, the ratio of ro to o0 is 
a rough indication of the amount by which the 
trajectory value of k,"q is reduced relative to the 
transition state theory value, said reduction being 
due to recrossings. In the case of M = He the con- 
tribution to the overall rate from reaction [4] is 
relatively small. Since this is the contribution 
expected to be most reduced by recrossings, the 

overall reduction due to recrossings is expected to 
be smaller in this case. 

The very large values of r for M = He are an 
indication that the relative contributions from 
reaction [4] which are already smallest at the level 
of transition state theory are also most greatly 
diminished due to recrossings. However, the cause 
is probably different in the two cases. At the level of 
transition state theory a small contribution from [4] 
is most likely due to a small value of E,, as is 
indicated by Fig. 2. The further reduction due to 
recrossing is more likely due to the small mass of He. 
One may ascribe at least some of the complexity of 
the recrossing trajectories to incipient vibration of 
AM. The frequency of this vibration increases as the 
reduced mass of AM decreases. Hence, it seems 
reasonable that the smaller mass of He should cause 
more recrossing of that part of the transition state 
surface which has been associated with the bound 
complex mechanism. 

It should be emphasized that the foregoing argu- 
ments are no more than plausible. Only a thorough- 
going analysis of the trajectories for the model 
would rigorously account for the discrepancies 
between the results of the present work and those 
of ref. 4. 

The method described herein provides fairly 
reliable values of relative rates for recombination by 
reactions [I] and [2] in cases where AM is weakly 
bound and the masses of A and M are large. 
Although the method requires considerably less 
computation than do the trajectories, the amount of 
computation which it does entail still seems excessive 
in view of the simplicity of the final results, as 
indicated by Fig. 2. A search for further simplifica- 
tions therefore seems in order. and the results 
reported here are mainly of interest in that they 
illustrate the discrepancies which arise as a con- 
sequence of more fundamental approximations. 
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Appendix 
The object of this section is to show how eqs. [16] and [19] follow from [14]. Derivation of [19] is simpler 

and will be considered first. Substitution in [14b] of [lo] for H, replacement ofp, by H,,, via [9], and integra- 
tion over HI,, gives 

The equation for G, is the same except in that 0(pR2/2p + V,) is replaced by 0(pR2/2P + V1 + E,) x 
0(-pR2/2p - V,). The first of the foregoing factors is practically redundant since V, almost always exceeds 
- E,. Substitution of t 2  for PpR2/2ji gives 

G - n- ' /2  
3 - J dr  Q(-f)O(- Vo)lapvl/arI exp (-PV,) J dt 0(t2 + PV,) exp (-t2) 

When V1 is negative, the interval - (- P Vl)'/2 5 t I (- P V,)1/2 is excluded from the range of t-integration 
, by the unit step function. Hence, one obtains 

[All 
i 

G3 = J dr 0(- f)O(- Vo)laPVl/ar I exp (- pV,) [l  - erf (- PV1)1/2 0(- PV,)] 

1 and similarly for G, 

[A21 G4 = J dr O(-f)O(- Vo)lapVl/arI exp (-PV,) erf (-pV,)1/2 0(-pV,) 

/ where erf denotes error function. 
Recalling the definitions of r+  and r-, one sees that the step function 0(- Vo)O(- f )  implies limits of r+  and 

r- for the r-integration. Replacing r by P Vl as the variable of integration, one obtains a sum of integrals each 
I with a maximum in PV, as upper limit and an adjacent minimum in PVl as lower limit. Equation [17] and 

two integrations by parts give 
- X 0 ( - X )  

LA31 So ( - ~ ) l / ~ e ( - x )  
erf (-t)"' e-' dt = 4n-1/2 e-XJ exp (- u2) du = Z ( X )  eCX 

Thus eqs. [All-[A31 yield eq. [19]. 
Preparatory to evaluation of the integral in [14b], define + by the relation 

tan + = (ar/aR)f 
from which follow 

af - -[(%)' + sin+ aR- 
C A41 

"f= a r  [(g)' + (g)2]112cOS+ 
Furthermore, from eq. [I81 one obtains 

I LA51 tan++ = (-&) f = o  

From eqs. [A41 and the definition of r+  follows the relation 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1176 CAN. J. CHEM. VOL. 57, 1979 

Next let s and u be given by 

cos u = (ps)-l(~, cos c$ - pR sin c$) 

Insertion of [9], [lo], [A6], and [A71 into [14b] gives 

I 
I [AS] F3 = ( + ~ ) ~ / ~ ( 2 7 ~ ) - ~ / ~  dr 6(r - r+)  sec c$ exp(- +v)Jds  s20(+ps2 + v)exp(-@ps2) 

du cos u 0[-@s2 cos2 (+ - a) - Vo] 

In the corresponding equation for F4, 0(4ps2 + V) is replaced by 0(3p2 + vc)O(-&is2 - V) where V and Vc 
are defined in the text. 

The limits for the u-integration in [AS] are -71.12 and 71.12 for Vo less than -4jis2. For Vo between -+ji.s2 
and -$ps2 sin2 c$ the limits become c$ + arccos z, 71. + c$ - arccos z for c$ less than zero and c$ - + 
arccos z, c$ - arccos z for + greater than zero where z is given by 

z = ( - 2 ~ ~ / p ~ ) ' / ~  
For Vo between -+ps2 sin2 c$ and zero the integral breaks into two parts, one with limits -71.12, c$ - arccos z 
and the other with limits c$ + arccos z, 71.12. For Vo greater than zero the integral is zero. Hence, on in- 
tegration over u and substitution of t2  for + + p 2 ,  eq. [AS] becomes 

S 
(-  ~ V , C S C ~ + ) ' / ~  

F3 = 471.-ll2 dr  S(r - r+)0(- Vo) sec c$ exp (- + V) t20(t2 + + V) exp (- t2) dt 

(-  ~ V O C S C ~ $ ) ' / ~  

- cos c$ S t(t2 + + v ~ ) ~ ~ ~  0(t2 + +V) exp (-t2) dt + (- PVo)1/2 sin 1 + 1  
( - P ~ O ) ' / ~  

t0(t2 + + V) exp (- t2) dt 
(- ~ V , C S C ~ + ) ' / ~  xS" I 

I 

j The first integral in brackets can be evaluated using [A31 as can the second after substituting 

I The last integral is trivial as is the integral over r. The final result is seen to be eq. [16a]. 
I 
I 

For F4 one obtains after integration over u 

S 
(-  ~ V , C S C ~ + ) ' / ~  

[A91 F4 = 47~- ' /~  dr  S(r - r+)0(- Vo) sec c$ exp (- + V) [S, t20(t2 + +VC) 

( - p V ~ c t n ~ + ) ' / ~  

x 0(-t2 - +V)exp(-t2)dt - cos+ exp(+Vo) S u20[u2 + +(Vl + E ~ ) ]  
0 

x 0(-u2 - +v1) exp (-u2) du + 3 J-pV,sin I+I  sm (- ~ V , C S C ~ + ) ' / ~  
0(w + Pv,) 

Recalling that Vl can be assumed to be always greater than -E, and using [A31 and [A5], one readily 
reduces [A91 to [16b]. 
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The en01 content of simple carbonyl compounds: an approach based upon pK, estimation 

J. PETER GUTHRIE' 
Department of Che~nistry, University of Western Ontario, London, Ont., Canada N6A 5B7 

Received June 16, 1978 

J. PETER GUTHRIE. Can. J. Chem. 57, 1177 (1979). 
Rate constants for oxygen-base-catalyzed enolization of di- and tricarbonyl compounds 

can be correlated by a Marcus equation, with hydroxide requiring a slightly different curve 
from other oxyanions. Data for monocarbonyl compounds fall on a slightly different, but 
similar, set of curves. The equilibrium constants for enolization for a set of monocarbonyl 
compounds were derived from recent work in this laboratory. These correlations permit 
estimation of pKaKel" for a number of other monocarbonyl compounds from kinetics data in 
the literature. Elaboration of methods previously developed permits estimation of pKaEnol. 
From the values of pKaEno' and pKaKC1", pKEFol can be derived. It is pointed out that pKaKel" 
for acetone and acetophenone can be determ~ned from the kinetics of the reaction with hypo- 
chlorite in base; the values so derived are in good agreement with those used in this work. 
PKE,,, values are reported for: 1,3-dichloroacetone, 2.0; 1,l-dichloroacetone, 4.9; ethyl 
pyruvate, 4.2; bromoacetone, 3.5; chloroacetone, 3.7; 1-phenyl-2-propanone, 4.5 (CHI); 
7.2 (CH,); p-nitroacetophenone, 7.1; ethyl levulinate, 5.6; methoxyacetone, 6.9 (CH,); 

I 7.6 (CH,); benzalacetone, 7.6; p-methoxyacetophenone, 7.8; 3-methyl-2-butanone, 8.0 (CH); 
2,4-dimethyl-3-pentanone, 9.4. 

J. PETER GUTHRIE. Can. J. Chem. 57, 1177 (1979). 
Les constantes de vitesse de I'tnolisation catalysee par des bases oxygenees de composes 

di- et tricarbonyles peuvent &tre relikes par une equation de Marcus dans laquelle I'hydroxyde 
demande une courbe legerement differente de celle des autres oxyanions. Les donnees pour 
les composes monocarbonyles tombent sur un ensemble de courbes ltgerement diffkrentes mais 
semblables. On a deduit les constantes d'kquilibre pour I'Bnolisat~on d'un ensemble de com- 

i poses monocarbonyl6s, a partir d'un travail recent de notre laboratoire. Ces correlations 
permettent d'evaluer le pKaCCLo d'un certain nombre d'autres composes monocarbonyles a 
partir des donnees cinktiques que l'on peut trouver dans la litterature. Une elaboration des 
methodes developpees anterieurement permet d'evaluer le pKaEnol. A partir des valeurs de 
pKaEnol et pKnC"', on peut obtenir le pKEnOl. On met en evidence que les pKaCel" de I'acetone 

l et de I'ac6tophenone peuvent Etre determines a partir de la cinetique de la reaction de l'hypo- 
I chlorite en milieu basique; les valeurs ainsi obtenues sont en bon accord avec celles utiliskes 

dans ce travail. On rapporte des valeurs de pKEno1 pour le: dichloro-1,3 acetone, 2.0; dichloro- 
1,l acetone, 4.9; pyruvate d'ethyle, 4.2; bromoacttone, 3.5; chloroacetone, 3.7; phenyl-1 
propanone-2, 4.5 (CH2); 7.2 (CH,); p-nitroacetoph6none, 7.1; levulinate d'ethyle, 5.6; 
m6thoxyacetone, 6.9 (CH2); 7.6 (CH,); benzalacetone, 7.6; p-methoxyac~toph6none, 7.8; 
methyl-3 butanone-2, 8.0 (CH); dimethyl-2,4 pentanone-3, 9.4. 

[Traduit par le journal] 

Introduction papers (7, 10) two general methods for evaluating the 
The problem of determining the enol content of enO1 content of carbonyl This paper 

simple carbony1 compounds has proven to be difficult presents a third method which permits a great many 

and intractable. ~~~l~ attempts to measure the enol further equilibrium constants to be evaluated from 

content of such compounds as acetone (1, 2) have data in the literature. 

been shown to be subject to serious systematic errors It has been common practice for many years, 

(3, 4). Even the most modern variations on the following a suggestion of Bell to estimate the 

halogen titration method (4) lead to results which are pKa for the keto form Of carbonyl compounds from 
sometimes in conflict with the conclusions of other the rate Of proton abstraction, using some form of 

I less direct measurements (5-7). Only very recently rate equilibrium correlation. We have refined this 
I 

has it been possible to determine the enol content of procedure and have found that it is not permissible 
I 

some simple ketones by an indirect kinetic approach to use the correlation line for di- and tricarbonyl 
(8,9) and this method requires specialized apparatus cOm~Ounds for monocarbonyl as has 

; and considerable labor. We have presented in recent been done in the past 12). taking advantage 
of the work described in the earlier papers (7, lo), we 

'Alfred P. Sloan Fellow, 1975-1979. can generate a correlation between rate and equilib- 

0008-4042/79/101177-09$01 .OO/O 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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1178 CAN. J .  CHEM. VOL. 57, 1979 

TABLE 1. Rate and equilibrium constants for reactions of oxygen bases with carbonyl compounds of known pKaa 

Carbonyl compounds PK, Baseb PK.' 1% kcorrd 

(a) Oxyanion bases, other than hydroxide 
7.08 CIA 2.87 -0.22h 

mNB 3.45 0.51h 
Glyc 3.88 0.22h 
ljClP 4.10 0.57h 
OBz 4.21 0.67h 
Ph A 
OAc 
OPiv 

7.8' CIA 
SClP 
OAc 
OPiv 

8.52O CIA 
mNB 
Glyc 
SClP 
OBz 
OAc 
OPiv 

8.87' CIA 
mNB 
For 
Glyc 
SClP 
OBz 
PhA 
0 Ac 
OPiv 
Cac 
pCNP 
0ClP 
mClP 
PhO 
Gluc 

9.9' OAc 

10. 52k Pi - 
CIA 
Glyc 
0 Ac 
OPiv 

10.688 CIA 
mNB 
Glyc 
OBz 
PhA 
0 Ac 
OPiv 

10.94' CIA 
Glyc 
0 Ac 
OPiv 

12.708.' C1zA 
CIA 
SCIP 
0 Ac 
OPiv 
Pi = 

13.3@ Pi- 
CIA 
Glyc 

log Kc.,/ 
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GUTHRIE 1179 

TABLE 1 (Concluded) 

Carbonyl compounds P K~ Baseb pKaC log kcor,* log Kcorre bf 

OAC 4.75 - 1.95" -8.55 7.02 
OPiv 5.05 -1.73" -8.25 7.00 
Pi = 7.21 -0.83" -6.09 7.47 

CH3C0CH~SO3- 13.6' CIA 2.87 -5.16' -11.4 8.50 
OAC 4.75 -3.65' -9.6 8.14 
OPiv 5.05 -3.62' -9.4 8.25 

(-03SCHz)zCO 13.85' CIA 2.87 -4.66' - 10.99 8.25 
Glyc 3.88 -3.96" -9.97 8.22 
OAC 4.75 -3.40' -9.10 8.22 

Average 7.50 + 0.56 
(b) Hydroxide ion as base 

CH3COCH2COCH3 8.87' OH- 15.74 4.30' 6.57 8.67 
CH3COCHzCOOCHzCH3 10.68@ OH- 15.74 3.53' 4.76 8.69 
CH3COCHCOOCH2CH3 12.708.' OH- 15.74 2.03' 3.04 9.43 

I 
CH3 

CH3C0CH2SO3- 13.6' OH- 15.74 2.11' 1.8 8.79 - 
Average 8.89k0.36 

(c) Water as catalyst 
CHjCOCH COCH3 7.0g Hz0 -1.74 -3.38h -8.7 8.47 

I 
I 
Br 

1 (CHJOOC)~CH 7.8' Hz0 -1.74 -3.57' -9.5 8.13 
CH3COCHzCOCH3 8.87' Hz0 -1.74 -3.52j -10.91 7.00 1 PhCOCH2COCH3 9.399 Hz0 -1.74 -4.00h -11.43 7.14 

9.9' Hz0 - 1.74 -5.09' -11.6 8.27 

"In water at 2S°C. 
bAbbreviations used are: C12A, dichloroacetate; Pi-, dihydrogenphosphate; CIA,monochloroacetate; mNB. m-nitrobenzoate; For,formate; Glyc, glycolate 

(2-hydroxyacetate); PCIP, 0-chloroproplonate; OBz, benzoate; PhA, phenyl acetate; OAc, acetate; OPiv, pivalate (2,2-dimethylpropanoate); Cac, cacodylate 
(dimethylars~nate); PI=,  monohydrogenphosphate; pCNP, p-cyanophenox~de; oCIP, o-chlorophenox~de; mClP, m-chlorophenoxide; PhO, phenox~de; 
Gluc, anion of glucose. 

=pK. for the conjugate acid of the base: values taken from the paper reporting the rate constants. 
dObserved rate constant, corrected for the number of equivalent hydrogens, M-' s-'. 
CEauilibrium constant for the reaction of the base with the carbonvl com~ound to give the enolate. corrected for the number of eauivalent enolizable 

'Reference 24. 
I 'Assumed to be the same as for CH3COCH(C2HS)COOCZH5. 

mReference 25. 
"Reference 26. 
OReference 27. 
DReference 28. 
QReference 29. 
IReference 30. 
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rium constants for monocarbonyl compounds, and 
use this to estimate pKa values for the keto tautomers 
of numerous additional compounds. 

Procedures for estimating the pKa values of 
alcohols on the basis of substitutent effects have been 
developed and widely used (13). We have extended 
this approach to give estimates of the pKa of enols. 
If the pKa for both the keto and the en01 tautomer 
are known, then the equilibrium constant for 
enolization, K,,,,, is also known, since by definition: 

This procedure does not lead to precise estimates of 
the en01 content but it does give answers of useful 
accuracy and has the advantage of being extremely 
simple. 

Results and Discussion 
In Table 1 are collected data for oxygen base 

catalyzed enolizations of carbonyl compounds for 
which the pKa is measurable by titration. To apply 
rate equilibrium correlations, it is important to have 
sets of reactions with transition states identical as to 
atoms undergoing changes in bonding, and charge 
type of reactants and products; accordingly, the data 
are divided into reactions catalyzed by oxyanions 
other than hydroxide, reactions catalyzed by 
hydroxide, and uncatalyzed (or water-catalyzed) 
reactions. There are also some data for amine- 
catalyzed reactions but since these only refer to 
simple enolization for tertiary amines and the set of 
data for tertiary-amine-catalyzed reactions was com- 
paratively small, these catalysts were not considered 
in this initial examination of the method. 

All of the rate and equilibrium constants were cor- 
rected for the number of enolizable hydrogens. The 
data were fitted to the simplest of the equations 
derived by Cohen and Marcus (14) to correlate rate 
and equilibrium constants : 

[1 1 log k = 10 - b[l - (log K/4b)I2 

This equation assumes that reaction involves diffu- 
sion together of catalyst and substrate (with a rate 
constant of 10IOM-I s-I (15)) reaction within the 
encounter complex, and diffusion apart of the 
products. The parameter b, the 'intrinsic barrier,' is 
defined as the barrier to reaction when log K = 0; in 
the treatment used here the intrinsic barrier includes 
both the free energy of activation required to achieve 
proton transfer and also the free energy cost of 
forming the, presumably very weak, hydrogen bond 
between catalyst and substrate. More elaborate 
equations derived by Marcus (14) include a 'work 
term' which allows for this latter contribution; how- 
ever, inclusion of a work term necessarily increased 

-I5 -10 -5 b 5 

log K 

FIG. 1. Marcus plots for base-catalyzed enolization; for 
each curve the line corresponding to the best value of b (solid 
lines) and b plus or minus one standard deviation (dashed 
lines) are shown. Scales are offset by increments of 5-10 log 
units as indicated in order to avoid overlap. (a) Oxyanions 
other than hydroxide with di- or tricarbonyl compounds; (b) 
hydroxide with di- or tricarbonyl compounds; (c) water with 
di- or tricarbonyl compounds; (4 hydroxide with mono- 
carbonyl compounds; (e) oxyanions other than hydroxide 
with monocarbonyl compounds. 

the number of parameters. As will be seen below the 
available data are satisfactorily described by the 
simple equation used, and show no systematic devia- 
tions which would justify the inclusion of an addi- 
tional parameter. 

The data for oxyanion bases other than hydroxide 
are found in Table la; Fig. 1 shows that these data 
are satisfactorily described by [I] with a b value of 
7.50 f 0.56. (A value of b was calculated for each 
point and all of the b values were averaged.) For any 
single substrate the scatter would be less. 

In Table lb are collected data for hydroxide-cata- 
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GUTHRIE 1181 

TABLE 2. Rate and equilibrium constants for the reaction of oxyanion bases with monocarbonyl compounds" 1 

Compound pKaEnol P K E ~ O I ~  pKaKetO Basec log Kd log ke b * 
(4) Hydroxide ion as base 

CH3CH0 11.2(1 .O) 5.3(6) 16.5(1.2) OH - -1.3 - l . l l g  10 47 
(CH3)zCH-CHO 11.8(1.0) 2.8(1 . l )  14.6(1.5) OH - +1.1 -0.76h 11.30 
CH3COCH3 11.8(1 .O) 7.2(0.9)" 19.0(1.3) OH - -4.1 -1.54' 9.38 
CH3-CH-COCH, 12.1(1 .O) 8.3(1 .O) 20.5(1.4) OH - -5.1 -1.72' 9.00 

I 
H 

CH3-CH2COCH2CH3 12.1(1 0) 7.8(1 0)O 19.9(1.4) OH- -4.8 -2.02k 9.47 
I PhCOCH, 11.0(1 .O) 6.7(1.0) 17.7(1.4) OH - -2 5 -1.09' - 9.80 

Average 9 90k0.85 
(b) Oxyanion bases other than hydroxide 

(CH3)ZCH-CHO 11.8(1 0) 2.8(1 1) 14.6(1.5) OAC -9.9 -5.72h 10 17 
PhO -4.6 -2.14h 9.70 
pClP -5.2 -2.26h 9.48 

0" PNP -7 5 -3.78h 9.67 
12 l(1.0) 5.7(1.1) 17.8(1.5) 0 AC -13.4 -6.71'" 8.72 

OPiv -13.1 -6.51" 8.73 
(CHz)zCO 11.8(1.0) 7.2(0.9) 19.0(1.3) CIA -16 9 -9.08" 8.54 

I Glyc -15.9 -8.20" 8.36 
H 0 AC -15.0 -7.39" 8.17 

OPiv -14.7 -7.17" 8.17 
C13P -13.4 -5.90" 7.75 - 

Average 8.86k0.78 

"In water, at  25°C; values In parentheses are estlmated standard dev~at~ons  
'From reference 7 
cAbbrev~at~ons and pK, values as In Table 1. 
'Logarithm of the e q u ~ l ~ b r ~ u m  constant for the reaction of hydrox~de w ~ t h  the carbonyl compound to glve the enolate, corrected for the number of 

equlvalent hydrogens. 
eLogarrthm of the rate constant for hydrox~de catalyzed enollzat~on, corrected for the number of equlvalent hydrogens. 

I *The ' ~ n t n n s ~ c  barner' parameter from [I] ,  see text 
gRate constants for enollzatlon reactlons: The rate constant for the reactlon of hydrox~de Ion w ~ t h  acetaldehyde reported by Be11 (31) was corrected for 

I hydrat~on (32) 
hRate constants for the reactlons of varlous bases w ~ t h  2-deuter~orsobutyraldehyde at  35'C were reported by Hlne et a/ .  (33); these were corrected for 

I hydrat~on (33). corrected to 25°C assumlng that the value of AS*  1s Independent of the base used and 1s the same as that for hydroxlde catalyzed enollzatlon 
of d~lsopropyl ketone, for whlch AS* was calculated from the data In ref. 34, and corrected for the lsotope effect by uslng a value estlmated from the rate 
constant by means of the correlat~on reported by Kresge ct a/ .  (35). 

I 'The rate constant for the reactlon of hydroxlde w ~ t h  butanone was calculated from that for d e t r ~ t ~ a t ~ o n  reported In ref 36, uslng an lsotope effect 
assumed to be the same as forp-methyl acetophenone (37) whlch has a very slmllar k~ 

JReference 38 
"eference 39. 

1 [Reference 37. 
1 mReference 40 

"A value of 8.84 (0.9) can be calculated from data In refs. 8 and 9 
OA value of 8.02 (0 9) can be calculated from data In refs 8 and 9. 

I 

lyzed enolizations. Figure 1 shows that these data are 
satisfactorily described by a b value of 8.89 + 0.38. 
Unfortunately there are relatively few data for this 
process; this is a consequence of the very rapid reac- 
tions involved, so that only the limited number of 
laboratories equipped for fast kinetics can measure 
the rate constants. It is common to find that hydrox- 
ide ion does not fit Brarnsted plots for oxyanion 
catalysts and this is borne out by the distinctive b 
value observed. One is tempted to speculate that the 
larger b value for hydroxide may represent the greater 
cost in lost solvation energy on forming the very weak 
hydrogen bond between hydroxide and substrate 
relative to the other oxyanions. 

In Table l c  are collected data for water catalyzed 
enolizations. These reactions were assumed lo rep- 
resent general base catalyzed reaction. Figure 1 
shows that the data are satisfactorily described by a 
b value of 7.74 + 0.69. Although this is in fact 

indistinguishable from the value observed for 
oxyanions, it seems unwise to average them or to 
assume that this identity of b values is a general 
phenomenon, since the charge types of the reactions 
are so different: neutral plus neutral to anion plus 
cation, as opposed to anion plus neutral to neutral 
plus anion. 

Earlier papers in this series (7, 10) reported 
evaluation by two independent methods of equilib- 
rium constants for enolization of a number of simple 
carbonyl compounds. For these compounds equilib- 
rium constants can now be correlated. The data 
employed are found in Table 2. Table 2a reports the 
available data for hydroxide-catalyzed enolization; 
Fig. 1 shows that these data are described by a b 
value of 9.90 + 0.85. It is apparent that these 
equilibrium constants are significantly less precise 
than the titrimetric values used for polycarbonyl 
compounds and that the fit is distinctly poorer. On 
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TABLE 4. pK en01 values for simple carbonyl compounds, predicted by estimating pKaKeLO and pKaEnO' 

Carbonyl compounda Baseb Log kc"" " pKaKefo Av pKaKeLo pKaEnOl ~K~nol'  

CIA 
Glyc 
OAc 
OPiv 
CIA 
OAc 
OPiv 
OH- 
CIA 
BClP 
OAc 
OPiv 
CIA 
Glyc 
OAc 
OPiv 
OH- 
CIA 
Glyc 
OAc 
OPiv 
Cl3Ph 
HO- 
HO- 

HO- 

Man 
BClP 
OAc 
OPiv 
PNP 
PhO 
HO- 

the other hand the available data do appear to con- 
form to [I].' The b values for mono- and for poly- 
carbonyl compounds are not demonstrably different, 
although it appears likely that with more and better 
data they would be shown to differ; in particular the 
low values of b for the monocarbonyl compounds are 
found for the equilibrium constants which are least 
reliable, namely those for methyl ethyl ketone anci 
diethyl ketone, where free energies of formation of 
the en01 ethers were either estimated or derived by 
indirect means. Furthermore the set of data for 
polycarbonyl compounds is very small. 

Table 2b reports the available data for oxyanion 

2A referee has pointed out that the trend of the data for 
monocarbonyl compounds is in the direction expected if the 
'work term' in the Marcus equation is larger than for diffusion 
alone; although we agree, we feel that the data are too few and 
of too low precision to justify inclusion of an additional 
parameter; caution in the use of these correlations for extrapo- 
lation is indicated and it would clearly be very desirable to 
have more data for reactive monocarbonyl compounds. 

catalyzed enolization; Fig. 1 shows that these data 
are described by a b value of 8.86 + 0.78. This value 
seems to be clearly different from that observed for 
the polycarbonyl compounds3 and lends support to 
the belief that the b values for hydroxide-catalyzed 
reactions will also turn out to be different. 

The advantage of having performed these correla- 
tions is that they can now be used to calculate 
unknown equilibrium constants for enolate forma- 
tion from rate constants for enolization. This is not 
particu!arly useful for polycarbonyl compounds 
where direct measurement is normally possible but is 
of great potential value for simple monocarbonyl 
compounds where the en01 content is not readily 
determined. 

The procedure employed is to calculate equilibrium 
constants for all enolizations for which rate constants 
are available, using the b values for monocarbonyl 

,The mean values are different at the 99% confidence level 
by the t-test (51). 
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TABLE 4 (Concluded) 

Carbonyl compoundn Baseb Log kC0" C pKaKeto Av pKaKeto pKaEnol e ~ K ~ n o l ~  

Ph-CHz-CO-CH2 HO- -1.21" 18.27 11.5 6.7 
I 

HO- - 1.28' 18.41 

HO- - 1 . 3 S h  18.54 

PNP -5.04" 
PhO -3.10" 
HO - -1.92" 

-1.08q 
0 AC -7.89' 
HO - -2.71" 

-2.59' 
HO - -2.98q 

'The hydrogen removed in enolate formation is indicated: compounds are listed in increasing order of pK,Kc'O. 
*Abbreviations and pK, values for the bases as in Table 1, with the following additions: pNP, p-nitrophenol, pK. = 7.14 (ref. 50); C13P, 2,4,6-trichloro- 

phenol, pK. = 6.41 (ref. 41); Man, mandelic acid, pK - 3.40 (ref. 45). 
.Rate constants (corrected as necessary) are for rea;tins of the unhydrated carbonyl compound in water at 25'C and are calculated per hydrogen. 
*Calculated from the curves in Fig. 1 and then corrected for number of equivalent hydrogens, so that apparent pK. values are obtained. Average values 

are reported, wlth error limits reflecting both scatter in the data and the imprecision of the correlation in Fig. 1. 
.Estimated as described in the text: 
~ P K E . ~ ~  = pKaKFt0 - pKUEn0' and is -log KEnol 
9Reference 4 2  corrected for hydration as described in ref. 42. 
hReference 41 1 corrected for hydration as described in ref. 42. 
'Reference 43; corrected for hydration as described in ref. 44. 
'Calculated from the rate constant for detritiation (ref. 36) assuming that k,lkT is the same as for pN02-CsHs-COCH,, i.e. 18.2 (ref. 37). 
kReference 37. 
'Reference 45. 

1 "'Reference 46. the rate constants were corrected for the temperature change from 35 to 25°C by assuming that the entropy of actlvatlon is the same as 
for the reactions'of hydroxide with acetone (ref. 47) and for the primary deuterium isotope effect by using a value for this effect estimated from the rate 

I constant using the correlation reported by Kresge et a/. (35). 
"Calculated from the rate constants for detritiation (ref. 36) assumlng that kH/kT IS the same as for p-chloroacetophenone, i.e. 14.8 (ref. 3719 
'Calculated from the rate constant for detritiation (ref. 36) assuming that kn/kT 1s the same as for m-methylacetophenone, 1 e. 15.8 (ref. 37). ' PCalculated from the rate constant for detritiation (ref. 36) assuming that kH/kT 1s the same as forp-methylacetophenone, i e. 14.8 (ref. 37). 
qCalculated from the rate constant for detritiatlon (ref. 36) assuming that kH/kT 1s the same as for acetophenone, i.e. 15.1 (ref. 37). 
'Reference 48; the data were corrected from 41.85 to 25"C, assuming that relat~ve rates would be the same at both temperatures, using acetone as a 

standard; the rate constant for acetone was taken from ref. 38. 
>Reference 49; the rate constants reported in this paper were measured in 2: 1 d~oxane-water at 3Z°C, it was assumed that relative rates would be the 

same In water at 25°C; aqetone was used as a standard (ref. 38). 
'Calculated from the rate constant for detrltiation (ref. 36) assuming that kH/kT is the same as for acetone, i.e. 13.1. (Calculated uslng kH from ref. 38 

and kT from ref. 47.) 

compounds; then from the known pKa values for the close to the reaction site, as in the present case. On 
catalysts, the pKaKetO values can be calculated. These the other hand, such correlations are not of much 
are averaged for each compound, using data for all utility unless they apply over a wide range of reac- 
bases which have been studied. There are in some tivity; there is thus a sort of uncertainty principle 
cases serious discrepancies, amounting to 1 or 2 pKa which dictates that one can have precise correlations 
units; however, since error analysis suggests that the over such a narrow range of structural types as to 
pKaKetO values cannot be better than +2 pKa units, have little predictive utility, or one can have approx- 
given the nature of the correlations and the data, this imate correlations over wide ranges of structural 
is not a basis for rejecting the method but simply an types which are of considerable predictive utility. 
illustration of its imperfections. The present correlation falls in the latter category; 

The scatter of the estimated p ~ a K e t O  values is by analogy with the behaviour shown by the poly- 
indicated by the standard deviations calculated for carbonyl compounds, which obey [I ] over a range of 
the average pKaKetO values; in all cases this is less than 15 powers of 10 in equilibrium constant, we expect 
the 2 pK unit uncertainty expected for each value. that the correlation of monocarbonyl compounds, 
The final values of pKEnol are assumed to be uncer- which is closely similar, will be of similar wide 
tain by about 2 pK units; this error arises mainly applicability, although the data presently available 
from the uncertainty in the en01 content of the mono- are over a narrower range of equilibrium constants 
carbonyl compounds used to determine b and can than is desirable. 
only be reduced by more precise determination of To calculate pKEno1 from pKaKetO it is necessary to 
these en01 contents. Rate equilibrium correlations estimate p ~ ~ ~ " " ' .  In a recent paper (7) methods were 
cannot be precise when the structural variation is developed to do this, making use of the analogies of 
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alcohol and phenol pKa values for which well 
accepted linear free energy relations linking pKa and 
o* or o are available. For an en01 I, the effects of 

substituents R, and R, upon the en01 pKa are 
assumed to be the same as the effects of the same sub- 
stituents in the ortho position of a phenol upon the 
pKa of the phenol. For R, the analogy is obviously 
very close; for R, it is less so and the assumption that 
the effects are the same must introduce an error. 
However, since the largest ApKa for a substituent 
(chloro) is 1.4, and the difference in ApKa between 
cis- and trans-chloro seems unlikely to be a large 
fraction of this, the error will not be prohibitively 
large. For R, the effect on the en01 pKa is-assumed to 
be the same as for the effect upon the alcohol pKa in 
11, which is estimated using the correlation with o* 
of Takahashi et al. (13). The ApKa values and related 
data are contained in Table 3 which has been de- 
posited within the Depository of Unpublished Data.4 
The starting point for the estimations is the pKa of 
the en01 of acetophenone, which have been recently 
evaluated by'Novak and Loudon (16) as 11 .O. Since 
the zero point for o* is methyl and not phenyl, a more 
convenient reference point for calculations is the en01 
of acetone, which can be estimated to have pKa of 
11.8 from the difference in o* for methyl and phenyl. 
The PK,E""' values so estimated are found in Table 
4, as are the pKEnol values we calculate. 

In this connection it is of interest that there is a 
check upon the pKaKetO values deduced for acetone 
and acetophenone. Dubois and Toullec (8, 9) have 
demonstrated that the reaction of the en01 of acetone 
with halogens is diffusion controlled, since the rate 
constants for the reaction of the en01 with chlorine, 
bromine, or iodine are identical. It is reasonable to 
anticipate that the rate constant for the reaction of 
the enolate would be even faster and that even for a 
slightly less reactive halogenating agent such as 
hypochlorous acid the reaction of the enolate would 
be diffusion controlled. Many years ago, in a study 
which has not received the attention it deserves, 
Bartlett and co-worker (17, 18) investigated the base 
catalyzed chlorination of ketones and demonstrated 
a change in kinetic form from zero order in halogen 
to first order in halogen with increasing concentra- 
tion of hydroxide ion. Furthermore the kinetics for 
- 

4Copies of material on deposit may be obtained, at a nominal 
charge, from the Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Ont., Canada 
KIA OS2. 

the pseudo-second-order reaction of ketone and 
halogen required both a water catalyzed and a 
hydroxide catalyzed path; i.e., 

v = k,,, [halogen] ketone] kobs = a + b[OH-] 

In alkaline aqueous solutions of chlorine the major 
species is C10-. The kinetic term proportional to 
hydroxide concentration is clearly due to the reaction 
of enolate ion with hypochlorite; this reaction 
between two anions would be expected to be fast but 
not diffusion controlled. The hydroxide independent 
term is most reasonably ascribed to reaction of 
enolate with hypochlorous acid; the kinetically 
equivalent reaction of en01 with hypochlorite should 
be much slower than the reaction of the enolate but 
the two terms in the rate law are of similar magnitude 
in 0.1 N NaOH. 

If we assume the above interpretation of the rate 
law and that the reaction of enolate with hypo- 
chlorous acid is diffusion controlled, then the rate 
constant for this reaction is given by : 

kobs = kdi i i~aKeto/~aHOC1 
and 

KaKeto = k obs K a HOCl lkdiif 

Bartlett's (17, 18) kinetics were performed at 35°C; 
K,~"' at 35°C was calculated from the thermo- 
dynamic parameters tabulated by Larson and Hepler 
(19); kdiff was taken as 101° M -  l s-' (1 5). Then from 
the rate constants for the hydroxide independent 
contribution to the reaction rate the pK,K"" values 
for acetone and acetophenone can be calculated as 
19.1 and 18.0 (at 35°C) in remarkably good agree- 
ment with the values deduced from the values for 
pKaEnO' and pKEno, given in a recent paper (7), 
namely 19.0 and 17.7, respectively (at 25°C). It 
appears that the hypochlorite method should be a 
very powerful tool for determining p ~ , ~ " "  in aqueous 
solution. 

The results in Table 2 for pKaKetO are relatively 
unsurprising and show the sorts of effects which one 
would have intuitively expected. The values pre- 
dicted for pKEno,, on the other hand are frequently 
quite surprising. It is to be hoped that independent 
means can be found to check some of these values to 
test the validity of our method. In particular, the 
contrast between 1,l- and 1,3-dichloroacetone is 
quite striking, since one would not have expected 
that having the second chlorine not attached to the 
en01 double bond would favor enolization more than 
having it attached. This can be rationalized in terms 
of the beneficial effects of avoiding steric congestion 
which is imposed on the I,l-isomer. Steric effects 
appear in both pKaEnol and p ~ / e t O  but are auto- 
matically allowed for by our empirical method for 
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GUTHRIE 1185 

evaluating pKaKe'O; there should be little or no steric 
effect upon pKaEnO1. Although the methods which we 
have used to estimate p~,E"O'  are admittedly crude, it 
seems highly unreasonable that they can be grievously 
in error. 

The principal reason why an approach such as the 
present one has not been proposed before is probably 

I that there has been, until very recently, no unam- 
biguous independent value for the pKa for any simple 
en01 which could be used as a starting point for 
estimating pKa values for other enols. Now that one 
such value has been reported by Novak and 
Loudon (16), it is possible to estimate such pKa 
values with considerable confidence that they are at 
least approximately correct, because of the con- 
siderable body of knowledge concerning the effects 
of substituents on the pKa values of various classes 
of compounds. 

Conclusions 
By the methods outlined in this paper, it is possible 

to estimate the pKE,,, for any carbonyl compound 
for which kinetic data for oxyanion catalyzed 

( enolization are available at 25°C in water. 
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Photochemical and thermal rearrangements of some 3H-pyrazolesl 
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WILLIAM J. LEIGH and DONALD R. ARNOLD. Can. J. Chem. 57, 1 186 (1979). 
Low temperature (-70°C) irradiation of 3,3,4,5-tetramethyl-3H-pyrazole (20) leads to the 

formation of the 1,2-diazabicyclo[2.1 .O]pent-2-ene (3a), as has been reported previously. 
Irradiation of 3,3-dimethyl-4,5-diphenyl-3H-pyrazole (26) under identical conditions did not 
result in formation of the analogous product but lead instead to formation of the cyclopropene 
via decomposition of the vinyl diazo compound. The thermal rearrangements of 20 and a series 
of 5-aryl-3,3-dimethyl-4-phenyl-3H-pyrazoles (26d)  lead to formation of the 4H-pyrazoles 
6a-d and the N-methylpyrazoles 5a-d, resulting from competitive methyl migrations to carbon 
and nitrogen. The Arrhenius parameters for the rearrangement of 26 were determined. Decom- 
position of the methiodides derived from the 4H-pyrazoles 6a-d leads to formation of the 
N-methylpyrazoles 5a-d; the mechanism of this decomposition was examined by high tem- 
perature 'Hmr spectroscopy. The N-methylpyrazdes were synthesized by independent routes 
and the structures were assigned with the aid of lanthanide shift reagents, 'Hmr solvent shift 
studies, and 13Cmr spectroscopy. The thermodynamic equilibria of the isomeric N-methyl- 
pyrazoles were determined and found to be influenced by a small substituent effect. The photo- 
chemical and thermal behaviour of 3H-pyrazoles is discussed and compared to that of l-pyra- 
zolines. 

WILLIAM J. LEIGH et DONALD R. ARNOLD. Can. J. Chem. 57, 1186 (1979). 
L'irradiation basse tempkature (-70°C) du tktramkthyl-3,3,4,5 3H-pyrazole (2a) conduit 

a la formation du diaza-1,2 bicyclo[2.1.0] pentbne-2 (3a) comme il a BtB rapport6 antbieure- 
ment. L'irradiation du dimBthy1-3,3 diphknyl-4,5 3H-pyrazole (26) dans des conditions sem- 
blables ne conduit pas i la formation du produit analogue mais plutBt a la formation d'un 
cyclopropbne par l'intermkdiaire de la dkcomposition du cornposk vinyldiazo. Les transposi- 
tions thermiques de 2a et d'une skrie d'aryl-5 dimkthyl-3,3 phknyl-4 3H-pyrazoles (26-d) con- 
duisent a la formation des 4H-pyrazoles (6a-d) et des N-mBthylpyrazoles (5a-d) provenant de 
migrations compktitives de mkthyles vers le carbone ou l'azote. On a determine les parambtres 
d'Arrhknius pour la transposition de 26. La dBcomposition des mkthiodures des 4H-pyrazoles 
6a-d conduit a la formation des N-mBthylpyrazoles 5a-d; on a etudik le mkanisme de cette 
dBcomposition par spectroscopie rmn 'H a haute temphature. On a synthktisk les N-mkthyl- 
pyrazoles par d'autres mkthodes et on a attribuk leurs structures gr2ce aux dkplacements 
induits par les lanthanides, a des etudes de dkplacements chimiques induits par les solvants et 
par spectroscopie rrnn 13C. On a dkterrnink les Bquilibres thermodynamiques des N-methyl- 
pyrazoles isombres et on a trouvk qu'ils sont influences par des petits effets de substituants. On 
discute des comportements photochimique et thermique des 3H-pyrazoles et on les compare 
a ceux des pyrazolines-1. 

[Traduit par le journal] 

Introduction 
The photochemical and thermal reactions of 

1-pyrazolines (1) have been extensively studied. Al- 
though some questions may still remain regarding 
the details of the mechanism(s), the overall course of 
the reaction is, predictably, extrusion of nitrogen fol- 
lowed by formation of the cyclopropane and/or 
propylene for both modes of activation (reaction 
[I]) (1). The photochemical and thermal behaviour 
of the analogous 3H-pyrazoles (2) is much less well 
understood and is clearly not yet fully predictable. 
Four types of reactions have been described for 

'Contribution No. 210 from the Photochemistry Unit, 
University of Western Ontario. 

ZAddress correspondence to this author, Department of 
Chemistry, Dalhousie University, Halifax, N.S. B3H 4J3. 

derivatives of this system. The two modes of activa- 
tion invariably lead to different types of products in 
each case. Reactions [2] and [3] have been observed 
upon photochemical excitation and reactions [4] and 
[ 5 }  are typical thermal reactions. 

Reaction [2], formally a photochemically allowed 
4ne disrotatory electrocyclic ring closure (2), has 
been observed only upon irradiation at low tempera- 
ture (< -40°C), presumably because the 1,2-diaza- 
bicyclo[2.1 .O]pent-2-ene product (3) is thermally 
unstable and reverts to the starting material at higher 
temperatures. The only reported examples of this 
reaction involve fully alkylated 3H-pyrazoles (3). 
The more common photochemical reaction is forma- 
tion of the vinyl diazo compound (reaction [3]) (4 
and references cited therein). This reaction can be 

0008-4042/79/101186-15$01 .OO/O 
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LEIGH AND ARNOLD 

viewed as a 6e electrocyclic ring opening. Photo- 
chemical decomposition of the vinyl diazo compound 
(4) then leads to the cyclopropene, whereas thermal 
activation can lead to decomposition to give the 
cyclopropene (4) and/or to a concerted recyclization 
back to the 3H-pyrazole (5,6). In those cases studied 
in detail, there was little or no direct loss of nitrogen 
from the 3H-pyrazole; that is, without the inter- 
mediacy of the vinyl diazo compound (4). Similarly, 

I to our knowledge, there is no report of a photochem- 

, ical sigmatropic rearrangement of a 3H-pyrazole. 
Reactions [4] and [5] can be thermally allowed 

suprafacial [1,5]-sigmatropic r'earrangements, al- 
though other mechanisms may be involved under 
some conditions (6). There are now numerous re- 
ports of these reactions in the literature (7-9). 
Usually, one of the possible products (5 or 6) pre- 
dominates to the exclusion of the other, although 

there have been two recent reports of competitive 
rearrangements (9,lO). In view of the facile thermal 
loss of nitrogen from the I-pyrazolines, it is sur- 
prising that this reaction is not an important thermal 
reaction of 3H-pyrazoles. We know of only two, 
rather special, examples (5b, 9). 

In this paper, we report the results of a study of the 
photochemical and thermal reactions of the 3H-pyra- 
zoles, 2a-d. Results from the series 2b-d allow an 
assessment of the importance of electronic factors on 
reactions [4] and [5]. The kinetic parameters for the 
competitive [1,5]-sigmatropic rearrangements of 2b 
have been measured and the competition between 
these rearrangements and loss of nitrogen is dis- 
cussed in light of these results. 

Results 
The 3H-pyrazoles 2a-d were known compounds, 

prepared as part of our earlier study, by the reaction 
of hydrazine and the corresponding a,P-unsaturated 
ketones followed by oxidation of the 2-pyrazolines 
(4). 

The irradiation of 2a, at low temperature, has been 
studied previously (3a, b) and our results agree with 
those reported. The proton magnetic resonance 
spectra ('Hmr) of the irradiated solution, kept at low 
temperature, indicates the 1,2-diazabicyclo[2.1 .O]pent- 
2-ene, 3a (Rl-R, = CH,) was formed in high yield. 
When this solution was allowed to warm to room 
temperature, the 'Hmr spectrum indicated almost 
quantitative reversion to starting material; there was 
a small amount (< 5%) of tetramethylcyclopropene 
also detected. When 2b was irradiated under com- 
parable low temperature conditions,-no diazabicyclo- 
pentene was detected ; 3,3-dimethyl- l,2-diphenylcy- 
clopropene was observed ('Hmr). When the irradia- 
tion of the 3H-pyrazoles 2a-d was carried out at 
10°C, first the vinyl diazo compounds (4a-d) and 
subsequently the cyclopropenes were produced in 
high yield (4). We found no evidence in any case for 
formation of a rearrangement product. 

The thermal rearrangement studies were carried 
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1188 CAN. J. CHEM. VOL. 57, 1979 

TABLE 1. The rate of rearrangement of 2a-d in diphenyl ether solution 

Compound T ("C) lo5 x kdec (s-l) lo5 x k5 (s-l)  6 : 5  

"An accurate value cannot be given because of the competitive isomerization of 6a to 5a at this 
temperature. A minimum ratio is 6a:5a 2 35. 

out in degassed, sealed tubes with diphenyl ether as 
solvent. Progress of the reaction was followed by 
'Hmr spectroscopy. When 2a was heated at 182"C, 
reaction was essentially complete after 11 h and 
N-methylpyrazole, 5a (Rl-R, = CH,, 36%), and 
4H-pyrazole, 6a (Rl-R, = CH,, 64%), were pro- 
duced. Continued heating (ca. 50 h) of this mixture 
resulted in complete conversion of 6a to 5a. The rate 
of disappearance of 2a, determined from the in- 
tegrated 'Hmr spectra, followed first-order kinetics 
(Table 1). The rate constant and product ratio were 
the same, within experimental error, when diphenyl 
ether - pyridine (10: 1) was the solvent. The products 
(6a and 5a) were identified by comparison of their 
spectra (ir, 'Hmr) with those of authentic samples of 
the known compounds. 

The thermal (194"C, 6 h) rearrangement of 2b-d 
also leads to the formation of two products, 5b-d 
and 6b-d. The other possible N-methylpyrazoles 
(5e-g) were not detected in these reaction mixtures. 
In these cases, both of the products, 5b-d and 6b-d, 
were stable to further heating at this temperature so 
the product ratios reflect the relative rates of forma- 
tion. The rate of disappearance of the 3H-pyrazoles 
and the product ratios were determined by integrat- 
ing the 'Hmr spectra. The rate of reaction of 2b was 
also studied as a function of temperature. These re- 
sults are summarized in Table 1. 

The products from these thermal rearrangements 
were isolated by column chromatography; they are 
all new compounds. The structure assigned to the 
4H-pyrazoles 6b-d was first suggested by a compari- 
son of their spectra (ir, 'Hmr, and uv) with those of 
similar known compounds; these data are summar- 
ized in the Experimental. Treatment of 6a-d with 
methyl iodide leads to formation of the 4H-pyrazo- 
lium iodides 7a-d, which were also fully character- 
ized. When compounds 7b-d were heated to their 
melting points under vacuum, methyl iodide was lost 

and the N-methylpyrazoles 5b-d were obtained in 
essentially quantitative yield. When 7a was subjected 
to the same conditions, 5a was obtained along with 
an appreciable quantity of its methiodide 9a. The 
position of the N-methyl substituent in compounds 
7b-d was assigned partially from the fact that thermal 
decomposition gives only the analogous N-methyl- 
pyrazoles 5b-d. Furthermore, the 'Hmr spectra of 
the series 7a-d show the expected small coupling of 
the N-methyl protons with the adjacent methyl group 
which is shifted significantly downfield. 

We wondered if the N-methyl substituent in 7a-d 
could equilibrate between the nitrogens before the 
thermal decomposition, although the isomeric salts 
were never detected. This possibility was tested by 
studying the 'Hmr spectrum of 7a at high tempera- 
ture (80-150°C). The shape and position of the two 
singlets due to the methyls at carbons 3 and 5 re- 
mained unchanged even at 150°C. Furthermore, 
double irradiation of either the C-3 or C-5 methyl 
signals had no measurable effect on the integrated 
intensity of the other at this temperature. We con- 
clude that any exchange of the methyl group between 
nitrogen-1 and -2 must be slow relative to the proton 
nuclear spin relaxation process. The formation of the 
N-methylpyrazole, methyl iodide, and 1,2,3,4,5- 
pentamethylpyrazolium iodide and the concomitant 
disappearance of 7a was clearly evident during the 
time required to carry out this 'Hmr study at these 
temperatures. 

The isolation of the N-methylpyrazoles 5b-d from 
reaction [7] effectively rules out the occurrence of 
any unsuspected rearrangement during the course of 
reactions [5], [6], or [7]. 

The gross structures of the N-methylpyrazoles 
5b-d were established by comparison of their spectra 
(ir, 'Hmr) with those of the products from an alter- 
native synthesis. Condensation of methyl hydrazine 
with the 1,2-diaryl-l,3-butanediones ($by d, and h) 
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LEIGH AND ARNOLD 1189 

[71 7a-d A, vacuum ' 
I 

ck, R 
5 

e R = C6H, 

gave the N-methylpyrazoles 5b, d, e, g, h, and i (reac- 
tion [8]). We were unable to synthesize the para- 
cyano diketone (see Experimental), so the para- 
cyano pyrazoles 5c and f were obtained by treatment 
of the para-bromo derivatives (5h and i) with cuprous 
cyanide (reaction [9] ) .  The isomeric pairs were sepa- 
rated by column chromatography. 

The assignment of structure of the isomers was 
made largely on the basis of nuclear magnetic reso- 
nance studies; both 13Cmr and 'Hmr spectra were 
used. There are distinct differences in the spectra 

and 5e were then particularly useful for distinguishing 
the two series. 

The spectra of 5b and 5e in the presence of varying 
amounts of the lanthanide shift reagents, Eu(fod), 
and Pr(fod),, are summarized in Figs. 1 and 2. The 
N-methyl protons in 5b are shifted ca. 1.3 pprn by 
Eu(fod), and 2.7 pprn by Pr(fod),,, while the 
C-methyl protons are shifted to a considerably lesser 
extent (0.6 and 0.7 pprn by Eu(fod), and Pr(fod),, 
respectively). Two of the aromatic protons, pre- 
sumably the ortho-protons of the 3-phenyl group, 
undergo shifts of ca. 1.0 pprn by Eu(fod), and 4.6 
pprn by Pr(fod),. On the other hand, the N-methyl 
and C-methyl protons in 5e are both shifted ca. 6.8 
pprn by Eu(fod), and 6.6 pprn by Pr(fod),, while the 
aromatic protons are relatively unaffected. 

Elguero and co-workers obtained similar results 
in a study of the effect of the dipivalomethides of 
Co", Ni", EU"', and Pr"' on the 'Hmr spectra of 1,3- 
dimethyl-, 1,5-dimethyl-, and 1,3,5-trimethylpyrazole, 
all of which have been well characterized (1 la). Their 
results are consistent with complexation of the shift 
reagent at the unsubstituted nitrogen atom of the 
pyrazole ring; methyls in the 1- and 3-positions are 
shifted roughly equally and to a much greater extent 
than is a 5-methyl substituent. They also observed a 
shift in the position of the ortho-phenyl protons in 
1-phenylpyrazole. 

The magnitude of the pseudocontact shifts effected 
by the addition of a lanthanide shift reagent are due 
both to the relative distances between the substrate 
protons and the paramagnetic centre in the shift 
reagent - substrate complex and the degree of asso- 
ciation of the substrate and shift reagent in solution 
(1 lb). Although the former is more important for our 
purposes, it can be seen from the data in Figs. 1 and 2 
that the degree of association of 5b with both 
Eu(fod), and Pr(fod), is smaller than that of 5e with 
the two shift reagents. This may indicate that 5e 
exhibits a somewhat greater degree of Lewis basicity 
than does 5b, although we have no other evidence to 
support this conclusion. Further, it appears that 
Pr(fod), is a somewhat better complexing agent with 
5b than is Eu(fod),. 

Further support for the identities of pyrazoles 
5b-i comes from the solvent shift .studies. Elguero 
and Jacquier observed remarkable consistencies in 
the 'Hmr spectra of a number of 1,3- and 13-di- 
methylated pyrazole derivatives as a function of sol- 
vent (1 lc). In deuteriochloroform, they observed a 
small difference in chemical shift between 3-methyl 

I which the isomers to be divided into the two 'Extrapolated to eguimolar coxentrations of pyrazole and 
series 5b-d and 5e-g. and shift reagent shift reagent Pr(fod),, tris(6,6,7,7,8,8,8,-heptafluoro-2,2-di- 
studies on the 'Hmr spectra of the isomeric pair 5b methyl-3,5-octanedionato)praseodymium (see Figs. 1 and 2). 
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1190 CAN. J. CHEM. 

FIG. 1. 'Hrnr shift reagent study of 56 using F'r(fod), (-) 
and Eu(fod), (----). 

and 5-methyl protons, with the 5-methyl protons 
occurring at higher field than 3-methyl protons. The 
differences in chemical shift in benzene solution are 
even more distinct; they found 3-methyl protons at 
2.15-2.25 pprn and 5-methyl protons at 1.4-1.7 
ppm. Although the methyl proton chemical shifts of 
5b-i in deuteriochloroform are entirely consistent 
with their generalizations, the spectra in deuterio- 
benzene are far more illuminating owing to the 
greater differences observed. As can be seen in Table 
2, the 'Hmr spectra of 5b, c, d, and h all show methyl 
singlets in the range 1.62-1.71 ppm, while the corre- 
sponding signals in the spectra of 5e,f, g, and i occur 
in the range 2.35-2.46 ppm. 

13Cmr spectroscopy has also been shown to be 
useful for distinguishing isomeric pyrazoles of this 
type (lld).  Table 2 lists the positions of the C- and 
N-methyl carbons in the 25.2 MHz 13Cmr spectra of 
5b-i in deuteriochloroform solution; certain gen- 
eralizations are again apparent. It can be seen that 
3-methyl carbons occur in the range 12.4-12.6 ppm, 
while 5-methyl carbons fall in the 9.7-10.0ppm 
range. The N-methyl carbon shieldings cannot be 
placed in such characteristic frequency ranges, al- 
though it can be seen that within each isomer pair the 
N-methyl carbon in the 1,5-dimethyl isomer occurs 
at higher field than that of the 1,3-dimethyl isomer 
by 0.2-0.4 ppm. 

The difference in thermodynamic stability between 

FIG. 2. 'Hrnr shift reagent study of 5e using Pr(fod), (-) 
and E ~ ( f o d ) ~  (----). 

the isomeric N-methylpyrazoles was determined. 
Equilibrium was established when the individual 
isomers were heated in diphenyl ether solution with 
methyl iodide added as a catalyst (reaction [lo]). The 
consistency of the relative stability of the isomeric 
pairs, i.e., 5b-d more stable than 5e-g, constitutes 
additional evidence for the proposed structural 
assignments. 

Discussion 
The photochemical electrocyclic reactions of com- 

pounds having the 1,2-diaza-1,3-diene chromophore 
have not received much attention. There are, how- 
ever, enough examples reported to indicate that this 
is an interesting and potentially fruitful research 
area; reactions [ I ] ]  (3a, b), [12] (12), and [13] (13) 
illustrate this point. Reactions [2], [l I], and [13] 
can be viewed as 4ne electrocyclic ring closures, 
while reaction [12] is a 6e electrocyclic process. 
Analogous reactions in the carbocyclic series are, of 
course, well known (14). 

To our knowledge, there are no examples of direct 
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LEIGH AND ARNOLD 

TABLE 2. lH and 13C nuclear magnetic resonance data for pyrazoles 56-i 

100 MHz 'Hmr 
25.2 MHz 13Cmr 

Compound CDCI 3 CsDs CDC13 

loss of nitrogen upon irradiation of this chromo- 
phore. It is not suprising that neither concerted loss 
of nitrogen nor cleavage to give the vinyl and diazenyl 
radicals occurs; the central carbon-nitrogen bond 
must be rather strong in the ground state and even 
more bonding in the excited state. On the other hand, 
photochemically-induced homolytic cleavage to give 
the u,P-unsaturated diazenyl and alkyl radicals is not 
unlikely and may in fact account for the formation of 
4 in reaction [3]. 

It seems likely that, in the case of 2a, reaction [2] 
is competing with reaction [3] and, at 10°C, the oc- 
currence of the thermal reversion of 3a to 2a ac- 
counts for the ultimate high yield of cyclopropene 
upon irradiation at this temperature. We were unable 
to detect 3b from the irradiation of 2b at -77°C but 
cannot rule out the possibility that 3b would revert 
back to 2b at a rate fast enough to preclude its detec- 
tion at this temperature. It is also pertinent to recaH 
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that reaction [3] occurs with 2b-d at ca. 10 K (4), 
although no attempt was made to detect 3b-d at this 
temperature. Clearly, the factors which influence the 
competition between reactions [2] and [3] have yet to 
be determined. 

Reactions [4] and [5] are best described as ther- 
mally-allowed competitive suprafacial [1,5]-sigma- 
tropic rearrangements. The evidence supporting 
this mechanism is, briefly: (i) the rate of rearrange- 
ment of 2a,b is not affected by the addition of base; 
(ii) the major products (6a-d) are the result of 
kinetic, not thermodynamic, control; (iii) the rates 
of reactions [4] and [5] are relatively insensitive to  
substituent effects throughout the series 2a-d; (iv) 
the kinetic analysis of the rearrangement of 2b is 
consistent with a concerted reaction; and (v) these 
reactions are similar to those of the carbocyclic 
analog 5,5-dimethylcyclopenta-1,3-diene, whose rear- 
rangement has been shown to occur by a concerted 
mechanism (reaction [14]) (1 5). 

The relative rates of reactions [4] and [5] of 2a-d 
favour reaction [5] in every case. The substituents 
on 2b-d have little influence on this ratio; however, 
the formation of the 4H-pyrazole is particularly 
favoured in the case of 2a. This is in mite of the fact 
that the N-methylpyrazoles are muchLmore thermo- 
dynamically stable than the 4,4-disubstituted isomers. 
The resonance energy of pyrazole itself has been cal- 
culated to be ca. 10 kcal mol-' (16). Obviously then, 
the transition state for reaction [4] must resemble the 
starting material and not the final product. There are 
several factors which may influence the relative rates 
of these two reactions. Perhaps the most important 
consideration is the fact that suprafacial migration 
from carbon-3 to nitrogen-:! renders the nitrogen 
tetrahedral: conformational and electronic reor- 
ganization must take place before the aromatic 
stabilization can develop. If this is so, it seems likely 
that, in the absence of aromatic stabilization, the 
bonding arrangement in 6, with two relatively strong 
carbon-nitrogen double bonds, is more stable than 
that in 5. Furthermore, the steric repulsion of the 
vicinal groups R, and R, in 2 is decreased when 
migration occurs toward carbon-4. 

+he observation that only one of the two isomeric 
N-methylpyrazoles 5b-d is formed during reaction 
[4] is consistent with a concerted [1,5]-sigmatropic 
rearrangement. This is particularly meaningful since 
the relative thermodynamic stability of the two 
isomers is only slightly in favour of 5b-d; product 
formation is therefore controlled bv kinetic factors. 

There is a consistent substituent effect on the abso- 
lute rate of reaction within the limited series 2b-d. 
Expressed in terms of the usual Hammett relation- 
ship, a plot of the rate of disappearance of 2b-d as a 
function of the substituent constant oq gives a 
straight line with slope p = +0.33 (correlation coeffi- 
cient 0.998). This substituent effect is also reflected 
on the rate of appearance of the corresponding 
4H-pyrazoles. The small magnitude of the effect and 
the accuracy of the experimental data do not allow 
an evaluation of the variation in rate of the minor 
reaction [4]. This small positive p is consistent with a 
concerted reaction. 

Figure 3 is an Arrhenius plot of the rate of rear- 
rangement of 2b to 5b and 6b as a function of tem- 
perature. The kinetic parameters from this data are 
summarized in Table 3. Included in the table are the 
Arrhenius parameters for the thermal rearrangement 
of the analogous carbocyclic systems, 5,5-dimethyl- 
cyclopentadiene (1 5) and 1,5,5-trimethylcyclopenta- 
diene (reaction [14]) (17, 18). 

We are now in a position to  comment upon the 
competition between thermal loss of nitrogen and 
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LEIGH AND ARNOLD 1193 

FIG. 3. Arrhenius plot for the thermal rearrangement of 26 
in diphenyl ether: a, disappearance of 26; W, appearance of 
66; A, appearance of 56. 

TABLE 3. Arrhenius parameters for the thermal rearrangement 
of 26 

Correlation 
Reaction E,(kcal mol-I)" AS* (eu)" coefficient 

OIt has been pointed out (20) that for the temperature range studied and 
the error inherent in nmr measurements (5%). theerrorin AS* isca. 3eu and 
in E,. ca. 1.2 kcal mol-'. The errors listed are those estimated from least 
souares analvsis of  our data. 

'bThe rateconstants for reaction 141 were calculated from the measured 
rate constants for reaction [51 and the product ratios (6:s = kSlk4) .  

CDetermined from the rate constants for disappearance of 26 (kdcs = k4 + ks).  
dCalculated from E a 1 4 + ~  = (k4Er.4 + k5Et,.s)l(k4 + k 5 ) ;  the value given 

is the mean of  eight calculations. 

[1,5]-sigmatropic rearrangement of 3H-pyrazoles. 
We know of only two reported examples of the 
thermal loss of nitrogen from a 3H-pyrazole (5b, 9). 
Russian workers have reported (9) that the thermal 
decomposition of methyl and ethyl 3,3,5-triphenyl- 

3H-pyrazole-4-carboxylate (2j) in o-xylene gave the 
products of [1,5]-sigmatropic rearrangement to both 
nitrogen (5j) and carbon (6j), as well as the cyclopro- 
pene 17, (reaction [15]) (9). The closely related 
dimethyl 3,3-diphenyl-3H-pyrazole-4,5-dicarboxylate 
(2k) has also been studied (7b); however, no 
mention was made of the cyclopropene in this case. 
This apparent dichotomy may simply be the result 
of differences in experimental conditions. The forma- 
tion of the cyclopropene 17 from 2j was observed 
upon heating in o-xylene, reaction being complete 
after 40 min at 140°C. When this reaction was carried 
out using acetic acid as solvent (80-90°C, 3 h), 17 was 

~ 6 ~ 5  

2j (R = CH,, C,H,) 

not reported among the products. Acetic acid (1 18°C) 
was also used in the study of the rearrangement of 2k. 
It seems likely that either in acetic acid the cyclopro- 
pene is formed but is unstable (the material balance 
was poor) or the rearrangement is catalyzed by acetic 
acid and at the lower temperatures used the loss of 
nitrogen simply does not compete. Both acid- 
catalyzed ring opening of cyclopropenes and acid- 
catalyzed rearrangement of 3H-pyrazoles are well 
documented (7, 19). In fact, the first reported exam- 
ple of the rearrangement of a 3H-pyrazole used 
acetic acid as solvent (7a); perhaps for this reason, 
acetic acid has usually been used. It may be that 
cyclopropenes would have been recognized as minor 
products had the rearrangements been examined in 
other solvents. 

The other reported example of the loss of nitrogen C
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from a 3H-pyrazole is the flash vacuum pyrolysis 
(450°C) of 18, reaction [I61 (5b). These high tem- 
perature conditions may very well increase the rela- 
tive importance of the higher activation energy pro- 
cess. 

In the thermal decomposition of I-pyrazolines 
(reaction [I]), the bulk of the evidence indicates that 
both carbon-nitrogen bonds are breaking at the 
transition state (21). This appears to be the case even 
when the two incipient radical sites differ consider- 
ably in stability. Simultaneous cleavage of both car- 
bon-nitrogen bonds in 3H-pyrazoles seems highly 
unlikely. As mentioned previously, the difference 
between the two carbon-nitrogen bond dissociation 
energies must be very large in this case. In the analo- 
gous alkyl phenyl azo compounds, there is good evi- 
dence that only one carbon-nitrogen bond cleaves 
(reversibly) to give the alkyl and phenyl diazenyl 
radicals thermally (22). Therefore, it seems likely 
that the transition state for thermal ring opening in 
3H-pyrazoles would involve predominantly the 

1 
I breaking of only the carbon-3-nitrogen-2 bond. 
I 

I Notice that the initially formed carbon-centred rad- 
ical from 2a-d would be a tertiary alkyl radical, not 
allylic until bond rotation becomes possible. On the 

I other hand, in the case of 2j  where cyclopropene is a 
significant thermal decomposition product, the 

I ; initially formed carbon-centred radical is 'bisbenzy- 
I lic.' With these concepts in mind, we can now com- 
i pare the reported kinetic parameters for the thermal 

decomposition of 3,3-dimethyl-1-pyrazoline ( la;  
Rl-R, = H, R, = R, = CH,) (la) with those we 
have measured for 2b. 

i The activation energy for the decomposition of 
l a  (reaction [I]), Ea = 40 kcal mol-I, and the en- 
tropy change, AS = 10.8 eu, are to be compared 
with E, = 33.4 kcal mol-I and AS = - 6.7 eu for 
the rearrangement (reactions [4] and [5]) of 2b. Even 
though the activation energy for the decomposition 
of l a  via reaction [I] is considerably higher than that 
for rearrangement of 2b, the rate of decomposition 
is significantly faster; k,,, 1, = 2.04 x lo-, s-I 
vs. k,,, Z b  = 2.62 x s-I at 200°C. This is of 
course the result of the very much larger increase in 
entropy upon decomposition of la.  The large pos- 
itive value of AS for reaction [l] of l a  is consistent 
with simultaneous cleavage of both carbon-nitrogen 
bonds at the transition state. Since the transition 
state for the thermal loss of nitrogen from 3H-py- 
razoles would involve cleavage of only the one car- 
bon-nitrogen bond, a considerably smaller AS value 
would be involved. If we take 40 kcal mol-' as a 
reasonable value of the activation energy for carbon- 

4Calculated from reported Arrhenius parameters. 

nitrogen bond cleavage in 2bY5 we can calculate what 
the frequency factor would have to be for this reac- 
tion to occur at a rate approximately 3% (the limit 
of detection by 'Hmr) of that of the rearrangement 
at the same temperature; log A is calculated to be 
13.5. This corresponds to - 0.3, which is 
again a reasonable value for a reaction of this type. 
At higher temperatures, the cleavage reaction would 
then increase in importance; in fact, at 450°C, the 
temperature at which the flash vacuum pyrolysis of 
18 was carried out (reaction [16]), the ratio of the 
rate constants for rearrangement versus cleavage of 
2b would be k,,,,,/k ,,,,, - 2.8. The combination of 
a high activation energy and a small positive AS for 
the cleavage process allows the [I ,5]-sigmatropic 
rearrangement(s) to compete with loss of nitrogen 
at lower temperatures. 

Tautomeric equilibria in heterocycles has received 
a great deal of attention in the literature; a number 
of techniques have been applied to the determination 
of tautomeric composition in the N-H pyrazole 
series (23). Most of these methods involve compari- 
son of physical and/or spectral properties of an N-H 
pyrazole with those of the 1- and 2-methylated deriv- 
atives, yet the isomeric equilibria in N-alkyl pyra- 
zoles has received little attention. 

In the course of our study of the thermal rearrange- 
ment of 2b-d, we found it necessary to determine the 
thermodynamic equilibrium constants; we found a 
small but significant substituent effect on the equi- 
librium constants for the 1,5- and 1,3-dimethylpyra- 
zole pairs 5b,c; cf ;  d,g. The usual Hammett plot of 
equilibrium constant (K = [1,5-isomer]/ [l,3-isomer]) 
as a function of o, for the substituents (H, OMe, 
CN) on the 3(5)-aryl group reveals a linear relation- 
ship with slope p = +0.78 (correlation coefficient 
0.996). 

Elguero et al. (23) have pointed out the lack of any 
dependable criteria for the prediction of tautomeric 
composition in N-H pyrazoles. They were, how- 
ever, able to make a qualitative correlation between 
the tendency of a substituent to occur in the 3- or 
5-position and the sign of the Hammett om for that 
substituent. Electron-donating groups appear to pre- 
fer the 5-position, whereas electron-withdrawing 
groups prefer the 3-position. The situation is com- 
plicated by the fact that hydrogen bonding (forming 
dimeric species) can contribute significantly to the 
relative tautomeric stability, particularly in nonpolar 
solvents. Our results with the N-methyl derivatives 
5b-g agree with this qualitative correlation; the 

5Since the initially formed radical is not allylic, and inductive 
effects are known to have little effect on bond dissociation 
energies, the energetics of this process can be reasonably ap- 
proximated by those found for the decomposition of la. 
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1,5-dimethyl isomers are favoured in all cases, pre- 
sumably owing to the fact that all three aryl sub- 
stituents are electron-withdrawing inductively. It is 
the relative position of the equilibria that is instruc- 
tive in our case, and it can be seen that the presence 
of an electron-withdrawing aryl substituent favours 
the 1,5-dimethyl isomer more than does an electron- 
donating aryl substituent. 

Conclusions 
3H-Pyrazoles undergo two types of photochemical 

reaction, a 4ne electrocyclic ring closure and cleavage 
to give the vinyl diazo compounds. Since the former 
has been observed only with fully alkylated 3H-pyra- 
zoles, the factors governing the relative importance 
of the two reactions are not well understood. 

3H-Pyrazoles undergo three types of thermal reac- 
tions; two competitive [1,5]-sigmatropic rearrange- 
ments, and cleavage followed by loss of nitrogen. 
Cleavage of the N-1-C-5 bond becomes more im- 
portant when radical stabilizing groups are present 
at C-5 or at high temperatures. 

Isomeric (tautomeric) equilibria in N-methyl 
(N-H) pyrazoles are partially governed by the elec- 

1 tronic characteristics of substituents in the 3- and 
5-positions; electron-withdrawing substituents prefer 
the 3-position. 

'Hmr shift reagent studies, solvent shift studies, 
and 13Cmr spectroscopy are all useful techniques for 

i the differentiation of isomeric 1,3- and 1,5-dimethyl- 
pyrazoles. 

Experimental 
All melting points are corrected. 'Hmr spectra were recorded 

on either a Varian HA-100 or Varian XL-100 spectrometer 
and are reported in parts per million downfield from TMS. 
13Cmr and 19Fmr spectra were recorded on a Varian XL-100 
nmr spectrometer and are reported in parts per million 
downfield from TMS and parts per million upfield from CFCI,, 
respectively. Infrared spectra were recorded on a Perkin-Elmer 
621 grating infrared spectrometer and are reported in wave- 
numbers, calibrated against the 1601.8 cm-' polystyrene ab- 
sorption. Ultraviolet-visible absorption spectra were recorded 
on a Cary 118 spectrometer and are reported in nanometers. A 
Fisher Proportional Temperature Control Unit with an in- 
sulated silicon oil (Dow Corning 210-H) bath was used in the 
kinetic studies. Temperatures were recorded using a copper- 
constantan thermocouple. 

The 3H-pyrazoles 26-d were prepared by an adaptation of 
the method of Williams and Dolbier (4, 24). 
3,3,4,5-Tetramethyl-3H-pyrazole (2a) was prepared by the 

method of Closs and Heyn (25). Yield from the pyrazoline was 
52% (bp 4OoC/2.6 Torr). The compound discolours when 
stored at -25°C and it was therefore redistilled before use. 

Low Temperature Irradiation of 2a 
A freshly distilled sample of 2a (0.05 g, 4.4 x mol) 

was dissolved in methylene chloride (Fisher Spectrograde, 
1.0 mL) in a Pyrex nmr tube and placed in a quartz Dewar 
containing Dry-Ice and acetone. The sample was irradiated 
with a 450-W medium pressure mercury vapour lamp 

(Hanovia) for 45 min. The 'Hmr spectrum, taken at room 
temperature, indicated the formation of the 1,2-diazabicyclo- 
[2.l .O]pent-2-ene (> 60% yield) (3a, b). The ir spectrum, also at 
room temperature, had the C==N stretching band at 1604 
cm-'. Allowing the solution to sit at room temperature regen- 
erated the 3H-pyrazole ('Hmr, is). 

Low Temperature Irradiation of 2b 
3,3-Dimethyl-4,5-diphenyl-3H-pyrazole (Zb, 0.02 g, 9.7 x 

mol) was dissolved in methylene chloride and irradiated 
as above for 1 h. The tube was transferred without warming 
to the precooled probe (- 70°C) of the XL-100 nrnr spectrom- 
eter. The 'Hmr spectrum was that of 1,l-dimethyl-2,3-di- 
phenylcyclopropene; no other products were detected. 

Thermal Rearrangement of 2a 
Freshly distilled 2a (0.03 g, 2.4 x mol) was dissolved 

in diphenyl ether (distilled, 0.6 mL), degassed (four freeze- 
pumpthaw cycles), and sealed in an nmr tube. The tube was 
heated at 182°C for 11 h;  progress of the reaction was mon- 
itored by 'Hmr. Concentration vs. time data were obtained by 
normalizing the integrated intensity of the 3-methyl singlet of 
2a against the total integrated intensity of the 1-4 ppm region. 
After 11 h, the reaction mixture consisted of 5a and 6a in the 
ratio 1 :2, accounting for at least 75% of the material present; 
2a had completely disappeared at this point. Continued heating 
for another 40 h resulted in the complete disappearance of 6a; 
the 'Hmr spectrum showed the presence of 5a. Chromatog- 
raphy on a silica gel column yielded 5a as a colourless oil (0.02 
g, 60%) which was identified by spectral comparisons with 
literature data (26). 4H-Pyrazole 6a was identified by heating a 
degassed, sealed tube of 2a (0.12 g) in benzene (0.3 mL) at 
192°C for 4.5 h;  the 'Hmr spectrum at this point revealed the 
mixture consisted of 11% 2a and 85% 6a and 5a in the ratio 
36:l. The tube was opened and the solvent evaporated to a 
brown oil (0.12 g); the major peaks in the ir spectrum matched 
the ir spectrum of an authentic sample of 6a. 

A third sample of 2a (0.030 g) in diphenyl ether - pyridine 
(10:1, 0.6 mL) was degassed, sealed, and heated at 182°C as 
above. The rate of rearrangement of 2a in this case was the 
same as above (10.4 x s-I), within experimental error. 

The 3H-pyrazoles 2b-d were purified by column chromatog- 
raphy (alumina) followed by three recrystallizations from 
hexane. Kinetic parameters were obtained by heating 0.5 mL 
portions of a solution of the 3H-pyrazole (3.8 x loe3 mol) 
and mesitylene (0.13 g, 1.1 x lo-, mol) in diphenyl ether 
(10 mL), which were degassed (four freezepump-thaw cycles) 
and sealed in nmr tubes. The mesitylene was used as an inter- 
nal standard and was shown to be unreactive under these ex- 
perimental conditions. Concentration vs. time data were ob- 
tained by recording the 'Hmr spectra over at least 20 time 
intervals and measuring the intensity of the 3H-pyrazole 
methyl peak normalized against the mesitylene integral. The 
resultant plots of In 111 vs. t in all cases yielded a straight line 
through at least four half-lives. The Arrhenius parameters for 
the rearrangement of 2b were obtained from a least-squares 
analysis of the first-order rate constants for disappearance of 
starting material as a function of temperature. 

The possibility of an acid-catalyzed rearrangement was dis- 
counted by conducting the rearrangement in the presence of 
hexamethylenediamine at 192°C. Neither the rate of rearrange- 
ment nor the product distribution differed from the rearrange- 
ment in the absence of base at this temperature. 

Preparative-scale Thermolyses: 2b-d 
Thermal Rearrangement of 2b 
A solution of 26 (0.10 g, 4.1 x mol) in benzene (0.5 

mL) was degassed and sealed in an nmr tube. The tube was 
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heated at 200°C for 16 h; progress of the reaction was fol- 
lowed by 'Hmr and was essentially complete after 4 h. The 
crude reaction mixture was chromatographed on a silica gel 
(10 g) column with hexane-benzene and benzene-ether rnix- 
tures (starting with pure hexanes and increasing the propor- 
tion of benzene by 10% every 500mL eluted). Pyrazole 56 
(0.010 g, 10%) was eluted with pure benzene and identified by 
comparison with an authentic sample (vide infra). 4H-Pyrazole 
66 (0.083 g, 81%) was eluted with ether (10%) - benzene and 
recrystallized twice from ether-hexane, mp 122-123.5"C; 
ir (KBr): 3070(m), 2985(m), 1579(m), 1520(s), 1498(m), 
1446(m), 755(s), 763(s), 692(s, br); uv h,,, (ethanol): 277 
(14 100); h,,, (hexane): 274 (12 000); 'Hmr (CDCI,) 6: 1.66 
(s, 3H), 1.98 (s, 3H), 7.32 (m, 10H); Anal. calcd. for 
Cl7HI6N2: C 82.22, H 6.50, N 11.28; found: C 82.26, H 6.68, 
N 11.09. 

Thermal Rearrangement of 2c 
A solution of 2c (0.048 g, 1.76 x mol) in benzene 

(0.3 mL) was degassed and sealed in an nmr tube. The tube 
was heated at 200°C as above for 16 h. The crude reaction 
mixture was chromatographed on a silica gel (5 g) column with 
benzeneether mixtures. Pyrazole 5c (0.005 g, 10%) was eluted 
with ether (2%) and 6c (0.036 g, 75%) with pure ether. Pyrazole 
5c was identified by comparison with an authentic sample 
(vide infra). 4H-Pyrazole 6c was further purified by sublima- 
tion (120"C/0.1 Torr) and one recrystallization from absolute 
alcohol, mp 162-1 62.5"C; ir (KBr) : 3070(w), 2230(s), 1568(m), 
1496(m), 1380(w), 1270(w), 860(s), 848(s), 759(s), 700(s), 
559(s); uv h,,, (ethanol): 284 (15 000); h,,, (hexane): 285 
(16 500); 'Hmr (CDCI,) 6: 1.69 (s, 3H), 2.03 (s, 3H), 7.08 (m, 
2H), 7.37 (m, 3H), 7.59 (d, 2H), 7.78 (d, 2H). Anal. calcd. for 
Cl8Hl5N3: C 79.09, H 5.53; found: C 79.13, H 5.79. 

Thermal Rearrangement of 2d 
A solution of 26 (0.050 g, 2.8 x mol) in benzene (0.3 

mL) was degassed, sealed, and heated as above for 16 h. Chro- 
matography on silica gel (5 g) with hexane-benzene and ben- 
zene-ether mixtures afforded 5d (0.008 g, 16%), which was 
eluted with ether (2%) - benzene and identified by comparison 
with an authentic sample (vide infra). Pyrazole 6d (0.041 g, 
82%) was eluted with ether (15%) -benzene and recrystallized 
three times from hexanes, mp 119-1 19.S°C; ir (KBr) : 2840(w), 
1604(s), 1578(m), 1503(s), 1418(s), 1309(s), 1248(s), 1172(s), 
1033(s), 832(s), 763(m), 697(s); uv h,,, (ethanol): 307 (20 400); 
h,,, (hexane) : 296 (19 100); 'Hmr (CDCI,) 6 : 1.69 (s, 3H), 
2.00 (s, 3H), 3.83 (s, 3H), 6.96 (d, 2H), 7.28 (m, 2H), 7.55 (m, 
3H), 7.82 (d, 2H). Anal. calcd. for C I S H ~ S N ~ O :  C 77.67, H 
6.52, N 10.07; found: C 77.78, H 6.46, N 9.79. 

4H-Pyrazoles 6 b d  were identified by comparison of their 
spectral properties with those of 6a and 3-phenyl-4,4,5-tri- 
methyl-4H-pyrazole. Particularly diagnostic is the medium 
intensity C==N stretching band at 1570-1580cm-' in the ir 
spectra. The uv spectrum of 66 in hexane is almost identical to 
that of 3-phenyl-4,4,5-trimethyl-4H-pyrazole (h,,, (hexane): 
271 (14 100)). 

Preparation of 4H-Pyrazolium Iodides (7a-d) 
1,3,4,4,5-Pentamethyl-4H-pyrazolium Iodide (7a) 
A solution of 6a (0.1 8 g, 1.42 x lo-, mol) in methyl iodide 

(4 mL) was refluxed on the steam bath for 15 min, resulting in 
the formation of a colourless precipitate. Anhydrous ether 
(3 mL) was added, and the mixture was filtered. The precipi- 
tate was washed with ether (2 x 0.5 mL) and dried, yielding 
the product as colourless crystals (0.36 g, 1.4 x low3 mol, 
97%) which were recrystallized twice from absolute alcohol, 
mp 180-183°C (dec); ir (KBr): 2975(w), 1640(m), 1595(s), 

1469(m), 1441(m), 1391(m), 1297(m), 790(m), 692(m); uv 
h,,, (ethanol): 222 nrn (14 000); 'Hmr (CDCI,) 6: 1.63 (s, 
6H), 2.32 (s, 3H), 2.99 (m, 3H), 4.16 (m, 3H). 

Heating the salt (0.14 g, 5.4 x 10-4mol) to its melting 
point under vacuum for 5 min resulted in the formation of an 
orange oil which bubbled vigorously, and a colourless oil 
which condensed on the walls of the flask. The orange oil 
crystallized on cooling. The 'Hmr spectrum (CDCI,) of this 
mixture showed it to contain 1,3,4,5-tetramethylpyrazole (6: 
1.85 (s, 3H), 2.10 (br s, 6H), 3.65 (s, 3H)) and 1,2,3,4,5-penta- 
methylpyrazolium iodide (6: 4.10 (br s, 6H), 2.37 (br s, 6H), 
1.98 (s, 3H)) (27) in the ratio 1 :2. The material balance was 
poor (0.09 g), probably owing to loss of the 1,3,4,5-tetra- 
methylpyrazole by vaporization. 
1,4,5-Trimethyl-3,4-diphenyl-4H-pyrazolium Iodide (7b) 
A solution of 66 (0.10 g, 4.0 x mol) in methyl iodide 

(3 mL) was refluxed for 2 h, during which time a yellow preci- 
pitate formed. Anhydrous ether (3 mL) was added and the 
mixture was filtered. The yellow precipitate was washed with 
ether (2 x 0.5 mL) and dried (0.14 g, 3.5 x loM4 mol, 87%). 
The material was further purified by three recrystallizations 
from chloroform-ether alternated with three recrystallizations 
from absolute alcohol to yield yellow crystals of 76, mp 
154.5-155°C (dec.); ir (KBr): 1637(m), 1547(s), 1495(m), 
1444(s), 1157(w), 1076(w), 774(s), 698(s), 636(m); uv h,., 
(ethanol) : 219 (22 800), 299 (9700); 'Hmr (CDCl,) 6 : 2.20 
(s, 3H), 2.78 (br s, 3H), 4.42 (br s, 3H), 7.26 (m, 10H). Anal. 
calcd. for ClsH19N21: C 55.40, H 4.91, N 7.18; found: C 
54.77. H 5.01. N 7.35. 

 eati in^ the methiodide (0.05 g, 1.3 x loM4 mol) to its 
melting point under vacuum resulted in the vigorous release 
of methyl iodide and formation of 56 (0.03 g, 1.2 x mol, 
91%). 

3- (4-Cyanophenyl) -4-phenyl-l,4,5-trimethyl-4H-Pyrazolium 
Iodide (7c) 

A solution of 6c (0.10 g, 3.7 x mol) in methyl iodide 
(3 mL) was refluxed on the steam bath for 2 h, which resulted 
in the formation of a yellow precipitate. Work-up as above 
yielded the product as yellow crystals (0.11 g, 2.6 x mol, 
71%) which were further purified by five recrystallizations 
from absolute alcohol - anhydrous ether, mp 142.5-143°C 
(dec.); ir (KBr): 2229(s), 1626(s), 1575(m), 1535(s), 1498(m), 
1442(m), 859(s), 702(s), 597(s); uv h,,, (ethanol): 217 (sh, 
28 400), 250 (sh, 11 loo), 355(sh, 11 OOO), 390 (12 600); 'Hmr 
(CDCI,) 6 : 2.28 (s, 3H), 2.79 (br s, 3H), 4.42 (br s, 3H), 7.25 
(m, 4H), 7.59 (s, 5H). Anal. calcd. for CI9Hl8N3I: C 54.95, 
H 4.37, N 10.12; found: C 54.84, H 4.50, N 10.31. 

Heating the methiodide (0.06 g, 1.5 x mol) to its 
melting point under vacuum resulted in vigorous release of 
methyl iodide and the formation of 5c (0.03 g, 1.1 x 
mol, 75%). 

3- (4-Methoxyphenyl) -4-phenyl-l,4,5-Trimethyl-4H- 
pyrazolium Iodide (7d) 

A solution of 6d (0.09 g, 3.4 x mol) in methyl iodide 
(2.5 mL) was refluxed for 1 h, during which time a bright 
yellow precipitate was formed. Addition of anhydrous ether, 
filtration, washing (anhydrous ether), and drying yielded the 
product as bright yellow crystals (0.11 g, 2.5 x mol, 
75%). The material was further purified by one recrystalliza- 
tion from absolute ethanol and three recrystallizations from 
chloroform-ether, mp 181.5-1 82°C (dec.); ir (KBr) : 2930(w), 
1608(s), 1529(s), 1510(s), 1427(m), 1263(s), 1176(s), 842(m), 
790(m); uv h,,, (ethanol): 215 (sh, 24 300), 245 (sh, 6400), 
340 (12 200). 'Hrnr (CDCI,) 6: 2.20 (s, 3H), 2.77 (br s, 3H), 
3.77 (s, 3H), 4.32 (br s, 3H), 6.73 (d, 2H), 7.21 (m, 5H), 7.45 
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(d, 2H). Anal. calcd. for Cl9HZ1NzOI: C 54.30, H 5.04, N 
6.67; found: C 53.86, H 5.07, N 6.96. 

Heating the methiodide (0.02g, 5.2 x lo-= mol) to its 
melting point under vacuum resulted in vigorous release of 
methyl iodide and formation of 5d (0.01 g, 4.7 x lo-' mol, 
89%) which contained less than 8% of the other isomer. 

Preparation of 4,5-Diphenyl-1,2,3-trimethylpyrazolium Iodide 
( 9b) 

Pyrazole5b (0.05 g, 2.0 x mol) was dissolved in methyl 
iodide (0.5 mL), placed in an nmr tube, degassed (four freeze- 
pump-thaw cycles) and the tube was sealed. The mixture was 
heated at 100°C for 4 h. Evaporation of the excess methyl 
iodide yielded the product as yellow crystals (0.07 g, 1.9 x 

mol, 96%) which were recrystallized twice from chloro- 
form%ther affording colourless plates of 9b, mp 224225°C 
(dec.); ir (KBr): 1550(m), 1460(s), 1441(m), 1424(m), 1400(s), 
1346(s), 791(s), 766(s), 708(s); uv h,,, (ethanol): 215 (15 000), 
255 (sh, 4000); 'Hmr (CDCI,) 6: 2.49 (br s, 3H), 4.19 (br s, 
3H), 4.39 (br s, 3H), 7.18 (m, 5H), 7.38 (s, 5H). Anal. calcd. 
for Ci~HlgN21: C 55.40, H 4.91, N 7.18; found: C 55.57, H 
4.83, N 6.83. 

Compound 9b was also synthesized in 97% yield from 5e 
as above. 

Thermolysis of 9b (0.05 g, 1.3 x mol) at its melting 
point under vacuum resulted in vigorous bubbling and the 
formation of a colourless oil (0.03 g, 1.2 x mol, 95%). 
The nmr spectrum showed the oil to be a 4: 1 mixture of 5b 
and 5e. 

High Temperature 'H Nuclear Magnetic Resonance Spectrum 
of 7a 

The 'Hmr spectrum of 7a in DMF-d6 was examined at five 
temperatures between 80-150°C by heating a sealed tube in 
the probe of the XL-100 nmr spectrometer. No broadening or 
coalescence of any of the signals was observed at these tem- 
peratures. No decrease in intensity of the C-3 or C-5 methyl 
singlets was observed upon double irradiation of the C-5 or 
C-3 methyl singlets. The spectrum was complicated by the 
steady decomposition of 70 to give 5a, methyl iodide, and 
1,2,3,4,5-pentamethylpyrazolium iodide. 

Preparation of 5b-i 
Desoxybenzoin En01 Acetate 
The procedure is that of Barnes et al. (28). A mixture of 

desoxybenzoin (15.0 g, 0.08 mol) and potassium acetate (30 g, 
0.31 mol) in acetic anhydride (300 mL) was refluxed for 1 h 
in a 500-ml round-bottom flask equipped with magnetic stirrer, 
condenser, and drying tube. The resultant dark brown liquid 
was allowed to cool slightly, poured into water (1.4 L), and 
then stirred at room temperature for 0.5 h. The resulting brown 
crystalline suspension was extracted with ether (3 x 200 mL). 
The combined ether extracts were washed repeatedly with a 
saturated aqueous solution of sodium bicarbonate until CO, 
evolution had ceased, followed by one wash with water (100 
mL). The dark brown solution was then dried over anhydrous 
magnesium sulphate and filtered. Evaporation of solvent 
afforded a dark brown oil (16.3 g) which crystallized upon 
addition of methanol. The crystals were filtered, washed with 
methanol, and dried. Reduction of the mother liquors afforded 
an additional quantity of product. A second recrystallization 
from methanol afforded the product as slightly brown crystals 
(12.4 g, 0.05 mol, 68%, mp 102-103°C (lit. (28) mp 101°C). 

4-Methoxydesoxybenzoin En01 Acetate 
This was prepared by refluxing 4-methoxydesoxybenzoin 

(10.1 g, 0.045 mol) and potassium acetate (20 g, 0.20 mol) in 

acetic anhydride (140 mL) for 18 h. Following work-up (as 
above), the product was recrystallized once from ethanol to 
afford brown crystals (5.89 g, 0.022 mol, 49%, mp 82-87"C, 
lit. (28) mp 88°C). 

4-Bromodesoxybenzoin En01 Acetate 
This was prepared by refluxing 4-bromodesoxybenzoin 

(10.1 g, 0.04 mol) and potassium acetate (20 g, 0.20 mol) in 
acetic anhydride (140 mL) for 20 h. Work-up and subsequent 
recrystallization from ethanol-water afforded the product as 
brown crystals (6.1 g, 0.02 mol, 61%, mp 104106°C). Chroma- 
tography on a silica gel column with 1 : 1 benzene - petroleum 
ether followed by two recrystallizations from ethanol afforded 
the compound as colourless crystals (mp 107-108°C); ir 
(KBr): 1751(s), 1489(m), 1395(m), 1373(m), 1227(s), 1215(s), 
1070(s), 1040(s), 1010(s), 939(m), 858(m), 851(m), 817(s), 
754(s), 704(s), 573(m); uv h,,, (ethanol): 294 (25 OOO), 225 
(10 100); h,,, (hexane) : 292 (27 400), 223 (12 100); 'Hmr 
(CDCI,) 8: 2.28 (s, 3H), 6.67 (s, lH), 7.42 (m, 9H). Anal. 
calcd. for Cl6H,,OzBr: C 60.59, H 4.13; found: C 60.87, H 
4.20. 

4-Cyanodesoxybenzoin En01 Acetate 
This was prepared by refluxing Ccyanodesoxybenzoin (8.14 

g, 0.037 mol), and potassium acetate (10 g, 0.10 mol) in acetic 
anhydride (150 rnL) for 1 h. Work-up and recrystallization 
from ethanol afforded the product as yellow crystals (6.94 g, 
0.026 mol, 70%, mp 107-109°C). Column chromatography 
of a portion of the product on silica gel with benzene yielded 
the en01 acetate as colourless crystals which were recrystallized 
twice from ethanol (mp 11~111°C);  ir (KBr): 3028(w), 
2223(s), 1752(s), 1601(s), 1371(s), 1211(s, br), 1178(s), 1040(s), 
821(s), 745(m), 691(s); uv h,,, (ethanol): 230 (11 800), 308 
(27 400); h,,, (hexane): 227 (11 loo), 302 (25 000); 'Hmr 
(CDCI,) 6: 2.33 (s, 3H), 6.81 (s, lH), 7.48 (m, 5H), 7.66(s,4H). 
Anal. calcd. for C17H13NOZ: C 77.55, H 4.98; found: C 
77.67, H 4.97. 

Synthesis of I-Aryl-2-phenyl-I,3-butanediones (29) 
I ,2- Diphenyl-I ,3-butanedione 
Desoxybenzoin en01 acetate (10.0 g, 0.04 mol) and acetyl 

chloride (1.5 mL, 0.02 mol) were dissolved in 1,2-dichloro- 
ethane (25 mL) in a 250 mL three-necked round-bottom flask 
fitted with overhead stirrer, gas inlet tube, and reflux con- 
denser with drying tube (CaCI2). The solution was cooled to 
0°C in an ice bath and BF3 (purified by bubbling through con- 
centrated H2S04) was let into the flask at such a rate so as to 
keep the mixture below the reflux temperature. 

The BF, was absorbed rapidly for the first 15 min, at which 
time the brown mixture solidified; an additional quantity of 
dichloroethane (25 mL) was added. The reaction mixture was 
stirred at 0°C under a BF, atmosphere for 3 h. 

A solution of sodium acetate (7.0 g, 0.09 mol) in water 
(25 mL) was added and the dichloroethane was distilled off 
on the steam bath. The aqueous mixture was refluxed for 
another 0.5 h, during which time a yellow oil formed. The mix- 
ture was cooled and extracted with ether (3 x 50 mL). The 
combined organic fractions were washed once with saturated 
aqueous bicarbonate (20 mL), once with water (20 mL), dried 
over anhydrous sodium sulphate, and filtered. Evaporation of 
solvent yielded a light yellow liquid (11.4 g); methanol (25 mL) 
was added and the subsequent solution was cooled. The prod- 
uct was isolated as slightly yellow crystals (en01 form, 7.4 g, 
mp 8689°C (lit. (30) mp 88-89°C)). Reduction of the mother 
liquors afforded slightly yellow plates (diketo form, 1.6 g, 
mp 7680°C (lit. (29, 30) mp 7677°C)). Total yield was 90%. 
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I - (4-Metho~y~henyl) -2-phenyl-I ,3-butanedione 
This was prepared as above from 4-methoxydesoxybenzoin 

en01 acetate (0.39 g, 1.4 x lo-, mol) and acetyl chloride (0.01 
mL) in 1,2-dichloroethane (1 mL). Following sodium acetate 
hydrolysis, the product was extracted with benzene. Evapora- 
tion of solvent afforded brown crystals (0.39 g) which were 
shown by 'Hmr to consist of the difluoroborate ether of the 
diketone (major), the diketone (two tautomeric forms), and 
4-methoxydesoxybenzoin. The mixture was chromatographed 
on a silica gel (30 g) column with hexanes (10%) -benzene. 
First isolated from the column were yellow crystals of the 
difluoroborate ether (0.22 g, 6.8 x mL, 4773, which were 
recrystallized once from ether-benzene and once from eth- 
anol (mp 141-144°C); ir (KBr) : 2848(w), 1600(s), 1580(s), 
1550(s), 1463(br, s), 1439(m), 1342(s), 1265(s), 1179(s), 1059(br, 
s), 1022(s), 846(m), 775(m), 704(m), 558(m); uv h,,, (ethanol): 
364 (16 OOO), 240 (5600) ; h,,, (hexane) : 358 (26 400), 240 (7500) ; 
'Hmr (CDCI,) 6: 2.17 (s, 3H), 3.80 (s, 3H), 6.71 (d, 2H), 7.33 
(m, 7H); lgFmr (CDC1,-CFCI,): - 140.1 ppm from CFCI,. 
Mass ion calcd.: 316.1078; found: 316.1080. Anal. calcd. for 
C17H15BF203: C 64.59, H 4.78; found: C 64.72, H 4.61. 

Next was isolated 4-methoxydesoxybenzoin (0.04 g) and 
finally a yellow oil (0.08 g); spectral data ('Hmr, ir) identified 
it as a 1 :2 mixture of the (3-diketone and one of its en01 forms; 
ir (KBr): 2920(w), 2840(w), 1720(m), 1670(m), 1602(s), 
15lO(m), 1422(w), 1264(s), 1173(s), 1030(m); uv h,,, (ethanol): 
335 (sh, 1700), 286 (11 OOO), 235 (sh, 10 500); h,,, (hexane): 
330 (sh, 1800), 277 (11 700), 220 (sh, 12 000); 'Hmr (CDCl,) 
(3-diketone 6: 2.14 (s, 3H), 3.73 (s, 3H), 5.45 (s, lH), 6.70 (d, 
2H), 7.73 (d, 2H), 7.20 (m, 5H); en01 6 : 1.94 (s, 3H), 3.65 (s, 
3H), 6.45 (d, 2H), 7.18 (m, 7H), 18.9 (s, 1H). 

Refluxing the difluoroborate ether (0.035 g, 1 .I x mol) 
in methanol (4 mL) for 2.5 h, followed by evaporation of sol- 
vent, yielded a yellow oil (0.034 g). The 'Hmr spectrum showed 
it to be a roughly equal mixture of the [l-diketone and enol, 
plus a small amount of unreacted starting material. Chroma- 
tography on a silica gel column with benzene gave 0.010 g of 
the (3-diketone-en01 mixture as a yellow oil whose ir spectrum 
(KBr) matched that given above. 

I- (4-Bromophenyl) -2-phenyl-I ,3-butanedione 
This was prepared as above from 4-bromodesoxybenzoin 

en01 acetate (5.133 g, 0.016 mol) and 4 drops acetyl chloride in 
12-dichloroethane (13 mL). A longer hydrolysis time was 
required in this case (1.5 h) since after 0.5 h a considerable 
amount of a black solid, insoluble in organic solvents, re- 
mained. Extraction with benzene-ether (1 : 1) and subsequent 
work-up yielded a brown-red solid (5.55 g); the lHmr spec- 
trum showed it to consist of the (3-diketone and 4-bromo- 
desoxybenzoin in the ratio 2: 1. Repeated washings of the solid 
with anhydrous ether was effective in removing the desoxyben- 
zoin, leaving impure crystals of 1-(4-bromopheny1)-2-phenyl- 
1,3-butanedione (2.768, 8.7 x lo-, mol, 54%) which was 
used without further purification for the preparation of the 
pyrazoles. 

The combined ether filtrates were evaporated and the residue 
was dissolved in hot ethanol and then cooled. The resulting 
crystals were filtered, washed, and dried, and identified as 
4-bromodesoxybenzoin (1.52g). The evaporated mother 
liquors were then chromatographed on a silica gel column, 
eluting with 10% hexanes in benzene. Initial fractions con- 
tained the desoxybenzoin; subsequent fractions containing the 
diketone were combined and recrystallized five times from 95% 
ethanol to yield light yellow needles of I-(4-bromopheny1)-2- 
phenyl-l,3-butanedione (enol form), mp 83.5-84.5"C; ir 
(KBr): 3061(w), 3035(w), 1712(br, w), 1676(br, m), 1583(br, 
s), 1482(m), 1395(m), 1070(s), 1010(s), 834(m), 702(s); uv 
h,,, (ethanol) 316 (11 500), 258 (11 900); I,,, (hexane): 316 

(12 700), 242 (8800); 'Hmr (CDCI,) 6: 2.05 (s, 3H), 7.21 (m, 
9H), 17.31 (s, 1H). Anal. calcd. for C16H1302Br: C 60.59, 
H 4.13; found: C 60.37, H 4.20. 

Several attempts to synthesize 1-(4-cyanopheny1)-2-phenyl- 
1,3-butanedione from 4-cyanodesoxybenzoin en01 acetate by 
the above method and variations thereof were unsuccessful; 
the starting material and/or 4-cyanodesoxybenzoin were re- 
covered in every case. 

Preparation of 5b, d, e, g, h, i 
The pyrazoles were prepared by refluxing the [l-diketone 

with a 4-5 molar excess of anhydrous methyl hydrazine in 
benzene for 8-12 h. The 'Hmr and 13Cmr spectra of these 
compounds are summarized in Table 2. 

For example, 1,2-diphenyl-1,3-butanedione (2.00 g, 8.8 x 
lo-' mol) and methyl hydrazine (1.93 g, 0.042 mol) were dis- 
solved in benzene (40 mL) in a 100-mL round-bottom flask 
equipped with condenser and magnetic stirrer. Reflux for 8 h 
gave a light yellow solution which was removed from the heat, 
dried (magnesium sulphate), and filtered. The solvent and 
excess methylhydrazine were removed on the rotary evaporator 
to yield a yellow oil (2.02 g, 92%). The 'Hmr spectrum showed 
the mixture consisted of 5b and 5e in the ratio 2: 3. The isomers 
were separated by chromatography on an alumina (150 g) 
column with hexane-ether mixtures (ether concentration was 
increased by 3% for every 1000 mL of solvent eluted until a 
12% ether solution was reached). The first compound to be 
eluted was 5e, which was recrystallized twice from ether and 
identified as 1,3-dimethyl-4,5-diphenylpyrazole (vide infra), 
mp 134-134.5"C; ir (KBr): 3061(w), 2929(w), 1603(s), 1513(s), 
1488(m), 1439(m), 1363(m), 1019(s), 994(s), 769(s), 5936); 
uv h,,, (ethanol) : 233 (14 500); A,,, (hexane) : 239 (16 000). 
Anal. calcd. for C17H16N,: C 82.22, H 6.50, N 11.28; found: 
C 82.39, H 6.71, N 11.08. 

Mixtures of 56, e were eluted next and finally 56 was eluted. 
The mixtures were combined and rechromatographed; 5h 
was recrvstallized twice from ether and identified as 1.5-di- 
methyl-3;4-diphenylpyrazole (vide infra), mp 121-122°C; ir 
(KBr): 3047(w), 2952(w), 1603(sh), 1547(m), 1495(m), 1436(m), 
1367(m), 1076(s), 967(s), 768(s), 705(s); uv h,,, (ethanol): 
231 (16 200); h,,, (hexane): 237 (17 100). Anal. calcd. for 
C17H16N2: C 82.22, H 6.50, N 11.28; found: C 82.22, H 
6.59, N 11.40. 

Preparation of 5d and g 
The difluoroborate ether of 1-(4-methoxypheny1)-2-phenyl- 

1,3-butanedione (1.381 g, 4.4 x mol) and methyl hydra- 
zine (1.93 g, 0.042 mol) were dissolved in benzene (50 mL) 
and refluxed as above for 16 h. Work-up yielded slightly yel- 
low crystals (1.13 g, 4.05 x lo-, mol, 93%). The 'Hmr spec- 
trum of the crude product showed it to consist of 5d and g in 
the ratio 1:  12. This mixture was chromatographed on an 
alumina (65 g) column with an ether (1%) - benzene solution. 
The first fractions eluted contained 5g (0.77 g), which was 
recrystallized twice from hexane to give colourless crystals 
which were identified as 1,3-dimethyl-5-(4-methoxypheny1)-4- 
phenylpyrazole, mp 122.5-123°C; ir (KBr): 3023(w), 2969(w), 
2828(w), 1612(m), 1517(s), 1493(m), 1460(m), 1375(m), 1022(s), 
850(m), 764(s), 593(m); uv h,,, (ethanol): 239 (21 500), 255 
(sh, 11 500); h,,, (hexane): 243 (19 600), 260 (sh, 13 300). 
Anal. cakd. for C18H18N20: C 77.67, H 6.52, N 10.07; found: 
C 77.65, H 6.60, N 10.19. 

The remaining fractions from the column consisted of mix- 
tures of 5d and g (0.34 g). This mixture was dissolved in hot 
hexane and cooled; 5g crystallized (0.17 g). 

Pure 5d was isolated by heating5g (0.20 g, 7.0 x mol) 
andmethyl iodide(0.04 mL, 7.0 x mol) in benzene (2 mL) 
in a Carius tube (which had been degassed and sealed) at 220°C 
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for 1 h. Evaporation of the benzene and excess methyl iodide 
yielded the equilibrium mixture of 5d and g (0.20 g, 100%). 
Fractional recrystallization from hexane-ether, followed by 
sublimation (105"C, 2 Torr) and three recrystallizations from 
hexaneether afforded 5d as colourless crystals (mp %.5- 
97°C) which were identified as 1,5-dimethyl-3-(4-methoxy- 
pheny1)-4-phenylpyrazole; ir (KBr): 2994(w), 2839(w), 
1608(m), 1527(s), 1434(s), 1386(m), 1036(s), 843(s), 761(s), 

I 589(m); uv h,,, (ethanol): 242 (14 500), 255 (sh, 13 100); 
h,,, (hexane): 245 (19 400), 257 (sh, 17 800). Anal. calcd. for 
C18H18N20: C 77.67, H 6.52; found: C 77.69, H 6.64. 

Preparation of 5h, i 
1-(4-Bromopheny1)-2-pheny1-1,3-butanedione (2.73 g, 8.52 

x mol) and methyl hydrazine (3.27 g, 0.071 mol) were 
dissolved in benzene (50 mL) and refluxed as above for 18 h. 
Work-up yielded a red oil (2.78 g) which consisted of 5h 
and i (approximate ratio 1 : 12) and 4-bromodesoxybenzoin. 
The mixture was chromatographed on a silica gel column with 
benzene-hexane mixtures, which resulted in the isdation of 
4-bromodesoxybenzoin (0.34 g). Elution with ether (1%) - 
benzene gave pure 5h (0.16 g, 4.86 x mol, 6%) which 
was recrystallized twice from hexanes, yielding colourless 
crystals of 3-(4-bromopheny1)-l,5-dimethyl-4-phenylpyrazole, 
mp 122-123OC; ir (KBr): 3073(w), 2934(w, br), 1603(w), 
1491(m), 1434(s), 1066(s), 1013(s), 964(s), 838(s), 6%(s); uv 
h,,, (ethanol): 240 (17 loo), 261 (sh, 14 000); I,,, (hexane): 
243 (18 900), 263 (sh, 17 300). Anal. calcd. for C17H15N2Br: C 
62.40,H4.62, N 8.56; found: C62.38, H4.45,N 8.48. 

Continued elution with ether (1%) - benzene gave 5i (1.85 g, 
5.62 x mol, 66%) which was rec~ystallized twice from 
hexanas, affording colourless crystals of 5-(4-bmmopheny1)- 
1,3-dimethyl-4-phenylpyrazole, mp 105-106°C; ir (KBr) : 
3068(w), 2935(w), 1601(m), 1487(m), 1370(m), 1074(m), 

1 1015(s), 855(s), 765(s), 699(s); uv h,,, (ethanol): 230 (sh, 
18 loo), 237 (17 800); h,,, (hexane) 228 (16 200), 244 (16 100). 
Anal. calcd. for C17H15N2Br: C 62.40, H 4.62, N 8.56; found: 
C 62.46, H 4.89, N 8.74. 

Preparation of 5c (31) 
A dry DMF (2 mL) solution of 56 (0.18 g, 5.5 x lW4 mol; 

contained - 20% 5i) and cuprous cyanide (0.1 1 g, 1.2 x 
mol) in a 10-ml round-bottom flask fitted with air condenser, 
magnetic stirrer, and drying tube was refluxed for 11 h. 

The brown reaction mixture was poured into hot aqueous 
10% sodium cyanide and heated on the steam bath for 1 h, 
during which time a yellow-brown oil formed. After cooling, 
the oil was extracted with benzene (3 x 15 mL). The com- 
bined benzene fractions were washed with water (3 x 10 mL), 
dried over magnesium sulphate, and filtered. Evaporation of 
the solvent yielded a yellow oil (0.13 g, 4.7 x mol, 85%) 
which was then chromatographed on a silica gel column with 
benzene (70%) - hexane. First to be eluted was Se, which was 
recrystallized once from hexanes, affording colourless crystals 
of 3-(4-cyanopheny1)-l,5-dimethyl-4-phenylpyaole, mp 143- 
144°C; ir (KBr): 2224(s), 1606(s), 1492(m), 1379(m), 1282(m), 
1119(m), 853(s), 692(s), 551(s); uv h,,, (ethanol): 232 (sh, 
17 OOO), 285 (16 000); h,., (hexane): 227 (sh, 12 M), 244 (sh, 
11 500), 282 (15 000). Anal. calcd. for C18H15N3: C 79.09, H 
5.53; found: C 78.89, H 5.76. 

Preparation of 5f 
A dry DMF (3 mL) solution of 5i (0.75 g, 2.0 x mol) 

and cuprous cyanide (0.23 g, 2.6 x mol) was rehxed 
(1 1 h) in a 10-mL round-bottom flask fitted with air condenser, 
drying tube, and magnetic stirrer. 

The slightly brown mixture was then poured into k t  aque- 
ous 10% sodium cyanide (25 mL) and heated on the steam bath 

for 1 h, during which time a white precipitate appeared and 
gradually redissolved, followed by the appearance of a yellow 
oil. The mixture was cooled and the oil was extracted with ben- 
zene (3 x 15 mL). The combined organic fractions were washed 
with water (3 x 10 mL), dried over magnesium sulphate, and 
filtered. Evaporation of solvent yielded a yellow oil (0.69 g) 
which was chromatographed on an alumina column with 
hexane-benzene mixtures and finally ether (1%) -benzene. A 
total of 0.39 g of the pyrazole was collected (1.44 x mol, 
72%) and was recrystallized twice from ether-hexane to afford 
colourless needles of 5-(4-cyanopheny1)-l,3-dimethyl-4-phe- 
nylpyrazole, mp 128-128.5"C; ir (KBr): 2230(s), 1612(s), 
1602(s), 1519(m), 1376(m), 1020(m), 966(m), 826(s), 699(s), 
596(s); uv h,,, (ethanol): 231 (15 400), 285 (sh, 6800); h,,, 
(hexane): 229 (17 400), 280 (8200). Anal. calcd. for C18H15N3 : 
C79.09,H 5.53;found: C78.87,H 5.31. 

Catalyzed Thermal Equilibration of Isomeric N-Methyl- 
pyrazoles 

Equilibria were established. by heating degassed solutions of 
the pyrazoles 56-g with methyl iodide (equimolar) in phenyl 
ether in sealed tubes for 6 days at 210°C. In the case of 56 and 
e, a small amount of 9 was used as catalyst instead of methyl 
iodide. The tubes were checked daily ('Hmr), and at no time 
couM the methiodides 9 be detected. The equilibrium ratios 
were estimated by 'Hmr and are summarized in [lo]. 
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/ 
TABLEAU 1. Amides X(CH,),CH(R)CON a partir de 

\ 

Rendement 
Essai X n R R' R" (79 

I C1 3 H Me Ph 55 
2 C1 4 H Me Me 60 
3 C1 3 C3H7 Me Me 72 
4 C1 3 CSHI I Me Me 60 
5 C1 3 CSHI I Me Ph 47 
6 C1 4 iC4H9 Me Me 68 
7 C1 3 (CHz), Me 68 
8 C1 3 (CHz), Me 84 
9 C1 4 (CHZ)B Me 8 1 

10 C1 4 (CHZ)~  Me 80 
II c1 * (CHZ), Me 50 
12 c1 * (CH2)3 Me 84 
13 Br 4 (CH2)4 Me 
I4 I 4 (CHZ), Me 80 

25t 

'Les reactions sont effectukes avec C1CH2-CH(CH3)-CH2Br. 
tRendement faible dB a la formation de 65% de lactame 8thylCnique. 

Amides linkaires o-chlorb A (R = H) 
Dans ce cas, la rtaction majdritaire ist  la cyclisa- 

tion et on atteint avec un rendement satisfaisant les 
amides cyclobutaniques et cyclopentaniques attendus 
(tableau 2, essais 1, 2 et 3). Les substituants portts 
par l'azote n'influent pas sur le cours de la rtaction. 

Amides ramzjiks o-chlorb A (R # H) 
Une ramification en o: de la fonction amide modifie 

les rtsultats profondtment. On isole dans la plupart 
des cas un mtlange d'amide o-tthyltnique B et 
d'amide cyclanique C mais la rtaction d'tlimination 
I'emporte et nous n'avons pas rtussi B augmenter la 
proportion d'amides cyclaniques quel que soit n 
(3 ou 4). On peut penser que l'emp2chement sttrique 
au niveau du carbone en o: de la fonction est 
responsable de cette tvolution difftrente de la rtac- 
tion. Nous avons alors isolt des amides o-tthylt- 
niques purs (essais 4, 7, 10,l l) .  LA encore, les subs- 
tituants portts par I'azote ne changent pas le cours 
de-la rtaction. Si la ramification se trouve en y de la 
fonction amide et en p de l'halogkne on obtient aussi 
un mtlange d'amides tthyltnique et cyclanique: C
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CUVIGNY ET AL. 

TABEEAU 2. Action du diethy1 amidure de lithium "activC" sur les amides o-halog6n6s A -+ B + C 

Essai 

Rendement 
Temperature (%) 

Amide initial Addition Hydrolyse B C 

Ambiante 
Ambiante 
Ambiante 
Ambiante 
Ambiante 
- 40°C 

Ambiante 
Ambiante 
- 50°C 
- 50°C 

Ambiante 

Essais de cyclisation des lactames halogknks en 
spirolactames 

Nous avons ttudie les y, 6- et &-lactames halo- 
gCnCs N-substituis : 

Lors de tous les essais, nous avons additionnC la 
base au lactame halogCnC aux tempkratures indi- 
quCes dans le tableau 3. La rCaction de cyclisation 
intramolCculaire conduira B D, lYClimination d'une 
molCcule d'hydracide B E. Les y-lactames chlorCs L 
(n = 1, m = 3 et 4) et les 6-lactames chlorCs L 
(n = 2, m = 3 et 4) conduisent avec d'excellents 
rendements aux spirolactames D. MCme le cycle 
cyclobutanique se forme aidment. Par contre, les 
&-lactames L (n = 3, m = 3 et 4) ont fourni un 
milange de D et de lactame CthylCnique E si X = C1, 
mais si X = Br ou I, la reaction dYClimination est 
totale. ' 

Nous avons cependant constat6 que, malgrC une 
premiere substitution, la formation du carbanion en 
o! du CO Ctait aisCe ainsi que l'alkylation ultkrieure. 
Le lactame monosubstituC G ,  trait6 par un Cquivalent 

TABLEAU 3. Action du diethylamidure de lithium 
"activ6" sur les lactames halog6n6s L -+ D + E 

L 

Essai n m X % D % E 

d'amidure activi, puis par l'iodure de mCthyle a 
conduit au lactame dialkylC H avec un tres bon 
rendement. I1 est donc permis de penser que le demi 
Cchec rencontrC lors de ces essais de cyclisation est 
da, au moins en partie, B la conformation des &-lac- 
tames. 

D'autre part, nous avons tent6 la cyclisation des 
y- et des 6-lactames chlorCs J presentant une rami- 
fication en p du chlore, ce qui aurait permis d'attein- 
dre les spirolactames substituCs K. Seule la rCaction 
d'Climination a lieu; on isole alors le compost viny- 
lique M avec un rendement de 76%. 

Conclusion 
Ces essais de cyclisation des amides et lactames 

chlorCs I et I11 ont permis la mise au point d'une 
synthese directe d'amides tertiaires cyclobutaniques 
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et cyclopentaniques et de y- et 6-spirolactames dans 
d'excellentes conditions. 

Partie exp6rimentale 
La structure des diffkrents produits a kt6 confirmee par 

spectrographie infrarouge et rmn. Les spectres infrarouges 
ont kt6 effectues avec un spectrophotometre Perkin Elmer 457 
sous forme de film. Les spectres rrnn ont kt6 enregistrks avec 
un appareil Perkin Elmer R 24 a 60 MHz sur des khantillons 
en solution dans le tetrachlorure de carbone et en utilisant le 
tetramethyl silane comme reference interne. La purete des 
produits a kt6 contrB16e par cpv (colome SE 30 de 2.5 m). 
Les analyses centesimales sont correctes A ?0.30% pour 
I'hydrogkne et le carbone. 

Amides o-chloris 
Sauf indication contraire, suivre le mode operatoire decrit 

pour les amides linkaires, ramifies ou cycliques (ref. 3). 

Tableau I 
Essai 1 
Metaller I'amide A -40"C, 15 min apres la fin de I'addition 

couler le derive halogene a -40°C et laisser revenir lentement 
a temperature ambiante; ir: 1640 cm-' (C==O). 

-pB 13loC/0.05 Torr; rrnn 6 :  2.05 (2H, t, CH2CO), 3.20 
(3H, s, NMe), 3.4 (2H, t, CHzCI), 7.3 (5H, m, C6H5). 

Essai 2-p6 136'C/13 Torr; rrnn 6 :  2.21 (2H, t, CH2CO), 
2.98 (6H, d, NMe,), 3.54 (2H, t, CH,CI). 

Essai 3-p6 112"C/0.7 Torr; rmn 6 :  2.97 (6H, d, NMe,), 
3.47 (2H, t, CHZCI). 

Essai 4-pB 106°C/0.02 Torr ; rmn 6 :  3.00 (6H, d, NMe,), 
3.45 (2H, m, CH,CI). 

Essai 5-pi+ 150"C/0.02 Torr; rmn 6 :  3.15 (3H, s, NMe), 
3.47 (2H, t, CH2CI), 7.35 (5H, m, C6H5). 

Essai &pi2 1 15°C/0.1 Torr; rmn 6  : 0.89 (6H, d, Me,CH), 
3.00 (6H, d, NMe,), 3.53 (2H, t, CH,Cl). 

Amides 1-6-ir : 1640 cm- ' ( G O ) .  
Essai 7 
Metaller le lactame a -20"C, revenir en 14 h a + 15"C, 

couler le carbanion ainsi forme sur le dQiv6 halogen6 dilue de 
THF a -5O0C, laisser a -50"C, 12 h; hydrolyser a --50°C; 
p6 97"C/0.05 Torr, ir: 1680 cm-' (C=O); rrnn 6 :  2.78 (3H, 
s, NMe), 3.28 (2H, t, CH,N), 3.58 (2H, t, CH,CI). 

Essais 8, 9, 10 et 13 
Metaller le lactame a - 20°C, revenir en 1+ h + 15"C, cou- 

ler le derive halogknk dilue de THF sur le carbanion maintenu 
a - 50"C, laisser revenir a temperature ambiante. 

Essai 8-p6 115"C/0.5 Torr; rrnn 6 :  2.85 (3H, s, NMe), 3.25 
(2H, t, CHZN), 3.50 (2H, t, CHZCI). 

Essai 9-p6 121°C/0.5 Torr; rrnn 6 :  2.80 (3H, s, NMe), 3.25 
(2H, t, CH2N), 3.50 (2H, t, CH2CI). 

Essai 1GpB 116"C/O.1 Torr; ir 1640 cm-'; rmn 6 :  2.85 
(3H, s, NMe), 3.15 (2H, t, CH2N), 3.45 (2H, t, CH,CI). 

Essai 13-p6 136"C/0.5 Torr; ir 1640 cm-'; rmn 6 :  2.85 
(3H, s, NMe), 3.25 (2H, t, CH,N), 3.45 (3H, t, CH,Br). 

Essais 1 1 et 12 
Metaller le lactame a + 10"C, agiter 2 h a + 15°C. Couler le 

carbanion sur le derive halogen6 dilue de THF a -40"C, 
revenir en 12 h A tempkature ambiante. 

Essai 11-p6 108"C/O.l Torr; ir 1680 cm-'; rmn 6 :  1.1 
(3H, d, CH3CH), 2.79 (3H, s, NMe), 3.25 (2H, t, CH2N), 
3.42 (3H, t, CHZCI). 

Essai 12-p6 112"C/O.l Torr; ir 1640cm-l; rmn 6 :  1.05 
(3H, d, CH3CH), 2.78 (3H, s, NMe), 3.24 (2H, t, CH,N), 3.42 
(3H, t, CHZCI). 

Essai 14 
Traiter le derive chlork correspondant par INa dans le THF 

a reflux; on suit par chromatographie la disparition du produit 
initial; p6 145"C/0.5 Torr; ir 1640 cm-'; rmn 6 :  2.88 (3H, s, 
NMe), 3.15 (4H, m, CH2N et CH21). 

Tableau 2 
Les temperatures d'addition et d'hydrolyse sont precisees 

dans le tableau 2. Les amides prksentent une bande ir 1640 
cm-' ( G O ) .  

Essais 1, 2 et 3 
Couler 0.04 mol de diethy1 amidure de lithium "activ6" 

dilu6 de 40 mL de THF sur 0.027 mol d'amide chlork dilue de 
10 mL de THF. Ramener a temperature ambiante, hydrolyser 
par I'eau glac6e. 

Essai 1-pi5 107"C/13 Torr; rmn 6 :  2.9 (6H, d, NMe,). 
Essai 2-p6 115"C/0.1 Torr; rrnn 6  : 3.2 (3H, s, NMe), 7.3 

(5H, m, NPh). 
Essai 3-p6 117"C/14 Torr; rrnn 6 :  2.95 (6H, d, NMe,). 
Essai 4 
Couler 0.025 mol de diethylamidure de lithium "activ6" 

dilue de 30 mL de THF sur 0.025 mol d'amide chlore dilue de 
10 mL de THF; ramener a temperature ambiante en 12 h; pe 
llWC/13 Torr; rrnn 6 :  0.85 (3H, t, CH3CH2), 3.0 (6H, d, 
NMe,), 5.05 (2H, m, =CH,), 5.80 (H, m, =CH). 

Essais 5, 6, 7 et 8 
Addition de I'amide chlore sur 1 Bquiv. dikthylamidure de 

lithium "activ6". Laisser revenir la nuit a tempkature am- 
biante (essais 5 et 7). Maintenir 24 h a - 50°C (essais 6 et 8). 

Essais 5 et 6-Le melange des amides cyclanique et BthylB- 
nique distille a 124"C/19 Torr. Le dosage rrnn determine le 
pourcentage de chacun. 

Essai 7-p6 93'C/0.05 Torr; rrnn 6 :  0.90 (3H, t, CH3CH2), 
2.95 (6H, d, NMe,), 4.95 (2H, m, =CH2), 5.65 (H, m, =CH). 

Essai 8-pB 158"C/0.05 Torr; melange d'amides dose par 
rmn. 

Essai 9 
Addition de dikthylamidure de lithium "activ6" sur 1 Bquiv. 

d'amide chlor6; p6 117"C/15 Torr. Melange d'amides dose par 
rmn. 

Essai 10 
Addition du dikthylamidure de lithium "activ6" sur 1 Bquiv. 

d'amide chlor6. Maintenir la nuit a - 50°C; p6 95"C/0.02 Torr; 
rmn 6 :  0.85 (3H, t, CH3CH2), 3.25 (3H, s, NMe), 4.90 (W, 
m, =CH,), 5.55 (H, m, =CH), 7.40 (5H, m, NPh). 

Essai 11 
Addition de 0.025 mol d'amide chlork a 0.02 mol de dikthyl 

amidure de lithium active. Ramener a temperature ambiante 
la nuit; p6 113"C/15 Torr; rrnn 6 :  1.05 (3H, d, CH3CH), 2.95 
(6H, d, NMe,), 5.05 (2H, m, =CH,), 5.65 (H, m, =CH). 

Essais de cyclisation des lactames 

Tableau 3 
Additionner a -50°C 0.024mol de diethylamidure de 

lithium dilue de 30 mL de THF a 0.03 mol de lactame chlore 
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CUVIGNY ET AL. 1205 

dilut de 80 mL de THF. Maintenir 12 h i - 50°C et hydrolyser 
par I'eau glacee B la mdme temperature. 

Essai 1-pe 68"C/0.02 Torr; rrnn 6 :  2.78 (3H, s, NMe), 3.25 
(2H, t, CH2N). 

Essai 2-pe 72"C/0.01 TOIT; rrnn 6 :  2.85 (3H, s, NMe), 3.30 
(2H, t, CH2N). 

Essai 3-pt 128"C/13 TOIT; rmn 6 :  2.80 (3H, s, NMe), 3.25 
(2H, t, CH2N). 

Essai 4-pC 140°C/13 Torr; rrnn 6 :  2.80 (3H, s, NMe), 3.25 
(2H, t, CH2N). 

Essais 5 et &-p6 97OC/0.1 Torr; melange dose par rrnn. 
Essais 7 et 8-pe 9SoC/0.1 Torr; rrnn 6 :  2.9 (3H, s, NMe), 

3.30 (2H, t, CH2N), 4.90 (2H, m, =CH2), 5.6 (H, m, =CH). 
Synthkse de M-pB 78"C/0.01 Torr; rrnn 6 :  2.05 (3H, t, 

1. J. M. CONIA et J. GORE. C. R. Acad. Sci. 254,3708 (1962); 
M. MOUSSERON, J. JOULLIAN et Y. JOLCHINE. Bull. SOC. 
Chim. Fr. 757 (1952). 

2. C. F. HOBBS et H. WEINGARTEN. J. Org. Chem. 39, 918 
(1974). 

3. P. HULLOT, TH. CUVIGNY, M. LARCHEVEQUE et H. NOR- 
MANT. Can. J. Chem. 54, 1098 (1976). 

4. J. R. SMYTHIES. Brevet Ger. no. 2,201,588 (JuI. 1972); cited 
in Chem. Abstr. 77, 12612Sc (1972). 

5. M. LARCHEVEQUE et P. MULOT. Can. J. Chem. 57, 17 
(1979). 
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The chlorosulfonyl moiety as a leaving group: hydride reduction of sulfonyl chlorides 

HARVEY OWEN FONG, WILLIAM RAYNE HARDSTAFF, DENIS GEORGE KAY, 
RICHARD FRANCIS LANGLER,~ RICHARD HERMAN MORSE, A N D  DEIG-NEVY SANDOVAL 

Department of Chemist~y,  Dalhousie University, Halifax, N.S . ,  Canada B3H4J3 
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HARVEY OWEN FONG, WILLIAM RAYNE HARDSTAFF, DENIS GEORGE KAY, RICHARD FRANCIS 
LANGLER, RICHARD HERMAN MORSE, and DEIG-NEVY SANDOVAL. Can. J. Chem. 57, 1206 
(1979). 

A series of y-sulfone sulfonyl chlorides undergo a novel reduction upon reaction with lithium 
aluminum hydride to furnish the corresponding ethyl sulfones. The reactions appear to proceed 
in an SN2 fashion with the chlorosulfonyl moiety functioning as the leaving group. In general 
sulfonyl chlorides furnish mercaptans as-hydride reduction products. 

A novel two-phase hydrolysis is shown to convert a thiol ester to a symmetric sulfide which 
involves hydrolysis and an SN2 displacement in the aqueous phase. 

HARVEY OWEN FONG, WILLIAM RAYNE HARDSTAFF, DENIS GEORGE KAY, RICHARD FRANCIS 
LANGLER, RICHARD HERMAN MORSE et DEIG-NEVY SANDOVAL. Can. J. Chem. 57,1206 (1979). 

Une strie de chlorures de y-sulfone-sulfonyles subit une nouvelle rtduction par rtaction avec 
de l'hydrure de lithium et d'aluminium pour fournir les sulfones ethyltes correspondantes. Les 
reactions semblent se produire par un mecanisme SN2 dans lequel 1e groupe chlorosulfonyle 
agit comme nucltofuge. En gtntral, les chlorures de sulfonyles conduisent aux mercaptans si 
on les soumets a une rtduction par les hydrures. 

On montre qu'une nouvelle hydrolyse en deux etapes permet de transformer un thioester en 
sulfure symttrique; la reaction implique une hydrolyse et une substitution SN2 dans la phase 
aqueuse. 

[Traduit par le journal] 

I Introduction 
For some time, we have had an interest in the 

preparation and chemistry of sulfonyl chlorides 
(1-10). In principle, sulfonyl chlorides offer three 

I potential sites for reactions with nucleophiles as 

! shown below. 

Pathway c involves sulfinate anion formation and has 
been siggested previously (5). Pathway b is an 
established pathway for the reaction of sulfonyl 
chlorides and re~resents the normal site of nucleo- 
philic attack in sulfonate ester formation, when 
sulfenes do not intervene (11). To our knowledge, 
pathway a has not been observed or proposed 
previously. 

Pathway a may be inferred as a possibility by 
analogy to other isomeric sulfur functional groups 
which can behave in the same way independently of 
the atoms by which the functional group is held in 
place. For example the following pair of cheletropic 
reactions are known (12, 13). 

'To whom all correspondence should be addressed. 

I I 
[I] ,,,. .mC-C,,,., 4 RlR,C=CR3R. + SOB 

4 bR4 
R2 R3 

Thus the extrusion of SO, proceeds in a facile way 
whether the second point of attachment is sulfur or 
oxygen. The chlorosulfonyl group is well known to be 
a good leaving group when attached by oxygen (14, 
15) as shown below. 

.- II 
[31 -Nu R-2-S-A1 + Nu-R + SO, + CI- 

Hence, the possibility that the chlorosulfonyl 
moiety may function as a leaving group, whether it 
is attached by sulfur or oxygen, may be adduced. 
This possibility may have some immediate applica- 
tion in rationalizing the difficulties experienced in 
attempts to prepare sulfonyl chlorides, where the R 
group forms a particularly stable cation (16, 17). For 

008-4042/79/101206-08$01 .OO/O 
a1979 National Research Council of Canada/Conseil national de recherches du Canada 
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FONG ET AL. 1207 

example, we ourselves2 have observed that l-mercap- 
tomethylnaphthalene forms l-chloromethylnaphtha- 
lene upon chlorine-water oxidation under conditions 
which are known to furnish sulfonyl chlorides (6) .  

Results and Discussion 

In connection with our ongoing studies of sulfide 
chlorinations (1 8), we wished to prepare some mer- 
captosulfones of the type : RS02CH2CH2SH. Our 
first attempt to prepare such a system utilized 
thiourea in standard fashion. 

[4] PhSOzCHzCHzCI (i) (NHz)zCSIEtOH x 
(ii) -OH/HzO 

PhS02CH2CH2SH 

Since it is known that some sulfonyl chlorides can be 
converted into the corresponding mercaptans with 
lithium aluminum hydride (19, 20) we began the 
synthesis of the appropriate sulfone sulfonyl chlorides 
anticipating that they could be transformed into the 
desired mercaptosulfones with LiAlH,. The general 
synthetic approach is outlined in Scheme 1. 

Reaction of the sulfone sulfonyl chlorides le-4e 
I with lithium aluminum hydride furnished the cor- 

responding ethyl sulfones as shown in [5 ] .  

I l e  R = Ph- lfaf 

2e R = CH3CHz- 

3e R = CH3- 

4e R = PhCHz- 

Upon acidification of the reaction mixtures, H2S was 
evolved. 

The first problem raised by these results is that of 
the scope of the reaction. Mercaptans are the prod- 

1 R =  Ph- 
2 R = CH,CH2- 
3 R =  CH3- 

'H. 0. Fong, R. F. Langler, and J. A. Pincock. Unpublished 
results. 

ucts observed upon reduction of aromatic sulfonyl 
chlorides (ref. 20, p. 124), which would be resistant 
to nucleophilic attack on the carbon to which the 
chlorosulfonyl group is attached. However, it seemed 
possible that chlorosulfonyl groups attached to sp3 
carbon might normally give complete reduction to 
the corresponding alkyl group upon treatment with 
lithium aluminum hydride. Such a possibility was 
readily discarded by the results from the reduction of 
2,2-diphenylethanesulfonyl chloride, which furnished 
the mercaptan as the exclusive product. 

Consequently, the results observed for the hydride 
reductions of le-4e are novel and not general 
whether or not the carbon bearing the chlorosulfonyl 
group is sp3 hybridized. 

We then began an examination of the mechanism 
of the reductions of le-4e. Two reasonable pos- 
sibilities were discernible, viz. (i) hydride induced 
elimination (E2 or El,,) followed by Michael-type 
addition of hydride to the intermediate vinyl sulfone 
or (ii) S,2 displacement of the sulfur atom. 

Our first attempt to distinguish between the two 
mechanistic schemes required the preparation of the 
dideuterated sulfone sulfonyl chloride l g  as shown in 
Scheme 2. Both mass spectrometry and nrnr indicated 
that the sulfone sulfide lh had incorporated ca. 94% 
deuterium at the carbon a to the sulfonyl group. 
Unfortunately, the mass spectrum of the sulfone 
sulfonyl chloride l g  did not show ions containing the 
methylene a to the sulfone sulfonyl group. However, 
the nmr of l g  indicated that no back-exchange had 
occurred during its preparation. Lithium aluminum 
hydride reduction of the dideuterated sulfone sulfonyl 
chloride l g  furnished phenyl ethyl sulfone which 
retained ca. 80% deuterium at the carbon a to the 
sulfonyl group. Work-up of this reaction involves 
the addition of water, so that there was a second 
opportunity for back-exchange before analysis of the 
product could be undertaken. In spite of these 

P h  SO2. CH2CH2. S. CH2Ph 
Id  

EtOD/D20 kD 
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difficulties, the labelling results indicate that some- 
what more than half of the product formed without 
loss of label and that therefore the major pathway by 
which phenyl ethyl sulfone formed is an SN2 dis- 
placement. 

In our second approach, we have prepared phenyl 
vinyl sulfone and subjected it to standard hydride 
reduction  condition^.^ The product obtained was 
composed of oligomeric polysulfones which were 
separated on preparative tlc plates into three groups. 
The major band showed a very weak signal near 6 
3.0 in its nmr, which could be attributed to a minor 
amount of phenyl ethyl sulfone (< 10% overall). The 
other bands showed no indication of phenyl ethyl 
sulfone by nmr or tlc. Consequently, it is now clear 
that an S,2 displacement of sulfur is the near 
exclusive mode of formation of the ethyl sulfones. 

The next point which we wished to clarify was the 
possible role of the sulfone sulfonyl groups in the 
reductions of le-4e. To examine this question we 
have synthesized the sulfone sulfonyl chloride 9 
which interposes another methylene between the 
sulfonyl groups. The complete synthesis of 9 is 
depicted in Scheme 3. 

PhSH + CHz=CHC02CH3 @tidine b PhSCHzCHzCOzCH3 
5 

As expected 10 was readily converted into 8 under 
standard conditions. 

The final problem remaining is that of the oxida- 
tion state of the sulfur atom when the carbon-sulfur 
bond is broken. By this time we had tentatively con- 
cluded that the chlorosulfonyl group was itself the 
leaving group displaced by hydride and that no 
preliminary reduction, for example to sulfinate 
anion, was necessary. Should this be the case, then 
another leaving group would be displaceable. Ideally 
a test case would involve a leaving group which was 
not capable of reduction before displacement, 
thereby removing the necessity of assuming that the 
chlorosulfonyl groups of le-4e require conversion 
to another form before displacement can occur. We 
have chosen a chlorine atom as the leaving group. 

Consequently we have reached the view that these 
substitutions involve SN2 displacements of the 
chlorosulfonyl group itself and that there must be 
some interaction between the reagent and the sulfone 
sulfonyl group. The most likely role for the sulfone 
sulfonyl group would be as an electron donor to the 
aluminum atom of the lithium aluminum hydride. 
This role would correspond to that of the carbonyl 
oxygen atom during a ketone reduction, viz. "H :- 
attacks carbon as the oxygen is complexing with 
released A1H3" (23). Moreover aluminum hydrides 
generally form donor adducts with remarkable 
facility (24). The origin of the difference in behaviour 
of le-4e and 9 would then lie with the fact that 
le-4e would be able to form favorable six-membered 
transition states (as shown in Scheme 4) but 9 would 

- 

A I H ~  
.@ .'o.!- 
-1: 

CHz (CI + S + SOz + CI 
R/+\ / \ / 

CH2 LSOZ R'+'CH~CH~ 

/ I 

Treatment of the sulfone sulfonyl chloride 9 with R. SOz. CHzCH3 LizS 

lithium aluminum hydride furnished the mercapto- 
sulfone 10. 

3Some vinyl sulfones may be satisfactorily reduced to the 

~2' 
H ~ S ?  

saturated sulfones with LiAIH, (21, 22). SCHEME 4 
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FONG ET AL. 

require an unfavourable seven-membered transition 
state and therefore reverts to typical behaviour, i.e., 
reduces to the mercaptan. 

Scheme 5 depicts our final effort to establish a 
method for the preparation of the desired mercapto- 

, sulfones. We have prepared and hydrolyzed thiol- 
acetate (11) in an attempt to obtain the mercapto- 
sulfone corresponding to le.  

Treatment of the hydrolysis product 12 with acetyl 
chloride failed to afford 11, although the conditions 
employed are known to convert thiols to thiol 
acetates (25). A priori the isolation of a nonmercap- 
tan from thiolacetate hydrolysis suggested that 12 
was a disulfide since thiols are well known to be 
sensitive to air oxidation (26). However, (i) chlorine- 
water oxidation of the disulfide would have furnished 
2 equiv. of the sulfone sulfonyl chloride ley whereas 
12 actually furnished l e  in 6 0 z  yield on a 1 : 1 basis 
and (ii) peroxidation of 12 furnished the correspond- 
ing disulfone sulfoxide 13 and not the disulfone thiol- 
sulfinate required if 12 were a disulfide. 

Under the experimental conditions used for the 
! hydrolysis of 11, the organic phase (THF) was not 
, miscible with the aqueous phase. When an hydro- 

phobic thiol ester, benzyl thiol acetate, was subjected 
to the same reaction conditions, it was recovered un- 
changed. This result suggests that hydrolysis occurs 
in the aqueous phase and not in the 'wet' THF layer. 
Hydrolysis of 11 with an equivalent of benzyl 
chloride present in the THF layer furnished the 
disulfone sulfide 12 and unchanged benzyl chloride. 
Finally, as expected, substitution of methanol for 
THF, which provides an homogeneous reaction 
mixture, failed to divert the formation of 12 from 11. 
These latter results indicate that the SN2 displace- 
ment proceeds in the same phase as the hydrolysis 
step, and that the displacement proceeds faster than 
the hydrolysis. 

Since thiol esters normally hydrolyze smoothly to 
furnish thiols and not sulfides, the relatively rapid 

SN2 displacement, in this case, must be subject to an 
unusual acceleration in rate. A role for the thiol ester 
sulfonyl group in accelerating the substitution reac- 
tion is shown in Scheme 6. 

In conclusion, then, we have observed a novel 
sulfonyl chloride reduction reaction which appears 
to be the first reported case in which a chlorosulfonyl 
group, attached to carbon by sulfur, functions as a 
leaving group. We have also furnished details for the 
novel hydrolytic conversion of a thiol ester into a 
symmetric sulfide. 

Experimental 
General 

The ir spectra were recorded on a Perkin-Elmer 237B 
grating spectrophotometer. The nmr spectra were obtained on 
a Varian T-60 instrument using TMS as the internal standard. 
The mass spectra were recorded on a Dupont-CEC model 
21-104 mass spectrometer. The samples were directly intro- 
duced using an allglass probe and the spectra runat 30 eV with 
a source temperature of 150°C. Melting points were deter- 
mined on a Fisher-Johns melting point apparatus and are 
uncorrected. 

Chlorinations 
The appropriate amount of sulfide was suspended in glacial 

acetic acid (25 mL) and water (3 mL) added. C1, (ca. 200 mL/ 
min) was bubbled into the reaction mixture for 0.5 h. Water 
(100 mL) was added and the resultant mixture washed with 
chloroform (five 100-mL aliquots). The combined organic 
layers were washed with 2.5 % w/v NaOH (two 50-mL 
aliquots). After drying and concentration a crude residue was 
obtained. 

Standard Work-up 
A volume of water equal to the total volume of the reaction 

mixture was added to the reaction. Methylene chloride (three 
100-mL portions) was used to extract the aqueous mixture. 
The combined organic layers were dried and concentrated 
affording crude product. 

Preparation of Sulfide Alcohols la-4a 
(i) l a  and 2a 
Sodium metal (1 equiv.) was dissolved in absolute ethanol 

(1 50 mL) and the appropriate mercaptan (10 g) was added. 
The reaction mixture was cooled and 2-chloroethanol (1 
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equiv.) in absolute ethanol (50 mL) was added dropwise over 
15 min. The reaction mixture was refluxed for 1 h and sub- 
jected to standard work-up. 

PhSCH2CH20H (la) was rectified (10.48 g, bp 140°C/5 
Torr); ir (CHCI,): 3460 cm-'; nmr (CDCI,) 6: 7.40 (SH, s), 
3.76 (2H, t), and 3.10 (3H, m); ms mle: 154 ( M t ,  loo%), 
123 (go%), 109 (36.5%) and 45 (85%). 

CH3CH2SCH2CH20H (2a) was rectified (13.06 g, bp 
90°C/25 Torr); ir (CHCI,): 3455 cm-'; nmr (CDCI,) 6: 3.60 
(3H, m), 2.73 (2H, t), 2.40 (2H, q), and 1.16 (3H, t). 

(ii) 3a and 4a 
Sodium metal (1 equiv.) was dissolved in absolute ethanol 

(150 mL) and 2-mercaptoethanol (10 g) was added. The reac- 
tion mixture was cooled and methyl iodide or benzyl chloride 
(1 equiv.) in absolute ethanol (50 mL) was added dropwise 
over 15 min. The reaction mixture was stirred at ambient tem- 
perature overnight. Standard work-up afforded crude sulfide 
alcohol. 

CH3SCH2CH20H (3a) was rectified (6.84g, bp 8l0C/ 
37Torr); ir (CHCl,): 3460 cm-'; nmr (CDCl,) 6: 3.70 
(3H,m), 2.66 (2H, m), and 2.03 (3H, s). 

PhCH2SCH2CH20H (4a) was rectified (17.86 g, bp 161°C 
4.2 Torr); ir (CHCl,): 3465 cm-'; nmr (CDC1,) 6: 7.23 (SH, 
s), 3.70 (2H, s), 3.60 (2H, t), 2.96 (lH, s), and 2.56 (2H, t); ms 
m/e: 168 (Mt  16.7%) and 91 (100%). 

Preparation of Chlorosulfids 1 b-4 b 
The sulfide alcohol (15 g) was dissolved in chloroform (30 

mL) and the solution brought to reflux. Thionyl chloride (1 
equiv.) in chloroform (20 mL) was added dropwise over a 
period of 15 min. Upon completion of the addition the reac- 
tion mixture was refluxed for 3 h and the solvent evaporated. 

PhSCH2CH2Cl (16) was rectified (14.279g, bp 11l0C/ 
5 Torr); nmr (CDCI,) 6: 7.50 (SH, m), 3.75 (2H, m), and 3.30 
(2H, m); ms mle: 174 (18.6%) 172 ( M t ,  56%) 123 (100W), and 
109 (35%). 

CH3CH2SCH2CH2C1 (26) was rectified (14.95 g, bp 7l0C/ 
30 Torr); nmr (CDCI,) 6: 3.63 (2H, t), 2.90 (2H, t), 2.63 (2H, 
q), and 1.30 (3H, t). 

CH,SCH2CH2C1 (36) was rectified (14.340 g, bp 48"C/ 
20 Torr); nmr (CDCI,) 6: 3.63 (2H, t), 2.80 (2H, t), and 2.18 
(3H, s). 

PhCH2SCH2CH2C1 (46) was rectified (12.393 g, bp 138"Cl 
220 Torr); nmr (CDCl,) 6: 7.23 (SH, s), 3.70 (2H, s), 3.50 
(2H, t), and 2.70 (2H, t); ms m/e: 188 (lo%), 186 (Mf , 30%), 
and 91 (100%). 

Preparation of Chlorosulfones 1c-4c 
A mixture of chromium trioxide (2.5 equiv.) and glacial 

acetic acid (100 mL) was vigorously stirred. A solution of the 
chlorosulfide (5 g) in glacial acetic acid (10 mL) was added over 
5 min and the reaction maintained at 9&100°C for 0.5 h. 
Standard work-up afforded a mixture of crude chlorosulfone 
and acetic acid. 

PhS02CH2CH2C1 (lc) was obtained by dissolving the crude 
concentrate in chloroform (200 mL) and washing the organic 
solution with 5% NaOH (100-mL aliquots) until the aqueous 
pH remained basic. The organic layer was dried (MgS04), 
filtered, and concentrated. The residue was recrystallized from 
95% ethanol (4.930 g, mp 51-53°C); ir (CHCl,): 1325 and 
1150 cm-'; nmr (CDCI,) 6: 7.75 (5H, m) and 3.60 (4H, m); 
ms mle: 206 (4.373, 204 ( M t ,  13.0%), 141 (SO%), and 77 
(100%). 

CH3CH2S02CH2CH2Cl (2c) was rectified (5.018 g, bp 
14loC/5 Torr); ir (CHCI,): 1320 and 1125 cm-' ; nmr (CDCI,) 
6 : 3.90 (2H, t), 3.40 (2H, t), 3.13 (2H, q), and 1.33 (3H, t); ms 
m/e: 130 (5.473, 128 (16.8%), 65 (18.9%), 63 (52.6%), and 29 
(100%. 

CH3S02CH2CH2CI (3c) was rectified (2.763 g, bp 150°C/ 
12 Torr); ir (CHCI,): 1325 and 1150 cm-'; nmr (CDCI,) 6:  
4.00 (2H, t), 3.50 (2H, t), and 3.18 (3H, s); ms mle: 65 (33%) 
and 63 (100%). 

PhCH2S02CH2CH2CI (4c) was obtained in the manner 
described above for lc. The chlorosulfone was recrystallized 
from 95% ethanol (4.296 g, mp 90-91°C); ir (CHCI,): 1320 
and 1120 cm-'; nmr (CDCl,) 6: 7.46 (SH, s), 4.33 (2H, s), 
3.83 (2H, t), and 3.30 (2H, t); ms m/e: 92 (8.8%) and 91 
(100%). 

Preparation of PhSCH2CH2C02CH3 (5) 
Benzenethiol (15.620 g) was dissolved in dry pyridine (100 

mL) and methyl acrylate (19.8 g) added dropwise over 20 min. 
The reaction mixture was stirred at ambient temperature for 
1.5 h. Chloroform (1OOmL) was added and the resultant 
solution washed with 10% HC1 (four 100-mL aliquots). The 
organic phase was dried (MgS04), filtered, and the solvent 
evaporated. The residue was distilled at reduced pressure 
(22.47 g, bp 113-1 1S°C/2 Torr); ir (CHCl,): 1740 cm-'; nmr 
(CDCI,) 6: 7.40 (SH, s), 3.70 (3H, s) 3.20 (2H, t), and 2.66 
(2H, t); ms mle: 196 ( M t ,  loo%), 136 (48.3%), 123 (86.5%), 
and 109 (52.8%). 

Preparation of PhSCH2CH2CH20H (6) 
Lithium aluminum hydride (0.639 g) was covered with 

diethyl ether (20 mL) and the mixture refluxed for 0.5 h. The 
mixture was cooled to ambient temperature and a solution of 
the sulfide ester (5, 3.300 g) in diethyl ether (100 mL) added 
dropwise over 15 min. The reaction mixture was refluxed for 
1 h and cooled to ambient temperature. Ethyl acetate (5 mL) 
was added dropwise, followed by 1% HCI (20mL) added 
dropwise. Water (100 mL) was added and the layers separated. 
The aqueous layer was washed with methylene chloride (four 
100-mL aliquots). The organic layers were dried and concen- 
trated. The crude sulfide alcohol was rectified at reduced 
pressure, affording clean 6 (1.808 g, bp 13O0C/2 Torr); ir 
(CHCl,) 3650 and 3460 cm-'; nmr (CDCI,) 6:  7.40 (SH, s), 
3.80 (2H, t), 3.06 (2H, t), and 1.90 (3H, m); ms mle: 168 ( M t ,  
63%), 123 (22.273, and 110 (100%). 

Preparation of PhS02CH2 CH2CH20Ts (7) 
The sulfide alcohol (6) (1 1.054 g) was dissolved in a solution 

of dry pyridine (150 mL) and triethyl amine (6.645 g) and the 
reaction mixture cooled with an ice-water bath. p-Toluene- 
sulfonyl chloride (12.544 g) was added in small portions over 
5 min and the reaction mixture stirred at room temperature 
for 1 h. Methylene chloride (300 mL) was added and the solu- 
tion washed with 10% HC1 (100-mL aliquots) until the 
aqueous pH remained acidic. The organic layer was dried and 
concentrated affording crude sulfide tosylate as an oil. 

The total crude sulfide tosylate was dissolved in chloroform 
(475 mL) and the solution cooled with an ice-salt-water bath. 
m-Chloroperbenzoic acid (85%, 26.580 g) was added in small 
portions over a 10-min period. The ice was allowed to melt 
and the reaction reached ambient temperature with overnight 
stirring. The reaction mixture was washed with 2.5% NaOH 
(100-mL aliquots) until the aqueous pH remained basic. The 
organic layer was dried and concentrated. Crude sulfone 
tosylate was recrystallized from 95% EtOH affording clean 7 
(17.308 g, mp 82-84°C); ir (CHCl,): 1370, 1320, 1175, and 
1150cm-l; nrnr (CDCl,) 6: 7.76 (9H, m), 4.20 (2H, t), 3.26 
(2H, t), 2.46 (3H, s), and 2.10 (2H, m); ms mle: 354 (Mt ,  
14.2%), 183 ( l o o n ,  155 (5379,143 (7573, and 91 (60%). 

Preparation of the Sulfone Sulfides Id-4d 
Sodium metal (2 equiv.) was dissolved in absolute ethanol 

(100 mL) and the appropriate chlorosulfone lc-4c (5 g) was 
added. The reaction mixture was stirred at room temperature 
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FONG ET AL. 121 1 

for 15 min and phenylmethanethiol (1 equiv.) was added. The 
reaction mixture was refluxed for 1 h, cooled, and subjected to 
standard work-up. 

PhS02CH2CH2SCH2Ph (Id) was recrystallized from 95% 
ethanol (5.849 g, mp 68-71°C); ir (CHC1,): 1325 and 1150 
cm-'; nmr (CDCI,) 6: 7.86 (5H, m), 7.33 (5H, s), 3.70 (2H, s), 
3.26 (2H, m), and 2.73 (2H, m); ms mle: 292 ( M t ,  6.3), 150 
(5973,123 (3473, and 91 (100%). Anal. calcd. for C15HL602SZ : 
C 61.61, H 5.51; found: C 61.23, H 5.67. 

CH3CH2SO2CH2CH2SCH,Ph (2d) was recrystallized from 
95% ethanol (5.970 g, mp 4245°C); ir (CHCI,): 1320 and 
1125 cm-'; nmr (CDCI,) 6; 7.33 (5H, s), 3.76 (2H, s), 2.96 
(6H, m), and 1.33 (3H, t); ms mle: 244 ( M t ,  573, 150 (2173, 
123 (21%), and 91 (100%). Anal. calcd. for CllH1602SZ: 
C 54.06, H 6.59; found: C 54.21, H 6.65. 

CH3S02CH2CH,SCH2Ph (3d) was recrystallized from 95% 
ethanol (5.636 g, mp 5658°C); ir (CHCI,): 1320 and 1140 
cm-'; nmr (CDCI,) 6: 7.26 (5H, s), 3.70 (2H, s), and 3.00 
(7H, m); ms mle: 230 ( M t ,  8.3%), 150 (26%), 123 (27%), and 
91 (100%). Anal. calcd. for C10H1402S2: C 52.14, H 6.12; 
found: C 51.94, H 5.87. 

PhCH2S02CH2CH2SCH2Ph (4d) was recrystallized from 
95% ethanol (4.325 g, mp 152-153OC); ir (CHCl,): 1325 and 
1120 cm-I; nmr (CDCI,) 6: 7.33 (5H, s), 7.20 (5H, s), 4.10 
(2H, s), 3.63 (2H, s), and 2.80 (4H, m); ms mle 306: (Mt ,  
273, 150 (2073, 123 (1 I%), and 91 (100%). Anal. calcd. for 
Cl6Hl8O2Sz: C 62.71, H 5.92; found: C 62.98, H 5.83. 

Preparation of PhSO, CH2 CH2 CH2SCH2Ph ( 8 )  
Sodium metal (0.130 g) was dissolved in methanol (25 mL) 

and phenylmethanethiol (0.7 mL) added. The sulfone tosylate 
(7) (2.000 g) was added and the reaction mixture stirred at 
room temperature overnight. Standard work-up furnished 
crude 8 which was recrystallized from 95% ethanol (1.120 g, 
mp 53-55°C); ir (CHCI,): 1320 and 1145 cm-' ; nmr (CDCI,) 
6: 7.86 (5H, m), 7.37 (5H, s), 3.70 (2H, s), 3.23 (2H, t), 2.53 
(2H, t), and 2.03 (2H, m); ms mle: 306 (Mt ,  2.9%), 143 
(16.7%), 123 (13.1%), and 91 (100%). Anal. calcd. for 
C16H1802S2: C 62.71, H 5.92; found: C 62.90, H 5.87. 

Preparation of Ph2CHCHzSCH2Ph 
Sodium metal (0.321 g) was dissolved in absolute ethanol 

(100mL) and phenylmethanethiol (1.7 mL) added. The 
tosylate of 2,2-diphenylethanol (4.69 g) was added and the 
reaction mixture refluxed for 48 h. Standard work-up afforded 
crude sulfide. The crude material was chromatographed on 
silica gel (450g) employing carbon tetrachloride elution 
(100-mL fractions). Fractions 3463  were combined and con- 
centrated affording clean sulfide (1.509 g) as an oil; nmr 
(CDCI,) 6: 7.33 (15H, m), 4.13 (lH, t), 3.66 (2H, s), and 3.13 
(2H, d); ms mle: 304 (Mt ,  48%), 167 (loo%), and 91 (98%). 

Preparation of the Sulfonyl Chlorides l e  + 4e, 9, and 
Ph2 CHCH2S02CI 

The following benzylic sulfides were chlorinated following 
the procedure outlined under Chlorinations. 

The benzylic sulfide (Id) (4.999 g) furnished PhS02CH2- 
CH2S02CI (le) (3.285 g, mp 179-181°C) after recrystallization 
from chloroform; ir (CHCI,): 1390, 1330, 1170, and 1150 
cm-'; nmr (CD,COCD,) 6: 7.90 (5H, m), 4.37 (2H, m), and 
3.90 (2H, m); ms mle: 141 (60.4%), 125 (18.6%), and 77 (100%). 
Anal. calcd. for C8H9C1O4S2: C 35.75, H 3.37; found: 
C 35.48, H 3.51. 

The benzylic sulfide (2d) (5.343 g) furnished CH3CH2S0,- 
CH,CH,SO~CI (2e) (1.612 g, mp 104106°C) after recrystal- 
lization from carbon tetrachloride; ir (CHCI,): 1390, 1330, 
1170, and 1140cm-'; nmr (CDCI,) 6: 4.20 (2H, m), 3.66 
(2H, m), 3.16 (2H, q), and 1.43 (3H, t); ms mle: 222 (20.3%), 

220 ( M t ,  61%), 185 (96.2%), and 156 (100%). Anal. calcd. for 
C4H9C104S2 : C 21.77, H 4.11 ; found: C 21.86, H 4.04. 

The benzylic sulfide (3d) (5.006 g) furnished CH3S02CH2- 
CH2S02Cl (3e) (2.684 g, mp 126-127°C) after recrystallization 
from chloroform; ir (KBr): 1375,1325,1160, and 1145 cm-'; 
nmr (CD3COCD3) 6: 4.63 (2H,m), 3.90 (2H, m) and 3.23 (3H, 
s); ms mle 143 (15%), 107 (1279, and 79 (100%). Anal. calcd. 
for C3H,C1O4S2: C 17.43, H 3.41 ; found: C 17.52, H 3.35. 

The benzylic sulfide (4d) (4.980 g) furnished PhCH2S02- 
CH2CH2SO2CI (4e) (3.524 g, mp 191-192°C) after recrystal- 
lization from chloroform, ir (KBr): 1375, 1325, 1160, and 
1145 cm-'; nmr (CD,CN) 6: 7.50 (5H, s), 4.50 (2H, s), 4.10 
(2H, m), and 3.70 (2H, m); ms mle: 91 (loo%), 65 (12.2%) and 
48 (4.5%). Anal. calcd. for C9HllC104SZ: C 38.22, H 3.92; 
found: C 38.08, H 3.90. 

The benzylic sulfide (8) (6.229 g) furnished PhS02CH2CH2- 
CH2SO2CI (9) (3.951 g, mp 117-1 19°C) after recrystallization 
from chloroform; ir (CHCI,): 1335, 1320, 1170, and 1155 
cm-'; nmr (CD,COCD,) 6: 7.86 (5H, m), 4.23 (2H, t), 3.57 
(2H, t), and 2.43 (2H, m) ; ms mle : 284 (2.3%), 282 (M t ,7.1%), 
141 (loo%), and 77 (88%). Anal. calcd. for C9Hl lC104S2 : 
C 38.22, H 3.92; found: C 38.41, H 3.81. 

Ph2CHCH,SCH2Ph (1.504 g) furnished crude 2,2-diphenyl- 
ethanesulfonyl chloride. The crude sulfonyl chloride was 
chromatographed on silica gel (150 g) employing carbon tetra- 
chloride elution (100-mL fractions). Fractions 12-20 were con- 
centrated and combined affording clean sulfonyl chloride 
(0.786 g); ir (CCI,): 1340 and 1175 cm- ' ; nmr (CDCl,) 6 : 
7.40 (lOH, s), 4.90 (IH, t), and 4.50 (2H, d); ms mle: 282 
(2.3%), 280 ( M t ,  7.373, 180 (9473, 139 (loo%), and 77 (91%). 

Lithium Aluminum Hydride Reductions 
The reductions of le-4e, phenyl w-chloroethyl sulfone and 

2,2-diphenylethanesulfonyl chloride were all carried out in the 
same manner as illustrated below by the procedure for the 
reduction of 2e. 

Lithium aluminum hydride (0.576 g) was added to dry THF 
(10 mL) and the mixture refluxed for 0.5 h. The mixture was 
cooled to ambient temperature and a solution of CH3CH2- 
SO2CH2CHzSO2C1 (2e) (1.031 g) in THF (40 mL) was added 
dropwise over 10 min. The resultant solution was refluxed for 
1 h. Upon cooling to room temperature ethyl acetate (5 mL) 
was added dropwise, followed by 1% HCI (20 mL) added 
dropwise. Standard work-up afforded clean diethyl sulfone 
(0.550 g) which was identical to authentic material by nmr, ir, 
and ms. 

Results for these experiments are shown in Table 1. 

Reduction of PhS02CH2CH2CH2S02Cl (9) 
The sulfone sulfonyl chloride (9) (0.9976 g) was reduced with 

lithium aluminum hydride (0.448 g) as described above. The 
product was the mercaptosulfone 10 (0.491 g) obtained as an 
oil; ir (CC14): 1325 and 1150 cm-'; nmr (CDCI,) 6: 7.86 (5H, 
m), 3.37 (2H, t), 2.63 (2H, m), 2.00 (2H, m), and 1.46 (lH, t); 
ms mle: 216 ( M t ,  2.5%), 152 (94.8%), 143 (loo%), 77 (65.5%), 
and 74 (52.5%). 

Reaction of PhSO,CH, CH, CHzSH (10) and Benzyl Chloride 
Sodium metal (0.043 g) was dissolved in methanol (25 mL) 

and PhS02CH2CH,CH2SH (0.400 g) added. Benzyl chloride 
(0.236 g) was added and the reaction mixture stirred at ambient 
temperature for 24 h. Standard work-up furnished crude 
sulfone sulfide which was chromatographed on silica gel 
(50 g) employing chloroform elution (50-mL fractions). Frac- 
tions 3-5 were concentrated and combined affording clean 
sulfone sulfide (8) (0.128 g) which was identical to authentic 
material by nmr, ir, and tlc. 
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TABLE 1. Yields for LiAIH, reductions of sulfonyl substrates 

Substrate Product Yield (%) 

PhSOzCHZCHzSO2Cl (le) 
CH~CHzSOZCHZCHZSOZCl (2e) 
C H ~ S O Z C H ~ C H ~ S O ~ C ~  (3e) 
P ~ C H Z S O ~ C H ~ C H ~ S O ~ C I  (4e) 
PhzCHCH2S02CI 
PhSOzCHzCHzCl 

Preparation of PhSO, CD, CHzSCHz Ph (lh) 
Sodium metal (0.037 g) was dissolved in 95% CH3CHzOD- 

DzO (35 mL) and the sulfone sulfide (Id) (3.557 g) added. The 
reaction mixture was reffuxed for 24 h. The bulk of the solvent 
(30 mL) was distilled off and the residue cooled. The di- 
deuterated sulfone sulfide (3.331 g) was filtered off and shown 
to be identical to undeuterated material by ir, mp, and mixture 
mp; nmr (CDCI,) 6: 7.86 (SH, m), 7.33 (5H, s), 3.70 (2H, s), 
and 2.73 (2H, s). Deuterium incorporation was determined by 
mass spectrometry on the cluster of ions at mle 150 + 155 
which indicated %do = 0, dl = 10.5, dZ = 81.9, d3 = 6.6. 

Preparation and Reduction of PhSO, CDz CH2S02CI (Ig) 
PhSOzCDZCHzSCHZPh (3.006 g) was converted into 

PhSOZCDzCHzSOzCl (2.417 g) as described for the non- 
deuterated sulfide (Id). The dideuterated sulfone sulfonyl 
chloride was shown to be identical with nondeuterated material 
by ir, mp, and mixture mp. The nmr showed the absence of the 
signal at 6 3.90 which is present in the nrnr of le. 

P ~ S O Z C D ~ C H ~ S O ~ C I  (1.001 g) was reduced with lithium 
aluminum hydride (0.472 g) as described previously for le. 
The dideuterated phenyl ethyl sulfone obtained showed a weak 
multiplet at ca. 6 3.0 for nondeuterated and monodeuterated 
phenyl ethyl sulfone. The mass spectrum indicated a deuterium 
incorporation of %do = 7.9, dl -- 39.0, dz = 52.0, d3 = 0.9. 

Reaction of Phenyl Vinyl Sulfone with LiAIH4 
Phenyl vinyl sulfone (1.003 g) was treated with lithium 

aluminum hydride (0.741 g) as described above for the sulfonyl 
compounds of Table 1. The crude product (0.709 g) showed 
three spots Rf, 0.08, 0.22, and 0.52 when developed (2x)  on 
silica gel tlc plates with chloroform. A portion of the crude 
product (0.600 g) was chromatographed on preparative tlc 
plates and the bands scraped. All three bands showed SOz 
stretching in the ir spectra indicating that the products were 
sulfones. Each band was homogeneous on tlc and showed 
abundant ions in the mass spectrum with m/e > 170. The nmr 
showed the absence of the methylene signal near 6 3.0 from 
phenyl ethyl sulfone for the bands at Rf 0.08 and 0.22. The 
material at Rf 0.52 (0.217 g) showed a weak signal near 6 3.0 
which if attributed to phenyl ethyl sulfone would mean that 
less than 25% of the sample was phenyl ethyl sulfone and that 
therefore less than 10% of the starting phenyl vinyl sulfone 
had been converted into phenyl ethyl sulfone 

Preparation of PhS0,CHzCHzSAc (11) 
Phenyl vinyl sulfone (1.006 g) and thioacetic S-acid (0.502 g) 

were added to dry pyridine (25 mL) and the reaction mixture 
stirred at ambient temperature for 1 h. Chloroform (100 mL) 
was added and the resultant solution washed with 10% HCl 
(50-mL aliquots) until the aqueous pH remained acidic. The 
organic layer was dried and concentrated affording crude 11. 
The crude thiol ester was chromatographed on silica gel 
(100g) employing chloroform elution (100-mL fractions). 
Fractions 5-8 were combined and concentrated affording the 

thiol ester as an oil (1.435 g); ir (CHCI,) 1695, 1320, and 1150 
cm-l; nmr (CDCI,) 6: 7.93 (5H, m), 3.40 (4H, m), and 2.33 
(3H, s); ms mle: 125 (22.6%), 77 (27.1%) and 45 (100%). 

Hydrolysis of Thiol Ester 11 
The thiol ester 11 (0.999 g) was added to a mixture of THF 

(80 mL) and sodium hydroxide (0.259 g) in water (16 mL). The 
reaction mixture was stirred at ambient temperature and 
worked up as described above for the preparation of phenyl 
vinyl sulfone. The residue was recrystallized from 95% 
ethanol (40 mL) affording clean disulfone sulfide (12) (0.637 g, 
mp 11&118°C); ir (CHCI,): 1325 and 1150cm-l; nrnr 
(CDCI,) 6: 7.90 (lOH, m), 3.33 (4H, m), and 2.90 (4H, m); ms 
mle: 230 (31%), 229 (30%), 201 (18.221, 87 (57.37386 (loo%), 
and 77 (58.9%). Anal. calcd. for Cl6H18O4S3: C 51.86, H 4.89; 
found: C 51.89, H 4.71. 

Chlorinolysis of 12 
The disulfone sulfide 12 (1.004 g) was suspended in glacial 

acetic acid (25 mL) and water (3 mL). Clz (ca. 200 mL/min) 
was bubbled into the solution for 0.5 h. The reaction mixture 
was worked-up as described for the preparation of sulfonyl 
chlorides l e 4 e .  The crude residue furnished two crops of 
crystalline sulfone sulfonyl chloride l e  (0.431 g) which was 
identical to previously obtained l e  by ir, nmr, mp, mixture mp, 
and tlc. The mother liquor contained only traces of l e  as 
indicated by tlc. 

Preparation of Disulfone Sulfoxide 13 
A solution of the disulfone sulfide 12 (0.506 g) in chloroform 

(25 mL) was cooled with an ice-water bath and m-chloroper- 
benzoic acid (85%, 0.272 g) was added in small portions over 
5 min. The ice was allowed to melt and the reaction to reach 
room temperature while stirring overnight. Methylene chloride 
(200 mL) was added and the resultant solution washed with 1% 
NaOH (50 mL). The organic phase was dried and concen- 
trated. The residue was recrystallized from 95% ethanol 
(100 mL) affording clean disulfone sulfoxide (0.469 g, mp 
179-181°C; ir (KBr): 1320, 1150, and 1055cm-'; nmr 
(DMSO-d,) 6: 7.57 (lOH, m), 3.30 (4H, m), and 2.86(4H, nl); 
Cmr (DMSO-d,) 6: 43.12 (t), 47.87 (t) 127.79 (d), 129.51 (d), 
134.14 (d), 138.46 (s); ms mle: 141 (42.5%), 125 (3773, 109 
(13%), and 77 (100%). Anal. calcd. for Cl6Hl8O5S3: C 49.72, 
H 4.69; found: C 49.51, H 4.73. 
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Kinetics of ion exchange of some complex cations on chromium ferrocyanide gel 
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ISHWARI P. SARASWAT, SURESH K. SRIVASTAVA, and ASHOK K. SHARMA. Can. J. Chem. 57, 
1214 (1979). 

The parameters effective diffusion coefficients, activation energies, and entropies of activation 
are reported for the exchange of the ammine-complex cations of cobalt, viz. [Co(NH3)6I3+ and 
[Co(en),13+ (en = enthylenediamine) on chromium ferrocyanide gel in the H form. The values 
of these constants throw significant light on the possible structural changes in the exchanger 
framework caused by the introduction of theselarge sizecomplexcations. Kinetic measurements 
have been made as the function of particle size of the exchanger, temperature, and solution 
concentration of the exchanging ions. The slow step governing the rate of exchange is diffusion 
of ions through the exchanger particles. 

ISHWARI P. SARASWAT, SURESH K. SRIVASTAVA et ASHOK K. SHARMA. Can. J. Chem. 57, 
1214 (1979). 

On rapporte les parametres suivants: coefficients effectifs de diffusion, energies d'activation 
et entropies d'activation pour I'echange des cobaltiamines du type [CO(NH,)~], + et [Co(en),13+ 
(en = ethylenediamine) sur des gels de ferrocyanure de chrome sous forme H. Les valeurs de 
ces constantes jettent de la lumiere sur les changements structuraux possibles dans le squelette 
de lY6changeur qui sont causes par l'introduction de ces cations complexes volumineux. On a 
effectue des mesures cinetiques en fonction de la grosseur des particules d'kchangeur, de la 
temperature et de la concentration de la solution des ions qui s'echangent. L'etape lente 
determinant la vitesse de 1'6change est la diffusion des ions a travers les particules d'echangeurs. 

[Traduit par le journal] 

Introduction Lomb Spectronic-20 and Unicam-500 were used for spectro- 
photometric measurements. 

The rate factor in ion-exchange adsorption is of 
recognized importance for the economic and indus- Preparation and 

Chromium ferrocyanide with exchange capacity 3.65 
emp'oyment of ion-exchangers. The ion- mequiv./g was prepared as reported earlier (9). The synthesized 

exchange kinetics of simple metal cations, particularly sample was subjected to chemical analysis, thermogravimetric 
of alkali and alkaline earth metal ions. on various analysis, ir, and X-ray measurements and the data agreed with 
minerals, inorganic exchangers, and organic resins 
have been studied by a number of workers (1-7). 
However, little attention seems to have been paid to 
the kinetics and mechanism of exchange of large 
cations or complex cations on inorganic exchangers. 
In continuation of our studies on the exchange 
behaviour of some simple cations with chromium 
ferrocyanide gel [CFC] reported earlier (8), the 
present article deals with the kinetic measurements 
for the exchange of some ammine complex cations of 
cobalt(III), viz., [CO(NH,),]~ + and [Co(en),13 + on 
the same substrate. To understand the mechanism 
and other theoretical aspects of the exchange process 
some kinetic and thermodynamic parameters like 
effective diffusion coefficients, activation energies, 
and entropies of activation are reported. 

Experimental 

the data reported for the compound (9) K~c~,[F~(cN)~], .  
16H20. The above exchanger of appropriate particle size was 
converted to H +  form by the treatment with 1 MHCl solution 
for 48 h. 

The hexammine cobalt(1In chloride and trisethvlenediamine 
cob&(111) chloride weie prepared (10) by the standard 
methods. The purity of the samples was checked by ir spectra 
and by the gravimetric estimation of cobalt (1 1). 

Particle Size 
The exchanger was passed through different sieves and the 

fractions (100-170), (170-200), and (200-300) B.S.S. mesh 
sizes were collected. For each fraction, slides having about 
one hundred particles each were prepared and mounted on 
projector, Agfa Diamator m (Germany), to get fifty times 
magnification. The diameter of each magnified image was 
measured in two perpendicular directions and the mean 
particle radius was evaluated. No change in the radius of the 
particles was observed when kept in the water for 48 h. 

Rate Measurements 
The modified limited bath technique (5) was employed for 

kinetic measurements. A number of stoppered boiling test 
~ 1 1  the chemicals used were of analytical grade the tubes each containing 20 mL of the so~uiibns Were thermo- 

solutions were prepared in double distilled water. Bausch and stated at the desired temperatures. The weighed samples of 
exchanger (0.05 g and 0.10 g for [CO(NH,)~]~+ and. [Co(en),I3 +, 

'Present address: Indian Co-operation Mission, Kath- respectively) were introduced into each tube. In all cases, the 
mandu, Nepal. total amount of the exchanging ions in solution was more than 

0008-4042/79/10 12 14-04$0 1 .OO/O 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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the ion-exchange capacity of the exchanger sample. During the 
experiments the solutions were mechanically shaken. At pre- 
decided intervals of times, the tubes were taken out from the 
thermostat and exchange process was checked by immediate 
filtration. The experiments were carried out with three different 
particle sizes, at different solution concentrations, and at four 
or five different temperatures with the accuracy of 0.l0C. 

Results and Discussion 
The extent of exchange F, at time t ,  has been 

determined as : 

Here, Q, and Q, are the amounts exchanged at time t 
and co or at equilibrium, respectively. B is the time 
co-ordinate of Boyd's equation (1) and is expressed 
in terms of the effective diffusion coefficient Di and 
particle radius r as: 

For the observed values of F, corresponding Bt 
values as derived from eq. [I] are obtained from 
Reichenberg's table (2). 

The plots of Bt vs. t (Figs. 1, 2, 3), above a definite 
solution concentration, are straight lines passing 
through the origin. In the present system of investiga- 
tion, this shows the validity of Boyd's equation (1) 
and Reichenberg's test (2) developed for the particle 
diffusion-controlled kinetics. The increase in the 
slopes of the straight line plots, and hence in the rate 
of exchange, with the decrease in the particle radius 
(Fig. 2) and increase in the temperature (Fig. 3) 

4 t lh)  

FIG. 1. Plots of Bt VS. t for [ C O ( N H ~ ) ~ ] ~ + ,  solid lines, and 
[ C ~ ( e n ) ~ ] ~  + , broken lines, using different solution concentra- 
tion at 37.5"C on CFC (r = 3.44 x cm): (A,  A) 0.02 M ;  
(0, @) 0.01 M ;  (0, m) 0.005 M ;  (+) 0.0025 M. 

FIG. 2. Plots of Bt VS. t for [ C O ( N H ~ ) ~ ] ~ + ,  solid lines, and 
[ C ~ ( e n ) ~ ] ~  +, broken lines, using different particle sizes of CFC 
at  37.5"C: (1,4) r = 6.79 x cm; (2,5) r = 4.61 x 
cm; (3,6) r = 3.44 x cm. 

FIG. 3. Plots of Bt vs. t for [Co(NH3)6l3+, solid lines, and 
[ C ~ ( e n ) ~ ] ~  +, broken lines, at different temperatures using CFC 
(r = 6.79 x cm). 

further suggests that the rate of exchange is governed 
by the diffusion of exchanging ions within the ex- 
changer particles. 

It is clear from Fig. 1 that 0.01 M [Co(NH3),I3+ 
and 0.005 M [Co(en),13+ are the solution concentra- 
tions at and above which the Bt vs. t plots are 
straight lines and also the exchange rates are not 
concentration-dependent. This suggests that the 
particle-diffusion is the rate-controlling factor only at 
and above these concentrations. Although these 
concentrations are comparable with those required 
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for the particle-diffusion controlled kinetics of big 
ions on zirconium phosphate and oxide (12, 13) they 
are much lower than those observed for the simple 
cations on other exchangers (4,7). In the present case, 
probably, the larger ionic sizes of complex cations 
and their slow rate of exchange decrease the possi- 
bility of the formation of a liquid film having signi- 
ficant concentration gradient around the exchanger- 
particles. Thus, even at lower solution concentrations, 
the prospects of film diffusion as the rate determining 
step are considerably minimized. 

Figures 3 and 4 show an increase in the exchange 
rate with rise in temperature due to the increase in the 
mobility of the diffusing cations. The shape of the 
F-t curves (Fig. 4) indicates that the rate is initially 
rapid but slows down as the time passes. This 
behaviour is analogous to that observed by Heitner 
et al. (5) and Rawat et al. (7) for the exchange of 
simple cations on the H +  form of chelating resin 
Bio-chelex-100 and Tantalum-arsenate respectively. 
However, the observations of Turse and Rieman (6) 
for the chemical-exchange of bivalent metal ions on 
Dowex A-1 are different. 

The values of the time co-ordinate B are deter- 

FIG. 4. Rate of exchange of [Co(NH3),I3+, solid curves, and 
[ C ~ ( e n ) ~ ] ~ + ,  broken curves, at different temperatures using 
CFC (r  = 6.79 x crn). 

mined as the slopes of the straight line plots using the 
method of least-squares. The effective diffusion co- 
efficient Di at different temperatures calculated from 
B and exchanger radius (eq. [2]) are given in Table 1. 
Plots (Fig. 5) of the logarithm of Di against 1/T(KP1) 
are straight lines indicating the validity of the 
Arrhenius equation : 

[3 1 D i  = Do exp (- Ea/RT) 

From the slopes and intercepts, the energies of 
activation Ea and the Do respectively have been 
calculated using the method of least-squares. 

The pre-exponential constant Do gives the entropy 
of activation A S *  (7, 14) 

where K and h are Boltzmann and Planck's con- 
stants, respectively, R (= 1.98 cal deg-' mol-') is 
the gas constant, d (= 5 A) is taken as the distance 
between the adjacent exchanging sites in the ex- 
changer (7), and T is 273 K. The values of Do, Ea, and 
A S *  are also recorded in Table 1. 

The Di  values obtained for the exchange of 
[Co(NH3),I3+ are higher than that for the exchange 
of [Co(en),13+ (Table 1). It is because of the larger 
bulk of [Co(en),13+ ion that causes more hindrance 
to its entry into the solid phase and also retards its 

FIG. 5. Plots of log Di vs. 1/T; (0) for [Co(NH3)6I3+ and 
(A) for [Co(en),13+. 
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TABLE 1. Parameters for the exchange on chromium ferrocyanide gel (radius of the exchanger particle r = 6.79 x lo-, cm) 

Entropy of 
Effective diffusion coefficient Energy of activation 

( D l )  cmZ s-' activation AS* 
Exchanging Do (Ed (cal deg-' 

system 27.5 "C 32.5 "C 37.S°C 42.5 "C 47.5 "C 52.5 "C (cm2 s-') (kcal mol-') mol-') 

mobility within the pores of the exchanger particles. 
Here, it is to be noted that instead of lo7 times 
higher value of Do for [Co(en),13+ as compared with 
Do value for [Co(NH3),I3+, the effective diffusion 
coefficient Di is less for the former ion. It is due to the 
difference in the activation energy values of the two 
cations (Table 1). 

In order to maintain the electroneutrality inside the 
exchanger, one complex cation must replace three 
mobile hydrogen ions from three exchanging sites. 
Thus, one complex cation inside the exchanger will 
reside between three neighbouring and relatively 

, separated negative sites and will experience the cou- 
lombic force of attraction. This force of attraction 
will be greater for the more polarizable [Co(en),13+ 
ion than for the less polarizable [Co(NH3),I3+ ion 

, (15). Thus the electrostatic contribution to the energy 
I of activation will be higher in case of [Co(en),13+ ion. 

This explains higher value of activation energy for the 
[Co(en),13 +/H+ exchanging system. Moreover, these 
electrostatic forces may cause bending or coiling of 
the matrix that may be more in case of more polariz- 
able cation [Co(en),13+. This deformation in the 
shape of the matrix will be associated with an in- 
crease in the total entropy of the system; and hence 
AS* will be positive. This is what we observed. 
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NORMAN H. SAGERT, WOON LEE, and MICHAEL J. QUINN. Can. J. Chem. 57, 1218 (1979). 
The adsorption of tri-n-butylphosphate (TBP) from n-dodecane to the n-dodecane-water 

interface has been studied as a function of TBP mole fraction up to 2.7 x in the n-dode- 
cane, and as a function of temperature from 293.15 K to 308.15 K. Free energies of adsorption 
were calculated from the results at low TBP mole fractions, where the surface pressures were 
linear with mole fraction. They were in the range -36.1 to -35.6 kJ/rnol. The enthalpy of 
adsorption, determined from the variation of the free energies of adsorption with temperature, 
was -45.4 kJ/mol. 

Several equations of state based on two-dimensional gas laws were applied to the results. 
The Schofield-Rideal equation described the results adequately but the simpler Volrner 
equation was inadequate especially at lower temperatures. Deviations from the Volmer 
equation were in the direction of higher surface pressure. A simple version of the two-dimen- 
sional solution model equation of state was not helpful. 

NORMAN H. SAGERT, WOON LEE et MICHAEL J. QUINN. Can. J. Chem. 57, 1218 (1979). 
On a Btudie l'adsorption du tri-n-butylphosphate (TBP) en solution dans le dodecane par 

des interfaces n-dodecane-eau; ces etudes ont ete rialiskes a des fractions molaires de TNP 
allant jusqu'a 2.7 x low4 dans le n-dodecane et a des temperatures allant de 293.15 a 308.15 K. 
On a calcule les energies libres d'adsorption a partir des resultats obtenus aux faibles fractions 
molaires de TNP alors que les pressions superficielles sont lineaires avec la fraction molaire. 
Ces valeurs s'etalent de -36.1 a -35.6 kJ/rnol. On a determine I'enthalpie d'adsorption, 
-45.4 kJ/mol, a partir de la variation des energies libres d'adsorption en fonction de la 
tempkrature. 

On a applique a nos resultats plusieurs equations d'ktat basees sur des lois des gaz bidirnen- 
sionnelles. L'equation de Schofield-Rideal decrit les resultats d'une faqon adequate; toutefois 
1'6quation plus simple de Volmer est inadequate specialernent aux temperatures inferieures. 
Les deviations de l'equation de Volmer sont en direction d'une pression superficielle plus 
Blevee. Une version plus simple d'une solution modele bidimensionnelle de 1'6quation d'btat 
ne s'est pas avkrke utile. 

[Traduit par le journal] 

Introduction esters and diesters as solutes have also been reported 
This work on the adsorption of tri-n-butylphosphate 

(TBP) at the n-dodecane-water interface forms part 
of a program to study interfacial properties relevant 
to solvent extraction systems, especially those systems 
useful for separating the components of irradiated 
nuclear fuel. The interfacial properties have not been 
studied as intensively as the equilibrium distributions 
(1). TBP was selected as a solute since it is frequently 
used as an extractant and, since it is often used with 
a diluent such as kerosene, n-dodecane was chosen as 
the organic phase. 

The adsorption of nonionic surfactants at hydro- 
carbon-water interfaces has received considerable 
attention in recent years (2). Most of the work has 
involved adsorption of n-alcohols at the n-alkane- 
water interface (3-5). Some adsorption studies using 

'AECL No. 6277. 
ZPresented in part at the 61st Chemical Conference of the 

Chemical Institute of Canada, Winnipeg, Man. June 1978. 

(6). The adsorption of nonionic phosphates at hydro- 
carbon-water interfaces has received relatively little 
attention, although some studies of the adsorption of 
TBP at the benzene-water interface have been re- 
ported (7-9). 

To calculate the thermodynamic properties of 
adsorption, we have investigated the adsorption of 
TBP at the n-dodecane-water interface at low TBP 
mole fractions and at a number of temperatures. 
These thermodynamic properties are essentially a 
measure of solute-subphase interactions (3). We have 
also investigated adsorption at higher TBP mole frac- 
tions to study the applicability of various equations 
of state to the adsorbed layer. These isotherms are 
useful in describing the nature of the interface itself. 
We examined equations of state, such as the Schofield- 
Rideal equation (lo), which are derived by consider- 
ing the adsorbed layer to have the properties of a 
two-dimensional gas, and examined a simple equa- 

0008-404217911012 18-06$01 .oo/o 
01979 National Research Council of CanadalConseil national de recherches du Canada 
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tion of state based on a two-dimensional solution 
model for the adsorbed layer (5, 11). 

Experimental 
Interfacial tensions were measured by the drop-volume 

method. Drops were formed on a stainless steel tip of 3.166 
+ 0.001 rnrn radius and were aged at least 5 min. Volumes were 
measured with a 2500-rnm3 Gilmont precision micrometer 
syringe fitted with a thermostatted barrel. The tip was located 
in a Ram6 Hart closed thermostatted environmental chamber. 
Temperature control was to + 0.02 K and temperatures were 
known to k0.05 K. This chamber was fitted with plane 
windows which allowed visual and photographic verification 
that the tip radius was the radius wetted by the liquid. Inter- 
facial tensions were calculated using the Harkins and Brown 
correction curve (12). Interfacial tensions were reproducible 
to + 50 pN/m. 

The n-dodecane was Phillips research grade. Before use it 
was passed through an alumina column. Its purity was better 
than 99.99 molz as checked by gas chromatography. The water 
was triple distilled from Pyrex and had a final conductivity of 
190 pS/m. No attempt was made to exclude C02.  The TBP was 
Fisher purified grade, further purified by the method of Alcock 
el al. (13). This procedure involves shaking the TBP with dilute 
caustic solution and then distilling off some of the mixture to 

( remove volatiles. Acidic impurities go into the aqueous phase. 
The TBP was then washed repeatedly with water, dried with a 
heat lamp, and stored over activated 12-mesh molecular 
sieve 4A. 

1 A stock solution of TBP in n-dodecane was prepared. 
1 Appropriate amounts of stock solution were added to 5 x 
/ m3 of n-dodecane plus 5 x m3 of water in the environ- 

mental chamber to make up the required mole fraction in the 
n-dodecane. The system was then equilibrated by light shaking 
for 16 h. Since the distribution coefficient of TBP between 
n-dodecane and water is - 300 in favor of the n-dodecane (14), 
no correction was made for TBP dissolved in the water. 

1 Densities were measured to within +200 g/m3 using a 
2.5 x m3 pycnometer flask. 

Results 
n-Dodecane- Water Interfacial Tensions 

Interfacial tensions of pure n-dodecane against 
water are shown in Fig. 1 as a function of tempera- 
ture. Also shown are results of Aveyard and Haydon 
(15). Our results, while somewhat lower than those 
of Aveyard and Haydon, agree with theirs to within 
150 pN/m. The temperature coefficient for our data is 
85 + 5 pN/(m K), based on a Students t distribution 
at the 95x  confidence limit, compared with that of 
Aveyard and Haydon of 88 + 9 pN/(m K) on the 
same basis. Thus our techniques gave results com- 
parable with literature values. 

Interfacial Adsorption of TBP 
The adsorption of TBP at the n-dodecane-water 

interface was studied at 293.15, 298.15, 303.15, and 
308.15 K for mole fractions of TBP in n-dodecane 
up to 2.74 x lop4, by measuring interfacial tensions. 
At these mole fractions, no significant changes in 
n-dodecane density were detected on adding TBP. 

I I I I 
295 300 305 310 

TEMPERATURE (K) 

FIG. 1. Interfacial tensions at the n-dodecane-water interface 
as a function of temperature. The circles (0) represent our 
results and the crosses ( x ) represent those from ref. 15. 

X T ~ p  (mole f rac t ion)  

FIG. 2. Interfacial tensions at the n-dodecane-water interface 
on adding TBP to the n-dodecane. T = 298.15 K. 

Results obtained at 298.15 K are shown in Fig. 2. 
The data at the four temperatures are expressed by 
eq. [I.]. 

[1 I y = C ,  + C, In X + C3 (In x ) ~  
where y is the interfacial tension in mN/m and X is 
the mole fraction of TBP in the n-dodecane. The 
values of the constants, Ci, as determined by a 
second order least-squares fit are given in Table 1. 
These constants lead to fits of the data3 which are 
within 0.2 mN/m. Additional measurements were 
made at 295.65, 300.65, and 305.65 K at TBP mole 
fractions up to 1.2 x lop6.  The results in the region 

3All the measured interfacial tensions are available, at a 
nominal charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, Ont., 
Canada KIA 0S2. 
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TABLE 1. Coefficients in eq. [I] for adsorption of TBP at 
n-dodecane-water interface 

T (K) l o 3  c1 lo3 c2 lo4 c3 

of TBP mole fraction up to 1.2 x are shown in 
Fig. 3, omitting the intermediate temperatures for 
clarity. Here, the interfacial pressure 7c, which is the 
interfacial tension in the absence of TBP less that 
in its presence, is plotted against the mole fraction 
of TBP. 
Calculation of Molecular Areas 

For moderately surface-active solutes adsorbed 
from dilute solutions, Aveyard and Briscoe (4) have 
shown that the simple form of the Gibbs adsorption 
equation (eq. [2]) may be used to calculate the area 
per molecule available at the interface. 

In eq. [2] A is the area per molecule, k, the Boltzmann 
constant, and f, the activity coefficient for TBP in 
n-dodecane. This mole fraction activity coefficient 
approaches unity for dilute solutions. 

Activity coefficients for dilute solutions of TBP in 
organic diluents have not been measured directly, to 
the best of our knowledge. However, activity coeffi- 
cients measured from the distribution coefficients of 
TBP between water and kerosene (14, 16) indicate 
that the activity coefficients approach unity at the 
dilutions used here. Siekierski (17) has used an expres- 
sion to correlate much TBP activity coefficient data 
which predicts an activity coefficient of 0.987 (present 

107XTBp(rnole fract ion)  

FIG. 3. Interfacial pressures as a function of mole fraction 
TBP in n-dodecane. 

definition) at a mole fraction of 2.3 x in n- 
dodecane. Although trialkylphosphates are known to 
associate through a system of dipole-dipole bonds, 
dimerization constants are small (2.9 x 
m3/mol for TBP in n-hexane (18)). Current knowledge 
on association in trialkylphosphate systems has been 
described recently by Kertes and Tsimering (19). In 
this work we will consider the activity coefficients 
as unity. 

Using eqs. [I] and [2], the area per molecule may 
be calculated by eq. [3]. 

Values of A were calculated at the experimentally 
used mole fractions, omitting the highest and lowest 
mole fraction of each set. 

Discussion 
Free Energies and Enthalpies of Adsorption 

Standard free energies of adsorption, Aape were 
calculated from eq. [4] 

[4 1 A, ye = - RT ln (X/X)~ 

where (TC/X)~ is the initial slope of the surface pres- 
sure curve when plotted against mole fraction of 
TBP in the n-dodecane (Fig. 3). The standard states 
were those of Aveyard and Briscoe (4). For the sur- 
face standard state they used a surface pressure of 
1 mN/m. For the bulk standard state they used a 
hypothetical state, where the mole fraction of TBP 
was unity and the activity coefficient for TBP in 
n-dodecane was also unity. The free energies of 
adsorption, given in Table 2, range from -35.6 to 
- 36.2 kJ/mol. 

These free energies of adsorption are quite large 
and negative. For example, over the same tempera- 
ture range, free energies of adsorption of octanol at 
the n-dodecane-water interface are in the range of 
-23.4 to -22.9 kJ/mol using the same standard 
states (4). It is thought (4, 5) that, at the oil-water 
interface, hydrocarbon chains are dissolved com- 
pletely in the oil. The strong adsorption of n-alcohols 
has been attributed to polar group interactions as the 

TABLE 2 .  Standard free energies 
of adsorption of TBP at the 

n-dodecane-water interface 

T (K) - A,p9 (kJ/mol) 

293 .15  36 .06  
295 .65  3 6 . 2 2  
298 .15  35 .91  
300.65 35 .84  
303 .15  35 .78  
305.65 3 5 . 8 0  
308 .15  35 .58  
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OH group is transferred from the oil to water. Our 
free energies for the adsorption of TBP from n- 
dodecane to the n-dodecane-water interface are about 
12.7 kJ/mol more negative than those for adsorbing 
n-octanol from n-dodecane to the same interface. 
From this it might be inferred that the phosphate 
group of TBP has a greater tendency to interact with 
water than does the OH group of alcohols. Inter- 
actions between polar and self-associated liquids 
such as water and TBP are undoubtedly complex 
(19). Hydrogen bonding must be one of the major 
interactions between these species, especially in dilute 
solutions where a hydrogen-bonded equimolar hy- 
drate is probably the major species (19-21). However, 
in dilute solution, hydrophobic stabilization of the 
water structure, the so-called "hydrophobic bonding" 
(22) has been shown to be very important in account- 
ing for enthalpies of solution of trialkylphosphates in 
water (19). In more concentrated systems, which 
probably exist in the adsorbed phase, dipole-dipole 
interactions are likely important, because of the large 
dipole moment of TBP (23). Dimerization of TBP in 
more concentrated TBP-water systems is thought to 
occur through dipole-dipole interactions (18, 19,21). 

Although no exact tabular data are given, the work 
of Chifu, Andrei, and Tomoaia (7, 8) indicates that 
the free energy of adsorption of TBP from benzene to 
the benzene-water interface is much less negative 
than the values we have obtained for adsorption to 
the n-dodecane-water interface. This is in accord 
with evidence that there is some complexing between 
TBP and benzene (24). On the other hand, in their 
work, TBP mole fractions were high and activity 
coefficient corrections were not made. 

Standard enthalpies of adsorption, A,he were 
obtained from the temperature variation of the free 
energies (eq. [5]). 

The standard free energies of adsorption are shown 
in Fig. 4, plotted in the form suggested by eq. [5]. 
From Fig. 4, A,he seems reasonably constant at 
-45.4 kJ/mol over this temperature interval. 

It is interesting to compare this enthalpy for TBP 
adsorption from n-dodecane to the n-dodecane-water 
interface with the enthalpy of transfer of TBP from 
n-dodecane to water. The enthalpy of transfer of 
TBP from n-dodecane to water can only be estimated 
at the present time. By definition, this enthalpy is 
the enthalpy of solution of TBP in water minus the 
enthalpy of solution of TBP in n-dodecane. The latter 
enthalpy has been measured recently as + 7.4 kJ/mol 
(25). However, the former enthalpy is not known. 
Recently, Kertes and Tsimering (19) measured the 
enthalpies of solution of trimethylphosphate (TMP) 

FIG. 4. Variation with temperature of the standard free 
energy of adsorption, A,pe. 

and triethylphosphate P E P )  in water and found 
large exothermic heats of solution with TEP giving 
the largest (most negative) enthalpy of solution. At 
infinite dilution, their values were -21.2 kJ/mol for 
TMP and - 25.9 kJ/mol for TEP. Although they did 
not obtain an accurate value for the enthalpy of solu- 
tion of tri-n-propylphosphate, they reported that it 
was larger (more negative) than that of TEP. 

On the basis of a linear extrapolation of the TMP 
and TEP values, we estimated an enthalpy of solu- 
tion for TBP of - 35.5 kJ/mol. This is an absolute 
maximum (in the negative sense) since, as the hydro- 
carbon chains become very long, the enthalpy of 
solution will become less negative with increasing 
chain length (26). Therefore -42.9 kJ/mol may be 
taken as the absolute (negative) maximum for the 
enthalpy of transfer. Our observed enthalpy of 
adsorption of -45.4 kJ/mol for TBP with n-dodecane 
is of the order of, and somewhat larger than, this 
maximum enthalpy of transfer. Therefore the greater 
portion of the enthalpy of transfer seems accounted 
for when the TBP molecule reaches an equilibrium 
position in the interface, with, presumably, the 
phosphate group in the water. This situation is quite 
similar to that where n-octanol is the solute. In that 
case, the enthalpy of adsorption is - 31.1 kJ/mol(4) 
and the enthalpy of transfer' is about - 26 kJ/mol, as 
determined from results of Aveyard and Mitchell (27) 
extrapolated to higher carbon chain lengths. 

For the alcohols, the largest part of the enthalpy of 
transfer consists of an endothermic enthalpy of solu- 
tion in n-dodecane with some contribution from a 
numerically smaller exothermic enthalpy of solution 
in water. Thus, it is relatively easy to rationalize the 
rough equivalence of the enthalpies of adsorption 
and transfer. However, with TBP, a large portion of 
the enthalpy of transfer comes from the exothermic 
enthalpy of solution in water, with a smaller contri- 
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FIG. 5. Fit of surface pressure (TC), area ( A )  data at 298.1 5 K 
to Schofield-Rideal equation using constants of Table 3. 

bution from the endothermic enthalpy of solution in 
n-dodecane. This large enthalpy of solution in water 
has been ascribed (28) to "hydrophobic bonding" 
(22) where water structure is enhanced by the inter- 
action of alkyl groups with the water. This hydra- 
tion cage may involve about 30 water molecules (28). 
It would appear from this work that much of this 
structure is formed when the TBP molecule reaches 
its equilibrium position in the oil-water interface. 

Surface Equations of State 
The measured values of 71. and A can be fitted to 

two-dimensional equations of state which are ana- 
logous to the normal three-dimensional equations of 
state. The Schofield-Rideal equation (10) is frequent- 
ly used. 

[6 1 x(A - A,) = ikT 

Both A, and i are constants. The values obtained are 
given in Table 3 and a fit of the experimental data at 
298.15 K is given in Fig. 5. The experimental data 
were not fitted by the usual 1/71. vs. A plot, but rather, 
a non-linear, least-squares fitting routine (Chalk 
River Nuclear Laboratories CDC 6600 Fortran pro- 
gram LSQQ) based on Marquardt's method was 
used with eqs. [3] and [6] and the coefficients from 
Table 1 to reproduce the interfacial tension data. The 
errors given in Table 3 correspond to one standard 
deviation. 

The values for A, of w 0.9 nm2 are similar to those 
at the benzene-water interface (0.97 and 1.14 nm2) 
obtained by Tomoaia et al. (7) without and with 
added copper nitrate. Although A, is only a fitting 
constant, there is much evidence, for straight chain 
alcohols (5), at least, that it represents the static 
geometric area of the molecule at the interface. From 
molecular models, the area of the TBP molecule is 
-- 1.0 nm2, the exact area depending on the folding of 
the butyl groups. 

TABLE 3. Constants of Schofield-Rideal 
equation 

If the i in eq. [6] is 1.0 then the resulting equation 
is called the Volmer equation, and generally, our re- 
sults do not fit the Volmer equation. The deviations 
observed (Table 3) may suggest extra repulsions in 
the monolayer rather than increased cohesion. Some 
of this repulsion could result from dipole-dipole 
interaction (29) if the adsorption forces are great 
enough to keep the dipoles aligned. Deviations from 
the Volmer equation could also arise from variation 
of A, with coverage, possibly due to changing orien- 
tation of TBP molecules in the interface. TBP mole- 
cules are more symmetric than the usual surfactant 
molecules making such changes possibly easier. On 
the other hand, the two-dimensional gas picture, 
which underlies the Volmer equation, may not be 
adequate for a solute such as TBP which is capable 
of restructuring the water phase (28). 

Attempts were made to use a solution model for 
the surface (11). Generally, the simplifying assump- 
tion has to be made that the solute is located entirely 
in the n-dodecane. This assumption is clearly not a 
good one for TBP. If the n-dodecane - solute pair 
forms an ideal two-dimensional solution, then eq. [7] 
should hold (5). A similar equation has been used 
with some success by Fowkes (30). 

In eq. [7] o1 and o2 are the surface areas of the sol- 
vent and solute, respectively. I t  would be expected 
that o, and o2 would be quite different in this 
system. Unfortunately, it was not possible to fit our 
data using eq. [7]. When the data were plotted in the 
rearranged form suggested by Aveyard and Briscoe 
(5) and shown as eq. [8], 

[8] [exp (no,/kT) - 11-I = Ale, - 02/ol 

all reasonable values of o, gave ratios of 02/o, be- 
tween 2 and 3, but the slopes were always less than 
110,. The failure of the solution model may well re- 
sult from the involvement of the water phase, if 
significant water restructuring takes place (28). 
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Anisotropic motion in 1-substituted adamantanes from 13Cmr relaxation time data 
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HELMUT BEIERBECK, ROBERT MARTINO, and JOHN K. SAUNDERS. Can. J. Chem. 57,1224 
(1979). 

The carbon-13 relaxation time data and the calculated diffusion constants for several 
I-substituted adamantane derivatives in various solvents are presented. The ratio of the 
diffusion constants for rotation about the principal axis relative to that about the two mutually 
perpendicular axes is found to vary significantly with substituent and to a lesser extent with 
solvent. The order for this ratio is CO,H > OH > NH, z Br, which is interpreted in terms 
of the degree of association, either solute-solute or solute-solvent, and also the ease of 
rotation about the carbon-substituent bond. 

HELMUT BEIERBECK, ROBERT MARTINO et JOHN K. SAUNDERS. Can. J. Chem. 57, 1224 (1979). 
Le temps de relaxation du carbone-13 de plusieurs dbivks d'adamantane substituts en 

position-1 a permis de calculer les constantes de diffusion pour la rotation autour de I'axe 
principal et autour des deux axes perpendiculaires a ce dernier. Le rapport de ces deux con- 
stantes de diffusion varie plus avec le substituent qu'avec le solvant. Ce rapport dkcroit dans 
I'ordre C02H > OH > NH, z Br, ce qui est interprktk en termes d'association soit solutt- 
solutt soit solute-solvant et aussi en termes de barriere de rotation autour de la liaison C-X. 

13C spin lattice relaxation times (TI) have proven anisotropy of the molecular motion and the inter- 
useful in the study of molecular dynamics of organic actions between solvents and heterosubstituents. The 
molecules in solution (1-4). The analysis of theT13s 
for individual carbons leads to information on the 
overall molecular motion such as anisotropic 
behaviour (5-8) and thus on intermolecular inter- 
actions of the solute. 

The dominant relaxation pathway for 3C nuclei 
in the compounds studied is the dipole-dipole inter- 
action between carbon and hydrogen. The relaxation 
rate thus depends principally on the number of 
attached hydrogens, and the modulation of the C-H 
bond vectors by molecular motion. If a C-H bond 
is situated parallel to a preferred axis of rotation, 
rotation about this axis does not modulate the C-H 
bond and the relaxation process for such a carbon 
is more efficient. This effect was observed in mono- 
substituted benzene derivatives (5). The TI value for 
the para carbon is shorter than for the ortho and 
meta since the para C-H bond is parallel to the C, 
axis. The 1-substituted adamantanes exhibit similar 
behaviour. The C-H endo bond of the F carbons is 
parallel to the C3 axis of rotation whereas the other 
C-H bonds are at angles of 60" or 90" to this axis. 
From the 13C TI data, rotational diffusion constants 
may be derived by application of Woessner's 
equations (9) for axially symmetric ellipsoids. 

We have determined relaxation times for a number 
of 1-substituted adamantanes in various solvents in 
order to study the effect of heterosubstituents on the 

'Permanent address: U.E.R. de Chimie Organique, Univer- 
site Paul Sabatier, 118 route de Narbonne, Toulouse, France. 

relaxation times are transformed into rotational 
diffusion constants which are compared with the 
macroscopic viscosity. For a molecule undergoing 
isotropic motion, the Stokes-Einstein expression (10) 
as modified by Gierer and Wirty (11) linking the 
diffusion constant with viscosity (q) is 

where 2, is the effective rotational correlation time, 
R is the diffusion constant, r the molecular radius, 
and f(r) is a correction factor, denoting the micro- 
viscosity factor which is defined (1 1) as 

where r ,  is the radius of solvent molecules. The 
correction factor was introduced to account for the 
observation that the Stokes-Einstein equation over- 
estimates the magnitude of the rotational friction 
constant. In neat liquids, the above expression gives 
a value of approximately 116 for f(r) whereas for a 
large number of associated and nonassociated 
liquids a value of 1/12 is found to be more com- 
patible with experimental data (12). In solution, the 
situation is still more complex. In the ensuing dis- 
cussion, we will compare the diffusion constant data, 
which gives insight into local fluid conditions, with 
the macroscopic viscosity which is averaged over the 
whole system and discuss qualitatively any marked 
discrepancies. 

0008-4042/79/10 1224-05$0 1 .W/O 
01979 National Research Council of Canada/Conseil national de recherches du Canada 
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Results and Discussion 
The T, data recorded as a function of solvent and 

viscosity are given in Table 1 as are the calculated 
rotational diffusion constants, R, and R,. R, 
describes the rotation about the preferred axis, i.e. 
the C, axis. The T, values for the y-carbons are 
always less than 2 x TI (P-carbons), due in part to the 
protons on the adjacent carbons contributing to the 
relaxation of the methine carbons to a greater extent 
than the P-carbons (13). This fact must be taken into 
account when calculating diffusion constants. 

For the bromo derivative, the ratio of the diffusion 
constants, o, varies between 1 and 2.95 whereas the 

I 
ratio of the moments of inertia is 2.95. A plot of 

i (R,)-' versus viscosity is a straight line as illustrated 
in Fig. 1. Extrapolation to zero viscosity yields a 
value for R, of 1.2 x 10" s-I which differs sig- 
nificantly from the free rotation value of 1.7 x 10" 

I s-' calculated using the moments of inertia and the 
equation derived by Bartoli and Litovitz (14), 

I namely, 
I R,,,, = (912~) (k~/1)'" 

i This discrepancy, together with the o values and the 
I correlation of R, with viscosity, infer that molecular 
/ reorientation is diffusional in nature and that the 1 inertial character is very small (15). The diffusion 
; constant R,, with one exception, decreases as the 

viscosity increases. The rate of rotation should be 
faster in CDCI, than in benzene according to 
viscosity whereas experimentally the reverse is 
observed. The value of R, will be dependent upon 
the solvation of the bromine relative to the hydro- 

, carbon portion of the molecule as well as on viscosity. 
I The small values of o imply that there is no sig- 

nificant specific solvation of the bromine relative to 
the hydrocarbon moiety and that, with the exception 

I 

of acetone, the principal reason for the anisotropic 
motion is a volume effect. In acetone the motion is 
essentially isotropic indicating that in this solvent, it 
is the hydrocarbon portion of the molecule which is 
the more strongly solvated. 

For adamantan-1-01, the molecular motion is 
quite anisotropic and o varies from 3.3 in acetone to 
9.5 in CD,OD. There is no obvious correlation 
between viscosity and R, as can be seen in Fig. 1. 
The lack of correlation between R, and viscosity is 

i to be expected since the OH group will be involved ' to a greater or lesser extent in hydrogen bonding 
either with other solute molecules or with the solvent. 
With the exception of acetone, the variation of o as 
a function of solvent is reasonably small. In CCl,, 
and to a lesser extent in CDCl,, the molecule will 
exist in dimeric or polymeric forms due to inter- 

FIG. 1. Plot of R,-' x 1012 (s) versus viscosity, q (cP), for 
1-bromoadamantane 0 and adamantan-1-01 0. 

molecular solute-solute hydrogen bonding, whereas 
in DMSO and CD,OD the solute will exist essen- 
tially as solvated monomers. Due to the bulkiness of 
the adamantanyl moiety the associated species will 
most likely be the dimer with only limited access for 
the solvent to solvate the OH groups. The principal 
axis of rotation for the dimer will be almost parallel 
to the C, axis of rotation of the monomer with the 
center of gravity being between the two oxygens. The 
ratio of the volume2 traced out by rotation about the 
major axis relative to the minor axis is approximately 
1 :2.5. Thus, based on volume  consideration^,^ the 
value of o should be about 2.5. However, rotation 
about the principal axis can occur via two mech- 
anisms: rotation of the dimer as an entity or rotation 
about the C-0 bond of the adamantanyl moiety. 
The experimental values of 6.5 and 7.2 infer that 
rotation about the C-0 bond as well as the overall 
motion is important. 

In order to have movement of the OH group in 
the more strongly solvating solvents, either the 
hydrogen bonds between the solvent and the OH 
group must be broken or the solvent molecules must 
rotate with the OH group. If the latter occurs, the 

2Volumes were estimated from molecular models since the 
molecular volume so obtained correlated reasonably well with 
the experimental apparent molar volume. 
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centre of gravity of the molecular framework will 
approach the oxygen atom and the relative motion 
will be similar to that observed for solvents where 
the solute is involved in solute-solute interactions. 
Experimentally, the values of o are 9.5 in CD,OD 
and 6.7 in DMSO whereas in acetone it is only 3.3. 
This infers that the solute molecules are more 
strongly solvated in the former two solvents than in 
the latter. The value for acetone is an indication that 
the hydrogen bond formed between OH and the 
carbonyl group is significantly weaker than in either 
CD30D or DMSO, or that the solvent-solvent inter- 
actions are relatively weak. Similar results were 
obtained for phenol in acetone relative to other 
solvents (5). 

The acid shows striking anisotropic behaviour 
with values of o between 25 and 29. There is no 
correlation with viscosity, obviously due to extensive 
association in CDCl, and benzene. The amine 
exhibits quite different behaviour in that the motion 

I is only slightly anisotropic. There is no correlation 
I with viscosity since both R, and R, are largest in the 
I 

1 most viscous solvent, CCl,, and smallest in the least 

I viscous solvent, CD,OD. 
In any discussion of the effect of association, 

whether by solvent or solute molecules, on the 
diffusion constants it is evident that R must be 

I greater than kdiss (kdiss = rate constant for dissocia- 
1 tion of the associated species) in order for evidence 

of association to be observed by T ,  measurements. 
I As already mentioned, it appears that for the OH 
I 

I 
group, R > k,,,, for CD,OD, DMSO, CCl,, and 

I CDCI, as solvents whereas in acetone the value of a 
I 

inferred that R and kdiss are of the same order of 
magnitude. For the amine in CCl,, o is very small 
and the rotation rates are faster than in the other 
solvents. This is a good indication that k,,,, > R for 
the dissociation of a solute-solute pair, that specific 
solvation of the NH, group by CCl, is minimal and 
that the T, values are essentially determined by the 
tumbling of a monomer. In other words, any solute- 
solute or solute-solvent pairs which are formed are 
too short-lived to be measured by this technique. 

For I-substituted adamantanes in which the sub- 
stituents are engaged in strong intermolecular inter- 
actions, the value of o will be large only if the barrier 
to rotation about the C-X bond is small. We have 
already discussed the case of X = OH where rapid 
rotation about the C-OH bond was suggested to 

I explain the observed values. Although the barriers 
to rotation about the C-X bonds have not been 
determined for the compounds studied here, they 
are known in similar compounds (16). The barriers 
about C-C0,H and C-OH are both relatively 
small, of the order of 2 and 4 kJ/mol, respectively 

(17, 1 8), whereas that for a C-NH, is significantly 
higher, namely 10 kJ/mol (18). Thus, for the acid, 
rotation about the C,  axis of the molecule appears 
very rapid, due to the very low barrier to rotation 
about the C-C0,H bond, even though the C0,H 
group is 'fixed'. By contrast the amine exhibits 
smaller values of o since the barrier is sufficiently 
high to restrict rotation about the C-NH, bond. 
Levy and Terpstra (19) studied benzoic acid as a 1 M 
solution in C,D,Cl, and found a tumbling ratio of 
4.5, whereas in the adamantane derivative the value 
in CDCl, is 25.5. The R, values for the two com- 
pounds are within 20%. The tumbling ratios differ 
because the barrier to rotation in Ar-C0,H is 
significantly higher than in the aliphatic compound 
due to overlap between the 7c electrons of the 
aromatic ring and the acid group. Comparison of 
each of the adamantane derivatives presented here 
with the corresponding aromatic compounds (5) 
shows that the degree of anisotropy is less in the 
latter since each of the heterosubstituents studied 
have either p or 7c electrons which overlap with the 7c 
electron system of the aromatic ring and increase 
the barrier. 

For a spherical molecule, tumbling is characterized 
by the isotropic correlation time z, which represents 
the average of the overall molecular motion. For a 
nonspherical molecule undergoing anisotropic mo- 
tion overall molecular motion is characterized by 
zeff (9), the trace of the tensor of the correlation 
times about the three mutually perpendicular axes. 
Values of .ref, can be calculated using ' 

where z, = (6R,)-', zb = (5R, + R,)-', and tc = 

(2R, + 4R1)-'. The calculated zeff values for each 
molecule a re  also included in Table 1 with a plot of 
zeff versus viscosity being illustrated in Fig. 2 for the 
bromo and hydroxy derivatives. For the bromo 
compound, the points lead to a reasonably straight 
line with the exception of acetone. For the OH 
group, a straight line is also obtained, but in this case 
it is CD,OD which appears to be the exception. The 
value in CD,OD is just outside the limits of experi- 
mental error. In a study of the T, values of the CH, 
carbons of tert-butyl alcohol as function of solvent, it 
was found (20) that 1/T, gave an excellent correlation 
with viscosity for nonhydroxylated solvents whereas 
the points for H,O, D,O, CD,OD, and (CH,),C- 
OH were above the line with the deviation being 
more pronounced for H,O and D,O. This deviation 
was interpreted in terms of changes in solvent 
structure upon introduction of the tert-butyl alcohol 
molecules. 

I t  may have been expected that R, would be 
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TABLE 1. TI and diffusion constant data for I-substituted adamantanes 

Diffusion 
Tlb Moment of inertia constantsd 

Viscosity 
X Solvent q (cP) Volume" p y 6 111 IL pC RI Rz oe %rrf 7 , r f g / q  

CC14 1.16 189 6.8 11.6 5.1 8.6 3.1 2.8 3.6 3.1 
DMSO 1.95 163 5.4 9 .4  4.2 6.6 2.7 2.5 4.4 2.2 
C3D60 0.35 175 9.7 17.2 9.4 11.4 11.0 1.0 1 .5  4.3 

OH CD3OD 0.74 160 4.5 7.7 2.2 300 423 1.41 10.9 1.2 9.1 4.2 5.7 
CDC13 0.61 160 6.6 11.6 3.7 12.9 2.0 6.5 3.4 5.1 
CC14 0.83 176 5.6 10.2 3.3 12.2 1.7 7.2 3.6 4.3 
DMSO 2.05 168 4.4 7.2 2.4 8.5 1 .3  6.7 5.1 2.5 
C3D60 0.34 175 8 .0  14.4 5.4 10.8 3.2 3.3 3.1 9.0 

NHZ CD30D 0.76 186 3.9 6.5 2.9 300 419 1.36 5.1 1.7 3.0 6.2 8.2 
CDCI3 0.67 158 5.1 9 .4  3.7 7.2 2 .2  3.2 4.6 6.9 
CCI4 0.89 172 9.1 16.4 8 .2  8 . 4  5.7 1.5 2.6 2.9 

COzH CD30D 0.63 173 4.0 6.6 1 . 4  300 612 2.04 17.3 0.6 28 3.2 5.1 
CDC13 0.66 168 2.0 2 .9  0.7 7.7 0.3 26 7.0 10.6 
C6D6 0.68 170 2.0 3.2 0.7 8.4 0.3 28 6.4 9.4 

CHZOH CDC13 0.76 175 2.7 5.1 2 .0  300 530 1 .8  3.5 1.3 2.7 8.7 11.4 

'Calculated apparent molar volume x 10-24 cm3. , *In s + 10% at 33 + 1°C. 
'P = 1111[1. ~ ;e;;;i;: 
9 X 10-9 cm3 erg-'. 

I 

FIG. 2. Plot of T,,, x 10" (s) versus viscosity, q (cP), for 
1 -bromoadamantane 0 and adamantan-1 -01 . 

independent of the attached group, provided the 
barrier to rotation about the C-X bond is small, 
since the rotation being measured is that of the 
adamantanyl moiety. Inspection of the data shows 

that neither the value of R, nor R, is independent 
of X. If we examine CD,OD as example, the values 
of R, (at the same viscosity) are 3.2, 1.2, and 0.6 x 
101Os-l for Br, OH, and CO,H, respectively, 
whereas the corresponding values for R, are 7.0, 
11.4, and 17.3 x 101Os-l, i.e. when the diffusion 
constant about the non-principal axis is decreased 
there is a concomitant increase about the principal 
axis. The values of z,,,/q are also given in Table 1. 
Inspection of these data with respect to solvent 
shows that (a) in CD,OD, the values for Br, OH, 
and C0,H have the same value within experimental 
error whereas that for NH, is significantly different; 
(b) in CDC1, the values for OH and Br are similar 
whereas those for NH, and C0,H vary significantly; 
(c) in CCl, the values do not differ significantly; (d) 
in DMSO the values are within experimental error 
of one another whereas for benzene and acetone 
large deviations are observed. The difference in 
CD,OD and CDCI, of the amiw is due to the 
restriction of rotation about the C-NH, bond. The 
acid even in CD,OD exists almost exclusively as the 
dimer (19). In CDC1, and benzene, the value of o is 
the same as that obtained in CD,OD whereas both 
R, and R, are smaller. These results suggest that the 
degree of association for the acid is significantly 
greater in the relatively non-polar solvents than in 
CD,OD, i.e., the acid forms aggregates in non-polar 
solvents whose overall motion is less than the dimer. 
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The last entry in Table I differs from those 
described previously in that the C-X bond is no 
longer coincident with the principal axis of the 
molecule. The value of o is 2.7 (cf. 6.5 for the I-OH) 
and both R, and R, have decreased with the most 
dramatic decrease being that for R,. The decrease in 
o does not indicate that solvation or dimerization of 
the CH,OH group relative to the OH group is less 
but rather that in the associated form, rotation about 
the C-0 bond is significantly restricted. The mole- 
cules probably exist as dimers and if we consider the 
dimer as an ellipse then the relative rates based on 
volume would be predicted to be about 3 :  1 which is 
similar to the observed o value of 2.7. 

Experimental 
All compounds used were obtained commercially and were 

studied without further purification. The T I  data were obtained 
using a Bruker HX-90 spectrometer equipped with a Nicolet 
1083 computer using the inversion recovery method as 
described previously (21). At least 15 t values were obtained 
for each carbon as well as a minimum of 4 S ,  values. The T I  
values were then obtained using the standard least-squares 
plot of In ( S ( m )  - S(t ) )  versus time. The error limits are 
estimated at f lo%, although the values were found to be 
reproducible to f 5%. Recently Grant and co-workers (22) 
have shown that cross correlation terms can be important in 
the relaxation processes for CHI and CH3 carbons and thus, 
treatment of the relaxation time data as a monoexponential 
can lead to errors in the calculated TI  values. The con- 
sequences of this effect in the presented data should be a 
minimum in that our main interest is in the comparison of 
values and that all T I  values were obtained from the same 
range of t values (0.2T1 to 1.4Tl). The T ,  data were then 
analysed by use of a computer program based on the equations 
of Woessner (9) for an axially symmetric ellipse. The program 
takes into account the relaxation contributions of all protons. 
Viscosities were measured using a Ubbelohde viscosimeter as 
described by Tuan and Fuoss (23). 

CNRC for generous financial support and to the 
"Cooperation Franco-QuCbCcoise" for a "bourse 
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The reaction of methylene radicals with methyl isocyanide 
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MARSHA T. J. GLIONNA and Huw 0. PRITCHARD. Can. J. Chem. 57, 1229 (1979). 
An exploratory study has been made of the gas-phase reactions of methylene radicals, 

generated by the photolysis of ketene near 3000 A, with methyl, ethyl, and allyl isocyanides at 
room temperature. 

With methyl isocyanide, the principal product at low pressure is ethyl cyanide, together 
with a few percent of methyl cyanide; ethyl isocyanide is also formed, increasingly so as the 
total pressure is increased. Reaction appears to take place through a vibrationally excited ethyl 
isocyanide intermediate, and approximate rate constants for each reaction pathway are 
derived. Isotopic studies suggest that the methylene radicals insert in the H,C-NC bond of 
the methyl isocyanide. 

MARSHA T. J. GLIONNA et HUW 0. PRITCHARD. Can. J. Chem. 57, 1229 (1979). 
On a effectuk une etude prdiminaire des rkactions en phase gazeuse des radicaux mkthylenes, 

produits par photolyse d'un cktene pres de 3000 A, avec des isocyanures de mdthyle, d'ethyle 
ou d'allyle a temperature ambiante. 

Avec I'isocyanure de methyle, a basse pression, le produit principal est le cyanure d'kthyle 
avec un faible pourcentage de cyanure de mkthyle; il se forme aussi de I'isocyanure d'ethyle 
dont la quantite augrnente avec I'augmentation de la pression. I1 semble que la rkaction se 
produise gr2ce un intermkdiaire vibrationnellement excite de l'isocyanure d'ethyle; on a 
kvalud les constantes de vitesse approximatives de chacune des voies de reaction. Des Btudes 
isotopiques suggerent que les radicaux mkthylenes s'inskrent dans la liaison H3C-NC de 
l'isocyanure de mkthyle. 

[Traduit par le journal] 

I Introduction relative proportions varied with the total pressure, 
1 In a recent series of chemical activation studies, detailed identification of each product was not 

Rabinovitch and co-workers (1-3) have generated pursued because, unexpectedly, the major ~roduct  
vibrationally excited molecules in which there are of the reaction was allyl cyanide. Since allyl cyanide 
two (almost isoenergetic) pathways for decomposi- Was not formed photochemically from allyl isocy- 

I tion, in with collisional stabilisation. anide under our conditions, we undertook the study 
1 ~t would be interesting to extend this kind of ap- reported below to try to elucidate the nature of this 

preach to the study of a vibrationally kxcited mole- catalysed isomerisation. In view of the tentative 
cule which could decompose by two reaction paths conclusion reached, that the principal reaction of 

having very different critical energies. F~~ example, methylene radicals with saturated isocyanide mole- 
vibrationally excited cyclopropyl isocyanide could cule~ is to insert in the R-NC bond, the proposed 
isomerise to ally1 isocyanide at excitation energies study of methylene radicals with allyl isoc~anide 
greater than about 60 kcal rnol-l and to cyc~opropy~ appears to be rather intractable because some of the 

cyanide at excitation energies greater than about Same reaction products may arise both from the 
40 kcal mol- 1 ; isomerisation of both functional addition to the double bond and from the insertion 
groups is also possible. Unfortunately, the produc- the all~l-NC We proceed present 
tion of vibrationally excited cyc~opropy~ isocyanide evidence for this insertion of methylene radicals into 
molecules by addition of methylene radicals to the R-NC bond, where R is methyl, and also some 
vinyl isocyanide is not feasible because vinyl iso- circumstantial evidence for the same process when R 

I cyanide is rather unstable, both to visible light and is 
I with respect to spontaneous polymerisation (4). 

Consequently, despite the fact that more isomerisa- Experimental 
tion pathways exist, we undertook to explore the Methyl, ethyl, n-propyl, s-propyl, and allyl isocyanides were 

1 homologous reaction, methylene radicals plus allyl prepared from the appropriate N-alkyl formamide by the 
method of Casanova, Schuster, and Werner (5); except in the isocyanide9 in search of the same kind of informa- ca, of N-rnethyl formami& which was obtained commercially, 

tion. However, although the expected range of mass the other N-alkyl formamides were prepared from ethyl 
81 cyanides and isocyanides was observed, and their formate and the corresponding amine by standard methods 

0008-40421791 lo 1229-04$0 1 .oo/o 
01979 National Research Council of CanadalConseil national de recherches du Canada 
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1230 CAN. J .  CHEM. VOL. 57. 1979 

(6). Each isocyanide was purified by vapour-phase chroma- 
tography. 

Methyl, ethyl, n-propyl, s-propyl, and ally1 cyanides, used 
for identification and calibration purposes, were obtained 
commercially. 

Ketene was prepared by the pyrolysis of acetic anhydride 
vapour at 400°C (7), and after separation by trap-to-trap 
distillation, was stored at liquid nitrogen temperature; the 
liquid was degassed each time before use. Dideuterioketene 
(CD2CO) was prepared in an analogous manner from 99% 
acetic anhydride-d,, obtained from Merck, Sharp and Dohme. 

Photolysis experiments were conducted at room temperature 
in a 500 mL Pyrex glass vessel, using the unfiltered light from 
a 100 W high-pressure mercury lamp; during the filling of the 
reaction vessel and the analysis of the products, it was necessary 
to avoid condensing isocyanide and ketene together in liquid 
nitrogen, as they react immediately under these conditions. 
Products were identified by gas chromatography (using a 
Pennwalt 223 column at 70°C)coupled with mass spectrometry. 

Results and Discussion 
Our initial supposition was that methylene radicals, 

which commonly insert into C-H bonds in organic 
molecules (a), would react with methyl isocyanide to 
form a vibrationally hot ethyl isocyanide molecule. 

This excited molecule would then isomerise to ethyl 
cyanide 

kl 
[21 [C2H5NC]* + C2H5CN 

at a rate which can be estimated according to uni- 
molecular reaction theory (9), or be stabilised 
collisionally 

k2 
[3 1 [C2H5NC]* + M + C2HSNC + M 

Thus, the relative rates of formation of cyanide and 
isocyanide should obey the simple form 

[4] REtCN [M]/REtNC = kl/k2 = constant. 

At low pressures (5-10 Torr of methyl isocyanide, 
1-5 Torr of ketene), the reaction product was 
almost exclusively ethyl cyanide, with small amounts 
of methyl cyanide and hydrogen cyanide amounting, 
respectively, to about 10% and 1% of the total 
product. Increasing the total pressure of the system 
by addition of up to 600 Torr of argon or nitrogen 
led to small but increasing yields of ethyl isocyanide; 
qualitatively, at least, this is consistent with the 
reaction scheme proposed above. 

Likewise, the reaction of methylene radicals with 
ethyl isocyanide gives significant quantities of 
n-propyl cyanide and n-propyl isocyanide, but only 
minute traces of s-propyl cyanide and s-propyl 
isocyanide. Neither methyl cyanide nor ethyl 
cyanide reacts with methylene radicals, nor are any 
of the cyanides or isocyanides affected by the 
photolysis lamp in the absence of ketene (cf. also 

refs. 10 and 11 for more extensive information, on the 
photochemical reactions of methyl isocyanide). 

Returning to the reaction of methylene radicals 
with methyl isocyanide, the relative variations of the 
yields of ethyl cyanide and ethyl isocyanide can be 
shown to be consistent with the reaction scheme 
[I]-[3], at least semiquantitatively. Because of the 
need to avoid condensing reactant or product 
mixtures in liquid nitrogen, and because of the 
relatively high pressures of argon required to pro- 
duce significant quantities of ethyl isocyanide, we 
chose simply to study the variation of product yields 
with varying ketene pressure at fixed isocyanide 
pressure, realising that this procedure is somewhat 
unconventional and very inefficient in the use of 
methylene radicals. Table 1 gives a summary of the 
results of four experiments carried out at different 
ketene pressures, but otherwise performed under the 
same conditions. It is clear that, in the penultimate 
column of this table, the relationship [4] holds quite 
well. If we assume collision diameters of 4.5 and 
5.5 A respectively for CH,CO and [C,H,NC]*, the 
appropriate collision number Z = 4 x lo-'' cm3 
molecule-' s-' at room tem~erature. We mav also 
assume (9) that the rate constant for deactivation of 
vibrationally excited ethyl isocyanide, i.e. k,, is 
0.1 times the collision rate constant Z,  whence the 
data in Table 1 give k, as approximately 2.2, x 10" 
s-I. 

By using the following thermochemical data (all 
relating to-the gas phase a t  room temperature) 

AH,(CH,NC) - 41 kcal mol- ' (12) 

AH,(CH,) - 92 kcal mol- ' (1 3) 

AHf(C2H,CN) - 12 kcal mol-' (14) 

the overall reaction 

is approximately 121 kcal mol-' exothermic, and 
since the AH for isomerisation of ethyl isocyanide is 
about -22 kcal mol-' (12, 15), this indicates that 
the newly formed ethyl isocyanide molecule in reac- 
tion [I] contains about 99 kcal mol-' of internal 
energy. We may then estimate the rate constant k t  
for the isomerisation of such an excited molecule 
(16), treated as a collection of Morse oscillators' and 
rigid rotors with kinetic and spectroscopic properties 
as tabulated in ref. 9, to be approximately 4.1 x 
10tOs-'. We conclude that in view of both the un- 
certainties in the theoretical model and in the 
experimental method, the proximity of this figure to 

IAlternatively, in the harmonic-oscillator rigid-rotor approx- 
imation, theestimated value would be about 6 x 10''s-' (16). 
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GLIONNA AND PRITCHARD 

TABLE 1. Relative rates of formation of products in the reaction of methylene 
radicals with methyl isocyanide at room temperature 

PCH~CO P t o t a ~  RE~CNIRB~NC RM~CNIREINC P t o t a ~  x R P t o t a ~  x R' 
(Torr) (Torr) (= R) (ER') ( X  lo-3) ( x  lo-3) 

our enperid7ntally derived value of about 2 x 101° 
s-' lends sppport to our interpretation of the 
experimentdliprocess. 

/ The last column in Table 1 may suggest that the 
ratio RMeCN[M]/REtNc is also constant, if one 
acknowledges the fact that at high pressures, the 
yield of methyl cyanide is too small to be measured 
accurately on the tail of the methyl isocyanide peak: 
thus, it appears that at these energies, there could be 
another reaction channel available 

with k3 -- 1.7 x lo9 s-'. This would imply that at 
very high temperatures, the thermal decomposition 
of ethyl isocyanide should yield small amounts of 
methyl cyanide, as well as the normal product ethyl 
cyanide; methyl isocyanide would also be formed by 
the reverse of reaction [I], but would not live long 
enough to be detected by conventional kinetic tech- 
n i q u e ~ . ~  At the same time, at these high tempera- 
tures, one would expect the formation of large 
quantities of hydrogen cyanide, since this is a major 
product in the conventional pyrolysis of ethyl 
cyanide (17, 18); however, in our reaction, the yield 
of hydrogen cyanide was only of the order of 10-20% 
of that of the methyl cyanide, and we were unable to 
estimate a rate constant for the postulated third 
channel 

[71 [C2HsNC]* -+ HCN + C2H, 

The observations described so far are not incon- 
sistent with the proposed reaction scheme [I]-[3], 
but they do not shed any light on the nature of the 
addition process [I], neither in respect of the site of 
attack nor in respect of the degree of excitation of 
the methvlene radical involved. The addition of 
small quantities of air or oxygen to our reaction 
mixtures, commonly used (1, 2) to ensure that only 
singlet methylene radicals undergo reaction, sup- 

21n this respect, it is interesting to note that the simple 
photolysis, under our conditions, of an unpurified commercial 
sample of ethyl cyanide gave small amounts of methyl cyanide, 
methyl isocyanide, and ethyl isocyanide, presumably through 
photosensitisation by an unknown impurity to form a hot 
ethyl cyanide molecule. 

pressed the formation of all the products noted 
above. However, in view of the high reactivity of 
isocyanides in general (19) and the incipient free- 
radical nature of the proposed adduct [C2H,NC]*, 
we do not feel that this observation is decisive, one 
way or the other. Thus, although we have been 
unable to demonstrate conclusively that we observed 
the reactions of singlet methylene radicals, the high 
pressures used in Table 1 would tend to support that 
assumption. However, from the mass-spectroscopic 
evidence we now describe, it appears to be reasonably 
certain that the overall addition process [l] may be 
regarded as an insertion into the R-NC bond rather 
than an insertion into a C-H bond, as is usually 
observed (8). 

Using dideuterioketene as the source of radicals, 
samples of ethyl cyanide and methyl cyanide taken 
from low-pressure runs, and a sample of ethyl 
isocyanide taken from a high-pressure run, were sub- 
jected to mass-spectroscopic examination. These 
experiments show that (i) the ethyl cyanide and ethyl 
isocyanide formed both contain two D atoms as 
expected; (ii) the cracking patterns of these mole- 
cules show fairly unambiguously that the CD2 
radical inserts into the H3C-NC bond: in the first 
place, mass peaks are present at m/e = 42 (CD2CN') 
and 40 (CDCN' or CH2CN+), but there is no peak 
at m/e = 41 (CHDCN'); moreover, there is a strong 
peak at m/e = 15 (CH,'), but nothing above 
background at mass values of 16 (CH2Df) or 
17 (CD2Hf). This conclusion is also supported by 
the absence of s-propyl products in the reaction of 
methylene radicals with ethyl isocyanide, as noted 
above; (iii) the methyl cyanide formed in the CD2- 
labelled reaction [6] contains no deuterium atoms. 
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M. PARRIS and A. W. ASHBROOK. Can. J. Chem. 57,1233 (1979). 
The rate of first-order hydrogen-ion independent chromium isotope exchange between 

benzylchromium(II1) and chromium(I1) ions is 1.2 x 10-2 M-' s-' at 0°C in a 70% methanol - 
water solvent, AS* = -28.5eu, AH* = 10.3 kcal M-'. For the corresponding exchange 
between benzylchromium(III) and p-chlorobenzylchromium(III) ions, these figures are 1.2 x 
10-3 M-1 s-l , -32.2 eu, and 10.9 kcal M-l .  

M. PARRIS et A. W. ASHBROOK. Can. J. Chem. 57, 1233 (1979). 
La vitesse du premier ordre de l'echange isotopique du chrome, independante des ions 

hydrogene, du benzylchrome(II1) et du chrome(I1) est Bgale a 1.2 x M-' s-I a 0°C dans 
un solvant a 70% mkthanol/eau; le AS* = 28.5 ue et le AH* = 10.3 kcal M-'. Pour I'Bchange 
correspondant entre les ions benzylchrome(II1) et p-chlorobenzylchrorne(III), ces valeurs sont 
respectivement 1.2 x M-' s-', -32.2 ue et 10.9 kcal M-'. 

[Traduit par le journal] 

I 
7 It has been suggested (I) that the mixed coupling [3] *Benzyl Cr2+ + benzyl *Cr2+ A 1 upon reduction of mixed organic halides by chro- *Benzyl *Cr2+ + benzyl Cr2+ 

j mous ion results from an inner sphere exchange, 
i in order to assess the more symmetric four-centred / [I] Benzyl Cr2+ + *benzyl halide transition state, 
1 + Benzyl halide + *benzyl Cr2+ 

occurring simultaneously with a coupling sequence, 

1 [2] Benzyl Cr2+ + *benzyl halide 
Experimental Section 

! + Benzyl *benzyl + halo Cr2+ 
Materials 

1 The extent to which these two reactions occur 
together leads to the postulate that similar inter- 
mediates are involved in both reactions (2), in 
particular a four-centred transition state for the 
coupling reaction, 

C6HsqHz.-.-x 

c ~ H ~ ~ H ~ - - - - ~ ~  

kinetically indistinguishable from that for the 
exchange, 

Evidence for the former transition state was appar- 
ently obtained when an optically-active threo-2,3- 
diphenylbutane resulted from the reduction of the 
a-phenethylchloride (2). I t  was of interest to deter- 
mine the extent of exchange between two different 
benzylchromium(1II) species: the more symmetric 
analogue of reactions [I] and [2], 

Chromium(II1) perchlorate stock solution was prepared 
from potassium dichromate, perchloric acid solutions by 
reduction with either ethanol or formic acid, and used to 
prepare chromium(I1) solutions by reduction with zinc 
amalgam. The chromous solutions were always prepared 
immediately prior to their use, and always contained at least 
half as many gram-ions of Zn(I1) as Cr(I1). 

='Cr tracer was obtained from Atomic Energy of Canada 
Ltd. as a solution of sodium chromate. The tracer was added 
to an aliquot of the potassium dichromate and fumed with 
perchloric acid to remove any chloride. 
1,l-Dimethyl-2-phenethylethanol (Eastman) was distilled, 

bp 62-64OC (1.5 rnrn), benzyl bromide (Eastrnan), 1,l-di- 
methyl-2-(p-chlorophenyl)ethanol, p-bromobenzyl bromide, 
p-methylbenzyl bromide, and p-methoxybenzyl bromide 
(Aldrich) were used without further purification. 

Ion-exchange resin, Dowex 50-X2 and 50-X8, 100-200 mesh 
(Baker) was pretreated as follows: after removal of the fine 
material the remaining resin was warmed with a dilute alkaline 
solution of hydrogen peroxide, washed with dilute hydro- 
chloric acid and then with water, and stored under 1 m 
perchloric acid. 

I ,  I-Dimethyl-2-(p-chlorophenyl)ethyl Hydroperoxide 
This was by an adaptation of the method for 1,l- 

dimethyl-2-phenylethyl hydroperoxide (1). The preparation is 

0008-4042/79/101233-05$01 .OO/O 
e l979  National Research Council of Canada/Conseil national de recherches du Canada 
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hazardous. Recrystallization from petroleum ether gave white 
needles, mp 51-52"C, yield 28%. Analysis by ceric titration 
showed greater than 99.5% hydroperoxide. 

Apparatus 
Ion-exchange columns were jacketted at O°C. A well-type 

NaI crystal (1 x 1.5 in.) was used as a scintillation detector. 
Provision was made for continuous monitoring of the column 
eluate, fraction collection, and counting of individual samples. 
A Beckman model B spectrophotometer was used for chromium 
analyses on the column eluate. 

Analysis 
Chromium(I1) concentrations were determined by ferric 

oxidation and ceric back-titration. Free acid was determined, 
after oxidation of any chromium(I1) present, by passing an 
aliquot through an ion exchange column in the hydrogen ion 
form. Total chromium was determined spectrophotometrically 
at 372111x1, as chromate (3) after alkaline oxidation with 
hydrogen peroxide (4). The main chromium species (see Fig. 
1 A) separated from an exchange between benzylchromium(II1) 
and chromium(I1) ions, quenched by ferric ammonium 
sulphate, was found to be a sulphatochromium(II1) ion plus a 
small (<5%) amount of a disulphatochromium(III) ion, in 
addition to the hexaaquochromium(111) ion initially present. 
The sulphato complexes were identified by spectra (6) and by 
CrS04 analyses on the separated fractions. No ligated ethanol 
was found even when the benzylchromium(II1) ion had been 
prepared originally in 90 vo1.Z ethanol-water at O°C. Visually, 
oxidation of chromium(I1) ion by ferric ammonium sulphate 
did not appear to be slower than by ferric perchlorate for 
which k = 2 x lo3 M-Is- '  at 25"C, and the lack of ligated 
ethanol must reflect discrimination by chromium(I1) ion 
against ethanol. Ethanol, bound and unbound, associated with 
chromic species was determined by the method of Kemp and 
King (5). 

Determination of Rate Constants 
I .  Oxidation of Cr(II) ,  Spectrophotometric Method 
Solvent was measured into the capped, thermostatted cell 

and the appropriate reagent introduced by means of a hypo- 
dermic syringe. 

2. Isotope Exchange Reactions 
The general procedure used was as follows. 

Exchange between Benzylchromium(III) Ion and 
Chromium(II) Ion 

1,l-Dimethyl-2-phenethyl hydroperoxide or benzyl halide 
and solvent were nitrogen-flushed in a capped vessel. A 
stoichiometric quantity of chromium(I1) perchlorate solution 
was added to produce the benzylchromium(II1) ion. A known 
amount of labelled chromium(I1) perchlorate solution was 
added and after a time the exchange was quenched by addition 
of a slight excess (2%) of oxygen-free ferric solution before 
injection of an aliquot into the ion-exchange column. The 
eluate activity was continuously monitored and Fig. 1 shows 
typical records obtained. In experiments in which ferric 
ammonium sulphate was used as the quenching reagent, the 
column was eluted initially with 1 m perchloric acid for the 
chromic sulphate species and then with 2 m perchloric acid 
for, fist, the hexaquochromium(III) and, later, the benzyl- 
chromium(II1) ion. In the case of ferric perchlorate quenching, 
2 m perchloric acid was used throughout. 

Exchange between Benzylchromium(III) Ion and 
p-Chlorobenzylchromium(III) Ion 

Unsubstituted benzylchromium(I1I) ion was prepared from 
labelled chromium(I1) ion and an aliquot of the unlabelled 

ELUTION TlME ( h )  

ELUTION TIME ( h )  

FIG. 1. (A)  Elution of 51Cr-containing species in the exchange 
between benzylchromium(II1) and chromium(I1) ions. (B)  
Elution of 51Cr-containing species in the reaction between 
benzylchromium(1II) ion and benzylchloride. ( C )  Elution of 
51Cr-containing species in the exchange between benzyl- 
chromiurn(II1) and p-chlorobenzylchromium(111) ions. 

species injected into the labelled solution. After the required 
exchange time, an aliquot of the mixture was treated as before. 

Exchange between Benzylchromium(II1) Ion and 
Hexaquochromium (111) Ion 

The same general procedure was used, the labelled species 
being hexaaquochromium(111) ion. 

3. Oxidation of Cr(II) ,  Ion-exchange Method 
In many cases it proved convenient to use an adaptation of 

the isotope exchange method in order to study the reaction 
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PARRIS AND ASHBROOK 

TABLE 1. Cr exchange between benzylchromium(III) and chromiurn(I1) in 70 vo1.Z methanol - 
water 

Exchange time 
(min) 

Temperat ure [Cr(II)] 
("C) x lo2 

aThe benzylchromium(III) was prepared from C6H5CH2C(CH3)200H and thus there was present also an 
equivalent amount of Cr(lII)(H20)6. 

bContains additionally 0.1 M LiCI. 

between benzylchromiurn(111) ion and the benzyl halides. 
: Labelled benzylchromiurn(II1) ion was prepared from 1 , l -  

dimethyl-2-phenylethyl hydroperoxide and labelled Cr(II), 
mixed with the benzyl halide, and used in ion-exchange 

! chromatography as before. 

Results and Discussion 
Exchange Reactions 

The rate R at which a chromium(111) species 
exchanges with chromium(I1) follows the McKay 
exponential function 

F is the extent to which distribution of the label 
between chromium species approaches the equili- 
brium value of 1 and, where the Cr(II1) is originally 

i inactive, is given by 

S,' being the specific activity of species x at time t .  
For a second-order exchange rate 

Table 1 contains data for the exchange between 
benzylchromium(III), B,Cr(II1),,2 +, and chromium- 
(11), Cr,;', ions at various temperatures, acid and 
salt concentrations. 

The exchange 

could perhaps result from the successive reactions 

since hexaaquochromium(11I) ion, Cr(III),;+, is 
present, formed coincidentally with the benzyl- 
chromium(111) species. However, the rate constant 
for reaction [5] is I 2 x lo-' M-' s-I . For reaction 
[6] the exchange rate in 70 vo1.X methanol - water 
at P C ,  [B,Cr(111)~+] = 2.0 x lop2  m, [Cr(II1),,3 +] 
= 5.0 x lop2  m was found to be very slow; after 
1.5 h practically no exchange had occurred and an 
upper limit for the rate constant is calculable, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1236 CAN. J. CHEM. VOL. 57. 1979 

5 3  x lo-' M - l  s-l. The average rate constant for 
reaction [4] at 0°C is 1.2, x lo-' M-' s-l, AS* = 
-28.5 f 1.1 eu, and AH* = 10.3 f 0.3 kcal mol-l. 

Figure 1 B illustrates how two apparently distinct 
chromium(111) species (CrA3+ and Cr,3+) are pro- 
duced in the reaction between benzylchromium(III) 
ion and various benzyl halides. The rate of increase 
of [CrB3+] followed the rate of increase of [CrX2+], 
the initial product of reduction of the benzyl halide, 
C6H5CH2X, by the chromous ion. When the 
reaction was allowed to proceed after complete 
decomposition of the benzylchromium(111) ion, 
[CrB3+] increased, [CrX2+] decreased, and [CrA3+] 
remained virtually unchanged. It is concluded that 
CrB3+ results from aquation of CrX2+ and CrA3+ 
from the original oxidation of chromium(I1) ion 
by 1,l-dimethyl-2-phenylethyl hydroperoxide. The 
CrA3+ was identified as Cr(III)(H20)$+ by its 
absorption spectrum, A,,, 407 and 573 nm (5). 
Determination of bound ethanol in the Cr;+ species 
on the other hand showed 0.5 to 0.8 mol ethanol per 
atom Cr. 

Rate constants for exchange between two different 
benzylchromium species (see Fig. 1C and eq. [3], 
*benzyl = p-chlorobenzyl) 

were found to vary significantly with the ion elution- 
rate owing to that reaction which had occurred after 
injection into the ion-exchange column yet prior to 
separation thereon. There is no obvious way to 
arrest this exchange; however, at constant elution- 
rate the log (1 - F) plots are linear with a t = 0 
intercept less than 1. The unit intercept is restored 
by shifting the plot ca. 112 h, indicative of a reason- 
ably constant separation time. At 0°C the half-time 
for exchange was typically ca. 4 h and the rate con- 
stant for reaction [7] was found to be 1.2 x lop3 
M - l  s-l, AS* = -32.2 f 1.6 eu and AH* = 10.9 
f 0.3 kcal mol-l. 

The reactions between benzylchromium and benzyl 
halides were studied at temperatures between 0 and 
25"C, Table2, and the rate of disappearance of benzyl- 
chromium monitored spectrophotometrically at 360 
nm. For example 

[81 PhCH2Craq2 + + PhCH2Br -t Products 

[8A] PhCH2Craq2+ + PhCH2CI -+ Products 

[91 PhCH2Cra,2 + + p-BrC6H4CH2Br -+ Products 

Reaction [8] implies and includes the sequence: 

TABLE 2. Exchange rates between some substituted benzyl- 
chromium(I11) and chromium(I1) ions at O°Ca 

[Species] x lo2 [Cr2+] x 10' k(M-l S- l )  x lo2 

C6H,CH2Cr2 + 2.52 6.48 1.20" 
P-BrC6H4CH2Cr2+ 2.50 6.52 1.06 
p-MeC6H4CH2Cr2 + ' 2.88 6.95 1.05 
p-MeOC6H4CH2Cr2+ 2 2.8 6.85 1.11 

- 

'ILiC1041 = 0.4, IH+l = 0.3, 70 vo1.Z methanol -water. 
*From p-Brbenzylbromide. 
CFrom p-Mebenzylbromide. 
dFrom p-MeObenzylbromide. 
'Data from Table 1. 

PhCH2CH2Ph + CrBraq2+ 

k4 
[I31 CrBr,:+--+CrB3+ + Br- 

Reaction [9] implies and includes in addition the 
sequence : 

ks 
[14] PhCH2Cr,,2+ + p-BrC6H4CH2Br -4 

The differential equations associated with these 
reaction schemes cannot be solved in closed form. 
Using known or estimated values for the rate con- 
stants k,-k,, a numerical integration by the Runge- 
Kutta method (8) confirmed that the observed 
spectrophotometric and concentration data are in 
agreement. The rate constants used were obtained as 
follows : 

k,: lo3 M-' s-' (1, 9); 
k,: calculated from experimental data for both 

the decrease in benzylchromium and the increase in 
CrA3+, 2.3 x lo-, s-I (2); 

k,, k,, k,, k7, k,: calculated from the initial rate of 
disappearance of the appropriate benzylchromium. 
These initial rates were practically the same for 
reactions [8] and [9]. Furthermore, organic product 
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PARRIS AND ASHBROOK 1237 

rate constants used (at 0°C) were all 5.0 x l op5  M-' 
s-l. For the chlorides the value of 1.0 x lop7  was 
used. 

k,: aquation rate constants were calculated from 
available data.. For chloropentaaquochromium(JII) 
at O0C, [H'] = 0.5, a value 1.0 x s-' was used 
(7) and for the bromo species, 2.0 x lop6 s-l  (10); 

k,: this was determined in the same way as k,, 
1.0 x lop6 s-l. The values for k ,  and k, used here, 
2.3 x and 1 x s-l, are comparablein ratio 
to the values at 28"C, 1.0 x and 4.6 x spl 
from ref. 2. Figure 2 shows the experimental concen- 
trations of reactants, intermediates and products for 
the reaction between benzylchromium(lII) ion and 
p-bromobenzylbromide at O"C, together with values 
calculated using these rate constants. 

1 .  J. K. KOCHI and D. DAVIS. J. Am. Chem. Soc. 86,5264 
(1964). 

2. J .  K. KOCHI and D. BUCHANAN. J .  Am. Chem. Soc. 87,853 
(1965). 

3. E. DEUTSCH and H. TAUBE. Inorg. Chem. 8,1532 (1968). 
4. G. W. HAUPT. J .  Res. Natl. Bur. Stand. 48.414(1952). . . .  

REACTION TIME ( h )  5. D. W. KEMP and E. L. KING. J .  Am. Chem. Soc. 89,3433 
(1967). 

I FIG. 2. Experimental (0) and calculated (-) concentrations 6, N, F ~ ~ ~ ~ ,  J ,  M, J .  TAI, and Y, YARBOROUGH, J. Am. 
for the reaction between benzylchromium(I1I) and p-bromo- Chem. Soc. 84, 1145 (1962). 

1 benzyl bromide a t  O°C in 70 ~ 0 1 %  methanollwater, P = 0.5, 7 ,  T. W. S W ~ D D L E  and E. L. KING. Inorg, Chem. 4, 532 
[H+] = 0.05. (IQAO \.,".,,. 1 
proportions from reactions between benzylchromium 8. T. H. ESpENSON and 0. J .  PARKER. J. Am. Chem. ' 0 ~ .  907 

3689 (1968). 
and several substituted benzyl halides were similar, 9, F, A. L. ANET and E. LEBLANC. J. Am. Chem. Sot, 79, : indicating that reaction proportions, and so rates, 2649 ( 1957). 
are essentially the same. For the benzyl bromides, the lo. F. A. GUTHRIE and E. L. KING. Inorg. Chem. 3,916(1964). 
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A gas chromatographic detector based on the quenching of luminescence from a P4/02 
cold flame 

WALTER A. AUE AND ZBIGNIEW M. MIELNICZUK' 
5637 Life Sciences Centre, Dalhousie Unioersiry, Halifax, N.S., Canada B3H 4Jl 

Received October 3, 1978 

WALTER A. AUE and ZBIGNIEW M. MIELNICZUK. Can. J. Chem. 57, 1238 (1979). 
Gas chromatographic effluents were detected by their quenching effect on the luminescence 

of a steady 'cold flame', as provided by the gas-phase reaction of phosphorus vapor and oxygen. 
The response of organic compounds correlated with their 'ease of oxidation' in accordance 
with the literature, suggesting that such compounds act as oxygen atom scavengers in the 
branched-chain P4/02 reaction. 

Most substances showed linear response over one to two orders of magnitude, and minimum 
detectable amounts ranged from 2 x 10-gg (benzaldehyde) to 2 x 10-4g (dichloromethane). 
The detector temperature could be varied to (a) alter response ratios, i.e. selectivity, among 
some types of compounds; and (b) produce easily-obtained Arrhenius plots. However, the 
response (luminescence quenching) of most compounds was independent of temperature over 
a considerable range. 

WALTER A. AUE et ZBIGNIEW M. MIELNICZUK. Can. J. Chem. 57, 1238 (1979). 
On a detect6 des gaz qui s'6coulent d'un chromatographe gr5ce a leur effet d'amortissement 

sur la luminescence d'une "flamme froide" stationnaire fournie par une reaction en phase 
gazeuse de vapeurs de phosphore et d'oxygene. Le taux de composes organiques peut &tre relie 
A leur facilite d'oxydation; cette observation est en accord avec les suggestions faites dans la 
litterature k I'effet que de tels composes peuvent agir comme pikges pour des atomes d'oxygkne 
dans la reaction de P4 chaine ramifi6e/02. 

La plupart des substances repondent d'une f a ~ o n  linkire selon un ou deux ordres de gran- 
deur; les quantites minimales que l'on peut detecter vont de 2 x 10-9g (benzaldehyde) 
jusqu'a 2 x 10-4g (dichloromethane). On peut faire varier la temperature du detecteur afin de 
(a) faire varier les rapports de rkponse, soit la selectivite entre quelques types de composts; et 
(b) produire des courbes d'Arrh6nius qui peuvent &tre obtenues facilement. Toutefois, la 
reponse (I'amortissement de luminescence) de la plupart des composes est independante de la 
tempkrature sur une grande &endue. 

[Traduit par le journal] 

Introduction as follows : 

The chemiluminescent oxidation of white phos- 111 P, + 0, + P,O + 0 initiation - - 
phorus has been known for a few centuries. The 

[21 P4 + O + M + P40 + M propagation 
origin of its glow or 'cold flame' has intrigued and 
challenged many a scientist, and the literature on the [31 P4On + 0 2  + P40n+l + 0 branching, where n = 1-9 

subject has become voluminous (1). Yet, this com- 141 0 + OZ + M -+ o3 + M termination 
plex phenomenon is still not understood in all of its 

P I  0 + inhibitor -+ termination aspects. 
Semenoff characterized the luminescent oxidation 

of phosphorus as an isothermal, branched-chain 
radical reaction (2). This interpretation fitted well 
the easily-observed, sharp upper and lower limiting 
pressures of oxygen, outside of which there occurs 
little if any luminescence. The light-emitting species 
is unknown (3), but kinetic investigations have estab- 
lished reasonable models based on the correlation of 
these limits to various experimental parameters. 

The gas-phase oxidation of white phosphorus, 
according to Dainton and Kimberley (4), proceeds 

lPresent address: Institute of Food and Nutrition, Warsaw, 
Poland. 

[61 o + wall + termination 

Reaction [2] is strongly exothermic and has no energy 
of activation; but E(?, = 4.3 kcal(4). 

The reaction of primary interest in the context of 
this paper is the gas-phase termination step [ 5 ] .  It 
competes with the chain propagating reaction [2] for 
oxygen atoms, thereby lowering, in the experiments 
by Dainton and Kimberley, the upper limit of 
oxygen pressure. 

The reasonable use of reaction [5] in a gas chroma- 
tographic detector cannot rely on the measurement 
of a limit, i.e. a glowlno glow criterion. Rather, the 
reactions have to proceed well within limits to obtain 

0008-4042/79/101238-06$0 1 .OO/O 
a1979 National Research Council of CanadalConseil national de recherches du Canada 
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AUE AND MIELNlCZUK 1239 

linear response to the inhibitor (the gas chromato- 
graphic effluent). Since reactions [2] and [5] compete 
for oxygen atoms, the inhibitor should decrease the 
(intrinsic) luminescence of a steady P,/O, cold flame. 

Under reasonable gc detector conditions, a cold 
flame is best produced from an excess of P, vapor 
and extremely small (sub-ppm) levels of 0,.  Thus 
reaction [4] is of minor importance. Furthermore, the 
cold flame is small and sharply defined under these 
circumstances much like the flame of an FID. Thus, 
reaction [6] does not occur. 

Since P4/02 chemiluminescence consists mainly of 
a continuum (3), spectral discrimination cannot be 
usefully employed. But without spectral discrimina- 
tion, any luminescence arising from the reaction of 
gc effluents with 0 or 0 , ,  will in effect oppose the 
quenching effect on P,/O, chemiluminescence. It 
could, indeed, lead to a net increase in light emitted. 
Thus 'positive' gc peaks could be observed under 
these circumstances in contrast to the usual 'negative' 
ones. 

Many luminescent reactions involving 0 and 0, 
are known (5 ) ,  and have given rise to various air 
pollution monitors and even a gc detector (6).  
Judging from these data, as well as from two of our 
own studies (7, 8), there should exist particular cases 
where the magnitude of such responses becomes large 
enough to be noticed. These should not, however, 
seriously impair the over-all performance of the 
proposed detector. 

I t  is understood that the effect of inhibitors on the 
P4/02 reaction, and the reaction rates of such sub- 
stances with oxygen atoms produced by other means 
(9), correlate to what one may vaguely describe as 
their 'ease of oxidation'. This term should be under- 
stood in the traditional context of organic synthesis; 
indicating, for instance, that benzaldehyde is much 
easier oxidized than toluene. Translated to detector 
response, then, the former should yield a much larger 
signal than the latter. On this basis, an approximate 
prediction of response can be had for many com- 
pounds. Conversely, the detector could serve to 
compare and quantify, in an easy manner, the oxida- 
tion behavior of many organic structures. 

This reciprocity, in our view, is important. It helps 
to justify further investigation of the effects of gas 
chromatographic effluents on the luminescence 
yield of the P4/02 reaction. Thus we would expect 
this study to be of interest in the following three 
contexts. 

First, the context of oxygen atom chemistry. Many 
studies have been concerned with this topic (9) but, 
mostly owing to technical difficulties, much remains 
to be learned. The P4/02 system, in the clean, flow- 

through configuration of a gc detector, appears to 
offer a cheap and convenient source of oxygen 
atoms with luminescence as built-in indicator. Gas 
chromatographic measurements are rapid and easily 
performed over a wide temperature range, besides 
contributing the inherent advantage of a highly 
purified test compound. 

Second, the context of biochemical oxidation. It 
seems reasonable to speculate that a detector based 
on the reaction of oxygen atoms with analyte mole- 
cules, could parallel in some of its responses bio- 
chemical reactivity. 

Many anthropogenic substances depend on micro- 
soma1 oxidation for activation, detoxification, etc. 
Their chemical 'ease of oxidation' has been more 
than once correlated with biological activity; 
especially for anticholinesterases and carcinogens 
(10). 

To invoke such speculations may seem far- 
fetched. However, their realization would not lack 
precedent. Most of the substances that respond well 
in the electron capture detector (ECD) are of con- 
siderable biological activity (pesticides, steroids, etc.), 
and a causal relationship has been suggested (1 1). 

If so, then a strong response from the ECD can 
pin-point an 'important' substance in screening ex- 
periments. It may lead, as it has done on several 
occasions in the past, to the discovery of potentially 
harmful trace components in complex environmental 
or biological extracts. Possibly the P4/02 detector 
can play a similar role. 

Third, and of primary importance for this paper, 
is the analytical context. It concerns the prospect of 
developing a gas chromatographic detector for some 
analytically difficult types of compounds; compounds 
for which a truly selective gc detector does not now 
exist. In technical terms, this task appeared but a 
logical extension of our recent experience with 
phosphorus vapor for the determination of molecular 
oxygen in gas streams (7). 

Experimental 
Three photometric detector prototypes, designated OD1, 2 

and 3, were used in this study. The first, OD1, served initially 
in the detection of oxygen (hence the abbreviation OD) down 
to the 20pg level (7). The P4/O2 chep~iluminescence was 
monitored by a low-noise PM tube through a light guide in 
non-dispersive mode. The construction of the technically 
improved models OD2 and 3, which are better suited to the 
monitoring of organic analytes via quenching of the P4/02 
chemiluminescence, has been described in detail (8). The three 
detectors differ in mechanical and operational detail (ease of 
cleaning, temperature control, etc.) but not in basic design or 
function. This paper, in contrast to refs. 7 and 8, deals not 
with detector construction but with the characterization and 
possible interpretation of its responses. 
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OD SCHEMATIC 

I from 

CHEMILUMINE~C;NT 
OXIDATION Z O N ~  

- exhaust 
FIG. 1. Schematic detector cross section. 

However, to allow facile orientation, the mostly used OD3 
is shown in schematic representation in Fig. 1. P4 vapor was 
supplied in a 20 mL/min stream of nitrogen, which had passed 
over liquid white phosphorus at 50°C. Oxygen was supplied by 
a minute stream of 'high purity' grade nitrogen (- 14 ppm O,), 
adjusted to produce a constant light level throughout the 
experiments. This level was established by prior signal/noise 
maximization. 

Gas chromatographic conditions were essentially routine. A 
150 x 0.2 cm id glass column packed with 3% OV-101 on 
Carbowax 20M-deactivated Chromosorb W, 100/120 mesh, 
was used with a 25 rnL/min nitrogen flow. Test compounds 
were taken mostly from Chemical Standard Kits (Polyscience 
Corp. and Chem. Service) and used without further purifica- 
tion, provided not too many impurity peaks were noticed. 

For calibration graphs, single compounds were injected at 
isothermal conditions. The temperature was chosen to produce 
approximately the same retention time for all compounds. For 
temperature dependence curves, typical solutes selected from 
preliminary runs were combined in one mixture, and chroma- 
tographed at four different dilutions with a standard tempera- 
ture program. This was done to ensure that the values for the 
Arrhenius plot would be taken from within linear range. 

On occasion, the column effluent was split to supply OD3 
and a conventional FID simultaneously, or the FID exclu- 
sively. For comparison, OD3 was also operated with ozone as 
a reagent gas, or with a steady SiH4/02 cold flame. The former 
served as tie-in to the work of Bruening and Concha (6), the 
latter provided a chemically different light source that was also 
quenched by column effluents (8). All other conditions were as 
indicated in the legends. 

Results and Discussion 

Most tested compounds produced response as 
expected, i.e. a decrease in the level of light reaching 
the photomultiplier tube (negative peaks). Positive 
peaks were observed occasionally, depending on the 
nature and concentration of the solute, and on 
detector conditions. Oxygen had to be present in the 
system for positive peaks to occur. Although in- 

teresting in their own right, these were not further 
evaluated in the context of this study. Also, no 
efforts were made to define any spectral features 
associated with the passage of peaks. 

Table 1 lists most of the compounds that were used 
to test detector reponse. Values for molar response 
and linear range are deliberately given in one-digit 

TABLE 1. Response and linear range 

Response in mm 
peak height per 

mol injected Linear range 
Compound (noise = 1 mm) (g measured) 

Benzaldehyde 
Tetraethyllead 
Piazselenole 
p-Benzoquinone 
Tetravinyltin 
t-Butyldisulfide 
Crotonaldehyde 
i-Butanol 
I-Butanol 
Dimethylsulfoxide 
1-Pentanol 
I-Hexanol 
see-Butanol 
Mercaptoethanol 
I-Octanethiol 
Butyraldehyde 
Valeraldehyde 
Benzenethiol 
t-Butanol 
a-Pinene 
t-Amy1 alcohol 
I-Octene 
Phenol 
2-Octanone 
Fluorobenzene 
Thiophene 
n-Octane 
Toluene 
Benzene 
Chloro benzene 
Bromobenzene 
Dichloromethane 

Compound 

2 x  10" 
1 x 10" 
1 x 10" 
1 x 10" 
6 x 1Ol0 
5 x 1O1O 
4 x 1O1O* 
4 x 1Ol0 
3 x 1Ol0 
2 x 1Ol0 
2 x  1Ol0 
2 x 1Ol0 
1 x 1O1O 
1 X1Ol0 
7~ 109 
6x109 
6x109 
5 x lo9 
4 x  lo9 
4x109 
2~ lo9 
2 x 109 
1 x 109 
1 x109 
6 x lo8 
3 x lo8 
2 x  lo8 
1 x lo8 
3 x lo7 
2x107 
2~ lo7 
4x  lo6 

- 
Response in mm 
peak height per 

mol injected Comment 

Diethylmercury 
Tetrahydrothiophene 
Hexamethylditin 
Tetraethyltin 
Aniline 
Anthracene 
Ferrocene 
TetrabutyIgermane 
a-Camphene 
Phenanthrene 
Naphthalene 

One point 
Non-linear 
One point 
One point 
Non-linear 
One point 
One point 
One point 
Non-linear 
One point 
One point 

*From linear range. Upper part of calibration curve non-linear, maximum 
response 7 X 10lO. 
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'1 
0.D CALIBRATION CURVES 

I 
I I I I 

- 9 - 8 -7 - 6 
I I 1 I 

- 5 - 4 - 3 -2 
log grams ln~ected 

FIG. 2. Calibration curves for selected organic solutes quenching P4/02 luminescence. 

numbers, even though the short term reproducibility 
of peak heights was comparable to that obtained 
from other gc detectors. The sole purpose of Table 1 
is to provide an approximate, general survey of the 
response obtained from various organic structures. 
While some approximate comparisons are thus 
reasonable to make, these data should not be used 
in a strictly quantitative context. It is easy enough to 
procure accurate comparisons with this detector on 
a peak area basis, (and it may, in fact, be very de- 
sirable to do so for studies of organic reactivity) but 
the necessary general precautions to ensure sample 
purity, guard against premature solute decomposi- 
tion, etc. become extremely time-consuming when a 
large number of compounds is involved. 

Hence, it has become common practice to forego 
such precautions in gc studies. While its limitations 
are obvious, that approach was clearly called for 
for an exploratory study such as this one. 

Even with these limitations in mind, however, it is 
obvious from Table 1 that OD response relates to 
chemical structure, and that the 'ease of oxidation' 
criterion mentioned earlier plays a dominant role. 
Aldehydes and alcohols are among the best respond- 
ing compounds; halogenated materials among the 
worst. 

The first part of Table 1 lists a greater number of 
compounds for which full calibration curves have 
been established. The second part contains some 
more compounds that (a) did not show linear 
response or (b) were measured only at one concen- 
tration. In the former case, the numbers given for 
peak height per mole injected refer to the highest one 
measured. The three clearly non-linearly responding 
compounds, aniline, tetrahydrothiophene, and cr- 

camphene showed slopes (in a logllog plot where 
slope 1 = linear) of 0.63, 0.84, and 2.0, respectively. 

The linear range is given only as far as actually 
measured; extrapolation to SIN = 2 would have 
given slightly larger values in most cases. (This was 
done because a few compounds, notably dichloro- 
methane, failed to show up at lower concentrations 
even though extrapolation of their calibration 
curves would have suggested otherwise). As can be 
seen from the few, typical examples shown in Fig. 2 
and the numbers quoted in Table 1, compounds do 
differ in linear range. Furthermore, since the level of 
available light and the noise level are only two or- 
ders of magnitude apart, the linear ranges are of 
necessity very short. 

It is interesting to compare, however approximate, 
the molar responses obtained for various types of 
compounds. For instance the series primary :secon- 
dary: tertiary butyl alcohols, with relative molar 
responses of 1 : 0.3 : 0.1 or anthracene : phenanthrene : 
naphthalene :toluene : benzene with relative responses 
of 1 : 0.2 : 0.1 : 0.05 : 0.02. These orders follow the 
general 'ease of oxidation', and various other 
examples can be found. Not surprisingly, results did 
deviate in a few cases from those expected. Little is 
known about the mechanism(s) involved, and there 
is always the possibility that oxidation of the analyte 
produces enough luminescence to reduce the ob- 
served P4/02 flame quenching. 

In general, the selectivity displayed towards 
alcohols, aldehydes, etc. should be helpful to the 
analyses of certain natural products, biofluids, and 
environmental samples. Most calibration curves, as 
judged by a few typical ones shown in Fig. 2, follow 
similar patterns. 
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There are exceptions, though-non-linear ones and 
those that flatten out relatively early. It ought to 
come as little surprise, however, that among the 
many compounds tested, some variation in mecha- 
nism should occur. 

A similar statement can be made about the tem- 
perature dependence of response, shown in Fig. 3 
as an Arrhenius plot for a few selected compounds. 
More than those shown were run and, as expected, 
similar structures did exhibit similar behavior. 

From an analytical viewpoint, the relative response 
of a few compounds, say 2,4,4-trimethylpentene-2 
and 1-hexanol, can be influenced by a judicious 
choice of detector temperature. Other compounds 
show little difference. Above a temperature around 
140°C, response generally increases. 

From a kinetic viewpoint, a different reaction 
mechanism would appear to take over above these 
temperatures. If we assume that the crucial step in 
quenching luminescence is the competition for 
oxygen atoms between reactions [5] and [2], then the 
slope of the lines in Fig. 3 should equal -(EA[5] - 
EA[2])/2.3R; provided the baseline current stays the 
same. If EA[2] = O(4) and no other reaction inter- 
feres, the slope should be characteristic of the 
analyte reaction with oxygen atoms. Obviously this 
could not be applicable to the olefin, and would 
mean zero activation energy for (among other com- 
pounds not shown) benzaldehyde, and, for octane 
and benzene in the lower temperature range. Thus, 
a difference in rates of some four orders of magnitude 
would have to be accounted for by the pre-exponen- 
tial factor. 

This seems quite unlikely. Maybe the simple, 
initial assumptions are incorrect; or perhaps the 
oxygen atoms are epithermal. Even though it is the 

11 benzoldehyde 

FIG. 3. Arrhenius plot for selected compounds. 

FIG. 4. Temperature programmed gc of selected analytes 
near their minimum detectable amounts. 1: N 3 mg dichloro- 
methane (solvent); 2: 26 pg benzene; 3: 150 ng 2,4,4-trimethyl- 
pentene (2); 4: 13 pg n-octane; 5: 50 pg chlorobenzene; 6 :  
unknown; 7: 140 ng 1-hexanol; 8 :  26 ng benzaldehyde. 

quenching of the luminescence, and not the lumines- 
cence itself, that is being recorded, it follows the 
same trend as many chemiluminescent reactions, i.e. 
to exhibit little if any temperature dependence (12). 
The question of mechanism(s) remains unresolved. 

It may be added, however, that this exploratory 
study could not reasonably attempt, nor was it 
designed to provide, a definite answer to this ques- 
tion. Rather, the question was brought up to draw 
attention to an interesting problem, and to the rela- 
tive ease with which a gc detector can provide 
relevant data. 

Figure 4 shows a temperature programmed 
chromatogram of the six compounds used in the 
Arrhenius plot, at concentration levels not too far 
from minimum detectable limits. The figure demon- 
strates well the sensitivities and selectivities charac- 
teristic of the method. 

A further demonstration of selectivity is provided 
in Fig. 5. The same mixture of compounds was 
detected by the OD operating in three different 
modes: the P4/02 quenching mode discussed in this 
paper, an SiH4/02 quenching mode (8), and an 
0,-induced chemiluminescence mode (6, 8). Con- 
ventional FID detection was also included. In order 
to use the same mixture in all four cases and still 
detect all peaks in the FID, some compounds (e.g. 
p-quinone, piazselenole) had to exceed linear range 
in the OD, as may be noticed by the distorted peak 
shapes. The large differences among the four detec- 
tion modes are readily apparent. 

At present, the sensitivity of the OD for the best- 
responding analytes is close to that of the FID. More 
important, however, its selectivity favors easily 
oxidized compounds. 
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si H ~ / o ~  5 /02  FI D 

FIG. 5. Temperature programmed gas chromatography of selected compounds in the microgram range with four 
different detection modes. Injected for FID, P4/O2 quenching and SiH4/02 quenching modes: 1: 1 pL dichloromethane 
(solvent); 2: 1.8 pg 1-pentanol; 3: 4.3 pg n-nonane; 4: 1.9 pg 1-hexanol; 5: 3.8 pg n-decane; 6: 3.5 pg p-quinone; 
7: 2.1 pg tert-butyldisulfide; 8: 1.8 pg 1-octanol; 9: 4.2 pg n-dodecane; 10: 3.6 pg piazselenole; i: impurity. Fourfold 
amounts injected for O3 luminescence mode. Recorder traces for the two quenching modes are inverted. 

This property suggests its use on samples where A9604 and a Dalhousie RDF grant for one of us 
the presence of such compounds is important, but is (Z.M.M.). We appreciate the discussions with R. 
often obscured in the chromatogram by larger Stephens, and the skillful contributions of R. Myatt 
amounts of uninteresting co-eluates. One can in steel and J. Mueller in quartz. 
speculate that aldehydes in air pollution samples, or 
in headspace from a variety of foods and beverages, 1. Gmelin's Handbook #16. P h o ~ h o m s .  Part B. 1964. PP. 

263 -273. may provide a case-in-point. It be 2. N. SEMENOFF. Chemical kinetics and chain reactions. 
interesting to examine volatiles in physiological clarendOn he,,, oxford. 1935. pp. 163-199. 
fluids or breath in this manner. 3. P. T.  GILBERT. In Analytical flame spectroscopy. Edited by 

Another possible use of the OD is operation in R. Mavrodineanu. Macmillan, Toronto. 1970. p. 253. 

parallel with an FID. l-he OD/FID peak height ratio 4. F .  S. DAINTON and H .  M. KIMBERLEY. Trans. Faraday 
SOC. 46,629 (1950). 

for a particular compound (normalized by means of 5. A. FONTIJN, D. GOLOMB, and J.  A. HODGESON. In 
an appropriate standard to account for day-to-day Chemiluminescence and bioluminescence. Edited by M. J.  
variation in the two detectors) should provide a very Cormier, D. M. Hercules, and J .  Lee. Plenum, New York. 

selective test of peak identity. To wit, this ratio 1973.p.393. 
6. W. BRUENING and F. J.  M.'CONCHA. J. Chromatogr. 112, should be fairly characteristic of a compound's 253 (1975). 

nature, since such ratios can vary by more than four 7. z. M. MIELNICZUK, C. G. FLINN, and W. A. AUE. Anal. 
orders of magnitude (cf. Table I), but could likely be Chem. 50,684 (1978). 
determined with only a few percent relative standard 8. Z. M. MIELNICZUK and W. A. AUE. J. Chromatogr. 166, 1 

(1978). deviation. The coincidence, within error limits, of 9, E, W,  R,  STEACIE, Atomic and free radical reactions. 
the OD/F1D for an authentic standard and an Val. 2.2nd ed. Reinhold Publ. Cop . ,  New York. 1954. 
analyte peak of the same retention, would greatly lo. S. K. HALL. Chemical structure and carcinogenicity. 
strengthen the assumption that the two compounds Chem. Can. 1977. 

are indeed identical. 11. J. E. LOVELOCK. In Physical processes in radiation biology. 
Academic Press, New York. 1964. p. 183. 
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The azidonitration of tri-0-acetyl-D-galactal1 
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R. U. LEMIEUX and R. M. RATCLIFFE. Can. J. Chem. 57,1244(1979). 
Reaction of 3,4,6-tri-0-acetyl-D-galactal with excess ceric ammonium nitrate and sodium 

azide in acetonitrile produced 2-azido-1-nitrate addition products (53% p-galacto, 22% 
a-galacto, and 8% a-talo) and N-acetyl-3,4,6-tri-0-acetyl-2-azido-2-deoxy-a-~-galactopyrano- 
sylamine was formed, on hydrolysis, in 10% yield. The reaction product provides a convenient 
source of D-galactosamine and 3,4,6-tri-0-acetyI-2-azido-2-deoxy-a-~-galactopyranosy~ 
halides. The crystalline j3-chloride is also reported. The use of these glycosyl halides as reac- 
tants for the preparation of 2-azido-2-deoxy-a- and -13-D-galactopyranosides under conditions 
promoted by both mercuric cyanide and silver salts are reported. 

R. U. LEMIEUX et R. M. RATCLIFFE. Can. J. Chem. 57,1244(1979). 
La rkaction du tri-0-acktyl-3,4,6 D-galactal avec du nitrate d'ammonium drique en excks et 

de l'azoture de sodium dans l'adtonitrile conduit aux produits d'addition azido-2 nitrate-1 
(53% p-galacto, 22% a-galacto et 8% a-talo); par hydrolyse, il y a formation de la N-acktyltri- 
0-acktyl-3,4,6 azido-2 dksoxy-2 a-D galactopyrannosylamine avec un rendement de 10%. Le 
produit de la rkaction s'avkre une source convenable de la D-galactosamine et des halogknures 
du tri-0-acktyl-3,4,6 azido-2 dksoxy-2 a-D-galactopyrannosyle. On rapporte aussi la formation 
du chlorure j3 cristallin. On rapporte I'utilisation de ces halogknures de glycosyle cornrne 
reactifs dans la prkparation des azido-2 dksoxy-2 a- et j3-D-galactopyrannosides dans des 
conditions favorisks par des sels de cyanure mercurique et d'argent. 

[Traduit par le journal] 

Introduction 
The occurrence of building units derived from 2- 

acetamido-2-deoxy-a-D-galactopyranose, which are 
0-linked to either serine or threonine, in a wide 
variety of glycoproteins (1, 2) including glycophorin 
A (3), epiglycanin (4), antifreeze glycoproteins ( 9 ,  
and the human blood specific glycoproteins (6) is well 
documented. Both a- and P-glycosidic units derived 
from N-acetyl-D-galactosamine occur in the oligo- 
saccharidic antigenic determinants of a number of 
glycosphingolipids (7). Thus, there has developed 
widespread interest in achieving chemical syntheses 
of oligosaccharides containing these groupings both 
for immunochemical and enzymological studies (8). 
However, the lack of a readily accessible supply of 
either D-galactosamine or of suitable progenitors has 
curtailed research in this biologically important area. 
This work was initiated primarily to achieve the 
syntheses of oligosaccharides related to the A blood 
determinants (9) but has been extended to the syn- 
thesis of the T, T, (lo), and other important human 
cell-surface antigenic determinants. 

The major source of D-galactosamine is by way of 
the acid hydrolysis of chondroitin sulfate (11). 

'Presented, in part, at the Carbohydrate Discussion Group 
of The Chemical Society, University of East Anglia, Norwich, 
England, April 18-20, 1977. 

'University of Alberta Postdoctorate Fellow, 1975-1977, 
Research Associate, 1977-present. 

Numerous synthetic methods have been described 
including the chain extension of D-lyxose (12, 13), 
inversion of C-4 of D-gl~~~Samine (14), the addition 
of ammonia to 1,6;2,3-dianhydro-P-D-talopyranose 
(15) and by reduction of oximes obtained by way of 
the addition of nitrosyl chloride to tri-0-acetyl-D- 
galactal (1 6). 

The preparation of a-D-galactosaminides by way of 
2-oximo-a-D-lyxo-hexopyranosides (17) provided the 
first synthesis of an N-acetyl-a-D-galactosaminidic 
disaccharide (18). However, to date, this method is 
handicapped by the fact that reduction of the inter- 
mediate oxime to the galacto configuration cannot be 
achieved with a high degree of stereoselectivity. More 
recently, Paulsen and co-workers (19-22), utilized 
6 - 0 -acetyl- 2 -azido -3,4 -di - 0 - benzyl- 2 - deoxy - P - D- 
galactopyranosyl chloride to synthesize the terminal 
trisaccharide of the Forssman antigenic determinant 
and a partial structure of the A human blood group 
determinant. Thus, the utility of the azide group as a 
nonparticipating 2-substituent in glycosyl halides to 
be engaged in Koenigs-Knorr type glycosidation 
reactions was established but, to become attractive, 
a more ready access to 2-azido-2-deoxyglycosyl 
halides was needed than is provided by the 10-stage 
process used by Paulsen and co-workers. The main 
purpose of this communication is to report a rela- 
tively simple five-stage process from D-galactose to 
obtain 3,4,6-tri-0-acetyl-2-azido-2-deoxy-~-galacto- 

0008-4042/79/101244-08$01 .OO/O 
01979 National Research Council of CanadalConseil national de recherches du Canada 
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AcO 
CAN OAc 

A G O  z, AcO AcO AcO 

( H a  N3 0 N 0 2  N3 NH AC 

Y 

Fraction I 

HO AcO 

HO 
N3 

AcO 

AcO % 
X 

OAc 
9 6 13 X = C1(74%) 

14 X = Br (60%) 
15 X = I (crude) 

"OB,,, 

HO AcO C1 
NH3+ Cl- N3 

! SCHEME 1. Azidonitration of D-galactal triacetate and some of the products derived therefrom. ~ 
pyranosyl halides. However, the method also pro- 
vides ready access to D-galactosamine. The method 

, appears generally applicable to 0-protected glycals 
and is expected to find widespread application for 

I the preparation of 2-azido-2-deoxyaldoses and their 
glycosides. 

I In 1971, Trahanovsky and co-workers (23, 24) 
reported the formation of u-azido-P-nitratoalkanes 

I on treating alkenes with sodium azide and ceric 
ammonium nitrate in moist acetonitrile. The matter 
of central importance to the present application of 
this reaction was that the products obtained were 
consistent with the reaction being initiated by addi- 
tion of an azide radical (23). Several mechanisms 
have been proposed (25) to rationalize the fate of the 
proposed azidoalkane radical intermediate. Although 
no reference could be found to the application of this 
'azidonitration' reaction to vinyl ethers, it could be 
anticipated that a radical induced addition would 
follow the anti-Markovnikov route and, therefore, 
when applied to 0-protected glycals would provide 
2-azido-2-deoxyglycosyl nitrates. It may be men- , tioned that our attempts to induce free-radical addi- 
tion of either ClN, or BrN, to 0-acetylated glycals 
failed and only 1-azido-1-deoxy-2-halogeno-2-deoxy 
sugars were obtained. Further work in this regard 

was abandoned when a reaction involving chloro- 
azide and with sulfuryl chloride as the radical initi- 
ator detonated with violence. 

The more important aspects of this paper are out- 
lined in Scheme 1. It is seen that, in the azidonitra- 
tion of 3,4,6-tri-0-acetyl-D-galactal (I), 93% of the 
reaction products were identified and all of these 
products, as expected, contain the azide group at the 
2-position with 85% of these products containing 
this group in the equatorial orientation (the galacto 
configuration). The similar azidonitration of other 
glycals will be reported separately (26). However, it 
is noteworthy at this point that the above-mentioned 
stereoselectivity appears related to the quasiaxial 
orientation of the 4-acetoxy group of 1 since the 
azidonitration of the acetates of D-xylal, D-glucal, 
and lactal all provided substantially lower yields of 
C-2 equatorial azide; namely, ratios of equatorial to 
axial isomer of 2, 1, and 3, respec'tively. This is in 
contrast to the ratio of 11 in the case of D-galactal 
triacetate. Thus, the development of a syn-diaxial 
interaction with an acetoxy group during the estab- 
lishment of the azido group is more prohibitive than 
is the development of a syn-clinal interaction with 
a neighboring acetoxy group. It is not considered 
definite that the reaction is initiated by the attack of 
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the double bond by an azide radical rather than by 
a ceric-azide complex (23). The steric bulk of the 
latter could help to explain the stereochemical route 
of reaction. It is to be noted that it was necessary to 
use an excess of both CAN and sodium azide since 
some of these reagents are lost in the ceric oxidation 
of azide to nitrogen gas. The rate of this competing 
reaction appeared dependent on the concentration 
of the azide in solution. When N,N-dimethylaceta- 
mide was used as solvent, a solvent which rapidly 
provided a homogeneous reaction mixture, this 
competing reaction consumed all of the oxidant. It  
is possible that the reaction of CAN with azide ion to 
a ceric-azide species is rapid and that the azidonitra- 
tion reaction is promoted relative to oxidation of the 
azide to nitrogen by a low concentration of azide ion. 

Since the formation of the 1-acetamido product 5 
requires water and the azidonitration was performed 
under strictly anhydrous conditions, this product 
must form during the isolation. Indeed, rapid tlc 
examination of the supernatant liquid of the reaction 
mixture provided no evidence of 5 in the reaction 
mixture. However, if this solution was worked up, 5 
appeared in the product but the amount appeared 
less than that present when the solids were worked up 
separately. It is apparent, therefore, that the pre- 
cursor of 5 is a relatively insoluble product. Azidoni- 
tration reactions in 10% aqueous acetonitrile (23) 
provided relatively poor yields of the azidonitrates in 
more complex reaction product mixtures. The 1- 
acetamido product 5 was readily separated from the 
azidonitrates 2,3, and 4 by column chromatography 
using silica gel. The mixture of azidonitrates ob- 
tained in this way proved useful for the prepara- 
tion of the 3,4,6-tri-O-acetyl-2-azido-2-deoxy-a-~-ga- 
lactosyl halides (13,14, 15). This mixture is referred 
to as the azidonitration reaction product fraction I. 

One of the mechanisms suggested by Trahanovsky 
and Robbins (23) is that the initially formed azido- 
alkyl radical is oxidized to a carbonium ion which, 
in turn, accepts nitrate to form the azidonitrate. The 
formation of 5 would appear to be in line with this 
mechanistic pathway since the attack of the a-side 
of a carbonium ion (A) by nucleophilic acetonitrile 
to form a nitrilium ion (B) which in turn provides the 
precursor to 5 could be accounted for in this way. It 
seems evident, however, that any consideration of the 
mechanism for the azidonitration will need to take 
into account the tendency for the overall addition to 
provide trans-products of addition. Thus, the 1,2- 
trans-P-azidonitrate to 1,2-cis-a-azidonitrate ratios 
were 1.5, 2, 2, and 10 on azidonitration of the ace- 
tates of D-galactal, D-glucal, D-lactal, and D-xylal, 
respectively (26). These results do not appear likely 
to arise from attack by nitrate ion on intermediate 
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AcO AcO 

c+ 
I 

CH3 
A B 

glycosyl carbonium ions of type A (27). Furthermore, 
a reaction pathway involving a carbonium ion inter- 
mediate might be expected to give rise to appreciable 
yields of 2-azido-2-deoxyglycosyl azides but these 
were not detected in our reaction products. 

Acetolysis of the crude P-azidonitrate 2, obtained 
by removal of the a-nitrates 3 and 4 from fraction 
I by crystallization from ether, provided crystal- 
line 1,3,4,6-tetra-0-acetyl-2-azido-2-deoxy-a-~-gal- 
actopyranose (6) which was readily recrystallized 
to high purity. As expected, hydrogenation of this 
compound led to migration of the 1-0-acetyl 
group to the developed amino group to form 2- 
acetamido-3,4,6-tri-O-acetyl-a-~-galactopyranose. It 
is considered interesting to note that an attempt to 
avoid this migration by performing the hydrogena- 
tion in the presence of acetic anhydride led to the 
formation of 2-(N-acetylacetamido-1,3,4,6-tetra-0- 
acetyl-2-deoxy-a-D-galactopyranose (8) in 30% yield. 
Di-N-acetylation of an amine is not expected to arise 
when using acetic anhydride in ethanol and therefore 
the formation of 8 must involve some intermediate 
which formed in the course of the hydrogenation. 
Deacetylation of 6 provided 2-azido-2-deoxy-D- 
galactose from which pure D-galactosamine hydro- 
chloride was readily prepared. A process aimed at 
preparing this latter compound would appear to best 
proceed by way of anomerization of the crude 
reaction product using lithium nitrate in acetonitrile 
followed by crystallization of the a-azidonitrate 3. 
However, since the product of the acetolysis of 3 (the 
p-anomer of 6) resisted crystallization, this route was 
not explored in detail. 

The main purpose of this investigation was to 
achieve syntheses of 3,4,6-tri-0-acetyl-2-azido-2- 
deoxy-D-galactopyranosyl halides (13,14, and 16) to 
be used as reagents in the preparation of 2-azido- and 
2-amino-2-deoxy-a- and -P-D-galactopyranosides. 
The a-chloride 13 and the a-bromide 14 were 
readily prepared in crystalline condition by replace- 
ment of the nitrate group of compounds 2 and 3 
using an appropriate soluble halide salt and starting 
with fraction I. Lemieux and Hayami (28) reported 
the preparation of 2,3,4,6-tetra-O-acetyl-P-~-gluco- 
pyranosyl chloride in good yield by kinetic control of 
the reaction of 2,3,4,6-tetra-O-acetyl-a-~-gluco- 
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pyranosyl bromide with tetraethylammonium chlo- 
ride. Paulsen et al. (22) used this method to pre- 
pare protected 2-azido-2-deoxy-P-D-galacto- and 
-glucopyranosyl chlorides. Reaction of the 2-azido- 
2-deoxy-a-bromide 14 with tetraethylammonium 
chloride provided the P-chloride 16 but observation 
of the progress of the reaction by 'Hmr showed that 
the a-chloride 13 was forming to an appreciable 
extent prior to the disappearance of 14. It was there- 
fore decided to investigate the use of the more reac- 
tive 2-azido-2-deoxy-a-iodide 15 as starting ma- 
terial. This compound was most conveniently pre- 
pared as a crude syrup starting from fraction I and 
used directly in a very brief (2.5 min) reaction to form 
the P-chloride 16 which proved readily isolable by 
crystallization. The yield from 3,4,6-tri-0-acetyl-D- 
galactal (1) was 31%. 

To assess the behavior of the glycosyl halides 13, 
14, and 16 in glycosidation reactions, reactions were 
conducted under two set conditions using tert-butyl 
alcohol as a representative of a hindered alcohol and 
benzyl alcohol as a representative of a more reactive 
alcohol. The alcohols were also chosen, in part, to 
facilitate a study of the reaction products by lHmr. 
Two of the most widely used conditions for glycosi- 
dation were examined; namely, reactions promoted 
by mercuric cyanide and using benzene-nitromethane 
as solvent (29) and by silver carbonate in conjunction 
with a soluble silver salt (30) which provides a labile 
glycosyl intermediate and using methylene chloride 
as solvent. Although silver perchlorate is often used, 
silver trifluoromethanesulfonate (31) was used in the 
present experiments. Although the a-bromide 14 
provided a Koenigs-Knorr condensation in the 
presence of silver carbonate alone, the a- and p- 
chlorides 13 and 16 were too unreactive. 

Under the Helferich conditions, the a-chloride 
13 underwent extremely slow reaction with both 
alcohols since less than 10% glycoside formation was 
observed in the reaction time allowed (48 h at 
50°C). However, reaction was complete in the case of 
the a-bromide but the stereoselectivity was poor with 
a ratio of near 1 for the a- and P-glycosides formed. 
The yield of both the a- and P-glycosides was ex- 
cellent (92%) in the case of the reaction with benzyl 
alcohol but only 51% in the case of the more hin- 
dered tert-butyl alcohol. The lack of stereoselectivity 
very likely arose from anomerization of the a-bro- 
mide to the p-anomer which would be expected to 
provide a-glycoside (27). Certainly, the P-chloride 
16 was anomerized to the a-chloride 13 when the 
P-chloride was used as starting material. In this case, 
reaction effectively ceased with the disappearance of 
the P-chloride. The reaction with benzyl alcohol 
provided a 70% yield of glycoside with an a/P ratio 

of 5, with 30% of the starting material being con- 
verted to the a-chloride. In the case of the reaction 
using tert-butyl alcohol, the product contained the 
a-chloride in 50% yield. The yield of glycoside was 
only 21% but the a/P ratio was greater than 10. It is 
thus evident that under the Helferich conditions, 
reactions of the P-chloride proceed with a high 
degree of inversion of the anomeric center but that 
anomerization catalyzed by liberated chloride ion 
can very adversely affect the yield, especially with 
hindered alcohols. 

The glycosidation reactions promoted by silver 
salts proceeded to complete reaction of the glycosyl 
halide. The reactions of the a-halides provided poor 
stereoselectivity. The yields of P-glycoside were 
higher starting with the a-chloride (a/P ratio = 0.6) 
than with the a-bromide (a/P ratio = 1 .I). Also, the 
yields of glycosides were higher starting with the 
a-chloride (97% and 80% with the benzyl and tert- 
butyl alcohols, respectively) than with the a-bromide 
(72% and 58% with the benzyl and tert-butyl 
alcohols, respectively). The total yields of glycoside 
were virtually the same starting with the P-chloride 
as those obtained starting with the a-chloride. How- 
ever, the a/P ratios (near 1.7 in each case) were, as 
expected, more in favor of a-glycoside formation. It 
is expected that the rather low degree of stereo- 
selectivity exhibited in all of these silver salt pro- 
moted glycosidation reactions is related to an 
important pathway of the reaction occurring by way 
of a dissociation of the glycosyl halide with silver ion 
assistance to an oxocarbonium ion which is not 
coordinated to alcohol. 

Experimental 
The general procedures and analytical methods used were 

the same as previously described (27). 

Azidonitrations 
Although the azidonitrations were examined under a wide 

variety of conditions, all those reported herein were per- 
formed at - lS°C and in a dry nitrogen atmosphere by adding 
a 0.2 Msolution of the 0-acylated glycal in dry acetonitrile to a 
dry mixture of sodium azide and ceric ammonium nitrate 
(CAN) with relative molar amounts of these reagents at 
1 : 1.5 : 3, respectively. As soon as the addition was completed, 
strong stirring was begun and continued until the presence of 
the glycal could no longer be detected by the examination of 
the supernatant. The reaction was performed behind a barrier 
under a wide range of conditions including changes in tempera- 
ture, solvent and relative amounts of reactants. Although such 
changes caused appreciable changes in yield and the coloration 
of the product, no lack of control was experienced. Neverthe- 
less, it must be realized that hazardous conditions may be 
encountered and all azidonitrations should be conducted with 
due caution. Furthermore, the use and disposal of sodium 
azide must be carefully controlled. 

Azidonitration of 3,4,6-Tri-0-acetyl-D-galactal ( I )  
Compound 1 (21.1 g, 0.077 mol) in acetonitrile (420 mL) 
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was added to a mixture of sodium azide (7.50 g, 0.115 mol) 
and CAN (126.5 g, 0.281 mol). The resulting suspension was 
vigorously stirred with cooling until analysis by tlc (Skellysolve 
B - ethyl acetate (6:4), silica gel) of the supernatant liquid 
phase no longer showed the presence of compound 1. At this 
time, normally after an 8- to 10-h reaction period, cold 
diethyl ether (500 mL) and water (500 mL) were added. The 
organic layer was separated and washed with ice-cold water 
(3 x 500 mL) prior to drying over anhydrous sodium sulfate. 
Evaporation of the solvent left a yellow syrup (21.0 g). 

The lHmr spectrum of this product showed doublet signals 
at 5.68, 6.35, and 6.21 ppm which were assigned to the ano- 
meric protons of the following reaction products; 3,4,6-tri-0- 
acetyl-2-azido-2-deoxy-(3-~-galactopyranosyl nitrate (2), 3,4,6- 
tri-0-acetyl-2-azido-2-deoxy-a-D-galactopyranosy nitrate (3), 
and 3,4,6-tri-0-acetyl-2-azido-2-deoxy-a-~-talopyranosyl ni- 
trate (4). This latter compound was not isolated and the 
assignment of the a-configuration is made on the basis that a 
solution of the reaction product in acetonitrile-N,N-dimethyl- 
formamide (4: 1) which contained lithium nitrate (as described 
in detail below for the anomerization of 2 to 3) caused no 
detectable change in the amount of the component responsible 
for the signal at 6.21 ppm which is assigned to 4. The total 
intensity for the above-mentioned signals for anomeric hydro- 
gens relative to the total signals attributable to 0-acetyl 
groups required compounds 2,3, and 4 to comprise near 75% 
of the reaction product and to be present in the ratios near 
1 :0.67:0.15, respectively. It will be seen below that N-acetyl- 
3,4,6-tri-O-acetyl-2-azido-2-deoxy-a-~-galactopyranosylamine 
(5) was also a major reaction product (10% yield) but its 
presence in the crude reaction product could not be detected 
by 'Hmr. 

To remove the acetamido compound 5 from the reaction 
product, the syrup (117 g) was dissolved in Skellysolve B - 
ethyl acetate (6:4) (300 mL) and immediately applied to a 
column (20 x 10 cm diameter) packed with solvent-wetted 
silica gel (400 g) and the chromatogram was developed with 
this same solvent system. The initial fractions (15 mL each) of 
the eluate which contained reaction products consisted of 
mixtures of the nitrates 2,3, and 4. The acetamido compound 
5 was detected (tlc) after 30 such fractions had been collected 
and these initial fractions when combined and evaporated 
provided a mixture (68 g) of the nitrates 2,3, and 4 which will 
be referred to hereafter as reaction product fraction I. The 
ratio of a-nitrate 3 to (3-nitrate 2 in this product was nor- 
mally close to 0.8, suggesting that some anomerization had 
occurred during the chromatographic separation. However, it 
is possible that the more reactive (3-nitrate 2 underwent hy- 
drolysis to a greater extent than did its a-anomer. 

3,4,6-Tri-O-acetyl-2-azido-2-deoxy-~-~-galactopyranosyl 
Nitrate (2) 

Trituration either of the above-described product from the 
azidonitration of tri-0-acetyl-D-galactal or of fraction I with 
diethyl ether caused a copious precipitation of a crystalline 
product which was removed by filtration. Evaporation of the 
ether left a syrup (12.6 g, 44% yield in the case of the crude 
product) which resisted crystallization although examination 
by tlc and 'Hmr required this product to be about 80% pure 
title compound with the a-anomer (3) being the main con- 
taminant; ir (film) v,,,: 2120 (N,), 1650 (ONOz) cm-' ; 'Hmr 
(CDCI,) 6: 5.60 (d, lH,  JlP2 = 9.0 HZ, H-1), 5.42 (q, lH, 
H-4), 5.08 (q, lH,  J3.4 = 3.2 HZ, H-3), 3.82 (9, lH,  J2 .3  = 
10.8Hz,H-2),2.18,2.10,2.03(3~,9H,3CH~). 

3,4,6-Tri-O-acetyl-2-azido-2-deoxy-a-~-galact0pyran0syl 
Nitrate (3) 

The crystalline product (8.3 g, 29% yield) which formed in 

the above-described treatment of the product from the azido- 
nitration with ether was found to be the title compound mixed 
with the talo-isomer (4). This latter product proved difficult to 
remove by recrystallization. The pure title compound was best 
obtained by anomerization of 2. The syrupy (3-D-nitrate 2 
(9.50 g, 25.5 mmol) was dissolved in a 4: 1 (vlv) mixture 
(35 mL) of acetonitrile and N,N-dimethylformamide which 
contained anhydrous lithium nitrate (3.50 g, 50.1 mmol). After 
standing at room temperature for 41 h, the solution was diluted 
with dichloromethane (250 mL) before treatment with ice- 
cold water (3 x 125 mL). The organic layer was dried over 
sodium sulfate prior to evaporation to a syrup (9.0 g). This 
product crystallized from diethyl ether and was recrystallized 
to afford pure title compound 3; mp 103-104°C, [aIDz5 + 125" 
(C 1.0, CHCl,); ir (film) v,,,: 2120 (N,), 1650 (ON02) cm-l; 
'Hmr (CDCI,) 6: 6.35 (d, lH,  J1,, = 4.0 Hz, H-1), 5.49 (q, 
lH,  J4.5 = 1.8 HZ, H-4), 5.24 (9, lH,  J3 ,4  = 3.25 HZ, H-3), 
4.12 (q, lH,  J2,, = 11.5 HZ, H-2), 2.18, 2.07, 2.02 ( 3 ~ ,  9H, 
3CH3). An$. calcd. for C12H16N4010: C 38.30, H 4.29, 
N14.89;found:C38.52,H4.32,N14.69. 

N-Acetyl-3,4,6-bi-O-acetyl-2-azido-2-deoxy-a-~-galacto- 
pyranosylamine (5) 

The reaction product from the azidonitration was chromato- 
graphed on a silica gel column using Skellysolve B -ethyl 
acetate (6.4 v/v) as solvent. The nitrates 2,3, and 4 appeared 
first in the eluate but were not separated. Further development 
of the column provided a fraction in 10% overall yield which 
crystallized readily from diethyl ether. Recrystallization pro- 
vided pure title compound (5); mp 142-143.5OC, [aIDz5 +68.0° 
(c 1, CHCI,); ir (Nujol) v,.,: 3380 (NH), 2120 (N,) cm-'; 
lHmr (DMSO-d6) 6: 8.84 (d, lH,  J N H . 1  = 10.0 HZ, NH), 5.78 
(q, 1H,J lPz  = 5.5Hz,H-1), 5.47(q, 1H,J3,4 = 3.5Hz,H-3), 
5.24 (d, lH,  H-4), 4.21 (q, lH,  Jz .3  = 11.5 HZ, H-2), 2.11, 
1.98, 1.96, 1.91 (4s, 12H, 4CH3). Anal. calcd. for Cl4HZ0N4- 
Os: C 45.16, H 5.41, N 15.05; found: C 44.92, H 5.50, 
N 14.93. 

As described below, acid hydrolysis provided 2-azido-2- 
deoxy-D-galactose. The a-configuration was assigned on the 
basis of the optical rotation relative to that for the 1-acetoxy 
analog (6) and the strong deshielding observed for H-3 
(assigned by spin-decoupling experiments). 

1 , 3 , 4 , 6 - T e t r a - 0 - a c e t y l - 2 - a z i d o - 2 - d e o x y - c  
(6) 
A suspension of the crude syrupy j3-D-nitrate 2 (8.0g, 

0.021 mol) and anhydrous sodium acetate (3.44 g) in glacial 
acetic acid (50 mL) was heated to 100°C for 1 h (tlc showed no 
remaining starting material). The reaction mixture was diluted 
with dichloromethane (250 mL) and this mixture was succes- 
sively treated with ice-cold water (200 mL), saturated aqueous 
sodium bicarbonate (2 x lOOmL), and water (125 mL). 
Drying and evaporation of the organic layer left a yellow solid 
(7.5 g, 94%). Recrystallization from diethyl ether provided 
pure title compound (6) (6.9 g, 85%); mp 114-115°C, [aIDz5 
+91.7" (c 1.05, CHCI,) (lit. (22) mp 117OC, [a]DZO + 109' 
(CHCI,)); ir (film) v,,,: 2120 (N3) cm-l; 'Hmr (CDCI,) 6: 
6.39 (d, lH,  J1.2 = 3 . 6 H ~ ,  H-1), 4.04(9, 1, J2.3 = 1 0 . 0 H ~  
H-2), 2.19, 2.09, 2.06 (3s, 12, 4CH3). Anal. calcd. for 
C14H19N309: C 45.04, H 5.13, N 11.26; found: C 44.88, 
H 5.11, N 11.15. 

2-Acetamido-1,3,4,6-tetra-O-acetyl-2-deoxy-a-~-galacto- 
pyranose (7) and its N-Acetyl Derivative ( 8 )  

A solution of compound 6 (200 mg) in ethyl acetate (1 mL) 
was added to a suspension of 5% palladium-on-charcoal 
(80mg) in ethanol containing acetic anhydride (0.25 mL). 
This mixture was hydrogenated at 1 atm and room tempera- 
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ture for 1 h. Examination by tlc using benzene - ethyl acetate - methanol gave pure D-galactosamine hydrochloride (11) 
ethanol (5:5: 1) showed the presence of two products. Re- (50 mg, 48%): mp 182-200°C (dec.), [alDz5 +89.5" (c 1, water) 
moval of the catalyst and dilution with dichloromethane (lit. (12) mp 178-190°C, [aIDz5 +91.5" (final)); 'Hmr (DzO) 
(5 mL) provided a solution which was washed with water 6: 5.66 (d, JleZ = 3.50 Hz, H-la), 5.07 (d, JIe2 = 8.50Hz, 
(5 mL) before evaporation to a white solid (206 mg). The two H-1 p). 
components were separated by chromatography on a silica 
gel (20 g) column (20 x 2 cm) eluted with the above solvent 
system. 

The first product to appear in the eluate was 2-N-acetyl- 
acetamido-1,3,4,6-tetra-O-acetyl-2-deoxy-a-~-galactopyranose 
(8) (68mg, 30%); 'Hmr (CDC13) 6: 6.32 (d, lH, JlS2 = 
3.8Hz, H-l), 5.72 (q, lH,  J2,3= ll.OHz, H-3), 5.53 (4, 1, 
J3.4 = 3.5 HZ, H-4), 4.27 (q, 1, H-2), 2.36 (IS, 6, ~NAc),  2.16, 
2.14, 2.04, 1.95 (4s, 12, 4CH3). These parameters are in good 
agreement with those reported for this compound by Pravdic 
and Fletcher (32). 

The second fraction (100 mg, 43% yield) crystallized from 
ether; mp 177-17S°C, [aIDz5 + 99" (c 1, CHC13) (lit. (33) mp 
17S°C, [aIDz0 + 102"). The 'Hmr was in agreement with that 
reported by Tarasiejska and Jeanloz (34) for 2-acetamido- 
1,3,4,6-tetra-O-acetyl-2-deoxy-a-~-galactopyranose (7). 

When the hvdro~enation was ~erformed under the same 
conditions except that the acetic adhydride was added after the 
reduction of the azide was complete, the product did not 
contain the N,N-diacetylamino compound (8) but was mainly 
2-acetamido-3,4,6-tri-0-acetyl-2-deoxy-~-galactose. 

2-Azido-2-deoxy-p-D-galactose (9)  
A mixture of 1,3,4,6-tetra-0-acetyl-2-azido-2-deoxy-a-D- 

galactopyranose (6) (4.59 g) with 4 N aqueous hydrochloric 
acid (50 mL) was warmed until solution was complete and then 
left at room temperature for 15 h. After decolorization with 
charcoal, an equal volume of n-butanol was added and the 
solution was evaporated at 40°C to a yellow solid. Recrystal- 
lization from ethanol provided 2-azido-2-deoxy-p-D-galactose 
(9) (1.40 g, 56%): mp 161.5-163°C (dec.), [aIDz5 +76.9" (final) 
(c 0.98, H20);  ir (Nujol) v,,,: 2130 (N3) cm-I ; 'Hmr (DMSO- 
d6) 6: 4.30 (d, IH, J1.2 = 7.75 HZ, H-1); I3Cmr (DMSO-d6) 6: 
95.5 (C-1). Anal. calcd. for C6Hl105N3: C 35.12, H 5.41, 
N 20.48; found: C 35.08, H 5.40, N 20.50. 

Treatment of N-acetyl-3,4,6-tri-0-acetyl-2-azido-2-deoxy-a- 
D-galactopyranosylamine (5) (1.0 g) in the same manner also 
provided recrystallized title compound (9) (0.324 g, 58%). 

1 2-Acetamido-2-deoxy-D-galactose (10) 
1 2-Azido-2-deoxy-D-galactopyranose (9) (1.0 g) was dis- 

solved in methanol (20mL) containing acetic anhydride 
(1.5 mL) and hydrogenated at room temperature and 1 atm in 
the presence of 5% palladium-on-charcoal (0.25 g). After 8 h, 
examination by tlc indicated the formation of only one 
product which was isolated in the usual manner and crystal- 
lized from ethanol to provide the title compound (10) as an 
anomeric mixture, mp 108-llO°C, [aIDz5 +79" (final), (c 1, 
HzO) (lit. (33) for the a-anomer mp 12&122"C, [aID + 115 + 

80" (water)); 'Hmr (D20) 6: 5.44 (d, JlB2 = 3.50 HZ, H-la), 
4.86 (d, J1 ,2  = 7.25 HZ, H-1 P), 2.24 (s, COCH3). 

D-Galactosarnine Hydrochloride (11) 
2-Azido-2-deoxy-D-galactopyranose (9) (100 mg) was dis- 

solved in aqueous 90% methanol (5 mL) which contained 
1.5 equiv. of hydrochloric acid. Low pressure hydrogenation 
in the presence of 5% palladium-on-charcoal (25 mg) followed 
by the usual work-up provided a residue (100 mg) which 
examination by tlc developed with isopropanol -ammonium 
hydroxide - water (7: 1 : 2) gave evidence for only one sub- 
stance with the same mobility as that of an authentic sample of 
the title compound (11). Crystallization from ethanol- 

2-Acetamido-N-acetyl-3,4,6-tri-O-acetyl-2-deoxy-a-~- 
galactosamine (1 2) 

N-Acetyl-3,4,6-tri-O-acetyl-2-azido-2-deoxy-a-~-galacto 
pyranosylamine (5) (1.135 g) was dissolved in acetic acid 
(10 mL) for low pressure hydrogenation in the presence of 5% 
palladium-on-charcoal (0.30 g). After 12 h, acetic anhydride 
(1 mL) was added. Catalyst removal and evaporation pro- 
vided a solid (1.05 g) which crystallized on trituration with 
diethyl ether. Recrystallization from ethyl acetate - diethyl 
ether provided the title compound (12) (0.990 g, 85%); mp 
192-193"C, [aIDz5 + 104.4' (c 1, CHC13); 'Hmr (DMSO-d6) 6 : 
8.44 (d, IH, JNHr1 = lO.OHz, NH), 7.80 (d, lH, JNH,~ = 
8.4 Hz, NH), 5.60 (q, lH,  JlV2 = 5.0 HZ, H-1), 2.12,2.01,1.94, 
1.80 (4s, 15H, 5CH3); 13Cmr (CDC13-DMSO-d6 (7:3) v/v)) 
6: 75.5 (C-1); Anal. calcd. for Cl6HZ4o9N2: C 49.48, H 6.22, 
N7.21;found:C49.67,H6.12,N6.94. 

2-Azido-3,4,6-tri-0-acetyl-2-deoxy-a-~-galactopyranosyl 
Chloride (13) 

The syrupy azidonitration product (fraction I) (0.377 g) was 
dissolved in acetonitrile (12 mL) which-contained tetraethyl- 
ammonium chloride (0.754 g). After 5 h, the 'Hrnr was con- 
stant and the solution was diluted with dichloromethane 
(25 mL) before treatment with water (2 x 10mL). Solvent 
removal left a syrup (0.325 g), which was applied to a column 
(1 x 10 cm) of silica gel (3.5 g) for chromatographic separa- 
tion using Skellysolve B - ethyl acetate (6: 4). The a-D-chloride 
(13) (0.260 g, 74%) crystallized from diethyl ether - pentane; 
mp 86-88OC, [aIDz5 + 145" (c 1, CHC13); 'Hmr (CDC1,) 6: 
6.20 (d, lH,  J l , z  = 3.9 HZ, H-1), 5.52 (q, lH, JdS5 = 1.4 HZ, 
H-4), 5.38 (q, lH, J3,4 = 3.2 Hz, H-3). Anal. calcd, for 
C12H16N307C1: C 41.21, H 4.61, N 12.01, C1 10.14; found: 
C 40.91, H 4.52, N 12.60, C1 10.34. 

The title compound 13 (3.0 g, 75%) was readily obtained 
by anomerization of 3,4,6-tri-O-acety1-2-azido-2-deoxy-p-~- 
galactopyranosyl chloride (16) (4.0 g) in acetonitrile (80 mL) 
with tetraethylammonium chloride (13.2 g) at room tempera- 
ture for 16 h. Passage through a short column of silica gel was 
again used to obtain the crystalline product. 

The difference between the optical rotation for 13 reported 
above and that, [aIDzo + 39.1" (CH3CN), recorded by Paulsen 
et al. (22) should be noted. 

3,4,6-Tri-0-acetyl-2-azido-2-deoxy-a-~-galactopyranosyl 
Bromide (14) 

Treatment of the product of the azidonitration (14.24 g) 
with a suspension of lithium bromide (16.53 g) in acetonitrile 
(140 mL) at room temperature for 3 h followed by product 
isolation as described for the preparation of 13, provided a 
syrup (1 3.0 g). Chromatography on a column (4 x 48 cm) of 
silica gel which was developed with benzene (100 mL) and 
finally benzene - diethyl ether (1 : 1) gave 3,4,6-tri-0-acetyl-2- 
azido-2-deoxy-a-D-galactopyranosyl bromide (14) (8.98 g, 
60% yield) which was recrystallized from diethyl ether- 
pentane; mp 97-9S0C, [aIDz5 +188,60 (c 1.95, CHC13), 
[aIDz5 + 172.60 (C 1, CH3CN) (lit. (22) mp 90°C, [aIDz0 + 104" 
(c 1.2, CH3CN)); 'Hmr (CDC13) 6: 6.47 (d, lH, JlVZ = 4.0 HZ, 
H-1), 5.49 (q, lH, J4.5 = 2.7Hz, H-4), 5.33 (q, lH, J3,4 = 
3.25 Hz, H-3), 4.48 (m, lH,  H-5), 3.96 (q, lH, JZr3 = 10.5 HZ, 
H-2), 2.14, 2.04, 2.02 (3s, 9H, 3CH3). Anal. calcd. for 
C12H16N307Br: C 36.56, H 4.09, N 10.66, Br 20.27; found: 
C 36.73, H 4.39, N 10.57, Br 20.27. 
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3,4,6-Tri-O-acetyl-2-azido-2-deoxy-~-~-galactopyranosyl 
Chloride (16) 

A solution of lithium iodide (62.5 g) in acetonitrile (250 mL) 
was added in the dark to the product of the azidonitration 
(25.0 g). After 20 min at room temperature, dichloromethane 
(500mL) and cold saturated aqueous sodium thiosulfate 
(500 mL) were added. The organic phase was separated and 
washed with ice-cold water (2 x 500 mL), dried over sodium 
sulfate, and evaporated in vacuo to a yellow foam. The 'Hmr 
spectrum of a sample of this product indicated that it consisted 
of about 75% of 3,4,6-tri-0-acetyl-2-azido-2-deoxy-a-~-galac- 
topyranosyl iodide (15); 'Hmr (CDCI,) 6: 6.87 (d, lH,  JIB, = 
4.0Hz, H-1), 5.18 (q, lH,  J 3 , 4 =  3.7Hz, H-3), 3.34(q, lH, 
J,,, = 10.5 Hz, H-2). No attempt was made to purify this 
product. 

Instead, it was treated immediately with a solution of tetra- 
ethylammonium chloride (11.0 g) in acetonitrile (57 mL). 
After vigorous shaking for 2.5 min at room temperature, the 
turbid mixture was diluted first with dichloromethane (150 
mL) and then with 10% aqueous sodium thiosulfate (100 mL). 
The organic phase was then washed with water (lOOmL), 
dried, and rapidly evaporated in vacuo to a syrup which was 
promptly triturated with diethyl ether. Crystalline 3,4,6-tri-0- 
acetyl-2-azido-2-deoxy-p-D-galactopyranosy chloride (16) 
(11.3 g, mp 102-104°C) was deposited. The overall yield from 
the tri-0-acetyl-D-galactal used in the azidonitration was 
31%; [alDZ5 -16.5' (c 1, CHC1,): ir (Nujol) v,.,: 2120 (N,) 
cm-'; 'Hmr (CDC1,) 6: 5.37 (d, lH,  J3,4 = 3.25 Hz, H-4), 
5.13 (d, lH, J1.2 = 9 . 0 H ~ ,  H-I), 4.84 (4, lH,  J Z , ,  = 10.5 HZ, 
H-3), 3.82 (q, lH,  H-2), 2.15,2.05, 2.03 (3s, 9H, 3CH3). Anal. 
calcd. for C12H16N307C1: C 41.21, H 4.61, N 12.01, C1 10.14; 
found: C41.04,H4.60,N 12.10, C1 9.89. 

The 'Hmr data are in good accord with those reported by 
Paulsen et al. (22) for a syrupy product which was not further 
analyzed. 

Glycosidation Reactions 
In every case, a 10% molar excess of the alcohol (either 

benzyl alcohol or tert-butyl alcohol) over the glycosyl halide 
(1 mmol) was used and the reactions were conducted in the 
presence of Drierite (0.50 g). The reactions promoted by silver 
carbonate (3 mrnol) and silver trifluoromethanesulfonate 
(0.05 mmo1)'employed dichloromethane (8 mL) as solvent and 
were conducted for 24 h at 5°C. The reactions promoted by 
mercuric cyanide (1.1 mmol) employed a 1 : 1 mixture of ben- 
zene and nitromethane (9 mL) as solvent and were conducted 
for 48 h at 50°C. The analyses of the reaction mixtures were 
made by isolation of the products in the usual manner using 
dichloromethane as the extracting solvent and then subjecting 
these syrupy products to examination by both 'Hmr and 
13Cmr. The following signals were assigned: for the benzyl 
3,4,6- tri - 0-acetyl-2-azido-2-deoxy -D-galactopyranosides: 
'Hmr 6: 4.48 (d, JIB, = 8.2 Hz, H-IS), 5.20 (d, J1,, = 3.5 Hz, 
H-la); 13Cmr 6: 100:6 (C-IS), 97.1 (C-la); and for the tert- 
butyl 3,4,6-tri-0-acetyl-2-azido-2-deoxy-~-ga~actopyranosides: 
'Hmr 6: 4.57 (d, J1,, = 8.0 Hz, H-1P) (H-la signal was 
obscured); 13Cmr 6: 97.3 (C-lp), 93.1 (C-la). In the reactions 
involving the a-chloride 13 and promoted by mercuric 
cyanide, unreacted 13 remained and the amount of this 
material was estimated from the intensities of 'Hmr doublet 
for H-1 (J,,, = 3.9 Hz) at 6.20 ppm and the 13Cmr signal for 
C-1 at 92.8 ppm. This compound 13 also occurred in the 
reaction products from the mercuric cyanide promoted reac- 
tions of the P-chloride 16 (undoubtedly a product of anomer- 
izition of 16 by released chloride ion) and its formation effec- 
tively quenched the reaction. It was found that the relative 

intensities of the H-1 signals provided a ratio for the amounts 
of the a- and P-glycosides in good agreement with the ratio 
obtained by comparing the intensities of the signals for C-1. 
In the case of the tert-butyl glycosides the alp ratio could also 
be estimated by comparison of the intensities for the signals 
of the tert-butyl groups at 6 1.30 (a-anomer) and 1.32 (P- 
anomer) ppm. The total yield of glycoside was estimated by 
comparison of the intensities of the signals present for the 
acetyl groups with those for the phenyl groups in the case of 
the benzyl glycosides and with those for the tert-butyl groups 
in the case of the tert-butyl glycosides. 
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Studies of P-diketone complexes of rhenium. IX. The preparation and characterization of 
salts of the trans-dihalobis(pentane-2,4-dionato)rhenate(III) anion and an improved 

preparation of tris(pentane-2,4-dionato)rhenium(III) 
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C. J. L. LOCK, C. N. MURPHY, and M. L. TURNER. Can. J. Chem. 57, 1252 (1979). 
Salts of the anion Re(CSH702)C12- have been made by the reduction of both cis- and trans- 

Re(C5H7O2)CI2 with a number of different reducing agents. The salts have been examined and 
characterized by physical methods. An improved preparation for Re(C5H702)3 is reported. 

C. J. L. LOCK, C. N. MURPHY et M. L. TURNER. Can. J. Chem. 57, 1252 (1979). 
On a pripari des sels de l'anion Re(CSH7O2)Cl2- par riduction des Re(C5H702)C12 cis 

ainsi que trans par un certain nombre d'agents riducteurs. On a itudii les sels et on les a 
caractirises par des mithodes physiques. On rapporte une mithode amiliorie de priparation 
du Re(C5H702)3 

[Traduit par le journal] 

Introduction Diffuse reflectance spectra in the region 36 000-4000 cm-' 
were recorded on a Beckman DK2A recording spectro- 

When attempting to reduce trans-Re(C5H702),C12, photometer. Magnesium oxide was used as a reference. 
A, with either halide abstracting agents such as a Measurements of the magnetic susceptibilities of powdered, 
zinc-methanol mixture or thallium acetylacetonate, solid samples were made by the F a r a d a ~  method at three 

courrier (1) obtained blue-green solutions, which different field strengths. Calibration of the magnetic apparatus 
was accomplished using mercury tetrathiocyanatocobaItate(II) 

were air-unstab1e and from which no products obtained from Eastman Organic Chemicals, Rochester, New 
were isolated. Subsequent work by US showed that the York, and cupric sulfate pentahydrate (Baker Analyzed 
same colour could be produced in organic solvents by Reagent). Diamagnetic corrections were taken from Earnshaw 
the action of a variety of reducing agents on A but (2). Mass spectra2 were recorded on a Consolidated Electro- 

dynamic Corporation mass spectrometer Model 21-1 IOB. The again no solid products were isolated. The identity of samples were injected at 2000C. The electrical resistances of 
the blue-green material was first indicated when a aqueous solutions of R[Re(C5H702)2C12] were measured in a 
green solid was isolated by the reduction of A in N2 atmosphere. This resistance was measured between two 
benzene with sodium borohydride. The material platinum electrodes about 1 cm apart. Reduction potentials 
dissolved in water giving a green solution which were measured on a Princeton Applied Research Polarographic 

Analyzer, Model 174 operating in a D C  mode. The potential 
rapidly decolorized, with the precipitation of an was scanned from fo.5 to - 1.0 V with respect to a saturated 
orange solid, later shown to be A. It appeared as if calomel electrode using two techniques (cathodic stripping 
the blue-green colour was a simple one-electron voltammetry and single sweep voltammetry). The accuracy was 
reduction product of A.  hi^ suggested alternate and checked by measuring the reduction potential for the reaction 
more efficient methods of preparing salts of the Hg2X2 + 2e -t 2Hg + 2X- 
[Re(C5H702)2C121- anion. We describe this work 

l-hese were found to be 0.28 v (X = (-1) and 0.19 v (X = B,.) 
here. compared with literature values (3) of +0.27 and 0.14V, 

Experimental respectively. 
The complexes Re(C5H702)2X2 (X = C1, Br) were prepared 

were performed by A. B. Gyg1i9 On'. The as described previously (4). Subsequent reactions were executed 
infrared spectra in the region 4 W 2 5 0  cm-' were recorded on in a glove box under a nitrogen atmosphere. All solvents and a Perkin Elmer $283 grating spectrophotometer. The samples reagents used were reagent fie solvents were de- 
were mixed with KBr and pressed into thin discs. In the region oxygenated by bubbling dry N2 them, 
250-100 cm-I, the spectra were obtained using a Nicolet 
Model 7199 Fourier transform infrared spectro~hotometer. A Thallium trans-Dichlorobis(pentane-2-4-dionato)rhenate(ZZI), 
Mylar beam splitter was used. The optical path was flushed TURef C S H ~ O ~ ) ~ C ~ ~ I  
with dry N2 and 100 interferrograms were recorded for each This complex was prepared by refluxing 1 mmol(0.45 g) of 
sample. The samples were ground into a mull with Nujol and Re(C5H702)2C12 with an equimolar amount of TI(C,H702) 
sealed in a polyethylene bag under N2. A Cary 14 spectro- (0.30 g) in ether for several hours. The resulting green solid was 
photometer was used to record the electronic spectra of collected by filtration and dried in vacuo, yield 30%. Anal. 
aqueous or CH3CN solutions in the region 50 000-6000 cm-'. 

2Mass spectra were recorded through the courtesy of 
'Author to whom correspondence should be addressed. Professor D. B. MacLean. 

0008-4042/79/101252-05$0l .OO/O 
@I979 National Research Council of CanadalConseil national de recherches du Canada 
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calcd. (by hydrolysis and gravimetric determination as thallous 
chromate (5) and as Re(C5H702)2C12, A): TI 31.0, Re(C5H7- 
02)2C12 69.0; found: TI 31 + 1, Re(C5H702)2C12 69 + 1. 
Anal. calcd. for precipitated A (M 455): C 26.4, H 3.1, C1 15.6; 
found (M 420): C 26.2, H 3.6, C1 17.5. 

Sodium trans-Dichlorobis(pentane-2,4-dionato) rhenate(ZZ1) , 
N ~ / R ~ ( C S H ~ O Z ) Z C I Z I  

Several small shavings of sodium were added to a suspension 
of Re(C5H702)2C12 (ca. 1 mmol) in acetonitrile (ca. 8 mL). 
The resulting deep green solution was separated from the un- 
reacted rhenium(1V) complex by centrifuging and decanting. 
More solvent and sodium shavings were added to the un- 
reacted complex and the process was repeated until additional 
shavings no longer resulted in the characteristic green color of 
the product. The product was then precipitated from solution 
by addition of ether and recrystallized from CH,CN with 
ether, yield -35%. Anal. calcd. for C10H14C12Na04Re: 
C25.1,H3.0,C1 14.8;found: C24.9,H 3.1,Cl 14.7. 

Potassium trans-Dihalobis(pentane-2,4-dionato)rhenium(llI), 
K[Re(C5H702)2X2] (X = CI, Br) 

These green complexes were prepared in a manner identical 
to the preparation of Na(Re(C5H702)2C12] by using potassium 
shavings, yield - 30%. Anal. calcd. for C , O H ~ ~ C I ~ K O , R ~ :  
C 24.3, H 2.9, C1 14.3; found: C 24.3, H 3.0, C1 14.2. Anal. 
calcd. for C10H14Br2K04Re: C 20.6, H 2.4; found: C 20.9, 
H 2.7. 

Tetraphenylarsonium trans-Dichlorobis(pentane-2,4-dionato)- 
rhenate(ZZZ), [(C6H5)4As]/Re(C5H702) 2C12] 

An aqueous solution of K[Re(C5H702)2C12] (ca. 1 mmol in 
10 mL) was reacted with an aqueous solution of [(C6H5)4As]CI 
(ca. 1 mmol in 10 mL). The product precipitated immediately. 
The product was purified by dissolving in dichloromethane 
followed by precipitation with diethylether. The product was 
analyzed by single crystal X-ray diffraction (6). 

Preparation of Trispentane-2,4-dionatorhenium(ZZZ) , 
Re(C5H702)3 

(a) Dichlorobispentane-2,4-dionatorhenium(1V) (1 mmol, 
0.45 g) and powdered zinc (1 mmol, 0.07 g) were stored in 
acetylacetone (- 10 mL) under constant nitrogen flow. The 
solution rapidly turned bright green, then brown, and finally, 
after several minutes, to the deep maroon colour of 
Re(C5H702)3. 

Ether (- 20 mL) was added to the solution, which was then 
filtered through a fine sintered glass funnel on the vacuum line. 
The filtrate contained Re(C5H702)3 while unreacted 
Re(C5H702)2C12, zinc, and zinc by-products were removed on 
the filter. Re(C5H702), was recovered from the solution by 
evaporation of the solvents under vacuum (yield - 50%). 

(b) Dichlorobispentane-2,4-dionatorhenium(1V) (1 mmol, 
0.45 g) in benzene solution was rduxed under nitrogen with 
zinc amalgam (-5 mL). In a few minutes a green solid was 
formed. After refluxing for several hours, the green solid redis- 
solved giving a maroon solution of Re(CSH70&. The purple 
solution was decanted from the amalgam and filtered to remove 
unreacted Re(C5H202)2C12, zinc by-products, and rhenium 
metal. Re(C5H702)3 was recovered from solution by evapora- 
tion of benzene under vacuum (yield - 25%). Anal. calcd. for 

C 37.4, H 4.4; found (a): C 37.1, H 4.5; (b): 
C 37.0, H 4.4. 

Results and Discussion 

Addition of an alkali metal to trans-Re(C5H70,),X, 

(X = C1, Br) in acetonitrile results in a one- 
electron reduction of the rhenium complex to give 
M[Re(C5H70,),X,] (M = Na or K). The reaction 
of Tl(C5H70,) with Re(C5H70,),Cl, gives 
Tl[Re(C5H70,),C1,]. The reaction of Re(C5H70,),- 
X, (X = C1, Br, or I) with reducing agents to give 
similar salts appears to be more general than this, 
however. Although it was not possible to charac- 
terize the materials adequately, similar green products 
were obtained when using Zn, Zn amalgam, alkali 
metals, NaBH,, or LiAlH, reacting with solutions of 
the Re(1V) complex in benzene or an ether. These 
complexes were all soluble in polar solvents such as 
acetonitrile, water, alcohol, or dimethyl sulphoxide 
and the aqueous solutions in air rapidly gave back 
Re(C5H202),X,. Where metals are the reductant the 
reduction involves a simple electron transfer but the 
reduction with the thallous salt must involve the 
concommitant formation of Tl(II1). The reduction 
with the hydrides was more complex but likely 
involved hydrogen production. 

Interestingly, the infrared spectra and X-ray 
diffraction patterns indicate that both cis and trans 
isomers of the Re(1V) complex give the same isomer 
of the Re(II1) product. The thallium salt oxi- 
dized in the presence of air to give trans-Re(C5H7- 
02),C12 after several days. It is most likely, then, that 
the thallium salt is also the trans isomer and indeed 
the tetraphenylarsonium analogue has been shown to 
have this structure (6). The solid alkali metal salts of 
the chloro and bromo complexes also oxidize in the 
atmosphere to give Re(C5H70,),X, after several 
days. The solid Re(II1) complexes are all stable in- 
definitely in the absence of oxygen. In aqueous 
medium, the reduction 

occurs at virtually the same potential for both the 
chloro and bromo species (-0.28 and -0.29 V, 
respectively). 

The alkali metal salts are soluble in water with 
K[Re(C5H70,),Cl,] behaving as a strong 1 : 1 elec- 
trolyte (A, = 106 cm2 equiv-l Q-', infinite dilution; 
cf. NaCl A, 126.5 cm2 equiv- (Fig. 1). This is 
consistent with a potassium cation and a [Re(C5H7- 
O,),Cl,]- anion. The mass spectrum of Tl[Re(C5H7- 
0,),C12] (Table 1) does not show a parent ion peak; 
the highest peak occurs at mle 455. This indicates a 
two-electron oxidation of the anion to give 
[Re(C5H70,),C1,]+. The subsequent fragmentation 
of this ion is independent of its origin so that the mass 
spectrum of the thallium salt is very similar to that of 
the rhenium(1V) complex. The thallium salt has two 
additional peaks at m/e 205 and 203. The relative 
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I TABLE 1. Mass spectral data for cis- and t r a n ~ - R e ( C ~ H ~ O ~ ) ~ C l ~  and for TI[Re(C5H702)2C12] 
I 

Intensity 

trans- cis- 
Fragment mle R ~ ( C S H ~ O ~ ) ~ C ~ ~  R~(CSH~OZ)ZC~Z TI[Re(C5H702)2C121 

Re(aca~)~Cl~  + 453,455,457*, 459 100 100 75 
Re(acac),Cl+ 418,420e, 422 6 5 8 
Re(acac), + 383,385* 3 5 4 
ReCl(acac)(C,H,O)+ 375,377*, 379 - 5 < 2 
ReO(acac)Cl, + 370,372,374*, 376 < 2 2 2 

I Re(acac)C12 + 354,356,358*, 360 < 2 2 < 2 
ReO(acac)CI + 335,337*, 339 63 75 70 
Re(acac)Cl + 319,321*, 323 < 2 5 8 
ReO(acac) 300,302* 2 < 2 4 
ReOCl, + 271,273,275*, 277 5 7 4 
TlOH + 220,222* - - 2 

1 
TI + 203,205, - - 100 

NOTE: Intensities given in terms of  the strongest peak marked by an asterisk. In all cases, the isotope intensity ratios were as expected. acac is CSH7O2-. 

130- 

~ 120- 

110- 

4 I 90- 
1 
I 

and 208 cm-l in Re(C5H70,),X, (X = C1 and Br, 
respectively). In the reduced species these bands are 
found at 300 and 200 cm-', respectively. It is noted 
that for both the Re(1V) and the Re(II1) complexes 

o vc,/vBr - 1.5 : 1. For a simple harmonic oscillator of 

l o o - - o ~ " R ) c c q  tnz l o e  
a diatomic with the assumption that the force con- 
stant is the same for both Re-C1 and Re-Br the 

30- ratio of the frequencies is estimated (7) to be 
vc,/vB, E 1.4. The fairly close agreement between the 
observed and calculated ratios indicates that the 

I I I I Re-X stretching vibrations are fairly pure in both 
0.05 

/is 0.10 0.15 the Re(II1) and Re(1V) complexes. If these Re-X 

I vibrations are pure then their relative energies in the 
no. 1. Equivalent conductivity vs. f l  for NaCl and Re(Iv) and Re(III) complexes should be indicative of 

I K[Re(C~H702)~Cl~l. 
the relative strengths of the Re-X bonds. Since the 

intensities of these peaks are the same as the abun- Re-X vibrations occur at slightly lower energy in 
dance of the two stable isotopes of thallium. the reduced species than in the Re(1V) complexes one 

The infrared spectra of M[Re(C5H70,),X,] are would predict that the Re-X bond would be weaker 
listed in Table 2 for M = Na, X = C1 and M = K, and longer in the anions, as is observed (6). 
X = C1, Br. Also, some of the bands have been The electronic spectra of the reduced species are 
assigned empirically (see ref. 4). Assuming local C,, summarized in Table 3. The numerous bands ob- 
symmetry, of the four Re-0 stretching vibrations served can be grouped into three regions. Region I 
(A,, B,,, B,,, and B,,), only the vibrations of B,, and contains bands of very high energy (greater than 
B,, symmetry will be ir active. It has previously been 35 000 cm-') and high extinction coefficients 
suggested (4) that bands observed around 463 and (- 10 000 L mol-' cm-'). Region I1 contains bands 
250 cm-' in Re(C,H70,),X, (X = C1, Br) contain a of moderate energy (15 000-30 000 cm-') and 
large contribution from these modes. Similar bands moderately high extinction coefficients (2000-9000 L 
observed around 450 and 250 cm-' in each of the mol-' cm-'). Region I11 contains bands of relatively 
reduced species no doubt also contain a large low energy (less than 15 000 cm-') and low extinc- 

I contribution from these modes. It is noteworthy that tion coefficients (100400 L mol-' cm-I). A band 
the energies of these bands are similar for both the observed around 30 000-36 000 cm-' ( E  - 30 000 L 
Re(1V) and the Re(II1) complexes. It is likely then mol-' cm-') in many P-diketone complexes has been 
that the extra electron density in the reduced species assigned (8) to transitions between n molecular 

1 is not associated with the ReO, moiety. orbitals of the P-diketone ligand. The complicated set 
1 The Re-X stretching mode of B,, symmetry is ir of bands in region I is probably caused, at least in 

active and can be assigned to bands observed at 309 part, by this kind of ligand transition. The bands in 
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LOCK ET AL. 1255 

TABLE 2. Infrared spectra of Na[Re(C5H70,),CI,], K[Re(C5H70,),CI,], and K[Re(C5H70,),Br,]* 

Na[Re(C5H7O2),CI21 K[R~(CSH~O~)ZC~ZI K [ R ~ ( C S H ~ O ~ ) ~ B ~ Z I  Assignment 

3085 w* 3085 w 3080 w 
3000 w 3000 w 

2970 w 2950 sh 2950 sh 
2920 w 2920 w 2915 w 

-1600sh 
1520s 1520 s 1515 s vS(c--0) 

1490 sh 
1420 rn 1420 rn 1415 rn va,(C-c) 
1355 s,bd 1360 s 1360 s h(CH3) 
1330 sh 1330 sh va~(c--0) 
1280 rn,sp 1280 rn,sp 1280 s,sp vs(C-c) 
1190w 1195 w 1190w G(C-49 
1100 w,bd 1110 w,bd 
1025 sh 
1015 rn 1020 rn 1015 rn p(CH3) 
935 s 935 s 935 s v(C-CH3) 

920 s 
910 s 910 s 910 s 

*Abbreviations: sh, shoulder; s, strong; m, medium; w, weak; bd, broad; sp, sharp. 

TABLE 3. Electronic spectral data for Na[Re(C5H70,)zC121, K[Re(C5H703,CIzI, and K[Re(C5H702)2Br21 

K[Re(C5H702)2C121 K[Re(CSH7O2)2Br21 

Na[Re(C5H702),C121 CH3CN Hz0 CH3CN 
reflectance Reflectance Reflectance 

(crn- ') (crn - ') crn-I E* crn-' E (crn- l) crn-I E 
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region I1 have extinction coefficients which are 
typical of metal + ligand or ligand + metal3 charge 
transfer transitions (9). The strong band around 
15 000 cm-' results in the characteristic blue-green 
colour of the reduced species. The bands in region I11 
are probably d-d transitions. The very low energy 
band (-4000 cm-l) was too weak to be observed in 
solutions and its origin is unclear. 

The reduced dichlorocomplexes exhibit room 
temperature magnetic susceptibilities which are 
typical of Re(II1) in an octahedral environment (10) 
(1950 x lop6 cgsu for M = Na and 2020 cgsu for 
M = K). Similarly, K[Re(C5H702),Br2] has a room 
temperature magnetic susceptibility of 1370 x 
cgsu. 

The reduction of trans-Re(C5H702),C1, with zinc 
amalgam in aqueous medium results in a blue solu- 
tion whose electronic spectrum is identical with that 
of an aqueous solution of M[Re(C5H702),C1,] 
(M = Na, K). This blue solution no doubt contains 
the [Re(C5H602),Cl,]- anion. In CH3CN, however, 
this anion is formed only as an intermediate, the final 
product being Re(C5H70,),. The Zn(I1) ions appear, 
then, to be catalyzing the formation of this latter 

3The bands are probably ligand -+ metal charge transfer 
bands as they increase in energy as the formal oxidation state of 
the metal decreases. 

complex. In aqueous solutions, the Zn(I1) ion would 
be hydrated, thus poisoning the catalytic activity. 
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Structure et reactivite. III.l,Evolutions stereochimiques et chemins reactionnels des 
radicaux cyclohexyles substitues en 2 et cyclohexenyles substitues en 3 

(reaction de Kochi) 

I Laboratoire de Chimie Orgnnique Structurale, UnioersitP de Proaence de Saint-JPldme, 13397 Marseille Cedex 4 ,  France 

R e ~ u  le 31 juillet 1978 

MAURICE MONNIER et JEAN-PIERRE AYCARD. Can. J. Chem. 57, 1257 (1979). 
L'Btude de la rhction de chlorodkarboxylation par le tetracetate de plomb en prksence de 

LiCl (rkaction de Kochi) d'une shie d'acides cyclohexaniques et cyclohexBniques montre que 
celle-ci s'accompagne d'une ac6toxydhrboxylation. La proportion d'acktate form6 augmente 
avec l'encombrement stkrique du groupement R vicinal du centre radicalaire. La diffkrence de 
ster6os61ectivitB de la formation des adtates et des chlorures est expliquk en considkrant une 
Bvolution partielle a partir des conformkres les moins stables. 

MAURICE MONNIER and JEAN-PIERRE AYCARD. Can. J. Chem. 57, 1257 (1979). 
The chlorodecarboxylation reaction (Kochi reaction) of a series of cyclohexane and cyclo- 

hexene carboxylic acids was investigated. Competitive acetoxy decarboxylation occurs, and 
the proportion of acetates is shown to increase with steric hindrance due to the R-substituent 
relative to the radical center. A partial evolution involving high energy conformers is suggested 
to explain the difference of stereoselectivities in the formation of acetates and chlorides. 

I Introduction statation est celle de l'importance de l'tvolution vers 
i sous l'action du tetracetate de plomb et dlun les acttates lorsque l'encombrement sttrique aug- 

&Iorure alcalin, un acide carboxylique est facile- nlente a proximit6 du site radicalaire; cette CaraC- 

, merit dCcarboxylC et le radical ainsi formt kvolue tdristique de la rtaction de Kochi n'avait pas encore 
vers le chlorure d'alkyle ou vers l'acttate corres- CtC mise en Cvidence- 

' pondant. Mise au point par Kochi (2), cette rtaction En ~Crie cyclohexanique, pour la rtaction normale 
a t t t  particuli2rement bien Ctudite tant au point de de formation des chlorures, les stCrtosClectivitCs 
vue de la synth2se que du *tcanisme, rnais seuls des observtes sont en faveur de l'isom2re thermo- 
travaux limit.& ont abordt l'aspect stCrCochimique dynamiquement le mains stable, meme pour le 
de cette rtaction (3-5). Ce mCmoire est une contri- radical tert-butyl-2 cyclohexyle pour lequel le pour- 
bution & cet aspect de la rtaction de Kochi. centage de chlorure trans obtenu est tr2s ltg6rement 

1 Pour approfondir ces prob12mes, il est indispen- ~upkrieur aU pourcentage de chlorure cis. En effet, il 
1 sable d'utiliser des substrats cyclohexaniques itant a w montrk que pour ces structures iyexistence d'une ' 

donn6 les possibilitts de cornparaison avec dyautres interaction gauche tert-butyle-XdCstabilise fortement 
rtactions radicalaires induisant des faces diasttrCo- l'isom2re trans (0.3 kcal pour X = OH (lo), 1.5 kcal 
topiques (6-8) et en particulier l'excellente analyse pour = CN (11)) Par rapport l'isomere cis. 
de Gruselle et Lefort (9). En strie cyclohextnique, pour le radical mCthyl-3 

Avec ces substrats, il est tgalement possible cyclohextnyle, le chlorure trans, vraisemblablement 
d'&tudier l'influence des effets stCriques sur la le PIUS stable (1 I), est form6 prtfkrentiellement; par 
sgrtosClectivitt et en passant aux homologues contre, pour le radical tert-but$-3 cyclohextn~le 
cyclohextniques nous sommes en mesure de faire "OUS Obtenons le rtsultat inverse. 
varier ces effets steriques. Pour la rCaction "anormale" de formation des 

acttates, les stCrtodlectivitts sont en faveur de 

RBsultats lYisom6re thermodynamiquement le plus stable dans 
trois cas sur quatre; l'exception ktant celle de la 

I 11s sont rapportCs dans le Tableau 1. La premiere structure tert-butyl-2 cyclohexyle. 
observation est l'identitt de sttr6ostlectivitt quelle ~ ~ f i ~ ,  avec la reaction de chlorod~carboxylation 
que soit la sttrtochimie des acides de dtpart. Ceci est de vacide cyclohex&ne3 carboxylique optiquement 
tout fait conforme avec lYhYpoth2se du Passage Par actif (12), nous avons confirme que le chlorure et les 
un m&me radical intermtdiaire. La seconde con- deux ac~tates formks perdu toute activit~ 

'Pour la partie 11, voir rBf. 1. optique, ce qui est en accord avec le passage par un 
'Auteur a qui la correspondance doit &re adressk. radical en interconversion rapide. 

0008-4042/79/101257-05$01 .OO/O 
@I979 National Research Council of CanadalConseil national de recherches du Canada 
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TABLEAU 1. Pourcentages des produits form& lors de la rkaction de Kochi* 

[ll] RCOOH + RCI + ROAc 
cis ou trans cis trans cis trans 

(%I (%I (%) (%) 

Discussion 
La structure tert-butyl-4 cyclohexyle constitue une 

rtfkrence pour comparer les diverses rtactions; la 
stCrtodlectivit6 obtenue (27%) rCsulte d'une attaque 
axiale prCfCrentielle et est tout i fait analogue B celles 
(30 B 40%) de la majorit6 des rtactions qui conduisent 
au chlorure d'alkyle en passant par le radical tert- 
butyl-4 cyclohexyle (4, 9, 13); une stCrCosClectivitC 
plus marquee (60%) a toutefois CtC observCe par 
Gruselle et coll. (9) lors de la dCcomposition thermi- 
que de peracides qui conduit aux alcools corres- 
pondants. I1 est evident qu'au de19 de ces petites 
diffirences qui rCsultent des comportements spCci- 
fiques des esplces chimiques opposCes au radical, 
dans l'Ctape qui dCtermine les proportions des 
produits, la stCrCosClectivitC est essentiellement 
dCterminCe par la structure du radical. L'inter- 
prCtation est fondCe sur les hypothbes d'Ctats de 
transition prCcoces et d'une prkdominance des inter- 
actions d'kclipsage (attaque Cquatoriale) sur les 
interactions stCriques (attaque axiale) c'est-&-dire, 
d'un modlle tout A fait similaire 2i celui de Cherest et 
Felkin (14). La premilre hypothlse est tout B fait 
satisfaisante compte tenu de la forte exothermicit6 
de l'Ctape qui conduit du radical au chlorure d'alkyle. 
Dans cette sCrie cyclohexanique la prCsence d'un 
groupement mCthyle equatorial vicinal du centre 
radicalaire ne modifie que ICglrement la stCrCo- 
sClectivitC; ce groupement mCthyle Cquatorial a donc 
des contingences stCriques pratiquement identiques 
vis-&-vis des deux types d'attaques (axiale et 
Cquatoriale). 

La chlorodCcarboxylation de l'acide mCthyl-2 
cyclohexane carboxylique prCsente une stCrCo- 
sClectivitC plus faible (2079, la diminution corres- 
pondante pouvant Ctre attribuCe 2i une Cvolution 

radical. A partir de cette hypothlse, et en considkrant 
l'enthalpie libre conformationnelle du groupement 
mCthyle Cgale h 1.6 kcal mol-' dans le radical 
mCthyl-2 cyclohexyle (par analogie avec 1'Cquilibre 
conformationnel de la mCthyl-2 cyclohexanone (1 5)); 
nous pouvons calculer (cf. partie expkrimentale) les 
differences d'enthalpie libre entre les diffkrents Ctats 
de transition soit (en kcal mol-I): 

Compte tenu des approximations, les valeurs 
obtenues ne constituent que des ordres de grandeurs. 
L'inCgalitC AG*," < AG*," montre une rCactivitC 
importante du conformlre A mCthyl axial. Dans ces 
conditions, la formation du chlorure trans s'effectue 
essentiellement a partir du conformlre thermo- 
dynamiquement le moins stable, alors que du fait 
de la relation AG*," - AG*,' le chlorure cis peut 
Ctre obtenu A partir des deux conformations (16). 

Ces rCsultats peuvent Ctre expliquis de la f a ~ o n  
suivante. Un groupement mtthyle Cquatorial vicinal 
du centre radicalaire dCsactive au mCme degrC et 
l'attaque axiale et l'attaque Cquatoriale de sorte qu'il 
ne modifie pratiquement pas la stCrCosClectivitC, 
alors qu'un methyl axial dtsactive l'attaque Cqua- 
toriale. 

Avec le radical tert-butyl-2 cyclohexyle, la riaction 
de formation des chlorures d'alkyle s'effectue avec 
une stCrCosClectivitC quasi nulle (1%); d'autre part, 
la proportion d'acktates concurrents est nettement 
augmentke, ce qui sugglre une diminution des 
vitesses de la rCaction de formation des chlorures. 

partielle ipar t i r  du conformQe 9 mCthyl -axial du 121 R' + RCl 
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MONNIER ET AYCARD 1259 

Le premier de ces faits expkrimentaux rtsulte soit 
d'une influence sptcifique du groupement tert-butyle 

I sur la vitesse d'attaque axiale sur le conformke 
tquatorial, dont la diminution serait due 21 un 

I encombrement sttrique plus marque, soit A une 

1 contribution d'un autre conformere. N'ayant aucun 
moyen de contr6ler la validit6 de la premiere hypo- 

I these, nous pouvons au moins montrer que la seconde 
est raisonnable. En effet, par analogie avec les 
donntes relatives a la tert-butyl-2 cyclohexanone, 
nous pouvons considkrer que le radical tert-butyl-2 
cyclohexyle presente un equilibre entre un confor- 
mere a groupement tert-butyle equatorial et un con- 
formere twist 1-4 (cf. Fig. 1). 

La structure du deuxieme conformere n'a pas CtC 
prouvCe mais elle est tr&s raisonnable compte tenu 
des donnkes rtcentes (17). Un calcul analogue au 
prCctdent permet d'acctder aux differences d'enthal- 
pie libre entre Ctats de transition. 

131 
(G*)Ee - (G*)Ea N +0.4 

1 (G*)Te - (G*)Ea N - 1.2 kcal mol- ' 
1 La sttrtostlectivitt du conformtre twist (T) est 
I 
1 considCrCe comme totale car l'tvolution vers le 
I chlorure trans n'implique pas d'interaction syn-1,3 

avec l'un des mtthyl du tert-butyle (cf. Fig. 1); il est 
1 alors logique que l'tnergie d'activation correspon- 

dante soit trts nettement inftrieure a celle de la 
rtaction du conformere Cquatorial. 

La formation des acttates pourrait Ctre due a une 

( reaction de type S,2, catalyste par le tetracttate de 
plomb, sur les chlorures formts. Difftrents essais de I substitution dans les conditions de la rtaction de 
Kochi nous ont permis d'tcarter cette CventualitC. 

I Ce probleme pouvait aussi Ctre abordt dans le 
1 cadre de l'hypothbe d'une Cvolution du radical vers 

le carbocation correspondant (2, 5). Des essais 
d'acCtoxydtcarboxylation en milieu ionique (18) ne 
nous ayant pas conduit a des rtsultats analogues a 
ceux de la rtaction de Kochi, nous resterons dans le 
cadre d'une tvolution directe partir des radicaux 
pour tenter de dtgager une interprktation cohtrente 
des rksultats. 

La premi&e remarque concerne une diffkrence de 
comportements de radicaux cis-mtthyl-2 tert-butyl-4 
cyclohexyle et mtthyl-2 cyclohexyle, le premier con- 
duisant exclusivement aux chlorures, alors que le 
second conduit 16.3% d'acttates. L'explication la 
plus simple est que ces acttates rtsultent essentielle- 
ment de l'tvolution a partir du conformere A mCthyl 
axial; cela expliquerait tgalement la stCrCosClectivitt 

I (42%) en faveur de l'acttate trans (attaque axiale sur 
' 

le conformere a mtthyl axial). Cette interprttation 
implique que la rtaction de formation des acttates 
est plus sensible aux effets sttriques que celle qui 

FIG. 1. Conforrn6re twist du radical tert-butyl-2 cyclohexyle. 

conduit aux chlorures, ce qui est en accord avec le 
renforcement de la sttrtosClectivitC (67%) quand c'est 
le radical tert-butyl-2 cyclohexyle qui tvolue vers les 
acttates correspondants. Ce renforcement de stCrto- 
stlectivitt nous permet tgalement d7Climiner l'hypo- 
these d'un Ctat de transition plus tardif pour la 
rtaction conduisant aux acttates; en effet, pour les 
tert-butyl-2 acttoxycyclohexane c'est l'isom2re cis 
qui est thermodynamiquement le plus stable (10). 

Enfin, pour l'tvolution des radicaux cyclo- 
hextnyles vers les chlorures les rCsultats sont a priori 
contradictoires; pour l'homologue tert-butylt, la 
sterCosClectivitC (72%) est fortement en faveur du 
chlorure cis thermodynamiquement le moins stable 
(1 l), c'est-a-dire un comportement analogue a celui 
observt dans la sCrie cyclohexanique. Au contraire 
le radical mtthyl-3 cyclohexCnyle Cvolue vers le 
chlorure trans thermodynamiquement le plus stable; 
ce dernier rtsultat s'explique si l'on admet que 
l'tquilibre conformationnel de ce radical est en 
faveur du conform2re a mtthyl pseudo-axial. Cette 
hypothtse ne semble pas deraisonnable; elle nous 
conduira a dCvelopper une analyse conformation- 
nelle de ce type de structure. 

Conclusion 

La chlorodtcarboxylation de Kochi est donc 
accompagnke d'une rtaction parasite qui est une 
acttoxyd~carboxylation et qui devient relativement 
importante lorsque les radicaux intermtdiaires dis- 
posent d'un groupement encombrant au voisinage 
du site radicalaire. Les deux rtactions sont examinkes 
du point de vue de leur sttrtosClectivitC; elles sont 
gkntralement opposCes mais peuvent Ctre interprtttes 
simplement en considtrant une tvolution partielle a 
partir des conformeres les moins stables. 

Les spectres ir et rrnn ont BtB enregistres sur des appareils 
Perkin-Elmer rnodkle 377 et Varian EM 360 respectivement. 
Les analyses chrornatographiques ont kt6 effectukes sur des 
appareils Girdel 3000 ou ABrograph 90P. 
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Identification des composis 
Les diffkrents produits de reaction sont s6parks par cppv et 

identifies par spectroscopic infrarouge et par rmn (largeur de 
bande du proton gem du groupement fonctionnel). Le chloro-4 
cyclohexene a BtB identifie a I'aide des spectres ir (19) et rmn 
d6jB dkcrits. L'identification des aktoxy-3 et -4 cyclohexenes 
a kt6 effectuee par comparaison avec des khantillons authen- 
tiques obtenus par esterification des cyclohexene-2,ol et 
cyclohex6ne-3,ol. 

Les tert-butyl-3 X-4 cyclohex6nes ont CtB identifies par 
analyse des spectres rmn des composes trideuteries en position 
3,6,6. 

L'examen des constantes de couplage montre que les 
derives cis sont conformationnellement homogenes alors que 
les derives trans presentent un Bquilibre conformationnel. 

L'identification des derives cyclohexeniques a d'autre part 
kt6 confirmke par la comparaison de leurs produits d'hydro- 
genation avec les derives cyclohexaniques prkkdemment 
obtenus. 

Paramltres des composis synthitisds 
tert-Butyl-2 chlorocyclohexanes 
Cis: 'Hmr (CDCI,) 6 : 1 (s, 9H, C-2-tBu), 1.0-2.2 (m, 9H, 

ring), 4.7-4.5 (m, 1 H, H-C-1-CI). 
Trans: 'Hmr (CDCI,) 6: 1.05 (s, 9H, C-2-tBu), 1.05-2.6 

(m, 9H, ring), 4.2-3.6 (m, lH, H-C-1-CI). 

tert-Butyl-2 acdtoxy cyclohexanes 
Cis: 'Hmr (CDCI,) 6: 0.9 (s, 9H, C-2-tBu), 0.9-2.2 (m, 

9H, ring), 2.07 (s, 3H, 0-CO-CH,), 5.03-5.23 (m, lH, 
H-C-1-0-CO-CH,). 

Trans: 'Hrnr (CDCI,) 6: 0.9 (s, 9H, C-2-tBu), 0.9-2.2 
(m, 9H, ring), 2.07 (s, 3H, 0-COUCH3), 4.5-5 (m, lH, 
H-C-1-0-CO-CH3). 

Mithyl-2 chlorocyclohexanes 
Cis: ir (20); 'Hrnr (CDCI,) 6: 1.1 (d, 3H, C-2-CH,), 

1.2-2.13 (m, 9H, ring), 4.23-4.43 (m, lH, H-C-1-CI). 
Trans: ir (20); 'Hrnr (CDCI,) 6: 1.1 (d, 3H, C-2-CH,), 

0.9-2.43 (m, 9H, ring), 3.31-3.83 (m, lH, H-C-1-CI). 
Mithyl-2 acitoxycyclohexanes 
Cis: 'Hmr (CDCI,) 6: 1 (d, 3H, C-2-CH,), 1-2 

(m, 9H, ring), 2.1 (s, 3H, 0-CO-CH,), 4.9-5.1 (m, lH, 
H-C-1-0-COUCH3). 

Trans: 'Hmr (CDCI,) 6: 1 (d, 3H, C-1-CH,), 1-2 (m, 
9H, ring), 2.1 (s, 3H, 0-CO-CH,), 4.1-4.6 (m, lH, 
H-C-1-0-CO-CH,). 

Mithyl-3 chloro-4 cyclohexlnes 
Cis: ir v,,,: 1653 (m, C=C), 680-646 (S, C-CI); 'Hmr 

(CDCI,) 6: 1.3 (d, 3H, C-3-CH,), 1.7-2.75 (m, 7H, ring), 
4-4.3 (m, lH, H-C-GCI), 5.03-5.7 (m, 2H, H-C=C-H). 

Trans: ir v,,.: 1653 (m, C=C), 680 (w, C-CI); 'Hrnr 
(CDCI,) 6: 1.16 (d, 3H, C-3-CH,), 1.76-1.28 (m, 7H, ring), 
3.63-4.1 (m, lH, H-C-GCI), 5.4-6 (m, H-C==C-H). 

Mithyl-3 acdtoxy-4 cyclohexlnes 
Cis: 'Hmr (CDCI,) 6: 0.8-1.4 (m, 3H, C-3-CH,), 0.8-2.6 

(m, 7H, ring), 1.93 (s, 3H, 0-CO-CH,), 4.17-4.3 (m, lH, 
H-C-4-0-CO-CH,), 5.3-5.6 (m, 2H, H-C==C-H). 

Trans: 'Hmr (CDCI,) 6: 0.95 (d, 3H, C-3-CH,), 0.8-2.6 
(m, 7H, ring), 1.95 (s, 3H, 0-CO-CH,), 4.23-4.4 (m, lH, 
H-C-4-0-CO-CH,), 5.3-5.6 (m, 2H, H-C==C-H). 

tert-Butyl-3 X-4 cyclohexlnes-d3 3,6,6 (cf. Schema 1) (X = 
CO 

Cis: ir v,,.: 1652 (m, W), 659 (S, C-CI); 'Hmr (CDC1,) 
6: 1 (s, 9H, C-3-~Bu), 1.84 (d, 2H, C-5-H-4-H-5), 4.31 
(m, lH, 3J34 = 3J35 = 4.2 HZ, C-4-H-3), 5.61 (m, lH, 
,JtJ = 10.5 HZ, 4J31 = 1.2 HZ, c-2-H-i), 5.78 (d, lH, ,JrJ = 
10.5 Hz, C-1-H-j). 

SCH~MA 1 
Trans: ir v,,.: 1654 (m, C=C), 630-668 (S, C-CI). 
tert-Butyl-3 X-4 cycloh2xenes-d3 (cf. Schema 1) (X = OAc) 
Trans: 'Hmr (CDCI,) 6: 1 (s, 9H, C-3-tBu), 1.58 (m, lH, 

J34= 8.3 Hz, C-5-H-4), 1.78 (m, lH, 3J35 = 3.6 Hz, 
J4, = -12.8 Hz, C-5-H-5), 4.90 (m, lH, C-4-H-3), 5.58 
(d, lH, ,JIJ = 10.4 HZ, C-2-H-i), 5.68 (d, lH, ,JIJ = 10.4 HZ, 
C-1-H-j). 

Obtention des composis 
Les acides de depart ont kt6 obtenus par saponification des 

esters correspondants (11). 
L'hydrogenation catalytique a kt6 effectuee sur Pd/C 5% 

Fluka dans l'kthanol sous 1 atm. 
La reaction de chlorodecarboxylation a kt6 effectuee suivant 

le mode operatoire decrit par Kochi (2). Les rendements 
(aktates + chlorures) apres separation par cppv sont de 50% 
pour les derives methyles et de 70% pour les derives tert- 
butylks. 

Le tktraktate de plomb a kt6 obtenu suivant la methode de 
Vogel (21). 

Siparation des composds 
Les R-3 X-4 cyclohex~nes (R = CH,, C(CH3),; X = C1, 

OAc) ont kt6 separks sur une colonne de Carbowax 6000 de 
2.5 m, diametre 9.6 mm/colonne 115"C/dkbit 150 mL/min. 

Les R-2 X-1 cyclohexanes (X = C1, OAc; R = CH,, 
C(CH,),) ont kt6 s6parks sur une colonne de RBoplex 400 de 
2.5 m, diambtre 9.6 mm/colonne 12O0C/dBbit 120 mL/min. 

Les acktoxy-1 tert-butyl-4 cyclohexane et chloro-1 tert- 
butyl-4 cyclohexane ont kt6 separes sur une colonne de 
tricresyl phosphate de 2.5 m, diametre 9.6 mm/colonne 
9O0C/dBbit 120 mL/min. 

Les chromatographies analytiques ont-kte effectuees sur des 
colonnes analogues. 

Calcul des energies Iibres des dtats de transition 
Soient kEe et kEa les constantes de vitesse pour I'attaque sur 

le radical a groupement R equatorial et kAe et kAa celles pour 
I'attaque sur le radical ti groupement R axial (cf. Schema 2). 
La lettre minuscule designe la face d'entrke, la majuscule la 
position du groupement. 

La difference des differences d'6nergie libre de 1'6tat de 
transition suivant les attaques est pour chaque conformere 

La reaction ayant un contrBle cinktique, le rapport des 
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SCHBMA 2 

produits formks est Cgal au rapport de leurs vitesses de 
formation: 

[cis] d[cis]/dt -kE"[E]+kAe[A] -- C81 [trans] - d[trans]/dt - k<[E] + kAa[A] 

- - kEB + kAeK 
kEe + kABK avec K = [A:I/[E] 

La dktermination de K t~ partir de la diffkrence d'enthalpie 
libre AGO du radical permet de dkterminer les diffkrences 
d'Cnergie libre dans les Ctats de transitions des diffkrents , conformkres. 

i [9] AAG*,,, = AG*Ea - AG*Ae = - RTln a a = kEa/kAe 
I 

1 [lo] AAG*,,.,, = AG*Ee - AG*Aa = - RTln b 
I 

Pour le calcul des diffkrences d'knergie libre: pour R = CH, 
le rapport kEe/kEa est tirC de nos rCsultats alors que le rapport 
kAa/kAe a Ctk tire des travaux de Cruselle et Lefort (8) sur la 
dkomposition thermique de peracides cyclohexaniques. Pour 
R = (CH3),-C nous avons considkrk kAe = 0. 
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Complexation of cadmium(I1) with water- and soil-derived fulvic acids: 
effect of pH and fulvic acid concentration 
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ROBERT A. SAAR and JAMES H. WEBER. Can. J. Chem. 57,1263 (1979). 
We studied the conditional stability constants of cadmium(I1) bound to  fulvic acid derived 

from water and soil, and found that (I) stability constants increased with increasing pH, and 
(2) stability constants decreased as we increased the fulvic acid concentration toward 70 mg/L. 
The second effect does not occur for the copper(I1)-fulvate system. Conformational changes 
that occur when a fulvic acid solution becomes more concentrated apparently weaken sites 
that are otherwise more accessible to  weak-binding cadmium. From p H  4 to  8, the overall 
conditional stability constant increases from 1.4 to  12 x 10Vor  water-derived fulvic acid and 
from 1.7 to 43 x 10Vor  soil-derived fulvic acid. Increases in fulvic acid concentration from 
20 mg/L to  70 mg/L halve theconditional stability constant a t  a given pH. 

ROBERT A. SAAR et JAMES H. WEBER. Can. J .  Chem. 57, 1263 (1979). 
Nous avons Ctudie les constantes de stabilite conditionnelles du cadmium(I1) lie a de I'acide 

fulvique provenant d'eau et de sel et nous avons trouv6 que ( 1 )  les constantes de stabilite 
augmentent avec le p H  et (2) les constantes de stabilit6 diminuent lorsque nous augmentons 
la concentration de I'acide fulvique vers 70 mg/L. On ne note pas le second effet avec le 
systkme cuivre(II)/fulvate. Les changements conformationnels qui se produisent lorsqu'une 
solution d'acide fulvique devient plus concentree semblent affaiblir les sites qui sont autrement 
plus accessibles au cadmium qui se lie faiblement. D u  pH = 4 a 8, la constante de stabiliti 
conditionnelle globale augmente de 1.4 a 12 x 10"our I'acide fulvique provenant d'eau et 
de 1.7 a 43 x 10Qour I'acide fulvique provenant du sol. Lorsqu'on porte la concentration de 
I'acide fulvique de 20 mg/L a 70 mg/L a un p H  donnC, on reduit la constante de stabilitC 
conditionnelle de moitiC. 

[Traduit par le journal] 

Introduction scopically (12-14). This study describes the complex- 

~ ~ l ~ i ~  acid (FA) is the fraction of naturally ation of Cd2+ to these well-characterized samples. 
occurring humic matter that remains in solution at Many have that complexation of 
low pH. Its properties, particularly its ability to bind heavy metals to fulvic acid increases as the pH the 
heavy metals, have been studied, but most fulvic ~olution rises (3, 5,  6).   he literature also shows 
acid for these studies has been extracted from soils decreased heavy-metal binding by fulvic acid as the 

(1-7). Work on humic materials extracted from ionic strength of the solution increases (10). 
natural waters is usually done on the total dissolved A third variable, largely overlooked, is the fulvic 
humic matter (fulvic and humic acids), not just on acid concentration itself. Fulvic acid is characterized 

aquatic fulvic acid (6, 8-11). as a polyelectrolyte (7), a class of molecules that 
our group has isolated fulvic acids from river changes conformation at different concentrations 

water (WFA) and from a podzol soil (SFA), and has (15)- Measurements by Reuter (16) On aquatic humic 

carefully characterized them chemically and spectra- substances show a rapid increase in reduced viscosity 
(specific viscosity per unit concentration) as the 

'To whom all correspondence should be addressed. humic material was diluted below about 100 mg/L 

0008-4042/79/ 1 1 1263-06$01 .W/O 
e l 9 7 9  National Research Council of Canada/Conseil national de recherches du Canada 
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at pH 7. He attributes the reduced-viscosity increase 
at low concentration to uncoiling of the humic 
structure. This uncoiling, or increase in apparent size 
of an average humic or fulvic acid molecule, may 
make sites more available for heavy-metal binding. 
As shown in gel permeation chromatographic studies 
(17), raising the pH or lowering the ionic strength 
also increases the apparent molecular size. 

We designed our study to measure the effect of pH 
and fulvic acid concentration on the binding of 
Cd2+ (a highly toxic metal ion) to our WFA and 
SFA. Previous work in our group shows that cop- 
per(I1) - fulvic acid binding is pH dependent (18). 
However, we had not observed that fulvic acid con- 
centration affected the binding of Cu2+. We em- 
ployed Cd2+, hoping it would be more sensitive than 
Cu2+ to conformational changes made by varying 
the polyelectrolyte (fulvic acid) concentration. 

We analyzed free-metal concentration with ion- 
selective electrodes (ISE), an in situ method, because 
of difficulties with other techniques. Since our FA 
samples have average molecular weights below 
700 amu (13), dialysis tubing we tried could not fully 
separate free and bound metal for analysis by 
atomic absorption spectrophotometry. Ultrafiltra- 
tion with an Amicon UM05 membrane separates 
well enough, but requires too much time and fulvic 
acid. 

Gel filtration chromatography is used for binding 
studies (19), but the aromaticity of our fulvic acids 
may interact non-ideally with the chromatographic 
resins (20). The surface activity of fulvic acid makes 
many voltammetric techniques difficult (21, 22), 
although aqueous humic matter apparently does not 
adsorb on the membranes of ion-selective electrodes 
(9). 

Experimental 
Materials 

Fulvic acid. An earlier paper (12) describes the isolation and 
characterization of our soil- and water-derived fulvic acids. 

Cadmium(1Z) solutions. Fisher SO-C-118 certified atomic 
absorption standard (1000 ppm) diluted with potassium nitrate 
electrolyte. 

Copper(1Z) solutions. Orion copper(I1) nitrate (0.1000 + 
0.005 M )  standard, diluted with electrolyte. 

Electrolyte. Mallinckrodt purified granular potassium 
nitrate crystals, dissolved in double deionized water. 

KOH. Baker reagent grade 45% KOH, diluted with double 
deionized water or electrolyte, whichever gave the ionic 
strength closest to the experiment. 

Apparatus 
We measured the Cd2+ and Cu2+ concentrations with Orion 

model 94-48 and 94-29 solid-state ion-selective electrodes. The 
reference portion of a Corning model 476050 combination 
electrode was the reference for the ion-selective electrodes; a 
second Corning combination electrode monitored pH. Two 
Orion model 701A pH/mV meters recorded simultaneously 
free-metal concentration and pH. 

We titrated into a Princeton Applied Research (Princeton, 
NJ, U.S.A.) model 9301 water jacketed cell. A P.M. Tamson 
circulating water bath maintained the temperature for all 
experiments at 25.0 + 0.2"C. A magnetic stirring bar and 
stirrer maintained solution homogeneity. 

Procedures 
We titrated with either a cadmium-ion solution or a fulvic 

acid solution. For those experiments where metal-ion solution 
was the titrant, we placed 25.0 mL of the pH-adjusted fulvic 
acid solution, prepared daily in 0.1 M KNOB, in the jacketed 
cell. We then added aliquots of the CdZ+ solution, also 
prepared that day from the concentrated metal-ion standards, 
with Gilson Pipetman variable pipets. To maintain pH within 
k0.03 pH units, we added small volumes of KOH solutions. 
We calibrated the ion-selective electrodes by adding standard 
metal-ion solutions to the electrolyte before and after each 
titration. Because the cadmium ion ISE has a small pH 
dependence, we calibrated that electrode at the pH of the day's 
work by adding KOH as needed. 

For experiments where fulvic acid was titrant, we placed 
25.0 mL of 0.1 M KNOB in the jacketed cell and added several 
aliquots of standard metal-ion solution to form a calibration 
curve. After adding the last metal aliquot, we began the 
titration with fulvic acid without changing the solution in the 
cell. Again, we adjusted the pH as necessary. We list the 
conditions for both types of experiment in Table 1. 

ISE response flattens below about M free metal so we 
computer fitted a polynomial of the form 

n 

log [M2+] = C ai(mv)' 
i = O  

to the calibration curves. [M2+] is the free metal ion concen- 
tration, mu is the millivolt reading from the ISE, al are the 
polynomial regression coefficients, and n is the order of the 
polynomial. 

Calculations 
We first tried to divide the binding sites on the 

fulvic acid into classes (such as strong, weak, and 
very weak) by the Scatchard method of analysis 
(23). Although we found 1 .O + 0.3 sites per average 
fulvic acid molecule, the sites did not fall into well- 
defined classes with a given equilibrium constant for 
each. We observed a continuous variation in site 
strengths with respect to Cd2+, which would explain 
the lack of clear breaks in our Scatchard plots. 

Gamble and co-workers have demonstrated that 
fulvic acids contain acid functional groups with 
similar, but not identical pK, values (7). The acid 
strength of these groups decreases as the degree of 
ionization increases. Work by several groups has 
shown that salicylic acid-type structures are the sites 
of copper chelation (24-26). We assume that such 
sites are available for cadmium(I1) binding as well. 

We expect that the extent of binding, and hence the 
stability constant for the cadmium-fulvate system 
will depend on pH and degree of association of metal 
and fulvic acid. The salicylic-type sites are similar 
but not identical, so the overall stability constant is 
a weighted average of the stability constants for each 
increment of chelating sites. The reaction at the ith 
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SAAR AND WEBER 

TABLE 1. Experimental conditions for cadmium - fulvic acid titrations 

Water-derived fulvic acid (WFA) Soil-derived fulvic acid (SFA) 

PH Titrant Solution in cell PH Titrant Solution in cell 

6 . 0  5 . 2 7 ~  MWFA 
8 . 0  5.91 
4.0" 1.03 x M Cdz+ 
5.0" 1.53 
6.0" 1.99 
7.0" 2.69 
8.0" 3.30 
7.0b 0.215 
7.0b 0.357 
7.0b 0.756 
7.0b 2.14 

5 . 2 0 ~  M SFA 
5.04 
1 . 6 7 ~  10-3MCdZ+ 
1.67 
2.67 
2.67 
4.15 
0.108 
0.209 
0.395 
1.07 
1.68 

1 . 9 ~  10-5MCdZ+ 
4.9 
5 .4  x M SFA 
5.4  
5.6 
5 .9  
5 .4  
0.30 
0.61 
1 .3  
2 .4  
4 .1  

Series of experiments where pH was the variable. 
'Series of experiments where fulvic acid concentration was the variable. 

type of chelating site is 

Here, HFAi- is the ith type of fulvic acid binding 
site without metal, Cd2 + represents the free cadmium 
ion and Cd-FA, is the ith .type of cadmium-fulvate 
1 : 1 complex. We define the incremental conditional 
stability constant K i  : 

The overall conditional stability constant K is 
k r k 

The weighting factors [HFAi-] will change with 
pH and possibly with concentration of fulvic acid. 
Further, the overall conditional stability constant K 
will vary depending on the proportion of sites 
occupied by metal. With cadmium ions occupying 
the strongest sites at low metal-to-fulvic-acid ratios, 
each added increment of Cd2 + will go to successively 
weaker chelation sites so that K will drop. We 
calculated the overall stability constant K for various 
levels of cadmium loading, that is, for various 
values of [Cd-FA]/CFA, where CFA, the total fulvic 
acid concentration, equals [HFA-] + [Cd-FA]. 
Our Scratchard analysis showed approximately one 
site per fulvic acid molecule, so we assumed that 1 : 1 
complexes predominate. We used the expression 

for the conditional stability constant. Since total 
cadmium concentration, Ccd, is 

Results and Discussion 
Tables 2 and 3 show the effect of pH and fulvic 

acid concentration on K for our water- and soil- 
derived fulvic acids. These K values are taken from 
the high [Cd-FA]/CFA part of those titrations where 
cadmium-ion solution is the titrant. [Cd-FA]/CFA 
represents the average number of cadmium ions 
bound per fulvic acid molecule. Figures 1-4 show 
that much higher stability constants exist early in 
the titration (at low [Cd-FA]/CFA), due to the few 
strongest fulvic acid sites to which the cadmium 
ions from the first few titration aliquots bind. 

TABLE 2. Effect of pH on cad- 
mium - fulvic acid conditional 

stability constants* 

K x 10-3 
- -- 

PH WFA SFA 

'All titrations have fulvic acid concen- 
trations of 5 to 6 x M and 0.1 M 
KN03 supporting electrolyte at 25'C. 

TABLE 3. Effect of fulvic acid concentration on cadmium - 
fulvic acid conditional stability constants 

[WFA] x lo4 M a  K x [SFA] x lo4 Mb K x 
- 

0.28 8.8 0.30 29 
0.56 6.5 0.61 24 
1.06 2.5 1.3 18 
3.18 4 . 4  2 .4  13 

4 .1  14 
5 .6  12 

Titrations done at pH 7.0 in 0.1 M KN03.  
bTitrations done at pH 6.0 in 0.1 M KN03. 
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Much useful information appears in our log K vs. 
[Cd-FA]/CFA graphs. The high [Cd-FA]/CFA values 
represent an average of all the sites involved during 
titration and indicate the type of fulvic acid sample 
and experimental conditions. The somewhat lower 
log K values for WFA compared to SFA may be 
explained by its lower phenol OH content: 5.2 
meq/g for SFA and 4.3 meqlg for WFA (12). This 
confirms the assumption that salicylic acid func- 
tional groups are the sites of binding (24-26). 

It is clear from Figs. 1 and 2 that fulvic acid 
isolated from either water or soil binds Cd2+ more 
strongly as the pH is raised. There is a roughly two- 
fold increase in the binding constant, K, for each pH 
unit increase. These two figures also show that for 
lower pH values, the stability constant K becomes 
constant at lower levels of metal loading, that is, at 
lower [Cd-FA]/C,,. 

Figures 3 and 4 show the effect of fulvic acid con- 
centration on its ability to complex metal ions. For 
both types of fulvic acids, we see higher conditional 
stability constants in the more dilute solutions. The 
dependence of stability constant on concentration 
occurs for solutions below about 1 x M (about 

FIG. 1.  Conditional stability constants for water-derived 
fulvic acid as a function of pH. Data represent replicate 
titrations at each pH. 

FIG. 2. Conditional stability constants for soil-derived 
fulvic acid as a function of pH. Data represent replicate 
titrations at each pH. 

FIG. 3: Conditional stability constants at pH7.0 for 
water-derived fulvic acid (WFA) at three different WFA 
concentrations. 
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60-70 mg/L) using the molecular weights of 644 amu 
for SFA and 626 amu for WFA (13). This concen- 
tration corresponds well to the concentration range 
where Reuter found that reduced viscosities of 
aquatic humus change with concentration (16), that 
is, below about 100 mg/L. The higher reduced vis- 
cosity of dilute solutions may imply that the humus 
molecules are uncoiled or in an 'open' conformation. 

Studies in our group (18) and the work of others 
(1-3, 5, 10, 27, 28) show that Cu2+ binds more 
strongly to fulvic and humic acids than Cd2+ does. 
We surmise that the conformational changes (de- 
crease in apparent molecular size) that result from 
increasing the concentration of fulvic acids are 
forceful enough to block some potential Cd2+ 
binding sites. However, the stability of Cu2+ with 
the fulvate binding sites is great enough to overcome 
this relatively weak conformational blocking. We 
conclude that the intramolecular attractions (forces) 
involved here are stronger than those in Cd-FA 
complexation, but weaker than those in Cu-FA 
complexation. We expect that metal ions like Pb2+ 
that bind to simple organic ligands much as Cu2+ 
does (29) would not have stability constants that 
depend on fulvic acid concentration. Similarly, we 
anticipate that weak binding metals like Zn2+ would 
have concentration-dependent K values. 

The data from reverse titrations (those where a 
fulvic acid solution is the titrant) confirm the con- 

shape, that is, K always increases when adding FA 
or K always decreases when titrating with Cu2+. 

We believe that fulvic acid concentration should be 
considered as an important variable when investi- 

centration effect for cadmium. Early in such a titra- 
tion, the stability constant drops after each addition 
of FA, but then levels off and begins to increase 
again toward the end of the titration (data repre- 
sented by triangles in Fig. 5). This confirms that 
fulvic acid binding to cadmium is strongest when FA 
is most dilute (early in this type of titration). As we 
add more aliquots of FA titrant, its concentration in 
the cell increases and the K value drops. However, as 
we add more FA, the ratio of FA to Cd2+ increases, 
so that Cd2+ ions have an ever widening choice of 
sites on the fulvic acid for binding. The metal ions 
will bind preferentially to the strongest sites, so as we 
add more fulvic acid, the average K value increases. 

The result is that the selection of titrant (FA or 
Cd2+) makes a significant difference in the shape of 
the binding curve for cadmium due to the fulvic acid 
concentration effect. Figure 5 shows the two curve 
shapes for WFA at pH 6.0. Curve shapes for the 

0.5 SFA-cadmium system also depend on the titrant 

5.0 

4.8 - -  

4.6 -- 
Y 

I tn - 
4.4 

4.2 

4.0 

0 Cd2* titrant 

[ c~ -FA] /c~~  chosen and are very similar to those for WFA shown 
in Fig. 5. In contrast, we observed no FA concentra- 

FIG. 4. Conditional stability constants at pH 6.0 for soil- tion effect for the copper-fulvate system and our 
derived fulvic acid (SFA) at four different SFA concentrations. curves for both types of titration have the same 

4 
a 
@ 
& 
P 
?!# 
C 
%Oo0 ,, 

I,0 A ~ A  
-- OcO 

A n  
o n 

-- 0 
O 0 

0 0  0 

0.1 0.2 0.3 0.4 

FIG. 5. Two pH 6.0 titrations, one each with WFA and 
Cd2+ as titrant. Reagent concentrations are shown for an 
experimental point in each titration with approximately equal 
[Cd-FA]/CFA. 
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gating the transport of weakly bound metals like 
cadmium in natural systems. We have demonstrated 
that on a per-mole basis, fulvic acid binds cadmium 
most strongly when FA is in low concentration. 
Graphs such as those in Figs. 1-4 help to calculate 
the proportion of free and bound metal ion (cadmium 
ion in this case) for a given pH, for a range of fulvic 
acid concentrations and at different [Cd-FA]/CFA 
values. If we assume that U.S. average river water 
has 10-13 mg/L of dissolved humic substances (30) 
and about 1 pg/L of Cd2+ (31), the low [Cd-FA]/ 
CFA parts of our figures would be most suitable. 
However, areas with much heavy-metal pollution 
might be best represented by the high [Cd-FA]/CF, 
portions of these graphs. We observe finally that 
fulvic acids extracted from water and soils behave 
very similarly with respect to Cd2+ complexation. 

Acknowledgements 
This work was partly supported by National 

Science Foundation grant OCE 77-08390. We thank 
Rob O'Neil for experimental assistance. 

1.  F. J. STEVENSON. Soil Sci. 123, 10 (1977). 
2. F. J. STEVENSON. Soil Sci. SOC. Am. J. 40,665 (1976). 
3. T.  TAKAMATSU and T. YOSHIDA. Soil Sci. 125,377 (1978). 
4. V. CHEAM. Can. J. Soil Sci. 53,377 (1973). 
5. V. CHEAM and D. S. GAMBLE. Can. J. Soil Sci. 54, 413 

(1974). 
6. B. BRADY and G. K. PAGENKOPF. Can. J. Chem. 56,2331 

(1978). 
7. D. S. GAMBLE. Can. J. Chem. 48,2662 (1970). 
8. J. GARDINER. Water Res. 8,23 (1974). 
9. J. BUFFLE, F.-L. GRETER, and W. HAERDI. Anal. Chem. 

49,216 (1977). 

10. R. F. C. MANTOURA, A. DICKSON, and J. P. RILEY. ES- 
tuarine Coastal Mar. Sci. 6,387 (1978). 

1 1 .  P. BENES, E. T.  GJESSING, and E. STEINNES. Water Res. 
10,711 (1976). 

12. J. H. WEBER and S. A. WILSON. Water Res. 9, 1079(1975). 
13. S. A. WILSON and J. H. WEBER. Chem. Geol. 19, 285 

(1977). 
14. S. A. WILSON and J.  H. WEBER. Anal. Lett. 10(1), 75 (1977). 
15. H.-G. ELIAS. Macr~m~lecu les  1.  Structure and properties. 

Plenum, New York, NY. 1977. p. 352ff. 
16. J. H. REUTER. Geol. Soc. Am. Abstr. 9(7), 1140 (1977). 
17. E. T. GJESSING. Schweiz. Z. Hydrol. 33,592 (1971). 
18. W. T. BRESNAHAN, C. L. GRANT, and J. H. WEBER. Anal. 

Chem. 50, 1675 (1978). 
19. R. F. C. MANTOURA and J. P. RILEY. Anal. Chim. Acta, 78, 

193 (1975). 
20. B. GELOTTE. J. Chromatogr. 3,330 (1960). 
21. A. M. BOND and G. HEFTER. J. Electroanal. Chem. 31,477 

(1971). 
22. P. L. BREZONIK, P. A. BRAUNER, and W. STUMM. Water 

Res. 10,605 (1976). 
23. G. SCATCHARD. Ann. N.Y. Acad. Sci. 51,660 (1949). 
24. R. S. BECKWITH. Nature, 184,745 (1959). 
25. S. S. KHANNA and F. J. STEVENSON. Soil Sci. 93, 298 

(1962). 
26. M. SCHNITZER and S. I. M. SKINNER. Soil Sci. 96, 86 - ~ 

(1963). 
27. R. D. GUY and C. L. CHAKRABARTI. Can. J. Chem. 54,2600 

(1976). 
28. S. RAMAMOORTHY and D. J. KUSHNER. Nature, 256, 399 

(1975). 
29. A. E. MARTELL and R. M. SMITH. Critical stability con- 

stants. Vol. 3. Other organic ligands. Plenum, New York, - - 
NY. 1977. 

30. J. H. REUTER and E. M. PERDUE. Geochim. Cosmochim. 
Acta, 41,325 (1977). 

31. W. H. DURUM, J. D. HEM, and S. G. HEIDEL. U.S. Geol. 
Surv. Circ. 643 (1971). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



The reactions of atomic oxygen with 1-propanol and 2-propanol 
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A. L. AYUB and JOHN M. ROSCOE. Can. J. Chem. '57, 1269 (1979). 
The reactions of 0(3P) with n-propanol and isopropanol were studied as a function of 

temperature. The absolute rate constants for these reactions, in the units M-' s-', obey the 
following relations. 

0 + n-propanol: In k = 20.49 + 0.09 - (1.5 f 11%) x 103/T 

0 + isopropanol: I n k  = 19.58 f 0.07 - (1.1 f 13%) x 103/T 

The activation energies of these reactions are similar to those of the corresponding reactions 
of methanol and ethanol, although some dependence on the strength of the a-C-H bond is 
discernible. The nearly constant pre-exponential factors for the reactions of methanol, ethanol, 
n-propanol, and isopropanol suggest that no special steric effects are present in the reactions 
of these compounds with 0(3P). Mechanisms are discussed for the reactions of n-propanol 
and isopropanol with 0(3P). 

A. L. AYUB et JOHN M. ROSCOE. Can. J. Chem. 57,1269(1979). 
On a 6tudiB les rkctions de 0(3P) avec les n- et isopropanols en fonction de la temperature. 

Les constantes absolues de vitesse de ces reactions, en M-' s-', obeissent aux ielations 
suivantes: 

0 + n-propanol: In k = 20.49 f 0.09 - (1.5 f 11%) x 103/T 

0 + isopropanol: In k = 19.58 f 0.07 - (1.1 f 13%) x 103/T 

Les energies d'activation de ces reactions sont semblables a celles des reactions corres- 
pondantes du methanol et de l'dthanol m&me si l'on peut discerner une relation avec la force 
de la liaison a-C-H. Le fait que les facteurs pr6-exponentiels sont presque constants pour les 
reactions du methanol, ethanol, n-propanol et isopropanol suggkre qu'il n'existe pas d'effets 
steriques spiciaux lors de la reaction de ces composes avec 0(3P). On discute des mkanismes de 
reaction des n- et isopropanols avec 0(3P). 

[Traduit par le journal] 

Earlier work on the reactions of 0(3P) with 
alcohols has established the importance of attack by 
the 0 atom on the hydrogens at the a-carbon atom 
of the alcohol (1-5). However, absolute rate con- 
stants over a range of temperatures are available only 
for the reactions of 0(3P) with methanol and ethanol 
(4, 5). Kinetic data are also available for the reaction 
of 2-propanol with 0(3P) at 298 K (3). The work 
presented here was undertaken to compare the 
Arrhenius parameters for abstraction of a hydrogen 
atom from the a-carbon atom of a primary and a 
secondary alcohol, and to investigate the possibility 
of steric effects in the reactions of 0(3P) with alcohols. 

Experimental 
The experimental methods used in this work have been 

described in detail elsewhere (5). Briefly, the reactions were 
studied in a conventional fast flow system. The 0(3P) was pro- 
duced by adding NO to N(4S) atoms formed in a microwave 
discharge through N2. The 0(3P) concentrations were mea- 
sured by determining the intensity of emission from excited 
NO2 produced by a small amount of NO in excess of that 

'To whom all correspondence should be addressed. 

required tocompletely consume the N(4S). The purification 
procedures for the NO and N2 are described in detail elsewhere 
(5). The rate constants and product analyses were independent 
of the amount of excess NO. 

Both n-propanol and isopropanol were refluxed with mag- 
nesium turnings in the presence of a small amount of 1, to 
remove water. The alcohols were then purified further by 
fractional distillation until no impurities could be detected by 
gas chromatography. Their purity was estimated to be better 
than 99.999%. 

Reaction products were analysed both by gas chroma- 
tography and by mass spectrometry. In the gas chromato- 
graphic analyses, the condensable products were collected in 
traps cooled in liquid nitrogen. They were then analysed on an 
8-foot column of 10% Carbowax on Chromosorb W and on 
an 8-foot column packed with Porapak Q, using an F and M 
model 700 gas chromatograph with a flame ionization detector. 

The mass s~ectrometric analyses were made by sampling 
through a moiecular leak located in the reaction vessel.-~he 
mass spectra were obtained with a CEC model 21-104 single 
focussing mass spectrometer which was operated at suffi- 
ciently low ionizing voltages that interference due to fragrnen- 
tation was minimal. Corrections for the small amount of 
residual fragmentation could easily be made. 

Computer simulation of the reactions was done on a 
DEC-10 computer using a Fortran program described by 
Stabler and Chesick (6). This program was found to give 

'0008-4042/79/111269-05$01 .OO/O 
01979 National Research Council of CanadaIConseil national de recherches du Canada 
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reliable results when tested on several mechanisms which are 
generally regarded as being accurate and for which extensive 
experimental data are available. 

Results and Discussion 
Kinetics 

The absolute rate constants2 for the reactions of 
0(3P) with n-propanol and isopropanol are given in 
Table 1 and the temperature dependence of these 
rate constants is shown in Fig. 1. The stoichiometric 
coefficients in Table 2 were not used in calculating 
the absolute rate constants. Since A[O]/A[ROH] is 
much less than unity, and in view of the calculated 
effects of possible secondary reactions which are 
discussed later, it may be concluded that secondary 
reactions do not result in significant loss of 0(3P). 
Thus, the measured rate constants are, in fact, the 
absolute rate constants. 

The activation energy for the reaction of 0 ( 3 ~ )  
with isopropanol is slightly less than that for the 
corresponding reaction of n-propanol. This might be 
expected since the a-C-H bond energy in iso- 
propanol should be less than the a-C-H bond 
energy in n-propanol. 

The Arrhenius preexponential factors for the reac- 
tions of 0(3P) with n-propanol and isopropanol are 
similar. They are also similar to those reported earlier 
for the reactions of 0(3P) with methanol (4, 5) and 
ethanol (5). This suggests that there is no significant 
'steric effect' on the rate constant for the reactions of 
0(3P) with alcohols having up to three carbon atoms. 
This insensitivity to structure has been reported for 
reactions of 0 ( 3 ~ )  with other organic compounds 
containing oxygen (7). The relatively small pre- 
exponential factors for these reactions have been 
interpreted as indicating that 0 ( 3 ~ )  preferentially 
attacks the 0-atom in the molecule. This electro- 
philic attack would result in relatively few collisions 
having the correct geometry for abstraction of the 
a-H atom from the alcohols studied here. There is 
considerable evidence that such abstraction is the 
initial step in the reactions of 0(3P) with alcohols 
(2-5) and the electrophilic nature of 0(3P) has been 
discussed elsewhere (7, 8). 

Reaction Mechanism 
The analytical data for the reactions of 0 ( 3 ~ )  with 

n-propanol and isopropanol are given in Table 2. 
Water and pinacol were also found in the products 
of the reaction of isopropanol with 0 ( 3 ~ ) ,  but their 
yields were not measured. Based on these data and 
earlier work (2-5), the following reactions serve as 

'Tables of the kinetic data from which these rate constants 
were calculated are available, at a nominal charge, from the 
Depository of Unpublished Data, CISTI, The National 
Research Council of Canada, Ottawa, Ont., Canada-KIA 0S2. 

FIG. 1. Arrhenius plots for the reactions of 0(3P) with 
n-propanol(0) and isopropanol (e). 

TABLE 1. Absolute rate constants for 0 -I- ROH* 

0 -!- n-C3H70H 0 -I- iso-C3H7OH 
- 

T k x 10-71 T k x 
(K) (L mol-I s-') (K) (L mol-I s-') 

463 2.8k0.2 428 2 .92  0.1 
449 2.7k0.2 419 2.4k0.1 
439 2.3k0.1 400 2 . l k  0.1 
419 1 .7k0 .1  388 2.1k0.1 
385 1 .4k0 .1  378 2.0kO.1 
381 1 .4k  0.1 352 1.5k0.1 
347 1.06k0.05 343 1.3k0.1 
345 1 .OOk0.03 322 1.17k0.05 
332 0.79k0.04 308 1.0220.02 
326 0.66k0.06 306 1.02kO.02 
308 0 52+0 06 

*In k (n -C3H70~)  = 20.49 f 0.09 - (1.5 f 0.2) x I O ~ / T .  correlation 
coefficient = 0.98; In k(iso-C,H,OH) = 19.58 f 0.07 - (1:l + 0.1) X 
lO3/T; correlation coefficient = 0.98. All rate constants are with~n two 
standard deviations of the regression line. The uncertainties represent one 
standard deviation. Pressures in these experiments ranged from 1.0 to 1.5 
Tom. [ROHlo/[Olo ranged from about 10 to 100. 

the nucleus for describing the reactions of 0(3P) 
with these alcohols. 

[1 1 0 $ C3H70H + C3H60H t- OH 

[21 OH t- C3H70H + C3HsOH t- H z 0  

[3 1 2C3H60H + C3H70H t- C3HsO 

[41 2C3HGOH + glycol 
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AYUB AND ROSCOE 1271 

TABLE 2. Analytical data* 

Reaction [ROHI/[Ol A[OI/A[ROH] [ROHI/[Ol [RCH:OI/A[Ol [(CH3)2C:OI/A[Ol 

'Average values in italics. 

While no glycol could be detected in the products of 
the reaction of O(,P) with n-propanol, and only a 
small amount of pinacol was recovered in the cor- 
responding reaction of isopropanol, these products 
could easily have been lost on the walls of the 
apparatus. 

The possibility of O(,P) consumption by the 
carbonyl product, C,H,O, and by OH was examined 
for each reaction by numerical integration of the 
appropriate rate equations. The additional reactions 
required for this analysis are 

Rate constants for reactions [2], [5], and [7] were 
taken from the literature (7, 9-11). Our value of k, 
was used and all other rate constants were made at 
least ten times as large as k,. The ratio k,/k, was 
adjusted to give the observed yield of the carbonyl 
compound. The calculations were then repeated with 
k, and k, set to zero, and then with k, set to zero as 
well. In  the reaction of 0(,P) with n-propanol, the 
inclusion of reaction [7] increased the overall rate 
constant by 5% and inclusion of reactions [5] and [6] 
altered the overall rate constant by 10%. In the reac- 
tion of O(,P) with isopropanol, the corresponding 
values were 0.3% and 1%. These calculations were 
made with a 50-fold excess of alcohol over 0(,P), 
which is typical of our experimental conditions. Such 
estimates are likely to represent an upper limit on 
the effects of secondary reactions since the reactions 

of OH with the carbonyl compounds are also likely 
to be fast but were neglected for lack of kinetic data. 
It should therefore be safe to assume that reactions 
[5] to [7] played a negligible role in our experiments, 
within the uncertainties evident in Table 1. At least 
partial confirmation of this was found in a few 
experiments in which the ratio of O(,P) to alcohol 
was varied from 5 to 100. The calculated rate con- 
stant at 298 K was dependent on alcohol concentra- 
tion until about a 15-fold excess of alcohol was used. 
Beyond this point, the rate constant was independent 
of alcohol concentration within experimental error. 
As expected, the smaller alcohol concentrations gave 
a substantially larger rate constant than was obtained 
with 20- to 100-fold excess of alcohol. Consumption 
of 0(,P) by the cr-alkanol radicals could not be 
estimated by the above method because of the lack 
of kinetic data. However, such reactions are unlikely 
to have been important since they would have made 
the yield of the carbonyl compound and relative 
consumption of O(,P) greater than the observed 
values. Participation by such reactions would have 
made the measured rate constants too large, and may 
have been responsible for the downward curvature 
of some of the pseudo first order plots which extended 
to relatively long reaction times. 

Comparison of the Reactions of 0(,P) with Alcohols 
The reactions of 0(,P) with C, to C, alcohols seem 

to follow the same general mechanism, although 
under the conditions in which we studied the reaction 
of O(,P) with methanol the reaction of 0(,P) with 
OH seemed to be important (5). This is presumably 
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TABLE 3. Comparison of available kinetic data for reactions of 0(3P) with alcohols* 

k2g8 X A x AEa 
Alcohol (M-I s-I) (M-I s-l)  (kJ mol-') Method Reference 

CH30H 0.825 1.45k0.10 1 2 . 8 k 1 . 2  Discharge flow, 5 
chemiluminescence 

CH30H 1.71 1.70k0.66 11 .4k2 .3  Discharge flow, esr 4 
C2H50H 5.27 0.670_+0.078 6 . 3 k 1 . 7  Discharge flow, 5t  

chemiluminescence 
C2H50H 7.48 Hg sensitization, 2 

product analysis 
n-C3H70H 0.510 0.792k0.075 12 .5k1 .4  Discharge flow, This work 

chemiluminescence 
iso-C3H70H 0.796 0.319k0.023 9 . 1 k 1 . 2  Discharge flow, This work 

chemiluminescence 
iso-C3H70H 1 1 . 2  Hg sensitization, 3 

product analysis 
'The uncertainlies indicated represent one standard deviation. 
?The results have been corrected as explained in the text. 

due to the relatively small rate constant for the 
competing reaction of OH with methanol (9 )  and to 
the experimental limitations on the concentration of 
methanol relative to 0 ( 3 ~ ) .  

If the general mechanism proposed by Kato and 
CvetanoviC (2, 3) and outlined here applies to the 
reaction of 0 ( 3 ~ )  with ethanol, the stoichiometric 
coefficient used to convert the measured rate con- 
stants for that reaction to absoliite values (5) must 
be corrected for regeneration of ethanol by the dis- 
proportionation of the a-alkanol radical. When this 
is done, all the absolute rate constants reported in 
our earlier work on this reaction (5) must be multi- 
plied by a factor of 1.6. This makes our absolute rate 
constant at 298 K in better agreement with that 
reported by Kato and CvetanoviC (2) (Table 3). The 
revised temperature dependence of this rate constant 
is then given by In k = 20.3 f 0.2 - (760 + 27%)/T. 

The discrepancy between our results for the reac- 
tion of isopropanol with 0 ( 3 P )  and those of Kato and 
CvetanoviC (3) is more serious and more difficult to 
understand. Although their experiments were made 
with a much larger excess of alcohol than was pos- 
sible in our work, the effects of secondary reactions 
under our conditions were estimated to be negligible. 
Moreover, any such secondary reactions would have 
made our rate constants too large, while they are 
actually about an order of magnitude smaller than 
the value reported by Kato and CvetanoviC based on 
competitive measurements using 1-butene. We are 
unable to detect any systematic errors in either our 
experiments or our calculations which could have 
caused this discrepancy. The kinetic measurements 
were made on two different flow systems by two 
penons working independently. The results obtained 
were in good agreement. The stoichiometry measure- 

ments were also made by two persons on two dif- 
ferent flow systems, one equipped with a gas chroma- 
tograph and the other with a mass spectrometer. 
Again, the results obtained on the two systems were 
in good agreement. Clearly, further independent 
work is needed to resolve this question. 

While the preexponential factors for the reactions 
of the alcohols are similar, a small but systematic 
dependence on the number of a-C-H bonds is 
discernible. When the preexponential factors are 
divided by the number of a-C-H bonds, the varia- 
tion among the resulting values is random and is 
within experimental error. From this, it appears that 
apart from a statistical effect, there are no special 
steric influences in the reactions of 0 ( 3 P )  with the 
alcohols. No conclusions can be drawn from the 
activation energies for these reactions because their 
combined uncertainties are greater than the small 
differences among them. It seems, however, that the 
reported activation energy for the reaction of 0 ( 3 P )  
with ethanol (5) may be somewhat too small since 
one would expect a value comparable to that for the 
corresponding reaction with n-propanol and larger 
than that for the reaction of 0 ( 3 P )  with isopropanol. 
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1 (Ref.: Can. J.  Chem. 56,2833 (1978)) 

The caption to Fig. 1 should read: "Molecular structures of (a), 2u (occupancy factor 0.3); (b), 2b 
I (occupancy factor 0.7); and (c), 4." 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



A carbon-13 nuclear magnetic resonance study of benzyl cyanide 

RODERICK E. WASYLISHEN AND BRIAN A.  PETTITT 
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RODERICK E. WASYLISHEN and BRIAN A. PETTITT. Can. J. Chem. 57, 1274 (1979). 
Spin-lattice relaxation times are reported for the cyano, methylene, and ring carbons in 

liquid benzyl cyanide at selected temperatures between 215 and 406 K. The rotation of the 
molecule is modelled on the diffusion of a prolate spheroid and the following features are 
deduced: (I) rotation of the aromatic ring about the long axis of the molecule is about 3 times 
faster than rotation of this axis, (2) rotation of the -CH,CN group about the long axis is 
about 1.5 times faster than the aromatic ring, and (3) activation energies associated with the 
temperature dependence of the 13C-'H dipolar relaxation rates agree with the hydrodynamical 
prediction of 3.6 kcal/mol associated with the temperature dependence of the ratio shear 
viscosity - temperature. 

Linewidths of the cyano carbon resonance are shown to result from scalar coupling with 
14N. 

Spin-spin coupling constants involving the cyano and methylene carbons are reported and 
compared with those calculated at  the INDO level of molecular orbital theory. 

RODERICK E. WASYLISHEN et BRIAN A. PETTITT. Can. J. Chem. 57, 1274 (1979). 
On rapporte les temps de relaxation spin-rCseau des carbones du cyano, du rnkthylkne et du 

cycle du cyanure de benzyle liquide 2 des temperatures determinees entre 215 et 406 K. On peut 
imaginer le modkle pour la rotation de la molecule sur la base d'une diffusion d'une sphkroi'de 
allongee et I'on a pu deduire les caracteristiques suivantes: (I) la rotation du cycle aromatique 
autour de son axe le plus long est environ 3 fois plus rapide que la rotation de cet axe, (2) la 
rotation du groupe -CH2CN autour de son axe le plus long est environ 1.5 fois plus rapide que 
celle du noyau aromatique et (3) les energies d'activation associbes avec le fait que les taux de 
relaxation dipolaire 13C-'H dependent de la temperature sont en bon accord avec la prediction 
hydrodynamique de 3.6 kcal/mol qui est associ6e avec la relation entre la temperature et le 
rapport viscosite de cisaillement - temperature. 

L'klargissement des raies de resonance du carbone du cyano provient d'un couplage scalaire 
avec le 14N. 

On rapporte les constantes de couplage spin-spin impliquant les carbones cyano et mkthylkne 
et on les compare avec celles calculkes au niveau INDO de la theorie des orbitales molCculaires. 

[Traduit par le journal] 

Introduction 
The rotational modes of a molecule usually con- 

stitute the 'lattice' that gives rise to the time depen- 
dence of the relaxation terms in the nuclear spin 
Hamiltonian; hence the widespread use of Tl 
experiments in the study of liquid state rotational 
dynamics. The complexities of the liquid state rarely 
permit the interpretation of such experiments in any 
other than the crude terms of the rotational diffusion 
model, in which molecular rotations are regarded as 
the result of unspecified intermolecular torques 
fluctuating on a very short timescale. The model is 
generally accepted as a satisfactory framework within 
which the rates of rotation in the various modes of 
'large' molecules can be compared. For example, the 
14N, 13C, and 'H resonances of acetonitrile, CH,CN, 
have been thoroughly studied (1-7). At room tem- 
perature, CD,CN rotates approximately 9 times 
faster about its C, axis than about axes perpendicular 
to this symmetry axis; and the two types of motion 

are characterized by activation energies (EaYs) of 
0.8 kcal/mol and 1.7 kcal/mol, respectively (2). The 
present paper is concerned with the 13C spin- 
lattice relaxation times of benzyl cyanide (C,H,- 
CH2CN, Fig. l), a derivative of acetonitrile, which 
exists as a liquid over a broad temperature range 
(249 to 507 K at atmospheric pressure). In addition 
13C,13C coupling constants involving the methylene 
and cyano carbons are reported and compared with 
those calculated using the INDO semiempirical 
molecular orbital theory. 

Previous nmr work on benzyl cyanide includes a 
variable temperature study of the 14N linewidths by 
Wallach (8), and measurements of the temperature 
and pressure dependences of 'H relaxation times of 
benzyl-4-dl cyanide and a,a-dideuterobenzyl cyanide 
by Jonas and co-workers (9-11). In their analyses, 
they emphasized the internal rotation of the 
-CH2CN group (Ea = 2.9 kcal!mol), assuming this 
to be superimposed on isotropic overall rotation 

0008-4042/79/111274-05$01 .OO/O 
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WASYLISHEN AND PETTITT 1275 

FIG. 1. Benzyl cyanide conformations. 

(E,  = 3.3 kcal/mol). In a recent study, Schaefer et al. 
(12) measured the six-bond coupling constant be- 
tween the methylene and para protons of 3,5- 
dichlorobenzyl cyanide and the analogous 'H,~'F 
coupling constant in p-fluorobenzyl cyanide, from 
which they inferred a barrier height of approximately 
0.35 kcal/mol for the twofold intramolecular poten- 
tial of the -CH2CN group, the more stable con- 
formation having the cyano group out of the aro- 
matic plane (Fig. lb). They also used the ab initio 
(STO-3G) molecular orbital scheme with partial 
geometry optimization to show that this quantity is 
less than 1 kcal/mol. 

In the present paper, recognition of the grossly 
stochastic nature of the rotational diffusion model 
and the relatively weak interaction between the 
C6H5- and -CH2CN fragments leads us to em- 
phasize the anisotropy of the rotation and to regard 
any systematic effects that may result from the intra- 
molecular potential as outside the scope of this 
picture, lost in the fluctuations of the number, 
momentum, and energy densities of the fluid. 

Experimental 
Benzyl cyanide (>98% purity) was obtained from the 

Aldrich Chemical Company and benzyl cyanide-8-13C 6.e. 
13CN) and benzyl cyanide-7-13C (i.e. 13CHz) were obtained 
from Petrochem. The 13C enriched samples were diluted with 
ordinary benzyl cyanide, 5% by volume cyclohexane-dlz was 
added to provide an internal lock, and the samples were 
degassed by the freeze-pump-thaw technique under vacuum 
and sealed. 

Proton-decoupled 13C spectra were obtained on a Varian 
CFT-20 spectrometer equipped with an 8 mm variable tem- 
perature probe. The spin-lattice relaxation times were mea- 
sured using the inversion-recovery pulse sequence (d - 180" - 
r - 90°), where d is a delay time (d > 5T1) and r is a variable 
time. TIys of the methylene and aromatic carbons were mea- 
sured independently using a sweep width of 125 Hz. Typically, 
50 transients were accumulated for the methylene carbon (un- 
enriched) and 16 to 25 transients for the ring carbons. Free 

induction signals were weighted slightly by an exponential 
weighting factor before being Fourier transformed. The 90" 
pulse width was 17 ps. 

Nuclear Overhauser enhancement factors (nOeYs) were 
measured using the gated proton decoupler with d > 10Tl 
(13C). 

13C,13C spin-spin coupling constants were measured using 
acquisition times > 10 s and are accurate to k0.1 Hz. 

Results and Discussion 
13C Spin-Lattice Relaxation Times and Rotational 

Diffusion Coeficients 
Aromatic and Methylene Carbons 
The dipolar part of the 13C spin-lattice relaxation 

rate due to N identical, directly bonded protons is 
related to a reorientational correlation time, T,, in 
the extreme narrowing approximation by (1 3a) 

where y, and y, are the gyromagnetic ratios of 13C 
and the proton, 2nh is Planck's constant, and r is the 
C-H bond length. The rotational dynamics of the 
molecule are assumed to be adequately represented 
by the diffusion of a prolate spheroid with major axis 
passing through the C6H5--CH2CN bond. The rota- 
tion of this axis is characterized by a rotational 
diffusion coefficient, D,, and the C6H5- and 
-CH2CN groups are treated as rigid fragments in 
relative rotation about this axis, characterized by 
diffusion coefficients Dll  and Dl, ' ,  respectively. 
Woessner (14) has shown that the two coefficients are 
related to the correlation time by 

where A = K3 cos2 0 - B = 3 sin2 0 cos2 0, and 
C = 314 sin4 0, 0 being the angle between the C-H 
vector and the major axis of the spheroid. Equation 
[2] explicitly refers to the C6H5- group, and 
replacement of Dll  by D l l l  makes it applicable to the 
-CH2CN group. Because 0 = 0 for the para carbon 
(C,), z2(C4) = 1/60,, such that the TI of this 
carbon is sufficient to determine D,. The ortho (C,) 
and meta (C,) carbons both have 0 = 60°, so this 
model requires that their Tl's be equal. Standard 
geometries are assumed: the methylene carbon (C,) 
is assigned the tetrahedral angle and r = 1.09 A, and 
the aromatic r = 1.08 A. 

Table 1 displays the measured Tl's and the diffu- 
sion coefficients derived from them. The important 
features of this table can be summarized as follows: 
(a) T1(C2) = T,(C,) within experimental error, (b) 
over 125 K temperature range, the Tl's and diffusion 
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TABLE 1. 13C spin-lattice relaxation times and rotational diffusion coefficientsa 

"All nOe factors are 2.0 within experimental error. Estimated error f 10X 

coefficients change by an order of magnitude, (c) the 
aromatic ring rotates about the major axis of the 
molecule approximately 3 times faster than the axis 
itself, and ( d )  the -CH2CN group rotates about the 
major axis approximately 1.5 times faster than the 
aromatic ring. The constancy of DII/D, is in accor- 
dance with simple hydrodynamical theory (15), which 
predicts that this ratio is determined by the molecular 
geometry. The value for benzyl cyanide is similar to 
those of tert-butylbenzene, phenylacetylene, and 
biphenyl (l3b). 

Plots of l/Tl on a logarithmic scale versus recip- 
rocal temperature for the aromatic and methylene 
carbons all give activation energies of 3.5 + 0.3 
kcal/mol. Simple hydrodynamical theory predicts 
that this quantity can be equated to the activation 
energy associated with the ratio q/T, where q is the 
shear viscosity (15). This prediction is upheld by 
published viscosity data for benzyl cyanide (16), 
which, when plotted as In (q/T) versus 1/T, gives a 
good strqight line with a slope corresponding to an 
E, = 3.6 kcal/mol. 

The quantity Dl, ' - Dll (E+D,~  in this case) is the 
rate of diffusive rotation of the -CH2CN group 
with respect to the aromatic ring (17). In general, this 
quantity is probably determined by a complicated 
interplay of inter- and intramolecular effects; but 
some investigators have attempted to equate the 
activation energy associated with its temperature 
dependence to the barrier to internal rotation (18). 
The data in Table 1 is not accurate enough for such 
treatment, but in any case we regard the procedure as 
inadequate. The relationships between transport 
coefficients and more fundamental molecular proper- 
ties are very elaborate (19), and features as compli- 
cated as the geometric variation of the total energy of 
a polyatomic molecule require techniques of a pre- 
cision as yet unattempted by the most ambitious 
kinetic theorists. 

Cyano Carbon 
Spin-lattice relaxation times were measured for the 

cyano carbon, and the components due to dipolar 

. . , In the T,'s. 

coupling with protons, TId, were extracted with the 
corresponding nOe factors (13a), giving the results in 
Table 2. TI' is a relaxation time associated with the 
total rate of relaxation due to mechanisms other than 
13C-'H dipolar coupling. Ln (l/T,d) and In (l/T1') 
are plotted versus reciprocal temperature in Fig. 2, 
from which it was determined that the former has 
E, = 3.6 kcal/mol. ~ , d  has contributions from the 
ortho and methylene protons, and studies of aceto- 
nitrile (5) and cyanoacetylene (20) suggest that 
protons on adjacent molecules may also contribute. 

TI' represents the combined effects of spin- 
rotation coupling, 13C-14~ dipolar coupling, scalar 
coupling (of the second kind), chemical shift aniso- 
tropy, and possibly traces of paramagnetic species 
such as 0, (13). Rough calculations show that 
13C-14N dipolar coupling and chemical shift 
anisotropy, which have the same temperature depen- 
dence as the 13C-'H dipolar coupling, are expected 
to contribute, whereas the scalar mechanism can be 
discounted. The high temperature behaviour of TI' 
is consistent with the spin-rotation mechanism, but 
this effect is difficult to quantify for a nucleus in an 
unsymmetrical environment. 

Although it makes no contribution to TI, the 
TABLE 2. Spin-lattice relaxation times and nOe factors for the 

cyano 13C 

nEstimated error + 10% in the T,'s. 
bEstimated error f 0.05 in the nOe factors. 
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WASYLISHEN AND PETTITT 1277 

FIG. 2. The temperature dependence of the observed relaxa- 
tion rates for the cyano 13C in. benzyl cyanide: the circles and 
solid line represent the I 3 C 1 H  dipolar component, and the 
squares and broken line represent the component due to other 
mechanisms. 

scalar mechanism is very effective in the relaxation of 
the transverse component of the cyano 13C mag- 
netization. In this case, the spin-spin relaxation time, 
T2Sc, is related to the 14N spin-lattice relaxation time, 
T1(l4N>, by (134 

where TI" is very large and J is the 13C-14N spin- 
spin coupling constant. Since vll, = (nT,)-' and it 
can be assumed that T,('~N) = T2(14N) for rapid 
relaxation of the nitrogen, [3] can be approximated 
as 

here should be stated. It is not completely certain that 
multispin effects (22) are absent in decoupled 13C 
spectra, but we have made the usual assumption that 
single exponential recovery of the magnetization (as 
observed) is due to the mechanisms discussed above. 
More importantly, the choice of axes for the diago- 
nalized rotational diffusion tensor was made heuris- 
tically, and the inertial and dipolar properties of the 
molecule due to the -CN group are thereby over- 
simplified. Also, it has been shown (23) that Dl, ,, is 
quite sensitive to small changes in molecular geom- 
etry. With these limitations in mind, we believe that 
the observed anisotropy, relative motion of the 
C6H5- and -CH2CN groups, and hydrodynam- 
ically determined temperature dependence are 
significant features of the rotational dynamics. 

' c,' 3~ Spin-Spin Coupling Constants 
Cyano Carbon 
Observed and calculated 13C,13C coupling con- 

stants involving the cyano carbon are listed in 
Table 3. The calculated values are Fermi contact 
contributions at the INDO-MO-FPT level of ap- 
proximation (24-26) for the conformation in which 
the G N  bond is in the plane of the benzene ring 
(Fig. la) and the conformation derived from this by 
rotation through 90" about the C6H5-CH,CN bond 
(Fig. lb). Standard geometries were used in all 
calculations (26). 

The value 57.2 Hz observed for 'J(CH2,CN) in 
benzyl cyanide is similar to the value 56.6 Hz 
observed in acetonitrile (7), and the calculated values 
are substantially larger than those observed for both 
molecules (27, 28). Agreement might be improved if 
the orbital-dipolar (OD) and spin-dipolar (SD) con- 
tributions were included, but Blizzard and Santry 
(28) have estimated these terms to be only - 2.56 and 
0.57 Hz respectively in acetonitrile. 

The value of 'J(CN,C) in benzyl cyanide is only 
3.53 Hz, in contrast to a value of 33.0 Hz reported 
for propionitrile (7). The INDO-MO-FPT procedure 

in terms of half-height linewidths. ~ ( 1 3 ~ - 1 5 ~ )  is TABLE 3. Observed and INDO-FPT calculated values of 

- 17.5 Hz in acetonitrile and - 16.4 Hz in propio- "J(I3CN,l3C) in benzyl cyanide 

nitrile (21), so we have estimated J(13C-14N) in Calculated values 
benzyl cyanide as -- - 16y(14N)/y(15N) = 11.4 HZ. (Hz) 
Estimating 14N linewidths from a graph in ref. 8 and Observed valuesa 
using [4] we have calculated cyano 13C linewidths Coupling constant (Hz) a b 
which are in good agreement with experiment. For 1J(cN,CH2) 57.2 76.30 74.96 
example, at 303, 378, 423, and 443 K the calculated z ~ ( ~ ~ , ~ ~ )  3.53 -8.34 -9.39 
(observed) values in Hz are 0.9 (1.2), 1.7 (1.7), 2.6 3 ~ ( c ~ , c 2 )  3.37 3.35 3.60 
(2.3), and 3.0 (2.9), respectively.' 3J(CN,Cs) 3.37 5.65 3.60 

A few reservations about the analysis presented 4J(CN3C3) 1 0 . 3  -0.32 -2.51 
4J(CN,C~) 5 0 . 3  0.00 -2 .51 

'Observed linewidths have been corrected for magnetic field 'J(CN,C4) 2.0.3 0.23 2.73 
inhomogeneity, estimated error k0 .3  HZ. OEstimated error is f 0.1 Hz. 
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TABLE 4. Observed and INDO-FPT calculated values of 
"J(13CH2,13C) in benzyl cyanide 

Calculated values 
(Hz) 

Observed valuesa 
Coupling constant (Hz) a b 

'Estimated error ? 0.1 Hz 

predicts -8.9 Hz in propionitrile, similar to the 
value for benzyl cyanide. If this large difference 
between the two molecules is real, then it appears 
that the combined OD and SD contributions to 
2J(C,C) are very different. 

The general behaviour of 3 J ( C , ~ )  as a function of 
dihedral angle has been investigated (29-33) and 
shown to be quite different for saturated systems than 
for systems with n: character in the coupling path. 
That this quantity is not very useful in conforma- 
tional analysis (30) is reflected in the similarity of its 
values for a and b (Fig. 1). 

The values of 4J(C,C) and 'J(C,C) suggest that a 
contributes more than b to the averages, but the 
more accurate STO-3G calculations (12) of the energy 
of the free molecule do not support this. Long range 
H,H couplings are reasonably well reproduced by 
INDO-MO-FPT calculations (34), but the absence 
of good model compounds make such an assessment 
for C,C difficult. 

Methylene Carbon 
Values of "J(CH2,C) observed for benzyl cyanide 

are given in Table 4 along with those calculated by 
the INDO-MO-FPT method. The observed values 
are similar to those of toluene, benzyl alcohol, and 
benzyl chloride (35). The calculated values are not 
very sensitive to the orientation of the methylene 
group. The large values calculated for 4J(CH2,C) may 
indicate the importance of the OD and SD terms, but 
are more likely to result from limitations in the 
INDO approximation. 
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The photoelectron spectra of the methylbromamines and unsubstituted bromamines' 
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He1 photoelectron spectra are reported for pure gas-phase samples of the unstable methyl- 
bromamines, CH3NHBr, CH3NBr,, and (CH3),NBr. Results are also presented for the unsub- 
stituted bromamines NH,Br and NHBr, obtained as products from a gas-phase mixing of 
NH3 and Br,. The spectra are compared with those of the corresponding chloramines. 

Can. J. Chem. 

On rapporte les spectres phototlectroniques, HeI, d'tchantillons gazeux purs des mtthyl- 
bromamines instables, CH3NHBr, CH3NBr, et (CH3),NBr. On prtsente aussi des rtsultats 
pour les bromamines non-substitutes NH2Br et NHBr, que I'on a obtenues comme produits 
par melange en phase gazeuse de NH3 et Br,. On compare les spectres avec ceux des chlora- 
mines correspondantes. 

[Traduit par le journal] 

Introduction 
The simple unsubstituted bromamines, NH,-,,Br,, 

I are known to be rather unstable molecules (4-6), and 
for this reason have not been as extensively studied 

I as the analogous chloramines (5, 6). Monobrom- 
amine (NH,Br) has been prepared in ether solution 

I by reaction of ammonia and bromine at 0°C (7) or 
, -60°C (8), and dibromamine (NHBr,) results from 

a modification of the same procedure (9, 10). The 
absorption spectra of ether solutions of these com- 
pounds indicates that there exists an equilibrium be- 
tween bromamine, ammonia, and dibromamine 
(11). The preparation of both species in aqueous 
solution has been claimed (12, 13), identification 
being based on ultraviolet absorption spectrometry. 

, These claims were later substantiated (14), and the 
presence of nitrogen tribromide (NBr,) was also 
postulated. Only monobromamine has been pre- 
pared in the gas phase (1 5),  following reaction of a 
large excess of ammonia with bromine diluted with 
nitrogen. 

N-Bromoalkylamines are considerably more stable 
(16); the methylbromamines, although not isolated, 
have previously been prepared in aqueous solution 
(17), and as such have been studied by infrared (17) 
and ultraviolet (11, 17) absorption spectrometry. 
Similar studies, conducted in ether solution (1 1) 
indicate that an equilibrium between CH,NHBr, 
CH,NBr,, and free amine occurs. Dimethylbrom- 
amine, (CH,),NBr, is the only methylbromamine 

'Part 111 of a series. For parts 1 and 11, see refs. 2 and 3. 
Part IV is ref. 1. 

that has previously been prepared in the gas phase 
(1 5), albeit from a mixture of gaseous dimethylamine 
and bromine, where one of the components is always 
in excess. In summary, therefore, all of the unsub- 
stituted and methylated bromamines are unstable, 
and have never been characterized in the gas phase. 
Methylation increases the stability. 

We previously studied the He1 and NeI photoelec- 
tron (PE) spectra of the unsubstituted chloramines 
(NH,Cl, NHCI,, and NCl,) and the methyl sub- 
stituted chloramines (CH,NHCl, CH,NCl,, and 
(CH,),NCl) (2, 3), and now wish to extend this to 
the PE spectra of the bromo analogues. Our purpose 
is twofold: first, to obtain information on the elec- 
tronic structures of these bromamines and relate 
them to those of the chloramines, and secondly, to 
illustrate how relatively pure samples of these mole- 
cules may be produced for gas-phase investigation. 
Thus following our earlier work on the chloramines 
(2,3), the methylbromamines are prepared as volatile 
components of a solution reaction, and the unsub- 
stituted monobromamine is prepared via a gas phase 
mixing reaction. Evidence for the formation and 
detection of dibromamine is presented. During the 
course of this work a paper was published on the PE 
spectrum of NH,Br (18a) and subsequent to the 
completion of this manuscript, a paper on CH,NHBr 
and CH,NBr, also appeared in the literature (18b). 
All three species were obtained as constituents of 
Br,/NH, (or CH,NH,) mixtures in the gas-phase, 
and the resultant "clean" spectra were obtained by 
spectrum stripping procedures. Here we present the 
PE spectra of pure gas-phase samples. 

0008-4042/79/111279-07$01 .OO/O 
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Experimental 
(a) Methylbromamines 

These were prepared in aqueous solution by mixing a solu- 
tion of sodium hyuobromite, NaOBr, with the appropriate 
amine solution.   he temperature was maintained at O°C. The 
methvlbromamine thus formed was sufficiently volatile in 
uacuo to be led directly into the ionization chamber of the PE 
spectrometer (19) via a CaCI2 trap to remove excess water. 

(i) Preparation of the NaOBr solution: Br2 was added slowly 
to a 20% NaOH solution at room temperature until there was 
an excess of halogen. This solution was kept in the dark at 
- 10°C until required. 

(ii) CH3NHBr: an excess of 40% methylamine solution was 
added quickly to the hypobromite solution. As we have pre- 
viously observed for CH,NHCl (3), the ratio of amine:hypo- 
halite for optimum yields was found to be critical, since insuf- 
ficient amine results in the formation of CH3NBr2. Best yields 
were obtained at a pH of about 9. 

(iii) CH3NBr2: 40% methylamine solution was added drop- 
wise with stirring to the hypobromite solution. The dibromo- 
substituted species was formed under these conditions when 
the amine was not in excess (pH - 7). 

(iu) (CH3)2NBr: 40% dimethylamine solution was added to 
the hypobromite solution until alkaline (pH - 10). 

(u) Sampli~g: a similar technique to that used for the chlor- 
amines (2, 3) was found to be appropriate here; the volatile 
component from the solution was led directly into the PE 
spectrometer (19) via a CaCl, U-trap maintained at -37OC. 
Spectra were calibrated using the known ionization potentials 
(IP's) of CH,I, H20 ,  N,, and Ar. 

(b) Monobromamine (and Dibromamine) 
Extensive experiments to prepare and sample the unsub- 

stituted bromamines from aqueous solution were unsuccessful. 
Rapid decomposition in solution prevented the observation of 
any gas-phase bromamine. Nitrogen was observed in abun- 
dance. Similar results were obtained using a variety of solvents. 
Thus a direct gas-phase synthesis was devised, based on the 
generator used previously for the monochloramine synthesis 
(2, 20) which involved mixing of Br, and NH,. NH,Br is 
easily produced by this method (see later, and refs. 15 and 
18a). The NH3:Br2 ratio, the flow rate, and temperature were 
all extensively varied in an attempt to improve the yield of 
gas-phase dibromamine, since the previous work (2, 3) indi- 
cated that substantial amounts of di- and even tri-chloramine 
are produced by this method. 

Results 
The He1 PE spectra of CH,NHBr, CH3NBr2, and 

(CH,),NBr are shown in Fig. 1 a, b, and c, respec- 
tively. The spectra are relatively clean, the only con- 
taminant being a trace of water evidenced by the 
sharp peak at 12.62 eV. Certain bands in each of the 
spectra show resolvable vibrational structure (listed 
in Table 1). 

Spectra of NH2Br in the presence of excess Br, 
(21) and excess NH, (22) are shown in Fig. 2 a and 
b, respectively, with expansions of the first region 
under the same conditions shown in Fig. 3 a and b. 
The first band of NH,Br shows resolvable fine struc- 
ture (Fig. 4). 

All IP's and associated vibrational structure are 
given in Table 1 for the methylbromamines and 
Table 2 for the unsubstituted bromamines. The weak 

IOIVIZA-TION POTENTIAL (eV) 
FIG. 1. The He1 photoelectron spectra of (a) CH3NHBr, 

(b) CH3NBr2, and (c) (CH,),NBr. 

Franck-Condon factors for the adiabatic transition 
of the first band may mean that the quoted adiabatic 
IP's are in error by one vibrational quantum. Error 
limits are given in Tables 1 and 2 together with the 
proposed assignments. 

Assignments 
(a) Methylbrmamines 

The assignments for the methylbromamines are 
based partly on the expected shifts for bromination 
of an amine, and partly on the previous results for 
the analogous methylchloramines (3). Since there 
appear to be no changes in the sequence of orbital 
energies (assuming Koopmans' theorem (23)) for 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



COLBOURNE ET AL. 1281 

TABLE 1 .  Experimental vertical IP's and assignmentsa for CH3NHBr, (CH3)zNBr, and CH3NBrz 

CH3NHBrb (CH3)zNBrb CH3NBrzc 

v' v' v' 
IP (eV) (cm-') Assignment IP (eV) (cm-l) Assignment IP (eV) (cm-l) Assignment 

  adiabatic IP's in parentheses. Valence level numbering. Vibrational structure f 50 cm-1 
bF!rst three IP's, f 0.02 eV, the rest k 0.05 eV. 
=First five IP's, f 0.02 eV, the rest k0.05 eV. 

IONIZATION POTENTIAL (eV) 
FIG. 2. He1 photoelectron spectra of the NH3 + Brz gas- 

phase reaction. (4) Excess Brz and (b) excess NH,. 

these methylbromamines, we prefer not to discuss 
them in detail, except to point out any unusual fea- 
tures. A comparison of Fig. 1 with Fig. 3 of ref. 3 will 
illustrate the direct correspondence of the IP's. The 

numerical values are summarized in the correlation 
diagram, Fig. 5. The results are in good agreement 
with the recent spectra obtained by spectrum strip- 
ping from mixtures (18b) (apart from an interchange 
of the closely spaced 7a' and 4a" orbitals). 

Certain features of the spectra and the numerical 
values are worth considering. First, as expected, all 
IP's of the methylbromamines are lower than those 
of the corresponding methylchloramines. The effect 
is more pronounced for those bands involving con- 
siderable Br 4p character, i.e. the halogen lone pairs, 
and the nN + nX combinations. Secondly, all bands 
in the methylbromamines are more spread out than 
the corresponding bands in the methylchloramines. 
The individual IP's become more apparent, especially 
in the CH, region (> 12.5 eV), where the location 
and assignment of individual IP's were more difficult 
in the case of the methylchloramines. We also note 
that the third and fourth bands of CH3NBr, are now 
completely separated, whereas in NHCl, they are 
essentially degenerate, and only slighly separated in 
CH3NC12. Thirdly, there are some slight variations 
in the vibrational fine structure observed on the 
sharp second bands of CH,NHBr and (CH,),NBr 
compared to the corresponding structure on the 
methylchloramines. This structure was not observed 
in the recently published work (18b). Specifically, 
the observed structure on the second band of 
CH,NHBr is 830 * 50 cm-l, and cannot therefore 
correspond to an N-Br stretching frequency, since 
the value for CH,NHCl+ is 750 f 50 cm-I (3). We 
prefer to assign this mode in both cases to an N-C 
stretching frequency (895, 875 cm-' in the molecular 
ground state of CH3NHCl (24)). On the second band 
of (CH,),NBr, two progressions are resolvable, one 
of 320 * 50 cm-I not previously seen on the corre- 
sponding band of (CH,),NCl, and the other of 
1040 f 50 cm-l, corresponding to the excitation of 
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1282 CAN. J .  CHEM. VOL. 57. 1979 

FIG. 3. Expansion of the 10-12 eV region in the gas-phase 
reaction of NH, and Br,. (a) Excess Br, and (b )  excess NH,. 

960 + 50 cm-' in (CH,),NCl+. The latter is either a 
reduced CH, deformation 0200-1 150 cm- in 
molecular (CH,),NBr (25)) or an NC, stretching fre- 
quency (900 cm-' in molecular (CH,),NBr). The 
value of 320 cm-' could be a reduced N-Br stretch- 
ing frequency (525 cm-' in (CH,),NBr), although 
this seems unlikely in view of the non-bonding nature 
of this transition. The more plausible alternative is 
an NC, deformation (390 cm-' for molecular 
(CH3)2NC1 (25)). 

As mentioned above, the third and fourth bands 
of CH,NBr, are now well separated, and the third 
band now shows some vibrational structure, 300 + 
50 cm-', the assignment of which is probably similar 
to that of (CH,),NBr. Such structure was not ob- 
served on the corresponding bands of NHCI, or 
CH,NCl, due to the overlapping of the peaks. 

FIG. 4. Detail of the first band in the PE spectrum of NH,Br. 

(b) Monobromamine and Dibromamine 
The PE spectrum of monobromamine should show 

five bands, directly analogous to those of mono- 
chloramine (2, 3). The spectra which are obtained 
from a gas-phase reaction of Br, and NH, always 
involve the presence of one of these components 
(e.g. Fig. 2a, excess Br,, Fig. 2b, excess NH,), and 
so values for only the first four IP's can be given 
with any certainty since the remaining band is of low 
intensity (see NH,C1 (2)) and obscured by the broad 
' E  state of NH,' (15-18 eV) (22). 

The first band (Fig. 4) with adiabatic and vertical 
IP's of 9.74 and 10.18 eV corresponds to an N-Br 
antibonding combination decreased by 0.34 eV from 
the corresponding band of NH,Cl, and -0.70 eV 
from the corresponding band of NH,. It retains the 
broad envelope of a nitrogen lone pair, but the down- 
ward shift implies considerable Br 4p involvement. 
As with the first band of NH,Cl there is a distinct 
vibrational progression, a mean value of 650 + 50 
cm-' being observed (compare NH,Cl, 760 + 40 
cm-') (2). The only vibrational data available for 
NH,Br are those involving vN-Br (540 cm-') (6) and 
this is certainly a possible excitation since the orbital 
is N-Br antibonding. The other alternative which 
we considered for NH,Cl (2) is a reduced value of 
the H,N-Br bending frequency (estimated to be 
-800 cm-' in the molecular ground state). 

The second band (Fig. 3) with coincident adiabatic 
and vertical IP's (11.19 eV) is sharp and intense, 
analogous to the corresponding bands in NH2C1 (2) 
and the methylbromamines, CH,NHBr and 
(CH,),NBr (Fig. 1). It retains the non-bonding 
character and is shifted from the corresponding band 
in NH,Cl by -0.73 eV. From a careful study of 
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COLBOURNE ET AL. 

TABLE 2. Experimental vertical IP's and assignments4 for NH,Br together with pre- 
dicted vertical IP's for NHBr, 

Predicted Observed 
IP (eV) v' (cm- ') Assignment IPb IP Assignment 

(9 .72)  
10.18 650 5a' 10.15 60' 
11.19 840 2a" 10.96 4a" 
12.69 4a' 11.42 11.43 50' 
15.0 3a' 11.67 11.57 3a" 

13.35 4a' 

.Adiabatic IP in parentheses. Valence level numbering. Vibrational structure f 50 cm-I. 
*Obtained by 1P (NHCI,) x IP(CH3NBr,)/IP(CH3NC1,). 

FIG. 5. Correlation diagram for the complete series of 
methylchloramines and methylbromamines. Valence level 
numbering. 

many spectra under varying Br,:NH, ratios, it is 
apparent that there are three other much weaker 
peaks in this region which are not associated with 
either Br, or NH,. One (at 11.29 eV) is definitely 
associated with this intense second band and is 
assigned to a vibrational component at 840 + 50 
cm-l, probably corresponding to the H,N-Br 
bending frequency. From intensity changes, the other 
two peaks at 11.43 and 1 1.57 eV are not associated 
with this ionization event, and are therefore tenta- 
tively assigned to bands belonging to the third and 
fourth IP's of dibromamine, NHBr,. Our rationale 
for this is twofold: these two bands increase in in- 
tensity with excess Br,, and as we have previously 
observed (2), the reaction of excess gaseous C1, with 
NH, leads to the formation of the dichloro- species. 
Finally, the observed values of 11.43 and 11.57 eV 
are very close to the predicted values for the third and 
fourth bands of NHBr, (see below). NBr, can be 
excluded on these grounds. 

The third band of NH,Br, the N-Br bonding 
combination, retains the same band envelope as the 

corresponding band of NH,Cl, and is shifted by 
-0.81 eV to give a vertical IP of 12.69 eV. The spec- 
trum shown in Fig. 2 shows a slight trace of residual 
Br, (211,1, .) (21) on the high energy side of this band. 

The fourth IP is located at the onset of the band 
due to the 'Estate of NH,' (22) and partially over- 
laps the 'Cg+ state of Br,' (21). We can, however, 
estimate a vertical IP of 15.0 + 0.1 eV, the corre- 
sponding band of NH,Cl occurring at 15.72 eV with 
a similar weak, broad Franck-Condon profile. The 
weaker fifth band, which occurs in NH,CI at 17.50 
eV, is not observed here, since it occurs directly under 
the broad second band of NH,. Previous work (18), 
also involving a gas-phase reaction of NH, and Br,, 
gives a spectrum very similar to that reported here. 
The IP's are in relatively good agreement, a spectrum 
stripping procedure also locating the fifth IP at 16.93 
eV. There is a slight discrepancy in the absolute posi- 
tion of the sharp second band, and the magnitude of 
the associated vibrational frequency. The latter is 
particularly confused by the presence of the bands 
due to NHBr,. 

Discussion 
As mentioned above, and as illustrated in Fig. 5, 

the PE spectra of all the methylbromamines follow 
directly from those of the corresponding methyl- 
chloramines after incurring the usual shift due to 
replacement of C1 by Br. The mixing between orbitals 
is considerable for these low symmetry molecules, 
and thus all IP's show appropriate shifts dependent 
upon the extent of Br 4p involvement. The increased 
separation of most of the bands allows individual 
IP's beyond 12.5 eV to be assigned with more cer- 
tainty although the deepest lying levels in CH,NBr, 
and (CH,),NBr are still not completely separated. 
The proposed assignments are given in Table 1. 

The unsubstituted bromamines are considerably 
more unstable than the methylated derivatives, and 
so PE spectra could not be obtained completely free 
of precursors. All attempts to prepare NH,Br from 
solution resulted in spontaneous formation of solid 
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NH,Br and the evolution of nitrogen. Even in the 
gas-phase reaction of NH, and Br, it was noted that 
high yields of NH,Br resulted in increased formation 
of nitrogen. However, NH,Br shows four IP's in the 
PE spectrum, similar in appearance and expected 
position to those of NH,C1 (2). In addition, under 
certain conditions with excess Br, we were able to 
produce small amounts (estimated to be <5%) of a 
new species (peaks at 11.43 and 11.57 eV) which we 
believe to be NHBr,. By scaling the IP values for 
NHCI, by the ratio of the shifts for CH3NC1, and 
CH,NBr, we can predict a PE spectrum for NHBr,, 
which should be close to the experimental spectrum. 
The numerical values are given in Table 2, together 
with the observed values; the agreement is remark- 
ably good, and the correlation diagram (Fig. 6) shows 
the anticipated spacings between the first five bands. 
Also included in this correlation diagram, to com- 
plete the series of N-dihalamines, is difluoramine, 
NHF,, the PE spectrum of which we have recently 
obtained (1). 

The effect of Br and CH, substitution upon the 
absolute position (vertical IP) of the first band of 
NH, is summarized in Fig. 7. Here horizontal and 
vertical arrows refer to replacement of H by CH, or 
Br respectively. The diagonal arrows correspond to 
replacement of Br by CH,. As we have previously 
noted for the chloramines (3), the first IP of NH, is 
substantially destabilized by the antibonding halogen 
interaction. However, from the observed shifts of 
Fig. 7, we may estimate vertical IP's for NHBr, and 
NBr,, the former result being in good agreement with 
that estimate by the scaling method (Fig. 6 and 
Table 2). Again, the diagonal relationships are the 
most consistent, the replacement of any Br atom by a 

-I NHCI, MeNBr, 

9 NH?z MeNCI, NHBr, 

FIG. 6. Correlation diagram for the dihalamines, NHX2 
(X = F, Cl, and Br), and the methyldihalamines, CH3NX2 
(X = Cl and Br). 

$0; - 124 9.64 -067 8.97 -0.5 844 
MeNH2- M W H  - MqN 

-0.701 f I-o.o:/ 1+0.17/ 

FIG. 7. Effect of Me and Br substitution upon the first IP's 
of substituted ammonias. Horizontal arrows, replacement of 
H by Me; vertical arrows, replacement of H by Br; diagonal 
arrows, replacement of Br by Me. Estimated values for NHBr2 
and NBr3. 

CH, group decreasing the first IP by a factor of 
0.56 f 0.14 eV (compare 0.78 + 0.1 eV for the 
chloramines (3)). 

From this work it seems unlikely that a pure sam- 
ple of NHBr, for gas-phase investigation may ever 
be prepared, although it is possible that a spectrum 
stripping procedure similar to that used for NH,Br 
(18) may be feasible in order to obtain a "clean" PE 
spectrum. NHCI, itself is prone to decompose when 
pure, although we have succeeded in obtaining im- 
purity free spectra of this species (3). Addition of 
methyl groups does however confer substantial 
stability as we have seen for the methylbromamines. 
In the light of our recent work on the PE spectra of 
several halo and methyl substituted ammonias, we 
offer here an estimate of the gas-phase stability of 
these molecules based on their rates of decomposi- 
tion, viz., (CH,),NCl > CH,NCl, - (CH,),NBr > 
CH3NHC1 > CH,NBr, > CH,NHBr > NH,Cl > 
NCl, > NHC1, >> NH,Br > NHBr,. This is some- 
what subjective, but hopefully useful to those wishing 
to investigate further these interesting compounds. 
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Reactions of the tetrasulfur pentanitride(-1) ion with halogens: synthesis, spectroscopic 
characterization, and crystal structure of pentasulfur hexanitride 
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T. CHIVERS and J. PROCTOR. Can. J. Chem. 57, 1286(1979). 
Pentasulfur hexanitride, S5N6, has been prepared in good yield by the reaction of 

[n-Bu4N+][S4N5-] with bromine (or iodine) in methylene chloride at 0°C. In contrast, the 
tetrasulfur pentanitride(-1) ion reacts smoothly with chlorine to give S4N5CI, while the 
reaction with sulfuryl chloride produces S4N5C1 and S5N6 and the reaction with thionyl 
chloride produces a mixture of S3N20, S3N202, S4N4, and S5N6. Pentasulfur hexanitride is an 
air-sensitive, explosive, yellow-orange solid which sublimes at ca. 45DC/10-2 Torr without 
significant decomposition. It has been characterised by infrared, Raman, uv-visible, and mass 
spectra and by a single crystal X-ray structure determination. The crystals are monoclinic and 
belong to the space group C2/c, a = 8.787(2), b = 11.190(2), c = 7.427(2) A, p = 106.46(2)", 
V = 700.3(5) A3, Z = 4, D, = 2.317 g ~ m - ~ .  The refined structure (R, = 0.040) has twofold 
symmetry and resembles a basket in which an -N=S=N- unit (d(S-N) = 1.54 A) is the 
handle which bridges an S4N4 cradle via S-N single bonds (d(S-N) = 1.70 A). The introduc- 
tion of this bridge widens one of the S---S transannular separations in S4N4 to 3.94 A while the 
other is shortened to 2.43 A. Thus, the S4N4 cradle can be viewed as two five-membered rings 
fused at the S-S bond. 

T. CHIVERS et J. PROCTOR. Can. J. Chem. 57, 1286(1979). 
On a prepare I'hexanitrure de pentasoufre, S5N6, avec de bons rendements par riaction du 

[n-Bu4N]+ [S4N5-] avec du brome (ou de I'iode) dans le chlorure de mithylene a 0°C. Par 
ailleurs, l'ion pentanitrure de tktrasoufre (- 1)  reagit facilement avec le chlore pour donner le 
S4N5CI alors que la reaction du chlorure de sulfuryle fournit du S4N5CI et du S5N6 et que la 
reaction du chlorure de thionyle conduit a un melange de S3N20, S3N202. S4N4 et S5N6. 
L'hexanitrure de pentasoufre est un solide jaune orange, sensible l'air et explosif qui se 
sublime a environ 45°C/10-2 Torr sans se decomposer d'une facon importante. On ]'a carac- 
terise gr2ce a ses spectres infrarouge, Raman, uv-visible et de masse et par une determination 
de structure sur un cristal unique. Les cristaux sont monocliniques, groupe d'espace C2/c, 
a = 8.787(2), b = 11.190(2), c = 7.427(2) A, = 106.46(2)', V = 700.3(5) A3, Z = 4, 
D, = 2.317 g ~ m - ~ .  La structure affinee (R, = 0.040) prksente un axe de symetrie binaire et 
ressemble a un panier dans lequel une unite -N=S=N- (d(S-N) = 1.54 A) est l'anse qui 
relie un S4N4 en cale par IYintermCdiaire de liaisons simples S-N (d(S-N) = 1.70 A). L'in- 
troduction de ce pont elargit une des siparations transannulaires S---S dans le S4N4 jusqu'a 
une valeur de 3.94 A alors que l'autre est raccourci A 2.43 A. On peut donc visualiser le S4N4 
en cale sous la forme de deux cycles a cinq chainons relies par une liaison S-S. 

[Traduit par le journal] 

Introduction 
Although a number of sulfur nitrides have been 

known for many years (l), the development of their 
chemistry has, until recently, been slow and un- 
systematic. The central molecule of this chemistry is 
the tetramer, S4N4, which was first discovered in1835 
(2) but was not structurally characterised until 1963 
(3). Thiazyl monomer, SN, is a radical with only a 
transient existence in the gaseous phase (1). The 
reactive, square planar dimer, S2N2, can be obtained 
by passing S4N4 vapor over silver wool and is an 
important precursor for the synthesis of polythiazyl, 
(SN), (4, 5). This fascinating polymer and its halo- 
genated derivatives have been the focus of attention 
of many of the recent studies of S-N compounds 
due to  their metallic properties and superconducting 

behaviour (6, 7). The only other unsaturated1 sulfur 
nitride known is S4N2, for which a structure with 
nitrogen atoms in the 1,3 positions of a six-membered 
ring has been established by a variety of physical 
techniques (8). However, the suggestion that the ring 
has a planar conformation awaits confirmation by 
X-ray crystallography (9). 

In addition to these neutral molecules a rapidly 
growing number of binary S-N ions have been 
structurally characterised. The cations S3N2+ (lo), 
S4N3' (1 I), S4N4" (12), S4N5 ' (13), and S5N5 + (14) 
and the anions S3N3- (15) and S4N5- (16) belong to 
this group. As part of a study of the redox chemistry 

'"Unsaturated" refers to sulfur nitrides in which the nitro- 
gen atoms are two coordinate. 

0008-4042/79/111286-08$01 .00/0 
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of S4N, cage species, we have investigated the oxida- 
tion of the S4N5- ion by halogens and certain 
halogen-containing reagents. We expected the forma- 
tion of some novel halogenated sulfur nitrides. 
Instead, we found that pentasulfur hexanitride, 
S5N,, is a frequent product of these reactions. In this 
paper we describe the full details of various syn- 
theses, the spectroscopic characterization and X-ray 
crystal structure determination of this new sulfur 
nitride (for a preliminary communication, see 
ref. 17). 

Experimental 
General Procedures 

Acetonitrile, carbon tetrachloride, and methylene chloride 
were dried over phosphorus pentoxide and freshly distilled 
before use. All distillations of solvents and reagents and all 
reactions were carried out under nitrogen (99.99%; passed 
through Ridox and phosphorus pentoxide) or under vacuum. 
All glassware was flame-dried before use. 

Chlorine (Matheson, 99.5%) and iodine (Fisher, resublimed 
grade) were used as received. Bromine (Baker) was stored over 
phosphorus pentoxide and potassium bromide before use. 
Thionyl chloride (Baker, bp 75-77°C) was purified by refluxing 
with linseed 011 (10% by volume) for 2 hand was distilled prior 
to use. Sulfuryl chloride (Alfa, 99%) was distilled (large forerun ' discarded) and pumped under vacuum at room temperature 
until colorless before use. Sulfur dichloride (Matheson, Cole- 
man and Bell, Technical) was doubly distilled under a static 

I vacuum in a glass vacuum line from a vessel at 20°C to a 
receiver at - 78°C. Sulfur monochloride (Alfa) was purified by 
distillation (large forerun discarded). 

I Na+S4N5- was prepared from S4N4 and sodium azide in 
ethanol, and converted to n-Bu4N+S4N5- by treatment with 
tetra-n-butylammonium hydroxide (Eastman, 1 M in meth- 
anol) (18). 

Instrumentation 
Infrared spectra were recorded as Nujol mulls, using CsI 

windows (4000-250 cm-') or polythene discs (65040cm-'),on 
a Perkin Elmer 467 spectrophotometer or a Digilab JTS 16 
instrument, respectively. Raman spectra were obtained on 
samples sealed in glass capillaries under nitrogen using Argon 
(514.5 nm) and He/Ne (632.8 nrn) lasers with a Jarrell-Ash 
spectrophotometer. Mass spectra were recorded on a Varian 
CH5 instrument operating at 70 eV. Ultraviolet-visible spectra 
were recorded for solutions made up ina Vacuum Atmospheres 
dry-box on a Cary 15 spectrophotometer. Elemental analyses 
were performed by Analytische Laboratorium, Engelskirchen, 
W. Germany. The X-ray crystal structure determination of 
S5N6 was carried out by Dr. Jan Troup of the Molecular 
Structure Corporation, TX. 

The Synthesis of Pentasulfur Hexanitride, S5N6 
(a) From the reaction of n-Bu4N+S4N5- with Bromine 
Bromine (0.065 g, 0.404 mmol) in methylene chloride 

(30 mL) was added dropwise (20 min) with rapid stirring to a 
solution of n-Bu4NCS4N, - (0.284 g, 0.645 mmol) in methylene 
chloride (20 mL) at 0°C. After 5.5 h a trace of white precipitate 
was filtered off and shown to be an ammonium salt by its 
infrared spectrum. Partial removal of the solvent from the 
filtrate under vacuum produced an orange-yellow precipitate. 
The orange supernatant solution was decanted by pipette and 

the product was washed with cold (- 20°C) methylene chloride. 
The product was recrystallised from methylene chloride at 
-78°C to give pentasulfur hexanitride (0.092 g, 0.376 mmol, 
73% based on S). Anal. calcd. for N6S5: N 34.39, S 65.61; 
found: N 34.65, S 65.29. 

CAUTION: It is strongly recommended that samples of 
S5N6 be handled in small quantities and with great care since 
the material will explode if subjected to friction, e.g., in the 
preparation of infrared mulls. 

The infrared spectrum of S5N6 (Nujol) showed bands at 
1306vw, 1193vw, 1088sh, 1066s, 1030s, 968w, 938s, 852s, 835w, 
807vw, 694m, 648s, 621w, 573s, 554m,500s, 463w, 433m, 418w, 
388s, 327vw cm-'. The Raman spectrum, obtained with either 
514.5 or 632.8 nm excitation, showed bands at 1028s, 927w, 
770w, 675s, 535m, 494w, 423s, 388w, 354w, 312w, 269vs, 225s, 
160vs, and 130m cm-'. Removal of solvent from the decanted 
orange solution yielded a red oil which became a dry yellow- 
orange powder after pumping in vacuo for 48 h at 23°C. This 
powder was identified as n-Bu4N+Br3- by mp 69-70°C (lit: 
72.5-74°C) and comparison of the infrared and Raman 
spectra with those of an authentic sample prepared by the 
literature method (19). The Raman spectra of both the 
product and the authentic sample of n-Bu4N+Br3- in aceto- 
nitrile showed a strong band at 160 cm-' corresponding to the 
vl vibration of Br,- (cf. 162 cm-I in C6H5N02 and 163 cm-' 
in CHCI,) (20). The far infrared spectrum showed a strong 
band at 194 cm-' (v,(Br,-)) cf. lit.: 193 cm-' (20). 

(b)  From the Reaction of n-Bw4N+S4N5- with Iodine 
Excess solid iodine (0.219 g, 0.842 mmol) was added to a 

stirred solution of n-Bu,N+S4N5- (0.098 g, 0.223 mmol) in 
methylene chloride (50 mL) at 23°C. After 4 h the solution was 
still dark purple. Slow removal of solvent in vacuo caused the 
precipitation of an orange solid as the solution cooled down. 
The supernatant solution was decanted by pipette and the 
product was washed with cold methylene chloride (3 mL), 
dried in vacuo for several hours and identified as pure S5N6 by 
comparison of its infrared and Raman spectra with those of an 
authentic sample. Removal of solvent and excess iodine in 
vacuo from the decanted solution yielded blue-black crystals 
identified as Bu4N+13- by mp 67.5-68°C (lit: 70-70.5"C) (21) 
and by comparison of its infrared and Raman spectra with 
those of an authentic sample prepared according to the 
literature (21). The Raman spectra of solutions in acetonitrile 
showed a strong band at 110 cm-', corresponding to the vl 
vibration of IS- (cf. 104-108 cm-' for other R4N+I3- salts 
(R = Me, Et, n-Pr)) (22). The far infrared spectrum showed a 
strong band at 135 cm-' ( ~ ~ ( 1 , - ) )  cf. 132-138 cm-' for other 
R,N+13- salts (22). 

Reaction of Na+S4N5- with Chlorine 
Chlorine gas (0.041 g, 1.16 mmol) was condensed into a 

glass vessel containing Na+S4N5- (0.125 g, 0.566 mmol) as a 
slurry in methylene chloride (25 mL). The reaction mixture was 
stirred at -78°C for 20 rnin. The white precipitate was 
filtered off and identified as sodium chloride containing a trace 
of unreacted Na+S4N5-. Solvent was removed from the 
filtrate and the greenish-yellow solid residue was pumped in 
vacuo for 10 h and then identified as pure S4N5C1 (0.060 g, 
0.257 mmol) by comparison of its infrared spectrum with that 
of an authentic sample (13). 

Reaction of Na+S4N5- with Thionyl Chloride 
Thionyl chloride (0.313 g, 2.64 rnmol) in methylene chloride 

(25 mL) was added dropwise over 20 min to a slurry of 
Na+S4N5- (0.569 g, 2.52mmol) in methylene chloride 
(25 mL). The color of the solution became blood red im- 
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mediately. After completion of the addition, the solution was 
stirred for 30 min and the insoluble white solid, presumably 
sodium chloride, was filtered off. The volume of the filtrate was 
reduced to 5 mL in vacuo, and then the supernatant solution 
was decanted from the orange solid which precipitated as the 
solution cooled down. This product was washed with cold 
methylene chloride (3 x 2 mL) and, after drying at 35°C/10-2 
Torr for 12 h, it was identified as pure S5N6 by its infrared 
spectrum. 

Complete removal of solvent from the decanted filtrate 
produced a black residue containing yellow crystals. Sublima- 
tion of this residue at 25-30°C/10-2 Torr for 1 h gave bright 
yellow crystals of S,N202 which had mp 95-96°C (lit: 100- 
101°C) (23) and an infrared spectrum, which showed bands at 
1184vs, 1040s, 1017w, 998m, 685s, 658m, 507m, and 363s cm-', 
identical to that of a sample prepared by the method described 
by Brauer (24). Further sublimation at 3&40°C/10-2 Torr 
for several hours yielded S4N4, identified by its characteristic 
infrared spectrum. 

After removal of S5N6 by crystallisation, the two products, 
S3N202 and S4N4, are readily separated by the sublimation 
procedure described above if the SOC12/Na+S4N5- molar ratio 
is slightly greater than one. However, when this ratio falls 
below one a fourth product, a red oil, is also formed. This oil 
sublimes readily at 20°C/10-2 Torr and was identified as 
S3N20 by comparison of its infrared spectrum with that of an 
authentic sample prepared by the method of Roesky and co- 
workers (25). The spectrum showed bands at 11 80m, 1123m, 
1107s, 1040sh, 972s, 749sh, 719s, 700sh, 660s, 580m, 557m, 
495s, 387s, 377s, 321m cm-I. 

The trace of black residue which remains after removal of 
the other products by sublimation could not be identified. It 
consistently decomposed to S4N4 within 1-2 days on storage 
in a nitrogen atmosphere at room temperature. 

Reaction of Na+S4N5- with Sulfuryl Chloride 
Sulfuryl chloride (0.092 g, 0.680 mmol) in methylene 

chloride (30 mL) was added dropwise over 15 min to a stirred 
slurry of Na+S4N5- (0.151 g, 0.681 mmol) at O°C. The colour 
of the solution became orange during the addition. After 2.5 h 
of stirring, the solution was filtered and solvent was removed 
from the filtrate to give a bright yellow powder shown by its 
infrared spectrum to be a mixture of S5N6 and S4N5CI. Slow 
sublimation at 45-50"C/10-2 Torr gave S5N6, contaminated 
with a trace of black material, as the sublimate. The residue 
was S4N5CI (infra'red spectrum) (13). 

X-ray Crystal Structure Determination 
Crystal Preparation 
A sample of S5N6, recrystallised from methylene chloride, 

was dissolved in carbon disulfide. Slow removal of solvent 
from this solution in vacuo yielded yellow prisms as the solution 
cooled down. The dimensions of the crystal used in this study 
were 0.15 x 0.15 x 0.20 mrn. All manipulations were canied 
out under an atmosphere of dry nitrogen due to the sensitivity 
of S5N6 to oxidation by air. 

Crystal Data 
S5N6, M = 244.36, monoclinic. For calculation of cell 

constants, 25 reflections were computer-centered and the 
setting angles were refined by least-squares. The following 
systematic absences were observed: h01, I # 2n. The cell 
constants are a = 8.787(2), b = 1 1.190(2), c = 7.427(2) A, 
S = 106.46(2)', V = 700.3(5) A3, Z = 4, D, = 2.317 g ~ m - ~ .  
The space group was C2/c, confirmed by refinement. 

X-ray Measurements 
The goniometer was mounted on an Enraf-Nonius CAD4 

automated diffractometer under the control of a PDP 11/45 

computer. Intensity data were collected at 23 k l a c  using 
graphite monochromated MoK. radiation (h = 0.71073 A) 
and a 0-20 scan rate varying from 3 to 2O0/min, depending on 
the intensity of the reflection. The scan range was from 
20 (MoKm1) - 0.6" to 20 (MoKm2) + 0.6". A counter aperture 
width of 2.0 mm, a crystal-to-detector distance of 21 cm, and 
an incident-beam collimator diameter of 2.0 mm were used in 
this study. Stationary-crystal stationary-counter background 
counts were taken at each end of the scan range. The ratio R of 
scan time to background counting time was 2.0. Of the 800 
reflections collected in the range 0" < 20(MoK.) < 60°, 781 
unique reflections with I > 3o(I) were retained as observed 
and corrected for Lorentz and polarization effects. Three 
representative reflections were measured periodically to check 
crystal and electronic stability, but no significant change in 
intensity was observed. The linear absorption coefficient of 
this compound is 15.24 cm-' for MoK. radiation and correc- 
tions for absorption, extinction, or changes in the intensity of 
the standard reflections were unnecessary. 

Solution and Refinement of the Structure 
The structure was solved by direct methods. Using 110 

reflections (Em,. = 1.40) and 1927 phase relationships, a total 
of 8 phase sets were produced. From an E-map prepared from 
the phase set showing the best probability statistics a total of 
5 atoms were located. These atoms were included in least- 
squares refinement, resulting in agreement factors (defined 
below) of R, = 0.26 and R2 = 0.33. The remaining atoms 
were located in succeeding difference Fourier syntheses. The 
structure was solved in space group Cc and later was deter- 
mined to have two-fold symmetry so that it could be refined in 
the centrosymmetric space group C2/c. 

In full-matrix least-squares refinement the function mini- 
mized was Z w(lF.1 - IF,()' where the weight w is defined as 
4F.2/o2(FO2). Scattering factors were taken from Cromer and 
Waber (26). Anomalous dispersion effects were included in F,; 
the values of AT and AT' were those of Cromer and Lieberman 
(27). Only the 630 reflections having F: > 3o(F.Z) were used 
in the refinement. The following values pertain to the final 
cycle of least-squares refinement: 

For the six atoms studied, the number of variable parameters 
considered was 51. The esd of an observation of unit weight 
was then 1.102, while the maximum parameter shift was 0.03 
times its esd. 

The final difference Fourier map showed no significant 
residual electron density. Plots of Z w(1F.J - (F,I)' versus F. 
and h-' sin 0 showed no unusual trends. The final positional 
parameters and anisotropic thermal parameters are shown in 
Table 1. A list of observed and calculated structure factor 
amplitudes and a complete list of bond angles are available in 
the supplementary material.' 

Results and Discussion 

Preparation of Pentasulfur Hexanitride 
The reaction of an excess of iodine with n- 

Bu4Nf S,N,- in methylene chloride proceeds slowly 
at 23°C to give S,N, and n-Bu4NfI,-. When bro- 
mine is used as the oxidizing agent, however, the 

2Complete set of data is available, at a nominal charge, 
from the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Ont., Canada KIA 0S2. 
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TABLE 1 

(a) Final positional parameters, with esd's, for S5N6 

Atom x Y z 

s(1) O.OOOOO(0) 0.08128(10) 0.2500(0) 
s(2) -0.04516(10) 0.28541(8) 0.4947(1) 

! s(3) - 0.14092(9) 0.42844(7) 0.1696(1) 
N u )  -0.0218(4) 0.1432(3) 0.4256(4) 
N(2) -0.1823(3) 0.3515(3) 0.3321(4) 
N(3) 0.1166(3) 0.3593(3) 0.5097(4) 

(b) Anisotropic thermal parameters (in A') for S5Nsa 

Atom B I I  B2 2 B3 3 B I Z  B~ 3 B2 3 

s(1) 0.01089(14) 0.00335(8) 0.0137(2) O.OOOO(0) 0.0057(3) O.OOOO(0) 
s(2) 0.01271(10) 0.00492(6) 0.0101(1) - 0.0030(1) 0.0114(2) - 0.0014(2) 
s(3) 0.00839(8) 0.00425(5) 0.01 26(1) 0.0027(1) 0.0038(2) - 0.0009(2) 
NU) 0.0147(4) 0.0041 (2) 0.01 30(5) - 0.0018(5) 0.0096(7) O.OOlO(6) 

1 N(2) 0.0085(3) 0.0056(2) 0.01 74(5) O.OOOl(5) 0.0115(6) -0.0010(6) 
N(3) 0.0109(4) 0.0051(2) 0.0100(4) - 0.0039(5) 0.0003(7) 0.0007(6) 

I .The form of the anisotropic thermal parameter is exp (-Bllh*h* + B12k*k* + B3sl*I* + B12h*kli + BI3h*I* + B23k*l*). 

reaction takes place even at 0°C to yield S5N6 and 
n-Bu4N+Br3-. Both these synthetic routes produce 

I pure S5N6 in good yield, but the reaction with 
I bromine is preferred since it proceeds more quickly 
I and the course of the reaction can be followed by 

observing the change in color of the solution from 
I dark red to pale orange. It should be noted that small 
I amounts of ammonium salts, identified by their 
I infrared spectra, are also formed if the solvents are 
I 

not scrupulously dry (cf. ref. 28). 
In contrast, the reaction of a slurry of Na+S4N5- 

in methylene chloride with chlorine at - 78°C occurs 
rapidly to give S4N5CI, which contains the cation 
S4N5+ (13), and sodium chloride. Wolmershauser 
and Street have recently pointed out (28) that 

I 

bromination of S4N4 occurs in a different, and more 
complicated, manner from chlorination.The products 
depend markedly on the reaction conditions and 
either linear polymers of the type (SNBr,), (7, 29) or 
the cyclic compound S4N3Br3 can be obtained (28). 
Both the linear and cyclic products contain the Br3- 
ion (28). It is apparent that the formation of the 
linear polymer involves an irreversible ring-opening 
of S4N4 (29), and in the reaction of S4N4 with excess 
bromine some evidence for the formation of the 
volatile monomer NSBr has been presented (28). In 
the present work, the conversion of S4N5- to S4N,+ 
by chlorine can be viewed as a two electron oxidation 
which is manifested in the opening up of the un- 
bridged S---S bond (2.71 A) in the anion (16) to a 
non-bonding distance (ca. 4 A) in the cation (13). I t  is 
possible that the reactions of S4N5- with the milder 
oxidizing agents, Br, and I,, occur via a one electron 
oxidation to give the radical, S4N5', but we have no 

evidence for this intermediate. Since a substantial 
rearrangement of the skeletal atoms occurs in the 
conversion of S4N5- to S5N6 further speculation on 
the reaction mechanism will be deferred until in- 
formation of the dynamic behaviour of S-N cages 
in solutions is available from 15N nmr studies. 

The reaction of Na+S4N5- with thionyl chloride 
at 0°C in methylene chloride was complex. In addi- 
tion to sodium chloride, four products S4N4, S5N6, 
S3N202, and S3N20 were separated and identified 
when the molar ratio SOC12/Na+S4N5- was less 
than one. When this ratio exceeded one, S3N20 was 
not detected among the products possibly due to its 
conversion to S3N202 by thionyl chloride, a reaction 
which was shown to occur in a separate experiment. 
Banister and Padley have reported that S4N4 reacts 
with thionyl chloride to give S3N202 and S4N3Cl 
(30), but this cannot be the source of S3N202 in the 
S4N5-/SOCI, reaction since S4N3Cl was not identi- 
fied among the products. 

The reaction of sulfuryl chloride with Na+S4N5- 
proceeded slowly to give a mixture of S5N6 and 
S4N5C1, separable by sublimation. Presumably SO, 
was evolved during the reaction, since no sulfur - 
nitrogen oxides were obtained. 

Physical Properties and Crystal Structure of 
Pentasulfur Hexanitride 

Pure S,N6 ranges in color from yellow for 
powdered samples to orange for crystals. The solid is 
explosive and great care should be taken to avoid 
friction or sudden heating when handling samples. 
S5N6 can be sublimed without significant decom- 
position at 45-50"C/10-2 Torr, but the sublimate 
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TABLE 2. Interatomic distances and esd's for S5N6 

Atoms Distance (A) Atoms Distance (A) 

TABLE 3. Selected bond angles with esd's in S5N6" 

Bonds Angle (deg) Bonds Angle (deg) 

nA complete list of bond angles is available as supplementary material (see footnote 2). 

is accompanied by a trace of unidentified black 
material. A sample heated in a sealed capillary tube 
under nitrogen decomposed over the range 130- 
165°C. Analytically pure samples of S5N6 can be 
obtained by recrystallization from methylene chloride 
or carbon disulfide below WC, but decomposition of 
such solutions at 23°C is indicated by noticeable 
darkening during 12 h and exposure to air results in 
the immediate precipitation of a white ammonium 
salt (infrared spectrum). Solid samples of S5N6 can 
be stored for months in an inert atmosphere without 
significant decomposition but turn black within 
2-3 min in air. 

The structure of S5N6, determined by X-ray 
FIG. 1. X-ray structure of S,N, showing symmetry related crystallography, is shown in Fig. 1. The important atoms labeled with primes. 

interatomic distances are shown in Table 2 and some 
selected bond angles have been included in Table 3. 
The structure resembles a basket in which an 
-N=S=N- unit (S(1)-N(1) = 1.54 A) bridges 
two sulfur atoms of an S4N4 cradle via S-N single 
bonds (S(2)-N(1) = 1.70 A). Within the cradle 
neither the variation of S-N distances (1.606- 
1.623 A) nor the average S-N distance are signi- 
ficantly different from those found for S4N4 (1.619- 
1.633 A) (31). The introduction of the bridge does, 
however, have a marked influence on the trans- 
annular S---S interactions of S4N4. One of the S-S 
distances (S(2)-S(2)') is forced to open out to 3.93 A 
while the other one becomes significantly shorter 
(S(3)-S(3)' = 2.43 A) than it is in S4N4 (2.58 A (3), 
2.59 (31)). As a result, the S4N4 cradle can be 
viewed as two fused five-membered rings, a structure 

which has been considered for S4N4'+ (32) but has 
not been found in practice. It is now well established 
that a variety of derivatives of the five-membered 
S3N, ring (33,34), are obtained from the reactions of 
S4N4 with various oxidizing agents. Moreover, the 
mechanism proposed for the formation of S3N2+ by 
the oxidation of S4N4 with arsenic pentafluoride in- 
vokes the formation of S3N2 rings after the loss of 
one electron by S4N4 (10). Thus, the incipient forma- 
tion of five-membered rings in S5N6 is particularly 
significant. 

Table 4 summarizes the least-squares planes and 
the dihedral angles between various planes in S5N6. 
From this data it can be seen that the almost planar 
group of atoms S(2)N(l)S(l)N(l)'S(2)' is at 87-88" 
to the planes containing N(2)S(3)S(3)'N(3) and 
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TABLE 4 

(a) Least-squares planes 

Atom in Distance Other Distance 
plane from plane (A) atoms from vlane (A) 

Plane 1 :  - 0.8979X + 0.0063 Y - 0.44012 = - 0.2974 
S(1) -0.008 N(2) 
N(1) -0.050 N(2)' 
N(1)' 0.042 s(3) 
S(2) 0.058 S(3)' 
s(2)' -0.046 N(3) 

N(3)' 
Plane 2: 0.2630X - 0.8556 Y - 0.44582 = - 5.0412 

s(3) -0.019 s(2) 
s(3)' 0.033 
N(2) 0.016 
N(3) -0.030 

Plane 3: 0.2574X + 0.8649Y - 0.43092 = 3.2363 
S(3) -0.021 S(2)' 
s(3)' 0.036 
N(3)' 0.013 
N(2)' -0.028 

Plane 4: 0.2920X - 0.7992Y - 0.52542 = -4.9694 
s(3) 0.038 
s(3)' 0.060 
N(2) -0.089 
N(3) -0.166 
s(2) 0.146 

Plane 5 :  0.3214X + 0.7969 Y - 0.51 152 = 2.7925 
S(3) -0.102 
S(3)' -0.001 
N(2)' 0.132 
N(3)' 0.125 
s(2)' -0.143 

(b) Dihedral angles between planes 

Plane No. Plane No. Angle (deg) 

N(2)'S(3)'S(3)N(3)'. The sulfur atoms S(2) and S(2)' 
are a significant distance (0.36 and 0.39 A, respec- 
tively) out of the latter two planes. 

It is obvious from Fig. 1 that certain atoms in 
SsN6 are related by a C, symmetry axis which passes 
through S(l) and bisects S(3)-S(3)'. An alternative 
view of SsN6 is to consider S(2) and S(2)' as the 
apical atoms of a distorted trigonal bipyramid (tbp) 
of sulfur atoms. Thus, the equatorial atoms would be 
S(l), S(3), and S(3)'. The six edges of the tbp joining 

axial and equatorial sulfur atoms are bridged by 
nitrogen atoms, while the three edges connecting 
equatorial sulfur atoms are unbridged. It is clear 
from inspection of a model that three equivalent 
configurations of SsN,, in which the atomic groups 
N(l)S(l)N(l)' or N(2)S(3)N(3)' or N(3)S(3)'N(2)' 
alternately occupy the bridge position, could exist. 
Thus, in solution this S-N cage could exhibit 
fluxional behaviour with these three configurations as 
the interconverting forms. lSN nmr studies would be 
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extremely useful in providing information on this 
point. 

Bonding in Pentasulfur Hexanitride 
Different approaches to a description of the bond- 

ing in electron-rich S-N cages have been reported in 
the literature. Banister has suggested that the 

I bonding in S4N4 can be satisfactorily rationalized in 
terms of localized two centre bonds (35). Thus, the 
44 valence electrons of S4N4 are allocated to lone 
pairs on each of the sulfur and nitrogen atoms, a 
bond pair to each S-N linkage and the remaining 
six electron pairs to the six S-S bonds of the S, 
tetrahedron. In preliminary communications (13, 17) 
we have adopted this approach to rationalize the 
structures of S4N5-, S4N5+, and S5N6. In contrast, 
molecular orbital calculations (36) allow only two 
transannular S -S bonds in S4N4 and assign the 
additional four electron pairs to non-bonding elec- 
tron pairs on the nitrogen atoms (36b). Very recent 
ab initio Hartree Fock Slater SCF calculations on 
S4N4 support the view of only two S-S bonds in 

I S4N4, the presence of only one S-S bond in S4N5-, 
and no S-S bonds in S4N5+ (37). A full account of 

i these calculations is in preparation. 
I ~ Spectroscopic Characterization of Pentasulfur 
1 Hexanitride 

The uv-visible spectrum of S5N6 (in CH,Cl,) ~ shows two smooth absorption bands at A,,, 375 
(E ca. 5 x lo3 Lmol-' cm-I) and 250 nm (E ca. 
6 x lo4 L mol-I cm-I). The mass spectrum obtained 
at an ionizing voltage of 70 eV and probe tempera- 

I 
ture of 70°C showed no parent ion peak. Strong peaks 
at m/e 92 (S2N2+), 78 (S2N+), 64 (S,'), and 46 1 (SN'), in addition to a medium intensity peak at 138 
(S3N3+; cf. S4N4 (38)) and very weak peaks at 184 
(S4N4+) and 198 (S4N,+) were observed. The infra- 
red and Raman spectra of S5N, are summarized in 
the Experimental section. Certain structural features 
of S5N6 should give rise to characteristic bands in 
the vibrational spectra. For example, the short bonds 
of the -N=S=N- bridge should give rise to 
infrared bands at relatively high frequencies. Thus, 
the strong bands at 1066 and 1030 cm-I can probably 
be assigned to the asymmetric and symmetric 
stretching vibrations, respectively, of the -N=S= 
N- unit. The latter band shows a coincidence in the 
Raman spectrum (1028s cm-I) as expected for a 
symmetric vibration. The S-S bond, S(3)-S(3)', 
should exhibit a very strong band in the Raman 
spectrum and a frequency of < 300 cm-I can be 

I 

predicted from the bond length of 2.43 A (39). Thus, 
the band at 269 cm-I is tentatively assigned to 
v(S-S) (cf. 213 cm-I for v(S-S) in S4N4) (40). 

Conclusions 
Pentasulfur nitride is readily obtained in good 

yield by the oxidation of the S4N5- ion with Br, or 
I,. This novel sulfur nitride has a structure in which 
an -N=S=N- unit bridges two sulfur atoms of an 
S4N4 cradle. The unexpected discovery of S5N6 
provides an alternative starting point for the at- 
tempted synthesis of hitherto unsuspected sulfur- 
nitrogen cage species or linear polymers. 
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MOHAMED M. GHONEIM and MOHAMED A. A. ASHY. Can. J. Chem. 57, 1294 (1979). 
The polarographic reduction of phenolphthalein, cresolphthalein, thymolphthalein, and 

a-naphtholphthalein has been studied in ethanolic Britton-Robinson buffer series (pH 2-12), 
non-aqueous ethanolic medium, and water-ethanol mixtures. The compounds are reduced 
through a single 2e- wave in non-aqueous medium and aqueous buffered solutions of pH < 9 
or le- steps for pH > 9. The nature of the waves, mechanism of the electrode reaction, and 
kinetic parameters has been considered. 

MOHAMED M. GHONEIM et MOHAMED A. A. ASHY. Can. J. Chem. 57, 1294 (1979). 
On a ktudik la rkduction polarographique de la phknolphtalkine, de la crksolphtalkine de la 

thymolphtaleine et de l'cc-naphtolphtalkine dans une serie de tampons ethanoliques deBritton- 
Robinson (pH 2 a 12), dans un milieu Bthanolique non-aqueux et dans des mklanges eau- 
ethanol. La rduction des composks, dans les milieux non-aqueux et dans des solutions 
aqueuses tamponnkes A des pH < 9, se produit au cours d'une vague unique impliquant 2e- 
ou par des ktapes de le- pour des pH > 9. On a considere la nature des vagues, le mecanisme 
de la rkaction i I'electrode et les parametres cinktiques. 

[Traduit par le journal] 

Introduction Experimental 
Phenolphthalein and related in solu- Stock solutions (lo-' mol L-') of phenolphthalein, cre- 

tion were considered by ~ ~ l ~ h ~ f i  (1) to exist in solphthalein, thymolphthalein, or a-naphtholphthalein were 
prepared by dissolving the compounds (AR grade) in purified 

different and forms in The polarographic behaviour of these compounds 
I t  was concluded that the lactone form of ~ h e n o l ~ h -  was studied (a) in Britton-Robinson (3) buffer series of DH 
thalein (2) is not reducible at the dropping mercury 2-12 containing different percentagesof ethanol (25-35~01%); 
electrode, at least not at potentials less negative than (6) in "0"-aqueous ethanolic solution, and (c) in water-ethanol 

that at which the wave of the supporting electrolyte mixtures. In the media (b) and (c), 0.1 M LiCl was used as a 
supporting electrolyte. Ethanolic solutions of benzoic acid and 

appeared. The forms are reduced a sodium hydroxide, respectively, were used as proton-donor 
sinale two-electron reduction wave. The reduction and as a base in the case of non-aaueous medium (b). 
of t h e  red form, however, occurred in two one- 
electron steps. No thorough investigation of polaro- 
graphic work on the phenolphthalein derivatives is 
available, also the exact mechanism of the polaro- 
graphic reduction of phenolphthalein is not com- 
pletely understood. The main reason is that the 
nature of the species present in aqueous solutions of 
different pH values is not known, and that there is 
no hard evidence for the existence of the forms 
participating in its colour change. A comprehensive 
study on the kinetics and mechanism of electro- 
reduction of phenolphthalein or its derivatives is 
lacking in literature. 

In the present study, we report the current-voltage 
curves of four phenolphthaleins in aqueous and non- 
aqueous ethanolic solutions as well as an attempt 
made to clarify the nature of the waves and to 
evaluate the kinetics of the electrode process. 

'To whom all correspondence should be addressed. 
'Permanent address: Chemistry Department, Faculty of 

Science, King Abdulaziz University, Jeddah, Saudi Arabia. 

The prepared depolarizer so~utibn (1.25 mL) was-placed in 
a 25 mL calibrated Aask and brought to the mark by adding 
solutions (a), (b), or (c) so that the final solution had 5 x 
M of the depolarizer. The test solution was then transferred 
to the polarographic cell then deaerated with pure argon. An 
inert atmosphere was maintained over the solution during the 
reduction. 

The polarograms were recorded with a pen recording 
Radiometer Polarograph (Polariter PO4 g). The electrode 
assembly E64 with a SCE (K 505) as anode and the dropping 
mercury electrode as cathode was used. The capillary charac- 
teristic in 0.1 M KC1 (open circuit) were: t = 3.54 s drop-' 
and m = 2.575 mg s-' at a mercury height of 50 cm. A 
Corning research pH-meter, Model 12 accurate to 0.01 pH 
unit, was used. All the potentials are referred to SCE at 25°C. 

Owing to the limiting solubility of these compounds in 
aqueous buffered solutions, the measurements were carried 
out in solutions containing at least 25 v o l z  of ethanol to keep 
the compounds in solutions. 

Results and Discussion 

(A)  Behaviour in Aqueous Buffered Solutions 
Considering the number of waves observed at 

various pH values (2-12) and the variation of the 
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GHONEIM AND ASHY 1295 

E/V vs. SCE 

FIG. 1 .  Polarograms of 5 x M cresolphthalein in 25 
vo lz  ethanolic aqueous buffered solutions of pH: (a) 2.89; 
(b) 4.5; (c) 7.02; (d)9.79; (e) 10.3; (f)11.0; and(g) 11.51. 

limiting current with pH, three polarographic trends 
are observed (cf. Fig. 1). 

(a) In solutions of pH values < 8.5, a single 2e- 
wave is observed, its height being pH-independent 
(e.g. Fig. 1, curves a-c). At pH values 3.5 to 8.5, the 
limiting current decreased to a minimum value in the 
potential range of about - 1.6 to - 1.7 V. However, 
before the flat minimum is attained, the wave of the 
supporting electrolyte appeared (2). The Ell,-pH 
dependence of the single wave denotes that the H+ 
ions are involved in the electrode reaction. 

(b) In solutions of pH 8.5 to 10.5, two reduction 
waves of unequal heights are observed (e.g. Fig. 1, 
curves d and e). The height of the second wave 
gradually increases at the expense of the first one 
with increasing pH until both attain equal heights 
at pH values 2 10.5. The plots of i, as a function of 
pH for both waves yield typical dissociation and 
association curves. This behaviour indicates that the 
electrode reaction is governed by the rate of proton 
transfer which becomes slower at higher pH values. 
The descending or ascending parts of t h e  i,-pH 
curves shift to lower pH values in the presence of an 
increasing amount of ethanol (25-35%). This means 
that the rate of proton transfer becomes slower as 
the polarity of the medium is lowered. 

(c) In media of pH values above 10.5, two le- 
waves of equal height are obtained. The Ell, of the 
second wave is pH-dependent whereas that of the 
first wave is not (Fig. 1, curves f and g). 

(B) Behaviour in Non-aqueous Ethanolic Medium 
or Water-Ethanol kiixtures 

In 99.7% ethanolic solutions, phenolphthalein and 
its derivatives are reduced through a single two- 
electron wave (Fig. 2A, curve a); its height equalling 
that of the wave obtained in aqueous buffered 

E/V rs. SCE 

FIG. 2. Polarographic wave of 5 x M phenolphthalein 
in non-aqueous ethanolic solution (curve a). (A) Effect of 
benzoic acid and sodium hydroxide on wave (a): (b) 
(c) 4 x M benzoic acid; and (d) (e) 1.1 x loT2 M 
NaOH. (B) Effect of increasing proportion of water in the 
ethanolic medium on wave (a): ( f )  48; (g) 68; (h) 75; (i) 87 
vo lz  water, and ( j )  residual current (non-aqueous). 

solutions of pH < 8.5. The Ell, of this wave lies at 
more negative potential (- 1.31 V) due to decreased 
availability of protons in non-aqueous ethanolic 
medium. The height of the wave is also proportional 
to the concentration of the depolarizer in solution. 

The addition of benzoic acid, as a proton-donor, 
to ethanolic solution of phenolphthalein ot its 
derivatives causes retardation, then complete elim- 
ination of the reduction wave (Fig. 2A, curves b and 
c). On the other hand, addition oS sodium hydroxide 
turned the solution red and gave rise to polarograms 
of two one-electron waves similar to those obtained 
in aqueous buffered media of pH > 9 (Fig. 2A, 
curves d and e). This behaviour indicates that the 
presence of acid or base, respectively, leads to the 
formation of the non-reducible lactone form (I) or 
the electroactive red forms (V and VIII) through an 
acid-base equilibrium. 

In water-ethanol mixtures, the polarograms (Fig. 
2B) show the development of a prewave, at more 
positive potentials, on increasing the water per- 
centage (Fig. 2B, curves f-i). This prewave attains 
the full height of the original polarogram when the 
media contain at least 80 volz of water. This wave is 
preceded by a maximum, but this is easily eliminated 
when the solution is made lop4% with respect to 
Triton X-100. Enhancement of the reduction on 
increasing the water content in the medium is due to 
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TABLE 1. Data obtained for the depolarizers in aqueous buffered media containing 25 volz ethanol 

Slopea 
u 

SI s2 k ~ .  h0 AG* 
PH (mV) (mV) ZH+ n. = 1 n. = 2 (cm/s) (kcal/mol) Notes 

(a) Phenolphthalein 
2.82 55 45 0.8 1.07 0.49 4.1 x10-lo 83.7 1st wave 
5.15 45 45 1 1.31 0.66 3 . 3 ~ 1 0 - l 3  101.6 1st wave 
7.13 45 45 1 1.31 0.66 4 . 2 ~  10-l6 118.3 1st wave 

10.40 70 71 1 0.84 0.42 5.3 x 10-l4 106.1 1st wave 
80 91 1.1 0.74 0.37 2.1 x 10-l6 120.1 2nd wave 

11.48 87 - - 0.68 0.34 2 . 0 ~  1 0 - 1 ~  102.8 1st wave 
78 91 1.2 0.76 0.38 9.9 x 10-l5 110.4 2nd wave 

(b) a-Naphtholphthalein 
4.61 40  45 1.1 1.48 0.74 1.4 x 10-l2 98.0 1st wave 
7.13 40 45 1.1 1.48 0.74 1 . 2 ~  10-l5 115.6 1st wave 
9.46 70 90 1.3 0.84 0.42 6.38 x 10-l3 99.9 1st wave 

11.85 85 - - 0.69 0.35 1 . 4 ~ 1 0 - ' ~  97.9 1st wave 
75 67 0.9 0.79 0.39 7 . 5 ~  10-l9 134.0 2nd wave 

(c) Cresolphthalein 
4.50 45 45 1 1.31 0.66 1.6x10-" 91.8 1st wave 
7.02 37 45 1.2 1.60 0.80 4 . 9 ~  lo-l8 129.5 1st wave 
9.79 50 45 0.9 1.18 0.59 1 . 4 ~  10-l7 126.8 1st wave 

11.50 65 - - 0.91 0.45 1 . 1 6 ~  10-l5 -115.8 1st wave 
80 83 1 0.74 0.37 1 . 2 ~  10-l7 127.1 2nd wave 

(d) Thymolphthalein 
5.25 45 45 1 1.31 0.66 7.1 x 10-l3 99.5 1st wave 

10.50 65 63 1 0.91 0.45 3 . 2 ~  10-l3 101.7 1st wave 
11.74 80 - - 0.74 0.37 1.7 x 10-l3 103.1 1st wave 

80 78 1 0.74 0.37 6 . 7 ~  10-l8 128.7 2nd wave 

"SI = AEd..lA log ;/(id - i ) ;  S2 = AE1121ApH. 

the increased availability of protons (from water) in 
a medium which is still more or less neutral. Also the 
addition of water facilitates the transformation of 
depolarizer molecules from the non-reducible lactone 
form (I) to the reducible hydrated form (IIa). 

These results support the idea (2) that the lactone 
form (I) is not reducible at the dropping mercury 
electrode at least at potentials more positive than 
that at which the wave of the supporting electrolyte 
appears. 

Nature of the Waves 
The effect of pressure at mercury head on the 

limiting current showed that the reduction process 
of the four depolarizers is mainly diffusion-controlled 
with a small kinetic contribution. The value of the 
exponent x in the relation i, = constant x hx 
amounts to 0.45-0.5. 

Analysis of the waves applying the fundamental 
equation for polarographic waves (4) indicated that 
the reduction process proceeds in an irreversible 
manner. The values of transfer coefficient (a) and 
an, are determined from the slopes (S,) of Ed, vs. 
log i/(id - i) plots at different pH values (Table 1). 

The most probable a-values are obtained for n, = 2 
at pH < 8.5 and n, = 1 for the pH range above 10.5. 

The Ell,-pH plots of the first and second waves 
for the different depolarizers consist of three or two 
segments, respectively (Fig. 3). The breaks in these 
plots lie at pH values of -8.5 and - 10.5 which 
correspond to those at which the reduction be- 
haviour is changed. The number of protons (Z,+) 
participating in the rate-determining step is deter- 
mined by using the relation: 

ZH+ = (AEII,/ApH) (cuza/0.059) = S2/Sl 

and is found to be, approximately, one (Table 1). 
Accordingly, the rate-determining step of the 
electrode process would involve one proton and two 
electrons (pH < 8.5) or one proton and one electron 
(pH 2 10.5). For intermediate pH values (8.5-10.5) 
both sequences are contributing in varying pro- 
portions. 

According to the foregoing results, the reduction 
of any of the depolarizers under study at the electrode 
surface can be explained by the following schemes: 

(a) In aqueous solutions of pH < 8.5 and non- 
aqueous media (Scheme 1) 
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The dominant species within these media is IIa and 
I11 (aqueous) or IIb (non-aqueous) forms (5); each 
one can be reduced through a two-electron step. 

(b) In solutions of pH values 8.5-10.5 (Scheme 2) 

The number of protons participating in the 
electrode process is, approximately, one (first wave); 
the second small wave is slightly pH-dependent. The 
processes according to Scheme 2 are considered to 
compete within this pH range. 

(c) In solutions of pH values > 10.5 (Scheme 3) 

FIG. 3. EIl2-pH curves of phenolphthalein (a and c);  a- 
naphthalphthalein (b and d) and cresolphthalein (e).  Curves 
c,  d, and e are shifted three pH units to the right side of the 
scale. 

in buffer solutions indicates that they belong to the 
category of organic compounds where Ell, and i, are 
pH-dependent. The change of the reduction current 
with the pH of the medium leading to the splitting 
of the reduction wave was explained by Zuman (6). 
The main factors considered to govern the current 
changes are: 

(i) The existence of an acid-base equilibrium: 

for which the variation of the current with pH is 
governed by the relation (7) : 

[I] pH = log 0.886(%)'l2 + log (il HB i H ~ - )  - 

l-he of the first step is independent of p~ which is a modified form of the Koutecky equation 

while that of the second step is pH-dependent. The 
mechanism is shown in Scheme 3. (ii) Change of current due to chemical transforma- 

tion. The probable chemical transformation with 
The Electrode Reaction increasing pH in analogy to the case of fluorescein 

The polarographic behaviour of the depolarizers (9) is the formation of triphenyl carbonium ion 
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FIG. 4. Application of eqs. [ I ]  and [2] for phenolphthalein. 

(V =$ VIII), the reduction of which proceeds to a 
free radical through one electron, whereas the overall 
reduction process corresponds to two electrons. 

(iii) The existence of two electroactive forms which 
differ in the number of electrons consumed in the 
electrode reaction. In this case, the change of current 
with pH should follow the relation (6 ,  7): 

[2] pH = log 0.886 
1 - I ,  

The plots of log [(i, - iHB-)/iHB- ] or log [(i, - i)/(2i - 
i,)] vs. pH yield straight lines (e.g. Fig. 4), indicating 
the validity of eqs. [I] and [2]. 

Accordingly ,it may be concluded that the change 
in the reduction current of the depolarizers under 
investigation would depend on the three mentioned 
factors, which recalls the case of fluorescein (7). 

According to the above findings, the electrode 
sequence for the reduction of the compounds under 
investigation in buffered solutions can be given as 
follows : 

K2 
[4b] P2-2 + H+,Reduction product (pH-dependent) 

Processes [3a]-[4b] occur at lower pH values 
( < 8 . 5 )  through one two-electron step. As the pH 
increases the protonation step [3b] slows down and 
the second reduction step [4a] is attained at higher 
potential, leading to separation of the two steps 
(El # E,). The lowering of i, at  the first wave is due 
to slowed rate of protonation of the intermediate 
radical anion (PI2-). 

Values of kinetic parameters (k,,:, AG*, an,, and 
a) of the electrode reaction were calculated as 
explained previously (10-12). The values of rate 
constant (k,,,') are smaller than 3 x cm/s 
denoting an irreversible process. On increasing pH 
of the medium k,,: decreases and energy of activa- 
tion (AG*) increases (Table l), denoting a more 
difficult electron transfer and consequently a more 
difficult reduction process. 
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Thermal decomposition of diazirines in the presence of m-chloroperoxybenzoic acid. 
A method to determine the partitioning of reaction pathways 

MICHAEL T. H. LIU A N D  IWAO YAMAMOTO' 
Department of Chemistry, University of Prince Edward Island, Charlottetown, P.E.Z., Canada CIA 4P3 
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MICHAEL T. H. LIU and IWAO YAMAMOTO. Can. J. Chem. \57, 1299 (1979). 
The oxidation of various diazirines by m-chloroperoxybenzoic acid as well as the activation 

parameters for these reactions have been investigated. The oxidation products and the informa- 
tion derived from kinetic studies indicate that the oxidation does not take place on the diazirine 
ring as expected but rather on the decomposition products of the diazirines. The oxidation 
products obtained are shown to be characteristic of the diazirine decomposition by carbenic 
and diazo pathways and thus the measurement of the oxidation products provides a measure 
of the partitioning of the two reaction pathways for diazirine decomposition. 

MICHAEL T. H. LIU et IWAO YAMAMOTO. Can. J. Chem. '57, 1299 (1979). 
On a etudie I'oxydation de diverses diazirines par l'acide m-chloroperbenzoi'que de mCme 

que les parametres d'activation de ces reactions. Les produits d'oxydation et l'information que 
I'on tire des etudes cinetiques indiquent que I'oxydation ne se produit pas sur le cycle diazirine 
tel qu'attendu mais plut8t sur les produits de decomposition des diazirines. On montre que les 
produits d'oxydation obtenus sont caracteristiques de la d6composition de la diazirine par des 
voies carbtniques et diazo et la mesure des produits d'oxydation fournit donc une mesure de 
la repartition entre les deux voies reactionnelles pour la dkcomposition de la diazirine. 

[Traduit par le journal] 

Introduction ditions of the reaction. The formation of benzoyl 
I 

~h~ chemistry of diazirines has been chloride in the chlorophenyldiazirine oxidation was 
I by the facile thermal decomposition which generates by the mechanism: 
I carbenes (1-4), and generally low reactivity when 0 

compared with the linear isomers (5). Schmitz (4, 5), t 
I Lau (6), and more recently Bradley, Evans, and Ph\C/l MCPBA 

Stevens (7) have shown diazirines to be insensitive CI/ A N  towards a wide range of compounds. The direct 
oxidation of the nitrogen-nitrogen double bond of 
the diazirine system is not known but the ozonisation 
of methyl-vinyldiazirine has been reported (8). The ~h 

product of this oxidation process was an etherhydro- \C=O 

peroxide which contained the original three member CI/ 

ring. It was that in the present experiments I t  is to be noted that an intermediate, 1,2,3-oxadia- 
the unknown azOxy be made that a zete, is formed prior to the formation of benzoyl 
new class of compounds would be available; the chloride. This mechanism receives some support 
kinetic and mechanistic implications would be from the work of Snyder et on the oxidation 
obvious. As well, extensive ab initio SCF-MO of diazobasketene with MCPBA to give the  id^ 
calculations with a double-zeta basis set of Gaussian which rearranged readily in boron trifluoride 
type orbitals have been carried out for diazirine and etherate. In view of the considerable interest in this 
diazirine N-oxide (9). area of chemistry, we decided to investigate the 

The present paper is an extension of previously oxidation of several diazirines by various oxidants 
, reported work (10) in which the oxidation of chloro- and in particular by M C P B ~ .  ~ i ~ ~ ~ i ~  studies on the 

phenyldiazirine by m-chlOrO~erox~benzOic acid oxidation of phenyl-n-butyldiazirine and chloro- 
(MCPBA) gave benzOyl The phenyldiazirine by MCPBA in various solvents were 
suggested that the N-oxide of the diazirine may be also conducted. 
generated but that it decomposes under the con- 

Results and Discussion 
'On sabbatical leave (1977-1978) from Department of 

Chemistry, Shinshu University at Ueda, Nagano 386, Japan. The reactivity of diazirine towards a range of 

0008-4042/79/111299-05$01 .OO/O 
01979 National Research Council of Canada/Conseil national de recherches du Canada 
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oxidants has been examined. Chlorophenyldiazirine 
is recovered almost unchanged after treatment with 
basic hydrogen peroxide and peracetic acid. The 
negative results with the above oxidants may at first 
appear to result from the milder reaction tempera- 
ture as compared with the positive results with 
MCPBA. It will be shown later in this discussion 
that the negative results are really due to the inertness 
of the diazirine ring and not at all due to the effect 
of temperature. As well the relative degree of the 
oxidizing powers of the reagents used has no effect. 
The thermal decomposition of phenyl-n-butyldia- 
zirine (1) in DMSO solvent has been investigated in 
detail by us and the intermediate formation of the 
diazo compound, 1-phenyl-1-diazopentane has been 
detected and the intermediate has been isolated. The 
decomposition of 1 and the subsequent decom- 
position of its product, 1-phenyl-1-diazopentane to 
give cis and trans 1-phenyl-1-pentenes (ratio cis: trans 
= 1 :5) provide an interesting illustration of con- 
secutive reactions (12). 

In the oxidation of 1 by MCPBA in chlorobenzene 
and in 1,2-dichloroethane solvents, the products were 
cis and trans 1-phenyl-1-pentene oxides and valero- 
phenone. In the oxidation reaction it was noted that 
the color of the solution was yellowish throughout 
the experiment and the characteristic red-color due 
to the formation of the diazo intermediate was not 
observed. As we could see no red color, we were led 
to believe that the oxidation was indeed taking place 
on the diazirine ring. If this were the case, the 
formation of the four-atom ring, 1,2,3-oxadiazete 
would be inevitable. This particular four-atom ring 
has been postulated in the decomposition of nitro- 
soimines (13) but has not been isolated. In view of 
its similarity to the 1,2-dioxetane system (14, 15), 
we were hoping that the 1,2,3-oxadiazete ring would 
produce excited carbonyl molecules (excited valero- 
phenone in this case) which would luminesce. How- 
ever, since the photo product acetophenone from 
valerophenone (resulting from a Norrish type I1 
reaction) was not found in the above oxidation ex- 
periment, it was decided that the proposed mechan- 
ism would have to be examined more carefully. 

Up to this point, we could not provide sufficient 
evidence to propose an unequivocal mechanism for 
the oxidation of diazirines. We have extended our 
investigation to determine the activation parameters 
for the oxidation of 1 by MCPBA in chlorobenzene 
and in 1 ,Zdichloroethane. In all kinetic experiments 
the concentrations of diazirine and MCPBA were 
both 0.05 M in chlorobenzene and in 1,2-dichloro- 
ethane, respectively. The results for the oxidation of 1 
in chlorobenzene by MCPBA show that the reaction 
is not second-order as expected but rather the 

TABLE 1. Rate constants for the ox- 
idation of phenyl-n-butyl diazirine 
by MCPBA in chlorobenzene and in 

1 ,Zdichloroethane 

(a) Chlorobenzene 

T ("C) k x lo4 (s-') Method 

105.0 10.5 N2 
102.4 8.51 Nz 
99.8 6.31 Nz 
94.0 3.40 Nz 
88.0 1.68 N2 
81.6 0.996 Nz 

(b) 1,2-Dichloroethane 

T ("C) k x lo5 (s-') Method 

*Average value of k measured by N1 evolu- 
tion and by uv. 

reaction is first-order. In fact, the first-order plot 
gave an excellent straight line even up to 80% 
reaction. Similar results were obtained for the re- 
action of 1 and MCPBA in 1,2-dichloroethane. Also, 
the first-order rate constants determined by N, 
evolution and separately by a uv spectrophotometric 
method agreed within 4%. The first-order rate con- 
stants for these reactions are tabulated in Table 1 
and the oxidation products in various solvents are 
given in Table 2. The first-order rate constant at 
99.8"C for the reaction of equimolar concentration 
of 1 and MCPBA in chlorobenzene was 6.31 x 
s-l.  Additional experiments at the same temperature 
with a four-fold increase in MCPBA gave 6.50 x 
lop4 s-l. It is evident that the rate of reaction is not 
a function of MCPBA concentration. From the 
least-squares analysis of the rate constants in Table 1, 
the following activation parameters for 1 were 
obtained: in chlorobenzene, AH* = 27.0 kcal mol-I, 
AS* = -1.2 cal deg-' mol-' and in 1,2-dichloro- 
ethane, AH* = 27.6 kcal mol-I, AS* = 0.74 cal 
deg-' mol-'. Examination of these parameters 
reveals that they are merely the parameters for the 
decomposition of phenyl-n-butyldiazirine, the values 
of which have been reported already (12). When 
further kinetic studies were carried out using chloro- 
phenyldiazirine and MCPBA in 1,2-dichloroethane, 
good first-order plots were obtained over the tem- 
perature range of 50-70°C. The following activation 
parameters for chlorophenyldiazirine were derived : 
AH* = 25.8 kcal mol-' and AS* = 1.7 cal deg-' 
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TABLE 2. % Distribution of products for the decomposition of phenyl-n-butyldiazirine in various solvents 

Ph N Ph XJ? + MCPBA -+ 
C4H9 C4H9 >O 

1 2 3 .  4 

I T P-3 Solvent 2 3 4 
1 

105 PhCl 6 37 57 
102.4 PhCl 9 3 1 59 
100 PhCl 7 39 54 
99.8 PhCl 9 40 5 1 
99.8 PhCI* 6 44 50 
94 PhCl 7 37 56 
88 PhCl 5 30 65 
81.6 PhCl 5 32 63 
78 1,2-Dichloroethane 7 43 50 
78 PhNOz 2 23 75 

mol- l, in agreement with our earlier finding (16). diazirine N-oxide were to be made, it would probably 
These various kinetic results suggest that the oxida- require a new synthetic route. 

i tion by MCPBA does not take place on the ring but In order to account for the products of the reaction 
I rather on the products of the decomposition. If the the following mechanism is postulated: 

C4H9 
C4H9\c=&=i MCPBA \C=O + N2 

Fast / 
~ h /  Ph 

C4H9 C3H7 Ph C3H7 Ph 
\c=c MCPBA , 

): Fast ' / \ 
Ph H H 

Fast 
H O H  

(cis and trans) (cis and trans) 

In pathway [I], the diazirine is isomerized to diazo- 
methane which is rapidly consumed by MCPBA to 
give the corresponding ketone. In a control experi- 
ment, we have synthesized 1-phenyl-1-diazopentane 
independently and reacted it with MCPBA in 
chlorobenzene at room temperature, the distinct red- 
color of the diazo compound was completely 
removed in a few seconds with vigorous evolution of 
nitrogen. This result shows that the reaction requires 
little or no activation energy.' Analysis showed that 

ZThis conclusion is substantiated by the reaction of peroxy- 
benzoic acid (in 1,2-dichloroethane) with diazodiphenyl- 
methanes (ref. 17) for which the activation parameters were 
found to be A H *  = 5.8 kcal mol-l, AS* = -40.0 cal deg-I 
mol-l. 

valerophenone was the only product and therefore, 
1-phenyl-1-diazopentane does not react with MCPBA 
to yield 1 -phenyl-1-pentene or 1 -phenyl-1 -pentene 
oxide. 

In pathway [2], the diazirine decomposes directly 
to give a carbene intermediate which rearranges to 
cis and trans 1-phenyl-1-pentenes which in turn are 
further oxidized to cis and trans 1-phenyl-1-pentene 
oxides by MCPBA. In a separate experiment con- 
ducted by heating a mixture of cis and trans l-phenyl- 
1 -pentenes (cis: trans = 1 : 10.8) and MCPBA in 
chlorobenzene at 100°C for 40 min, the products 
were cis and trans 1-phenyl-1-pentene oxides 
(cis: trans = 1 : 11.3). This indicates that all the cis- 
olefin is converted to the cis-epoxide and trans-olefin 
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to trans-epoxide. This conclusion was again sup- 
ported by the epoxidation of trans-stilbene with 
MCPBA which was shown to be a fast reaction even 
at room temperature (18). Thus the yields of the 
epoxides and of the ketones provide a measure of the 
partitioning of the two reaction paths. Our experi- 
ments show that in the decomposition of phenyl-n- 
butyldiazirine in chlorobenzene, MCPBA can be 
used as a trapping agent for the intermediate forma- 
tion of olefin and for the diazo compound. The 
yields of the epoxides and of the valerophenone are 
approximately 50% each. This is to say that the 
decomposition of 1 in chlorobenzene is 50% carbenic 
and 50% via the diazo process. The percentage by 
each pathway does not appear to be very sensitive 
to temperature since the product ratio of ketone to 
epoxides is approximately the same at all tempera- 
tures (somewhat large values occur at the lowest 
temperatures). It was found that the ketone to 
epoxides ratio did not vary, even for a 4-fold increase 
in MCPBA concentration. In another non-polar 
solvent such as 1,2-dichloroethane, the ratio of 
ketone to epoxides is found to be very similar to the 
ratio when chlorobenzene was the solvent. However, 
in a more polar solvent, such as nitrobenzene, the 
decomposition of 1 occurs 75% by the diazo pathway 
and 25% by the carbenic pathway. In an even more 
polar solvent, DMSO, the pathway leading to 
1-phenyl-1-diazopentane accounts for as much as 
90% of the products (12). The concerted decom- 
position of 1 to give phenyl-n-butylcarbene is only of 
minor importance in this case (12). It is likely that 
the 1-phenyl-1-diazopentane is stabilized in the 
presence of polar solvent molecules. The solvent 
dependence of the decomposition pathways in the 
diazirine system is not well understood because there 
has been no method which could provide a good 
measure for the partitioning of the two reaction 
pathways. If the decomposition pathways in dia- 
zirine are indeed solvent dependent as it would 
appear to be in the present case, then a comparison 
of the decomposition pathways in diazo compound 
would be very interesting. In the decomposition of 
diethyl diazosuccinate (19), it was found that the 
diazo compound decomposes via a carbenic pathway 
in non-polar solvent, a diazonium pathway in protic 
solvent and a carbenoid pathway in acetic acid 
solvent. However, the participation of dual pathways 
in a given solvent is also possible in the thermal 
decomposition of a diethyl diazosuccinate (19). 

If one examines the activation parameters for the 
decomposition of 1 in chlorobenzene (AH* = 27.0 
kcal mol- ' and AS* = - 1.2 cal deg- ' mol- ' where 
the decomposition of 1 is 50% diazo - 50% carbenic) 
and in DMSO (AH* = 27.3 kcal mol- ' and AS* = 

-0.32 cal deg-' mol-' where the decomposition of 
1 is 90% diazo - 10% carbenic (12)), one observes that 
the enthalpies of activation in both solvents are very 
similar. This would imply that the AH* values for 

and for 

are very similar in these two competitive processes. 
The results could also be interpreted to suggest that 
the AH* value for process [b] is very large in DMSO 
solvent. However, in view of the solvent studies 
carried out in the thermal decomposition of chloro- 
ethyldiazirine (20), where the activation energies were 
found to be similar in a variety of solvents, this latter 
hypothesis does not seem to hold. Despite the fact 
that process [a] involves the breaking of one C-N 
bond and process [b] involves the breaking of two 
C-N bonds, the entropy of activation is nearly 
identical for the two elementary processes. This 
implies that the activated complex must be very much 
alike for both pathways. The element of single vs. 
double bond breaking must occur after the transition 
state and the transition state must resemble the 
diazirine in structure. This is substantiated by the 
fact that the AS* values are very small; this indicates 
that no additional free rotations are developed in the 
transition state. 

In conclusion, the pathway for the thermal decom- 
position of diazirine appears to be dependent on ( I )  
the nature of the substituents on the diazirine ring, 
(2) the stability of the intermediate diazo com- 
pound, and (3) the ability of the solvent molecules 
to stabilize the intermediate (carbene or diazo com- 
pound) formed in the decomposition. 

Experimental 
The ir, nmr, and uv spectra were obtained with Perkin- 

Elmer Model 137, Varian T-60, and Unicam SP800 respec- 
tively. The vpc analyses were carried out using a Perkin-Elmer 
model F-11 equipped with a hydrogen flame detector. 

Since the oxidation products for all the diazirines were 
common compounds, they were identified by comparing their 
ir and nmr spectra with authentic samples. 

The chlorophenyldiazirine and phenyl-n-butyldiazirine were 
prepared according to methods described previously (12, 21). 

The rates of reaction of various diazirines (0.05 M) with 
m-chloroperoxybenzoic acid (0.05 M) in 1,2-dichloroethane 
were determined by measuring the disappearance of diazirine 
according to standard spectrophotometric techniques (16) and 
by measuring the nitrogen evolution as a function of time. For 
the spectrophotometric experiments, the first-order rate 
constants were determined graphically from the plot of log 
(D, - Dm) vs. time, where D, is the optical density at the 
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wavelength of observation (369 nm for phenyl-n-butyldiazirine 
and 390 nm for chlorophenyldiazirine) and Dm corresponds to 
that of complete reaction. For the nitrogen evolution experi- 
ments the first-order rate constants were determined graphic- 
ally from the plot of log (Vm - V,) vs. time, where Vm is the 
volume of nitrogen measured at infinite time and V, is that at 
time t. The first-order plots obtained in both methods were 
linear to at least 80% reaction. 

Purification of m-Chloroperoxybenzoic Acid (18) 
Peracid (3.5 g) (Aldrich 85%) was suspended in 91.1 mL of 

phosphate buffer solution (pH 7.5) and stirred for 2 h. The 
product, a white powder, was filtered, washed with distilled 
water (3 x 100 mL), and the powder was dried under reduced 
pressure for 2 days. The purity of MCPBA was determined by 
iodometric titration, which showed 99 -1 1% assay. 

Preparation of I-Diazo-I-phenyl-pentane 
Valerophenone-p-toluenesulfonylhydrazone (6.6 g, 0.02mol) 

was dissolved in 20 mL of distilled pyridine in a 100 mL 
round bottom flask equipped with a condenser and NaOH 
drying tube. Sodium methoxide (1.08 g, 0.02 mol) was added 
to this solution and the mixture was stirred at 75-80°C for 
20 min. The contents were poured into 200 rnL of icewater 
and extracted with pentane (2 x 100mL). The combined 
organic fractions were washed with water, dried, and con- 

I centrated in vacuo to give 2.15 g of dark red oil. The ir of 
1 this material showed an intense band at 2040cm-' (diazo 
1 >C=Nz).  

Several diazirine oxidation experiments were carried out but 

1 only the oxidation with m-chloroperoxybenzoic acid gave 
I positive results. 

I. Basic Hydrogen Peroxide 
I Chlorophenyldiazirine (1.0 g), 30 mL of 50% hydrogen 

peroxide, and 4.0 g KOH were stirred at 40°C for 10 h. The 
resulting mixture was extracted with ether and almost all of 
the diazirine was recovered. A small amount of diazirine will 
decompose under these experimental conditions. 

2. Perqcetic Acid 
A solution of 1.0 g chlorophenyldiazirine in 15 mL glacial 

acetic acid and 5 mL of 30% HzOz was stirred at 40°C for 5 h. 
The solution was cooled, neutralized with NaOH, and ex- 
tracted with CHzCIz. Most of the diazirine was recovered. 

3. m-Chloroperoxybenzoic Acid 
(a) The reaction was carried out by refluxing 1.55 g of 

chlorophenyldiazirine and 2.06 g m-chloroperoxybenzoic acid 
in CHC1, for 5 h. The resulting solution was worked up 
quickly under basic conditions. Chromatographic analysis of 
the products indicated the presence of benzoyl chloride 
(45-50%), benzaldehyde (40%) and a trace amount of benzoic 
acid. The components were identified by comparing their ir 
and tlc with those of authentic samples. Benzoyl chloride was 
converted to benzamide, mp 130°C and benzaldehyde to its 
2,4-dinitrophenylhydrazone, rnp 237°C. The formation of 
benzaldehyde was attributed to the decomposition of un- 
reacted starting material during aqueous work-up. 

(b) Phenyl-n-butyldiazirine (200 mg) and 200 mg of m- 
chloroperoxybenzoic acid in 20 mL chlorobenzene were mixed 
and heated to reflux for 20 h. The color of the solution was 

yellowish throughout the experiment. The solution was 
washed with 2 x 20 mL saturated NaHCO,, followed by 
2 x 50 mL H,O. After drying and evaporation in vacuo, 200 
rng of yellow oil remained. Vapour phase chromatographic 
analysis on a 12 ft, 20% Carbowax column at 150°C showed 
that the products were valerophenone and cis and trans 
I-phenyl-1-pentene oxides. 'H nmr (CDC13) 6: 1.00 (t, 3, 
J = 6 Hz, CH3), 1.20-1.80 (m, 4, methylenes), 6.92 (bm, 1, 
H-C-C3H7), 3.60 (d, 1, J = 2 HZ, H-C-C6H,), 7.35 (s, 
5, aromatics). ms (70 eV) mle (relative intensity): 162.122 (70, 
M+,  CllH140), 133 (90, M-CHO), 119 (38, M-C3H7), 
105 (85), 91 (100, M-C4H70). 
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ARTHUR SMITH and STEPHEN FLETCHER. Can. J. Chem. 57,1304 (1979). 
The fundamental processes underlying phase changes at electrode surfaces are often described 

in terms of the Kolmogoroff-Avrami theorem. 
Some aspects of the 'fine structure' of this theorem are considered. Particular attention is 

paid to the case of two-dimensional nucleation and growth under the influence of an applied 
electrode potential (equivalent to supersaturation). A probabilistic analysis is presented for 
circularly-symmetric nuclei which obviates the need for concepts such as 'overlap' between 
emergent nuclei. The concept of a 'collision front' is introduced which is defined as the line of 
contact along which neighbouring nuclei collide. It is shown that for instantaneous nucleation 
(potentiostatic double step method) the extended set of collision fronts constitutes a net com- 
posed of irregular convex polygons. The properties of this net are investigated in some detail. 
In particular, the extent of applicability of the Kolmogoroff-Avrami equation is delineated, the 
distribution of collisional polygons is calculated, and an approximate treatment for the variance 
of the surface coverage function is presented. The general approach exposes clearly the 
relationship between the single nucleus and the multinuclear situations. 

ARTHUR SMITH kt STEPHEN FLETCHER. Can. J. Chem. 57, 1304 (1979). 
On considkre quelques aspects de la structure line de ce theoreme. On attache une attention 

particulikre au cas de la nucleation bi-dimensionnelle et it la croissance sous I'influence d'un 
potentiel d'klectrode applique (equivalent a la sursaturation). On prksente une analyse, bask 
sur le calcul des probabilitks, pour des noyaux circulairement symetriques; ceci permet 
d'obvier it la nkessit6 de concepts c o m e  celui du recouvrement entre des noyaux qui 
emergent. On introduit le concept d'un "front de collision" qui est dkfini c o m e  la ligne 
de contact le long de laquelle des noyaux voisins entrent en collision. On montre que, dans le 
cas de la nucleation instantank (methode du double saut potentiostatique), I'ensemble Btendu 
des ponts de collision constitue un filet compose de polygones convexes irrdguliers. On a 
etudid, en detail, les proprietes de ce filet. En particulier, on a delimite la port& d'application 
de 1'6quation KolmogoroR-Avrami, on a calcule la distribution des polygones collisionnels et 
on prksente un traitement approximatif de la variation de la fonction exprimant la surface 
couverte. L'approche genkrale expose clairement la relation entre le noyau unique et les 
situations multinoyaux. 

[Traduit par le journal] 

General Introduction 
Although a great deal of experimental data relating 

to electrolytic crystal growth has been accumulated 
over the years, the fundamental processes underlying 
phase changes at electrode surfaces are not com- 
pletely understood in detail. However, the general 
picture is clear and involves a number of well- 
established concepts. In particular, when an over- 
potential (q = E - E,) is applied to a given elec- 
trode surface then the adunit concentration at that 
surface rapidly increases. These adunits arise follow- 
ing an electron-transfer process between the electrode 
surface and a suitably labile species; this will usually 
be a metal ion in the case of metal deposition and 

I will be surface atoms themselves in the case of 

in the adunit concentration is that the adunits begin 
to form clusters with a distribution of sizes and 
stabilities (1). The larger clusters (nuclei) tend to 
grow while the smaller clusters (embryos) tend to 
diminish in size. The clusters with an equal prob- 
ability of both growing and diminishing are of 
particular interest and are called critical nuclei. The 
steady-state properties of critical nuclei are usually 
derived from thermodynamic (2) or atomistic (3) 
considerations. On the other hand, nuclei larger than 
the critical size are the subject of kinetic investiga- 
tions. 

The emergence and subsequent growth of nuclei is 
a complex problem, for which two rather different 
lines of approach may be discerned in the literature. 

anodic film formations. The result of such an increase One of these approaches is the macroscopic mod- 

0008-40421791111304-15$01 .OO/O 
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elling of polynuclear nucleation, which has proved 
useful in the interpretation of electrochemical 
experiments (4). The other theoretical approach has 
been to conduct (microscopic) Monte-Carlo simula- 
tions of events occurring at the atomic level ( 9 ,  and 
these may be compared with crystal growth from 
the gas phase. Both approaches have met with 
success in their particular areas of applicability, but 
nevertheless a number of theoretical disparities exists 
between them. These disparities arise because of the 
different assumptions inherent in the two models. 
These assumptions, in turn, are necessary because of 
considerations of mathematical tractability in the 
macroscopic case, and because of limited computer 
resources in the Monte-Carlo case. Because of the 
assumptions made, discrepancies also exist between 
the individual models and actual experimental data. 

In the case of Monte-Carlo simulations only small 
elements of surface may be considered in a given 
computer experiment, so that it is necessary to 
employ cyclical boundary conditions (5). The use of 
such boundary conditions necessarily precludes the 
observation of the simultaneous collision of large 
numbers of nuclei. However, this is the very state of 
affairs with which the macroscopic models concern 
themselves. Their strategy for dealing with such 
multi-centre collisions is to invoke the Avrami 
theorem (6) ,  with the result that the 'fine structure' 
of events on the electrode surface is lost and even 
the probabilistic aspect of nucleation (so evident in 
Monte-Carlo simulations) is to some extent obscured. 

The purpose of the present work is to investigate 
some microscopic consequences of the assumption of 
a macroscopic model of polynuclear nucleation. We 
do this for the case of two-dimensional nucleation, in 
which No nuclei are effectively nucleated at t = 0 
and thereafter grow uniformly across the electrode 
surface (4). Both exact solutions and computer- 
simulated data are calculated and compared. In 
particular, the 'fine structure' of the two-dimen- 
sional nucleation and growth model is investigated 
in detail to see how far geometrical properties of 
individual nuclei may be recovered. I t  is hoped that 
the results obtained will lead to more complete 
modelling of real situations, for example, the 
extension of present theory to polycrystalline sub- 
strates. Also a clearer comparison of macroscopic 
(geometric) and microscopic (Monte-Carlo) models 
may ultimately evolve via considerations of this sort. 
Because of the probabilistic nature of the present 
work, some of the results presented will also be 
relevant to such varied problems as the effect of 
electrode boundaries on nucleation and growth 
phenomena, the measurement of noise on micro- 

electrodes, and the elucidation of the exact extent of 
applicability of the Avrami theorem to crystal 
growth kinetics. 

Before considering the problem in detail, some 
fundamental aspects of two-dimensional nucleation 
are briefly considered which are pertinent to both 
microscopic and macroscopic models. The geo- 
metrical 'fine structure' of the macroscopic model is 
then calculated from first principles. 

The Nucleation Rate 
Nucleation consists in the formation of nuclei of 

critical size from a distribution of sub-critical 
clusters. As clusters larger than the critical size grow 
out, so the distribution re-adjusts towards its 
original condition, thus perpetuating the nucleation 
process. Clusters can grow via two possible processes. 
The first is the addition of individual adunits (atoms, 
ions) at the periphery of clusters. The second process 
is the addition of smaller clusters to  larger clusters. 
Because the critical nucleus size is usually small, 
however, this latter route is statistically improbable, 
because the distances between subcritical nuclei are 
usually large compared to their diameters. Therefore 
it is considered that growth occurs only via the 
addition of individual growth units (7). Now, suppose 
an overpotential is applied to  an electrode surface. 
The adunit concentration increases rapidly to  a new 
value characteristic of that overpotential, and if the 
overpotential is large enough then critical nuclei 
emerge which become experimentally observable as 
a finite rate of nucleation. Thus, provided the 
nucleation process occurs isothermally, we may 
write for the steady-state of nucleation (7) 

where A is the steady-state rate of nucleation, n is 
the number of adunits per cluster, C, are the con- 
centrations of clusters containing n adunits, and 
on+ and on- are the (suitably averaged) prob- 
abilities that single adunits are added or subtracted 
from a cluster containing n adunits. Equation [2] may 
be solved for ( A )  provided the probabilities on+ and 
on+ ,- are specified. In the most general case, on a 
thermodynamic view (2) 

c31 o n +  -- - - exp [L- ---- 
o n +  1 kT AGn+ll kT 

in which AG, is the increase in Gibbs free energy of 
the system when n adunits from the bulk phase form 
a cluster of n edunits on the electrode surface. By 
substituting [3] in [2] and using the boundary con- 
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dition (C,) = 0 one obtains 

- AG,, 
c41 - 

AG, is a maximum for the cluster of critical size, and 
it is usually assumed that this maximum is sharp as 
a function of n. In this case, calling the number of 
adunits in the critical nucleus n, the nth term pro- 
vides the major contribution to the sum of eq. [4]. 
Combining all other contributions in a single term Z, 
the Zeldovich factor (2), simple rearrangement gives 

[5l (A) = Zo'(C,) exp 

This equation therefore relates the expectation value 
of the steady-state nucleation rate to three potential- 
dependent parameters; 2, o,' and AGE. To evaluate 
the exact potential-dependence of (A), however, is 
not simple because Z and AG,- are strongly dependent 
on the model chosen for the clusters. Also o,' is 
only an average quantity, in reality depending on the 
configuration and types of sites available at the 
peripheries of the critical nuclei. Monte-Carlo 
simulations aside, one method for circumventing 
these difficulties is to suppose that n is large (>50 
adunits, say) so that AG, has a simple, macroscopic, 
thermodynamic significance. Upon further assuming 
a circular, two dimensional nucleus (2) then 

z2 = AG, 
4n(~)'k T 

so that [5] becomes 

AG, 'I2 - AG; 
L7i (A) = (4n(fi)2kT) w2(cl) exp 

For the case of the deposition of a metal ion onto 
a substrate of the same metal, Budevski (8) has 
estimated (A) from eq. [7] with the result that 

[8] (A) = K' exp 
RT 

where K' is a constant, e is the electronic charge, a is 
the transfer co-efficient, z is the number of electrons 
transferred, R is the gas constant, T is the absolute 
temperature, k is the Boltzmann constant, E is the 
mean value of the specific periphery energy of the 
edge of a cluster, R is the area occupied by an adunit 
on the surface of the cluster, b is a geometrical con- 
stant, and 1 is the overpotential. This equation is 
expected to hold at low overpotentials in the absence 
of surface diffusion. An alternative expression, valid 

at high overpotentials, has been calculated by 
Milchev et al. (9) using atomistic, rather than 
thermodynamic, arguments. This approach yields 

where K" is approximately constant. Comparable 
expressions may also be obtained for the formation 
of anodic films by taking the surface free energy 
terms of the emergent crystalline phase into account 
in the evaluation of AG,. 

The essential features of eqs. [8] and [9] are that a 
given expectation value of the steady-state rate of nu- 
cleation is associated with a given overpotential, and 
that the dependence of (A) on q is likely to be very 
strong. These facts mean that experimental and 
theoretical analyses of electrochemical nucleation 
will necessarily be complex unless performed at 
constant overpotential. Also the number of nuclei 
will, in general, vary as a function of time. 

If the nuclei arise independently of each other, 
then we may assume the nucleation process to be 
Poissonian, so that the probability of forming one 
nucleus in time dt is 

where h is a constant equal to (A)Sr, S' being the 
area of the electrode surface. If the number density 
of nuclei is sufficiently large, then stochastic varia- 
tions will be unimportant and the overall process 
may be regarded as deterministic. That is, A = (A). 

The Growth of Two-dimensional Nuclei 
Following Fleischmann and Thirsk (4), we shall 

assume that any given nucleus has circular symmetry 
and is of fixed height h. Also, it is supposed that the 
critical nucleus size is small so that radial growth 
begins at r = 0 when t = 0, where r is the radius of 
the growing nucleus. When the slow step in the over- 
all growth process is at the edge of the nucleus, the 
observed current density, following a potential step 
from a potential of no-growth to one of growth, may 
be expressed as (4) 

Here s is the fractional surface coverage of the 
electrode, M is the gram-formula weight of the 
species composing the nuclei, p is the density of the 
nuclei, and k is a suitably averaged rate describing 
the radial growth. Experimental observation of 
growth of this type may be simplified in practice by 
the use of the double potential step method (10). In 
this case a large overpotential step is applied to the 
electrode for a short period of time, followed by a 
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SMITH AND FLETCHER 1307 

second step to a lower overpotential. The first step 
serves to nucleate and grow a large number of super- 
critical nuclei which continue to grow at the lower 
overpotential (provided the first step was of sufficient 
duration for the nuclei to achieve a size which is 
stable at the lower overpotential). The advantage of 
this technique is that so many nuclei are nucleated 
at the first overpotential that their number is 
effectively constant at the second overpotential. In 
this case, eq. [I I] becomes 

where N is the number of nuclei nucleated at the 
higher overpotential. N obviously depends in this 
case on the overpotential of the first step, and on the 
time spent at that overpotential. Equation [12] is 
usually referred to as describing 'instantaneous' 
nucleation because the nucleation takes place 
effectively at t = 0. Also, it should be noted that eq. 
[ l l ]  is derived on the basis that nuclei do not 
mutually interfere as they grow, i.e., the boundaries 
of adjacent nuclei are far apart. However, as the 
nuclei become large the probability of collisions 
increases drastically, so that some sort of inter- 
ference becomes inevitable. Usually, it is assumed 
that at points at which the periphery of one nucleus 
impinges on another, then growth ceases.' The 
particular advantage of this 'impinge-and-stop' 
hypothesis is that it allows the calculation of the i(t) 
response to a potential step even when nuclei collide, 
provided the remaining periphery of a collided 
nucleus continues to grow in the same way after the 
collision as before it. This assumption allows the 
application of a geometrical, probabilistic, theorem 
to the electrode surface in order to modify eq. [12]. 
This theorem is due to Kolmogoroff (1 1) and Avrami 
(6). It states that for a locally random distribution 
of nuclei, 

[I31 (S) = 1 - exp (-sex) 

Here S is the (fractional) surface coverage of the 
plane by the collided nuclei, and Sex is the (fractional) 
surface coverage that would have been observed had 
the nuclei not collided. Note that as Sex + 0, 
(S)/Sex 4 1 and that as Sex + a, (S) + 1. Now, 
from [12] and [13] we see 

'Although this is probably reasonable for many cases of 
electrochemical crystal growth, it should be pointed out that 
other situations are, in fact, possible. For instance, coalescence 
may occur in the deposition of liquids such as mercury. Also, 
nuclei may 'bounce off' each other when they are deposited on 
liquid substrates (such as amalgams), or local competition for 
adatoms might slow growth in regions where centres interact. 

[14] i = nFh (L)? - - = nFh ( P ) d s e x  exp (-Sex) 

which shows 

[15] i = 2xnFhN - k2t  exp -x - Nk2t2  ( 1  [ ( 1  I 
This useful solution, first obtained by Fleischmann 

and Thirsk (4), is therefore the amended version of 
eq. [12] so that the collision of nuclei has been taken 
into account. Naturally, eq. [15] has limitations, 
particularly those introduced via the Kolmogoroff- 
Avrami theorem, and it is of interest to determine 
precisely what these are. Therefore, we shall now 
consider the effect of both a finite number of nuclei 
and the effect of a finite growth region on the validity 
of eqs. [13] and [15]. 

The Kolmogoroff-Avrami Theorem 
Equation [13] is central to the macroscopic (geo- 

metrical) treatment of nucleation and subsequent 
growth of 2-D phases, and therefore its range of 
validity should be examined. (In fact, eq. [13] may 
be generalized in n-dimensional space (6), but for 
convenience we shall restrict ourselves to the two- 
dimensional problem.) In a forthcoming paper (12), 
we shall prove that the Kolmogoroff-Avrami the- 
orem may, under rather specific circumstances, over- 
estimate (S) for certain growth rates-and geometries 
of nuclei. However, suffice it to say for the present 
that for the instantaneous (and progressive) nuclea- 
tion and growth of geometrically regular nuclei 
(circles, squares, etc.), which have identical spatial 
orientations and conserve their geometry as they 
grow, then the Avrami theorem applies within the 
mathematical limitations of eq. [13]. 

In the present work, we are concerned with the 
mathematical limitations of eq. 1131 for two-dimen- 
sional instantaneous nucleation, in a situation where 
the number of nuclei (N) is finite and these nuclei are 
confined to a finite region A '  of an area A in the 
two-dimensional plane. We shall regard N and A as 
'large' in order to perform statistical operations, but 
not so large that the probability that S differs from 
its mean (S) by any appreciable amount is almost 
zero. In particular, we suppose that N centres are 
deposited in a convex region A' at time t = 0, each 
centre having a uniform probability do/A of being 
in an element do of area within A'. 

Suppose now that each centre grows as a circular 
nucleus of radius r at time t, and that all the nuclei 
grow until they meet an edge of A' or another 
nucleus, at which stage growth in that direction 
stops, but growth in other directions is unaffected. 
Then S is a random variable and in theory, given the 
distribution of the centres, the probability distribu- 
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tion function of S at time t could be calculated. This 
task is daunting to say the least, so we shall be 
content to check how valid [13] is as a measure of 
(S) and work towards the calculation of the 
variance of S. 

In the outlined model there is the odd fact that S 
is totally deterministic for both small and large t, 
since S = Nnr2/A for r small enough, since there is 
no overlap, and S = 1 for r large enough, since even 
a single nucleus would eventually cover A'. 

Now, eq. [13] applies strictly to the limiting case 
N -+ co, A -+ co, NIA = p where p is the uniform 
density of centres, so that in fact 

Sex = lim 1 Si/A 
i =  1 

the limit being in the above sense, and where Si is 
the area of the ith nucleus. For the geometry of 
nuclei described above, we may assign the probability 
that a point P in A' chosen at random will be in Sir .  
This probability is clearly Si/A where si is the area 
of Si' n A'. Thus the probability that P belongs to 
at least one of the Sir is 

Evidently q = (S), so we now examine to what 
extent eq. [13] is a reasonable approximation to 
eq. [16]. 

Suppose that C?=, S i 2 / ~ '  is small, so that the 
approximation 1 - Si/A = exp (-S,/A) is valid, 
and that C:= (Si - Si)/A is also small so that over- 
lap of the Sit with A' is negligible. Then from [16] 

- 1 - exp 1 - Si/A = 1 - exp (- Sex) 
(i:l 

Now if Z:=, g i / ~  is as large as 3, although the 
relative error in approximating [16] by [13] is large, 
this is unimportant since both formulae predict a 
surface coverage of more than 95%. Hence we may 
assume C:= Si/A - 1. In this general scheme there 
exists the possibility that some Si are of the order of 
Ai which would make [16] deviate strongly from [13]. 
We therefore further assume that the Si are of 
comparable magnitude (as in the case of circular 
nuclei each of radius r )  and hence that Si = O(A/N). 
Then 

which is small for large N. For C(Si - Si)/A to be 
small it is necessary that Si = Si for a sufficiently 

large number of i. Thus if the centres are uniformly 
distributed we expect only O( JN) of the S i r  to have 
parts outside A'. This conjecture is dealt with in more 
detail later. Given the conjecture it follows that the 
error due to edge effects is O(I/ JN) and so is 
generally bigger than the effect due the finiteness of 
N. Note that these two effects tend to mask each 
other in the sense that 

while 
N 

1 - 1 - A )  > 1 - e x  
i =  1 

It is important to know just how small N can be and 
still apply the simpler equation [13] instead of [16]. 
As an example suppose Si = A/N and Si = A/2N. 
Equation [13] gives (S) = 1 - e-' = 0.63 while 
1161 gives 

which has the values 0.57, 0.58, 0.59, 0.60, 0.61, for 
N = 4, 9, 16, 25, 36, 49, respectively. 

In this section we note finally the case of N and A 
infinite, but p finite. This can be dealt with directly 
in terms of "nearest neighbour" theory (13), at least 
when the Sir are circular and of the same radius r. 
Thus the probability that a point P is covered is 
simply the probability that at least one centre is 
within r of P,  and this is 1 - exp (-npr2). Since 
nprZ = Sex, we recover [13]. 

Collision Fronts 
Let us further consider the case when each Sir is 

a circle of radius r. The radius is a function of time t, 
and is zero at t = 0. Suppose there is a set T of N 
centres. Each centre P becomes a circular nucleus 
which grows into a definite region R,', determined 
uniquely by A' and the set T, until the region R,' is 
completely filled. Thus A' is divided into precisely N 
regions (see Fig. 1). 

Evidently a knowledge of the region R,' will help 
towards the ultimate goal of describing the prob- 
ability distribution function of the fractional surface 
coverage. 

Firstly note R,' may be described mathematically 
as 

where 

and where H,, is the half plane containing the point 
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SMITH AND FLETCHER 1309 

connects two vertices, it follows directly that V = 
2E/3 and so 

FIG. 1 .  Typical collision-front geometry illustrating the net of 
irregular convex m-gons. The nucleus centre Pi expands until 
the polygon surrounding Pi is filled. 

P of T and whose edge is the perpendicular bisector 
of the line joining P to another point Q of T .  From 
[17] we see R,' is a convex region (being the inter- 
section of convex regions) and further S,' is bounded 
by  a polygon so that R,' is also bounded by a polygon 
if S,' c A'. 

The above regions are bounded by collision fronts, 
i.e. lines of contact of nuclei growing into each other. 
Even in the limiting case N -, co, A' -, co, AIN = p ,  
any particular region R,' remains finite in size, since 
with a uniform distribution of centres in the plane, 
the probability that a finite region of area B is devoid 
of points of T is e-PB. Hence the probability of an 
infinite area devoid of points of T is zero, though 
arbitrarily large areas can occur. 

Although the region R,' is described in terms of 
all the members of T it is clear that only a finite subset 
T, of T contributes to R,', in the sense that some 
points of T could be removed without altering R,'. 

The characterization of T,  will be discussed in the 
next section, but first we turn to the problem of 
finding the distribution of the number of sides of a 
typical R,'. This in itself is difficult, but to obtain 
the mean number of sides is not so difficult and 
oddly enough depends rather weakly on the actual 
distribution of T and is essentially a topological 
property of dividing the region A' in a certain way. 

Consider again Fig. 1. It represents N regions, a 
number E of edges, and a number V of vertices where 
edges meet. It is easy to prove by an inductive 
argument that ( N  + V - E )  is topologically in- 
variant and has value 1. (In Fig. 1, N = 13, V = 24, 
E = 36.) The region A' is divided in a special way 
since exactly three edges emanate from each vertex. 
This statement holds with probability I since if four 
or more edges emerged from a vertex then at least 
four of the randomly distributed set of points T 
would lie on a circle. Therefore, since any edge 

Thus the total number of edges of all the regions 
R,' is 2E - A(N),  where A(N)  is the number of 
edges on the boundary of A'. Hence the mean 
number of sides M of a region R,' is 

This shows that M < 6 and 

lim M = 6 
N-t m 

provided only that A(N)  = o ( N )  as N -, co ; so the 
dependence of this result on the distribution of T is 
indeed weak. 

We now prove A(N)  = O( J N )  which yields [21] 
and completes the discussion of the effect of bound- 
aries on the validity of the Kolmogoroff-Avrami 
theorem. The general approach is to imagine 
travelling out from a point P of T ,  and thendeciding 
whether we first hit a collision front I ,  (associated 
with another point Q of T )  or the boundary of A'. 

Let P be a point of T ,  and let l(0) be a straight line 
emanating from P in the direction 0 relative to some 
fixed direction. There will be no edge of R,' encoun- 
tered between P and X (where X is a point of l(0) a 
distance x from P) provided the circle centre X radius x 
contains no point of T in its interior. This is proved in 
the next section on the characterization of T,. The 
probability that such a circle exists is exp ( -npx2) .  
Thus iff (0) is the distance of P to the boundary of A', 
then the probability that 1 meets the boundary before 
meeting lQ for some Q is exp ( -npf  '(0)). Hence the 
probability of at least one of the lines l (0) meeting 
the boundary of A' first is 

&-2nexp [ -npf2 (0 ) ]  dB I exp (-npr,') 

where r, is the closest distance of P to the boundary. 
Let 0 be any fixed point of A' and R its closest 

distance to the boundary of A'.  Assume that R -, c13 
as A -, co. Then A 2 nR2. The proportion of points 
of T a distance s to s + ds from 0 is 2npsds. Hence 
the proportion of points which 'see' the boundary of 
A' along some line is 5 2npsds x exp [ -np(R  - 
s)']. Thus the expected number of points of T which 
see a boundary is 

5 lR 2nps exp [ - n p ( ~  - s ) ~ ]  
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1310 CAN. J. CHEM. VOL. 57, 1979 

As A + co the probability that a point of R,' sees 
more than one boundary edge + 0. Thus we have 
proved that A(N) = O( JN) as.. N + co. Hence as 
N + co [20] becomes. 

[22I M = 6 + O(1I JN) 

where the error is always negative. In a necessarily 
finite computer simulation, the difference between M 
and 6 would be an indicator of the magnitude of the 
boundary effect. However, the limiting version of [22] 
may be arrived at in an entirely different way, as we 
shall show after a discussion of the set T,. 

The Set T, 
Consider the case when A is large so that edge 

effects may be neglected. Under these circumstances, 
the set T, of contributors to R,' is determined 
uniquely by the following theorem: Thepoint W of T 
is a member of T, i f  and only if there is a circle C with 
no points of T in its interior but with P and W on its 
circumference. 

First suppose such a circle C exists (see Fig. 2). Its 
centre X is on the perpendicular bisector L of PW. 
We need to show some part of L is a side of R,', and 
to do this it is sufficient to show the point X must be 
on the boundary. Recalling the definition of R,' in 
terqs of intersections of half planes (eq. [18]), and 
noting that C is the locus of all possible contributors 
Y to R,' such that Xis on an edge of H,,, it follows 
that X is a point of the half plane M,, of any con- 
tributor U which lies outside C. Thus Xis contained 
in the intersection of all such half planes H,,. Hence 
X is a point of R,' and lies necessarily on the 
boundary. 

Given that W is a contributor, the circle C may be 
constructed as follows. Some part of L is on the 
boundary of R,' and in particular contributes a 
vertex Z of R,'. Now define C as the circle centre Z 
radius Z P  (which passes through W). Then C contains 
no contributors in its interior, since if it did, Z would 
cease to be a vertex. 

An immediate corollary of the above theorem, 
illustrated in Fig. 3, is that the nearest neighbour A 
to P belongs to T,. For we may take C as the circle 
with AP as diameter, which is contained in the circle 
centre P radius AP, which by definition does not 
contain points of T in its interior. Figure 4 illustrates 
the fact that even the second nearest neighbour to P 
may not be a member of T,. 

Knowing one member of T, allows us to construct 
the whole set T, by the following algorithm. Con- 
sider A to be vertically above P and draw the 
perpendicular bisector of AP. Starting at the point 
of intersection of A P  with this bisector and pro- 
ceeding to the right draw the largest circle with centre 

FIG. 2. Illustrating the fact that point W of T is a member 
of Tp if and only if there is a circle C with no points of T in its 
interior but with P and Won its circumference. 

FIG. 3. Illustrating the fact that the nearest neighbour A to 
P belongs to Tp. 

on the bisector which contains no point of T in its 
interior but does contain A, P, and a different point B 
of T on its circumference. Then B is a member of T, 
(Fig. 5). 

Replacing A by B, B by C in the above statement 
we obtain a third member C of T,. Proceeding in a 
clockwise fashion the process ends when an appar- 
ently new point of T, turns out to be A. The above 
construction is unique with probability 1. 

The union of all construction circles above defines 
a unique region Q,' whose boundary contains all the 
members of T, and whose interior contains no 
member of T except P. 

It is easy to see that Q,  > 4Rp where Q, is the 
area of Q,'. However, the ratio Q,/R, can be 
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SMITH AND FLETCHER 

FIG. 4. The nearest neighbour A to P necessarily belongs to 
T,  and hence is always a contributor to the polygon. But the 
second nearest neighbour (in this case E) is not necessarily a 
contributor. 

FIG. 5. Given P ,  the set T,{A,B,C,D,E} determines both R' 
(i.e. the polygon A'B'C'D'E') and the region Q' (i.e. the union 
of circles, centres the vertices of R', passing through P).  

arbitrarily large when R,' is highly asymmetric (see 
Fig. 6) .  The quantity Q, must figure in any exact 
calculation of the probability P, that R,' has 
precisely n sides. 

The Distribution of Contributors 
Suppose we are given P and another point W of T 

a distance 2d from P,  we now seek the probability 
that W is a member of T,. This information is useful 
for two reasons. Firstly, since we expect the prob- 
ability to decay with d, a knowledge of the actual 
law of decay would allow the partition of the plane 
into essentially independent parts (in the sense that 
within some specified distance of P the probability is 

FIG. 6. The ratio Q / R  is always >4.  But if R' has an elon- 
gated shape then this ratio can be much larger, thus rendering 
the shape less likely to occur than a centrally symmetric shape. 

very small of a member of T, being further from P 
than that specified distance). Secondly, knowledge of 
the probability would yield the density of contrib- 
utors at any point. 

To find the probability it is necessary to use the 
criterion for W to be a member of T,. Now W will 
not be a member of T, if every circle with P, W on 
its circumference contains a point of T. Let Q(x,y) 
be the probability that all circles passing through P 
and W with centres a distance I y to the right of P W 
and all circles passing through P and W with centres 
a distance I x to the left of P W contain a point of T. 

Referring to Fig. 7 consider the two circles PA WB 
(centre X) and PCWD (centre Y), the distance of 
whose centres from P W are y and y + dy respectively. 

Let E(x,y) be the event of which Q(x,y) is the 
probability. Then E(x,y) occurs if and only if either 
E(x,y+dy) occurs or if circle PCWD is devoid of 
points of T while the area PAWC contains apoint of T. 

To prove this observe that if E(x,y+dy) occurs 
then E(x,y) occurs by definition. If, however, PCWD 
contains no point of T (so E(x,y+dy) fails to occur) 
and PA WC contains a point of T, then this point is 

FIG. 7. Construction used in determining the probability 
that, given P, another point W is a member of T,,. 
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common to all circles passing through P and W with [28] Q(co,m) = 1 - exp (-xpd2) 
centres 5 y from P W, to the right of P W. This point 
is also common to all circles passing through P and - 2p exp (- npd2) exp (- npv2) f(v) dv 
W with centres to the left of PW. Thus the event 

I 
I E(x,y) occurs. It is straightforward to calculate f(y) and we obtain 
I Further, if E(x,y) occurs then either E(x,y+dy) 

occurs or if it does not there must be a point of T [29] f(y) = 2(d - y tan-' d/y) 
I 

I in area PA WC. 
We have thus proved that 

Hence if g(d) is the probability that a member of T a 
distance 2d from P is a member of T,  then a(d) = 1 

Y -, . 
Q<x,Y> = Q < ~ , Y  + dy) - Q(co,co), so from eqs. [28], [29] 

+ (probability no point of T is in PCWD) [30] g(d) = exp (-npd2) + 4p exp (-npd2) 

x (probability a point of T is in PA WC) 
x 1 (d - x tan-' d/x) exp (-npx2) dx 

Let the area of PAWC be f(y)dy. The radius of the 
circle PCWD is {(Y + d ~ ) ~  + d2}112. Hence the Equation [30] may be expressed in either of the two 
probability there is no point of T in PCWD is forms 
exp { -  pn[(y + d ~ ) ~  + d2]} and so 

[3 11 g(d) = 2 d a  exp (- npd2) + erfc (dJ7cp) 
Q(X,Y> = Q(x,Y + d ~ )  + P ~ X P  { - P X [ ~ +  d ~ ) ~  ,.A 

I 
I + d2]) f(y)dy [32] g(d) = 1 - 4np3I2 J - t2 exp (-npt? dt 

0 

Dividing by dy and letting dy O we obtain the The form [31] shows g(d) decreases steadily from 1 
differential equation to 0 as d increases from 0 to co. 

[231 aQlay = - P ~ ( Y ) ~ X P [ - ~ P ( Y ~ + ~ ~ ) ]  From [30] we may calculate the density of con- 
tributors a distance r to r + dr from P as 2nprgx 

Solving [23] gives (r/2)dr. Then the expected number of contributors 

C241 Q(x,y) = Q(x,O) - P exp (- v d 2 )  to R,' is 

[33] M = 2np r exp (-npr2/4) dr + 8np2 
x 1 exp (- npvqf(v) dv l' 

By symmetry we also have x Cc r($ - x tan-'L) 2x 

x 1 exp (- npv2)f(v) dv 

Putting y = 0 in [25] and substituting for Q(x,O) in 
[24] gives 

C261 Q(x,Y) = Q(O,O) - P exp ( - v d 2 )  

x (1 exp (- npv2)f(v) dv 

+ 1 exp (- npv2)f(u) dv 1 
Now Q(0,O) is the probability that the circle di- 

ameter P W contains a point of T and thus 

[271 Q(0,O) = 1 - exp (- npd2) 

Hence from eqs. [26], [27] 

x exp [-np (x2 + ;) ] dxdr 

The transformation x = R cos 8, r = 2R sin 8 
allows the evaluation of the second integral to be 
made while the first integral has value 4. Hence 

[34] M = 4 + 32np2 R3 exp (-npR2) dr l' 
sin @(sin 8 - 6 cos 8) dB 

The expected result M = 6 follows using integration 
by parts. This result was obtained before by topo- 
logical arguments (eq. [21]). 

We can then regard f(r) = (np/3)rg(r/2) as the 
probability density of contributors at a distance r 
from P. The mean distance of a contributor to R,' 
from P is 
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SMITH AND FLETCHER 

as is easily verified. This compares with the mean 
distance of the nearest neighbour to P ,  viz. 

1 r[2npr exp (-npr2)] dr  = +p-lJ2 

(ref. 13). Thus the mean distance of a contributor is 
only about one and a half times that of the nearest 
neighbour, showing that although the shape of a 
region R,' depends on the whole distribution of 
centres, the influence of centres outside a few units 
of p-'I2 from P on R,' is weak in the probabilistic 
sense. 

The Distribution of Polygons 
It would also be of interest to obtain both the 

probability P, that a given region R,' is a polygon 
with m sides (an m-gon) and the distribution of the 
sizes of m-gons for a given m, since these quantities 
are required for any detailed study of the distribution 
function for the surface coverage. 

So far we have the result 

Consider now a vertex of any polygon. By sym- 
metry it can be seen that the mean value of an 
external angle of a polygon is 4 3 ,  which indicates 
that hexagons will predominate. Although this turns 
out to be true, the computer simulation described 
later indicates that approximately 25% m-gons are 
pentagons as compared to only 29% hexagons, so 
the predominance is not striking. (Geometrically, 
hexagons, pentagons, and heptagons will tend to 
have m-gons of a similar type as neighbours, simply 
because the sum of the interior angles of an m-gon 
depends on m.) 

Suppose a polygon is chosen at random. One way 
to determine the number of sides is to proceed 
round the polygon counting the sum of the external 
angles. If after m such steps the sum is less than 2n, 
it is certain the polygon has at least m + 1 sides. If 
this experiment is repeated a large number of times, 
the probability Q, that a polygon chosen at random 
has at least m sides is determined. Then P, = Q,-, 
- Q,,m = 3 , 4  ,... . 

Because the external angles of a polygon are not 
independent, P, cannot be determined from the 
knowledge of the distribution of a single external 
angle taken at random. 

However, suppose we let z(cp)dcp be the probability 
that an external angle of a polygon taken at random 
has a value in the range cp -+ cp 4- dcp. Let P,(O)dO be 
the probability that the sum of n such angles, 
regarded as independent, is in the range 8 to 8 4- do. 

Then put 

Thus Q, is actually the probability that the sum 
of n random variables with given distribution ~ ( 8 )  
has a value <2n. This will be different from the 
probability actually required, namely the probability 
(Q,') that a polygon has at least n sides. But a 
knowledge of Q, gives us a measure of the inter- 
dependence of polygons and, as it turns out, the 
asymptotic behaviour of P, for large n. 

Now Pn(8) is obtained by a convolution; which, 
using Fourier transforms, yields 

where it is noted that ~(cp) = 0 for cp < 0 and cp > n. 
To obtain ~(cp) consider how a vertex 0 of a polygon 
is constructed. Let P I ,  P,, P, be three points of the 
set T, each of which contributes to the polygons 
belonging to the other two. Also, the vertex (0)  is 
common to the three polygons. Referring to Fig. 8, 
the external angle cp of the polygon belonging to P, 
is the qngle between OQ, and Q30.  Since OQ,P, Q, 
is a cyclic quadrilateral cp = L Q,P, Q, = L P,P,P, 
= +LP,OP,. Thus if cp, = LP,OP, and cp, = 
LP,OP,, then cp = +lq, - cp,(. Let us make the 
reasonable assumption that cp, and cp, are uniformly 
distributed in [0,2n]. Then 

where R(cp) is the region in the cp,cp, plane deter- 
mined by 0 I cp, I 2n, 0 I cp, s 2n, (cp, - cp,l I 
2cp. This gives 

R(cp) = 4n2, 2 n 
and hence 

Substituting [38] into [37] gives 

Let f(k) = eike(l - ikn - e-ik")n. Note f(k)/k2" 
has a removable singularity at k = 0, as does 

f(-k)/k2" = f *(k)/k2" 
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FIG. 8. Geometry of the vertex (0) of a polygon. The points 
P,,P, ,P,  are the centres of nuclei belonging to a set T, each of 
which contributes to the polygons belonging to the other two. 

Also, expanding ((1 - ikn) - e-ik")n by the bino- 
mial theorem shows that 

f(k) = eike(l - ikn)" + gl(k,O) 

where for 0 < n, gl*(k,O) decays exponentially as 
k + co in the upper half of the complex plane. Then 

i where h(k) = eike(l - ikn)" + gl*(k,O) and the ex- 
pression [40] is a Cauchy principal value integral. 

i For 0 < 0 < n, [40] may be evaluated by contour 
: integration giving 

x res { (1 - ikn)"eike - (1 + ikn)ne-ike 
k2" 

where 4 denotes 'imaginary part of' and D = dldk. 
Equation [41] may be written in the real form 

" 1 
1421 Pn(0) = (3) (zn - I)! 

For n < 0 < 271 the above procedure is modified 
slightly and we write 

where g2*(k,8) decays exponentially in the upper 
half plane. 

Corresponding to [42], the formula 

x {(D + 0)2n-'(kn - 1)" 

is obtained. Thus 

x (kn - I)"-' 
2" 

do =- 
(2n) ! 

x {(D + 2)2n2n + n(D + 1)2nzn-1),,-1 

where now D = d/dz. 
Finally, [44] gives 

" (2n+r - r)(-ly 
[45] Q, = 2"n! ,=, 1 r!(n - r)!(n + r)! 
The first few values of Q, are easy to obtain; Q2 = 1, 
Q3 = 89/90, Q4 = 1151126, Q, = 9329112600, etc. 
This then gives P3 = 1/90, P4 = 81105, etc. 

The graph of P, versus n is illustrated in Fig. 9, 
where it is compared with a similar graph obtained 
by simulation. It is evident that the calculated values 
of P, differ from the simulation values on two main 
counts. Firstly no account is taken in the above 
calculation of the fact that m-gons with m = 5, 6, 7 
tend to occur in clusters, which makes these polygons 
occur more frequently than is calculated on the basis 
of independent polygons. Secondly no account is 
taken of the fact, discovered by the simulation 
experiment, that the mean size of an m-gon (A,) 
tends to increase linearly with m, an approximation 
being (m - 2)/4p. This effect reduces the frequency of 
occurrence of polygons with m large as compared 
with the above calculations, because large deviations 
from the local density p are required as well as large 
deviations from the mean (n/3) of the external angle 
for such m-gons. 

This latter observation gives us an upper bound 
on the decay with m of the actual probability of the 
occurrence of an m-gon. 

We need only calculate the asymptotic form of 
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SMITH AND FLETCHER 1315 

Qn - en+,. To do this we return to the integral 
form of Q, rather than [45]. Now from [36] and [39] 
we have 

For n large, only contributions to the integral near 
Ic = 0 are significant. We may therefore expand the 
second factor about k = 0, and re-express it in 
exponential form giving 

2 x [ I  - - (1 - ikn - e-'*?] 
712k2 

x exp (-nikn/3 - nk2n2/12) dk 

FIG. 9. The distribution of the number of sides of random 
- - , - e-"" exp [$ (k + dk rn-gons (logarithmic scale). ( A )  Computer-simulated net, (B)  

3 
I according to eq. [45]. 

4 / 
-- \ 

- ___ ,- n / 3  / - 
( 3 ~ n ) l ~ ~  / \ 

I 

Thus Pn decays at least exponentially with n. 

The Variance of S 
It is evident from the preceding considerations 

that an analytical solution to the problem of finding 
the probability distribution function for nuclei 
growing at random in a large but finite region is well 
nigh impossible. Approximations can however be 
made. 

In Fig. 10 a typical region Ri' is depicted in the 
case when all nuclei would be circles of radius r at 
time t if allowed to grow unimpeded. Let Gi' with 
area Gi be the area of the intersection of R,' with FIG. 10. The shape of a typical nucleus and its collision 
the circle centre P i  radius r. fronts. 

Now Thus for N large enough, from [49] and [I31 

1481 
1 

S = - C G i  specialised to the case of circular nuclei 
A i = 1  

[Sol 
1 - 

which is exact. From [48] and the discussion of the (G,) = - L1 - exp (-npr2)] 
P 

Kolmogoroff-Avrami theorem Now 
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so to order 11 JN that 

Thus ( G , )  behaves as expected. For r small enough 
Gi = nr2 and for r large enough G i  = R,,. For inter- 
mediate values of r all the geometric details of R,,' 
need to be considered. 

Obviously the mean shape of R,,' is a circle. If it 
were a circle of radius x, and Pi  were in the centre 
of this circle, then Gi would be nr2 for r < x and 
nx2 for r 2 X. Thus a good model of the growth of a 
circular nucleus into a typical region R,' would be 
one where x was a random variable such that ( G , )  is 
given by [50] and ( R i )  by [51]. For the moment let 
x be the distance between a centre P  and a point Q  
on a coilision front in an arbitrary direction. The 
circle centre Q  radius QP necessarily has no point 
of T in its interior. Hence the probability that x 5 y 
is 1 - exp (-npy2). This suggests that we replace R i f  
by a circle of radius x and probability distribution 
function F,(y) = 1 - exp (-npy2), y 2 0. Then 

= (2npx)nx2 exp ( - npx2) dx 

= ~ I P  
and 

( G , )  = Jr (2npx)(nx2) exp (- npx2) dx 
0 

+ l* (2npx)(nx2) exp (-npx2) dx 

1 
= - [l - exp (-npr2)] 

P 

Thus the replacement of Ri' by a circle with a 
radius with the above probability distribution does 
not alter ( G , )  nor ( R i ) .  

If we were to regard the circles Ril  as independent 
we get immediately that 

= 1 - exp(-npr2) 
and 

= (l/N)[l - 2npr2 exp (-npr2) 

- exp ( -2npr 2)] 

It  is easy to see that the right hand side of [53] 
increases with r to value 1/N. In the truly finite case, 
of course, the limiting value of the variance 0' is 
zero. The difference is accounted for when we realise 

is a fixed quantity, and if we regard the Ri as random 
variables, A becomes a random variable. In spite of 
this difference, the way in which o2 varies with r at 
least for nr2 << A should follow the law [53]. A direct 
computer simulation of the distribution of the 
random variable S seems required to clear up to what 
extent [53] is valid. 

Computer Simulation 
For a random distribution of instantaneously- 

nucleated circular nuclei in a plane, the complete set 
of extended collision fronts constitutes a 'net' com- 
posed of irregular convex m-gons. Each m-gon 
represents the complete collision-front encountered 
by a single nucleus. The properties of the set of 
m-gons will obviously determine the shape of the i-t 
transient observed experimentally, and consequently 
is of fundamental importance. Also, investigation of 
the properties of such m-gons will provide insight 
into the limitations of the Avrami theorem as 
encountered, say, in measurement of electrochemical 
noise. 

The simulation was built as follows. On the 
interval [- 1,+ 11 in both the x and y directions in 
the plane, lo3 nuclei were distributed at co-ordinates 
determined by a random number generator. The 
area of the plane was thus 4 square units. The density 
of nuclei in any random element of the plane was 
such that it approached the expectation density of 
the complete plane. That is, the distribution was 
uniform. 

Next, a second interval was defined [- 0.7, + 0.71 
in both the x and y directions in the plane which 
bounded a square box of 2 square units. Only nuclei 
inside this inner box were used as centres for cal- 
culations, but nuclei outside the box could be used 
for the calculation of collision fronts. This precaution 
was teleologically necessary to prevent m-gons 
'spilling' outside [- 1, + I 1. On the rare occasions 
that a given nucleus spilled over anyway, the program 
recognised the m-gon and rejected it. 

Since the area considered was half the total area, 
then approximately 500 nuclei could be examined 
per run. For each nucleus it was necessary to order 
its nearest neighbours in terms of their distances in 
polar co-ordinates, and.then compute collision fronts 
individually until the complete m-gon had been 
calculated. Various properties of the resultant m-gons 
could then be established as desired. Note that the 
resultant density was > 21500 because some m-gons 
necessarily spilled over the inner box. The overall 
weighted average density, p, was 4.2 x lop3. 
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SMITH AND FLETCHER 1317 

The first property of the m-gons investigated was 
the distribution of the number of sides. This is 
expressed as a percentage of all m-gons (P,) in Fig. 9. 
The m-gons with more than a 5% probability of 
occurrence are those having 4, 5, 6, 7, and 8 sides. 
The expected number of sides, calculated earlier 
(eqs. [21] and [33]) was found to be 6. The overall 
weighted average number of sides, calculated for 
24 000 nuclei, was found to be 5.999. 

The average area of individual m-gons was also 
calculated. The result is shown in Fig. 11 which plots 
the average area as a function of m. An approxi- 
mately linear relationship is found in accordance 
with 

where p is the average density and A, is the average 
area of an m-gon. This result explains, at least 
partially, the rapid diminution of P, in Fig. 10 for 
m > 8. Obviously the probability of a single nucleus 
existing in a large 'open space' (i.e. A, large) 
diminishes rapidly as m increases, because the overall 
distribution of other nuclei is uniform. Not a single 
15-gon was recorded in 24 000 nuclei. 

The area distribution of all nuclei was also 
calculated. In this case, 6000 nuclei were considered. 
The number of nuclei having areas between intervals 
of 4 x area units were counted, and the results 
plotted versus the interval number (Fig. 12). A 

10- Average Area / units 

8- 

6 - 

FIG. 11.  The average area of individual m-gons. Points are 
computer simulated data. The solid line is from eq. [54]. 

Number 

Interval Number 
FIG. 12. The area distribution of m-gons (from computer 

simulation). 

I Distance / 

FIG. 13. The average distance from the centre P of a nucleus 
to (A) furthest vertex of a polygon and (B) nearest vertex of a 
polygon. 

smooth distribution is found which rises rapidly to 
a maximum (at A - 4 x area units) and then 
exhibits a tailing region. The tailing region becomes 
statistically insignificant for the chosen number of 
nuclei (6000) above A E 1.2 x lop2 area units. 

The properties of vertices of the m-gons were also 
examined. In particular, the average distances of 
nearest and furthest vertices from centre P were 
calculated for n < 10 from a sample of 6000 n-gons. 
The result is shown in Fig. 13. The average distance 
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ofcthe nearest vertex of an m-gon varies linearly with 
m, while the average distance of the furthest vertex 
shows a more complex dependence. This dependence 
is probably O(ml"), meaning that m-gons containing 
a large number of sides would tend towards the 
circular. 

Conclusions 
A particularly useful area in which theories of 

two-dimensional nucleation and growth may be 
confronted with experimental data is in the study of 
electrocrystallization phenomena. However, a com- 
plication lies in elucidating the effects of electrode 
potential on the various nucleation parameters (the 
nucleation rate, the probability of addition or sub- 
traction of adunits to a nucleus, etc.). It is well-known 
that these difficulties can be circumvented to some 
extent by the judicious application of the (potentio- 
static) double potential step method. The theory of 
this method was briefly reviewed. It was then shown 
that for circularly symmetric nuclei the fine structure 
of events at the electrode surface could be quantified 
in some detail. In particular both stochastic and 
geometric properties of nuclei were calculated. These 
properties were then compared to the predictions of 
the Kolmogoroff-Avrami theorem, which is widely 
used in macroscopic theories of 2-D nucleation and 
growth to describe the mutual collision of randomly- 
distributed nuclei. 

It was found that the Kolmogoroff-Avrami 
theorem broke down when either the number of 
nuclei was finite, or nuclei were confined within a 
finite area with fixed boundaries. The magnitude of 
the errors arising from the use of the Kolmogoroff- 
Avrami theorem in these circumstances was cal- 
culated. (Another possibility, namely that the 
Kolmogoroff-Avrami theorem may break down for 
certain geometries and growth rates of nuclei, other 
than circular, will be considered in a future pub- 
lication.) 

In the present work the concept of a collision front 
was also introduced, this being defined as the line of 
contact along which nuclei collide. This concept was 
used throughout to replace the older idea of 'overlap' 
between growing nuclei (6). It was shown that for a 
random distribution of instantaneously nucleated 
circular nuclei in a plane, the complete set of 
extended collision fronts constituted a 'net' com- 
posed of irregular convex m-gons. Each m-gon then 
represented the complete collision-front encountered 
by a single nucleus. 

The properties of a set of m-gons in a given plane 
were then described, and it was shown that the 
average number of sides approached 6 as the number 
of nuclei approached infinity. The magnitude of the 
'edge effect', due to boundaries of the plane, was 
shown to be O( JN). 

A set T, was then defined, which was composed of 
those nuclei which impinged on a given nucleus in 
such a way that the collision fronts constituted the 
unique m-gon into which the given neuclus grew. 
Some properties of this set were described, and in 
particular the distribution of contributors to T, was 
calculated. The mean distance of contributors to the 
m-gon of a given nucleus was also calculated, and 
was compared with the mean distance of the nearest 
neighbour. 

The distribution of m-gons was then investigated, 
with some interesting results. First of all, the dis- 
tribution of 'random' m-gons was calculated and an 
explicit formula given. Comparison of this result 
with a computer-simulated 'net' of m-gons then 
showed that a clustering phenomenon occurred in 
the real situation, such that 5, 6, and 7-gons tended 
to be surrounded by other 5, 6, and 7-gons. Never- 
theless the departure from 'ideal randomness' was 
not too great (Fig. 9). At large values of n (> 13, say), 
the probability of observing a given m-gon was 
shown to decay at least exponentially with m. 

An approximate treatment was then given for the 
variance of S, i.e. the surface coverage of the plane 
at some time t for a given growth law. The general 
approach here was to replace the real situation of 
circular nuclei growing into a set of m-gons with a 
hypothetical situation of circular nuclei growing into 
circular regions having a certain probability distri- 
bution function. The probability distribution func- 
tion used was a natural choice and preserved the 
mean value properties of the real situation. 

Finally, some computer-simulated data were 
reported which verified the concepts used in the body 
of the text. An additional fact which emerged from 
the computed data was that the average size of 
m-gons varied approximately linearly with m. 
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Vapour pressure and calorimetric data for the solution of sulfur dioxide in aprotic solvents 
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ROBERT L. BENOIT and ETELA MILANOVA. Can. J. Chem. '57,1319 (1979). 
Vapour-liquid equilibrium data for dilute sulfur dioxide solutions in sixteen solvents were 

derived from total vapour pressure measurements at 25°C. The SOz enthalpies of solution at 
infinite dilution AH0 were determined at 25°C by direct calorimetry. The solvents used belong 
to the aprotic class. The AH0 values (kcal mol-') are for the non-polar solvents, isooctane 
(-3.9, cyclohexane ( - 3 3 ,  n-heptane (- 3.8), benzene (-5.8), and for the polar solvents, 
1,2-dichloroethane (-5.5), nitromethane (-6.2), nitrobenzene (-6.3), acetonitrile (-6.7), 
ethyl acetate (-7.1), sulfolane (-7.3), propylene carbonate (-7.5), trimethyl phosphate 
(- 8.9), tetrahydrofuran (- 9.4), dimethylformamide (- 10.9), pyridine (- 11.6), dimethyl- 
sulfoxide (- 13.0). Out of three correlation methods which we tested to account for our data 
in non-polar solvents, the Hildebrand solubility parameter treatment gives the best results. 
The SOz enthalpies of solution, AH0, in the polar solvents are discussed in terms of solvent 
basicity. There is a good correlation between the AH0 values, which relate to the basicity of the 
bulk solvent, and the solvent 'donor number' which is a molecular basicity parameter. 

ROBERT L. BENOIT et ETELA MILANOVA. Can. J. Chem. 57, 1319 (1979). 
On a dCduit de mesures de pression de vapeur totale a 25°C des donnkes sur 1'6quilibre 

vapeur-liquide de solutions dilukes d'anhydride sulfureux dans seize solvants. Les enthalpies 
de solution de SOz a dilution infinie AH0 ont Cte determinkes a 25°C par calorimktrie directe. 
Les solvants BfudiCs font partie de la classe aprotonique. Les valeurs de AH0 (kcal mol-') sont 
pour les solvants non-polaires, isooctane ( - 3 3 ,  cyclohexane (-3.5), n-heptane (-3.81, 
benzene (- 5.8) et pour les solvants polaires, 1,2-dichlorokthane (- 5.3, nitromethane (-6.2), 
nitrobenztne (-6.3), acetonitrile (-6.7), acetate d'ethyle (-7.1), sulfolane (-7.3), car- 
bonate de propyltne (-7.9, phosphate de trimethyle (-8.9), tttrahydrofuranne (-9.4), 
dimethylformamide (- 10.9), pyridine (- 11.6), dimethylsulfoxyde (- 13.0). Des trois 
mkthodes de correlation que nous avons considCrees pour rendre compte de nos donnees avec 
les solvants non-polaires, celle utilisant les paramttres de solubilite d'Hildebrand donne le 
meilleur resultat. Les enthalpies de solution de SO2, AH0, dans les solvants polaires sont relikes 
a la basicit6 des solvants. On observe une bonne correlation entre les valeurs de AH0 qui sont 
reliees a la basicit6 du liquide, et le 'hombre donneur" des solvants qui caracterise la basicit6 
molCculaire. 

The recovery and concentration of dilute sulfur 
dioxide from gaseous effluents produced by station- 
ary sources are an environmental and industrial prob- 
lem of increasing importance (I). Some of the wet 
chemical processes being developed to remove SO, 
use non-aqueous absorbents (2). This lends interest 
to the establishment of data on the free energy and 
enthalpy changes for the absorption of gaseous SO, 
in solvents. Such thermodynamic data for the sol- 
vents which belong to the aprotic class have further 
value, because in these media SO, is cleanly and 
easily reduced, chemically or electrochemically, to 
the radical ion SO,-' and its dimer the dithionite 
ion. This reduction reaction is used to advantage in 
the preparation of industrially important alkali 
dithionites (3) and in the operation of the Li-SO, 
high density energy battery (4). Finally, additional 
data on the solution of SO,, a polar gas, should be 
valuable to test the applicability of various theories 
and correlations which are being developed to 

account for the properties of solutions of gases in 
liquids (ref. 5 and references cited therein). 

Available literature data on vapour-liquid equilib- 
ria of SO,-solvent systems are fairly extensive but 
scattered (6) .  Results are often reported for SO, in 
the form of Henry's constants or infinite dilution 
activity coefficients as determined by gas-liquid 
chromatography (7, 8). SO, solubilities are also given 
(9, 10). Extensive total vapour pressure measure- 
ments have been used to calculate the excess Gibbs 
function GE (11) for some solvents. Less recent data 
are found in Frank's review (12). The enthalpies of 
solution of SO, have been determined for only a few 
solvents and, except for dimethylaniline (13), from 
the temperature dependence, often within a limited 
range, of vapour pressure or solubility. 

This paper reports vapour-liquid equilibrium data 
derived from total vapour pressure measurements at 
25°C on sixteen SO,-solvent systems at low SO, 
concentrations. The SO, enthalpies of solution at 

0008-4042/79/1113 19-05$01 .00/0 
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infinite dilution were also determined at 25°C by 
direct calorimetry. The solvents used for this study 
belong to the aprotic class and were selected to cover 
a wide range of basicity (14) so that the effect of this 
solvent property could be assessed. 

Experimental 
Apparatus and Procedure 

Solution vapour pressures at 25°C were measured with a 
precision quartz spiral gauge (Texas Instruments). The 
experimental set-up has been described before (15). The SO, 
partial pressures were obtained from the total equilibrium 
vapour pressures by subtracting the solvent vapour pressure 
calculated according to Raoult's law. The SO, mole fractions 
of the solutions were below 0.1 and the SO, partial pressures 
below 150 mm Hg. 

The gas calorimeter and procedure used have been given 
previously (15). The calculated enthalpies of solution per mole 
of SO, at 25°C were within experimental errors independent 
of the SO, concentration (0.03-0.18 M). The enthalpies of 
solution reported, which are averages of usually 3-4 deter- 
minations, are assumed to be equivalent to the SO2 enthalpies 
of solution at infinite dilution AH0. Reproducibility was 0.1- 
0.2 kcal mol-'; however, with dimethylsulfoxide the standard 
deviation was unexplicably high: 0.91 kcal mol-I for seven 
determinations. 

For both types of measurements the SO, concentrations in 
the solvents were determined iodometrically after flooding with 
water immediately after each experiment. Methanol was used 
when required to insure miscibility. In the case of pyridine, an 
addition of acid preceded that of iodine. 

Materials 
The solvents were reagent grade, or distilled before use, and 

dried over 4A activated molecular sieves. Anhydrous sulfur 
dioxide from Canadian Liquid Air was 99.98% pure. 

Results and Discussion 
The partial pressures P,,, (mm Hg) at 25°C are 

plotted in Fig. 1 as a function of the SO, molar 
concentration C,,, for 13 solvents. The curves are 
linear at low C,,,, usually below 0.5 M, and the 
corresponding proportionality constants are ex- 
pressed as H = Pso,/Xso,, where P,,, is in atm and 
X,,, is the SO, mole fraction calculated from C,,, 
and the density of the solvent. Since the fugacity 
corrections are less than 0.3%, in view of the low 
pressures used for extrapolation, H is simply Henry's 
law constant. Our average deviations in H vary 
according to the volatility and basicity of the 
solvents. For basic pyridine where the solvent vapour 
pressure Ps is near 20 mm Hg and P,,, varies up to 
7 mm Hg, the average deviation is 1 I%, but for basic 
dimethylsulfoxide with Ps - 0.60 mm Hg and 
P,,, I 8 mm Hg the deviation is lower, 6.4%. For 
weakly basic nitrobenzene, Ps - 0.3 mm Hg and 
P,,, < 110 mm Hg, the deviation is 0.7% but for 
acetonitrile, Ps - 85 mm Hg and P,,, I 100 mm 
Hg, the deviation is higher, 1.8%. Values of H are 
reported in Table 1 together with literature data for 

cso, 

FIG. 1. SO, partial pressure for SO, solutions in aprotic 
solvents as a function of SO, molar concentration at 25°C. 
Pyridine (m, Py), dimethylsulfoxide (0, Me,SO), dimethyl- 
formamide (V,  DMF), tetrahydrofuran (W, THF), sulfolane 
at 30°C (A,  TMS), acetonitrile (0, AN), ethyl acetate ( x ,  
EA), propylene carbonate (0, PC), nitromethane ( A ,  NM), 
nitrobenzene (v,  NB), 1,2-dichloroethane (0, DCE), benzene 
(0, Bz), cyclohexane (El, c-C6H12). 

the solvents studied here and other solvents of 
interest. Our value for Me,SO compares well with a 
previous value (7). Our value for nitrobenzene com- 
pares well with one out of three previous values 
(7, 8, 17). We believe that our static vapour pressure 
method leads to more reliable values of H; at any 
rate the chromatographic method appears to give 
widely different results where a comparison is 
possible such as for C,H,NO, (7, 8, 17). 

In order to calculate the thermodynamic functions 
for the solution of SO,, we take as standard states, 
for gaseous SO, that state in which SO, has unit 
atmosphere pressure, and for SO, as solute, that 
hypothetical state in which SO, has unit mole 
fraction. Then assuming ideal behaviour of the gas, 
the free energy of solution of SO, is given by: 

Table 2 contains the values of AGO thus obtained, as 
well as AGO values calculated from reported SO, 
solubility data (10). These latter values are more 
positive than ours when the solubility of SO, is 
large, as is apparent when we compare data for 
nitromethane and acetonitrile. These differences 
arise because the SO,-solvent systems studied 
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BENOIT AND MILANOVA 1321 

TABLE 1 .  Henry's law constants for SO, in polar and non- 
polar aprotic solvents at 25°C 

Solvent H (atm) 

Dimethylsulfoxide 
Pyridine 
Dimethylformamide 
Tetrahydrofuran 
Propylene carbonate 
Sulfolane* 
Ethyl acetate 
Acetonitrile 
Nitrobenzene 
Nitromethane 
1,2-Dichloroethane 
Isooctane 
Cyclohexane 
n-Heptane 
Benzene 
n-Hexadecane 
Decahydronaphthalene 

exhibit a positive deviation from Henry's law for 
increasing values of X,,,. 

Our values for AH0, the SO, enthalpy of solution, 
are listed in Table 2. In order to ascertain the 
validity of our direct calorimetric measurements, we 
also determined AH0, for the solvent acetonitrile, 
from the dependence of Henry's law constant, H, 
on temperature. The values of H (atm) for 4-6 SO, 
concentrations (0.2 < C,,, < 1.3 M) and three tem- 
peratures were as follows : 15.00°C, H = 1.31 ; 
25.00°C, H = 1.94; 35.00°C, H = 2.83. AH0 thus 
calculated, -6.8 kcal mol-I, compares satisfac- 
torily with the calorimetric values - 7.1 + 0.2 kcal 
mol-I (five determinations). Furthermore, our 
calorimetric value -3.8 kcal mol-I for the solvent 
n-heptane is identical with that calculated by 
Christian et al. (18) from their vapour pressure 
measurements at 10, 20, and 30°C. As expected, the 
AH0 values deduced from the temperature coefficient 
of the SO, solubility are in rather poor agreement 
with our calorimetric AH' values. For example, we 
obtained for MeCN and benzene as solvents -7.1 
and - 5.8 kcal mol- l ,  respectively, to be contrasted 
with -9.9 (10) and -6.7 kcal mol-I (12) calculated 
from solubility. Our - 7.1 kcal mol-I value for ethyl 
acetate also suggests that AH0 = -4.1 kcal mol-I 
for methyl acetate (12) is probably in error. Plotting 
our values of AH0 against AGO both of which were 
independently determined, rather than plotting AS0 
vs. AGO or AH0 vs. AS0, in order to test for a simple 
"enthalpy-entropy relationship" (19), the slope of 
the correlation line is 2.91 and the correlation coeffi- 

TABLE 2. Enthalpy and free energy of solution of SO, in 
aprotic solvents and water at 25°C 

AH0 AGO 
(kcal (kcal AS0 

Polar solvents mol-') mol-') (eu) 

Dimethylaniline @MAn)* 
Dimethylsulfoxide (Me,SO) 
Pyridine (Py) 
Dimethylformamide @MF) 
Tetrahydrofuran (THF) 
Trimethylphosphate (TMP) 
Propylene carbonate (PC) 
Acetonet 
Sulfolane (TMS)$ 
Ethyl acetate (EA) 
Methyl acetate? 
Acetonitrile (AN) 

Nitrobenzene (NB) 

Nitromethane (NM) 

Chlorobenzenet 
Watery 

Non-polar solvents 

AH0 AGO 
(kcal (kcal AS0 

mol-') mol-') (eu) 

n-Hexadecanes -3 .0  +1.60 -15..3 
Isooctane -3.5 i-1.77 -17.6 
Cyclohexane -3.5 +1.98 -18.3 

+1.95(1 
n-Heptane -3.8 +1.66 -18.3 
Carbon tetrachloride? i-1.54 
Benzene @z)t -5.8 +0.88 -22.4 

- -6 .7  i-0.82 -25.2 
+1.0511 

Obtained from solubility and calorimetric data. 
Calculated from previous workers' solubility data. 

$At 30°C. 
§Calculated from solubility data in ref. 9. 
llcalculated from solubility data in ref. 10. 
BCalculated from solubility data and previous workers' conductivity data 

in ref. 25. 

cient is only 0.973. However, the points do appear to 
follow a smooth (although non-linear) curve which 
could be used to estimate one thermodynamic 
parameter if the other one were known. 

Turning to the results in Table 2, for the free 
energy of solution of SO, in the aprotic solvents, it 
is of interest to compare these AGO values in terms of 
deviations from Raoult's law. Taking PO = 3.77 atm 
for the vapour pressure of pure SO, at 25°C (8) and 
correcting for the non-ideality of the gas, the free 
energy of solution of SO, is calculated as + 0.79 kcal 
mol-I for an ideal system. Then, the systems in- 
volving the non-polar solvents, cyclohexane, n-hep- 
tane, isooctane, n-hexadecane, decahydronaphtha- 
lene, carbon tetrachloride, exhibit positive deviations 
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FIG. 2. Correlation between the enthalpy of solution of SO, in aprotic solvents and the donor number of the solvents. 

from Raoult's law. Benzene, chlorobenzene, 1,2- 
dichloroethane, and nitrobenzene show only small 
deviations while all other polar aprotic solvents 
exhibit negative deviations from Raoult's law. These 
latter deviations can be attributed in the main to 
strong chemical interactions1 between solute SO, 
and the basic solvent molecules. 

Attempts were made to determine to what extent 
three correlation methods relating the solubility 
behaviour of gases in liquids (ref. 20 and references 
cited therein) to molecular parameters could account 
for our results with at least the three simpler non- 
polar solvents cyclohexane, n-heptane, and benzene. 
In both the free volume theory (20) and Pierotti's 
scaled particle theory, the calculated AGO and AH' 
values were found to be very sensitive to the solute 
and solvent molecular parameters whose values 
appear to differ widely according to the method used 
for their determination. Furthermore, both theories 
could not account for the observed higher SO, 
solubility in benzene. Hildebrand's solubility param- 
eter method (ref. 21 and references cited therein) 
leads to better agreement between calculated and 
experimental values though the corresponding H 
values still differ by an average factor of 2. There 
again, uncertain values of molecular parameters, 
v,~, the partial molar volume of solute SO,, as well 
as 6,, the SO, solubility parameter, introduce a large 
uncertainty on calculated values of H. 

Turning now to interactions of a chemical nature 

'No correlation was found between the AH0 values and the 
dipole moment of the solvent molecules. 

between solute SO, and solvent, it is of interest to 
try to account for such interactions in terms of acid- 
base reactions between SO,, a Lewis acid, and basic 
solvent molecules. With this purpose in mind, we 
have plotted in Fig. 2 our values of AH0, the SO, 
enthalpy of solution against an enthalpy parameter 
characterizing the basicity of the solvent molecules 
(14). We have taken as basicity parameter the widely 
used Gutman's donor number (DN) (22) which is 
minus the enthalpy of adduct formation between 
SbCl,, a Lewis acid, and basic molecules as deter- 
mined in dilute solution in 1,2-dichloroethane. The 
correlation between AH0 and DN is good considering 
first that AH0 relates to the basicity of the bulk 
solvent while DN relates to the basicity of isolated 
solvent molecules (14) and second that SO, is a 
"borderline" acid while SbCl, is a hard acid in 
Pearson's classification. The value AH0 = - 5.5 kcal 
mol-' for DN = 0 (1,2-dichloroethane) is remark- 
ably close to the heat of condensation of SO, at 
25"C, - 5.4 kcal mol-'. Then, if the enthalpy change 
for the solution of gaseous SO, in a solvent at 25°C 
is viewed as a twp-step process, first condensation of 
SO, then followed by mixing of liquid SO, with the 
solvent, the previous observation indicates a very 
small heat of mixing of liquid SO, with 1,2-dichloro- 
ethane. This is somewhat unexpected considering the 
polar nature of both solute and solvent molecules. 
On the other hand, the AH' values (Table 2) for the 
non-polar solvents n-hexadecane, isooctane, cyclo- 
hexane, and n-heptane, all presumably with DN .= 0, 
are all near -3.5 kcal mol-l, so that this time the 
contribution of the heat of mixing is large and near 
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BENOIT AND MILANOVA 1323 

+2  kcal mol-'. However, the calculation of this heat 
of mixing from the solubility parameters a , ,  a,, and 
VZL gives values which, although depending on the 
values selected for the parameters 6, and VZL, are 
respectively lower than + 1 .0 kcal mol-' for iso- 
octane, +0.7 for n-heptane, and +0.5 for cyclo- 
hexane. It thus appears that we cannot account 
simply for the heat of solution of SO, in these inert 
non-polar solvents. 

In view of the preceding it is perhaps not sur- 
prising that in the correlation between AH' and DN 
some representative points are off the line by as 
much as 1.0 kcal mol-' because of the effect of non- 
chemical interactions between SO, and solvent 
molecules. The position of the correlation line for 
DN 2 30 is in doubt because of the opposing values 
of AH0 and D N  for Me,SO and pyridine, the solu- 
tion enthalpy of SO, being more negative (although 
the margin of error is uncomfortably high) in 
Me,SO than in pyridine, while the opposite is true 
for the enthalpy of reaction with SbCl,. Reasons for 
this reversal may be that SO, and SbCl, do not 
interact with the same basic site in either the Me,SO 
or pyridine molecules. D N  (pyridine) could also be 
too large if the reaction between SbCl, and pyridine 
involved additional complex ionization of SbCl, or 
of the adduct. Among the solvents listed in Table 2, 
it is dimethylaniline which has the highest - A H 0  
value, 15.0 kcal mol-', as well as the lowest Henry 
constant. It is noteworthy that dimethylaniline is the 
non-aqueous absorbant used industrially to recover 
SO, from waste smelter gases (ref. 2 and references 
cited therein). It is apparent from Fig. 2 that the 
spread in the -AH' values for the different solvents 
is some five times smaller than for the D N  values. 
This is largely due to the fact that SO, is a much 
weaker Lewis acid than SbCl,, in this respect SO, 
ranks even slightly weaker than I, (23). SbCl, is 
thus a better discriminating Lewis acid to differen- 
tiate bases in inert media such as 1,2-dichloroethane, 
but SO, has the advantage that it can be used to 
assess the basicity of bulk solvents because it does 
not give any complex ionization reaction with the 
more basic solvents as SbCI, does (14). That the 
representative point for the protic solvent H,O 
(DN = 16.4 (24)) falls off the line in Fig. 2 is not 
unexpected and using for H,O the value D N  = 33, 
which is supposed to characterize the basicity of bulk 
water (22), makes matters even worse. This empha- 
sizes the difficulty in relating bulk basicity to molec- 
ular basicity for protic solvents (14). However, 
assuming that water basicity plays a major part in 
determining the heat of solution of SO, in water,, our 

AH0 data suggest that the basicity of bulk water is 
low and near that of nitrobenzene; interestingly, the 
same result holds for I,, another non H-bonding 
molecular acid, since the heats of solution of solid I, 
are, respectively, + 5.2 kcal mol- ' (H,O) and + 4.7 
kcal mol-' (C,H,NO,). 
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Pyrolysis of cyclopentane behind reflected shock waves 
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BANS L. KALRA, STUART A. FEINSTEIN, and DAVID K. LEWIS. Can. J. Chem. 57, 1324 (1979). 
Gas samples containing either 0.20% or 1.0% cyclopentane plus 0.25% tert-butyl alcohol in 

argon have been heated to 1185-1257 K in a single pulse shock tube. The previously studied de- 
hydration of the alcohol was used as an internal standard reaction for temperature measure- 
ment. Pyrolysis of the cyclopentane yielded a broad spectrum of Cl-C, hydrocarbon products; 
however, the products and their concentration ratios were in good agreement with those 
recently reported by Tsang, in a comparative rate study of cyclopentane pyrolysis vs. cyclo- 
hexene decyclization. Thus strong support is offered for Tsang's proposed complex mechanism 
involving (a) molecular isomerization to 1-pentene and subsequent degradation of that product, 
(b) molecular decomposition to cyclopropane and ethene, followed by isomerization of cyclo- 
propane to propene, and (c) induced decomposition to a variety of C1-C5 hydrocarbons plus 
H2 via hydrogen atom abstraction from cyclopentane by various radicals generated from 
1-pentene. The only significant disagreement with Tsang's study is a -40" temperature dis- 
crepancy: possible sources of this are discussed. 

BANSI L. KALRA, STUART A. FEINSTEIN et DAVID K. LEWIS. Can. J. Chem. 157, 1324 (1979). 
On a chauffk des kchantillons gazeux contenant soit 0.20% ou 1.0% de cyclopentane plus 

0.25% d'alcool tert-butylique dans l'argon B des tempkatures allant de 1185 B 1257 K dans 
un tube de chocs B pulsation unique. On a utilisk la deshydratation Btudike anterieurement 
comme rkaction de refkrence interne pour la mesure de la tempkrature. La pyrolyse du cyclo- 
pentane fournit une grand nombre d'hydrocarbures de C1 B C5; toutefois la nature des 
produits et les rapports de leurs concentrations sont en bon accord avec ceux rapport& par 
Tsang dans une etude comparke des vitesses de pyrolyse du cyclopentane vs la dkcyclisation 
du cyclohexbne. Nos rksultats militent donc fortement en faveur du mkcanisme complexe 
proposk par Tsang qui implique (a) une isomerisation moleculaire fournissant du penthe-1 
et une degradation ,subsequente de ce produit, (b) une decomposition molkulaire en cyclo- 
propane et en kthirne et (c) une dkcomposition induite en une variete d'hydrocarbures de C1 
B C5 plus du Hz par I'intermkdiaire d'enlevements d'atomes d'hydrogene du cyclopentane par 
divers radicaux form& B partir du penthe-1. La seule difference importante avec 1'6tude de 
Tsang a trait B une diffkrence d'environ -40"; on discute des sources possibles de cette 
difference. 

[Traduit par le journal] 

Introduction 
Kinetic and thermodynamic parameters for ther- 

mal decompositions of hydrocarbon molecules are 
of interest on theoretical grounds (I), and because of 
the eventual usefulness of such information for 
numerical modeling of cracking and combustion 
reactions. We have been studying a number of small 
cyclic alkanes and alkenes at high temperatures in 
chemical shock tubes (2-4). This series included a 
brief unpublished study of cyclopentane at -- 1200- 
1250 K via the comparative rate single-pulse tech- 
nique, using tert-butyl alcohol as the internal 
standard. 

Recently, Tsang (5) reported the results of an 

'Alfred P. Sloan Teaching-Research Postdoctoral Fellow, 
19741975. 

'Petroleum Research Fund Undergraduate Research 
Assistant, 1975. 

3To whom all correspondence should be addressed. 

extensive and careful comparative single-pulse shock 
tube study of cyclopentane pyrolysis at 1050-1250 K, 
in which he used the decomposition of cyclohexene 
to ethene and 1,3-butadiene as the internal standard. 
He proposed a complex radical mechanism which 
provided a very satisfactory fit to his data. Arrhenius 
parameters determined for various steps in the overall 
process are in reasonable agreement with earlier 
studies of those specific reactions and/or with 
thermochemical predictions. 

Tsang chose his experimental conditions so as to 
minimize the effects of interaction between the 
cyclopentane pyrolysis and the reference or possible 
impurity reactions; and there is nothing in his data 
or results to suggest that his efforts were unsuccessful. 
Nevertheless, our existing data, we feel, provide a 
further opportunity to confirm the probable reli- 
ability of Tsang's results, since they are derived from 
a different apparatus and standard reaction. The 
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purpose of this report is to compare our measured 
product yields with those reported by Tsang, and to 
draw attention to areas of agreement or disagreement 
and comment on their significance. 

Experimental Section 
The 2.54 cm id Pyrex single-pulse shock tube used for our 

comparative rate experiments has been previously described 
(6). Reaction products were analyzed on Varian Aerograph 
Model 1440-20 and Model 90-P gas chromatographs. The 
previously characterized reaction tert-butyl alcohol -* iso- 
butene + water (7) was used as the reference reaction. Both 
the cyclopentane (K and K Laboratories) and the tert-butyl 
alcohol (Brothers Chemical Co.) were subjected to an exten- 
sive pre-purification process consisting of a series of degas- 
sings at 77 K and distillations from slush baths. Gas chroma- 
tographic analysis for hydrocarbon impurities indicated 
probable final purity of > 99.99% for each reactant. Reaction 
mixtures were prepared in stainless steel tanks at p > 1 atm, 
with Ultra-High Purity grade argon (Matheson) diluent, at 
least three days before use. 

Reactant sample compositions and experimental conditions 
are summarized in Table 1. 

Results 
The following gases were found in product 

samples: hydrogen, methane, ethane, ethene, pro- 
pene, allene, isobutene, tert-butyl alcohol, 1,3- 
butadiene, 1-pentene, cyclopentane, cyclopentene, 
and cyclopentadiene. Earlier studies of tert-butyl 
alcohol pyrolysis (7, 8) and a few runs on cyclo- 
pentane plus argon mixtures in the present study 
indicated that the isobutene was produced solely 
from the alcohol and that the 1,3-butadiene and C, 
products came only from the cyclopentane. The C,, 
C2, and C, products were produced primarily from 
cyclopentane, but with minor contributions from 
tert-butyl alcohol and its primary decomposition 
product, isobutene. 

Graphs have been drawn of log,, {([product],/ 
[OI],) x 100) vs. 1/T (K) for each cyclopentane 
product. Examples for ethene, propene, allene, and 
butadiene appear in Fig. 1. Here, [product], rep- 
resents concentration of the product in the post- 
shock sample, and ['oI], represents initial cyclopen- 
tane concentration for that run. The quantity within 
the { } is the percent product relative to initial reac- 
tant. This presentation is similar to a first-order rate 
plot ; coincidence of the data representing different 
percentage mixtures would indicate first-order depen- 
dence on cyclopentane for production of a particular 
product. The lines through the groups of data in 
Fig. 1 were determined by linear least-squares 
analysis, with all variance assigned to the y-axis 
variable. 

Also shown in Fig. 1 are least-squares lines through 
the product yields reported by Tsang (5) for com- 

TABLE 1. Summary of experimental conditions 

Set %,O zt-BuOH P,(Torr)* T5 (K)t r(ps) 

'Pressures in shock tube sample section before heating. 
tTemperatures behind reflected shocks, deduced from isobutene yields, 

measured reaction times T, and the previously measured rate constants for 
tert-butyl alcohol + isobutene + HIO: log (k, s-l) = 14.6 - 66 20014.576T 
(ref. 7). 

parable reaction times. The symbol on each line 
represents the upper limit of the temperature range 
covered by Tsang with the respective sample mixture. 
Extension of the line to the left of the symbol 
assumes that Tsang's results can be reliably extrapo- 
lated upward by 5&100 K as required. Since Tsang 
used cyclohexene decyclization as his comparative 
rate standard and deduced reaction temperatures 
from 1,3-butadiene yields, he was not able to deter- 
mine production rates for that product from cyclo- 
pentane. And since Tsang's cyclopentane/cyclo- 
hexene reactant ratio was 100/1, we were concerned 
that the contribution of 1,3-butadiene from the 
subject molecule might be comparable to that from 
the standard, resulting in calculated temperatures 
higher than actual reaction temperatures. To assess 
this possibility, we have shown in Fig. Id the ex- 
pected percentage of 1,3-butadiene from cyclo- 
hexene, relative to initial cyclopentane concentra- 
tion, as a function of temperature under the condi- 
tions of Tsang's experiments. The calculated values 
were based on the Arrhenius parameters for cyclo- 
hexene decyclization previously reported by Tsang 
(9). As can be seen, cyclohexene was probably the 
only significant source of butadiene at T < 1200 K. 

Discussion 
A comparison of the results of the two inde- 

pendent studies indicates good agreement in terms 
of products produced and their concentration ratios. 
Tsang did report small amounts of cyclopropane, 
which we did not observe; however, it is probable 
that this material was produced in our study but not 
recognized since its retention time and that of allene 
on our column were identical. Overall, it appears 
that the cyclopentane pyrolysis was proceeding via 
essentially the same mechanism in both studies, with 
no overwhelming effect from the comparative rate 
standard, from impurities, or from other experi- 
mental artifacts. 

Considering both sets of data, there appears to be 
a trend toward decreasing reaction order at lower 
reactant percentages. Tsang's data from mixtures 
containing 0.4 to 5% cyclopentane show apparent 
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T K 
1250 1200 1150 

I I I 

Propene Production 
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1.3- Butadiene Production 
I - 0 o.2aO . l .o%O]ma STUD; 

'0 --- Expected yield from 
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FIG. 1 .  (a) log (% CCzH4) produced relative to initial concentration of cyclopentane as a function of 1/T; (b) log (% 
C3Hs) produced relative to inltial concentration of cyclopentane as a function of 1/T; (c) log (% CC,H4) produced relative 
to initial concentration of cyclopentane as a function of 1/T; (d) log (% l,3-C4H6) produced relative to initial concentra- 
tion of cyclopentane as a function of 1/T. 

reaction orders for production of most products present in the comparative rate standard or diluent 
between 0 and 1. Our data, from 0.2 to 1% mixtures gas, or introduced into sample mixtures during the 
give approximately zero order dependence on re- gas handling process. 
actant for all Cl-C4 products. This overall behavior A third area for comparison is the apparent 
is consistent with the speculation that the bulk of extent of reaction in comparable percentage (1%) 
Cl-C4 products are the result of induced decomposi- mixtures, at comparable reaction times and tempera- 
tion of cyclopentane and subsequent reactions tures. Product % vs. inverse temperature plots 
caused by relatively invariant quantities of impurities (Fig. 1) for ethene, propene, and allene show a 
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40 + 10 K discrepancy between the two studies. The 
larger than average difference (50" vs. 40") for allene 
is consistent with our expectation that there was a 
small cyclopropane contribution to the allene 
analysis in our work, and the smaller than average 
(30" vs. 40") difference for propene suggests that 
Tsang's propene production data from 1% mixtures 
may be slightly high. Lowering that line slightly 
would give about the same reaction order for propene 
production that we observed. 

The -40" difference may be attributed to (a) 
differences in impurity levels or other unknown 
factors, which differently affect the rates of cyclo- 
pentane pyrolysis in the two shock tubes, or (6) 
errors in temperature calculations on one or both 
shock tubes resulting from the choice of different 
comparative rate standard reactions or from non- 
ideal shock tube behavior. As described above, it 
seems unlikely that (a) is the dominant cause for the 
observed difference in rates. Possibility (6) will now 
be considered. 

Tsang has previously studied the cyclohexene 
decyclization in comparative rate shock tube ex- 
periments against three other unimolecular reac- 
tions (9-1 1). The cleanliness of the reaction up to 
1200 K and the close agreement among the three 
studies suggests that there can be very little error in 

1 Tsang's cyclopentane study temperature calculations 
attributable to incorrect Arrhenius parameters. 
However, a possible source of error in Tsang's study 
is induced decomposition of the standard molecule 
by radicals that must have been present. Tsang has 
measured rates of fragmentation of cyclohexyl 
radical generated from tert-butyl cyclohexane (12) 
and from induced decomposition of cyclohexane 
(1 3), but there is inadequate information available to 
estimate the extent of induced decomposition of 
cyclohexene relative to that of cyclopentane, in a 
mixture of the two. If the same relative percentages 
of each reactant suffered induced decomposition, 
which seems a reasonable assumption, then a small 
but not negligible fraction of the cyclohexene loss 
could be attributed to the induced channel. 

Since the Arrhenius parameters for tert-butyl 
alcohol pyrolysis used for temperature calculations 
in the present work were determined from a study of 
tert-butyl alcohol vs. cyclohexene (7), less than 5" of 
the apparent difference between Tsang's and our 
cyclopentane data can be attributed to  errors in these 
parameters. A possible source of error in the present 
work is further reaction of the isobutene product or 
direct bond breaking, rather than molecular elimina- 
tion, of the alcohol. In our earlier study of tert-butyl 
alcohol (7), we found allene and propene formed as 
side products above 1150 K. The allene/isobutene 

ratio was 0.1 at 1200 K,  at which temperature about 
30% of the alcohol was reacted; and the ratio in- 
creased with temperature. Tsang (8) has suggested 
that these two side products arise from decomposi- 
tion of isobutene. If so, our calculated temperatures 
from apparent isobutene yields may be up to 10 
degrees too low at - 1200 K. Mintz and CvetanoviC 
(14) have proposed that the C, side products result 
from a C-C bond breakage of the alcohol: 

Either of the above processes, if important, would 
produce an error that rapidly increases with tempera- 
ture. However, the divergence between Tsang's 
extrapolated and our actual C,-C, product percent- 
ages appears essentially constant over the 1200- 
1250 K range. Breakage of the C-0 bond also 
appears likely, considering the similarity between 
C-C and C-0 single-bond strengths : 

This parallel channel for isobutene formation would 
result in a positive rather than negative temperature 
error. Overall, the most probable significant effect 
of either C-C or C-0 bond breaking processes is 
not a large change in isobutene yield, but rather an 
increase in the induced decomposition of cyclopen- 
tane due to the production of radicals. The -0 order 
rates of C,-C, hydrocarbon production in our 
experiments supports this interpretation. 

A potential source of significant error in shock 
tube experiments is the cold boundary layer that 
grows in thickness from the walls into the reacting 
gas. In comparative rate experiments, the inclusion 
of improperly heated gas in the product samples 
affects the calculated rate constants of both reference 
and subject reactions. The more nearly identical the 
~ r r h e n i u s  parameters of the two reactions, the more 
nearly exact is the cancellation of the error. Al- 
though both Tsang's shock tube and our own are of 
small diameter (1 in. id). we have both avoided use , , 
of the reaction time extending tailored interface 
technique, and used similar short dwell times in the 
interest of minimizing boundary layer influence. A 
further argument against extreme influence of 
boundary layer growth is the fact that we are 
routinely able to  achieve conversion rates 5 95% for 
unimolecular reactions of organic species within the - 800 us dwell time with sufficientlv hot shocks. 

~on ' s i de r in~  the above factors a i d  the quite linear 
offset of our rate data from that reported by Tsang, 
we feel the most probable source of the offset is 
induced decomposition of cyclopentane caused by 
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tert-butyl alcohol-generated radicals in our study. 
However, from the -40" magnitude of the offset, it 
seems possible that Tsang's reported temperatures 
might be 0-15" higher than actual values, the error 
being caused by induced decomposition of his 
internal standard. If so, correction of his comparative 
rate data would result in a small upward adjustment 
of all pre-exponential factors deduced from his 
analysis. The correction would not appreciably 
change apparent activation energies, his enthalpy 
analysis of reactants, intermediates and products, or 
the mechanistic interpretations he has presented. 
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Differential equation for transport along parallel linear successions of identical 
symmetrical potential barriers 
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M. J. DIGNAM. Can. J. Chem. 57,1329 (1979). 
The differential equation for transport of non-interacting species along parallel paths, each 

consisting of a linear succession of identical symmetrical potential barriers, is expanded as an 
infinite series in the derivatives of the electrostatic potential and concentration. The first order 
expression is shown to represent the model adequately for all but extremely high space charge 
concentrations and/or extreme departures from steady-state conditions. Under the appro- 
priate limiting conditions it reduces to the well-known linear transport equation, and to the 
Mott-Cabrera equation, but extends these to higher concentrations since the formulation 
forbids hops into occupied sites. The treatment leads to a concentration independent diffusion 
coefficient, but to a concentration dependent mobility. 

M. J. DIGNAM. Can. J. Chem. 57,1329(1979). 
On a Ctendu 1'Cquation differentielle dkrivant le transport d'espkces qui n'interagissent pas 

et qui suivent des chemins paralleles, chacun correspondant a une sCrie linCaire de barritres de 
potentiel symCtriques et identiques, sous forme d'une s6rie infinie de dCrivCs du potentiel 
Clectrostatique et de la concentration. On montre que l'expression du premier ordre reprksente 
adequatement le modele pour tous les cas exceptts ceux relatifs aux concentrations extrcmement 
Cledes de charges spatiales et ceux oh les conditions sY6cartent d'une f a ~ o n  extrCme d'un Ctat 
stationnaire. Sous des conditions limites appropriCes, elle est rCduite a 1'Cquation bien connue 
des transports linCaires et a l'bquation de Mott-Cabrera; elle Ctend toutefois ces Cquations a 
des concentrations plus ClevCes puisque la formulation empgche des sauts vers des sites 
occupCs. Ce traitement conduit a un coefficient de diffusion qui est indkpendant de la concen- 
tration mais une mobilitC qui dCpend de la concentration. 

[Traduit par le journal] 

Introduction 
The purpose of this paper is to derive the differ- 

ential equation for transport of non-interacting 
species, in general carrying a charge, along parallel 
paths each consisting of a linear succession of 
identical symmetrical potential barriers. Although 
the transport model itself is well-known (1-3), the 
development of the differential equation of transport 
for the model, in a general way, was first published 
by Dignam, Young, and Goad in 1973 (4). This 
paper extends the earlier treatment both by including 
the effect of site depletion and by deriving the full 
second order correction to the first order approx- 
imation. The latter allows the range of applicability 
of the first order equation to be defined for all values 
of the field strength. The general transport equation 
has found its main application in the areas of metal 
oxidation, including anodic oxidation (2-8). Re- 
cently, Fromhold has been particularly active in this 
field, mainly in determining the accumulative effects 
of space charge on transport processes, through a 
step-by-step integration of a difference equation for 
the transport process. (For a review of this work 
see ref. 8.) In this paper, a differential equation of 

transport is derived from a difference equation, and 
its range of validity assessed. For many problems, it 
is easier and/or more informative to work from the 
differential equation of transport. 

Derivation of Transport Equation 
The model is one in which the mobile ionic species 

must surmount a succession of identical, sym- 
metrical, potential barriers, of height U, and 
distance from minimum to maximum a. We suppose 
that : 

( 1 )  The problem can be treated as a one-dimen- 
sional one. 

(2) Discreteness of charge effects can be neglected 
in relation to space charge effects which are treated 
in a continuum fashion. 

(3) All interaction forces between the mobile 
species may be neglected except for coulomb forces, 
which are handled through space charge, as above, 
and a hard sphere type of force which prevents two 
species from occupying the same potential well. 

(4) The height of a potential barrier situated at 
position x in the presence of an electric field resulting 
from a combination of space charge and an external 
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potential difference is 

U + qvx - qvx,, 

where q is the charge on the ion, V the local electro- 
static potential at the position indicated by the 
subscript, the - and + signs being chosen for 
barrier crossing in the + x  and - x  directions 
respectively. 

On the basis of elementary rate theory, the net 
particle flux in the + x  direction, J ,  is thus given by 
the following: 

111 J =  mx-a(l - mx+,lM)v 

x exp [-(U + qvx - qvx-a)lkTl 

by concentrations per unit volume through the sub- 
stitutions 

[21 
mx*a = 2anx+a 

M = 2aN 

We define the following dimensionless parameters 

c = n/N = m/M 

p = qV/kT 

[3 I s = x/a 

j = J/[2avN exp (- UIkT)] 

E = qaE/kT = -dp/ds 

- mx+a(l - mx-o /M)~  where E = - aV/ax and is the electric field strength. 

x exp [-(U + qVx - ~Vx+a)lkTl Equation [l] can now be written 

where v is the particles attempt frequency, m,,, the [41 j = -exP (-PS)[~S+ l(l - CS- 1) exP (PS+ 1)  

concentration per unit area of mobile species situated - cs- 1(1 - Cs+ 1) exp (ps- ,:)I 
near the potential minimum at x + a, and M the 
number of sites per unit area for such species at the Setting 
potential minima. The factors (1 - mX,,/M) are 

[51 a = c/(l - c) = n/(N - n) 
included to exclude hops into occupied sites. 

The concentrations per unit area may be replaced eq. [4] reduces to 

Taylor series expansions of the functions (a exp (p)),, and (1 + a),, , about s convert eq. [6] to 

J = -  
2 exp (-p){sinh a/as}(a exp (p)) 

[{exp a/as}(l + a)][{exp (-a/as)>(l + a] 

where the terms in braces are operators. 
Using the identity 

{[exp (-p)l(alas)[exp (p)lI = - {E - alas) 

it follows that 

{ [exp (-~)l(alas)"[ex~ (p)lI = {[exp (-p)l(a/as)[exp (p)lI" = (- 1 ) " { ~  - alas>" 

so that eq. [7] may be written In order to expand j in terFs of increasing order 

[8] j = 2[{sinh (E - ala~)}a]/[(l + a)' 
in the derivatives of p and a ,  0 must be expanded in 
terms of increasing order in alas. To this end we 

+ (1 + a)a" - a" + ..a] define pi1-' to be all terms in the expansion of 
(-I)'{& - alas}'-' of order i in alas so that 

where the prime denotes differentiation by s. 
~actoring (E - alas) from the operator, eq. [8] 1-1  

[i 11 {E - a/as}l-I = x (- I ) ~ T ~ ~ - ~  reduces to i = o  

[9] j = 2 [ 9 ( ~ a  - a')]/[(l + a)' Since E and alas do not commute, (E - alas)" cannot 

+ (1 + a)a" - a'' + ..a] be expanded using the binomial theorem. The 

where following procedure is used to obtain Ton, TIn, 
A 

P'", ..., pin. 
[lo] 0 = x (E - a/as)~-l/l!  Pon represents the term zero order in alas in the 

1=1 ,3 ,5 ,  ... expansion of (E - alas)" and is clearly given by E". 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



DIGNAM 1331 

T I n  is the term first order in alas in the expansion of 
- ( E  - alas)". It is made up of n  terms, corresponding 
to the n  factors from which alas may be selected. A  
typical term is given by E " - ' - ~ ( ~ / ~ S ) E ~ .  That is, there 
is a total of n factors in each term, n  - 1 consisting 
of E ,  the remaining one being -alas. Thus T I n  is 
given by 

cn represents the sum of all terms arising from the 
different ways of selection -alas from two of the n  
factors in ( E  - alas)". If one of the derivatives is 
selected from the ( K  + 1)th factor from the right 
hand side, and the other from one of the factors to 
the left of it, then a typical term belonging to this 
subset has the form 

The sum of all such terms having the right hand 
derivative selected from the ( K  + 1)th term from the 
right is obtained by summing over j from 0 to 
n - K  - 2. But 

Finally, summing over K  we have 

If a third differential operator is selected from the 
( K  + 1)th position from the right, the other two on 
the left of it, then by the same process of reasoning 
it follows that all terms belonging to T3" having this 
form, sum to T 2 n - K - 1 ( a / a s ) ~ K  so that cn is given by 

Repeated application of this process leads to the 
following general recursive relationship. 

If we had begun by selecting the terminal differ- 
ential operator from the left rather than from the 
right hand side, an equivalent expression would have 
been obtained in which the factors T i - l n - l - K  and 
E~ are interchanged in eq. [12]. This is the form of 
the equivalent relationship derived in ref. 4. ( A  
typographical error appears in eq. [2.18], ref. 4:  
T i -  l k  should read T ~ -  l k + i - 2 . )  

We can now write 

while T I n  is given by 

On carrying out the summation 

where 

(:) = n! /K!(n  - K ) !  

In principal all higher order terms can be evaluated 
in the same way. 

Expanding 6 now in terms of increasing order in 
alas, i.e. 

m 

we have from eqs. [lo] and [11] 

where I is restricted to odd integer values. Thus 

However, 
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6, = (sinh E)/E 

1332 

Thus 

[20] 

and 

1211 

Upon retaining only up to first order derivatives, 
the first order expansion of j is obtained from eqs. 
[9] and [20] and is given by 

For the niodel chosen, elementary statistical me- 
chanics gives for the electrochemical potential of the 
mobile defects, F, the result (see Appendix) 

[23 1 j i = # + k T l n a + q ~  

where p0 is the standard chemical potential. Thus 
from eqs. [23] and [3] 

so that upon conversion to conventional variables 
eq. [22] can be written 

DNa aji sinh(qaE/kT) 
1251 J I  = - kT(l + a)2 ( 1 (qaElkT) 
where 

[261 D = 4a2v exp (- U/kT) 

For qaE/kT << 1, eq. [25] reduces to the familiar 
linear transport equation, 

DNa Dan 
1271 J I  = - kT(l + ($1 = - 

+ noE 

where o = qD(l - n/N)/kT. Thus D and v are the 
diffusion coefficient and mobility, respectively, for 
this model. Note that although D is independent of 
concentration for this model, v is independent of 
concentration only if n/N << 1. 

In the absence of an activity gradient, on the other 
hand, eq. [25] reduces to 

[28] J1 = [4avn(l - n/N)][exp (- UIkT)] 

x sinh qaE/kT 

which for n << N is identically the Mott-Cabrera 
conduction equation (5). 

Realm of Validity of First Order Equation 
We next examine under what conditions the 

second order terms and presumably higher order 
terms can be neglected. We do so first for the case 

a << 1 so that j1 may be written as 

It is easily shown (4) that eq. [29] is exact for this 
model for a << 1, and for E' = 0 = j', i.e. for steady- 
state transport in the absence of space charge. We 
now consider the contribution of the term 6,(as  - 
a') to steady-state transport in the presence of space 
charge, so the E' # 0 but j' = 0. Setting 

[30] (as - a') = P and (sinh E)/E = Y 

or alternatively 

We now eliminate (In p)' from the second order 
correction, using the first order approximation. Thus 
from eq. [29] 

so that upon differentiating by s and setting j,' - 0 
we get 

d l n  Y 0 c! - E' + (In p)' 
dE 

Equation [32] can now be written as 

[35] 6 , ~ / 6 , ~  = [& + (coth E ) ( ~ / E  - coth E)]E' 

The expression for j for steady-state conduction, 
correct to second order terms, thus becomes 

For E in ( - a ,  + a ) ,  (6 ,~) / (6 ,P)  lies in [-+st, &'I 
so that the condition that this second order correc- 
tion term may be neglected is that ) ~ ' / 2 )  be small 
compared to unity. This will be met typically for 
space charge concentrations up to about lo2' electron 
charges per cm3. 

To avoid any possible confusion on the implica- 
tions of this statement, we point out that it does not 
mean that in dealing with ion transport processes 
space charge need not be considered unless it 
exceeds lo2' electron charges cm3. This would of 
course be a totally erroneous interpretation of the 
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DIGN 

above result. In any given physical problem, eq. [22] 
must be combined with Poisson's equation, and 
integrated, to give the net flux as a function of the 
boundary conditions. This has been done for 
certain cases to obtain analytical solutions (see, for 
example, ref. 4). 

Another approach to treating physical problems 
exists, and has been extensively exploited by From- 
hold (8). Fromhold's procedure is to use the differ- 
ence equation, eq. [I] (less the factors 1 - m,,,) 
along with Gauss' theorem, in a step-by-step numer- 
ical calculation to obtain numerical solutions for 
particular boundary conditions. While such a pro- 
cedure certainly has merit, where it is possible to 
obtain them, analytical solutions are usually more 
informative. Of course, not all situations can be 
handled analytically, but even when analytical 
solutions cannot be obtained, it is often easier to 
carry out numerical calculations using a differential 
equation for transport rather than a difference 
equation. This is generally the case for thick films. 
The point made above is that the differential equa- 
tion of transport, eq. [22], is a satisfactory approx- 
imation to the difference' equation (which itself is 
approximate) provided that the space charge con- 
centration does not exceed about lo2' e/cm2. 

In order to evaluate the conditions under which 
the second order term in the denominator of eq. [9] 
may be neglected, we proceed as before by evaluating 
it from the first order approximation. Upon re- 
arranging eq. [22] one obtains: 

where 
A = 3 j,~/sinh E 

Equation [37] may be solved readily if A and E are 
treated as constants. For 13~~1 << 1, a condition 
already shown to be necessary for the validity of the 
first order expression, A and E will in fact be nearly 
constant over short distances (i.e. for AS 7 10 say). 
As the procedure is tedious, and the result not 
unexpected, we give only the result. For low field 
strengths, a"/(l + a) and [al/(l + a)12 are much 
smaller than unity everywhere except perhaps very 
close (relative to total thickness) to one or both of 
the boundaries. For high field strengths again they 
are much smaller than unity everywhere except 
perhaps very close (much less than one jump 
distance) to the boundary away from which the 
defects move. It has been shown previously (9) that 
for high field strengths, c varies only slowly with 
position except perhaps near the entrance boundary, 
so the present result is not surprising. 

In summary, it appears that for all practical 

purposes the first order equation, eq. [22], represents 
the model satisfactorily provided that transport 
conditions do not depart radically from steady-state 
conditions and that space charge is not too high, 
i.e. E' Z 0.2. An interesting consequence of for- 
bidding hops into occupied sites is that while the 
form of the diffusion coefficient is unaltered, the 
mobility becomes a function of concentration. 
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Appendix 
The Form of the Electrochemical Potential for the 

Mobile Species 
The following derivation of the electrochemical 

potential for the mobile species follows very closely 
textbook treatments of Schotky defects in monatomic 
crystals (see e.g. ref. 1, pp. 28-31 or ref. 10). 

For consistency with the transport model treated 
in the main body of the paper, we assign the follow- 
ing properties to the system: (1) There are N sites per 
unit volume for the mobile defects. A given site may 
only be empty or singly occupied. (2) There is no 
direct interaction energy between pairs of defects, so 
that the chemical part of the enthalpy per defect is 
independent of n. The electrostatic part of the 
enthalpy is treated in a continuum model, which 
takes care of the electrostatic part of the interaction 
energy of the defects. (This is the assumption on 
which the transport equation was developed.) (3) The 
addition of a defect to the transport medium may 
alter the existing vibrational frequencies of the 
medium and introduce new ones. That is to say, there 
will be in general a thermal entropy change asso- 
ciated with the process. Since there is by postulate 
no direct interaction between defects, this thermal 
entropy change per defect will be independent of the 
number of defects. (4) In addition to the thermal 
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entropy terms, there will be a configurational entropy 
arising from the number of ways n identical defects 
can be arranged on N distinguishable sites. We 
derive first the chemical potential for uncharged 
defects, and deal with the electrostatic part of the 
electrochemical potential at the end. 

From ( I )  to (4) above, the Gibbs free energy for 
unit volume of the transport medium containing n 
defects is given by: 

where Go is the free energy prior to introducing the 
defect, A H  the enthalpy increase, and AS, the thermal 
entropy increase per defect added at constant tem- 
perature and pressure, and k In P the configurational 
entropy, with P being the statistical weight. 

P is the number of microscopically distinguishable 
ways in which the n identical defects can be arranged 
in the N available positions, and is given by 

The use of Stirling's formula then gives 

Substituting [A31 into [All, and evaluating y = 

(aG/an)T,pressure, One 

where a = n/(N - n) and is the thermodynamic 
activity of the mobile defects, as noted in the body 
of the paper. 

If the defects carry a charge q, and reside in a 
region of electrostatic potential V, then the electro- 
chemical potential is obtained from the chemical 
potential in the usual way by simply adding the 
electrostatic potential energy per defect, i.e. 

If the mobile defects are assigned a polarizabilityi?, 
there is then an additional energy term, -$BE', to 
be added to the expression for F, but this term is 
small for all but extremely large values of E (7). The 
inclusion of this polarization energy term is not 

[A31 In P = N In N - ( N  - n) In ( N  - n) - n In n warranted in the piesent context. 
- 
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Crystal and molecular structure of (q 3-2-methylallyl)[dimethyl(ethanolamino)- 
(3,s-dimethyl-1-pyrazolyl)gallato(N(2);@(3) ,O)]dicarbonylmolybdenum, 

[Me2Ga(N2C5H7)(0CH2CH2NH2)]Mo(CO)2(q 3-C4H7) 
KENNETH S. CHONG, STEVEN J. RETTIG, ALAN STORR, AND JAMES TROTTER 

Department of Chemistry, University of British Columbia, 2075 Wesbrook Mall, Vancouver, B.C.,  Canada V6T 1 W5 
Received November 7, 1978 

KENNETH S. CHONG, STEVEN J. RETTIG, ALAN STORR, and JAMES TROTTER. Can. J. Chem. 
57, 1335 (1979). 

Crystals of (q3-2-methylallyl)[dimethyl(ethanolamino)(3,5-dimethyl-l-pyrazolyl)gallato- 
(N(2),N(3),0)]dicarbonylmolybdenum are triclinic, a = 7.6047(5), b = 10.882(1), c = 
12.633(1) A, CY = 77.07(1), 0 = 89.19(1), y = 71.91(1)", Z = 2, space group Pi.  The structure 
was solved by Patterson and Fourier syntheses and was refined by full-matrix least-squares 
procedures to R = 0.024 and R, = 0.030 for 3835 reflections with 12 3o(l). The crystal 
structure consists of discrete molecular units, each linked to four others by weak N-H...O 
hydrogen bonds (N...O = 3.129(3) and 3.137(4) A). The Mo atom is in a distorted octahedral 
environment with the q3-C4H7 ligand occupying one of the six coordination sites as a n- 
donating ligand. Important bond distances (corrected for libration) are: Mo-C(allyl), 
2.335(3), 2.372(3), 2.324(3); Mo-C(O), 1.902(3) and 1.961(2); Mo-0, 2.269(2); Mo-N(pz), 
2.222(2); Mo-N(amino), 2.285(2); Ga-0, 1.924(2); Ga-N, 2.006(2); and Ga-C, 1.968(4) 
and 1.981(4) A. 

KENNETH S. CHONG, STEVEN J. RETTIG, ALAN STORR et JAMES TROTTER. Can. J. Chem. 
57, 1335 (1979). 

Les cristaux du (q3 mCthyl-2 allyl)[dimCthyl(kthanolamino)(dimkthyl-3,s pyrazolyl-1) 
gallato (N(2),N(3),0)] dicarbonyl de molybdkne sont tricliniques a = 7.6047(5), b = 10.882(1), 
c = 12.633(1) A, CY = 77.07(1), = 89.19(1), y = 71.91(1)", Z = 2, groupe d'espace PI. On 
a rksolu la structure par des synthbes de Patterson et de Fourier et on l'a affinie par la mkthode 
des moindres carrk (matrice complkte) jusqu'a des valeurs de R = 0.024 et R,. = 0.030 pour 
3835 rkflexions avec 1 2  3 0 0 .  La structure cristalline comporte des unitks molkulaires 
dkfinies r e l i k  a quatre autres par des liaisons hydrogknes N-H...O faibles (N...O = 3.129(3) 
et 3.137(4) A). L'environnement de I'atome de Mo est un octakdre dkformk dans lequel le 
ligand q3-C4H7 occupe un des six sites de coordination sous forme de ligand donnant des 
Clectrons n. Les distances de liaisons importantes (corrigCes pour la libration) sont: 
Mo-C(allyl), 2.335(3), 2.372(3), 2.324(3), Mo-C(O), 1.902(3) et 1.961(2), Mo-0, 2.269(2), 
Mo-N(pz), 2.222(2), Mo-N(amino), 2.285(2), Ga-0, 1.924(2), Ga-N, 2.006(2) et Ga-C, 
1.968(4) et 1.981(3) A. 

[Traduit par le journal] 
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Introduction Me 

- -  The synthesis and coordinating properties of the 
- I 

N/G$?,N Q ? @ D  
'do/ 

anionic ligands 1 have been discussed in previous 
publications (1-3). The ligands represent part of an 
ongoing program investigating a range of anionic 
gallate ligands and their coordinating abilities 
towards transition metal species. The present paper - oc;/ 'r 

1 (R= H, Me) 
describes the crystal structure analysis of the com- 0 

2 
plex [Me2Ga(N2C5H7)(OCH2CH2NH2)]Mo(CO)2- 
(q3-C4H7). The structure confirms our earlier predic- 
tions (3) regarding the fac nature of the tridentate 
gallate ligand in this type of octahedral complex and Me 
also establishes the position of substitution of the Me 1 Me 
q3-C4H7 moiety. Bond length data and v,, stretching 
frequencies are discussed in conjunction with 
similar data for the related complexes described 
earlier, [MeGa(N2C3H3)3]Mo(CO)2(q3-C3H5), 2 (4), 

KE:qe Me / \ 

and [M~G~(N~C,H,)~(OH)]MO(CO)~(~~-C~H~), 3 
c / 3:. 

(5 ) .  
O oC 

3 

Me, /N-N.. 

Me/G\./ yfiR2 
- U 
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Experimental 
The title compound was prepared and characterized as 

described previously (3). Crystals suitable for X-ray study 
were obtained by recrystallization from benzene. The crystal 
chosen was mounted in a general orientation and had dimen- 
sions of ca. 0.35 x 0.44 x 0.48 mm. Unit-cell parameters 
were refined by least-squares on 2 sin 0/h values for 25 reflec- 
tions measured on a diffractometer with MoK. radiation 
(h = 0.71073 A). Crystal data (at 22°C) are: 

C15H26GaM~N303 fw = 462.05 
Triclinic, a = 7.6047(5), b = 10.882(1), c = 12.633(1) A, 
o: = 77.07(1), 0 = 89.19(1), y = 71.91(1)", V = 966.9(2) A3, 
Z = 2, p, = 1.587 g cm-" F(000) = 468, p(MoK,) = 21.2 
cm-'. Absent reflections: none. Space group Pi ( ~ f ,  No. 2) 
from structure analysis. Cell reduction failed to locate a cell 
of higher symmetry, reduced cell is given above. 

Intensities were measured with graphite monochromatized 
MoK. radiation on an Enraf-Nonius CAD4-F diffractometer. 
An w scan at 0.91-6.71" min-' over a range of (0.85 + 0.35 
tan 0) degrees in w (extended by 25% on both sides for back- 
ground measurement) was employed. Data were measured to 
20 = 55". The intensities of 3 check reflections, measured every 
3600 s throughout the data collection, did not vary by more 
than 1%. After data reduction, an absorption correction was 
applied using the Gaussian integration method (6, 7). Trans- 
mission factors ranged from 0.455 to 0.524. Of the 4413 
independent reflections measured, 3835 (87%) had intensities 
greater than 341) above background where 02(Z) = S + 2B 
+ (0.04(S - B))' with S = scan count and B = background 
count. 

Analysis was initiated in the centrosymmetric space group 
PI on the basis of the E-statistics. The positions of the molyb- 
denum and gallium atoms were determined from the Patterson 
function and those of the remaining non-hydrogenatoms from 
a subsequent difference map. After full-matrix least-squares 
refinement of all non-hydrogen atoms with anisotropic 
thermal parameters to R = 0.034, a difference map gave 
positions for all 26 hydrogen atoms which were included in all 
subsequent cycles of refinement with isotropic thermal param- 
eters. The scattering factors of ref. 8 were used for non- 
hydrogen atoms and those of ref. 9 for hydrogen atoms. 
Anomalous scattering factors from ref. 10 were used for the 
Mo and Ga atoms. The weighting scheme, w = l/02(F) where 
02(F) is derived from the previously defined, 02(Z) gave uniform 
average values of w(lFol - lFc1)2 over ranges of (F.1 and was 
employed in the final stages of refinement. An isotropic Type I 
extinction correction (Thornley-Nelmes definition of mosaic 
anisotropy with a Lorentzian distribution) was applied (1 1-13). 
The final value of g was 0.61(7) x lo4. Convergence was 
reached at R = 0.024 and R, = 0.030 for 3835 reflections 
with 12 341). For all 4418 reflections R = 0.030 and 
R, = 0.031. 

On the final cycle of refinement the mean and maximum 
parameter shifts corresponded to 0.14 and 1.10 respectively. 
The mean error in an observation of unit weight was 0.9875. A 
final difference map showed maximum fluctuations of k0.95 e 
A-"ear the heavy atoms and f 0.25 e A-3 elsewhere (carbon 
peak heights on earlier maps had heights of 5-9 e A-3). The 
final positional and thermal parameters appear in Tables 1 
and 2' respectively. Measured and calculated structure factors 
have been placed in the Depository of Unpublished Data.' 

'The structure factor table and Table 2 (thermal parameters) 
are available, a t  a nominal charge, from the Depository of 
Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Ont., Canada KIA 0S2. 

TABLE 1. Final positional parameters (fractional x lo4, Mo 
and Ga x lo5, H x lo3) with estimated standard deviations 

in parentheses 

Atom x Y z 

The ellipsoids of thermal motion for the non-hydrogen 
atoms are shown in Fig. 1. The thermal motion has been 
analysed in terms of the rigid-body modes of translation, 
libration, and screw motion (14) using the computer program 
MGTLS. The rms standard error in the temperature factors 
oUl (derived from the least-squares analysis) is 0.0014 A2. 
Analysis of all non-hydrogen atoms except the carbonyl 
oxygen atoms O(1) and O(2) gave physically reasonable rigid- 
body parameters (rms AULJ = 0.0040 A2). The appropriate 
bond distances have been corrected for libration (IS), using 
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CHONG ET AL. 

I FIG. 1. Stereo view of the (q3-2-methylallyl)[dimethyl(ethanolamino)(3,5-dimethyl-l-pyrazolyl)gallato(N(2),N(3),O)]dicar- 
bonylmolybdenum molecule, 50% ellipsoids are shown for the non-hydrogen atoms. Hydrogen atoms have been omitted for 
the sake of clarity. 

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

(a) Non-hydrogen atoms 
I 

I Length Length 
I 

Bond Uncorr. Corr. Bond Uncorr. Corr. 
! 
I MO -0(3) 2.263(2) 2.269 O(3) -C(11) 1 .422(3) 1 ,424 

Mo -N(l) 2.217(2) 2.222 N(1) -N(2) 1 .384(3) 1.387 
Mo -N(3) 2.278(2) 2.285 N(1) -C(8) 1.351(3) 1.352 
MO -C(l) 1 .898(3) 1 ,902 N(2) -C(10) 1.339(3) 1.339 
MO -C(2) 1 .956(2) 1 .961 N(3) -C(12) 1 .482(4) 1 ,484 
Mo -C(5) 2.331(3) 2.335 c(5) -c(6) 1.388(4) 1 .391 
Mo -C(6) 2.370(3) 2.372 C(6) -c(7) 1 .402(4) 1 .405 
MO -C(7) 2.320(3) 2.324 C(6) -C(13) 1.511(5) 1.512 
Ga -0(3) 1.919(2) 1.924 C(8) -c(9) 1.390(4) 1.391 
Ga -N(2) 2.002(2) 2.006 C(8) -C(14) 1 .490(4) 1 .492 
Ga -C(3) 1.963(4) 1 .968 C(9) -C(lO) 1.379(4) 1.382 
Ga -C(4) 1.977(4) 1.981 C(10 j C ( 1 5 )  1.491(4) 1.492 
O(l)-c(l) 1.174(3) 1.174 C(11)-C(12) 1.511(4) 1.514 
0(2)--c(2) 1.152(3) 1.152 

(6) Bonds involving hydrogen atoms 

Bond Length 

N-H 0.83(3) and 0.88(4) 
C(PZ)-H 0.96(3) 
C(ally1)-H 0.89-1 . OO(3) (Mean 0.94(5)) 
C(sp3&-H 0.87-1 .02(3-7) (Mean 0.94(5)) 

shape parameters q2  of 0.08 for all atoms involved. Corrected Results and Discussion ' bond lengths are given in Table 3 along with the uncorrected ~h~ crystal structure of [M~,G~(~,C,H~)(OCH,-  
values. Corrected bond angles differ by less than 0.1" from the 
uncorrected values listed in Table 4. Intra-annular torsion CH2NH2)IM0(CO)2(q3-C4H7) discrete 
andes in the five-membered chelate rings are given in Table 5 molecules, each linked to four others by an extensive 
and details of the hydrogen bonding aregivenin Table 6. network of weak N-H..-0 hydrogen bonds involv- 
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TABLE 4. Bond angles (deg) with estimated standard deviations in parentheses 

(a) Non-hydrogen atoms 

Angle 
Bonds (deg) Bonds 

Angle 
(deg) 

(b) Angles involving hydrogen atoms 

Bonds Angle (deg) 

R-N-H 109-1 13(2-3) 
R-C(pz)-H 127(2) and 127(2) 
C-C(a1lyl)-H 117-120(2) 
R-C(SP 3)-H 104-121(24) 
H-N-H 99(3) 
H-C(ally1)-H 117(3) and 118(3) 
H-C(sp 3)-H 90-125(2-5) 

ing the carbonyl oxygen atoms (N...O = 3.129(3) 
and 3.137(4) A are in the range of 2.55-3.25 A 
normally observed for N-H.a.0 hydrogen bonds, 
see Table 6). All other intermolecular distances 
correspond to normal van der Waals contacts. 

The X-ray crystallographic analysis confirms un- 
equivocally the tridentate chelating character of the 
gallate ligand and also the fac nature of its coordina- 
tion in this type of complex, an arrangement pre- 
dicted earlier from ir studies (3). The Mo atom is in 
a distorted octahedral environment with the 
q 3 - C , ~ ,  ligand occupying one of the six co- 
ordination sites as a n-donating ligand. As predicted 
on the basis of molecular model studies (3), the 

q3-C4H7 is situated trans to the pyrazolyl nitrogen 
atom (see Fig. 1). The steric requirements of the 
gallate ligand in the present structure force the 
q3-C4H, ligand to have an orientation 'opposite' to 

TABLE 5. Intra-annular torsion angles (deg) 

Bond Angle obs. Bond Angle obs. 

Five-membered chelate rings 
MO -0(3) 38.9(1) MO -0(3) - 14.6(2) 
O(3)-Ga - 36.3(1) O(3) -C(11) 41.1(2) 
Ga -N(2) 14.7(1) C(11)-C(12) - 53.8(3) 
N(2)-N(l) 14.3(2) C(12)-N(3) 40.2(2) 
NU-MO - 30.9(1) N(3) -Mo - 14.8(2) 
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CHONG ET AL. 

TABLE 6. Hydrogen-bond data* (distances in A and angles in deg) 
--  - 

D-H...A H...A D.. .A L DHA L XAHt 

*Superscripts refer to atoms at positions: ' 1 + x,  y ,  z ;  2 1 - 
?Atom X is bonded to atom A. 

TABLE 7. Carbonyl group geometry (distances in A and angles in deg) and v,, (cm-l) for LMO(CO)~X 
complexes* 

L X VCO M-C C-0 M-C-0 Ref. 

H B ( N z C ~ H ~ ) ~  q3-C4H7 1958 1.959 1.150 177.3 16 
1874 1.958 1.151 177.8 

MeGa(N~csH3)~  q 3 - ~ 3 ~ s  1948 1.948 1.162 177.2 4 
1860 1.936 1.166 176.5 

MeGa(NZC,H7),OH q3-C4H7 1940 1.931 1.177 173.5 5 
1850 1.917 1.174 173.7 

Me2Ga(NZC5H7)(0CHZCH2NH2) q3-C4H7 1933 1.961 1.152 174.3 This 
1840 1.902 1.174 178.2 work 

*vco for cyclohexane solutions. 

that observed in 2 (4), 3 (5), and the related boron 
complex [HB(N2C3H3),]Mo(CO)2(q3-C4H7) (16); 
i.e. the substituent on the central carbon of the allyl 
group is directed toward, rather than away from, the 
two carbonyl groups. As a result of methyl-carbonyl 
repulsions the central Mo-C(ally1) distance is 
significantly longer than the two other Mo-C(ally1) 
distances. This is in contrast to the structures of 2,3,  
and most other q3-ally1 structures (17, 18, and 
references therein) where the central M-C bond is 
the shortest of the three. Tilt angles and other param- 
eters describing the mode of allyl coordination to 
the metal atom have been calculated; F1, F2, and h 
(defined in ref. 17 and calculated assuming the 
'coordination plane' to be normal to the Mo-C(1) 
vector) are 118.6", 11 1.3", and 0.30 A respectively and 
tpe parameters T and p (defined in ref. 18) are 117.6" 
and 90.4". All of these parameters are intermediate 
with respect to the observed ranges (17, 18) although 
the tilt angles F 1  and T are both higher than the mean 
values for these parameters (1 15" for both F 1  and T). 
All of the other allyl complexes listed (17, 18) in 
which the central M-C(ally1) bond is longer than 
the others have higher than average tilt angles. The 
distance from the Mo atom to the centre of mass of 
the three coordinated allyl carbon atoms, D', is 
2.103 A which is at the long end of the 2.02-2.10 A 
range observed for d4-M(allyl)L, complexes (18). 

The Mo-N(pz) bond trans to the allyl ligand is 
shortened to 2.222(2) A relative to corresponding 
distances of 2.242(4) A in 3 and 2.232(3) A in 2. The 
Mo-0 distance of 2.269(2) A agrees well with the 
value of 2.272(4) in 3. The Mo--N(amino) 
distance is 2.285(2) A. 

It is noteworthy that the carbonyl C-0 bond 
lengths are significantly different in the present 
structure with the C-0 bond trans to the oxygen 
atom of the gallate ligand being 0.022(4) A longer 
than the C-0 bond trans to the amino nitrogen 
donor atom. The Mo-C(0) distances also reflect 
this effect with the Mo--C(0) bond trans to oxygen 
being much shorter than that trans to the amino 
nitrogen (1.902(3) vs. 1.961(2) A). The differences 
between the Mo-C(0) and C-0 distances prob- 
ably arise from a combination of structural trans 
effects and steric effects, the latter being most 
important in this case as C(2) is forced well away 
from an 'ideal' coordination site. There are two 
significant intramolecular non-bonded contacts, both 
of which involve the ethanolamine moiety (H(5a)e.a 
H(l la) = 2.23(4), and H(4b)...H(l lb) = 2.41(6) A). 
As in the structures of 2 and 3 (4, 5) the M-C-0 
bond angles are significantly non-linear (178.2(2) and 
174.3(2)"), an effect almost certainly arising from 
packing forces and intramolecular steric effects. 
Deviations of this magnitude are quite common in 
this type of carbonyl complex (16, 19,20). 

The vc0 frequencies for the title complex listed in 
Table 7, along with those for related compounds, are 
the lowest in the series and based on previous 
arguments (4, 5), might be expected to result in 
longer C-0 bond distances. The data, however, do 
not reveal the expected values of - 1.18 A for these 
distances but rather two very different C-0 bond 
lengths, the shorter of the two being almost the same 
as the C--0 distance in the boron complex 
[HB(N2C3H3)3]Mo(CO)2(q3-C4H7) (16) which dis- 
plays much higher vc0 frequencies. 
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The gallium atom is tetrahedrally coordinated to 
two methyl groups (Ga-C = 1.968(4) and 1.981(4) 
A), the oxygen atom of the ethanolamine moiety 
(Ga-0 = 1.924(2) A), and to a pyrazolyl nitrogen 
atom (Ga-N = 2.006(2) A). Bond angles at 
gallium range from 92.4" in the chelate ring to 
121.2(2)" between the methyl groups. The bond ' lengths involving gallium are as expected (ref. 1 and 
references therein). The difference between the two 
Ga-C bond lengths, although not statistically 
significant, may be caused by the steric interaction 
between the C(4) methyl group and the ethanol- 
amine moiety mentioned above. 

Steric factors are responsible for a slight but 
significant non-planarity of the pyrazolyl ring (x2 = 
9.2 for the five ring atoms) and as in related struc- 
tures (4, 5) the metal atoms are considerably dis- 
placed from the mean plane of the pyrazolyl ring 
(Mo by 0.4985(2) and Ga by 0.0116(3) A). The 
trivalent oxygen atom has distinctly pyramidal co- 
ordination geometry (mean bond angle at 0 is 1 14. 1"). 
The ally1 group is significantly non-planar, the central 
carbon atom being displaced 0.04 A from the 

1 C(5)C(7)C(13) plane. Other bond lengths and angles 
in the molecule assume normal values. 
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Gas phase observation of the first overtone of the H-F stretching fundamental in 
hydrogen bonded complexes 
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J. W. BEVAN, B. MARTINEAU, and C. SANDORFY. Can. J. Chem. 157,1341 (1979). 
First overtones of H-F and D-F stretching vibrations in hydrogen bonded complexes with 

dimethylether, diethylether, and acetone have been measured in the gas phase. The assignment 
of the observed bands is discussed together with previously made observations on the funda- 
mentals. Anharmonicity constants of the order of -200 and - 100 cm-' are determined for 
the most probable assignments from the available data for the H-F and D-F stretching 
vibrations (vl) while their values in the "free" H-F and D-F molecules are -90 and -46 
cm-I respectively. The spectra are compatible with a coupling constant between the v, and the 
bridge stretching vibration (v3) of the order of + 70 cm-I. 

J. W. BEVAN, B. MARTINEAU et C. SANDORFY. Can. J. Chem. 57, 1341 (1979). 
Les premieres harmoniques des vibrations de valence H-F et D-F dans les complexes 

form& avec le dimethylkther, le diethylether et l'acetone ont kt6 mesurees dans 1'6tat gazeux. 
L'attribution des bandes observees est discutke conjointement avec celle des fondamentales. 
La constante d'anharmonicite de la vibration de valence H-F et D-F (v,) augmente con- 
sidbablement en consequence de la formation de liaisons hydrogkne. La constante de couplage 
entre v, et la vibration de valence du pont (v3) semble Stre environ 70 cm-I. 

Introduction + Xzz(vz + *I2 + x33(u3 + *I2 
Anharmonicity is a fundamental quantity for the + X ~ z ( " ~  + t)(v2 + 4) + X13(v1 + 4) 

understanding of the nature of H-bonding. This was 
recognized twenty years ago by Bratos and Hadii (1) x (v3 + t )  + X23(v2 + t)(% + t )  
and by sheppard (2). All existing theories of H-bond- and the frequencies of given bands are obtained 
ing imply anharmonicity directly or indirectly. I t  is from: 
not intended here to review these theories; we only 
mention the most recent treatments of the problem L2] = G(v1''v21~v3f) - G(v1'17v~1'~v3") 
that are known to us: those by Robertson (3), by (see Herzberg (6)). 
Sokolov and Savelev (41, and by Bouteiller and By far the most important constant is XI,;  its 
Martchal (5). value is a measure of the coupling between the X-H 

Let US consider the simple triatomic model and XH---Y stretching motions on which most hy- 
X-H---Y and let vl, VZ, and v3 be the frequencies of drogen bond theories are based. The other constants 
the X-H stretching, X-H bending, and XH---Y are also important, however; they contribute in 
stretching vibrations respectively. In the linear model determining the frequencies and intensities of the 
v2 is degenerate. However, in most actual systems it vibrations and the changes that are produced in 
will give rise to an out-(+plane and an in-~lane these quantities by environmental effects; they are 
bending vibration. Disregarding the out-of-plane needed for a more complete knowledge of the poten- 
bending mode the mechanical anharmonicity can be tial surface. This work reports new information on 
characterized, to the second order, by the anhar- two of these constants : x,, and x13.  
monicit~ constants X 1 1 7  XZZ, and X33 for the three The experimental determination of anharmonicity 
normal vibrations and the coupling constants XI,, constants entails the measurement of overtones and 

and X23. combination tones. A number of such investigations 
In this approximation a vibrational term is: have been carried out in solution (7-1 1) (for a review 

[ll  G(v1, v2,v3) = 01(v1 + t )  + az(v2 + t )  
see ref. 12). Solvent effects, however, might affect the 
frequencies of fundamentals, overtones, and com- 

+ a , ( ~ ,  + t )  + Xll(v1 + bination tones to different degrees. Thus results ob- 
tained in solution apply only approximately to iso- 

'Present address: Department of Chemistry, Texas A and lated hydrogen bonds. 
M University, College Station, TX 77843, U.S.A. Gas phase studies of hydrogen bonded complexes 

0008-4042/79/111341-09$01 .OO/O 
@I979 National Research Council of CanadaIConseil national de recherches du Canada 
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enable these systems to be investigated free from sol- 
vent perturbations. The initial gas phase infrared 
studies of H-F and H-CI hydrogen bonded 
stretching fundamentals by Arnold and Millen (13) 
and by Bertie and Millen (14) have been extended 
and numerous other systems have been examined 
(15-19). However, to our knowledge no gas phase 
data exist for the first or higher overtones of these 
vibrations, presumably due to their apparent weak- 
ness. 

The present investigation represents an attempt to 
observe the first overtone (v,02) of the high frequency 
H-bonded stretching fundamental in the gas phase so 
that an estimate of the anharmonicity constant X,, 
can be made. At the same time an attempt is made to 
identify (2v, + v,) type combination bands. The ir 
spectra of dimethylether, diethylether, and acetone 
with hydrogen fluoride were chosen for study because 
they form relatively strong volatile complexes whose 
fundamentals had been the subject of previous inves- 
tigation (13-19). Several deutirated analogues were 
also studied to provide additional information. 

Experimental 
All near-infrared spectra of the hydrogen bonded overtones 

were recorded with a Cary-17 spectrometer and a corrosion 
resistent Wilks multireflection cell. Gold surfaced mirrors and 
calcium fluoride windows were employed with a variable cell 
pathlength of 0.75 to 20 m. Certain of the corresponding 
fundamentals were recorded in a 10 cm cell using a Perkin- 
Elmer 621 spectrometer. 

Hydrogen fluoride was purchased from Matheson while 
deuterium fluoride and dlo diethyl ether were obtained from 
Merck, Sharpe and Dohme of Canada. They were used with- 
out further purification. 

There is always a danger in these experiments of having 
\ ,O:---H-F---H-F type complexes present in addition to 
\ 

/ 
0:---H-F. However, we varied the relative pressures of the 

proton donor and acceptor between wide limits without ob- 
serving significant changes in the spectra. 

Results 
When hydrogen fluoride and ethers or acetone are 

mixed together an intense new feature, not present 
in the spectra of the components, appears in the spec- 
trum of the mixture. Subtraction spectra of the 
regions of interest are recorded in Figs. 1-7. These 
bands show considerable similarity to those of the 
fundamental H-F stretching vibration previously 
recorded by Millen et al. (13, 14). The main bands 
observed could be attributed to overtone or combi- 
nation bands of the hydrogen bonded complexes. 
The absence of other new bands at lower frequencies 
in all mixtures effectively rules out overtones and 
combination tones involving vibrations with frequen- 
cies less than 2000 cm-'. Mixtures of the perdeu- 

FIG. 1. A part of the gas phase near-infrared spectrum of the 
(CH,),O.HF complex. Pressure: dimethylether 55 Torr, hy- 
drogen fluoride 30 Torr. Optical path: 14.25 m. Absorbance 
in arbitrary units against frequency in cm-'. 

FIG. 2. A part of the gas phase near-infrared spectrum of 
the (CH3),0.DF complex. Pressure: dimethylether 55 Torr, 
deuterium fluoride 30 Torr. Optical path: 18.75 m. Absorb- 
ance in arbitrary units against frequency in cm-'. 

terated electron donors with hydrogen fluoride show 
practically no change in the position of overtone and 
combination bands involving H-F vibrations while, 
naturally, they displace those involving C-H 
motions. Additional support to the assignment of the 
strongest bands in these spectra to the first overtone 
of the H-bonded H-F stretching vibration is pro- 
vided by the similarity of their profile to the corre- 
sponding fundamental. The v,/v, ratio can be used 
to confirm individual assignments. 

Similar spectra have been obtained for common 
species of the donors with deuterium fluoride. The 
positions of the band maxima are recorded in Table 
1, while the data calculated from these using eq. [2] 
are given in Table 2. Several other weak features 
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BEVAN ET AL. 1343 

FIG. 3. A part of the gas phase near-infrared spectrum of the 
(C2HS),O.HF complex. Pressure: diethylether 55 Torr, hydro- 
gen fluoride 30Torr. Optical path: 17.25 m. Absorbance in 
arbitrary units against frequency in cm-I. 

FIG. 4. A part of the gas phase near-infrared spectrum of the 
(C2H5)20.DF complex. Pressure: diethylether 55 Torr, deu- 
terium fluoride 30 Torr. Optical path: 12.75 m. Absorbance 
in arbitrary units against frequency in cm-I. 

associated with the H-bonded species have been ob- 
served but their low intensity and diffuseness pre- 
cluded further study. 

The observed bands would exhibit an extensive 
and complicated structure under high resolution. 
Relatively low resolution studies like those presented 
here must necessarily restrict the extent and quality 
of the information obtained. Notwithstanding this 
limitation it is possible to utilize these data to esti- 
mate hydrogen bonded vibrational frequencies and 
anharmonicity constants. 

Discussion 
The interpretation of our results depends on the 

FIG. 5. A part of the gas phase near-infrared spectrum of the 
(C,D,),O,HF complex. Pressure diethylether-dl0 55 Torr, 
hydrogen fluoride 30 Torr. Optical path : 11.25 m. Absorbance 
in arbitrary units against frequency in cm-I. 

A 
- 20 

FIG. 6. A part of the gas phase near-infrared spectrum of the 
(C2D,),0.DF complex. Pressure: diethylether-dl,, 55 Torr, 
deuterium fluoride 30 Torr. Optical path: 12.75 m. Absorb- 
ance in arbitrary units against frequency in cm-'. 

assignments of the observed peaks to the various 
possible combination bands. The combinations be- 
tween v, and v, are often represented by Stepanov's 
(20, 21) Franck-Condon-like diagram. In this re- 
spect, Sheppard pointed out many years ago (2) that 
"because of the anharmonicity of the vXH vibration, 
the H atom will move on average nearer to Y in the 
(v, = 1) excited state, and consequently the hydrogen 
bond will become stronger". Thus the upper poten- 
tial energy curve has a deeper minimum than the 
lower one, and its minimum occurs at a lower value 
of v,,. (See also Gallagher (22).) While there is little 
doubt about the validity of his suggestion, we have to 
examine its consequences for the relative intensities 
of the combination bands (subbands). 

Initial considerations according to usual Franck- 
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A 
ACETONE. HF 

- 80 

- 60 

- 40 

FIG. 7 .  A part of the gas phase near-infrared spectrum of the 
(CH3)#Z0.HF complex. Pressure: acetone 55 Torr, hydrogen 
fluoride 30 Torr. Optical path: 6.75 m. Absorbance in arbitrary 
units against frequency in cm-'. 

Condon reasoning should make a transition other 
than (1,O) t (0,O) vertical, and therefore the most 
intense one. (In each bracket the first number indi- 
cates the vibrational quantum number v, of v, and 
the second number the vibrational quantum number 
v3 of v,.) It is pertinent to note, however, that the 
Franck-Condon principle is less valid in this case 
than for electronic transitions. While an electronic 
transition might be a thousand times faster than a 
vibrational one, a much smaller factor should exist 
between v, and v,. Under the circumstances non- 
vertical transitions could have quite appreciable 

TABLE 1 .  Apparent band maxima (in italics) and pro- 
nounced shoulders in the near-infrared spectra of H- 
bonded complexes of ethers or acetone with HF or D F  

Complex Wavenumbers in cm-' 

'See text. 
tEstimated error of frequency maximum f 25 cm-1. 
$Estimated error of frequency maximum + 50 cm- 1. 

probabilities. In addition, the Franck-Condon dia- 
gram should not make us forget that we are dealing 
with combination tones. For example, (1,l) t (0,O) 
is a binary combination, (v, + v,). Thus when we 
say that the (1,l) t (0,O) band is more intense than 
the (1,O) t (0,O) band this implies that the combina- 
tion is more intense than the fundamental. While this 
might be the case, it requires a large value for X13 
(and/or considerable electrical anharmonicity). At 
the 0, = 2 level the (2,l) t (0,O) band is a ternary 
combination. While the intensity of vlo2 depends on 
X , ,  that of (2v1 + v,) depends on both X,, and 
X,,. Also, the non-linearity of the rate of change in 
the dipole moment, electrical anharmonicity, is likely 
to contribute significantly to the intensity of com- 
bination bands. If M is the variable dipole moment, 
Q, and Q, the normal coordinates for vibration of 
frequencies v, and v,, and the subscript e refers to 
the equilibrium geometry, 

While the intensity of the fundamentals depends 
relatively little on electrical anharmonicity that of 
combination tones can receive a large contribution 
from it if the mixed derivative in eq. [3] is large and 
it can be either positive or negative (see ref. 23). 
Unfortunately, there does not seem to be any infor- 
mation available on the latter for hydrogen bonded 
systems. Then all we can say is that the validity of the 
Sheppard shift of the potential minimum for v, = 1 
does not necessarily imply that the (1,O) t (0,O) band 
is weak. It may or may not be the strongest of the 
subbands in given cases. 

A further comment we have to make concerns 

the difficulty of using the temperature effect for 
identifying (1,O) t (0,1), (1,O) t (0,0), (1,l) c (0,0), 
etc., bands (18, 19). Thomas (16, 17) has shown that 
all these bands receive a large part of their intensity 
from hot bands of the (v + uvi - vv,) type. The 
recent calculations of Robertson (3) which take 
account of Franck-Condon factors and the Boltz- 
mann distribution but not electrical anharmonicity 
substantiate this strikingly (Tables 1 and 4 in ref. 3). 
For the (CH,),O.HCl system at 300 K, the intensity 
of the (1,O) t (0,l) difference band, 0.39 on a relative 
scale, receives 0.16 from hotter bands; the (1,O) t 
(0,O) overtone band with an intensity of 0.80 receives 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1346 CAN. J .  CHEM. VOL. 57, 1979 

at the fundamental and overtone levels respectively. 
(The values marked by t are taken from Arnold and 
Millen (1 3).) 

The first observation from the data of Table 2 is 
that by using the frequencies of the respective H F  
and D F  fundamentals we obtain isotopic ratios very 
close to 1.36. Since the harmonic ratio is 1.380 this is 
quite satisfactory and lends support to Arnold and 
Millen's original assignments for the fundamentals. 
This implies that despite the Sheppard shift, the 
(1,O) +- (0,O) band is still the most intense. 

The overtones yield the isotopic ratios shown in 
the fourth column of Table 2. They are close to 1.33. 
This is also quite satisfactory from the point of view 
of the assignments made in constructing Table 2. 
(To the second order the ratio of the harmonic fre- 
quencies (a) is, for a purely diatomic oscillator equal 
to the square root of the inverse ratio of the reduced 
masses whereas the ratio of the anharmonicity con- 
stants like X,, is equal to the ratio of the reduced 

1 masses themselves.) Therefore, since the overtones 
depend more strongly on the XI ,  and since the latter 

I are larger for H F  than for DF, the overtones are ex- 
pected to yield lower isotopic ratios. 

free D F  is -46 cm-' (5, 23) the increases upon 
H-bond formation would be again somewhat larger 
than twofold. Thus a coherent picture is obtained. 

However, we still have to make an estimate for the 
coupling constant XI,. This requires assignments for 
the other bands found in the overtone spectrum. In 
Arnold and Millen's spectrum of (C2H5),0.HF (13) 
there are, in addition to the strong band at 3405 
cm-', two weaker bands at 3655 and 3225 cm-' 
respectively. Following Arnold and Millen's initial 
assignment, we can assign 3655 to the summation 
tone (v, + v,) and 3225 to the (v, - v,) difference 
tone. It is important to remember in this respect that 
while the frequency of a difference tone is the simple 
difference of the frequency of the two fundamentals: 

the summation tone involves the coupling constant: 

In this case the frequency difference 3405 - 3225 = 
180 cm-' is practically the same as the v, = 175 
cm-' measured by Thomas (16). On the other hand 
we obtain: 

I ' [51 vIo2 = 20, + 6Xll 

I I We can compute the X,, from [6] : ~ 
i 161 X,  I = vIo2/2 - vlOl 

where the positive sign reflects the Sheppard shift. 
The band at 3655 is also present in our (C2D5),0.HF 
spectrum but the shoulder near 3220 cm-' is ill- 
resolved. 

h A A A A .  

The same result is obtained from Millen's 
They are above -200 c m l  for the HF (CH,),O.HF spectrum with his original assignments. 
complexes. Since the free H F  vibrator has an XI ,  
value equal to -90 cm-' (5, 24), this corresponds to 

In addition to the strong 3470 cm-' band there are 
weaker bands at 3300 and 3710 cm-'. The difference 

a greater than twofold increase. The ethylether-DF 3470 - 3300 = 170 c m l  still well with 
complexes give about - 110 cm-'. This then leads to Thomas' 185 cm-'. The coupling constant turns out 
an isotopic ratio of about two (or slightly higher) for to be again: the X ,  ,. close to the ratio of the reduced masses 

L A ,  

despite the large experimental error. However, with 
dimethylether-DF we encounter a difficulty. With 
the apparent maximum of the overtone X,, = - 75 
cm-' is obtained. This would lead to an unreason- 
ably high isotopic ratio for the XI,,  about 3.0. It is 
significant that there is a conspicuous difference 
between the overtone spectra of the diethylether-DF 
and dimethylether-DF complexes. The former con- 
tains two well defined bands with nearly equal inten- 
sities (Figs. 4 and 6) at about 4770 (or 4780) and 4900 
cm-' while the latter has a single maximum at 4930 
cm-' (Fig. 2). It is possible that the 4930 band is 
actually double and that the single apparent peak is 
created by mutual overlap between two bands located 
near 4860 and 4980 cm-I. The one of lower frequency 
(4860 cm-l) would give a value of XI ,  similar to that 
of the diethylether-DF complexes. Since the XI  , of 

For acetone-HF, Arnold and Millen (13) found 
the strongest peak at 3470 with weaker subbands at 
3580,3700, and 3280 and 3380 cm-'. However, 3580 
cannot be (v, + v,) and 3380 cannot be (v, - v,) 
(being too close to 3470 cm-l). The remaining bands 
give 3470 - 3280 = 190 cm-I for the difference 
tone and 

It is believed that in reality it must be somewhat 
higher. The XI ,  value of about +70 cm-' for the 
ether-HF complexes is believed to be about correct. 

If so, the same constant should be obtainable from 
the overtone spectra. Taking v, = 180 cm-I and 
X13 = 70 cm-l, (2v1 + v,) should be about 320 
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BEVAN ET AL. 1347 

cm-l higher than vlo2 since 

[91 ( 2 ~ ,  + v,) = V , O ~  + v:' + 2Xl3 
Now, if we have a look at the overtone spectra 

(Figs. 1, 3, 5, 7) we see immediately that we find the 
band of second highest frequency much closer to the 
first one. For the diethylether-HF complexes the 
6335 (or 6325) cm-' band is followed by a very 
broad shoulder at the high frequency side. By 

I 
prospection the second band can be located at about 
6525 cm-l. The band is well resolved for dimethyl- 
ether-HF with a peak at 6650 cm-l. Thus for the 
latter the interval between the first and second peaks 
is only 6650 - 6485 = 165 cm-l. With the above 
location of the bands it is less than 200 cm-l for the 
diethylethers. The somewhat surprising conclusion 
is that if the first band is vlo2, the second band can- 
not be (2v1 + v,). In consequence we have to think 
about combinations involving the bridge deforma- 
tion (wagging) vibration (let us call it v,). In the case 
of acetone-HF, Arnold and Millen (13) estimated 
the frequency of this band to about 100 cm- l. With 

I a frequency of this order and a positive X,, coupling 
; constant of about 30 or 40 cm-' the observed inter- 
: vals could be explained. (See, for the similar case of 

alcohols, Asselin and Sandorfy, ref. 25.) The (2v1 + 1 v,) combination then should be looked for at higher 
1 frequencies, about 6650 for the diethylether-HF and 
I 6800-6850 cm-' for dimethylether-HF and acetone- 

HF. Actually, there are weaker bands or shoulders 
at the right places but there are other shoulders as 
well and we cannot make firm assignments. It is 
relevant in the respect that for (C2H5),0-HCl Bertie 
and Falk (18) estimated the frequency of the wagging 
band as 50 cm-' and found combinations between 
v, and v,. They have shown that for (CH,),O-HCl 
the main features in the fundamental region are due 
to v, + nv, whereas for (CH,),O-DCl they appear 
to be due to v, f nv,. This is a situation similar to 
the one we find. Arnold and Millen (13) also invoked 
v, to explain the 3580 and 3380 cm-' bands of 
acetone-HF. (Thomas (16), however, does not men- 
tion these in connection with the ether-HF com- 
plexes.) 

Now we turn to the ether-DF compleses. At the 
fundamental level, the high frequency sides of the 
bands at 2500 or 2540 cm-' always have a broad 
shoulder extending to about 50-100 cmP1 which 
might again be due to (v, + v,) type combinations. 
Unfortunately, the weakness of these spectra and the 
closeness of the CH bands did not enable us to locate 
(v, + v,) type combination bands. 

Arnold and Millen (13) found for (CD,),O-DF 
(which was not available to us) the fundamental at 
about 2550 and a weaker band at 2770 cm-l. While 

these values could only be estimated they yield a 
plausible value for the X,, of the D F  complex: 

(The value of v, is from Thomas (16).) 
As mentioned above at the overtone level (C2H5),0- 

D F  and (C2D5),0-DF have two well defined bands 
separated by 4900 - 4780 = 120 cm-' and 4900 - 
4770 = 130 cm-I respectively. Now, this interval 
is much too small: the two bands cannot be vlo2 and 
(2v1 + v,). According to [9] the wavenumber of the 
summation tone should be 4780 + 185 + (2 x 35) 
= 5035 cm- ' instead of 4900 cm- l. The interval of 
120 or 130 cm-' could be explained again by (2v1 + 
v,) combinations involving the bridge wagging 
vibration. 

There is an interesting possibility which is com- 
patible with the assignments made in this section. If 
we take the best resolved bands (6485 and 6650 for 
dimethylether-HF and 4770 (4780) and 4900 for 
diethylether-DF) we can still assign 6485 and 4770 
(or 4780) to the pure overtone vlo2 and 6650 and 4900 
to (2,l) + (0,l). Indeed, the frequency of the latter 
is vlo2 + 2X13 and the observed intervals 165 cm-' 
and 120 cm-' are just slightly larger than twice the 
X13 values inferred from the fundamentals. Like this 
combinations with v, would not be involved. 

Three alternative interpretations of the spectra are 
possible. 

(b) We can take the second bands in the overtone 
spectra (6525 for diethylether-HF and 6650 for 
dimethylether-HF) with 4780, 4770, and (the in- 
ferred) 4860 for dimethylether-DF. This would, 
however, yield isotopic ratios around 1.365 for the 
overtones and this is certainly too high. 

(c) We can take the second bands in the overtone 
spectra as vlo2 for both the H F  and D F  complexes. 
(4900 cm-' for diethylether-DF.) This would give 
isotopic ratios for the X,, close to 3.0 which is much 
too high. 

(d) There seems to exist another consistent way of 
assigning the subbands in the overtone spectra. One 
could suppose that in the H F  complexes the first 
band is 'hot': (2,O) t (0,l) and that the second band 
is the pure vlo2. (6650 cm-l for dimethylether-HF, 
6525 cm-' for the two diethylether-HF complexes, 
and 6765 cm-' in acetone-HF (Table 3).) This ap- 
pears to be plausible for two reasons. First, as said 
above the Sheppard shift would favor this assign- 
ment. Second, the shift from the (2,O) + (0,O) to the 
(2,O) t (0,l) bands is 6650 - 6485 = 165, 6525 - 
6335 = 190,6525 - 6325 = 200cm-l, 6765 - 6530 
= 235 cm-', in the above order. Except for acetone 
they are close to the wavenumbers of v:' determined 
by Thomas. With these assignments, since 
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one obtains that Xl l  is about - 140 cm-' (Table 3). 
The ether-DF complexes do not fit into this 

scheme, however. As mentioned above the two bands 
are separated by only 120 or 130 cm-'. This is signi- 
ficantly less than v,O1. Thus while the two bands 
cannot be interpreted as the pure overtone and the 
summation tone they cannot be interpreted as the 
difference tone and the pure overtone either. 

In other words, it is readily seen that, for example, 
4770 + 165 = 4935 cm-', so that negative XI,  
would be required according to [9] to bring this back 
to 4900 cm-', about XI, = -35 cm-'. This would 
contradict Sheppard's principle. The same can be 
applied to the complexes with HF. For example, if 
for (C,H,),O.HF the bands at 6335 and 6525 cm-' 
were vlo2 and (vl + v,) respectively since the interval 
between them is just about equal to v301, the cou- 
pling constant would be practically zero. With no 
anharmonic coupling most known theories on hy- 
drogen bonding would also come to zero. 

One could, however, suppose that the 4900 and 
4770 (or 80) bands are the sum and difference tones 
of vlo2 and the bridge wagging vibration v, with a 
wavenumber of about 50 or 60 cm-' so that vlo2 
would be located near their midpoint but closer to 
the band of lower wavenumber. This assumption 
would give XI ,  values of the order of - 75 cm-' 
for the diethylether-DF as well as for dimethylether- 
DF taking this time the apparent maximum for the 
latter (4930 cm-I). This would amount to a coherent 
picture as can be seen from the data of Table 3. It is 
strange, however, that for obtaining it we have to 
take the midpoint of the two bands for the DF com- 
plexes but the bands of higher wavenumber for the 
HF complexes., This is not impossible. That the pure 
overtone is the second band for the HF complexes 
but the first one for the DF complexes would be in 
line with the larger amplitude (and anharmonicity) 
of the HF vibration and the larger Sheppard-shift 
it causes. If the scheme of Table 3 did apply the in- 
crease in Xl l  would still be sizeable, about - 140 
cm-' for HF instead of -90 cm-I for the free vibra- 
tor and - 75 cm-I for DF instead of -46 cm-'. This 
latter scheme is of a rather artificial character, how- 
ever. In view of all the different considerations we 
regard the initial assignment of the spectra (a, 
Table 2) as the most probable which we can propose 
from the available data. 

Conclusions 
Despite the difficulties encountered in the inter- 

pretation of our results some noteworthy points 
emerge. 

(I) The observed isotopic ratios confirm Arnold 
and Millen's original assignments for the fundamen- 
tals. 

(2) The existence of the Sheppard shift does not 
make it impossible for the 0-0 band to be the most 
intense one. 

(3) The v1 + v, type combinations are not neces- 
sarily the strongest bands in the spectrum. In par- 
ticular stretching and bridge-bending or (1,l) + 
(0,l) type combinations seem to be prominent in 
overtone spectra. These conditions can vary from 
case to case. 

(4) The values of the anharmonicity constants de- 
pend, of course, on the assignments we make but in 
every case a sizeable increase for Xl l  is obtained 
upon H-bonding. While the overtone spectra did not 
make it possible to obtain new values for the cou- 
pling constant X1 ,, Millen's values (about +70 cm- ' 
for HF complexes) seem to be of the right order of 
magnitude. 

(5) The sizeable (although not dramatic) increase 
in XI upon H-bond formation supports, in a general 
way, the order of magnitude of the values obtained 
for associated alcohols and some other systems in 
solution (7-12). Their Xl l  also underwent a signifi- 
cant increase upon H-bond formation although to a 
lesser extent than the H F  complexes treated in this 
paper. 
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Hydrogen bonding and vapor pressure isotope effect of ethanethiol 
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JERZY SZYDLOWSKI and HANS WOLFF. Can. J. Chem. 57, 1350 (1979). 
The vapor pressure ratios of ethanethiol and ethanethiol-dl between 223 and 323 K can be 

represented by the relation 

In PD/PH = -5116.67 KZ/TZ 4- 34.032 KIT - 0.04804 

The PD/PH vs. T curve increases initially and reaches a flat maximum at 293 K ;  at higher 
temperatures there is an apparent decrease. This behavior can be explained by the super- 
position of predominantly the normal effect of the intermolecular vibrations and the SH and 
SD torsion vibrations, and the inverse effect of the SH and SD stretching vibrations. Contrary 
to the value of 0.91 reported previously, PD/PH values of 1.002 to 1.008 confirm that for weakly 
hydrogen-bonded substances and their deuterium-bonded analogues a negligibly normal or a 
slightly inverse vapor pressure isotope effect should be observed. 

JERZY SZYDLOWSKI et HANS WOLEF. Can. J. Chem. 57,1350 (1979). 
On peut reprbenter les rapports des tensions de vapeur de l'kthanethiol et de l'kthanethiol- 

dl entre 223 et 323 K par la relation 

In P D / P H  = -5116.67 KZ/TZ 4- 34.032 K/T - 0.04804 

La courbe du rapport PD/PH vs T augmente au dkbut et atteint un maximum a 293 K ;  i des 
tempkratures plus klevkes, il semble se produire une diminution. On peut expliquer ce com- 
portement par la superposition d'un effet normal predominant des vibrations intermolkculaires 
et des vibrations de torsion SH et SD et l'effet inverse des vibrations de valence SH et SD. 
Contrairement a la valeur de 0.91 rapportke antkrieurement, les valeurs de P D / P H  de 1.002 a 
1.008 confirment que dans le cas de substances faiblement likes par des liaisons hydrogene et 
celui de leurs analogues liks par des deutkrium, on devrait observer un effet isotopique de la 
tension de vapeur qui est lkgerement inverse ou faiblement normal. 

[Traduit par le journal] 

While valuable results have been obtained from 
investigations of the vapor pressure isotope effect on 
hydrogen bonding of water, alcohols, amines, car- 
boxylic acids, e t ~ .  (1-3), such information is lacking 
in the case of thiols. Hobden et al. (4) have reported 
the PD/PH ratio of 0.91 at 298 K from the vapor 
pressures of C2H5SH and C2H5SD. According to 
the relationship developed between hydrogen bond- 
ing and vapor pressure isotope effect (1-3) this value 
appears too low for a substance with weak hydrogen 
bonding, such as ethanethiol (5, 6). Reliable and 
more complete data over a wide temperature range 
are required in order to obtain further insight into 
the vapor pressure behavior of thiols. Therefore, the 
vapor pressures of C2H5SH and C2H5SD and their 
ratios were determined between 223 and 323 K. 

Ethanethiol (purchased in pure form from Fluka) 
was dried over molecular sieve, previously heated 
under vacuum at 300°C, and then purified by low 
temperature distillation in a spinning band column. 
Ethanethiol-dl was prepared by the exchange 

'Permanent address: Department of Chemistry, University 
of Warsaw, Zwirki i Wigury 101, 02-069 Warsaw, Poland. 

reaction of pure C2H5SH with D 2 0  using a specially 
designed column; a four stage exchange, prior to the 
further purification as for C2H5SH, yielded a purity 
of C2H5SD better than 99%. 

The pressures of C2H,SH and C2H5SD between 
293 and 323 K were measured with a quartz mano- 
meter. In the range 223-293 K the pressures of 
C2H5SH were determined with a mercury mano- 
meter, and the pressure differences AP = P(C,H5SD) 
- P(C2H5SH) with a differential mercury mano- 
meter; the pressures of C2H5SD resulted from 
P(C2H5SH) and AP. The sample cell (two sample 
cells in difference measurements) and the quartz 
manometer with its connections to the sample cell in 
measurements above room temperature were thermo- 
stated by the method described in previous vapor 
pressure investigations of binary mixtures (7, 8). The 
drift of the sample temperature during a measure- 
ment was less than 0.02 K,  and a cathetometer was 
used to determine the pressure differences. This led 
to an accuracy of 0.2 Torr in the pressure deter- 
minations with the quartz manometer and of 0.02 
Torr with the differential mercury manometer. 

The results of the determinations are listed in 

0008-4042/79/111350-04$01 .OO/O 
01979 National Research Council of Canada/Conseil national de recherches du Canada 
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SZYDLOWSKl AND WOLFF 1351 

Table 1. The pressures of C2H,SH are in agreement 
with those of McCullough et al. (9) between 273 and 
323 K and can be represented over the entire experi- 
mental temperature range of 223-323 K by the 
equation 

[I] log PITorr = - 64261.1 K ~ / T ~  
I 
i - 1039.10 KIT + 6.92908 

The pressures of C,H,SD, which are reported for 
the first time (Table l), can be represented over the 
same temperature range by the equation2 

[2] log PITorr = - 66468.8 K2/T2 

- 1024.43 KIT + 6.90840 

The PD/PH ratios were found to be 1.002 to  1.008 
between 223 and 323 K and can be represented by 
the relation 

X two parameter equation of the A/T2 + BIT type 
1 fits badly the experimental results at high and low 
, temperatures. 
! The PD/PH vs. T curve (Fig. 1) initially increases ' and reaches a flat maximum at 293 K ;  at higher 

temperatures there is an apparent decrease. This 
significant behavior can be explained by the super- 
position of a weak normal vapor pressure isotope 
effept which rapidly converges to unity, and of a 
somewhat greater inverse effect which slowly con- 
verges to unity. In eq. [5] the weak normal effect can 
be associated with the I / T ~  term which in light of 
the theory of the vapor pressure isotope effect (10-13) 
is related to the low-lying vibrations, in particular 
the intermolecular vibrations. The somewhat greater 
inverse effect can be associated with the l / T  term 
which is related to the high-lying intramolecular 
vibrations. However, the situation is more com- 

'The Antoine equations, mostly used in the representation 
of vapor pressure data but physically less significant, are for 
C2H5SH for the temperature range of 223-293 K 

[3a] log P/Torr = 7.10235 - 1156.08/(T/K - 34.237) 

and for the temperature range of 293-323 K 

[3b] log PITorr = 6.93273 - 1074.83/(T/K - 42.912) 

The corresponding equations of C2H5SD for the range of 
223-293 K are 

[4a] log P/Torr = 7.09984 - 1151.74/(T/K - 34.849) 

and for the range of 293-323 K 

[4b] log P/Torr = 6.91033 - 1051.47/(T/K - 44.508) 

plicated because the constant term, being due to 
temperature dependence and anharmonicity of the 
vibrations as well as to other complications, is com- 
parable in the order of its magnitude to the 1/T and 
the 1/T2 terms. 

According to infrared and Raman measurements 
of the internal frequencies (1416) only stretching 
and torsion vibrations of the sulfhydryl group show 
changes on condensation which noticeably differ for 
the normal and the deuterated compound. Therefore, 
the use of these vibrations for the internal frequencies 
should be sufficient to approximately evaluate the 
equation for the vapor pressure ratio (10-13). In its 
simplified form based on the cell model for the liquid 
and neglecting anharmonicities etc., this equation 
gives PD/PH as function of 6 external frequencies of 
the condensed phase and of 3N - 6 internal fre- 
quencies of the gaseous as well as of the condensed 
phase (eq. [13] of ref. 12). 

The values of 259912590 and 2558 cm-I of the 
stretching vibrations and of 191 and 215 cm-l of the 
torsion vibrations may be applied for the two phases 
of C2H,SH. The corresponding frequencies of 
C2H,SD are 188811883 and 1860 cm-l and 150 and 
169 cm-I (1416) (169 cm- from the relation 

H 
("gasH - Vliq )IvgasH = (vgasD - v,iqD)IvgasD). Assum- 
ing no large error occurs due to differences in the 
equilibrium of trans and gauche conformers, the 
factor with which the internal frequencies enter the 
PD/PH ratio is found to be 1.025-1.021 between 270 
and 320 K.  From these values and the measured 
PD/PH values (Table 1) the factor with which the 
external frequencies enter the ratio is determined to  
be 0.983-0.987. 

The contribution of the three translations com- 
puted from 

(M' and M are the molecular weights of C,H,SH 
and C2H,SD) for the Debye temperature of 129.4 K 
(9) is negligible; therefore, the values of 0.983-0.987 
are due to the contribution of the three librations. 
Defining the cube root of the product of the three 
different librations as mean libration, q, and the cube 
root of the product of the three different moments 
of inertia as mean moment of inertia, the relation 

can be assumed, where the moments of inertia for 
the calculation of ( r /a112 have been taken from 
literature (17, 18) (the value of 0.979 is the average 
of (I'/Q1l2 of the trans and gauche conformers). From 
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CAN. J. CHEM. VOL. 57, 1979 

TABLE 1. Results of vapor pressure measurements of the pair C2H,SH/C2H5SD* 

T/K PH/Torrt AP/Torr PD/PH T/K PH/Torr AP/Torr PD/P, 

224.86 10.6, 0.02 1.0019 276.18 210.73 1.67 1 .0079 
230.46 16.40 0.04 1 .0024 278.24 231.35 1.85 1.0080 
232.81 19.22 0.06 1.0031 278.32 232. l 9  1.86 1 .0080 
233.06 19.54 0.07 1 .0036 278.80 237. 24 1.97 1 .0083 
235.46 22.86 0.08 1.0035 280.26 253.16 2.01 1.0079 
236.02 23.73 0.10 1 .0042 280.36 254. Z9 2.07 1.0081 
237.92 26.S0 0.13 1 .OM9 282.16 275.20 2.18 1 ,0079 
239.22 29.10 0.15 1 .0052 282.50 279.30 2.25 1.0081 
240.64 31 .79 0.14 1.0044 283.30 289.16 2.35 I .0081 
242.32 35.25 0.19 1 .0054 283.80 295.46 2.47 1 ,0084 
242.68 36.0, 0.20 1 .0055 285.26 314.51 2.55 1.0081 
242.88 36.48 0.22 1 .0060 286.28 328.41 2.74 1.0083 
244.98 41 .39 0.24 1 ,0058 287.36 343.67 2.71 1 .0079 
245.42 42.4s 0.25 1 .0059 288.56 360.71 2.94 1.0082 
248.16 49.88 0.30 1.0060 289.00 367.26 3.06 1.0083 
248.56 51.05 0.32 1 .0063 290.92 396.99 3.24 1.0082 
251.68 60.96 0.40 1 ,0066 291.02 398.59 3.33 1 .0084 
252.74 64.68 0.44 1.0068 291.76 410.5g 3.47 I .0085 
253.12 66.0, 0.43 1 .0065 292.91 429.80 3.47 1.0081 
254.96 73.08 0.50 1 .0068 293.80 445. l 6  (3.6,) 1.0082 
255.68 76.00 0.57 1 .0075 294.44 456.47 (3.89) 1.0085 
257.26 82.74 0.62 1 .0075 297.15 507.13 (4.5,) 1.0090 
257;84 85.34 0.67 1 .0079 299.15 547.16 (4.87) 1.0089 
259.68 94.0, 0.73 1.0078 301.15 589.65 (5.21) 1 .0088 
262.96 111.38 0.84 1.0075 303.15 634.7, (5.56) 1.0088 
263.02 111.7, 0.87 1.0078 305.15 682.44 (5.94) 1.0087 
265.80 128.4, 1.02 1 .0079 307.15 732.9, (6.34) 1.0086 
265.82 128. 62 0.98 1.0076 309.15 786.39 (6.76) 1.0086 
268.62 147. S9 1.14 1.0077 311.15 842.32 (7.21) I .0086 
268.88 149.4,j 1.18 1.0079 313.15 902.38 (7.69) 1 .0085 
272.00 173.S3 1.41 1.0081 315.15 965.18 (8.19) 1.0085 
272.70 179.35 1.41 1 .0079 317.15 1031 .34 (8.72) 1.0085 
274.34 193 .6~  1.55 1 .0080 319.15 1100.98 (9.29) 1 .0084 
274.54 195 .4~  1.55 1.0079 321.15 1174.21 (9.89) 1 .0084 
275.28 202. 21 1.65 1 .0082 323.15 1251.17 (10.52) 1 .0084 

*pH = pressure of C2H,SH; A P  = difference of  the pressures P, of C2H,SD and PH of C2H5SH; measured pressure differ- 
ences are without parentheses; pressure differences calculated from P(C,H5SD) and P(C,H5SH) are within parentheses; 
P,IPH = measured vapor pressure ratio. 

tl Torr = 0.13332 kPa. 

FIG. 1. Vapor pressure ratio PD/PH of ethanethiol and 
ethanethiol-dl as function of the temperature; 0 measured 
points; --- ratios calculated according to eq. 151. 

[7] and the contribution of the three librations (eq. 
[13] of ref. 12) with the values of 0.983-0.987, is 
calculated as 350-360 cm-l, and as 340-350 cm-I. 

There is no doubt that the high values obtained 
can be considered only as rough approximations of 
the actual values due to their sensitivity to small 
frequency errors and the considerable simplifications 
involved in these calculations. Nevertheless, the 
results permit the interpretation that the super- 
position predominantly of the normal effect of the 
intermolecular vibrations and the SH and SD 
torsion vibrations and of the inverse effect of the SH 
and SD stretching vibrations leads to the measured 
vapor pressure ratio curve. 

It may be added that the P,/P, ratio at 293 K has 
been determined to be 1.010 for CH,SH and CH,SD 
(19) and 1.014 for H2S and D2S (20); the 293 K 
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value of C2H5SH and C2H5SD is 1.008. The result Schuster, G. Zundel, and C. Sandorfy. ~orth-Holland 

for ethanethiol, therefore, is in reasonable agreement CO.l Amsterdam. 1976- p. 1227. 
4. F .  W. HOBDEN, E. P. JOHNSTON, L. R. P. WELDON, and 

with the data for other sulfhydrides, while there G. L. WILSON. J ,  Chem, Sot, 61 (1939), 
exists a considerable difference in relation to the 5. s. M. MARCUS and S. J. MILLER. J. Am, Chem. sot. 88, 
oxygenic analogue of ethanethiol; the PD/PH ratio of 3719 (1966). 
ethanol is lowered to about 0.94 (21) as a con- 6. A. J. BARNES, H. E. HALLAM, and J .  D. R. HOWELLS. 

Trans. Faraday Soc. 68,737 (1972). I sequence of its strong bonding' 7. H. WoLFF and H.-E, HopPEL. Ber  Bunsenges, Phys. ! to the large normal vapor pressure isotope effect Chem. 72, 1173 
reported previously, the high accuracy of the present 8. H. WOLFF and 0. SCHILLER. TO bepublished. 
measurements on ethanethiol confirms that for 9. J. P. MCCULLOUGH, D. W. SCOTT, H. L. FINKE, M. E. 
weakly hydrogen-bonded substances and their GROSS, K. D. WILLIAMSON, R. E. PENNINGTON, G. WAD- 

DINGTON, and H. M. HUFFMAN. J. Am. Chem. Soc. 74, deuterium-bonded analogues only a negligibly 2801 (1952). 
normal or a slightly inverse effect should be observed. lo. J. BIGELEISEN. J. Chem. phys. 34,1485 (1961). 
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Isotope effects in nucleophilic substitution reactions. III. The effect of changing the leaving 
group on transition state structure in S,2 reactions 

KENNETH CHARLES WESTAWAY' AND SYED FASAHAT ALI 
Department of Chemisrry, Laurenrian Uniuersiry, Sudbury, Onr. Canada P3E2C6 
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KENNETH CHARLES WESTAWAY and SYED FASAHAT ALI. Can. J. Chem. 57,1354 (1979). 
The nucleophilic substitution reactions of a series of 4-substituted phenylbenzyldimethyl- 

ammonium ions with thiophenoxide ions at 0°C in N,N-dimethylformamide have been used to 
demonstrate how a change in the leaving group alters the structure of the SN2 transition state. 
Heavy atom (nitrogen) kinetic isotope effects, secondary a-deuterium kinetic isotope effects 
and Hammett p values provide qualitative descriptions of both the nucleophilea-carbon and 
a-carbon - leaving group bonds in the transition states of these reactions. The results indicate 
that changing to a better leaving group causes the bond between the a-carbon and the nucleo- 
phile to be much more fully formed while the bond to the leaving group is essentially unchanged. 
The results are discussed in the light of current theories of substituent effects on SN2 reactions 
and a possible explanation for the surprising results (i) that the greatest effect is in the bond 
more remote from the point of structural change and (ii) that more nucleophilic assistance is 
required to displace a better leaving group is given. 

KENNETH CHARLES WESTAWAY et SYED FASAHAT ALI. Can. J. Chem. 57,1354 (1979). 
On a utilise les reactions de substitutions nucleophiles d'une skrie d'ions X-4 phenylbenzyl- 

dimkthylammonium avec les ions thiophknolates a 0°C dans le N,N-dimkthylformamide pour 
dkmontrer I'influence d'un changement dans le nucleofuge sur la structure de I'ktat de transi- 
tion SN2. Les effets isotopiques cinetiques des atomes lourds (azote), les effets isotopiques 
cinetiques secondaires des deutkrium en a et les valeurs p de Hammett fournissent des descrip- 
tions qualitatives des liaisons nuclkophile - carbone en alpha'et carbone en alpha groupe 
nuclkofuge dans les ktats de transition de ces reactions. Les r6sultats indiquent que si I'on 
utilise un meilleur nuclCofuge la liaison entre le carbone alpha et le nucleophile devient plus 
developpke alors que la liaison vers le groupe nuclkofuge est pratiquement inchangee. On 
discute des rksultats a la lumiere des thkoriques actuelles des effets de substituants sur les 
rkactions SN2 et I'on propose une explication plausible pour les resultats surprenants: (i) que 
I'effet est le plus grand dans la liaison la plus Bloignee du point de changement structural et 
(ii) qu'il faut plus d'aide de la part du nucleophile pour dtplacer un meilleur nuclkofuge. 

[Traduit par le journal] 

Introduction have been used in studies on a wide range of reac- 
~ l t h ~ ~ ~ h  the mechanisms of the simple one-step tions in an effort to determine how the structure of 

(SJ) nucleophilic substitution reaction at saturated the reactants affects the structure of the S,2 transi- 
carbon, eq. [I], have been investigated for over half tion states. In addition, several theoretical studies 

(18-23) have predicted the answer to this question. 
I I In spite of these studies, the question has not been 

['I N- + --C-L - N-C- +L- resolved completely. This has happened for two I I reasons. First, changes in the structure of either the 
a century, there are still some questions that remain n~cleo~hi le  or the leaving group cause large changes 
unanswered. One of these questions is: H~~ does a in ~ e ~ e r a l  properties of the reacting molecule. For 
change in the nucleophile, N-, the substrate, or the example, even changing the leaving group from 
leaving group, L-, affect the structure of the transi- chloride ion to bromide ion causes large changes in 
tion state of an S,2 reaction? In fact, rate studies (i) the force constant of the Ca-L bond, (ii) the 
(1, 2), secondary a-deuterium kinetic isotope effects ~olarizabilit~ of the leaving group, (iii) the dipole 
(3-9, thermodynamic properties (6, 7), heavy atom moment of the Ca-L bond, (iv) the Ca-L bond 
(carbon (5, 8), nitrogen (9, lo), sulfur (11-13), length, (0) the size of the leaving group changing the 
chlorine (14-15), and bromine2) kinetic isotope steric crowding at the reaction center, and (vi) the 
effects, and linear free energy relationships (2, 9, 10) solvation of both the substrate and the transition 

state. These changes make comparisons between 
1Author to whom all correspondence should be addressed. different reactions difficult to interpret and it is 
2J. W. Taylor. Private communication. impossible to indicate why the observed changes 

,0008-4042/79/111354- 14$0 1 .OO/O 
01979 National Research Council of CanadalConseil national de recherches du Canada 
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WESTAWAY AND ALI 1355 

occur. The second difficulty is that these studies 
have not provided enough infotmation so that 
detailed models of the transition states could be con- 
structed. For example, almost all of these studies 
have only provided information about the Ca--L 
transition state bond length and the lengths of the 
other bond(s) in the transition state have either been 
ignored or inferred from the predictions of theore- 
tical models (18-22) which have not been tested 
experimentally. 

In this study, eq. [2], the structure of the nucleo- 

phile, the substrate, or the leaving group can be 
altered without changing the properties of the reac- 
tants significantly. For example, changing the sub- 
stituent Z in the leaving group will not change the 
Ca-N bond length, the size of the leaving group at 
the reaction center, or the polarizability of the leaving 
atom. In addition, the changes in the Ca-N bond 
strength, the dipole moment of the Ca-N bond, 
and the solvation of the substrate and the transition 
state would be small or zero. Thus, the effect of a 
change resulting from a change in the structure of 
the leaving group can be determined and related to 
one property: the elect~on donating or withdrawing 
ability of the substituent. The second advantage of 
this system is that the combination of leaving group 
(nitrogen) kinetic isotope effects, secondary a- 
deuterium kinetic isotope effects, and Hammett p 
values has led to complete (albeit qualitative) struc- 
tures for the SN2 transition states for three different 
leaving groups. This removes the uncertainty 
associated with the other studies and provides the 
answer to the question of how the structure of the 
transition state varies with a change in the leaving 
group of an S,2 reaction. 

Results and Discussion 
The reactions used in this study were followed by 

titrating the unreacted thiophenoxide ion with 
Hg(I1) ion (24). The data was consistent with a 
second order reaction that was first order in each 
reactant. The kinetics and a Hammett p value of 
- 1.70 associated with a change of the X group 
(eq. [2]) in the reaction with phenylbenzyldimethyl- 
ammonium ion indicated that the Ca-S bond was 
formed in the transition state of the slow step of the 
reaction (9, 10). A Hammett p value of +2.04 when 
the Z substituent in the leaving group was varied and 
a nitrogen kinetic isotope effect of 1.0200 showed 
that the Ca-N bond was breaking in the transition 
state of the rate-determining step (9). These results 
were only consistent with the one-step SN2 mecha- 
nism (9, 10, 25). 

The products of the reaction, benzylphenyl sulfide 
and N,N-dimethylaniline, were recovered from reac- 
tions taken to completion and analyzed by gas 
chromatography using the internal standard tech- 
nique (benzylphenyl sulfide) (26) and the micro- 
Kjeldahl technique (N,N-dimethylaniline) (9). These 
analyses showed that the products were formed 
quantitatively. This demonstrates that the kinetic 
isotope effects and rate constants measured in this 
study are those of the SN2 reaction shown in [2]. 

Kinetic Studies 
The second order rate constants for four different 

para-substituted thiophenoxide ions with each of the 
p-methoxyphenyl-, the phenyl-, and the p-chloro- 
phenylbenzyldimethylammonium ions are given in 
Table 1. Each rate constant is the average of the 
value obtained from at least four separate kinetic 
runs. The rate constant for the reaction between 
p-methoxythiophenoxide ion and p-chlorophenyl- 
benzyldimethylammonium ion was too fast to be 
measured by the titrimetric method used to follow 
these reactions. 

The rate constant is altered significantly by a 
change in leaving group. Changing the substituent Z 

TABLE 1. Second order rate constants for the SN2 substitution 
reactions ofpara-substituted phenylbenzyldimethylammonium 
ions with para-substituted thiophenoxide ions at P C  in DMF 

Substituent k (L/mol min) for substituent (X) on the thio- 
(Z) on the phenoxide ion 
N-phenyl 

group -OCH3 -CH3 -H C1 
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1356 CAN. J.  CHEM. VOL. 57, 1979 

from methoxy to hydrogen causes a threefold in- 
crease in rate while a tenfold increase in rate is 
observed for the more electron withdrawing chlorine 
substituent. Thus, the best leaving group from a 
kinetic point of view is the weakest base, p-chloro- 
N,N-dimethylaniline. This is, in fact, what is expected 
(27, 28). 

The best nucleophile for each substrate is the 
p-methoxythiophenoxide ion. The reactivity de- 
creases regularly as the substituent X becomes more 
electron withdrawing. This occurs because more 
electron withdrawing substituents lower the electron 
density on the sulfur atom of the nucleophile (29). 

Nitrogen Kinetic Isotope Eflect 
The nitrogen kinetic isotope effects for the reactions 

of the p-methoxyphenyl-, the phenyl-, and the p- 
chlorophenylbenzyldimethylammonium nitrates with 
sodium thiophenoxide at 0°C were calculated using 
P I  (9). 

where f is the fraction of quaternary ammonium salt 
that has reacted, R, is the 14N/15N ratio of the am- 
monium nitrogen in the starting material and R, is 
the corresponding ratio in the product (the para- 
substituted N,N-dimethylaniline) recovered after 
fractions of reaction ranging from 16-382 comple- 
tion. The fraction of reaction, f, was the average of 
the percent reaction found in the gas chromato- 
graphic analysis of the benzylphenyl sulfide and the 
micro-Kjeldahl analysis of the para-substituted N,N- 
dimethylaniline recovered from a reaction mixture 
(9). The R, value was obtained by measuring the 
1 4 ~  15 / N ratio in the product recovered from reac- 
tions taken 100% to completion. The I4N/l5N ratios 
for [3] were obtained in a mass spectrometric analysis 
of the nitrogen gas that was produced when the 
ammonium sulfate from the micro-Kjeldahl analysis 
was oxidized with sodium hypobromite (9). The 
results of these experiments are given in Table 2. 

The isotope effects are all large. In fact, they are 
approximately half of the theoretical maximum 
nitrogen kinetic isotope effect at 0°C3 and indicate 
that there is substantial Ca-N bond rupture in the 
transition states of these reactions. 

The relative lengths of the Ca--N bonds in the 
three transition states can be estimated from the mag- 
nitudes of these isotope effects (12-14). Theoretical 
calculations (31, 32) indicate that the magnitude of 
heavy atom (leaving group) kinetic isotope effects 

3The maximum nitrogen kinetic isotope effect of 1.04 at O°C 
was calculated using a Ca-N+ absorption frequency of 
1003 cm-' (30). 

TABLE 2. Nitrogen kinetic isotope effects for the SN2 substitu- 
tion reactions of para-substituted phenylbenzyldimethyl- 
ammonium nitrate with sodium thiophenoxide at O°C in DMF 

Para-substituent Fraction of 
(Z) on the Experiment reaction 

leaving group No. (%Y' k14/k15 

'Based on the average of the yields of benzylphenylsulfide and N,N-dime- 
thylaniiine. 

bStandard deviation. 

increases as the amount of the Ca-L bond rupture 
in the transition state  increase^.^ This relationship is 
predicted because the last term in the square brackets 
of Bigeleisen's equation (34) is smaller for a longer 
Ca--L transition state bond, eq. [4]. The terms p,? 

and p15* are the reaction coordinate frequencies of the 
transition state containing the C-14N and C-15N 
bonds respectively. The c ~ ~ ~ - ~  G(pi)Api term gives 
the difference in the vibrational energies of the 
nitrogen-14 and nitrogen-15 quaternary ammonium 
salts. G(pi*)Api* is the corresponding term 
for the transition states. 

An initial consideration of the results in Table 2 
shows that the three isotope effects are not statistic- 

4Theoretical calculations by Sirns and co-workers (33) show 
that hydrogen bonding between a protic solvent and a nega- 
tively charged leaving group, e.g., C1-, can reduce the magni- 
tude of a leaving group kinetic isotope effect (with respect to 
that expected for a particular a-carbon - leaving group transi- 
tion state bond length) significantly. This reduction in the 
magnitude of the isotope effect should be very small in the 
reactions reported in this paper because a nonhydrogen 
bonding solvent (DMF) is used and because the leaving group 
has a slight positive charge in the transition state. 
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WESTAWAY AND ALI 1357 

ally different. In spite of this, the isotope effects do 
increase slightly as the substituent Z on the leaving 
group is changed from methoxy to the more electron 
withdrawing chlorine. This suggests that the CM-N 
bond length is the same in all three transition states 
or increases very slightly as the substituent changes 

, from methoxy to chlorine. 
Unfortunately, the interpretation of these isotope 

effects is not simple. The difficulty arises because the 
N-C(pheny1) bond becomes stronger as the CM-N 
bond breaks.' Thus, some of the Ca-N vibrational 
energy that has been lost in going to the transition 
state is partially replaced by the increased vibrational 
energy associated with the strengthening of the 
N-C(pheny1) bond. The last term in [4] will not be 
reduced as much as expected for a particular Ca--N 
bond length and the slope of the 'magnitude of the 
kinetic isotope effect versus extent of Ca-N bond 
rupture in the transition state' curve will be lower 
(Fig. This suggests that the small, regular in- 
creases observed in the nitrogen kinetic isotope 
effects are indicative of slightly longer Ca--N tran- 
sition state bonds in the reactions with more electron 

1 withdrawing substituents. This interpretation of the 

1 results is strengthened because the N-C(pheny1) 
bond strengthening effect should be most important, 

' 
i.e., the observed nitrogen kinetic isotope effect will 

I 
I 'The conjugation between the dimethylamino group and the 
I benzene ring in the product (a para-substituted N,N-dimethyl- 

aniline) makes the N-C(pheny1) bond in the product (and to 
a lesser degree in the transition state) stronger than that in the 

I substrate where the lone pair of electrons are not available. 
I The absorption frequencies of the Ca-N bond of the sub- 

strate and the ~ - ~ ( ~ h e n ~ l )  bond of the product are 1000 and - 1330 cm-I respectively. 
6This phenomenon has been reported for carbon-13 kinetic 

isotope effects in the SN1 reactions of 1-phenylethylbromides 
(35, 36) and for a carbon-13 equilibrium isotope effect for the 
dissociation of triphenylmethylchloride into triphenylmethyl 
carbonium ion (37). In thesecases, thevibrational energies from 
the increased bonding in the CH3-Ca and the Ca-C(pheny1) 
bonds in the carbonium ions (the increase in frequency was 
-200-300 cm-I per bond or a bond order of - 1.2 (CH3- 
Ca+) and 1.5 (Ca+-C(pheny1) (L. B. Sims, private communi- 
cation)) was sufficient to balance or even overcome the loss of 
vibrational energy resulting from the rupture of the C-halogen 
bond (vibrational frequency - 500-600 cm-l) and small 
(35,36) and inverse (36,37) isotope effects were observed. The 
increased bonding in the N-C(pheny1) bond should have a 
much smaller effect on the nitrogen kinetic isotope effects 

, measured in this study because (a) only one bond increases its 
vibrational energy in the transition state, (b) the Ca-N bond 
is much stronger than a C-halogen bond so the loss of vibra- 
tional energy will be greater, (c) the amount of Ca-N bond 

I rupture and thus N-C(pheny1) bond strengthening (this uses 
the same pair of electrons) are smaller in an SN2 transition 
state than in an SN1 transition state (39,40), and ( d )  the amount 
of N-C(pheny1) bond strengthening should be smaller than 
that observed for the Ca+-C(pheny1) bond where the demand 
for electrons by the positively charged carbon is greater. 

C,-N Bond Rupture - 
FIG. 1. Nitrogen kinetic isotope effect versus extent of 

Ca-N bond rupture in the transition state (a) for a system 
where there is no interaction between the developing lone pair 
of electrons on the dimethylamino group and the benzene ring 
of the leaving group, (b) for a system where there is conjuga- 
tion between the dimethylamino group and the benzene ring 
of the leaving group, and (c) for a system where the conjuga- 
tion between the dimethylamino group and the benzene ring is 
increased by an electron withdrawing substituent Z in the 
leaving group. 

be smaller, when the substituent on the leaving group 
is chlorine, the most electron withdrawing substi- 
tuent used in this study (Fig. lc). Thus, the best 
interpretation of these results is that the Ca--N 
transition state bond becomes slightly longer as the 
substituent Z changes from methoxy to hydrogen to 
chlorine. 

Secondary a-Deuterium Kinetic Isotope Effects 
The secondary a-deuterium kinetic isotope effects 

were also determined by the competitive technique 
(9,10), i.e., by reacting approximately equal amounts 
of thepara-substituted phenylbenzyl-1 ,1-d2-dimethyl- 
ammonium nitrate and the corresponding undeu- 
terated quaternary ammonium salt to extents of 
reaction varying from 17-27% completion. The 
isotope effect was calculated using [3]. The fraction 
of reaction f was calculated from the results of a gas 
chromatographic analysis of the product (benzyl- 
1 , l  -d2-phenyl sulfide and benzylphenyl sulfide) 
using the internal standard technique (9, 26). The 
ratio of the undeuteratedldideuterated benzyl- 
phenyl sulfide in the product of reactions taken part 
way to completion, R,, was determined in a mass 
spectrometric analysis of the benzylphenyl sulfide. 
The ratio of undeuteratedldideuterated para-sub- 
stituted phenylbenzyldimethylammonium ion, Ro, 
was obtained from the weights of the undeuterated 
and deuterated quaternary ammonium salts and the 
percentage of dideuterated material (98.1%) in the 
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TABLE 3. Secondary a-deuterium kinetic isotope effects for the reactions between para-methoxyphenyl-, phenyl-, and para- 
chlorophenylbenzyl-1,l-d2-dimethylammonium nitrates and thiophenoxide ion at P C  in DMF 

Weight of Fractionb 
Substituent (2) undeuterated PhCH2N+(CH3)2C6H4Za PhCH2SPh of 
in the leaving deuterated PhCD2N+(CH3)2C6H4Z PhCD2SPh reaction k ~ / k ~  

group substrate (Ro) (Rd ( f  k ~ / k ~  per a-D 

-C1 0.19173/0.19440 1.0127 1.1455 0.215 1.148 1 ,072 
0.19642/0.19781 1.0196 1.1608 0.214 1.156 1 .075 
0.18007/0.17977 1.0285 1.1772 0.225 1.165 1 ,079 
0.19394/0.18884 1 .0545 1.1796 0.204 1.133 1.065 

1.151+0.014 1.073+0.0056 
- 

OThe deuterated substrate was 98.17 dideuterated at the u-carbon. 
bThe fraction of reaction was correAed for the error in the recovery of the product. 

deuterated substrate. The secondary a-deuterium 
kinetic isotope effects for the reaction of the p- 
methoxyphenyl-, the phenyl-, and the p-chloro- 
phenylbenzyldimethylammonium ion with thiophen- 
oxide ion at 0°C in DMF are given in Table 3. 

An examination of the isotope effects in Table 3 
shows that (i) all three isotope effects are signifi- 
cantly larger than the maximum secondary a- 
deuterium kinetic isotope effect (k,/k, = 1.08 or 
1.04 per a-deuterium) expected for an S,2 reaction 
(41) and (ii) that the magnitude of these isotope 
effects decreases as a more electron withdrawing 
substituent Z is added to the leaving group. 

Unusually large secondary a-deuterium kinetic 
isotope effects are observed in these SN2 reactions 
because the exceptionally large steric crowding 
around the Ca-H bonds in the substrates is reduced 
substantially in going to transition states with fairly 
long Ca--N and S--Ca bonds.7 Thus, the zero point 
energy difference for the Ca-H and Ca-D out-of- 
plane bending vibrations will be much smaller in the 
transition state than in the reactant and large normal 
deuterium kinetic isotope effects would be expected 
for these reactions (10, 25). 

'The steric crowding around the reacting atoms in the initial 
states of the p-methoxyphenyl-, the phenyl, and the p-chloro- 
phenylbenzyldimethylammonium ions will be identical. 
Moreover, the very similar nitrogen kinetic isotope effects and 
Hammett p values for substitution in the nucleophile (vide 
infra) observed for these reactions indicate that the transition 
states are similar. 

More important, however, is the regular8 decrease 
that is observed in the isotope effects as the sub- 
stituent Z in the leaving group is changed from 
methoxy to chlorine. Unfortunately, no one has been 
able to suggest how the magnitudes of secondary 
a-deuterium kinetic isotope effects are related to the 
structure of SN2 transition states (16). Thus the 
meaning of the trend in these isotope effects cannot 
be interpreted with certainty. 

A consideration of the trend in the isotope effects 
in Table 3 has led the authors to propose that the 
magnitude of secondary a-deuterium kinetic isotope 
effects from closely related SN2 reactions can be used 
to determine the structure of the transition state. 
Several workers have shown that the magnitude of 
secondary a-deuterium kinetic isotope effects is 
primarily determined by the changes that occur in 
the Ca-H out-of-plane bending vibrations when 
the substrate is converted into the transition state 
(42-44). In fact, the energy of these bending vibra- 
tions is directly related to the amount of steric 
crowding around the Ca-H bonds. A change of the 
substituent Z in the leaving group occurs several 
bonds away from the reaction center and obviously 
will not affect the steric crowding around the Ca-H 
bonds in the substrate. Thus the energy (frequency) 
of these vibrations and the zero point energy dif- 

'The magnitude of the isotope effect decreases by 3% when 
the change in the Hammett cr values of the substituent Z is 
0.27 = loocH, - crHI and 0.23 = loH - crcll. 
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WESTAWAY AND ALI 1359 

ference (4hv) for the Ca-H and Ca-D out-of-plane 
bending vibrations will be the same for ail three sub- 
strates. This means the trend observed in these 
isotope effects is caused by differences in the steric 
crowding around the Ca-H bonds in the transition 
states with Z equal to methoxy, hydrogen, and 
chlorine. The energy of the transition state Ca-H 
out-of-plane bending vibrations will be directly 
related to the amount of steric crowding around the 
Ca-H bonds. The amount of steric crowding 
around the Ca-H bonds in the trigonal bipyramidal 
transition state can only be altered significantly by 
changing the length of one or both of the nucleo- 
phile-a-carbon or a-carbon - leaving group bonds. 
Thus if either or both of the nucleophile-a-carbon 
and a-carbon - leaving group bonds were shorter in 
the transition state, the steric crowding around the 
Ca-H bonds would be larger and the energy of the 
out-of-plane bending vibrations would be increased 
(Fig. 2). This means the zero point energy difference 
between the Ca-H and Ca-D bonds will also be 
larger and a smaller kinetic isotope effect would be 
observed (Fig. 2c). These bond changes which 

I decrease the nucleophile - leaving group distance in 
1 the transition state lead to a decrease in the magni- 

tude of the secondary a-deuterium kinetic isotope 
effect. It follows that a larger nucleophile - leaving 
group distance in the transition state produces lower 
energy Ca-H bending vibrations and a larger 
isotope effect (Fig. 2a). Thus, the magnitude of the 
secondary a-deuterium kinetic isotope effect should 
be a measure of the nucleophile - leaving group 
distance in an S,2 transition state.g 

The data obtained in theoretical calculations of 
SN2 transition states (23, 44) provides evidence to 
support this use of secondary a-deuterium kinetic 
isotope effects. Bron (44) has calculated secondary 
a-deuterium kinetic isotope effects for the SN2 
hydrolysis of benzyl bromide. Isotope effects were 
calculated for a wide range of transition state struc- 
tures, i.e., many 0-Ca bond order/Ca-Br bond 
order = n,/n2 ratios representing reactant-like, in- 
termediate, and product-like transition states were 
used in the calculations. For all n,/n2 ratios, the 
magnitude of the isotope effect decreased linearly as 
the total bond order n, = n, + n, increased from 
zero to 1.5. Since an increase in n, means that both 

'This method of estimating transition state structure may not 
be useful in every case. It would be difficult, if not impossible, 
to relate the magnitude of the isotope effect to transition state 
structure if a substituent change causes one bond to become 
longer and the second bond to shorten. It would also fail in 
cases where the change in substituent altered the steric 
crowding at the a-carbon of the substrate. 

FIG. 2. The effect of a change in the nucleophile - leaving 
group (N-L) distance on the zero point energy difference 
between the Ca-H and Ca-D out-of-plane bending vibra- 
tions in an SN2 transition state and hence on the magnitude of 
the secondary a-deuterium kinetic isotope effect. 

0-Ca and Ca-Br bond orders are increased (the 
0-Ca and Ca-Br bonds become shorter), the 
isotope effect decreases as the 0-Br distance is 
decreased. This is precisely the relationship pro- 
posed above. Similar calculations by Sims and CO- 

workers (23) predict that the same relationship 
between the magnitude of the isotope effect and the 
nucleophile - leaving group distance in the transition 
state, exists. Thus it would appear that the magni- 
tude of the secondary a-deuterium kinetic isotope 
effects measured in this study can be used to obtain 
the sulfur-nitrogen distance in the transition states 
with the substituent Z in the leaving group equal to 
methoxy, hydrogen, and chlorine. 

The magnitude of the secondary a-deuterium 
kinetic isotope effects in Table 3 decreases when a 
more electron withdrawing substituent is in the 
leaving group. The relationship proposed above 
suggests that the largest S-N distance exists in the 
transition state with Z equal to methoxy. The small- 
est S-N distance is found in the transition state 
with Z equal to chlorine. 
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TABLE 4. The influence of a change of substituent, 2 ,  in the leaving group on the transition state struc- 
ture of an SN2 reaction 

Para-substituent Relative Ca-N Relative S-N Relative 
( 2 )  on the leaving bond length in distance in transition 

SOUP k14/k15 transition state ( k k )  transition state state structure 

-OCH3 1.0197 c-----N 1 .207 s ------------ N S -------- c ----- N 
-H 1.0200 c------N 1.179 s -------- N s ----- c ------ N 
-C1 1.0202 c ------- N 1.151 s----N S--C ------- N 

Combining these results with those from the ni- 
trogen kinetic isotope effect study provides a quali- 
tative estimate of both the nucleophile-a-carbon and 
the u-carbon - leaving group bonds in the transition 
states for the reactions with the different leaving 
groups. The nitrogen isotope effects indicated that 
the Cu-N bonds were the same length or showed a 
very slight, but regular, increase as the substituent Z 
was changed from methoxy to hydrogen to chlorine. 
The secondary u-deuterium kinetic isotope effects on 
the other hand showed that the sulfur-nitrogen 
distance decreased as more electron withdrawing 
substituents were placed in the leaving group (Table 
4). Since the Cu-N bond in the transitionstate stays 
the same or becomes slightly longer as the S-N 
distance is decreasing, it must be concluded that the 
S-Cu bond length decreases as the substituent Z is 
changed from methoxy to chlorine. A second re- 
quirement is that the decrease in the S-Cu transition 
state bond length caused by a change to a more 
electron withdrawing substituent Z, must be greater 
than the increase in the Cu-N transition state bond. 
The relative structures of the three SN2 transition 
states are shown in Table 4. 

These changesin the structure of the transition 
states were surprising for two reasons: (i) the greatest 
change in the length of a transition state bond occurs 
in the bond more remote from the point of struc- 
tural change and (ii) the best leaving group kinetic- 
ally the p-chloro-N,N-dimethylaniline, requires the 
strongest push from the nucleophile, i.e., has the 
shortest S-Cu bond in the transition state. This 
result is surprising because it was expected that a 
better leaving group would require much less 
assistance from the nucleophile, i.e., less nucleophile- 
a-carbon bond formation. This would require an 
earlier transition state with a longer S-Cu bond and 
a shorter Cu-N bond. In fact, the opposite has been 
found. 

Hammett p Values 
It seemed necessary to confirm the above results 

for two reasons. Firstly, the structures of the transi- 
tion states were completely unexpected and secondly 
because the conclusions were based on a new use of 
secondary a-deuterium kinetic isotope effects. In 
particular, it was important to confirm the lengths 
of the S-Cu bonds in the transition states of these 
reactions. In a recent publication Westaway and Ali 
(10) have shown that the Hammett p value obtained 
by changing the para-substituent in the nucleophile, 
i.e., in the thiophenoxide ion, can be used to esti- 
mate the length of the nucleophile-u-carbon bond 
in the transition state of an SN2 reaction. Briefly, a 
large Hammett p value indicates that the charge on 
the nucleophile has changed markedly in going to the 
transition state. This means that a large portion of 
the electron density on the nucleophile has been used 
to form the nucleophile-a-carbon bond, i.e., the 
nucleophile-a-carbon bond must be short in the 
transition state. Conversely, a small Hammett p 
value would indicate a long weak nucleophile- 
a-carbon bond in the transition state. 

The Hammett p values associated with changing 
the para-substituent in the thiophenoxide ion 
(changing X (eq. [2]) from methoxy to methyl, 
hydrogen, and chlorine) were determined for each 
substrate (thep-methoxyphenyl-, the phenyl-, and the 
p-chlorophenylbenzyldimethylammonium ion) at 0°C 
in DMF. The rate constants in Table 1 were used to 
determine these p values. The three p values, their 
standard deviation, and correlation coefficients are 
given in Table 5. 

Two points are worth noting. First, all the 
Hammett p values are negative. This is expected 
because the sulfur atom of the nucleophile is more 
positively charged in the transition state of all three 
reactions. The second, and more important observa- 
tion, is that the magnitude of the p values increases 
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WESTAWAY AND ALI 1361 

TABLE 5. Hammett p values for the reactions of para-substi- 
tuted thiophenoxide ions with para-methoxy-, para-hydrogen-, 
and para-chlorophenylbenzyldimethylammonium nitrates at 

P C  in DMF 

Substituent (Z) 
on the leaving Correlation 

group Pa coefficient 

"The error limits are the standard deviation. 

as the substituent in the leaving group is changed 
from methoxy to chlorine. This indicates that the 
largest change in the charge on the sulfur atom has 
occurred in the reaction where Z is chlorine. The 
smallest change of charge on the sulfur is found in the 
reaction where Z is methoxy. Since the change in 
charge varies inversely with the length of the S-Ccl 
transition state bond, it can be concluded that the 
longest S-Ccl bond is in the transition state with Z 
equal to methoxy. The shortest S-Ccl bond is 
observed when Z is chlorine. 

These results are in complete agreement with 
those based on the magnitude of the secondary 
cl-deuterium kinetic isotope effect. The two methods 
used to estimate the relative lengths of the S-Ccl 
transition state bonds are based on two completely 
different types of experimental data. Thus, the agree- 
ment provides very strong support for the results, 
i.e., that changing to a better leaving group, from a 
kinetic point of view (a more electron withdrawing 
substituent Z), causes a slight increase in the length 
of the Ccl-N bond and a large decrease in the S-Ccl 
bond in the transition state. The agreement also sub- 
stantiates the new use of the secondary a-deuterium 
kinetic isotope effects to determine the nucleophile - 
leaving group distance in an SN2 transition state. 

Comparison of Experimental Results and Theoretical 
Predictions 

Several workers have published theories which 
predict how changes in substituents will affect the 
structure of SN2 transition states. The results of this 
investigation provide, for the first time, a good test 
of these theories. 

The first method for predicting transition state 
structure was Hammond's 'thermal p~s tu la te ' '~  (the 
Bell-Evans-Polanyi principle (45)). Hammond's 
postulate predicts that changing to a better leaving 

1°Although Hammond's postulate has been used to predict 
changes in the structure of SN2 transition states, this use has 
been criticized (49 .  

group from a kinetic point of view,'' should lead to 
a more reactant-like transition state, i.e., with a 
longer S-Ccl and a shorter Ccl-N bond in the 
transition state. This is not observed. The experi- 
mental results indicate that changing to a better 
leaving group (Z equal to chlorine) leads to a tighter 
or more product-like transition state with a much 
shorter S-Ccl bond and slightly longer Ccl-N bond. 

The second attempt to explain substituent effects 
in SN2 transition states by Swain and Thornton (19) 
has been replaced by Thornton's reacting bond rule' 
(20). In this theory the substituent effects are de- 
termined by considering the effect of the change in 
substituent on the transition state stretching vibra- 
tions perpendicular (A) and parallel (B) to the reac- 

tion coordinate. Application of the 'reacting bond 
rule' to a transition state with a more electron with- 
drawing substituent in the leaving group (20) indi- 
cates that both the S-Ccl and Ccl-N bonds will be 
longer for the perpendicular vibration. A longer 
S-Ccl bond and a shorter Ccl-N bond are predicted 
for the parallel vibration. Since the S-Ccl bond is 
longer for both vibrations, a longer S-Ccl bond 
would be expected in the transition state with the 
better leaving group. The effect on the Ccl-N bond 
is different for the two vibrations, however, and it is 
difficult to predict the change that will occur in the 
Ccl-N transition state bond when the leaving group 
is altered. Recent studies by Winey and Thornton 
(47) on the structure of the transition states of con- 
certed E2 elimination reactions have indicated that 
the relative perpendicular and parallel contributions 
are of comparable magnitude. If the parallel and 
perpendicular contributions are also equal for SN2 
reactions, changing to a better leaving group would 
still lead to a transition state with a longer S-Ca 
bond. The Ccl-N bond on the other hand would 
not be changed significantly. The experimental 
results indicate (i) that the S-Ccl bond is more 
sensitive to a change in the leaving group than the 
Ccl-N bond and (ii) that the Ccl-N bond becomes 
slightly longer and the S-Ccl bond significantly 
shorter when a better leaving group is present. The 
reacting bond rule predicts correctly that the S-Ccl 
bond will change more than the Ccl-N bond. 

"A more stable para-substituted N,N-dimethylaniline is 
produced when a more electron withdrawing substituent Z is 
present in the leaving group. The energy of the reactants would 
not be changed significantly by a change in Z (45). 
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Moreover, if the perpendicular effect is slightly more 
important than the parallel effect, a slightly longer 
Ca-N bond would be observed when a better 
leaving group is present. Unfortunately, the reacting 
bond rule predicts a longer S-Ca bond and a shorter 
S-Ca bond is found. In fact, the experimental 

I 
results are not predicted by any combination of the 
parallel and perpendicular effects. 

Harris and Kurz (21) have modified Thornton's 
reacting bond rule in an effort to improve the results 
predicted for a change of substituent in the substrate. 
In spite of these modifications, the Harris-Kurz 
theory predicts the same changes in transition state 
structure for a change in the leaving group as 
Thornton's rule. Thus, the Harris-Kurz theory also 
fails in the same way to predict the experimental 
results. 

Critchlow (22) devised a method to determine the 
energy and structure of S,2 transition states from 
estimates of the energies of the carbonium ion and 

I 1 :. 
pentavalent (N-C-L) intermediates of the hypo- 

I 
I thetical stepwise reactions. Critchlow's theory pre- 

I 
dicts that the major change will occur in the bond 
more remote from the point of structural change, 
i.e., in the S-Ca bond. In particular, changing to a 
better leaving group is expected to give a transition 

1 state with a longer S-Ca bond. The Ca-N bond 
on the other hand should not change significantly. 
While the S-Ca bond does change more than the ~ Ca-N bond when the leaving group is changed, the 
change in the S-Ca bond is opposite to that pre- 
dicted. The experimental results indicate that a 
better leaving group leads to a transition state with 
a shorter S-Ca bond. 

The most recent method of predicting substituent 
effects was suggested by Sims et al. (23). They pro- 
posed the use of a More O'Ferrall type of energy 
surface (48) (Fig. 3) to predict the changes that occur 
in the structure of the transition state when a sub- 
stituent in the substrate, the nucleophile, or the 
leaving group is changed. The energy of the reac- 
tants, products, and the two possible intermediates, 

1 .: 
the carbonium ion and the pentavalent N-C-L 

I 
complex, are represented at the corners of the energy 
surface. The X and Y axes represent changes in the 
a-carbon - leaving group (Ca-N) bond and the 
nucleophile-a-carbon (S-Ca) bond, respectively. 
The contours show the lowest energy pathway, i.e., 
the reaction coordinate, through the energy surface. 
The transition state is designated by a star. 

The effect of changing a substituent in one of the 

VOL. 57, 1979 

N-1-L- 

I 
shor ter  

C-N 

NT-C-L Longer c-L -. N-+ 

I 
shor ter  

C- N 

NS- i -L  Longer c-L- N-+ 

FIG. 3. Potential energy surface for a concerted (SN2) 
nucleophilic substitution reaction with a symmetrical transi- 
tion state (a) and showing the effect of changing to a better 
leaving group (b). 

reactants is determined by considering how this 
change would affect the energies of the reactants, the 
products, and the two possible intermediates. The 
benzyl carbonium ion intermediate and substitution 
product (benzylphenyl sulfide) are identical for all 
three leaving groups. Thus, the change in the energy 
of the carbonium ion (lower right corner) and the 
products (top right corner) resulting from a change 
in the leaving group is caused by the different 
energies of the leaving groups, i.e., the para-substi- 
tuted N,N-dimethylanilines. Changing to a better 
leaving group (an N,N-dimethylaniline with a more 
electron withdrawing substituent) will lower the 
energy of the bottom right and top right corners of 
the energy surface by the same amount. Lowering 
the top right corner will cause the transition state to 
move back towards the reactant along the diagonal 
between reactants and products, a parallel effect. 
Lowering the bottom right corner of the energy 
surface would cause the transition state to move to 
the right, a perpendicular effect. The parallel effect 
will lead to a longer S-Ca bond and a shorter 
Ca-N bond in the transition state. The perpendic- 
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WESTAWA .Y AND ALI 1363 

ular effect would lead to a longer S-Ca bond and a 
longer Ca-N bond. If the perpendicular effect were 

1 slightly larger than the parallel effect,12 the transition 
state should have a longer S-Ca bond and a slightly 

, longer Ca-N bond when a better leaving group is 
i present.I3 This, like Thornton's, Kurz's, and 
I Critchlow's theories, suggests that the more remote 
I S-Ca transition state bond length will change more 

with a change to a better leaving group than the 
I closer Ca-N bond. It also suggests correctly that 

the Ca-N bond should be slightly longer in the 
transition state. Unfortunately, it also predicts that 
the S-Ca bond should be longer in the transition 
state and a shorter bond is observed. 

Thus, none of the theories predict the changes in 
transition state structure that are observed experi- 
mentally. Thornton's reacting bond rule (provided 
that the perpendicular and parallel effects are of 
comparable magnitudes), Kurz's theory, Critchlow's 
theory, and Sim's More O'Ferrall type of energy 
surface all predict that the largest change in transi- 
tion state structure will occur in the more remote 

I S-Ca bond rather than in the closer Ca-N bond. 
1 Only Sim's More O'Ferrall type of energy surface 
i and Thornton's reacting bond rule can predict the 
/ small increase that is observed in the length of the 
1 Ca-N transition state bond. Finally, none of the 
I theories predicts the direction of the change in the 
, S-Ca bond. 

The discrepancy between the theoretical predic- 
tions and the experimental results is disturbing. This 
discrepancy may occur for several reasons. (I) The 
theories are based on the enthalpy changes associ- 
ated with the change of substituent and completely 
ignore entropy effects. (2) The theories only allow 
shifts of the electron density within a bond when a 
substituent is changed. In fact, a substituent change 
may cause the electron density in one bond to be 
transferred into an adjacent bond. This would be 
most likely to occur with the weak bonds in the 
transition state. (3) The theories predicting substi- 
tuent effects do not consider any change in bonding 
with substituents on the a-carbon. If the bonding 
between the benzene ring and the a-carbon changed 

''The perpendicular effect should be larger because lowering 
the energy of the right corner will distort the energy surface 
more than lowering the energy of the upper right corner. This 
occurs because the diagonal of the diagram is longer than the 
x-axis of the diagram. 

13Substitution in the substrate that stabilizes the carbonium 
ion will lead to similar changes in the Ca-L and N-Ca 
transition state bonds, i.e., a perpendicular effect towards the 
lower right corner. Changing to a better nucleophile would 
lower the energy of the pentavalent intermediate and the 
product and shorten the a-carbon - leaving group bond and 
cause little or no change in the nucleophile-a-carbon bond. 

as the substituent Z in the leaving group were 
changed, the theories would be expected to fail. (4) 
The theories do not consider the effect of changing 
the relative energies of the nucleophile-a-carbon 
and a-carbon - leaving group bonds. Unfortunately, 
it is impossible to suggest which, if any, of these 
suggestions causes the failure to predict the experi- 
mental results. 

Although the experimental results are not those 
suggested by the theories for predicting how changes 
in substituents affect the structures of S,2 transition 
states, the authors believe that it would be premature 
to conclude that the theories are wrong. In fact, there 
may be some special, unsuspected properties which 
cause the reactions used in this study to respond to a 
substituent change in an unusual or unexpected way. 
It is also possible that the interpretation of the 
experimental results is not correct.14 These results do, 

140ne of the referees has suggested a different but possible 
explanation of the experimental results. The referee suggests 
that the Ca-N transition state bond is not affected by a 
change in substituent Z. The smaller secondary a-deuterium 
kinetic isotope effect obtained when a more electron with- 
drawing substituent Z is present is observed because of an 
increase in the conjugation of the electrons of the partly 
broken Ca-N bond (the developing lone pair of electrons) 
with the N-phenyl ring. This would flatten the (CH,),NPh 
leaving group in a plane perpendicular to the S--Ca--N axis and 
move the two N-methyl and the N-phenyl groups closer to the 
Ca-H bonds. The area available for the Ca-H out-of-plane 
bending vibrations would be reduced in the same way as 
reducing the S-N distance in the transition state and a smaller 
a-deuterium kinetic isotope effect would be observed. The 
larger p values observed when a more electron withdrawing 
substituent is present in the leaving group is attributed to the 
greater electrostatic interaction between the more positive 
nitrogen (the nitrogen will be more electron deficient when Z 
is more strongly electron withdrawing) and the negatively 
charged sulfur atom in the transition state. This assumes that 
the increased electrostatic interaction has little or no effect on 
transition state structure. Finally, the faster rate of reaction 
observed when a more electron withdrawing substituent Z is 
present in the leaving group is a result of the extra stability 
arising from the increased conjugation between nitrogen and 
the N-phenyl group. Thus, all of the experimental results 
obtained when the leaving group is altered are attributed to a 
change in the conjugation between the nitrogen and the 
N-phenyl group rather than to a change in transition state 
structure. This means there is no significant change in either 
the Ca-N or S--Ca transition state bond lengths when the 
leaving group is altered and this system is not capable of 
testing Thornton's reacting bond rule or the other theories 
which predict how changes in substituents affect the structure 
of SN2 transition states. 

Although this alternate explanation is possible, the authors 
believe it is less likely than the interpretation presented above. 
This is for several reasons. (I) It seems more reasonable to 
conclude that the Ca-N bond is slightly longer in the transi- 
tion state with a more electron withdrawing substituent Z. 
This is particularly true if the conjugation between the nitrogen 
and the N-phenyl group changes significantly when the sub- 
stituent is altered. Moreover, a significant change in conjuga- 
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however, illustrate the need for more experimental 
results that can test these theories. We are currently 
examining other systems in order to learn whether 
the theories are correct or whether they need to be 
modified. In any case, the usefulness of these theories 
for other types of reactions is not compromised by 
the results of this study. 

Supporting Evidence from Other Reactions 
The results obtained in this study, i.e., that 

changing to a better leaving group leads to a transi- 
tion state with a much shorter nucleophile-a-carbon 
bond and a slightly longer Ccl-N bond, are believed 
to be general and not specific to this system. Although 
complete evidence to support this conclusion is not 
available, several published reports do concur with 
the results obtained in this study. 

Ballistreri et al. (2) have measured the Hammett p 
values for the Menshutkin reactions between para- 
substituted anilines and benzyl halides. They found 
that the magnitude of the Hammett p values de- 
creased as poorer leaving groups were placed in the 
molecule; the p value decreased from - 1.46 when 
iodide ion was in the leaving group, to - 1.40 when 
the leaving group was bromide ion, and to - 0.87 for 
the poorest leaving group, chloride ion. Thus the 
largest change in the charge on the nitrogen of the 
nucleophile occurs with the best leaving group. This 
means the shortest N-Ccl transition state bond 

tion between the nitrogen and the N-phenyl group would be 
expected to cause some change in the Ca-N transition state 
bond length. This is not predicted by the referee's interpreta- 
tion of the results. (2) It is difficult to believe that a change in 
substituent Z that changes the electrostatic interaction between 
the nitrogen and the sulfur enough to increase the p value 
would not lead to a change in transition state structure (par- 
ticularly of the weaker S-Ca transition state bond). (3) 
It is not clear whether the tetrahedral character of the nitrogen 
in anilines would be altered by the change in para-substituents 
used in this study. Different studies have shown (I) that the 
amino group in 4-fluoroaniline is slightly more tetrahedral than 
it is in analine (49); (2) that the electron density on the amino 
nitrogen of 4-chloroaniline and aniline is almost the same (53); 
this suggests the structures of the amino groups are almost 
identical in these two compounds; (3) that the infrared 
N-C(pheny1) stretching absorption is the same for 4-methoxy- 
and 4-chloroaniline. These results suggest that the structure 
of the amino group in anilines is not altered significantly when 
the para-substituent is changed from methoxy to hydrogen to 
chlorine even though a full lone pair of electrons is available 
for delocalization into the phenyl group. The observation that 
the amino group in crystalline 4-chloroaniline is almost 
coplanar with the benzene ring (54) supports the referee's 
argument. In any case, any changes in the structure of the 
amino nitrogen in the transition states will be much smaller 
than those in the anilines because the developing lone pair of 
electrons on the nitrogen are not completely free to delocalize 
into the N-phenyl group. (4) Finally, other results obtained in 
our laboratory are more consistent with the interpretation 
presented in the main body of the paper. 

occurs with the best leaving group and the longest 
N-Ccl bond is found with the poorest leaving group. 
These results are in perfect agreement with those 
from the Hammett p study of the reactions between 
thiophenoxide ion and the para-substituted phenyl- 
benzyldimethylammonium ions. Unfortunately, the 
lengths of the Ccl-halogen bond are not known and a 
complete comparison of the transition states in these 
two studies is impossible. 

Weaker evidence of a similar type is available from 
the Menshutkin reaction of para-substituted N,N- 
dimethylanilines and methyl iodide. A very large 
Hammett p value of -3.30 is observed for this S,2 
reaction (9). This p value is almost as large as that 
reported for an equilibrium protonation of N,N- 
dimethylaniline (9) and indicates that the N-Ccl 
bond formation is almost complete in the transition 
state. In fact, a very short N-Ccl bond would be 
expected in this reaction because iodide ion is a good 
leaving group. 

Cromartie and Swain (50) measured the entering 
group chlorine isotope effects for the reaction of 
chloride ion with ethylene oxide under neutral 
(eq. [5]) and acidic conditions (eq. [6]). The chlorine 

p o w  

CI-CH2CH20H 

isotope effect was 1.00245 when the reaction was 
carried out under acidic conditions and 1.00280 in 
neutral medium. A smaller entering group chlorine 
kinetic isotope effect is expected for the trans- 
ition state with the greatest amount of C1-Ccl 
bond formation because the second term in the 
square brackets of Bigeleisen's isotope effect equa- 
tion (eq. [4]) is almost zero15 and the third term is 
larger when the carbon-chlorine bond formation is 
more complete in the transition state. Cromartie 
and Swain expected a longer Cl-Ccl bond in the 
transition state for the reaction with a better leaving 
group, i.e., the reaction in acidic medium. The 
isotope effects which were not consistent with their 
expectations were rationalized in the following 
manner. The loss in hydrogen bonding between the 
chloride ion and the solvent would obviously be 

15This term will have a small value because the chloride ion 
forms weak hydrogen bonds with water (33, 51). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



WESTAWAY AND ALI 1365 

greater in the transition state with a shorter C1-Ca 
bond and Cromartie and Swain proposed that the 
loss in vibrational energy caused by the loss of ' hydrogen bonding would be greater than the increase 
in vibrational energy from the formation of the 
Cl-Ca bond. This would mean that the term in the 

1 square brackets of [4] would be smaller when the 
C-Cl bond formation was more complete in the 
transition state. While the loss in hydrogen bonding 
between the chloride ion and the solvent will un- 
doubtedly lower the magnitude of the entering group 
chlorine kinetic isotope effects (33, 51), this effect 
should be almost identical for these two reactions 
which have very similar (long) C1-Ca bonds in the 
transition state (52). In fact, a more likely explana- 
tion of these entering group chlorine kinetic isotope 
effects is that there is a shorter C1-Ca bond length 
(more complete C1-Ca bond formation) in the 
transition state of the reaction with the better leaving 
group. 

The data in the above examples and the results of 
this study indicate that the nucleophile-a-carbon 
bond will be shorter in the transition state of the 

I 
reaction with a better leaving group. It is worth 
noting that these results were obtained from three 

I completely unrelated methods: secondary a-deu- 
terium kinetic isotope effects, Hammett p values 
determined from reactions in which the para- 
substituent of the nucleophile was changed, and 
entering group chlorine kinetic isotope effects. 
Unfortunately, these results do not give any informa- 
tion to indicate whether the a-carbon - leaving 
group bond is slightly longer in the transition state 
of a reaction with a better leaving group or whether 
the more remote nucleophile-a-carbon bond re- 
sponds more to a change in the leaving group than 
the nearer a-carbon - leaving group bond. 

This study has shown that changing to a better 
leaving group will (i) change the nucleophile- 
a-carbon bond to a greater extent than the a-carbon - 
leaving group bond and (ii) that the nucleophile must 
be closer to the a-carbon to displace a better leaving 
group, i.e., that the transition state will be more 
product-like. Although the reasons for these two 
observations are not apparent, tentative suggestions 
which qualitatively explain the observed results can 
be given. The greater change in the S-Ca bond in 
the reactions between the thiophenoxide ion and the 
para-substituted phenylbenzyldimethylammonium 
ion may occur because a large increase in the 
amount of bond formation of the weaker16 S-Ca 
bond would be required to provide the energy to 

16The S-C bond in sulfides has a stretching frequency 
between 600 and 700 cm-' (17), whereas the C-N stretching 
frequency is approximately 1000 cm-l (vide supra). 

increase the length of the stronger Ca-N bond 
slightly." Experiments to determine if this is the case 
or whether the greater sensitivity in the more remote 
bond is a general property of SN2 transition states as 
Critchlow's theory and the energy surface approach 
of Sims et al. suggest have been started in this 
laboratory. 

The second problem is explaining why a shorter 
S-Ca transition state bond is observed when a 
better leaving group is present in the molecule. A 
possible explanation for this observation is that 
although the nucleophile must be present to help 
displace the leaving group, the position of the 
nucleophile in the transition state (the S-Ca bond 
length) is determined by the need to reduce or 
eliminate any positive charge on the a-carbon. 
Introducing a more electron withdrawing substituent 
into the leaving group (making a better leaving 
group) will lower the electron density in the weak 
transition state bonds and increase the positive 
charge on the ammonium nitrogen and to a lesser 
extent, the a-carbon. Since any increase in the posi- 
tive charge on the a-carbon would be expected to 
increase the energy of the transition state and reduce 
the rate of reaction, a better leaving group must not 
increase the charge on the a-carbon significantly. In 
fact, other workers have suggested that the positive 
charge on the a-carbon is small in SN2 transition 
states (16, 38). The increased need for electron 
density at the a-carbon resulting from the introduc- 
tion of the electron withdrawing substituent is most 
readily obtained by bringing the nucleophile closer 
to the a-carbon, i.e., a shorter S-Ca bond will 
increase the electron density at the a-carbon more 
than a long S-Ca bond. Substituting a more electron 
donating group in the leaving group would have the 
opposite effect. The electron density on the a-carbon 
would be increased, the need for electrons from the 
nucleophile would be decreased, and a longer S-Ca 
transition state bond would be observed. While this 
suggestion is consistent with the experimental 
results, it cannot be supported with any solid evidence 
and is purely speculative. 

Conclusions 
(I) This study has shown that the magnitude of 

secondary a-deuterium kinetic isotope effects can be 
used to determine the structure of SN2 transition 
states. In particular, the nucleophile - leaving group 
distance 'has been found to be inversely related to the 
magnitude of these isotope effects. (2) This study has 

"Theoretical calculations by Sims et al. (31) suggest that a 
more product-like transition state will be observed when the 
a-carbon-nucleophile bond becomes weaker than the a-carbon 
- leaving group bond. 
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also shown that SN2 transition states of carefully 
designed systems can be modelled qualitatively in 
sufficient detail to allow the substituent effects on 
both the nucleophile-a-carbon and a-carbon - 
leaving group bonds to be determined. (3) Finally, 
this investigation has shown that changing to a better 
leaving group changes the length of the nucleophile- 
a-carbon bond more than the a-carbon - leaving 
group bond and leads to a more product-like transi- 
tion state where nucleophile-a-carbon bond forma- 
tion is much more complete and a-carbon -leaving 
group bond rupture is slightly more advanced. 

Experimental 
Materials 

The p-methoxyphenyl-, p-chlorophenyl-, and phenylbenzyl- 
dimethylammonium nitrates were prepared for an earlier 
study (9). The p-methoxyphenyl-, p-chlorophenyl-, and 
phenylbenzyl-1,l-d2-dimethylammonium nitrates were syn- 
thesized from the same sample of benzyl bromide-1,l-d2 (10) 
using the methods described for the undeuterated compounds. 
The deuterated substrates were purified as  described in ref. 9. 
The melting points were within 1°C of the values reported 
for the undeuterated compounds. A deuterium analysis (10) 
indicated that these deuterated quaternary ammonium salts 
were 98.1% dideuterated and 1.9% monodeuterated at  the 
1-position. The purification of the solvent, N,N-dimethyl- 
formamide (9), and the preparation of the para-substituted 
sodium thiophenoxides have been described (10). 

Kinetic Measurements and Isotope Efects 
The procedures used in measuring the rate constants and the 

nitrogen kinetic isotope effects were identical to those de- 
scribed in ref. 9. The secondary a-deuterium kinetic isotope 
effects were measured using the procedure in ref. 10. 
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The crystal and molecular structure of 
cis-dichloro(2,2'-o-phenylenebisbenzothiazole)copper(II) 

RICHARD G. BALL AND JAMES TROTTER 
Department of Chemist~y, Unioersity of British Columbia, 2075 Wesbrook Mall, Vancouoer, B.C., Canada V6T I W5 

Received November 14, 1978 

RICHARD G. BALL and JAMES TROTTER. Can. J. Chem. 57,1368 (1979). 
The molecular structure of cis-dichloro(2,2'-o-phenylenebisbenzothiazoe)copper(II) has 

been determined by single crystal X-ray diffractometry. The crystal is monoclinic, P2,/n, 
a = 8.408(1), b = 15.819(1), c = 14.229(2) A, 0 = 93.19(1)", and Z = 4. The structure has 
been refined by full-matrix least-squares techniques on F, using 3316 unique reflections for 
which FZ > 30(FZ), to a final agreement factor of 0.028. The complex adopts an approximately 
square planar coordination geometry with the Cu bound to two cis C1 atoms and the N atoms 
of the chelating benzothiazole ligand. The mean Cu-N and Cu-CI distances are 2.016(6) 
and 2.217(6) A, respectively. 

RICHARD G. BALL et JAMES TROTTER. Can. J. Chem. .57, 1368 (1979). 
On a determine la structure moleculaire du cis-dichloro(2,2'-~-ph~nylknebisbenzothiazole)- 

cuivre(I1) par diffraction de rayons-X d'un cristal unique. Les cristaux sont monocliniques, 
P21/n, a = 8.408(1), b = 15.819(1), c = 14.229(2) A, 0 = 93.19(1)" et Z = 4. On a affine la 
structure sur Fpar  la methode des moindres carres (matrice complkte) en faisant appel A 3316 
reflexions independantes pour lesquelles FZ > 30(FZ) jusqu'a un facteur d'accord final de 0.028. 
Le complexe adopte une geometrie de coordination qui est approximativement plan carre; le 
cuivre est lie A deux atomes de C1 cis et aux atomes de N du ligand chelatant benzothiazole. 
Les distances moyennes Cu-N et Cu-C1 sont respectivement 2.016(6) et 2.217(6) A. 

[Traduit par le journal] 

Introduction The crystal data, as determined by film and diffractometer 
It has been vostulated that ligands which have methods, are: - 

imidazole or thioether functionality are important in 
modelling type I and type I11 copper metalloproteins 
(1). The bifunctional benzothiazole ligand, 2,2'-0- 
phenylenebisbenzothiazole (OBT), has both pseudo- 
imidazole and thioether groups and is potentially 
capable of binding to a metal by either the N or S 
atoms. Benzothiazole itself also has this capability 
but investigations of its complexes with first row 
transition metals show it to be N bonded if it does 
not act as a bridging bidentate ligand (2). 

A spectroscopic investigation of the Co(II), 
Cu(II), and Zn(I1) complexes of 2,2'-o-phenylene- 
bisbenzothiazole was initiated to discover the 
bonding mode and the stereochemistry of the com- 
plexes containing this ligand (3). However, it proved 
impossible to determine unambiguously whether the 
Cu(OBT)CI, complex was N or S bonded, and we 
undertook the X-ray crystallographic examination 
of the complex to resolve this ambiguity and to 
determine the precise stereochemistry about the Cu 
atom. 

Experimental 
Dark green crystals of cis-dichloro(2,2'-o-phenylenebis- 

benzothiazole)copper(II) were kindly supplied by L. K. 
Thompson. Preliminary Weissenberg and precession photog- 
raphy indicated the crystal possessed monoclinic symmetry. 

CzoHlzClzCuNzSz fw = 478.91 
Monoclinic, a = 8.408(1), b = 15.819(1), c = 14.229(2) A, 
0 = 93.19(1)", V = 1889.42 A3, Z = 4 (22OC, MoK,, h = 
0.71073 A), = 15.83 cm-', p, = 1.699(2) g cm-3 (by flota- 
tion in CCI, and CHBr3), p, = 1.683 g Systematic 
absences; hOl, h + I # 2n; OkO, k # 2n. Space group P2'/n, 
an alternative setting of P2Jc (CzSh, No. 14). 

The crystal chosen for data collection had dimensions of ca. 
0.15 x 0.19 x 0.44 mm and was bounded by 12 faces of the 
forms {121), (1221, {OlO), and {001). It was mounted on an 
Enraf-Nonius CAD-4 computer controlled diffractometer in a 
non-specific orientation with the long dimension of the 
crystal, the normal to (122), approximately along the spindle 
axis. Cell constants and an orientation matrix were obtained 
from a least-squares refinement of the setting angles of 16 
reflections in the range 38 < 28 < 48". Crystal mosaicity was 
checked by the o scan technique, and the average width at 
half-weight for the 3 reflections examined was 0.12". 

The intensity data were collected using the 61-28 scan tech- 
nique in which both the scan range and aperture width were 
functions of tan 8. Three reference reflections were used as a 
check on machine and crystal stability. Crystal orientation was 
checked every 100 reflections by recentering 3 reflections 
which were well separated in reciprocal space. If the deviation 
of the scattering vectors exceeded 0.05" automatic recentering 
and least-squares refinement of the orientation matrix and cell 
dimensions were carried out. Data collection parameters are 
given in Table 1. Over the course of data collection the 
reference reflections showed only random fluctuations and the 
unit cell parameters did not change significantly. 

Corrections for Lorentz and polarization effects were applied 
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BALL AND TROTTER 1369 

TABLE 1. Experimental conditions 

Radiation: MoK,, graphite monochromator 
Scan range: (0.60 f 0.347 tan 0)", extended 25% on either side 

for backgrounds 
Scan speed: variable between 0.7 and 10.1 deg min-' to give 

Ilo(I) 2 20 
Aperture: (2.0 f 0.50 tan 0) x 4 mm, 173 mm from crystal 
Data collected: If: h, k, 1 to 28 = 60" 
Standards: 1 9 11, 7 0 9, i 4 13; measured every hour of expo- 

sure time 

during data reduction.' The standard deviation, o(Z), is 
calculated from 

o(Z) = [Int + 4(BL + BH) + (pZ)21"2 

where Int is the total integrated intensity, BL and BH are the 
low and high angle background counts, and the value for p 
was 0.03. Of the 5681 intensities measured, there were 3316 
independent reflections which had I > 3o(I) and these were 
used in the structure solution and refinement. 

Structure Solution and Refinement 
The positional parameters for the Cu atom were derived 

from a three dimensional Patterson synthesis. Two cycles of 
full-matrix least-squares refinement of the positional param- 
eters and scale factor followed by calculation of a difference 
Fourier synthesis revealed the positions of the two C1 atoms 
and one of the S atoms. A least-squares refinement of the 
atomic parameters and calculation of a difference Fourier 
synthesis resulted in location of the remaining non-hydrogen 
atoms. 

Refinement of atomic parameters was carried out by full- 
matrix least-squares techniques on F minimizing the function 
Zw((F,( - IF,1)2 where IF,I and JF,I are the observed and 
calculated structure factor amplitudes, respectively. The 
weighting factor w is given by w = 4F.Z/02(Fo2). The scattering 
factors for Cu2+, C1-, S, N, and C were calculated from the 
coefficients for the scattering curve (4), while those for H were 
from Stewart et al. (5). The f' and f" corrections for anoma- 
lous dispersion were those of Cromer and Liberman (6) and 
were included for the Cu, C1, and S atoms. After two cycles of 
refinement, in which all the atoms were assigned anisotropic 
thermal parameters, the agreement factors were R1 = 
Z(llF.1 - lFcll>lZIFol = 0.045 and R2 = (Zw(IFql - IFc1)2/ 
Z W ( F ~ ) ~ ) ' / ~  = 0.070. At this time a difference Four~er showed 
peaks of positive electron density for all twelve H atoms 
present in the molecule. These were included in subsequent 
cycles and their positional and isotropic thermal parameters 
refined. Prior to the final cycles of refinement an absorption 
correction, using the Gaussian integration method, was applied 
to all 4881 data with F2 > 0 and, in addition, as it appeared 
that some of the data suffered from extinction effects an 
isotropic extinction parameter (7) was refined during the final 
cycles. 

The model was refined to convergence and in the final cycle 
no parameter shift exceeded 0.6 times its estimated standard 

'The computer programs used include local modifications 
of the following: full-matrix least-squares, ORFLS by W. R. 
Busing, K. 0. Martin, and H. A. Levy; Patterson and Fourier 
synthesis, FORDAP by A. Zalkin; function and errors, ORFFE 
by W. R. Busing, K. 0. Martin, and H. A. Levy; crystal struc- 
ture illustrations, ORTEP by C. K. Johnson; absorption cor- 
rection, BICABS by F. H. Allen and S. J. Rettig. 

TABLE 2. Final positional parameters (fractional x lo4) with 
estimated standard deviations in parentheses 

Atom x Y z 

deviation. The final agreement factors, for 293 variables and 
3316 data with F2 > 30(F2), were R, = 0.028 and R2 = 0.037 
(including the data with 0 < F2 < 30 in the refinement pro- 
duced no significant improvement in either the atomic param- 
eters or their esd's while the agreement factors increased to 
R1 = 0.059 and R2 = 0.041). The error in an observation of 
unit weight is 1.3 electrons. An analysis of R2 in terms of 
IF.1, h-' sin 8, and combinations of Miller indices showed no 
significant trends. A difference Fourier synthesis calculated 
from the final structure factors contained no features of 
chemical significance. The highest peak, with fractional co- 
ordinates (0.250 - 0.077, - 0.234), is located 0.73 A from the 
Cu atom and has an electron density of 0.35 e A-3. The final 
atomic positional parameters are presented in Table 2, while 
the thermal parameters are listed in Table 3.2 A listing of F, 
and F, is given in Table 4.2 

'Table 3 (thermal parameters) and the structure factor 
table are available, at a nominal charge, from the Depository 
of Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Ont., Canada KIA 0S2. 
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1370 CAN. J .  CHEM. VOL. 57, 1979 

TABLE 5. Selected bond distances and angles 

Bond Distance (A) Bond Distance (A) 

CU-CI(1) 2.21 8(1) S(2)-C(14) 1 .724(3) 
Cu-Cl(2) 2.216(1) N(l)-C(4) 1.310(3) 
CU-N(l) 2.010(2) N(1)-C(15) 1 .395(3) 
Cu-N(2) 2.023(2) N(Z)-C(l) 1.316(3) 
s(I)-c(~) 1 .730(3) N(2)-C(9) 1 .402(4) 
S(1)-C(20) 1 .727(3) C(l )-C(2) 1 .474(4) 
s(2)-c(1) 1.721(3) c(3)-c(4) 1.471(4) 

Bonds Angle (deg) Bonds Angle (deg) 

Structure Description 
A perspective view of the molecule including the 

atom numbering scheme is presented in Fig. 1. 
Selected bond distances and angles are listed in 
Table 5 and some weighted least-squares planes are 
given in Table 6. 

The Cu atom is coordinated to two cis C1 atoms 
and is N bonded to the two benzothiazole rrrouDs of 

Cu atom is slightly tetrahedrally distorted from 
square planar. This distortion is indicated by a 
dihedral angle of 9.63" between the Cu-Cl(1)-Cl(2) 
and Cu-N(1)-N(2) planes and the relative dis- 
placements of the N atoms from the Cu-Cl(1)- 
Cl(2) plane (Table 6). The mean Cu-Cl distance of 
2.217(1) A is at the short end of the range of dis- 
tances, 2.20-2.27 A, commonly observed for ter- 

the OBT ligand. The coordination geome&y of the TABLE 6 

(a) Selected weighted least-squares planes 

Plane 1. -0.674~ + 0.5781, - 0.4602 + 0.212 = 0 
Atoms in plane: Cu, C1(1), Cl(2) 
Atoms not in plane: N(l) -0.213(2)," N(2) 0.241(2) 

Plane 2. - 0 . 7 5 7 ~  + 0.572~ - 0.3152 + 0.877 = 0 
Atoms in plane: Cu, N(1), N(2) 
Atoms not in plane: Cl(1) -0.250(1), Cl(2) 0.292(1) 

Plane 3. - 0 . 5 4 1 ~  - 0.790~ - 0.288~ + 0.943 = 0 
Atoms in plane: C(2) 0.006(3), C(3) 0.003(3), C(5) 

C(6) -0.013(3), C(6) 0.004(3), C(7) 0.01 1(3), C(8) -0.013(3) 

Plane 4. 0 .900~ + 0.3851, -. 0.2062 - 2.017 = 0 

C( 7) 
Atoms in plane: S(1) -0.001(1), N(l) -0.002(2), C(4) 

0.036(3), C(15) -0.019(3), C(16) -0.018(3), C(17) 0.017(3), 
C(18) 0.034(4), C(19) 0.002(4), C(20) -0.022(3). 

Plane 5. -0.356~ - 0 . 2 4 1 ~  - 0.9032 - 3.041 = 0 
Atoms in plane:' S(2) -0.003(1), N(2), 0.009(2), C(1) 

- 0.007(3), C(9) 0.015(3), C(10) - 0.008(3), C(11) - 0.047(4), 7, 
C(12) -0.019(4), C(13) 0.042(3), C(14) 0.035(3) 

aPerpendicular distance above (+) or below (-) the plane in A. 

(b) Interplanar angles (deg) 

FIG. 1. Perspective view of the dichloro(2,2'-o-phenylene- Planes Angle Planes Angle Planes 
bisbenzothiazole)copper(II) molecule. Atoms are represented Angle 

by 50% probability thermal ellipsoids and the hydrogens have 1-2 9.63 3.4 , 137.01 3-5 49.95 
beep omitted. 
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BALL AND TROTTER 

FIG. 2. Stereoview of a unit cell content. The view is along c, with a running horizontally to the right and b vertical 

minal Cu-C1 bonds (8-13). The mean Cu-N 
distance of 2.016(3) A is normal in comparison with 
other structures (8-10, 14, 15). 

The internal geometries of the two benzothiazole 
moieties do not show any significant differences and 
are comparable to structures observed for unco- 
ordinated benzothiazole molecules (16, 17). The 
benzothiazole groups are close to being planar 
(Table 6) and are inclined by approximately 45", with 
respect to the mean plane of the phenylene ring 
linking them. 

The three phenylene rings in the molecule do not 
display any significant distortions from an ideal 
geometry; the mean bond distance and angle in each 
ring are 1.39(1) A and 120(2)", respectively. The mean 
C-H bond length of 0.93(4) is normal for sp2 type 
carbon atoms. 

A stereoview of a unit cell showing the packing of 
the molecules is presented in Fig. 2. An analysis of 
the intermolecular distances indicates there are no 
unusual intermolecular contacts, with the closest 
distance of approach being 2.83(4) A between Cl(2) 

Canada for financial support of this work and the 
University of British Columbia Computing Centre 
for assistance. 
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CAROLE GAGNON, ANDRB L. BEAUCHAMP, and D u c  TRANQUI. Can. J. Chem. 57,1372 (1979). 
Crystals of CdCI,(I-methylcytosine), belong to space group Cc, with a = 10.571(7), 

b = 24.35(2), c = 7.097(3) A, p = 57.33(4)", and Z = 4. The structure was refined over 1988 
independent reflections to an R factor of 0.026. The structure consists of monomeric molecules 
in which cadmium has a (4 + 2)-coordination. Four strong bonds, two Cd-Cl(2.497,2.485 A) 
and two Cd-N(3) (2.281, 2.296 A), define an approximate tetrahedron around the metal. Two 
carbonyl oxygens take part in weak Cd-0 bonding interactions (2.677, 2.780 A). The amino 
groups form only very weak intramolecular hydrogen bonds with chlorine and the difference 
> 30" between angles Cd-N(3)-C(4) and Cd-N(3)-C(2) is ascribed to Cd-0 bonding. 
Similar effects for other metal complexes are discussed in terms of steric hindrance of the amino 
group and bonding of the carbonyl group. 

CAROLE GAGNON, ANDRB L. BEAUCHAMP et Duc TRANQUI. Can. J. Chem. 57,1372 (1979). 
Les cristaux de CdClz(mCthyl-1 cyto~ine)~ appartiennent au groupe d'espace Cc et les 

parametres de maille sont a = 10.571(7), b = 24.35(2), c = 7.097(3) A, p = 57.33(4)" et Z = 4. 
Les parametres structuraux ont Bte affines au moyen de 1988 reflexions independantes jusqu'a 
un facteur R de 0.026. La structure est constituee de moltcules monomeres dans lesquelles le 
cadmium possede une coordination (4 + 2). Quatre liaisons fortes, soit deux Cd-Cl (2.497, 
2.485 A) et deux Cd-N(3) (2.281, 2.296 A) definissent un tetraedre deform6 autour du metal. 
Deux atomes d'oxygene de groupes carbonyles participent a une faible interaction liante 
Cd-0 (2.677,2.780 A). Les liaisons hydrogenes formks par les groupements amino sont tres 
faibles et la diffkrence > 30" qu'on observe entre les angles Cd-N(3)-C(4) et Cd-N(3)-C(2) 
est attribuee a la presence d'une liaison Cd-0. On discute d'effets analogues rapport& pour 
d'autres complexes metalliques en rapport avec I'effet sterique du groupe amino et la formation 
de liaisons avec le groupe carbonyle. 

Introduction c = 7.097(3) A, B = 57.33(4)", V = 1537.8 A3, Z = 4 formula 
units per cell, D, = 1.873 g ~ m - ~ ,  Do = 1.90 ~ m - ~  (flotation 

The crysta1 structure Of a HgC1~ addition in ethylene bromide - chlorobenzene) h(MoK8) = 0.71068 A, 
pound with 1-methylcytosine (MC) was reported in ~ ( M o K ~ )  = 18.0 cm-l, t = 23°C. 
an earlier paper (1). Mercury was found to bind to Preparation 
N(3) as expected and some bonding with the adjacent CdC1,.2&H20 and I-methylcytosine (Het-Chem. Co.) were 
carbony1 oxygen was inferred from the Hg-0 dissolved (1 :2 molar ratio) in the minimum of hot water and 

distance. order to assess the influence of the the mixture was slowly cooled to room temperature. The 
colorless crystals so obtained were suitable for X-ray work. 

carbonyl group¶ with and zinc The specimen selected for data collection had many faces and 
were synthesized. The present paper describes the its shape was nearly spherical with a 'diameter' of 0.15- 
structure of a 2:  1 addition compound between MC 0.18 mrn. 
and CdC1,. Crystallographic Measurements 

When this work was undertaken, crystal structures A set of precession photographs showed the monoclinic 
had been published for two Cd(I1) complexes with Laue symmetry and the systematic absences (hkl, h + k #2n; 

cytidine ~ ~ - m o n o p ~ o s p ~ a t e  (CMP) (2, 3). ~ ~ ~ ~ ~ t l ~ ,  h01, 1 # 2n) were consistent with space groups Cc and C21c. 
Final cell parameters were obtained by least-squares refine- we became aware Of work On a third ment of the setting angles for 15 reflections centered in the 

pound (4) in which metal-base interactions are quite counter aperture of a Syntex PT automatic diffractometer. As 
similar to ours. a check, oscillation photographs taken on the diffractometer 

along each axis showed the expected symmetry and spacing. 
Experimental The unit cell used to solve the structure has an acute angle, but 

a more conventional cell with B = 123.67" can be defined by 
Crystal Data reversing b and either a or c. 
CioHi4CdC1zN602 fw = 433.7 All hkl and hki reflections within a sphere 28 5 60" were 
Monoclinic, space group Cc, a = 10.571(7), b = 24.35(2), measured with the 8/28 scan technique. The scan speed (from 
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GAGNON ET AL. 1373 

lo  to 24" (29)/min) was selected according to peak height by the 
autocollection program. The 29 scans were from [20(Kal) - 
1.21" to [28(Ka2) + 1.21". Background counts were taken at 
each limit of the scan and the background time-to-scan time 
ratio was 0.4. Three standard reflections measured every 45 
reflections showed fluctuations within + 3% from their respec- 
tive means. The reduced set of data consisted of 2227 unique 
reflections. A total of 1988 reflections with net intensities 
I 2 3o(I), where I and o(I) are defined as previously (5), were 
used to solve the structure. They were corrected for Lorentz 
and polarization effects. No absorption correction was applied 
because of the low absorption coefficient and the nearly 
spherical shape of the crystal. A transmission range 0.72-0.76 
was expected from preliminary calculations on sample points 
in the reflection sphere. 

Resolution of the Structure 
The centrosymrnetric space group was first assumed. In 

group C2/c, cadmium should occupy a special position of 
symmetry 2 or I. The inversion centers were ruled out from a 
Patterson synthesis and Cd was positioned on equipoint 4e 
with y = 0.38 (x = 112 and z = 114 by symmetry). At this 
point, a Fourier map phased on Cd should have unambiguously 
revealed at least some of the remaining atoms. Instead, over- 
lapping images were obtained, indicating that the space group 
was Cc. Cadmium was left at the above coordinates and one 
cytosine ring could be sorted out from overlapping images. The 
rest of the structure was progressively constructed from struc- 
ture factor calculations and Fourier maps. When all non- 
hydrogen atoms were located, the structure was isotropically 
refined using full-matrix least-squares. The R factor C J(F,I - 
IFcl I/ f: IF./ was 0.084 (unit weights). 

Anisotropic refinement was carried out by block-diagonal 
least-squares. All hydrogen atoms in the plane of the ring were 
visible on the Fourier map and they were isotropically refined. 

TABLE 1. Refined fractional coordinates ( x  lo4, Cd x lo5, 
H x lo3) of CdC12(MC), 

Atom x Y z 

Cd 50000 37982(1) 25000 
Cl(1) 6025(2) 3496(1) - 1 430(2) 
Cl(2) 7 120(2) 4297(1) 2302(3) 
N(11) 668(4) 4520(2) 4938(7) 
c(11) - 750(7) 423 l(3) 5647(13) 
c(12) 1966(5) 421 7(2) 4163(8) 
o(12) 1964(5) 3706(1) 4074(8) 
N(13) 3284(4) 4485(2) 3487(7) 
C(14) 3343(5) 5040(2) 3510(7) 

4645(5) 5283(2) 2811(9) 

Those of the methyl groups were not found. An isotropic 
secondary extinction coefficient (6) was also refined. Individual (Fig. 1)- Four strong bonds (2Cd-Cl 
weights w based on counting statistics(7) wereused at the latest and 2Cd-N) define a distorted tetrahedron (Table 2). 
stage of the refinement. Convergence was attaided with R = The coordination sphere also includes t.wb looseiy 
0.026 and Rw = { C w(IFaI - IEI)2/ wIFo121'lZ = 0.033. A bound oxygen atoms of carbonyl groups. 
final difference Fourier map showed no peaks higher than 
0.6 e A-3. Coordination of Cadmium 

In order to establish the absolute structure, all coordinates 
were changed into R, 7, Zand refinement was continued. Under Crystal structures are known for a number of 
the same conditions as above, the structure refined to R = c h l o r ~  (]I), but only a few of them con- 
0.028 and R ,  = 0.036. Those higher values indicate that the tain non-bridging chlorine as observed here. For 
original model is to be preferred.- four-coordina~ed~etrahedral compounds, the typical 

The refined coordinates are given in Table 1. Lists of struc- cd-cl distance is 2.46 A (e.g. cdc142 -, 2.432- 
ture factors and temperature factors are available upon re- 
quest.' The scattering curves used were those of Cromer and 2.465 A (12); CdCl,($,P),, 2.440 and 2.504 A (13)). 
Waber (8) for nonhydrogen atoms and of Stewart et 02. (9) for Significantly longer distances are found in six- 
hydrogen. Anomalous scattering coefficients Af' and Af" for coordinated species (e.g. CdC1,4 -, 2.588, 2.6 17, 
~d and CI were taken from Cromer (10). The computer 2.765 A (14)). The intermediate Cd-Cl bond lengths 
programs are listed elsewhere (1). observed in this compound (2.497(1) and 2.485(2) A) 

Description of the Structure and Discussion are consistent with (4 + 2)-coordinated cadmium. 
The Cd-N bond lengths (2.281(4) and 2.296(4) 

The CdC12(MC)2 A) are in the normal range observed with a variety of 
neutral molecules in which is (4 + 2)- ligands (1 1). I t  is noteworthy that complexes with 

'The supplementary material includes a list of temperature similar ligands show greater Cd-N distances when 
factors, a table of structure factors, and a list of interatomic five or six donor atoms are strongly bonded: 
distances and bond angles in the individual ligands. It is 2.327 A, CMP (2); 2.36 A, CMP (3); 2.37 A, available, at a nominal charge, from the Depository of Un- 
published Data, CISTI, National Research Council of Canada, guanosine 5'-m0n0ph0sphate 5); 2.33 '3 CMP 
Ottawa, Ont., Canada KIA 0S2. (4>- 
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FIG. I .  Molecular structure of CdCI,(MC),. The ellipsoids correspond to 50% probability. Hydrogen atoms are re- 
presented by spheres of arbitrary size. 

TABLE 2. Distances and angles around cadmium 

Atoms Distances (A) Bonds Angle (deg) C6-CS 1.366 7 H41 

Cd-CI(1) 2.497(1) CI(1)-Cd-Cl(2) 104.28(5) 
Cd-Cl(2) 2.485(2) CI(1)-Cd-N(l3) 110.7(1) 
Cd-N(l3) 2.281(4) Cl(1)-Cd-N(23) 97. S(1) 
Cd-N(23) 2.296(4) Cl(2)-Cd-N(l3) 101 .7(1) 
Cd-O(l2) 2.780(6) Cl(2)-Cd-N(23) 113.8(1) 
Cd-O(22) 2.677(4) N(13)-Cd-N(23) 127.1(2) 

CI(1)-Cd-O(12) 97.8(1) 
Cl(1)-Cd-O(22) 149.5(1) 
CI(2)-Cd-O(12) 150.7(1) 
CI(2)-Cd-O(22) 96.4(1) 
N(13)-Cd-O(12) 51 .8(1) 
N(13)-Cd-O(22) 86.3(1) 
N(23)-Cd-O(12) 81. S(1) 
N(23bCd-O(22) 53.1(1) H41 
O(12)-Cd-O(22) 72.3(1) 

The upper limit for a Cd-0 bond length appears 
to be -2.40 A (I I). Much greater distances (2.780(6) 
and 2.677(4) A) are observed here. The carbonyl 
oxygens cannot be considered as fully bonded to 
cadmium, but it is difficult to assess the degree of H 6 H 5 

bonding interaction involved. The role of exocyclic FIG. 2. Interatomic distances and bond angles in CdC1,- 
groups will be further discussed hereafter. (MC),. Average values over the two independent ligands are 

shown. Individual values are part of the supplementary 
The Ligand 

Bond lengths and angles do not differ significantly 
between the two independent ligands and average 
values are shown in Fig. 2. At the present level of 
accuracy (0.007 A and 0.4"), the bond lengths are 
similar to those of the uncoordinated ligand (16). 
Two angles near N(3) seem to be somewhat affected 
in the same way as in Hg,Cl,(MC), (5): N(3)- 
C(4)-C(5) (1 19.9") and C(2)-N(3)-C(4) (121.5") 
have changed by - 1.6 and + 1.0" with respect to the 

material. The standard deviations are: 0.0054.010A and 
0.4-0.6", except where hydrogen is involved, 0.1 A and 5". 

out of the plane: 0(2), 0.039(5) A and Cd, -0.023(2) 
A. Ligand 2 is more distorted. All exocyclic groups 
are considerably distant from the best plane through 
the ring: C(l), 0.1 1 l(8); 0(2), -0.092(6); N(4), 
0.041(7); and Cd, -0.200(2) A. The corresponding 
ring atoms show maximum departures of 40 on the 
same side of the plane as their exocyclic atom. 

corresponding values in free MC. Hydrogen Bonding and Packing 
The six-membered ring of ligand 1 is planar The onlyintramolecular H-bond (N(24)-H(242)... 

within 30. Two of its substituents are significantly Cl(1)) is much weaker than in Hg,CI,(MC),: 
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FIG. 3. Stereo view of the molecular packing in CdC12(MC)2. The dotted lines represent intermolecular H-bonds. 

N(24)-Cl(1) = 3.31 8(5) A, C(24)-N(24)-Cl(1) = 
108.0(4)", Cd-Cl(l)-N(24) = 77.3(1)". Amino 
group N(14) is not involved in H-bonding, the 
nearest potential acceptor, C1(2), is found at 
3.423(6) A. Inspection of Fig. 1 reveals that much 

I stronger N-H...CI interactions could be achieved if 
the ligands were rotated in their own planes about 
N(13) and N(23) respectively. Of course, this would 

I move the carbonyl groups away from cadmium and 
i disrupt any oxygen-metal bond. The weakness or 
1 absence of H-bonds is considered as evidence for a 
I greater stabilisation by Cd-0 interaction than by 

amino-Cl H-bonding. 
Figure 3 shows a projection of the unit cell. Base 

stacking, a common feature with this type of ligand, 
is observed for both independent MC ligands with an 
interplanar distance of -3.55 A. On the other hand, 
intermolecular H-bonding occurs only to a limited 
extent. The only strong H-bond involves N(24)- 
H(241) and O(12) (112 + x, 112 - y, - 112 + z): 
N(24)-O(12) = 2.867(6) A, C(24)-N(24)-O(12) = 
126.4(4)", C(12)-O(12)-N(24) = 148.9(4)". Both 
chlorine atoms form normal van der Waals contacts 
with methyl groups and hydrogens of the cytosine 
ring. 

Role of Exocyclic Groups 
As shown in Fig. 4, exocyclic groups on both 

adjacent ring positions interfere with a metal atom 
approaching N(3). Some repulsion is expected with 
an amino hydrogen when the metal moves along the 
bisector of the external C(2)-N(3)-C(4) angle. This 
situation, which is assumed to achieve maximum 
overlap with the lone pair of N(3), is referred to 
hereafter as A = 0 (where A is the difference between 
angles M-N(3)-C(2) and M-N(3)-C(4)). If A 
becomes 7.5", M and H will just touch. Such con- 
siderations hold only if no other ligands on the metal 
create steric hindrance in the cytosine plane. The 

FIG. 4. Steric effect of exocyclic groups on metal coordina- 
tion to N(3). Ligand geometry was taken from ref. 16 and an 
M-N(3) distance of 2.10 A was used. The van der Waals 
radius of M (1.55 A) is similar to the value proposed by 
Grdenic for mercury (17). 

square planar Pt(I1) complexes with methylcytosine 
(18) and cytidine (19), where A = 9.8 and 7.6" re- 
spectively, fulfill those conditions. In both cases, the 
coordination plane is approximately perpendicular 
to the ligand, suppressing any steric effects of other 
ligands. 

Copper resembles platinum to a certain extent in 
forming four strong bonds in a plane roughly per- 
pendicular to the cytosine moiety. However, whereas 
Pt(I1) has no appreciable affinity for a fifth ligand, 
Cu(I1) is well known to assume (4 + 1)- and 
(4 + 2)-coordination by forming weaker bonds 
above and below the plane of the four strong ones. 
From the consistency of this pattern in Cu com- 
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plexes, Marzilli and Kistenmacher (21) have con- 
cluded that such interactions are important in 
copper-cytosine complexes. Recently, evidence for 
coordination at O(2) has been obtained from Raman 
and 13C nmr spectra (22). Cu-O(2) bonding in- 
creases A to values much greater than with Pt(I1): 
14.7,21.4 (23), 17.5 (24), 22.2 (25), 18.8, 12.9" (26). 

In the present Cd complex, A values of 30.1 and 
36.5" are observed. I t  is unlikely that they result from 
packing forces producing similar large effects on both 
independent ligands. As pointed out earlier, intra- 
molecular H-bonding involving amino groups is very 
weak, although it would have been sterically feasible 
to promote H-bonding at the expense of Cd-0 
interactions. We believe that the high A values in this 
structure and in Hg,Cl,(MC), (A = 24") (5) are due 
to metal-O(2) bonding interactions. 

Nevertheless, they are only weak bonds. Strong 
metal-O(2) bonds have been reported for two com- 
pounds. In a Mn(I1)-CMP complex (27), the cytosine 
moiety is bonded via O(2) only with an Mn-0 
distance of 2.08 A. In AgN03.MC, silver is bonded 
to N(3) of one ligand and O(2) of another, with 
distances Ag-N = 2.225 and Ag-0 = 2.367 (28). 
A feature common to both structures is the metal- 
O(2)-C(2) angle of - 150". That value is estimated 
from the figures in preliminary communications, 
atomic coordinates not being available yet. In con- 
trast, that angle is restricted to -85" in chelates. 
Pullman and co-workers (29) have calculated an, 
electrostatic molecular potential-energy map for 
cytosine. They have predicted maximum basicity at 
55" from the C=O bond. According to their Fig. 2, 
this statement has to be interpreted as meaning that 
the optimum M-O(2)-C(2) angle is 125". In addi- 
tion, potential energy seems to change only slowly in 
the range 110-180". This can explain that stronger 
bonds are formed in the Mn(I1) and Ag(1) complex 
compared with other compounds where four- 
membered chelate formation requires angles well 
outside of that range. It is noteworthy that in two 
methylthyminato (MT) complexes showing strong 
metal-oxygen bonds, the M-C-0 angles are in the 
above range: [(NH3)4Pt,(MT),]2+ (30), Pt-0 = 
2.012, 2.037 A, angle = 129.5, 130.6"; Ag(MT) (31), 
Ag-0 2.333, 2.512 A, angles 127.6, 121.9". 
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Synthesis of long-chain coumarines and 2H-chromenes. Spectral and 
monolayer properties1 
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H. P. POMMIER, J. BARIL, I. GRUDA, and R. M. LEBLANC. Can. J. Chem. '57,1377 (1979). 
Several coumarines and 2H-chromenes containing one or two long-chain substituents were 

synthesized and their spectroscopic properties (uv, nmr) were investigated. All compounds 
were studied at the air-water interface. Five of them give a monolayer which is characterized by 
the pressure-area isotherm. An interpretation of the isotherms is discussed in relation to the 
molecular structure. 

H. P. POMMIER, J. BARIL, I. GRUDA et R. M. LEBLANC. Can. J. Chem. 57, 1377 (1979). 
La synthkse d'une skrie de coumarines et de 2H-chromtnes substituks par une ou deux 

chaines grasses est decrite. Les composks sont caractkrises par leurs propriktks physiques et 
spectroscopiques. Toutes les substances ont kte ktudikes a l'interface air-eau. Cinq Centre 
elles prksentent les caractkristiques d'une monocouche suite l'examen de leur isotherme de 
pression de surface. Une interprktation des isothermes est donnee en fonction de la structure 
molkulaire. 

Introduction compounds is their presence in many natural plant 
The monolayer organization of natural photo- products (5) .  

sensitive pigments seems to favour the energetic Since the known chromenes and coumarines are 
transformations occurring during irradiation. ~ l s o  not amphipatic, we had to modify their structure by 
for some synthetic compounds it has been found that introducing long aliphatic chains. In this paper, we 
their reactivity in monolayer assemblies is quite report the synthesis of a number of long-chain 
different from their behaviour in solution (1). coumarines and chromenes with their spectral and 

In order to study the specificity of photochemical mOnO1a~er properties. In the case of spectral proper- 
or p ~ o t o p ~ y s i c a ~  reactions in monolayers in ties, the A,,, and the extinction coefficients in various 
parison with the same reactions in solutions and (or) were determined. The monolayer properties 

in solid films, we needed some model compoun~s~  of the synthesized compounds are discussed on the 
~h~~~ compoun~s have to be photosensitive, for basis of the experimentally determined pressure-area 
example, p~o toc~romic  and (or) to possess some isotherms. An interpretation of the isotherms is 
luminescence characteristics. They also have to con- proposed in relation to the m ~ ~ e c u l a r  structure. 
tain a polar head and one or more nonpolar hydro- 
phobic substituents, i.e., they must be amphipatic Results and Discussion 
which is the essential structural requirement for the Synthesis 
formation of a monolayer at the air-water interface. The relative position of the polar head and the 

We have recently synthesized some photochromic non-polar tail in ,  a molecule is a very important 
long-chain s~iroindolinop~rans (21, and the mono- factor for the formation of a monolayer. Another 
layer properties of these compounds have been in- essential factor is the hydrophile-lipophile balance of 
vestigated in this laboratory (to be published). The a molecule. I t  was, therefore, interesting to synthesize 
surface Pressure - area isotherms for most compounds several coumarines and chromenes containing one or 
in this series exhibited inflections due probably to more long chains in different positions in the ring. 
some conformational changes during compression. 

To avoid the possibility of conformational changes Long-chain Coumarines 
we looked for other mode] compoun~s with a more Scheme 1 shows the method which has been used in 

rigid, onemplane, polar head. ~ ~ o t o c ~ r o m i c  2ff- order to introduce a long-chain aliphatic substituent 
benzopyrans (chromenes) (3,4) as well as coumarines the cOumarine. 
which are fluorescent seemed to have all the necessary Starting materials are the easily available hydroxy- 
features. An additional interesting feature of these coumarines. chains are by the 

n-hexadecyl p-toluenesulfonate according to a general 
'Part 11 of photochromic studies in monolayers. method used for alkylation of different phenols and 

WO8-4042/79/111377-07$0 1.00/0 
01979 National Research Council of Canada/Conseil national de recherches du Canada 
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TABLE 1 .  Yields and physical properties of long-chain coumarines 

bS 

Thin layer 
Yield Melting chromatography 

Compound R1 R R3 R4 RS (%) point C'C) Rf (solvent) 

other compounds containing an active hydrogen (6). 
We significantly improved the yield of the reaction 
with some modifications of the original method (see 
Experimental). 

Table 1 shows yields and physical properties of the 
synthesized long-chain coumarines. Compound 2e 
was prepared by nitration of 2b. 

X, Y, U, W = H, OH, CH3 
Z =  H 

1 

Long-chain Chromenes 
Many papers describing the synthesis of 2H- 

chromenes have been published (5, 7-12). However, 
most of the methods give poor yields and necessitate 
long procedures or difficult work-up. Many side 
products are present in the reaction mixtures which 
make the isolation and purification of the chromenes 
very difficult. We adapted three of the known methods 
for the synthesis of long-chain chromenes. 

Method A 
2,2-Dialkyl2H-chromenes may be obtained in the 

reaction between a coumarine and 2 mol of a Grig- 
nard reagent, as shown in Scheme 2. 

According to the literature (5, 7), the nature of the 
products depends upon the reaction conditions and 
varies with the character of substituents present in the 
molecule of the starting coumarine. Long-chain 
coumarines 2 add 2 mol of methylmagnesium iodide 
in anhydrous ether at 0°C. Nevertheless, some side 
products are also formed and the chromenes have to 
be purified by chromatography on silica gel columns 
followed by crystallization. Chromenes which have 
been synthesized by method A have one or two long 
chains attached by an ether linkage at carbons -5, -7, 
or -8. 

Method B 
In order to prepare chromenes with a long-chain 

substituent attached by a C-C link at carbon-3, we 
followed the method given by Arrigo (12) who has 
described the preparation of 3-substituted chromenes 
in a Lewis acid catalyzed reaction between tertiary 
alkyl chlorides and o-hydroxybenzaldehydes. The 
alkyl chloride used in our case was the 2-chloro-2- 
methylnonadecane prepared from the corresponding 
tertiary alcohol. The reaction was carried out with 
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POMMIER ET AL. 

salicylaldehyde, 3-methoxysalicylaldehyde, and 5- 
nitrosalicylaldehyde. 

Products have been purified by chromatography on 
silica gel columns followed by crystallization, except 
for 7 c  for which only crystallization was done. The 
yields were poor, which is not uncommon when a 
long aliphatic chain is present in the starting com- 
pound. 

Method C 
o-Hydroxybenzaldehydes may be converted into 

benzopyrylium salts as shown in Scheme 4 by an 
acid catalyzed condensation with ketones (7). Some 
benzopyrilium salts are reported to react with 
Grignard reagents to give chromenes (7). 

Also in this reaction the formation of several side 
products is reported and the choice of the reaction 
conditions is very important. In ethereal solution at B 
low temperature, which is the condition reported for 
the synthesis of several benzopyrylium salts, we 

I e 
found that the nonadecanone does not react with 8 
o-hydroxybenzaldehydes. When the reaction was 5 
carried out with 3-methoxysalicylaldehyde in ethanol .- IZ 
at room temperature, 3-hexadecyl-2-methyl-5-me- 9 
thoxybenzopyryliumperchlorate was obtained. This bb c 
salt reacts with methylmagnesium iodide to give 0 2 2 -  
the 2,2-dimethyl-3- hexadecyl- 5- methoxy -2H- chro- o Uurr :  
mene which is identical with the product obtained by 
method B. Table 2 gives yields and physical proper- .[ 8 
ties of the long-chain chromenes synthesized by the & . "  0 
three methods. Spectral characteristics of synthesized - 

m 
0 

compounds are given in Table 3. .g 2 2 
C a 

Monolayer a 
The results are presented as diagrams of the surface 9 

m pressure - area isotherms (n-A isotherm). Figure 1 2 
Q) illustrates the n-A isotherms for compounds 2b  and 5 

2c. Figure 2 gives the isotherms for compounds 7b, ci 
W 

U 
V 

h* hhhh 

S?*SSSS 
V I h 0 m - t -  I g m r z w w  - 
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TABLE 3. Spectral characteristics of long-chain coumarines and 2H-chromenes 

Compound Solvent hrnax, nm (log &)* 

Isooctane 
Ethanol 

Cyclohexane 

Cyclohexane 

Cyclohexane 
Ethanol 

Cyclohexanet 

Cyclohexane 
Ethanol? 

Cyclohexane 
Ethanol 

Cyclohexane 
Ethanol 

Isooctane 
Ethanol 

Cyclohexane 
Ethanol 

Isooctane 

213 (4.59); 254 sh; 263 (4.09); 274 (4.04); 294 sh; 303 (3.84); 316 sh 
213 (4.54); 257 sh; 264 (4.06); 276 (4.04); 303 (3.83); 312 sh 

216 (4.65); 240 (3.91); 250 (3.79); 278 (3.92); 288 (3.98); 
310 (4.12); 318 (4.14); 337 sh 

220 sh; 247 (3.95); 257 (3.94); 303 (4.16); 314 sh 

212 (4.45); 242 (3.89); 252 (3.83); 307 (4.16); 313 (4.15); 328 sh 
212 (4.47); 245 (3.85); 254 (3.82); 321 (4.22) 

260; 294; 307; 321 ; 328 sh 

219 (4.40); 258 sh; 266 (3.80); 275 (3.74); 306 (3.65); 315 sh 
218; 256 sh; 265; 275; 304; 315 sh 

228 (4.20); 233 sh; 263 sh; 270 (3.77); 281 (3.64); 310 (3.08) 
226 (4.18); 269 (3.66); 280 (3.61); 306 (3.04) 

226 (4.16); 264 (4.35); 272 sh; 303 (3.77); 341 (3.72) 
227 (4.17)'; 233 sh; 270 (4.30); 278 sh; 305 (3.79); 347 (3.75) 

220 (4.43); 271 (3.89); 277 sh; 304 (3.88); 313 sh 
218 (4.34); 271 (3.88); 277 sh; 304 (3.85); 313 sh 

223 (4.47); 272 (4.04); 282 sh; 300 (3.59); 316 sh 
223 (4.49); 272 (4.03); 280 sh; 300 (3.60); 312 sh 

233 (4.65): 240 sh; 278 (4.41) 

*In the calculation of log E, the concentrations are in the range 10-4-10-5. 
?For compounds having very low solubility, only I,.. 1s glven. 

7d, and 7e. When the maximum surface pressure was ring causing instability in the surface pressure 
kept below the collapse region, all the isotherms measurements as we noted for compound 2a. Addi- 
studied were reversible within experimental error. tion of nitro group at C-6 (compound 2e) to the 
These results favour the suggestion that only a mono- structure of compound 2b also imparts an instability 
layer is present at the air-water interface. For com- 
pound 7c, we found no reversibility in the TC-A iso- 
therms as shown in Fig. 3. The low values of the area 
per molecule for this compound suggest either the 
formation of a film or the result of film loss due to the 
penetration of the hydrocarbon chain in the sub- 
phase. 

The limiting area per molecule for the coumarines 
2b and 2c are, respectively, 24.3 and 44.5 A2/mole- 
cule. For the 2H-chromenes 7b, 7d, and 7e, the 
limiting areas are, respectively, 53.7, 25.3, and 26.5 
Az/molecule. 

For some coumarines, we observed an instability 
of the film. No isotherm was obtained for coumarines 
2a, 2d, and 2e. Comparing the structure of compound 
2a with compound 2b, we have for compound 2a the 
position of the long-chain alkoxy group in the same 
ring as the two other oxygens, whereas the long- 
chain alkoxy group in compound 2b is situated on the 
same side as the two oxygens in the coumarine struc- 
ture. As we found a solid-type isotherm for compound 
2b with a limiting area of 24.3 A2 molecule-I (see 
Fig. I), we may suggest that the presence of a long 
chain at C-7 is important to stabilize the film. The 
introduction of OR at C-4 may solubilize the film due 
to the presence of hydrophilic groups in the same 

to the i s o t h e r m . ~ ~ ~ e  were not able to compress the 
film from 2e to obtain the characteristic TC-A curve. 
For compounds 2c and 2d, two long-chain alkoxy 
groups were fixed in the benzene ring. The com- 
pound 2c, with the alkoxy groups in the ortho posi- 
tion, gives an isotherm with a limiting area of 44.5 Az 
molecule-I which is approximately twice the value 
obtained for compound 2b. The behaviour of the 
isotherm presents a liquid-type monolayer for surface 
pressure below - 15 mN m-I and a solid type at a 
higher surface pressure. The hydrophobic interaction 
between the fatty alkoxy groups may explain the 
surface pressure characteristics of the monolayer. 

In the case of compound 2d, the long-chain 
alkoxy groups are in the meta position; an instability 
in the film was observed during compression. To 
explain this result, we suggest the possibility that the 
two-long chain alkoxy groups are essentially un- 
correlated in regard to direction in space. The 
molecule is then coiled; hence, in this structure there 
is no possibility for forming a stable monolayer. 

Similar behaviour is observed for the 2H-chro- 
menes. For example, the introduction of a nitro 
group causes instability of the film (compound 7c) 
(Fig. 3), as well as for compound 7S, in which two 
long chains are present in the meta position. A solid 
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0 20 4 0  60 8 0  

AREA ( A 2 )  PER MOLECULE 
FIG. 1. Pressure-area isotherms of compounds 26 and 2c. 

film is obtained for compound 7d with an A,=, = 
25.3 A2 molecule-' as for the corresponding cou- 
marine (compound 2b). In this case, one can see that 
the carbonyl group is not essential in the formation of 
a solid monolayer. For compounds 2c and 7e, the 
structures are identical, except for the carbonyl 
group in compound 2c. The n-A isotherms show 
differences in the limiting area per molecule and in 
the state of the monolayer. The absence of a carbonyl 
group facilitates the formation of a solid monolayer 
as we see in Fig. 2 (compound 7e). 

When the molecule had only one oxygen as in the 
case of compound 7a, we were not able to get a 
stable monolayer. To increase the polarity of the 
molecule, we introduced the methoxy group at C-8 
(compound 7b). A stable monolayer is formed which 
presents the characteristic of a liquid-state film as 
shown in Fig. 2. 

In view of these observations, some structural 
characteristics in the benzopyran series may be 
pointed out for the formation of a stable monolayer 
at the air-water interface: (i) one or two aliphatic 
chains (C, , )  is necessary for the formation of a 
monolayer; in the case of two chains, they must be in 
the ortho position to have a stable film; (ii) the 
alkoxy group, a weak hydrophilic group, favours the 
stability of the monolayer, which is not the case for a 
strong hydrophilic group such as -NO2; (iii) the 
position of the polar atoms has some effect on the 

AREA ( i2) PER MOLECULE 
FIG. 2. Pressure-area isotherms of compounds 7h, 7d, and 

7e. 

- 0  10 2 0  30 40 

AREA ( 6*) PER MOLECULE 
FIG. 3. Hysteresis curves for compound 7c. 

stability of the film, polar atoms on the same side of 
the molecule giving a stable monolayer. 

From our monolayer work, the coumarines 2b, 2c 
and the corresponding 2H-chromenes 7d, 7e are good 
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TABLE 4. Analytical data of coumarines and chromenes 

Analyses 

Calculated Found 

Compound C H N C H N Nuclear magnetic resonance (solvent, 6) 

CDCI,, 0.80 (t, 3H, CH,), 1.20 (m, 28H, CH,), 4.00 (t, 2H, OCH,), 
5.68 (s, lH,  olefinic), 7.05-7.85 (m, 4H, aromatic) 

CCl4,0.80 (t, 3H, CH,), 1 20 (m, 28H, CHI), 2.25 (app.~, 3H, CH,), 
3.88 (t, 2H, OCH,), 5.90 (app. s, lH ,  olefinic), 6.55-7.40 
(m, 3H, aromatic) 

CCl4,0.80 (t, 6H, CH,), 1.20 (m, 56H, CH,), 2.20 (app.~, 3H, CH,), 
3.90 (t, 4H, OCH,), 5.82 (app.~, lH,  olefinic), 6.60 (d, lH,  aroma- 
tic), 7.00 (d, lH, aromatic) 

CDCl,, 0.80 (t, 6H, CH,), 1.20 (m, 56H, CH,), 2.45 (app.~, 3H, 
CH,), 3.85 (t, 4H, OCH,), 5.82 (app.~, lH,  olefinic), 6.28 (d, 2H, 
aromatic) 

CDCI,, 0.80 (t, 3H, CH,), 1.25 (m, 28H, CH,), 2.40 (app.~, 3H, 
CH,), 4.13 (t, 2H, OCH,), 6.25 (app.~, lH,  olefinic), 6.98 (s, lH ,  
aromatic), 8.20 (s, lH,  aromatic) 

CCl4,0.80 (t, 3H, CH,), 1.18 (m, 28H, CHI), 1.28 (s, 6H, 2CH3), 
2.00 (m, 2H, CHI), 5.90 (app.~, lH,  olefinic), 6.4C6.90 (m, 4H, 
aromatic) 

CC14, 0.80 (t, 3H, CH,), 1.20 (m, 28H, CHI), 1.32 (s, 6H, 2CH3), 
1.95 (m, 2H, CH,), 3.65 (s, 3H, OCH,), 5.85 (app.~, 1 H, olefinic), 
6.35-6.55 (m, 3H, aromatic) 

CCl4,0.85 (t, 3H, CH,), 1.28 (m, 28H, CH,), 1.45 (s, 6H, 2CH3), 
2.18 (m, 2H, CHI), 6.08 (app.~, lH,  olefinic), 6.75 (d, lH,  aromatic), 
7.70-7.80 (m, 2H, aromatic) 

CCl4,0.80 (t, 3H, CH,), 1.20 (m, 34H, CH, and 2CH3), 1.83 (app.~, 
3H, CH,), 3.73 (t, 2H, OCH,), 5.05 (app.~, lH,  olefinic), 6.10-6.88 
(m, 3H, aromatic) 

CC14, 0.80 (t, 6H, CH,), 1.20 (m, 62H, CHI and 2CH3), 1.82 
(app.~, 3H, CH,), 3.80 (m, 4H, OCH,), 5.12 (app.~, 1 H, olefinic), 
6.18 (d, lH,  aromatic), 6.58 (d, lH,  aromatic) 

CC14, 0.80 (t, 6H, CH,), 1.20 (m, 62H, CH, and 2CH3), 1.95 
(app.~, 3H, CH,), 3.70 (m, 4H, OCH,), 4.92 (app.~, lH,  olefinic), 
5.80 (app.~, 2H, aromatic) 

model compounds to compare photophysical and 
photochemical properties in monolayer, film, and 
solution. 

Experimental 
Melting points are uncorrected. Microanalyses were per- 

formed by Schwarzkopf Microanalytical Lab., New York, NY. 
The nmr spectra were recorded at 60 MHz using a Perkin 
Elmer R-12 spectrometer with TMS as standard. The absorp- 
tion spectra were measured with a Colman 124 spectrometer. 
The extinction coefficients were calculated in the range of 
10-4-10-5 M ;  Spectrograde solvents were used. The purity of 
synthesited compounds was checked by tlc; all coumarines and 
chromenes presented one spot in two or three solvents. 

In the monolayer experiments, a surface balance based on 
the technique of Langmuir-Adam for detection of the change 
in surface pressure was used. The trough and the pressure 
sensing unit (0.200 mN m-l deg-l) has been described else- 
where (1 3). The float was attached to the edges of the trough by 

flexible gold foil strips. The sensitivity of the unit was better 
than 0.1 mN m-l. 

The spreading solvent was certified grade n-hexane and the 
sub-phase water was adjusted to pH 5.3 with potassium phos- 
phate, lo-, M. The water used for experiments was obtained 
from a quartz distillation apparatus. The water temperature 
was maintained at 24.0 0.5"C. 

Prior to compression, the surface was cleaned carefully on 
both sides of the float to eliminate film-forming impurities. 
The investigated solutions were deposited on the surface 
(approximately 100 pL depending on the compounds studied) 
with a Hamilton microsyringe and equilibrated for 20 min 
before compression. The rate of compression was kept low, 
i.e., 3.0 A' molecule-I min-l. 

The pressure-area isotherms were duplicated more than 
three times. Reproducibility of the results was within 1-2 A' 
molecule-l and f 0.2 mN m-l. 

Hexadecyloxycoumarines 
A mixture of 0.025 mol of a mono(di)-hydroxycoumarine 
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with 0.025 (0.050) mol of sodium hydroxide in 20 mL of water 
was added to a warm solution of 0.025 (0.050) mol of 
n-hexadecyl tosylate in 80 mL ofethanol. Theresultingmixture 
was refluxed for 8 h. Cold water (100 mL) was added and 
ethanol evaporated. After cooling, the mixture was filtered and 
the solid was washed several times with water and recrystal- 
lized in acetone. 
7-Hexadecyloxy-4-methyl-6-nitrocoumarine 
To a cold solution of 4 g (0.01 mol) of 7-hexadecyloxy-4- 

methylcoumarine in concentrated sulfuric acid (100 mL) was 
added slowly 1.2 g of 70% nitric acid. The mixture was stirred 
at O"C for 3 h, poured on ice, and filtered. The solid was washed 
with water and purified by recrystallization in acetone followed 
by chromatography on a silica gel column with benzene as 
eluent. 

Method A 
A suspension of 0.01 mol of the appropriate hexadecyloxy- 

coumarine in anhydrous ether was added slowly at 0°C to 
0.02 mol of methylmagnesium iodide in anhydrous ether. The 
reaction mixture was stirred at 0°C for 5 h and hydrolyzed with 
a NH4CI-HCl solution. The ethereal layer was washed with 
water, dried, and the solvent evaporated. The residue was 
recrystallized in ethanol and further purified by chromatog- 
raphy on a silica gel column. The elution was performed with 
solvents used for tlc (Table 2). 

Method B 
To 1.05 g of melted ZnCl,, a solution of 0.025 mol of the 

appropriate salicylaldehyde and 0.025 mol of 2-chloro-2- 
methylnonadecane in chloroform (15 mL) was added. The 
mixture was refluxed for 20 h, cooled, washed several times 
with water, dried (CaCl,), and the solvent evaporated. The 
residue was purified on a silica gel column with petroleum 
ether as eluent and recrystallized in ethanol. In the case of 7c, 
no chromatography was done; the product was recrystallized 
in hexane and in ethanol. 

Method C 
3-He~adecyl-2-meth~l-8-methoxypyryliumperchlorate-A so- 

lution of 10 g (0.066 mol) of 3-methoxysalicylaldehyde, 18.5 g 
(0.066mol) of 2-nonadecanone, and 22 g (0.131 mol) of 70% 
perchloric acid in ethanol (200 mL) was treated with hydrogen 
chloride gas during 20 h. The mixture was filtered and the solid 
washed successively with ether, hexane, and chloroform, and 
finally recrystallized in chloroform; 10 g (30.4%) of yellow 
solid, mp 185-186"C, of the pyrylium perchlorate was ob- 
tained; nmr (CDCI,) 6: 0.88 (t, J = 4.5 Hz, 3H, CH,), 1.26 
(m, 28H, CHz), 2.96 (t, J = 7.5 Hz, 2H, CH,), 3.20 (s, 3H, 
Z-CH,), 4.08 (s, 3H, OCH,), 7.51-7.98 (m, 3H, aromatic), 9.32 
(s, IH, aromatic). 
2,2-Dimethyl-3-hexadecyl-8-methoxy-2H-chromee-A sus- 

pension of 1.4 g (0.0028 mol) of 3-hexadecy1-2-methyl-8- 
methoxypyrylium perchlorate in anhydrous ether was added to 

a cooled solution of Grignard reagent prepared from 0.07 g of 
Mg (0.0029 mol) and 0.9 g (0.0028 mol) of methyl iodide in 
anhydrous ether. The reaction mixture was stirred at room 
temperature for 1 h and hydrolysed with a NH4CI-HC1 solu- 
tion. The ethereal layer was separated, dried, and the solvent 
evaporated; 0.7 g (48%) of 2,2-dimethyl-3-hexadecyl-8- 
methoxy-2H-chromene, mp 49-62"C, was obtained. The crude 
product was purified by chromatography on a silica gel column 
with a mixture of CCI, and CHCl, (1 : 1) as eluent. 

After recrystallization in ethanol, pure 2,2-dimethyl-3- 
hexadecyl-8-methoxy-2H-chromene, mp 69"C, was obtained. 
The compound was identical with the appropriate chromene 
obtained by method B. 

The analytical data of all synthesized compounds are given 
in Table 4. 
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Rearrangement studies with 14C. XLIII. The acetolysis of triani~yl[2-~~C]vinyl bromide 
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CHOI CHUCK LEE, URSULA WEBER, and CRAIG A. OBAFEMI. Can. J. Chem. 57,1384 (1979). 
Acetolyses of trianisyl[2-14C]viny1 bromide (1-Br-2-14C) were carried out in the presence of 

various amounts of added NaOAc or NaOAc and LiBr. Scramblings of the isotopic label from 
C-2 to C-1 arising from 1,2-anisyl shifts in the trianisylvinyl cation were observed in both the 
reaction product and the recovered, unconsumed reactant. The results indicate that the relative 
contribution of the 1,2-shift process is decreased with an increase in the amount of NaOAc or 
LiBr, in support of a mechanism involving formation of the dissociated trianisylvinyl cation 
which will competitively undergo 1,Zanisyl shift to give scrambling, be captured by Br- ion 
and return to scrambled starting material, and be captured by OAc- ion to give scrambled 
product. The results are also compared with previous data from solvolyses of triphenyl[2- 
14C]vinyl bromide and the differences are discussed. 

CHOI CHUCK LEE, URSULA WEBER et CRAIG A. OBAFEMI. Can. J. Chem. 57,1384(1979). 
On a effectue l'ac6tolyse du bromure de trianisyl[2-14C]vinyle (1-Br-2-14C) en presence de 

quantites diverses de NaOAc ou de NaOAc et de LiBr. On a observe des echanges des isotopes 
marqueurs du C-2 vers C-1 provenant de transpositions-1,2 des anisyles dans le cation trianisyl- 
vinyle tant dans le produit de la reaction que dans le reactif r6cup6rk qui n'avait pas rkagit. Les 
rksultats indiquent que la contribution relative aux transpositions-1,2 diminue avec une aug- 
mentation de la quantite de NaOAc ou de LiBr; ceci est en accord avec un mecanisme impli- 
quant la formation du cation trianisylvinyle dissocit qui subira des reactions cornpetitives soit 
de transpositions-1,2 donnant lieu a des echanges des isotopes soit des reactions oiI l'ion est 
piege par du Br- et donne lieu a une reaction de retour redonnant le produit de depart oiI il 
s'est produit des echanges ou des reactions ou Pion est piege par des ions OAc- qui fournissent 
des produits oiI il s'est effectue un khange. On compare aussi ces rksultats ceux obtenus 
anttrieurement lors de la solvolyse du bromure de triph&nyl[2-14C]vinyle et on discute des 
differences. 

[Traduit par le journal] 

The degenerate rearrangement arising from a 1,2- 
anisyl shift across the double bond in the trianisyl- 
vinyl (tris(p-methoxypheny1)vinyl)) cation was first 
reported from this laboratory in 1975 (1). For exam- 
ple, in the reaction of triani~~l[2-~~C]vinyl bromide 
(1-Br-2-13c) with HOAc-AgOAc, 13C nmr analysis 
of the product showed about 20% scrambling of the 
label from C-2 to C-1 (1). Similarly, using D-labeling 
and l H  nmr analysis, Rappoport and co-workers (2) 
found that the NaOAc buffered acetolysis of 1,2- 
dianisyl-2-p-(2H3)methoxyphenylvinyl bromide (1- 
Br-methoxy-d,) gave 35 f 2% rearrangement1 arising 
from 1,2-anisyl shifts. It was also noted that when 
the NaOAc buffered acetolysis was carried out in the 
presence of an excess of Bu4NBr, 4 f 1.5% rear- 
rangement was observed in the recovered reactant 
(2). Earlier, Rappoport and Gal (3) had reported that 
the unbuffered acetolysis of 1-Br gave irregular 
kinetics and extensive blackening, while in the NaOAc 

'With 1-Br-rnethoxy-d3, 100% rearrangement corresponds 
to the formation of 33.3% of the rearranged product. On this 
basis, the 20% scrambling observed in the work with 1-Br- 
2-13C corresponds to 40% rearrangement. 

buffered acetolysis, the first order rate constant de- 
creased markedly as the reaction proceeded during 
a given run. In the presence of added Bu4NBr, a 
large common ion rate depression was observed and 
it was concluded that the acetolysis of 1-Br took place 
via the dissociated trianisylvinyl cation, which could 
be captured competitively by the leaving group and 
by the lyate ion (3).' In the present work, further 
studies were undertaken on the acetolysis using 
triani~y1[2-~~C]vinyl bromide (1-Br-2-14C). The ex- 
tents of scrambling were determined in both the reac- 
tion product and unconsumed reactant at different 
stages of the reaction, carried out with added NaOAc 
or NaOAc and LiBr, in order to provide more scram- 
bling data on the role of the trianisylvinyl cation in 
relation to its rearrangement and return processes. 

1-Br-2-14C was synthesized in the same way as in 
the preparation of l-~r-2-l,C (I), except that 14C 
instead of 13C was used as the label. The acetolyses 
of 1-Br-2-14C were carried out in 9: 1 HOAc-Ac20 
in the presence of 2 or 20 equiv. of NaOAc, or in the 

ZA book providing a general review on vinyl cations is now 
in preparation (9). 

,0008-4042/79/111384-04$01.00/0 
@I979 National Research Council of Canada/Conseil national de recherches du Canada 
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LEE ET AL. 

presence of 2 equiv. of NaOAc and various amounts 
of LiBr as recorded in Table 1. Since the reaction 
rate would decrease markedly at the later stages of 
the reaction because of returns and since added Br- 
ions would further slow down the rate (3), for each 
set of experiments with a given amount of NaOAc 
or NaOAc and LiBr, preliminary studies were made 
with inactive materials to determine the time required 
to give about 25, 50, or 75% reaction as measured by 
titration of the liberated Br- ions. In the active runs, 
these reaction times were utilized together with an 
experiment using a prolonged reaction time. Because 
of 1,2-anisyl shifts in the trianisylvinyl cation and 
returns from the ion to covalent starting material, 
the 14C-label would be scrambled over the C-1 and 
C-2 positions in both the reaction product, tri- 
ani~yl[l,2-~~C]vinyl acetate (1-0A~-l,2- '~C), and the 
unconsumed reactant, triani~yl[l,2-~~C]vinyl bro- 
mide (1-Br-1,2-I4C). Upon two successive treatments 
of the product and unconsumed reactant with 
LiAlH, as described previously (I), the 1-OAc-1,2- 
14C was converted to 1,2,2-trianisyl[l ,2-14C]ethanol 
(2-1,2-14C) (1) and, at the same time, the uncon- 
sumed 1-Br-1,2-14C was transformed to trianisyl[l,2- 
14C]ethene (3-1,2-14C) (4). After separation through 
an alumina column, the 2-1,2-14C was oxidized (5) 
to give dianisyl[14C]ketone (4-14C), and the differ- 
ence in activity between 4-14C and 3 - ~ , 2 - ' ~ ~  gave the 
extent of scrambling from C-2 to C-1 in the reaction 
product. Degradation of the 3-1,2-14C was effected 
by ozonolysis, again giving rise to 4-14C and hence 
the extent of scrambling in the recovered uncon- 
sumed reactant. The results are summarized in 
Table 1. 

The results in Table 1 can be interpreted by the 
mechanism shown in Scheme 1, in which RX and 
R'X designate, respectively, the original substrate, 
1-Br-2-14C, and the isotopically rearranged 1-Br- 
1-14C, RY and R'Y designate the isotopically un- 
rearranged and rearranged I-OAC-~- '~C and 1-OAc- 
1-14C, derived from the unrearranged and rear- 
ranged triani~y][2-~~C]vinyl and triani~~l[l-'~C]vinyl 
cations, and kr, k-, and k,, respectively, are the rate 
constants for the 1,2-anisyl shift, the return process, 
and the product formation. The rates for the return 
process and production formation would also be 
dependent on [Br-] and [OAc-1, respectively. As 
stated in paper XLII of this series (6) ,  a steady state 
treatment for the processes in Scheme 1 will give the 
relationship depicted in [I]. 

(k-1 + k,)[R'X] + kX[RX] + [R'X]) 
(k-, + k,)[RXI + kX[RX] + [R'X]) I I 

8 8 8 8 8  8 8 8 8 8 8 8  
O O O O O  O O d O O O O  

s z s z z '  * - N  $32:%32 

8 8 8 8 8 8 8 8 8 8 8 8 8 8 8  
0 0 0 0 0 0 m 0 0 0 0 0 0 0 w  
m w - w - m - ~ w - ~ ~ m ~ w  
t 0 0 0 m m ~ w ~ W w 0 - 0 6  
3 N N t - N  O N - N O N O  
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Since the ratio of the rates of formation of the 
rearranged and unrearranged products is dependent 
on [RX] and [R'X] as shown in [I], the amount of 
scrambling in the product is expected to increase with 
increasing extents of reaction. This expectation is in 
agreement with the observed results (Table 1) which 
show that for a given set of experimental conditions, 
the scrambling in the product does increase with an 
increase in reaction time. For example, when the 
acetolysis was carried out in the presence of 2 equiv. 
of NaOAc with no added LiBr (experiments 1-4), 
for reactions ranging from about 25 to 90%, the 
increasing amounts of scrambling in the product 
ranged from 9.6 to 24.1% (19.2 to 48.2% rearrange- 
ment). In the experiment on the NaOAc buffered 
acetolysis of 1-Br-methoxy-d, (2), the observed 
35 $. 2% rearrangement is also within this range. 

The observation of scrambling in the recovered 
reactant indicates definitely the occurrence of returns 
from both the isotopically unrearranged and rear- 
ranged ions to covalent starting material. Again 
using experiments 1-4 as an illustration, in the earlier 
stages of the reaction (experiments 1 and 2), the 
scrambling in the recovered reactant is less than that 
found in the corresponding product and this is to be 
expected since there would be a relatively large 
amount of unchanged reactant remaining in the reac- 
tion mixture. In the later stages of the reaction 
(experiments 3 and 4), the scrambling in the re- 
covered reactant is higher than that in the corre- 
sponding product. Most probably, the occurrence 
of many cycles of ionization, 1,2-shift, and return 
will lead to the accumulation of a greater amount of 
the rearranged reactant in the recovered, uncon- 
sumed substrate. 

In experiments 5 and 6, an increase in the amount 
of NaOAc from 2 to 20 eauiv. resulted in a decrease 
in the extent of scramblini for both the product and 
recovered reactant (compare experiments 5 and 6 
with experiments 2 and 4). Similar effects of added 
OAc- in decreasing the extent of rearrangement have 
been previously reported. For example, the 20% 
rearrangement of the 1-phenyl-2,2-di-p-tolylvinyl 

cation to the more stable 2-phenyl-1,2-di-p-tolylvinyl 
cation, observed in the decomposition in HOAc of 
1-phenyl-2,2-di-p-tolylvinylphenyltriazene, was found 
to be completely suppressed by the presence of a 10 
molar equiv. of KOAc (7). Similarly, in the decom- 
position in HOAc of triani~~l[2-~~C]vinylphenyl- 
triazene, the isotopic scrambling arising from 1,2- 
anisyl shifts in the trianisylvinyl cation was decreased 
from about 38 to 17% by the presence of 1.7 equiv. 
of NaOAc (8). Such results from the decomposition 
of triazenes, which presumably took place via the 
diazonium ions, were interpreted as indicating that 
the 1,2-aryl shift occurred in the dissociated triaryl- 
vinyl cation. The presently observed decrease in 
rearrangement arising from an increased acetate 
concentration may, therefore, be regarded as a fur- 
ther confirmation that the acetolysis of l-Br pro- 
ceeds via the dissociated trianisylvinyl cation which 
undergoes 1,Zshifts competitively with captures by 
nucleophiles. An increased OAc- concentration will, 
therefore, enhance the rate of capture of the trianisyl- 
vinyl cation, thereby decreasing the relative amount 
of 1,2-anisyl shifts. 

When the acetolysis was carried out in the presence 
of 2 equiv. of NaOAc and various amounts of LiBr 
(experiments 7-1 5), except in the cases involving pro- 
longed reaction times, there was generally a further 
reduction in the extent of scrambling when compared 
with analogous experiments without the presence of 
added LiBr. This again fits the mechanism given in 
Scheme 1 since there would be further competition 
between the 1,2-shift in the dissociated trianisylvinyl 
cation and its capture by the additional Br- ions. In 
the experiments with prolonged reaction times 
(experiments 10, 12, and 14), the recovered reactant 
showed extensive scramblings, indicative of a high 
rate for the return process and the repeated cycles of 
ionization, 1,2-shift, and return gave rise to the accu- 
mulation of a completely or nearly completely 
scrambled residual unconsumed reactant. In experi- 
ments 10 and 12, these cycles of ionization, 1,2-shift, 
and return even resulted in a higher extent of 
scrambling in the product than the scrambling in the 
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product from experiment 4, which involved the use of 
2 equiv. of NaOAc and a long reaction time but 
without the added LiBr. 

It is of interest to compare the present results with 
those observed from our recent study with triphe- 
nyl[2-14C]vinyl bromide (5-Br-2-14C) (6). The sol- 
volysis of 5-Br-2-14C in HOAc-NaOAc was too slow 
and experiments were carried out with various com- 
binations of HOAc and H20 .  In HOAc-H20, no 
scrambling was found in the recovered reactant. In 
the reaction product, the extent of scrambling re- 
mained the same regardless of the extent of reaction 
and was unaffected by the presence of added NaOAc 
or NaBr. A mechanism simpler than Scheme 1 and 
without involving the return process was sufficient 
to account for those results (6). It was also suggested 
that the 1,2-phenyl shift in the triphenylvinyl cation 
may have occurred in the ion-pair stage rather than 
in the dissociated ion since added OAc- or Br- did 
not affect the extent of scrambling. In the solvolysis of 
5 - ~ r - 2 - ' ~ C  in 2,2,2-trifluoroethanol (TFE) buf- 
fered with lutidine (6), scrambling was found in both 
the product and recovered reactant. An interesting 
difference between the present results and those ob- 
tained from the trifluoroethanolysis of 5-Br-2-14C is 
that after about 30 or 60% reaction with 5-Br-2-14C, 
the scrambling in the product and in the recovered 
reactant was found to be the same (6). This finding 
suggests that in the triphenylvinyl system, k, for the 
1,2-phenyl shift is relatively unimportant when com- 
pared with k-,  and k, for the return and product 
forming processes. Once the rearranged triphenyl[l- 
14C]vinyl cation or ion pair is formed, the ratio of 
the rearranged to unrearranged ions or ion pairs will 
determine the ratio of their products, [RIY]/[RY], 
as well as the recovered reactants, [RIX]/[RX], 
because interconversion between the rearranged and 
unrearranged ions or ion pairs, the k, process, is 
relatively small. However, for the trianisylvinyl sys- 
tem, k,  is not unimportant when compared with k-,  
or k,, and from [l] the scramblings in the product 
and in the recovered reactant are not the same 
(Table 1). This interpretation of the difference be- 
tween the triphenylvinyl and trianisylvinyl systems 
appears to  be quite reasonable since the migratory 
aptitudes for the 1,2-shifts would be much larger for 
the anisyl than the phenyl group. 

Experimental 

of time. The tube was then cooled in ice, opened, and the con- 
tents poured into 200 mL of ether containing ordinary 1-Br 
and 1-OAc (about 100 mg each) as carriers. The ether solution 
was washed three times with 50 mL portions of water and then 
with a saturated NaHCO, solution. After drying over MgSO,, 
the ether was removed by distillation, leaving a residue con- 
taining the reaction product, triani~yl[1,2-~~C]vinyl acetate 
(1-OAc-1,2-14C), and any unconsumed reactant, trianisyl[l,2- 
14C]vinyl bromide (1-Br-1,2-14C). 

Work-up Procedure 
The residual mixture of 1-OAc-1,2-14C and 1-Br-1,2-14C 

was treated twice successively with LiAIH4 as previously de- 
scribed (1). After one LiAIH4 reduction, l-OA~-I,2- '~Cgave a 
mixture of 1,2,2-trianisy1[1,2-14C]ethanone and 1,2,2-tri- 
anisyl[l,2-14C]ethanol (2-1,2-14C) (I), while 1-Br-1,2-14C was 
converted to 1,2,2-triani~yl[l,2-'~C]ethene (3-1,2-14C) (4). 
After the second reduction, a mixture of 2-1,2-I4C and 3-1,2- 
14C was obtained. This mixture was passed through a 
30 cm x 2 cm diameter column packed with adsorption 
alumina (Fisher Scientific Co.). The 3-1,2-14C was first eluted 
with 90% petroleum ether (bp 4Ck60"C) and 10% ether, and 
the 2-1,2-14C was then recovered after a change to CHCI, as 
eluant. 

Degradation of 2-1,2-14C and 3-1,2-14C 
After the addition of appropriate amounts of inactive carrier 

if needed, 2-1,2-14C was oxidized with KMn04 to give dian- 
isyl[14C]ketone (4-14C) in the same way as described in earlier 
work (5, 8). 

The 3-1,2-14C, again with added carrier if needed, was de- 
graded by ozonolysis to give 4-14C. Typically, a stream of 
oxygen-ozone mixture, containing about 8% 03, from an 
ozone generator was passed through a stirred and cooled solu- 
tion of 500mg (1.5 mmol) of 3-1,2-14C in 100 mL of ethyl 
acetate for 1 h. The solvent wasremoved in a rotary evaporator 
and the residual crude ozonide was heated under reflux for 
2 h with a mixture of 48 mL of HzO, 2 mL of HOAc, and 
10 mg of Zn dust. After cooling, the mixture was extracted 
three times with ether, and the combined extract was dried 
over MgSO, before the ether was removed by distillation. The 
residue was then passed through the 15 cm x 2 cm diameter 
alumina column, with 90% petroleum ether(bp 4Ck60"C) - 
10% ether as eluant. Unreacted 3-1,2-14C was eluted first, 
followed by a small amount of p-methoxybenzaldehyde. The 
desired ketone, 4-14C, was eluted last, the recovery being 200 
mg (55%). 
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Total synthesis of 6-(L-a-aminoadipy1)-L-cysteinyl-D-valine (ACV), 
a biosynthetic precursor of penicillins and cephalosporins 
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SAUL WOLFE and MARK GORDON JOKINEN. Can. J. Chem. ;57, 1388 (1979). 
The title compound has been synthesized as its disulfide by a classical route from the fully 

protected precursor N-BOC-S-trity~-6-(~-a-aminoadipyl)-~-cysteiny-~-vaine bisbenzhydryl 
ester. Deprotection has been achieved by oxidative removal of the trityl group with iodine, 
followed by removal of BOC and benzhydryl using trifluoroacetic acid. The final product is 
obtained in 23% overall yield from D-valine. 

SAUL WOLFE et MARK GORDON JOKINEN. Can. J. Chem. 57,1388 (1979). 
On a synthetise le compose mentionnt dans le titre sous forrne de disulfure par une voie 

classique a partir du precurseur complktement protege qui est I'ester bisbenzhydrylique de la 
N-BOC S-trityl 6-(L-a-aminoadipyl) L-cystBinyl D-valine. On a effectue la dtprotection en 
faisant suivre I'klimination du groupe trityle grsce a une oxydation avec de I'iode suivi par 
l'enlkvernent des groupes BOC et benzhydryles h I'aide d'acide trifluoroacktique. On a 
obtenu le produit final avec un rendement global de 23% a partir de la D-valine. 

[Traduit par le journal] 

The biosyntheses of Penicillin N (la) by Cephalo- 
sporium acremonium, and of Isopenicillin N (lb) by 
Penicillium chrysogenum, proceed via the common 

H2N m N c z S  H5341 $j2,, 
tripeptide precursor 6-(L-a-aminoadipy1)-L-cysteinyl- 0 
D-valine (2) (ACV) (1). Although many of the details 1 

of the biosynthesis of ACV from the amino acid a (D-configuration at *C) 

precursors L-a-aminoadipic acid, L-cysteine, and b (L-configuration at *C) 

L-valine have been established (I), the specific 
processes by which the tripeptide is transformed to SH 

the oxidation level of penicillin remain unknown. 
Thus it has not yet been possible to relate the stereo- H2N 

mr:qyH 
chemical observations, that the pro-S hydrogen of 
cysteine is removed (2), and that the C5-N (2) and 2 

C2-S bonds (3) of penicillin are formed with reten- In this synthesis, the final product and most of the 
tion of configuration, to proven chemical mech- intermediates have been obtained in crystalline form 
anisms. The principal reason for the lack of progress and have been characterized fully. 
on this aspect of the problem is that studies of the Four syntheses of ACV and (or) its stereoisomers 
fate of ACV and (or) the role of post-ACV inter- have been reported previously in the literature (6-9). 
mediates require that protoplasts or protoplast Two of these (6, 7) were directed specifically towards 
lysates (4) derived from P. chrysogenum or C. the LLL isomer; however, the experimental details of 
acremonium be employed in the biosynthetic experi- Rudinger's synthesis (6) have not yet been presented, 
ments. The required techniques have only become and spectroscopic and analytical data were not given 
available in recent years, as a result of the important for the peptide intermediates and the final product 
work of Abraham and his co-workers (5). of Bauer's synthesis (7). Only the synthesis of Fawcett 

There are, therefore, two prerequisites for any et al. (9) has been accompanied by full experimental 
planned investigation of the oxidative stages of details and microanalytical data for the various 
penicillin biosynthesis. The first is a protoplast or intermediates. In this latter work, three separate 
protoplast lysate system that will convert ACV deprotecting steps were needed, and the final product 
efficiently into penicillin; the second is a supply of was obtained in 8.5% yield from the fully protected 
labelled ACV. We wish to disclose a new total tripeptide. 
synthesis of ACV (as its disulfide), which makes this The syntheses of Adriaens et al. (8) and Fawcett et 
compound readily available for biosynthetic studies. al. (9) include an alkaline hydrolysis of a protected 

0008-4042/79/111388-09$01 .OO/O 
01979 National Research Council of CanadalConseil national de recherches du Canada 
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WOLFE AND JOKINEN 1389 

tripeptide. In the work of Adriaens, this removes the 
benzyl ester of the intermediate 3; in the work of 
Fawcett, the alkaline hydrolysis removes the ethyl 
and 4-methoxybenzyl esters from the intermediate 4. 
In our hands, the removal of esters by alkaline 
hydrolysis led to prob1ems.l Thus, exposure of 5 to 
ethanolic sodium hydroxide led to loss of the 
a-aminoadipyl residue; application of the same con- 
ditions to 6, followed by removal of the tert-butoxy- 
carbonyl (BOC) protecting groups with trifluoro- 
acetic acid, led to a mixture of products. As a result 
of these failures, a successful synthesis was designed 
in which all carboxyl and amino protecting groups 
were removed in a single, acidic step. This synthesis 
is summarized in Scheme 1. 

3 R1 = PhCH2, R2 = PhCH20C0, R3 = disulfide, R4 = H 

6 R1 = PhCH2, Rz = t-BOC, R3 = disulfide, R4 = PhCH2 

Benzhydryl and BOC protection were employed 
for the carboxyl and amino groups, respectively, and 
the trityl group for the protection of sulfur. As a test 
of the various procedures, D-valine was first protected 
and deprotected, as shown in Scheme 2, and L- 

cystinyl-bis-D-valine was synthesized, as shown in 
Scheme 3. In this latter synthesis, oxidative cleavage 
of the trityl group from benzhydryl-N-BOC-S-trityl- 
L-cysteinyl-D-valinate was accomplished in over 
75% yield, using iodine in methanol containing 
pyridine (10). 

As shown in Scheme 4, DL-a-aminoadipic acid was 
prepared by the amidomalonic ester procedure 
described by Abraham and his co-workers (1 l), and 
resolved enzymatically as the N-chloroacetyl deriva- 
tive (12). The a-benzhydryl ester was then synthesized 
by treatment of the p-toluenesulfonic acid salt with 
1 equiv. of diphenyldiazomethane (13). This reaction, 
based upon a literature precedent with the P-naphtha- 
lenesulfonic acid salt of glutamic acid (14), afforded 
a mixture of unreacted diacid and the a-benzhydryl 
ester, from which the ester could be isolated without 
difficulty. The introduction of the BOC protecting 
group was performed using 2-tert-butoxycarbonyl- 

'M. G. Jokinen, P. Mathiaparanam, and S. Wolfe. Un- 
publishes results. 

oximino-2-phenylacetonitrile (BOC-ON) (15) in the 
presence of dicyclohexylamine. This minor modifica- 
tion of the recommended procedure (15) has been 
found to be generally applicable to the synthesis of 
BOC-amino acids.' 

The BOC-protected cysteinylvaline peptide shown 
in Scheme 3 was unsuitable for an ACV synthesis 
because of the difficulties (16) associated with the 
selective removal of the BOC group from 7 (see 
Scheme 3) prior to coupling with the aminoadipic 
acid moiety. Therefore, in the ACV synthesis, the 
N,S-ditrityl derivative of L-cysteine (17) was coupled 
to the benzhydryl ester of D-valine. The N-trityl 
group of the resulting material (8; see Scheme 1) 
could be removed selectively with aqueous acetic 
acid, and the product isolated as the hydrochloride 
salt. Conversion to fully protected ACV (9; see 
Scheme 1) was achieved using EEDQ (18) as the 
coupling agent. 

A problem with the use of the N-trityl group in 
peptide synthesis is the steric crowding which is 
introduced at the adjacent carboxyl group. This 
causes a reduction in the rate of the peptide coupling 
reaction (19). Nevertheless, N,S-ditritylcysteine has 
been coupled successfully with many amino acid 
esters, via the active N-hydroxysuccinimide ester 10 
(17, 20). However, despite these literature prece- 
dents, initial experiments suggested that the direct 
coupling of 10 with the benzhydryl ester of D-valine 
was extremely slow, and did not proceed to com- 
p l e t i ~ n . ~  The problem was overcome by addition of 
the active ester aminolysis catalyst 1,2,4-triazole to 
the reaction mixture (21), which allowed the syn- 
thesis of 8 under mild conditions. 

Certain N,S-diprotected cysteine esters have been 
found to undergo racemization under the conditions 
required for peptide coupling (22). It was, therefore, 
necessary to check the stability of 10 under the con- 
ditions of its coupling to the valine moiety. No race- 
mization was observed. 

Oxidative removal of the S-trityl group from 9 
proceeded in 64% yield, and treatment of the re- 
sulting bis-6-(N-BOC-L-a-aminoadipy1)-L-cystinyl- 
bis-D-valine tetrabenzhydryl ester (11; see Scheme 1) 

2J. D. Greenhorn. M. G. Jokinen, and S. Wolfe. Unpub- 
lished results. 

3M. G. Jokinen and S. Wolfe. Unpublished results. See also 
ref. 19, p. 138. 
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OH OH 0H.(C6H, ,),NH 
I I (ii) 

H-Aad-OH (i) t H-Aad-OCHPh, 
I 

60% 
75% t BOC-Aad-OCHPh, 

1 

H Tr Tr Tr 
I (iii) I 

HCI. H-CYS-OH H-CYS-OH 
I 

(iu) b Tr-Cys-OH 
I 

95% 67% 
t Tr-Cys-OSU 

79% 
10 

Tr 
Tr I 
I rCys-~-Val-OCHPh, 

(viii) I (ix) 82% from t HCI. H-Cys-D-Val-OCHPh, 65% t BOC-Aad-OCHPh, 

9 

BOC-Aad-OCHPh, Aad 
(1) 

64% ' L ~ y s - ~ - ~ a ~ - ~ ~ ~ ~ h , .  (Xi) Lcys-D-val 
I 83% 

rCys-~-Val-OCHPh, 
I 

rCys-~-Val 

BOC-Aad-OCHPh, Aad 

SCHEME 1. Reagents: (i) TsOH; Ph2CN2-DMF; (ii) BOC-ON, EtOH, dicyclohexylamine; (iii) TrOH, TFA; (iv) TrCI, 
Et2NH; (v) N-hydroxysuccinimide, DCC; (vi) TsOH; Ph2CN2-DMF; (vii) 1,2,4-triazole, Et3N; (viii) HOAc-H20; then 
HCI-EtOH; (ix) EEDQ; (x) 12-MeOH-pyridine; (xi) TFA. anisole. 

DL-a-Aminoadipic Acid (11, 25) 
D-Val (i) + TsOH. H-D-Val-OCHPh, 

81% y-Chlorobutyronitrile (Aldrich, purity 95%, 51.7 g, 0.50 
mol) was added at room temperature to a solution of sodium 

(iii) iodide (90 g, 0.60 mol) in distilled acetone (200 mL) containing 
(ii) + BOC-D-V~~-OCHP~, 

87% 67% 
D-Val some glass boiling granules (24). A precipitate began to form 

within minutes. The mixture was refluxed for 24 h. cooled to 

SCHEME 2. Reagents: (i) TsOH; Ph2CN2-DMF; (ii) BOC- 
ON-Et3N; (iii) TFA. 

with trifluoroacetic acid and anisole led to crystalline 
ACV-disulfide in 83% yield. The overall yield of this 
compound from D-valine is ca. 23%. As reported by 
Adriaens et al. (8), the disulfide is converted to ACV 
itself upon reduction with dithiothreitol (23). 

Experimental 
General 

The ir spectra were taken on a Perkin-Elmer 180 spectro- 
meter. Proton nmr spectra were recorded on a Varian Ana- 
spect EM360, or a Varian T-60. Chemical shifts are reported 
in 6 values relative to tetramethylsilane or 2,2-dimethyl-2- 
sila-pentane-5-sulfonate as internal standards, and in deuterio- 
chloroform unless otherwise noted. Microanalyses were car- 
ried out by Galbraith Laboratories, Knoxville, Tennessee. 
Melting points were determined on a Meltemp apparatus. 
Optical rotations were obtained on a Perkin-Elmer 141 
polarimeter. Thin layer chromatography was performed on 
pre-coated Brinkmann silica gel 60 F-254 plates with aluminum 
or glass backing. Spots were observed under short wave ultra- 
violet light, or were visualized with ninhydrin or iodine vapour. 
Magnesium sulfate and sodium sulfate were used as drying 
agents. Solvents were distilled before use, and were dried, as 
required, by literature procedures. 

room temperature, and the precipitated salt was removed by 
suction filtration and dried (28.4 g, 97% of theory). The filtrate 
was concentrated below 30°C under reduced pressure, and the 
residual slurry was dissolved in commercial anhydrous ethet 
After filtration, the ether was removed to yield crude y-iodo- 
butyronitrile as a clear yellow oil. This was purified by frac- 
tional distillation, bp 83-86"C/1-2 Torr, to give 83.7 g (86%) as 
a clear, colourless liquid; ir: 2240 cm-I ( - k N  stretch); 
'Hmr (CCI,): CI(CH2),CN: 3.64 (2H, t, 6), 1.90-2.80 [4H, 
m); I(CH2),CN: 3.28 (2H, t, 6), 1.90-2.80 (4H, m). 

A solution of sodium methoxide (Aldrich, 18.0 g, 0.33 mol, 
I .1 equiv.) in 75 mL absolute ethanol was added dropwise and 
with mechanical stirring to a solution of diethylacetamido- 
malonate (DAM) (65.1 g, 0.30 mol) in 240mL ethanol. The 
resulting mixture was extremely viscous. y-Iodobutyronitrile 
(78.0 g, 0.40 mol, 1.33 equiv.), in ethanol (50 mL), was then 
added dropwise and with vigorous stirring. After the addition 
was complete, the mixture was refluxed for 6 h. The solvent 
was removed and the residual slurry was taken up in 100 mL of 
ethyl acetate, followed by water and sufficient 10% citric acid 
to adjust the aqueous phase to about pH 4. The aqueous 
phase was removed, and the organic phase was washed with 
water (3 x 100 mL). After drying over anhydrous magnesium 
sulfate, and removal of the ethyl acetate, 11.66 g of iodo- 
butyronitrile was recovered from the residual oil by fractional 
distillation. The yield of crude alkylated product was 79.33 g, 
and its 'Hmr spectrum indicated some contamination with 
I(CH2)&N and DAM. 

The crude product (44.5 g) was dissolved in 480mL of 
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~ (iii) Ts0H.H-D-Val-OCHPh, 

. . . .  . . . . . . . . . . .  . .  . . . .  . . . .  . . .  . . . . . .  , .. . .  . . . . . .  . . .  :::~ Cys--~-Val . . . . . . . . . . . . . . . . . .  BOC-Cys-D-Val-OCHPh, 
I 
Tr 

. . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  . . . . . . . . .  , 
! 

I 
Cys-D-Val t 

I 
BOC-Cys-D-V~I-OCHP~~ 4: 

I 
(") BOC-C~~-D-V~~-OCHP~, 

85% 75% 
from I1 7 

SCHEME 3. Reagents: (i) TrOH, TFA; (ii) BOC-ON-Et3N; (iii) N-methylmorpholine, EEDQ; (iv) I,, MeOH, pyridine; ( u )  
TFA. 

(io) 81% 1 H2Nv~~2~ 
COzH 

SCHEME 4. Reagents: (i) NaI-Me,CO; (ii) diethylacetamidomalonate-NaOEt; then 8 N HCI; (iii)p-nitrophenylchloroacetate; 
1 (ir;) hog kidney acylase I. 
I 

8 N hydrochloric acid, and the solution was refluxed for 10 h. 
Removal of the solvent yielded a crystalline slurry which was 
dissolved in 50 mL of water. The pH was adjusted to 2.9 with 
aqueous sodium hydroxide and the resulting precipitate was 
collected, dried, and dissolved in 100 mL of water with the aid 
of aqueous sodium hydroxide. The clear solution (pH 6) was 
then acidified to pH 2.9 with concentrated hydrochloric acid, 
and an equal volume of ethanol was added. The DL-a-amino- 
adipic acid was collected after refrigeration, and dried, 14.8 g 
(54% from diethylacetamidomalonate). The material was posi- 
tive to ninhydrin; ir (KBr): 1640, 1665 cm-'; 'Hrnr @,O + 
NaZC03 + DSS): 3.25-3.6 (lH, m), 2.4-2.1 (2H, m), 1.9-1.4 
(4H, m). 

p-Nitrophenyl Chloroacetate (26) 
1 Monochloroacetic acid (18.8 g, 0.20 mol) andp-nitrophenol 

(27.8 g, 0.20 mol) were dissolved in 400 mL of ethyl acetate, 
and the solution was cooled to O°C. Dicyclohexylcarbodiimide 
(43.8 g, 0.21 mol), in ethyl acetate (100 mL), was added in one 
portion, with stirring. Dicyclohexylurea precipitation began 
within a minute. After 20 min, the ice bath was removed, and 
the solution was stirred for another 2 h. Oxalic acid (0.5 g) 
was added, and the solution was stirred a further 15 min. The 
urea and oxalic acid were then removed by filtration and the 
ethyl acetate filtrate was evaporated to dryness to yield the 
crude product. This was recrystallized twice from absolute 
ethanol to yield pale brown p-nitrophenyl chloroacetate 
(36.12 g, 84%), mp 95-98°C (Meltemp); 'Hmr: 8.25 (2H, d, 9), 
7.31 (2H, d, 9), 4.37(2H, s); ir: 178&1760,1515, 1335 cm-'. 

DL-a-Chloroacetylarninoadipic Acid (26, 27) 
DL-a-Aminoadipic ac~d  (8.06 g, 50 mmol) and sodium 

hydroxide (3.0 g, 75 mmol) were dissolved in 50 mL of dis- 
tilled water, and the solution was cooled to room temperature 
(pH 9.9). Acetone (25 mL) was then added, with stirring. A 
solution of p-nitrophenyl chloroacetate (12.52 g, 61 mmol) in 
25 mL of dry acetone was added dropwise with vigorous 
stirring during a 2 h period, with concurrent addition of 3 N 
NaOH to maintain the pH at 9.5. After the addition was 

complete, and the pH had ceased to fall, concentrated hydro- 
chloric acid was added carefully to lower the pH to 7.0. The 
solution was concentrated to half its original volume and an 
orange precipitate was removed. The pH was then lowered to 
5.5, and the solution was extracted with ethyl acetate (4 x 
100 mL), and the organic phase was discarded. The aqueous 
phase was concentrated to about 50 mL, acidified to pH 1-1.5, 
and extracted again with ethyl acetate (2 x 50 mL, 2 x 20 
mL). The combined extracts were then dried over anhydrous 
magnesium sulfate and evaporated. The residual yellow oil 
was triturated with hexane to give a pale brown solid (9.95 g).  
Recrystallization from ethyl acetate- hexane afforded 8.11 g 
(69%), mp 129-1 31.5"C (Meltemp) (lit. (1 1) mp 129-1 30°C); ir 
(KBr): 3370 (s), 169C1750 (b), 1600-1640 cm- ' ; 'Hrnr 
(CDCI3 + 3 drops DMSO-d6): 11.56 (2H, s), 7.53 (lH, d, 8), 
4.74.3 (lH, m), 4.07 (2H, s), 2.30 (2H, t, 6), 2.1-1.4 (4H, m). 

L-a-Aminoadipic Acid (28) 
Racemic N-chloroacetylaminoadipic acid (6.02 g, 25 mmol) 

and potassium dihydrogen phosphate (0.68 g, 5 mmol) were 
suspended in 100 mL of water, and brought into solution by 
the addition of 3 N sodium hydroxide. The pH was adjusted 
to 7.0, 250 mg of hog kidney acylase I was added, and the 
solution was stirred for 22 h. The enzyme was removed by care- 
ful heating of the solution to boiling for 5 min, followed by 
filtration. The solution was concentrated to 50 mL, the pH 
adjusted to 2.9 with hydrochloric acid, and 150 mL of ethanol 
was then added. After refrigeration for 24 h, the crude L-a- 
aminoadipic acid was collected, dried, and recrystallized from 
water-ethanol: 1.65 g (81%); [alD + 23.5" (c 2, 5 N HCI) (lit. 
(28) +25"). The material was positive to ninhydrin. 

The D-a-chloroacetylaminoadipic acid was recovered by 
removal of ethanol from the original filtrate, acidification to 
pH 1, and extraction with ethyl acetate. Workup in the usual 
manner and recrystallization from ethyl acetate - hexane gave 
2.33 g (7773, mp 99-100°C. 

L-a-Arninoadipic Acid a-Benzhydryl Ester (14) 
L-a-Aminoadipic acid (2.65 g, 16.5 mmol) and p-toluene- 
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sulfonic acid monohydrate (3.29 g, 17.3 mmol) were dissolved 
in water (20 mL), with warming. The solvent was removed 
under reduced pressure, and the residue was recrystallized from 
acetone-methanol(1: l)+ther: 5.40 g (98%). The L-a-amino- 
adipic acid p-toluenesulfonate (5.32 g, 16.0 mmol) was dis- 
solved in reagent grade dimethylformamide (8 mL) at 40°C, 
and diphenyldiazomethane (3.10 g, 16.0 mmol), in dimethyl- 
formamide (4 mL), was added in several portions over 5 min, 
with vigorous stirring. Evolution of gas occurred, and the red 
colour faded rapidly to a faint yellow (29). After a further 
5 min of stirring, sodium acetate (4 g) in water (20 mL) was 
added, and the product crystallized out. After standing over- 
night at 4"C, the product was collected, washed thoroughly 
with water and ether, and dried: 2.49 g. The aqueous phase of 
the washings was evaporated to dryness in vacuo, and the 
residue was redissolved in water (50 mL). A second crop of 
product was collected and washed with aqueous potassium 
phosphate (pH 7) to remove traces of aminoadipic acid. The 
combined yield was 3.24 g (60%), mp 124128°C. This was 
raised to 133-134.5"C after brief boiling in absolute ethanol. 
The aqueous washings of the reaction were combined, con- 
centrated, the pH adjusted to 3, and three volumes of methanol 
were added to give 0.29 g (1 1%) of L-a-aminoadipic acid. 

Analytical tlc of the aminoadipic acid benzhydryl ester 
(silica gel 60, ninhydrin) showed single spots in (a) water- 
methanol-pyridine (1 :2: I), Rf = 0.61 (yellow spot); (h) 95% 
ethanol - concentrated aqueous ammonia (10: I), Rf = 0.13 
(violet spot); (c) 95% ethanol - glacial acetic acid (20: I), 
Rf = 0.61 (yellow spot). Under the same conditions, a-amino- 
adipic acid showed Rf values of 0.52, 0.71, 0.14, respectively. 
[a], = -11" (c 2, CH,OH, 0.1 dm cell, with 1 equiv. of p- 
toluenesulfonic acid monohydrate added); ir (KBr): 1747 
cm-' (ester); 'Hmr (DMSO-d6 + TMS, Fourier t ran~form)~:  
7.36 (lOH, m), 6.79 (lH, s), 3.60-3.33 (lH, m), 2.38-2.03 (2H, 
m), 1.75-1.33 (4H, m). Anal. calcd. for Cl9HZlNO4: C 69.70, 
H 6.47; found: C 68.95, H 6.46. 

N-BOC-L-a-aminoadipic acid a-Benzhydryl Ester 6-Dicyclo- 
hexylammonium Salt 

L-a-Aminoadipic acid a-benzhydryl ester (1.635 g, 5.00 
mmol) was suspended in methanol (10 mL). A clear solution 
resulted when dicyclohexylamine (1.04mL, 5.25 mmol) was 
added. Then BOC-ON (1.30 g, 5.25 mmol, 1.05 equiv.) was 
added, and the pale yellow solution was stirred at room tem- 
perature for 24 h. The methanol was then removed in vacuo, 
diethyl ether (50 mL) was added, and, after chilling at -20°C 
the precipitated product was collected, washed with ether, and 
dried: 2.26 g (7573, mp 153.0-155.5°C, raised to 156.5- 
157.5"C after one recrystallization from ethanokther. 
[aID = -20.5" (c 2, methanol, 0.1 dm cell); ir (KBr): 1740 
(ester), 1700 cm-' (urethane); 'Hrnr (free acid5): 11.3-10.9 

4The compound was insufficiently stable under acidic 
(CDCI, -k 1 drop CF,COOH) or basic (D,O -k NaZC03 -k 
DSS) conditions for a successful nmr, and was poorly soluble 
under neutral conditions. 

5The free acid was generated by partition of the salt (0.61 g, 
1 rnrnole) between ethylacetate(5 mL) and 10% aqueous potas- 
sium hydrogen sulfate (5 mL). The aqueous phase was re- 
moved, and the organic phase was washed a second time with 
aqueous acid (5 mL), once with saturated sodium chloride 
solution (5 mL), and dried over sodium sulfate. After removal 
of the solvent in vacuo and trituration of the residual oil with 
petroleum ether, the free acid solidified and was collected: 
0.42 g (98%). Treatment of an ether solution of the acid with 
dicyclohexylamine regenerated the original salt, indicating 
that no ester isomerization had occurred. 

(lH, br s, exchanges with D,O), 7.33 (lOH, s), 6.95 (lH, s), 
5.20 (lH, d, 7.8, exchanges with D,O), 4.704.13 (lH, m, 
unaltered with D,O), 2.57-2.13 (2H, m), 1.97-1.57 (4H, m), 
1.42 (9H, s). 

Analytical tlc (silica gel): the free acid showed a single spot 
(Rf 0.74) in 95% ethanol - glacial acetic acid (20: I), visible 
with short wave uv, and positive to ninhydrin after treatment 
with one drop of concentrated hydrochloric acid. Anal. calcd. 
for C36H5,N206: C 71.02, H 8.61 ; found: C 70.67, H 8.74. 

D- Valine Benzhydryl Ester p-Toluenesulfonic Acid Salt (29) 
D-Valine (1.0 equiv.) and p-toluenesulfonic acid mono- 

hydrate (1.05 equiv.) were dissolved in water. The solution was 
evaporated to dryness under reduced pressure, and the residue 
recrystallized from warm acetone+ther. The salt (5.83 g, 
20 mmol) was dissolved in reagent grade dimethylformamide 
(5 mL), and the solution was warmed to approximately 50°C. 
Crude diphenyldiazomethane (DDM) (5.82 g, 30 mmol) was 
mixed with sufficient dimethylformamide to make 7.5 mL of 
solution and this solution was then added slowly (one drop 
every 4 5  s) to the vigorously stirred solution of the amino 
acid salt. Evolution of gas occurred, with the red colour fading 
immediately to faint yellow. The red colour began to persist 
as 1 equiv. of DDM was approached, and persisted for some 
minutes at slightly more than 1 equiv. The solution was then 
transferred to a 250 mL flask, and 150 mL of diethyl ether were 
added. A white solid precipitated immediately from the faintly 
pink solution. After chilling overnight at -20"C, the product 
was collected by filtration, washed with ether, and dried in 
vacuo. It was then recrystallized from absolute methanol - 
anhydrous diethyl ether, giving 7.43 g (81%, lit. (29) 77% with a 
different work-up), mp 175.5-177.O0C (lit. (26) 170-17l0C, 
from acetonitrile); ir (KBr): 1743 cm-'; 'Hrnr (CDCI,): 7.68 
(2H, d, 8.2), 7.1-7.5 (lOH, m), 6.8-7.1 (3H, m), 4.0 (lH, d, 
3.6), 2.05-2.50 (4H, m), 0.82 (3H, d, 6.8), 0.80 (3H, d, 7.0); 
[aID = -k20.2" (c 2, CH,OH, 0.1 dm cell). 

N-BOC-D-valine Benzhydryl Ester 
D-Valine benzhydryl esterp-toluenesulfonic acid salt (2.28 g, 

5.0mmol) was suspended in ethyl acetate (15 mL), and 
triethylamine (0.73 mL, 5.25 mmol), followed by BOC-ON 
(1 -35 g, 5.50 mmol), were added. The mixture was stirred for 
23 h at room temperature, and then extracted successively with 
10% potassium hydrogen sulfate (2 x 20mL), saturated 
sodium chloride (1 x 20 mL), 5% sodium carbonate (2 x 
20 mL), and saturated sodium chloride (1 x 20 mL). The 
organic phase was dried over anhydrous magnesium sulfate 
and evaporated to give an oil which crystallized upon seeding 
and scratching. The crude product was recrystallized from 
methanol to give 1.39 g (72%) of white needles, mp 110-1 11°C. 
A further 0.28 g was obtained by addition of water to the 
methanol mother liquor, mp 109-110.5"C (total yield 87%); 
[aID = + 19.5" (c 2, CHCI,); ir (KBr): 3370(s), 1727(s), 
1697(s); 'Hmr: 7.28 (lOH, s), 6.90 (lH, s), 5.03 (lH, d, 
J = 9 Hz, exchanges with D,O), 4.33 (lH, q, 9,4; D,O: d, 
J =  4Hz),2.5-1.8 (lH,m), 3.08 (9H,s),0.92(3H,d, 81, 0.80 
(3H, d, 8). Anal. calcd. for C2,H29N04: C 72.03, H 7.62; 
found: C 71.90, H 7.62. 

Deprotection of N-BOC-D-ualine Benzhydryl Ester 
To a mixture of trifluoroacetic acid (10.5 mL, distilled 

from phosphorous pentoxide) and anisole (1.1 mL, distilled in 
vacuo from anhydrous calcium chloride) was added N-BOC-D- 
valine benzhydryl ester (1.34 g, 3.5 mmol). The material dis- 
solved immediately, with evolution of gas, to give a clear 
yellow solution. This was stirred for 1 h at room temperature, 
during which time a yellow precipitate formed. The trifluoro- 
acetic acid was removed in vacuo, and the residue was dissolved 
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WOLFE AN1 3 JOKINEN 1393 

in ether (75 mL). The trifluoroacetic acid salt of D-valine did 
not precipitate, and the ether solution was, therefore, concen- 
trated to 20 mL and extracted with water (2 x 50 mL). The 
combined aqueous extracts were back-extracted once with 
ether (20 mL), and evaporated in vacuo to give about 1 mL of 
clear, colourless oil. This was diluted to about 5 mL with 
water, and pyridine was added dropwise until the pH (initially 
about 0) was raised to 5-6. Absolute ethanol (10 mL) was 
added, and the precipitated D-valine was collected after chill- 
ing at 5OC for several hours: 0.27 g (67%). The material was 
identical to authentic valine on thin layer chromatography 
(R, 0.61 on silica gel in 2: 1 isopropanol-water, ninhydrin, with 
the sample applied in aqueous TFA), and by 'Hmr; [a], = 
-46" (c 1, glacial acetic acid, 0.1 dm cell) (lit. (30) [a], = 
+47.2" for the L-isomer). 

N-BOC-S-trityl-L-cysteine Dicyclohexylammonium Salt 
L-Cysteine hydrochloride hydrate (2.64 g, 15 mmol) was 

converted to the anhydrous form by dissolution in 15 mL of 
absolute methanol followed by evaporation to dryness in 
vacuo. The procedure was repeated twice with chloroform to 
yield cysteine hydrochloride. Trityl alcohol (3.90 g, 15 mmol) 
and anhydrous trifluoroacetic acid (27 mL) were added and the 
mixture, which had immediately turned dark red, was stirred 
at room temperature for 15 min. Some insoluble material was 
still present, and the trifluoroacetic acid was, therefore, 
removed under reduced pressure and the procedure repeated 
with a further 10 mL. After an additional 15 min, no insoluble 
material remained. The solvent was removed in vacuo at room 
temperature to yield a yellow foam. Anhydrous diethyl ether 
(25 mL) was added and the solution was evaporated. This 
ether additionevaporation was repeated, and saturated 
aqueous sodium bicarbonate (50 mL) was then added to the 
foam, which was transformed into a flocculent white precipi- 
tate. After refrigeration overnight, this was collected and dried 
to yield crude S-trityl-L-cysteine, which was used without 
purification in the next step. 

The S-trityl-L-cysteine was dissolved in a mixture of dioxane 
(10 mL) and water (5 mL) with the aid of 10 N sodium 
hydroxide. The final pH was 10.2. BOC-ON (Aldrich, 4.06 g, 
16.5 mmol) in dioxane (5 mL) was added in one portion, and 
the pH was returned to 10.2 with sodium hydroxide. The 
solution was then stirred for 6 h at room temperature. The pH 
fell only very slowly during this period (10.2 to 9.9). No further 
base was added. The dioxane was then removed in vacuo to 
yield a viscous yellow solution. Water (30 mL) was added, and 
the mixture was extracted with diethyl ether (2 x 30 mL) and 
acidified to pH 3 by addition of solid citric acid. The acidified 
solution was extracted with ether (3 x 30mL), and these 
Igtter extracts were combined, dried over magnesium sulfate, 
and dicyclohexylamine (15 mmol, 2.98 mL) in ether (5 mL) 
was added. A white precipitate formed immediately. After 
refrigeration at -20°C for 1 day, the product was collected 
and dried in vacuo: 7.83 g (84%), mp 211-212°C (dec.) (lit. (31) 
mp 210-211°C); [or], +23" (0.1 dm cell, c 1, methanol) (lit. 
(31) [a], +23.S0); ir (KBr): 3238, 1698, 1624cm-' (salt); 
'Hmr (free acid): 9.5 (lH, m), 7.5-6.9 (15H, m), 4.8 (lH, m), 
4.1 (lH, m), 2.60(2H, d, 5.3, 1.40(9H, s). 

Alternatively, S-tritylcysteine (1.093 g, 3 mmol) was sus- 
pended in chloroform (6 mL), and dicyclohexylamine (0.66 
mL, 3.3 mmol, 99% pure) was added to yield a clear solution. 
BOC-ON (Aldrich, 0.81 g, 3.3 mmol) was added in one por- 
tion, and the solution was stirred at room temperature for 
18 h. The chloroform was then removed under reduced pressure 
to yield a viscous yellow oil, to which was added diethyl ether 
(50 mL). After chilling at -2OoC, the white precipitate was 
collected, washed with ether, and dried to give 1.782 g (96%) 

of product, mp 207-21l0C; [a], = +23.S0 (c 1, CH,OH, 
1.0 dm cell). 

Bis-N-BOC-L-cystinyl-bis-D-valine Bisbenzhydryl Ester (7) 
N-BOC-S-trityl-L-cysteine dicyclohexylammonium salt (3.04 

g, 4.9mmoI) was converted to the free acid by partition 
between ethyl acetate (25 mL) and 10% aqueous potassium 
hydrogen sulfate (25 mL), followed by a second washing of the 
organic phase with aqueous potassium hydrogen sulfate, and 
then brine (25 mL). The organic layer was dried over anhy- 
drous sodium sulfate, and to the solution was added D-valine 
benzhydryl esterp-toluenesulfonic acid salt (2.46 g, 5.39 mmol, 
1.1 equiv.), N-methylmorpholine (0.55 g, 5.39 mmol), EEDQ 
(1.27 g, 5.15 mmol, 1.05 equiv.), and ethyl acetate (25 mL). 
After 2 days at room temperature, the solution was washed 
successively with 10% aqueous potassium bisulfate (3 x 40 
mL), saturated sodium chloride (1 x 40mL), saturated 
sodium bicarbonate (2 x 40 mL), and saturated sodium 
chloride (1 x 40mL). It was then dried over anhydrous 
sodium sulfate and evaporated to yield a foam: 3.51 g (98% 
crude yield). 

To a solution of the foam (3.29 g, 4.52 mmol) in methanol 
(20 mL) and pyridine (1 mL, 12 mmol) was added a solution 
of iodine (1.20 g, 4.73 mmol, 1.05 equiv.) in methanol (10 mL). 
A precipitate began to form within 2 min, and additional 
methanol (20 mL) was added to facilitate stirring. After 1 h of 
stirring at room temperature, the precipitate was collected and 
washed with methanol. To the filtrate was added 10% aqueous 
sodium bisulfite to destroy residual iodine. The filtrate was 
concentrated in vacuo, and additional sodium bisulfite was 
added to yield a precipitate, which was collected and com- 
bined with the first precipitate. The crude product (the dipep- 
tide disulfide and trityl methyl ether) was dissolved in chloro- 
form (60 mL), washed once with water (20 mL), dried over 
anhydrous sodium sulfate, and evaporated. Petroleum ether 
(30 mL) was added to the residual white solid, and the dipep- 
tide was recovered by filtration, after grinding of the powder 
with the solvent: 1.90 g. Recrystallization from chloroform- 
methanol gave 1.66 g (75% from N-BOC-Strityl-L-cysteine), 
mp 167-169"C, [a], = +30° (c 2, CHCI,, 0.1 dm cell). The 
material travelled as a single spot, Rr 0.80, on aluminum- 
backed silica gel G plates in 1: 1 ethyl acetate - petroleum 
ether, visible with short wave ultraviolet; not positive to nin- 
hydrin, but became positive after heating with a drop of tri- 
fluoroacetic acid (yellow spot); ir (KBr): 3330, 3310, 1734 
(ester), 1677 (urethane), 1646 cm-' (amide); 'Hmr: 7.44 (lH, 
d, J = 10 Hz, exchanges with D,O), 7.26 (lOH, s), 6.88 (lH, 
s), 5.54 (lH, d, J =  9 Hz, exchanges with D,O), 4.88-4.52 
(2H, m), 3.02-2.92 (2H, m), 2.45-2.00 (lH, m), 1.42 (9H, s), 
0.90 (3H, d, J = 7 Hz), 0.84 (3H, d, J = 7 Hz). Anal. calcd. for 
C5~H66N4S~010:  C 64.30, H 6.85; found: C 64.25, H 7.08. 

L-Cystinyl-bis-D-valine 
To a mixture of trifluoroacetic acid (10 mL, distilled from 

phosphorus pentoxide) and anisole (1.0 mL, distilled in vacuo 
from anhydrous calcium chloride) was added 7 (1.65 g, 1.70 
mmol). The material dissolved immediately, with evolution of 
gas, to give a clear, yellow solution. This was stirred for 1 h at 
room temperature, during which time a yellow precipitate 
formed. The trifluoroacetic acid was removed in vacuo, and 
ether (60 mL) was added to the residue. A precipitate formed, 
but it dissolved immediately upon the addition of water 
(40 mL). After agitation of the mixture, the aqueous phase was 
removed, and the ether phase was extracted a second time with 
water (40 mL). The combined aqueous extracts were evapor- 
ated in vacuo to yield a glassy foam. This was dissolved in 
water (4 mL), and pyridine was added dropwise until the pH 
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(initially about 0) was raised to 5-6. A white precipitate sample), 4.0-3.5 (lH, m), 2.8-2.3 (7H, m, 1H exchanges with 
formed almost immediately. Absolute ethanol (8 mL) was ' D,O). 
added, and the precipitated ~-c~s t in~~-b is -~-va l ine  was col- 
lected after chilling at 5°C for several hours: 0.63 g (85%); 
[a], = + 88" (c 2, 2 N HCI, 0.1 dm cell); ir (KBr): 1687, 1630, 
1570-1510 cm-'; 'Hrnr (trifluoroacetic acid + TMS): 8.3-7.3 
(4H, m, contains d, J = 8 Hz; all exchange with TFA-d), 
5.2-4.6 (2H, m, contains q, J = 4.5 Hz, 8 Hz: with TFA-d, 
2H, m, contains d, J = 4.5 Hz), 3.50 (2H, d, 6), 2.8-2.0 (lH, 
m), 1.13 (6H, d, 6). Analytical tlc (silica gel): RI 0.58 (applied 
as the trifluoroacetate salt; 2 : 1 isopropanol-water), 0.17 
(applied as the free dipeptide in water; n-butanol- acetic 
acid - water, 4: 1 :4). The compound was visible with short 
wave uv, and gave a yellow spot with ninhydrin. Anal. calcd. 
for C16H30N406S2.2H20: C 40.49, H 7.22, N 11.81; found: 
C 40.42, H 6.96, N 11.57. 

N,S-Ditrityl-L-cysteine 
S-Tritylcysteine (3.63 g, 10 mmol) was suspended in methyl- 

ene chloride (30 mL), and the mixture was cooled in ice. A 
homogeneous solution resulted when diisopropylamine 
(3.0 mL, 21 mmol, distilled from potassium hydroxide) was 
added. Solid triphenylmethyl chloride (2.93 g, 10.5 mmol, re- 
crystallized from benzene plus acetyl chloride) was then added 
in five portions over 10 min, with continued cooling, and the 
solution was stirred for 2.5 h at room temperature. Additional 
methylene chloride (10 mL) was added at 90 min to facilitate 
the stirring. The solvent was removed under reduced pressure 
and the residue was triturated with water (100 mL) for 1 h. 
Then additional water (50 mL) and diethyl ether (50 mL) were 
added, whereupon the insoluble material solidified, 5.92 g. 
Recrystallization from hot chloroform - diethyl ether yielded 
5.07 g (72%) of off-white solid, mp 169-175OC (dec.). 

For conversion to the free acid, the salt (2.00 g, 2.83 mmol) 
was partitioned between ethyl acetate (30 mL) and 5% 
aqueous potassium hydrogen sulfate (20 mL). The organic 
phase was washed again with potassium bisulfate (20 mL), 
water (20 mL), and then dried over anhydrous sodium sulfate 
and evaporated. The residual oil was triturated with petroleum 
ether, to yield 1.68 g (98%) of the free acid as an amorphous 
solid, mp 1 11-119°C (dec.). This was crystallized from ben- 
zene-petroleum ether: 1.59 g (9373, mp 116-118°C (dec.) 
(lit. (17) mp 125-12S°C); [a], = + 71" (c 1, CH,OH) (lit. (17) 
[a], = +70°); ir (KBr): 1703 cm-'; 'Hrnr (CC14 + TMS): 
7.9-6.5 (30H, m), 3.47-3.03 (lH, m), 2.60-2.23 (2H, m). 

N,S-Djtrityl-L-cysteine N-Hydroxysuccinimide Ester (10) 
N,S-Ditrityl-L-cysteine (2.88 g, 4.75 mmol) and N-hydroxy- 

succinimide (0.60 g, 5.23 mmol, 1.1 equiv.) were dissolved in 
dimethoxyethane (4 mL). The solution was cooled in ice, and 
dicyclohexylcarbodiimide (1.08 g, 5.23 mmol, 1.1 equiv.) in 
dimethoxyethane (2 mL) was added, followed by more di- 
methoxyethane (2 mL). Dicyclohexylurea began to precipitate 
almost immediately. The solution was warmed to room tem- 
perature by allowing the ice to melt, and was stirred for a 
total of 19 h. The urea was then collected, washed with 
dimethoxyethane and dried (1.12 g, 96% of theory). Evapora- 
tion of the mother liquors afforded a golden oil which solidi- 
fied, upon scratching and chilling with isopropanol (20 mL), 
to give, after drying in vacuo, 3.73 g of a pale yellow solid (20). 
The 'Hrnr spectrum of this material indicated the presence of 
between one and two solvated molecules of isopropanol. The 
crude product was recrystallized from benzene - petroleum 
ether (17) to give 2.94 g of white crystals (79%, lit. (17) 89%, 
one benzene molecule solvate), mp 119-125°C (dec.) (lit. (17) 
mp 130"C), [a], = +62" (c 2, CHCI,) lit. (17) [a], = +64"); 
ir (KBr): 1796(w), 1763(m), 1730(s); 'Hmr: 7.7-6.9 (36H, m, 
approximately 6H removable by evaporation of the nmr 

- .  

Rotation of N,S-Ditrityl-L-cysteine N-Hydroxysuccinimide 
Ester in Ethyl Acetate Containing Triethylamine 

Two solutions of N,S-ditrityl-L-cysteine N-hydroxysuccini- 
mide ester (50 mg/mL) in 9: 1 (v:v) ethyl acetate- triethyl- 
amine were prepared. To one of these was added 1 equiv. 
(5 mg/mL) of 1,2,4-triazole. Each solution was kept at room 
temperature, and its optical rotation was measured periodi- 
cally. The results are shown in Table 1. 

In tetrahydrofuran in the presence of triethylamine, N-car- 
bobenzoxy-S-benzyl-L-cysteine N-hydroxysuccinimide ester is 
reported (22) to have a second order racemization rate con- 
stant, Kr,, = 4.88 x lo-, M-' s-'. This would result in 
almost total racemization within 20 min. 

S-Trityl-L-cysteinyl-D-valine Benzhydryl Ester Hydrochloride 
D-Valine benzhydryl ester p-toluenesulfonic acid salt 

(1.51 g, 3.3 mmol, 1.2 equiv.) was partitioned between ethyl 
acetate (6 mL) and 5% sodium carbonate (6 mL). The aqueous 
phase was separated, and the organic phase was washed once 
with saturated sodium chloride (6 mL) and dried over anhy- 
drous sodium sulfate. The solution was then mixed with N,S- 
ditrityl-L-cysteine N-hydroxysuccinimide ester (2.15 g, 2.75 
mmol), and ethyl acetate (4mL), triethylamine (0.38 mL, 
2.75 mmol), and 1,2,4-triazole (0.19 g, 2.75 mmol) were added. 
The solution was stirred at room temperature for 36 h and 
then, after dilution with ethyl acetate (lOmL), was washed 
successively with 10% potassium hydrogen sulfate (3 x 20 mL) 
saturated sodium chloride (1 x 20mL), saturated sodium 
bicarbonate (3 x 20 mL), and saturated sodium chloride 
(1 x 20 mL). It was then dried over anhydrous sodium sulfate 
and evaporated to give 2.50 g of a foam. Analytical chroma- 
tography on silica gel (ethyl acetate - petroleum ether - 
pyridine 50:40: 10) showed a major uv positive spot at R, 0.88, 
and minor spots at R, 0.70, 0.15. The crude product (8) was 
detritylated without purification. 

The crude dipeptide (2.50 g) was dissolved in reagent grade 
glacial acetic acid (16 mL), and water (4 mL) was added drop- 
wise with stirring (32). A white gum precipitated during the 
course of the addition. After the addition of the water, the 
mixture was agitated for 1 h, and by this time the gum had 
partially dissolved. The clear supernatant was decanted and 
retained. The gum was redissolved in acetic acid (16 mL), and 
a clear homogeneous solution resulted when this was added 
dropwise to the supernatant. Water (4mL) was added dropwise 
to the mixture and the resulting clear solution was stirred for 
an additional 30min at room temperature. More water 
(28 mL) was then added slowly, and the precipitated triphenyl- 
methanol was removed by filtration and dried (0.71 g, 99% of 
theory). The cloudy filtrate was evaporated in vacuo below 
35°C to give a clear oil which was dissolved in ethyl acetate 
(100 mL). This solution was washed with saturated sodium 
bicarbonate (2 x 100 mL), saturated sodium chloride (1 x 
50 mL), dried over anhydrous sodium sulfate, and concentra- 

TABLE 1. Optical rotation measurements 

Time  ID Time [ a b  
(h) (no triazole) (") (h) (triazole added) ("1 
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ted in vacuo to about 20 mL. A solution of hydrogen chloride 
in absolute ethanol (2.38 M, 1.20 mL, 1.05 equiv.) was added 
dropwise with shaking, and the solvent was removed in vacuo 
to give a foam which solidified upon trituration with petroleum 
ether (20mL): 1.50g (82%) of the dipeptide ester hydro- 
chloride, mp 80-98°C (dec.); [a], = +26" (c 2, CHCI,); ir 
(KBr): 1728 (ester), 1680 cm-' (amide); 'Hmr: 8.8-7.6 
(4H, m, exchanges with D20), 7.66.9 (25H, m), 6.82 (lH, s), 
4.84.4 (lH, m; D 2 0  d, J = 4.5 Hz), 4.3-3.7 (lH, m; D 2 0  
shifted to 4.0-3.66), 3.0-2.6 (2H, m), 2.5-1.9 (lH, m), 0.94.6 
(6H, m). 

Fully Protected ACV (9) 
N-BOC-a-benzhydryl-L-a-aminoadipic acid, freed from the 

dicyclohexylamine salt (853 mg, 1.4 mmol) in the usual man- 
ner, was mixed with S-trityl-L-~ysteinyl-D-~aline benzhydryl 
ester hydrochloride (928 mg, 1.4 mmol) in ethyl acetate 
(5 mL). Triethylamine (0.195 mL, 1.4 mmol), and EEDQ 
(371 mg, 1.5 mmol) were added, and the mixture was stirred 
at room temperature for 30 h. It was then diluted with ethyl 
acetate (5 mL), and extracted successively with 10% potassium 
hydrogen sulfate (2 x 5 mL), saturated sodium chloride 
(1 x 5 mL), saturated sodium bicarbonate (2 x 5 mL), and 
saturated sodium chloride (1 x 5 mL). After drying of the 
organic phase over anhydrous sodium sulfate, evaporation 
yielded a foam, which solidified upon trituration with petro- 
leum ether: 1.24 g. The crude product was recrystallized from 
ethyl acetate - petroleum ether to give 0.95 g (65z) of fully 
protected ACV, mp 97.5-101°C; [a], = -8" (c 2, CHCI,); 
ir (KBr): 1736(s), 1704(w), 1680(m), 1647(s) cm-'; lHmr: 
7.67.1 (35H, m), 6.89 (2H, s), 6.63 (lH, d, J = 9 Hz, ex- 
chaages with D20), 4.55 (lH, q, 9,4; D 2 0  d, J = 4 Hz), 
4.4-3.9 (2H, m), 2.8-2.5 (2H, m), 2.2-1.1 (16H, m), 0.85 (3H, 
d, 7.5), 0.73 (3H, d, 7.5). Analytical tlc (silica gel): Rf 0.78 
(50: 50 petroleum ether - ethyl acetate), 0.63 (60: 35: 5 petro- 
leum ether - ethyl acetate- diethylamine). The compound was 
visible with short wave uv, was negative to ninhydrin, and 
became positive to ninhydrin after heating with a drop of 
trifluoroacetic acid. Anal. calcd. for Cs4Hs7N30sS: C 74.03, 
H 6.51, N 4.05, S 3.09; found: C 74.13, H 6.76, N 3.89, S 3.27. 

Detritylation of 9 
Fully protected ACV (2.08 g, 2.00 mmol) was dissolved in 

ethyl acetate (20 mL), and methanol (40 mL) was added with 
stirring. Pyridine (0.65 mL, 8 mmol), followed by iodine 
(0.517 g, 2.04 mmol), in methanol (5 mL), were added, and 
the mixture was allowed to stand for 1 h at room temperature. 
No precipitate had formed by this time, and analytical tlc 
indicated that the reaction was proceeding more slowly than 
expected. The solution was therefore concentrated to a volume 
of 10 mL, and methanol (30mL) was added. A precipitate 
began to form within 2 h, and it was collected after additional 
stirring for 23 h. The solid was washed with methanol and then 
dissolved in chloroform (20 mL). and decolourized bv shaking 
with 1 0 z  aqueous sod& bis"ifite (20 mL). ~vaporation of 
the methanol washings yielded 102 mg (5%) of unreacted 9, 
mp 98-105°C. The chloroform layer was separated, and the 
aqueous phase was extracted with additional chloroform 
(10 mL). The combined chloroform extracts were dried over 
anhydrous sodium sulfate, filtered, and evaporated to yield 
a foam: 1.37 g. Trituration of the foam with petroleum ether 
removed trityl methyl ether and gave 1.13 g of solid, which 
was recrystallized from methanol to yield the product: 1.02 g 
(64z), mp 139-140.5"C; [a]D = +7" (c 2, CHCI,, 0.1 dm cell); 
ir (KBr): 1736(s), 1710(m), 1680(m), 1638(s) cm-' ; 'Hmr: 
8.46 (lH, d, J = 9 Hz), 7.5-7.1 (20H, m), 6.87 (2H, s), 6.53 
(lH, d, 8), 5.6-5.4 (lH, br s), 5.15 (lH, d, 8, exchanges with 

D20),4.74.5 (lH,m), 4.54.25(1H, br s), 3.1-2.8 (2H,m), 
2.4-1.3 (16H, m), 1.10-0.80 (6H, m). Analytical tlc (silica gel): 
Rf 0.71 (50: 50 petroleum ether -ethyl acetate), 0.79 (19: 1 
methanol-diethylamine). The compound was revealed with 
short wave uv, and became ninhydrin-positive after treatment 
with trifluoroacetic acid. No other spots were revealed with 
either treatment. Anal. calcd. for C90H104N601 : C 68.00, 
H6.59,N5.29,S4.03;found:C67.46,H6.66,N5.19,S4.17. 

ACV Disulfde 
To a mixture of trifluoroacetic acid (3.6 mL, distilled from 

phosphorous pentoxide) and anisole (0.36 mL, distilled in 
vacuo from anhydrous calcium chloride) was added bis-6-(N- 
BOC-L-a-aminoadipy1)-L-cystinyl-bis-D-vale tetrabenzhydryl 
ester (639 mg, 0.4 mmol). The material dissolved immediately, 
with evolution of gas, to give a clear, yellow solution. A yellow 
precipitate formed within a few minutes. The mixture was 
stirred for 1 h at room temperature. The trifluoroacetic acid 
was then removed in vacuo below 30"C, and the residual 
yellow slurry was dissolved in water (10 mL) and diethyl ether 
(20 mL). The aqueous phase was removed, filtered to remove 
a small amount of solid, and the ether phase was washed again 
with water (5 mL). The combined aqueous fraction was con- 
centrated in vacuo below 30°C to about 1 mL, and then 
further under high vacuum overnight to 0.5 g of a glassy foam. 
This was dissolved in water to give about 2 mL of solution, 
and the pH was adjusted to 2.9 with 10% aqueous pyridine. A 
precipitate formed quickly, and the mixture was diluted to 
10 mL with absolute ethanol. After 6 h at 4"C, the precipitate 
was collected and dried in vacuo: 240 mg (83%) of white 
crystalline solid, mp 236237°C (dec.); [aID = -11" (c 2, 
2 N HCI) (lit. (8) [a], = -9.5" (c 2, 2 N HCI)); ir (KBr): 
1700(m), 1630(s), 1520(s) cm-'; 'Hmr (TFA + TMS): 
8.1-7.2 (5H, m; exchanges with TFA-d), 5.4-4.9 (lH, m; with 
TFA-d, vague triplet, J = 6 Hz), 4.94.2 (2H, m; with 
TFA-d: lH,  d, J = 4 Hz at 4.726, and lH,  m at 4.6-4.36), 
3.5-3.0 (2H, d, J = 6 Hz), 2.9-1.75 (7H, m), 1.13 (6H, d, 7). 
Analytical tlc (silica gel): Rf 0.20 (applied as the trifluoro- 
acetate salt; n-butanol - acetic acid - water 4: 1 :4). The com- 
pound was visible with short wave uv, and gave a red spot with 
ninhydrin. Anal. calcd. for C2sH4sN6012S2~l.5H20: C44.73, 
H 6.84, N 11.18, S 8.53; found: C 44.66, H 7.03, N 10.91, 
S 8.47. 
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COMMUNICATIONS 

Total synthesis of 14P-hydroxy-4,9(1l)-androstadiene-3,17-dione 

I 
1 

ANDRZEJ ROBERT DANIEWSKI,' PETER S. WHITE, AND ZDENEK VALENTA 
Department of Chemistry, University of New Brunswick, Fredericton, N.B.,  Canada E3B5A3 

Received February 16, 1979 

I ANDRZEJ ROBERT DANIEWSKI, PETER S. WHITE, AND ZDENEK VALENTA. Can. J. Chem. 57, 
I 

I 
1397 (1979). 

The title compound 8, a potential intermediate in the total synthesis of cardiac-active 
principles and other polyfunctional steroids, is prepared in nine steps using methyl vinyl 

I 
ketone and 2-methylcyclohexane-1,3-dione as starting materials and acetylene and 2-methyl- 
cyclopentane-1,3-dione as additional sources of carbon atoms. In a crucial aldol condensation 
leading to the closure of steroid ring C,  an efficient asymmetric induction by one chiral center 
leads to the establishment of three new chiral centers. 

I 
I 

1 Since the total synthesis of equilenin by Bachman, 
1 Cole, and Wilds in 1939 (I), the challenge presented 
, by the preparation of more complex steroids has led 

I 
during the past forty years to spectacular advances in 
synthetic methodology and in synthetic regio- and 
stereo~ontrol.~ Interest in steroid total synthesis con- 
tinues unabated because of the possibility of the dis- 
covery of new compounds with important biological 
activity and because of the continuing challenge in 
finding the simplest possible synthetic pathways. 

We wish to report a synthesis of dione 8 in which 
known (3) intermediate 5 containing one chiral center 
is, after the introduction of a C(6)-C(7) double 
bond,, converted by an aldol condensation into the 
14P-hydroxyandrostane derivative 7 containing four 
chiral centers. The chiral starting material, dione 1, is 

1 accessible in two steps from methyl vinyl ketone and 
) 2-methylcyclohexane-1,3-dione in an asymmetric 

synthesis using (S)-proline (6, 7). Racemic 1 was 
used for the synthesis reported in this communica- 

'On leave of absence from thelnstitute of Organic Chemistry 
of the Polish Academy of Sciences, Warsaw, Poland. 

2For comprehensive reviews, see ref. 2. 
3The ring A aromatic analogue of 5 was, following the key 

discovery by Ananchenko and Torgov in 1959 (4), converted 
in several laboratories (5) into estrone and its derivatives in a 
sequence so remarkably simple that we are presently able to 
use an adapted estrone synthesis as a one-term preparation in 

I an introductory undergraduate laboratory (2. Stojanac and 
G. Reid, unpublished). Unfortunately, the crucial cyclization 

I of steroid ring C of this sequence does not work without the 
I activation by the aromatic ring or an equivalent (e.g. en01 

ether) and the method can thus not be used as such for the 
synthesis of C(10)-methylated steroids. 

tion. The previously reported (8) treatment of 1 with 
lithium acetylide followed by hydrogenation in py- 
ridine solution (9) gives ally1 alcohol 3. 

Treatment of 3 with thionyl chloride in methylene 
chloride and dimethyl formamide at -60°C to 
- 40°C gave crude chlorocompound 4 which was not 
purified because of its instability. Compound 4 in 
dimethyl formamide was treated sequentially with 
sodium iodide and with the sodium salt of 2-methyl- 
cyclopentane-1,3-dione in methanol. The resulting 
racemic trione 5, mp 79-8l0C, was obtained in 69% 
yield based on 3.4 Dehydrogenation of 5 with DDQ 
in dioxane containing HCl (10) gave crude triene 6 
which on treatment with sodium methoxide in 
anhydrous methanol for 2 h at room temperature 
gave tetracyclic triene 7, mp 219-225°C (dec.), in a 
30% yield based on 5.5 No isomeric tetracyclic com- 
pound could be isolated.' Finally, hydrogenation of 7 
with 2% Pd on SrCO, in benzene and ethanol gave 
(d,l)-8, mp 170-172"C, in 85% yield. 

The structure of compound 8 was established by 
X-ray diffraction. 

A four-step sequence performed on 8 and involving 
Li-NH, reduction, reoxidation of secondary alcohols, 

40ptically active 5 is known (3). Our procedure using 
chloride 4, iodide exchange, and methanol improves the yield 
significantly. 

T r u d e  6 contains ~ 2 0 %  of 5 from which it cannot con- 
veniently be separated by chromatography. A maximum yield 
of 40% for the conversion 5 -+ 7 was realized in a longer 
sequence involving bromination and dehydrobromination of 
the enol-acetate of 5. 6 was also prepared by an alternative 
sequence in which 3 was first converted by DDQ in 72% yield 
to 6,7-dehydro-3, mp 101-102°C. 

0008-4042/79/111397-02$01 .W/O 
01979 National Research Council of CanadaIConseil national de recherches du Canada 
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catalytic hydrogenation (Pt/HOAc), and acetylation 
gave racemic 3P-acetoxy-l4P-hydroxyandrostan-17- 
one, mp 182-184"C, nmr values of which agree with 
those reported for the optically active compound (1 1). 

The specificity of cyclization 6 + 7, involving only 
one out of eight theoretically possible transition 
states, probably arises from a particularly favourable 
angle of attack (12) indicated in formula 9.6 

The presence of the 14P-hydroxyl group and addi- 
tional functionality in compounds 7 and 8, the rela- 
tive efficiency and brevity of the synthetic sequence., 

6Kinetic control of the reaction is probable, but not ri- 
gorously proven. 

and the ready availability of starting material 1 in 
chiral form (6, 7) should make the reported andro- 
stane derivatives suitable as intermediates in total 
syntheses of cardiac-active principles (1 3) and other 
polyfunctional steroids. 
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Stereocontrolled DielsAlder reactions with a bifunctional dienophile 
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MASATOSHI KAKUSHIMA and DANIEL G. SCOTT. Can. J. Chem. 57, 1399(1979). 
In the Diels-Alder cycloaddition of electron-rich dienes to methyl E-4-oxobutenoate, the 

formyl group controls both regio- and stereoselectivity. Secondary overlap considerations are 
used to explain these results. 

MASATOSHI KAKUSHIMA et DANIEL G. SCOTT. Can. J. Chem. 57,1399 (1979). 
Lors de la cycloaddition selon Diels-Alder de diknes riches en electrons sur 1'0x0-4 but& 

noate de mkthyle (E), le groupe formyle contrBle la regio- ainsi que la stereo-s61ectivit6. On 
fait appel a des considerations de recouvrements secondaires pour expliquer ces resultats. 

[Traduit par le journal] 

0008-4042/79/111399-03$01 .OO/O 
@I979 National Research Council of Canada/Conseil national de recherches du Canada 

Regioselectivity of Diels-Alder reactions has been the formyl group of 1 controls regioselectivity better 
successfully predicted by frontier molecular orbital than the methoxycarbonyl group. Interestingly, 
theory in the case of relatively simple systems (1). Danishefsky et al. (6) have reported that the nitro 
However, controversy has arisen on the subject of group of 7 completely controls regioselectivity in 
the importance of secondary overlap on the stereo- such additions. The magnitudes of the LUMO co- 
chemical outcome of the reaction (24).  In this com- efficients at C-2 and C-3 of both 1 and 7 as listed in 
munication, we hope to demonstrate how secondary Table 2 agree with the observed regioselectivity. 
overlap considerations may enhance the synthetic There is, however, a large difference in character 
utility of Diels-Alder reactions. between a formyl group and a nitro group: the nitro 

group of 7 fails to control endo stereoselectivity (6), 
k' while the formyl group of 1 does control it. This 

difference can be rationalized as follows. As shown 
C02CH3 C02CH3 in Table 2, the difference in the magnitudes of the 

/02CH3 [ ' LUMO coefficients at C-1 and N of 7 is larger than - .  
CHO 

2 3 
that in the magnitudes of the LUMO coefficients at 

R1 R' C-1 and C-4 of 1, which would normally lead to the 
1 cc:: & O ~ C H ~  nitro group being endo due to a secondary attractive 

CHO '220 MHz nmr spectra with the spectrum of 2a (R' = CH3) 
4 5 (5) and both product ratios were based on the integration of 

the aldehydic protons. Oxidation of 26 with Jones' reagent 
followed by treatment with CH2N2 gave a mixture of the 
corresponding dimethyl esters in a ratio of 5: 1. 

C02CH3 02N (C02CH3 .I= 11 H z  

6 7 

As summarized in Table 1, the addition of electron- 
rich dienes to methyl E-Coxobutenoate (1) produces 
the isomer 2 as the major adduct.' It is evident that 

26 
'The structure of 2c (R1 = 0Si(CH3),) was established as 

follows. Hydrolysis followed by treatment with pyrrolidine J =  11Hz 
gave a conjugated aldehyde: ir (CHCI,) 1672, 1720, and 2723 
cm-'; h,,, (EtOH) 300 nm (log E 4.2). Homologation of 2c 
with (C6HS),P=CHOCH3 followed by hydrolysis gave an 
epimeric mixture of hemiacetals, which was then oxidized to 
the y-lactone 6: ir (CCIJ 1730 and 1785 cm-'. The overall (CH3)3Si0 J =  1 H z  H 
yield of the conversion 1 + 6 is 58%. The stereochemistry of 6 9.69 6 3.15 

26 (R' = OCH,) and 2c was determined by comparison of the 2c 
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TABLE 1. The addition of 1-substituted dienes to 1 

Product ratio (%) 

R1 Conditions Total yield (%) 2 4 3 5 

TABLE 2. The computational dataa for 1 and 7 

LUMO Exclusion shells 

Eigenvalues Eigenvectors (2Pz) Gross orbital charges (2P,)b 

Compound ( a 4  C-1 C-2 C-3 C-4(N) C- 1 C-2 C-3 C-4(N) 

1 0.169 0.300 0.519 -0.508 -0.343 0.927 0.996 0.951 0.937 
7 0.139 0.261 0.517 -0.480 -0.360 0.939 0.942 1.024 1.228 

0MO method: ab hitio STO-3G (14); standardized geometrical parameters were employed (15). 
units of electrons. 

interaction (2), but closed-shell repulsion2 due to the 
large exclusion shell3 at N of 7 must counteract this 
attraction. The experimental results (endo : exo = 1 : 1) 
(6) indicate that the closed-shell repulsion should be 
of the same order of magnitude as the secondary 
attractive in te ra~t ion .~  Since the exclusion shell at 
C-4 of 1 is much smaller than that at N of 7, the 
secondary attractive interaction overcomes closed- 
shell repulsion and the isomer 2 is therefore preferred. 

As demonstrated by the formyl group of 1, a sub- 
stituent with a'large LUMO coefficient and a small u 

exclusion shell is most likely to assume endo geom- 
etry. A quantitative assessment of several effects 
(terminal (1, 3) and secondary (2) attractive inter- 
actions and closed-shell repulsion (7)) on the stereo- 

'Salem (7) derived an expression for the total energy of 
interaction as a function of the total repulsive energy due to 
the "exclusion shell" around each atom, and the total 
attractive energy, due to the mixing of occupied orbitals on 
one molecule with unoccupied orbitals on the other. Closed- 
shell repulsion has also been discussed in detail, by other 
groups (8). 

3Since the coefficients of 2P, orbitals are discussed for 
attractive interactions by FMO theory (14), the gross orbital 
charges of 2Pz orbitals should be considered for repulsive 
interactions. 

4Alston (2) has also reported that the reactions with B-nitro- 
styrene produce almost 1 : l  mixtures of the endo and exo 
isomers. 

chemical outcome of Diels-Alder reactions is clearly 
diff i~ul t .~ However, careful model studies with MO 
calculations will make it possible to advance our 
understanding of cycloadditions.' 

The combination of different electron-attracting 
groups on the dienophile (E or Z), as indicated 
above, opens a way to the stereo-specific construction 
of synthetically useful cyclohexenes. The preparation 
of several types of dienes has been reported (13). 

Acknowledgments 
We would like to express our sincere appreciation 

to Professor Z. Valenta for his encouragement, 
suggestions, and ample financial support. Also we 
thank Professor. F. Grein for helping us with the 
computations and Mr. D. J. Burnell for enlightening 
discussions. 

1. K. N. HOUK. J. Am. Chem. Soc. 95, 4092 (1973); K. N. 
HOUK and R. W. STROZIER. J. Am. Chem. SOC. 95, 4094 
(1973); K. N. HOUK. ACC. Chem. Res. 8,361 (1975). 

2. P. V. ALSTON, R. M. OTTENBRITE, and D. D. SHILLADY. J. 

50ther effects, such as steric attraction (9), schizophrenic 
tendency (lo), steric (11) and attractive effects on primary 
bond-forming termini (12), nuclear-nuclear repulsion6 and 
solvent effect, may have to be considered. 

6A point from a referee. 
'Details on the two opposing effects in a model system will 

be reported shortly. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



COMMUNICATIONS 1401 

Org. Chem. 38, 4075 (1973); P. V. ALSTON and R. M. 
OTTENBRITE. J .  Org. Chem. 40, 1 1 1 1  (1975); P. V. ALSTON, 
R.  M. OTTENBRITE, and T. COHEN. J. Org. Chem. 43,1864 
(1978); T. COHEN, R. J.  RUFFNER, D. W. SHULL, W. M. 
DANIEWSKI, R. M. OTTENBRITE, and P. V. ALSTON. J .  Org. 
Chem. 43,4052 (1978). 

3. 0. EISENSTEIN, J .  M. LEFOUR, N. T. ANH, and R. F. 
HUDSON. Tetrahedron, 33,523 (1977). 

4. I. FLEMING, J .  P. MICHAEL, L .  E. OVERMAN, and G. F. 
TAYLOR. Tetrahedron Lett. 1313 (1978). 

5. M. KAKUSHIMA, J .  ESPINOSA, and Z. VALENTA. Can. J .  
Chem. 54,3304 (1976). 

6. S. DANISHEFSKY, M. P. PRISBYLLA, and S. HINER. J. Am. 
Chem. Soc. 100,2918 (1978). 

7. L. SALEM. J .  Am. Chem. Soc. 90,543(1%8); 90,553 (1968). 
8. P. CARAMELLA, K .  N. HOUK, and L. N. DOMELSMITH. J. 

Am. Chem. Soc. 99,451 1 (1977) and references therein. 

9. R. HOFFMANN, C. C. LEVIN, and R ,  A. Moss. J. Am. 
Chem. Soc. 95,629 (1973). 

10. K. N. HOUK, L .  N. DOMELSMITH, R. W. STROZIER, and R. 
T.  PATTERSON. J. Am. Chem. Soc. 100,6531 (1978). 

1 1 .  F. BOHLMANN, W. MATHAR, and H. SCHWARZ. Chem. 
Ber. 110,2028 (1977). 

12. R. B. WOODWARD and T. J .  KATZ. Tetrahedron, 5, 70 
(1959). 

13. B. M. TROST, S. A. GODLESKI, and J. IPPEN. J. Org. Chem. 
43,4559 (1978) and references therein. 

14. W. J. HEHRE, W. A. LATHAN, R. DITCHFIELD, M. D. 
NEWTON, and J.  A. POPLE. ProgramNo. 236, QCPE 10,236 
(1973). 

15. J .  A. POPLE and M. GORDON. J .  Am. Chem. Soc. 89,4253 
(1967). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Canadian Journal 
of Chemistry 
Published by 
THE NATIONAL RESEARCH COUNCIL OF CANADA 

Journal canadien 

Publie par 
LE CONSEIL NATIONAL DE RECHERCHES DU CANADA 

1 

Volume 57 Number 12 June 15, 1979 Volume 57 numero 12 15 juin 1979 

The thermal chemistry of vinyldiazo compounds as a method for the generation 
of vinylmethylenes 
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JAMES A. PINCOCK and KIM P. MURRAY. Can. J. Chem. 57,1403 (1979). 
The thermal chemistry of a series of substituted 1-aryl-3-methyl-2-phenyl-1-diazobut-2-enes 

has been examined. These vinyldiazo compounds react in two parallel pathways: cyclization 
to a 3-aryl-5,5-dimethyl-4-phenyl-5H-pyrazole or loss of nitrogen and cyclization to a l-aryl- 
2-phenyl-3,3-dimethylcyclopropene presumably by a vinylmethylene intermediate. The 
kinetics of these processes reveal quite different substituent effects. The relation of these 
results to the stability of the vinylmethylene produced and to the singlet photochemistry of 
cyclopropene derivatives is discussed. 

JAMES A. PINCOCK et KIM P. MURRAY. Can. J. Chem. 57,1403 (1979). 
On a ktudie la thermochimie d'une skrie d'aryl-1 mkthyl-3 phenyl-2 diazo-1 butbnes-2 sub- 

stituks. Ces composks vinyldiazo rkagissent par deux voies paralltles: une cyclisation con- 
duisant a l'aryl-3 dimkthyl-5,5 phknyl-4 5H-pyrazole ou une perte d'azote et une cyclisation 
en aryl-1 phknyl-2 dimkthyl-3,3 cycloproptne probablement par un intermkdiaire vinylmkthy- 
lbne. Des ktudes cinetiques de ces processus rkvtlent des effets de substituants importants. On 
discute de la relation qui existe entre ces rksultats et la stabilite du vinylmkthylene qui est 
produit ainsi que la photochimie singulet des dkrivks du cycloproptne. 

[Traduit par le journal] 

Introduction However, recent results for cases with unsymmetrical 
The photochemical reactivity of the singlet excited substitution on the double bond (1, 2, 4, 5) have 

state of cyclopropene derivatives has generally been led to considerable speculation as to the effect of 
explained in terms of o bond cleavage and the these substituents on ring cleavage. Some examples 
chemistry of the vinyl methylenes formed (1-3). are summarized in reactions [I] to [4]. 

'Reference 1. 
'Reference 2. 

0008-4042/79/121403-08$01 .OO/O 
@I979 National Research Council of Canada/Conseil national de recherches du Canada 
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The first three cases indicate that o bond cleavage is occurring on the methyl rather than the phenyl sub- 
stituted side; the last example gives cleavage on the side that is substituted by the better electron donating 
aromatic ring. Zimmerman has suggested (4) that the reactions do not involve vinylmethylenes but rather 
housane biradicals. 

over 

Ph Ph 

Ring cleavage is then controlled by the better delocal- 
ization of odd electron density by phenyl over methyl 
(note reaction [5]). This mechanism cannot apply to 
the cases (reactions [I] and [4]) that do not have 
n-systems at carbon 3. Moreover, optically active 
cyclopropenes (reaction [2]) have been shown to 
racemize photochemically (2) and this is more com- 
patible with a planar vinylmethylene intermediate 
than the non-planar biradical. Padwa et al. (1) have 
invoked, among several explanations, inductive de- 
stabilization by phenyl substitution at the developing 
biradical formed by o bond cleavage as the control- 
ling factor. This explanation does not hold for 
Arnold's results (reaction [4]) since both methoxy and 
cyano should be inductively electron-withdrawing 
and therefore cleavage at the unsubstituted phenyl 
side should be preferred for both substrates. Clearly 
a better understanding of substituent effects on vinyl- 
methylene stability is required before these results 
can be interpreted. 

Besides the evidence for singlet photochemistry, 
vinylmethylenes have attracted considerable recent 
interest both on theoretical grounds (6-9) and as 
intermediates in the thermal (10) chemistry of cyclo- 
propenes. As has been discussed several times their 
properties are expected to be complicated because 
there should be several low-lying states of similar 
energy as a result of the two free valences at the 
methylene carbon. These are summarized in Fig. 1. 

The non-planar la ,  a singlet biradical, is the sug- 
gested transition state for thermal o bond cleavage 
of cyclopropenes (6, 10). Although a triplet l a  is 

possible, excited triplet cyclopropenes do not in 
general (for some exceptions, note ref. 4) react by 
bond cleavage but instead dimerize (12). As well, for 
suitably substituted cyclopropenes, polar cleavage 
to zwitterion 1b: lc  might be preferred. For the 
planar vinylmethylene, 2, four states are again 
possible: a singlet and triplet corresponding to 2a 
and two singlets 2b (designated 2n (6) or 02 (9)) and 
2c (4n or p2). Both calculations and esr results (13, 
14) give triplet 2a as the most stable state. Singlet 2a 
correlates with l a  and is the likely first-formed inter- 
mediate in the thermal reactions of cyclopropenes 
(10). Padwa et al. have observed that a l-methyl-2- 
phenylcyclopropene cleaves thermally at the phenyl 
substituted o bond (1) as expected based on argu- 
ments of delocalization. The most stable singlet by 
calculations (6) is 2b. The correlation between singlet 
excited cyclopropenes and the possible vinylmethyl- 
enes is not as yet clear. 

Vinylmethylenes can also be generated by the 

'Reference 4. 
4Reference 5. 

FIG. 1 .  Geometries and electronic configurations of vinylme- 
thylene. 
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PINCOCK AND MURRAY 

thermal decomposition of vinyldiazo compounds (3). 
Rate constants for this process should be directly 
related to vinylmethylene stabilities. This is not 
necessarily true for the photochemical and thermal 
results for cyclopropenes where the process leading 
to vinylmethylenes may be complicated by reversi- 
bility (2, 10). In view of this, we have examined the 
thermal chemistry of the vinyldiazo compounds 
3a-3e as a method of assessing substituent effects on 
vinylmethylene stabilities. 

CH3, 

Results and Discussion 
I 

Preparation of 1-Aryl-3-methyl-2-phenyl-1-diazobut- 
2-enes 

As has been reported previously, vinyldiazo com- 
pounds 3 can be generated by photolysis of the 
corresponding 5H-pyrazoles 4 (3, 13). This must be 
done with filtered light in order to avoid photo- 
chemical decomposition of the diazo compound to 1- 
aryl-2-phenyl-3,3-dimethylcyclopropenes, 5 .  The con- 

4a-e 3a-e 5a-e 

version is easily monitored by l H  nmr spectroscopy 
and the photolysis terminated when the relative 
amount of 3 is at a maximum (see Experimental). 
The 5H-pyrazoles were prepared by the sequence 
shown in Scheme 1 : 4a, 4c, and 4e are known (3,13); 
4b and 4d are new compounds. 

Thermal Decomposition of I-Aryl-3-methyl-2-phenyl- 
1-diazobut-2-enes 

Initial attempts at obtaining rate constants for the 
thermal decomposition of 3c were by 'H nmr spectro- 
scopy. The sealed tube from the photolysis (see 
Experimental) was placed in a constant temperature 
bath, removed at suitable times and quenched in an 
ice bath. Integration then gave the ratio of 3c : 4c: 5c. 
However, the error of the integrations lead to con- 

SCHEME 1. Synthesis of 1-aryl-3-methyl-2-phenyl-1-diazobut- 
2-enes. I, AICl3, C6H5-X; 2, t-BuO-K', (CH3)#2HBr; 3, 
Br2/CC14; 4, LiCl/DMF; 5, NH2NH2; 6, Br2/KOH. 

siderable scatter in the rate plots. As well this method 
required - 10 mg per run and was somewhat wasteful 
of the pyrazole. We therefore switched to a spectro- 
photometric method which relied on the strong 
absorption bond of diarylcyclopropenes at -- 330 nm 
(E > lo4). Since the rates were followed at tempera- 
tures (65-98°C) where solvent volatility would be a 
problem, sealed ampoules were used. 

The preliminary 'Hmr kinetic runs indicated two 
facts. First from the ratio of 3c:  4c:  5c as a function 
of time, it was obvious that both 4c and 5c were 
products from the thermal chemistry of 3c. As shown 
in reaction [7], this is an example of the well known 

(15) first-order parallel reaction where the observed 
rate constant is obtained from d[5]/dt = k,,,[5] 
and k,,, = k4 + k,. At 330 nm all these species are 
absorbing but, since both processes are first-order, 
the A - A ,  method will give values proportional 
to the concentration, of 5. To obtain the individual 
rate constants, k4 and k,, the product ratio must be 
determined separately (see Experimental). 

The second feature of the preliminary runs was the 
obvious variation in the rate constants in benzene as 
solvent. However, as has been reported earlier, 
thermal decompositions of diazo compounds are 
often variable because of spurious catalysis (16). In 
fact, from qualitative observations, 3c was known to 
be more stable in benzene if pyridine was added (3), 
suggesting that trace acid is the problem. The rate of 
decomposition of 3c was therefore measured spec- 
trophotometrically at 88.9"C in benzene with 1%, 
3%, and 5% pyridine. At a given concentration of 
pyridine the runs were quite reproducible. The rate 
constants were very similar for 3 and 5% pyridine but 
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TABLE 1. Rate constants (kobr) for the thermal decomposition of 1-aryl-3-methyl-2-phenyl-1-dia- 
zobut-2-ene (3a-3e) in 5% pyridinelbenzene 

- - - - 

Substrate kobs x lo4 (s-I)" 

No. X 67.1°C 78.6"C 88.9"C 97.0°C 

'Errors quoted are the mean deviation of from two to four runs. 

TABLE 2. Product ratios, rate constants k4 x lo4 (s-I) and k5 x lo4 (s-I) for the thermal decomposition of 3a-3e 

about 30% greater with 1% pyridine. Therefore all 
other runs reported are in 5% pyridinelbenzene. 

Rate constants (k,,,) (at four different tempera- 
tures) for four of the five diazo compounds (3a-3d) 
are reported in Table 1. Photolysis of the p-cyano 
pyrazole 4e gives only very low concentrations of the 
corresponding diazo compound (13). Therefore the 
change in cyclopropene concentration during pyrol- 
ysis is quite small and the total absorbance change 
was only about 0.1. The deviation in the rate con- 
stants was obviously greater than that for all other 
substrates. Since this makes it difficult to obtain 
reliable activation parameters, this substrate was 
only studied at one temperature. 

The ratio of the two products from the pyrolysis 
of 3 was obtained by careful 'H nmr integration (see 
Experimental) and is reported as % cyclopropene 
(4) in Table 2. This allows k,,, to be separated into 
k, and k, ; these values are also in Table 2. Since the 
error in the product ratios is estimated at 5% (see 
Experimental) and the error in k,,, approximately 
5%, the error in the individual rate constants is 
estimated at 10%. For 3e (Ccyano) no pyrazole 
product could be detected, so only an upper and 
lower limit for k, and k, respectively is available. 

From the rateltemperature data activation param- 
eters for both k, and k, can be calculated for 3a-3d 
by the usual In k/T vs. 1/T plot (Table 3). As has been 
discussed (ref. 17, p. 8), for a 30" temperature range 
and 10% error in rate constants, the error in AH* is 
approximately 1.2 kcal M-' and in AS* 3 eu. 

The most obvious feature of the rate constants 

reported in Table 2 is that the substituent effects are 
quite small for both k, and k,. Since the errors in 
these values are about lo%, reliable quantitative 
interpretation of these effects may be difficult. How- 
ever qualitatively, the trends in k, and k, are quite 
different. Thus as the substituents change from 
electron-donating to electron-withdrawing k, tends 
to decrease whereas the k, values go through a mini- 
mum for 3b (X = CH,). The k, values will be 
discussed first. 

As shown in reaction [6], k, represents the rate of 
thermal return of the diazo compound 3 to the 
5H-pyrazole, 4. Since this is a unimolecular ring 
closure, the transition state should have fewer degrees 
of freedom than the starting material leading to a 
negative AS,*. As shown in Table 3, this is in general 
true except for the small positive value for 3d (X = 
Br). From an orbital viewpoint the closure of 3 to 4 
might be regarded as a 6 electron 1,5-cycloaddition 
(ref. 18, p. 38). However, as shown in Fig. 2, this 
process is not the same as normal cycloadditions 
where out-of-plane 7c bonds are converted to in-plane 
(3 bonds by rotation of the termini. In fact only a 
rotation at C1 is required to give overlap with an 
in-plane 7c bond at N,.' The other lobe of the N4-N5 
7c bond becomes a lone pair at N,. 

A very similar process, the conversion of vinyl- 
azide to triazole (reaction [a]), has been examined by 
ab initio MO calculations (19). The least energy path 
involves initial bending of the N,-N4-N, bond, 

5These numbers refer to the Figure and are not the same as 
those used for nomenclature. 
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PINCOCK AND MURRAY 1407 

TABLE 3. Activation values AH* and AS* for the thermal 
decomposition o f  3a-3ea 

m 4 *  AS4* AH5* AS5 * [+?=!: * $y=N: * 
X (kcal M- ' )  (eu) (kcal M - l )  (eu) Ill 

4-OMe 24 -8  27 + 2 
4-Me 24 - 8 29 + 5 
H 25 - 7 27 + 2 2, n 
4-Br 26 + 2 27 + 2 

'Estimated errors are 1.2 kcal M-1 in AH* and 3 eu in AS* (ref. 17, p. 8). 

development of the long pair on N, and positive 
charge on N,. Very little change in the charge distri- 
bution of the out-of-plane n systems occurs during 

1 
this stage. The transition state is passed as C, rotates 
and electron density is transferred from the n system 

$$ \ I 

to the o bond forming. 
Assuming that this reaction (reaction [8]) is a FIG. 2. Conversion o f  vinyldiazomethane to 5H-pyrazole. 

reasonable model for the conversion of 3 to 4, the 
substituent effects can be explained. Thus, electron- 
withdrawing substituents on a phenyl group at C, 
(Fig. 2) stabilize negative charge and make the con- 
version of out-of-plane n electron density into the 
in-plane o bond more difficult. Thus, k, decreases 
from 3a to 3e. According to these arguments sub- 
stitution at C, should have the same effect. This is 
confirmed by the results of Brewbaker and Hart (20) 
on the rates for the conversion of a series of l-aryl-3- 
diazopropenes, 6, to the corresponding pyrazoles, 8 
(presumably via 5H-pyrazoles, 7 (reaction [9])). 

In fact Hammett plots using o- give p -  = -0.4 
(r = 0.998) for cyclization of 6 and p-  = -0.5 
(r = 0.93) for 3a-3e. (The very poor correlation for 
our results is partially accounted for because only an 
upper limit for k, for 4-CN could be obtained.) The 
comparison between the results of Brewbaker and 
Hart (20) and those reported here can be extended. 
Thus only pyrazoles are formed from 6 whereas there 
is competition between pyrazole formation, 4, and 
loss of nitrogen to give cyclopropene, 5, for the case 
of 3. Moreover the cyclizations of 3 occur about lo3 
times as slow. This decrease in rate probably results 
from steric inhibition to ring closure by dimethyl 
substitution at C, particularly if the ring closure is 

initiated by bending of the C,-N4-N, bond. Since 
the competition between pyrazole and cyclopropene 
formation is quite close for 3, not surprisingly when 
the pyrazole rates increase as in 6 no cyclopropene is 
formed. 

The kinetics of the second process for 3, loss of 
nitrogen to form cyclopropene 5, presumably via a 
vinylmethylene intermediate will now be discussed. 
As shown in Table 3 this process is characterized by 
small positive AS* values. Since this is a unimolecu- 
lar dissociation, the entropy should be positive but a 
higher value might be expected (21). However, the 
thermal decomposition of diphenyldiazomethane 
has been clearly shown to be a simple unimolecular 
dissociation to nitrogen and diphenylmethylene and 
also has AS* values close to zero (16, 22). That the 
reaction does not involve large charge separation for 
3c is indicated by the observation that the rate is only 
25% greater in acetonitrile:5% pyridine than in 
benzene : 57, pyridine. 

As shown in Table 2, the k, rate constant is a 
minimum for 3b (X = CH,) and is faster for both 
electron-withdrawing and the better electron-donat- 
ing substituent, OCH,. An explanation for this 
order requires a more careful examination of the 
electronic details of the loss of nitrogen from 3. 

As discussed by Woodward and Hoffmann loss of 
nitrogen from a diazo compound is a cheleotropic 
reaction that is forbidden if it occurs in the linear 
mode (ref. 18, p. 152). As shown in Fig. 3a, this 
results because the electrons in the o bond breaking 
correlate with the new lone pair at nitrogen and a 
"doubly excited" p2 state (9) of methylene is formed. 
The same analysis is true for vinyldiazo compounds 
(Fig. 3b) where the vinylmethylene formed will be 2c. 

In their recent paper on vinylmethylene, Davis, 
Goddard, and Bergman have stated that "extrusion 
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FIG. 3. (a) Loss of nitrogen from diazomethane, (b) loss of 
nitrogen from vinyldiazomethane. 

of nitrogen from a vinyl diazo compound should 
lead directly to" 2b (6). This seems an oversimplifica- 
tion of the process but can be rationalized in two 
ways. First, the conversion of 2c to 2b will be exo- 
thermic and should have little'or no activation, bar- 
rier. As shown in reaction [lo], this is true because 

2c 2c (linear) 2b (linear) 2b 

conversion of 2c to 2c (linear) only results in de- 
crease in s character for an empty orbital. The 
occupied p orbital is still of the allyl type, The rota- 
tion converting 2c (linear) to 2b (linear) should also 
be isothermal since the orbital system is now allyl 
plus non-bonded p and the occupancy simply 
changes from non-bonded allyl to non-bonded 
p. Bending 2b has been shown by calculation to be 
exothermic, as expected, by 18.1 kcal/M (6). There- 
fore, although the linear loss of nitrogen gives 2c, the 
first-formed species should be converted rapidly to 
2b. The second possibility is that loss of nitrogen 
occurs in a non-linear fashion (ref. 18, p. 152) and is 
thus symmetry allowed. In fact, recent calculations 
for diazomethane (24) have shown that the barrier to 
loss of nitrogen disappears completely if the restric- 
tion of C,, symmetry is removed. The singlet ground 
state of methylene is then formed directly. Regardless 
of whether the decomposition of 3 occurs by forma- 
tion of 2c and then 2b or directly to 2b, the electronic 
distribution is such that the n-system is electron-rich 
and the o-system electron-deficient (2c) or vice versa 
(2b).6 It  is interesting that the final product of these 
thermal reactions is cyclopropene 5 although 2c does 
not correlate with 5 (6). The vinylmethylene 2b does 
correlate with 5 and yet the ratio of formation of 

cyclopropene relative to H migration products is 
about 10: 1 (10). For 2b this ratio must be at least 
20 : 1 since no other products are observed. 

The discussion above provides an explanation for 
the substituent effect for the thermal loss of nitrogen 
from 3. The substituted phenyl group can conjugate 
with either an electron-deficient or an electron-rich 
orbital on the methylene carbon. The substituent 
therefore can stabilize the transition state for reac- 
tion for both electron-donating and electron- 
withdrawing cases. 

A very similar order has been observed for the 
thermal decomposition of diphenyldiazomethanes 
where for monophenyl substitution all groups 
accelerate the reactions over H (23). A similar 
explanation was used in this case. In fact a plot of 
log k versus o+ for resonance electron-donating 
substituents and o- for electron-withdrawing gives 
very similar curves for both substrates (Fig. 4). The 
observation that 3 looses nitrogen about fifteen times ,. 
as fast as diphenyldiazomethane means that the vinyl 
group is better at stabilizing the carbene center than 
phenyl although this may be very dependent on the 
conformation of the groups at the carbene carbon. 

Finally, a comparison between these results for the 
generation of vinylmethylenes by thermolysis of 3 
and those from the photochemical cleavage of cyclo- 
propenes should be made. The closest comparison is 

6Note that photochemical decomposition of 3 gives triplet 2 FIG. 4. Hammett plots for the conversion of 3a-3e to 5a-5e 
(13) but the multiplicity of the excited state involved is un- (0) and for the loss of nitrogen from diphenyldiazomethane 
known and the intermediacy of singlet 2 is not ruled out. (0) (25). 
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with the results of Arnold (5) (reaction [4]). Ob- 
viously, the substituent effects are not the same since 
the photochemical results suggest that the vinyl- 
methylene formed is more stable the better the elec- 
tron-donating ability of the substituent. Perhaps the 
photochemical selectivity is being controlled by 
reversibility of vinylmethylene formation (2) in com- 
petition with the rates of hydrogen migration. A 
second possibility is that the substituent effects on 
the bond order in the excited singlet of the cyclo- 
propene (11) are different from those on the vinyl- 
methylene intermediate; that is, that the potential 
energy surfaces cross. The suggestion of Padwa et al. 
(1) that inductive destabilization by an electron- 
withdrawing phenyl group conjugated to the double 
bond of the cyclopropene and not to the developing 
radical center as o bond cleavage occurs makes use of 
this possibility. Note that for the rate of decomposi- 
tion of 3 inductively electron-withdrawing substit- 
uents (-Br, -OCH,, -CN) are faster than H and 
the electron-donating CH, is slower. 

Clearly, there is no simple explanation for all the 
results for both cyclopropene reactivity and vinyl- 
methylene generation from vinyldiazo compounds. 
Only more extensive studies on these systems will 
indicate whether a single explanation exists or 
whether different substituent patterns and conditions 
lead to different mechanisms. 

Experimental 
Pre~aration of Substituted Pvrazoles 

~-(4-~yan~phenyl)-5,5-di~eth~l-4-~hen~l-5~-~~razole and 
3-(4-methoxyphenyl)-5,5-dimethyl-4-phenyl-5H-pyrazole were 
prepared according to the published procedure (13). The new 
pyrazoles, 3-(4-bromophenyl) and 3-(4-methylphenyl), were 
prepared by the same six-step sequence. The physical proper- 
ties for them and the precursor or$-unsaturated ketones are 
given below. 
l-(4-Bromophenyl)-3-methyl-2-phenyl-2-buten-l-one: bp 

(bulb-to-bulb distillation) llO"C/2 Torr; nrnr 61.83 (3H,s), 
1.92 (3H,s), 7.37 (5H,bs), 7.77 (4H,dd). Anal. calcd. for 
C17H150Br: C 64.77, H 4.81, Br 25.35; found: C 64.65, H 5.04, 
Br 25.24. 

l-(4-Methylphenyl)-3-methyl-2-phenyl-2-buten-l-one: puri- 
fied by sublimation: mp 106107°C; nmr 61.77 (3H,s), 1.86 
(3H,s), 2.35 (3H,s), 7.31 (5H,bs), 7.38 (dd). Anal. calcd. for 
Cl8Hl8O: C 86.35, H 7.26; found: C 86.31, H 7.21. 

3 -(4-Bromopheny1)-5,5 -dimethyl-4-pheny-zole; 
purified by sublimation: mp 128-130°C; nrnr 61.55 (6H,s), 
7.2-7.8 (9H,m); ir (CCI,) 2970, 2930, 1460, 1330 cm-'; uv 
(MeOH) 305 (E, 5 700), 245 (E, 17 700); mass spectrum (parent 
ion plus intensities greater than 20% of base peak), 328 (12), 
326 (12), 300 (57), 298 (57), 285 (92), 283 (92), 220 (46), 204 
(loo), 203 (61), 202 (50), 101 (26), 100 (39). Anal. calcd. for 
CI7HI5BrNZ: C 62.39, H 4.63, Br 24.42, N 8.56; found: 
C 62.27, H4.81,Br24.20, N 8.39. 

3 -(4-Methylphenyl)-5,5-dimethyl-4-phenyl-5H-pyraole; 
purified by sublimation: mp 106107°C; nrnr 61.50 (6H,s), 
2.35 (3H,s), 7.1-7.9 (9H,m); ir (CCI,) 2970, 2920, 1450, 1330, 
1170 cm-l, uv (MeOH) 305 (E, 4 900), 240 mm (E, 16 900); 

mass spectrum 262 (4), 234 (40), 220 (20), 219 (loo), 204 (21). 
Anal. calcd. for CI8Hl8NZ: C 82.39, H 6.93, N 10.68; found: 
C 82.38, H 6.98, N 10.61. 

Preparation of I-Aryl-3-methyl-2-phenyl-1-diazobut-2-enes 
The pyrazole (- 10 mg) was dissolved in 0.4 mL of 5% 

pyridine in benzene-d, and sealed in a Pyrex nrnr tube after 
three freeze-pump-thaw cycles. The sample was then irradi- 
ated using Filter System A (13) and a 200 W Hanovia medium- 
pressure mercury-arc lamp. The appearance of the diazo 
compound was apparent from the red colour of the sample and 
could be monitored quantitatively by nrnr spectroscopy. As 
reported previously (13) the diazo compound could not be 
generated without some conversion to the corresponding 
cyclopropene. Typical compositions at the termination of 
irradiation were: substrate, % pyrazole, % diazo, % cyclopro- 
pene: 4-CH,O, 10, 69, 21; 40CH3, 8, 78, 14; H, 20, 50, 30; 
4-Br, 36, 45, 19; 4-CN, 39, 19, 42. These compositions were 
determined by averaging multiple integrations (five forward 
and five reverse) using a Varian T-60 spectrometer. The average 
deviation is approximately 1-2%. 

Product Composition for the Thermal Decomposition of 
I-Aryl-3-methyl-2-phenyl-I-diazobut-2-enes 

The sealed nrnr tubes containing the diazo compound solu- 
tions were placed in a constant temperature bath until the red 
colour of the diazo compound had disappeared. The yields of 
cyclopropene and pyrazole were then determined by multiple 
nrnr integrations. The % yields as reported in Table 2 were 
then calculated from the difference before and after thermol- 
ysis. Since they are obtained from the difference in two nrnr 
integrations the error is approximately 5%. 

Kinetics of the Thermal Decomposition of I-Aryl-3-methyl- 
2-phenyl-I-diazobut-2-enes 

Solutions of - lo-, M in the diazo compound were pre- 
pared by diluting the nrnr samples to 400 mL with 5% pyridine 
in benzene. Samples were then sealed in 5 mL ampoules (10 
per kinetic run). (Since diazo compounds decompose in visible 
light, these dilute solutions could only be used reliably if the 
ampoules were wrapped in aluminum foil.) The ampoules 
were placed in a constant temperature bath for the kinetic 
run and quenched in ice water at appropriate times. 

The absorbance of the solutions was then measured at 
335 mm (355 mm for the 4-cyano compound) to monitor the 
appearance of the 1-aryl-2-phenyl-3,3-dimethylcyclopropene. 
For the 4-cyano compound the total absorbance change was 
only -0.1 absorbance units and measurements were taken 
using a Unicam SP-800 Spectrophotometer with a scale 
expander. All others were taken with a Hitachi Coleman 124 
Spectrophotometer. First-order rate constants were then 
obtained by the usual In (A - A,,). method with points taken 
for two half-lives; correlation coefficients were always greater 
than 0.99. A typical run for aryl = phenyl (t = 97.0"C) gave: 
time (abs); 0 (0.638), 120 s (0.708), 240 (0.770), 360 (0.820), 
480 (0.871), 600 (0.897), 720 (0.925), 960 (0.960), co (1.050): 
k = 1.63 x s-I (r = 0.999). The average values of at 
least two runs for each substrate at each temperature are listed 
in Table 1. 
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STUART H. LAURIE, DIANA H. PRIME, and BIBUDHENDRA SARKAR. Can. J. Chem. 57,1411 
(1979). 

The complexation of nickel(I1) with triethylenetetramine and D-penicillamine has been 
examined in 0.15 M NaCl solution at 25°C by a combined potentiometric-spectroscopic 
approach. Trien (A) forms the following complexes with Ni(I1): MA, MA2, MH2A2, M2A3, 
M2HA3, and M2H2A3 with overall log stability constants: 14.34, 20.64, 37.28, 40.05, 49.20, 
and 55.02, respectively. Their concentrations as a function of pH are presented and their likely 
structures discussed. In contrast, mpenicillamine forms the species MA and MA2 only. The 
latter species, which is the only species from pH 5.8 to 10.0, is shown to be square-planar via 
coordination of the N, S atoms of the ligand molecules. The overall log stability constants of 
MA and MA, are 11.22 and 22.71, respectively. The significance of these results in relation to 
the effectiveness of these ligands in preventing nickel toxicity in rats is discussed. 

STUART H. LAURIE, DIANA H. PRIME et BIBUDHENDRA SARKAR. Can. J. Chern. 57, 1411 
(1979). 

On a etudie la complexation du nickel(I1) par la triethylenetetramine et la D-pknicillamine 
dans des solutions 0.15 M e n  NaCl a 25°C en faisant appel a des methodes potentiomktrique 
et spectroscopique. Le trien (A) forme les complexes suivants avec le Ni(I1): MA, MA,, 
MH2A2, MzAI, M z H A ~  et M z H z A ~  avec des constantes de stabilitk logarithmiques globales 
respectives de 14.34, 20.64, 37.28, 40.05, 49.20 et 55.02. On prksente leurs concentrations en 
fonction du pH et on discute de leurs structures les plus probables. Par ailleurs la D-penicil- 
lamine ne forme que les espbes MA et MA,. Cette derniere espece, qui est la seule a se former 
a des pH de 5.8 a 10.0, est plan-carre par coordination des atomes N et S des molecules de 
ligand. Les constantes de stabilitk logarithmiques de MA et MA, sont respectivement 11.22 
et 22.71. On discute de la signification de ces resultats en relation avec l'efficacite de ces ligands 
a prkvenir la toxicite du nickel dans les rats. 

[Traduit par le journal] 

Introduction In our program of studying the biological trans- 
~h~~~ is a great deal of concern regarding the port of metals and its removal we have undertaken a 

health hazards caused by excessive intake of metals detailed investigation with nickel(I1). Recent studies 

due to occupat~ona~ exposure or environmental have revealed that the organic ligands triethylene- 

pollution. A study has shown that the serum nickel tetramine (trien) and D-Penicillamine (Pen) were the 

in the healthy inhabitants of Sudbury, Ontario, the most effective in prevention of death after a single 

site of the largest open-pit nickel mines in North parenteral injection of NiCl, in rats (4). Interestingly, 

America, was double that of healthy inhabitants of the Same two ligands have been found to be the most 

Hartford, Connecticut, a city with a relatively low effective, among the many examined, for the removal 

environmental concentration of nickel (1). Industrial Of 'OWer from patients Of Wilson's 

hazards of nickel workers are greatly eliminated by disease (5 ) .  The complex equilibria Of these bands 
making better working conditions (2). However, a with ions have been examined by 
recent investigation of workers at a nickel refinery in US (6). 
Norway found that the degree of epithelial keratiniza- There is a genera' agreement On the formation Of 

tion was more pronounced in the nickel exposed a 1 : 1 complex between Ni(I1) and trien, but there 

group than in the controls (3). exists some confusion over other species present, 
particularly above pH 7. This can be attributed 

'To whom correspondence should be addressed at the partly to the use of impure trien in some instances 
Hospital for Sick Children, Toronto, Ont., Canada M5G 1x8. and also to the lack of the necessary mathematical 

0008-4042/79/121411-07$01 .ON0 
01979 National Research Council of CanadalConseil national de recherches du Canada 
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or computing facilities necessary to solve the species 
present, especially in the earlier work. The Ni(I1)- 
Pen system, with no inherent redox reactions, is 
considerably simpler than the Cu(I1)-Pen system (6), 
and has been studied by a number of earlier workers, 
some using the racemic form of the ligand, while with 
others the optical form used was not mentioned. The 
particular isomer used is important since only the D 
optical isomer is used medically (the L form is toxic) 
and the differences in the s~ecies formed in metal 
complexation can arise from stereoselectivity effects. 

We have now re-examined the aqueous Ni(I1)- 
trien and Ni(I1)-D-Pen systems, because of their 
importance, by the combined analytical potentio- 
metric-spectroscopic method (7, 8) which has been 
so successfully applied to other systems (9-12). In 
this paper we present the results of this study. 

Experimental Section 
Materials 

AnalaR NiC12.6Hz0 was used to prepare stock Ni(I1) 
solutions. They were analyzed for Ni(I1) content by the EDTA 
back-titration method employing standard ZnS0,.7Hz0 
solutions. Trien-4HC1 was purified as previously described 
(11). D-Penicillamine (Koch-Light 'Puriss' grade) was kept 
under vacuum at O°C and used without further purification, 
tlc (n-butanol: acetone: water: acetic acid, 4: 3 : 2: 1) gave only 
a single spot. All other reagents were of 'AnalaR' or equivalent 
grade. All solutions were prepared from doubly-deionized 
C0,-free water and kept under an oxygen-free atmosphere. 

Analytical Potentiometry 
Potentiometric titrations were carried out as described 

earlier (11) at 25 + 0.05"C in 1.5 M NaCl solutions containing 
sufficient HCl so that the starting pH was below that of either 
the first deprotonation or the beginning of complexation.' A 
notable feature of the Ni(I1)-trien system was the slow 
equilibration in the pH region 4.4-6.2. 

Spectroscopic Measurements 
Spectra were recorded using solutions containing 0.15 M 

NaCl thermostatted at 25 + 0.l0C. A Cary 15 recording 
spectrophotometer and 5 cm cells were used to obtain the 
spectra of the Ni(I1)-trien solutions. For the Ni(I1)-Pen 
solutions a Unicam SP800 spectrophotometer was used with 
1 cm and 3 cm cells. 

Computational Procedures 
  he previously described programs PLOT-2, GUESS-2, and 

LEASK-2 (7) were substantially modified to facilitate data 
handling and reduce costly computer time. 

PLOT-2: The polynomial fitting to obtain the 6H+/6Cx 
curves was replaced with a numerical fitting method. This 
change eliminates problems found with polynomial 'over- 
fitting' and means the titration data can now be treated in a 
single computer run, considerably reducing computational 
time. 

GUESS-2: Calculation of the species concentration factor 
(p.mPhga3 was carried out in log mode so as to avoid elimina- 
tion of viable species by the computer due to the concentration 

'The concentrations used, pH titration curves, and proton 
displacement of pH curves can be obtained as supplementary 
material from Dr. B. Sarkar. 

factors being outside the computer's precision limits. This 
problem was particularly acute with the highly protonated 
dinuclear Ni(I1)-trien species. 

LEASK-2 was replaced with two programs using different 
minimization procedures. The first uses the Gauss-Newton 
minimization procedure which has the advantage of rapid con- 
vergence even with initial 'wild' guesses of the stability 
constants. Use of matrices in the convergence routine required 
this program to be written in a double-precision mode. The 
second program uses the Newton-Raphson minimization pro- 
cedure which is more accurate than the Gauss-Newton 
procedure but will only converge if the initial guesses are close 
to the true values. These procedures have previously been used 
in this area and their advantages outlined (13). The advantages 
of using more than one minimization routine is that the 
chances of reading false minima (e.g. saddle points) are greatly 
reduced. Both programs are considerably faster to run than 
the earlier LEASK versions which employed a polynomial 
fitting procedure. The computations were carried out using a 
series GE400 computer (Toronto) and a Burroughs B6700 
computer (Leice~ter).~ 

Results 
Stability Constants and Species Distribution 

The general equilibrium involving a metal ion M, 
a proton H, and a ligand A can be written in the 
form of reaction [I]. 

The stabilities of the species formed may be expressed 
as their stoichiometric equilibrium constants Ppqr in 
terms of concentrations at constant ionic strength, 
temperature, and pressure as in eq. [2] 

where m, h, and a are the concentrations of free 
metal ion, hydrogen ion, and completely depro- 
tonated ligand, respectively. The proton-liberation 
data and the amounts of unchanged reagents were 
determined by processing the original titration data 
with the computer program PLOT-2. The data so 
obtained were then processed by programs GUESS-2 
and LEASK-2 to obtain the distribution of the 
species and their stability constants. A detailed 
account of the data processing has been previously 
reported (9-1 1). 

Proton-Triethylenetetramine System 
The pK values of the ligand at 25°C and in 0.15 M 

NaCl solution were obtained in an earlier study (1 1). 
The values obtained were 3.59, 6.77, 9.22, and 9.81, 
and these were used in this study. 

3The original programs and their derivations have been the 
subject of two recent communications (ref. 30, a and b). The 
former report confirms, with a few caveats, the general applic- 
ability of the analytical potentiometric method, the latter 
report is critical, but relates to modified versions of the com- 
puter programs. Some of the problems highlighted in these 
papers have been solved by the replacement of the polynomial 
procedures in the programs used here. These are to be 
published in the near future. 
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LAURlE ET AL. 

Proton-Triethylenetetramine-Nickel(ll) System 
From the metal and ligand variation titrations, 

using PLOT-2, pM and pA values were obtained for 
the concentrations Ni(I1) = 2.00 x M and 
trien = 8.022 x M over the pH range 3.40- 
10.00 (in 0.20 steps). The input for the GUESS-2 
programwasp = 1,2;q = -2, -1,0, +1, +2, +3;  
r = 1, 2, 3. Of the 19 species processed, only 6 were 
found to give a good fit to the titration data: MA, 
MA,, M2A3, MHA2, M2HA3, and M2H2A3. In the 
region pH 3.40-4.80, other protonated species 
(MHA, MH2A, and MH2A2) were evident, but only 
at insignificant concentrations. 

The P values obtained and the species distributions 
are given in Table 1 and Fig. 1 respectively. 

The formation of the MA species in the pH range 
4.4-6.2 corresponds to the observed slow equilibra- 
tion region of the titration curves. The formation of 
this species is known to be relatively slow and has 
been studied kinetically in the pH 5.0-7.0 range (1 5, 
16). The slow rate of formation is attributed to the 
rate of ring closure around the Ni(I1) ion. There was 
no evidence for the formation of hydroxy species 
below pH 10. 

FIG. 1. Species distribution as a function of pH for nickel(I1)- 
triethylenetetramine solution of Ni, 2.00 x lo-%; trien, 
8.022 x M; NaCI, 0.15 M;  T = 25°C; 1, M2+;  2, MA; 
3, MH2A2; 4, M2H2Aj; 5, MzHA3; 6, M2A3; 7, MA2. 

obtain the spectra as a function of pH. The measure- 
ments were made using Ni(I1) concentrations of 
1.2-25 x M. Representative spectra showing 
the strong pH dependence are given in Fig. 2. 

j Visible Absorption Spectroscopy of the Proton- Resolution of thes; spectra into contributions from 
Triethylenetetramine-Nickel(ll) Systems different species was achieved using the Beer- 

Solutions with Ni(I1) : trien = 1 : 4 were used to Lambert law, eq. [3], as previously described (1 1) : 

TABLE 1. log stability constant (Bpq,) of complex species 
M,HqA, (M = Ni(II), A = triethylenetetramine) in 0.15 M 

NaCl at 25°C 

log Bpqr 

Species 
P q r  This worka Literature values 

1 0 1  14.34 (0.02) 14.35,f 13.92,g 14.1,h 
14.0,' 13.82' 

1 1 1  b 19.03,f 18.64,g 18.5' 
1 2 1  b c.k 

1 - 1  1 d c.1 

1 - 2  1 d C.1 

1 0 2  20.64 (0.02) 19.97" 
1 1 2  b d 

1 2 2  37.28 (0.06) d 

OFigures in parentheses are 'estimated' errors, standard deviations only 
L <4 
L -,.,. bobserved as an insignificant species (see text). 

cobserved but no P value measured. 
d N o t  oh~erved. - . - - - - - - - . - -. 
Qnly at Ni(l1):trien ratios > 1. 
f2S°C, 1.0 M KNO, (18). 
gExtrapolated from spectroscopic measurements at 25'C from ref. 26. 
h25"C, 0.1 M NaCl (27). 
'20°C, 0.1 M KC1 (28). 
J25'C, 0.1 M NaC104 (14). 
kReference 15. 
'Reference 29. 
m30°C and 0.1 M KC1 + KNO, (19). 

The E value was determined for each species at 20 nm 
intervals. Spectra were resolved at pH 5.07, 7.55, and 
9.52 for all species except M2H2A3. At pH 5.07 
account was taken of the substantial amount of free 
Ni,:'. After obtaining E values for all species, 
except those for the species M2H2A3, over the 

FIG. 2. Visible absorption spectra of nickel(I1)-triethylene- 
tetramine solutions as a function of pH. Ni(II), 0.025 M; trien, 
0.101 M;  NaCl, 0.15 M;  T = 25"C, 5 cm pathlength. A,  pH 
3.9g6; B, pH 5.071; C, pH 7.553; D, pH 9.523. 
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300-800 nm range, the resolved spectrum of M2H2A3 
was then obtained from the observed spectrum at 
pH 6.70 using the E values obtained for the other 
species. All six species gave an excellent fit to the 
observed spectra. The individual spectra are shown 
in Figs. 3 and 4. 

For all species two peaks were evident. These are 
as expected for octahedrally coordinated Ni(I1) ion. 
There is no evidence of any square-planar Ni(I1) ion. 
The peaks in the 500-600 nm and the 340-360 nm 
regions can be assigned to 3A2g -+ 'Tlg (F) and 
3A2g -+ 3T1g (P) electronic transitions of octahedral 
symmetry. The corresponding transition for 
Ni(H,O)," are at 650-720 nm (doublet) and 395 
nm, respectively. The occurrence of this doublet for 
the aquo ion and its disappearance upon replacement 
of H,O with a nitrogen-donor ligand has been well 
documented (16), as also has the shift of A,,, to 
shorter wavelengths with increases in E values as H 2 0  
ligands are replaced by nitrogen-donor ligands. The 
resolved spectra show these expected features. A 

560 do0 760 
Wavslsnp~h (nm) 

FIG. 3. Visible absorption spectra of Ni2+(,,,(observed), 
---; and those of the species MA, -; MA,, -.-.-.; and MH2A2, 
... (computed from the spectra given in Fig. 2); NaCl, 0.15 M; 
T = 25°C. 

FIG. 4. Computed visible absorption spectra of the dinuclear 
species M,A3, -; M2HA3, ---; M,H,A3, NaCI, 0.15 M ;  
T = 25°C (molar extinction coefficients based on per M  
Ni(I1)). 

third d-d transition (3A2g -+ 3T2g) is expected above 
800 nm (-900 nm for the trien complexes). The 
beginning of this peak can be seen above 700 nm (the 
third peak for N~(H,O),~' is at 1100 nm). 

Proton-D-Penicillamine System 
Titrations were carried out over the range pH 1-12. 

The proton equilibrium (Po,,) at the lower pH 
region was treated by the Henderson-Hasselbach 
equation. The two equilibria over the range pH 8-11 
were solved by treating the titration data with 
PLOT-2 to obtain 6H'/6CA, from which the 
average number of bound protons, fi,, at  each pH 
value was calculated, since: 

The total number of bound protons in this region 
being two. The two equilibrium constants were then 
obtained via expression [5] 

Using increments of 0.20 pH units, simultaneous sets 
of eq. [5] were solved by program LEASK-2 to 
obtain the constants Poll and POz1 of the species HA 
and H,A respectively. The values obtained, given as 
pKa values for ease of comparison with literature 
values, are presented in Table 2. 

Proton-D-Penicillamine-Nickel(II) System 
Data processing was as for trien system, using 

Ni(I1) = 1.00 x M and Pen = 4.00 x M 
over the pH range 3.00-10.00 (in 0.20 steps), although 
significant metal binding only occurred above pH 
4.4. The input range for GUESS-2 was p = 1, 2; 
q = -2, -1, 0, +1, +2, +3;  r = l , 2 ,  3. LEASK-2 
reduced the number of species over the pH range 
4.4-10.0 to just two, MA and MA,. The stability 
constants obtained are shown in Table 2 and the 
species distribution in Fig. 5. 

Visible Absorption Spectroscopy of the Proton-D- 
Penicilhmine-NickeI(II) System 

Consistent with the potentiometric results of a 
single species above pH 5.8, the visible absorption 
spectrum (300-800 nm) was found to be invariant 
over the range pH 5.8-10.0 (Fig. 6). The spectra were 
recorded with solutions containing a Ni :Pen ratio 
of 1 :4, using Ni(I1) concentrations over the range 
1.0 x - 5.0 x lo-' M. Resolution of spectra 
at lower pH, in order to obtain the spectrum of the 
1 : 1 species, was not attempted because this species 
is only formed to a minor extent (see Fig. 5). The red 
color of the Ni-Pen solutions and their spectra are 
in marked contrast to those of the blue Ni-trien 
system, and suggest a square-planar configuration 
for Ni(Pen),. Two electronic transitions are expected 
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LAURIE ET AL. 

TABLE 2. pK, and log stability constants (p,,,) o f  complex species M,H,A,. (M = 
Ni(II), A = D-penicillamine) in 0.15 M NaCl at 25°C 

This work 
Species 

P 9 r  PK. log Ppqr  Literature values 

"'Estimated' error, standard deviation f 17,. 
b0.15 M KN03, 25°C (20). 
=0.10 M KN03, 25°C (21). 
dO.10 M NaC104, 20°C (22). 
.O.lO M KCI, 25°C (23). 

FIG. 5. Species distribution as a function o f  pH for nickel(I1)- 
D-penicillamine solution o f  Ni(II), 1.00 x M ;  Pen, 4.00 
x M ;  NaCl, 0.15 M ;  T = 25°C. 1, M2+; 2, MA; 3, MA2. 

(17) for a square planar Ni(I1) system : 'A,, + 'A,, 
in the region 660-430 nm (E - 50-500 L cm-l 
mol-I), and 'A,, + 'B!, in the region of 430-370 
nm (E variable). For Ni(Pen), three transitions are 
evident, a very intense band below 300 nm (presum- 
ably a ligand + metal charge transfer transition), 
a band with a maximum absorbance at 463 f 2 
nm (E = 127), and from the asymmetry of the band 
at 463 nm a further, weaker, band is evident at 
approximately 560 nm. The latter band is tentatively 
assigned to the 'A,, + 'A,, transition and the band 
at 463 nm to the 'A,, + 'B,, transition. 

Discussion 
The results presented here show the aqueous 

Ni(I1)-trien system to be complex. Only one other 
report (18) has indicated the complexity of this 
system. Most of the earlier work has listed the 

FIG. 6. Visible absorption spectra o f  nickel(I1)-D-penicill- 
amine solutions as a function o f  pH. Ni(II), 0.010 M ;  D-Pen, 
0.040 M ;  NaCl, 0.15 M ;  T = 25"C, 1 cm pathlength. A,  pH 
5.40; B, pH 5.8-10.0. 

species MA and MHA as being the major species. 
However, our species distribution (Fig. 1) shows that 
MA is only a major species in the pH 5.0-6.5 region. 
The species MHA is only evident in our studies as a 
possible species below pH 5, but must be insignificant 
since most of the Ni(I1) is in the form of the aquo 
complex below pH 5. In support of this, Margerum 
and co-workers (14), from kinetic measurements, also 
found only 50% of the Ni(I1) to be complexed at 
pH 5.0. The stability constant of the MA species is 
in good agreement with earlier determinations (see 
Table 1). Reports of this species being the major one 
above pH 7 can be attributed to lack of consideration 
of species other than mononuclear ones. A survey of 
the literature in fact shows inconsistencies in inter- 
pretation at large trien : Ni(I1) ratios (1 8). 

Intuitively, with Ni(I1) having six coordination 
sites and trien having only four donor atoms, one 
would expect bis-chelated or bridged systems to form 
above pH 7 in the presence of excess trien. Indeed, 
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OH. 

FIG. 7. Possible structures of [Ni(trien)(H20)2]2 + 

FIG. 8. Formation of MH2A2, MA2, M2A3. 

the formation of polymeric Ni(I1) species in which 
an octahedral environment is maintained is well 
known and is often referred to as one of the 'anom- 
alies' of Ni(I1) chemistry (16). Earlier workers (18, 
19) have reported some of these species, their 
stability constants given in Table 1, are in fair 
agreement with ours. 

The resolved visible absorption spectra indicate 
all the species to be octahedral. The species MA must 
therefore have the stoichiometry [~i(trien)(H,O),]~+, 
with the possible structures shown in Fig. 7. 

The cis isomers (a and P) are likely to be the more 
important structures: firstly, the trien is less strained 
than in the planar configuration required for the 
trans isomer; secondly, two available cis coordina- 
tion sites are necessary for the formation of the 
species MH,A,, MA,, and M,A3 as depicted in 
Fig. 8. The species M2A3 makes maximum use of 
the available metal coordination sites and the avail- 
able ligands donor atoms. Molecular models show 
that a trien molecule can bridge the two pairs of cis 
sites on adjacent [Ni(trien)(H,O),IZ+ ions, resulting 
in the central 

\ / 
N-CHz-CH2-N, 

/ 

moiety being elongated and the two methylene 
groups having a staggered conformation with respect 
to each other. Formation of the species M,HA3 from 
M2A3 must involve protonation at a coordination 

+ 
site with consequent breaking of the Ni-N bond. 

This is consistent with the observed spectral differ- 
ences between these species. 

In contrast with the Ni(I1)-trien system the 
Ni(I1)-Pen system is exceedingly simple, only two 
species being formed over the pH range 4-10. The 
first species MA is only a minor one at lower pH 
(Fig. 5), while above pH 5.8 all the Ni(I1) is in the 
form of the species MA,. The finding of just two 
species is consistent with earlier reports (20-23); the 
stability constants are in excellent agreement (Table 
2) considering the different conditions and the use of 
racemic penicillamine by others (22). In fact, Ritsma 
and Jellinek (23) have observed a small stereo- 
selectivity effect which enhances the stability of the 
racemic complex, [N~(D- pen)(^-Pen)] over that of 
the optically active forms. An interesting feature of 
this system is the finding of K, > K,, a reverse of the 
usual order.4 The spectroscopic measurements show 
that this can be attributed to the enhancement of 
stability gained by the formation of a square-planar 
MA, species, in which the Pen ligands act as biden- 
tate S,N-donor ligands rather than in the expected 
tridentate fashion. A similar conclusion regarding 
the square-planar configuration of MA, for both 
D-Pen and the much studied, L-cysteine, has been 
reached by others (24, 25). 

L-Cysteine, which is closely related to penicillamine 
(penicillamine = P,P-dimethylcysteine), is a naturally 
occurring amino acid and an important metal- 
binding agent in blood serum. A comparison of the 
binding properties of D-penicillamine and L-cysteine 
with Ni(I1) is therefore important. Both form MA 
and MA, species in aqueous solution, the latter in 
both cases being a red, square-planar complex. 

The stability constants for the MA and MA, 
species are greater, by a factor of approximately 10 
in each case for the D-Pen system, presumably 
reflecting the influence of the two methyl substituents 
adjacent to the thiol group in Pen. The methyl 
groups also exert a steric influence in that no poly- 
nuclear species are observed with D-Pen, in contrast 
to the finding of polynuclear species with L-cysteine, 
by Perrin and Sayce (22), of the type M2A3 and 
M3A4. 

As previously indicated, both D-Pen and trien have 
been found to be the most effective of a number of 
chelating agents in preventing nickel toxicity in rats. 
The results presented here show that these ligands 
are, as was well known, very effective chelating 
agents of Ni(II), but a number of additional features 
are also shown to be of importance. Thus, at ratios 

4The enhancement of the stability of MA2 over MA is also 
evident from the species distribution curves (Fig. 5) where it 
is evident that the MA species exists only in a narrow band of 
the pH region. We are grateful to a referee for pointing this out. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LAURIE ET AL. 1417 

of trien/Ni(II) > 1 and at the physiological pH of 
7.4, trien chelates Ni(I1) in a number of ways, i.e. as 
the species M,HA3, MH2A2, MA, plus the minor 
species M2A3, MA,, and M,H,A3. The efficiency of 
trien as a therapeutic agent therefore lies in its 
flexibility in being able to adopt a number of con- 
figurations. In contrast, D-penicillamine, at high 
Pen/Ni(II) exclusively forms Ni(~en),z-, this com- 
plex gains additional stability by adopting a square- 
planar configuration. Complexes of Ni(I1) involving 
D-penicillamine are also more stable than those 
formed with the related, naturally occurring amino 
acid, L-cysteine. 
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Bo-LONG POH. Can. J. Chem. 57, 1418 (1979). 
A simple method of estimating the fraction of dative structure in molecular complexes using 

Hammett p values is given. A physical interpretation of the parameter m in the equation, 
hv = mZD + n, relating the charge-transfer energy, hv, of a molecular complex and the ioniza- 
tion potential, I D ,  of the donor is given. 

%-LONG POH. Can. J. Chem. 57, 1418 (1979). 
On rapporte une m6thode simple, bask sur des valeurs de p de Hammett, permettant 

&&valuer la fraction de la structure dative de complexes mol~culaires. On fournit une inter- 
pr6tation physique du parametre m de Equation hv = m Z D  + n permettant de relier 1'6nergie 
de transfert de charge, hv, d'un complexe molkulaire et le potentiel d'ionisation, I,, du 
donneur. 

[Traduit par le journal] 

Introduction 
A considerable amount of work has been done on 

molecular complexes. Several books (1-4) on this 
subject have been published. According to Mulliken's 
theory (5) a molecular complex is formed between an 
electron donor and an electron acceptor. In the 
ground state the wave function YN of a 1 : 1 donor- 
acceptor organic complex formed from neutral 
molecules has the form of eq. [I]. The symbols D 
and A denote donor and acceptor respectively, Yo is 
the wave function of the no-bond structure, Y1 is the 
wave function of the dative structure in which there 
is a transfer of an electron from the donor to the 
acceptor, a and b are coefficients. The excited state 
wave function Yv is given by eq. [2] where a* and b* 
are coefficients. 

Currently, there are two common methods (ref. 3, 
chapt. 6) of estimating the fraction of dativestructure 
in the ground state of molecular complexes. One 
method is based upon infrared frequency shifts and 
the other method is based on dipole moment data. 
Both methods are quite complicated to use and they 
also involve some major assumptions (ref. 3, chapt. 6). 

The relationship between the energy, hv, of a 
charge-transfer transition from the ground state, Y,, 
to the excited state, Yv, and the ionization potential, 
ID, of the donor was given by Briegleb and Czekalla 
(7) in the form of eq. [3] where h is Planck's constant 
and C1 and C, are constants for a given acceptor. 
Later, it was found that eq. [4] which expresses a 

131 hv = ID - C1 + C2/(ID - e l )  

[4] hv = mID + n 

linear relationship between hv and ID is valid for 
many complexes (8, 9). There are two problems 
(2, 3, 7, 8) associated with the use of eq. [4]. The first 
one is the deviation of the slope m from unity. The 
deviation increases as the complex becomes stronger. 
In the case of amine-iodine complexes the deviation 
is large and various reasons have been given to 
account for it (10-12). The second problem is the 
choice of the correct set of m and n values for often 
more than one value each for m and n could fit the 
observed values of hv. 

This paper is presented with two aims. The first 
aim is to give a simple method of estimating the 
fraction, Fly of dative structure in molecular com- 
plexes using [5] where pcT is the Hammett (13) p 
value relating the equilibrium constants of a series 
of molecular complexes formed from a closely 
related series of donors with a common acceptor and 
p,,, is the Hammett p value of a model system which 
has a full positive charge developed on the donors. 

[ 5 ~  Fl = PCT/PR~€ 

The second aim is to give a physical interpretation 
to the slope m of eq. [4] to account for its deviation 
from unity. 

Results and Discussion 
Equation [5] is applied to molecular complexes 

formed from a series of methyl-substituted benzenes 
as donors with a variety of acceptors. The p value for 
the ionization potentials of benzenes is taken to be 
pRe, since the cation of the substituted benzene (1) is 
a good model for the corresponding donor in the 
dative structure (2) of the molecular complex. This 

OOO8-4042/79/i21418-03$01.00/0 
@I979 National Research Council of CanadaIConseil national de recherches du Canada 
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TABLE 1. Fraction of dative structure in benzene complexes 

P Fl 

Source This 
No. Acceptor Solvent Value of data nu rb workk Literature value 

Bromine 
Iodine monochloride 
Iodine 
Iodine monobromide 
s-Trinitrobenzene 
Tetracyanoethylene 
Chloranil 
Carbon tetrachloride 
Dinitrobenzene 
Fluoranil 
Nitroform 
Trinitrotoluene 

CCI, 
cc14 
CCI4 
cc14 
CHC13 
CHZCl2 
CCI4 
cc14 
CCI* 
CCI* 
Cyclohexane 
CCI, 

Ref. 19 
Ref. 20 
Ref. 20 
Ref. 21 
Ref. 22 
Ref. 23 
Ref. 24 
Ref. 25 
Ref. 26 
Ref. 27 
Ref. 28 
Ref. 26 

ONumber of points used in correlations. 
bcorrelation coefficient. 
 for benzene. 
dFor toluene. 
'For p-xylene. 
f For durene. 
 for hexamethylbenzene. 
hReference 3, pp. 67-68. 
'Reference 29. 
JReference 30. 
'Calculated from eq. [S] with p..~ = - 14.7. 

value of pRef is - 14.7 (14). The values of pcT for the 
equilibrium constants for molecular complexes 
formation were calculated from the usual Hammett 
plots using op+ values taken from Okamoto and 

x x 
1 2 

Brown (1 5) and assuming additive substituent effects 
of the methyl group. On the whole the plots are good 
(Table 1) and the F, values compare well with 
literature values obtained from infrared frequency 
shifts and dipole moments. The inherent assumption 
in eq. [5], that molecular complexes formed from a 
closely related series of donors with a common 
acceptor have the same amount of dative structure, is 
supported by the few available literature results. For 
examples, the complexes of iodine monochloride with 
benzene, toluene, and p-xylene all have 11% dative 
structure (Table l), and complexes of iodine mono- 
chloride with pyridine and 3,5-dibromopyridine have 
30% dative structure (16). 

Actually the pRe, value used must be from the same 
solvent in which the equilibrium constants of 
molecular complexes were measured. However, such 
data are not available. The fact that the gas phase 
value of - 14.7 works well in our method probably 
indicates that the p values in chlorinated methanes 
(the solvents used in molecular complex studies) 
are close to - 14.7 (17). 

The underlying principle of eq. [5] is that pcT is 
essentially determined by the dative structure be- 
cause the donor in the dative structure has a positive 
charge on it whereas the no-bond structure is ex- 
pected to have a negligible effect on the magnitude 
of p, because the donor in the no-bond structure 
is an uncharged species. We can see an analogous 
situation in the large p values for ion producing reac- 
tions and small p values for free radical reactions in 
which no charge is developed. 

We shall now derive eq. [4] from a combination of 
two Hammett equations. The Hammett equation 
correlating the charge-transfer energies of a series of 
molecular complexes (2) is given by eq. [6] 

[61 (hv, - hvo)/(2.3RT) = phVo 
where the subscripts x and 0 denote the substituted 
and unsubstituted donors respectively, R is the gas 
constant, and T is the absolute temperature. The 
Hammett equation correlating the ionization poten- 
tials of the same series of donors is given by eq. [7] 
( I  and hv are expressed in the same unit). 

[71 (I, - IO)/(~.~RT) =  PIP^ 

A combination of eqs. [6] and [7] yields 

[81 hvx = (P~V/PIP)IX + hvO - (P~v/PIP)IO 
which is analogous to eq. [4] with 
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TABLE 2. A comparison of calculated and observed values of rn and n 

No. Complexa Calculatedh Observed Calculated' Observed 

1. Benzenes-TNB 0.93 0.89b - 4 . 2  -4 .3b  
2. Benzenes-IBr 0.92 0.84' - 4 . 2  -3.3' 
3. Benzenes-Chloranil 0.92 0.89d - 4 . 8  -4 .3d 
4. Benzenes-I2 0.86 0.87b - 3 .7  -3 .6e  
5. Benzenes-TCNE 0.87 0.83e -4 .8  -4.4f 
6. Benzenes-IC1 0.78 0.6W -2.8  - 1 . P  
7. Amines-I, 0.30 0 .3Y 2 . 4  1.98 

'TNB = trinitrobenzene; TCNE = tetracyanoethylene; Nos. 1, 2, 3, 4, and 6 in CC14, No. 5 in CH2C12, and 
No. 7 in heptane. 

*Reference 31. 
'Calculated from data of  ref. 21. 
dRefe~ence 18. 

.- - ~ - ~ . ~  
fcalculated from data of  ref. 20. 
gcalculated from data of  ref. 12. 
hCalculated using eq. [Il l;  F, values taken from Table 1 except No. 7 with F, = 0.35 (ref. 3, p. 68). 
'Calculated using eq. (121 with vo and 10 values taken from the references listed under the column for n. 

In eq. [ 5 ]  only the ground state of the molecular 6. E. M. V01GT and C. REID. J. Am. Chem. Sot. 86, 3930 
(1964). 

is and is determined by the 7. G. BRIEGLEB and J. CZEKALLA. Z. Elektrochem. 63, 6 
dative structure. In eq. [8] both the ground and (1959). 

1 excited states of the molecular complex are involved. 8. H. M. MCCONNELL, J. S. HAM, and J. R. PLATT. J. Chem. 
Therefore, phV is determined by the difference in the Phys. 211 

9. R. FOSTER. Tetrahedron, 10,96 (1960). / fraction of dative structures in these two states, that J. COLLIN, Z, Elektrochem. 64, 936(1960). 
I is, FI* - FI where the * indicates the 11 .  K. TOYODA and W. B. PERSON. J. Am. Chem. Soc. 88,1629 

excited state. The factor F1* - F1 is equivalent to (1966). 
1 - 2F, (ref. 3, chapt. 1). Therefore, weobtain 

i 

I Table 2 gives the m and n values calculated from 
I eqs. [ l l ]  and [12], respectively, for several molecular 

complexes. They are in good agreement with the 
observed values reported in the literature. Therefore, 
eqs. [I I] and [12] provide a method of predicting the 
slope m and the intercept n of the commonly used 
eq. [4], and thereby overcome the problem of 
choosing the correct set of m and n values. Equation 
[ l l ]  further gives a physical meaning to m, in con- 
trast to the earlier suggestion that it has no theore- 
tical significance (2, 3). We also can see that unit m is 
a special case - when F, is zero. 
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In-plane and out-of-plane conformational preferences of the sulfhydryl group in some 
halothiophenol derivatives 
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TED SCHAEFER and WILLIAM J. E. PARR. Can. J. Chem. 57, 1421 (1979). 
Long-range spin-spin coupling constants between sulfhydryl protons and ring protons in 

some halothiophenol derivatives in CC14 solutions are reported. In contrast to the come 
sponding phenol derivatives, substantial amounts of out-of-plane conformers are present at 
305 K for all but 2,6-dichlorothiophenol. The cis and trans conformers differ by only about 
0.2 kcallmol in free energy for 2,4-dibromothiophenol and 2,4-dichlorothiophenol, in good 
agreement with a recent analysis of the dipole moment observed for the latter compound. The 
barrier to internal rotation of the sulfhydryl group is considerably smaller than for a hydroxyl 
group and rough estimates are given for the barrier in a few compounds. For example, the 
barrier in 2,3,5,6-tetrafluorothiophenol is lower than in 2,6-dichlorothiophenol. STO-3G MO 
calculations overestimate the internal barrier to rotation of the sulfhydryl group, but yield 
charge densities for this group which indicate that a major cause of the relative weakness of its 
intramolecular hydrogen bonds resides in its lack of polarity. 

TED SCHAEFER et WILLIAM J. E. PARR. Can. J. Chem. 57, 1421 (1979). 
On rapporte les constantes de couplage a longue distance entre les protons sulfhydryles et 

ceux du cycle de quelques derives halothiophenols en solution dans le CC14. Par opposition aux 
rksultats obtenus avec les dbives ph6noliques correspondants, il en resulte que, dans tous les 
cas, except6 le dichloro-2,6 thiophknol, des quantites importantes de conformkres qui ne sont 
pas dans le plan a 305 K. L'Bnergie libre des conform&res cis et trans ne diffkre que par 0.2 kcall 
mol dans le cas des dibromo-2,4 et dichloro-2,4 thioph6nols; ce resultat est en bon accord avec 
une analyse recente du moment dipolaire observe pour ce dernier compos6. La barrikre a la 
rotation interne du groupe sulfhydryle est beaucoup plus faible que dans le cas du groupe 
hydroxyle et l'on donne des Bvaluations grossikres pour cette rotation dans quelques composes. 
Par exemple, la barrikre dans le tetrafluoro-2,3,5,6 thiophenol est plus basse que dans le di- 
chloro-2,6 thiophenol. Des calculs de OM STO-3G donnent une evaluation trop Blevke pour 
la barrikre interne 5 la rotation du groupe sulfhydryle; toutefois les densites de charge qu'ils 
fournissent indiquent que la cause principale de la faiblesse relative de ses liaisons hydrogkne 
intramoleculaires provient de son manque de polaritk. 

[Traduit par le journal] 

Introduction 
It has been shown (14)  that the use of stereo- 

specific long-range spin-spin coupling constants be- 
tween hydroxyl and ring protons or 19F nuclei in 
halophenol derivatives is perhaps one of the best 
ways to determine the conformational preferences 
of the hydroxyl group. For example, for 2,4-dihalo- 
phenols there exists little doubt that in CCl, or 
C,Hl, solution greater than 90% of 1 exists in the 
form l a  (cis) near room temperature. 

For the corresponding halothiophenol derivatives, 

cis trans 
l a  X =  0 , s  16 X = O , S  

their remains some ambiguity about the conforma- 
tional populations so that the existence of so-called 
intramolecular hydrogen bonding of the S-H group 
to an ortho halogen substituent remains in doubt. 

For example, an infrared study of 2,4-dichloro- 
thiophenol in CCI, solution (5) gave no evidence for 
an intramolecular hydrogen bond, whereas another 
such study (6) indicated intramolecular hydrogen 
bonding in o-chlorothiophenol. Dipole moments in 
benzene solution of o-chlorothiophenol (7) and of 
2,4-dichlorothiophenol (8), respectively, indicate 
about 70 and 50% abundance of the cis form (8). 
Other workers (6) suggest 95 + 5% of the intra- 
molecularly bonded forms for o-chlorothiophenol in 
CCl, at 298 K. In the latter study (6) the infrared 
and proton chemical shift data did not prove the 
existence of cis forms for the o-halothiophenols (in 
our opinion). 

CND0/2 MO calculations predict stronger intra- 
molecular hydrogen bonds in o-chloro- and o-bromo- 

0008-4042179112 142 1-05$01 .OO/O 
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1 thiophenol than in the corresponding phenols, (16) and at infinite dilution in CCl, (17) differ by 
i whereas an STO-3G MO calculation favours the only 0.03 ppm. 

trans conformer of o-chlorothiophenol by 2.8 kcall 
mol(9). 

In this paper we examine the proton magnetic 
resonance spectra in the absence of intermolecular 
proton exchange of some polyhalothiophenol de- 
rivatives dissolved in CCI,. The long-range coupling 
constants involvingthe sulfhydryl proton demonstrate 
that intramolecular hydrogen bonding is consider- 
ably weaker than in the corresponding phenol de- 
rivatives. Ab initio MO calculations on some dichlo- 
rothiophenols and on 2,4-dichlorophenol are some- 
what helpful in rationalizing the differences in con- 
formational preferences. 

Experimental 
The compounds came from Aldrich Chemical Co.; 5 mol% 

solutions in CCI,, containing some tetramethylsilane, were 
degassed by the freezepumpthaw method. Pellets of molecular 
sieve were sealed into the sample tube and prevented inter- 
molecular sulfhydryl proton exchange, although some samples 
were kept for several weeks before the sulfhydryl proton reso- 
nances became sharp multiplets. 

Weak irradiation experiments (10) gave the relative signs of 
coupling constants, determining spectra which were repeatedly 
calibrated at sweep rates of 0.02 Hz/s and a dispersion of 
1 Hz/cm on HA100 and DA60I spectrometers operating in the 
frequency sweep mode. Frequency markers were placed at 
intervals of 5 Hz or less. The proton spectra were recorded at 

Extent of Intramolecular Hydrogen Bonding 
In 2,4-dichlorophenol, 5J,,,H3.0H = J3 is not ob- 

servable, whereas = J5 is 0.46 Hz (I), sug- 
gesting that the compound exists almost solely in 
form l a  as a 4.9 mol% solution in CCl,. Now, in 
2,4-dichlorothiophenol (Table 2) J3 is 0.30 f 0.02 
Hz and J, is 0.24 f 0.02 Hz. On the assumption 
that J3 vanishes for la, that J, vanishes for lb, and 
that J3 = J, in l b  and la, respectively,' one has 
AGO = Golb - Go1, = - RT In J5/J3 = -0.14 + 
0.12 kcal/mol. In other words, the trans form is 
slightly more stable than the cis form. A similar 
calculation for 2,4-dibromothiophenol yields AGO = 

Golb - Go1, = -0.17 f 0.12 kcal/mol: 
Apparently, the cis conformer of 2,4-dichloro- 

thiophenol is 45 + 5% abundant at 305 K, in close 
agreement with the 50% abundance deduced from 
the most recent dipole moment study (8). It is also of 
interest that a similar abundance of the cis conformer 
occurs in 2-methoxythiophenol (18). 

No comparison between J3 and J, can be made for 
the 2,5-disubstituted derivatives in Table 2. How- 
ever, it is clear that substantial amounts of the trans 
conformers of 2,5-dichloro- and 2,5-dibromothio- 
phenol exist under the experimental conditions. 

I 305 K and the 19F spectra at 301 K. - 
The proton resonance spectra of 2,5-dichloro- and of 2,4- The of Conformers with an Out-of~lane 

1 dichlorothiophenol were also recorded for 1 molz  solutions Sulfhydryl Bond 
in CC14. The twofold barrier to internal rotation in phenol 

I Molecular orbital calculations at the a6 initio STO-3G level is 3.5 (19, 20). In consequence, 6 J , H W  is 
I (11) were performed on an IBM 3701158 system. very small at 305 K (21) because this coupling very 
I Results and Discussion likely displays a sin2 8 dependence, 8 being the angle 

by which the 0-H bond twists out of the plane of Spectral Analysis the phenyl group.2 In thiophenol, however, 6~ is The lH and lgF magnetic resonance -0.33 Hz (16) in CCl, solution. It has been used to 
'pectra were with the 'Omputer program derive a twofold barrier to rotation about the C-S 
LAME (I2, 13). The error in the 'pectral parameters bond, amounting to 1.1 f 0.3 kcal/mol (16) and in 
is thought to be 0e02 Hz Or less, the data reasonable agreement with a barrier of 0.8 kcal/mol 
for a being given in The deduced from torsional data in the gas phase (22). 
signs of the coupling constants are given on the basis 
0f3JoH,H > 0 , 3 j  HF- > 0, and 3~5F < 0 (14). The 

'This assumption for 5J,,,H.0H has led to self-consistent intra- other 'pectral parameters of interest in this are molecular equilibrium constants for a variety of phenol de- 
presented in Table 2. rivatives and to agreement with conformational preferences 

The analysis of the proton spectrum of 3,5-dichlo- deduced by other methods (14). 
rothiophenol was impossible-because of chemical 21t could have been argued that a decrease in 0 implies an 

shift equivalence. A similar occurrence is known for increase in the conjugation of the oxygen atom with the 
n-electron system of the ring. A n-electron coupling mechanism p-chlorothio~henol 5). The operating via the partially double C;;IO bond would then en- 

to the Sulfhydryl proton in 2,5-dichloro- and in 3,4- hance the rnarmitude of 6j,Hs0H at 0 = 0. However, a sin2 0 
dichlorothiophen61 were the same in 1 and 5 mol% dependence O ~ ~ J , H . O H  is cimpatible with a a-n electron coup- 
solutions. The sulfhydryl proton chemical shifts were ling mechanism in which the spin polarization of the a elec- 

not significantly different at the two concentrations, trons in the 0-H bond is transferred to the n system by a 
'hyperconjugative' interaction. The latter is most effective 

indicating negligible self-association. The chemical where the O H  bond occupies a plane perpendicular to  the 
shifts of the S--H proton of thiophenol at 5 mol% benzene plane, i.e., when 0 = 90". 
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TABLE 1. Proton* and fluorinet chemical shift and coupling1 
parameters for 2,3,5,6-tetrafluorothiophenol in CC14 

Parameter Value Parameter Value 

V S H  369.50 4 J m F 3 . F ~  - 0.427(8) 
v2.6 3161.331(4) 4 J  H.F 7.326(8) 
V3.5 3209.240(4) 5 J F.F 

4J F.SH 
11.915(6) 

v4 684.084(6) o 0.367(8) 
3 J F . F  - 21 .586(5) 5~ F,SH 

m 
3 J H.F 9.604(8) 6~ H,SH 

0.451(8) 
P -0.108(12) 

4 J m F 2 , F ~  - 1 .424(8) rms deviation 0.0235 
- 

*In Hz at 100 MHz to low field of internal tetramethylsilane at 305 K. 
tIn Hz to high field of  internal CF3CCI3 at 56.4 MHz at 301 K (20 m o l z  

in CCI,). 
$In Hz; numbers in parentheses indicate the standard deviation in the last 

figure. 
BFor the fluorine iteration. 

The value of 1.1 kcal/mol depends on the assumption 
that 6J varies as sin2 8. It was estimated that 6J 
(8 = 90") is - 1.05 Hz. A value of 6~ (8 = 90') of 
- 0.97 Hz would reproduce the gas phase barrier. 

The observed 6~ of - 0.17 HZ in 2,5-dichlorothio- 
phenol means that out-of-plane conformations are 
appreciably populated. The potential function for 
internal rotation of the S-H bond in this molecule 
must contain at least onefold and twofold terms, V, 
and V2 (23). The former measures the energy dif- 
ference between the cis and trans planar conformers 
and, by analogy to the 54-dichloroisomer, is prob- 
ably less than 0.2 kcal/mol (see 5J values in Table 2). 
One may write (23) 

Here, 8 = 0" for the cis conformer, la. 
If V2 >> Vl, a treatment in terms of a twofold 

barrier (16) has some meaning. Writing (sin2 8) as 
0.17/0.97 for 2,5-dichlorothiophenol (see Table 2) 
yields V2 as 2.4 f 0.8 kcal/mol; the quoted error 
recognizes the approximate nature of this model. 

The value of - 0.12 Hz for 6J in the corresponding 
bromine derivative then indicates a V2 of 3.0 f 1.0 
kcal/mol. 

Of course, it is conceivable that in the cis con- 
former the S-H bond is held mainly in-plane by 
electrostatic interaction with the ortho C-halogen 
bond and that the 6~ arises mainly from out-of-plane 
conformations in the trans conformer. It would then 
be expected, however, that Vl be considerably larger 
than the value indicated by the equilibrium popula- 
tions found above and by the most recent dipole 
moment studies (8), which surmised the existence of 
out-of-plane conformations of the S-H group in 
2,4-dichlorothiophenol. 

2,6-Dichlorothiophenol 
6~,SH,H is less than 0.05 Hz in this compound, im- 

plying that the twofold barrier to internal rotation is 

appreciably larger than 3 kcal/mol (16), and that 
out-of-plane conformations are inappreciably popu- 
lated at 305 K in CC1, solution. It is assumed, of 
course, that the substituents do not alter the sin2 8 
dependence of 6Jp, a very good assumption in the 
corresponding toluene derivatives (24) and, ap- 
parently, in a variety of phenol derivatives (1-4). 

In CCI, solution, the chemical shift of the S-H 
proton in benzenethiol is 3.23 ppm (16). In 2,6-di- 
chlorothiophenol the S-H resonance shifts to low 
field by 1.28 ppm (Table 2) and such shifts have been 
taken as an indicator3 of intramolecular hydrogen 
bonding (6, 25). On the other hand, the 0-H reso- 
nance at infinite dilution of phenol in CC1, is 4.25 
ppm at 305 K (26,27). In 2,6-dichlorophenol(5 mol% 
in CC1, at 305 K) the 0-H peak occurs at 5.66 
ppm; the low-field shift is 1.41 ppm. It is accepted 
that a relatively strong intramolecular hydrogen 
bond exists in the phenol derivative (20) although no 
V2 has been derived. For pentachlorophenol in solu- 
tion, torsion data yield a V2 of 6.3 kcal/mol (28), 
almost 3 kcal/mol higher than in phenol. 

The present nmr data on 2,6-dichlorothiophenol 
are consistent with a V2 of greater than 3 kcal/mol, 
an increase of greater than 2 kcal/mol relative to 
thiophenol. It is improbable that V2 is as large as in 
the phenol derivative, however. Thus, our STO-3G 
calculations (see below) find a charge density of 
0.996 electron on the S-H hydrogen atom, com- 
pared to only 0.762 electron on the 0-H hydrogen 
atom in the cis conformation of 2,4-dichlorophenol. 
If the hydrogen bond is mainly electrostatic in nature 
(29, 30), these calculations suggest a weak hydrogen 
bond in the thiophenol derivative. The comparable 
magnitudes of the low-field shifts of the 0-H and 
S-H proton resonances do not necessarily indicate 
similar strengths of intramolecular hydrogen bonds 
(31, 32). 

2,3,5,6-TetraJuorothiophenol 
CND0/2 and STO-3G calculations (9) agree that 

the intramolecular hydrogen bond in o-fluorothio- 
phenol is about half the strength of that in o-fluoro- 
phenol. The CND0/2 calculations (9) also yield a 
much weaker bond in o-fluorothiophenol than in 
o-chlorophenol. Similarly, V2 in pentafluorophenol 
is 3.5 kcal/mol (33), compared to 6.3 kcal/mol in 
pentachlorophenol (although it should be remem- 
bered that a para fluoro substituent decreases the 
barrier in phenol by 0.3 to 0.4 kcal relative to a para 
chloro substituent (34)). 

3The insignificant changes in the chemical shifts of the S-H 
protons in 2,4- and 3,4-dichlorothiophenol on dilution from 
5 to 1 mol% in CC14 suggest negligible intermolecular associa- 
tion between solute molecules at these concentrations, in 
agreement with infrared studies of thiophenol derivatives (5). 
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TABLE 2. Sulfhydryl proton chemical shifts* and long-range spin-spin coupling con- 
stantst in some halothiophenol derivatives 

Compound 4 J SH.H 5~ SH.H3 5 J SH.H5 
VSH 6 J SH.H4 

rn 

*In Hz at 100 MHz and 305 K for 5 m o l z  solutions in CCI4; to low field of internal tetramethylsilane. 
t l n  Hz, with an accuracy of 0.02 Hz. 
t4JesH.H1 is -0.38 Hz and4JOsHsH6 is -0.37 Hz, i.e., the couplings are equal to within experimental error. 

All these data are consistent with the 6 ~ p  of - 0.1 1 
Hz in the tetrafluoro derivative (Table 1). V2 is there- 
fore smaller than in 2,6-dichlorothiophenol, in which 
a 6 ~ p  could not be observed. An estimate of V2 is 
3.0 + 1.0 kcal/mol in the thiophenol derivative. 
Note that the chemical shift of the S-H proton 
resonance is 3.70 ppm, considerably upfield of the 
4.51 ppm in 2,6-dichlorothiophenol. 

That the S-H proton approaches the ortho fluo- 
rine atom less closely on average in the tetrafluoro- 
thiophenol than in the analogous phenol derivative 
is suggested by the positive value of 4J0F,SH. Its mag- 
nitude is only 0.37 Hz. An approach of the S-H 
proton and the 19F nucleus to well within a distance 
correspond in^ to the sum of the van der Waals radii 
of the corresponding atoms, would undoubtedly 
lead to a large, negative, coupling constant (2, 35). 
This would be a result of the so-called through-space 
coupling mechanism, arising from direct interaction 
between the orbitals in the atoms containing the 'H 
and 19F nuclei (35-38). Thus, 4 J / 3 0 H  in o-fluoro- 
phenol is calculated by INDO MO FPT as -4.5 Hz 
when the H,F distance is in the vicinity of 2.2 A in the 
cis conformation (39, in very good agreement with a 
measured 4~ci:~0H of -4.4 Hz in an o-fluorophenol 
derivative (2) and with an average 4JF,0H (cis and 
trans) of -2.5 Hz in 2,3,5,6-tetrafluorophenol (2). 
An increase in the H,F distance to 2.5 A yields a 
positive calculated 4JF,0H. Furthermore, as the 0-H 
bond twists out-of-plane the calculated 4JF90H rapidly 
increases, not only because of the decreased H,F 
distance but also because the o-n: mechanism (sin2 0 
dependence) makes a positive contribution to 4JF,0H 
(the hyperfine interaction constant, QcF, is positive 
in contrast to QcH). 

That 4 ~ F ' S H  is +0.37 HZ in 2,3,5,6-tetrafluorothio- 
phenol is therefore consistent with the observed, 
finite 6J:H,H and with the observation of a relatively 
small low-field shift of the S-H proton in this com- 
pound. 

4J,SH3H increases, ranging from - 0.70 Hz in 4-amino- 
thiophenol to -0.20 Hz in 4-nitrothiophenol (16). 
4J0 is - 0.37 Hz in 3,4-dichlorothiophenol (Table 2), 
within experimental error of its values in thiophenol 
and 4-bromothiophenol (16), suggesting an internal 
barrier of 1.0 + 0.3 kcal/mol (note that the coup- 
lings to the two ortho protons are equal). 

The very small magnitudes of 4 ~ 0  in the other com- 
pounds in Table 2 are consistent with appreciably 
larger internal barriers as suggested in previous sec- 
tions. However, distortions of the S-H group and 
and intrinsic substituent effect on 4 ~ ,  from an elec- 
tronegative or bulky ortho substituent may well be 
present, which may alter the magnitudes of 4J0 in an 
unknown wav. 

Molecular Orbital Calculations 
The STO-3G MO calculations with a standard 

geometry (39) yielded an internal barrier of 2.8 kcall 
moly clearly much too high and comparable to the 
overestimate of 1.7 kcal/mol for phenol (34). Opti- 
mization of the geometry of the S-H bond gave a 
CSH bond angle of 95.8" (CND0/2 yields 98" (9)) 
and a C-S bond length of 1.762 A. The predicted 
barrier increased to 3.5 kcal/mol, however. 

The geometry optimization consumed 1.5 h of cpu 
time, so that a limited number of other calculations 
were perf~rmed.~ In 2,6-dichlorothiophenol, the 
planar conformation had an optimized CSH angle 
of 94.5", indicating, by comparison with thiophenol, 
that intramolecular attraction (hydrogen bonding to 
the C-C1 dipole) decreases the CSH angle. This 
indication is supported by the calculated hydrogen 
atom charges, which are 1.029 electrons in thiophenol 
(optimized geometry) and 0.996 electrons in the 
2,6-dichloro derivative. In other words, one has a 
Sf -H- dipole in thiophenol itself. 

In 2,4-dichlorothiophenol, the STO-3G calcula- 
tions found the trans form as more stable than the 
cis form for both standard and optimized geometries, 
in contradiction to ex~eriment, and reminiscent of 

3,4-Dichlorothiophenol 4Kollmann and co-workers (9) have compiled an extensive 
As the barrier to internal rotation in para-sub- set of CND0/2 and STO-3G calculations on ortho-substituted 

stituted thiophenols decreases, the magnitude of phenols and thiophenols. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



SCHAEFER AND PARR 1425 

recent calculations on o-chlorothiophenol (9). Fur- 14. w. B. MONIZ and E.  LUSTIG. J. Chem. Phys. 50, 1905 
ther calculations were contraindicated. The calcula- (1969). 

tion on the 2,4-dichlorophenol, mentioned above, 15. S. H. MARCUS and S. I. MILLER. J .  P ~ Y s .  Chem. 68, 331 
( 1964). assumed a standard geometry. 16. W. J. E.  PARR and T.  SCHAEFER. J.  Magn. Reson. 25, 171 

A CSH bond angle of 96", C-S, S-H, and C-F (1977). 
bond lengths of 1.80, 1.34, and 1.35 A, respectively, 17. S. H. MARCUS and S. I. MILLER. J .  Phys. Chem. 73, 453 
together with an otherwise standard geometry, im- 

18. T.  SCHAEFER and T. A. WILDMAN. Can. J. Chem. 57,450 plies a H,F distance of 2.22 ,& for a planar conforma- (1979), 
tion of 2,3,5,6-tetrafluorothiophenol. Therefore a 19. (,) E. MATHIER, D. WELT,, A. BAUD,,, and H. H. GUN- 
large, negative 4JF,SH might be expected. However, a THARD. J .  Mo1. Spectrosc. 37, 63 (1971). (b) J. C. EVANS. 
MIND013 optimization on thiophenol (40) gave a Spectrochim. Acta, 16, 1382 (1960). 

CSH angle of 102.3". such a bond angle, together 20. W. G. FATELEY and G. L.  CARLSON. Pure APP]. Chem. 36, 
109 (1973). with some Out-Of-~lane the S-H 21. T. SCHAEFER, J .  B. ROWBOTHAM, and K.  CHUM. Can. J. 

and perhaps a small increase of the CCF bond angle, Chem. 54,3666 (1976). 
might very well increase the average H,F distance to 22. N. W. LARSEN and F .  M. NICOLAISEN. J. Mo1. Struct. 22, 
such an extent that the highly distance-sensitive 29(1974). 

through-space coupling becomes small in magnitude. 23. G. L .  CARLSON and W. G. FATELEY. J .  Phys. Chem. 77, 
1157 (1973). 

It  does appear that the primary reason for the 24. T.  SCHAEFER, L .  J. KRUCZYNSKI, and W. J. E.  PARR. Can. 
relatively weak intramolecular hydrogen bonds in J .  Chem. 54,3210 (1976). 
thiophenol derivatives is the small polarity of the 25. M. HIROTO and R. HOSHI. Tetrahedron, 25,5953 (1969). 

S-H bond (41). ~ ~ ~ ~ ~ ~ ~ l ~ ~ ~ l ~ ~  hydrogen bonding 26. T. GRAMSTAD and E. D. BECKER. J.  Mol. Struct. 5, 253 
(1970). 

therefore be weak phenol, as 27. A. J. DALE and T.  GRAMSTAD. Spectrochim. Acta, Part A, 
observed (42). 28,639 (1972). 

28. J.  H. S. GREEN, D. J. HARRISON, and C. P. STOCKLEY. J. 
Acknowledgment Mol. Struct. 33,307 (1976). 

29. A. IGAWA and H. FUKUTOME. Bull. Chem. Soc. Jpn. 47,34 We are grateful to the National Research Council (1974). 
of Canada for financial assistance. 30. H. UMEYAMA and K .  MOROKUMA. J. Am. Chem. Soc. 99, 

1316 (1977). 1 .  J. B. ROWBOTHAM and T.  SCHAEFER. Can. J .  Chem. 52, 31. p. A, KoLLMAN and L. C. ALLEN, Chem. Rev. 72, 283 3037 (1974). (1972). 
2. J.  B. ROWBOTHAM, M. SMITH, and T.  SCHAEFER. Can. J. 32. L. C. ALLEN, J. Am, Chem, Sot. 97, 6921 (1975). 

Chem. 53,986 (1975). 33. J .  H. S. GREEN and D. J .  HARRISON. J .  Chem. Thermodyn. 
3. T. SCHAEFER and J .  B. ROWBOTHAM. Can. J .  Chem. 54, 

2243 (1976). 
8,529 (1976). 

34. L.  RADOM, W. J. HEHRE, J. A. POPLE, G. L. CARLSON, and 
4. T. SCHAEFER and K. CHUM. Can. J. Chem. 56,1788(1978). W. G. FATELEY. J. Chem. Soc. Chem. Commun. 308 
5. J. G. DAVID and H. E.  HALLAM. Spectrochim. Acta, 21, 

841 (1965). 
(1972). 

35. T. SCHAEFER and J. B. ROWBOTHAM. Chem. Phys. Lett. 
6. T. KOBAYASHI, A. YAMASHITA, Y. FURUYA, R. HORIE, 29,633 (1974). 

and M. HIROTA. Bull. Chem. Soc. Jpn. 45,1494(1972). 36. T. SCHAEFER, K. CHUM, K. MARAT, and R. E. WASY- 
7. H. LUMBROSO, D. M. BERTIN, and N. MARZIANO. Bull. LISHEN. Can. J .  Chem. 54,800 (1976). 

Soc. Chim. Fr. 540 (1966). 37. J.  HILTON and L .  H. SUTCLIFFE. Frog. Nucl. Magn. Reson. 
8. H. LUMBROSO, J. CURE, and C. G. ANDRIEU. J .  Mo1. Spectrosc. 10,27 (1975). 

Struct. 43,87 (1978). 38. R. E.  WASYLISHEN and M. BARFIELD. J. Am. Chem. Soc. 
9. S. W. DIETRICH, E.  C. JORGENSEN, P. A. KOLLMAN, and 

S. ROTHENBERG. J. Am. Chem. Soc. 98,8310 (1976). 
W, 4545 (1975). 

39. J.  A. POPLE and M. GORDON. J .  Am. Chem. Soc. 89,4254 
10. R. FREEMAN and W. A. ANDERSON. J. Chem. Phys. 37, 

2053 (1962). 
(1967). 

40. M. J. S. DEWAR, D. H.  LO, and C. A. RAMSDEN. J.  Am. 
11 .  W. J .  HEHRE, W. A. LATHAN, R. DITCHFIELD, M. D. Chem. Soc. 97,1311 (1975). 

and J. A. Quantum 41. H. LUMBROSO and D. M. BERTIN. Bull. Soc. Chim. Fr. 532 
Exchange, 10,236 (1974). (1966). 

12. S. M. CAsTELLANo and A. A. BOTHNER-By. J .  Chem. 42. S. H.  MARCUS and S. I. MILLER. J. Am. Chem. Soc. 88, 
Phys. 41,3863 (1974). 3719 (1966). 

13. C. W. HAIGH and J. M. WILLIAMS. J. Mol. Svectrosc. 32. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



The 13C chemical shifts of various methylgermanium derivatives 
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JOHN E. DRAKE, BORIS M. GLAVINEEVSKI, ROBYN E. HUMPHRIES, and ABDUL MAJID. Can. J. 
Chem. 57, 1426 (1979). 

This paper reports 13C chemical shifts for 20 methylgermanium compounds. These shifts 
are correlated against (i) the electronegativity of halogen in the Me3GeX compounds, (ii) the 
calculated charge on the carbon atom, (iii) the 'H shifts of the methyl protons, and (iv) the 
13C shifts for the analogous carbon, silicon, and tin compounds. 

JOHN E. DRAKE, BORIS M. GLAVINEEVSKI, ROBYN E. HUMPHRIES et ABDUL MAJID. Can. J. 
Chem. 57, 1426 (1979). 

Dans ce travail, on rapporte les dkplacements chimiques du 13C de 20 composks mkthyl- 
germanium. On a ktabli une corrklation entre ces dkplacements chimiques et (i) l'klectro- 
nkgativitk de l'halogene present dans les composks Me3GeX, (ii) la charge calculk sur I'atome 
de carbone, (iii) les dkplacements chimiques 'H des protons des groupes mkthyles et (iv) les 
dkplacements chimiques du 13C des composks analogues du carbone, du silicium et de 1'6tain. 

[Traduit par le journal] 

Introduction The linearity is maintained when the plot is made 
Although numerous methylgermane derivatives using the calculated charge on the carbon atom rather 

have been described in the literature and their than electronegativity (Fig. 1).   he latter   lot also 
1~ nmr spectra have been no systematic Serves to illustrate that, by contrast, an increase in 
study of their 1 3 ~  nmr spectra has appeared. B~ con- the number of halogen, electronegative substituents 
trast, there have been recent 1 3 ~  nmr studies of does cause an increased deshielding of the remaining 

organosilicon compounds (1-3) and, of course, methyl carbon atoms. The figure also emphasizes 
1 3 ~  nmr spectroscopy is a widely used structural tool that differences resulting from a change in the number 
for which many empirical correlations between 1 3 ~  of like substituents on germanium are much larger 
chemical shifts and structural features have been than differences resulting from a change in the nature 
developed (4, 5). of a substituent. The comparative data show that 

an aid to the chemistry of these general features are also observed for the 
manium compounds, we provide herein a tabulation corresponding halides in the M~,MX, Me2MX2, 
of 13C nmr chemical shifts for a variety of methyl- and MeMX3 species7 when M = Si (17 2) or (4). 
germanium derivatives. We also include 'H chemical Moreover7 in the corresponding lead compounds 
shifts of the germanium compoun~s and the 1 3 ~  this trend is reversed (29). but no explanation for this 
chemical shifts of the corresponding carbon, silicon, difference in behaviour has been presented. The 
and tin compounds (1, 2, 4, 6-17) where chemical shifts of the methyl groups in silicon, ger- 
For carbon compoun~s, the 1 3 ~  chemical shifts of manium, and tin methyl halides also exhibit an 
the central carbon are not included in the data. inverse dependency on the electronegativity of the 
These would have appropriately been correlated halogen (4, 8, 18). The trends in silicon analogues 
with 73Ge chemical shifts which are not yet available. have been attributed to halogen * silicon (pWd) 

n-bonding (19). However, the same trends can be 
Results and Discussion noted in germanium and tin compounds where 

From an inspection of the data on the halide (p-d) n-bonding is said to be less important (8), as 
derivatives (Table I), it is immediately apparent that well as in the carbon analogues where it must be non- 
within any series of methylgermanium halides, the existent. It has been suggested that the trends in the 
degree of deshielding, as represented by the value of 'H chemical shifts are explainable in terms of a 
the 13C chemical shift, exhibits an inverse dependency major contribution from diamagnetic anisotropy and 
on the electronegativity of the halogen substituent. (or) dispersion effects on the ligands (8, 18). It is 
For the series Me3GeX (X = F, C1, Br, I) this perhaps glib to suggest that the 13C chemical shifts 
inverse dependency is remarkably, and probably observed herein result from the same factors because 
fortuitously, linear as is shown by the insert in Fig. 1. it is apparent, to quote from work on the silicon 

0008-4042179112 1426-05$0 1 .OO/O 
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DRAKE ET AL. 

TABLE 1. Nuclear magnetic resonance spectral data for Me,MX, Me,MX,, and MeMX, 
species 

Sc (methyl)* 
SH*, 

No. $ X M = C  M = S i  M = G e  M = S n  M = G e  

1 CH3 31.5" 0 -0.65 -9.3b 0.13 
2 H 24.3" -2.65' -4.38 -11.8d 0.21 
3 F - 0.18f 1.34 - 0.51' 
4 C1 33.6" 3.25f 4.78 O.Od 0.78' 
5 Br 36.5" 4.16/ 5.65 -0. Id  0.88' 
6 I 40.6" 4. 84f 7.9 - 0.98' 
7 OMet - -1.35j -1.52 -5.7' 0.33h 
8 SEtt - - 1.6 -4.3g 0.46' 
9 CNt  36.5" -2.53' -1.23 - 0.56j 

10 SBu't - - 3.51 - 0.5W 
11 SPht 32.0" 2.0' 1.95 -3.6' 0 .  40k 
12 SeEtt - - 2.01 - 0.55" 
4 clz 39.6" 6.6f 10.72 - 1.141 
5 Br2 44.2" - 15.05 8.  6d 1.44j 
6 1 2  - 12.97f 16.57 - 1.91j 
7 (OMe), t - -4.7f -3.14 - 0.36" 
4 (21 3 46.3" 9 .  821 15.92 - 1.58" 
5 Br3 - - 20.37 - 1.98" 
6 13 - 21.1f 26.37 - 2.61" 
7 ( O w 3  t - -9.36 -7.43 - 0.51 

NOTES: aref. 4, bref. 6, =ref. 2, *ref. 7, aref. 8, Jref. 1, gref. 9, href. 10, 'ref. 11, Jref. 12, 'ref. 13, [ref. 14, 
Tef. 15 "ref. 16 oref. 17,  supplied by one of the referees. 

'All ;X2 and i~ chemical shifts are in ppm with reference to TMS; positive values denote downfield shifts. 
tThe following additional "C shifts are reported: Me3GeOCH3 50.78; Me3GeSCHzCH3 19.07; Me3Ge- 

SCH2CH3 20.89; Me3GeCN 125.96; Me3GeSC(CH3)3 43.65; Me3GeSC(CH3), 35.47; Me3GeSPh, C,,, 128.95, 
C, 127.05, C. 136.22 C-S.129.9; Me3GeSeCH1CH3 18.77; Me3GeSeCH2CH3 11.43; M e ~ G e ( 0 c H ~ ) ~  50.95; 
MeGe(OCH3)3 51 .I ; Me3S!CN 126.14. 

$The numbenng system 1s used as a key to Figs. 2-4. 

FIG. 1. I3C chemical shifts, Sc (ppm) as a function of the calculated charge on carbon, oC (and in parenthesis as a 
function of Pauling electronegativity, X) for the compounds Me,Ge Q, Me3GeF 0, Me3GeC1 0, Me3GeBr 0, Me3GeI 
@, Me,GeCl, u, MezGeBrz m, Me,GeI, O ,  MeGeCl, A, MeGeBr, A, MeGeI, A. 
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FIG. 2. 13C chemical shifts (ppm) as a function of the 'H chemical shifts (ppm) for various methylgermanes. The key to 
the numbering is in Table 1 with Me3GeX a, Me2GeX2 ., and MeGeX3 A. The correlation is = 12.76~~ - 5.55. 

compounds, that the reason for this p-effect is not 
clear (2). 

However, as can be seen from Fig. 2, there is, in 
general, a linear relationship between the 13C and 'H 
chemical shifts within these germanium compounds 
which can be stated as fitting the equation 6, = 
12.76, - 5.55. The linear correlation again suggests 
that similar factors are responsible for the observed 
trends in the l3C and 'H chemical shifts. 

A correlation is presented in Fig. 3 of the 13C 
chemical shifts of the methyl groups in germanium 
compounds, plotted against the corresponding shifts 
in similar carbon, silicon, and tin analogues. The 
data in two cases give slopes close to unity and may 
be correlated by the following linear relationships: 

This suggests that the 13C P-shifts for most of these 
compounds of carbon, germanium, and tin are con- 
trolled mainly by similar effects such as magnetic 
anisotropy or dispersion effects of ligands and 
hyperconjunction rather than effects such as (p-d) 
n-bonding, which if present, might be expected to 
differ for each group IV element. However, the silicon 
system, for which the latter effect is invoked most 
frequently, shows a significant deviation from a slope 

of unity, with 6,(Ge) = 1.206,(Si) + 1.30. Thus, we 
have yet another example of the behaviour of 
germanium being more like carbon than silicon. 

The anomalous behaviour of successive methoxy 
group substitution compared with halide substitu- 
tion, which was noted in discussing Fig. 2, is further 
illustrated by Fig. 4. The general features of this 
figure are remarkably similar to that recently re- 
ported for a variety of methylsilicon derivatives (1). 

Experimental 
Chloro- and bromomethylgermanes were obtained com- 

mercially (Alfa Inorganics) as was tetramethylgermane. The 
preparations of the other germanium compounds have been 
described in the literature (12, 13, 2G27). The purity was 
checked from their ir, Raman, and 'H nmr spectra. Where 
there was sufficient quantity of material, the compounds were 
recorded as neat liquids (Me3GeX and Me2GeX2; X = C1, 
Br, I) or in deuteriochloroform (Me3GeF) in 5 mm tubes. 
However, all of the other samples were sealed in capillaries 
which were then placed in the 5 rnrn nmr tubes containing 
deuteriochloroform (as lock) and TMS (as internal standard). 

The spectra were all obtained using the Bruker CPXlOO 
multinuclear pulsed Fourier transform NMR spectrometer 
operating at 22.64 MHz at a probe temperature of 35°C. All 
spectra were recorded under 'H noise-decoupling conditions. 

The charges on carbon in Fig. 1 were calculated by the 
EESOP method assuming varying degrees of s-character on 
fluorine (Oz), chlorine ( l l z ) ,  bromine (16z), and iodine 
(1973 (28). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



DRAKE ET AL. 

/ 
FIG. 3. The 13C chemical shifts (ppm) of methylgermanium derivatives as a function of the 13C chemical shifts (ppm) 

of the corresponding carbon, silicon, and tin analogues. The key to the numbering is shown in Table 1, with Me3MX 
(M = C 0, Si 0, Sn 0 ) ;  Me,MX, (M = C m, Si 0, Sn 0 ) ;  and MeMX, (M = C A, Si A). Correlations are given by 
6,(Ge) = 0.976,(C) -29.68 = 1.206,(Si) f 1.30 = 0.926,(Sn) f 5.80. 

FIG. 4. Variation in 13C chemical shifts of the methylgermanium resonance of Me4-.GeX. as a function of the succes- 
sive replacement of methyl by X = C1 0 A, Br I A, I QUA, and OMe 00 Ab with Me,Ge 8. 
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Stereoselective synthesis of p-substituted a ,p-unsaturated esters by dialkylcuprate 
coupling to the en01 phosphate of p-keto esters 
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FUK-WAH SUM and LARRY WEILER. Can. J. Chem. 57,1431 (1979). 
The anions from P-keto esters or P-diketones were reacted with diethyl phosphorochloridate 

to yield the corresponding en01 phosphates. These en01 phosphates were coupled with dialkyl- 
cuprates to produce the P-substituted a,P-unsaturated esters or ketones in good yield. Starting 
from acyclic P-keto esters this sequence was used to stereoselectively generate tri- and tetra- 
substituted olefins. 

FUK-WAH SUM et LARRY WEILER. Can. J. Chem. 57,1431 (1979). 
On a fait rkagir les anions de P-cktoesters ou de P-dicktones avec le phosphorochloridate de 

dikthyle et Yon a obtenu les phosphates knoliques correspondants. On a effectuk une rkaction 
de copulation de ces phosphates knoliques avec des cuprates de dialkyles pour conduire, avec de 
bons rendements, aux cktones ou aux esters a#-non saturks substituks en P. En appliquant 
cette skrie de rkactions t~ des esters P-cktoniques acycliques, on a obtenu stkrkosklectivement 
des olefines tri- et tktrasubstituks. 

[Traduit par le journal] 

In the past decade there has been wide interest in 
developing new methods to synthesize tri- and tetra- 
substituted alkenes in a stereoselective fashion (1). 
These alkenes have been very useful in the synthesis 
of a range of natural products, including insect 
pheromones and terpenes. Recently, we have been 
investigating methods to utilize P-keto esters in the 
synthesis of these types of natural products. Di- 
anions of P-keto esters can be trapped by a variety of 
electrophiles at the y-carbon (2). These methods have 
been useful in the synthesis of acetogenins in which 
the P-keto ester moiety is directly incorporated into 
the final product (for some examples see ref. 3). On 
the other hand, conversion of the ketone of a P-keto 
ester into a methylated olefin as shown in [I] would 
then constitute a method to incorporate an isoprene 
unit in a synthetic scheme. The utility of this trans- 
formation would be further enhanced if any alkyl 
group could be used in place of the methyl group in 
[I]. 

Casey and co-workers (4) have reported that 
acyclic P-keto esters can be stereoselectively con- 
verted into either the (E) or (2)  en01 acetates which 
then undergo a stereospecific reaction with lithium 
dimethylcuprate. These reactions were applied in a 
synthesis of geraniol (4a) and (52)-7-methyl-3- 
propyl-2,6-decadien-1-01 (5). This sequence involves 
treating acyclic P-keto esters with isopropenyl 

acetate and p-toluenesulfonic acid at high tempera- 
ture to obtain the (2)  en01 acetates (4, 5). Un- 
fortunately these strong acid conditions severely 
limit the functionality which may be incorporated in 
R of [I]; indeed this sequence has only been success- 
ful when R is a hydrocarbon. Recently, we have 
prepared the en01 acetates of several cyclic P-keto 
esters and we find that they do not couple with 
dialkylcuprates. At low temperatures en01 acetate is 
recovered, and at higher temperature or after pro- 
longed reaction times the acetate is cleaved to yield a 
mixture of cyclic P-keto ester and en01 acetate. 
House and co-workers (6) have shown that cuprate 
additions to a,P-unsaturated systems are governed by 
the ease of electron transfer to the conjugated 
system. This can be estimated from the reduction 
potential of the substrate. The reduction potential of 
the ester (1) is -2.50 V (6a) and House suggests that 

a P-acetoxy substituent has about the same effect on 
the reduction potential as a P-hydrogen substituent 
(6b). Thus we would estimate the reduction potential 
of the en01 acetate 2 to be -2.5 V. Since it has been 
found that the a,bunsaturated carbonyl compounds 
will react with lithium dimethylcuprate if the reduc- 
tion potential of the unsaturated carbonyl compound 
is in the range - 1.3 to - 2.3 V (6c), it is not totally 
unexpected that 2 and related en01 acetates do not 

'Author to whom correspondence should be addressed. react with lithium dimethylcuprate. 
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Two groups (7, 8) have reported that P-thiol a,P- 
unsaturated esters undergo a stereospecific coupling 
with dialkylcuprates. Unfortunately the P-thiol a,P- 
unsaturated esters are not readily available from 
P-keto esters as shown in [2]. In the case of methyl 

acetoacetate the desired vinyl sulfide can be prepared 
by a base catalyzed or thermal elimination from the 
thioketal (see [2]). However, in the case of more 
complex P-keto esters, particularly cyclic P-keto 
esters, the P,y-unsaturated ester was often the major 
product from this reaction (9). Kobayashi and 
Mukaiyama (8b) overcame this difficulty by pre- 
paring acyclic vinyl sulfides from acetylenic esters as 
in [3]. It is clear that this route could not be used for 
a-substituted or cyclic systems. 

We also considered the use of P-halo a,p-unsatu- 
rated esters in a coupling reaction with dialkyl- 
cuprates. The very considerable success in the prep- 
aration of P-halo enones from P-diketones (10) and 
the coupling of dialkylcuprates with these systems 
(IOU, 11) augured well for the P-halo a,P-unsaturated 
esters. However, we have been unable to efficiently 
convert P-keto esters into the corresponding P-halo 
a$-unsaturated ester under a variety of conditions 
(also see ref. 10a). In cases where reaction did occur 
the product was often a mixture of gem-dihalo ester, 
desired P-halo ester, and y-halo compound. Bryson 
(12) has prepared a P-iodo a,P-unsaturated ester by 
an internal solvolytic addition of the halide to an 
a$-acetylenic ester. Again this method is not 
generally applicable. 

Clearly there is a need for a simple, efficient, and 
general method to convert P-keto esters into P- 
substituted a$-unsaturated esters. It is known that 
the en01 phosphate of a ketone reacts with a dialkyl- 
cuprate to give the corresponding alkene (13). Thus 
we considered the synthesis and coupling of the en01 
phosphates of P-keto esters. 

Treatment of methyl acetoacetate with sodium 
hydride and diethyl phosphorochloridate in ether (14) 
gave the en01 phosphate 3 in 97% isolated yield. The 
vpc analysis of this material shows only one isomer 
and this was assigned the (2)  stereochemistry by 
comparing the proton nmr spectrum of en01 phos- 

phate 3 with that reported for the (E) and (2)  isomers 
of the en01 dimethylphosphate of methyl aceto- 
acetate (15). Coupling of the en01 phosphate 3 with 
lithium dimethylcuprate gave the ester 4 in over 80% 
isolated yield. 

This sequence was extended to include the P-keto 
esters in Table 1. Every P-keto ester we have in- 
vestigated gave the corresponding en01 phosphate in 
essentially quantitative yield. In the case of acyclic 
compounds the product was a single isomer by vpc 
and spectroscopic analysis, and this isomer was in- 
variably the (2) isomer using the above conditions. 
These en01 phosphates can then be coupled with 1.5 
to 3 equiv. of lithium dialkylcuprates at low tempera- 
ture to produce the corresponding alkenes in good 
yield (Table 1). 

Several interesting points can be seen from this 
data. First, the coupling of primary dialkylcuprates 
has been successful with every combination of cuprate 
and en01 phosphate we have tried. Note, for example, 
that the methyl 2-cyclohexanonecarboxylate (10) was 
converted into the alkene 22 in 94% yield (Table 1, 
entry 12) which can be compared to the complete 
failure of the en01 acetate route (vide supra) with keto 
ester 10. In the coupling with lithium di-n-butyl- 
cuprate often it was advantageous to use l-bromo- 
butane to quench the reaction (Table 1, entries 11 
and 15). Secondary alkylcuprates proceed in poor 
yield (Table 1, entry 16) and tertiary alkylcuprates do 
not add to these en01 phosphates under the above 
conditions. However, with excess di-tert-butyl- 
cuprate and at higher temperatures the en01 phos- 
phate from 10 can be converted into the ketone 26 in 
80% yield (Table 1, entry 17). There is some evidence 
that the ester is attacked first to give the ketone 31, 

which then undergoes a coupling reaction with excess 
dialkylcuprate to give 26. 

Second, note that the coupling proceeds in the case 
of highly substituted systems (Table 1, entry 18). The 
keto ester 11 is readily prepared according to [4]. The 
dianion of methyl acetoacetate (2a) was alkylated 
with 1-bromo-3-methyl-2-butene to give 32 in 85% 
yield and 32 was then cyclized in almost quantitative 
yield with stannic chloride to give the keto ester 11. 
The ester 27 is an obvious terminal unit for the syn- 
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SUM AND WEILER 1433 

TABLE 1. Preparation of P-substituted a,P-unsaturated esters from P-keto esters 

No. a-Keto ester Cuprate Product (yield)" 

1 L C O O M e  2 equiv. LiMe2Cu ACOOM~ (83%) 

2 equiv. LiEt2Cu 

2 equiv. LiMe,Cu 

0 
T H P O ~ C O O M ~  2 equiv. LiMe,Cu 

6 

COOMe 2 equiv. LiMe,Cu 

7 

6 1.5 equiv. LiMe,Cu (85%) 

2 equiv. Li(nBu),Cu (72%) 
+ nBuBr ( > 8672) 

18 

8 &-.-Me 3 equiv. LiMe2Cu O/CMMe (85%) 

2 equiv. LiEt2Cu 

2 equiv. Li(nBu),Cu 

2 equiv. Li(nBu),Cu 
+ nBuBr 

1.5 equiv, LiMezCu 

2 equiv. LiEt2Cu 

23 

2 equiv. Li(nBu),Cu (54%) 

24 

2 equiv. Li(nBu),Cu 
+ nBuBr 24 

(73%) 

10 2 equiv. Li(sBu),Cu 
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TABLE 1 (Concluded) 
- 

No. p-Keto ester Cuprate Product (yield)" 

17 10 4 equiv. L i ( t B ~ ) ~ c u  

COOMe & 2 equiv. LiMezCu 

2 equiv. LiMe2Cu 

20 12 2 equiv. LiEt2Cu 

2 equiv. L i ( n B ~ ) ~ c u  
+ nBuBr 

.All yields are for isolated product and represent the overall yieid for the two-step sequence. 
bDetermined by vpc. Because we were not always able to unambiguously identify the isomeric alkene in these vpc analyses, the percentage of the major 

isomer represents a lower limit in the stereoselectivity. 

TABLE 2. Preparation of a-substituted a$-unsaturated ketones from a-diketones 

No. a-Diketone Cuprate Product (yield)" 

1 IW1\ 2 equiv. LiMe2Cu ,kA (83%) 

ho 1.1 equiv. LiMezCu 

3 2 equiv. L i ( t B ~ ) ~ c u  (83%) 

1.1 equiv. LiMezCu 

5 2 equiv. LiMezCu (74%) 

"All yields are for isolated product and represent the overall yield for the two-step sequence. 

thesis of carotenoids and retinals. Entries 6 and 7 of The third point to note is that the en01 phosphate 
Table 1 also show that the reaction can be used to is prepared by a base catalyzed method and hence can 
synthesize acyclic tetrasubstituted alkenes. be used with acid sensitive groups, for example 

Table 1, entry 4. In fact the dianion reactions (2) can 
0 COOMe be quenched directly wifh diethyl phosphoro- 

[4] LCOOM~ + ?--& chloridate as shown in [5 ] .  We have extended this to 
the multistep sequence shown in [6] in which the 
alkene 33 was obtained in 68% overall without isola- 

32 11 tion of any intermediates in a one-pot sequence in- 
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SUM AND WEILER 1435 

TABLE 3. Spectral data for en01 phosphates of P-keto esters in Table 1 

Infrared Nuclear magnetic Mass spectra m/e 
Enol phosphate resonance (6) (relative intensity) 

rn(OEt), 
COOMe 

1.38(d of t, J = 7 and 1.5 Hz, 6H), 
2.17(m, 3H), 3.67(s, 3H), 4.23(qn, 
J = 7 Hz, 4H), and 5:27(m, 1H) 

0.95(t, J = 7 Hz, 3H), 1.35(bt, 
J = 7 Hz, 6H), 1.8(m, 2H), 
2.2(m, 2H), 3.65(s, 3H), 
4.21(qn, J = 7 Hz, 4H), and 
5.28(s, 1H) 

1.36(t, J = 7  Hz, 6H), 1.2-2 
(m, 8H), 2.53(b t, J = 7  Hz, 
2H), 3.24(m, 2H), 3.65 
(s, 3H), 4.22(qn, J= 7 Hz, 4H), 
4.50(b s, lH), and 5.33(s, 1H) 

1.35(t, J= 7 Hz, 6H), 1.60(s, 6H), 
1.67(s, 3H), 1.62.6(m, 8H), 
3.65(s, 3H), 4.23(qn, J = 7  Hz, 
4H), 5(m, 2H), and 5.30(s, 1H) 

1.1-l.5(m, 9H), 1.83(m, 3H), 
2.10(m, 3H), and 3.84.4(m, 6H) 

1.38(t, J = 7  Hz, 6H), 1.88(b qn, 
J= 7 Hz, 2H), 2.4-3(m, 4H), 
3.67(s, 3H), and 4.20(qn, J = 7  Hz, 
4H) 

1.35(t, J = 7  Hz, 6H), 1.6(m, 4H), 
2.3(m, 4H), 3.68(s, 3H), and 
4.15(qn, J= 7 Hz, 4H) 

1.15(s, 6H), 1-1.7(m, 4H), 
1.3l(t, J = 7  Hz, 6H), 2.4 
(m, 2H), 3.70(s, 3H), and 
4.10(qn, J= 7 Hz, 4H) 

1.34(t, J = 7  Hz, 6H), 1.7(m, 6H), 
2.2-2.8(m, 4H), 3.71(s, 3H), 
and 4.13(qn, J= 7 Hz, 4H) 

43(36), 67(30), 99(100), 109(26), 
113(26), 127(64), 155(67), 164(70), 
179(25), 192(53), 207(21), 
220(70), and 252(34). Anal. calcd. 
for CgH17P06 : 252.0763 ; found: 
252.0739 

99(51), 101(38), 113(24), 
127(5), 155(100), 220(23), 
248(23), and 280(20). Anal. 
calcd. for C11H21P06 : 
280.1075; found: 280.1075 

85(17), 99(20), 11 1(25), 
127(18), 142(42), 155(100), 
219(10), 251(8), 279(6), 
296(5), 349(2), and 380(.1). Anal. 
calcd. for C15H26P07@- OMe) : 
349.1416; found: 349.1443 

99(63), 127(50), 155(1oo>, 
192(14), 202(13), 220(28), 
234(20), 252(25), 287(18), 
319(4), 343(3), 357(5), and 
388(12). Anal. calcd. for 
C1gH33PO6: 388.2015; found: 
388.2024 

43(45), 53(25), 70(20), 81(35), 
99(100), 109(15), 127(70), 150(25), 
155(75), 178(50), 206(40), 234(75), 
and 280(30). Anal. calcd. for 
C11H21P06: 280.1076; found: 
280.1076 

55(15), 81(8), 99(11), 101(17), 
109(11), 113(14), 129(10), 141(7), 
162(7), 190(100), 218(38), 246(60), 
and 278(12). Anal. calcd. for 
CllHl9PO6: 278.0919; found: 
278.0918 

41(11), 55(14), 176(13), 204(100), 
232(35), 260(67), and 292(10). 
Anal. calcd. for C12H21P06: 
292.1076; found: 292.1087 

99(10), 127(8), 137(10), 217(28), 
232(24), 245(17), 260(25), 273(28), 
288(100), and 320(7). Anal. 
calcd. for Cl4HZ5PO6: 320.1389; 
found: 320.1403 

41(13), 55(15), 99(33), 113(9), 
127(22), 155(21), 190(20), 218(50), 
245(42), 274(100), and 306(9). 
Anal. calcd. for C I ~ H Z ~ P O , :  
306.1232; found: 306.1242 

volving dianion generation and alkylation, followed siderably higher (Table 1, entries 2-5 and 7). In all 
by phosphorochloridate quench and addition to the cases investigated the alkyl group of the dialkyl- 
dialkylcuprate. cuprate replaces the phosphate with retention of 

Finally, we note the very high stereoselectivity in geometry. It is not clear what the origin of the stereo- 
the case of acyclic en01 phosphates. In no case is.the selectivity is in this reaction. However, dialkyl- 
stereoselectivity less than 80% and it is usually con- cuprates react with vinyl halides via a substitution 
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CAN. J. CHEM. VOL. 57, 1979 .- ... V' L ... d7~b&)1~ .Ifl...~. P_..-l__-- .&k%'. i 
TABLE 4. Spectral data for en01 phosphates of (3-diketones in Table 2 

Infrared 
En01 pliosphate (cm - l) 

Nuclear magnetic 
resonance (6) 

1.36(t, J = 7  Hz, 6H), 2.18(s, 3H) 
2.33(s, 3H), 3.94.4(m, 4H), and 
6.18(b s, 1H) 

1.37(t, J= 7 Hz, 6H), 1.7-2.7(m, 6H), 
4.17(q, J = 7  Hz, 4H), and 
5.86(b s, 1H) 

1.38(t, J = 7  HZ, 6H), 2.3-2.9 
(m, 4H), 4.2(m, 4H), and 
5.78(5 s, 1H) 

1.38(t, J= 7 Hz, 6H), 1.67(m, 3H), 
2.3-2.6(m, 2H), 2.6-3(m, 2H), 
and 4.22(qn, J= 7 Hz, 4H) 

Mass spectra mle 
(relative intensity) 

236(27). ~na l . .  calcd. for 
C9H17P05 : 236.0814; found: 
236.0834 

67(45), 99(49), 102(100), 104(34), 
127(45), 130(50), 145(17), 155(73), 
161(20), 164(17), 179(12), 192(22), 
220(22), 235(14), and 248(49). 
Anal. calcd. for C10H17P05: 
248.0814; found: 248.0790 

45(22), 53(85), 81(66), 99(19), 
116(100), 117(78), 129(22), 
145(60), 161(22), 179(19), and 
234(19). Anal. calcd. for 
C9H15P05 : 234.0657; found: 
234.0649 

45(28), 67(55), 81(19), 117(100), 
119(45), 130(70), 145(85), 161(13), 
179(8), 235(9), and 248(5). Anal. 
calcd. for C10H17P05: 248.0814; 
found: 248.0817 

reaction in which the alkyl group replaces the halides 
with retention of geometry about the double bond 
(16). Although simple en01 phosphates couple with 
dialkylcuprates (13), there is no report of any stereo- 
selectivity in the examples cited in this work. 

The stereochemistry of the alkenes 13-18 was 
determined from their nmr spectra. In particular, the 
chemical shift of P-methyl groups in a,P-unsaturated 
esters is 6 2.1-2.2 for a P-methyl group cis to a 
carboxymethyl group and 6 1.8-1.9 for a trans P- 
methyl group (8a, 12, 17, 18). The 'H nmr spectra for 
the alkenes 13-18 are given in Table 5 and all of the 
stereochemical assignments are consistent with the 
above observations. In addition. the 13C nmr met- 

The benefits enumerated above should make this 
new route to aye-unsaturated esters a very useful tool 
in the stereoselective synthesis of more complex 
compounds. Using this methodology, methyl far- 
nesoate was prepared in over 86% yield from geranyl 
bromide which compares with a 38% overall yield of 
methyl farnesoate using the thioether sequence (8b). 
Also, compound 15 (Table 1, entry 4) has been used 
in a synthesis (18) of the butterfly compound 34 (19). 

34 

In each of these svntheses the iso~rene unit 35 is 

OPO(OEt), stereoselectively added to a chain i'an overall sense 
0 

[51 ) , , C O O M ~  (I) E+ &r- COOMe as shown in [7]. 
- - (2) CIPO(OEt), In addition we have extended this method to the 

F B-diketones shown in Table 2. The en01 phosphates 
-/ 

of these P-diketones were formed in almost cpantita- 
(1) NaH 
(2) nBuLi tive yield using the above procedure for P-keto esters. 

0 (3) nC5H,,Br Occasionally it was advantageous to use triethyl- 
[ 6 1 A c 0 0 M e  (4) (E~O),POC~ AcooMe amine as base in place of sodium hydride because of 

(5 )  LiMe,Cu - - 
33 

[7] R-X + + RACOOM~ 
trum of the tetrahydropyranyl ether 15 had a signal - 

at 6 16.2 due to the ~-&eth;l carbon. In the cirre- 35 

sponding E alcohol the 13C-resonance of the P- insolubility of the sodium enolates in the reaction 
methyl carbon is at 19.2 whereas the isomeric Z medium (Table 2, entries 4 and 5). These en01 phos- 
alcohol from 15 has a signal at 6 25.5 due to the phates also reacted with dialkylcuprates to give the 
P-methyl group (12). corresponding P-substituted a$-unsaturated ketones. 
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TABLE 5. Spectral data for S-substituted a$-unsaturated esters from Table I 

Infrared Nuclear magnetic Mass spectra mle Analysis or 
Ester (cm - ' ) resonance (6) (relative intensity) reference 

1.88(s, 3H), 2.15(s, 3H), 55(45), 83(100), and 114(47) 
3.65(s, 3H), and 5.63(b s, 1H) 

1.06(t, J= 7 Hz, 3H, E + Z), 41(55), 43(32), 74(35), 97(100), 
1.83(d, J = 2  Hz, Z), 2.13(m, E), and 128(80) 
2.61(q, J = 7  Hz, E), 3.63(s, 3H, 
E + Z), and 5.58(m, IH, E + Z )  

0.88(t, J= 7 HZ, 3H), 1.2-1.7(m, 2H), 41(55), 43(45), 55(55), 57(48), 
2(m, 2H), 2.13(d, J = 2  Hz, 3H), 69(35), 83(100), 111(100), 125(40), 
3.63(s, 3H), and 5.60(b s, 1H) 121 (40), 122(45), and 142(45) 

Anal. calcd. for 
C8H1402: 
C 67.57, H 9.92; 
found: C 67.28, 
H 10.12" 

Anal. calcd. for 
C13Hz204: 
C64.44,H9.12; vl 

found: C 64.23, 2 
H 9.24 ?- 

d z 
0 

E 
5 
L sa 

Anal. calcd. for 
C CsH1402: 67.57, H 9.92; 

found: C 67.46, 
H 9.85" 

Anal. calcd. for 
CI iHz002 : 
C 71.70, 
H 10.94; 
found: C 71.42, 
H 10.98 

Anal. calcd. for 
CsH1202: 
C 68.55, H 8.63 ; 
found: C 68.32, 
H 8.90f 

Anal. calcd. for 
Ci1Hi802: 
182.1307; 
found: 182.1278 

4 

1.2-2.4(m, lOH), 2.13(b s, 3H), 4l(lO), 8l(lO), 85(100), 109(8), 
3-4(m, 4H), 3.63(~, 3H), 112(6), 127(9), 141(8), 158(20), 
4.50(m, lH), and 5.63(m, 1H) and 242(0.1) 

1.60(s, 6H), 1.67(s, 3H), 1.8- 41(53), 69(100), 81(43), 114(54), 
2.3(m, 8H), 2.15(d, J =  1.5 Hz, 136(32), 137(30), 207(20), 219(17), 
3H), 3.65(s, 3H), 5.0(m, 2H), and 250(35) 
and 5.62(b s, 1H) 

1.27(t, J= 7 Hz, 3H), 1.8(b s, 6H), 41(65), 69(57), 96(69), 97(88), 
1.97(s, 3H), and 4.14(q, J= 7 Hz, 99(46), 114(20), 127(10), and 
2H) 142(100) 

0.90(t, 3H), 1.28(t, J = 7  Hz, 3H), 41(48), 43(30), 69(48), 102(30), 
1-1.6(rn, 4H), 1.77(s, 3H), 109(80), 127(47), 139(100), 
1.83(s, 3H), 2.3(b t, J= 6 Hz, 155(18), 169(17), and 184(63) 
2H), and 4.13(q, J = 7  Hz, 2H) 

1.5-2.2(m, 2H), 2.1 O(b s, 3H), 81(95), 109(100), 125(30), and 
2.2-2.8(m, 4H), and 3.70(s, 3H) 140(95) 

0.9(m, 3H), 1-2(m, 6H), 2.2- 41(25), 67(25), 79(30), 81(42), 
2.7(rn, 6H), and 3.67(s, 3H) 93(40), 121(55), 140(50), 15 1(58), 

153(100), and 182(86) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1.04(t, J = 7  HZ, 3H), 1.2-1.9 
(m, 6H), 2-2.6(m, 6H), and 
3.69(s, 3H) 

TABLE 5 (Continued) g 
00 

Infrared Nuclear magnetic Mass spectra mle Analysis or 
Ester (cm- l) resonance (6) (relative intensity) reference 

&ooMe 

1705 l.Ol(t, J = 7  HZ, 3H), 1.5-2.1 41(33), 43(21), 55(25), 67(38), Anal. calcd. for 
1640 (m, 2H), 2.2-2.8(m, 6H), and 79(33), 91(33), 95(88), 122(74), CgH1402 : 
1120 3.68(s, 3H) 123(92), 139(18), and 154(100) 154.0994; 

found: 154.1000 

b"""' 1700 1.3-1.7(m, 4H), 1.97(b s, 3H), 67(16), 79(22), 89(33), 90(100), Anal. calcd. for 
1640 1.8-2.4(m, 4H), and 3.69(s, 3H) 122(32), 123(34), 139(10), and CgH1402 : 

154(75) C 70.10, H 9.15; 
found: C 69.96, 
H 9.31 

bcooMe 1.03(t, J=7 Hz, 3H), 1.41.7(m, 4H), 41(30), 55(22), 67(50), 79(46), Anal. calcd. for 
1.9-2.5(m, 6H), and 3.68(s, 3H) l09(75), 136(84), 137(58), and CioHi602: 

168(100) C 71.39, H 9.59; 
found: C 71.20, 
H 9.80 > 

Z w 0.9(m, 3H), 1.1-1.9(m, 8H), 2-2.6 79(66), 94(65), 95(75), 107(50), Anal. calcd. for & 
(m, 6H), and 3.67(s, 3H) 122(38), 135(85), 154(41), C12H2002: 

165(100), and 196(100) C 73.43, n 

H 10.27; 8 
found: C 73.20, ' 
H 10.20 0 C 

/&CMM 0.90(t, J = 7  Hz, 3H), 0.97(d, J = 7  Hz, 41(30), 79(36), 81(32), 107(50), Anal. calcd. for 
3H), 1-2.4(m, lOH), 2.5-3.2(sextet, 128(34), 137(85), 149(60), 165(85), CI~HZOOZ : -J 

J= 7 Hz, lH), and 3.66(s, 3H) 167(55), and 196(100) 196.1463; & 
found: 196.1474 2 

e 1.08(s, 6H), 1.2-2(m, 6H), 77(8), 79(1 O), 8 1 (9), 107(48), Anal. calcd. for 
1.64(s, 3H), and 3.69(s, 3H) 123(67), 135(100), 151(25), CIIHI~OZ:  

167(80), and 182(36) C 72.49, H 9.95; 
found: C 72.20, 
H 9.87 

1.2-1.9(m, 6H), 1.99(s, 3H), 41(25), 55(18), 67(38), 79(22), Anal. calcd. for 
a C O O M e  2-2.6(m, 4H), and 3.67(s, 3H) 81(25), 93(41), 108(47), 109(72), C10Hi60~ : 

125(18), 136(36), 137(39), 153(15), C 71.39, H 9.59; 
and 168(100) found: C 71.14, 

H 9.55 

41(46), 55(38), 67(40), 79(41), Anal. calcd. for 

K O O M e  
81(85), 93(80), 107(34), 108(27), C1iHis02: 
121(27), 122(43), 123(55), 150(88), C 72.49, H 9.95; 
151(52), and 182(100) found: C 72.70, 

H 10.14 
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SUM AND WEILER 1439 

This reaction appears to go with equal facility using 
primary and tertiary dialkylcuprates (Table 2, 
entry 3) unlike the above case where the tertiary 
dialkylcuprate could not be coupled with the en01 
phosphate of 0-keto esters. These results (Table 2) 
would indicate that the en01 phosphate - dialkyl- 
cuprate coupling sequence would complement the 
excellent methods available (10) to prepare P-halo 
enones and couple these compounds with dialkyl- 
cuprates (1 1). 

Experimental 
All ir spectra were recorded in CHCI, solution using a 

Perkin Elmer Model 700 spectrophotometer, and were cali- 
brated with the 1601 cm-I band of polystyrene. The 'H nmr 
spectra were recorded in CDCI, solution on either a Varian 
model T-60 or HA-100 spectrometer. The signal positions are 
reported using the 6 scale with tetramethylsilane as internal 
standard. The multiplicity, coupling constants, and integrated 
peak areas are indicated in parentheses after each signal. The 
mass spectra were obtained using an Atlas CH-4B mass 
spectrometer, and high resolution determinations were ob- 
tained using an AEI MS-9 or MS-50 mass spectrometer. Both 
instruments were operated at an ionizing potential of 70 eV. 
Elemental microanalyses were performed by Mr. Peter Borda, 
University of British Columbia. The silica gel used was ob- 
tained from E. Merck and that used for thin layer chroma- 
tography (tlc) was the grade PF,,,, whilst that used for 
column chromatography was the 100-200 mesh ASTM 
(Fisher). Vapor phase chromatographic analyses were per- 
formed on a Hewlett-Packard Model 5830-A using 6 ft x + in. 
columns of 3% OV-17 and 3% OV-101. Ether and tetra- 
hydrofuran (THF) were freshly distilled from lithium alumi- 
num hydride before use. 

Preparation of Enol Phosphates of P-Keto Esters 
A solution of 1.0 equiv. of the P-keto ester in dry ether was 

added to a suspension of 1.1 equiv. of sodium hydride in ether, 
all under nitrogen and at 0°C. After stirring for 15-20 min at 
0°C (or 10 min at room temperature), 1.1 equiv. of diethyl 
phosphorochloridate (Aldrich) was introduced and stirring was 
continued for 1-2 h at room temperature. For reactions of less 
than 5 mmol scale, the reaction mixture was stirred with excess 
solid ammonium chloride for 20 min, filtered through Celite, 
and the solvent evaporated under reduced pressure. For reac- 
tions of larger than 5 mmol scale, the reaction mixture was 
quenched with aqueous ammonium chloride. The ether solu- 
tion was then washed with saturated sodium bicarbonate 
solution, dried over magnesium sulfate, filtered, and the sol- 
vents removed under reduced pressure. The en01 phosphate 
was pure by spectroscopic and chromatographic analysis, and 
it was used directly in the dialkylcuprate coupling reaction. 
The spectral data for these en01 phosphates are given in 
Table 3. 

Preparation of En01 Phosphates of P-Diketones 
Method A was identical to the above procedure for 0-keto 

esters. 
Method Bfor those P-diketones whichhad aninsolublemono- 

sodium salt involved treating a suspension of 1.0 equiv. of the 
S-diketone in ether with 1.1 equiv. of triethylamine and 1.1 
equiv. of diethyl phosphorochloridate for 20 h at room tem- 
perature. The reaction mixture was filtered, washed with 10% 
sodium bicarbonate and brine, dried over magnesium sulfate, 
filtered, and the solvents removed under reduced pressure. The 
en01 phosphate was pure by spectroscopic and chromato- 
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TABLE 6. Spectral data for p-substituted enones from Table 2 

Infrared Nuclear magnetic 
Enone (cm-') resonance (6) 

Mass spectra m/e 
(relative intensity) 

Analysis 
or 

reference 

1690 1.85(d, J =  1 Hz, 3H), 2.16(s, 6H), 
1615 and 6.03(m, 1H) 

1660 1.95(b s, 3H), 1.5-2.5(m, 6H), 54(38), 82(93), and 1 lO(100) 
and 5.80(b s, 1 H) 

b 1655 1.12(s, 9H), 1.7-2.5(m, 6H), and 41(22), 67(20), 81(24), 96(90), b 

1610 5.88(s, 1H) 109(100), 124(60), 137(20), and 
152(78) 

1700 2.13(b s, 3H), 2.2-2.7(m, 4H), 40(38), 41(28), 53(60), 67(66), C 

1670 and 5.88(q, J =  1 Hz, 1H) 81 (64), 95(48), and 96(100) 
1620 

d 

1 

1735 1.68(s, 3H), 2.03(b s, 4H), and 41(16), 67(71), 95(38), and 
1695 2.38(s, 3H) 1 1 O(100) 
1650 

O J .  B. Conant and N. Tuttle. Org. Syn. Coll. Vol. I, 345 (1932). 
'Reference 1 16. 
'I. Heilbron (Edrlor). Dictionary of organic compounds. Vol. 4. Eyre and Spottiswood Ltd., London, Engl. 1965. p. 2177. 
dS. Dev and C. Rai. I Indian Chem. Soc. 34, 270 (1957). 

I 

graphic analysis and it was used directly in the dialkylcuprate Preparation of Methyl Farnesoate (16) 
coupling reaction. The spectral data for these en01 phosphates The dianion of methyl acetoacetate (60 mmol) was generated 
are given in Table 4. with sodium hydride (66 mmol) and n-butyllithium (60 mmol) 

Coupling of Enol Phosphates with Dialkylcuprates 
Preparation of Dialkylcuprates 
(i) LiMe2Cu: 2.0equiv. of methyllithium in ether was 

added to a suspension of 1.0 equiv. of cuprous iodide (&I) in 
ether under nitrogen and at 0°C. This solution was used 
directly. 

(ii) LiEt,Cu: 2.0 equiv. of ethyllithium in benzene was added 
to a suspension of 1.0 equiv. of CuI in ether under nitrogen and 
at -78°C. The resulting black mixture was stirred at -78OC 
for 30 min and used. 

(iii) Li(nBu),&: 2.0 equiv. of n-butyllithium in hexane was 
added to a suspension of 1.0 equiv. of CuI in ether under 
nitrogen and at - 47'C. The resulting dark brown solution was 
stirred at -47OC for 15 min before use. 

(iv) Li(sBu),Cu: 2.0equiv. of sec-butyllithium in cyclo- 
hexane was added to a suspension of 1.0 equiv. of CuI in ether 
under nitrogen and at -23°C. The dark black mixture was 
stirred at -23°C for 15 min before use. 

( v )  Li(tBu),Cu: 2.0equiv. of tert-butyllithium in pentane 
was added to a suspension of 1.0 equiv. of CuI in ether under 
nitrogen and at -47°C. The dark black mixture was stirred at 
- 47°C for 30 min before use. 

Dialkylcuprate Coupling 
One equivalent of the en01 phosphate in ether was added to a 

cooled, -47°C to -98'C, solution of the dialkylcuprate 
(1.54 equiv.) prepared as above. The resulting mixture was 
stirred at low temperature for 1 4  h and worked up by pouring 
it into saturated ammonium chloride solution. The aqueous 
layer was extracted with ether. The extracts were combined, 
washed with dilute ammonia in brine and then brine, dried 
over magnesium sulfate, filtered, and the solvent removed 
under reduced pressure. The product was purified by chroma- 
tography or Kugelrohr distillation. The spectral data for the 

in the usual manner (2a). ~ h e h  50 mmol -of geranyl bromide 
was added to the dianion solution at P C .  After 1 h at 0°C the 
reaction was worked up (2a) to yield 12.6 g of alkylation 
product which was distilled at 90-92"C/0.02 Torr to give 12.0 g 
(95%) of 7. 

The keto ester 7 (30 mmol) was converted into 11.45 g of 
en01 phosphate by the general procedure above. A solution of 
60 mmol of lithium dimethylcuprate was prepared as above, 
cooled to -7g°C, and treated with a solution of en01 phos- 
phate (11.45 g) in 10 mL of ether. This mixture was stirred at 
-78°C for 2 h and at -47°C for 1 h. The reaction mixture was 
worked up as described above to yield 7.4 g of crude product 
which was Kugelrohr distilled at 9698"C/0.2 Torr to yield 
6.83 g (91%) of methyl farnesoate (16). 

One-pot Preparation of Methyl (Z)-3-Methyl-2-nonenoate (33) 
The dianion of methyl acetoacetate (1.0 mmol) was generated 

(2a) in 3 mL of T H F  and treated with 1.1 mmol of l-bromo- 
pentane at 0°C. The reaction mixture was stirred at 0°C for 
10 min, warmed to room temperature for 25 min, and finally 
cooled to O°C again. Diethyl ~hosphorochloridate (1.1 mmol) 
was added, and the resulting mixture was stirred at room 
temperature for 2 h. The en01 phosphate solution was cooled 
to -78OC and added to 2.0 mmol of lithium dimethylcuprate 
in ether at - 78°C. This reaction mixture was held at - 78'C 
for 1% h, then at -47OC for 40 min and worked up as above. 
The crude product (177 mg) was purified by tlc to yield 125 mg 
(68%) of the unsaturated ester 33 which was characterized by 
ir: 1710 and 1650cm-'; nmr 6: 0.87 (b t, J = 6 Hz, 3H), 1.1- 
1.8 (m, 8H), 2.13 (d, J = 1.8 Hz, 3H), 1.8-2.4 (m, 2H), 3.64 
(s, 3H), and 5.6 ppm (m, 1H); ms m/e (relative intensity): 41 
(17), 55 (18), 82 (20), 83 (20), 110 (30), 114 (loo), 127 (40), 153 
(25), and 184 (16). Anal. calcd. for C11H2002: C 71.70, 
H 10.94; found: C 71.59, H 10.75. 

product esters are given in Table 5, and those for the u,p- Methyl 6,6-Dimethyl-2-cyclohexanone Carboxylate (11) 
unsaturated ketones are given in Table 6. The dianion of methyl acetoacetate (20) was alkylated with 
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SUM AND WEILER 1441 

3,3-dimethylallyl bromide on a 0.1 mmol scale to yield 15.7 g 
(85%) of alkylated 13-keto ester 32; bp 67-68"C/0.1 Tom. A 
solution of 9.2 g (50 mmol) of ester 32 in 10 mL of methylene 
chloride was added to a solution of 6.4 mL (55 mmol) of stannic 
chloride in about 150 mL of methylene chloride cooled in ice. 
The resulting solution was stirred at room temperature for 
183 h. Finally the solution was poured into ice-cold water. The 
aqueous phase was extracted with ether and the extracts were 
combined, washed with water and brine, dried over magnesium 
sulfate, filtered, and the solvents removed under reduced 
pressure. The crude product was distilled at 64-66"C/0.1 T o n  
to yield 8.46 g (92%) of cyclized ester 11 which was charac- 
terized by ir: 1750 (sh), 1730, and 1710cm-'; nmr 6: 1.02 
(s, 3H), 1.08 (s, 3H), 1.2-2.1 (m, 4H), 2.1-2.7 (m, 2H), 3.13 
(s, lH), and 3.65 ppm (s, 3H); ms mle (relative intensity): 41 
(87), 43 (96), 55 (loo), 69 (79), 74 (74), 83 (85), 100 (68), 111 
(58), 137 (53), 141 (19), 153 (38), 169 (20), and 184 (26). Anal. 
calcd. for Cl0Hl6O3: C 65.19, H 8.75; found: C 65.0, H 8.55. 
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Photoisomerization of protonated cyclohex-Zenones 
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RONALD F. CHILDS, KENNETH E. Hhm, and FREDERICK A. HUNG. Can. J. Chem. 57, 1442 
(1 979). 

Protonated 4,4-dimethylcyclohex-2-enone, lH, has been shown to isomerize on irradiation in 
FS03H at -85°C to give protonated 6,6-dimethylbicyclo[3.1.O]hexan-2-one, 5H, and pro- 
tonated 3-isopropylcyclopent-2-enone, 4H. The protonated bicyclic ketone 5 H  was found to be 
both thermally and photochemically labile, in both instances rearranging to 4H. The first order 
rate constant for the thermal isomerization of 5 H  to 4Hat  - 60°C was 1.73 x s-'. As 5 H  
was shown to be photolabile in the presence of lH, it was not possible to establish whether 4 H  
was a primary photoproduct of 1H. No photoisomerizations of protonated cyclohex-2-enone 
and protonated 4-methylcyclohex-2-enone could be detected. The photoisomerization of 
protonated A1~9-10-methyl-2-octalone has been re-examined at low temperature in an attempt 
to detect tricyclic products. 

RONALD F. CHILDS, KENNETH E. HINE et FREDERICK A. HUNG. Can. J. Chem. 57, 1442 
(1979). 

On a trouve que la dimethyl-4,4 cyclohex6ne-2 one (1H) protonee s'isomerise par irradiation 
dans le FS03H a - 85°C pour fournir la dimethyl-6,6 bicyclo[3.1.0]hexanone-2 protonke(5H)et 
de I'isopropyl-3 cyclopent6ne-2 one proton& (4H). On a trouve que la cetone bicyclique protonee 
5 H  est labile thermiquement ainsi que photochimiquement et que chaque fois elle se transpose 
en 4H. La constante de vitesse du premier ordre de l'isom6risation thermique de 5 H  en 4 H  
- 60°C est Bgale a 1.73 x s-'. Comme on a montre que 5Hest photolabile en presence de 
lH, on n'a pas pu determiner si 4 H  est un photoproduit primaire de 1H. On n'a pas pu detecter 
de photoisom~risations de la cyclohex6ne-2 one protonee ou de la methyl-4 cyclohex6ne-2 one. 
On a reetudie la photoisomerisation de la A1.9-m6thyl-10 octalone-2 protonee h basse tem- 
perature afin d'essayer de detecter des produits tricycliques. 

[Traduit par le journal] 

We have recently reported that protonated acyclic 
a,P-unsaturated carbonyl compounds undergo photo- 
induced stereomutation about the carbon-carbon 
double bond on irradiation in super-acid media, 
eq. [I] (1). This photoisomerization, which takes 
place with protonated aldehydes, ketones, acids, and 
esters, eventually leads to the establishment of a 
photostationary state between the two stereoisomers. 
No other products were detected under the reaction 
conditions used although more recent work in our 
laboratories suggests that a photoinduced isomeriza- 
tion may also be occurring about the carbon- 
oxygen bond in these systems (2). 

R =  H, Me, OH, OMe 

With the incorporation of the chromophore of 
these unsaturated carbonyl compounds into a ring 
system, isomerism about the double bond will 
become more difficult to achieve and other photo- 
reactions could become more important. For this 

lAuthor to whom all correspondence should be addressed. 

reason we have examined and report here the photo- 
isomerization of some protonated cyclohexenones. 
Cornell and Filipescu (3) have recently described the 
photorearrangement of protonated lo-methylocta- 
lone, a system which incorporates a protonated 
cyclohexenone. However, the results reported here 
differ from their observations in that, working at low 
temperatures, a bicyclic product has been detected. 

Results and Discussion 
Ketones 1, 2, and 3 were dissolved in FS03H to 

give solutions of the corresponding hydroxy cations 
l H ,  2H, and 3H respectively. The 'Hnmr spectrum 
of 3H was very similar to that described previously 
(4) while those of 1H and 2H were entirely consistent 
with the assigned structures (Table 1). FS03H 
solutions of these cations were stable at room tem- 
perature and could be quenched with methanol- 
bicarbonate slurry to regenerate the original ketones. 
The ultraviolet spectrum of 3H has been reported by 
Zalewski and Dunn (5) and those of 1H and 2H were 
recorded in 96% HH,S04. 

Samples of 1H in FS03H were irradiated at 
-60°C in thin walled nmr tubes with light from an 
unfiltered medium pressure mercury lamp. The 

0008-4042/79/121442-04$01 .OO/O 
01979 National Research Council of CanadalConseil national de recherches du Canada 
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CHILDS ET AL. 

TABLE 1. 'H nmr spectra of protonated ketonesa 

Chemical shift (ppm) 

Compound CIH CzH C3H C4H CSH CsH CH3 

"All spectra obtained in FSOaH at -60°C unless otherwise nc 
t, triplet, h, heptet. 

bFS03H-S02C1F solvent at -8S°C. 
CIsopropyl proton. 

$-  FS03H 

CH30H/HC03- 
L 6; 

RI R1 

1 R, = R2= CH3 1H h,, 275 nm, log€ 3.96 
2 R , = H ; R 2 = C H 3  2 H  h,, 274 nm, logs 3.96 
3 R , = R z = H  3H h,, 271 nm, logs 3.97 

formation of a new cation was detected by lH nmr 
and this was identified as 4H (Table 1). Quenching 
the acid solution after irradiation gave ketone 4 with 

u 

properties identical with those of an authentic sample 
1 (6). Reprotonation of 4 in FS03H gave 4H. 

The photoisomerization of 1 in tert-butanol gives 4 
together with bicyclic ketone 5 (6). To check whether 
5H was also being formed on irradiation of l H ,  it was 
necessary to establish that 5H would have been 
stable under the reaction conditions. 

Protonation of 5 using a FS0,H-S0,ClF mixture 
(1 : 3) at - 100°C gave a cation whose l H  nmr spec- 
trum was entirely consistent with the formation of 
5H (Table 1). This acid solution could be quenched 
with a methanol-bicarbonate mixture at -78°C to 
give back 5 together with some 4.  Cation 5H was 
found to be thermally unstable and to isomerize 
quantitatively to give 4H. At -60°C, the first order 
rate constant for this process was found to be 
1.73 x s-I (AG* = 15.9 kcal/mol). 

As a typical photoisomerization of 1H took 
several hours, it would not have been possible to 
detect 5H under the reaction conditions used. 
Accordingly, the photoisomerization of 1H was 
repeated taking care that the temperature of the 
sample did not rise above - 85°C at any time during 
the irradiation or subsequent monitoring by 'H nmr. 

- 2.09 3.29 1.32 
- 1.7-3.3 - 1.36d 

2.87 2.25 8 . 1 3  - 
3.29 3.29 3 .  20hC 1.35d 

2.0-3.5 2.0-3.5 - 1.52 

Xed. (CH3),N+ as aninternal standard taken as 3.18; d, doublet, 

After 3 h irradiation both 4H (25%) and 5H (10%) 
were detected in the reaction mixture. Quenching 
this acid solution at low temperature yielded both 4 
and 5. 

Under the conditions employed in the above 
experiment, it would seem very unlikely that 4H 

5H 4 H  

arises from a thermal isomerization of 5H. At 
- 85"C, the half life for rearrangement of 5H would 
be of the order of 200 h, which is much longer than 
the 3 h used in the irradiation. 

1H 4 H  
hv .f 
- 80°C 

To test whether 4H arises by a secondary photo- 
isomerization of 5H, the photochemistry of the latter 
cation was examined. Irradiation of a FS03H solu- 
tion of 5H at -80°C caused it to isomerize to 4H. 
This photoisomerization of 5H to 4H proceeded with 
an efficiency comparable to that of 1H to 4H and 5H. 
Irradiation of a mixture of 1H and 5H indicated that 
5H was photolabile even in the presence of 1H. It is 
not clear at this stage whether or not 4H is indeed a 
primary photoproduct of 1H. 

In the contrast to the reactivity of 1H on irradia- 
tion, both 2H and 3H were remarkably unreactive. 
Photolysis of solutions of these cations under condi- 
tions comparable to those used for 1H did not induce 
any detectable isomerization. 
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The photoisornerization of 1 H  described above 
closely parallels the rearrangements reported for the 
neutral ketone (6, for recent reviews see ref. 7). This 
type of photoisornerization of cyclohexenones is 
thought to proceed via a triplet state of n,n* charac- 
ter (8). The basicities of cyclohexenones are such that 
they are essentially completely protonated in FS0,H 
(5). Consequently, with the n-electron pair being 
bound to a proton, the lowest excited states of the 
protonated enones will also most likely be of n,n* 
character (10). The multiplicity of the excited state 
involved in the photoisornerization of 1H is not 
known. 

One possible route for the photoisornerization of 
1H to 4H and 5 H  involves the initial formation of 6 
as an intermediate. In the ground state the orbital 
overlap between the p-lobe on C, of 1H and the 
electron in the C,C, bond is poor (1 1). Photoexcita: 
tion of 1H would likely lead to a twisting about the 
C2C3 bond (1, 12) and so facilitate the 1,2-alkyl 
shift to give 6. The difference in behaviour of lH ,  
2H, and 3H could possibly be attributed to the 
thermodynamic differences in energy between a 
cation such as 6 and its twisted ally1 precursor. 

I The extreme thermal lability of 5H raises some 
interesting questions regarding the photoisomeriza- 

I tion of protonated 10-methyloctalone, 7H, recently ' reported by Cornell and Filipescu (3). The only 
product detected on irradiation of 6 H  at ambient 
temperature was 8 H  and no cyclopiopyl containing 
products were observed, eq. [2]. 

A 

The photochemistry of 7 has been extensively 
studied. In tert-butanol, the principal product is the 
tricyclic ketone 9, eq. [3] (13). Again, a triplet state of 

I n,n* character has been implicated in this isomeriza- 
tion. 

I 

hv 
[31 a - O m  

0 tert-butanol 

In view of the results obtained here, it would seem 
possible that 9H is also a photoproduct of 7H and the 
previous failure to detect it would stem from its 

thermal instability. To check this we have examined 
the protonation of 9 at low temperatures. 

Dissolution of 9 in FS0,H was carried out at 
-78°C and an 'H nmr spectrum of the solution 
obtained at -80°C. The spectrum so obtained 
showed no evidence for the presence of 9 H  but 
rather three rearrangement products were observed. 
These isomeric cations were 7H (25%), 8H (3573, and 
an unidentified cation, 10H (40%). This latter cation 
exhibited amongst other resonances signals attri- 
butable to a single vinyl proton at 6.47 6 and methyl 
group at 2.33 6. All attempts to recover a pure 
sample of the ketone corresponding to this cation 
were unsuccessful. 

The thermal instability of 9 H  is such that it clearly 
could not have been detected as a photoproduct in 
reactions carried out at room temperature nor 
indeed using our low temperature equipment (low 
temperature limit - 85°C). Evidence against the 
intervention of 9 H  in the photoisornerization of 7H 
is suggested in that no products corresponding to 
10H were reported. However, irradiation of the 
FS0,H solution of 7H, 8H, and 10H, obtained by 
rearrangement of 9H, under similar conditions to 
those previously described (3), caused 10H to be 
converted to 8H. As a consequence, only a relatively 
low concentration of 10H might be expected during 
the photoisornerization of 7H. Careful examination 
of the 'H nmr spectra of the partially photo- 
rearranged solution of 7H in fact showed repro- 
ducible but low concentrations of 10H (< 5%) to be 
present. 

Overall, the question as to whether or not 9 H  is a 
photoproduct of 7H remains open. However, it is 
apparent that a close parallel exists between the 
photoreactions of cyclohexenones and their pro- 
tonated derivatives. 

Experimental 
General 

'H nmr spectra were recorded on Varian HA100 or T60 
spectrometers. Probe temperatures were measured using a non- 
spinning thermocouple inserted in a sample taken at the 
appropriate depth in the probe. Ultraviolet spectra were 
obtained on a Cary 14 instrument. Gas chromatography was 
carried out on a Varian A90-P3 preparative instrument using a 
15% Carbowax 20 M column, and a Varian 3700 analytical 
instrument. 

Protonations were carried out directly in nmr tubes, ex- 
tracting the appropriate ketone from CH2C12 into the acid 
medium at low temperature (-78'C with FS03H, -100°C 
with FS03H-S02CIF). Tetramethyl ammonium chloride was 
added to the cation solutions as an internal standard. 

Most irradiations were carried out using the low temperature 
equipment previously described (14) and a Toshiba 125 W 
medium pressure mercury lamp. Clear, thin wall nmr tubes 
were used and these transmitted light down to ca. 260 nm. 
Temperatures were monitored during the photoreactions with 
a glass encased thermocouple junction inserted into the acid 
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medium. The photoisomerization of 7Hwas carried out using a 
circular arrangement of 1.3-W, RPR 3000 A lamps (Southern 
New England Ultraviolet Co., Middletown, CT), surrounding 
a sample held at low temperature in an unsilvered Dewar. 

Quenches of the acid solutions were carried out by adding 
the acid to a rapidly stirred slurry of methanol and sodium 
bicarbonate at -78°C. The resulting mixture was allowed to 
warm to ca. -20°C when water was added and the organic 
products extracted into ether. The products were identified by 
their 'H nrnr spectra and glpc retention times. 

Materials 
Fluorosulfuric acid (Allied Chemicals) was treated as pre- 

viously described (15). The ketones 1 (9, 16), 2 (9), 4, 5 (6), 
7 (3), and 9 (13) were prepared by standard procedures. 

Photoisomerization of l H  
1 (5 mg) was dissolved in FS03H (0.5 mL) in an nrnr tube 

and irradiated for 3 h using the equipment described above. 
The lH nmr spectrum (recorded at -85°C) of the resulting 
mixture indicated that 1H (65%), 4 H  (25%), and 5 H  (10%) were 
present. The reaction mixture was quenched and the organic 
extract analyzed by glpc. Both 4 and 5 were shown to be 
present in a 3 : 1 ratio. 

Photoisomerization of 5H 
5 (5 mg) in FS03H (0.5 mL) was irradiated at - 85OC for 2 h. 

The l H  nrnr spectrum of the resulting solution showed a 
mixture of 5 H  (35%) and 4 H  (65%) to be present. 

Photoisomerization of 5 H  and I H  
A mixture of 1H (70%) and 5 H  (30%) was prepared in 

FS03H and assayed by 'H nmr at -85°C. The solution was 
irradiated for 3.5 h and again subjected to lH nrnr analysis. 
The composition found was 1H (1273, 5 H  (14%), and 4 H  
(74%). 

Photoisomerization of 7H 
A sample of 7 (5 mg) in FS0,H was irradiated for 5 h at 

-65°C using the apparatus described above. The 'H nrnr 
spectrum of the resulting solution showed signals at 6 6.44 
(vinyl H) and 1.22 (CH,) attributable to 7H; at 6 6.67 (vinyl H) 
and 1.19 (CH,) attributable to 8H; and 6 6.48 (shoulder, 
vinyl H) and 2.33 (CH,) attributable to 10H. The ratio of 7 H  
to 8 H  to 10H by integration was 55 :40: 5. 

Protonation of 9H 
9 (5 mg) was dissolved in FS03H at - 78°C and the 'H nrnr 

spectrum recorded at - 80°C within 10 min. Only 7 H  (25%), 
8 H  (3573, and 10H (40%) (chemical shifts given above) were 
detected. The reaction mixture was quenched and the products 
examined by analytical glpc using both Carbowax 20 M and 
silicone oil, SE 30, columns. Using a variety of conditions, it 
was not possible to separate 7 and 10 from each other. 

Irradiation of a mixture of 7H, 8H, and IOH 
A solution of the above cations, prepared by protonation of 

9 (5 mg) in FSO,H, was irradiated under identical conditions 

to those used above for the isomerization of 7H. After 3 h 
irradiation the ratio of 7 H  to 8 H  to 10H had changed from 
25:35:40 to 26:48:26. 
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JOEL CAPILLON et LILIANE LACOMBE. Can. J. Chem. 57, 1446 (1979). 
Des benzhydrols chiraux, mono ou disubstituks en para, ont kt6 ktudies par rrnn en presence 

du reactif de dkplacement chiral Eu(dcm),. L'influence des constantes d'association lanthanide- 
substrat et des facteurs gkomktriques a Btk determink skparkment. La non-kquivalence 
obsemee ne peut Stre relik i une diffkrence des constantes d'association mais est diie h une 
diffkrence de structure des complexes lanthanide-substrat qui varie avec la nature electronique 
des substituants. De plus on ktablit une rkgle de dktermination de configuration absolue pour 
ce type de compod. 

JOEL CAPILLON and LILIANE LACOMBE. Can. J. Chem. 57,1446 (1979). 
Para mono- or disubstituted chiral benzhydrols have been studied by nmr in the presence of 

Eu(dcm),. The influence of association constants and structural parameters has been assessed 
separately. The observed nonequivalence cannot be related to a difference between the associa- 
tion constants but is primarily due to a difference between the geometries of the lanthanide- 
substrate complexes, correlated with the electronic nature of the substituents. A rule for the 
determination of the absolute configuration of such compounds has been established. 

Au cours de travaux prtctdents (I), nous avons t t t  
aments Zi effectuer des determinations de puretC 
optique d'alcools aromatiques chiraux substituds en 
para, par rmn en prCsence d'un rtactif de dtplace- 
ment chiral. Pour une strie de composCs voisins, 
nous avions envisagk de relier les sens de non- 
Cquivalence observks aux configurations absolues et 
nous avions remarquC que le sens de la non-tqui- 
valence dkpendait du caracttre tlectrodonneur ou 
tlectroattracteur du substituant. C'est ainsi que dans 
la skrie des benzhydrols monosubstituts en para, en 
prksencel de Eu(dcm), le signal du proton benzylique 
de 1'Cnantiomtre R se dCplace plus rapidement que 
celui de l'tnantiom2re S lorsque le substituant est 
tlectrodonneur alors que l'on observe le phtnom2ne 
inverse lorsque le substituant est tlectroattracteur. 
De mCme en prCsence2 de Eu(tfc), on observe un 
changement du sens de la nondquivalence oppod Zi 
celui observt avec Eu(dcm),. En ce qui concerne les 
signaux des protons aromatiques on ne retrouve pas 
le phtnomtne observt par Mosher et al. (4) dans 
son Ctude de l'action3 de Eu(hfbc), sur des alcools 
chiraux L,CHOHL2: lorsque le complexe chiral 
produit une non-kquivalence sur les signaux des 
protons de L1 et L2 Mosher avait not6 que le sens de 
la non-equivalence restait le mCme quels que soient 

lEu(dcm), = tris(d,d-dicamphoylmethanato)europium I11 
(2). 

'Eu(tfc), = tris(d-trifluoroacetyl-3 camphorato)europium 
111 (3). 

,Eu@fbc), = tris(d-heptafluorobutanoyl-3 camphorat0)- 
europium I11 (5). 

L1 et L2 (A6, - A6, < 0). Cette constatation lui a 
permis de suggtrer une r2gle de dttermination de la 
configuration absolue des alcools secondaires chi- 
raux. Dans notre cas, en prtsence de Eu(dcm),, 
A6, - A6, > 0 pour les signaux du noyau substitut 
tandis que A6, - A6, < 0 pour les signaux du 
noyau non substitut. De plus, dans la skrie des 
phtnylkthylcarbinols ArCHOHCH2CH3, en prt- 
sence de Eu(dcm),, le sens de la non-equivalence des 
signaux du groupe mkthyle varie selon le caracttre 
tlectrodonneur ou tlectroattracteur du substituant 
port6 en para par le noyau aromatique. Ces quelques 
remarques nous ont incites B ttudier plus en dCtail 
ces effets de substituants. 

La nondquivalence observte dtpend B la fois de 
la difftrence de stabilitk entre les complexes dias- 
ttrtoisomtres formCs et de la diffkrence de structure 
entre ces complexes. I1 est possible dYCvaluer stpark- 
ment les contributions de ces deux facteurs en 
analysant de deux manitres distinctes les dtplace- 
ments induits: d'une part la mCthode de Williams (6) 
qui permet d'apprkcier les diffdrences de constantes 
d'association; d'autre part la mtthode de Kelsey (7) 
et ApSimon et al. (8) qui fournit des informations 
sur la structure des complexes lanthanide-substrat. 
On peut noter que ces mCthodes d'analyse sont 
possibles quelle que soit la quantitt de compCtiteur 
qui se trouve en solution (y compris l'eau) et dans 
notre cas quelle que soit la puretk optique du 
substrat. 

Cette double analyse n'est valable que si les 
dkplacements induits sont dOs B des complexes 

0008-40421791121446-05$01 .OO/O 
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CAPILLON ET LACOMBE 1447 

TABLEAU 1. Dkplacements chimiques des benzhydrols dtudiks et sens des non-kquivalences ASR - ASs en prksence de Eu(dcm), 

H benz. Ha Ha' 
r&HoH&w 

HI3 HBf 

So ASR - ASS So ASR - ASS So ASR - ASS So ASR - ASS So ASR - ASs 

1 R = O C H 3  R f = H  5.593 + 7.117 + 7.202 - 6.173 + 7.202 - 
2 R =  CH3 R'= H 5.602 + 7.107 + 7.198 - 7.011 + 7.198 " 
3 R = B r  R f = H  5.562 - 7.108 + 7.198 - 7.346 + 7.198 a 

4 R = CF3 R ' = H  5.685 - 7.398 + 7.228 - 7.510 + 7.228 " 
5 R = C F 3  R ' = C H 3  5.641 - 7.373 + 7.062 - 7.497 + 7.062 + 
6 R = B r  R'=CF,  5.657 + 7.130 + 7.383 - 7.390 + 7.529 - 

'Non observb. 

lanthanide-substrat de stoechiomttrie 1 : 1. Goering 
et al. (3) ont ttabli que le rtactif chiral Eu(tfc),, 
donnait aussi un complexe de stoechiomttrie 1 : 2. Une 
Ctude analogue n'a pas ttC effectute au sujet du 
rtactif Eu(dcm),. Cependant des observations 
qualitatives montrent que les complexes 1 :2 Even- 
tuels interviennent peu dans les dtplacements 
induits, surtout s'il y a en m&me temps une grande 
dilution du substrat et une grande concentration du 
lanthanide (9, 10). Ces considtrations nous ont 
aments utiliser pour notre Ctude le rtactif Eu(dcm),. 

On prkpare dans CCI,, avec le TMS comme rkfbrence 
interne, une solution 0.2 M de benzhydrol partiellement 
dMoubl6 et de configuration absolue connue (1). A cette 
solution on ajoute des petites quantitb successives non pesQs 
de Eu(dcm),? L'enregistrement du spectre est effectud a 30°C 
sur un spectrographe Varian HA 100, 30 min apres chaque 
addition de E u ( d ~ m ) ~  de f a ~ o n  a ce que les dquilibres soient 
atteints. On mesure au frkquencemktre les dkplacements 
chimiques. Les dkplacements initiaux et les sens de non- 
kquivalence ASR - ASs sont regroupb dans le Tableau 1. 

Etude des constantes d'association 
D'aprbs les travaux de Williams (6) et Roth (12)' 

le rapport des dtplacements induits entre le signal 
d'un proton i d'un substrat A (A6,') et celui d'un 
proton j de B est 

oh KA et KB reprisentent les constantes d'association 
des complexes lanthanide-substrat et A, et AB les 
dtplacements induits limites c'est-a-dire la difftrence 
entre le diplacement chimique de l'espbce totalement 
associC et celui de l'espbce libre. 

+ ARi - Asi 
ARi 

Cette tquation montre que la contribution des 
constantes d'association au phtnombne de non- 
Cquivalence diminue lorsque le degrt de complexa- 
tion augmente (A6,' + Asi). Ce type de facteur 
pourrait donc &tre nCgligC si l'on pouvait atteindre 
un t r b  grand degrt d'association. Dans notre cas 
cela n'est pas possible, certainement parce que 
l'association benzhydrol-Eu(dcm), est faible, et nous 
avons dO tvaluer la difference des constantes 
d'association. 

En appliquant [2], on obtient des droites de pente 
-(KR - Ks)/KRARi. Cette ttude a Ctt effectute sur 
les signaux des protons benzylique, a et a', les 
dtplacements induits des signaux des protons P et P' 
ttant trop faibles pour &tre analysts valablement 
(Tableau 2). 

Les valeurs obtenues sont trbs faibles et montrent 
que les difftrences des constantes d'association ont, 
dans le cas des benzhydrols, une influence mineure 
sur le sens de la non4quivalence. Ce rtsultat est 
confirm6 par la comparaison des signes des Tableaux 
1 et 2. Pour les protons benzyliques et pour la moitit 
des protons aromatiques, les signes sont opposts ce 
qui dCmontre que, pour ces protons, les effets 
structuraux imposent le sens de la non-tquivalence 
malgri l'effet contraire des effets d'association. 
TABLEAU 2. Etude des constantes d'association: (KR - Ks)/ 

KRAR' tire des pentesa des droites de [2] 

H benz. Ha Ha' 

Pour un couple d'tnantiombres R et S, si on com- 1 -0.0006 -0.0024 -0.0005 
pare deux protons structuralement identiques (i = j), -0.0003 -0.0017 + 0. OOOgb 

3 +O.O009 +0.0014 [l] peut &tre transform6 pour faire apparaitre la +0.0037 
+0.0024 +0.0036 + 0.0054 

non-tquivalence A6,' - A&': 5 +0.0028 +0.0047 +0.0070 
6 -0.0014 -0.0027 -0.0023 

4Nous remercions le Dr A. Schoofs et le Dr Huynh pour oValeurs obtenua par la mdthode des moindres 
leur prbparation du complexe Eu(dcm),. bValeur aberrante. 
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Facteurs structuraux 
Relations intermole'culaires 

Puisque les effets d'association sont peu impor- 
tants, [I ] peut Ctre simplifite: 

Cette nouvelle relation montre que le rapport des 
dtplacements induits de deux signaux quelconques 
d'tnantiomkes difftrents est proportionnel au 
rapport des dtplacements limites, lequel traduit les 
effets structuraux. 

L'inversion du sens de la non-tquivalence du 
proton benzylique quand on remplace un subs- 
tituant tlectrodonneur par un substituant tlectro- 
attracteur, nous a suggtrt l'idte que les facteurs 
structuraux peuvent Ctre relits aux o, de Hammett 
des substituants. Nous avons donc portt les rapports 
AFR/AFs pour le proton benzylique en fonction des 
o,. Pour les benzhydrols monosubstituts, nous 
trouvons une droite (Fig. 1). On retrouve bien que 
AFR/AFs = 1 pour o, = 0 c'est-a-dire pour le 
benzhydrol nonsubstitut. A l'aide de cette droite, on 
peut prtdire la configuration absolue de benzhydrols 
monosubstituts connaissant le o, du substituant. 

Relations intramole'culaires 
La relation [3] n'est valable qu'en premiere ap- 

proximation. L'ttude de la non-tquivalence nous a 
montrt qu'il y avait des difftrences de structure entre 
les complexes LS et LR. Pour comprendre ces 
phtnomenes, il est inttressant d'ttudier les facteurs 
structuraux propres a chaque complexe. 

Kelsey (7) et ApSimon et al. (8) ont montrt que le 
dtplacement observt d'un proton i pouvait Ctre relit 
au dtplacement induit d'un proton j de la mCme 
moltcule par la relation: 

FIG. 1. Variation du rapport des dtplacements induits des 
protons benzyliques de chaque couple d'tnantiomkre en 
fonction des a,. 

D'apres McConnell et Robertson (13) et en 
faisant l'hypothese gtntralement admise que les 
facteurs angulaires sont ntgligeables (14), la pente 
de [4] est proportionnelle au rapport du cube des 
distances rj3/ri3. Cette simplification est particuliere- 
ment justifite si on compare les dtplacements des 
protons a et a' de chaque Cnantiomere (Tableau 3). 

Les rapports des dtplacements limites sont 
difftrents de 1. Ceci indique que l'europium n'est 
pas A la m&me distance des protons a et des protons 
a'. D'autre part, la valeur de ces rapports varie avec 
la nature des substituants. Comme prtctdemment, 
on peut relier les rapports des dtplacements limites 
aux o, de Hammett. Dans le cas des composts 
monosubstituts, on obtient une droite pour les 
Cnantiomeres S et une autre pour les Cnantiom2res R 
(Fig. 2). Ces droites sont a peu pres paralleles et les 
valeurs a l'origine sont 1.142 et 0.868. Ces dernieres 
valeurs sont inverses l'une de l'autre. Or dans le 
benzhydrol non substitut 7 (o, = 0) les protons a 
tnantiotopes deviennent diasttrtotopes (15) en 
prtsence du rtactif chiral Eu(dcm),, et ils prtsentent 
une forte anisochronie. Le rapport des dCplacements 
limites mesurts par la mCme mtthode est 1.152 ou 
son inverse 0.868 selon le sens dans lequel ce rapport 
est calculi. On retrouve la valeur calculCe a partir 
de la Fig. 2. Ce rtsultat nous a amenis a considtrer 
que la substitution du benzhydrol 7 perturbe 
l'anisochronie observCe en prksence de Eu(dcm), 
entre les protons des noyaux aromatiques Pro R et 
Pro S (16). 

Cette perturbation peut s'exprimer uniquement en 
fonction de la difftrence d'tlectrontgativitt des subs- 
tituants des noyaux. Pour cela nous avons utilist 
une reprtsentation spatiale unique de tous les 
composCs Ctudits mCme les composCs disubstituks. Si 
on appelle X le substituant port6 par le noyau Pro R 
et Y le substituant port6 par le noyau Pro S (Fig. 3), 
on peut dtcrire tous les tnantiomeres de tous les 
benzhydrols Ctudits a partir d'une seule reprt- 

TABLEAU 3. Rapport des dt- 
placements induits,' pente des 

droites = f (A&'') 

A"/Aa' 

R S 

aces valeurs sont obtenues par la 
mbthode des moindres cards pZ > 
0.999. 
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CAPILLON ET LACOMBE 1449 

FIG. 2. Variation du rapport des dtplacements induits des 
protons aromatiques de chaque enantiomere en fonction des 

Pro R Pro S 

FIG. 3. Representation spatiale des benzhydrols btudies 
utilisQ pour la definition de Z. 

sentation spatiale du carbone asymttrique. Par 
exemple, l'tnantiomere R du compost 1 sera dans 
notre nouvelle reprtsentation celui oh X = OCH, et 
Y = H. 11 n'est plus possible d'utiliser la nomen- 
clature a et a '  que nous avons employt jusqu'ici. 
Maintenant, pour les tnantiomkres R, les protons a 
s'appelleront 2X et a', 2Y et pour les tnantiomeres S, 
les protons a s'appelleront 2Y et g', 2X. 

On peut alors attribuer a chaque compost un para- 
metre Z qui rend compte de la difftrence d'tlectro- 
ntgativitt entre le noyau dtrivant du noyau Pro R et 
celui dtrivant du noyau Pro S. Ce parametre Z peut 
&tre obtenu aistment a partir des o, de Hammett des 

substituants en faisant la difftrence C = o,(X) - 
o,(Y). Cette dtfinition entraine que deux tnantio- 
meres ont des Z de m&me grandeur mais de signes 
opposts. 

La perturbation de l'anisochronie dGe aux subs- 
tituants peut &tre exprimte en reliant A2X/A2Y au 
paramitre C. En effet A2X/A2Y = Aa/Aa', pour les 
Cnantiomkres R et A2X/A2Y = Aa'/Aa pour les 
tnantiomeres S. On obtient 2 partir des donntes 
relatives aux benzhydrols 1 A 7 une droite (Fig. 4) 
d'origine 1.15 correspondant a X = Y, valeur proche 
de celle dtterminte exptrimentalement pour 7. Nous 
avons vCrifit que l'on obtenait la m&me valeur de ce 
rapport pour deux autres benzhydrols disubstituis 
symttriques (C = 0); pour X = Y = OCH,, 
A2X/A2Y = 1 .I45 et pour X = Y = C1, A2X/A2Y = 
1.148. 

Cette reprtsentation permet aussi de dtterminer la 
configuration absolue de benzhydrols mono- ou 
disubstituts en para: soit un inantiomere d'un 
benzhydrol portant deux substituants A et B: ou 
bien A est sur le noyau Pro R dtfini prtctdemment 
et alors A2*/AZB doit se placer sur la droite de la 
Fig. 4 a la valeur correspondant a Z = o,(A) - 
o,(B); ou bien B est sur le noyau Pro R et alors 
A2B/A2A doit correspondre a la valeur o,(B) - o,(A). 
Cette mtthode est applicable m&me si I'on ne dispose 
que d'un seul des tnantiomeres. 

Puisque le rapport des dtplacements induits, c'est- 
a-dire le rapport des distances, est suptrieur k 1 
lorsque X = Y, cela signifie que pour les benz- 
hydrols symttriques, le noyau Pro R parait plus 
proche de I'europium que le noyau Pro S. La 
distance de l'europium aux noyaux aromatiques 
varie selon l'tlectrontgativitt des substituants: le 
noyau Pro R devenu porteur du substituant X parait 
d'autant plus proche de l'europium que ce subs- 
tituant est tlectrontgatif ou bien le noyau porteur 
du groupe Y parait d'autant plus Cloignt de l'euro- 
pium que le substituant est tlectrodonneur. Tout se 

FIG. 4. Variation du rapport des deplacements induits des 
protons aromatiques de chaque enantiomere en fonction du 
parametre Z (voir texte). 
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1450 CAN. J. CHEM. VOL. 57, 1979 

passe comme si un substituant donneur augmentait 
"I'encombrement" d'un noyau aromatique tandis 
qu'un substituant attracteur le diminuait. Un subs- 
tituant d'un noyau aromatique, du seul fait de son 
ClectronCgativitC peut produire des modifications 
notables de la structure du complexe; lorsque le 
substrat et le reactif sont chiraux, il en rCsulte que le 
phCnomene de non-Cquivalence observe peut se 
reprCsenter diffiremment selon la nature du subs- 
tituant. I1 devient Cvident que la prudence est 
dCsormais nCcessaire lorsqu'on veut assimiler un 
compost5 substituC B un compost non substituk. 
Comme c'est dCjB le cas en synth&se asymktrique 
(I, l l ) ,  les effets Clectroniques des substituants sur 
les manifestations de la chiralitC ne peuvent plus 
&re nCgligCs. 
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Pyrones. IV.' Phacidin, a fungal growth inhibitor from Potebniamyces balsamicola Smerlis 
var . boycei Funk 
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GERALD ARTHUR POULTON, TERRY DONALD CYR, and ELEANOR E. MCMULLAN. Can. J. 
Chem. 57, 1451 (1979). 

Phacidin, an antifungal antibiotic, isolated from the canker fungus Potebniamyces bal- 
samicola Smerlis var. boycei Funk is shown to be 2-methoxy-6-nonanoyl-4H-pyran-4-one-3- 
carboxaldehyde. Carbon-1 3 nmr spectra of phacidin and several related y-pyrones are discussed. 

GERALD ARTHUR POULTON, TERRY DONALD CYR et ELEANOR E. MCMULLAN. Can. J. Chem. 
57, 1451 (1979). 

On a dkmontrk que la structure de la phacidine, un antibiotique fongicide isolk du champi- 
gnon chancre Potibniamyces balsamicola Smerlis var. boycei Funk, est le mkthoxy-2 nonanoyl-6 
4H pyrannone-4 carboxaldkhyde-3. On discute des spectres RMN du 13C de la phacidine et 
de plusieurs y-pyrones qui lui sont likes. 

[Traduit par le journal] 

! Introduction Phacidin ( I )  
Pure phacidin was isolated from cultures of P.  balsamicola 

The fungus Potebniam~ces balsamicola Smerlis var. as described previously (2), as yellow needles, mp 112-1 13°C ; 
boycei Funk, responsible for a bark disease in Abies v,., (KBr): 3110 (w), 2975 (sh), 2040 (s), 2870 (s), 1730 (m), 
grandis (Dougl.) Lindl. (I), produces in culture (2) a 1700 61, 1690 (m), 1620 (m), 1530 (m), 1520 (s), 1480 (m), 

pale yellow crystalline substance, phacidin. Sub- 1387 (m), 1340 (m), 1239 (m), and 1041 cm-' (w); hmax @tOH) 
I (log E): 224 (4.20), 274 (3.43), and 342nm (3.90); nmr&: 10.17 

sequent testing of this substance (3) prom- (lH, $, 7.11 (lH, s), 4.11 (3H, s), 2.96 (2H, t, J = 6.7 Hz), 
ising in vitro activity against a variety of dermato- 2.0-1.1 (12H, m), and 0.88 ppm (3H, t, J = 6.1 Hz); ?ic: see 
phytes, systemic dimorphic and opportunistic fungi, Table 1 ; ms m/e (relative intensity): 294.151 (3%; M +, 
and yeasts of medical importance. The choice of 6- '2C161Hz21605 requires 294.14719 266 (3.513 154 (91, 153.020 

(100; 1ZC71H51604 requires 153.019), 141 (4), 126 (2), 125 (9), meth0xy-5-n0nan0y1-4H-pyran-4-0ne-2-carb0xa1de- 121 (4), 93 (4), 85 (2), 71 (3), 69 (5), 59 (4), 57 (5), 55 (3), 53 (3), 
hyde (2) as the structure best phacidin 43 (5), 41 (5), 39 (2), and 29 (3). Anal. calcd. for C16H22O5: 
was made (4) on the basis of an examination of the C 65.29, H 7.53; found: C 65.10, H 7.62. 
spectra and on the basis of reactivity analogous to Oxidation of Phacidin 
that observed in the literature. The structural To ruthenium tetroxide solution (from ruthenium trichloride 
assignment must now be revised on the basis of more tnhydrate (3.6 mL of a 2% solution, 2.8 x mol) and 

recent chemical and spectroscopic evidence. sodium hypochlorite (29 mL of a 0.5% solution) (6a)) were 
added dropwise phacidin (0.075 g, 2.55 x mol) in di- 

Experimental chloromethane (20 mL) and sodium hypochlorite (6%, added 
in quantity sufficient to maintain a yellow reaction mixture). 

Nuclear magnetic resonance data were obtained on a Perkin When addition was finished, the mixture was acidified with 
Elmer R12A (60 MHz) or R32 (90 MHz) instrument (proton) dilute HCI, extracted with dichloromethane, the extracts dried 
or Nicolet TT-14 (15.1 MHz) instrument (carbon) in CDCI, (MgS04), filtered, and evaporated to give, after purification, 
solution and are referenced to TMS. Mass spectra were n-nonanoic acid3 (0.013 g, 33%), 6~ 2.33 (2H, t), 1.8-2.1 
obtained using the Hitachi - Perkin Elmer RMU-7E, ultra- (12H, m), and 0.88 ppm (3H, t); v,,, 3400-2400 (br), 2950 (sh), 
violet spectra on the Beckman SP800, and infrared spectra on 2920 (s), 2850 (m), 1712 (s), 1448 (m), 1410 (m), 1280 (m), 
Beckman IR20 and Unicam SPlOOO instruments. 1108 (w), and 925 cm-' (m); m/e 158.125, 12C91H18'602 re- 

2-Ethoxy-, 2-methoxy-, and 3-bromo-2-ethoxy-6-methyl-4H- quires 158.131. 
pyran4one (compounds 5, 6, 7 respectively) were prepared 2-Methoxy-6-nonanoy14H-pyran-4-one (3) 
as described previously (5). Phacidin (75 mg, 0.26 mmol) and tris(tripheny1phosphine)- 

'For Part 111 in this series, see ref. 5. ,Identilied by spectral comparison with an authentic sample 
'Author to whom all correspondence should be addressed. prepared from 1-bromooctane by a Grignard reaction. 

'ooO8-4042179112 145 1 -05$01 .00IO 
01979 National Research Council of Canada/Conseil national de recherches du Canada 
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TF.9 Y, a, 

00% I- 
ma- s Y, - 
?"! 
W V )  
WcO 3 - 

chlororhodium (66) (235 mg, 0.27 mmol) were dissolved in 
benzene (10 mL) and refluxed with stirring until no starting 
material remained. The precipitated rhodium carbonyl was 
removed by filtration, the benzene evaporated, and the crude 
product thus obtained purified by chromatography. 2- 
Methoxy-6-nonanoyl-4H-pyran-4-one was colourless needles, 
mp 12G121°C (95% EtOH); v,,, (KBr): 3080 (w), 2950 (sh), 
2920 (5), 2850 (m), 1730 (s), 1710 (s), 1630 (m), 1520 (m), 
1465 (m), 1390 (s), 1310 (m), 1235 (m), 1080 (m), 985 (m) and 
940 cm-' (m); h,., (EtOH) (log E ) :  220 (4.07), 255 (3.1 2), and 
307 nm (3.50); nrnr 6,: 6.72 (lH, d, J = 2.4 Hz), 5.69 (lH, d, 
J = 2.4 Hz), 3.84 (3H, s), 2.87 (2H, t, J = 7.4 Hz), 1.85-1.0 
(12H, m), and 0.88 ppm (3H, t, J = 6.0 Hz); 6 c :  see Table 1; 
ms mle (relative intensity): 266.156 (3; M i ;  12C151H22'604 
requires 266.152), 238 ( 3 ,  169 (4), 168 (6), 140 (2), 127 (3), 
126 (21), 125 (loo), 101 (I), 99 (I), 97 (3), 95 (2), 83 (2), 81 (I), 
71 (3), 69 (31), 67 (2), 57 ( 3 ,  55 (71, 53 (6), 43 (ll) ,  41 (15), 
39 (7), and 29 (12). 

3-Bromo-2-methoxy-6-nonanoyl-4H-pyran-4-0ne (4 )  
Phacidin (25.0 mg, 0.085 mmol) was dissolved in methanol 

(2.5 mL) and treated with an excess of a solution of bromine 
water (saturated, 1 mL). The crude product was separated by 
dichloromethane extraction and recrystallized: 3-bromo-2- 
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POULTON ET AL. 

TABLE 2. 13C nmr chemical shifts of ring carbons of some y-pyrones 

Values for carbon : 

Compound 2 3 4 5 6 Ref. 

5 168.1 89.3 181.5 112.6 161.4 This work 
6 167.4 89.9 181.7 112.7 161.5 This work 
7 162.5 90.4 175.4 111.8 159.8 This work 
Colletotrichitin 163.5 106.0 177.1 120.2 160.8 13 
Spectinabilin 162.1 99.1 180.6 119.9 155.2 10 
Aureothin 163.8 99.9 183.6 120.6 156.2 14 
Tridachione 160.1* 97.8 181.1 118.4 161.1* 15 

*Assignments may be reversed. 

methoxy-6-nonanoyl-4H-pyran-4-one, mp 79-80°C (aqueous 
EtOH); 24.2 mg (82%); v,,, (KBr): 3085 (w), 2920 (s), 2860 
(m), 1730 (s), 1710 (s), 1643 (s), 1570 (m), 1470 (m), 1420 (s), 
1350 (w), 1270 (s), 1180 (w), 1005 (s), and 990cm-' (s); 
hma, (EtOH) (log 8): 226 (4.21) and 337.5 nm (3.99); nmr 6 ~ :  
7.02 (lH, s), 4.06 (3H, s), 2.91 (2H, t, J =  6.7Hz), 1.9-1.1 
(12H, m), and 0.90 pprn (3H, br t); 6c: see Table 1; ms m/e 
(relative intensity): 345 (7, M+), 343 (7, Mt),  264 (3), 247 (ll), 
245 (lo), 236 (5), 206 (8.5), 205 (loo), 204 (8.5), 203 (loo), 
177 (7), 175 (8), 149 (31), 147 (34), 141 (6), 125 (ll), 124 (25), 
95 (3), 94 (5), 93 (4), 71 (13), 69 (12), 66 (24), 59 (8), 57 (25), 
55 (30), 53 (22), 43 (48), 41 (43), 39 (15), and 29 (29). 

Discussion 
The presence of a y-pyrone (4H-pyran-Cone) 

nucleus in phacidin was inferred (4) from the ob- 
served infrared absorptions at 1690 (C=O), 1620, 
1530, 1520 (C=C), and 1235 cm-' (C-0-C) and 
from the ultraviolet maxima at 224 (log E 4.20), 274 
(3.43), and 342 nm (3.90). In general, y-pyrones are 
found to exhibit their first carbonyl band in the 
1675-1650 cm-' region, the position being some- 
what variable, depending upon substituent nature 
and solvent (7), while a-pyrones absorb in the 1740- 
1720 cm-' range (7, 8). We felt that our data were 
best rationalized by a y-pyrone structure, and this 
was supported by the fact that y-pyrone ultraviolet 
spectra generally reveal intense absorption maxima 
in the 245-275 nm region (9), although differentia- 
tion between a- and y-pyrone isomers becomes diffi- 
cult unless both isomers are available. The mass 
spectrum of phacidin is also in agreement with that 
expected for y-pyrones (10, l l ) ,  showing two suc- 
cessive losses of carbon monoxide: 

H 
mle 97 

Confirmatory evidence for the existence of the 
y-pyrone nucleus in phacidin has been obtained from 
the carbon magnetic resonance ~ p e c t r a : ~  the C4 
carbon resonates at 172.9 pprn (see Table l), well 
within the normal range of 171-184 pprn observed 
for y-pyrone carbonyl carbons (ref. 12 and references 
in Table 2). Similarly, the a-carbon resonances 
(158.5 and 160.2 ppm) and the P-carbon resonances 
(97.0 and 105.9 ppm) are typical of y-pyrones 
(P-range normally 88-120 ppm; a-range normally 
139-1 67 pprn (ref. 12 and Table 2)).5 

The substitution pattern of the y-pyrone ring may 
be readily identified from spectral and chemical 
evidence. The substituents are: (i) a hydrogen (one- 
proton singlet, 6, 7.11 ppm), (ii) a methoxyl group 
(6, 4.11 pprn (3H, s); 6, 58.4ppm ('Jc-, = 
148.4 Hz)), (iii) an aldehyde, and (iv) a n-nonanoyl 
moiety. The aldehyde group is inferred from the 
infrared (2870, 1730 cm- '), proton nmr (10.17 ppm, 
lH,  s), and carbon nmr spectra (186.3 ppm, 'Jc-, = 
186.2 Hz), and confirmed by the formation of a 
phenylhydrazone (4) and by ready decarbonylation 
with tris(triphenylphosphine)chlororhodium (6b) 
(discussed below). The nonanoyl group may be in- 
ferred from the spectra(v,,,,, 1700 cm-'; 6,0.88 (3H, 
t), 1.1-2.0 (12H, m), and 2.96 pprn (2H, t); 6, 193.5 
(-CO-), plus 7 triplet resonances between 22.7 and 
38.3 pprn (see Table 1 for assignments) and 14.1 pprn 
(q, -CH,)), and from the isolation and identifica- 
tion of nonanoic acid as the sole isolable product 
from the oxidation of phacidin (4). The location of 
the unsubstituted y-pyrone carbon can be readily 
made from the observed carbon-proton coupling in 
the gated spectrum: the resonance at 97.0 pprn 
exhibits a coupling constant ('Jc-, = 175.3 Hz), 
similar to those observed6 for P-protons. This agrees 
with the argument which was previously advanced 

40btained through the kind cooperation of Dr. John Walter, 
Atlantic Regional Laboratory, National Research Council of 
Canada, Halifax. 

5Normal chemical shift values for a-pyrones are: a 137-165 
ppm, !3 87-116 ppm, and C=O 157-162 pprn (16). 

61JC- (!3) typically 166-1 69 Hz, lJc- (a) 197-202 HZ (12). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1454 CAN. J. CHEM. VOL. 57, 1979 

(4), which identified the 7.1 1 pprn proton magnetic On the basis of this structure for phacidin, the 
resonance absorption as being due to a P-proton de- remaining spectra and chemical transformations may 
shielded by an adjacent carbonyl s~bsti tuent .~ Thus, be rationalized. Explanation of the mass spectral 
the partial structure 8 may be assigned. behaviour is straightforward: the molecular ion 

undergoes predominant cleavage with loss of the side 

I&:, 
chain to yield the base peak at m/e 153; subsequent 
fragmentations of this ion have been discussed. Minor 
fragmentation pathways from the molecular ion 

II 
0 

involve two sequential CO losses (metastable ion 
8 peaks observed at 240.7 and 212.9). The nonanoyl 

The nature of this carbonyl substituent may be 
deduced from the results of some chemical investiga- 
tions with phacidin. Treatment of phacidin with tris- 
(triphenylphosphine)chlororhodium effects smooth 
decarbonylation (6b), producing 2-methoxy-6-no- 
nanoyl-4H-pyran-4-one (3). Interpretation of the 
carbon magnetic resonance spectra of phacidin and 
its decarbonylated analogue can only adequately be 
made using the structure 1. In phacidin, the P-carbon 
signal seen at 105.9 pprn appears in the gated spec- 
trum as a double doublet, with coupling constants of 
24.5 and 4.2-Hz. The latter is similar to the typical 
values (5.1-6.0 Hz) observed (12) for three-bond 
coupling between C3 and H5 in a series of simple 
pyrones; the former, larger coupling can then only be 
reasonably explained if it represents a two-bond 

1 coupling between C3 and the proton on the attached 
I 
i aldehyde group. This placement of the aldehyde at 

1 position 3 is confirmed by the cmr spestra of the 
i decarbonylated compound, which show 6 ,  103.7 
1 ('J,-, = 176.0 Hz, 3Jc-H = 5.35 Hz) and 93.6 ppm 

('JC-, = 169.4 Hz, 3Jc-H = 4.0 HZ) and 6 ,  6.72 
and 5.69 pprn (both lH, d, J = 2.4 HZ'), signals 
characteristic of a 2,6-disubstituted y-pyrone. This 
result upequivocally rules out the structure 2, in ' which the deformylated compound would now have 
one u- and one P-proton, whose chemical shifts 
would be considerably different and where the coup- 
ling constant would be larger.' The methoxyl group 
must then be at position 2 and phacidin is thus 2- 
methoxyd-nonanoyl-4H-pyran-4-one-3-carboxalde- 
hyde (1). 

side chain ion (m/e 141) and the ions derived from 
its decomposition (C,H,,+,CO and C,H ,,-, CO 
series) are prevalent in the low molecular weight 
region of phacidin and its derivatives. 

Treatment of phacidin with bromine in aqueous 
methanol results in the replacement of the aldehyde 
group by a bromine atom. This can be seen by the 
'change in the mass spectrum (molecular weight and 
fragmentation pattern) and from the carbon mag- 
netic resonance: the aldehyde signal disappears, and 
that due to C3 shifts upfield to 96.6 pprn (appearing 
now as a doublet, 3Jc-H = 6.6 Hz). This reaction is 
not without precedent, as Nohara et al. (18) have 
reported the room temperature conversions of 
chromone-3-carboxaldehyde (9) to the corresponding 
3-chloro- and 3-bromo-compounds (10). 

AcOH 

The biogenesis of phacidin may also be easily 
rationalized, since some naturally occurring u- 
methoxy-y-pyrones have been shown (see, for 
example, refs. 13, 14) to be produced from polyketide 
routes. 

It is therefore likely that phacidin is produced from 
a heptaacetate precursor which undergoes the 
appropriate cyclizations, alkylations, and modifica- 
tions: 

'The 'normal' position of a j3-hydrogen (4) is in the 5.9- 6.5 ppm range; a carbonyl substituent at the adjacent a-position, 
for example in cornenaldehyde methyl ether, results in a deshielding of the proton and a shift of the resonance to 6.97 ppm. 

' J H ~ - H ~  = 2.68 HZ, J H Z - H ~  = 6.3 HZ in y-pyrOne (17). 
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Methylation at oxygen and ring alkylation by inter- 
mediates from the 'one-carbon' pool have been shown 
(13) to occur in pyrones, and a parallel biogenetic 
route may be assumed here. 

NOTE ADDED IN PROOF: Recent synthetic evidence 
has shown that the decarbonylated product 3 is 
6-nonanoyl-4-methoxy-2H-pyran-2-one. Although a 
rearrangement occurred (previously observed with 
2-methoxy-4H-pyran-4-ones) and the assignment of 
chemical shifts (see Table 1) must necessarily be 
altered, this reassignment does not invalidate the 
arguments relating to disposition of substituents in 
phacidin. 
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Stereochemistry of the Bucherer-Bergs and Strecker reactions of tropinone, 
cis-bicyclo[3.3.0]octan-3-one and cis-3,4-dimethylcyclopentanone 
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GREGORIO G. TRIGO, CARMEN AVENDARO, EMILIA SANTOS, JOHN T. EDWARD, and SIN 
CHEONG WONG. Can. J. Chem. 57,1456 (1979). 

The tropane-3-spiro-5'-hydantoin (a isomer) obtained from tropinone by the Bucherer- 
Bergs reaction has been shown by 13C nmr and X-ray diffraction studies to have the 4'-carbonyl 
group in the equatorial position; the isomer, obtained via the Strecker reaction, has this 
group axial. The results of these two reactions on cis-bicyclo[3.3.0]octan-3-one and on cis-3,4- 
dimethylcyclopentanone show, on the basis of the 'H nmr, 13C nmr, and X-ray diffraction 
studies of the products, a stereochemical course related to the preferred conformation of the 
cyclopentane rings. 

GREGORIO G. TRIGO, CARMEN AVENDA~O, EMILIA SANTOS, JOHN T. EDWARD et Sm CHEONG 
WONG. Can. J. Chem. 57, 1456 (1979). 

On a dBmontrB, au moyen d'etudes de rmn 13C et de diffraction de rayons-x, que la tropane- 
3-spiro-5'-hydantoine (isomere a), obtenue de la tropinone au cours de la rkction Bucherer- 
Bergs, posskde le groupe carbonyle-4' dans la position Bquatoriale; l'isomere B, obtenu par la 
rkaction Strecker, posskde ce groupement en position axiale. Les structures des produits iso- 
meres fournis par le cis-bicyclo[3.3.0]octan-3-one et par le cyclopentanone-cis-3,CdimBthyle 
ont kt6 Btablies par des Btudes semblables. L=e chemin stBr6ochimique des deux rkctions est 
conditionne par la conformation prBfBr6e des anneaux cyclopentaniques. 

Introduction bicyclo[3.3.01octan-3-one (4), and cis-3,4-dimethyl- 

The Bucherer-Bergs reaction of aldehydes or cyclopeitandne (9). The preparation of some of these 

ketones with ammonium carbonate and sodium spiro-hydantoins has already been reported (12, 13). 

cyanide to form hydantoins (1) and the alternative 
Strecker reaction via amino nitriles (2) can lead, with 
some ketones, to different (a and P) products. The 
stereochemistry of the a and p isomers has been 
studied by several workers, with conflicting con- 
clusions (3-1 1). However, this conflict was resolved 
by the work of Edward and Jitrangsri (11) who ex- 
plained, by a detailed consideration of reaction 
mechanisms, how the same amino nitrile could yield 
either the a- or the 0-hydantoin, according to reac- 
tion conditions. They concluded that the Bucherer- 
Bergs reaction of substituted cyclohexanones yields 
as the major product the isomer (a) with the 4'-car- 
bony1 group of the spiro-hydantoin ring in the less 
sterically hindered position, while the Strecker reac- 
tion yields as the major product the isomer (P) with 
this carbonyl group in the more sterically hindered 
position (the EJ rule). 

The present work was undertaken to test this rule 
by establishing the configurations of the isomeric 
spiro-hydantoins obtained from tropinone (I), cis- 

l~evision received January 26, 1979. 

Experimental 
All melting points were taken in open capillary tubes and 

are uncorrected. The 'H nmr spectra have been recorded on a 
Perkin Elmer R-24A (60 MHz) spectrometer. The 13C nmr 
spectra were determined on a Bruker 22.63 MHz spectrometer. 
Infrared spectra were determined using a Perkin Elmer 577 
spectrophotometer. 

Materials 
Tropinone (1) was synthesized by the Robinson-Schopf 

method, previously modified by Findlay (14). cis-Bicy- 
clo[3.3.0]octan-3-one (4) was obtained following the Linstead 
and Meade scheme (15) as modified by us (13). cis-3,4-Dimethyl- 
cyclopentanone (9) was obtained, with the trans-isomer, by 
catalyzed hydrogenation of 3,4-dimethyl-2-c4clopentenone 
following the Conia and Leriverend scheme (16). The cis- and 
trans-3,4-dimethylcyclopentanones were first separated by 
analytical gas chromatography on a Perkin Elmer F-20 chro- 
matograph, using a Carbowax 1500 column (4 m length and 
& in. diameter), Chromosorb W-80-100 as support, 130°C of 
column temperature, nitrogen as carrier gas and 20 mL/min 
flowing. Retention times (uncorrected): trans-isomer 8.35 
min; cis-isomer 10.4 min. Preparative gas chromatography, 
using a Perkin Elmer F-21, with a Carbowax 1500 column of 
5 m length, nitrogen as carrier gas, 9 s of injection time, and 
isothermic conditions at 145"C, yielded the two separated 
isomers. 

'0008-4042/79/121456-06$01 .OO/O 
@I979 National Research Council of CanadalConseil national de recherches du Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



TRIG0 ET AL. 

Tropane-3-spiro-5'-hydantoins (2 and 3) 
Bucherer and Strecker products were prepared by the 

methods previously described (12). 

cis-Bicyclo[3.3.0]octane-3-spiro-5'-hydantoins (5 and 6) 
Bucherer and Strecker products were prepared by the 

methods previously described (13). 

cis-Bicyclo[3.3.0]octane-3-spiro-5'- (I ',3'-diacetylhydantoin) 
(a Isomer) 

A solution of cis-bicyclo[3.3.0]octane-3-spiro-5'-hydantoin 
(B isomer; 5) (0.7 g) in acetic anhydride (73.6 mL) was heated 
under reflux for 12 h. After the solvent was removed by 
evaporation under reduced pressure, the residue was crystal- 
lized from absolute ethanol; mp 105-110°C (50%); v,,, (KBr): 
1815, 1785, 1760, and 1700 ( v ~ = ~ )  cm-'; S(CDC1,): 2.6 (s, 
6H, two acetyls). Anal. calcd. for C14HlsN204: C 60.43, H 
6.47, N 10.07; found: C 60.17, H 6.55, N 9.81. 

cis-Bicyclo[3.3.0]octane-3-spiro-5'-(3'-acetylhydantoin) 
(a Isomer) 

A mixture (50 mg) of 5 (60%) and 6 (40%) (from the 
Bucherer reaction) was heated as above in acetic anhydride. 
The residue, recovered in poor yield after recrystallization 
from water, melted at 138-140°C; v,,, (KBr): 3220, 3110 
(v~-H) ,  1795, 1760, 1690 ( v c = ~ )  cm-l. Anal. calcd. for 
C12H16N203: C 61.00, H 6.83, N 11.86; found: C 61.32, 
61.53, H 7.22, 7.15, N 11.92, 11.87. 

cis-3,4-Dimethylcyclopentane-3-spiro-5'-hydantoins 
(10 and 11) 

(a) Bucherer Product 
A solution of cis-3,4-dimethylcyclopentanone (0.6 g), potas- 

sium cyanide (0.6 g), and ammonium carbonate (7.5 g) in 
ethanol (20 mL) and water (20 mL) was heated under reflux 
at 5045°C for 5 h. After cooling, the precipitated solid was 
filtered off, washed with water, and recrystallized from meth- 
anol; mp 298-299°C (31%); v,,, (KBr) 3200 (vNI,-H), 3070 
and 3120 ( ~ ~ 3 s - H ) ~  and 1745 and 1780 ( v ~ = ~ )  cm-l. Anal. 
calcd. for C9H14N202: C 59.34, H 7.74, N 15.37; found: C 
59.50, H 7.78, N 15.09. 

(b) Strecker Product 
cis-3,4-Dimethylcyclopentanone (4.5 g) was stirred with 

potassium cyanide (3 g) and ammonium chloride (2.2 g) in 
water (33 mL) and ethanol (25 mL), at room temperature for 
7 days. The solvents were removed under reduced pressure, the 
residue was extracted with ether, and the extract was dried 
(MgSO,). Passage of dry hydrogen chloride gave l-amino- 
cis-3,4-dimethylcyclopentanecarboxynitrie hydrochloride; mp 
157-158°C (27%). A solution of this crude aminonitrile hy- 
drochloride (1 g) and potassium cyanate (2.1 g) in acetic acid 
(18 mL) and water (9 mL) was heated at 100°C under reflux 
for 1 h. The reaction mixture was heated with concentrated 
hydrochloric acid (9 mL) for 30 min. The mixture was diluted 
with water, cooled, and the crude product was filtered off and 
recrystallized from methanol; mp 291-292°C (77%); v,,, 
(KBr): 3200 (vN~,-H), 3080 and 3100 (VN~*-H),  and 1745 and 
1775 (vcZo) cm-'. Anal. calcd. for CgH14NzOz: C 59.34, H 
7.74,N15.37;found:C59.60,H7.64,N15.43. 

Results and Discussion 
We have found that the Strecker reaction with 

tropinone (1) furnished exclusively one isomer (P) 
and the Bucherer-Bergs reaction exclusively another 
isomer (a). The structures of the two isomers were 
established from the 13C nmr data. 

The isomers must differ in having the 4'-carbon 
atom equatorial in one (2) and axial in the other (3) 
isomer. In 2 the 4'-carbon will be gauche with respect 
to all four hydrogen atoms at C2 and C4, but in 3 
it will be anti with respect to two of them. We must 
expect then that the vicinal coupling constant, 
3J13,-1,, should be greater, and hence the 13C peak 
broader, in 3 than in 2. 

The I3C nmr spectra of a and P isomers (Table 1) 
were obtained in 85% DD,SO, solution since solubil- 
ities in the usual solvents were too small. In this sol- 
vent the hydantoins will exist as the monoprotonated 
or diprotonated cations (17), so that the peaks for 
2'- and 4'-carbon atoms will be at very low field. The 
distinction between these positions is possible from 
the fact that the 4'-, but not the 2'-carbon, spin cou- 
ples with hydrogen atoms at positions 2 and 4 of the 
cycloheptane ring. 

The 4'-carbon peak of the P isomer had a half- 
width of 17 Hz, as compared with a half-width of 
10 Hz for the 4'-carbon peak of the a isomer. This 
indicates that the p isomer has the structure 3 and 
the a isomer the structure 2. 

Since these structural assignments have now been 
confirmed by X-ray diffraction (18), this work can 
be considered a confirmation both of the use of 13C 
nmr for structural diagnosis, and of the EJ rule 
quoted above. 

To utilize this rule to predict the stereochemistry 
of the Bucherer-Bergs and Strecker reactions with 
cyclopentanones is more difficult than with anchored 
cyclohexanones, since the question of which face of 
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TABLE 1. 13C chemical shifts (ppm, downfield from TMS) and coupling constants 
(Hz) of tropane3-spiro-5'-hydantoins 2 and 3 

2 (Bucherer product) 3 (Strecker product) 

6 l J ( ~ ~ c - l H )  6 1Jc13C-lH) 

C3(C5') 57.0 (s) - 55.4 (s) - 
C2= C4 36.3 (t) 130 34.2 (t) 133 
C1= C5 60.2 (d) 150 60.8 (d) 153 
C6= C7 20.3 (t) 137 20.4 (t) 137 
CH3 37.1 (q) 143 36.4 (q) 143 
C2' 156.7 (s) - 155.8 (s)" - 
C4' 175.5 ( s )~  - 174.8 (s)" - 

"Half-width of  peak with or without spin-decoupling 12 Hz. 
"Half-width of  peak with spin-decoupling 4 Hz; without spin-decoupling 10 Hz. 
=Half-width of  peak with spin-decoupling 5 Hz; without spin-decoupling 17 Hz. 

the molecule is more sterically hindered depends on 
the preferred conformation of the cyclopentane ring. 

The only cyclopentane ketones thus far studied 
have been (+)-camphor and (f )-norcamphor (3,19). 
Tager and Christensen (20) showed by X-ray dif- 
fraction that the amino acid formed on hydrolysis 
of the Bucherer hydantoin from (f )-norcamphor 
had the carboxyl group exo, sterically more acces- 
sible (21), while the amino acid formed on hydrolysis 
of the Strecker amino nitrile had the carboxyl endo, 
sterically less accessible, in conformity with the EJ 
rule. 

The steric characteristics of (+)-norcamphor are 
unambiguous because of its rigid structure. How- 
ever, cis-bicyclo[3.3.0]octan-3-one (4) is conforma- 
tionally mobile, so that application of the EJ rule is 
difficult. If the ketone has the envelope-envelope 
conformation shown in 4, then the rule would indi- 
cate the structures 5 for the Strecker product and 6 
for the Bucherer product. 

The 13C nmr spectra (Table 2) indicate the Strecker 
product to be a pure compound By but the Bucherer 
product, in spite of a sharp melting point, to be a 
mixture of 60% B + 40% of an isomeric compound 
A.2 It was not necessary to separate this mixture in 
order to establish the structure of A, since its nmr 
spectrum could be obtained by comparison of the 
spectrum of the mixture with that of pure B. The 
chemical shifts and J values of A and B are listed in 
Table 2. The isomers differ in the extent to which the 
4'-carbon is coupled with protons on vicinal carbon 
atoms, as shown by the varying half-widths of the 
spin-coupled systems (18 Hz for B as opposed to 
6 Hz for A). This indicates the structure 5 for B and 
6 for A if, indeed, cis-bicyclo[3.3.0]octane ring has 
the conformation shown in 6 6 .  While it would be 
difficult to deduce this conformation a priori, it has 
been established by X-ray crystallography (22) for 
the Strecker product B. This study confirms the 
structure 5 for B, with the angles indicated. The 
plane of the hydantoin ring bisects the angle formed 
by the C2, C3, and C4 carbon atoms. 

These structures accord with the results of acetyla- 
tion experiments (cf. ref. 11). B reacted with acetic 
anhydride to give a diacetyl derivative, as would be 
expected of 5 (11). Under the same conditions, the 
40: 60 mixture of A and B from the Bucherer reaction 

=The same composition of the Bucherer-Bergs product is 
indicated in its lH nmr spectrum, which shows two peaks for 
the 1'-hydrogen atom with relative intensities 6:4 (see Table 
3); the spectrum of the Strecker product shows only one 
1'-hydrogen peak having the same chemical shift as the peak 
of the major isomer from the Bucherer-Bergs reaction. 
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TABLE 2. 13C chemical shifts (ppm, downfield from TMS) and coupling constants (Hz) of cis-bicyclo[3.3.0]octane-3-spiro- 
5'-hydantoins 

~ Bucherer products 

5 6 Strecker product (5) 

- - 

C3(C5') 88.4 (s) 
C2 = C4 55.2 (t) 
Cl=C5 55.7 (d) 
C6= C8 46.7 (t) 
C7 38.8 (t) 
C2' 174.4 (s)" 
C4' 193.4 (s)~.' 

- 

90.4 (s) - 
57.3 (t) 133 
56.6 (d) 133 
46.2 (t) - 
38.4 (t) - 

174.6 (s)" - 
192.2 (s)b.d - 

88.4 (s) 
55.2 (t) 
55.6 (d) 
46.6 (t) 
38.7 (t) 

174.4 (s)" 
193.4 

- 

 half-width of peak with and without spin-decoupling 3 Hz. 
bHalf-width of peak with spin-decoupling 3 Hz. 
<Half-width of  peak without spin-decoupling 18 Hz. 
dHalf-width of  peak wjthout spin-decoupljng 6 Hz. 
.Half-width of  peak w~thout spm-decoupllng 14.5 Hz. 

TABLE 3. 'H chemical shifts of cis-bicyclo[3.3.0]octane-3-spiro- 
5'-hydantoins 

Products Solvent N3'-H N1'-H 
I 
I 

! Bucherer F3GCOOH 9.45 7.75,7.40 

1 ::::: D3CSO-CD3 10.54 8.32,7.86 
F3GCOOH 9.42 7.40 

i Strecker D3CSO-CD3 10.35 7.86 
I 

1 gave in low yield a monoacetyl derivative, evidently 
I derived from 6 in which the axial N(1)-H is hin- 
I dered.3 

The results above show the limitations of the EJ 
rule when applied to conformationally mobile sys- 
tems. Assuming for simplicity only envelopeen- 
velope conformations for bicyclo[3.3.0]octanes, the 
aminonitrile progenitors of the Strecker and Bucherer 
products have the structures 7 or 8;  the different con- 
formations of these isomers are shown in Scheme 1. 
Because of the small steric requirements of the nitrile 
as compared with the amino group (23), the confor- 
mation 7a should be considerably more stable than 
7b; furthermore, the aminonitrile 7 should be con- 
siderably more stable than its isomer 8, which in its 
more stable conformation (8b) has the nitrile group 
opposed by two quasi-axial methylene groups, while 
in 7a it is opposed by two quasi-axial hydrogen 
atoms. These considerations accord with the fact that 
the Strecker product is derived wholly, as expected, 

3The hydantoins have high melting points and low solubil- 
ities because of strong hydrogen bonding (N-He-O=C) in 
the crystal. Melting points fall and solubilities increase dramat- 
ically with acetylation of the N-H groups. In the present 
instance the monoacetyl6 (which retains one N-H group) is 
evidently considerably less soluble than the more abundant 
diacetyl 5. Since hydantoins are readily recovered from their 
acetyl derivatives by hydrolysis, acetylation may prove a useful 
technique in separating a and B isomers. 

from 7. However, 60% of the Bucherer product is also 
derived from 7, probably reacting via the conforma- 
tion 7b, and only 40% from 8, probably reacting via 
the conformation 8a, for reasons discussed earlier 
(11). It would be expected that the product ratio 
would be a complicated function of the relative pro- 
portions of 7a, 7b, 8a, 8b, and of their relative rates 
of reaction and of interconversion (the major prod- 
uct probably being formed by the route 7a -, 7b -, 
hydantoin). 

It seems likely that the mutual repulsion of the 
two methyl groups in cis-3,4-dimethylcyclopentanone 
(9) will disfavour the envelope and favour a half- 
chair conformation in which the upper face will be 
the more sterically hindered. Consequently, the EJ 
rule predicts 10 as the major product of the Bucherer- 
Bergs reaction and 11 as that of the Strecker reaction 
(with the proviso that for this conformationally 
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1460 CAN. I. CHEM. VOL. 57, 1979 

TABLE 4. 13C chemical shifts (ppm, downfield from TMS) and coupling constants (Hz) of cis-3,4-dimethylcyclopentane-1-spiro- 
5'-hydantoins 10 and 11 

Bucherer product Strecker product 

Cn (10) D (11) Dn (11) c (10) 

6 lJ(13c-1 H) 6 1J(13c-~H) 6 6 ' J ( ~ J ~ - I  H) 

Cl(C5') 85.8 (s) - 86.9 (s) - 87.1 (s) - 85.9 (s) - 
C2=C5 58.1(t) 133 59.0 (t) - 58.3 (t) 133 57.4 (t) 133 
C3=C4 51.7 (d) 133 51.2(d) - 50.7(d) 133 51.1 (d) 133 
CH3 28.8(q) 125 28.8 (q) - 28.2(q) 125 28.2 (q) 125 
C2' 174.7 ( s ) ~  - - 174.6 (s)' - h 174.6 (s)' - 
C4' 196.4 (s)~,' - - 1 9 4 . 0 ( ~ ) ~ * '  - 195 .1(~)~9@ - h 

OMajor product o f  reaction. 
*Half-width of peak with and without spin-decoupling 3 Hz. 
<Half-width o f  peak with and without spin-decoupling 4 Hz. 
dHalf-width of peak with spin-decoupling 4 Hz. 
*Half-width of peak without spin-decoupling 12.5 Hz. 
fHalf-width o f  peak without spin-decoupling 9 Hz. 
9Poor resolution in spin-coupled spectrum. 
hPeaks too small foraccurate measurement. 

mobile system the results will not be clear-cut). In 
fact, the 'H nmr spectra of both Bucherer-Bergs and 
Strecker products show them to be mixtures of two 
isomers (C and D) having chemical shift values for 
the 1'-hydrogen atom at 8.0 and 8.2 6 respectively. 
The Bucherer product was about 90%, and the 
Strecker product about 40% C. The 'H chemical 
shifts for the other protons (N3'-H, 11 (s); CH,, 
0.9 (d); remaining protons, 1.4-2.4 6) were identical 
in C and D. 

The 13C nmr spectra also indicate 90% C in the 
Bucherer and 64% D in the Strecker product. The 
Bucherer product is slightly less soluble in 85% 
D2S04 than the Strecker product, and so was dis- 
solved in 90% DD,S04. This difference in acid con- 
centration accounts for the slight differences in chem- 
ical shift values of C and D in the two products 
shown in Table 4. The isomers differ in the extent of 
coupling of the 4'-carbon atom with protons on 
vicinal carbon atoms, so that the half-widths of the 

spin-coupled systems are 9 Hz for D as opposed to 
12.5 Hz for C. 

We now consider arguments for identifying C with 
10 and D with 11. 

Examination of Dreiding or Fieser models of 10 
and 11 shows that these compounds probably exist 
as the conformers 10a/10b and l l a l l lb  in mobile 
equilibrium (Scheme 2) : this would explain why only 
one nmr peak is observed for the two methyl groups 
of 10 and 11. The models of 10a and 106 indicate the 
dihedral angles reported in Table 5 for the C4'C5' 
bond with the C-H bonds on C2 and C5. The 
models (which are sensitive to Baeyer strain but not 
to torsional strain or nonbonded interactions) indi- 
cate the same dihedral angles for l la l l lb ;  however, 
these structures ignore the nonbonded interaction 
between the 4'-carbonyl oxygen and the quasi-axial 
methyl at C3 or C4. This interaction must be very 
considerable (1 1). If one bends the oxygen away from 
the methyl group, the dihedral angles recorded in 
Table 5 for l l a l l lb  can be measured on the modek4 
The curve relating the 3~12, -H coupling constant to 
dihedral angle (24) is qualitatively similar to the 
familiar curve for ,J,-, (25). Using such a curve, it 
can be readily established that the angles reported in 
Table 5 require the C4' peak of 10 to be broader than 
that of 11, thus identifying C as 10 and D as 11. 

These results are in agreement with the EJ rule if 
one takes account of the weaker stereochemical 
preferences found in reactions of cyclopentanones as 
compared with cyclohexanones. The hydantoins 11 
and 10 will be formed from the aminonitriles 12 and 
13 as shown in Scheme 3. Because the amino and 

4The angles recorded in Table 5 can be only very approxi- 
mate, but almost certainly give the correct trends. The result 
of the argument which follows, is not affected by small varia- 
tions in the dihedral angles from those reported in Table 5. 
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ET AL. 1461 

l l a  l l b  
SCHEME 2 

TABLE 5.  Approximate values of dihedral angles 
(deg) made by the C5'-C4' bond with vicinal 

C-H bonds of 10a/10b and l l a / l l b  

C-H 10a lob  l l a  l l b  

nitrile groups at the I-position are not axial or equa- 
torial, the preference for 12 over 13 is slight, and 
hence the preponderance of 11 over 10 in the Strecker 
product (which reflects the proportions of 12 and 13 
(1 1)) is also slight. On the other hand, interference 
between the C=NH group with one axial methyl 
group in 14 will be much more serious than inter- 
ference between this group and an axial hydrogen 
atom in 15, and so the stereoselectivity of the 
Bucherer reaction in favour of 10 over 11 is higher. 

It is evident that the stereochemical preferences of 

biased cyclopentanones are much less pronounced 
than those of biased cyclohexanones, but that the EJ 
rule is effective in indicating trends. Further studies 
of substituted cyclopentanones are needed to con- 
firm the highly tentative conclusions reached above. 
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to substituted benzocyclobutenes and ortho-quinodimethanes 
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BARBARA D. GOWLAND and TONY DURST. Can. J. Chem. 57,1462 (1979). 
Benzocyclobutyl phenyl sulfone has been converted to several 7-substituted benzocyclobutenes 

via reaction of its a-sulfonyl carbanion with typical electrophiles followed by desulfonylation 
with Na/Hg in methanol. Two benzocyclobutenes carrying remote terminal vinyl groups have 
been isomerized to tricyclic ring systems upon heating at 250°C. The o-quinodimethane ob- 
tained from thermolysis of benzocyclobutyl phenyl sulfone in toluene at 250°C is not 
trapped by maleic anhydride but by the solvent toluene in a Friedel-Crafts type alkylation. 

BARBARA D. GOWLAND et TONY DURST. Can. J. Chem. 57, 1462 (1979). 
On a transform6 la benzocyclobutyl phknylsulfone en plusieurs benzocyclobutbnes sub- 

stituks en position 7 par I'intermkdiaire de la reaction de son carbanion a-sulfonyle avec des 
Bectrophiles appropriks suivie d'une dksulfonylation avec Na/Hg dans le mkthanol. On a 
isomQisk deux benzocyclobutbnes, portant des groupes vinyles terminaux kloignks, en systbmes 
tricycliques par chaufTage A 250°C. Le o-quinodimkthane que l'on obtient par thermolyse de 
la benzocyclobutyl phknylsulfone dans le tolubne A 250°C ne peut pas etre pikgie par l'an- 
hydride malkique; le tolubne agissant comme solvant le pibge toutefois par une alkylation de 
type Friedel-Crafts. 

[Traduit par le journal] 

Introduction for 1 (4), but the reductive removal of the CN group 
o-~uinodimethanes, generated thermally from requires more stringent conditions (Li or Na in 

benzocyclobutenes, have been used effectively, amines) than that the PhS02 group (Na/Hg in 
especially by groups led by Oppolzer (1) and Kame- buffered (5)- 
tani (2) for the rapid and-highly stereoselective 
assembly of certain steroid and alkaloid ring 'OzPh (I) CH3Li 

systems. (2) RX 
A key intermediate in these a ~ ~ r o a c h e s  is the 4 

(3) NalHgICH30H 
5 

ben~oc~clobut~l  nitrile 1 and aryl Gbstituted deriva- Synthesis o~Benzocyc~obutyl phenyyl su~one  (4)  
tives thereof. These nitriles are generally converted Benzocyc~o~uty~ phenyl sulfone had previously 
into the amide 2 or iodide 3 for use in the alkaloid been prepared by Bunnett and Skorcz (6) from 
(1) and steroid (lb, 2) syntheses respectively. o-chlorophenylacetic acid following Scheme 1. This 

0 synthesis featured an intramolecular benzyne cy- 
11 clization and is thus difficult to carry out on a large wCN wNHCR w1 @JSozPh scale. It was therefore decided to first investigate 

other potential routes to 4 which might be more 
R R R 

1 2 3 4 
suitable for a large scale synthesis. These attempts 
are briefly described below. Unfortunately none were 

As part of our work on the use of sulfones in successful and we had to revert, with some modifica- 
organic synthesis (3) we decided to investigate the tions, to the Bunnett and Skorcz synthesis. 
potential of benzocyclobutyl phenyl sulfone, 4, as a One of our approaches to 4 involved the base- 
reagent in this area. catalyzed elimination of HCl from the chloro sulfone 

We had felt that the sulfone 4 might provide a 8. It was hoped that the intermediate 9 from such an 
number of key advantages over the nitrile 1 in the elimination might cyclize to 4 in the same way that 
preparation of substituted benzocyclobutenes which the debromination of a,a,a1,a'-tetrabromo-o-xylene 
could be thermolyzed to polycyclic ring systems. For with NaI afforded, via an o-quinodimethane inter- 
example, alkylation of 4 via its anion followed by mediate, a dibromobenzocyclobutene (7). The chloro 
desulfonylation should yield the substituted benzo- sulfone 8, mp 75-77"C, was prepared in 42% yield by 
cyclobutenes 5. Similar reactions have been reported refluxing sodium benzenesulfinate with bis-1,2- 

0008-4042179112 1462-06$0 1 .OO/O 
01979 National Research Council of CanadaIConseil national de recherches du Canada 
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GOWLAND AND DURST 1463 

o-chlorobenzyl bromide afforded the expected sulf- 
oxide in 82% isolated yield, oxidation of which gave 
91% of 6. The 75% overall yield of 6 in this two-step 

I procedure can be compared with the 60% overall 
yield of 6 achieved in 4 steps by Bunnett and Skorcz. 

S02Ph The cyclization of 6 to 4 requires careful control 
of the stoichiometry of base to substrate. When the 
KNH,/6 ratio was 2: 1 no benzocyclobutyl phenyl 

6 7 sulfone was obtained. Instead, the major reaction 
products were o-chlorostyrene 9 and a crystalline 

'A material, C,H,,Cl,, mp 51-53"C, to which we 
SO2Ph assigned the structure 10 mainly on the basis of the 

proton nmr spectrum (see Experimental section). A 

4 Br (I)  PhS(O)CH,Li 

SCHEME 1. Reagents: (a) LiAlH4, (b) SOC1,-pyridine, (c) (2) MCPBA 
PhS-Na+, (d)  H202,  (e) NaNH2/NH3. 

+ cS02Ph (75%) 

(ch1oromethyl)benzene in methanol for 1 day. The 
elimination of HCl from 8 was attempted with 
lithium diisopropylamide at -78"C, CH,Li at 0°C 
or 25"C, and NaOH under phase-transfer conditions. 
In each case a yellow-coloured solution was generated 
but only a polymeric product was isolated. Possibly 
the presumed intermediate 8a is trapped by the ' a-sulfonyl carbanion of the starting material in an 

! oligomerization reaction. Attempts to trap 8a with 

I 
A-1-cyclohexenylpyrrolidine were unsuccessful. 

Loudon et al. (8) have reported that the flash 
vacuum thermolysis of a-chloro-o-xylene at 630°C 
afforded 68% of benzocyclobutene. Similar treat- 
ment of 8 at 500°C/0.06 Torr gave an inseparable 
mixture of products containing no 4 while thermoly- 
sis at lower temperatures (400°C) yielded mixtures 
including some recovered starting material. 

In a reinvestigation of the Bunnett and Skorcz 
route we attempted to prepare the benzyne pre- 
cursor 6 by alkylation of a-lithiomethyl phenyl 
sulfone with o-bromobenzyl bromide. Many experi- 
mental variations of this reaction were attempted 
(see Experimental section); however, in all cases 
mixtures of mono- and dialkylation products, 
together with the starting materials, were recovered. 
In wntrast, the alkylation of PhS(O)CH,Li with 

proposal accounting for both 9 and 10 is given in 
Scheme 2. 

The use of 4 equiv. of KNH, per equivalent of 6 
did give 4 in an average yield of about 35% (8 runs), 
together with 15% of isomeric amino sulfones due to 
the trapping of the benzyne intermediate 7, or its 
protonated equivalent with -NH,. 

The different behavior of the sulfone 6 in the 
presence of either 2 or 4 equiv. of KNH, can be 
explained in the following manner. In the presence 
of one or somewhat more than 1 equiv. of KNH, 
the a-sulfonyl anion 6a would be expected to be 
formed preferentially. This anion should be stable 
under the reaction conditions and in equilibrium 
with the starting material. A slow competitive 
p-elimination of PhS0,- from 6 by the action of 
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TABLE 1. Preparation of 7-substituted benzocyclo- 
butenes (4 + 12 + 5) 

Yield (%) 

Series Electrophile 12 5 

DzO 
CHJ 
BrCH2CH=CH2 
Br(CH2)2CH=CH2 
I(CHz)3CH=CHz 
Br(CH2)4CH=CH2 
Acetone 
Styrene oxide 

'Desulfonylation was carried out o n  nondeuterated material. 
tNuclear magnetic resonance yield. The product could not be 

separated from 4. 

-NH2 (9) would yield o-chlorostyrene. Addition of 
the anion 6a to o-chlorostyrene should give the 
sulfone 11 from which 10 can be obtained via a 
P-elimination. Under these conditions benzyne 
formation would be expected to be slow. 

As the amount of base is increased most of 6 
would be converted to the monoanion 6a. Sufficient 
-NH, would still be present to produce the benzyne 
intermediate 7 at a reasonable rate, intramolecular 
trapping of which yields 4. The use of an NaNH2/4 
ratio of greater than 4 was not investigated since it 
was felt that this would produce mainly the amina- 
tion products. Reaction of 4 with either 2 or 4 equiv. 
of lithium 2,2,6,6-tetramethylpiperidide (1 1) did not 
generate any of the benzocyclobutene 4. 

Preparation of 7-Substituted Benzocyclobutenes 
Reaction of 4 with CH,Li at -78°C in dry tetra- 

hydrofuran (THF) under N, rapidly generated a 
yellow-coloured solution containing the a-sulfonyl 
anion of 4 as evidenced by reaction with D20,  
CH,I, and several alkyl bromides (Table 1). Typical 
aliphatic chlorides or epoxides did not react efficiently 
with this anion.' Each of the alkylated products was 
characterized by elemental analysis and infrared and 
'H nmr spectra, the latter showing a characteristic 
isolated AB quartet in the 3.2-3.8 ppm region. The 
reductive removal of the PhSO, group from the 
alkylated derivatives 12 was carried out using a 
slightly modified version of the Trost procedure (5). 

'The anion of 4 decomposed overnight and yielded a mixture 
of nonpolar crystalline substances, mp 103-112°C. The nrnr 
spectrum of this mixture showed two singlets at 6 = 3.52 and 
3.80 as well as aromatic protons from 7.0-7.4ppm. The 
infrared indicated the absence of any sulfonyl moiety. The 
highest mle peak in the ms of the mixture occurred at mle = 
204 suggestive of a possible 'dimer' of benzocyclobutadiene 
resulting from a 0-elimination of PhS0,- from some unionized 
4. The structure of the compounds in this mixture remain to 
be determined. 

The yields of the desulfonylated products 5 were 
greater than 90% (Table 1). 

Thermolysis of Benzocyclobutyl Phenyl Sufines 
Benzocyclobutyl phenyl sulfone 4 was thermolyzed 

at 250°C in a sealed tube as a toluene solution con- 
taining excess maleic anhydride. The reaction con- 
ditions chosen were similar to those used by Kame- 
tani et al. (13) who reported the trapping of the 
o-quinodimethane intermediate 13 from 7-cyano-7- 
methylbenzocyclobutene with maleic anhydride in 
65x yield. In contrast to the Kametani results the 
only isolable product from the thermolysis of 4 had 
not incorporated maleic anhydride, but rather 
toluene. The product, obtained in 25% yield after 
preparative thin layer chromatography, was shown 
to be an isomer mixture, 14. The nmr spectrum of 14 
showed peaks at 2.18 and 2.28 (2 singlets, total 3H), 
3.80 (s, 2H), 4.29 (s, 2H), and 7.0-7.8 (m, 13H), 
while the infrared indicated sulfone bands at 1125 
and 1300 cm-'. A plausible route for the formation 
of 14 involves a rather novel Friedel-Crafts alkyla- 
tion of toluene by the o-quinodimethane intermediate 
15. As expected, 14 was best obtained if 4 was 
thermolyzed in toluene at 250°C in the absence of 
maleic anhydride. Prolonged heating of 4 in cyclo- 
hexane at 250°C with maleic anhydride gave decom- 
position but none of the desired Diels-Alder product. 
The reason for the difference in the behavior of the 
intermediates 13 and 15 toward maleic anhydride is 
not obvious since cyano and sulfonyl groups have 
similar electron withdrawing character. 

Thermolysis of the substituted benzocyclobutyl 
phenyl sulfone 12f gave only the styrene derivative 16 
resulting from a 1,5-sigmatropic shift of a hydrogen 
in the o-quinodimethane intermediate 17. No 
evidence of any trapping by the remote olefinic group 
was observed. 1,5-Hydrogen shifts in o-quinodi- 
methanes are known to be facile (13). 

Thermolysis of the 7-Substituted Benzocyclobutenes 
The two benzocyclobutenes (5e, f), carrying 

remote vinyl groups isomerized cleanly to the tri- 
cyclic products 18 and 19 when thermolyzed in 
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GOWLAND AND DURST 

Toluene 

Maleic anhydride 

250"C, tohene 

- 

Maleic 
anhydride 

Toluene I 

! cyclohexane. Vapor phase chromatographic analysis 
of the isomerized product indicated that 19 was 
probably formed as a single stereoisomer while 18 

Conclusions 
Benzocyclobutyl phenyl sulfone 4 can easily be 

converted into a number of substituted benzocyclo- 
butenes via reaction of its a-sulfonyl carbanion with 
electrophiles followed by desulfonylation. Some of 
the benzocyclobutenes thus obtained are suitable for 
conversion into polycyclic ring systems. The method 
is of somewhat limited value since the present 
synthesis of 4 is not suitable for large scale work. The 
o-quinodimethane derived from the thermolysis of 4 
does not react with a typical dienophile such as maleic 
anhydride; it appears to behave like a highly electron 
deficient diene. 

Experimental 
Melting points were taken on a Thomas Hoover melting 

point apparatus and are uncorrected. Infrared spectra were 
obtained on Beckman IR-20 or Unicam SP 1100 spectro- 
photometers. Nuclear magnetic resonance spectra were taken 
on Varian Associates HA-100 and T-60A spectrometers. 
Chemical shifts are reported in ppm downfield from internal 
TMS. The term 'work-up' refers to quenching a reaction 
mixture with excess HZO, extraction with CH2C12, drying of 
the organic extracts over anhydrous MgS04, and evaporation 
of the solvent under reduced pressure. The silica gel used for 
column chromatography was 60-200 mesh Baker silica gel. 

I-(Chloromethy1)-2-(phenylsu[fonylmethyl)benzene ( 8 )  
Sodium benzenesulfinate (2.8 g, 17 mmol) and 1,2-bis- 

(chloromethy1)benzene (3.0 g 17 mmol) were refluxed in 100 
mL of methanol for 1 day. The cooled reaction mixture was 
diluted with 100 mL of HzO and extracted with 4 x 20 mL of 
CH2C12. Chromatography of the crude product on silica gel 
using 1 : 3 ethyl acetate - hexane gave 2.02 g (42%) of 8 as 
colourless crystals, (CHZCIZ-hexane), mp 75-77°C; nmr 6: 
4.57 (s, 2H), 4.70 (s, 2H), 6.9-8.0 (m, 9H); ir: 1305 and 1120 
cm-'; ms m/e: M+ 282,280. Anal. calcd. for C14H13C10ZS: 
C 60.00, H 4.64; found: C 59.94, H 4.70. 

Reaction of 8  with Bases 
The chloro sulfone 8 (0.5 g) was reacted with 1 : 1 equivalents 

of LDA in THF at -78°C. Thereaction mixture turned yellow 
and then orange-red. After 30min of reaction at  -78°C 
work-up gave a product whose nmr showed very broad 
absorption indicative of a polymeric product. 

Essentially the same results were obtained when 8 was 
reacted under phasetransfer conditions, or with CH3Li either 
at -78°C or at +25"C. 

& 2 ( ~ ~ z ) 3 ~ ~ = ~ ~ z , _  \CH(CH,)~CH=CH, Attempted Trapping of the Intermediate 9 with 

&H3 
N-I-Cyclohexenylpyrrolidine 

Chloro sulfone 8 (0.20 g) and the above enamine (0.12 g) 
17 16 were dissolved in 15 mL CH2Cl2 and stirred with 15 mL 50% 

NaOH containing benzyltriethylarnmonium chloride. After 
was obtained as an isomeric mixture. No detailed 24 h the reaction mixture had turned yellow and 8 was absent 
stereochemical assignments were attempted with as shown by analytical tlc. Attempts to purify the 0.3 g of 
these products. crude product were not successful. 

Reaction of PhS(0)  CHZLi with o-Chlorobenzyl Chloride 
(CH,),CH=CH, To a solution of LDA (38 mmol) in THF at O°C was added 

250". d2In 4.74 g (34 mmol) of PhS(0)CH3. The bright yellow solution 

Cyclohexane was stirred for 5 min and then treated with 6.93 g (34 mmol) 
of o-chlorobenzyl chloride for 25 min. The bright purple 

5e n = 3  1 8 n = 3  solution was worked up in the usual manner and produced, 
Sf n = 4  1 9 n = 4  after column chromatography, 7.3 g (82%) of chloro sulfoxide. 
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This chloro sulfoxide was oxidized with meta-chloro- 
perbenzoic acid in refluxing CH2Clz. Work-up, after the more 
polar sulfoxide was absent by tlc, gave 91% of the chloro 
sulfone 6, mp 4446°C (lit. (6) mp 4547°C). 

Reaction of PhSOzCHzLi with o-Bromobenzyl Bromide 
To 4.0 g (25 mmol) phenyl methyl sulfone in 80 mL of THF 

and 0°C was added 28 mmol of CH3Li giving a bright yellow 
solution. Following 5 min of reaction time, 6.4 g (25 mmol) 
of o-bromobenzyl bromide was added which resulted in a 
dark brown solution. Usual work-up following 24 h of 
reaction time gave 8.45 g of crude product which was chro- 
matographed on 130 g of silica with increasing proportions of 
ethyl acetate in hexanes. In order of elution there was obtained 
0.68 g of 1,3-di(o-bromopheny1)-2-(phenylsulfony1)propane 
(nmr6: 2.8-3.5(m,4H),4.14.3(m, 1H),6.1-8.1 (m,H)); 1.3 g 
(16%) of 2-(0-bromopheny1)ethyl phenyl sulfone (nmr 6: 
2.6-3.7 (m, 4H), 6.7-8.1 (m, 9H)); and considerable amounts 
of recovered PhS02CH3. 

The above reaction was repeated in the presence of hexa- 
methylphosphoramide or by adding PhS02CH2Li to o-bromo- 
benzyl bromide in THF at -78°C. The yield of the desired 
monoalkylation product could not be significantly increased. 

Reaction of the Chloro Sulfone 6 with 4KNH2; Preparation of 4 
A solution of KNH, was prepared by dissolving K metal 

in liquid ammonia. A trace of powdered ferric nitrate was 
used as a catalyst. To this solution was added all at once 0.25 
equiv. of the sulfone 6 giving an orangebrown solution. The 
reaction mixture was stirred for 10 min and then quenched 
with ammonium nitrate. The ammonia was allowed to 
evaporate and the reaction mixture was worked up. The crude 
reaction product was purified by silica gel column chromatog- 
raphy. Elution with a 1: 4 ethyl acetate - hexane gave 4, mp 
102-103"C, from benzene-hexane (lit. (5) mp 103.5-104.5"C). 
The yields in 8 different reactions carried out on a 20 mmol 
scale varied from 30-40%; nmr 6: 3.52 (d, J = 4 Hz, 2H), 
4.92 (t, J = 4 Hz, lH), 6.9-8.0 (m, 9H); ir: 1120, 1290 cm-' ; 
ms mle: M t  = 244. Anal. calcd. for C14Hlz02S: C 68.85, 
H 4.86; found: C 68.94, H 4.92. 

When the above reaction was carried out using only 2KNH2 
per mole of 6, the nmr spectrum of the crude product showed 
the presence of o-chlorostyrene and the product 12. Chro- 
matography on silica gel resulted in loss of the styrene and 
isolation of 12, mp 51-53OC; nmr 6: 2.4-3.0 (m, 4H), 6.0-6.4 
(doublet of triplets, J = 16 and 7 Hz, lH), 6.8 (d, J = 16 Hz, 
lH), 7.0-7.6(m, 8H); ir: 960 cm-'. Anal. calcd. for C16H14C12: 
C 69.32, H 5.09; found: C 69.25, H 5.04. 

Generation of the a-Lithio Derivative of 4 and Reactions with 
Electrophiles 

Compound 4 was dissolved in THF at -78OC and reacted 
with 1.1 equiv. of CH3Li. A bright yellow solution formed 
immediately. This solution was treated with electrophiles at 
-78°C and then allowed to warm to room temperature. The 
products were isolated by the usual work-up and purified by 
chromatography on silica gel. 

(a) D20.  98%; nmr 6: 3.51 (s, 2H), 6.9-8.0 (m, 9H). 
(b) CH3I. Reaction time 15 min (82% isolated yield); mp 

61-63"C, off-white solid; nmr 6: 1.84 (s, 3H), 3.12 (d, J = 14 
Hz, lH), 3.74 (d, J = 14 Hz, lH), 6.9-7.0 (m, 9H); ir: 1290 (s) 
1120 (s) cm-'; ms m/e: M t  258. Anal. calcd. for C15H1402S: 
C 69.74, H 5.46; found: C 69.53, H 5.53. 

(c) BrCH,CH=CH,. Reaction time 15 min, oil, 81%; nmr 
6:2.6-3.1(m,2H),3.23(d,J= 14Hz,lH),3.54(d,J= 14Hz, 
lH), 4.85-5.25 (m, 2H), 5.35-5.83 (m, lH), 6.8-7.9 (m, 9H); 
ir: 1295 (s), 1130 (s), 975 (m), 905 (m); ms m/e: M t  = 284. 
Anal. calcd. for Cl,H160,S: C 71.80, H 5.67; found: C 71.82, 
H 5.57. 

(d) Br(CH2),CH=CH2. Reaction time, 16 h, oil, 67%; 
nmr 6: 1.9-2.7 (m, 4H), 3.25 (d, J = 14 Hz, lH), 3.58 (d, 
J = 14Hz, lH), 4.8-5.1 (m, 2H), 5.5-6.0(m, lH), 6.8-7.9 (m, 
9H); ir: 1295 (s), 1135 (s), 985 (m), 900 (m) cm-'. Anal. calcd. 
for ClsH1802S: C 72.45, H 6.08; found: C 72.38, H 6.05. 

(e) I(CHZ)~CH=CH,. Reaction time 0.5 h, oil, 79%; nmr 6: 
1.1-1.6 (m, 2H), 1.9-2.5 (m, 4H), 3.22 (d, J = 15 Hz, lH), 
3.54 (d, J = 15 Hz, lH), 4.8-5.15 (m, 2H), 5.5-6.0 (m, lH), 
6.8-7.8 (m, 9H); ir: 1290 (s), 1130 (s), 980 (m), 905 (m) cm-l. 
Anal. calcd. for C19HzoOzS: C 73.04, H 6.45; found: C 73.06, 
H 6.50. 
Cf) Br(CH,),CH=CH,. Reaction time 0.5 h, colourless 

solid, mp 57-58'C, 62%; nmr 6: 1.1-1.8 (m, 4H), 1.8-2.6 (m, 
4H),3.22(d,J= 14Hz,lH),3.52(d,J= 14Hz,lH),4.80-5.1 
(m, 2H), 5.5-6.0 (m, lH), 6.8-7.9 (m, 9H); ir: 1295 (s), 1130 (s), 
980 (m), 900 (m); ms m/e: M t  326. Anal. calcd. for C2~HZ2O2S: 
C73.58, H 6.79; found: C73.13, H 6.69. 

(g)  Styrene oxide. Reaction time 24 h;  the product was a 
mixture of the unknown nonpolar benzocyclobutene dimer 
(see footnote l), unreacted 4, and presumed product (nrnr). 
The desired product and unreacted 4 could not be separated 
by chromatography. 

(h) Acetone. Reaction time 15 min at - 78OC; the remaining 
starting material and product (4: 6 ratio) by nmr could not be 
separated; nmr of the product by difference: 1.37 (s, 3H), 1.67 
(s, 3H), 3.55 (d, J =  14Hz,  lH), 3.67 (d, J =  14Hz,  1H) 
6.8-7.8 (m, 9H). When the reaction was allowed to warm to 
room temperature prior to quenching with HzO only un- 
reacted 4 was obtained, presumably due to reversal of the 
condensation reaction. 
Reaction of 4 with CH3Li 

To 0.2 g (0.82 mmol) of 4 at - 78'C in 15 mL of THF was 
added 0.90 mmol of CH3Li. The reaction mixture was allowed 
to stir at room temperature for 24 h. Work-up gave 0.06 g of 
a nonpolar product, mp 103-112°C. Vapor phase chromato- 
graphic analysis indicated the presence of two components of 
similar retention time; nmr (of the mixture) 6: 3.52 (s), 3.80 (s), 
7.06-7.40 (m); ms m/e: M t  204. 

When 4 was reacted with about 2 equiv. of CH3Li, starting 
material was recovered after a 24 h reaction period. 

Desulfonylation of the a-Alkylated Benzocyclobutyl Phenyl 
sulfones 

All desulfonylations were carried out by treating 1 equiv. of 
sulfone dissolved in lOmL of dry methanol containing 
Na2HP04 with excess 6% Na/Hg amalgam at room tempera- 
ture. Amalgam was added until tlc confirmed the absence of 
starting material. The reaction times were about 0.5 h. The 
reaction mixture was diluted with 10 mL of saturated NaCl 
solution and worked up in the usual manner. The products 
obtained are described below. All products were obtained as 
colorless oils. 

(a) Benzocyclobutene, 96%; nmr 6: 2.97 (s, 4H), 6.6-7.5 (m, 
4H) (14). 

(b) 7-(2'-n-Propenyl)benzocyclobutene, 5c 95%; nmr 6: 2.45 
(m, 2H) 2.80 (dd, J = 14 and 2 Hz, lH), 3.35 (dd, J = 14 and 
2 Hz, lH), 3.35-3.8 (m, lH), 4.95-5.25 (m, 2H), 5.7-6.2 (m, 
1H) 7.0-7.3 (m, 4H); ms m/e: M t  144. 

(c) 7-(4'-n-Pentenyl)benzocyclobutene, 5e 93%; nmr 6: 
1 .4-1.9 (m, 4H), 2 .0-2.30 (m, 2H), 2.74 (dd, J = 14 and 2 HZ, 
lH), 3.35 (dd, J = 14 and 2 Hz, 1H) 3.3-3.6 (m, lH), 4.8-5.2 
(m, 2 3 ,  5.5-6.1 (m, lH), 7.0-7.3 (mL4H): Anal. calcd. for 
C13HI6: C 90.64, H 9.36; found: C 90.84, H 9.41. 

(d) 7-(5'-n-Hexenyl)benzocyclobutene, 5f 96%; nmr 6: 1.2- 
1.9 (m, 6H), 1.9-2.3 (m, 2H), 2.75 (dd, J = 14 and 2 HZ, IH), 
3.25 (dd, J = 14 and 2 Hz, lH), 3.25-3.6 (m, lH), 4.8-5.2 (m, 
2H), 5.6-6.1 (m, lH), 7.0-7.3 (m, 4H). Anal. calcd. for 
C14H18: C 90.26, H 9.74; found: C 89.95, H 9.69. 
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Thermolysis of Benzocyclobutyl Phenyl Sulfone (4) 
Compound 4 (0.13 g, 0.51 mmol) and maleic anhydride 

(0.087 g, 0.9 mmol) were heated in 3 mL of toluene in a sealed 
tube at 250°C for 15 h. Upon cooling 0.078 g of maleic 
anhydride was recovered by filtration. The remaining material 
was chromatographed on silica gel plates using 3: 1 hexane - 
ethyl acetate as eluent. A major fraction was recovered which 
on recrystallization from CH2C12-hexane gave 0.043 g (25%) 
of 14, rnp 116-118°C; nmr 6: 2.18,2.28 (2s, 3H), 3.80 (s, 2H), 
4.29 (s, 2H), 6.6-7.8 (m, 13H); ir: 1300 (s), 1125 (s) cm-I; ms 
mle: M+ 336. Anal. calcd. for C2,H2,02S: C 74.97, H 5.99; 
found: C 74.78, H 6.1 1. 

Thermolysis of 4 in toluene in the absence of maleic anhy- 
dride gave a similar result. 

Thermolysis of 0.15 g of 4 and 0.87 g of maleic anhydride 
in 2 mL of cyclohexane for 10 h at 250°C gave a crude product 
from which diphenyl disulfide was obtained as the only 
identifiable product. 

Thermolysis of 12f 
Compound 12f (0.07 g) was heated in 3 mL of cyclohexane 

in an evacuated sealed tube at 250°C for 20 h. Purification of 
the crude product on silica gel plates (3: 1 hexane - ethyl 
acetate) gave 16 in 59% yield; nmr 6: 1.5-2.1 (m, 9H), 4.8-5.0 
(m, 2H), 5.2-5.9 (m, lH), 6.7-6.9 (m, lH), 6.9-7.7 (m, 9H). 
Anal. calcd. for C20H2202S: C 73.58, H 6.79; found: C 73.12, 
H 6.62. 

Thermolysis of 7-(4'-n-Penteny1)benzocyclobutene 
This compound (0.031 g) was thermolyzed in cyclohexane 

at 250°C for 24 h. Purification on silica gel plates using hexane 
as eluent gave 74% of tricyclic material (18); nmr 6: 1.2-3.2 
(m, 12H), 7.0-7.22 (m, 4H). Anal. calcd. for CIjH16: C 90.64, 
H 9.36; found: C 91.10, H 8.96. Vapor phase chromatographic 
analysis on a 2.0 m SE-30 column gave a nonsymmetrical peak 
suggestive of two isomers. 

1 Thermolysis of 7-(5'-n-Hexeny1)benzocyclobutene 
Heating of 0.082g of the above compound in 3 mL of 

, cyclohexane as above resulted in the isolation of 0.063 g of 
tricyclic compound 19 after preparative tlc separation; nmr 6: 
0.9-3.0 (m, 14H), 7.0-7.4 (m, 4H). Anal. calcd. for CI4Hl8: 
C 90.26, H 9.74; found: C 89.96, H 9.61. Vapor phase 
chromatographic analysis, as for 18, gave a single symmetrical 
peak suggestive of one isomer. 
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Determination of AHn980(C12Flo,g) from studies of the combustion of decafluorobiphenyl in 
oxygen and calculation of D(C6F5-C6F5) 
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STANLEY JAMES W. PRICE and HENRY J. SAPIANO. Can. J. Chem. 57,1468 (1979). 
The heat of formation of decafluorobiphenyl has been determined by the direct combustion 

method previously developed and used for hexafluorobenzene and related compounds. As in 
the hexafluorobenzene case the combustion of decafluorobiphenyl in oxygen yields C02,  CF4, 
and F2. With a ten-fold excess of oxygen the C02  to CF4 ratio is 5.85 f 0.08. A full material 
balance was obtained. The value of AH,2980(C12Flo,g) = -1263.2 f 5.1 kJ mol-' may be 
combined with AHf2980(C6Fs,g) = -387.4 f 12.0 kJ mol-' to give D(C6F5X6F5) = 
488.4 + 24.5 kJ mol-'. Also with AHfZgs0(C6F6,g) = -945.6 f 8.0 kJ mol-' for 
reaction [3] 

[3 1 C6Fs-C6Fs(g) + F2(g) -t 2C6F6(g) 
is calculated to be -628.0 + 16.8 kJ mol-l. 

STANLEY JAMES W. PRICE et HENRY J. SAPIANO. Can. J. Chem. 57,1468 (1979). 
On a determine la chaleur de formation du dkafluorobiph6nyle par la methode de com- 

bustion directe dkveloppke anterieurement et appliquQ a l'hexafluorobenzkne et a des com- 
poses apparent&. Cornme dans le cas de I'hexafluorobenzkne, la combustion du dkcafluoro- 
biphtnyle dans I'oxygkne fournit du C02, du CF4 et du Fz. Lorsqu'on utilise un exces 
d'oxygkne egal a dix fois les quantitks requises, le rapport C02  a CF4 est Bgal a 5.85 f 0.08. 
On a Btabli un bilan complet des reactifs. La valeur de ~Hf2980(C12Hlo,g) = - 1263.2 f 5.1 kJ 
mol-' peut Btre combinee avec AHf2980(C6H5,g) = -387.4 f 12.0 kJmol-I pour conduire 
a D(C6F5<6F5) = 488.4 f 24.5 kJ mol-'. Utiliskt aussi la valeur de AHfZgs0(C6F6,g) = 
-945.6 f 8 kJ mol-l, on peut calculer que le AH2,,' pour la reaction [3] 

[3 1 CsFs-CsFs(g) + F2(g) -t 2C6Fdg) 
est egal a -628.0 f 16.8 kJ mol-l. [Traduit par le journal] 

Introduction 
To date no thermdynamic study for the heat of 

formation of decafluorobiphenyl has been reported. 
The heat of formation of a variety of compounds 
containing the pentafluorophenyl group has been 
reported by Cox et al. (1, 2). To ensure complete 
combustion and minimize the formation of tetra- 
fluoromethane as a product, hydrogen containing 
organic materials were added to the crucible. 

The present paper describes the measurement of 
the heat of combustion of decafluorobiphenyl in a 
steel bomb with the compound contained in a steel 
crucible. The combustion was done under anhydrous 
conditions and without the use of any auxiliary 
materials. With approximately a ten-fold excess of 
oxygen, complete combustion is easily obtained and 
the only products are CO,, CF,, and F,. 

Experimental 
Materials 

(i) Decafluorobiphenyl was supplied by the Imperial 
Smelting Corporation Limited and was used without further 

lTo whom all correspondence should be addressed. 

purification. The melting point was found to be 68°C in agree- 
ment with the reported value of 68°C (3). The mass spectrum 
of decafluorobiphenyl was taken and found to be similar to 
that reported by Cotter (4). The lZCI3C peak ratios at mle 
values of 167, 167.5, 334, and 335 tend to confirm Cotter's 
observation that the 167 peak is due virtually exclusively to 
C12Flo2+. Cotter found no formation of the CsF5+ ion. No 
-mass fragments heavier than those corresponding to the 
molecular ion were found in the mass spectrum of the sample. 

Sublimation pressure measurements (5) over the range of 24 
to 49°C are adequately represented by 

The resulting heat of sublimation and average heat capacity 
differences (vapour - solid) are AHzg8' = 84.9 kJ mol-' 
and (AC,, 25 to 4g°C) = 24.33 J deg-' mol-l. 

(ii) C02, CF4, and F2 were obtaiiied fronit& Matheson 
Chemical Company and were used without further purification. 

Apparatus and Calorimetric Procedure 
The apparatus and procedure used far the main com- 

bustion process were identical to those previously used for 
C6F5Br (6), C6Fl0, and C6Flz (7). A Parr model 1004C steel 
bomb and steel crucible were again used for the combustion 
process. 

Over the time interval required to place the weighed sample 
into the bomb no measureable loss of decafluorobivhenyl 
sample from the crucible in which it was weighed was observed. 

0008-4042/791121468-03$01.00/0 
a1979 National Research Council of CanadaIConseil national de recherches du Canada 
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PRICE AND SAPIANO 1469 

TABLE 1. Combustion data and calculated enthalpy of formation for decafluorobiphenyl" 

COz Fz % Theoretical yields 
Mass C1,FIo ATcor COZ/CF4b collected collected Afffz9s0(Ci~Fi~,g) 

(g) PC) (by gc) (g) (g) C F (kJ mol- l) 

1 .677 0.222 99.9 101.6 -1266.7 
1.421 0.184 99.8 100.3 -1266.9 
1.830 0.226 101.5 101.5 -1262.3 
1 .582 0.203 99.6 100.3 -1261.0 
1 .SO3 0.225 100.6 98.7 -1263.1 
1.922 0.242 100.9 100.4 - 1260.6 
1.504 0.189 102.4 102.4 -1260.6 

-1264.0 

Mean -1263.2f5.1c 
'Additional typical data (see ref. 14 for notation); E, ign/J = 13.3, E(J)(- 
bMolar ratio. 
=Error limits are twice the standard deviation of the mean. 

Analysis of Reaction Products 
The analytical procedures for CO,, CF,, and F, have been 

described elsewhere (8-10). Mass spectra were obtained using 
a Varian MAT CH5-DF Spectrometer controlled by an 
INCOS computer system. A Bausch and Lomb Spectronic 
100 was used to determine iron with 1,lO-phenanthroline (11). 

Results and Discussion 
The experimental results for decafluorobiphenyl 

are shown in Table 1. In the combustion of Cl,Flo 
in the steel bomb the formation of a green coloration 
was observed as in the case of C6F5Br (6). The 
amount of Fe(I1) and Fe(II1) fluoride after com- 
bustion was determined using a colorimetric pro- 
cedure (11). Approximately 1.30 mg of iron fluorides 
were formed, of which roughly 80% was FeF,. The 
correction to the heat of formation of Cl,Flo caused 
by the formation of FeF, and FeF, was less than 
2.5 kJ mol-'. 

The only detectable products of combustion are 
CO,, CF,, and F,, with the exception of the small 
quantities of iron fluorides. These products were 
identified and quantitatively determined in the same 
manner reported for the products of combustion of 
C6F10 and C6F12 (7). 

The column used was a 6 ft x 114 in. od Porapak 
Q column (25"C, He carrier, 48 cm3/min). Calibra- 
tions were carried out using 0,-CF, and 0,-CO, 
mixtures. If pure CO, is used the CO, calibration is 
unaffected. If pure CF, is used the net result is that 
the relative response factor for CF, is increased by 
3.5% resulting in a value for AH,,g,O(Cl,Flo,g) 
which is about 32.6 kJ mol-' too high. 

With the exception of Cl,Fl, all reactants and 
products are in the gaseous state. The decafluoro- 
biphenyl is present in the bomb as a solid at the time 
of combustion. 

No detectable heat of mixing was observed when 
F,, 0,, CF,, and CO, were mixed under anhydrous 
conditions (10). 

For calculation of AH,,~,~(C,,F,~,~), the standard 
heats of formation of the combustion products were 
taken as AH,,~,~(CO,,~) = - 393.512 kJ mol-' (12) 
and AH,,~,~(CF,,~) = -933.0 kJ mol-I (13). The 
heat of sublimation of Cl,Flo was taken as AH,~,O 
= 84.9 kJ mol-I (5). 

Based on the preceding data and an estimated 
correction to standard state of 5.0 kJ mol-I, 
AH, ,~ ,~ (c~ ,F ,~ ,~ )  = -1263.2 f 5.1 kJ mol-I. 
Using this value and AH, , , ,~(C~F~,~)  = -387.4 kJ 
mol-I (4) the value for D(C6F5-C6F5) = 488.4 kJ 
mol- '. 

It is also possible to calculate the enthalpy change 
for reaction [3]. 

With AH,,,,~(C~F,,~) = -945.6 kJ mol-',  AH,,,^ 
for this reaction is -628.0 kJ. This high negative 
value reflects both the weakness of the F-F bond in 
F, and the high C-F bond dissociation energy in 
hexafluorobenzene. 

For reaction [4], based on M,2980(C6H5F,g) = 
- 116.0 kJ mol-' (15) 

Based on the observed products and the average 
C0,/CF4 molar ratio of 5.85 the combustion reaction and Mfzg~(CizH~o~g)  = l S 2 m 3  kJ mol-' (I5), 
of decafluorobiphenyl may be written AH,, = -414.3 kJ. The difference between this 

result and that for reaction [3], 214 kJ, is within 6 kJ 
[21 CIzFio + 10.24802 -t 10.248C02 + 1.752CF4 of that estimated from D(C6F5-F) = 637.2 kJ mol-I 

+ 1.496F2 (8) and D(C6F5-C6F,) and from D(C6H5-F) = 
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514.6 kJ m0l-' (16) and D(C6H5-C6H5) = 463.7 
kJ mol-' (15, 16). 
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Effect of temperature on the fluorescence quenching by N-bromosuccinamide of 
tryptophan residues in proteins 
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BRANKO F. PETERMAN and KEITH J. LAIDLER. Can. J. Chem. 57, 1471 (1979). 
The quenching of tryptophan fluorescence by N-bromosuccinamide was studied by the 

fluorescence stopped-flow technique over a temperature range of 5 to 35'C in order to compare 
the reactivities of tryptophan residues in various molecules. The highest rates and lowest 
activation energies were found with the simple molecule N-acetyltryptophanamide. The 
hormone glucagon, which contains a single tryptophan residue, showed a somewhat lower 
rate and higher activation energy. a-Chymotrypsin, which has three groups of tryptophan 
residues in differeut environments, gave three rate constants which were lower than those 
with the other compounds, and the activation energies were correspondingly higher. There was 
a linear relationship between enthalpy of activation and the Gibbs energy of activation, the 
proportionality factor being 6.7. This indicates a AH* - AS* compensation, with an iso- 
kinetic temperature of 350 K. The compensation is discussed in the light of the steric effects. 

BRANKO F. PETERMAN et KEITH J. LAIDLER. Can. J. Chem. 57, 1471 (1979). 
On a 6tudi6 le pikgeage de la fluorescence du tryptophane par la N-bromosuccinamide par 

la technique de fluorescence a flux stoppe a des tempkatures allant de 5 a 35°C afin de com- 
parer la reactivite de residus de tryptophane dans diverses molkules. On a trouve que les 
vitesses les plus rapides et les energies d'activation les plus basses sont associ6es a la molkule 
simple, N-acktyltryptophanamide. L'hormone glucagone, qui contient un seul residu trypto- 
phane simple, presente une vitesse un peu plus basse et une Bnergie d'activation un peu plus 
Blevk. L'uchymotrypsine qui contient trois tryptophanes dans des environnements differents, 
prksente trois constantes de vitesse qui sont plus faibles que celles des autres composes et les 
energies d'activation sont proportionnellement plus Blevks. I1 existe une relation lineaire entre 
I'enthalpie d'activation et l'energie libre d'activation de Gibbs; le facteur de proportionalite 
est de 6.7. Ceci indique que le AH* et le AS* se compensent; la temkrature isocinetique est 
de 350 K. On discute de la compensation a la lumiere des effets stkriques. 

praduit par le journal] 

Introduction 
In a previous paper (1) we have shown that 

kinetic studies of the quenching by N-bromosuc- 
cinarnide (NBS) of the fluorescence of tryptophan 
provide valuable information about the environ- 
ments of tryptophan residues in proteins. The 
quenching of ,the fluorescence of N-acetyl-L-trypto- 
phanamide (N-AcTrpNH,), the tripeptide Gly-Trp- 
Gly, and apocytochrome c, all of which contain a 
single tryptophan residue, was found to follow simple 
second-order kinetics (first-order in NBS and first- 
order in the tryptophan-containing compound). The 
enzyme u-chymotrypsin contains eight tryptophan 
residues per molecule, and the X-ray study (2) shows 
that six are at the surface and two buried in the 
interior of the molecule. Three of the six surface 
residues have the indole rings protruding out of the 
molecule, and the remaining three are pointing 
inwards. The tryptophan residues thus fall into three 
groups, and our quenching kinetics studies showed 
that there are three relaxation times which can be 
identified as corresponding to the three groups. 

Since quenching by NBS occurs with half-lives of 
less than100 ms, significant conformational changes 
in the protein molecules are unlikely, and the tech- 
nique therefore appears to provide a valuable tool 
for obtaining supporting conformational evidence. 
Because of enthalpy-entropy compensation effects, 
Gibbs energies of activation, and therefore rate con- 
stants, are frequently less sensitive to structural 
factors than are enthalpies or energies of activation. 
We have therefore made a study of the temperature 
dependence of the rate constants for the quenching 
reactions, and the results are described and discussed 
in the present paper. The work has been done with 
N-AcTrpNH, and u-chymotrypsin, and also with 
the hormone glucagon. This polypeptide, which plays 
an important physiological role in stimulating the 
action of adenylate cyclase, contains a single trypto- 
phan residue which previous fluorescence studies 
(3,4) have shown to be largely exposed to the solvent. 
In the crystalline state glucagon has an a-helical 
arrangement (5) but in aqueous solution it appears to 
exist as a flexible chain (3, 6). 

0008-4042/79/121471-04$01 .OO/O 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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Experimental 
Materials 

N-Bromosuccinamide was purchased from Fisher Chemical 
Co., N-acetyl-L-tryptophanamide from Sigma Chemical Co., 
a-chymotrypsin (3 x crystallized) from Worthington Bio- 
chemical Co., and glucagon from Research Plus Labora- 
tories. Since glucagon suspended in HCI solution at pH - 2.5 
did not dissolve completely, it was filtered on a Sephadex G-25 
column equilibrated with sodium phosphate buffer at pH 7.0 
and an ionic strength of 0.05 M. Undissolved material, which 
eluted first from the column, was followed by dissolved gluca- 
gon, as judged from the absorption spectrum. The fractions 
with a high A280/A240 ratio ( N  1.6) were pooled and used for 
subsequent experiments. 

Spectroscopic Measurements 
Absorption measurements were carried out with a Pye- 

Unicarn model SP 1800 spectrophotometer. The concentra- 
tions of proteins were determined spectrophotometrically using 
the following absorption coefficients: a-chymotrypsin, E (282) 
= 5.15 x lo4 M-I cm- (7) and glucagon, E (280) = 8.05 x 
lo3 M - I  cm-I (8). 

Kinetic Measurements 
Kinetic measurements were made with a Durrum stopped- 

flow instrument as previously described (1). A11 samples were 
excited at 296 nm and the emitted light was selected by a 
Coming 0-54 filter. The temperature was controlled to 
f 0.2"C by a Haake model KT 33 constant temperature 
circulator, and was measured at various positions by a 
Yellow Springs Instrument Co. telethermometer. Rate mea- 
surements were made at temperatures from 5 to 35OC. The 
records of fluorescence vs. time were captured by a Biomation 
recorder, displayed on an oscilloscope screen, and photo- 
graphed, the records then being transferred to semilogarithmic 
graph paper. Analysis of the results was as explained in ref. 1. 
Maximum errors were estimated from a number of results 
obtained under identical conditions; the first-order rate 
coefficients were always within f 10% of the average value, 
and this maximum deviation is about twice the standard 
deviation. 

Results 
As in the previous studies (1) the fluorescence 

quenching of N-AcTrpNH, by NBS followed simple 
second-order kinetics. The Arrhenius plot for the 
quenching of the fluorescence of N-AcTrpNH, is 
shown in Fig. 1. The activation energy Ea is 7.3 + 
0.8 kcal mol-l, and Table 1 lists other kinetic param- 
eters at 25.O"C, calculated using the equations (9) 

[21 AG* = - RT ln [k(T)h/kT] 

where R is the gas constant, h Planck's constant, k 
the Boltzmann constant, and k(T)  the rate constant 
at 25.O"C. 

The fluorescence quenching of glucagon also 
followed simple second-order kinetics, and the 
Arrhenius plot is included in Fig. 1. The kinetic 
parameters are listed in Table 1. 

FIG. 1. Arrhenius plots for the reaction between N-bromo- 
succinamide and N-acetyltryptophanamide, and between 
N-bromosuccinamide and glucagon. The concentration of NBS 
was 5 x M for the N-AcTrpNH, experiments and 
10 x M for the glucagon experiments. The concentra- 
tions of N-AcTrpNH, and glucagon were 5 x M. The 
reactions took place in a sodium phosphate buffer, pH 7.0, 
at an ionic strength of 0.05 M. 

The quenching of the fluorescence of a-chymo- 
trypsin shows three second-order relaxations ( I ) ,  and 
the corresponding Arrhenius plots are displayed in 
Fig. 2. The rate constants and other kinetic para- 
meters are shown in Table 1 .  

Discussion 
The order of the rate constants and the Gibbs 

energies of activation, AG*, can be related to the 
structures involved. The highest rate constant is 
found with N-AcTrpNH,, where there is little steric 
shielding of the tryptophan residue. In glucagon there 
is somewhat more shielding by the rest of the protein 
molecule which probably forms a flexible chain (3 ,6 ) ,  
and the rate constant is -0.67 of the value with 
N-AcTrpNH,. This ratio is consistent with the ratio 
of -0.59 found with quenching by acrylamide (4). 

The amplitudes for the three second-order com- 
ponents found in the a-chymotrypsin quenching are 
in the approximate ratio of 3:3:2  and, as discussed 
in our previous paper ( I ) ,  are attributed to the three 
types of tryptophans in a-chymotrypsin. The fastest 
component presumably corresponds to reaction 
between NBS and the surface residues having exterior 
indole rings. The fact that the rate constant (2.3 x 
10' dm3 mol-' s-') is significantly less than that with 
glucagon suggests that even these exterior indole 
rings are more shielded by the protein matrix. The 
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PETERMAN AND LAIDLER 1473 

TABLE 1. Kinetic parameters for the quenching of the fluorescence of tryptophan-containing compounds by NBS at 25OC* 

k (25°C) Ea A H *  AG * AS* 
Compound (dm3 mol-' s-') (kcal mol- ') (kcal mol- ') (kcal mol-') (cal K- ' mol- ') 

N-AcTvpNH2 (1.0+0.1) x lo6 7 .3k0 .8  7.9k0.8 9.2k0.05 -4.4k0.5 
Glucagon (5.8k0.5) x lo5 8 .4k  1.2 9.0k1.3 9.5k0.1 -1.7k0.5 

a-Chymotrypsin 
Fast relaxation (2.3k0.2) x lo5 16.7k 1.4 17.3i-1.5 10.1kO.1 24+3 
Intermediate relaxation (7.6k0.7) x lo4 18.7k1.6 19.3k1.6 10.8k0.1 28+3 
Slow relaxation (1.6k0.2) x lo4 21.0k1.8 21.6k1.8 11.7k0.1 33 + 3 

*The errors indicated are maximum deviations, obtained from a number of duplicate experiments. The standard deviations, calculated using the method of 
least squares, are about one half of  the maximum deviations. 

6.0 - 
I I I I I I I I I 

2 2 

'd 

Chymotrypsin 

2 1 8  

9 * 
\ 

t AH = 63aG +const. 
14 

X * 
I 

- Glucagon 

'N-AcTrpNH2 
6 

0 5 10 15 20 
AG* XIO-~ /cal mol-' 

I I 1 I I 
- 3.6 - - 2 2  - 

- 3.2 - - 

I I I - 
3.2 3.3 3.4 3.5 3.6 3.7 3 8  AH'= ~ ~ O A S *  + const. 

T-I x lo3 / K-' 

FIG. 2. Arrhenius plots for the reaction between N-bromo- 
- 

succinamide and the tryptophan residues in a-chymotrypsin. 
The three plots are for the three kinetic components, as in- 
dicated. Concentrations of reactants: a-chymotrypsin, 6.2 x 

M; NBS, 10 x 10-I M. Buffer as indicated in Fig. 1. -10 0 10 20 30 40 9 

intermediate relaxation is attributed to the three AS*/C~L K" mol-' 

surface tryptophans whose indole rings are pointing FIG. 3. (a), A plot of the enthalpy of activation against the 
inwards, and the slow relaxation to the two trypto- Gibbs energy of activation at 25"C, for the five reactions. (61, 

phan residues which are buried inside the protein A plot of the enthalpy of activation against the entropy of 
activation. 

molecule. 
The differences between the five reactions are There is thus a magnification by 6.7 when the enthal- 

greatly magnified if we consider the variations in pies (or energies) of activation are used, and the latter 
Ea (or AH*) instead of the variations in k (or AG*). thus provide a much more sensitive measure of the 
This is shown by the plot in Fig. 3aof AH* against behaviour of tryptophan groups in proteins. 
AG*. The points lie satisfactorily on a straight line, Since AG* = AH* - TAS* = AH* - 298As* 
the equation for which is (at 25°C) it follows from eq. [4] that 

PI AH* = 6.7AG* + constant [5 1 AH* = 35088' + constant 
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if AH* is in the units cal mol-' and AS* in the units 
cal K-' mol-l. This relationship is shown in Fig. 3b. 
If the experiments were (hypothetically) carried out 
at 350 K, the compensation or isokinetic tempera- 
ture, the rates would all be approximately the same, 
since there would then be complete compensation 
between AH* and TAS*. However, the compensation 
temperature is of no simple significance. 

Compensation effects are frequently observed 
(10-12), and have been interpreted (13) as due to 
solvent and steric effects. A change in vibrational 
frequency brings about parallel changes in HIT and 
in S, and the compensation is greater for the higher 
frequency. In the reactions studied in this investiga- 
tion, a tryptophan residue which is sterically pro- 
tected from the NBS will react with a higher activa- 
tion energy. At the same time there wiH be a loosening 
of the vibrations in the activated complex, and a cor- 
responding increase in entropy which will partly 
compensate for the increase in activation energy. 

The present results thus provide an additional 
example in which measurements of activation ener- 

gies provide more sensitive information than rate 
measurements at a single temperature. 
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Synthesis of exo- and endo-brevicomin and frontalin 

Department of Chemistry, University ofBritish Columbia, Vancouver, B.C., Canada V6T 1 W5 
Received January 9, 1979 

PHAIK-ENG SUM and LARRY WEILER. Can. J. Chem. 57, 1475 (1979). 
The dianion of methyl acetoacetate is alkylated at the ycarbon with homoallylic bromides. 

The resulting alkenes are epoxidized and then cyclized with a Lewis acid to produce esters of 
6,8-dioxabicyclo[3.2.l]octane. These esters can be hydrolyzed and decarboxylated in a novel 
reaction. This methodology has been applied to a stereospecific synthesis of the title compounds. 
In addition, one of the intermediates in the exo-brevicomin synthesis can be resolved to provide 
the natural (+)-pheromone. 

PHAIK-ENG SUM et LARRY WEILER. Can. J. Chem. 57,1475 (1979). 
Le dianion de I'acktoacktate de mkthyle peut &re alkylk au niveau du carbone y par des 

bromures homoallyliques. Les alcbnes qui en rksultent peuvent &re kpoxydks et ensuite 
cyclisk> ti l'aide d'un acide de Lewis pour fournir des esters du dioxa-6,8 bicyc:lo[3.2.1] octane. 
On peut hydrolyser ces esters et les d h b o x y l e r  dans une &action nouvelle. On a appliquk 
cette methodologie h une synthbe stk&ospkifique des composks sus-mentiom&. De plus, 
un des intermediaires de la synthkse de I'exo-brkvicomine peut etre rksolu pour fournir la 
(+)-phkromone naturelle. 

praduit par le journal] 

Recently we have been interested in using acyclic 
P-keto esters to form cyclic compounds. Five- 
membered carbocyclic compounds were prepared in 
our synthesis of jasmone (1) and a prostaglandin 
intermediate (2). In addition other groups have 
reported the cyclization of P-keto esters in prosta- 
glandin syntheses (3). In these reactions the cycliza- 
tion occurs at a sp2 carbon as shown in [I]. We have 

CHCOOMe - q 
OH 

2 3 

we would like to report our results on the homolo- 
gous epoxide 4 and some substituted derivatives of 
4. The epoxide 4 was readily prepared by alkylating 
the dianion of methyl acetoacetate (6) with 4-bromo- 

[ 11 1-butene and epoxidizing the resulting alkene to give 
4 in 60% overall yield. This same epoxide could be 

X 
also been able to generate six-membered carbocyclic 
rings by cyclization of an appropriately substituted 
P-keto ester in an approach to the synthesis of -& COOMe (2) ArCOOOH 
resistomycin (4). White and co-workers have found 
that the olefinic P-keto ester 1 undergoes the Lewis 4 

acid catalyzed cyclization shown in [2] (5). These 
synthesized by alkylating the dianion of methyl 
acetoacetate with 4-bromo-1,2-epoxybutane. How- 

[21 ever, the yields in this one-step sequence were usually 
lower than the above two-step sequence. The epoxide 
4 underwent an isomerization on heating. Sub- 

1 sequently we found that this isomerization could be 
results illustrate the utility of acyclic P-ket0 esters to effected in 85% yield by treating 4 with boron tri- 
form five- and six-membered rings. fluoride etherate. The structure of the isomerization 

w e  were also interested in investigating the cycli- product was readily identified from the spectral data. 
zation of epoxy P-keto esters. In the case of the The salient points were the observation of a single 
epoxide 2 we found that acid or Lewis acid catalyzed carbonyl band in the infrared at 1740 ~ ~ - 1 ,  which 
reactions gave only the O-c~clized product 3.' Here we assigned to an ester. The nmr spectrum of the 

'To whom all correspondence should be addressed. isomerization product had a three-proton singlet at 
ZJ. Liu, F. W. Sum, and L. Weiler. Unpublished results. 3-68 due to the methyl group of an ester. The 

1975. meythlene of the P-keto ester 4 was replaced by an 

0008-4042/79/121475-06$01 .W/O 
@I979 National Research Council ofCanadalConse11 national de recherches du Canada 
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apparent singlet at 6 2.73. In addition there were two 
low-field signals at 6 3.8 and 6 4.5 attributed to three 
protons on carbon atoms attached to an oxygen 
atom. These structural features were combined to 
lead to 5 as the product of this isomerization. 

Compound 5 contains the 6,8-dioxabicyclo[3.2.1]- 
octane skeleton (7) which is the basic framework of 

COOMe 
/ 

several bark beetle sex pheromones. exo-Brevicomin 
was isolated and found to have structure 6 by Silver- 
stein and co-workers (8). This material is the 
aggregating pheromone of the bark beetle, Dendroc- 
tonus brevicomis, which attacks western pine trees. 
Subsequently, the endo isomer 7 was found to be a 
minor componeilt in the natural pheromone mixture 
produced by D. brevicomis. Shortly after these 
reports on the brevicomin isomers frontalin, which is 
the sex pheromone of the bark beetle, Dendroctonus 
frontalis, that attacks southern pine trees, was found 
to have structure 8 (9). These three pheromones all 

have the 6,8-dioxabicyclo[3.2.1]octane skeleton and 
all three have been the object of several synthetic 
(for brevicomin, see ref. 10; for frontalin, see ref. 11) 
and entomological studies (12) because of their 
unusual structures and interesting biological proper- 
ties. Hence we turned our attention to the prepara- 
tion of pheromones 6-8 using the above P-keto ester 
cyclization. 

The synthesis of these pheromones is outlined in 
Scheme 1. In the synthesis of frontalin (8 = 13C), 
the dianion of methyl acetoacetate was alkylated with 
4-bromo-2-methyl-1-butene (9C), prepared from the 
commercially available 2-methyl-1-buten-4-01 and 
phosphorus tribromide, to give an 83% yield of the 
y-alkylated product which was epoxidized with 
m-chloroperbenzoic acid to produce 10C in 71% 
yield from methyl acetoacetate. The BF,.Et,O 
catalyzed cyclization of 10C produced 11C in 95% 
yield. To convert 11C into frontalin we must remove 
the carbomethoxy group on the side chain. This was 
accomplished as follows. The ester 1 l C  was hydro- 

OH- - 
I BF, Et2O 

COOMe 

SCHEME 1. Syntheses of exo- and endo-brevicomin and fron- 
talin. 

lyzed in 88% yield by aqueous alkaline and the 
resulting carboxylic acid 12C underwent a smooth 
thermal decarboxylation (Kugelrohr oven at 220°C, 
5 min) to give an 85% yield of frontalin (13C). The 
rather facile decarboxylation of acid 12C may be due 
to participation of one of the ketal oxygens as shown 
below (reaction [3]). A similar mechanism was pro- 

posed by Atkinson and Miller (13) for the decar- 
boxylation of acid 14 in [4]. Hydrolysis and decar- 
boxylation of ester 5 produced 5-methyl-6,8-dioxa- 
bicyclo[3.2.1]octane in 73% yield for the two steps. 

The synthesis of endo-brevicomin (13B) was ac- 
complished along similar lines as that of frontalin 
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(Scheme 1). Specifically, the dianion of methyl 
acetoacetate was alkylated (83% yield) with E-l- 
bromo-3-hexene (9B) and the resulting alkene was 
epoxidized (87% yield) to give 10B which was 
cyclized to 11 Bin 91% yield. We could not detect any 
of the isomeric exo-isomer 12A in this cyclization. A 
number of earlier syntheses of endo- or exo-brevi- 
comin have involved a thermal or acid catalyzed 
cyclization of a keto epoxide to generate the 6,8- 
dioxabicyclo [3.2.l]octane skeleton (8, 10). However, 
these conditions usually produced a mixture of 
endo- and exo-brevicomin. This Lewis acid catalyzed 
cyclization of the P-keto esters 10A (vide infra) and 
10B can be effected in high yield and high stereo- 
specificity. We suggest that the high stereospecificity 
in the cyclizations of 10A and 10B may be related to 
the significantly higher en01 content of a P-keto ester 

1 relative to a simple ketone. The ketal ester 11B was 
converted into endo-brevicomin by hydrolysis (95%) 
and thermal decarboxylation (85%) as above. There 

! was no detectable epimerization during the thermal ' decarboxylation which is consistent with the 
mechanism proposed in [3]. 

, Finally the synthesis of exo-brevicomin (13A) was 
I also carried out as shown in Scheme 1. The overall 
1 yield of exo-brevicomin (13A) from methyl aceto- 

acetate and 2-1-bromo-3-hexene (9A) was ca. 58%. 
In addition to the overall efficiency and high stereo- 
specificity in this route we have found an added 
bonus. Namely, the carboxylic acid function in 12 
provides a useful handle to achieve the resolution 
of this intermediate and hence achieve a synthesis of 
both enantiomers of 13 from a single intermediate. 
Often a comparison of the biological activity of the 
racemic attractant relative to each enantiomer can 
provide fascinating insight into the insect receptor 
sites (14). To date the lack of a useful handle has 
prevented the resolution of an intermediate late in 
the synthesis of frontalin or brevicomin. Efficiency 
requires that the resolution be applied as late as 
possible in the synthesis since we desire both enan- 
tiomers. Syntheses of optically active frontalin (llc, 
e) and brevicomin (lOd, i) from a chiral precursor 
have been reported and the synthesis of the two 
enantiomers of frontalin via resolution of an inter- 
mediate has been reported (llb). However, we are 
not aware of any synthesis of (+) and (-)-exo- 
brevicomin by resolution of a synthetic intermediate; 

thus we investigated the possibility of resolving the 
carboxylic acid 12A. Although there are a variety 
of methods to resolve carboxylic acids, many of 
which could be applied here, we only investigated a 
single method to demonstrate the feasibility of this 
approach. We chose to resolve 12A via formation of 
the a-methylbenzylammonium salts since both 
enantiomers of the resolving agent are readily 
available (15, 16). Two recrystallizations of the 
(+)-a-methylbenzylammonium salt of 12A gave a 
40% yield of a salt mp 110-115°C. This salt was 
hydrolyzed in aqueous acid to liberate the free acid 
12A which was thermally decarboxylated as above to 
yield (+)-exo-brevicomin, [aID2' = + 52" (c = 
0.12 g/mL, Et20) which compares with the reported 
rotation of [a],26 = + 84.1" (c = 2.2, Et20) for 
natural (+)-exo-brevicomin (10d). This would 
indicate that we have achieved a 62% resolution of 
12A. 

Experimental 
All ir spectra were recorded in CHCI, solution using a 

Perkin Elmer model 700 spectrophotometer and were cali- 
brated with the 1601 cm- ' band of polystyrene. The 'H nmr 
spectra were recorded in CDCI, solution on either a Varian 
model T-60 or HA-100 spectrometer. The signal positions are 
reported using the 6 scale with tetramethylsilane as internal 
standard. The multiplicity, coupling constants, and integrated 
peak areas are indicated in parentheses after each signal. The 
mass spectra were obtained using an Atlas CH-4B mass spec- 
trometer and high resolution determinations were obtained 
using an AEI MS-9 or MS-50 mass spectrometer. Both in- 
struments were operated at an ionizing potential of 70 eV. The 
silica gel used was obtained from E. Merck and that used for 
thin-layer chromatography (tlc) was the grade PFz54, whilst 
that used for column chromatography was the grade finer than 
200 mesh ASTM. Elemental microanalyses were performed by 
Mr. Peter Borda, University of British Columbia. 

Epoxide 4 
The dianion of methyl acetoacetate (6) was alkylated with 

4-bromo-1-butene to give in 79% yield methyl 3-0x0-7-octe- 
noate, bp 6OoC/0.1 Torr; ir : 1745, 1720, 1650, and 920 cm- ' ; 
nmr 6: 1.5-2.3 (m, 4H), 2.51 (t, J =  7Hz,  2H), 3.38 (s, 2H), 
3.68 (s, 3H), 4.7-5.2 (m, 2H), and 5.3-6.1 (m, 1H); ms m/e 
(relative intensity): 170(29), 138(16), 129(13), 116(100), 
101(54), 97(53), 84(32), 74(60), 69(43), 59(37), 55(32), 43(45), 
and 41(57). Anal. calcd. for C9Hl4O3: C 63.51, H 8.29; 
found: C 63.51, H 8.37. 

A sample of 1.01 g of 85% mmhloroperbenzoic acid (5.5 
mmol) was added to a solution of 0.850g (5.0 mmol) of the 
above olefinic ester in ca. 20 mL dry CHzClz at O°C. The reac- 
tion mixture was stirred at O°C for + h and then at room tem- 
perature for an additional 20 h. The reaction was quenched 
with saturated aqueous NaHS03 and the aqueous layer was 
extracted with 2 x 50 mL Et20. The extracts were combined, 
washed with aqueous NaHC03 and brine, dried over MgS04, 
and the solvents removed under reduced pressure. The 
resulting oil was distilled (Kugelrohr) at 90°C/0.7 Torr to 
yield 0.696 g (75%) of epoxide 4; ir: 1745 and 1720 cm-' ; 
nmr 6: 1.1-2.0 (m, 4H), 2.3-3 (m, 5H), 3.40 (s, 2H), and 3.68 
(s, 3H); ms (a): high resolution calcd. for CgH1404: 186.0892 
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amu; found: 186.0912; (b) m/e (relative intensity) : 186(15), 
155(21), 124(15), 117(15), 116(21), 113(25), 101(100), 74(28), 
69(50), 59(57), 55(61), 43(57), and 41(71). 

Cyclization of Epoxide 4 to Ketal5 
A solution of 0.093 g (0.50 mmol) of ester 4 in 12 mL dry 

CH2C12 under N2 was treated with 0.1 mL distilled BF3.Et20 
and the resulting solution was stirred at room temperature for 
2 h. The reaction was quenched with water and the aqueous 
layer was extracted several times with Et20. The extracts were 
combined, dried (MgSO,), and the solvents removed under 
reduced pressure to yield an oil which was distilled (Kugelrohr) 
at 93"C/0.5 Torr to yield 0.079 g (85%) of cyclic ketal 5; ir: 
1740cm-I; nmr 6: 1.1-2.1 (m, 6H), 2.73 (s, 2H), 3.68 (s, 3H), 
3.8 (m, 2H), and 4.5 (m, 1H); ms (a): high resolution calcd. for 
C9HI4O4: 186.0908 amu; found: 186.0889; (b) m/e (relative 
intensity): 186(32), 155(23), 113(13), 101(100), 87(23), 74(15), 
59(16), 57(13), and 41(11). 

5-Methyl-6,s-dioxabicyclo [3.2. Iloctane 
A solution of 0.093 g (0.50 mmol) ester 5 in 5 mL MeOH 

and 3 mL of 50% KOH was refluxed for 3 h. This solution was 
acidified with dilute HCI and extracted several times with 
ether. The extracts were combined and worked up as above to 
give 0.075 g (87%) of the acid, mp 77-7g0C. The crude acid 
(0.026 g, 0.15 mrnol) was placed in a small Kugelrohr tube 
which was then inserted into a preheated (220°C) Kugelrohr 
oven. The chromatographically pure 5-methyl-6,8-dioxa- 
bicyclo[3.2.l]octane, distilled within 8 min at that tempera- 
ture and 1 atm. A total of 0.0192 g (84%) of product was 
obtained; ir: 2990, 1390, 1015, and 840cm-I; nmr 6: 1.41 
(s, 3H), 1.3-2 (m, 6H), 3.8 (m, 2H), and 4.5 (m, 1H); ms (a): 
high resolution calcd. for C 7 H ~ 2 0 2 :  128.0837 amu; found: 
128.0837; (b) m/e (relative intensity) : 128(30), 100(15), 86(24), 
68(12), 58(18), 47(14), 43(100), and 41(16). 

Z-I-Bromo-3-hexene (9A) 
The dianion of 3-butyn-1-01, prepared using LiNH, in 

liquid NH,, was alkylated with ethyl bromide to give 3-hexyn- 
1-01 in ca. 75% yield. A mixture of 4.16 g (41 mmol) of 3- 
hexyn-1-01, 0.2 g of 5% Pd-on-BaS04, and 3 drops of freshly 
distilled quinoline in 50mL MeOH was hydrogenated at 
atmospheric pressure. After 2 h the hydrogenation was 
stopped and the MeOH was removed under reduced pressure. 
The crude product was dissolved in Et20, washed with dilute 
HCI, and distilled to yield 3.4 g (82%) of Z-3-hexen-1-01, bp 
74"C/15 Torr. 

A solution of 8.5 g of Z-3-hexen-1-01 in 10 mL anhydrous 
Et20 was added dropwise to a cooled (-30°C) mixture of 
7.6 g of PBr, and 0.43 g of pyridine in 40 mL of EtzO. The 
reaction mixture was stirred at -30°C for 1 h, and then at 
room temperature for 5 h. The reaction was quenched with ice 
and water, and the aqueous layer was extracted several times 
with Et20. The extracts were combined, washed with 5% 
NaHCO,, then brine, dried (MgSO,), filtered, and the solvent 
removed under reduced pressure. This product was distilled 
at 65"C/15 Torr to yield 6.3 g (46%) of Z-1-bromo-3-hexene 
(9A) (17); ir: 3000, 2910, and 1265 cm-I; nmr 6: 0.98 (t, 
J = 7 Hz, 3H), 2.03 (qn, J = 7 Hz, 2H), 2.63 (q, J = 7 Hz, 
2H), 3.32 (t, J = 7 Hz, 2H), and 5-5:75 (sym. m, 2H); ms m/e 
(relative intensity): 164(25), 162(25), 83(88), 82(31), 68(25), 
67(33), 55(100), and 41(89). 

E-I-Bromo-3-hexene (9B) 
A solution of 9.8 g (0.10 mol) of 3-hexyn-1-01, prepared 

as above, in 50 mL anhydrous Et20 was added dropwise to a 
solution of 8.81 g of sodium in 500 mL ammonia. The reaction 
was stirred at - 35OC for 4 h, quenched with 12 g of NH4CI, 

and the ammonia was allowed to evaporate. The residue was 
treated with 250 mL of ice cold water and the aqueous layer 
was extracted with 4 x 300 mL Et20. The extracts were com- 
bined and worked up to yield 8.7 g (87%) of E-3-hexen-1-01 
which distilled at 72-74"C/15 Torr. This alcohol (6.0g, 
0.060 mol) was converted into 5.4 g (56%) of E-l-bromo-3- 
hexene (9B) (18) as above; bp 78-80°C/15 Torr; ir: 3000, 
2925, and 9701x1-I; nmr 6: 0.98 (t, J =  7 Hz, 3H), 1.7-2.7 
(m, 4H), 3.2-3.7 (m, 2H), and 5-5.8 (m, 2H); ms m/e (relative 
intensity): 164(21), 162(22), 83(77), 82(38), 69(28), 67(38), 
55(81), and 41(100). 

4-Bromo-2-methyl-I-butene (9C) 
2-Methyl-1-buten-4-01 (1.4 g, 16 mmol) was converted into 

1.0 g (42%) of bromide 9C (19) as above and Kugelrohr dis- 
tilled at 105"C/760 Torr. 

Alkylation of the Dianion of Methyl Acetoacetate with Bromide 
9 

A solution of the dianion from 0.35 g (3.0 mmol) of methyl 
acetoacetate was generated (6) in THF and alkylated with a 
solution of 0.52 g (3.2 mmol) of Z-1-bromo-3-hexene (9A) in 
) mL THF at 0°C. The reaction mixture was stirred at O°C for 
2 h and at room temperature for an additional 3 h. It was then 
quenched with dilute HCI, and extracted several times with 
ether. The extracts were combined and worked up to yield 
0.52 g (88%) of methyl Z-3-0x0-7-decenoate which distilled 
(Kugelrohr) at 70°C/0.8Torr; ir: 1745, 1715, 1650, and 
1630 cm-I; nmr 6: 0.96 (t, J = 7 Hz, 3H), 1.4-2.2 (m, 6H), 
2.53 (t, J = 7 Hz, 2H), 3.41 (s, 2H), 3.72 (s, 3H), and 4.9- 
5.5 (m, 2H); ms m/e (relative intensity): 198(10), 180(25), 
129(22), 117(22), 116(100), 101(22), 82(84), 67(68), 55(41), and 
41(46). Anal. calcd. for CllHI8O3: C 66.64, H 9.15; found: 
C 66.56, H 9.24. 

In a similar manner 2.32 g (0.020 mol) of methyl aceto- 
acetate was converted into 3.27 g (83%) of methyl E-3-0x0-7- 
decenoate which distilled (Kugelrohr) at 81°C/0.1 Torr; ir: 
1745, 1720, 1660, 1630, and 970 cm-l; nmr 6: 0.94 (t, J = 7 
Hz, 3H), 1.2-2.1 (m, 6H), 2.48 (t, J = 7 Hz, 2H), 3.39 (s, 2H), 
3.70 (s, 3H), and 5.2-5.4 (m, 2H); ms m/e (relative intensity): 
198(32), 180(32), 125(21), 117(21), 116(100), 101(30), 82(83), 
67(65), and 55(21). Anal. calcd. for CI1Hl8O3 : C 66.64, H 9.15; 
found: C 66.65, H 9.05. 

Methyl 7-methyl-3-0x0-7-octenoate was prepared as above 
in 83% yield. The product, bp 75"C/0.3 Torr, was charac- 
terized by ir: 1745, 1715, 1650, 1635, and 890cm-I; nmr 6: 
1.69 (s, 3H), 1.6-2.1 (m, 4H), 2.49 (t, J = 7 Hz, 2H), 3.40 (s, 
2H), 3.70 (s, 3H), and 4.65 (m, 2H); ms m/e (relative intensity): 
184(24), 166(18), 129(37), 117(34), 116(75), 11 1(35), 101(37), 
74(100), 69(58), 68(56), 59(42), 55(77), 43(87), and 41(57). 
Anal. calcd. for C1oH1603: C 65.19, H 8.75; found: C 65.20, 
H 8.75. 
Epoxidation of Alkenes to Produce 10 

A solution of 0.198 g (l.Ommo1) of methyl Z-3-0x0-7- 
decenoate, from above, in 6 mL dry CH2C12 was cooled to ca. 
14°C and treated with 0.236 g (1.3 mmol) of m-chloroperben- 
zoic acid and 0.213 g (1.5 mmol) of anhydrous NaH2P04. The 
reaction mixture was stirred at room temperature for 9 h and 
then quenched with saturated NaHS03. The aqueous layer 
was extracted with 2 x 25 mL Et20; the extracts were com- 
bined, washed with NaHCO,, and worked up to yield 0.185 g 
(87%) of epoxide 10A which was homogeneous by tlc. The 
epoxide 10A distilled (Kugelrohr) at 93OC/0.15 Torr and was 
characterized by the following spectral data: ir: 1745 and 
1715 cm-I; nmr 6: 1.02 (t, J = 7 Hz, 3H), 1.3-2 (m, 6H), 
2.5-3.1 (m, 4H), 3.42 (s, 2H), and 3.70 (s, 3H); ms m/e (relative 
intensity) :?14(15), 159(21), 156(57), 141(25), 139(41), 124(100), 
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116(37), 101(55), 97(71), 96(69), 83(55), 69(52), 59(52), 57(60), 
55(72), 43(78), and 41(77). Anal. calcd. for CllH1804: 

; C 61.66, H 8.47; found: C61.38, H 8.25. 
1 In a similar fashion 1.78 g (9.0 mmol) of methyl E-3-0x0-7- 

decenoate was epoxidized in 87% yield to give 10B which was 
distilled (Kugelrohr) at 96OC/0.1 Torr; ir: 1745 and 1720 
cm-'; nmr 6: 0.98 (t, J = 7 Hz, 3H), 1.2-2 (m, 6H), 2.35-2.7 
(m, 4H), 3.43 (s, 2H), and 3.72 (s, 3H); ms m/e (relative in- 
tensity) : 214(16), 184(20), 156(56), 141(22), 124(100), 116(59), 
114(45), 113(44), 101(91), 97(68), 96(76), 59(51), 57(51), 
55(67), 43(66), and 41(66). Anal. calcd. for C1 ,H1804: C 61.66, 
H 8.47; found: C 61.38, H 8.57. 

Epoxide 10C was also prepared as above in 86% yield and it 
was found to distill (Kugelrohr) at 95OC/0.7 Torr; ir: 1745 and 
1720 cm-'; nmr 6: 1.30 (s, 3H), 1.5-1.8 (m, 4H), 2.53 (s, 2H), 
2.55 (t, J = 7 Hz, 2H), 3.39 (s, 2H), and 3.68 (s, 3H); ms (a): 
high resolution calcd. for Cl0Hl6O4: 200.1042 amu; found: 
200.1035; (b) low resolution m/e (relative intensity): 200(13), 
170(17), 169(25), 164(20), 129(28), 127(30), 11 1(54), 101(65), 
85(49), 81(42), 72(47), 69(40), 59(44), 55(68), 43(100), and 
41(50). 

Cyclization of Epoxides 10 to Bicyclic Ketals 11 
Four drops of distilled BF,.Et20 were added to a solution 

of 0.072 g (0.33 mmol) of epoxide 10A in 2 mL dry CH2C12. 
This reaction mixture was stirred under N2 at room tempera- 
ture for 2 h, then quenched with water, and the aqueous phase 
was extracted with 3 x 15 mL Et20. The extracts were com- 
bined and worked up to yield 0.066 g (92%) of 11A which 

1 distilled (Kugelrohr) at 9OoC/0.15 Torr for analysis. The crude 
material was homogeneous by tlc and had the following 

I spectral data: ir: 1740cm-'; nmr 6: 0.89 (t, J = 7 Hz, 3H), 
1.3-2.0(m, 8H),2.71 (s,2H), 3.67(s, 3H),3.91 ( t , J=  6Hz, 
lH), and 4.15 (bs, 1H); ms m/e (relative intensity): 214(10), 

I 183(15), 141(9), 124(10), 115(10), 114(100), 101(31), 85(50), 
68(19), 59(17), 57(15), and 41(18). Anal. calcd. for C11H1804: 
C61.66,H 8.47;found: C61.54,H8.35. 

In a similar fashion 1.28 g (6.0 mmol) of epoxide 10B was 
cyclized to 1.17 g (91%) of bicyclic ketal 11B which was 
distilled (Kugelrohr) at 96'C/0.1 Torr; ir: 1740 cm-'; nmr 6: 
0.97 (t, J = 7 Hz, 3H), 1.2-2 (m, 8H), 2.73 (s, 2H), 3.68 (s, 3H), 
3.7-4.1 (m, lH), and 4.1-4.3 (m, 1H); ms m/e (relative in- 
tensity) : 214(26), 196(31), 184(47), 156(75), 141(33), 124(66), 
114(61), 113(53), 101(100), 96(61), 85(55), 68(59), 59(54), and 
41(51). Anal. calcd. for CllH1804: C 61.66, H 8.47; found: 
C 61.36, H 8.29. 

Finally, 0.080 g (0.40 mmol) of epoxide 10C was cyclized 
under the above conditions to yield 0.076 g (95%) of ketal11C 
which was Kugelrohr distilled at 90°C/0.1 Tom; ir : 1740 cm- ; 
nmr 6: 1.32 (s, 3H), 1.5-1.9 (m, 6H), 2.72 (s, 2H), 3.40 (d, 
J = 7 Hz, lH), 3.66 (s, 3H), and 3.88 (d, J = 7 Hz, 1H); ms 
m/e (relative intensity) : 200(32), 169(29), 11 1(15), 101(59), 
100(100), 72(70), and 43(59). Anal. calcd. for C10H1604: 
C 59.98, H 8.05; found: C 59.86, H 7.96. 

Hydrolysis of Esters 11 to Acids 12 
A solution of 0.214 g (1.0 mmol) of ester 11A in 5 mL 

MeOH and 6 mL 50% aqueous KOH was refluxed for 3 h, 
then cooled, acidified with aqueous HCI, and extracted several 
times with Et20. The extracts were combined and worked up 
to yield 0.189 g (95%) of acid 12A. The crude material was 
used directly in the decarboxylation and this acid was charac- 
terized by the following data: ir: 2400-3400,1750,1715 cm-l; 
nmr 6: 0.90 (t, J = 7 Hz, 3H), 1.3-2.2 (m, 8H), 2.77 (s, 2H), 
3.97 (t, J = 6 Hz, lH), 4.18 (bs, lH), and 9.72 (bs, 1H); ms 
(a): high resolution calcd. for Cl,H1604: 200.1049 amu; 
found: 200.1049; (6) low resolution m/e (relative intensity): 

200(3), 124(1 I), 114(100), 87(26), 85(82), 68(28), 57(25), and 
43(25). 

The ester 11B (0.107 g, 0.50mmol) was hydrolyzed in a 
similar fashion to yield 0.095 g (95%) of acid 12B; ir: 2400- 
3500,1765,1715 cm-'; nmr 6: 0.98 (t, J = 7 Hz, 3H), 1.2-2.1 
(m, 8H), 2.77 (s, 2H), 3.8-4.15 (m, lH), 4.26 (bs, lH), and 8.6 
(bs, 1H); ms (a): high resolution calcd. for CloH1604: 
200.1049 amu; found: 200.1045; (b) low resolution m/e 
(relative intensity) : 200(3), 192(14), 156(21), 149(14), 142(14), 
124(12), 114(36), 98(45), 71(26), 57(25), 44(47), 43(100), and 
41(29). 

The ester 11C (0.030 g, 0.15 mmol) was hydrolyzed as above 
to yield 0.025 g (88%) of acid 12C; ir: 2400-3600, 1755, 1715 
cm-'; nmr 6: 1.34 (s, 3H), 1.5-1.9 (m, 6H), 2.78 (s, 2H), 3.48 
(d, J = 7 Hz, lH), 3.95 (d, J = 7 Hz, lH), and 9.52 (bs, 1H); 
ms (a): high resolution calcd. for C,H1404: 186.0892 amu; 
found: 186.0895; (b) low resolution m/e (relative intensity): 
186(10), 156(13), 11 1(24), 100(100), 87(23), 72(79), and 43(42). 

Decarboxylation of Acids 12 
exo-Breuicomin (13A) 
The crude acid 12A (0.100 g, 0.50 mmol) was placed in a 

Kugelrohr tube and inserted into a preheated (220°C) Kugel- 
rohr oven. A colourless oil distilled within 8-min at atmos- 
pheric pressure to yield 0.068 g (87%) of exo-brevicomin (13A) 
which had spectral data identical to that reported for 13A 
(8, 10). 

endo-Breuicomin (13B) 
In a similar fashion 0.060 g (0.30 mmol) of carboxylic acid 

12B was decarboxylated to yield 0.040g (85%) of endo- 
brevicomin (13B) which had spectral data identical to that 
reported for 13B (10). 

Frontalin (13C) 
Finally 0.019 g (0.10 mmol) of crude acid 12C was decar- 

boxylated to yield 0.012 g (85%) of frontalin (13C) which had 
spectral data identical to that reported for 13C (1 1). 

Resolution of Carboxylic Acid 12A 
A solution of 0.400 g (2.0 mmol) of carboxylic acid 12A in 

10 mL dry CH2C12 was treated with 0.242 g (2.0 mmol) of 
(+)-a-methylbenzylamine. The mixture was stirred at room 
temperature and the solvent removed. The resulting solid was 
recrystallized from ether-hexane. After two such recrystalliza- 
tions 0.180g of salt, mp 110-115°C, was obtained. This salt 
was dissolved in 10% aqueous HCI and extracted several times 
with ether. The extracts were combined and worked up to 
yield 0.100g of partidly resolved 12A, [U]D~' + 39.8' 
(0.20 g/mL, Et20). This acid (0.100 g) was decarboxylated as 
above to yield 0.060 g of (+)-exo-brevicomin, [u]Dz6 + 52' 
(0.12 g/mL, Et20). 
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Strong hydrogen bonding in oxime solvates of tetra-n-butylammonium fluoride 
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JAMES H. CLARK. Can. J. Chem. 57, 1481 (1979). 
Four stable, crystalline oxime solvates of tetra-n-butylammonium fluoride have been 

prepared, characterised, and studied by 'H, 13C, and 19F nmr, infrared, and ultraviolet 
spectroscopy. All of the complexes crystallise from solution as the disolvates, B~~NF(ox ime)~ .  
The spectroscopic changes accompanying solvate formation are interpreted on the basis of 
strong hydrogen bonding between the fluoride anion and the oxime hydroxyl. 

JAMES H. CLARK. Can. J. Chem. 57, 1481 (1979). 
Quatre produits de solvatation stables et cristallins d'oxime par le fluorure de tktra n-butyl- 

ammonium ont pu &re prkparks, caractkrisks et ktudib par rmn. 'H, 13C et 19F et par spectros- 
copies infrarouge et ultraviolette. Tous les complexes cristallisent de la solution sous forme 
de produits de double solvatation B~~NF(ox ime)~ .  On a interprkte les changements spec- 
troscopiques qui accompagnent la formation des produits de solvatation sur la base d'une 
liaison hydrogene importante entre l'anion fluorure et l'hydroxyle de l'oxime. 

praduit par le journal] 

In recent years, a number of complexes of the type 
AH...B- where AH is an electron acceptor hydrogen 
bonded to an electron donor anion B-, have been 
studied by a wide variety of spectroscopic and non- 
spectroscopic techniques (1-6). When AH is a strong 

I 
H-bond electron acceptor such as a carboxylic acid 
or phenol and B a strong H-bond electron donor 
such as a small halide or carboxylate anion, the 
resulting complex is unusually stable and the spectro- 

( scopic and nonspectroscopic manifestations of 
H-bonding are exaggerated providing the oppor- 
tunity for more detailed and more informative 
investigations of the H-bonding phenomenon. 

This article describes the preparation and study of 

'Present address: Department of Chemistry, University of 
York, Heslington, York YO1 5DD, England. 

four novel AHB- H-bonded complexes of the type 
Bu4N+F--.(HON:CR1R2), (1 to 4). The four 
oximes selected represent examples of (a) a saturated 
oxime (4); (b) an aromatic oxime (3); (c) an aromatic 
oxime containing an additional H-bond electron 
acceptor site (2); and (d) a nonaromatic oxime con- 
taining a conjugated double bond system and an 
H-bond electron donor site (1). The solvates are good 
candidates for H-bonding investigations in that they 
are reasonably air-stable and may be recrystallised 
unchanged from aprotic solvents. 

Experimental 
'H nmr spectra were recorded on JEOL MH-100 (100 MHz) 

and Perkin Elmer R10 (60 MHz) spectrometers. Variable 
temperature 'H nmr spectra were recorded on the JEOL 
MH-100. 13C nrnr spectra were recorded on a JEOL JNM 
PS-1% spectrometer operating at 25.15 MHz using ca. 0.5 rn 
solutions and Me4Si as internal standard. lgF nmr spectra 
were recorded on a JEOL JNM PS-100 spectrometer operating 
at 94.1 MHz using ca. 0.5 m solutions (MeCN). The lgF nmr 
spectra were referenced to a separate sample of CsF, and the 
chemical shifts quoted here are therefore, approximate. Addi- 
tion of C6F6 to the samplesolutionsresulted inchanges insample 
colour and in the sample spectra (see later). Infrared spectra 
were recorded on a Perkin Elmer 357 spectrometer. Solid 
samples were run as Nujol and hexachlorobutadiene mulls and 
as evaporated thin films on NaCl discs. Ultraviolet spectra 
were run on Unicam SP1800 and Perkin Elmer 402 spectro- 
photometers; all samples were run in acetonitrile solution and 
those containing fluoride were prepared by vigorously shaking 
the oxime-MeCN solution with a labile Drifluor reagent (see 
later) followed by filtration. Melting points were recorded on 
a Mettler FP5 digital temperature read-out using a Mettler 
FP52 hot stage and are uncorrected. 

Tetra-n-butylammonium fluoride was prepared by neutral- 
isation of the commercial hydroxide (40% aqueous) with 40% 
hydrofluoric acid. Acetophenoxime (mp 58°C) and 2-hydroxy- 
acetophenoxime (mp 116.5"C) were prepared from the 

10008-4042/79/121481-07$01 .00/0 
01979 National Research Council of CanadalConseil national de recherches du Canada 
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respective ketones by reaction with hydroxylamine (from the 
hydrochloride + NaOH) in aqueous ethaol; the reaction 
mixtures were poured into cold dilute hydrochloric acid, 
filtered, and the solids recrystallised from benzene - petroleum 
ether. dl-Camphoroxime and 2,3-butanedionemonoxime were 
commercial samples recrystallised from benzene- petroleum 
ether before use. The purified oximes gave the following nmr 
characteristics. 2,3-Butanedionemonoxime: 6, 10.20 (lH, s, 
OH), 2.49 (3H, s, MeCO) and 2.07 pprn (3H, s, MeCN-); 
6, 198.0 (C-==), 157.1 (C==N), 25.1 (MeCO), and 8.1 pprn 
(MeCN-). 2-Hydroxyacetophenoxime: 6H 11.98 (lH, s, OH), 
8.74 (lH, s, br, OH), ca. 7.1 (2H, m, ring CH), ca. 6.9 (2H, m, 
ring CH), and 2.29 pprn (3H, s, Me); 6c 159.3 (C-OH), 157.1 
(C==N), 130.7, 127.6, 119.4, 118.7, 117.1 (ring carbons), and 
10.7 pprn (Me). Acetophenoxime: 6H 10.04 (lH, s, OH), ca. 
7.6 (2H, m, ring CH), 7.36 (3H, m, ring CH), and 2.33 pprn 
(3H, s, Me); 6c 155.9 (C==N), 136.4, 129.2, 128.4, 126.0 (ring 
carbons), and 12.4 pprn (Me). dl-Camphoroxime: 6H 9.47 (lH, 
s, OH), 2.55 (lH, 2 x tr, CH), ca. 1.9-1.1 (6H, m, 3CH,), 1.04 
(3H, s, Me), 0.95 (3H, s, Me), and 0.83 pprn (3H, s, Me); 
6c 169.6 ((3=N), 51.8, 48.3, 43.7, 33.1, 32.7, 27.3, 19.5, 18.6, 
and 1 1.1 ppm. 

Labile Drifluor reagents were prepared by treating chro- 
matographic grade acidic alumina or commercial porous glass 
beads (10 g) with 2 v 0  aqueous tetra-n-butylammoniurn 
fluoride (20 g) followed by evaporation un_der reduced pressure 
to constant weight (14 g; 1 g = 1 mmol F). 

All other materials were commercial products and were 
purified, where necessary, by normal methods. 

Preparation of Tetra-n-butylammonium Fluoride - 2,3-Butane- 
dionemonoxime Disolvate (1) 

2,3-Butanedionemonoxirne (0.011 mol in 20 g tetrahydro- 
furan) was added to a concentrated aqueous solution of tetra- 
n-butylammonium fluoride (0.01 mol) and the mixture was 
slowly evaporated with stimng, at ca. 50°C under reduced 
pressure until no further ebullition occurred. The mixture was 
then cooled in ice to provide a solid which was washed with 
cold ether and recrystallised from a little N,N-dimethyl- 
formamide, washed with ether, and dried at 0.1 Torr (30°C) to 
give fine colourless crystals of the disolvate 1 (1.95 g, 0.0042 
mol, 76x1, mp 80.0-80.6"C; 6H 14.06 (2H, s, OH, concentra- 
tion dependent), cL. 3.3 (8H, m, CH,N), 2.34 (6H, s, MeCO) 
1.88 (6H, s, MeCN-), ca. 1.5 (16H, m, -(CH,)2-) and 
0.99 pprn (12H, tr, Me). On standing for ca. 1 week, the 
CDCl, solution showed the OH peak reduced to <+ of its 
original intensity and broadened; a strong peak at 6 7.3 pprn 
(> 2H, s, CHCI,) and the peak at 2.34 weakened and over- 
lapping with a new peak at 6 2.32 (tr, J = 2.4 Hz, CHID-); 
6, 198.5 (M), 154.5 (C==N), 58.6 (CH2N), 24.8 (MeCO), 
23.9 (-CH2-), 19.7 (CH,Me), 13.6 (MeCHZ), and 7.8 
(MeCN-); 6s (C6F6) 26.9 pprn (s, br). Anal. calcd. for 
CZ4H5,N3O4F: C 62.2, H 10.8, N 9.1; found: C 61.7, H 9.9, 
N 9.0. 

Preparation of Tetra-n-butylammonium Fluoride - 2-Hydroxy- 
acetophemxime Disolvate (2) 

ZHydroxyacetophenoxime (0.02 mol in 20 g tetrahydro- 
furan) was added to a concentrated aqueous solution of tetra- 
n-butylammonium fluoride (0.012 mol) and the mixture 
evaporated at ca. 70°C under reduced pressure (rotary evapor- 
ator) until no fprther ebullition occurred. The mixture was 
then cooled in an ice bath and washed with wld ether (2 x 100 
cm3) to give a white solid which was recrystallised from 
dimethylformamide (Et20), washed with ether, and dried at 
0.1 Torr (30°C) to give the disolvate 2 (3.4 g, 0.006 mol, 60%); 
mp 92.3"C; 6H 13.22 (4H, s, br, OH, concentration dependent), 
ca. 7.2 (4H, m, ring CH), ca. 6.8 (4H, m, ring CH), ca. 3.1 
(8H, m, CH,N), 2.24 (6H, s, MeCN-), 1.40 (16H, m, 

-(CH,),-), and 0.86 pprn (12H, tr, Me). On standing for 
ca. 1 week, the CDCI, solution showed the OH peak reduced 
to <+ of its original intensity and broadened and a strong, 
new peak at 6 7.3 pprn (> 2H, s, CHC13). 6,: 158.2 (C-OH), 
155.3 (C==N), 129.0, 126.7, 119.9, 118.1, 116.7 (ring carbons), 
58.1 (CH,N), 23.7 (CH,), 19.5 (MeCH,), 13.5 (MeCH,), and 
10.4 pprn (MeCN-); 6~ (C6F6): 26.7 pprn (s, br). Anal. calcd. 
for C32H54N304F: C 68.2, H 9.6, N 7.4; found: C 66.0, 
H9.2. N7.1. 
Preparation of Tetra-n-butylammonium Fluoride - Aceto- 

phenoxime Disolvate (3) 
Acetophenoxime (0.01 mol in 20 g tetrahydrofuran) was 

added to a concentrated aqueous solution of tetra-n-butyl- 
ammonium fluoride (0.01 mol) and the mixture evaporated 
with stirring, at 50-60°C under reduced pressure until no 
further ebullition occurred. Dimethylformamide (10 cm3) was 
added and the solution evaporated at 60OC under reduced 
pressure for a further 15 min. The residue was washed with 
cold ether (2 x 50 cm3) and the resulting solid recrystallised 
from dimethylformamide, washed with ether and dried at 
0.1 Torr (30°C) to give crystals of the disolvate 3 (2.0 g, 0.0038 
mol, 7v0), mp 88.2"C (sample freezes on standing at this 
temperature and melts at 103.2-104°C; cooling and reheating 
the sample gives a mp of 103-104°C); 6H (MeCN solvent): 11.1 
(2H, s, br, OH, concentration dependent), 7.48 (4H, m, ring 
CH), 7.12 (6H, m, ring CH), 3.16 (8H, m, CHIN), 2.12 (6H, 
s, Me), 1.32 (16H, m, -(CH2),-), and 0.82 pprn (12H, tr, 
MeCH,). The 'H nmr spectrum in CDCI, shows no OH 
signal and a peak at 6 7.18 pprn (ca. 2H, s, CHCI,); 6c: 151.3 
(C==N), 138.3,128.0,127.8,125.5 (ring carbons), 58.1 (CH,N), 
23.8 (CH3, 19.5 (MeCH,), 13.6 (MeCH,), and 11.6 pprn 
(MeCN-); 6F (C6F6): 36.3 ppm (s). Anal. calcd. for 
C32H54N302F: C72.3, H 10.1, N7.9; found: C72.0, H9.9, 
N 7.9. 

Preparation of Tetra-n-butylammonium Fluoride - dl-Cam- 
phoroxime Disolvate (4) 

dl-Camphoroxime (0.01 mol in 20 g tetrahydrofuran) was 
added to concentrated aqueous tetra-n-butylammonium 
fluoride (0.01 mol) and the mixture evaporated with stimng, 
at 50-60°C, under reduced pressure until no further ebullition 
occurred. The resulting solid was recrystallised from dimethyl- 
formamide and then twice from dry diethyl ether followed by 
drying at 0.1 Torr (30°C) to give white needles of the disolvate 
4 (1.8 g, 0.003 mol, 60%); mp 179-181°C; 6H (MeCN solvent): 
ca. 11 (2H, s, br, OH, concentration dependent), 3.34 (8H, m, 
CH2N), 2.48 (2H, 2 x tr, CH), ca. 1.8-1.1 (28H, m, CHI), 
1.01 (6H, s, Me), ca. 1.0 (12H, tr, MeCH,), 0.93 (6H, s, Me), 
and 0.80 pprn (6H, s, Me). The 'H nmr spectrum in CDCI, 
shows no OH peak and a new peak at 6 7.34 pprn (ca. 2H, s, 
CHC13); 6c: 167.2 (C=N), 58.4 (CH,N), 51.3, 48.1, 43.8, 
33.2, 33.0,27.4,24.0 (CHZCHZN), 19.7 (Me?), 19.5 (MeCH,), 
18.6 (Me?), 13.8 (MeCH,), and 11.4ppm (Me?); 6s (C6F6): 
37.1 pprn (s). Anal. calcd. for C36H70N30,F: C 72.6, H 11.7, 
N 7.1; found: C 71.7, H 11.4, N 7.1. 

Results and Discussion 
All of the solvates prepared crystallise from 

solution as the disolvates irrespective of the initial 
concentrations of fluoride and oxime. Attempts to 
synthesize crystalline monosolvates by using deliber- 
ate excesses of the fluoride were unsuccessful. This 
is not without precedent for fluorides since it has 
been reported that crystals of KF(CH,CO,H), grow 
from KF-CH,CO,H solutions (1). All of the 
disolvates are soluble in common polar aprotic 
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TABLE 1. Hydroxyl proton nmr chemical shifts (pprn) 

1 2 3 4 

Parent Parent Parent Parent 
Com~lex' oximea Com~lex" oximea Complexb oxime" Complexb oxime" 

nCDCl3 solvent. 
WeCN solvent. 
Very broad. 
Toncentration 0.1 m. 
*Concentration 0.3 m. 
fconcentration 0.5 m. 
Concentration 1.0 m. 

solvents such as dimethylformamide and acetonitrile 
but only 4 is soluble in diethyl ether. 
Proton Magnetic Resonance Spectra 

The 'H nmr chemical shifts of the H-bonding 
protons of several strongly H-bonded anionic com- 
plexes have been reported (2, 4, 7). The commonly 
observed effect on the H-bonding proton resonance 
on going from the self-associated electron acceptor 
to the anionic complex is a deshielding (downfield 
shift) one which is usually assumed to reflect an 
increase in strength of the H-bond. The chemical 
shifts of the H-bonding protons of 1-4 along with 
the corresponding values for the parent oximes are 
summarised in Table 1. All of the hydroxyl proton 
signals observed (with the possible exception of the 
in'tramolecularly H-bonded phenolic proton in the 
parent oxime of 2) are concentration (and tem- 
perature) dependent and although some care was 
taken to ensure that each pair of spectra (complex 
and oxime) were run at approximately the same con- 
centration (and temperature), the results are only 
meant to illustrate trends and should not be con- 
sidered on a strict quantitative basis. 

In all cases, the H-bonding proton experiences a 
net deshielding effect on going to the anionic com- 
plex which presumably reflects a strengthening in 
the H-bond to the oxime hydroxyl. It is interesting 
to note that 2 shows only one hydroxyl proton signal 
whereas its parent oxime shows two distinct signals 
under the same conditions. 

The most striking observation made with these 
spectra is that 3 and 4 do not show a hydroxyl 
proton signal in CDCI, but instead show a strong 
chloroform signal at ca. 7.2-7.3 ppm. No other 
changes were apparent in the spectra on going from 
MeCN to CDC1,. This suggests that these complexes 
undergo rapid H-D exchange with CDCI, (eq. 111). 
[I] --oH...F + CDCl, e --oD..-F + CHCI, 

The hydroxyl proton chemical shifts for 3 and 4 were 
recorded in MeCN and addition of CDCI, to these 
solutions was found to result in immediate loss of 

the OH signal and its replacement by a strong, sharp 
singlet at 7.2-7.3 ppm. It was also discovered that 
allowing 1 and 2 to stand in CDCI, over a period of 
several days resulted in a marked increase in intensity 
of the CHCI, signal while the OH signals became 
very weak. 

Furthermore, the spectrum of 1 in CDCI,, after a 
long period, showed a marked reduction in intensity 
of the MeCO signal and the appearance of a new 
triplet ( J  - 2.4 Hz) the central band of which is ca. 
0.02 pprn upfield from the original MeCO signal. 
This is in excellent agreement with Tiers reported 
'H nmr on a-toluene-dl which showed a triplet 
( J  = 2.38 Hz) due to -CH,D slightly upfield from 
that of the methyl in toluene-h, (8). The behaviour 
of 1 in CDC1, may be explained by a fluoride 
induced enolisation (9) of the MeCO group allowing 
incorporation of deuterium into the methyl group 
via H-D exchange at the hydroxyl group (eq. [2]). 

Variable temperature l H  nmr studies on 1 and 2 in 
CDCI, showed little change2 in 6(OH) whereas 
variable concentration studies showed an appreciable 
fall in &(OH) with decreasing concentration of 1 and 
2. These changes may be readily interpreted in terms 
of dissociation of the complexes to free oxime and 
fluoride (eq. [3]). 

[3] F(oxirne), + F(oxime) + oxime e F + 2oxime 

Fluorine-19 Magnetic Resonance Spectra 
The 19F nmr chemical shifts of 1-4 in MeCN 

solution are reported in Table 2. The values represent 
a large downfield shift (ca. 140-150 ppm) relative to 

ZS(OH) remains constant to + 0.2 pprn for both complexes 
over the temperature range - 24 to + 28'C (0.1,0.3, and 0.5 m). 
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TABLE 2. Fluorine-19 nmr chemical shifts (pprn)' 

1 2 3 4 

26.9(~,br)~ 26.7(~,br)~ 3 6 . 3 ( ~ ) ~  3 7 . 1 ( ~ ) ~  
3 1 .7(s)' 32.0(s)' 38.0(s)' 37.9(s)' 

06 (C6F6) = 0 pprn (external reference); MeCN solvent. 
BAmbient temperature. 
C-25'C. 

the free fluoride ion (10, 11). An appreciable de- 
shielding of the electron donor on formation of a 
strong H-bond is to be expected. 

It is interesting to note that on addition of C6F6 
to the sample solutions, the fluoride peak broadens 
and shifts to higher magnetic fields (A6 = 1-5 ppm). 
In addition to this, several new peaks appear near 
the C6F6 signal. The position and complexity of the 
new peaks suggest that we may be observing nucleo- 
philic attack by the oxime, the nucleophilicity of 
which will be enhanced by H-bonding to fluoride 
(6, 12, 13), on the C6F6. The results of a more 
detailed investigation on these and related systems 
will be re~orted elsewhere. 

Carbon-13 Magnetic Resonance Spectra 
Carbon-13 nmr offers the opportunity to observe 

long range effects of H-bonding in the solvates 1-4. 
Among the relatively few reported spectroscopic 
investigations of long range effects of H-bonding, 
carbon-13 spin-lattice relaxation studies on H- 
bonded long chain alcohols (14) and chlorine-35 
nuclear quadrupole resonance studies on H-bonded 
chlorocarboxylic acids (15) are outstanding, demon- 
strating the value of investigating electron structure 
modifications of nucleii that are not in the immediate 
vicinity of the H-bond. 

The chemical shifts of the carbons closest to the 
H-bonds ()c=N-) are given in Table 3 along 
with the differences in chemical shifts with re- 
spect to those of the corresponding parent oximes 
(6(C=N),0m,,,x - 6(C =N)oxime). The observed shield- 
ing effect experienced on going from the oxime to its 
fluoride complex is relatively small but significant and 
is to be expected for a nucleus close to the H-bonding 
site of an associated electron acceptor. The methyl 
carbons ol to the C=N group in 1-3 also experience 
a small shielding effect on fluoride solvation. Full 
details of the 13C nmr spectra of 1-4 and of their 
parent oximes are given in the Experimental. 

Infrared Spectra 
The positions of the most important bands in the 

ir spectra of 1-4 and of the parent oximes are given 
in Table 4. 

The most pronounced changes in the spectra on 
going from the oxime to the fluoride solvate occur in 
the 4000-1800 cm-' region, that is, in the position 

of the v,(OH) bands. In all four cases, the broad 
bands centred at 3350-3200 cm-' and due to the 
stretching vibrations of the self-associated oximes, 
disappear or are considerably reduced in intensity. 
The spectrum of 4 shows a new, very broad band at 
ca. 2700 cm-l which represents a shift of some 900 
cm-' relative to the free oxime3 (a Av, consistent 
with strong anionic H-bonding (6)). In the spectra of 
1-3 there are several new bands in the 2700-1800 
cm-I region as compared to the spectra of the parent 
oximes, although of these only 3 showed a pro- 
nounced new band at above 2300cm-'. These 
features are in line with type 1 H-bonds using Joesten 
and Schaads classification (1 6) having overlapping v, 
bands above 1800 cm-' and being typical of the 
asymmetric double-minimum-potential function kind 
of H-bond. Thus, these-H-bonds are apparently 
weaker than some other F...H-0- H-bonds such 
as those in fluoride - carboxylic acid systems (1) and 
than the ~-..H-o- H-bonds in some acid salts of 
very acidic oximes (17) which show broad bands 
below 1800 cm-' and represent a vibration of a very 
strong H-bond characterised by a single potential 
function. It should also be emphasised that some of 
the bands above 1800 cm-' may be due to overtones, 
combinations, or to proton transfer. The ir picture 
shows all possible H-bonds and contributions from 
F-~e-6 cannot be ruled out although it does seem 
that significant contributions from (F...H...F)- can 
be discounted since some of its characteristic vibra- 
tions appear to be absent in all of the spectra 
recorded (18). 

The relative intensities and positions of the two 
broad hydroxyl stretching bands in the spectrum of 
2-hydroxyacetophenoxime suggest that the band at 
ca. 3340cm-' is due to intermolecular association 
(probably v,(OH...O)) while that under the strong 
v,(CH) band is due to intramolecular association 
(vS(OH..-N)) (19). I t  is interesting to note that on 
going to 2, the former band is absent while the latter 
band appears to be only slightly displaced. It would 
seem, therefore, that while the intermolecular 
association of this oxime is disrupted by the highly 
localised electron density of the fluoride anion, the 
intramolecular association remains intact (eq. [4]). 

The absence of bands in the 2600-1700cm-' 
region of the spectrum of 4 is outstanding and 
suggests that this complex contains an H-bond of a 
quite different type from those in 1-3. This may be 
due to the ability of 1-3 to delocalise their negative 
charges by way of their conjugated double bond 
systems, e.g., [5]. 

3A weak, sharp band at ca. 3600 cm-I is visible in spectra of 
dl-camphoroxime dissolved in an inert (in an H-bonding sense) 
solvent and may be assigned to the hydroxyl stretching 
vibration of the monomeric oxime. 
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TABLE 3. Carbon-13 nmr chemical shifts of )C=N- in 1-4 (&) and changes in shifts 
relative to parent oxlmes (AC)" (ppm) 

1 2 3 4 

6c Ac 6c Ac 6c Ac 6c Ac 

'Ac = (S(c=N)comc.~e .  - S ( C = N ) o x ~ , n c ) .  

TABLE 4. Characteristic ir absorption frequencies 

P h ~  -NOH 3220(s,br) 1368(sh) 927(ms) 
Me 917(m~) 

2670(s,br) 
3 2U)O(s,br) 1620(m) 1370(sh) 885(m) 938(ms) 

Me 190O(s,br) zNoH 3290(vs,br) 1685(m) 1370(sh) 722(s,br) 925(s) 
4 27OO(vs, br) 1675(m) 1370(sh) 895(sh) 

.Located by observing effect of deuteration. 
*Under v,(CH); sh, shoulder. 

The spectral changes in the out-of-plane torsional 
mode v,, of the H-bond electron acceptor caused by 
H-bond formation are often quite spectacular; 
though rarely as pronounced as those seen with v,. 
For each of the complexes studied, one medium- 
strong band below 1000 cm-' is at a significantly 
higher frequency than in the spectra of the corres- 
ponding parent oxime (Av, > 90 cm-l) and these 
bands are assigned to the v, vibrations. The positions 
of these bands and their movement on increasing 

H-bond strength are in line with previous studies on 
the strongly H-bonded N-methylpyridinium-2-al- 
doxime salts (20), as are the positions and small 
movements of the in-plane bending modes, vb. 

The small but significant positive frequency shifts 
in the v,(NO) bands on going from oxime to fluoride 
solvate are also consistent with previous studies on 
oximes (20) and are consistent with increased 
electron density on the oxygen atom due to stronger 
H-bonding. 

It was noted earlier that solution of 3 or 4 in 
CDC1, appeared, by 'H nmr, to result in deuteration 
of the oxime. Infrared studies on these systems con- 
firm this observation and suggest that in dilute 
solution (CDCl,), the complexes are largely disso- 
ciated since the position of the most intense bands 
(2400 cm-' for 4 and 2350 cm-' for 2) are consistent 
with the self-associated forms (vs(OH)o,ime/~s(OD)obs 
= 1.37 for 4 and 3). Evaporation of these solutions 
restores the original spectra with only weak bands 
due to the deuterated forms remaining. Results of a 
more detailed investigation of dilution effects on the 
ir spectra of the solvates will be reported in a later 
article. 
Ultraviolet Spectra 

Since the very low concentrations normally re- 
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quired for recording electronic spectra would almost 
certainly result in significant dissociation of the 

I complexes, it was necessary to consider an alter- 
I native approach to obtaining information on the 
I effect of strong anionic H-bonding on the electronic 

spectra of oximes. In a recent communication, a 
novel source of anhydrous quaternary ammonium 
fluoride was described where the fluoride was 
supported on a porous, surface hydroxylated, poly- 
meric support such as silica gel (21). For our 
purposes, we required a source of anhydrous tetra-n- 
butylammonium fluoride which would be effective in 
an aprotic medium such as acetonitrile. We have 
found that while silica supported Bu4NF loses little, 
if any, of its fluoride in such media, analogous 
reagents involving acidic alumina and finely ground 
porous glass beads behave as an excellent source of 
fluoride in acetonitrile. We have termed these re- 
agents 'labile drifluors' in keeping with the previous 
nomenclature (21). 

There is a paucity of reliable electronic spectro- 
I scopic data on oximes. Orenski studied a number of 

i saturated and unsaturated oximes and concluded 
i that while the former usually shows a strong n-n* 

band near 200 mp, the latter show their strong n-n* 
band near 240 mp (22). The one saturated oxime we 
have studied here, dl-camphoroxime, appears to show 1 only a weak (E = 1.1 x 10') band at 228 mp which 
undergoes considerable enhancement in intensity but 
only slight change in position on addition of a large 
excess of available fluoride (E - lo4, h = 23 1 mp). 

Spectacular changes occur in the ultraviolet spectra 1 of 2,3-butanedionemonoxime and 2-hydroxyaceto- 
phenoxime on addition of fluoride. The former oxime 
shows a strong (E - 7 x lo3) n-n* band at 225 mp 
which steadily increases in intensity and in wave- 
length (h,,, = 231 mp) on increasing the amount of 
available fluoride. As the fluoride concentration 
increases, a new band appears at 302 mp (E - 3 x 
103). 

There have been numerous reports of small 
changes in the wavelengths of the n-n* bands of 
protic species on varying the H-bond electron donor 
ability of the medium (23) but dramatic changes such 
as that observed here are less well known. The 
growth of the new high wavelength band presumably 
reflects the formation of the anionic complex. More 
precisely, it may well be that the new band is due to 
a significant contribution from the proton transfer 
species [6] to the H-bonded complex since it has been 
reported that 2-nitrosophenol shows a strong n-n* 
band at ca. 300 mp (23). 

The ultraviolet absorption spectrum of 2-hydroxy- 
acetophenoxime shows bands at 228 mp (E - 6 x 
lo3) and at 305 mp (E - 3 x lo3) in addition to the 

complex pattern of bands between 240 and 260 mp 
characteristic of an aromatic molecule. The low 
wavelength band is enhanced in intensity and shifts 
to higher wavelength (h,,, - 23 1 mp) on addition of 
fluoride while the band at 305 mp does not change 
significantly in position or intensity and a new, 
broad band appears at ca. 357 mp. In the presence 
of a large excess of available fluoride, the band at 
357 mp is pronounced (E - 4 x lo3) and accom- 
panied by a very broad, complex band at 245-270 mp 
with a shoulder at ca. 300 mp. The growth of the new 
band at 357 mp presumably reflects the formation of 
the anionic complex. 

Summary 
The crystalline fluoride solvates 1-4 show spectro- 

scopic features characteristic of strong H-bonding. 
The H-bonding is between the hydroxyl group of the 
oxime and the fluoride anion and is probably of the 
asymmetric double-minimum-potential function kind 
although complex 4 shows somewhat different 
infrared and solvent-stability characteristics which 
may be due to an absence of conjugation in this 
particular species. All of the complexes will exchange 
with CDC1, although only very slowly in the cases of 
1 and 2. Complex 1 appears to be capable of incor- 
porating deuterium into its MeCO group via MeCO 
enolisation and there is further spectroscopic 
evidence for this complex to support the existence of 
contributing structures containing a C-hydroxyl 
group. 
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NORMAN V. KLASSEN, GEORGE G. TEATHER, and FERNAND KIEFFER. Can. J .  Chem. 57, 
1488 (1979). 

Pulse radiolysis of 9.5 M LiCI/D20 glass at 6 K produces both types of trapped electrons, 
eYl,- and el,-, just as it does at 75 K. However, going from 75 K to 6 K increases the initial 
yield of el,- and decreases its decay rate, while the yield of e,,,- decreases and its decay rate 
increases. These results are attributed to fast trap-to-trap tunnelling of eVl,- from unrelaxed 
traps at 6 K and slower tunnelling from deeper traps at 75 K while the el,- traps seem to 
relax within 100 ns even at 6 K. In 12 M LiCI/D20 at 4-10 K the initial sl,- band with 
h,,, = 625 nm decays considerably over minutes revealing a stable band with h,,, = 695 nm. 
The stimulation spectrum and absorption spectrum of this stable band indicate a bound-free 
transition of 2.0 eV and a bound-bound transition of 1.8 eV. Similar measurements of e,,,- 
at 77 K indicate a bound-free transition of 2.6 eV and a bound-bound transition of 2.1 eV. 
Tryptophan was photolyzed in 9.5 M LiCI/D20 at 2 K to produce el,-. 

NORMAN V. KLASSEN, GEORGE G. TEATHER et FERNAND KIEFFER. Can. J .  Chem. 57, 1488 
(1979). 

La radiolyse pulsk de verres de LiCI/D20 9.5 M a  6 K produit, comme a 75 K, les deux 
types d'electrons piCgCs, eVl,- et el,-. Cependant en passant de 75 a 6 K, on voit augmenter le 
rendement initial de el,- et diminuer sa vitesse de dkclin, tandis que le rendement de e,,- 
diminue et que sa vitesse de dklin augmente. Ces risultats sont attribues a un transfert rapide 
de eVl,- par effet tunnel de piege a pikge k partir de pikges non relaxes a 6 K et ?I un transfer 
plus lent a partir de pikges plus profonds ?I 75 K, tandis que les pieges de el,- semblent Ctre 
dCji relaxCs avant 100 ns mCme a 6 K. Dans LiCI/D20 12 M a 4-10 K la bande initiale de 
eVl,-, de h,,, = 625 nm, dkroit pendant plusieurs minutes pour laisser subsister une bande 
stable de h,., = 695 nm. Le spectre de stimulation et le spectra d'absorption correspondant a 
cette bande stable indiquent une transition Btat liC - Ctat non liC de 2.0 eV et une transition Ctat 
liC - Ctat lie de 1.8 eV. Des mesures semblables concernant e,,,- a 77 K indiquent une tran- 
sition Btat liC - Ctat non liC de 2.6 eV et une transition Ctat lie - Ctat liC de 2.1 eV. La photolyse 
du tryptophan dans LiCI/D20 9.5 M a  2 K conduit ir la formation de e,,-. 

Introduction 
Recently it was found by pulse radiolysis that sub- 

stantial yields of two distinct types of trapped 
electrons, evis- and ei,-, are formed at low tempera- 
tures in some aqueous glasses and in both pure and 
doped ice crystals (1-3). The species evis- is the 
oft-studied species with an optical absorption band 
centered around 600 nm. The species ei,- has an 
absorption band whose maximum has not yet been 
measured but has been estimated to be - 3600 nm in 
aqueous glasses and -2950 nm in ice. In some 
aqueous glasses ei,- was not found but the formation 
of both evi,- and ei,- in pure ice indicates that 
neither species requires the presence of solutes. Two 
very recent studies show that in LiCl/D20 (4) and in 
BeF,/D20 (5) glasses evis- is associated with water 
molecules involved in the solvation shell of the Li+ 
and the Be2+ ions whereas ei,- is associated with 

free water. The production of ei,-, as well as evis-, 
in aqueous glasses and ice made with H,O (6) shows 
that ei,- is not restricted to D 2 0  matrices. 

The evidence for the assignment of the infrared 
band to a trapped electron, ei,-, is of three types: 
(a)  it was found (1, 2,4) that the electron scavengers 
SeO,'-, Cu2+, Cr042-, and (CH,),CO both 
reduced the initial yield and increased the decay rate 
of ei,- ; (b) in ethylene glycol/D20 (2) and BeF2/D20 
(5) glasses at 76 K and in D 2 0  ice at 4 K (7) a portion 
of the ei,- decays to become eviSp; (c) in several 
aqueous glasses at 77 K a luminescence is found to 
accompany the decay of ei,- and this luminescence 
has also been produced by laser photolysis of eVis- 
at 77 K. Presumably evis- was photoionized by laser 
photolysis and, in part, retrapped as ei,- which then 
decayed to produce the luminescence (8, 9). 

In this study we have investigated evis- and ei,- 

0008-4042/79/121488- 12$01 .OO/O 
01979 National Research Council of CanadalConseil national de recherches du Canada 
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further, primarily in LiCl/D20 glasses in which both 
species are produced in good yield and appear to 
decay independently of one another. Both radiolysis 
of aqueous glasses and photolysis of glasses con- 
taining tryptophan were used to produce trapped 
electrons. Optical absorption measurements, coupled 
with decay kinetics, were carried out between 2 K 
and 90 K on both the nanoseconds to milliseconds 
time scale and the minutes time scale. Spectral 
stimulation measurements of evisF and e,,- were 
carried out between 4 K and 77 K. 

Experimental 
All solutions were prepared with DzO (99.7% isotopic 

purity) obtained from Merck, Sharp and Dohme. Solutes were 
reagent grade, used without purification. Samples were 
deaerated with argon for the absorption measurements and by 
the freezepumpthaw method for the stimulation spectra 
measurements. Samples were sealed off and plunged into 
liquid nitrogen, or otherwise rapidly cooled, to produce a 
glass. Radiolysis experiments were carried out with windowless 
samples or with 5 mm Suprasil cells, while 1 mm Suprasil cells 
were used for the absorption measurements following photo- 
ionization. Stimulation spectra were measured either in 3 mm 
id quartz tubes or in a 0.24 mm Suprasil cell. The latter was 
made by inserting a 0.76 mm spacer into a 1 mm cell. The 
LiCl/DzO and NaOD/DzO glasses were free or almost free of 
cracks. The ethylene glycol/D,O (EG/D20) glasses were 
badly cracked. 

Pulse radiolysis experiments were carried out as described 
earlier (2,3) with the exception that the samples were irradiated 
in a Janis model 8DT Super Varitemp cryostat in which the 
samples were cooled with a flow of cold helium gas (10). The 
temperature was maintained within f 0.5 K of the desired 
value by a Lake Shore Cryotronics model DRC-70C tem- 
perature controller and the temperature of the sample was 
measured with a silicon diode sensor situated very close to the 
sample. Pulses, 40 ns in duration, of 35 MeV electrons were 
used, each pulse delivering about 12 krad. Dosimetry was done 
by comparing each sample to 9.5 M LiCl/DzO irradiated at 
72-73 K for which G E ~ ~ ~  = 1.96 x lo4 M - I  cm-I at 100 ns 
(4).' It was assumed that the electron density of 9.5 M 
LiCI/DZO glass is constant from 6 K to 90 K. Variations of 
dose from pulse to pulse were measured with a secondary 
emission monitor. Absorption measurements at 450nm 
5 h I 1000 nm were made with an EG&G SHS-100 Si 
photodiode, at h 5 450 nm with a Philips XP-1003 photo- 
multiplier and at h 2 1000 nm with a Barnes A-100 room 
temperature InAs detector. Spectra were measured by the 
split light beam technique. When measuring decay kinetics 
over more than 1 ps an interference filter restricted the 
analyzing light entering the sample to the wavelength being 
examined. It was determined that this procedure reduced 
photobleaching of trapped electrons by the analyzing light to 
negligible proportions. 

The absorption measurements made on the minutes time 
scale were carried out with a Cary 17 spectrophotometer. In a 
Cary 17 the analyzing wavelength is selected before the light 
passes through the sample, thus avoiding the bleaching of 

lMeasurements made with a more precise instrument now 
lead us to believe that the temperature stated to be 76 K in 
refs. 1-4 was actually 72-73 K. 

trapped electrons by the analyzing light. Once in the spectro- 
photometer, the sample was not moved during the experiment. 
Absorption measurements were made before and after 
photolysis to determine the absorption spectrum produced by 
photolysis. Photolysis of tryptophan was carried out with an 8 
W low pressure Hg lamp and bleaching was done with a 
tungsten halogen lamp both of which could be inserted into 
the sample compartment. At all other times the sample com- 
partment was sealed from room light. The background 
absorbance of the matrix for radiolyzed samples at wave- 
lengths >800 nm was measured after complete optical 
bleaching of the trapped electrons. At wavelengths < 800 nm 
a residual absorbance, probably due to C1,-, defied bleaching. 
Therefore the background below 800 nm was assumed to be 
that of an unirradiated solution of 12 M LiCl at room tem- 
perature which has a practically flat absorption spectrum 
between 30C nm and 800 nm. For experiments at 2 K the 
sample was immersed in liquid helium cooled by pumping. 
Experiments at 4-10 K employed the method of cooling by 
helium gas. 

The method of measuring stimulation spectra has already 
been described (11, 12). The sample was held in an Oxford 
Instruments optical cryostat and immersed in liquid helium 
for studies at 4 K and immersed in liquid nitrogen for 77 K. 
Intermediate temperatures were obtained by cooling with cold 
helium gas. The phosphorescence intensity was measured with 
a photomultiplier using the full phosphorescence emission 
without any wavelength filtering. 

Results and Discussion 
Production of e,,- and ei,- by Tryptophan 

Photolysis at 2 K 
We wished to find a system in which e,,- could be 

easily produced by methods other than radiolysis and 
in which ei,- could be studied on the minutes time 
scale. The system chosen was 9.5 M LiCl/D20/5 x 

M L-tryptophan at 2 K. A 5 min uv photolysis 
of this glass produced spectrum A of Fig. 1, with an 
absorbance at 2500 nm typically in the range 0.1 to 
0.2. Several minutes were needed to measure a 
complete spectrum during which time a small amount 
of isothermal decay occurred. Corrections were made 
for this decay on the basis of several consecutive 
spectral determinations. Spectra A, B, C, and D of 
Fig. 1 all represent spectra corrected to 1 min after 
the end of photolysis. 

The uv photolysis of L-tryptophan (tryp) has been 
studied in several aqueous glasses at 77 K (13). When 
tryp was photoionized at 77 K in 9 M LiCl/H20 
glass, both the tryptophan cation (tryp') with 
absorption maxima at 615, 560, and 340 nm (13) and 
ev,,-, whose absorption maximum is known to be 
590 nm (14), were produced. Our pulse radiolysis 
experiments with 9.5 M LiCl at 6 K indicate the 
likelihood of a very small yield of eV,- relative to 
that of ei,- when measured on the minutes time 
scale at 2 K. Thus spectrum A with A,,, at 330, 564, 
and 620 nm seems to be satisfactorily accounted for 
by tryp' and evis-. There is no sign of the tryptophan 
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WAVELENGTH, nm 

WAVENUMBERS,  cm-IX I O - ~  

FIG. 1. Spectra A, B, and C were obtained at 2 K from a 
single sample prepared from an argon bubbled solution of 
9.5 M LiCl/D,O containing 5 x M L-tryptophan. 

I Spectrum A represents the absorption spectrum following a 
5 min uv photolysis. Spectrum B shows the effect on A of 
partial bleaching with infrared light. Spectrum C shows the 
effect on B of partial bleaching with the full light of a projector 
lamp. Spectra A,  B, and Care all plotted on the same relative 
absorbance scale and are corrected to correspond to 1 min 
after the end of photolysis, using kinetic data such as shown ~ in Fig. 2. Spectrum D, on a different relative absorbance scale, 
represents the spectrum a few minutes after a 5 min photolysis 
of a glass prepared from a similar solution saturated with N,O. 

I 
radical (hmax = 320 and 500 nm) (15) nor the triplet 

I state of tryptophan (hmax - 460 nm) (16). We cannot 
discount the possibility of a small contribution of the 

I tryptophan anion (tryp-) (hmax -- 350 nm) (16). In 
addition, there is an intense infrared absorption. 
Above 1300 nm this absorption has a shape identical 
to that of e,,- as presented in ref. 2. This is further, 
strong evidence that the ir band is due to a trapped 
electron since no other species seems to be common 
to the uv photolysis of 9.5 M LiCl/D20/5 x M 
tryp glass and the radiolysis of the LiCl/D20, 
MgC12/D20, and ethylene glycol/D20 glasses. 
Ultraviolet photolysis is not expected to lead to the 
trapped exciton pair, D20+  ... e-. 

After measuring spectrum A, the sample was 
bleached for 1 min with a 500 W projector lamp run 
at a dull glow and shielded from the sample with a 
2 mm Chance-Pillcington filter type OX-5 which 
transmits mainly the infrared. The result was 
spectrum B. Thus, e,,- was completely bleached 
with great ease. The concomitant small decrease in 
the visible bands and larger decrease in the uv band 

I are interpreted as a loss of tryp' due to reaction with 
bleached ei,- and some retrapping of bleached ei,- 

- 
as e,,, . Finally, the sample was bleached for 1 min 
with the lamp at a dull glow but no OX-5 filter. The 
reslllt was spectrum C. The result of this partial 
bleaching with the full light is not completely clear. 
The decrease in the visible band presumably repre- 

sents a loss of evi,- and of tryp' with which it 
reacted. The small growth in the uv may be due to 
the production of tryp- by the reaction of bleached 
evi,- with tryp. The small band produced in the 
infrared is of unknown origin. 

In another experiment, a glass made from 9.5 M 
LiCl/5 x M tryp which had been saturated 
with N 2 0  at 2 atm was photolyzed for 5 min at 2 K. 
The result was spectrum D which shows that, in the 
presence of this electron scavenger, e,,- is not found. 
Neither do we believe that evi,- is present in spectrum 
D. This assumption is justified by the fact that the 
ratio of the visible absorbance maxima to the uv 
absorbance maximum is identical to that reported for 
the uv photolysis of tryp in 9 M HCl glass at 77 K 
(13) where e,,,- would not be expected due to rapid 
reaction with H30'. 

We are now in a position to test the validity of the 
extinction coefficient, E, measured previously for 
ei,- in ethylene glycol/D20 glass at 1400 nm as 
&1400 = 5.7(k0.8) x lo3 M-' cmP1(2) which can be 
converted into E~,, ,  = 3.1 (k0.5) x lo4. For E5,,- 

(tryp') we use 2700 M-I  cm-I (15). For ~ ~ , ~ ( e , , , - )  
we use 1.6 x lo4 M-I cm- based on ~ , ~ ~ ( e , ~ , - )  = 
2 x lo4 M-I  cm-I (2) and the long term spectrum 
of e,,- in 12 M LiCl at 4 1 0  K (see below). We 
assume that spectrum D represents tryp'. We further 
assume that in spectrum A the uv band is due solely 
to tryp' but that the visible bands are comprised of 
tryp' plus e,,-. We then calculate that ~ ~ ~ ~ ~ ( e ~ , - )  = 
3.5 x lo4 M-I  cm-I if the yield of tryp' equals the 
sum of e,,- plus ei,- in spectrum A. Hence, we have 
determined ~(e,,-) by a different method in a LiCl 
glass and find a value consistent with the previous 
determination in an ethylene glycol glass. This is 
further evidence that ei,- is the same species in the 
various glasses in which it has been produced. 
Several measures might be taken to make the method 
described here more reliable if they do not result in 
a significant reduction of the absorptions to be 
measured. The possible formation of tryp- might be 
countered by using a lower concentration of tryp and 
filtering the photolyzing light to reduce bleaching of 
e,,- and ei,-. The yield of ei,- relative to that of 
e,,- might be increased by using 6 M LiCl. 

The isothermal changes in absorbance were 
measured following a 5 min photolysis of 9.5 M 
LiCl/5 x M tryp at 2 K. These results are 
shown in Fig. 2. Photobleaching was avoided by 
passing the analyzing light through the sample for 
only a few seconds to measure each of the data 
points shown. A slow decay of tryp', as represented 
by the absorbance at 330 nm, was observed and a 
somewhat faster decay of e,,- was measured at 2300 
nm. The growth at 580 nm and 620 nm could be due 
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x 3 -  - 

s2- - 

I - - 

O '400 I lebd '12106' ' l $od  I hdod ' hdoo 

1.4 - When separated in this fashion both the eV,- and 

FIG. 3. Optical absorption spectra in 9.5 M LiCl/D20 at 
6 K and 73 K measured 100 ns after the start of a 40 ns pulse. 

1.2 

FIG. 4. Decay of eVi,- (measured at 650 nm) and decay of 
el,- (measured at 2300 nm) in the temperature range 6 K to 
90 K. Temperatures are indicated beside each curve. No 
correction has been made for absorbance due to el,- at 650nm. 

620 nm--+* 
- -7 

% 
4 

2 

ei,- bands at 100 ns were found to have about the 

/ 580 nm same shape at 6 K as at 73 K. Despite this similarity 
we shall show later that the visible band is probably 

- composed of two bands (at least) which have different 
0 0.8 

330 nm 
temperature dependent characteristics. One of the 

? 
0 0.6 - 

bands appears to be a relatively minor component in 
0 

2300 n m A  \o 9.5 M LiCl so we shall first discuss the results in 
0.4 - \\o terms of a unique visible band. 

Although the absorption bands of ei,- and eV,- 
0.2 - at 100 ns have similar shapes at 73 K and 6 K, the 

I temporal stabilities of these two species are reversed. 
I 10 100 1000 The decay of evis-, represented by its absorbance at 

T I M E  AFTER END OF PHOTOLYSIS, M IN  650 nm, and of ei,-, represented by its absorbance 
FIG. 2. The isothermal changes in absorbance with time at at 2300 nm, are plotted in Fig. 4 for temperatures 

several wavelengths after a 5 min uv photolysis at 2 K of a between 6 K and 90 K. Interference filters prevented 
glass prepared from an argon bubbled solution of 9.5 M bleaching of the trapped electrons by the analyzing 
LiCl/D20 containing 5 x M tryptophan. OD, is the 
absorbance 1 min after photolysis. light. As the temperature is lowered ei,- decays 

more slowly and its yield is greater. The reverse holds 
to the reaction eir- + %is- and/or a spectral shift in true for evis- except that it decays faster at 90 K than 
the %is- band. The actual growth of %is- would be at 75 K. In one experiment at 6 K we observed a 
greater than the apparent growth measured at 5g0 small initial increase of 8% in the absorbance at 
and 620 nm because the absorbance changes contain 2300 nm. we were never able to reproduce this 
both the growth of evis- and the decay of tryp'. A growth. 
balance between loss of trapped electrons and  UP' A detailed study of the decay of the eV,- band at 
cannot be made without postulating some production 6 K and 73 K is shown in ~ i ~ .  5. l-he tirne intervals 
of tryp- . for the two temperatures are quite different, being 
Pulse Radiolysis of 9.5 M LiCl at 6-90 K 100 ns to 1 ps at 6 K, and 100 ns to 500 ps at 73 K. 

The optical absorption spectra in 9.5 M LiCl The ordinate represents the Percentage of the 
measured at 100 ns at 6 K and 73 K are shown in absorbance lost over the appropriate time interval 
Fig. 3. The ir band with Amax > 2400 nm is due to after corrections for the blank and ei,-. The decay 
ei,-, the band with hmax = 625 nm to evis-, and the at 73 K takes place mostly at > hmax whereas the 

band with hmax = 340 nm is probably due mostly to 

- - 
6 2 3 0 0 n m  

- 

7 5 !!i 90 

C1,-. Assuming no changes in extinction coefficients 
with change in temperature, the result of lowering 
the temperature from 73 K to 6 K  is, roughly 
speaking, to double G(ei,-) and to halve G(evis-) and 
G(C1,-). The ir band and the 625 nm band were , 
analytically separated from one another as described 
in ref. 2 into a Lorentzian form for the ir band and a 7 
Gaussian form for the 625 nm band at h > 625 nm. 

O lo-' 10-6 10-0 I O - ~  I 0-3 
T I M E .  S 

I I I I I - - 
- 6 5 0  nm - 

- - 

- - 

- - 

I I I I I 
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FIG. 5. Decay of the absorption band of eVi,- as a function 
of wavelength. At 6 K the decay plotted occurred between 
100 ns and 1 ps after the start of a 40 ns pulse. At 73 K the 
decay plotted occurred between 100 ns and 500 ps. A correc- 
tion has been applied at each wavelength for the contribution 
of el,-. 

fractional decay at 6 K is peaked near A,,,. These 
fractional decay patterns mean that at 73 K the first 
spectral change in the evis- band is a loss of intensity 
at h > h,,,, perhaps due to the decay of a separate 
absorption band on the red side of the spectrum as 
suggested for BeF2/D20 glasses (5). At 6 K the decay 
observed causes the absorption band to become 
broader with little change in A,,,. 

We shall consider several possible explanations 
for the increase in the decay rate of e,,,- with 
decrease in temperature. One possibility is that evis- 
is, on average, trapped closer to reactive species at 
6 K than at 73 K. However, there is evidence in 
hydrocarbon glasses that the initial distributions of 
e,- are similar at 6 K and 77 K (10). Moreover, this 
possibility seems inconsistent with the slower decay 
of ei,- with decrease in temperature. Another 
possibility is that a reactive species such as D,O+, 
which seems to react more rapidly with evis- than 
with ei,- (2), is more mobile at 6 K than at 73 K. 
This possibility does not explain why the absorption 
band decays preferentially in the vicinity of A,,,. Nor 
is it explained by the hypothesis that direct tunnelling 
of evis- to reactant is faster at 6 K than at 73 K 
because of shallower, less relaxed, traps at 6 K. The 
explanation which we prefer is that eviSp at 6 K, 100 
ns, exists in unrelaxed traps and that the visible 
absorption band is the composite of many bands 
representing the depth distribution of the naturally 
occurring traps. Apparently eviSp in the most 

abundant traps has A,,, = 625 nm (Fig. 3) and it is 
in the same wavelength region that decay occurs 
most rapidly ( ~ < g .  5). Being in unrelaxed traps, evis- 
is able to tunnel relatively freely from an occupied 
trap to an unoccupied trap of the same depth. The 
frequency of tunnelling will be greater for those 
eviSp absorbing near A,,, because they represent the 
most abundant traps. Increasing the movement of 
evis- increases the rate at which it will disappear by 
reaction with a reactive species. Direct tunnelling of 
trapped electrons in glasses has been discussed by 
Miller (17). Buxton and Kemsley (14) have suggested 
that trap-to-trap tunnelling occurs in LiCl/H20 at 
low temperatures. Rice and Pilling (18) have dis- 
cussed the effect of trap relaxation on trap-to-trap 
tunnelling. We suggest that trap relaxation for at 
least the first millisecond at 6 K is small enough to 
permit evis- to tunnel from trap-to-trap. 

Looking at Fig. 4 we can see a decrease in the 
650 nm decay rate, the timing of which depends on 
the temperature. At 6 K we do not see any flattening 
of the curve, at 22 K it occurs at -200 ps, at 33 K 
at - 100 ps, at 48 K at - 10 ps, at 61 K at -2 ps, 
and at 75 K it presumably occurs before 100 ns. In 
fact, at 73 K a small sharp decay of - 3% is observed 
at h < A,,, over the period 100-200 ns. This may 
represent partly a flattening of the decay curve of 
eviSp and partly the decay of ei,- which probably 
makes a small contribution to the absorbance at 
650 nm. We suggest that the time at which the decay 
curves flatten is approximately the time required for 
trap relaxation to substantially reduce the rate of 
trap-to-trap tunnelling. According to this model the 
100 ns value of G(evis-) increases with increasing 
temperature due to the increasing rate of trap 
relaxation. For the same reason G(evis-) is higher at 
90 K than at 75 K. At the higher temperatures we 
propose that thermally activated decay of evis- also 
occurs as evidenced by a sudden steepening of the 
decay curves in Fig. 4. This sets in at - 100 ps at 
61 K, -300 ns at 75 K, and before 100 ns at 90 K. 
At 90 K the glass is still well below the glass transi- 
tion temperature of 145 K measured for 9.5 M 
LiC1/H20 (19). 

The trends of decay rates and yields of ei,- are 
opposite to those for evis-. We speculate that ei,- is 
in relaxed traps by 100 ns at 6 K. Increased decay 
before 100 ns would account for the smaller values 
of G(eir-) at higher temperatures. We propose that 
the increased decay rate at higher temperatures is 
due to thermally assisted tunnelling. Rice and Pilling 
(18) have stated that phonon-assisted trap-to-trap 
tunnelling might be a significant factor by lo-' s at 
150 K for a trap relaxation energy of less than 0.2 eV. 
A trap relaxation energy of less than 0.2 eV for eir- 
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does not seem unreasonable based on a trap depth 
I 0.5 eV as estimated from its stimulation spectrum 
(below). The reason why the eir- trap relaxes so 
much faster than the evis- trap may reflect the much 
different environments of the two traps. It is believed 
that eir- is associated with amorphous water in the 
glass whereas evis- is associated with D 2 0  bound to 
Li' (4). It is expected that molecular motion of the 
water molecules in the potential field of the Li' ion 
will require more energy than will motion of the 
water molecules making up the eir- traps. This effect 
will be particularly noticeable at low temperatures. 

If eir- was in a relaxed state during all the obser- 
vations carried out it is possible to estimate very 
roughly an activation energy for the thermally 
assisted decay. Bearing in mind that tunnelling is a 
likely transport mechanism and that tunnelling is 
strongly distance dependent and removes first the 
eir- trapped closest to a reactant, any meaningful 
calculation of activation energies must apply to the 
same distance distribution at all temperatures. We 
assume, for purposes of calculation, that the initial 
yield of eir- and the initial distance distribution of 
eir- with respect to species with which it may react 
are independent of temperature. We further assume 
that the distance distribution will be the same for 
the same value of GE regardless of temperature. We 
have compared the decay rates measured at GE = 
2.2 x lo4 over a range of temperatures. This value 
of GE is reached at 100 ns at 75 K, at 600 ns at 61 K, 
at 20 ps at 48 K and, by extrapolation, at -20 ms 
at 33 K. Between 22 K and 6 K there seems to be an 
activation energy of zero indicating that simple, 
temperature-independent, tunnelling may predom- 
inate at these temperatures. An Arhennius plot of 
the decay rates above 22 K measured at GE = 2.2 x 
lo4 yields an activation energy of 0.3 kcal/mol (0.01 
eV). An activation energy of -0.04 eV was estimated 
for the temperature dependent decay rate of et- 
between 60 K and 77 K in methylcyclohexane glass 
(20), another system in which infrared absorbing 
trapped electrons probably decay by tunnelling. 

It is not known which species react with eviSp and 
eirP. Likely candidates are D20', D30', OD, and 
C1,-. These are produced in the following reactions: 

G(C12-) was calculated from the absorbance at 340 
nm assuming that E,,, = 8.8 x lo3 M-' cm-' (21). 

Corrections were made for the contribution of evis- 
at 340 nm assuming that its absorption band re- 
sembles that of evis- in an ethylene glycol/D20 glass 
(2). Values calculated for G(C1,-) at 100 ns are 3.4 
at 73 K and 2.2 at 6 K. The value of 3.4 at 73 K is 
in disagreement with the value of 2.57 reported 
previously (4).' The reason for this discrepancy is 
not known and has not yet been examined in more 
detail. C1,- does not seem to be an important 
reactant in the decay of trapped electrons. For 
example, the absorbance at 350 nm decayed by 4% 
from 100 ns to 1 ms at 73 K and remained constant 
from 100 ns to 1 ps at 6 K. Over the same time 
intervals considerable decay of trapped electrons 
occurred (Fig. 4). It is possible that the uv band is 
partly due to ClOH- which has = 3.7 x lo3 
M-' cm-' at 350 nm in aqueous solution (21). 

Values of G(evis-), G(eirP), and G(C1,-) at 100 ns 
are tabulated in Table 1. 

Radiolysis of 12 M LiCI/D20 
Pulse radiolysis measurements on 12 M LiCl at 

6 K led to the 100 ns spectrum shown in Fig. 6. 
Values of G(eviSp) and G(eir-) are given in Table 1. 
Below the 100 ns spectrum in Fig. 6, and on the same 
scale of GE, is shown the amount by which GE 
decreased between 100 ns and 1 ps. For example, a 
decrease in GE of 21% was measured at 600 nm. At 
600 nm and 715 nm filters were used to check that 
bleaching by the analyzing light did not contribute 
to the measured decay. 

The pulse radiolysis results for 12 M LiCl and for 
9.5 M LiCl are similar. In both glasses the 100 ns 
yield of evis- is lower at 6 K than at 73 K while the 

TABLE 1.  Values of G(eViS-), G(ei,-), and G(C1,-) 
in LiCI/D20 at 100 ns 

G 
Temperature 

(K) e.,,,-" el,-b c1,-= 

.Assuming E,,. = 2 x 104 M-I cm-I and corrected 
for el.- by using the spectra of eVl,- and el,- in ref. 2. 

E l 4 0 0  = 5.7 X lo3 M-I cm-I to calcula~e 
E,,,, = 2.6 x 104 M-1 cm-1 from band analysis of el,- In 
MgCl, glass (2). 

CUsing E~~~ = 8.8 X lo3 M-I cm-I (21) and corrected 
for e - using spectrum in ref. 2.  en from Gillis, Teather, and Buxton (4).' 
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A .  nm 
400 500 600 700 900 1200 2300 

I I I I I I 

FIG. 6. Optical spectra and spectral changes in irradiated 
12 M LiCl/D20 glass. 0 represents the absorption spec- 
trum at 6 K measured l00ns after the start of a 4011s 
pulse. The loss (not the resultant absorption) observed to 
occur in this spectrum between 100 ns and 1 ys is shown by e. 
The - line represents the absorption spectrum measured 
50 min after irradiating a sample with 25 pulses, the sample 
being maintained constantly at 4-10 K. 

yield of ei,- is larger. The spectral shapes of evis 
and ei,- are similar in both glasses. The initial decay 
at 6 K is faster in the visible than in the infrared. The 
decay was 16% at 650 nm between 100 ns and 1 ps 
in 12 M LiCl at 6 K compared to 23% in 9.5 M LiCl. 
This greater stability in 12 M LiCl, also evidenced 
by measurements to 1 ms, seems to be related to a 
stable underlying band in the visible at 6 K. 

An experiment was carried out in which a 12 M 
LiCl sample was given 25 pulses in quick succession 
and kept in the dark during transfer to the Cary 17 
spectrophotometer. The temperature was kept 
between 4-10 K at all times. The absorption spectrum 
was measured 50 min after irradiation and is shown 
in Fig. 6. A rough calculation was possible which 
indicated that the loss of absorbance between 100 ns 
and 50 min was nil in the uv, - 55% at 600 nm, - 35% 
at 71 5 nm, and - 90% at 2300 nm. At 600 nm and 
715 nm hpese decays correspond roughly to that 
actually measured between 100 ns and 1 ms which 
leads us to believe that the decay in the visible band 
is largely complete by 1 ms. The stable band is 
similar to the 100 ns spectrum but is red shifted with 
h,,, = 695 nm. We have insufficient data to make 
more than a rough estimate but it seems that the 
stable band may represent - 40% of the visible band 
at 6 K, 100 ns. In 9.5 M LiCl this is reduced to 
perhaps 20% based on the decay at 650 nm over the 
first millisecond. After measuring the absorption 
spectrum for 12 M LiCl the sample was bleached by 
several exposures to 633 nm light from a 5 W He-Ne 
laser. The visible band appeared to bleach homo- 
geneously. At the same time the infrared band 
increased presumably due to retrapping of photo- 
ionized evis- as ei,-. 

Information on the two bands making up evis- is 
still very limited. Their broadness is consistent with 
their being trapped electrons. It is possible that the 
695 nm band at 6 K may be related to the more rapid 
decay observed in 9.5 M LiCl at h > Amax at 76 K, i.e., 
the 695 nm band may be less stable at 76 K than at 
6 K in the same way that ei,- is. The 695 nm band 
may be similar to the "red wing" and/or "red band" 
in BeF,/D,O glasses (5). The "red wing" and "red 
band" have values of Amax which seem to depend on 
the concentration of BeF, but which lie in the region 
600 nm to 900 nm. They are believed to represent 
e,- and they form part of the larger "visible" band. 
The spectrum of evis- in ethylene glycol/H,O may 
also be composed of two bands. Higashimura et al. 
(22) have reported that A,,,,, for e,- at 77 K was 
585 nm if the radiolysis was carried out at 77 K and 
660 nm if carried out at 4 K. 

Thus, it appears that evis- in 12 M LiCl is com- 
posed mostly of the species which is predominant in 
9.5 M LiCl but, in addition, there exists a significant 
fraction of another type of trapped electron. The 
relationship between these two components, if any 
exists, is not yet clear. 

- 
Stimulation Spectra of eVi,- and ei, 

Stimulation spectra of evis- and ei,- were mea- 
sured in several aqueous glasses at 4 K and 77 K. 
The procedure followed was to photolyze a glassy 
sample containing 5 x M tryp for 1 min with 
uv light from a low pressure Hg lamp. The light was 
first passed through a Corning 7-54 tilter and a water 
filter to reduce bleaching of ei,- by infrared light. 
Photolysis ionized tryp producing tryp+, evis-, and 
ei,-. Beginning several minutes later, when iso- 
thermal luminescence from the sample had decreased 
sufficiently, the stimulation spectrum was determined 
by illuminating the sample with 0.3 s light pulses at 
wavelengths selected by a monochromator and 
measuring the intensity of the stimulated lumines- 
cence 0.2 s later with a photomultiplier and recording 
the oscilloscope trace photographically. The stimu- 
lating light came from a xenon arc, the pulse was 
produced with a mechanical shutter system and the 
timing of the sequence was exactly reproduced for 
each light pulse. At each wavelength the mono- 
chromator slits were set so that the same number of 
photons reached the sample. The correct slit widths 
were determined in a separate experiment with a 
radiation flux meter in the sample position. Each 
light pulse photoionized some of the trapped elec- 
trons absorbing at the wavelength used causing a 
very small fraction of the trapped electrons to decay 
by reaction with tryp+. This reaction produced 
triplet tryptophan which phosphoresces largely in 
the visible (23). We measured a phosphorescence 
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lifetime of 6.5 + 0.1 s in 9.5 M LiC1/5 x M 
tryp at both 4 K and 77 K, in agreement with the 
reported lifetime of 6.6 s (23). This confirmed that 
we were measuring only the phosphorescence of 
triplet tryptophan when exciting at h > 500 nm. For 
h c 500 nm a small amount of more rapid decay was 
observed and corrections were made for this. A plot 
versus wavelength of the maximum phosphorescence 
intensity measured at each wavelength constitutes 
the stimulation spectrum. Barring significant changes 
in transmission of the stimulating light through the 
sample caused by absorption by the cell, the glassy 
matrix and the trapped species, the number of 
photons absorbed by trapped electrons was propor- 
tional to their absorbance at each wavelength. It was 
found that ei,- decayed noticeably during the 
measurement of a complete spectrum. A lesser decay 
occurred for evis-. These decays were corrected for 
by measuring the spectrum several times and inter- 
polating the results at each wavelength to construct 
a stimulation spectrum representing a single instant 
of time. This also avoids the possible problem of a 
change in the quantum yield of phosphorescence 
with change in the concentration of trapped electrons. 

Stimulation spectra are akin to photobleaching 
spectra but instead of measuring the decrease in 
trapped electrons caused by photolysis one measures 
only the emission caused by those electrons which 
are photoreleased and react with tryp' to produce 
triplet tryptophan which phosphoresces. Absorption 
of light by tryp' does not result in phosphorescence. 
In this way we were able to study eV,- without inter- 
ference from tryp' which absorbs in the same wave- 
length region. 

For each sample a stimulation spectrum was 
measured on the unphotolyzed sample in order to 
correct for direct excitation of tryp molecules. This 
correction was only significant below 500 nm. The 
stimulation spectra and their decay characteristics 
were reproducible from experiment to experiment 
when using tubular cells but the absolute intensities 
were irreproducible, presumably due to variations 
in the output of the photolysis lamp. As usual, D 2 0  
glasses were used to avoid the stronger near-ir 
absorption of light found in H 2 0  matrices. 

(a) ei,- in LiCI Glasses 
The open circles in Fig. 7 constitute the stimulation 

spectrum measured at 4 K for 9.5 M LiCI/5 x 
M tryp contained in a 3 mm id tube. Beyond 1300 nm 
dips appear in the spectrum due to absorption of the 
stimulating light by the matrix. The decay of the 
stimulation spectrum was uniform between 1000 nm 
and 2300 nm indicating that, over this range at least, 
the decay of a single species, ei,-, was being ob- 
served. The decay rate was close to that measured by 

FIG. 7. Stimulation spectrum of e,,- at 4 K. 0 refers to the 
intensity (arbitrary units) measured in 9.5 M LiCl/D20/5 x 

M tryp corrected to 30 min after the start of a 1 min 
photolysis. refers to 6 M LiC1/D20/5 x M tryp in a 
0.24mm cell corrected to 10 min and normalized to agree 
with the open circles at 1300 nm. 

absorption at 2300 nm at 2 K as shown in Fig. 2. 
Thus, those ei,- stimulated to react with tryp' and 
produce phosphorescence seem to represent the bulk 
of ei,- as measured by absorption. In other words, 
the stimulation method seems to sample adequately 
the total population of ei,-. The shape of the 
stimulation spectrum from 600 nm to 1300 nm, if 
corrected for the presence of evis-, is very similar to 
the absorption spectrum of ei,-. The correction for 
evis- could be made from kinetic measurements 
because evis- was found to decay more slowly than 
ei,-. The relatively small yield of evis- and its slower 
decay is consistent with the absorption measurements 
described above. 

In order to reduce absorption of the stimulating 
light by the matrix we used a 0.24 mm sample of 
9.5 M LiCl in a flat cell. The result was a stimulation 
spectrum with less pronounced dips but it did not 
prove to be an ideal sample because it always cracked 
badly and ei,- decayed much faster than in the 
cylindrical sample. The result was a spectrum 
dominated by eviSw. We obtained similar, but more 
reliable, results in the infrared with a 0.24 mm 
sample of 6 M LiCl. Gillis, Teather, and Buxton (4) 
have shown that the yield and stability of ei,- is 
increased on going from 9.5 M LiCl to 6 M LiCl at 
76K while the yield of eV,- is decreased. The 
stimulation spectrum in 6 M LiCl is shown in Fig. 7 
as the closed circles which are normalized to the 
open circles at 1300 nm. Calculations indicate that, 
even in the thin sample, appreciable light absorption 
by the matrix took place at 2300 nm so we were still 
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unable to determine the true shape of the stimulation 
I spectrum of ei,- at h > 1300 nm. Thinner samples 
I were not practical due to the smallness of the signal. 

(b) e,,- in LiCl Glasses 
The stimulation spectrum of evi,- at 4 K in 9.5 M 

LiC1, even when measured after many minutes in the 
I 0.24 mm cell, was still difficult to disentangle from 

that of ei,-. However, similar and more reliable 
results which were obtained with a cylindrical 
sample of 12 M LiCl at 4 K are shown in Fig. 8. 
Gillis, Teather, and Buxton (4) have shown that, at 
76 K, the yield of evis- is increased and that of eir- 
is decreased on going from 9.5 M LiCl to 12 M LiC1. 
Indeed, the 4 K stimulation spectrum in Fig. 8 does 
show a much smaller contribution of eir- than the 
spectrum in Fig. 7. The I,,, of the stimulation 
spectrum at 4 K is 625 nm as compared to the 

I absorption maximum of 695 nm at 4-10 K in Fig. 6. 
The stimulation spectrum of eviSp in 9.5 M LiCl 

I 

was also measured at 77 K. Once again, a similar 
but more reliable spectrum was measured in 12 M 

! 
I LiCI. This spectrum is shown, as corrected to 20 min, 

in Fig. 8 as open circles. This spectrum is very 

I similar to the photoconductivity spectrum reported 
by Rice and Kevan (24) for 10 M LiC1/H20 glass at 

I 
85 K. The long term absorption spectrum at 77 K 
in 12 M LiCI/D,O has not been measured so we 

I must compare the stimulation spectrum in Fig. 8 
with its I,,, - 475 nm to the absorption spectrum ~ in 9.5 M LiCI/H,O which has I,,, = 590 nm (14). 

FIG. 8. Stimulation spectra in 12 MLiC1/D20/5 x M 
tryp corrected to 20 min after the start of a 1 min photolysis. 

were measured at 4 K and 0 were measured at 77 K. The 
intensity units for each curve are arbitrary and independent 
of one another. 

The intensity units in Fig. 8 are arbitrary and 
independent for each curve. The decrease in intensity 
on going from 450 nm to 400 nm at 77 K is believed 
to be real but this region of the spectrum is com- 
plicated since at h 5 600 nm the measured stimula- 
tion intensity grew slightly for the first 20 min and 
then decayed. At h > 600 nm only decay was 
observed. The reason for this behaviour is not known 
but it might be associated with the shift in the 
absorption spectrum which sees I,,, change from a 
value of 625 nm at 100 ns to a long term value of 
590 nm (14). A growth in the visible region, measured 
by absorption, has already been noted (see Fig. 2). 
Since eir- decays rapidly at 77 K it is not surprising 
that the stimulation spectrum was zero above 
1000 nm. 

(c) Trap Depths and Relaxation Energies 
The spectrum of the quantum yield for photo- 

ionization of evis- in 12 M LiCl at 77 K can be 
obtained by dividing the stimulation intensity by the 
optical absorption. Assuming an absorption spec- 
trum similar to that of 9.5 M LiCl (14), the result is 
a low quantum efficiency for photoionization at 
h > I,,, followed by a sharp rise from - 600 nm to 
-500 nm and a broad maximum at -450 nm. A 
similar sharp rise, setting in at I,,,, in the quantum 
efficiency of photoconductivity in 10 M LiCI/H20 at 
85 K (24) was interpreted to mean that the optical 
absorption is due to bound-bound transitions above 
I,,, and to bound-free (continuum) transitions 
below I,,,. 

Thus, the long term absorption band of evis- at 
77 K seems to be made up of a bound-bound tran- 
sition from which photoionization is inefficient and 
a bound-free transition represented by the stimula- 
tion band, similar to an analysis of the evis- band in 
EG/D,O shown in ref. 2. We shall assume that these 
two transitions belong to the same trapped electrons. 
Thus, the maximum of the absorption band of evis- 
at 77 K (590 nm, 2.1 eV) (14) represents the energy 
of the transition from the ground state to the first 
excited state for the most abundant trap depth. The 
energy of the transition from the ground state to the 
continuum for the most abundant trap depth is the 
maximum of the stimulation spectrum (475 nm, 2.6 
eV). This places the first excited state 0.5 eV below 
the continuum. We are neglecting more refined 
details such as autoionization, tunnelling from a 
bound excited state to the continuum, and changes 
in I,,, due solely to temperature changes. Similarly, 
we can separate the absorption spectrum measured 
at 50 min, 4-10 K (Fig. 6) into a bound-bound 
transition with I,,, = 695 nm (1.8 eV) and, from its 
stimulation spectrum, a bound-free transition with 
I,,, = 625 nm (2.0 eV). 
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If we knew the energy of the bound-free transition evis- than for ei,- has also been deduced by Rice, 
of the unrelaxed eviSp precursor to the 77 K relaxed Dolivo, and Kevan (25). 
state we could calculate the relaxation energy. We ( d )  Temperature Dependent Tunnelling of e i,- 
are inclined to believe that the unrelaxed state in The decrease in the spectrum between 
question is by the decaying 10 ,in and 50 min after the start of a 1 min photolysis 
component at in Fig. 5 for which the rapid decay was measured at 1800 nm at several temperatures. 
prevents a determination of the stimulation spec- The percent decay was found to be relatively in- 
trum. However, it is unlikely that the bound-free dependent of temperature but the intensity at 10 min 
transition an energy less than was clearly smaller the higher the temperature. The 
the the spectrum at 100 ns which decay was 30% at 4 K, 28% at 20 K, 35% at 32 K, 
is 625 nm (2.0 eV) at 73 and K. Hence we and 35(+ 5)% at 46 K. It  must not be construed from 
estimate that the energy of the this temperature independent decay that the tunnel- 
component of the evis- band is 10 .6  eV. ling rate constant is temperature independent. To be 

The picture of evis- in LiC1/D20 glasses valid, a comparison of tunnelling rate constants at 
presented the various techniques employed here different temperatures is best made for identical 
is that the predominant species is in an unrelaxed distance distributions and identical e,- 

at K, loo ns but in a partially trap at trap depth distributions. If we assume that the initial 
77 K, loo ns. band is present, at least in yield and distance distribution of ei,- is independent 
12 M LiCl. The characteristics of this second band of temperature between 4 K and 77 K, as seems to I 

are at present. We whether be the case for glassy hydrocarbons (lo), we conclude 
of the second band at 77 K contributes to the that the higher the temperature the smaller the 

1 shift from 625 nm to 590 nm at long times. fraction of the original ei,- left at 10 min. Given the 
Both bands, under the conditions in which their strong distance dependence of tunnelling, this 

'pectra can be measured, implies that the higher the temperature, the greater 
bound-bound and bound-free transitions. The is the average ei,--reactant distance at 10 min. We 

energy of the predominant species at 77 conclude, once again, that the tunnelling rate con- 
is 50.6 ev.  We recognize that we have postulated stant between 4 K and 46 K is temperature depen- 
',ax = 625 nm for both non-relaxed evis- at K, dent. Phonon-assisted tunnelling of ei,- has already 
100 ns and for partially relaxed eVis- at 73 K, 100 ns. been mentioned. 
Since it is not known whether the transitions at 
100 ns are bound-bound or bound-free and since (e)  Ethylene Glycol Glass 

the maximum spectral shift on complete relaxation We measured the stimulation spectra in EGID20 

1 at 77 K is only from 625 nm to 590 nm we do not (50150 by volume) glasses containing 5 lo-' 
I feel that any ~onc~usions can be drawn from the trypa The EG was protiated, not The 

similarity of A,,, at 6 K and 77 K at 100 ns. spectra at 4 K and 77 K are shown in Fig. 9. They 

We believe that the present evidence, while not provide little information about ei,-. The low 

1 conclusive, is incompatible with the idea that the intensity above 1800 nm is due to a low concentra- 

energies of the ground state levels of eviSp and ei,- tion of ei,- and/or matrix absorption of the stimulat- 

could be very similar. This idea was recently com- ing light. The stimulation spectrum of e,,- at 4 K 

merited on with regard to possible tunnelling from seems to be shifted to slightly shorter wavelengths as 

e,,- to ei,- (4). Briefly stated, we conclude that the compared to the absorption spectrum of eVis- at 4 K 
(26) bearing in mind the difficulty in separating the ground state for eVisM in relaxed traps at 77 K is - 

2.6 eV below the continuum. The maximum of the evis and ei,- contributions in both cases. This 

spectrum of eiI- could not be reliably suggests that a considerable fraction of the absorp- 

determined because of matrix absorption but an tion band is due to a bound-free transition. The 

upper energy limit is 0.5 eV (2400 nm) based on Fig. stimulation spectrum of eV,- at 77 K is also shown 

7. The higher energy portion of the stimulation band in Fig. 9 and is consistent with the reported photo- 

is presumably due to transitions from the ground conductivity spectrum (24). From it and the absorp- 

state to higher levels in the continuum and/or a tion spectrum at 77 K (27) we calculate a relative 

range of trap depths. If we neglect changes in energy quantum efficiency curve the same as that reported 

levels due solely to temperature changes we place the by Moan (28) for photobleaching of e,,- in 
I ground state of ei,- at 77 K at -0.5 eV, far from EG/H,O/tryp glass at 77 K. 

the 2.6 eV level of the ground state in e,,- but, (f) NaOD Glass 
interestingly, close to the level of the first bound A cursory examination was made of the stimula- 
excited state in e,,-. A much deeper trap depth for tion spectrum of 10 M NaOD/D20/5 x lo-' M 
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FIG. 9. Stimulation spectra measured in EG/D20 glasses 
(50150 by volume) containing 5 x M tryp. were 
measured at 4 K, 25 min after the start of a 1 min photolysis. 
0 were measured at 77 K, 30 min after the start of a 1 min 
photolysis. The intensity units for each curve are arbitrary and 
independent of each other. 

tryp. The results at 4 K and 77 K are shown in Fig. 
10. The luminescence decay in this glass was not the 
simple phosphorescence of triplet tryptophan. Two 
decays, one with lifetime - 1.4 s and another with 
lifetime -4.8 s seemed to be present. In Fig. 10 we 
have plotted the maximum value of the total mea- 
sured stimulated emission. The intensities measured 
in 10 M NaOD were weak and the measurements less 
reliable than in the EG and LiCl glasses but they are 
sufficiently interesting to warrant inclusion in this 
report because .they demonstrate a case in which the 
stimulation spectrum and the absorption spectrum at 
77 K (26) are very similar, indicating a bound-free 
transition. This conclusion has already been drawn 
from the similarity of the wavelength dependence of 
photo-current in irradiated 10 M NaOH to the 
absorption spectrum (24). The apparent differences 
between the stimulation spectra at 4 K and 77 K are 
not considered to be outside experimental error. 

An indication that the absorption spectrum in 
10 M NaOD is not due solely to one transition 
comes from preliminary results at  both 4 K and 77 K 
which indicate that photobleaching with light at 
h > I,,, caused more bleaching at h than at wave- 
lengths < I,,,. This suggests that the absorption 
spectrum is due to at least two trap depths, one of 
which is more easily bleached than the other as 
reported for BeF,/D,O glasses at 76 K (5). 

FIG. 10. Stimulation spectra measured in 10 M NaOD/ 
D20/5 x M tryp. were measured at 4 K between 10 
and 20 min after the start of a 1 min photolysis. 0 were 
measured at 77 K between 20 and 30 min after the start of a 
1 min photolysis. The intensity units for each curve are 
arbitrary and are independent of each other. 

Summary of eir- and e,,- in LiCl Glass 

fa) eir- 
1. The production of the infrared band by photo- 

ionization of tryptophan further substantiates its 
assignment to a trapped electron, ei,-. 

2. The spectrum of ei,- in LiCl/D,O seems to be 
essentially the same as in EG/D,O even to the value 
of its extinction coefficient ( E ~ ~ ~ ~  = 3.1 (k0.5) x 
lo4 M- '  cm-'). 

3. The ground state of ei,- is I 0.5 eV below the 
continuum while the calculated value of I,,, is 
3600 nm (0.34 eV). 

4. The ei,- trap seems to be substantially relaxed 
by 100 ns even at 6 K. 

5. The decay of ei,- is temperature independent 
between 6 K and 22 K and presumably occurs by 
tunnelling. Above 22 K the decay is temperature 
dependent, possibly involving phonon-assisted trap- 
to-trap tunnelling given the strong possibility that 
the relaxation energy of ei,- is small. 

fb) evis- 
1. The spectrum of eV,- is probably composed of 

at least two distinct bands. 
2. The predominant band in 9.5 M LiCl and 12 M 

LiCl decays faster at 6 K than at 75 K probably 
because it relaxes more slowly at 6 K, allowing trap- 
to-trap tunnelling to occur. 

3. The predominant band at long times at 77 K 
has a bound-bound transition with maximum 
intensity at 2.1 eV and a bound-free transition with 
maximum at  2.6eV. The relaxation energy is 
believed to be I 0.6 eV. 

4. The second band of eV,- is more prominent in 
12 M than in 9.5 M LiCl. I t  has been isolated at 6 K 
where it is much more stable than the predominant 
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band, probably due to faster relaxation. It  has a 
bound-bound transition maximum at 1.8 eV and a 
bound-free maximum at 2.0 eV. 
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Electron spin resonance study of radical adducts of unsaturated dicarboxylic and 
tricarboxylic acids 
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BABATUNDE B. ADELEKE and JOSHUA A. FANIRAN. Can. J. Chem. 57, 1500 (1979). 
An esr study of the addition reactions of 'OH, COz-', SO3-', and 'P032- radicals to the 

anions of aconitic, itaconic, and chelidonic acids is reported. There was an electron transfer 
reaction between C02- '  and chelidonic acid anion. The phosphite radical reacted with cheli- 
donic acid to produce two types of radicals resulting from addition to C=C and the oxygen of 
the carbonyl group in the acid. The radical adducts of the anions of aconitic and itaconic 
acids exhibited extensive linebroadenings due to hindered internal rotations. The barrier to 
internal rotations is shown to be the repulsive forces between the negative charges on the 
various substituents. 

BABATUNDE B. ADELEKE et JOSHUA A. FANIRAN. Can. J. Chem. 57,1500 (1979). 
On rapporte une etude rpe des reactions d'addition des radicaux 'OH, C02-', SO3-', 

et aux anions des acides aconitique, itaconique et chelidonique. I1 se produit une 
reaction de transfert d'6lectron entre le C02-'  et I'anion de I'acide chelidonique. Le radical 
phosphite reagit avec I'acide ch6lidonique pour conduire a deux types de radicaux provenant 
d'additions au niveau du C=C et de I'oxyg6ne du groupe carbonyle de I'acide. Les adduits 
radicalaires des anions des acides aconitique et itaconique presentent des Blargissements de 
raie qui sont importants et qui proviennent d'empbchement aux rotations internes. On a 
montre que la bamkre aux rotations internes est due aux forces rkpulsives entre les charges 
negatives sur les divers substituants. 

[Traduit par le journal] 

Introduction 
Many transient organic free radicals have been 

generated in aqueous flow medium for esr study by 
the reactions of 'OH with reactive organic substances 
(1-4). The hydroxyl radical is usually produced in a 
flow system by the reaction of Ti(II1) with hydrogen 
peroxide. Norman et al. and others have extensively 
used this method to generate various types of radicals 
for esr studies (2, 5-7). Among the many systems 
studied by Norman and co-workers is radical addi- 
tion to maleic acid (6, 7). 

Chawla and ~essendeh used the fumarate ion as a 
spin trap for a number of radicals including SO4'-, 
'NH,, and radicals (8), while Neta produced 
radicals for esr studies by the reaction of fumarate 
ions with cap, H', 'OH, carboxyl radicals, and a series 
of alkyl radicals (8). More recently Steeken and Lyda 
have used fumarate and maleate ions as spin traps 
for acyl radicals (8). Fessenden and Neta studied the 
reactions of hydrated electrons with some unsatu- 
rated dicarboxylic acids including chelidonic acid 
(10) while Kirino and Fessenden have studied the 
addition of 'S- and 'OH- radicals to the anion of 
itaconic acid (10). Apart from maleic (4, 6-9) and 
fumaric (8) acids, few esr studies of radical addition 

'To whom all correspondence should be addressed. 

to other unsaturated dicarboxylic and tricarboxylic 
acids have been reported. 

In this article we report an esr study of addition 
reactions of 'OH, SO3-', C0,-' and 'P0,2- radicals 
to the anions of aconitic, itaconic, and chelidonic 
acids. The radicals generated in alkaline medium 
were very persistent. This is presumably because of 
the high negative charges on the radicals. As a result 
of this high persistency, enough concentration of 
some radicals was obtained to observe, at natural 
abundance ratio, 13C splittings. 

Results and Discussion 

Itaconic Acid 
When 'OH radical was generated in the presence 

of itaconic acid, the observed esr spectrum depended 
on both the concentration of the acid and the pH of 
the medium. It was obvious that more than one 
radical type was present. A similar observation was 
made by Fischer et al. (1) in their esr study of hy- 
drogen abstraction from succinic acid. They showed 
that rapid and reversible proton transfer reactions 
between the radicals and the acid molecules was 
responsible for the observation. 

At a pH of 9.5 and itaconic acid concentration of 
0.5 g/L, a spectrum attributable to radical I was 
observed. The g-value and splitting constants 

0008-4042/79/121500-06$01 .OO/O 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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I ADELEKE AND FANIRAN 1501 

I TABLE 1. Radical structures and their esr parameters 

' Number Radical structure amH (GI aeH (GI a~Ihers g 

I 

*The value given is one-half the observed line separation. 

(Table 1) are in good agreement with the values 
reported by Kirino and Fessenden (lo), however, 
they did not observe the -OH proton splitting 
constant. The lines corresponding to MI = 0 of both 
triplets were broadened with respect to the other 
lines. 

The inclusion of sodium formate in the system 
resulted in the observation of the spectrum shown in 
Fig. la. The spectrum conforms to that of four 
equivalent protons in which the lines corresponding 
to MI = f 1 are broadened. The spectrum is 
assigned to radical 11, Table 1. Laroff and Fessenden 
(11) obtained a spectrum similar to that of Fig. la, 
except that the MI = f 1 lines were broadened 
beyond detection. They assigned the spectrum to 

radical 11, which they obtained during the con- 
tinuous in situ radiolysis of the anion of 1,2,3-pro- 
pane tricarboxylic acid. Our values of both the 
proton and 13C splitting constants are in good agree- 
ment with theirs. The broadened lines became 
sharper with increasing temperature, but at 50°C the 
expected 1 : 4 : 6 : 4 : 1 ratio was not attained. However, 
at pH of 3, the spectrum in Fig. lb was obtained. 
The intensity ratio approximates closely to that 
expected from four equivalent protons. The spec- 
trum is that of radical III in Table 1. 

The spectrum recorded when the sulphite anion 
radical was generated in the presence of itaconate 
anion consisted of four lines of equal intensity and 
one broader and less intense line at g = 2.0030. This 
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FIG. 1.  Electron spin resonance spectrum of (a) ( -OX-  
c ~ , ) , e c o , -  ; (b) ( H O ~ C C H ~ ) ~ C C O ~ H .  

FIG. 2. Ejectron spin resonance spectrum and stick plot of 
-02CCHZC(C0,-)CH2P032-. The asterisked lines are 
broadened beyond detection. 

one line is due to the sulphite anion radical (6). The 
four lines spectrum is analysed in terms of a pair of 
two equivalent protons, in which the centre line of 
each triplet was broadened beyond detection. The 
parameters and the suggested structure of radical IV 
are shown in Table 1. 

Figure 2 is the spectrum recorded for the adduct 
of 'PO,,- with itaconic acid at pH of 9.5. The large 
doublet is associated with phosphorus. Here again, 
the centre line of each triplet is broadened but the 
centre line of the triplet with larger splitting constant 
is broadened beyond detection. The spectrum is 
assigned to radical V. 

From the values of upH in (-o,ccH,),CCO,-, 
the hyperfine splitting constants which are much 
different from 14 G are assign~d to the methylene 
protons of -CH,X in -O,CCH,C(CO,-)CH,X 
where X is OH, SO3-, or PO,2-. We note that the 
values of upH in all the radicals reported above are 
less than the value expected for a freely rotating P 
methyl group (12). 

Aconitic Acid 
Three radicals VI, VII, and VII(b) can be identified 

from the reaction of 'OH with aconitic acid at pH 

of 9.8 (Fig. 3). The determined parameters and the 
structures of radicals VI and VII are recorded in 
Table 1. 

Radical VI was generated previously during the 
photolysis of sodium citrate (13) and in situ radio- 
lysis of the anion of 1,2,3-propane tricarboxylic acid 
(1 1). It is interesting to note that the two y methylene 
protons of radical VI are non-equivalent. This 
agrees with the observation of Norman et al. that 
methylene protons which are adjacent to a chiral 
centre are magnetically non-equivalent (14). 

Radical VII is the major 'OH adduct of the anion 
of aconitic acid (Fig. 3a). The smallest splitting did 
not decrease either in deuterium oxide or in the 
presence of a mineral acid. This suggests that all the 
splitting constants in this radical can be assigned to 
the three P-protons of the radical. It is not clear why 
the methylene protons of the -CH2C02- group in 
this radical unlike in the OH adduct of itaconate are 
not equivalent. It is observed that the two outermost 
lines are broadened compared to the inner lines. 

We are unable to suggest a structure for radical 
VII(b) which has a large doublet of 34.74 G and a 
smaller doublet of 1.01 G. 

At pH of 2, radical VIII and the unknown radical 
with aH = 38.35 G were observed (Fig. 3b). 

The spectrum observed when carbon dioxide 

I L O G  - 
H 

I 

FIG. 3. Electron spin resonance spectrum of 'OH adduct of 
aconitic acid at (a) pH qf 9.8; (b) pH of 2.0. (1) Stick plot for 
-02CCH2COH(C02-)CHCOZ- ; (2) stick plot for -02CCHz- 
k(~0~- )CHOH(CO,- ) ;  (3) stick plot for radical W ( b ) .  
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ADELEKE AND FANIRAN 1503 

straight chain aliphatic radicals (15), which possess 

w 

similar 'COP032- structure. The relatively large 
value of aP in radical XI1 indicates the existence of 

f % + w p * ~ % h w + ~ h 1 % 8 > ~  ,, hyperconjugation interaction between the unpaired 
electron and the phosphorus atom. Such hyper- 
conjugation interaction has been used to explain the 

9 
increase in the splitting due to the 31P nucleus from 
1.3 G in thep-benzosemiquinone-1-phosphate radical 

I l l  I l l  
to 20 G in 2,3,5,6-tetrachloro-l,4-benzosemiquinone- 

1 1-phosphate radical (16). Phosphorus splitting con- 
stants of 57.79 G, 56.58 G, and 46.6 G have been 

2 1 1  1 1  observed bv Ineold et al. in radicals wssessinn the 

FIG. 4. Electron spin resonance spectrum of 'PO3'- adducts 
of chelidonic acid in alkaline medium; (I) stick plot for radical 
XII; (2) stick plot for radical XI. 

radical anion reacted with the anion of aconitic acid 
consisted of four lines. The parameters and the sug- 
gested structure for radical IX are given in Table 1. 

The sulphite radical anion was generated in the 
presence of aconitic acid anion. No other esr spec- 
trum was observed besides those of the sulphite 
radical anion and radical VII. Apparently SO3'- did 
not add to aconitic acid. A similar observation was 
made by Norman and Storey (6). 

The spectrum obtained when 'PO3'- reacted with 
aconitic acid could not be unambiguously analysed, 
though the large doublet characteristic of phos- 
phorus was obvious. 

Chelidonic Acid 
No esr spectrum was observed when either 'OH 

or SO3-' was generated in the presence of the anion 
of chelidonic acid. 

A three line spectrum with intensity ratio of 
1 :2: 1 was obtained by the reaction of C02-'  with 
chelidonic acid. The radical is identified as X in 
Table 1. 

Neta and Fessenden (10) produced radical X by 
the addition of hydrated electrons to the anion of 
chelidonic acid. Our values of apH and g are in good 
agreement with theirs. In the present study radical X 
must have been produced by an electron transfer 
from C02-' to the acid. The carbon dioxide radical 
anion has been shown to be an effective one-electron 
reducing agent for carbonyl-containing compounds 
(18). 

Two radicals (Fig. 4) identified as XI and XII were 
produced by the addition of 'PO?- to chelidonic 
acid at pH of 9.5. 

Structure XI is suggested by the observation of the 
hyperfine constant of the y-proton. The appearance 
of a 1 :2: 1 triplet in the spectrum of radical XI1 
suggests that the radical possesses a C2 axis and the 
structure of the radical must be similar to that of 
radical X. The value of 31P splitting constant in 
radical XI1 appears to be large compared with aP of 

' ~ ~ [ ( ~ t ~ ) > ~ i s t r u c t u r e  (17). In theLtwo instances 
cited above steric hindrance forces the P-0 and 
P-N bonds into a plane in which the phosphorus 
atom is optimally positioned for hyperconjugation 
interaction with the unpaired electron. In the present 
study the repulsive forces between PO:- and the 
two C0,'- groups in radical XII might serve the 
same purpose as the steric hindrance in the substi- 
tuted benzosemiquinone 1-phosphate (16) and the 
substituted a-aminoalkyl radicals (17). Previously 
we have observed the addition of diphenyl phos- 
phino radical to the carbonyl oxygen of 2,6-di-tert- 
butyl-p-benzoquinone (1 8). 

Generally the dependence of apH upon the dihedral 
angle 0, between the P-C-H bond and the p-orbital 
containing the unpaired electron is given by 

where A and B are constants. The minimum value 
(13-1 5 G) of apH occurs when the radical is fixed in a 
conformation with 0 = 60" (12, 19). Thus the values 
of apH for the SO3-', C02-', and radical 
adducts of itaconate and C02- '  radical adduct of 
aconitic acid suggest that the radicals exist in the 
preferred conformation 1 or 2. 

7 

-02CCH2 "'V:;Z- 2 X 

This is supported by the increase of apH with in- 
creasing temperature (Table 2). 

It is noteworthy to observe that the values of 12 G 
for apH when X is SO3- or PO:- are less than the 
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TABLE 2. Variation of aBH with temperature 

(a) - O ~ C C H ~ C ( C O ~  -)cH(co~-)~ 

ai3" 
Temperature 

PC> CH2C02- CH(C02-)2 

24 13.90 9.58 
43 14.04 9.77 

(b) - O ~ C C H ~ ~ ( C O ~  - ) C H ~ S O ~  - 

aBH 
Temoerature 

predicted minimum. Similar observation was made 
in the study of P-mercapto alkyl radicals (12). The 
unusually low values of apH were explained by a 
model in which the p-sulfur atom is displaced from 
its tetrahedral position toward the p-orbital. Possibly 
the same type of distortion might be responsible for 
the very low values of apH of -CH2P032- and 
-CH2S03- methylene protons. 

The value (21.45 G) of apH of the -CH20H 
methylene protons in radical I and its decrease with 
increasing temperature suggest that the -CH20H 
group assumes conformation 3 or 4 in the radical. 

The line broadenings observed in the radicals 
reported here are not unique. Kochi and Krusic (12) 
and Norman et al. (7) have observed similar effects. 
Such line broadenings result from hindered internal 
rotation. Exchanges between conformations 1 and 2 
or 3 and 4 as shown above at a rate comparable to 
the difference in the apH splitting constants in the two 
corresponding conformations would lead to the 
broadening of the lines associated with MI = 0 of 
the triplets. These line broadenings are virtually 

absent in the protonated radicals (Figs. l b ,  3b). This 
shows that the barrier to internal rotation in these 
radicals is mainly the repulsive forces between the 
negatively charged substituents. 

Experimental 
Electron spin resonance spectra were recorded on Varian 

E-4 spectrometer with 100 kHz modulation. The mixing 
chamber was the Varian E-249 liquid flow mixing chamber 
which allows the mixing of two reactants. The instrument was 
calibrated using the radical adduct of maleate ion (7). 
The g-values were measured by comparison with DPPH (20) 
and are corrected for second order effect (21). The temperature 
of the solutions was varied by the appropriate use of ice or 
heater. The temperature of the solution as it left the mixing 
chamber was recorded. The pH of the effluent solution is 
reported. 

For the generation of the 'OH adduct in alkaline medium, 
the two solutions which were mixed contained (a) 12.5 mL/L 
of 12.5% (w/v) titanium trichloride solution, 9 g/L of disodium 
ethylenediamine tetraacetate, EDTA, and the pH of solution 
adjusted to 8.5 with concentrated ammonia solution. (b) 
0.5-3 g/L of an unsaturated acid, 2 mL/L of 30% hydrogen 
peroxide, and pH of solution adjusted to 9-1 1 with ammonia. 

In the study of SO3-' or COz-' reactions 30 g/L of sodium 
sulphite or sodium formate respectively was included in solu- 
tion (a). For 'P032- radical, 10 g/L of phosphorus acid was 
included in solution (b). 

The reactions in acid medium were carried out without 
EDTA in solution (a) and the pH of both solutions were 
adjusted to values of 2-3 with sulphuric acid. 

Itaconic acid (I,. Light and Co.) and chelidonic acid (L. 
Light and Co.) were used as supplied. Aconitic acid was pre- 
pared from citric acid using the literature method (22). All 
other chemicals were from BDH company. 
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KRYSTIAN KLOC, JACEK M~OCHOWSKI, and ZDZISEAW SZULC. Can. J. Chem. 57,1506 (1979). 
Isomeric azafluorenones have been oxidized to N-oxides with H20,  in acetic acid or in the 

presence of Na,WO,. 
In the same manner monoazafluorenes have been converted into azafluorene N-oxides, but 

oxidation of diazafluorenes led first to diazafluorenones which then formed diazafluorenone 
N-oxides. Azafluorenones and azafluorenes are readily N-methylated with CH31 to give 
methiodides. The relations between the rate constants of N-methylation and structural factors 
have been discussed. 

KRYSTIAN KLOC, JACEK MLOCHOWSKI et ZDZISEAW SZULC. Can. J. Chem. 57, 1506(1979). 
Les azafluorenones isomeres sont oxydks en N-oxydes par H,O, en presence d'acide 

acktique ou en presence de Na,W04. De la mdme f a ~ o n  on a converti les monoazafluorenes 
en azafluorene N-oxydes, alors que l'oxydation de diazafluorenes conduit i la formation de 
diazafluorenones qui fournissent ensuite les diazafluorenones N-oxydes. Les azafluorenones et 
azafluorenes sont aisement mkthyles avec CH31. On discute des vitesses de la N-methylation 
en fonction de la structure. 

Introduction 0 

The chemistry of nitrogen analogues of fluorene 
and fluorenone is of interest because of the high Hz02 & 
biological activity and the possibility of pharma- CH3COOH 

ceutical application, as well as the synthetic signifi- 1 2 
cance of this little known class of compounds (1, 2). 
In connection with a general study of the chemistry 
of polycyclic azines we have previously reported a 
convenient synthesis of unsubstituted azafluorenones 

OQUQ c:;:oH @Qp 
0 

starting from mono- and. diazaphenanthrenes (3). 3 4 
Azafluorenones were simply converted into aza- 
fluorenes by adopting the Wolff-Kishner reduction fluorenone 9 gave 1,8-diazafluorenone 1 ,%dioxide 10 
procedure (4). in 47% yield, and 2,5-diazafluorenone 11 gave 2,5- 

The aim of the present work has been to investigate diazafluorenone 2,5-dioxide 12 in 9% yield only. 
oxidation and alkylation at nitrogen azafluorenes Oxidation of 1,5- and 4,5-diazafluorenones 13 and 
and azafluorenones, and to obtain hitherto unknown 14 led to tarry unidentified products in which no 
N-oxides as well as N-methiodides. N-oxides were detected. 

There are only a few reported examples of N- Adopting the procedure reported by Hamada and 
alkylation of azafluorenes and azafluorenones (5-8). Takeuchi (12) and oxidizing the studied compounds 
The N-oxidation of this class of compounds has been with H 2 0 2  in the presence of Na2W0, we obtained 
reported only for the cases of Cazafluorene to 2,s-diazafluorenone 2,5-dioxide 12 (30%), 4,5-di- 
4-azafluorene N-oxide (9) and of 3-methyl-2-aza- azafluorenone 4-oxide 15 (22%), as well as 1,5- 
fluorene to 3-methyl-2-azafluorene N-oxide (10). diazafluorenone 5-oxide 16 (37%). 
Analogously, 1lH-indene[l,2-blquinoline 1 gives The structure of 16 was confirmed by its 'H nmr 
85% of the corresponding N-oxide 2, but its isomer, spectrum and comparison with the starting base 13. 
11H-indene[2,1-blquinoline 3, is oxidized to the The H-4 proton is deshielded by the N-oxide group 
corresponding 0x0-compound 4 (1 1). and its signal is shifted to lower field by about 

Results and Discussion 
We have examined the reactions of 1- and 4- Hz02 

monoazafluorenones 5 and 6 with hydrogen peroxide 7q 0 @ : CH~COOH, 8o0C c,H,,' 

in benzene - acetic acid medium and found that they 0 
gave corresponding N-oxides 7 and 8. 5 I-N 

Vo 
7 1-N 

Under similar conditions, after 18 h, 1,8-diaza- 6 4-N 8 4-N 

0008-4042179112 1506-05$0 1 .oo/o 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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KLOC ET AL. 1507 

0.55 ppm. Similar effects were observed in other 
N-oxides (13). 

The presence of N-+O groups was confirmed by. 
the ir spectra in which the position of stretching 
bands occurring at 1200-1300 cm- in accord with 
the data obtained for other N-oxides (14). 

By oxidizing Cazafluorene 18 with hydrogen 
peroxide in acetic acid - benzene mixture, we ob- 
tained 4-oxide 20 as reported in the literature (9). 
1-Azafluorene 17 was oxidized to 1-oxide 19 and 
neither azafluorenone nor its N-oxide was detected, 
although in the case of the similar compound 3 the 
active methylene group was oxidized to give 4 (1 1). 

" 
17 I-N 19 I-N 
18 4-N 20 4-N 

Nevertheless, 1,8-diazafluorene 21 was oxidized in 
the first step to 1,8-diazafluorenone, 9 which was 
simultaneously converted to 1,8-diazafluorenone 
1,8-dioxide 10. 

0 - 0 
10 

Analogously, 1 5 ,  2,5-, and 4,5-diazafluorenes 22, 
23, and 24 were oxidized to the corresponding 
azafluorenones and then to their N-oxides which 
immediately underwent decomposition in acetic acid 
medium. 

When reaction was carried out with H,O, in the 
presence of Na,WO,, the diazafluorenone N-oxides 
12 (973, 15 (7x1, and 16 (16%) were isolated. The 
above experiments are evidence that in diazafluor- 
enes, where two pyridine rings exert a strong electron 
withdrawing effect on the methylene group; this 

group is more active than are nitrogen atoms. No 
significant steric effects were observed in contrast 
to nitrogen analogues of phenanthrene (14). We 
carried out the N-methylation of azafluorenes 17, 18, 
21, 22, 23, and 24 as well as azafluorenones 5, 6, 9, 
11, 13, and 14. The reaction was performed with 
methyl iodide in benzene solution under reflux. The 
results of N-methylation and the properties of the 
products are listed in Table 1. 

The structure of the synthesized products was con- 
firmed by 'H nmr spectroscopy and comparison of 
the spectra with those of starting bases (3, 4), 
although the structure of N-methyl derivatives of 
monoazafluorenes, monoazafluorenones, and sym- 
metrical diazacompounds are unequivocal. 

In the case of 1,5-diazafluorene 22 only l-methio- 
dide 30 was formed and in the 'H nmr spectrum the 
downfield signals were similar to 26, and not to 28. 
The product could not be a mixture of two mono- 
methiodides because the -CH, protons would not 
be equivalent, and two singlets would be seen in the 
spectrum. On the other hand, 1,5-diazafluorenone 
formed mainly 1-methiodide 29, admixture with 
about 20% of the 5-isomer. In the 'H nmr spectrum 
two upfield singlets of -CH, groups (6 = 4.86 and 
4.72 ppm, 1 :4) occurred. The 4.86 ppm signal was 
similar to 27 and the 4.72 ppm to 25. The downfield 
signals were more similar to 25 than to 27. 

In the same manner we found that 2,5-diaza- 
fluorene 23 and 2,5-diazafluorenone 11 were methyl- 
ated at the 2-position to give 33 and 34. 

The rate constants were also established for the 
N-methylation of monoaza- and symmetric diaza- 
fluorenones and azafluorenes, and are listed in Table 
m 
L. 

The data obtained show that the azafluorenes are 
more reactive as compared to azafluorenones, this 
fact being probably due to the electron withdrawing 
effect of the carbonyl group decreasing nucleo- 
philicity of the nitrogen atoms. The second nitrogen 
atom in diazacompounds 9, 14, 21, and 24 also de- 
creases the electron density on the other one and re- 
activities of 9 or 21 are similar to that of 5 or 17. 
Otherwise one would have expected that double the 
number ,of nitrogen atoms in the molecule would 
have doubled the rate constants. 

4-Azacompounds 6 and 18 are less reactive than 
1-isomers 5 and 17 because the H-5 atom could 
cause steric hindrance. When the r C - H  group in 
the 5-position is replaced by a nitrogen atom (com- 
pounds 14 and 24) reactivity increases, and this fact 
can probably be assigned to the high electron density 
at the reaction center, which is due to the proximity 
of the nonbonding orbitals of both N atoms and to 
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TABLE 1. Results of the syntheses of azafluorene and azafluorenone N-rnethiodides 

Yield rnp 
Compound (%) ("(2 

Elemental analysis 
(% 1) 

Calcd. Found 

1 -Methyl-1 -azafluorenone 71 200-201 9 .25(dd ,J=5Hzandl .5Hz , lH,H-2) ,9 .15(dd ,  39.30 
iodide 25 (dec.) J = 8 Hz and 1.5 Hz, lH, H-4), 8.23-8.62 (rn, 2H, 

H-5 and H-8), 8.22-8.76 (rn, 3H, H-3, H-6, H-7), 
4.78 (s, 3H, -CH3) 

1-Methyl-1-azafluorene 93 205-207 8.89 (dd, J = 5 Hz and 2 Hz, lH, H-2), 8.78 (dd, 41.05 
iodide 26 (dec.) J =  8 Hzand 2Hz, lH, H-4), 8.10-8.50(rn, lH, 

H-5), 7.55-7.95 (rn, 4H, H-3, H-6-H-8), 4.62 
(s, 3H, -CH3), 3.72 (s, 2H, =CH2) 

4-Methyl-4-azafluorenone 11 Dec. above 9.26 (dd, J = 5 Hz and 1.5 Hz, 1 H, H-3), 8.97 (dd, 39.30 
iodide 27 (55*) 255 J = 8 Hz and 1.5 Hz, lH, H-1), 8.52-8.70 (rn, 

1 H, H-5), 8.15-8.42 (rn, 4H, H-2, H-6-H-8), 
4.95 (s, 3H, -CH3) 

4-Methyl-4-azafluorene 87 Dec. above 8.50 (dd, J = 5 Hz and 2 Hz, lH, H-3), 8.42 (dd, 41.05 
iodide 28 278 J = 7 Hz and 2 Hz, 1 H, H-1), 8.15-8.27 (rn, 1 H, 

H-5), 7.65-7.87 (rn, 4H, H-2, H-6-H-8), 4.75 (s, 
3H, -CH3), 4.30 (s, 2H, =CH2) 

1 -Methyl-l,5-diazafluore- 27 Dec. above 9.20 (dd, J = 5 Hz and 1.5 Hz, lH, H-2), 9.10 (dd, 39.20 
none iodide 29 (51*) 233 J = 8 Hz and 1.5 Hz, lH, H-4), 9.05 (dd, J = 5 Hz 

and 2 Hz, lH, H-6), 8.40-8.60 (rn, 2H, H-3, H-8), 
7.84 (dd, J = 8 Hz and 5 Hz, lH, H-7), 4.72 
(s, 3H, --CH3) 

1-Methyl-l,5-diazafluorene 98 222-224 9.12-9.35 (rn, 2H, H-2, H-4), 8.87 (dd, J = 5 Hz 40.91 
iodide 30 (dec.1 and 1.5 Hz, lH, H-6), 8.50-8.67 (m, 2H, H-3, 

H-8), 7.95 (dd, J = 8 Hz and 5 Hz, lH, H-7), 
4.98 (s, 3H, -CH3), 4.72 (s, 2H, =CH2) 

1 -Methyl-l,8-diazafluore- 39 Dec. above 9.05-9.40 (rn, 3H, H-2, H-4, H-7), 8.87 (dd, J = 8 Hz 39.20 
none iodide 31 260 and 2 Hz, lH, H-5), 8.50-8.75 (rn, lH, H-3), 8.10 

(dd, J = 8 Hz and 5 Hz, lH, H-6), 4.90 (s, 3H, 
-CH3) 

1-Methyl-l,8-diazafluorene 97 Dec. above 9.16 (dd, J = 5 Hz and 1.5 Hz, lH, H-2), 9.05 (dd, 40.91 
iodide 32 233 J = 8 Hz and 1.5 Hz, lH, H-4), 8.65-8.75 (m, 

2H, H-5, H-7), 7.35-7.57 (rn, 2H, H-3, H-6), 4.50 
(s, 3H, -CH3), 3.84 (s, 2H, =CH2) 

2-Methyl-2,5-diazafluore- 98 Dec.above 9 .68(s , lH,H- l ) ,9 .51(d ,J=6Hz, lH,H-3) ,  39.20 
none iodide 33 260 9.23 (dd, J = 5 Hz and 2 Hz, lH, H-6), 8.76 (d, 

J = 6 Hz, lH, H-4), 8.56 (dd, J = 8 Hz and 2 Hz, 
lH, H-8), 8.03 (dd, J = 8 Hz and 5 Hz, lH, 
H-7), 4.76 (s, 3H, -CH3) 

2-Methyl-2,5-diazafluorene 100 238-240 9.25 (s, lH, H-1) 9.02 (d, J = 6 Hz, lH, H-3), 8.70 40.91 
iodide 34 (dec.) (dd, J = 5 Hz and 1.5 Hz, lH, H-6) 8.45 (d, 

J = 6 Hz, lH, H-4), 8.35 (dd, J = 8 Hz and 1.5 
Hz, lH, H-8), 7.73 (dd, J = 8 Hz, and 5 Hz, lH, 
H-7), 4.81 (s,  3H, -CH3), 4.41 (s, 2H, =CH2) 

4-Methyl-4,5-diazafluore- 93 248 9.42 (dd, J = 5 Hz and 1.5 Hz, lH, H-3), 9.30 (dd, 39.20 
none iodide 35 J = 5 Hz and 1.5 Hz, lH, H-6), 9.07 (dd, J = 8 

Hz and 1.5 Hz, lH, H-1), 8.67 (dd, J = 8 Hz 
and 1.5 Hz, lH, H-8), 8.47 (dd, J = 8 Hz and 5 Hz, 
lH, H-2), 8.08 (dd, J = 8 Hz and 5 Hz, lH, 
H-7), 5.12 (s, 3H, -CH3) 

4-Methyl-4,5-diazafluorene 99 227-229 9.00-9.20 (m, 3H, H-1, H-3, H-6), 8.60 (dd, J = 8 Hz 40.91 
iodide 36 (dec.1 and 2 Hz, lH, H-8), 8.37 (dd, J = 8 Hz and 5 Hz, 

lH, H-2), 7.97 (dd, J = 8 Hz and 5 Hz, lH, H-7), 
5.33 (s, 3H, -CH3), 4.72 (s, 2H, =CH2) 

'After 60 h. 
tThe spectra of azafluorenone N-methiodides were measured in DMSO. The spectra of azafluorene N-methiodides except compound 28 H 

in D 2 0  and the spectrum of 28 in CP3COOD-CDC1, .(I : 1). 
(ere measured 
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KLOC ET AL. 1509 

the absence of the H-5 atom. Nevertheless, the 
influence of these factors is smaller than in the 
analogous azaphenanthrenes (15) because aza- 
fluorene molecules are more linear. 

The synthesized N-oxides and N-methiodides of 
the azafluorenones were subjected to preliminary 
screening against bacteria and fungi in the same 
manner as was described for phenanthrolines (16). 
We have found that in all cases the N-derivatives 
exhibited higher activity than the free bases. Activity 
most similar to that of 1,lO-phenanthroline and the 
widest antibacterial spectra were shown by 2,5- 
diazafluorenone 2,5-dioxide 12, and N-methiodides 
of I-azafluorenone 25, 1-azafluorene 26, and 1,8- 
diazafluorene 32 N-methiodides. Further investiga- 
tions of the activity of azafluorenones, azafluorenes, 
and their derivatives are in progress. 

Experimental 
All melting points were taken with a Kofler apparatus and 

are uncorrected. The ir spectra (in KBr) were recorded with a 
Perkin Elmer 621 spectrophotometer, and nmr spectra with 
a Tesla BS-478180 MHz spectrometer in D,O, DMSO, 
(CF3),C0, or CDC1,-CF,COOD solution, using HMDS 
as an external standard. 

The reaction course, and their products were checked by tlc 
on silica gel using chloroform or ethyl acetate as eluents. The 
spots were visualized with Dragendorff reagent. 

The starting azafluorenones and azafluorenes were syn- 
thesized from the appropriate azaphenanthrenes as described 
earlier (3, 4). The biological tests were performed in the 
Microbiology Department of the Medicinal Academy in 
Lublin. The screening method involved testing synthetic 
compounds against bacteria and fungi; the results are available 
from the Depository of Unpublished Data.' 

I-Azafluorenone I-Oxide ( 7)  
To a solution of 5 (1.81 g, 10 mmol) in glacial acetic acid 

(10 mL) and benzene (10 mL), 30% hydrogen peroxide (3 mL) 
was added and the mixture was heated to gentle boiling. After 
8 h, the second portion of 30% hydrogen peroxide (3 mL) was 
added and the reaction mixture was heated for an additional 
6 h. After oxidation the reaction mixture was concentrated 
under reduced pressure to about 5 mL, water (20 mL) added, 
and the resulting mixture concentrated again. This procedure 
was repeated, and then the residue was evaporated to dryness. 
The crude product was recrystallized from ethanol-water 
yellow needles 69% yield, mp 221-223°C (dec.); ir (KBr) v,,,: 
1720 (s, CO), 1285 cm-' (s, NO). Anal. calcd. for C12H702N: 
C73.10, H 3.55, N7.10; found: C73.45, H 3.50, N 7.11. 

4-Azafluorenone 4-Oxide ( 8 )  
This compound was obtained from 6 in the same manner as 

7, oxidation time being 8 h; orange needles, 68% yield, mp 
257-259°C; ir (KBr) v,,,: 1720 (s, CO), 1285, and 1275 cm-' 
(s, NO). Anal. calcd. for C12H702N: C 73.10, H 3.55, N 7.10; 
found: C 73.40, H 3.45, N 6.79. 

1,8- Diazafluorenone I ,8-Dioxide (10 )  
10 was obtained from 9 in the same manner as for 7. After 

'Photocopies may be obtained, at a nominal charge, upon 
request from the Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Ont., Canada 
KIA 0S2. 

10 h, the second portion of 30% hydrogen peroxide (3 mL) was 
added and reaction mixture was heated for an additional 6 h. 
The insoluble product was filtered and washed with hot 
ethanol; orange needles, 47% yield, mp 274-276°C (dec.); 
ir (KBr) v,,,: 1712 (s, CO), 1290, and 1270 cm-' (s, NO). Anal. 
calcd. for Cl1H6N2O,: C 61.69, H 2.82, N 13.08; found: 
C 61.76, H 3.02, N 12.78. 

2,5- Diazafluorenone-2,5-dioxide (12)  
12 was obtained from 11 in the same manner as for 7. The 

reaction was complete after 30 min and the product was iso- 
lated in 9% yield only. The following modification was alsoused. 
11 (1.82 g, 10 mmol) was stirred at 50°C with the solution of 
Na,W04.2H20 (0.2 g) in 5% hydrogen peroxide (40 mL) until 
the starting material was dissolved completely. The reaction 
mixture was then allowed to stand for 12 h at room tempera- 
ture and the insoluble product filtered off and recrystallized 
from water. Small red prisms decomposed in a range of 
220-240°C; 30% yield; ir (KBr) v,,,: 1728 (s, CO), 1272, and 
1245 cm-' (s, NO). Anal. calcd. for CllH6N2O3: C 61.69, 
H 2.82, N 13.08; found: C 61.99, H 2.93, N 13.13. 

4,5-Diazafiorenone 4-Oxide (15 )  
A suspension of 14 (1.82 g, 10 mmol) in 30% hydrogen 

peroxide (40 mL) with NazW04.2Hz0 (0.1 g) was heated at  
80°C with vigorous stirring for 1 h. The insoluble excess of the 
starting material was removed by filtration and the filtrate was 
extracted several times with chloroform and the extracts were 
checked chromatographically. The previous extracts con- 
taining a mixture of substrate and 15 were evaporated, the 
residue collected and added to unreacted substrate, and the 
oxidation repeated. The latter extracts containing solely 
N-oxide were collected and dried (MgSO,). This compound 
15 underwent decomposition on a column filled with silica 
gel or alumina and could be purified or separated chroma- 
tographically. Purification was effected by recrystallization 
from water; yellow needles decomposed above 230°C, 22% 
yield; ir (KBr) v,,,: 1725 (s, CO), 1294, and 1262 cm-' 
(s, NO). Anal. calcd. for CllH6N2O2: C 66.66, H 3.05, 
N 14.14; found: C 66.40, H 2.91, N 13.76. 

1,5-Diazafluorenone 5-Oxide (16 )  
16 was obtained from 13 similarly to 15. The reaction was 

complete after 3 h, and the reaction mixture was extracted 
with chloroform. The extracts were dried (MgS04) and 
evaporated, and the residue separated chromatographically 
on a column filled with silica gel, using the mixture: ethyl 
acetate - methanol - chloroform (5 : 3 : 1) as eluent. The crude 
16 was obtained from the former fractions and recrystallized 
from water; yellow needles, 37% yield, mp 240-242OC (dec.); 
ir (KBr) v,,,: 1732 (s, CO), 1270, and 1251 cm-' (s, NO). 
Anal. calcd. for CllH6N202: C 66.66, H 3.05, N 14.14; 
found: C 66.36, H 3.06, N 14.17; 'H nmr ((CF,),CO) 6: 9.08 
(dd, J = 8 Hz and 1.5 Hz, lH,  H-4), 8.94 (dd, J = 5 Hz and 
1.5 Hz, lH, H-2), 8.62 (dd, J = 5 and 1.5 Hz, lH, H-61, 
8.17 (dd, J = 8 Hz and 1.3 Hz, lH,  H-8), and 7.65-7.97 (m, 
2H, H-3 and H-7). 

I-Azafluorene I-Oxide (19)  
To a solution of 17 (1.0 g, 6 mmol) in glacial acetic acid 

(12mL) and benzene (12mL), 30% hydrogen peroxide 
(3 mL) was added and the mixture was refluxed for 2 h. Then 
the second portion of 30% hydrogen peroxide (1 mL) was 
added and thereaction mixture was heated for an additional 6 h, 
concentrated under reduced pressure to about 3 mL, water 
(15 mL) added, and the solution concentrated again. This 
procedure was repeated for the complete removal of acetic 
acid. The residue was evaporated to dryness and extracted 
with chloroform. The extracts were dried (MgS04) and evap- 
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orated. The crude product was recrystallized from methanol- 
water (5:l); yellow prisms, 54% yield, mp 142-143°C (dec.); 
ir (KBr) v,,,: 1255 and 1240 cm-I (s, NO). Anal. calcd. for 
ClZH9NO: C 78.66, H 4.95, N 7.64; found: C 78.31, H 4.80, 
N 7.52. 

4-Azaflrtorene 4-Oxide (20) 
20 was obtained from 18 in a similar manner as for 19 by 

oxidation for 10 h. The crude product was recrystallized twice 
from ethyl acetate; yellow needles, 45% yield, mp 164-165°C 
(lit. (9) mp 163-164°C); ir (KBr) v,,,: 1291 (s, NO), 1270 cm-' 
(s, NO). Anal. calcd. for C12H,NO: C 78.66, H 4.95, N 7.64; 
found: C 78.51, H 5.08, N 7.54. 

Oxidation of Diazafluorenones 
Oxidation of 1,8-diazafluorenone 21 was carried out in a 

similar manner as for 9, with 30% H202 in acetic acid - 
benzene solution. The product (19% yield) was identical with 
10. 

Oxidation of 1,s-, 2,s-, and 4,5-diazafluorenes 22, 23, and 
24 was performed in a similar manner as for the oxidation of 
diazafluorenones, with H,O, in the presence of Na2W04, and 
the corresponding N-oxides 12 (9% yield), 15 (7% yield), and 
16 (16% yield) isolated. 

General Procedure of N-Methylation 
Azafluorene or azafluorenone (5 mmol) and methyl iodide 

(22.7 g, 160 mmol) were dissolved . in 50 mL of benzene, 
refluxed for 6 h, and allowed to stand for an additional 12 h at 
room temperature. The precipitated N-methiodide was isolated 
by filtration and washed three times with small amounts of 
benzene. The crude 29 was recrystallized from water. Reaction 
yields and the characteristics of the products are given in 
Table 1. 

In order to determine the rate constants, two series of 
measurements were run for each experiment, reacting the 
solution of 2.5 mmol of the starting base in benzene (25 mL) 
with 80mmol of CHBI for four short reaction times at the 
boiling point of the mixture. Amounts of the methiodides 
formed were established gravimetrically. The particular rate 
constants k were calculated using the formula for a second 
order reaction 

MI - t2) = In [(a - xl)/(a - x2)l when b >> a 

where b = the methyl iodide concentration, a = the initial 
concentration of .the substrate, xl = the loss of the substrate 
in time tl ,  and x2 = the loss, of the substrate in time t,. The 

TABLE 2. Rate constants of N-methylation of azafluorenones 
and azafluorenes 

k x lo5 k x lo5 
Azafluorenones (L.mol-Is-') Azafluorenes (Lmol-'.s-l) 

5 1.85 17 30.9 
6 0.18 18 3.42 
9 2.12 21 23.4 

14 5.10 24 160 

average k values obtained with the accuracy +2% are listed 
in Table 2. 
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M. H. BACK and R. A. BACK. Can. J. Chem. 57, 1511 (1979). 
The decomposition of cyclobutanone vapor by infrared radiation from a pulsed COz TEA 

laser at 9.552 pm has been studied at pressures from about 0.1 to 10 Torr. The main decom- 
position path was 

while the reaction 

was much less important. Very minor amounts of propylene and acetylene were also observed. 
From the ratio of reaction [2] to reaction [I 1, information was obtained about the effective 
temperature of the decomposition and the energy of the decomposing molecules. With the 
laser beam unfocussed, the decomposition at pressures above about 3 Torr is adequately 
described as a thermal decomposition, controlled by the initial temperature attained and the 
rate of cooling of the irradiated gas. At lower pressures, and when the laser beam was focussed, 
direct excitation and decomposition of individual molecules by multiphoton absorption 
appears to be involved. 

M. H. BACK et R. A. BACK. Can. J. Chem. 57, 1511 (1979). 
Opbant a des pressions de 0.1 a 10 Torr, on a ktudik la dkomposition de la vapeur de cyclo- 

butanone par une radiation infrarouge kmise par un laser TEA a COZ dkclenchk h 9.552 ym. 
La voie principale de dkcomposition est 

alors que la rkaction 

[2 I + O + D + C O  

est moins importante. On a aussi observe la formation de quantitks mineures de propylene et 
d'acktyl8ne. En se basant sur le rapport de la rkaction 2 ?I la rkaction 1, on a obtenu des in- 
formations concernant la tempkrature effective de la dkomposition et I'knergie des molkules 
qui se dkomposent. Lorsque le rayon laser n'est pas bien focalisk, on peut dkcrire adkquate- 
ment la dkomposition a des pressions supbieures a 3 Torr par une dkomposition thermique 
qui est contrBlQ par la tempkrature initiale obtenue et le taux de refroidissement des gaz 
irradiks. A des pressions infkrieures et lorsque le rayon laser est bien focalisk, il semble que 
I'excitation et la dkomposition directe de molkcules individuelles par une absorbtion multi- 
photon soient impliqukes. 

[Traduit par le journal] 

Introduction 
The decomposition of gases by intense infrared 

radiation from pulsed lasers is the subject of wide- 
spread interest and investigation (1, 2). It  is clear 
that many molecules can be excited beyond their 
dissociation limits, both at high pressures where 
collisional energy transfer dominates, and at low 
pressures where excitation of isolated molecules 
occurs essentially free of collisions. One of the more 

'NRCC No. 17348. 

interesting questions in these systems is the energy 
distribution of the molecules that have been excited, 
particularly those that have been excited beyond their 
dissociation limits and decompose (1-6). Such energy 
distributions are obviously complex functions of 
radiation intensity, absorption coefficients, energy 
transfer (both inter- and intramolecular), and the 
rate of decomposition of molecules from various 
states of excitation above the dissociation energy. 

One experimental approach to an estimate of 
energy distributions in such systems is the study of a 

0008-404217911215 1 1-07$01 .OO/O 
@I979 National Research Council of CanadalConseil national de recherches du Canada 
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molecule with two well-defined modes of decom- 
position with different threshold energies. A molecule 
that appears well suited to such a study is cyclo- 
butanone. It  is well established (7-10) from con- 
ventional thermal decomposition studies that there 
are two clean, nonradical unimolecular modes of 
decomposition : 

with rates given by the Arrhenius expressions2 

k1 = 3.60 x lo1, exp (-52 000/RT) s - l  
and 

k, = 2.34 x loi4 exp (- 58 000/RT) s-' 

The present paper describes a study of the decom- 
position of cyclobutanone vapor over a range of 
pressures and in both the focussed and unfocussed 
beams of a pulsed CO, TEA laser. 

Experimental 
Experiments were done in a cylindrical Pyrex reaction 

vessel, 10 cm long and 5 cm in diameter, fitted with plane salt 
windows attached with black wax. Infrared radiation was 
obtained from a Lumonics Model 203 pulsed CO, TEA laser, 
operating at about 0.5 Hz, with a He/CO,/N, mix of 10/3/1.1, 
with the beam stopped down to a diameter of 1.3 cm. Incident 
and transmitted fluence were monitored with calibrated pyro- 
electric detectors and suitable beam splitters. Incident fluence 
was varied by inserting germanium flats in the laser beam. For 
experiments with a focussed beam, a NaCl lens with 5 cm 
focal length was placed immediately before the front window 
of the cell. All irradiations were done using the P(20) line at 
9.552 pm, selected by an intracavity grating, which represented 
an optimum combination of laser intensity and absorption 
coefficient to give a maximum energy deposition in the cyclo- 
butanone vapor. Maximum pulse energy was about 2 J. 

Cyclobutanone was purchased from Aldrich Chemical Co. 
and used after simple degassing at -78°C on a conventional 
vacuum line. Blank experiments showed residual traces of 
ethylene and cyclopropane for which small corrections were 
made. The reaction vessel was attached to the vacuum line by 
a standard-taper joint, filled to the desired pressure, and 
removed for irradiation. After irradiation it was attached 
again to the vacuum line for analysis. Gases noncondensable 
at -210°C were removed through a solid-nitrogen trap, after 
which products volatile at - 78°C were condensed and sealed 
into glass ampoules for gc analysis. The products ethylene, 
cyclopropane, propylene, and acetylene were analysed on a 
6 m column of phenylisocyanate on Porasil at 40°C. Ketene, 
which is a probable product, was not detected by this analysis. 

2These expressions are based on the measurements of k, by 
Das et al. (7) and on values of kl/k, obtained by Blades (8). 
The later study by McGee and Schleifer (9) gave almost 
identical values of k,, while their relative rate data when 
replotted with those of Blades show no significant differences 
and cover a much narrower range of temperature. 

Results 
Infrared Absorption Spectrum 

The absorption spectrum of cyclobutanone vapor 
in the 10-ym region is shown in Fig. 1. The band at 
1070 cm-l has been assigned to v,,, a B, rocking 
mode of the aCH, groups (1 1). All experiments were 
done using the P,, line of the CO, laser at 1059 cm-l 
which lies on the low frequency shoulder of the 
absorption band (Fig. 1). The absorption at this 
frequency, based on measurements of incident and 
transmitted fluence of the unfocussed beam, showed 
a Beer's Law behaviour, i.e., log (incident fluencel 
transmitted fluence) varied linearly with cyclo- 
butanone pressure corresponding to an effective 
decadic molar extinction coefficient of 23 M -  l cm- l. 
Addition of inert gas (air or xenon) had no effect on 
the absorption. 

Decomposition in the Unfocussed Beam 
Products observed and measured were ethylene, 

cyclopropane, propylene, and acetylene, the latter 
two of very minor importance. Yields per pulse were 
independent of the number of pulses, showing that 
all products were of primary origin and that their 
secondary decomposition was not important. The 
fraction of the cyclobutanone decomposed was never 
more than 5% and usually much less. 

Figure 2 shows a log-log plot of the dependence of 
the yield of ethylene on pressure of cyclobutanone, 

FIG. 1. Absorption spectrum of cyclobutanone vapor at 10 
Tom pressure, in the 9-10 pm region. 
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FIG. 2. Yield of ethylene per pulse vs. pressure of cyclo- 
butanone from the unfocussed beam. 

I I I I I I I 
-0.2 0 0.2 0.4 0.6 0.8 1.0 

log P (Torr) 

FIG. 3. Product ratio (cyclopropane + propylene)/ethylene 
vs. pressure of cyclobutanone from the unfocussed beam. 

while Fig. 3 shows the variation of the (cyclopropane 
+ propy1ene)lethylene ratio. Yields of propylene 
varied from about 1% of the cyclopropane at 
pressures above 5 Torr to as high as 20% at the 
lowest pressures, with considerable scatter in the 
data. Acetylene formation was somewhat irregular, 
but usually less than 0.5% of the ethylene. 

I I I I I 
-0.4 - 0.2 0 0.2 

log Fo ( joule/cm2 

FIG. 4. Yield of ethylene per pulse vs. incident fluence; 
unfocussed beam, 9.5 Torr cyclobutanone. 

2 4 6 8 1 0  

ADDED A I R ,  Torr 

FIG. 5. Effect of added air on the product yields; unfocussed 
beam, 0.5 Torr cyclobutanone. 0 = ethylene; = (cyclo- 
propane + propylene)/ethylene. 

Figure 4 shows the dependence of the yield of 
ethylene on fluence at a constant pressure (9.5 Torr) 
of cyclobutanone. Figure 5 shows the effect of the 
addition of a nonabsorbing gas (air) on the yield of 
ethylene from 0.5 Torr of cyclobutanone, and the 
effect on the ratio (cyclopropane + propylene)/ 
ethylene. 

Decomposition in the Focussed Beam 
Ethylene was again the major product of the 

decomposition detected and measured. The minor 
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products increased in importance in the focussed 
beam. The sum of cyclopropane + propylene in- 
creased to about 3.5% of the ethylene, while the 
propylene rose sharply to about 40% of the cyclo- 
propane, with both these product ratios approx- 
imately independent of cyclobutanone pressure and 

: incident fluence. The yield of acetylene increased 
markedly to about 4% of the ethylene at the maxi- 
mum fluence employed. The ratio acetylenelethylene 
was approximately independent of pressure, but 
varied almost linearly with incident fluence. Figure 6 
shows the dependence of the ethylene yield on cyclo- 
butanone pressure, while Fig. 7 shows its variation 
with fluence incident on the lens at a pressure of 0.14 
Torr. 

Discussion 
It is useful to discuss the present results in terms 

of two limiting mechanisms. The first, which will 
predominate at high pressure and low fluence, can 

, be described as a thermal decomposition of a hot gas 
I approaching thermal equilibrium through collisional 
I redistribution of energy. The second mechanism 
1 involves multiphoton absorption and dissociation of 
1 individual molecules essentially free of collisions, 
I which can be expected to operate at low pressures 
I 
1 and high fluence. Under conditions between these 
1 two extreme limits, some mixture of the two 

~ mechanisms will occur. 

~ The results with the unfocussed laser at pressures 

log P (Torr) 

FIG. 6. Yield of ethylene per pulse vs. pressure of cyclo- 
butanone in the focussed beam. 

I I I I I I I 
0.8 1.0 1.2 1.4 1.6 1.8 2.0 

log Fo ( J O U L E / C ~ ' )  +2 

FIG. 7. Yield of ethylene per pulse vs. fluence incident on the 
lens; focussed beam, 0.13 Torr cyclobutanone. 

above about 3 Torr of cyclobutanone point clearly 
to a system tending towards the first mechanism, a 
thermal decomposition, rather than a multiphoton 
dissociation. At the highest fluence employed, an 
average of about 4 photons per molecule were 
absorbed during the -250 ns pulse, while at 3 Torr 
pressure each molecule would suffer on the average 
about 25 collisions during the same period. Col- 
lisional energy transfer would obviously compete 
effectively with excitation, and the direct accumula- 
tion in a single molecule of the 17 quanta necessary 
for dissociation would become very improbable. At 
lower fluence and higher pressure collisional pro- 
cesses would become even more dominant. To test 
the plausibility of a thermal decomposition model 
under such conditions, a simple calculation can be 
made of the maximum temperature to be expected 
in the irradiated gas. At a pressure of 9.5 Torr the 
average total energy absorbed in a single pulse at the 
highest fluence was 17.9 kcal/mol. The heat capacity 
of cyclobutanone was calculated by the group 
additivity method outlined by Benson and O'Neal 
(10) at intervals of 100°, and a graphical integration 
performed to estimate a temperature of 880 K at the 
end of the pulse, assuming thermal equilibration in 
the irradiated zone and negligible cooling. Tem- 
peratures estimated in this way are shown in Table 1 
for all the experiments plotted in Fig. 4, and yields 
of ethylene are then plotted in Arrhenius form in 
Fig. 8, in which the linear portion corresponds to an 
activation energy of about 50 kcal/mol. The deviation 
from linearity at the lowest fluences may be genuine 
or may simply reflect the uncertainty in measurement 
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TABLE 1. Thermal decomposition model for unfocussed beam 

Reaction 
Fo C2H4 T time 

Expt. No. (J/cmZ) (mol/pulse) (K) (ms) 

52 1.47 3.89 x 816 1 
53 1.65 1.30 x 880 0.5 
54 0.53 1.77~10-l1 486 
55 0.733 3.48~ 10-l1 558 
56 0.932 6.78~ 10-l2 628 3 
57 0.444 3.14~ 10-l2 456 
58 0.40 2.84~ 10-l2 440 
59 1.16 1.12~ 708 5 

FIG. 8. Yield of ethylene per pulse as a function of estimated 
temperature in irradiated zone. The straight line corresponds 
to an activation energy of about 50 kcal/mol. Unfocussed 
beam, 9.5 Tom cyclobutanone. 

of the very small yields. In the thermal decom- 
position model, the reaction time will be determined 
by the rate of cooling of the hot gas after the pulse. 
Effective reaction times required to account for the 
extent of decomposition observed can be estimated 
from the known Arrhenius parameters for k, and 
are shown in Table 1. A precise treatment of the 
system would require a complex integration of kl 
over time, temperature, and space. The magnitude 
of the activation energy, however, will dictate that 
most of the decomposition will occur within a few 
degrees of the maximum temperature achieved, so 
that the estimates of the latter in Table 1 may be a 
fair approximation to the temperature of the decom- 
position. The activation energy obtained from Fig. 8 
is close to that established for reaction [I], and the 
effective times estimated are in reasonable accord 

with rough approximations of the rate of cooling by 
conduction of the hot gas. Thus the decomposition 
of cyclobutanone observed in the unfocussed beam 
at 9.5 Torr can be reasonably accounted for by a 
thermal decomposition model, although the limita- 
tions of such a simple treatment are obvious (3-6) 
and should be stressed. 

The ratio of cyclopropane to ethylene can also be 
used to estimate the effective temperature of the 
decomposition. This ratio was approximately con- 
stant above 3 Torr (Fig. 3) with a value of 0.017 + 
0.002. From the Arrhenius relation reported by 
Blades (8) that k2/k, = 0.65 exp (-6000/RT), this 
corresponds to a temperature of 830 f 30 K. Un- 
certainty in the measurement of the rather small 
yields of cyclopropane make this an inaccurate 
estimate of temperature, but within these limitations 
the agreement with the data in Table 1 is reasonable. 
The same uncertainty in the measurement of cyclo- 
propane obscured any systematic variation in the 
cyclopropane/ethylene ratio with fluence. 

The strong pressure dependence of the reaction 
(Fig. 2) is also explicable by the thermal decom- 
position model. For the present weakly absorbing 
system, the energy absorbed per molecule and hence 
the temperature achieved at the end of the pulse 
should be roughly independent of pressure. The rate 
of cooling then becomes an important parameter 
and in cylindrical geometry with cooling by conduc- 
tion, the integrated decomposition of the hot gas 
during the cooling period should be very roughly 
proportional to p2. Blades observed that the decom- 
position of cyclobutanone was pressure dependent 
below 10 Torr at about 630 K (8), and at the higher 
temperatures achieved in the present study this effect 
would be enhanced and the decomposition would 
approach second order. A total pressure dependence 
of aboutp3 orp4 might therefore be expected, as was 
observed. 

The effect of adding a nonabsorbing gas (air or 
xenon) to the system is also compatible with the 
thermal decomposition model. Interpretation of these 
experiments is not simple, as three different effects 
will be superimposed; (i), reduction in temperature 
through increased heat capacity of the system; (ii), 
slower cooling by conduction, just as in cyclo- 
butanone itself; and (iii), enhancement of rates of 
reactions [ l]  and [2] if they are pressure dependent 
as suggested. The first effect should predominate, 
and indeed the rate of decomposition decreased as 
expected (Fig. 5), although the decrease was probably 
reduced by the latter two effects which act in the 
opposite direction. Surprisingly, formation of cyclo- 
propane was reduced less than that of ethylene, so 
that the ratio cyclopropane/ethylene increased with 
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added gas (Fig. 5), the reverse of the effect expected 
from a reduction in temperature. The same effect was 
observed on the addition of xenon. A possible 
explanation lies in the greater pressure dependence 
of reaction [2] reported by Blades (8), which might 
outweigh the effect of reduced temperature. 

At pressures below 3 Torr of cyclobutane in the 
unfocussed beam, the ratio (cyclopropane + propy- 
lene)/ethylene increased notably (Fig. 3), and a 
similar increase in the propylene/cyclopropane ratio 
was also observed. The thermal decomposition 
model does not predict a rise in temperature at low 
pressure, and it seems probable that these changes in 
the product ratios arise from the onset of some 
multiphoton dissociation as the pressure was 
reduced. If the decomposition of a cyclobutanone 
molecule energized by multiphoton absorption is a 
statistical process dependent only on the total energy 
content, as seems probable for a polyatomic molecule 
of this complexity (1-6), the change in product ratios 
at low pressure implies that the dissociating mole- 
cules have a much higher average energy content 
than those decomposing in the thermally equilibrated 
system at the same fluence. This could come about 
through a more efficient absorption of radiation, 
either an overall higher average absorption co- 
efficient, or perhaps a stronger absorption at the 
higher energy levels which could lead to relatively 
higher populations at energies above the dissociation 
energy than found in a Boltzrnann distribution. An 
alternative explanation is that only a fraction of the 
molecules (those in appropriate rotational levels) 
absorb radiation, and the absorbed energy- remains 
more or less in this selected assembly of molecules 
which is thereby raised to a higher average energy 
content or 'temperature'. From an average value of 
cyclopropane/ethylene of about 0.1 at 0.5 Torr, an 
effective temperature of the dissociating molecules 
of about 1600 K can be estimated, which would 
require that the absorbed energy was effectively 
restricted to about half the molecules in the irradiated 
zone. The present level of understanding of multi- 
photon absorption does not permit a clear decision 
between the two suggested explanations. 

The decomposition of cyclobutanone in the 
focussed beam showed a behaviour quite different 
from that found with unfocussed radiation. The 
dependence on pressure and fluence was much less 
sharp (Figs. 6 and 7), and the minor products, 
propylene, and acetylene, became much more 
important. All these features point to a decom- 
position occurring largely through multiphoton 
absorption by individual molecules, as might be 
expected at the high fluence and relatively low 
pressures in these experiments (pressure was limited 

by electrical breakdown at the focus). The 312 
dependence on fluence (Fig. 7) has been attributed 
in other systems to a simple geometric effect arising 
when complete decomposition occurs within a 
reaction zone around the focus which is sharply 
defined by a threshold fluence (1, 2, 12). The very 
high dependence on fluence observed in the un- 
focussed beam (Fig. 4) will give rise to such a thresh- 
old behaviour, and there is no reason to doubt that 
this model applies to the present system. From the 
absolute yield of decomposition per pulse, a reaction 
zone of 0.09 cm3 volume can be estimated at the 
maximum fluence employed, which corresponds to a 
double cone 3.4 cm long and 0.44 cm end diameter, 
and a threshold fluence of - 11 ~ / c m ~ .  

The first-order pressure dependence of the decom- 
position at low pressures is also indicative of a 
multiphoton dissociation, simply reflecting the 
number of molecules present in the reaction zone. 
The increasing pressure dependence above about 0.5 
Torr suggests that a thermal decomposition mechan- 
ism is beginning to contribute to the reaction. 

The source of the increased yields of the minor 
products in the focussed beam is not entirely clear. It 
was concluded that in the unfocussed beam, cyclo- 
propane and propylene were primary in origin, 
arising from excitation of cyclobutanone to levels 
capable of yielding these products. For cyclopropane, 
Blades found an activation energy 6 kcal/mol higher 
than that for ethylene formation (8), and suggested 
that from theoretical estimates of its heat of forma- 
tion (9), the C3H, biradical (which could give rise to 
propylene) would require an additional 5 to 10 
kcal/mol. The relative yields of ethylene, cyclo- 
propane, and propylene in the unfocussed system are 
compatible with these activation energy differences 
operating in a thermal decomposition, with some 
contribution from direct multiphoton excitation at 
low pressure. The marked increase in yields of 
cyclopropane and propylene in the focussed beam 
could be explained by primary excitation of cyclo- 
butanone to higher energy levels in the multiphoton 
process, operating at the much higher fluences of the 
focussed beam. However, secondary decomposition 
of cyclopropane or ethylene cannot be ruled out as 
sources of propylene and acetylene in the focussed 
beam, since cyclobutanone was almost completely 
decomposed in the reaction zone so that product 
concentrations became comparable to that of 
starting material. Both ethylene and cyclopropane 
absorb the 9.552 p m  laser radiation, the former 
weakly, the latter strongly, and their decomposition 
by multiphoton absorption (13, 14) or perhaps by 
thermal processes following the pulse might be 
possible. In particular, formation of acetylene, which 
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was barely detectable in the unfocussed beam, and 
which would probably require a large additional 
excitation of cyclobutanone above the threshold for 
ethylene formation, is best explained in the focussed 

I beam by a secondary decomposition of ethylene. The 
relatively small enhancement of the sum of the yields 
of cyclopropane + propylene on focussing the beam i suggests that the energy content of the decomposing 
cyclobutanone molecules was not enormously higher 
than in the unfocussed beam, perhaps implying an 
energy distribution limited by rapid decomposition 
via reactions [ l ]  and [2]. It is not clear whether 
propylene is primary or secondary in origin in the 
focussed beam. 
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Gas-phase proton-transfer reactions of the hydronium ion at 298 K 
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GERVASE I. MACKAY, Scorn D. TANNER, ALAN C. HOPKINSON, and DIETHARD K. BOHME. 
Can. J. Chem. 57, 1518 (1979). 

Rate constants measured with the flowing afterglow technique at 298 + 2 K are reported 
for the proton-transfer reactions of H 3 0 t  with CHzO, CH3CH0, (CH3)#20, HCOOH, 
CH3COOH, HCOOCH3, CH30H, C2HSOH, (CH3),0, and CHzCO. Dissociative proton- 
transfer was observed only with CH3COOH. The rate constants are compared with the predic- 
tions of various theories for ion-molecule collisions. The protonation is discussed in terms of 
the energetics and mechanisms of various modes of dissociation. 

GERVASE I. MACKAY, Smrn  D. TANNER,'ALAN C. HOPKINSON et DIETHARD K. BOHME. 
Can. J. Chem., 57, 1518 (1979). 

On rapporte les constantes de vitesse 31 298 + 2 K, mesurtes grgce ii la technique de lueur 
d'ecoulement, pour les reactions de transfert de proton de H30t  avec CHzO, CH3CH0, 
(CH&CO, HCOOH, CH3COOH, HCOOCH3, CH30H, CzHSOH, (CH3)z0 et CHzCO. 
On a observe la reaction de transfert dissociatif de proton que dans le cas du CH3COOH. 
On compare les constantes de vitesse avec les valeurs predites par diverses theories pour les 
collisions ion-molkule. On discute de la protonation en termes des energies et des mhnismes 
de divers modes de dissociation. 

praduit par le journa]] 

Introduction elucidate the influence of step-wise hydration on the 
Experimental studies of the gas-phase chemistry 

of the hydronium ion have not been extensive since 
its first observation in 1940 (1). This is somewhat 
surprising, particularly in view of the history of this 
ubiquitous ion in solution chemistry. The gas-phase 
measurements have generally been restricted to the 
kinetics and equilibria of three-body association 
reactions of the hydronium ion with H,O molecules 
(2, 3). They were undertaken primarily to provide 
insight into fundamental aspects of the step-wise 
hydration of this ion, particularly as it is believed to 
proceed in and below the D-region of the earth's 
ionosphere (4, 5). The few measurements concerned 
with two-body reactions of H,O+ which have been 
reported were largely incidental to investigations 
directed towards the determination of the gas-phase 
proton affinity of H,O (6), the systematic assessment 
of classical theories of ion-molecule collisions (7-9), 
and the identification of ion-molecule reactions 
which represent a sink for chlorofluoromethanes in 
the troposphere and stratosphere (10). We report 
here an extensive flowing afterglow study of the 
room-temperature kinetics and energetics of proton- 
transfer reactions of H 3 0 +  which was undertaken 
primarily to provide a 'benchmark' for the solution 
chemistry of the hydronium ion and to set the stage 
for further gas-phase measurements designed to 

'To whom all correspondence should be addressed. 

chemical behaviour of H,+ (11). proton-transfer 
reactions of H 3 0 +  are also of interest in several other 
diverse areas of chemistry including chemical ioniza- 
tion mass spectrometry (12), flame ion chemistry 
(13), and the ion chemistry of moist atmospheres (5). 

Experimental 
The majority of the measurements was carried out in a 

conventional flowing plasma mass-spectrometer (flowing after- 
glow) system which has been described previously (14). The 
reactant H 3 0 t  ions were established in either a flowing helium 
or a flowing hydrogen plasma. Distilled water vapor was added 
to the helium upstream of the ion production region. In this 
mode the HzOt, OHt, and H t  ions produced, either directly 
by electron impact, or indirectly by reactions of helium ions 
and excited neutral atoms, undergo further reactions with 
HzO to eventually produce H30t .  In a flowing hydrogen 
plasma H30+  is established primarily by the fast proton- 
transfer reaction 

with k = (4.3 + 1) x cm3 molecule-I s-' (15). In this 
case the distilled water vapor was added downstream of the 
ionizer in amounts sufficient to ensure the completion of reac- 
tion [I] prior to the reaction region further downstream. 

A few of the measurements were carried out with the ap- 
paratus in the Selected Ion Flow Tube (SIFT) configuration 
modelled after the original design reported by Adams and 
Smith (16). In this configuration a differentially pumped qua- 
drupole mass Hter was interposed between the ion production 
and ion reaction regions. The H30t  ions, after being produced 
in the conventional manner described above, were extracted 
from the ion production region through a 1 mm diameter ori- 
fice into the quadrupole mass Hter which communicated 

0008-4042/79/121518-06$01.00/0 
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MACKAY ET AL. 

TABLE 1. Energetics and measured rate constants (in units of lo-' cm3 molecule-' s-I) at 
298 + 2 K for proton-transfer reactions of H30+ with molecule, M 

M PAz98(M)L1 Ref. - AHZgs0 kc Ref. 

H2S 
CH2O 
HCN 
HCOOH 
CHsCHCH2 
CH3N02 
CHs OH 
CH3CHO 
CZHSOH 
CH3COOH 
CHjCN 
HCOOCH3 
(CH3)zO 
(CH3)zCO 
CHZCO 
NHJ 

#Proton affinity (in kcalmol-1) corresponding to the formation of  the lowest energy tautomer. 
bStandard enthalpy change for proton transfer based o n  PA298(HZO) = 166.4*2.4 kcal mol-1 or direct 

equilibrium constant measurement (6). 
T h e  mean value together with the estimated accuracy of  the measurement. The number of  measurements is 

given in parentheses. The precision o f  the measurements was observed to be better than f 15%. 

with the flow tube through a 5 mm diameter gas entrainment A separate experiment was performed to determine the extent 
orifice. After injection into the flow tube at ca. 40 eV, the of dimerization in ketene vapor. The infrared spectrum of a 
H30+ ions were allowed to thermalize by collision before they sample of ketene vapor was recorded over a period of several 
entered the reaction region 106 cm further downstream. In days and was compared to those of the ketene monomer (21, 
this way we could avoid the introduction of ion types other 22) and dimer (23). Over the range of pressure and storage time 
than H30+ into the reaction region. This procedure also of our experimental gas samples, the mole fraction of dimer 
eliminated H20, the parent gas of H30+, from the reaction in the vapor phase appeared to be negligible. 
region. 

The reactant neutrals were added into the reaction region 
as vapors either in their pure form or diluted with helium. The 
determination of their flows required separate viscosity mea- 
surements as has been described (17). Rate constants were 
determined in the usual manner from measurements of the 
m/e = 19 signal as a function of addition of vapor into the 
reaction region (14). Product ion signals were measured con- 
comitantly. The operating conditions in these experiments 
encompassed total gas pressures, P, in the range 0.258 to 0.509 
Torr, average gas velocities, 0, in the range 6.7 to 8.2 x lo3 
cm s-I, effective reaction lengths, L, of the order of 60 and 
85 cm and a gas temperature, T = 298 2 K. 

The vapors were derived from the following liquids: 
CH30H, HCOOH, and (CH3),C0 (BDH chemicals, Analyt- 
ical Reagent Grade), C2H50H (Consolidated Alcohols, Abso- 
lute), CH3CH0 (BDH chemicals, Laboratory Reagent Grade, 
99.0% min.), HCOOCH, (BDH chemicals, 98x1, CH3COOH 
(Anachemia Chemicals, Glacial, 99.773, and (CH3)20 
(Matheson, 99.8% (typical)). CH20 was prepared by the low 
pressure distillation of paraformaldehyde (Fisher Scientific, 
Purified Grade) by an adaptation of the method of Spence and 
Wild (18). Ketene was prepared by the pyrolysis of acetone at 
ca. 800 K. The monomeric gas was purified by passing it 
through a cold trap at 250 K (CCl, slush) and collecting it as 
a liquid at 144 K (pentane slush). 

The flows of formic acid and acetic acid were corrected for 
dimerization using the dissociation equilibrium constants K, 
(Torr) = 2.704 and 0.5458 respectively, at 299 K (19,20). This 
correction was based on the reasonable-assumption that the 
dimers were present in their equilibrium amounts both in the 
storage bulbs and prior to their entry into the reaction region. 

Results and Discussion 
Kinetics of Proton Transfer 

The rate constants measured in this study for the 
reactions of H30+ with oxygen bases are given in 
Table 1 along with several others which have been 
determined previously in this laboratory. The major- 
ity of these reactions appeared to proceed simply by 
the transfer of a proton without concomitant decom- 
position of the protonated product but followed by 
its solvation, primarily with the parent base. For 
example, as is evident from Fig. 1, the reaction of 
H30+ with HCOOH produced HCOOH2+ as the 
only primary product ion which then reacted further 
by solvation to form the proton-bound formic acid 
dimer, HCOOH,+.HCOOH, presumably via three- 
body association according to the reaction 

[2] HCOOHz+ + HCOOH + M 

where M is a stabilizing third body which is primarily 
Hz in these experiments. The rise in the hydrated ion 
HCOOH2+.H20 may be attributed primarily to the 
reaction of the hydrated H30+ with HCOOH (11). 

Proton transfer was observed to proceed in all 
cases with the rate constants spanning a range in 
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FIG. 1. The variation of the major positive ions observed 
upon the addition of formic acid vapor into a flowing H20-H, 
plasma in which H 3 0 t  is initially a dominant ion. This decay 
of the H,O+ signal provides a rate constant of 2.4 x 
cm3 molecule-A s-'. T = 298 K, P = 0.414 Torr, i7 = 8.0 x 
lo3 cm s-I, and L = 85 cm. 

values from 1.5 to 4.1 x lo-' cm3 molecule-' s-'. 
Surprisingly few other measurements are available 
for comparison. Interest in tropospheric and strato- 
spheric ion chemistry prompted Fehsenfeld and 
co-workers to determine and report rate constants 
for the reaction of H30f  with NH, for which (27) 
k = (2.1 1 0.6) x lo-' cm3 molecule-' s-' at 
296 K, and with CH20  and CH30H for both of 
which (28) k = (2.2 f 0.9) x lo-' cm3 molecule-' 
s-' at room temperature. These values are systemat- 
ically lower than the corresponding values in Table 
1, albeit there is agreement within the overall uncer- 
tainties reported for the two sets of measurements. 
The larger uncertainties associated with the reactions 
involving CH20 and CH30H are attributed by these 
authors to the uncertainties associated with the mea- 
surement of the flow of these substances as vapors 
when derived from the liquid phase. The reaction of 
H30' with NH3 has also been investigated with the 
ion cyclotron resonance technique by Huntress who 
reported (29) a value of (2.20 f 0.12) x lo-' cm3 
molecule-' s-'. The remaining rate constants in 
Table 1 appear not to have been determined pre- 
viously by other workers. 

Figure 2 compares the proton-transfer rate con- 
stants listed in Table 1 with the capture rate constants 
predicted by various ion-molecule collision theories: 

the Langevin theory which ignores the influence of 
the permanent dipole moment of the molecule (30), 
the average-dipole-orientation (ADO) theory (the - 
cos 0 model) (31), the theory of Barker and Ridge 
(32), and the locked-dipole limit (33). The permanent 
dipole moments, pD, were all taken from the compila- 
tion of Nelson et al. (34). The polarizabilities, a, for 
H2S,CH20,HCN,CH3CHCH2,CH30H,(CH3)2C0, 
and NH3 were taken from existing compilations 
(35-37). The mean polarizabilities of the remaining 
molecules were calculated from bond and group 
polarizabilities (36) to be 3.09, 5.2, 4.40, 5.17, 5.03, 
4.56, 5.90, 6.04, and 4.12 A3 for HCOOH, 
CH3N02, CH3CH0, C,H,OH, CH3COOH,CH3CN, 
HCOOCH,, (CH3),0, and CH2C0, respectively. 
It is apparent from Fig. 2 that proton transfer to 
these molecules from H30f  proceeds with essentially 
unit probability, in concert with the behaviour re- 
ported previously for other analogous systems (38). 
The small deviation of the measured proton-transfer 
rate constants from the calculated capture rate con- 
stants which is evident from Fig. 2 is reminiscent of 
similar deviations observed previously in our labora- 
tory for other proton-transfer reactions. Barker and 
Ridge (32) have also discussed the implications of 
these deviations. No new substantial insight is evi- 
dent from the comparison reported here, but the 
results do provide an additional useful data base for 
the assessment of any future developments in theories 
of ion-molecule collision and reaction. 

Dissociative Proton Transfer 
Most of the reactions of H30f  listed in Table 1 

appeared to proceed simply by proton transfer to 
form predominantly (>99%) MHf. Only with 
CH3COOH did the primary product spectrum in- 
clude substantial amounts of ions other than MH' 
with lower values of m[e, evidently because of the 
dissociation of MH' according to 

where the internal energy required for the unimolec- 
ular decomposition of [MH'I* is provided by the 
deposition of a substantial fraction of the excess 
energy which is in the form of reaction exothermicity. 
The extent to which this decomposition may be 
moderated under our experimental conditions by 
collisional stabilization of [MH' ] * is uncertain; the 
influence of the Hz bath pressure on the primary 
product spectrum was not investigated systemat- 
ically. The excess energy available in the form of 
reaction exothermicity is given by the difference in 
the proton affinity of H 2 0  and M which is included 
in Table 1. It is possible, therefore, using thermo- 
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MACKAY ET AL. 

FIG. 2. A comparison of measured rate constants with capture rate constants predicted by various theories of collision 
for proton transfer reactions of H 3 0 t  with polar molecules. The solid bars represent the estimated accuracy of the mea- 
surements. kL is the collision rate constant determined from the Langevin expression. 

TABLE 2. Energies (in kcal/mol) and energetically possible dissociative pathways 

Maximum 
excess energy 
available on 
protonation 

Molecule by H3O+ Possible dissociation reaction 

C2H50H 20+4 CzH50H,+ -+ CzH,OH+ + Hz 

(CH3)zO 24+ 5 (CH,),O+H -+ CH,CHOH+ + Hz 
-+ CH20H+ + CH4 
-+ H 3 0 +  + CzH4 

(CH3)zCO 27+4 (CH3),C+OH -+ CH3CO+ + CH4 

CH3COOH 21 + 5 CH3COOH2+ -+ CH3CO+ + H 2 0  

HCOOH 12+ 5 HCOOH2+ -+ HCOt + H 2 0  
-+ CO + H 3 0 +  

HCOOCH3 22+ 5 HCOO(CH,)H+ -+ HCOt + CH3OH 
-+ CH30H2 + + CO 
-+ CH3COt + Hz0 

chemical data from the recent compilation of Rosen- 
stock et al. (39), to calculate what dissociation reac- 
tions are feasible for each protonated base. The ener- 
getically possible dissociation pathways are listed in 
Table 2. 

H, elimination from C,H,OH, + to yield C,H,OH+ 
(assumed to be protonated acetaldehyde) is, by 
analogy withvicinalelimination of H, fromCH,OH,+ 
(40), likely to have a kinetic barrier of approximately 
20 kcal/mol and would therefore not be expected to 
occur. Furthermore, this mode of decomposition is 
not observed with the stronger acid HCO+ (41). 

The only thermodynamically possible dissocia- 
tion products of (CH,),OH+ require generation of 
carbon bonds. These can only be achieved by large 

skeletal rearrangements and the large barriers nor- 
mally accompanying such rearrangements would not 
be expected to be overcome by the relatively low 
exothermicity of the initial proton transfer reaction. 

Dissociation of protonated acetone to form 
methane and the acetyl ion is possible thermodynam- 
ically but is mechanistically unlikely as it requires 
protonation at the methyl carbon (calculation of the 
exothermicity of the proton-transfer reaction is for 
protonation at the most basic site, in this case the 
oxygen atom). Protonation at a saturated carbon is 
a high energy process, while the alternative process, 
a 1,3-shift of the proton from the oxygen to the car- 
bon accompanied by synchronous fission of the 
carbon-carbon bond will also have a high barrier. 
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---t CH,CO+ + CH, 

Dissociative proton transfer to formic acid, acetic 
acid, and methyl formate should result in acylium 
ions and water or methanol via the AAcl mechanism. 

R-C 'O + RCOi+ RtOH 
\&/H 

In the case of formyl derivatives subsequent proton 
transfer between HCO' and R'OH (R' = CH, or 
H) produces R'OH,' and CO. However, this mech- 
anism requires protonation at the energetically less 
accessible ether or hydroxy-oxygen. In solution two 

tautomers of HCOOH,' (42) have been detected by 
proton nmr but these have been assigned structures I 
and 11, both rotamers of carbonyl protonated formic 
acid. Benoit and Harrison (43), using ionization 
energy correlations, predict that the proton affinities 
of the hydroxy-oxygens of formic acid and acetic 
acid will be 26 f 3 and 27 $- 3 kcal/mol respectively 
lower than those of the corresponding carbonyl 
oxygens. Ab initio molecular orbital calculations 
(44) similarly predict hydroxy-protonation of formic 
acid (IU, R = R' = H) to be 25 kcal/mol less stable 
than the carbonyl-protonated tautomer (structure I). 
The exothermicities listed in Table 2 are for forma- 
tion of the most stable carbonyl-protonated rotamer 
and the hydroxy-protonated tautomers, required as 
intermediates in the AAcl fission mechanism, can 
only be attained if the exothermicities of the initial 
proton transfer are at least 25 kcal/mol. Clearly, 
then, when the protonating acid is H,O' the AA,l 
mechanism is not accessible to formic acid and is 
barely possible, within the error limits, for acetic acid. 
The observed 5% dissociation of acetic acid and the 
total lack of dissociation for formic acid are then 
entirely consistent with this mechanism. Protonation 
by the stronger acid HCO' is sufficient to increase 

the dissociation of acetic acid to 20% but does not 
cause formic acid dissociation (45). The even stronger 
acid, H,', results in complete dissociation of both 
acetic and formic acids. 

Protonation of the methoxy-oxygen of methyl 
formate, using the ionization energy correlation 
method (43), only requires ca. 22 kcal/mol more 
energy than that of the carbonyl group. Hence, in 
the unlikely event of all the exothermicity appearing 
as internal energy in the protonated ester, gas-phase 
protonation by H30' may occur at either oxygen. 
However, dissociation by the AAcl mechanism would 
formally produce HCO' and CH,OH, a process re- 
quiring 54 kcal/mol, and is therefore not possible. 
The final products from this mode of fission, CO and 
CH,OH,+, are within the exothermicity of the initial 
proton transfer and it is possible to envisage a second 
proton transfer reaction occurring synchronously 
with the cleavage of the C-0 bond, thereby lowering 
the overall barrier to the reaction. There is little evi- 
dence (46) of such a lowering as the stronger acids 
HCO' and CH, + (reaction exothermicities 45 and 
57 kcal/mol, respectively) also do not produce dis- 
sociation. 
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Kinetics and mechanisms of some reactions 
of aqueous sodium bromite 
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C. L. LEE and M. W. LISTER. Can. J. Chem. 57,1524 (1979). 
The kinetics of the reactions of aqueous bromite ions with basic aqueous solutions of iodide, 

sulphite, formate, and thiosulphate ions have been investigated. The products are, respectively, 
iodate, sulphate, and carbonate ions, and with thiosulphate either tetrathionate or sulphate 
depending on the conditions. The reaction with formate is autocatalytic, being catalysed by 
carbonate ions. All the reactions show some dependence on hydroxide concentration, and in 
general k(apparent) = k, + k2[OH-I-'. The various rate constants have been obtained, as 
have the associated kinetic parameters. The relative rates of the reactions of bromite ions paral- 
lel those of the corresponding reactions of hypochlorite ions, but at 25OC K is smaller by a factor 
of roughtly lo5. 

C. L. LEE et M. W. LISTER. Can. J. Chem. 57, 1524(1979). 
On a &die la cinetique des reactions des ions bromites avec des solutions aqueuses basiques 

d'ions iodure, sulfite, formate et thiosulfate. Les produits sont respectivement les ions iodate, 
sulfate et carbonate; dans le cas du thiosulfate, on obtient soit du tetrathionate ou du sulfate 
suivant les conditions. La reaction avec le formate est autocatalytique puisqu'elle est catalysee 
par les ions carbonates. Toutes les reactions dependent un peu de la concentration en ions 
hydroxyde et, d'une f a ~ o n  generale, k(apparent) = k1 + k2[OH-]-I. On a obtenu les 
diverses constantes de vitesse de meme que les paramktres cinetiques qui leur sont associes. Les 
vitesses relatives des reactions des ions bromites sont parallkles i celles des reactions correspon- 
dantes des ions hypochlorites; toutefois, a 25"C, les vitesses sont plus faibles par un facteur 
de lo5. 

[Traduit par le journal] 

Many investigations of the kinetics of groups of 
similar reactions have been made with the intention 
of relating the rate constants to other properties of 
the reagents, and thereby throwing some light on the 
details of the mechanisms of the reactions. Edwards 
(1, 2) applied this technique some time ago to the 
reactions of peroxides and it has, of course, been 
applied to many other reactions, both inorganic and 
organic. In particular, investigations of oxyhalogen 
ions have been made. in an attemDt to discover 
whether the regularityTof behaviour kound for per- 
oxides, and summarised in ref. 3, was duplicated 
elsewhere. Reactions of hypochlorous acid and hypo- 
chlorite ions (4, 5) with a series of reducing agents, 
and of hypobromous acid or hypobromite ions (6), 
have been investigated. There is evidently Gome 
similarity between the reactions of peroxides and of 
hypochlorites, and the same holds to a smaller degree 
with hypobromites. 

The behaviour of the bromite ion is evidently of 
interest, both as a continuation of the above seiies, 
and also in itself, since it is an ion of which the chem- 
istry has been studied relatively little. Its decomposi- 
tion has been examined (7), and goes in several steps 
to bromate and bromide ions. The present paper 
deals with its reaction with various reducing ions, 

and as might be expected these reactions were all 
found to require at least two stages for completion. 
Comparisons with the reactions of other oxyhalogen 
ions will be made. 

Experimental 
Chemicals 

Sodium Bromite 
This was prepared as described in the earlier paper (7). 
The following were all Fisher Scientific Co. certified reagent 

grade, with further treatment as noted. 
Sodium Iodide 
This was recrystallized once, and stock solutions were stan- 

dardised by titration with silver nitrate. 
Sodium Formate 
This was recrystallized once, and stock solutions were Stan- 

dardised by titration with potassium permanganate. 
Sodium Sulphite 
To avoid the effect of any air oxidation, stock solutions were 

standardised just before use by adding excess iodine to an 
aliquot and titrating the excess with As203. 

Sodium Thiosulphate 
This was standardised by titration with iodine. 
Sodium Hydroxide 
The 50% solution was diluted as required. 
Sodium Perchlorate 
The Anachemia Chemical Company product was recrys- 

tallized, and dried to constant weight. Weighed amounts were 
added as required to  control the ionic strength. 

0008-40421791121524-07$01 .OO/O 
@ 1979 National Research Council of CanadaIConseil national de recherches du Canada 
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LEE AND LISTER 1525 

Apparatus 
In the experiments with iodide or formate ions, the appro- 

priate solutions were mixed, and sealed in Pyrex glass am- 
poules. These were immersed in a silicone oil bath with the 
temperature controlled to k 0.02"C. At known times the am- 
poules were removed, rapidly cooled, and analysed as outlined 
below. 

In experiments with sulphite or thiosulphate ions, a Durrum 
Stopped-Flow Spectrophotometer Model Dl10 was used. The 
wavelength drum was usually set to 296 nm, which is the ab- 
sorption peak for bromite ions. The decay of the absorbance 
was followed on the oscilloscope. The final absorbance was 
also recorded by reactivating the oscilloscope after a sufficient 
interval of time. The time base was calibrated at intervals by 
pulses generated by a Tektronix, Type 184, Mark Time Gen- 
erator. The temperature was controlled to k 0.05OC by a water 
bath surrounding the drive syringes. 

Results 
I .  Reaction of Bromite and Iodide Ions 

Preliminary experiments showed that the overall 
reaction in alkaline solution is 

In the kinetic runs, solutions containing sodium 
bromite, iodide, hydroxide, and perchlorate were 
made up, kept at constant temperature, and at inter- 
vals the absorbances of the solutions were measured 
at wavelengths from 296 to 380 nm. The resulting 
spectra could not be explained on the assumption 
that only bromite and iodate ions were present as 
light absorbing species (the contribution of 10,- 
ions is very small). Various possible combinations of 
other absorbing species were examined, and it was 
found that good agreement with the observed spectra 
could be obtained, if it was assumed that absorbing 
species were bromite, hypoiodite, and triiodide ions. 
Previously published (8, 9) extinction coefficients 
were used. The concentration of hypobromite ions 
seemed to be negligibly small, presumably because, 
as was already known, they react rapidly with iodide 
ions. 

During a typical run at 25°C with initial concen- 
trations approximately : bromite 6.5 x M, 
iodide 1.0 x lo-' M, and hydroxide ions 5.0 x 

M, the concentration of hypoiodite ions built 
up slowly to about M, and triiodide ions (with 
a large extinction coefficient) to about M. 
Triiodide ions are presumably formed by 

and the observed concentrations in the later stages of 
a run at 25"C, ionic strength 0.25 M, gave a roughly 
constant value for [I3-:I [OH-I2/[IO-:I [I-l2 of 
1.5 x It cannot be claimed that this is the 
equilibrium constant, since the concentrations are 
altering; however, it may be noted that Chia (ref. 

10, see also ref. 14, p. 348) gave a value of 5 x 
for this equilibrium constant at 25°C and zero ionic 
strength. 

The concentrations of bromite ions were calculated 
from the absorbances on the assumption that hy- 
poiodite and triiodide ions were the only other spe- 
cies contributing appreciably to the absorption. It 
was found that the concentrations fitted a rate law 
which was first order in both reagents, and if k is 
defined by 

this leads to 

where x = [Br02-1, initially x,, 

A = 2xo - 3 [I-], 

k was obtained as the slope of the least mean squares 
line through the points in a plot of (1/A) In (2x/(2x - 
A)) against t. 

The results are given in Table 1. The initial bromite 
concentrations ranged from 5 to 8 x in dif- 
ferent runs, and runs were continued until about 50% 
of the original bromite remained. The initial iodide 
concentration varied from 8 to 12 x M. In 
every case the ionic strength was 0.50 within 0.02. 
Values of k are given in Table 1, together with the 
standard deviation, o,, calculated in the usual way 
(11). These deviations are almost all in the range of 
1 to 3%. 

The value of k varies with hydroxide concentra- 
tion, and a plot of k against [OH-]-' was linear. If 
TABLE 1. Apparent rate constants for the reaction of bromite 

and iodide ions 

k(M-' s-I) ok 
Run T ("C) [NaOH] ( M )  ( x  lo-') ( x  lo-') 

1 25.1 0.0506 14.15 0.32 
2 25.1 0.0608 12.69 0.20 
3 25.1 0.0760 11.01 0.09 
4 25.1 0.1090 8.00 0.07 
5 25.1 0.1100 8.22 0.08 
6 25.1 0.1107 8.20 0.18 
7 25.1 0.1125 7.60 0.15 
8 25.1 0.1482 6.80 0.15 
9 35.1 0.0506 32.01 1.56 
10 35.1 0.0608 26.34 0.87 
11 35.1 0.0800 20.33 1.04 
12 35.1 0.1877 13.07 0.25 
13 44.4 0.0506 66.54 1.51 
14 44.4 0.0608 56.95 1.89 
15 44.4 0.1106 35.08 1.19 
16 44.4 0.1694 26.98 0.64 

I 
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1526 CAN. J. CHEM. VOL. 57, 1979 

we write 

the derived values of k,, k, are given in Table 2. 
These lead to the following activation parameters, 
calculated for 35°C. k,, AH, * = 48.5 kJ mol-', 
AS, * = - 169 J K- ' mol- '. The part of the reac- 
tion that depends on [OH-]-' is probably a reaction 
of bromous acid. However, as thermodynamic data 
on the ionisation of bromous acid are not available, 
only an apparent AH* can be calculated. Since the 
first reaction (k,) is between two similarly charged 
ions, a negative AS,* might be expected, but the 
value found is surprisingly large, and suggests that 
other factors, such as orientation, must contribute 
to it. 

The first step in the reaction is probably 

for which AGO can be calculated from earlier data 
(7,12) to be -44.6 kJ molV1; followed by the known 
reaction 

Hypoiodite ions are known to decompose readily to 
iodate and iodide; although the direct reaction 

B r 0 ~ -  + 10- -, Br- + 103- 

is possible so far as AGO (-230 kJ mol-') is con- 
cerned. 

2. Reaction of Bromite and Sulphite Ions 
The overall reaction was (as might be expected): 

The reaction was found to be first order in both 
reagents, which leads to the equation 

where x = [BrO,-1, initially xo 

k was obtained as the slope of the least mean squares 
line through the points on a plot of (1JB) ln (2x1 
(2x - B)) against t. 

TABLE 2. Values of k1 and kz for the reaction of bromite and 
iodide ions 

The results are given in Table 3. The plots from 
which k was obtained were always good straight 
lines, as shown by the fairly small values of o,. It can 
be seen that k varies with [OH-], and it was found 
that k plotted against [OH-]-' also gives a straight 
line. If we write k = k, + k,[OH-1, and take the 
slope and intercept to get k, and k,, we obtain the 
results in Table 4. This table also gives the standard 
deviations of these constants. 

These values make the activation parameters for 
k,, AH,* = 44.3 kJ mol-', AS,* = -85 J K-' 
mol-l. As before, the part in k, is probably a reac- 
tion of bromous acid, and hence only an apparent 
rate constant and activation enthalpy can be cal- 
culated. The part in k, has a negative AS* of a size 
that is reasonable for a reaction of ions of charge 
- 1 and -2. The fairly small AH* is also not sur- 

TABLE 3. Apparent rate constants for the reaction of bromite 
and sulphite ions 

Run T ("C) [NaOH] (M) k (M-I s-l) a, 

TABLE 4. Values of k1 and kz for the reaction of bromite and 
sulphite ions 

kl k2 
T("C) ( ) Ok, 6-9 Okn 
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LEE AND LISTER 1527 

prising, since the reaction 

which is presumably the first stage, has AH0 equal to 
- 326 kJ mol-l, and AGO = - 317 kJ mol-l, so it 
is a very exothermic reaction. It was already known 
(6) that the proposed second stage: 

BrO- + SO3'- --f Br- + SO4'- 

is rapid. 

3. Reaction of Bromite and Formate Ions 
Preliminary experiments showed that formate was 

oxidized to carbonate by the overall reaction: 

BrOZ- + 2HCO2- + 20H- --f Br- + 2C03z- + 2Hz0 

It was also found that the rate of reaction accelerated 
at first before slowing down; see Fig. 1. This beha- 
viour presumably arose from catalysis by the prod- 
ucts, and experiment showed that carbonate, but not 
bromide, ions caused this acceleration. As will be 
seen later, the reduction in [OH-] would also speed 
up the reaction, but this would be a small effect. 
Accordingly a series of experiments was made in the 
virtual absence of carbonate, by adding barium 
nitrate which precipitated BaCO,. The remaining 
solution was analysed for bromite. 

The following mechanism is proposed for the 
reaction : 

[ii] 
kz 

BrO- + BrOz-+Br03- + Br- 

k3 
[iii] BrOZ- + HC02- + BrO- + HC03- 

Reactions [i] and [ii] allow for the spontaneous de- 
composition of bromite ions, and the corresponding 
rate constants, k1 and k2 above, were already known 
(7). The rate constant for reaction [iv], k,, was also 
known (6), and reaction [v], of course, is rapid. To 
apply this mechanism, if 

x = [Br02-] y = [HC02-] z = [BrO-] 

then 

-dx/dt = 2klx2 + k2xz + k,xy 

-dy/dt = k3xy + k4yz 

-dz/dt = -k,x2 + k2xz - k3xy + k4yz 

Since our experiments indicated that hypobromite 
ions reacted considerably faster than bromite ions, 

I I I 
0 100 200 3M3 400 

TIME IN HOURS 

FIG. 1. DrO2-] plotted against time in a reaction of bro- 
mite and formate ions, without added carbonate or barium 
ions. 

it was assumed that a steady state treatment could be 
applied to them; that is, dzldt = 0. With this as- 
sumption these equations can be solved to give 

where p = y/x, initially p,; a = kl/k,; P = k2/k4; 
q = 3 a P - a -  p ; n = a 2  + P2 - 4 a P + a +  P; 
m = a2  + P2 - aP - a - P + 1. In effect an iter- 
ative method was used in applying this equation, as 
follows. Since k,, k,, and k, were known from 
earlier work, only k, remained to be found. A value 
of k, was guessed, and hence x/xo could be calculated 
for any value of p. The ratio of the changes in for- 
mate and bromite concentrations: 

could thus be calculated. This quantity, the effective 
stoichiometry arising from all reactions, was found 
to be nearly constant in any one run; details are 
given in Table 5. If this quantity is constant, the dif- 
ferential equations can be solved to give 
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TABLE 5. Data for the reaction of sodium bromite and sodium formate in the presence of barium ions 
- 

Run TCC) [NaBrOzIo [NaHC0210 [NaOHIo a 1O6k3 10% 

where 

If we define 

the equation above is: k,t = g(x) - g(xo). Conse- 
quently g(x) was plotted against t. These plots were 
found to be linear, and the slope of the best line 
through the points, which equals k,, was found by 
the usual method of least squares. The k, so obtained 
was in general somewhat different from the originally 
assumed k,. The calculations were therefore repeated 
until k, did not change appreciably on further repeti- 
tion. It was checked that the change in the effective 
stoichiometry, a, during a run did not appreciably 
alter k, ; in fact, use of the initial or final values of a 
during any one run was found to give values of k3 
differing by 0.1% or less. Hence a value of a corre- 
sponding to the middle of each run was used. 

Table 5 gives details of the initial conditions of 
each run, and the calculated values of a and k,. The 
ionic strength throughout was close to 0.26 (+ 0.02). 
The other rate constants used in the calculations 
were: for 85.7"C, k, = 7.81 x lo-,, k2 = 2.30 x 
lo-,, k, = 9.09 x 10-4 / [~H-] ;  for 96.7"C, k, = 
2.53 x lo-,, k2 = 5.34 x lo-,, k, = 1.74 x lo-,/ 
[OH-]. Average values of k, are (1.97 + 0.04) x 
lo-, at 85.7"C and(4.00 + 0.17) x lo-, M-' s-' at 
96.7"C. The precision is only moderate, in part be- 
cause of the considerable spontaneous decomposition 
of sodium bromite. These constants, though only for 
two temperatures, make AH* = 68 f 9 kJ mol-I, 
AS* = - 166 f 20 J K-I mol-I. 

A similar series of runs was carried out with a 
fairly high concentration (0.05 M) of sodium car- 
bonate present. This did not increase much during a 

run, since the initial bromite concentrations were 
about ten times smaller. The same method was ap- 
plied in analysing the results, and the initial concen- 
trations, and calculated values of a and k, are given 
in Table 6. The ionic strength was the same as before. 
It is evident that these values of k, depend on [OH-]. 
A plot of k, against [OHp]-' was approximately 
linear. If we write 

and use the average [OH-] during the period of 
measurement then the usual least-squares method 
gives values of k, and k, as in Table 7. 

The part of the reaction contributed by k, pre- 
sumably arisesfrom the reactionof HBrO, + HC02-, 
or Br02- + HC02H. As before, it is impossible to 
go further in terms of bromous acid, but data are 
available on formic acid (13) for its ionisation over 
the temperature range 0 to 60°C at 5°C intervals. 
From these AGO of ionisation can be calculated, and 
AS0 from - a A G O / a ~ .  AS0 varies quite considerably, 
and approximately linearly, with temperature; the 
same is true of AH0. The values of AS0 and AH0 were 
extrapolated to the temperatures of the kinetic mea- 
surements. Similar data on the ionisation of water 
(ref. 14, p. 39) are available for a wide range of tem- 
perature, and hence the equilibrium constant, K,,, for 

HCOz- + Hz0 * HCOZH + OH- 

was calculated at each of the temperatures used in 
the kinetic measurements with the results: T = 
85.7"C, Keq = 3.70 x lo-'; 91.0°C, 5.20 x lo-'; 
96.7"C, 7.46 x lo-'. If we write this part of the 
overall rate as k, [Br02- [HC02H:], then k, = 
k6/Keq, and resulting values of k, are given in the last 
column of Table 7. The activation parameters ob- 
tained are: k,: AH* = 167(+4) kJ mol-l; AS' = 
120(f 12) J K-I mol-'; k,: AH* = 63(f11) kJ 
mol-I ; AS* = 36(+ 30) J K- ' mol- '. The relative 
large positive values of AS* are perhaps unexpected, 
but the mechanism of the catalysis by carbonate is 
unknown. In deducing k, above it was assumed that 
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LEE AND LISTER 1529 

TABLE 6. Data for the reaction of sodium bromite and sodium formate in the presence of 0.050 Msodium carbonate 

Run ("C) [NaBr0210 [NaHC0210 [NaOHlo a 105k3 1050 

11 85.7 0.00595 0.0785 0.0218 1.90-1.92 1.88 0.04 
12 85.7 0.00839 0.0785 0.0234 1.87-1.90 1.67 0.04 
13 85.7 0.00575 0.0785 0.0308 1 .87-1.90 1.41 0.05 
14 85.7 0.00420 0.0785 0.0171 1.93-1.95 2.15 0.06 
15 85.7 0.00575 0.1177 0.0399 1.90-1.92 1.22 0.13 
16 85.7 0.00575 0.1308 0.0399 1.91-1.93 1.29 0.08 
17 85.7 0.00420 0.1872 0.0153 1.94-1.96 2.17 0.19 
18 85.7 0.00574 0.0654 0.0198 1.88-1.90 1.88 0.10 
19 91 . O  0.00720 0.0110 0.0380 1.89-1.92 2.88 0.03 
20 91 . O  0.00720 0.110 0.0234 1 .92-1.94 3.80 0.19 
21 91 .O 0.00720 0.0544 0.0173 1.87-1.90 4.63 0.15 
22 91 .O 0.00720 0.0544 0.0379 1.80-1.83 2.84 0.06 
23 91 .O 0.00720 0.0652 0.0276 1.85-1.88 3.36 0.08 
24 91 .O 0.00720 0.0652 0.0276 1.87-1.89 3.76 0.06 
25 96.7 0.00660 0.115 0.0464 1.77-1.79 5.86 0.17 
26 96.7 0.00660 0.115 0.0285 1.93-1 .95 6.80 0.57 
27 96.7 0.00660 0.115 0.0173 1.72-1.73 9.31 0.78 
28 96.7 0.00660 0.0557 0.0240 1.87-1.90 7.19 0.24 
29 96.7 0.00660 0.0557 0.0195 1.89-1.92 9.08 0.53 
30 96.7 0.00660 0.0557 0.0151 1.91-1.93 10.99 0.93 
3 1 96.7 0.00503 0.0444 0.0400 1 .84-1.88 6.27 0.62 

all this part of reaction came from formic acid: apart (15) to occur by 
> ,  

from thk possibility of a reaction of bromous acid, it 4S4O6'- f 60H- + 5S203'- f 2S3063- f 3Hz0 
should be mentioned that catalvsis bv bicarbonate. 
as well as carbonate ions, might be considered. At lower ratios (2.5 or less) of thiosulphate to bro- . - 

mite ions, and roughly 0.1 M sodium hydroxide, the 
4. Reaction of Bromite and Thiosulphate Ions ratio of thiosulphate to bromite consumed was 0.5. 

that at least Tests showed that sulphate had been produced, and 
overall reactions were possible between bromite and one OH- had reacted for each Br02 - reacting. This 
thiosulphate ions. If the initial concentration of agrees with the reaction: 
thiosulphate ions was about ten times that of bro- 
mite ions. the ratio of thiosul~hate to bromite ions 121 2Broz- + Sz03'- + 20H- +Br- + 2S04'- + Hz0 

consumed was close to, thou& always a little less preliminary kinetic experiments were made on the 
than, four. This corresponds to the reaction stopped flow spectrophotometer, with concentrations 
[I] BrOz- + 4S2032- + 2Hz0 + Br- + 2S40,2- + 4 0 ~ -  such that reaction [I ] would greatly preponderate. 

Withinitialconcentrationsapproximately : [Br02- ] = 
Moreover this value of the ratio was only approached 0.007 M, [S20,~ - = 0,09 and [OH- = 0.05 
at low hydroxide concentration (0.05 M or less). The and 250C, the bromite concentration had fallen 

produced in the reaction was an amount virtually to zero in 10 s. At this instant the spectrum 
corresponding to reaction 11 I only if it was rapidly of the remaining solution agreed with that of sodium 
titrated with acid; on standing less hydroxide was tetrathionate; sodium thiosulphate has extinction 
found, and after an hour Or the ratio coefficients about 100 times smaller at the wavelengths 
of hydroxide produced to bromite consumed was used, which ranged from 296 to 380 nm, and so it 
'lose to l.O. the cause of these effects was contributes very little to the total absorbance. The 
the alkaline hydrolysis of tetrathionate ions, reported absorbance was followed at intervals for about 3 min 

after mixing, and over the period from 20 to 180 s, 
TABLE 7. Values of rate constants in carbonate catalyzed reac- the tetrathionate concentration decreased by an 

tions of bromite and formate ions apparently first order reaction with a rate constant of 
0.0082 s-'. Thus, over the period of measurement in 

k5 k6 k7 
T("C) (M-Is-l)  (s- (M-l s-l) the kinetic runs (10 s or less), only a very small 

amount of thiosulphate could have been regenerated 
85.7 0.71 x 2 . 0 5 ~  55.4 by hydrolysis of tetrathionate, and this was therefore 
91 .O 1 . 5 7 ~  4.39 x 
96.7 3 . 8 7 ~ 1 0 - ~  8 . 0 2 ~  lo-' 107.5 84.4 ignored. 

In the main series of runs, the absorbance at 350 
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TABLE 8. Slope of plots of -d In pro2-] /dt  against mean 
[ S Z O ~ ~ -  1 

-- 

Slope 
Temp. (s-l) 

Mean [OH-] 
( M )  kl k 2  

Discussion 
It is evident that bromite ions behave somewhat 

like the hypohalite ions as an oxidising agent, though 
they have the peculiarity that the reaction indepen- 
dent of [OH-] and that proportional to [OH-1-l 
both contribute appreciably to the rate at ordinary 
hydroxide concentrations. This makes a detailed 
comparison difficult, but the following are all ap- 
parent rate k, for the rate proportional to [OH-]-', 
for reactions at 25°C (extrapolated where necessary). 
Values of log k are given: 

nm was followed. It was assumed that Br0,-, 
S203'-, and S,0,'- contributed to the absorbance, 
and that the overall reaction was [I] above. Hence 
[BrO,-] could be calculated for various time inter- 
vals. With thiosulphate in considerable excess, a plot 
of In [Br02-] against t was found to be linear. The 
slopes of such plots were found by the usual method 
of least squares; the standard deviations in these 
slopes were always about 1%. By plotting these slopes 
against thiosulphate concentration (the concentra- 
tion at the midpoint of the run was used), the rate 
was found to depend on the first power of the thio- 
sulvhate concentration. There was also a small svon- 
tankous decomposition of bromite ions. The iope  
of the plots of -d ln [BrO,-]/dt against mean 
[S2032-] are given in Table 8, as are also the mean 
[OH-] during each series of runs. These mean [OH-] 
values are averages of [OH-] at the midpoint of a 
series of runs with closely similar hydroxide concen- 
tration (the initial [OH-] were the same). There 
seems to be some dependence of rate on [OH-], but 
the differences are sufficiently small that, after allowing 
for the scatter in the points, the exact form of the 
dependence of rate on [OH-] cannot be deduced. If 
it is assumed that, as in other reactions, k(appar- 
ent) = k, + k,  [OH-1-l, then the values of k, and 
k, so obtained are also shown in Table 8. In ob- 
taining k, and k, in Table 8, the points are weighted 
in proportion to the number of runs contributing to 
each point. The activation parameters are (for 25°C) 
k,, AHl* = 33 kJ mol-I; AS,* = -120 J K-I  

mol-l. The accuracy of these is not very high; per- 
haps for k,, AH,* + 5 kJ, AS,* + 20 J K-' mol-'. 
However the general pattern of the reaction seems to 
be similar to other reactions of bromite ions. 

The rates fall in the same order, with the bromite 
reactions about lo5 slower. AH* are also roughly 
parallel. 

The reactions of bromite ions so far investigated 
were all first order in both reagents, and in the cases 
above are probably simple oxygen transfer reactions, 
followed by a similar reaction with hypobromite ions 
(or hypobromous acid). The reaction with thiosul- 
phate is evidently complicated, and though it may 
also be an oxygen transfer reaction, at present this 
would simply be speculation. 
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Carbonyl oxygen exchange of glycol monoesters. Rate and equilibrium constants for the 
formation of a tetrahedral intermediate 
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R. A. MCCLELLAND, M. AHMAD, J. BOHONEK, and S. GEDGE. Can. J. Chem. 57,1531 (1979). 
Kinetic investigations of the hydrolysis of the 2-phenyl-4,4,5,5-tetramethyl-l,3-dioxolenium 

ion and 2-phenyl-2-methoxy-4,4,5,5-tetramethyl-l,3-dioxolane furnish rate constants for all 
three reaction stages of the ortho ester hydrolysis: ( I )  generation of the dioxolenium ion, 
(2) hydration of this ion to form hydrogen ortho ester, and (3) breakdown of this species to  
pinacol monobenzoate. The equilibrium constant for stage (2) can also be obtained. This 
study complements a previous investigation of 2-phenyl-2-alkoxy-l,3-dioxolanes where similar 
information was obtained. 

The rate constants for carbonyl oxygen exchange of the ester products of these reactions, 
pinacol monobenzoate and ethylene glycol monobenzoate, have been measured. This reaction 
is shown to proceed by a different mechanism to that normally associated with exchange of 
carboxylic acid derivatives: cyclization of the glycol monoester to form hydrogen ortho ester, 
followed by loss of the labelled exocyclic OH group to give 1,3-dioxolenium ion. Reversal of 
these steps, initiated by an unlabelled water molecule, results in exchange. The relationship of 
this mechanism with that of the ortho ester hydrolysis is obvious; it is shown that the exchange 
provides rate constants for the reverse of stage (3). This means that both the forward and 
reverse rates of this process have been obtained, and this provides the equilibrium constant. 

R. A. MCCLELLAND, M. AHMAD, J. BOHONEK et S. GEDGE. Can. J. Chem. 57, 1531 (1979). 
Des Btudes cinetiqua de I'hydrolyse de I'ion phBnyl-2 tBtramBthyI-4,4,5,5 dioxolBnium-1,3 

et du phBnyl-2 mBthoxy-2 tBtramBthy1-4,4,5,5 dioxolanne-1,3 ont perrnis d'ktablir les con- 
stantes de vitesse pour chacune des trois Btapes de l'hydrolyse des ortho esters: ( I )  formation 
de l'ion dioxolBnium, (2) hydratation de cet ion conduisant i I'ortho ester acide et (3) d&om- 
position de cette es&e en monobenzoate de pinacol. On a pu aussi obtenir la constante 
d'equilibre pour 1'Btape (2). Cette Btude complete un travail antBrieur sur les phknyl-2 alkoxy-2 
dioxolannes-1,3 qui a fourni des informations semblables. 

On a mesurB les constantes de vitesse d'khange d'oxygene du carbonyle des esters produits 
au cours de ces rkactions, soit le monobenzoate de pinacol et le monobenzoate de l'Bthyl8ne 
glycol. On montre que cette rBaction se produit par un mBcanisme diffdrent de celui qui est 
normalement associk avec I'khange de dBrives d'acides carboxyliques: cyclisation du mono- 
ester du glycol avec formation d'une ortho ester acide, suivie par la perte du groupe OH 
exocyclique marquB conduisant i un ion dioxolknium-1,3. Les Btapes inverses, p r o v o q u ~  par 
l'addition d'eau ne contenant pas de marqueur, conduisent i I'khange. La relation entre ce 
mkanisme et celui de I'hydrolyse des ortho esters est Bvidente; on montre que I'khange 
fournit les constantes de vitesse pour I'inverse de l'ktape (3). Ceci signifie que I'on a determink 
les vitesses dans les deux sens de la rBaction et que I'on p u t  Bvaluer la constante d'dquilibre. 

[Traduit par le journal] 

It has been established for some time now that the 
hydrolysis of carboxylic acid esters is accompanied 
by exchange of the carbonyl oxygen atom with 
solvent (1). This exchange occurs when the tetra- 
hedral intermediate of this reaction returns to 
starting ester, rather than proceeds to product. The 

II 
RCOH + R'OH 

demonstration that hydrolysis is accompanied by 
such exchange is one of the principal pieces of 
evidence that there is a discrete tetrahedral addition 
intermediate in acyl transfer reactions (2). 

In experiments involving the hydrolysis of 2-aryl-2- 
alkoxy-l,3-dioxolane ortho esters we have found that 
it is possible to observe all three reaction stages (3,4), 
thus verifying the general mechanism commonly 
proposed for such reactions. 

The ultimate product of this reaction, an ethylene 
glycol monobenzoate ester, has in principle an 
additional route available for carbonyl oxygen 
exchange, namely 4 + 3 + 2 + 3 + 4, where a 
solvent water molecule comes in at the 2 + 3 reaction 
stage. This sequence is of course intimately related to 

0008-4042179112153 1- 10$01.0010 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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the last two reaction stages of the ortho ester 
hydrolysis. Our results on this latter system lead to 
the prediction that this exchange reaction is a 
reasonable one. This paper presents that argument 
and experimental results obtained with ethylene 
glycol monobenzoate and pinacol monobenzoate. 

Experimental 
Materials 

Oxygen-18 water (83.1% l80 or 92.2% lsO) was obtained 
from Miles Research. Sulfuric acid solutions were prepared as 
previously described (5). 2-Phenyl-2-methoxy-l,3-dioxolane 
(la) (6), 2-phenyl-1,3-dioxolenium borofluorate (2a) (7), and 
2-phenyl-4,4,5,5-tetramethyl-i ,3-dioxolenium borofluorate(2b) 
(8) have been described. 
2-Phenyl-2-methoxy-4,4,5,5-tetramethyl-l,3-dioxolane (lb) 

was obtained by addition of the dioxolenium salt26 toasodium 
methoxide solution in methanol, as described for other ortho 
esters (7). Compound l b  had bp 75°C (0.2 Torr); nmr(CDC13, 
TMS)6:7.2-7.7(m,5H),3.03(s,3H),1.38(~,6H),l.l3(~,6H). 
Anal. calcd. for C14H2003: C 71.16, H 8.53; found: C 71.17, H 
8.59. 

Ethylene glycol monobenzoate, 4a, and pinacol monobenzo- 
ate 46, were prepared by stirring the ortho esters l a  and l b  in 
0.1 MHCl for 30 min. The acid was neutralized with NaHCO,, 
and the resultant suspension was extracted with ether. This 
was dried (MgSO,), filtered, and the ester obtained by distilla- 
tion. Ethylene glycol monobenzoate had bp 100°C (0.2 Torr). 
Pinacol monobenzoate had bp 85°C (0.1 Torr); nmr (CDCI,, 
TMS) 6: 8-8.2 (m, 2H), 7.5-7.6 (m, 3H), 3.7 (s, lH), 1.70 
(s, 6H), 1.35 (s, 6H). Anal. calcd. for C13H1803: C 70.25, H 
8.16; found: C 70.13, H, 8.37. 

Ethylene glycol monobenzoate-carbonyl-l80 (92.2%) and 
pinacol monobenzoate-carbonyl-l80 (83.1%) were prepared by 
mixing orthoester l a  or l b  (0.01 mol) with 180-water (0.011 
mol), and adding p-toluene sulfonic acid (10 mg). The two 
phase system was stirred until it became homogeneous. Work- 
up followed the procedure outlined above for the unlabelled 
glycol monoester. 

Kinetics of Exchange 
Labelled glycol monoester (0.2 g) was dissolved in un- 

labelled aqueous solution (100 mL for 4a, 500 mL for 4b), and 
the solution placed in a thermostatted water bath (25°C). 
After an appropriate time this solution was extracted with 
ether, the ether extract washed with aqueous NaHCO,, dried 
(MgS04), filtered, and the ether removed. 

This sample was analyzed directly on an AEI model MS 902 
mass spectrometer, equipped with a Vacuumetrics ratiometer. 
The relative intensity of two peaks in the mass spectrum of the 
glycol monoester was determined as the average of 40-50 
measurements. For ethylene glycol monobenzoate the ratio of 

the peaks at mle 1251123 was taken; for pinacol monobenzo- 
ate, 1661164. Neither ester shows a molecular ion in its mass 
spectrum; both exhibited strong signals at 1071105, but the 
ratio of these was found to vary with time. This was not the 
case with the peaks chosen for analysis. 

The excess 180 in a given sample was calculated using the 
formula (9) 

Excess "0 = 99.8 (l.OOZR;RRy R.) 

where R is the ratio of the two peaks of the sample in question, 
and Ro is the ratio of the same two peaks in unlabelled 
material. 'This equation corrects relative peak intensities for 
natural isotopic variation, but it applies to a sample where one 
atom only is enriched, a point which will be addressed later. 
Rate constants for oxygen exchange were evaluated as slopes 
of plots of In (excess 180) versus time. Table 1 shows the re- 
sults of a representative run. 

Hydrolysis of Ethylene Glycol Monobenzoate 
The ester was dissolved in aqueous sulfuric acid, and the 

solution placed in a thermostatted water bath (25°C). At 
appropriate times a sample was withdrawn and its nrnr 
spectrum immediately recorded on a Varian T60 nmr spectro- 
photometer. The quantities measured were the (integrated) 
area of the set of signals of the methylene protons of the ester 
(AE) relative to the area of the sharp singlet of the ethylene 
glycol product (A,). Rate constants were calculated as the 
slopes of plots of In (AE/(Ap + AE)) versus time. 
Hydroxy Ester - Dioxolenium Ion Equilibrium 

Ultraviolet Method 
A stock solution containing 2-phenyl-l,3-dioxolenium boro- 

fluorate (4 x mol L-l) in rigorously dry acetonitrile was 
prepared. This solution (3.0 pL) was added directly to a 
thermostatted uv cell containing exactly 3 mL of various sul- 
furic acid solutions, and the spectral change recorded at 
265 nm, the wavelength corresponding to h,,, for the ion. A 
first-order decrease in absorbance is observed (below 80% 
H2S04); fist-order rate constants were evaluated as the slopes 
of plots of In (A - A,) vs. time. A plot of the A, values vs. % 
H2S04 was found to take the form of a titration curve. Above 
80% H2S04 the 2-phenyl-1,3-dioxolenium ion is in fact stable, 
and undergoes no hydrolysis. This is caused by the fact that the 
dioxolenium ion (2a) and glycol monoester (4a) equilibrate. 
Their ratio at equilibrium [2]/[4] was determined as (A, - 
A4)/(A2 - A,), where A4 is the absorbance of ester at 265 nm 
as determined from the A, value in dilute acid (below 50% 
HISO,) and A2 is the absorbance of ion at 265 nm as deter- 
mined in concentrated acid (above 85% H2SO4). 

The approach to equilibrium was also followed starting with 
ester, for which an increase in absorbance is observed at 
265 nm in solutions more concentrated than 67% H2S04. Rate 
constants for this process, obtained as the slopes of plots of In 
(A, - A) versus time were found to be identical to rate 

TABLE 1. Oxygen exchange of pinacol monobenzoate-''0 in 
0.100 M HCI (25°C) 

Time (h) 1661164 Excess 180 (%) 

0" 4.91 f 0.02 82.8 
1.93 1.50 L-0.01 59.6 
4.00 0.757k0.005 42.4 
6.27 0.425_+0.005 28.9 
175.00 0.016kO.002 
Unlabelled 0.016f0.002 

OLabelled ester. before solution. 
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constants in the same acids obtained starting with dioxolenium 
ion. 

Nuclear Magnetic Resonance Method 
Ethylene glycol monobenzoate was dissolved in acids where 

the uv spectra suggest an appreciable concentration of ion at 
equilibrium. The formation of this ion could be easily seen 
from the appearance of a downfield singlet corresponding to 
the methylene protons of the ion. (This signal is not due to  
ethylene glycol, whose C-H protons are upfield from the 
methylene protons of the ester.) The ratio of ion to ester after 
attainment of equilibrium was calculated from the relative 
areas of the signals of the methylene protons in the two species. 
This ratio was within experimental error identical to the ratio 
obtained using uv spectroscopy. 

Hydrolysis of Ortho Ester l b  and Ion 2b 
In the pH region these species hydrolyze to  pinacol mono- 

benzoate. The kinetics for this hydrolysis were followed 
spectroscopically, using either a Unicam Sp 1800 spectro- 
photometer or a Durrum-Gibson stopped-flow apparatus. 
Studies involving the former were carried out by adding 3 pL 
of an acetonitrile solution of the substrate directly to a pre- 
equilibrated uv cell containing the aqueous solution. Studies 
with the latter were carried out by dissolving the substrate 
(ortho ester only in this case) in 0.002 M NaOH, and mixing 
this with an equal volume of the appropriate aqueous acid. In 
both cases changes in optical density as a function of time 
were monitored; wavelengths of 265 nm, h,.. for the dioxo- 
lenium ion, or 232 nm, h,,, for the ester product, were em- 
ployed. First-order rate constants were evaluated as the slopes 
of plots of In (A - A,) (h = 265) or In (A, - A) (h = 232) 
versus time. All studies were carried out at 2S°C, and ionic 
strength 0.1. 

Results 
2-Phenyl-4,4,5,5-tetramethyl-1,3-dioxolenim Ion 

The above ion, as its borofluorate salt, was added 
in a very small amount of acetonitrile to aqueous 
solutions with pH 1.0-5.5, and the conversion to 
pinacol monobenzoate monitored by conventional uv 
spectroscopy. First-order rate constants for this 
process were obtained throughout this pH region 
following the absorbance increase due to the product 
ester at h = 232 nm. In the more acidic solutions a 
signal due to the ion could also be seen at h = 265 
nm. First-order rate constants for the disappearance 
of this signal were also determined; these were found 
to be identical to the rate constants obtained follow- 
ing product appearance. The variation with pH of the 
observed rate constants will be described later. 
Buffer catalysis is also found; standard analysis 
reveals that both the acid and base component are 
catalytically active. 

2-Phenyl-2-methoxy-4,4,5,5-tetramethyl-1 J-dioxolane 
First-order rate constants for the hydrolysis of the 

above ortho ester were obtained following product 
appearance in solutions with pH > 6, and follow the 
rate law 

with kH+l  = 3.1 x lo4 M-' s 1  and kO1 = 1 x 

s-l. At pH 5-6, the first-order rate plots based 
on product appearance show marked deviations 
from linearity. At pH 1-5 the rate behaviour be- 
comes identical in every respect to that observed with 
the 1,3-dioxolenium ion. This includes the fact that 
the ion itself can be detected in the more acidic 
solutions. Stopped-flow experiments, starting with 
the ortho ester in very dilute base and mixing with 
excess acid, show that this ion disappears in two 
phases (Fig. 1). The absorbance decrease which is 
observed in the experiments using conventional uv 
spectroscopy is preceded by a much faster decrease. 
This initial phase is also first order; rate constants 
follow the empirical equation kobs = a + b[H+ 1, 
with a = 6 x 10's-I and b = 2 x lo4 M- '  s-l. 
The stopped-flow experiments also permit accurate 
measurement of the amount of dioxolenium ion 
which disappears in the two kinetic phases. A plot 
versus acidity of the absorbance change of the slow 
second phase divided by the total absorbance change 
takes the form of a titration curve for an acid with a 
pK value of 1.4, with the slow phase accounting for a 
greater proportion at high acid concentrations. 

Hydroxy Ester - Dioxolenium Ion Equilibrium 
The equilibrium between the 2-phenyl-1,3-dioxo- 

FIG. 1. Biphasic nature of the disappearance of dioxolenium 
ion (h = 265) in the hydrolysis of 2-phenyl-2-methoxy-4,4,5,5- 
tetramethyl-1,3-dioxolane in 0.02 M HCI. The two traces were 
obtained in consecutive runs on the stopped-flow apparatus. 
The top and bottom timescales refer to the top and bottom 
traces respectively. 
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lenium ion and ethylene glycol monobenzoate was 
studied in 67-77% H,SO, by determining 

using uv and nmr spectroscopy, the ratio [2]/[4] as a 
function of acidity. A plot of the logarithm of this 
ratio versus the HR acidity function was linear 
(correlation coefficient = 0.998), with a slope = 
- 0.71 and an intercept of - 8.68. 

First-order rate constants could also be obtained 
for the approach to equilibrium, and are the same 
regardless of the direction of approach. These rate 
constants are given by k,,, = kf + k,; the ratio 
[2]/[4] = kf/k,, so that the individual rate constants 
kf and k, can be obtained. These are depicted in 
Fig. 5 (see Discussion). 

Oxygen Exchange 
Samples of the two glycol monoesters enriched 

with ''0 were prepared by hydrolyzing the corre- 
sponding ortho ester with ''0 enriched water, in the 
presence of a small amount of acid. It is important to 
establish that this reaction has produced only 
carbonyl labelled ester. This is obviously required if 
we are going to follow carbonyl exchange, and not 
some other process. We also require in the equation 
used to calculate ''0 content that any excess "0 be 
present in only one oxygen. Finally and perhaps 
most importantly, our mechanistic interpretation of 
these ortho ester hydrolyses demands this result. 

In principle the label could end up in two different 
oxygens. 

*o 
II 

HO'\C/O] + PhCO-OH 
Ph' '0 

H20*-a / 

The peaks analyzed in the mass spectrum of each 
ester were fragments arising from loss of a group 
containing the hydroxyl oxygen. The analysis shows 
that all of the label of the reagent "0 water is still 
present in these peaks, and therefore could not have 

gone into the P-hydroxy oxygen. For example 83.1% 
"0-water was used to prepare the labelled pinacol 
monobenzoate ; the 1661 164 fragment peaks analyzed 
show 83.0% label (see Table 1). 

A second piece of evidence, perhaps less rigorous, 
is the observation that the label can be completely 
exchanged out with a large excess of unlabelled 
solvent (see, for example, Table 1). As we will show, 
there is a mechanism by which this can occur if the 
label is in the carbonyl oxygen. It is more difficult to 
account for this exchange if the label is in the 
hydroxy oxygen, since alcohol exchange is far too 
slow (10). 

The labelled esters do exchange this oxygen when 
treated with unlabelled aqueous acid. Unlike ordinary 
esters, this exchange process occurs more rapidly 
than the ester undergoes hydrolysis and it is in fact 
possible to observe essentially complete exchange 
before the ester is completely destroyed. A typical 
exchange run is presented in Table 1. Excellent first- 
order plots for the exchange were obtained in all 
cases. The acid dependency of these rate constants is 
described in the Discussion. 

Discussion 

Ortho Ester Hydrolysis 
We will discuss initially how it is possible to obtain 

kinetic information for the three reaction stages for 
the hydrolysis of the tetramethyl substituted ortho 
ester. Our results, and analysis, for the unsubstituted 
system are presented elsewhere (3, 4). Although the 
same kinetic information is eventually obtained in 
each case, experimentally slightly different ap- 
proaches are used. This happens simply because in 
the tetramethyl system the rate of the last reaction 
stage is in the range of conventional uv spectroscopy. 
This means that it is possible to add the 1,3-dioxo- 
lenium ion directly to a uv cell, and observe the 
kinetics associated with the last reaction stage, in 
essentially a pure aqueous medium. With the un- 
substituted ortho esters the later reaction stages are 
too fast for conventional uv spectroscopy, although 
they are in the range of stopped-flow instruments. 
However, because of the nature of our apparatus 
which mixes only in a 50: 50 proportion, experiments 
starting directly with dioxolenium ion result in rate 
constants in a solvent which is 50% organic. To 
obtain rate data in water alone we were forced to rely 
on the fact that appropriate precursors which are 
stable in aqueous base hydrolyze at some acidity with 
rate-determining decomposition of the hydrogen 
ortho ester (3, 4). 

First-order rate constants obtained in the hydrol- 
ysis of the 2-phenyl-4,4,5,5-tetramethyl-l,3-dioxo- 
lenium ion are depicted in Fig. 2. These, along with 
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2 4 6 
FIG. 2. First-order rate constants (p = 0.1, 25°C) in the hydrolysis of 2-phenyl-4,4,5,5-tetramethyl-1,3-dioxolenim 

borofluorate ((0) h = 232 nm; (0) h = 265 nm, slow phase) and 2-phenyl-2-methoxy-4,4,5,5-tetramethyl-1,3-dioxolane 
((m) h = 232 nm). Rate constants for experiments starting with the ortho ester in solutions with pH < 5 are not shown 
but are identical, within experimental error, to those of the dioxolenium ion. All rate constants for solutions with pH > 3 
are based on extrapolation to zero buffer concentration. 

other observations, can be explained by postulating a k ~ + ~ [ H + l  + kO3 + k o ~ - ~ [ o H - ]  
rapid and reversible hydration of the ion followed by kobs = 
a slower decomposition of the hydrogen ortho ester 

1 + CH+IIK,+ 

to pinacol monobenzoate. This latter process is observed first-order rate constant kobs refers to 
h~dronium ion, water (no and formation of pinacol monobenzoate, and the dis- 

hydroxide ion, as well as general acids and genera' appearance of the ion present after the equilibrium 
bases. We will define the rate constants for the three between ion and hydrogen ortho ester is established. 
stages of a dioxolane ortho ester hydrolysis as values of the four constants of this equation which 
indicated below. best fit the experimental data of Fig. 2 are given in 

Table 2. The agreement of our kinetic analysis with 

TABLE 2. Rate and equilibrium constants (25"C, p = 0.1) 

Constant Tetramethyl Unsubstituted 

3.1 x 104 5 . 4 ~  
6x lo2 1 . 7 ~  

kH+-'(M-l S-') 2~ lo4 4.3 x 
KR+ = k02/kH+-2 PKR 1.4" -0.6d 

1.5b 
1.4" 

km-3[OH-] kH+j(M-' S-') 13 3 X lo2d 

ko3 
ko3(s- ') 0.074 1.5d 

0 
II k ~ ~ - ~ ( M - l  S-l) 2 . 0 ~  lo7 6 . 0 ~  10lod 

ph\c/O$ - ~ H + ~ [ H + ]  PhCOCR2CR20H K-3 3 . 7 ~  2 . 7 ~  
kH+-3(M-1 S-') 4.8 x lo-4 8.1 x lo-' 

HO' '0 ko-3(s-1) 2 . 7 ~  4.1 x 
koH--3(M-1 -1 

S 1 7 . 4 ~  lo2 1.6x102 
For the last two stages, the following rate law can be analysis. 
derived, assuming a rapid equilibrium between 
dioxolenium ion and hydrogen ortho ester. The "eference 4. 

McCLELLAND E T  AL. 

b 

- 1.5 

log kobs 

- 
pH 

I I 
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the experimental observations can be seen by com- 
paring in Fig. 2 the curve, which is calculated, with 
the experimental points. In simple terms the rate-pH 
profile exhibits regions corresponding to the hy- 
dronium ion catalysis, water catalysis, and hydroxide 
ion catalysis of the hydrogen ortho ester decomposi- 
tion. Also a levelling off in rate at high acid concen- 
tration is apparent. This occurs because of a shift in 
the position of the equilibrium between the hydrogen 
ortho ester and dioxolenium ion, the latter species 
becoming favored in this equilibrium as the acidity is 
increased. In the solutions where significant amounts 
of dioxolenium ion and hydrogen ortho ester are 
present at equilibrium, the ion disappearance is 
biphasic. The initial kinetic phase corresponds to the 
rapid equilibration of the two species. This is followed 
by a considerably slower second phase as the ion in 
equilibrium with hydrogen ortho ester is siphoned off 
as the latter is converted to pinacol monobenzoate. 
In the experiments starting with the borofluorate salt 
of the ion, only the second phase is seen. These 
experiments are necessarily carried out on a con- 
ventional uv spectrophotometer, and are incapable 
of showing the much more rapid initial phase. In 
less acidic solutions, no uv signal due to the ion can 
be observed in these conventional uv experiments. 
Now the equilibrium favors hydrogen ortho ester, 
and the ion completely disappears in the rapid phase. 
However, although the ion does disappear rapidly, 
the appearance of product is much slower. This can 
only mean that there is some intermediate being 
formed and this must be the hydrogen ortho ester. 

Considering now the situation starting one stage 
further back at the ortho ester, it can be concluded 
that only in solutions with pH > 6 is the first reac- 
tion stage the slow step in the overall hydrolysis. In 
more acidic solutions this stage becomes faster than 
the third stage, and what is observed (following 
product appearance) are the kinetics associated with 
this later stage. In other words, there is a change in 
the rate-limiting step in the overall hydrolysis, just as 
there is in the unsubstituted case (3, 4). Here, how- 
ever, the evidence is very simple. In the more acidic 
solutions the kinetic behavior observed starting with 
ortho ester is identical to that observed starting with 
dioxolenium ion, one of the intermediates in its 
hydrolysis. Above pH 6 this is no longer the case, and 
the dioxolenium ion decomposes more rapidly than 
the ortho ester hydrolyses. The crossover in behavior 
is seen very clearly in Fig. 2, in the intersection of the 
two curves, the curve obtained at high pH represent- 
ing the first stage, and the curve obtained at low pH 
representing the third stage. The reason for the 
changeover is also apparent; the first stage remains 
hydronium ion catalyzed throughout this pH region, 

whereas the third stage is catalyzed by water and 
hydroxide ion as well. It can also be noted that in the 
vicinity of the crossover point, first-order kinetics in 
product appearance are not obtained. The system is 
properly described here by the equations for two 
consecutive first-order reactions (see ref. 4 for a more 
detailed discussion of this point). 

Stopped-flow experiments starting with ortho 
ester (Fig. 1) reveal the two step nature associated 
with the disappearance of the dioxolenium ion in the 
more acidic solutions. First-order rate constants for 
the initial phase must follow the rate law 

so that the empirically determined constants a = ko2 
and b = kH+- ' .  The ratio ko2 /kH+-2  should also 
give pKR and, in fact, the value so determined agrees 
well with that obtained in the kinetic analysis 
(Table 2). 

A third measure of the value of pKR, also in 
agreement, is produced by the titration curve 
representing the variation in the absorbance in the 
two kinetic phases. This is essentially a standard 

I I I 

2 0 4 0 6 0 
%H2S04 

FIG 3 .  Rate constants for ethylene glycol monobenzoate. 
(0) Carbonyl oxygen exchange, (0) hydrolysis, (m) and (0) 
forward and reverse rate constants for the reversibl e cyclization 
to the 2-phenyl-1,3-dioxolenium ion, (--) rate constants for 
methyl benzoate hydrolysis (13). 
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spectroscopic approach, and is described in detail 
elsewhere (4). 

Table 2 also contains values of the rate and equi- 
librium constants obtained for the unsubstituted 
system. The introduction of the four methyl substit- 
uents results in a 5-6-fold increase in the rate of the 
first reaction stage, as well as the reverse of stage 2. 
This is probably due to increased steric strain in the 
ortho ester (or hydrogen ortho ester), relative to the 
dioxolenium ion, brought about by the presence of 
the four methyl groups. This substitution also results, 
undoubtedly for the same reason, in a decrease by a 
factor of 28 in the rate constant for hydration of the 
ion. The combined effects result in a change in pKR 
by 1.9 log units. That the steric effect is manifested 
more in the hydration direction (kO2) than the de- 
hydration direction (k,+-2) implies that the transi- 
tion state lies closer to the hydrogen ortho ester. 
This suggestion is consistent with previous observa- 
tions of ortho ester hydrolysis, which imply an 
'early' transition state in the reaction proceeding to 
the oxocarbonium ion (11, 12). 

Carbonyl Oxygen Exchange 
The cyclization mechanism for carbonyl oxygen 

exchange of a labelled glycol monoester is shown 
below, where for consistency we have maintained the 
same formulism for the rate constants. 

koH--3[OH] 

1 8 0  k0-3 
I I 

PhCOCR2CR20H . kH+-3[H+] kH+)[H+] . H180\c,0$ 
~ h '  '0 

ko3 R 

koH-' [OH-] 

k ~ + - ~ [ H + l  
H X ~ :  - + H2l80 

R R 

Under our experimental conditions, which involve 
the use of a large excess of unlabelled solvent, any 
dioxolenium ion that forms is trapped by unlabelled 
water. Thus we can assume that exchange occurs via 
the above mechanism whenever P-hydroxy ester is 
converted to dioxolenium ion. To observe this 
exchange there are two requirements: (a) hydrogen 
ortho ester formed on cyclization of the P-hydroxy 

ester must have some tendency to proceed on to 
dioxolenium ion, rather than revert immediately 
back, and (b) the cyclization reaction, which involves 
intramolecular addition of an OH group, must be 
able to compete with normal hydrolysis, i.e., the 
intermolecular addition of an OH group. It can im- 
mediately be predicted that in acid solutions, where 
the reversion of the hydrogen ortho ester to hydroxy 
ester occurs with acid catalysis, requirement (a) is 
met. As seen in our results on the ortho ester 
hydrolysis, acid-catalyzed ring opening of the 
hydrogen ortho ester is considerably slower than the 
acid-catalyzed cleavage of the exocyclic OH group 
(kH+-2 > kH+3, Table 2). 

Ethylene Glycol Monobenzoate 
Figure 3 plots first-order rate constants for the 

carbonyl oxygen exchange of ethylene glycol mono- 
benzoate as a function of sulfuric acid concentration. 
We suggest that these rate constants do represent the 
cyclization mechanism for exchange.  he-most con- 
vincing argument for this proposal comes from our 
observation that in acids more concentrated than 
67% H2S04 there is a detectable amount of the 
2-phenyl-l,3-dioxolenium ion present in equilibrium 
with the hydroxy ester, and we have been able to 
measure the forward and reverse first-order rate 
constants associated with this equilibration. One of 
these rate constants refers specifically to the rate of 
formation of the 1,3-dioxolenium ion from the ester. 
We have pointed out that the cyclization exchange 
involves this very reaction. As can be seen in Fig. 3 
there are two curves, one obtained in dilute acids for 
carbonyl oxygen exchange, and the other obtained in 
more concentrated acids where the cyclization is 
actually observed. Within experimental error these 
two curves are continuous functions of one another. 

Another observation of significance is that the rate 
constants for exchange are greater than the rate 
constants for the hydrolysis. In all other examples of 
acid-catalyzed ester hydrolysis thus far investigated 
the reverse has been true (1, 2, 10, 13-17). Ethyl 
benzoate, for example, in 0.1 M HCl (33% di- 
oxane:H20) exchanges its carbonyl oxygen one- 
fifth as fast as it hydrolyzes (1, 14). As can be seen in 
Fig. 3 the hydrolysis of ethylene glycol monobenzo- 
ate is in fact normal; its kinetic behavior is very 
similar to that shown in the hydrolysis of methyl 
benzoate (13). It is the exchange reaction of ethylene 
glycol monobenzoate which is abnormally rapid, and 
this occurs because of the different mechanism. 

Also significant is a comparison of the rate pro- 
files for hydrolysis and exchange. For the simple 
esters investigated in detail thus far (ethyl acetate (1 3) 
and isopropyl acetate (16)), the ratio of the rates of 
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hydrolysis and exchange has been found to be essen- 
tially constant as the sulfuric acid concentration is 
changed. For ethylene glycol monobenzoate, how- 
ever, this is not the case, the ratio of exchange to 
hydrolysis increasing by a factor of about 10 over the 
range of acidities for which both processes were 
investigated. This can be accounted for in terms of 
two different mechanisms for the two processes. 

The comparison can in fact be put on quantitative 
terms based on the following expressions for the 
first-order rate constants. 

These equations are obtained by assuming that the 
reactions occur by way of the protonated ester; all of 
the terms are defined in the normal way (17, 18). We 
have explicitly included in the expression for the 
hydrolysis rate constant the activity of water, this 
term representing the external water molecule which 
must be involved in this reaction. Dividing these 
equations, and taking logarithms, there is obtained 
the equation 

log kex - log khyd = log ke,O - log khydO 

- log + log (f,*exlf,*hyd) 

In fact, a plot of log kex - log khyd versus -log a,,, 
is linear, with a slope of 1.05 (Fig. 4). This implies 
that log (j;+exlf,+hyd) w 0, or, in other words, that the 
activity coefficients for the two transition states vary 

FIG. 4. Log k.. - log k,,, for ethylene glycol monobenzoate 
plotted as a function of log a,,,. 

VOL. 57, 1979 

with acidity in the same way. As will be shown in a 
later section, the rate of exchange in acid solutions is 
essentially equal to the rate of cyclization, so that 
f,+"" refers to the reaction of protonated carbonyl 
with the P-hydroxy group. Since in normal esters 
hydrolysis occurs more rapidly than exchange, the 
rate of formation of the hydrolysis tetrahedral inter- 
mediate is rate determining in that reaction, so that 
f,+hyd can be taken to refer to the reaction of the 
protonated carbonyl with a water molecule. There- 
fore, the two transition states are in fact very 
similar, the only difference being that one involves 
reaction with an internal nucleophile, while the 
other involves reaction with an external nucleophile. 
It is only necessary in considering the latter case to 
account explicitly for the activity of this nucleophile. 

The intercept of Fig. 4 provides the relative rates in 
water of the intramolecular and intermolecular 
reactions. This is compared below with the same 
ratio for two related systems recently studied in our 
laboratories. 

kl,, x40 (ref. 19) 
kinter 

@CH2CH20H 

4.5 (ref. 20) 

In all three cases the intramolecular reaction is 
favored, but the preference for it is not that great. 

Pinacol Monobenzoate 
With this ester, the exchange reaction is sufficiently 

rapid in the pH region that an extensive rate-pH 
profile could be obtained (see Fig. 5). Rates of hydrol- 
ysis were not determined; using data for tert-butyl 
benzoate (21), we estimate that in 0.1 M HCl the 
exchange of pinacol monobenzoate occurs 10 times 
more rapidly than its hydrolysis. Moreover, even if 
hydrolysis did occur, the normal carbonyl oxygen 
mechanism would still not be in operation, since this 
ester, being a tertiary ester, would probably hy- 
drolyze by an AA,l mechanism (21). There can be 
little doubt then that the exchange observed arises 
via cyclization. 

To account for the rate-pH profile we note that 
the rate of exchange can be set equal to the rate of 
formation of dioxolenium ion, and calculate this 
rate making a steady-state assumption in hydrogen 
ortho ester. 
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McCLELI ,AND ET AL. 1539 

FIG. 5. Rate constants for the carbonyl oxygen exchange of 
pinacol monobenzoate (25"C, p = 0.1). The points are experi- 
mental, while the solid curve is calculated (see text). The 
dashed curve, which merges with the solid curve below pH 3.5, 
represents the variation in the rate constant for the cyclization 
step as a function of pH. 

Although several rate constants not already obtained 
appear in this expression, there is in fact only one 
new unknown, since 

Taking this into account, and rearranging 

Values of K-3 obtained from this equation, using the 
rate constants of Table 2 are indeed constant, with a 
value of K-3 = 3.7 + 0.5 x This can be used 
to calculate values for the three constants of the 
form k-3 (Table 2). The consistency of our analysis 
is seen in Fig. 5 from the agreement of the experi- 
mental data with the solid curve which has been 
calculated using [J 1. 

In simple terms, this kinetic analysis can be broken 
down, showing that at pH 1-3.5 the carbonyl ex- 
change is occurring with rate-determining cycliza- 

tion, and kex w kH+-3[H+] + ko-3. The rate-pH 
profile contains an acid-catalyzed region giving way 
to a pH independent region. In these acidic solutions 
the hydrogen ortho ester has a large preference for 
cleavage of the exocyclic hydroxyl group over ring- 
opening to return to glycol monoester. Exchange 
therefore results on virtually every act of cyclization. 
In the pH region 3.54.5 there is, however, a change 
in rate-determining step. This occurs because the 
conversion of hydrogen ortho ester to glycol mono- 
ester becomes water catalyzed, and then hydroxide 
ion catalyzed, while its conversion to dioxolenium 
ion remains hydronium ion catalyzed. By about 
pH 5.0 the hydrogen ortho ester reverts to ester more 
readily, and the rate-limiting step in the exchange is 
the conversion to the dioxolenium ion. The rate 
constant for exchange is now given by kex = 
Kb3kH+ -' [H+ ] and the reaction now becomes acid- 
catalyzed again. It is interesting to note that the 
cyclization stage has, in fact, become hydroxide ion 
catalyzed by this point. This is seen by the dashed 
line in Fig. 5 which represents koH--3 [OH-] + 
ko-3 + kH+-3[H+], and gives therefore the rate 
constant for cyclization. We can also point out that 
the exchange reaction should become pH indepen- 
dent at high pH, where the loss of the exocyclic OH 
group becomes non-catalyzed (kex = K-3ko-2, where 
ko-' = pH independent rate constant). That this 
process should occur can be predicted on the basis 
that a very similar reaction, the loss of the exocyclic 
OMe group from the ortho ester, becomes pH 
independent at high pH. 

Glycol Monoester - Hydrogen Ortho Ester Equilibrium 
For ethylene glycol monobenzoate, carbonyl 

oxygen exchange in dilute acids is very slow. We did 
obtain one rate constant in 0.1 M HC1 (8.0 x lo-' 
s-I); using [2] this provides a value of K - ~  = 
2.7 x lo-'. This then allows the determination of the 
values for the constants k-3 (Table 2). 

For both monobenzoates, the calculation of K-3 
in acids as concentrated as 0.1 M HC1 is, in fact, 
simpler than it seems on the basis of [2], since the 
terms in hydronium ion dominate, and kH+3 < 
kH+ -'. This means that essentially we are obtaining 
K - ~  in this solution as the ratio of forward and 
reverse rate constants. This is possible despite the 
instability of the hydrogen,.ortho ester, since this 
species can be observed, starting with an appropriate 
precursor, and its rate of decomposition measured 
(the reverse rate). The forward process cannot be 
observed; we can, however, measure its rate using 
''0 exchange. 

The hydrogen ortho ester can be regarded as a 
tetrahedral intermediate, being the intermediate of a 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1540 CAN. J. CHEM. VOL. 57, 1979 

TABLE 3. Free energies for cyclization of glycol monoesters Acknowledgment 
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Reaction R = Ha R = P h b  

'Reference 23. 
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degenerate intramolecular acyl transfer reaction. 
Although the equilibrium between the hydrogen 
ortho ester and the glycol monoester considerably 
favors the latter, our values of the equilibrium con- 
stant for their interconversion are actually measured 
quantities, with no assumptions or approximations. 
This represents the first direct measurement for such 
equilibrium constants. The numbers obtained, par- 
ticularly that for the unsubstituted compound, 
reflect the expected instability of the tetrahedral 
intermediate relative to the carbonyl compound. 

Recentlv. Guthrie has used a thermochemical 
method f&'calculating equilibrium constants for the 
formation of several types of tetrahedral inter- 
mediates (22, 23). The basic premise of his method 
involves the evaluation of the free energy change for 
the replacement of the OR group of a stable ortho 
acid derivative by an OH group, using a correla- 
tion based on cases where both species are stable. 
Although the actual compounds of our study have 
not been considered, the cyclization of several glycol 
monoesters was investigated. In Table 3 we compare 
Guthrie's results for formate derivatives with our 
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COMMUNICATION 

An interesting azirine induced reaction of the cyclopentadienyliron dicarbonyl dimer 

HOWARD ALPER~ AND TSUTOMU SAKAKIBARA 
Department of Chemistry, University of Ottawa, Ottawa, Ont., Canada KIN 984 

Received March 22, 1979 

HOWARD ALPER and TSUTOMU SAKAKIBARA. Can. J. Chem. 57,1541 (1979). 
Reaction of cyclopentadienyliron dicarbonyl dimer with a series of 2-arylazirines in 

anhydrous benzene (room temperature or 40°C, 41-96 h) affords cycloaddition products 
(pyrazines, isoxazoles) and the dimer of cyclopentadienone'(1,8-diketo-4,7-methano-3a,4,7,7a- 
tetrahydroindene). The formation of the latter product is proposed to occur via a complex in 
which each cyclopentadienyl ring is x-complexed to one iron atom and a-bound to another. 

HOWARD &PER et TSUTOMU SAKAKIBARA. Can. J. Chem. 57, 1541 (1979). 
La reaction du dimere du cyclopentadienylferdicarbonyle avec une serie d'aryl-2 azirines 

dans le benzene anhydre (t.a. ou 40°C, 41-96 h) conduit aux produits de cycloaddition (pyra- 
zines, isoxazoles) et au dimkre de la cyclopentadienone (dickto-1,8 methano-4,7 tetrahydro- 
3a,4,7,7a indkne). On croit que ce dernier produit se forme par l'intermediaire d'un complexe 
dans lequel chaque cycle cyclopentadienyle forme un complexe x avec un atome de fer et un 
complexe a avec I'autre. 

[Traduit par le journal] 

Recent investigations have shown cobalt (eq. [I]) 
and Group VI (eq. [2]) metal carbonyls to be 
effective reagents for converting azirines to useful 
heterocycles via cycloaddition processes (1, 2). 
Several interesting complexes were obtained by the 
use of diiron enneacarbonyl as the reagent (3). In 
continuation of our exploration of azirine - metal 
carbonyl chemistry, we studied the reaction of the 
three-membered ring heterocycles with the cyclo- 
pentadienyliron dicarbonyl dimer (1). We now wish 
to report that the latter reaction results not only in 

molar amount of 1 in dry benzene (N, or Ar atmo- 
sphere) for 41-96 h at room temperature, or higher, 
followed by work-up in air, gave pyrazines (3a-c) in 
modest yields (Table 1). A similar reaction, using 2d 
as the substrate, afforded 3-phenylisoxazole (see [2]) 
in 84% yield. These results indicate that the iron 
dimer is behaving in an analogous manner towards 
azirines as Group VI metal carbonyls (2). 

A surprising product of most of these reactions, 
formed in as high as 38% yield, was the cyclopenta- 
dienone dimer 4,, identified on the basis of melting 

cycloaddition of the azirine, but in an ~nusual  TABLE 1. ProductS obtained from reaction of azirines with 1" 
reaction of the iron dimer. 

Reaction Reaction Product yieldsf (%) 
temperature time 

Azirine ("c) 0 3* qC Other 

26 r.t. 72 16 8 aPh 40 72 
15 5 

r.t. 96 17 26 

H 2d r.t. 41 38 84' 

.The ratio of 2: 1 used was 10:s or 5:2.5 mmol. 
Ph *Yield is based on azirine reacted. Pr0duc.t~ were identified by wmparison 

of melting points and spectral properties w~th those for authent~c materials 

1 p . 9  + Mo(C0h @ (,);Yield is based on (C5H5Fe(C0)2)2 reacted. 
dA tetramer of the azirine. Its structure is not known, and it is not formed 

from reaction of 3 with 1. 
CHO e3-Phenylisoxazol~. 

'Polvmeric mater~als were also formed. 
gAbbreviations: r.t. = room temperature; tr = trace. Treatment of Zarylazirines (2a-c) with half the 
2Product 4 is 1,8-diketo-4,7-methano-3a,4,7,7a-tetrahydro- 

'To whom all correspondence should be addressed. indene. 
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1542 CAN. J .  CHEM. VOL. 57, 1979 

2 1 3 4 

a R l = R Z = H  
b R 1 = C H 3 , R Z = H  
c R 1 = B r , R Z = H  
d R ' = H , R Z = C H O  

point (101-102"C, lit. (5) mp 102.0-102.5"C), (possibly by an iron hydride intermediate) would 
elemental analysis (anal. calcd. for C,,H,02: afford 6, in which each iron atom is .rc-complexed to 
C 74.99, H 5.03: found: C 75.50, H 5.04), and one cyclopentadienyl ring and o-bonded to another. 
spectral data ir yc, (KBr): 1788, 1720 cm-I (5); Oxidative cleavage of 6 (work-up) would give cyclo- 
1 Hmr (CDCI,) 6: 2.88t 3.16m, 3.41m, 6.25m, pentadienone (7), which readily dimerizes (path a). It 
7.30111 (5); uv A,,, (CH,OH): 228, 328 nm (6); ms is also conceivable that loss of azirine would accom- 
mle: 160 (M)', 132 (M - CO)', 104 (M - 2CO)+, pany metalation of 5 to give 8, which could then 
78 (M - 2C0 - C2H2)+ (7). The cyclopentadie- collapse to 7 (path b). 
none dimer was not formed in the absence of azirine, Precedence exists for intermediates of type 6 and 8, 
and use of a 10: 1 ratio of 1 :2d gave 4 in less than from the work by Tebbe and Parshall (8) on niobium 
2% yield. and tantalum complexes and by Baker et al. (9) on 

The formation of the cyclopentadienone dimer a thorium(1V) complex. Cyclopentadienone is not 
may occur via initial azirine displacement 06 carbon formed prior to work-up of the above reactions since 
monoxide from 1 to give 5 (Scheme 1, illustrated for (i) no organometallic complexes of the dienone 
2a). Metalation with hydrogen transfer to the azirine ligand were detected (10, 11) and (ii) cycloaddition 

Patha 

Pathb -2.a I 
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COMMUNICATION 1543 

of any azirine with 7 would produce azepines, which 
were not isolated either (4). 

The following general procedure was used. A 
mixture of the azirine (2) and cyclopentadienyliron 
dicarbonyl dimer (1) in dry benzene was stirred at 
room temperature until none of the azirine rkmained 
(by thin-layer chromatography, see Table 1 for 
reaction times). The solvent was then rotary eva- 
porated to remove benzene. The residue was chroma- 
tographed on silica gel or Florisil. The pyrazine (3a) 
or 3-phenylisoxazole was eluted with benzene- 
hexane, and the dimer of cyclopentadienone (4) was 
eluted with chloroform-ether. 
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B. C. NALLIAH,  D. B. MACLEAN, H. L. HOLLAND, and R. RODRIGO. Can. J .  Chem. 57, 1545 
(1979). 

Eight spirobenzylisoquinolines and four phthalideisoquinolines have been synthesized 
through 1,9-dehydrophthalideisoquinoline intermediates. The latter are reduced and re- 
arranged in one step to spirobenzylisoquinolines of the corydaine-sibiricine type. The phthalide- 
isoquinoline alkaloid hydrastine has been converted by irz virro methods to  a spirobenzyliso- 
quinoline in two steps. 

B. C. N A L L I A H ,  D. B. MACLEAN, H. L. HOLLAND et R. RODRIGO. Can. J .  Chem. 57, 1545 
(1979). 

On a synthetist huit spirobenzylisoquinoleines et quatre phtalideisoquinoltines par l'inter- 
mtdiaire de dehydro-1,9 phtalideisoquinoleines. Ces dernieres se rtduisent et se transposent 
en spirobenzylisoquinoleines du type corydaine-sibiricine en une 6tape. On a transform6 
l'alcaloide phtalid6isoquinoleine, hydrastine, en une spirobenzylquinolCine par des mtthodes 
in virro impliquant deux Ctapes. 

[Traduit par le journal] 

The last decade has seen the isolation of a new 
group of benzylisoquinoline alkaloids whose struc- 
tures are characterised by the presence of an indane 
moiety spiro fused at C1 of the isoquinoline system. 
Approximately 20 such spirobenzylisoquinoline alka- 
loids have been isolated and characterised (1) and all 
of them possess 'unsymmetrical' methylenedioxy sub- 
stitution in the indane benzene ring (ring D). The 
five-membered ring of the indane moiety is often 
oxygenated at the benzylic positions with one or two 
substituents. In the latter case they may be identical 
hydroxyl groups in a trans disposition as in ochrobi- 
rine (1) and yenhusomine (2) (or cis as in raddeamine 

'Dedicated to the late Professor R. H. F. Manske. 

(3)) or nonidentical substituents as in corydaine (4), 
sibiricine (5), yenhusomidine (6), and raddeanone (7). 

Many syntheses of these alkaloids have been 
developed (2) but variations of the indanedione and 
indanetrione approaches have hitherto been the most 
popular. Such methods, however, are in the main 
long and tedious, often beset with poor yields and are 
not especially suited to the preparation of alkaloids 
of the corydaine-sibiricine type because some 
differentiation of the two oxygenated positions of the 
five-membered ring C would have to be tailored into 
the C/D synthon. Recently these difficulties have in 
fact been overcome in a synthesis of corydaine (13). 

Nevertheless, it still seemed desirable to develop a 
route to alkaloids such as 6 7  by devising a strategy 

0008-4042/79/1 3 1545-05$0 1 .OO/O 
01979 National Research Council of Canada/Conseil national de recherches du Canada 
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\ 

OR4 
1 R,+R ,=R ,+R ,=CH, ,R ,=  R 8 = O H , R 6 =  R 7 = H  
2 R , =  R,= Me,R,+R,=CH, ,R,= R ,=OH,R ,=  R,=H 
3 R , =  R,= Me,R,+R,=CH, ,R,= R ,=OH,R ,=R ,=H 
4 R ,  + R2= R3 + R4= C H I ,  Rs + R6= 0 ,  R7= H ,  R8= OH 
5 R,  + R2 = R3 + R4= C H 2 ,  RS + R6= 0 ,  R7 = O H ,  R8= H 
6 R I = R 2 = M e , R , + R 4 = C H 2 , R , + R 6 = 0 , R 7 = H , R , = O H  
7 R , =  R2= M e , R , + R 4 = C H 2 , R , + R 6 = 0 , R 7 = O H , R , =  H 
8 R,  = R2 = R, = R4 = Me, R, + R, = 0 ,  R, = H ,  R, = OH 
9 R , = R 2 = R , = R 4 = M e . R , + R 6 = 0 , R 7 = O H , R , = H  

26 R ,  + R2 = CH,, R, = R4 = Me, R, + R, = 0 ,  R, = H,  R, = OH 
27 R,  + R, = CH,, R, = R, = Me, R, + R, = 0 ,  R, = O H ,  R, = H 

10 11 R ,  = R2 = Me, R, = OH 
14 R ,  + R2= C H 2 , R 3 =  OH 
15 Rl + R2= CH2 ,  R3= NH2 

that would avoid this problem. The intramolecular 
aldol condensation of an intermediate such as 10 
appeared to be an attractive solution to the problem. 
The epimeric mixture (e.g., 4 and 5 or 6 and 7) that 
would result from such a process might be expected 
to be richer in 4 or 6, thermodynamically more stable 
in view of their capacity (3, 4) for intramolecular 
hydrogen bonding. 

This scheme was first investigated (5) with easily 
available model compounds. Meconin-a-carboxylic 
acid 11 (6) was converted to the amide 12 and 
cyclised to yield dehydrocordrastine 13 (7). Reduc- 
tion of the latter with diisobutylaluminum hydride 
resulted in the production of an epimeric mixture of 8 
and 9 in the ratio 6: 7 presumably through an enolate 
such as 10. This result confirmed the viabilitv of the 
route but surprisingly provided the nonh;drogen 

b~~ - 

12 R,  = R, = R, = R, = Me 
18 R ,  + R, = R, + R, = CH,  
19 R ,  = R,  = Me, R, + R, = C H ,  

om OR, 

ij b~~ * 

13 R , = R 2 = R 3 = R 4 = M e  
16 R ,  + R,= R,+ R4= CH2 
17 R ,  = R2 = Me, R ,  + R4= C H ,  
25 R ,  + R2 = CH,, R ,  = R4 = Me 

" R 4  - 
20 R ,  + R,  = R3 + R4= CH2(1S,  9S and 1R.9R) 
21 R ,  + R, = R,  + R4 = CH2(1S,9R and 1R,9S) 
22 R ,  = R, = Me, R3 + R, = CH2(1S.9S and IR.9R) 
23 R ,  = R2 = Me, R ,  + R, = CH2(LS,9R and 1R,9S) 
24 R,  + R2 = CH,, R, = R4 = Me 

bonded 9 in slightly larger quantities than the more 
stable epimer 8. 

Application (8) of this procedure to the synthesis 
of alkaloids 4 7  required the preparation of the 
phthalide-a-carboxylic acid 14. Piperonal was car- 
boxylated (9) and the resulting 2-carboxylic acid 
converted through the amide 15 to the required 
phthalide-a-carboxylic acid 14 in 31% overall yield. 
This acid was used as before to obtain the dehydro- 
phthalideisoquinolines 16 and 17 through the amides 
18 and 19, respectively. The detection of a substantial 
nuclear Overhauser effect between the N-methyl 
group and the C6' aromatic proton in 16 and 17 
established the E-configuration of the double bond as 
shown. Catalytic hydrogenation of 16 and 17 
provided the phthalideisoquinolines ($-)-adlumidine 
(20), ($-)-bicuculline (21) and ($-)-adlumine (22), 
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NALLIAH ET AL. 1547 

($.)-corlumine (23), respectively. The individual 
components of each mixture were separated by 
chromatography and characterised by comparison 
with authentic samples. 

The dehydrophthalides 16 and 17 upon treatment 
with diisobutylaluminum hydride in tetrahydrofuran 
at - 10°C for 1 h underwent reduction and re- 
arrangement as expected to yield mixtures of 
corydaine (4) - sibiricine (5) and yenhusomidine (6) - 
raddeanone (7), respectively, in total yields of 
approximately 65% in each case. The individual 
components of each pair were again separated by 
chromatography. 

We have observed that the proportions of the 
individual diastereomers produced in each mixture 
varies with the time spent in the work-up procedure 
upon completion of the reaction. Thus the propor- 
tion of corydaine-yenhusomidine is increased if the 
treatment of the reaction mixture with methanol and 
saturated aqueous sodium sulfate, routinely done at 
completion of the reaction, is extended. Indeed it has 
been possible to equilibrate pure samples of sibiricine 
and raddeanone with corydaine and yenhusomidine, 
respectively, by exposure to methanolic potassium 
hydroxide. These mixtures were analysed by 'Hmr 
spectroscopy; furthermore, the process is not a clean 
and entirely reproducible one, since other reactions 
presumably supervene. These results however, clearly 
point to the existence of a retro-aldol realdolisation 
sequence which is responsible for the generation of at 
least a part of the corydaine-yenhusomidine com- 
ponents of the mixtures. 

The formation of the sibiricine-raddeanone com- 
ponents may result from the transition states in these 
instances possessing oxygen and nitrogen atoms anti 
to each other (they will have to be syn for the forma- 
tion of corydaine-yenhusomidine) or from aluminum 
coordination to both negative oxygen atoms in the 
transition states or from both of these considerations. 
Such an aluminum coordinate complex, if it arises 
from the E-enolate could be a seven-membered cyclic 
species which must lead to the anti arrangement of 
the nitrogen and hydroxyl groups in the product. 
Indeed precedents do exist for such aluminum co- 
ordination in the aldol condensation (10). 

Reduction of corydaine and yenhusomidine with 
sodium borohydride provided the trans-diols ochro- 
birine 1 and yenhusomine 2 in satisfactory yield. 

The successful completion of this synthesis 
prompted us to investigate the possibility of applying 
the strategy for the conversion of a natural phthalide- 
isoquinoline to a spirobenzylisoquinoline. Thus 
hydrastine 24 was converted to its N-oxide with m- 
chloroperbenzoic acid and then treated with tri- 

fluoroacetic anhydride to provide dehydrohydrastine 
25 which was similarly reduced and rearranged with 
diisobutylaluminum hydride to yield the spiro- 
benzylisoquinolines 26 and 27. 

Alternatively, hydrastine diol28 was oxidised with 
dimethyl sulfoxide - trifluoroacetic acid (12) and the 
product rearranged without isolation into the same 
epimeric mixture of 26 and 27 though now in 
different proportions. In the latter instance the more 
stable (H-bonded) isomer 26 predominated 5 : 4 
whereas in the previous case 26 and 27 were isolated 
in 2 :3  proportions. Such a result although not 
absolutely unambiguous, lends some credibility to the 
idea of alumii!um coordination expressed above. 

Experimental 
Melting points were determined on a Fischer Mel-Temp 

apparatus and are uncorrected. The 'Hmr spectra were re- 
corded on a Varian HA-100 spectrometer in CDCl, with added 
TMS as the internal lock. Chemical shifts are reported in ppm 
(6) from TMS. A Beckmann IRlO spectrometer was used to 
record the ir spectra. 

Dehydrocordrastine ( 1 3 )  
The amide 12 (7) (4 g) was dissolved in a mixture of phos- 

phorus oxychloride (24 mL) and acetonitrile (8 mL) and the 
resulting solution refluxed for 3 h. The red soldtion was cooled 
and evaporated to dryness. The residue was dissolved in 
methanol (10 mL), basified with 10% aqueous ammonia, and 
extracted with chloroform. The extract was washed, dried, and 
evaporated to dryness and the residue crystallised twice from 
methanol to afford pale yellow crystals (2.8 g), mp 140-142°C 
(lit. (7) mp 136-136.S0C); ir v,,,,, (CHCI,): 1760 cm-'; 'Hmr: 
8.02 (s, lH), 7.86 and 7.22 (q, 2H, J A B  = 8.0 Hz), 6.56 (s, lH), 
4.08(~,3H),3.92(~,3H),3.88(~,3H),3.84(~,3H),3.20(t,2H), 
2.80 (t, 2H), and 2.68 (s, 3H). Anal. calcd. for CZzHZ3NO6: 
C 66.49, H 5.83, N 3.52; found: C 66.65, H 5.72, N 3.61. 

Spirobenzylisoq~rinolines 8 and 9 
A solution of diisobutylaluminum hydride in hexane (1.5 

mL, 15%) was added to a stirred solution of dehydrocordras- 
tine (0.15 g) in dry toluene (30 mL) under an atmosphere of 
argon at -78°C. The resulting red solution was stirred at this 
temperature for 10 min. Acetone (0.5 mL) was then added and 
the solution allowed to come to room temperature. The reac- 
tion mixture was diluted with ether, water added, and the 
ether phase washed with water, dried and evaporated. Chroma- 
tography of the residue on silica gel in chloroform gave the 
two compounds which were crystallised from ether: 8, mp 
118-120°C (47 mg); 9, mp 149-151°C (54 mg). Spectral data 
have been previously reported (5). Anal. calcd. for C,,HZSNO~ : 
C66.15, H6.31,N3.50; foundfor8:C66.08,H6.49,N3.48; 
found for 9: C 65.93, H 6.30, N 3.38. 

3,4-Metl~ylenedioxyphthalide-cr-carboxamid ( 1 5 )  
An aqueous solution (20 mL) of potassium cyanide (1.6 g) 

was added dropwise to a stirred suspension of 2-formyl-5,6- 
methylenedioxybenzoic acid (4 g) in water (20 mL) and a clear 
solution was obtained. On continued stirring (1 h) a white 
precipitate separated. The mixture on acidification (15% HC1, 
10 mL) yielded a clear solution and on continued stirring 
another white precipitate separated. The mixture was heated to 
obtain a clear solution and the solution maintained at this 
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temperature for ten minutes until another precipitate begins to 
separate. The mixture was cooled, the solid separated by 
filtration and crystallized from aqueous methanol as white 
needles (3.84 g), mp 239-240°C; ir v,,, (Nujol): 3460, 3220, 
1770, and 1650 cm-'; 'Hmr (DMSO-d6): 7.89 (s, lH), 7.60 
(s, 1 H), 7.32 and 7.12 (AB,, 2H, J A B  = 8.0 HZ), 6.27 (s, 2H), 
5.83 (s, 1H). Anal. calcd. for Cl0H7OSN: C 54.28, H 3.19, 
N 6.36; found: C 54.26, H 3.24, N 6.31. 

3,4-Methyletiedioxyp/~t/ialide-a-carboxylic Acid (14) 
A stirred suspension of the amide 15 (2 g) in concentrated 

hydrochloric acid (20 mL) was heated until a clear solution was 
obtained (ca. 75°C) and the solution maintained at this tem- 
perature for 5 min. The pale yellow crystals which separated on 
cooling were filtered and crystallized from aqueous acetone 
yielding white needles (1.35 g), mp 210°C; ir v,,, (Nujol): 1733 
and 1790 cm-'; 'Hmr (DMSO-d6): 7.31 a,nd 7.11 (AB,, 2H, 
J A B  = 8.0 HZ), 6.27 (s, 2H), 6.04 (s, 1H). Anal. calcd. for 
C1OH6O6: C 53.80, H 2.71; found: C 53.64, H 2.91. 

N-Methyl-N-[2'-(3",4"-methylet~edioxypl~enyl) ethyl]-3,4- 
tnetl~ylenedioxyphthalide-a-carboxamide ( IS )  

Oxalyl chloride (3 mL) was added to a solution of the acid 14 
(2 g) in dry tetrahydrofuran (50 mL) and refluxed for 0.5 h. 
The solution was cooled, the solvent removed under reduced 
pressure, and the residue dried under vacuum for 1 h. The 
dried residue was dissolved in methylene chloride (30 mL) and 
added dropwise to a stirred solution of N-methylhomopi- 
peronylamine (2 g) in methylene chloride (20 mL) and 10% 
sodium hydroxide (5 mL). Stirring was continued for 2 h, the 
mixture was acidified (10% hydrochloric acid), and the organic 
layer separated. The organic phase was successively washed 
with aqueous potassium carbonate, water, and dried (N~,SO,). 
The solvent was removed and the residue crystallized from 
methanol as colorless prisms (2.5 g), mp 155°C; ir v,,,(CHCI3): 
1665 and 1780 cm-'; 'Hmr: 7.10 and 6.90 (q, 2H, JAB = 8.0 
Hz), 6.67 (br s, 2H), 6.17 (s, 2H), 5.91 (s, 2H), 6.03 and 5.67 
(s, lH), 3.4-3.8 (m, 2H), 3.0 and 3.1 (s, 3H), 2.67-3.0 (m, 2H). 
Anal. calcd. for c,,H,,o~N: C 6 2 . 6 6 , ~  4.44, N 3.66; found: 
C 62.45, H 4.25, N 3.58. 

N-Methyl-N-[2'-(3",4"-ditnetlioxypl~enyl) etl~yll-3,4- 
tnethylenedioxyp/1t/1alide-~-ca,.60xat~1ide (19)  

The experiment was carried out using the same reaction 
conditions and quantities as above with N-methyl-3,4- 
dimethoxyphenethylamine and the amide 19 was obtained as 
colorless prisms (2.3 g), mp 145-146OC; ir v,,, (CHCI,): 1668 
and 1780 cm-'; 'Hrnr: 7.07 and 6.83 (q, 2H, JAB = 8.0 Hz), 
6.77 (br s, 2H), 6.13 (s, 2H), 6.03 and 5.57 (s, lH), 3.83 (s, 6H), 
3.5-3.8 (m, 2H), 3.10 and 3.0 (s, 3H), 3.10-2.7 (m, 2H); Anal. 
calcd. for C2,Hz1O7N: C 63.16, H 5.26, N 3.51; found: C 
63.01, H 5.08, N 3.36. 

Dehydrobic~rc~rlline (16)  
Phosphorus oxychloride (10 mL) was added dropwise to a 

stirred refluxing solution of the amide 18 (1 g) in acetonitrile 
(30 mL) over a period of 30 min and the mixture was refluxed 
for 4 h. The solvent was removed under reduced pressure, the 
residue washed with petroleum ether and dissolved in the 
minimum quantity of cold methanol. The solution was basified 
(NH40H) and extracted with methylene chloride. The organic 
phase was washed with water and dried (Na2S04). Upon 
removal of the solvent under reduced pressure a yellow residue 
remained which was crystallized from benzene-methanol as 
yellow needles (710 mg), mp 259°C; ir v,,, (CHCI,): 1760 
cm-'; 'Hrnr: 7.90(s, IH), 7.71 and 7.24(q, 2H, J A B  = 8.0Hz), 
6.62(s, lH),6.18(~,2H),5.96(~,2H),3.18(t,2H),2.83(t,2H), 
2.72 (s, 3H). A 25% nOe was observed for the resonance at  

7.71 ppm upon irradiation of the N-methyl signal at  2.72 ppm. 
Anal. calcd. for Cz0Hl5O6N: C 65.75, H 4.11, N 3.84; found: 
C 65.93, H 4.29, N 3.68. 

Del~ydrocorlrrmine (17)  
The experiment was carried out using the same conditions 

and quantities as above with the amide 19. The residue 
crystallized from methanol - methylene chloride as golden 
flakes (750 mg), mp 218-21g°C; ir v,,, (CHCI,): 1765 cm-'; 
'Hmr: 8.02 (s, IH), 7.77 and 7.13 (q, 2H, J A B  = 8 HZ), 6.63 
(s, IH), 6.17 (s, 2H), 3.98 (s, 3H), 1.90 (s, 3H), 3.23 (t, 2H), 2.83 
(t, 2H), 2.75 (s, 3H). Anal. calcd, for Cz1Hl9O6N: C 66.14, 
H 4.99, N 3.67; found: C 66.36, H 5.02, N 3.58. 

(+) -Adlumidine (20 )  and ( &) -Bicrrcrilline (21)  
Platinum oxide (15 mg) was added to a solution of de- 

hydrobicuculline 16 (100 mg) in acetic acid (30 mL) and shaken 
in a Parr apparatus under hydrogen at  30 psi. After hydrogen 
uptake had ceased the catalyst was removed by filtration and 
the filtrate evaporated to dryness. The residue was basified 
(NH,OH), extracted with ether and the organic phase dried 
(Na2SO4) The ether was removed under reduced pressure and 
the residue chromatographed (silica gel, benzene-acetone 
(70:30)) yielding (+)-adlumidine (31 mg), mp 198-19g°C, and 
(+)-bicuculline (32 mg), mp  215-216OC, identical with authen- 
tic samples. 

(+)-Adl~rmine ( 2 2 )  and (+)-Corlrunine (23)  
The experiment was carried out using the same conditions 

and quantities as described previously and (+)-corlumine 
(28 mg), mp 175-176"C, (+)-adlumine (38 mg), mp  189-190"C, 
were isolated. They were identical with authentic samples. 

( f ) -Sibiricitie ( 5 )  and ( &) -Corydaine ( 4 )  
A solution of diisobutylaluminum hydride in hexane (1.5 

mL, 20%) was added to a stirred solution of dehydrobicuculline 
16 (0.15 g) in dry tetrahydrofuran (70 mL) under an  atmos- 
phere of nitrogen at  - 10°C and the stirring continued a t  this 
temperature for 1 h. Methanol (3 mL) was added and the 
solution was allowed to come to room temperature. A satu- 
rated solution of sodium sulfate (1 mL) was added to the solu- 
tion and the stirring continued 'for 10 min. The precipitated 
salts were removed by filtration and the filtrate evaporated to 
dryness under reduced pressure. The residue was chroma- 
tographed (silica gel, benzene-acetone (7: 3)) and the two com- 
ponents isolated and crystallized from methanol were cory- 
daine (39 mg), mp 127-12g0C, and sibiricine (62 mg), mp  223- 
225"C, whose ir and 'Hmr spectra were identical with those of 
authentic samples. 

( + ) -Raddeatrotie ( 7 )  and ( + ) - Yenliusotnidine ( 6 )  
The experiment was repeated using similar conditions as 

above and (+)-raddeanone (15 mg), mp 181-182°C, and (&)- 
yenhusomidine (83 mg), mp 239-240°C, were separated by 
chromatography. I t  was found that (+)-raddeanone was very 
unstable and rearranged io the more stable yenhusomidine 
making its isolation difficult. The ir and 'Hmr spectra of the 
two compounds were identical with the spectra of the authentic 
materials (4). 

( + )-Ocl~robirii~e ( I )  
Sodium borohydride (150 mg) was added to a solution of 

corydaine 4 (60 mg) in methanol (20 mL) and the stirring con- 
tinued for 24 h. The solution was acidified with acetic acid and 
the solvent removed under reduced pressure. The residue was 
basified (ammonia) and extracted with ether. The ether extract 
was dried (MgS04), evaporated to dryness, and the residue 
crystallized from methanol (24 mg), mp 235OC. The ir and 
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'Hmr spectra were identical with the spectra of the authentic 
material. 

( f ) -Fhusomine  ( 2 )  
Sod~urn borohydride (150 mg) was added to a solution of 

yenhusomidine 6 (60 mg) in tetrahydrofuran (15 mL) and 
methanol (5 mL) and stirred for 24 h. The solution was acidi- 
fied and the solvent removed under reduced pressure. The 
residue was basified (NH40H) and extracted with ether. The 
ether extract was dried (MgSO?), evaporated to dryness, and 
the residue crystallized from methanol (28 mg), mp 223- 
225°C. The ir and 'Hmr properties were identical with 
published (4) data. 

Preparation of Dehydrohydrastirze (25)  
m-Chloroperbenzoic acid was added to a solution of hydras- 

tine (800 mg) in dry tetrahydrofuran (50 mL) and stirred at 
ambient temperature for 24 h. The solution was cooled in ice, 
trifluoroacetic anhydride (2 mL) was added, and the mixture 
was stirred at this temperature for 0.5 h. Ammonium hydroxide 
(5 mL) was added and stirring was continued for another 
15 min whereupon the solution turned deep orange. Water 
(50 mL) was added and the solution was extracted twice with 
methylene chloride (100 mL). The extract was dried (Na2S04), 
evaporated under reduced pressure, and the residue crystallised 
from methanol as yellow needles (325 mg), mp 203°C (dec.); ir 
v,,, (CHCI3): 1755 cm-' ; 'Hmr: 7.98 (s, IH), 7.93 and 7.33 
(q, 2H, JAB = 8 Hz), 6.64 (s, IH), 5.96 (s, 2H), 4.13 (s, 3H), 
3.94 (s, 3H), 3.21 (t, 2H), 2.82 (t, 2H), 2.71 (s, 3H). Anal. calcd. 
for C2,H2,06N: C 66.14, H 4.99, N 3.67; found: C 66.23, 
H 4.97, N 3.58. 

Reduction of Delrydrol~ydrastit~e wit11 Dibal-H 
Dibal-H (1.5 mL, 20% in hexane) was added to a solution of 

dehydrohydrastine (150 mg) in dry tetrahydrofuran under a 
nitrogen atmosphere at - 30°C and the mixture stirred for 1 h. 
Methanol (3 rnL) was added to decompose the excess reducing 
agent and the mixture allowed to warm up to room tempera- 
ture. A saturated solution of sodium sulfate (2 mL) was added 
and the mixture stirred for 0.5 h and filtered. The filtrate was 
evaporated to dryness under reduced pressure and the residue 
chromatographed (silica gel, benzene-acetone (7:3)). Two 
compounds were isolated and crystallised from methanol: 26 
(42mg), mp 164-165"C, and 27 (60mg), mp 191-192°C; 
'Hmr compound 26: 7.67 and 7.17 (q, 2H, J A B  = 8.0 Hz), 6.61 
(s, IH), 6.07 (s, IH), 5.87 (br s, 2H), 5.07 (s, lH), 4.07 (s, 3H), 
4.00 (s, 3H), 3.5-2.5 (m, 4H), 2.33 (s, 3H);'Hmr compound 27: 
7.67 and 7.17 (q, 2H, J A B  = 8.0 Hz), 6.63 (s, lH),  6.07 (s, lH), 
5.87 (s, 2H), 5.63 (br s, IH), 4.08 (s, 6H), 3.5-2.7 (m, 4H), 2.40 
(s, 3H). Anal. calcd. for CzlHzlOsN: C 65.79, H 5.48, N 3.66; 
found for 26: C 65.57, H 5.71, N 3.48; found for 27: C 65.57, 
H 5.36, N 3.41. 

Oxidation of Hydrastine Diol ~ v i t l ~  Din~eil~yl S~rlfoxide and 
Trifluoroaceiic Anhydride 

A solution of trifluoroacetic anhydride (630 mg, 30 mmol) in 
dry.methylene chloride (5 mL) was added dropwise to a solu- 

tion of dry dimethyl sulfoxide (312 mg, 4 mmol) in methylene 
chloride (5 mL) at - 60°C (Dry Ice - acetone) and the mixture 
stirred at this temperature for 10 min. A solution of the diol28 
(387 mg, 1 mrnol) in methylene chloride (10 mL) was added 
dropwise to the cold mixture and the stirring was continued for 
another 30 min. Triethylamine (4 mL) was added dropwise 
over a period of 10 min to the cold solution, then the cooling 
bath was removed and the reaction was allowed to warm up to 
room temperature (ca. 1 h). The solution was poured into 
water and extracted with methylene chloride (50 mL). The 
extract was dried (Na2S04) was evaporated and the residue 
was chromatographed on silica gel (benzene-acetone- 
methanol, (7: 2: 1)) and the two epimeric spirobenzylisoquino- 
lines were isolated and crystallised from methanol. The faster 
moving component (52 mg) and the slower moving component 
(41 mg) were identical with the two compounds 26 and 27, 
respectively, obtained from the reduction of dehydrohydrastine 
with Di bal-H (vide supra). 
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13C nuclear magnetic resonance studies. 85. 13C spectra of several ring-contracted 
and -expanded 
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VINOD DAVE and J. B. STOTHERS. Can. J. Chem. 57. 1550 (1979). 
The 13Cmr spectra of several cholestanes including 13 A-homo-B-nor derivatives, 11 A-homo 

derivatives, and 8 B-nor examples have been examined. In addition the 13C data for a few of 
the corresponding androstanes and 16 precursors in the cholestane series are reported. Examples 
in both the 5a- and 5a-cholestane families were included. These results represent the &st 
systematic examination of the 13C spectra of A-homo-B-nor steroids and should be useful for 
the characterization of other members in each series. These data also permit some tentative 
conclusions regarding the favored conformation for the seven-membered ring in the A-homo 
derivatives. 

VINOD DAVE et J. B. STOTHERS. Can. J. Chem. 57, 1550 (1979). 
On a etudi6 les spectres rmn du 13C de plusieurs cholestanes dont 13 derives A-homo B-nor, 

11 derives A-homo et 8 derives B-nor. On rapporte de plus des donnees rmn du 13C de quelques 
androstanes correspondants et de 16 pricurseurs de la sCrie cholestane. On a inclu des exemples 
des familles 5a- aussi bien que 513-cholestanes. Ces risultats representent le premier examen 
systkmatique de spectres rmn du 13C de sttroides A-homo B-nor et ils devraient s'avCrer utiles 
pour caracteriser d'autres composes de chacune de ces s6ries. Ces donnees permettent aussi de 
tirer des conclusions provisoires concernant la conformation favoriske des cycles i sept 
chainons des derives A-homo. 

[Traduit par le journal] 

Since the appearance of the original report 
describing the I3C spectra of several steroids by 
Roberts' group in 1969 (I) ,  literally dozens of papers 
have been published extending the examination to a 
wide variety of compounds within the family. For 
example, two recent reviews (2) include the complete 
shielding data for nearly 500 steroids. Within this 
body of data, however, there is a dearth of examples 
having the A-homo-B-nor, A-homo, or B-nor 
steroid skeleton. The I3C spectra of a few members of 
the first of these three series were recorded as an aid 
to their characterization in connection with another 
study (3) and these results established that the 13C 
spectra of A-homo-B-norcholestanes could be readily 
utilized to identify these derivatives in the presence of 
cholestanes. This finding led to a reexamination of 
several ring expansion processes to exploit the use of 
13C spectra for the determination of the true product 
compositions. Previously, the analyses of these 
products by other physical methods had led to con- 
flicting results and, in some cases, rather startling 
conclusions. The reexamination with 13Cmr analysis, 
however, gave a consistent, readily interpretable set 
of results (4). In the course of this project several 
additional compounds were required as synthetic 
intermediates and, thus, derivatives in each of the 

'This paper is dedicated to the memory of R. H. F. Manske. 
'For Part 84 see ref. 28; Part 83, ref. 29; Part 82, ref. 30. 

three series noted above became available. The I3C 
spectrum of each sample was recorded and these 
results are presented in this paper. These data form 
the basis for the specific assignments noted in the 
accompanying paper for the signals which were 
employed for the product analyses. The results for 
the carbons in the A and B rings of the A-homo 
derivatives allow one to consider probable favored 
conformations for the seven-membered ring. 

Experimental 
Materials 

With two exceptions, the compounds examined in this study 
have been described in the literature and the specific method 
of preparation employed for each compound is cited in the 
tables of shielding data. In a few cases, hydrogen-deuterium 
exchange a t  positions a to carbonyl groups was carried out to 
aid the spectral analysis (3). A sample of 613-acetyloxy-5a- 
cholestan-3-one (39) was prepared from 313-benzoyloxy-5a- 
cholestan-6-one by interchange of the carbonyl and ester 
functions using standard  method^.^ 

A-Homo-5~-cholesta1~e (15) 
A mixture of A-homo-513-cholestan-3-one and -4-one (16 

and 19) was treated under Wolff-Kishner conditions. The crude 
product was chromatographed on a 10-g plate (SO2, hexanes) 
and the band a t  the solvent front gave 15 as a colorless oil 
(13 mg) whose ir spectrum exhibited no carbonyl absorption. 
'Hmr (CDC13) 6: 0.65, 0.81, 0.90 (3 methyl signals). Exact 
mass calcd. for C28H50 : 386.3912; found (high resolution ms): 
386.3908. 

3E. W. Warnhoff. Unpublished work. 

0008-4042/79/13 1550-07$0 1 .OO/O 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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Spectra 
All 13C spectra were obtained at 25.2 MHz with a Varian 

XL-100-15 system operating in the Fourier transform mode 
with square wave modulated proton decoupling at  100 MHz. 
Completely decoupled and off-resonance decoupled spectra 
were recorded for each compound in CDC13 solutions (10-20 
mg in 0.2-0.3 m L  of solution). In several cases, the shift dis- 
persions produced by the sequential addition of 0.1-0.5 equiv. 
of Eu(fod), were determined to aid the asssignment of specific 
signals. In most cases the operating conditions gave digital 
resolution of 0.02 ppm and the precision of the tabulated data 
is judged to  be & 0.05 ppm. 

Results and Discussion 

Most of the compounds included in this study are 
cholestane derivatives with substitution restricted to 
the A and B rings; consequently, the shieldings of the 
side chain carbons are the same in each case, while 
the shieldings of C-15, -16, and -17 fall into two 
groups depending on the size of the B ring. Thus the 
signals for C-15-C-27, with the exception of C-18 
and -19, were readily identified for each of these 
compounds, and the assignments confirmed by the 
fact that these signals were least sensitive to the 
addition of Eu(fod),. These results are summarized 
in Table 1. For the four androstan-17P-01 derivatives, 
C-15, -16, and -17 were similarly easily identified with 
these signals appearing at 23.4, 30.6, and 81.9 ppm, 
respectively. Significant variations were observed for 
each of the remaining shieldings and these data are 
tabulated in the following groups: A-homo-B-nor- 
cholestanes 1-14, Table 2; A-homo derivatives 15-27, 
Table 3; B-norcholestanes 28-35, Table 4; the 
cholestanes 36-51 and androstanes 52 and 53 which 
were encountered in the preparations and for which 
13C data have not been published are collected in 
Table 5. The numbering scheme for the A-homo and 
B-nor derivatives are given for the parent hydro- 
carbons 1, 15, and 28 below. The assignments listed 

in these tables were based on the following consider- 
ations. 

For C-1 1, -12, -1 3, and - 14, the variations through- 
out the series could be expected to be small (2) and 
the line positions should be less affected by the addi- 
tion of Eu(fod), than those for the A- and B-ring 

TABLE 1. I3C shieldingsa in cholestane deriva- 
tives 1-51 

Compounds C-15 C-16 C-17 

1-14, 28-35 24.5 28.5 55.8 
15-25, 36-51 24.2 28.3 56.3 

- 

OIn ppm from internal TMS for CDCI, solutions. in all 
cases C-20 to C-27 absorb at 35.7, 18.7, 36.2, 23.9; 39.5, 
28.0, 22.6, and 22.8 ppm, respectively. 

carbons. The latter feature rendered the distinction 
between C-10 and C-13 straightforward. Of the 
methine carbons, C-5, -8, and -9, the shift reagent 
experiments permitted a ready distinction in addition 
to the expected pronounced shielding difference 
between C-8 and -9. In the B-nor derivatives the C-6 
methylene signal was identified by its lesser sensi- 
tivity to added Eu(fod), relative to the shifts exhib- 
ited by the A-ring methylene carbons. In most cases 
the C-18 and -19 methyl carbons were readily dis- 
tinguished both by comparisons within each series 
and with the data for other related compounds; in 
many instances, this was confirmed by the difference 
in shift reagent effects. Thus the major assignment 
problem concerned the methylene signals arising 
from the A ring carbons. 

The I3C spectra of several methyl-substituted 
cycloheptanes, cycloheptanols, and cycloheptanones 
were examined by Christ1 and Roberts (21) who 
found that the results are in good agreement with 
predictions based on the twist-chair (TC) conforma- 
tion for the ring. Since the conformational features 
revealed by earlier molecular mechanics calculations 
were presented by these authors, there seems no need 
to review the details here. Their shielding results led 
to a set of shielding effects for the various substit- 
uents on the ring carbons and these data provide a 
starting point for the present analysis. Although the 
TC form of cycloheptane is flexible and undergoes 
rapid pseudorotation between equivalent forms, the 
A ring in these A-homo steroids may be expected to 
favor a particular conformation. Having an angular 
C-19 methyl and ring fusion to the B ring, hydro- 
carbon 1, the parent of the A-homo-B-nor-5P 
series, can be viewed as a '1,1,2-trialkylcycloheptane' 
and on the basis of the earlier work (21) probably 
adopts TC 54 preferentially with C-9 and -19 in 
isoclinal positions and C-6 in a pseudoequatorial 
orientation. In which case the shieldings of C-2, -3, 
and -4 would be expected to approximate those for 
C-6, -5, and -4, respectively, in 1 ,1,2-trimethyl- 
cycloheptane (55). The latter values are 22.8, 30.7, 
and 29.7 ppm, in reasonable agreement with the data 
for 1 as the two sets were obtained in different media. 
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TABLE 2. 13C shieldings" of some A-homo-B-norcholestanesb 

Compound Series Substrate C-1 C-2 C-3 C-4 C-4a C-5 C-6 C-8 C-9 C-10 C-11 C-12 C-13 C-14 C-18 C-19 
- 

1 5B Nil 40.3 24.6 32.1 29.6 35.0 52.0 38.4 39.1 58.4 44.1 21.5 40.1 43.8 56.8 12.3 25.6 
2' 3a-OH 35.7 30.5 69.9 31.8 26.5 51.1 38.4 40.2 57.4 43.5 21.4 40.0 43.7 56.6 12.3 25.5 
3' 3-0x0 32.0 40.5 215.3 44.2 28.2 50.0 38.7 39.2 57.8 43.0 21.5 39.8 43.9 56.5 12.3 24.3 
4' 4 0 x 0  35.2 20.0 44.4 213.7 47.8 45.3 38.4 40.0 57.6 43.6 21.4 39.8 43.8 56.5 12.3 23.8 
5 A4a (38.5) (26.7) 29.0 (27.8) 121.1 153.7 (38.9) 38.9 60.0 46.6 21.0 39.9 43.9 56.5 12.4 17.6 
6' 3a-OH-A4' 34.2 30.8 66.9 32.4 113.7 156.9 38.5 38.9 59.8 46.4 20.9 39.7 43.9 56.4 12.4 16.2 
7d 3-0x0-A4' 35.5 41.5 209.7 43.4 111.8 153.6 37.6 38.3 58.7 45.7 21.0 39.6 44.0 56.2 12.4 17.7 
8' 3a-OH-As 32.4 33.2 75.9 40.6 23.5 153.9 127.0 45.0 56.5 48.9 20.8 40.2 44.7 54.5 12.4 18.7 
9' 3a-OH-5B-Me-A9(10) 19.6 39.8 75.9 33.5 35.3 49.2 43.8 43.0 136.7 140.0 22.1 39.6 43.2 58.6 11.0 26.7 

10' 3-0x0-5/3-Me-A~('~) 19.8 43.1 214.1 39.4 35.9 49.3 44.5 43.4 137.1 138.6 22.3 39.5 43.2 58.5 11.1 24.7 

11 3-0x0 32.5 41.4 215.1 43.9 24.2 51.7 34.9 38.5 59.7 44.6 21.6 39.9 43.8 56.7 12.5 12.5 
12 3a,5a-Oxido 29.1 26.8 73.3 (28.6) (28.3) 91.9 36.9 38.3 51.5 44.7 21.7 40.1 44.0 56.3 12.5 20.3 
13d 3a,5a-Oxido-4a-0x0 30.9 26.0 70.6 44.2 216.3 90.2 36.1 38.5 56.6 45.9 21.2 39.5 44.2 56.4 12.3 16.8 

14 A-Bishomo-4-0x0-AGb 35.7 22.0 39.7 214.6 44.7' 151.2 37.6 39.0 58.1 45.9 21.0 40.0 43.8 56.2 12.3 20.3 

Oln ppm from internal TMS for CDCln solutions. similar values in parentheses may be interchanged. For remaining shieldings see Table 1. 
bFor procedures employed for synthesis see ref. 3: 
[Shifts caused by the addition o f  E u ( f ~ d ) ~  examined. 
dProducts from 'HI2H exchange at the a-positions (3) also examined. 
*C-4b at 120.1 ppm. 

TABLE 3. 13C shieldings" of some A-homocholestanes and -androstanes 

Compound Series Substrate C-1 C-2 C-3 C-4 C-4a C-5 C-6 C-7 C-8 C-9 C-10 C-11 C-I2 C-13 C-14 C-18 C-19 Ref.b 

Nil 
3-0x0 
3-0x0-4-Br-A4 
3-0x0-A4' 
4 0 x 0  

Nil 
3-0x0 
3-0x0-4Br-A4 
3-0x0-4-C1-A4,A5 
4 0 x 0  
3-Br-4-0x0-A2 

3-Oxod 
4-Oxod 

'See footnote a, Table 2. 
OProcedure employed for synthesis. 
CShifts produced bv addition o f  Eu(fod), examined. 
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TABLE 4. 13C shieldings" of some B-nor-5e-cholestanes 

Compound Substrate C-1 C-2 C-3 

28 Nil 
29" 3-0x0 
3OCsd 3-Oxo-4~,5~-methano 
31" 3-0x0-A4 
3ZC 3a-OH-A' 
33 3p-OAc-A5 
34" 3fl-OAc-5a-OH-6B-CHO 
35' ~ ~ - O A C - ~ ~ - O H - ~ ~ - C O O H  

nSee footnote o. Table 2. --- .. . .... .~ ~, - 

bprocedure employed for synthesis. 
=Shifts caused by addition of Eu(fod), examined. 
dMethano carbon at 23.6 ppm. 
~Acetoxyl carbons at 21.4 and 169.7 ppm; formyl carbon at 203.8 ppm. 
fAcetoxyl carbons at 21.4 and 170.6 ppm; carboxyl carbon at 178.1 ppm. 

u > < 
m 

TABLE 5. I3C ~ h i e l d i n g s ~ , ~  of some cholestanes and androstanes > 
z 

Cpd Series Substrate 
u 

C-l C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 C-10 C - l l  C-12 C-13 C-14 C-19 Other Ref.= 
4 

36 5a 2a-Br-3-0x0 51.7 54.6 201.1 44.0 47.5 28.2 31.5 34.9 53.6 39.0 21.5 39.7 42.6 56.1 12.1 12 0 
37 4a-Br-3-0x0 37.4 38.3 201.9 62.7 55.2 28.1 31.5 35.0 54.0 39.0 21.5 39.8 42.6 56.1 12.5 13 2 
38 2a,4a-Brz-3-0x0 51.2 51.8 186.2 60.0 55.4 28.0 31.3 34.8 53.9 41.0 21.6 39.6 42.5 56.0 13.2 14 m 
39 3-0x0-€4-OAc 38.0 36.2 211.2 41.4 47.5 72.7 39.4 30.8 53.5 35.7 21.3 39.8 42.7 55.9 14.4 21.2,170.3 f 

40 3,3-(OMe)' (35.5) (28.4) 100.5 (35.1) 42.4 (28.5) 32.0 35.5 54.1 35.7 21.2 40.1 42.6 56.5 11.6 47.5 4 
41d (3R)-3-Spiro-2'-oxiran 35.9 29.3 58.6 36.0 43.7 28.7 31.9 35.5 54.1 35.5 21.1 40.1 42.6 56.5 11.3 53.5 15 
4Zd (3s)-3-Spiro-2'-oxiran 37.8 29.7 59.7 36.4 46.1 28.8 32.0 35.5 54.3 35.6 21.3 40.1 42.6 56.5 11.8 55.8 15 
43 3-OMe-A' 38.2 91.7 153.9 32.3 41.8 28.6 31.8 35.6 53.9 34.8 21.2 40.1 42.5 56.5 11.6 53.8 4 
44 3-OAc-A' 34.3 27.4 1 4 7 1  118.0 44.9 24.6 32.0 35.5 52.9 35.2 21.5 40.0 42.7 56.4 12.0 21.0,169.5 16 
45 3P-OH-A' 35.3 29.5 67.9 123.4 147.5 33.1 32.2 36.0 54.5 37.3 21.0 39.9 42.5 56.2 18.9 17 
46 3a-OH-A4 31.7 27.9 64.2 120.7 150.2 32.8 32.4 35.8 54.1 37.5 21.5 39.9 42.5 56.2 18.1 17 
47 3-Methylene-A4 37.3 27.2 149.1 122.6 143.9 32.8 32.5 35.9 54.2 37.4 21.5 40.0 42.5 56.2 18.4 107.8 18 

48 5P 20-Br-3-0x0 49.4 53.2 202.4 41.9 45.2 25.7 26.3 35.6 41.3 38.8 21.5 40.0 42.7 56.4 22.4 19 
4gd 4P-Br-3-0x0 (36.8) (36.6) 202.5 60.1 54.3 (25.1) (25.6) 35.7 42.0 38.3 21.3 40.0 42.8 56.4 23.2 20a 
490 2P,4P-BIZ-3-0x0 48.9 50.4 193.8 57.5 54.2 24.9 25.6 35.7 42.7 40.7 21.5 39.9 42.7 56.2 22.9 206 
50 3,3-(OMeII (33.0) 27.4 101 .O (33.5) 39.9 26.3 26.9 35.7 39.8 34.8 21.1 40.2 42.7 56.5 23.3 47.4 4 
51 3-0xo-4P,5P-methano 27.6 32.3 210.0 35.1 36.8 32.5 30.1 35.5 45.9 34.3 21.7 39.8 42.4 56.2 20.7 17.9 17 

5a (3R)-3-Spiro-2'-oxiran-I7()-OH 35.9 29.2 58.7 36.0 43.8 28.5 31.5 35.6 54.2 36.0 20.6 36.8 43.0 51.0 11.3 53.6 4 
53' 3-OH-3-MeOCH,-17P-OH (30.2) (28.4) 71.1 37.2 40.3 33.4 31.6 35.6 54.3 36.1 20.6 36.8 43.0 51.1 11.3 59.4, 82.0 4 

"See footnote a Table 2. 
bFor the cholesianes C-18 absorbs at 12.1 ppm; for the androstanes C-18 is at 11.2 ppm. 
=Procedure employed for synthesis. 
dShifts ~roduced  by addition of Eu(fodh examined. . .- 
~Androstanes. - 
fE. W. Warnhoff. Unpublished work. 
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1554 CAN.  J .  CHEM. VOL. 57, 1979 

In addition C-1 in 1 which is gauche with respect 
to C-11 should be shielded relative to C-7 in 55 and 
an upfield shift of - 3.6 pprn is indeed found. On the 
other hand, C-4a is deshielded by 2.6 pprn relative 
to C-3 in 55 but there is no obvious prediction for 
the change at C-4a, whereas the downfield shifts for 
C-5 and -10 in 1 vs. the C-2 and -1 shieldings (43.2 
and 35.6) in 55 are as expected because of the p-effects 
of C-8 and -1 1. Even better correspondence is found 
between the A-ring methylene shieldings of 15 and 
those of 55 indicating that 15 probably adopts a TC 
form analogous to 54 with a six-membered ring. 

Introduction of the 3cr-hydroxyl as in 2 appears to 
require a conformational change for the A ring since 
in 54 the 3cr-OH is axial and the observed shielding 
differences from those of 1 do not fit well for such 
substitution. For example, C-4 shifts downfield by 
only 2.2 ppm, and C-1 and -4a exhibit distinctly dif- 
ferent upfield shifts. Inspection of molecular models 
indicates that the latter carbons should be shielded 
to comparable extents with 3cr-OH substitution in 54. 
On the other hand, TC 56 may be a major contrib- 
uting form. Three methylene signals at 26.5, 30.5, 
and 31.8 pprn are much more strongly affected by 
Eu(fod), than the others which is consistent with 56 

56 

whereas the symmetry of 54 suggests that four 
signals should shift appreciably. 

A recent analysis of the cycloheptanone system by 
St-Jacques et al. (22) led to the conclusion that these 
ketones favor twist-chair forms with the carbonyl 
group at position TC-2. Thus, 57 should be the 
favored arrangement for 4,4-dimethylcyclohepta- 
none, the methylene shielding results (21) for which 

are indicated. A comparison of the results for 3 with 
the latter suggests that 58 is a major conformer for 3 
as is 5(3-59 for 4. The same comparison of 16 and 19 
with 57 shows even better agreement indicating that 
the differences of 1-2 pprn between model 57 and the 
B-nor derivatives may arise, in part, from constraint 
owing to the presence of the five-membered ring. It 
may be noted that C-9 is shielded by - 5.8 pprn in 16 
relative to 15 but is little changed from 1 to 3. From 
molecular models this difference in the two hydro- 
carbon-ketone pairs can be attributed to the change 
in B-ring size. With a six-membered B ring, the TC 
analogous to 58 places C-9 gauche with respect to 
C-2 and C-4a, whereas the TC form analogous to 54 
has only one such interaction, C-9 with C-4a. This 
accounts nicely for the observed shift for C-9 be- 
tween 16 and 15. With five-membered B rings, 
however, C-9 is not gauche to any A-ring carboqin 
either 54 or 58 and its shielding would be expected to 
be similar in 1 and 3, as observed. In any event, the 
methylene shieldings in 3, 4, 16, and 19 seem con- 
sistent with forms 58 and 5B-59. The analogous 
comparison for the 5cr-A-homoketones 11, 21, and 
26 suggests 60 as a major contributing form with 
5cr-59 important for 24 and 27. 

Apart from 12 and 13 which lack flexibility: the 
remaining A-homo derivatives contain olefinic 
bonds. Compounds 5, 6, and 7 could exist preferen- 
tially in chair 61 or a more flexible twist-boat 
arrangement such as 62. Although a clear distinction 
between these two possibilities cannot be made on 
the basis of the present results, it may be noted that 
a comparison of 6 with 5, to assess the differences 
produced upon introduction of the 3cr-OH group, 
indicates a significant upfield shift for both y-carbons 
(C-1 and -4a) suggesting an axial disposition of the 
hydroxyl group in 6. Furthermore, the carbinyl 
proton absorption in 6 exhibited a half width of 

4A referee suggests that C-1 in these oxides has sufficient 
freedom of movement to alter the conformation of the A ring 
and produce the shielding differences found for C-9 and -19. 
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DAVE A N D  STOTHERS 1555 

-9 Hz (3) which seems more compatible with 61 
than 62. A comparison of the carbonyl shieldings for 
7 vs. 3 and 18 vs. 16 reveals upfield shifts of - 5 ppm 
ascribable to homoconjugation in the unsaturated 
systems (23) and is consistent with 61 as the favored 
conformer. 

Compounds 8-10 contain double bonds exocyclic 
to the A-homo ring and can be considered in the 
light of the results for substituted cycloheptanones 
cited above (22). On this basis 8 should favor TC 63 

having C-9 and -19 at the isoclinal positions and the 
olefinic bond at the TC-2 position. In contrast to 54 
this form places the hydroxyl group in an equatorial 
orientation with the carbinyl proton antiperiplanar 
with respect to a proton on each of C-2 and -4. 
However, this proton absorption has a half-width of - 11 Hz (3) which suggests that other conformations 
make significant contributions to the actual equili- 
brium mixture of conformers. 

In the earlier study (3) concerning the chemistry 
of the A-homo-B-nor derivatives included in Table 
2 it had been found that cleavage of 12 with BF,. 
Et,O-Ac,O at room temperature afforded a single 
acetate which contained a fully substituted double 
bond rather than the desired acetate of 6. Clearly a 
backbone rearrangement had occurred. Hydrolysis of 
the product to the alcohol whose 13C spectrum was 
recorded established that the rearrangement was 
relatively simple. The 13C signals included a series 
corresponding to those for C-13 to C-27 in many 
cholestanes (2) with one methyl (C-18) at 11.0 ppm. 
Furthermore, in the presence of Eu(fod),, the olefinic 
signals were more strongly affected than any of the 
methine signals apart from that for the carbinyl 
carbon. These findings show the alcohol to have 
structure 9 arising from a Westphalen-type of re- 
arrangement as indicated in 64 (24). Alcohol 9 

would be expected to exist preferentially in the 
conformation corresponding to the mirror image of 
63 and it may be noted that the half width of the 
carbinyl proton absorption of -20 Hz (3) fits nicely 
with this prediction. The 13C shieldings for 10, 
obtained by oxidation of 9, indicate that the ketone 
favors a similar conformation. 

The remaining A-homo derivatives lack suitable 
models for consideration of favored conformations 
but the signal assignments as listed seem the most 
probable. The results for the single bis-A-homo 
ketone 14 may be viewed similarly. 

The B-nor compounds listed in Table 4 include the 
precursors, or derivatives, employed for the prepara- 
tion of the several A-homo steroids discussed above. 
It is interesting to compare the shieldings for A- and 
B-ring carbons with those for the normal analogs. 
For example, a comparison of the data for B-nor- 
5P-cholestan-3-one (29) with those for 5P-cholestan- 
3-one (2) reveals that, in 29, C-1 and -2 are more 
shielded whereas C-3 and -4 are deshielded. Pre- 
sumably this reflects an enhancement of the gauche 
interaction between C-1 and -1 1 (and, perhaps, C-2 
and -9) and the absence of a gauche interaction 
corresponding to that between C-4 and -7 in 5P- 
cholestan-3-one (see projections 65 and 66). The 

carbons of the B-nor ring appear at significantly 
lower fields than the corresponding centres in the 
normal B ring which is consistent with the somewhat 
enhanced deshielding effects found for some simple 
methyl substituted cyclopentanes (25) relative to 
results for the corresponding cyclohexanes (26). The 
assignments listed for the parent hydrocarbon 28 
were obtained using the data for 5P-cholestane (2) 
and the differences observed between 5P-cholestan- 
3-one and 29; thus, these assignments are tentative. 
The analogous comparison of 31-33 with the cholest- 
4-en-3-one, cholesterol and its acetate indicates that 
the shieldings of C-1, -2, and -3 are comparable in 
both systems while C-4 is somewhat shielded in the 
B-nor derivatives; each of the carbons in the B ring 
are significantly deshielded in the B-nor derivatives 
relative to the cholestane analogs which is the usual 
trend for cyclopentenes versus cyclohexenes. Finally, 
the data for aldol 34 and acid 35, the parent deriva- 
tives for each of the B-nor compounds, are included 
in Table 4. 
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The stereochemistry of the A/B ring junction in 
each of these modified steroid skeletons is clearly 
revealed by the C-19 shieldings, as had been expected 
by analogy with the results for the natural steroids (2). 
A comparison of the data for 5a and 5P  isomers such 
as 3 and 11,16 and 21,19 and 24 (27) shows that C-I9 
is deshielded by 10-12 ppm in the 5P  structures, 
which is comparable to the findings for cholestane, 
coprostane and several of their derivatives (27). 

The 13C shieldings for 16 cholestanes and 2 
androstanes are collected in Table 5 since these 
results provide information on the shielding effects 
of some substituents and substitution patterns which 
had not been reported p r e v i ~ u s l y . ~  These data 
should be helpful for the examination of related 
systems. 

From the body of data for the A-homo derivatives 
included in this study, it is apparent that tentative 
conclusions can be drawn regarding the favored con- 
formations of the seven-membered ring which are 
consistent with expectations based on the results for 
simpler systems for which definitive data are avail- 
able. I t  may be noted that in each case there are 
characteristic signals which can be utilized to 
identify these derivatives in mixtures with other 
steroids. This can bc helpful, both qualitatively and 
quantitatively, in monitoring the course of reactions 
involving these species as illustrated in the accom- 
panying paper (4). 
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Ring expansion of cyclic ketones: The reliable determination of migration ratios for 3-keto 
steroids by 13C nuclear magnetic resonance and the general implications 
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VINOD DAVE, J. B. STOTHERS, and E. W. WARNHOFF. Can. J. Chem. 57, 1557 (1979). 
Several ring-expansion reactions (diazomethane, diazoacetic ester, Tiffeneau-Demjanov, 

Baeyer-Villiger, and Schmidt) of 3-keto steroids have been reexamined to determine the true 
migration ratios for C-2 and C-4 in these unsymmetrical cyclohexanones. Migration ratios 
were measured to  f 3% accuracy by integration of baseline-separated signals in the proton- 
decoupled 13Cmr spectra of total reaction products. This underexploited method provides for 
the first time a way to  get accurate migration ratios without loss of components during separa- 
tion and without interference from excess starting material under conditions minimizing side 
reactions. In contrast to  numerous literature reports, all but one of the 16 reactions studied 
were found to give nearly the same amount of both possible A-homo products. (The single 
exception was the only reaction in which the A-homo product reacts markedly faster than the 
starting material.) This simple, consistent - 1 : 1 pattern is that expected if migration is governed 
mainly by the electronic effect of the a-  and a'-carbon atoms and not by any conformational or  
near-by-to-remote substituent effect. 

VINOD DAVE, J. B. STOTHERS et E. W. WARNHOFF. Can. J. Chem. 57, 1557 (1979) 
On a rdCtudiC plusieurs reactions d'extension de cycles (diazomethane, esterdiazoacktique, 

Tiffeneau-Demjanov, Baeyer-Villiger et Schmidt) de ceto-3 stkroi'des afin de determiner les 
rapports riels de migration de C-2 et de C-4 dans ces cyclohexanones qui ne sont pas 
symetriques. On a mesure ces rapports d'aptitudes a la migration avec une exactitude de + 3 %  
en integrant les signaux s6parCs a la base, des spectres rmn du 13C decouplis pour le proton, des 
produits totaux de reaction. Cette mkthode sous-exploitee fournit pour la premiere fois une 
f a ~ o n  d'obtenir des rapports precis d'aptitudes ti la migration sans perte de composants au 
cours de la separation et sans interference de la part du produit qui n'a pas reagi dans des 
conditions minimisant les reactions secondaires. Par opposition a de nombreux rapports 
publies dans la litterature, on a trouvt, dans tous les 16 cas etudiis, a I'exception d'un, qu'il 
se forme des quantitks Cgales des deux produits A-homo possibles. (La seule exception est 
notee dans la seule reaction dans laquelle le produit A-homo rCagit beaucoup plus rapidement 
que le produit de depart). Ce resultat, - 1 : 1, obtenu d'une f a ~ o n  systematique est celui que I'on 
peut prevoir si la migration n'est gouvernee que par I'effet electronique des atornes de carbone 
a et a' et non pas par un effet conformationnel ou d'un subs t i t~~ant  proche ou eloigne. 

[Traduit par le j o ~ ~ r n a l ]  

The ring expansion of cyclic ketones is a useful 
synthetic reaction, but it is frequently complicated by 
the problem of similar a- and a'-migratory aptitudes 
leading to two isomeric ring-expanded products 
which can be difficult to separate or analyze. This 
problem has been of most concern with unsym- 
metrical cyclohexanones, and a conspicuous example 
is the ring homologation of 3-keto steroids 1. The 
conflicting reports (2-15) of varying product com- 
position from this series of compounds has led to 
the postulation of remarkable differential migratory 
aptitudes and their equally remarkable rationaliza- 
tions (4, 7, 13, 16). It has now become apparent, 
through the work of Jones and Price (15) and Levi- 
salles et al. (10) on the homologation reactions, that 

'This paper is dedicated to  the memory of R. H. F. Manske. 
'Part 86 of 13C nuclear magnetic resonance studies of one 

of us (J.B.S.). Fo r  Part 85, see ref. 1. 

most of the complexities are the result of analytical 
techniques inadequate for the task. 

For example, initial reports of the formation of a 
majority (2 50-60%) of A-homo-4-ketone 4a (Scheme 
1) from ring expansion of 5a-cholestan-3-one (2a) by 
either diazomethane (CH,N,) (3) or by the Tif- 

1 
R =  C H 3 0 r H  
R,  = OH, OAc. H, or 2-isooctyl 
R, = OH, CH3, or H 
R3 = OAc, H,  orp-rr 
R, = OBz, H, orp-n  

0008-4042/79/13 1557- 12$01 .OO/O 
@I979 National Research Council of CanadalConseil national de recherches du Canada 
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feneau-Demjanov method (amino alcohol diazotiza- 
tion) (2, 3) were based on analysis by alumina 
chromatography and infrared spectroscopy. Later, 
the additional use of ord was introduced by Jones 
and co-workers (4, 7) to determine the ratio of A- 
homo ketones in product mixtures from 3-keto 
steroids by comparison with the ord curves for the 
pure products. With the nearly inseparable products 
from 5cr-cholestan-3-one, the ratio of 3-ketone 3a to 
4-ketone 4a determined by this method was 21 :79 
+3% (7). However, further investigation revealed 
that one or both of the reference samples 3a or 4a 
was apparently contaminated. Thus, Levisalles et al. 
(10) prepared these two ketones by methods leading 
unambiguously to pure specimens, and both they 
and Jones and Price (15) used these samples to re- 
check the ring-expansion ratio for 2a + CH2N,. 
Both groups found a new 3a:4a ratio of 57:43 
+5% (10) z 58.5:41.5 +3% (15) in good agreement 
with ratios for other 3-keto steroids whose homolo- 
gation products were more readily separated (see 
entries from ref. 7 in Table I). The Tiffeneau- 
Demjanov expansion of 5cr-cholestan-3-one was also 
checked by Levisalles et al. (10) who found the 
3a:4a product ratio to be 50: 50 (Table 1, entry 7) 
comparable to the value found for CH2N2. In com- 
plete disagreement, Sykes and co-workers (13) re- 
ported concurrently that the 4-ketone 4a was the only 
A-homo ketone formed from either epimer of the 
amino alcohol 9;  the absence of A-homo-3-ketone 3a 
was judged by glpc comparison with authentic 
specimens of 3a and 4a. In a more recent repetition 
of the reaction, Jones and Price (15) have reaffirmed 
that both A-homo ketones are formed in slightly 
different proportions from each epimer of the amino 
alcohol 9 (Table 1, entries 8 and 9). It was desirable 
to have an independent check both on these con- 
flicting accounts of the Tiffeneau-Demjanov reac- 
tion and on the CH2N2 reaction. 

As can be appreciated from the foregoing, the 
analytical methods employed had inherent short- 
comings. The use of ord requires both optical 
activity and the availability of both ring-expansion 
products in pure form; it also requires that only the 
two compounds of interest be present in the mixture 
to be analyzed. However, CH2N2 ring expansion 
usually produces small amounts of epoxides and 
polyhomologation products difficult to separate 
from the homo ketones. With CH2N2 another draw- 
back of the chromatography-ord method of analysis 
is that the 3-keto starting material should be com- 
pletely used up to simplify the product separation. 
In this way is introduced the additional complication 
of possible differential ring expansion of the initial 
A-homo ketones. Should the 3- and 4-ketones react 

a 5a-Cholestane skeleton 
b 5J3-Cholestane skeleton 
c 17P-Hydroxy-5a-androstane skeleton 
d 6P-Acetoxy-5a-cholestane skeleton 

SCHEME 1 

at different rates, the final 3:4 ratio would not reflect 
the true migration ratio for the reaction of 2. On the 
other hand, the use of glpc requires sufficiently dif- 
ferent retention times for the two expansion prod- 
ucts, a requirement not easily met for such closely 
similar high molecular weight compounds (15). 
Although the application of 'Hmr spectra to the 
analysis of these product mixtures should be more 
successful, it depends on there being well-separated 
signals for the two isomers, and for 3-keto steroids 
very high magnetic fields may be needed to achieve 
separation (17). 

A convenient, more recently available analytical 
method which does overcome all of the afore- 
mentioned difficulties is integration of appropriate 
peaks in the proton-decoupled I3Cmr spectra of 
product mixtures. Although for smaller molecules 
peak areas are not necessarily proportional to 
numbers of nuclei, Wehrli (18, 19) has shown that 
for molecules as large and rigid as 2a, under non- 
saturating conditions the nuclear Overhauser effect 
in proton-decoupled spectra is complete and equal 
for all skeletal carbon atoms (including quaternary), 
and therefore signal integration can be used for 
quantitative analysis. Moreover, unlike the ord or 
glpc methods, the nature of I3Cmr spectra reflects 
the structural identity of a mixture's components. 
We have found, in the course of examining the 13Cmr 
spectra of some A-homo steroids (1, 20), that several 
of the lower-field signals in the 40-60 ppm region 
were well separated in isomeric A-homo compounds 
and their precursor. Fortunately, integration of these 
separated peaks in mixtures was not only repro- 
ducible in duplicate reactions, but with test mixtures 
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it was found to  give reliable isomer ratios accurate 
to  k 3%.3 Hence, there were no complications from 
potentially unequal Overhauser effects (21). The 
absence of interfering absorptions from starting 
material meant that it was now possible to  perform 
the CH2N2 ring expansions with a large excess of 
starting material remaining in order to  minimize the 
likelihood of further reaction of initially formed 
A-homo ketones, a bothersome problem in some 
instances. Furthermore, if any side products such 
as epoxides and bishomo ketones should be formed 
to  any significant (25%)  extent, they would be 
readily detected by extra peaks in the low-field end 
(40-70 ppm) of the 13Cmr spectrum, but they would 
not cause any difficulties with integration of carefully 
selected signals. The extent of mono- and poly- 
homologation could be estimated from the mass 
spectrum of the reaction product.4 The advantages of 
the method were well demonstrated in examining the 
reactions of 3-keto steroids. 

The first compound studied was 5u-cholestan-3- 
one (2a) whose 13Cmr spectrum has a region devoid 
of signals between 46 and 54 pprn (22). Authentic 
samples of 4a and 3a prepared by known methods 
(10, 23) (see Experimental) were used for 13C peak 
assignments (1). Each of the A-homo ketones ab- 
sorbed in the region free of 2a absorption, 3a at 
50.6 (C-5) and 53.3 pprn (C-9), and 4a a t  47.9 
(C-4a) and 54.1 pprn (C-9). The accuracy of integra- 
tion of these peaks was verified with three known 
mixtures of 3a and 4a (see Experimental). Limited 
ring expansion of the 3-ketone 2a with CH,N2 by 
both the in situ and ex situ procedures (see Experi- 
mental) gave a product containing 20-28% of A- 
homo ketones. Integration of the 13C signal a t  
53.3 pprn relative to  that at 54.1 pprn and of the 
peak a t  47.9 pprn relative to  that a t  50.6 pprn gave 
the same 3a : 4a ratio of 58 : 42 + 3% (Table 1, entries 
1, 2, and 5) in excellent agreement with the ord 
derived value of Levisalles et al. (10) and Jones and 
Price (1 5) (Table 1, entries 3 and 4), which therefore 
did represent the true kinetic migration ratio in spite 
of consumption of most of the starting ketone 2a in 
their reactions. 

T o  test whether the initial A-homo ketones would 
show selectivity in the event of their reaction, a 
synthetic 50:50 mixture of 3a + 4a was treated to  
the extent of 15% reaction with CH2N2 generated in 
situ. 13Cmr examination of the remaining A-homo 

3The accuracy is probably better than that (f 3-52) 
estimated for the ord method (7, 10). Note also that integra- 
tion of two or more peaks for each component provides an 
internal check. 

4The extra CH, group or two would have a negligible effect 
on the vapour pressure of these large molecules. 

ketones gave an altered 3a:4a ratio of 57: 43 f 3%, 
and consequently the 4-ketone is more reactive. The 
probable reason that this selectivity was not reflected 
in Levisalles's and Jones's ratios is that the reaction 
of CH2N2 with both 3a and 4a is slower than with 
2a, and any excess CH2N2 may have been used up 
in polymerizat i~n.~ 

As independent confirmation that the Tiffeneau- 
Demjanov expansion of 5u-cholestan-3-one does 
indeed give both A-homo ketones, this reaction too 
was reexamined. Diazotization of a 30% u - 70% 
mixture of hydroxyl epimers of amino alcohol 9 gave 
a product whose 13Cmr spectrum revealed the pres- 
ence of both 3a and 4a in the ratio of 43 : 57 (Table 1, 
entry 6) in reasonable agreement with the ord- 
derived values of Levisalles et al. (10) and Jones and 
Price (15) (Table 1, entries 7, 8, and 9). Apparently, 
as pointed out by Jones and Price (1 5), the very close 
glpc retention times for 3a and 4a used by Sykes and 
co-workers (13) did not permit resolution of mixtures 
of the two isomers. * 

The next migration ratio determined was for a 
reported (7, 9, 15) ring expansion giving products 
more easily separated by chromatography, and for 
which the migration ratio determined by a combina- 
tion of separation and ord should therefore be 
accurate provided that no by-products contaminated 
the ord samples. Ring expansion of an excess of 
17P-hydroxy-5u-androstan-3-one (2c) afforded a 
product containing 35-43% of A-homo ketones. The 
13C peaks were assigned (1) with the aid of authentic 
specimens of both products (7) separated by chroma- 
tography from a reaction in which all starting 
material had been consumed. In the spectrum of the 
mixture, the best separated peaks for integration were 
the signals a t  6 27.8 in homo ketone 3c and a t  
6 18.9 in 4c. Values of the 3c:4c ratio of 56:44 and 

'Note that the selectivity found (4a reacts faster than 3a) is 
in the wrong sense to account for the originally reported 
3a:4a ratio of 21 :79 (7) by further preferential reaction of 
initial A-homo products. 
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TABLE 1. Migration ratios for ring expansions of 3-keto steroids 

Entry Starting material Reaction 3 C=O : 4 C=O ratiog Analytical 
method Ref. 

CHIN2 NMUb in situ 
CHINI NMUb ex siru 
CHIN2 NMUb in siru 
CHIN2 NMUb in situ 
CHIN2 Diazaldc in situ 
Tiffeneau-Demjanov 30za-OH, 70zp-OH 
Tiffeneau-Demjanov 
Tiffeneau-Demjanov 0-OH, a-CH2NH2 
Tiffeneau-Demjanov a-OH, 0-CHINHI 
DAEJ and - COOEt 
m-CPBAd Baeyer-Villiger 
CF3C03H Baeyer-Villiger 
PPAc Schmidt 
CH2Nz NMUb in situ 
CHIN2 NMUb in siru 
Tiffeneau-Demjanov 3P-OH, 3a-CH2NH2 
Tiffeneau-Demjanov 3a-OH, 30-CHINHI 
m-CPBAd Baeyer-Villiger 
CHINz NMUb in sitrr 
DAEJ and -COOEt 
m-CPBAd Baeyer-Villiger 
PPA' Schmidt 
CHIN2 NMUb in situ 
CHIN2 NMUb in siru 
CHINz NMUb in siru 

-3-one CHINz NMUb it1 situ 
CHzNz NMUb in situ 
CHIN2 NMUb in situ 
CHIN2 NMUb in sitrc 
CH2N, NMUb in siru 
CHINz Diazaldc it1 situ 
CHINz NMT1 ex situ 
CHINz NMUb ex sitrc 
CHIN2 NMUb in situ 
DAEJ and -COOEt 
CHZNZ NMUb in situ 
Tiffeneau-Demjanov 3p-OH, 3a-CHINHI 
Tiffeneau-Demjanov 3a-OH, 30-CHzNH2 

' T m r  
' 3Cmr 
ord 
ord 
' T m r  
13Cmr 
ord 
ord 
ord 
'Cmr 
' 3Cmr 
' 'Cmr 
' 'Cmr 
' 3Cmr 
ord 
ord 
ord 
' 'Cmr 
3Cmr 

I3Cmr 
13Cmr 
''Cmr 
ord 
ord 
ord 
ord 
ord 
ord 
ord 
ord 
ord 
'Hmr 
I3Cmr 
' 'Cmr 
I3Cmr 

glpc 
glpc 
glpc 

'Present work. 
bN-Nitroso-N-methylurea. 
cN-Nitroso-N-methyl-p-toluenesulfonamide. 
Jm-Chloroperbenzoic acid. 
'Polyphosphoric acid. 
/Ethyl diazoacetale. 
9Numbers in boldface are from present work. For the ratios determined by "Cmr and ord the error limits are + 3Z. See also footnote 3 and the "Cmr part of the Experimental. 
hNot reliable because one or both products reacts faster than starting material. 
'N-Nitroso-N-methylterephthalamide. 
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DAVE ET AL. 1561 

57: 43 were obtained in this way from two reactions. 
Four lower-field signals at 6 47.8, 50.5, 53.4, and 54.2 
were not sufficiently separated from starting material 
peaks for confident integration unless most of the 2c 
had been consumed. Therefore, a homologation 
carried to >90% consumption of 2c was chromato- 
graphed to separate the A-homo ketone mixture 
which was integrated over all six peaks to give a 
3c:4c ratio of 55:45, identical with the two-peak 
integration ratio within experimental error. The 
validity of the integrations was also checked with a 
known mixture. The 3c: 4c migration ratio of 56: 44 
(Table 1, entry 14) obtained by averaging the above 
results agrees within experimental error with the 
earlier reported value of 59:41 (7, 15). 

For 5P-cholestan-3-one, the only reported (7) 
value of 78:22 (ord derived) for the 3b:4b ring- 
expansion ratio was suspect because the almost 4: 1 
preference for C-4 migration deviated from the 
negligible preference now established for other 3- 
keto steroids. Accordingly, the reaction was re- 
examined. The 13C absorption-free region was 
slightly shifted to 44-56 ppm for 2b (22). Limited 
ring expansion by the in situ method gave a product 
with 39-53% of starting material remaining.6 Its 13C 
signals were assigned by comparison with those of 
starting ketone 2b and of an authentic specimen of  
A-homo-5P-cholestan-3-one (3b) prepared as shown 
in Scheme 2 (also see Experimental). The true 
3b: 4b product ratio found by integration of baseline 
separated peaks at 46.6 ppm (C-5 of 3b) and 45.9 
ppm (C-5 of 4b) was 52:48 in good agreement with 
the values of other 3-ketones. 

There are two other reports in the literature which 
are at variance with the present findings. In ref. 6, 
only the A-homo 4-ketone7 was isolated from the 
reaction of B-nor-5P-cholestan-3-one with CH,N2. 
Actually, both A-homo ketones were undoubtedly 
formed since the Tiffeneau-Demjanov expansion of 
the same B-nor ketone gave both A-homo-3- and 
-4-ketones (14), and since diazoacetic ester expansion 
gave a 42: 58 ratio of A-homo-3- to -4-ketone after 
decarbethoxylation (20). Repetition of the reaction 
with CH,N, to a limited extent gave a product con- 
taining 83.4% of unreacted B-nor ketone, 11.2% of 
A-homo ketone mixture, and surprisingly 5.3% of 

61f ring expansion of the 5p-ketone 26 is carried to near 
completion, a much more complex mixture of products is 
apparent from the 13Cmr spectrum than is the case with the 
5a-ketone Za under similar conditions. 

'It is not clear which ketone isomer is meant in ref. 6; the 
structural formula is that of the A-homo-3-ketone but the name 
given in the Experimental is for the A-homo-4-ketone. Since 
excess CH2NZ was used and since the [a], was +2l0, the 
product was probably the A-homo-3-ketone (20) in view of the 
present findings, even though its melting point was low. 

bis-A-homo ketones. Therefore, one or both of the 
A-homo ketones reacts considerably faster with 
CH,N, than does the starting material. Con- 
sequently, the A-homo-3- to -4-ketone ratio found of 
-70: 307 probably does not represent the true migra- 
tion ratio which should be closer to the 42: 58 figure 
from the diazoacetic ester reaction (Table 1, entry 
35). 

The second anomalous case is that of 6P-acetoxy- 
5u-cholestan-3-one (2d) from whose reaction with a 
large excess of CH,N2 + AlCl, only bis- and tris- 
homo products were isolated (12). However, from 
reaction with a limited amount of CH,N, such that 
69% of starting material remained, we find that both 
A-homo ketones are formed in a ratio not experi- 
mentally different from 50: 50 by comparison of the 
integral of the 13C signal a t  6 75.3, which contains 
the absorption from C-6 of both A-homo ketones, 
with peaks at  6 30.0, 30.5, 51.9, and 53.0, each of 
which arises from only one of the A-homo ketones. 

Therefore, for all of the 15 steroids whose ring 
homologation has been studied with care (see Table 
1) there is either no preference or else a negligible 
preference for migration of C-4 over C-2, and the 
3 :4  ratio does not exceed 6:4 (or vice versa) in any 
case.* This is as would be expected in consideration 
of both C-2 and C-4 being secondary and there being 
no conformational migratory preference discernible 
from Dreiding models. It should also be noted that 
the C-19 methyl group and the steroid C- and sub- 
stituted D-ring do not play a detectable role in 
determining the migration ratio since CH,N2 ring 
expansion of trans-2-decalone (12), a bicyclic model 
for 5a-3-keto steroids, also gave the same value of 
56:44 for the 13: 14 ratio (24). Likewise, the Tif- 
feneau-Demjanov rearrangement of each of the 

sStrictly speaking, the homologations of the compounds 
listed in entries 23-31 of Table 1 should also be reexamined by 
the 13Cmr method but the 1 :1 pattern from all five different 
reactions examined by this technique in the present work now 
leaves no real doubt that the earlier ord results for these com- 
pounds (7) are substantially correct. 
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epimeric bicyclic amino alcohols 15 gave the same 
ratios as did the Tiffeneau-Demjanov rearrangement 
of the corresponding amino alcohols from 5ct- 
cholestan-3-one and 17P-hydroxy-Sct-androstan-3- 
one (compare entries 8, 9, 16, and 17 with 37 and 38 
in Table 1). 

HO & 
H2NCHz H 

15 

The consistency of the results emerging from these 
experiments prompted the scrutiny of related ring 
expansion reactions to see how widely the generaliza- 
tion held. 

Homologation of ketones with diazoacetic ester 
(DAE) has become a useful alternative to the use of 
CH2N2 (25, 26). When both 5ct- and SP-cholestan-3- 
one were partially homologated with DAE- 
Et30+BF,- and decarbeth~xylated,~ the ratios of 
A-homo products were the same for both (Table 1, 
entries 10 and 20) and were changed slightly in favor 
of more 4-ketone relative to the CH2N, reactions, 
but for all practical purposes the change is negli- .. . 
gible. 

The ring expansion of ketones to lactones by 
migration to oxygen in the Baeyer-Villiger reaction 
involves an intermediate 16 that is of the same type 
as in the diazoalkane reaction, and the simplest view 
would lead one to expect the same migration ratio 
for both reactions. Unfortunately, the Baeyer- 
Villiger cleavage of 3-keto steroids has been beset 
by the same difficulties found with the CH2N2 reac- 
tions. Most investigators report only the isolation 
of the 3-oxolactone 5 in yields as high as 76% 
(27-35) from peracid oxidation, but on reinvestiga- 
tion some of these reactions have been shown to 
produce both lactones 5 and 6 (36). In other cases 
both lactones were found initially (37, 38). However, 
no accurate values for product ratios have been 
reported. Therefore, we have carried out the cleavage 
by m-chloroperbenzoic acid - CHCI, of 5ct- and 

'The crude P-keto esters were decarbethoxylated with water 
in sealed tubes at 150°C (26). Under these conditions the ke- 
tonic components underwent condensation reactions to  some 
extent. Possibly these side reactions were acid catalyzed (by 
traces of boron compounds remaining?) because they were 
minimized by the addition of a small amount of NaHCOB to  
the water (see Experimental). 

5P-cholestan-3-one as well as 17P-hydroxy-5ci-andro- 
stan-3-one. In each case both lactones were formed 
in a nearly 1 : 1 ratio. The different location of the in- 
troduced oxygen atom in the two lactones made 
unambiguous the assignment by chemical shift of the 
lowest-field sp3-I3C signals in the 13Cmr spectrum 
without the necessity of authentic samples of the 
lactones. For example, the lowest field sp3-13C peak 
in the spectrum of the 5ct-cholestan-3-one product at 
70.0 ppm can only be C-4a (0-CH2-CH) of lac- 
tone 5a, while the next lowest sp3-13C peak at 
64.7 ppm must be C-2 (0-CH2-CH,) of lactone 
6a (39). These assignments were confirmed for the 
2a reaction by preparation of pure lactone 5a (40) 
as described in the Experimental. Integration of the 
spectrum of the lactone mixture gave a 5a:6a 
migration ratio of 55:45 (Table 1, entry 1 I), very 
nearly the same as the CH2N2 migration ratio with 
this ketone (Table 1, entries 1-5). The product ratios 
for the lactones from 2b and 2c (Table 1, entries 18 
and 21) were likewise as easily determined'' and were 
close to those for the corresponding CH,N2 reac- 
tions. 

hr N P" 

HO 

RCOO H 
I1 
0 

Because different ~eracid oxidation conditions 
have been known to influence the proportion of 
cleavage products from some ketones, the oxidation 
of 2a was also done with CF3C03H-CHCI,, a much 
stronger peracid. Contrary to a previous report for 
this reagent (34), the migration ratio (Table 1, entry 
12) was found to be essentially the same as for the 
m-chloroperbenzoic acid - CHC1, cleavage. 

Finally, ring expansion to nitrogen was examined 
by means of the Schmidt reaction. The mechanistic 
evidence (41, 42) allows for the reaction to proceed 
to amide through either the tetrahedral intermediate 
17, analogous to those of the already mentioned 
ring expansion reactions, or else through anti re- 
arrangement of the geometrical isomers of the 
diazoimonium ion 18. Since the proportion of syn 
and anti isomers is determined bv steric factors. and 
since the steric situation is the same for both isomers 
with these 3-keto steroids, either mechanism would 
be expected to lead to an approximately 1 : 1 ratio of 
products 7 and 8. However, the Schmidt reaction 
with both Sct- - and 5P-cholestan-3-one has been 

l0With the I7P-hydroxy compound 2c care had to be taken 
to  avoid an excess of peracid which oxidized the 17P-OH to a 
carbonyl group. 
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reported by Doorenbos and Wu (43) to yield only 
isomer 8. Repetition of the reaction of the 5cr- and 
5P-ketones 2a and 2b according to their procedure 
gave products each of whose 13Cmr spectra clearly 
showed the presence of both lactams 7 and 8 in 
similar amount. The assignment of 13C peaks in 
each lactam mixture was made with the aid of spectra 
of pure 8a and 86 prepared as described below. 

HON & 
MeOH, $ 
mostly 

8h 

Beckmann rearrangement of the mixture of - 
cholest-4-en-3-one oximes 19 at room temperature 
with SOC1, in dioxane results only in migration of 
the sp3 C-2 to produce the unsaturated lactam 20 
(44, 45). Hydrogenation over Pd/C in methanol- 
KOH gave the 5cr-lactam 8a (44) whose trans A/B 
fusion was verified by its I3C-19 methyl signal at 
12.0 ppm (46). Hydrogenation of 20 over Pt in 
HOAc gave mostly the 5P-lactam 8b which was 
purified by thick-layer chromatography; the cis A/B 
fusion was confirmed by its 13C-19 methyl peak at 
23.3 ppm (46). With the 13C signals identified in the 
Schmidt reaction mixtures, the 1 : 1 ratios given in 
entries 13 and 22 of Table 1 were calculated." 

In conclusion, we see that the supposedly widely 
differing results of various 3-keto steroid ring- 
expansion reactions actually fit a consistent pattern. 
Thus, for 16 of these similar unsymmetrical cyclo- 
hexanones (including 2-decalone) and five different 
reactions, ring expansion to C, N, and 0 gives a 
migration ratio of - 1: 1. This simple outcome is to 
be expected if migration in all of these reactions is 
governed mainly by the electronic effect of the a- 
and @'-methylene groups and not by any conforma- 
tional or long range effects. As a corollary, in each of 
the many cases in which the lactones and lactams 
from Baeyer-Villiger or Schmidt or even Beckmann 
reactions on 3-keto steroids have been prepared or 
used (on the assumption that pure compounds were 
involved) in structure assignments to other com- 
pounds or as starting materials for synthesis (inter 
alia 32, 34, 40, 47, 48), the conclusion or purity of 

"Although the ratios turned out to be exactly 50:50, 
assignment of signals to individual lactams gave assurance 
that the integrated peaks were not all from a single lactam. 

product is dubious, and this implication of the 
present work will be considered in a subsequent 
paper. 

Experimental 
General 

Reagents, instruments, and procedures are the same as in 
ref. 20 except for the following. Camag DSF-0 silica gel was 
used for some tlc plates. Some ir spectra were recorded on a 
Perkin Elmer model 621 instrument. The samples of 2a, 2b, 2c, 
and 2d used were shown to be pure by 13Cmr spectroscopy. 
Complete 13Cmr assignments for the steroids in this work are 
given in ref. 1. The mass spectra for quantitative analysis of 
product mixtures were run at  25 eV to  minimize fragmentation 
and maximize molecular ions. The figures in parentheses after 
the ion masses are the percentages of starting material and 
homo and bishomo products calculated from the ion intensities 
and estimated to  be accurate to f 3%. 

I3C Nuclear Magnetic Resonance Spectra 
Spectra were obtained at  25.2 MHz with a Varian XL-100-15 

system operating in the Fourier transform mode with square- 
wave modulated proton decoupling. Solutions were usually 
-0.25 M in CDCI? and in no case exceeded 1.25 M :  TMS 
was used as an internal reference. Wehrli has shown (18) that 
all carbons of the steroid ring system exhibit maximum and 
equal nOe's under appropriate operating conditions. With 2 or 
2.5 kHz sweep widths, flip angles 545", and pulse acquisition 
times of 0.8-1.0 s, our conditions insured that the protonated 
skeletal carbons gave full nOe's although the quaternary 
carbons were probably partially saturated. To achieve suitable 
signal-to-noise levels the number of scans varied from 1&50 K 
and 8 K transforms were used. Integrations were done both 
by the usual electronic means and by comparing the products 
of peak height x peak width a t  half-height for the best- 
separated signals in expanded traces of the region of interest. 
If peak separation permitted, two or more signals per com- 
ponent were integrated, and the results were averaged to  
obtain the reported composition data. Integrals were found to  
be reproducible to f 2% and, from control experiments, the 
composition of known mixtures of 3a and 4a was found to  a 
precision of + 2%; in these controls the following signal areas 
were measured: 3a, 50.6 (C-5) and 53.3 ppm (C-9); 4a, 47.9 
(C-4a) and 54.1 ppm (C-9). This led to  the following results. 

Mixture (mg) 3a 

3a 4a By weight % By integration Average 

On this basis, the compositions of the product mixtures are 
judged by the 4d rule to  have precisions of 3%. Whenever 
possible, the crude mixtures of ring expansion products were 
not chromatographed before "Cmr spectroscopy to  avoid any 
possibly unequal irreversible adsorption. Each CHIN2 and 
DAE ring expansion was done at  least in duplicate, but only 
one experiment per ring expansion is described in the sequel. 

General Procedure for In Situ CH2N2 Reactions 
T o  a stirred (magnetic bar) solution of 100 mg of steroid, 

30 mg of powdered KOH, 1 mL of MeOH, and 2 mL of ether 
at  G5"C was added a known amount of CH2N2 precursor. 
When less than 100 mg was used, the amounts of MeOH and 
ether were reduced proportionately. Throughout the reaction 
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solid was present, initially the partially soluble CH2N2 pre- 
cursor and later presumably potassium salts. After the two- 
phase mixture had been stirred at 5-8°C for 6 h, the solvents 
were evaporated in a stream of N2. Water and 10% aqueous 
HC1 were added, and the product was extracted with ether. 
The organic layer was washed with water, dried, and evapor- 
ated to leave the crude product which was examined by 13Cmr 
and mass spectroscopy. The amount of CH2N2 precursor 
required to achieve partial homologation varied because of 
the limited solubility of the CH2N2 precursor and the com- 
peting polymerization side reaction of CH2N2. For the same 
reasons, a given level of homologation was difficult to re- 
produce in duplicate reactions. 

(a) 5a-Cholestan-3-one + N-Metlgvl-N-nitrosoiirea (NMU) 
From 100 mg (0.26 mmol) of 2a and 15 mg (0.15 mmol) of 

NMU was obtained 92 mg of colorless solid product, mle 386 
(72% of 2a) and 400 (28% of 2a + CH,) with no detectable bis 
homologation at 414. 13C peaks integrated: 6 47.9 (C-4a of 4a), 
50.6 (C-5 of 3a), 53.3 (C-9 of 3a), and 54.1 pprn (C-9 of 4a) 
(Table 1, entry 1). 

(b) 5a-Cholestan-3-one + Diazald 
From 100 mg (0.26 mmol) of 2a and 94 mg (0.44 mmol) of 

Diazald was obtained 88 mg of colorless solid, mle 386 (20.5% 
of 2a), 400 (78.7% of 2a + CH2), and 414 (0.7% of 2a + 
2 CH,). 13C peaks integrated: same as in (a) (Table 1, entry 5). 

(c) A-Homo-5a-cholestan-3- and -4-ones (1 : I )  + NMU 
From 20 mg (0.05 mmol) of 3a plus 20 mg (0.05 mmol) of 

4a and 21 mg (0.20 mmol) of NMU was obtained 40 mg of 
colorless solid, mle 400 (84% of 3a + 4a) and 414 (16% of 3a 
and 4a + CH,) with no detectable amount of bis homologa- 
tion product. 13C peaks integrated: same as in (a); 3a:4a 
ratio, 57:43 + 3%. 

(d) 5(3-Cholestan-3-one + NMU 
From 50 mg (0.13 mmol) of 26 and 15 mg (0.15 mmol) of 

NMU was obtained 47 mg of colorless solid, mle 386 (53% of 
2b), 382 and 400 (47% of 26 + CH, and its M +  - 18 ion) with 
less than 0.5% of bis homologation. 13C peaks integrated: 
6 45.9 (C-5 of 4b) and 46.6 pprn (C-5 of 36) (Table 1, entry 19). 

(e) 17',-Hydroxy-5a-androstan-3-0ne + NMU 
From 50 mg (0.17 mmol) of 2c and 12 mg (0.12 mmol) of 

NMU was obtained 44 mg of colorless solid, m/e 290 (65% of 
2c) and 304 (35% of 2c + CH,) with no more than 0.2% of bis 
homologation. 13C peaks integrated (see Discussion): 6 18.9 
(C-2 of 4c). 27.8 (C-4a of 3c), 47.8 (C-4a of 4c), 50.5 (C-5 of 
3c), 53.4 (C-9 of 3c), and 54.2 pprn (C-9 of 4c). Duplicate re- 
actions gave 3c:4c ratios of 56: 44 and 55: 45 (Table 1, entry 
14). 

A synthetic mixture of 17.0 mg of 3c and 13.0 mg of 4c 
(ratio 56.6:43.4) was analyzed by integration of the same set 
of signals, and it gave a 3c:4c ratio of 56:44. 
(f) B-Nor-5(3-cliolestan-3-ot1e + NMU 
From 48 mg (0.13 mmol) of B-nor-5(3-cholestan-3-one and 

13 mg (0.13 mmol) of NMU was obtained 48 mg of colorless 
noncrystalline product, mle 372 (83.4% starting material), 
386 (1 1.2% of monohomo product), and 400 (5.3% of bishomo 
product). 13C peaksi ntegrated: 6 47.8 (C-4a of the A-homo-4- 
ketone) and 50.0 pprn (C-5 of the A-homo-3-ketone) (Table 1, 
entry 34). 

Ex Situ Diazometliane Reactions 
(a) 5a-Cholestan-3-one 
A solution of 100 mg of 2a in 1.5 mL of ether, 1.5 mL of 

MeOH, and 0.1 mL of water was treated with excess distilled 
ethereal CH2N2 at 5-8°C for 2 days. After evaporation of 
solvent, the residue was dissolved in ether, washed with water, 
dried, and concentrated to give 90 mg of colorless solid, mle 

400 (93% of 2a + CH,) and 414 (7% of 2a + 2 CH,) with no 
2a remaining. 13C peaks integrated: same as in (a) of the in 
situ reactions (Table 1, entry 2). 

(b) 6(3-Acetoxy-5a-cholestan-3-otie 
To a solution of 44 mg (0.10 mmol) of 6P-acetoxy-5a- 

cholestan-3-one in 0.75 mL of ether plus 0.75 mL of MeOH 
was added 0.3 mL of 0.33 NCH2N2 in ether and 1 drop of 
water. After 2 days at 5-8'C, solvent was evaporated to  leave 
44 mg of solid which gave two tlc spots. Since the 13Cmr 
spectrum of the crude product was not suitable for integration, 
it was chromatographed on a 10-g preparative plate developed 
( 2 x )  in benzene-ether (90:lO). Extraction of the band at 
Rf 0.54 gave 32 mg of the major, more polar material, mle 444 
(79% of starting material) and 458 (21% of starting material + 
CH,) with no detectable amount of bis homologation product. 
13C peaks integrated [relative peak area] 6: 30.0[177], 
30.5[177], 51.9[163], 53.0[165], and 75.3 pprn [350] (Table 1, 
entry 33). 

Preparative Reaction with 17(3-Hydroxy-5a-androstan-3-otie (2c) 
To  a stirred (magnetic bar) solution of 200 mg of 2c (Sigma 

Chemical Co.), 980 mg of powdered KOH, 3 mL of ether, and 
3 mL of MeOH at C5"C was added 750 mg of N-methyl-N- 
nitroso-p-toluenesulfonamide during 10 min; the two-phase 
mixture was then stirred at 5°C for 6 h. After evaporation of 
most of the solvent in a stream of nitrogen, the residue was 
dissolved in ether, washed with water, dried, and concentrated 
to leave 186 mg of oily solid which was chromatographed on 
four preparative plates developed (3 x )  with benzene-ether 
(50: 50). 

Extraction of the band at Rr 0.76 gave 12 mg of a colorless 
oily mixture of oxides, probably 10, ir: no C=O absorption. 
M +  calcd. for C Z ~ H ~ ~ ~ ~ :  304.2402; found: 304.2405. 

Extraction of the band at Rr 0.73 gave 25 mg of colorless 
solid. Recrystallization ( 2 x )  from EtOAc gave 8 mg of 
17(3-hydroxy-A-homo-513-androstan-4-one (4c), mp 196-19g°C 
(lit. (7) mp 193.5-194.5"C); 'Hmr (CDCI,) 6: 0.74 (3H, s, 
CH,), 0.88 (3H, s, CH,), 2.41 (2H, m, band w = 16 Hz, 
ketone a-CH,), 2.82 ( lH,  dd, JAX+BX = 25 Hz, ketone a-H), 
and 3.64 pprn (lH, bt, JAX+,, = 18 Hz, CHOH). 

Extraction of the band at Rr 0.67 gave 44 mg of colorless 
solid. Recrystallization from MeOH (1 x )  and from EtOAc 
(1 x )  gave 13 mg of colorless plates of 17(3-hydroxy-A-homo- 
5a-androstan-3-one (3c), mp 207-210°C (lit. (4) mp 212- 
213'C). M +  calcd. for C20H3202: 304.2402; found: 304.2404. 

Extraction of the most polar band at R, 0.52 gave 17 mg of 
colorless solid, mle 336 (M+) and 291 ( M  - CH30CH2); ir 
(CHC13): 370C3300 cm-I (broad OH) and no C=O absorp- 
tion; 'Hmr (CDCI,) 6: 0.73 (3H, s, CH,), 0.76 (3H, s, CH,), 
3.18 (2H, s, -OCH2-), 3.39 (3H, s, OCH,), and 3.64 pprn 
( lH,  bt, JAx+Bx = 18 Hz, CHOH). M +  calcd. for C21H3603: 
336.2664; found: 336.2665. The I3Cmr spectrum was in 
agreement with structure 11. The compound did not react with 
NaI04 or P ~ ( O A C ) ~ .  

Tiffeneau-Demjanov Expansion of 5a-Cholestan-3-one 
A mixture of epimeric amino alcohols 9 was made from 2a 

by the method of ref. 13 without purification of intermediates. 
Integration of the -CH2N protons at 6 2.75 for the 3B-OH 
epimer and 6 2.55 for the 3a-OH epimer gave 70% ',-OH and 
30% a-OH. To a stirred (magnetic bar) solution of 110 mg 
(0.26 mmol) of the amino alcohol mixture in 2 mL of HOAc 
and 2 mL of ether at C5"C was added a solution of 400 mg 
(5.8 mmol) of NaNO, in 1 mL of water during 10 min. The 
reaction mixture was stirred at -8°C for 1 h and at room 
temperature for 17 h. After dilution with water and extraction 
with ether, the organic: layer was washed with water and 5% 
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aqueous NaHCO,. Evaporation of the dried organic solution 
left 90 mg (8673 of oily solid, ir (CHCI,): 1695 cm-' (C=O); 
mle 400 (M+). 13C peaks integrated: same as in (a) of the in 
situ CH2N2 reactions (Table 1, entry 6). 

Diazoacetic Ester Reactions 
(a) 5a-Cholestan-3-one (2a) 
To a stirred (magnetic bar) solution of 100 mg (0.26 mmol) 

of 2a and 99 mg (0.52mmol) of Et30+BF4- in 1 mL of 
CH2CI, at 0-5°C was added a solution of 59 mg (0.52 mmol) 
of DAE in 0.5 mL of CH2CI,. The cooling bath was allowed 
to warm to room temperature, and the reaction mixture which 
slowly darkened was stirred for 7 h. After addition of 5% 
aqueous NaHCO,, stirring wascontinued for 15 min. Evapora- 
tion of CH2C12 and partition of the residue between ether and 
water yielded a dark brown oil which was heated in a sealed 
glass tube at 150°C with 1 mL of water and 5 mg of NaHCOJ 
for 1 h.9 There was obtained 83 mg(83z) of amber oily ketone 
mixture, ir (CHCI,): 1695 and 1705 cm-' (C=O); m/e 386 
(46z of 2a), 400 (51% of 2a + CH,), 414 (1% of 2a + 2 
CH,), and 416 (2% of 2a + ?) (Table 1, entry 10). 

(b) 5P-Cholestan-3-one (2b) 
A reaction was carried out as in (a) on 50 mg of 2b and half 

quantities of the other reagents. There was obtained 46 mg 
(92z) of amber oily ketone mixture after decarbethoxylation, 
mle 386 (31z of 2b), 382 and 400 (69% of 26 + CH2 and its 
M+ - 18 fragmentation ion). 13C peaks integrated: same as 
(d) of the in situ reaction (Table 1, entry 20). 

Synthesis of Authentic A-Homo-5a-cholestan-4-one ( la )  
(a) 3,3-Dimethoxy-5cc-cholestane 
This dimethyl ketal was prepared by the method of Levisalles 

et at. (10). From 500 mg of 2a was obtained after recrystalliza- 
tion (4x)  from ether-MeOH 228 mg (40z) of colorless 
granules, mp 77-7YC, [aIDL9 +35" (c 1.06, CHCI,) (lit. (10) 
mp 78-80"C, [aID +24"); ir, no C==O absorption; 'Hmr 
(CDCI,) 6: 3.15 (3H, s, 0CH3) and 3.20 pprn (3H, s, OCH,); 
mle 432.4 (M+). 

( 6 )  3-Methoxy-5a-cholest-2-ene 
The procedure of Levisalles et al. (10) was modified. The 

dimethyl ketal (125 mg) from (a) was evaporatively distilled 
in a tube at 200"C/1 Torr over a period of - 7 h. The solidified 
distillate was recrystallized (4 x ) from ether-methanol to give 
35 mg (30%) of colorless plates of the en01 ether, mp 98-100"C, 
[aIDl9 +69" (c 1.04, CHCI,) (lit. (10) mp 100-10IoC, [a]D 
+61°); ir (CHCI,): 1680cm-' (C=C of en01 ether); 'Hmr 
(CDCI,) 6: 3.50 (3H, s, OCH,) and 4.50 pprn (lH, bd, C=CH) 
M+ calcd. for C28H480: 400.3705; found: 400.3708. 

On a larger scale (500 mg) the reaction was conducted by 
heating the ketal in a sealed tube at 200°C for 10-20 h. 

(c) 2a,3cc-Dibr0m0mefhylene-3~-mefhoxy-5cc-cholestane 
The procedure of Levisalles et al. (10) was used. The reaction 

of 92 mg of en01 ether from (b) with dibromocarbene gave 
50 mg (38%) of adduct, mp 128-130"C, + 51.5" (c 1.10, 
CHCI,) (lit. (10) mp 137-138"C, [all, +44"); ir, no C=C 
absorption; 'Hmr (CDCI,) 6: 3.51 pprn (3H, s, OCH,). MC 
calcd. for C29H48Br20: 572.2051 ; found: 572.2037. 

(d )  3-Bromo-A-homo-5a-c~1olest-2-en-4-one 
The AgOAc-catalyzed solvolysis of the dibromocarbene 

adduct (50 mg) from (c) was carried out according to the pub- 
lished procedure (10) to yield 20 mg (4773 of bromo enone, 
mp 108-1lO"C (lit. (10) mp 112-112.5"C); ir (CHC13): 1680 
cm-' (conjugated C=O); 'Hmr (CDCI,) 6: 4.79ppm 
(lH, t,lJAx + JBxJ = 15 Hz, C==CH). M + calcd. for 
C28H45BrO: 478.2633; found: 478.2639. 

(e) A-Homo-5cc-cholestatz-4-one (k )  
The bromo enone (200 mg) from (d) and a larger scale run 

was hydrogenated in benzene over 10% Pd/C and Na2C03 
according to ref. 10 to yield 166 mg (99%) of colorless plates 
of 4a after recrystallization from MeOH, mp 96-9YC, [aIDz0 
+ 107" (c 1.02, CHCI,) (lit. (10) mp 96-97.5"C, [ t t l ~  + 103"); 
ir (CHCI,): 1695 cm-' (7-ring C=O). M+ calcd. for CZ8H480: 
400.3705; found: 400.3701. 

Synthesis of Authentic A-Homo-5cc-cholestan-3-one (3a) 
(a) 4-Chl0ro-A-homocholesta-4,5-dien-3-one 
This compound was prepared in 13% yield from 1.0 g of 

cholest-4-en-3-one without purification of the pyrrolidine 
dienamine or dichlorocarbene adduct according to the pro- 
cedure of ref. 23. The 148 mg of colorless plates had mp 138- 
140"C, [c(]D'9'5 -147°C (C 1.04, CHCI,) (lit. (23) mp 137.5- 
140°C); ir (CHCI,): 1660 (conjugated C=O) and 1610 cm-' 
(conjugated C=C); 'Hmr (CDCI,) 6: 6.04 (lH, bs, C=CH) 
and 7.10 pprn (lH, s, C=CH-C=C). M+ calcd. for CZ8H43' 
ClO: 430.3002; found: 430.3005. 

(6) A-Homo-5cc-cholestan-3-one (3a) 
The chlorodienone (148 mg) from (a) was hydrogenated by 

the procedure of ref. 23 to give, after thick-layer chroma- 
tography and recrystallization from ether-MeOH, 72 mg of 
colorless needles of 3a, mp 83-84"C, [ccIDl9 -21.6" (c 1.00, 
CHCI,) (lit. (23) mp 81-82.5"C, lit. (14) [all, - 21"); ir (CHCI,): 
1698 cm-' (7-ring C==O). M +  calcd. for C28H480: 400.3705; 
found: 400.3708. 

Synthesis of Authentic A-Horno-50-cholestan-3-one (3b) 
(a) 3,3-Dimethoxy-5P-cholestane 
A solution of 50 mg of 26 and 2 mg of p-TsOH in 2.5 mL of 

MeOH was refluxed for 5 h. After basification with NaOMe- 
MeOH the reaction mixture was diluted with ether, washed 
with water, dried, and concentrated to leave 50 mg of a 
colorless oil (49); ir (CHCI,): faint C=O at 1710 cm-'; 
'Hmr (CDCI3) 6: 3.14 (3H, s, OCH,) and 3.21 pprn (3H, s, 
OCH,). M+ calcd. for CzgH520z: 432.3967; found: 432.3957. 

Analysis by tlc showed -5% of 2b remaining; the ketal was 
used without further purification. 

(b) 3-Methoxy-5P-cholest-3-ene 
The dimethyl ketal (50 mg) from (a) was evaporatively dis- 

tilled in a tube at 200"C/1 Torr over a period of 3 h to give 
35 mg of viscous oily enol ether containing -5% of 2b (49); 
ir (CHCI,): 1667 (C=C of en01 ether) and faint C=O at 
1710cm-'; 'Hmr (CDCI,) 6: 3.53 (3H, s, OCH,) and 
4.24 pprn (lH, bs, C=CH). M+ calcd. for C28H480: 400.3705; 
found: 400.3697. 

(c) 3~,4~-Dibr0m0methylene-3cc-methoxy-5~-cholestane 
To a stirred (magnetic bar) solution of 92 mg of enol ether 

from (b) in 2.5 mL of cyclohexane at 0-5°C was added 272 mg 
of KO rBu followed by addition of a solution of 540 mg of 
CHBr, in 1.5 mL of cyclohexane during 3 min. The reaction 
mixture was allowed to warm to room temperature and was 
stirred for 1 h. Dilution with ether, washing with water, 
drying, and concentration left a viscous oil which was chroma- 
tographed on a preparative plate developed twice with 
hexanes. Extraction of the band at R, 0.38 gave 82 mg (62z) 
of colorless solid. Recrystallization from ether-MeOH (1 x )  
and from CHC1,-MeOH (2 x )  gave glistening colorless plates 
of the dibromocyclopropyl steroid, mp 140-143°C (dec.), 
[alDZ0 + 66' (c 0.90, CHCI3); ir, no C=C absorption; 'Hmr 
(CDCI,) 6: 3.51 pprn (3H, s, OCH,). MC calcd. for CZ9H48- 
Br20: 572.2051; found: 572.2026. Anal. calcd. for C29H48- 
Br20: C 60.83, H 8.45; found: C 60.98, H 8.46. 

(d) 4-Bromo-A-homo-5~-cholest-4-en-3-one 
A mixture of 59 mg of dibromocyclopropyl compound from 

(c), 30 mg of AgOAc, 2 mL of HOAc, and 2 drops of water was 
stirred (magnetic bar) and refluxed for 2 h. After evaporation 
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in 4.5 mL of dry dioxane at 10°C was added 0.9 mL of freshly 
distilled SOCI,. The cooling bath was allowed to warm to room 
temperature, and the dark yellow solution was stirred for 2 h. 
After addition of excess 5% aqueous NaHCO,, the product 
was extracted with ether. Evaporation of the washed and dried 
organic solution left 285 mg of tan oily solid which was 
chromatographed on two preparative plates developed in 
EtOAc. Extraction of the band visible under uv on the lower 
half of the plate gave 160 mg of off-white solid. Recrystalliza- 
tion (2 x ) from benzene-acetone gave colorless granules of the 
lactam 20, mp 245-247°C with a phase change -22O0C, 
[cc]DZ0 1-24' (C 1.40, CHCl3) (lit. (44, 52), mp 252-256"C, 
255-26O0C, [all, + 20"); uv (MeOH): 222 (22 000) and 247 nm 
(20 000); jr (CHCI,): 3440 (NH), 1660 (C=O), and 1625 cm-' 
(conjugated C=C); 'Hmr (CDCI,) 6 :  3.18 (2H, bm, O= 
CNCH,), 5.75 ( IH,  bs, C=CH), and 6.55 pprn ( IH,  bs, NH). 
M +  calcd. for CZ7H4,NO: 399.3501; found: 399.3498. 

(6) 3-Aza-A-homo-5cc-cholestan-4-one (8a) 
To  a mixture of 100 mg of 10% Pd/C catalyst and 100 mg 

of powdered KOH in 5 mL of MeOH stirred (magnetic bar) 
under Hz  was added a solution of lOOmg of unsaturated 
lactam 20 in 25 mL of MeOH. After 12 h the catalyst was 
removed by filtration and the solvent evaporated. The residual 
solid was dissolved in CHCI,, and the solution was washed 
with water, dried, and concentrated. Recrystallization (2 x ) 
from MeOH-CHC1, gave 42 mg of colorless granules of pure 
lactatn 8a, mp 26C-280°C (dec. and subl.) with a phase change 
to needles at - 210°C; when the melting point was taken in a 
sealed capillary, a narrower range, mp 280-282°C (dec.), was 
observed; [ccIDZ0 +35" (c 1.60, CHCI,) (lit. (44) mp 294- 
296"C, [ccID +41°); uv (MeOH) rising end absorption only; ir 
(CHCl,): 3420 (NH) and 1660cm-' (amide C=O); 'Hmr 
(CDCI,) 6: 2.6-3.5 (2H, bm, 0=CNCH2) and 6.47 ppm ( lH ,  
bs, NH). M +  calcd. for CZ7H4,NO: 401.3658; found: 
401.3655. 

(c) 3-Aza-A-hotno-5~-cholestat1-4-one (8b) 
To  a mixture of 50 mg of PtO, in 1.5 mL of HOAc stirred 

(magnetic bar) under H, was added a solution of 140 mg of 
unsaturated lactam 20 in 4 rnL of HOAc. After 18 h the cata- 
lyst was removed by filtration, and the product was isolated by 
partition between ether and water. The semi solid product was 
chromatographed on two preparative plates developed (3 x ) 
in EtOAc-MeOH (97:3). Extraction of the band at Rr 0.82 
produced 78 mg of colorless solid which was recrystallized 
( 2 x )  from MeOH to give 49 mg of colorless plates of pure 
lactarn 86, mp 23C-232"C, [ccIDz0 + 56.4" (c 1.00, CHCI,); 
uv (MeOH) rising end absorption only; ir (CHCI,): 3420 (NH) 
and 1655 cm-I (amide C=O); 'Hmr (CDCI,) 6 :  3.08 (2H, m, 
0=CNCH2) and 6.18 ppm (1 H, bs, NH). M +  calcd. for 
CZ7H47NO: 401.3658; found: 401.3663. 

Both 8a and 86 gave only 27 signals each in their "Cmr 
spectra. 
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Total synthesis of spirobenzylisoquinoline alkaloids. Part V. Generalized approach to the 
complete set of  alkaloid^',^ 
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DAVID DIME and STEWART MCLEAN. Can. J. Chem. 57, 1569 (1979). 
The strategy outlined previously has been developed to provide, in principle, routes to any 

known spirobenzylisoquinoline alkaloid. The generality has been demonstrated by the syn- 
thesis of the racemic forms of corydaine, yenhusomidine, corpaine, sibiricine, and raddeanone. 

DAVID DIME et STEWART MCLEAN. Can. J. Chern. 57. 1569 ( 1  979). 
On a dCveloppe la strategic dCcrite antkrieurement afin de proposer en principe des voies 

perrnettant d'atteindre tous les alcaloi'des connus derives de la spirobenzylisoquinolCine. On a 
dCmontrC la gCneralitC de la methode par la synthese des formes racemiques de la corydai'ne 
de la yenhusomidine, de la corpalne, de la sibiricine et de la raddbanone. 

[Traduit par le journal] 

It has been our goal to  develop a synthetic 
strategy which could, with appropriate tactical 
modifications, provide a totally synthetic route to 
any possible spirobenzylisoquinoline alkaloid. We 
have previously outlined the strategy and described 
its application to the successful syntheses of (+)-  
ochotensimine (1) (1) and (+)-ochrobirine (2) (2). 
Alkaloids such as corydaine (3), yenhusomidine (4), 
sibiricine (S), and raddeanone (6) present a more 
challenging target since control of both functionality 
and stereochemistry at C-9 and C-14 is required in 
the synthesis. We have recently made a preliminary 
report (3) of our partial success in reaching this 
target with the syntheses of (f  )-corydaine and 
(f )-yenhusomidine. We report now a more detailed 
account of these syntheses and an account of further 
developments that have allowed us to complete the 
generalization of the synthetic approach. 

The synthetic strategy was based on the formation 
of the spirobenzylisoquinoline skeleton (7) by a 
Pictet-Spengler reaction of a suitably substituted 
indanedione (8) with an appropriate phenylethyl- 
amine derivative (9). This, in principle, maintains the 
functional differentiation between C-9 and C-14 and 
allows the development of the required functional 
groups with control of stereochemistry. For the 
synthesis of the alkaloids with two oxygen functions 
on the five-membered ring we chose to use the 
bromoindanedione 8 (X = Br), and 3,4-dihydroxy- 
phenylethylamine 9 (R' = R" = H); the latter was 
used since our earlier work with this series of com- 

'Dedicated to the memory of Dr. R. H. F. Manske who 
isolated the first spirobenzylisoquinoline alkaloids. 

2Taken from the Ph.D. Thesis of David Dime, University of 
Toronto, Toronto, Ont. 1978. 

pounds indicated that, without the hydroxyl group 
para to the site of ring closure, yields in the Pictet- 
Spengler reaction were unsatisfactory. The bromo- 
indanedione was unstable and was used as soon as it 
had been prepared. The product of the Pictet- 
Spengler reaction was amorphous and could not be 
characterized completely but on the basis of the 
eventual successful outcome of the synthetic se- 
quence, it was assumed to be 7 (R = R'  = R" = H;  
X = Br). Various spectroscopic data were in accord 
with this proposal and, furthermore, the nmr 
evidence indicated that the product was a single 
epimer but no conclusion could be reached from this 
evidence about its configuration. Displacement of 
the halogen by an external nucleophile was un- 
successful under a wide variety of conditions and a 
plan was then devised in which the nitrogen atom was 
acylated, with the intention that this would provide 
a nucleophile capable of partaking in an intra- 
molecular displacement. It was recognized that this 
should be successful only if the intermediate were the 
correct epimer with the halogen trans to  the nitrogen. 
The N-formvl derivative was treated with silver 
acetate in aqueous acetic acid and the desired trans- 
formation to an alcohol with the hydroxyl group cis 
to the nitrogen did indeed take place. This successful 
outcome led us to  propose that the reaction had 
followed the anticipated path (Scheme 1). 

Our present study was concerned first with probing 
further the apparent high degree of stereoselectivity 
in the Pictet-Spengler reaction that seemed to lead 
to a single epimer. Unfortunately, we have not made 
significant progress regarding this question but we 
have made a number of surprising discoveries that 
force us to revise our account (2) of the course of the 

0008-4042/79/13 1569- 10$01 .OO/O 
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";e - H $ ""OH 

\ / o  
0 

R'O wOq- $ .'"OH 

\ / 

0 

R'O 

w 0 q . e  - 

II 08; " ~ P N H Z  MeOCO MeOcOq; OMeOCO I I H ---- 2.' ,,,,cI ~:~x$.$~ ,.  OH vuuo 
- - - 

O \ / O  \ / o  \ / 

0 0 0 

10 11 R = CHO; R' = R = MeOCO 15 
12 R = CHO; R' + R"= CH, 
13 R =  CHO;R1=  R =  Me 
14 R =  H ; R 1 +  R =  CH, 
16 R = R = H ; R 1 = M e  

Meon+. :::EgH0 Me0 
,+ ""X 
- 

6' ""H 

\ / \ / o  
0 

18 R = C H O ; X = O H ; Y =  H 22 R f =  R"= Me 
19 R = C H O ; X =  H ; Y = O H  23 R ' =  R = C H ,  
20 R =  M e ; X = O H ; Y =  H 
21 R =  M e ; X = H ; Y = O H  

reactions we have described. Most of the compounds was not a ketone and not a simple urethane but had 
at this stage of the synthesis have been amorphous, the more complex bridged structure 10. This com- 
and often unstable and difficult to characterize pound and its mode of formation are interesting in 
adequately. In a modification of the procedure we their own right, but the most significant feature for 
used to protect the phenolic hydroxyl groups, the our present concern is that the configuration at  C-9 
Pictet-Spengler product was treated with methyl (with a C1 substituent) is opposite to that we had 
chloroformate under conditions that also carbo- assigned to related compounds in the original 
methoxylated the nitrogen. For the first time a N-formyl series where we believed that C-9 carried 
beautifully crystalline product was obtained and a Br substituent. Furthermore, the chlorine was dis- 
presumed to be 7 (R = R' = R" = COOMe; placed by the treatment of 10 with silver fluoro- 
X = Br). This was considered to be ideal for an borate in aqueous acetone. The product could not be 
investigation of its stereochemistry by X-ray crystal properly characterized but it appears to be a mixture, 
analysis. During this analysis (4) several disturbing possibly of epimers; the nmr spectrum, for example, 
features unfolded, not the least of which was the shows signals appropriate for two kinds of C-9 
discovery that the molecule contained chlorine, not protons (T 4.47, 4.76) with a combined area of one 
bromine. The final structure determination by the proton. Nevertheless, when this intermediate was 
X-ray method showed further that the compound subjected to the sequence of reactions used in the 

N-formyl series (described below), the alkaloids 
'The absolute configurations of natural (+)-ochotensimine corydaine (3) and yenhusomidine (4) were isolated. 

(1) and (+)-ochrobirine (2) have been determined (12). Other 
configurations depicted in this paper are arbitrarily chosen for The for the present is 
convenience and uniformity of presentation. AIL synthetic that the displacement reaction took place on a 
compounds are racernic. molecule with the C-9 configuration of 10 and at 
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least a substantial part of the product was formed 
with retention of configuration. 

These disconcerting results led us to  examine more 
closely our intermediates in the original sequence 
(including a series of model compounds (2)), par- 
ticularly with respect to  the question of how and 
when chlorine had replaced bromine in the molecule. 
It became apparent that our original observation 
that compounds of form 7 are not susceptible to 
simple S,2 displacement of the halogen was indeed 
correct and that replacement of bromine by chlorine 
had not taken place at this stage. The precursor 8 
(X = Br) is, however, extremely susceptible to  dis- 
placement of bromine by chlorine when treated with 
hydrochloric acid; the extreme ease of this reaction 
leads us to assume that it takes place by addition of 
HCl to the en01 form of 8 followed by elimination of 
HBr from the adduct. I t  follows that the replacement 
of bromine by chlorine in the synthetic sequence took 
place through the action of the HCl used in the 
Pictet-Spengler reaction. As we have already 
pointed out, the products could not be adequately 
purified and were deemed unsuitable for micro- 
analysis; no molecular ions were observed in the 
high resolution mass spectra and the ions of highest 
mass appeared to correspond to M - Br. Sub- 
sequently, differential Br/Cl analyses were carried 
out by standard procedures and it became clear that 
all of the Pictet-Spengler products were mixtures of 
bromo and chloro compounds, usually containing 
a substantial excess of the chloro compound; since 
replacement took place before the spiro product had 
formed and not after, the Br/C1 ratio in a given run 
depended on how long 8 had been in contact with 
HCl during the Pictet-Spengler reaction. 

I t  follows that where we have previously described 
intermediates of form 7 (X = Br) we should replace 
this description by 7 (X = Cl/Br). It also follows 
that we can not come to a firm conclusion about the 
configuration of these compounds. I t  is still true that 
the nmr spectra suggest that only one epimer is 

present but the previous argument that led to the 
conclusion that this was the epimer sterically suitable 
for internal displacement is no longer valid. The 
X-ray crystal structure analysis of 10 provides the 
only firm evidence for the stereochemistry of any 
halo compound in this series, and this compound has 
the configuration opposite to  that proposed pre- 
viously (2), yet it still undergoes replacement of C1 
by O H  under the conditions described previously. A 
more satisfactory explanation for the success of this 
reaction must therefore be found. 

The key reagent in the displacement reaction is the 
silver salt, which undoubtedly serves to 'pull off' the 
halogen from C-9. However, the 'push' from the 
N-formyl group shown in Scheme 1 is not obligatory. 
Compound 10 at  least has the wrong configuration 
for this and still undergoes the reaction. Neverthe- 
less, the presence of the N-acyl group is necessary 
for a successful completion of the desired reaction 
but we believe now that it serves rather a different 
function: the amide resonance makes the lone pair of 
electrons on nitrogen unavailable for direct attack 
a t  the carbonium centre (incipient or otherwise); 
when the amine is not acylated, this attack does take 
place and the aziridinium ion formed can subse- 
quently reopen in a direction that leads to rearranged 
products. We also believe that the stereospecific 
formation of the hydroxyl group cis to the nitrogen 
shows that, once the halogen has been removed far 
enough, the ionic intermediate in Scheme 1 is indeed 
formed by internal attack of the electrons on the 
N-acyl oxygen atom, and that the remainder of the 
sequence proceeds as originally proposed. (It is 
possible that the bridged intermediate derived from 
10 is not susceptible to this internal attack and a 
mixture of epimers results.) Our original synthetic 
sequence thus remains an experimentally viable route 
to intermediates with the stereochemistry of 11, 
albeit for reasons different in detail from those 
originally postulated. 

The continuation of the synthetic sequence re- 
quired a t  this stage the deprotection of the catechol 
system and its conversion to the derivative present in 
the target alkaloid; the example of the formation of 
the methylenedioxybenzene 12 required for ochro- 
birine (2) has already been described (2). The di- 
methoxy analog 13 is available by methylation of the 
catechol with diazomethane. I t  is worth noting here 
that it is desirable to  protect the sensitive P-hydroxy 
ketone during hydrolysis of the protecting groups 
under basic conditions, and that it is undesirable t o  
hydrolyze the N-formyl group before methylation 
of the phenolic hydroxyl groups since the free amine 
in these compounds is especially susceptible to  
N-methylation by diazomethane. 
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In our earlier work (2), a difficulty arose at this 
stage and severely limited the generality of the syn- 
thesis: the Eschweiler-Clarke reaction, which had 
worked well in the ochotensimine synthesis (I) ,  
failed to convert 14, the hydrolysis product of 12, 
to corydaine (3). Direct reduction of the N-formyl 
group of 12 to N-methyl was accomplished with 
lithium aluminium hydride but inevitably the ketone 
was reduced at the same time. This provided a suc- 
cessful synthesis of ochrobirine (2) but unhappily 
removed the functional differentiation at C-9 and 
C-14 that we had carefully preserved through the 
synthesis, and syntheses by this route of alkaloids 
having one ketone and one alcohol function at  these 
sites became impossible. It was presumed that the 
failure of the Eschweiler-Clarke reaction could be 
attributed to the interaction of the C-14 hydroxyl 
group with the moiety formed by reaction of formal- 
dehyde with the adjacent amine centre. Confirmation 
of this proposal was forthcoming when a crystalline 
oxazolidine (15) was isolated when the amine 14 was 
treated with'fo;maldehyde in the absence of formic 
acid. A variant of the Eschweiler-Clarke reductive 
methylation could now be designed: sodium cyano- 
borohydride reduced the oxazolidine in an acidic 
solution, where it presumably exists in equilibrium 
with the open hydroxy imminium intermediate, and 
the desired N-methylated product was obtained, with 
regeneration of the C-9 alcohol cis to the nitrogen 
and without reduction of the C-14 ketone. A general 
route to alkaloids of this substitution pattern was 
thus available and it was applied successfully to the 
synthesis of ( f  )-corydaine (3) and (f )-yenhusomi- 
dine (4). 

0nkXstep in the rout; to yenhusomidine was the 
hydrolysis of the N-formyl intermediate 13 under 
acidic conditions. This normally proceeded without 
difficulty and in high yield, but on one occasion about 
half of the product had suffered hydrolysis of a 
methoxyl group as well as hydrolysis of the amide. 
The nmr spectrum showed that it was the higher field 
methoxyl group that had disappeared and that it was 
probably the phenol 16 that had been produced. 
This was the only occasion when the mild hydrolysis 
conditions normally used gave significant amounts 
of phenol but careful examination of the spectra of 
other batches of hydrolyzed material showed that 
small amounts had been produced in other runs. 
However, the production of a significant amount of 
this phenol on one occasion led us to seek and find 
more vigorous hydrolysis conditions under which 
significant amounts of the phenol could be obtained 
reproducibly. We are unable to advance a con- 
vincing argument based on either electronic or 
steric features to account for the observed selective 

hydrolysis of one methoxyl group; we would cer- 
tainly not have been able to predict it. Compounds 
of form 7 (R' = H;  R" = Me) are available from 
the Pictet-Spengler reaction (see above) whereas 
those of form 7 (R' = Me: R" = H) are not. The 
result we have observed serendipitously opens a 
route to the alkaloids with the latter substitution 
 att tern. Thus when the ohenol 16 was carried 
through the modified reductive methylation sequence 
described above, the alkaloid (f )-corpaine (17) was 
obtained. 

Once we had shown that our synthetic strategy 
could provide routes to the alkaloids corydaine, 
yenhusomidine, and corpaine, we had to face an 
important stereochemical question, one which had 
been apparent to us from the start. These alkaloids 
are P-hydroxy ketones and epimers are possibly 
susceptible to equilibration by a sequence of retro- 
aldol and aldol condensations. If equilibration did 
take place, our earlier efforts to maintain steric 
control of reactions would have been wasted and the 
stereospecificity of our synthesis would be an 
illusion since the stereochemistry of the final 
products would simply be under the control of ther- 
modynamics. A report from the laboratories of 
MacLean and Manske (5) indicated that our worst 
fears were justified: in the course of an imaginative 
and elegant synthesis of the spirobenzylisoquinoline 
alkaloids, they showed that the aldol-retro-aldol 
equilibration does take place under basic conditions 
and, even worse from our point of view, the more 
stable epimers are those such as 3 which we had 
synthesized. At this point we were pleased to receive 
a sample of natural corydaine (3) from the labora- 
tory of M. E. Perel'son and to find that this material 
was optically active; this allowed us to dispose of 
the suggestion that all alkaloids of this group would 
probably be found to have racemized by equilibra- 
tion during the isolation process. We were also able 
to follow semiquantitatively the rate of racemization 
of the alkaloid under a number of conditions. Race- 
mization took place rapidly, as expected, in alkaline 
methanol, but in neutral or acidic solution the rate 
was very much lower. We were also pleased to find 
that racemized alkaloid showed mp 126-130°C, thus 
removing the apparent discrepancy between natural 
and synthetic material in this physical constant. The 
main value of this study was, however, the demon- 
stration that the alkaloid could survive the condi- 
tions of the final steps of our synthetic sequence 
without equilibrating. 

A way of testing more searchingly the stereo- 
specificity of the final steps of our synthesis now pre- 
sented itself and, at the same time, pointed to a 
procedure that could complete the generalization of 
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our synthesis and make available the epimers, such 
as 5 and 6, that had initially appeared unavailable by 
our route. The model compound 18 was prepared 
from precursors described previously (2) in order to  
investigate the proposed procedure. 

The ir spectrum of 18 in chloroform shows a broad 
peak a t  2.84 p, indicating that the hydroxyl group is 
hydrogen bonded. However, as the solution is pro- 
gressively diluted, this band is replaced by a sharp 
peak a t  2.76 p and at high dilution the replacement 
is complete; as this change occurs, an amide peak a t  
6.07 p grows at the expense of a peak a t  6.24 p and a t  
high dilution the 6.24 p peak is absent. I t  follows that 
the hydrogen bonding is not intramolecular and the 
factor that is believed to stabilize the cis-hydroxy 
amines such as 3 (5) is absent. When 18 was heated 
with anhydrous potassium carbonate in dry dimethyl- 
formamide, a mixture of the epimers 18 and 19 (the 
ratio varied with reaction conditions and was not 
optimized; a typical value is 40: 60) was obtained. 
Partial separation of the mixture was possible by 
fractional crystallization; a crystalline sample of 18 
was recovered but even the best sample of 19 was not 
completely pure and failed to  crystallize, and in 
accord with previous observations (9, 19 readily 
underwent epimerization during crystallization at- 
tempts. The original mixture was, therefore, sub- 
jected to the sequence of reactions described for con- 
verting the N-formyl group to  N-methyl. Hydrolysis 
of the amides in acidic methanol solution reauired a 

~ A 

longer reflux time than in previous cases, probably 
because the trans isomer was not so readily hydro- 
lyzed. The epimeric ratio remained constant, as 
judged by nmr spectroscopy, during this process. The 
mixture of amines was treated with formaldehyde in 
methanol, the pH was brought to 3, and reduction 
with sodium cyanoborohydride was carried out. A 
mixture of the required N-methyl compounds was 
obtained and no appreciable change in the epimeric 
ratio was observed. 

Epimerization of the intermediates 12 and 13, 
required for the synthesis of the actual alkaloids, 
proved to be more difficult than in the model series 
and it was necessary to modify the conditions used. 
The N-formyl compound was treated with lithium 
diisopropylamide and hexamethylphosphoramide in 
tetrahydrofuran at - 78°C; the reaction mixture was 
then allowed to  warm to  room temperature and was 
stirred overnight. The mixture of epimers produced 
was then converted to  the N-methyl analogs by the 
same reaction sequence as that used in the model 
series. The dimethoxv c o m ~ o u n d  13. under the 
epimerizing conditions described, was converted to a 
mixture of epimers which contained 30% of the trans 
isomer 22. This mixture afforded, after hydrolysis 

and methylation, the alkaloids (+)-yenhusomidine 
(4) and (+)-raddeanone (6), still in the ratio 70:30. 
Separation was again difficult because of the ease 
with which epimerization took place; a pure sample 
of the more stable epimer, yenhusomidine, could be 
obtained by fractional crystallization but only 
spectroscopic evidence could be obtained that the 
mother liauors were enriched in raddeanone and 
separation was effected only at an analytical level by 
hplc. In the same way 12 was converted through a 
mixture (70:30) of the starting compound and its 
epimer 23 to a mixture of (+)-corydaine (3) and 
(f )-sibiricine (5) in the same ratio. Pure corydaine 
could be isolated by fractional crystallization but, 
once again, sibiricine could be separated only at a n  
analytical level by hplc of the mother liquors. 

The success of the strategy has thus been estab- 
lished. It is capable, in principle, of providing 
rational synthetic routes to  spirobenzylisoquinoline 
alkaloids of any substitution pattern or stereo- 
chemistry and it has been reduced to practice with 
the syntheses of the racemic modifications of ocho- 
tensimine (l), ochrobirine (2), corydaine, yenhuso- 
midine, sibiricine, raddeanone, and corpaine by us 
and of ochotensine (6, 7), fumaricine, fumaritine, 
and fumariline (8) by others using the same approach. 

Experimental 
Melting points were determined on a Thomas-Kofler micro 

hot stage. Spectrometers used were a Perkin-Elmer 137 for ir 
spectra, a Unicam SP800A for uv spectra, a Varian T-60, 
Bruker WP-80, or Varian HA-100 for proton nmr spectra, 
a CEC 21-490 for mass spectra, an AEI MS-902 for accurate 
mass measurements, and a Roussel-Jouan Dichrographe I1 for 
cd spectra. Unless otherwise indicated, chloroform solutions 
were used to obtain ir spectra and the wavelengths (p) of 
selected absorptions are reported, methanol solutions were 
used to obtain uv spectra and the wavelengths (A,,,, nm) of  
significant peaks are reported followed in parentheses by the 
extinction coefficient (E), and chloroform-d solutions (with 
tetramethylsilane as internal standard) were used to  obtain 
proton nmr spectra and chemical shifts are reported on the T 
scale (60 MHz spectra are routinely reported) followed in 
parentheses by an indication of the multiplicity (initial letter) 
and the number of protons associated with it. The ms data 
reported are the m/e values of significant ions followed in 
parentheses by an indication of their abundance relative to the 
base peak 

The Model Series 
3-Brorno-1,Z-indanedione; Reaction ~vitlz Hydrocl~loric Acid 

When the bromoindanedione (209 mg), prepared as de- 
scribed previously (1, 2), was dissolved in 50 mL of ethanol 
containing 0.25 mL of concentrated hydrochloric acid and 
heated at 65°C under nitrogen for 13 h, and the reaction mix- 
ture was then diluted with 200 mL of water and  extracted with 

4Carbon-13 nmr spectra of pure compounds were recorded. 
Copies of these data may be obtained, at  a nominal charge, 
from the Depository of Unpublished Data, CISTI, The 
National Research Council of Canada, Ottawa, Ont., K I A  0S2. 
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methylene chloride, an oil (122 mg) was obtained from the 
extract. No starting material remained and the product 
appeared to be 3-chloro-l,2-indanedione; ms : 182 (1 5), 
I80 (45). 

Compound 18 
The preparation of the unstable intermediate 24 (R = R'  = 

R" = H; X = CI/Br) from 3-bromo-l,2-indanedione and 9 
(R' = R" = H) has been described previously (2). A solution 
of this compound in methanol was treated at 0°C with an 
excess of diazomethane dissolved in ether. The solution was 
allowed to come to room temperature and was stirred over- 
night in the absence of light. Excess diazomethane was 
destroyed with acetic acid and the solvent was removed under 
reduced pressure. (This method sometimes produced a con- 
siderable amount of N-methylated product.) The crude pro- 
duct was treated with acetic anhydride - formic anhydride in 
the manner described previously (2). A brown foam was 
isolated; recrystallization from methanol afforded white 
crystals, mp 181-182°C. This was a mixture of the halo com- 
pounds 24 (R = CHO; R '  = R" = Me; X = CI/Br); ir: 
5.79, 5.99. Anal. calcd. for C 2 ~ H l s N B r 0 4 :  C 57.70, H 4.36, 
N 3.36, Br 19.20; calcd. for C20HlsNC1O4: C 64.60, H 4.88, 
N 3.77, CI 9.54; found: C 64.06, H 4.63, N 3.77, Br 2.84, 
C1 8.06. 

This formamide (357 mg) was dissolved in 20 mL of nitro- 
methane and stirred overnight with silver fluoroborate (700 
mg) under a nitrogen atmosphere and with the exclusion of 
light. The reaction mixture was stirred for 10 min with 
aqueous sodium chloride and then filtered through Celite. 
The organic layer afforded 18 as a crystalline solid (311 mg) 
which, on recrystallization from methanol, formed white 
crystals, mp 202-206°C; ir: 2.76 (sharp), 2.84 (broad, absent 
at high dilution), 5.81, 6.07 (increases on dilution), 6.24 
(absent at high dilution); uv; 212 (17 300), 238 (13 400), 
288 (3300); nmr: 1.73 (s, I), 2.0-2.7 (complex, 4), 3.33 (s, I), 
4.08 (s, I), 4.78 (d, J = 12 Hz, D 2 0  addition produces s, I), 
5.8-7.5 (complex, 4), 6.13 (s, 3), 6.55 (s, 3), 6.87 (d, J = 12 Hz, 
1, removed by D 2 0  addition); ms 354 (22), 353 (99,335 (27), 
325 (19), 324 (60), 308 (56), 307 (30), 280 (60), 279 (20), 
248 (20), 221 (18), 220 (100). Anal. calcd. for CZ0Hl9NO5: 
C 67.98, H 5.42, N 3.96; found: C 67.83, H 5.45, N 3.89. 

The Oxazolidit~e 25 
A solution of the formamide 18 (443 mg, 1.25 mmol) in 

50 mL of 9: 1 methanol - concentrated hydrochloric acid was 
refluxed under nitrogen for 5 h. The amine (420mg, 1.25 
mmol) was isolated from the reaction mixture after it had been 
cooled, diluted with 200 mL of water, made basic with solid 

sodium bicarbonate, and extracted with methylene chloride. 
Recrystallization from methanol of the product obtained from 
the extract gave white crystals, mp  182-183°C; ir: 3.10 
(broad), 5.80; uv: 214 (15 200), 239 (16 800), 285 (5650), 
343 (450); nmr: 2.0-2.6 (complex, 4), 3.67 (s, I), 4.05 (s, I), 
5.00 (s, 11, 6.0-7.5 (complex, 4), 6.17 (s, 3), 6.40 (broad signal, 
removed by D 2 0  addition, 2), 6.57 (s, 3); ms: 326 (12), 325 
(63), 324 (lo), 323 (44), 322 (41), 321 (33), 320 (loo), 308 (34), 
307 (83), 306 (23), 305 (31), 292 (63), 276 (29), 266 (24), 264 
(16), 262 (20), 248 (27), 220 (20), 192 (IS), 190 (15), 105 (17), 
89 (16), 79 (29), 77 (23), 76 (26), 52 (22), 51 (23), 44 (62). Anal. 
calcd. for C19H19N04. tH20:  C 68.25, H 6.03, N 4.19; 
found: C 68.18, H 6.03, N 4.14. 

A solution of this amine (321 mg, 0.96 mmol) in 200 mL of 
acetonitrile containing 2 mL of 37% aqueous formaldehyde 
was stirred at room temperature under nitrogen for 2 h. The 
solution was evaporated under reduced pressure, and the 
residue was dissolved in methylene chloride and washed with 
water. The organic layer yielded the oxazolidine 25 (306 mg, 
91 mmol], which was recrystallized from methanol and 
obtained as white crystals, mp 160-163°C; ir:  5.82; uv: 214 
(18 OOO), 242 (18 OOO), 286 (5500); nmr: 2.0-2.6 (complex, 4), 
3.30 (s, I), 4.00 (s, I), 4.63 (s, I), 5.59 (ABq; J = 7 Hz, in- 
ternal (int.) chemical shift 21 Hz, 2), 6.5-7.5 (complex, 4), 6.12 
(s, 3), 6.45 (s, 3); ms: 338 (22), 337 (100), 309 (24), 308 (84), 307 
(49 ,  294 (49,280 (90), 278 (37). Anal. calcd. for C20H19N04: 
C71.20, H5.68,N4.15;found:C71.15,H5.77,N4.08. 

Compound 20 
A solution of the oxazolidine 25 (208 mg, 0.62 mmol) and 

sodium cyanoborohydride (60 mg, 0.95 mmol) in 30 mL of 
methanol containing enough concentrated hydrochloric acid 
to bring it to pH 3 was stirred at room temperature under 
nitrogen for 1 h. The solution was diluted with 200 mL of 
water, made basic with solid sodium bicarbonate, and then 
thoroughly extracted with methylene chloride. The organic 
extract was washed with dilute sodium hydroxide and then 
with water, dried, and evaporated to dryness under reduced 
pressure. The product, 20 (209 mg, 0.62 mmol), was obtained 
as a crystalline solid which, after recrystallization from 
hexane-acetone, had mp 199-200°C; ir: 3.08 (broad), 5.82; 
uv: 213 (13 400), 243 (12 800), 286 (4750); nmr: 2.0-2.9 
(complex, 4), 3.37 (s, I), 3.92 (s, I), 4.92 (s, I), 5.62 (broad, I), 
6.4-7.5 (complex, 4), 6.13 (s, 3), 6.37 (s, 3), 7.81 (s, 3); ms: 340 
(24), 339 (loo), 324 (31), 296 (25), 294 (39), 280 (30). Exact mass 
calcd. for CzoHZlNO4: 339.1462; found: 339.1470. Anal. 
calcd. for C20H21N04: C 70.77, H 6.24, N 4.13; found: 
C 70.53, H 6.16, N 4.22. 

Epimerization Experiments 
A mixture of compound 18 (1 18 mg) and anhydrous potas- 

sium carbonate (200 mg) in 15 mL of dry dimethylformamide 
was heated to 120-125°C with vigorous stirring under nitrogen 
for 1.3 h. The reaction mixture was poured into 200 mL of 
ice water and extracted with methylene chloride. The extract 
was washed with water, dried, and evaporated under reduced 
pressure. A yellow solid was obtained which was judged to 
consist of 40% of 18 and 60% of 19 on the basis of its nmr 
spectrum. 

The mixture was hydrolyzed by refluxing in methanol - 
hydrochloric acid in the manner described above for pure 18 
(see oxazolidine 25), except that reflux was continued for 18 h. 
The product, a pale foam (78 mg) was judged, from its nmr 
spectrum, to contain the amine derived from 18 (described 
above) and its epimer in the ratio 40: 60. Fractional crystalliza- 
tion of this material afforded a crystalline sample of the former 
amine, but the epimer was recovered from the mother liquor 
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as a noncrystalline residue; ir: 2.86 (sharp), 2.97 (sharp), 3.03 
(broad), 5.83; nmr: 2.0-2.7 (complex, 4), 3.35 (s, l), 4.42 (s, l), 
4.75 (s, I), 6.3-7.5 (complex, 4), 6.33 (s, 3), 6.58 (s, 3), 7.62 
(broad signal, removed by D 2 0  addition, 2). Exact mass 
calcd. for Cl,H1,NO4: 325.1317; found: 325.1320. 

The 40: 60 mixture of epimeric amines (27 mg) was dissolved 
in 6 mL of methanol, 0.2 mL of 3 7 z  aqueous formaldehyde 
was added, and the solution was stirred for 1 h at room tem- 
perature under nitrogen. The solution was brought to pH 3.5 
by the addition of concentrated hydrochloric acid, sodium 
cyanoborohydride (6 mg) was added, and the stirring under 
nitrogen was continued for 1 h further. During this period the 
pH was maintained by the addition of hydrochloric acid as 
required. The reaction mixture was worked up in the manner 
previously described and the product was obtained as an oil 
(23 mg) which was judged on the basis of its nmr spectrum to 
contain compounds 20 and 21 in the ratio 40: 60. 

The 10,ll-Methylenedioxyspirobenzylisoqui~zolines 
3-Bromo-4,5-methylenedioxy-1,2-indanedione 
(8; X = Br) 

This was prepared from o-vanillin by the method described 
previously (1, 2) with the following improvements. The 
2,3-methylenedioxycinnamic acid intermediate was dissolved 
in aqueous sodium hydroxide and reduced quantitatively to 
the dihydro compound with hydrogen (40 psi) in the presence 
of 1 0 z  palladium-charcoal catalyst; the method of Kelly and 
Beckett (7) was used to convert the indanone to the indane- 
dione. 

Pictet-Spengler Reaction 
The bromoindanedione 8 (X = Br) (1.847 g, 6.87 mmol) 

and p-(3,4-dihydroxypheny1)ethylamine hydrochloride (2.38 g, 
13.6 mmol) in 150 mL of dry ethanol were heated to 70°C 
under nitrogen for 24 h. The reaction mixture was cooled, 
poured into 150 mL of 3 z  hydrochloric acid, and extracted 
with methylene chloride. (The organic extract provided 650 mg 
of uncharacterizable material.) The aqueous solution was 
freeze-dried, the solid (3.52 g) obtained was dissolved in the 
minimum volume of boiling methanol, and the solution was 
then diluted with twice that volume of benzene. The excess 
starting amine hydrochloride precipitated as white crystals 
(1.074 g, 6.14 mmol). The spirobenzylisoquinoline hydro- 
chloride product was obtained from the mother liquor as a 
brown oil (2.45 g) after evaporation of the solvent. A solution 
of this material in 40 mL of dry pyridine under nitrogen was 
cooled to - 78°C and methyl chloroformate (1.50 mL, 
19.3 mmol) was added dropwise to the solution. The reaction 
mixture was allowed to warm to room temperature and was 
stirred vigorously under nitrogen for 22 h. The solvent was 
removed under high vacuum and the residue was dissolved in 
200 mL of methylene chloride, washed with brine, dried, and 
evaporated to dryness. The residue (2.46 g) was dissolved in 
50 mL of dry methylene chloride and stirred under nitrogen 
with 10 mL of acetic-formic anhydride for 26 h. The solvent 
was removed under reduced pressure and the residue was 
dissolved in 200mL of methylene chloride and washed with 
brine. The organic layer afforded, as a brown foam (2.52 g), 7 
(R = CHO, R'  = R" = COOMe, X = CI/Br) which had 
the same spectroscopic characteristic~~as those reported pre- 
viously (2). 

Displacerner~t of Halogen: Compound 11 
Undried silver fluoroborate (5 g) was added to a solution 

of the above halo product (2.52 g) in 50 mL of nitromethane 
and the mixture was stirred under nitrogen with exclusion of 
light for 18 h. An excess of aqueous sodium chloride solution 
was added, stirring was continued for 5 min, and the mixture 

was filtered through Celite. The filter pad was washed with 
methylene chloride and water, and the combined organic 
layers were washed with water, dried, and evaporated to dry- 
ness under reduced pressure. The product (11) was obtained as 
a brown solid (2.29 g, 4.73 mmol) which, after recrystallization 
from acetone-ether, formed white crystals, mp 205-210°C; 
ir: 2.80 (sharp), 3.05 (shoulder), 5.62, 5.77, 6.00, 6.05, 
(shoulder); uv: 214 (21 200), 238 (22400), 295 (8150), 313 
(9400); nmr: 1.70 (s, I), 2.77 (ABq, J = 8 Hz, int. chemical 
shift 27 Hz, 2), 2.80 (s, l), 3.50 (s, I), 3.78( s, 2), 4.72 (broad- 
ened d ,  J = 5 Hz, s after D 2 0  addition, l ) ,  5.8-7.5 (complex, 
5, 4 after D 2 0  addition), 6.08 (s, 3), 6.14 (s, 3); ms: 467 (3), 
453 (28), 377 (25), 350 (41), 349 (24), 334 (18), 323 (20), 322 
(loo), 59 (66). Anal. calcd. for C2,H19NOll: C 56.91, H 3.95, 
N 2.89; found: C 56.65, H 4.28, N 3.14. 

Compolrnd 12  
The procedure used has been described previously (2). 

Compound 11 (1.000 g, 2.06 mmol) was converted to its tetra- 
hydropyranyl ether (epimeric mixture) by treatment with 
0.32 mL of dihydropyran in 60 mL of dry methylene chloride 
containing a trace of p-toluenesulfonic acid and the ester pro- 
tecting groups were removed by hydrolysis with sodium bi- 
carbonate in aqueous methanol, with care being taken to 
deoxygenate all solutions by continuous flushing with nitrogen. 
The catechol produced was dried in a 500-mL flask under high 
vacuum, anhydrous potassium carbonate (3.6 g), cupric 
oxide (1.8 g), and a stirring bar were added to the flask and the 
contents were dried under vacuum for a further 30mins. 
Deoxygenated dimethylformamide (200 mL) and dry methy- 
lene iodide (2.0 mL) were then added and the mixture was 
heated at 120-125°C for 1.5 h. After it had cooled, the reaction 
mixture was filtered through Celite, the filter cake was washed 
with 200 mL of water and 200 mL of methylene chloride, and 
500 mL of brine was added to the filtrate. The organic layer 
was separated, the aqueous layer was extracted with additional 
methylene chloride, and the combined organic extracts were 
worked up in the usual manner. The tetrahydropyranyl 
derivative of 12 was obtained as a light brown foam, which 
was dissolved in 100 mL of methanol containing 80 mL of 0.5 
N hydrochloric acid and hydrolyzed in the manner described 
before (2). Compound 12 was obtained as white crystals 
(775 mg, 2.03 mmol) which, after recrystallization from 
acetone-methanol, had mp 190-193°C; ir: 2.86 (sharp), 
5.78, 6.01; uv: 212 (13 000), 236 (14 900), 293 (7500), 308 
(inflection 5350); nmr: 1.72 (s, I), 2.76 (ABq, J = 8 Hz, int. 
chemical shift 27 Hz, 2), 3.37 (s, I), 3.82 (s, 2), 3.98 (s, I), 4.16 
(ABq, J = 1.5 Hz, int. chemical shift 3 Hz, 2), 4.78 (d, J = 
12 Hz, s after D 2 0  addition, I), 5.6-7.5 (complex, 5, 4 after 
D 2 0  addition); ms: 381 (23), 364 (23), 363 (loo), 352 (IS), 
336 (33,  335 (42), 334 (23), 320 (29), 308 (27), 307 (44), 278 
(21), 277 (57), 249 (22), 163 (19). Exact mass calcd. 
for C2,H1,NO7: 381.0847; found: 381.0846; calcd. for 
C20H13N06 : 363.0757 ; found: 363.0771 ; calcd. for : C19H14- 
NO6: 352.0846); found: 352.0871 ; calcd. for C19H13N05 : 
335.0744; found: 335.0724; calcd. for C19H12NOS: 334.0707; 
found: 334.0699; calcd. for Cl8Hl0NO5: 320.0572; found: 
320.0585; calcd. for C l lHloN03:  204.0671; found: 204.0682. 
Anal. calcd. for C20H15N07: C 62.99, H 3.97, N 3.67; found: 
C 62.79, H 4.38, N 3.96. 

Comportnd I 4  
A solution of the forrnamide 12 (120 mg, 0.315 mmol) in 

20 mL of a 9 :  1 mixture of methanol and concentrated hydro- 
chloric acid was refluxed for 5 h. The reaction mixture was 
poured into 100 mL of water, the solution was made basic with 
solid sodium bicarbonate, extracted with methylene chloride, 
and the extract was worked up in the usual manner. The amine 
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14 was obtained as crystals (1 12 mg, 0.3 14 mmol) which, after 
recrystallization from methanol, had mp 191-193°C; ir: 3.16 
(broad), 5.85; uv: 212 (18 409,237 (23 800), 294 (10 700), 308 
(inflection 8400); nmr: 2.82 (ABq, J = 8 Hz, int. chemical 
shift 28 Hz, 2), 3.44 (s, I), 3.83 (s, 2), 3.99 (s, I), 4.20 (s, 2), 
5.04 (s, I), 5.9-7.7 (complex, 6, 4 after D 2 0  addition); ms: 
353 (50), 336 (34), 335 (loo), 334 (30), 320 (22), 306 (20). 
Exact Masscalcd. for ClQH15N06:  353.0901 ; found: 353.0903. 
Anal. calcd. for C19HISN06:  C 64.58, H 4.28, N 3.96; found: 
C 64.19, H 4.23, N 3.87. 

The Oxazolidine 15 
A solution of compound 14 (103 mg, 0.292 mmol) and 

1.0 mL of 37% aqueous formaldehyde in 10 mL of methanol 
was stirred at room temperature under nitrogen for 1 h. The 
solvent was removed under reduced pressure and the residue 
was dissolved in 100 mL of methylene chloride, washed with 
water, and worked up in the usual way. Oxazolidine 15 was 
obtained as crystals (104 mg, 0.285 mmol) which, after re- 
crystallization from acetone-ether had mp 240-247°C; ir: 
5.80; uv: 212 (23 200), 237 (31 400), 295 (14 300), 314 (1 1 800); 
nmr: 2.74 (ABq, J = 8 Hz, int. chemical shift 27 Hz, 2), 3.35 
(s, I), 3.78 (narrow m, 2), 3.95 (s, I), 4.72 (narrow m, 2), 
4.66 (s, I), 5.56 (ABq, J = 7 Hz, int. chemical shift 21 Hz, 2), 
6.5-7.8 (complex, 4); ms: 365 (59), 337 (24,) 336 (loo), 335 
(79), 320 (27), 308 (66), 307 (19), 306 (31), 279 (20), 278 (40). 
Exact Masscalcd. for C20H1sN06: 365.0897; found: 365.0895. 
Anal. calcd. for CzOH1sN06: C 65.75, H 4.14, N 3.83; 
found: C 65.48, H 4.34, N 3.57. 

(+)-Corydaine 3 
A solution of the oxazolidine 15 (16 mg; 0.044 mmol) and 

sodium cyanoborohydride (4 mg, 0.063 mmol) in 3 mL of 
methanol containing sufficient concentrated hydrochloric acid 
to  bring it to pH 3 was stirred at room temperature under 
nitrogen for 1 h. The reaction mixture was diluted with 100 mL 
of water, made basic with solid sodium bicarbonate, and 
thoroughly extracted with methylene chloride. The extract 
afforded (+)-corydaine (3) as a solid (11 mg, 0.030 mmol) 
which, on recrystallization from ethanol, had mp 127-128°C. 
The spectroscopic (nmr, ir, ms) and tlc (four systems) charac- 
teristics of the synthetic material and of natural (+)-corydaine 
were identical. A sample of racemized natural corydaine (see 
below) was identical in every respect and the melting point 
was not depressed on admixture. A sample of (+)-corydaine 
synthesized by a different route (5) was also identical. 

Compound 13 
Compound 11 (500 mg, 1.03 mmol) was converted to  its 

tetrahydropyranyl derivative and the ester groups were 
hydrolyzed as before (see under Compound 12) but the 
catechol was not isolated; instead the methylene chloride 
extract was concentrated and then added to  a solution of 
diazomethane (prepared from 7.5 g of N,N'-dimethyl-N,Nf- 
dinitrosotereuhthalamide (70% in mineral oil)) in ether at  P C .  
The solution- was allowed 'to'warm to room temperature and 
was stirred overnight with exclusion of light. Sufficient glacial 
acetic acid was added to  destroy the excess diazomethane, and 
the solution was evaporated to  dryness under reduced pres- 
sure. The oil obtained was stirred under nitrogen with 50 mL 
of methanol and 40 mL of 0.5 N hydrochloric acid for 2.5 h ;  
200 mL of water was added and the mixture was extracted with 
methylene chloride. The extract afforded 13  as a solid product 
(390 mg, 0.982 mmol), which had mp 166-176°C after re- 
crystallization from acetone-ether. The microanalyses of this 
material were unsatisfactory, the erratic values suggesting that 
samples were hydrated to  varying degrees. Spectroscopic 
characteristics: ir: 2.87 (sharp), 5.80, 6.04, 6.20; uv: 212 
(23 200), 235 (23 200), 290 (9850), 310 (7400); nmr: 1.77 (s, I), 

2.81 (ABq, J = 8 Hz, int. chemical shift 28 Hz, 2), 3.40 (s, l), 
3.87 (s, 2), 4.04 (s, I), 4.79 (broad, I), 5.6-7.5 (complex, 4), 
6.17 (s, 3), 6.50 (s, 3); ms : 397 (25), 383 (30), 381 (20), 379 (75), 
366 (25), 365 (loo), 354 (lo), 352 (27), 351 (76), 338 (47), 
337 (70), 336 (59 ,  335 (30), 324 (26), 323 (46), 322 (40), 310 
(33), 309 (32), 308 (20), 307 (25), 294 (30), 293 (20), 292 (30), 
278 (21), 277 (53,  220 (25), 206 (27), 106 (34). Exact Mass 
calcd. for C21H19N07:  397.1155; found: 397.1149; calcd. for 
C2,H1,NO7: 383.1007; found: 383.1009; calcd. for CZlH17- 
NO6: 379.1010; found: 379.0965; calcd. for ClQH16N06: 
354.0932; found: 354.0887; calcd. for C20H17N0s: 351.1132; 
found: 351.1158; calcd. for C19HlSN05:  337.0943; found: 
337.0935; calcd. for Cl9Hl4NOS:  336.0868; found: 336.0864. 

Yenhusornidit~e 4 
The formamide 13  (200 mg, 0.504 mmol) was hydrolyzed 

in the manner described above in the preparation of 14. The 
amine (186 mg, 0.504 mmol) isolated, after recrystallization 
from methanol-ether, had mp 183-184°C; ir: 3.18 (broad), 
5.85; uv: 212 (20 300), 236 (28 goo), 289 (10 800), 310 (8450); 
nmr: 2.78 (ABq, J = 8 Hz, int. chemical shift 28 Hz, 2), 3.39 
(s, I), 3.81 (s, 2), 3.97 (s, I), 4.98 (s, l), 5.9-7.7 (complex, 4), 
6.18 (s, 3), 6.49 (s, 3); ms: 370 (23), 369 (loo), 352 (33), 351 
(85), 340 (20), 336 (40), 310 (28), 292 (23). Exact Mass calcd. 
for C Z O H ~ , N O ~  : 369.1208; found: 369.1204. Anal. calcd. for 
CZoHl9NO6: C 65.03, H 5.19, N 3.79; found: C 64.73, H 5.35, 
N 3.69. 

(On one occasion (see below) the hydrolysis gave a 50:50 
mixture of the normal amine and the phenolic amine 16.) 

The amine (87 mg, 0.235 mmol) was stirred with 1 mL of 
37% aqueous formaldehyde in 5 mL of acetonitrile at  room 
temperature under nitrogen for 50 min. The oxazolidine 
(90 mg, 0.235 mmol), isolated in the manner described for 15, 
was recrystallized from methanol and obtained as  white 
crystals, mp 262-267°C; ir: 5.80; uv: 21 1 (15 800), 236 
(22 200), 290 (8100), 314 (7350); nmr: 2.73 (ABq, J = 8 Hz, 
int. chemical shift 28 Hz, 2), 3.32 (s, l), 3.77 (s, 2), 3.95 (s, I), 
4.63 (s, I), 5.57 (ABq, J = 7 Hz, int. chemical shift 20 Hz, 2), 
6.5-7.6 (complex, 4), 6.14 (s, 3), 6.40 (s, 3); ms: 381 (20), 352 
(19), 351 (IS), 324 (17), 86 (27), 85 (67), 84 (41), 83 (100). 
Exact Mass calcd. for C2 1H19N06: 381.1207; found: 381.1202. 
Anal. calcd. for Cz1Hl9NO6: C 66.13, H 5.02, N 3.67; found: 
C 66.38, H 5.27, N 3.52. 

The oxazolidine (100 mg, 0.262 mmol) was reduced with 
sodium cyanoborohydride (20 mg, 0.313 mmol) in 10 mL of 
methanol in the manner described above for the preparation 
of 3. (+)-Yenhusomidine (4) was obtained as a solid (95 mg, 
0.248 mmol) which, after recrystallization from methanol, had 
mp 239-241°C. Its spectroscopic characteristics (ir, uv, nmr, 
ms) were identical with those of natural yenhusomidine (9). 
The material was identical in all respects with (f )-yenhusomi- 
dine synthesized by a different route ( 9 ,  and the melting point 
of a mixture of the two was not depressed. 

Compound I 6  
In one run, the hydrolysis of formamide 1 3  (198 mg) in 

methanolic hydrochloric acid (see Yenhusomidine 4, above) 
led to the isolation of a mixture of products (163 mg) which 
was separated by tlc on alumina with chloroform that had been 
treated with ammonia. This provided the previous dimethoxy 
amine (66 mg) and the phenolic amine 16 (51 mg) as a foam 
with the following characteristics: ir: 2.88 (sharp), 3.03 
(sharp), 3.15 (broad), 5.83; nmr: 2.79 (ABq, J = 8 Hz, int. 
chemical shift 28 Hz, 2), 3.39 (s, I), 3.80 (s, 2), 3.87 (s, I), 
5.01 (s, I), 5.80 (broad signal, removed by D 2 0  addition, 3), 
6.2-7.8 (complex, 4), 6.17 (s, 1); ms: 355 (451, 338 (39, 
337 (loo), 336 (42), 294 (28), 107 (25), 106 (40), 105 (27). 
Exact Masscalcd. for Cl9HL7NO6 : 355.1062; found: 355.1056. 
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The formation of 16 in significant amounts under these 
conditions occurred only once. Reproducible results were 
obtained with the following hydrolysis conditions: a solution 
of the formamide 13 (25 mg) in 2 mL of acetic acid saturated 
with hydrogen bromide was refluxed under nitrogen for 1.5 h. 
The reaction mixture was cooled, diluted with 25 mL of water, 
made basic with solid sodium bicarbonate, and extracted 
thoroughly with methylene chloride. The extract afforded a 
50:50 mixture of the two amines (13 mg). 

Corpaine 17 
A solution of the amine 16 (23 mg, 0.065 mmol) in 5 mL of 

acetonitrile containing 0 .2mL of acetonitrile was stirred at 
room temperature under nitrogen for 1.25 h. The oxazolidine 
(21 mg, 0.059 mmol) was isolated in the manner described for 
15 and obtained as a white solid; ir: 2.86 (sharp), 5.79; nmr: 
2.25 (ABq, J = 8 Hz, int. chemical shift 28 Hz, 2), 3.35 (s, I), 
3.77 (narrow m, 2), 3.83 (s, I), 4.43 (broad, 1, removed by D 2 0  
addition), 4.68 (s, I), 5.58 (ABq, J = 7 Hz, int. chemical 
shift 20 Hz, 2), 6.2-7.6 (complex, 4), 6.12 (s, 3); ms: 368 (23), 
367 (82), 339 (27), 338 (loo), 337 (84), 324 (30), 323 (21), 
322 (48), 310 (74), 308 (27), 294 (27), 292 (26), 281 (21), 280 
(42). Exact Mass calcd. for C20H,7N06:  367.1062; found: 
367.1056. 

The oxazolidine (20 mg, 0.054 mmol) was reduced with 
sodium cyanoborohydride (10 mg) in 10 mL of methanol in 
the manner described for the preparation of 3. (+)-Corpaine 
(17) was obtained as a solid (20 mg, 0.053 mmol) which, after 
recrystallization from methanol, had mp 252-255'C. Its spec- 
troscopic characteristics (ir, nmr, ms) were identical with those 
of natural corpaine (10). Exact Mass calcd. for C20HlgN06: 
369.1227; found: 369.1241; calcd. for C20H17N05: 351.1116; 
found: 351.1125; calcd. for C19HlsN05:  340.1181; found: 
340.1177; calcd. for C19H15NOI: 337.0939; found: 337.0928; 
calcd. for C19H18N0,: 324.1235; found: 324.1235; calcd. for 
C l  1H12N03 : 206.0849; found: 206.0881. 

Conzpound 10 
The bromoindanedione 8 (X = Br) (1.134 g) and 8-(3,4- 

dihydroxypheny1)ethylamine hydrochloride (1 .OO g) in 90 mL 
of dry ethanol were heated to 70°C under nitrogen for 24 h. 
The unstable product was isolated in the manner described 
above (see Pictet-Spengler Reaction), dissolved in 25 mL of 
dry pyridine, and treated as before with methyl chloroformate, 
except that excess methyl chloroformate (5.0 g) was employed 
and the treatment with methyl chloroformate was repeated 
twice (or until no free amine remained). The product (1.025 g) 
was a foam which formed crystals after it had been dissolved in 
methanol and treated with activated charcoal. Recrystalliza- 
tion from methanol afforded 10 as white crystals, mp 215- 
216°C; ir: 5.78; uv: 216 (28 600), 252 (3900), 297 (2800); nmr: 
2.82 (s, l), 2.91 (ABq, J = 8.5 Hz; int. chemical shift 8.5 Hz, 
2), 3.33 (s, I), 3.85 (s, 2), 4.43 (s, I), 5.3-7.6 (complex, 4), 
6.08 (s, 3), 6.15 (s, 3), 6.54 (s, 3); ms: 579 ( 9 ,  577 (15), 395 (23), 
96 (99), 94 (loo), 93 (20), 59 (29). Anal. calcd. for C2,HzO- 
NClOl3: C 51.96, H 3.49, N 2.42, C1 6.14; found: C 51.87, 
H 3.30, N 2.42, C1 6.24. 

Conversion of 10 to Corydaii~e and Yenhusonzidine 
A solution of 10 (527 mg) and silver fluoroborate (1.2 g) in 

30 mL of acetone containing 2 mL of water was stirred at  room 
temperature under nitrogen with the exclusion of light for 
40 h. The solvent was removed under reduced pressure and the 
product was isolated in the standard way. This solid (467 mg), 
mp 199-20IoC, appeared to be a mixture but it could not be 
characterized satisfactorily. 

This material (175 mg) was converted to its tetrahydro- 
pyranyl derivative in the manner described above. The 
product (210 mg) was hydrolyzed to the catechol and this was 

converted to the methylenedioxybenzene in the manner 
described above (see Compound 12). Hydrolysis of both the 
tetrahydropyranyl group and the amide were carried out at the 
same time under the conditions described above for the con- 
version of 12 to 14. The product (166 mg) obtained was impure 
14 and could be converted to (+)-corydaine by the sequence 
described above. 

The above dehalogenated intermediate, mp 199-20IoC, 
(188 ma) was converted to the catechol iust described. This was 
treated- with diazomethane as described previously (see 
Compound 13) and the product was hydrolyzed under the 
conditions described for the conversion of 12 to 14 except that 
reflux was carried out for 10 h. The product (149 mg) was sub- 
jected to tlc on silica gel (with 96:4 methylene chloride - 
methanol) and separated into two components: the amine 
(67 mg) derived from 13, which was converted to (+)-yen- 
husomidine, and a compound (67 mg) tentatively identified as 
the urethane 26 from its spectroscopic characteristics; ir: 5.77, 
5.87; nmr: 2.72 (ABq, J = 8 Hz, int. chemical shift 25 Hz, 2), 
3.35 (s, I), 3.81 (s, 2), 3.91 (s, I), 4.23 (s, I), 5.6-7.4 (complex, 
4), 6.15 (s, 3), 6.33 (s, 3); ms: 395 (24), 352 (25), 351 (loo), 
350 (15), 336 (50), 308 (15), 293 (19), 292 (50). 

Sibiricine 5 
A solution of the amide 12 (65 mg) in 20 mL of dry tetra- 

hydrofuran was added dropwise to a solution of lithium 
diisopropylamide (prepared from 0.10 mL of dry diisopropyl- 
amine and 0.18 mL of 1.6 M n-butyllithium in hexane) in 
10 mL of dry tetrahydrofuran at  -78°C under nitrogen and 
0.2 mL of hexamethylphosphoramide (freshly distilled from 
calcium hydride) was then added. The solution was stirred and 
allowed to warm to room temperature. After 20 h, the solution 
was poured into 100 mL of ice water, salt was added, and the 
mixture was thoroughly extracted with methylene chloride. 
The extract afforded a solid (65 mg) which was judged, from 
its nrnr spectrum, to be a 70:30 mixture of 12 and 23. This 
mixture was hydrolyzed under the conditions used to convert 
12 to 14 (except that reflux was carried out for 17 h) and the 
solid product (53 mg) obtained was judged, from its nrnr 
spectrum, to be a 70:30 mixture of 14 and its epimer. A solu- 
tion of this material and 0.4 mL of 37% aqueous formaldehyde 
in 10 mL of acetonitrile was stirred at room temperature 
under nitrogen for 15 min. Sodium cyanoborohydride (20 mg) 
and 10 drops of glacial acetic acid were added, and stirring 
was continued for a further 1 h ;  100 mL of water was added, 
the solution was made basic with solid sodium bicarbonate, 
and thoroughly extracted with methylene chloride. The 
product contained some unchanged amine, so it was subjected 
to another cycle of the methylation sequence. After this, the 
product was a solid (46 mg) which, from its nrnr spectrum, was 
judged to be a 70 : 30 mixture of 3 and 5 (1 1). Recrystallization 
from methanol afforded crystalline 3 and the mother liquors 
were evaporated to provide a 55:45 mixture of 3 and 5. This 
mixture was separated into its components by reversed phase 
hplc (Corasil C-18 in 90: 10 water-methanol) at an  analytical 
level. 

Raddeanone 6 
A solution of the amide 13 (40 mg) in 20 mL of dry tetra- 

hydrofuran was treated with lithium diisopropylamide in the 
manner described above (see Sibiricine). The product was a 
mixture of 13 and 22 in the ratio 70:30, as judged from the 
nrnr spectrum. The mixture was hydrolyzed as described above 
and the hydroxy amines were obtained as a 70:30 mixture. A 
solution of the mixture in 20 mL of methanol was treated with 
0.2 mL of aqueous formaldehyde and reduced with sodium 
cyanoborohydride (10 mg) in the manner described for the 
model series (see Epimerization Experiments). The methylated 
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product (35 mg) consisted of a 70:30 mixture of (+)-yen- 
husomidine (4) and (,)-raddeanone (6), as judged from the 
nmr spectrum. Trituration of the mixture with acetone left a 
sample of yenhusomidine undissolved, and the solution con- 
tained raddeanone and yenhusomidine in the ratio 70: 30. This 
mixture could be separated under the hplc conditions described 
above (see Sibiricine). 

Racenzization of Natural Corydair~e 
Corydaine, isolated by Perel'son et al. (ref. 10 and personal 

communication) by a procedure that avoided prolonged con- 
tact of the extract with a base, formed crystals, mp 189- 
189S°C, +145" (c 1.3, chloroform). We were provided 
with a sample of this material; as received, it had mp 175- 
186°C. A sample (1.3 mg) was dissolved in pure methanol at  
room temperature and its optical activity, measured by its 
circular dichroism between 360 and 450 nm, was plotted as a 
function of time. The decay in optical activity followed first- 
order kinetics and showed a half-life of about 500 h. A similar 
sample showed no measurable loss of optical activity when 
refluxed with 9: 1 methanol - concentrated hydrochloric acid 
under nitrogen for 5 h. 

A solution of natural corydaine (8 mg) in 10 rnL of methanol 
containing a little potassium hydroxide was refluxed under 
nitrogen for 20 h. The recovered alkaloid (7.3 mg) was op- 
tically inactive and had mp 126-130°C. 
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A new synthesis of spirovetivanes via the spiro acyloin intermediate1 
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TOSHIRO IBUKA, KENJI HAYASHI, HIROYUKI MINAKATA, YOSHIKUNI ITO, and Y ~ s u o  INUBUSHI. 
Can. J. Chem. 57. 1579 (1979). 
Ethyl-3-(l-ethoxycarbonyl-2,6-dimethylcycohex-2-enyl)propionate 5 was stereoselectively 

synthesized. The diester 5 was spiroannulated by the acyloin condensation to give the bis(tri- 
methylsiloxy) ether 11. The ether 11 was hydrolyzed to provide the acyloins 6 and 12. The 
acyloins 6 and 12 were elaborated into (+)-hinesol 1, (+)-agarospirol2, (+)-e-vetivone 3, and 
(+)-a-vetispirene 4. 

TOSHIRO IBUKA, KENJI HAYASHI, HIROYUKI MINAKATA, YOSHIKUNI IT0 et Y ~ s u o  INUBUSHI. 
Can. J. Chem. 57, 1579 (1979). 

On a synthetise le (ethoxycarbonyl-1 dimCthyl-2,6 cyclohexene-2 yl)-3 propionate d'ethyle 
(5) d'une facon sttrCosClective. On a provoque une spirocyclosation de 5 par une condensation 
aux acyloi'nes qui a conduit au bis(trimCthylsiloxy) Cther (11). L'hydrolyse de 1'Cther 11 fournit 
les acyloines 6 et 12. On a pu transformer les acyloi'nes 6 et 12 en (+)-hintsol (I), en (+)- 
agarospirol (2), en (+)-p-vetivone (3) et en (+)-a-vetispirene (4). 

[Traduit par le journal] 

The spirovetivanes possessing a spiro[4,5]decane 
framework (1) have been isolated from a variety of 
sources such as vetiver oil (2), the stress metabolites 
from infected potato tubers (3), the flue-cured 
Virginia tobacco (4), and the stress metabolites of 
Datura stramonium (5). Since Marshall and co- 
workers (6) reported that p-vetivone was a member 
of spirovetivanes rather than a hydroazulenone 
derivative, much attention, by many groups (l,7-lo), 
has been directed towards the efficient syntheses of 
these types of sesquiterpenes, owing to their unique 
structures and the increasing occurrence of spiro- 
vetivanes with interesting biological activity (3). 

We have been interested in constructing stereo- 

'Dedicated to the memory of Professor R. H. F. Manske. 

selectively the properly functionalized spiro[4.5]- 
decane system which is generally suited for synthesis 
of spirovetivanes. The efficient synthesis of such 
sesquiterpenes as (f )-hinesol 1, (_+)-agarospirol 2, 
(f )-p-vetivone 3, and (f )-a-vetispirene 4 depends 
upon the stereoselective construction of the spiro- 
cycle and the regioselective introduction of the 
unsaturated bond into the spirocyclic compound 
(Scheme 1). The diester 5 is suitably substituted for 
the annulation to a functionalized spiro[4.5]decane 
key intermediate 6, which may subsequently be 
elaborated to the natural spirovetivanes. We now 
detail the synthesis of racemic hinesol 1, agarospirol 
2, p-vetivone 3, and a-vetispirene 4. 

The keto ester 8, prepared by the Diels-Alder 
reaction of 2,4-bis(trimethylsi1oxy)-1,3-pentadiene (7) 
with ethyl crotonate followed by hydrolysis (1 l), was 
treated with ethanedithiol to afford the dithioacetal 
9 which was subsequently reduced with Raney nickel 
to give the p,y-unsaturated ester 10 (Scheme 2). Treat- 
ment of 10 with lithium diisopropylamide, and sub- 
sequent alkylation of the lithium enolate with ethyl 
p-bromopropionate provided the diester 5. The high 
stereoselectivity of the alkylation reaction is prob- 
ably a result of axial alkylation in which the bromide 
approaches the face of the molecule opposite to the 
pseudo axial C-10 methyl group. This high stereo- 
selectivity was ascertained finally by the conversion 
of diester 5 to  racemic hinesol 1, which was identified 
by comparison with an authentic  ample.^ 

ZWe are grateful to Prof. I. Kitagawa, Osaka University, for 
his gift of an authentic natural hinesol. 

0008-4042/79/13 1579-06$0 1 .OO/O 
@I979 National Research Council of CanadalConseil national de recherches du Canada 
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6 R = H  12 R = H  15 16 17 
14 R = Mes 13 R= Ac 

18 R =  CHO 
19 R = CH-Me 

Acyloin condensation of the diester 5 was carried 
out at reflux in toluene employing sodium and 
trimethylchlorosilane to afford the bis(trimethy1- 
siloxy) ether 11 in a 79% yield. The condition for 
hydrolysis of the bis(trimethylsi1oxy) ether 11 was 
critical. Thus, hydrolysis of 11 in dry methanol under 
the conditions recommended (12) led to a mixture 
consisting of many inseparable products, but in 
tetrahydrofuran containing 10% hydrochloric acid 
at P C ,  a mixture of the crystalline spiro acyloin 6 
and the unisolable isomeric acyloin 12 was obtained 
in ca. 100% yield. Although the isomeric acyloin 12 
itself could not be isolated by chromatographic pro- 
cedure on silica gel owing to its instability, the 
presence of 12 was easily detected by 'H nmr 
analysis of the hydrolyzed product of 11. The mother 
liquor removed from the crystalline 6 by filtration 
was concentrated and acetylated to give the stable 
acetyl derivative 13 of the acyloin 12. The p-con- 
figuration of the C-l hydrogen of 6 was confirmed 
by the observation of a nuclear Overhauser effect: 
irradiation at the frequency of the C-10 methyl group 
(6 1.12) resulted in ca. 20% enhancement of the C-1 
hydrogen signal at 6 4.05. 

by zinc - ammonium chloride reduction of the 
mesylate 14 in tetrahydrofuran afforded the spiro 
ketone 15 in a 99% yield. Spiro ketone 15 is a con- 
stituent of vetiver oil (13) and was recently syn- 
thesized in racemic form by Biichi et al. (8), Caine 
et 01. (9), and Piers and Lau (10). The structure of 15 
was confirmed by comparison of its ir and 'H nmr 
spectra with those of an authentic sample (9).3 The 
ketone 15 (19% yield), accompanied with the iso- 
meric ketone 16 (38% yield), was also prepared from 
the keto acetate 13 by a known three-step sequence 
(14) involving reduction with sodium borohydride, 
mesylation, and elimination with potassium hy- 
droxide. 

To prepare ( +)-hinesol (1) and (+)-agarospirol(2) 
from ketone 15, it was necessary to introduce a 
three-carbon unit at the C-2 position. A Wittig 
reaction of 15 with methoxymethylenetriphenyl- 
phosphorane (59% yield) followed by hydrolysis of 
the en01 methyl ether 17 with 10% hydrochloric acid 
gave the aldehyde 18 as an epimeric mixture. Without 
separation at this stage, 18 was converted into a 3:2 
mixture of (5)-hinesol (1) and (+)-agarospirol (2) 

with the key spire acyloin intermediate 6 in hand, lrhe authors express their thanks to Prof, ,, Caine, 
we focused our efforts on the synthesis the s ~ i r o -  Georgia Institute of Technology, U.S.A., for authentic ir and 
vetivane sesquiterpenes. Mesylation of 6, followed nmr spectra. 
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,OH 4 
23 R =  CH 

' ~ e  
24 R = COMe 
25 R = C(Me),OH 

SCHEME 3 

by the conventional method via the alcohol 19 and 
the methyl ketone 20. Separation of the mixture of 1 
and 2 is known to be troublesome and was achieved 
by repeated preparative thin-layer chromatography 
on silica gel. Synthetic (-t-)-hinesol (1) was identical 
with an authentic sample of natural hinesol (75)2 by 
ir and 'H nmr spectral comparison and by gas 
chromatographic analysis. The epimeric mixture of 1 
and 2 was readily converted to (f )-p-vetivone (31, 
mp 4446"C, according to the method of Marshall 
and Johnson (6). The spectral properties of syn- 
thesized (+)-p-vetivone (3) were completely in 
accord with the assigned structure. 

To prepare (+)-cr-vetispirene (4) from the key 
intermediate 6 (Scheme 3), it was necessary to intro- 
duce an isopropenyl group at C-2 and a double bond 
between C-1 and C-2. The acetate 21 derived from the 
spiro acyloin 6 was treated with methoxymethylene- 
triphenylphosphorane and then hydrolyzed with 10% 
hydrochloric acid in tetrahydrofuran to provide the 
cr,p-unsaturated aldehyde 22. (+)-cr-Vetispirene 4 
was prepared from 22 by a conventional four-step 
sequence (22 + 23 + 24 + 25 4) involving re- 
action with methyllithium, oxidation with Jones' 
reagent, treatment with methyllithium, and finally 
dehydration with 10-camphorsulfonic acid. The 
identity of the synthesized (+)-cr-vetispirene 4 with 
an authentic sample was shown by comparison of 
their ir and 'H nmr ~ p e c t r a . ~  

Experimental 
All melting points were determined on a Yanagimoto 

micro-melting point apparatus and were uncorrected. The nmr 
spectra were obtained, unless otherwise specified, in deuterio- 
chloroform containing tetramethylsilane as an internal 
standard with either a Varian A-60 or a JOEL JNM-FX-100 

Hz. The nominal and the high resolution mass spectra were 
taken on a JOEL JMS-OlSG-2 spectrometer equipped with a 
computer; M +  signifies the molecular ion. Unless otherwise 
specified, the ir spectra were taken on a Shimadzu IR-400 
spectrometer in chloroform. Gas chromatography was carried 
out on a 1 .52 SE-30 or 1 0 2  FFAP on Chromosorb W (glass 
column, 1 or 3 m x 3 mm) with a Hitachi gas chromatograph 
model 063 and nitrogen as carrier gas (30 mL/min). Column 
chromatography was performed on silica gel (Mallinckrodt 
silicic acid, 100 mesh). Bulb-to-bulb distillation was carried 
out using a Buchi Kugelrohr distillation apparatus (type KR) 
and the temperatures recorded were oven temperatures. 
Unless otherwise stated, all the extracts were dried over 
anhydrous magnesium sulfate. 

2,4-Bis(trimethylsiloxy)-1,3-pentadiene (7) 
T o  a stirred mixture of triethylamine (61 g, 0.6 mol) and 

zinc chloride (2 g) was added a solution of acetylacetone (20 g, 
0.2 mol) in a mixture of ether (100 mL) and benzene (100 mL) 
at  0°C. T o  the above mixture was added trimethylchlorosilane 
(64 n. 0.6 mol) under stirring and the mixture was stirred a t  
room temperature for 48 h. Ether (500 mL) was added to the 
mixture and the filtrate of the mixture was concentrated under 
reduced pressure below 40°C. The resultant residue was dis- 
tilled to give 7 (42 g, 862)  as a 1 : 1 mixture of 4E and 4 2 ;  bp 
73"C/3 Torr; nmr 6: 0.20 (36H, s, Si(CH,),), 1.84 (3H, s, 
vinylic CH,), 2.00 (3H, s, vinylic CH,), 4.1 1 (2H, d, J = 3 Hz, 
olefinic protons), 4.31 ( lH,  m, olefinic proton), 4.71 (lH, s, 
olefinic proton), 4.76 (IH, m, olefinic proton), and 5.20 (lH, s, 
olefinic proton); ms mle: 244 (M+). Anal. calcd. for 
Cl1H2,O2Si2: C 54.04, H 9.90; found: C 53.78, H 9.85. 

The Keto Ester 8 
A mixture of the diene 7 (4.9 g, 20 mmol), ethyl crotonate 

(3.42 g, 30 mmol), and xylene (6 mL) was heated at 180°C in a 
sealed glass tube for 5 days. After cooling, the mixture was 
mixed with 5 2  hydrochloric acid (3 mL) and tetrahydrofuran 
(10 mL) at 5°C for 1 h, and then extracted with ether. The 
extract was washed, dried, and evaporated in vacrro to leave 
a yellowish residue. Distillation of the residue gave the keto 
ester 8 (2.45 g); bp 133-135"C/3 Torr; nmr 6: 1.07 (3H, d, 
J = 6 Hz, secondary CH,), 1.28 (3H, t, J = 7 Hz, C02CH2- 
CH,), 1.95 (3H, m, vinylic CH,), 4.23 (2H, q, J = 7 Hz, 
CO2CH2CH,), and 5.93 ( lH,  m, olefinic proton); ir v,,,: 1729 
and 1666 cm-'; ms m/e: 196 (M+). Atral, calcd. for Cl1H1.503: 
C 67.32, H 8.22; found: C 67.18, H 8.38. 

The Ethylene Dithioacetal9 
T o  the keto ester 8 (10 g) in methylene chloride (40mL) 

were added ethanedithiol (5.76 g), boron trifluoride etherate 
(2 mL), and molecular sieves (3 g). The mixture was allowed 
to stand at  room temperature for 5 days and then filtered. The 
filtrate was made alkaline with 3 2  ammonia and the methylene 
chloride layer was separated. The organic layer was washed, 
dried, and evaporated to leave the dithioacetal 9 (13 g, 942). 
This product was used for the next step without purification. 
An analytical sample of 9 was obtained by silica gel column 
chromatography with chloroform; Kugelrohr distillation .at 
160-16l0C/3 Torr; nmr 6: 1.02 (3H, d, J = 6 Hz, secondary 
CH,), 1.27 (3H, t, J = 7 Hz, C02CH,CH3), 1.67 (3H, m, 
vinylic CH,), 3.34 (4H, m, S(CH2)2S), 4.20 (2H, q, J = 7 Hz, 
C02CH2CH3), and 5.75 ( lH,  m, olefinic proton); ir v,,,: 1728 
cm-'. Anal. calcd. for C13H,o02S2: C 57.32, H 7.40; found: 
C 57.06, H 7.54. 

spectrometer, and chemical shifts were reported in 6 values The B,y-Unsaturated Ester 10 
relative to tetramethylsilane. The abbreviations, s, d, t, q, and T o  a solution of 9 (23 g) in dry tetrahydrofuran (200 mL) 
m in the nmr spectra signify singlet, doublet, triplet, quartet, was added Raney W2 nickel (115 g) and the mixture was 
and multiplet and the coupling constant (J) was measured in stirred at room temperature for 7 days. The mixture was 
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filtered and the solvent of the filtrate was evaporated in vacuo 
to leave an oily residue. The residue was extracted with ether, 
and the extract was washed, dried, and evaporated to  leave an 
oil, which was distilled to give the a,y-unsaturated ester 10 
(9.44 g, 61%); bp 98-101°C/28 Torr; ir v,,,: 1720 cm-I ; nmr 
6: 0.97 (3H, d, J = 6 Hz, secondary CH,), 1.27 (3H, t, J = 7 
Hz, C02CH2CH3), 1.64 (3H, m, vinylic CH,), 4.18 (2H, q, 
J = 7 Hz, CO2CH2CH,), and 5.59 ( lH,  m, olefinic H). Anal. 
calcd. for CI lHl8O2:  C 72.49, H 9.96; found: C 72.72, 
H 10.11. 

The Diester 5 
To a solution of lithium diisopropylamide prepared from 

diisopropylamine (2.4 mL) and n-butyllithium (11 mL of 1.6 
M n-hexane solution) in tetrahydrofuran (3 mL) was added 
a solution of 10 (1.82 g, 0.01 mol) in tetrahydrofuran (3 mL) 
at -70°C and the mixture was stirred at -70°C for 2 h. To 
the mixture were added hexamethylphosphoric triamide (1 mL) 
and ethyl a-bromopropionate (2.72 g, 0.015 mol), and the 
mixture was stirred at - 30°C for 1 h and then at 0°C for 11 h. 
The mixture was acidified with 6% hydrochloric acid, con- 
centrated in uaclro at room temperature and extracted with 
ether. The extract was successively washed with 2% sodium 
bicarbonate, 5% hydrochloric acid, and water. The solution 
was dried and concentrated to leave a yellow oil (1.5 g). Chro- 
matography over silica gel with chloroform gave the starting 
material 10 (900 mg) and the diester 5 (570 mg, 40% based on 
the starting material consumed); Kugelrohr distillation at 
12g°C/5 Torr; ir v,,,: 1721 and 1715 cm-'; nmr 6: 0.92 (3H, 
m, secondary CH3), 1.25 (6H, t, J = 7 Hz, C02CH2CH3), 1.55 
(3H, m, vinylic CH,), 4.14 (2H, q, J = 7 Hz, C02CH2CH3), 
4.16 (2H, q, J =  7Hz ,  CO2CH2CH,), and 5.73 (IH, m, 
olefinic H). Anal. calcd. for C16H2604: C 68.05, H 9.28; 
found: C 67.82, H 9.02. 

The Bis(trimethy1siloxy) Ether 11 
To a refluxing mixture of dry toluene (200 mL) and sodium 

(11.3 g, 0.5 mol) was added a mixture of 5 (28.2 g, 0.1 mol) 
and trimethylchlorosilane (70 mL, 0.5 mol) with vigorous 
stirring under argon and the mixture was continuously stirred 
under reflux for 2 h. After cooling, the mixture was filtered 
and the residue was washed with dry ether. The filtrate and the 
washing were combined and concentrated itr vacrro. Distillation 
of the residue under reduced pressure gave 11 (26.6 g, 79%) as 
a colorless oil; bp 123"C/5 Torr; ir v,,,: 1694, 869, and 850 
cm-'; nmr 6: 0.17 (9H, s, Si(CH,),), 0.22 (9H, s, Si(CH3),), 
0.98 (3H, d, J = 6 Hz, CH, at C-lo), 1.67 (3H, m, CH, at 
C-6), and 5.52 ( lH,  m, H at C-7); ms m/e ( M f ) ,  calcd. for 
C18H3,02Si2: 338.2096; found: 338.2084. 

The Spiro Acyloin 6 and the Keto Acetales 13 and 21 
A mixture of 11 (26.6 g, 79 mmol), 10% hydrochloric acid 

(10 mL), and tetrahydrofuran (80 mL) was stirred at O°C for 
I h and then concentrated at  room temperature in uacuo. The 
residual oil was extracted with chloroform and the extract was 
washed, dried, and concentrated in vacrro to provide a semi- 
solid (15.6 g). Recrystallization of the solid from chloroform 
gave the acyloin 6 as colorless needles (5.6 g, 34%); mp 
115-118°C; ir v,,,: 3500 and 1742 cm-'; nmr 6: 1.12 (3H, d, 
J = 6 Hz, CH3 at C-lo), 1.52 (3H, m, CH, at  C-6), 2.75 (lH, d, 
J = 3.5 Hz, O H  at C-1, disappeared by addition of deuterium 
oxide), 4.05 ( lH,  d, J = 3.5 Hz, H at C-1, this signal was 
changed to a singlet by addition of deuterium oxide), 5.53 
( lH,  m, H at C-7). Anal. calcd. for C12H1802: C 74.19, 
H 9.34; found: C 73.89, H 9.46. 

The solvent of the mother liquor removed from the crystal- 
line acyloin 6 by filtration was evaporated in vaclro to leave an 
oil (10 g) which was treated with pyridine (10 mL) and acetic 

anhydride (10 mL) in chloroform (30 mL) at 0°C for 48 h. The 
mixture was concentrated in vacrro and the residua was made 
alkaline with 3% ammonia, and then extracted with ether. The 
extract was washed, dried, and concentrated to  leave an oil 
(11.7 g) which was chromatographed over silica gel (column 
6 x 22 cm) with a 3:  7 mixture of n-pentane and chloroform 
to  yield the colorless oily keto acetate 13 in the first eluate 
(5.3 g, 43.6% based on the oil obtained from the mother 
liquor) and the colorless oily keto acetate 21 in the later eluate 
(1.9 g, 15.6% based on the oil obtained from the mother 
liquor). 

The acetate 13: Kugelrohr distillation at llO0C/5 Torr; ir 
v,,,: 1754 and 1737cm-'; nmr 6: 0.93 (3H, d, J =  6Hz,  
CH, at C-lo), 1.58 (3H, m, CH, at  C-6), 2.12 (3H, s, 
OCOCH,), 5.28 ( lH ,  t, J = 10 Hz, H at C-l), and 5.63 (lH, 
m, H at C-7); M +  calcd. for Cl4HZoO3: 236.141 1 ; found (ms): 
236.1364. 

The acetate 21: mp 6468°C (21 forms colorless prisms on 
standing in a refrigerator after Kugelrohr distillation): ir 
v,,,: 1757 and 1742 cm-'; nmr 6: 1.00 (3H, d, J = 6 Hz, 
CH, at C-lo), 1.59 (3H, m, CH3 at C-7), 2.13 (3H, s, 
OCOCH,), 5.38 ( lH,  s, H at C-1), and 5.48 ( lH ,  m, H at C-7). 
Anal. calcd. for C14Hz0O3: C 71.16, H 8.53; found: C 70.96, 
H 8.56. 

The Keto Mesylate 14 
To the acyloin 6 (300 mg, 1.55 mmol) in chloroform (5 mL) 

were added pyridine (3 mL) and methanesulfonyl chloride 
(1.4 mL) at  0°C and the mixture was allowed to stand at O°C 
for 48 h. The mixture was made alkaline with 3% ammonia 
and extracted with ether. The extract was washed with 5% 
hydrochloric acid, dried, and evaporated to leave a crystalline 
mass. Recrystallization of the mass from a 4: 1 mixture of 
ether and chloroform gave 14 (405 mg, 96%) as colorless 
needles; mp  126-127°C; ir v,,,: 1759 cm-'; nmr 6: 1.15 (3H, 
d, J = 6 Hz, CH, at C-lo), 1.57 (3H, m, CH3 at C-6), 3.27 
(3H, s, S02CH3), 5.09 ( lH,  s, H at C-l), and 5.48 ( lH ,  m, 
H at C-6). Anal. calcd. for Cl3HZ0O4: C 57.33, H 7.40; found: 
C 57.56, H 7.58. 

The Spiro Ketone 15 
To a mixture of 14 (230 mg, 0.85 mmol) in methanol (9 mL) 

and tetrahydrofuran (1 mL) were added ammonium chloride 
(I g) and zinc powder (3 g) with stirring. The mixture was 
stirred at room temperature for 2 h and then at 60°C for 6 h. 
The mixture was added to tetrahydrofuran (20mL) and 
filtered and the residue was washed with ether. The filtrate and 
the washing were combined and concentrated in vaclro to  leave 
an oil. The oil was extracted with ether and the extract was 
washed, dried, and evaporated to leave an oil. Chromatog- 
raphy of the oil on silica gel (column 2.5 x 17 cm) with 
methylene chloride gave 15 (150 mg, 99%). The spiro ketone 
15: Kugelrohr distillation at 128"C/15 Torr; ir v,,, (film): 
1740 cm-'; nmr 6 (CCI,): 0.90 (3H, d, J = 6Hz,  CH, at 
C-lo), 1.64 (3H, m, CH, at  C-6), and 5.37 ( lH ,  m, H at C-7). 
Anal. calcd. for C12H,,0: C 80.85, H 10.18; found: C 81.14, 
H 10.48. 

The Spiro Ketones 15 atzd I6 
T o  the keto acetate 13 (700 mg) in a 9: 1 mixture of methanol 

and water was added sodium borohydride (150mg) with 
stirring at - 10°C and the mixture was stirred for 30 min. After 
evaporation of the solvent in uacuo, the residue was made 
acidic with 5% hydrochloric acid and extracted with chloro- 
form. The extract was washed, dried, and evaporated to leave 
a colorless oil (710 mg). To the above oil (710 mg) in chloro- 
form (4 mL) were added pyridine (2 mL) and methanesulfonyl 
chloride (2 mL) at 0°C with stirring, and the mixture was kept 
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at 0°C for 24 h. The mixture was made alkaline with 3 z  
ammonia and extracted with ether. The extract was succes- 
slvely washed with 5 z  hydrochloric acid and water, dried, and 
evaporated to leave a colorless oil (800 mg). The above 011 

(800 mg) In ethanol (10mL) was added to 2 5 z  potassium 
hydroxide (2 mL), and the mixture was heated under reflux 
for 3 h under an atmosphere of argon. After evaporation of 
the solvent in vacuo, the residue was extracted with ether and 
the extract was washed, dried, and concentrated in vaclto to 
leave an oil. The oil was chromatographed on silica gel 
(column 10 x 30 cm) w ~ t h  methylene chloride to afford the 
spiro ketone 15 (100 mg, 1 9 z  based on the keto acetate 13) 
and the isomeric spiro ketone 16 (200 mg, 3 8 z  based on 13). 
The spiro ketone 15 was identified by ir, nmr, and gas chro- 
matographic comparisons with those of an authentic sample 
prepared from 14. The spiro ketone 16: ir v,,,: 1719 cm-'; 
nmr 6: 0.89 (3H, d, J  = 6 Hz, CH, at  C-lo), 1.57 (3H, m, CH, 
at  C-6), and 5.62 (IH, m, H at C-7). Anal. calcd. for C12H180: 
C 80.85, H 10.18; found: C 80.92, H 10.42. 

The En01 Methyl Ether 1 7  
To a solution of the Wittig reagent prepared from methoxy- 

methylenetriphenylphosphonium chloride (1.7 g, 5 mmol) and 
sodium hydride (120 mg, 5 mmol) in dimethyl sulfoxide (12 
mL) was added 15 (176 mg, 1 mmol) in tetrahydrofuran 
(2 mL) at 0°C with stirring under an atmosphere of argon, and 
the mixture was stirred at 0°C for 17 h. The mixture was added 
to water (10 mL) and extracted with ether. The extract was 
successively washed with 2 z  hydrochloric acid, 3 z  ammonia, 
and water, dried and evaporated to leave an oily residue, 
which was purified by preparative thin-layer chromatog- 
raphy on silica gel developed with a 3:7 mixture of n-hexane 
and chloroform to yield 17 (120 mg, 5973 as a colorless oil; 
ir v,,,: 1690 cm-'. M +  calcd. for C14H220: 206.1670; found 
(ms): 206.1660. 

The Aldehyde 18 
To a solution of 17 (140 mg, 0.68 mmol) in tetrahydrofuran 

(2 mL) was added 1 0 z  hydrochloric acid (2 mL) and the 
mixture was heated under reflux for 2 h. After evaporation of 
the solvent, the residue was extracted with ether. The extract 
was washed, dried, and evaporated to leave a yellow oily 
residue which was purified by preparative thin-layer chro- 
matography on silica gel developed with a 4 : l  mixture of 
chloroform and n-hexane to provide 18 (110 mg, 8 4 z )  as an  
epimeric mixture; Kugelrohr distillation at  9SoC/5 Torr; ir 
v,,.: 2680 and 1718 cm-'; nrnr 6: 0.90 and 0.93 (3H, d, 
J= 6 Hz, CH3 at C-lo), 1.67 (3H, m, CH, at  C-6), 2.75 ( lH,  
m, H at C-1), 5.37 ( lH,  m, H a t  C-7), and 9.63 (IH, d, J  = 3 
Hz, CHO). M +  calcd. for C13H2,0: 192.1512; found (ms): 
192.1495. 

The Methyl Ketone 20 
To an ethereal solution (3 mL) of 1.25 mol methyllithium 

in ether was added a solution of 18 (100 mg, 0.52 mol) in dry 
ether (2 mL) and the mixture was stirred at  room temperature 
for 30 min. To the mixture was added water and then the 
solution was extracted with a 4 : l  mixture of ether and 
chloroform. The extract was successively washed with 2 z  
sodium bisulfite and water, dried, and evaporated to leave a 
yellow oil (100 mg). The above oil (100 mg) in acetone (5 mL) 
was oxidized with the Jones' reagent (0.3 mL) under stirring 
at  room temperature. After evaporation of the solvent in 
vacuo, the residual oil was extracted with ether. The extract 
was washed, dried, and evaporated to provide a yellow oil 
which was purified by preparative thin-layer chromatography 
on silica gel developed with a 10: 1 mixture of chloroform and 
n-hexane to provide 20 (33 mg, 31% based on 18) as an epi- 

meric mixture due to the C-2 chiral center. The methyl ketone 
20: Kugelrohr distillation at  145"C/8 Torr; ir v,,,: 1703 cm-' ; 
nmr 6: 0.89 and 0.93 (3H, d, J =  6Hz ,  CH, at C-lo), 1.68 
(3H, m, CH, at  C-6), 2.15 (3H, s, COCH,), 2.92 ( lH,  m, H a t  
C-2), and 5.33 ( lH,  m, H at  '2-7). M +  calcd. for CI4H22O: 
206.1669; found (ms): 206.1669. 

( )-Hinesol (I) and ( + ) -Agarospirol (2) 
To an ethereal solution (3 mL) of 1.25 mol methyllithium 

in ether was added a solution of 20 (370 mg, 1.8 mmol) in dry 
ether (3 mL) with stirring at -30°C. The solution was allowed 
to stand at room temperature for 5 min. T o  the mixture was 
added water, and the solution was extracted with a 4 : l  
mixture of ether and chloroform. The extract was washed 
with 2 z  sodium bisulfite and water, dried, and evaporated to  
leave an oily residue (330 mg, 83z )  which was a 3 :2  mixture of 
(2)-hinesol 1 and ( 2  )-agarospirol 2 judging from gas chro- 
matography on 1 0 z  FFAP on chromosorb W (3 mm x 3 m, 
column temperature 190°C, (t)-hinesol 12.4 min, (?)-agaro- 
spirol 12.0 min). The mixture was separated by repeated 
preparative thin-layer chromatography on silica gel (silica gel 
60 FZS4, Merck) developed with a 3:  1 mixture of chloroform 
and n-hexane to give (t)-hinesol (1) and (2)-agarospirol (2). 

(&)-Hinesol (1): Kugelrohr distillation at  99"C/5 Torr; 
ir v,,, (CCI,): 3620,3025,2965, 2920,2870,2830, 1660, 1468, 
1455, 1380, 1367, 947, and 915 cm-I;  nmr 6: 0.93 (3H, d, 
J  = 6 Hz, CH, at  C-lo), 1.21 (6H, s, CH, at  C-12 and C-13), 
1.69 (3H, m, CH, at  C-6), and 5.28 ( lH,  m, H at  '2-7). M +  
calcd. for CI5HZ60:  222.1983; found (ms): 222.2058. The ir 
and nmr spectra of (*)-hinesol 1 were indistinguishable from 
those of natural hinesol. 

(2)-Agarospirol (2): Kugelrohr distillation at 99"C/5 Tbrr; 
ir v,,, (CCI,): 3620, 3025,2960,2930,2875, 2845, 1460, 1437, 
1379,1368,931, and 910 cm-I;  nmr 6: 0.90 (3H, d, J  = 6 Hz, 
CH, at C-lo), 1.20 (6H, s, CH, at C-12 and C-13), 1.68 (3H, 
m, CH, at C-6), and 5.22 (IH, m, H at C-7). M +  calcd. for 
CI5Hz60:  222.1982; found: 222.1979. 

The Keto Acetates 1 3  and 21 
T o  a stirred solution of 6 (500 mg, 2.6 mmol) in chloroform 

(2 mL) pyridine (2 mL) and acetic anhydride (2 mL) were 
added and the mixture was allowed to stand at  room tem- 
perature for 18 h. The solvent and the excess reagents were 
evaporated in vacuo, and the residual oil was, after made 
alkaline with 3 z  ammonia, extracted with ether. The extract 
was successively washed with 5 z  hydrochloric acid, 3% 
ammonia, and water. The solution was dried and evaporated 
in uaclto to leave an oily residue (600 mg, 9973 which was a 
10: 24 mixture of 13 and 21. The mixture was chromatographed 
on silica gel (column 3.8 x 21 cm) with chloroform to provide 
13 in the first eluate and 21 in a later eluate. The keto acetates 
13 and 21 were identified by ir and nmr spectral comparisons 
with those of authentic samples (vide supra). 

The a,P-Unsaturated AIdehyde 22 
To a solution of sodium methylsulfinylmethide prepared 

from sodium hydride (120 mg, 5 mmol) and dimethyl sul- 
foxide (4 mL) were added tetrahydrofuran (5 mL) and 
methoxymethylenetriphenylphosphonium chloride (1.7 g, 5 
mmol) in dimethyl sulfoxide (6 mL). To the above reagent was 
added 21 (236 mg, 1 mmol) in tetrahydrofuran (3 mL) with 
stirring at  O°C and stirring was continued for 15 h. To the 
mixture was added ice water and the solution was extracted 
with ether. The extract was washed, dried, and evaporated 
in vacrto to provide an oily residue which was heated under 
reflux in a mixture of tetrahydrofuran (20mL) and 10% 
hydrochloric acid (5 mL) for 1 h. After evaporating the 
solvent in vacuo, the residual oil was extracted with ether and 
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the extract was washed, dried, and evaporated to give an oily 
residue. Purification by preparative thin-layer chromatog- 
raphy over silica gel developed with a 1 : 1 mixture of n-hexane 
and chloroform gave 22 (13 mg, 773; ir v,,,: 1678 and 1620 
cm-I;  nmr 6: 0.90 (3H, d, J = 6 Hz, CH3 at C-lo), 1.57 (3H, 
m, CH3 at C-6), 5.50 ( lH,  m, H at  C-7), 6.62 ( lH ,  t, J = 1.5 
Hz, H a t  C-1), and 9.82 ( lH,  s, CHO). M f  calcd. for C13H180: 
190.1356: found (ms): 190.1348. . , 

The Methyl Ketone 24 
Following the experimental procedure of the synthesis of 

the ketone 20, the aldehyde 22 (55 mg, 0.29 mmol) was con- 
verted into the methyl ketone 24 (25 mg, 4 2 z )  by the con- 
ventional two-step sequence involving reaction with methyl- 
lithium and subsequent treatment with Jones' reagent. The 
methyl ketone 24: ir v,,,: 1657 and 1610 cm-'; nrnr 6: 0.88 
(3H, d, J = 6 Hz, CH3 at C-lo), 1.58 (3H, m, CH3 at C-6), 
2.31 (3H, s, COCH,), 5.48 ( lH,  rn, H at C-7), and 6.47 ( lH,  t, 
J = 1.5 Hz, H at  C-1). M +  calcd. for C14HZ00: 204.1512; 
found (rns): 204.1497. 

(+)-a- Verispirene (4) 
To a stirred ethereal solution of methyllithium (4 mL, 5 

rnmol) was added a solution of 24 (25 mg, 0.12 mmol) in dry 
ether (2 mL) at -30°C and the solution was stirred for 30 
min. Water was added to the mixture and the solution was 
extracted with ether. The extract was washed with 5 z  sodium 
bisulfite and then with water, dried, and evaporated to leave 
25 (27 mg, 9573 as a rather labile oil which was warmed a t  
50°C with 10-camphorsulfonic acid (5 mg) in dry benzene 
(1 mL) for 1 h.  The mixture was extracted with ether and the 
extract was washed, dried, and evaporated to leave an oil 
which was purified by preparative thin layer chromatography 
on silica gel developed with n-hexane to provide (+)-a-veti- 
spirene 4 (11 mg, 4473. The ir and nmr spectra of synthesized 
product were identical with those of an  authentic sample.3 
(f )-a-Vetispirene 4: ir v,,, (CCI,): 3085, 3045, 3018, 1774, 
1673, 1630, 1596, 1374, 1199, 1073, 1056, 880, and 840 cm-' ; 
nmr 6 (CCI4): 0.86 (3H, d, J = 6 Hz, CH, at C-lo), 1.53 (3H, 
m, CH3 at C-6), 1.90 (3H, d, J = 1.0 Hz, CH3 at C-12) 4.83 
(2H, d, J = 1.0 Hz, CH2 at C-13), 5.30 ( lH,  m, H a t  C-7), and 
5.44 ( lH,  m, H at  C-1). M f  calcd. for C15H22: 202.1719; 
found (ms) : 202.1651. 
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Microbial hydroxylation of steroids. 6. Hydroxylation of C-6-substituted androst-4-ene- 
3,17-diones by Rhizopus arrhizus ATCC 11 14S1 
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HERBERT L. HOLLAND and PETER R. P. DIAKOW. Can. J. Chem. 57. 1585 (1979). 
The products arising from the incubations of C-6a and C-6p chloro-, fluoro-, and methyl- 

substituted A4-3-keto steroids with the C-6b hydroxylating fungus Rllizopus arrhizus ATCC 
11145 have been identified, and their formation rationalised in terms of A3s5 enolic inter- 
mediates. The incubations of C-6 chloro and methyl A3.' en01 acetates with R.  arrhizus, and 
the oxidations by m-chloroperoxybenzoic acid of the corresponding en01 ethyl ethers have 
also been described. The relevance of the results so obtained to  the mechanism of C-6p 
hydroxylation of A4-3-keto steroids by R.  arrhizus is discussed. 

HERBERT L. HOLLAND et PETER R. P. DIAKOW. Can. J. Chem. 57, 1585 (1979). 
On a identifie les produits qui se forment par incubation de A4 cCto-3 stkroi'des (substituks 

en C-6a et C-6b par des chlore, fluor ou mCthyle) avec les champignons hydroxylant en C-6p, 
Rhizopus arrhizus ATCC 11 145 et l'on a rationalis6 leur formation en termes d'intermediaires 
Cnoliques A's5. On dCcrit aussi les incubations des acCtates Cnoliques A3e5 substitues en C-6 
par un chlore ou un mCthyle ainsi que les oxydations par l'acide m-chloroperbenzoique des 
Cthers Cnoliques Cthyliques correspondants. On discute de la relation entre ces risultats et le 
mecanisme de l'hydroxylation en C-6p des A4 &to-3 stCroldes par le R arrhizus. 

[Traduit par le journal] 

Introduction 

The microbial hydroxylation of the medicinally 
important 9-halo steroids at positions remote from 

@ 6  o& the site of halogen substitution has been investigated 
0 /s 

/ 

(1, 2) and the C- l la  hydroxylation of 6-halo ; 

steroids documented (1, 2) but there have been no R' R ' 
reports concerning the incubation of n-halo steroids 1 2 

( I  R 1 =  R 2 = H  a R ' = C I , R 2 = H  
with fungi known to hydroxylate C-n of the corres- b R' = C I ,  R' = H b R 1 =  F , R 2 =  H 
ponding unsubstituted steroid. c R '  = CI,  R ~ =  OH c RI  = CH,, R ~ =  OH 

As part of our investigation into the mechanism d R ' = F , R 2 = H  
of the C-6P hydroxylation of androst-4-ene-3,17- e R I  = CH,, R~ = H 

dione (la) (3, 4) by Rhizopus arrhizus ATCC 11 145, f R1= CH,, R~ = OH 
g R1 = F, RZ = OH we have incubated C-6-chloro- (lb, 2a), C-6-fluoro- 

(Id, 2b), and C-6-methyl- (le, 2c) substituted 
androst-4-ene-3,17-diones with this fungus. We have 
also studied the metabolism of the A3,5 en01 acetates 
4a and 46, and the oxidation of the corresponding 
en01 ethers 4c and 4d by m-chloroperoxybenzoic acid. 

R2 

Results and Discussion 3 4 
a R 1 +  R Z = O  a R1 = Ac, RZ= CI 

The results of the incubations with R.  arrhizus are b R I  = CH,, R' = OH b R ' =  A C , R ~ =  CH, 
summarised in Table 1 (see also Experimental). The c R'  = ~ t ,  R~ = CI 
identification of known steroids was confirmed by a d R I  = ~ t ,  R ~ =  CH, 

comparison of physical and spectral data with those 
of authentic samples. New steroids arising from 
C- l la  hydroxylation (lc, lj; lg,  and 2d) were 
identified by spectral analysis (see Experimental), 
'Hmr data being typically diagnostic (5). HO & o 

F 
'Dedicated to  the memory of R. H. F. Manske. 5 6 

0008-4042/79/ 13 1585-03$0 1.00/0 
e l 9 7 9  National Research Council of Canada/Conseil national de  recherches du Canada 
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TABLE 1. Results of  incubations with Rhizopus arrhizus 

Amount Amount 
incubated recovered Products 

Substrate (mg) (mg) (% isolated) 

lb* 1500 650 16 (2), 2a (2), l c  (3) 
I d *  1 600 1200 l d  (17), l g  (2), 3a (I), 

5 (I), 6 (2) 
l e  500 419 l e  (40), 1 f'(17) 
2a 2000 1 100 2a (32), 3a (I), 5 (0.5) 
26 1000 630 26 (14), 3a (2) 
2c 500 300 2c (5), 2d (19) 
4a 1500 560 4a (4), 2a (1),3a (3),5 (2) 
46 150 104 l e  (40), 2d (l6), 36 (14) 

*Control incubations in the absence of fungus resulted in the recovery of 
starting material only. 

The C-6P chloride l b  gave, along with some 
recovered starting material, small amounts of the 
corresponding C-6a chloride 2a and the product of 
C-1 l a  hydroxylation, lc, only. In contrast, the C-6P 
fluoride I d  gave, in addition to the C-lla-hydroxy 
steroid lg ,  the A4-3,6-dione 30, the 3P-hydroxy-A4-6- 
ketone 5, and the product of reduction of the C-17 
carbonyl, 6 ;  the reduction at C-17 of androst-4-ene- 
3,17-dione (la) by R. arrhizus has been reported (3). 
The corresponding C-6a-halo steroids 2a and 2b were 
recovered largely unchanged from incubation with 
R. arrhizus, although small amounts of 3a were 
formed in each case and the chloride 2a also gave the 
3P-hydroxy A4-6-ketone 5. 

The hydroxylation at C-6P of androst-4-ene-3,17- 
dione (la) by R. arrhizus is thought to proceed via 
the A3s5 en01 intermediate (7a) (3,4, 6) and the results 
presented above may also be interpreted as involving 
the corresponding chloro and fluoro enols, 76 and 7c, 
respectively (Scheme 1). Protonation of an inter- 
mediate such as 7 would be expected to give the 
thermodynamically stable C-6u derivative; electro- 
philic oxidation will lead, via the halo hydrin 8 to 30; 
and hydration, via 9, will lead to 5. The extent of 
protonation versus oxidation and/or hydration is 
presumably controlled by enzymic factors, which are 
unknown at the present time. 

Support for the existence of the intermediate 7 is 
provided by the results of the incubation of the 
6-chloro en01 acetate 40; the products of protonation 
(2a), oxidation (3a), and hydration (5) were isolated. 
Chemical analogy for the protonation and oxidation 
processes are provided by the m-chloroperoxyben- 
zoic acid oxidation of the 6-chloro en01 ether 4c (see 
refs. 3 and 6 for discussion of this reaction as a 
model for the C-6P hydroxylation process), where 
both 2a and 3a were formed. 

The C-6-methyl substituted steroids l e  and 2c gave 
only the products of the C-1 l a  hydroxylation (1 f and 
2d, respectively), on incubation with R. arrl7izus, 

R 
20 (R = CI) 

although incubation of the corresponding en01 
acetate 4b did lead to the formation of a C-6P- 
hydroxylated steroid (3b), in addition to C-l lu  
hydroxylation. This observation has been inter- 
preted as follows (7): C-6P hydroxylation occurs via 
the A3t5 en01 and the fungus is able to hydrolyse and 
oxidise 4b to 3b but it lacks the ability to enolise 
either l e  or 2c. Chemical analogy for the enzymic 
oxidation of 4b is again provided by peracid oxida- 
tion of the corresponding en01 ether (4d), leading to 
3b in moderate yield. 

The results  resented and discussed herein there- 
fore support our earlier conclusion (3, 4) that the 
C-6P hydroxylation of androst-4-ene-3,17-dione by 
the fungus R. arrhizus involves an enolic inter- 
mediate. Studies with more sophisticated chemical 
model systems for this reaction are currently in 
progress. 

Experimental 
Apparatus, Materials, and Methods 

The apparatus and techniques used were as previously 
described (3). Analytical samples were purified and final 
separation of lg ,  5, and 6 performed by chromatography on a 
column of Whatman Partisil 20 silica gel (800 x 7.8 mm, 
eluent 0.5% methanolic chloroform) using a Perkin-Elmer 
series 3 high pressure liquid chromatograph. Incubations with 
R. arrhizus were performed as described (6). 

Preparation of Substrates 
The following were prepared by published procedures and 

gave satisfactory spectral and analytical data. 6p-Chloro- 
androst-4-ene-3,17-dione (16) (8), 6cc-chloroandrost-4-ene- 
3,17-dione (2a) (8), 6p-fluoroandrost-4-ene-3,17-dione (Id) 
(9), 6cc-fluoroandrost-4-ene-3,17-dione (26) (9), 6p-methyl- 
androst-4-ene-3,17-dione (le) (lo), 6cc-methylandrost-4-ene- 
3,17-dione (2c) (lo), 3-acetoxy-6-methylandrosta-3,5-diene-17- 
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H O L L A N D  A N D  DIAKOW 1587 

one (46) (1 l), 6-chloro-3-ethoxyandrosta-3,5-diene-17-one (4c) 
(12), and 3-ethoxy-6-methylandrosta-3,5-diene-l7-one (4d) 
(13). 
3-Acetoxy-6-chloroandrosta-3,5-diene-17-ot1e (4a) 
6a-Chloroandrost-4-ene-3,17-dione (5 g) was dissolved in a 

mixture of absolute ethyl acetate (800 mL), chloroform (100 
mL), and acetic anhydride (100 mL), and then 70% aqueous 
perchloric acid (0.4 mL) added to the solution. The resulting 
dark green mixture was stirred at room temperature for 2 h 
and then washed (sodium bicarbonate, followed by water) and 
dried (sodium sulphate). After treatment of the solution with 
decolourising carbon and filtration, it was concentrated on a 
rotary evaporator at 40°C and then diluted with hexane (500 
mL). The crystals which deposited after the resulting solution 
was cooled overnight at - 20°C were collected by filtration and 
recrystallized from ethyl acetate - hexane to give 2.5 g of the 
title compound, mp 17@172"C; ir (KBr) v,,,: 1735, 1760 
cm-'; 'Hmr (6): 0.92 (3H, s, C-18H), 1.08 (3H, s, C-19H), 
2.17 (3H, s, CH3CO-), 6.33 (IH, s, C-4H); ms rrlle (%): 322 
(32), 320 (loo), 307 (IS), 305 (3.3, 285 (9). Anal. calcd. for 
CZlHz,CI03: C 69.51, H 7.50, C19.77; found: C 69.31, H 7.47, 
C1 9.63. 

Incubations with R. arrhizus 
Results of the incubations of 1, 2, and 4 are presented in 

Table 1. In all cases, products were isolated by chromatography 
as previously described (4). Physical and spectral data for 
hitherto unreported compounds are listed (vide infra); all other 
products were identified by comparison of physical and 
spectral data with those of authentic samples. 

6 ~ - C / 1 l o r o - l l a - h y d r o x y a t 1 d r o s t - 4 - e ~ n e  (Zc)-mp 
189-192°C (dec.); 'Hmr (6): 1.01 (3H, s, C-18H), 1.62 (3H, s, 
C-19H), 4.20 (IH, sex., J = 10 and 5 Hz, C-IIPH), 4.82 (IH, 
t, J = 3 Hz, C-6aH), 5.90 (IH, s, C-4H); ms mle (%): 338 (6), 
336 (15), 302 (loo), 300 (39), 287 (36), 282 (50). Anal. calcd. for 
Cl,HzsClO3 (M+ 336.149 (35C1)): C 67.75, H 7.48, CI 10.52; 
found (M+ 336.155): C 67.72, H 7.37, C1 10.39. 
lla-Hydroxy-6~-met/1ylat1drost-4-et1e-3,17-diot1e (If)-mp 

212-214°C; 'Hmr (6): 0.97 (3H, s, C-18H), 1.30 (3H, d, J = 8 
Hz, C-6PCH3), 1.44 (3H, s, C-19H), 3.9-4.3 (IH, m, C-I 1 BH), 
5.80 (lH, s, C-4H); ms mle (x ) :  316 (90), 298 (loo), 283 (32). 
Anal. calcd. for CZoHZsO3: C 75.91, H 8.92; found: C 75.81, 
H 9.14. 

lla-Hydroxy-6~-tnelhyla11drost-4-et1e-3,17-dione (2d)-mp 
225-227°C; 'Hmr (6): 0.96 (3H, s, C-18H), 1.13 (3H, d, J = 
6.5Hz, C-6aCH3) 1.36 (3H, s, C-19H), 3.9-4.3 ( lH,  m, 
C-llBH), 5.87 (lH, d, J = 2 Hz, C-4H); ms mle (%I: 316 (83), 
298 (loo), 283 (25). Anal. calcd. for CzoHzs03 (M+ 316.204): 
C 75.91, H 8.92; found ( M +  316.205): C 75.67, H 9.0. 
6~-Fluoro-lla-hydr.oxyandrost-4-enn-3,17-dione (1g)-Rf 0.20 

(4% methan01~hloroform), 0.33 (2% methanol - ether), 0.15 
(ether); mp 206-209°C (acetone-hexane) ; 'Hmr 6: 1 .OO (3H, 
s, C-19H), 1.47 (3H, d, J = 2Hz,  C-19H), 3.9-4.3 (lH, m, 
C-IIPH), 5.06 (lH, d, J = 50 HZ, C-6aH), 5.93 (IH, d, 
J = 5.5 Hz, C-4H); ms rnle (Z): 320 (100), 302 (77), 300 (SO), 
287 (37), 282 (55), 267 (73). M +  calcd. for C19HZSF03:  
320.179; found: 320.181. 

Oxidations with m-Chloroperoxybenzoic Acid 
The following were oxidised using the procedure described 

previously (6) and gave the products indicated. 
6-Chloro-3-ethoxyandrosta-3,5-diene-17-ot1e (4c) 
Oxidation of 0.696 g of 4c gave 6a-chloroandrost-4-ene- 

3,17-dione (2a) (0.31 g, 50%), mp 215-217°C (lit. (8) mp 
216-218°C); 'Hmr (6): 0.93 (3H, s, C-18H), 1.27 (3H, s, 
C-19H), 4.6-5.0 (IH, m, C-6PH), 6.43 (IH, d, J = 2 Hz, 
C-4H); ms M +  3201322; and androst-4-ene-3,6-17, trione (3a) 
(0.107 g, 19x1, mp 222-224°C (lit. (14) mp 217-219°C); 'Hmr 
(6): 0.94 (3H, s, C-18H), 1.21 (3H, s, C-19H), 6.21 (IH, s, 
C-4H); ms M +  320. 
3-Ethoxy-6-met/1ylandrosta-3,5-diene-17-one (4d) 
Oxidation of 0.9 g of 4d gave 6a-methylandrost-4-ene-3,17- 

dione (2c) (0.1 g, 12%), mp 165-166°C (lit. (10) mp 164-167°C); 
'Hmr (6): 0.93 (3H, s, C-18H), 1.12 (3H, d, J = 6.5 Hz, 
C - ~ U C H ~ ) ,  1.23 (3H, S, C-19H), 5.86 (1 H, d, J = 2 HZ, C-4H) ; 
ms M +  300; and 6P-hydroxy-6a-methylandrost-4-ene-3,17- 
dione (36) (0.48 g, 42%), mp 235-238°C (lit. (11) mp 237- 
239°C); 'Hmr ( 6 ) :  0.95 (3H, s, C-18H), 1.42, 1.45 (each 3H, 
s, C-19 and C-6CH3 H's), 6.06 (IH, s, C-4H); ms M +  316. 
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HERBERT L. HOLLAND, PETER W. JEFFS, THOMAS M. CAPPS, and DAVID B. MACLEAN. Can. 
J. Chem. 57, 1588 (1979). 

The biosynthesis of berberine and hydrastine (in Hydrastis canadensis), corydaline and 
protopine (in Corydalis solida), and ochotensimine and protopine (in C. ochotensis), has been 
investigated by the administration of [3-'4C]-3',4'-dihydroxyphenylalanine ([3-14C]DOPA). In 
all cases, incorporation of label was predominantly into the isoquinoline portion of the 
alkaloid. The role of DOPA in the early stages of isoquinoline alkaloid biosynthesis in these 
plants is discussed in the light of this and other relevant data. In addition, the later stages of 
corydaline biosynthesis have been studied by the administration of [9-metho~y-'~C]palmatine 
and -tetrahydropalmatine to C. solida, and the origin of the exocyclic carbons of ochoten- 
simine further verified by feeding [methyl-'4C,3H]methionine to C. ochotetrsis. 

HERBERT L. HOLLAND, PETER W. JEFFS, THOMAS M. CAPPS et DAVID B. MACLEAN. Can. J. 
Chem. 57. 1588 (1979). 

On a etudit la biosynthkse de la berbtrine et de l'hydrastine (dans Hydrastis canadensis), de 
la corydaline et de la protopine (dans Corydalis solida) et de l'ochotensimine et de la protopine 
(dans C. ochotensis) en administrant de la [3-'4C]dihydroxy-3',4' phtnylalanine ([3-'4C]DOPA). 
Dans tous les cas, l'incorporation du marqueur se fait principalement dans la portion iso- 
quinoltine de l'alcaloi'de. On discute du rble de la DOPA dans les stades prtliminaires de la 
biosynthese des alcaloi'des de l'isoquinoltine dans ces plantes A la lumiere de ces donntes et 
d'autres qui leur sont reliees. De plus, on a ttudit les derniers stades de la biosynthkse de la 
corydaline en administrant des [nrPthoxy-9 '4C]palmatine et -tttrahydropalmatine dans du 
C. solida et on a de plus vCrifiC l'origine des carbones exocycliques de I'ochotensimine en 
administrant de la [mitlgvl-'4C,3H]mCthionine au C. oclrotensis. 

[Traduit par le journal] 

The biosynthesis of alkaloids of the benzyliso- 
quinoline group (1) and of related alkaloids such as 
the protoberberines (2) has been extensively inves- 
tigated (1). As shown in Scheme 1 two molecules of 
tyrosine (3) form the isoquinoline 'upper' and benzyl 
'lower' portions of 1 whereas the protoberberines are 
derived from 1 and methionine. In the many iso- 
quinoline systems that have been studied tyrosine 
has been shown to be incorporated almost equally 
into both the 'upper' and 'lower' portions of the 
molecule (1, 2). 

The nature of the intermediates resulting from 
tyrosine during the biosynthesis of the benzyliso- 
quinoline system has not, however, been fully 
established. It has been proposed that norlaudano- 

'This paper is dedicated to the memory of our former co- 
worker, R. H. F. Manske, who contributed so much to the 
chemistry of the isoquinoline alkaloids. 

soline (8a) may be derived from two molecules of 
tyrosine by either of the routes shown in Scheme 2 
(1, 3) and that norlaudanosoline in turn serves as a 
precursor of other classes of isoquinoline alkaloids. 
It is well known that dopamine (5) is incorporated 
only into the upper portion of the alkaloids (1). 
Tyramine (4) can also serve as a precursor but it has 
been less extensively examined (4). DOPA (3,4-di- 
hydroxyphenylalanine) 6 is a key intermediate in this 
scheme since it may lead both to dopamine, by 
decarboxylation, and to 3,4-dihydroxyphenylpyruvic 
acid (7) by transamination. The combination of 5 
and 7 followed by decarboxylation provides the 
benzylisoquinoline 8a (3, 5, 6). 

Although the incorporation of DOPA into iso- 
quinoline alkaloids has been known for some time 
(7), its role in their formation is only now being 
clarified. Battersby el al. (8) reported that 96% of 

0008-4042179113 1588- 10$0 1 .OO/O 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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HOLLAND ET AL. 1589 

SCHEME 1. Biogenesis of the protoberberine skeleton 

the radioactive label from [2-14C]DOPA was located 
in the 'upper' portion of the aporphine alkaloid 
glaucine (9) and that similar incorporation into the 
alkaloids hasubanonine (lo), protostephanine (11) 
(98 and 92x, respectively) (4), and into morphine ( 5 )  
was observed. Similarly, Bhakuni and co-workers 
(3, 9) observed that 9 7 z  of the radioactivity of intact 
reticuline (8b) isolated from Litsea glutinosa fed with 
[2-14C]DOPA was located in the 'upper' half of the 
molecule. These results are consistent with a 
mechanism of benzylisoquinoline biosynthesis in 
which the predominant route of DOPA metabolism 
is via decarboxylation to dopamine. Wilson and 
Coscia (6) have recently reported that DOPA is 
incorporated into the 'lower' portion of norlaudano- 
soline carboxylic acid (12) and propose that the 
latter is an intermediate in the pathway for nor- 
laudanosoline. This would indicate that although 
DOPA may be predominantly incorporated into 
benzylisoquinoline and derived alkaloids via dopa- 

mine, this mode of incorporation is not the unique 
pathway of DOPA metabolism and that, in all the 
cases quoted above, a small but significant propor- 
tion of DOPA may be incorporated into the 'lower' 
portion of the intact alkaloid. 

In the present study, [ 3 - 1 4 C ] ~ O ~ A  was adminis- 
tered to plants which elaborate protoberberine, 
protoberberine-derived bases, and spirobenzyliso- 
quinolines as major alkaloid components. The alka- 
loids examined were berberine (13) (10, 11) and 
hydrastine (16) (10, 11) in Hydrastis canadensis, 
corydaline (19) (2) and protopine (21) (7) in Cory- 
dalis solida, and ochotensimine (24) (2) and protopine 
in Corydalis ochotensis. The feeding experiments are 
summarized in Table 1. The intact alkaloids were 
degraded by established procedures (see refs. 2, 10, 
11 and Experimental). These degradations are out- 
lined in Schemes 3-7, and the results summarized in 
Tables 2-6. 

In all cases examined, incorporation of DOPA was 
predominantly into the upper portion of the mole- 
cule. Since all the alkaloids examined have been 
shown to be derived from tyrosine, which is incor- 
porated with approximately equal efficiency into 
both portions of the molecule, tyrosine cannot be 
metabolised solely via DOPA in its incorporation 
into the benzylisoquinoline system (see Scheme 2). 
The distribution of DOPA-derived label in the 
alkaloids is consistent with a pathway in which 
DOPA is metabolised predominantly by decarboxyl- 
ation to 5 (9). The observation of Wilson and Coscia 
(6) that DOPA contributes to the lower portion of 
norlaudanosoline carboxylic acid (12) in P. orientale 
may mean that oxidation of DOPA to a keto acid 
such as 7 occurs to an appreciable extent in that 
plant. However, the specific function of the inter- 
mediate 7 in the formation of a benzyl isoquinoline 
or benzyl isoquinoline-derived alkaloid remains to 
be demonstrated: Bhakuni et al. (3) report the 

COOH _ HODfOOH 0 R ] = R Z = R I = H  8 

\ NH2 HO ' b R' = R3 = CH,, R2 = H HO 

SCHEME 2. Biogenesis of the benzylisoquinoline skeleton 
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NCH3 COOH 
OH 

CH30 0CH3  OH 

incorporation of [ 3 ~ ] - 7  into reticuline but note that 
significant label (32%), presumably via transamina- 
tion, appears in the upper portion. The interpreta- 
tion of the results of experiments with DOPA must 
therefore necessarily be regarded as tentative until 
the roles of 7 and p-hydroxyphenylpyruvic acid in 
the production of benzyl isoquinolines are clarified. 

We have also investigated the later stages of the 
biosynthesis of corydaline (19) in C. solida by the 
administration of (~~)-[9-methoxy-'~C]tetrahydro- 
palmatine ([9-OCH3-14C]-26) and [9-rneth0xy-'~C]- 
palmatine ([9-0CH3-14C]-27). The synthesis of these 
alkaloids via palmatrubine (28) is outlined in Scheme 
8. The corydaline fraction isolated from three 
separate feedings of [ 9 - 0 C ~ , - ~ ~ C ] - 2 6  showed only 
slight activity, and radiochromatoscan analysis 
failed to detect significant activity associated with 
corydaline. Feeding of [9-OCH3-14C]-27 as the 
hydroxide, however, yielded corydaline (19) which 
was labelled at the C-9 methoxyl carbon. Specific 
incorporation was demonstrated by degradation 
(Scheme 9, Table 7) of the resulting corydaline, via 
the tetradehydro salt (29), to corydalubine (30) and 
methyl iodide (isolated as methyl triethyl ammonium 
chloride), the latter accounting for 94% of the activity 
of the corydaline from which it was derived. 

The incorporation of labelled 27, but not 26, into 
corydaline is explained in Scheme 10 on the basis of 
our earlier assumption (2) that the one carbon unit 

comprising C-13' (derived from the S-methyl group 
of methionine (2)) is added to a didehydro proto- 
berberine precursor such as 31. The inability of 
C. solida to convert 26 into 31 is in accord with our 
demonstration (2) that extensive reversible oxidation 
and reduction of corydaline in C. solida does not 
occur (viz. retention of tritium from [rneth~l-~H]- 
methionine at C-8 of corydaline); presumably the 
same is true of tetrahydropalmatine. We therefore 
regard 27 as functioning to provide 31 following 
reduction but not necessarily as an obligatory inter- 
mediate in the corydaline pathway. The stage in the 
pathway from 8a to 19 (see Schemes 2 and 10) at 
which the enamine functionality of 31 is introduced 
is unknown, and experiments to clarify this are 
currently under way. 

As an extension of our earlier work on the bio- 
synthesis of ochotensimine (24) in C. ockotensis (2), 

SCHEME 3. The degradation of berberine (13) 

H N o 3 i  CHO 

SCHEME 4. The degradation of hydrastine (16) 
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HOLLAND ET AL. 1591 

TABLE 1. Feeding of DL-[~- '~C]DOPA" to C. solida, C. ochotensis, and H. canadensis 

Substrate activity Product specific activityb (14C) x (dpmlmmol) 

Specific Total Ochoten- 
Plant (mCi/mmol) (mCi) Date Corydaline Protopine simine Berberine Hydrastine 

Corydalis solida 61 0.05 May1975 17.7 5 .7  - - 
Corydalis ochotensis 52 0.05 July 1975 - 24.6 3.6 - - 
Hydrastis canadensis 0.05 June 1975 - - - 32.3 7.0 

aAmersham/Searle. 
*After appropriate dilution, detailed in the Experimental. 

CH30 precursor (7.4 f 0.2 vs. 7.8 f 0.1), this reduction 
Kuhn-Roth - CH3COOH in 3H/14C ratio can only be explained by an addi- 

tional loss of 3H relative to 14C. The observed loss 
of 17% ',H relative to 14C is close to that which would 

0CH3 CH30 result from the loss of two labelled hydrogen atoms 
in the conversion of 25 to 32 (10: 12 = 83.3%). The 

19 20 O reaction of the C-3 benzylic hydrogens of 1-indenes 
with base (the conditions for this transformation) is 

SCHEME 5. The degradation of cor~daline (19) derived from well known (e.g. ref. 13) so that loss of tritium from DL-[~-'~C]DOPA 
C-8 by base catalysed exchange during the production 

- - 

of 32 from 25 methiodide may well account for the 
observed ratios. The retention of tritium from 
L-[methyl-3H]methionine at  C-8 of ochotensimine 
would preclude a pathway of ochotensimine bio- 
synthesis which involves a ring C oxygenated inter- 
mediate such as adlumine (33) but is consistent with 
other proposals for the derivation of ochotensimine 
(and related alkaloids) from the protoberberine 
system (2, and references therein). 

22 

SCHEME 6. The degradation of protopine (21) 

we have administered ~ - [ m e t ~ ~ y I - ~ H , ~ ~ C ] m e t h i o n i n e  
to this plant (Table 8): degradation of the resulting 

(,) CH,I 
ochotensimine (Scheme 1 I, Table 9) followed estab- (2) NaBH, 
lished procedures (2, 12), and confirmed the intact 
derivation of the 0-methyls, N-methyl, and C-13'- 
methylene from the S-methyl of methionine. The 
results also suggest, although do not confirm, the CH30 

I 
intact derivation of the C-8 methylene group from 
the same source. The 3H/14C ratio of 25, which c H 3 0 ~ ~ 2  - K U - R o t h  CH3COOH 
contains all the carbon and hydrogen atoms of ocho- / \ 
tensimine, is identical with that of the precursor 
amino acid (cf. Table 8), whereas the ratio observed 
for the Hoffmann product 32 (6.5) is only 83% of 25 

that of 25. Since the 3H/14C ratio of the N-methyl SCHEME 7. The degradation of ochotensimine derived from 
lost in this transformation is close to that of the DL-[~-'~C]DOPA 
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TABLE 2. Distribution of label within berberine chloride derived from 
DL-[3-14C]DOPA 

Carbon atoms of Specific activity Relative specific 
Products berberine chloride (dpm/mmol) activity (%) 

Berberine 
chloride All 3 . 2 3 k 0 . 0 2 ~  lo5 look 1 

(+)-Canadhe All 3.39+O.03x1O5 104+ 1 

Lactam 15 C-1-C-6, C-14 3.20&0.02x lo5 99k 1 

TABLE 3. Distribution of label within hydrastine derived from 
D L - [ ~ - ' ~ ~ ] D O P A  

Carbon atoms Specific activity Relative specific 
Products of hydrastine (dpm/mmol) activity (%) 

Hydrastine All 7.0 +o.? x l o 4  loo+ 3 
Hydrastinine C-1-C-6, C-14 6.7 _+ 0.3 x lo4 96k4  
Opianic acid C-8-C-13 0.08+0.12x lo4 1 + 1 

TABLE 4. Distribution of label within corydaline derived from 
DL-[3-'4C]DOPA 

Carbon atoms Specific activity Relative specific 
Products of corydaline (dpmlmmol) activity (%) 

Corydaline All 1.77f0.08x105 100 + 4 

Corydaldine C-1-C-6, C-14 1.65 + 0.02 x lo5 93 + 1 

Acetic acid C-13, C-13' 0 .19k0.3 x lo3 O.lkO.1 
(as u-naphthyl- 
amide) 

TABLE 5. Distribution of label within protopine derived from DL-[~-'~C]DOPA 

Specific activity Relative specific 
(dpm/mmol) activity (%) 

Carbon atoms 
Products of protopine From C. solida From C. ocizotensis From C. solida From C. ochotensis 

Protopine All 5 . 7 2 k 0 . 0 7 ~  lo4 2.46f 0 . 0 2 ~  lo5 loo+ 1 100k 1 

N-Methyldihydro- 
coptisinium 
chloride A11 5.52k0.1 x104 2.51f 0.04x105 9622  102f2 

Oxyhydrastinine C-1-C-6, C-14 5.45 k 0.08 x lo4 2.55 f 0.04 x lo5 95+2 103k2 

TABLE 6. Distribution of label within ochotensimine derived from 
DL-[~-'~C]DOPA 

Carbon atoms of Specific activity Relative specific 
Products ochotensimine (dpm/mmol) activity (%) 

Ochotensimine 
methiodide All 3.61f 0.3x104 10024 

Indene 
derivative 25 All 3.51f 0.3x104 9 7 f 4  

Acetic acid (as 
a-naphthyl- 
amide) C-13, C-13' 1.2 f 0 . 8 x 1 0 3  4 f 3  
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SCHEME 8. Synthesis of [9-OCH3-'4C]-26 and [9-OCH3-'4C]-27 hydroxide from (+)-tetrahydropalmatine (26) 

TABLE 7. Feeding of (RS)-[9-tiietho~y-~~CItetrahydropalmatine (26) and [9-rnetho~y-'~C]palmatine (27) to  Corydalis solida 

Specific activities x (dpm/mmol) 
Substrate activity (% total) 

Specific Total Methyltriethyl 
Substrate (mCi/mmol) (mCi) Date Corydaline Corydalubine ammonium chloride 

26 7.54 0.05 May 1977 3.6+0.2"vb - - 
27 7.54 0 .1  May 1978 6 . 1 + 0 . l C  (100+1) 0 . 3 3 k 0 . 2  (5+3) 5 . 7 5 k 0 . 1  (94k2)  

aTypical value from three separate feeding experiments. 
bRadiochromatoscan analysis failed to reveal significant activity associated with corydaline. 
cAfter 40-fold dilution for degradation (see Experimental). 

CH3O 

cH30% 

Experimental 
Plants 

Corydalis solida (2), Corydalis ochotetisis (2), and Hydrastis 
0CH3 canadensis (10) plants were propagated as described. 

\ 
OCH3 Synthesis of Labelled Alkaloids 

(RS)-[9-metho~y-'~C]TetrahydropaIt1iafie fro111 (+)-Tetra- 

1.1 hydropalmatit~e (26) 
Palniatine iodide (27)-(+)-Tetrahydropalmatine (3.55 g, 

10 mmol) was dissolved in 95% ethanol (250 mL) containing 

c H : ~ o c H 3  

iodine (3.81 g, 30 mmol) and refluxed for 3 h. The dark brown 
mixture was then treated with 5% sodium bisulphite (ca. 2 mL) 

CH and the mixture turned bright yellow within 30 s. The mixture 
was cooled in an  ice bath to  induce crystallization and the 

CH3 ' palmatine iodide removed by filtration. Recrystallization from 
\ 0CH3 MeOH-EtOAc yielded 4.60 g (96%) of the palmatine iodide 

29 as yellow needles; mp 240-242°C (lit. (14) 241°C). 
Palt~~atrubine (28)-Palmatine iodide (1.0 g, 2.1 mmol) was 

I. mixed with urea (2 g) and ground into a fine powder. This 
powdered mixture was heated at 200°C in an  oil bath for 30 
min. Upon heating the mixture turned from bright yellow to a 

c H 3 0 ~ 0 -  

brilliant red colour. The resulting dark red solid was then 
poured into water (100 mL) and extracted into chloroform 

CH30 
( I )  t Et,MeN+CI- (4 x 50rnL). The combined organic extracts were washed 

+CH31 (2)  AgZO with water (I x 100 mL), dried over magnesium sulphate, and 
CH3 (3) HCI the solvent removed in uaclro to  give a dark reddish solid. 

/ 
0CH3 

Recrystallization from absolute ethanol gave 650 mg (92%) of 
the palmatrubine (28) as red flakes; mp 288-292°C (lit. (15) 

30 290-295°C). 
SCHEME 9. Degradation of corydaline derived from (RS)-[9-metho~y-'~C]Tetrah~dropaltnati11e (26) 

[9-OCH,-14C]palmatine The phenol betaine, palmatrubine (28) (35 mg, 0.1 mmol), 
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TABLE 8. Feeding of L-[rnefhyl-3H,14C]methionine to C. ochoferzsis 

Nominal activity Ochotensimine 

Specific Total Weight Specific activity 3H/14C ratio 
Substrate (mCi/mmol) (mCi) Date (mg) (14C) dpm/mmol x (measured) 

hethjonine- 56 
~-[mefhyl-~H]- O.l 1 July 1973 88 

methionine 5000 1 .O 

"Determined after conversion to ocholensirnine rnethiodide. 

TABLE 9. Distribution of label within ochotensimine derived from methyl-[3H,14C]-methionine 

Carbon atoms of Specific activity Relative specific 
Products ochotensimine (14C) dpm/mmol activity % (14C) 3H/14C 

Ochotensimine methiodidea All 1 . 4 k 0 . 1  x lo6 - - 
Indene derivative 2Sb All 2 .8 f  0 . 2 ~  lo5 l o o k  1 7 . 8 k 0 . 1  

Acetic acid (as cr-naphthylamide) C-13, C-13' 5.1+O.2x1O4 1 8 k 1  7 . 6 k 0 . 1  

Methylamine (as N-methyl-p- 
naphthoamide) C-13' 4 . 8 k 0 . 2 ~  lo4 17k  1 7 . 1 k 0 . 1  

N-Methyl (as tetramethyl- 
ammonium chloride) N-Methyl 4 . 9 k 0 . 2 ~  lo4 17+ 1 7 . 4 k 0 . 2  

0-Methyls (as tetramethyl- 
ammonium chloride) 0-Methyls 4 . 2 k 0 . 2 ~  lo4 15+1  7 . 7 k 0 . 1  

Styrene derivative 32 All except N-methyl 2 . 3 k 0 . 2 ~  lo5 82k  1 6 . 5 k 0 . 2  

"From ochotensirnine isolated rrithout dilur~on with unlubelled alkaloid. 
DObtainr.d from ochotens~minc rncthiod~de after dilut~on n ~ t h  unlnbclled m:~ter~al. 

SCHEME 10. Introduction of the C-13 methyl of corydaline 

was dissolved in dry D M F  (3 mL) and placed on a high and the system was evacuated to a pressure of 0.03 Torr with a 
vacuum manifold. A break-seal ampule containing 14C- rough pump. At this time liquid nitrogen was substituted for 
labelled methyl iodide (1 mCi, 20 mCi/mmol) was also placed the Dry Ice - acetone bath and the break-seal container of 
on the vacuum manifold. The reaction vessel containing the methyl iodide was also cooled in liquid nitrogen. With the aid 
D M F  solution was thoroughly cooled in Dry Ice - acetone of an oil diffusion pump the system was further evacuated to a 
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CH30 CH30 

(1) CH3I CH31 
2 5 Kuhn-Roth cH30q: CH30%i 24 (2) NaBH, ' - 

KOH 
+ (CH,),N 

1 \ / 
0 (1) CH3I 

32 (2) Ag,O 

CH3COOH (3) HCI 

Schmidt 

' I 0  I 
(CH,),N+CI- 

(CH,),N+CI 4 (I)  CH,I 
CH,NHI (2 )  AgzO 

(3) HCI 

SCHEME 11. Degradation of ochotensimine derived from L-[methyl-3H,14C]methionine (Table 9). 

pressure of ca. Torr. At this time the break-seal was sublimation (140°C, 1 x Torr). Protopine (150mg) was 
cracked, the liquid nitrogen removed from the break-seal added to  fractions BS + ES and the resulting extract crystal- 
ampule, and the radio-labelled methyl iodide was allowed to  lized from methanol to give 94 mg of radioactive protopine. A 
distill into the reaction mixture which was kept at liquid further 200 mg of protopine was added to  50 mg of the 
nitrogen temperature. The reaction flask was then sealed under radioactive sample, and this mixture was recrystallized from 
vacuum and kept at  room temperature for 6 days. At the end chloroform-methanol to  give material for degradation. 
of this period the mixture was cooled in Dry Ice - acetone and cOrydalis oc/70~e~7s~s 
an additional aliquot (2 mL) of inactive methyl iodide was Five plants (fresh weight 203 g) were exposed to the labelled 
added. The was again sealed and kept at room amino acid for 4 days, and harvested and dried as  described 
temperature for 2 days during which time a yellow solid had above to give 46 g of dry plant material. This was extracted by 
precipitated. The D M F  was removed irr vacrlo and this residue the procedure of Manske (17) and ochotensimine isolated from 
taken up in methanol-water (3: 1, v/v 30 mL). The mixture was fractions BC + EC and converted to  the methiodide (124 mg) 
treated with excess sodium borohydride and stirred at room as described previously (2). The radioactive rnethiodide (50 mg) 
temperature overnight. The excess borohydride was quenched was diluted with carrier rnethiodide (200 mg) prior to deg- 
by slow addition of 10% hydrochloric acid and the mixture radation. Protopine (24 mg) was crystallized directly from 
Was concentrated i r~  V ~ C / [ O  to remove the methanol. The fractions BS + ES. A further 230 mg of protopine was added 
resultant solution was diluted with water (75 mL), basified to  20 mg of the labelled sample and the whole crystallized 
with solid potassium carbonate and extracted with chloroform from c~~oro fo rm-met~ano~  to give for degradation 
(3 x 60 mL). The combined extracts were washed with water purposes. 
(50 mL) and dried over sodium sulphate. The solvent was Hydrastis canaderlsis removed i r~  vacrto to yield a white powder which was radio- Three plants were exposed to radioactive tracer for 3 days 
chemically pure by tlc and radioscan. Recrystallization from and harvested to give a total of 626 of fresh material. The yielded 25 mg (70%) 9-[oCH3-L4Cl-(*)-tetra- dried roots (205 g) and aerial portion (32 g) were extracted as hydropalmatine as white needles; specific activity 21.26 described to give berberine chloride (3.76 g) and hydrastine pCi/mg, 7.54 mCi/mmol. 

[9-metho~y-'~C]Palr??atir1e (27) frotr~ (RS)-[9-metho~y-'~C]- 
(1.8 g). 

Tetrahydropaln~ntine (26) Adr?lir~isrratiot~ of(RS)-[9-metho~y-'~C]Tetral1ydropalr11atir1e 
(RS)-[9-n1etl1oxy-'~C]Tetrahydropalmatine (4.8 mg, 102 (26) a r ~ d  [9-metho~y-'~C]Pabnatitle (27) to C. solida 

pC) was converted into [9-n1etl1oxy-'~C]palmatine iodide by (Table 7) 
the method described above. The salt so obtained was dissolved In separate feeding experiments [9-OCH3-'"C1-(26) and 427) 
in distilled water (5 mL) and stirred with an excess of freshly were each administered to three plants for a period of 4 days 
prepared silver oxide with exclusion of light for a period of 1 h. by the cotton wick method. Corydaline was extracted and 
The resulting yellow solution was decanted, combined with purified by the procedure described above with the modifica- 
aqueous washings of the insoluble material, and used directly. tion that only 30 mg of carrier corydaline was added to the 

extract. It was then further purified by preparative layer 
Administration of DL-[~- '~C]DOPA (Table I )  chromatography (silica gel, 2% methanolic chloroform). 

The labelled materia1 was administered by infusion into the 
stem as described (2, 10). Ascorbic acid (1 mg/mL) was added Adn7it1istratior1 of [methyl-'4C,3H]-Metl~io?~i?~e to C. ochotensis 
to the feeding solutions to  prevent aerial oxidation. (Table 8) 

Following administration by the method used previously 
Extractiot~ of the Alkaloids (2), C. ocl~otensis (fresh weight 230 g, dry weight 45 g) was 

Corydalis solida extracted as described (2) to  give ochotensimine (24) (88 mg). 
Six plants were exposed to  the radioactive amino acid for 

3 days. The total plant material was then harvested (fresh Degradation of 
weight 130 g) and dried at  40°C for 72 h, yielding 34 g of dry Degradatior~ ofBerberine Cl~loride Deriuedfronz 
plant material. The extraction then followed the procedure of DL-[~- '~C]DOPA (Table 2) 
Manske (16). Corydaline (300 mg) was added to  fractions Cot~uersion to (f )-car~aditre-Reduction of berberine 
BC + EC of the extract and crystallization of the extract from chloride (1 g) with sodium borohydride in ethanol gave (f )- 
methanol gave 270 mg of radioactive corydaline, which was canadine (746 mg), mp 170-172°C from ethanol (lit. (18) 
purified by recrystallization from methanol followed by mp 171°C). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1596 CAN.  J .  CHEM. VOL. 57, 1979 

Carbons 1-6, nitrogen, and carbon-14; oxidatiorz of canadine 
to 15-Oxidation of (&)-canadhe (0.5 g) with potassium 
permanganate, by the method described below for the oxida- 
tion of corydaline to corydaldine, gave 6,7-methylenedioxy- 
1,2,3,4-tetrahydro-1-isoquinolinone. Sublimation at 70-80°C, 
1.1 x Torr, and crystallization from ether gave 32 mg, 
mp 180-182°C (lit. (19) mp  181-182°C). 

Degradation of Hydrastitze Derived from D L - [ ~ - ' ~ C ]  DOPA 
(Scheme 4, Table 3) 

Hydrastine (400 mg) was converted to hydrastinine, 162 mg, 
mp 116-117°C (lit. (7) mp 116-117°C) and opianic acid, 23 mg, 
mp 143-145°C (lit. (10) mp  146°C) by the described procedure 
(10). 

Degradatiotz of Corydaline Derived from DL-[~- '~C]DOPA 
(Schenie 5, Table 4) 

Carbon-13 and the C-methyl by oxidation-The Kuhn-Roth 
oxidation of corydaline and the conversion of the resulting 
acetic acid to N-acetyl-a-naphthylamide were performed as 
described (2). 

Carbon 1-6, rzirrogen, and carbotz-14; oxidation of corydalitze 
ro corydalditze-Sodium hydroxide solution (15%) was added 
dropwise to a stirred solution of corydaline (100 mg) in 50 mL 
of aqueous sulfuric acid a t  0°C until the mixture reached pH 5. 
A solution of potassium permanganate (180 mg) in water 
(10 mL) was then added and the resulting solution stirred at  
0°C. After 2 h had elapsed the solution was heated to 50°C, 
adjusted to  pH 10 (15% NaOH) and then filtered. The filtrate 
was extracted with chloroform and the extract washed with 5% 
HCI, dried and evaporated. The residue was purified first by 
preparative layer chromatography (Merck silica 60 F-254,10% 
methanolic chloroform, Rr 0.5) and then by sublimation at  
10O0C, 2 x 10-Z Torr. Crystallization from ether gave 8.4 mg 
of corydaldine, mp 173-175°C (lit. (20) mp 175°C). 

Degradatiotz of Corydaline Derived fronz [9-metho~y-'~C]- 
Paltnatine (Table 7) 

9-0-Methyl by corzversion to nzer/zyl~riettzy?vlarn~~io~zi~~~~z 
chloride and corydal[[bitze-Corydaline isolated from C. solida 
after administration of [9-t1zethoxy-'~C]palrnatine (10 mg) was 
diluted with unlabelled corydaline (400 mg) and the mixture 
so obtained treated as described for the preparation of palma- 
trubine (above), with the addition of nitrogen inlet and outlet 
tubes to the reaction flask. During the reaction a slow stream 
of nitrogen was passed through the flask and then through 
three traps each containing a solution of 0.5 mL triethylamine 
in 5 mL methanol at - 78°C. When the reaction was complete, 
the material from the traps was combined, allowed to  stand 
overnight a t  room temperature, and then evaporated in a 
stream of dry nitrogen. The residue was then converted to  
methyltriethylammonium chloride by reaction with silver 
oxide and HCI as described (2). The residue in the reaction 
flask was treated as described above and afforded corydalubine 
(230 mg). 

Degradatiorz of Protopine Derived fronz DL-[~- '~C]DOPA 
(Scheme 6, Table 5) 

Cotzversiotz of protopitze to N-mettzyldihydrocoptisini~tm 
chloride-This was performed by the method described (21). 
I n  a typical transformation 200 mg of protopine gave 136 mg 
of the desired salt, mp 210-213°C (dec.) (lit. (21) mp 215°C 
(dec.)). 

Carbons 1-6, nitrogen, and carbon-14; oxidatiorz of 22 to 
oxytzydrastinine-Potassium permanganate (100 mg) was 
added to a stirred suspension of 22 (100 mg) in water (50 mL) 
at 0°C. The solution was stirred for 2 h at  0°C and then heated 
to 50°C, basified to pH 10 (15% NaOH), and extracted with 
chloroform. The extract was washed with 5% HCI, dried and 
evaporated to  give a residue which was purified first by 

preparative layer chromatography (Merck silica 60 F-254, 5% 
methanolic chloroform, Rr 0.6) and then by sublimation at 
12OoC, 5 x 10-Z Torr. Crystallization from ether gave 
oxyhydrastinine (11.2 mg), mp 96-98°C (lit. (22) mp 97-98°C). 

Degradatiorz of Ochotensinlirze (Schemes 7 and 11, Tables 6 
and 9) 

Carbotz-13 and the exocyclic tnethylerze-The degradation of 
ochotensimine methiodide to isolate C-13 and C-13' as acetic 
acid and transformation of the latter into N-acetyl-a-naph- 
thylamide was performed as described (2). 

N-Methyl as  retrarrzerhylanot~otzi~rtn chloride-The indene 
derivative 25 (150mg), obtained from ochotensimine as 
described (2), was dissolved in a solution of ether (1 mL) and 
methanol (0.2 mL) containing methyl iodide (0.5 mL). The 
resulting solution was allowed to remain at room temperature 
for 24 h, and then at -20°C for a further 24 h. The crystals 
which deposited (220 mg) were then removed by filtration. A 
solution of 25 methiodide so obtained (200mg) in 50% 
aqueous ethanol (30 mL) containing potassium hydroxide (1 g) 
was heated at  80°C for 4 h. A slow stream of nitrogen passed 
through the reaction flask into a series of three traps each 
containing 1 mL of 10% methyl iodide-ether (v/v). The 
material from the traps was combined and allowed to stand 
at  room temperature for 24 h. The precipitate of tetramethyl- 
ammonium iodide so obtained was converted to  tetramethyl- 
ammonium chloride (2) for counting. 

I - Methyl-2(2'-vinyl-4',5'-ditnettzoxyp/zetzyl) -4,s- v7ethylene 
dioxy-I-indene (32)-The aqueous ethanol solution from the 
Hoffmann degradation described above was poured onto 
water (20 mL) and extracted with chloroform. The extract was 
washed with 5% HCI, dried, and then evaporated. The residue 
was dissolved in chloroform and filtered through a column of 
silica gel to remove polar impurities. It was then evaporated 
and recrystallized from acetone-hexane to give 32 (120 mg), 
mp 140-142°C (lit. (12) mp 142-144°C). The sample was 
further purified for counting by sublimation at  100°C and 
0.05 Torr. 

Methoxyl rilethyls a s  tetramethylanzttzoni~~m chloride-Treat- 
ment of 32 (100 mg) with HI  by the procedure described 
previously (2) gave tetramethylammonium iodide (18 mg) 
which was converted to  tetramethylammonium chloride (2) 
for counting. 

Deternzination of Radioactivity 
Radioactivity was assayed by liquid scintillation counting 

(Mark 1 liquid scintillation computer, Model 6860, Nuclear 
Chicago). Samples were dissolved in methanol or water and 
the solution dispersed in a solution of Aquasol (New England 
Nuclear). Triplicate samples of each compound were counted 
under comparable conditions of quenching. For highly 
quenched samples the confidence limits of the quench correc- 
tion curves were + 5%. Confidence limits shown in the tables 
are standard deviations of the mean. 
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A convergent route to phthalideisoquinoline alkaloids via directed metalation of tertiary 
benzamides 

S.  0. DE SILVA, I .  AH MAD,^ A N D  V. SNIECKUS 
G~~c/ [ ) / r -Wcrte~. loo Ce t~ to r f i ) r  G~udrr t r t r  Wo1.k it1 C h e t ~ ~ i s t ~ y .  Utlicr~..siry c:f'Wrrrrrloo, Wc~te~, loo.  Otlt . .  Ctrt~crtln N2L 3GI  

Received January 2 ,  1979 

S. 0 .  DE SILVA, I. AHMAD, and V. SNIECKUS. Can. J.  Chem. 57. 1598 (1979). 
Diastereomeric phthalideisoquinoline~ 8 and 9 have been synthesized by a route involving an 

amine-induced bromohomophthalic anhydride - phthalide-a-carboxamide rearrangement, 
3 + 4 + 6, as the key step. This rearrangement has been applied to the synthesis of the methox- 
ylated phthalide-a-carboxamide 18 which has been converted into the dehydrophthalide 19 
thereby achieving a formal synthesis of the phthalideisoquinoline alkaloids cordrastine I ( la )  
and cordrastine 11 ( lb) .  The key intermediate in this sequence, 3,4-dimethoxyhomophthalic 
acid (15), has been efficiently prepared in two steps via directed lithiation of 2,3-dimethoxy- 
N,N-diethylbenzamide (13). 

S. 0. DE SILVA, I. AHMAD et V. SNIECKUS. Can. J. Chem. 57, 1598 (1979). 
On a synthetise les phtalideisoquinoleines diastereoisomi.res 8 et 9 en faisant appel, comme 

etape-cle, a une transposition induite par une amine d'un anhydride bromohomophtalique en 
phtalide a-carboxamide 3 + 4 -r 6.  On a utilise cette transposition pour la synthkse du phtalide 
a-carboxamide methoxylC (18) qui peut Stre transforme en dehydrophtalide 19; ces reactions 
completent la synthese formelle des alcaloi'des de la phtalideisoquinolCine, cordrastine l ( la )  et 
cordrastine I1 (16). On a prepare I'intermediaire de cette serie de reactions, l'acide dimethoxy- 
3,4 homophtalique (15), d'une maniere efficace en deux Ctapes par une lithiation directe du 
dimethoxy-2,3 N,N-diethylbenzamide (13). 

[Traduit par le journal] 

Cordrastine I ( l a )  and cordrastine I1 ( l b )  con- discovery of biogenetically related B/C ring-opened 
stitute early discoveries of the phthalideisoquinoline alkaloids (4 )  the interconversion of representative 
class of alkaloids which currently number about 15 members into other classes of alkaloids (3 ,  4), eluci- 
bases elaborated by Berberidaceae, Fumariaceae, dation of biosynthetic pathways (6), and the finding 
Papaveraceae, and Ranunculaceae plant families that several alkaloids act as effective y-aminobutyric 
(2-5). Recent interest in this group derives from the acid (GABA) antagonists (4).  

The isolation and structural elucidation of the cor- 

:::?A$ ::;XI& drastines torical period ( 1 )  was when carried "new out alkaloids by Manske were (7) discovered in a his- 
H'; 0 a t  a rate that would make the discoverer of islands 

: c IT' in the St. Lawrence envious" (8). Forty years later, 
I' - 6' - Manske and co-workers also contributed to the 

2 ' b D / 4 7  OMe \ / OMe development of a total synthesis of phthalideiso- 
OMe OMe quinolinealkaloids (9),based on the classical Haworth- 

l u  16 Pinder route ( l o ) ,  which constitutes one of the most 
Cordlxstine I Cordl.astine I 1  efficient of the available routes reported to date (3 ,4) .  

Herein we describe a new synthesis2q3 of phthalide- 

d N E . 2  

isoquinolines which also proceeds via Haworth- 
Pinder intermediates but which involves the principle 
of directed metalation of substituted benzamides (2) 

(MeO),, (11) for the construction of the C / D  ring fragment. 
2 An additional feature of our synthesis is a bromo- 

homophthalic anhydride - phthalide-a-carboxamide 
rearrangement for the convergent assemblage of a 

'Dedicated to R. H. F. Manske, an early force and a con- skeleton embodying all the requisite atoms of tor- 
tinuing influence in Canadian Chemistry. 

ZPart of this work has been published in preliminary form; drastine I ( l a )  and cOrdrastine 'I (lb) (Scheme 2). 
see ref. 1. 

3Taken, in part, from the Ph.D. Thesis of I.A., University  stud^' (Scheme I )  
of Waterloo, Waterloo, Ont. 1975. In connection with synthetic efforts towards the 

0008-4042/79/ 13 1598-08$0 1 .OO/O 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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0 
5 

M e O m N M e  PhH/room temperature ~~0 
(80%) i" 

rhoeadine  alkaloid^,^ we observed that condensation 
of the phenethylamine 3 with bromohomophthalic 
anhydride (4), both readily available compounds 
(see Experimental), did not yield the required anhy- 
dride 5 but provided the rearranged phthalide-cr- 
carboxamide 6 in good yield.4 The structure of 6 

4This rearrangement was foreshadowed by the observations 
that bromination of homophthalic anhydride in acetic acid 
gave i 3  and distillation of dimethyl a-bromohoniophthalate 
produced the corresponding methyl ester ii (28). 

was assigned by comparison of its spectral data5 
with those of the ring D dimethoxylated analogue 18.  
Modified Bischler-Napieralski cyclization afforded 
the yellow dehydrophthalide 7 which upon catalytic 
hydrogenation gave a mixture of the phthalideiso- 
quinolines 8 and 9. These were easily separated by 
preparative tlc into the pure threo (8) (46%) and 
erythro (9) (42%) diastereomers. Stereochemical 
assignments were made by comparison of tlc be- 
havior and 'Hmr spectra of 8 and 9 with those of 

5An interesting feature of the 'Hnlr spectrum of 6 is the 
presence of two sets of doublets at  F 3.02, 3.13 and 6 5.64, 
6.12 assigned to the NCH, and C-3 protons respectively of 
the two conformational isomers arising from restricted rota- 
tion about the amide bond. These signals were shown to col- 
lapse at  + 6g°C (sharp singlet) and + 74°C (broad peak, incorn- 
plete averaging). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1600 C A N .  J .  CHEM. VOL. 57, 1979 

One-pot synthesis (47%) 

OHC, 
+ I 

H20C ( I )  sec-BuLi Me (1) sec -BuLi Et2N0c30Me TH (2) F/-78°C CO, E t 2 N o c ~ o M e  THF/-78°C (2) Me1 

Me0 (7 1 %) Me0 (98%) 

4 steps 
59% overall 

10% aqeous HCIO, 
reflux 

(75%) 

4 steps 
H 0 2 C a  - 

54% overall 

HZ/PtO, 
EtOH/H+ 

(footnote 9) 

the corresponding diastereomeric cordrastines l a  
and l b  (12). The faster moving diastereomer 8, 
R, = 0.7 (silica gel, CHC1,-MeOH, 97:3), showed 
absorptions at 6 4.15 (d, J = 4 Hz), 5.76 (d, J = 4 
Hz), and 6.38 (s) assigned to the C-1, C-9, and C-8 
protons, respectively, whereas the other diastereomer 
9, R, = 0.35, displayed corresponding signals at 6 
4.08 (d, J = 4 Hz), 5.7 (d, J = 4 Hz), and 6.3 (s). 
The differences in R, values and chemical shifts of 8 
and 9 are mirrored in the corresponding tlc and 
'Hmr data of the diastereomeric cordrastine I ( l a )  
(R, = 0.6) and cordrastine I1 (lb).(R, = 0.3) whose 
stereochemistry has been established (12). In par- 
ticular, the highly characteristic C-8 proton which 
reflects the favored conformations of phthalideiso- 
quinoline diastereoisomeric pairs (4) appears at lower 
field in the 'Hmr spectrum of the threo isomer 8 (6 
6.38) compared to the erythro isomer 9 (6 6.3) thus 
paralleling the values recorded for the cordrastine 
isomers l a  (6 6.62) and l b  (6 6.19) (12). The corre- 
spondence of the R, values and 'Hmr data for the 
pairs 8,1a and 9,lb supports the threo and erythro 
stereochemical assignments to 8 and 9, respectively. 

/ 3/PhH/room temperature 
(56%) 

0 OMe 

Cordrastines I and 11 (Scheme 2) 
The applicability of the model bromohomoph- 

thalic anhydride - phthalide-a-carboxamide rear- 
rangement, 3 + 4 -, 6,  to the synthesis of the cor- 
drastines I ( la)  and I1 (lb) critically depended on 
the availability of 3,4-dimethoxyhomophthalic acid 
(15). This compound could be prepared by a tedious, 
multistep route from 3,4-dimethoxybenzaldehyde 
(10) via the bromoindanone intermediate 14 (Scheme 
3).6 Simplification and abbreviation of this classical 
route was achieved as a consequence of our work 
with ortho-lithiated N,N-diethylbenzamides (2) as 
useful intermediates for the synthesis of contiguously 
tri- and tetrasubstituted aromatic systems (11). 

Directed lithiation of 2,3-dimethoxy-N,N-diethyl- 
benzamide (13) with sec-butyllithium in THF pro- 
vided a yellow homogeneous solution which upon 
treatment with methyl iodide afforded a quantitative 

6This route consists of reactions from unrelated literature 
sources some of which have been improved to  provide a higher 
overall yield of 15. Only the significantly improved procedures 
are given in the Experimental (Scheme 3). For similar results, 
see ref. 13. 
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yield of the toluamide 12. The 'Hmr spectrum of 
compound 12 showed, inter alia, a collapsed AB 
pattern centered at 6 6.93 (2H) due to the aromatic 
protons and broad absorption at 6 0.87-1.42 (2 x t, 
6H) and 6 2.87-3.83 (2 x q, 4H) due to the CH, and 
CH, protons, respectively, of the diethylamide func- 
tion. The nonequivalency of the two sets of CH, and 
CH, protons is due to the amide restricted rotation 
phenomenon and strongly suggests that methylation 
has occurred ortho to the diethylamide function. 
Lithiation of 12 under similar conditions resulted in 
the formation of a deep purple solution of the o-tol- 
uoyl anion7 which upon quenching with dry carbon 
dioxide gave the homophthalic acid amide 11. The 
conversion of 13 into 11 was also achieved in a one- 
pot operation with attendant gain in convenience 
but some loss in overall efficacy. In this sequence, the 
second lithiation was carried out with sec-BuLi (1 
equiv.) in the presence of (iPr),NH (0.1 equiv.) as 
it was found that the use of sec-BuLi alone resulted 
in partial lithiation of the aromatic ring (presumably 
ortho to the 3-OMe group). The abbreviated syn- 
thesis of the homophthalic acid 15 was completed by 
perchloric acid hydrolysis of 11. 

Conversion of 15 into the C/D ring precursor (17) 
of the target alkaloids was readily effected by treat- 
ment with acetic anhydride to give the homophthalic 
anhydride 16 followed by bromination of the latter 
with pyridinium bromide perbromide. The unstable 
bromoanhydride 17 (ir v,,,: 1810, 1755 cm-I; nmr 
6:  6.10 (s, lH,  C-4 H))' was not purified but imme- 
diately treated with the phenethylamine 3 to give the 
phthalide-cr-carboxamide 18. Compound 18 was 
shown to be identical (mp, mixture mp, tlc, ir, and 
'Hmr) with an authentic sampleg prepared by the 
Haworth-Pinder synthesis (10). The phenomenon of 
restricted rotation about the amide bond, already 
encountered in the model compound 6, was again 
evident from the examination of the 'Hmr spectrum 
of 18 (see Experimental). Bischler-Napieralski cycli- 
zation of 18 furnished the orange-yellow dehydro- 
cordrastine (19) whose identity was established by 
comparison (mp, mixture mp, tlc, and ir) with an 
authentic  ample.^ Since 19 has been previously con- 
vertedg (10) into cordrastine I ( la)  and cordrastine 

'Related, synthetically useful species may be derived from 
secondary o-toluamides (140 and references therein) and 
o-toluic acids (146). 

8The possibility that these data correspond to the rearranged 
6,7-dimethoxyphthalide-a-carboxylic acid bromide (see foot- 
note 4) was eliminated by synthesis of this compound and com- 
parison of its spectral data with those of the isomeric 17 (see 
Experimental). 

9H. L. Holland and D. B. MacLean. Unpublished results, 
McMaster University, Hamilton, Ont. 

ok OMe 

O OMe 
20 

I1 (lb), our work formally represents a new synthesis 
of these phthalideisoquinoline alkaloids. 

As demonstrated here and elsewhere (9, l l ) ,  
oxygenated homophthalic anhydrides, e.g., 16, and 
phthalide-cr-carboxylic acids (20) are now readily 
available by directed metalation reactions. These 
developments elevate the original Haworth-Pinder 
route (10) to the stature of a general method for 
phthalideisoquinoline alkaloid synthesis. 

Experimental 
General Methods 

Microanalyses were performed by A. G.  Gygli, Toronto, 
Ont., and Baron Consulting Co., Orange, CT. Melting points 
were measured on Fisher-Johns and Biichi SMP-20 apparatus 
and are uncorrected. Infrared spectra were determined on a 
Beckmann IR-10 spectrometer. Ultraviolet spectra were 
recorded on an SP-8OOE ultraviolet spectrophotometer in 
methanol solution. Nuclear magnetic resonance spectra were 
obtained with a Varian T-60 spectrometer using tetramethyl- 
silane as internal standard in deuteriochloroform unless other- 
wise indicated. Mass spectra were determined on an A.E.I. 
MS-30 double beam, double focussing mass spectrometer. Fo r  
column chromatography, silica gel 60 (70-230 mesh) and alu- 
minum oxide (neutral, activity 1) obtained from Brinkmann 
(Canada), and Florisil (60-100 mesh) purchased from Fisher 
Scientific Co. (Canada) were used. Silica gel GF-254 and alu- 
minum oxide G (type E) adsorbents were used for thick-layer 
chromatography. sec-Butyllithium, as a solution in hexane, 
and tetramethylethylenediamine (TMEDA) were purchased 
from Aldrich Chemical Co. When used below, the phrase 
'standard work-up' signifies that a given organic solution was 
dried (Na2S04) and evaporated to  dryness in vacuo. 

4-Bromoisoc/~romnn-1,3-dione ( 4 )  
T o  a stirred solution of isochroman-1,3-dione (15) (0.8 g, 

5 mmol) in anhydrous methylene chloride (7 mL) was added 
pyridinium bromide perbromide (1.6 g, 5 mmol) in one por- 
tion. The mixture which became homogeneous in a few minutes 
was further stirred for 1 h. The solvent was removed under 
reduced pressure at  room temperature and the residue was 
stirred with anhydrous benzene (25 mL) for 0.5 h after which 
time the benzene solution was decanted. This process was re- 
peated. The combined benzene solution was subjected to filtra- 
tion to remove the suspension of pyridinium hydrobromide. 
The filtrate was concentrated in vacuo at  room temperature to  
give 0.8 g (67%) of compound 4 as a pale yellow oil ; ir (CsD,) 
v,,,: 1800 and 1765 cm-' (anhydride); nmr (CsDs) 8: 6.20 
(s, lH ,  C-4 H), 7.7-8.13 (m, 4H, aromatic H). This compound 
was found to be unstable and rearranged to phthalide-a-car- 
boxylic acid, mp 154-156°C (lit. (16) mp 151°C) when water 
was used in the work-up or when it was stored for 1 week. 
Owing to its instability, compound 4 was used in the next reac- 
tion on the same day. 

N-Methyl-N-(~-3,4-dimet/~oxyphenylet/lyl)pht/lalide-a- 
cnrboxamide (6)  

A solution of freshly prepared 4-bromoisochroman-l,3- 
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CH,(CO,H), 
OHC pyridine, H21Pd-C 

piperidine 'lqeoUs N2i0H . H20c%oMe - Br,lHOAc 

reflux hoMe - (97%) (90%) Me0 (90%) Me0 
10 21 22 23 

HO\ 

H21Pd-C iAmONO 
N 

PPAI- 80°C HOAcINaOAc - MeOHIHCI 

(75%) (94%) 
Me0 OMe Me0 OMe BOM~ 

TsCl NC aqeous NaOH H2OC 
aqeous NaOH reflux 

(74%) 
Me0 Me0 

26 15 
SCHEME 3 

dione (4) (0.72 g, 3 mmol) in anhydrous benzene (10 mL) was (+)-threo- and -erythro-2-Methyl-6,7-din~ethoxy-I- 
added dropwise under nitrogen to a stirred solution of N-meth- (phthalidy1)-1,2,3,4-tetrahydroisoquinoli~~es ( 8  and 9) 
yl-e-3,4-dimethoxyphenylethylamine (3) (17) (1.17 g, 6 mmol) To a suspension of powdered dehydrophthalide 7 (0.25 g, 
in anhydrous benzene (18 mL). The mixture was stirred a t  0.74 mmol) in glacial acetic acid (25 mL) was added platinum 
room temperature for 1 h and the precipitated hydrobromide oxide (10 mg) and the mixture was hydrogenated at room tem- 
of 3 was removed by filtration. The filtrate was concentrated perature and atmospheric pressure until hydrogen uptake 
under reduced pressure to give a thick pale yellow oil which ceased. The catalyst was removed by filtration and the colour- 
was purified by column chromatography (silica gel, CHC1,- less filtrate was evaporated to dryness under reduced pressure. 
MeOH, 100:0.7). Initial fractions were combined and evapo- The residual gum was neutralized with aqueous ammonium 
rated to dryness to give 0.85 g (80%) of compound 6 as a hydroxide and the resulting mixture was extracted with chloro- 
colourless syrup; ir (CHCI,) v,,,: 1775 (y-lactone), 1660 cm-' form (3 x 25 mL). Standard work-up gave 0.25 g (96%) of a 
(amide); nmr 6: 2.60-2.95 (m, 2H, -CH2), 3.02, 3.13 (2 x s, colourless syrup which was subjected to preparative tlc (silica 
3H, NCH,), 3.4-3.75 (m, 2H,-CH2N), 3.8,3.83,3.88 (3 x s, gel, CHC1,-MeOH, 97:3) to give the following two compo- 
6H, 2 x OCH,), 5.64 and 6.12 (2 x s, lH ,  C-9 H), 6.8 (s, 3H, nents. 
A ring aromatic H), 7.4-8.0 (m, 4H, D ring aromatic H); ms ~~~d I 
mle (% relative intensity): 355 (41, M'), 222 (261, 165 (781, (+)-rhreo-2-Methyl-6,7-dimethoxy-l-(phthalidyl)-l,2,3,4-te- 
164 (loo), 151 (loo), 134 (24), 133 (loo), 104 (281, 79 (411, 78 trahydroisoquinoline (8), 0.12 g (46%); R, 0.7 (silica gel, 
(41). ~1x71. calcd. for C Z O H Z ~ N O ~ :  67.60, H 5.90, N 3.94; CHC1,-MeOH, 97:3); mp 168-170°C; ir (KBr) v,,,: 1760 
found: C 67.38, H 6.16, N 3.80. cm-' (y-lactone); nmr 6: 2.66 (s, 3H, NCH,), 2.2-3.4 (m, 

3-(3,4-Dihydro-6,7-di1nethoxy-2-n1etI1yl-I (2H)isoqui11olyl- 4H, -CH2CH2-), 3.71 (s, 3H, OCH,), 3.79 (s, 3H, OCH,), 

idene)phtlralide (7) 4.15 (d, J = 4 HZ, lH ,  C-1 H), 5.76 (d , J  = 4 HZ, 1H,C-9 H), 

To a solution of N-methyl-N-(e-3,4-dimethoxypheny1- 6.38 (s, lH, C-8 6.7 ( ~ 9  lH,  C-5 7.3-7.9 (m> 4H, 
ethyl)phthalide-cr-carboxamide (6) (0.5 g, 1.41 mmol) in dry aromatic ring HI; ms mle (% relative intensity): 206 (loo), 
T H F  (1 mL) was added freshly distilled phosphorous oxy- 58 (67). 
chloride (2.5 m ~ )  and the mixture was refluxed on a steam Picrflre-Compound 8 (67.8 mg, 0.2 mmol) was dissolved in 
bath for 3.5 h, The resulting dark red solution was cooled in an methanol (0.5 mL) and treated with a solution of picric acid 
ice bath and treated by dropwise addition of a mixture of am- (45.8 mg, 0.2 mmol) in methanol (0.5 mL). The mixture was 
monium hydroxide and methanol (1 : 1) (2 m ~ ) .  water (4 m ~ )  refluxed on a steam bath for 15 min and cooled to give 105 mg 

was added and the mixture was extracted with chloroform (92%) the picrate of 8 as yellow ~rislns,  mp 198-20O0C. 

(3 x 25 mL). The organic extract was washed with water and A""1. calcd. for C26H24N4011 : C 54.937 H 4.26, N 9.86; 

treated by standard work up to give a dark red gum which found: 54.87, 4.417 9.77. 

when dissolved in methanol and allowed to stand overnight Band2 
deposited 0.33 g (70%) of yellow crystals of compound 7, mp (_+)-erythro-2-Methyl-6,7-dimethoxy-l-(phthalidyl)-l,2,3,4- 
167-168.5"C; ir (KBr)v,,,: 1758 (lactone), 1594 cm-I (C=C); tetrahydroisoquinoline (9), 0.11 g (42%); Rf 0.35 (silica gel, 
uv h,,,: 219 (23 300), 307 (9600), 342 (11 600), 400 nm CHC1,-MeOH, 97:3); amorphous solid; ir (CHC1,) v,,,: 
(16 000); nmr 6: 2.9 (s, 3H, NCH,), 3.0-3.85 (m, 4H, 1765 cm-I (y-lactone); nmr 6: 2.57 (s, 3H, NCH,), 2.35-3.2 
-CH2CH2-), 4.05 (s, 3H, OCH,), 4.15 (s, 3H, OCH,), 6.9 (m, 4H, -CH2CH2-), 3.63 (s, 3H, OCH,), 3.85 (s, 3H, 
(s) and 7.58-8.58 (m, 6H, aromatic H); ms mle (% relative OCH,), 4.08 (d, J = 4 Hz, lH ,  C-1 H), 5.7 (d, J = 4 Hz, lH ,  
intensity) : 338 (23), 337 (100, M +), 280 (42), 278 (65). Anal. C-9 H), 6.3 (s, lH ,  C-8 H), 6.6 (s, lH,  C-5 H), 6.8-7.05,7.4-8.0 
calcd. for CzoHl9NO4,$CH30H: C 69.67, H 5.99, N 3.96; (m, 4H, D aromatic ring H); ms mle (% relative intensity): 
found: C 69.82, H 5.70, N 3.70. 206 (loo), 58 (67). 
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Picrate-Using the procedure described above, the picrate 
of 9 was prepared in 92% yield: yellow prisms, mp 208-210°C. 
Anal. calcd. for C26H24N40,1: C 54.93, H 4.26, N 9.86; 
found: C 55.10, H 4.26, N 9.78. 

The mixture melting point of the two picrates was depressed 
(mp 176-188°C). 

Syt~tl~esis of 3,4-Dimethoxyl~omophthalic Acid (15) 
(a) By a Classical Route (Scheme 3) 
3,4-Ditnetl~oxycinrlamic acid (21)-A high yield (92%) pro- 

cedure has been cla~med (18) which apparently could not be 
reproduced (60%) (19). Following the Doebner reaction be- 
tween 3,4-dimethoxybenzaldehyde and malonic acid as de- 
scribed by Koo et al. (20) furnished a 90% yield of compound 
21. A sample recrystallized from aqueous ethanol gave colour- 
less needles, mp 180-181.5'C (Ilt. (19) mp 181-181.5"C); ir 
(KBr) v,,,: 3440 (br, OH) and 1682 cm-' (C=O); nmr 6 :  
3.95 (s, 6H, 2 x  OCH,), 6.3 (d, J = 16 HZ, lH ,  -CH= 
CHC02H),  6.75-7.15 (m, 3H, aromatic H), 7.78 (d, J = 16 Hz, 
l H ,  -CH=CHC02H). 
3,4-Din~ethoxyphenylpropiot~ic a c ~ d  (22)-Compound 22 has 

been previously obtained in 85% yield by reduct~on of 21 using 
sodium amalgam (21, 22). The hydrogenation procedure of 
McCorkindale et al. (23) was followed. From 5 g (24 mmol) 
of 21 there was obtained 4.9 g (97%) of compound 22. A sam- 
ple recrystallized from aqueous ethanol showed mp 95-96°C 
(lit. (21) mp 97°C); ir (KBr) v,,,: 2900 (br, OH), 1700 cm-' 
(C=O); nmr 6: 2.40-3.20 (m, 4H, -CH2CH2-), 3.88 (s, 6H, 
2 x OCH,), 6.80 (s, 3H, aromatic H), 8.90 (br s, lH ,  OH). 
3-(2-Brottio-4,5-clirnethoxyphenyl)propionic acid (23) -Com- 

pound 23 was obtained in 90% yield by bromination of 22 
according to a literature procedure (24). A sample recrystal- 
lized from aqueous ethanol showed mp 118-119°C (lit. (24) 
mp 118-119°C); ir (KBr) v,,,: 2930-2832 (br, OH), 1710 
cm-'  (C=O); nrnr 6: 2.45-3.15 (m, 4H, -CH2CH2-), 3.83 
(s, 6H, 2 x OCH,), 6.78 (s, 1 H,  C-6 H), 7.0 (s, 1 H, C-3 H), 
O H  absorpt~on was not detected. 
4-Brott~o-6,7-dit~1ethox~~i11don-l-one (14)-Friedel-Crafts cy- 

clization of 23 using concentrated sulfu 'c acid (24) gave 14 in 
only 25% y~eld. We obtained 14 in 75$: yield by using poly- 
phosphoric acid under conditions which are essentially those 
recently described by Cushman and Dekow (13). A sample 
recrystallized from methanol showed mp 120-121°C (lit. (13) 
118-120°C; 11t. (24) mp 120-121°C); ir and nmrspectra identical 
with those reported (13). 
6,7-Dimethoxyit~don-1-one (24)-Compound 24 has been 

previously obtained from 2-carboxy-3,4-dimethoxybenzalde- 
hyde (opianic acid) in four steps and unknown overall yield 
(25). A m~xture of compound 14 (2 g, 7.4 mmol) and anhy- 
drous sodium acetate (1 g) in glacial acetic acid (100 mL) was 
hydrogenated in the presence of 10% pallad~um-on-carbon 
(0.2 g) at room temperature and 50 psi until hydrogen uptake 
ceased. The catalyst was removed by filtration and the filtrate 
was evaporated to dryness under reduced pressure. The result- 
ing residue was dissolved in water (25 mL) and extracted with 
ethyl acetate (2 x 50 mL). Standard work up gave an oil. 
Vacuum distillation afforded 1.33 g (94%) of compound 24 as 
a colourless oil, bp 188-19O0C/20 Torr wh~ch crystallized, mp 
40-42°C (lit. (25) mp 40-43°C) ; ir (CHCI,) v,,, : 1703 cm- ' 
(C=O); nrnr 6: 2.48-2.78 (m, 2H, -CH2-), 2.86-3.2 (m, 
2H, CHzCO), 3.9 (s, 3H, OCH,), 4.0 (s, 3H, OCH,), 7.04 (d, 
J = 8 HZ, C-5 H), 7.24 (d, J = 8 HZ, C-4 H). 
2-Hydroxyimino-6,7-dimerhoxyindan-1-one (25)-Themethod 

of Schopf et al. (25), also recently adopted by Cushman and 
Dekow (13), was employed using iso-amylnitrite as the nitro- 
sating reagent. In this manner, compound 24 gave 25 in 83% 
yield, mp 208-209.5"C. (lit. (25) mp 208-210°C); ir (KBr): 1722 

(C=O), 1650 cm-' (C=N). This material was used in the 
next step without purification. 
2-Carboxy-3,4-dimethoxyphenylacetoni~ (26)-The sec- 

ond-order Beckmann rearrangement of 25 was carried out 
according to the method of Gensler et al. (26) (see also ref. 13) 
to give compound 26 in 74% yield, mp 116-118°C (lit. (25) m p  
97-99°C; lit. (26) mp 104-108°C); ir (CHCI,)v,,,: 2320 (CN), 
1745 cm-' (C=O); nrnr 6 :  3.93 (s, 2H, -CH2-), 4.0 (s, 6H, 
2 x OCH,), 7.0 (d, J =  8.5Hz, C-5 H), 7.25 (d, J =  8.5Hz, 
C-6 H). 
3,4-~it11etl1oxy/1or,2o~/1tl1alic acid (15)-Base-catalyzed hy- 

drolysis of 26 was carried out according to a literature method 
(25) (see also ref. 13) to give 15 in 93% yield, mp 117-118°C 
(lit. (25) mp 115-1 17°C); ir and nrnr spectra in agreement with 
those reported (1 3). 

(b) By Directed Metalation of 1 3  (Schen~e 2) 
2,3-Ditnethoxy-6-methyl- N,N -diethylbenzamide (12)-A 

stirred solution of 2,3-dimethoxy-N,N-diethylbenzamide (bp 
14OoC/0.2 Torr) (27) (2.37 g, 10 mmol) and TMEDA (1.5 mL, 
10 mmol) in dry tetrahydrofuran (200 mL) contained in a two- 
necked flask equipped with a gas inlet tube and a septum inlet 
and maintained under an atmosphere of dry nitrogen, was 
cooled to - 78°C (Dry Ice - acetone bath). A solution (0.9 M )  
of sec-butyllithium in hexane (11.1 mL, 10 mmol) was slowly 
introduced through the septum inlet using a hypodermic 
syringe. The light yellow solution was stirred for 1 h at -78°C 
and dry methyl iodide (1.24 mL, 20 mmol) was injected into 
the flask. Stirring was continued for 6 h during which time the 
cooling bath warmed to room temperature. Evaporation of 
the reaction mixture under reduced pressure gave a gummy 
product which was suspended in water (200 mL) and extracted 
with methylene chloride (2 x 100 mL). Standard work up 
yielded an oil which upon vacuum distillation gave 2.4 g (98%) 
of compound 12, bp 130°C/0.4 Torr; ir (CHCI,) v,,,: 1625 
cm-' (amide); nrnr 6: 0.87-1.42 (2 x overlapping t, 6H, 
N(CH2CH3)2), 2.23 (s, 3H, ArCH,), 2.87-3.83 (2 x overlap- 
ping q, 4H, N(CHZCH3),), 3.87 (s, 6H, 2 x OCH,), 6.93 (s, 2H, 
collapsed ABpattern,aromaticH). At~al.calcd. : 
C 66.91, H 8.42, N 5.57; found: C 66.61, H 8.39, N 5.23. 
2-(N,N-Dietl1ylcarboxan1ido)-3,4-rlin7ethoxyphenylacetic acid 

(]])-A solution of 12 (0.5 g, 2 mmol) in dry T H F  (200 mL) 
at -78°C prepared as for the synthesis of 11, was treated with 
a solution (0.9 M )  of sec-butyllithium in hexane (2.22 mL, 
2 rnmol) by slow injection through a septum cap using a hypo- 
dermic syringe. The resulting purple solution was stirred at 
-78°C for 0.5 h and allowed to  warm to -60°C. The solution 
was blanketed with a stream of dry carbon dioxide passed 
through a syringe needle inserted into the septum cap. The 
purple color was discharged (3 min) to give a yellow solu- 
tion but the carbon dioxide supply was maintained for 15 min. 
The solution was allowed to warm to room temperature and 
evaporated to yield a gum which was suspended in water 
(200 mL). The resulting mixture was extracted with methylene 
chloride (100 mL) and the aqueous layer was acidified (6 N 
HCI, 50 mL) and continuously extracted (24 h) with diethyl 
ether. Standard work up yielded 0.498 g of a semisolid which 
was recrystallized from benzene - petroleum ether (60-80°C) 
(1: 1) to afford 0.42 g (71% of compound l l ) ,  mp 107°C; ir 
(CHCI,) v,,,: 1740 (C02H), 1580 cm-' (amide); nmr 6:  
0.87-1.42 (2 x overlapping t, 6H, N(CH2CH3)2), 3.02-3.75 
(m, 6H, CH2C02H,  N(CH2CH3),), 3.75 (s, 3H, OCH,), 3.91 
(s, 3H, OCH,), 6.98 (d, 1 H, J = 8 Hz, C-6 H), 7.2 (d, 1 H, 
J = 8 Hz, C-5 H). Anal. calcd. for C15H21N05: C 61.00, H 
7.17, N 4.74; found: C 60.91, H 7.02, N 4.42. 

One-pot synthesis of cotnpoutid 11-The procedure described 
for the preparation of 12 was followed up to and including the 
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methyl iodide addition step using the following quantities of 
reagents: compound 13 (237 mg, 1 mmol), dry T H F  (100 mL), 
see-butyllithium (0.9 Msolution in hexane, 1.12 mL, 1 mmol), 
methyl iodide (0.09 mL, 1.5 mmol). The mixture was allowed 
to warm to room temperature over 1 h and then heated at  
60°C for 0.5 h in the presence of a continuous stream of dry 
nitrogen. The mixture was cooled to - 60°C (gradual addition 
of Dry Ice to an  acetone bath) and sequentially injected with 
freshly distilled diisopropyl amine (0.14 mL, 0.1 mmol) and a 
solution of see-butyllithium in hexane (1.12 mL, 1 mmol). The 
resulting deep purple solution was stirred for 0.5 h and sub- 
jected to treatment with carbon dioxide and standard work up 
according to the description above for the conversion 12 -t 11. 
The crude product was chromatographed (silica gel, benzene- 
methanol-acetone, 9: 1 : 1) to give 0.140 g (47%) of compound 
11 which was shown to be identical (mp, tlc, nrnr) with a sam- 
ple prepared above by the two-step procedure. 

Hydrolysis of Compound I 2  : 3,4-Ditnetlroxyhot?~oplrtlralic acid 
(15)-A suspension of the homophthalic acid amide 11 
(120 mg) in 10% aqueous perchloric acid (40 mL) was refluxed 
for 40 h, cooled, and continuously extracted with diethyl ether. 
The ether layer was dried by azeotropic removal of water using 
benzene and evaporated to dryness yielding a gum which was 
recrystallized from benzene to  give 74 mg (75%) of compound 
15, mp 117°C which was shown to be identical (mixture mp, 
ir, nrnr) with a sample prepared by the classical method. de- 
cribed above. 

7,8-Dimeflro.~yisochrornat1-1,3-diot1e (16) 
A mixture of dry 3,4-dimethoxyhomophthalic acid (15) 

(0.5 g, 2.1 mmol) and acetic anhydride (4.5 mL) was refluxed 
for 3 h and evaporated to  dryness under reduced pressure to  
give a pale yellow solid. Recrystallization from anhydrous 
benzene afforded 0.4 g (87%) of 7,8-dimethoxyisochroman- 
1,4-dione (16) as colourless plates, mp 103-105°C (lit. (24) 
mp 104-105°C); ir (KBr) v,,,: 1790, 1750 cm- ' (anhydride); 
nrnr (acetone-d6) 6: 3.87 (s, 3H, OCH,), 3.9 (s, 3H, OCH,), 
4.14 (s, 2H, -CH2--), 7.17, 7.47 (2 x d, J = 8.5 Hz, 2H, 
aromatic H). 

4-Brot1ro-7,8-ditnetlroxyisoc/11'o11ro1z-l,3-dioe (1 7) 
To a solution of 7,8-dimethoxyisochroman-1,3-dione (16) 

(0.44 g, 2 mmol) in anhydrous methylene chloride (4 mL) was 
added pyridinium bromide perbromide (0.638 g, 2 mmol). 
Dissolution occurred in a few minutes. The mixture was stirred 
at  room temperature for 1.5 h and then evaporated to dryness 
at  reduced pressure and room temperature. The residue was 
stirred with anhydrous benzene (10 mL) for 15 min and the 
benzene solution was decanted. This process was repeated. 
The combined benzene extracts were subjected to  filtration in 
order to remove remaining pyridinium hydrobromide. The fil- 
trate was concentrated in uocuo at room temperature to give 
0.58 g (83%) of compound 17 as an unstable oil (ir (CHCI,) 
v,,,: 1810, 1755 cm-' (anhydride); nmr (acetone-d6) 6: 3.93 
(s, 3H, OCH,), 3.99 (s, 3H, OCH,), 6.10 (s, lH ,  C-4 H), 7.55 
(s, 2H, aromatic H)) which was used without further purifica- 
tion in the next reaction. 

That the above data correspond to  structure 17 and are not 
due to  the acid bromide of 6,7-dimethoxyphthalide-a-carboxy- 
lic acid (20) was shown by an unambiguous synthesis of the 
latter as follows. 

Thionyl bromide (1 mL) was added to 6,7-dimethoxyph- 
thalide-cc-carboxylic acid (20) (20 mg) (11) placed in a flask 
equipped with a magnetic stirring bar and a drying tube, and 
the flask immersed in an ice bath. The mixture was stirred and 
allowed to warm to room temperature over 3 h. The excess 
thionyl bromide was removed under high vacuum to  give the 

acid bromide of compound 20 as a gummy, highly moisture- 
sensitive material (22 mg, 87%); ir (CHCI,) v,,,: 1780, 1770 
cm-' (y-lactone); nrnr (acetone-ds) 6 :  3.96 (s, 3H, OCH,), 
4.05 (s, 3H, OCH,), 6.0 (s, IH, C-3 H), 7.5 (collapsed AB pat- 
tern, 2H, aromatic H); mass spectrum mle (% relative intensity) 
301 (Mt ,  3), 193 (-COBr, 72), 85 (97), 83 (97). 

N-Met/~yl-N-(~-3,4,-di1nerhoxyphenyletlryl)meconit~e-cc- 
caiboxamide (18) 

A solution of freshly prepared 17 (0.58 g, 1.92 mmol) in 
anhydrous benzene (5 mL) was added dropwise under dry 
nitrogen to a stirred solution of N-methyl-13-3,4-dimethoxy- 
phenylethylamine (3) (0.749 g, 3.84 mmol) in anhydrous ben- 
zene (8 mL). The mixture was stirred at  room temperature for 
1.5 h. The resulting precipitate of the hydrobromide of 3 was 
removed by filtration and the filtrate was diluted with benzene 
(25 mL) and washed with successive portions of dilute hydro- 
chloric acid and water. The organic layer was dried (Na2S0,) 
and concentrated under reduced pressure to  give a pale yellow 
syrup. Purification by preparative tlc (silica gel, CHC1,- 
MeOH,' 100: 3) gave 0.45 g (56%) of compound 18 as an  oil 
which crystallized from methyl alcohol in glistening white 
prisms, mp 123-125°C (lit. (10) mp 123-124°C); ir (CHCI,) 
v,,,: 1780 (lactone), 1650 cm-' (amide); nrnr 6:  2.65-2.98 (m, 
2H, -CH2-), 3.07, 3.15 (2 x s, -2:1, 3H, NCH,), 3.51- 
4.2 (m, 14H, -CH2N, 4 x OCH,), 5.58, 6.03 (2 x s, -2:1, 
l H ,  phthalide-cc-H), 6.67-7.25 (m, 5H, aromatic H). This com- 
pound was shown to be identical (mixture mp, tlc (silica gel, 
CHC1,-MeOH, 100:3), and nrnr) with an authentic sample 
provided by Professors D .  B. MacLean and H. L. Holland. 

3-(3,4-Dil1yd1'o-6,7-ditnet17oxy-2-1netI1y1-l(2H)-isoquitrol- 
y1idene)-6,7-ditnethoxyplrtlrolide (Dehydrocordrastine) 
(19) 

T o  a solution of compound 18 (200 mg, 0.48 mmol) in anhy- 
drous T H F  (0.5 mL) was added freshly distilled phosphorous 
oxychloride (1.2 mL) and the mixture was refluxed on a steam 
bath for 3.5 h. The resulting deep red solution was evaporated 
to  dryness in uacuo to  give a dark red syrup which was cooled 
in an ice bath and treated dropwise with a mixture of ammo- 
nium hydroxide and methanol (1 : 1) (1.2 mL). Water (2 mL) 
was added and the mixture was extracted with chloroform 
(3 x 30 mL). Standard work up gave a dark red gum which 
was crystallized from methanol to afford 120 mg (60%) of 
compound 19 as orange-yellow prisms, mp 139-141°C (lit. 
(lo) mp 136136.5"C); ir (KBr) v,,,: 1764 (lactone), 1600 
cm-' (C=C); uv h,,,: 225 (24 800), 307 (14 950), 330 (14 400), 
404 nm (18 900); nmr 6: 2.65 (s, 3H, NCH,), 2.76 (t, 2H, 
-CH2-), 3.17 (t, 2H, -CH2N), 3.8, 3.85, 3.89, 4.04 (4 x S, 
12H, 4 x OCH,), 6.54 (s, lH,  C-8 H), 7.18, 7.84 (2 x s, 2H, 
C-2', C-3' H), 7.97 (s, l H ,  C-5 H); ms nrle (% relative inten- 
sity): 398 (28), 397 (Mt ,  loo), 382 (32), 364 (32), 341 (32), 339 
(50), 309 (25), 199 (67). This compound was shown to be iden- 
tical (mixture mp, ir, tlc (silica gel, CHC1,-MeOH, 100:3), 
nmr) with an  authentic sample provided by Professors D. B. 
MacLean and H. L. Holland. 
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The biosynthesis of the Lythraceae alkaloids. I. The lysine-derived fragment 

RAM NATH GUPTA, PETER HORSEWOOD, SWE HOO KOO, and IAN D. SPENSER 
Dcpcortr~or! of'Clrc,1~7isr1:\., Mc.Mosrc,r U~iicc,r.sirj~, Ho~?lilrotl. Olr!. . C(ororlo L8S 4MI 
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RAM NATH GUPTA, PETER HORSEWOOD, SWE HOO KOO, and IAN D. SPENSER. Can. J. Chem. 
57, 1606 (1 979). 

The biosynthesis of decodine (7) and decinine (9), Lythraceae alkaloids containing a rratls- 
fused quinolizidine nucleus, was studied in intact plants of Decodori uerricillariis (L.) Ell. 
Nonrandom incorporation of radioactivity from 14C-labelled samples of lysine, cadaverine, 
and A'-piperideine was demonstrated by partial degradation. Pelletierine did not serve as a 
precursor of the alkaloids. It was also shown, by means of 3H,14C-labelled tracers, that the 
alkaloids are derived from L-lysine whereas pipecolic acid, which is present in the plant, is 
derived from D-lysine. 

RAM NATH GUPTA, PETER HORSEWOOD, SWE HOO KOO et IAN D. SPENSER. Can. J. Chem. 
57, 1606 (1979). 

On a etudie la biosynthese, dans des plantes completes de Decodon uerricillar~rs (L.) Ell, de la 
decodine (7) et de la decinine (9), des alcaloi'des lythraceae contenant un noyau quinolizidine 
avec fusion rratzs. Faisant appel a une degradation partielle, on a demontre que I'incorporation 
de la radioactivite provenant d'echantillons de lysine, de cadaverine et de AL-piperidehe se fait 
d'une f a ~ o n  qui ne releve pas du hasard. On n'a pas observe que la pelletierine puisse servir 
de precurseur pour ces alcaloi'des. On a aussi montre, en faisant appel a des marqueurs 3H et 
I4C que les alcaloi'des derivent de la L-lysine alors que I'acide pipecolique qui est present dans 
la plante provient de la D-lysine. [Traduit par le journal] 

Introduction 0-C) with a C,-C, phenylpropanoid acid. A 

Several structural variants are known among the second group are cis-fused ~ h e n ~ l q u i n o l i z ~ d ~ ~ ~ l ~  

alkaloids of the family Lythraceae (Scheme I) (for a which are further substituted by a unit. 

review, see ref. 2). One major group comprises cis- Thirdly, there are piperidine derivatives, disub- 
and rmns-fused phenylquinolizidinols, derivatized by stituted, at the a-carbO1ls, C6-C4 u n i t s  The 
esterification and phenol coupling (either C-C or different groups are further characterized by stereo- 

chemical distinctions. 

I I 

0 C H 3  0 C H 3  
Group 1 

Group 2 Group 3 

SCHEME 1. Alkaloids of the Family Lythraceae: group 1 : 
Decodotz-type alkaloids; group 2: Lyrllrum-type alkaloids; 
group 3 : piperidine-type alkaloids. 

IThis paper is dedicated to the memory of R. H. F. Manske. 
ZA preliminary report of part of this work has been pub- 

lished (1). 

The ring systems of the three structural types are 
biogenetically derivable (3, 4) (Scheme 2) from 
pelletierine (4) whose nucleus, in turn, has been 
shown to be generated from L-lysine (5), via cadav- 
erine (6) and, presumably, A'-piperideine (cf. refs. 
7-10), and whose side chain originates from acetate 
(1 1-13). Biogenetically modelled syntheses of pel- 
letierine have been reported (14). Manilich conden- 
sation of pelletierine with a C6-C, unit, isovanillin, 
a reaction which has been employed in biomimetic 
synthesis (1 5-1 7), yields the phenylquinolizidinone 
(6).  This compound, together with the corresponding 
alcohol, has been detected in Heirnin salicifolia (16, 
17). It represents the structural core of the first 
group of Lythraceae alkaloids. Introduction of a 
second a-side chain into pelletierine (cf. ref. 18), 
followed by condensation with two C,-C, units, 
yields an intermediate from which alkaloids of the 
second and third groups may plausibly be derived. 

We have tested the validity of the pelletierine 
hypothesis of the origin of the Lythraceae alkaloids 
of Decodon veiticillntus by tracer experiments. 
Radioactivity from 14C-labelled samples of lysine, 
cadaverine, and A'-piperideine is indeed incorporated 

0008-4042/79/13 1606-09$0 1 .OO/O 
@ 1979 National Research Council of CanadaIConseil national de recherches du Canada 
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( I )  Phenol 
coupling 

(2) Reduction 

Group 3 Group 2 Group 1 
Piperidine type Lytl~rron type Decodon type 

alkaloids alkaloids alkaloids 

( I )  Ring 
closure by 

Michael addition 
(2) Phenol 

coupling 
(3) Reduction 

7 

SCHEME 2. Biogenesis from pelletierine of the skeletons of 
the Lythraceae alkaloids (ignoring stereochemistry). 

( I )  Reduction 
of keto group 

(2) Esterification 
with C,-C3 acid 

(3) Phenol 
coupling 

Y 

in ~redic ted  fashion into decodine and decinine. 
Contrary to  prediction, however, pelletierine does 
not serve as a precursor. 

Methods and Results 
The plant species used in this investigation was 

Decodon verticillat~~s (L.) Ell. (water oleander). This 
is the species of the family Lythraceae from which 
alkaloids were first isolated by J. P. Ferris (19, 20). A 
voucher specimen is deposited in the herbarium of 
the Royal Botanical Gardens, Hamilton. For feeding 
experiments, stocks of the plant were transferred to  
the greenhouse from their native habitat in swampy 
areas of the botanical gardens. Tracers were ad- 
ministered to  intact plants through wicks inserted 
into the stems of the plants. Two, three, or  four 

stocks were used in each experiment. All feeding 
experiments were carried out in late June or early 
July, 3 or 4 weeks after fresh growth appeared. Bio- 
synthesis of the major alkaloids does not appear to  
take place later in the season. 

Specifically labelled samples of lysine (experiments 
1-4), cadaverine (experiment 5) ,  A'-piperideine 
(experiment 6), and pelletierine (experiments 7 and 
8) were administered, the plants were kept in contact 
with tracer for 3 days, and the aerial parts of the 
plants were harvested, dried,and ground. The under- 
water parts of the plant, which d o  not appear to  con- 
tain alkaloids, were discarded. Alkaloids were 
extracted from the powdered leaves and stems. 
Decodine, and in most cases also decinine, was 
isolated by dilution with inactive carrier and purified 
to  constant radioactivity. A summary of these 
experiments is presented in Table 1. 

Decodine obtained from the experiments with 
labelled lysine, cadaverine, and A'-piperideine was 
radioactive, as was the decinine which was also 
isolated from the experiments with lysine. T o  deter- 
mine the distribution of 14C, the labelled samples 
were degraded by chromic acid oxidation into the 
partial degradation products, p-alanine, y-amino- 
butyric acid, and 2-piperidylacetic acid (Scheme 3). 

7 R 1 =  H R2= OH R3= H 
8 R 1 =  H R2 = OCH, R3 = CH, 
9 R1 = OCH, R2 = H R3 = H 

10 R1 = OCH, R2 = H R3 = CH, 

SCHEME 3. Degradation of decodine (7) and decinine (9). 
(For reasons which will be discussed in the second paper of 
this series, the numbering of the quinolizidine carbon atoms 
employed here is that used by Schopf et al. (21) rather than 
that recommended by the Ring Index (22, RR1 1687) and used 
previously for the Decodorz alkaloids.) 
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TABLE I. Tracer experiments with Decodon verficillafus 

14C specific activity (dpm/mmol) x 
Nominal Nominal Weight of of products after dilution with inactive 

total specific Measured dry plant material (mg) 
Experiment No. activity, activity, "H/14C material 

(date) Precursors mCi mCi/mmol ratio (9) Decodine Decinine 

~~- [6 - '~C]Lys ine"  
~-[4-~H]Lyrine' 

[ l  ,5-14C]Cadaverine 
dihydrochlorideb 

[6-14C]-A1-Piperideine 
(from 
~~-[6- '~C]lys ine)"  

RS-[6-14C]Pelletierine 
(from 
~~- [6 - '~c ] ly s ine ) "  

RS-[2'-14C]Pelletierine 
(from ethyl 
[3-14C]acetoacetate)d 

48 
3 .9  104 5 .69k0 .08  37 93.8 k 0 . 7  (10) 9 3 . 6 k 0 . 4  (10) 

13 - 17 11.19_+0.18(350)' Notisolated 

0 . 4  - 14 3.90+ 0.03 (300) Not isolated 

48 - 45 Inactive (350) Inactive (350) 
0 .5  

RS-[6-3H]Pelletierine 0 . 6  2.4 
(from 

8 ~ ~ - [ 6 - ~ H ] l y s i n e ) ~  1 . 2  7 .9  x lo3 10 .4k0 .1  15 Inactive Inactive 
(1 973) RS-[2'-14C]Pelletierine 0.06 0 .5  (no carrier added) 

(from ethyl 
[3-14C]acetoacetate)d 0.13 4.7 

'Commissariat a 1'Energie Atornique, France. 
'New England Nuclear. 
=Assayed as dirnethyldecodine. 
dAmersham/Searle. 
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TABLE 3. Incorporation of lysine into decinine 

Experiment 1 Experiment 2 
o~-[6-'~C]lysine o~-[2-'~]lysine 

Product SAn RSAb SAn RS Ab 

Decinine (9) 7.53k0.09 l o o k 1  28.80k0.42 l o o k 2  
DNP-P-alanine (13) 4.14k0.09 5 5 k 1  15.39k0.33 53+1 
DNP-y-aminobutyric 

acid (12) 3.9350.06 52k 1 16.53k0.18 57k 1 
DNP-2-piperidyl- 

acetic acid (11) 7 .98k0.12 106k2 29.10k0.39 101+2 

"Specific activity (dpm mmol-1) x 10-4. 
bRelative specific activity (%) (decinine = 100). 

TABLE 4. Experiments with doubly 3H/14C labelled lysines 

Experiment 3 Experiment 4 
~~-[4,5-~H~]lysine/o~-[6-'~C]lysine ~-[4-~H]Iysine/o~-[6-~~C]lysine 

z retention z of product 
of 3H relative derived from 

3H/14C ratio to 14C 3H/14C ratio L-lysine" 

Lysine 5 .17k0.07 5.69k0.08 
Pipecolic acid 5.55k0.02 107+2 0.32+0.004 2 . 8 k 0 . 1  
Decodine 5.40_+0.04 104k2 11.36k0.07 100 + 2  
Decinine 5.43k0.05 105k2 11.32+0.06 100 k 2  

'See ref. 5. In a n  experiment with L-[3Hlsubstrate/~~-[L4C]substrate, % product derived from L-substrate - 
50('H/"C in p r o d u ~ t ) / ( ~ H / ' ~ C  in substrate). 

sites within the alkaloids predicted to carry label 
derived from the chosen precursors, for individual 
radioactive assay. However, since p-alanine and 
y-aminobutyric acid contain only one of these two 
carbon atoms (C-9), whereas 2-piperidylacetic acid 
contains both (C-5 and C-9), and since it can be 
assumed (cf. ref. 10) that none of the other carbon 
atoms of the isolated degradation products are likely 
to be sites of activity from the radiomers of lysine, 
cadaverine and A1-piperideine which were tested as 
precursors, definite conclusions can nevertheless be 
drawn on the basis of this degradation, incomplete 
though it is. 

The results of experiments 1 and 2 show that lysine 
is incorporated into decodine (Table 2) and decinine 
(Table 3) in a specific manner. When either [2-14C]- 
lysine or [6-14C]lysine served as the precursor, the 
entire radioactivity of the alkaloids was recovered 
in 2-piperidylacetic acid and was, therefore, located 
at C-5 or at C-9, or at both sites. One-half of the 
label was found in p-alanine and in y-aminobutyric 
acid, and was therefore located at C-9. The other 
half must then be present at C-5. It can thus be 
inferred that a C, fragment comprising C-2 to C-6 of 
lysine is incorporated into ring A. Since distribution 
of activity within the alkaloids was the same when 
either [2-14C]- or [6-14C]lysine serves as substrate, 
the C5 fragment must originate from lysine by way of 
a symmetrical intermediate. 

The symmetrical mode of entry into the alkaloids 
of label from lysine (Scheme 4) is similar to that 
observed in the case of the lycopodiuin (9, 23) and 
lupine (24, 25) alkaloids. 

It is known that the lysine-derived units of lyco- 
podine (26), lupanine (27), and several piperidine 
alkaloids (5) originate froill L-lysine, whereas 
pipecolic acid, isolated from the same sources, is 
derived from D-lysine (5, 26, 27). This is demon- 
strated by a tracer technique whereby the chirality of 
a precursor-product relationship is determined by 
the use of doubly labelled substrate. Provided intact 
incorporation of 3H,14C-labelled racemate of a sub- 
strate into a product has been shown to take place 
with maintenance of the 3H114C ratio, it is possible 
to determine, by use of a multiply-labelled substrate 
in which one enantiomer is labelled with tritium, 
while the other is labelled not only with tritium but 
also with 14C, which one of the enantiomers of the 
substrate is incorporated into the product (5). 

The incorporation into decodine and decinine of 
an intact C, fragment (C-2 to C-6 of lysine) derived 
from lysine by decarboxylation, may be inferred 
from the results of the experiments with [2-14C]- and 
[6-14C]lysine (experiments 1 and 2). Experiment 3 
(Table 4) shows that when DL-[4,5-3H,]lysine/ 
~~- [6- '~C] lys ine  serves as the substrate, the 3H/14C 
ratio of the precursor is maintained in the alkaloids, 
as well as in the pipecolic acid which is isolated. The 
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GUPTA ET AL.  161 1 

SCHEME 4. Incorporation of lysine (1) (experiments 1 and 2) 
and cadaverine (2) (experiment 5) into decodine (7). 

necessary conditions for the determination of the 
chirality of the precursor-product relationship are 
thus met. The experiment with ~ - [ 4 - ~ H ] l y s i n e / ~ ~ -  
[6-14C]lysine (experiment 4) then gives the required 
information. 

Comparison of the 3H/14C ratios of substrate and 
products (experiment 4, Table 4) clearly indicates 
that decodine and decinine are derived from L- 

lysine, since their 3H/14C ratio was twice that of the 
administered lysine. Pipecolic acid, on the other 
hand, is derived largely, if not exclusively, from 
D-lysine, since it was rich in 14C but contained little 
3H. These results are entirely analogous to those 
obtained with other plant species in which alkaloids 
are derived from L-lysine whereas L-pipecolic acid is 
generated from D-lysine (5, 26, 27). 

Two other substrates whose incorporation into 
decodine was tested were [l ,5-14C]cadaverine (experi- 
ment 5) and [6-14C]-A'-piperideine (experiment 6). 
These compounds are regarded as intermediates on 
the route from lysine into pelletierine (6, 8, 9, 23), 
anabasine (6, 7), and other piperidine alkaloids. Both 
served as specific precursors of decodine. 

Decodine derived from [I ,5-14C]cadaverine showed 
a distribution of label identical with that of the lysine- 
derived samples. Activity was equally divided among 
C-9 (p-alanine) and C-5 (2-piperidylacetic acid minus 
p-alanine) (experiment 5, Table 2). Since cadaverine 
is a symmetrical molecule, no other incorporation 
pattern is possible. 

The distribution of activity in decodine derived 
from [6-14C]-A'-piperideine was entirely different. 
Label was confined to C-9 (y-aminobutyric acid) 
(experiment 6, Table 2) (Scheme 5). This is consistent 
with the established evidence (7, 14) that the double 
bond in A'-piperideine does not migrate from one 
side of the nitrogen to the other. 

The fact that the individuality of C-6 of labelled 
A'-piperideine is maintained within the product, 
whereas that of the corresponding carbon atom of 
lysine (C-6) and of cadaverine (C-1) are not, is not 

inconsistent with a route into the alkaloids from 
lysine via cadaverine and A'-piperideine. It simply 
indicates that randomization of C-6 and C-2 of 
lysine takes place before the formation of A1-piperi- 
deine, since, once the latter is formed, equilibration 
of the corresponding centres does not occur. The 
A'-piperideine which is formed in siru from [2-14C]- 
or [6-14C]lysine and from [1,5-14C]cadaverine is an 
equimolar mixture of [2-14C]- and [6-14C]-A'-piperi- 
deine, incorporation of which into the alkaloids 
yields a different labelling pattern from that obtained 
when either [2-14C]-~1-piperideine or [6-14C]-A'- 
piperideine is supplied exogenously. 

SCHEME 5. Incorporation of A'-piperideine (3) into decodine 
(7) (experiment 6). 

The specific incorporation, into predicted sites of 
ring A of the alkaloids, of radioactivity from 
labelled samples of L-lysine, cadaverine, and A1- 
piperideine, compounds known or inferred to be pre- 
cursors of pelletierine, is consistent with the pel- 
letierine hypothesis of their origin (3). The ultimate 
test of the hypothesis is the specific incorporation 
into the alkaloids of labelled samples of pelletierine. 
Decodine and decinine, isolated from plants which 
had been treated with RS-[6,2'-14C,]pelletierine and 
~S-[6-~H,2 ' - '~C]~el let ier ine (experiments 7 and 8, 
Table 1) were not radioactive, however. 

The two negative experiments with pelletierine 
were carried out concurrently with experiments in 
which labelled alkaloids were obtained from other 
substrates (cadaverine (experiment 5) and lysine 
(experiment 3), r e spe~ t ive l~ ) .~  The conclusion was, 
therefore, unavoidable that the pelletierine hypo- 
thesis of the biosynthesis of decodine and decinine 
might have to be abandoned. Conclusive evidence 
against the pelletierine hypothesis, and in support of 
an alternative biogenetic hypothesis, will be presented 
in the second paper of this series. 

31t can, of course, be argued that the alkaloids are formed 
from pelletierine which is synthesized endogenously from the 
substrates whose incorporation has been demonstrated, but 
that exogenously administered pelletierine does not reach the 
site of alkaloid biosynthesis in Decodon verticillatrts. Such a 
contention can be neither proved nor disproved on the basis 
of tracer experiments with intact plants. 
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Experimental 
Labelled Cotnpo~mds 

The samples of DL-[~- '~C]- ,  [6-14C]-, [4,5-3H2]-, and 
[6-3H]lysine, L-[4-3H]lysine, [1,5-L4Clcadaverine, and ethyl 
[3-'4C]acetoacetate were obtained from commercial suppliers 
(see Table 1). 

[6-'4C]-A'-Piperideine (experiment 6) was prepared from 
~ ~ - [ 6 - ' ~ C ] l y s i n e  (8). RS-[6-14C]- and [6-3H]Pelletierine were 
synthesised by condensation of labelled A'-piperideine, pre- 
pared, respectively, from DL- [~- '~C] -  and [6-3H]lysine, with 
inactive acetoacetic acid (14). RS-[2'-I4C]Pelletierine was 
obtained by condensation of [3-'4C]acetoacetic acid (prepared 
by hydrolysis of ethyl [3-'4C]acetoacetate) with A'-piperideine, 
obtained from inactive DL-lysine (cf. ref. 8). The location of the 
label in the latter sample of pelletierine was confirmed by 
subjecting a small amount of the product (-0.5 pCi) to Kuhn- 
Roth oxidation, followed by Schmidt reaction of the resulting 
acetate. 

Adtnitiistratiotz ofLabelled Comporrnds to Decodon verticillatus 
(Water Oleander) 

Decodotz verticillatrts plants were found in two colonies in 
swampy areas of Hendrie Valley and of Coote's Paradise, 
Royal Botanical Gardens, Hamilton. Plants from the colony 
in Hendrie Valley were used in the experiments from 1968- 
1972. The plants in this location were rooted in the muddy 
bottom of the swamp, generally in 3-4 ft of water. In the spring 
of 1973, the water level in this location was above 6 ft and the 
colony was wiped out. In later experiments, plants from 
Coote's Paradise were used. This colony is growing on a 
floating mat of roots and survived the high water. Plants used 
in feeding experiments were transported intact to the green- 
house where they were acclimatized for 1-2 weeks before 
administration of tracers. 

All feeding experiments were performed in late June or early 
July, about 3 or 4 weeks after appearance of foliage, when 
shoots were approximately 1-14 ft tall. Experiments later in 
the season yielded inactive decinine and decodine. 

Preliminary experiments showed that administration of 
tracer solution to intact stocks by the wick method led to 
incorporation of label into decodine and decinine, whereas no 
incorporation was observed when cuttings from the same 
stocks were immersed in tracer solution, even though the 
tracer was readily absorbed by the cuttings. 

In each tracer experiment, threads were inserted into 20 
stems on 2-4 stocks. The ends of each thread were placed into 
a specimen tube attached to the stem by Scotch tape. A solu- 
tion (10 mL) of the labelled compound was distributed among 
the specimen tubes, and was absorbed by the plants within 
24 h. The plants were kept in contact with tracer for 3-5 days 
and were then harvested. The green stems and leaves were cut, 
dried for 2 days, and extracted as described below, to yield 
radioactive alkaloids. The roots were discarded since it was 
found in preliminary work that they contained little, if any, 
alkaloidal material. 

The details of the feeding experiments are summarized in 
Table 1. 

Radioactivity Measrrretnents 
In early experiments (before 1971, experiments 1, 2, 5) 

radioactivity was determined on samples of finite thickness on 
aluminum planchettes with a gas-flow system (model 4342, 
Nuclear Chicago). For plating, a 1 2  solution of collodion in 
dimethylformamide was used as a solvent. The usual correc- 
tions for background and selfabsorption were applied. The 
efficiency of the system for 14C ( N  302) was determined using 
sodium benzoate of known activity as a standard. Since 1971, 

radioactivity was assayed by liquid scintillation counting 
(Mark I liquid scintillation computer, model 6860, Nuclear 
Chicago Corporation). The efficiency of counting for "C and 
3H was determined by external standardization counting with 
'33Ba. Samples for counting were dissolved in dioxane or 
methanol and dispersed in Aquasol (New England Nuclear) 
(10 mL). To determine the activity of the yellow DNP deriva- 
tives of the degradation products of the alkaloids (vide infra), 
the samples were decolorized before counting. Weighed 
samples (ca. 1 mg) of the D N P  derivatives were dissolved in 
methanol (2 drops) in the liquid scintillation vial and aqueous 
sodium borohydride (1 M, 2 drops) was added. The solution 
decolorized within 5 min. Aquasol (10 mL) was then added. 
The confidence limits shown in the results (Tables 1-4) are 
standard deviation of the mean. 

Isolatioti of Decodine (7), Decinine ( 9 ) ,  arid Pipecolic Acid 
For large-scale isolation of inactive alkaloids, the procedure 

of Ferris et al. (20) was employed. In small-scale work with 
radioactive plants, several modified procedures were used. 

In a typical experiment, the dried aerial parts (14 g) of the 
plants which had been kept in contact with tracer solution 
were ground to a fine powder in a blender (Osterizer Galaxie 
10). The powder was moistened with aqueous ammonia 
( 3 2  w/v, 10 mL) and was continuously extracted with chloro- 
form for two days in a Soxhlet extractor. In the experiments in 
which pipecolic acid was to  be isolated, the chloroform extract 
was washed once with dilute ammonia solution and this was 
used in the isolation of the amino acid (vide infra). The chloro- 
form solution was evaporated in vacrro to a small volume 
(20 mL) and 2 M hydrochloric acid (20 mL) was added. The 
mixture was heated on a steam bath 15 min to  boil off residual 
chloroform and the aqueous solution was decanted from the 
coagulated solids. Chloroform (10 mL) and 2 M hydrochloric 
acid was again added and the procedure repeated. After yet 
another extraction with 2 M hydrochloric acid, the combined 
acid extract (ca. 60 mL) was washed with ether (2 x 25 mL) 
and the ether layer was discarded. The aqueous layer was care- 
fully basified with solid sodium bicarbonate (foaming) and 
extracted with chloroform (3 x 20 mL). The chloroform 
extract was dried (anhydrous NaZS04) and evaporated in 
vanto, leaving the crude alkaloids as a foam (155 mg). 

The crude alkaloid extract (155 mg) was fractionated on a 
column (10-mm diameter) of neutral alumina (activity IV, 
10 g). The following solvent sequence was used for elution of 
the alkaloids: petroleum ether (30-60°C); petroleum ether - 
benzene (1 : 4) ; benzene; benzene-chloroform (1 : 4); chloro- 
form; 5 2  methanol in chloroform; and methanol. Twenty-five 
fractions, each containing 25 mL solvent, were collected. A 
small sample (ca. 5 pL) of each fraction was checked for 
radioactivity by liquid scintillation counting. The fractions 
were concentrated and chromatographed (silica gel G F  254 
containing 4 2  KOH, developed with chloroform-methanol- 
diethvlamine (10: 1 : 1)). The fractions containing the same 
compounds wire combined. In  general, decinine-was eluted 
frorn the column by petroleum ether - bezene (1:4) whereas 
decodine was found mostly in the benzene-chloroform 
(1:4) fractions. However, the elution sequence of these 
alkaloids from the column varied somewhat frorn experiment 
to experiment and depended on the activity and amount of 
alumina used and the size of the column. T o  conserve radio- 
active materials, inactive decodine, mp 195-197"C, and 
decinine, mp 223-225"C, obtained by extraction of D. verti- 
cillatrrs plants, was added to their respective fractions and the 
diluted product crystallized from methanol to constant 
radioactivity. 

In further simplification of the separation method, the 
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crude alkaloid mixture was applied to several alumina plates 
(20 cm x 20 cm x 1.5 mm thickness, Merck FZs4 type T) 
using chloroform - 2% methanol as developing solvent. Four 
well-defined bands were observed under uv light. The cor- 
responding bands from the several plates were combined and 
stirred overnight with chloroform-methanol (4:l)  solution. 
Filtration and evaporation gave the alkaloids. The least polar 
band (R, 0.65) gave crude decinine which crystallized as colour- 
less needles from methanol. This was diluted with inactive 
decinine and crystallized to constant activity. Repeated 
chromatography was, in some cases, necessary to remove con- 
taminating decamine from the decinine fraction. 

The third least polar band (Rr 0.4) gave decodine as a nearly 
colourless residue. This crystallized from methanol and after 
dilution with inactive material, was crystallized to constant 
activity. 

The specific activity of the samples of decodine and decinine 
so obtained in each experiment is shown in Table 1. 

Isolatiot~ of Pipecolic Acid 
The chloroform extracted plant material from experiments 3 

and 4 was mixed with inactive dried ground plant material 
(8 g). Inactive DL-pipecolic acid (100 mg) was added as carrier 
and the mixture was placed in a large column. Hot water 
(400 mL) was percolated through the column and to this was 
added the ammonia solution obtained by washing the chloro- 
form alkaloid extract (vide aipra). The combined aqueous 
solution was evaporated to small volume and then taken to 
dryness under reduced pressure. Methanol (30 mL) was added 
to the dark residue and the solution left for 20 h with occa- 
sional shaking. Charcoal was added and the mixture was then 
filtered. The solution was evaporated, the residue dissolved in a 
little water (1 mL), and the solution applied to a column of 
Dowex 50W x 4 (H+ form) (12 cm x 2 .5  cm). The column 
was washed with water (120 mL). Amino acids were then 
eluted with 1 M ammonia until no further activity emerged 
(ca. 200 mL). The eluate was evaporated to dryness under 
reduced pressure and the residue dissolved in 6 M hydro- 
chloric acid (4 mL). Sodium nitrite (0.5 g) was added in small 
portions and the solution left for 25 min when a further batch 
(0.3 g) of sodium nitrite was added in small portions. The 
solution was left at room temperature for 40 min and was then 
extracted with ether (3 x 10 mL). The ether extracts were 
evaporated and the yellow, oily residue dissolved in concen- 
trated hydrochloric acid. The acid solution was heated on a 
steam bath for 15 min and finally taken to dryness under 
reduced pressure and the residue crystallized from methanol- 
ether. A solution of the purified pipecolic acid was applied to 
a column of Dowex 50W x 4 (H+ form) (10 cm x 1.5 cm). 
The column was washed with water-methanol (9: 1) and the 
column was then eluted with M ammonia until all activity had 
emerged. Evaporation of the solvent gave pipecolic acid which 
sublimed at 190°C and lo-' Torr and was crystallized from 
methanol-ether, mp 266268°C (lit. (28) mp 264°C (DL- 
pipecolic acid); lit. (29) mp 270°C (L-pipecolic acid)). 

Degrarlatiotz of Decorlirle ( 7 )  and Decinine ( 9 )  
Conversion of Decorline ( 7 )  to Ditnethyldecodine ( 8 )  
Decodine (7) (300 mg) was dissolved in methanol (15 mL) 

and excess ethereal diazomethane (75 mL) was added. The 
mixture was kept in a cold room (0-4°C) for 2 days. The 
solvent was then removed. Methanol (10 mL) was added to the 
residue and the mixture was warmed on a steam bath and 
filtered. Themethanolic filtrate wasconcentrated and dimethyl- 
decodine (8) (308 mg) crystallized out. Repeated recrystalliza- 
tion from methanol yielded dimethyldecodine, mp 207-208°C 
(lit. (30) mp 206-207°C). 

Chrotnic Acid Oxidatiotz of Ditnethyldecodine ( 8 )  and 
Decinitle ( 9 )  

Dimethyldecodine (300 mg) was dissolved in hot sulfuric 
acid (30% v/v, 3 mL) and chromium trioxide (1.5 g) in water 
(3 mL) was added in several portions. The resulting mixture 
was heated under reflux with stirring for 48 h. The mixture 
was cooled and extracted with ether (3 x 10 mL). The ether 
layer was rejected. The aqueous layer was diluted with water 
(10 mL) and heated on the steam bath. Hot aqueous barium 
hydroxide solution was then added until the solution was 
neutral (pH 7). After 1 h, the mixture was filtered, the precipi- 
tate was washed with hot water (3 x 10 mL) and the combined 
filtrate and washings were concentrated in vaclio. Sodium 
carbonate (35 mg) and methanolic 2,4-dinitrofluorobenzene 
(lo%, 1.5 mL) was added and the resultant mixture was 
allowed to stand for 2 h at room temperature with occasional 
stirring. The pH of the solution was maintained at 8-9 with 
additional sodium carbonate. At the end of 2 h, the solution 
was extracted with ether (3 x 8 mL) and the ether extract was 
discarded. The solution was then acidified by addition of 6 M 
hydrochloric acid and extracted with ether (3 x 10 mL). The 
dried (anhydrous NaZS04) ether extract was evaporated to  
dryness. The deep yellow residue, containing the 2,4-dinitro- 
phenyl (DNP) amino acids, was dissolved in methanol (0.5 mL) 
and applied to a silica gel plate (GF,,,, 20 cm x 20 cm x 
0.5 mm). Development with benzene - pyridine - acetic acid 
(40: 10: 1) led to the appearance of four well-separated bands. 
The major band (R, 0.50) was identical with that of an authen- 
tic sample of N-2,4-dinitrophenyl-13-alanine. The band with a n  
R, value of 0.65 was identical with that of an authentic sample 
of N-2,4-dinitrophenyl-y-aminobutyric acid while the top band 
(R, 0.76) corresponded to N-2,4-dinitrophenyl-2-piperidyl- 
acetic acid. The minor band (R, 0.22) was 2,4-dinitrophenol. 
The amino acid D N P  derivatives were scraped off the plates 
separately and eluted from the absorbant with methanol. The 
methanolic extract (60mL) of the DNP-a-alanine band 
(Rr 0.50) which was the most abundant, was evaporated to  
dryness. The residue was dissolved in dilute hydrochloric acid 
(6 M, 5 mL) and water (2 mL) was then added. The mixture 
was extracted with ether (3 x 10 mL). The ether layer was 
washed with water (8 mL), dried (anhydrous Na2SO4), and 
evaporated. The yellow residue was distilled at 160-170°C 
and 1 x Torr when the DNP-a-alanine was obtained as a 
yellow crystalline solid, mp 140-142°C (lit. (31) mp 145-146"C), 
yield, 6 mg. The bands corresponding to DNP derivatives of 
y-aminobutyric acid and 2-piperidylacetic acid were worked 
up separately in the same way to give pure DNP-y-amino- 
butyric acid, mp 144-145°C (lit. (31) mp 145-146"C), yield, 
3.5 mg; and DNP-2-piperidylacetic acid (presumably S), mp 
139-143"C, rising to 148-151°C after repeated recrystallization 
from benzene, yield, 3.5 mg. Anal. calcd. for C13H15N306: 
C 50.48, H 4.89, N 13.59; found: C 50.70, H 4.96, N 13.56. 

Direct oxidation of decodine by the same method yielded 
the same products, except that a-alanine was a minor and 
2-piperidylacetic acid the major oxidation product. 

Decinine was oxidized similarly to give the same amino 
acid derivatives. 

Acknowledgements 
We are indebted to Dr. J. P. Ferris, Department of 

Chemistry, Rensselaer Polytechnic Institute, Troy, 
New York, for authentic specimens from his collec- 
tion of D. veiticill~/us alkaloids and for informing us 
of an improved isolation procedure (20), before 
publication. We are grateful to Mr. L. Laking, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1614 CAN.  J .  CHEM. VOL. 57. 1979 

Director, Royal Botanical Gardens, Hamilton, for 
permission to use plants from the colonies of Decodon 
verticillatus growing in hls gardens, and to Dr. J. S. 
Pringle, taxonomist of the Royal Botanical Gardens, 
Hamilton, for authenticating the plant species. We 
thank Dr. A. I. Meyers, Department of Chemistry, 
Colorado State University, Fort Collins, Colorado, 
for a generous sample of 2-piperidylacetic acid. This 
work was supported by a grant from the National 
Research Council of Canada. 

I. S.  H. KOO, R. N. GUPTA, I. D. SPENSER, and J .  T. 
WROBEL. Chem. Commun. 396 ( 1970). 

2. J .  T. WROBEL i~nd W. M. GOLEBIEWSKI. The alkaloids. 
Vol. 18. In press. 

3. J .  P. FERRIS, C. B. BOYCE, and R. C. BRINER. Tetrahedron 
Lett. 5129(1966). 

4. H. WRIGHT, J .  CLARDY, and J .  P. FERRIS. J .  Am. Chem. 
SOC. 95,6467 (1973). 

5. E.  LEISI-NER, R. N. GUPTA, and I. D. SPENSER. J .  Am. 
Chem. Soc. 95,4040 (1973). 

6. E.  LEISTNER and I. D. SPENSER. J .  Am. Chem. Soc. 95, 
4715 (1973). 

7. E. LEETE. J .  Am. Chem. Soc. 91, 1697 (1969). 
8. M. CASTILLO, R. N. GUPTA, Y. K. Ho, D. B. MACLEAN, 

and I. D. SPENSER. Can. J .  Chem. 48,291 l(1970). 
9. Y .  K. Ho, R. N. GUPTA, D. B. MACLEAN, i~nd I. D. 

SPENSER. Can. J .  Chem. 49,3352 (1971). 
10. W. M. GOLEBIEWSKI and I. D. SPENSER. J .  Am. Chem. 

SOC. 98,6726 (1976). 
11. H. W. LIEBISCH, N. MAREKOV, ilnd H. R. S C H ~ ~ T T E .  Z. 

Naturforsch. B, 23, 11 16 (1968). 
12. R. N. GUPTA and I. D. SPENSER. Phytochemistry, 8, 1937 

(1969). 

13. M. F. KEOGH and D. G. O'DONOVAN. J .  Chem. Soc. C, 
1792 (1970). 

14. R. N. GUPTA i~nd I .  D. SPENSER. Can. J .  Chem. 47, 445 
(1969). 

15. J .  T. WROBEL and M. W. GOLEBIEWSKI. ROCZ. Chem. 45, 
705 (1971). 

16. A. ROTHER and A. E. SCHWARTING. Experientia, 30, 222 
(1974). 

17. A. ROTHER and A. E. SCHWARTING. Lloydia, 38, 477 
(1975). 

18. M. F. KEOGH i~nd D. G. O'DONOVAN. J .  Chem. Soc. C, 
2470 (1970). 

19. J .  P. FERRIS. J .  Org. Chem. 27.2985 (1962). 
20. J .  P. FERRIS,R.C. B R I N E R , ~ ~ ~ ~ .  B. BOYCE. J .  .Am. Chem. 

SOC. 93,2953 (1971). 
21. C. SCHOPF, E. SCHMIDT, and W. BRAUN. Chern. Ber. B, 

64,683 (1931). 
22. A. M. PATTERSON, L. T .  CAPELL, and D. F. WALKER 

(Editu,:~). The ring index. 2nd ed. American Chemical 
Society. W;~shington. DC. 1960. 

23. M. CASTILLO. R. N. Gup.1~.  D. B. MACLEAN, i~nd I. D. 
SPENSER. Can. J .  Chem. 48, 1893 (1970). 

24. H. R. S c ~ i j r r ~ .  I I I  Biosynthese der Al kaloide. Editedby K. 
Mothes and H. R. Schiitte. VEB Deutscher Verlag der 
Wissenschaften, Berlin. 1969. p. 324. 

25. I .  D. SPENSER. I I I  Comprehensive biochemistry. Vol. 20. 
Edited by M. Florkin and E. H. Stotz. Elsevier Publishing 
Co., Amsterdam. 1968. p. 231. 

26. W. D. MARSHALL, T. T .  NGUYEN, D. B. MACLEAN, and 
I. D. SPENSER. Can. J .  Chem. 53,41 (1975). 

27. E. LEISTNER and I. D. SPENSER. Pol. J .  Chem. 53 (1979). In  
press. 

28. R. WILLSTATTER. Chem. Ber. 29,389(1896). 
29. F. MENDE. Chem. Ber. 29,2887 (1896). 
30. J .  P. FERRIS. J .  Org. Chem. 28, 817 (1963). 
31. K.  R. RAO and H. A. SOBER. J .  Am. Chem. Soc. 76, 1328 

(1954). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



The biosynthesis of the Lythraceae alkaloids. 11. The phenylalanine-derived fragments 
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PETER HORSEWOOD, W. MAREK GOLEBIEWSKI, JERZY T. WROBEL, IAN D.  SPENSER, JONATHAN 
F. COHEN, and FRED COMER. Can. J. Chem. 57, 1615 (1979). 

Label from [I-14C]-, [2-I4C]- , [3-14C]-, and [1,3-'4C2]phenylalanine is incorporated non- 
randomly into the Lythraceae alkaloids, decodine and decinine, in Decodon verticillatus. The 
incorporation pattern, determined by chemical degradation of the alkaloids, demonstrates 
incorporation of two intact Cs-C3 units. 

PETER HORSEWOOD, W. MAREK GOLEBIEWSKI, JERZY T. WROBEL, IAN D. SPENSER, JONATHAN 
F. COHEN et FRED COMER. Can. J. Chem. 57. 1615 (1979). 

Des marqueurs provenant de phknylalanines [I-14C], [2-14C], [3-14C] et [1,3-14C2] s'incor- 
porent d'un facon qui n'est pas au hasard dans les alcaloi'des lythracke, dkcodine et dkcinine, 
dans le Decodon verticillatrrs. Le schema gkneral de l'incorporation, tel que determink par la 
dkgradation chimique des alcaloides, dkmontre qu'il y a incorporation de deux unitks CsC3 
intactes. 

[Traduit par le journal] 

Introduction 
Several biogenetic proposals (1-4) have been ad- 

vanced to account for the origin of the phenylquinol- 
izidine lactone alkaloids (e.g., decodine (5) and de- 
cinine (6)) found in several genera of the family 
Lythraceae (e.g., Decodon verticillatus (5, 6), Heimia 
salicifolia and H. myrtifolia (7-1 l), Lagerstroetnia 
indica (12), and Lytlrrum lanceolatum (13)) (Scheme 
1). Steps common to all the proposals are the reduc- 
tion of a phenylquinolizidinone (1, or the correspond- 
ing cis-ring-fused isomer) to the corresponding 
phenylquinolizidinol (2), followed by insertion into 
the latter, by ester formation and phenol coupling, 
of a phenylpropanoid (C6-C,) unit (e.g., p-coumaric 
acid (3)) derived from phenylalanine via cinnamic 
acid. 

Indeed, compounds corresponding in structure to 
the phenylquinolizidinone (1) (14), the phenylquinol- 
izidinols (2, and its cis-fused isomer) (14, 15) and to 
phenylpropanoid esters of the latter (e.g. 4) (16, 17) 
have been found in H. salicifolia. 

The proposals differ in the suggested mode of bio- 
genesis of the skeleton of the phenylquinolizidinone 

from pelletierine (itself generated from lysine and 
acetate (18, 19)) and a C6-C, unit (route C); from 
pipecolic acid (derived from lysine (19, 20)) and a 
phenylpropanoid C6-C, unit (route D); or from 
A'-piperideine (derived from lysine (cf. refs. 21-24)) 
and a C6-C, unit which is generated from a phenyl- 
propanoid C6-C, unit by chain extension with 
acetyl or malonyl CoA (route E) (Scheme 1). 

The first paper of this series (25) dealt with the 
status of lysine and its metabolites in the biosynthesis 
of decodine (5) and decinine (6), phenylquinolizidine 
lactone alkaloids from Decodon uerticillatus. In the 
present investigation, the question is examined 
whether it is a C6-C, unit, or a C6-C, unit, derived 
from phenylalanine, which is implicated in the bio- 
synthesis of the phenylquinolizidinol system of the 
Decodon alkaloids. 

It is shown that two intact C6-C, units are in- 
corporated into decodine and into decinine. One of 
these units supplies the phenylpropanoid C6-C, unit 
of the lactone ring. The other supplies the phenyl ring 
and C-1, C-2, and C-3 of the phenylquinolizidinol 
system. 

(1). 
The skeleton is derivable, inter alia, from a poly- Methods and Results 

ketide chain (4 x C,) and a C,-C, unit (route A); Administration of tracers to plants of Decodon 
or from a polyketide chain (3 x C,) and a phenyl- verticillatus (water oleander) and isolation of deco- 
propanoid C,-C, unit (route B). It is also derivable dine (5) and decinine (6) was carried out by the . . 

methdds described in the'preceding paper (25). 
'This paper is dedicated to the memory of,R. H. F. Manske, 

on the first anniversary of his untimely death, September 1977. Radioactive samples of the alkaloids were obtained 
2Present address: Department of Chemistry, University of from plants which had been in with 

Warsaw, U1. Pasteura 1,02-093 Warszawa, Poland. ['4C]-labelled phenylalanine (experiments 9-12) and 

0008-4042/79/13 16 15- 16$0 1 .OO/O 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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Lysine Acetate Lysine 
Acetate 

1 'X Pelletierine J 1 

OnCH:'"" 

Isoferulic I / 
acid c02H d. acid 

0CH3  OH 0CH3 
0CH3 

Acetate 

acid 

OCH3 
( I )  o,o C--C coupling 4 o,p C-C coupling 
(2) Reduction (2) Reduction 

Decodine (5) Decinine (6) 

SCHEME 1. Five biogenetic routes (A-E) to decodine and decinine. 
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HORSEWOOD ET AL.  1617 

TABLE 1. Incorporation of precursors 

Nominal Nominal Weight of Specific activity (dpm per mmol) x 
Experiment total specific dry plant after dilution with inactive carrier (mg) 

No. activity activity material 
(date) Precursors (mCi) (mCi/mmol) (g) Decodine Decinine 

~~-[1,3-'~C~]Phenylalanine* 0.2  4 . 0  22 8 .07k0 .09  (600)" 9 .78k0 .14  (400) 
from 
DL-[l-'4C]phenylalaninec 0 .1  2 .1  
plus 
DL-[3-'4C]phenylalanineb 0 .1  48 

[2-'4C]Malonic acidc 0 .1  11.5 18 2 .89k0 .05  (600) 

~AmershamlSearle. 
bCommissariat 6 I'Energie Atomique. France. 
CNew England Nuclear.. 
dThe total activity due to  each component of the intermolecularly doubly labelled material was determined prior to  mixing. The activity due to  [I-"CI- 

phenylalanine accounted for 45.4(? 1.4)%, and  due to [3-'4Clphenylalanine for 54.6(i 1.3Z) of the total activity of  the doubly labelled sample. 
<Assayed as dtmethyldecodine. 

malonic acid (experiment 13). The details of the 
tracer experiments are presented in Table 1. 

The distribution of radioactivity within the labelled 
alkaloids was determined by a series of partial degra- 
dation sequences designed to separate predicted sites 
of labelling. The reactions employed in the degrada- 
tion of the labelled samples of decodine (Scheme 2) 
and decinine (Scheme 3) are fully described in the 
Experimental. The segments of the alkaloids demand- 
ing attention in tracer experiments with labelled 
phenylalanine are the two C,-C, moieties, C-14 to 
C-19, C-13 to C-11 and C-20 to C-25, C-1 to C-3., 

The carbon atoms predicted as the sites of label 
when [3-'4C]phenylalanine served as the substrate 
(C-1, C-13) were secured by oxidative cleavage (3, 
26). Permanganate oxidation of dimethyldecodine 
(7), obtained by methylation of decodine (5) (27), 
gave 4-methoxyisophthalic acid (10) (C-13 to C-20) 
(containing C-13 as the only carbon atom not origi- 
nating from an aromatic nucleus) and hemipinic 
anhydride (9) (C-1, C-18, C-20 to C-25, OCH,) 
(containing C-1 as the oilly 'nonaromatic' or non- 
methoxy carbon) (27). Similarly, methyldecinine (17), 
obtained from decinine (6)  (cf. ref. 7), gave 4-meth- 
oxyisophthalic acid (10) (C-13) (cf. ref. 26). The yield 
of the other desired oxidation product, 4,5-di- 
methoxyphthalic acid (18) (C-1) was too low to per- 
mit assay of radioactivity. In the course of the 

3For a justification of the new numbering system for the 
phenylquinolizidine lactone alkaloids, employed here, see the 
Appendix. 

oxidative degradation of one sample of labelled 
decodine (experiment l l ) ,  a new dicarboxylic acid 
was isolated. The accurate mass of its dimethyl ester 
was found by high resolution mass spectrometry to 
be 360.119. This corresponds to that of the dimethyl 
ester of the expected biphenyldicarboxylic acid (8) 
(mass calcd. for C,,H,,O,: 360.121) (cf. refs. 26, 
28, 29). 

The carbonyl carbon atom of the lactone ring 
(C-11) of each of the two alkaloids was obtained by 
phenylation of dimethyldecodine (7) and methyl- 
decinine (17), respectively, with phenyl Grignard 
reagent (29). The diphenylcarbinols so obtained were 
dehydrated to the diphenylolefins (11) and (19), 
respectively, and these were subjected to chromic 
acid oxidation, yielding C-1 1 as benzophenone, 
which was isolated as the oxime. 

Several steps were required to gain access to the 
carbinol carbon of the quinolizidine system (C-3) 
and the carbon (C-12) adjacent to the lactone car- 
bony1 group. Lithium aluminium hydride reduction 
of dimethyldecodine (7) (27) and of methyldecinine 
(17) gave the corresponding diols 12 and 20, respec- 
tively. Tosylation of the primary alcohol group, fol- 
lowed by lithium aluminium hydride reduction of 
the resulting tosylates 13 and 21, respectively, yielded 
the corresponding desoxy derivatives, 14 and 22. 
These were the key intermediates of the degradation 
sequences. Kuhn-Roth oxidation gave acetic acid 
isolated as the a-naphthylamide, derived from the 
ethyl group, C-11, C-12. Since C-11 is obtainable 
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= H) Decodine 
= CH,)Dimethyldecodine vH 3 

I 0 C H 3  

PhLi - 

SCHEME 2. Degradation of decodine. 

separately as benzophenone (see above), C-12 is thus 
accessible. 

Mild oxidation of the desoxy derivatives 14 and 22. 
yielded the corresponding ketones, 15 and 23, re- 
spectively. Phenylation with phenyl lithium gave, in 
each case, a mixture of epimeric phenyl carbinols, 
16 and 24, respectively. Permanganate oxidation then 
yielded benzoic acid, i.e. C-3 of the alkaloids. 

The results of the degradation of the labelled 
samples of decodine and of decinine derived from 
the experiments with radiomers of ['4C]phenylalanine 
are presented in Tables 2 and 3. 

Decodine and decinine, isolated from plants kept 
in contact with ~ ~ - [ l - ' ~ ~ ] ~ h e n ~ l a ~ a n i n e  (experiment 

9) yielded benzophenone oxime (C-11) which con- 
tained approximately three-quarters and benzoic 
acid (C-3) which contained approximately one- 
quarter of the activity of the intact alkaloid from 
which they were derived. These two degradation pro- 
ducts accounted for 995-2 and 96+2%, respectively, 
of the total activity of the original alkaloids. 

Decodine and decinine, isolated from plants to 
which ~ ~ - [ 2 - ' ~ C ] ~ h e n ~ l a l a n i n e  (experiment 10) had 
been administered, yielded N-acetyl-a-naphthylainine 
(C-11, C-12) containing ca. two-thirds of the activity 
of the intact alkaloids. Since C-l I was shown, above, 
to be derived from the carboxyl carbon of phenyl- 
alanine, the activity derived from [2-14C]phenyl- 
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6 (R = H) Decinine 
17 (R = CH,) Methyldecinine 

\ 

I Ph 

LiAIH, 

0CH3 
19 

[OI - gcH3 \ - PhLi gCH3 \ ' 

0CH3 0CH3 
CH,O CH30 

0CH3 0CH3 
24 23 

SCHEME 3. Degradation of decinine. 

alanine must be present at C-12. The remaining one- 
third of the activity of the alkaloids was not accounted 
for, as attempts to develop a practicable degradation 
sequence yielding C-2 of the quinolizidine system 
were unsuccessful. 

Decodine, from the experiment with DL-[~- '~C]-  
phenylalanine (experiment 11) gave the biphenyl 
derivative (8) (C-1 plus C-13, together with C-14 to 
C-25 and 0-methyl) containing all the activity of the 
alkaloid (98+7%). Of this activity, approximately 
one-third was recovered in hemipinic anhydride (9), 

representing C- 1, and the rest in 4-methoxyisophthalic 
acid (lo), representing C-13. 

Decodine from a doubly labelled sample of phenyl- 
alanine, ~~-[1,3-'~C,]~henylalanine (experiment 12), 
gave labelled benzophenone oxime (C-11) (25(+ 1)% 
of the activity of the original decodine), benzoic acid 
(C-3) (19(12)%), 4-methoxyisophthalic acid (C-13) 
(30(f ])%),and hemipinicanhydride(C-1)(23(+2)%). 
The four degradation products account for the total 
activity of the intact decodine. Decinine, from the 
same feeding experiment, gave benzophenone oxime 
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TABLE 2. Incorporation of phenylalanine into decodine 

Precursor 

Experiment 9 Experiment 10 Experiment 11 Experiment 12 
DL-[l-'4Clphenylalanine DL-[2-'4C]phenylalanine DL-[3-'4C]phenylalanine DL-[l ,3-''C2]phenylalanine 

Product C-atoms of decodine SA" RSAb SAa RSAb SA" RSAb SA" RSAb SAa RSAb SAY RSAb 

Decodine (5) 
Dimethyldecodine (7) 
Dimethyldecodine HCI salt 
Benzophenone oxime 
Benzoic acid 
Acetyl-a-naphthylamine 
4-Methoxyisophthalic acid (10) 
Hemipinic anhydride (9) 

Biphenyl derivative (8) 

All 
All 
All 
C-11 
C-3 
C-11, C-12 
C-13 (also C-14 to C-20) 
C-1 (also C-18, C-20 to 

C-25, OCH,) 
C-1 plus C-13 (also C-14 

to C-25, OCH,) 

"Specific activity (dpm mmol-') x 
bRelative specific activity (%) (decodine = 100) 
<Derived from the sample of decodine, specific activjty 3.12 ( k  0.06) x lo4 dpm per mmol, by further dilution with inactive decodine. 
dDerived from the sample of decodine, specific activ~ty 4.04 ( ?  0.03) x lo4 dpm per mmol, by further dilution with inactive decodine. 
'Derived from the sample of dimethyldecodine. specific activity 8.07 ( k  0.09) x lo4 dpm per mmol, by further dilution with inactive dimethyldecodine. . . . . 
,See footnote 4. - 3 

r 
L A  4 

TABLE 3. Incorporation of phenylalanine into decinine - 
S 
w 

Precursor 

Experiment 9 Experiment 10 Experiment 12 
DL-[l-'4C]phenylalanine DL-[2-'4C]phenylalanine DL-11 ,3-'4C2]phenylalanine 

Product C-atoms of decinine SAa RSAb SAY RSAb SA" RSAb SAa RSAb SAa RSAb SA" RSAb 

Decinine (6 )  All 1.GGf0.02 lOOfl 0.66k0.03C 1 0 0 f 5  2 .49k0 .05  1 0 0 2 2  8 .13f0 .09d  1 0 0 k 1  1.70+0.06d 100f4  9 . 7 8 f 0 . 1 4  loof 1 
Methyldecinine (17) All - - 1.67k0.02  1 0 1 k 2  0 .65k0 .03  9 8 f 7  2 . 4 8 k 0 . 0 5  1 0 0 2 3  1 .71f0 .11  101k8 - - 

Benzophenone oxime C-1 1 1.2Gf 0.01 76f 1 - - - - 1.38k0.02  17f 1 - - - - 
Acetyl-a-naphthylamine C-11, C-12 - - - - - - - - - - 1.63f0 .04  6 6 k 2  
Benzoic acid C-3 - - - - - - - 0.13_+0.01 2 0 k 1  0 . 4 8 k 0 . 0 7  2 8 k 4  - 

4-Methoxyisophthalic acid (10) C-13 (also 12-14 to 12-20) - - - - - - - - - 2.10k0.05  21f 1 

OSnecific activitv ldom rnmol-1) x 10-4 -r ~ .~~ - .  -., ...~~~-- 
bRelative specific activity (%) (decinine = loo) 
<Derived from the sample of decinine, specific activity 1.66 ( k  0.02) x lo4 dpm per mmol, by further dilution with inactive decinine. 
dDerived from the sample of decinine, specific activity 9.78 ( k  0.14) x lo4 dpm per mmol, by further dilution with inactive decinine. 
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3 0 D  ET AL. 1621 

TABLE 4. Incorporation of 2-'4C-malonic acid into decodine 

C-atoms 
of decodine S A" RSAb 

Decodine All 2 .89k0.05 100+2 
2-Piperidylacetic acid C-3 to C-9 2.84 f 0.05 98 + 2 
P-Alanine C-7toC-9 1.13+0.05 39+2 
y-Aminobutyric acid C-6 to C-9 1 .28 f 0.03 44 + 1 

ESpecific activity (dpm rnmol-') x 10-4. 
bRelative specific activity (Z )  (decod~ne = 

(C-11) (17(k I)%), benzoic acid (C-3) (28(+_4)%), 
and 4-methoxyisophthalic acid (C-13) (21(f I)%). 

A further experiment was performed with [2-14C]- 
malonic acid as the tracer (experiment 13). Decodine 
which was isolated, was radioactive and was de- 
graded by chromic acid oxidation and the partial 
degradation products, p-alanine (C-7 to C-9), y- 
aminobutyric acid (C-6 to C-9) and 2-piperidylacetic 
acid (C-3 to C-9), were isolated as described in the 
preceding paper (25). The 2-piperidylacetic acid ac- 
counted for the entire activity of the intact alkaloid. 
The P-alanine and the y-aminobutyric acid each con- 
tained approximately 40% of the total activity 
(Table 4). 

Discussion 
It has been known for almost 10 years that radio- 

activity from [3-14C]phenylalanine is incorporated 
into cryogenine (25), a Decodon-type alkaloid, in 
Heimia salicijolia (3, 26). Partial degradation placed 
most of this activity into one or more of the carbon 
atoms of the two C,-C, units, C-13 to C-19 and 
C-1, C-20 to C-25. In particular, it was shown that 
label was localized at C-13 (ca. 50%) and very prob- 
ably at C-1 (ca. 33%). From these results it is 
reasonable to infer that phenylalanine supplies the 
two aromatic nuclei of cryogenine (25) together with 
one carbon atom adjacent to each, a conclusion 
which is consistent with any one of the five biogenetic 
schemes outlined in Scheme 1. To distinguish among 
the schemes the question must be answered whether 
the phenylalanine derived fragment which enters the 
quinolizidine nucleus is indeed a C,-C, unit (routes 
A, C) or whether it is an intact C6-C, unit (routes 
B, D, E). 

The key to the solution of this problem is a con- 
trolled degradation of the carbon skeleton, capable 
of yielding products recognizably derived from C-2, 
C-3, C-11, and C-12 of the skeleton of the Decodon 
alkaloids. The reaction sequences discussed in the 
preceding section, which were devised for the degra- 
dation of decodine (5) (Scheme 2) and decinine (6) 
(Scheme 3), account for three of these four carbon 
atoms. Application of these reaction sequences to 
labelled samples of decodine and decinine, derived 
from feeding experiments with [l-14C]- , [2-14C]- , 

[3-14C]- , and [1,3-'4C2]phenylalanine yielded data 
(Tables 2 and 3 and preceding section) from which 
the desired information was deduced (Scheme 4). 

The experiment with [3-14C]phenylalanine (experi- 
ment 11) showed that the distribution of label within 
decodine (5) in D. verticillatus (C-13 58%, C-1 33%) 
was very similar to that found earlier in cryogenine 
(25) derived from the same precursor in H. salicifolia 
(C-13 61%, C-1 31%(3), C-13 46%, C-1 33% (26)), 
indicating a close correspondence in the origin of 
two alkaloids of different ring stereochemistry in two 
different plant species. 

The experiment with [I-14C]phenylalanine as the 
substrate (experiment 9) showed that even though 
the major fraction of activity within decodine (5) 
(71%) and within decinine (6) (76%) was located at 
C-1 1, i.e., at the carbonyl carbon of the lactone ring, 
label was not confined to this position. The remaining 
activity (28 and 20%, respectively) was present at C-3, 
i.e., at the carbinol carbon of the quinolizidine ring. 
In each case, these two carbon atoms, C-11 and C-3, 
accounted for the entire activity of the intact alkaloid. 
It can be inferred from this result that, in all prob- 
ability, phenylalanine supplies two C6-C, units to 
the skeleton of the Decodon alkaloids. 

The result of the experiment with [2-l4CIphenyl- 
alanine (experiment 10) was consistent with this in- 
ference. Label was not confined to C-12 of the phenyl- 
propanoid unit of decodine and of decinine. Only 62 
and 66% of the total activity, respectively, was re- 
covered from this site. The rest of the activity is pre- 
sumably located at C-2 of the quinolizidine nucleus. 
It is a plausible supposition that this site is derived 
from the a-carbon of phenylalanine, since the adja- 
cent carbon atoms, C-3 and C-1, have been shown 
(experiments 9 and 11) to be derived from the car- 
boxyl carbon and from the p-carbon of phenyl- 
alanine, respectively. However, a degradation se- 
quence capable of extracting C-2 of the quinolizidine 
system has not yet been realized and this assumption 
remains to be confirmed. 

The fourth experiment with labelled phenylalanine 
(experiment 12) was intended to strengthen the evi- 
dence that 2 three-carbon chains, each representing 
an entire phenylalanine side-chain, enter the Decodon 
skeleton as intact units. The substrate was a sample 
of phenylalanine, intermolecularly doubly labelled 
at the carboxyl carbon and at the p-carbon of the 
side chain, with 45.4% activity at the carboxyl and 
54.6% at the p-carbon (radioactivity ratio -C02H- 
P-CH, = (45.4k 1.4)/(54.6+ 1.3) = 0.83f 0.03) (see 
Table 1). Incorporation into decodine and decinine 
of the intact side chain from this doubly labelled 
phenylalanine would be demonstrated by the isola- 
tion of labelled alkaloids containing radioactivity at 
each of the four carbon atoms C-3, C-1, C-11, and 
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- 
Expt. 9 

- 
Expt. 10 

- 
Expt. I I 

- 
Expt. 12 

Decodine (5) Decinine (6) 
(Table 2) (Table 3) 

SCHEME 4. Incorporation pattern within decodine and decinine of radioactivity derived from [I-14C]-, [2-14C]-, [3-l4CI-, 
and [1,3-14C2]phenylalanine. 

C-13 and at no other site, with a distribution such 
that the ratios of activities, C-3/C-1, and C-1 l/C-13, 
each equalled the ratio of activities -C02H/P-CH2 
within the doubly labelled phenylalanine serving as 
their precursor. 

This was indeed ~ b s e r v e d : ~  each of the four pre- 

4A different result of this experiment was recorded in a pre- 
liminary communication (30). I t  was reported that the hemi- 
pinic anhydride obtained by degradation of decodine derived 
from the experiment with [1,3-14Cz]phenylalanine (now re- 
ferred to as experiment 12) accounted for 46% of the activity 
of the alkaloid. When, at  a later date, degradation sequences 
were devised which made C-3 of decodine and decinine acces- 
sible, and it was found that radioactivity from [I-l4C]phenyl- 
alanine entered C-3 (experiment 9), the earlier result became 
suspect. Further doubt was cast on its validity when it was 
shown that the sample of decinine derived from [1,3-14Cz]- 
phenylalanine also contained activity at  C-3. I t  was fortunate 

dicted sites of labelling within the decodine obtained 
from this experiment (experiment 12) were isolated, 
and assayed for radioactivity (Table 2). The ratios of 
relative specific activities, calculated from these data 
(C-1 l/C-13 = (25f 1)/(30f I) = 0.83+_0.04; C-3/ 
C-1 = (19f 2)/(23 f 2) = 0.83 f 0.1 I), are in good 
agreement with the activity ratio of the substrate 
(0.83f 0.03, see above). As predicted, the activities 

that a sample, large enough to permit a complete reinvestiga- 
tion, of the original decodine from the experiment with 
[1,3-14C2]phenylalanine remained in our possession. The data 
reported in the present paper (experiment 12, Table 2) are 
based on an entirely new set of degradation experiments. Since 
it is now evident that the earlier result was in error, the infer- 
ence drawn from it (30) is untenable. Careful reexamination of 
the relevant laboratory records failed to disclose the origin 
of the erroneous result. 
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O C H ~  

25 Cryogenine = Vertine 
26 Decamine = l2,13-Dihydrovertine 

a t  these four carbon atoms of decodine account for 
the total activity of the alkaloid (C-3 + C-1 + C-11 
+ C-13 = (19f 2) + (23f2) + (25f 1) + (30f 1) 
= 97f 379.3 

In the case of decinine, only three of the four 
crucial carbon atoms were assayed directly (Table 3). 
Activity a t  the fourth site, C-1, could not be deter- 
mined because of the low yield of the degradation 
product representing this carbon atom (4,Sdimeth- 
oxyphthalic acid (18)) (see Experimental) (cf. ref. 26). 
For the present calculation, activity at C-1 must be 
obtained by difference. Even so, the calculated ratios 
(C-ll/C-13 = (17f 1)/(21f I) = 0.81f0.06; C-3/ 
C-1 = (28f4)/{100 - [(28f4) + (17f 1 )  + 
(21 f 1)]} = 0.82+0.16), are in reasonable agree- 
ment with the -CO,H/ P-CH, ratio of the substrate 
(0.83 f 0.03). 

The results of the experiments with [l-14C]- , 
[2-14C]- , and [I ,3-'4C,]phenylalanine (experiments 
9, 10, and 12) lead to the inference that two intact 
C,-C, units are implicated in the biosynthesis of 
decodine and decinine. One of these gives rise to the 
phenylpropanoid moiety of the lactone ring, C-1 1 to 
C-19, the other to the segment C-3 to C-I, C-20 to  
C-25, of the phenylquinolizidine system of the 
alkaloids. 

Since it thus appears that an intact C,-C3 unit 
is implicated in the biosynthesis of the phenylquinol- 
izidine ring system (I), those biogenetic hypotheses 
which demand participation of a C,-C, unit in its 
construction (routes A and C, Scheme 1) must be 
rejected. One of the hypotheses which is thus elimi- 
nated is the hitherto favoured route based on pel- 
letierine (route C). Each O F  the remaining routes, B, 
D, and E, involves an intact phenylpropanoid moiety. 
They differ from each other in the postulated origin 
of the rest of the quinolizidine system. 

In the preceding paper of this series (25), we showed 
that the C5N unit, C-5 to C-9, N, of the quinolizidine 
system is derived from L-lysine, which is incorporated 
after loss of its carboxyl group, via cadaverine and 
A1-piperideine. This earlier evidence eliminates 
route B, which invokes a polyketide precursor. It also 
disposes of route D which demands participation of 
pipecolic acid or of some other lysine metabolite 

containing the intact C, chain of lysine, since pipe- 
colic acid in D. verticillatus was shown to  be derived 
from D-lysine whereas the alkaloids incorporate a 
C 5 N  unit derived from L-lysine. 

The remaining hypothesis, route E (Scheme 1) (2, 
4) is the only one that is consistent with all the evi- 
dence now available on the mode of incorporation of 
phenylalanine, and of L-lysine and its metabolites. 
A more detailed outline of this route is shown in 
Scheme 5. 

The scheme demands an extension of the side chain 
of the phenylpropanoid precursor by a two-carbon 
unit, supplied by a donor such as acetyl or malonyl 
COA. A final experiment (experiment 13) with 
[2-'4C]malonic acid was performed in an attempt to 
test this prediction. Label from this substrate should 
enter C-4 of the quinolizidine system. The results of 
this experiment (Table 4), even though consistent 
with route E (Scheme 5), were inconclusive. As pre- 
dicted, all activity of the decodine which was isolated 
was located within the fragment, C-3 to  C-9, re- 
covered as 2-piperidylacetic acid. Since C-3 has been 
shown to be derived from the carboxyl group of 
phenylalanine (experiment 9) and C-5 to C-9 from 
lysine (25), it might have been anticipated that all 
activity derived from [2-'4C]malonate might be con- 
fined to C-4, the predicted site. This was not so, 
however. Two other degradation products, p-alanine 
(C-7 to C-9) and y-aminobutyric acid (C-6 to  C-9), 
representing fragments of the lysine derived portion 
of the ring system, contained a significant fraction of 
the total activity (-40%). As lysine in plants origi- 
nates by the diaminopimelic pathway (31) which 
delivers label from the methyl group of acetate into 
every carbon atom of its C, chain, but not with equal 
efficiency, and as malonate serves as an acetate donor, 
incorporation of label into the lysine-derived frag- 
ment of the molecule was not unexpected. What was 
unexpected was the high level of labelling within this 
moiety. As a consequence and since C-4, the carbon 
atom at  issue, was not directly accessible, the results 
of this experiment are indicative rather than con- 
clusive, and the origin of C-4 remains to be confirmed 
by direct experiment. 

Several other aspects of the biosynthesis of the 
Lythraceae alkaloids which remain to be clarified 
deserve mention. 

The first of these emerges from the present results. 
It concerns the variation in the distribution of label 
among the two phenylpropanoid units of each of the 
alkaloid samples obtained from experiments 9-12. 
In  three of the four experiments (experiments 9-1 l), 
the lactone C,-C3 unit (C-11 to C-19) of each 
alkaloid sample contains approximately twice as 
much label as the phenylquinolizidine C6-C3 unit 
(C-1 to C-3, C-20 to C-25). A similar distribution was 
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L-Lysine Cadaverine 

CAN.  J. CHEM. VOL. 57, 1979 

Phenylalanine 

Alkaloids with Alkaloids with 
trnt~s-ringjunction cis-ring junction 

e.g., decodine (5) and e.g., vertine (25) and 
decinine (6 )  decamine (26) 

Cinnamic 
acid 

SCHEME 5. Biosynthesis of the phenyIquinolizidine system. 
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HORSEWOOD ET AL.  1625 

found in cryogenine (25) in H. salicifolia (3, 26). The 
distribution of label in the alkaloids obtained in 
experiment 12 is entirely different. In the decodine 
from this experiment, activity is almost equally 
divided between the two C6-C, units, the lactone 
phenylpropanoid unit being favoured to a slight 
extent. In the decinine, on the other hand, the distri- 
bution of activity is reversed, with the phenyl- 
quinolizidine unit containing almost twice as much 
label as the lactone C6-C, unit. 

Since the two C6-C, units in each of the samples 
contain a different fraction of the total activity, the 
units, even though derived from the same substrate, 
must have entered the product by different routes 
(cf. ref. 32). Since the two alkaloids, isolated from the 
same experiment, show different distributions of 
label, a systematic study of the variation of this dis- 
tribution with time over the seasonal growth period 
of the plant may throw light on the timing of the 
competing biosynthetic events which lead from the 
phenylquinolizidine intermediate (1) to the two alka- 
loids with common ring stereochemistry, decodine 
and decinine. 

A second problem concerns the competing routes 
which lead, in the same plant, from the same sub- 
strate, to alkaloids with isomeric ring stereochemistry 
(e.g., decinine (6) and decamine (26) in D. verticillatus 
(5)). A possible derivation of diastereomeric phenyl- 
quinolizidines from common precursors is illustrated 
in Scheme 5. It is suggested that the stereochemistry 
at the ring junction (5-S-trans, e.g., decodine (5) or 
5-R-cis, e.g., decamine (26)) is determined by the 
conformation of the lone pair (axial or equatorial) 
within the requisite enantiomer of the key inter- 
mediate, 27. Intramolecular Michael addition yields 
the S-trans-phenylquinolizidinone (1) and the R-cis- 
phenylquinolizidinone (28), respectively. This model 
cannot explain the stereospecific utilization of the 
two conformers, i.e., conversion into alkaloids of the 
conformer with equatorial lone pair in the S-series 
but not in the R-series, and of the conformer with 
axial lone pair in the R-series but not in the S-series. 

Finally, the origin of the Lythraceae alkaloids of 
the Lythrlrrn and piperidine groups requires consider- 
ation. The only published proposal (13) concerning 
their biogenesis is based on pelletierine. In  the light 
of the present evidence which eliminates pelletierine 
as a precursor of the Decodon group of Lythraceae 
alkaloids, it is tempting to seek a new model for the 
biogenesis of the other alkaloid groups, from pre- 
cursors analogous to those now shown to yield the 
Decodon group. Such a model is shown in Scheme 6. 
I t  invokes intermediacy of a 2-substituted piperidine 
(29), analogous in structure to the Decodon inter- 
mediate 27, and of a 2,6-disubstituted piperidine (30). 
The latter is analogous in structure (33) and, pre- 

01: ttt 

1 ( I )  Reduction 
( 2 )  Phenol 

coupling 

Pipel-idine-type 
alki~loids 

e.g. 

( I )  Michael 
ilddition 

( 2 )  Reduction 
( 3 )  Phenol 

coupling 

SCHEME 6. Biogenesis of the Lythrum and piperidine-type 
Lythraceae alkaloids. 
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sumably, in origin (34) to the lobelia alkaloids (e.g., 
lobeline (33)) and bears the same relationship to  the 
intermediate 29 that lobeline (33) bears to sedamine 
(34) (35). 

Experimental 
Ad?rinistration of Labelled Cottlpo~mds to Decodon 

verticillatus atld Zsolatior~ of Decoditle atrd Decinine 
These experiments were performed as described in the pre- 

ceding paper (25). The details of the feeding experiments and 
the specific activities of the samples of decodine and decinine 
isolated from individual experiments are summarized in Table 1. 

Detert~~irlatiotr of Rodiooctiuity 
Before 1971 (experiment 12) radioactivity was measured on 

samples of finite thickness on aluminum planchettes with a 
gas-flow Geiger system (Model 4342, Nuclear Chicago). For 
plating, a 1% solution of collodion in dimethylformamide was 
used as a solvent. The usual corrections for background and 
self-absorption were applied. The efficiency of the system for 
14C ( N  30%) was determined using sodium benzoate of known 
activity as a standard. Since 1971, radioactivity has been as- 
sayed by liquid scintillation counting (Mark 1 liquid scintilla- 
tion computer, model 6860, Nuclear Chicago Corporation). 
The efficiency of counting was determined using 13,Ba as the 
external standard. Samples were dissolved in methanol and 
dispersed in Aquasol (New England Nuclear) (10 mL). The 
confidence limits shown in the results (Tables 1-4) are stan- 
dard deviation of the mean. 

Degradation of Labelled Samples 

Degradation of Decodine Deriuedfiotn [l-l'C] Phenylalanine 
The Lactone Carbottyl Carbon (C-11) as Bet~zophe~lone 

Oxitne 
Din~ethyldecodine (7) (27)-Decodine (300 mg) was 

methylated with diazomethane or with dimethyl sulfate. Di- 
methyldecodine was recrystallized from methanol; mp 
206-207°C (lit. (27) mp 206-207°C); 'H nmr (CDCI,) 6 :  3.70 
(s, 3H, 0CH3), 3.72 (s, 3H, OCH,), 3.88 ppm (s, 3H, OCH,). 
T o  prepare dimethyldecodine hydrochloride the base was dis- 
solved in ether, ethereal hydrogen chloride was added until 
precipitation was complete. The product was recrystallized 
from methanol, mp 256-262°C (dec.) 

Diphenylolefin (11) f i o n ~  dimetl~yldecodit~e (7) (cf. ref. 29)- 
To a solution of phenylmagnesium bromide prepared from 
magnesium turnings (200 mg) and bromobenzene (0.85 mL, 
1.27 g) in dry tetrahydrofuran, was added a solution of di- 
methyldecodine (180 mg) in dry tetrahydrofuran (8 mL). The 
mixture was heated 6 h under reflux. Water was added to  
destroy excess Grignard reagent, the magnesium salts were 
dissolved by adding ammonium sulfate and enough 1 M sul- 
furic acid to give pH 8. The mixture was extracted with ether 
(3 x 10 mL). Formic acid (5 mL, 90%) was added to the ether 

extract and the solution was heated 1 h on a steam bath. The 
cooled solution was washed with carbon tetrachloride (15 mL) 
and the organic layer discarded. The aqueous phase was con- 
centrated to a small volume (ca. 2 mL) and basified with dilute 
sodium hydroxide solution. Extraction with ether (4 x 20 rnL) 
followed by drying (anhydrous Na2S04) and evaporation gave 
a foam (200 mg) whose tlc showed two spots. The two com- 
ponents were separated by chromatography on silica plates 
(20 x 20 cm x 2 mm thickness) using ether as developing 
solvent. The less polar product was recovered from the plates 
as a white foam (95 mg) which could not be obtained crystal- 
line; 'H nmr (CDCI,) 6 :  6.28 (t, J = 7 Hz, lH ,  olefin), 7.25 
ppm (m, IOH, 2 x phenyl). 

Oxidatiot~ of the diphenylolefi~ (11)-Glacial acetic acid 
(4.5 mL) was added to a solution of the diphenylolefin (90 mg) 
in chloroform (0.8 mL). A solution of chromium trioxide 
(75 mg) in 85% aqueous acetic acid (4 mL) was added drop- 
wise over 10 min to the stirred solution and stirring was con- 
tinued for a further 1 h at room temperature. Methanol (1 mL) 
and, after a further 15 min, water (40 mL) was added and the 
solution extracted with ether (3 x 15 mL). The combined 
extracts were washed with water, dried (anhydrous Na2S04) 
and evaporated, the remaining trace of acetic acid being re- 
moved by azeotropic distillation with benzene. The crystalline 
yellow residue (29 mg) showed a single spot on tlc which had 
the same R,  value as benzophenone. The residue was dissolved 
in ethanol (5 mL), pyridine (0.5 mL) and hydroxylamine hydro- 
chloride (30 mg) were added, and this solution was heated 
under reflux for 2 h. The solvent was removed and the residue 
dissolved in a little methanol and filtered. Removal of the 
methanol gave benzophenone oxime as pale yellow needles 
(21 mg), mp 135-137°C (from methanol-water). The solid was 
dissolved in ether, the solution filtered, the ether removed, and 
the residue sublimed at 90°C and lo- '  Torr giving benzo- 
phenone oxime as colourless prisms, mp 142-143"C, (lit. (36) 
mp 144°C). 

The Lactone Carbit101 Carbon (C-3) as Betlzoic Acid 
Tetra/~yrlrorlir~retl~y/decodine (12) (27)-Dimethyldecodine 

(260 mg) obtained by methylation of decodine (250 mg) was 
dissolved in dry ether (25 mL) and lithium aluminium hydride 
(200 mg) added in small portions over 15 min. The mixture 
was stirred at room temperature overnight, a little Celite was 
then added and excess lithium aluminium hydride destroyed by 
addition of water. The mixture was filtered, washed with ether 
and the residue heated with tetrahydrofuran and again filtered 
and washed. The combined filtrates were evaporated leaving a 
white foam (210 mg) which showed one spot on tlc. Atml. calcd. 
for C2,H3,N05: C 71.18, H 8.19, N 3.07; found: C 71.05, 
H 8.13, N 2.99; ms tnle: 455 (molecular ion), 454,425. 

0 - Tos~~ltetrahyrlrotli,net/~yldecodine (13) -p - Toluenesul- 
fonyl chloride (200 mg) was added to an ice cold solution of 
tetrahydrodimethyldecodine (210 mg) in freshly distilled dry 
pyridine (5 mL). The yellow solution was kept 16 h at  4°C 
when tlc showed one major product. The pyridine solution was 
poured into a cold, stirred saturated solution of sodium bi- 
carbonate (40 mL) and stirred for 15 min. This solution was 
extracted with chloroform (3 x 20 mL) and the dried (anhy- 
drous Na2S0,) extracts evaporated at  room temperature under 
reduced pressure. The residual pyridine was removed at  room 
temperature in voclro to leave a pale yellow foam (280 mg); 
'H  nmr (CDCI3) 6 :  2.43 ppm (s, 3H, aromatic methyl). 

'The conditions employed here for the selective tosylation 
of a primary in the presence of a secondary alcohol are similar 
to those described by Johnson et al. (37). 
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Reduction of 0-tosyltetrahydrodin~ethyldecodine (13) to 
desoxytetrn/rydrodimetl~yldecodine (I4)-The above tosylate 
(275 mg) was dissolved in dry distilled tetrahydrofuran (20 mL) 
and lithium aluminium hydride (100 mg) was added in four 
portions over a 10 min period. The mixture was heated under 
reflux for 1 h when tlc showed three spots (one major) none 
of which corresponded to starting material. A little Celite was 
added to the cold mixture and the excess lithium aluminium 
hydride destroyed by the careful addition of water. The mix- 
ture was filtered and the solids stirred with hot tetrahydrofuran 
and again filtered. The combined filtrates were evaporated 
leaving a pale yellow oil (210 mg) which was dissolved in a 
little chloroform and applied to a neutral alumina column 
(12 x 1.5 cm, Activity I). Fractions (20 mL) were eluted with 
ether. After elution of a small amount of a minor component, 
the major product emerged. Combination and evaporation of 
the fractions gave a colourless gum (154 mg) which was pure 
by 'H nmr and on three tlc systems but could not be obtained 
crystalline; 'H nmr (CDCl,) 6: 0.93 (t, J = 7 Hz, 3H, CH2CH3) 
2.58 (broad t, J = 7 Hz, 2H, Ar-CH,), 3.57 (s, 3H, OCH,), 
3.71 (s, 3H, OCH,), 3.89 ppm (s, 3H, OCH,). Anal. calcd. for 
C2,H3,N04: C 73.77, H 8.49, N 3.19; found: C 73.82, 
H 8.20. N 3.30. 

oxidation of desoxytetralrydrodirnetlryldecodir~e (14) to the 
corresponding ketone, dehydrodesoxytetra/~ydrodimet/~yldeco- 
dine (IS)-Standard Jones' reagent (0.9 mL) was added drop- 
wise to an ice cold solution of the alcohol (14) (150 mg) in 
acetone. The cooled mixture was stirred 10 min, excess reagent 
was destroyed by addition of 2-propanol(1 mL), and the solu- 
tion poured into 0.01 M hydrochloric acid (30 mL). The acid 
solution was washed with ether, basified with solid sodium 
bicarbonate, and extracted with ether (4 x 40 mL). The ether 
solution was dried (MgS04) and evaporated to yield a light 
yellow oil (83 mg). The residue which on tlc showed a trace of 
starting material and one major product, was purified by pre- 
parative thick layer chromatography on alumina with ether as 
the solvent. The major band (Rr 0.8) was eluted from the 
absorbant with ether, and the product (80 mg) was obtained 
as an almost colourless oil; ir 1730 cm-'; 'H nmr (CDCI,) 
6:  0.92 (t, J = 7 Hz, 3H, CH2CH3), 3.56, 3.68, 3.90 ppm 
(3 x s, 3H, 3 x OCH,). Anal. calcd. for C2,H3,N04: mol. 
wt. 437.257; C 74.11, H 8.06, N 3.20; found: mle 437.256; 
C 74.02, H 8.28, N 2.93. 

If the reaction time is increased, a by-product showing a 
second carbonyl band at  1680 cm-', in addition to the band 
at  1730 cm-I is obtained. 

Phenylation of the ketone, dehydrodesoxytetraI~ydrodimetIryl- 
decodine (IS)-The above ketone (77 mg) was carefully dried 
and dissolved in anhydrous ether in a 5 mL flask under nitro- 
gen. Phenyllithium (1.9 M, 1 mL) was added to the stirred solu- 
tion. After 1 h stirring at  room temperature no starting material 
was detectable by tlc. The reaction was quenched with ice and 
the product extracted into chloroform. The chloroform solu- 
tion was evaporated to yield a pale yellow oily residue (80 mg) 
which did not crystallize. Anal. calcd. for C33H41N04: 
C76.86, H8.01, N2.72; found: C76.65, H8.20, N2.59. 
Mass spectrum mle: 515 (M+), 499, 485, 454, 347. Thin-layer 
chromatography of the product on alumina revealed two 
bands, presumably due to the epimeric, equatorial and axial, 
phenylcarbinols (16). 

Oxidatiorr of thephenylcarbirrol (I6)-The phenylation pro- 
duct (75 mg) was dissolved in acetone and dispersed in water 
(15 mL). Acetone was removed at  80°C and potassium car- 
bonate (1 g) was added to the stirred solution. Finely powdered 
potassium permanganate (2.5 g) was added in small portions 
over 6 h and the mixture refluxed 8 h with vigorous stirring 

and then kept overnight. Manganese dioxide was filtered off, 
washed with water (3 x 2 mL), the filtrate extracted with 
ether (3 x 10 mL), and the extracts discarded. The aqueous 
solution was acidified with 1 M sulfuric acid and decolourized 
with sodium bisulfite. Ether extraction and evaporation of 
solvent gave benzoic acid which was purified by sublimation 
at  40°C and lo-, Torr. The yield of benzoic acid (10 mg) was 
14% overall from decodine. 

Degradation of Decodine Derived from [2-'4C]P11enylalanine 
The cc-Methylene Carbon (C-12) (Together lvitlr tlre 

Carbonyl Carbon (C-11)) of the Lactone Ring 
Kulln-Roth oxidation of desoxytetrahydrodimethyldecodine 

(I4)-This derivative was prepared from dimethyldecodine 
via tetrahydrodimethyldecodine and O-tosyltetrahydrodi- 
methyldecodine as described above in the sequence to separate 
the lactone carbinol carbon. 

Desoxytetrahydrodimethyldecodine (142 mg) was dissolved 
in dilute sulfuric acid (4 M, 8 mL), in a small flask fitted with 
a condenser. A solution of chromium trioxide (2.5 g) in water 
(2 mL) was added by pipette down the condenser into the 
magnetically stirred mixture, which was then slowly heated to  
boiling under reflux for 2 h. The flask was cooled in ice and 
water washed down the condenser. The flask was fitted with 
a steam distillation head such that nitrogen could be bubbled 
through the solution and water added at  the same rate as it 
distilled off. A total of 60 mL distillate was collected in 3 h 
and this was titrated with 0.1 N sodium hydroxide to pH 8 
(2.0 mL). The titrated solution was then evaporated a t  60°C 
overnight and the residue dissolved in water (1.5 mL). To this 
solution was added a solution of cc-naphthylamine hydro- 
chloride (25 mg) in water (1.5 mL) and 1-ethyl-3-(3-dimethyl- 
aminopropy1)carbodiimide (50 mg). The mixture was kept for 
2 hand  the resulting pink precipitate was extracted with chloro- 
form (3 x 5 mL) and the concentrated extracts applied to a 
silica plate (20 x 5 cm, 2 mm thickness). The plate was 
developed with ether and showed three bands under uv. The 
band corresponding to N-acetyl-cc-naphthylamine was removed 
and extracted with chloroform-methanol. The product (8 mg) 
was obtained as a white crystalline solid, which was further 
purified by sublimation at  130°C and Torr. Yield 7 mg, 
mp 159-160°C (lit. (36) mp 160°C; (38) mp 159-160°C). 

Degradation of Decodine Derivedfiom [3-'4C]Phet1ylnlntri~1e 
4-Methoxyisophthalic Acid (10) andHenripitric Anllydride 

(9) by Permangannte Oxidation of Dimetlzyldecodine (7) 
(26-28) 

Dimethyldecodine (200 mg) was dissolved in dilute sulfuric 
acid (1 M, 8 mL) and dilute sodium carbonate (1 M, 10 mL) 
was added (final pH 8.5) yielding a fine white precipitate of 
dimethyldecodine. Potassium permanganate (1.1 g) was added 
to the stirred suspension in small portions over a 4-h period 
and stirring was continued for a further 18 h. The solution was 
carefully (frothing!!) acidified with 2 M sulfuric acid and the 
excess potassium permanganate and precipitated manganese 
dioxide destroyed by the addition of sodium bisulfite. The re- 
sulting solution was extracted with ethyl acetate (4 x 20 mL). 
The dried extracts (anhydrous Na2S04) were evaporated 
leaving a pale yellow residue (160 mg). 

The above oxidation was repeated on a second sample of 
dimethyldecodine (200 mg) and a similar residue (170 mg) was 
obtained. 

Thin-layer chromatography (silica, ethanol-water-ammonia 
(100:12:10)) showed each of the two oxidation residues to be 
a complex mixture of at  least nine components. Preparative 
chromatography (silica, 20 x 20 cm x 2 mm plates) using the 
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above solvent system resolved the components into nine bands. 
Numbering from the solvent front, the sixth and seventh bands, 
containing the major components which in a preliminary run 
had been shown to correspond to  4-methoxyisophthalic acid 
and hemipinic acid, respectively, by comparison with authentic 
specimens, were eluted separately from the inert support with 
water. The extract was acidified and the product extracted into 
ethyl acetate (5 x 25 mL). Corresponding eluates from the two 
oxidations were combined. 

The crude product from band six (41 mg) was sublimed at  
155°C and lo- '  Torr to give 4-methoxyisophthalic acid (10) 
as a pale yellow solid which was crystallized from aqueous 
methanol and sublimed. Yield 3.5 mg, mp 260-265"C, un- 
depressed by admixture with an authentic sample; (lit. (27) 
mp 258-263°C). 

The crude hemipinic acid from band seven (21 mg) was 
sublimed at  130°C and lo-' Torr to give hemipinic anhydride 
(9) as a white crystalline sublimate. This was crystallized from 
a very small amount of acetone to give colourless crystals 
(3 mg) mp 159-16IoC, undepressed onadmixture with authentic 
hemipinic anhydride; (lit. (27)mp 158-160°C; (36) 166167°C). 

During one of the radioactive runs (experiment 11) a third 
component of the mixture was obtained in larger quantity. 
This was presumably 2',2,3-trimethoxybiphenyl-5',6-dicar- 
boxylic acid (8), mp 236239°C after sublimation at  195°C and 
5 x Torr. Accurate mass measurement (CEC 21-IlOB) 
of the molecular ion of the corresponding dimethyl ester; nl/e 
calcd. for C1,H2,O, : 360.121 ; found : 360.1 19. 

Degradation of Decodinefrom [1,3-'4C2]P1rergvlalat~ine 
Decodine (5) was converted into dimethyldecodine (7) which 

was degraded to benzophenone oxime (C-11) and to  benzoic 
acid (C-3) as described for the degradation of the sample 
from [I-14C]phenylalanine, and to 4-methoxyisophthalic acid 
(10) and hemipinic anhydride (9), as described for the degrada- 
tion of the sample from 13-14C]phenylalanine. 

Degradation of Decinine Derivedfiorn [l-14C]Plret~ylalanine 
The Lacrorre Carbonyl Carbon (C-11) as  Benzophenone 

Oxinle 
Metlryldecirrine (17) (cf. ref. 7)-Decinine (300 mg) was 

dissolved in methanol (15 mL) and excess diazomethane in 
ether (75 mL) was added. The mixture was kept in a cold 
room (4°C) for 2 days. Solvent was removed, methanol (10 mL) 
was added to the residue, and the mixture was warmed on a 
steam bath and filtered. The filtrate was concentrated and the 
product crystallized. Repeated recrystallization from methanol 
yielded methyldecinine (305 mg), mp 169-170°C (lit. (7) 
mp for rnethylated reduced lythrine, i.e., methyldihydroly- 
thrine, i.e. methyldecinine (17) 173-175°C); 'H nmr (CDCI,) 
6: 3.72, 3.83, 3.92 ppm (3 x s, 3H. 3 x OCH,). ~. 

Benzoplrenone oxitrze frotn hethjldecinine-~eth~ldecinine 
was converted to the di~henvlcarbinol bv treatment with 
phenylmagnesium bromide, a i d  the diphenylcarbinol de- 
hydrated to the corresponding diphenylolefin (19) (29) as 
described for decodine. The product was obtained as a frothy 
solid which was directly oxidized to benzophenone. The latter 
was converted into the oxime. The procedure and yields were 
similar to those reported in the corresponding decodine 
degradation. 

The Lactone Carbinol Carbon (C-3) as  Betlzoic Acid 
Tetralrydrotnetl~yldec82ine (20) (cf. ref. 29)-Methyl- 

decinine (140 mg) obtained by methylation of decinine (140 
mg) was dissolved in dry ether (18 mL), and lithium aluminium 
hydride (130 mg) was added in small portions and the mixture 
stirred at room temperature overnight. Subsequent work-up 
followed that for the corresponding decodine derivative (vide 

supra). The product (135 mg) was obtained as a white foam; 
'H nmr (CDCI,) 6: 2.68 (broad, t, J = 7 Hz, 2H, Ar-CH,), 
3.55 (t, J = 6 Hz, -CH20H), 3.70, 3.80, 3.92 ppm (3 x s, 
3H, 3 x OCH,). 

0-Tosyltefral~ydrotnethyldecinine (21) '-The above tetra- 
hydromethyldecinine (135 mg) was tosylated with p-toluene- 
sulfonylchloride (125 mg) in anhydrous pyridine (4 mL) in the 
manner described for the corresponding reaction in the de- 
codine series. The product (167 mg) was a brown foam, which 
showed a single spot on tlc (alumina, chloroform). 

Reduction of 0-tosyltetral~ydrornethyldecinine (21) to de- 
soxytetral~ydrometl~yldecinine (22)-The above tosylate (165 
mg) in anhydrous tetrahydrofuran (12 mL) was reduced with 
lithium aluminium hydride (70 mg) in the manner described 
for the corresponding reaction in the decodine series. The pro- 
duct was obtained as a yellow oil (133 mg) which was purified 
by chromatography on neutral alumina to  yield a colourless 
foam (94 mg) which did not crystallize; 'H nmr (CDCI,) 
6 : 0.95 (t, J = 7 Hz, 3H, -CH,CH3), 2.60 (broad t, J - 7 Hz, 
2H, Ar-CH,), 3.72, 3.83, 3.92 ppm (3 x s, 3H, 3 x OCH,). 

Oxidatiotl of desoxytetral~yrlr.ometl~yldecinine (22) to the 
corresponding ketone, dehydrodesoxyteiral~ydrot~~efIryldecinine 
(23)-Standard Jones' reagent (0.55 mL) was added dropwise 
to a stirred, cooled solution of the above derivative (94 mg) 
in acetone (30 mL). Stirring was continued 10 min, excess 
Jones' reagent was destroyed with 2-propanol (1 mL), and 
hydrochloric acid (0.025 M, 90 mL) was added. Subsequent 
work-up was similar to that for the corresponding experiment 
in the decodine series, yield 49 mg; ir 1730 cm-'; ms mle: 437 
(molecular ion) 422,406; 'H  nmr(CDC1,) 6 :  0.92(t, J = 7 Hz, 
3H, -CH2CH3), 3.75,3.84, 3.94 ppm (3 x s, 3H, 3 x 0CH3).  

Phenylatiotz of delrydrodesoxytetrahydromethyldecinine (23) 
-The ketone (49 rng) was phenylated with phenyllithium fol- 
lowing the procedure described for the corresponding reaction 
in the decodine series. The product (45 mg), a mixture of 
epimeric phenylcarbinols (24), was not separated into com- 
ponents. Mass spectrum mle: 515 (molecular ion), 485, 454. 

Oxidation of thephenylcarbinol(24)-The phenylation pro- 
duct (43 mg) was oxidized with permanganate (1.5 g) in the 
presence of potassium carbonate in the manner described for 
the corresponding reaction in the decodine series. On work-up, 
benzoic acid was obtained and purified by sublimation, 
yield 5 mg. 

Degradation of Decinine Derived from [2-14C]Phenylalanitre 
Thea-Methylene Carbon (C-12) (Together with the Carborryl 

Carbotz (C-11)) of the Lactone Ring 
K~thn-Rotlr oxidation of desoxytetrahydronretllyldecinine 

(22)-Desoxytetrahydromethyldecinine was prepared from 
methyldecinine (17) via tetrahydromethyldecinine (20) and 
0-tosyltetrahydromethyldecinine (21), as described above. The 
Kuhn-Roth oxidation was carried out by the same procedure 
that was used in the corresponding degradation of desoxytetra- 
hydrodimethyldecodine; yield of N-acetyl-a-naphthylamine 
8 mg (from 300 mg decinine); mp 157-158°C. 

Degradation of Decitzine Derivedfiorn [1,3-'4Cz]P1ret~ylalanine 
4,5-Din~ettioxyplrtlralic acid (IS) and 4-Methoxyisoplrthalic 

Acid (10) fro111 Metlryldecinine (17) (26-28) 
A suspension of rnethyldecinine (17) (200 mg) in dilute 

sulfuric acid (1 M, 8 mL) was made alkaline by adding 1 M 
sodium carbonate solution (10 mL) so that the pH of the 
solution was 8-8.5. Potassium permanganate (1.1 g) was added 
with stirring over a period of 4 h and stirring was continued 
for 20 h at  room temperature. The solution was then acidified 
with 2 M sulfuric acid and the excess potassium permanganate 
and the precipitated manganese dioxide were decomposed 
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with sodium bisulfite. The resulting colourless solution was 
extracted with ethyl acetate (4 x 40 mL) and the organic layer 
washed, dried (anhydrous Na,S04), and evaporated. 

The residue (70 mg) was separated by preparative thin layer 
chromatography (silica, benzene-methanol-acetic acid 45 :8 :4). 
The major product, Rf 0.43, was eluted with water, the solution 
acidified with sulfuric acid (1 M )  and extracted with ethyl 
acetate (3 x 25 mL). The organic layer was washed with water, 
dried (anhydrous Na,S04) and evaporated and the crude pro- 
duct sublimed (160°C, 1 x Torr) to yield 4-methoxy- 
isophthalic acid (10); yield 6 mg; mp 26C265"C. 

The other product which was detected on the tlc plate 
(Rf 0.25) was eluted similarly. This product had chromato- 
graphic properties corresponding to those of authentic 4,5- 
dimethoxyphthalic acid (18). The low yield (< 1 mg) pre- 
cluded the use of this compound in radioactive determinations. 

Degradation of Decodine Derived from [2-14C]Malo~zic Acid 
Chromic acid oxidation of decodine, and isolation of the 

resulting degradation products, 2-piperidylacetic acid, y- 
aminobutyric acid and B-alanine, was carried out as described 
in the preceding paper (25). 
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Appendix 

Numbering of the Lythraceae Alkaloids 
In view of the probable common biogenetic origin 

of the three structural groups of the Lythraceae 
alkaloids, a numbering system is desirable which is 
applicable to the Decodon-type alkaloids (group 1) 
(e.g., decodine (5) and vertaline (35)), as well as the 
Lythrurn-type (group 2) (e.g., lythrumine (31)), and 
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Decodine (5) Vertaline (35) Lythrumine (31) Lythranidine (32) 

Decodon Lythrum Piperidine 
type type type 

SCHEME 7. Numbering of the Lythraceae alkaloids. 

the piperidine-type alkaloids (group 3) (e.g., lyth- 
ranidine (32)). 

The numbering system A, in common use for the 
Decodon-type alkaloids, was introduced by Ferris 
and co-workers (29,39,40) and adopted and extended 
by Rother and Schwarting (3). The quinolizidine 
nucleus is numbered as recommended by The Ring 
Index (ref. 41, RRI  1687) but primed and multiply 
primed numbers are employed for other C-atoms 
and the system is thus not rationally adaptable to  use 
with the alkaloid skeletons of groups 2 and 3. 

Numbering system B for the latter two groups of 
alkaloids was introduced by Fujita and co-workers 
(42, 43) and is generally used for these alkaloids. This 
system is readily adaptable to  the alkaloids of group 
1. Extrusion of C-10 of the group 2 skeleton, and 
union of C-11 with the 0-a tom at  C-3, formally yields 
a group 1 skeleton. 

The numbering system of the group 1 alkaloids 
which is generated in this manner is attractive for 
several reasons: (i) carbon atoms which correspond 

in biogenetic origin in the three structural groups 
maintain corresponding numbers; (ii) the numbering 
of the quinolizidine ring system, even though different 
from that recommended by The Ring Index (41) 
which, with a minor change is also used by Chemical 
Abstracts, is not new but corresponds to that 
originally employed by Schopf et al. (44); and 
(iii) the numbering of only one of the three structural 
groups of alkaloids is changed, while currently used 
numbering is maintained for the other two groups. 

An entirely new numbering system6 for all three 
groups of alkaloids which is chemically as well as 
biogenetically rational, is system C, in which the 
quinolizidine ring is numbered as in the lupine 
alkaloids. 

We have employed system B, since it shows com- 
mon biogenetic origin while minimizing changes in 
current practice. 

6We are indebted to Dr. V. Snieckus, University of Waterloo, 
for this suggestion. 
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The total synthesis of (k)-luciduline' 

J E R Z Y  SZYCHOWSKI~ A N D  DAVID B .  M A C L E A N  
Deporirrie~ii cdChe~uisi,:\', McMosie~,  Utlioe~lc-iiy, Ho~~~ i l i o r i .  Orii., C(itiotl(i L8S 4MI 

Received December 14, 1978 

JERZY SZYCHOWSKI and DAVID B. MACLEAN. Can. J. Chem. 57. 163 1 ( 1  979). 
(*)-Luciduline has been synthesised in seven steps from 2-(2-cyanoethy1)-5-methylcyclohex- 

2-en-1-one. The synthetic approach is adaptable to the synthesis of intermediates of interest 
in biosynthetic studies of the Lycopodium alkaloids. 

JERZY SZYCHOWSKI et DAVID B. MACLEAN. Can. J. Chem. 57. 163 1 ( 1979) 
On a synthetise la (+)-luciduline en sept Ctapes a partir de la (cyano-2 ethyl)-2 methyl-5 

cyclohex6ne-2 one-1. On pourrait adapter cette approche a la synth6se d'intermkdiaires 
interessants dans des etudes biosynthetiques des alcaloi'des du lycopodium. 

[Traduit par le journal] 

Luciduline (1) (originally designated L21) was The compound used as starting material in the 
first described by Manske and Marion (1) who synthesis was 2-(2-cyanoethy1)-5-methylcyclohex-2- 
isolated the alkaloid from Lycopodium lucidulurn en-1-one (5). This compound has recently been used 
Michx. Its structure was elucidated by Ayer et al. (2) by Heathcock et u I . ~  in their synthesis of lyco- 
by chemical degradation and by an X-ray study. podine. We have prepared it from 5-methyl-1,3- 
Luciduline is the only representative of this ring cyclohexanedione (6) using Clark and Heathcock's 
system that has been isolated from the Lyco- procedure (7) with slight modification. 
podiaceae. 

Two syntheses of luciduline have already been 0 

reported, the first by Scott and Evans (3) and the 
second by Oppolzer and Petrzilka (4). Both syntheses 
lead in straightforward steps to  the stereochemically 
desired intermediates and eventually to the product. h M e  Me I xdI H I 2 I 
Neither however is related to the biosynthesis of the R 

alkaloid in the plant. The synthetic approach re- ' LUcldU1ine 2 X =  H 2 , R = H  3 R =  HorCH, 
4 X =  O ; R =  CzHs ported here is not biomimetic but leads to  an inter- 

mediate that may however be involved in the 
biosynthesis, not only of luciduline itself but also of 
other ring systems in this family of alkaloids (5). 

C dMe O A M e  ? d M e  In a recent paper Nyembo et al. (6) have proposed 111 
that the amino acid 2 and compounds of general N N 

structure 3, the phlegmarines, both of unspecified 
5 stereochemistry, may be biosynthetic intermediates 6 7 

on the pathway to  many of the Lycopodium alka- 
loids. It was the purpose of the present study, not 
only to develop a general method for the synthesis of & %o 
compounds of type 2 and 3 so that they might be tcl  Me NC 

0 N 0 
eventually tested as biosynthetic precursors but also N 1 
t o  develop a synthesis of (+)-luciduline and of the H 

8 phlegmarines. A part of this work has been com- 9 10 

pleted and we report here a synthesis of 4, the ethyl 
ester of the lactam of 2, and its conversion to 
luciduline. d2" 

This paper is dedicated to the memory of R. H. F. Manske O Me 0 N '  I I 
Me 0 N Me 

who was associated with the discovery of luciduline and many H H 
I 

other alkaloids of the Lycopodium family. 
H 

11 12 14 
'Present address: Institute of Fundamental Problems of 

Chemistry, University, Pasteura 1, 02-093 Warsaw, Poland. 3C. H. Heathcock. Personal communication. 

0008-4042179113 163 I-07$0 I 0010 
91979 Nationnl Resea~ch Councll of CanadnIConseil national de 1eche1che3 du Canada 
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The dione 6 was prepared by the method of 
Crossley and Renouf (8), a method that has been 
used with varying success by others (9, 10). We have 
found that the key to acceptable and reproducible 
results in this procedure rests in the manner of 
hydrolysis of the intermediate keto ester. The dione 6 
was treated with acrylonitrile yielding 2-(2-cyano- 
ethyl)-5-methyl- l,3-cyclohexanedione (7) according 
to the method of Reillshagen (1 1). Compound 7 was 
converted to 2-(2-cyanoethy1)-5-methyl-3-chlorocy- 
clohex-2-en-1-one (8) by treatment with oxalyl 
chloride and that in turn to 5 by reduction with Zn 
activated by Ag (7). We found that our product was 
contaminated with variable quantities of some fully 
reduced material contrary to the earlier study (7). 

Compound 5 was converted to a mixture of 
bicyclic keto lactams making use of a little known 
annelation reaction. Some years ago it was reported 
that compound 9 cyclized to the lactam 10 upon 
treatment with alkali (12). We found that a similar 
cyclization occurred when 5 was treated with 
methanolic NaOH. Two lactams, 11 and 12, were 
separated from the reaction mixture by chromato- 
graphy on alumina and separated from one another 
for analytical purposes by careful chromatography 
on silica gel. They were assigned the structures 
shown on the basis of nmr examination. The spectra 
were remarkably different, especially in the signals 
at H-9 which are clearly separated from the other 
signals in the two spectra. In isomer 11, in which the 
bridgehead protons were deduced to be cis, the signal 
for H-9 was a nearly regular quartet, 6 4.12, J = 3.5 
Hz, whereas in isomer 12, in which the-bridgehead 
protons are considered trans, this signal appeared as 
a triplet, split into doublets, 6 3.30, J = 11.0 and 
4.0 Hz. In the cis-isomer 11 this implies coupling 
with three protons with nearly equivalent dihedral 
angles to H-9, namely H-10, H-8a, and H-8e, while 
for the trans-isomer 12 there are probably two equal 
trans-diaxial couplings of H-9, with H-10 and H-8a, 
and one axial-equatorial coupling between H-9 and 
H-8e. On these grounds isomer 11 was assigned 
conformation 1 la  (it may exist in equilibrium with a 
small amount of l lb )  and compound 12 was assigned 
stereostructure 12a. The dihedral angles observed 
from molecular models of the cis- and trans-isomers 
conform with these deductions. 

A detailed examination of the spectrum of 11 was 
carried out at 220 MHz in chloroform and benzene 
and in mixtures of the two. Through these studies it 
was possible to assign tentatively all the protons of 
11 and to confirm some of the assignments by 
decoupling studies as reported in the experimental 
section. The change in chemical shift in changing 
solvent from chloroform to benzene was in the same 

direction (upfield) and of the same magnitude for 
H-9, H-10, H-8a, and H-6a, namely 0.75, 0.96, 0.62, 
and 0.75 ppm, respectively. The C-methyl group was 
shifted upfield by 0.3 ppm but H-7a by only 0.2 ppm. 
These results imply a cis relationship among H-9, 
H-10, H-8a, H-6a, and the C-methyl group since 
benzene might be expected to coordinate with only 
one face of the molecule. 

Both broadband and off-resonance 13C spectra of 
11 were also recorded. The assignments that were 
made are shown in Fig. 1 where they are compared 
with those of 3-methylcyclohexanone (13) chosen as 
a model in this study. The upfield shift of C-7 
relative to the model is ascribed to the y-gauche 
interaction with the axial substituent at C-9. The 13C 
spectrum is compatible with the structure deduced 
from the 'H nmr data. 

The relative stereochemistry, especially at the 
C-methyl group, deduced from nmr, was not 
definitely established however until the synthesis of 
luciduline was complete. 

The mechanism of cyclization of 5 seems to 
involve the attack of OH- on the carbon atom of 
the C=N group with subsequent attack of the 
negatively charged nitrogen on the enone system 
(12). Protonation of the resulting en01 then leads to 
the amides 11 and 12 (Fig. 2). 

The predominance of 11 in the reaction product 
shows that nitrogen attack occurs mainly on the side 
of the enone system trans to the methyl group. A 
similar directive influence of a methyl group in a 
conjugate addition to a cyclohexenone was observed 
by Stork (14) in his synthesis of lycopodine. Allinger 
and Riew (15) have provided an analysis of the 
stereochemistry of the copper-catalysed Michael 
additions of Grignard reagents to methylcyclo- 
hexenone which is in accord with the present 
observations. The en01 resulting from attack of 
negatively charged nitrogen on the side opposite to 
the methyl group protonates to give l l a  in which 
the carbon-carbon bonds at C-7 and C-10 are 
equatorial in the carbocyclic ring. This isomer seems 
relatively stable to isomerization and none of its 
epimer at C-10 has been detected. The ratio, 11-12, 
usually greater than 5: 1, does however vary with 

173.61 

0 

FIG. 1. 13C nmr spectra of 11 and 3-methylcyclohexanone. 
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MeOH C 
Ill 

H + H 

OH- I I 

FIG. 2. The cyclization of 2-(7-cyanoethy1)-5-methylcyclohex- 
7-en-1-one (5). 

reaction time and this suggests that isomerization 
may occur but it must take place at C-9 rather than 
at C-10, for an interconversion of 11 to 12. Iso- 
merization at C-9 may result from a reverse Michael 
reaction followed by ring closure but that has not 
been established. Nevertheless it is apparent that the 
isomerization of 11 to its epimer at C-10 is by no 
means facile, contrary to the generally held belief 
that compounds with a ketone a to a bridgehead 
isomerize readily from the cis to the trans con- 
figuration. 

Compound 12 is derived from an en01 resulting 
from attack by nitrogen on the enone system cis to 
the methyl group. This en01 also protonates to give 
an equatorial bond at C-10 resulting in an all 
equatorial array of substituents in the carbocyclic 
ring as shown in stereo formula 12a. 

It was now necessary to add to C-5 the two carbon 
atoms required to complete the skeleton of luciduline. 
Initial studies in which 11 was treated with ethyl 
triethylphosphonoacetate in base did not give satis- 
factory results. Although some of the desired 13 was 
present, the product proved to be a mixture of 
isomers in which those isomers with an endocyclic 
double bond predominated. However 13 was 
obtained in good yield in the Peterson reaction (16) 
with ethyl trimethylsilyl acetate (17). The reaction 
was normally carried out on the mixture of cis- and 
trans-lactams obtained from the cyclization step. The 
trans-isomer was found to react faster than the cis 
and to give a mixture of isomers about the newly 
formed double bond, one of which, 14, was obtained 
crystalline. The cis-isomer 11 gave however only a 
single isomer 13 to which the E configuration has 
been assigned on the following grounds. In the nmr 
spectrum of 13 there is a signal at 3.18 6 that is absent 
in the dihydro compounds 15 and 16 (vide i t ~ a ) .  
Accordingly this signal can be assigned only to H-10 
or to one of the two protons at C-6. Its low field 
position is attributed not only to its allylic position 
but also to deshielding by the ester function. Because 
the signal at 3.18 6 is a doublet of doublets (J = 15.0 
and 4.0 Hz) it has been assigned to H-6e. The 15 Hz 
coupling is attributed to a geminal coupling to H-6a 
and the 4.0 Hz coupling to a vicinal coupling to  
H-7a. The signal for H-10 would be expected to be 
more complex and was excluded from consideration 
on these grounds. The conformation of the product 
represented in formula 13a, is favoured because the 
signal at H-9 still appears as a near quartet at 3.83 6. 
The conformation 13b is also shown and a small 
amount of it may exist in equilibrium with 13a. 

Hydrogenation of 13a might have been expected 
to yield only a single isomer. Instead, two products 
15 and 16 (in a ratio of 2 : 1) that are epimeric at C-5 
were isolated from reaction of 13 with hydrogen over 
an Adams' catalyst. The isomers 15 and 16 have been 
assigned the configurations and conformations 
shown from examination of the signal at H-9. In 15, 
the desired isomer, this signal appears at 3.62 6 as a 
quintet formed by overlap of two triplets. In this 
conformation the protons at H-10 and H-8e will have 
approximately the same coupling constant, J = 6 Hz, 
to H-9 forming the triplet and this will be split by 
coupling with H-Sa, J = 12 Hz. The methyl group 
at C-7 is axial and the carboethoxymethyl group a t  
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C-5 is equatorial under these circumstances. On the 
other hand isomer 16 appears to have a conforma- 
tion similar to 13a because the signal at H-9 appears 
as a quartet at 3.71 6. Both the methyl and carbo- 
ethoxymethyl groups will therefore adopt equatorial 
positions in the carbocyclic ring of 16. The chemical 
shifts of the methyl groups in the two isomers reflect 
their axial-equatorial relationship. 

The N-methylation of 15 was not attempted 
because we considered that cyclization at nitrogen 
might occur under the conditions required to 
introduce the N-methyl group. We therefore decided 
to introduce the N-methyl before hydrogenation and 
accordingly treated 13 with dimethyl sulfate in the 
presence of base; the reaction proceeded normally 
yielding 17. Examination of 17 by nmr showed that 
conformation 17b was favoured over 17a. The signal 
for H-9 now appeared at 3.55 6 as a doublet of 
triplets in a manner similar to 15. The C-methyl 
group of 17b must adopt an axial position but the 
N-methyl group occupies a position where its inter- 
actions with the carbocyclic ring are minimized 
relative to 17a. 

Examination of models indicated that hydro- 
genation of 17 might now be less favoured from the 
top face of the molecule. This indeed proved to be 
the case and when 17 was treated with hydrogen over 
Adams' catalyst it yielded a 1 : 1 mixture of 18 and 19. 
The conformations of 18 and 19 follow from 
examination of the signal at H-9 in the two com- 
pounds. In 18 this signal appears as a doublet of 
triplets centred at 3.44 6, J = 5 and 12 Hz, and the 
molecule is assigned conformation 18a while in 19 
it appears as a near quartet at 3.58 6, J = 3 Hz, and 
the molecule assumes the conformation shown. The 
difference in chemical shift of the methyl group in 
the two isomers also reflects the difference in con- 
figuration and conformation. 

Cyclization of 18 to luciduline lactam requires 
that it adopt conformation 18b with the methyl group 
equatorial at C-7 and the carboethoxymethyl axial 
at C-5. It is apparent that the barrier to intercon- 
version is not high because 18 was successfully con- 
verted to 20, (*)-luciduline lactam, in good yield on 
treatment with base. The spectroscopic properties in 
solution of (+)-luciduline lactam were identical 
within experimental error with those reported pre- 
viously (2). It seems likely however that the assign- 
ments of H-3 and H-6 should be reversed. The 
chemical shift and coupling constant for H-6 are 
very similar to those of the corresponding proton in 
the bicyclic intermediates of similar conformation 
discussed previously. Moreover H-3 might be 
expected to be a multiplet with long range 'W' 
couplings to H-1 and H-5. 

The reduction of 20 with lithium aluminum 
hydride gave (f )-dihydroluciduline with spectro- 
scopic properties in solution identical with a sample 
of dihydroluciduline 21 prepared by reduction of 
natural luciduline with sodium borohydride. (f )- 
Luciduline, with spectroscopic properties in solution 
identical with those of natural luciduline, was 
obtained on Jones' oxidation of 21. 

The completion of the synthesis places on a firm 
foundation the configurational assignments made for 
the intermediates on the basis of nmr examination. In 
particular we can now proceed to prepare labelled 
15 and 18 for biosynthetic studies knowing that their 
stereochemistry is secure. Moreover it is now 
possible to proceed from 11 and 12 to prepare com- 
pounds of the phlegmarine structure and in this way 
arrive at the stereochemistry of the naturally occur- 
ring bases. 

Experimental 
Apparatrrs, Metliorls, and Materials 

The infrared spectra were determined on a Perkin Elmer 383 
spectrophotometer in chloroform solution. The nmr spectra 
were run at 90 MHz on a Varian E M  390 spectrometer or 
Bruker W H  90 spectrometer. The 220 MHz proton spectra 
were obtained at the Canadian 220 MHz NMR Centre, Univer- 
sity of Toronto, Toronto, Ont. Chemical shifts are reported in 
ppm (6) from tetramethylsilane. The symbols s (singlet), d 
(doublet), t (triplet), q (quartet), and m (multiplet) are used to  
report the multiplicity of signals. Coupling constants are 
accurate within f 0.5 Hz. Mass spectra were recorded on a 
CEC 21-llOB mass spectrometer at  an ionizing voltage of 
80 eV and a source temperature of 15&200°C. High resolution 
measurements were performed by the method already de- 
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scribed (18). Natural abundance 13C nuclear magnetic 
resonance spectra were recorded on a Bruker WH-90 Fourier 
transform spectrometer at  22.62 MHz and a probe tempera- 
ture of +35.O0C. Samples were 0.08-0.15 M in CDCI,; TMS 
was used as an internal reference. 

Melting points and boiling points are uncorrected. Micro- 
analyses were performed by Microanalysis Laboratories Ltd., 
Toronto, Ont. 

The purity of all samples was checked by thin-layer chro- 
matography in several solvent systems. Silica gel 60F-254 
(Merck) was used for tlc and for column chromatography. 
Mixtures of methanol (3-10%) in ether were used in most cases 
to  develop tlc silica plates. Tetrahydrofuran was always 
distilled before use over lithium aluminum hydride. 

5-Methyl-1,3-cyclohexanedione (6) 
Sodium (20.2 g) was dissolved in absolute ethanol (240 mL) 

and ethyl acetoacetate (120 g) and ethyl crotonate (100 g, 
96%) were added. The mixture was heated on a steam bath 
for 6-7 h (after 0.5 h the mixture partly solidified) and the 
alcohol was then removed under reduced pressure. The 
residue was dissolved in H 2 0  (I L) and treated with aqueous 
KOH (100 g in 400 mL) in two portions, the second portion 
being added at  room temperature after 2 h. The reaction 
mixture was maintained at  room temperature for a further 4 h 
and then boiled for 0.5 h to remove the remaining alcohol. The 
mixture was cooled to  60°C and acidified with aqueous 
sulfuric acid. It was then slowly heated and finally boiled for 
15-20 min to complete the decarboxylation. 5-Methyl-1,3- 
cyclohexanedione crystallized from the mixture upon cooling. 
The crystals were separated by filtration, dried and recrystal- 
lized from ethyl acetate. The product melted at 126-127'C, 
yield 58-68%. 

2-(2-Cya~1oethyl)-5-niethyl-1,3-cyclohexanedione (7) 
This compound was prepared from 6 by the method of 

Reinshagen (I 1) in a yield of 50%. It melted at  148-152°C after 
one recrystallization from ethyl acetate and was used as such 
in the next step. 

2-(2-Cyanoetl~yl)-3-c/1loro-5-tnethylcyclohex-2-etz-l-one (8)  
This compound was obtained by the method of Clark and 

Heathcock (7) from 7 as a colorless liquid in 77% yield. It 
boiled at 123-125°C/0.2 Torr. 

2-(2-Cyanoetl~yl)-5-methylcyclo/~ex-2-en-l-one (5) 
This compound was prepared by the method of Clark and 

Heathcock (7) from the chloro derivative above in 77% yield 
as a colorless oil boiling at 95-97"C/0.6 Torr. The oil solidified 
on standing in the refrigerator and melted at 22-23°C. This 
product always contained variable amounts of 2-(2-cyano- 
ethyl)-5-methylcyclohexanone which could be removed by 
allowing compound 5 to  crystallize from methanol at  -78°C. 
Optimum yields of 5 (ca. 95%) were obtained if the progress of 
the reaction was monitored by gc (3% OV-17, 110-120 mesh 
Anakrom ABS, 4 mm id x 2 m, 170°C) and stopped when all 
thcstarting material was consumed. 

Preparation of the Lactanis (11 and 12) 
2-(2-Cyanoethy1)-5-methylcyclohex-2-en-lone 5 (5 g), was 

dissolved in a mixture of methanol (100 mL) and sodium 
hydroxide (2.4 g). The solution was heated under reflux for 
44 h under an atmosphere of argon. The solution was then 
cooled, neutralized with glacial acetic acid (3.6 mL), and the 
solvent removed on a rotary evaporator. The residue was 
dissolved in chloroform (100mL) and washed with water 
(20 mL). Evaporation of the chloroform yielded a residue 
that showed two major spots on  tlc on alumina, one of which 

was the starting material. By column chromatography on 
alumina (AI203 neutral, Fischer Scientific Company, 250 g, 
activity 111) the starting material (1.4 g) was eluted with 
benzene and the product (2.4 g) with chloroform. The solid 
residue from the chloroform (mp 153-166°C) showed two 
components of very similar R, value on tlc on silica. A portion 
was separated on a silica column (20 g) with ether-methanol, 
10: 1 on a 200 mg scale into the trans- and cis-isomers in a 
ratio of 1 : 5, respectively. 

The trans-isomer 12 after recrystallization from ether- 
benzene melted at  225-227'C (with sublimation); ir v,,, 
(CHCI,): 3400 (NH), 1720 (carbonyl), 1670, 1660 cm-' 
(lactam); ' H  nmr, 90 MHz (CDCI,) 6 :  1.10 (3H, d, J = 6 Hz, 
-CH-CH3), 3.30 ( lH,  t, split into doublets, J = 11.0 and 
4 Hz, H-9), - 7.0 ( lH,  br s, -NH, disappears after D 2 0  
exchange). Mol. Wt. calcd. for CloH15N02:  181.110; found 
(ms): 181.114. 

The cis-isomer 11 was recrystallized from benzene and 
melted at 168-169°C; ir v,,,(CHCI,): 3400 (NH), 1720 
(carbonyl), 1660 cm-' (lactam); 'H nmr, 220 MHz (CDCI,) F: 
1.05 (3H, d, J =  6 H z ,  CH-CH3), 4.12 ( IH,  q, J =  3.5Hz, 
H-9); Mol. Wt. calcd. for CloH1,NO2: 181.1 10; found (ms): 
181.111. 

The 'H nmr spectrum measured in CHC1,-benzene 4 :  3 (data 
giver! below) gave the best separation of signals. From an 
examination of this spectrum and comparison of it with the 
spectra from pure chloroform, pure benzene, and CHC1,- 
C6H6 4 : l  and 2 : l  it was possible to  make the following 
assignments of chemical shift and coupling constant for each 
proton. An asterisk indicates a decoupling experiment was 
performed; F: 2.49 (H-3a, J3n,3e = 18.5 HZ, J3a,4n = 12 HZ, 
J30.4c = 7 HZ), 2.13 (H-3e, J3e,4a = J3e,4e = 7 HZ), 1.25 
(H-4a), 2.1 (H-4e), 1.65 (H-6a, J6,,,, = 13 Hz, = 13 Hz), 
2.24 (H-6e, J6e,7 = 3 HZ), 1.87 (H-7a), 0.85 (CH3, *JCH3,7= = 
6.0 HZ), 1.24 (H-8a, J E n , 7  = 14 HZ, J8,,g. = 14 HZ, *Jan,9 = 
3.5Hz), 1.72 (H-8e, J8e,7 = ~ H z ,  *JEe,9 = 3.5Hz), 3.66 
03-9, *Jgnlo = 3.5 Hz), 2.01 ppm (H-10, J10,4a = J10,4= - 
3-4 HZ). 

Reaction of the Lactams (11 and 12) with Ethyl Trimetliylsilyl 
Acetate 

N-Isopropylcyclohexylamine (5.6 g, 40 mmol) was treated 
with 2.42 M n-butyllithium (16 mL, 39 mmol) at -60°C under 
an atmosphere of argon. To  this solution after 1 h there was 
added dropwise ethyl trimethylsilylacetate (6.4 g, 40 mmol) 
~ r e ~ a r e d  according to the method of Fessenden and Fessenden 
i17j. The mixture was kept at - 60°C during the addition and 
for 20 min thereafter and then the epimeric lactams (tratis-cis 
3:7), 3.26 g (18 mmol) were added. The solution was main- 
tained at  - 60°C for 1 h, then at  - 20°C for 2 h, and finally at 
0°C for 0.75 h. The whole mixture was then quenched with 
160 mL of 0.5 M HCI and extracted once with benzene (200 
mL) and twice with chloroform (2 x 50 mL). The extracts 
were worked up separately. The chloroform solution con- 
tained a mixture of N-isopropylcyclohexylamine and starting 
lactam (2.05 g) while the benzene extract contained a mixture 
of starting lactam, silyl ester, and product (5.2 g). A portion 
of the mixture derived from benzene (4.2 g) was separated by 
column chromatography on silica (100 g, SiOz for tlc) using 
ether-ethanol 9 :  1. The reaction product of the ester with the 
trans-lactam (1.1 g) was eluted first. Spectroscopic examina- 
tion revealed that this was a mixture probably consisting of 
isomers about the newly generated double bond. 

One isomer 14 was separated by crystallization from ether 
and melted at 193-19S°C; 'H nmr, 90 MHz (CDCI,) F: 1.06 
(3H, d, J = 6 HZ, CHCH3), 1.30 (3H, t, J = 7 Hz,O-CH2- 
CH,), 3.12 (IH, d o f t ,  J = 3 and 11 Hz, H-9), 4.00 ( IH,  d with 
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additional small coupling, J  = I1 Hz, probably C-6.,), 4.23 
(2H, q, J  = 7 HZ, OCH2-CH,), 5.65 (lH, S, =CH), 6.95 
(lH, br s, disappears after exchange in D 2 0 ,  NH);  Mol. Wt.  
calcd. for Cl4HZ1NO3: 251.152; found (ms): 251.149. 

The second isomer was not investigated further. 
The cis-isomer 13 (0.8 g), eluted next, was crystallized from 

ether and melted at 158-159°C; ir v,,,(CHCI,): 3400 (NH), 
1715 (ester), 1660 cm-' (lactarn); 'H nrnr, 90 MHz (CDCI,) 6: 
0.97 (3H, d, J  = 6 Hz, CH-CH3), 1.30 (3H, t, J  = 7 Hz, 
-OCH2-CH,), 3.18 (lH, d of d, J  = 4 and 15 Hz, probably 
H - 6 4 ,  3.83 (lH, q, better defined after D 2 0  exchange, 
J  = 5 HZ, H-9), 4.20 (2H, q, J  = 7 HZ, OCHZCH,), 5.82 (lH, 
s, =CH), 6.57 (lH, br s, disappeared after D 2 0  exchange, 
-NH); Mol. Wt.  calcd. for C14HZ1N03: 251.152; found 
(ms): 251.153. Anal. calcd. for C14H21N03: C 66.91, H 8.42, 
N 5.57; found: C 66.81, H 8.44, N 5.39. 

Preparation of the 7-Methyl-5-carboethoxymethyloctal~ydro-2- 
qrrinolones ( I5  and 16) 

A solution of 7-methyl-5-carboethoxymethyleneoctahydro- 
2-quinolone (13) (232 mg, 0.92 mmol) in ethanol (15 mL) was 
treated with hydrogen at atmospheric pressure over Adams' 
catalyst (50 mg). The reaction was complete in 40 min, (Hz 
absorbed: 22.0mL; calcd: 20.7 mL). The catalyst was 
separated by decantation and the solvent removed by dis- 
tillation. The product showed two spots on tic on silica. 
Separation of the two components was achieved by column 
chromatography on silica (silica for tlc, 25 g). The first com- 
ponent (77 rng), designated 16, was eluted from the column 
with ether-ethanol 9: 1. After recrystallization from hexane it 
melted at 147-149°C; ir v,,,(CHCI,): 3400 (NH), 1730 (ester), 
1660 cm-' (lactam); 'H  nrnr, 90 MHz (CDCI,) 6: 0.90 (3H, 
d, J  = 6 HZ, CHCH,), 1.26 (3H, t, J  = 7 HZ, -OCH2CH3), 
3.71 (lH, q (better defined after D 2 0  exchange), J  = 3 Hz, 
H-9), 4.14 (2H, q, J  = 7 Hz, -OCH2CH3), 5.59 (lH, br s, 
disappears on DZO exchange, NH); Mol. Wt.  calcd. for 
C14HZ3N03: 253.168; found (ms): 253.168. 

The second component (150 mg) designated 15, melted at 
112-113°C after recrystallization from hexane: ir v,,,CHCI3 : 
3400 (NH), 1730 (ester), 1660 (lactam); 'H nmr, 90 MHz 
(CDCI,) 6: 1.04 (3H, d, J  = 7 HZ, CH-CH,), 1.26 (3H, t, 
J  = 7 Hz, -OCH2CH3), 3.62 (lH, m, changes to quintet after 
D 2 0  exchange; caused by superposition of two triplets, J  = 6 
and 12 Hz, H-9), 4.16 (2H, q, J  = 7 Hz, 0CH2CH3), 6.00 ( lH,  
disappears on D 2 0  exchange, NH); Mol. Wt.  calcd. for 
C16H23N03 : 253.168; found (rns): 253.167. 

Preparation of l,7-Dimethyl-5-carboet/roxymethyleneoctahydro- 
2-quinolone ( 1  7 )  

N-Isopropylcyclohexylamine (0.423 g, 3 mmol) in T H F  
(50 mL) was treated with butyllithium (2.6 mmol) at -60°C 
under an atmosphere of argon. The mixture was stirred for 1 h 
and 7-rnethyl-5-carboethoxymethyleneoctahydro-2-quinolone 
(13) (625 rng, 2.5 rnmol) was added and after another 0.5 h at 
-4OoC, dimethyl sulfate (378 mg, 3 mmol) was added. The 
mixture was then allowed to warm to room temperature (it 
became cloudy but cleared again) and was kept at this tem- 
perature for an additional 3 h. Water (5 mL) and benzene 
(50 mL) were then added. The aqueous layer was separated 
and extracted again with benzene (10 mL). The combined 
benzene extract was dried, the benzene removed, and the 
residue subjected to column chromatography on silica with 
ether-ethanol 9: 1 to separate N-isopropylcyclohexy1amine and 
starting material from the methylation product. 1,7-Dimethyl- 
5-carbomethoxymethyleneoctahydro-2-quinoone (17) (410 
mg, 62%), recrystallized from hexane, melts at 93-94'C; ir v,,, 
(CHCI,): 1715 (unsaturated ester), 1630 cm-' (lactam); ' H  
nmr, 90 MHz (CDCI,) 6 :  0.94 (3H, d, J  = 7 Hz, CHCH,), 

1.28 (3H, t, J  = 7 HZ, -OCH2CH3), 2.92 (3H, S, N-CH,), 
3.55 (2H, d of t, J = 4 and 12 Hz, H-9 superimposed on 
another proton, probably H-lo), 4.16 (2H, q, J  = 7 Hz, 
0CH2CH3), 5.90 (lH, s, =CH); Mol. Wt.  calcd. for 
C15H2,N03: 265.168; found (ms): 265.169; At~al. calcd. for 
C15H2,N03: C 67.90, H 8.74, N 5.28; found: C 68.41, 
H 8.49, N 5.13. 

Preparatiotl of I , 7 - D i t ~ 1 e t h y l - 5 - c a r b o e t h o x y n ~ e t ~ l o c f a o - 2 -  
q~rinolones (18 and 19) 

A solution of 1,7-dimethyl-5-carboethoxymethyleneocta- 
hydro-2-quinolone 17 (330 rng, 1.25 mmol) in ethanol (15 mL) 
was treated with hydrogen at atmospheric pressure over 
Adams' catalyst (75 mg). The reaction was complete in 0.5 h 
as judged by the completion of the uptake of hydrogen. The 
product obtained after removal of catalyst and solvent showed 
two spots on tlc on silica. The mixture was separated by 
column chromatography on silica (35 g, Si02 for tlc) using 
first ether and then ether with 5% ethanol as eluants. The first 
compound to be eluted, designated 19 (157 mg), melted at 
61-62°C after recrystallization from hexane; ir v,,,(CHCI,): 
1730 (ester), 1620 cm-' (lactam); 'H nmr, 90 MHz (CDCI,) 6: 
0.91 (3H, d, J  = 6 HZ, CHCH,), 1.26 (3H, t, J  = 7 HZ, 
0CH2CH3), 2.93 (3H, s, N-CH,), 3.58 ( lH,  apparent q, 
J  = 3 HZ, H-9), 4.14 (2H, q, J  = 7 HZ, OCHZCHs); Mol. Wt. 
calcd. for CI5Hz5NO3 : 267.183; found (rns): 267.184. 

The second isomer, 18 (154 rng) was a colorless oil; ir 
v,,,(CHCI,): 1730 (ester), 1620 cm-' (lactam); 'H nmr, 
90 MHz (CDCI,) 6: 1.07 (3H, d, J  = 7 Hz, CHCH,), 1.26 
(3H, t, J  = 7 HZ, -OCH2CH3), 2.92 (3H, S, N-CH,), 3.44 
(IH, d of t, J =  5 and 12Hz ,  H-9), 4.15 (2H, q, J =  7Hz,  
0CH2CH3); Mol. Wt.  calcd. for Cl5HZ5NO3: 267.183; 
found (rns): 267.181. 

( + )-L~rcidrrline Lactam (20)  
N-Isopropylcyclohexy1amine (71 mg, 0.5 mmol) in THF 

(20 mL) was treated with 11-butyllithium (0.5 mmol) at - 60°C 
in an atmosphere of argon and the mixture stirred for 0.5 h. 
1,7-Dimethyl-5-carboethoxyethyloctahydro-2-quinolone 18 
(135 mg, 0.5 mmol) in T H F  (10mL) was then added. The 
solution was stirred for 0.5 h at -60°C, then allowed to warm 
to room temperature, and stirred for an additional 3 h. A few 
drops of acetic acid were then added and the solvent removed 
on the rotary evaporator. The residue was dissolved in benzene 
(50 rnL) and washed with 5% hydrochloric acid (5 mL). The 
benzene extract was evaporated yielding luciduline lactam 
(100 mg, 90%) which melted at 97-99'C after crystallization 
from hexane; ir v,,,,(CHCI,): 1730 (ketone), 1640 cm-' 
(lactam); 'H nmr, 90 MHz (CDCI,) 6: 0.97 (3H, d, J  = 6 Hz, 
CHCH,), 2.99 (3H, s, N-CH,), 3.33 (lH, m, H-3), 3.67 (lH, 
q, J  = 3 Hz, H-6). Mol. Wt.  calcd. for C 1 3 H 1 9 N 0 ~ :  221.142; 
found (ms): 221.142. 

( f )- Dil~ydrohrcidrrline 
Luciduline lactam (57 mg) was added to a suspension of 

lithium aluminum hydride (50 mg) in ether (20 rnL) and the 
mixture boiled for 1 h. The excess lithium aluminum hydride 
was then decomposed with wet ether, the ether layer separated, 
and the residue extracted with benzene (5 mL). The combined 
organic extract was taken to dryness leaving a colorless oil 
that slowly solidified (49 mg). The crude solid residue was 
dissolved in ether and purified by filtration through alumina 
(5 g, activity 111). Evaporation of the ether gave ( f  )-dihydro- 
luciduline (30 mg, 63%) melting at 70-73'C. The ir (in CHCI,), 
nmr (in benzene), the mass spectra of the synthetic sample and 
the tlc behaviour were identical with those of an authentic 
sample of dihydroluciduline prepared from luciduline by 
reduction with NaBH4 (2). 
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( f ) -Lucidulirze ( I )  
(+)-Dihydroluciduline (17 mg) in acetone (0.5 mL) was 

added to Jones' reagent (0.8 mL). The latter was prepared by 
dissolving Cr0 ,  (0.7 g) in 5 mL of H 2 0  and 1.2 mL 98% 
H2S04  and adding this solution to 100 mL of acetone just 
before use. The reaction mixture was quenched with water 
(10 mL) after a period of 10 min, the solution was basified 
with sodium hydroxide and extracted with benzene (3 x 5 
mL). The extract was taken to dryness and showed on tlc 
examination two spots corresponding to starting material and 
luciduline. Separation by chromatography on alumina yielded 
13.6 mg of (+)-luciduline which had spectroscopic properties 
(ir in CHCI,, nmr in benzene, and ms) and tlc behaviour 
identical with those of natural luciduline. 

The hydrochloride of (+)-luciduline was prepared in 
acetone and after recrystallization melted at  238-239°C in a 
sealed capillary. Scott and Evans (3) report a melting point of 
171-172°C and Oppolzer and Petrzilka (4) a melting point of 
238-240°C. 
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RUDOLF BRUNNER, PETER LEOPOLD STUTZ, HANS TSCHERTER, and PAUL ALBERT STADLER. 
Can. J. Chem. 57. 1638 (1979). 

The isolation of three new ergot alkaloids of the peptide type from sclerotia of Claviceps 
purpurea and from mother liquors of rye ergot alkaloid extraction processes is described. The 
constitution of the new alkaloids ergovaline, ergoptine, and ergonine has been established by 
comparison with compounds previously obtained by total synthesis. 

RUDOLF BRUNNER, PETER LEOPOLD STUTZ, HANS TSCHERTER et PAUL ALBERT STADLER. 
Can. J. Chem. 57. 1638 (1979). 

Trois nouveaux alcaloides de I'ergot de type peptidique ont pu &re isoles a partir de scitrotes 
de Clavicepspurpurea et a partir d'eaux meres accumulees apres l'extraction d'autres alcaloides 
de I'ergot. La structure de ces nouveaux alcaloides ergovaline, ergoptine et ergonine a Ctt 
etablie par comparaison a des produits obtenus auparavant par synthtse totale. 

Genuine ergot alkaloids of the peptide type are 
found as pairs of diastereomers in nature. Their 
relative amounts depend strongly on the method of 
isolation, owing to an easy and reversible isomeriza- 
tion in position 8 of the lysergic acid moiety (1). Up  
to now seven pairs of alkaloids of the peptide type 
have been isolated from ergot sclerotia and also 
partly from mycelia of Clauiceps purpurea fermenta- 
tions (2-7). Systematically, ergot peptide alkaloids 
can be divided into three natural groups by their 
differing substituents (R) at position 2' of the peptide 
moiety (Table 1) (see general structure 1). 

nine (2) and ergosine-ergosinine (3). The ergoxine 
group has as yet been represented only by the pair 
ergostine-ergostinine (6). 

The total synthesis of ergotamine, achieved some 
15 years ago (8), may be regarded as a breakthrough 
for the total synthesis of new ergot alkaloids of the 
peptide type. All 12 alkaloid pairs listed in Table 1 
have been synthesized following more or less the 
successful approach employed in the ergotamine 
total synthesis (6, 9-12). 

The availability of synthetic samples of ergot 
peptide alkaloids also expected to occur in nature 
somewhat simplified the hunt for the missing links. 
In a systematic search crude alkaloid extracts of 
field harvests of new Claviceps strains, on the one 
hand, and mother liquors of the current peptide 
alkaloid extraction processes, on the other, were 
tested by paper chromatography for new alkaloids. 

Ergovaline 2 
In 1967, an experimental field harvest of our 

Claviceps plrrplrrea strain 235, grown on Swiss rye, 
produckd a mixture of a- and P-ergokryptine, ergo- Of the ergotoxine group, with an isopropyl group 

at C-2', four natural alkaloid pairs have been isolated cornine, ergosine, and ergometrine as the main 
alkaloids; the presence of ergovaline in an amount of from natural sources : ergocristine-ergocristinine (4), 
about 4% of the total alkaloid content was verified by a-ergokryptine-a-ergokryptinine ( 9 ,  P-ergokryptine- 

P-ergokryptinine (7), and ergocornine-ergocorninine chromatography. 
, =\ Following the usual procedure, a combined crude 
(3) -  alkaloid yieid of 0.85% has  obtained by extraction of 

Hitherto, in the ergotamine group only two alka- the sclerotia. The main alkaloids mentioned above loid pairs have been isolated, ergotamine-ergotami- 
were separated by chromatography on alumina; 

- A -  

'Dedicated to the memory of R. H. F. Manske. some i idd le  fractions probably contained ergo- 
288th communication on ergot alkaloids. For part 87, see valine: analysis by paper chromatography revealed 

ref. 14. the presence of about 70% of ergosine and about 20% 

0008-4042/79/13 1638-04$01 .OO/O 
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BRUNNER ET AL. 

TABLE 1. Natural groups of ergot peptide alkaloids 

Ergotarnine Ergoxine Ergotoxine 
group group group 

R = CH3 R = CZH, R = CH(CH3), 

CH2-CsH5 Ergotamine Ergostine Ergocristine 
CH2-CH(CH3), Ergosine Ergoptinet a-Ergokryptine 
CHCH3--C2H5 P-Ergosine* P-Ergoptine* P-Ergokryptine 
CH(CH3)z Ergovalinet Ergoninet Ergocornine 

NOTE: All names listed above correspond to those isomers with an equatorial carboxylic acid amide 
function at  C-8 of the lysergic acid moiety; the 8-epimeric isomers derived frorn isolysergic acid, characterized 
by the ending -inine, are omitted here for the sake of simplicity. 

'Not yet found in nature. 
tlsolation reported in this paper. 

of a new alkaloid with the same R, values as syn- ergoxine group of ergot peptide alkaloids, hitherto 
thetic ergovaline. represented only by ergostine, sometimes accom- 

The isolation of ergovaline 2 on a preparative panying ergotamine as a minor constituent (50.5%) 
scale from this fraction proved to be a tedious task in nature (6). As a working hypothesis it was there- 
owing to its structural similarity to ergosine. Com- fore assumed that these alkaloids might occur in 
parison of all chemical and physical properties of 
synthetic ergovaline with ergosine revealed prac- 
tically no differences in solubilities, pK values, 
partition coefficients, and chromatographic behavior 
on silica gel thin-layer plates. 

'A HN 
Ergovaline. 2 

After testing several chromatographic systems on 
alumina thin-layer plates, it was found that the two 
alkaloids showed a slight R, difference of 0.06 in a 
solvent mixture of ethyl acetate-n-butanol 9 : l .  
Column chromatography on alumina using this 
mixture permitted sufficient enrichment of the new 
alkaloid for further purification to be effected by 
crystallization. 

Natural ergovaline 2 melted at 207-208°C (dec.) in 
contrast to the reported (9) melting point of syn- 
thetic ergovaline (177-178"C, dec.). Yet after a few 
recrystallizations of an original sample of synthetic 
ergovaline from ethyl acetate, its melting point could 
be raised to a constant 209-210°C (dec.). This 
phenomenon can be attributed to dimorphism, often 
observed with ergot alkaloids. Otherwise the speci- 
men of ergovaline isolated from Claviceps purpurea 
sclerotia was completely identical with a sample 
originating from total synthesis. 

ergokryptine-ergocornine-producing strains. Indeed, 
after thorough analysis of all types of mother liquors 
derived from technical ergokryptine-ergocornine 
extraction plants, a few revealed the presence of 
ergoptine and ergonine, previously obtained by 
synthesis (1 l), in the alkaloid mixture. 

For example, in the isolation of ergoptine 3 a 

CH3 

Ergoptine, 3 

mother liquor with an estimated content of about 
10% served as starting material. Its main constituent, 
about 40%, was ergocornine which could be partially 
separated by two consecutive chromatographic 
steps. Synthetic ergoptine gives a well crystallizing 
and more sparingly soluble salt with di-p-toluyl-L- 
tartaric acid than ergocornine. Thus, a fraction 
containing about 80% ergoptine, could be further 
purified as the above mentioned salt. Subsequent 
chromatography of the base on a silica gel column 
followed by crystallization from acetone-water gave 
pure natural ergoptine 3, identical in all respects with 
a synthetic specimen. 

For the isolation of ergonine 4 a mother liquor 
consisting of almost 90% ergosine and about 10% 
ergonine was at hand. Again, the different solubilities 

Ergoptine 3, Ergonine 4 of the  di-p-toluyl-~-tartr~tes of ergosine and ergonine 
Ergoptine 3 and ergonine 4 are members of the in methanol could be exploited for their separation, 
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Ergonine, 4 

the salt of the latter being more soluble. Therefore, 
most of the ergosine present could be removed in 
pure form. The mother liquors, enriched in ergonine, 
were subjected to further purification as free base by 
column chromatography on alumina. Crystallization 
from ethanol - diisopropyl ether finally led, with 
great losses, to pure, natural ergonine 4, identical 
with a synthetic specimen. 

The separatory procedures described above do not, 
of course, provide a basis for accurate estimation of 
the relative amounts of 3 and 4 occurring in raw 
alkaloid extracts obtained from ergokryptine- 
ergocornine-producing strains. Very approximately, 
the concentration of ergoptine may be assumed not to 
exceed 0.5% of the total alkaloids present, whereas 
the ergonine concentration is even lower, probably in 
the region of 0.1 x. The occurrence of ergovaline 2 in 
certain strains of Claviceps purpurea appears to be 
only sporadic. 

Experimental 
Owing to decomposition, melting points of ergot alkaloids 

were determined on a Tottoli apparatus in high vacuum and 
are uncorrected. Ultraviolet (uv) spectra were recorded on a 
Beckman spectrophotometer, model D K  2, in dichloromethane 
solution. The wavelengths of absorption maxima are reported 
in nanometers (nm) with log E values in parentheses. Infrared 
(ir) spectra were measured on a Perkin Elmer model 21 spec- 
trophotometer. The absorption maxima are reported in wave- 
numbers (cm-'). Proton magnetic resonance ('Hmr) spectra 
were measured on a Varian high resolution spectrometer. 
Chemical shift values are given in the 6 (ppm) scale relative to 
tetramethylsilane (TMS) used as internal standard. The inte- 
grated peak areas, signal multiplicities, and eventual proton 
assignments are given in parentheses. Low resolution mass 
spectra (ms) were determined on an AEI-MS-30 spectrometer, 
high resolution ms on a CEC-21-11OB apparatus. 

Ergovaline 2 
Sclerotia (1.4 kg) of Clauiceps purpurea (strain No. 235, 

grown in the summer of 1967 on rye in an experimental field in 
the outskirts of Basle were ground and consequently defatted 
by extraction with petrol ether (2 x 5 L). The dark violet 
residue was extracted with a mixture of 70% acetone and 30% 
water containing 5% tartaric acid (4 x 5 L). The extracts were 
concentrated 01 vacuo at  50°C to a volume of 5 L, removing 
practically all acetone. The acidic solution was rendered 
alkaline by addition of Na2C03, extracted with ethyl acetate 
(3 x 5 L), washed with water, dried (Na2S0,), and evaporated 
at 50°C in vacuo. The raw residue (I2 g) showed a total alkaloid 
content of 40% on colorimetric determination (reagent of Van 

Urk (15)); semiquantitative determination of the alkaloids by 
paper chromatography gave ergometrine (773, ergometrinine 
(I%), ergosine (l4%), ergosinine (373, ergocristine (573, a- and 
p-ergokryptine (26%), ergocornine (26%), mixture of ergo- 
toxinine (1273, and a new alkaloid (4%) with the same Rr 
values as synthetic ergovaline. 

Chromatography of the raw extract (12 g) on alumina 
(600 g, activity 11) afforded fraction 1 (chloroform - 0.5% 
methanol, 5 g, ergotoxine alkaloids, discarded), fraction 2 
(chloroform - 1.5% methanol, 1.5 g,  ergosine and new alka- 
loid), and fraction 3 (chloroform - 2% methanol, 0.6 g, 
ergometrine. discarded). Chromatoara~hv of fraction 2 (1.5 FZ) 
o n  alumina~(100 g) a purified fiaction 2 (chloroform-L 
1.5% methanol, 0.7 g, colorimetric alkaloid content SO%',, 
paper chromatography: ergosine, 70%, and the new alkaloid, 
30%). Chromatography of purified fraction 2 (0.7 g) on 
alumina (420g, DS-0  Camag, activity I, elution with ethyl 
acetate - 11-butanol9: 1, fractions of 20 mL) gave the following 
fractions. Fraction 6 (15 mg), rest of ergokryptine and ergo- 
cornine, discarded. Fractions 7-10 (382 mg) primarily ergo- 
sine, discarded. Fractions 11-13 (199 mg), containing the new 
alkaloid, were combined and purified by crystallization: 
natural ergovaline 2 (60 mg); mp 207-208°C (ethyl acetate), 
mixture mp 207-208°C (synthetic ergovaline mp 207-208OC 
(ethyl acetate)); [aIDz0 - 172" (c 0.5, chloroform); uv h,,,: 237 
(4.3), 307 (3.95); ir (dichloromethane) v,,,: 3466, 1727, 1666 
(sh), 1650; 'Hmr (DMSO) 6: 10.8 ( lH ,  s, Nl-H), 9.37 ( lH ,  s, 
CONH), 7.0-7.3 (4H, m, aromatic H), 6.75 ( lH ,  d, J = 2 Hz, 
OH), 6.33 ( lH,  S, C9-H), 4.31 ( lH,  d, J = 5 HZ, C5'-H), 2.53 
(3H, s, N6-CH3), 1.7-3.9 (- 14H, m), 1.58 (3H, s, C2'-CH3), 
1.08 (6H, d, J = 7 Hz, CH(CH3),). Exact Mass calcd. for 
C29H35N505: 533.2638; found (ms): 533.2602. 

Ergoptine 3 
A mother liquor (251 g) of the ergokryptine-ergocornine 

production with a total alkaloid content of about 80% (deter- 
mined calorimetrically with the reagent of Van Urk) was 
chromatographed on alumina (8 kg, activity 11). Elution with 
chloroform and 0.3% methanol led to  a first fraction (110 g) 
which consisted primarily of ergokryptine and ergocornine and 
was not further considered. A second fraction (95 g) was 
obtained on elution with chloroform and 0.6% methanol which 
contained on analysis by paper chromatography about 25% 
ergoptine. This fraction was chromatographed again on 
alumina (3 kg, activity 11). A first fraction obtained on elution 
with chloroform and 0.3% methanol again contained ergo- 
kryptine and ergocornine and was discarded. Elution with 
chloroform and 0.6% methanol gave a second fraction (23 g). 
Its analysis by paper chromatography revealed a content of 
about 8 0 x  ergoptine 3, 5% ergonine 4, and 15% ergotoxine 
alkaloids. For the isolation of ergoptine this fraction was 
converted into the salt with di-p-toluyl-L-tartaric acid. The 
fraction (23 g, -40 mmol) was dissolved in methanol (230 
mL), a solution of di-p-toluyl-L-tartaric acid (17 g, 44 mrnol) in 
methanol (170 mL) was added whereupon the salt (30 g, 
31.6 rnmol) crystallized. Being too poorly soluble to  be 
recrystallized in a reasonable amount of solvent, the salt 
(30 g) was cleaved by partition between chloroform - 2 N 
Na2C03 giving an amorphous resin (17.2 g, 30.6 mmol) which 
was again converted into the salt with di-p-toluyl-L-tartaric 
acid by the same procedure. The salt (27.3 g, 28.8 mmol) thus 
obtained, rnp 177-178"C, was cleaved by partition in chloro- 
form - 2 N Na2C0, and afforded 15.2 g (27 mmol) base, 
purity about 95%. Further purification of that base by chro- 
matography on a column of silica gel (700 g, Merck, 70-230 
mesh, ASTM) followed by crystallization from acetone-water 
7:3 yielded homogeneous ergoptine 3 (7.8 g); mp 198-19g0C, 
mixture mp  199-200°C (synthetic ergoptine rnp 199-200°C); 
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BRUNNER E T  AL.  1641 

[aJD2' -188' (C 0.8, chloroform); uv h,,,: 238 (4.34), 308 
(3.98); ir (dichloromethane) v,,,: 3470, 3150-3300, 1732, 1671 
(sh), 1653; 'Hmr (CDC13) 6: 9.58 (IH, s, Nl-H), 8.17 (lH, s, 
CONH), 7.1-7.3 (3 + lH,  m aromatic H, OH), 6.99 ( lH,  s, 
C2-H), 6.34-6.5 ( lH,  m, C9-H), 4.58 ( lH,  t, J = 6 Hz, C5'-H), 
2.8-4 (-9H, m, C4-H, C5-H, C7-H, C8-H, C8'-H, C11'-H), 
2.68 (3H, s, C6-CH,), 1.7-2.4 (-9H, m, C2'-CHZ, C5'-CH,, 
C9'-CH,, C10'-CHI, side-chain CH), 1.9-2.2 (9H, m, side- 
chain CH3). Exact Mass calcd. for C31H39N505: 561.2951; 
found (ms): 561.2875. 

Ergonine 4 
A mother liquor (2.9 g, - 5.3 mmol) of an ergokryptine- 

ergocornine-producing strain of Clovicepspurpurea was shown 
by paper chromatography to consist of almost 90% ergosine 
and 10% ergonine. For the removal of ergosine the mother 
liquor was dissolved in a mixture of dichloromethane (15 mL) 
and methanol (15 mL) and a solution of di-p-toluyl-L-tartaric 
acid (1.87 g, 4.84 mmol) in methanol (20 mL) was added. The 
resulting salt of di-p-toluyl-L-tartaric acid with ergosine 
crystallized on concentration of the solution in vacico. Re- 
crystallization of the salt from dichloromethane-methanol 
yielded ergosine di-p-toluyl-L-tartrate (2.47 g, 2.65 mmol), mp 
184-18S0C, chromatographic purity 99%. The mother liquors 
were recrystallized several times from dichloromethane- 
methanol giving additional ergosine di-p-toluyl-L-tartrate 
(0.94 g, 1 mmol), mp 181-182°C. Thecombined mother liquors 
of the salt were cleaved by partition between dichloromethane 
and 2 N NazCO3 and the resulting base (670 mg) chroma- 
tographed on alumina (67 g, activity 11). With dichloromethane 
and 0.3% methanol the ergonine containing fractions were 
eluted from the column. Further purification was performed by 
crystallization from a little ethanol and diisopropylether and 
yielded natural ergonine 4 (20 mg), chromatographic purity 
99%; mp 206-207"C, mixture mp 206-207°C (synthetic ergo- 
nine mp 207-208°C); uv h,,,: 238 (4.31), 307.5 (3.95); ir 
(dichloromethane) v,,,: 3460, 1728, 1668 (sh), 1649; 'Hmr 
(CDCI,) 6: 9.05 ( lH,  s, Nl-H), 8.2 ( lH,  s, CONH), 7.0-7.3 
(3 + lH ,  m, aromatic H, OH), 6.9 ( lH,  s, C2-H), 6.2-6.5 

( lH,  m, C9-H), 4.4 (lH, d, J = 5 Hz, C5'-H), 1.5-4.0 (- 16H, 
m), 2.6 (3H, s, N6-CH3), 1.15 (3 + 3H, d, J = 7 Hz, 
CH(CH3)2), 0.91 (3H, t, J = 7 HZ, CH2-CH3). Mol. wt. 
calcd. for C3,H3,N,05 : 547; found (field desorption): 547. 
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Splendidine, a new oxoaporphine alkaloid from Abuta rufescens Aubletl 
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JERRY W. SKILES, JOSE M. SAA, and MICHAEL P. CAVA. Can. J. Chem. 57. 1642 (1979). 
The oxoaporphine alkaloids lysicamine, homomoschatoline, imenine, and splendidine have 

been isolated from Ab~ita r~ifescens Aublet (=Abuts splendida Krukoff and Moldenke). 
Splendidine has been shown to be 1,2,4-trimethoxy-7H-dibenzo[de,g]quinolin70ne (I)  by 
total synthesis. 

JERRY W. SKILES, JOSE M. SAA et MICHAEL P. CAVA. Can. J. Chem. 57, 1642 (1979). 
On a is016 les alcaloi'des oxoaporphines, lysicamine, homomoschatoline, imenine et splen- 

didine a partir du Abuta rufescens Aublet (=Abuts splendida Krukoff et Moldenke). On a 
dCmontrC, par synthkse, que la structure de la splendidine est la trimkthoxy-1,2,4 7H-dibenzo- 
[de,g]quinolCinone-7 (1). 

[Traduit par le journal] 

As part of a broad search for anticancer agents in R R' 
the South American Menispermaceae, we recently Me0 3 

described the isolation of several bisbenzylisoquino- 
line alkaloids from the Amazonian species, Abuta 
rufescens (=Abuts splendida (1))'. We now report 

Me;$; :::po 
the isolation of several oxoaporphines from this :A 0 8 

plant, including the new alkaloid splendidine, and 9 

ihe proof of structure 1 for splendidine by-total 
synthesis. 

Isolation of Splendidine 
The most weakly basic alkaloidal fraction from 

Abuta rufescens (= A. splendida) contained a complex 
mixture of highly colored compounds, the four 
major components of which were separated by dry- 
column silica chromatography. Three of these com- 
pounds proved to be the known oxoaporphine 
alkaloids lysicamine (2), homomoschatoline (3), and 
imenine (4) (3). The fourth compound was the new 
yellow crystalline alkaloid splendidine, mp 235"C, for 
which structure 1 was proposed on the basis of 
spectroscopic data (vide infra). 

The high-resolution mass spectrum of splendidine 
established its composition as C,,H,,NO,. Its 
ultraviolet spectrum in ethanol (A,,, 237, 270, 
290sh, and 415 nm), which showed no alkaline 

2 R =  R '=  H 
3 R = O M e ; R 1 = H  
4 R =  R'= OMe 

noncarbonyl oxygens to be present in the form of 
well-resolved methoxyls at 6 4.01, 4.10, and 4.21. Of 
the six aromatic protons present, only the two at 
6 7.56 and 8.47 were singlets; the remaining four 
formed a multiplet characteristic of an oxoaporphine 
unsubstituted on the lower ring (i.e., compounds 
2-4). Significantly, the typical AB quartet (J = 
5.5-6.0 Hz) due to the C(4)-C(5) protons of an 
oxoaporphine was not present, suggesting that 
splendidine might be the second example (after 
imenine) of a 4-oxygenated 7-oxoaporphine. Since 
all naturally-occurring aporphines are oxygenated at 
C(l) and C(2), structure 1 seemed appropriate for 
splendidine and its confirmation was sought by total 
synthesis. 

bathochromic shift, was characteristic of a typical Synthesis of Splendidine 
nOn~henO1ic 7 -0x0a~0r~hine  (4), as was its infrared The key intermediate for the synthesis of splen- 
carbonyl band at 1665 cm-l. didine was the hitherto unreported 4-hydroxy-6,7- 

The nmr spectrum of splendidine showed its three dimethoxyisoquinoline (6), which was prepared in 
'Dedicated to the memory of Dr. R. H. F. Manske. two fundamentally different ways from the readily 
ZAb~itasplendida has been very recently reduced to synonymy available 4-hydroxy-6,7-dimethoxy-1,2,3,4-tetrahy- 

of ~ b ~ r t a  r~rfescens (2). According to B. A. Krukoff (private droisoquinoline (5) (5). The first method illustrates a communication), the identification of the plant previously 
examined by us phytochemically and cited as A.  rlrfescens (3) new 'ynthesis of 4-h~drox~isoquino1ines' 
cannot be verified as apparently no voucher was deposited by Thus, amino alcohol 5 was selectively tosylated 
a Brazilian collector anywhere. equiv. of tosyl chloride in pyridine solution to give, 

0008-4042/79/13 1642-05$01 .OO/O 
01979 National Research Council of CanadalConseil national de recherches du Canada 
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in high yield (92%), the N-tosyl alcohol 7. Oxidation 
of the latter by Collins' reagent gave (63%) the 
N-tosyl ketone 8, which underwent elimination of 
p-toluenesulfinic acid on treatment with potassium 
tert-butoxide to  give the desired phenol 6 in 76% 
yield. The second method of converting alcohol 5 
to  phenol 6 involved direct catalytic dehydrogena- 
tion, using 10% palladium-on-charcoal catalyst. 
When this reaction was carried out under conditions 
reported earlier for a closely related alcohol (p- 
cymene a t  140-145°C) (6), the yield of phenol 6 was 
poor (10-12%); when dimethylformamide was used 
as the solvent, however, the yield of 6 rose to 57%. 

Reaction of phenol 6 with diazomethane afforded 
4,6,7-trimethoxyisoquinoline (9), which was con- 
verted by potassium cyanide and benzoyl chloride 
into 2-benzoyl-l,2-dihydro-4,6,7-trimethoxyisoquin- 

OMe 

aldonitrile (10). Alkylation of Reissert compound 10 
by o-nitrobenzyl chloride under phase-transfer con- 
ditions (7) gave 2-benzoyl-l,2-dihydro-1-(0-nitro- 
benzy1)-4,6,7-trimethoxyisoquinaldonitrile (11) in 
good yield (61%), in addition to  a lesser amount 
(20%) of the difficultly separated 1-cyano-4,6,7-tri- 
methoxyisoquinoline (12). Reaction of the alkylated 
Reissert compound 11 with Triton B in dimethyl- 
formamide (8) gave a mixture of nitrile 12 (>33%) 
and 1-(0-nitrobenzy1)-4,6,7-trimethoxyisoquinoline 
(13, ca. 58%). The latter nitro compound, which 
could not be separated completely from nitrile 12, 
was reduced by Adams' catalyst in methanol. The 
resulting oily amine (14) was directly diazotized and 
subjected to Pschorr cyclization under conditions 
favorable to  7-oxoaporphine formation (3). Chroma- 
tographic purification gave, in 19% yield, yellow 
needles of 1,2,4-trimethoxy-7H-dibenzo[de,g]quino- 
lin-7-one (I), which proved to be identical with 
splendidine from Abuta rufescens (=Abuta splen- 
dida). 

Experimental 
Melting points are uncorrected. Elemental analyses were 

carried out by Midwest Microlabs, Indianapolis, IN.  Nuclear 
magnetic resonance spectra were determined in CDC13 solu- 
tion with Me4Si as internal standard using Varian A-60A, 
HA-IOOD, and HA-220 instruments. Infrared (KBr), ultra- 
violet (ethanol), and low-resolution mass spectra were deter- 
mined using Perkin-Elmer Models 137, 202, and 270B in- 
struments, respectively. Abuts rujiescet~s (=Abuts splendida) 
(Schrmke 1971/38) was collected by J. Schunke in Mariscal 

OMe 
M P ~  1 

OMe 

OMe 

13 R = NO2 
14 R =  NH, 
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Caceres, Tocache Nuevo, Department of San Martin, Peru, 
and identified by B. A. Krukoff. A voucher specimen has been 
deposited at the New York Botanical Garden and other 
institutions. 

Isolation of Lysicamirze (2), Hornomoschatoline (3), Irnenine 
( 4 ) ,  and Splendidine (I) from Abuta rufescens (= Abuta 
splendida) 

The extraction and countercurrent distribution (200 trans- 
fers) of the total alkaloidal material used here has been 
described earlier. In the presently reported study, the highly 
colored and weakly basic alkaloids of tube fractions 171 and 
175 were combined and 2.4 g of the mixture was subjected to 
dry-column silica chromatography, using ethyl acetate as the 
developer solvent. Good band separation resulted only after 
running the developer through the column for several hours. 
The column was then cut into bands A-E, which were indi- 
vidually extracted with chloroform-methanol. 

Bands A and B contained the same major constituent, homo- 
moschatoline (3, I .O g), which crystallized from ethyl acetate 
as orange prisms, mp 181-182"C, identical (mp, ir, nmr) with 
synthetic material (3). 

Band C afforded an orange mixture of bases (0.130 p) which 
were not identified. 

Band D was a mixture (0.780 g) of two components which 
could not be separated by repeated chromatography. The com- 
ponents were separated readily, however, by partitioning the 
mixture between chloroform and 5% aqueous sulfuric acid. 
The chloroform phase, on evaporation and crystallization of 
the residue from acetone, gave yellow needles of imenine (4), 
mp 205-206"C, identical (mp, ir, uv, nmr) with authentic 
material (3, 6). The aqueous acid phase was made basic and 
extracted with chloroform. Evaporation of the solvent and 
crystallization from acetone~hloroform gave yellow crystals 
of lysicamine (2), mp 207-208"C, identical (mp, ir, uv, mass 
spectrum) with authentic material (9). 

Band E formed the purple-green segment at  the top of the 
silica column. The extract of this band was rechromatographed 
(silica, ethyl acetate developer) to give, after crystallization 
from methanol-chloroform, bright yellow needles of splendi- 
dine (1, 0.100 g), mp 235'C; ir (KBr) 1665 cm-I;  uv (EtOH) 
h,,, (log E): 237 (4.36), 270 (4.34), 290sh (4.15), 415 nm (4.05); 
nrnr 6: 4.01 (s, 3H, OCH,), 4.10 (s, 3H, OCH,), 4.21 (s, 3H, 
OCH,), 7.51 (t, IH, J B - 9  = J9.10 = 8.75Hz, C(9)-H), 7.56 
(s, IH,  C(3)-H), 7.69 (t, IH,  J g , l o = J l o , l l = 8 . 7 5 H ~ ,  
C(1O)-H), 8.47 (s, I H, C(5)-H), 8.54 (d, IH, J8 ,9  = 8.75 HZ, 
C(8)-H), 9.13 (d, IH, Jlo,ll = 8.75 Hz, C(I1)-H); ms mle 
(relative intensity): 321 (M', loo), 306 (14), 291 (6), 278 (65), 
263 (29), 248 (8), 235 (14), 220 (28), 207 (1 I), 192 (1 I), 164 (22), 
160.5 (5), 150 (10); high-resolution mass spectrum mle calcd. 
for Cl9HI5NO4: 321.1001; found: 321.1021. 

1,2,3,4-Tetrahydro-6,7-dimeti~oxy-2-(p-toIrret1esrrlfonyl)-4- 
isoq~rir~olir~ol (7) 

4-Hydroxy-6,7-dimethoxyisoquinoline (5,3.28 g, 15.6 mmol) 
was dissolved in dry pyridine (25 mL) and the resulting solu- 
tion was cooled in an ice bath. Freshly recrystallized tosyl 
chloride (3.43 g, 18.0 mmol) was added portionwise and the 
mixture was stirred at 5 to 10°C for 2 h and then placed in a 
refrigerator overnight. Most of the solvent was evaporated 
and the residue was diluted with water. The product was 
extracted several times into chloroform. The extract was 
washed with 5% HCI, 5% NaHCO,, and water. The solvent was 
dried (MgS04) and evaporated to yield a colorless solid which 
was recrystallized from ether to afford colorless needles of 7 
(5.2 g, 92%), mp 132-134'C; nrnr 6: 2.39 (s, 3H, CH,), 2.96- 
3.55 (m, 3H), 3.77 (s, 6H, 2 x OCH,), 4.05 (br s, lH), 4.24 
(brs ,  lH) ,4 .69(brs ,  lH,OH),6.53(s,  IH),6.93(s, 1H),7.32 

(d, 2H, J = 8.5 Hz), 7.74 (d, 2H, J = 8.5 Hz). Anal. calcd. for 
C18H21N05S: C 59.50, H 5.79, N 3.86, S 8.82; found: 
C 59.74, H 5.65, N 3.85, S 8.74. 

2,3- Dihydro-6,7-dimetho.vy-2-(p-toI~rer2esrr/fonyl) -4(IH) - 
isoqrrinolone ( 8 )  

Chromium trioxide (9.42 g, 0.0942 mol) was added to a 
magnetically stirred solution of freshly distilled dry pyridine 
(14.7 mL, 0.188 mol) in pure methylene chloride (240 mL). The 
flask was stoppered with a drying tube containing Drierite and 
the deep burgundy solution was stirred for 15 min at room tem- 
perature. At the end of this period a solution of alcohol 7 
(4.351 g, 0.012 mol) in a small volume of methylene chloride 
was added in one portion. A black deposit separated imme- 
diately. After stirring an additional 15 to 20 min at room 
temperature, the solution was decanted from the residue and 
the residue was washed with ~nethylene chloride (200 mL). The 
combined organic solution was washed with 100 mL of 5% 
aqueous NaOH, 100 mL of 5% aqueous HCI, 100 mL of 5% 
aqueous NaHCO,, lOOmL of saturated NaCI, and dried 
(MgSO,). Evaporation of the solvent gave a colorless solid 
which was recrystallized from methanol to afford colorless 
cubes of 8 (2.7 g, 62.4%), mp 153-1 54°C; ir (KBr): 1686 
(C=O), 1342 (SO2), 1167 cm-I (SOZ); nrnr 6: 2.39 (s, 3H, 
CH,), 3.88 (s, 3H, OCH,), 3.96 (s, 5H, OCH, and CH,), 4.51 
(s, 2H, CH2), 6.79 (s, lH), 7.33 (d, 2H, J = 8.0 Hz), 7.38 (s, 
IH), 7.74 (d, IH, J = 8.0 Hz). Anal. calcd. for C18H19NOSS: 
C59.81,H5.31,N 3.88,s 8.87; found: C59.88, H5.66, N 3.72, 
S 8.76. 

4-Hydroxy-6,7-ciir?1ethoxyisoqrrit10line (6) 
Ketone 8 (477 mg, 1.30 mmol) was dissolved in dry tert- 

butyl alcohol (25 mL). The solution was heated to reflux and 
potassium tert-butoxide (0.310 g) was added in one portion. 
The resulting mixture was placed under nitrogen and heated at 
reflux for 4 h. The solution was cooled, water (10 mL) was 
added, the organic solvent was evaporated, and additional 
water (25 mL) was added. The solution was neutralized 
(NH4CI) and the product was extracted into chloroform. The 
extract was washed (water), dried (MgSO,), and evaporated to 
give a residue which crystallized from methanol to give prisms 
of 6 (206 mg, 76%), 243-245°C; nrnr 6:  4.01 (s, 3H, OCH,), 
4.03 (s, 3H, OCH,), 7.52(s, IH), 7.60(s, IH), 8.16 (s, IH, 
C(I)-H), 8.79 (s, IH,  C(3)-H). Anal. calcd. for Cl1HI1NO3: 
C 64.39, H 5.37, N 6.83; found: C 64.45, H 5.40, N 6.75. 

The phenol 6 was also prepared directly from the tetra- 
hydroisoquinoline 5. Alcohol 5 (10.0 g, 0.0478 mol) was dis- 
solved in dimethylformamide (200 mL) and 10% palladium-on- 
carbon (2.0 g) was added. The mixture was heated for 5 h at 
reflux under argon. The catalyst was filtered off and the 
solvent was evaporated to give a dark gummy residue. On 
scratching under methanol the product crystallized as slightly 
green prisms, which were recrystallized from methanol 
(Soxhlet) to give light colored prisms (5.12 g, 52%), mp 
243-245°C. 

4,6,7-Tritneti1oxyisoqr~inoline ( 9 )  
A distilled solution of diazomethane in ether (85 mL) was 

prepared in the usual way from N-methyl-N-nitroso-p-toluene- 
sulfonamide (Diazald, 8.0 g, 0.0372 mol) and added to a cold 
solution of phenol 6 (2.05 g, 0.010 mol) in 1 :  1 methanol- 
dioxane (50 mL). 

The resulting mixture was lightly corked and allowed to 
stand overnight in the dark at room temperature. Excess 
diazomethane was destroyed with a few drops of glacial acetic 
acid and the solvent was evaporated. The residue was basified 
to pH 8 to 9 with 10% ammonium hydroxide and the product 
was extracted into chloroform. The extract was washed 
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successively with 10% NaOH and water. The solvent was dried 
over magnesium sulfate, filtered, and evaporated to  give light 
colored needles which were filtered and washed with a small 
amount of cold ether to  give 9 (2.14 g, 98%). The product was 
recrystallized from methanol to give needles, mp 166-167°C; 
nmr 6: 3.98 (s, 3H, OCH,), 4.01 (s, 3H, OCH,), 4.03 (s, 3H, 
OCH,), 7.17 (s, IH), 7.43 (s, IH), 8.77 (s, IH). Anal. calcd. for 
ClZHl3NO3: C 65.75, H 5.94, N 6.39; found: C 65.80, H 5.93, 
N 6.34. 

2-Benzoyl-1,2-dihydro-4,6,7-trimethoxyisoquinaldonitrile (10) 
T o  4,6,7-trimethoxyisoquinoline (9, 2.204 g, 0.010 mol) in 

methylene chloride (25 mL) was added potassium cyanide 
(1.95 g, 0.030 mol) in water (10 mL). The resulting mixture 
was cooled in an ice bath and benzoyl chloride (2.82 g, 0.020 
mol) in methylene chloride (I5 mL) was added dropwise over 
15 min. The resulting mixture was stirred at ice temperature 
for 1 h and then at room temperature for an additional 4 h. 
Water (50 mL) was added and the layers were separated. The 
organic layer was washed with water, 10% HCI, 10% NaOH, 
again with water, and dried (Na2S04). Filtration followed by 
removal of the solvent gave a brown gum which on scratching 
under methanol afforded the Reissert compound 10 as color- 
less needles (1.84 g, 52.1%). The analytical sample was crystal- 
lized from ethanol to  give colorless needles, mp 150-151°C; 
nmr 6: 3.72 (s, 3H, C(4)-OCH,), 3.92 (s, 3H, OCH,), 3.95 (s, 
3H, OCH,), 6.14 (br s, lH ,  C(3)-H), 6.63 (br s, lH ,  C(1)-H), 
6.98 (s, IH), 7.22 (s, IH), 7.38-7.86 (m, 5H, OCOPh). Anal. 
calcd. for CZOHlsN2O4: C 68.57, H 5.14, N 8.00; found: 
C 68.53, H 5.11, N 7.71. 

2-Benzoyl-1,2-dihydro-4,6,7-trinieriioxy-1 -(o-nirrobenzyl) iso- 
qrrinaldonitrile (11) 

In a 100-mL three-necked flask, fitted with a serum cap and 
a gas inlet adapter extending to the bottom of the flask, were 
placed 2-benzoyl-l,2-dihydro-4,6,7-trimethoxyisoquinaldoni- 
trile (10, 1.203 g, 3.44 mmol), o-nitrobenzyl chloride (0.600 g, 
3.50 mmol), and 50 mg of phase-transfer catalyst (cetri- 
monium bromide). Benzene (50 mL) was added and argon was 
bubbled through the solvent for IOmin. Sodium hydroxide 
(10 mL of a 50% by weight aqueous solution) was added in one 
portion and the resulting mixture was stirred at room tempera- 
ture for 1.5 h. Argon was bubbled through the solvent 
throughout the reaction period. The contents of the flask were 
cooled in an ice bath and acidified to pH 6 with 5% sulfuric 
acid. The product was extracted several times into benzene and 
the extract was washed with water and dried (Na2S04). 
Evaporation of the solvent gave a gum which was chromato- 
graphed on silica, eluting with benzene. Two components were 
isolated. Fraction A, the least polar fraction, crystallized from 
ether to give 1-cyano-4,6,7-trimethoxyisoquinoline (12,160 mg, 
20%) as colorless needles, mp 196-197°C; ir (KBr): 2237 
cm-' (CN); nmr 6: 4.04 (s, 6H, 2 x OCH,), 4.13 (s, 3H, 
OCH,), 7.29 (s, lH), 7.38 (s, IH), 8.04 (s, IH,  C(3)-H). Anal. 
calcd. for C13H12N203: C 63.92, H 4.96, N 11.47; found: 
C 63.66, H 5.14, N 11.76. 

Fraction B, the more polar fraction, crystallized from 
ethanol to give 2-benzoyl-1,2-dihydro-4,6,7-trimethoxy-1-(0- 
nitrobenzyl)isoquinaldonitrile (11, 1.017 g, 61z )  as bright 
yellow prisms, mp 170-171°C; ir (KBr): 1681 (amidecarbonyl), 
1658 (amide carbonyl), 1527 (NO2), 1325 cm-I (NO2). The ion 
corresponding to  M - HCN was the species observed at 
highest mass in its high resolution mass spectrum; high- 
resolution mass spectrum nile calcd. for M -  HCN, 
C26H22N206: 458.14778; found: 458.14541; nmr 6: 3.47 (s, 
3H, OCH,), 3.65 (s, 3H, OCH,), 3.88 (s, 3H, OCH,), 4.14 
(dd, 2H, Joe,, = 13.0 HZ, A,,, = 29 HZ, 6, = 3.90, 6B = 

4.38, benzylic protons), 5.76 (s, lH ,  C(3)-H), 6.58 (s, lH), 6.97 
(s, IH), 7.17-7.92 (m, 9H). 

I-(0-Nitrobenzy1)-4,6,7-trimefhoxyisoquirroline (13) 
2-Benzoyl-l,2-dihydro-4,6,7-trimethoxy-I-(o-nitrobenzyl)- 

isoquinaldonitrile (11, 400 mg, 0.825 mmol) was dissolved in 
dry dimethylformamide (20 mL) and the system was flushed 
with argon for 10 min. Triton B (0.20 mL, 40% methanolic 
benzyltrimethylammonium hydroxide) was syringed in, when 
an intense blue color resulted. The system was stirred at room 
temperature under argon for 45 min. The reaction flask con- 
tents were diluted with water, the product was extracted into 
chloroform, and the extract was washed with water and dried 
(Na2S04). Evaporation of the solvent gave a gum which was 
chromatographed on silica, eluting with benzene. Fraction A, 
the less polar fraction, crystallized from ether to give I-cyano- 
4,6,7-trimethoxyisoquinoline (12, 66 mg, 33%) as colorless 
needles, mp 196-197°C. Fraction B, obtained from the polar 
zone, gave I-(0-nitrobenzy1)-4,6,7-trimethoxyisoquinoline (13) 
as a pale yellow oil which by nmr analysis proved to be con- 
taminated with approximately 10% of nitrile 12. All attempts 
to remove the contaminant failed. The yield of 13, after com- 
pensation for contaminant 12, was 58% (169 mg); nmr 6: 3.92 
(s, 3H, OCH,), 4.00 (s, 6H, 2 X OCH,), 4.81 (s, ZH, CH,), 
7.17-7.50 (m, 6H), 7.90 (s, 1 H, C(3)-H). 

1-(0-Aminobenzy1)-4,6,7-frimethoxyisoqrrinoline (14) 
Crude 13 (125 mg, 0.353 mmol) was dissolved in methanol 

(50 mL) and potassium carbonate (50 mg) was added. Adams' 
catalyst (50 mg) in methanol (25 mL) was added. The resulting 
mixture was hydrogenated at an initial pressure of 45 psi for 
4 h. The catalyst was filtered off and the solvent was evapor- 
ated. Water (50 mL) was added to the residue and the product 
was extracted into chloroform. The extract was washed with 
water, dried (Na2S04), and evaporated to  give a gum which 
was chromatographed over silica, eluting initially with benzene 
followed by chloroform-methanol, to give two components. 
Fraction A, the less polar fraction, afforded nitrile 12 (8 mg, 
6.5%), mp 195-197°C. Fraction B, the more polar fraction, 
afforded 1-(0-aminobenzy1)-4,6,7-trimethoxyisoquinoline (14) 
as a pale yellow oil (93 mg, 82%) which was used in the 
Pschorr reaction without further purification; nmr 6: 3.95 (s, 
3H, OCH,), 3.98 (s, 6H, 2 x OCH,), 4.37 (br s, 2H, concen- 
tration-dependent NH,), 4.38 (s, 2H, CH2), 6.67-7.55 (m, 
6H), 7.86 (s, IH, C(3)-H). 

1,2,4-Trbnethoxy-7H-dibenzo[de,g]qrrinolin-7-one (I)  
1-(0-Aminobenzy1)-4,6,7-trimethoxyisoquinoline (14, 70 

mg, 0.216 mmol) was dissolved in 30 ml of methanol and 2 N 
sulfuric acid (2 mL) was added. The resulting solution was 
cooled to  0 to  5°C and a solution of NaNO, (83 mg, 1.203 
mmol) in a small amount of water was added dropwise. The 
resulting mixture was stirred for 30 min at 0 to 10°C. Sulfamic 
acid (83 mg) dissolved in a small amount of water, was added 
to  destroy excess nitrous acid. One minute after adding the sul- 
famic acid, excess copper-bronze was added. A rapid evolution 
of nitrogen resulted. The reaction was stirred for 30 min at  
room temperature followed by 1.5 h at 45 to 50°C. Copper was 
filtered off and most of the solvent was evaporated. Water was 
added to  the residue and the solution was basified to  pH 8 to 9 
with concentrated ammonium hydroxide. The precipitate was 
extracted several times into chloroform and the extract was 
washed with water, twice with 5 z  NaOH, again with water, 
and dried (Na2S0,). Evaporation of the solvent gave dark gum 
which was chromatographed on silica plc plates, developing 
with chloroform-methanol. A yellow band was isolated from 
the polar zone which was rechromatographed on silica by dry 
column chromatography, eluting with purified ethyl acetate. A 
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bright ~ o l a r  band appeared which was isolated and sultation; Dr. C. Costello (Massachusetts Institute 
crystallized from acetone to  afford 1 as bright yellow needles of Tec~nology) for the determination of high- (13 mg, 19z) ,  mp 231-235°C. Its tlc, nmr spectrum, mass spec- 
trum. and infrared sDectrum were all identical to those of mass spectra. 
natural splendidine, and a mixture melting point determina- 
tion of the two samples showed no melting point depression. 

Acknowledgments 

We thank the National Institutes of Health for a 
grant (CA-22337-01) in partial support of this work, 
and also the Fundaci6n Juan March for the sup- 
porting fellowship to one of us (J. M. Sah). We also 
thank the following individuals for their invaluable 
assistance: B. A. Krukoff (Honorary Curator of the 
New York Botanical Garden and Consulting 
Botanist of the Merck Sharp and Dohme Research 
Laboratories) for the supply of plant material, 
identification of the vouchers, and botanical con- 

1. J .  M. SAA, M.  V. LAKSHMIKANTHAM, M.  J .  MITCHELL, 
and M.  P. CAVA. J.  Org. Chem. 41. 317(1976). 

2. B. A. KRUKOFF and R. C. BARNEBY. Phytologia, 39, 283 
(1978). 

3. M .  P. CAVA, K. T. BUCK, I .  NOGUCHI, M.  SRINIVASAN, 
M.  G. RAO, and A. I. DAROCHA. Tetrahedron, 31, 1667 
(1975). 

4. M. SHAMMA. The isoquinoline :~lknloids: chemistry and 
pharmacology. Academic Press, New York. 1972. 

5. M.  SAINSBURY, D. W. BROWN, S. F. DYKE,  andG. HARDY. 
Tetrahedron, 25, 1881 (1969). 

6. M.  P. CAVA and I. NOGUCHI. J .  Org. Chem. 38,60 (1973). 
7. J .  W.  SKILES and M. P. CAVA. Heterocycles, 9.653 (1978). 
8. M. P. CAVA and M. V. LAKSHMIKANTHAR~.  J .  01.g.  hem. 

35, 1867 (1970). 
9. M. P. CAVA, A. VENKATESWARLU, M. SRINIVASAN, and 

D. L.  EDIE. Tetrahedron, 28,4299 (1972). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Berberidic acid' 

P. CHINNASAMY A N D  M. SHAMMA 
Deprii.ttnet~t o fche tn i s t t y ,  The Pet~t~sylcritriri Strife Ut~icersi ty ,  Utlicersity Prirk, PA 16802, U . S . A .  

Received September 15, 1978 

P. CHINNASAMY and M. SHAMMA. Can. J. Chem. 57. 1647 (1979). 
Berberidic acid (2), obtained by nitric acid oxidation of berberine (I), can be esterified to 

diester 3, or to monoesters 4 and 5. Sodium borohydride reduction of 4 provides y-lactone 6 
which can be oxidized with iodine to pyridinium salt 7. In like fashion, monoester 5 leads to 
y-lactone 8 which is oxidized by mercuric acetate to salt 9. Berberidic acid dimethyl ester (3) is 
hydrogenated to a110 hexahydro diester 10 from which normal diester 11 can be derived by 
base isomerization. Hydrogenation of lactone 6 produces a110 lactone 14 whose further 
reduction with lithium aluminum hydride gives diol 15. This same diol can also be obtained 
from the lithium aluminum hydride reduction of hexahydro diester 10. Alternatively, lithium 
aluminum hydride reduction of diester 11 gives rise to diol 16, diastereomeric with 15. Catalytic 
hydrogenation of lactone 8 provides normal lactone 18 which is transformed to diol 16 by 
lithium aluminum hydride. 

P. CHINNASAMY et M. SHAMMA. Can. J. Chem. 57, 1647 (1979). 
L'acide berberidique (2), que I'on obtient par oxydation avec de l'acide nitrique de la 

berbkrine (I), peut Etre esterifie en diester 3 ou en monoester 4 et 5. La reduction de 4 par le 
borohydrure de sodium fournit la y-lactone 6 qui peut Etre oxydee par I'iode pour donner le 
sel de pyridinium 7. De  la mEme maniere, le monoester 5 conduit B la y-lactone 8 qui peut Btre 
oxydee par l'acetate mercurique pour donner le sel 9. L'hydrogtnation de I'ester dimethylique 
de l'acide berberidique (3) conduit a I'hexahydro diester atlo (10) B partir duquel on peut 
obtenir I'isomere normal (11) par isomerisation en milieu basique. L'hydrogenation de la 
lactone 6 fournit la lactone atlo (14) qui par reduction subskquente par I'hydrure delithium et 
d'aluminium fournit le diol 15. On peut aussi obtenir le mBme diol par reduction de I'hexa- 
hydro diester 10 par LiAIH,. Par ailleurs, la reduction de 11 par LiAIH, fournit le diol 16 
diasttrCoisomere de 15. L'hydrogenation catalytique de la lactone 8 fournit la lactone normale 
18 qui peut Btre transformie en diol 16 sous I'influence de LiAIH,. 

[Tmduit par le journal] 

In a short communication in 1958, Resplandy esterification yielded a mixture of diester 3 and 
reported (1) the oxidation of berberine (1) using hot monoesters 4 and 5 in 10, 65, and 15% yields, 
dilute nitric acid to the betaine berberidic acid, respectively. 
which was assigned structure 2. However, the exact The relative positions of the carbomethoxyl groups 
experimental conditions as well as the yield and the in 4 and 5 were established as follows. On reduction 
full details of the structural elucidation were not with excess sodium borohydride in ethanol, 4 pro- 
described. vided the unsaturated lactone 6 which upon iodine 

As part of an effort to study the varied aspects of oxidation generated the pyridinium salt 7. The 'Hmr 
the chemistry of berberine, it was decided to re- spectrum of 7 in TFA is summarized in expression 7. 
investigate this transformation and also to explore Noteworthy is the downfield aromatic singlet at 6 
the chemistry of berberidic acid. 9.20 assigned to H-4 which is in a peri relationship 

In our hands, the optimum conditions for the to  the carbonyl oxygen. In like fashion, sodium 
oxidation of berberine chloride were found to  involve borohydride reduction of monoester 5 led to  the 
the use of 15% nitric acid together with gentle heating y-lactone 8. Since iodine oxidation of 8 proved to  
on a steam bath for 16 h. The maximum yield be unsuccessful, mercuric acetate in acetic acid was 
obtained was 537,. The Resplandy structure for used to  furnish the pyridinium salt 9. The 'Hmr 
berberidic acid (2) was confirmed by a study of the spectrum of 9 in TFA is summarized in expression 9. 
'Hmr spectrum of this product in TFA as described Significantly, the lactone methylene protons appear 
in expression 2. as multiplets, whereas H-4 is also a multiplet 

Esterification of berberidic acid (2) with methanol between 6 8.73 and 8.92. 
in the presence of hydrogen chloride gave berberidic Berberidic acid dimethyl ester (3) could be hydro- 
acid dimethyl ester (3). On the other hand, the use genated quantitatively to the hexahydro diester 10 
of concentrated sulfuric acid as a catalyst during using Adams' catalyst. Even though three asymmetric 

centers are formed in this reduction, only one race- 
'This paper is dedicated to the memory of R. H. F. Manske. mate, assigned the all-cis all0 stereochemistry, Was 

0008-40421791 I3 1647-05$0 1 .OO/O 
@I979 National Research Council of CanadalConseil national de recherches du Canada 
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6.58 s 2.95 1. J = 7 

1 
COOH 2 COOCH3 COO- 

0CH3  
COO- COOCH3 COOCH, 

obtained. Compound 10 could be isomerized to its 
normal diastereomer 11 using sodium methoxide in 
methanol, indicating that 10 is the thermodynami- 
cally less stable isomer. 

Reduction of berberidic acid dimethyl ester (3) 
with zinc in hot concentrated hydrochloric acid took 
an unexpected course to supply the dimethyl com- 
pound 12, albeit in low yield. Oxidation of this 
piperidine derivative with mercuric acetate in acetic 
acid furnished the pyridinium salt 13 whose 'Hmr 

spectrum (TFA) exhibits two aromatic methyls, one 
methylenedioxy group, and four aromatic protons. 
Significantly, H-4 appeared relatively upfield at 6 
8.12. Reduction of salt 13 with sodium borohydride 
in methanol regenerated the dimethyl compound 12. 

Hydrogenation of the unsaturated lactone 6 over 
Adams' catalyst produced the saturated a110 y- 
lactone 14 which could be further reduced with 
lithium aluminum hydride to the diol 15. The same 
diol was also obtained upon lithium aluminum 
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hydride reduction of the hexahydro diester 10. Alter- 
natively, lithium aluminum hydride reduction of the 
normal diester 11 supplied the diol 16 which is 
diastereomeric with 15. 

Turning again to the a,P-unsaturated lactone 6, its 
lithium aluminum hydride reduction gave rise to the 
hemiacetal 17 and the allo diol 15 in 28 and 30% 
yields, respectively. 

Finally, catalytic hydrogenation of the unsaturated 
lactone 8 gave the normal lactone 18. In turn, lithium 
aluminum hydride reduction of this lactone led to 
the normal diol 16 rather than to the allo diol 15. 

Stereochemical Considerations 
The Wenkert-Bohlmann bands and the rates of 

methiodide formation were the primary tools used in 
solving the stereochemical problems. All the tertiary 
bases prepared in the present study were found to 
contain Wenkert-Bohlmann bands in their infrared 
spectra between 2650 and 2800 cm-', thus suggesting 
the ubiquitous presence of a trans-quinolizidine 
system (2). 

The small amounts ( ~ 3  mg) of alkaloids or nitro- 
genous bases required for following the pseudo- 
first-order kinetics of quaternizati& of tertiary 
amines in acetonitrile make this method a partic- 
ularly attractive one (3). The pseudo-first-order rate 
constants observed are listed in Table 1. 

To interpret the data in Table 1, it is necessary to 
consider first the particularly apposite examples of 
the rates of methiodide formation for yohimbine (20), 
a-yohimbine (21), and pseudoyohimbine (22). Yo- 
himbine (20), which possesses the normal con- 
figuration, shows a moderate rate of N-methylation, 
48 x lop4 s-'. a-Yohimbine (21), which is allo and 
has a hindered nitrogen, exhibits an appreciably 
slower rate of 1 x s- l .  Pseudoyohimbine (22) 
has a very fast rate of quaternization, 7 x lo-' s-', 
reflecting the presence of an unhindered nitrogen. 

All the bases in the present study assigned the allo 
configuration, namely species 10,14, 15, and 17, were 

TABLE 1. Pseudo-first-order rates 
of methiodide formation 

Compound Rate x (s-') 

found to have slow rates between 5 and 10 x 
s-', whereas those compounds of the normal con- 
figuration such as 11, 16, and 18, understandably 
exhibited faster rates between 19 and 21 x s-'. 

The dimethyl compound 12 which possesses a 
2,3-double bond and is thus unhindered to attack by 
methyl iodide showed a very fast rate, 125 x 
s-'. However, similar unsaturation in y-lactones 6 
and 8 resulted in slower rates of 9 and 14 x 
s-', respectively, owing to the presence of the 
carbonyl electron withdrawing group. 

The stereochemical results of the catalvtic hvdro- 
genation studies are interesting and worthy of-note. 
Reduction of pyridinium salt 3 leads to the all-cis 
diester 10. In like fashion, reduction of unsaturated 
y-lactone 6 produces allo y-lactone 14. In contrast, 
the structurally isomeric unsaturated y-lactone 8 
furnishes upon catalytic reduction the normal y- 
lactone 18. A possible rationalization for these 
results is that it may be relatively easy for compound 
8 to isomerize during the reductive process to the 
enamine 19 which could then suffer reduction to 
generate the product 18. 

Experimental 
General Procedures 

Melting points are uncorrected. 'H nuclear magnetic reso- 
nance spectra were recorded on a Varian A-60A spectrometer. 
Where elemental analyses indicated that solvent (methanol) 
was present, the sample was dissolved in TFA, the solvent 
evaporated, and fresh TFA added by which time 'Hmr 
spectroscopy indicated that the original solvent (methanol) had 
completely evaporated. The pseudo-first-order rates of 
methiodide formation in acetonitrile were followed by con- 
ductivity measurements using a conductivity cell with black 
platinized electrodes, an audiooscillator to generate a 1000 Hz 
current, a Leeds and Northmp Maxwell bridge No. 1553, a 
condenser to balance the capacitance, and an oscilloscope as 
a galvanometer to measure the null point (3). Thin layer 
chromatography was done on Merck 254 silica gel plates. 
Spots were visualized under short and long uv light and 
spraying was with chloroplatinate or chromatropic acid 
reagent. 

The numbering system adopted for berberidic acid and its 
derivatives is analogous with that used in the emetine series. 

Berberidic Acid ( 2 )  
A mixture of berberine chloride (5 g, 0.013 mmol) in 5 mL 

concentrated HNO3 and 18 mL water was heated gently on a 
steam bath for 16 h. The precipitate was filtered and washed 
with water and then triturated with MeOH to provide yellow 
crystals of 2 (2.2 g, 53%); mp 23C235"C (dec.) (MeOH); 
A,,, (EtOH): 230sh, 295, and 385 nm (log E 3.64, 3.61, and 
3.56). 

Berberidic Acid Dimethyl Ester Chloride ( 3 )  
Berberidic acid (2) (1 g, 3.2 mmol) was mixed with dry 

MeOH (25 mL) and the mixture saturated with dry HCI gas. 
The solution was refluxed for 16 h. Work-up provided diester 3 
(1.1 g, 90%); mp 195-198°C (dec.) (MeOH); h,,, (EtOH): 277, 
303, and 405 nm (log E 4.28, 4.43, and 4.47); 'Hmr (TFA) 6 :  
3.40 (2H, m, H-7), 4.20 (3H, s, COOCH,), 4.25 (3H, s, 
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COOCH,), 4.90 (2H, m, H-6), 6.23 (2H, s, OCH,O), 7.03 (lH, 
s, H-8), 7.57 (lH, s, H-11), 8.47 (lH, s, H-l), and 9.27 ( lH,  
s, H-4). Anal. calcd. for C18H16N06CI.CH30H: C 55.68, 
H4.88, N 3.42; found: C 55.77, H 4.89, N 3.55. 

Berberidic Acid Monot?iethyl Esters 4  and 5 
Berberidic acid (1 g, 3.2 mmol) was refluxed for 16 h in 

25mL MeOH and 10 drops concentrated H,S04. The 
products were separated by tlc using 40% MeOH in CHCI, as 
eluent. The band with R, 0.56 was the diester 3 (120 mg, 10%). 
The band with R, 0.23 furnished monoester 5 (157 mg, 15%); 
mp 203-206°C (MeOH); h,,, (EtOH): 232,252,271,292, and 
380 nm (log E 4.03, 3.99, 4.02, 4.05 and 4.12); 'Hmr (TFA) 6:  
3.33 (2H, m, H-7), 4.13 (3H, s, COOCH,), 4.87 (2H, m, H-6), 
6.12 (2H, S, 0CH20),  6.90 (lH, S, H-8), 7.43 (lH, S, H-11), 
8.28 (lH, s, H-1), and 9.22 ( lH,  s, H-4). Anal. calcd. for 
Cl7Hl3NOb.+CH30H: C 61.22, H 4.37, N 4.08; found: 
C 61.49, H 4.08, N 4.28. 

The band with R, 0.19 gave monoester 4 (680 mg, 65%); 
mp 210-215°C (dec.) (MeOH); h,,, (EtOH) : 290 and 373 nm 
(log E 3.49 and 3.38); 'Hmr (TFA) 6: 3.30 (2H, m, H-7). 4.10 
(3H, s, COOCH,), 4.83 (2H, m, H-6), 6.08 (2H, s, OCH,O), 
6.88 (lH, s, H-8), 7.40 ( lH,  s, H-11), 8.23 (lH, s, H-l), and 
9.13 (IH, s, H-4). Anal. calcd. for Cl7Hl3NOb.+CH30H: 
C 61.22, H 4.37, N 4.08; found: C 61.27, H 4.23, N 4.16. 

Lactone 6 
Monoester 4 (400 mg, 1.2 mmol) was dissolved in 200 mL 

EtOH and NaBH, (2 g, 53 mmol) was added with stirring. 
Work-up gave colorless needles of 6 (280mg, 81%); mp 
224226°C (MeOH); X,,, (EtOH): 292 nm (log E 3.70); 'Hmr 
(CDCI,) 6: 4.77 (2H, br s, CH,OCO), 5.92 (2H, s, 0CH20),  
6.60 ( lH,  s, H-8), and 6.62 ( lH,  s, H-11). Exact tnass calcd. 
for C16H15N04: 285.1001 ; found (high resolution ms): 
285.1001. 

Lactone 7 
Lactone 6 (100 mg, 0.4 mmol), I, (270 mg, 1.1 mmol), and 

EtOH (25 mL) were refluxed for 4 h. Excess I 2  was destroyed 
with NaHSO, solution. The EtOH was removed and the 
aqueous solution extracted with CHCI,. Drying and evapora- 
tion of the solvent left a residue which was purified by tlc 
using 40% MeOH in CHCI,. The major yellow band, R, 0.21, 
consisted of 7 as the iodide (57 mg, 40%); h,,,, (EtOH): 280 
and 375 nm (log E 3.97 and 3.91). 

Lactone 8 
Monoester 5 was reduced with NaBH, in the manner 

described above for 4. When 400 mg (1.2 mmol) of 5 was 
used, 280mg(81%) of 8 was obtained; mp 21 1-215"C(MeOH); 
I,,, (EtOH): 290 nm (log E 3.53); 'Hmr (CDCI,) 6: 4.85 (ZH, 
m, CH,OCO), 5.97 (2H, s, 0CH20) ,  6.62 ( lH,  s, H-8), and 
6.72 (lH, s, H-11). Exact Mass calcd. for Cl6Hl5NO4: 
285.1001 ; found (high resolution ms): 285.0992. 

Lactone 9 
Lactone 8 (50 mg, 0.2 mmol) was mixed with 20% HOAc 

and Hg(OAc), (270 mg, 0.8 mmol) and the mixture heated for 
16 h on a steam bath. The product was filtered and the filtrate 
treated with (NH,),S solution. The resulting black suspension 
was heated on a steam bath for 1 h and the precipitate filtered 
through Celite. The resulting solution was mixed with a 
saturated KI solution and extracted with CHCI,. The organic 
layer was dried and evaporated. The residue was purified by 
tlc (40% MeOH in CHCI,). The major band, R, 0.18, was 
collected and proved to be salt 9 as the iodide (29 mg, 40%); 
h,,, (EtOH): 235,283, and 375 nm (log E 3.95,4.00, and 3.79). 

Hexahydro Diester I 0  
Berberidic acid dimethyl ester chloride (3) (100 mg, 0.26 

mmol) in 25 mL EtOH was hydrogenated over Adams' catalyst 
for 8 h. Work-up furnished 91 mg (100%); mp 200-202°C 
(MeOH); h,,, (EtOH): 292 nm (log E 3.62); 'Hmr (CDCI,) 
6: 3.67 (3H, S, COOCH,), 3.72 (3H, S, COOCH,), 5.88 (2H, s, 
OCH,O), 6.52 ( lH,  s, H-8) and 6.73 ( lH,  s, H-11). Anal. calcd. 
for C 1 8 H 2 ~ N 0 6 :  347.1368, C 62.25, H 6.05; found (high 
resolution ms): 347.1366, C 62.43, H 6.09. 

Hexallydro Diester I 1  
Freshly cut Na (0.5 g) was added to dry MeOH (25 mL) 

under N,. Diester 10 (100 mg) was added to the cooled 
solution and the mixture stirred for 1 h at room temperature 
under N,. Two millilitres of water was added and the solvent 
evaporated. The residue was taken up in water and CHCI,. 
Evaporation of the organic layer provided 11, v,,, (CHCI,): 
1740 and 2760 cm-' ; 'Hmr (CDCI,) 6 : 3.72(6H, s, COOCH,), 
5.87 (2H, s, OCH,O), 6.53 (1 H, s, H-8), and 6.63 (lH, s, H-11). 
Exact Mass calcd. for Cl8H,,NO6: 347.1368; found (high 
resolution ms): 347.1382. 

Zinc Reduction of Berberidic Acid Ditnetliyl Ester 
Diester chloride 3 (500 mg, 1.3 mmol) was dissolved in 

concentrated HCI (10 mL) and warmed to 60aC. Zinc dust 
(2 g) was added slowly and the mixture stirred for 2 h around 
60°C. The product was cooled and basified with cold NH,OH. 
Extraction with CHCI, left a dark residue which was purified 
by tlc using 4% MeOH in CHCI,, R, 0.37, to provide 12 as an 
oil; h,,, (EtOH): 292 nm (log E 3.5 1); 'Hmr (CDCl,) 6 : 1.62 
(6H, s, CH,), 5.75 (2H, s, 0CH20) ,  6.42 ( lH,  s, H-8) and 
6.53 ( lH,  s, H-11). Exact Mass calcd. for Cl6Hl9NO2: 
257.1415; found (high resolution ms): 257.1415. 

Salt I 3  
A mixture of amine 12 (50 mg, 0.2 mmol), 20% HOAc 

(10 mL), and Hg(OAc), (270 mg, 0.8 mmol) was heated for 
16 h on a steam bath. The mixture was filtered while hot and 
then treated with (NH,),S solution. The suspension was 
heated on a steam bath for 1 h and the precipitate filtered off 
through Celite. The resulting solution was treated with KI 
solution and extracted with CHCI,. Evaporation of the 
solvent and tlc using 40% MeOH in CHCI, provided a major 
band, R, 0.41, which furnished amorphous salt 13 as the 
iodide (30 mg, 40%); h,,, (EtOH): 267 and 355 nm (log E 
3.54 and 3.42). 

Three milligrams of 13 was reduced with excess NaBH, in 
MeOH to afford 12 in near quantitative yield. 

Lactoize 14 
Lactone 6 (500 mg, 1.8 mmol) was dissolved in methanolic 

HCI and the solution evaporated to dryness. The residue was 
dissolved in EtOH and hydrogenated over Adams' catalyst 
for 8 h. Work-up supplied lactone 14 (500 mg, z 100%); mp 
216°C (MeOH); h,,, (EtOH): 290 nm (log E 3.61); 'Hrnr 
(CDCI,) 6 :  3.884.37 (2H, m, CH,OCO), 5.87 (2H, S, 
OCH,O), 6.52 ( lH ,  s, H-8) and 6.60 ( lH,  s, H-1 1). Exact Mass 
calcd. for CI6HL7NO4: 287.1157; found (high resolution ms): 
287.1 149. 

LiAIH, Red~rction of 6 
Lactone 6 (150 mg, 0.5 mmol) was refluxed in dry THF 

(30 mL) containing LiAlH , (40 mg, 1.1 mmol) for 1 h under 
N,. Thin-layer chromatography of the product mixture 
showed two major spots (10% MeOH in CHCI,). The band 
with R f  0.58 furnished hemiacetal 17 (43 mg, 28%); mp 15G 
158°C (MeOH); h,,, (EtOH): 290 nm (log E 3.72); 'Hmr 
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(CDCI,) 6 : 3.82 (2H, m, CH20CHOH), 5.42 (1 H, d, J = 6 Hz, 
OCHOH), 5.87 (2H, s, OCH,O), 6.50 (IH, s, H-8), and 6.60 
(IH, s, H-l 1). Exact Mass calcd. for C16H19N04: 289.1313; 
found (high resolution ms): 289.1319. 

The band with Rf 0.33 yielded diol 15 (46 mg, 30%), mp 
173-176°C (MeOH); h,,, (EtOH): 290 nm (log E 3.85); v,,, 
(CHCI,): 2775, 2820 and 3330 cm-'. Exact Mass calcd. for 
C16HZ1N04: 291.1470; found (high resolution ms): 291.1450. 

LiAlH, Red~lctiot~ of Lactone 14 
Compound 14 (100mg, 0.35mmol) was reduced with 

LiAIH, (26 mg, 0.7 mmol) in THF. Work-up supplied diol 15 
(61 mg, 60%). 

LiAlH, Reduction of Diester 10 
Compound 10 (100 mg, 0.29 mmol) was reduced with 

LiAIH, (22 mg, 0.58 mmol) in T H F  to supply diol 15 (65 mg, 
77%). 

Diol l6  
A few milligrams of diester 11 were reduced with excess 

LiAIH, in THF. Work-up provided colorless crystals of 16, 
R, 0.1 (10% MeOH in CHCI,); mp 248-251°C (MeOH); ms 
tnje: 291 (30) (M)+, 290 (60) ( M  - H) +, 260 (50), 232 (30), 
and 175 (base). Exact Mass calcd. for C16H2 ,No4:  291.1470; 
found (high resolution ms): 291.1461. 

Lactone 18 
Unsaturated lactone 8 (100 mg, 0.35 mmol) was hydro- 

genated with Adams' catalyst in EtOH. Work-up provided 18 
(100 mg, =: 100%); mp 217-218°C (MeOH); h,,, (EtOH): 292 
(log E 3.53); 'Hmr (CDCI,) 6 3.884.38 (2H, m, CH20CO), 
5.90 (2H, s, OCH,O), 6.54 ( lH,  s, H-8), and 6.77 (IH, s, 
H-11). Exact Mass calcd. for C1,Hl,NO4: 287.1156; found 
(high resolution ms): 287.1 108. 

LiAlH, Reduction of Lactones 8 and 18 
Ten milligrams of each of lactones 8 and 18 were reduced 

separately using excess LiAIH, in THF. The product was 
purified by tlc using 10% MeOH in CHC1, to provide in each 
case a major band (Rf 0.1) which proved to be diol 16. 
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13C nuclear magnetic resonance spectra of some C,,-diterpenoid alkaloids and their 
derivatives' 
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S. WILLIAM PELLETIER, NARESH V. MODY, and RAJINDER S. SAWHNEY. Can. J. Chem. 57, 
1652 (1979). 

The natural abundance carbon-13 nuclear magnetic resonance spectra of some C19-diter- 
penoid alkaloids and their alkamines (lappaconitine, lappaconine, lapaconidine, ranaconine, 
14-dehydrobrowniine, aconine, pseudoaconine, deoxyaconine, and hypaconine) have been 
determined at 15.03 MHz. With the aid of proton decoupling techniques, additivity relation- 
ships, and comparison with spectra of related alkaloids, self-consistent and unambiguous 
assignments of nearly all carbon resonances for these alkaloids have been made. Some im- 
portant chemical shift trends have been observed, which are useful for identifying the basic 
C19-diterpenoid alkaloid skeleton and the hydroxy and methoxy group substitution patterns 
in these alkaloids. On the basis of 13C nrnr spectra of lappaconitine and lappaconine, the 
anthranoyl ester moiety is assigned to the C-4 position in lappaconitine. The 13C nrnr spectra 
of lapaconidine, aconine, and pseudoaconine taken in pyridine and chloroform have been 
compared to determine the conformational changes of the ring A hydroxy groups in these 
alkaloids. 

S. WILLIAM PELLETIER, NARESH V. MODY et RAJINDER S. SAWHNEY. Can. J. Chem. 57, 
1652 ( 1979). 

Operant a 15.03 MHz, on a determine les spectres rmn du 13C en abondance naturelie de 
quelques alcaloi'des diterptnoi'des en C19 et de leurs alkylamines (Iappaconitine, lappaconine, 
lapaconidine, ranaconine, dehydro-14 browniine, aconine, pseudoaconine, deoxyaconine e t  
hypaconine). Faisant appel aux techniques de decouplage des protons, a des rkgles d'addition 
et a des comparaisons avec les spectres d'alcaloi'des apparentts, on a pu proposer des attri- 
butions autocoherentes et non ambigiies de pratiquement toutes les resonances, de carbones 
de ces alcaloi'des. On a observe quelques tendances importantes des deplacements chimiques 
qui sont utiles pour identifier le squelette fondamental des alcaloi'des diterpknoi'des en Cl9 
ainsi que la disposition des groupes hydroxyles et mtthoxyles attaches a ce squelette. En se 
basant sur les spectres rmn du 13C de la lappaconitine et de la lappaconine, on attribue la 
position ester anthranoyle a la position C-4 de la lappaconitine. On a compare les spectres rmn 
du 13C de la lapaconidine, de I'aconine et de la pseudoaconine, dCterminCes en solution dans 
la pyridine et le chloroforme, pour evaluer les changements conformationnels du groupe 
hydroxyle attache au cycle A de ces alcaloi'des. 

[Traduit par le journal] 

Introduction 
During the last 10 years, investigators have made 

extensive use of carbon-13 nrnr spectroscopy in the 
structure elucidation of natural products. This 
technique has played an important role in solving 
problems which otherwise would be very difficult, 
e.g., determination of the existence of C-20 epimers 
in atisine and related alkaloids (1). Carbon-13 nrnr 
spectra provide detailed information about the degree 
and sites of oxygen substitution in the basic skeleton 
of diterpenoid alkaloids. 

Jones and Benn (2) were the first to apply carbon- 
13 nrnr spectroscopy to a study of the C,,-diter- 
penoid alkaloids. Later we reported a comprehensive 
13C nrnr study of more than 50 aconitine- and 
lycoctonine-type alkaloids and their derivatives (3,4). 

lDedicated to  the memory of R. H. F. Manske. 

Using these data, we have revised and elucidated the 
structures of several complex CIg-diterpenoid alka- 
loids (3-5). We present here an analysis of the 13C 
nrnr spectra of additional alkaloids and alkamines. 
We anticipate that these data will be of use in the 
structure elucidation of newly isolated alkaloids from 
various Aconitzim, Consolida, and Delphiniunz species. 

Results and Discussion 
The general procedure for 13C nrnr data acquisi- 

tion and assignment of the carbon resonances for the 
compounds reported here involved determination of 
the noise-decoupled and the single-frequency off- 
resonance decoupled (SFORD) spectra. The carbon 
resonances were assigned with the aid of the single- 
frequency proton off-resonance decoupling tech- 
niques, direct analysis of nonprotonated carbon 
centers, application of known chemical shift rules 

0008-4042/79/13 1652-04$01 .OO/O 
01979 National Research Council of Canada/Conseil national de recherches du Canada 
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PELLETIER ET AL.  1653 

TABLE 1. Carbon-13 chemical shifts and assignments for CL9-diterpenoid alkaloids and their derivativesa 

Carbon I* 2 3 3' 4 5 6 7 7' 8 8' 9 10 

nChemlcal shifts in ppm downfield from TMS; solvent 1s deuter~ochloroform unless otherw~se mentioned 
*The 13C chemrcal s h ~ f t s  and assrgnments of the anthranoyl ester group In l a p p a c o n ~ t ~ n e  are shown separiltely o n  structure I. 
Spec t ra  were tahen In pyrrd~ne-d5. 
*Values glven for  primed carbons refer to  chemlcal s h ~ f t s  for  methoxyls. 

for hydroxyl substitution, esterification shifts, steric made by correlation with previously published 13C 
effects, and from comparisons of spectra from com- nmr spectra of a variety of model Aconitum and 
pound to compound (6). Delphinium alkaloids (3, 4). The presence of the 

N-acetylanthranilic acid moiety in lappaconitine was 
Assignnlents for Lappaconitine ( I ) ,  Lappaconine (2), confirmed by a comparison of observed resonances 

Lapaconidine (3), and Ranaconiize (4) in 1 with the values observed for methyl anthranilate. 
During a reinvestigation of the alkaloids present The chemical shifts of compounds 1 and 2 are in 

in the roots of Aconitum septentrionale Koelle, we agreement with their respective structures. Com- 
isolated the previously reported alkaloids lappa- parison of the spectrum of lappaconine (2) with that 
conitine (1) and lapaconidine (3). Basic hydrolysis of of lappaconitine (1) revealed the absence in lappa- 
lappaconitine afforded the parent alkamine, lappa- conine of chemical shifts due to the N-acetylan- 
conine (2), and N-acetylanthranilic acid. On the basis thranoyl ester group, a major change in the chemical 
of extensive chemical studies, Marion and co- shift of C-4, and some minor changes in the chemical 
workers (7) assigned structure 2 for lappaconine, shifts of C-3, C-5, and C-19. These results lead to  the 
which was confirmed by an X-ray analysis of lappa- conclusion that the ester group is present at the C-4 
conine hydrobromide (8). Subsequently Soviet position in lappaconitine. The spectrum of lapa- 
workers assigned the N-acetylanthranilic ester conidine (3), when compared with lappaconine (2), 
moiety to the C-4 position in lappaconitine (9). We reveals the presence of a hydroxyl group a t  C-1 in the 
have confirmed this assignment by the 13C nmr a-configuration (see discussion on conformation of 
spectral analyses of lappaconitine and lappaconine ring A). The 13C chemical shifts of lapaconidine are 
as discussed below. in agreement with the structure (3) reported by 

The 13C chemical shifts and assignments for Yunusov and his co-workers (10). 
lappaconitine (I), lappaconine (2), lapaconidine (3), Recently, we have elucidated the structure of the 
and ranaconine (4) are reported in Table 1. The highly oxygenated alkaloid, ranaconitine, by the he!p 
chemical shift assignments for these alkaloids were of 13C nmr spectroscopy (11). We report here the 
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1 Lappaconitine 

2 R' = CH,; R 2 =  H L a ~ ~ a c o n i n e  5 R = 0 14-Dehvdrobrowniine . . 
3 R ' =  R'= H Lapaconidine H 
4 R '  = CH,; R' = O H  Ranaconine 6 R  = <eoH Browniine 

7 R  = O H  Aconine 9 R  = C2H, Deoxyaconine 
8 R = H Pseudoaconine 10 R  = CH, Hypaconine 

chemical shifts of ranaconine (4), the parent alkamine 
of ranaconitine. Comparison of the spectrum of 
ranaconine with that of lappaconine (2) revealed the 
presence of an .additional quaternary carbon singlet 
at 78 ppm and the absence of a methine carbon 
doublet, results which indicate the presence of an 
extra tertiary hydroxyl group in ranaconine. The 
downfield shift of the C-6, C-8, and C-17 carbon 
resonances in ranaconine in comparison with 
lappaconine indicated the presence of an extra ter- 
tiary hydroxyl group at C-7. The I3C nmr data of 
bases 1-4 indicate the structural similarity within 
this group of alkaloids. These examples demonstrate 
the usefulness of l 3 C  nmr spectroscopy in deter- 
mining the structures of newly isolated alkaloids 
without tedious chemical work. 

Assignments for 14-Dehydrobrowniine (5) 
In 1966 Benn (12) isolated a known derivative of 

browniine, 14-dehydrobrowniine (5), as a natural 
product from Delphinium cardinale. We have pre- 
pared alkaloid 5 from browniine (6) to examine its 
13C nmr spectrum and to make a comparison with 
browniine. A downfield singlet at 216.3 ppm in 
alkaloid 5 indicates the presence of the carbonyl 
group a t  the C-14 position. The presence of the C-14 

carbonyl group in 5 moved the chemical shifts of 
C-8, C-9, C-10, C-11, C-12, C-13, and C-16 sig- 
nificantly downfield in comparison with browniine. 
These shifts are a result of the disappearance of the 
1,3-diaxial interactions of the C-14 a-hydroxyl with 
the C-16 P-methoxyl and the C-8 hydroxyl when 
browniine is transformed to ketone 5. 

Assignments for Aconine (7), Pseudoaconine (8),  
Deoxyaconine (9),  and Hypaconine (10) 

Alkamines 7 to 10 were prepared by published 
procedures (13). The chemical shift assignments for 
alkamines 7 to 10 were made by correlation with pre- 
viously published l3C nmr spectra of the correspond- 
ing naturally occurring alkaloids (3). The absence of 
C-3 and C-15 secondary hydroxyl groups in deoxy- 
aconine (9) and pseudoaconine (8), respectively, 
greatly facilitated the unambiguous assignments of 
13C chemical shifts in aconine (7). The patterns of 
I3C chemical shifts in these alkamines are very 
similar. Comparison of the spectra of the alkamines 
revealed precise information for identifying the basic 
C1,-diterpenoid alkaloid skeleton and the hydroxy 
and methoxy groups substitution pattern in these 
alkaloids. 

Thus, the presence of a hydroxyl group at C-15 in 
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PELLETIER ET AL. 1655 

aconine (7) deoxyaconine (9), and hypaconine (10) 
was detected by observing the downfield shift of the 
C-8 (-3.5 ppm) and C-16 (-8 ppm) resonances in 
comparison with pseudoaconine (8). A doublet at 
-91 pprn in the SFORD spectra of the alkamines 
of the aconitine-type alkaloids is characteristic of the 
presence of a hydroxy group in the a-configuration 
at the C-15 position when the methoxyl group is 
present at C-16 in the P-configuration. A secondary 
hydroxy group at C-3 can be easily detected in 
aconine (7) and pseudoaconine (8) by observing the 
presence of a doublet at -72 pprn and a downfield 
singlet of C-4 at -43 pprn in comparison with 
alkamines without a C-3 hydroxy group, e.g., 
deoxyaconine (9) and hypaconine (10). Alkaloids 
with a -CH20CH3 group at C-4 and with H at C-3, 
are characterized by a singlet between 38-39 ppm, 
e.g., 14-dehydrobrowniine (5), browniine (6),  and 
deoxyaconine (9). 

Conforn7ation of Ring A in Lapaconicline, Aconine, 
and Pseudoaconine 

It is known that in Clg-diterpenoid alkaloids con- 
taining -CH20CH, at C-4, ring A bearing a C-1 
a-hydroxy or a C-3 i-hydroxy group exists in a boat 
conformation (3). Ring A is in the chair conforma- 
tion in the cases where the C-l a-substituent is 
acetoxyl or methoxyl, or in the case where the C-1 
substituent is in the P-configuration (3). On the 
basis of 13C nmr data from several alkaloids con- 
taining C-1 a- and P-hydroxyl groups, we observed 
that the resonance of C-1 bearing an a-hydroxyl 
group appears at -72 pprn (e.g., neoline, neoline 
8-acetate, delphisine, condelphine, isotalatizidine), 
whereas the resonance of C-1 bearing a P-hydroxyl 
group appears at -69 pprn (1-epi-delphisine, 
1-epi-neoline). The orientation of the C-1 hydroxyl 
also affected the chemical shifts of other carbons in 
ring A. 

From these observations, we postulated that the 
C-1 a-hydroxyl group forms a hydrogen bond with 
the lone-pair electrons of the nitrogen and thus 
stabilizes ring A in a boat form (3). However, when 
the C-1 hydroxyl is in the P-configuration, the 
hydroxyl group is not available to form a hydrogen 
bond with the lone-pair electrons of nitrogen and 
thus ring A remains in a chair conformation. This " 
idea prompted us to investigate the behavior in 
chloroform and pyridine of ring A in lapaconidine 
(3), aconine (7), and pseudoaconine (8), bases which 
contain the C-1 or C-3 a-hydroxyl group. 

The spectra of lapaconidine (3) taken in chloro- 
form and pyridine were almost identical. No sig- 

nificant differences in their chemical shifts other than 
normal solvent effects were observed. But it is 
interesting to note that the 13C nmr spectra of 
aconine (7) and pseudoaconine (8) taken in chloro- 
form and pyridine were significantly different in the 
chemical shifts at C-2, C-3, and C-4 (Table 1). This 
observation suggests that in pyridine the C-3 
a-hydroxyl group forms a hydrogen bond with the 
solvent instead of with the lone-pair electrons of 
nitrogen and thus hydrogen bond formation between 
the C-3 a-hydroxyl group and pyridine stabilizes ring 
A in a chair conformation. In contrast, in chloroform 
solution, ring A exists in the boat conformation. 

Experimental 
Carbon-13 nmr spectra were determined at  15.03 MHz in 

the Fourier mode using an FX-60 spectrometer in conjunction 
with a JEC-980 computer. The spectra were determined a t  
30°C in deuteriochloroform solutions (which also provided the 
lock signal) with 5 z  tetramethylsilane as internal reference. 
Samples were contained in precision ground 5 mm o.d. tubes. 
The spectrometer was used in the crosscoil configuration. On 
the average a 5ps pulse, corresponding to  an approximate tilt 
angle of 45', was employed. For the average spectral width of 
4000 Hz, the delay between pulses was 2 s. Acquisition times 
averaged 1-2 h over 8 K data points for concentrations of the 
order of 0.4-1.0 M. For off-resonance spectra this time was 
5-10 h. 

The alkaloids and their derivatives used here were isolated 
and/or synthesized by procedures given in the literature cited. 
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Aliphatic diazo compounds. XII. The synthesis of 5-endo-hetero-atom-substituted 
3-diazo-2-norbornanones and the proton magnetic resonance spectra of these diazo ketones 

and their precursors 
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PETER YATES and GORDON F. HAMBLY. Can. J. Chem. 57. 1656 (1979) 
Treatment of 6-e~~do-acetoxy-5,5-dimethyl-2,3-norbornanedione (6) with tosylhydrazine 

gives the 2-tosylhydrazone (7), which is converted to  5-endo-acetoxy-3-diazo-6,6-dimethyl-2- 
norbornanone (1) by basic alumina; the exclusive formation of the 2-tosylhydrazone is 
ascribed to the smaller steric effect of the etldo C-6 acetoxyl relative to the endo C-5 methyl 
group. The 6-endo-methoxy analogue of 6, 17, and the related 6-endo-chloro- and 6-etldo- 
bromo-l,5,5-trimethyl-2,3-norbornanediones (23 and 26) are similarly converted to  the 
corresponding a-diazo ketones 2-4. The 'H nmr spectra of the diazo ketones 1-4 have their 
C-1 bridgehead proton signals shifted to higher field relative to the corresponding bridgehead 
proton signals of the related a-diketones, whereas the C-4 bridgehead proton signals of 1 and 2 
are shifted to lower field in relation to  the corresponding a-diketone signals. The 'H nmr 
spectra of the a-diketones show an unusual long range coupling (4J 2 1 Hz) between the C-4 
bridgehead protons and the exo C-6 protons that is significantly smaller or absent in the 
spectra of the related diazo ketones and monoketones. In all of these types of compound an 
endo-methoxyl or -acetoxyl group at  C-5(6) shifts the exo and etldo C-6(5) methyl signals to  
lower and higher field, respectively, whereas an endo-halo substituent at C-5(6) shifts both the 
exo and endo C-6(5) methyl signals to  lower field. 

PETER YATES et GORDON F. HAMBLY. Can. J. Chem. 57. 1656(1979). 
La reaction de I'acetoxy-6-endo dimethyl-5,s norbornanedione-2,3 (6) avec de la tosyl- 

hydrazine conduit a la tosylhydrazone-2 (7) qui est transformee en acetoxy-5-endo diazo-3 
dimethyl-6,6 norbornanone-2 (1) par de I'alumine basique; la formation exclusive de la 
tosylhydrazone-2 est attribuee a I'effet sterique plus faible de I'acetoxyle rndo en C-6 par 
rapport au groupe methyle endo en C-5. L'analogue methoxy-6-endo de 6, 17, et les chloro-6- 
etldo et bromo-6-endo trimethyl-1,5,5 norbornanediones-2,3 (23 et 26) qui leur sont apparentees 
sont transformtes d'une maniere semblable en a-diazo cetones correspondantes (2-4). Dans 
les spectres rmn du 'H, les signaux des protons port& par le carbone de pont C-1 des diazo 
cetones 1-4 sont deplaces a des champs plus eleves par rapport aux signaux des protons 
correspondants des a-dicetones auxquelles elles sont reliees; toutefois les signaux des protons 
port& par le carbone de pont C-4 de 1 et de 2 sont deplaces vers un champ plus bas par rapport 
aux signaux des a-dicetones correspondantes. Dans le spectre rmn du 'H des a-dicetones, on 
observe une constante de couplage a longue distance (4J 2 1 HZ) entre les protons portis par 
I'atome de pont C-4 et les protons exo en C-6 qui est inhabituelle et qui est beaucoup plus 
faible ou absente dans le spectre des diazo cttones et monocetones apparentkes. Dans tous ces 
types de composes les groupes mkthoxyle ou acetoxyle endo en C-5(6) deplacent les signaux 
des groupes mithyles exo et endo en C-6(5) respectivement vers des champs plus faibles et plus 
Clevts alors qu'un halogene endo en C-5(6) deplace les signaux des mtthyles exo et erldo en 
C-6(5) vers des champs plus faibles. 

[Traduit par le journal] 

In connection with our studies on the copper- 
catalyzed decomposition of a-diazo ketones (1-5), 
we wished to examine the copper-catalyzed decom- 
position of 3-diazo-2-norbornanones that possess an 
eizdo carbon - hetero atom bond at C-5. We describe 
here the synthesis of the diazo ketones 1-4, prepared 
for this purpose, and discuss the 'H nmr spectra of 

'Dedicated to  the memory of R. H. F. Manske. 
=For Part XI, see ref. 1. 
3Present address: Chemistry Department, John Abbott 

College, Ste. Anne de Bellevue, P.Q., Canada H9X 3L9. 

the diazo ketones and their precursors, which 
showed features of intrinsic interest in addition to 
providing evidence for the structural assignments. 
The investigation of the copper-catalyzed decom- 
position of the diazo ketones is described in the 
following paper (6). 

Synthesis of the a-Diazo Ketoizes 
Some years ago Meinwald et al. (7) reported the 

synthesis by the route shown in Scheme 1 of an 
a-diazo ketone that was either 1 or 5. For their 

0008-40421791 I3 1656- 12$01 .OO/O 
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YATES A N D  HAMBLY: I 1657 

1 X =  OAc 3 X = C I  
2 X =  OMe 4 X = B r  

purpose, which was its photochemical Wolff re- 
arrangement, it was immaterial which of these two 
structures the diazo ketone possessed. For our 
purpose it was necessary that it be 1, which seemed 
to us to be the more likely structure, and we have 
now established this to be the case. The basis of our 
optimism was the knowledge that the conforma- 
tional free energy difference for an axial and an 
equatorial methyl group on a cyclohexane ring is ca. 
1.0 kcal/mol greater than that in the case of an 
acetoxyl group (8). Thus the steric crowding between 
the endo-hydroxyl group and the endo-methyl group 
in 10 should be appreciably more severe than that 
between the endo-hydroxyl group and the endo 
acetoxyl group in 9. The known high propensity for 
2-norbornanones lacking a 7-syn-methyl substituent 
to undergo exo nucleophilic attack at the carbonyl 
group (9) and the circumstance that the rate-deter- 

mining step in hydrazone formation under acidic 
conditions is the formation of the intermediate 
adduct (10) makes it likely that 9 and 10 will be the 
intermediates for the formation of 7 and 8, respec- 
tively, and that their relative rates of formation will 
determine the relative rates of formation of the 
latter. Thus the single monotosylhydrazone reported 
to be formed from 6 may be anticipated to be 7 and 
the derived diazo ketone to be l ? s 5  

TosNHNH, 

TosNHNH 

OAc 

AcOH 

The dione 6 was prepared from dl-camphenilone 
(11) as previously reported (7) (Scheme 2). The 
product isolated from the chromic acid oxidation of 
13 was earlier tentatively formulated as the 5-acetoxy- 
2-norbornanone 14 on the reasonable grounds of 
analogy with the similar oxidation of bornyl acetate 
to the corresponding acetoxy ketone (12). The fact 
that the oxidation product of 13 shows in its 'H nmr 

( I )  LiAIH, (2) H30i 1 

0 OAc OAc 

4For a related difference in reactivity, see ref. 11. 
5Polar and hydrogen-bonding effects, to the extent that they 

are operative, would also be expected to favor formation of 7. 
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- 
MeOH 

OAc OH OMe 

N2 OMe OMe 
I 

NHTos 

18 
SCHEME 3 

spectrum a doublet of doublets at 6 4.89 ( J  = 4.2, 
1.0 Hz), demonstrating that the exo C-5 proton is 
coupled both with the C-4 proton and the exo C-3 
proton (vide infra), excludes the alternative 6- 
acetoxy-2-norbornanone structure and confirms the 
assignment to it of structure 14. Selenium dioxide 
oxidation of 14 to 6 was found to give considerably 
better yields when carried out in bromobenzene 
rather than the acetic anhydride used as solvent 
previously. 

Treatment of 6 with slightly more than 1 equiv. of 
tosylhydrazine in acetic acid gave a single monoto- 
sylhydrazone that is assigned structure 7 rather than 
8, on the following grounds. Although the acetoxyl 
methyl proton chemical shifts in the 'H nmr spectra 
of 6, 13, and 14 are normal (6 2.02-2.07), that of the 
monotosylhydrazone is at abnormally high field 
(6 1.79). This can be attributed to shielding of the 
acetoxyl methyl group by the aromatic ring of the 
tosylhydrazone residue, which must therefore be 
located at C-2 as in 7. This assignment was confirmed 
and also the structure of the diazo ketone formed bv 
chromatography of the monotosylhydrazone on 
basic alumina was established as 1 rather than 5 by 
the observation that in the 'H nmr spectrum of the 
diazo ketone the signal of the bridgehead proton 
adjacent to the diazo group is shifted downfield by 
0.3 ppm relative to the corresponding signal in the 
spectrum of the dione 6, wheieas the signal of the 
bridgehead proton adjacent to the carbonyl group is 
shifted upfield by 0.4 ppm relative to the corre- 
sponding signal for 6. We have found that in the 
spectra of 3-diazo-2-norbornanones in general the 
signal due to the bridgehead proton at C-4 is shifted 
downfield and that of the bridgehead proton at C-1 
upfield relative to their respective chemical shifts in 
the corresponding 2,3-norbornanediones (vide i1lfi.a). 

The bridgehead protons adjacent to the acetoxyl 
group and the gem-dimethyl group in the diazo 
ketone derived from 6 must therefore be adjacent to 
the diazo and carbonyl groups, respectively, estab- 
lishing its structure as 1. 

The diazo ketone 2 was also prepared from the 
acetoxy ketone 14 by the route shown in Scheme 3. 
Hydrolysis with methanolic aqueous potassium 
carbonate gave the hydroxy ketone 15. Methylation 
of 15 gave the methyl ether 16, which like 14 and 15 
showed the C-5 proton signal in its 'H nmr spectrum 
as a doublet of doublets with J -- 4 and 1 Hz. 

The selenium dioxide oxidation of 16 to 17 proved 
to be unexpectedly difficult. Initial experiments were 
carried out with crude methoxy ketone 16 that con- 
tained hydroxy ketone 15 as the major impurity. 
When treatment with selenium dioxide was carried 
out in boiling acetic anhydride, no reaction other 
than acetylation of 15 to 14 occurred. But sub- 
sequent treatment of the reaction mixture, after 
removal of the acetic anhydride, in bromobenzene 
with selenium dioxide gave 17 in 70% yield based on 
the amount of 16 in the mixture. However, repetition 
of the oxidation with pure 16 in bromobenzene failed 
to give 17. Deliberate addition of 14 did result in 
oxidation of 16 to 17 by selenium dioxide in bromo- 
benzene, albeit in low yield. It is possible that the 
active species responsible for the oxidation of 16 
is a Se(I1) compound generated in the oxidation of 
14. 

Conversion of 17 to the monotosylhydrazone 18, 
followed by treatment with 0.3 N aqueous sodium 
hydroxide (1 3) gave the diazo ketone 2. The structure 
of 2 was established by the correspondence in the 
relationship between its 'H nmr spectrum and that 
of its cl-diketone precursor 17 with that between the 
spectra of 1 and 6 (vide supra). Corroboration for the 
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Y A T E S  A N D  H A M B L Y :  I 

structural assignment derives from an alternative, sodium hydroxide gave impure 4 in low yield, 
but less efficient, synthesis of 2 from 16 via hydroxy- perhaps because bromide ion is a better leaving 
methylenation followed by treatment with p-carboxy- group than chloride ion in S,2 reactions. Under the 
benzenesulfonyl azide and triethylamine (14, 15). It milder conditions of chromatography of the tosyl- 
was expected that the monotosylhydrazone formed hydrazone on basic alumina (7), 4 was produced in 
from 17 would be 18, and thus that the diazo ketone good yield. 
would be 2, on the basis of the considerations dis- 
cussed earlier and the fact that the conformational 
free energy difference between an axial and an 
equatorial methoxyl group on a cyclohexane ring is, 
like that of an acetoxyl group, ca. 1 kcal/mol less 
than that of a methyl group (8). 

The chloro diazo ketone 3 was prepared from 
(-)-P-pinene (19) by the route shown in Scheme 4. 
Oxidation of 19 with selenous acid gave trans-pino- 
carve01 (20) (16), which on treatment with hydrogen 
chloride gave 21. Although a different structure was 
originally assigned to this product (16), it is clear 
from subsequent work on the action of hydrogen 
bromide on 20 (17, 18) that the hydrogen chloride 
adduct has structure 21. This structural assignment 
is confirmed by the 'H nmr spectra of the hydrogen 
chloride adduct and itschromicacid oxidation product 
22 and by the ir spectrum of the latter (see Experi- 
mental). Selenium dioxide oxidation of 22 in acetic 
acid gave 23 in modest yield, which could probably 
be improved by the use of bromobenzene as solvent. 
Conversion of 23 to a monotosylhydrazone followed 
by treatment with aqueous sodium hydroxide gave 
the diazo ketone 3, whose structure was again 
established by the correspondence in the relationship 
between its 'H nmr spectrum and that of its a-dike- 
tone precursor 23 with that between the spectra of 
1 and 6. 

The bromo diazo ketone 4 was prepared from 
(-)-P-pinene (19) via 2 6 2 6  in analogous fashion. 
Treatment of the monotosylhydrazone with aqueous 

Spectra of the a-Diazo Ketones and their Precursors 
Salient ir bands and the 'H nmr signals of the 5- 

and 6-hetero-atom-substituted 2-norbornanones are 
given in Tables 1 and 2, together with corresponding 
data (19) for the parent 6,6-dimethyl-2-norbornanone 
(27) and isofenchone (28). 

It is well known that in the 'H nmr spectra of both 
norbornane and norbornene the endo protons are 
shielded relative to the exo protons (20, 21), and in 
an exhaustive study of the 'H nmr spectrum of 
2-norbornanone (29) Marshall and Walter (22) have 
shown that the same is true of the endo and exo 
protons at each of C-5 and C-6. Furthermore, the 
methyl signals of 6-endo-methyl-2-norbornanone and 
6-exo-methyl-2-norbornanone occur at 6 0.93 (23) 
and 1.04 (24), respectively. It is thus reasonable to 
assign the methyl signals at 6 1.02 and 1.12 in the 
spectrum of 27 to the endo and exo methyl groups, 
respectively. Introduction of an endo C-5 oxygen 
substituent in 15, 16, and 14 leads to a greater 
separation of the methyl signals, which can be inter- 
preted as resulting from an upfield shift of the erzdo 
methyl signals in all cases and a downfield shift of 
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TABLE 1. Infrared and 'H nmr spectra of 6,6-dimethyl-2-norbornanone (27) and 5-endo-oxygen-substituted 6,6- 
dimethyl-2-norbornanones 

7 

27 15 16 14 
Spectrum Assignment (X = H) (X = OH) (X = OMe) (X = OAc) 

C C  P OH, OMe 2.82,2.95 
C=O 5.75 5.74 

CHzCO 7.11 
C-0 

SH (CDCls)b endo-Me 1 .02(s) 0.88(s) 
exo-Me 1.12(s) 1 .12(s) 
1 ,3 ,7  1 .3-2.3(m)' 1 .3-2.4(m) 

4 2.6(m) 2.7(m) 
5 3.98(dd, J = 

4 .0 , l  .O Hz) 
OH, OMe, OAc 3 . 0 2 ( ~ ) ~  

3.53 
5.74 
7.11 
9.00 

0.88(s) 
1 .14(s) 

1 .3-2.2(m) 
2.8(m) 

3.44(dd, J = 
4.0, 1.1 Hz) 

3 .34(s) 

'Superimposed ketone and acetate C=O stretching bands. 
bThe relative intensities of the 'H nmr signals are in accord with the assignments. 
=Also includes H5 signals. 
'Concentration dependent. 

TABLE 2. Infrared and 'H nmr spectra of isofenchone (28) and 6-endo-halo-substituted 1,5,5-trimethyl-2-norbornanones 

28 
Spectrum Assignment (X = H) 

25 
(X = Br) 

OThe relative intensities of the 'H nmr signals are in accord with the assignments. 
bSuperimposed signals. 
=Also includes H-6 signals. 

the exo methyl signals in the case of the methoxy 
and acetoxy compounds. Related effects of hydroxy 
(25) and acetoxy (26) substitution in the norbornane 
series have been observed previously; the effect of 
hydroxy substitution has been attributed to the 
anisotropic effect of the C-0 bond (25). The methyl 
signals at 6 1.03, 1.12, and 1.17 in the spectrum of 28 
can be assigned to the endo C-5, exo C-5, and C-1 
methyl groups, respectively, on the basis of com- 
parison with the methyl signals at 6 1.03 and 1.12 in 
the spectrum of 5,5-dimethyl-2-norbornanone (30) 
(19) and of the relationship of the endo and exo C-5 
proton signals in the spectrum of 29 referred to 
above. Introduction of the C-6 chlorine atom in 22 

shifts the methyl signals to 6 1.12, 1.20, and 1.30. 
Comparison of the chemical shifts of the methyl 
protons in the spectra of the four stereoisomeric 
5-chloro-6-methylnorbornenes (27) with those of the 
methyl protons in the spectra of 5-exo-methyl- and 
5-endo-methylnorbornene (28) shows that the intro- 
duction of either a cis or trans chlorine atom 
adjacent to the methyl groups of the latter com- 
pounds results in a downfield shift, which is greater 
in the trans case. On this basis the signals of 22 at 
6 1.12, 1.20, and 1.30 are assigned to the endo C-5, 
C-1, and exo C-5 methyl groups, respectively. The 
methyl signals of the corresponding bromo com- 
pound 25, are assigned as in Table 2 by analogy. 
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Y A T E S  A N D  HAMBLY:  I 166 1 

TABLE 3. Infrared and 'H nmr spectra of 5,5-dimethyl-2,3-norbornanedione (31) and 6-endo-oxygen-substituted 5,Sdimethyl- 
2,3-norbornanediones 

31 
Spectrum Assignment (X = H) 

17 
(X = OMe) 

6 
(X = OAc) 

Lmax(CCId ( ~ m )  (7=0 
c-0 

8H (CDC13)" endo-Me 
exo-Me 
anti-7 
syn-7 

4 
1 
6 

OMe, OAc 

5.65,5.71 5.64,5.70 5.61,5.68,5.72 
9.08 8.12 

1 .07(s) 0.94(s) 0.91(s) 
1 .27(s) 1 .32(s) 1.41(s) 

1 .4-2. 6(m)b 1.93(dt, J = 13, 1 .5 Hz) 2.03(dt, J =  12, 1.5Hz) 
2.40(dt, J = 13, 1 .5 Hz) 2.60(dt, J = 12, 1 .5 Hz) 

2.62(m) 2.65(m) 2.71(m) 
3.05(m) 3.4(m)' 3.33(m) 

3.72(dd,J= 4.8, l.OHz) 5.14(dd, J = 5.2, l.OHz) 
3.38(s)' 2.06(s) 

"The relative intensities of the 'H nrnr signals are in accord with the assig 
bAlso includes H-6 signals. 
<Overlapping signals. 

The interesting observation has been made (22, 
29) that the C-4 proton signal of 29 (6 2.61) appears 
at lower field than the C-1 signal (6 2.41). The spectra 
of compounds 27, 15, 16, and 14 all show a one- 
proton multiplet in the region 6 2.6-2.8 and this is 
therefore assigned to the C-4 proton in each case. 
The downfield shift of this signal in the spectra of the 
last three compounds relative to its position in the 
spectra of 27 and 29 is attributable to the presence of 
the electron-withdrawing endo C-5 oxygen sub- 
stituents. No individual signals could be assigned to 
the C-1 protons of compounds 27, 15, 16, and 14 
because of overlap with signals arising from the C-3 
and/or C-7 protons (and C-5 protons in the case 
of 27). 

It remains to discuss the signals of the exo C-5 and 
exo C-6 protons in the spectra of 15, 16, and 14 and 
of 22 and 25, respectively. As expected these are the 
lowest-field signals in each spectrum, occurring at 
6 3.4-4.9. In the former group of compounds these 
signals appear as doublets of doublets. First-order 
analysis in terms of an AMX system gives values of 
J - 4 and 1 Hz for the coupling  constant^.^ These 
can be ascribed to coupling of the C-5 proton with 
the C-4 and exo C-3 protons, respectively (25,30-34). 
As expected in terms of this interpretation of the 

=The justification of the applicability of such a first-order 
analysis derives from the observation in analogous systems 
that none of the exo C-3, C-4, and exo C-5 protons are 
strongly coupled with one another and from the fact that in 
the present cases the lack of further splitting of the exo C-5 
proton signal indicates that this proton is not virtually 
coupled with other protons; cf. refs. 30 and 31. 

coupling of the C-5 protons in 15, 16, and 14, the 
exo C-6 proton signals of 22 and 25 appear as 
singlets. 

The strong ir bands and the 'H nmr signals of the 
C-6 hetero-atom-substituted 2,3-norbornanediones 
are given in Tables 3 and 4, together with corre- 
sponding data (19) for the parent 5,5-dimethyl-2,3- 
norbornanedione (31) and isofenchoquinone (32). 

31 32 

The methyl signals in the 'H nmr spectrum of 31 
at 6 1.07 and 1.27 can be assigned to the endo and exo 
methyl groups, respectively, on the basis of con- 
siderations similar to those invoked in the assign- 
ment of the methyl signals for 27. As in the case of 
the latter, introduction of an endo methoxy or endo 
acetoxy substituent on the methylene carbon 
adjacent to the carbon bearing the geminal methyl 
groups, as in 17 and 6, leads to an increase in the 
chemical shift difference between the geminal-methyl 
protons that can be interpreted as resulting from an 
upfield shift of the endo methyl signal and a down- 
field shift of the exo methyl signal. Similarly, the 
signals of 32, at 6 1.03 (3H) and 1.28 (6H) can be 
assigned to the endo C-5 methyl group and a com- 
bination of the exo C-5 and the C-1 methyl groups, 
respectively, and again in analogy with the mono- 
ketone series, the effect of endo halogen substitution 
as in 23 and 26 can be interpreted in terms of down- 
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TABLE 4. Infrared and 'H nmr spectra of isofenchoquinone (32) and 6-etzdo-halo-substituted 1,5,5-trimethyl-2,3-norbornanediones 

o&H 

0 
X 

32 23 26 
Spectrum Assignment (X = H) (X = C1) (X = Br) 

h,,,(CCI,) ( ~ m )  C=o 5.65,5.70 5.64,5.71 5.63,5.69 
6, (CDC1,)B endo-5-Me 1 .03(s) 1 .07(s) I .  ll(s) 

exo-5-Me 1 . 2 8 ( ~ ) ~  1 .36(s) 1 .37(s) 
I-Me 1 . 2 8 ( ~ ) ~  1 .33(s) 1 .30(s) 
anti-7 1 .4-2.6(m)" 1 .91(dd,J= 13,1.5Hz) 2.01(dd, J = 12.5, 1.5 Hz) 
syn-7 2.43(dd, J = 13, 1 .5  Hz) 2.54(dd, J = 12.5, 1 .5  Hz) 

4 2.58(m) 2.73(m) 2.78(m) 
6 3.96(d, J = 1.2Hz)  4.07(d, J = 1.25 Hz) 

'The relative intensit~es of the 'H nmr signals are in accord w ~ t h  the assignments 
bSuperlmposed signals. 
<Also includes H-6 s~gnals 

field shifts of the signals of both the adjacent exo and rise to a signal at lower field because of shielding of 
endo methyl protons, with the former effect having the C-4 proton by the C-C bond of the exo C-5 
the greater magnitude. methyl group (35). The downfield bridgehead proton 

The signals of the C-7 protons of 17 and 6 each multiplet has a considerably greater band width, 
appear as doublets of triplets with approximate reflecting the additional coupling of the C-1 proton 
values of J,,,,, of 12-13 Hz and J,,,, (-J,,,, J,,,, - with the exo C-6 proton. The downfield shift of this 
J,,,,) of 1.5 Hz. The lower-field signal in each case signal in the spectra of 17 and 6 is attributable to the 
(6 2.40 and 2.60, respectively) is assigned to the syn electron-withdrawing effect of the endo C-6 oxygen 
proton and the higher-field signal (6 1.93 and 2.03, substituents. In accord with these interpretations, no 
respectively) to the anti proton, in analogy with the signals appear in the 6 3.0-3.5 region of the spectra 
relationship between the chemical shifts of the syn of compounds 32, 23, and 26. 
and anti C-7 proton signals of 29 (22). The assign- The exo C-6 signals in the spectra of 17 and 6 
ment is corroborated by the observation that the appear as doublets of doublets with J -- 5 and 1 Hz. 
signal of the anti C-7 proton of the cr-dione 33 The larger splitting is expected as a result of coupling 
appears at 6 2.26;, it would be expected that this with the C-1 proton but the smaller is unusual in 
would be downfield from the signal of the anti C-7 that it does not correspond to any of the common 
protons of 17 and 6 because of deshielding by the 'W pattern' long-range proton couplings in the 
C-7 methyl group in 33. The C-7 proton signals of norbornane system (33). That it involves long-range 
23 and 26 each appear as doublets of doublets with coupling with the C-4 proton was demonstrated by 
J s 13 and 1.5 Hz, and again the lower-field signals irradiation at the frequency of the C-4 proton 
are assigned to the syn proton and the higher-field signal (vide infia) in each case, which led to  the 
signals to the anti-protons. collapse of the C-6 proton signals to doublets with 

Multiplets at 6 3.4 and 3.33 in the spectra of 17 J = 4.8 and 5 Hz, respectively. Analogous long- 
and 6, respectively, are assigned to the C-1 protons; range coupling is also observed in the spectra of 23 
the latter has I V ~ , ~  10 HZ as expected to result and 26, where the exo C-6 protons give rise to 
from coupling J = 1-2 Hz with syn and anti C-7 and doublets with J = 1.2 and 1.25 Hz, respectively. 
C-4 protons and J - 5 Hz with the exo C-6 proton Similar, unusual long-range couplings have been 
(vide infra); in the case of 17 the multiplet is partially observed in the spectra of the cr-diketones 34 and 35 
obscured by the methoxyl signal at 6 3.38. The 
chemical shifts of these multiplets may be compared 
with the chemical shift of the signal assigned to the 
C-1 proton (6 3.05) in the parent compound 31. This 
assignment is made in the expectation that, of the 
two bridgehead protons, the C-1 proton will give O A& 0COC6H5 :AH 0COC6H5 

'P. Yates and D.  G. B. Boocock. Unpublished results. 33 34 35 
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TABLE 5. Infrared and 'H nmr spectra of 3-diazo-6,6-dimethyl-2-norbornanone (36) and 5-endo-oxygen-substituted 3-diazo-6,6- 
dimethyl-2-norbornanones 

36 2 1 
Spectrum Assignment (X = H) (X = OMe) (X = OAc) 

+ - 
Lmax(CC14) ( ~ m )  C=N=N 

c=o 
+ - 

C=N=N 
c-0 

8~ (CDC13)' endo-6-Me 
exo-6-Me 

7 
1 
4 
5 

OMe, OAc 

4.82 
5.77,5.90 

7.32 
8.09 

0.94(s) 
1 .27(s) 
1.91(m) 
2.27(m) 
3 .63(m) 

5.03(d, J = 3.6 Hz) 
2.06(s) 

OThe relative intensities o f  the 'H nmr signals are in accord with the assignments. 
hoverlapping signals. 

TABLE 6. Infrared and 'H nmr spectra of 3-diazoepiisofenchone (37) and 5-endo-halo-substituted 3-diazo-6,6-dimethyl-2- 
norbornanones 

37 3 
Spectrum Assignment (X = H) (X = C1) 

4 
(X = Br) 

8~ (CDCI3y endo-6-Me 1 . 10(s) 1 .12(s) 
exo-6-Me 1 .17(s) 1 .25(s) 

4-Me 1 .43(s) 1.51(s) 
7 1 .60(br s) 1.90(d, J = 1 . 7  Hz) 
1 2.20(m) 2.30( t ,J= 1 .7Hz)  
5 1.7-2.1(m) 3.92(s) 

OThe relative intensities o f  the 'H nmr signals are in accord with the assignments. 

4.82 
5.90 

7.42,7.62 

1.18(s) 
1 .22(s) 
1 .50(s) 

1.98(d, J = 1 .5  Hz) 
2 .33( t ,J= 1 .5  Hz) 

4.08(s) 

(36), and we have discussed the origin of such 
couplings elsewhere (37). Although such couplings 
with J 2 1 Hz have only been observed for a-dike- 
tones, it should be pointed out, that analogous, albeit 
smaller, couplings have been observed in the case of 
2-norbornanone (29), where J 1 , 5 x  = 0.15 HZ and 
J,,,, = 0.65 Hz, although J,,,, = 0.0 Hz (22). 

Multiplets at 6 2.6-2.8 in the spectra of all the 
compounds ir? Tables 3 and 4 are assigned to the C-4 
protons, as discussed earlier for the case of 31. In the 
case of 17 and 6 these signals have a considerably 
narrower bandwidth than the signals assigned to the 
C-1 protons, as for 31, and appear as quintuplets 

with peak separations of - 1.5 Hz, in accord with 
previously assigned couplings of this order of 
magnitude between the C-4 and C-1, exo C-6, C-7,, 
and C-7, protons. 

The strong bands in the ir spectra and the 'H nmr 
signals of the endo C-5 hetero-atom-substituted 
3-diazo-2-norbornanones are given in Tables 5 and 6, 
together with corresponding data (19) for the parent 
3-diazo-6,6-dimethyl-2-norbornanone (36) and 3- 
diazoepiisofenchone (37). 

Assignments of the 'H nmr signals to the methyl 
protons are made on the basis of considerations 
analogous to those discussed previously. The effects 
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36 37 

of the introduction of the endo C-5 hetero-atom 
substituents on the positions of the methyl 
signals are entirely analogous to those found for the 
corresponding mono- and a-diketones. It is note- 
worthy that in the cases of all pairs of similarly sub- 
stituted a-diazo ketones and diketones, the endo C-6 
methyl signal is shifted downfield in the diazo ketone 
spectrum whereas the exo C-6 methyl signal is shifted 
upfield. Comparison of the chemical shifts of the 
bridgehead methyl protons in 3, 4, and 37 with those 
in the corresponding diketones shows that replace- 
ment of the 3-keto group with a 3-diazo group leads 
to a downfield shift of this signal (A6 0.15-0.2). 

The syn and anti C-7 protons in the spectra of the 
diazo ketones 1-4 are approximately chemically 
equivalent, unlike the C-7 protons in the correspond- 
ing diketones, and give rise to signals whose chemical 
shifts are similar to those of the anti C-7 protons in 
these diketones but appreciably upfield of the syn 
C-7 proton signals. 

The signals of the bridgehead protons of diazo 
compounds 1, 2, and 36 appear as multiplets in the 
ranges 6 2.2-2.3 and 3.5-3.65. The former are 
assigned to the C-1 and the latter to the C-4 protons 
on the basis of comparison with the C-1 proton 
signals of the diazo ketones 3, 4, and 37, which 
appear in the range 6 2.2-2.3 and of comparisons of 
the chemical shifts of the bridgehead protons of 
3-diazoapocamphor (38) (6 2.06, 2.92) with that of 
the bridgehead proton of 3-diazocamphor (39) (6 
2.92) (38) and those of the bridgehead protons of 
3-diazo-2-norbornanone (40) (6 2.62, 3.50) (39) with 
that of 3-diazo-P-santenone (41) (6 3.15).' When 
account is taken of anisotropic shielding (A6 - 0.3 
per methyl group) of the bridgehead protons in 38, 
39, and 41 by the C-CH, bonds of the C-7 methyl 

groups, it can be seen that the C-4 proton signals of 
3-diazo-2-norbornanones occur at considerably lower 
field than the C-1 proton signals. Comparison with 
the corresponding a-diketones shows that the C-4 
proton signals are shifted downfield whereas the C-1 

proton signals are shifted upfield. In accord with the 
above differentiation between the chemical shifts of 
the C-1 and C-4 protons the single C-1 bridgehead 
proton signals of 3, 4, and 37 occur in the range 
6 2.2-2.3. The bandwidths and multiplicities of the 
signals assigned to the bridgehead protons of the 
diazo ketones are in accord with the attributions. 
Thus in the spectra of 1 and 2 the multiplets at 6 2.27 
and 2.18, respectively, assigned to the C-1 protons 
are much narrower than the multiplets at 6 3.63 and 
3.65, respectively, assigned to the C-4 protons. In 
each case the bridgehead proton is coupled with the 
other bridgehead proton and the C-7 protons but the 
C-4 protons are in addition coupled with the exo C-5 
protons, accounting for the greater width of their 
signals. The multiplicities of the C-5 proton signals 
of 1-4 are of particular interest. In the case of 1 the 
signal is a doublet with J = 3.6 Hz, arising from 
coupling with the C-4 proton; in that of 2, an 
analogous doublet can be discerned although here it 
overlaps with the signal due to the C-4 proton. In 
the cases of 3 and 4 the C-5 proton signals appear as 
singlets. These observations show that the coupling 
in these diazo ketones between the exo C-5 and C-1 
protons, if any, is significantly less than in the case 
of the corresponding diketones. Possible interpreta- 
tions of the enhanced coupling of this type in the 
diketone spectra have been discussed previously (37). 

Experimental 
Melting points and boiling points are uncorrected. Infrared 

spectra were recorded with carbon tetrachloride as solvent 
unless otherwise specified. Proton magnetic resonance spectra 
were recorded with deuteriochloroform as solvent. Solutions 
in organic solvents were dried over anhydrous magnesium 
sulfate and evaporated with a rotary evaporator unless other- 
wise specified. 

Camphenilone (11) 
Camphenilone was prepared by ozonolysis of dl-camphene 

(Aldrich; 80%, remainder tricyclene) (40) or by conversion of 
camphene to w-nitrocamphene with nitrogen dioxide followed 
by treatment of this with aqueous sodium hydroxide (41); bp 
78-83"C/18 Torr (lit. (42) bp 7&80°C/11 Torr); h,,,: 5.75 pm; 

1.2-2.6 (m, 8H), 1.02 (s), and 1.00 (s) (6H). 

endo-Camphenilol(l2) 
A solution of camphenilone (11, 55.3 g) in anhydrous ether 

(100mL) was added dropwise with stirring at a rate that 
maintained gentle refluxing to lithium aluminum hydride 
(9.0 g) in anhydrous ether (100 mL). After the addition was 
complete, the reaction mixture was stirred and boiled under 
reflux for 1 h. The excess lithium aluminum hydride was 
decomposed by cautious dropwise addition of water to the 
ice-cooled, stirred slurry. The aqueous layer was made homo- 
geneous by addition of 5% sulfuric acid and the ethereal layer 
was separated. The aqueous layer was extracted with ether 
(4 x 100 mL) and the combined ethereal extracts were dried 
and filtered. The ether was removed and the residue was 
recrystallized from hexane to give 12 (34.5 g). Slow evapora- 
tion of hexane from the filtrate gave further 12 (16.0 g; total 
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yield, 50.5 g, go%), mp 71-73°C (lit. (7) mp 6&69"C); A,,,: 
2.75 pm; 6,: 3.66 (br d, J = 4 Hz, lH), 2.2 (m, IH), 2.0 (s, 
shifts on dilution, lH), 1.2-1.9 (m, 7H), 0.99 (s, 3H), 0.85 
(s, 3H). 

endo-Camphenilyl Acetate (13) 
A solution of endo-camphenilol (12, 78.7 g) in acetic 

anhydride (280 mL) and pyridine (400 mL) was boiled under 
reflux with stirring for 3 h, cooled, and poured into a large 
amount of ice water. The mixture was extracted four times 
with ether. The combined ethereal extracts were washed with 
10% hydrochloric acid, aqueous sodium bicarbonate, and 
water and dried. Distillation gave 13 (91.3 g, 89%), bp 98-9g0C/ 
17 Torr (lit. (7) bp 97-9g°C/14 Torr); h,,,: 5.80, 8.09 pm; 
6,: 4.58 (br d, J = 4.0 HZ, IH), 2.2 (m, IH), 2.02 (s, 3H), 
1.2-1.9 (m, 7H), 1.06 (s, 3H), 0.82 (s, 3H). 

5-endo-Acetoxy-6,6-dimethylbicyclo[2.2.1]heptan-2-one (14)  
A slurry of pulverized chromium trioxide (50 g) in glacial 

acetic acid (100 mL) was carefully added in small portions 
over 1 h to a stirred solution of endo-camphenilyl acetate (13, 
25.0 g) in glacial acetic acid (35 mL) at a rate such that the 
reaction mixture temperature was maintained below 100°C. 
After the addition was complete, the solution was boiled under 
reflux and stirred for 30 min, cooled, and transferred to a 
separatory funnel with water (1200 mL). The green solution 
was extracted with ether (7 x 100mL), and the combined 
ethereal extracts were washed with water (3 x 200 mL) and 
with saturated aqueous sodium bicarbonate (100 mL) and 
were dried. Distillation gave 13 (7.2 g), bp 42-5OoC/25 x 
Torr, and 14 (6.76 g, 3573, bp 7@7l0C/25 x Torr (lit. 
(7) bp 91-10O0C/1.2 Torr); the product solidified slowly on 
standing at - 20°C. One recrystallization from hexane gave a 
white solid, mp 61.&63.OoC (lit. (7) mp 65.@65.5"C); h,,,: 
5.74, 7.10, 8.10 pm; 6,: 4.89 (dd, J = 4.2 and 1.0 Hz, lH), 
2.83(m, lH),2.07(~,3H),2.1-2.3and 1.&2.0(m,5H), 1.23 
(s, 3H), 0.83 (s, 3H). 

6-endo-Acetoxy-5,5-dimet/1ylbicyclo[2.2.I]heptane-2,3- 
&one ( 6 )  

A mixture of 14 (1.0 g), selenium dioxide (Alfa, 1.0 g), and 
bromobenzene (15 mL) was boiled under reflux with stirring 
for 9 h. The reaction was conveniently followed by examining 
the 'H nmr spectra of aliquots that showed, when the reaction 
was complete, signal patterns identical with those in the 'H 
nmr spectrum of 6 in benzene. The yellow solution was cooled 
and chromatographed on Florisil (100 g). Elution with 
benzene (750 mL) gave bromobenzene. Elution with 50% 
ether-benzene (450 mL) gave 6 as a yellow solid (0.75 g, 70%), 
mp 120.5-122.0°C (lit. (7) mp 121-122°C); h,,,: 5.61, 5.68, 
5.72, 8.12 pm; 6,,: 5.14 (dd, J = 5.2 and 1.0 Hz, lH), 3.33 (m, 
lH), 2.71 (m, lH), 2.60 (dt, J = 12 and 1.5 Hz, lH), 2.03 (dt, 
J = 12and 1.5Hz, lH), 2.06(s, 3H), 1.41 (s, 3H),0.91 (s, 3H). 

6-endo-Acetoxy-5,5-dimethylbicyclo[2.2.1]heptane-2,3- 
dione 2-p-Toluenesuljb~~ylhydrazone (7) 

A warm solution of tosylhydrazine (0.96 g, 5.15 mmol) in 
glacial acetic acid (2.7 mL) was added to a warm solution of 6 
(1.00 g, 4.75 mmol) in glacial acetic acid (1.6 mL). After 
standing at room temperature for 0.5 h the yellow solution 
was added dropwise to ice (100 g), forming a white precipitate 
that was filtered, washed thoroughly with water, and air dried 
overnight to give 7 (1.60 g, 8873, mp 159.5-162.0°C (lit. (7) 
mp 161-162°C); h,,,: (CHCI,) 5.78,6.11,6.26 pm; 6,: 7.7-8.0 
(m, 2H), 7.2-7.5 (m, 2H), 4.90 (d, J = 4 Hz, 1 H), 3.25 (m, 1 H), 
1.7-2.6 (m, 10H) with singlets at 2.40 (3H) and 1.79 (3H), 1.28 
(s, 3H), 0.78 (s, 3H). 

5-endo-Acetoxy-3-diazo-6,6-dimethylbicyclo[2.2.1]heptan-2- 
one ( I )  

A slurry of tosylhydrazone 7 (0.72 g) in benzene was placed 
on a 2.5 x 0.5 in. column of basic alumina (Merck 71707, 
2.5 x 0.5 in.) packed in benzene. The reaction mixture was 
eluted with benzene. The first 600 mL of eluate contained 
most of the product. Any solid tosylhydrazone that remained 
on top of the column was mixed with the alumina by means 
of a long rod and elution with benzene was continued. Evap- 
oration of the benzene from the eluate, and recrystallization 
of the residual solid from a small amount of hexane afforded 1 
as yellow crystals (0.295 g, 70%), mp 69.&71.OoC (lit. (7) mp 
7&7loC); A,,,: 4.82, 5.77, 5.90, 7.32, 8.09 pm; 6,: 5.03 (d, 
J = 3.6 Hz, IH), 3.63 (m, lH), 2.27 (m, lH), 2.06 (s, 3H), 1.91 
(m, 2H), 1.27 (s, 3H), 0.94 (s, 3H). 

5-endo-Hydroxy-6,6-din~ethylbicyclo[2.2.I]hepta11-2-o11e (15) 
A solution of 14 (2.0 g) in 50% methanol-water (24 mL) 

and potassium carbonate (5.0 g) was boiled under reflux with 
stirring for 2.5 h. After cooling the red solution was extracted 
with ether (70 and 35 mL) and the combined ethereal extracts 
were dried and filtered. Evaporation of the ether afforded the 
hygroscopic keto alcohol 15 (1.25 g, go%), which was a semi- 
solid at room temperature; h,,,: 2.82, 2.95, 5.74, 7.11 pm; 
6,: 3.98 (dd, J = 4.0 and 1.0 Hz, lH), 3.02 (s, shifts on 
dilution, lH), 2.7 (m, lH), 1.3-2.4 (m, 5H), 1.12 (s, 3H), 0.88 
(s, 3H). 

5-endo-Met/1oxy-6,6-ditnethylbicyclo[2.2.l]heptane-2-one (16) 
To a stirred mixture of 15 (1.25 g), methyl iodide (1.4 mL), 

1,2-dimethoxyethane (10 mL), and anhydrous sodium sulfate 
(ca. 0.2 g) was added over 0.5 h pure sodium hydride obtained 
by washing a 53% dispersion of sodium hydride (0.440 g) in 
oil three times with ether and drying under a stream of 
nitrogen. After an additional 0.5 h of stirring, further methyl 
iodide (0.5 mL) was added and the mixture was stirred over- 
night. The mixture was filtered, and the ether and excess 
methyl iodide were evaporated. The product was treated with 
warm hexane (40 mL) and the hexane-soluble fraction was 
decanted. Evaporation of the hexane gave 16 (88% pure as  
determined by vpc; 0.95 g, 69%). The impure 16 (100 mg) was 
chromatographed on Florisil (log). After elution with 
benzene (175 mL) and 5% ether-benzene (40 mL), pure 16 
(24mg) was obtained from the next 20 mL of 5% ether- 
benzene eluate; bp 56"C/50 x Torr); h,.,: 3.53, 5.74, 
7.11, 9.00 pm; 6,: 3.44 (dd, J = 4.0 and 1.1 Hz, lH), 3.34 
(s, 3H), 2.8 (m, lH), 1.3-2.2(m, 5H), 1.14(s, 3H), 0.88(s, 3H). 
Anal. calcd. for CloHl,OZ: C 71.39, H 9.59; found: C71.65, 
H 9.55. 

, - , ,  
A mixture of 16 (0.99 g), 14 (0.20 g), selenium dioxide (Alfa, 

0.99 g), and bromobenzene (6.6 mL) was stirred and heated in 
an oil bath at 150°C for ca. 4 h. As the reaction proceeded, the 
'H nmr spectra of aliquots showed a new signal, assigned to  
the methoxyl protons of 17, at  slightly lower field than the 
signal attributed to the methoxyl protons of 16. The red 
solution was cooled and chromatographed on Florisil(l50 g). 
Elution with benzene (600 mL) gave bromobenzene and 
elution with a further 50 mL of benzene gave 14. Elution with 
a further 250 mL of benzene gave crude 17 (193 mg), which 
was recrystallized from hexane to give 17 (148 mg, 14%) as 
yellow crystals, mp 54.5-555°C; h,.,: 5.64, 5.70, 9.08 pm; 
6,: 3.72 (dd, J = 4.8 and 1.0 Hz, IH), 3.4 (m) and 3.38 (s) 
(4H), 2.65 (m, lH), 2.40 (dt, J = 13 and 1.5 Hz, lH), 1.93 (dt, 
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J  = 13 and 1.5 Hz, lH), 1.32 (s, 3H), 0.94 (s, 3H). Anal. calcd. 
for ClOHl,O3: C 65.91, H 7.74; found: C 65.81, H 7.89. 

3-Diazo-5-endo-n1et/1oxy-6,6-din1ethylbicyclo[2.2.1]heptan-2- 
one ( 2 )  

A warm solution of tosylhydrazine (75 mg, 0.40 mmol) in 
glacial acetic acid (0.2 mL) was added to a warm solution of 17 
(65 mg, 0.36 mmol) in glacial acetic acid (0.2 mL). After 
standing for 2.5 h at room temperature the yellow solution 
was added dropwise to ice (10 g), forming a light yellow 
precipitate of tosylhydrazone 18 that was collected and 
washed thoroughly with water. Five millilitres of 0.3 M 
aqueous sodium hydroxide was added to the tosylhydrazone 
and the yellow solution that formed after a few minutes of 
stirring was stirred vigorously with hexane (20 mL) for 0.5 h. 
The hexane layer was removed, ether (25 mL) was added, and 
the mixture was stirred vigorously for 2 h. The ethereal layer 
was removed, fresh ether (25 mL) was added, and the mixture 
was again stirred vigorously for 2 h. This process was repeated 
until the ethereal layer was colorless (ca. 8 h). The combined 
organic extracts were dried over anhydrous sodium sulfate for 
4 h and filtered. Evaporation of the solvent gave 2 (39 mg, 
57%) as a yellow oil that solidified on standing, mp 57-59°C; 
h,,,: 4.82, 5.90, 7.35, 9.05 pm; 6,: 3.65 (m, lH), 3.60 (d, 
J =  3.4Hz, lH), 3.36 (s, 3H), 2.18 (m, lH), 1.79 (t, J  = 1.8 
Hz, 2H), 1.19 (s, 3H), 0.99 (s, 3H). Mol. Wt. calcd. for 
CloH14N20, : 194.1055; found (ms): 194.1050. 

6-endo-Chloro-l,5,5-trin1ef/1ylbicyclo[2.2.1]/1eptat1-2-exo-ol 
(21) 

An ice-cooled solution of trans-pinocarveol (20, 5.0 g) (42) 
in anhydrous ether (25 mL) was saturated with hydrogen 
chloride. The light brown solution was kept at 0°C for 20 h 
and poured onto ice (80 g). Ether (50 mL) was added and the 
ethereal extract was washed with water (4 x 50 mL), dried, 
and filtered. Evaporation of the ether afforded 21 (5.89 g, 92%) 
as a volatile solid, mp 84-91°C (lit. (16) mp 99.5"C); 6,: 4.02 
(ddd, J  = 7.0, 3.5, and 1.3 Hz, lH), 3.69 (s, lH), 1.3-2.8 (m, 
including a singlet at 2.2 that shifts on dilution, 6H), 1.15 (s, 
3H), 1.06 (s, 3H), 0.95 (s, 3H). 

6-endo-Chloro-1,5,5-/ritt1ethylbicyclo[2.2.1]/1epta~~-2-ot1e (22) 
To an ice-cooled, stirred solution of 21 (4.9 g) in glacial 

acetic acid (12 mL) was added dropwise a solution of chro- 
mium trioxide (4.0 g) in a small amount of water and glacial 
acetic acid (18 mL). After 22 h standing the dark green 
solution was poured into water (100 mL) and extracted with 
ether (2 x 75 mL). The ethereal extracts were washed with 
saturated aqueous sodium bicarbonate and dried. Distillation 
afforded 22 (1.77 g, 3773, bp 93-97"C/2 Torr (lit. (15) bp 
132-122"C/15 Torr); A,,,: 5.71, 7.10 pm; 6,: 3.81 (s, lH), 
1.3-2.9 (m, 5H), 1.30 (s, 3H), 1.20 (s, 3H). 1.12 (s, 3H). 

6-endo-C/1loro-l,5,5-trit~1et/~lbicyclo[2.2.l]heptane-2,3- 
dime (23) 

A mixture of 22 (100 mg), glacial acetic acid (2 mL), and 
selenium dioxide (150 mg) was boiled under reflux with 
stirring for 19 h, cooled, poured into water, and extracted with 
ether (2 x 20 mL). The ethereal extracts were washed with 
saturated aqueous sodium bicarbonate, dried, and filtered. 
Evaporation of the ether and recrystallization of the residue 
from hexane afforded 23 (33 mg, 31%) as yellow needles, mp 
108-1 14°C; further recrystallizations gave yellow needles, mp 
115.0-116.2"C; A,,,: 5.64, 5.71 pm; 6,: 3.96 (d, J =  1.2 Hz, 
lH), 2.73 (m, lH), 2.43 (dd, J  = 13 and 1.5 Hz, lH), 1.91 (dd, 
J  = 13 and 1.5 Hz, 1 H), 1.36 (s) and 1.33 (s) (6H), 1.07 (s, 3H). 
Anal. calcd. for CloH1302CI: C 59.87, H 6.53, C1 17.67; 
found: C 59.69, H 6.40, C1 17.44. 

5-endo-Chloro-3-diazo-4,6,6-trir,1e~hylbicyclo[2.2.1]he~ran-2- 
one (3) 

A warm solution of tosylhydrazine (152 mg, 0.82 mmol) in 
glacial acetic acid (1.4 mL) was added to a warm solution of 23 
(148 mg, 0.74 mmol) in glacial acetic acid (0.7 mL). After 
standing for 1.25 h at room temperature the yellow solution 
was added dropwise to ice (14g) forming a light yellow 
precipitate, which was collected and washed with water. Five 
millilitres of 0.3 M aqueous sodium hydroxide was added to 
the solid and the mixture was stirred for a few minutes until a 
yellow solution formed. Hexane (5 mL) was added, and the 
mixture was stirred vigorously for 1 h. The yellow hexane 
layer was removed, further hexane (5 mL) was added, the 
mixture was stirred vigorously for a further 2.5 h, and the 
faintly yellow hexane layer was removed. The combined 
hexane extracts were dried and filtered. Evaporation of the 
ether and recrystallization of the residue from hexane afforded 
3 (95 mg, 62%) as yellow needles, mp 77-79°C; h,,,: 4.82, 
5.90, 7.41, 7.51 pm; 6,: 3.92 (s, lH), 2.30 (t, J  = 1.7 Hz, lH), 
1.90 (d, J  = 1.7 Hz, 2H), 1.51 (s, 3H), 1.25 (s, 3H), 1.12 (s, 
3H). Anal. calcd. for CloH13N20CI: C56.48, H6.16, 
C1 16.67; found: C 56.32, H 6.19, C1 16.28. 

6-endo-Brot~1o-l,5,5-trimethylbicyclo[2.2.1]heptan-2-exo-ol 
(24)  

An ice-cooled solution of rratls-pinocarveol (20, 19.3 g) (46) 
in anhydrous ether (90mL) was saturated with hydrogen 
bromide and kept at 0°C for 20 h. Evaporation of the ether 
and excess hydrogen bromide followed by air drying for 0.5 h 
gave 24 (26.0 g, 88%). After one recrystallization from 
petroleum ether (bp 60-70°C) 24 was obtained as fluffy white 
needles, mp 111-114°C (lit. (17) 118-119°C); h,,,: 2.79, 9.45 
pm; 6,: 3.97 (ddd, J  = 7.4, 3.5, and 0.8 Hz, lH), 3.85 (s, lH), 
1.3-2.8 (m, including a singlet at 2.2 that shifts on dilution, 
6H), 1.18(s,3H), 1.08(s,3H), 1.02(s,3H). 

6-endo-Bron1o-l,5,5-tritne//rylbicyclo[2.2.1]hep~at1-2-one ( 25 )  
The method used was similar to that previously described 

(17). To the complex formed from chromium trioxide (8.3 g) 
and pyridine (125 mL) was added a solution of 24 (5.0 g) in 
pyridine (8 mL), and the mixture was stirred at room tem- 
perature for 44 h. The reaction mixture was poured into a 
separatory funnel, and ether (400 mL) and a solution of con- 
centrated hydrochloric acid (137 mL) in water (250 mL) was 
added. The emulsion that formed on shaking this mixture was 
filtered to separate a brown sludge. The ethereal layer from 
the filtrate was washed with 10% hydrochloric acid (2 x 50 
mL) and saturated aqueous sodium bicarbonate (2 x 50 mL), 
dried, and filtered. Evaporation of the ether afforded 25 (3.73 
g,75%); hm,,:5.71,7.l2pm;6,:3.93(s, lH), 1.3-2.7(m,5H), 
1.28 (s, 3H), 1.15 (s, 6H). 

6-endo-Brot~7o-l,5,5-tritnet/1ylbicyclo[2.2. Ilheptane-2,3- 
dione (26) 

A mixture of 25 (0.50g), selenium dioxide (0.75 g), and 
acetic acid (10 mL) was boiled under reflux with stirring for 
3.5 h. The mixture was cooled and ether (150 mL) was added. 
The ethereal solution was washed with saturated aqueous 
sodium bicarbonate until the evolution of carbon dioxide 
ceased, dried, and filtered. Evaporation of the ether afforded a 
red oil. Hexane (20 mL) was added to the oil, the mixture was 
heated, and the hexane-soluble fraction was decanted and 
cooled to - 20°C, affording orange crystals (190 mg). Sub- 
limation at 80°C/50 x Torr gave 26 (161 mg, 31%) as a 
yellow solid, mp 120-123°C; recrystallizations from hexane 
raised the melting point to 131.5-132.5"C; h,,,: 5.63,5.69 pm; 
6,: 4.07 (d, J  = 1.25 Hz, lH), 2.78 (m, lH), 2.54 (dd, J  = 12.5 
and 1.5 Hz, lH), 2.01 (dd, J  = 12.5 and 1.5 Hz, lH), 1.37 (s, 
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3H), 1.30 (s, 3H), 1.1 1 (s, 3H). Anal. calcd. for CIoHl30,Br:  
C 49.00, H 5.35, Br 32.60; found: C 48.97, H 5.49, Br 32.48. 

5-endo-B~orr1o-3-diazo-4,6,6-tri11~etl7ylbicyclo[2.2. I]hepta~z-2- 
one (4) 

A warm solution of tosylhydrazine (250 mg, 1.34 mmol) in 
glacial acetic acid (2.4 mL) was added to a warm solution of 
26 (290 mg, 1.18 mmol) in glacial acetic acid (1.2 mL). After 
standing for 2.0 h in an oil bath at 50°C the yellow solution 
was added dropwise to ice (15 g) forming a light yellow pre- 
cipitate that was collected on a sintered glass funnel, washed 
thoroughly with water, and dried in a desiccator in vncuo 
overnight. The tosylhydrazone (mp 136-139°C; 510 mg, 86%) 
was dissolved in benzene and placed on a column of basic 
alumina (Merck 71707, 3.0 x 0.5 in.), and the product was 
eluted with benzene (200 mL). Evaporation of the benzene, and 
recrystallization of the residual yellow solid from hexane 
afforded 4 (194 mg, 64% based on 26) as yellow needles, mp 
95.C96.5"C; further recrystallizations raised the melting point 
to 99.0-100.O0C; k,,,: 4.82, 5.90, 7.42, 7.62 pm; 6": 4.08 (s, 
1H),2.33 ( t , J =  1.5 Hz, lH),  1 . 9 8 ( d , J =  1.5Hz, 2H), 1.50 
(s, 3H), 1.22 (s) and 1.18 (s) (6H). Anal. calcd. for CloH13Nz- 
OBr: C 46.71, H 5.10, N 10.89, Br 31.08; found: C 46.85, 
H 5.23, N 10.52, Br 30.81. 
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Aliphatic diazo compounds. XIII. The copper-catalyzed decomposition of 
5-endo-hetero-atom-substituted 3-diazo-2-norbornanone~l~~ 
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PETER YATES and GORDON F. HAMBLY. Can. J .  Chem. 57. 1668 (1979). 
The copper-catalyzed decomposition of 5-endo-acetoxy-3-diazo-6,6-dimethyl-2-norborna- 

none (4) in dilute solution in benzene gives as the major product 2-acetoxy-5,5-dimethyl- 
tricycl0[2.2.1.O~*~]heptan-3-one (12) together with 5-endo-acetoxy-6,6-dimethyl-2-norborna- 
none (S), 6-endo-acetoxy-5,5-dimethyl-2,3-norbornanedione (9), and 5-endo-acetoxy-3-endo- 
hydroxy-6,6-dimethyl-2-norbornanone (10). The structure of 12 was established by its inde- 
pendent synthesis from 5-endo-bromo-7,7-dimethyl-2,3-norbornanedione (19) by treatment 
with lithium followed by acetic anhydride. Copper-catalyzed decomposition of 4 labelled with 
"0 in the acetoxyl carbonyl shows that the major pathway for the formation of 12 involves 
bonding of the carbenoid center at C-3 to the carbonyl oxygen of the acetoxyl group and not 
insertion into the endo C-5-oxygen bond. Similar copper-catalyzed decomposition of 5, the 
methoxy analogue of 4, gives only 9,9-dimethyl-5-oxatricyclo[4.2.1.03~7]nonan-2-one (31), the 
product of carbenoid insertion into a C-H bond of the methoxyl methyl group. Copper- 
catalyzed decomposition of 5-endo-chloro-3-diazo-4,6,6-trimethyl-2-norbornanone (6) and of 
7, its bromo analogue, gives as major products the corresponding a-diketones and azines; if 
insertion into the endo C-5-halogen bond occurs at all it can only represent a minor pathway. 
Thus although very ready carbenoid insertion into an endo C-5-hydrogen bond occurs in the 
copper-catalyzed decomposition of 3-diazo-2-norbornanones, such insertion into an endo 
C-5 - hetero atom bond occurs with difficulty, if at  all. 

PETER YATES et GORDON F. HAMBLY. Can. J. Chem. 57. 1668 (1979). 
La dCcomposition catalysee par le cuivre de I'acttoxy-5-eado diazo-3 dimethyl-6,6 nor- 

bornanone-2 (4) en solution diluie dans le benzene fournit l'acitoxy-2 dimethyl-5,5 tricyclo- 
[2.2.1.02.6]heptanone-3 (12) comme produit principal aux cbtts d'acetoxy-5-endo dimethyl-6,6 
norbornanone-2 (S), d'acitoxy-6-endo dimethyl-5,5 norbornanedione-2,3 (9) et d'acttoxy-5- 
endo hydroxy-3-endo dimethyl-6,6 norbornanone-2 (10). On a determine la structure de 12 en 
effectuant sa synthese a partir de la bromo-5-endo dimethyl-7,7 norbornanedione-2,3 (19) par 
une reaction avec du lithium suivie par de l'anhydride acktique. La decomposition catalysee 
par le cuivre de 4 dont le carbonyle de I'acetoxyle est marque au 1 8 0  demontre que la voie 
principale conduisant a la formation de 12 implique la liaison du centre carbenoi'de en C-3 a 
l'oxygene du carbonyle du groupe acetoxyle et non pas l'insertion dans la liaison C-5-oxygene 
endo. Une decomposition semblable, catalysee par le cuivre, de 5, I'analogue methoxyle de 4, 
ne fournit que la dimethyl-9,9 oxa-5 tricyclo[4.2.1.03~7]nonanone-2 (31), le produit provenant 
de l'insertion d'un carbenoi'de dans une liaison C-H du groupe methyle du methoxyle. Les 
compositions catalysees par le cuivre de la chloro-5-endo diazo-3 trimethyl-4,6,6 norbornanone 
(6) et de  7, son analogue bromt, conduisent aux a-dicetones et aux azines correspondants 
comme produits principaux; s'il se produit la moindre insertion dans la liaison C-5-halogene 
endo elle ne reprisente qu'une voie de reaction mineure. Donc, mCme s'il se produit des inser- 
tions faciles de carbenoi'des dans une liaison C-5-hydrogene lors de la decomposition catalysee 
par le cuivre de diazo-3 norbornanones-2, de telles insertions dans une liaison C-5 - hitero 
atome endo ne se produisent, au mieux, qu'avec difficulte. 

[Traduit par le journal] 

I t  has long been known that thermal or copper- (5) that such reactions involve loss of nitrogen from 
catalyzed decomposition of 3-diazocamphor (1) the a-diazo ketone to give an a-oxocarbene (e.g., 3) 
gives cyclocamphanone (2) (2). Several other 3-diazo- or a-oxocarbene-copper complex that undergoes 
bicyclo[2.2. I Iheptan -2 -ones (3 -diazo -2 - norborna - intramolecular C-H insertion to give the tricyclic 
nones) have been found to undergo analogous re- 
actions (3, 4) and it has become generally accepted 

'Dedicated to the memory of R. H.  F. Manske. 
=For paper XII, see ref. 1. 
'Present address: Chemistry Department, John Abbott N2 & O& & 

College, Ste. Anne de  Bellevue, P.Q., Canada H9X 3L9. 1 2 3 

0008-4042179113 1668- 1 1$0 1 .OO/O 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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YATES A N D  HAMBLY: 11 

k e t ~ n e . ~  In accord with such a mechanism, all of the 
3-diazo-2-norbornanones that have been reported to 
undergo the reaction possess an endo C-H bond at 
C-5. We thought it of interest to study the course of 
the copper-catalyzed decomposition of 3-diazo-2 
norbornanones, that possess an endo carbon - 
hetero atom bond at C-5 and to this end have 
examined the copper-catalyzed decomposition of the 
a-diazo ketones 4 7  (1). 

4 X =  OAc 6 X = C I  
5 X =  OMe 7 X = B r  

Products from the Copper-catalyzed Decomposition 
of the Diazo Ketones 

The diazo ketone 4 was decomposed in the pres- 
ence of an excess of copper in benzene under high 
dilution conditions to minimize the occurrence of 
bimolecular reactions. The product distribution from 
such decomposition of 4 was found to be remarkably 
dependent on the provenance of the copper used as 
catalyst. In general four products were obtained. 
Two of these were 8 and 9, compounds which were 

OAc OAc 

readily identified since they had been prepared as 
intermediates in the synthesis of 4 (1). 

Another product is assigned structure 10 on the 
following basis. Its mass spectrum showed that it is 
a compound C,  ,H1,O4 and its ir spectrum (A,,, 
2.95, 5.74 pm) indicated that it is a hydroxy ketone. 
Its 'H nmr spectrum indicated that it retains the 
CHOAc grouping (6 2.08 (s, 3H), 5.07 (br d, 
J = 4 Hz, 1H)) and has another proton on a carbon 
bearing an oxygen atom (6 4.03 (br d, J = 4 Hz)). 
This structural assignment was confirmed by hydro- 
genation of the dione 9, which gave a mixture whose 
major component is identical with the hydroxy 
ketone obtained from the copper-induced decompo- 
sition of 4, as indicated by its vpc retention time and 
'H nmr spectrum. The minor product is considered 
to be 11 on the basis of its 'H nmr spectrum (6 2.04 
(s), 4.22 (d, J = 4 Hz), 4.92 (d, J = 4 Hz)). The 
formation of the endo hydroxy isomers 10 and 11 on 

41n the case of 1 and its 4-methyl derivative, the reaction has 
also been shown to be catalyzed by silver salts (6). 

hydrogenation of 9 is expected since it involves addi- 
tion of hydrogen from the least hindered exo face (7). 

The fourth product from the copper-induced de- 
composition of 4 was the most volatile product and 
was the major product (74%) when the most active 
copper catalysts were used. Its elemental composi- 
tion and mass spectrum showed that it corresponds 
in composition to loss of nitrogen from 4. Its ir 
spectrum includes strong bands of equal intensity at 
5.60 and 5.65 pm suggesting the retention of two 
carbonyl groups. Its 'H  nmr spectrum shows a sharp 
three-proton singlet at 6 2.11 and no signals at lower 
field than 6 2.35, indicating the presence of a ter- 
tiary acetate and the absence of vinylic protons; it 
also shows two three-proton singlets at 6 1.05 and 
1.27, indicating the retention of the geminal methyl 
groups, and an apparent one-proton quintuplet 
( J  = 1.5 Hz) at 6 1.65 (vide infra). On the basis of 
these data and its origin, it was concluded that this 
product has structure 12. Thus the position of its ir 

AcO Odb Acoh 
12 13 14 

carbonyl stretching bands relative to those of cyclo- 
camphanone (2) and cycloapocamphanone (13) 
(5.70 pm)5 and of 1-acetoxynortricyclene (14) (5.68 
pm (8)) can be interpreted in terms of the well-known 
shift to lower wavelength of both carbonyl stretching 
bands of a-acetoxy ketones relative to the bands in 
the corresponding ketones and acetates (9a). It is 
noteworthy that the C-0 stretching band of the 
acetate group in 12 is at unusually long wavelength 
(8.28 pm) relative to simple acetates (8.0-8.1 pm 
(gb)), in accord with the observation of Jones and 
Herling (10) that the wavelengths of the C-0 bands 
of a number of steroid acetates are inversely related 

5Cycloapocamphanone (13) was prepared by the copper- 
catalyzed decomposition of 3-diazoapocamphor (4). 
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12 - 
H 

Br Br 

19 18 
SCHEME l 

to the wavelengths of their C=O bands. The geminal bromides that upon treatment with silver acetate in 
methyl signals in the 'H nrnr spectrum of 12 are more acetic acid, hydride reduction, and oxidation gave 
widely separated (A6 0.22) than they are in the spec- apocamphor (23) (16), since it appeared likely that 
trum of 13 (6 1.04 and 1.08 (4)), a circumstance that this mixture of bromides contained 17. Apopinene 
can be attributed to deshielding of one of the methyl (22) on treatment as described gave in high yield a 
groups in 12 by the acetoxyl group. The one-proton 
quintuplet at 6 1.65 is assigned to Ha (see 12'); its 
high-field position is attributed to shielding by the 
cyclopropane ring and its multiplicity to approx- 
imately equivalent vicinal coupling with H, and H, 
and long range (4J) coupling with H, and H, Y 
( J  - 1.5 Hz). Analogous long-range coupling has 20 X = H , Y = B r  22 23 

been observed in the spectrum of 13 (4) and corres- 21 X = B r , Y = H  

ponds to the well-known 'W-pattern' couplings of mixture of three compounds; 'H  nmr spectroscopy 
the C-1 and C-4 protons in 2-norbornanones (1 1). showed that the major product was 17 (- 53%) and 

The assignment of structure 12 to the major that this was accompanied by its exo isomer 24 
product from the copper-catalyzed decomposition 
of 4 was confirmed by an independent synthesis of 12 
by the route shown in Scheme 1. 

The spiro diene 15 (12)6 and vinyl bromide at 
170°C gave the Diels-Alder adduct 16 in good yield. 
The 'H  nmr spectrum of 16 shows a doublet of H 

triplets at 6 4.47 ( J  = 8.0, 3.5 Hz, lH), assigned to 24 25 

Ha; comparison with the spectra of endo- and exo-5- (-39%) (6 4.00 (dd, J = 8.5, 5.0 Hz)) and compound 
bromOnorbornene (20 and 21, (I3) 25 (8%) (6 3.71 (d, J = 2.0 Hz)) (1.15). It  was antici- 
leaves doubt that the has the 'On- pated that in the next step of the synthesis of 12 from 
figuration as in 16. Hydrogenation of 16 proceeded 17, which involves the chromic acid oxidation of the 
with the 'ptake of molar equiv. of hydrogen (I4) latter, the exo bromides 24 and 25 would undergo 
to give a ~ o b o r n ~ l  bromide (17) in high yield; this solvolysis and therefore 17 would not have to be 
shows a very broad mu l t i~ l e t  in its l H  nmr 'pectrum separated from the mixture of bromides. Although 
at 4'62 (~112  = 21 Hz), assigned to Ha, again this proved to be the case, it was found to be prefer- 
demonstrating the endo configuration (1, 15). able to synthesize 17 by the route of Scheme 1. 

An alternative route to 17 was investigated, based Chromic acid oxidation of apobornyl bromide 
on the report that addition of hydrogen bromide to (17) gave the ketone 18 in analogy with the similar 
a ~ o ~ i n e n e  (22) in gave a mixture of oxidation of other bornyl derivatives (17). Its ir 

thank Dr. John D .  Fenwick for providing us with a Spectrum shows a strong band at 5.71 pm and its 
sample of 15. 'H nmr spectrum shows a very broad multiplet 
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Y A T E S  A N D  H A M B L Y :  I1 

(w,!, = 21 Hz) at 6 4.78 analogous to that due to 
H, In the spectrum of 17. Selenium dioxide oxidation 
of 15 in bromobenzene gave the a-diketone 19, 
whose ir spectrum exhibits bands at 5.61 and 5.70 pm 
assigned to the coupled C=O stretching vibrations 
(18), similar to those at 5.63 and 5.69 pm in the spec- 
trum of compound 26, an intermediate in the prepa- 
ration of the diazo ketone 7 (1). The 'H nmr spec- 
trum of 19 shows two methyl-proton singlets at 
6 1.15 and 1.2 1 and five one-proton signals at 2.13, 
2.75, 2.94, 3.18, and 4.75, assigned, respectively, to 
H,, He, H,, H,, and H, (see 19'). The multiplicities 

of these signals could readily be interpreted in a 
first-order manner in terms of the following coupling 
constants: Jab = 5.0 Hz, J,, = 1.5 Hz, J,, = 15 Hz, 
J,, = lOHz, J,, = 0.8Hz, J,, =4 .0Hz,  J,, = 
5 Hz. These values are in general in accord with 
expectation (1 1, 15), with the exception of the un- 
usually large long range J,,. However, several other 
examples of such unusually large J,, values have been 
observed in the case of closely related 2,3-norbor- 
nanediones (1, 19), e.g., in the case of 26, J,, = 
1.25 Hz. 

The final step in Scheme 1, the conversion of 19 
to 12 by treatment with lithium followed by acetic 
anhydride was conceived on the basis of the report 
by Hamon and Sinclair (20) that 27 is converted to 

OAc 

28 by similar treatment. Because of the crucial 
nature of this final step in the synthetic scheme and 
the considerable difference between the substrates 19 
and 17, its feasibility was tested on the a-diketone 26, 
which is much more closely related to 19, before the 
synthetic scheme was embarked upon. Compound 
26 in ether was stirred with lithium for 2 days and 
the resulting solution was treated with acetic anhy- 
dride to give a product in 52% yield that is assigned 
structure 29. The close relationship of this structure 
to 12 is most readily seen from its representation as 
its enantiomorph, 29a. Its ir spectrum is very similar 
to that of 12, exhibiting strong bands at 5.61, 5.65, 
and 8.30 pm. Its 'H nmr spectrum shows four three- 
proton signals at 6 1.05, 1.21, 1.33, and 2.13 (cf. the 
three three-proton signals of 12 at 6 1.05, 1.27, and 

AcO & 
2.1 1). A one-proton signal a t  6 1.66 appears as a dis- 
torted quartet ( J  - 1.5 Hz) and is assigned to H, 
(cf. the quintuplet ( J  - 1.5 Hz) at 6 1.65 assigned to 
Ha of 12). A doublet ( J  = 1.7 Hz) at 6 1.82 is assigned 
to He, coupled with H,. The acetoxyl methyl singlet 
at 6 2.13 is suuerim~osed on a doublet at 6 2.10 
( J  = 1.5 Hz), the total intensity corresponding to 
five protons; this doublet is considered to arise 
from H, and H,, which are accidentally chemically 
equivalent and coupled with H,. 

The successful conversion of 26 to 29 encouraged 
us to pursue the synthesis of 12 via 19. Treatment of 
19 in ether with lithium followed by acetic anhydride 
gave a product in 50% yield that is identical with the 
most volatile product obtained in the copper-cata- 
lyzed decomposition of 4, thus firmly establishing its 
structure as 12. 

Preparatory to examining the copper-catalyzed 
decomposition of diazo ketone 5, the methoxy 
analogue of the acetoxy diazo ketone 4, we sought to 
synthesize 30, the analogue of 12, so that it could be 
readily recognized if it were a product from the 
decomposition of 5. Treatment of the bromo 
a-diketone 19 with lithium, followed by methyl 
iodide, gave no 30, but treatment with lithium 
followed by dimethyl sulfate afforded the volatile 
methoxy ketone in low yield.7 The ir spectrum of 30 
shows a strong C=O stretching band at 5.68 pm. 
Its 'H nmr spectrum is closely related to that of 12, 
exhibiting two C-CH, singlets at 6 1 .OO and 1.17, 
a quintuplet at 6 1.5 1 ( J  - 1.5 Hz) assigned to H,, a 
multiplet at 6 2.0-2.3 assigned to the other ring 
protons, and a methoxyl singlet at 6 3.47. 

Copper-catalyzed decomposition of 5 in benzene 
in the same manner as for 4 gave a single volatile 
product in 90% yield : this is considerably less volatile 
than 30. It was shown by high resolution mass 
spectrometry to have an elemental composition 
corresponding to the loss of nitrogen from 5, i.e., to  
be isomeric with 30. It  is assigned structure 31 on the 

'These results presumably reflect the greater reactivity of 
dimethyl sulfate as an alkylating agent (21). 
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basis of the following considerations. Its ir spectrum 
possesses a strong C=O stretching band at 5.73 pm. 
Its 'H nmr spectrum lacks a three-proton singlet in 
the 6 3-4 region. demonstrating that the methoxyl 
group is no longer present. Three-proton singlets at 
F 0.84 and 1.02 indicated the retention of the geminal 
methyl groups. A broad doublet ( J  = 4.8 Hz, 1H) at 
F 4.04 is assigned to H,, coupled with H, (see 31a); 

a two-proton multiplet at F 3.75-3.95 is assigned to 
Hi and Hj, which form the AB part of an ABX 
system, with H, acting as X. A doublet of triplets 
( J  = 12, 1.5 Hz, 1H) at F 1.82 is assigned to one of 
H, and H,; the other of these gives rise to a signal at 
F 2.03 that is a doublet ( J  - 12 Hz) with further small 
splittings but is partially obscured by a multiplet at 
F 2.09, assigned to H,. Broad multiplets at F 2.5 (1H) 
and 3.0 (1H) are assigned to H, and H,. The pattern 
of the multiplet assigned to Hi  and H j  is very 
similar to that reported for the corresponding 
protons in 32 and 33 (22); in addition, the chemical 
shifts of H,, Hi, and H j  in 31a relate well with those 
reported for the corresponding protons in 32 and 33. 

32 R =  Ac 
33 R = Tos 

A preliminary investigation of the copper-catalyzed 
decomposition of 6 in benzene in the same manner as 
for 4 and 5 gave two major products. One of these 
(48%) was readily identified as the a-diketone 34, 
which had been prepared as an intermediate in the 
synthesis of 6 (1). The other (32%) is considered to be 
a mixture of stereoisomeric azines 35, as indicated by 
its mass, ir, and 'H nmr spectra. In an attempt to 
eliminate azine formation the copper-catalyzed de- 
composition of 6 was carried out at very high dilu- 

tion (0.02% in benzene). The reaction required 10 
days for completion and still gave 35 (24%); 34 was 
again the major product (40%). There was only one 
minor component (-5%) that was sufficiently vola- 
tile to be 36, the analogue of 12. Fractions enriched in 
this product showed an ir band at 5.67 pm, but insuf- 
ficient material was available for purification and 

identification. Decomposition of 7 under similar high 
dilution conditions required 4 days and gave the a- 
diketone 37 (42%) and the azine 38 (28%). A third 
product (22%) that was considerably more volatile 

than 37 was formed. It had a band in its ir spectrum 
at 5.67 pm, and included peaks in its mass spectrum 
at mle 228 (9) and 230 (1 l), corresponding to the 
elemental composition of 39. But again insufficient 
material was available for purification and identifi- 
cation. A minor product (ir bands at 5.72 and 7.12 
(w) pm) is considered to be 40, the analogue of 8. 
Although we have not firmly established that the 
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& aO*' 
Nz 

OAc OAc 

tricyclic compounds 36 and 39 are formed from 6 
and 7, respectively, our preliminary investigation has 
clearly shown that if these compounds are in fact 
formed it is with considerable reluctance. 

Mechanisms of the Decornposition Reactions of the 
Diazo Ketones 

The high yields of cyclocamphanone (2) and nor- 
tricyclanone (41) obtained in the copper-catalyzed 
decomposition of 3-diazocamphor (1) and 3-diazo-2- 
norbornanone (42), respectively, in benzene (2, 3) 
contrast sharply with the very low yield of the tri- 
cyclic ketone 43 obtained in the similar decomposi- 
tion of 3-diazobicyclo[2.2.2]octan-2-one (44) (3). 
This suggests that the geometry of the 2-norborna- 
none system is particularly favorable for the inser- 
tion of a carbenoid center at C-3 into the endo C-H 
bond at C-5 and that endo carbon - hetero atom 
bonds might undergo such insertion. The formation 
of the acetoxynortricyclanone derivative 12 from the 
diazo ketone 4 could be accounted for in this way 
(route A in Scheme 2). However, there is an alterna- 
tive pathway that must be considered, wherein the 
carbonyl oxygen of the original acetoxyl group bonds 
with the carbenoid center (route B in Scheme 2). 
Two qualifications apply to each of the routes 
depicted in Scheme 2. First, the representation of the 
common intermediate as the free oxocarbene 45 may 
be an oversimplification; the copper-catalyzed de- 
composition of a-diazo ketones most probably gives 

an oxocarbene-copper complex (5,23) which could be 
the species in which acetoxyl migration occurs 
(although it is not excluded that the reactive species 
is the free oxocarbene 45, which is in equilibrium 
with its copper complex). Second, although the 
representation of the transition states as 46a and 46b 
implies that the acetoxyl migration is concerted with 
carbon-carbon bond formation, this need not be the 
case. 

In order to distinguish between routes of type A 
and B the synthesis of 4a, labelled in the acetoxyl 
carbonyl with oxygen-18 was undertaken. The label 
was introduced by acetylation of the hydroxy ketone 
47, which had previously been prepared in the syn- 
thesis of 5 (I), with 180-labelled acetic anhydride to 
give 8a.8 The ir spectrum of 8a shows bands at 5.74 
and 5.86 pm in contrast to the single band at 5.74 pm 
in the ir spectrum of unlabelled 8. The band at 5.86 
pm is ascribed to the acetoxyl C=180 stretching 
~ i b r a t i o n . ~  Oxidation of 8a with selenium dioxide in 
bromobenzene as in the preparation of 1 (1) gave the 
labelled a-diketone 9a. The ir spectrum of 9a shows, 

180-labelled acetic anhydride was prepared by the method 
of Gerrard and Thrush (24). Although two-thirds of the 180 

label is lost with this acetylating agent, it was found to be pref- 
erable to acetyl chloride because of losses in the preparation 
of the latter due to its high volatility. 

gSubstitution of 160 by lsO in ketones has been reported to 
cause an increase of - 0.10 pm (calcd. 0.13 pm) in the wave- 
length of the C=O stretching vibration (25). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1674 CAN.  J .  CHEM. VOL. 57, 1979 

90 X = O  
48 X =  NNHTos 

in addition to bands associated with unlabelled 9 ,  a 
broad band at 5.82 pm ascribed to the acetoxyl 
c=180 stretching vibration (cf. the corresponding 
c=160 band at 5.72 pm). Mass spectral analysis of 
9a showed that it contained -32% of 1 8 0  label (see 
Experimental). The tosylhydrazone of 9a, 48, was 
prepared in the usual way (1) and was shown by mass 
spectrometry to contain ~ 3 2 %  of 1 8 0  label. It was 
converted to the diazo ketone 4a by chromatography 
on basic alumina (1, 26). The ir spectrum of 4a 
shows a close similarity to that of unlabelled 4 with 
the exception that the band at 5.90 pm is much 
stronger than the 5.77 pm band. The former band in 
the spectrum of 4a is ascribed to overlap of the diazo 
ketone c--160 and acetoxyl C=180 bands. Mass 
spectral analysis again indicated the presence of 
-32% of 1 8 0  label. The copper-catalyzed decompo- 
sition of 4a in the usual manner afforded a mixture 
(1.9 mg) of labelled tricyclic acetoxy ketone 12 (70%) 
and 8 (30%), as determined by vpc. The latter must 
be labelled as in 8a. The ir spectrum of the mixture 
included bands due to labelled 12 of equal intensity 
at 5.60 and 5.65 pm. This indicates that the labelled 
tricyclic acetoxy ketone consists largely of 12b 
rather than 12a, since if the latter had been present 
in major amount the diminution of the band due to 
the CH,C=160 carbonyl stretching vibration would 
have been expected to result in a significant dif- 
ference in the intensities of the 5.60 and 5.65 pm 
bands. The mass spectrum of the mixture included 

peaks at mle 43 (100) and 45 (18), indicating that 
15% of the components of the mixture contained an 
acetoxyl group labelled with C=180. Clearly much 
of the peak at mle 45 arises from the -30% of 80 
present in the mixture, and the ratio of 12b to  12a 
is calculated to be -4: 1 (see Experimental); thus it 
can be concluded that the major pathway for forma- 
tion of 12 from 4 involves route B in Scheme 2. 

The failure of 4 to follow route A as a major path- 
way is matched by the results with diazo ketones 5-7. 
In these cases no equivalent to route B is available 
and the formation of tricyclanyl derivatives occurs 
not at all or at most as a minor pathway. Thus in the 
case of 5 the formation of the carbon-hydrogen in- 
sertion product 31 is the sole process observed, 
although insertion into the C-0 bond would have 
been expected to be more facile in this case than in 
that of 4.  The preliminary results with 6 and 7 also 
show that insertion into the carbon-halogen bond is 
not a facile reaction and indeed is so slow that 
bimolecular reaction occurs more readily, even at 
high dilution. Thus in spite of the presumed favorable 
geometry C-3 carbenoid insertion into an endo C-5 
carbon - hetero atom bond occurs with difficulty, if 
at all.'' 

We conclude by discussing briefly the putative 
origin of the other types of products formed from 4, 
6 ,  and 7 .  The formation of the reduction products 
8 and 40 is considered to involve hydrogen atom 
abstraction by the oxocarbene or carbenoid inter- 
mediate, perhaps after intersystem crossing from the 
singlet to triplet state. The oxidation products 9 ,  34, 
and 37 are thought to result from reaction of the 
same intermediate with adventitious oxygen, per- 
haps again after intersystem crossing. The hydroxy 
ketone 10 is considered to arise from 4 via the inter- 
vention of adventitious water. The formation of the 
azines 35 and 38, which finds precedent in the copper- 
catalyzed decomposition of other a-diazo ketones 
(see for example refs. 3 and 27), can be interpreted in 
terms of reaction of the oxocarbene or carbenoid 
intermediate with undecomposed diazo ketone. The 
formation of these various other types of product 
again reflects the reluctance of the oxocarbene or 
carbenoid intermediate to insert into a carbon- 
hetero atom bond; only in the case of the formation 
of the carbon-hydrogen insertion product 31 from 5 
is there no appreciable competition from inter- 
molecular reactions. 

Experimental 
Melting points and boiling points are uncorrected. Infrared 

1°This result is in striking contrast to the report by one of us 
that such insertion can occur into a carbon-carbon bond (27); 
see, however, ref. 5. 
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spectra were recorded with carbon tetrachloride as solvent 
unless otherwise specified. Proton magnetic resonance spectra 
were recorded with deuteriochloroform as solvent. Solutions 
in organic solvents were dried over anhydrous magnesium 
sulfate and evaporated with a rotary evaporator, unless other- 
wise specified. Vapor phase chromatography was carried out 
on 10% SE 30 on Chromosorb P columns with a Perkin Elmer 
model I1 chromatograph. 

Copper-catalyzed Decotnposition of 5-endo-Acetoxy-3-diazo- 
6,6-ditt1ethyl-bicyclo[2.2.1]heptan-2-ot:e (4). Forttiatiot~ of 
8, 9, 10, and 12 

Anhydrous benzene (dried by boiling under reflux for 
several days over lithium aluminum hydride and distillation 
immediately before use; ca. 500 mL); copper powder (Fisher, 
electrolytic metal, washed with ether and hexane, and vacuum 
dried prior to use; 6 g), and 4 (100 mg) were placed in a flame- 
dried, two-necked, I-L flask containing a magnetic stirring bar 
and fitted with a nitrogen inlet tube, a double-surface con- 
denser, and an  outlet tube that directed the exit gases through 
a pool of mercury (a nitrogen bubbler with the inlet tube 
stoppered was used). Oxygen-free nitrogen" was passed 
through the solution for 0.5 h. The mixture was boiled under 
reflux with vigorous stirring under a stream of nitrogen for 
40 h, cooled, and filtered. Evaporation of the light yellow 
solution afforded a viscous oil (104 mg). The volatile products 
in the residue were 12 (7473, 8 (5.573, 9 (13%), and 10 (7.573, 
as determined by vpc. The residue was digested for a short time 
with boiling hexane (ca. 10 mL). The hexane solution was 
cooled to  -20°C, and the hexane soluble fraction was de- 
canted from the precipitated 9 and 10. Evaporation of the 
hexane soluble fraction afforded a viscous oil (62 mg) con- 
taining 12 (89.5%), 8 (7.573, and 9 (3%). The isolated yield of 
12 was 64%; it was purified by preparative vpc o r  chroma- 
tography on Florisil with elution with benzene (some decom- 
position was observed); it slowly solidified on standing. Re- 
crystallization from hexane afforded chunky crystals of 12, mp 
47.548.5"C; h,,,: 5.60, 5.65, 8.28 pm; SH: 2.0-2.4 (m, with a 
sharp singlet at 6 2.1 1, 7H), 1.65 (m, IH), 1.27 (s, 3H), 1.05 
(s, 3H). Anal. calcd. for C l  1H1403:  C 68.02, H 7.27; found: 
C 68.00, H 7.33. 

The keto acetate 8 was identified by comparison of its vpc 
retention time, ir spectrum, and mass spectrum with those of 
authentic 8 (1). 

The dione 9 and the ketol 10 were separated by preparative 
vpc or fractional recrystallization from hexane at  2°C. The 
dione 9 was identified by a mixture melting point determination 
and comparison of its vpc retention time and ir spectrum with 
those of authentic 9 (1). The ketol 10 is a white solid, mp 
60-63°C; h,,,: 2.95, 5.74 pm;  6,: 5.07, (br d, J =  4 Hz), 
4.0 (m), 3.0 (m), 2.08 (s), 1.27 (s), 0.89 (s); m/e 212. It was 
identified by independent synthesis (vide infra). 

5-endo-Acetoxy-3-endo-hydroxy-6,6-dimethylbicyclo[2.2.1]- 
heptatz-2-one (I 0 )  and 6-endo-Acetoxy-3-endo-hydroxy- 
5,5-dimethylbicyclo[2.2.1]heptan-2-one (11) 

A mixture of 9 (91.5 mg), anhydrous ether (10 mL), and 
platinum (10 mg) was stirred vigorously under a hydrogen 
atmosphere until the ethereal solution was colorless (ca. 
45 min). Filtration of the mixture and evaporation of the ether 
afforded a mixture of the ketols 10 and 11 (92 mg, 100%); 
h,,,: 2.95, 5.74 pm; F,,: 5.07 (br d, J = 4 H z ) ,  4.03 (br d, 
J = 4 Hz), 3.0 (m), 2.3 (m), 1.5-2.0 (m), 2.08 (s), 1.27 (s), 0.89 

"Nitrogen was passed twice through Fieser's solution (28), 
and once through acid, sodium hydroxide, and silica gel 
desiccant, t o  remove oxygen and water. 

(s), 4.92 (br d, J = 4 Hz), 4.22 (br d, J = 4 Hz), 2.04 (s), 
1.06 (s). 

2-Aceto,~y-l,5,5-trimet/iyItricyclo[2.2,1.O2~6]heptat~-3-otze (29)  
A mixture of 26 (49 mg) (I), anhydrous ether (6 mL), and 

lithium (washed twice with hexane, once with ether, and cut 
into small pieces; 40 mg) was vigorously stirred under nitrogen 
for 40 h. A grey precipitate of lithium bromide formed. The 
excess lithium was removed and destroyed in methanol. Addi- 
tion of acetic anhydride (0.4 mL) to the stirred reaction mix- 
ture produced an  immediate white precipitate of lithium 
acetate. Ether (15 mL) was added to  the mixture and the 
ethereal layer was washed with water (5 x 20 mL), dried, and 
filtered. Distillation afforded 29 (22 mg, 52%), bp 8OoC/18 
T0rr;h,,,:5.61,5.65pm;6~:2.13(s)and2.10(d,J= 1.5Hz) 
(5H), 1.82 (d, J = 1.7 Hz, lH),  1.66 (m, J = 1.5 Hz, 1H), 1.33 
(s, 3H), 1.21 (s, 3H), 1.05 (s, 3H). Mol. Wt. calcd. for ClZH16- 
0,: 208.1099; found (ms): 208.1 105. 

5'-endo-Bromospiro (cyclopropane-1,7'-norbort-2etie) (16) 
Vinyl bromide (4.30 g), a small amount of hydroquinone, 

and a mixture (3.34 g) of 609, of the diene 1S6 and 40% of 
1,2-dibromoethane (12) were heated in a sealed glass tube at  
ca. 170°C for 13.5 h. After cooling to room temperature the 
sealed tube was further cooled in a Dry Ice - acetone bath and 
opened. Distillation of the orange solution afforded 1,2-dibro- 
moethane, bp 3742"C/22 Torr, and 16 (2.66 g, 62%), bp 
95-98"C/22 Torr; h,,,: 3.30, 6.08 pm; 6H: 6.38 (m, IH), 6.18 
(m, lH),  4.47 (dt, J = 8.0, 3.5 Hz, IH), 2.0-2.7 (m, 3H), 1.39 
(dd, J = 12.5, 3.5 Hz, 1 H), 0.42 (m, 4H). Anal. calcd. for 
C9HllBr:  C 54.30, H 5.57, Br 40.14; found: C 54.08, H 5.72, 
Br 39.90. 

Apobornyl Bromide (17) 
A mixture of 16 (1.99 g, 10.0 mmol), glacial acetic acid 

(15 mL), and a small amount of platinum catalyst was stirred 
at  80°C under an  atmosphere of hydrogen until the absorption 
of hydrogen ceased (18.4 mmol was absorbed); 8.5 h reaction 
time was required. T o  the cooled reaction mixture was added 
ether (300 mL), and the ethereal solution was decanted from 
the platinum, washed with water (5 x 100 mL), and saturated 
aqueous sodium bicarbonate (2 x 100 mL), dried, and filtered. 
Evaporation of ether afforded apobornyl bromide (17; 1.80 g, 
89%), bp 83-86"C/10 Torr;  S,,: 4.62 (m, lH),  1.15-2.9 (m, 8H), 
1.11 (s) and 1.06 (s) (6H). Anal. calcd. for C9H15Br: C 53.22, 
H 7.44, Br 39.34; found: C 53.29, H 7.54, Br 39.34. 

6-endo-Bromoapocamphor (18)  
A slurry of pulverized chromium trioxide (35 g) in glacial 

acetic acid (100 mL) was added in small portions over 0.6 h 
to a stirred solution of apobornyl bromide (17, 11.86 g) in 
glacial acetic acid (10 mL) at  a rate such that the reaction 
mixture temperature was maintained near 75°C. After the 
addition was complete, the green solution was stirred at 75'C 
for 1 h, cooled, and diluted with water (350 mL). The solution 
was extracted with ether (10 x 50mL), and the combined 
ethereal extracts were washed with water (2 x 300mL) and 
saturated aqueous sodium bicarbonate (100 mL), dried, and 
filtered. Distillation afforded 18 (5.40 g, 43%) as an unstable 
colorless oil, bp 73-80°C (50 pm); A,,,: 5.71,7.09 pm;  6,: 4.78 
(m, 1H), 1.3-3.0 (m, 6H), 1.14 (s, 6H). Anal. calcd. for 
CgH,,BrO: C 49.79, H 6.04, Br 36.81; found: C 50.52, 
H 6.03, Br 36.16. Mol. Wt. calcd. for C9HI,BrO: 216.0134, 
218.01 10; found (ms): 216.0150, 218.0130. 

5-endo-Bromoapocamphorquitione (1 9)  
A mixture of 18 (5.31 g), selenium dioxide (7.0g), and 

bromobenzene (35 mL) was stirred at 150°C for 24 h and then 
cooled. The red bromobenzene solution was decanted from the 
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selenium. The selenium was washed with small amounts of 
ether until the ethereal extracts were colorless. Distillation of 
the combined bromobenzene and ether solutions afforded an 
orange oil, bp 5OoC/15 Torr, which was mainly bromobenzene. 
The undistilled residue was chromatographed on Florisil 
(120 g) with elution with benzene. After a light yellow forerun, 
19 was eluted with 10% ether-benzene. Recrystallization from 
hexane (100 mL) afforded 19 (1.89 g, 33.5%) as a very unstable 
yellow solid, mp 86-89°C. Sublimation and recrystallization 
raised the melting point to 92.0-93.5"C; I.,,,: 5.61, 5.70 pm; 
6,: 4.75 (m, lH), 3.18 (m, lH), 2.94 (dd, J = 5.0, 1.5 Hz, IH), 
2.75 (br d, J = 5 Hz, IH), 2.13 (dd, J = 15, 4.0 Hz), 1.21 (s, 
3H), 1.15 (s, 3H). Mol. Wt .  calcd. for C9HlIBrO2: 229.9942, 
231.9915; found (ms): 229.9943, 231.9923. 

Treatment of 19 with Lithium and Acetic Anhydride. Formation 
of 12 

A mixture of 19 (freshly recrystallized; 50 mg) anhydrous 
ether (7 mL), and lithium (washed twice with hexane, once with 
ether, and cut into small pieces; 100 mg) was vigorously 
stirred under nitrogen for 24 h. A grey precipitate of lithium 
bromide formed. The excess lithium was removed. Acetic 
anhydride (100 mg) was added to the stirred reaction mixture 
and produced an immediate white precipitate of lithium 
acetate. Ether (20 mL) was added to the mixture and the 
ethereal layer was washed with water (5 x 10 mL), dried, and 
filtered. The ether was evaporated, and the residue was digested 
in boiling hexane (2 mL) for a short time; the mixture was then 
cooled to  -20°C, and the hexane-soluble fraction was de- 
canted. Evaporation of the hexane afforded 12 (21 mg, 50%) 
as a colorless oil that crystallized slowly on standing. Prepara- 
tive vpc gave material with a melting point of 45.0-48.O0C. A 
mixtuie b f  this material with 12, mp 47.5-48.5"C, 
obtained in the copper-catalyzed decomposition of 4, had 
mp 46.W8.0°C. 

Apopitret~e (22) 
Apopinene (22) was prepared by the method of Eschinazi 

and Pines (29) by oxidation of a-pinene to  myrtenal with 
selenium dioxide (30) and decarbonylation of this with palla- 
dium hydroxide on barium sulfate (31); bp 84-88"C/118 Torr 
(lit. (30) 47-48"C/30 Torr); I,,,: 3.32, 6.15 pm;  6": 6.12 (m, 
IH), 5.55 (m, IH), 1.9-2.7 (m, 6H), 1.29 (s, 3H), 0.90 (s, 3H). 

Addition of Hydrogen Brotnide to Apopitretre (22). Formation 
of 17, 24, and 25 

Hydrogen bromide was bubbled into an ice-cold solution of 
22 (13.95 g, 0.115 mol) in chloroform (16 mL) until at  least 
9.3 g (0.115 mmol) of hydrogen bromide had been absorbed. 
After standing at  2°C overnight the purple solution was dis- 
tilled, producing a mixture of bromides (18.50g, 80%); bp 
68-72"C/1.2 Torr (lit. (16) bp 43"C/0.15 Torr). The mixture 
contained 17 (5373, 24 (3973, and 25 (8%), as determined by 
'H nmr spectroscopy; tib,: 4.62 (m), 4.00 (dd, J = 8.5, 5.0 Hz), 
3.71 (d, J = 2.0 Hz). 

2-Methoxy-5,5-di~~rellryltricycl0[2.2.1.O~~]heptan-3-otre (30) 
A mixture of 19 (321 mg), lithium (washed twice with hexane, 

once with ether, and cut into small pieces; 400mg), and 
anhydrous ether (16 mL) was vigorously stirred under nitrogen 
for 44 h. The excess lithium was removed with tweezers from 
the brown mixture, washed with ether, and destroyed in 
methanol; the ethereal washings were combined with the 
reaction mixture. Dimethyl sulfate (0.2 mL) was added to the 
stirred mixture. The white solid that formed was filtered, and 
the ether in the filtrate was evaporated. The residue was 
digested in boiling hexane (30mL) and the solution was cooled 

to  -20°C; the hexane-soluble layer was separated from the 
hexane-insoluble layer by decantation and heated with water 
(20 mL) on a steam bath for 0.5 h to destroy the remaining 
dimethyl sulfate. The solution was cooled and extracted three 
times with ether. The ethereal extracts were dried and filtered. 
Distillation gave 30 (26 mg, 15% based on unrecovered 19), bp 
ca. 75"C/15 Torr. Preparative vpc afforded a sample, mp 
41.8-43.OoC; hm,,:5.68pm; 6H:3.47(~,3H),2.0-2.3(m,4H), 
1.51 (m, lH), 1.17 (s, 3H), 1.00 (s, 3H). Mol. Wt .  calcd. for 
ClOHl4O2 : 166.0994; found (ms): 166.0995. 

The hexane-insoluble layer was worked up in the same way 
as the hexane-soluble layer. Recrystallization of the residue 
from hexane (20 mL) afforded 19 (86 mg). 

Copper-catalyzed Decomposition of the Methoxy Diazo Ketone 
(5). Formation of 9,9-Din1ethyl-5-oxatricyclo[4.2.1.0~~~]- 
nonan-2-one (31) 

The conditions described for the copper-catalyzed decom- 
position of 4 were employed. A mixture of 5 (38 mg), benzene 
(distilled from lithium aluminum hydride; 190 mL) and copper 
(Pfaltz and Bauer; washed twice with hexane, once with ether, 
and dried at  water-aspirator pressure; 1.6 g), was boiled under 
reflux with vigorous stirring under a stream of oxygen-free 
nitrogen. After 16 h the solution was almost colorless. The 
mixture was cooled and filtered; evaporation of the filtrate left 
an orange oil (39 mg). Distillation afforded 31 (29 mg, 90%) as 
a semisolid (decomposes on standing at  room temperature), 
bpca.80°C/20Torr;h,,,:5.73pm;6H:4.04(brd,J= 4.8 Hz, 
lH) ,  3.75-3.95 (m, 2H), 3.0 (m, lH),  2.5 (m, IH), 2.09 (m, 
IH), 2.03 (d, J - 12 Hz, lH),  1.82 (dt, J = 12, 1.5 Hz, IH), 
1.02 (s, 3H), 0.84 (s, 3H). Mol. Wt .  calcd. for ClOHIQO2: 
166.0994: found (ms): 166.0993. 

Copper-catalyzed Decompositiotr of the Chloro Diazo Ketone 6. 
Formation of 34 and 35 

All the precautions described for the copper-catalyzed de- 
composition of 4 were employed. A mixture of 6 (49 mg), ben- 
zene (distilled from lithium aluminum hydride; 250 mL) and 
copper powder (Fisher electrolytic metal powder, washed with 
ether and hexane, and dried a t  water-aspirator pressure; 1.0 g) 
was boiled under reflux with vigorous stirring under a stream 
of oxygen-free nitrogen for 10 days. The mixture was cooled 
and filtered. Evaporation of the filtrate afforded a brown semi- 
solid (46 mg), which was digested in boiling hexane (1 mL) for 
a few min. The hexane solution was decanted from the 
yellow residue of the azine 35 (11 mg, 24%), mp ca. 310°C 
(dec.); I,,,: (CHCI,): 5.76, 6.19pm; 6,: 3.92 (br s), 0.8-2.4 
(m); ms mle: 396 (16), 398 (lo), 400 (3). 

The dione 34, which precipitated on cooling the hexane 
solution was identified by comparison of its ir spectrum and 
vpc retention time with those of a n  authentic sample and 
accounted for 40% of the products, as determined by vpc. 
The remaining solution was evaporated and the residue was 
chromatographed on a column of Florisil (1.0 g) with elution 
with 2X ether-benzene. The first fraction (8 mL) contained a 
produ&"with an ir band at  5.67 pm; its vpc retention time was 
compatible with its being 36, but insufficient material was 
available for purification and identification. It composed 
-5% of the total product mixture. Subsequent fractions con- 
tained 34 and 6. 

Copper-catalyzed Decomposition of the Bromo Diazo Ketone 
(7)  s . ,  

All the precautions described for the copper catalyzed de- 
composition of 4 were employed. A mixture of 7 (40 mg), ben- 
zene (distilled from lithium aluminum hydride; 200 mL), and 
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YATES AND HAMBLY: I1 1677 

copper (Pfaltz and Bauer, washed twice with hexane, once with 
ether and dried at water-aspirator pressure; 0.90 g) was boiled 
under reflux with vigorous stirring under a stream of oxygen- 
free nitrogen. After 96 h the decomposition was almost 
complete as determined by the ir spectrum of an aliquot. The 
mixture was cooled and filtered; evaporation of the filtrate left 
an orange semisolid (34 mg). This residue was digested in 
boiling hexane (13 mL) for a few min; the yellow hexane 
solution was separated by decantation from 38 which was 
obtained as a yellow solid (9.8 mg, 28%), mp ca. 310°C (dec.); 
h,,, (CHCI,): 5.76, 6.19 pm; ms m/e: 406 (M - HBr). 

The hexane solution contained three other products in 
yields of greater than 3%. The hexane was evaporated, and the 
residue was chromatographed (preparative thin layer) on 
silica gel with elution with ethyl acetate followed by extraction 
of the yellow band with an R, of 0.72 with methanol. The 
methanol was evaporated and the residue was dissolved in 
hexane, and the solution was cooled to  -20°C; the hexane 
solution was decanted from the yellow precipitate of dione 
37, identified by comparison of its ir spectrum and vpc reten- 
tion time with those of an authentic sample. The dione 
accounted for 42% of the products as determined by vpc of 
the crude reaction residue. Evaporation of the hexane-soluble 
layer decanted from 37 afforded a volatile product mixture, 
containing a single major product (70%, as estimated by vpc) 
which is tentatively considered to  be 39. This compound 
accounted for 22% of the products as determined by vpc; 
h,,,: 5.67 pm; ms mle 228 (9), 230 (11). 

Preparative vpc of a sample of the crude reaction residue, 
after removal of 38, afforded a small amount of a compound 
assigned structure 40; h,,,: 5.72, 7.12 pm; ms mle: 230 ( l l ) ,  
232 (1 1). 

6-endo- (Acetoxycarboi~yl-"0) -5,5-dimethylbicyclo[2.2.1.]- 
heptane-2,3-dione (9a) 

Acetyl chloride was added dropwise to  H Z l 8 0  (136 mg, 6.80 
m m ~ l ) ' ~  until the weight increased to  424 mg (6.80 mmol of 
acetic acid-180). The acetic acid was allowed to stand at room 
temperature for ca. 16 h to scramble the label; h,,,: 5.86, 
5.91 pm. T o  a stirred solution of this (202 mg, 3.26 mmol) and 
pyridine (259 mg, 3.26 mmol) in anhydrous ether (2 mL), 
cooled in an ice-salt bath, was added thionyl chloride (195 mg, 
1.63 mmol) in anhydrous ether (1 mL). The mixture was 
stirred for 10 min and the precipitate was filtered and washed 
with anhydrous ether (5 mL). The filtrate and washings were 
concentrated on a water bath at  ca. 40°C, giving a yellow liquid 
(401 mg) that was 75% ether and 25% by weight of labelled 
acetic anhydride (58% yield), as determined by l H  nmr spec- 
troscopy; k,,,: 5.50, 5.58,5.70, 5.79 pm. 

A mixture of this labelled acetic anhydride, 47 (220 mg, 
1.42 mmol), and pyridine (5 mL) was boiled under reflux with 
stirring for 3.5 h. The solution was cooled, and ether (60 mL) 
was added. The ethereal solution was washed with saturated 
aqueous sodium bicarbonate (20 mL) and aqueous 10% hydro- 
chloric acid (3 x 20 mL), dried, and filtered. Evaporation of 
the ether afforded 8a (220 mg, 63%) of 80% purity, as deter- 
mined by l H  nmr spectroscopy, as an oil; h,,,: 5.74,5.86,7.10, 
8.10 pm. 

A mixture of 8a (80%; 220 mg), selenium dioxide (220 mg), 
and bromobenzene (3 mL) was heated at  150°C with stirring 
for 5 h. The mixture was cooled and chromatographed on 
Florisil (50 g). Elution with benzene gave bromobenzene. 

lZLabelled water, 98.76% 180,  was obtained from the Yeda 
Research and Development Co. Ltd., the Weizmann Institute 
of Science, Rehovoth, Israel. 

Elution with 50% ether-benzene (250 mL) gave 9a as a yellow 
solid (95 mg, 50%); h,,,: 5.61, 5.68, 5.72, 5.82 (br), 8.12 pm; 
ms mle: 43 (loo), 45 (44), indicating ca. 32% labelling when 
account is taken of the fact that 4% of the inle 43 peak in the 
spectrum of 9 arises from C3H,+, as determined by high 
resolution mass spectrometry.13 

5-endo- (Acetoxycarbonyl-I 80)-3-diazo-6,6-din~ethylbicyclo- 
[2.2.l]heptan-2-one (4a) 

A warm solution of tosylhydrazine (90 mg, 0.48 mmol) in 
glacial acetic acid (0.4 mL) was added to a warm solution of 
9a (93 mg, 0.44 mmol) in glacial acetic acid (0.2 mL). After 
standing at  room temperature for 1 h the yellow solution was 
added to ice (ca. 25 g), forming a white precipitate that was 
collected, washed thoroughly with water, and air dried to give 
48 (145 mg, 88%); ms mle 43 (loo), 45 (54), indicating ca. 
32% labelling when account is taken of a small peak at mle 
45 in the spectrum of the unlabelled tosylhydrazone.13 

Tosylhydrazone 48 (140 mg) was placed on a column of 
basic alumina (Merck: 1.5 x 0.3 in.). Elution with benzene 
(100 mL) and ether (100 mL) followed by evaporation of the 
eluate and recrystallization from hexane afforded 4a (45 mg, 
55%) as a chunky yellow solid; h,,,: 4.82, 5.77, 5.90, 7.32, 
8.02 pm; ms mle: 43 (loo), 45 (47), indicating ca. 32% 
1abelling.l3 

Copper-catalyzed Decomposition of l a .  Formation of 2- 
(Acetoxyalkoxyl-"0) -5,5-dimethyltricyclo [2.2.1.02,6]- 
heptan-3-one (12b) 

All the precautions described for the copper-catalyzed 
decomposition of 4 were employed. A mixture of the labelled 
diazo ketone 4a (5.0 mg), benzene (distilled from lithium 
aluminum hydride), and copper (Pfaltz and Bauer, washed 
twice with hexane, once with ether, and dried at water- 
aspirator pressure: 0.50 g) was boiled under reflux with 
vigorous stirring under a stream of oxygen-free nitrogen for 
40 h. The mixture was cooled and filtered. The filtrate was 
evaporated and the residue was dissolved in warm hexane 
(1 mL), and the solution was cooled to -20°C. The hexane- 
soluble layer was separated by decantation and evaporated 
affording an oil (1.9 mg) consisting of labelled 12 (70%) and 8 
(30%) as determined by vpc; 5.60, 5.65, 5.7-5.85 (sh) pm;  
mle 43 (loo), 45 (18), indicating that when account is taken of 
the presence of 8a the ratio 126-12a is -4:  l.13 
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TETSUJI KAMETANI, YUKIO SUZUKI, and MASATAKA IHARA. Can. J. Chem. 57, 1679(1979). 
(+)-Tubulosine (1) and (t)-deoxytubulosine (3) were totally synthesized by the Pictet- 

Spengler reaction of (+)-4-oxoprotoemetine (7) with serotonin (8) or tryptamine (9) followed 
by reduction with sodium bis(2-methoxyethoxy)aluminum hydride in pyridine. 

TETSUJI KAMETANI, YUKIO SUZUKI et MASATAKA IHARA. Can. J. Chem. 57. 1679 (1979). 
On a effectut des syntheses totales de la (+)-tubulosine (1) et de la (+)-dtsoxytubulosine (3) 

par la rtaction de Pictet-Spengler de  la (+)-0x04 protoemttine (7) avec la serotonine (8) ou 
la tryptamine (9) suivie par une rtduction a I'aide du Na(CH,0CH2CH20)2A1H2. 

[Traduit par le journal] 

Tubulosine (I), isotubulosine (2), and deoxytubu- 
losine (3) were isolated as levorotatory forms from 
the same plant, Alangium lamarckii (2). Tubulosine 
derivatives are known to inhibit the protein syn- 
thesis and expected to be potential antineoplastic 
agents (3). Recently we have developed a short 
synthetic route to emetine through (f )-4-oxoproto- 
emetine (7) which was stereoselectively prepared by 
the condensation of 3,4-dihydro-6,7-dimethoxy-1- 
methylisoquinoline (4) with dimethyl 3-methoxyallyl- 
idenemalonate (5) in several steps via the inter- 
mediate enamide 6 (Scheme 1). The total yield from 4 
was 60% (4). Thus, we have examined the synthesis of 
tubulosine and related compounds from aldehyde 7, 
and we wish to report here the total synthesis of the 
above alkaloids, during whose reaction a new 
method of reducing the amide group was also 
revealed. 

Serotonin (8) is commercially available as a com- 
plex with creatinine sulfate and was liberated from 
the complex using Amberlite XAD-4 column 
chromatography. Condensation of 8 with (5)-4- 
oxoprotoemetine (7) was carried out by stirring an 
equimolecular mixture in acetic acid at room tem- 
perature for 2 days. The Mannich base, m/e 489 
(M'), obtained in high yield, consisted of (f )-4- 
oxotubulosine (10) and its C-1' epimer (11) in a 4: 1 
ratio; the identities of 10 and 11 were verified by tlc 
and nmr (DMSO-d6) analysis. The ratio did not 
change appreciably even when the reaction was 
carried out under more acidic conditions or at a 
higher temperature. The product was very insoluble 
in ordinary solvents and a separation of the diastereo- 
isomeric mixture could not be achieved. Mainly 

'Dedicated to  the memory of R. H. F. Manske. 
ZFor Part 781, see ref. 1. 

because of its slight solubility, reduction of a mixture 
of 10 and 11 with lithium aluminum hydride in hot 
dioxane gave none of the desired product. Eventually 
the reduction was carried out by treatment of a 
mixture of 10 and 11 with sodium bis(2-methoxy- 
ethoxy)aluminum hydride in pyridine at room tem- 
perature for 1 h. The reduction product was purified 
by column chromatography and recrystallization 
from methanol to afford (+)-tubulosine (I), mp 249- 
250°C, whose nmr (DMSO-d6) and mass spectra and 
chromatographic behavior (tlc and hplc) were iden- 
tical with those of natural tubulosine donated by 
Prof. Szintay (4). ( f  )-lsotubulosine (2) was obtained 
as a minor product but could not be separated from 1 
completely. However the structure of 2 was supported 
by the nmr spectrum (DMSO-d6), which exhibited 
one of the methoxyl groups at high field (3.49 ppm) 
(6), and tlc behavior on silica gel, which showed the 
compound to have a lower R, value than that of 
tubulosine (5-7). The preferential formation of 
tubulosine (1) over isotubulosine (2) in the Pictet- 
Spengler reaction using (-)-protoemetine and sero- 
tonin (8) was also observed by Szhntay and Kalaus 
(5). 

Stirring a mixture of aldehyde 7 and tryptamine (9) 
hydrochloride in acetic acid at room temperature for 
2 days yielded a mixture of (f )-4-oxodeoxytubulo- 
sine (12) and its epimer (13) in a 4:  1 ratio. The for- 
mer (12) was obtained in pure form after preparative 
thin-layer chromatography and was reduced with 
sodium bis(2-methoxyethoxy)aluminum hydride in 
pyridine under the same condition as above to 
furnish (*)-deoxytubulosine (3), mp 156-158°C. The 
nmr spectrum (CDCI,) of this product was super- 
imposable upon that of an authentic sample of 
compound 3 given to us by Prof. Battersby. Since 
lactam 12 was soluble in hot dioxane, reduction with 

0008-4042/79/13 1679-03$0 1 .00/0 
@ 1979 National Research Council of CanadalConseil national de  recherches du Canada 
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( 1 1  R ~ N H 2 ,  AcOH 
H 

(2 )  NaAI(OCH2CH20CH3)2H2., pyridine 

lithium aluminum hydride under reflux was exa- 
mined but 3 was obtained in very poor yield. 
Sodium bis(2-methoxyethoxy)aluminum hydride re- 
duced the tertiary amides under mild condition in 
pyridine and the limit and the scope of this reduction 
is under investigation. 

Experimental 
Melting points were determined with a Yanaco micro- 

melting point apparatus and are uncorrected. Infrared spectra 
were taken with a Hitachi 215 spectrophotometer. Nuclear 
magnetic resonance spectra were measured with a JNM-PMX- 
60 instrument with tetramethylsilane as an internal standard. 
Mass spectra were taken with Hitachi M-52 spectrometer. 

( + ) -Tubulosine (1) 
A solution of serotonin (8) -creatinine sulfate complex 

(300 mg) in water (50 mL) was subjected to  Amberlite XAD-4 
(80 mL) column chromatography. After elution with water 
(100 mL), an eluate of methanol-water (1 : I  v/v) gave sero- 
tonin (124 mg), which was judged free from creatinine sulfate 
on the basis of its nmr analysis. 

A mixture of serotonin (8) (124 mg) and (+)-4-oxoproto- 
emetine (7) (217 mg) in AcOH (30 mL) was stirred for 2 days 

purified by column chromatography on silica gel. Elution with 
CHC1,-MeOH (20: 1 v/v), followed by concentration of the 
solvent, gave a solid, which was recrystallized from MeOH to 
afford ( f )-tubulosine (1) (65 mg, 21%) as fine colorIess needles, 
mp 249-25O0C, the mass and nmr (DMSO-4)  spectra and 
hplc and tlc behavior of which were identical with those of 
natural tubulosine. Anal. calcd. for C2,H,,N30,~2H20: 
C 68.08, H 8.08; found: C 67.86, H 7.79. 

Further elution with the same solvent gave a fraction which 
mainly consisted of (f )-isotubulosine (2) and a small amount 
of (+)-tubulosine which were not separable by recrystalliza- 
tion. 

( + ) -4-Oxodeoxytubulosine (12) 
A mixture of (f )-4-oxoprotoemetine (7) (150mg) and 

tryptamine (9) hydrochloride (90 mg) in AcOH (5 mL) was 
stirred for 2 days at  room temperature. After evaporation of 
the solvent, the residue was basified with a saturated NaHCO, 
solution and extracted with CHCI,. The CHCI, extract was 
washed with a saturated NaCl solution, dried (Na2S04), and 
evaporated to give a syrup, which was purified by ptlc on 
silica gel to  afford (+)-4-oxodeoxytubulosine (12) (128 mg, 
59.8%) as a syrup; ir v,,, (CHCI,): 1620 cm-I ( G O ) ;  nmr 
(CDC13) 6: 1.00 (3H, m, CH2CH3), 3.93 (6H, s, 2 x OMe), 
6.67 and 6.87 (2H, each s, 2 x ArH); ms m/e 473 (M+). 

at  room temperature. The solvent was evaporated to give a 
caramel which was dried under reduced pressure. T o  a stirred (' )'DeOxyrubulosine (3) 

70% solution o f ~ a A ~ ( ~ ~ H 2 C H 2 0 ~ H 3 ) 2 ~ 2  in toluene (2 mL) TO a stirred 70% solution of N ~ A I ( O C H Z C H ~ O C H ~ ) ~ H ~  in 

was added a solution of the above material in pyridine (2 mL) toluene (2 mL) was added (f )-4-oxodeox~tubulosine (12) 

and the resulting solution was stirred for h at room (128 mg) in pyridine (2 mL) and the solution was stirred for 1 h 

perature. The solvents were evaporated and excess reagent was at ''Om temperature. The were removed and excess 

decomposed and neutralized by the addition, under ice- reagent was decomposed and neutralized by the addition, 

cooling, o f a  saturated solution. ~h~ resulting mixture with ice cooling, of a saturated NHdCI solution. The resulting 

was extracted several times with CHCI3. The CHCI, extract mixture was extracted with CHCI,. The extract was washed 

was washed with a saturated NaCl solution, dried (Na2S04), with a saturated NaCl solution, dried (Na2S04), and eva- 

and evaporated to give a reddish viscous material which was porated to give a reddish viscous material which was dissolved 
in 2% HCI (5 mL). The resulting solution was washed with 
Et20.  The aqueous layer was basified with solid NaHCO, 

,All compounds having chiral centers are racemates. and extracted with CHCI,. The extract was washed with a 
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KAMETANI E T  AL. 1681 

saturated NaCl solution, dried (Na2S04), and evaporated to 
give a reddish solid. Recrystallization from CHC1,-MeOH 
gave (+)-deoxytubulosine (3) (51 mg, 41%) as colorless 
needles, rnp 156-158°C; the nrnr spectrum (CDCI,) was 
identical with that of the authentic sample (3); rns mle 459 
(Mf). Anal. calcd. for CZ9H3,N3O2.H20: C 72.86, H 8.23, 
N 8.80; found: C 72.65, H 8.18, N 8.75. 
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Total synthesis of indole and dihydroindole alkaloids. XVII. The total synthesis of 
catharine and vinamidine (~atharinine)l-~ 
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JAMES P. KUTNEY, JOHN BALSEVICH, and BRIAN R. WORTH. Can. J. Chem. 57. 1682 (1979). 
Oxidation of 16,18-dicarbomethoxycleavamine gave the epoxide (6) and the enamide (9). 

Similar oxidation of 3',4'-dehydrovinblastine (8) or leurosine (7) gave the natural product 
catharine (3). Potassium permanganate oxidation of 7 or 8 gave 3R-hydroxyvinamidine (19) 
whereas similar oxidation of 4'-deoxyleurosidine (29) gave the alkaloid vinamidine (4). 

JAMES P. KUTNEY, JOHN BALSEVICH et BRIAN R. WORTH. Can. J. Chem. 57. 1682 (1979). 
L'oxydation de la dicarbomkthoxy-16,18 cleavamine conduit a I'kpoxyde (6) et a I'enamide 

(9). Une oxydation semblable de la dehydro-3',4' vinblastine (8) ou de la leurosine (7) fournit 
le produit nature1 catharine (3). L'oxydation de 7 ou 8 par le permanganate de potassium 
fournit I'hydroxy-3R vinamidine (19) alors qu'une oxydation semblable de la deoxy-4' leuro- 
sidine (29) conduit a I'alcaloide vinamidine (4). 

[Traduit par le journal] 

The important oncolytic action of many of the 
members of the vinblastine (1) - vincristine (2) family 
initiated innumerable investigations into the chemis- 
try and biochemistry of these 'dimeric' alkaloids. 
Indeed efforts from several laboratories led to 
syntheses of some of the natural products as well as 
many derivatives while more recent work enabled 
unambiguous structure identification of two interest- 
ing ring cleaved compounds catharine (3) (4) and 
vinamidine (catharinine) (4) (5, 6). This report 
describes total syntheses of both 3 and 4, and 
several related compounds. 

In the early stages of our investigation of totally 
synthetic routes to 'bisindole' alkaloids, considerable 
emphasis was placed on selective functionalisation of 
model systems of the cleavamine type, particularly 
the protected indole derivative (5) (8). In this regard, 
aerial or hydroperoxide oxidation of (5) (7, 8) pro- 

1 R =  CH, 
2 R =  CHO 

'Dedicated to the memory of R. H. F. Manske. 
'For part XVI, see ref. 1. 
3For preliminary reports on this work see refs. 2 and 3. 

CHO 

4 R = H  20 R = OAc 
19 R =  OH 28 R z  OCSC6HS 

vided the 3R,4S-epoxide (6)  and later adaption of 
this transformation allowed the first of several 
syntheses of the natural product leurosine (7) from 
synthetic 3',4'-dehydrovinblastine (8) (7, 8). 

In an attempt to optimise conditions for the 
formation of the epoxide 6 ,  the aerial oxidation of 5 
in peroxide-free tetrahydrofuran (THF) containing 
a small amount of aqueous trifluoroacetic acid (TFA) 
was studied, the course of the reaction being moni- 
tored by thin-layer chromatography (tlc) after 3, 5, 

0008-4042/79/13 1682-09$0 1 .00/0 
@I979 National Research Council of CanadalConseil national de rechesches du Canada 
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K U T N E Y  ET AL. 1683 

and 8 days. At ambient temperature, no reaction was 
apparent after 3 days, whereas both 5 and 6 were 
detected after 5 days. The starting material (5) had 
been consumed after 8 days but the epoxide 6 
(isolated in only 10% yield) had undergone further 
transformation to 9 which was isolated in 52% 
yield. Based on an assumption that the cleavamine 
skeleton was intact, this latter product was originally 
assigned as the 50x0 derivative 10 (8). The revised 
assignment (9) followed further analysis of spectral 
properties and results of a chemical transformation. 
Thus the 'Hmr spectrum of 9 exhibited absorbances 
at 6 8.13 (N,-CHO), 5.23 (C5-H), and 1.90 ppm 
(-CH,CH,) in accord with the proposed structure. 
The duplication of various resonances as observed 
in this spectrum has also been noted in a number of 
alkaloids exhibiting rotomers of a formamide group 
(9). The infrared spectrum showed strong absorbance 
at 1680 and 1650 cm-' in support of the enamide 
assignment. The presence of a ketone carbonyl 
function was substantiated by sodium borohydride 
reduction to the corresponding secondary alcohol 

8 R = H ,  
16 R = H,, Nb-oxide 
18 R = O  

CHO f 

( l l ) ,  thus ruling out structure 10. Infrared absorption 
at 1669 and 1651 cm-' for 11 corroborated the 
enamide assignment (9) and eliminated the alternate 
cleavage possibilities 12 and 13. The alternative 
enamide structure (14) was incompatible with the 
'Hmr quartet resonance at 6 1.90 ppm due to the 
methylene of the ethyl group. 

Subsequently, the apparent existence of an induc- 
tion period for the oxidation led to an observation 
that when THF, which had already undergone some 
aerial oxidation, was used the alkene 5 was con- 
verted to 6 in 4 h and that after 22-h wor4 up 
afforded 6 (32%) and 9 (25%). Reproducible con- 
ditions were found using peroxide-free THF con- 
taining a small amount of 1% TFA and added tert- 
butylhydroperoxide. In this manner, a 76% yield of 6 
was attained and in fact these conditions were later 
used for the synthesis of the alkaloid leurosine (7). In 
this regard, similar protection of the indole nitrogen 
of 8 was neither possible nor necessary and leurosine 
was obtained directly from 8 without observable 
oxidation at the P-position of the indole system. 
Examination of the reaction mixture by tlc indicated 
that on prolonged treatment leurosine also under- 
went further oxidation to yield a product readily 
detected on tlc by its distinct green colouration after 
spraying with ceric sulphate reagent. Again this 
product was initially assigned the 5'-0x0 structure 
15 (8, 10). Later comparison of this product with 
naturally occurring catharine (3)4, a structure derived 

4The authors are very grateful to Dr. Gordon Svoboda, Eli 
Lilly and Company, Indianapolis, IN, for providing samples 
of catharine and vinamidine. 
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TABLE 1. Aerial and tert-butyl hydroperoxide oxidations 

Entry Substrate Reaction conditions Products 

1 8 t BuOOH, THF, 1% TFA(aq), 22 h 7,3,16,17 
2 8 tBuOOH, THF, 1% TFA(aq), 5 days 3,7,16,17 
3 8 tBuOOH, THF, H20,22 h 7,3,16,17 
4 8 tBuOOH, THF, 22 h 3,7,8,16,17, others 
5 8 tBuOOH, THF, 1% TFA(aq), MeOH, 22 h 8,7,16,17 
6 8 tBuOOH, THF, 1% TFA(aq), inhibitor* 8,16 
7 16 tBuOOH, THF, 1% TFA(aq), 22 h No reaction 
8 8 tBuOOH, THF, 5% TFA(aq), 22 h No reaction 
9 7 tBuOOH, THF, 5% TFA(aq), 22 h No reaction 

10 7 tBuOOH, THF, 1% TFA(aq), 22 h 7,3,17 
11 7 Air, THF, 1% TFA(aq), I1 days 7,3, others 
12 8 Air, THF, 1% TFA(aq), 11 days 8,3, others 
13 7 tBuOOH, CH2C12 3, others 
14 7 tBuOOH, THF, 1% TFA(aq), dark, inhibitor,* 22 h 7,17 
15 7 tBuOOH, THF, 1% TFA(aq), dark, inhibitor,* 44 h 17 
16 17 tBuOOH, THF, 1% TFA(aq), 22 h No reaction 
17 7 Air, CH2C12, 22 h No reaction 
*The radical inhibitor used was 3-ferf-butyl-4-hydroxy-5 

by X-ray analysis (4), showed its identity; mp 
(acetone) 213-215°C (lit. (4) mp 213-215°C); mp 
(ethanol) 162-1 66°C (lit. (1 1) mp 17 1-175"C),~ 
undepressed on admixture with an authentic sample; 
[a],  -49" (c 0.7, CHCl,), (lit. (1 1) [a],  - 51"). Again 
duplication of 'Hmr signals was consistent with a 
formamide function (9) and the spectrum of 3 was 
superimposable on that of authentic catharine. 

Under the conditions employed for the formation 
of 3, an acid-catalysed or radical mechanism was 
possible and a further examination of the reaction 
was needed to distinguish the pathway involved. 
Aerial or tert-butylhydroperoxide oxidation of 8 in 
THF containing a small amount of 1 % aqueous TFA 
gave catharine (3) (ca. 30% yield) after 1 1  or 5 days, 
respectively, and monitoring the course of the 
reaction by tlc implicated leurosine (7) as a precursor 
of 3. Accordingly aerial or tert-butylhydroperoxide 
oxidation of leurosine (7) also afforded catharine 
(Table 1, entries 10, 11). Alternatively, reaction of 7 
or 8 with tert-butylhydroperoxide could be inhibited 
or the course of reaction changed on addition of a 
radical inhibitor (entries 6, 14, 15). The role of 
aqueous acid in the transformation of 8 to 7 was 
obscure, since although leurosine was formed in 
small amounts in the absence of acid, the product 
mixture was very complex. On the other hand, 
formation of catharine did not require acid or water 
(entries 4, 13). Indeed optimum conditions for the 
transformation of 7 to 3 (48% yield) were found using 
tert-butylhydroperoxide in dichloromethane. Finally, 
the possible intermediacy of the corresponding 
Nb-oxides 16 and 17 was eliminated since these 
substrates did not react under the original experi- 
mental conditions (entries 7, 16). 

51n our hands, an authentic sample had mp 164-168'C. 

-methylphenyl sulphide. 

Thus the alkene 8 could be converted to  the 
alkaloid leurosine (7), via a radical mechanism. 
Aqueous acid was necessary for a synthetically useful 
transformation possibly owing to inhibition of 
unwanted side reactions at Nb. Catharine (3) was in 
turn formed from leurosine via a radical pathway 
possibly as shown in Scheme 1.  Notably, recent work 
from these laboratories has shown the biosynthetic 
intermediacy of leurosine in the natural formation 
of catharine (12). 

Although hydroperoxide oxidation of cleavamine 
systems led to C19'-C2' cleavage products, potas- 
sium permanganate oxidation allowed an alternative 
mode of ring cleavage. Here oxidation of 8 with 
KMnO, in acetone gave two products (3). The minor 
component of the mixture was identical with the 
known 19'-0x0 derivative (18) (8). The major product 

/ 
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KUTNEY E T  AL. 1685 

was identified, ex post facto, as 3R-hydroxyvinami- 
dine (19). The identity of this product was established 
by spectral analysis and by chemical transformations. 
High resolution mass spectrometry gave the mole- 
cular formula C46H56N,011 while infrared ab- 
sorbance at 1660 cm-' suggested the presence of an 

CHO 

N,-formyl function, further evidenced by 'Hmr 
singlet resonance at 6 7.30 ppm. Acetylation in the 
usual manner gave the keto acetate 20 with 'Hmr 
signals at 6 4.80 (bs, C3'-H) and 2.10 (s, -OCOCH,) 
indicating a secondary alcohol group in 19. Alter- 
natively reduction of 19 with sodium borohydride 
gave the trio1 21 which on acetylation gave a mixture 
of the tetraacetate 22 and the triacetate 23. Oxidation 
of 19 with cupric acetate (14) in hot methanol gave 
the cr-diketone (v,,, 1713 cm-l) 24 thus confirming 
the a-ketol function in 19. The possible cleavage 
structure 25 was eliminated as periodate cleavage of 
either 19 or 21 gave only the aldehyde 26 exhibiting 
singlet absorbances at 6 7.61 (N,-CHO) and 9.20 ppm 
(- CHO). High resolution mass spectrometry gave 
the molecular formula C4,H5,N40,, thus confirm- 
ing the loss of a three-carbon fragment. The forma- 
tion of an aldehyde by periodate cleavage of 19 also 
supported the ketol orientation as shown. The 
stereochemistry at C3' in 19 was assigned R on the 
basis of the permanganate cleavage of leurosine (7) 
to 19 (27% yield) with the assumption that the 
stereochemical integrity at C3' had been maintained. 
The lactam 27 was also isolated from this oxidation. 

At this time the structure of the alkaloid vinami- 
dine (catharinine) (4) was reported (5) and we sought 
a method to convert the hydroxy derivative 19 to the 
natural product. However attempted reductive 
cleavage of the derived acetate 20 was unsuccessful 
under a variety of conditions as were efforts to form 
the corresponding thionobenzoate 28. 

Therefore an alternative route to 4 was considered. 
The plausible mechanism (outlined in Scheme 2) for 
the oxidative cleavage of 7 or 8 to give 19 suggested 
that a substrate of lower oxidation state might 
similarly lead to vinamidine (4). In the event oxida- 
tion of 4'-deoxyleurosidine (29) with KMnO, in 
acetone gave the lactam 30 together with vinamidine 
(4). The cleavage product was identical with an 
authentic sample4 of the alkaloid and the specific 
rotation of the sodium borohydride reduction 
product was in agreement with the literature value (5). 

Thus propitious use of potassium permanganate 
oxidant enabled preparation of several unusual 
seco-4',5' derivatives including the natural product 
vinamidine (catharinine) (4). Alternatively, hydro- 
peroxide oxidation of leurosine 7 or 8 afforded the 
seco-2', 19' compound catharine (3). 

Experimental 
Melting points were determined on a Kofler block and are 

uncorrected. Ultraviolet (uv) spectra were recorded on a Cary 
15 spectrophotometer in ethanol solution. The wavelengths of 
absorption maxima are reported in nanometers (nm) with log E 
values in parentheses. Infrared (ir) spectra were measured on 
a Perkin Elmer model 710 or 457 spectrophotometer in 
chloroform solution. The absorption maxima are reported in 
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wavenumbers (cm-I), calibrated with respect to the absorp- 
tion band of polystyrene at 1601 cm-'. Proton magnetic 
resonance ('Hmr) spectra were measured in deuteriochloro- 
form (CDCI,) solution at ambient temperature on either a 
Varian HA-100 or XL-100 spectrometer. Chemical shift values 
are given in the 6 (ppm) scale relative to tetramethylsilane 
(TMS) used as internal standard. The integrated peak areas, 
signal multiplicities, and proton assignments are given in 
parentheses. Low resolution mass spectra (ms) were deter- 
mined on either an AEI-MS-902 or an Atlas CH-4B spectro- 
meter. High resolution mass spectra were measured on an 
AEI-MS-902 instrument. Microanalyses were carried out by 
Mr. P. Borda of the Microanalytical Laboratory, University 
of British Columbia. 

Thin-layer chromatography (tlc) utilized Merck silica gel G 
(according to Stahl) containing 2% fluorescent indicator. For 
preparative-layer chromatography (plc), plates (20 x 20 or 
20 x 60 cm) of 1-mm thickness were used. Visualization was 
effected by viewing under ultraviolet light and/or by colour 
reaction with ceric sulphate spray reagent. Column chromato- 
graphy utilized Merck silica gel 60 (70-230 mesh) or Merck 
aluminum oxide 90 (neutral). 

As a matter of routine, all reagents and solvents were 
recrystallized or distilled before use. 

A~ttoxidation of 16,18-Dicarbomet/~oxycleauan~irle 
A solution of 16,18-dicarbomethoxycleavamine (5) (400 mg, 

1 mmol) in peroxide-free tetrahydrofuran (10 mL) containing 
aqueous 1% trifluoroacetic acid (1 mL) was stirred at ambient 
temperature in the presence of air for a period of 8 days. After 
drying (KZC03), the solvent was removed in uacuo. Chromato- 
graphy of the residue on alumina (activity 111, benzene) 
afforded the epoxide 6 (40 mg, 10%) and the keto enamide 9 
(230 mg, 54%). 

16,18-Dicarbomethoxy-3R,4S-epoxydihydrocleavamine 6, 
mp 131-132°C (ether); uv h,,,: 294 (3.66), 283 sh (3.76), 268 
(4.08), 262 (4.09), 227 (4.32); ir  v,,,: 1728; 'Hmr 6: 8.1 ( lH,  

m, C14-H), 7.3 (3H, m, C11-C13-H's), 5.84 (1 H, d, J = 6 Hz, 
C18-H), 3.91 (3H, S, -OCH3), 3.57 (3H, S, -OCH,), 1.00 
(3H, t, J = 7.5 Hz, -CH2CH3); ms tn/e: 412 (M'), 224 (base 
peak), 152, 138; 13Cmr 6: 173.4 (-COzCH3), 152.0 
(-COzCH3), 137.1 (C17), 136.0 (C15), 129.8 (ClO), 124.5 
(C12), 122.9 (Cll) ,  119.5 (C9), 118.2 (C13), 115.9 (C14), 62.7 
(C4), 60.6 (C3), 53.4 (C7 and -OCH,), 52.7 (C5), 51.9 
(-OCH,), 50.6 (C19), 39.5 (CIS), 33.6 (C8 and C2), 30.0 
(-CHZCH3), 26.3 (Cl), 8.9 (-CH2CH3). Mol. Wt. calcd. for 
CZ3Hz8Nz05 : 412.1997; found (high resolution ms): 412.2027. 
Anal. calcd. for CZ3HZ8N205: C 66.97, H 6.84, N 6.79; 
found: C 66.81, H 6.87, N 6.71. 

Keto enamide 9 (as a foam); uv h,,,: 293 (3.67), 281 sh 
(3.78), 265 (4.05), 259 (4.06), 227 (4.38); ir v,,,: 1732, 1680, 
1650; 'Hmr 6: 8.13 ( lH,  s, N,-CHO), 8.10 (lH, m, C14-H), 
7.3 (3H, m, Cll-C13-H's), 5.23 ( lH,  bs, C5-H), 4.00 (3H, bs, 
-OCH,), 3.66 (3H, S, -OCH,), 1.90 (2H, q, J =  7 HZ, 
-CHZCH3), 0.79 (3H, t, J = 7 Hz, -CHzCH3); ms m/e:  
426 (M', base peak), 394, 228; 13Cmr 6: 188.8 (Nb-CHO), 
163.0 (-COZCH,), 160.7 (-COZCH,), 135.9 (C17), 132.3 
(C15), 128.8 (ClO), 126.9 (C5), 125.1 (C12), 123.3 (Cll) ,  122.7 
(C4), 119.9 (C9), 118.9 (C13), 116.0 (C14), 53.6 (--OCH,), 
52.5 (-OCH,), 48.7 (C7), 44.9 (C3), 44.3 (C2), 40.0 (C18), 
30.3 (C8), 24.5 (-CHZCH3), 12.3 (-CHZCH,). Mol. Wt. 
calcd. for Cz3HZ6N206:  426.1791 ; found (high resolution ms): 
426.1795. Anal. calcd. for CZ3H26NzO~~QCH30H:  C 63.80, 
H 6.33, N 6.33; found: C 64.08, H 6.11, N 6.31. 

Oxidation of l6,18-Dicarbotnethoxycleauamine (5) in 
'Preoxidized' Tetrahydrojitran6 

A solution of 5 (900 mg, 2.27 mmol) in 'preoxidized' tetra- 
hydrofuran (20 mL) containing aqueous 1% trifluoroacetic 
acid (2 mL) was stirred at ambient temperature for 20 h. The 

6'Preoxidized' tetrahydrofuran refers to tetrahydrofuran 
which had undergone aerial oxidation and contained an 
unspecified amount of peroxides. 
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reaction mixture was poured into a saturated solution of 
sodium bicarbonate (20 mL) and extracted with ethyl acetate 
(2 x 40 mL). The combined organic portion was washed with 
water (3 x 15 mL) and brine (1 x 20 mL). After drying 
(Na2S04) the solvent was removed it1 vacuo and the residue 
was chromatographed on alumina (activity 111, benzene) to 
afford the epoxide 6 (306 mg, 33%) and the keto enamide 9 
(250 mg, 26%). These compounds were identical with the 
respective products obtained above. 

Oxidation of 16,18-Dicarbotnethoxycleavatnitze (5) ~tsitlg 
tert-Butyl Hydroperoxide 

A solution of 5 (1.76 g, 4.4 mmol) in freshly distilled tetra- 
hydrofuran (50 mL) containing aqueous 1% trifluoroacetic 
acid (10 mL) and tert-butyl hydroperoxide (9 mL) was stirred 
at ambient temperature for 21 h. The reaction mixture was 
poured into a saturated solution of sodium bicarbonate (40 
AL) and extracted with ethyl acetate (2 x 30 mL). The com- 
bined organic portion was washed with 5% sodium hydroxide 
solution (1 x 20 mL), water (1 x 20 mL), and brine (1 x 20 
mL). After drying (Na2S04) the solvent was removed it2 vaclio 
to give a viscous oil. Chromatography on alumina (activity 
111, benzene) afforded the epoxide 6 (1.22 g, 67%) identical 
with that obtained above. 

Hydroxy Enamide (11) 
A solution of the keto enamide (9) (10 mg, 0.023 mmol) in 

95% ethanol (2 mL) was treated with sodium borohydride 
(4 mg, 0.1 mmol). The reaction mixture was stirred at ambient 
temperature for 20 min, taken up in water (10 mL), and 
extracted with methylene chloride (3 x 5 mL). After drying 
(Na2S04), the solvent was removed in vacuo and the residue 
chromatographed on silica gel (ether) to afford the hydroxy 
enamide 11 (6 mg, 60%) as a film; uv h,,,: 293 (3.50), 281 sh 
(3.68), 262 (4.03), 224 (4.32); ir v,,,: 3530, 3420, 1730, 1669, 
1651; 'Hmr 6: 8.05 (IH, m, C14-H), 8.02 (lH, s, Nb-CHO), 
7.6-7.2 (3H, m, Cll-C13-H's), 5.48 ( lH,  bs, C5-H), 4.00 (3H, 
S, -OCH,), 3.66 (3H, S, -OCH,), 0.98 (3H, t, J = 7.5 HZ, 
-CH2CH3); ms tnle: 428 (M+), 315, 201, 126 (base peak). 
Mot. Wt. calcd. for C2,HZ8N206: 428.1947; found (high 
resolution ms): 428.1928. 

Leltrosine ( 7 )  
This compound was prepared as described earlier (8). 

Catharine (3)  
( A )  A solution of leurosine (7) (30 mg, 0.037 mmol) in 

tetrahydrofuran (2 mL) containing aqueous 1% trifluoroacetic 
acid (0.2 mL) was stirred in the presence of air for 11 days. The 
reaction mixture was diluted with a saturated solution of 
sodium bicarbonate (5 mL) and extracted with methylene 
chloride (3 x 5 mL). The combined organic portion was dried 
(Na2S04) and the solvent was removed it2 vaclio. Chromato- 
graphy of the residue on silica gel (ethyl acetate- 12% 
methanol) afforded leurosine (7) (4 mg) and catharine (3) 
(4 mg, 15%). The synthetic catharine had mp 213-215°C 
(acetone) (lit. (4) mp 213-215°C); mp 162-166°C (ethanol) (lit. 
(11) mp 171-175"C),5 undepressed on admixture with an 
authentic sample; [all, -49" (c 0.7, CHCI,) (lit. (11) [all, 
-51"). The 'Hmr, uv, ir, and mass spectra were superimpos- 
able with those of authentic material. 

(B) Oxidation of 3',4'-dehydrovinblastine (8) as above 
afforded catharine in 34% yield. 

(C) A solution of leurosine (7) (45 mg, 0.56 mmol) in 
methylene chloride containing tert-butyl hydroperoxide 
(0.06 mL) was stirred at ambient temperature for 24 h. The 
solvent was removed in vaclto and the residue chromato- 
graphed on silica gel (methylene chloride- 5% methanol) to 
afford catharine (22 mg, 48%). 

Conlparatiue Oxidations of 3',4'-Dehydrovinblastitze ( 8 ) ,  
Leurosine ( 7 ) ,  and Derivatives, Utilizing tert-Blrtyl 
Hydroperoxide 

All reactions were carried out utilizing 10 mg of substrate 
dissolved in 0.5 mL tetrahydrofuran containing 0.05 mL of 
tert-butyl hydroperoxide. To these solutions were added any 
further reagents used. The product composition of the 
reactions was ascertained via tlc. Authentic samples of 3',4'- 
dehydrovinblastine (8), leurosine (7), catharine (3), pleurosine 
(17) (14), and 3',4'-dehydrovinblastine Nb,-oxide (16) (8) were 
used for comparison purposes. The solvent systems used for 
the chromatographic analysis were ethyl acetate - 20% 
methanol and methylene chloride - 6% methanol. Visualiza- 
tion was achieved by spraying with ceric sulfate spray reagent 
and heating at 100°C for 1 h. The relative amounts of products 
formed were estin7ated from the visualized chromatograms. 

Reaction of 3',4'-Del~ydrovinblastine ( 8 )  with pot as sir it,^ 
Permangunate 

A solution of 3',4'-dehydrovinblastine (8) (250mg, 0.316 
mmol) in methylene chloride (2 mL) and acetone (5 mL) was 
treated at 0°C with a solution of potassium permanganate 
(105 mg, 0.665 mmol) in acetone (5 mL). The reaction mixture 
was stirred at 0°C for 5 min and the solvent was removed 
in vacuo. The residue was triturated with methylene chloride 
(5 mL) and filtered through silica gel (ethyl acetate-25% 
methanol). Removal of the solvent it1 uacrto followed by 
chromatography of the residue on silica gel (ethyl acetate- 
15% methanol) afforded the ketol 19 (111 mg, 42%) as the 
major product (R, 0.4). 19'-0x0-3',4'-dehydrovinblastine (18) 
(25 mg, 9.8%) identical with an authentic sample (8) (tlc, ms, 
'Hmr) was obtained as the minor product (R, 0.75). 

Ketol 19, mp 198-202°C (ethanol); uv h,,,: 310 (3.80), 294 
(4.08), 284 (4.14), 268 (4.19), 212 (4.72); ir v,,,: 3475, 1734, 
1660, 1612; 'Hmr 6: 7.88 (1 H, bs, NH), 7.51 (lH, m, C14'-H), 
7.32 (lH, s, NCHO), 7.14 (3H, m, C11'-C13'-H's), 6.71 (lH, 
s, C14-H), 6.00 (lH, s, C17-H), 5.86 (lH, dd, J = 10 and4 Hz, 
C7-H), 5.49 (lH, S, C4-H), 5.30 (lH, d, J = 10 HZ, C6-H), 
3.97 (lH, bs, C3'-H), 3.79 (3H, S, -OCH,), 3.73 (3H, S, 
-OCH,), 3.51 (3H, S, LOCH,), 2.69 (3H, S, -NCH,), 2.12 
(3H, S, -OCOCH3), 0.79 (3H, t, J = 7 HZ, -CH2CH3), 0.70 
(3H, t, J = 7 Hz, -CH2CH3); ms ttrle: 840 (M+), 781, 680, 
573, 135 (base peak). Mot. Wt. calcd. for C46H56N4011: 
840.3945; found (high resolution ms): 840.3966. 

Reactiotz of Leurosine ( 7 )  with Potassiutn Pertnangatrate 
A solution of leurosine (7) (105 mg, 0.13 mmol) in acetone 

(1 mL) and methylene chloride (0.5 mL) was treated with a 
solution of potassium permanganate (40 mg, 0.25 mmol) in 
acetone (4 mL). The reaction mixture was stirred at ambient 
temperature for 3 min and the solvent was removed in vacrto. 
The residue was treated as above to afford the ketol 19 (30 mg, 
2721, identical with that obtained above, and 19'-oxoleurosine 
(27) (20 mg, 19%) as a colorless film. 

19'-Oxoleurosine (27); uv h,,,: 309 sh (3.74), 294 (4.00), 
284 (4.05), 262 (4.13), 214 (4.66); ir v,,,: 3470, 1738, 1644; 
'Hmr 6: 8.06 (lH, bs, NH), 7.57 (lH, m, C14'-H), 7.18 (3H, 
m, CI 1'-C13'-H's), 6.65 ( lH,  s, C14-H), 6.19 (lH, s, C17-H), 
5.90 (lH, dd, J = 10.5 and 3.5 Hz, C7-H), 5.51 (lH, s, C4-H), 
5.33 (IH, d, J = 10.5 Hz, C6-H), 4.76 ( lH,  m, C2'-H), 3.85 
(3H, S, -OCH,), 3.83 (3H, S, -OCH,), 3,63 (3H, S, -OCH,), 
2.76 (3H, S, NCH,), 2.12 (3H, S, -OCOCH,), 1.01 (3H, t, 
J = 7.5 HZ, -CH2CH3), 0.84 (3H, t, J = 7 HZ, -CH,CH,); 
ms mle: 822 (M+), 763, 282, 135 (base peak); 13Cmr 6 :  
163.0 (Clg'), 61.6 (C3'), 59.8 (C4'), 8.9 (-CHZCH,), 8.5 
(-CH2CH3). Mol. Wr. calcd. for C46H54N4010: 822.3839; 
found (high resolution ms): 822.3806. 
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TABLE 2. Comparative oxidations of 3',4'-dehydrovinblastine (8), leurosine (7), 
and derivatives using tert-butyl hydroperoxide 

Reaction conditions Products (2, approximate) 
-- 
16 or 

Substrate Time Additive 3 7 8 17 Others 

8 22 h 0.05 mL 1% tri- 
fluoroacetic acid 5 95 - 5 - 

8 5 days 0.05 mL 1% tri- 
fluoroacetic acid 40 25 - 5 30 

8 22 h 0.05 mL water 5 30 - 5 60 
8 22h - 30 10 5 10 45 
8 22 h 0.05 mL 1% tri- 

fluoroacetic acid 
0.1 mL methanol - 50 45 5 - 

8 22 h 0.05 mL 1% tri- 
fluoroacetic acid 
5 mg radical 
inhibitor* - 25 70 5 - 

16 22 h 0.05 mL 1% tri- 
fluoroacetic acid - - - 100 - 

8 22 h 0.05 mL 5% tri- 
fluoroacetic acid - - 100 - - 

7 22 h 0.05 mL 5% tri- 
fluoroacetic acid - l o o - - -  

7 22 h 0.05 mL 1% tri- 
fluoroacetic acid 20 65 - 15 - 

7 22 h 0.05 mL 1% tri- 
fluoroacetic acid 
5 mg radical 
inhibitor* 5 90 - 5 - 

7 44 h 0.05 mL 1% tri- 
fluoroacetic acid 
10 mg radical 
inhibitor* - - -  loo - 

17 22 h 0.05 mL 1% tri- 
fluoroacetic acid - - p  100 - 

'3-lerl-Butyl-4-hydroxy-5-rnethylphenyl sulphide. 

Keto Acetate 20 
A solution of the ketol 19 (22 mg, 0.026 mmol) in pyridine 

(2 mL) at ambient temperature under a nitrogen atmosphere 
was treated with acetic anhydride (4 drops). The reaction 
mixture was stirred for 30 h. Methanol (1 mL) and toluene 
(10 mL) were added and the solvent was removed in vacuo. 
Chromatography of the residue on silica gel (ethyl acetate - 
10% methanol) afforded the keto acetate 20 (15 mg, 65%) as a 
white amorphous solid; uv h,,,: 310 (3.81), 294 (4.10), 285 
(4.17), 270 (4.21), 213 (4.73); ir v,,,: 3470, 1738, 1660, 1612; 
'Hmr 6:  7.90(1H, bs, NH), 7.51 (lH, m, C14'-H), 7.32 (lH, s, 
NCHO), 7.12 (3H, m, Cl1'-C13'-H's), 6.64 (IH, s, C14-H), 
6.00 (lH, s, C17-H), 5.86 (IH, dd, J = 10 and 4 Hz, C7-H), 
5.48 (lH, S, C4-H), 5.31 (IH, d, J = 10 HZ, C6-H), 4.80 ( lH,  
bs, C3'-H), 3.79 (3H, S, -OCH3), 3.76 (3H, S, -OCH3), 3.72 
(IH, S, C2-H), 3.62 (3H, S, -OCH,), 2.69 (3H, S, NCH,), 2.14 
(3H, S, -OCOCH3), 2.10 (3H, S, -OCOCH,), 0.77 (3H, t, 
J = 7 Hz, -CH2CH3), 0.70 (3H, t, J = 7 Hz, -CH2CH3); 
ms mle: 882 (MC), 822,762, 720, 613, 555, 354, 181, 169, 135, 
131, 119 (base peak). Mol. Wt. calcd. for C4,H,,N4012: 
882.4050; found (high resolution ms): 882.4046. 

Triol 21 
A solution of the ketol 19 (50 mg, 0.06 mmol) in 95% 

ethanol (3 mL) was treated with sodium borohydride (6 mg, 
0.16 mmol). The reaction mixture was stirred at ambient tem- 
perature for 30 min and treated with acetone (1 mL). The 
solvent was removed in vaclto and the residue was triturated 
with methylene chloride (20 mL) and filtered through Celite. 
Removal of the solvent in vaclto followed by chromatography 
of the residue on silica gel (methylene chloride - 5% methanol) 
afforded the triol 21 (33 mg, 66%) as a colorless film; uv h,,,: 
310 (3.65), 295 (4.00), 284 (4.06), 267 (4.11), 212 (4.65); ir 
v,,,: 3585, 3472, 1738,1660, 1613; 'Hmr 6: 7.98 (lH, s, NH), 
7.53 (lH, m, C14'-H), 7.45 (IH, s, NCHO), 7.15 (3H, m, 
C11'-C13'-H's), 6.76 (lH, S, C14-H), 6.12 (IH, S, C17-H), 
5.90 (lH, dd, J = 10 and 4 Hz, C7-H), 5.46 (lH, s, C4-H), 
5.35 ( lH,  d, J = 10 HZ, C6-H), 3.82 (3H, S, -OCH3), 3.80 
(3H, S, -OCH,), 3.76 (lH, S, C2-H), 3.55 (3H, S, -OCH,), 
2.71 (3H, s, NCH,), 2.10 (3H, S, -OCOCH,), 0.84 (3H, t, 
J = 7.5 HZ, -CHzCH,), 0.79 (3H, t, J = 7 HZ, -CH,CH3); 
ms mle: 842 (M+), 783, 681, 574, 516, 135 (base peak). Mol. 
Wt. calcd. for C46H58N4011: 842.4102; found (high resolu- 
tion ms): 842.4060. 

Acerylation of Triol 21 
A solution of the triol 21 (32 mg, 0.38 mmol) in pyridine 

(2 mL) at ambient temperature under a nitrogen atmosphere 
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was treated with acetic anhydride (0.1 mL). The reaction 
mixture was stirred for 22 h at which point methanol (0.5 mL) 
and toluene (10 mL) were added. The solvent was removed 
in vacrio and the residue was chromatographed on silica gel 
(methylene chloride - 5% methanol) to yield the tetraacetate 
22 (9 mg, 24%, Rr 0.4) and the triacetate 23 (9 mg, 26%, Rr 
0.35). Both compounds were obtained as colorless films. 

Tetraacetate 22; uv h,,,: 310 (3.73), 294 (4.06), 284 (4.11), 
267 (4.15), 212 (4.70); ir v,,,: 3468, 1732, 1666, 1618; 'Hmr 6: 
8.06 (IH, bs, NH), 7.50 (H, m, C14'-H), 7.36 ( lH,  s, NCHO), 
7.14 (3H, m, C11'-C13'-H's), 6.53 ( lH,  s, C14-H), 6.13 ( lH,  
s, C17-H), 5.89 (lH, dd, J  = 10 and 5 Hz, C7-H), 5.52 ( lH,  s, 
C4-H), 5.30 (1 H, d, J  = 10 Hz, C6-H), 4.90 (1 H, m, C4'-H), 
4.54 ( lH,  t, J  = 6 HZ, C3'-H), 4.03 ( lH,  S, C2-H), 4.82 (3H, 
s, -OCH,), 4.77 (3H, S, -OCH,), 4.59 (3H, S, -OCH3), 
2.85 (3H, s, NCH,), 2.08 (6H, S, 2 x -OCOCH,), 1.98 (6H, 
S, 2 X -OCOCH3), 0.75 (3H, t, J  = 7 HZ, -CH,CH,), 0.48 
(3H, t, J  = 7 Hz, -CH2CH3); ms tn/e: 968 (M+), 765, 659, 
600, 135 (base peak). Mol. Wt. calcd. for C5,HS4N4014: 
968.4419; found (high resolution ms): 968.4395. 

Triacetate 23; uv h,,,: 309 (3.70), 294 (4.03), 284 (4.08), 269 
(4.10), 212 (4.67); ir v,,,: 3480, 1732, 1664, 1617; 'Hmr 6: 
7.95 ( lH,  bs, NH), 7.54 ( lH,  m, C14'-H), 7.38 (lH, s, NCHO), 
7.15 (3H, m, C11'-C13'-H's), 6.54 ( lH,  s, C14-H), 6.17 ( lH,  
s, C17-H), 5.88 ( lH,  dd, J  = 10 and 4 Hz, C7-H), 5.55 ( lH,  s, 
C4-H), 5.30 (1 H, d, J  = 10 Hz, C6-H), 4.89 (1 H, m, C4'-H), 
4.41 ( lH,  t, J  = 6 Hz, C3'-H), 3.84 (3H, s, -OCH,), 3.82 
(3H, S, -OCH,), 3.75 (lH, S, C2-H), 3.58 (3H, S, -OCH,), 
2.73 (3H, s, NCH,), 2.12 (3H, s, -OCOCH,), 2.08 (3H, s, 
-OCOCH,), 1.97 (3H, S, -OCOCH,), 0.76 (6H, t, J  = 7 HZ, 
2 x -CH2CH3); ms ni/e: 926 (M+), 867, 765, 659, 600, 135 
(base peak). Mol. Wt. calcd. for CS0HS2N40, ,: 926.4313; 
found (high resolution ms): 926.4331. 

d, J  = 10 HZ, C6-H), 3.80 (6H, s, 2 x -OCH,), 3.62 (3H, s, 
-OCH,), 3.50 ( lH,  S, C2-H), 2.71 (3H, S, NCH,), 2.11 (3H, S ,  

-OCOCH,), 0.74 (3H, t, J  = 7 Hz, -CH2CH3); ms tt~le: 
782 (M'), 723, 621, 514, 135 (base peak). Mol. Wt. calcd. for 
C43HsON4010: 782.3515; found (high resolution ms): 
782.3484. 

Periodic Acid Cleavage of the Ketol19 
A solution of the ketol 19 (40 mg, 0.048 mmol) in tetra- 

hydrofuran (2 mL) at ambient temperature under a nitrogen 
atmosphere was treated with a solution of periodic acid (15 mg, 
0.1 17 mmol) in tetrahydrofuran (1 mL). The reaction mixture 
was stirred for 4 h and the solvent was removed in vacrro. 
Chromatography of the residue on silica gel (methylene 
chloride - 5% methanol - 0.1 2 ammonium hydroxide) afforded 
the Nb-formyl aldehyde 26 (20 mg, 54%) identical with that 
obtained above. 

Reactiotl of 4'-Deoxylerrrosidit~e (29) wit11 Potassi~ut~ 
Pern~anganate 

A solution of 4'-deoxyleurosidine (29) (260 mg, 0.33 mmol) 
in acetone (5 rnL) and methylene chloride (2 mL) at ambient 
temperature under a nitrogen atmosphere was treated with a 
solution of potassium permanganate (158 mg, 1 mmol) in 
acetone (3 rnL). The reaction mixture was stirred for 20 min 
and the solvent was removed in vacrro. The residue was 
triturated with methylene chloride (10 mL) and filtered through 
silica gel (ethyl acetate - 25% methylene chloride - 15% 
methanol). Removal of the solvent in uacrlo followed by 
chromatography of the residue onsilica gel (ethyl acetate - 13% 
methanol) afforded vinamidine (4) (60 mg, 22%) and 19'-0x0- 
4'-deoxyleurosidine (30) (30 mg, 11%). The synthetic vinami- 
dine had [a], -35" (c 1.1, CHCI,) (lit. (5) [a], -33"). The 
'Hmr and mass soectra as well as the tlc orooerties of the 

Diketone 24 synthetic material were in accord with those exhibited by a n  
A solution of the ketol 19 (30 mg, 0.036 mmol) and cupric 

acetate (monohydrate) (20 mg, 0.1 1 mmol) in methanol (3 mL) 
was heated at reflux for 25 rnln. The solvent was removed 
in vacllo and the residue was triturated with rnethylene 
chloride (2 mL) and filtered through Celite. Removal of the 
solvent it1 vacrro followed by chromatography of the residue 
on silica gel (methylene chloride - 5% methanol) afforded the 
diketone 24 (16 mg, 53%) as a pale yellow film; uv h,,,: 308 
(3.70), 293 (4.03), 277 (4.11), 260 (4.20), 207 (4.70); ir v,,.: 
3450, 1739, 1713, 1662, 1615; 'Hmr 6: 7.94 (2H, bs, NH, 
NCHO), 7.52 ( lH,  m, C14'-H), 7.18 (3H, rn, C11'-C13'-H's), 
6.77 ( lH,  S, C14-H), 6.10 ( lH,  S, C17-H), 5.91 ( lH,  dd, 
J  = 10 and 4 Hz. C7-H). 5.51 (IH. s. C4-H). 5.34 (1H. d, 
J  = 10 Hz, ~ 6 - H ) ,  3.82 ' (3H, s, -ocH,), ' 3.74 ( 3 ~ ,  . bs; 
-OCH,), 3.62 (3H, S, -OCH3), 2.74 (3H, S, NCH,), 2.12 
(3H, S, -OCOCH,), 1.04 (3H, t, J  = 7.5 HZ, -CH,CH3), 
0.79 (3H, t, J  = 7 Hz, -CH,CH,); ms ttlle: 838 (M+), 779, 
678 (base peak), 570, 135. Mol. Wt. calcd. for C46H54N401 : 
838.3789; found (high resolution ms): 838.3770. 

Periodic Acid Cleavage of 21 
A solution of 21 (25 mg, 0.030 mrnol) in tetrahydrofuran 

(2 mL) at ambient temperature under a nitrogen atmosphere 
was treated with a solution of periodic acid (8.5 rng, 0.066 
mrnol) in tetrahydrofuran (0.5 rnL). The reaction mixture was 
stirred for 2 min and concentrated in vacno. Chromatography 
of the residue on silica gel (methylene chloride - 5% methanol - 
0.1% ammonium hydroxide) afforded the Nb-forrnyl aldehyde 
26 (15 mg, 65%) as a colorless film; uv h,,,: 310 (3.67), 294 
(4.00), 284 (4.08), 268 (4.15), 213 (4.66); ir v,,,: 3464, 1732, 
1661, 1612; 'Hmr 6: 9.20 (IH, s, -CHO), 7.96 ( lH,  bs, NH), 
7.61 (lH, s, NCHO), 7.56 ( lH,  m, C14'-H), 7.18 (3H, m, 
C l  1'-Cl3'-H's), 6.64 ( lH,  S, C14-H), 6.1 1 ( lH,  S, C17-H), 5.88 
( lH,  dd, J  = 10 and4 Hz, C7-H), 5.49 ( lH,  s, C4-H), 5.29 ( lH,  

authentic sample. 
19'-0x0-4'-deoxyleurosidine (30); uv h,,, : 31 1 (3.92), 294 

(4.03), 284 (4.08), 263 (4.13), 212 (4.72); ir v,,,: 3476, 1736, 
1640, 1615; 'Hmr 6 :  8.05 ( lH,  bs, NH), 7.58 ( lH,  m, C14'-H), 
7.17 (3H, m, C11'-C13'-H's), 6.65 ( l H , s ,  C14-H), 6.16(1H, 
s, C17-H), 5.88 ( lH,  dd, J  = 10.5 and 4 Hz, C7-H), 5.51 (lH, 
s, C4-H), 5.31 (1 H, d, J  = 10 Hz, C6-H), 4.84 (lH, m, C2'-H), 
3.82 (6H, s, 2 x -OCH,), 3.78 ( lH,  s, C2-H), 3.61 (3H, s, 
-OCH,), 2.74 (3H, S, NCH,), 2.12 (3H, S, -OCOCH3), 0.92 
(3H, t, J =  ~ H z ,  -CH2CH3), 0.84 (3H, t, J =  ~ H z ,  
-CH2CH3); ms rt~le: 808 (M + ), 749, 690, 646 (base peak), 
589, 540, 135. Mol. Wt. calcd. for C46H56N409: 808.4079; 
found (high resolution ms): 808.4046. 

Catharinit~ol 
Catharininol was prepared from the synthetic vinamidine 

(catharinine) via the literature procedure (5). This material 
had [a], - 78" (c 0.42, CHCI,) (lit. (5) [a], - 80"). 
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Megastachine, a new alkaloid from Lycopodium megastachyuml 
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JEAN-CLAUDE BRAEKMAN, CLAUDE HOOTELE, NOAH MILLER, JEAN-PAUL DECLERCQ, GABRIEL 
GERMAIN, and MAURICE VAN MEERSSCHE. Can. J. Chem. 57. 1691 (1979). 

The isolation of the novel pentacyclic base megastachine (I), representative of a new type of 
Lycopodi~im alkaloid, is reported. Its structure has been determined by X-ray diffraction analysis. 

JEAN-CLAUDE BRAEKMAN, CLAUDE HOOTELE, NOAH MILLER, JEAN-PAUL DECLERCQ, GABRIEL 
GERMAIN et MAURICE VAN MEERSSCHE. Can. J. Chem. 57, 1691 (1979). 

Dans le prCsent travail, nous dkcrivons I'isolement d'une base pentacyclique nouvelle, la 
megastachine (1). representative d'un type nouveau d'alcaloi'des des Lycopodium. Sa structure 
est Ctablie par I'analyse du diagramme de diffraction des rayons-)<. 

In the course of our systematic search for new 
Lycopodiurn alkaloids of possible biogenetic signi- 
ficance (l), we have examined the basic extract of the 
African species Lycopodium megastachyum Baker 
(syn. Huperzia megastachin (Bak.) Tard) collected in 
the Ifody forest (Madagascar). This species is actively 
sought by the natives as a substitute for hashish. 

In a previous communication, we reported the 
isolation from the light petroleum extract of this 
plant of eight triterpenes of the serratane type (2). We 
wish to describe now the isolation and the structure 
determination of megastachine, a new base isolated 
from the methanol extract. 

The molecular formula of megastachine (1, 
C2,H2,N03) was established through high resolution 
mass spectrometry on the free base. One of the oxy- 
gen atoms is clearly involved in a secondary alcohol 
function (voH at 3140 cm-l ;  broad signal of 1H at 
F 2.54, disappearing on treatment with D 2 0 ;  double 
quartet of l H  ( J  = 6.5 and 3 Hz) at F 4.28). Acetyla- 
tion of (1) afforded a monoacetate (2) confirming the 
presence of only one hydroxyl group and implying 
that the nitrogen atom of the molecule is tertiary. 

The 'H nmr spectrum of megastachine shows a 1 H 
doublet ( J  = 4 Hz) at F 5.63 and two 3H doublets 
( J  = 7 Hz) at F 1.29 and 1.02, attributed to a 
trisubstituted double bond and to two CH-CH, 
groups respectively. Moreover, the slightly de- 
shielded signal observed for one of these doublets 
suggests that one of the methyl groups is geminal to 
an oxygen atom. 

Mass spectra of both 1 and 2 show a base peak at 

'Dedicated to the memory of R. H. F. Manske. 

1 R = H  
2 R = COCH, 

3 4 

m/e 286 (C,,H2,N02 by high resolution ms) corre- 
sponding to the loss from the n~olecular ion of 45 and 
87 mass units, respectively (metastable ions at m/e  
247 for 1 and at m/e  220 for 2). This suggests the 
presence in the molecule of a CH3-CHOH group. 
Moreover, the multiplicity of the proton geminal to 
the hydroxyl group led us to extend this part struc- 
ture to CH3-CH-CH-. 

OH 
The presence of only one double bond in mega- 

stachine was substantiated by the obtention of a 
dihydro derivative on catalytic hydrogenation. 

0008-4042/79/13 169 1-03$0 1 .OO/O 
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The two last oxygen atoms of 1 are probably in- 
volved in a y-lactone ring such as 3 (v,,, at 1760 
cm-'; double doublet of 1H at  6 4.65). On lithium 
aluminium hydride reduction, megastachine afforded 
a diol (arising, most probably, from the partial 
reduction of the y-lactone to the corresponding 
hemiacetal) which could be converted to the corre- 
sponding diacetate. 

None of the known Lycopodium alkaloid skeletons 
(3,  4) fits the data obtained for 1 and, consequently, 
megastachine must have an original structure. As the 
available quantities of 1 were insufficient to  permit a 
complete structure determination by chemical 
methods, the problem was solved using X-ray 
diffraction performed on the methiodide. The com- 
puter drawing of this salt is reproduced in Fig. 1 and 
the atomic parameters are given in Table 1. 

Thus megastachine represents a new structural 
type amongst the Lycopodium alkaloids. Its formal 
relationship to the other Lycopodium alkaloids is 
implicit in the numbering system shown in formula 1. 
It is closely related to  fawcettidine (4) and its 
congeners (4). 

Biogenetically, megastachine can formally be ob- 
tained by substitution, from the less hindered side of 
the molecule, of the C-5 hydroxyl group of a pre- 
cursor such as 5, by an acetoacetic unit (see Scheme 1). 

Experimental 
The plant material was collected in the Ifody forest near 

Sabotsy-Anjiro (Madagascar) by P. Boiteau. 

TABLE 1. Atomic parameters of megastachine methiodide 

C- 1 4269(7) 234(9) 8 158(13) 
C-2 4984(9) - 325(1 I) 7 694(16) 
C-3 5822(7) 136(9) 7 859(12) 
C-4 58 1 O(6) I 126(7) 8 456(12) 
C-5 6636(7) I 561(8) 8 368(12) 
C-6 6902(6) I 710(7) 10 030(15) 
C-7 6324(6) I 256(9) 11 026(12) 
C-8 6679(8) 305(8) 11 336(14) 
C-9 3742(7) 1 192(9) 10 218(13) 
C-10 4200(6) 2 046(8) 9 754(14) 
C-1 1 5046(7) 2 068(8) 10 408(12) 
'2-12 55 19(5) 11 083(6) 10 057(15) 
C-13 5034(6) 373(8) 10 560(11) 
C-14 5267(9) 255(8) 11 478(14) 
C-15 6092(8) 301(8) 12 143(14) 
C-16 6049(9) 72(10) 13 826(14) 
C-17 6772(6) 3 1 19(7) 8 929(15) 
C-18 6675(6) 2 484(8) 7 667(13) 
C-19 7344(7) 2 646(9) 6 591(14) 
C-20 7242(9) 2 049(10) 5 180(14) 
C-2 1 3699(8) -414(11) 10 365(18) 
0- I 6866(5) 2 691(5) 10 213(9) 
0 -2  674 1 (5) 3 919(5) 8 899(10) 
0 - 3  8070(5) 2 393(5) 7 345(9) 
N 42 1 l(5) 363(6) 9 839(11) 
I 5318(0) -2 767(1) 9 992(1) 

FIG. I .  Computer drawing of megastachine methiodide. 

The defatted dry powder of Lycopodilrm megastachylrm 
(4.5 kg) was continuously extracted in glass Soxhlets with 
MeOH. The extract was evaporated to dryness under reduced 
pressure and the residue was treated several times with an 
aqueous solution of 2% HCI. After filtration the aqueous acid 
solution was made basic by addition of ammonia and extracted 
with CHCI,. The chloroform phases were combined and eva- 
porated to dryness under reduced pressure, yielding 2.84 g of 
crude alkaloids. This fraction was then submitted to a counter- 
current distribution (CHCI, - McIlvaine buffer pH 5.8, 23 
transferts) and fractionized into three subfractions: A (0.3 g, 
K = 0), B (0.22 g, K = l), and C (1.99 g, K = 20). Fraction A 
gave negative Aebisch and Reichstein tests and was discarded. 
Fraction C was found to be a complex mixture of high 
molecular weight basic compounds. Fraction B was chroma- 
tographed on alumina (eluent: (i) C6H6; (ii) AcOEt); this led 
to the isolation of 34 mg of megastachine homogeneous on tlc, "- - CH/ Ht c o o H  

CO 
I 

CH3 
5 
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BRAEKMAN ET AL. 1693 

mp 167-169°C (from acetone); high resolution ms: M +  (80%) 
calcd. for Cz,Hz9N03: 331.2147; found: 331.2153; M +  - 45 
(100%) calcd. for C18H24N02:  286.181 ; found: 286.183; ms: 
characteristic peaks at m/e 331 (M+,  80), 316 (M+ - 15, 65), 
286 (M + - 45, loo), 242 ( a ) ,  231 (25), 176 (81), 160 (40), 152 
(40), 150 (35); ir (KBr): v,, at  3140, vc,, at  1660, 1180, 1 110, 
1030, 920cm-'; ' H  nmr (CDCI,, TMS, 60 MHz) 6: 1.02 (3H, 
d,  J = 7 Hz), 1.29 (3H, d, J = 6.5 Hz), 2.54 ( lH ,  broad signal 
disappearing on treatment with DzO), 4.28 ( lH,  double q, 
J = 6.5 and 3 Hz), 4.65 (IH, dd, J = 6 and 2 Hz), 5.63 ( IH,  d,  
J = 4 Hz). 

0-Acetylmegastachine 
Treatment of megastachine (4 mg) with the mixture (1 mL) 

pyridine - acetic anhydride (2: 1) at room temperature for 12 h 
yielded, after the usual work up, crude 0-acetylmegastachine 
(4 mg) which was purified by filtration on alumina, mp 140- 
142°C; ir (KBr): vc=, at 1760 and 1740 cm-', vc=, at 1660 
and 1237 cm-I; ms intense ions mle: 373 ( M f ,  25), 372 (99,  
358 (M+ - 15, 55), 286 (M+ - 87, loo), 270 (25), 242 (37), 
176 (06). 

H4LiAI Reduction of Megastachyne 
To  50 mgofH4LiAI dissolved in 3 mLof anhydrousTHF was 

added 5 mg of megastachyne dissolved in 10 mL of THF.  The 
mixture was stirred at  room temperature for 24 h. After the 
usual work-up, 4 mg of an oil was obtained; ir: YO" at 3400 
cm-' and v,=, at  1660cm-'; ms: M +  at  mle 333 (99,  318 
(42), 290 (go), 246 (50), 176 (loo), 163 (77); the spectrum also 
showed the presence of a small quantity of a trio1 (M + at 335). 
After acetylation a diacetate was obtained ir (CHCI3): vc,, at 
1735 cm-'  and vc= , at 1660 cm-' ; ms: M +  at mle 417 (64), 
402 (52), 186 (loo), 168 (go), 148 (67); the spectrum also 
showed the presence of a small quantiy of a triacetate (M+ at  
461). 

Dihydromegastachine 
Catalytic hydrogenation of megastachine (6 mg) in MeOH 

(8 mL) at  atmospheric pressure for 120 h yielded, after filtra- 

tion and evaporation of the solvent under reduced pressure, 
5 mg of dihydromegastachine which could not be induced to 
crystallize; ir (KBr): VOH at 3350 cm-', vc=, at  1760,1460, and 
1180cm-'; ms: intense ions at tn/e 333 (M+, loo), 318 
(M+ - 15, 22), 290 (16), 288 (19), 286 (17), 164 (go), 158 (27), 
149 (35). 

X-ray Diffractiot~ Data 
The X-ray diffraction analysis was performed on the 

methiodide of megastachine (mp 215-220°C (dec.); C21H32- 
INO,) using a Syntex diffractometer. Space group P2,212, 
with a = 16.708, b = 14.967, c = 9.150 A, Z = 4. Radiation 
MoKa;  28,,, = 47"; number of independent reflections 
measured, 1493; number of reflections observed, 1493. The 
structure was solved by direct methods, using the random 
approach described by Baggio et al. (5). The refinements were 
realized using the XRAY 72 programs (6). R final: 0.048. 
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P. K. BATTEY, D. L. CROOKES, and G. F. SMITH. Can. J. Chem. 57, 1694(1979). 
Two syntheses of N-{2-[l'-benzyl-3'-(indole-7"-yl)oxindol-3'-yl]ethyl)-N-methylacetamide 

(6), a possible intermediate in a synthesis of quadrigemine-A, are described. The more efficient 
of the two syntheses gives an overall yield of 12% in 11 steps from tryptamine. 

P. K. BATTEY, D. L. CROOKES et G. F. SMITH. Can. J. Chem. 57. 1694(IY7Y) 
On decrit deux synthtse du N-{benzyl-1' (indolyl-7")-3' oxindolyl-3'1-2 ethyl) N-mtthyl- 

acetamide (6), un intermediaire possible dans la synthese de la quadrigemine-A. La meilleure 
des deux syntheses conduit au produit desire en 11 Ctapes B partir de la tryptarnine avec un 
rendement global de 12%. 

[Traduit par le journal] 

The alkaloid quadrigemine-A is a minor constit- CH3 
uent of the leaves of the East Australian shrub I H 
Hodgkinsonia frutesceris F. Muell. (Rubiaceae). The CH3 

I H alkaloids of this species were first investigated by 
Anet et a/. ( I )  who isolated the main crystalline 
alkaloid, hodgkinsine (I) ,  the structure of which 
was elucidated by degradation (2) and was confirmed 
by X-ray structure determination (3). The minor 
alkaloids, quadrigemine-A (2) and quadrigemine-B 
(3) were more recently isolated by a long counter- 
current separation process and the gross structures, H I H I 

CH3 CH 3 
excluding stereochemistry, elucidated by degrada- 

1 2 tion (4). These two alkaloids were obtained in small 
quantity and are as yet inseparable mixtures of CH3 

I H 
diastereoisomers. Synthesis will, we hope, open the 
way to  the preparation of the set of diastereoisomers 
and t o  a complete solution of the stereochemical 
problem. CH3 

These alkaloids belong to  the small calycanthaceous 
group, of which the prototypes are (-)- and meso- d k l z F  chimonanthine (4 and 5). The chimonanthines have 
been synthesized by four distinct routes by three \ N r N  
different groups of workers, Hendrickson et 01. ( 5 ) ,  H I H H  I 
Scott et al. (6), and Hino et a / .  (7, a), all involving CH3 CH 3 

a P-P' dimerisation of indole or oxindole units. This 3 4 

approach can in principle be applied to  a synthesis CH3 
of quadrigemine-A and our work in this direction 1 H H  

has had as objective a synthesis of the 3-(7'-indoly1)- 
oxindole system, for which there is no precedent. 

This paper describes the synthesis of N-(2-[1'- \ 

benzyl- 3' - (indole - 7" - y1)oxindol- 3' - yl]ethyl)- N -  N I N  

methylacetamide (6). 
H H  I 

C H3 
The first approach started with N-benzyloxindole 5 

and involved the introduction a t  C3 of a hydroxy- 
cyclohexyl group and a cyanomethyl group: the former was then converted into the 7'-indolyl sub- 

stituent and the latter into the ethanamine side 
'Dedicated to the memory of R. H. F. Manske. chain. 

0008-4042/79/13 1694- 13$0 1 .OO/O 
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Direct N-methylation of the secondary acetamide 9 
under a range of conditions led to mixtures, the 
major by-product being that derived from O-de- 
acetylation and subsequent 0-methylation, so pro- 
tection of the hydroxyl function as a THP ether had 

CH2Ph CH2Ph CH2Ph to be resorted to. This was achieved in high overall 
6 7 yield by hydrolysis with aqueous alcoholic Na2C0, 

followed by treatment with dihydropyran-HC1 in 

The introduction of a P-hydroxyalkyl function at 
the oxindole C3 position has a precedent in the re- 
action of 1,3-dimethyl-5-methoxyoxindole sodium 
enolate with ethylene oxide (9) to give 3-(2'-hydroxy- 
ethyl)-l,3-dimethyl-5-methoxyoxindole in 21% yield : 
in our hands, repetition of this reaction with 1,3- 
dimethyloxindole in the absence of air yielded 3-(2'- 
hydroxyethy1)-l,3-dimethyloxindole in 42% yield. 
The reaction of the lithium enolate of N-benzyl- 
oxindole with cyclohexene oxide in anisole under 
nitrogen proceeded very much more efficiently and 
gave a 90% yield of an approximately 1 : 1 mixture of 
the two diastereoisomers 7. This makes the plausible 
assumption that the reaction leads to trans-disub- 
stituted cyclohexanes. Column chromatography 
allowed the isolation of the diastereoisomers as pure 
compounds but unfortunately spectral and other 
data in this case, and in all subsequent cases of 
diastereoisomerism in this series, did not allow a 
clear assignment of relative stereochemistry. This 
failure however is not very serious, since the dia- 
stereoisomerism disappears in the product 6.  

The introduction of a cyanomethyl group at C3 
was effected at this point. The hydroxyl group in 7 
was protected by acetylation and the corresponding 
sodium oxindole enolate treated with chloro- 
acetonitrile in THF, which gave an excellent yield of 
3-(2'-acetoxycyclohexyl)- 1 - benzyl-3-cyanomethyl- 
oxindole (8) as a mixture of diastereoisomers. These 
were isolated, one as a pure compound and the other 
contaminated with a small percentage of a product of 
further cyanomethylation. 

The next step was the reduction of the nitrile 
function which had to be effected without reduction 
of the oxindole carbonyl or hydrogenolysis of the 
N-benzyl group. Catalytic hydrogenation proved to 
be surprisingly difficult, but was eventually achieved 
with W5 Raney nickel in acetic anhydride-NaOH at 
85°C and 6.5 atm (10). This led to N-{2-[l1-benzyl-3'- 
(2"-acetoxycyclohexyl)oxindol-3'-yl]ethyl)acetamide 
(9), in almost quantitative yield as a mixture consisting 
mainly of two easily separable diastereoisomers. 
However, even these hydrogenation conditions led to 
problems of reproducibility and of scaling up, and 
eventually to the search for an alternative approach. 

8 9 (R = H, R'  = COCH,) 
10 ( R =  CH,. R '  = H) 

DMF (significantly lower yields of THP ether were 
obtained in THF or HMPA as solvents). N-Methyl- 
ation by KOBut-THF-Me1 then led to a quantita- 
tive yield of pure mixed diastereoisomers moving as 
one spot on tlc, smoothly hydrolysed by dilute HC1 
to N-(2-[1 '-benzyl-3'-(2"-hydroxycyclohexyl)oxin- 
dol-3'-yl]ethyl)-N-methylacetamide 10. The two dia- 
stereoisomers in this case were separable by pre- 
parative tlc, and spectral data, which only differed 
slightly between the two compounds, were entirely 
compatible with the gross structure 10. The nmr 
spectra (at 25°C) show doubling of N-methyl and 
acetyl methyl signals due to hindered rotation of the 
ethanamine side chain : single signals were, however, 
observed at 85°C. Similar effects were observed with 
most of the following compounds and will not be 
discussed again. Oxidation of the mixture of alcohols 
with chromic acid in acetone led to a 70% yield of 
two separable diastereoisomeric ketones (11) each of 

1 11 R = R V = H  
12 R = H, R'  = CHO 
13 R = CH2CH=CH2, R'  = CHO 
14 R = CH,CH=CH,, R'  = H 

which was the sole product of analogous oxidation 
of the separated diastereoisomeric alcohols 7. 

The plan now was to build up a pyrrole ring by the 
introduction of -CH2CH0 at C3", then dehydro- 
genate to the indole system. To ensure specific 
alkylation at C3", and not at the alternative C1" 
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position, formylation at C3" followed by alkylation 
and deformylation was undertaken. 

Formylation was achieved in nearly 90% yield by 
the action of a large excess of ethyl formate and 
NaOEt in dry C6H6 (20): the formyl compound (12) 
was then allylated with allyl iodide in the presence of 
lithium carbonate in aqueous acetone to give a high 
yield of 13, nearly quantitative deformylation of 
which to N-{2-[1'-benzyl-3'-(2"-keto-3"-allylcyclo- 
hexy1)oxindol-3'-yl]ethyl)-N-methylacetamide (14) 
occurred in 2.5% aqueous alcoholic KOH at room 
temperature. It may be noted that allylation of 12 
with allyl bromide in the presence of sodium car- 
bonate in aqueous acetone gave a 3:2 mixture of 13 
and the corresponding 0-ally1 compound.2 Ozonoly- 
sis in dry methanol at - 30°C and reductive work-up 
with Me,S (21) gave the keto aldehyde 15 in up to 
91% yield. The reproducibility of this step was poor 
and the factors leading to failure were not dis- 
covered. Compounds 12-15 all ran on tlc as oval 

15 16 R =  H 6 R = H  
17 R = COCCI, 20 R = C02CH, 
18 R = COZCH, 21 R = C 0 2 H  
19 R = C02CHZCH3 43 R =  C02CH2CH3 

spots, probably indicative of diastereoisomeric 
mixtures; in no case, however, was a mixture 
resolved. 

Keto aldehyde 15 was most satisfactorily converted 
into the pyrrole 16 on treatment with (NH,),CO, in 
dry ethanol (cf. ref. 22). The yield was somewhat 
variable, generally around 50% of product being 
obtained by preparative tlc which allowed partial 
resolution of the two diastereoisomers, produced in 
about equal amounts. This pyrrole is very suscep- 
tible to autoxidation and has to be stored under N2 
at low temperatures. All attempts to dehydrogenate 
16 to the indole 6 either failed or gave unacceptably 
low yields. The best results, which gave about 20% of 
a mixture of 16 and 6, were obtained with palladium- 
on-charcoal. Also tried were other Pd catalysts under 
a wide range of conditions, DDQ, chloranil, MnO,, 
Raney nickel, potassium hexacyanoferrate(lII), and 
tristriphenylphosphine rhodium(1) chloride. 

It was eventually decided to reduce the reactivity 
of the pyrrole ring by the introduction of an ester 
function at the m-position. This was achieved in the 
low overall yield of 30% by trichloroacetylation 
followed by treatment of the intermediate trichloro- 

acetyl derivative with sodium methoxide in meth- 
anol (17). Dehydrogenation in this case proceeded 
satisfactorily, DDQ in refluxing benzene affording a 
69% yield of the indole ester 20. Now that the mole- 
cule contains only one asymmetric atom, it runs 
cleanly as a round spot on tlc. Saponification of this 
ester under mild conditions yielded the corresponding 
acid, which was decarboxylated smoothly in refluxing 
quinoline in the presence of copper(I1) acetate (17) 
to  give a 71% yield of N-(2-11'-benzyl-3'-(indol-7"- 
y1)oxindol-3'-yl]ethyl)-N-methylacetamide (6). 

The weak points in this synthesis are the difficulties 
in reproducing the high yield hydrogenation of the 
nitrile 8 and the ozonolysis of the allyl compound 
14. Furthermore, the aromatisation of the pyrrole 16 
to the indole 6 contains too many unsatisfactory 
reactions, the overall yield of 14% in five steps being 
poor. 

The reduction of a nitrile function half-way 
through the synthesis could be avoided by starting 
with a tryptamine derivative. The very convenient 
and high yield oxidation of indoles to oxindoles by 
DMSO and HCl (18), which appeared at about this 
point in our deliberations, made this approach viable. 
N-[2-(1 '-Benzylindol-3'-y I)ethyl]-N-methylacetamide 
(22) was oxidised by DMSO concentrated HCl in 
AcOH to the corresponding oxindole 23 in 84% 
yield. Numerous attempts to introduce the 2- 
hydroxycyclohexyl group at C3 in oxindole 23 by the 
interaction of epoxycyclohexane with the enolate 
anion failed. This may be due to steric hindrance by 
the ethanamine side chain to approach of the 
epoxycyclohexane, cyclohexane compounds being 
well known as being sterically more demanding in 
S,2 type reactions. 

It was then found that, in complete contrast, the 
oxindole enolate anion derived from 23 reacted very 
smoothly with 6-bromo-1-methoxycyclohexene (19) 
to give a 78% yield of N-(2-[I1-benzyl-3'-(1"-me- 

*See ref. 16, Chapt. 9, pp. 521-530, for an  excellent review 
of the question of C vs. 0 alkylation. 
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thoxycyclohex- 1"-en-6"-y1)oxindol-3'-yl]ethyl}-N- 
methylacetamide (24). This great ease of reaction 
may well reflect the ally1 halide nature of the reactant 
which gives a greater S,1 character to the displace- 
ment reaction. Two aspects of the spectral properties 
of this compound are not satisfactory: the first con- 
cerns the mass spectrum, in which three significant 
peaks at m/e: 269, 267, and 254 cannot be ration- 
alised and the second concerns the nmr spectrum, in 
which the signal intensities in the en01 ether CH and 
CH, are too low. The latter anomaly may be due to 
large upfield shifts into the general CH envelope 
above ~7 caused by shielding effects of the oxindole 
benzene ring in certain conformations. That the 
structure 24 must be correct, however, is indicated 
by mild acidic hydrolysis, which gave an 89% yield of 
the mixed diastereoisomers of ketone 11. This 
represents an overall yield of 37% in six steps from 
tryptamine, a considerable improvement over the 
earlier approach from isatin, which gave a 28% 
yield in 10 steps. 

When it was found that the simple pyrrole 16 
could not be satisfactorily dehydrogenated and had 
to be converted into the ester 18, the exploration of 
the Fischer-Fink synthesis, which leads directly from 
the keto aldehyde 12 to the ester 18, was undertaken. 
The low yields reported for simple cases of this 
synthesis, together with the possible formation of 
isomeric or other pyrrole esters as by-products, had 
deterred us from exploring this route in the first 
instance. As it turns out, it affords a satisfactory route 
to the indole ester 20, giving a 47% yield in two steps 
but the isolation necessitated preparative tlc. How- 
ever, by saponifying the total crude dehydrogenation 
product and isolating the acid fraction, the pure acid 
21 could be obtained in 41% overall yield from the 
keto aldehyde 12 in three steps without the isolation 
of intermediates, which is a great improvement on 
the earlier route, which gave 8% overall yield in 
eight steps. 

The Fischer-Fink synthesis involves the condensa- 
tion of a P-ketoaldehyde with 2-aminoacetoacetic 

ester and might be expected to yield three pyrroles; 
thus 3-formylbutan-2-one and aminoacetoacetic 
ester (produced in situ) gave the pyrrole esters shown 
in a 10:2: 1 (a: b :  c) ratio (1 1). This was not promising 
for our purposes. In the event, however, when this 
reaction was applied to our keto aldehyde 12, the 
desired ester 19 was produced in 707, nonisolated 
yield completely free from the isomer 25 and con- 

25 26 

taining about 1% of the homologue 26, as far as could 
be judged from spectral and chromatographic 
observations. It is noteworthy that at the stage of 
indole 6, the + 14 homologue peak is totally absent. 
The absence of the isomer 25 is easily explained in 
steric terms, since the ester function would interact 
very strongly with the very bulky oxindole residue X. 
The fortunately very low percentage production of 
homologue 26 is not obviously rationalisable. 

In the course of this work, the exploration of most 
of the reactions involved was carried out on model 
compounds based on the 1,3-dimethyloxindole 
system Y. The synthesis and spectral properties of 
the following are described in the Experimental 
section: the Y analogues of 6, 9, 11, 12, 13, 14, 15, 
16, 18, and 20 (i.e., 27, 28, 29, 30, 31, 32, 33, 34, 36, 
and 37, respectively). Also described in the Experi- 
mental section are Y - Z, where Z = CH2CH20H 
(39), 40,41,42, and 45. 

42 45 

Experimental 
Thin-layer chromatography: adsorbent: S, silica gel F 254 

(Merck); solvent systems: A,  chloroform-methanol (9:l); 
B, benzene-ether (1 : 1); C,  benzene-ether (4: 1); D, ethyl 
acetate - ethanol (10: 1); E, toluene -ethyl acetate - methanol 
(2:2:1). Preparative-layer chromatography: adsorbent Sf,  
silica gel (Merck analytical precoated plates). 

I-Benzyl-3-(2'-hydroxycyclohexyl)oxindole (7) 
A solution of 1-benzyloxindole (4.46 g, 0.02mol) in dry 

anisole (25 mL) was purged with N, for 30 min, then n-butyl- 
lithium in hexane (10.25 mL, 0.024 mol) was added from a 
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syringe through a septum cap to the well stirred solution. After 
10 min, l,2-epoxycyclohexane (2.94 g, 0.03 mol) was added 
with stirring from a syringe and the reaction solution heated to 
90°C for 2 h. Glacial acetic acid (1.23 g, 0.024 mol) was then 
added to the cooled reaction, the anisole distilled off at the 
water pump, and the residue partitioned between ether and 
water. The ether-soluble product (6.5 g) (shown by tlc to be 
made up mainly of the two diastereoisomers of 7) was chro- 
matographed on silica gel (500 g): elution with ethyl acetate - 
60-80 petrol - ether, 3 : 7: 7 with gradually increasing propor- 
tions of Et,O. The eluates were monitored by tlc and combined 
into four fractions: (i) 40 mg unidentified material; (ii) 225 mg 
of pure diastereoisomer A :  (iii) 6.15 g of mixed diastereo- 
isomers A and B; (io) 25 mg of pure diastereoisomer B. The 
overall yield was 90%. 

Diastereoisonler A-R, 0.45 (SIB) was a white crystalline 
solid, mp 126.5-128"C, and crystallised well from petrol - 
ethyl acetate; v,,, (CHCI,): 3540 (w), 3450-3200 (w), 1700 
cm-' (s); k,,, (EtOH): 253 (r 8150); kin,, 280 nm (E 1650); 
r (CDCI,): 2.70-3.50 (m, 9H), 5.05 (d, IH, J = 15.6 Hz), 5.23 
(d, 1 H, J = 15.6 Hz), 5.80-6.30 (m, 2H), 7.34 (br s, 1 H, 
exchange with D20) ,  7.50-9.20 (br m, 9H); rnle: 321 (M+,  29), 
304 (7), 303 (46), 249 (6), 237 (6), 236 (27), 235 (1 8), 224 (1 8), 
223 (loo), 158 (7), 145 (17), 132 (7), 118 (5), 91 (100). Anal. 
calcd. for C,,H,,NO,: C 78.50, H 7.17, N 4.36; found: 
C 78.6, H 7.5, N 4.4. 

Diastrreoisot,~er B-Rr 0.36 (SIB) recrystallized from 
petrol - ethyl acetate, mp 129-132°C; v,,, (CHCI,): 3510 (w), 
3450-3150 (w), 1700 cm-I (s); k,,,, (EtOH): 253 (E 8100), 
hi,,, 280 nm (E 1030); r (CDCI,): 2.50-3.52 (n?, 9H), 5.00 (d, 
J = 15.6 Hz, lH), 5.21 (d, J = 15.6 Hz, IH), 5.85 (d, J = 
3.OHz, lH), 6.00-6.40 (brm,  IH), 7.50-9.00 (brm,  10H); 
/?r/e: 321(M+, 29), 304 (8), 303 (32), 237 (5), 236 (20), 235 (12), 
224 (18), 223 (loo), 158 (5), 145 (16), 132 (6), 91 (87). Anal. 
calcd. for C,,H,,NO,: C 78.50, H 7.17, N 4.36; found: 
C 78.0, H 7.1, N 4.8. 

3- (2'-Acetoxycyclolrrxyl) - I-henzy1oxindoIe 
A solution of 7 (l.Og) in acetic anhydride (2.5 mL) was 

refluxed under Nz for 10 min. The reaction mixture was poured 
into water and stirred with addition of small quantities of 
Na2C03 until the excess Ac,O had been hydrolysed. Ether 
extraction yielded a pale brown viscous liquid (1.005 g, 89%) 
which crystallised on standing. Thin-layer chromatography 
(SIB) showed one spot only, at R, 0.79. Even after three 
recrystallisations from petrol the melting point had the wide 
range of 105-125"C, thus indicating that the product is a mix- 
ture of the two diastereoisomers of 3-(2'-acetoxycyclohexyl)-I- 
benzyloxindole; v,,, (CHCI,): 1720(s), 1705 cm- (s); 
k,,, (EtOH): 252.5 (E 8060), k,,fl 279 nm (E 1370); r (CDCI,): 
2.25-3.50 (m, 9H), 4.60-5.50 (m, 3H), 6.27 (d, J = 3 Hz) and 
6.37 (d, J = 3 Hz) together lH ,  8.00 (s) and 8.12 (s) together 
3H. 7.20-9.00 (br m, 9H); rnle: 363 (M+,  24), 304 (25), 303 
(loo), 262 (6), 260 (5), 249 (9), 237 (6), 236 (30), 235 (23), 
223 (13), 212 (a), 158 (6), 132 (6), 91 (55). Anal. calcd. for 
C23H25N03:  C 76.03, H 6.89, N 3.86; found: C 75.8, H 6.9, 
N 4.2. 

3-(2'-Acetoxycyclol1exyl)-I-benzyl-3-cyano1~~l1y1oxindole ( 8 )  
A solution of 3-(2'-acetoxycyclohexyl)-1-benzyloxindole 

(12 g, 0.033 mol) in dry T H F  (20 mL) was added to mineral 
oil free sodium hydride (1.68 g, 0.07 mol) under N,, when 
vigorous evolution of Hz occurred over 15 min. Freshly 
distilled chloroacetonitrile (3.02 g, 0.04 mol) was added with 
stirring. After standing for 10 min, water (10 mL) was added, 
the T H F  boiled off at room temperature at the water pump, 
and the residue partitioned between ether and water. This 
yielded a pale yellow foam (13.2 g, 9973, tlc analysis of which 

showed it to consist exclusively of the two diastereoisomers 
described below. An earlier procedure which used anisole as 
solvent yielded a less pure product, 3.6 g of which was chro- 
matographed on a column of silica gel (300 g). Elution with 
ethyl acetate - 60-80°C petrol -ether (3:7: 1) yielded (after 
combining the appropriate fractions) diastereoisomer A 
(0.836 g) contaminated with a small amount of dicyano- 
methylated product, mixed diastereoisomers A and B likewise 
contaminated (0.412 g), pure mixed A and B (1.146 g), and 
pure diastereoisomer B (0.567 g). 

Diastereoisol?ler A-A colourless glass, R, 0.41 (SIC); 
v,,, (CHCI,): 2240 (w), 1720 (s), 1710 cm-' (s); h,,, (EtOH): 
254, kin,, 283 nm; r (CDCI,): 2.05-3.45 (m, 9H), 4.98 (d, 
J = 15.6 Hz), 5.21 (d, J = 15.6 Hz) both superimposed on 
4.60-5.40 (broad absorption) together 3H, 6.94 (d, IH, 
J = 15.0 Hz), 7.28 (d, lH ,  J = 15.0 Hz), 7.35-9.20 (broad 
absorption, 13H) including 8.31 (s, 3H); mle: 441 ( M +  + 
CHCN, 3), 402 (M+,  13.5), 342 (5), 303 (5), 302 (8), 263 (9), 
262 (35), 261 (6), 260 (lo), 236 ( 9 ,  235 (13.5), 184 (6), 171 (6), 
141 (6), 99 (6), 92 ( l l ) ,  91 (loo), 81 (21), 65 ( l l ) ,  43 (44). 
Exact Mass calcd. for C,,H,,N,O, : 402.194340; found: 
402.190315. 

Diastereoisonler B-A white crystalline solid, mp 139- 
140°C; Rr 0.34 (SIC); v,., (CHCI,): 2240 (w), 1720 (s), 1710 
cm-' (s); k,,,: 254 (E 7210), ki,,ri 283 nm (E 780); r (CDCI,): 
2.40-3.30 (m, 9H), 4.78 (d, J =  15.6Hz), 5.39 (d, J =  15.6 
Hz) both superimposed on 5.00-5.60 (broad absorption) to- 
gether 3H, 7.03 (d, lH,  J = 15.0 Hz), 7.38 (d. lH,  J = 15.0 
Hz), 7.50-9.00 (broad absorption, 13.5H) including 8.09 (s, 
3H); nrle 402 (M+,  19), 342 (2), 302 (5), 263 (10). 262 (57), 
261 (7), 260 (21), 235 (14), 184 (4), 171 (3), 141 (31, 99 (41, 
91 (loo), 81 (16), 65 (6), 43 (36). Anal. calcd. for C2jH,6Nz03: 
C 74.63, H 6.47, N 6.97; found: C74.8, H6.8, N 6.8. 

N- {2-[I'-Benzyl-3'-(2"-acetoxycyclohexyl)0xindo1-3'-yl]- 
ethyl)acetat?ride (9) 

A solution of the diastereoisomers 8 (760 mg) in acetic 
anhydride (50 mL) was hydrogenated in a Parr hydrogenator 
in the presence of W5 Raney nickel (1 g) and powdered 
A.R. sodium hydroxide (2.5 g) for 6 h at  85'C and 6.5 atm. 
The catalyst was filtered off and the acetic anhydride was 
boiled off at  the water pump. The residue was suspended in 
water and treated with NazC03 until permanent neutrality 
was reached. Shaking with ether dissolved some of the 
product, but left a white powder suspended in the aqueous 
phase, which was extracted by chloroform. The ether soluble 
fraction (545 mg) was a mixture of diastereoisomers running 
as one spot on tlc, R, 0.72 (SIA); the chloroform soluble 
fraction (279 mg) was pure diastereoisomer A, RC 0.72 (SIA). 
The combined yield was almost quantitative. It is noteworthy 
that this very high yield was obtained in several runs (P.K.B), 
where two years later it could not be reproduced at all, Hz 
uptake being very slow and reduction incomplete (D.L.C.). 

Diastereoisor?rer A (low ether solubility)-This crystallised 
from 80-100 petrol as white crystals, mp 190.5-192°C; 
v,,, (CHCI,): 3375 (w), 1720 (s), 1702 (s), 1665 (s); k,,, 
(EtOH): 253.5 (E 7000), h,,,, 281 nm (E 1300); r (CDCI,): 
2.50-3.30(m,9H),4.67(d,J= 15.6Hz),5.63(d,J= 15.6Hz), 
4.40-4.90 (broad hump), 5.40-6.05 (broad hump) last four 
signals adding up to 4H, 6.75-7.25 (br ni, 2H), 7.30-9.00 
(broad absorption, about 18H) including sharp 3H singlets at 
8.18 and 8.40; mle: 448 (M+,  201, 389 (7), 388 (14), 364 (6), 
363 (16), 345 (5), 316 (5), 309 (a), 308 (22), 307 (17), 306 (23), 
305 (5), 304 (17), 303 (57), 302 (9), 250 (6), 249 (20), 248 (20), 
247 (la), 238 (5), 237 (12), 236 (46), 235 (14), 234 (lo), 223 (6), 
158 (17), 141 (7), 92 ( l l ) ,  91 (loo), 81 (16). Anal. calcd. for 
C,,H3,N20,: C72.32, H 7.15, N 6.25; found: C 72.1, H 7.0, 
N 6.0. 
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Dios/ereoisot~ier B (high ether solubility)-Repeated ether 
extraction from the solid mixture gave the pure compound as 
white crystals from 6&80 petrol -ethyl acetate, mp 163- 
164°C; v ,.,, identical with A ;  h ,,,,, (EtOH): 255 (E 6850), 
hi,r, 282 nm (E 1350); r (CDCI,): 2.70-3.50 (m, 9H), 4.25- 
4.70 (br s, IH), 5.05 (d, J  = 15.6 Hz), 5.27 (d, J  = 15.6 Hz), 
5.0-5.3 (br s), the last three signals adding up to 3H, 6 75- 
7.25 (br m, 2H), 7.40-9.00 (broad absorption, about 18H) 
including sharp 3H singlets at 8.20 and 8.30; ttile: 448 ( M + ,  33), 
389 (6), 388 (12), 376 (7), 364 (1 l), 363 (34), 316 (7), 309 (8), 
308 (26), 307 (16), 306 (18), 305 (6), 304 (26), 303 (loo), 302 
(1 l), 260 (6), 259 (22), 258 (24), 257 (16), 237 (14), 236 (59). 
235 (16), 234 (lo), 223 (8), 158 (19), 141 (8), 99 (7), 92 (lo), 
91 (loo), 81 (18). Atial. calcd. for C2,H32N,0,: C 72.32, 
H 7.15. N6.25: found:C71.9, H7 .1 ,N6 .1 .  

N- 12-[I '-Betizyl-3'-(2"-1iy~o.rycycloItexyl) oxitidol-3'-yl]- 
e/liyl)ace/attiide 

A solution of 9 (115 mg) in a mixture of ethanol (5 mL) 
and 10% aqueous sodium carbonate (10 mL) was refluxed for 
17 h. The reaction mixture was then boiled down to dryness at 
the water pump and the residue partitioned between ether and 
water to yield a colourless foam (97 mg, 93%). Preparative tlc 
(SIA) of this product (70 mg) cleanly separated the two 
diastereoisomers. 

Dios/oeoisotrio A-R, 0.57 (31.2 mg), crystallised from 
60-80 petrol -ethyl acetate as white crystals, mp 197-198°C; 
v,,.,,: 3520 (w), 3400 (m), 3480-3200 (m), 1700 (s), 1665 cm-I 
(m); h,,,(EtOH):253(~770O),h~,,, 281 n m ( ~  890); r (CDCI,): 
2.00-3.40 (m, 9H), 4.20-4.60 (br s, lH ,  exchanges slowly with 
D,O), 5.02 (d, lH,  J  = 15.6 Hz), 5.27 (d, 1H, J  = 15.6 Hz), 
6.89 (d, J  = 5.4 Hz), 7.09 (d, J  = 5.4 Hz) overlying -6.8 (m) 
together 3H, 7.50-9.05 (broad absorption, 17H) including 8.32 
(s, 3H) and -8.50 (br s exchanges with D 2 0 ) ;  /tile: 406 
( M + ,  21), 334 (5), 322 (16), 321 (66), 320 (5), 319 (5), 309 (14), 
308 (47), 307 (7), 306 (7), 304 (1 l), 303 (28), 302 (5), 266 (6), 263 
(5), 262 (13), 250 (7), 249 (26), 248 (13), 247 ( l l ) ,  238 (16), 
237 (7), 236 (14), 235 (7), 225 (9), 220 (5), 217 (6), 159 (6), 
1% (25), 146 (7), 130 (7), 92 (1 l), 91 (loo), 81 (8). Atial. calcd. 
for C25H30N203:  C 73.90, H 7.39, N 6.90; found: C 73.8, 
H 7.4, N 7.0. 

Dias/ereoisorrror B-Rr 0.44, crystallised from 60-80 petrol - 
ethyl acetate, mp 176-179°C; v ,,,,, identical with A ;  h ,,;,, 
(EtOH): 253.5 (E 6900), h,,l, 280 nn1 (E 1040); r (CDCI,): 
2.00-3.40 (m, 9H), 3.87-4.23 (brs,  IH), 5.01 (d, lH,  J  = 
15.6 Hz), 5.25 (d, lH ,  J  = 15.6 Hz), 6.05-6.60 (br m, lH),  
6.60-9.00 (broad absorption, - 17H) including 8.25 (s, 3H) ;  
/tile: 406 (M +, 12), 388 (3), 334 (5), 322 (14), 32 1 (47), 3 I0 ( 3 ,  
309 (I 6), 304 (lo), 303 (35), 262 (7), 249 (16), 248 (lo), 237 (lo), 
236 (48), 235 (lo), 223 (5), 158 (17), 146 (5), 130 (5), 92 (10). 
91 (loo), 78 (50). Anal. calcd. for C25H30N203 :  C 73.90, 
H 7.39, N 6.90; found: C 73.5, H 7.3, N 7.2. 

N-[2- ', 1 '-Betizyl-3'-[2"-(2"'-/~~/ralt~dropyratiy/uxy)cyclolte,~y/]- 
oxitidol-3'-yl}e/liy~l]~ce/attiide 

A solution of the above alcohol, as the mixture of dia- 
stereoisonlers (4.2 g), 2,3-dihydropyran (20 mL), freshly puri- 
fied D M F  (30 mL), and concentrated HCI (1 drop) was left at 
room temperature for 40 h. The reaction solution was dissolved 
in ether (200 mL) and washed several times with 10% aqueous 
sodium carbonate. Removal of volatiles under reduced pres- 
sure yielded an orange liquid from an ether solution of which 
the product was precipitated with 40-60 petrol. It was obtained 
as a foam which eventually crystallised (4.77 g, 947,). This was 
homogeneous on tlc (SIA, R, 0.63). Four recrystallisations 
from 60-80°C petrol - ethyl acetate yielded a product with 
Imp 163.5-165°C; v,,,.,, (CHCI,): 3440 (w), 1680 cm-I (s); 
h.,,,: 254.5 (E 9540), 280 nm (E 2190); r (CDCI,): 2.50- 

3.50 (m, 9H), 3.85-4.45 (broad signal, IH), 4.45-5.72 (m, 3H), 
5.80-8.80 (broad absorption, -27H) including sharp 3H 
singlets at 8.26 and 8.35; ttile: 490 (M+,  I), 407 (3), 406 (1 I), 
389 (8), 387 (4), 347 (3), 345 (6), 322 (8), 321 (42), 309 (12), 
308 (64), 303 (16), 249 (18), 248 (6), 237 (8), 236 (50), 235 (5), 
223 (3), 158 (lo), 92 (6), 91 (100). Atial. calcd. for C30H3sN20, 
(490.2831): C 73.50, H 7.75, N 5.73; found (490.2846): 
C 73.7, H 7.8, N 5.3. 

N-[2- (1'-Benzyl-3'-[2"-(2"'-/e/raliydt~opy~)- 
cycloliexyl]oxitldol-3'-)~l ]e//t,vl]-N-rtie/liylace/airtide 

A solution of the above acetylethanamino compound (4.7 g 
of unrecrystallised material) in dry T H F  (50 mL) was added to 
a solution of freshly sublimed potassium tertiary butoxide 
(4.7 rr) in T H F  (100 mL) and the resultant solution left at . -. 
room temperatu;e for 30 min. A solution of methyl iodide 
(20 mL) in T H F  (25 mL) was then added dropwise over about 
20 min. The reaction mixture was then boiled down to a thick 
slurry under water pump vacuum, and the residue partitioned 
between ether and water to give the product as a pale yellow 
foam (4.85 g, 99%) running as a single oval spot on tlc (SIA, 
R, 0.68); v,,, (CHCI,): 1710 cm-'  (s); h,,,, (EtOH): 254 
(E 6350), h i , r l  280 nm (E 1370); r (CDCI,): 2.00-3.30 (m, 9H), 
4.30-8.75 (broad complex absorption, -32H) including 
N-CH, at 7.22 and 7.26 (restricted rotation); /tile: 504 
( M + ,  l), 421 (3), 420 (9), 419 (4), 403 (7), 346 (31, 335 (8), 323 
(S), 322 (58), 321 (loo), 304 (61, 303 (25), 286 (4), 262 (3), 
250 (3), 249 (14), 248 (4), 237 (7), 236 (24), 235 (6), 223 (4), 
158 (S), 100 (4), 92 (6), 91 (92), 86 (12), 85 (32). Anal. calcd. 
for C31H40N20,  (504.2988): C 73.79, H 7.95, N 5.56; found 
(504.2998): C 73.9, H 8.2, N 5.2. 

N- (2-[I '-Betizyl-3'- (2"-Itydroxy~c~~cloliexyl) o,ritido/-3'- 
yl]e//tyl)-N-ttie//iy/oce/attiide (10 )  

A solution of the above tetrahydropyranyl ether (4.7 g) in 
ether (60 mL) was stirred vigorously with 2.5 M hydrochloric 
acid (60 mL) at room temperature for 2 h. The ether soluble 
product, 10, was obtained as a foam (3.64 g,  93%) pure by tlc, 
running as two clean spots (R, 0.65, 0.54; S/A) corresponding 
to the two diastereoisomers A and B respectively. These were 
separated by preparative tic. 

Dios/ereoisot?ier A-This compound did not crystallise; 
v,,,.,, (CHCI,): 3570 (m), 3400 (broad, w), 1700 cn1-I (s); 
h,,,, (EtOH): 253.5 (E 10 OOO), hi,,, 280 nm (E 1630); r (CDCI,) 
2.60-3.40 (m, 9H), two overlapping AB systems, together = 
2H, 5.11 (d, J  = 16 Hz), 5.38 (d, J  = 16 Hz), 5.12 (d, J  = 
15 Hz), 5.32 (d, J  = 15 Hz), changing at 85°C to 5.12 (d, 
J =  15Hz, 1H) and 5.32 (d, J =  15Hz, IH), 6.60-9.10 
(broad complex absorption, 21H) including sharp singlets at  
7.28, 7.33, 8.15, and 8.23, changing at 8S°C to a sharp singlet 
at 7.30 and a broad singlet at 8.23; iti/e: 420 (M+,  2), 335 (7), 
322 (9), 321 (17), 304 (9), 303 (24). 264 (6), 249 (1 l), 236 (17), 
223 (7), 91 (100). Exocl Masscalcd. for C26H32N203: 420.2413; 
found: 420.2410. 

Dios/ereoisottier B-This compound likewise did not 
crystallise; v,.,, (CHCI,): 3570 (w), 3400 (m), 1700 cm-I (s); 
h,,,, (EtOH): 253.5 (E 8250), hi,,, 280 nm (E 1615); s (CDCI,): 
2.50-3.40 (m, 9H), overlapping singlet and AB system, 
together=ZH, 5.18 (s), 5.09 (d, J =  16Hz), 5.30 (d, J =  
16 Hz), changing at 8S°C to a broad singlet at 5.17 (2H), 
6.10-9.00 (broad complex absorption, 21H) including sharp 
singlets at 7.23, 7.30, 8.12, and 8.24 changing at 85°C to a 
sharp singlet at  7.28, and a broad singlet at 8.20; /tile: 420 
(M+,  6), 335 (8), 322 (12), 321 (36), 304 (12), 303 (40), 264 (6), 
249 (l2), 248 (6), 237 (8), 236 (24), 235 (12), 223 (8), 91 (100). 
Exact Mass calcd. for CZ6HJ2N2O3 : 420.241 3; found : 
420.241 0. 
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N- {2-[l'-Ber~zyl-3'-(2"-ketocyclohexyl)oxindol-3'-yl]etl~yl}- 
N-tile/hylace/anlide (11) 

A solution of the mixed diastereoisomers of alcohol 10 
(3.0 g) in pure acetone (45 mL) was treated with a solution of 
sodium dichromate (3.0 g) and concentrated H2S04 (4.5 g) in 
water (30 mL). After 30 min at room temperature the reaction 
solution was neutralised with solid NaHCO,, the acetone 
distilled off at the water pump and the aqueous residue 
extracted with ethyl acetate (4 x 50 mL). The extracts were 
washed with aqueous 1 M HCI, water, and dried. The solvent 
was boiled off, and the product obtained as a yellow foam 
(2.1 g, 70%) which gave one spot at R, 0.66 (SIA) and was 
thus pure mixed diastereoisomers of the ketone. Similar 
oxidation of the separated diastereoisomers of alcohol 10 
gave the corresponding pure diastereoisomers of ketone 11. 

Diastereoisoti~er A-This was obtained as a colourless gum; 
v,,, (CHCI,): 1710 (s), 1640 cm-' (s); h,,, (EtOH): 254 
(E 9530), hi,,, 280 nm ( E  1830); r (CDCI,): 2.50-3.40 (m, 9H), 
5.01 (br s, 2H), 6.20-8.50 (complex absorption, 19H) including 
sharp singlets at 7.22, 7.26, 8.06, and 8.24 changing at 60°C to 
a broad singlet at 7.26 and broad humps at 8.06 and 8.24; 
m/e: 418 (M+,  5), 320 (8), 319 (33,  291 (22), 262 (6), 248 (7), 
223 (5), 158 (5), 154(12), 126 (lo), 100 (5),98 (12), 97 (5), 95 (7), 
91 (100). Exact Mass calcd, for C26H30N203:  418.2256; 
found: 41 8.2266. 

Diastereoisonler B-This was likewise obtained as a colour- 
less gum; v,,,: same as A;  h,,, (EtOH): 254 (E 9530), h ,,,, 
280 nm (E 1820); r (CDCI,): 2.20-3.40 (m, 9H), 5.08 (br s, 
2H), 6.70-9.00 (complex absorption, 19H) including sharp 
singlets at  7.27, 8.15, and 8.22; the last two coalesce at 60°C 
to a broad singlet at  8.19; tii/e: 418 ( M + ,  9), 320 (12), 319 (55), 
318 (51, 292 ( 3 ,  291 (22), 262 (5), 248 (lo), 100 (8), 92 (8), 
91 (100). E,vac/ Mass calcd. for CZ6H30NZ03:  418.2256; 
found: 418.2261. 

N- {2-[l'-Benzyl-3'-(2"-keto-3"-fort~7ylcyclohexyl)oxindol- 
3'-yl]e/l1yl}-N-nle/hylacetatie (12) 

A mixture of sodium ethoxide (1.73 g, 25 mmol) and freshly 
purified ethyl formate (2.81 g, 38 mmol) in dry benzene 
(25 mL) was left at room temperature under N2 for 2.5 h. A 
solution of the ketone 11 (418 mg, 1 mmol) in dry benzene 
(20 mL) was then added, the mixture left for 10 h at room 
temperature, acidified with dilute aqueous HCI, and extracted 
with ethyl acetate (3 x 25 mL). The combined extracts were 
then extracted with 10% aqueous sodium carbonate (3 x 
30 mL). The combined carbonate extracts were washed with 
ether (2 x 20 mL), acidified with 6 M aqueous HCI, keeping 
the temperature below 1O0C, and then extracted with ethyl 
acetate (3 x 50 niL). This yielded a pale brown foam (403 mg) 
which after charcoaling in benzene became a very pale yellow 
foam of the formyl compound 9 (390 mg, 87%). The product 
runs as a streaking spot on tlc at R, 0.65 (SIA); v,,,: 3400 (w), 
1710 (s), 1640 cm- ' (s); A,,, (EtOH) : 258 (E 13 390), 285 nm 
(E 11 550); h,,, (EtOH-NaOH) : 253.5 (E 11 OOO), 322 nm 
(E 19 500); r (CDCI,): -4.95 (br s) and -4.21 (br s) together 
= 1H and exchange with D 2 0 ,  1.58 (br s) and 2.01 (br s) 
together = l H ,  sharpen on addition of D 2 0 ,  2.20-3.50 (m, 
9H), 5.10 (compact m, 2H), 6.30-8.50 (complex absorption, 
17H) including close-packed sharp signals centred at 7.18, 
and sharp singlets at 8.06, 8.09,8.12, and 8.22; rnle: 446 (M+,  
3), 347 (61, 322 (61, 249 (4), 248 (6): 223 (9), 91 (100). Anal. 
calcd. for C2,H3,N2O4 (446.2204): C 72.67, H 6.73, N 6.28; 
found (446.2206): C 72.4, H 6.8, N 6.0. 

N- {2-[I'-Bet~zyl-3'-(2"-keto-3"-~~llyl-3"-fort~~y/cyc/ohexyl) - 
oxinrlol-3'-yl]e/l~yI}-N-n1e/I1ylacetat~~ide (13) 

This allylation was carried out in a darkroom because of the 
high light sensitivity of allyl iodide. A large excess of ally1 

iodide (8 mL) was added to a stirred solution of the lithium 
salt of formyl ketone 12, prepared by stirring a suspension of 
12 (835 mg, 1.87 mmol) and lithium carbonate (244 mg, 3.3 
mmol) in water (12 mL). Pure acetone (100 mL) was added to 
render the reaction mixture homogeneous and the solution was 
left at room temperature for 1 h. The acetone and allyl iodide 
were then removed under water pump vacuum at 30°C and the 
residue partitioned between 57, aqueous Na,CO, (25 mL) and 
ethyl acetate (25 mL). The aqueous phase was further extracted 
with ethyl acetate (3 x 25 mL) and the combined organic 
extracts washed with aqueous Na2C03, then with water. 
Removal of the solvent yielded a pale yellow foam of essen- 
tially pure allyl formyl compound 13 (758 mg, 83%) which ran 
as a slightly elongated spot at R, 0.70 (SIA). (The acidic 
(Na2C0, soluble) portion of the reaction mixture (109 mg) 
contained at least seven components.) v,,,: 3000 (m), 1710 (s), 
1640 cm- (s); h,,, (EtOH): 255 (E 8220), hi,,, 280 (E 2100); 
r (CDCI,): 0.22 (s), 0.45 (s) together = lH,  2.20-3.50 (m, 9H), 
4.10-5.90 (complex absorption, 5H), 6.30-8.60 (complex 
absorption, 20H) including sharp singlets at 7.26, 7.27, 8.09, 
8.17, 8.25, 8.26; n7le: 486 (M+,  I), 458 (0.3), 445 (2), 387 (9), 
346 (9), 322 (5), 263 (4), 236 (9), 223 (2), 176 (8), 158 ( 3 ,  
134 ( 3 ,  117 ( 9 ,  105 (3, 104 (4), 91 (100). Anal. calcd. for 
C3,H3,N204 (486.2518): C 74.06, H 7.00, N 5.76; found 
(486.2493): C 71.8, H 6.9, N 5.4. 

N- {2-[1'-Bet1zyl-3'-(2"-keto-3"-allylcyc/ohe.3'-  
yl]e/l~yl}-N-n~e/l~ylacetat~7ide (14) 

A solution of the allyl forniyl compound 13 in 2.5% aqueous 
alcoholic KOH (40 mL) was left at room temperature under 
N, for 1 h. The solvent was nearly completely removed by 
distillation under reduced pressure. Partition of the residue 
between water (10 mL) and ethyl acetate (25 mL), followed by 
further extraction of the aqueous phase with ethyl acetate 
(3 x 30 mL) gave the allyl compound 14 as a pale yellow foam 
(700 mg, 98%) which ran as a single oval spot on tlc (R, 0.70, 
SIA); v,,, (CHCI,): 3400 (w), 1705 (s), 1640 cm-' (s); 
h,,,, (EtOH): 255 (E 7150), hi,,, 280 nm (E 1790); r (CDCI,): 
2.10-3.33 (m, 9H), 3.40-5.30 (complex absorption, 5H), 
6.60-9.10 (complex absorption, 20H) including sharp singlets 
at 7.28, 8.10, 8.18, 8.23, 8.39; 177le: 458 (Mt, 21), 360 (13), 
359 (49), 358 (9), 322 (7), 318 (lo), 278 (6), 262 (6), 250 (6), 
249 (13), 248 (16), 235 (24), 234 (6), 223 (25), 158 (7), 100 (18), 
91 (100). Exact Mass calcd. for C29H34N203:  458.2569; 
found: 458.2577. 

N- {2-[l'-Benzyl-3'-(2"-keto-3"-e/hanalylcyclohexyI)oxit~dol- 
3'-yl]ethyl}-N-~~ierhylace~~~ide (15) 

A stream of ozonised oxygen was passed through a solution 
of the allyl compound 14 (350 mg) in dry methanol (8 mL) at 
-30°C for 45 min. The solution was then cooled to -6O0C, 
purged with nitrogen for 15 min, and treated with dimethyl 
sulphide (3 mL). After 1 h at room temperature, the reaction 
solution was boiled down at the water pump, and the residual 
colourless oil partitioned between ethyl acetate (25 mL) and 
5% aqueous Na2C0,  (25 mL). The aqueous phase was ex- 
tracted with ethyl acetate (3 x 30 mL) and normal work-up 
of the nonacidic and acidic organic products gave the aldehyde 
15 (318 mg, 91%) as an off-white foam and the corresponding 
carboxylic acid (30 mg, 8%) as a colourless gum. This good 
experimental result was reproduced several times, but on a 
number of occasions was not. These failures could not be 
accounted for. 

The aldehyde 15 ran as a single elongated spot on tlc ( R ,  
0.57, SIA); v,,, (CHCI,): 2740 (w), 1710 (s), 1640 cm-' (s); 
A,,, (EtOH); 253.5 (E 8080), hi,,, 280 nm (E 1840); r (CDCI,): 
0.20 (br s), 0.34 (br s) together = IH,  2.10-3.35 (m, 9H), 5.06 
(br S) overlapping 5.0-5.40 (br m) together = 2H, 6.50-8.70 
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(complex absorption, 21H) ~ncluding 7.24 (br s) and sharp 
singlets at 8.06, 8.14, 8.20, 8.25; tnle: 460 ( M f ,  7), 361 (27), 
343 (36), 333 (14), 322 (18), 249 (14), 248 (14), 236 (20), 223 
(27), 168 (14), 150 (1 I), 149 (14), 106 (23), 105 (18), 91 (100). 
Exoct Mass calcd. for CZ8H3,N2O4: 460.2362; found: 
460.2382. 

N- {2-[I'-Benzyl-3'-(2"-keto-3"-carboxycyclol1exyI)oxit7dol- 
3'-yl]etl1yl}-N-t11etlrylacetat11id~ 

The acidic fraction from the above ozonolysis gave analytical 
and spectral data consistent with the structure proposed. It 
ran on tlc as a streaking spot at variable R, around 0.27 (SIA); 
v,,, (CHCI,) : 3300-2600 (broad, w), 171 5 (s), 1640 cm- ' (s); 
h,,, (EtOH): 254 (E 8500), h,,,, 280 nm (E 1730); T (CDCI,): 
0.80-1.80 (very broad s, lH ,  exchange with D,O), 2.20-3.50 
(m, 9H), 5.08 (br s) overlying a broad hump 4.75-5.50, together 
= 2H, 6.20-9.20 (complex absorption, 22H), including broad 
singlet at 7.24; tnle: 476 ( M f ,  2), 377 (4), 361 (5), 359 (51, 
322 (17), 249 (17), 237 (9), 236 (22), 223 (17), 165 (7), 158 (201, 
149 (17), 91 (100). Exact Mass calcd. for CzaH3zN205: 
476.23 11 ; found : 476.2307. 

N- {2-[l'-Bet1zyl-3'-(4",5",6",7"-tetraIiydroi11doI-7"-yI)- 
oxit1dol-3'-yl]etllyIj-N-1~1etI1yIaceta, (16 )  

The keto aldehyde 15 (180 mg) was added to a suspension 

of ammonium carbonate (0.5 g) in absolute ethanol (15 mL) 
under nitrogen. After a further 2 g of ammonium carbonate 
had been added, the stirred mixture was refluxed for 2 h, 
during which time further ammonium carbonate was added 
(5 x -0.5 g). The ethanol was then boiled off under reduced 
pressure and the pale brown solid residue partitioned between 
ethyl acetate (10 mL) and water (10 mL); the aqueous phase 
was reextracted with ethyl acetate (3 x 10 mL). The com- 
bined organic extracts y~elded an orange-brown foam (180 
mg). This product ran as two main spots on tlc, at  R, 0.70 
and 0.64, together with three faint lower-running components 
and much baseline material. Preparative tlc (S'IA) of 25 mg 
on four plates (S'IA) under a N, atmosphere gave diastereo- 
isomer A (3.3 mg), mixed diastereoisomers A and B (7.0 mg), 
and d~astereoisorner B (3.5 mg) as colourless oils. The yield of 
A + B is thus 54%. 

Diaste~eoisotner A-This ran as a round spot on tlc at 
R, 0.70 (SIA); v,,, (CHCI,): 3280 (m), 1700 (s), 1640 cm- 
(s); h,,, (EtOH): 257, h,,,, 281 nm; s (CDCI,): -0.80 to 
-0.30 (broad hump, lH ,  did not exchange with D,O), 2.60- 
3.60 (m, 9H), 3.66 (m, lH), 4.04 (m, IH), 4.98 (d, l H ,  J = 
14 Hz), 5.21 (d, lH ,  J = 14 Hz), 5.70-8.50 (complex absorp- 
tion, - 17H) including sharp singlets at  7.04 and 7.93; rn/e: 
441 ( M f ,  l), 322 (6), 236 (5), 121 (20), 120 (loo), 119 (5), 118 
(13), 103 (51, 91 (64). Exact Mass calcd. for C28H31N30Z:  
441.2416; found: 441.2399. 

Diastereoisotlrer B-This ran as a round spot on tlc at Rf 
0.64 (SIA); v,,, (CHCI,): 3430 (m), 1700 (s), 1640 cm- (s); 
h,,,, (EtOH): 257, h,,,, 281 nm; nmr spectrum not satisfactory 
(sample too small) but pyrrole CH's and benzyl CH, visible, 
and NMe and COCH, each split into two signals (sharp 
s~nglets 7.18, 7.23, and 8.04, 8.22) by restricted rotation; m/e: 
441 ( M f ,  I), 342 (6), 322 (4), 249 (4), 236 (8), 167 (4), 158 (4), 
121 (91, 120 (98), 1 18 (16), 103 (4), 92 (6), 91 (100). Exact Mass 
calcd. for Cz8H31N30z: 441.2416; found: 441.2420. 

Palladi~rm-on-cl7arcoal Dehydrogenation of 16  
A solution of 16 (6.5 rng) in decalin (1.5 mL) containing 

suspended 10% Pd/C (2 mg) was heated for 1 h at 165°C 
under N,. Thin-layer chromatographic assay showed total 
consumption of the diastereoisomer B of 16 and just one main 
running spot at Rf 0.70 (SIA) coincident with diastereoisomer 
A of 16. The mass spectrum of this fraction (1.3 mg after 

preparative tlc) showed it to be a mixture of the diastereo- 
isomer A of 16 and the desired indole 6 ;  tule: 441 (M+), 
437 (M+), 338, 247, 120, 100, 91. Exact Mass calcd. for 
CZsH3 I N 3 0 Z  : 441.2416; found : 441.2402. Exact Mass calcd. 
for C28H27N302:  437.2103; found: 437.2107. 

N- {2 - [ I ' -Be t~zy l -3 ' - (2" -111e thoxycarbo~" ,6" ,7 '~ -  
tetral~ydroitzdol-7"-yl)oxindol-3'-yl]ethyl}-N-t~iettryl- 
acetamide (18)  

A solution of the tetrahydroindole 16 (88.2 mg, 0.2 mmol) in 
dry, ethanol-free chloroform (2 mL) was added over a period 
of 20 min to a solution of trichloroacetyl chloride (91 mg, 
0.5 mmol) in pure chloroform (3 mL) containing a suspension 
of anhydrous potassium carbonate (276 mg, 2 mmol). After a 
further 25 min, the solids were filtered off and washed with 
chloroform (2 x 5 mL). The combined chloroform solutions 
were washed with saturated aqueous NaHCO, solution 
(2 x 5 mL) and then with water (2 x 10 mL) to give an  
orange yellow solution. This yielded a brown foam (104 mg) 
which ran as one major spot (R, 0.7, SIA) together with base- 
line material. This crude product (100 mg) was dissolved in 
methanol (2 mL) and treated with a solution of sodium 
methoxide in methanol (made from Na, 11.5 mg, and MeOH, 
3 mL). After 5 min, the methanol was boiled off at the water 
pump and the residue partitioned between ethyl acetate 
(10 mL) and water (10 mL). The aqueous phase was further 
extracted with ethyl acetate (2 x 5 mL) and the combined 
extracts boiled down to yield a brown liquid (70 mg) which 
ran as several spots on tlc (SIA), one of which, at  R, 0.6. was 
dominant. Preparative tlc (S'IA, six plates) of 60 mg of the 
product mixture gave the ester 18 as a pale orange foam 
(22 mg, 30% yield from 16), which ran as a round spot on tlc 
at R, 0.6 (SIA); v,,,, (CHCI,): 3430 (m), 3240 (m), 1700 (s), 
1635 cm-I (s); h,,, (EtOH): 284.5 nm (E 16 480); 111le: 
499 (M+,  2), 468 (2), 323 (7), 322 (23), 249 (8), 236 (1 I), 223 (3), 
178 (IOU), 146 (48), 91 (71); T (CDCI,): -0.95 (br s) and 
-0.15 (br s) neither is exchangeable with D,O and both 
together = IH, 2.30-3.70 (m, lOH), 4.50-5.40 (m, 2H), 6.25 (s) 
and 6.31 (s) together = 3H, 6.40-8.70 (complex absorption, 
18H) including sharp singlets at 7.11,7.22,8.00, and 8.22. Exact 
Mass calcd. for C3,Hs3N304: 499.2471 ; found: 499.2492. 

N- {2-[l'-Benzyl-3'-(2"-11ietI1oxyca~bot1y1it1d01-7"-~~1)0xit1d01- 
3'-yl]etl1yl}-N-t~1etl1ylace,crrt~idL. (20)  

A solution of the tetrahydroindole 18 (17 mg, 0.034 mmol) 
and DDQ (15.5 mg, 0.068 mmol) in benzene (5 mL) was 
refluxed for 1.25 h. Ethyl acetate (10mL) was added to the 
cooled reaction mixture and the solution extracted with 
aqueous sodium bicarbonate (3 x 5 mL) and water (2 x 
5 rnL). The ethyl acetate solution yielded the indole 20 as a 
pale greenish brown viscous liquid (1 1.7 mg, 69%), which ran 
as a single round spot on  tlc at  R, 0:62 (SIA); v,,, (CHCI,) 
3300 (rn), 1705 (s), 1690 (s), 1640cm-' (s); h,,, (EtOH): 
258 (E 11 180), 293 (E 18 500), hi,,, 230 nm (E 27 850); T 
(CDCI,): - 1.1 (br s, IH, not exchangeable with D,O), 2.00- 
3.20 (m. 11.5H, 1.5H too high), 5.05 (br s, 2H), 6.04 (s, 3H), 
6.50-8.90 (complex absorption, 1 IH, 1.OH too high) including 
broad singlets at 7.20 and 8.15; rllle: 495 (M+,  7), 409 (4), 
397 (7), 396 (23), 365 (4), 364 (17), 363 (4), 305 (4), 273 (6), 207 
(71, 178 (9), 149 (17), 100 (44), 91 (100). Exact Mass calcd. for 
C30H,,N304: 495.2157; found: 495.2163. 

N- {2-[I'-Benzyl-3'-(2"-carboxyindol-7"-y1)0xi11d01-3'- 
yl]et/~yl}-N-n~etl?v/acetanride (21)  

A solution of the above ester 20 (7 mg) in a mixture of 95% 
ethanol (1.5 mL) and 0.1 M aqueous NaOH (1.5 mL) was left 
at  room temperature for 18 h, then boiled down at 20°C at the 
water pump to remove the ethanol, and the aqueous residue 
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partitioned between 5% aqueous Na2C03 (5 mL) and ethyl 
acetate (5 mL). The aqueous phase was then acidified with 
concentrated HCI and extracted with ethyl acetate (3 x 5 mL). 
This yielded the indole carboxylic acid 21 as a pale brown foam 
(6.3 rng, 93%) running as a streaking spot on tlc with a variable 
Rr (SIA). This product crystallised; recrystallisation from ethyl 
acetate gave colourless crystals, mp 139.5-141°C: v,,, 
(CHCI,): 3550-2600 (broad m), 3300 (m), 1690 (s), 1640 cm-' 
(s); h,,,, (EtOH): 258 (E 12 OOO), 269 (E 12 OOO), 292 nm 
(E 16 250); T (CDCI,): - 1.15 (s) and -1.10 (s) not exchange- 
able with D 2 0 ,  together = IH,  changing at 85°C to 0.9 
(br s, 1H); 1.25 (broad hump, 1H) exchange with D 2 0 ,  
shiftingat 85'C to 0.68; 2.30-3.40 (m, 13H), 5.10 (s, 2H), 5.60- 
7.75 (m, 7H) including sharp singlets at 7.20and7.24 (changing 
at 85°C to 7.24); 8.12 (s) and 8.15 (s) together = 3H (changing 
at 85°C to 8.15); tti/e: 481 (M+,  9), 438 (8), 437 (IS), 395 (I), 
383 (19, 382 (44), 381 (8), 364 (14), 363 (8), 351 (8), 339 (13), 
338 (38), 337 (15), 291 (1 I), 273 ( l l ) ,  248 (8), 247 (25), 245 (lo), 
218 (9), 203 (8), 130 (8), 100 (93), 91 (100). Exact Mass calcd. 
for CZ9HZ5N304:  481.2002; found: 481.2003. 

N- (2-[I '-B~~trzyl-3'-(it~dol-7"-yl)oxindol-3'-yl]ethyl}-N- 
ttietltylacerntt~ide (6) 

A solution of the indolecarboxylic acid 21 (594 mg) in pure 
quinoline (30 mL) containing cupric acetate monohydrate 
(120 mg) was heated at 200°C for 8 h under nitrogen, the 
cooled reaction mixture poured into ethyl acetate (100 mL) 
and extracted with aqueous 1 M hydrochloric acid (5 x 40 mL) 
and water (2 x 10 mL). The ethyl acetate soluble product, 
which produced one major spot at R, 0.7 and a small spot of 
less polar compound, in addition to baseline material (SIA), 
was dissolved in the minimum volume of chloroform and 
transferred onto an alumina column (8 x 2 cm). Elution with 
carbon tetrachloride removed the less polar impurity; elution 
with methanol then gave the pure indole 6 as a pale orange 
foam (380 mg, 70.5%), which ran as a round spot at R, 0.7 
(SIA) and 0.65 (SIE); v,,,, (CHCI,); 3470 (w), 3350 (m), 
1700 (s), 1680 cm-I (s); h,,, (EtOH): 259 (E 11 990), 285 
( E  9680), 290 nm (E 8290); T (CDCI,): -0.52 (broad hump) 
and -0.41 (broad hump) together = IH, not exchangeable 
with D 2 0 ,  changing at 85°C to -0.24 (broad hump, IH); 
2.40-3.40 (m, 13H); 5.18 (s, 2H); 6.70-8.00 (complex absorp- 
tion, 7H) including sharp singlets at 7.31 and 7.36 (changing 
at 85°C to a sharp singlet at 7.36, -3H); 8.21 (s) and 8.30 (s) 
together = 3H (changing at 85°C to a singlet at 8.26, 3H); 
ttije: 437 ( M t ,  60), 364 ( 3 ,  351 (IS), 339 (32), 338 (loo), 
337 (41), 310 (5), 273 (14), 260 ( 9 ,  248 (14), 247 (50), 246 (9), 
245 (14), 231 (14), 230 (9), 218 (IS), 204 (14), 130 (14), 100 (99, 
91 (91). Exact Mass calcd. for CZ8Hz7N3O2: 437.2104; 
found: 437.2103. 

N-[2-(I'-Bet1zylit1dol-3'-yl)ethyl]-N-t11etl1ylacetan1ide (22) 
(I-Benzyltryptamine was prepared for the first time by 

N-benzylation of tryptamine. Of the several methods available 
for the specific I-alkylation of tryptamine, that reported by 
Potts and Saxton (12) for I-methylation gave by far the best 
results; the N-methylacetamide 22 had been previously pre- 
pared from 1-benzylindole-3-carboxaldehyde (13) and also by 
a Fischer synthesis from 1-phenyl-I-benzylhydrazine (14).) 

A solution of N-[2-(1 '-benzylindol-3-y1)ethyllacetamide (960 
mg, 3.2 mmol) in dry T H F  (5 mL) was added to a stirred 
solution of freshly sublimed potassium tert-butoxide (1.08 g, 
9.6 mmol) in dry T H F  (20 mL) under N2. After 30 min at room 
temperature a solution of methyl iodide (4.6 g, 32 mmol) in 
dry T H F  (5 mL) was added dropwise with stirring. After a 
further period of 30 min at room temperature, the reaction 
mixture was boiled down at the water pump and partitioned 
between water (50 mL) and ether (50 mL). The aqueous phase 

was further extracted with ether (2 x 50 mL). The combined 
dried ether extracts then yielded the N-methyl compound 22 
as a white crystalline product (980 mg). Crystallisation from 
toluene gave pure 22, mp 98-98.5"C (821 mg, 82%); moves as 
a round spot at R, 0.63 (SIA) and at 0.40 (SID); v,,, (CHCI,): 
1635 cm-'  (s); h,,,, (EtOH): 289 (E 54501, hi,,, 281 (E 5000), 
299 nm (E 4900); T (CDCI,): 2.90-3.05 (m, 9H), 3.12 (d, 
J = 2.5 Hz, IH), 4.82 (s, 2H), 6.39-6.58 (m, 2H), 6.95-7.21 
(m, 5H) including sharp singlets at 7.08 and 7.19, 8.00 (s, 
1.5H), 8.16 (s, 1.5H); t~ile: 306 (Mt ,  5), 289 (I), 288 (I), 233 
(45), 220 (17), 129 (31, 91 (100). Atlal. calcd. for CzoHz2N20  
(306.1732): C 78.43, H 7.19, N 9.15; found (306.1736): 
C 78.9, H 7.2, N 9.2. 

N-[2-(I'-Betzzyloxindol-3'-yl)ethy~-N-methylacetamide (23) 
A solution of the indole 22 (5 g) inglacial aceticacid(50 mL) 

containing dirnethyl sulphoxide (5 rnL) and concentrated 
HCI (2.5 mL) was left overnight at room temperature under 
nitrogen. The reaction solution was added to water (200 mL) 
and extracted with ether (4 x 75 mL). The combined ether 
extracts were carefully neutralised with solid NaHCO, at O°C, 
washed with saturated aqueous NaHCO, (2 x 100 mL), then 
with water. The extracts yielded a colourless viscous liquid 
(4.9 g) part of which (61.7 mg) yielded the pure oxindole 
(55.4 mg, 90%) by preparative tlc (SID). The yield for the 
reaction is 84%, allowing for the 90% purity of the isolated 
product. The plrrified compound failed to crystallise and was 
used in the following analytical and spectral measurements; 
moves as a round spot at R, 0.58 (SIA) and 0.32 (SID); 
v,,, (CHCI,): 1706 (s), 1635 cm-' (s); h,,, (EtOH): 256 
(E 7150), hinrl 280 (E 1380); T (CDCI3): 2.5-3.5 (nl, 9H), 5.13 
(s, 2H), 6.09-6.85 (rn, 3H), 7.05 (s, 1.6H), 7.10 (s, 1.4H), 
7.55-8.10 (m, 5H), including a sharp singlet at 8.0 (-3H); 
ttiie: 322 ( M t ,  17), 280 (0.5), 279 (0.5), 249 (6), 236 (IS), 
223 (2), 158 ( 9 ,  130 (4), 117 (4), 103 (2), 91 (100). Exact Mass 
calcd. for C20H22N202:  322,1681 ; found: 322.1684. 

N- {2-[1'-Bet1zyl-3'-(I"-t11etl1oxycyclol1r.r-/"-et1-6"-yl) oxitidol- 
3'-~d]etl1.vl)-N-t~1etliylaceta~iide (24) 

A solution of the crude oxindole (23) (1.29 g, 4 mrnol) in 
dry T H F  (5 mL) was added dropwise under N, to a stirred 
solution of freshly sublimed potassium tert-butoxide (492 mg, 
4.4 mmol) in dry T H F  (5 mL). After 30 min at room ternpera- 
ture, a solution of 6-bromo-1-n~ethoxycyclohex-1-ene (840 rng, 
4.4 rnmol) in THF (5 mL) was added dropwise with stirring. 
After a further period of 30 min at room temperature, water 
(25 mL) and then saturated aqueous NaCl (150mL) were 
added, and the wholeextracted with ethyl acetate (3 x 50 mL). 
The extracts yielded a colourless liquid (1.60 g). Preparative 
tlc of 61.1 mg of this product (SIE) yielded the pure product 
(24) as mixed diastereoisomers (45.6 mg, corresponding to a 
78% yield, allowing for the 90% purity of crude 20 used); the 
mixed diastereoisomers ran as one spot on tlc at R, 0.38 
(SID) and at 0.54 (SIE); v,,, (CHCI,): 1702 (s), 1630 cm-' 
(s); h,,, (EtOH): 257 (E 7450), hi,rl 280 nm (E 2420); T 

(CDCI,): 2.50-3.40 (m, 9H), 5.08 (rn, 0.75H), 5.12 (s, 0.5H), 
5.21 (m, 0.75H), 5.60 (m, 0.6H), 6.41 (s, 0.7H), 6.44 (s, 0.3H), 
6.60-8.40 (m, 19H), including sharp singlets at 7.21, 7.25, 
7.30, 7.34, 8.07, 8.13, and 8.22; ti~/e: 432 (M+,  0.4), 417 (1.8), 
357 (0.8), 340 (2), 332 (I), 322 (IS), 318 (5), 305 (I), 291 (2), 
269 (8), 267 (22), 254 (lo), 249 (lo), 236 (12), 223 (2), 158 (3), 
129 (3), 11 1 (lo), 91 (loo), 87 (14). Exact Mass calcd. for 
C27H32N203 : 432.2413 ; found: 432.2406. 

Hydrolysis of24 to tlie Ketotie I1 a t ~ d  Fortnylatiott to the 
Fortigvlketone (12) 

A solution of the crude enol ether 24 as obtained above, in 
aqueous methanolic HCI (from 27 rnL MeOH and 3 mL 3 M 
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aqueous HCI) was left at room temperature under N, for 2.5 h ;  
solid NaHCO, (3 g) was then added and the methanol boiled 
off at the water pump. The residue was partit~oned between 
ethyl acetate (100 mL) and water (50 mL). The organic phase 
yielded a yellow viscous liquid (1.33 g) shown to contain 
72.5x of ketone 11 by preparative tlc. This corresponds to a 
yield of 89% for the hydrolysis step and an overall 58% in three 
steps based on the indole 22. The purified ketone 11 was found 
to run as two spots corresponding to the two diastereoisomers 
at  R, 0.36 and 0.26 (SID), and at 0.52 and 0.47 (SIE); ketone 
prepared by the earlier method (oxidation of the correspond- 
ing alcohol) showed identical behaviour. 

The crude product (containing 72.5% of 11) was used directly 
in the formylation step, which was carried out as described 
earlier in this experimental (toluene was used instead of 
benzene): the ac id~c fraction of the reaction proved to be pure 
12 and was formed in 83% yield (overall 48% yield in the four 
steps from the indole 22). 

N- (2-[I'-Benzyl-3'-[2"-etlioxycarbonyl-4",5",6",7"- 
tetrahydroindol-7"-y1)oxittdol-3-y/]etliyl}-N- 
tt~ethylacetat?iide (19) 

A solution of the formyl ketone 12 (3.6 g, 8 mmol) in T H F  
(4 mL) was added to a refluxing solution of sodium acetate 
(1.45 g, 17.8 mmol) in water (24 mL) and glacial acetic acid 
(25 mL) under N,. A solution of ethyl 2-amino-3-oxobutano- 
ate hydrochloride (15) (the literature procedure was simpli- 
fied by the use of concentrated HC1 instead of dry HCI and 
by the use of a 10: l  ratio of oxime to  catalyst; 1.46 g, 8.1 
mmol) in aqueous acetic a c ~ d  (4 mL) was then added dropwise 
with st~rring and refluxing. After about 15 min, a second 
equivalent of the amine hydrochloride was gradually added, 
and the refluxing continued for a further 15 min. After cooling 
in an ice-salt bath, a cold solution of 10% aqueous Na2C03 
(200 mL) was added and the whole extracted with ethyl acetate 
(4 x 100 niL). The combined extracts were then washed with 
5% aqueous Na,C03 (4 x 100 mL), dried, and boiled down 
to yield a brown product, which after charcoal treatment was 
obtained as a pale red oil (3.89 g). Preparative tlc showed this 
to contain 70% of the ethyl ester (19) as a mixture of two dia- 
stereoisomers. The purified 19 runs as two spots at R, 0.39 and 
0.35 (SID), and as one spot at 0.52 (SIE); v,,, (CHCI,): 
3440 (w), 3250 (w), 1697 (s), 1635 cm-' (s); A,,, (EtOH): 
286 nm (E 19 700); r(CDC1,): 0.25 (hump, 0.5H), 1.01 
(hump), and 1.35 (hump) together = 0.5H, 2.55-3.62 (m, lOH), 
4.92 (d, J = 13.8 Hz), 5.26 (d, J = 13.8 Hz), 4.91 (d, J = 
10.8 Hz), 5.43 (d, J = 10.8 Hz) all four doublets = 2H, 
5.7-6.1 (two sharp closely overlapping quartets, 2H), 6.4-6.9 
(m, 2H), 7.05-8.95 (complex absorption, 20H) including sharp 
singlets at 7.13, 7.21, 7.23, 8.01, 8.05, 8.22, and two sharp 
closely overlapping triplets 8.68-8.86; rnle: 513 (M+,  0.2), 
468 (11, 322 (20), 249 (9), 236(14), 192 (loo), 146 (39,  91 (35). 
Exact Mass calcd. for C31H35N304:  513.2627; found: 
5 13.2627. 

N- (2-[I'-Benzyl-3'-(2"-ethoxycarbot1ylit1d0l-7"-y1)0xind01- 
3'-yl]etliyl}-N-ri~etlgvlncetnt?iide (43) 

A solution of DDQ (3.04 g, 13.4 mmol) in dry toluene was 
added under nitrogen over 5 min to a solution of the crude 
pyrrole ester 19  (3.416 g, 6.7 mmol) in dry toluene (40 mL) at 
80°C and the reaction solution kept at that temperature for 
75 min. Ethyl acetate (100 mL) was then added and the whole 
extracted with 0.5 M NaHC03  (4 x 75 mL). The dried 
organic phase yielded, after charcoaling, a dark brown oil 
(3.125 g) preparative tlc of which (56.5 mg, SIE) gave 29.8 mg 
of pure indole ester 43 (53%). This compound moves as a 
single spot at R, 0.50 (SID) and at 0.58 (SIE); v,,, (CHCI,): 
3440 (w), 3310 (m), 1705 (s), 1639 cm-'  (s); A,,, (EtOH): 

293.5 nm (E 18 300); r (CDCI,): -0.83 (broad s, IH, no 
exchange with D,O), 2.26-3.40 (m, 14H), 5.08 (s, 2H), 5.63 
(q, J = 7.5 Hz, 2H), 6.60-7.15 (multiplet, 8H) including a 
sharp singlet at 7.21, 8.13 (s), and 8.15 (s) together = 3H, 
8.60 (t, J = 7.5 Hz, 3H); rille: 509 (MC,  7), 464 ( I ) ,  423 (3), 
410 (301, 364 (251, 273 (6), I00 (65), 91 (100). Exact Mass 
calcd. for C3 1H3 IN3041 509.23 14; found: 509.2323. 

Hydrolysis of Crl~de Etliyl Ester 43 to Pure Indole Carboxylic 
Acid 2 1  

The total reaction product mixture as obtained above 
(2.8 g) was saponified as described for the methyl ester (20). 
The total acidic fraction was obtained as a pale brown crystal- 
line solid (1.49 g) recrysta1:isation of which from ethyl acetate 
gave the pure indole carboxylic acid 21 as colourless crystals, 
mp 139.5-14I0C (1.21 g, which represents an 86% yield based 
on the 53% content of ester in the crude starting material). 

3- (2'-Hydroxyetltyl) - 1,3-dimetliyloxitrdole (39) 
A 15% solution of ti-butyl lithium in hexane (4.3 mL. 

0.01 mol) was added dropwise over 5 ~ n i n  to a stirred solution 
of 1,3-dimethyloxindole (1.61 g, 0.01 mol) in dry anisole 
(25 mL) under N2 at 0°C. The solution was left at 10°C for 
15 min, then cooled to 0°C and treated dropwise with stirring 
over 2 min with a solution of ethylene oxide (0.88 g, 0.02 mol) 
in dry anisole (4 mL). The reaction solution was left under N 2  
at room temperature for 19 h. Glacial acetic acid (0.6 g, 
0.01 mol) was then added and, after a period of 15 min, the  
anisole distilled off at the water pump. The residue was 
thoroughly extracted with ether. Distillation of the product 
yielded a viscous yellow liquid (1.2 g, bp 160°C/0.6 Torr). 
Preparative tlc (SIB) of 86 mg gave two products: (a) at Rf 
0.28 3-(2'-hydroxyethy1)-I ,3-dimethyloxindole (39) as white 
crystals, mp 75.5-77.S0C (60.2 mg, 42% yield); v,,, (CHCI,): 
3570 (m), 3500-3150 (m), 1700 (s); h,,, (EtOH): 252.5 
(E 8630), hi,,, 281 (E 1670); r (CDCI,): 2.50-3.20 (m, 4H), 
6.10-6.60 (m, ZH), 6.78 (s, 3H), 7.50-7.70 (br s, IH),  exchange 
with D20) ,  7.60-8.30 (m, 2H), 8.60 (s, 3H); tn/e: 205 (MC,  30), 
175 ( 9 ,  174 (17), 162 (13), 161 (loo), 160 (72), 159 (9), 130 (13), 
117 (lo), 103 (5), 91 (lo), 77 (10). Anal. calcd. for CI2H1,NO2 : 
C 70.22, H 7.37, N 6.83; found: C 70.0; H 7.3, N 6.7. (b) at 
Rf 0.40: 1,3-dimethyldioxindole as a white solid, mp 151- 
153°C (lit. (23) mp 148-149°C) (17 mg, 13% yield); tnle: 177 
( M + ,  100); r (CDCI,): 2.45-3.25 (m, 4H), 6.10-6.50 (br s, 
lH),  exchange with D,O) 6.79 (s, 3H), 8.39 (s, 3H). 

I,3-Ditnetliyl-3-(2'-/iydroxycycloliexyl)oxindole (28) 
A 15% solution of n-butyl lithium in hexane (4.7 mL, 

11 mmol) was added dropwise over 5 min under N2  to  a well 
stirred solution of 1,3-dimethyloxindole (1.61 g, 10 mmol) in 
anisole (20 mL) at  0°C. The solution was warmed to room 
temperature and a solution of 1,2-epoxycyclohexane (1.47 g, 
15 mmol) in anisole (4 mL) was added dropwise over 5 min. 
The reaction solution was then left at room temperature for 
20 h under N,, then 2 h at 100°C. Glacial acetic acid (0.66 g, 
11 mmol) was then added to the cooled mixture, the solvents 
boiled off at  the water pump, and the residue partitioned 
betweenethyl acetate (100 mL) and water (50 mL). The organic 
phase gave a white crystalline product (2.36 g), recrystallisa- 
tion of which from 60-80 petrol - ethyl acetate yielded pure 
28,mp 169.5-170.S0C, R,0.1 (S/B)(1.51 g, 58%); vm,,(CHCl3): 
3520 (m), 3500-3250 (broad, w), 1698 cm- '  (s); h,,, (EtOH): 
252.5 (E 8580), hi,rl 280.5 nm (E 1650); r (CDCI,): 2.60-3.25 
jm, 4H), 6.83 (s, 3H), 6.95-9.00 (complex absorption, 14.5 H)  
including a sharp doublet 8.57 (J = 10 Hz, exchange with 
D 2 0 ,  about 1 H) and a sharp singlet at 8.72, - 3H ; tille: 259 
(M+,  IS), 175 (41, 174 (30), 162 (IS), 161 (loo), 160 (251, 
159 (5), 158 (4), 146 (4), 144 (4), 130 (3, 1 18 (4), 1 1 7 (4), 91 (41, 
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81 (6). .4tinl. calcd. for C,61-I,1NOZ : C 74.10, H 8.16, N 5.40; 
found: C 74.5, H 8.1, N 5.2. 

1,3- Dit11etlgvl-3-(2'-ketocyclohexyl) oxindole (29) 
A solution of sodium dichromate dihydrate (77.6 mg, 

0.26 mmol) and 98% H,SO, (101.4 mg, 1 . 1  mmol) in water 
(0.7 mL) was added dropwise over 15 min at room temperature 
to a vigorously stirred suspension of the alcohol 28 (100 mg, 
0.39 mmol) in ether (10 mL). After being stirred for 5 h the 
aqueous phase was separated and extracted with ether (5 x 
5 mL), the combined extracts were washed with 10% aqueous 
Na2C03  (3 x 5 mL) and then water. The dried solution 
yielded a pale yellow solid (67 mg). Preparative tlc (SIB) of the 
product (48.5 mg) led to the isolation of the pure ketone 29 as 
a mixture of diastereoisomers, mp 137-140°C (80-100 petrol - 
ether acetate) (35.9 mg, 50% yield); v,,, (CHCI,): 1705 (s), 
1695 cm-' (s); h,,, (EtOH): 252 (E 9050), h,,,, 280 nni 
(E 1730); r (CDCI,): 2.30-3.30 (ni, 4H), 6.75 (s) and 6.79 (s) 
together = 3H, 6.80-8.90 (complex absorption 12H) including 
sharp singlets at 8.57 and at 8.72 together -3H;  ,111e: 257 
(M+, 14), 223 (4), 205 (3), 180 (3), 174 (4), 161 (20), 160 (32), 
149 (41, 130 (4), 128 (4), 117 (4), 91 (4), 75 (5), 74 (75), 73 (1 l), 
71 (6), 59 (loo), 45 (62). Annl. calcd. for C,,H19N02: C 74.70, 
H 7.46, N 5.45; found: C 74.4, H 7.5, N 5.5. 

I,3-Di~11etl1yl-3(l',2',3',4'-tetraliydrocnrbnzol-l'-~l) oxi~idole 
( 40) 

A solution of the ketone 29 (139 mg, 0.54 mmol) in glacial 
acetic acid (1.5 mL) was heated to 100°C. Pure phenylhydra- 
zine (58.4 mg, 0.54 mmol) in glacial acetic acid (1 mL) was 
added dropwise with stirring to the solution at 100°C. After 
30 min the acetic acid was boiled off at the water pump and 
the residue partitioned between ether and water. The aqueous 
phase was further extracted with ether (3 x 10 mL), the 
combined extracts washed with saturated aqueous NaHCO, 
(3 x lOmL), then with water. This yielded a yellow solid 
(161.3mg) which crystallised from 80-100 petrol-ethyl 
acetate and gave the tetrahydrocarbazole 40 as colourless 
crystals, mp 192-194°C; the compound moves as one spot on 
tlc at Rr 0.52 (SIB); v,,, (CHCI,): 3380 (m), 1690 cm-'(s); 
h,,, (EtOH): 228 (E 34 950), 256 (c 10 390), 286 (c 9770), 
293 (c 7880); r (CDCI,): 2.10 (brs ,  l H ,  no exchange with 
D,O), 2.50-3.40 (m, 8H), 6.10-6.60 (m, lH),  6.72 (s, 3H), 
7.10-8.40 (complex absorption, 6H), 8.48 (s, 3H); nile: 330 
(M+,  3), 171 (20), 170 (loo), 169 (16), 168 (41), 167 (30), 
166 (7), 161 (9), 160 (9), 154 (9), 143 (25), 130 (20), 128 (1 I), 
1 18 (20), 1 17 (16), 115 (16), 81 (1 6), 77 (1 6). Atlnl. calcd. for 
C2,H2,N20,: C 80.00, H 6.66, N 8.49; found: C 79.8, H 6.7, 
N 8.1. 

3-(I1-Cnrbazoly1)-I,3-diriietliyloxindole (41) 
o-Chloranil (37.5 mg, 0.15 mmol) was added portionwise to 

a stirred solution of the tetrahydrocarbazole 40 in decalin 
(3 mL) at 120°C. After completion of the addition, the reaction 
was left at 120°C for 10 min, the decalin then distilled off under 
reduced pressure and the residue subjected to  preparative tlc 
(SIB). The main band at Rr 0.68 was the carbazole 41 (18 mg) 
which after three crystallisations from 60-80 petrol - ethyl 
acetate was obtained as colourless crystals, mp 171-173°C; 
v,,, (CHCI,): 3280 (m), 1690 cm-' (s); h,,, (EtOH): 236 
(c 36 200), 245 (c 26 620), 258.5 (E 15 loo), 282.5 (c 10 210), 
292.5 (c 13 350), 323.5 (E 3560), 336.5 nm (c 3080); r (CDCI,): 
-0.35 (br s, lH),  no exchange with D20) ,  1.80-2.20 (m, 2H), 
2.30-3.20 (m, lOH), 6.80 (s, 3H), 8.02 (s, 3H); nile: 326 ( M + ,  
84), 325 (6), 312 (26), 311 (loo), 309 (5), 295 (6), 294 (8), 
283 (15), 282 (8), 281 (8), 280 (6), 279 (5), 268 (15), 267 (9), 
266 (81, 265 (5), 255 (5), 254 (13), 253 (6), 252 (5), 241 (51, 
167 (8), 163 (8), 155 ( l l ) ,  149 (9), 116 (7), 110 (6). Anal. 

calcd. for C,,H,,N,O (326.1419): C 80.98, H 5.52, N 8.59; 
found (326.1427):C79.8, 79.6; H5.9,5.7; N 7.9, 8.2. 

1,3-Di~11et11yl-3-(3'-for~i1yl-2'-ketocyc/ohexyl)oxindole (30) 
Ethanol-free sodium ethoxide (from sodium, 0.67 g, 0.029 

g-at.) was treated with pure ethyl formate (3.2 g, 44 mmol) in 
benzene (30 mL) under N,. After 2 h at room temperature, the 
ketone 29 (3.5 g, 14 mmol) was added and the reaction 
solution left for a further 2.5 h. The benzene was then boiled 
off at the water pump and the orange solid residue partitioned 
between 10% aqueous Na2C03  (50 mL) and ether (50 mL). 
Further extraction of the ether phase with aqueous Na2C03  
(2 x 25 mL) and washing of the combined aqueous phases 
with ether was followed by careful acidification with concen- 
trated HCI, the temperature being kept at 0°C. The acidified 
mixture was extracted with ether (3 x 50 mL) which yielded 
a white solid (3.32 g, 84z) .  Four recrystallisations from 
60-80 petrol - ethyl acetate gave pure formyl ketone 30 as 
colourless crystals, mp 122-123°C. It ran as an  elongated spot 
on tlc, Rr 0.37 (SIB); v,,,, (CHCI,): 3600-2600 (w), 1705 (s), 
1640cm-' (m); h,,,, (EtOH): 253.5 (E 11 170), 282 n m ( ~  8330); 
r (CDCI,): -4.20 (br d, J = 5.4 Hz, lH ,  exchange with D20) ,  
1.95 (d, J = 5.4 Hz, l H) changing to singlet with D,O, 2.50- 
3.27 (m, 4H), 6.40-8.90 (complex absorption, 13H) including 
sharp singlets -3H at 6.75 and 8.67; mile: 285 (M+,  21), 
174 (9), 162 (17), 161 (93), 160 (loo), 159 (9), 158 (7), 145 (9), 
144(10), 132(21), 131 (lo), 130(19), 128(7), 118 (lo), 117(21), 
115 (7), 103 (9). 91 (12), 77 (12). Ann/. calcd. for C, ,H,9N03:  
C 71.57, H 6.67, N 4.91; found: C 72.0, H 7.0, N 5.1. 

3-(3'-AIIyI-3'-fon~1yl-2'-ketocycloliexyl) -1,3-di11ietliyloxindole 
(31) mid 3-(3'-Allyloxy11ie/li~lene-2'-ketocycloliexy/) - 
I,3-di111ethyloxi1idole (42) 

The formyl ketone 30 (2.5 g, 8.8 mmol) was dissolved in 
sodium carbonate (1.06 g, 10 mmol) and water (1 mL) and 
ally1 bromide (60 g, 500 mmol) were then added, followed by 
sufficient acetone to form a homogeneous solution (100 mL). 
After 12 h at room temperature, the acetone and excess ally1 
bromide were distilled off at the water pump and the residue 
partitioned between ether (50 mL) and aqueous Na2C03  
(50 mL). The aqueous phase was further extracted with ether 
(3 x 20 mL). The combined extracts yielded a colourless 
liquid (3 g) which was chromatographed on silica gel (300 g). 
Elution was started with a 7 .3  mixture of 60-80 petrol -ethyl 
acetate, proceeding with an increasing proportion of ether: 
the C-allyl compound 31 was eluted with 5-102 ether (2.42 g, 
85% yield), and the 0-allyl compound 42 came off as a quite 
distinct band with 15-60% ether (0.38 g, 13.5%). 

Tile C-nllyl co~~ipound (31)-This formed colourless crystals, 
mp 117.5-1 19"C, after three recrystallisations from 60-80 
petrol -ethyl acetate. It rims as a round spot on tlc at Rr 0.47 
(SIB); v,,, (CHCI,): 1710 (s), 1645 cm-' (w); h,,,, (EtOH): 
252.5 (E 9000), hinrl 280 (E 1980); s (CDCI,): 0.44 (s, 0.4H), 
2.50-3.30 (m, 4H), 4.00-5.10 (m, 3H), 6.50-8.90 (complex 
absorption, 13H) including sharp singlets -3H each at 6.74 
and 8.71; nlle: 325 (M+,  73), 187 (24), 186 (16), 174 (30), 
162 (48), 161 (loo), 160 (98), 137 (46), 132 (20), 130 (26), 
117 (28), 109 (13), 91 (24), 77 (25), 67 (22). At~nl. calcd. for 
C2,HZ3N03:  C73.85, H 7.09, N 4.31; found: C 74.1, H 7.25, 
N 4.3. 

Thc 0-nllyl cotnpoltl~d (42)-This could not be induced to 
crystallise. It runs at Rr 0.33 (SIB); v,,, (CHCI,): 1705 (s), 
1685 cm-' (sh, s); h,,,, (EtOH): 253.5 (E 12 530), 280 nm 
(E 4900); r (CDCI,): 2.45-3.25 (ni, 5H), 3.90-5.10 (m, 3H), 
5.65 (d, J = 6 Hz, 2H), 5.95-8.90 (complex absorption, 
16H) including sharp singlets, each - 3H at 6.70 and a t  8.71 ; 
t~ile:  325 (M+, 13), 285 (9), 284 (36), 257 (lo), 176 (6), 162 (32), 
161 (43), 160 (loo), 145 (5), 144 (6), 132 (9), 130 (9), 117 (lo), 
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109 (5), 108 (6), 91 (5), 77 (5). Exact Mass calcd. for CZoH2,- 
NO,: 325.1678; found: 325.1668. 

3-(3'-AN~~I-2'-ketocyc/ol~e,~yl)-I,3-dii~~ethyloxinrlole (32) 
A solution of the formyl compound 31 (500 mg) in 2.5% 

aqueous alcoholic potassium hydroxide was heated to 50°C 
for 6 h under nitrogen. The aqueous alcohol was boiled off at 
the pump and the residue neutralised with dilute hydrochloric 
acid before being extracted with ether (3 x 25 mL). This 
yielded a d~astereoisomeric mixture of 32 in the form of a 
colourless oil (480 mg), running as two round spots on tlc 
(SIB). Separation by preparative tlc (55 mg, SIB) gave dia- 
stereoisomers A and B. 

Diastereoisoi?ler A-Rr 0.5 (24.9 mg) colourless crystals, 
mp 83.5-84.5"C, after recrystallisation twice from 60-80°C 
petrol and twice from cyclohexane; v,,,,, (CHCI,): 1710 (s), 
1700 (s), 1645 cm-' (m); I,,,,, (EtOH): 253 (E 8390); hi,,, 279 
(E 1925); r (CDCI,): 2.30-3.40 (ni, 4H), 3.82-5.75 (m, 3H), 
6.60-9.00 (coniplex absorption, l6H) including sharp singlets, 
each 3H, at 6.77 and 8.58; in/e: 297 (Mf) ,  48), 187 (5), 174 
(17), 173 (5). 162 (12), 161 (80), 160 (loo), 159 (6), 158 (5), 
146 (23), 145 (lo), 144 (12), 137 (6), 132 (8), 131 (6) ,  130 (121, 
129 (6), 128 (7), 118 (7), 117 (13), 116 (7), 115 (12), 103 (7), 
91 (13), 77 (10). Anal. calcd. for CI9Hz3NO2: C 76.76, H 7.74, 
N 4.71; found:C76.8, H 7.8, N 4.7. 

Diastrreoisoiner B-Rf 0.47 (24.7 mg) a colourless 011 which 
failed to crystallise; v,,,,, (CHCI,): identical w ~ t h  A ;  ?,,,, 
(EtOH): 253; 280; r (CDCI,). 2.50-3.60 (m, 4H), 3.88- 
5.67 (m, 3H), 6.60-9.00 (complex absorption, 16H) includ~ng 
sharp singlets, each 3H at 6.74 and 8.73; 1i1/e: 297 (M+,  14), 
174 (20), 173 (3), 162 (8), 161 (88). 160 (loo), 144 (9), 132 (7), 
130 ( l l ) ,  117 (13), 91 (9), 77 (13). Exact Mass calcd. for 
C i9H2 ,N02 :  297.1729; found: 297.1728. 

1,3-Dii~1ethyl-3-(2'-krlo-3'-etlm~1alylcyclol~cxyl)ox-it1dole (33) 
The diaster~oisomeric mixture of conipound 32 (1.2 g) was 

dissolved in dry methanol (15 mL) and an ozone-oxygen 
mixture bubbled through the solution at -30°C for 40 min. 
The reaction mixture was cooled to -60°C and the system 
purged with nitrogen for 15 min before addition of dimethyl 
sulphide (6 mL). The colourless solution was allowed to warm 
to room temperature gradually over a period of 2 h before 
distillation of the solvent at the pump. The residual yellow oil 
was partitioned between water (25 niL) and ether (4 x 25 niL). 
The combined ethereal solutions were extracted first with 
water (10 mL) and then with 5% sodium bicarbonate solution 
(3 x 10 mL). The basic extracts were acidified with concen- 
trated hydrochloric acid at 0°C and ether extracted (3 x 
25 mL). The two ethereal solutions gave a and b respectively. 

(a) Nonacidic material (898 mg) identified as being a dia- 
stereoisomeric mixture of 33 (75%). Preparative tlc (SIB) on 
the mixture (105 mg) gave the following. 

Diastereoisoiner A-Rr 0.30 (49.6 mg), a pale yellow oil; 
v,,, (CHCI,): 3410 (w), 2730 (m), 1720 (s), 1705 (s), 1695 cm- ' 
(s); h,,, (EtOH); 253.5, hi,rl 279; r (CDCI,): 0.25 (s, 0.85H) 
2.35-3.30 (m, 4H), 6.60-8.70 (complex absorption, 18H) 
including sharp singlets, each 3H, at 6.76 and 8.58; nl/e: 299 
(M+,  21), 271 ( < I ) ,  174 (12), 162 (12), 161 (loo), 160 (99), 
146 (5), 132 (8), 130 (7), 121 (23), 118 (5), 117 (8), 111 (7), 
91 (8), 77 (8). Exact Mass calcd. for C18HZ1N03  : 299.1521 ; 
found : 299.1 554. 

Diaste~eoisoi~ln B-Rr 0.17 (42.5 mg) a pale yellow foam; 
v,,, (CHCI,) identical with A with the exception of 3410 (m), 
2730cm-' (w); I,,, (EtOH): 252.5 (~9310) ,  hi,,, 278.5 
(E 1830); T (CDCI,): 0.39 (br s, 0.6H), 2.60-3.30 (m, 4H), 
6.65-8.90 (complex absorption, 18H) including sharp singlets, 
each 3H, at 6.78 and 8.72; in/e: 299 ( M + ,  25), 271 (< 1), 

174 (15), 162 (7), I61 (68), 160 (loo), 117 (5), 85 (5), 83 (8). 
ExactMasscalcd. ~ O ~ C ~ ~ H ~ ~ N O , :  299.1521; found: 299.1557. 

(h) The carboxylic acid corresponding to 33 (136.7 mg, 
11%) and running as two spots on tlc R, 0.21 and 0.32, SIB); 
inje: 315 ( M f ,  8), 300 (4), 299 (8), 177 (12), 174 (17), 162 (12), 
161 (83), 160(100), 132 (21), 130(17), 118 (12), 117 (21),91 (381, 
77 (29). Exact Mass calcd. for C,,Hz1NO4: 315.1521; found: 
315.1522. 

1,3-Di11rethyl-3-(4',5',6',7'-tetralryd,oindo/-7'-y/)oxi~~dole (34) 
The keto aldehyde 33 (105 mg) was dissolved in 95% 

ethanol (5 mL) and saturated aqueous ammonium carbonate 
solution (5 mL) added. The mixture was refluxed under 
nitrogen with periodic addition of solid a~iimonium carbonate 
(200 mg) over I h. The aqueous ethanol was distilled off at the 
pump and the residue partitioned between water ( I0  mL) and 
ethyl acetate (4 x 10 mL). Thecombined organic extracts gave 
a pale yellow foam which was identified as being predomin- 
antly a diastereoisomeric mixture of 34 (91% yield). Prepara- 
tive tlc (SIB) of 25 mg of the mixture under nitrogen atnios- 
phere gave diastereoisomers A and B. 

Diastereoisoiner A-Rr 0.5 (1.7 nig), colourless crystals, mp 
157.5-158.5"C; v,,, (CHCI,): 3440 (w), 3300 (m), 1690 cni-I 
(s); hmaX (EtOH): 253 (E 7010), hinrl 279 (E 1590); T (CDCI3): 
0.25-0.85 (br s, 1 H) fails to exchange with D 2 0 ,  2.50-3.35 (m, 
4H), 3.34 (t, J = 2.4 Hz, lH), 4.02 (t, J = 2.4 Hz, IH), 6.60- 
7.40 (m, 4H) including 3H singlet at 6.79, 7.40-7.90 (6m, 2H), 
7.90-8.80 (6m, 7H) including a 3H singlet at 8.65; inle: 280 
( M f ,  41, 161 (14), 160 (5), 146 (7), 121 (111, 120(100), 119 (5), 
I18 (201, 117 (5), 103 (8), 91 (7), 77 (5). Anal. calcd. for 
ClsH20Nz0 (280.1576): C 77.2, H 7.2, N 10.0; found 
(280.1574): C 77.7, H 7.2, N 9.7. 

Diastereofsoiner B-Rr 0.45 (4.0nig), a colourless oil; 
v,:,, (CHCI,) identical with that of A. with the exce~tion of 
3440 cm-I (m) and the absence of 3300 cm-';  ?,,,.,, (E~oH): 
254: hi,,rl: 280; T (CDCI,): 1.91-2.41 (br s, IH) fails to ex- 
change with D 2 0 ,  2.00-3.35 (m, 4H), 3.55 (t, J = 2.4 Hz,lH), 
4.20 (t, J =  2.4Hz, IH), 6.78 (s, 3H), 7.35-8.40 (complex 
absorption, 6H), 8.52 (s, 3H); i~rle: 280 (M+,  4) 161 (3), 
160 (6), 121 (1 l), 120(100), 119 (3), 118 (lo), 117 (4), 105 (31, 
103 (6), 93 (3), 91 (4), 77 (4). Exact Mass calcd. for C18HZO- 
NzO:  280.1576; found: 280.1560. 

1,3-D imethyl-3-(2'-carbomethoxy-4',5',6',7'-tetral~ydro-7'- 
indoly f) oxindole (36)  

The tetrahydroindole 34 (56 mg, 0.2 mmol) was dissolved in 
dry ethanol-free chloroform (2 mL) and added to a mixture of 
trichloroacetyl chloride (46 mg, 0.25 mmol) and anhydrous 
potassium carbonate (138 mg, 1.0 mmol) in similarly purified 
chloroform (2 mL) over 20 min. After stirring for a further 
25 niin, the solid was filtered from the deep red suspension 
and the filter cake washed with chloroform (2 x 5 mL) and 
water (2 x 10 mL) and the solvent removed at the pump to 
give an  orange brown foam (72.4 mg). This was dissolved in 
methanol (5 mL) and added to a methanolic solution of sodium 
methoxide (from sodium (5.5 mg) and methanol (1.2 niL)) 
and stirred for 5 min. The methanol was removed at the pump 
and the orange-red residual oil partitioned between water 
(10 mL) and ethyl acetate (1 x 10 mL, 2 x 5 mL). The 
organic phase gave an orange-red oil (57.6 mg) which after 
dissolving in benzene and treating with charcoal to remove 
polar material resulted in an orange oil (44.4 mg). Isolation of 
the material running at Rr 0.4 (SIB) by preparative tlc afforded 
the ester 36 as a white foam (21.8 mg, 38% yield); h,,, (EtOH): 
255, 282,5; r (CDCI,): -0.20 (br s, 0.5H), 2.40-3.5 (m, 5H), 
6.18 (s, 3H), 6.30-8.75 (complex absorption, 10H) including 
3H singlets at 6.80 and 8.60; 1111e: 338 ( M + ,  2) 307 (2), 279 (2), 
178 (loo), 160 ( l l ) ,  146 (49), 130 (7), 118 (20), 117 (14), 91 (38). 
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1,3- Di~~ietl~yl-3-(2'-carbon1etl1oxy-7'-indoIyl) oxindole (37) 
The tetrahydroindole ester 36 (3.1 mg, 9.2 x lo-, mmol) 

was dissolved in benzene (I mL) and heated to reflux under 
nitrogen. A solution of DDQ (4.2 mg, 1.84 x mmol) in 
benzene was added dropwise over 5 min and the yellow solu- 
tion refluxed for 1.5 h during which time a brown precipitate 
formed and the solution became virtually colourless. Ethyl 
acetate (I0 mL) was added to the cooled reaction mixture and 
the solution extracted with dilute aqueous sodium bicarbonate 
solution (3 x 5 mL) and water (2 x 5 mL). The organic phase 
(an orange oil) (4.6 mg), on charcoal treatment in benzene solu- 
tion, afforded a colourless oil (2.7 mg). Isolation of the material 
running at R, 0.58 (SIB) by preparative tlc gave the pure indole 
ester 37 (2.5 mg, 81% yield) as a colourless oil; h,,, (EtOH): 
232, 252.5, 292; tnle: 334 ( M + ,  loo), 320 (20), 319 (84), 
288 (1 11, 287 (50), 259 (29), 160 (13), 91 (18). Anal. calcd. for 
Cz0HL8NZO3: 334.1317; found: 334.1308. 

Metliylation of 3-(2'-Hydroxycyclo11exyl)-I-benzyloxindole 
f 7) 

A solution of 7 (100 mg, 0.031 mmol) in anisole (0.75 mL) 
under Nz  was treated with a solution of nBuLi (40 mg, 0.0625 
mmol) in hexane (0.55 mL). After stirring at 20°C for 10 min, 
a large excess of methyl iodide (3 mL) was added and the 
mixture refluxed for 30 min and left at  20°C for 62 h. The 
anisole was distilled off under reduced pressure and the residue 
partitioned between ether and water. The extract gave a 
yellowish brown viscous liquid (83 mg). Preparative-layer 
chromatography of 75 mg (S'IB) gave two products. 

(a) 3-(2'-Metl1oxycycloliexyl)-I-be~1zyl-3-~netl1y1oxindole 
(45, R = R' = CH,) 

This compound, R, 0.61 (22 mg), was isolated as white 
crystals, mp 120.5-122.5"C after three crystallisations from 
60-80°C petrol; r (CDCI,): 2.5-3.5 (m, 9H), 4.89 (d, J = 
15 Hz, 0.9H), 5.48 (d, J = 15 Hz, 0.9H), 7.55 (s, 3H, the high- 
field shift for this methoxyl is due to shielding by the oxindole 
benzene ring), 7.5-9.2 (complex absorption, 16H) including a 
3H singlet at 8.75; tn/e 349 (M+, 3), 237 (77), 113 (14), 91 (100). 

( b) 3-(2'-Hydroxycyclol~exyl)-l-be~~zyl-3-~11etl1yloxi~1dole 
(45, R = H, R '  = CH,) 

This compound, R, 0.37 (24 mg), was isolated as white 
crystals, mp 146-149°C after crystallisation from 60-80 
petrol; r (CDCI,): 2.5-3.5 (m, 9H), 5.02 (d, J = 16 Hz, lH) ,  
5.24 (d, J = 16 Hz, IH), 6.7-9.0 (complex absorption, 26H) 
including a 3H singlet at 8.65; m/e: 335 ( M + ,  43), 250 (30), 
237 (loo), 159 (13), 146 (lo), 91 (100). Anal. calcd. for 
CZZHZSNOZ: C 78.82, H 7.45, N 4.18; found: C 79.0, H 7.6, 
N 4.1. 
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Pseudozoanthoxanthins from gold coral1 
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ROBERT E. SCHWARTZ, MARK B. YUNKER, PAUL J. SCHEUER, and TOR OITERSEN. Can. J. 
Chern. 57. 1707 ( 1979). 

From a deep water Pacific zoanthid, Gerarda sp., we have isolated two new fluorescent 
nitrogenous pigments, derivatives of tetrazacyclopentazulene. The first was characterized by 
uv, 'H and 13C nmr data, and by X-ray diffraction; the second by interconversion. 

ROBERT E. SCHWARTZ, MARK B. YUNKER, PAUL J. SCHEUER et TOR OTTERSEN. Can. J. 
Chern. 57. 1707 (1979). 

On a isole, d'un zoanthide provenant des profondeurs du Pacifique, Gero~.r/ia sp., deux nou- 
veaux pigments fluorescents contenant de l'azote et derives du tetrazacyclopentazulene. On en 
a caractCrisC un par uv, par rmn du 'H et du 13C et par diffraction de rayon-x; la structure 
du second a etC etablie par interconversion. 

[Traduit par le journal] 

A spectacular feature of tropical coral reefs is the R' 

brilliant coloration of its fauna. Yet surprisingly, 
8 9 aside from a number of novel carotenoids (1) and 

quinones (2, 3), and the unconventional chlorin 
bonellin (4), so far only one group of pigments 
belonging to an entirely new structural type has been R' 
reported. These pigments are tetrazacyclopenta- I 2 
zulenes or zoanthoxanthins which were first isolated R, R' = H,  Me 

in 1973 from R' Me 
Anthozoa, Zoantharia 
co-workers (5a-e), and subsequently by a Japanese 
group from the Sagami Bay coelenterate Parazo- N 

antl7us gracilis (6). Discovery of the linear zoan- 
thoxanthin (1) and the angular pseudozoanthoxan- 8 

thin (2) skeletons led Prota and co-workers to 3 4 R =  Me ,Y= H Z  

R = H. Me, R ' j  H 
H 

speculate (5d) that the biogenesis of these pigments 5 R =  M ~ , Y = < * ~  

might involve dimerization of two arginine-derived 6 R =  H . Y =  H, 
C5N3 units. Biichi and co-workers (7a, 6) based their 7 R =  Me.Y= Mez 

ingenious biomimetic synthesis of the two ring 
sp.3 The structure of this metabolite is entirely 

(1, 2, R,R' = H) on an coupling consistent with the suggested C,N3 biogenetic 
of suitably functiOnalized C5N3 building blocks of these pigments. In this paper we 

moieties. present the details of this investigation, including the 
Inspection of and shows that the structure of a second member having skeletal type 3. 

angular skeleton may lead to a third structural type, Hawaii, a precious coral fishery is maintained 
3. In a preliminary communication (8) we reported in  part by a minisubmarine operating at depths 
isolation of the first member of this new series from ranging to - 350 m. We first became interested in the 
gold which is a deep water (- 350 m, organic constituents of one of these corals, Gerardia 

'Dedicated to the memory of R. H. F. Manske. 31n our preliminary communication (8) the animal was 
2NRCC Postdoctoral Fellow, 1975-1977. Present address: erroneously referred to as Pamzoanihus sp. These corals are 

Department of Chemistry, University of Victoria, Victoria, currently being examined at the U.S. National Museum by 
B.C., Canada V8W 2Y2. K. Muzik. 
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5 MeOH 425(4 12) 306(4 22) 289(4.22) 259(4 3 I )  224(4 21) 
5 -- -- MeOH-H+ 419(4 23) 291(4 35) ?57(4 18) 22N4 18) 

-. _ _ 
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\ TABLE I. Ultraviolet data of the 3 H  pseudozoanthoxanthins and derivatives 

\ Compound Solvent Wavelength, nm (log E) 

MeOH 416(4.18) 377(4.00) 317 sh (4.49) 306(4.59) 261(4.02) 226(4.02) 
MeOH-H+ 414(4.32) \i MeOH 414(4.14) 359(3 .74) 306(4.56) 261(4.04) 226(3.96) 

298(4.61) 249(4.07) 241(4.02) 

MeOH-H+ 415(4.26) 298(4.53) 248(3.98) 216(4.02) 
6 MeOH 409(4.07) 371(4.00) 310sh(4.59) 300(4.65) 256(4.03) 224(4.12) 
6 MeOH-H + 407(4.24) 363(3.85) 302(4.72) 247(3.96) 221(4.09) 
7 MeOH 420(3.75) 373(3.45) 314(4.07) 262(3.48) 21 S(3.82) 

TABLE 2. Proton magnetic resonance data of 3H pseudozoanthoxanthins 

0 
Aromatic Nuclear 

Compound protons NH2 N-Me NHMe NMe2 C-Me C-Me 
I I 

J =  I I H z  

5h 7.62 bs 

6" 8.30 IHd, 
8.03 1Hd 
J =  I l H z  

7" 8.22 IHd, 
8.02 IHd 
J =  I I H z  

O l n  CF,C02D 6 = 0 ppm. 
DMSO-do 6 = 0 ppm. 

cD20 exchangeable. 
doverlapping singlets. 

sp., trivially named gold coral, because of the golden 
luster of its polished endoskeleton, since this coral 
was causing adverse reactions to the skin and 
mucous membranes of the workers who handled the 
freshly harvested coral with bare hands. We did not 
succeed in finding a suitable laboratory bioassay 
which would trace the bioactive constituent(s). We 
were, however, prompted by the strong fluorescence 
of the ethanolic extract of the animals to pursue 
research into the nature of the fluorescent com- 
pounds. 

Purification of the fluorescent ethanolic extract by 
ion exchange, adsorption, and gel permeation 
chromatography yielded as the major constituent (4) 
an amorphous yellow powder, C13H16N6, which 
decomposed at approximately 200°C, characterized 
further as an orange monoacetate (5), Cl,Hl,N60, 
mp 125-129°C. The minor component (6), also an 
amorphous yellow solid, Cl,H14N6, decomposing 
at approximately 180°C could be converted into the 
major constituent (4) by reaction with methyl iodide 
in sodium - liquid ammonia. 

The strong fluorescence and the biological origin 

of these compounds from Gerardia sp. led us to 
suspect that we might be dealing with zoanthoxan- 
thin pigments (vide supra). Comparison of the uv 
spectra of our compounds (Table 1) with those 
reported for zoanthoxanthin (1) and pseudozoan- 
thoxanthin (2) derivatives (8) convinced us that we 
were dealing with a new skeletal type.4 The com- 
plexity of the spectra suggested that our compounds 
belonged to the angular (pseudo) series. The com- 
position of the major constituent (4), C,,H,,N,, 
indicated the presence of three additional carbons, 
shown by 'H nmr data (Table 2) to be present as a 

4The trivial nomenclature of these pigments has become 
unnecessarily complex. We should like to suggest simplification 
by omitting prefixes (para, epi) which denote methylation 
patterns and/or biological origin. Instead, we propose to call 
the linear system zoanthoxanthin (1) and the angular system 
pseudozoanthoxanthin (2) with numbering as shown. The 
position number of saturated nuclear nitrogen followed by H 
will distinguish among the major groups of zoanthoxanthins. 
Zoanthoxanthin (1, R, R' = Me) becomes a 3 H  zoanthoxan- 
thin, norpseudozoanthoxanthin (2, R = H, R' = Me) be- 
comes a 4 H  pseudozoanthoxanthin, and compounds of 
structural type 3 become 3H pseudozoanthoxanthins. 
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nuclear N-methyl singlet at 6 4.63 and two side-chain 
N-methyls appearing as a broad six-proton singlet a t  
6 3.55. A three-proton singlet a t  6 2.96 and AB 
quartet for two aromatic protons, plus the I3C nmr 
data (see Experimental) were equally compatible for 
a number of structures. X-ray diffraction of crystal- 
line 4 monohydrate defined the structure as 2-amino- 
3,9-dimethyl-5-dimethylamino-3H-l,3,4,6-tetrazacy- 
clopent[e]azulene and confirmed that we were 
dealing with a new series of angular zoanthoxanthins, 
i.e. pseudozoanthoxanthins. 

The minor component (6) ,  C ,  ,H ,,N6, differed 
from 4 by a methyl group. ' H  nmr data, chiefly a 
three proton singlet at 6 3.42, were evidence for a 
methylamino substituent at C-2 or C-5. Methylation 
of 6 yielded three products. The major component 
was identical with 4 thereby proving unequivocally 
structure 6, 2-amino-3,9-dimethyl-5-methylamino- 
3H-1,3,4,6-tetrazacyclopent[e]azulene. A second 
component was isolated as a yellow solid, Cl,H,,N6, 
decomposing at approximately 155"C, which was a 
trimethyl-6 and is formulated as 7, 2,Sbisdimethyl- 
amino-3,9-dimethyl-3H-1,3,4,6-tetracyclopent [elazu- 
lene. A small amount of a third compound was not 
characterized. 

An interesting aspect of this work relates to the 
longstanding question whether organic metabolites 
of marine coelenterates are synthesized by the 
animals or by the symbiotic zooxanthellae (9). 
Clearly, in our case, these nitrogenous pigments must 
be the products of the animals which live a t  a depth 
of - 350 m, where no photosynthesis takes place. 

Experimental 
Apparatus, Methods, orrd Materials 

Natural abundance 13C nmr spectra were recorded on a 
Varian XL-100 Fourier transform spectrometer at 25.2 MHz. 
Field-frequency locking was provided by the deuterium 
signals of CF3C02D and D 2 0 .  'H nmr spectra were recorded 
on a Varian XL-100 nmr spectrometer at 100 MHz; TMS was 
used as an internal reference. Mass spectra were determined 
on a MAT 311 mass spectrometer at an ionizing voltage of 
70 eV. A Beckman ACTA CIII spectrophotometer was used 
for the uv spectra. Melting points were taken on a Fisher- 
Johns apparatus. New England Nuclear silica gel O F  250 1 
plates were used for all tlc examinations. 

Isolation 
Fresh animals (320 g) were soaked in 95% ethanol overnight 

and concentrated to a water layer of about 100 mL, which was 
diluted to approximately 350 mL, acidified to pH 1, and con- 
tinuously extracted with CH2CI2 overnight. This CH2C12 
extract was discarded. 

The resulting aqueous acidic layer was again diluted, to 1.5 L 
and passed through a Dowex SOW-4X cation exchange column. 
The column was then washed with 7 L of I N  HCI, followed 
by water until the eluant reached pH 6. 

The top quarter of the column was removed and slurried 
with aqueous NH,, to about 2 N. This suspension was then 
extracted twice with nBuOH and four times with CHC13- 

MeOH (4:3). All six extracts were combined and concentrated 
to yield 1.2 g dry residue. 

This solid was chromatographed on silica gel with CHC13- 
MeOH - 25% aqueous NH, (80:20:2), which was followed 
by chromatography on Sephadex LH-20 with CHC1,-MeOH 
(4:3) yielding about 900 mg of 4 and 60 mg of 6. 

2-Amino-3,9-ditne/Ryl-5-ditne/I1yInn1ino-3H-l,3,4,6-/etrnzn- 
cyclopent [elazulet~e (4) 

Compound 4 was isolated as an amorphous yellow powder 
decomposing at -20OoC, R, 0.61, CHC1,-MeOH-25% 
aqueous NH, (80:20:2); 13C nmr (CF,CO2D): 153.67 (s), 
150.68 (s), 149.09 (s), 139.06 (s), 137.47 (d), 136.85 (s), 130.16 
(s), 121.88 (d), 39.37 (2q), 35.14 (q), and 23.51 (q) ppm. The 
ninth sp2 carbon, which was obscured by the solvent absorb- 
ances in the CF3C02D spectrum, was found at 160.57 (s) ppm 
in the D 2 0  spectrum of the dihydrochloride salt of 4. Mass 
spectrum tn/e 256 (67%, M+), 241 (loo%, M +  - CH,), 227 
(70%, M +  - NCH,), 212 (17%, M +  - NMe2). Exnct Moss 
calcd. for C13H16Nh: 256.143647; found: 256.14353. Com- 
pound 4 was crystallized from EtOH-H20 (80:20) by adding 
a minimum amount of hot solvent and allowing it to stand 
overnight. Crystalline 4 also decomposed at approximately 
200°C. 

2-Acetylatnino-3,9-dinletl1yl-5-r/inletl1ylan~ino-3H-1,3,4,6- 
tetrazacyclopent [elazulene (5) 

Acetylation of 20 mg of4  with Ac20-pyridine yielded 10 mg 
of cyclopent('e]azulene (5) as an orange amorphous solid, 
mp 125-129"C, R, 0.81, CHC13-MeOH - 25% aqueous NH, 
(80:20: 2); tn/e: 298 (58%, M +), 283 (39%, M +  - CH,), 269 
(36%, M +  - NCH,), 255 (222, M +  - COCH,), 241 (loo%), 
227 (44%). Exnct Moss calcd. for CISH18N60:  298.15423; 
found: 298.1523. 

2-Atnino-3,9-ditnetliyl-5-methy/ntnino-3H-1,3,4,6-tetrazo- 
cyclopent[e]azulene (6) 

Compound 6 was isolated as an amorphous yellow solid 
decomposing at  -- 180°C, R, 0.30, CHC1,-MeOH - 25% 
aqueous NH3 (80:20:2); m/e 242 (loo%',, M+), 214 (43%, 
M +  - CNH,), 186 (36%). Exact Mass calcd. for C,,Hl4N6: 
242.127997; found : 242.1 27770. 

Methylation of 6 
In 20 mL of liquid NH, and 45 mg of Na, 15.4 mg 6 was 

reacted with 1.5 mL of Me1 to give 4.8 mg of a compound 
identical with 4 (uv, ms, nmr), 4.0 mg of 7, and 2.6 mg of a 
compound not further characterized. 

2,5-Bisdir~~ethylnmitio-3,9-dimetl1yl-3H-1,3,4,6-tetraza- 
cyclopent [e]azulene (7) 

Compound 7 was isolated as an oily yellow solid decom- 
posing at -- 1 lS°C, R, 0.71, CHC1,-MeOH - 25% aqueous 
NH, (80:20:2); m/e 284 (loo%, M+), 269 (78%, M +  - CH,), 
255 (42%, M +  - NCH,). Exact Mass calcd. for CLsH20N6: 
284.174948; found: 284.17469. 

X-ray Diffractiorr 
Oscillation and Weissenberg diagrams indicated monoclinic 

symmetry, and the systematic absences were those character- 
istic of the space group P2,lc. (Most of the crystals were 
twinned leading to a doubling of the c axis and orthorhombic 
symmetry.) A crystal of approximate dimensions 0.2 x 0.1 x 
0.05 mm was used for the crystallographic work. A computer 
controlled Syntex P i  diffractometer with graphite-mono- 
chromatized Mo K, radiation was utilized in the determination 
of cell parameters and the collection of intensity data. Cell 
dimensions were determined by a least-squares treatment of 
the angular coordinates of 15 reflections with 29-values 
between 14" and 32". 
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FIG. 1. Bond lengths (8,) and bond angles ("). The estimated standard deviations in bond lengths are 0.01 8, and 
in angles0.8-0.10". The ellipsoids are given for 50% probability, the hydrogens are drawn artificially small. 

Three-dimensional intensity data were recorded using the 
8-28 scanning mode with scan speed (20) variable from 2 to 
8" min-I depending on the intensity of the reflection. Back- 
ground counting time was equal to 0.35 x scan time on each 
side of the scan range, which was from 20(al) - 0.9" to 
20(a2) + 0.9". The temperature was maintained within l o  at 
19°C. The intensities of three standard reflections which were 
remeasured regularly showed no significant variations. 

The estimated standard deviations in the net intensities, I, 
were calculated as: 

scan time 
'$Car? + ( B ,  + bacXgmund tirne 

where 
scan time 

I = I s  - 
+ ") 2 x backglound time 

The factor 0.02 x I is an addition for experimental uncer- 
tainties. Of the 1271 reflections measured (20,,, = 40") 757 
had intensities larger than twice their standard deviations. 
These were regarded as observed, and the remaining were 
excluded from the refinements. The intensities were corrected 
for Lorentz and polarization effects. The computer program 
used, as well as programs subsequently employed, is part of 
a local assembly of programs for CYBER-77 which is 
described in ref. 10. 

Atomic scattering factors used were those of Doyle and 
Turner (1 1) for carbon, nitrogen, and oxygen and of Stewart 
et nl. (12) for hydrogen. The phase problem was solved by the 
MULTAN 77 program package (13). The structure model was 
refined to a conventional R of 0.24. Owing to this relatively 
high R-factor a difference Fourier synthesis was calculated 
and this revealed the position of an oxygen atom (H20).  The 
water molecule was situated such that it participated in three 
hydrogen bonds. The introduction of anisotropic temperature 
factors for all 20 nonhydrogen atoms and least-squares refine- 
ments lowered R to 0.096. The positions of the 18 hydrogens 
were found in a difference Fourier synthesis. These were 
included with estimated isotropic thermal parameters in the 
structure factor calculations. Full-matrix least-squares refine- 
ment of all nonhydrogen parameters converged to an R of 

5Photocopies of Tables 3 and 4 may be obtained, at  a 
nominal charge, upon request from the Depository of Un- 
published Data, CISTI, National Research Council of Canada, 
Ottawa, Ont., Canada K I A  OS2. 

0.075 and an R, of 0.058. Final atomic parameters are given 
in Table 3.' A list of observed and calculated structure factors 
may be obtained from the authors upon request. 

Crystal Dntn for 2-amino-3,9-dimethyl-5-dimethylamino- 
3H-1,3,4,6-tetracyclopent[e]azulene monohydrate. 

C ~ ~ H I ~ N ~ . H Z O  M = 274.33 amu 
Space group P2,/c, a = 11.111(5) 8,, b = 16.567(12) 8,, c = 
7.368(2) 8,, = 98.32"(3), V = 1342.0(12) ,A3, Z = 4, 
D,,,,, = 1.357 g ~ m - ~ ,  F(000) = 584. 

Description of tlie Strr~cture 
The molecular structure and atomic numbering is shown in 

Fig. I, where bond lengths and bond angles are also listed. The 
molecule is planar; deviations from a least-squares plane 
through all nonhydrogen atoms are given in Table 4.' The 
maximum deviation is only 0.1 8, for N17. The bond lengths 
and the planarity of the system imply a totally aromatic 
molecule. The double bond character varies from 0.33(6) to 
0.76(6). (Double bond character is calculated in the standard 
way as p from bond length = single bond length - 0.18 p.) 

The water molecule participates in three hydrogen bonds, 
which leads to a three-dimensional net of hydrogen bonding 
in the crystal. Hydrogen bond parameters are as follows: 
020-H202-N5 (in position: 1 - x, 0.5 + y,  1.5 - z), 020-N5: 
2.89(1) 8,; 020-H201-N5 (1 - x ,  1 - y, 1 - z ) ,  020-N5: 
3.01(1) 8,; N17-H172-020 (1 + x ,  0.5 - y, 0.5 + z), N17-020: 
2.99(1) 8,. 
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57. 1712(1979). 

The nitrosocarbonyl arenes or -alkanes, obtained by oxidation of hydroxamic acids, behave 
as dienophiles towards cyclopentadiene to give the bridged oxazines 1. In the case of pivalo- 
hydroxamic acid, however, the nitrosocarbonyl compound also reacts as  a heterodiene, giving, 
ds well as the oxazine Id, the 1,4,2-dioxazine 2d;  Id is not converted into 2d under the conditions 
of the oxidation reaction. 

Extended heating of compounds 1 slowly converts them into 2 and other more complex 
reaction products. This contrasts with the rapid and quantitative isomerization of the analogous 
azodicarbonyl adducts, and probably reflects the lesser crowding of the reacting NCOR group 
by an adjacent oxygen than by an adjacent NCOR group. 

1,4-Dimethyl-2,3-diphenylcyclopentadiene traps the nitroso compounds to  form the labile 
oxazines 8,  which rapidly isomerize to  the dioxazines 9 on brief heating or in polar solvents. 
In the case of the benzoyl compound 8a the isomerization to 9a is reversible in benzene at 
80°C, favouring the latter isomer by a factor of about 9 :  1. 

LE H. DAO, JULIAN M. DUST, DONALD MACKAY et KENNETH N. WATSON. Can. J. Chem. 57. 
1712(1979). 

Les nitrosocarbonyl-arknes ou -alcanes, obtenus par oxydation d'acides hydroxamiques, se 
comportent comme des dienophiles vis-8-vis le cyclopentadikne et conduisent aux oxazines 
pontees 1. Toutefois dans le cas de I'acide pivalohydroxamique, le compost nitrosocarbonyle 
rkagit aussi comme une heterodikne fournissant en plus de I'oxazine Id, l'oxadiazine-1,4,2 ( 2d ) ;  
on ne peut pas transformer l d  en 2d dans les conditions utilisees pour la reaction d'oxydation. 

Par chauffage prolonge, 1 se transforme lentement en 2 et d'autres produits de reaction plus 
complexes. Ceci est en opposition avec I'isomCrisation rapide et quantitative des adduits 
azidocarbonyle analogues et reflkte probablement un encombrement moindre du groupe 
NCOR qui reagit par un oxygtne voisin plutBt que par un groupe NCOR. 

Le dimethyl-1,4 diphenyl-2,3 cyclopentadikne piege les composCs nitroso pour former des 
oxazine labiles 8 qui s'isom6risent rapidement en dioxazines 9 lorsqu'on les chauffe brievement 
ou lorsqu'on les place dans des solvants polaires. Dans le cas du compose benzoyle 80, 
I'isomerisation en 9a est reversible dans le benzkne A 80°C favorisant le dernier isomkre par un 
facteur d'envirion 9 :  1. 

[Traduit par le journal] 

The formation of C-nitrosocarbonyl compounds 
(RCONO) as intermediates in the oxidation of 
hydroxamic acids (RCONHOH) has for some time 
been suspected (1) and has now been confirmed (2, 3) 
by their addition reactions with thebaine and other 
dienes. The analogous 0-nitrosocarbonyl com- 
pounds (ROCONO) can also be produced, by oxida- 
tion of N-hydroxyurethanes (ROCONHOH), and 
behave similarly (4). These intermediates form in 
part the subject of a recent review by Kirby (5). 

In principle two kinds of Diels-Alder adducts with 

'This paper is dedicated to the memory of Dr. R. H. F. 
Manske. 

ZPresent address: Department of Chemistry, York Uni- 
versity, Downsview, Ont., Canada M3J 1P3. 

3Present address: Department of Chemistry, Mount Allison 
University, Sackville, N.B., Canada EOA 3C0. 

a diene are possible, as illustrated for cyclopenta- 
diene and a C-nitrosocarbonyl compound. In path i, 
RCONO acts as a heterodienophile to give a bridged 
bicyclic 1,2-oxazine 1 (4 + 2 mode) and in path ii it 
acts as a heterodiene to give a fused bicyclic 1,4,2- 
dioxazine 2 (2 + 4 mode); in the latter reaction a 
regioisomer is of course possible. Normally only the 
product of path i is produced. However from the 
reaction of nitrosocarbonylbenzene with ergosteryl 
acetate both types of B-ring adduct were isolated but 
it was shown that the dioxazine arose, not by path ii 
but by partial isomerization of the oxazine formed in 
path i (3). 

The isomerization of the oxazine to the dioxazine, 
formally a [3,3]-sigmatropic rearrangement, has 
analogies in other heterocyclic systems. A clear 
general example is the conversion of the adducts 3 of 
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&? NCOR 

- 
azodicarbonyl compounds into the 1,3,4-oxadiazines 00 a 
4, which we have studied in some detail (6). This ?d 

process is especially favourable with the adducts of H 
V 

cyclopentadiene, 5 -+ 6, and prompted us to prepare M 

and to examine the stability of a number of adducts 9 
3 

of nitrosocarbonyl arenes and -alkanes with cyclo- u 

3 
pentadiene and with 1,4-dimethyl-2,3-diphenylcyclo- C, - 
pentadiene. 4 

In a preliminary report we showed that generally E - 
oxazines only are formed from cyclopentadiene and 
dioxazines only from dimethyldiphenylcyclopenta- 5 .- 

P 

diene (7). A notable exception was the oxidation of m W 
pivalohydroxamic acid in the presence of cyclo- ! 
pentadiene from which reaction both types of adduct 7 
were isolated and we concluded that in this case both - 

3 
paths were being utilized. rn [P 

The synthesis and properties of these and related L 

adducts are now described in more detail. Firm proof .- M 
is provided of the independent occurrence of path ii a 

8 

in the oxidation of pivalohydroxamic acid in the 0, a 
presence of cyclopentadiene. It is confirmed that the a 

thermal isomerization of the oxazine to the dioxazine - 
W 

(3) does occur, in general, for the adducts of cyclo- -1 
m 
Q 

COR I- 

COR 

w o m o  P- 
? ? ? ?  '9 
w w - P -  o - 
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TABLE 2. Rate constants of reaction (k)  at 80°C of adducts of cyclopentadiene 
with nitrosocarbonylarenes (1) and with azodiaroyls (5), and yields of isomeri- 

zation products 2 and 6* 

106k (s-I) 
Yield of isomer 

Adduct Benzene Isooctane Ethanol 2 or 6 (%I 

l a  2.3 45 
l b  2.1 44 
l c  4.4 68 
Id 2.9 10 
5a 242 325 100 
56 867 100 
5c 2250 100 
5d 9700 9800 100 

'The kinetic analysis on compounds la-d was carried out by integration of appropriate 
peaks in the 'Hmr spectrum in C6D6. The probable limits of error are + 15%. The values for 
So-d are from refs. 6 and 12, and were obtained spectrophotometr~cally, w ~ t h  a probable error 
of + 5%. 

pentadiene; however, it does so slowly and only in used 'Hmr spectroscopy in benzene-d6, taking 
competition with pathways to much more complex particular advantage of the coincidence of its 
products. It is also shown that the dioxazines isolated vinylic peaks as a sharp singlet at 4.73 T, unobscured 
from the reaction with dimethyldiphenylcyclo- by peaks from I d  or other reaction products. This 
pentadiene are probably formed exclusively by iso- enabled 2d to be detected in the presence of I d  in 
merization of a labile oxazine. amounts as small as 1x .  A wide range of gas-liquid 

In the hydroxamic acid oxidations silver oxide or chromatography columns failed to give a clean 
lead dioxide were found to be excellent alternatives to separation. 
the more common reagents tetraethylammonium It was confirmed that 2d was present before 
periodate (8) and N-bromosuccinimide (6). chromatography by directly analyzing the hexane 

With cyclopentadiene as substrate, the yields of extracts from the crude reaction product. The 
isolated adducts (Table l), all crystalline solids, measured yields varied from 2 to 10% of the total 
varied from 40 to 70x.  Their identity as compounds 1 isomeric mixture, depending on the oxidizing agent. 
followed from their spectra. The 'Hmr spectra It was also shown not to be an artifact of the reaction 
resembled those of adducts from cyclopentadiene and conditions, since I d  did not isomerize in the presence 
unsymmetrical azodicarbonyl derivatives, both in of N-bromosuccinimide-pyridine in methylene chlo- 
chemical shifts and in couplings (9). The carbony1 ride. Compound Id, and presumably all the adducts 
stretching frequencies (1640-1660 cm-') were in the 1, showed considerable stability to polar solvents, to 
rangeexpectedfor 0,N-dialkyl-N-acylhydroxylamines bases, and in marked contrast with the azodicarbonyl 
(10). adducts 3 (1 l), to strong acids. 

The purification of compounds la-c was readily The occurrence of path ii is thus established. 
achieved by crystallization techniques but the low Nitrosocarbonylisobutane at least can function as a 
melting pivaloyl adduct I d  required column chroma- heterodiene as well as a heterodienophile. Whether 
tography. The elution of I d  was always preceded by this is true for most nitrosocarbonyl compounds in 
fractions containing small amounts of an oil. This their reaction with cyclopentadiene has not been 
was readily recognized as the isomer 2d by the established. In the case of benzohydroxamic acid a 
absence of OH, NH, and C=O stretching frequencies rigorous search was made for the dioxazine by 
in the ir spectrum, in which a medium intensity band chromatography of the total oxidation products but 
at 1621 cm-', attributable to C=N, was the most it could not be conclusively detected. 
significant feature. The 'Hmr spectrum supported We have now reexamined the effect of heat on the 
structure 2d, showing a large downfield shift of its oxazines 1. On prolonged refluxing in benzene the 
methylene protons and an upfield shift of one tertiary solutions darkened and the adducts slowly de- 
proton relative to those of I d  (parallel changes are composed. The 'Hmr spectra became complex but 
observed in the spectra of 6 relative to 5 (9)). the dioxazines 2 could be detected among the prod- 

On the basis of the known lability of the azodi- ucts. Analysis of the relative amounts of 1, 2, and 
pivaloyl adduct 5d (9) it was first assumed that 2d was by-products, by integration of the spectra, led to 
a secondary reaction product, generated by the approximate values for the yields of 2 and the first- 
isomerization of Id  under the reaction conditions or order rate constants of decomposition of 1. These are 
during work-up. To monitor small amounts of 2d we shown in Table 2, along with the first-order rate 
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constants of the (quantitative) isomerization of the 
azodicarbonyl adducts 5a-d taken from earlier work 
(6, 12). 

Work-up of the benzene solutions led to the isola- 
tion of the p-bromo and p-nitro adducts, 2b and 2c, 
which were crystalline (Table 3). Efforts to purify 2a 
failed and the isolation of the small amount of the 
product 2d (10z yield) was not attempted. The iso- 
merization to 2d is highly unfavourable relative to 
other pathways; the complex by-products are derived 
solely from I d  and not from 2d, since the latter was 
unaffected after 4 days in refluxing benzene. 

'Hmr and ir spectra of compounds 2a-c were in 
'd 

line with those of 2d, described above. The p- 2 
nitrobenzimidoyl group in 2c absorbs at 307 nm, com- c 
pared with 264 nm for the p-nitrobenzoyl group in 
lc ;  a similar red shift was noted in the product of '2  
isomerization of 5c. .- x 

There are two features of note in Table 2: (a) The ? 
C? 

nitrosocarbonyl adducts 1 are much more stable than y 
the azodicarbonyl adducts 5. In particular the 

* 
pivaloyl adduct 5d isomerizes 3000 times faster than 3 

a I d  (a difference in free energy of activation, AAG*, of _o 
5.7 kcal mol-' at 80°C) and the rate of formation of 2 
6d is 30 000 times faster than that of 2d(AAG* = 7.3 $ 
kcal mol-I). (b) The nitrosocarbonyl adducts show 
little substituent steric effect compared with the a, 
azodicarbonyl adducts. The small spread in k values 5 
for la-d is in marked contrast with the large value 
for 5d, relative to those for 5a-c. 4 

The lesser reactivity of 1 compared with 5 is itself % 
probably steric in origin, reflecting the more severe 5 
crowding of the reacting NCOR group by the adja- 2 

V 

cent NCOR group in 5 than by the adjacent oxygen - e atom in 1. Such crowding is relieved if the reacting ? 
nitrogen adopts a pyramidal geometry, which is also 2 
the geometry necessary for the transition state to 2 
product, if the reaction is concerted. This is known to 
be the case for the isomerization 5 -t 6 but it has not .e 
been established for 1 + 2. w a 

e One factor militating against a pyramidal geometry a 
at nitrogen for the adduct 1 is that the conformational 

W 
arrangement then produced around the N-0 bond ; 
is likely one of very high energy. In this conformation & 
the N-C and 0-C ring bonds are eclipsed, or 
nearly so, and the nitrogen atom is pyramidal, with a 
localized electron pair and an electron-withdrawing 
substituent (RCO). Theoretical calculations predict 
that this geometry is very near the potential energy 
maximum for the internal rotation of the N-0 bond 
(13, 14) and this seems to be supported by spec- 
troscopic evidence ( i  5-17). 

An alternative nonconcerted route from 1 to 2, 
which avoids this interaction, involves the open 
dipole 7, stabilized by local resonance in each of its 
charged moieties. The intermediate 7 is consistent 

m m  m m  - 
O i -  '99 '9 
- r =  m m  w 
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with the higher rate and yield observed in the forma- 
tion of 2c, since a p-nitro group would further 
stabilize the negative charge in 7 (R = pC,H4N02). 

In our first experiments (7) using 1,4-dimethyl-2,3- 
diphenylcyclopentadiene as a trapping agent, the 
oxidation of benzo-, p-bromobenzo-, and p-nitro- 
benzohydroxamic acids in ethyl acetate at room 
temperature proceeded smoothly to give, not the 
oxazines 8a-c, but the crystalline dioxazines 9a-c 
(Table 3). They were isolated in yields of 45-70x by 
treatment of the crude reaction residues4 with cold 
methanol. The structures were inferred from their 
spectra. Typically 9c had widely separated methyl 
singlets at 7.92 and 8.98, and a broad allylic methylene 
absorption at 7.28 T in its 'Hrnr spectrum (CDCI,); 
its ir spectrum (CCI,) had a low intensity absorption 
at  1620 cm-' (C=N) and no carbonyl absorption. 

NCOR 

p ~ ~ ~ o p h  NCOPh cH3$iWR 

Ph CH3 Ph Ph 

Compounds 9 were extremely sensitive to acids. 
The 'Hmr spectrum of 9b in CDC1, containing tri- 
fluoroacetic acid was degraded completely in less 
than 1 min, becoming very complex. The rapid 
disappearance of the methyl peaks suggests that 
protonation of the heterocyclic ring is followed by 
deprotonation of a methyl group, similarly to the 
acid catalyzed isomerization of the corresponding azo 
ester adduct 10 in which the isomer 11 was produced 
(18). If the analogous diene is formed here it is 
evidently unstable. 

The failure to isolate 8 was surprising since the 
known (9) accelerating effect on isomerization of the 
ring substituents would not have been predicted to 
prevent its survival at room temperature. Thus 12 is 

4Retrospective examination of the spectra of these residues 
showed small amounts of Me singlets due to unisomerized 
oxazines. 

only 70-80 times as labile as 5a at 25°C in isooctane, 
with a half life of ca. 12 ha5 The stability of 8 should 
be at least that great in view of the retarding effect 
found for the ring oxygen in 1. 

It  was thought that the isomerization of 8 might 
have been promoted by the use of the polar solvent 
ethyl acetate in the oxidation reaction, since the azo 
adduct 12 had been shown to be rather sensitive 
to solvent polarity in its isomerization (thus 
kaq ~ t ~ t i / ~ i s o o c t a n e  = 25 at 250C).5 

Accordingly, the oxidations were repeated in 
benzene. Direct 'Hmr analysis of the filtered and 
concentrated solution from the oxidation with 
benzohydroxamic acid showed a new product, 
recognizable by a pair of methyl singlets at 7.99 and 
8.30 T. Its yield could be brought to 8 0 x  by carrying 
out the oxidation at 4OC. The methyl singlets slowly 
diminished at the expense of those of 9a. The new 
product was clearly 8a. Careful work-up in the cold 
led to the isolation of the crystalline adduct, which 
was fully characterized. It melted at 96.5-97°C and 
immediately solidified to crystals which then had the 
melting point of pure 9a. 

The half-life of 8a at 25OC was about 9 h in 
chloroform-d and 28 h in benzene-d6. At 80°C in the 
latter solvent it was 7 min but continued heating led 
to a levelling off in the production of 9a to an 
equilibrium concentration of 1 1 %  of 8a (AG = 1.5 
kcal mol-I at 80°C). This was identical with the 
value reached when a similar solution of pure 9a 
was heated at 80°C. At 110°C in benzene the equili- 
brium value was 14x. The formal [3,3]-sigmatropic 
rearrangement of 8a to 9a is thus detectably re- 
versible, a feature which has been observed in at 
least one example in the related isomerization of an 
N-acylpyridazine to a 1,3,4-oxadiazine (19). A di- 
polar species, analogous to 7, seems a particularly 
likely intermediate between 8 and 9 ;  thus the reso- 
nance form 13 is highly stabilised by the positive 
charge at  benzylic carbon. 

Formation of a benzene solution rich in 8b could 
be achieved similarly; the p-nitro compound 8c was 
at best only a minor product. The 'Hmr spectrum of 
8b was analogous to that of 8a. No effort was made 
to isolate it. 

The amounts of dioxazine 9a (-2073, detected in 
the oxidation in benzene at  4"C, must be reconciled 
with the observation that pure 8a is <2% isomerized 
(the detection limit) in benzene at  the same tempera- 
ture. This might suggest the possibility that some 9a 
is formed directly (path ii). It is more likely, however, 
that other ingredients in the oxidation reaction 
catalyze the isomerization of 8a, e.g., H 2 0 ,  PhC02H 

'By extrapolation of rate data from ref. 6. 
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(a common trace product in the oxidation of the 
hydroxamic acid), colloidal Ag, or Ag' (perhaps 
complexed with the alkene bond in 8a). 

The mode of regioisomeric fusion and the cis 
stereochemistry in the dioxazines 2 and 9 have been 
tacitly assumed. In fact their spectroscopic proper- 
ties do not unequivocally justify these choices. Either 
a concerted mechanism or a dipolar intermediate like 
7 or 13 requires the regioisomers given (the alterna- 
tive dipole formed on opening the oxazine would lead 
to a fused 2-acyloxazetidine). Only the concerted 
mechanism requires the cis s te reo~hemis t r~ .~  

Experimental 
The following spectrometers were used: for ir, a Beckman 

IR 10; for uv, a Unicam SP .800 B; for 'Hmr, a Varian T-60 or 
Perkin Elmer R12B. Melting points are uncorrected. 

Reagents 
Benzo-, p-bromobenzo-, and p-nitrobenzohydroxamic acids 

were prepared from their methyl or ethyl esters by the standard 
method (20). Pivalohydroxamic acid was best prepared by 
dropwise addition at room temperature of the acid chloride to  
a threefold excess of hydroxylamine hydrochloride in an eight- 
fold excess of pyridine, followed by evaporation to dryness and 
leaching out of the product with hot ethyl acetate. Recrystal- 
lization from ethyl acetate gave needles (4573, mp 170-171°C 
(lit. (21a) mp 163.6-164.IoC (dec.) lit. (21b) mp 169°C). 

The following oxidizing agents were used in the hydroxamic 
acid reactions: silver oxide, lead dioxide, tetraethylammonium 
periodate (8), N-bromosuccinimide-pyridine; the potassium 
salts of the hydroxamic acids could also be oxidized directly 
with N-bromosuccinimide. 

3-Acyl-2,3-oxazabicyclo[2.2. Ilhept-5-enes (I) (Table I)  
The Benzoyl Cotnpoitnd l a  
To a stirred suspension of benzohydroxamic acid (2.74 g, 

0.02 mol) in methylene chloride (40 mL), containing pyridine 
(1.58 g, 0.02 mol) and cyclopentadiene (7 mL), was added, in 
portions, N-bromosuccinimide (3.56 g, 0.02 mol). When the 
reaction mixture had become clear the solution was washed 
once with water, twice with saturated aqueous sodium hydro- 
gen carbonate, then with water again and dried. Evaporation 
gave an oil which was extracted thoroughly with several por- 
tions of hot hexane. The hexane solution gave a crystalline 
residue (2.8 g, 70%) whose 'Hmr spectrum showed it to be 
substantially pure la .  Recrystallization from hexane gave 
prisms, mp 73-75.5"C. 

Alternative Syntheses of l a  
Yields of at  least 5 0 x  were consistently obtained when the 

oxidation was carried out by oxidizing(a) the benzohydroxamic 
acid in ethyl acetate with aqueous acetic acid containing sodium 
acetate and tetraethylammonium periodate or (b) the potas- 
sium salt of the hydroxamic acid in methylene chloride with 
N-bromosuccinimide. 

The p-Brotnobenzoyl Compound I b  
A suspension of p-bromobenzohydroxamic acid (1.08 g, 

5.0 mmol), silver oxide (2.0 g, 8.6 mmol), and sodium sulfate 
(2 g) was stirred for 1 h at  room temperature in ethanol 
(50 mL) containing cyclopentadiene (1 mL). The mixture was 

6 N o ~ ~  ADDED IN PROOF: An X-ray analysis has confirmed 
the structure of the bromo compound 96. It has the cis 
stereochemistry. 

filtered, evaporated to dryness, and the residue treated with 
ether (50 mL). Filtration from traces of silver followed by 
evaporation gave an oily residue (0.61 g) whose 'Hmr spec- 
trum showed it to be about 80% l b  (about 45% yield). This oil 
was extracted with hot hexane (100 mL) which was allowed to  
evaporate at  room temperature and deposited crystals of the 
product. A recrystallization from acetone-isooctane gave l b  as  
large prisms, mp 83-83.5"C. 

The p-Nitrobenzoyl Compoitnd I c  
The potassium salt of p-nitrobenzohydroxamic acid (2.20 g, 

10 mmol), N-bromosuccinimide (1.6 g, 9 mmol), and anhy- 
drous sodium sulfate (1 g) were added to a stirred solution of  
cyclopentadiene (5 mL) in methylene chloride (50 mL). The 
reaction was at first exothermic. Stirring was continued for 
20 h, the solution was filtered from potassium and sodium 
salts, and then shaken out with water (100 mL). It was dried 
and evaporated to a semisolid residue which on trituration 
with pentane containing a little ether gave crystalline l c  
(1.40 g, 63%). It was recrystallized from benzene-isooctane as 
small yellow prisms, mp 119.5-121°C. 

The synthesis of l c  could also be achieved using N-bromo- 
succinimide and pyridine, as described for la.  

Tlze Pivaloyl Compolrnd I d  
Silver oxide or lead dioxide (7.9 or 8.2 g, 0.034 mol) was 

added to a stirred solution of pivalohydroxamic acid (4.0 g, 
0.034 mol) and cyclopentadiene (8 mL) in ethyl acetate 
(100 mL) containing suspended sodium sulfate (I g). After 4 h 
the solution was filtered and washed with water, aqueous 
sodium hydrogen carbonate and water again. It was then dried 
and evaporated to an orange-brown gum, which was refluxed 
for 1 h with hexane (100 mL). The hexane solution furnished a 
pale yellow syrup (3.7 g) whose 'Hmr spectrum showed it to 
contain about 85% (51% yield, routinely 50-55%) of the ex- 
pected adduct. 

(N-Bromosuccinimide and pyridine in methylene chloride 
gave overall yields of 4 0 4 5 x . j -  

Column chromatography of the hexane extract was done on 
neutral alumina (1 g/100 g) from benzene solution, using in- 
creasing amounts of ether as eluant. In a typical run from 3.3 g 
of extract from the above reaction 1% ether caused the elution 
of 0.078 g of the isomer 2d, followed by 0.520 g of a mixture of 
2d and Id;  2% ether gave 0.408 g of Id. The separation was 
somewhat more efficient on Florisil. 'Hmr analysis of the 
mixed fractions showed that a total of 0.235 g of 2dand 0.771 g 
of I d  were recovered from the column. 

The total of 1.0 g compared with the expected amount of 
2.8 g reflects the considerable loss of these volatile adducts 
during the evaporation of chromatographic fractions. Further- 
more the proportions of the adducts are at  variance, being 
biased towards 2d, with the true values obtained directly from 
the extracts before chromatography (see below). 

Repeated crystallization from pentane gave I d  as prisms, 
mp 37-38OC (earlier value (7) 36-37.S0C). 

Control Experiment: Exposure of I d  to Reaction Conditions of 
its Synthesis 

The adduct (150 mg), N-bromosuccinimide (148 mg), and 
pyridine (66 mg) (8.3 mmol in each case) were stirred for 0.5 h 
in methylene chloride (25 mL). The work-up was as described 
in the synthesis of la.  The 'Hmr spectrum of the reisolated 
adduct showed none of the isomer 2d. 

Stability of I d  
Polar Solvent 
The adduct I d  (100 mg) was completely unchanged on 

refluxing in methanol (10 mL) for 2 h. 
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Acid Catalyzed 
The adduct (70 mg, 0.39 mmol) and trifluoracetic acid 

(4.5 mg 0.04 mmol) were heated at the boiling point in ben- 
zene-d6 (0.3 mL). After 26 h the solution had darkened con- 
siderably. The 'Hmr spectrum showed that only about 30% of 
the starting material had decomposed, but there was no evi- 
dence of the presence of 2d. 

Base Catalyzed 
A solution of ld(150 mg) in pyridine-d, (0.5 mL) was heated 

at 80°C; there was little change after 20 h. 
The adduct (100 mg) was likewise unaffected by refluxing it 

for 3 h in 0.2 M NaOMe in MeOH (I0 mL); the solution was 
evaporated and the residue extracted with carbon tetrachloride 
for 'Hmr analysis. 

Analysis of Prodrrct Ratio in Oxidatiorz Reactions of 
Pir:aloliydroxamic Acid witlr Cyclopentadiene 

Gas-liquid chromatography gave poor separations of l d  and 
2d using a wide range of columns. 

'Hmr analysis in CCI4 or CDCI, was unsuitable for the 
determination of small amounts of 2d which had no peak that 
was clearly distinguishable from peaks of I d  or of by-products. 
With C6D6 as solvent an excellent analytical technique was 
available using the intensity of the broad singlet of the two 
vinylic hydrogens of 2d at 4.73 T, which was unobscured by 
any other absorptions. A detection limit of 0.6% of 2d in 
50 mg of mixture was determined using authentic samples of 
the purified isomers. 

Measurements of the proportions of each isomer originally 
produced in the oxidation, involved removing the hexane 
from the extracts (see synthesis of Id)  through a fractionating 
column to minimize losses of the volatile isomers. Analysis of 
the residue in C,D6 revealed the percentages of 2d in the total 
isomeric mixture for the following oxidizing agent to be: 
silver oxide, 4%; lead dioxide, 2%; N-bromosuccinimide, 7- 
10% (several runs). 

cis-3-Aryl(or A1kyl)-4a,7a-dihydro-7H-cyclopenta-1,4,2- 
dioxazine (2) (Table 3) 

Solutions of the adducts 1 were refluxed in benzene (ca. 1%). 
Aliquots were periodically removed, evaporated, and the 
residue analyzed by 'Hmr spectroscopy in CDCI,. Integration 
of all peaks in the aliphatic region (> 3 T) allowed the pro- 
portions of 1 ,2 ,  and by-products to be determined. The yields 
of 2 are shown in Table 2. When the reaction was nearly 
complete, the solution was cooled, filtered from the dark 
precipitate (15%)  present, and evaporated to a dark sticky 
residue which was worked up as described. 

For the adduct I d  the isomerization was monitored directly 
by 'Hmr analysis using a solution containing 0.1 g in 0.5 mL 
C6D6. No effort was made to scale up the reaction to isolate2d. 
Its isolation as a co-product with I d  is described above. 

In a control reaction the pure isomer 2d was heated under 
identical conditions for 80 h without any change in its spec- 
trum. 

Approximate rate constants of decomposition of compounds 
1 are shown in Table 2. 

The phenyl and the tert-butyl compounds, 2a and 2d, were 
oils; the purification of 2d is described above; the p-bromo- 
and p-nitrophenyl compounds, 26 and 2c, had melting points 
of 144146 and 151-1 52°C. 

3-Acyl-I,4-dimethyl-5,6-d~/1enyl-2,3-oxazabicyclo[2.2. Ilhept- 
5-enes (8) (Table I )  

Tlre Benzoyl Comporrnd 8a 
To a solution of 1,4-dimethyl-2,3-diphenylcyclopentadiene 

(1.04 g, 4.1 mmol) in benzene (50 mL, spectroscopic grade 
from J. T. Baker Chemical Co.), kept at 4'C by a benzene- 

solid carbon dioxide bath, were added benzohydroxamic acid 
(0.56 g, 4.1 mmol), silver oxide (2.0 g, 8.6 mmol), and sodium 
sulfate (2 g). The whole was stirred for 4 h, filtered through 
Celite, and evaporated below room temperature. The 'Hmr 
spectrum of the concentrated residue showed about 80% of the 
isomeric mixture to be 8a. Evaporation to dryness and addition 
of ether caused the precipitation of further silver residues. 
Filtration, concentration to a small volume, and dropwise 
addition of hexane caused precipitation of 8a. The whole was 
chilled to - 10°C and filtered giving product of high purity 
(0.48 g, 31%). Recrystallization was effected by dissolving i t  at 
room temperature in ether, adding hexane till crystallization 
just began, filtering, and storing at - 10cC for I h. It formed 
prisms which melted sharply at 96.5-97°C. The melt solidified 
almost immediately to give pure 9a, the crystals melting again 
at 144146°C. 

At 25°C a 0.3 M solution of 8a had a half-life of 9 h in 
chloroform-d and 28 h in benzene-d6. At 4°C no isomerization 
could be detected after 20 h in a 0.3 M solution in benzene-d6 
(the detection limit is ca. 27, of 9a). 

Reversible Isonrerization of 8a 
A sample of 8a (50 mg) in benzene-d6 (0.5 mL, 0.26 M )  was 

heated in an nmr tube at 80°C and periodically monitored by 
measuring peak heights of the upfield Me group in 8a and 9a 
(a control reaction on a freshly prepared equimolar mixture of 
the two isomers showed the heights of the peaks to be iden- 
tical). The half-life of 8a was 7 min but in the later stages of the 
reaction the kinetics drifted from first order, the decay of 8a 
becoming increasingly slow. An equilibrium value of 11% 8a 
remained. The identical value was reached when a solution of 
9a was similarly heated. At 110°C the equilibrium concentra- 
tion of 8a was 14%. In the reaction at 80°C no compounds 
were detected other than 8a and 9a but at 110°C there was 
slight decomposition. 

Other Oxazines 9 
Similar oxidation at room temperature of p-bromobenzo- 

hydroxamic acid gave a benzene solution of 86 and 96, in a 
ratio of I .6: 1. The former was easily characterized by its Me 
absorptions at 8.19 and 8.87 T. 

The oxidation of p-nitrobenzohydroxamic acid was more 
complex and peaks due to 8c could not be recognized with 
certainty in the spectrum. 

cis-3-Aryl-4a,5-diphenyl-6,7a-dimetlryl-4a,7a-dilrydro-7H- 
cycloperrta-1,4,2-dioxazine (9) (Table 3) 

Typically a solution of the diene (I.Og, 4.1 mmol) was 
stirred for 12 h with the hydroxamic acid (4.6 mmol), silver 
oxide (1.6 g, 7.0 mmol), and sodium sulfate (2 g) in ethyl 
acetate (40 mL, washed with aqueous sodium bicarbonate and 
dried). The solution was filtered through Celite and evaporated 
to dryness. Methanol (5 mL) was added to the stickly residue 
which crystallized. The isolated yields were: 9a, 46%; 96, 67%; 
9c, 65%. 

Instability of Dioxazine 9b to Acid 
A solution of 96 (50 mg, 0.1 l M )  in CDCI, (0.5 mL) in an 

nmr sample tube was treated with 5 pL (0.13 M )  of trifluorace- 
tic acid. The solution became deep yellow at once, then 
darkened, and finally became purple. In less than 1 min the 
methyl peaks of 96 had completely disappeared in the 'Hmr 
spectrum. The spectrum of the purple solution was complex. 
An ether - aqueous sodium hydrogen carbonate work-up led 
only to an intractable solid. 
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Selective 0-demethylation of isoquinoline alkaloids: Preparation of hydrocotarnoline from 
hydrocotarnine and conversion of S-(+)-laureline into S-(+)-roemerine via 

S-(+)-mecambrolinel 

JUN-ICHI MINAMIKAWA A N D  ARNOLD BROSSI 
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JUN-ICHI MINAMIKAWA and ARNOLD BROSSI. Can. J. Chem. 57, 1720 (1979). 
The methoxy group in the simple isoquinoline alkaloid hydrocotarnine and in the aporphine 

alkaloid S-(+)-laureline can be cleaved selectively with trimethylsilyl iodide in boiling o- 
dichlorobenzene in the presence of DABCO, affording hydrocotarnoline and S-(+)-mecam- 
broline, respectively. Deoxygenation of S-(+)-mecambroline afforded S-(+)-roemerine. 

JUN-ICHI MINAMIKAWA et ARNOLD BROSSI. Can. J. Chem. 57, 1720 (1979). 
On peut eliminer selectivement le groupe methoxy d'un alcaloi'de simple de I'isoquinoleine, 

l'hydrocotarnine et d'un alcaloi'de de l'aporphine, la S-(+)-IaurCline, en faisant appel a I'iodure 
de trimethylsilyle dans le o-dichlorobenzene au reflux en presence de DABCO; il y a formation 
d'hydrocotarnoline et de S-(+)-mCcambroline. La desoxygenation de la S-(+)-mecambroline 
fournit la S-(+)-roemerine. 

[Traduit par le journal] 

The selective cleavage of an aromatic methoxy 
group in the presence of an aromatic methylenedioxy 
group (1) has now been studied with isoquinolines. 
Hydrocotarnine (I), readily prepared from cotarnine 
(2), afforded a rather complex mixture of reaction 
products when heated with trimethylsilyl iodide 
(Me,SiI) in quinoline (1). 

Quaternization of 1 and initially formed hydro- 
cotarnoline trimethylsilyl ether (2, OSiMe, instead of 
OH) with simultaneously generated methyl iodide 
offered a reasonable explanation for the formation of 
by-products. Replacement of quinoline with a much 
stronger base therefore seemed to be indicated and 
supported by the following observations: Ether 
cleavage took place when hydrocotarnine (1) was 
heated with Me,SiI in o-dichlorobenzene in the 
presence of 1,4-diazabicyclo[2.2.2]octane (DABCO), 
or similarly, when 1 was heated in o-dichlorobenzene 
with a preformed DABCO-Me,SiI complex ( I  : 1) 
and excess DABCO. Heating of a hydrocotarnine- 
Me,SiI complex (1: 1) to 190°C for 2.5 h gave no 
reaction and heating this complex with excess 
amounts of DABCO in o-dichlorobenzene gave only 
very little hydrocotarnoline (2). 

Cleavage of the methyl ether function in 1, 
affording 2, is probably initiated by the iodide anion 
of a DABCO-Me,SiI complex. Methyl iodide 
formed simultaneously, is trapped by DABCO. Thus 
it was possible to obtain by either of the two varia- 
tions (heating 1 with Me3SiI and DABCO or heating 
1 with a preformed DABCO-Me3SiI complex (1 : 1) 

'Dedicated to the memory of Dr. R. H. F. Manske. 

and DABCO) after methanolysis and the usual work- 
up, about 30% of chemically pure hydrocotarnoline 
(2) taking recovered starting material into account. 

Simple conversion of abundantly available poly- 
oxygenated alkaloids into less oxygenated congeners 
is important for chemical correlation, for deter- 
mining absolute structures and for biological evalua- 
tion (3,4). With the methodology elaborated with the 
isoquinoline 1, the conversion of more complicated 
methoxymethylenedioxy-substituted aporphines into 
hydroxymethylenedioxy- and demethoxymethylene- 
dioxy-substituted congeners seemed feasible. S-(+)- 
Laureline (4), prepared from S-(+)-bulbocapnine (3) 
by catalytic deoxygenation of its phenyltetrazolyl 
ether derivative (4), was for this purpose an attractive 
alkaloid to study. Heating S-(+)-laureline (4) with 
Me,SiI and DABCO in o-dichlorobenzene afforded 
chemically and optically pure S-(+)-mecambroline 
(5) in 60% overall yield. The physical data of 5 are 
in good agreement with those reported for mecam- 
broline (5) from Meconopsis cambrica species (5, 6) 
and 0-methylation of 5 with diazomethane afforded 
optically pure S-(+)-laureline (4). Conversion of 5 
into S-(+)-roemerine (7) (7) by catalytic deoxygena- 
tion of the phenyltetrazolyl ether derivative 6 was 
accompanied by partial racemization, as 7 was 
obtained as an oil and with a specific rotation about 
20% lower than that reported for crystalline S-(+)- 
roemerine (7) (7). Purification was possible by con- 
verting optically impure material into the sparingly 
soluble (ethanol) tartrate with (-)-tartaric acid. 
From the tartrate crystalline and optically pure 7 
could readily be obtained, thus chemically corre- 

0008-4042/79/13 1720-03$01 .OO/O 
01979 National Research Council of CanadaIConseil national de recherches du Canada 
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DABCO, Me,SiI 
A 

Me Me 
OMe 

lating the following aporphine alkaloids directly with 
each other: S-(+)-bulbocapnine (3), S-(+)-laureline 
(4), S-(+)-mercambroline (5), S-(+)-roemerine (7). 
Accumulated data show that racemization during 
catalytic deoxygenation of phenyltetrazolyl ether 
derivatives probably occurs with the deoxygenated 
aporphines and is more likely with compounds 
lacking oxygen functions in one or both aromatic 
rings: R-(-)-aporphine (4), S-( +)- 10,l l-dimethoxy- 
aporphine (3), and S-(+)-roemerine. T o  avoid 
racemization it seems at  this time prudent to perform 
the catalytic deoxygenation of optically active 
phenyltetrazolyl ether derivatives under conditions 
which are as mild as possible (room temperature, 
same amount of active catalyst as substrate). 

Experimental 
Melting points were determined in open cap~llary tubes on a 

Thomas-Hoover melt~ng point apparatus and are corrected. 
Elemental analyses were performed by the Section on Micro- 
analytical Services and Instrumentation of this laboratory. 
Infrared (ir) spectra were obtalned on a Beckman IR 4230 
(absorption maxima v.,,, in cm-'), ultraviolet (uv) spectra on 
Beckman DB-G (wavelength of h,,, reported in nm with E 

values) and mass spectra on a Hitachi Perkin-Elmer RMU-6E 
(70 eV) spectrometer. Optical rotations were measured with a 
Perkin-Elmer model 141. Thin-layer chromatography (tlc) 
utilized silica gel plates from Analtech (Newark, Delaware). 
Organic extracts were dried using Na2S04. 

Plrrificafion of Hydrocorarnine (I) 
Cotarnine, prepared from narcotine (2) by published pro- 

cedures, was reduced with sodium borohydride in methanol 
and crude I, after evaporation of solvent, extracted with ether 
and converted with 48% hydrobromic acid into the crystalline 
hydrobromide salt. Crystallization from 25% aqueous sodium 
bromide solution afforded 1.HBr of mp 237-238°C (lit. (8) mp 
237°C); methiodide mp 205-206°C (lit. (8) mp 206°C). 

for 2 h at 170-180°C (bath) in a sealed system. The reaction 
mixture was cooled, acidified with 20% HCI, and the aqueous 
solution washed with ether, basified with NaHCO,, and 
extracted with chloroform (4 x 100mL). The combined 
chloroform extracts were evaporated and the residue obtained 
chromatographed on silica gel with ether-methanol (9: 1). The 
first eluates (monitored with tic), afforded 827 mg (49.8%) of 
hydrocotarnine (1) (HBr salt mp 233-235°C). Further elution 
afforded 334 mg of hydrocotarnoline (2) which was purified by 
sublimation (18&190°C/1 Torr) and crystallization from ether 
to give 252 mg (16.2%) hydrocotarnoline (2); mp 196-198°C 
(lit. (9) mp 198°C); ir (CHCI,): 3590; ms lnle: 207 M + .  Anal. 
calcd. for C l lH13N03:  C 63.75, H 6.32, N 6.72; found: 
C 63.34, H 6.42, N 7.01. 

Methylation of hydrocotarnoline (2) with ethereal diazo- 
methane solution in methanol afforded hydrocotarnine (1) 
(tlc, HBr salt mp 237°C). 

S-(+ )-Meca~nbroline (5) from S-(+ )-Lalrrelbie (4) 
Me3SiI (2.0 mL) was added to a solution of S-(+)-laureline 

(1.1 g) and DABCO (1.2 g) in 10 mL o-dichlorobenzene. The 
reaction mixture was treated as above. The cooled solution was 
diluted with methanol (30 mL), acidified with concentrated 
HCI, and after standing for 1.5 h, diluted with ether (100 mL) 
and extracted with 1 N NaOH (5 x 50 mL). From the organic 
phase 167 mg (15.1%) of starting material 4 (tlc, mp 113- 
1 15°C) was recovered. 

The combined NaOH extracts afforded after acidification 
with concentrated HCI, filtration, basification with NH40H,  
and extraction with chloroform (5 x 50 mL) an oil, which was 
chromatographed on silica gel (ether; ether-methanol (9: 1) 
and (7:3)). The material obtained was crystallized from ether 
to afford 559 mg (54.1%) of pure S-(+)-fnecambroline (5); mp 
254-255°C (lit. (5) mp 252-253°C); [aIDz3 +74" (c 0.5, CHCI,) 
(lit. (5) +76' (C 0.48, CHCI,)); U V  (95% EtOH): 266 
(15 800), 276 (17 OOO), and 312 (10000); after addition of 
0.1 N NaOH: 236,255 (sh), and 318 (ref. 10); ms 117/e: 295 M'. 
Anal. calcd. for ClsH,,NO3 (295.30): C 73.20, H 5.80, N 4.74; 
found: C 72.84, H 5.77, N 4.62. 

S-(+)-Meca~~rbroli~ie 0-Ptietiylterrazolyl Efller ( 6 )  
Mecambroline (5) (561 mg) was reacted with 5-chloro-l- 

phenyl-IH-tetrazole (1.03 g) and sodium hydride (250 mg of 
50% oily dispersion) in dry D M F  (20 mL) under nitrogen for 
I h at 100°C. The cooled reaction mixture was diluted with 
water (50 mL) and extracted with chloroform (5 x 50mL). 
The oily residue obtained from the combined extracts was 
purified by filtration through silica gel (1.5 g ,  ether-methanol 
(9:I)) and the crude product crystallized from hexane- 
methylene chloride (10:l) to afford 709 mg (84.7%) of the 
ether derivative 6 ;  mp 187-188°C; [crIDz0 +35.9" (c 0.55, 
CHCI,); ir (CHCI,): 1600; ms ni/e: 439 M'. Anal. calcd. for 
Cz5HzlN503  (439.49): N 15.94; found: N 15.71. 

S-( +) -Roe~nerbte (7) frotn 6 
Mecambroline tetrazolyl ether (180 mg) was hydrogenated 

in acetic acid (30 mL) over 10% Pd/C catalyst (200 mg) at  
50 psi for 22 h at  room temperature. Usual work-up afforded 
a n  oily base which was filtered through a 10-fold amount of 
silica gel (ether-methanol (9: 1)) to afford 81 mg of roemerine 
(7, 71%); oil; [crIDZ0 + 62.4" (c 0.54, EtOH). For further puri- 
fication this oil was dissolved in ethanol (25 mL) and combined 

Hydrocofarr~oline (2) from I with a hot solution of (-)-tartaric acid in ethanol (50 mg, 
Hydrocotarnine (1) (1.7 g) prepared from the HBr salt in the 10 mL). The precipitate was crystallized from ethanol to give 

usual way and 2.5 g DABCO in 10 mL o-dichlorobenzene were 112 mg of roemerine tartrate; mp 263-264°C (lit. (7) mp 
mixed with 2.0 mL Me,SiI. This reaction mixture was heated 264.S°C). Optically pure roemerine (7) was prepared from the 
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tartrate (80 mg) by treatment with NH40H,  extraction with 
ether, and crystallization from ether (40 mg, 77%); mp 87- 
88°C (lit. (7) mp 87 and 102°C); [~i],~' f81.3"  (c0.6,EtOH), 
(lit. (7) [a], + 80.2" (c 0.18, EtOH)); uv (95% EtOH): 272 
(22 400), 292 (sh, 9100), and 315 (5000); ms mle: 279 M + .  
Roemerine methiodide mp 225-226°C (lit. (7) mp 224.5"C). 
Methylation of 5 with ethereal diazomethane in methanol 
afforded after 48 h S-(+)-laureline (4, mp 115-117"C, [Ci]DZZ 
+97.3 (c 1, EtOH), identical with an authentic sample. 

Acknowledgement 
We would like to thank Dr. Max Gerecke, 

Pharmaforschung C, F. Hoffmann-La Roche & Co., 
AG., Basle, Switzerland, for a most valuable gift of 
S-(+)-laureline. 

1. J. MINAMIKAWA and A. BROSSI. Tetrahedron Lett. 3085 
(1978). 

2. M. SHAMMA. The isoquinolines. 11. Alkaloids. Academic 
Press, New York. 1972. p. 361. 

3. S. TEITEL and J.  O'BRIEN. Heterocycles, 5.85 (1976). 
4. A. BROSSI, M. F. RAHMAN, K. C. RICE, M. GERECKE, R. 

BORER, J. O'BRIEN, and S. TEITEL. Heterocycles, 7, 277 
(1977). 

5. J .  SLAVIK and S. SLAVIKOVA. Collect. Czech. Chern. 
Cornrnun. 28, 1720 (1963). 

6. D. H. R. BARTON, D. S. BHAKUNI,  G. M. CHAPMAN, and 
G. W. KIRBY. Chern. Cornrnun. 259(1966). 

7. L. MARION and V. GRASSIE. J .  Am. Chem. Soc. 66, 1290 
(1944). 

8. L. F. SMALL. Chernistrv of o ~ i u m  alkaloids. Public Health 
Report No. 103, U.S. ~bvernrnent  Printing Office, 
Washington, DC. 1932. p. 95; M. WINDHOLZ (Editor.). The 
Merck index. 9th ed. Merck and Co., lnc., Rathway, NJ. 
1976. p. 630. 

9. B. GOBER and S. PFEIFER. Arch. Pharrn. 299, 196 (1966). 
10. M. SHAMMA, S. Y. YAO, B. R. PAI, and R. CHARUBALA. J. 

Org. Chern. 36,3253 (1971). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Perturbed normal-mode analysis of induction times, relaxation times, and reaction rates in 
unimolecular reactions 
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Received October 16. 1978 

ANDREW W. YAU and H u w  0. PRITCHARD. Can. J. Chem. 57, 1723 (1979). 
A perturbed normal-mode analysis is presented of the induction (or incubation) time, the 

relaxation rate, and the reaction rate of a diluted unimolecular system. At high temperature, 
the unimolecular rate approaches the Lindemann behaviour and the low-pressure rate is 
related to the normal modes of relaxation of the reactive states in a simple manner. In a 
step-ladder model system, the network relationship between the normal modes and the micro- 
scopic transition probabilities leads to explicit theoretical correlations between the respective 
experimental quantities. Illustrative calculations of such correlations are presented for the 
decomposition reactions of N 2 0  and C 0 2  diluted in Ar at shock wave temperatures, and are 
compared with experiment. 

ANDREW W. YAU et H u w  0. PRITCHARD. Can. J. Chem. 57, 1723 (1979). 
On presente une analyse en mode normal perturb6 pour le temps d'induction (ou d'in- 

cubation), le taux de relaxation et la vitesse de reaction d'un systeme unimoleculaire dilue. A 
temperature ClevCe, la vitesse unimolCculaire approche le comportement de Lindemann et la 
vitesse a basse pression est relike aux modes normaux de relaxation des Ctats reactifs d'une 
maniere simple. Dans un systeme modele a echelons, la relation de reseau entre les modes 
normaux et les probabilites de transition microscopique conduit a des correlations theoriques 
explicitees entre les quantites experimentales respectives. On prCsente des calculs illustrant de 
telles correlations pour les reactions de decomposition du N 2 0  et du C 0 2  dilues dans Ar a des 
temperatures d'onde de choc et on les compare avec les rksultats expkrimentaux. 

[Traduit par le journal] 

I. Introduction collisional relaxation of the reactant; and the 

A master-equation formulation is required for a 
realistic treatment of thermal unimolecular reactions 
in the low and fall-off pressure regions (1-3). At the 
low pressure limit where collisional energy transfer 
is rate-determining, analytic solutions of the master 
equation have been obtained (2, 4) for several 
collisional transition probability models, and the 
possibility of extracting information on collisional 
energy transfer from these solutions has been the 
subject of much discussion (2, 5). In the fall-off 
pressure region where the intermolecular energy 
transfer and intramolecular reaction rates are com- 
parable, the master equation is less amenable to 
analytic solutions, and little attention has so far been 
directed to the implications of the master-equation 
solution in this pressure region for collisional energy 
transfer studies. 

Using the perturbed normal-mode approach (6-9), 
we have recently presented a master-eauation for- 

solution for the unimolecular reaction rate was 
derived analytically at all pressures in terms of the 
relevant microscopic reaction probabilities and 
relaxation elements (8). The solution relates the 
various experimental quantities (the unimolecular 
reaction rate, the relaxation rate, etc.) directly to the 
collisional transition probability functions of the 
reactant system. Where sufficient experimental data 
are available, it is possible to undertake a semi- 
quantitative analysis of the experimental data using 
the analytic properties of the solution, and to study 
the energy transfer properties of the reactant mole- 
cule. Such analyses are useful in small polyatomic 
systems where reliable theoretical information on 
collisional energy transfer properties in the reactive 
energy range is virtually non-existent (10). The aim 
of this paper is to present such analyses for the 
decomposition reactions of N,O and CO, diluted 
in Ar at high temperature. - A 

mulation of thermal unimolecular reactions (3): the 11. The Relaxation and Unimolecular 
microscopic reaction processes were treated explicitly Reaction Rates 
as dissipative perturbations to the normal modes of Following earlier works (3, 9), we envisage the 

'present address: Herzberg Institute of Astrophysics, reactant possess a set of discrete states, 
National Research Council of Canada, Ottawa, Ont., Canada and define qi(t) as the ~ o ~ u l a t i o n  of state i at time f ,  
K I A  OR6. 6,  the equilibrium population of state i in the absence 

0008-4042/79/13 1723-08$01 .OO/O 
a1979 National Research Council of Canada/Conseil national de recherches du Canada 
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of reaction, ki  the microscopic reaction probability 
of state i, and qij the transition rate constant from 
state i to state j via collisions with heat-bath mole- 
cules M. The master equation for the evolution of 
the population vector q(t) is 

where ai j  = qji[M], aii  = -C. I +  I . a .  J I '  and d . .  IJ = 
?jijdi = - ?jijki. The evolution eq. [ l ]  may be 
transformed (3) to 

[2 1 d~ ( t ) / d t  = R.x(t) 

where 

[3 I ~ ( t )  = E-'12.q(t) 

and 

[4 I R = ~ - ' / 2 . ~ . ~ 1 / 2  

= B + D  
with 

[5 I B  = E- ' /~ .A.E ' /~  

and eij = fii?jij. Both B  and R are symmetric, and 
may be diagonalised (3) to 

[6I B  = S.A.SL 

and 

[7 I R = Y . ~ . Y '  

with the respective eigenvalues h j  and yj being non- 
positive, as follows 

[8] 0 = A , - ,  > h,-, 2 A,-, 2 ... 2 ho 

and 

Formally, the solution for the population evolution 
eq. [ l ]  is 

[lo] q(t) = E1/'.Y.exp ( r t ) . ~ ' . ~ - ' / ~ . q ( O )  

or equivalently, 

[leal q i(t) = fiil/' 1 exp (yjt)$ij 1 $,jqk(0)fik-'/2 
i k 

At short time (t << I%-, I-'), the system goes 
through a transient phase during which the initial 
distribution of the reactant molecules relaxes to a 
new distribution via collision (VR-T) energy transfer 
with the heat-bath molecules; it is convenient to treat 
this "vibrational relaxation" phase using the 
approach of normal modes of relaxation (refs. 11, 
12; see, however, ref. 4b for the implications at very 
high temperature), and relate the experimental energy 

relaxation rate to the characteristic time constant of 
the slowest relaxation mode. Explicitly (12), 

[1 l] k,,, = lim - d In [E( t )  - E]/dt -- -1,-, 
f * m 

E ( t )  and being the average internal energy of the 
reactant at time t and at equilibrium, respectively. 

At long time (t > ly,-, I-'), the term associated 
with y,-, in the j-summation of eq. [IOa] will 
dominate, and the total population of the reactant 
molecule becomes 

This compares with 

whence the unimolecular reaction rate and the 
induction (or incubation) time are respectively 

[I41 kuni = -Y n - I  

and 

The induction time .rind comprises two parts: the 
first depends only upon the transition probabilities 
at the temperature of the reaction; the second, as 
shown by Brau, Keck, and Carrier (13), depends on 
the initial population also. 

The solution of the master equation predicts (9) 
that, at least for weak-collision systems, the uni- 
molecular rate expression approaches the simple 
Lindemann form at high temperature; viz. 

[I61 kuni = kml{l + kmlk,[MI) 

where km and ko are respectively the infinite-pressure 
unimolecular and low-pressure bimolecular rate 
constants. This prediction has indeed been confirmed 
for the decomposition reactions of diluted N,O, 
CO,, NO,, and N,H, at shock-wave temperatures 
(9). 

The conformity of a reaction to the Lindemann 
behaviour has the interesting implication that the 
bimolecular rate constant ko is related to the 
relaxation elements associated with the reactive 
states (9), which, for a step-ladder model system 
(qij = 0 for li - jl > l), are related to the detailed 
transition rate constants qi t i+,  in a network-like 
manner (7, 8). Explicitly, 
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where 

Notice that the bimolecular rate constant ko is 
independent of the microscopic reaction probabilities 
k i ,  since collisional energy transfer is rate-determin- 
ing at the low pressure limit. 

111. Calculations 
Under these conditions, the overall reaction rate 

depends principally on the average energy transfer 
(AE) and is only weakly dependent on the detailed 
functional form of the collisional transition prob- 
abilities (2, 5, 7, 8, 14); moreover, it has been shown 
(5, 8), particularly when the relevant energy states 
are grouped into pseudo-levels in the actual cal- 
culation, that the step-ladder model gives a reason- 
able (but coarsely averaged) description of the 
colljsional energy-transfer properties of the reactant 
system. Hence, it is a simple matter to calculate the 
bimolecular rate constant k ,  using eq. [17] given the 
transition rate constants q i S i + , ;  also, once ko is 
determined, the eigenvector Yn-, and hence the 
induction time rind in eq. [15] may be calculated 
non-iteratively. Our method of calculation is then 
to (i) grain the energy states of the reactant molecule 
into pseudo-levels; (ii) characterise the transition rate 
constants in the form of 

[I81 qi,i+ 1 = 901fi  

with go, so chosen that the relaxation eigenvalue 
In-, coincides with (minus) the experimental 
relaxation rate (cf. eqs. [5], [6], and [I 11); and (iii) 
examine the dependence of the calculated bimole- 
cular reaction rate and induction time on the 
respective functional forms f i .  

A. Graining of Energy States 
The colossal number of vibration-rotation states 

in the interesting energy region (- lo7 and - 10' for 
N,O and CO,, respectively, below the bond dissocia- 
tion energy) necessitates the grouping of near- 
degenerate states into pseudo-levels - an approx- 
imation justified by the relatively large collisional 
energy transfer rates between levels of similar 
energies. The grained system then contains n pseudo- 
levels, with energies E i  and degeneracies g i  (i = 0, 1, 
2, ..., n- 1) where 

~ 1 9 1  Ci = i6 

the sum of states G(E) up to energy E being computed 
by direct count (15) for E I 4000 cm-' and by 
steepest-descent (16) for E > 4000 cm-'. Notice that 
the graining scheme covers energy states from 
Emin  = 0 to Em,, = (n + 3)E. 

The state sum G(E) depends upon the chosen model 
for the reactant molecule. Both in diatomic and in 
polyatomic systems, rotation has often been ignored 
altogether in the enumeration of the state-sum. Yet, 
as we have shown (8), rotational effects are important 
in diatomic dissociation; rotational dissociation is 
believed to be important in polyatomic molecules 
also. In addition, there are no arbitrary reasons to 
exclude rotation in collisional energy transfer. Hence, 
we examine the effect of inclusion of rotation in the 
state-sum using two series of calculations: one 
including both vibration and rotation (VR) in the 
state-count and the other including vibration only 
(V), with the vibrations treated as independent 
oscillators in both cases. 

In N,O, the two stretching modes are well repre- 
sented by two independent Morse oscillators (17); 
the two degenerate bending modes are treated as 
harmonic. For CO,, all four vibrations are treated 
as harmonic. The relevant spectroscopic parameters 
are listed in Table 1. 

The grain size E is chosen to be one vibrational 
quantum for the bending mode (600 and 700 cm-' 
for N,O and CO,, respectively); other grain sizes 
have also been used in test calculations to examine 
the sensitivities of the calculated quantities with 
variations in E, see below. The topmost pseudo-level, 
n, is chosen so that C-, lies above the critical energy 
of reaction, E,,~,. The latter quantity is actually 
uncertain; it corresponds to the crossing point of the 
singlet and triplet adiabatic potentials, and is placed 
at -64 and -125 kcal/mol for N,O and CO, 
respectively, by experiments (18, 19) and by theoret- 
ical calculations (20). Thus, we set n = 39 for N,O, 
corresponding to C,-, = 63.5 and BE = 65.2 
kcal/mol. (For CO,, E = 64, E,-, = 124.1, and 
B, = 126.1 kcal/mol.) Again, the value of E ,  was 
varied in test calculations; the calculated rates are 
not sensitive to the uncertainties in E, since they 
depend primarily on the transition probabilities 
associated with levels below the reactive energy 
region. 

B. Transition Probability Models 
Within the framework of the step-ladder model, 

two functional forms of f i  (cf. eq. [18]) were 
examined : the constant f ,  model (CF), with 
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TABLE 1. Spectroscopic parameters in reactant molecule 

Molecule aC(xc)" B, (cm- ') Reference 

N2O 1298.4 (0.0048) 599.4 599.4 
co2 1388.2 667.4 667.4 

"E .  = O. [(l - X.)U - k2x.1, O. In cm- I. 

[21aI q i , i + ~  = 401 

for all i; and the Landau-Teller model (LT), with 

For each model, q,, is related through eqs. [5], [6], 
and [l 1 ] to the experimental relaxation time,' the 
latter being given by 

N2 0 
I I I 

2 3 4 5 
The low-pressure dissociation rates of N,O diluted lo4/ T K 

[22] log,, pz,,, (atm 1s) = - 1.36 + 13.6T-'I3 -. 
(800 < T < 2370 K) ;1, . for N 2 0  in Ar (21) and I . 

D 

1231 log,,pz,,, (atm 1s) = - 1.56 + 21.3T-'I3 2 IO-  

(4% < T < 3000 K)  
for CO, in Ar (22, 23). -t" 

\ 

C. The Reaction Rate b. o 
It should be reiterated that eq. [17] is valid only -" 

when the unimolecular fall-off is Lindemann-like, i.e., 
when eq. [16] is obeyed. Hence, we shall restrict our 
calculations in this Section to T > 2000 K for N,O B- 

and T > 3000 K for CO,, where the experimental 
rates have been found to conform to eq. [16] (9). 

in Ar have been measured by several authors. The 
FIG. 1. Low-pressure rate constant for dissociation of N2O high temperature data (2160-3590 K, of Dove et diluted in Ar. Experiments: 8, Dove eta,. (21); A, Olschewski 

(21) are in good agreement with those of Olschewski et a/. (25) with 0.2% N 2 0  in argon; ., representative data 
et a/. (25) a t  lower temperatures (1400-2500 K); the points of Gutman et a/. (26). Calculations - solid curves: 

- 

- 

data if Gutman et a1.e(26) are good agreement VR-LT, vibration-rotational state-count and Landau-Teller 

with both D~~~ f r  a/. (21) and Olschewski et (25) 
transition probability model, eq. [21b]; VR-CF, vibration- 
rotational state-count and constantfi model, eq. [21a]; V-LT, 

near 2000 K, but are lower at higher vibrational state-count, and Landau-Teller model. Calcula- 
temperatures. Figure 1 compares these experiments tions - dotted curve: VR-LT calculation with a step-size of 
with three calculations. The first one ,  labelled 1200 cm-'  in LT  model (see text). 
VR-LT, includes rotation in the state-count and The second, labelled VR-CF, from the first 
assumes the LT transition probability model for the one in that it assumes the constant f i  model (eq. 

rates between thegrainedlevels (eq. L21bl). [21al) instead. The third calculation, labelled V-LT, - ., 
'The expression qol  = k,,,/[exp ((E, - E ~ ) / ~ T )  - 11, which excludes rotation in the state-count and assumes the 

is used extensively (8, 24) to relate qol to the experimental LT model. Notice that the absolute magnitude of the 
relaxation rate in diatomic systems, is not applicable to poly- transition probabilities in the three models are 
atomic systems. Hence, we compute the eigenvalue 1,-,' for chosen to yield the same (experimental) relaxation 
the reduced transition matrix A' (A' being constructed with rate (see previous subsection). yet ,  they predict 
q,,,+ I '  = f,) and relate qol to  the experimental relaxation rate 
using the relationship q o l  = -k , , l ,~ , -2~ .  F~~ the transition appreciably different reaction rates.   his is not un- 
probability patterns that we examined, this latter expression expected since relaxation and reaction rates are in 
can differ from the former one by as much as a facto; of ten. general related to the collisional energy transfer 
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PRITCHARD: 1 1727 

properties of the reactant molecule at different 
energy regions. It is now well recognized (14) that 
they are the consequences of a network of micro- 
scopic processes, and it is generally not possible to 
associate them with a particular transition (27). The 
energy region of importance to the reaction rate is 
characterised by the bottleneck (7, 8), which shifts 
to lower energy as temperature increases. The 
corresponding region for the relaxation rate is 
associated with levels carrying the largest energy 
fluxes; it is more subtle and a normal-mode analysis 
is needed for a detailed understanding (1 1). 

That the VR-CF rates are smaller than the experi- 
mental rates (of Dove et al. (21) and Olschewski et al. 
(25)) by a factor of two to three is not surprising, 
since the transition rates are expected to increase at 
higher energy, rather than being constant at all 
energies. Hence, eq. [21a] represents an under- 
estimate for the transition rates in the reactive energy 
region; and this underestimate is reflected in the 
calculated reaction rates. 

Likewise, the V-LT rates are expected to be 
smaller than the experimental data, since the exclu- 
sion of rotation in the state-count underestimates the 
state-density (and population) of the reactive energy 
levels. 

Note, however, that the VR calculations are likely 
to be (slight) overestimates, since in the graining 
procedure, we have grouped all energy states above 
the critical energy for reaction into reactive pseudo- 
levels, whereas in reality some of these states (those 
in very high rotational states) are non-reactive. We 
believe it is this overestimate that compensates for 
the underestimate in the LT transition rate constants, 
yielding the good agreement between the VR-LT 
rates and experiment; while the present calculations 
suggest the LT model to be much more realistic than 
the C F  model, we would hesitate to attach any 
physical interpretation or justification to the model. 

The activation energies of the three calculated 
rates are compared in Table 2. (i)  The inclusion of 
rotation in the state-count lowers the activation 
energy (difference between VR-LT and V-LT) by 
5 kcal/mol at 2100 K and more at higher tempera- 
tures; the reasons for this lowering have been dis- 
cussed earlier in diatomic dissociation (8). (ii) The 
lower activation energies of the VR-LT rates, com- 
pared with the corresponding VR-CF data, arise 
from the faster energy transfer rates at high energy 
in the LT model and hence more drastic population 
disequilibrium at high temperature: the reasons for 
this have also been discussed before (8). 

To examine the effect of the grain size E on the 
calculated reaction rate, the VR-LT calculation was 

TABLE 2. Activation energy for the dissociation of N20 in Ar at 
low pressure 

~ , c , , o ~  

TI 7-2 VR-LT V-LT VR-CF 

repeated using E = 1200 cm-' (instead of 600 cm-I); 
the calculated rates increase by less than 30% (dotted 
curve in Fig. l), showing that the calculation is 
indeed not sensitive to the grain size chosen. 

C02 
The dissociation of diluted CO, at shock wave 

temperatures has received much experimental atten- 
tion in the last two decades; nevertheless, data of 
various workers were not always concordant, see 
ref. 28. The experimental activation energy at low 
pressure is significantly lower than the bond dissocia- 
tion energy (E, , , , ,  - 105 kcal/mol at 3300 K (29) 
compared with D(0-CO): 125.75 kcal/mol). The- 
oretically, Gilbert (30) obtained from model cal- 
culations an activation energy of 98 kcal/mol at 
4000 K. However, his calculations assume energy- 
independent collision cross sections, and it is not 
clear if these cross sections are in fact consistent with 
the temperature dependence of the relaxation rate. 
Since the activation energy for reaction is related to  
that of the relaxation rate, it is not possible to assess 
the calculated activation energies with respect to  
experiment. More recently, Tardy (31) obtained 
E,,,,, = 100 kcal/mol at 3500 K by applying correc- 
tions to the strong-collision rate constants and using 
his "universal function" for collision efficiency. 
Again, the consistency between the experimental 
relaxation rate and the transition probabilities 
assumed in this calculation is not at all clear. Both 
of these calculations ignore rotation; inclusion of 
rotation would lower the calculated activation 
energies substantially. 

In this section, we calculate the reaction rate by 
synthesising the transition probabilites from eq. [21] 
(a and b) and experimental relaxation rate data. 
Figure 2 compares our calculations with the experi- 
mental data of Dean (32), Vasatko (33), Davies (34), 
and Wagner and Zabel (29). The data of Dean and 
Vasatko are in good agreement; those of Wagner and 
Zabel (29) are systematically lower. Again, the 
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TABLE 3. Activation energy for the dissociation of C 0 2  in Ar at 
low pressure 

-%,t.oa 

TI  T2 VR-LT V-LT VR-CF 

Osee footnote in Table 2. 

TABLE 4.  Induction to relaxation time ratio of 
the N20-Ar system 

T ( K )  VR-LT V-LT VR-CF 

FIG.  2. Low-pressure rate constant for dissociation of CO2 
diluted in Ar. Experiments: a, Dean (32); b, Vasatko (33); 
c, Wagner and Zabel (29); d, Davies (34). Calculations: see 
caption in Fig. 1 for details. 

\ 

\ 
I I \ 

VR-LT rates, which are in good agreement with the 
experiments of Dean (32) and Vasatko (33), are a 
factor of 2-4 larger than the V-LT and VR-CF rates. 

Table 3 compares the activation energies of the 
respective rates. (i) Again, rotation leads to a notice- 
able reduction in the activation energy: from 7 
kcal/mol at 3500 K to 10 kcal/mol at 10 000 K. (ii) 
Note also the dependence of the activation energy 
on the transition probability model, which becomes 
more appreciable at high temperature; cf. the VR-LT 
vs. VR-CF data. (iii) The activation energies of the 
VR-LT rates are in good accord with experimental 
estimates: the calculated value of E,,,,, = 109.3 
kcal/mol between 3000 and 3500 K compares 
favourably with the experimental value (29) of 105 
kcal/mol at 3300 K. Clearly, the low activation 
energies at very high temperatures are not anomalous 
at all. 

D. The Induction Time 
In the relaxation experiment of Dove et al. (21), 

the induction time for the N,O reaction was 
measured and reported in terms of its ratio to the 
vibrational relaxation time, .rind/.r,,,. The ratio ranges 

TABLE 5. Induction to relaxation time ratio of 
the C02-Ar system 

T ( K )  VR-LT V-LT VR-CF 

j 2 3 4 

/ o 4 / T  K ~ i n d / l r c l  

between 4 and 7 at 216s3590 K. To our knowledge, 
no measurements exist for the CO, reaction. 

From eq. [15], .rind is proportional to the reaction 
time .r,,,,,(= - l/y,- ,). Hence, it is in general more 
convenient to characterise the induction time in 
terms of the ratio .rind/.rrenct. Nevertheless, in the 
low-pressure limit, rrCact is directly proportional to 
zrCl, and it is equally convenient to characterise .rind 
in terms of rind/rre,;  to facilitate comparison with 
experiment, we present our results in this section in 
this form. 

Tables 4 and 5 list the ratios zind/.rre, for the N,O 
and CO, reactions, respectively, for the three sets of 
 calculation^.^ Notice that .rind is dependent upon the 
initial population distribution, 11(0); nevertheless, as 
for relaxation time, the dependence is not significant 

3Kiefer and Hajduk (24) have recently cautioned against 
the numerical difficulties associated with the use of eq. [15]. 
We did not encounter any difficulties in our calculations. How- 
ever, the alleged difficulties may well arise in calculations at 
lower temperatures. 
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for polyatomic systems in experimental shock con- 
ditions: in all calculations, an initial temperature of 
300 K was assumed to mimic the experiment. For 
both reactions, the ratio decreases slightly with 
increasing temperature, in accord with the experi- 
ment of Dove et al. (21); the calculated ratios of 2-3 
are in reasonable agreement with the experimental 
ratios of 4-7, considering the simplicity of the 
theoretical model and the difficulty of the experiment. 
Note the similar patterns between the corresponding 
data in the two reactions: the VR-LT and V-LT 
induction times are very similar; on the other hand, 
the difference between the VR-LT and VR-CF 
induction times is quite appreciable, especially at 
high temperature. This is because the induction time 
is related predominantly to the transition probability 
pattern, and less so to the energy level structure of 
the reactant molecule. 

IV. Discussions 
The present master-equation analysis of the 

relaxation and reaction behaviour of the N,O-Ar 
and C0,-Ar systems provides interesting insights 
into the energy transfer properties of small poly- 
atomics ("weak collision systems") at high tem- 
perature. 

In the master-equation formulation, the reaction 
rate at low pressure is explicitly related to the internal 
(collisional) relaxation behaviour of the reactant. It 
is important to note that the relaxation rate has, in 
general, no direct connection with the "strong" 
collision rate. (Indeed, the transition rate constant 
q,, is not related to the Lennard-Jones collision 
number at all!) Nor is there any similar relationship 
between the (non-equilibrium) reaction rate and the 
strong collision number. Thus, to relate these last 
two quantities using a collisional efficiency parameter 
has, at best, operational meaning only.4 For mean- 
ingful interpretations of a reaction at high tempera- 
ture and the energy transfer properties of the 
reactant. the collisional relaxation behaviour of the 
molecular system must be explicitly considered. Note 
also that it is in general not possible to relate the 
reaction rate to the collision (or energy transfer) rate 
from a particular energy state or group of states in 
the reactant molecule; rather, the overall rate 
represents a co-operative effect of a network of 
microscopic transition processes. 

The treatment of the microscopic reaction pro- 
cesses in unimolecular systems as dissipative pertur- 

4The "strong collision" rate constants for the two reactions 
have recently been calculated by Troe (2), using slightly 
different spectroscopic data. For NzO, the collisional efficiency 
decreases from 0.09 at 900 K to 0.02 at 2500 K;  for C 0 2  it 
increases from 0.005 at 1000 K to 0.03 at 3000 K. 

bations to the internal (collisional) relaxation of the 
reactant molecule is attractive for several reasons. 
The algebra involved in the treatment bears close 
resemblance to perturbation formalisms in quantum 
mechanics; this facilitates not only the analytic 
solution for the unimolecular reaction rate at all 
pressures, but also the physical interpretations of 
the relevant theoretical results. Thus, the theoretical 
origin of the Lindemann behaviour is now well 
understood: it occurs either when the molecule has 
only one reactive state, in which case the internal 
relaxation amongst its various states has the overall 
effect of grouping all the non-reactive states into one 
(3); or when the relaxation modes associated with the 
respective reaction states (as characterised by the 
respective relaxation elements (8)) are identical, in 
which case the reaction-relaxation behaviour of all 
the reactive states is similar. The latter follows from 
the fact that the reaction bottleneck lies in the non- 
reactive energy region, and that the reaction be- 
haviour does not depend at all on the microscopic 
processes associated with the reactive states (9). 

This latter point is important since it leads to the 
prediction of the Lindemann fall-off behaviour at 
high temperature and, in turn, the direct association 
of the low-pressure reaction rate at high temperature 
with the relaxation elements of the reactive states. 
Within the step-ladder model, the justification of 
which for a grained system we have discussed earlier, 
this direct identification facilitates a straightforward 
semiquantitative analysis of the collisional energy 
transfer properties of a reactant system, from the 
experimental relaxation and reaction rate data. 

The present master-equation analysis of the 
various experimental data (the relaxation rate, the 
reaction rate, and the induction time) of the N,O and 
CO, systems demonstrates that (i) rotation should 
be taken into account in rate calculations; (ii) both 
"vibrational" population disequilibrium and rota- 
tion are important contributors to the lowering of 
the low pressure activation energy at high tempera- 
ture; and (iii) an (initial-) state-independent energy 
transfer model is inadequate, even for the description 
of thermal systems; in the model we have used, the 
initial state is characterised only by its total energy 
(and not by its rotational and vibrational com- 
ponents), but within this framework of coarsely- 
grained pseudo-levels, a Landau-Teller transition 
probability model seems to give semi-quantitatively 
reasonable results. As we have noted before (8) it is 
not rotational energy transfer nor rotational dis- 
equilibrium that are of vital importance in deter- 
mining the reaction rate at these temperatures, or its 
Arrhenius temperature coefficient: it is simply the 
proper accounting for the rotational states taken 
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together with the fact that at high temperatures, 
rotational energy and vibrational energy seem to be 
roughly equally effective in promoting dissociation 
(8). 
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Unimolecular reactions of N,O and CO, at high pressure 

Centre for Rrsc,tr~-ch in Esperifnentcri Sptrcc, Scio17co. York Uni~,ersi ty ,  Do11>17s~.ic,n.. O n / . ,  Conocic~ M3J iP3 
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ANDREW W. YAU and H u w  0. PRITCHARD. Can. J. Chem. 57. 173 1 (1979). 
An a priori calculation in the framework of the theory of radiationless transitions is pre- 

sented for the non-adiabatic spin-forbidden reactions of N 2 0  and COz. The calculation is two- 
dimensional, incorporating the two stretching degrees of freedom, and the microscopic reaction 
process is formulated using the relative coordinate system of Rosen as modified by Beswick 
and Jortner. All microscopic parameters required for the calculation are derived from spectro- 
scopic data; no adjustable parameter is included. For each reaction, a purely theoretical 
reaction probability function k(E)  is synthesised and used to derive a theoretical Arrhenius 
expression for the infinite-pressure reaction rate. The calculated high-pressure unimolecular 
dissociation rates for both reactions are in reasonable agreement with experiment. High- 
pressure recombination rate coefficients are also presented for C 0 2 ;  they exhibit positive 
activation energies which increase from 0.5 kcal/mol at room temperature to 8 kcal/mol a t  
5000 K. 

ANDREW W. YAU et H u w  0. PRITCHARD. Can. J. Chem. 57. 173 1 ( 1979). 
On prCsente un calcul apriori, dans le cadre de la thCorie des transitions sans radiation, pour 

les riactions non adiabatiques interdites d'aprts les spin, du NzO et du CO,. On prCsente le 
calcul bidimensionnel incorporant les deux degrCs de IibertC d'klongation et le procCd6 de rCac- 
tion microscopique en faisant appel au  systtme de coordonnCes relatives de Rosen, modifiC par 
Beswick et Jortner. On a dCduit tous les paramttres microscopiques requis pour les calculs a 
partir de donnees spectroscopiques; on n'a ajoutC aucun parametre ajustable. Pour chaque 
reaction, on a synthCtisC une fonction de probabilitk de rCaction purement thkorique k(E)  et 
on I'a utilisCe pour dCduire une expression d'ArrhCnius thCorique pour des vitesses de reaction 
a pression infinie. Les vitesses de dissociation unimolCculaires a haute pression, calculCes pour 
les deux reactions, sont en bon accord avec les valeurs expCrimentales. On rapporte aussi, pour 
le COz, les coefficients de vitesse de recombinaison a haute pression; ils comportent des 
Cnergies d'activation positives qui augmentent de 0.5 kcal/mol a ternpkrature ambiante A 8 
kcal/mol A 5000 K. 

[Traduit par le journal] 

I. Introduction two kinds of reactions are not dissimilar within the 

since the pioneering paper of ~i~~ on the quantal configuration-interaction approach, the calculations 

treatment of radiationless transitions in  1929 (I), of Stearn and E~r ing  (91, Olschewski et (101, and 

time-dependent perturbation theory has found itself Gilbert and Ross (11) for the non-adiabatic spin- 

applied to various types of physical/chemical pro- forbidden reaction of N,O represent natural de- 
cesses in the last 50 years - autoionisation (2), velopments from the work of Rosen (8). 

diatomic predissociation (3), radiationless electronic These practical were without 
relaxation (4), and unimolecular reaction (5) - in inherent difficulties. Required spectroscopic infor- 
the framework of the theory of configuration inter- mation was often approximate and incomplete, and 

actions (2, 6 ,  7). Indeed, time-dependent perturbs- had to be supplemented by informed guesswork. The 
tion treatments of unimolecular reaction kinetics required numerical computations were not trivial, 

date back to the remarkable model calculations of even with drastic simplifications and analytic 
R~~~~ (8) in  1933 on the predissociation of a vibra- approximations. In the calculation of Stearn and 
tionally excited metastable molecule. T~ the extent E~r ing  ( 9 ,  an empirical potential surface was con- 
that the distinction between vibrational predissocia- structed for the ground electronic state from experi- 
tion (involving nuclear motion along only one poten- mental vibrational frequencies; an inverted Morse 

surface) and electronic predissociation (in- function with arbitrarily chosen range parameters 
volving two electronic configurations) is not well Was assumed for the repulsive upper-state ~otential.  
defined, and that the theoretical frameworks of the The semi-classical expression of Zener (I2) for the 

non-adiabatic crossing of energy levels was used for 
'Present address: Henberg Institute of Astrophysics, calculating the microsco~ic proba- 

National Research Council of Canada, Ottawa, Ont., Canada bilities. The Zener expression is inadequate (13) ; 
K I A  0R6. also, the value adopted in the calculation (50 kcall 

0008-4042/79/13 173 1- 12$01 .OO/O 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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mol) for the energy of curve crossing is a gross 
underestimate and the calculated infinite-pressure 
activation energy (52 kcal/mol) differs substantially 
from the experimental value (60 kcal/mol) (10). 
Nevertheless, some of the empirical estimates for 
the relevant molecular parameters in the calculation 
are remarkably realistic; indeed, the theoretical im- 
plications of these estimates have served as useful 
guides for the later works (10, 11). 

A different approach was adopted in Olschewski 
et al. (10): a theoretical analysis was undertaken for 
the infinite-pressure rate constant in terms of spec- 
troscopic parameters of the two electronic states; 
the theoretical results were then compared with 
experimental rate data, and "experimental" values 
were deduced for the relevant molecular parameters. 
The calculation was similar to that of Stearn and 
Eyring (9) in some regards: as in Stearn and Eyring 
(9), the overlap integral in the microscopic reaction 
probability term was evaluated one-dimensionally 
(along the N-0 coordinate), and was related to the 
potential surfaces only through their slope along the 
coordinate at the curve-crossing point; also, the 
values for the two slopes were chosen empirically. 
Unlike Stearn and Eyring (9), however, the semi- 
classical expression of Rice (14), which is more 
accurate (3) than that of Zener near the curve- 
crossing region, was used for the overlap integral. 
Three calculations were performed to examine semi- 
quantitatively the consequence of allowing energy 
from other vibrational modes for reaction (within 
the one-dimensional formalism). By comparison 
between computational and experimental data, the 
energy of curve crossing was placed at 63 + 1 
kcal/mol - 3.5 kcal/mol above the experimental 
activation energy. Also, a value of 39 cm-' was 
obtained for the spin-orbit coupling constant, with 
an uncertainty of a factor of two. 

The calculation of Gilbert and Ross (11) is dif- 
ferent from the two earlier works (9, 10) in two 
regards: it was two dimensional; also, the relevant 
wavefunction overlaps were evaluated numerically, 
rather than being approximated by semi-classical 
expressions. The incorporation of the second degree 
of freedom (N-N stretch) and the evaluation of the 
two-dimensional overlap integrals substantially com- 
pounded the required computational elaboration, 
even with drastic approximations such as the neglect 
of anharmonicity in the ground-state potential. The 
calculation was exploratory in nature: the upper- 
state potential was defined in terms of adjustable 
parameters, which were chosen to effect agreement 
between the calculated and experimental activation 
energies; a factor of four agreement was obtained 
between the calculated and experimental rates. 

Comparable agreement was also obtained in another 
rather similar calculation by Gebelein and Jortner 
(15); they employed instead an anharmonic (Morse) 
function for the ground-state N-0 potential and 
adjusted the upper-state repulsive potential, assum- 
ing it to obey an inverse power dependence. 

These reasonable agreements between the cal- 
culated and experimental rates point to a purely 
theoretical calculation which allows no arbitrarily 
adjustable parameters. Comparison between such a 
calculation and experiment would then provide 
realistic assessment of the validity of the various 
simplifications in the theoretical framework. The 
aim of this paper is to present such a calculation for 
the spin-forbidden reactions of N,O and CO, : 

1 N,o(/P'Z+) + N,(XIZg+)  + 0 ( 3 P )  

Pal C O , ( X ~ Z , + )  + c O ( x l z + )  + o ( ~ P )  

Our objectives are three-fold. First, we synthesize 
a purely theoretical k(E) function from the micro- 
scopic reaction probabilities for the two reactions: 
the calculation is two-dimensional; however, our 
theoretical approach obviates the formidable amount 
of numerical computation involved in the work of 
Gilbert and Ross (11). Second, we derive from the 
k(E) function a 'theoretical' Arrhenius rate expres- 
sion for the high-pressure reaction rates of both 
reactions; in a future publication, we will use the 
latter to examine the sensitivity of the Slater-Forst 
inversion procedure (16, 17) of high-pressure rate 
laws - a question of some interest in thermal 
unimolecular reaction theory. Third, we study the 
low-temperature behaviour of the reverse (recom- 
bination) reaction of [2a] ; 

[2bI CO(X'Z+)  + o ( ~ P )  + C O ~ ( X ' Z ~ + )  

in the high-pressure region. The current knowledge, 
both experimental and theoretical, of the kinetics of 
[2b] is uncertain (18); our aim here is to examine the 
theoretical temperature dependence of the reaction 
in the high-pressure limit. 

II. Formulation 
The microscopic dissociation process is described 

by a bound vibrational state of a Born-Oppenheimer 
electronic state Jb) coupled by intramolecular non- 
adiabatic coupling Hi,, to a set of vibrational con- 
tinua belonging to another Born-Oppenheimer un- 
bound electronic state lu). For a linear triatomic 
molecule ABX restricted to linear motion, the total 
wavefunctions for the two electronic states are 

Pal I b )  = Iyb>lb,vbl,vb2> 

[3bl I u )  = I~U)I~~EU~YV,,Z) 
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YAU AND PRITCHARD: I 1  1733 

where IY,), s = b, u, are the electronic wavefunc- 
tions, vb,,vb2 the vibrational quantum numbers in the 
bound electronic state, v,, the vibrational quantum 
number of the diatomic fragment AB, and E,, the 
relative kinetic energy of the AB-X pair. 

Following the Beswick-Jortner modification !19) 
of Rosen's relative coordinate system (8), we 
characterise the nuclear dynamics in terms of the 
centre of mass coordinate of the entire system, the 
separation r, between X and the centre of mass of 
AB, and the internuclear separation r, of AB. Note 
that 

[4 I r, = Or2 + r,, 
where 9 = m,/(m, + m,). In this representation, the 
motion of the centre of mass of the entire system is 
factored out, and the nuclear Hamiltonian for the 
internal motion assumes the form 

[5] H = -(h2/2pl)(a2/ar12) 

- (h2/2~2)(a2/ar22) + Vs 

where p1 is the reduced mass of AB and X (p, = 
(m, + mB)mx/(mA + m, + m,)) and p2 the reduced 
mass ofAB (p, = m,m,/(m, + m,)); Vs denotes the 
potential of electronic state s. 

We now assume that the potentials in both elec- 
tronic states can each be written as the sum of com- 
ponent potentials between neighbouring nuclei, viz. 

s = b, u, and partition the nuclear Hamiltonian H 
into the zero-order Hamiltonian H0 and the residual 
perturbation H1, with 

[7al H0 = -(R2/2p,)(a21ar12) + Vs,(rl - Or,,,,) 
- 

and 

These zero-order nuclear-diabatic states are 
coupled: the intrastate (discrete-discrete and con- 
tinuum-continuum) couplings by the residual per- 
turbation H' have been discussed by Atabek et al. 
(20) and by Beswick and Jortner (19);j our interest 
here is the interstate coupling by the intramolecular 
non-adiabatic terms in the Hamiltonian between the 
discrete levels in Ib) and the continuum states in 
lu): 

which, invoking the Condon approximation, reduces 
to 

The synthesis of the microscopic reaction proba- 
bility ki-j from level i (i E vbl,vb2) in the 'reactant' 
to level j ( j  = E,~ ,V ,~ )  in the 'product' centres upon 
the nuclear factor (u,E,~ ,vU2 I b,vbl ,vb2) and the elec- 
tronic factor (Y,(HintIYb) in eq. [lo]. Explicitly, 

where R,,, = (Y,,IHintlYb) is the electronic transi- 
tion moment between lu) and 16); 

is the Franck-Condon density of the (E,,,v,~ - 
vb,,vb2) transition, and factorises into 

and 

[7bl H1 = Vsl(rl - Or2) - Vsl(rl - ~FAB,,) For the bound state Ib), we assume a harmonic 
potential for the AB bond and a Morse potential for 

The zero-order Hamiltonian then corresponds to the the BX bond, 
motion of the diatomic fragment AB and the motion 
of X relative to the centre of mass of AB which is r13a1 vbi(r~x) = Dc{l - exP [-a(r~x - r ~ x , b ) l } ~  
'frozen' at its equilibrium separation FA,,,. Its [13b] Vbz(rA~> = 3 k b ( r ~ ~  - ~AB) '  
'diabatic' wavefunctions are2 

for the bound state Ib) and 

for the unbound state lu). 

'Notice that the diabatic states 16) are not separable in the 
conventional normal-mode coordinates; the use of the latter is 
valid only for low-lying vibrational levels and is inadequate for 
the dissociating states. 

For the unbound state (u), we assume a harmonic 
potential for the diatomic fragment AB, 

and an exponential repulsive potential along the BX 

3The discrete-discrete couplings in van der Waals mole- 
cules have been shown (19) to be negligible; the couplings 
between the high-lying states in conventional molecules are 
likely to be similar. The continuum-continuum couplings are 
important in modifying the final product state distribution. 
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coordinate, 

[14bl Vul(rBx) = A exp (-a?,,) 

The eigenfunctions corresponding to these poten- 
tials are (21-23): 

s =  b o r u  

W,, , (x)  is the Whittaker function, K,(x)  the Bessel 
function, Hn(x) the Hermite polynomial, and T(x)  the 
Gamma function (24). Notice that is normalised 
to the delta-function with respect to energy. The 
bound states are characterised by energies 

E(b,vb1,vb2)  = E b ~  + E u b l  + E u b Z  

where Ebo is the electronic origin of Ib), 

EVbl = wbl (ub l  + $1 - oblxbl(vbl + $I2 

EVbZ = obz(ub2 + 4) 
Likewise, the continuum states have energies 

E(u,E, ,I ,u~z)  = Etro + Eu1 + EubZ 
with 

EuuZ = ~ a z ( u t t 2  + f )  
Note that 

obl = J ~ a ( 2 D , / p ~ ) ~ / ~  

o b l x b l  = h 2 ~ 2 / ( 2 ~ 1 )  

oS2 = h(ks/p2)1/2  ( S  = U, b) 

The overlap of the wavefunctions xoUz and xu, ,  is 
approximated by the analytic expression 

[ l81  qUuZVbZ = ~(XUUZ~XU~Z) /~  - (m!/n!)qn-n'[L",-m(r1)32 exp (- q )  

where 
m = min (vlIz,  vb2) 

and L x x )  is the generalised Laguerre polynomial 
(24). The expression [ I S ]  is exact when a,,, = a,,, 
and is an excellent approximation in real physical 
systems where a,,, is close to a,,;  the derivation of 
[ I S ]  is straightforward by approximating a,, and 

' b 2  (atr2abZ)1/2 in [ I 7 ] .  
For the overlap of the wavefunctions +,", and 

+ , , , ,  the dominant contribution is localised in the 
curve-crossing region. Hence, one may employ the 
semi-classical approximation by linearising the 
respective potentials at their turning points and 
approximating the wavefunctions by Airy functions. 
One then obtains 

x AiZ [(2plF,,Fb/(h2(F,, - Fb)))11/3Arl 
where 

Ar = r,,, - t tb  = a-' ln [l - ( E u b l / D , ) l ~ Z ]  

The derivation of [19] is given in the Appendix. 
In spin-forbidden reactions, the intramolecular 

non-adiabatic coupling Hi,, is the spin-orbit 
coupling between states of different spin. Hence, one 
may identify the electronic transition moment Rub 
with the spin-orbit coupling constant between the 
two spin states, HubS0, 

Given the relevant spectroscopic parameters, the 
microscopic reaction probabilities ki- j  may be com- 
puted using eqs. [ l l ] ,  [12],  [ I S ] ,  [19],  and [20].  

111. Spectroscopic Data 
The relevant parameters in the model potentials 

are derived from spectroscopic data: they are sum- 
marised in Table 1 .  

For the harmonic potential in the dissociative 
state, Vu2, the force constant k ,  is related to the 
vibrational frequency of the diatomic molecule by 
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YAU A N D  PRITCHARD: I1 

TABLE 1. Spectroscopic parameters for model potentialsa 

Value 

Potential Parameter (AB-X) NZ-0 OC-0 

Z P ~ A B , ,  (cm-') 1 176.2(29) 
Additional parameters 

%end (cm-l) 599.4(27) 
B, (cm-l) 0.41901(26) 
Do(AB-X) (kcal/mol) 38.55(30) 
Euo - Ebo (cm-')" 14692.5 
Z P ~ A B X  (cm-')" 2385.5 
PI ( a m 4  10.1806 
u2 (amu) 7.0015 

"Conversion factor for energy: 1 au = 219 474.7 cm-1; 1 kcal/mol = 349.758 cm-I; for mass: 1 amu = 
1822.853 au ;  for length: 1 au  = 0.529177 A. 

ba = (kb/2Dc)1/2. 
<D. = Do(AB-X) + zpenox - zpe~.., + E(X*); E(Xf) being the energy of X in the excited product state. 
*E(X*) = E(OID) = 15 867.7 cm-' (31). 
'Approximated by fh(kb/p2)112. 
' a ~ 0 , b  = f i ( k b / ~ l ) ~ ' ~ ,  
'kb = ~ 2 a ~ 0 . ~ ~ / h ~ .  
hSee eq. [21] In text. 
'AE..,, = 34 482.8 cm-I from Sponer and Bonner (32). 
IAE.,., = 66 459.4 cm-I from Winter ef a/ .  (33). 
'See Gxt. 

oAB being the vibrational frequency of the diatomic 
molecule AB; rAB,, is simply the equilibrium separa- 
tion of the diatomic AB. 

The potentials V,, and Vb2 are derived from the 
ground-state potential surface of the triatomic. For 
N20,  Morse type functions have been found (25) to be 
very good approximations in describing the stretching 
potentials for the two bonds. Following Suzuki (25), 
V,, is identified with the stretching potential in the 
NO bond, and Vb2 with that in the N2 bond: the use 
of a harmonic potential for the latter is justified here 
since the dissociation energy is higher (for the N2 
bond) and the important reactive states are associ- 
ated with low excitation in this bond. For C02 ,  the 
model potential surfaces assumed here do not, in 
fact, have the proper symmetry in the Franck- 
Condon region, where either oxygen atom may 
dissociate : to circumvent this deficiency, a symmetry 
number of 2 is incorporated into the microscopic 
dissociation probability. The bound state potentials 

Vbl and Vb2 are constructed from the potential energy 
function of Cihla and Chedin (28) along the CO 
coordinate: for V,,, k, = 1.0261 au (=2f,~:,~, in the 
notation of ref. 28) and TAB,, = 1.1621 A; for Vbl, 
the range parameter cr is obtained using the relation- 
ship cr = (k , / 2~ , ) ' / ~ .  

Spectroscopic data for the repulsive potential 
V,,, are less complete. Indeed, there is no a priori 
justification for representing the potential by a pure 
exponential repulsive form, aside from its associated 
analytic tractability, and the fact that only two 
parameters are necessary to characterise the geometry 
of the potential. The strength parameter A" may be 
deduced from the vertical transition energy between 
the two electronic states at the ground-state equili- 
brium nuclear configuration. Explicitly, 
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where (E,, - E,,) = Do(AB-X) + ZPEABX - 
ZPEAB,,, is the difference of the two electronic origins; 
Do(AB-X) the thermochemical dissociation energy 
of ABX; zpe, the zero-point-energy of species x, and 
o,,,, the bending frequency. The spectroscopic 
values of the vertical transition energies for both 
N 2 0  and CO, are in fact uncertain. Nor are the 
state assignments unambiguous. Two dissociative 
triplet states correlate with the ground dissociation 
limit: 3C- and 311. The two states lie close to one 
another. In CO,, the 3C- state is 1 eV below the 311 
state; the corresponding separation in N,O is un- 
known. We assume for the purpose of this work the 
3C- state to be the upper repulsive state; it is clear 
that insofar as the present rate calculation is con- 
cerned, the state assignment is not important. For 
N20,  Hall et al. (34) concluded from their electron 
loss spectrum that the 3C- state lies within 6.2 eV 
above the ground 'C+ state. This conclusion is not 
inconsistent with the weak absorption maximum at 
2900 A in the continuous N,O spectrum of Sponer 
and Bonner (32), which corresponds to a vertical 
energy of 4.27 eV, and, using eq. [21], a value of 
20 400.2 cm- ' for A". For CO,, Winter et al. obtained 
a value of 8.24 eV for the vertical energy of the 3Cu- 
state from configuration interaction calculations. No 
experimental data exist for this state to assess the 
accuracy of the theoretical value. Nevertheless, the 
theoretical results for the higher states compare 
favourably with the experimental data of Hall et al. 
(35). Using AE,,,, = 8.24 eV and eq. [21], we obtain 
A" = 21 797.1 cm-l. 

Spectroscopic data relevant for the shape param- 
eter a in V,, are not available for the N,O 3C- and 
CO, 3Cu- states; the corresponding data for their 
neighbouring states do, however, exist. Thus, for the 
N 2 0  'C state (that correlates with N2(X1C,+) + 
O('S)) Shapiro (36) obtained from photodissociation 
data a fit to the repulsive potential in the bi-exponen- 
tial form, viz. V = A ,  exp (- a,r) + A, exp (- a,r), 
with a, = 0.62 au and a, = 0.68 au. Now, there is 
no a priori reason for the shape parameter of 
different repulsive electronic states of a molecule to 
be the same, but they are not expected to be appre- 
ciably different. For lack of precise data, it is 
reasonable to assume for the purpose of our calcula- 
tion the same value of a for the 3C- state, whence 
we have a = 0.65 au for N,O. Likewise, for CO,, 
the value of 6.0 au for the dissociative state cor- 
related with CO(af3C+) + 0(3P) (37) (obtained 
from photodissociation data (38)) is used in the 
present calculation. 

No theoretical calculations have yet been reported 
for the spin-orbit interactions in the N,O and CO, 
systems, although procedures are available for 

relating the values in the two molecular systems to 
those of the component atoms. The spin-orbit 
interaction between O('D,) and 0(3P2) is 106 cm-l ;  
the values for both N,O and CO, may be expected to 
be similar (9).4 We assume H,,"" = 106 cm-I in 
our calculations. 

IV. Microscopic Reaction Probability 
Using the spectroscopic data in Table 1 and the 

theoretical results in Section 11, we have computed 
the microscopic reaction probabilities kiPj for reac- 
tive states i up to 100 and 180 kcal/mol (relative to 
the electronic origin) for N,O and CO,, respectively. 

The potential surface geometries (in the important 
energy region) for the two reactions are qualitatively 
different, and this is reflected in the behaviour of the 
respective probabilities. Figure 1 a and b shows the 
assumed model potentials for N,O and CO, 
respectively, along their 'reaction co-ordinates'. In 
N,O, the repulsive potential spans a relatively wide 
range (the range parameter a = 0.65 is small) and 
the curve-crossing point lies about 24 kcal/mol above 
the dissociation limit. In contrast, the repulsive 
potential in CO, is much steeper (the range param- 
eter a = 6.0 is large) and the curve crossing lies 
only barely above the dissociation limit. Now for 
reactive channels below the curve-crossing point 
[i.e. A = E,, - (E ,  - Eo) < 01, the Franck-Condon 
density qEu l V b  in eq. [19] decreases exponentially 
with 1A1. The implication of this is that in N 2 0 ,  
ki-j is extremely small (compared with the maximum 
value of - 10'' S-l) for states lying within 20 kcall 
mol above the reaction threshold Eo. In CO, on the 
other hand, where the curve-crossing point lies close 
to the threshold, the first maximum of ki-j is reached 
within 5 kcal/mol above the threshold. 

Note that in the present collinear model, the reac- 
tion probability ki-j is a function of three quantities: 
v,,, v,,, and one of E,, and v,,, (the four being related 
to one another by Ebo + E,,, + E,,, = Ello + E,, 

+ EvU,) and it is not feasible to discuss in detail the 
results for all of the thousands of reaction channels. 
Rather, it is more instructive to highlight the qualita- 
tive features of the kiPj function in terms of the 
calculated results for representative groups of reac- 
tion channels. Figure 2 gives the logarithmic plots 
of ki-j versus the energy of the reactive states for 
four groups of reaction channels in the N,O reac- 
tion: (v,, = 0 + v,, = 0), (v,, = 0 + v,,, = I), (vb2 
= 4 + v,,, = 3), and (v,, = 4 + v,,, = 2) : only re- 
active channels for which kiPj > 10' s-' are shown. 

4H.b'0 N 100cm-I for 0, B32,- and 31T, (39), and E 70 
cm-' for NO 42- and (29). Also, the coupling constants 
for N 2 0 f  XZITE and C 0 2 +  X21T, are 133 cm-I and 160 cm-I ,  
respectively (40). 
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FIG. 1. (a) Potential energy curve for N 2 0  along the N2-0 
coordinate; r is the internuclear separation between N and 0. 
The triplet state assignment is uncertain. The two curves cross 
at 66.2 kcal/mol (64.3 kcal/mol above the zero point energy). 
(6) Potential energy curve for C 0 2  along the OC-0 co- 
ordinate; r is the internuclear separation between C and 0. 
The triplet state assignment is uncertain. The two curves cross 
at 130.3 kcal/mo1(127.5 kcal/mol above the zero point energy). 

Note that the energy is relative to  the zero point 
energy zpe (= +abl - ~ o b l x b l  + +ab2) a n d  the 
reaction threshold corresponds to D,(N,-0) = 
38.55 kcal/mol in the scale of the diagram. (i) Above 
the curve-crossing point, the reaction probability 
kiPj exhibits quasi-periodic fluctuations within each 
(vb2,vu2) series; the increase in fluctuation frequency 
with energy is related in part to the increased steep- 
ness of the repulsive potential at high energy. (ii) 
Between the two vb2 = 0 series, the first one (v,,, = 0) 
has larger reaction probabilities than the second 
(v,, = 1); this is not surprising in view of the 
respective wavefunction overlaps qVo2Vb2 (eq. [IS]). 
Indeed, the corresponding probabilities for the 
(v,, = 0 + v,, = 2) series are even smaller. (iii) On 
the other hand, between the two vb2 = 4 series, the 
one corresponding to Av = v,, - v,,, = 2 has 
larger reaction probabilities than the other (Av = 1) 
near 80 kcal/mol. This is because the wavefunction 
overlap q,,, is now overwhelmingly more favour- 
able for the former series. (iv) The reaction probabi- 
lities in these two series are much smaller than the 
vb2 = 0 series in magnitude. Nevertheless, these 
reactive channels become important above 85 kcall 
mol where there are fewer and fewer bound states 
belonging to the low vb2 groups. (v) The maximum 
value of ki-j is about 1012 s-'; this compares with 
the classical vibrational frequency of the order 1014 
s-' along the v,, (NO) coordinate, and corresponds 
to a curve-crossing probability of the order of 0.01. 
(vi) The successive maxima in the vb2 = v,,, = 0 series 
are similar in magnitude. This contrasts the corre- 
sponding behaviour in CO,. 

Figure 3 gives the ki-j versus energy plots for the 

(E%/ + E%2 - .?pel ( kca l /  moll  

FIG. 2. Microscopic reaction probability for the dissocia- 
tion of N20 .  k(vb,,vb2 - E,~ ,V , ,~ )  is the probability between 
discrete state (vbl,vb2) in electronic state 16) and continuum 
state (E ,~ ,u , ,~ )  in electronic state lu). The energy is relative to  
the zero point energy; the reaction threshold is 38.55 kcal/mol 
in the scale of the diagram. 

(ub2 = v,, = 0) and the (v,, = 0 + v,, = 1) series 
in CO,. (i) There is now a systematic decrease in the 
magnitude of the kiPj maxima with increasing 
energy. (ii) The fluctuation of the magnitude of kiPj  
with energy is more frequent. (iii) The solid triangles 
correspond to reactive channels above 150 kcall 
mol, in which vb2 > 0 and for which kiWj > 2 x 
10" s-'. These triangles indicate that in this 
energy region reaction channels in excited v,, 
states are more important than those in the ground 
vb2 states. (iv) The first maximum of kiPj is a t  
131 kcal/mol, only 4 kcal/mol above the reaction 
threshold. These features, compared with those in 
N,O, are the direct consequences of the relative steep- 
ness of the repulsive potential and the closeness 
between the curve crossing and the reaction threshold 
energies. 

Within the framework of the collinear model, one 
may in principle determine from ki-j the product 
distribution of a reaction, given the reactant state 
distribution; of course, it should be kept in mind that 
the continuum-continuum (intrastate) coupling by 
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FIG. 3. Microscopic reaction probability for the dissociation 
of CO2. k(vbl,vb2 - E,,~,U.~) is the probability between dis- 
crete state (vbl,vb2) in Ib) and continuum state (E.~,V.~) in lu). 
The energy is relative to the zero point energy; the reaction 
threshold is 125.75 kcal/rnol in the scale of the diagram. The 
solid triangles refer to reactive states above 150 kcal/mol 
relative to the zero point energy and with reaction probabilities 
greater than 2 x 10" s-I; see text. 

the residual perturbation may modify the "nascent" 
product di~tribution.~ 

V. High-pressure Unimolecular Reaction Rate 
In the high-pressure limit, the unimolecular reac- 

tion rate is (17) 

where f i i  is the equilibrium fractional population, k i  
is the reaction probability from reactive state i, and 
the summation is over all reactive states. Explicitly 

123 I fii = gi ~ X P  (- PEi)/Q(P) 

and 

where p = l /kT is the inverse temperature, Q(P) is 
the partition function, g ,  is the state-degeneracy of i, 
and the j-summation in eq. [24] is over all accessible 
product channels. 

A full ab-initio calculation of the microscopic 
reaction probability for linear triatomics should 
incorporate not only the two stretching modes, but 
also the two bending modes and the rotation of the 
reactant molecule. However, the increase of elabora- 
tion in incorporating the bending and rotational 
motions into the theoretical treatment is formidable 
(41) and the current knowledge of the potential 
surfaces does not justify any such calculations. In the 
present work, we make the assumption that the 
microscopic reaction probability from a state 
(vbl, Ub2, ubend, J, M j )  is independent of vbcnd, J,  and 
Mj ,  where vbend, J ,  and M j  are respectively the bend- 
ing and rotational quantum numbers. Explicitly, we 
have 

where 

The high-pressure rate expression [22] then 
reduces to 

The activation energy Em and pre-exponential factor 
A ,  in the Arrhenius expression are respectively 

V b l  V b Z  

and 

Given the reaction probabilities kubl,vbz and the 
energy levels Evbl,ubz, it is straightforward to cal- 
culate k,, E,, and A ,  using eqs. [27]-[29]. In the 
following calculations, we have excluded reactive 
states for which the reaction probabilities are less 
than lo5 s-' since their contributions to k ,  are neg- 
ligible (except for temperatures below 200 K in 
N,O). There are 527 (vbl,vb2) states in N,O for which 
kub , ,,,, exceeds lo5 s- ' ; 949 states in CO,. 
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A. N,O Dissociation 
The decomposition of N 2 0  represents one of the 

most extensively studied unimolecular reactions; a 
thorough evaluation of the relevant kinetic data has 
recently been presented by Baulch et al. (42). 
Nevertheless, data at high pressure (first order region) 
are limited. Figure 4 compares the data of Olschewski 
et al. (10) between 1400 and 2100 K and those of 
Johnston (43) at 888 K with calculation above 800 K. 
The calculated curve is in good agreement with 
experiments, both in the activation energy and actual 
magnitude, except above 1700 K,  where there is a 
gradual departure. The departure is more apparent in 
the inset, where the actual experimental data points 
of Olschewski et al. (10) are shown. The origin of this 
seemingly divergent departure is not clear, though it 
could well be due to the inadequacy of the theoretical 
model; for example, rotation might lower the activa- 
tion energy at high temperature, as is the case in dia- 
tomic dissociation (44, 45). The assumed potential 
surface is fairly realistic, possessing the various 
qualitative features that are important to the reaction 

FIG. 4. Arrhenius plot for the infinite-pressure rate constant 
for the dissociation of N20.  Experiments: -.-.-., Olschewski et 
a!. (lo), n, Johnston (43). Theory: -, eq. [27]; . . . , Arrhenius 
rate law with A ,,,,,, , =1.41 x 10L2s-l,  and E ,,,,,,, = 65.1 
kcal/mol. Inset: @, data of Olschewski et a!. (10); -, calcu- 
lated rates from eq. 1271. 

process, and it is unlikely that within the framework 
of the present collinear model, improved spectro- 
scopic data will significantly modify the calculated 
rates. 

Table 2 lists the Arrhenius parameters A, and Em 
between 5000 and 300 K. Despite the strong varia- 
tion of the reaction probabilities with energy near the 
threshold in N,O, the activation energy E, varies 
only by about 10% over the temperature range 
covered in the table, and by about 5% in the tem- 
perature range of experimental interest (1000- 
2500 K). The pre-exponential factor A, varies by 
less than a factor of two above 1000 K, and it is only 
below 750 K that it falls rapidly with temperature. 
The moderate variations in both A ,  and Emwith 
temperature mean that the calculated rates may be 
very well approximated by a strict Arrhenius rate 
expression, viz. k, = A,,,,,,, exp (- E,,,,,,,/RT), 

- with A,,,,,,, = 1.41 x 1012 s-' and E,,,,,,, - 
65.1 kcal/mol, as is shown by the dotted line in Fig. 2. 
The implications of this on the Slater-Forst inver- 
sion procedure (16-17) of high-pressure experimental 
rate data will be examined in detail in a future 
publication. 
B. CO, Dissociation 

Compared with the N,O reaction, the decomposi- 
tion of CO, is less well understood. A variety of 
explanatory mechanisms have been proposed to 
account for the observed behaviour of the reaction 
rate (see ref. 18). In particular, an attractive triplet 
state (3B2) that correlates with ground state 
CO(lC+) and 0(3P) has been proposed by Lin and 
Bauer (46) and by Clyne and Thrush (47) to account 
for the "anomalous" activation energy of the reaction 
rate at low pressure. We have shown in the accom- 
panying paper (48) that the low activation energy of 
the low-pressure reaction rate at high temperature is 
due, in fact, to the severe population disequilibrium 
in the reactant; the postulation of an attractive triplet 
potential does not seem necessary for the interpreta- 
tion of rate data at low pressure and high tempera- 
ture. The high-pressure reaction rate is not influenced 

TABLE 2. Arrhenius parameters for the 
dissociation of N 2 0  

T ( K )  Am(s-') Em (kcal/mol) 
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TABLE 3. Arrhenius parameters for the dissociation and recombination of CO, 

by the collisional energy transfer (and non-equili- 
brium effects) of the reactant; rather, it is related to 
the k(E) function which depends on the reactant 
potential surface. The present calculation assumes a 
purely repulsive rather than attractive triplet state 
potential and comparison with experimental data 
should throw further light on this point. 

The high-pressure decomposition rate has been 
measured by Olschewski et al. (49) to be 

k,,,,,, = 2.5 x 10" exp (- 110/RT) s-' 

(2800-3700 K) 

and by Wagner and Zabel(50) to be 

k,,,,,, = 9.0 x 1012 exp (- 129.7/RT) s-' 

(3000-3700 K) 

The two experiments are in good mutual agreement, 
despite the apparently large discrepancy between the 
two activation energies. Figure 5 compares these 
data with the calculated rates, and Table 3 lists the 
Arrhenius parameters A, and Em for the reaction 
from 6000 to 200 K. As discussed in Section 111, a 
symmetry number of two has been incorporated into 
the calculation of k(E) to take into account the 
symmetry of the potential surface. The good accord 
between the theoretical and experimental activation 
energies indicates that a purely repulsive triplet state 
is not inconsistent with experimental observations at 
high temperature and pressure. Notice that the 
variation of the activation energy with temperature 
is more moderate in this reaction (than in the N 2 0  
reaction), being 5% between 200 and 6000 K and 1% 
in the experimental temperature range of 2000- 
4000 K. This smaller variation here is attributed to 
the less drastic variation of the k(E) function with 
energy near the reaction threshold (cf. Fig. 3). 

0 2 4 6 8 

1o4/  T ~ K )  

FIG. 5. Arrhenius plot for the infinite-pressure rate constant 
for the dissociation of CO,. Experiments: -.-.-., Olschewskiet 
al. (49); ---, Wagner and Zabel (50). Theory: --, eq. [27]; 
. . , Arrhenius rate law with Am.salsd = 1.80 x 1012 s-l and 

Em, ,,,,, = 127.3 kcal/mol. The theoretical (solid) curve over- 
laps with the experimental (dash-dot) curve of Olschewski 
et al. (49). 

Likewise, the pre-exponential factor varies only 
moderately, by about a factor of two between 1000 
and 6000 K. Also, the dramatic drop at low tem- 
perature in N 2 0  is absent here. Again, the calculated 
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rates are well approximated by a strict Arrhenius 
rate expression, with = 1.80 x 10" s-' and 
E,,c,l,d = 127.3 kcal/mol. 

C. CO, Recombination 
The room temperature recombination rate of CO 

and 0 in the second order region has been determined 
on two occasions. Gaedtke et al. (51) studied the 
photolysis of NO, in the presence of CO and ob- 
tained an upper limit of 3 x lo8 cm3/mol s for the 
recombination rate coefficient k,,,,,. Their value is 
to be compared with the work of DeMore (52), who 
measured the relative recombination rates of CO + 
0 and 0, + 0 ,  and obtained (using the 0, + 0 re- 
combination rate data of Sauer (53) and of Hippler 
and Troe(54)) k,,,,, - 5 x lo8 cm3/mol s. The cal- 
culation of the recombination rate coefficient k,,, is 
straightforward from eq. [27] and the rate quotient 
law : 

Table 3 lists the recombination rate coefficient and 
activation energy, as well as the equilibrium con- 
stant Kc for the reaction between 200 and 6000 K. 
The calculated value of 7.6 x lo8 cm3/mol s at 300 
K is in satisfactory agreement with the experimental 
values. 

The temperature dependence of the high-pressure 
reaction rate is of some interest, even though no 
experimental data yet exist. Table 3 shows that the 
recombination reaction has a positive activation 
energy at high pressure. This activation energy 
actually varies moderately with temperature: it in- 
creases from 0.4 kcallmol at 250 K to 9 kcallmol at 
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Appendix 
The wavefunction I+,,,) is approximated by (3) 

where 
Nb = [2p1 / (Fb112h2) ]113pb112  

cb = (2p1Fb/h2)113 

Fb = - a v b l / a r l l r , b  

pb the state density and r,, the outer turning point. 
Explicitly, 

and 

Likewise, the wavefunction ,) is approximated by 

where 
N,, = [ 2 p l / ( ~ , , 1 1 2 h 2 ) ] 1 1 3  

c,, = (2plF,,/h2)'13 

Fll = - ~ ~ l l l / ~ ~ l l r l , '  

and 
r,,, = F B X , ,  + O F A B p l ,  - a- ln (&/XI 

Substitution of the respective expressions into [ A l l  
and [A21 and integration of the two Airy functions 
lead to [19 ] .  
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COMMUNICATIONS 

The generation of C-glycosides through the enolate Claisen rearrangement 

ROBERT E. IRELAND, CRAIG S.  WILCOX, SUVIT THAISRIVONGS, A N D  NOEL R. VANIER 
Dicisron of Chetnisrty rrnd Chetnicnl Etlgineer~it~g, Crrlifort~irr Itlstirrrte of T ~ c h t ~ o l o g y ,  Prrsedenn, C A  91125, U . S . A .  
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ROBERT E. IRELAND, CRAIG S. WILCOX, SUVIT THAISRIVONGS, and NOEL R. VANIER. Can. J. 
Chem. 57, 1743 (1979). 

The [3,3]-sigmatropic rearrangements of silyl ketene acetals obtained from aliphatic esters 
of furanoid and pyranoid glycals is described. The heterocyclic y,6-unsaturated carboxylic acids 
I1 are produced in good yields. A new preparation of furanoid and pyranoid glycals is described. 

ROBERT E. IRELAND, CRAIG S. WILCOX, SUVIT THAISRIVONGS et NOEL R. VANIER. Can. J. 
Chem. 57, 1743 (1979). 

On decrit les transpositions sigmatropiques [3,3] de silylcetenes acetals obtenus tt partir 
d'esters aliphatiques de glycals furannoi'des et pyrannoi'des. On obtient les acides carbo- 
cycliques y,6 non satures hCtCrocycliques I1 avec de bons rendements. On decrit une nouvelle 
preparation des glycals furannoi'des et pyrannoi'des. 

[Traduit par le journal] 

The application of the ester enolate Claisen rear- 
y\o H0 H ,OH rangement (1, 2) to aliphatic esters derived from 

P-hydroxy en01 ethers was recently reported from (J I H 0'". (q' OR 
this laboratory (3). This rearrangement provides a /" CH3 'I"cH3 0 A CH( 
means for the stereoselective synthesis of either of H H 3rr (R = -CH,) 
two diasteromeric or-alkyl-P-alkoxycarboxylic acids 1 2 3b (R = -CH,OCH,) 
without regard to their relative thermodynamic 
stabilities. Application of this procedure to furanoid o 
and pyranoid in01 ethers of type Ia or Ib provides a 
valuable route to oxygen heterocycles of type IIa,b 

0 

4 
5 

The preparation of the glycals 1 (Y = H), 2, and 
la Ila 3a by an efficient new technique developed in this 

laboratory has already been described (4). For the 
synthesis of the glycal 3b, the lactol 6a (evaporative 
distillation 80-90°C/0.005 Torr; [or],25 = $0.9" 

QX 

(c 0.89, HCCl,)), was prepared in 95% overall yield 

% Y  
from 2,3-0-isopropylidene-D-(+)-ribonicacid y-lac- 
tone by 5-0-methoxymethylation ([(CH,),CH],- 

Ib 
Ilb 

NC,H,, CH,Cl,, ClCH,OCH,), and then partial 
reduction (DIBAL, Et,O, - 78°C). Treatment of the 

in which the chirality of the side chain may be pre- lactol (ja with CC1,-P(NMe,), in tetrahydrofuran 
selected. Such an approach was envisioned as a key solution, and then reduction of the crude chloride 

a general approach to the with lithium in liquid ammonia (4) afforded the glycal 
polyether class of ionophoric antibiotics, and the 3b (evaporative distillation, 7&80°C/0.005 Torr; 
initial investigation that demonstrates the viability [,lD24 +25g0 (c 0.91, H C C ~ ~ ) )  in 80% overall yield, 
of this concept is presented here. 

2Satisfactory combustion analyses were obtained on all new 
'Dedicated to  the memory of R. H. F. Manske. substances. 

0008-40421791 I3 1743-03$01 .OO/O 
Q1979 National Research Council of CanadaIConseil national de recherches du Canada 
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TABLE 1. Direct esterification-rearrangement of furanoid and pyranoid glycals 

H0 ( I )  nBuLi. -78°C - 
(3) 35°C 

Io. h (4 )  H,O+ R' k ' 
A IIti. h B 

Starting Overall Ratio 
Entry material -R1 Solventb -RZ yield (%) Products isolated A:BC t l I2  (min)d 

1 1 -CH3 100% THF -tC4H9 79 18:82 30&5 2 
> 

(Y = -H) LI 

2 2 -CH3 100% THF -tC4H9 69 80:20 o 
CH3 X 30+5 2 

3 2 -CH3 23% HMPA-THF -rC4H9 74 17:83 < 
4 3a -CzH5 100% THF -CH3 75 HO 21 :79 0 

r 
1 3  VI 

4 

5 3a -CzH5 23% HMPA-THF -CH3 62 91:9 - 
HO 

6 36 --CzHs 100% THF -CH3 73 19:81 w 3 
s , s ~ 2 ~ ~ ~ ,  1 3  

HO 1 O R  
7 36 -CzHs 23% HMPA-THF -CH3 60 CZHS 79:21 

8 4 -CH3 100% THF -CH3 52 82:18 
5 3 

9 4 -CH, 23% HMPA-THF -CH3 52 46 : 54' 

OIntermediate ester not isolated. 
bSolvent employed during enolization. 
=Ratio of diastereomers obtained as determined by nmr or  gc analysis. 
dApproximate half-life for the rearrangement of silyl ketene acetal to silyl ester at 35'C. 
*The low stereocontrol in this experiment can be attributed to an unfavorable interaction of the intermediate ketene acetal with the dioxolane side chain. 
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COMMUNICATIONS 

together with 13% of the simple reduction product 6b.2 
The glycal 4 (evaporative distillation 70-110°C/0.06 
Torr; -100' (c 1.0, HCC13)), previously 
prepared in 11% yield by reduction of the bromide 
7c with sodium sand in toluene ( 3 ,  was available in 
75% yield, together with a 9% yield of the bisace- 
tonide 7b,3 by lithium - liquid ammonia reduction 
of the chloride 7a (6), followed by chromatography 
of the reduction product on silica gel. The glycal 
acetate 5 was generously provided by Professor B. 
Fraser-Reid (University of Waterloo, Ontario). 

6b (X = -H) 
70 (X = -CI) 
7h (X = -H) 
7~ (X = -Br) 

Acylation of the pyranoid glycal 1 (Y = H) with 
propionyl chloride and pyridine in dichloromethane 
solution at 0°C provided the propionate 1 (Y = 
COCH2CH3) (evaporative distillation 90-95"C/0.7 
Torr; +125O (c 1.1, HCC13)). Treatment of 
this ester under the standard conditions for estcr 
enolate Claisen rearrangement afforded a mixture of 
diastereomeric acids A and B in good yield. As ex- 
pected, the relative ratios of these two products was 
dependent upon the solvent used in the enolization 
step (1-3). The stereochemistry proposed for the side 
chain in this example and in the examples below is 
based upon (i) the control of enolate geometry pre- 
viously demonstrated (2) for propionate esters and 
(ii) the assumption of a boat-like transition state for 
the [3,3]-sigmatropic rearrangement. 

The esters derived from the pyranoid glycal 2 and 
especially the esters of the furanoid glycals 3a, 36, 
and 4 were too unstable to  allow isolation in accept- 
able yields. Therefore, with these substrates the 
technique described earlier (3) for direct acylation 
and rearrangement without isolation of the inter- 
mediate esters was used. Table 1 presents these re- 
sults. 

The enolate of the acetate 5 was best prepared with 
potassium hexamethyldisilazide in tetrahydrofuran 
at - 78°C and in contrast to the ketene acetals of the 
monocyclic esters described above, this ketene acetal 
rearranged very slowly at 35°C. The half-life for the 
rearrangement was 8 + 1 h at 80°C and the best 
yield (61%) of the rearranged product 8 (mp 95- 
95.5"C, [aIDz3 +67.1° (c 1.24, HCC13)) was obtained 

3The production of small amounts of 6b and 7b in these 
reactions is in accordance with our previous experience with 
furanosyl chloride reductions. (See ref. 4.) 

( I )  LDA," -78°C 
(2) !Bu(CH3),SiCI. HMPA 

Overall 
Solventb yield (z) A :Bc 

100% T H F  73 19:81 
2 3 z  HMPA-THF 71 82:18 

'LDA, lithium diisopropylamide. 
*Solvent employed during enolization. 
'Ratio o f  diastereomers as determined by nrnr 

analysis. 

by heating the isolated ketene acetal in toluene a t  
100°C for 23 h. 

The above examples illustrate the yields and prod- 
ucts available by application of the ester enolate 
Claisen rearrangement to  esters derived from furanoid 
and pyranoid glycals. The use of these procedures 
and products in the enantiospecific total syntheses of 
several natural products is under active investigation 
in these laboratories. 

HJnBS 

( I )  IOO0C/23 h. toluene 
(2) KF-HMPA b A,,,,&0. 
(3) Me1 CH30 O k  

H 
8 
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Stereoselective routes to some unsaturated a- and p-C-glycopyranosidesl 

BERT FRASER-REID, ROBERT DAVID DAWE, A N D  DEEN BHANDU TULSHIAN 
Guelph- Woterloo Centre for Grcrd~rcrte Work in Chatnist~y, Unirersit.v of Wotcrloo, Wotcrloo. Ont., Cnncrdo N2L3GI 

BERT FRASER-REID, ROBERT DAVID DAWE, and DEEN BHANDU TULSHIAN. Can. J. Chem. 
57, 1746 (1979). 
4,6-0-Benzylidene-D-allal, l a ,  undergoes the Eschenmoser-Claisen rearrangement giving 

the unsaturated a-C-hex-2-enopyranoside, 4 (3,7-anhydro-6,7-0-benzylidene-4,5-dideoxy-D- 
lyxo-oct-4-N,N-dimethyl amide) in 85% yield. The corresponding (3-anomer 13a (methyl 
3,7-anhydro-6,7-O-benzylidene-4,5-dideoxy-~-ribo-oct-4-enonate) is prepared by reductive 
elimination of the (3-C-glucopyranoside 11. The latter is obtained as the sole product from 
4,6-0-ethylidene-D-glucose in two steps involving Wittig addition of carboxymethylene 
followed by cyclization of the resulting a,B-unsaturated ester under thermodynamic conditions. 

BERT FRASER-REID, ROBERT DAVID DAWE et DEEN BHANDU TULSHIAN. Can. J. Chem. 57, 
1746 (1979). 

Le 0-benzylidene-4,6 D-allal, l a ,  subit une transposition de Eschenmoser-Claisen con- 
duisant a I'a-C-hexeno-2 pyrannoside insature, 4 (anhydro-3,7 0-benzylid&ne-6,7 dideoxy-4,5 
D-lyxo-octtno-4 N,N-dimkthylamide), avec un rendement de 85%. On a prepare I'anomire 
correspondant, 13a (anhydro-3,7 0-benzylidkne-6,7 dideoxy-4,5 D-ribo-octene-4 onate de 
mtthyle), par une elimination reductrice du B-C-glucopyrannoside 11. On a obtenu ce dernier 
comme seul produit, a partir du 0-Cthylidene-4,6 D-glucose, en deux etapes impliquant une 
addition de Wittig de carboxyrnethylene suivie d'une cyclisation de I'ester a,B non saturk qui 
en resulte a l'aide de conditions thermodynamiques. 

[Traduit par le journal] 

Tetrahydropyranoid rings bearing alkyl substi- 
tuents at positions 2 and 6 are frequently encoun- 
tered as components of natural products. Chiral 
representations of these segments are readily con- 
ceived from carbohydrate C-glycopyranoses, a class 
of compounds which are of interest in their own right 
in view of their relationship to the C-nucleosides 
(1). Some of the latter display pronounced anti- 
tumor and antiviral activity (2) but in all of these 
instances the sugar rings are furanoid and synthetic 
developments reflect this circumstance (la,  3-7). 
Thus C-glycofuranoses bearing the C-1 and C-4 sub- 
stituents in either cis or trans relationship may be 
prepared with a high degree of stereoselectivity (7). 
However the same does not hold for the pyranose 
analogues (8-lo), routes to the 1,5-trans- (e.g. 
a-D) C-glycopyranoses being particularly elusive 
(11). The latter are required by us for certain syn- 
thetic projects and in the course of our investigations 
we have developed stereospecific routes to both 
a-D- and P-D-C-glycopyranoses. We report on these 
studies in this communication. 

The most incontrovertible approach to the desired 
a-C-glycoside envisages a Claisen rearrangement3 on 

the glycal l a  (12) (Scheme 1). Attempts to apply the 
classical procedure to the vinyl ether l b  were plagued 
by incompleteness of the conversion l a  + l b  (cf. 
refs. 13-15), an obstacle which made it unacceptable 
for our purposes.4 Of the recently modified versions 
of the Claisen rearrangement, the Johnson process is 
experimentally the simplest but when applied to l a  a 
quantitative 1 : 1 mixture of the propionate esters 2 
and 35 was obtained. On the other hand, the Eschen- 
moser modification (17) was found to afford an 85% 
yield of the amide 4.697 The Ireland variation as 
applied to the propionate of l c  is described in the 
adjoining communication (18). 

With regard to a functionalized one-carbon sub- 
stituent at the anomeric centre, the [2,3]-sigmatropic 
rearrangement developed recently by Still and Mitra 
(19) seemed promising particularly since the inter- 
mediate stanylmethyl ether 5a could be prepared in 
80% yield. Unfortunately metalation of 5a (-78°C + 

room temperature, 12 h) afforded only 25% yields of 

41n a recently reported investigation the vinyl ether of 3-epi- 
l a  was prepared in a 44% yield ( 5 2 z  recovery of starting 
material) and the yield in the subsequent thermal rearrange- 
ment steo was 5 2 7  ((15). . -  \ - 

5This compound gave satisfactory 220 MHz, 'Hmr, ir, and 
'Dedicated to the memory of R. H. F. Manske. mass spectral analyses. 
'Holder of an R. H. F.  Manske Fellowship. "his compound gave satisfactory elemental and spectro- 
3The first application of the Claisen rearrangement to un- scopic analysis. 

saturated sugars was carried out by Ferrier and Vethaviryasar 73,7-Anhydro-6,7-0-benzylidene-4,5-dideoxy-~-lyxo-oct- 
(13). For more recent applications see refs. 15 and 16. 4-eno-N,N-dimethylamide. 

0008-4042/79/13 1746-04$01.00/0 
a1979  National Research Council of Canada/ConseiI national de recherches du Canada 
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C O M M U N I C A T I O N S  1747 

6,5 the methyl ether 56 being one of the major to 4,6-0-ethylidene-D-glucopyranose, 7 (Scheme 2). 
products. Initially, cyclization of the adduct g6 was followed 

In view of developments in the use of the Wittig by tlc and the resulting product was isolated and 
reaction for the synthesis of C-glycofuranosides (7, converted into an alkene (21) so as to enable 'Hmr 
20) we examined the addition of the phosphorane 8 (Table 1) and 13Cmr spectroscopic comparisons with 

SCHEME 2. (i) CHJCN, reflux, 60 h; (ii) 5 x LO-'M KOH in MeOH; (iii) 0.7% imidazole in water; (ic) see ref. 19. 
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TABLE 1. 220 MHz 'Hmr parameters for some C-glycopyranosides 

Compound H-la' H-1 a" H-1 H-2 H-3 

4 2.52(dd) 2.82(dd) 
J  = 14.5,S.S HZ J  = 14.5 ,7 .5  Hz 4.4O(r?) 6.03(m) 5.85(m) 

6 3.45(m) 4.32(m) 6.13(m) 5.80(m) 

9 (60 MHz) 6 .1  O(dd) 7.00(dd) 
J  = 16.0, 1 .3  Hz J =  1 .3 ,5 .7Hz  NA * N A 

11 2.50(dd) 2.86(dd) 
J  = 16.0,S.S Hz J  = 16.0,4.0 Hz NA NA 

12 2.81(dd) 4.86(dt) 
J =  18.0,lO.OHz J =  7.5 ,7 .5 ,10.0Hz NA NA 

13  (100 MHz) 2.55(d) 5.92(d) 5.69(d) 
J =  6.OHz 4.68(m) J =  11.OHz J =  11.OHz 

*NA, not assigned. 

lated in 70% yield, and examined by 220 MHz 'Hmr, 
was entirely consistent with the pure p-D-ester 11.' 

D On the other hand, the substance at maximum 
rotation was isolated in 80% yield as an inseparable 
1 : 1 mixture of 10 and 11. 

In an attempt to bias the cyclization in favour of 
-0.5 

the a-C-glycoside, compound 9 was treated with an 
w aqueous solution of imidazole. Our objective was in 

fact realized since the product proved to be a 3:2 
mixture of the p-ester 11 and the a-lactone 12. On 

-,.o the other hand the stability of the p-D-anomer could 
be gauged by the fact that the optical rotation of a 
solution of 13a in potassium hydroxide remained 
constant over a 5-h period. Consistent with this 

0 loo am am 400 observation, the product isolated in quantitative 
Time lmln) yield was the carboxylic acid 13b.6 

FIG. 1. Plot of change in observed rotation (a) vs. time for 
the reaction of 9 with 5.0 x M potassium hydroxide in Acknowledgments 
methanol. We thank the National Research Council of 
the Eschenmoser-Claisen product 4. In the 13Cmr Canada, Bristol Laboratories (Syracuse), and Merck, 
spectra, carbon-5 of 4 was found to resonate at Sharpe, and Dohme (Rahway) for financial support. 
65.824 ppm while with the new alkene, the signal We are indebted to the Canadian 220 MHz Centre 
occurred at 70.912 ppm. This trend, in accordance and to Professor J. B. Stothers for ' ~ m r  and 
with the y-effect (22), indicated p-D-orientatjon for 13Cmr spectra, and to Professor R. E. Ireland for 
the alkene 13a6.* and pointed to 11 as the product informing US of his results before publication. 
of the Wittig-Michael sequence. I .  (a )  S. HANESSIAN and A. G. PERNET. Adv. Carbohydr. 

However, to eliminate the possibility that epimeri- Chem. Biochem. 33, l l l  (1976); (h) K. GERZON, D. C. 
sation at carbon-1 was occurring during the reductive DELONG. and J. C. KLINE. Pure Appl. Chem. 28, 489 

(1971); (c) R. J .  SUHADOLNIK. Nucleoside antibiotics. elimination of 11 to give 13, it was decided to monitor Wiley-lnterscience, New York, 1970; (& J. J. Fox, K. A. 
the ring closure of 9 by a technique more discriminat- w ~ ~ ~ ~ ~ B ~ ,  and A. BLOCH, prog, ~ ~ ~ 1 .  R ~ ~ .  ~ ~ 1 .  
ing than tlc. Since C-glycopyranosides usually obey Biol. 5,251 (1966). 
Hudson's rule of isorotationg (ga, 10, 11, 20) polari- 2. (cr) K. SASAKI, Y. KASAKABE, and S. ESUMI. J. Antibiot. 

metry was the technique of choice and our study is ( J P ~  ),25, 15 1 ( 1972); (h) G .  KOYAMA and H. UMEZAWA.J. 
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C. E. DOIRON, F. GREIN, T. B. MCMAHON, and K. VASUDEVAN. Can. J. Chem. 57, 1751. 
(1979). 

The gas phase ion-molecule reactions and proton affinity of borazine have been investigated 
by both theoretical ab initio and ion cyclotron resonance techniques. The experimental proton 
affinity has been determined from competitive proton transfer equilibria with standard reference 
bases and found to be 196.4 + 0.2 kcal/mol. Ion-molecule reaction schemes for reaction of 
borazine molecular ions have been proposed. Ab initio calculations find the proton affinity of 
borazine to  be'203.4 kcal/mol and the most energetically favorable structure of the borazinium 
ion is one in which very little structural change occurs relative to neutral borazine with the 
exception of the geometry about the protonated nitrogen atom. Charge distributions and bond 
lengths are used to explain bonding changes upon protonation. 

C. E. DOIRON, F. GREIN, T.  B. MCMAHON et K. VASUDEVAN. Can. J. Chem. 57. 1751 (1979). 
On a etudii les reactions ion-molCcule en phase gazeuse et l'affinite protonique du borazine 

par des calculs theoriques ab initio et des techniques de resonance ionique dans des cyclotrons. 
On a determine I'affinite protonique experimentale a partir d'iquilibres competitifs de trans- 
ferts de proton avec des bases de reference et on I'Cvalue a 196.4 + 0.2 kcal/mol. On propose 
des schimas de reaction ion-molCcule pour la reaction d'ions moltculaires du borazine. Par 
calculs ab initio, on trouve que I'affinite protonique du borazine est de 203.4 kcal/mol et on 
trouve que la structure de I'ion borazinium qui est la plus favorisee sur une base energitique 
est celle dans laquelle il ne se produit que de faibles changements structuraux par rapport au  
borazine neutre a ]'exception de la geometrie autour de I'atome d'azote protone. On utilise les 
distributions de charge et les longueurs de liaisons pour expliquer les changements de liaison 
lors de la protonation. 

[Traduit par le journal] 

Introduction 
The similarity of borazine in structure and physical 

properties to its important organic analogue, ben- 
zene, has engendered considerable experimental and 
theoretical interest in the electronic structure of this 
boron-nitrogen heterocycle (1-14). Since protonated 
benzenes and borazines are frequently implicated in 
reactions in acidic media (15) and under radiolysis 
conditions (16) an accurate determination of the 
energetics and structure of these species becomes 
highly desirable. A knowledge of geometry changes 
which occur upon protonation provides valuable 
clues to the mechanisms of reactions of protonated 
species and offers insight into the nature of bonding 
in both neutral and protonated molecules. 

Very recently highly accurate determinations of 
the proton affinity of benzene have been made by 
both high pressure mass spectrometry (17) and ion 
cyclotron resonance spectroscopy (18). In addition 
Hehre and Pople have carried out ab initio calcula- 
tions to examine the energetics and geometry of pro- 
tonated benzene (19). The agreement between theo- 
retically calculated and experimentally determined 
proton affinities is found to be very good and the 
optimized geometry is in good agreement with spec- 
troscopic, nmr, and X-ray crystallographic studies 
of other protonated benzenoid aromatics (20). 

Study of the gas phase protonation of borazine 
has been considerably less extensive, however. Porter 
has conducted several photo-ionization high pressure 

0008-4042/79/14 175 1 -07$01.00/0 
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mass spectrometric studies of borazine and substi- 
tuted borazines and suggested limits for the proton 
affinity of borazine of 203 _+ 7 kcal/mol. Semi- 
empirical CNDO calculations ( I  1) to determine the 
approximate structure of protonated borazine were 
also carried out leading to the conclusion that the 
most favorable site of 'rotonation is either at nitro- 
gen or above the boron-nitrogen bond at a point 
near the nitrogen atom. No experimental determina- 
tion of the structure of protonated borazine is avail- 
able for comparison. 

In the present work we wish to report an accurate 
determination of the proton affinity of borazine 
using the ion cyclotron resonance (ICR) trapped-ion 
equilibrium technique (22, 23). In addition several 
ion-molecule reactions of borazine ions with bora- 
zine and other molecules are reported. In conjunc- 
tion with the experimental work an ab initio study of 
the energetics and structure of protonated borazine 
has also been done. The experimental and theoretical 
results have been found to be complementary, giving 
proton affinity values in good agreement. 

Experimental 
The ion cyclotron resonance spectrometer used in the present 

work was of basic Varian design but extensively modified to 
permit trapped-ion experiments according to the method of 
McMahon and Beauchamp (24). Switching of cell voltages 
from trapping to detect modes was accomplished using timing 
circuitry similar to that described previously (25), interfaced 
to an analog dual DPST switch (26). The transient output of 
the marginal oscillator was amplified with a PAR Model 113 
Low Noise Pre Amp and this signal subsequently integrated 
using a PAR Model CW-1 Boxcar Integrator (26). All other 
techniques of ICR used were identical to those described in 
detail elsewhere. Pressures were monitored by ion pump cur- 
rent and ionization gauge readings calibrated against a MKS 
Model 170 M Baratron Capacitance Manometer. 

Borazine was synthesized according to the method of 
Hohnstedt and Haworth (27) by reaction of B-trichlorobora- 
zine (Alfa inorganics) with sodium borohydride in triethylene 
glycol dimethyl ether solvent at  0°C. Impurities of diborane 
and hydrogen were removed by flowing the gaseous products 
of reaction through a series of cold traps of decreasing tem- 
perature. The final borazine product was routinely degassed 
by several freeze, pump, thaw cycles before use. 

Ammonia was obtained from Matheson of Canada, Ltd. All 
other chemicals from commercial sources were reagent grade 
purity and were used without further purification. 

All equilibrium constant and rate constant determinations 
are the average of at least three independent determinations. 
In the case of proton affinity experiments relative pressures of 
borazine and reference bases were varied by at least a factor 
of 10. 

Quantum Mechanical Method 
Ab initio molecular orbital calculations were car- 

ried out on borazine and protonated borazine using 
the Gaussian 70 (27) program system on the UNB 
IBM 3701158 computer. Geometry optimizations 

were performed with the STO-3G basis set while final 
total energies and proton affinity values were deter- 
mined from the 4-31G basis. 

Results 
( a )  E,rperin?ental 

At 12 eV electron energy the oilly ion observed in 
the low pressure borazine mass spectrum is the bora- 
zine molecule ion. The observed intensities of tnle 
78-81 in the low pressure ICR spectrum are in excel- 
lent agreement with those calculated from the natural 
abundances of boron isotopes for a species con- 
taining three boron atoms. The variation of relative 
ionic abundances with time in pure borazine at 12 eV 
and 1.0 x Torr is shown in Fig. 1. The only 
ion-molecule reaction products observed are pro- 
tonated borazine (reaction [ I  ]) and a dimer species 
containing six borons and six nitrogens (reaction 
[21). 

The dimeric species, B6N,H, ,+, is observed to sub- 
sequently react via proton transfer (reaction [3]) to 

FIG. 1. Variation of relative ionic abundances with reaction 
time in borazine at  1.6 x Torr and an electron energy of 
12 eV. 
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produce the borazinium ion.Theidentity of B,N6Hll + 

was confirmed by the correct distribution of inten- 
sities in the mass range ln/e 155-161 for a species 
containing six boron atoms. 

Porter has previously suggested that B6N6Hll + 

results exclusively from reaction of protonated bora- 
zine (reaction [4]). However, the fact that the 

B6N6Hl1+ abundance is greater than that of 
B3N3Hl, + at short reaction times in the present study 
and at low pressures in Porter's study preclude this 
possibility. In addition, in proton affinity experiments 
where the borazinium ion was produced in the absence 
of the borazine molecule ion no dimeric B6N6Hl ,+ 
was observed. 

The rate constants for reactions [ I  ] and [2] ob- 
tained from the overall rate of disappearance of 
B3N3H6+ and the ratio of B3N3H7+ to B6N6Hl,+ 
at short times are k ,  = 1.2 x lo-'' cm3 molecule-' 
s- '  and k ,  = 3.0 x lo-'' cn13 molecule-' s-'. The 
overall disappearance rate constant for B3N3H6+ is 
in poor agreement with Porter's value of 1.3 x 
cm3 molecule- ' s- '. 

The proton affinity of borazine was experimentally 
determined using a series of bimolecular proton 
transfer equilibria (1 7, 18). Porter previously assigned 
a proton affinity of 203 + 7 kcal/mol to borazine 
based on occurrence of proton transfer froin B3N3H7+ 
to ammonia and failure to observe proton transfer 
to 2-butyne (21). Initial ICR trapped-ion experiments 
involving borazine-ammonia mixtures revealed the 
proton affinity of borazine to be sufficiently less than 
that of ammonia to prevent establishment of equi- 
librium. Reaction [5] was observed to occur which is 
analogous to reaction [2] for the pure borazine 
system. 

[ 5 ]  NH3' + B3N3H6 -+ B3N3H6-NHZt + H 

Mixtures of borazine and compounds of successively 
lower proton affinity were examined until bases were 
found for which equilibrium could be attained. The 
variation of intensities of protonated borazine and a 
protonated ethyl formate with reaction time is shown 
in Fig. 2 and that for protonated borazine and pro- 
tonated 1,4-dioxane is shown in Fig. 3. The equi- 
librium constant data and thermochemical informa- 
tion derived are sumillarized in Table l .  The results 
obtained for the two proton transfer equilibria show 
excellent agreement, allowing an assignment of 
196.4 f 0.2 kcal/mol for the proton affinity of bora- 
zine.' The heat of formation of the borazinium 

'The proton affinity scale summarized in ref. 28 has been 
used, corrected to a proton affinity for ammonia of 207 kcal/ 
mol. 

0  I 
0  SO 100 IS0 Z O O  2 5 0  100 3 5 0  400 450 - 

r.2- 

FIG. 2. Experimental temporal variation of intensities of 
protonated ethyl formate and protonated borazine ions in a 
4 : l  borazine:ethyl formate mixture at a total pressure of 
2.6 x loM6 Torr and an electron energy of 70 eV. 

B.N.H. / HCO. ET 

1/4 

FIG. 3. Experimental temporal variation of intensities of 
protonated dioxane and protonated borazine in a 3:  1 bora- 
zine:dioxane mixture at a total pressure of 2.0 x Torr 
and an electron energy of 70 eV. 

cation may then be calculated as 46 + 3 kcal/mol 
using AH?(B,N,H,) = - 124 3 kcal/mol. 

(6) Tlleosetical 
A preliminary CNDO study of protonated bora- 

zine established the most energetically favorable site 
of protonation as a nitrogen lone pair rather than 
face protonation of the ring or B-N bond protona- 
tion. A inore detailed study of the geometry of the 
protonated species was then undertaken by ab initio 
molecular orbital calculations using a STO-3G basis 
set. For protonated borazine two separate approaches 
to the geometry optimization were used. The first 
of these, resulting in structure I, was modelled on the 
study of Hehre and Pople (19), in which the geometry 
of the ring other than about the protonated site is 
held fixed while the distance from the center of the 
ring to N,  is varied. Varying this distance causes a 
simultaneous change in the NIB2 and NIB6 dis- 
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TABLE 1. Equilibrium and thermodynamic data relevant to the proton affinity of borazine 

AGO AS0 A H 0  PA(borazine)" 
Reaction Kc," (kcal/mol) (cal/K) (kcal/mol) (kcal/mol) 

(HCOzCzHS)H+ + B3N3Hs % B3NZH7+ + HCOZCZHS 5.3 - 1 .O 2 . 2  -0 .4  196.3 
c(C4HsOz)H+ + B3NsHs % B3N3H7 + + cC4H802 3.3 -0.7 0.8 -0 .5  196.5 

'Average of a t  least three independent determinations. 
bEntropy changes are  estimated simply on the basis of changes in symmetry o f  products and reactants. 
'All data relative to PA(NH,) = 207 kcal/mol.l Relative proton affinities of reference bases are  well established by work o f  Yamdagni and Kebarle (17) 

and Wolf cr 01. (18). 

tances and the N5B6Nl, B6NlB2, and NlB2N, bond 
angles. In addition the H7Nl and H I N l  bond dis- 
tances and H lNlH7  bond angles were then optimized. 

A second more complete geometry optimization 
was also carried out in which the structure of the 
entire ring system is relaxed. Beginning with a ring 
geometry identical to  that of neutral borazine and 
NIH1  and NlH7 bond distances and an H l N l H 7  
bond angle equal to  those of structure I the final 
geometry shown in structure I1 was arrived a t  by the 
sequence of coordinate variations described below. 

I .  Optimize all N-H and B-H bond distances 
and the N lNlH7  bond angle. 

2. Optimize the B6Nl and B2Nl bond distances 
while holding the N,, B,, and N, coordinates fixed. 
As this variation takes place the N5B6Nl, NlB2N,, 
B21V,B4, and B6N5B4 bond angles also vary. 

3. Optimize the B2N, and B6N5 bond distances 
while holding the N,B,N, angle fixed. During this 
optimization the B2N,B4, B6N5B4, NlB2N3, and 
NlB6N5 bond angles vary. 

4. Optimize the B4N5 and N3B4 bond distances 
holding the N5B4N, angle fixed. The same four ring 
angles again vary. 

5. Optimize the B,NlB2 bond angle by moving N ,  
along the ring C, axis holding the NIB6 and NIB2 
distances fixed. The same four ring angles again 
vary. 

6. Optimize the N,B,N, bond angle by moving 
B, along the ring C2 axis. The same four ring angles 
again vary. 

Effects of ring puckering were separately examined 
by moving N, out of the ring plane. All such struc- 
tures led to  an increase in total energy. 

In addition to  the borazinium ion the geometry 
of the neutral borazine molecule was also optimized. 
Experimental studies (29) and previous semi-em- 
pirical calculations (30) support a structure of D,,, 
symmetry with unequal BNB and NBN angles. The 
STO-3G optimization of BN bond distances, NBN 
and BNB bond angles, and NH and BH bond dis- 
tances lead to structure 111. 

Proton affinities for borazine were calculated by 
taking the differences in STO-3G total energies of 
structures I1 and I11 and I and 111. In addition calcu- 
lations using the 4-31G basis were also carried out on 
I, 11, and 111 and the corresponding proton affinities 
also calculated. Total energies and derived proton 
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TABLE 2. Total energies of borazine and borazinium ions 

Total energy (au) Proton affinity (kcal/mol) 
-- 

Species STO-3G 4-31G STO-3G 4-3 1 G 

B,N,H7+ (I) -238.521493 -241.127126 234.3 193.9 
B ~ N I I H ~ +  (11) -238.545125 -241.14225 249.0 203.4 
BLINLIHB (111) -238.147696 -240.818175 

affinities are summarized in Table 2. These data show 
a significant lowering of the proton affinity using the 
4-31G basis and also reveal structure I1 as the more 
stable borazinium ion. 

Changes in charge density for protonation of 
borazine may be seen from the Mulliken population 
analyses for I1 and I11 shown in Table 3. Most evi- 
dent from these total electron population analyses is 
the rather small change in charge density at individ- 
ual atoms with total loss of 0.05 to 0.1 electron oc- 
curring at each site. More dramatic, however, is the 

TABLE 3. STO-3G total atom charges 

Borazine Borazinium ion 
Atom($ (111) (11) 

TABLE 4. STO-3G ring .rr charges 

Borazinium ion 
Atom($ Borazine (111) (11) 

shift in ~c electron density which may be seen from 
the comparison of ring .n charges summarized in 
Table 4. The large increase in positive charge at N, 
due to donation of the lone pair to the approaching 
proton is accompanied by a decrease in n electron 
density throughout the ring giving rise to the several 
bond length changes described below. 

Discussion 

The magnitude of the proton affinity of borazine 
is of interest relative to that for other amino com- 
pounds. Unlike ordinary alkyl amines the nitrogen 
lone pair in borazine participates in partial n bond 
formation with the adiacent electron deficient borons. 
From the n. ring charges given by the Mulliken popu- 
lation analysis donation of approximately 0.4 elec- 
tron from a nitrogen lone pair to an empty boron 2p 
orbital occurs. This partial 7c bond formation thus 
lowers the availability of the nitrogen lone pair for 
coordination with the approaching proton and upon 
protonation the partial .n bond is broken. This thus 
results in an overall lowering of the proton affinity 
of borazine relative to ammonia. Also, as a conse- 
quence of the electron deficient nature of boron, the 
borons in the ring system may be expected to exert 
an electron withdrawing inductive effect thus desta- 
bilizing the positive charge center. Inductive effects 
of boron substituents have not been extensively 
characterized to date for comparison purposes. In 
this light the borazine proton affinity of 196.4 kcall 
mol is quite reasonable compared to an ammonia 
proton affinity of 207 kcal/mol.' 

Bond lengths obtained for the borazinium ion are 
quite similar to those found in analogous boron- 
nitrogen compounds. For example the NIB, and 
NIB6 bond distances of 1.56 A are quite close to 
those of other boron-nitrogen single bonds such as 
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in B2H5NH2 (1.56 A) (31) and B2H5N(CH3), (1.54 
A) (32). They are also seen to be slightly shorter than 
bond lengths representative of boron-nitrogen 
coordination compounds such as (CH3),NBH3 
(1.64 A) (33), NH3B(CH3), (1.61 A) (30), and 
NH,BH3 (1.59 A) (30) and somewhat longer than 
B-N bond lengths where partial n bond formation 
may occur such as B,N,H6 (1.44 A) (9); B(N(CH,),), 
(1.45 A) (30); (CH,),NB(CH,), (1.42 A) (30). The 
slight decrease in B2N3 and B6N5 bond distances in 
the borazinium ion (1.38 A relative to 1.42 A) is a 
reflection of the increased electron demand of B2 
and B6 caused by the protonation of N,  which in- 
creases n electron density in these two B-N bonds 
relative to neutral borazine. Similarly the slight in- 
crease in the N,B4 and N5B4 distances is caused by 
the overall shift in electron density toward N, to 
compensate for the effect of addition of the positively 
charged proton. 

The ring bond angles are observed to remain rela- 
tively invariant upon protonation, with the largest 
changes being the B6N,B2 angle which contracts by 
4.5" and the B2N,B4 and B6N5B4 angles which ex- 
pand by 2.8". All of the remaining ring angles change 
by less than 1" from their corresponding values in 
the neutral borazine molecule. Hehre and Pople (19) 
have found that upon protonation of benzene the 
benzenium ion achieves a nearly tetrahedral geom- 
etry at the protonated site, although only an incom- 
plete geometry optimization was carried out. Simi- 
larly in borazine it might be expected that the pro- 
tonated nitrogen of the borazinium ion would achieve 
a tetrahedral geometry analogously to ammonium 
ions. This expectation is not borne out as can be seen 
from the final borazinium ion geometry which bears 
close resemblance to the borazine structure (9). This 
rigidity of the ring structure is due to the n system 
which maintains the ring structure close to its most 
energetically favored geometry for sp2 nitrogen and 
boron atoms. 

This argument leads to the suggestion that a com- 
plete geometry optimization for benzene might yield a 
more energetically favorable structure with less dras- 
tic changes in ring angles. This possibility is currently 
under investigation by us. 

Conclusions 
We have determined the proton affinity of borazine 

both by experimental and theoretical ab initio tech- 
niques and found the two methods to be in good 
agreement. In addition, the theoretical calculations 
have provided a geometry for the borazinium ion 
which is not available from any previous experimen- 
tal determination. The proton affinity values for 

borazine and calculated geometry of the borazinium 
ion are seen to be reasonable when compared to 
analogous data for model compounds. Studies such 
as the present one in which both experimental gas 
phase measurements and ah iriitio calculations are 
used to provide complementary data for ionic sys- 
tems can thus be seen to be a valuable means for pro- 
viding energetic and structural information for chem- 
ically interesting species. Further studies of this 
nature are currently in progress in these laboratories. 
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Partial deconvolution of the absorption spectrum of trapped electrons in 15 M LiCl 
aqueous glasses at 77 K 
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TUAN QUOC NGUYEN. Can. J. Chem. 57, 1758 (1979). 
Evidence is presented for the composite nature of the solvated (or trapped) electron absorp- 

tion band in LiCl aqueous glass at 77 K. It is shown that the overall visible absorption spec- 
trum can be deconvoluted into a homogeneously-bleachable 'green' band and a hetero- 
geneously-bleachable 'red' band, whose relative magnitude and absorption band-maxima 
change with the concentration of electrolyte. From the combined results of time-resolved and 
steady-state photobleaching experiments, it is concluded that at least two unstable bands are 
formed during photobleaching (with smaller lifetimes for the band lying further towards the 
infrared) which then reconverted into the 'green' band with over 40% efficiency. 

TUAN QUOC NGUYEN. Can. J. Chem. 57, 1758 (1979). 
Les resultats montrent que le spectre d'absorption de l'electron solvate (ou piege) dans les 

verres aqueux contenant du LiCl a 77 K est la resultante de plusieurs bandes d'absorption 
distinctes. Par photoblanchiment fractionnt, il a ete possible de dCconvolutionner partiellement 
cette bande d'absorption en deux composants: une bande "verte" qui se comporte de maniere 
homogene sous photoblanchiment, et une bande "rouge" non-homogene. Le rapport des 
intensites et la position de chacun des deux pics d'absorption changent avec la concentration 
en electrolyte. Les resultats obtenus par photoblanchiment rCsolu dans le temps et ceux par 
photoblanchiment stationnaire ont permis de conclure qu'au moins deux bandes instables sont 
ainsi formees par photoblanchiment (avec une duree de vie d'autant plus courte que leur 
absorption se trouve loin dans l'infrarouge), qui se retransforment ensuite en bande "verte" 
avec un rendement superieur a 40%. 

Introduction resolved (10, 15) bleaching has been examined pre- 
It seems to be well documented that the optical viously. 

absorption spectrum of the equilibrated solvated Experimental 
electron (e,,,-) in aqueous glasses at 77 K is the 
result of overlapping of narrower bands, each of 
which inay originate from a distinct species of elec- 
tron traps (1-4). The problem remains unsettled, 
however, whether there is a continuous distribution 
of substructures or only a small number of discrete 
overlapping bands contributing to the overall ab- 
sorption band (5, 6). A related question concerns 
itself with how much narrower is each individual 
band than the overall band (7, 8). 

Many of the conclusions reached so far rely solely 
upon the results of steady-state bleaching (2, 9) and 
this has been shown to introduce ambiguities (10). 
In the hope of resolving these issues more conclu- 
sively, both steady-state and time-resolved photo- 
bleaching experiments have been conducted on the 
same system, and this is the topic of this paper. 

Frozen aqueous LiCl glass was chosen as the 
medium for this study because its radiation chemistry 
has been thoroughly investigated ( l l ) ,  it accom- 
modates the infrared-absorbing electron state (e,,-) 
(12, 13), a range of electrolyte concentrations can be 
used (10, 12), and its steady-state (14) and time- 

The experimental set-up for time-resolved photobleaching 
experiments is a modified vcrsion of the one used previously 
(10, 13) and is indicated in Fig. 1. One particular improvement 
is the use of a metallic Dewar (D) provided with four Suprasil 
windows. The liquid nitrogen is contained in a separate 
compartment in good thermal contact with the sample but 
without interfering with the optical path. This solves the 
problenl of bubbling and the consequent scattering of laser 
light by liquid nitrogen. L, and L, are two Q-switched lasers 
which provide single 15 ns pulses at 530 nm and 694 nm. 
Optical attenuators A,  and A, are used to limit the energy of 
the laser pulse reaching the sample, they are made from solu- 
tions of CoS04 for 530 nm and CuSO, for 694 nm laser light. 
W, is a 150 W tungsten lamp powered with a regulated power- 
supply (Sorensen DCR40-20A), and used conjointly with 
10 nm bandwidth interference filter combinations F, and F,. 
It was used either as a bleaching or as a monitoring light 
source. To get the baseline for absorbance measurements, the 
irradiated sample was bleached with a white light source (WZ). 
El  is a mechanical shutter employed to prevent bleaching by the 
monitoring light and to trigger the laser and the oscilloscope 
through pulse delay units (C). V is a digital voltmeter con- 
nected in parallel with the oscilloscope (0 )  to measure the 
change in absorbance during steady-state experiments. P is a 
photomultiplier (1P28, R213, or R446) which was replaced by 
an InAs photodiode for measurements in the infrared at 
970 nm and 1850 nm. Various interference filters, Corning 
color glass cut-off filters, and neutral density filters (placed at 

0008-4042/79/14 1758-07$0 1 .OO/O 
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NGUYEN 1759 

FIG. 1. Schematic representation of the apparatus used to 
measure the steady-state and time-resolved photobleaching. 
S is the sample y-irradiated at 77 K ;  D the liquid N, Dewar 
vessel with four windows; L, and L,, a frequency-doubled 
neodynium laser and a ruby laser with the corresponding light 
attenuators A, and A,; E, and E, are mechanical shutters; 
F ,  to F, light filters; W,  is the monitoring and bleaching 
light source; W, an auxiliary bleaching lamp; 0 an oscillo- 
scope; V a digital voltmeter; P either a photomultiplier or a 
photodiode. 

F,) were used to block scattered laser-light, and to reduce the 
light level reaching the photomultiplier so that the drain 
current was always less than 1 mA. Even so, non-linearity 
corrections from a calibration curve were necessary to ensure 
good accuracy. To prevent fatigue of the photomultiplier 
during steady-state bleaching, the shutter E, was opened only 
for < 2 s during the time of the measurement. 

The incident flux from the tungsten lamp was measured with 
a Spectra Physics power meter (Model 402B) and calibrated at 
420nm, 450 nm, and 480 nm with 0.15 M solutions of fer- 
rioxalate, for which @ F e 3 +  was taken as 1.05 at 420 nm, 1.00 
at 450 nm, and 0.94 at  480 nm (16). The incident intensity was 
typically 1 x l o L 5  to 9 x l o L 5  photons s-I  ~ m - ~  depending 
on the wavelength. Each experiment lasted up to 30 min. For 
laser pulses, a Korad power meter (Model 102C) was used to 
determine the intensity and the number of absorbed photons. 
The equilibrated trapped electron state (e,-) was produced at 
the desired absorbance by y-irradiation in the dark at 77 K at 
a dose-rate of 35 rad s-I. The anhydrous LiCl used was of the 
highest purity available (99.999%) from Spex and recrystallized 
once from D 2 0 .  D 2 0  was from Merck, Sharp and Dohmewith 
a quoted isotopic purity of 99.7%. 

Results and Discussion 
Steady-state Bleaching 

A y-irradiated sample of 15 M LiCl/D,O glass 
when bleached with light at  longer wavelength than 
the absorption band maximum (i.e. with h > 580 
nm) selectively lost the red component (the 'red' 
band) of its absorption spectrum. Subsequent 
bleaching with red light (>620 nm) did not change 
the position and shape of the remaining part of the 
absorption band which will be referred to as the 
'green' band. However, when light of wavelength 
shorter than h,,, was used, the band shifted to the 
red, in accord with the previous findings of photo- 
shuffling in other aqueous glasses (2, 17). 

In Fig. 2, the change in absorbance due to bleach- 
ing is shown as a function of the monitoring wave- 
length for various extents of bleaching. This kind of 
plot clearly indicates the heterogeneous nature of 
the absorption band. 

Bleaching with light at 646 nm initially removes 
mainly the 'red' band but also some of the 'green' 
band. Extended bleaching depletes the 'red' band so 
that only the 'green' band is available for bleaching 
at the end. 

Bleaching with 750 nm light revealed that the 'red' 
band is itself a composite spectrum consisting of at  
least two overlapping absorbing species, as shown by 
the initial removal of its red edge (Fig. 2). 

After the entire 'red' band and about 2W1, of the 
'green' band were removed with light at 646 nm, the 
remaining 'green' band was bleached at different 
wavelengths and the results are given in Fig. 3. It is 
possible to see from this figure that if the monitoring 
wavelength is on the blue side of the bleaching wave- 
length, the observed rate of bleaching was identical 
to that at  the bleaching wavelength itself, whereas it 
was always less from the red side. This behaviour 
can be understood if the 'red' band is reformed by 
photoshuffling during bleaching of the 'green' band. 
At any wavelength, the net observed rate of steady- 
state bleaching is equal to the rate of bleaching of 
the 'green' band minus the rate of formation of the 
'red' band, where the last term itself is the difference 
between the rate of photoshufflng and the rate of 

FIG. 2. Differential bleaching spectra normalized to 646 nm. 
The ordinates represent the loss of absorbance, normalized 
to the loss at 646 nm, between two different bleaching times. 
The dotted lines are for bleaching with 750 nm light and the 
full lines at  646 nm. The extent of bleaching is used as a 
parameter: curves (I) from 0-15% of bleaching, curves (2) from 
45-55%, and curves (3) from 75-80%. 
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Totol number of absorbed photons / 1017 
10 20 30 40 50 

I I 

d - - 4 8 0  

10 
0  1 2 

Total number of absorbed photons / l0I7 

FIG. 3. Bleaching of the 'green' band as a function of ac- 
cumulated number of absorbed photons. A,: initial absor- 
bance of the y-irradiated sample. A,: absorbance after the 
sample was bleached with x absorbed photons (x being the 
number on the abscissa). The monitoring wavelengths are 
given next to each line. The bleaching wavelength was 420 nm 
for the bottom two curves, 480 nm for the middle four curves, 
and 646 nm for the top two. A solid line is drawn when the 
monitoring and bleaching wavelengths are the same. The 
horizontal scales, starting from the bottom, refer respectively 
to the curves with h, = 420 nm, 1, = 480 nm, and h, = 
646 nm. 

bleaching of the 'red' band. With the gradual 
decrease in the contribution of the 'red' band when 
one goes towards shorter wavelengths, the rate of 
formation of the 'red' band relative to the rate of 
bleaching of the 'green' band diminishes appro- 
priately. In any case, the rate of bleaching on the 
blue side of the bleaching wavelength was smaller 
than the rate at the bleaching wavelength itself, even 
when both were far apart (for example: h, at 646 nm 
and h, = 420 nm in Fig. 3), and this again supports 
the homogeneous nature of the 'green' band over 
more than 1 eV. If the quantum yield for bleaching is 
independent of the percentage of bleaching of the 
band, then the plots of Fig. 3 should give straight 
lines. Actually, the quantum yield decreases with the 
fraction of bleaching as observed in other aqueous 
glasses (2, 18) and this fact is emphasized by the use 
of Fig. 4 for four bleaching wavelengths, 521, 480, 
450, and 420 nm. (Contrary to Fig. 3, only the 'red' 
band was bleached with light at 750 nm and the 
'green' band remained untouched on Fig. 4.) The 

0  
I l - i ' l l  

50 100 
Percentage of bleaching 

FIG. 4. Variation of the quantum yield for bleaching of the 
'green' band with the extent of bleaching (Qba is the initial 
value). The horizontal bars denote the range of bleaching over 
which the quantum yield was computed. A is for hb = 420 nm, 
A for h, = 450 nm, 0 for hb = 480 nm, and @ for h, = 
521 nm. 

dependence of @, on the percentage of bleaching is 
identical for the four wavelengths within experi- 
mental errors; this shows that the quasi-free electron 
(e,,-) formed has the same fate even if it may have 
different kinetic energy upon being released from the 
trap. 

The dependence of @, on the bleaching wave- 
length is depicted in Fig. 5. All the values refer to the 
initial quantum yield, when less than 1 0 z  of the band 
was bleached. (The same wavelength was used for 
bleaching and for monitoring the absorbance.) The 
most interesting feature of Fig. 5 is the sharp in- 
crease in @, by going from 480 nm to 420 nm. This is 
common to most aqueous glasses (19, 20) except that 
the sharp rise occurs at shorter wavelengths and is 
sharper than previously reported. For example, Rice 
and Kevan (21) found the threshold for conduc- 
tivity at -600 nm in 10 M LiCl glass at 85 K, right 
at the maximum of the absorption band, compared 
to our value of -500 nm which is 40 nm to the blue 
of A,,, for the 'green' band in 15 M LiCl at 77 K. 
This discrepancy, however, arises from the hetero- 
geneous nature of the overall e,- absorption band 
which was not previously taken into account. (In the 
extreme case, if there is a broad distribution of 
overlapping bands, one may expect to obtain a flat 
or smooth curve like the one observed in 10 MNaOH 
glass (3, 21), even though each individual band may 
have a sharp threshold for bleaching or for photo- 
conductivity.) 

In Table 1 are reported the position of the h,,, and 
the G values for the overall, 'green' and 'red' band 
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TABLE I .  Position of the band maximum and G values for the overall, 'green' and 'red' bands in LiCI/D,O glasses 
at 77 K 

Overall band 'Green' band 'Red' band 

[LiCl]/M h,,,/nm G Wl12/eV h,,,,/nm G WIl2/eV h,,,,/nm G Wl ,2/eV 

FIG. 5. Dependence of the initial quantum yield for bleach- 
ing of the 'green' band on the bleaching wavelength (the dose 
used was 15 krads for all samples). 

(by taking E,,, = 1.8 x lo4 M-' cm-' (22) for the 
overall band) at different concentrations of LiC1. 
There is a gradual blue shift of both bands with 
increasing content of electrolyte as observed in the 
liquid state (22) and in BeF, glasses (23), and an en- 
hancement of the ratio of intensities of 'red' band/ 
'green' band which may be peculiar to LiCl glasses 
since this ratio was found to be constant in BeF, 
glasses (23). 

Time-resolved Bleaching 
The heterogeneity of the e,- absorption band in 

15 M LiCl/D,O glass is best illustrated with pulsed- 
photobleaching experiments. The 'green' band has a 
small absorbance and a very low bleaching quantum 
yield at 694 nm. Therefore, only the 'red' band is 
bleached significantly with ruby laser light. With the 
doubled frequency of the Nd laser (530 nm), both 

bands are bleached. However, by selectively bleach- 
ing-off the 'red' band first, the 'green' band can be 
studied independently. 

Figure 6(a) depicts schematically the observed 
behaviour of the absorbance at several monitoring 
wavelengths when the solvated electron band is 
bleached with 694 nm light. At 480 nm, after a sharp 
decrease immediately after the laser pulse, the ab- 
sorbance is almost independent of time. The spike 
(during and just after the pulse) is due to lumines- 
cence stemming from ei,- (13, 24), as shown by 
firing the laser without the monitoring light. At 
646 nm, in addition to the initial bleaching, some 
post-pulse bleaching occurred between and 
I s, as mentioned previously by Walker and May 
(15). In lower concentrations of LiCl (7.5 M and 
9.5 M), partial recovery of the original absorbance 
was observed as well (10). At 750 nm, there was a 
slight increase in absorbance immediately after the 
pulse followed by post-pulse bleaching which 
happened on the same time-scale as at 646 nm. At 
1850 nm, some immediate increase in absorbance 
was observed which then decayed on a microsecond 
time-scale. The species responsible for the infrared 
absorption at  > 1500 nm was identified before as a 
second type of trapped electron (1 1, 13) and its yield 
and decay rate depend strongly on the concentration 
of LiCl (10, 20). The loss of absorbance at 480 nm, 
compared to the immediate loss at 646 nm, is entirely 
consistent with the 'red' band being bleached by 
694 nm light and with there being no photoshuffling, 
even transiently, from the 'red' band to the 'green' 
band. By contrast, the reverse takes place readily in 
accord with the results of steady-state photobleaching 
experiments. 

Figure 6(b) is analogous to Fig. 6(a), except that 
the bleaching wavelength is 530 nm. At 480 nm (and 
570 nm), an immediate bleaching was observed 
followed by a post-pulse recovery. The sharp spike 
during the pulse was both scattered light from the 
laser and luminescence of the aqueous glass. When 
the absorbance was monitored at 646 nm, no bleach- 
ing was seen during the pulse but a post-pulse decay 
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0 10' 
t/s (non linear) 

0 10- 12 
t/s (non linear) 

FIG. 6. Schematic representation of the approximate time 
scales involved for various types of bleaching observed in 
15 h1 LiCI/D,O glass at different wavelengths: ( a )  is for 
bleaching with laser light at 694 nm and (b), at 530 nm. The 
full curves are for fresh samples, and the dotted curves for 
samples previously bleached with red light at 750 nm. A is 
the absorbance at times after a laser pulse and A0 the initial 
absorbance. 

occurred on the millisecond time-scale. In contrast, 
an irradiated sample pre-bleached with red light at 
750 nm showed an immediate increase in absorbance. 
This was followed by a post-pulse bleaching which is 
identical to the temporal behaviour observed at  
750 nm (dotted line in Fig. 6(b)). Pre-bleaching with 

red light again increased the absorbance at 750 nm 
without affecting the general shape of the decay. 

Experimental evidence indicates the formation of 
unstable species during photobleaching which ab- 
sorb in the near infrared. in addition to the infrared 
electron. This is analogous to the 'red wing' found in 
pulse-radiolysis (23, 25). The decay of the 'red wing' 
is linear over five decades of time when the ab- 
sorbance is plotted against log (time) as in Fig. 7. 
This is in accord with a geminate tunnelling mecha- 
nism (26) for the decay of the 'red wing'. Therefore, 
it resembles the disappearance of ei,-, except it 
occurs on a much longer time-scale (initial half-life - 8 ms for the e-,,, compared to < 1 ps for the 
e,,-). Moreover, the fractional decay is identical 
whether monitored at  646 nm or 750 nm, consistent 
with the possibility that it is homogeneous over this 
entire range of wavelengths. At  970 nm, the decay 
curve can be broken down into two components: 
one with a fast decay (5-8 ps for the half-lifetime) 
and accounts for 30-35% of the initial absorbance; 
the other 65-70% has a half-lifetime of -8 ms and 
is identical with the decay observed at  646 nm and 
750 nm. The recovery at  480 nm was also found to be 

't ,850 

970 

O ~ r * L l s n  I 

-7 -5 -3 -1 0 +1 
log (t/s 

F ~ G .  7. Decay kinetics of the 'red wing' at 646 nm, 750 nm, 
and 970 nm and the recovery of the 'green' band at 480 nm on 
a log (time) scale, after bleaching with a 530 nm laser pulse. 
The decay of the 'infrared' band at 1850 nm is for the un- 
bleached sample. Insert shows a typical oscilloscope trace as 
observed at 750 nm: (I)  is the baseline, (2) the trace following 
the laser pulse, and (3) some 100 s later (I, = 1000 mV). A ,  
on the ordinates is the absorbance at time zero (immediately 
after the pulse) limited by the response-time of the detectors 
used: - 60 ns for the InAs detector (11) and - 100 ns for the 
photomultiplier (load resistance 1 kn).  A ,  is the absorbance 
measured 100 s after the laser pulse. 
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300 500 700 900 
X/nm 

FIG. 8. Partial deconvolution of the absorption spectrum 
of e,,,- in 15 M LiCI/D20 glass at 77 K into different bands: 
(1) is the overall equilibrated e,,,- absorption spectrum, (2) 
the C1,- band, (3) the 'green' band, ( 4 )  the 'red' band, and (5) 
the  'red wing'. The numbers indicate the position of the 
absorption maxima. 

linear on a log (time) plot, as shown in Fig. 7 and 
has a half-lifetime of 2-5 ms (a precise determination 
is rendered difficult by the luminescence from the 
aqueous glass at that wavelength). The similarity 
between the decay rate of the 'red wing' and the 
recovery of absorbance at 480 nm suggests that 
photoshuffled electrons from the 'red wing' can 
tunnel back to the 'green' band. The observed 
recovery of the 'red' band in 7.5 M and 9.5 M LiCl 
glasses (10, 15) may have the same origin. If this is 
true, then this reversed photoshuffling provides a 
direct observation of a trap-to-trap tunnelling pro- 
posed previously by Buxton and Kemsley (27) 
(although they excluded 10 M LiCl glasses in their 
conclusions). 

By comparing the amounts of bleaching and re- 
covery, and assuming the same oscillator strength 
for the different bands, it is found that -70% of the 
bleached electrons from the 'green' band photo- 
shuffled to the 'red wing' and some 40-50% of the 
decay of the 'red wing' gave back the 'green' band; 
the overall recovery is one third of the initial 
bleaching of the 'green' band. 

The shape of the 'red wing' is sketched in Fig. 8 
(not on scale with the other bands), together with 
the CI,-, the 'green7 and the 'red' bands. It is ob- 
tained by plotting the absorbance due to the 'red 
wing' at 646, 750, and 970 nm (subtracted from the 

fast component at this later wavelength) and nor- 
malized for the same number of absorbed photons 
of the laser. 

The maximum y-irradiation dose used was 17 
krads. This is far from the e,--saturation dose which 
is > 100 krads for 15 M LiCl/D,O glass and should 
be of the order of several Mrads as found in high 
concentration alkaline glasses (28)' Even so, pre- 
bleaching with 750 nm light increased the amount of 
photoshuffling to the 'red' band by more than a 
factor of two, without influencing the photoshuffling 
to the 'red wing' (Fig. 6(b)). This has two important 
implications: (i) a substantial fraction of the occu- 
pied 'green' and 'red' traps are close together, 
probably within the same spur; (ii) the quasi-free 
electrons ejected from the 'green' trap have limited 
travelling distances and disappear by chemical reac- 
tions if no empty sites are immediately available for 
retrapping. 

Another inference from Fig. 6(b) is the difference in 
fate of the photo-released electron, depending on if it 
came from the 'green' band or the 'red' band: the 
main process for a bleached electron from the 'green' 
band is photoshuffling with a very small yield for 
formation of the ei,-, whereas the contrary is true 
for an electron photobleached from the 'red' band. 

Conclusioi7s 
These observations can be rationalized if the 'red' 

traps are closer to the positive charge than are the 
'green' traps, and if photo-released electrons from 
the 'green' or 'red' traps have to move towards this 
positive charge and can only get retrapped along this 
path. The 'red wing' and the 'infrared' traps should 
be even closer to the positive hole and this may 
explain why these bands are unstable. This is reminis- 
cent of the coulombic distortion model proposed by 
Albrecht (29). The absence of photoshuffling from 
'red' to 'green' fits satisfactorily this coulombic 
picture as each e,,- can only move 'downhill'. 
Spontaneous shift from 'red' to 'green', however, is 
possible and indeed observed (this paper and ref. 23) 
if the trapped electron can tunnel to a site of lower 
energy or digs its own hole. In these situations it is 
not mobile enough to drift to a positive charge. It is 
worth noting at this point the recent model of ion 
pairs formation, proposed by Kroh and Polevoi ( 5 ) ,  
as the origin of the 'red' band in concentrated 
aqueous alkaline glasses. It is not clear at the present 
if the results from alkaline glasses can be extrapolated 
to other neutral aqueous glasses. 

The different processes mentioned above are sum- 
marized in Scheme 1. 

IT. Q. Nguyen and D. C. Walker. Unpublished results. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1764 CAN.  J .  CHEM. VOL. 57, 1979 

Spontaneous shifts from 'infrared' to 'red' band 
and/or 'red wing' are observed in BeF, aqueous 
glasses (23) but not in 15 M LiCI/D,O glass; also 
shifts from 'red wing' to 'red' band seemed to occur 
in low concentration LiCl glasses (10, 15). The 
broken arrows are processes not observed so far; 
however, there is no experimental evidence to exclude 
them. The relative importance of the different 
mechanisms changes, depending on which part of the 
spectrum one is looking at. In fact, it is possible to 
reproduce the five types of bleaching observed by 
Walker and May (15) in a variety of glasses simply 
by using 15 M LiCl/D,O and changing the moni- 
toring wavelength (Fig. 6). The processes involved 
are complex and the fact that bleaching is observed 
at 570 nm and not at  646 nm does not necessarily 
imply that the absorption band is narrower than this 
spectral range. The 'red wing' and the 'infrared band' 
are not without similarity. Both can be formed either 
by pulse-radiolysis or by photobleaching. Both are 
unstable and decay with the same kinetics, albeit 
with more than four orders of magnitude difference 
in the lifetimes. There are some indications that the 
yield and lifetime of the 'red wing' change with the 
amount of electrolyte added to the glass (23) and a 
study of this dependence, as was done with the 
'infrared band' (12, 23), should provide some insight 
into the nature of this trap. 
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Substituent effects in electron transfer reactions. 11. The chromium(I1) 
reduction of 2-acetylbutane-1,3-dionatobis(ethylenediamine)cobalt(III) 

and 3-acetylpentane-2,4-dionatobis(ethylenediamine)cobalt(III) 
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ROBERT J. BALAHURA and NITA A. LEWIS. Can. J. Chem. 57. 1765 (1979). 
The chromium(l1) reduction of the complexes en2Co(3-acetyl-ptdn)'+ (1) and enzCo(2- 

acetyl-btdnI2+ (2) has been studied. Both complexes obey the rate law 

- d In [Co(III)]/dt = k[Cr(II)] 

At 25"C, I = 1.0 M (LiCIO,), k = (4.5 f 0.2) x M - I  s- I ,  AH* = 13.0 k 0.7 kcal 
mol-I, AS* = -30 f 2 eu for complex 1 and k = (5.6 f 0.4) x lo-' M - I  s-', AH* = 
11 f 1 kcal mol- I, AS' = - 30 f 4 eu for complex 2. Product studies indicate attack at the 
uncoordinated acetyl functions in both complexes. The results are compared to those obtained 
for reduction of en2Co(3-formyl-ptdn)'+ and en,Co(ptdn)'+ by chromium(I1). 

ROBERT J. BALAHURA et NITA A. LEWIS. Can. J. Chem. 57, 1765 (1979). 
On a CtudiC la reduction du chrome(l1) des complexes en,Co(acCtyl-3 ptdn)'+ (1) et en,Co- 

(acetyl-2 btdn)'+ (2). Les lois de vitesse pour chacun des complexes sont exprimkes par I'equa- 
tion 

A 25°C I = 1.0 M (LiCIOJ, k = (4.5 & 0.2) x M - I  s - I ,  AH* = 13.0 f 0.7 kcal 
mol-I et AS* = -30 + 2 eu pour le complexe 1 et k = (5.6 + 0.4) x lo-' M-'  S-', 
AH* = 11 + 1 kcal mol-' et AS* = - 30 t 4 eu pour le complexe2. Une etude des produits 
indique que I'attaque est initiee dans chacun des complexes, au niveau des fonctions acetyles 
qui ne sont pas coordonnees. On compare ces resultats 6 ceux obtenus lors de la reduction 
des complexes en2Co(formyl-3 ptdn)'+ et en2Co(ptdn)'+ par le chrome(I1). 

[Traduit par le journal] 

Introduction 
As part of our continuing studies ( I )  on electron 

transfer through the pseudo-aromatic chelate ring 
pentane-2,4-dione (ptdn)3 and its analogues, we 
would like to report the Cr(I1) reduction studies on 
en2Co(3-acetyl-ptdn)" (1) and en2Co(2-acetyl- 
btdn)2+ (2).4 We have previously reported the details 

2+ 2+ 

- /o . go 
en2Co : C-C/ en2Co : C-C 

\O-=C/ \cH3 \ o  \ c H 3  
\ 

1 2 

of the chromium(I1) reduction of the linkage isomer 
of 2, that is, en ,C0(3-form~l-~tdn)~+ (3) ( l ) ,  and of 
the parent compound en ,C~(~ tdn) ' '  (4) (2). Our 

'To whom all correspondence should be addressed. 
'Present address: Department of Chemistry, Stanford 

University, Stanford, CA 94305, U.S.A. 

, - 

/q=c, /o 
en2Co ' C-C/ en2Co rn C-H \6-~'/ \H \ o - ~ - c ~  

interest lies in determining the effect of changes in 
substituent a t  the C-3 position of the ptdn ring on the 
electron transfer rate and mechanism. It was antici- 
pated that ptdn may have unusual electron mediating 
ability due to its pseudo-aromatic character. Further- 
more, we h.oped to determine the effect of small 
structural changes in the chelate skeleton. 

In this paper we explore the result of substitution 
of the acetyl function a t  C-3 in complex 1 and the 
effect of replacing the coordinated acetyl function in 
1 with a formyl group in the ring skeleton in com- 
plex 2. 

Experimental 
'Pentane-2,4-dione is commonly called acetylacetone Reagetzfs 

(acac). All reagent solutions were prepared in water which was 
4btdn = butane-1,3-dione. deionised, distilled, and then redistilled from alkaline perman- 

0008-40421791141765-07$0 1 .OO/O 
01979 National Research Council of CanadaIConseil national de recherches du Canada 
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ganate in an all-glass apparatus. Lithium perchlorate solutions 
were made as previously described (3). Chromium(I1) per- 
chlorate solutions were prepared by reduction ofchromium(III) 
perchlorate (G. Frederick Smith Chemical Co.) in aqueous 
perchloric acid solution using zinc-mercury amalgam. The 
solutions were standardised as reported earlier (3) and were 
stored and handled using standard syringe techniques, in an 
atmosphere of high purity argon. 

Cor7iplexes 
The preparation of [en,C0(2-acetyl-btdn)](PF~)~ has been 

described (1). 

Preparation of [en2Co(3-acetyl-ptdn) ] (PF6) 
Triethylphosphate (150 mL, BDH Chemicals Ltd.) was 

dried over molecular sieves before adding NOBFj  (4.11 g, 
Alfa Products). The resulting solution was allowed to stir over 
molecular sieves for a further 2 h. 

The complex cis-[en,Co(N,),]CIO, (4) (7.76 g) was added 
in several portions and after further stirring to  allow for evolu- 
tion of gases, the ligand triacetylmethane (3-acetylpentane-2,4- 
dione, 2.50 mL, Aldrich Chemical Company, Inc.) was intro- 
duced into the reaction mixture. The solution was stirred for 
two weeks at room temperature and the complex was then 
precipitated by adding the reaction mixture slowly to diethyl 
ether. The resulting precipitate was dissolved in water and 
ion-exchanged on Rexyn 102 (H) weak acid cation exchange 
resin (Fisher Scientific Co.) in the sodium ion form (5). The 
desired red band was physically removed from the column and 
was placed on a smaller column. The complex was then re- 
moved from the resin by passing a saturated solution of NaCl 
through the small column and the red product was precipi- 
tated by the addition of solid NHjPF6. Anal. calcd. for 
[Co(C2H8N2)2(C7H903)I(PF6)2: C 24.37, H 4.65, N 10.33; 
found: C 24.70, H 4.59, N 10.85. 

Kinetic Measfrretnents 
The rate of reduction of the [en,C0(3-acetyI-ptdn)]~+ and 

[en2Co(2-acetyl-btdn)I2+ compounds was followed by ob- 
serving the change in absorbance of the longest wavelength 
maximum of the cobalt(II1) complex. The kinetic runs were 
performed on a Beckman Acta CIII spectrophotometer with 
the temperature controls described previously (6). All reactions 
were carried out in cylindrical cells sealed with rubber serum 
caps in the absence of oxygen. The reactions were run under 
pseudo first-order conditions (reductant in a 20-160 fold excess 
over oxidant). 

Product Analyses 
Reactions were carried out at Cr(II):Co(III) ratios between 

1 : 1 and 4: 1 and subjected to cation exchange chromatography 
on Dowex 50W-X8, 200 mesh resin. Elution was carried out 
using a standard 0.5 M NaCIO,, 0.1 M HCIO, solution. The 
eluting solution was added in one-quarter strength and the 
concentration gradually increased as separation was achieved. 
Generally the 2+ ions were removed from higher charged 
species with the one-quarter strength solution and eluted from 
the column with half-strength solution. The total time spent on 
the ion exchange column was about 2 h. The products were 
characterized by their uv-visible spectra. The extinction coeffi- 
cients were calculated on the basis of the chromium concentra- 
tion which was determined spectrophotometrically as chro- 
mate ( ~ 3 7 2 " ~  = 4.815 x lo3 M - I  cm-I ). 

Pl~ysical Measuretnents 
The proton magnetic resonance spectra were obtained on a 

Varian A60 spectrometer. The ultraviolet and visible spectra 
were measured on a Beckman Acta CIII spectrophotometer. 
The infrared spectra were recorded on a Beckman IR 12 spec- 
trophotometer. 

Results and Discussion 
Preparation of [Co(en), (Pacetyl-ptdn) ] (PF,), 

Friedel-Crafts acetylations of tris(pentane-2,4- 
dionato) complexes were found by earlier investi- 
gators (7) to proceed much more slowly than other 
electrophilic substitutions such as nitrations, halo- 
genations, and thiocyanogenations. This was thought 
to be the result of the considerable steric bulk at the 
reaction site for the acetylation reaction. Neverthe- 
less, for the chelates of chromium, cobalt, and rho- 
dium, it was possible to acetylate all three rings in 
dichloromethane using acetic anhydride and boron 
trifluoride etherate (8). 

We were not able to use this technique to acetylate 
[Co(en),(acac)12+, which is a charged species, since 
it was not sufficiently soluble in CH,Cl, or other 
slightly polar solvents. Attempts to perform this 
reaction in more polar solvents were unsuccessful. 

The complex [Co(en),(3-acetyl-ptdn)](PF,), was 
prepared by adaptation of a technique developed 
by Taube and co-workers (9) for preparation of 
pentaamminecobalt(III) complexes. The starting 
material, cis-[Co(en),(N,),]+, was dissolved in the 
weakly coordinating solvent triethylphosphate (TEP). 
The azide ligands were liberated as gaseous products 
by the addition of nitrosyl tetrafluoroborate. The 
desired ligand, in this case 3-acetylpentane-2,4-dione, 
was then added to replace the weakly bound solvent 
molecules. By optimising the temperature, reaction 
time, and amount of free ligand used, the substituted 
complex could be obtained as the sole product. 

Physical Studies 
There is a large body of literature on the infrared 

spectra of P-diketone complexes (10, 11). Two bands 
appear in the region 1515 + 10 cm-' (B band) and 
1575 + 30 cm-' (A band) for unsubstituted chelate 
rings (e.g. structure 4). Although the two modes are 
coupled slightly to each other, the A band is pre- 
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dominantly a C=C stretching mode and the B band 
is mostly a C=O stretch. 

Dryden and Winston (12) developed an empirical 
rule for chelates of pentane-2,4-dione which are sub- 
stituted at the 3-position. The rule states that metal 
complexes of pentane-2,4-dione possessing a hydro- 
gen on the central carbon of the chelate ring exhibit 
two strong infrared bands in the 1500-1600 cm- '  
region, whereas complexes with a group other than 
hydrogen in this position show a singlet in this region. 
The rule appears to be valid for single atom substitu- 
ents such as halogen but, as pointed out earlier, for 
double-bonded species such as formyl or acetyl func- 
tions the rule may be violated. It also appears that 
the medium used to  run the spectrum is important 
since the number and position of the peaks in the 
1500-1600 cm-' region may be different depending 
on whether the spectrum is run in Nujol or as a KBr 
disc. The [C0(en)~(3-acetyl-ptdn)](PF,)~ complex 
(I), however, showed only a singlet in this region, at 
1576 cm- ' as a KBr disc and a t  1566 cm- ' in Nujol. 
This complex apparently obeys Dryden's rule, in 
sharp contrast to complexes 2 and 3, both of which 
showed two peaks in the 1500-1600cm-' region 
when run as Nujol mulls. Thus, it appears that the 
number of peaks exhibited by substituted P-diketones 
is not subject to prediction. 

The 'H nmr spectrum (Fig. 1) shows two methyl 
peaks in a 2: 1 ratio as predicted for [Co(en),(3- 
acetyl-ptdn)12+. The peak at 2.14 6 corresponds to  
the methyl groups of the cobalt substituted acetyl 
functions. That this peak is a singlet implies that 
rotation about the C3-C,,,,,, bond is fast. The peak 
for the free acetyl protons occurs at 2.50 6 and 
-CH2- protons of the ethylenediamine appear at 
2.74 6. 

The positions of the absorption bands in the visible 
and ultraviolet regions of the spectrum for various 
substituted pentane-2,4-dione complexes are given 
in Table 1. The lowest energy band in the visible 
spectrum can be assigned to the d -+ d transition 
' A , ,  -+ 'TI, (based on pseudo-octahedral sym- 
metry). The expected 'A,, -+ 'T,, transition is ob- 
served as a shoulder a t  376 nm in [ C ~ ( e n ) , ( ~ t d n ) ] ~ +  
but is obscured by ligand transitions in the sub- 
stituted complexes. The bonds in the ultraviolet spec- 
trum are due to  ligand and charge transfer transitions 
and are assigned following Boucher and Bailar (13). 

Collman (14) suggested that the lowest energy 
TC -+ TC* ligand transition would provide evidence for 
steric inhibition of resonance for substituted P-dike- 
tones. A shift of the band at 237 nm in the parent 
complex [ C ~ ( e n ) , ( ~ t d n ) ] ~ +  to lower energy upon 
substitution at the 3-position would imply that the 
substituent was conjugated with the pseudo-aromatic 
chelate ring. For [Co(en),(3-formyl-ptd11]~+ and 

FIG. 1. Proton magnetic resonance spectrum of 3-acetyl- 
pentane-2,4-dionatobis(ethylenediamine)cobalt(III) in DzO. 
Peaks are relative to DOH peak at 4.61 6. 

[Co(en),(2-acetyl-btdn)12 +, a shift of 15 and 10 nm, 
respectively, to  lower energy was observed (Table 1). 
This implies that the formyl and acetyl functions are 
conjugated with the ring in complexes 3 and 2, respec- 
tively, and hence are coplanar with the pseudo- 
aromatic chelate. For [~o(er1),(3-acetyl-ptdn)]~+, 
however, the band is shifted only 2 nm to  lower 
energy, suggesting that there may be some inter- 
ference of the 'flanking' methyl groups with the 
methyl of the free acetyl group. Thus, it may be more 
difficult for the free acetyl function to become 
coplanar with the ring and this might be expected to 
influence the rate of electron transfer through the 
ligand. 

Kinetic Studies 
Reductions of [Co(er1),(2-acetyl-btdn)]~+ and 

[Co(en),(3-a~etyl-~tdn)]~+ by Cr(I1) both follow the 
rate law 

= k[Cr(II)] [Co(III) complex] 

Summaries of the kinetic data for these reactions are 
given in Tables 2 and 3. The progress of the reaction 
of the complex [Co(en),(2-acetyl-btdn)12+ with 
Cr(I1) was also followed by scanning the range 300- 
700 nm with varying ratios of Cr(I1) and Co(II1) and 
with different hydrogen ion concentrations. A typical 
scan is shown in Fig. 2. Good isosbestic behaviour 
was observed in all cases with isosbestic points at 
397,423, 544, and 646 nm. The final spectrum ineach 
reaction indicated that the product of the reduction 
was not Cr(OH,)63+ and that, therefore, an inner- 
sphere pathway was implicated. 

Product studies on the reaction of Cr(I1) with 
[Co(e11),(2-acetyl-btdn)]~+ showed that a single prod- 
uct was formed, with 78 + 3% of the ligand being 
transferred. It was the symmetrical linkage isomer of 
Cr(II1) and was identical to the product formed by 
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TABLE 1. Position of the electronic spectral bands of cobalt 0-diketone complexes in aqueous solution 

?+,,ur(~,.x)r nm (M-I  cm-I)" 

Complex No. ' A , C  -+ LIE + n * n + n* 

*The errors shown on the extinction coefficients are actual deviations from the average value obtained from at least three separate determinations 
using different samples. 

I I I I I 
4 0 0  500 600 

WAVELENGTH (rml 

FIG. 2. Typical scan run for the chromium(l1) reduction of 2 - acetylbutane - 1,3 - dionatobis(ethylenediamine)co- 
balt(II1). Initial concentrations of reacting species were [en,C0(2-acetyl-btdn)~+] = 1.26 x [Cr2+] = 1.00 x 

[ H + ]  = 0.10. Temperature = 25"C, I = 1.0 M(LiC10,). The spectral scans were started at 5, 15, 65, 145, 
205, 355, 495, 679, 850, 1022, 1193, and 1365 min after mixing. The last two show essentially no change. (The 
peak at 489 nm decreases with increasing time while an increase in absorbance with increasing time is observed at 
410 and 570 nm.) 

TABLE 2. Kinetic data for the reduction of 2-acetylbutane-1,3- 
dionatobis(ethylenediarnine)cobalt(lIl) by chromium(I1)" 

Temp.' [OxidantIb [ReductantIh k x lo3 
("c) x lo3 x lo2 [H+Ib (M-I  s- l )  

gFor all runs, ionic strength, I = 1.0 M (LiCIO,). 
bConcentrations are initial values in molar units. 
=The temperature was accurate to +O.l°C. 

substitution of the free ligand on [Cr(OH,),I3+ (I) 
(see Scheme I and Table 4). As noted earlier (l) ,  
these products adhere fairly strongly to the ion- 
exchange resin used in separating the reaction mix- 
tures and it is difficult to effect complete removal. 
Also, our scan runs imply quantitative ligand transfer. 

Substitution on Cr(OH2),3+ by 3-formyl-ptdn 
gives an equilibrium mixture of mono-, di-, and 
trisubstituted products which are readily separated 
by cation exchange chromatography (1). If substitu- 
tion is allowed to continue for more than 10 h some 
3-formyl-ptdn decon~poses to ptdn which also sub- 
stitutes on Cr(OH,)63+. The fact that only a single 
product is obtained from the electron transfer reac- 
tion (reaction time 20 h) thus tends to rule out an 
outer-sphere pathway followed by substitution on 
Cr(OH2)63+. These results and those discussed above 
are consistent with an inner-sphere mechanism for 
the electron transfer as outlined in Scheme 1. 
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TABLE 4. Position of the electronic spectral bands for chromium(1ll) linkage isomers of 3-formylpentane-2,4-dione in aqueous solution 

r3si tl m  7 

8 SC" 
?$ 
5 :  3 
$:-: 
; a , ,  
7 .. 
2.2 & z: % 
52- 
< 7 r 
5 ; ~  
0 - 0  

: o t  yl+  

3, E 
E 6 
C 

3. 

Complex Preparation" "T2 + " A ,  "T,("F) + 4A2 r l ~  -+ n* n- n* Reference 
- 

[Cr(OH2)4(3-formyl-ptdn)]2 + SUB 557(30.4+0.2) Obscured 315((46.4+0.5)~ 10') 244((116&2)x 10') 1, 17 
231((141 +2)x  10') 

[Cr(OH2)4(3-formyl-ptdn)]2 + ETb 554'(31 .Of0.3)  Obscured 314((46.5_+0.3)x lo2) 245((116f 1) x lo2) This work 
231((138+3)x lo2) 

W & VI Y, 

o o o 

u c n c n c n c n  vlvlvl nnn . . . . . . . . 
vlvlvlvlvl vlvlvl b b b  

- 5- 
N VI 

???00 7 7 7  6 7 - 7  
m - ~ w m  m m m  w m m w  
m 4 ~ m w  P 4 P W P  w w w  ll w - 1 0  - 

f 
VI 

I+ 
0 

"?00 00.0 P O 0 0  - . ---, --a L L L  

~ 0 0 0 0  0 0 0  x o o o  - 
0 

I 
P 

% - - ---  
" ? " P O "  """ 'Pff 
m P w - 0  ,,, W P -  m P m P  ,-o- 

.. 

- - 

[C~(OH~).,(~-acetyl-btdn)12 + ET" 547(34.9f0.5) 408(48 + 2) 309((51 .of 0 . 3 ) ~  lo2) 246 i i i3 i I5 j  x 1 0 2 j  1, 17 
238((127 _+ 5) x 10') 

.SUB = substitution of  3-formylpentane-2,4-dione on [ c r ( O H ~ ) ~ l ' + .  ET = electron transfer preparation via reduction of appropriate coball(ll1) complex by chromium(ll). 
*Chromium(II) reduction of  [Co(enz)(2-acetyl-btdn)I2+ (2). 
<Shift due to presence of Co(l1) as a result of isolation procedure. 
dChromium(Il) reduction of  [C0(en~)(3-formyl-ptdn)]~+ (3). 
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TABLE 5. Summary of rate constants and activation parameters for the chromium(I1) reductions of substituted a-diketone com- 
plexes of cobalt(II1) 

Temperature k 0 . b  AH'" AS*" 
No. Complex ("c) (M-I  s - I )  (kcal mol-I) (eu) Ref. 

1 [Co(en),(3-acetyl-ptdn)12 + 25.0 ( 4 . 5 k 0 . 2 ) ~  1 3 . 0 k 0 . 7  -30f 2 This work 
2 [Co(en),(2-acetyl-btdn)I2 + 25.0 (5.6f 0 . 4 ) ~  11+1 -30-1-4 This work 
3 [C0(en)~(3-formyl-ptdn)]~+ 25.0 ( 8 . 7 k 0 . 4 ) ~  10-2 9 . 9 k 0 . 8  -3Of3 1 
4 [ C ~ ( e n ) ~ ( p t d n ) l ~ +  50.0 ( 5 . 7 f o . 5 ) ~  lo-' - - 2 

"Errors shown are standard deviations. 
bRate constants are calculated from the transition state equation when the activation parameters are known. 

2+ 
/H 

- 40 
(OHd4Cr : C-C \d-Lc,/ \CH3 

unsubstituted (parent) complex, [~o(en) , (~ tdn) ] '+ .  
We have argued elsewhere (2) that at least part of 
the reduction of the parent complex goes by the 
inner-sphere pathway with k(50°C) = 5.7 x 
M-'  s-'. Thus, the results are more consistent with 
reductant attack at the free acetyl group of the com- 
plex [Co(en),(2-acetyl-btdn)12+. 

Reduction of the acetyl-substituted complex 
[Co(en),(3-acetyl-ptdn)12+ was surprisingly slow, 
but it was still 1-2 orders of magnitude faster than 
the parent compound (see Table 5). The slowness of 
this reaction precluded doing scan runs or product 
studies to determine the mechanism of reduction 
since substitution reactions interfere with electron 
transfer before the latter reaction is complete. There- 
fore, although an outer-sphere reaction cannot be 
ruled out, it seems unlikely to predominate in view 
of the number of potential bridging groups present. 
Since there was a definite rate enhancement over the 
parent compound, it seems likely that attack again 
occurred at  the remote acetyl function. 

It is interesting to note that linkage isomer 2 is 
reduced some 15 times more slowly than isomer 3 
(Table 5). This rate ratio for attack of Cr(II) at a free 
aldehyde function over a free acetyl function is 
typical; the rate of reduction in the former case is 
usually 10 to 270 times faster than in the latter case 
(15-17). This may be due to the presence of lower 
energy empty n-antibonding orbitals on the formyl 
substituent relative to the acetyl group Cl8). The 
ability of the formyl group to achieve coplanarity 
with the aromatic ring more readily than does the 
acetyl group (19) may also contribute to the increased 
rate. 

The twelve-fold difference in rates observed for 
reduction of complexes 1 and 2 may be due to a 
steric effect. The only difference between these two 
species is that complex 2 has an aldehyde function 

coordinated to cobalt(II1) whereas complex 1 has an 
acetyl group in this position. We have argued, in 
both cases, that reduction occurs by attack of the 
reductant at the uncoordinated acetyl group at C-3 
of the chelate skeleton. Thus it may be more difficult 
to form the precursor complex in the case of complex 
1 and this could account for the decreased rate with 
respect to the 2-acetyl-btdn complex (2). It is also 
possible that the activation step for electron transfer 
is less favourable for the chelate skeleton of the 
3-acetyl-ptdn complex than for that of the 2-acetyl- 
btdn complex due to the weaker ordination of the 
aldehyde oxygen. Effects of this type have been re- 
ferred to before (20) but no systematic data are avail- 
able. 
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Charge distributions and chemical effects. XIX. Analysis of 'bonded' and 'non-bonded' 
energy contributions in saturated hydrocarbons 

SANDOR FLISZAR A N D  M A R I E - T H E R ~ S E  BERALDIN 

Received December 21, 1978 

SANDOR FLISZAR and MARIE-THER~SE B ~ R A L D I N .  Can. J. Chem. 57. 1772 (1979) 
Total Coulomb interactions between non-bonded atoms behave in general in a 'quasi- 

additive' fashion, not only in simple linear and branched paraffins, but also in polycyclic hydro- 
carbons constructed from chair and boat cyclohexane rings. Because of their relative insen- 
sitivity to structural features, they cannot be regarded as being the leading terms in the ex- 
planation of energetic effects related to structural changes. The prime factors governing molec- 
ular stabilities, as well as the explanation of the structural effects which are at  their origin, are 
found in the behavior of the charge dependent energy contributions associated with bonded 
atoms, i.e., in the chemical bonds themselves. 

SANDOR FLISZAR et MARIE-TH~RESE B~RALDIN.  Can. J. Chem. 57, 1772 (1979). 
Les sommes des interactions Coulombiennes entre atomes non liCs se comportent en general 

de manikre "quasi additive", tout aussi bien dans les paraffines lintaires et ramifiees que dans 
les hydrocarbures polycycliques constitues d'anneaux cyclohexaniques en forme chaise ou 
bateau. En raison de leur faible sensibiliti aux modifications structurales, ces interactions ne 
peuvent jouer de r6le preponderant dans leur interpretation. Les principaux facteurs deter- 
minant les stabilitts moleculaires, ainsi que l'explication des effets structuraux qui sont a leur 
origine, se retrouvent dans le comportement des contributions tnergetiques associees aux 
charges des atomes lies, c'est-a-dire dans les liaisons chimiques elles-m@mes. 

The molecular energy of isolated molecules in their 
hypothetical vibrationless state is the quantity of 
choice for the study of energy partitioning. This is 
particularly true if one wishes to extract information Bicyclo[3.3.1]nonane Adamantane 
about possible additive contributions. Indeed, at this 
level the problem is not obscured by other forms of 
molecular energies, namely zero-point (ZPE) and 
thermal (H, - H,) energies, which cannot be re- 
garded as truly additive properties (I). Iceane Bicyclo[2.2.2]octane 

This particular choice is not restrictive because 
atomization energies (AE,:';) of vibrationless mole- order. Let X be a molecular property and ~ ( 2 ) ~  

cules can be derived from the corresponding standard X(l) the for ethane and 

enthalpies of formation AH,' (gas, 298.16 K) and methane. If X i s e x a c t l ~  additive, then 

appropriate spectroscopic data (eq. [ I ] ;  C n i  = total [21 x = (1 - m ) ~ ( 2 )  + (n - 2 + zm) 
number of atoms in the molecule, T = 298.16 K). 

[ l ]  AE," = CAHrO(atoms) - AH,' + ZPE 
x [X(2) - X(1)I 

where X(2) - X(l) is the change in X going from 
+ H~ - H~ - 5CniRT/2 methane to  ethane, i.e., the contribution of one CH, 

Here we investigate saturated hydrocarbons group. The meaning of eq. [2] is obvious for non- 
CnH2,,+, - ,,, considering both simple paraffins and cyclic compounds (m = 0).   or c~clohexane (m = l), 
six-membered cyclic compounds, including poly- which consists of n - 2 + 2m = 6 CH2 groups, 
cyclic hydrocarbons (m = number of cycles) such as the (1 - m)X(2) term of eq. [21 cancels. Decalin is 
adamantane, bicyclo[2.2.2]octane, iceane, etc. Atten- con~tructed from two c~clohexane units. In this case 
tion is focussed on energy partitioning and additivity n - 2 + 2m accounts for 12 CH2 groups, but One 

rules involving AE, *. additional ethane X(2) contribution (i.e., that of 
two CH, and two H atoms) is subtracted with respect 

Formulation of Additivity to cyclohexane, i.e., a total of 2X(2) contributions 
Because of our central interest in additivity, a few with respect to noncyclic alkanes. Similar arguments 

preliminary remarks about its formulation are in applied to other polycyclic saturated hydrocarbons 
0008-4042/79/14 1772-07$0 1 .Gal0 

@I979 National Research Council of CanadalConseil national de recherches du Canada 
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FLISZAR A N D  B E R A L D I N  1 7 7 3  

verify the validity of eq. [2] as a test for exact 
additivity. 

Energy Partitioning 
The AE," energy is the amount of energy which 

must be given to vibrationless molecules (1 mol) at 
0 K in order to break them up entirely. If a molecule 
is viewed as an assembly of 'chemical bonds' 
possessing energies of their own and, moreover, if it 
is also considered that non-bonded atoms do in- 
teract, then AE," is clearly made up from that part 
required to break all bonds,  bonds), plus the 
contribution required to annihilate all non-bonded 
interaction energies, En,:';, i.e.,' 

Molecular quantum mechanics, of course, does not 
allow for such a distinction since the chemical bonds 
themselves are not defined quantum mechanically. 
The concept of chemical bond can, however, be 
translated into a wave-mechanical language. Indeed, 
the energy of a Slater determinant for a closed-shell 
ground state consisting of doubly occupied molecular 
orbitals is invariant under a unitary transformation 
of the spin orbitals with which the corresponding 
Slater determinant has been constructed. Therefore, 
we can always assume that the o molecules under 
study consist only of localized bonds which are 
described by orthogonal two-centre bonding molec- 
ular orbitals. In this type of analysis, Del Re (2) 
has shown that a valid approximation for non- 
bonded interactions in o systems is Coulombic in 
nature, i.e., 

where qk, q, are the net (= nuclear minus total elec- 
tronic) atomic charges of non-bonded atom pairs, at 
a distance r,,. 

Equation [4] may represent a severe simplification. 
To  begin with, let us proceed with the calculation of 
the Coulombic term of eq. [4] for a number of 
molecules. The validity of this approach for de- 
scribing En,*, at least as a first approximation, is a 
point to be dealt with after examination of the 
results derived in this manner, in comparison with 
experiment. 

Coulomb Interactions 

1.54 A and r,,, = 1.09 A and/or from optimized 
geometries given by the STO-3G ab initio method (3). 
The results do not differ significantly. 

Atomic net charges are of STO-3G quality, 
involving full optimization of all variational param- 
eters (3b), and correspond to a population analysis 
which does not imply halving of all overlap popula- 
tion terms, as is the case in the familiar Mulliken 
scheme (4). They are recalculated from the latter 
using eqs. [5] and [6], 

where N = number of H atoms attached to C and 
p = 30.12 x electron is the departure from the 
usual halving of the C H  overlap population, for one 
C-H bond. (The reasons leading to  this type of 
analysis are given in detail elsewhere (5, 6).) The 
same carbon atomic charges are also obtained from 
C-13 nmr shifts (6) (eq. [7]), in ppm from TMS 

where the 9,'s are expressed in electron units and 
69.40 x e is the net charge of the carbon 
atoms in ethane. Of course, one can d o  without 
eq. [7] and use only optimized STO-3G results. 
There is, however, no real point in not taking advan- 
tage of this relationship, just for the sake of 'theore- 
tical purity', since the charges obtained from the two 
methods agree within -0.15% for the class of com- 
pounds investigated here. 

The total Coulomb interactions between non- 
bonded centers calculated under these premises are 
presented in Table 1. 

Attractive (i.e., stabilizing) interactions are nega- 
tive. Butane appears to be 0.14 kcal/inol more stable 
than isobutane in Coulombic energy. Now, the 
corresponding experimental atomization energies (7) 
AE,:': are 1298.15 and 1299.70 kcal/mol respectively, 
which makes isobutane 1.55 kcal/mol more stable 
than its normal isomer. Similarly, the experimental 
AE,:"s of neopentane and normal pentane are (7) in 
that order, 1595.94 and 1592.20 kcal/mol, thus 
indicating that the branched isomer is 3.74 kcal/mol 
more stable. In non-bonded Coulombic energy, 
however. the reverse order is found. bv 0.44 kcallmol. , d 

Interatomic distances were derived from standard Clearly, ' Coulombic interaction energies between 
geometries, with all angles set at 109.47", r,, = non-bonded atoms cannot be invoked to explain the . . 

'Energy differences (A)  are defined as 'sum of atomic values major differences between isomers. 
less the molecular value'. For non-bonded interaction energies, Of Course, it is surprising that branching in- 
it fol]ows that AE,,~* = -E , ,~* ,  hence the negative sign in creases repulsive contributions, but the effect does 
eq. PI. not appear to be large. Let us examine the situation 
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TABLE 1. Non-bonded Coulomb interaction energies 

Molecule 

1 CH, 
2 C2H6 
3 C3Hs 
4 C4HI0 
5 2-MeC3H7 
6 C ~ H I Z  
7 2-MeC4H9 
8 2,2-Me2C3H6 
9 2,2-Me2C4Hs 

10 2,3-Me2C4HB 
11 2,2,3-Me3C4H7 
12 2,2,3,3-Me4C4H6 
13 Cyclohexane 
14 Bicyclo [2.2.2]octane 
15 Bicyclo[3.3.l]nonane 
16 trarls-Decalin 
17 cis-Decalin 
18 Adamantane 
19 Iceane 

oCalculated for the statistical average (8) of one urrri (-  1.55) 
and t w o  ~urrclre ( - 1.52) forms. 

which would result from a neglect of non-bonded 
Coulomb energy differences between isomers. 

In this approximation, we can ask whether 
Coulomb interactions behave, a t  least t o  some 
extent, as if they were additive. This is simply done 
with the aid of eq. [2] which expresses exact additi- 
vity. This equation, applied to  the energies given in 
Table 1, yields the result presented in Fig. 1. 

This result is self-explanatory. Coulomb interac- 
tions behave in general in a 'quasi-additive' manner 
if we agree upon accepting an uncertainty of -0.2 
kcal/mol due to the neglect of differences between 
isomers. Branching causes a systematic trend toward 
higher energies (repulsive destabilization) but situa- 
tions of extreme steric crowding are required, such 
as those encountered in 2,2,3,3-tetramethylbutane 
and, to a lesser extent, in 2,2,3-trimethylbutane, in 
order to produce sizeable departures from 'quasi- 
additivity'. This result strongly suggests that non- 
bonded Coulomb interactions cannot be primely 
responsible for the bulk of the energy differences 
between isomers. Let us now examine the energy 
associated with the bonded atoms. 

Analysis of the Atomization Energy AE,* 

The partitioning of AE," into energy terms E,, 
referring to the individual bonds [ j ,  i.e., 

18 1 AE * = C E . .  ,J 

has been studied recently (7) without explicit con- 
sideration of non-bonded interactions, thus including 

FIG. 1. Additivity test for Coulomb energies by means of 
eq. [2]. The radii of the circles represent an  uncertainty of 
0.125 kcal/mol. 

them as 'quasi-additive' contributions in the E~~ 

terms. Postulating that the individual bond-energy 
terms are some function 

of the total electron populations Qi and Qj  of the 
bond-forming atoms, the following expression was 
derived for saturated hydrocarbons (7). 

Comparing eq. [ lo]  with eq. [2] one recognizes the 
first two terms of eq. [ lo]  as an additive part, in 
which AEa*(2) and AEa*(l) are the AEa*'s of ethane 
and methane, i.e., a description of the result cor- 
responding to invariant C C  and C H  bond contribu- 
tions. The last two terms of eq. [ lo] measure the 
departure from simple additivity attributed to  the 
fact that the charges of the bond-forming atoms are 
not exactly the same in the various environments 
because of some charge transfer from neighboring 
bonds. Here, this charge dependence is expressed 
conveniently in terms of  C-13 nmr shifts, 8, relative 
to  ethane (&(I) = methane-C shift), using eq. [7]. 
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TABLE 2. Experimental and calculated enthalpies of formation, and data required for their calculation (kcal/mol, 
viz. ppm from ethane)" 

Molecule zNcc6 6 AE,*bond ZPE + HT - Ho Eqs.[1,3,4,13] Exp. Eqs.[1,10] 

CH4 
CzHs 
C3H8 
C4Hl0 
2-MeC3H7 
C5H12 
2-MeCaH, 
2,2-Me2C3Hs 
2,2-Me2C4Hs 
2,3-Me2C4Hs 
2,2,3-Me3C4H7 
2,2,3,3-Me,C4Hs 
Cyclohexane 
Bicyclo[2.2.2]octane 
trans-Decalin 
Adamantane 

.The "C nmr  shifts are extracted from literature: CI-Co (lo) ,  2,2,3-Me&, ( I  I ) ,  cyclohexane (12). bicyclo[2.2.2]octane ( I ] ) ,  Irarts- 
decalin (14), adamantane (15). Zero-point energies were derived (7) from experimental and calculated frequencies (16), except those of 
methane ( I ) ,  2-methylbutane(17). 2,3-dimethylbutane (17), and bicyclo[2.2.2]octane (18). Heat-content (H, - H,) values are from ref. 19, 
except for rra~is-decalin, adamantane (7), and bicyclo[2.2.2]octane (18). Enthalpies of formation are from ref. 19, except for ethane, pro- 
pane, butane, isobutane (20), neopentane ( Z I ) ,  cyclohexane, rrans-decalin ( 2 3 ,  bicyclo[2.2.2]octane, and adamantane (18). 

The parameters h ,  and h2, constructed from the 
derivatives a~,, /aQ, of Taylor expansions of eq. [9] 
for the C C  and C H  bonds, are empirically adjusted. 
Ncc is the number of CC bonds formed by the C 
atom whose shift is 6. 

Dividing now the total AEa* energy of the mole- 
cule into intra-bond and non-bonded contribution 
(eq. [3]), the inclusion of the effects of the environ- 
ment on any specific bond term &,Pnd is evaluated in 
terms of charges allocated to the bond-forming 
atoms, i.e., 

[ I l l  &,POnd = &,Pond(Qi, Qj) 

The sum 

[I21 A E ~  *bond = xEiPond 

is obtained by following the same sequence of cal- 
culations (7) which led to eq. [lo] from eqs. [8] and 
[9], with the result 

[I,] = (1 - rn)AE a :frond (2) + (a - 2 

+ 2m) [A E, *b0nd(2) - A E, *bOnd(l)] 

+ AlCNcc6 + h,[(n - 2 + 2m)6(1) + C 6 ]  

To  the extent that non-bonded interactions be- 
have, at least approximately, in an additive manner, 
i.e., 

[14] En,* - (1 - m)Enb*(2) + (n - 2 + 2m) 

x [Enb*(2) - Enb*(l)] 

it is clear that the total atomization energies obtained 

from eqs. [3], [13], and [14] equal those given by 
eq. [lo]. The quality of this approximation is best 
discussed by comparing with experimental results. 

Experimental Verifications 
The AE,:"'"~ energies (eq. [13]) were calculated 

with h, = 0.0380 and h, = 0.0526, as determined by 
least-squares analysis. Then, assuming that eq. [4] 
is approximately valid, we have deduced the cor- 
responding AEaq energies by means of eq. [3] and 
the results given in Table 1. Finally, using experi- 
mental ZPE + HT - Ho energies, as well as (9) 
AH;(C) = 170.89 and AH,'(H) = 52.09 kcal/mol 
a t  T = 298.16 K, we have calculated the enthalpies 
of formation (eq. [I]) indicated in Table 2. On the 
other hand, similar calculations were performed 
using instead AEa* values derived directly from 
eq. [lo], implying exact additivity of non-bonded 
interactions. Not surprisingly, in this model the 
parameters (1, = 0.03244 and h2 = 0.05728) differ 
slightly from the previous ones. 

The results obtained from eq. [ lo] are in general 
good agreement with their experimental counter- 
parts, virtually within experimental uncertainty. 
While this is not a new aspect of this type of analysis 
(7), the point made here is that such an agreement 
points to a quasi-additive behavior of non-bonded 
interaction energies. The obvious exception, 2,2,3,3- 
tetramethylbutane, is discussed further below. 

I t  is difficult to evaluate how well Coulomb 
energies represent total interactions between non- 
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bonded pairs. Present resilts indicate that, indi- 
vidually, both E,,,:hnd +Cqkq,/rk, energies behave, 
within narrow limits, essentially in an  additive 
manner. Consequently, to the extent that eq. [4] can 
be regarded as a reasonable first approximation, we 
find here a justification for the observed approximate 
validity of eq. [lo]. 

I t  also appears that AH,' calculations involving 
explicitly non-bonded contributions described by 
eq. [4] are no better, in a statistical sense, than those 
using simply eq. [lo]. Indeed, the average deviations 
from the experimental values are in both cases 0.18 
kcallm01,~ excluding 2,2,3,3-tetramethylbutane. This 
means that, within experimental precision, eq. [ lo]  
largely recovers the error introduced in assuming 
exact additivity of non-bonded contributions as long 
as the latter behave in a quasi-additive manner. AS 
an important corollary, the prime factors governing 
molecular stabilities, as well as the explanatio~l of the 
structural effects which are at their origin, are found 
in the behavior of the charge dependent bonded 
contributions. For example, neopentane appears to 
be more stable than n-pentane  in-^^;"'"^ energy by 
4.39 kcal/mol (Table 2), but also 0.44 kcal/mol less 
stable in Coulomb energy (Table l), for a net dif- 
ference in atomization energy AE,:%f 3.95 kcal/mol 
(experimental, from eq. [I], 3.74 kcal/mol). The 
dominant role of the energy terms associated with 
the chemical bonds can be expressed as a rule of 
thumb 'in comparisons between isomers, the more 
stable compound is that whose carbon skeleton best 
approaches electroneutrality, which is reflected in 
eq. [ lo] by larger (downfield) 6 values'. Again, it 
should be stressed that these considerations apply to 
molecules in their hypothetical vibrationless state. 
The enthalpy values given in Table 2 indicate, 
however, that the same general trends are followed 
by molecules in their real states at  T = 298.16 K. 

'We have also examined the possibility of describing En,* 
by the Coulomb energies of Table 1 multiplied by k2, on the 
grounds that the net charges are perhaps in error by a factor k. 
This is a definite possibility. Indeed, the C and H charges 
derived from optimized STO-3G, Hoylands' bond-order (23), 
7 . ~ 3 ~ 1 3 . ~  (24), and 6-31G nb itiitio calculations are in all cases in 
a ratio (k) of l : 1.3: 0.86: 0.84, after readjustment through 
eqs. [5] and [6], evidently without any change in their relative 
ordering (5). Here, the search for the best k yields k = 0.7- 
0.95 (depending upon whether or not one or another compound 
is left out of thecorrelation), with an insignificant improvement 
in the calculations of the AHrO's, the average deviation being 
now 0.15 kcal/mol. Hence, within the precision of this type of 
analysis, there is no point in trying to improve the description 
of the En,* interactions simply by taking some multiple of the 
Coulomb energies given in Table 1. There is an indication, 
however, that Coulomb terms are even closer to 'quasi- 
additivity' than is shown in Fig. 1. Indeed, because of this 
'shrinking' of the Coulomb term, the differences (e.g., those 
between isomers) must now also be multiplied by k2, which is 
less than 1. 

These results should not be used to minimize the 
importance of non-bonded interactions, which is 
particularly well revealed by the properties of 
2,2,3,3-tetramethylbutane. For this alkane, the error 
in AH,' accompanying its calculation using eq. [ lo]  
is exceptionally large, and there seems to be little 
doubt concerning the experimental value (25). 
Moreover, the difficulties associated with the evalua- 
tion of its ZPE energy3 can hardly be invoked to 
justify such a large discrepancy. The published 13C 
nmr spectrum (1 1) has also been duplicated. Turning 
now to  the detailed calculation of AH,' by means of 
eqs. [3], [4], and [13], the Coulomb term is seen to 
significantly reduce the error. While the residual 
discrepancy remains important, possibly pointing to 
an  imperfection when assimilating Coulomb with 
total non-bonded interactions, it would also be 
difficult t o  draw definite conclusions in that matter. 
I t  is important, however, to recognize that in cases 
involving extreme steric crowding any significant 
deviation from 'quasi-additivity' is a warning 
against the straightforward use of eq. [lo]. 

Conclusions 
In saturated hydrocarbons, total Coulomb inter- 

action energies between non-bonded atoms behave in 
general in a 'quasi-additive' fashion as they are little 
affected by structural features, even major ones, 
except for situations of extreme steric crowding. As a 
consequence, they cannot be primarily responsible 
for the bulk of the energy differences between isomers 
or conformers. 

The atomization energies of molecules in their 
hypothetical vibrationless state are, on the contrary, 
not simply additive, the departures being attributed 
to  the charges of the bond-forming atoms which are 
not exactly the same in the various environments 
because of some transfer from (or to) neighboring 
bonds. The prime factors governing molecular 
stabilities are found in the behavior of the charge 
dependent bonded contributions. The corresponding 
eq. [ lo]  can be used with confidence in a wide 
variety of cases, unless non-bonded Coulomb terms 
depart markedly from 'quasi-additivity'. 

,Because of the significantly larger than usual deviations 
(1.83%) between calculated and observed frequencies (16) and 
the fact that only 17 of the 48 fundamentals were observed, our 
present estimate of the ZPE enegy of 2,2,3,3-Me,C4 (147.60 
kcal/mol) is based on the regular progression of the increments 
in ZPE in going from 2-MeC, to 2,2-Me2C3 (16.66), from 
2-MeC4 to  2,2-Me2C4 (16.76), and from 2,3-Me,C4 to 
2,2,3-Me3C4 (16.88) and on the value (130.61 kcal/mol) for 
2,2,3-Me3C4. Though open to criticism, this estimate is more 
consistent in comparisons with other molecules than the sum 
hCv,/:! = 146.97 kcal/mol derived from calculated frequencies 
(16), which represents an increment of only 16.36 kcal/mol with 
respect to 2,2,3-Me3C4, rather than the 16.99 increment sug- 
gested by the progression. 
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Of course. under usual working conditions one 24. J .  M. A N D R ~ .  P. DEGAND. and G .  LEROY. Bull. Sot. Chim. ., 
also has to take into account the zero-point and 
thermal energies for evaluating the various aspects 
of molecular energies at, say, 298.16 K in a realistic 
manner. This now seems to be the real problem 
arising in the discussion of molecular energies. 
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Appendix 

The atomic charges of methane, ethane, propane, 
butane, isobutane, and neopentane were extracted 
from the literature (3b, 5), as well as those of cyclo- 
hexane (26) and adamantane (27), and correspond to  
the population analysis described by eqs. [5] and [6]. 
For the other molecules, carbon atoinic charges were 
derived from 13C nmr shifts, using eq. [7]. 

The appropriateness of the population analysis 
employed here has been verified in the following 
manner. Equation [lo] was written in its original 
form (7) in terms of atomic charges instead of 13C 
nmr shifts, whereby the charge dependent part takes 
the form hl1CNcCAqc + h,'CAqC. The AqC1s are the 
differences in C charges with respect to the ethane-C 
atom, i.e., Aq, = q, - q,(ethane). The qC's were 
then expressed as in eq. [5] using Mulliken popula- 
tions as input and leaving p as the unknown to be 
determined. The AE,*:'s constructed in this fashion 
were compared with their experimental counterparts 
calculated from eq. [ l ]  and p was determined by 
least-squares analysis. This procedure alnouiits to an 
experimental partitioning of Mulliken overlap popu- 
lations. The result, p = (30.3 _f 0.3) x lo-,  elec- 
tron equals, within experimental uncertainty, that 
found by similar procedures for I3C resonance shifts 
(6, 26, 27) and adiabatic ionization potentials (28), 
i.e., p = 30.12 x lo-, electron. Consequently, the 
charges derived from eqs. [5] and [6] are appropriate 
for the problem at  hand and are adequately repre- 
sented by 13C resonance shifts, through eq. [7], as 
was done in eqs. [ lo] and [13]. 

When fully optimized STO-3G calculations were 
not feasible, we have deduced the H net charges from 
the C charges derived from chemical shifts by carry- 
ing out a renormalization reflecting the detailed 
trends revealed by standard STO-3G results. In the 
case of 2-methylbutane, 2,2-dimethylbutane, and 
2,2,3-trimethylbutane, additional verifications were 
made by means of the "inductive" approach (5) 
which has been shown to be in excellent agreement 
with fully optimized STO-3G results. In R-CH, 
compounds the net charge of the CH, group is given 
by the equation q(CH,) = aoR* in which o," is the 
Taft polar constant (29) of R and for R-R' struc- 
tures we have calculated q(R1) = a(oR:': - o,.:'), 
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TABLE 3. Atomic charges, electron units4 

Atomic charge 

Molecule c 1 CZ c3 c4 H(C,)  H(C2) H(C3) H(C4) 

Iceane 

-38 .21  (e) 
(a) 

-40 .95  (e) 
(a) 

- 4 3 . 3 7  (e) 
(a) 
(el 
(a) 

.The conventional atom numbering is used, except for the decalins and bicyclo[3.3.lJnonane, where C-4 corresponds to the position 9. For cis-decali 
one also finds the following H charges (in the usual atom numbering): -32.32 (e), -33.21 (a) at C-3 and -37.22 (e). -31.96 (a) at C-4. 

where the constant a takes the value 52.43 x lop3  e 
appropriate for reproducing the fully optimized 
STO-3G results. Taking 2-methylbutane as an 
example, which can be considered as isoC3H7- 
C2H5, isoC4H9-CH,, and s-C4H9-CH,, we find 
(in electron units) q(C2H5) = -4.72, q(CH3) 
= - 6.76 (C-4 atom), and q(CH3) = - 11 .O1 (C-I). 
The charges of the various molecular fragments 

being determined in this way, those of the H atoms 
are deduced using the carbon charges derived from 
eq. [7]. The hydrogen atomic charges were required 
only for deriving Coulomb energies. It has been 
verified that possible minor uncertainties associated 
with these charges do not affect the calculated 
Coulomb energies to any significant extent. The 
results are given in Table 3. 
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H. F. SHURVELL, A. DUNHAM, S. J. CYVIN, and J. BRUNVOLL. Can. J. Chem. 57, 1779(1979). 
Normal coordinate calculations have been carried out for the N(SiH,), molecule. A model 

with C ~ I ,  symmetry was used, which is based on a planar NSi, skeleton. The presence of 
complex numbers for the characters of degenerate irreducible representations of the point 
group C,, leads to an unusual problem when factoring the G and F matrices. A set of real 
degenerate symmetry coordinates for the E' and E" species can be constructed, but these are 
not true symmetry coordinates under the C,,, point group. However, they can be obtained 
from the genuine (complex) symmetry coordinates by a unitary transformation. For a degen- 
erate species, this procedure leads to a and b blocks of the factored G and F matrices, which 
contain interaction terms. Consequently both blocks must be taken together when forming the 
secular equation, and subsequently the calculated frequencies appear as pairs of identical 
numbers. 

A valence force field that includes all reasonable interactions has been obtained and used 
to predict thewavenumbers of the I5N and d9 isotopic molecules. Details of the normal 
vibrations in the three n~olecules have been obtained from potential energy distributions. The 
results show reasonable agreement with the limited experimental data available for the isotopic 
molecules. 

H. F. SHURVELL, A. DUNHAM, S. J. CYVIN et J. BRUNVOLL. Can. J. Chem. 57. 1779(1979). 
On a effectue des calculs de coordonntes normales pour la molecule de N(SiH,),. On a 

utilise un modele avec une symetrie C,, qui est basee sur un squelette NSi, plan. La prisence 
de nombres complexes pour les caracteres de representations irriductibles degenerees du 
groupe ponctuel C,, conduit a un probleme exceptionnel lorsqu'on veut factoriser les matrices 
G et F. On a construit un ensemble de coordonnees de symetrie degentrtes reelles pour les 
especes E' et E", mais elles ne sont pas des coordonnkes de symetrie vraies pour le groupe 
ponctuel C,,. Toutefois, on peut les obtenir a partir de coordonnees de symetrie veritables 
(complexes) par une transformation unitaire. Dans le cas des especes degCnCrCes, cette f a ~ o n  
d'agir conduit a des chocs a et b des matrices G et F factorisees qui contiennent des termes 
d'interaction. 11 en resulte que I'on doit considerer les deux blocs comme un ensemble lorsque 
I'on forme I'equation seculaire et les frequences calculees apparaissent donc sous forme de 
paires de nombres identiques. 

On a obtenu un champ de force de valence qui comprend toutes les interactions vraisem- 
blables et on I'a utilise pour prkdire les nombres d'onde de molCcules contenant des isotopes 
I5N et d9. On a obtenu les details des vibrations normales de trois molCcules a partir de dis- 
tributions d'energies potentielles. Les resultats presentent un bon accord avec les valeurs 
experimentales restreintes disponibles pour des molCcules marquees. 

[Traduit par le journal] 

Introduction 
On the basis of infrared and Raman spectra of 

trisilylamine N(SiH,),, Ebsworth et al. (1) and 
Robinson (2) concluded that the NSi, skeleton was 
planar in this compound and that the point group of 
the molecule was C,,,. Electron diffraction studies 
(3, 4) support these conclusions. A later paper ( 5 )  
reported infrared spectra of trisilylamine in gas and 
solid states and in an argon matrix. It was concluded 
that the infrared spectra of the matrix isolated 
sample fits C,, selection rules better than C,,,. Miller 

et al. ( 6 )  recently reported careful measurements of 
Raman wavenumbers of the totally symmetric NSi, 
stretching modes of 14N(SiH3), and 15N(SiH3),. In 
the gas phase the isotopic shift was found to be zero 
within experimental error, indicating that the NSi, 
skeleton is planar. 

Previous vibrational calculations (1, 6) were based 
on planar or pyramidal XY, models for N(SiH,), 
and made use of the valence force field equations 
from Herzberg's book (7). Ebsworth et al. (I) 
obtained a value of 4.1 mdyn A-1 for the N-Si 

0008-4042/79/14 1779-06$0 1.00/0 
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stretching force constant and 0.2 mdyn A-'  for the 
stretch-stretch interaction constant of the planar 
C 3 ,  structure. Miller et al. (6) in considering the 
possible 14N-"N isotopic shift of the NSi, sym- 
metric stretching mode in a pyramidal C,, structure 
used the force constants reported by Ebsworth et al. 
(1) together with bending and bend-bend interaction 
constants. Neither group of workers made calcula- 
tions of isotopic shifts of vibrational modes of the 
C,,, model, although wavenumbers for some bands 
in "N and ,H isotopic molecules were reported. 

In this article we report a normal coordinate cal- 
culation on the l4N(SiH3), molecule using a general 
valence force field. It was intended that the refined 
force field could be used to  predict the wavenumbers 
of the 15N(SiH3), and 14N(SiD3), lnolecules for 
comparison with observed wavenumbers. Potential 
energy distributions (P.E.D.) have also been ob- 
tained. The P.E.D. gives the contribution of every 
force constant of the refined force field to  each 
calculated normal frequency and, from this, quali- 
tative descriptions of the fundamentals can be given. 

Structure and Calculations 
The structure of trisilylamine (Fig. 1) was taken 

from the electron diffraction study of ref. 4 where 
the Si-N and Si-H bond lengths were reported as 
1.734 A and 1.485 A respectively. The SiNSi angle 
was reported as 119.7 + 0.1". However, this 
apparent slight deviation from planarity is associated 
with a shrinkage effect (8) on the Si-Si distance. We 
have used 120.0" for the SiNSi angle and the SiH, 
groups were assumed to  be tetrahedral with HSiN 
and HSiH angles of 109.5". The electron diffraction 
results [4] indicate that the HSiN angle is in fact 
slightly less and the HSiH angle slightly greater than 
the exact tetrahedral value. 

The normal vibrations of the N(SiH,), molecule 
can be divided into 6A' + 5A" + 7E' + 4E" modes 
according to the point group C,,,. The A' and E" 
modes are Raman active, the A" modes are infrared 
active, and the E' modes are both infrared and 
Raman active. From the recorded spectra, wave- 
numbers can be assigned to  31 of the 33 funda- 
mentals. Only the N-(SiH,) torsions have not been 
observed. 

The Wilson FG matrix method (9) was used for 
the calculations. An iterative procedure for refining 
an initial set of force constants was en~ployed. A 
modified (10) version of the Fortran program written 
by Schachtschneider (1 1) was used for these calcula- 
tions, which were carried out on a Burroughs 6700 
computer. 

Internal Coordinates and Syr7lmetry Coordinates 
A set of 37 internal coordinates was chosen. These 

FIG. 1. The structure of the N(SiH3)3 molecule showing 
typical internal coordinates. 

comprise three N-Si stretches (Rl-R,), nine Si-H 
stretches (R,-R,,), three Si-N-Si bends (yl-y,), 
nine H-Si-H bends (al-u,), nine N-Si-H bends 
(PI-&,), one NSi, out-of-plane wag (a,), and three 
N-SiH, torsions (tl-r,). This set of internal co- 
ordinates, which contains four redundancies, in- 
volving bending of the angles around the N and Si 
atoms. was used to  calculate the G matrix. The 
corresponding F matrix was set up algebraically using 
the usual Z matrix formulation (10, 11). The valence 
force field contains seven diagonal force constants 
corresponding to  N-Si and Si-H stretching, 
Si-N-Si, H-Si-H, and N-Si-H bending, NSi, 
wagging, and N-SiH, torsion. T o  take account of 
all reasonable interactions. 21 inde~endent  inter- 
action constants were added. Interactions involving 
N-SiH, torsion and NSi, wagging with stretching 
or bending were omitted, but a wag-torsion inter- 
action was included. These force constants with their 
final refined values are listed in Table 1.  

Non-degenerate symmetry coordinates for the A' 
and A" species can be obtained by the usual methods 
(9, 12). However, these methods cannot be applied 
to  the degenerate species E'  and E", because the 
character table of t h e  C,,, point group contains 
complex numbers for the degenerate irreducible 
representations. A similar situation was encountered 
previously for the cyclic (HF), molecule (point group 
C,,,) (13) and for boric acid B(OH), (point group 
C,,,) (14). The solution to the problem has been 
given by Cyvin et al. (13). It was noted that the 
character table for the point group C,,, contains two 
rows for each degenerate species and that these rows 
contain complex numbers. If the corresponding 
characters in the two rows are added. one obtains a 
set of real numbers. Using an  analogous procedure, 
pairs of complex symmetry coordinates can be com- 
bined by addition or subtraction to  give real de- 
generate pairs of symmetry coordinates. Although 
these are not true synlmetry coordinates under the 
C,, point group, they can be used to  factor the 
secular equation in the usual way. As an  example, 
consider the degenerate N-Si, stretching mode (E'). 
The genuine (complex) degenerate symmetry co- 
ordinates are : 
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SHURVELL ET AL. 1781 

Sla = (11 J3)(Rl + &R2 + &*R3) 

E = exp (2ni13) 

Slb = (11 J3)(R1 + &:'R2 + &R3) 

These can be combined to give the pair of real 
degenerate symmetry coordinates: 

Gla(E1) = (11 J6)(2Rl  - R2 - R3) 

Glb(E') = (11 J2)( -R2 + R3) 

In this way, the set of real degenerate symmetry 
coordinates listed in Table 2 was obtained. Table 2 

agonalized matrices with pairs of identical blocks for 
doubly degenerate species. In the present case a 
single block of twice the normal dimensions is 
obtained for each degenerate species. The form of 
these blocks has been discussed in ref. 13. Both F 
and G matrices obtained using the G coordinates of 
Table 2 have the same form. These double sized 
blocks must be used in the solution of the secular 
equation (FG - Ih) = 0. This leads to calculated 
frequencies which appear as pairs of identical 
numbers for each degenerate mode. 

Results and Discussion 
also contains the non-degenerate symmetry co- Initial values for the diagonal force constants were ordinates and the four redundant coordinates 
(2A' + E'). A group theoretical justification for this obtained from previous calculations on the NSi, 

treatment has been given in ref. 13, where it is shown skeleton (1, 6, 15) and SiH, groups (1 6, 17). Refine- 

that real degenerate symmetry coordinates such as ment of the force field was made by the introduction 
of various interaction constants and eventually a n  

those of are connected with the genuine acceptable fit between observed and calculated wave- complex degenerate symmetry coordinates through 
a unitary transformation. numbers was obtained for the N(SiH,), molecule. 

These wavenumbers are listed in the first two columns It be emphasized that because these of Tables 3 and 4. The set of force constants that coordinates are not true symmetry give the calculated values ,is listed in Table 1. Of  do not give the factoring of the and course no claim for uniqueness is made for this force F matrices. These normally appear as block di- 
field and the large number of significant figures 

TABLE 1 .  Valence force constants for trisilylamine associated with some force constants are shown only 
because they produce the wavenumbers given in 

Number Description* Final refined value? ~ ~ b l ~ ~  3 and 4. 

1 N-Si stretch 3.04 G matrices were calculated for the N(SiD,), and 
2 Si-H stretch 2.67 lSN(SiH3), isotopic molecules. After factorization 
3 Si-N-Si bend 0.57731 using the symmetry coordinates of Table 2, wave- 
4 H-Si-H bend 
5 N-Si-H bend 

0.42375 numbers were calculated for these molecules using 
0.69 

6 N-Si2 wag 0.32 the force field of Table I .  Calculated values for 
7 N-(SiH,) torsion 0.023 N(SiD,), are listed in Tables 3 and 4 and values for 
8 N-Si stretch/N-Si stretch 0.71 lSN(SiH3), are given in column 3 of Table 4 for the 
9 N-Si stretch/Si-H stretch 0 . 0  A" and E' modes. These are the only vibrations of 

10 N-Si stretch/Si-N-Si bend" 0 . 0  C,,, structure which involve motion of the nitrogen 
I I N-Si stretch/Si-N-Si bendb -0.298 atom. For several of these fundamentals, significant 
12 N-Si stretch/H-Si-H bend 0.1741 
13 N-Si stretch/N-Si-H bend 0.2947 wavenumber shifts are predicted for the l 5 N  isotopic 
14 Si-H stretch/Si-H stretch 0.04 molecule. The largest shifts are for the two E' 
15 Si-H stretch/Si-N-Si bend 0 . 0  fundamentals v,, and v,,, both of which involve 
16 Si-H stretch/H-Si-H bend" 0 . 0  N-Si-H bending and N-Si stretching. These 
17 Si-H stretch/H-Si-H bendb 0.05444 modes also involve H-Si-H bending and undergo 
18 Si-H stretch/N-Si-H bendh -0.02386 
19 Si-H stretch/N-Si-H benda 0 . 0  large shifts in the deuterated molecule. 
20 Si-N-Si bend/Si-N-Si bend - 0.08489 
2 1 Si-N-Si bend/H-Si-H bend 0 . 0  Assignments 
22 Si-N-Si bend/N-Si-H benda 0 . 0  
23 Si-N-Si bend/N-Si-H bendb 0.07281 

Several previous workers (1, 2, 5, 6) have made 
24 H-Si-H bend/H-Si-H bend 0.031 assignments of the observed infrared and Raman 
25 H-Si-H bend/N-Si-H bend" 0 . 0  bands to the fundamentals of trisilylamine. These 
26 H-Si-H bend/N-Si-H bendb 0.006 assignments will be discussed in the light of the 
27 N-Si-H bend/N-Si-H bend 0.04 present calculations. Two different numbering 
28 Wag/torsion interaction 0.001 sequences have been employed previously for the E' 

*a and b refer to interactions between stretches and bends having no and A" modes. ~f the latter are numbered v,-vl , ,  common bond and a common bond respectively. 
t u n i t s  for force constants are: stretches and stretch/stretch interactions, then the E' modes will be vl2-v1,. This was the 

mdyn 4-'; bends and bend/bend interactions, mdyn A; stretch-bend 
interact~ons, mdyn. scheme used in refs. 1, 5, 6 and it has been adopted 
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TABLE 2. Symmetry coordinates for an X(YZ3) ,  molecule of symmetry C3h 

Species Symmetry coordinate Description 

A' S I  = (11  J 3 ) ( R ,  + RZ + R3) XY stretch 
Sr = (11  J3)(R4 + R7 + R10) Y Z  stretch 
S3 = ( l / J 6 ) ( R s  + RG + RE + Rq + Rll  + RlZ) Y Z  stretch 
S4 = ( I /  J6)(a1 + E Z  + a4 + + a7 + a[o Z Y Z  bend 
s5 = (1 /J3 ) (a3  + a6 + a q )  Z Y Z  bend 
SG = ( I /  J~ ) (DI  + I34 + I371 XYZ bend 
s7 = (1 /J3 ) (y l  + Y Z  + y3) Redundancy 
s~ = ( ~ / J ~ ) ( B z  + I33 + I35 + PG + B E  + B,) Redundancy 

Ed ' G,, = ( 1 1  J6)(2R1 - R Z  - R 3 )  XY stretch 
2 2 .  = (11  J6)(2R4 - R ,  - R I o )  Y Z  stretch 
6 3 0  = ( l /J12)(2R5 + ~ R G  - RE - Rq - R l l  - R12)  Y Z  stretch 
Gho = ( 1 1  J12)(2a1 + 2az - a4 - a ,  - a7 - a s )  Z Y Z  bend 
c5, = (1 /J6 ) (2a3  - aG - aq)  Z Y Z  bend 
Go = (11  J6)(2D1 - 04 - B 7 )  X Y Z  bend 
G70 = ( ] / J ~ ) ( ~ Y I  - Y Z  - ~ 3 )  Y X Y  bend 
'%so = ( l /J12)(2Bz + 283 - a 5  - P G  - B E  - a,) Redundancy 

Eb' E I ~  = ( I / J 2 ) ( - R z  + R3) XY stretch 
G z b  = (11  J2)(-R7 + Rlo) Y Z  stretch 
G3b = ( 1 / 2 ) ( - R ~  - R9 + R I I  + R I Z )  Y Z  stretch 
g4b = ( 1 / 2 ) ( - ~ 4  - + CL7 + a E )  Z Y Z  bend 
g 5 b  = ( l / J 2 ) ( - a ~  + a91 Z Y Z  bend 
6 6 b  = ( 1 1  w'2)(- !34 + B 7 )  X Y Z  bend 
G76 = (11 J ~ ) ( - Y z  + y3) Y X Y  bend 
Gab = (1/2)(- I35 - BG + B E  + p g )  Redundancy 

A" S I  = ( I /  J6)(R5 - R.5 + RE - R9 + R I I  - R I Z )  Y Z  stretch 
S z  = ( 1 1  J6)(al - a ,  + a ,  - a5 + a7 - a s )  Z Y Z  bend 

s3 = ( ~ / J ~ ) ( B Z  - I33 + !35 - BG + B E  - I39) X Y Z  bend 
S4 = o1 X Y 2  wag 
SS = (11  J ~ ) ( T ~  + r z  + r3 )  X-(YZ,) torsion 

Eat' P el. = ( 1 1  J12)(2R5 - 2R6 - RE + Rq - R , ,  + R l z )  Y Z  stretch - 
0 2 0  = (1/J12)(2al  - 2a2 - + as - a7 + a s )  Z Y Z  bend 
a30 = (1/J12)(2Dz - 283 - B 5  + B 6  - B E  + !&) X Y Z  bend 

= (1/J6)(2rl  - r 2  - r3 )  X-(YZ,) torsion 

Eb" Z I ~  = ( 1 / 2 ) ( - R ~  + RI, + R11 - Rlz)  Y Z  stretch 
G z ~  = (1/2)(-a4 + a5 + a7 - a E )  Z Y Z  bend 
G3b = (1/2)(- B S  + I36 88 - X Y Z  bend 
6 6  = ( 1 1  J ~ ) ( T z  - ~ 3 )  X-(YZ,) torsion 

here. Robinson (2) used the alternative notation 
with the E'  modes numbered v,-v13 and the A" 
modes v14-v, ,. The A' modes (v,-v,) and E" modes 
( v ~ ~ - v ~ ~ )  are the same in both systems of numbering. 

SiH Stretching Mocles 
For the normal molecule the calculations indicate 

two groups of SiH stretching frequencies with v,(A') 
and v12(E1) near 2160 cm-' and v2(A1), v13(E1), 
v,(A"), and v1,(EM) about 8 cm-' lower. No  
separation is observed in gas or liquid phase spectra. 
However, Miller et al. (6) reported eight frequencies 
between 2180 and 2138 cm-' in the Raman spectrum 

the E'  and E f t  degeneracies were removed by a low 
site symmetry. Five features were also reported in 
the infrared spectrum of the solid between 2185 and 
2146 cm-' (6). Again this is the expected number if 
the E'  degeneracies are lifted by the site symmetry. 
The predicted Si-D stretching frequencies in the cl, 
isotopic molecule are very close to  the values 
reported by Robinson (2) and Ebsworth et al. (I) .  

N-Si Stretching Modes 
These two vibrations v6(A1) and v14(Er) are 

characterized by small deuterium isotope shifts and 
in the case of v,, an 15N isotope shift. The observed 

of the solid. This is the number of components that wavenumber for the A' mode in N(SiD3), is very 
would be expected, for the Raman active modes, if close to the calculated value (Table 3). However, the 
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TABLE 3. Observed and calculated wavenumbers (cm-I) for the A' and E" modes of N(SiH3), and 
predicted values for N(SiD3), 

N(SiH3I3 N(SiD3)3 

Obsd Obsd 
(ref. 6) Calcd Calcd (refs. 1, 2) Assignment" 

A' modes 
V I  2170 2163 
vz 2138 2155 
v3 101 1 990 
VJ 919 924 
vs 697 683 
v6 493 490 

E" modes 
V 1 9  2152 2155 
V z o  92 1 924 
V Z I  697 683 
v22 - 30 

OBased on the potential energy distribution. 

SiH stretch 
SiH stretch 
N-Si-H bend + H-Si-H bend 
H-Si-H bend 
N-Si-H bend 
N-Si stretch 

SiH stretch 
H-Si-H bend 
N-Si-H bend 
N-(SiH,) torsion 

TABLE 4. Observed and calculated wavenumbers (cm-') for the A" and E' modes of 14N(SiH3), and predicted values for 
15N(SiH3)3 and 14N(SiD3)3 

I4N(SiH3), lSN(SiH3), 14N(SiD3), 

Obsd Obsd 
(ref. 6) Calcd Calcd Av Calcd (refs. 1, 2) Assignmenta 

A" modes 
v7 
V8 

v9 
V l 0  

V I  1 

E' modes 
v12 
v13 
v14 
v15 
v16 
v17 
v18 

Si-H stretch 
H-Si-H bend + N-Si-H bend 
N-Si-H bend + H-Si-H bend 
NSi, wag (NSi, deformation) 
N-(SiH,) torsion 

Si-H stretch 
Si-H stretch 
N-Si stretch + N-Si-H bend 
N-Si-H bend + H-Si-H bend 
H-Si-H bend 
N-Si-H bend + N-Si stretch 
Si-N-Si bend + N-Si stretch 

OBased o n  the potential energy distribution. 

agreement is not so good for the E' mode (Table 4). 
In the latter case it is noted that the potential energy 
distribution indicates a much greater contribution 
from the N-Si stretching force constant in the heavy 
isotopic molecule than in the light molecule. 

Other Modes 
The modes usually described as SiH, deformation 

and SiH, rocking are found between 1000 and 650 
cm-'. The P.E.D. shows that these modes all involve 
N-Si-H and H-Si-H bending and in the case 
of the E' vibrations, there is a considerable con- 
tribution from the N-Si stretching force constant. 

The out-of-plane NSi, wagging mode vl0(AH) can 
also be described as an NSi, deformation. A small 
15N isotopic shift (3.5 em-') is predicted for this 

mode. The two torsional modes v, ,(A") and v2,(EU) 
have not been observed experimentally, although 
complete Raman spectra and infrared spectra as low 
as 35 cm-' have been recorded (6). The SiH, groups 
are expected to rotate almost freely if the NSi, 
skeleton is planar and the calculated wavenumbers 
for the torsions in Tables 3 and 4 are not un- 
reasonable. 

Comments on Previous Assignments 
A Raman line at 1011 cm-' was assigned to 

v3(A1) by Ebsworth et al. (I), while Robinson (2) 
assigned an infrared band at 944 cm-' to this mode, 
as well as to v,(A1'), v, ,(El), and v,,(EU). The present 
calculation supports the former assignment and in 
any case v, is not infrared active. Robinson (2) also 
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assigned an infrared band at 748 cm-' to v,(Ar), 
v9(Af'), v17(E1), and v2,(Eu). Again the A' assign- 
ment is unlikely to be correct on symmetry grounds, 
but the A" assignment is supported by the calcula- 
tion. The assignment of Ebsworth et al. of a Raman 
line at 697 cm-' to v, is in agreement with the 
calculation. However, these authors, like Robinson, 
also assigned this band to  v,, and v,,. The more 
recent work of Miller et al. (6) has provided a 
separate wavenumber (661 cm-') for v,,. The cal- 
culation supports this, but confirms the accidental 
degeneracy between v, and v, ,.  

It is suggested, on the basis of our calculations, 
that v,(A1) and v,,(E") be assigned to the very strong 
doublet 919/921 cm-' reported in ref. 6 from the 
Raman spectrum of solid trisilylamine. The cal- 
culated wavenumber is 924 cm-' for both modes 
again confirming the expected accidental degeneracy. 

Conclusions 
A reasonable valence force field has been obtained 

for trisilylamine and this has been used to predict 
wavenumbers for the normal modes of the fully 
deuterated and the I5N isotopic molecules. The 
results are in reasonable agreement with the limited 
experimental data available. It is unfortunate that 
more complete spectra of 15N(SiH3), and N(SiD,), 
are not available for comparison with the present 
predictions. 

Potential energy distributions indicate that the 
qualitative assignments made by previous workers 
(1, 2, 5) are essentially correct.- A few changes 
suggested by the present calculations have been noted 
in the discussion. 

While the present calculation does little to support 
the planar structure of the NSi, skeleton, it does 

provide predicted sets of vibrational wavenumbers 
for isotopic species with structures based on the C,,, 
model. The calculation has also provided a further 
example of a method for dealing with complex 
symmetry coordinates. 
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Reactions of triethylenetetramine with protons and bivalent zinc, cadmium, and lead in 
aqueous solution and aqueous dioxane (50% vlv) 

W. A. E. MCBRYDE A N D  H. K. J .  POWELL' 
Gr re lp / i -Wn te t~ /ooCe~~ t r~~ ) t~  G~.rrdrtote Work.  C/trire~:siiy oJ'Wcrte~.loo, Wnte r /oo ,  Ot i t . ,  Cot7trtk1 N2L 3131 
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W. A. E. MCBRYDE and H. K. J. POWELL. Can. J. Chem. 57. I785 (1979) 
The reactions of triethylenetetramine with protons and with bivalent Zn, Cd, and Pb have 

been studied in aqueous solution and in 50% (v/v) aqueous 1,4-dioxane, 25"C, I = 0.10 M 
KNO,. log K (potentiometric) and AH (calorimetric) data are interpreted in terms of electro- 
static effects and solvation effects operative in the two solvents. 

Protonation constants are higher by 0.2-0.6 log units in aqueous solution. Stepwise enthal- 
pies of protonation -AH,  (11 = 2,3,4) are significantly higher, and the corresponding entropies 
lower, in aqueous solution. The complexes [MLI2+ are of similar stability in the two solvents 
but - A H  is ca. 10-20% lower in aqueous dioxane. 

W. A. E. MCBRYDE et H. K. J. POWELL. Can. J. Chem. 57. 1785 (1979). 
On a ttudii les reactions de la triethylenetetran~ine avec des protons et des ions Zn, Cd et 

Pb bivalents en solutions aqueuses et en solutions dioxanne-eau (50% vv/), a 25°C et I = 0.10 
M KNOB. On a interprete les donnkes de log K (potentiometrique) et de AH (calorimetrique) 
en termes des effets electrostatique et de solvatation presents dans les deux solvants. 

Les constantes de protonation sont de 0.2 a 0.6 unites logarithmiques plus ClevCes en solution 
aqueuse. En solution aqueuse, les enthalpies progressives de protonation, -AH,, (n = 2,3,4) 
sont beaucoup plus elevees et les entropies correspondantes sont plus faibles. Les stabilitks des 
complexes [MLIZ+ dans les deux solvants sont semblables mais le - A H  est environ 10 ?i 20% 
plus faible dans le dioxanne-eau. 

[Traduit par le journal] 

Introduction the less structured solvent DMSO made important 

The stabilities of metal complexes are determined 
by an interplay of many factors including metal ion 
size and electronic configuration, ligand basicity and 
ring size, and donor atom orbital energies. The 
distinctive patterns of affinity which class A and 
class B metal ions have for different types of donor 
atoms relate to the factors which enhance either ionic 
or covalent (o and n) bond formation, and to the 
contribution which metal ion and ligand solvation ., 
make to the enthalpy and entropy changes. 

Some understanding of the role of solvation can 
be achieved by comparing series of reactions in water 
and in a non-aqueous solvent. Ahrland et al. (1, 2) 
have studied the reactions of bivalent Zn and Cd 
with C1-, Br-, and I- in dimethylsulfoxide and in 
water. The class A character of the metal ion is 
enhanced in the solvent of lower dielectric constant, 
i.e. there is an enhanced relative affinity for the 
smallest anion. The effect of solvent dielectric on 
electrostatic interactions was not emphasized, but 
from AH and AS values it was deduced that (i) the 
stronger solvation of small (hydrogen bonding) 
anions such as Cl- in water, and (ii) the larger gain 
in entropy associated with desolvating a metal ion in 

'On leave from University of Canterbury, Christchurch, 
New Zealand. 

contributions to the change in stability. 
This work describes a thermodynamic study of the 

reactions of triethylenetetramine with protons and 
with bivalent Zn, Cd, and Pb in water and in 50% 
(vlv) aqueous dioxane. The choice of a non-ionic 
ligand minimizes the effect of electrostatic contri- 
butions to AH and AS for metal complex formation, 
avoids the complication of ion-pairing in a solvent 
of low dielectric constant, and focuses attention on 
solvation effects. Aqueous dioxane is less structured 
than water, the density being greater than that for 
an ideal mixture at all compositions (3, 4). The 
basicities of amines are lower in aqueous dioxane 
than in water and for ethylenediamine basicity is at a 
minimum at compositions close to 50% (v/v) (5, 6). 
Free energies and enthalpies of transfer from water 
into aqueous dioxane establish that cations (and the 
proton) are more strongly solvated in the mixed 
solvent. Parker and co-workers (6,7) noted the effect 
which the structure of solvent water has in reducing 
hydration energies. Bennetto and Feakins (8) have 
emphasized the enhanced basicity of aqueous 
dioxane over water; this results from the transfer of 
negative charge from the dioxane oxygen to water 
oxygen via a hydrogen bond. 

Aqueous dioxane (50% (vlv)) has a dielectric con- 
stant of 35.7 at 25°C (6) and is 17.3 molz  dioxane. 

0008-4042/79/14 1 
01979 National Research Council of Canada 

785-07$01.00/0 
./Conseil national de recherches du Canada 
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TABLE 1. Thermodynamic data for protonation of triethylenetetramine (L) in aqueous solution and in 
50% (v/v) aqueous 1,4-dioxane; 25"C, I = 0.10 M KNO, (values for aqueous dioxane, k,*, AX,,*, in 

parentheses) 

- AGn -AH,,' Asn 
Reaction n log k."sb kJmol-I kJ mol-I J K-I mol-' 

L +  H + + L H +  1 9.88k0.01 56.4 44 .3k0 .6  40 .5k2 .0  
(9.63k0.02) (54.9) (48.3k1.2) (22 k 4) 

LHf + H +  LHZ2+ 2 9.15k0.01 52.2 47 .9k0 .5  14.4k 1 .7  
(8.75k0.02) (50.0) (42.9k1.0) (24 k 4) 

LHZ2+ + H +  =$ LH33+ 3 6.88k0.01 38.1 39 .7k0 .3  -5 .3k 1.1 
(6.11k0.05) (35.1) (30.4k0.8) (16k4) 

L H 3 3 + + H + + L H 4 4 +  4 3.40+0.01 19.4 31 .3k0 .6  -4O.Ok2.0 
(2.80k0.05) (15.9) (16.429) ( -227)  

OValues for aqueous 0.1 M KCI: log k ,  = 9.78, 9.06, 6.55, and 3.24, and -AH. = 46.1, 47.1, 39.9, and 28.6 kJ mol-' for 
tr = 1 to 4 respectively, ref. 16. Values for aqueous 0.1 M NaCI04: log k ,  = 9.80, 9.08, 6.55, 3.25, ref. 17. 

bValues for aqueous 0.1 M NaNO,: log k. = 9.89, 9.21, 6.71, 3.45, n = 1 to 4 respectively (T. B. Field and W. A. E. 
McBryde, to be published). 

The dioxane molecule has a gas phase dipole moment were made with the equipment and procedure 
of zero, while the low dielectric constant of liquid described previously (1 1). In aqueous dioxane pH 
dioxane (2.2) is consistent with a dominant chair measurements were made with a Beckman E-2 glass 
conformation. However, Grunwald et al.'s (9) electrode and EIL calomel electrode (utilizing a 
evidence for specific dioxane interactions with uni- filling solution of 0.1 M KC1 in 1.25 M KNO,) 
valent cations in aqueous dioxane and the anom- coupled with a Radiometer PHM52 Digital pH 
alous dependence of KA for ion pairing upon the bulk meter. The electrode pair was calibrated as a 
dielectric constant for aqueous dioxane solvents (10) hydrogen-ion concentration probe by titration of (i) 
have led to postulates that existence of the boat HNO, into KNO, solution and into KN03 /HN03  
conformation is enhanced by the electrostatic fields solution (pH+ 1.6-2.7), and (ii) KOH into KNO, 
about cations. solution (pOH- 2.9-2.0), all solutions and titrants 

being in 50% (v/v) aqueous dioxane, 25"C, I = 0.10 
Experimental and Results M (KNO,). 

Triethylenetetranzine Tetrahydronitrate Ligand protonation was studied by titration of 
Triethylenetetramine (Baker Analyzed Reagent, standard KOH from a Gilmont micrometer syringe 

15 cm3) was stirred in ethanol (150 cm3) in an ice into solutions (40 cm3) of ligand salt (ca. 2 x loe3  
bath. Nitric acid (25 cm3) in ethanol (100 cm3) was M) and KNO, ( I  = 0.10 M)  in the appropriate 
added dropwise, and the precipitated salt was solvent. The stepwise (amino) protonation constants 
collected and washed with ethanol. The product was in Table 1 were computed from derived i?,(obsd) - 
recrystallized as colorless platelets from hot water, pH data by use of the least-squares procedures 
washed on the filter crucible with absolute ethanol detailed elsewhere (12) (ii, average number of 
and ether, then dried at 85°C for 60 min. Molar mass protons bound per ligand molecule). A typical 
by pH titration (end points determined by Gran's titration involved 50 data points in the range i?, = 
analysis) was 395.5; calculated 398.2 g mol-'. 0.2-3.6 (aqueous solution) or 0.4-3.35 (aqueous 

dioxan). R factors (13) of 0.3% (1% for aqueous 
Solvents and Solutions dioxan) were achieved and there were no systematic 

All aqueous solutions were prepared with C02-free trends in the residuals ii,(obsd) - i?,(calcd). 
distilled water. The preparation and analysis of the The formation of complexes [ M L ] ~ +  and 
metal salt solutions have been described (1 1). Dioxane [M(HL)I3 + was studied by titration of KOH into 
(Baker Analyzed Reagent) was refluxed with sodium solutions of metal nitrate (ca. 1 x M), ligand 
and distilled through a 35 cm Vigreaux column in a salt (ca. 1.2-1.6 x M), and KN03  ( I  = 0.10 M)  
nitrogen atmosphere; distillation was essential to in the appropriate solvent. The titration curves for 
remove the preservative sodium diethyldithiocar- Zn, Cd, and pb showed an end point a t  pH+ 3.9-4.9 
bamate (0.001%). Solvent purity was checked by (after addition of 1 mol of OH- per mole of ligand) 
ultraviolet spectroscopy and by pH titration to followed by a buffer region (at pH+ 4.8-5.6, 5.0-6.1, 
determine dissolved C02 .  and 5.2-6.1, respectively) and a second end point 

pH Measurements corresponding to completion of the reaction 

For work in aqueous solution pH+ measurements M(aq)z+ + LH3,+ + 3OH- -+ [ML12+ + 3 H z 0  
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McBKYDE A N D  POWELL. 1787 

TABLE 2. Thermodynamic data for the formation of triethylenetetramine complexes [MLI2+ and [M(HL)I3+, (M = Mn, 
Zn, Cd, Pb) in aqueous solution and 50% (v/v) aqueous dioxane, 25"C, I = 0.10 M KNO3 (values in parentheses for 

aqueous dioxane) 

- AH' A s 1  AH2 
Metal log K1 kJ mol-' J K-I  mol-' 1% K2 kJ mol-' Reference 

27" 
This workb 

27" 
This workb 

27" 
This workb 

This workb 
This workb 

'10. I M KCI. 
bO.10 M KN03.  

plus one mole of OH- per mole of excess ligand. 
(The end point for the reaction LH,,+ + OH- -, 
LHZ2+ + H,O is at ca. pH+ 8.0.) For Zn, Cd, and 
Pb the data in the buffer region were analysed in 
terms of the equilibria [ l ]  and [2] by use of the 
computer program SCOGS (14). 

The standard deviation in titer (V,,,,, - V,,,,) was 
typically 3.5 x cm3 and there were no syste- 
matic trends in the residuals. For Mn the titration 
curve showed much less distinct inflections and a 
poorly defined buffer region at pH+ 7.7-8.7; these 
solutions were very oxygen-sensitive. The data in the 
buffer region were best analysed in terms of the single 
equilibrium reaction [I]. All solutions were swept 
with N, during titration; this was essential for Mn 
solutions (both solvents) and for aqueous dioxane 
which rapidly absorbs atmospheric CO,. 

Calorii~~etric Measurenlerzts 
The calorimeter has been described (1 1). For the 

protonation of triethylenetetramine in aqueous 
solution buffered solutions of the ligand (CL ca. 
3 x M, iiH0.4, / = 0.10 M KNO,) were titrated 
in the calorimeter with HNO, (1 M). AHi values 
were determined from the measured heat changes 
(2-8 J) as outlined previously (1 1). The least-squares 
fit gave an R factor of 1.2% and a standard deviation 
of 0.08 J in Q,,,, - Q,,,,,. The AHi values in Table 1 
result from 14 data points (2 titrations). For the pro- 
tonation of triethylenetetramine in aqueous dioxane 
buffered solutions of the ligand (CL 1.7 x lo-, M,  

T i ,  0.35) were titrated with HNO, (0.5 M ;  50x  
aqueous dioxane). The measured heat changes were 
corrected for the heat of dilution of the titrant acid 
(determined from the average of 8 measurements as 

1.4 f 2 kJ mol-' for a 625-fold dilution of titrant), 
and for the neutralization of OH-  produced by the 
reaction L + H,O =$ LH+ + OH- (AH = -57.82 
kJ mol-') (15). The AHi values in Table 1 result from 
17 data points (3 titrations); R factor 3.0%, standard 
deviation 0.12 J. 

For the complexes [M(HL)I3+ and [MLI2+ 
calorimetric measurements involved titration of 
HNO, into solutions of metal nitrate (1 x lo-, M )  
and ligand salt (1.6 x lop3  M), starting at  pH+ ca. 
5.9 (Pbj or 5.4 (Zn) (cf. titration curves); i.e. the 
enthalpy changes for dissociation of the complex and 
protonation of the ligand were determined : 

The composition of the calorimeter solution at  each 
titration point was calculated as described previously 
(1 1). The enthalpy changes for reactions [ l ]  and [2] 
(AH, and AH,) were calculated from a least-squares 
fit to the equation Q,,,, = a,AH, + a2AH, where 
a ,  and a, are the changes in the number of moles of 
[MLI2+ and [M(HL)I3+ respectively between 
successive titration points. Q,,,, is the observed heat 
change corrected as above and for protonation of 
ligand displaced from the metal. The AH, values 
(Table 2) carry significant uncertainties. The dis- 
tribution curves for [MLI2+ and [M(HL)],+ as a 
function of pH+ show that the concentration of 
[M(HL)I3+ varies less with pH than does the con- 
centration of [MLI2+;  e.g. for a 1 x lo-, M zinc 
solution (CL = 1.18 x lo-, M) the concentration 
of [MLIZ+ increases from 3.2 x to 6.6 x lop4  
M between pH+ 5.12 and 5.44, whereas in this pH 
range the concentration of [M(HL)I3+ increases from 
6.4 x to 6.9 x M at pH+ 5.27 then 
decreases to 6.3 x M.  Thus in the calorimetric 
titration a, << a,  for each data point and AH, carries 
a larger error than AH,. 
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Discussion 

Ligand Protonation in Aqueous Solution 
The log k,, and AH,, data reported here for pro- 

tonation of triethylenetetramine (L) in 0.1 M KNO, 
are in satisfactory agreement with those reported for 
0.1 M KC1 (16) and 0.1 M NaC10, (17). The ob- 
served trend -AH, < -AH, > AH, > AH, is 
typical for protonation of linear polyamines in 
aqueous solution. It has been postulated that the 
first protonation of a polyamine gives a tautomeric 
mixture in which the proton has added predominantly 
to the slightly more basic secondary amino center(s) 
(18). For a secondary alkylamine -AH is smaller 
and AS is larger (typically ca. 43 J K - '  mol-') (19) 
than for protonation of a primary amine. The 
second step involves predominantly the (more 
exothermic) protonation of primary amino groups 
and is characterized by a larger -AH value (when 
the protonation sites are sufficiently separated) and a 
smaller AS value (typically ca. 23 J K -  ' mol- ') for a 
primary alkylamine. The dominant tautomeric form 
of the dication LHZZ+ is postulated to be that having 
both terminal amino groups protonated. 

The enthalpy changes AH, result from several 
effects: (i) the difference in solvation enthalpy for a 
polar amino group, an alkylammonium group, and a 
hydronium ion, (ii) the relative donor strengths of 
the amino group and the solvent towards the proton, 
and (iii) intramolecular electrostatic interactions 
between an ammonium group and adjacent ionic or 
polar sites. Solvation effects encompass hydrogen 
bonding, formation of primary and secondary 
spheres of ion- or dipole-oriented solvent molecules 
(interactions which relate to the polarity, polariz- 
ability, and dielectric constant of the solvent), and 
charging effects associated with placing a charge site 
in a medium of given dielectric. It is only when some 
of these effects are approximately constant for a 
series of structurally related ligands in a given 
solvent, or for a given ligand in a series of solvents, 
that clear deductions can be made from series of 
thermodynamic values. 

Ligand Protonation in Aqueous Dioxane 
The data in Table 1 indicate that for each pro- 

tonation step the free energy change is more negative 
in water (AG,) than in aqueous dioxane (AG,*). This 
is in accord with the results for ethylenediamine (5). 
As expected on the basis of intramolecular inductive 
effects and electrostatic interactions between ionic 
sites, AG,, becomes less negative with increasing n. 
Further, the difference - (AG, - AG,*) increases 
from 0.25 for n = 1 to 0.62 for n = 4. This trend 
indicates a contribution from 'through solvent' 
intra-ionic interactions. 

The sites of addition for the first two protons 
might be inferred if AH and AS data were available 
for model compounds in this solvent, as is discussed 
above for aqueous solution. The order of alkylamine 
basicities, secondary > primary > tertiary, has been 
established for aqueous solution (20) and for 1,4- 
dioxane (21), and it could be assumed for the mixed 
solvents. For both solvents it is expected that the 
dominant tautomeric form for the diammonium 
cation LH,2+ will have both terminal groups pro- 
tonated; it follows that in both solvents the addition 
of the third (and fourth) proton will be predomi- 
nantly to secondary amino groups. 

The stepwise protonations can be divided into two 
groups. The addition of the first proton to give LH+ 
is characterized by -AHl * > -AH, and AS, > 
AS, 'k. These relationships may indicate a difference 
in solvation energies for reactants and product in 
the two solvents. For addition of the second, third, 
and fourth protons, reactions in which intramolec- 
ular electrostatic interactions will also contribute, 
-AH, is greater than -AH,,*, and AS,* > AS,. 
AH," values are significantly less exothermic (by 5.0, 
9.3, and 14.9 kJ mol-') and AS," values significantly 
more favorable (by 9, 21, and 38 J K- '  mol-', iz = 

2, 3, 4 respectively) than the corresponding values 
for reaction in aqueous solution. 

Effect of Dielectric on Ion-Ion Interactions 
The more positive values for AH,:': and AS,," (n = 

2, 3, 4) are consistent with the effects of ion-ion 
interactions in media with different dielectric 
properties. For the approach of spherical ions of 
charge v and y to separation a, in a structureless 
homogeneous medium of fixed macroscopic dielectric 
constant E, the free energy, enthalpy, and entropy 
changes are given by eqs. [3]-[5] 

c31 AG = - TAS, - A 

AS = AS, - 4. (: -. 2) - 

where AS, is the difference in translational entropy 
of product and reactants and A is the electrostatic 
work involved in the process, A = Ne2hv/an& (22). 
The partition of AG between AH and AS depends on 
the solvent, viz. on a ~ / a T ,  this term being non-zero 
for both solvents. The polar H,O molecules in 
solvent water (as/aT = -0.36 at 25°C) (22) have a 
larger capacity to release (or absorb) enthalpy in a 
solvent orientation (or release) process than do 
dioxane molecules (ae/aT = -0.21 for 45% w/w 
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dioxane-water) (23); a ~ / a T  measures the extent to 5 0  
which thermal motion can offset the alignment of 
solvent dipoles. Substituting macroscopic values of 
E and i3~laT into eqs. [3]-[5] we obtain 

AH,, - AH,* = -A,,' (0.016) 
and 

AS,, - AS,:k = -A,,' (0.001) 

where A,,' (= Ne2hv/a,) is positive. Thus AS,* will 
be greater than AS, and -AH, > -AH,*. These 
predictions are consistent with the experimental 
data. They indicate that formation of multiple 
cationic center in LH,"' ions causes greater net 
solvent orientation in water than in aqueous dioxane. 

It can be approximated that for addition of the 
second proton, LH+ + H +  + LHZ2+ ,  a,, = 3d 
where d is the mean distance between adiacent amino 
groups in triethylenetetramine. For the third proton 
the new ammonium site is at distances d and 2d from 
charge centers, while for the fourth proton the 
distances are d, d, and 2d. One can write 

AH, = - A" f (d) f (~)  
or 

AH,, - AH," = - Af'f(d)f(E,E *) 

where A" = Ne2v and f(d) = 113, 312, and 512 for 
n = 2, 3, 4 respectively. Plots of AH, - AH,", AH,, 
and AS,, - AS," against f(d) are linear within 
experimental error (Fig. 1). These plots support the 
model assumed for stepwise protonation. 

The reaction L + H +  + LH+ differs from those 
discussed above in that no ion-ion repulsions are 
involved. Desolvation of an amino group and a 
proton, and solvation of a newly formed ammonium 
group will contribute to the solvation enthalpy and 
entropy. The reaction involves a larger net increase 
in entropy in aqueous solution than in aqueous 
dioxane. The polar amino group will contribute to 
the observed trend: an amino group can hydrogen 
bond to a water molecule via thk nitrogen lone pair, 
and we infer that it will have a lower partial molal 
entropy in water than in aqueous dioxane in which 
hydrogen bonding between dioxane and water is 
considered to decrease the charge density on the 
hydrogen atoms in the water molecules (8). The 
positive transfer enthalpies for halide ions from 
water to aqueous dioxane are consistent with this 
concept (24). 

The proton is more strongly solvated than an 
alkylammonium group (-AH,,,, = 1129 kJ mol-' ; 
cf. C2H,NH3+ 314 kJmol-' in water) (20) and 
desolvation of a proton and solvation of an am- 
monium ion is expected to involve a net release of 
solvent. At 25°C the density of 50% (v/v) aqueous 
dioxane is greater than that of an ideal solution (3) 

FIG. 1 .  Plots of thermodynamic functions vs. f(d). Curve A, 
-AH,,/kJ mol-'; curve B, (AH,,* - AH,,)/kJ mol-'; curve C, 
(AS,, * - AS,,)/J K-' mol-I. 

implying a less ordered solvent structure than in 
water, as also indicated by X-ray diffraction (25). 
Thus release of solvent molecules from cations and 
their incorporation in the bulk solvent is expected to 
involve a more positive entropy change in aqueous 
dioxane. Thus solvation reactions of the polar amino 
group and the cations are expected to make opposing 
contributions to the entropy change. From the 
observed AS, values it is inferred that solvation of 
the polar amino group is the dominant factor in 
determining relative basicity in the two solvents. 

Metal-Triethylenetetmmine Complexes 
Schwarzenbach (26) reported log K values for the 

formation of complexes [MnLI2+, [FeLI2+, and 
[MLI2+, [M(HL)I3+ (M = Co2+,  Ni2+, Cu2+,  
Zn2+, Cd2+,  Hg2+,  Ag+) at 20°C. Sacconi et al. (27) 
corrected the values for Mn, Fe, Co, Ni, Cu, Zn to  
25°C by use of their calorimetrically determined AH 
values. Values of log K for the Pb2+ complex (25°C) 
have been reported from polarographic studies (9.9, 
I M KNO,) (28) and pH measurement (10.4, 0.1 M )  
(29). 

Sacconi et al. (27) measured AH for formation of 
[MLI2+ complexes by titrating metal ion solution 
into a buffered solution of the ligand. Under the 
conditions used the concentration of [M(HL)I3+ in 
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solution was immeasurably small and only AH, 
(reaction [I]) was determined. A similar approach 
was used by Wright et al. (30) for divalent Ni, Cu, 
Zn, and Cd. In the present work enthalpy changes 
have been determined by titration of HNO, into a 
buffered solution of the metal and ligand, i.e. the 
decomposition reactions of [MLI2+ and [M(HL)I3+ 
have been studied. However, for reasons noted under 
Experimental, the AH, values (reaction [2]) are 
subject to  a very large uncertainty; values are 
reported in Table 2 but are not discussed further. 

The entropy change for formation of [ZnLI2' in 
aqueous solution is ca. 42 J K- '  mol-' greater than 
that for formation of complexes [MLI2+,  M = Mn, 
Co, Fe, Ni (27). I t  was deduced that the zinc complex 
has a lower coordination number (probably 4) than 
d o  the other complexes (probably [ML(H20),12+). 
No  A H  or AS data have been reported previously 
for the Pb-triethylenetetramine system in aqueous 
solution. 

The data in Table 2 establish that the stability of 
each complex is similar in the two solvent systems. 
This result is consistent with those observed for many 
metal-ion hydrolysis reactions in water and aqueous 
dioxane (31). The similar log K values conceal 
significant differences in A H  and AS values. For  
Zn2+ and Pb2+ ,  -AH, is greater than -AH," (by 
7.5 and 5 kJ mol-'  respectively) and AS, is less than 
AS,:"by 26 and 14 J K- '  mol-I). These com- 
pensating AH and AS values indicate that solvation 
effects are different in the two solvents. 

From Raman studies on zinc nitrate solutions (32) 
it has been deduced that there is no  significant 
solvation of zinc ions by dioxane molecules in 
aqueous dioxane. Aqueous dioxane is a less struc- 
tured solvent (fewer hydrogen bonds) than water. 
Thus for a given metal ion, if n' (reaction [6]) 

have been postulated for solutions of alkali metal 
ions (9) and tetraalkylammonium ions (10). These 
results are not contradictory if it is noted that the 
average binding energy of a water molecule to  a 
bivalent cation is strongly dependent on the polariz- 
ability of the water molecule. For example, for 
Fe(H,O),'+ the permanent and induced dipoles in 
the water molecule contribute 217 and 138 kJ mol-' 
respectively t o  the average bond energy (33). In 
contrast, for K(aq)+ the figures are 71 and 17 kJ 
mol-'  and under these circumstances the less 
polarizable dioxane molecule can compete with the 
water molecule in the metal-ion coordination sphere. 
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Flash photolysis of alkali metal anions in tetrahydrofuran and dimethoxyethanel 
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W. A. SEDDON, J. W. FLETCHER, F. C. SOPCHYSHYN, and E. B. SELKIRK. Can. J. Chem. 57, 
1792 (1979). 

Flash photolysis of K-, Rb-, and Cs- in tetrahydrofuran (THF) produces the corresponding 
ion-pairs ( K + ,  e,-), (Rb+,  es-), and (Cs', e,-), followed by the regeneration of the parent 
metal anion, M u .  In mixed-metal solutions containing Na and M where M is K, Rb, or Cs, 
photolysis of Na- also forms the (M+,  e,-) ion-pair and M-, but with the latter then re- 
forming Na-  on an extended time scale. Similar results were obtained in dimethoxyethane 
(DME) at 213 K, but in this case with the initial formation of a loose ion-pair, (M+,  e,-),,,,,. 

Based on a Gaussian-Lorenztian shape function, the 'best-fit' optical bands for the (M+,  
es-) and M- species were used to simulate the experimental spectra and deduce the cor- 
responding extinction coefficients in both solvents. 

The overall mechanism is complex but is in good agreement with previous interpretations 
deduced by pulse radiolysis. 

W. A. SEDDON, J. W. FLETCHER, F. C. SOPCHYSHYN et E. B. SELKIRK. Can. J. Chem. 57, 
1792 (1979). 

La photolyse eclair de K-,  Rb- et Cs- dans le tetrahydrofuranne (THF) conduit aux 
paires d'ions correspondantes ( K + ,  es-), (Rb+,  e,-) et (Cs+, e,-) qui sont suivies par une 
regCnCration de l'anion mCtallique apparent&, M-. Dans des solutions de mCtaux mixtes con- 
tenant du Na et du M oh M est tgal a K, Rb et Cs, la photolyse de Na-  conduit aussi a la 
formation de la paire d'ions (M+,  e,-) et de M- ;  ce dernier conduit ti la reformation de Na- 
sur une echelle de temps prolongee. On a obtenu des resultats semblables dans le dimethoxy- 
Cthane (DME) a 213 K;  toutefois, dans ce cas, i l  y a une formation initiale d'une paire d'ions 
ILche, (M+,  es-),sCh,. 

Sur la base d'une fonction de forme Gaussienne-Lorenztienne, on a utilisC les bandes 
optiques qui concordent le mieux pour les esptces (M+,  es-) et M- pour simuler le spectre 
experimental et pour en dCduire les coefficients d'extinction correspondants dans les deux 
solvants. 

Le mecanisme global est complexe mais il est en bon accord avec les interpretations ante- 
rieures dCduites d'etudes par radiolyse pulsee. 

[Traduit par le journal] 

Introduction This paper describes the flash photolysis of 
Steady state photolysis and flash photolysis of potassium rubidium, and cesium solutions in T H F  

alkali metal anions, M-, in ethers have been investi- and DME together with similar studies on mixed 
gated previously (1-3). The primary photolysis step metal solutions containing sodium/potassium, so- 
is considered to be reaction [ l ]  involving the forma- diumlrubidium, and sodium/cesium. The results 
tion of solvated electrons, e,-, and a species of clearly substantiate the conclusions reached earlier 
stoichiometry M, best regarded as a n  ion-pair by pulse radiolysis (4, 6). 
(M+, e,-1 (4, 5 ) .  Experimental 
11 1 M- &(M+,  e , - )  + e,- 

A detailed description of the flash photolysis apparatus has 
However, because of Na+ contamination and, what been given elsewhere (7). Briefly, solutions were photolyzed 

are now known to be incorrect spectral assignments, with a 60 J, 1 PS flash from two quartz arc lamps (iLC Sunny- 
vale Inc., California, /;L378-008) connected in series. The 

the early (1) on  the flash ~ h o t o ~ ~ ~ ~ ~  of potassium flash was filtered by surrounding each lamp with the solvent 
in tetrahydrofuran (THF) and dimethoxyethane under investigation. The analyzing light was filtered at the 
(DME) requires reinterpretation. Furthermore, a source with a Corning glass filter 112-62 and at the mono- 

more recent study (4) has indicated a basic incon- chromator with either a 7-56 or a 1400 nm "cut-on" inter- 
ference filter at the appropriate wavelengths. Quartz flow sys- s is tenc~ in the spectra attributed to the tems containing 2 cm x 1 cm diameter reaction were 

(Na+ ,  e3-1, as generated by flash ~ h o t o l ~ s i s  (315 and otherwise identical to those described ~reviouslv (8. 9). 
pulse radiolysis (4). 

'AECL No. 6550. 

. .  . 
Methods of sample preparation, solvent' purification, and 
optical detection are also well documented (8, 10). However, 
it is worth noting that dissolution of the alkali metals t o  form 

0008-4042/79/14 1792-09$0 1 .00/0 
01979 National Research Council of CanadalConseil national de recherches du Canada 
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M-  is greatly facilitated by immersion of the container in an 
ultrasonic bath. Initial M-  spectra were measured on a Cary 17 
Recording Spectrophotometer. Simulation of the experimental 
spectra was accomplished using a Hewlett Packard 9830 
calculator, 986414 digitizer, and 9862 .plotter, to store and 
compute the ratio of component species produced after the 
flash. 

Results and Discussion 

In T H F  (and DME) alkali metal solutions the 
equilibrium optical spectra are predominantly due 
to the formation of M -  ( l l ) ,  with only small con- 
centrations of (M', e,-) and es- detectable by elec- 
tron spin resonance (12). The reported optical spectra 
(13-16) show good agreement in the position of the 
band maxima but often significant differences in 
band width and intensity, particularly on the high 
energy side of the spectrum. Utilizing the most 
reliable data (free of Na' contamination) (15, 16) in 
comparison with our own initial spectra, the overall 
band envelope for each M -  species was established 
by a Gaussian-Lorenztian (G-L) shape function 
analogous to the method used for e,- (17-19). Since 
sodium is insoluble in T H F  (and DME) our Na- 
spectra were obtained either by the addition of 
dicyclohexano-18-crown-6 (16) or from Na/Cs 
solutions in which the final equilibrium spectrum is 
due to Na-. 

Figure 1 shows the best-fit G-L spectra for the 
species Na-, K- ,  Rb-,  and Cs- in T H F  observed 
by conventional steady state techniques. The experi- 
mental data only begin to diverge from these curves 
at a point corresponding to about half the peak 
intensity on the high energy Lorenztian tail of the 
spectrum. This may be due to light scattering by 
finely distributed metal particles or, in the absence of 
added sodium, due to contamination by Na-.  
Representative experimental points are shown for 
Na- and K -  to illustrate the region of discrepancy. 

A similar fitting procedure was adopted for the 
ion-pair species (Na', e,-), (K', es-), and (Cs', 
e,-) (10, 20). The (Rb', e,-) spectrum was deduced 
by the flash photolysis of Rb-  solutions (see Fig. 4 
and discussion below). In general the G-L fits are 
even better than observed for the M -  species and are 
given in Fig. 2 along with a few representative experi- 
mental points where differences occur. 

Although empirical the G-L band shapes, par- 
ticularly with respect to M- ,  were chosen for the 
purposes of simulation (see below) because these 
gave the closest fit to the bleached M -  photolysis 
bands. For the purposes of this paper the precise 
shape in this region is of relatively minor impor- 
tance. However, because they are observed as a 
difference in optical properties before and after the 

4 6 8 10 12 14 16 18 20 22 24 

WAVENUMBER cm-1 x 10-3 

FIG. 1. Gaussian-Lorenztian shape functions describing 
the optical absorption spectra of alkali metal anions in THF. 
0, x ,  representative experimental points for Na- and K- to 
illustrate divergences on the high energy sides of the spectra. 

WAVENUMBER crn-' x 

FIG. 2. Gaussian-Lorenztian shape functions describing the 
optical absorption spectra of alkali metal ion-pairs in THF. 
0, x ,  representative experimental points for (Na+, es-) and 
(Cs+, e,-) to illustrate agreement with G-L spectra. 

flash, the photolysis spectra do suggest that the high 
energy "wing" is adequately described by the 
Lorenztian function. The alternative involves a 
somewhat arbitrary choice between the broader 
(15, 16) or narrower (3, 13) bands reported pre- 
viously. In all other respects equally good fits to the 
data were obtained using the experimentally ob- 
served equilibrium spectra. This simply reflects how 
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well the G-L shapes otherwise describe the overall 
(M', e,-) and M-  absorption bands. 

Flash Photolysis of M -  Solutions in THF-spectra 
Figures 3, 4, and 5 (open circles) show the spectra 

observed at the end of the flash (-6 ps) in -2.5 pM 
K-,  -8 pM Rb- (saturated solutions) and - 10 pM 
Cs- solutions in T H F  at 294 K. In essence each 
spectrum represents the bleaching of the respective 
M-  species together with the concurrent formation 
of an infrared absorption band which shifts to 
longer wavelengths on progressing from K -  to Cs- 
solutions. For K-  and Cs- solutions such absorption 
bands correspond to those expected for the appro- 
priate ion-pairs (K', es-) and (Cs', e,-), respectively 
(10). Likewise we suggest that the corresponding 
band observed from Rb- solutions represents the 
formation of (Rb', es-). Its band maximum is 
intermediate to that of (K', e,-) and (Cs', es-) and 
entirely consistent with established trends for the M-  
and (M', e,-) series from Na to Cs (21). 

However, the experimental spectra in Figs. 3-5 
cannot be duplicated entirely on the basis of the 
spectra given in Figs. 1 and 2. In each case the 
bleached band contains a small, but significant, 
contribution from Na-, presumably formed from 
spurious Na' contamination. Furthermore, the 
infrared absorption observed from the photolysis 
of K-  is, at wavelengths > 1300 nm, significantly 
greater than anticipated from (K', e,-) alone 
suggesting, in addition, a small contribution from 
- 

es 
Assuming [K'] - [K- ]  = 2.5 pM, the presence 

12 COMPOSITE SPECTRUM 

N 

0 8 - 

X 

> 4 
k 
9 O 
W 
0 

-4 
J 
4 

- 8  * 
a 
0 -12 

-16 

2 0 0  6 0 0  1000 1 4 0 0  1 8 0 0  2 2 0 0  

X ( n m )  

FIG. 3. Optical spectrum (open circles) observed at the end 
of the flash in - 2.5 pM K -  solutions in THF. The solid line 
represents the composite spectrum simulated from the com- 
ponent species, Na-, K-, (K+,  e,-), and e,-. 

I COMPOSITE 1 

FIG. 4. Optical spectrum (open circles) observed at the end 
of the flash in - 8 pM Rb- solutions in THF. The solid line 
represents the composite spectrum simulated from the com- 
ponent species Na-, Rb-,  and (Rb+, e,-). 

FIG. 5. Optical spectrum (open circles) observed at the end 
of the flash in N 10 pM Cs- solutions in THF. The solid line 
represents the composite spectrum simulated from the com- 
ponent species Na-, Cs-, and (Cs+, e,-). 

of e,- is consistent with the dissociation constant 
1/K2 = 4 + 2 x M (10). 

Since k, = 4.6 f 0.6 x 10'' L mol-' s-' (10) reac- 
tion [2] will be essentially complete at the end of the 
flash and hence [e,-]/[(K+, e,-)] = 0.16 + 0.08. 
The solid line drawn through the experimental points 
in Fig. 3 represents the simulated spectrum deduced 
by adding the appropriate optical densities for the 
component species Na-, K-, and (K',es-) (Figs. 
1 and 2) and e,- (10). Taking the extinction coeffi- 
cients E , ~ -  and E ( ~ + , , ~ - )  = 5 * 0.5 x lo4 and 
2.9 & 0.2 x lo4 L mol-' cm-', respectively (lo), 
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SEDDON ET A L  

TABLE 1. Optical parameters for alkali metal anions and ion-pairs in THF 

E,,, x L mol-' cm-I 

Species V,,, 01 12 G *  olIzL* Flash photolysis Calcd. from [3] 

Na- 13.5 1.5  
K - 11.1 1.4 
Rb- 10.64 1 .44  
Cs - 9.60 1.2 
(Na+, e,-) 11.5 2.05 
(K+, e,-) 8.80 2.20 
(Rb+, eS-) 8.33 2.16 
(Cs+, e,-) 7.20 2.15 

'In cm-' x 10-3. 
tReference 24 and this work (see later). 
:Reference 10. 

then [e,-]/[(K+, es-)] = 0.17 + 0.02, in excellent 
agreement with the above 1/K2. 

It is worth noting that using the experimentally 
observed component spectra to simulate the com- 
posite spectrum in Fig. 3 gives, within experimental 
error, the same result. 

Interpretation of the Rb- and Cs- photolysis 
spectra was accomplished, in a similar manner. 
However, in both cases the infrared band appears to 
be due entirely to (Rb', e,-) or (Cs', e,-), respec- 
tively. Hence, the dissociation constant for both 
ion-pairs must be < l/Kz. Again this is consistent 
with recognized trends for equilibrium constants in 
alkali metal solutions (22) and with the decreasing 
dissociation constants, from Na to Cs, for alkali 
metal salts of tetraphenylboron in THF (23). 

Extinction Coeficients 
Having established that the flash photolysis spectra 

are essentially composed of M- (bleached) and 
(M', es-) then, based on the material balance 
inherent in [ I ]  and [2], one can deduce their relative 
extinction coefficients. Taking E,,-, E(,+, ,%- ,, and 
E(,-,+,,,-) = 8.2 f 0.3, 2.9 +_ 0.2, and 2.5 f 0.2 
x lo4 L mol-' cm-', respectively (10, 24), the 
absolute values for E,- and E, -~-  can be determined 
experimentally. Furthermore, the oscillator strength, 
f, for a Gaussian-Lorenztian absorption band is 
given by [3] (18). 

where ollzG and ol,,L represent the width at half 
height on the Gaussian and Lorenztian sides, 
respectively. Since f = 1 for (M', es-) (20) and 
f = 2 for M-  (24), it is also possible to calculate 
E ( ~ + ,  e,-)  and E ~ -  from the spectra given in Figs. 
1 and 2. In this way both the experimental and cal- 
culated values can be compared for self-consistency. 

With respect to the experimental value for E,,- 

(24) it should be noted that this was determined in 

ethylenediamine (EDA). Although the absorption 
maximum in EDA occurs at higher energy (15 000 
cm-') the overall band shape is very close to that 
given for THF in Fig. 1 (v,,, = 13 500 cm - '). Con- 
sequently, it seems reasonable to assume the same 
extinction coefficient in THF. 

Table 1 summarizes the optical parameters and 
extinction coefficients deduced by experiment and 
calculation from the results given in Figs. 1-5. The 
calculated value for E,,- was used to deduce 
E(,,+ , e , - )  from Fig. 4. It can be seen that the agree- 
ment between both sets of data is well within experi- 
mental error and hence substantiates the overall mass 
balance and validity of the G-L spectra in Figs. 1 
and 2. 

Kinetics 
The decay of the infrared absorption and con- 

comitant recovery of the bleached M-  band follow 
neither good first nor second order kinetics. In 
potassium solutions the decay at 1450 nm appears to 
be a better second order process with k/& = 4.3 x 
lo5 cm s-' at 1450 nm. From the known spectrum 
and E ( K + , , s - )  we calculate E~~~~ = 1.8 x 10' L 
mol-' cm-' and hence k = 7.7 x lo9 L mol-' s-' 
at 294 K. Similar kinetic analysis between 213 and 
270 K gives for the decay process, an energy of 
activation, E, = 20 - 30 kJ mol-'. This is con- 
sistent with the reformation of M-  by either reaction 
[4f] or [5f] or, some combination of both. 

However, we are unable to differentiate between 
these alternatives because of the equilibrium nature 
of the overall system. 

In cesium solutions and rubidium solutions a much 
better first order fit is obtained. This is not under- 
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stood and a detailed study of the overall kinetics is 
in progress. 

Pure Metals in DME 
Compared to THF the M -  solutions are con- 

siderably less stable and require low temperatures 
to minimize autodecomposition. Because of this 
inherent difficulty we were unable to obtain reliable 
spectra from the photolysis of Rb- or Cs- in DME. 

Figure 6 shows the spectrum observed after the 
flash in - 5  pM K -  solutions in DME at 213 K. 
Whereas the bleached band is similar to that ob- 
tained in THF the infrared absorption is significantly 
different. Previous investigators (3) have assigned 
this band to e,-. However, attempts to simulate the 
experimental spectra using the known spectrum for 
es- at 213 K (4) were not entirely satisfactory (see 
Fig. 6) and gave a very poor material balance. On the 
other hand good agreement is obtained when the 
infrared band is assigned to the formation of a loose 
ion-pair (K+, es-),o,sc. The absorption spectrum of 
the latter (shown in Fig. 6) was obtained from the 
pulse radiolysis of lo-' M potassium tetraphenyl- 
boron in DME at 213 K. Its spectrum is very similar 
to that reported previously for (Na+, es-),oosc (4) and 
is significantly narrower than es- at wavelengths 
below the band maximum. 

The solid line drawn through the experimental 
points in Fig. 6 represents the composite spectrum 
produced by the bleaching of K-, and a small 
amount of Nap,  together with the formation of 
(K+,  es-),,osc. The band shapes taken for Na- and 
K-  were as shown in Fig. 1 but with the maxima 

FIG. 6. Optical spectrum (open circles) observed at  the 
end of the flash in - 5 pM K- solutions in DME at 213 K. The 
solid line represents the composite spectrum simulated from the 
component species, Na-, K-, and (K+, e,-) ,,,,,. The broken 
line shows a corresponding simulation using e,- instead 
of (K+, e,-),,,,,. 

shifted to 14 280 cm-' and 11 575 cm-', respec- 
tively, to compensate for effects of temperature 
(15, 16). As in the case of K/THF solutions the Na- 
must arise from inadvertent Na+ contamination. 
Excluding Na- from the simulation gives a narrower 
bleached band and a significant absorption at wave- 
lengths <600 nm. The latter is not observed experi- 
mentally. 

Extinction CoefJicients 
Taking the experimental extinction coefficients in 

Table 1 for E,,- and E,-, and the component optical 
densities in Fig. 6, then E ( , + , , ~ -  ,,,, ,, at 213 K = 
3.6 $. 0.5 x lo4 L mol-' cm-'. This is in reasonable 
agreement with the value of 2.8 + 0.4 x lo4 L 
mol-' cm-' estimated by pulse radiolysis (4). 

Kinetics 
Both the decay of the infrared band and con- 

comitant recovery of K-  appear to follow second 
order kinetics. Taking E ( , + , , ~ -  ,,oosc = 3.6 x lo4 
L mol-' cm-' to be independent of temperature, 
then k / ~ ~ ~ ~ ~  ranges from 3.8 x lo9 L mol-' s-' at 
270 K to 3.7 x 10' L mol-' s-' at 213 K with 
E, = 20 kJ mol-'. 

Mixed Metal Solutions in THF-spectra 
Figures 7, 8, and 9 show the spectra obtained as a 

function of time in Na/K, Na/Rb, and Na/Cs 
solutions, respectively. In each case two distinct time 
resolved processes can be observed. The decay of the 
infrared absorption, and partial recovery of the 
bleached band, occurs on a ps time scale to produce 
a long-lived intermediate absorption which then 
decays over a period of -50 ms to re-establish the 
pre-photolysis equilibrium. These observations paral- 
lel those reported previously in both amine and ether 
solutions. A variety of explanations have been 
offered (1, 3, 25), the most recent of which (3) 
attributes the intermediate absorption to the forma- 
tion of the (Na+, e,-) ion-pair. As the ensuing dis- 
cussion will show, the former interpretations are 
incorrect, but instead reflect a complexity, namely, 
the formation of Na- in a mixed-metal solution. 

From the earlier discussion concerning 'pure' M- 
solutions it is evident from Figs. 7-9 that, quali- 
tatively, the spectra observed immediately after the 
flash correspond to the bleaching of Na- with the 
associated formation of (K', es-), (Rb+, es-), and 
(Cs+, es-), respectively. The long-lived spectra 
clearly show a remaining contribution from Na- 
along with the production of K-,  Rb-, and Cs-, 
respectively. 

Quantitatively, the situation is more complex. In 
Na/K alloy solutions we have noted (10) that the M- 
band is in fact composed of both Na- and K-.  
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SEDDON ET AL.. 1797 

FIG. 7. Optical spectra observed following the flash photo- 
lysis of Na/K alloy solutions in THF:  0, immediately after 
the flash; x ,  -80 ps after the flash. The solid lines represent 
the composite spectra simulated from the component species 
with the following peak optical densities; 0, Na-, -0.233; 
K-,  -0.023; e,-, 0.017; ( K f ,  e,-), 0.163; x ,  Na-, -0.124; 
K- ,  0.136; ( K f ,  e,-), 0.025. 

Utilizing the spectra in Fig. 1, and the experimental 
extinction coefficients in Table 1, the relative con- 
centrations correspond to 3.3 x l op6  and 0 . 6 7 ~  
lov6  M, for Na- and K- ,  respectively. Conse- 
quently, the photolysis of both species is involved in 
the overall mechanism. This can be demonstrated 
more graphically for Na/Rb and Na/Cs solutions. 
In both cases the ultimate formation of Na- occurs 
over a period of a week or more such that photolysis 
of a mixed M-  solution can be investigated. Repre- 
sentative examples are shown in Figs. 8 and 10, 
illustrating the simultaneous bleaching of both 
Na-/Rb- and Na-/Cs- solutions. 

Extinction Coeflcients 
The solid line drawn through the experimental 

points represents, in all cases, the composite spec- 
trum simulated from the individual species in Figs. 
1 and 2. Relative optical densities of the latter are 
given in the caption. Taking E,,- = 8.2 x lo4 L 
mol-' cm-', the extinction coefficients for both M-  
and (M+, e,-) can then be determined. Based on a 

FIG. 8. Optical spectra observed following the flash photo- 
lysis of Na/Rb solutions in THF: 0, immediately after the 
flash; x ,  - 180 ps after the flash. The solid and dashed lines 
represent the composite spectra simulated from the com- 
ponent species with the following peak optical densities; 0, 
Na-, -0.45; Rb-, -0.47; (Rb+,  e,-), 0.564; x ,  Na-, 
-0.404; Rb-, 0.572. 

series of independent experiments we find E ( , + , , ~ - , ,  

E(Rb+,c , - ) ,  and E ( , , + , , ~ - ,  = 2.8 , 0.2, E K -  = 12.3 
+_ 1.0, E ~ ~ -  = 11.1 + 1.0, and E,,- = 13.5 1.5 
all x lo4 L mol-' cm-'. All are in excellent 
agreement with the values deduced earlier and at the 
same time the material balance in the Na/K solution 
(Fig. 7) confirms the value for E,;,- = 8.4 f 0.8 x 
lo4 L mol-' cm-'. Further evidence of their self- 
consistency is illustrated by the fact that the dis- 
appearance of the (M+, e,-) absorption corresponds 
in concentration to the intermediate M-  formation 
and partial recovery of Na-. 

Kinetics 
The overall kinetics are complex and will be dis- 

cussed in detail elsewhere. Qualitatively the results 
are consistent with the following mechanism 
11 I M-  3 (M+,  e,-) + e,- 

17 I 
hv 

Na- --+ (Na + , es-) + e,- 
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FIG. 9. Optical spectra observed following the flash photo- 
lysis of Na/Cs solutions in THF: 0, immediately after the 
flash; x , -90 ps after the flash. The solid lines represent the 
composite spectra simulated from the component species 
with the following peak optical densities: 0, Na-, -0.302; 
Cs-, -0.046; (Cs+, e,-), 0.225; es-, 0.033; x ,  Na-, -0.299; 
Cs-, 0.468; (Cs+, e,-), 0.034. 

[9 I (Na+, e,-) + (Na+, e s - ) e  Na- + Na+ 2 I I I I I I 

FIG. 10. Optical spectra observed following the flash photo- 
lysis of Na/Cs solutions in THF containing appreciable con- 
centrations of both Na- and Cs-. 0, Immediately after the 
flash; x , - 85 ps after the flash. The solid lines represent the 
composite spectra simulated from the component species with 
the following peak optical densities: 0, Na-, -0.213; Cs-, 
-0.144; (Cs+, e,-), 0.128; (Na+, e,-), 0.063; x ,  Na-, 
-0.098; Cs-, 0.132; (Cs+, e,-), 0.014. 

[lo] Na+ + e , - e  (Na+, e,-) 

[ I l l  (Na+, e,-) + M+ e (M+, e,-) + Na+ 

it is clear that dominant reactions are [ l l ]  and [13] 
with the long-lived intermediate species being M-.  

It is interesting to note that in the original work 
(I), the absorption spectrum of potassium in THF, 
is significantly broader on the high energy side than 
is the long-lived photolysis intermediate which has 
the same absorption maximum. The latter very 
closely corresponds to the K- spectrum given in 
Fig. 1 whereas the former clearly indicates the 
presence of Na-, presumably due to the leaching of 
Na' from the Pyrex containers. Inadvertently, the 
results stem not from the photolysis of K- but 
rather from a mixed metal solution. 

- - 

Mixed Metal Solutions in DME-spectra 
Figures 11 and 12 show the spectra observed from 

Na/K and .Na/Cs alloy solutions in DME at 213 K. 
Although there is more scatter in the experimental 
points it is clear that the infrared absorption is 
distinctly different from that observed in comparable 
THF solutions. As in KIDME solutions, we attribute 
this absorption to the formation of (K', e,-),,,,, or 

[I21 (Na+, e,-) + (M+, e,-)$ Na- + M+ 

[I31 M- + Na+$ (Na+, e,-) + (M+, e,-) 
I - 

At the end of the flash reactions [I]  and [7], 
followed by [6], [lo], and [ l l ] ,  are essentially com- 
plete to form (M', e,-). Some Na- is reformed on a 

- 

ps time scale by a combination of reactions [8], [9], : 
and [12] with [9] predominating. As mentioned 
earlier, reactions [4] and [5] produce M-  also on a g 
ps time scale. The slow rate determining step for the 2 
regeneration of Na- is considered to be reaction 
[13]. This process appears to be pseudo first order 
with, for the three Na/M solutions investigated, 
k,, - 50 S-'. 

These observations are entirely consistent with the 
mechanism deduced by pulse radiolysis for solutions 
in ethylamine (6). Regardless of the detailed kinetics 
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FIG. 11. Optical spectra observed immediately following 
the flash photolysis of Na/K solutions in DME at 213 K. 0, 
Immediately after the flash; x , - 1.8 ms after the flash. The 
solid and dashed lines represent the composite spectra simu- 
lated from the component spceies with the following peak 
optical densities: 0, Na-, -0.437; ( K f ,  e,-) ,,,,,, 0.301; 
x ,  Na-, -0.369; K- ,  0.522. 

(Csf, es-)loose, respectively. However, since the 
absorption spectra of the (Kf ,  e,-),,,,, and (Naf ,  
es-),oose are virtually the same at 213 K the distinc- 
tion between the potassium and cesium ion-pairs is 
made by analogy with THF solutions. 

The long-lived absorption spectra correspond to 
those expected for K-  and Cs- after correcting the 
band maxima to slightly higher energies, 11 575 and 
10 350 cm-', respectively, at 213 K. The solid and 
dashed lines in both figures represent the simulated 
spectra derived from the appropriate M -  species and 
(Kf ,  e,-),,,,,. The corresponding optical densities 
are given in the caption. 

Allowing therefore for the effect of temperature 
and solvent (4), the results in DME are entirely 
analogous to those observed in THF. The long-lived 
intermediate absorption is due to M-, and not 
(Naf ,  es-), as originally suggested (3). 

Extinction Coeficients 
Quantitatively the results in DME are not as 

reproducible as in THF mainly because of experi- 

FIG. 12. Optical spectra observed immediately following the 
flash photolysis of Na/Cs solutions in DME at 213 K. 0, 
Immediately after the flash; x , - 1.0 ms after the flash. The 
solid and dashed lines represent the composite spectra simu- 
lated from the component species with the following peak 
optical densities. 0, Na-, -0.328; (Cs+, es-), ,,,,, 0.294; 
x ,  Na-, -0.349; (Csf,  e,-) ,,,,,, 0.111; Cs-, 0.444. It is 
assumed that the (Csf ,  es-)l,,sc spectrum is the same as 
(K+,  er-)~oose 

mental difficulties associated with the low tempera- 
ture experiments, instability of the initial solutions, 
and photolysis of the much longer lived M -  inter- 
mediate by the analyzing light. Taking &(,+ ,,$- ,loo,c 

= 2.8 + 0.4 x lo4 L mol-' cm-' (4), then from the 
results in Fig. 11 we obtain E,,- = 8.1 + 1.1 x lo4 
L mol-' cm-', a value in very good agreement with 
that deduced earlier in THF and measured in EDA 
(24). Based on this value then E,- = 11.5 + 1.0, 
again in good agreement with that given in Table 1 
for THF. Similarly from the results in Fig. 2 we find 
E ( , - ~ + , , ~ -  ,Ioosc = 3.7 + 0.3 and E,,- = 16.0 + 1.0 
x lo4 L mol-I cm-', in reasonable agreement with 
the values obtained in THF. 

Kinetics 
The overall kinetics are explicable on the same 

basis as proposed for THF. However, the conversion 
of M-  to Na- is significantly slower at 213 K, 
requiring 20.1 s to return to the pre-flash equili- 
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brium condition. This could not be measured with 
any precision on our apparatus but is consistent with 
previous observations (3). 

Summary 
The flash photolysis of alkali metal anions M-  

proceeds via the formation of the intermediate ion- 
pair species (M', e,-) which, in turn, ultimately 
decays to  reform M-.  In mixed-metal solutions con- 
taining Na-  and M' the photolysis again proceeds 
via (M', e,-) and M-  with, in this case, regeneration 
of Na- occurring via M-. Extinction coefficients 
deduced by experiment for both (M', e,-) and M -  
are in good agreement with those calculated on the 
basis of Gaussian-Lorenztian shape functions for the 
individual optical spectra. 
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Electrochemical studies of the Pb2+/Pb(Hg) system in aqueous and 
aqueous ethylene glycol solutions 
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TIBOR RABOCKAI. Can. J. Chem. 57. 1801 ( 1979). 
The electrochemical behavior of the PbZ+/Pb(Hg) system in aqueous and aqueous ethylene 

glycol solutions is studied in the temperature range of 20.0 to  50.0°C by means of current re- 
versal chronopotentiometry. It is shown that the reduction of PbZ+ ion is reversible and that 
kinetic or catalytic complications are not present. The value of dE,,,/dT is -0.6 mV/deg in 
the aqueous solution and - 0.5 mV/deg in the solution with 5 6 z  (w/w) or higher concentrations 
of the organic solvent. In the above concentration range of ethylene glycol the activation ener- 
gies of diffusion and viscosity vary from 4.3 x lo3 to  7.2 x lo3 cal mol- and from 3.7 x lo3 
to 6.7 x lo3 cal mol-', respectively. For all solutions the solvodynamic mean radius of the 
diffusing species remains constant within the experimental error, suggesting that the diffusing 
species is always the hydrated Pb2+ ion. 

TIBOR RABOCKAI. Can. J. Chem. 57, 1801 (1979). 
On a etudit le comportement Clectrochimique du systeme PbZ+/Pb(Hg) en solutions aqueuses 

et en solutionseau-ethyleneglycol a des temperatures de 20.0 a 50.O"C a I'aide de la technique 
de chronopotentiometrie de renversement de courant. On montre que la reduction de I'ion 
PbZ' et rCversible et qu'il n'y a pas de complications cinCtique ou catalytique. En solution 
aqueuse, la valeur de dEl lz /dT est de -0.6 mV/deg alors qu'elle est de -0.5 mV/deg dans 
des solutions contenant au moins 5 6 z  (p/p) de solvant organique. Aux concentrations 
d'Cthylene glycol mentionnees plus haut, les energies d'activation de diffusion et de viscosite 
varient respectivement de 4.3 x lo3 a 7.2 x lo3 cal mol-I et de 3.7 x lo3 a 6.7 x lo3 cal 
mol-'. Pour toutes les solutions, le rayon solvodynamique moyen des espices qui diffusent 
reste constant a I'intCrieur des erreurs expCrimentales. Ceci suggere que I'esptce qui diffuse 
est toujours 1.111 ion PbZ+ hydrate. 

[Traduit par le journal] 

~ntroduction 

Ethylene glycol, hereafter called EG,  is a good sol- 
vent for inorganic and organic substances. In com- 
parison with water, EG has a lower freezing point, a 
higher boiling point, and a higher viscosity. In elec- 
trochemistry, EG has been used in reference elec- 
trodes for low temperature pH measurements (1); in 
polarographic studies of various inorganic substances 
(2, 3); in some practical applications, such as the 
electrochemical refining of germanium (4) and the 
electrodeposition of silver (5). Mn(I1) ion (6) and 
T1,SOa (7) were studied in EG-water mixtures. 

In  this paper we describe the study of the Pb2'/ 
Pb(Hg) system in aqueous and aqueous ethylene 
glycol solutions using chronopotentiometry with cur- 
rent reversal in the temperature range of 20.0 to  
50.0°C. Since the organic solvent can affect the 
charge transfer reaction as well as the transport prop- 
erties of the species in solution, information on these 
properties was, therefore, included in our study. 

Experimental 
The electrochemical cell employed has been described pre- 

viously (8). The working electrode was a shielded mercury pool 

with an area of 3.51 cmZ. A commercial sce was used as refer- 
ence electrode. The junction potentials between the sce and 
the mixed-solvent electrolyte were negligible. The temperature 
of the cell was maintained within 0.1"C. Dissolved oxygen was 
removed from the electrolyte by bubbling purified nitrogen. 
An ElectroscanTM 30 was used as both constant current source 
and recorder for potential/time curves. Solutions of Pb(N03)z 

to M)containing theappropriate amount of ethyl- 
ene glycol were investigated and 0.1 M K N 0 3  was used as  
supporting electrolyte. All solutions were prepared from stock 
solutions of analytical grade Pb(N03), and KN03.  Ethylene 
glycol (Carlo Erba, p.a) was purified according to the proce- 
dure described by Dzaparidze et a / .  (9). The water content of 
the purified ethylene glycol was determined by the Karl Fisher 
method. The viscosity of the solutions was measured with a n  
Ostwald viscosimeter, and the density of the solutions with a 
5 mL picnometer. 

The constant current was within the range of 0.05 mA to  
2 mA. Chronopotentiometric transition times were measured 
according to the procedure described by Adams (10). The poten- 
tials at time t = r/4 (r = transition time) were measured by 
the empirical method shown in Fig. 1. 

Results and Discussion 
(a )  Diffusion CoefJicients 

The current reversal chronopotentiometry of the 
solutions containing Pb2' displays well defined 
cathodic and anodic transition times (r, and r,, 

0008-4042/79/14 1801-03$0 1.00/0 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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ethylene glycol concentration range the plots of the 
potential vs. log [(2'12 - t 'I2)/t l i2] are linear. The 
slopes calculated are in good agreement with the 
theoretical value of 2.303(RT/nF), which is observed 
in the case of a reversible charge transfer (12). 

(c) Ratio between Direct and Reverse Transition 
Tinzes 

The ratios between direct and reverse transition 
times present a value of 0.33, which is independent 
of EG content, temperature, and the values of direct 
transition times. The constancy of T,/T, and ~ T , " ~ / C , ~  
indicates the absence of any kinetic or catalytic pro- 
cess interfering with the electrode reaction, according 
to the criteria already reported in the literature 

FIG. I .  Determination of transition times and E,,4 potentials. (12, 13). 
respectively). Within the investigated concentration 
and current ranges the ~ T , ' / ~ / C , ~  ratio (i = current 
density, Coo = Pb2+ concentration) is independent 
of Coo and i, for a given ethylene glycol concentra- 
tion and temperature. Thus, for each ethylene glycol 
concentration and temperature, the average value of 
the ~ T , ' / ~ / C $  ratio was calculated. From the average 
values, the diffusion coefficients Do of Pb2+ were cal- 
culated by means of the well-known Sand's equation. 
The diffusion coefficients are shown in Table 1. 
Assuming that the solvated electroactive species is a 
spherical particle with an average radius r, the latter 
was estimated from Do and viscosity data by means of 
the Stokes-Einstein equation, Do = RTl(6nqrN). 
The experimental value of r was 2.7 $. 0.1 A, inde- 
pendently of temperature and EG content. Thus the 
increase of diffusion coefficient with increasing tem- 
perature and water content, as shown in Table 1, is 
due to changes of viscosity. Taking into account that 
the mean ionic radius of Pb2+,  water, and ethylene 
glycol are, respectively, 1.32 (1 I), 1.9 (8), and 4 8, 
(this latter estimate is based on a molecular model 
from Framework Molecular Model, Prentice-Hall, 
NJ), one may conclude, from the value of solvody- 
namic radius, that the diffusing species is always the 
hydrated Pb2+ ion. 

(b) Variation of Potential with the Electrolysis Time 
For all the investigated temperature range and 

TABLE 1. Diffusion coefficient data of Pb2 + in ethylene glycol 
aqueous solutions 

Do x lo6 (cm2 s-') for % ethylene glycol 
w/w = 

Temperature 
("c) 0 20 39 56 73 94 

(d) Half-wave Potentials 
The observed E,/, values are independent of the 

electroactive species concentration and current den- 
sity. I t  was found that direct and reverse chronopo- 
tentiograms exhibit the same values for ET14 after 
correction for the ohmic drop. The equality of direct 
and reverse ET14 values and their independence rela- 
tive to electroactive species concentration and current 
density agrees with the previous conclusion that the 
reaction 

Pb(I1) + 2e = Pb(Hg) 

is reversible in ethylene glycol-water mixtures (12). It 
is known that in the case of a reversible charge trans- 
fer which takes place on a mercury electrode we have 
ET14 = Eli, where Ell ,  is the same as the corre- 
sponding polarographic half-wave potential (12). The 
change of the sce potential with temperature is given 
by (14) 

so that, the half-wave potentials may be referred to 
the value of E at 25.0°C. The results are illustrated in 
Fig. 2, for solutions containing 0% and 56x (w/w) 
of EG. From the straight lines of Fig. 2, the values of 
dEl12/dT are - 0.6 mV/deg and -0.5 mV/deg, re- 
spectively. The latter value does not change with in- 
creasing EG concentration. 

(e) Difusion and Viscosity Activation Energies 
According to Eyring and co-workers (15) the 

phenomena of diffusion and viscosity may be de- 
scribed by the absolute rate theory. Thus the influ- 
ence of temperature on diffusion coefficient and on 
viscosity is given by an equation of the form 

[2 1 Z = A exp [ -  E'"(RT)] 

where Z means either diffusion coefficient or vis- 
cosity, and E *  is the diffusion or viscosity activation 
energy, respectively. 
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X) 30 40 50 
TEMPERATURE ( O C  ) 

FIG. 2. Variation of half-wave potentials with temperature 
in solutions with (a) 0% (w/w) and (b) 56% (w/w) of ethylene 
glycol. 

I I I I I 
3.1 3.2 3.3 3.4 

( I /T )  ( K - ' ]  

FIG. 3. Plot of In Do and In q vs. 1 /T  for the calculation of 
the activation energies; lines (a), (c) refer to Ox (w/w) and lines 
(b), (d) to 20% (w/w) of ethylene glycol. 

As eq. [2] shows, the activation energies may be 
calculated from the slope of the straight line repre- 
senting In Z vs. (l/T). These plots are illustrated in 
Fig. 3. Table 2 assembles the activation energies ob- 

TABLE 2. Activation energies for diffusion and 
viscosity 

%Ethylene x ED* x Ev* 
glycol (w/w) (cal/mol) (cal/mol) 

tained. These data reveal that diffusion and viscositv 
are affected to the same extent by ethylene glycol: an  
increase of the order of 50% in the value of the activa- 
tion energies when going from zero to about 80% of 
non-aqueous solvent is observed. The values of the 
diffusion activation energy, ED:':, are slightly higher 
than those of the viscosity energy of activation, E,":. 
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Five-coordinate iron(I1) porphyrins derived from meso-a,P ,y ,6 
tetraphenylporphin: synthesis, characterization, and coordinating properties 
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Chem. 57, 1804 ( 1979). 

Meso-cc,fl,y,F,tetraphenylporphin derivatives bearing acrylic (cis and ~rcrt~s isomers) and pro- 
pionic side chains with a terminal imidazole group have been synthesized. Intermediate coni- 
pounds obtained during their preparation were characterized by visible spectroscopy and nmr. 
In non-coordinating solvents (benzene or toluene), the iron(II1) complexes of these compounds 
do not show intramolecular coordination of the terminal base on the nietal ion. The reduced 
forms of the compounds have been obtained from ferric fornis by heterogeneous reduction with 
aqueous dithionite and exhibit optical spectra characteristic of five-coordinate ferrous com- 
plexes. The nitrogenous bases and carbon monoxide affinities of the latter have been measured 
and the results indicate that the 'trans injlrence' exerted by the terminal iniidazole does not 
depend greatly on the nature and the structure of the covalent side chain. In contrast the stabiI- 
ity of the five-coordinate compounds depends on the side chain (trans acrylic < propionic < 
cis acrylic) as suggested by the values reported for the replacement constants of the terminal 
imidazole by 4-cyanopyridine in unsymmetrical six-coordinate derivatives. The stability of 
these compounds towards oxidation is also reported. 

MICHEL MOMENTEAU, BERNARD LOOCK, EMILE BISAGNI et MICHEL ROUGEE. Can. J. Chem. 
57, 1804(1979). 

La synthese de composis derives de la tneso-cc,fl,y,F,tetraphenylporphine possedant une 
chaine acrylique (isomeres cis et trans) ou une chaine propionique et substitute par un groupe 
imidazole terminal est decrite. Les colnposes intermediaires obtenus au cours de cette synthese 
sont caracterisks par spectrophotometrie visible et par rmn. Dans les solvants non-coordinants 
(benzene ou toluene), les complexes ferriques de ces composks ne montrent pas de coordination 
intramoleculaire de la base terminale sur l'ion metallique. Les formes reduites obtenues par 
reduction hkterogene des con~plexes ferriques presentent des spectres d'absorption carac- 
tkristiques des complexes ferreux pentacoordonnes. Les constantes d'affinite de ces composes 
pour les bases azotees et le monoxyde de carbone ont ete mesurtes. Elles indiquent que 1"'effet 
trat~s" exerce par I'imidazole terminal ne depend ni de la nature ni de la structure de la chaine. 
Au contraire, la stabilite des composes pentacoordonnes en depend (tmns acrylique < pro- 
pionique < cis acrylique) comme le suggerent les valeurs des constantes de remplacement de 
I'imidazole par la 4-cyanopyridine dans les derives hexacoordonnes. La stabilite de ces com- 
poses vis-a-vis de I'oxydation est Cgalement decrite. 

Introduction 
For some years, several studies have been made in 

order to understand the factors controlling the 
binding of oxygen in oxygen carriers, such as hemo- 
globin and myoglobin, or in oxygen activating hemo- 
proteins. Synthesis of models for the active sites in 
these proteins has demonstrated the role of the hy- 
drophobic environment and of the trans coordinating 
base upon the fixation of oxygen and the stabiliza- 
tion of the resulting oxygen complexes. In these 
models, the pentacoordination of iron(I1) arises 
from an axial ligand covalently linked either to the 

'Author to whom all correspondence should be addressed. 

vinyl side chains of protoheme via a thioether linkage 
(1-3) or to the propionic acid side chain of the heme 
IX molecules (4-7). More recently, Molinaro et al. 
(8) developed a synthetic route to monosubstituted 
tetraarylporphyrins in which the axial base is cova- 
lently linked to one of the four mesoaryl substituents. 

As a part of our continuing study of the prepara- 
tion and reactivity of new synthetic five-coordinate 
iron porphyrins, we wish to report in this paper the 
synthesis of new derivatives of meso-a,P,y,6,tetra- 
phenylporphin (TPP) functionalized by either an 
acrylic acid side chain (cis or trans substituted iso- 
mers) or a propionic one on which a ligand group 
(imidazole or pyridine) was linked. The synthesis of 

0008-4042/79/141804- 10$01 .W/O 
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porphyrins carrying a peptide acrylic side chain has 
been reported recently by Callot et al. (9) in an  inde- 
pendent work. We have followed the same route to 
prepare our models, but used other metallo TPP  
compounds as starting materials. Thus, aside from 
better yields of intermediate derivatives, we have 
isolated several new compounds which have been 
characterized by their spectroscopic properties. We 
also describe comparative chemical properties of 
their iron(I1) derivatives towards external ligands 
such as nitrogenous bases or neutral small mole- 
cules (carbon monoxide or oxygen). 

Results and Discussion 

1. Preparation of Substituted meso-a,P,y,h,Tetra- 
phenylporphins2 

The synthesis of porphyrins bearing an acrylic acid 
side chain was performed following the method de- 
scribed by Callot (10, l l )  from Cu-TPP (lb). In  a 
first step, a formyl group was introduced into a 
pyrrolic position using Vilsmeier formylation; after 
hydrolysis, the Cu-monoformyl compound 2b was 
obtained in a good yield (>95%), but demetallation 
of 2b under various sulfuric acid conditions did not 
yield the corresponding free-base. Thin layer chro- 
matography on silica gel showed that several com- 
pounds were formed, suggesting direct attack of the 
formyl group and/or sulfonation of the porphyrin 
ring. These results are different from those obtained 
in the sulfuric acid treatment required for the demetal- 
lation of formylated Cu-etioporphyrin I and Cu-oc- 
taethylporphyrin (12). 

An alternative route to the formylporphyrin free- 
base was then considered using the iron(1II)TPP as 
starting material, but under the same formylating 
conditions as for Cu-TPP, iron(1II)TPP appeared 
considerably less reactive (10% yield). This differ- 
ence in reactivity probably lies in the electronega- 
tivity of the central metal ion. The presence of elec- 
tron donor metals leads to a greater reactivity of the 
porphyrin ring by increasing the electron density 
especially on the pyrrolic carbon (13). Despite the 
low yield of formylated iron(III)TPP, this method 
allowed us to obtain the formyl-TPP free-base since, 
in this case, removal of iron is easily performed by 
treatment with iron(I1) sulfate in dilute acids at  
room temperature (14). Silica gel column chromatog- 
raphy afforded two compounds: T P P  starting mate- 
rial l a  and formyl-TPP 2a. The latter showed a 

ZAbbreviations: TPP: ~neso-a,(3,y,6,tetraphenylporphin; Im: 
imidazole; Py: pyridine; NMeIm: N-methylimidazole; 
NbuIm: N-butylimidazole; 4-PyCN: 4-cyanopyridine; nmr: 
nuclear magnetic resonance. 

FIG. 1. Optical absorption spectra (optical path, visible 1 
c n ~ ,  Soret 1 mm) of formyl-meso-tetraphenylporphin 2a 
(-); formyl-rneso-tetraphenylporphin dicationic form (---); 
copperformyl-meso-tetraphenylporphin 26 (---) in benzene. 

typical porphyrin spectrum (Fig. 1) in which a batho- 
chromic shift of the absorption maxima was caused 
by the aldehyde group substitution. Furthermore 
some noticeable differences were observed: the visible 
spectrum was of a type which had not been observed 
previously in the porphyrins bearing a single car- 
bony1 group in the P or  meso position (15). These 
strongly electron-withdrawing groups caused a 
'Rhodo' type spectrum. The extinction coefficient 
of band I (663 nm) in the formyl-TPP spectrum is 
more intense than that of band I1 (605 nm). The new 
type of spectrum (band IV > I11 > I > 11) could 
result from the strong asymmetric delocalization of 
the K electron cloud, due to the formyl substituent 
group. 

As in Callot's work, the acrylic derivatives were 
directly obtained by condensation of carbethoxy- 
ethyl-methenyl-triphenylphosphorane with Cu-for- 
myl-TPP according to the Wittig reaction (12). Cis- 
trans isomers (3b and 4b respectively) were isolated 
as red crystals in 28.9 and 47.1% yields respectively. 
These compounds were rapidly transformed into 
free-base derivatives 3a and 4a under mild conditions 
with gaseous hydrogen-chloride and identified by 
their nmr spectra. The preparation of the propionic 
derivative 5a was achieved in good yield by catalytic 
hydrogenation of compounds 3a  or 4a on palladium 
charcoal in formic acid. 

Reaction of triethylphosphonoacetate with Cu- 
formyl-TPP was an alternative method (16) for the 
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TAULE 1. Struct~lres o f  substituted meso-tetraphenylporphins 
and their metal complexes* 

Compound R 

H 
CHO 
CH=CH-C02C2H5 (cis) 
CH=CH-C02C2H5 (trans) 
CHZ-CH2-C0,C2H5 
CH=CH-CO-NH-(CH2)3-N (cis) 

CH=CH-CO-NH-(CH,)~-N (trans) 

*a,  M = 2 H ;  b,  M = Cu(ll); c. M = Fe(1ll)CIk; r l ,  M = Fe(l1). 

preparation of acrylic derivatives 3b and 4b in yields 
of 4.5 and 85.5x7,, respectively. This method appeared 
more suitable for the preparation of 5a because isola- 
tion of the mixed cis-trnns isomers was easier and 
hydrogenation could then be performed directly, 
without purification of acrylic acid intermediates. 

When 3a, 40, and 50 were saponified with alcoholic 
potassium hydroxide, acidification afforded free acid 
compounds in 9 5 x  yield. After treatment with oxalyl 
chloride (17), acid chloride derivatives were then 
condensed with 1 -(3-aminopropyl)imidazole (1 8) 
giving compounds 60, 70,  and 8a in 7 0 x  yield. Their 
iron(II1) complexes have been prepared by treatment 
of free-bases with an excess of ferrous acetate in hot 
acetic acid under argon (19). In the same way, acyla- 
tion of 3-(3-pyridy1)-I-propanol with the acid chlo- 
ride of compound 50 in methylene chloride gave the 
derivative 9a which was converted into the iron com- 
plex 9c. 

All acrylic and propionic TPP  derivatives 30, 40, 
5a, 6a, 70 ,  8a, and 90 showed 'etio' type absorption 
spectra but the presence of a double bond in the side 
chain of the acrylic compounds caused a batho- 
chromic shift of the absorption bands in comparison 
with the spectrum of propionic acid derivatives. This 

shift is greater in the trnns isomer (10 nm) than in the 
cis one (5 nm). 

All nmr spectra are characterized by the non- 
equivalence of the seven pyrrolic protons in contrast 
to  nzeso-tetraphenylporphin (20) (Table 3). In the cis 
derivatives, the a and p vinyl protons are shifted 
upfield relative to the equivalent trnns ones. The cou- 
pling constants Jap = 12 Hz and 16 Hz for the cis 
and trans ethylenic configurations respectively are 
similar to  those observed by Callot in Ni-vinyl-TPP 
(10). A more important effect is observed in the reso- 
nance of the ethyl ester protons of compounds 3a, 
4a, and 5a and the imidazole ring of com- 
pounds 6a, 7a,  and 8a. In the cis acrylic derivatives 
3a and 6a, the proton resonances of the ethyl ester 
group and imidazole ring appear upfield. Those in the 
trans acrylic isomers 4n and 7a are shifted downfield 
relative to  the normal values for the ethyl ester and 
imidazole protons, as a result of the ring current of 
the macrocycle. These resonances may be due to  dif- 
ferent stereochemical configurations of cis and trnns 
acrylic isomers, in which the ethyl ester groups and 
imidazole rings are positioned over the conjugated 
macrocycle in the former compounds and outside the 
macrocycle plane in the latter. 

2. Plzysico-chemical Properties of Iron(I1) 
Derivatioes 

The porphyrins 6a, 7n,8a and their related iron(II1) 
and iron(I1) derivatives have side chains of different 
geometry. Molecular models show that the terminal 
imidazole lies close to  the center of the porphyrin 
ring in the cis acrylic isomer and in the saturated 
propionic derivatives 6a and 8a, but far from this 
center in the case of the t ram acrylic isomer 7a,  in 
agreement with the nmr results. In this connection, 
Fuhrhop et 01. (21) have noted an observation on 
sterically fixed porphyrins having rigid axial ligands 
through the central ion. The phenyl group of the 
benzyl ester of [2,2-bis(benzyloxycarbonyl)vinyl]por- 
phyrin lying 'cis' to the porphyrin occurs in position 
exactly above the center of the macrocycle. Such a 
conformation is also observed in our 'cis' compounds. 

In toluene solution, the optical spectra of the ferric 
derivatives 6c, 7c ,  and 8c are quite similar to that of 
Fe(II1)Cl-TPP l c ,  except for a bathochromic shift 
observed with the two 'cis and trans' acrylic com- 
pounds as observed for the related free-bases. This 
similarity indicates that the imidazole group is not 
coordinated to  the sixth coordination position of the 
iron ion, even in the 'cis' acrylic derivative. Also, the 
similarity between the spectra of the same isomer in 
which the side chain bears ethyl ester or  imidazole 
shows that in the imidazole compounds the ferric 
complexes are in the high spin state, without an 
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imidazole on the iron ion. The low affinity constant of 
Fe(II1)Cl-TPP for the first imidazole derivative as 
reported by Walker et 01. (22) is in good agreement 
with the coordination state of iron(II1) in our com- 
pounds suggested from the absorption spectra. A 
similar observation has been found with deutero- 
hemin 6(7) methyl ester, 7(6) histidine methyl ester, 
in which the histidine methyl ester attached to the 
side chain was not firmly bound to the iron(II1) (7). 

The reduction of hemins 6c, 7c, and 8c with aque- 
ous sodium dithionite, under anaerobic conditions, 
in a two-phased system (C,H,CH,/H,O) (23) gives 
orange compounds 6d, 7d, and 8d which are stable in 
the absence of oxygen. Their absorption spectra are 
characterized by one broad visible band (near 540 
nm) with two shoulders (615 and 570 nm) and a 
Soret band at 440 nm (Fig. 2). These spectra are 
clearly distinct from both that of bare Fe(I1)TPP (24) 
and four-coordinate iron(I1) compounds 3d, 4d, and 
5d and that of typical six-coordinate TPP (24). How- 
ever, they are quite similar to that obtained with the 
well-identified five-coordinate species, mono(2- 
methylimidazole) TPP, except for the increase of 
absorbance at 540 nm (25, 26). These results unam- 
biguously show that in non-coordinating solvents at 
room temperature, typical five-coordinate complexes 
with imidazole bound in the fifth axial coordination 
position of iron(I1) are obtained. However the Soret 
band of the trans acrylic isomer is less sharpened than 
those of the cis acrylic isomer and propionic deriva- 

FIG. 2. Optical absorption spectra (optical path, visible 
I cm, Soret 1 mm) of Fe(I1) nzeso-tetraphenylporphin Id 
(-), Fe(11) meso-tetraphenyl-1-[3-(N-imidazolyl propy1)pro- 
pionamidolporphin 8d(--- ) ,  N-methylimidazole-Fe(I1) tneso- 
tetraphenyl-1-[3-(N-imidazolyl propyl)propionamido]porphin 
(---) in benzene. 

tive. This could reflect the constraint exerted by the 
side chain in the coordination of the terminal irnid- 
azole. 

Progressive addition of N-methylimidazole to the 
five-coordinate compounds 6d, 7d, and 8d in benzene 
at 20°C progressively leads to species whose absorp- 
tion spectra are similar to that of the symmetrical six- 
coordinate complexes (hemochromes) resulting from 
the binding of two imidazole or N-methylimidazole 
n~olecules to Fe(I1)TPP I d  and to the four-coordinate 
species 3d, 4d, 5d. The bathochromic shift of the 
absorption maxima noted for the bare cis and truns 
acrylic isomers 3d, 4d, compared to the propionic 
related compound 5d, is also observed for the corre- 
sponding symmetrical (3d, 4d + 2 N-methylimid- 
azole) and unsymmetrical (6d, 7d + N-methyl- 
imidazole) complexes. 

Titrations of ca. 2 x lo-, M (= [Po]) of all three 
five-coordinate species by L = N-methylimidazole 
appears almost quantitative. Full hemochrome spec- 
tra are obtained for [Po] < L, << 2[P0] (L, standing 
for the total added ligand concentration) thus indi- 
cating that only one external L ligand is required to 
get the unsymmetrical six-coordinate hemochrome. 
As noted by Antonini and Brunori (27) this means 
that KImLIPo] >> 1. The values reported in Table 5 
obtained assuming KlmL[P0] > 10, are probably 
slightly higher than the second affinity constant KLL 
measured in the case of Fe(I1)TPP (1.4 x lo5 M -  I). 

Unfortunately, because of these very high values, it 
has not been possible to detect experimentally any 
influence of the structure of the covalent chain upon 
the trans influence exerted by the terminal imidazole. 
Moreover, attempts to determine the exchange 
constants K,'".~ by increasing the N-methylimid- 
azole concentration have been unsuccessful either 
because this constant is too low or because of the 
great similarity of the symmetrical and unsymmetrical 
hemochrome spectra (further complications arise 
upon dilution when adding an excess of N-methyl- 
imidazole to the initial solution). 

On the contrary, titrations of the five-coordinate 
species 6d, 711, 8d by L' = 4-cyanopyridine occurs in 
two distinct steps. In the first, one 4-cyanopyridine 
molecule binds to the sixth coordination site with a 
high affinity, K, ,~ '  = -2.5 x lo5 M - l ,  which is 
rather insensitive to the structure of the side chain 
linking the terminal imidazole and comparable to, 
but slightly lower, than other K,mL values. Hemo- 
chrome type spectra are obtained at the end of this 
step. Further modifications of these intermediate 
spectra are observed in the red when the 4-cyanopy- 
ridine concentration is greatly increased, and the 
spectra obtained at the end of this second step (Fig. 
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TABLE 2. Absorption, in nm, and molecular absorption coefficients (in parentheses), in mLmol-'cm-', of 
substituted meso-tetraphenylporphins in toluene 

Compound Data 

515 (19) 548 (7.9) 592 (5.3) 648.5 (3.4) 
523.5 (17.8) 566 (7.7) 605 (5.7) 663 (7) 
519 (16.3) 553 (5.6) 595 (4.8) 651 (2.9) 
522 (15.7) 559(6.4) 600 (4.8) 657 (2.3) 
515 (18.8) 548 (6.0) 591 (5.4) 646 (2.8) 
539 (21.2) 570 shoulder (2.8) 
551 (16) 590 (9 .9) 
544 (19.8) 580 shoulder (3.8) 
547 (18.6) 686 (7.4) 

3) are almost identical to those of the symmetrical 
hemochromes resulting from the coordination of 
two 4-cyanopyridine molecules to the corresponding 
four-coordinate species 3d, 4d, 5d (the slight dif- 
ferences observed can be related to the fact that a 
very high 4-cyanopyridine concentration is needed 
to get the pure symmetrical hemochromes). The mea- 
sured affinity constants, K,,'".~' = l ,  30, and 1.2 
M-' for 6d, 7d,  8d respectively, show that the ter- 
minal imidazole is more easily replaced by a 4-cyano- 
pyridine molecule in the case of the trans acrylic 
isomer 7d,  than in the case of the cis isomer 6d and 
the saturated propionic derivative 8 d  

In order to get further information about the role 
of the covalent attachment of the axial chain upon 
the affinities for externally added ligands, we have 
also studied the coordination of Fe(I1)TPP Id and of 
the four-coordinate compounds 3d, 4d and 5d. 

Id and 5d bind L = N-methylimidazole in two 
overlapping steps, as previously observed for the 
titration of Fe(1I)TPP by imidazole and pyridine (24, 
26). (The values reported in Table 5 have been re- 
determined at  20°C.) However, the affinity constants 
for N-methylimidazole are significantly higher than 
the values obtained for irnidazole, in agreement with 
the more basic character of N-methylimidazole 
(pK, = 7.33) with respect to Im (pK,  = 6.65). Only 
the overall affinity constant KLKLL can be estimated 
for 3d and 4d. Comparison of the values reported in 
Table 5 shows that the reactivity a t  the iron center 
is not greatly influenced by the nature of the non- 
coordinating side chain. 

Spectrophotometric titrations of Id, 3d, 4d, and 5d 
by L' = 4-cyanopyridine indicate a two-base fixation 
in a single step, with affinity constants K ~ ' K , . ~ '  = 5, 
2.9, 2.5, and 1.3 x 10' M-* ,  respectively, which are 
again little affected by the presence of the side chain. 

Defining 1111-P P P(Im), (K = [P(Im)]/[Im-PI) the 
equilibrium between the four and five-coordinate 
forms of species 6d, 7d,  8d and assuming that the 
affinities of the former for L '  are the same as that of 
species 3d, 4d, 5d respectively, we obtain K ~ ' K ~ , ~ '  

I I 
350 450 550 650 750 

Mnm) 

FIG. 3. Optical absorption spectra (optical path, visible 1 cm, 
Soret 1 mm) of Fe(I1) meso-tetraphenyl-1-[3-imidazolyl pro- 
pyl)propionamido]porphin 8d (-); 4-cyanopyridine-Fe(I1) 
rileso-tetraphenyl- 1 - [3-(N-imidazolyl propyl)propionamido]- 
porphin (---); (4-cyanopyridine),-Fe(I1) t~ieso-tetraphenyl-l- 
[3-(N-imidazolyl propyl)propionan~ido]porphin (---) in ben- 
zene. 

(for 3d, 4d, 5d )  = K K,,L' K ~ , ' ~ , ~ '  (for 6d, 7d ,  8d).  
From the values reported in Table 5, we obtain 
K = 950, 65, and 430 for 6d, 7d,  8d respectively, 
which corroborates the strong predominance of the 
five-coordinate versus the four-coordinate form of 
these three models. A significant decrease of the 
equilibrium constant is observed for the trans acrylic 
isomer 7 4  whereas the values for models 6d and 8d 
are comparable to  the value K = 800 obtained by 
Geibel et 01. (28) for their five-coordinate model 
derived from mesoporphyrin IX. 

The particular features of the hemochrome spectra 
obtained with L' = 4-cyanopyridine together with 
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TABLE 3. The nmr signals of substituted ~neso-tetraphenylporphins in deuterochloroform at 34'C (in ppm) 
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TABLE 4. Absorption maxima, in nm, and molecular absorption coefficients (in parentheses), in mL mol-' cm-l, of 
iron(II1) and iron(I1) substituted meso-tetraphenylporphins in benzene or toluene 

Compound Data 

1 c 372 (56) 418 (121) 507 (14.1) 572 (4.0) 686 (3.5) 
2c 374 (56.5) 421 (116) 508 (14.0) 573 (4.2) 687 (3.4) 
3c 376 (58) 423 (1 16) 511 (14) 575 (4.8) 682 (3.1) 
4c 375 (49) 430 (1 16) 513 (13.9) 575 (5.4) 685 (3.5) 
5c 377 (60) 420 (1 15) 508 (1 3.4) 575 (3.8) 682 (3 .O) 
6c 380 (55) 424 (119) 512 (13.1) 575 (4.0) 690 (3.0) 
7c 380 (49) 430 (138) 515 (13.2) 575 (5.2) 680 (3 .O) 
8c 385 (45) 421 (110) 508 (11) 570 (5.4) 680 (25) 
9c 378 (56) 420 (1 10) 508 (12) 575 (3.8) 683 (2.9) 

I d  418 (120) 443 (93) 539 (12.8) 
2d 420 (1 16) 444 (90) 541 (12.4) 
3d 423 (1 10) 445 (90) 544 (1 2.8) 
4d 428 (106) 450 (93) 545 (12.0) 
5d 420 (106) 446 (76) 540 (10.0) 
6d 440 (197) 538 (9.5) 570 shoulder (7.8) 615 shoulder (3.3) 
7d 445 (121) 545 (9.7) 575 shoulder (7.8) 620 shoulder (3.2) 
8d 440 (141) 540 (9.6) 570 shoulder (7.8) 615 shoulder (4.5) 
9d 436 (175) 535 (9.8) 565 shoulder (7) 612 shoulder (3.1) 

the great difference of the affinity constants of 
Fe(I1)TPP Id for L' and L = N-methylimidazole 
allowed us to study the stepwise replacement of L by 
L' (and vice-versa) in the case of Fe(I1)TPP. Values 
of K , ~ , ~ '  = 1 and KL.L.L' = 0.06 agree with the 
overall affinity constants KLKLL = 0.85 x 10'' M-' 
and KL'KLfL'  = 5 x lo8 M-' measured in separate 
experiments (see Experimental section). Besides, 
knowledge of K L L  = 1.4 x lo5 M- I  gives KLL' = 
1.4 x lo5 M - '  , which compares well with the affinity 
constant of the five-coordinate models 6d, 7d, 8d for 
4-cyanopyridine, KlmL' - 2.5 x lo5 M-' . In other 
words, the trans influence exerted by the covalently 
linked imidazole, irrespective of the nature of the 
covalent chain, is not very different from that exerted 
by the free base N-methylimidazole in solution. 

Compounds 6d, 7d, 8d strongly bind CO, leading 
to the well characterized monocarbony1 hemo- 
chromes. Affinity constants K,,'O - 1 x lo8 M- '  
are obtained which are comparable to the value ob- 
tained by Geibel et al. (28) on their mesoheme deriva- 
tive (1, K = 6 x lo8 M-' ,  determined by kinetic 
methods). 

Replacement of L = N-methylimidazole by CO 
in the symmetrical hemochromes of 3d, 4d, 5d gives 
constants KLLgCO = 1.05, 1.2, and 1.6 x lo3, re- 
spectively. Knowledge of K L L  = 1.3 x lo5 M-' for 
5d gives K,'O = 2.1 x lo8 M - I  , which is again 
comparable with the above K,,'O value. 

On exposure to oxygen at room temperature, 
compounds 6d, 7d, and 8d are immediately and 
irreversibly oxidized to iron(II1) complexes. How- 
ever admission of oxygen to a toluene solution of 
these compounds at low temperature (-45°C) im- 

mediately gives new species which are characterized 
by a visible band near 545 nm with a shoulder at 
583 nm, and a Soret band at 432 nm. These oxygena- 
tions at low temperature are fully reversible, and 
bubbling argon restores the initial spectra. 

Conclusions 
In non-coordinating solvents such as benzene or 

toluene, the physico-chemical properties of iron 
substituted meso-tetraphenylporphins with imidazole 
covalently attached to either an acrylic (cis-trans 
isomers) or a propionic side chain show that the 
internal coordination is only observed in the reduced 
form. 

Quantitative titration of the three iron(I1) com- 
pounds by 4-cyanopyridine shows that internal fifth 
coordination is much less favourable in the trans 
acrylic derivative than in the cis propionic derivatives. 
This conclusion may be related to the stereochemistry 
of their free-bases observed in nmr studies. 

However, the 'trans influence' exerted by imidazole 
upon external fifth ligands is not particularly marked 
either by the nature or by the structure of the side 
chain. 

The affinity of these compounds derived from the 
synthetic H2TPP porphyrin ring is comparable to 
that of other five-coordinate models derived from 
meso- (5) and deuteroporphyrin IX rings (7), and re- 
lated hemoproteins such as isolated or and p chains 
of human hemoglobin containing protoporphyrin 
IX as prosthetic group, indicating that porphyrin 
substituent effects are weak. As quoted by James 
et al. (29), porphyrin substituent effects with 2,4 sub- 
stituted deuteroporphyrins (proto, meso) and H,TPP 
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seem smal l  c o m p a r e d  wi th  those  observed o n  chang-  
ing  to octamethyltetrabenzoporphyrin a n d  ph tha lo -  
cyanine .  On the con t ra ry ,  t h e  reactivity o f  iron(I1) 
m o d e l  c o m p o u n d s  seems m o r e  dependent on the 
l eng th  o f  the cha in  bear ing the  terminal  base and on 
the n a t u r e  o f  the base (28). 

O u r  o w n  results show t h a t  iron(I1) derivatives o f  
TPP a r e  as valuable  as those der ived f r o m  natura l ly  
occurr ing porphyr ins  to m i m i c  the active site o f  
hemoprote ins .  

Experimental 
tneso-a,!3,y,6,Tetraphenylporphin (H2TPP) and its metal 

complexes (Cu and Fe) were synthesized as described by Adler 
et 01. (30) and Rothemund and Menotti (31) respectively. All 
chemicals ~ ~ s e d  were of reagent grade. Silica gel was purchased 
from Merck Company. N-Methylimidazole, 4-cyanopyridin, 
and 3-(3 pyridy1)-I-propanol were purchased from Aldrich. 
Prediluted CO in nitrogen, grade U (1.08 x M i n  volume) 
was especially supplied by Air Liquide. 

Optical spectra in the Soret and visible regions were recorded 
using a Beckman D K U  or a Varian-Techtron 635 spectro- 
photometer. Proton magnetic resonance spectra in deutero- 
chloroform (CEA, France) were recorded at 100 MHz in the 
Fourier transform mode using 4K data points in the frequency 
domain. Chemical shifts were referenced to internal tetra- 
methylsilane (TMS). 

The spectrophotometric titrations of the four- and five- 
coordinate Fe(l1) compounds by externally added ligands 
(including CO) have been performed as previously described 
(23,24,32). The solubility of CO in benzene at 20°C is assumed 
to be 6.7 x M atm-' (19). The abbreviations and nota- 
tions used throughout are the same as in ref. 32 for the four- 
coordinate species, and are derived from them for the five- 
coordinate species, as briefly summarized below. 

Titration of four-coordinate species, P = Id, 3d, 4~1, 5d, by 
ligands L, L': 

PL + L' + PLL' ( K ~ ~ ' ,  M -  l )  

PL2 + L ' G  PLL' + L 

PLL' + L'* PL'2 + L 

leading to the obvious relationship 

KLL' = K L L  x KLLIL' 

K ~ K ~ ~  x K ~ ~ ~ ~ '  x K ~ , ~ , ~ '  = K ~ ' K ~ , ~ '  

and any combination between them. 
Titration of five-coordinate species P(Im) = 6d, 7d, 8d, by a 

ligand L :  

P(1m) + L s P(In1)L (K,",L, M- '1  

All the constants were obtained at 20°C + 0.1"C in benzene. 
Each value was calculated as an average of at least three deter- 
minations, with an estimated error of t 30%. 

Fort?~ylntion of Transition Metol Cotnplexes of meso-a,a,y,6,- 
Tetrnpl~et~ylporpl~in 

( I )  Clr-TPP. T o  a mixture of phosphoryl chloride (40 mL) 
in dimethylformamide (40 mL) was added a solution of metal 
complex (5 g) in 1,2-dichloroethane (550 mL). The mixture 
was heated under reflux for 18 h. Saturated sodium acetate 
solution (600 mL) was added and the mixture was warmed 
under stirring for a further 2 h. The product was extracted with 
chloroform. The chloroformic solution was washed with water 
( x 3), dried over sodium sulfate, and evaporated to dryness. 
The desired product was crystallized from methylene chlo- 
ride:methanol (1 : 5) giving Cu-meso-tetraphenyl-l(formy1)por- 
phin 26 (4.8 g; 92%). Annl. calcd. for C4,HZ8N4OCu: C 
76.74, H 4.01, N 7.96; found: C 76.22, H 4.19, N 7.85. 

(2) Fe-TPP. Phosphoryl chloride (17 mL) was added to dry 
dimethylformamide (17 mL) cooled in an ice-bath and the 
solution was kept at room temperature for 1 h with vigorous 
stirring. A solution of Fe(lll)CI,TPP (2 g) in 1,2-dichloro- 
ethane (100 mL) was added and heated under reflux for 24 h. 
Following the foregoing treatment, we obtained a residue 
which was then dissolved in a mixture of pyridine (15 mL), 
acetic acid (600 mL), and chloroform (250 mL). A saturated 
solution of iron(I1) sulfate in hydrochloric acid (12 N, 40 mL) 
was added under nitrogen. After 5 min, the mixture was 
poured into a saturated sodium acetate solution. The products 
were extracted with chloroforni. The chloroforniic solution 
was washed with water ( x  3) and dried over sodium sulfate. 
The organic solvent was removed under reduced pressure and 
the residue dissolved in benzene-cyclohexane (4: 1) and chro- 
matographed on a silica gel column. The first compound eluted 
with the same solvent corresponded to n~eso-tetraphenylpor- 
phin l a  (1.432 g, 82%). The second one eluted with pure ben- 
zene was identified by nmr as formyl-meso-tetraphenylporphin 
20 (231 mg, 12.7%). At~nl. calcd. for C4,HJON40: C 84.09, H 
4.70, N 8.72; found: C 83.79, H 4.80, N 8.64. 

Crr-nieso-Tetropl1et1yl-1-[2-etl1osycnrbonyluinyl]porpltit1 
(Cis atld Trans Isorrlers) 3b and 4b 

Metl~od 1 
T o  a toluene solution of Cu-meso-tetraphenyl-l(formyl)por- 

phin 2b (2.11 g) was added carbethoxyethyl-methenyl-tri- 
phenylphosphorane (15 g). The mixture was refluxed over- 
night. The solution was evaporated under reduced pressure, 
and the residue was chromatographed on a silica gel column 
(3.5 x 100cm). Elution with toluene gave two successive 
bands. The first band contained cis-Cu-nleso-tetraphenyl-I- 
[2-ethoxycarbonylvinyl]porphin 3b (0.670 g from chloroform- 
methanol, 2:7; 28.9%). At~al. calcd. for C 4 9 H 3 4 N 4 0 Z C ~ :  C 
76.00, H 4.43, N 7.24; found: C 75.77, H 4.42, N 7.48. The 
second one yielded trans-Cu-nleso-tetraphenyl-I-[2-ethoxy- 
carbonylvinyl]porphin 4b (1.093 g from chloroform-methanol, 
2:7; 47.1%). Atlal. calcd. for C4,H34N40zCu: C 76.00, H 
4.43, N 7.24; found: C 75.08, H 4.40, N 7.57. 

Method 2 
Triethyl phosphonoacetate (10.08 g) was added dropwise 

under stirring to a slurry of sodium hydride (2.16 g of 50% 
dispersion in mineral oil) in 90 mL of dry 1,2-dimethoxyethane 
at 10°C. The solution was then stirred until gas evolution had 
ceased. Cu-formyl-TPP 2b (2.1 1 g) in 1,2-dimethoxyethane 
(25 mL) was added and the mixture stirred for 4 h. The reac- 
tion mixture was poured in water (500 mL) and the compounds 
were extracted with chloroform. The organic layer was washed 
with water ( x  2), dried over sodium sulfate, and evaporated 
under reduced pressure. The residue was dissolved in toluene 
and chromatographed on a silica gel column in the same sol- 
vent to give two isomers as described above. 
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TABLE 5. Absorption maxima of hemochron~es and affinity constants in benzene at  20°C 

Affinity 
Species Ligands h in nm (E in mL mol-' cm-') constants 

I d  Im 1.3  X I O " M - ~ ~  
I d  Im Im 427 (215) 533.5 (17) 565 (4.5) I . 2  x1O5 M - I b  
I rl NBuIrn 2 X I O " M - ~ ~  
I d  NBuIm NBuIm 429 (230) 534 (19.0) 566 (5.7) 1 . I  x lo5 M-I 

I d  NMeIrn 6 x104 M - l a  
I d  NMeIrn NMeIm 429 (280) 535 (21.5) 567 (6.4) 1.4 x lo5 M-I  
I d  PY 2.2 x lo3 M - I n  
I d PY PY 424 (190) 530 (19.5) 562 (4.5) 3 xlOJ M - l b  
I d  4PyCN 4PyCN 423 (195) 529 (25) 563 (1 1.8) 610 (11) 5 x 10' M - Z c  

3d NMeIrn NMeInl 437 (175) 540 (19.3) 572 (6.5) > l oL0  M - Z  c 

4d NMeIm NMeIm 447 (180) 543 (14.8) 580 (10.9) > 101° M - Z  
5d NMeIm 3 X I O J M - ~ ~  
5d NMeIm NMeIm 430 (195) 536 (15.7) 567 (5.6) 1 .3  x lo5 M-I 

3d 4PyCN 4PyCN 430 (185) 534 (23.8) 568 (12.8) 610 sh. (10) 2 .9  x 10' M - Z c  
4d 4PyCN 4PyCN 436 (185) 537 (21.7) 572 (17.3) 620 sh. (8.0) 2 .5  x 10' M - Z c  
5 rl 4PyCN 4PyCN 426 (146) 530 (17.7) 565 (8.9) 610sh. (7.6) 1 . 3  X ~ O ' M - ~ '  
3d NMeIrn CO 430 (250) 548 (13.4) 590 sh. (5.3) 1 . 0 5 ~  l o 3 "  
4d NMeIm CO 439 (200) 552 (12.0) 585 sh. (8.1) 1 .2  x 1 0 3 "  
5 d  NMeIrn CO 426 (260) 545 (10.1) 580 sh. (5.2) 1 . 6  x103"  
3d 4PyCN CO 426 (235) 543 (12.8) 590 sh. (4.6) O.65x1O3" 
4d 4PyCN CO 434 (180) 550 (12.0) 585 sh. (9.3) 0 .7  x 1 0 3 "  
5rl 4PyCN CO 424 (230) 541 (9.8) 580 sh. (5.2) 0 .9  x103"  

6rl [Iml NMeIm 434 (190) 538 (16.5) 572 (6.5) > 5 x 1 0 5  M-"  
7d [Iml NMeIrn 444 (150) 544 (13.0) 580 (8.4) > 5 x lo5 M-' 
8 rl [Iml NMeIm 431 (188) 538 (16) 570 (4.6) > 5 x 1 0 5  M - ' "  
6rl [Iml 4PyCN 430 (170) 537 (19.2) 570 (10) 710 (3.2) 3 X I O ~ M - ' "  
6rl 4PyCN 4PyCN 1 M-1 I 

7d [Iml 4PyCN 437 (150) 540 (15.7) 575 (1 1.9) 2 .5  x lo5 M-I 
7d 4PyCN 4PyCN 435 (185) 536 (21.3) 572 (16.0) 620 sh. (8.5) 30 M-1 J 

8d [Iml 4PyCN 430 (170) 537 (19) 567 (8.8) 705 (3.2) 2.5 x lo5 M-I 
8 rl 4PyCN 4PyCN 427 (160) 532 (22.5) 567 (11.2) 610 (10.8) 1 .2  M-1 I 
6d [Iml CO 428 (290) 547 (1 1 . I )  585 sh. (5.4) 1 .3  x 10' M - ' "  
7d [Iml CO 435 (160) 550 (8.4) 1 x 10' M - ' "  
8 rl [Iml CO 428 (310) 547 (12) 583 sh. (5.4) 1 .3  x108 M - I '  
I d NMeIm 4PyCN 1 . 0 "  
I rl 4PyCN 4PyCN 423 (1 88) 529 (24.5) 563 (11) 610 (10.5) 0 .06"  

Cis-Cu-~~1eso-tetraphenyl-l-[2-ethoxycarbonylviny1]porphin, 
30 (0.104 g; 4.59,). 

Trntrs-Cu-tlieso-tetraphenyl- 1 -[2-ethoxycarbonylvinyl]por- 
phin, 4b (1.980 g; 85.59,). 

meso-Tetrnp~~et1j~(-I-[2-et~1oxycnrbo11y/ui11j~(]porp~1it (Cis ntld 
Trans I~otners) 3a ntlrl4a 

To a solution of Cu-porphin 30 (or 40) (1.35 g) in chloro- 
form (250 niL), containing 19, water, gaseous hydrochloric 
acid was bubbled. Demetallation of metalloporphins was fol- 
lowed by changes in the absorption spectra of the reaction 
mixture. After completion of the reaction, the solution was 
successively washed with water, aqueous 0.2 N ammonium 
hydroxide and water, then dried over sodium sulfate and 
evaporated to dryness. The residue crystallized from methylene 
chloride-methanol (2: 7). 

acid (100 mL) and hydrogenated over 309, palladium on char- 
coal (250 nig) at 40-50°C. Hydrogenation was followed by 
spectrophotometry. At the end of the reaction the catalyst 
was removed by filtration and the filtrate evaporated to dryness 
under reduced pressure. The residue was dissolved in chloro- 
form. The chloroformic solution was successively washed with 
water, aqueous sodium bicarbonate and water, then dried over 
sodium sulfate. The crude compound was chromatographed 
on a silica gel column (3.5 x 45 cm) with benzene as eluting 
solvent. The porphin fraction was evaporated to dryness and 
crystallized from methylene chloride- methanol (1 : 6) to give 
r~~e~o-tetraphenyl-1-[2-ethoxycarbonylethyl]porphin 50 (735 
mg, 80%). 

Arlo/. calcd. for CJ,H3,NJO2: C 82.33, H 5.36, N 7.84; 
found: C 82.09, H 5.48, N 7.96. 

.. z 

Cis-isomer3n; 1.038 g, 83.59,. Atml. calcd. for C49H36N402: c 82.56, H 5.09, 7.86; found: 82.79, 4.98, 7,64, me~0-Tetrnpl1et1j~I-l-[3-ncrylic ncidJporplrit1 (Cis n t~d Trans 

Trot's-ison1er4n; 1.056 g, 859,. Atml. calcd. for CJ,H3,NJOz: Isotners) 

C 82.56, H 5.09, N 7.86; found: C 82.98, H 5.05, N 7.72. A solution of tneso-tetraphenyl-1-[2-ethoxycarbonylvinyl] 
o o r ~ h i n  30 (or4n) (1.038 n)  dissolved in a mixtureof tetrahvdro- 

rnes0-Tetrnpl~e~~yl-1-[2-etlroxycnrbot~yletlryl]porpl1it1 5a i'uran (150 AL) and 809,h~droalcoholic solution of potassium 
Porphin-trolls-isomer 40 (0.932 g) was dissolved in formic hydroxyde (2 N, 75 mL) was shaken for 2 h. The formation of 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



MOMENTEAU ET AL .  1813 

acid porphin was controlled by analytical thin layer chroma- 
tography. The solution was evaporated to dryness. The residue 
was dissolved in water and acidified by hydrochloric acid giving 
a compound which was extracted with chloroform (100 mL). 
The organic solvent was washed with water ( x  3) and dried 
over sodium sulfate. The product was precipitated from methy- 
lene chloride by addition of light petroleum. 

Cis-isomer: 956 mg, 969,. 
Trans-isomer: 936 mg, 949,. 

meso-Teirapl1er1yl-l-[3-propionic ncid]porphin 
This compound was obtained from meso-tetraphenyl-l- 

[2-ethoxycarbonylethyl]porphin 50 (735 mg) by the foregoing 
procedure (671 mg, 959,). 

meso-Te~raphenyl- 1-[3-(N-irr~idazolyl propyl)ncrylnmido]por- 
phin (Cis and Trans Isorners) 6a and 7a 

The free acid compounds (154 mg) in benzene (50 mL) were 
treated with an excess of oxalyl chloride (120 pL) at 50°C until 
gas evolution has ceased. The solvent was evaporated to dry- 
ness. The residue is taken up in methylene chloride and mixed 
with a solution of N-(3-aminopropyl)imidazole in the same 
solvent. The mixture was stirred for 2 h, then washed succes- 
sively with water, aqueous sodium bicarbonate, and water, 
then dried over sodium sulfate. After evaporation, the residue 
was chromatographed on a silica gel column (1 x 20cm) 
(eluting solvent: methylene chloride - methanol, 100:5) and 
was precipitated with heptane. 

Cis-isomer 6a: 120 mg, 679,. Anal. calcd. for C53H41N70: C 
80.37, H 5.22, N 12.38; found: C 79.98, H 5.26, N 12.43. 

Trans-isomer 7a: 118 mg, 669,. Anal. calcd. for C5,H4,N70 : 
C 80.37, H 5.22, N 12.38; found: C 80.03, H 5.31, N 12.41. 

meso-Teiraplletyl-1-[3- (N-itnidazolyl propy1)propiorl- 
nmidoJporphit~ 8a 

The foregoing procedure was used. 128 mg, 719,. Anal. 
calcd. for C5,H4,N,0: C 80.18, H 5.46, N 12.35; found: C 
80.36, H 5.29, N 12.31. 

meso-Telrnphen~~/-l-[2-(3'pyri~ly~-n propyloxy) cnrbonyl- 
eihylJporphin 9a 

The acid chloride obtained from 160 mg of free acid of 5a  
by the foregoing procedure and an excess of 3-(3-pyridy1)-1- 
propanol at  0°C in methylene chloride were stirred for 3 h, and 
washed successively with water, aqueous sodium bicarbonate, 
and water, then dried over sodium sulfate. The solvent was 
removed under reduced pressure and the residue purified by 
chromatography on a silica gel column (1 x 20 cm) (eluting 
solvent, chloroform-methanol, 100:2) and precipitated with 
heptane (112 mg, 609,). 

Annl. calcd. for CS5H4,NS02: C 81.96. H 5.38, N 8.69; 
found: C 81.58, H 5.24, N 8.61. 

bon Complexes 
The insertion of iron in the substituted nitrogenous base 

porphyrins 6a, 70, 80, and 90 was carried out in a solution of 
ferrous acetate in acetic acid according to the method of Alben 
ei a/. (19). 

The ironflIII comolexes were chromatoera~hed on a silica - .  
gel colum; ( I  x 20cm), eluted with rnethylene chloride - 
methanol (100:10), washed with saturated aqueous sodium 
chloride, and then precipitated with heptane as chloro deriva- 
tives (6c, 7c, 8c, and 9c). 
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Vibrations de reseau de quelques derives dihalogenes du benzkne 
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J. SERRIER, F. BREHAT, B. WYNCKE et A. HADNI. Can. J. Chem. 57. 1814 (1979). 
Les modes de vibration de rkseau actifs en absorption infrarouge sont mis en evidence dans 

le cas des p-CsH4X2 (X = CI, Br, I), m-C6H41, et o-CsH412. Le spectre de diffusion Raman 
est egalement presente dans le cas du m-C6H412. Dans ie cas des p-C6H4X,, la position des 
atomes dans la maille cristalline est connue et les frequences de vibration externes sont cal- 
culCes par la methode de la matrice GF. La comparaison avec les valeurs obtenues par les 
spectres d'absorption infrarouge est acceptable bien qu'on ait neglige toutes les forces multi- 
polaires a grand rayon d'action. 

J. SERRIER, F. BREHAT, B. WYNCKE, and A. HADNI. Can. J. Chem. 57. 1814(1979) 
Low frequency lattice modes of p-C6H4X, (X = C1, Br, I), ni-C6H412, and o-C6H41, were 

observed by infrared absorption. Raman scattering spectra were recorded in the case of 
tn-C6H41z. 

When atomic positions were known in the unit cell (p-C6H4X,), the lattice mode frequencies 
were computed by the GF matrix method. 

The agreement between calculated and experimental values is reasonable although we did 
not consider the multipole-multipole long range interactions. 

I. Introduction d'un laser Spectra Physics 165 k argon (488 nm). La limite de 
rCsolution spectrale est de l'ordre de 1 cm-'. 

Ce travail fait suite a celui que nous avons publit 
(1) sur les dtrivts dihalogents du benzine qui sont 111. RCsultats exphrirnentaux 
liquides temptrature ambiante. A 300 K les com- Le p-dichlorobenzine (PDC) dans la phase cl 

posts ttudits ici se prtsentent sous forme de cristaux cristallise dans le systime monoclinique et posside le 
moltculaires dont -la formule brute est C,H,X2 groupe d'espace Cz,,(P2 ,lo) et deux moltcules par 
(X = C1, Br, I). Les halogines sont substituts aux maille. I1 suffit donc pour I'ttude de l'absorption 
hydrogines en position ortho, mPta et para. A cette infrarouge d'orienter le champ tlectrique E de 
ttude nous avons ajoutt celle des spectres infrarouge I'onde excitatrice suivant I'axe binaire b et normale- 
lointain desp-chloroiodo- et p-bromoiodobenzine. ment a celui-ci. I1 en est de meme pour le p-dibromo- 

benzine (PDB) dont la structure est isomorphe i 
11. ExpCrirnentation celle du PDC a. Sur la fig. 1 nous avons reprtsentt la 

Les monocristaux utilisks sont fabriques au laboratoire par variation de I'indice d'absorDtion k du PDB en font- 
la methode de Bridgmann. Nous les avons tailles et orient& tioll de la frtquence spatialeLC (cm-l). L~ spectre du 
suivant les axes cristallographiques. Les lingots sont orientts 
a des rayons par la methode de Laue en retour. La PDC a d t j i  tte publit anttrieurement (2). La struc- 
tCte eoniomktriaue. sur IaaueI~e sont disoosks ~ e s  cristaux. est ture des P-chloroiodo- (PC11 et ~-bromoiodo- - . , 
olacCe sur une scie a fil. ~ e ' s  lames obtenies ont une e~aisseur  benzine (PBI) n'est Das connue avec exactitude mais 
iariant entre 0.5 et 1 mm. Pour obtenir des lames de-100 pm 
d'epaisseur nous avons colle les plaquettes de 16 x 16 mmz 
sur des cales de verre a I'aide de parafine. L'Cpaisseur dCsirCe 
est obtenue par usure des lames sur du papier abrasif (Norton 
600 A). Suivant le domaine spectral Ctudie I'epaisseur des 
echantillons est comprise entre 100 pm et 1 mm. Les echantil- 
Ions sont facilement sublimables et il est nkcessaire de les 
enfermer dans une cuve etanche a fenCtres de quartz. 

Les spectres d'absorption dans I'infrarouge lointain 
(15-250 cm-') sont enregistres en lumiere polarisee a 80 et 
300 K, a I'aide d'un spectromktre Cameca SI 36 equipe d'un 
cryostat et d'un polariseur. La limite de rCsolution est de 
l'ordre de 1 a 2 cm- '. 

Nous avons verifiC le spectre de diffusion Raman de ces 
composb, en particulier celui du )TI-diiodobenzkne. Le spec- 
trophotometre utilise est un appareil Coderg T 800 CquipC 

'Equipe de Recherche AssociCe au CNRS no 14. 

, , 
nous supposerons avec Prasad et coll. (3) qu'ils 
cristallisent dans le systime monoclinique. L'axe 
binaire etant dtsignt par b, nous prtsentons sur la 
fig. 1 le spectre d'absorption dans l'infrarouge 
lointain de ces deux composts. 

Selon Hendricks et coll. (4) 1'0-diiodobenzine 
(ODI) posside une structure monoclinique et tris 
probablement le groupe d'espace Cil,(P,,rr,) ou 
C;,,(P, il y aurait quatre moltcules par maille. 
Sur la fig. 1, nous avons porte la variation de l'indice 
d'absorption k d'une lame polycristalline d'ODI. 11 
ne nous a pas Ctt possible de faire une ttude en 
lumiire polarisee d'un monocristal d'ODI par suite 
de son point de fusion peu tlevt (pf = 23°C). NOUS 
avons di3 nous contenter de solidifier le liquide entre 

0008-4042179114 18 14-09$0 1 .OO/O 
@ 1979 National Research Council of CanadalConseil national de sechesches du Canada 
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SERRIER E T  AL.  1815 

deux lames de quartz. I1 peut y avoir une orientation 
partielle des cristallites. Toutefois nous avons en- 
registrt le spectre infrarouge lointain plusieurs fois 
dans des conditions de cristallisation difftrentes. 
Nous observons toujours huit maximums d'absorp- 
tion sur les neuf possibles et il est probable que deux 
ou plusieurs maximums de types difftrents soient 
superposts. 

Les m- et p-diiodobenzkne (NIDI et PDI) cristal- 
lisent dans le systeme orthorhombique (4). Sur la 
fig. 2 nous prtsentons les variations de l'indice 
d'absorption k = f(+) lorsque le champ tlectrique E 
de l'onde excitatrice est oriente suivant chacun des 
axes cristallographiques. Les rtsultats de cette ttude 
sont rassembles dans les tableaux 1 a 7. 

IV. Discussion 

I V.I. Attribution des maximums d'absorption 
observb 

Les structures monocliniques de PDC, PDB, 
PC1 et PBI possedent le groupe d'espace C:,(P, ,,J. 
Les deux moltcules de la cellule tltmentaire occupent 
le site Ci. En constquence l'analyse du groupe 
facteur C,,, permet de prtvoir la rtpartition des 
modes de rtseau: trois modes de translation de type 
u(2au + lb,) actifs en absorption infrarouge et six 
modes de type g(3ag + 3bg) qui correspondent aux 
librations actives en diffusion Raman. 

Dans le cas de I'ODI les quatre moltcules de la 
maille sont en position gtnerale et il n'est plus pos- 
sible de distinguer les translations des rotations. Les 
modes de rtseau se rtpartissent en 6ag + 6bg + 
5au + 4bu. La maille a faces C centrtes du MDI est 
multiple, et peut Etre rtduite en une maille tltmen- 
taire contenant seulement deux moltcules. Dans le 
groupe facteur C,,, les neuf modes de rtseau du 
MDI se repartissent en 2a1 + 3a2 + 2b, + 2b2. 
Ces modes sont actifs en absorption et en diffusion 
a I'exception des modes a, qui ne se manifestent 
qu'en Raman. Les modes de rtseau du PDI se 
stparent en translations actives en infrarouge 
(2b,, + 2b2, + 2b3,) et en librations (3ag + 3b,, + 
3b2, + 3b3,) actives en diffusion puisque le groupe 
d'espace est D:; et que la maille tltmentaire com- 
porte quatre moltcules occupant des sites Ci. Le 
PDI prtsente une transition de phase B 326 K (12). 
Nous n'avons pas observt de modifications impor- 
tantes dans le spectre. I1 y a seulement un tlargisse- 
ment des bandes ce qui reduit considtrablement la 
prtcision de la position des maximums d'absorption. 

Rtcemment Clayman et coll. (13) ont publit le 
spectre infrarouge lointain du PDI. Nos rtsultats 
sont en bon accord avec les leurs. Toutefois nous 
avons observt un maximum d'absorption sup- 

pltmentaire B 15.5 cm-' qui passe B 16 cm-' 
lorsqu'on abaisse la temptrature a 80 K. Ce mode 
est attribut B une vibration de rtseau (tableau 7). 

Ces quelques remarques nous permettent de pro- 
poser une attribution pour les maximums d'absorp- 
tion que nous avons observes. Nous avons rassemblt 
tous ces rtsultats dans les tableaux 1 a 7. Dans le 
tableau 6 nous avons port6 les modes que nous 
avons observts en diffusion Raman dans le cas du 
MDI. Pour les autres composts les rtsultats obtenus 
(5-7) sont identiques B ceux publits par d'autres au- 
teurs. 

Le spectre de ces composts dissous dans le tttra- 
chlorure de carbone nous permet de stparer les 
vibrations internes des moltcules des vibrations de 
rtseau. Les rtsultats que nous obtenons sont en bon 
accord avec ceux publits par Green (8). Dans les 
tableaux nous avons indiqut l'attribution proposte 
par cet auteur. 

Seul I'ODI prtsente un maximum d'absorption 
dans les basses frtquences lorsqu'il est dissout dans 
le tttrachlorure de carbone. Ce maximum d'intensitt 
s'explique par le caractere fortement polaire de la 
moltcule d'ODI. 

Afin d'ttayer l'attribution prtctdente des modes 
de rtseau B tel ou tel mouvement de translation ou de 
pivotement, nous avons calculi la valeur des frt- 
quences des vibrations de rtseau en utilisant la 
mtthode de la matrice GF (14) (G reprtsente 
l'inverse de l'tnergie cinktique dans le systeme des 
coordonnees internes et F l'tnergie potentielle). 

I V.2. Calcul des frkquences de vibration du rkseau 
Le calcul des frtquences de vibration de rtseau 

par la mtthode de la matrice GF ntcessite la con- 
naissance exacte de la position des atomes dans la 
maille tltmentaire. 

Les donntes structurales du PDC (15), du PDB 
(16) et du PDI (4) sont connues et nous avons 
effectut le calcul des frtquences des modes de rtseau 
de ces trois composts. La cohtsion de la structure 
de ces cristaux moltculaires est assurte par des 
liaisons de type Van der Waals et nous considtrons 
en premiere approximation que les moltcules sont 
rigides. Lors des mouvements de rtseau la distance 
r i j  qui stpare deux atomes de moltcules difftrentes 
varie. Si ki j  dtsigne la constante de force corres- 
pondante nous pouvons tvaluer l'expression du 
potentiel. Nous choisirons un potentiel transftrable 
comme celui de Buckingham : 

La constante de force de la liaison i-j est donnte 
par la dtrivte seconde par rapport a r i j  de l'expres- 
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sion du potentiel: 

k..(r..) = A..B..' exp (-B..r..) - 42Cijrij-* 
ZJ 1J 11 11 11 11 

Les coefficients empiriques Aij, Bij et Cij dtpendent 
uniquement de la nature des atomes i et j. L'interac- 
tion moltculaire totale s'obtient par sommation sur 
chacune des paires d'atomes prtsentes dans le cristal. 
L'knergie du rtseau est tgale a la somme de tous ces 
potentiels s7il n'y a pas d'interactions dipolaires ou 
quadrupolaires Clectriques et si les liaisons sont 
purement covalentes : 

E = $ { A . .  exp (-B..r..) - C..r. .-6) 
LJ 1J 11 1J 1J 

i j 

Les coefficients A, B, C doivent Ctre choisis de facon 
a retrouver l'tnergie de sublimation, les parametres 
de la maille, la vitesse du son et les frtquences de 

FIG. 1 (Part 2) (Concluded). Variation de l'indice d'absorp- 
tion k en.fonction de la frCquence spatiale t (crn-') a 80 (-) 
et 300 K(---): (a) du p-dibromobenzene; (b) du p-chloroiodo- 
benzene; (c) du p-bromoiodobenzene; le champ Clectrique E 
est orient6 suivant l'axe binaire b et norrnalernent a celui-ci; 
(d) de 1'0-diiodobenzene polycristallin. 

vibration du rtseau. Dashevsky et coll. (17) propo- 
sent une strit de valeurs obtenue partir d'une 
ttude structurale de dkrivts aromatiques. I1 en est de 
mCme de Williams (18) qui considere une strie de 
composts aromatiques (benzene, naphtalene, ... 
ovalene). Kitaigorodskii et coll. (19) proposent une 
autre strie de valeurs obtenue en Cvaluant l'tnergie 
de rtseau du benzene cristallist. Nous avons kgale- 
ment utilist une autre strie due a Bartell-Crowell cite 
par Ozora et coll. (20). Pour les liaisons entre atomes 
d'halogtnes identiques nous avons suivi les indica- 
tions de Hill (21) pour calculer la valeur des coeffi- 
cients A ,  B, C. I1 faut reconnaitre que les valeurs 
empiriques des coefficients A, B et C du mCme 
potentiel de Buckingham varient beaucoup suivant 
les auteurs. Par exemple, A,, = 26.19 (Dashevsky) 
et A,, = 51.76 (Kitaigorodskii); AcH = 11.17 (Bar- 
tell-Crowell) et AcH = 28.19 (Kitaigorodskii). Pour 
des liaisons entre atomes difftrents (C-H, C-Cl, 
H-Cl) nous avons applique les relations: 

Dans le calcul des modes de rtseau du PDC, du 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



C A N .  J .  CHEM. VOL. 57, 1979 

(a )  

FIG. 2 (Part I). 

PDB et du PDI nous n'avons retenu que les liaisons 
dont les constantes de force sont suptrieures k 
8 x lop3  mdyn/A. Les constantes de force k i j  sont 
les ClCments diagonaux de la matrice F reprksentative 
de 1'Cnergie potentielle d'interaction rapportCe a la 
maille ClCmentaire et exprimCe dans un systkme de 
coordonnCes internes. 

On montre (22) que la matrice G reprksentative de 
1'Cnergie cinetique, exprimCe dans un systkme de 
coordonnCes normales, est Cgale a la matrice identit6 
E. L'Cquation sCculaire (GF - EAJ = 0, se simplifie 
suivant IF - EAJ = 0, ou A est la matrice diagonale 
des valeurs propres h de la matrice F. L'Cquation 

sCculaire est rCsolue simplement dans le systeme des 
coordonnCes de symCtrie (23). 

I V.3. Comparaison des frkqlrences calculkes aux 
frkquences observe'es expe'rimentalement 

Le calcul des frkquences a CtC effectuC avec les 
skies de parametres proposCs par les auteurs citCs 
ci-dessus (17-20). 

Nous remarquons que le meilleur accord entre 
les frequences calculCes et observCes est obtenu avec 
le systeme des coefficients proposCs par Williams. 

Dans ce cas, le calcul de PED (potential energy dis- 
tribution) permet d 'kaluer le pourcentage des 
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FIG. 2 (Part 2) (Concl~rded). Variation de I'indice d'absorption k en fonction de la frequence spatiale < (an- ' )  a 80 
(-) et 300 K (---): (a) du 111-diiodobenzene; (b) du p-diiodobenzene. Le champ electrique E est oriente suivant les 
axes cristallographiques a, b, c. 

TABLEAU 1. Frkquences en cm-' des modes de reseau observes et calculCs du p-dichlorobenzene ( T b  translation des molecules 
suivant l'axe binaire b; T'., translation des molCcules dans le plan normal a l'axe binaire; RU, R,,, R ,  libration des molkules 

autour de ses axes d'inertie OU, 0 V, O W )  

Infrarouge (obs.) Calc. 
Raman (obs.) 

Solution E l  b E 1 1  b (90 K) Ref. 24 Ref. 
CCI, (80 K) (80 K) Attribution (rCfs. 6, 7) PED (73  (77K) 25 

Ref. 8 
124 124 122v3,3(b3,,) 

115 Internes 
235 230 226 ~27(b2") 
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TABLEAU 2. Frequences en cm-I des modes de reseau observes et calcults du para-dibromobenzene 

Infrarouge (obs.) Calc. 
Raman (obs.) 

Solution E l  b E  1 1  b (300 K) Ref. 
CC14 (300 K)(300 K) Attribution (refs. 6, 7) PED (%) 26 

Rw(bg) 
27 T'dbu) 

29 TraC(au) 
Rw(a3 
Rv(bg) 
R v ( ~ , )  

47 TraC(au) 
Ru(~ , )  
Ru(bs) 
Ref. 8 

94 102 100 103 ~ao(b3") 
Internes 

171 174 170 171 vZ7(bzu) 

TABLEAU 3.  Frequences en cm-'  des maximums d'absorption 
observes dans le para-chloroiodobenz~ne 

Infrarouge (obs.) 

Solution E l  b E  1 1  b 
CCi4 (80 K) (80 K) Attribution Ref. 8 

170 177 177 Internes 173 vlob2 
220 220 220 vl la l  

TABLEAU 4. Frequences en cm-'  des maximums d'absorption 
observes dans le pam-bromoiodobenzene 

Infrarouge (obs.) 

Solution E l  b E  1 1  b 
CC14 (80 K) (80 K) Attribution Ref. 8 

160 159 L82 f;; j ~nternes 155 v3ob2 
180 vl la l  

220 

mouvements Cltmentaires (translations-rotations) 
dans les modes de vibration. Le dtsaccord le plus 
important concerne la frtquence observte B 57.5 
cm-' (a,) que l'on fait correspondre A la frtquence 
12 cm-' (tableau 1). Signalons d'autre part que l'on 
attribue la frtquence 57.5 cm-' a deux vibrations de 
m&me type a,. En effet au cours d'une ttude en 
lumiere polariste, Rousset (11) a montrt que deux 

TABLEAU 5. Frequences en cm- '  des maximums d'absorption 
observes dans I'ortho-diiodobenztne (R = rotations; T = 

translations) 

Infrarouge (obs.) 

Solide 
Solution polycristallin 

CC14 (80 K) Attribution Ref. 8 

R 
98 v i i A ~  

Internes 124 v16AZ 
200 vzoBi 
206 vsoBz 

modes a, ttaient superposts vers 57 cm-'. Pour les 
autres attributions, l'accord est relativement bon, 
surtout si l'on remarque que nous avons ntgligt 
l'action des moments dipolaires tlectriques locaux 
dus aux halogenes comme l'avaient fait Ozora et coll. 
(20). 

Dans les tableaux 1 et 2 nous avons indiqut les 
frtquences calcultes par Reynolds et coll. (24), par 
Bonadeo et coll. (25) ainsi que celles de Burgos et 
Bonadeo (26). 

Nous avons mis en tvidence les modes de rtseau 
de basse frtquence par l'ttude de l'absorption dans 
l'infrarouge lointain d'une strie de dtrivts p-di- 
halogtnts du benzene. Le calcul des frtquences des 
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S E R R I E R  ET AL. 1821 

TABLEAU 6. Frequences en cm-' des maximums d'absorption infrarouge et des raies de diffusion Raman 
observes dans 1e r?lera-diiodobenzkne 

Raman (obs.) 
Infrarouge (obs.) 

Lumiere naturelle Ref. Ref. 
Solution E /I a E 1 1  b E 11 c 10 10 

- CCI, (80 K )  (80 K )  (80 K )  Attribution 300 K 100 K (300 K )  (300 K )  

26 Ru, Rw 25 28 24 24 
44 Rv ,  T 40 44 3 8 

45.5 R v , T  46 

70  Ru, Rw 55 
I 67 67 

83.5 Rv, T 80 86 79 79 
RU 102 103 101 101 
Ref. 8 

98 103 101 101 98 VZOBI 112 121 110 
124 121 109 vllAl 116 116 

142 160 178 164 v30B2 
183 190 186 v ~ ~ A Z  

204 201 vloAl 
22 6 212 

250 240 250 238 ~79B7 

TABLEAU 7 .  Frequences en cm-' des modes de reseau observes et calcults du para-diiodobenzkne (To,  Tb ,  T ,  translation des 
molecules suivant les axes a, b et c de la maille orthorhombique Ru, RV,  Rw libration des molecules autour de ses axes d'inertie 

ou, ov, O W )  

Infrarouge (obs.) Raman (obs.) 
Calc. 

Solution E 1 1  a E ll b E l l  c Ref. 1 1  Ref. 12 
CCI, (300 K )  (300 K )  (300 K )  Attribution (300 K )  (2  K )  PED (%I 

63, I 1  21.4 27.5 98Rw 
a, 13.5 31T, + 53Tb + 15Tc 
b1, 15 29.8 27.5 98Rw 

15.5 b3" 14.9 27T, + 1 1  Tb + 62Tc 
2 1 b3u 

as 24 31.4 27.5 98Riv 
b2, 27 31.4 27.5 98Rw 

27.5 b3u 
a, 28.7 72T, + 7Tb + 21Tc 

28 bzu 37 27T, + 73Tb 
35 blU 37.8 27T, + 1 IT,  + 62Tc 

bl, 35.7 33.4 lOOR'" 
b3p 37 3 8 33.4 lOORw 

38 b3u 47.7 90T, + 4Tb + 6Tc 
38.5 bzu 51.1 2T, + 87Tb + I l T ,  

a, 43.6 33.4 lOORw 
b2, 46.9 33.4 1OORw 

45.5 b ~ ,  53.9 2T, + 87Tb + l l T c  
a, 45.8 27T, + 12Tb + 61Tc 

48 b3u 49 
Ref. 8 90 

11 1 1 1 1  105 v3oblu 115 
0, 135.3 90.6 lOORv 
b3s 141.1 90.6 lOORv 

144 146 148 143 144 vz7bzu 
bl, 142.9 90.6 100Rv 

200 225 225 b2, 158.2 90.6 100Rv 
225 
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1822 CAN. J .  CHEM. VOL. 57. 1979 

modes de vibration de rtseau effectut dans le cas du 
PDC, PDB et PDI permet de prtciser la nature des 
modes observts par absorption infrarouge et par 
diffusion Raman. L'accord entre la valeur des frt-  
quences calcultes et observtes est acceptable dans la 
mesure oh nous nous sommes limitts a un nombre 
rtduit d'interactions entre atomes. 

Mis B part le PDC dont les transitions de phase 
sont connues nous n'avons pas mis en tvidence de 
transition de phase entre 300 et 80 K, dans la strie de 
composts ttudits, contrairement a ce que nous avons 
observt lors du refroidissement des structures solides 
des dtrivts dihalogtnes du benzkne liquide tem- 
ptrature ambiante (1). 
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Crystal and molecular structure of bis[methyltris(l-pyrazolyl)gallato]nickel(II) 

STEVEN J .  R E T T I G ,  ALAN STORR, A N D  JAMES TROTTER 
Deportinrtlt ofChrtr~istry, Ui~ic?c>rsity of BI-itish Collrti~bia, 2075 Wesl~rook Mtrll, Votlc~orrcel., B.C., Conoc(cr V6T I W 5  

Received February 2, 1979 

STEVEN J. RETTIG, ALAN STORR, and JAMES TROTTER. Can. J. Chem. 57, 1823 (1979). 
Crystals of bis[methyltris(l-pyrazolyl)gallato]nickel(II) are rhombohedral, a = 9.6670(5), 

c = 23.893(1) A, Z = 3, space group R3. The structure was solved by direct methods and was 
refined by full-matrix least-squares procedures to a final R of 0.030 and R, = 0.035 for 925 
reflections with I 2 3o(I). The crystal structure consists of well separated molecules of [MeGa- 
(N2C3H3),I2Ni having exact 3 (S6) symmetry and approximate D,, symmetry. The coordina- 
tion geometry about the nickel atom is octahedral with Ni-N = 2.109(2) A, N-Ni-N = 
90.65(6) and 89.35(6)". The galliuni atom has distorted tetrahedral coordination geometry 
with Ga-N = 1.939(2), Ga-C = 1.940(4) A, N-Ga-N = 99.55(6), and N-Ga-C = 
118.16(5)". 

STEVEN J. RETTIG, ALAN STORR et JAMES TROTTER. Can. J .  Chem. 57, 1823 (1979). 
Les cristaux du bis[methyltris(pyrazolyl-I) gallato] nickel(I1) sont rhomboedriques, a = 

9.6670(5), c = 23.893(1) A, Z = 3, groupe d'espace R3. On a resolu la structure par des 
niethodes directes et on I'a affinie par la methode des moindres carres (matrice conipl8te) 
jusqu'a une valeur finale de R = 0.030 et R, = 0.035 pour 925 reflexions avec I L 3o(I). La 
structure cristalline est composee de molCcules separees de [MeGa(N2C3H3),],Ni de symetrie 
exacte 3 (S6) et de synittrie approximative D,,. La geometrie de coordination autour du nickel 
est octaedrique avec Ni-N = 2.109(2) A, N-Ni-N = 90.65(6) et 89.35(6)". La geometrie 
de coordination autour de l'atome de gallium est tetraedrique (deformke) avec Ga-N = 
1.939(2), Ga-C = 1.940(4) A, N-Ga-N = 99.55(6) et N-Ga-C = 118.16(5)". 

[Traduit par le journal] 

Introduction Mo K, radiation on an Enraf-Nonius CAD4-F diffractometer. 
An a-0 scan at 0.72-6.71" min-' over a range of (0.45 + 0.35 

A series of complexes the anionic tan 0) degrees in w (extended by 25% on both sides for back- 
tridentate chelating ligand [MeGa(N,C,H,),]- has ground measurement) was employed. Data were measured to  
been reported (1). An X-ray structural study on a 20 = 60". The intensities of three check reflections, measured 
molybdenum complex containing one of these every 3600 s throughout the data collection, remained constant 

to within 2%. After data reduction, an absorption correction 
ligands confirmed the denticity and chelating nature was applied (spherical crystal, PR = 0.5). Of the 1250 in&- 
of the pyrazolyl gallate moiety (1). In that initial pendent reflections measured, 925 (74%) had intensities greater 
report a number of L2M (where L = MeGa(N2C3- than 3o(I) above background where 02(I) = S + 2B + 
H,),, M = Mn + Zn) complexes were also charac- (0.04(S - B))2 with S = scan count and B = background 

terized and the evidence collected at the time sug- symn,etry limits the possible space groups to R3 and 
gested an octahedral MN6 core with incorporation R3, the latter being assumed on the basis of the E-statistics. 
of both the ligands as tridentate chelating moieties. The structure was solved by direct methods, an E-map cal- 
The present account details the X-ray structure culated from the best set of phases giving positions for all of 

determination of one of these complexes, namely, the non-hydrogen atoms. After full-matrix least-squares refine- 
ment of the non-hydrogen atoms with anisotropic thermal 

[MeGa(N,C,H,),],Ni. parameters to R = 0.064, a difference map gave the positions 
of the four unique hydrogen atoms which were included in all 

Experimental subseauent cycles of refinement with i so t ro~ic  thermal param- 

The title compound prepared as previously described eters.  he scattering factors of ref. 2 were used for nonlhydro- 

(1). The lilac crystals were indefinitely stable in air. A spherical gen atoms and those of ref. for hydrogen atoms. 

crystal with a radius of 0.17 mm was mounted in a general scattering factors from ref. 4 were used for the G a  and Ni 

orientation. Unit-cell parameters were refined by least squares atoms. The weighting = 1102(F) where 02(F) is 

on 2 sin values for 30 reflections measured on a diffrac- derived from the previously defined 02(I),gaveuniformaverage 

tometer with M o  Ka radiation (A = 0.71073 A). Crystal data ~ ( 1  FOI - I Fc1)2 over langes I and was em- 

(at 22°C) are: ployed in the final stages of refinement. Convergence was 
reached at R = 0.030 and R, = 0.035 for 925 reflections with 

C Z O H Z ~ G ~ Z N ~ Z N ~  fw = 630.64 12 30(1). For all 1250 reflections R = 0.050 and R, = 0.038. 
Rhombohedra1,a = 9.6670(5),c = 23.893(1)A, V = 1933.7(2) 0, the final cycle of refinement the mean and maximum 
A3, = 3, PC = 1.625 g cm-3, F(000) = 954, P(M0 K=) = parameter shlfts corresponded to 0.009 and 0.150, respec- 
29.4 cm-'. Absent reflections: hkl, - h  + k  + 1 # 312. Space tively. The mean error in an observation of unit weight was 
group R3 (C:,, No. 148) from structure analysis. 1.0158. A final difference map showed maximum fluctuations 

Intensities were measured with graphite monochromatized of k0 .4  e A - 3  in the vicinity of the G a  and Ni atoms and 

0008-4042/79/14 1823-O3$O1 .MI0 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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TABLE 1. Final positional parameters (fractional x 
lo5, H x lo3) with estimated standard deviations in 

parentheses 

Atom x Y z 

Ga 0 0 14538( 1) 
Ni 0 0 0 
N(l) 15099(19) 19795(19) 5038( 7) 
N(2) 15772(18) 191 12(18) 10709( 7) 
C(l) 26055(26) 34520(24) 3523(10) 
C(2) 33959(26) 43591(26) 8 197(10) 
C(3) 271 62(25) 33506(26) 12600(10) 
'34) 0 0 22659(17) 
H(l) 276( 3) 376( 3) -2( 1) 
H(2) 418( 3) 546( 3) 84( 1) 
H(3) 284( 3) 349( 3) 159( 1) 
H(4) 84( 3) 72( 3) 238( 1) 

k0 .2e  A - 3  elsewhere. The final positional and thermal 
parameters appear in Tables 1 and 2 respectively.' Measured 
and calculated structure factors have been placed in the 
Depository of Unpublished Data.' Bond lengths and angles 
are listed in Tables 3 and 4 respectively and intra-annular tor- 
sion angles are given in Table 5. 

Results and Discussion 
The crystal structure consists of discrete molecules 

of [MeGa(N,C,H,),],Ni separated by normal van 
der Waals distances. The molecule (Fig. 1) possesses 
crystallographic 3 (S , )  symmetry and approximate 
D,, symmetry, the distortion from D,, symmetry 
being a twist of the pyrazolyl rings with respect to 
the threefold axis (the angle between the c axis and 
the pyrazolyl mean plane, ideally 0°, is 4.8"). The 
nickel atom is bonded to six nitrogen atoms, three 
from each of the tridentate MeGa(N2C,H3),- 
ligands. The coordination geometry about the nickel 
atom shows only a very small trigonal distortion 
from ideal octahedral geometry. The unique Ni-N 
distance is 2.109(2) A and the intra- and interligand 
N-Ni-N angles are slightly, but significantly, dif- 
ferent (90.65(6) and 89.35(q0 respectively). The gal- 
lium atom has trigonally distorted tetrahedral co- 
ordination geometry with Ga-N = 1.939(2), 
Ga-C = 1.940(4) A, N-Ga-N = 99.55(6) and 
N-Ga-C = 118.16(5)". 

The related molecule [HB(N,C,H,),],Co (5) 
also has approximate D,, symmetry, but has no 
crystallographically imposed symmetry. The trigonal 
distortion of the Co coordination sphere is more 
pronounced than in the present compound, with 
mean intra- and interligand N-Co-N angles of 
85.5(6) and 94.5(21)" respectively. Although the 

'The structure factor table and Table 2 (thermal parameters) 
are available, at a nominal charge, from the Depository of 
Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Ont., Canada KIA 0S2. 

TABLE 3. Bond lengths (A) with estimated standard deviations 
in parentheses * 

Bond Distance Bond Distance 

Ga -N(2) 1.939(2) C(1) -C(2) 1 .389(3) 
Ga -C(4) 1 .940(4) C(2) -C(3) 1 .359(3) 
Ni -N(l) 2.109(2) C(1) -H(l) 0.93(3) 
N(l) -N(2) 1 .360(2) C(2) -H(2) 0.95(3) 
N(l) -C(l) 1 .33 l(3) C(3) -H(3) 0.81(3) 
N(2) -C(3) 1 .349(3) C(4) -H(4) 0 .8  l(2) 

*Here and in Tables 4 and 5 primed atoms have coordinates - y ,  x - y ,  z 
and double primed atoms y ,  y  - x ,  -2. 

M-N distances are similar in these two complexes 
(mean Co-N = 2.129(7) A), the potential for steric 
crowding about the central metal is greater in the 
gallium complex (Ni. . .C(1) = 3.128(2) A while the 
corresponding mean distance is 3.207 A in [HB(N2- 
C3H3),12Co). This result is to be expected on the 
basis of previous spectroscopic (6) and structural (1) 
studies. The variation in the M . .  .C(l) distances 
observed arises primarily from the different sizes of 
Ga and B atoms. The pyrazolyl N-N bonds are 
canted towards the boron atom in [HB(N2C3- 
H3),12Co whereas they are nearly parallel to the 
threefold axis in [MeGa(N,C,H,),],Ni, resulting in 
the closer approach of C(l) to the metal atom for the 
gallate ligand. In this regard it is possible to prepare 
3,5-dimethyl substituted [HB(N2C,H7),I2M com- 
pounds (7) whereas attempts to prepare [MeGa(N2- 
C,H7),12M have so far failed. 

The Ni-N distance (2.109(2) A) is similar to the 
Ni-N(pyrazoly1) distances of 2.085(3) and 2.097(6) 
A observed for the symyac- and mer isomers of 
[Me2Ga(OCH2CH2NH2)(N2C3H3)],Ni (8) but is 
much longer than the mean Ni-N distance of 
1.895(4) A in the square planar complex [Me,Ga- 
(N2C3H,),],Ni (9). This has also been observed for 
the complexes [HB(N,C,H,),],Co (5), Co-N = 
2.129(7) A, and tetrahedral [H2B(N2C3H3)2]2Co 
(lo), Co-N = 1.967(12) A. As pointed out in ref. 
10, these differences in M-N bond lengths are 
probably due to changes in coordination number and 
steric requirements of the different ligands. The 
Ga-N distance in the tridentate gallate ligand 
(1.939(2) A) is much shorter than the mean Ga-N 
distance of 1.977(1) A in [Me2Ga(N2C3H3),],Ni (9). 

The relative strengths of the Ga-N and Ni-N 
bonds affect the internal geometry of the pyrazolyl 
ligand, resulting in significant differences between 
the pairs of C-C and C-N bonds (see Table 3). The 
pyrazolyl ring is planar to within k0.0007 A (x2 = 
0.26) with both Ni and Ga significantly displaced 
from the mean plane (by 0.0998(6) and -0.1 800(5) 
A respectively). The geometry of the ligand is very 
similar to that found for [MeGa(N,C,H,),]Mo- 
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RETTIG E T  AL.  

TABLE 4. Bond angles (deg) with estimated standard deviations in parentheses 

(a) Non-hydrogen atoms 

Bonds Angle (deg) Bonds Angle (deg) 

(b) Angles involving hydrogen atoms 

Bonds Angle (deg) Bonds Angle (deg) 

FIG. 1. Stereo view of the bis[methyltris(l-pyrazolyl)gallato]nickel(II) molecule, 50% ellipsoids are shown for the non- 
hydrogen atoms. 

TABLE 5. Intra-annular torsion angles (deg) chelate ring 
I 

G a - ~ ( 2 ) - ~ ( 1 ) - ~ i - ~ ( l  ')-Ib(2') 

Bond Obs. Bond Obs. 

(C0),(q3-C,H,) (1). The Ga-(N-N),-Ni chelate 
rings have slightly twisted boat conformations (see 
Table 5).  
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Use of XaSW calculations for parametrising the CNDO method for the heavier elements. 
11. Tests for the elements aluminium to sulphur 
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Received December 12, 1978 

J. D. HEAD and K. A. R. MITCHELL. Can. J. Chem. 57, 1826(1979). 
In Part I (Mol. Phys. 35, 1681 (1978)) we used results from the Xa scattered wave (XaSW) 

method for guiding the parametrisation of the complete neglect of differential overlap (CNDO) 
method for clusters of silver, and we proposed the extension of this approach to other heavier 
elements for which CNDO schemes are not well developed. The main purpose of the present 
paper is to test this approach for the elements aluminium to sulphur for which more informa- 
tion is available. XaSW calculations have been made for the molecular clusters A17, Si5H12, 
and P,, and comparisons made with experiment and with other calculations where possible. 
The charge distributions and transition-state energies, along with information obtained pre- 
viously for Ss by Salahub et nl., have been used to derive new parameters (designated CNDO/ 
HM) for the elements aluminium to sulphur essentially following the procedure in Part I. Cal- 
cplations using these parameters have then been tested against an XaSW calculation made here 
for an Al,, cluster (which simulates the (1 11) surface of aluminium), and against other calcula- 
tions made previously for P,, P4S3, SiH,, pH3, H2S, and SOz. Comparisons are also made 
with results from the CNDO/Z scheme. Generally the CNDO/HM procedure seems at least as 
successful as CNDOIZ. 

J. D. HEAD et K. A. R. MITCHELL. Can. J. Chem. 57, 1826 (1979). 
Dans le travail prCcCdent 1 ere partie (Mol. Phys. 35, 1681 (1978)) on a utilise les rtsultats 

obtenus par la methode des ondes diffractCes Xa (ODXa) comme guide pour la paramktrisation 
de la mCthode CNDO pour les agrkgats d'argent et on a proposC une extension de cette ap- 
proche a des ClCments plus lourds pour lesquels aucun schCma CNDO n'a CtC dCveloppC. Le 
but du prCsent travail est de vCrifier cette approche pour les ClCments de l'aluminium au soufre 
pour lesquels plus d'informations sont disponibles. On a fait des calculs ODXa pour les 
agrkgats A17, Si,H,, et P, et I'on a effectue des comparaisons avec les donnees expCrimentales 
et, si possible, avec d'autres calculs. On a utilise les distributions de charge et les Cnergies des 
Ctats de transition de m&me que les informations obtenues antirieurement pour le S, par 
Salahub et ses collaborateurs afin de dtriver de nouveaux paramttres (design& comme CNDO/ 
HM) pour les Clernents de I'aluminium au soufre en suivant essentiellement la mCthode dCcrite 
dans le travail anttrieur. On a tvaluC les calculs effectuCs a I'aide de ces parametres par rapport 
aux calculs ODXa faits ici pour un agregat de All, (qui simule la surface (1 l I) de I'aluminium) 
et par rapport a d'autres calculs faits anterieurement pour P,, P,S3, SiH,, pH3, HzS et SO2. 
On a aussi fait des comparaisons avec des rksultats obtenus par le schCma CNDO/Z. D'une 
f a ~ o n  gCnCrale, les calculs CNDO/HM semblent au moins aussi bons que les calculs CNDO/Z. 

[Traduit par le journal] 

1. Introduction 
Although the complete neglect of differential over- 

lap (CNDO) method has been used for a number of 
years for making routine, and reasonably reliable, 
calculations of wave functions for molecules formed 
by the lighter elements (I), this method has so far 
been less successful in general for the heavier ele- 
ments, particularly for metals. Nevertheless, for the 
latter, there are continuing needs for computational 
methods that can give helpful assessments of molec- 
ular orbital levels, charge distributions, and ener- 
getics for large molecular systems and for clusters, 
such as those involved in catalytic and nucleation 
processes and those which model aspects of solids 
and solid surfaces (2). Satisfactory developments of 
the C N D O  method for the heavier elements have 

been hindered by a scarcity of accurate non-empirical 
calculations for comparison; moreover those that 
are available are frequently restricted to  diatomic 
species. An earlier study (3), which deduced improved 
C N D O  parameters for Li and F for the purpose of 
investigating ionic LiF systems, used a near-Hartree- 
Fock wave function of diatomic LiF for comparison, 
but in general larger reference molecules appear 
advantageous for guiding the parametrisations. This 
is because polyatomic molecules both give more data 
for comparing with the C N D O  calculations and they 
are more likely to contain atoms which manifest 
typical local stereochemical arrangements. O n  the 
other hand, the larger the reference molecule the less 
likely there will be calculations of near-Hartree-Fock 
quality with which to  compare the C N D O  results. 

0008-4042/79/141826- 13$01 .OO/O 
@I979 National Research Council of Canada/Conseil national de recherches du Canada 
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HEAD AND MITCHELL 1827 

Such considerations encouraged us earlier to use the 
X a  scattered wave (XaSW) method (4) for deducing 
CNDO parameters appropriate to silver (5). The 
XaSW method appears to offer a helpful compromise 
between successful calculations and computational 
tractability (6). 

A potential advantage of the approach of deriving 
CNDO parameters from comparisons with results 
from the XaSW method is that it can be extended 
systematically and consistently to a wide range of 
elements including the transition elements. Part I of 
this series describes the determination of new CNDO 
parameters for some clusters of silver (5). However, 
before extending to other transition metal systems, it 
seemed prudent to  assess the reliability of this ap- 
proach by comparing for some elements for which 
CNDO schemes are better developed. The main pur- 
pose of the present paper therefore is to  assess the 
use of XaSW calculations for deducing CNDO 
parameters for the elements aluminium to sulphur; 
a number of these second-row elements have already 
been investigated by CNDO schemes to a fair degree 
(7-10). This experience should be valuable in ex- 
tending the basic approach used in Part I to other 
elements where CNDO procedures are a t  best poorly 
developed. An area of immediate importance is for 
clusters of transition metal atoms where, for investi- 
gating properties such as reaction profiles or for 
comparing different adsorption sites, the computa- 
tional expense of the XcrSW method can be appre- 
ciable, especially for systems of low symmetry. For 
such cases there would be great advantages in having 
faster and cheaper procedures which are useful for 
exploratory purposes, and in this category we include 
the CNDO method. 

The four elements considered here range from a 
free-electron metal, through a semi-conductor to  
molecular solids in the cases of phosphorus and 
sulphur, and these differences in basic characteristics 
influence the particular molecular clusters considered 
for the purpose of parametrising the CNDO method. 
For phosphorus and sulphur, the molecular forms 
P, and S, seem natural choices. Silicon is represented 
by the molecule Si,H12 since the local environment 
around the central silicon atom corresponds to that 
in the silicon lattice; also the presence of the hydro- 
gen atoms limits effects associated with broken 
covalent bonds. For aluminium, we consider the 
clusters Al, and All, which have been chosen to 
provide relatively simple simulations of the (111) 
surface. For the parametrisations, it seems preferable 
that all the XaSW calculations are a t  corresponding 
levels of refinement. A problem here is that many 
XaSW calculations in the literature have been made 

only in the non-overlapping-spheres scheme, as in the 
earliest formulation of the method, although, at the 
present time, the XaSW approach has probably been 
most successful with the overlapping-spheres version 
(1 1). For this reason we have made new XaSW cal- 
culations for the Al, and All, clusters, and we have 
repeated and refined some earlier calculations made 
for Si5Hl, and P,; for S, we have used results pro- 
duced by Salahub et al. (12). 

2. Calculational Methods 

The XaSW calculations reported here for Al,, 
All ,, Si5Hl ,, and P, involved standard procedures 
for solving the scattered wave equations (1 3) and for 
calculating transition-state energies (14). All these 
calculations used exchange-correlation parameters 
given by Schwartz (15) (except a = 0.77725 for 
hydrogen (6)), and basis sets through to 1 = 1 for 
each atomic sphere of the second-row atom (I = 0 only 
for hydrogen) and to 1 = 3 for the outersphere. 
Generally the atomic spheres have been allowed to 
overlap as extensively as possible without introducing 
unrealistic features such as negative intersphere 
charges in some molecular orbitals. The actual degree 
of sphere overlap is specified below for each partic- 
ular system, as well as the corresponding virial ratio 
since close satisfaction of the virial theorem has often 
been used for guiding the choice of absolute values of 
sphere overlap (1 1). 

In the first instance, the CNDO calculations made 
here for the elements aluminium to sulphur use only 
s and p functions in the basis sets, although the ex- 
tension to  include d functions is considered later 
(section 6). We followed the basic scheme detailed by 
Santry and Segal (7) for this basis set, but for one 
minor difference. This concerns the expression for 
the resonance parameter 

I PAB = fK(PA + P d  
where the constant K is now kept equal to  unity, 
whereas previously it had been taken as 0.75 if either 
A or  B is an atom of the second row. Our initial 
choice of CNDO parameters is restricted to  four for 
each element: (i) the exponents 5, = 5, in the Slater- 
type orbitals which are used for evaluating the over- 
lap and Coulomb integrals; (ii) the average of the 
ionisation energy and electron affinity for each mem- 
ber of the basis set, i.e. $(I, + A,) and $(I, + A,) 
which are used in the diagonal elements of the Fock 
matrix; and (iii) the bonding parameters P, = P, 
which correspond to the terms on the right-hand-side 
of eq. [ l ]  and which are used in the off-diagonal ele- 
ments of the Fock matrix. 
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1828 CAN.  J .  CHEM. VOL. 57, 1979 

3. Selection of CNDO Parameters 

Earlier we obtained new CNDO parameters for 
silver by comparing one-electron energies and charge 
distributions from CNDO calculations on silver 
clusters with the corresponding quantities calculated 
with the XctSW method (5). The one-electron energies 
were compared visually through total density of 
states (DOS) curves, and the charge distributions 
were compared by inspection of atomic populations 
and local DOS curves. In principle these comparisons 
would be easier to make, and ~ e r h a ~ s  less subiective. 
with the provision of a numerical index which mea- 
sures the correspondence of one-electron energy 
levels and charge distributions from the two types of 
calculation. Previously we found new CNDO param- 
eters for diatomic LiF (3) by minimizing a function 
of the type 

where the E~ and F~ represent one-electron energies 
and dipole moments from either the CNDO or refer- 
ence calculations for the ith molecular orbital. Such a 
function seemed satisfactory for LiF, where the two 
types of properties compared make similar contribu- 
tions to the value of R, but further experience has 
indicated that considerable care is needed for larger 
molecules since, with this type of function, either the 
charge distributions or the energies can be preferen- 
tially emphasized in the comparison. 

In the present work, the one-electron charge dis- 
tributions and the one-electron energy levels from the 
two sets of calculations are compared separately, and 
attempts have been made to assess those CNDO 
parameters which offer the best overall agreement. A 
simple function for the charge distributions is 

C31 R q = C q i C a j ( q i j  CNDO - qijXaSW)2 
i j 

where q i Y D o  and q i y w  represent populations 
(either total or alternatively the individual partial- 
wave populations) on the jth atom for the ith molec- 
ular orbital from the CNDO and XctSW calculations 
respectively. The populations from the CNDO cal- 
culations are derived using the analysis of Mulliken 
(16), and those from the XctSW calculations are ob- 
tained by allocating the intersphere and outersphere 
charges in the ratios of the component atomic sphere 
charges for each molecular orbital. In eq. [3], the 
q i  and oj are appropriate weight factors; in this study 
q i  has been taken as the occupation number of the 
ith molecular orbital, but, as discussed further be- 
low, the wj have been treated in various ways de- 
pending on the particular molecular system. That the 
two sets of populations are defined differently repre- 

sents an unsatisfactory feature of this part of the 
comparison of XctSW and CNDO calculations; 
nevertheless some support for the use of [3] is pro- 
vided by observations for P,S, (17) where the 
CND0/2 and XctSW calculations gave similar trends 
in charge distributions for corresponding molecular 
orbitals even though the ordering of the energy levels 
differed in some cases. The simplest index for com- 
paring the distribution of energy levels is 

~ 4 1  Rs = 1 qi(Ei CNDO - &iXaSW)2 

with an analogous notation to those used above. Our 
previous experience with the silver clusters (5) indi- 
cated that variations in some CNDO parameters 
(e.g. the values of ( I  + A)/2) cause primarily a shift 
in energy levels, whereas changes in other parameters 
(e.g. the values of p) cause mainly a change in scale. 
Such observations were confirmed in the present 
work, and as a result we found it convenient in prac- 
tice to use a modified form of the function in eq. [4], 
namely 

For a set of CNDO parameters that give a perfect 
match to the XctSW energy levels, it is clear that 
R,' is zero, the scale factor R is unity, and the energy 
shift S is zero. For matching the CNDO and XctSW 
energy levels our objective has been to find CNDO 
parameters that allowed the closest approach to 
these limiting values. Except for S,, the values of 
&XaSW used in these analyses are transition state 
energies; then both ciCNDo and &Psw represent ap- 
proximations to ionisation energies. 

The determination of new CNDO parameters for 
the elements aluminium to sulphur involved searching 
for minima of the correspondence functions, such as 
[3] and [5], by calculating these functions for many 
combinations of CNDO input parameters. The basic 
approach started with the parameters given for s and 
p basis functions by Santry and Segal (7). We con- 
sidered first the effect of varying 5 over the range 
covered by the values given by Slater (1 8), Burns (19), 
and Clementi and Raimondi (20); this gave an im- 
proved value for the exponent. With this new value of 
5, P was then varied to minimize the correspondence 
functions, and the approach continued by varying 6 
and p iteratively. Next (I, + As)/2 was varied, and if 
the modification from the original CNDO value was 
substantial the values of 5 and P were reinvestigated. 
The value of (I, + A,)/2 was kept equal to the value 
used by Santry and Segal. By this means it was hoped 
that the parameters derived here for the second-row 
atoms should maintain a broad consistency with the 
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H E A D  A N D  MITCHELL 1829 

conventional parameters given for atoms of the first 
row in the CND0/2 scheme (1). In cases where a 
range of CNDO parameters gave comparable overall 
levels of correspondence to the XclSW results, the 
final selection was completed by comparing calcu- 
lated bond lengths with experimental values for 
some simple molecules. The values found from this 
Drocedure for the elements aluminium to s u l ~ h u r  are 
iisted in Table 1 ; these parameters and theLcalcula- 
tions made with them are designated in the following 
discussions by the label CNDO/HM. Further infor- 
mation for each reference molecular system is given 
in the next section, where comparisons are detailed 
between the XclSW, CND0/2, and CNDO/HM cal- 
culations. 

TABLE 2. Valence-shell energies* (in eV) calculated for 
A17 and Allo 

A17 A110 

Level? -&x.sw -ETS Level? 

*cxosw designates the XuSW one-electron energies and E,, the 4. Particular Molecular Systems transition-state energies. 
?The numbering scheme is for the valence orbitals only. 

4.1 AI, and All, 
~ ~ ~ ~ l t ~  of the X ~ S W  calculations for these two TABLE 3. Total s ,p  populations* for the valence shells of Al, 

. . 

clusters are given here, although only those for Al, and Allo 

have actually been used for deriving the CNDO/HM Cluster Calculation qAs q A P  qos q o P  qCI q C P  
parameters for aluminium in Table 1 ; results for Al, , 
are used for testing the CNDOIHM scheme in sec- A17 CND012 1 .17  1.85 1.21 1 .77 1 .35 1.66 
tion 5. The clusters-~l, and ~ 1 , ;  both have C,, sym- 
metry and they correspond to fragments of the bulk 
structure: Al, is composed of two layers of three 
atoms arranged around the C, symmetry axis and a 
lower atom on the C, axis as detailed previously for 
the corresponding cluster of silver (21). In Al,,, one 
plane involves seven atoms so that six are close 
packed around a central atom; the second plane has 
three atoms which occupy alternate three-fold sites 
below the first plane. The XclSW calculations were 
made with internuclear distances equal to the bulk 
value of 2.86 A (22). For Al,, the atomic spheres had 
radii 15% greater than those that just touch, and an 
outersphere of radius 4.5 1 A was centred at the inter- 
section of the C, axis with the plane containing the 
three atoms designated B in Table 3. For the XclSW 
calculation on Al,,, some negative intersphere 
charges required the sphere radii to be reduced to a 
6% increase over the contact radius; the outersphere 
was centred on the central atom of the 7-atom layer 
and had a radius of 4.38 A. The exchange parameter 

TABLE 1. CNDO/HM parameters for aluminium, silicon, phos- 
phorus, and sulphur 

Value 

Parameter Al Si P S 

XaSW 1.60 1.51 1.66 1.38 1.64 0 .94  
CNDO/HM 1.64 1.42 1.74 1.23 1.81 1.12 

All0 C N D 0 / 2  0 .74  2.18 1.16 1.77 1.37 1 .69  
XaSW 1.59 2.20 1.76 1.41 1.74 1.04 
CNDO/HM 1.11 2.08 1.68 1.34 1.74 1 .22  

*The atoms are designated A. B. C in order of decreasing coordination 
number: for Al, they correspond to atoms with coordination numbers 5, 
4, and 3 respectively, and for Al,o they are for coordination numbers 9, 
5, and 4 respectively. 

cl was fixed at 0.72853 through all regions of both 
clusters. 

The valence-shell one-electron energies (E,,,,) are 
reported in Table 2 for Al, and All, where all or- 
bitals, including those of the core, have been deter- 
mined self-consistently. For Al,, the highest-oc- 
cupied level (5a1) is singly occupied; in All, the 
highest-occupied level (6a1) has a one-electron energy 
which is very close to that (-4.70 eV) of the first 
unoccupied level (5e). Transition state energies (E,,) 
for the occupied levels of Al, are also reported in 
Table 2, and charge distributions calculated for Al, 
and All, are included in Table 3. Local and total 
DOS from the XclSW calculation on Al,, are shown 
in Fig. 1. The virial ratio - 2T/V is 1.000354 for Al, 
and 1.000864 for Al, ,. 

Previous XclSW calculations for aluminium have 
been made for clusters with 0,, symmetry to represent 
bulk atoms (23), and for clusters with C,, symmetry 
for investigating the (100) surface and its adsorption 
of oxygen (24, 25). Salahub and Messmer (23) noted 
for some large clusters, e.g. Al,, and A],,, a rough 
correspondence with the El l2  dependence expected 
for a free-electron metal, where E is measured from 
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HEAD AND MITCHELL 1831 

the bottom of the valence band. We certainly find an 
increase in the total DOS with energy for both Al, 
and Al,,, but, as expected for small clusters, our re- 
sults also bring out a substantial dependence on the 
local environment; this is apparent both in the local 
DOS for Al,, (see Fig. 1) and in the charge distribu- 
tions (Table 3). Total sphere charges increase with 
coordination number, and the variations are asso- 
ciated especially with the populations of the p-func- 
tions. Indeed s to p promotion appears important 
for the bonding of the high-coordinate atoms in 
clusters of aluminium, and this relates to analogous 
effects in the corresponding clusters of silver (26). 
A dominant feature in the electronic structures of the 
silver clusters is the substantial localisation of the 
d-functions on those atoms of high coordination 
which are adjacent to atoms with appreciably lower 
coordination numbers. This depends on the reduced 
potential energy around the high-coordination 
atoms, and the small nearest-neighbour overlap for 
the relevant d-functions. This localisation is less 
marked for aluminium, in part because of the greater 
diffuseness of the atomic orbital functions of the 
valence shell. 

In using the XaSW results of Al, for deriving 
CNDO/HM parameters of aluminium, the oj have 
been equated to the number of atoms in each unique 
set. Energy levels from the CND0/2, XaSW, and 
CNDO/HM calculations are plotted in Fig. 2 and 
the separation between the lowest and highest oc- 
cupied levels from each calculation is 26.54, 8.63, and 
16.35 eV respectively. The separation between the 
la ,  and 5a, levels for CND0/2 is therefore 3.07 
times greater than that for the XaSW calculation; 
the corresponding ratio with the CNDO/HM param- 
eters is reduced to 1.89. In choosing the final CNDO/ 
HM parameters, the aim was to make the spread of 
levels as comparable as possible with that from the 
XaSW method while preserving the same ordering 
of the levels. The wide spread of the CND0/2 levels 
relative to that from the XaSW calculation highlights 
the problem of defining a suitable numerical index 
for measuring overall improvements in the corre- 
spondence between the energy levels from the two 
sets of calculations. Thus, it is clear that in directly 
using eq. [4], starting with the CND0/2  parameters, 
the comparisons would be overdominated by the 
differences for the l a ,  levels, and to a lesser extent 
from the 2a, levels. These difficulties are reduced by 
including the scaling parameter R in the function 
defined by eq. [5]. 

Analysis of the s andp atomic populations for each 
valence orbital from the different calculations on Al, 
shows that the CNDO/HM calculation agrees with 
XaSW in that the lower levels essentially involve s 

FIG. 2. Comparison by Al, of one-electron energies calcu- 
lated with the CND0/2 and CNDO/HM schemes and transi- 
tion-state energies calculated with the XaSW method. 

functions while the higher levels 4a1, 3e, and 5a, are 
largely associated with p functions. By contrast the 
CND0/2 calculation indicates a high degree of s and 
p mixing; this has the effect of increasing thep popu- 
lations at the expense of the s populations. Table 3 
indicates that the CNDO/HM and XaSW calcula- 
tions are in good agreement for the distribution of 
the total populations in Al,. 

4.2 Si5H12 
The XaSW calculations made here for Si5H12 

have a number of features in common with those 
made previously by Cartling et al. (27). The main 
differences are that we use: (i)  realistic Si-H dis- 
tances; (ii) the overlapping-spheres version of the 
XaSW method ; and (iii) exchange-correlation param- 
eters appropriate to the H spheres. Our calculations 
were made for a model in which the central Si atom 
is surrounded tetrahedrally by the other four Si 
atoms, and the twelve H atoms are directed from the 
outergroup of four Si atoms towards where the next 
group of Si atoms would be in the actual silicon lat- 
tice. This molecule has T, symmetry, and all Si-Si 
and Si-H distances are fixed equal to 2.35 and 
1.47 A respectively. The atomic sphere radii used are 
1.29 A for Si and 0.80 A for H ;  these values were 
determined by Norman's procedure (1 1) for a 10% 
increase in radius for spheres which just touch in the 
silicon lattice. The outersphere was centred on the 
central Si atom with a radius equal to 3.96A (so 
making it just touch each of the H spheres). 
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Cartling et al. included vacancy spheres in their TABLE 4 .  Valence-shell energies* (in eV) for Si5HL2 
calculations, and it seemed worthwhile to investigate 
their value in this case, particularly in view of some Vacancy spheres 

recent discussion about their validity for this type of Vacancy spheres neglected 
included 

calculation (28). Vacancy spheres enable some of the - E X ? S W  -EX.SW -ETS 

intersphere potential to be spherically averaged 
rather than be reduced to a constant value. In these 3  t~  5 . 7 0  5 . 7 8  7 . 9 2  

It1 calculations the vacancy spheres were given the same 
l e  

8 . 5 2  8 . 5 6  10 .52  
8 .78  8 . 7 8  10.72 

radii as the Si spheres and were positioned tetra- 2 t ~  8 . 9 4  8 . 9 9  10.88 
hedrally around the central Si atom so that their 2a 10.80 10.87 13.05 
centres, and the centres of the four surrounding Si 1 t2 13.42 13.46 15.56 
spheres, mark the corners of a cube. The exchange- l a l  14.43 14.49 16.53 

* E ~ ~ ~ ~  des~gnales the XaSW one-electron energies and E~~ the correlation parameter for silicon (a = 0.72751) is 
transltlon-stateenergles, 

also used in the vacancy sphere, the outersphere, and tThe number~ng scheme 1s for the valence orbltals only. 

the intersphere regions' energies and TABLE 5 .  Total s,p populations* for the valence shell of 
charge distributions calculated with the XaSW Si,Hlz 
method for Si,H12 are shown in Tables 4 and 5 
respectively; all orbitals, including those of the core, Method qsics qslcP qsloS q s l O P  q ~ '  

have been determined self-consistently. It is clear that 
the vacancy spheres have a negligible effect for this $tF$/2 ? . 0 9  I .05  2 . 5 4  

1.41 2 .74  1.23 2 . 4 3  1 . 1 0  molecule; the population of the vacancy sphere CNDOIHM 58 2 .  50 , 23 2. 38 , 1 2  
comes almost entirely from the intersphere region. 

= central, Sio = outer SI The virial ratios are 1.000436 and 1.000439 when the 
vacancy are included and neglected respec- should be helpful for interpreting data from photo- 
tively. electron spectroscopy for Si(SiH,),. 

Some significant differences have been found from In determining CNDOIHM parameters for silicon, 
the of Cartling et al. (27), and these are pre- we wished to minimize the possibility of the hydro- 
sumably associated with the differences noted above gen charge distribution dominating the correspon- 
between the two sets of calculations. Surprisingly, dence functions such as &,; accordingly for this 
Cartling the central Si sphere to contain the weight factors w j  were taken equal to 
0.9 more than that in the neighbouring Si unity for each set of symmetrically equivalent atoms. 
spheres; our XaSW calculations indicate a difference The valence shell energy levels from the various cal- 
of O.I5 electron. the energy level structure is culations are plotted in Fig. 3. Although the highest- 
different from the two calculations; Cartling et a[. occupied to lowest-occupied separation is greater 
report the 3t2 level to be just below le  whereas we from the CNDO/HM compared with 
find " 1 7  le5 and 2t2  be 'lose and the 3 t 2  that from the XaSW calculation, by a factor of 1.31, 
level eV higher in According to Our this does represent an improvement over the CND0/2 
XaSW the lowest level la1 largely calcu]ation for which the corresponding factor is 
valves interactions between s-orbitals on the central 1.85. The CNDOIHM calculation reproduces the 
and outer-si atoms; 2a, is concentrated especially XasW result that the orbitals Zt2, le, and I[ ,  are 
on the s-orbital of the central-Si atom, and It2 corre- associated with Si3p orbitals bonding with the hydro- 
sponds to strong interactions between outer-Si s-or- gen atoms, but the CND012 calculation also includes 
bitals and the neighbouring is-orbitais' the 2a1 orbital in this category. The overall atomic 
The band of levels 2t2, le, and It1 involves basically popu~ations from the X ~ S W  calculation are repro- 
Si3p-Hls interactions, while 3t2 corresponds to in- duced fairly well with the C N D O p M  
teractions between the central-Si 3p orbitals and (Table 5 ) .  
those on the outer-Si atoms. 

Although Si(SiH,), is known (29), its photoelec- 4.3 P4 
tron spectrum does not seem to have been measured This molecular cluster has T, symmetry, with all 
so far. The trends in structure (and their assignments) P-P distances equal to 2.21 A. The XaSW calcula- 
for photoelectron spectra of linear silanes (30) and tions were made with atomic sphere radii equal to 
permethylated silanes, including Si[Si(CH,),], (31), to 1.38 A (corresponding to a 25% increase over the 
seem broadly consistent with the calculated transi- radii which just touch). The outersphere, with a 
tion state energies in Table 4. These latter values radius of 2.73 A, was centred at the centre of the 
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HEAD AND MITCHELL 

TABLE 6. Calculated energies (in eV) for Pq and ionisation energies from photoelectron 
spectroscopy 

This work 
Ref. 32 Ref. 33 

Level -EX.SW -ETS Ionisation energies* - ETS - 0 . 9 2 ~ 3 ~ ~  

'From ref. 33 except 40, which is from ref. 34; the multiple entries relate to Jahn-Teller splittings of the 
ionic states. 

O \  

CND0/2 X a S W  CNDO/HM 

- 3 ' 2  

- It, - l e  - 21, - 
20, 

1 - 101 

-30 
FIG. 3. Comparison for Si5HI2 of one-electron energies 

calculated with the CND0/2 and CNDO/HM schemes and 
transition-state energies calculated with the XaSW method. 

tetrahedron. The exchange correlation parameter 
was fixed equal to 0.72620 in all regions. On taking 
the calculations to the self-consistent limit, the cal- 
culated valence shell charges are 1.68 of s type and 
2.80 o f p  type in each P sphere; the outersphere and 
intersphere charges being 0.99 and 1.1 1 respectively. 
The virial ratio was 1.000158. 

Valence shell energies from this XaSW calculation 
are reported in Table 6, and comparisons are made 
with experimental ionisation energies and with pre- 
vious calculations. Specifically for the latter we re- 
port transition state energies calculated in the non- 
overlapping sphere version of the XaSW method (32) 
and values using Koopmans' theorem (but reduced 
by a factor 0.92) from a non-empirical molecular 

orbital calculation with an s,p Gaussian basis set 
(33). The present XaSW calculations appear to pro- 
vide a satisfactory level of agreement with the experi- 
mental ionisation energies. 

The high symmetry and the smallness of this mole- 
cule combine to make it somewhat less than ideal for 
parametrising the CNDO method since all the atoms 
are equivalent and the number of different energy 
levels is restricted. A consequence of the high sym- 
metry for the function R, is that all the unique infor- 
mation is contained in the s-orbital populations. 
Minima in the functions R, and RE' (eqs. [3] and [5]) 
could not be found simultaneously for a single com- 
bination of values of p and (I, + A,)/2; this type of 
problem was encountered previously by Santry (8). 
From the possible combinations of P and (I, + A,)/2, 
the final selection (Table 1) was made by ensuring 
that the calculated P-P distance was as close as 
possible to the experimental value. 

The CNDO/HM and CND0/2 level structures 
shown in Fig. 4 are in good agreement with those 
from the XaSW calculation, although the valence 
band is broader in both cases: by factors of 1.24 and 
1.54 for the CNDO/HM and CND0/2  calculations 
respectively. Information on the charge distributions 
from the different calculations is given in Table 7. 

4.4 S ,  
Overlapping-spheres XaSW calculations have been 

reported recently for this molecule (12); the D,, 
symmetry ensures all sulphur atoms are equivalent. 
As for P,, this restricts the amount of information 
for making the parametrisations, although for S, the 
number of different energy levels is greater. Again to 
make the final selection of CNDO/HM parameters 
for sulphur (Table l), it was necessary to check the 
calculated values of the S-S bond length against the 
experimental value. 

The energy levels from the different calculations 
are plotted in Fig. 5. The CNDO/HM calculation 
gives a good account of the separation of s-type and 
p-type molecular orbitals found with the XaSW 
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CND0/2 X a S W  CNDO/HM 

FIG. 4. Comparison for P, of one-electron energies calcu- 
lated with the CNDO/2 and CNDOIHM schemes and transi- 
tion-state energies calculated with the XaSW method. 

TABLE 7. Individual and total s populations for the valence 
shell of P, 

Population 

Method In, 20, l e  It2 2t2 Total 

CND0/2 0.19 0.06 0 0.17 0.04 1.77 
XaSW 0.17 0.04 0 0.20 0.02 1.73 
CNDO/HM 0.20 0.05 0 0.20 0.02 1.83 

method (i.e. the levels la ,  to 16, are predominantly 
s-type while the upper levels are predominantly 
p-type), whereas the CND012 calculation shows a 
degree of overlap between the s and p regions. Some 
differences in ordering of the levels in the p regions 
are found with both the CND012 and CNDOIHM 
calculations compared with the XaSW calculation. 
These differences can be associated in part with the 
high density of states. Some errors within the CNDO 
procedures are inevitable; thus the approximations 
required for rotational invariance tend to blur some 
differences between orbitals with o and n charac- 
teristics. The total atomic populations for s functions 
are 1.82, 1.95, and 1.91 for the CND0/2, XctSW, and 
CNDOIHM calculations respectively. 

5. Applications to Other Molecules 

In this section CNDO/HM calculations, using the 
parameters of Table 1, are applied to a number of 

- I b 2  - l e l  - - 
' e 3  l o  1 - l b n  

FIG. 5. Comparison for S8 of one-electron energies calcu- 
lated with the CNDO/2, CNDOIHM, and XaSW methods. 
The XaSW results are from ref. 12. 

other molecules and molecular clusters formed by the 
elements aluminium to sulphur; the objective is to 
assess how the parameters derived for the particular 
reference molecules transfer to other molecules. First 
we check for some homonuclear clusters which are 
larger than those used in deriving the CNDOIHM 
parameters. Figure 6 compares valence-shell energy 
levels from the three types of calculation on Al,,. 
The separation between the highest- and lowest- 
occupied levels is much greater from CND012 than 
from the XaSW calculation, and there are some dif- 
ferences in the ordering of the higher levels. The total 
energy separation from the CNDOIHM calculation 
is intermediate, but the ordering and relative posi- 
tions of the levels are in better agreement with those 
from the XaSW method; the 5a1 and 4e levels are 
reversed but these two levels have very similar ener- 
gies from both calculations. The charge distributions 
in each molecular orbital from CNDOIHM agree 
better with the XaSW distributions than do those 
from the CND012 calculation; the total populations 
over the occupied levels are included in Table 3. 
Figure 7 compares valence-shell energy levels from 
the various calculations for the hypothetical P, mole- 
cule; again the CNDOIHM scheme appears to give 
a better account of the XaSW level structure (32) 
than does the CND012 method. 

Next an assessment is made of the applicability of 
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FIG. 6. Comparison for All, of one-electron energies cal- 
culated with the CNDO/2, CNDO/HM, and XclSW methods. 
The transition-state energies should be about 2 eV lower than 
the one-electron energies from the XclSW method. 

the CNDOIHM parameters for the hydrides SiH,, 
pH3, and H2S. The calculated energy levels are given 
in Table 8. Compared with the XaSW calculations, 
the CNDO calculations show rather greater separa- 
tions between the lowest and highest occupied levels. 
In the CNDO/HM calculation for H2S the separa- 
tion between 16, and 2a, seems too small, but overall 
the CNDOIHM calculations show reasonable levels 
of agreement for the energy levels of these hydrides. 
The charge distributions from the CNDOIHM scheme 
correspond very closely to those from CND0/2;  
it is satisfying that the atomic charges vary smoothly 
over the series of molecules, for example according 
to CNDOIHM the net charges on the H atoms are 
-0.134, -0.047, and +0.036 for SiH,, pH3, and 
H2S respectively. The overall similarity in the results 
from CNDOIHM and CND0/2 for these hydrides 
may perhaps suggest that there is a certain flexibility 
in choosing the CNDO parameters, particularly for 
molecules containing just a single second-row atom. 
However, our experience with the larger clusters sug- 
gests this flexibility is reduced for molecules con- 
taining several second-row atoms. 

Valence-shell energies for P4S3 from six different 
calculations encompassing the XaSW, CND0/2, and 
CNDOIHM procedures are given in Fig. 8 and infor- 
mation on the atomic charges is in Table 9. The 
XaSW calculation (designated A )  includes d waves in 

- 5 4 CND0/2 X a S W  CNDOlHM 

FIG. 7. Comparison for P8 of one-electron energies calcu- 
lated with the CNDOI2, CNDO/HM, and XclSW methods. 
The transition-state energies should be about 3 eV lower than 
the one-electron energies from the XclSW method (from ref. 32). 

TABLE 8. Comparison of ionisation energies (in eV) calcu- 
lated with the CND0/2,  CNDO/HM, and XclSW proce- 

dures for SiH,, pH3, and HzS 

Molecule Orbital CNDO/2 CNDO/HM XaSW 

'Reference 35. 
?Reference 1 I. 
$Reference 36. This calculation for HIS uses the discrete varia- 

tional method. 

the atomic spheres; some consideration of an exten- 
sion of the basis set to include d functions for the 
CNDO-type calculations is given below. The entries 
in Fig. 8 and Table 9 designated B and D to corre- 
spond respectively to the CNDO/2 and CNDOIHM 
calculations for an s,p basis. It is immediately ap- 
parent that the CNDOIHM scheme accounts better 
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FIG. 8. Comparison of valence-shell energy levels for P4S3. The designations are: A, transition state energies from 
XaSW calculation including d waves (17); B, one-electron energies from CND0/2 calculation with s,p basis: C, as B but 
s,p,d basis; D, one-electron energies from CNDO/HM calculation with s,p basis; E, as D but s,p,d basis with (3* = (3, = 
(3,; F, as E except the Pd values are - 5 eV for P and -9 eV for S. 

than the CND0/2 procedure for the energy separa- 
tion between the highest and lowest occupied valence 
levels given by the XaSW calculation, although both 
CNDO calculations interchange the closely-spaced 
levels 14e and 15a,, and they depress the 3a, level 
compared with the XaSW calculation. The charge 
distributions in the individual molecular orbitals 
show that the CNDO/HM calculations, unlike the 
CND0/2 calculations, follow the XaSW calculation 
in characterizing the orbitals as predominantly s-type 
and predominantly p-type (17). Associated with this 
is an observation from Table 9 that the CNDO/HM 
calculations indicate slight19 higher s populations 
than do the CND0/2 calculations. The experience 
here for P4S3 and the hydrides suggests that the 
CNDO/HM parameters extend satisfactorily to some 
molecules involving different types of atoms, even 
though these parameters were deduced primarily for 
homonuclear molecules. 

6. Inclusion of d Orbitals 
For many years there have been frequent discus- 

sions about the extent of the involvement of d or- 

bitals in the bonding of molecules containing second- 
row atoms (37,38). Generally this involvement seems 
greatest for atoms in high valence states, but even for 
the low valence states (e.g. divalent S, trivalent P) d 
orbitals can be needed in computational schemes 
either as polarisation functions or to take up defi- 
ciencies associated with other aspects of the calcula- 
tions. In extending the CND0/2  method to the 
second row, Santry and Segal (7) considered three 
basis sets: a simple s,p basis, an s,p,d basis where the 
d functions are included in an analogous way to the 
s and p functions, and a basis corresponding to an 
intermediate involvement of the d functions. In ex- 
tending the basis set to include d orbitals in the 
present work, consideration was given to various 
values for the parameters E,,, (I, + Ad)/2 and P,. 
However, this examination indicated that a satisfac- 
tory approach involved the d exponent being given 
the same value as used for the corresponding s and p 
orbitals with +(I, + A,) kept at the value used by 
Santry and Segal. The final parameter to be fixed is 
then the bonding parameter P,. In the calculations 
for P4S3 designated C and E (Fig. 8 and Table 9), P, 
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TABLE 9. Total s,p,d populations* for the valence shell of P,S, 

*Pa = apical, Pb = basal P atom. 
t A  = XaSW calculation where d waves are included in the atomic spheres (17). B = CNDOIZ calculation with s p basis. C = CND0/2 

calculation with s,p,dbasis; D = CNDOIHM calculation with s,p basis; E = CNDOIHM calculation with s,p,d bask wherk D, = D, = D,; 
F = CNDOIHM calculation where the D, values are reduced, namely -5 eV for P and -9 eV for S. 

has been given the same value as for the s and p func- 
tions; C corresponds to the CND0/2 calculation and 
it is apparent from the atomic populations that the d 
populations are too large. These are reduced some- 
what in the CNDO/HM scheme, although the d 
populations are still about twice those from the 
XaSW calculation. We find a similar situation for 
other molecules referred to in sections 4 and 5; thus 
usually the orderings of the energy levels are essen- 
tially unchanged when d functions are included 
within the CNDO/HM procedure, but the d popula- 
tions can be as large as 0.5 electron per atom. (Inclu- 
sion of d orbitals in the CNDO/HM scheme does 
change the orbital orderings in the p region for S8, 
but this is not surprising in view of the relatively high 
density of states.) Santry and Segal(7) proposed that 
the d populations should be reduced to more plau- 
sible values by reducing the Pd value. Table 9 shows 
that the CNDO/HM calculation for P4S3 gives a 
rather good account of the XaSW populations when 
the pd values are reduced to - 5 eV for P and - 9 eV 
for S (entry F), although the corresponding energy 
level structure (Fig. 8) is seen to be changed only 
marginally from those for the calculations designated 
by D and E. 

Figure 9 compares the valence level structures for 
SO, from a number of different calculations. The 
XcrSW calculation included d waves in the sulphur 
sphere (39), and it is clear that the inclusion of d 
orbitals in the CNDO calculations affects the ordering 
of the upper levels. Again the CNDO/HM calcula- 
tions appear somewhat more successful than the 
CND0/2 calculations at matching up the orderings 
and relative spacings found from the XaSW calcula- 
tion; the two CNDO/HM calculations which include 
d orbitals (designated E and F in  Fig. 9) seem equally 
successful in this regard although, compared with the 
XcrSW results, the 3a, level seems too low and the 
2b2 level too high. 

7. Concluding Remarks 

The new XaSW calculations reported here relate 
to three neighbouring atoms in the second row, and 
as expected the populations of the valence shell 

I A B C D E  F 

- la ,  
-354 

- 'b2 - Ib2 

-jOl 

- Ib2  - lD2 

- lo, 
- Ib2 - la I - 101 - 1 0 ,  - la l 

-45 

FIG. 9. Comparison of valence-shell energy levels for SO,. 
The designations are: A, transition-state energies from XaSW 
calculation including d waves (39); B, one-electron energies 
from CND0/2  calculation with s,p basis; C, as B but s,p,d 
basis for S ;  D, one-electron energies from CNDO/HM calcula- 
tion with s,p basis; E, as D but s,p,d basis for S with Bd = 
P, = BP; F, as E except pd = - 9 eV. 

p-functions increase with atomic number through the 
clusters considered. For P,, the occupied levels show 
a clear separation into s-type orbitals (4a, and 5t,) 
and p-type orbitals (5a, to 2e), and this has been 
reported previously from molecular orbital calculations 
on P, (33) and from XaSW calculations on P4S3 (17) 
and S, (12). For Al, and Al,,, on the other hand, 
there is a greater mixing of s- and p-characteristics in 
the individual molecular orbitals; a somewhat inter- 
mediate situation is indicated for the silicon atoms 
in Si,H,,. The calculated XaSW one-electron ener- 
gies reported in this paper for Al,, Si,H,,, and P, 
show closely linear relationships to the corresponding 
transition state energies. Indeed we assumed this 
relationship extends to S, since only one-electron 
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energies were available for deducing CNDOIHM 
parameters from the XclSW calculation on this mole- 
cule (12). 

Within the limits of our present experience, the 
CNDOIHM parameters given in Table 1 for the ele- 
ments aluminium to sulphur seem at least as sucess- 
ful as the conventional CND012 parameters for 
simple molecules containing a single second-row 
atom, and these parameters appear more successful 
for molecules containing a number of second-row 
atoms. The main objective here has been to check 
that the CNDOIHM procedure can give broadly 
consistent results in relation to the basic CND012 
scheme. At present we have not addressed ourselves 
to comparing CNDOIHM calculations with the 
several variations of CNDO that have been used 
previously for these second-row elements, nor do we 
claim that the parameters in Table 1 are optimal for 
all situations for these elements. Although the band 
widths are generally better with the CNDOIHM 
procedure than with the CND012 procedure, it is 
clear that the former are still often too large com- 
pared with those from the XclSW calculations. The 
band widths calculated with CNDOIHM could no 
doubt be improved with a double-zeta basis set; that 
is one refinement that may be needed in making 
systematic extensions to transition metal systems. 
The approach used here attempts to find a balance 
between matching band widths and matching or- 
dering~ of levels. Both of course are important, and 
ultimately the suitability or otherwise of this CNDO 
scheme must be judged by its ability to guide inter- 
pretations of experimental measurements. For the 
present, we feel that the observations made in this 
paper do not discourage the possibility of the CNDOI 
HM approach providing a helpful route for getting 
CNDO parameters for systems of the heavier ele- 
ments for which alternative procedures are hindered 
by the unavailability or sparsity of both near-Har- 
tree-Fock calculations and suitable experimental 
data. 
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J. Chem. 57. 1839 (1979). 

Potential curves are reported for the ground and various valence and Rydberg excited states 
of HOCl and HClO using ab inir io SCF and CI methods. The states of HOCl are found to be 
generally favored over their counterparts in HCIO, but the calculations indicate that small 
barriers nevertheless exist for angular interconversion between at least some pairs of such 
states; they also show that dissociation processes involving CIO bond breaking are universally 
favored for both HOCl and HC10. Additional calculations for the ions have also been carried 
out, from which the heat of formation of HOCI+ is calculated to be 237 kcal/mol and it is 
pointed out that a previous estimate for the corresponding HOCl quantity has subsequently 
been substantiated by experiment; the relative energies of the first four states of HOCl+ are 
found to be in good agreement with experiment as well. 

PABLO J. BRUNA, GERHARD HIRSCH, SIGRID D. PEYERIMHOFF et ROBERT J. BUENKER. Can. 
J. Chem. 57, 1839 (1979). 

On rapporte les courbes de potentiel pour les Ctats fondamentaux, divers Ctats de valence 
et pour des Ctats excites Rydberg du HOCl et du HClO CvaluCes par des mtthodes SCF et CI. 
On a trouvC que les Ctats de HOCl sont generalement favorises par rapport a leurs contre- 
parties de HClO mais les calculs indiquent toutefois qu'il existe de faibles barritres a l'inter- 
conversion angulaire entre au moins quelques-uns de ces etats; ils montrent aussi que le 
processus de dissociation impliquant le bris de la liaison C10 est universellement favorise pour 
HOCl et HC10. On a effectue des calculs additionnels sur ces moltcules et l'on peut en 
deduire que la chaleur de formation de HOCl+ est tgale a 237 kcal/mol et l'on signale que 
I'Cvaluation anterieure de la quantite correspondante pour HOCl a depuis ttC confirmee 
experimentalement; on a trouve que les energies relatives des quatre premiers Ctats du HOCl+ 
sont aussi en bon accord avec les valeurs experimentales. 

[Traduit par le journal] 

1. Introduction between HClO in I additional interest of a more 

a previous (1) the relative stability of the theoretical nature has arisen, especially since iso- 

HOCl molecule with respect to the HClO nuclear me'ization energies for HAB systems composed 
arrangement and the various fragments H + C10, exclusively of first-row atoms have quite generally 
OH + ~ 1 ,  0 + H C ~ ,  and H + ~1 + has been been found to be much smaller. It thus becomes 

investigated by means of ab inirio configuration important to understand what differences in elec- 

interaction treatments. l-he first four low-lying tronic structure cause the HOCl arrangement to be 

states of H O C ~  were also studied in I, and it SO preferred in nature and furthermore to establish 

has been found, as confirmed in a similar study by whether a similar situation exists for the excited 

Jaffe and Langhoff (2), that population of all these States these systems. 

species promotes dissociation of the molecule into For part of the present work only the SCF level 

OH and C1. of treatment is employed since potential energy 

Interest in the HOCl molecule has increased con- Curves obtained for ground and pertinent low-lying 

siderably in the past few years because of its possible excited states in this approximation are often satis- 

role as an intermediate in the chlorine chemistry of factory for gaining information On the general 

the troposphere and stratosphere (3, 4). Further- structural behavior of the system under 

more, in view of the large stability difference found nuclear displacements. These calculations are supple- 
mented by CI treatments at various key points along 

'Hereafter referred to as I. the potential energy surfaces when necessary in 

0008-4042/79/14 1839- 13$01 .OO/O 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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order to obtain information of quantitative signifi- 
cance. At the same time the original study (I) is 
extended in order to predict the location of additional 
excited states of valence and Rydberg character and 
their possible role in photochemical reactions of this 
system. 

2. Technical Details 

The HOCl system is placed in the xy plane for the 
present investigations. The A 0  basis set chosen is of 
double-zeta plus polarization quality and for the 
majority of calculations consists of 48 contracted 
cartesian gaussian functions (basis A of I). The (4, 2) 
oxygen contraction is thereby taken from Dunning 
(5) and a (6,4) chlorine set is adopted from the work 
of Veillard (6), while a (2,l) set with scaling factor 
q 2  = 2.0 is centered at the hydrogen site (1). 
Polarization is taken into account by bond functions 
of s, p, and d type centered in the C10 bond and an s 
species located between hydrogen and the respective 
heavier atom. Long-range functions of s and p,, p,, 
pZ type (a = 0.015) are also located at the center of 
the C10 bond in order to represent the first members 
of corresponding Rydberg series. In addition for a 
few cases which are critical for destruction of the 
C1-0 bond the d bond functions are replaced by a 
set of d functions centered at each of the heavy 
atoms 0 and C1. 

The CI procedure employed is of the multi- 
reference double-excitation (MRD-CI) type with 
configuration selection and energy extrapolation (7); 
it is wholly analogous to the treatment in I and 
maintains a core of 12 electrons (corresponding to 
the K and L shells in chlorine and the K shell in 
oxygen) uncorrelated. 

3. Comparison of the HOCl Structures 

A.  Orbital Characteristics 
The experimental (8) structural data for HOCl 

are: OH = 1.83ao, C10 = 3.194ao, and L H O C ~  = 
102.4" while those determined by calculations in I 
for HOCl are: OH = 1.876a0, C10 = 3.220a0, and 
LHOCl = 104.0°, and for HClO: HCI = 2.48a0, 
C10 = 3.10ao, and LHCIO = 104.4". The orbital 
energies obtained for both isomers in the same basis 
are contained in Table 1 and these data show that 
the charge distribution around the respective oxygen 
and chlorine atoms in the two species are markedly 
different from one another; the distinctly higher 
inner-shell orbital energy for chlorine (la') in HOCl 
compared to HClO reflects the larger negative charge 
around the chlorine atom when it is in the terminal 
position than what is found when it is located in the 
middle; similarly the lower 2a' energy in HOCl 

TABLE 1. Orbital energies (in hartree) for HOCl 
and HClO in their equilibrium nuclear 

arrangements (basis A of I) 

E HOCl HClO 

1 a' - 104.9041 - 104.9785 
2a' - 20.6489 -20.5593 
3a' - 10.6045 - 10.6797 
4a' - 8.08093 -8.15586 
5a' - 8.07827 -8.15428 
60' -1.41331 - 1.32464 
7a' - 1 ,05870 - 1.10042 
8a1(n) -0.71491 - 0.70503 
9a1(o) -0.59538 -0.56702 

1 Oaf(n *) -0.46619 - 0.45642 
In" - 8.07805 -8.15371 
2a"(n) -0.61110 -0.59456 
3a"(x *) -0.44231 - 0.42776 

indicates that oxygen is less negative in HOCl than 
in HClO. Both observations taken together show 
that the more negatively charged atom is preferred 
at the terminal position in each case, a finding which 
is quite consistent with what has been observed 
generally in other triatomic systems, including 
molecules of A ,  type (9). 

Similarly large differences in the valence orbital 
energies are obvious from the results of Table 1. A 
comparison of the various charge density contour 
diagrams shows that the 6a' is to a large extent the 
o,(2s + 3s) type MO in both systems, while the 7a' 
is the antibonding o,(2s - 3s) counterpart and the 
9a' can be looked upon as the o,(po) bonding 
orbital (Fig. 1). The 8a' and 10a' species correspond 
to n and n* respectively with a typical hydrogen 
admixture. It is interesting that in the bent equilib- 
rium geometry the o-type orbital 9a' lies between 
the n and n* species (for both in-plane and out-of- 
plane components), in contrast to the situation for 
the linear HOCl geometry, for which the energy order 
is G(E = -0.695 hartree), TC(E = -0.577), and n *(E = 
-0.430). 

The lowest unoccupied MO (1 la') is of o* type, as 
can also be seen from Fig. 1. It is strongly Cl-0 
antibonding and shows a definite preference for the 
linear nuclear arrangement, as will become clear 
from consideration of the geometrical characteristics 
of electronic states which occupy this species. Finally 
the out-of-plane MO's (Fig. 2) exhibit clear differ- 
ences in charge distribution; in HOCl oxygen 
character is dominant in the 2a" (n-type MO) and 
that of chlorine is more important in the antibonding 
3a" MO while the situation is reversed in HCIO. 

A localized MO representation (10) indicates quite 
clearly that the C10 bond is stronger in the more 
stable HOCl species (Fig. 3), since the charge dis- 
tribution is much more evenly distributed between 
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BRUN 

FIG. 1. Canonical orbital charge density contours for the three highest occupied a '  MO's (8a' to 10a' from bottom to 
top) of (a) HOCl and (b) HClO in their respective ground state equilibrium geometries, and for the lowest unoccupied 
(o*) M O  in the same systems, (c) and (d). 
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FIG. 2. Canonical orbital charge density contours for then and n *  MO's of HOCl (left) and HClO (right) respectively. 

FIG. 3. Localized orbital charge density contours for the OH and C10 bonds in HOCl (left) and for the HCI and CIO 
bonds of HClO (right). 

the two nuclei in the corresponding orbital than in 
its HClO counterpart. Since the respective dissocia- 
tion products (OH + C1 and HCl + 0 )  are known 
(11, 12) to be nearly isoenergetic, the difference in 
C10 bond strengths is essentially equal to the 
stability difference of the two systems, which has 
been calculated to be 60 kcal/mol in I. The localized 
OH and ClH bonding orbitals (also in Fig. 3) show 
quite normal behavior; their relation to the canonical 
MO's is given in Table 2 and shows that there are 
always four MO's which contribute to the localized 
bonds. The o,-type species 6af and 9a' (Fig. 1) con- 
tribute in the main to the C10 bond, while the OH 
species gains its dominant character from the 6a' and 

8a' canonical MO's and the 7a' and 8a' MO's pre- 
dominate in forming the HCl bond. 

B. Angular Potential Energy Curves 
A series of SCF calculations is carried out at 

various internuclear angles for all low-lying electronic 
states of HClO and HOCl which are accessible via 
the Roothaan procedure, and the results are sum- 
marized in Fig. 4; the various bond lengths are held 
constant thereby at their optimal values in the 
respective equilibrium conformations. 

The correlation between the various states is 
obvious for the ground and those states resulting 
from n:" + o *  (lla ')  excitation; the relation between 
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BRUNA ET AL.  

TABLE 2. Expansion coefficients for the localized orbitals representing the H-X and C1-0 
bonds in the basis of the canonical MO's 

Bond 6a' 7a' 8a' 9a' 10a' 

HOCl 0-H 0.56 0.36 0.71 - -0.21 
CI-0 0.55 -0 .30 -0.33 -0.69 - 

HClO C1-0 -0.52 -0.11 +0.30 -0.79 - 
CI-H 0.36 0.52 0.76 - -0.10 

FIG. 4. SCF potential curves for the angular interconversion of HOCl and HClO in ground and various excited states 
(OH = 1.830~ and C10 = 3.194ao for HOCl and HCI = 2.48a0 and C10 = 3.10ao for HCIO). The enumeration of the 
potential curves is made according to the notation of Table 3. The 10a' + 1la"A' state has not been treated in the SCF 
calculations but an estimate of the nature of its potential curve (as indicated wlth a dashed line) is given, based on sub- 
sequent CI  calculations. 

the various species in different symmetry and the 
abbreviations used in the figure are indicated in 
Table 3, along with details of the corresponding CI 
calculations. The SCF potential energy curves show 
that all the states under discussion are higher in 
energy in the less stable HClO form than in HOCl, 
and CI calculations (Fig. 5) carried out for the four 
representative points, linear HOCl, equilibrium 
HOCl, equilibrium HC10, and linear HClO, demon- 
strate that the relative spacing and form of the SCF 
curves is not unrealistic in this case (HOCl and 
HClO vertical transition energies are given in 
Table 4). A barrier for interconversion from HClO 
to HOCl is indicated for each state, however, but 
optimization of the various structural parameters is 
expected to reduce these quantities relative to Fig. 4 

and probably eradicate them entirely in some 
instances. On the other hand, in states such as the 
3 , 1 ~ '  (10a' + l la ')  pair (curves 4 and 5) which 
strongly prefer the linear nuclear arrangement in 
HClO it is quite unlikely that the corresponding 
barriers disappear upon optimization of the inter- 
nuclear distances at each bond angle. Nonetheless 
since the HClO ground state is considerably more 
stable in the bent geometry it is possible that no 
barrier to angular interconversion is actually present 
in this important case. In this connection it is inter- 
esting that a substantial barrier for HNC + HCN 
interconversion (of the order of 35 kcal(l3)) and also 
for HOC' + HCO' (14) is found in calculations, 
while only a very small barrier results for the related 
HSiN + HNSi process (of the order of 4 kcal(l5)) 
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TABLE 3. Characterization of HOCl states treated and technical details of the CI calculations. The corres- 
ponding HClO states are treated in a similar manner 

Treatmentb Secular equation Corresponding 
State Label Excitationa ( n M l m R )  generated/solved C,,  symmetry 

X I A '  
3AI, 

1 

'A" 
A' 

: t  
'A' 
3Aft i t  
'A" 
'A" t 

8 
A' 

'A' 
'A' 

1; 1 
'A" 

11 
12 

'A" 13 
'A' 
3A" 

14 

l A t f  
'A' 17 
'A' 
3A" 

18 

All ;; 1 
'A' 2 1 
A' 22 

3a" + l la '  

10a' + l l a '  

2a" + l la '  

3a" + 4s  

9a' + l la '  

10a' + 4s  

3a" + 4p(a1) 
3a" + 4p(a") 

211 1718112353 
211 6349812829 
211 3816012785 
211 5326412804 
311 3993312789 
612 11912714739 
612 

7969012733 
721 6814795 1 

311 
511 11412112581 
911 8456312540 1 
511 10878112773 

512 130204/5061 

111 1944612781 
511 11366812877 
511 6864412679 

912 21061913537 

512 10966215232 
512 6628815227 
21 1 1777512566 

Estimated from a less exten- 
sive calculation 

111 3389112542 
412 12067013950 
412 9018114053 1 
412 12067013950 
412 9018114053 

nn* ' o * Z  

OExcitation is always taken relative to the ground state electronic configuration 8a'22a"29a'210n'23a"211a'o0 
bSelection of configurations is made for n~ roots while rr main (or reference) species are employed for the configuration 

generation. 

TABLE 4. Calculated vertical excitation energies in eV for low-lying states of HOCl and HClO 

A E, AE, 

State Labela HOCl HClO State Label HOCl HClO 

X I A '  1 0 . 0  0 .0  A' - Not ~ a l c . ~  - 1 :j:: 2 3.50 
1.87 'A' 11 8.34 7.25 

4 4.54 3.20 12 8.36 - 'A" 
3 4.73 2.52 'A" 1 :{: 13 

8.55 - 
5 5.75 3.92 1 :I:: 6 

7 .49  8.64 { :!:: 14 
8.60 7.00 

7 8.19 9.20 15 9.45 - 

1 :;:: - Not ~ a l c . ~  - 16 9.53 7 .62  
8 7 .16  5.73 A' 17 9.33 - 

1 : j :  9 
7 . 9 2  (7.30) 'A' 18 9.40 - 

10 9.97 - 

19 9.42 6.57 ZA" 1:;:: 30 
10.93 10.05 

20 9.93 8.46 ZA' 31 11.95 10.77 
A' 21 9.92' 7 .78  ZA" 32 14.55 15.30 

'A' 22 11.30 - ZA' 33 15.48 15.42 
A' 23 11.24 10.32 

OThe numbering refers to the states given in Table 3. 
bSince the singlet-triplet splitting is very small in Rydberg states, generally only one multiplet is calculated 

explicitly. 
=This value is misprinted in I (8.92 instead of 9.92). 
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Ion 
4 ' 1 3 L P  

/a 
7 111 . . '11 . . 

'A' ---* 
'11 

7 I / /  - 10.'; oo ,, Ion O// 
0 . // . . r 

r 

4' 
4 - 3 a " L  m 4 / 

HOCL HOCI ,, HCLoaq. HCIO 

FIG. 6 .  Comparison of calculated CI energy levels for the lowest-lying Rydberg states and ions of bent and linear HOCl 
and HClO (fixed bond lengths of the same magnitudes as in Fig. 4). Estimated appearance of the corresponding angular 
potential curves is indicated in the figure with dashed lines; note that fewer states have actually been treated for the less 
stable HClO conformer. 

species (Fig. lc), whereby the n and n') MO's 
exhibit very similar stability in both linear con- 
formers. This situation. on the other hand. is not 
unusual since similar observations have been made 
in related molecule pairs such as HNO-HON (17, 
18) or HCO + -HOC+ (14), for example, in which an 
exchange of singlet and triplet ground states or the 
reverse ordering of (n,n*) and (o,n:'.) states in the 
respective pairs of isomeric forms has also been 
noted. 

The end result of the various changes in relative 
orbital stability in the two systems is that the vertical 
transition energies of stable HOCl are generally 
much higher than for HC10, as can be seen in Table 4 
as well as in Fig. 5. A similar but even more extreme 
example of this phenomenon has been found in the 
study of the HNSi-HSiN pair (15, 19), for which the 
lowest excited state becomes nearly isoenergetic with 
the closed shell ground state in the less stable (HSiN) 
form. Since as mentioned above there is at  most a 
small barrier for angular interconversion of the 
HClO ground state to the much more stable HOCl 
species it is doubtful whether this clear distinction 
between these two systems can be observed experi- 
mentally. In this connection it should be noted, 
however, that there is still an open question con- 
cerning the HOCl spectrum, as observed by Fer- 
gusson et al. (20, 2). Although the first strong 
experimental band at 5.64 eV is quite plausibly 

assigned as the 2'A'-'A' transition of HOCl (cal- 
culated at 5.75 eV; Table 4), a second weaker 
system with an absorption maximum at 3.87 eV does 
not fit in well at all with any other dipole-allowed 
species for this system. The analogous (2'A'-'A') 
transition in HClO does lie in the proper range (3.92 
eV; Table 4), as does the 3A"- '~ '  HOCl species 
(3.50 eV), but it is certainly unclear whether either of 
these transitions is in any way related to the above 
experimental findings. 

The analysis of the more highly excited states in- 
volving the n MO or double substitutions from n and 
n *  is more difficult since a number of states lying in 
the same energy region are mixed (in the CI  or 
already at the SCF level of treatment) because of the 
lower C, symmetry of the bent molecule. There is also 
the additional complication that although o (8a') 
and n (9a',2a1') are energetically well separated in the 
linear nuclear framework, the in-plane 8a' and 9a' 
components can mix so that for the equilibrium bent 
structure (see Fig. 1, a and 6) it is the 9a' MO which 
possesses o character in both isomers while the 8at 
is predominantly an in-plane n orbital; hence 
identification of the dominant configuration in a 
given state must be coupled with the knowledge of 
the specific character of the MO's in order to allow 
for a proper microscopic description of the state. 

A relatively clear pattern is present for the lowest 
members of the Rydberg states (Fig. 6). All first 
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mixing is partially accounted for in the SCF FIG, ?, SCF potential curves for Cl-0 in ground 
data of Fig. 4, and as a result the corresponding and excited states of H ~ ~ ~ ,  
potential curves exhibit a rather unconventional , . 

singlet members for the most stable equilibrium form E~~~ 
of HOCl are treated by CI calculations (3a" -+ 4s, 
4p,, 4py, and 4p, and 10a' -+ 4s, 4p,, 4py, 4pz), while 
calculation of the corresponding triplet species (with 
the exception of the 10a' -+ 4pz) is not undertaken 
because of the well-known small triplet-singlet -534.4- 

separation for such Rydberg states. The typical 
features of Rydberg states are obvious: the 4s state 
is found well below the 4p species, of which all 

- 534.5- spatial components lie very close in energy; further- 
more the energy difference between the series 
originating from the 3a" and the 10a' MO and their 
respective ionic limits is very similar (approximately - 534.6- 

30 000 cm-' for the s series). The pattern of Rydberg 
levels for the other arrangements of nuclei is equiv- 
alent (even though not all states have been treated 

-534.7- explicitly in CI calculations), especially once it is 
realized that 3a" and 10a' become degenerate in the 
linear molecular geometry. 

The Rydberg states lying in the energy range -534.8- 

between 7 and 13 eV might possibly mix with valence 
states (21) of the proper symmetry and energy (Fig. 
5), although this feature has not been explicitly 

-534.9 
treated in the present work. On the other hand, such 

A .  HOCl and its Components HO + CI CL*OH HOCL H*CIO HClO 

~h~ calculated SCF curves for separation of H O C ~  FIG. 8. Comparison of calculated CI energy levels of HOCl 

into OH and a C1 atom are contained in Fig. while and HClO in ground and various excited states with those of 
the dissociation products H + C10 and OH + C1 respectively. 

the CI values for the pertinent end points are given (The degeneracies of the various fragment energy levels are 
in Fig. 8. It is obvious that the first valence states given in parentheses in each case.) 

-534.3A(hartree)  

6 3  

0 

3~ 

CI(?P, I 1 + O H ? X I  

, 
2.7 3.2 3.8 4.4 R(Ct-OHl5.O a.u. 

form with several minima in some areas. 
The valence-shell states involving higher than 

7Ce -+ (3:q ransitions are also calculated for HOCl ,o.o- 
and HClO in the CI treatment and the results are 
collected in Fig. 5 and Table 4. Correlation with 
corresponding states in the four nuclear conforma- 
tions is shown, while crossing of states is only 
indicated; details concerning the various states are 
contained in Table 3. It is generally seen that the 

- 

higher valence-shell states prefer a linear structure, 6,0- 
while the Rydberg states (Fig. 6) are generally more 
stable in the bent nuclear arrangement (as are the 
corresponding ions), leading to the interactions of 
various states mentioned above. 4.0 - 

4. The Molecules HOCl and HClO 
and their Fragments 

2.0 - 
In order to investigate the possible destruction of 

HOCl into its various components or formation 
therefrom, potential energy curves connecting the 
different partners in a number of electronic states are 0.0 - 
calculated and will be discussed in what follows. 

'A 
A E c , ( e V l  , ,--- 

.' 

'XX"" 
I,= 

R H('Sgl 
I In" + Cl0lA7lL1 ' -  

= 1 R f  - ,,K\, 
,,I= Id /I ., -IP;. / /  \ 

f 'w-7 , 
(121 ' I , I ~ - ~  

OH 1~3. // I --_ 'A' 

C I ( ~ P ~ I  x, / 1 /--. 
/ 

- -T 

// ,,I\ /I--.---- 

1 $-,/,,, -2, / / ]A- 
/ I-, \ /,%'--\---- 
I /,/-A~' , , -, -Y-Y 8 In" 
I// , I ,,181\\ 

15 
,$,+,,,"--' 

/I H (7s91 \ \  \ 

&- I .c101x'lL1 \., 
I -- 

Z\\ I 'A' 
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CI (?P, I \ 
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FIG. 9. SCF potential curves for hydrogen removal of (a) HOCl and (b) HClO in ground and various excited states 
(calculated equilibrium values for the C10 bond length and corresponding bond angle are used in each case). 

3,1A' and 3 ,1  A" arising from n * + CJ* excitations 
promote immediate decomposition into 0H(2rI) 
and CI(2P,) as a consequence of populating the 
strongly C10 antibonding o ' h rb i t a l ,  as has been 
pointed out earlier in I, as well as by Jaffe and 
Langhoff (2). The Rydberg states (Figs. 7 and 8) are 
not repulsive and show potential curves similar to 
that of the positive ion, i.e. they prefer a somewhat 
smaller C1-0 bond length than does the ground 
state, which is also stable with respect to C1 + OH 
separation. Various high-energy states (Figs. 7 and 8) 
populating the antibonding CJ* twice are strongly 
repulsive and furnish the remaining curves leading 
to the ground state products (Fig. 8). The conclusion 
from these results is that any excitation of HOCl 
below the first Rydberg species (7 eV) will immedi- 
ately lead to fragmentation into OH and C1 (cal- 
culated fragment total energies are given in Table 5 
of I for comparison with the HOCl vertical excitation 
energies in Table 4). 

B. Hydrogen Removal Processes 
The calculated SCF potential energy curves for 

hydrogen removal HOCl -t H + C10 and HClO -t 
H + C10 are contained in Fig. 9, aand b ;  the corres- 
ponding CI data are also presented in Fig. 8. Both 
ground state curves show the typical behavior of a 
bound state with one minimum3, and approximately 
95 kcal/mol must be added to the system in order to 

3The long-range SCF part must be corrected in the standard 
way to obtain a realistic description of the bond-breaking 
process involving the open-shell fragments. 

remove the hydrogen atom from HOCl in its ground 
state (Table 5 of I).4 All excited states in Fig. 9 a and 
b with minima in the same general energy range as 
the ground state fragments H ( 2 ~ , )  + C10 (2rI) 
exhibit a potential barrier for larger hydrogen 
distances. Although the calculated barriers in Fig. 
9 a and b will most probably be reduced considerably 
when relaxation of the C10 bond is taken into 
account in the process, it is still likely that a small 
barrier remains in each case in analogy to what is 
found for similar states in HCO, HN,, or HNO (for 
example see ref. 24). All potential energy curves in- 
volving HOCl or HClO Rydberg states correlate 
with electronically excited fragments and the SCF 
calculations of Fig. 9 again suggest that substantial 
energy is required before dissociation into H + C10 
can take place via these states. 

Finally consideration of Fig. 8, which shows the 
realistic relative positions of the various energy 
levels, makes it clear that loss of hydrogen in any of 
the HOCl states treated is extremely unlikely, 
especially since in the excited states dissociation into 
0H(2rI) + C1(2P,,) can take place so easily instead. 
Similarly formation of the molecule in its ground 
state from H ( 2 ~ , )  + ~ 1 0 ( , n )  is probably not 

4The measurement of a heat of formation for HOCl of - 18 
kcal/mol by Molina and Molina (22) and of - 19 kcal/mol by 
Timmons (private communication, value of R. Timmons 
transferred to authors by D. Phillips (NASA)) as compared to 
the predicted value for this quantity in I of - 19.2 ) 3.9 kcal, 
gives a t  least some indication of the overall reliability of the 
present nb irlitio results. 
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BRUNA ET AL. 

favored since the excess energy of this reaction would 
readily promote dissociation into OH and C1. 
Furthermore although the OH + C1 destruction 
channel is not directly open to the HClO isomer, 
consideration of Fig. 5 suggests that a small supply 10.0 
of energy in the bending vibrational mode might 
favor interconversion from the HClO excited states 
into HOCl (not even considering the HCl + 0 
pathway), which again would be followed by frag- 8.0 

mentation into OH + C1 rather than dissociation 
from the excited HClO states into H + C10. 

€ 5 , ~  
(hartree) 

'CI -0 

6.0 - C. HClO and the Components 0 + HC1 
The SCF potential energy curves connecting the 

fragments 0 and HCl with the system HClO are 
given for various states in Fig. 10 (whereby the inter- 4.0 - 
nuclear angle of 102.4" is held constant) while the 
complementary CI data are contained in Fig. 11. In 
this case the adiabatic correlation of states is 
especially simple since all low-lying triplet HClO 2.0- 

states correlate with 0(3Pg) + HCl('C+), while the 
corresponding singlet species must be connected with 
O('D,) + HCl('C+). It is seen that except for that 
of the ground state the low-energy curves are all O.O- 

HCI ( 1' I 

-- - - 
'nn* 1 'x,'p: . 

\ 
---.---. ' -. \ 'a' 
___.--, \ -  . , --'+- " O I ' D ~ I  + HCL( 'T ' J  
Id' ',, Id> \ \  / 1 (51 

\ 1 \. .___ 1 I 
In'. ', \ ; . ., ,\ 

7-, ; -\b- A ,  (91 O ( ' P ~ J  + H C I ( ' T + J  
\ 
! I 

I 
\ 

\ 
I 
I 

\ I 
\ I 
\ 1 

\ \  1 

'7' A' 

FIG. 10. SCF potential curves for C1-0 stretch in ground 
and various excited states of the HClO system (calculated 
equilibrium values for the H-C1 bond length and HClO bond 
angle are assumed throughout). 

I 

HClO HOCl  O + H C l  

FIG. 11. Comparison of calculated CI energy levels of HOCl 
and HClO with those of various 0 + HC1 dissociation 
products. (The degeneracies of the various fragment energy 
levels are given in parentheses in each case.) 

repulsive, favoring dissociation into 0 + HC1 in a 
manner quite similar to the HOCl dissociation (Fig. 
7) into OH + C1. 

The reaction O('D,) + HCl has been studied 
experimentally (25) and it has been found to yield the 
products OH + C1 rather than C10 + H. According 
to the present study this reaction could proceed with 
very little activation energy (if any) in a favorable 
geometrical position via the lowest excited 'A" state 
(which is essentially isoenergetic with O('Dg) + HCl 
('C') if the oxygen inserts to give the HOCl arrange- 
ment; see Fig. l l ) ,  which has been shown to be 
strongly repulsive with respect to the OH + C1 
fragments. Reaction via the ground state HClO- 
HOCl surface could lead to an HOCl entity provided 
the high excess energy of this reaction can be set free 
appropriately. Again, as discussed earlier (Fig. 8), 
dissociation into OH + C1 is preferred over that in 
H + C10 in any of the low-energy HOCl states, in 
accordance with experimental observation (2, 25). 

The rate of the corresponding triplet reaction 
0(3Pg) + HCI('C+) -t 0H(211) + CI(2P,) has been 
investigated by various experimental techniques 
(11, 26-29) and an activation barrier of approx- 
imately 0.25 eV (11, 25) has been estimated. From 
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the overall experimental evidence there is an in- 
dication (25, 30), although not conclusive ( l l ) ,  that 
this reaction proceeds via a non-adiabatic transition 
from the triplet to the lowest-lying singlet surface, as 
discussed by Nikitin and co-workers (30, 31). 
Furthermore the absence of vibrational to trans- 
lational and rotational energy transfer is taken as 
an indication (28) that the representative pathway 
cuts the corner of the potential energy surface and 
does not penetrate into the deep HOCl equilibrium 
well. 

According to the present potential energy curves a 
pathway involving the 3A" state is only conceivable 
with a low activation energy of a few kcal/mol if the 
hydrogen migration occurs for large 0-C1 distances 
and requires very little energy for such structures; 
since the corresponding potential energy surfaces 
(Figs. 4 and 5) are only calculated for structures close 
to equilibrium, the present study cannot support or 
discard this possibility. Because of the strongly 
repulsive nature of the 3A" curve an intersection 
with the corresponding singlet to yield a stable HOCl 
molecule via a spin-orbit curve crossing must also 
occur at quite large 0-C1 distances, unless (as in the 
previous case) the repulsive nature changes con- 
siderably with the angle of approach of oxygen to 
HCl, a situation which is unlikely to occur. A curve 
crossing is found in CI calculations for L HClO = 
140°, HCl-0 = 3.45ao, for example, but this point 
is already 1.0 eV above the initial products, so that a 
study of this phenomenon must involve larger 
HC1-0 separations. 

5. Vertical Ionization of HOCl and HClO 

The ground state for both the HOClf and HCIOf 
isomers is a 2A" species, arising from the loss of an 
electron from the corresponding 3a" MO in the 
respective neutral system. Because of the nodal 
characteristics of the latter orbital it can be predicted 
from Walsh's rules that little change in equilibrium 
geometry accompanies ionization in this instance. 
Hence it is expected that the values for the vertical 
minimum IP for both HOCl and HClO will be only 
slightly higher than for the corresponding adiabatic 
quantities. The lowest ionization potential of HOCl 
has recently been measured experimentally to be 
11.22 eV (32), in good agreement with the present 
calculated value of 10.90 eV (Table 4), as well as with 
another theoretical result given in the literature (33). 
Furthermore because of the above geometrical con- 
siderations for such ions it is possible to identify the 
energy difference between lowest and higher vertical 
IP's with the vertical transition energies of the ion 
itself. In the case of HOCl+ the results obtained in 
this manner (1.08, 3.62, and 4.55 eV) correspond to 

transitions into the 3a" MO from the 10al, 2a", and 
9a' orbitals respectively and are found to be in good 
agreement with experimental values for these 
quantities (32). 

If the lowest adiabatic IP is taken to be 11.1 eV 
(32) the heat of formation of HOCl' can thus be 
estimated to be in the order of 237 kcal/mol, based 
on the AHfO value for HOCl of - 19 kcal/mol dis- 
cussed earlier (1, 22). The HOClf heat of formation 
can then be combined with known AH,' values for 
possible dissociation fragments of this system to 
obtain predictions of its bond strengths. For example, 
heats of reaction of the order of 100 kcal/mol each 
are thereby indicated for decomposition into both 
Clf(3Pg) + 0H(2H) and C1('PU) + 0H'(3C-). 
Comparison of these results with the corresponding 
value for the neutral reaction, HOCl + C1(2Pu) + 
0H(2rI), of 57 kcal/mol leads to the conclusion that 
the C10 bond is some 43 kcal/mol stronger in HOClf 
than in neutral HOC1; such a finding is clearly con- 
sistent with the C10 antibonding characteristics of 
the 3a" (IT:" species from which ionization takes 
place. On the other hand, similar calculations in- 
dicate that the OH bond strength is very nearly the 
same (95 kcal/mol) before and after the 3a" ioniza- 
tion, as again seems quite reasonable based on the 
lack of H-atom character in this molecular orbital. 

Analogous calculations can be made for the 
HClO' system, for which a AH,' value of 260 + 5 
kcal/mol results. Taking the difference between these 
two AHfO values leads to an estimate for the iso- 
merization energies of HOCl' and HClO' of 22 f 5 
kcal/mol, markedly less than for the corresponding 
neutral systems. By comparison the isomerization 
energy for the HSO-SOH pair of the same number 
of electrons as the ions has been calculated at a 
similar level of CI treatment (23) to be 12 kcal/mol, 
again with the system containing the second-row 
atom in the terminal position indicated to be the 
more stable. Finally it is found that the C1-0 bond 
of HC10' should be 75 kcal/mol stronger than in 
HC10, while its H-Cl counterpart should be about 
35 kcal/mol stronger than in the neutral system. 

6. Conclusion 

The present study has investigated various points 
of the potential energy surface of the HOCl-HCIO 
system in ground and a number of excited states in 
connection with interconversion of the two isomeric 
forms and their fragmentation into (or formation 
from) OH, C1, H, C10, HCl, 0 ( 3 ~ , ) ,  and O('D,). It 
is found that the ground state and the four lowest 
singlet and triplet states occupying the o" MO can 
be followed very easily from products to various 
fragments, while higher excited species, including the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



B R U N A  ET AL.  1851 

Rydberg states, will generally change their energy 
ordering among one another upon structural de- 
formations so that no definite reaction channels will 
be preferred in the higher-energy range of fragments 
and products. 

The calculations indicate further that isomer con- 
version into the more stable HOCl form is likely in 
the ground state without substantial activation 
barrier, but that in at least some of its excited states 
HClO prefers a linear nuclear arrangement and 
should not be easily converted into HOCl in these 
cases. In general the antibonding nZk and o" MO's 
in these systems are found to be relatively more stable 
in HClO than in HOCI, while the opposite is true 
for the corresponding bonding orbitals. As a result 
the vertical transition energies in the less stable 
HClO conformer are often markedly smaller than 
for the corresponding excitations in HOC1. 

All four first excited states 3 * 1 ~ ' r  and 3.'A' (and 
also higher species) exhibit strongly repulsive poten- 
tial energy curves and hence decidedly favor dis- 
sociation into OH('n) + C1('PU) as soon as one of 
these excited states is populated. Since furthermore 
this fragment energy is considerably lower than that 
of H('S,) + C10(X2H), decomposition into OH + 
C1 is preferred over hydrogen removal; in addition 
it is found that barriers towards hydrogen removal 
are present even in the excited states, as has been 
observed in related systems, and this eventuality 
makes such processes even less likely. Dissociation 
of HOCl in its first two triplet excited states also 
seems possible via repulsive energy curves into 
O(jP,) + HC1('Cf), i.e. fragments which are prac- 
tically isoenergetic with OH('n) + C1('PU); on the 
other hand, crossing with the ground state singlet 
curve might introduce (via spin-orbit coupling) some 
complications. Decomposition of HOCl in its first 
two singlet states into O('D,) + HC1(ICf) via re- 
pulsive potential energy surfaces is also conceivable, 
although the energetically more favorable channel 
OH + C1 is probably preferred in this case. 
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9-Oxobenzomorphans. I.  General syntheses of dihydrobenz[e]indolines as 
key intermediates 

Received December 20, 1978 

GERRY K A V A D I A S , ~ T E P H A N  V ~ L K O F ,  and B ~ R N A R D  BELLEAU. Can. J .  Chem. 57,1852(!979). 
Various 5,9b-dihydrobenz[e]indolines were synthesized by three general methods: (a)  by 

alkylation with the appropriate alkyl halide of 1,2,4,5-tetrahydro-lH-benz[e]indoles, them- 
selves obtained by alkylation with bromochloroethane of enamines derived from 7-alkoxy-2- 
tetralones; (6)  from l-alkylaminoethyl-2,2-ethylenedioxy-l,2,3,4-tetrahydronaphthalenes by 
acid hydrolysis, and (c)  by reduction of 2-0x0-2,3,5,9b-tetrahydro-lH-benz[e]indoles which in 
turn were obtained from ethyl 2-0x0-l,2,3,4-tetrahydro-1-naphthalene acetates by reaction 
with methylamine followed by dehydration. These substances are key intermediates in the 
synthesis of 9-oxobenzomorphans. 

GERRY KAVADIAS, STEPHAN VELKOF et BERNARD BELLEAU. Can. J. Chem. 57, 1852 (1979). 
On a synthetist diverses dihydro-5,9b benz[e] indolines par trois methodes gentrales: (a)  

par alkylation, a l'aide d'un halogenure d'alkyle approprie, de tetrahydro-1,2,4,5 lH-benz[e] 
indoles, eux m@mes obtenus par alkylation avec du bromochloroethane des hamines  pro- 
venant d'alkoxy-7 tetralones-2; (6)  par hydrolyse acide d'alkylaminotthyl-1 Cthylenedioxy-2,2 
tetrahydro-1,2,3,4 naphtalenes et (c)  par reduction des 0x0-2 tetrahydro-2,3,5,9b lH-benz[e] 
indoles qui sont obtenus a partir des 0x0-2 tetrahydro-1,2,3,4 naphtalenes acetates d'tthyle-1 
par reduction avec de la methylamine suivie par une deshydratation. Ces substances sont des 
intermediaires cles dans la synthese des 0x0-9 benzomorphanes. 

[Traduit par le journal] 

As part of our continuing search for medicinally 
useful analgesics, it became necessary to have ready 
access to  variously substituted 9-oxobenzomor- 
phans. The best known method for their synthesis is 
the one described by Murphy et al. (1) more than 20 
years ago. This process involves as the ultimate step 
the pyrolysis of a quaternary salt such as the meth- 
iodide of 2'-methoxy-2,5-dimethyl-9-oxo-6,7-benzo- 
morphan and accordingly its applicability is limited 
to  compounds that can survive the vigorous pyro- 
lytic conditions. A new general process for the syn- 
thesis of 9-0x0-benzornorphans was therefore de- 
veloped and after our work was completed, Takeda 
et a/. (2) described an approach which is conceptually 
similar. However, in our hands, the process described 
by these authors was not generally applicable and led 
to  low yields of product. In this paper we wish to 
describe three general methodologies (Schemes 1-3) 
which provide for ready accessibility to 5,9b-di- 
hydrobenz[e]indolines 5a-h (Fig. 1) as key inter- 
mediates in the synthesis of the desired 9-0x0- 
benzomorphans (see accompanying papers). 

Treatment of the 2-tetralones 1a.b with the 
appropriate amines according to published proce- 
dures (3, 4) afforded the enamines 2a-d in 96-99% 
yields (Scheme 1). 

'To whom correspondence may be addressed. 

R'O 

Applying a procedure similar to that previously 
described by Evans et al. (4) for the synthesis of 3- 
methyl - 1,2,4,5 - tetrahydro - 3H- benz[e]indole, the 
enamines 2a-d, after conversion to 'bidendate' 
nucleophiles with isopropyl magnesium chloride, 
were reacted with bromochloroethane to  give 3a-d 
in 95-99% yields. The nmr spectra of these products 
lacked any olefinic proton resonances in the region 
6 3.3-6.3, thus ruling out the formation of the iso- 
meric enamines with the double bond unconjugated 
with the benzene ring (5). The benz[e]indolines 3a-d 
were alkylated with the appropriate alkyl halides to  

0008-4042/79/14 1852-09$01 .OO/O 
GI979 National Research Council of CanadaIConseil national de  recherches du Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



KAVADIAS ET AL.: I 1853 

R'O mo - R 1 0 m N H R 2  R ' 0 R' 0 

lrr R1 = CH, 214 
b R' = C6H5CH2 

R l o  %N-R2 

5tr- 

R' R R3 X 
2 a n d 3  rr CH, "I7 - 

- 

c C6H,CH2 -a - Br 

d CH, CH, Picrate ion 
r CH, CH, C6H,CH, Picrate ion 

produce 4a-e. T o  some extent N-alkylation was a 
competing reaction and the ratio of the desired C- 
alkylated products to N-alkylated compounds 
varied with the alkylating agent and the solvent (6). 
Thus, alkylation of 3a-c with allyl bromide in 
acetonitrile proceeded mainly to give C-alkylation. 
The expected products 4a-c (X = Br) were thus 
obtained in 60-63% yields in pure crystalline form. 
Alkylation of 3d with allyl bromide in the same 
solvent produced the C-alkylated product, isolated 
as the picrate salt 4d, in 76% yield. The yields of 
4a-d were approximately 10% lower when benzene 
was used as the solvent in place of acetonitrile. The 
effect of solvent was more pronounced when benzyl 
chloride was employed as the alkylating agent. For 
instance, reaction of 3d with benzyl chloride in 
solvents such as benzene, dioxane, or acetonitrile 
produced the C-alkylated product 4e, isolated as the 
picrate salt in yields of 10, 39, and 46%, respectively. 
Alkylation of 3d with methyl iodide in benzene or  
acetonitrile provided the methiodide of 3d as the 
major product (82-92%). The salts 4a-e were stable 
and could be conveniently stored at  room tempera- 
ture for several months. When treated with base they 
were quantitatively converted to the oxygen-sensitive 
benz[e]indolines 5a-e. 

An alternative synthesis of 5a and 5b is outlined in 
Scheme 2. Alkylation of the sodium enolate of 6a 

with chloroacetonitrile in D M F  afforded 7 in good 
yield (76%). The conversion of 7 into 8 was carried 
out without difficulty. Reduction of the ketal nitrile 
8 with lithium aluminium hydride in ether produced 
the ketal amine 9 in quantitative yield. Acylation of 9 
with the appropriate acyl halides gave the amides 
10a,b which after reduction with lithium aluminium 
hydride afforded the ketal amines l l a ,b .  Acid hydro- 
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1854 CAN. J .  CHEM. VOL. 57, 1979 

R'O R'O R2 + R'O qo ~2 C02Et - Rloq,":cH3 R2 

0 

lo R'  = CH, 6a R1 = CH,, R2 = a 1 21 +I 1 3 1 4  
b R1 = C6H,CH2 b R1 = R2 = CH, 

c R1 = C6H5CH2, R2=- 
d R' = CH,, R' = CH2C02Et / 

lysis of l l a  produced the dihydrobenz[e]indoline 5a 
in 92% yield which was identical in every respect with 
the product obtained according to Scheme 1. 
Analogously, the ketal amine l l b  was converted to 
5b (98%) which was also identical to the product 
obtained above by Scheme 1. 

A third process for the synthesis of 5,9b-dihydro- 
benz[e]indolines is shown in Scheme 3 and was 
applied to the preparations of 5d-h. Alkylation of 
the 2-tetralones la,b with the appropriate alkyl 
halides by Stork's enamine procedure ( la ,  3), pro- 
duced 6a-d in 67-94% yields. The subsequent 
alkylation of the sodium enolates of 6a-d with ethyl 
bromoacetate in dimethylformamide afforded the 
1,l-disubstituted products 12a-d in good yields 
(66-88%). Treatment of 12a-d with excess methyl 
amine in ethanol produced the hydroxy lactams 
13a-d (80-86% yields) in crystalline form, except for 
13d which was a syrup. Evidence for their assigned 
structures was provided by elemental analysis and ir 
spectroscopy. The ir spectra of 13a-d showed absorp- 
tion bands for hydroxyl (3300-3500cm-') and 
lactam-carbonyl groups (1670-1690 cm-'), but no 
absorption bands for ketone-carbonyl. The hydroxy 
lactams 13a-d are relatively stable in crystalline forms 
and in solution at temperatures below 40°C. At 
higher temperatures, water is eliminated and they 
are quantitatively converted to the unsaturated 
lactams 14a-d. The conversion to 14a-d was pre- 
ferably carried out by heating a solution of 13a-d 
in benzene or toluene with a catalytic amount of 
p-toluenesulfonic acid. Reduction of the unsaturated 

lactams 14a-d with lithium aluminium hydride in 
ether provided the corresponding dihydrobenz[e]- 
indolines 5d-h in 90-95% yield as air-sensitive oils. 

The structures assigned to the products 5a-h are 
supported by ir and nmr spectroscopy. The ir 
spectra showed strong C=C absorption at 1670 
cm-'. The nmr spectra showed a one proton band 
in the area of 6 4.4 either as a doublet of doublets (X 
part of ABX system, J, = 5.5, and J2 = 2.5 Hz) for 
5d-f or as an unresolved band for 5a-c. 

In view of the air sensitivity of the products 5a-h 
and of the intermediate enamines 2 and 3, it was 
clearly advantageous to carry out the reactions and 
all other operations (such as extractions, filtrations, 
and evaporations) under an atmosphere of nitrogen. 
This precaution minimized air oxidation of the 
unstable products and led to comparatively good 
yields. Storage of 5a-h required conversion to stable 
salts such as hydrobromides and picrates from which 
they were quantitatively regenerated by treatment 
with base. 

Experimental 
The melting points were determined on a Mel-Temp 

melting point apparatus and are uncorrected. The ir spectra 
were recorded on a Unicam Sp-200G grating ir spectrometer. 
The nmr spectra were recorded on a Varian A-60A spectro- 
meter using deuteriochloroform as the solvent. The chemical 
shifts are expressed in 6 values using tetramethylsilane as 
internal reference. Microanalyses were performed by Micro- 
Tech Laboratories Inc., Skokie, IL, U.S.A. All experiments 
involving enamines, and work-up processes such as filtration, 
extraction, and release of vacuum after evaporation, were 
performed under a nitrogen atmosphere. 
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KAVADIAS ET AL.:  I 1855 

2-N-Cyclopropyltnetl1ylatnit10-7-n1ethoxy-3,4-diI1ydro- (neat): 3430 (NH), 1630cm-' (C=C-N); nmr 6: 2.15 (m, 
napl~thalene (2a) 2H, benzylic), 2.55 (m, 2H, allylic), 2.70 (s, 3H, NCH,), 3.15 

Into a three-neck round-bottomed flask fitted with me- (broad, NH), 3.70 (s, 3H, OCH,), 5.13 (s, IH, C-IH), 6.25- 
chanical stirrer, a Soxhlet extractor packed with molecular 6.90 (m, 3H, ArH). Anal. calcd, for C,2H1,NO: C 76.15, 
sieves (50 g, type 3A), a condenser, and a nitrogen inlet tube, H 7.99, N 7.40; found: C 75.44, H 7.92, N 7.19. 
was added-1075 g (100 mmol) cycl~propylmeth~amine hydro- 
chloride, 0.75 mL water (to solubilize the salt), and 10.1 g 
(100 mmol) triethylamine. After stirring for 1&15 min to 
liberate the cyclopropylmethylamine, a solution of 12.30 g 
(70 mmol) of 7-methoxy-2-tetralone (la) in 100 mL benzene 
was added and the mixture (under nitrogen) was heated under 
reflux while stirring for 5 h. After cooling to room temperature, 
the solids (triethylamine hydrochloride) were filtered off 
quickly and washed with ether (50 mL). The combined filtrates 
and washings were evaporated to dryness to give 15.8 g (99%) 
of 2a as a pale yellow air-sensitive liquid; ir (neat): 3420 (NH), 
1635 cm-' (C=C-N); nmr 6: 0.15-1.15 (m, 5H, cyclo- 
propyl), 2.15 (m, benzylic), 2.63-2.95 (m, 4H, allylic and 
N-CH2), 3.40 (broad, l H ,  NH), 3.75 (s, 3H, OCH,), 5.18 (s, 
l H ,  C-IH), 6.63-7.0 (m, 3H, ArH). Anal. calcd. for 
C15HL9NO: C 78.57, H 8.35, N 6.11; found: C 78.93, H 8.41, 
N 6.03. 

2 - N - C y c l o b r r t y l t 1 1 e r / 1 y l a 1 1 1 i t 1 o - 7 - t 1 1 e ~ 0 -  
naphthalene (2b) 

Employing the procedure described above for the synthesis 
of 2a, 7-methoxy-2-tetralone (70.4 g, 400 mmol) was reacted 
with cyclobutylmethylamine (generated in sitrr from 62.7 g 
(516 mmol) of its hydrochloride by treatment with an equi- 
molar amount of triethylamine and 4.0 mL of water) in benzene 
(300 mL) to provide 93.4 g (96.5%) of 26 as a pale yellow air- 
sensitive syrup; ir (neat): 3420 (NH), 1635 cm-' (C=C-N); 
nmr 6: 3.70 (s. 3H. OCH,I. 5.15 (s. 1H. C-IH). 6.25-6.90 (m. 

3-Cyclopropyltt1etl1yl-8-ttiett~o,uy-1,2,4,5-tetral1ydro-3H- 
betlz[e]it~dole (3a) 

This compound was prepared according to the procedure 
described by Evans et a/. (4) for the synthesis of 3-methyl- 
1,2,4,5-tetrahydro-3H-benz[e]indole as follows. Into a dry, 
nitrogen-filled, 1 L three-neck flask fitted with reflux con- 
denser, septum cap, dropping funnel, and magnetic stirrer, 
was added a solution of 38.55 g (167.9 mmol) of 2a in dry 
tetrahydrofuran (50 mL) under nitrogen. A 2.20 Msolution of 
isopropylmagnesium chloride in T H F  (96.1 mL, 21 1.7 mmol) 
was added slowly with a syringe at such a rate as to maintain 
gentle reflux. After the addition was completed (15 min), 
30.72 g (214.2 mmol) of bromochloroethane was added to the 
warm reaction mixture at a rate sufficient to maintain gentle 
reflux. After addition of the alkyl halide was completed, an 
additional 52.3 mL (1 15 mmol) of the Grignard reagent was 
added at a controlled rate. The reaction mixture was cooled 
in an ice-bath and 270 mL of 1 Maqueous solution of ethylene- 
diaminetetraacetic acid tetrasodium salt was added slowly 
(with stirring) followed by 600 mL 1 : 1 ether-benzene. The 
organic layer was separated and the aqueous phase was ex- 
tracted with ether. The combined extracts were washed with 
water (2 x 100 mL), dried (MgS04), and the solvent evapo- 
rated to yield 43.0 g (99%) of 3a as a pale yellow oxygen- 
sensitive oil; ir (neat): 1635 cm-' (C=C-N). Anal. calcd. 
for C17H2,NO: C 79.96, H 8.29, N 5.48; found: C 79.86, 
H 8.35, N 5.41. 

. . , , 

7 - B e r 1 z y l o x y - 2 - N - c y c / o b ~ r t y l 1 t 1 e t I 1 y / a r n o -  Employing the procedure described above for the prepara- 
naphthalene (2c) tion of 30, compound 26 (93.4 g) was converted to 36 (98.0 g, 

In a manner analogous to that given for 2a, 7-benzyloxy- 94.5%), a pale brown oxygen-sensitive oil; ir (neat): 1635 cm-I 
2-tetralone (36.5 g, 145 mmol) was reacted with cyclobutyl- (C=C-N). Atla/. calcd. for C ' ~ H z 3 N 0 :  8.60s 

methylamine (generated in sitrr from 22.7 n (187 mmoll of its 5.19; 80.15p 8.713 5.09. 
hydrochlorideby treatment with an equimolar amount of 
triethylamine and 1.5 mL water) in benzene (110 mL) and the 
product isolated as above to  yield 46.28 g (99%) of 2c as  a 
pale yellow, air-sensitive syrup; ir (neat): 3420 (NH), 1635 
cm-' (C=C-N); nmr 6: 4.98 (s, 2H, ArCH,O), 5.15 (s, l H ,  
C-IH), 6.35-7.40 (m, 8H, ArH). Anal. calcd. for C22H25NO: 
C 82.83, H 7.89, N 4.38; found: C 82.87, H 7.79, N 4.23. 

7 - M e t l 1 o x y - 2 - N - n i e t l 1 y l a t t 1 i t 1 0 - 3 , 4 - r l i / e  (2d) 
This compound was prepared according to the procedure 

described by Evans et at. (4) for the synthesis of 2-N-methyl- 
amino-3,4-d~hydronaphthalene. Thus, into a dry, nitrogen- 
purged, 500mL three-neck flask fitted with mechanical 
stirrer, dropping funnel, and nitrogen inlet tube was added a 
solution of 14.3 g (460 mmol) methylamine in anhydrous ether 
(100 mL) and a solution of 20.0 g (113.5 mmol) of 7- 
methoxy-2-tetralone in the same solvent (100 mL), and the 
solution was blanketed with nitrogen and cooled to  - 18°C 
(ice-methanol). A solution of 11.56g (61 mmol) titanium 
tetrachloride in pentane (50 mL) was added dropwise while 
stirring over a 30 min period. After the addition was com- 
pleted, the reaction mixture was stirred at room temperature 
for 1 h and then rapidly filtered. The solid residue was washed 
with ether (50 mL) and the filtrate and washings were com- 
bined. Removal of the solvent in uacrro gave 20.6 g (96%) of 
2d as an oxygen-sensitive oil which crystallized on standing; ir 

8-Bet1zyloxy-3-cyclob1~tyItt1etI1yl-1,2,4,5-fetrahydro-l H- 
benz[e]indole (3c) 

Employing the procedure described above for the prepara- 
tion of 30, compound 2c (46.0 g) was converted to 3c; yield 
48.0 g (98%); ir (CHCI,): 1635 cm-' (C=C-N). Anal. 
calcd. for CZ4Hz6NO: C 83.43, H 7.87, N 4.06; found: 
C 83.72, H 7.77, N 3.96. 

3-Metl1yl-8-tnetl1osy-l,2,4,5-tetral1ydro-lH-betrz[e]indole (3d) 
In a manner analogous to that given for 30, compound 2d 

(19.0 g) was converted to 3din 96% yield; ir (neat): 1635 cm-' 
(C=C-N); nmr 6: 2.62 (s, 3H, NCH3), 3.75 (s, 3H, OCH,), 
6.6-7.1 (m, 3H, ArH). A sample was converted to the picrate 
salt; mp 108.5-110°C (acetone-ether). Anal. calcd. for 
C20HZIN408:  C 53.93, H 4.75, N 12.58; found: C 53.79, 
H 4.65, N 12.68. 

9b-AIlyl-3-cyclopropyltnetI1~l-8-metl1oxy-S,9b-dil1ydro- 
benz[e]it~r/ole (5a) atrd Its Hydrobrotnide Salt 4a 

(a) Preparation frorr~ 3-Cyclo~~ropylrr1et~l-8-tne~I1oxy- 
1,2,4,5-tetra/1ydro-3H-benz[e]indole (3a) 

A solution of 43.0 g (167.9 mmol) of 3a  and 25.0g (206 
mmol) of ally1 bromide in dry benzene (120 mL) was heated 
under reflux while stirring under a nitrogen atmosphere for 
10 h. An oily precipitate formed. After cooling to room 
temperature, the supernatant was decanted and the residue 
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treated with acetone (50 mL) to give a crystalline precipitate 
which was collected to give 36.3 g (57.5%) of 4a (X = Br), 
mp 160-165°C. An analytical sample was obtained by re- 
crystallization from acetonexther, mp 172-174°C. Anal. 
calcd. for CzoHZ6BrNO: C 63.84, H 6.94, Br 21.24; found: 
C 63.94, H 6.94, Br 21.13. 

The yield of crystalline 4a was 67% when acetonitrile was 
used as the solvent in place of benzene in the above procedure. 

Benz[e]indoline 5a was quantitatively obtained from the 
hydrobromide 4a by treatment with 10% aqueous sodium 
hydroxide and extraction with ether; ir (neat): 1670cm-' 
(C=C-N); nrnr 6: 3.77 (s, 3H, OCH,), 4.35 (broad, IH, 
NC=CH), 4.75-5.91 (m, 3H, olefinic), 6.5-7.1 (m, 3H, ArH). 

(b) Preparation from I l a  
To a solution of 30.4 g (85 mmol) of l l a  in ethanol (125 mL) 

was added a solution of 4% hydrochloric acid (125 mL). The 
reaction mixture was stirred at room temperature overnight 
(16 h) and then concentrated under vacuum to about half its 
volume. It was made basic with 10% sodium hydroxide and 
extracted with ether (2 x 100mL). The combined extracts 
were washed with water (2 x 80 mL), dried (MgSO,), and the 
solvent evaporated itr vacrro to give 23.0 g (92%) of 5a, which 
was identical to  the material prepared in part (a) above. 

9b-AIlyl-3-cyclobrrtyl1~letl1yl-8-,nerlroxy-5,9b-dilrydro- 
benz[e]indoline (5b) and Its Hydrobrotnide Salf 4b 

(a) Preparatiorz fiotn 3-Cyclobutylme~lryl-8-metlroxy- 
1,2,4,5-tetrnhydro-lH-benz[e]indole (3b) 

A solution of 18.0 g (67 mmol) of36 and 10.5 g (87 mmol) of 
allyl bromide in dry acetonitrile (60 mL) was heated under 
reflux under nitrogen for 16 h. After removal of the solvent 
in vaclio, the residue was treated with acetone (50 mL) and the 
crystalline product collected to give 15.5 g (59%) of 46, mp 
168-170°C. Anal. calcd. for CZIH21BrNO: C 64.61, H 7.23, 
Br 20.47; found: C 64.38, H 7.25, Br 20.35. 

The yield of crystalline 46 was 49% when benzene was used 
as the solvent in place of acetonitrile in the above procedure. 

Benz[e]indoline 56 was quantitatively obtained from the 
hydrobromide 4b by treatment with sodium hydroxide and 
extraction with ether; ir (neat): 1670cm-I (C=C-N); 
nrnr 6 :  3.75 (s, 3H, OCH,), 4.36 (broad, l H ,  NC=CH), 
4.75-5.9 (m, 3H, olefinic), 6.5-7.1 (m, 3H, ArH). 

(b) Preparatiorr frottr rhe Ketal Amine I l b  
Compound l l b  (33.7 g) was treated with hydrochloric acid 

in aqueous ethanol and the product isolated as in the case of 
5a (part (b)) to give 27.5 g (98%) of 56, identical with the 
material obtained in part (a) above. 

9-Allyl-8-ber1zyloxy-3-cyclobrtrylt~?etI1yI-5,9b-diIrydro- 
bet~z[e]indoline (5c) and Its Hydrobrornide Snlr 4c 

A mixture of 48.0 g (139 mmol) 3c and 21.9 g (181 mmol) 
of allyl bromide in dry acetonitrile (140 mL) was heated under 
reflux under nitrogen for 16 h. After removal of the solvent 
by evaporation, the residue was treated with acetone (150 mL) 
and the crystalline material collected to  give 40.0 g (63%) of 
4c (X = Br), mp 181-183.5"C. An analytical sample was 
obtained by recrystallization from ethanol; mp 183-184°C. 
Anal. calcd. for C27H32BrNO: C 69.52, H 6.91, N 3.00, 
Br 17.13;found:C69.56,H6.92,N2.90,Br 16.96. 

The benz[e]indoline 5c was quantitatively obtained from 
the hydrobromide 4c by treatment with sodium hydroxide and 
extraction with ether; ir (neat): 1670 cm-' (C=C-N); nmr6: 
4.40 (broad, lH ,  NC=CH), 5.07 (s, 2H, ArCH20), 4.73-5.90 
(m, 3H, olefinic), 6.75-7.5 (m, 8H, ArH). 

9b-Allyl-8-merhoxy-3-t~~ethy/-5,9b-di/rydrobenz[e]it~do/i~re (5d) 
and Its Picrule Salt 4d 

(a) Preparation born 3d 
A solution of 5.04 g (23.4 mmol) 3d and 3.70 g (30.5 mmol) 

of ally1 bromide in dry acetonitrile (20mL) was heated 
under reflux for 16 h under nitrogen. Removal of the solvent 
in vacrro left a sticky residue of 4d (X = Br) which was purified 
by conversion to the picrate salt as follows: The hydro- 
bromide 4d (X = Br) was dissolved in water (100 mL) and 
extracted with ether (2 x 50 mL) to  remove neutral material. 
The aqueous phase was made alkaline with 10% sodium 
hydroxide (30 mL) and extracted with ether (2 x 70 mL). The 
ethereal solution was washed with water (3 x 30 mL), dried 
(MgSO,), and the solvent removed in vacuo. The liquid residue 
(5.1 g) was dissolved in ethanol (20 mL) and added to a solu- 
tion of 6.8 g picric acid in hot ethanol (50 mL) and allowed 
to  crystallize at room temperature. The crystalline product 
was filtered to  give 8.6 g (76%) of 4d (X = picrate ion), mp 
143-147°C. An analytical sample was obtained by recrystal- 
lization from ethanol-acetone (1 : 15), mp 147-148°C. Anal. 
calcd. for C2,H2,N4O8: C 57.02, H 5.00, N 11.56; found: 
C 57.15, H 5.35, N 11.61. 

The yield of the picrate 4d was 66% when benzene was used 
in place of acetonitrile in the above procedure. 

The benz[e]indoline 5d was regenerated from the picrate 4d 
as follows: A mixture of finely powdered 4d (10 mmol), 1 N 
aqueous lithium hydroxide (50 mL), ethanol (20 mL), and ether 
(100mL) in a separatory funnel was shaken until all the 
picrate had dissolved. The ether phase was washed with water 
and, after drying, was evaporated to dryness to  give 5d in 
quantitative yield as a pale yellow and air-sensitive liquid; 
ir (neat): 1670 cm-' (N-C=C); nmr 6: 2.60 (s, 3H, NCH,), 
3.68 (s, 3H, OCH,), 4.60 (d of d, l H ,  NC=CH, J, = 5.5, 
J2 = 2.5 Hz), 4.63-5.98 (m, 3H, olefinic), 6.43-7.0 (m, 3H, 
ArH). 

(b) Preparatiorr fiom 14a 
To a suspension of 5.8 g (155 mmol) of lithium aluminium 

hydride in 190 mL dry ether was added dropwise under a slow 
stream of nitrogen and while stirring a solution of 28.19 g 
(104.8 mmol) of 140 in 190 mL dry ether at such a rate as to 
maintain gentle refluxing. Following the addition (20 min), 
stirring at room temperature was continued for 2 h. The reac- 
tion mixture was cooled in an ice-bath and treated successively 
with 5.9 mL water, 4.4 mL 20% aqueous sodium hydroxide, 
and 20.6 mL water (7) to provide a granular precipitate which 
was filtered under nitrogen and rinsed with ether. The com- 
bined filtrate and washings were evaporated to  dryness under 
reduced pressure. After removal of the solvent was complete, 
the flask containing the product was filled with nitrogen. The 
compound 5d thus obtained was a pale yellow syrup, 26.2 g 
(9821, and was identical to that obtained in part (a) above. A 
sample was converted to picrate 4d, mp 147-148°C. 

9b-Ber~zyl-8-metlroxy-3-tnetlryl-5,9b-dihydrobct1z[e]itrdolitze 
(5e) and Its Picrate Salt 4e 

A solution of 27.3 g (127 mmol) of 3dand 25.0 g (197 mmol) 
of benzyl chloride in 130 mL dry acetonitrile was heated under 
reflux under nitrogen for 18 h. Removal of the solvent in 
vacrro left a residue (4e, X = Br) which resisted crystallization. 
The residue was dissolved in water (150 mL), extracted with 
ether (2 x 100 mL) to remove neutral material, and the 
aqueous phase treated with 10% sodium bicarbonate (200 mL) 
and extracted with ether (3 x 100 mL). The combined ethe- 
real extracts were washed with water (2 x 100 mL), dried, 
and the solvent removed in vacrro to give 30 g (78x) of 5e as 
a light brown syrup. The purity of this material was approx- 
imately 90% as estimated by nrnr. The crude benz[e]indoline 5e 
was treated with picric acid as in the case of 5d above to give 
28.5 g (42% based on 3d) of the picric acid salt 4e, mp 123- 
126°C (ethanol-acetone, 1 :4). Anal. calcd. for C27H26N408: 
C 60.66, H 4.90, N 10.48; found: C 59.99, H 4.93, N 10.52. 

The benz[e]indoline 5e was quantitatively regenerated from 
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the picrate 4e by the procedure described above for 5d; ir 
(neat): 1670cm-I (C=C-N); nmr 6: 2.65 (s, 3H, NCH,), 
2.80 (s, 2H, ArCH2), 3.72 (s, 3H, OCH,), 4.37 (d of d, lH,  
NC=CH, J, = 5.5, J2 = 2.5 Hz), 6.50-7.35 (m, 8H, ArH). 

In another experiment, where dioxane was used as the reac- 
tion solvent instead of acetonitrile, the yield of the crude 5e 
was 60% and the yield of the picrate salt was 39%. 

The yield of crude 5e was lo%, where benzene was used as 
the reaction solvent in the above procedure. 

3,9b-Ditnethyl-8-methoxy-5,9b-diI1ydrobenz[e]ir1doline (5f) 
To a stirred suspension of 3.40 g (89.4 mmol) of lithium 

aluminium hydride in 110 mL dry ether under a slow stream of 
nitrogen was added dropwise a solution of 14.65 g (60.2 mmol) 
of crude 146 in 500 rnL of dry ether and at such a rate as to 
maintain gentle refluxing. After the addition was completed 
(25 rnin) stirring was continued at room temperature for 1.5 h. 
The product was isolated as in the case of 5d (part (b)) above 
to give 13.42 g (98%) of the air-sensitive 5f as a pale brown 
liquid; ir (neat): 1670 cm-' (N-C=CH); nmr 6: 1.20 (s, 3H, 
CH,), 2.67 (s, 3H, NCH,), 3.74 (s, 3H, OCH,), 4.30 (d of d, 
lH, NC=CH, J, = 5.5, J2 = 2.5 Hz). Anal. calcd. for 
C15HlsNO: C 78.56, H 8.35, N 6.10; found: C 78.06, H 8.24, 
C 5.93. 

When the reduction of 146 was carried out in ether-THF, 
a sticky product was obtained which contained very little 5f 
as evidenced by nmr. 

9b-Allyl-8-benzyloxy-3-~1etl1yl-5,9b-dil1ydrobet1z[e]it1doline 
(5g) 

This compound was prepared by reduction of the crude 14c 
with lithium aluminium hydride in ether by the method de- 
scribed above for 5d (part (a)); yield, 95%; ir (neat): 1670 
cm-' (NC=C); nmr 6: 2.70 (s, 3H, NCH,), 4.36 (d of d, lH ,  
NC=CH, J ,  = 5.5, Jz = 2.5 Hz), 4.73-5.90 (m, 3H, olefinic), 
5.08 (s, 2H, PhCH20), 6.25-7.53 (m, 8H, ArH). 

96-(3-Efhylenedioxy) brifyl-8-rneflroxy-3-tt1efhyl-5,9b-diI1ydro- 
benz[e]indoline (5h) 

To a suspension of 0.5 g (13 rnmol) lithium aluminium 
hydride in 50 mL dry ether was added portionwise, under 
nitrogen and while stirring, 3.43 g (10 mmol) of crystalline 
14d. After the addition was completed (15 min), the mixture 
was heated under reflux under nitrogen for 45 rnin; 30 mL 
ether was added and heating continued while stirring for a total 
of 2.5 h under nitrogen. The reaction mixture was cooled in an 
ice-bath and the excess lithium aluminium hydride decomposed 
by the dropwise addition of water (0.6 mL). After stirring for 
45 min the mixture was filtered under nitrogen and the solids 
washed with ether. The ether solution was dried and evapora- 
ted to dryness to give 3.1 g (94%) of 5h as a pale yellow syrup; 
ir (neat): 1670 cm-l;  nmr 6: 1.20 (s, 3H, CH,), 2.65 (s, 3H, 
NCH,), 3.80 (s, 7H, 0 C H 2 C H 2 0  and OCH,), 4.41 (d of d, 
lH, NC=CH, J, = 5.5, J2 = 2.5 Hz). 

I-Allyl-3,4-dihydro-7-ttretI1oxy-2(IH)-t1apl1tlraler1ot~e (6a) 
To a solution of 104.1 g (0.59 mol) of l a  in 110 mL dry 

benzene was added 62.5 g of pyrrolidine (0.88 mol) dropwise 
under nitrogen while stirring at room temperature. After the 
addition was completed (10-15 min), the reaction mixture was 
heated under reflux for 2.5 h with azeotropic removal of 
water and then cooled to room temperature. The enamine 
solution was added dropwise to 143.8 g (1.19 mol) of allyl 
bromide while stirring at a rate sufficient to maintain gentle 
refluxing. A heavy precipitate formed. Benzene (50 mL) was 
added to facilitate stirring and heating continued for 4 h; 
700 mL of water was then added and heating resumed. After 
2 h, the reaction mixture was cooled to room temperature 
and diluted with lOOmL benzene. The benzene layer was 
separated and the aqueous phase extracted with benzene 

(2 x 100 mL). The combined extracts were washed with 
water (2 x 100 mL) and dried (Na2S04). After evaporation of 
the solvent, the residue was distilled to give 113.5 g (89%) of 
6a, bp 114-118°C/0.1-0.05Torr (lit. (8) bp 118-12O0C/ 
0.05 Torr); ir (neat): 1715 cm-'; nmr 6: 2.40-3.10 (m, 6H, 
allylic and alicyclic), 3.45 (t, IH, C-IH, J = 6.5 Hz), 3.75 (s, 
3H, OCH,), 4.8-6.1 (m, 3H, olefinic), 6.7-7.2 (m, 3H, ArH). 

3,4-Dil1ydro-7-metl1oxy-I-methyl-2(IH)napl1thalenone (6b) 
This compound was prepared in 84% yield by the method 

described in the literature (la);  bp 110-1 12"C/0.3-0.4 Torr (lit. 
(la) bp 110-115"C/0.3-0.4 Torr); nmr 6: 1.43 (d, 3H, CH,, 
J = 7.0 Hz), 3.68 (s, 3H, OCH,), 6.65-7.20 (m, 3H, ArH). 

I-Allyl-7-benzyloxy-3,4-dihydro-2(1H)-11apl1fhalenone (6c) 
To a mixture of 22.7 g (90 mmol) l b  and 50 mL of dry 

benzene was added dropwise at room temperature a solution 
of 9.6 g (135 mmol) of pyrrolidine in 50 mL benzene while 
stirring under nitrogen. After the addition was completed 
(10 min), the reaction mixture was heated under reflux with 
azeotropic removal of water for 3 h and then cooled to room 
temperature. A solution of 22.0 g (181 mmol) of allyl bromide 
in 25 mL benzene was added dropwise (10 min) and then 
heating under reflux continued. Benzene (100 mL) was added 
to facilitate stirring and heating continued for 4 h. Water 
(200 mL) was added and reflux continued for another 2 h. 
After the reaction mixture had cooled to room temperature, 
the benzene phase was separated and the aqueous phase was 
extracted first with benzene (50mL) and then with ether 
(100 mL). The combined extracts were washed with water 
(100 mL), dried (Na2S04), and evaporated to dryness to give 
24.8 g (94%) of liquid 6c; ir (CHCI,): 1715 cm-'; nmr 6: 
5.15 (s, 2H, PhCH20), 4.8-6.1 (m, 5H, olefinic and PhCH20), 
6.8C7.50 (m, 8H, ArH). Anal. calcd. for C20H2002:  C 82.14, 
H 6.89; found: C 80.72, H 6.75. 

This material was used in the next step without further 
purification. 

E t l 1 y l - 7 - m e f h o x y - 2 - 0 ~ 0 - 1 , 2 , 3 , 4 - f e f r a h y ~ n e -  
acetate (6d) 

This compound was prepared in 78% yield according to a 
described procedure (9). 

I-Allyl-7-nretlroxy-2-oxo-1,2,3,4-tefra/rydro-l-naplrthale~1e- 
acetonitrile ( 7) 

Conlpound 6a, (256.5 g or 1.186 mol) in 250 mL dry D M F  
was added dropwise to a stirred, cold (ice-bath) suspension of 
24.86 g (1.186 mol) of sodium hydride (or 49.92 g of a 5 7 z  
dispersion in oil washed with benzene) in 350 mL D M F  under 
nitrogen. After the addition was completed (1 h), the reaction 
mixture was stirred at room temperature for 2 h and then 
cooled in an ice-bath. A solutionof 89.54g (1.186 mol) of 
chloroacetonitrile in 300 mL dry D M F  was added over a 
period of 1 h. then the cooline: bath removed. and stirring 
continued at ioom temperature overnight. water (1500 ~ L S  
and ether (300 mL) were added and while stirring a crystalline 
material precipitated. It was collected to give 210 g of 7. The 
organic phase of the filtrate was separated and the aqueous 
phase was extracted with benzene (4 x 200 mL). The com- 
bined extracts were washed with water (3 x 150 mL), dried, 
and evaporated to dryness. The syrupy residue was triturated 
with ether (200 mL) and on cooling it crystallized to give an  
additional 40.0 g of product 7. The two crystalline crops were 
combined (250 g) and recrystallized from 1 : 1 ethanol-ether 
to give 231.0 g (76%) of 7, mp 9C96"C. A sample was distilled 
at 15C16OoC/0.1 Torr and the distillate was crystallized from 
EtOH to give an analytical sample, mp 94-96'C; ir (CHCI,): 
2250 (CN), 1715 cm-' (CO); nmr 6: 3.77 (s, 3H, OCH,), 
4.75-5.65 (rn, 3H, CH=CH2), 6.65-7.15 (m, 3H, ArH). Anal. 
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calcd. for C16H17N02:  C 75.26, H 6.71, N 5.48; found: 
C 74.85, H 6.97, N 5.54. 

l-Allyl-2,2-ethyle1redioxy-7-met/roxy-l,2,3,4-tetra/1ydro-l- 
nap/rthaleneacetorritrile ( 8 )  

A round bottomed flask fitted with a Soxhlet extractor 
packed with molecular sieves 3A (80 g), a condenser, and mag- 
netic stirrer was charged with 71.5 g (200 mmol) of crude 7 
(mp 90-96"C), 90 mL ethylene glycol, 1.0 g p-toluenesulfonic 
acid and 250 mL of dry toluene. The mixture was heated under 
reflux while stirring and at intervals (8-10 h) the sieves were 
replaced with fresh ones. After refluxing for 48 h, the reaction 
mixture was cooled to room temperature and diluted with 10% 
aqueous sodium bicarbonate (100 mL). The organic phase was 
separated and the aqueous phase extracted with benzene 
(2 x 50 mL). The combined extracts were washed with water, 
dried, and the solvent evaporated. Trituration of the residue 
with ethanol (60 mL) gave 64.0 g (76%) of compound 8, mp 
82-85°C. A sample recrystallized twice from the same solvent 
melted at 85-86°C; ir (CHCI,): 2250, 1615, 1505 cm-'; nmr 6: 
3.75 (s, 3H, OCH,), 4.06 (s, 4H, 0CH,CH20), 4.85-6.0 (m, 
3H, olefinic), 6.6-7.15 (m, 3H, ArH). Anal. calcd. for 
ClBH2,N03:  C 72.21, H 7.07, N 4.68; found: C 72.23, H 7.10, 
N 4.50. 

l-Allyl-2,2-er/1yletredioxy-7-1t1efI1oxy-l- (2-aminoerlryl) - 
1,2,3,4-retrn/rydro1rap/1r/ralene (9)  

A solution of 33.2 g (1 1 l mmol) of 8 in 480 mL of dry ether 
was added dropwise under nitrogen and while stirring to a 
suspension of 8.43 g (222 mmol) of lithium aluminium hydride 
in 210 mL dry ether. After the addition was completed (30 
min), stirring at room temperature was continued for 48 h. 
The reaction mixture was cooled in an ice-bath and the excess 
hydride and salts decomposed by the dropwise consecutive 
addition of 8.5 mL water, 6.4 mL 20% sodium hydroxide, and 
29.5 mL water (7). The granular inorganic precipitate was 
collected, rinsed with ether (100 mL), and the ether solution 
dried (MgSO,). Removal of the solvent it1 vnclro afforded 
33.5 g (100%) of 9 as a syrup. The ir spectrum of the reduction 
product and tlc (alumina, CH2C12) established the absence of 
any unreduced nitrile. A sample was purified by chroma- 
tography on aluminium oxide; elution with methylene chloride 
at first removed some impurities; subsequent elution with 
ethanol removed the product; nmr 6: 1.05 (s, 2H, NH,), 3.70 
(s, 3H, OCH,), 3.91 (s, 4H, OCH,CH,O), 4.73-6.0 (m, 3H, 
olefinic), 6.5-7.0 (m, 3H, ArH). Atral. calcd. for ClaH2,N03:  
C71.25, H 8.30,N4.61; found: C70.74, H 8.35, N 4.50. 

1-AlIyCl- (2-cyclopropc~r~ecarboxarr~idoethyl) -2,2-et/iylet~e- 
dioxy-7-1~ret/roxy-l,2,3,4-tetmhydrot1ap/rtl1alene (IOa) 

To an ice cold solution of 10.8 g (35.7 mmol) of 9 and 8.3 mL 
(60 mmol) triethylamine in 25 mL methylene chloride was 
added dropwise while stirring a solution of 4.18 g (40 mmol) 
of cyclopropanecarbonyl chloride in 15 mL of methylene 
chloride. After stirring for 1 h in the cold and 2 h at room 
temperature, it was washed with water and 10% aqueous 
sodium bicarbonate and dried (Na,SO,). Evaporation of the 
solvent and trituration of residue with ether (50 mL) gave 
10.5 g (79.5%) of crystalline IOU, mp 94-95"C, solidified and 
remelted at 114-115°C; ir (CHCI,): 3320 (NH), 1650, and 1555 
(CO) cm-'; nmr F: 0.3-0.8 (m, 5H, cyclopropyl), 3.75 (s, 3H, 
OCH,), 4.0 (s, 4H, 0CH2CHZO), 4.75-6.0 (m, 3H, olefinic), 
6.50-7.10 (m, 3H, ArH). Anal. calcd. for C2,HZ9N04: 
C 71.13, H 7.87, N 3.77; found: C 71.10, H 8.03, N 3.67. 

1-Allyl-1- (2-cyclob~rm~~ecarboxat~ridorihyl) -2,2-etl~ylenedioxy- 
7-met/roxy-1,2,3,4-retrahydronap/1r/1alene (lob) 

Reaction of 9 with cyclobutanecarbonyl chloride as de- 

scribed above for the preparation of 10a provided an 83% 
yield of lob, mp 99-101°C (benzene-ligroin); nmr 6; 3.81 
(s, 3H, OCH,), 4.06 (s, 4H, OCH2CH20), 4.866.05 (m, 3H, 
olefinic), 6.6-7.1 (m, 3H, ArH). At~al. calcd. for C23H31N04: 
C 71.66, H 8.10, N 3.63; found: C 71.60, H 8.21, N 3.42. 

1 -Allyl-1-[2-(N-cyclopropylmeil1ylamit10) et/iyl]-2,2-et/1ylene- 
dioxy-7-methoxy-1,2,3,4-tetrnhydronaphthane ( I l a )  

To a suspension of 3.0 g (81 mmol) lithium aluminium 
hydride in dry ether (160 mL) was added dropwise while 
stirring a solution of 14.8 g (40 mmol) of 10a in dry T H F  
(160 mL) at a rate such as to maintain gentle refluxing. After 
stirring at room temperature for 48 h, the reaction mixture was 
cooled in an ice-bath and the excess hydride and complexes 
were decomposed (7) by the consecutive dropwise addition of 
water (3.0 mL), 20% sodium hydroxide (2.25 mL), and water 
(10.5 mL). The inorganic precipitate was collected and rinsed 
with ether (50 mL). The combined filtrate and washings were 
dried (MgSO,) and evaporated to dryness to give 14.0 g 
(98%) of lla as a syrup; nmr F: 3.71 (s, 3H, OCH,), 3.95 (s, 
4H, 0CH2CH20),  4.7-6.0 (m, 3H, olefinic), 6.5-7.0 (m, 3H, 
ArH). Anal. calcd. for C22H31N03:  C 73.91, H 8.74, N 3.91; 
found: C 73.38, H 8.89, N 3.76. 

1-Allyl-l-[2-(N-cyclob1rtyl1~1etl1ylami11o) et/1yl]-2,2-e//1ylene- 
dioxy-7-merlroxy-l,2,3,4-tetra/1ydronap/1tralene ( I lb )  

Compound llb was obtained in 95% yield by reduction of 
lob according to the above procedure for the preparation of 
lla; nmr 6: 3.76 (s, 3H, OCH,), 4.0 (s, 4H, OCH,CH,O), 
4.8-6.0 (m, 3H, olefinic), 6.60-7.10 (m, 3H, ArH). Anal. calcd. 
for CZ3H3,NO3: C 74.35, H 8.95, N 3.77; found: C 74.36, 
H 9.13, N 3.56. 

Et/~yl-l-allyl-7-met/1oxy-2-oxo-1,2,3,4-tetrn/1ydro-l- 
nnphthalerreacetate (12a) 

Into a flame-dried, 500 mL three-neck flask equipped with a 
mechanical stirrer, a dropping funnel, and a nitrogen inlet tube 
was placed 4.21 g of sodium hydride (55% dispersion in oil, 
100 mmol) while maintaining a nitrogen atmosphere. The 
mineral oil was washed out with benzene (3 x 30 mL), then 
40 mL of dry D M F  was added, and the suspension stirred 
while cooling in an ice-bath. A solution of 21.6 g (100 mmol) 
60 in 10 mL DMF was added dropwise (10 min), the cooling 
bath removed, and stirring at room temperature continued 
until the evolution of gas ceased (2 h). The brown-colored 
reaction mixture was cooled (ice-bath) and a solution of 16.7 g 
(100 mmol) of ethyl bromoacetate in 40 mL D M F  was added 
dropwise while keeping the reaction temperature below 25°C. 
After the addition was completed (1 5-20 min), stirring in the 
cold was continued for 1 h and then overnight at room 
temperature. Water (300 mL) was added and the mixture 
extracted with ether (3 x 100 mL). The combined ether 
extracts were washed with water (2 x 100 mL), dried (MgSO,), 
the solvent removed by evaporation, and the residue distilled 
to give 26.0 g (86%) of 12a, bp 145-150"C/0.05-0.01 Torr; ir 
(neat): 1740, 1715 cm-'; nmr 6: 1.05 and 3.92 (triplet and 
quartet for 0CH,CH3), 3.75 (s, 3H, OCH,), 4.65-6.0 (m, 3H, 
CH=CH,), 6.55-7.15 (m, 3H, ArH). Anal. calcd. for 
C l8HZ2O4:C 71.50, H 7.33; found: C 71.27, H 7.28. 

Et/1yl-7-mef/zoxy-l-nzet/1yl-2-oxo-1,2,3,4-tetra~rydro-l- 
t~aplrt/~aler~eacetate (12b) 

Compound 66 (28.23 g, 148 mmol) was reacted with ethyl- 
bromoacetate by the above method to yield 36.0 g (88%) 126, 
bp 138-140"C/0.1 Torr; ir (neat) : 1740 cm-' (unresolved 
ketone and ester bands); nmr F: 1.05 and 3.93 (triplet and 
quartet for CO,CH,CH,), 1.37 (s, 3H, CH,), 3.80 (s, 3H, 
OCH,), 6.6-7.3 (m, 3H, ArH). The distillate crystallized on 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



KAVADlAS ET A L . :  I 1859 

standing. A sample recrystallized from ethanol melted at to room temperature, the solution was washed with water and 
55-55.5"C. Anal. calcd. for CI6H2,,O4: C 69.54, H 7.29; dried. Evaporation of the solvent gave 13.0 g (100%) of 14a 
found: C 69.75, H 7.33. The distilled product was used as such as a pale yellow syrup;2 ir (neat): 1725, 1685, 1615, 1505 
in the next step. 

Ethyl-I-allyl-7-benzyloxy-2-0x0- I ,2,3,4-tetralrydro- I- 
naphthaleneacetate (1 2c) 

Compound 6c (22.9 g, 78.5 mmol) was reacted with ethyl- 
bromoacetate by the method described above for the prepara- 
tion of 12n to yield 25.5 g (87%) crystalline 12c. Recrystalliza- 
tion from ethanol gave 19.5 g (6673, mp 83-85°C; ir (CHCI,): 
1725, 1710 (ketone and ester) cm-'; nmr 6: 1.05 and 3.96 
(triplet and quartet for 0CH,CH3), 4.8-5.8 (m, 5H, olefinic 
and PhCH20), 5.15 (s, 2H, PhCH20), 6.80-7.55 (m, 8H, 
ArH). Anal. calcd. for C24HZ604: C 76.16, H 6.92; found: 
C 76.09, H 6.96. 

Erlryl-1- (3-ethylet~edioxy) blrtyl-7-methoxy-2-0x0-1,2,3,4- 
tetrahydro-1-naphthalet~eacetnte (12d) 

This compound was prepared in 87% yield from 6d according 
to a described procedure (9) and was used without purification 
in the next step. 

9b-Allyl-3a-l1ydroxy-8-r,iethoxy-3-tnetl1yI-2-oxo-2,3,3a,4,5,9b- 
hexa/rydro-IH-benz[e]indole (13a) 

Methylamine (gas) (6.80 g, 220 mmol) was dissolved in 
ethanol (25 mL) and the solution added to 21.2 g (70 mmol) of 
12a. After standing at room temperature for 24 h a crystalline 
product formed and was collected to give 12.5 g (62%) of 
13a, mp 146-149°C. After evaporation of the filtrate (35°C) 
and treatment of the residue with ether (50 mL), an additional 
3.8 g of 13a, mp 147-15O0C, was obtained, increasing the yield 
to 81.5%; ir (CHCI,): 3500, 1690, 1615, 1505 cm-'; nmr 6: 
2.88 (s, 3H, N-CH,), 3.92 (s, 3H, OCH,), 4.62 (broad singlet, 
OH), 4.9-6.1 (m, 3H, olefinic), 6.8-7.3 (m, 3H, ArH). Atlal. 
calcd. for CI,H2,N03: C 71.05, H 7.37, N 4.87; found: 
C 70.90, H 7.38, N 4.67. 

3,9b-Ditnetl1yl-3a-l1ydroxy-8-~hoxy-2-oxo-2,3,3a,4,5,9b- 
hexahydro-1H-bet~z[e]it~dole (13b) 

A solution of 22.0 g (79.7 mmol) of 126 and 7.5 g (240 
mmol) of methylamine in 25 mL of ethanol was left at room 
temperature for 24 h. The crystalline precipitate which 
formed was collected to give 15.5 g (74.5%) of 13b, mp 182- 
186°C. After evaporation (35°C) of the filtrate and treatment 
of the residue with ether, another 1.0 g of 13b was obtained to 
give a total yield of 79.5%; ir (Nujol): 3300 (OH), 1670 
(lactam) cm-'; nmr (CDC1,-DMSO) 6: 1.48 (s, 3H, CH,), 
2.82 (s, 3H, N-CH,), 3.78 (s, 3H, OCH,), 6.6-7.1 (m, 3H, 
ArH). Anal. calcd. for C15H19N03: C 68.94, H 7.32, N 5.36; 
found: C 68.74, H 7.30, N 5.53. 

9 b - A l I y l - 8 - b e t 1 z y l o x y - 3 a - 1 1 y d r o x y - 3 - ~ 0 -  
2,3,3a,4,5,9b-hexa/1ydro-IH-betrz[e]it1do/e (13c) 

A mixture of 63.0 g (167 mmol) of 12c, 31.0 g of methyl- 
amine, and 200 mL of 1 : 1 ethanol-dioxane was stirred at 
room temperature for 3 days. The reaction mixture was con- 
centrated by evaporation (3540°C) to half its volume and 
diluted with 200 mL of ether to give 13c as a crystalline product 
weighing 51.0 g (86%); rnp 188-190°C; ir (Nujol): 3250, 1665, 
1615, 1505 cm-'. Atral. calcd. for Cz3Hz5NO3: C 76.00, 
H6.93,N3.85;found:C75.89,H 6.87,N 3.90. 

9b-AIlyl-8-ir1erhoxy-3-metl1yl-2-oxo-2,3,5,9b-tetraIrydro-I H- 
benz[e]itidole 14a 

A solution of 14.0 g (48.7 mmol) of 13a and 24 mg p- 
toluenesulfonic acid in 100 mL benzene was heated under 
reflux for 2 h with azeotropic distillation of water. After cooling 

cm-'; nmr 6: 2.24 (d: 2H, allylic, J = 7.0 Hz), 2.75 (s, 2H, 
CH2CO), 2.94 (s, 3H, NCH,), 3.34 (m, 2H, benzylic), 3.75 
(s, 3H, OCH,), 4.75-5.85 (m, 4H, olefinic), 6.5-7.2 (m, 3H, 
ArH). At~al. calcd. for C17H19N02: C 75.80, H 7.11, N 
5.20;found:C75.93,H7.10,N 5.19. 

3,9b-Dimethyl-8-methoxy-2-oxo-2,3,5,9b-tetrahydro-I H- 
benz[e]indole (14b) 

A solution of 11.25 g (43.2 rnmol) of 136 and 25 mg p- 
toluenesulfonic acid in 1OOmL toluene was heated under 
reflux for 2 h with azeotropic removal of water. After cooling 
to room temperature, the solution was washed with water and 
dried (Na2S04). Removal of the solvent in vaclro and tritura- 
tion of the residue with ether (20 mL) gave 9.5 g (90%) of 
crystalline 14b, mp 106-108°C; ir (CHCI,): 1725, 1685 cm-'; 
nmr 6: 1.27 (s, 3H, CH,), 2.72 and 2.76 (s, 2H, CH,CO), 2.95 
(s, 3H, NCH,), 3.34 (m, 2H, benzylic), 3.78 (s, 3H, OCH,), 
5.14 (d of d, lH,  NC=CH, Jl = 5.0, J2 = 3.5 Hz), 6.7-7.3 
(m, 3H, ArH). Anal. calcd. for Cl,H17N02: C 74.04, H 7.04, 
N 5.75; found: C 74.28, H 7.06, N 5.89. 

9b-Allyl-8-benzyloxy-3-methyl-2-oxo-2,3,5,9b-tetral~ydro-I H- 
benz[e]irrdole (14c) 

This compound was obtained quantitatively from 13c by the 
procedure described in the preparation of 14n and was used in 
the next step without further purification; ir (neat): 1725,1685, 
1610, 1505 cm-'; nmr 6: 2.26 (d, 2H, allylic, J = 7.0 Hz), 2.78 
(s, 2H, CH2CO), 3.0 (s, 3H, HCH,) 3.41 (m, 2H, benzylic), 
4.8-5.8 (m, 5H, olefinic, PhCH,O), 6.7-7.6 (m, 8H, ArH). 

9b-(3-Ethylenedioxy) blrtyl-8-methoxy-3-ttietllyl-2-0x0- 
2,3,5,9b-tetrahydro-1 H-bet~z[e]indole (1  4d) 

To a solution of 15.0 g (0.5 mol) of methylamine in 50 mL 
of ethanol was added 30.0 g (80 mmol) of 12d and the solution 
allowed to stand at room temperature for 49 h. Evaporation 
of the solvent, addition of benzene, and re-evaporation left 13d 
as a dark brown syrup. The crude product was dissolved in 
toluene, 50 mgp-toluenesulfonic acid was added, and the mix- 
ture heated under reflux for 1 h with azeotropic removal of 
water. The solvent was evaporated and the residue dissolved in 
ethanol (25 mL), the solution diluted with ether (120 mL), and 
the product allowed to crystallize at room temperature. The 
crystalline 14d was collected and weighed, 7.0 g. Evaporation 
of the filtrate left a residue which was dissolved in a small 
amount of methylene chloride and the solution passed through 
a sintered glass funnel packed with silica (6 cm long x 9.5 cm 
id). After washing with 4% ethanol - methylene chloride and 
evaporation of the eluate, the dark brown residue (14.0 g) 
was dissolved in ether (50 mL) and the product allowed to 
crystallize at room temperature. The crystalline precipitate 
was collected to give an additional 5.0 g of 14d. The mother 
liquor, after cooling to 0°C overnight, deposited an additional 
1.0 g of 14d. The above crystalline crops were combined to 
provide a total of 13.0 g (48%) of 14d. Thin layer chroma- 
tography on silica (4% EtOH-CH2C12) showed one major 
spot and a trace of another with lower RI value. Recrystalliza- 
tion from ethanol (35 mL) - ether (20 mL) gave 10.0 g of 
analytically pure 14d, mp 143-145°C; ir (CHCI,): 1725, 1680, 
1610, 1505 cm-'; nmr 6:  1.18 (s, 3H, CH,), 2.80 (s, 2H, 
CH,CO), 3.0 (s, 3H, NCH,), 3.80 (s, 7H, 0CH2CH,0 and 

,On several occasions, this product developed a dark brown 
color on standing at room temperature. This could be pre- 
vented by washing an organic solution of the product with 3 z  
aqueous HCI, an operation which led to discoloration. 
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0CH3) ,  5.25 (d of d, l H ,  NC=CH, J ,  = 3.5 and J ,  = 
5.0 Hz), 6.70-7.35 (m, ArH). Anal. calcd. for C Z ~ H Z ~ N O ~ :  
C 69.94, H 7.33, N 4.07; found: C 69.45, H 7.67, N 4.29. 
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9-Oxobenzomorphans. 11. A versatile process for the synthesis of 

Brisfol La11oi.crfoi.i~~ O J C N ~ I C I ~ N ,  100 Ittdiisfri(i1 Bo~i1~l.ro.d. Conclirrc,, P. Q., Cnttorltr J5R IJ I  

Received December 20, 1978 

GERRY KAVADIAS, STEPHAN VELKOF, and BERNARD BELLEAU. Can. J. Chem. 57.1861 (1979) 
The synthesis of 5-allyl-2'-methoxy-2-methyl-9-0~0-, 2'-methoxy-2,5-dimethyl-9-0x0-, 

5-allyI-2-cyclopropyImethyl-2'-methoxy-9-0~0-, and 5-(3-ethy1enedioxy)butyl-2'-methoxy-3- 
methyl-9-0x0-6,7-benzomorphans (5n-d) by an improved process is described. It involves 
bromination of the 5,9b-dihydrobenz[e]indolines to the bromoiminium bromides, followed by 
hydrolysis with ammonium bicarbonate which converted them to 4-bromo-5,9b-dihydro- 
benz[e]indolines (in a fast step). These underwent hydration (in a slow step) followed by re- 
arrangement to 50-d. The course of these reactions was different when sodium, potassium, 
and ammonium hydroxides were substituted for ammonium bicarbonate. 

GERRY KAVADIAS, STEPHAN VELKOF et BERNARD BELLEAU. Can. J. Chem. 57, 1861 (1979). 
On dtcrit la synthese, par un procede ameliore, des allyl-5 methoxy-2' methyl-2 0x0-9, 

methoxy-2' dimethyl-2,5 0x0-9, allyl-5 cyclopropylmethyl-2 methoxy-2' 0x0-9 et (ethyltne- 
dioxy-3)-butyl-5 mtthoxy-2' methyl-3 0x0-9 benzo-6,7 morphanes (5a-d). Le procede implique 
la bromation des dihydro-5,9b benz[e] indolines en bromures des bromoiminium, suivie par 
une hydrolyse a I'aide du bicarbonate d'ammonium qui les transforme en bromo-4 dihydro- 
5,9b benz[e] indolines (etape rapide). Celles-ci subissent une hydratation (etape lente) qui est 
suivie par une transposition en 5n-d. La nature des produits de ces rtactions varie si I'on rem- 
place le bicarbonate d'ammonium par des hydroxydes de sodium, de potassium ou d'am- 
monium. 

[Traduit par le journal] 

In the course of our studies on the synthesis of 
new analgesics structurally related to  benzomor- 
phans and morphinans, 9-0x0-6,7-benzomorphans 
with various substituents at  2-, 2'-, and 5-positions 
were needed. At the inception of this work, the best 
known method for the synthesis of such compounds 
was that developed by Murphy et a[. (1, 2) as applied 
to  the synthesis of 2'-methoxy-2,5-dimethyl-9-0x0- 

methyl, cyclopropylmethyl, and cyclobutylmethyl, 
prompted us t o  develop a new synthetic methodology. 
The present report describes the synthesis of the 
desired compounds 5a-d by a process involving 
bromination of the indolines la-d to  bromoiminium 
bromides 2a-d, followed by hydrolysis (Scheme 1). 

After the completion of this work (in 1972), Takeda 
et al. (6) described a parallel approach to the syn- 

6,7-benzomorphan (56). This process involves in the thesis of 9-oxobenzomorphans. However, in our  
ultimate step the pyrolysis of a quaternary salt such hands, the process described by these authors was 
as the methobromide of 5b, and therefore the process not generally applicable and led t o  low yields of 
is limited to  the synthesis of substances that can sur- 
vive the vigorous pyrolytic conditions. Furthermore, 
the method is limited to the synthesis of N-methyl 
substituted-9-oxobe11zomorphans, and the substitu- 
tion of N-methyl by other groups is a tedious task. 
The procedures employed in the benzomorphan 
series for the conversion of N-methyl benzomor- 
phans to  other N-substituted analogs involve de- 
methylation of the parent compound by a variety of 
methods (3) followed by acylation and reduction (4, 
5). This methodology cannot readily be applied to  
9-oxocompounds. 

Our need for 9-oxobenzomorphans carrying such 

- - 

products. 
The 5,9b-dihydrobenz[e]indolines (enanlines) la-d 

were prepared by our previously published methods 
(see Part I of this series (7)) and used immediately 
after their preparation. As expected on the basis of 
literature precedents (8), bromination of la-d yielded 
the bromoiminium bromides 2a-d. However, the 
yields and purity of the products were influenced by 
such factors as solvent, reaction temperature, and 
mode of mixing of the reagents. Thus, bromination 
of l a  in ether at  -40°C by a described procedure (9) 
yielded a mixture of 2a and the hydrobromide salt 
of l a ,  as evidenced by elemental analysis (low bro- 

substituents as allyl, benzyl, 3-ethylenedioxybutyl at  mine content) and by the fact that the corresponding 
the 5-position, as well as N-substituents such as free base (after bicarbonate treatment) exhibited nmr 

absorption a t  6 4.3 which is attributed to  the proton 
'To whom correspondence may be addressed. a t  position-4 of l a .  Chlorinated solvents such as 
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4tr-d 3o-d 

I 
+ 

R'O 

6a -d 

R2 

5 

rr R1= R 3 = C H , , R 2 = W  
h R l  = R2 = R3 = CH 
c R ' = C H , , R 2 = w , R ' =  

carbon tetrachloride and chloroform gave good re- 
sults but methylene chloride proved to be the solvent 
of choice for this bromination reaction. The best 
results were obtained when a solution of l a  in 
methylene chloride was rapidly added (in one por- 
tion) to  a solution of bromine in the same solvent at 
-60°C. This procedure was followed for the bromi- 
nation of la-d. Fast reversed mixing of the reagents 
at  - 60°C also gave good results. But if the bromine 
solution in methvlene chloride was added d r o ~ w i s e  
to  a solution of l a  in the same solvent the product 
was contaminated with the hydrobromide of l a .  
Bromination of l b  in methylene chloride, by the 
above recommended procedure for the preparation 
of 2a, afforded crystalline 2b in quantitative yield. 
In an analogous manner, l c  was brominated to  give 

cm-I), in agreement with previous observations 
with analogous compounds (10). There are two pos- 
sible isomeric forms for each compound of the 2a-d 
series and apparently both are formed. Since both 
isomers can be converted to  the corresponding 
9-oxobenzomorphan (see mechanism below), no 
attempt was made to  fractionate the mixtures al- 
though this was possible in certain cases. 

The conversion of the bromoiminium salts 2a-d 
t o  9-oxobenzomorphans 5a-d will now be discussed. 
It was anticipated that basic hydrolysis of 2a-d would 
initially form the carbinolamine A (Fig. 1) which 
could rearrange directly to 5a-d or rearrange via an 
intermediate bromoketone B (Fig. 1) followed by ring 
closure. The reported (11) conversion of cx-bromo- 
iminium bromides to a-aminoketals and a-amino- 
aminals by reaction with alkoxides and secondary 
amines respectively (eq. [I]) favors the first mech- 
anistic possibility. 

Treatment of 2a in aqueous ethanol with sodium, 
potassium, or ammonium hydroxide gave a product 
which contained only traces of 5a as evidenced by 
tlc and ir spectroscopy. When sodium or ammonium 
bicarbonate were used, 5a was produced in 35-65% 

yields. A thorough investigation of the reaction con- 
ditions for maximum yields of 5a was therefore 
undertaken. The following variables were examined: 
the nature of the base (alkali hydroxides, carbonates, 
and bicarbonates), the mode of addition of the base, 

crystalline 2c in 98% yield; under the same condi- Br- +/- y ' 2  
tions, Id  afforded 2d as a syrup in 97% yield. Y - 

The structures of 2a-d which can be deduced from [ I ]  RCHCH=AR'Z - RCH-CHY 

simple mechanistic considerations were confirmed Br 1 I I B ~  
by elemental analysis, and by nmr and ir spectros- 
copy. The parent enamines la-d exhibited nmr reso- 
nances a t  6 4.3 for the proton a t  the 4-positions; 
these bands were eliminated after bromination. The R'2 

I 
/ 

ir spectra of 2a-d showed double bond absorption a t  
lN\ 

N R I  

1660 cm-' which was more intense and a t  a lower RCH-CH-Y - Y- RCH-CH 1 /y 

frequency than for the parent enamines la-d (1670 \Y 
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the nature of the solvent, and finally the effects of 
temperature. The best yields (- 647,) of 50 were ob- 
tained when an aqueous solution of 1 equiv. of ammo- 
nium bicarbonate was added slowly (1.5 h) to a solu- 
tion of 2a in 957, ethanol at - 10°C followed by 
stirring at room temperature for 24 h. This procedure 
was adopted for the conversion of compounds 2a-d 
to 5a-d. Thus, treatment of 26 with ammonium 
bicarbonate by this procedure produced 56, isolated 
as the oxalate salt, in 58% yield. Similar treatment 
of 2c gave 5c (as the oxalate salt) in 507, yield. In an 
analogous manner, 2d was converted to 5d in 35.57, 
yield. 

In the early stage of the basic hydrolysis reaction 
of 2a-d the bromoenamines 3a-d precipitated out, 
but gradually dissolved as the reaction progressed. 
The bromoenamine 30 was a crystalline solid and 
on one occasion it was isolated in 477, yield by rapid 
filtration under nitrogen. Compound 3a was very 
sensitive to air oxidation but could be stored under 
nitrogen for 2-3 days at room temperature before 
decomposing. The structural assignment for bromo- 
enamine 3a was based on its solubility properties, its 
nmr and ir spectra, and its chemical behavior. It was 
soluble in ether and insoluble in water, unlike 2a. 
Its nmr spectrum lacked the band at 6 4.3 which is 
characteristic of the proton at the 4-position of 
enamine l a ;  the ir spectrum showed strong C=C 
absorption at 1670 cm-'. Furthermore, it gave rise 
to 5a when in contact with aqueous solvents. 

Treatment of 2a with excess aqueous sodium 
bicarbonate gave 3a (557,) as an ether-soluble frac- 
tion together with a water-soluble compound extract- 
able with chloroform. This latter fraction gave a 
positive test for bromide ion and showed strong 
C=C absorption in the ir at 1650 cm-' .  Treatment 
of this material with aqueous solvents did not pro- 
duce 5a. On that basis, it would appear that 6a repre- 
sents the structure of the secondary product. Accor- 
dingly, base treatment of 2a-d not only produces the 
bromoenamines 3a-d, which are the precursors of 
5a-a', but also leads to dehydrohalogenation prod- 
ucts 6a-d which are not convertible to 5a-d. The 
proportions of the two types of products depend on 
the nature of the base, strong ones yielding 6a-d as 
the major .products. This may explain the low yields 
of 5a from 2a following treatment with sodium, 
potassium, or ammonium hydroxides. 

It should be pointed out at this point that the 
results of Takeda et al. (6) on the conversion of 26 
to 56 by treatment with ammonium hydroxide are at 
variance with our own observations. We therefore 
repeated this reaction under the exact conditions 
reported by these authors, but in our hands the yield 
of 56 was only 21% and isolation required chroma- 

tographic procedures. In the case of 5a the yield was 
vanishingly small. 

In summary then, we have shown that the bromo- 
iminium bromides 2a-d upon treatment with an 
appropriate weak base are rapidly converted to the 
expected bromoenamines 3a-d which react more 
slowly with water to give via intermediates 4a-d the 
desired and difficultly accessible 9-oxobenzomorphans 
5a-d in fair to good yields. 

Experimental 
The melting points were determined on a Mel-Temp melting 

point apparatus and are uncorrected. The ir spectra were 
recorded on a Unicam Sp-ZOOG grating spectrometer. The 
nmr spectra were recorded on a Varian A-60A spectrometer 
using deuteriochloroform as the solvent. The chemical shifts 
are expressed in 6 values using tetramethylsilane as internal 
reference. Microanalyses were performed by Micro-Tech 
Laboratories Inc., Skokie, IL, U.S.A. 

9 b - A / / y l - 4 - b r o t ~ i o - 8 - t ~ 1 e / h o x y - 2 , 4 , 5 , 9 b - ~ o - I H - b e n z [ e ] i r i -  
dole Me/l1obrot71irle (2a) 

To a stirred solution of 5.84 g (36.4 mmol) of bromine in 
360 mL methylene chloride, previously cooled to - 60°C 
(acetone - dry ice bath) under nitrogen, was added all at once 
a solution of 9.28 g (36.4 mmol) of the enaniine In in 40 n1L 
methylene chloride. After stirring at -60°C for 5 min, the 
cooling bath was removed and stirring continued for 20 min. 
Evaporation of the solvent gave 15.0 g (99%) of 2a as a sticky 
syrup which resisted crystallization; ir (Nujol): 1660 cm-I. 
Atial. calcd. for C,,H2,Br,NO: C 49.18, H 5.10, N 3.37, Br 
38.49; found: C 51.79, H 5.53, N 3.69, Br 36.74. 

This product was unstable at  room temperature and was 
used without delay. 

A sample of 2n was dissolved in water, sodium bicarbonate 
was added, and the solution extracted with ether. After drying 
and evaporation of the extract to dryness, 30 was obtained as 
a syrup; its nmr spectrum showed it to be free of the enamine 
l a  (no absorption at 6 4.3), thus showing that 2n was free of 
the hydrobromide salt of In. 

Reverse rapid mixing of the reagents (bromine added in 
methylene chloride to the enamine solution in the same solvent 
at -60°C) also produced 2a uncontaminated by In hydro- 
bromide. 

In another experiment a 1 M solution of bromine in methy- 
lene chloride was added dropwise over a 20 min period to a 
0.1 Msolution of 10 in the same solvent at -6O"C. After stir- 
ring at -60°C for 10 min and at room temperature for 15-20 
min, the solvent was removed it1 uncrro to give 2a. Treatment 
of the crude 2a with sodium bicarbonate and extraction with 
ether gave3n as a syrup contaminated to the extent of 15-20% 
with l a  as evidenced by nmr spectroscopy (small band at 6 
4.3). This shows that 20 as obtained by this procedure was 
contaminated by l a  hydrobromide. 

In another experiment, a 1 M solution of bromine in ether 
was added dropwise over a 5-10 min period to a 0.1 M solu- 
tion of l a  in the same solvent at -40°C. The product thus ob- 
tained was an approximately 1 : 1 mixture of 2a and l a  hydro- 
bromide as evidenced by elemental analysis (low bromine 
content) and by nmr spectroscopy (band at 6 4.3 for enamine 
la).  

4- Brot?io-9b-1~ie/l1yl-8-1tie/loxy-2,4,5,9b-/e/raliyrlro-l H-be11z [el- 
illdole Merhobrot?lide (2b) 

To a stirred solution of 9.4 g (58.6 mmol) of bromine in 
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600 mL methylene chloride at -60°C under nitrogen was 
added all at once a solution of 13.4 g (58.6 mmol) of the 
enamine 16 in 60 mL methylene chloride. After stirring at 
-60°C for 10 min the cooling bath was removed and stirring 
continued for another 20 min. Renioval of the solvent by 
evaporation and trituration of the syrupy residue with ether 
gave 22.8 g (100%) of 26 as a crystalline mass. The analytical 
sample was prepared by recrystallization from ethanol; mp 
125-127°C (lit. (6) mp 124-125'C); ir (Nujol): 1660 cm-'. 
Atznl. calcd. for C,,H,,Br,NO~fH,O: C 45.24, H 5.06, Br 
40.13,N 3.54;found: C45.37,H 5.10,Br39.15, N3.51. 

9b-A/l~~l-4-brottzo-8-trzelIzoxy-2,4,5,9b-lelro/zyrl,.o-lH-betzz [elitz- 
dole Cyclopropylt~ze//~obrott~ide (2c) 

To  a stirred solution of 11.9 g (74.5 mmol) of bromine in 
750 mL methylene chloride at -60°C under nitrogen was 
added all at once a solution of 22.06 g (74.5 mmol) of the 
enaniine l c  in 50 mL of the same solvent and the mixture 
stirred at -60°C for 10 nlin and at  room temperature for 
20 min. Removal of the solvent by evaporation left a solid 
residue which was triturated with ether (100 mL) and col- 
lected to give 33.0 g (98.5%) of 2c, mp 112-1 17'C; ir (Nujol): 
I660 cnl-'. Atzal. calcd. for CzoH2,Br2NO: C 52.76, H 5.53, 
Br 35.10; found: C 52.65, H 5.48, Br 34.96. 

This material was used as such in the next step. 
An analytical sample was obtained by recrystallization from 

ethanol, mp 133-134-C. Atlo/. found: C 52.68, H 5.79, Br 
35.05. 

9b-(3-Ell~yletzedio~'i~~)b~r/yl-4-brot~ro-8-tt1e/lzoxy-2,4,5,96- 
lelralzydro-I H-benz[e]itzdoIe Me/llobrottzide (2d) 

Following the above procedure for 2c, treatment of the 
enamine I d  (3 g, 9.1 mmol) with bromine (1.46 g, 9.1 mmol) 
in methylene chloride gave 3.6 g (97%) of 2d as a solid which 
turned sticky when exposed to air; ir (Nujol): 1660 cm-'. 
This material was used as such in the next step. 

9b-Allyl-4-brott1o-8-tt1e/l1osy-3-tt~e/11yl-5,9b-rli/1ydrobetzz [elin- 
rlolitze (3a) atzrl Cottzpolrtzd 6a 

To  a stirred solution of 3.75 g (9.05 mmol) of 20 in 55 mL 
of 95% ethanol at - 10°C under nitrogen was added dropwise 
20 mL of a 0.5 M aqueous ammonium bicarbonate solution. 
After addition of the ammonium bicarbonate solution was 
conlpleted (45 min), stirring at  - 10bC was continued for 30 
min. The crystalline precipitate was collected by rapid filtra- 
tion under a blanket of nitrogen, placed in a flask previously 
dried under high vacuum, and filled with nitrogen. The yellow- 
ish crystalline 30 thus obtained weighed 1.4 g (47%) and had 
nlp 50-60°C (dec.); ir (CHCI,): 1670 cm-'  (strong N-C=C); 
nmr (CDCI,) 8 :  1.85-2.35 (m, 4H, allylic and CH,), 3.14 (s, 
3H, NCH,), 3.76 (s, 3H, OCH,), 3.14-3.76 (ni, 4H, benzylic 
and NCH2-), 4.70-5.80 (m, 3H, olefinic), 6.5G7.15 (m, 3H, 
ArH). 

Compound 30 was very sensitive to air oxidation and had 
to be kept under nitrogen. It was stable at  room temperature 
for 2-3 days. 

In another experiment, 3.4 g (8.2 mmol) of 20 was treated 
with 30 mL of 10% aqueous sodium bicarbonate and the mix- 
ture extracted with ether (5 x 40 mL). The ether extracts were 
dried and were evaporated to give 1.5 g (55%) of 30, identical 
(ir and nmr) to the material obtained above. 

The dark brown aqueous phase was extracted with chloro- 
form (4 x 40 mL), the extracts dried and evaporated to give 
1.0 g of a sticky dark brown residue; ir (CHCI,): 1650 cm-'. 
A test for bromine was positive. 

5-A//yl-2'-tt~ell1oxy-2-t~t~~1I1yl-9-oxo-6,7-betzzot1orp/zan (5a) 
A 250 mL three-neck flask fitted with mechanical stirrer, 

dropping funnel, and nitrogen inlet and outlet tubes, was 

charged with a solution of 8.05 g (19.4 mmol) of 2a in 170 mL 
of 95% ethanol, placed under a slow stream of nitrogen, and 
cooled to - 10°C. To  this stirred solution was added dropwise 
over a period of 1.5 h a solution of 1.58 g (20 mmol) of ammo- 
nium bicarbonate in 42 mL of water. A pale yellow crystalline 
precipitate (30) formed and after the addition of the ammo- 
nium bicarbonate solution was conlpleted, the mixture was 
stirred in the cold for 2 h and at room temperature for 24 h 
under nitrogen. The dark brown mixture was concentrated 
ivz uoclro to about 50 mL, basified with 10% aqueous sodium 
bicarbonate (50 mL), and extracted with ether (3 x 50 mL). 
The combined extracts were washed with water (3 x 50 mL), 
dried, and evaporated to  give 4.2 g of50 as a syrup. It exhibited 
strong carbonyl absorption at  1730 cm- '  and a small band at 
1670 cm- '  (enamine). The crude syrup 50 was dissolved in 
20 mL dry acetone and added to a solution of 2.0 g anhydrous 
oxalic acid in 20 mL dry ether and the solution allowed to 
deposit crystals first at room temperature and then at  0°C 
overnight. The product was collected to give 4.12 g (58.5%) 
of 50 oxalate, mp 156-159°C. Recrystallization from 94% 
ethanol gave an analytical sample of the oxalate monohy- 
drate, mp 1 15-12O0C, resolidified and melted at 16&161°C 
(lit. (12) mp 160-l6l'C). Avzal. calcd. for CIPH23NOsH20:  
C 60.15, H 6.64, N 3.69; found: C 60.09, H 6.68, N 3.56. 

The yield of 50 was 64% after purification by chromatog- 
raphy on alumina (activity 11) (methylene chloride as eluent). 

The free base 5a was regenerated from its oxalate salt by 
base treatment and extraction with ether; ir (neat): 1730 cm- I ;  

nmr (CDCI,) 8 :  2.42 (s, 3H, NCH,), 3.75 (s, 3H, OCH,), 
4.70-6.15 (m, 3H, olefinic), 6.6G7.15 (m, 3H, ArH). 

The yield of 50 was not lowered appreciably when sodium 
bicarbonate or anlnlonium carbonate were used. 

In other experiments the solution of sodium or ammonium 
bicarbonate was added all at once to the solution of 20. This 
caused the yield of 50 to drop to 30-35%. 

In DMSO-H,O or DMF-H,O as the solvents and ammo- 
nium bicarbonate as the base, the yields of 50 were 40-45%. 

When sodium hydroxide was used as the base and aqueous 
ethanol as solvent 50 was formed in only trace amounts. 

With ammonium hydroxide as the base using conditions 
described in the literature (6) for the preparation of 56, the 
yield of 50 was negligible. 

(a) Usitzg tlze Procedirre Described Above for llle Prepnrn- 
liotz of 5a 

A solution of 7.78 g (20 mmol) of 2b in 175 n1L of 95% 
ethanol was treated with a solution of 1.64 g (20.6 nimol) of 
ammonium bicarbonate in 42 mL water. After stirring at  room 
temperature for 24 h, the mixture was concentrated itz vocrlo 
to a small volume(-- 50 mL), treated with 10% aqueous sodium 
bicarbonate (50 mL), and extracted with ether (5 x 50 mL). 
The combined extracts were washed with water (2 x 50 mL), 
dried, and evaporated to give a syrupy residue (3.46 g) which 
was dissolved in 10 mL dry acetone and the solution added to 
a solution of 2.0 g anhydrous oxalic acid in 10 mL acetone. 
Crystals separated first at room temperature and then a t  0°C 
overnight. The product was collected, washed with acetone 
(20 mL), and dried to give 3.91 g (58%) of the oxalate salt of 
56, mp 140-142°C. The free base 56 was quantitatively regen- 
erated from its oxalate salt by treatment with ammonium 
hydroxide followed by extraction with chloroform; ir (neat): 
1730 cm- ' ;  nmr (CDCI,) 8:  1.36 (s, 3H, CH,), 2.32 (s, 3H, 
NCH,), 3.65 (s, 3H, OCH,), 6.5-7.1 (m, 3H, ArH). 

A sample of56 in ether was treated with an ethereal solution 
of hydrogen chloride to give the hydrochloride salt of 56. 
Recrystallization from 95% ethanol gave the hydrochloride of 
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KAVADIAS ET AL.:  11 1865 

the ethanol hemiacetal adduct of 56 (no C=O absorption in bicarbonate solution was added all at once to the solution 
the ir; ethoxy absorption in the nmr spectrum): mp 122°C: of 2c. 
resolidified and melted at 186-188'C. when the hydrbchloride 
of 56 was recrystallized from aqueous acetone it gave the hy- 
drochloride monohydrate, mp 130-132°C (lit. (6) 130-132°C). 

(b) By tile Process Described in the Lireratlire (6) 
Following the procedure given by Takeda et al. (6), 3.89 g 

(10 mmol) of 26 in methylene chloride was treated with aque- 
ous ammonium hydroxide and the product isolated as de- 
scribed and purified by chromatography on alumina to give 
0.51 g (21%) of 56. 

5-Allyl-2-cyclopropyln1et/?vl-2'-n1etl1oxy-9-o.o-6,7-be11zo111or- 
plrati (5c) 

The procedure described above for the preparation of 50 
was used. Thus, a solution of 9.1 g (20 mmol) of 2c in 95% 
ethanol (170 mL) was treated with a solution of  1.7 g (21.5 
mmol) ammonium bicarbonate in 21 mL of water. Initially, 
3c precipitated as an oil. After stirring at room temperature 
for 48 h the oil had dissolved and the reaction mixture was 
concentrated it1 vaclro to a small volume (-50 mL), basified 
with 10% aqueous sodium bicarbonate (50 mL), and extracted 
with ether (4 x 50 mL). The combined extracts were washed 
with water, dried, and evaporated to give 4.6 g of 5c as a 
syrup. Thin layer chromatography on alumina (ether) showed 
one major spot with R, 0.78 (5c) and a minor one with Rr 0. 
The syrup 5c was dissolved in acetone (10 mL) and treated 
with a solution of 2.0 g anhydrous oxalic acid in acetone (10 
mL) and the resulting solution diluted with dry ether (10 mL). 
The crystalline product was collected to give 4.0 g (50%) of 
the oxalate salt of 5c, mp 148.5-150°C. Anal. calcd. for 
C2,H,,NO6: C 65.82, H 6.78, N 3.48; found: C 65.57, H 
7.08, N 3.40. 

The free base 5c was quantitatively regenerated from its 
oxalate salt by treatment with sodium hydroxide and extrac- 
tion with ether; ir (neat): 1730 cm-' .  

The yield of 5c was reduced to 30% when the ammonium 

5-(3-Er/1yle11edioxy) bicryl-2'-111er/10,~)~-3-111er/iyI-9-oxo-6,7- 
ber~zottiorpl~nri (5d) 

The procedure described above for the preparation of 5a 
was followed. The bromoiminium bromide 2d (9.1 mmol) was 
treated with ammonium bicarbonate in 95% ethanol and after 
stirring at room temperature for 30 h the product was isolated 
as described above and purified by chromatography on silica 
using ether as the eluent to give 1.1 g (35.5%) of 5d as an oil; 
ir (neat) : 1730 cm- ' : nmr (CDCI 6 : 1.40 (s. 3H. CH,). 2.47 
(s, 3 ~ ,  NCH,), 3.84 (s, 3H, O C H ~ ) ,  3.98 (s, 4 ~ ,  OCH,&,O), 
6.7-7.2 (m, 3H, ArH). Atlal. calcd. for C20H27N04:  C 69.54, 
H 7.88, N4.05; found: C 69.02,H 7.63, N4.03. 
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9-Oxobenzomorphans. 111. Synthesis of derivatives with various substituents at 
2-, 2'-, and 5-positions 

GERRY KAVADIAS, '  STEPHAN VELKOF, A N D  B E R N A R D  BELLEAU 
Brisfol Lrrhorafo~.ies r$Cotirrrio, 100 It~ri i~.sf~.iol Bo l r l ec r~~~ i ,  Crt~rriir~c, P.Q., Cot~ccrltr J5R IJI 
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GERRY KAVADIAS, STEPHAN VELKOF, and BERNARD BELLEAU. Can. J. Chem. 57.1866(1979). 
5-Allyl-2-cyclobutylmethyl-2'-methoxy-, 5-allyl-2'-benzyloxy->methyl-, 5-benzyl-2'-meth- 

oxy-2-methyl-, and 5-allyl-2'-benzyloxy-2-cyclobutylmethyl-9-0~0-6,7-benzomorphans were 
prepared by a previously described process. The  process involves bromination of the 5,9b- 
dihydrobenz[e]indolines to  p-bromoiminium bromides followed by treatment with a weak base 
in aqueous organic solvents. Amnlonium bicarbonate and aluminium oxide are effective bases 
for the conversions of the a-bromoiminium salts to  9-oxobenzomorphans 5n-g. The  mechanism 
of the reaction involves formation of the bro~noenan~ines  (fast step) followed by hydration of 
the latter (slow step) and rearrangement to  50-g. 

GERRY KAVADIAS, STEPHAN VELKOF et BERNARD BELLEAU. Can. J. Chem. 57,1866(1979). 
On a prepare par un procede decrit anterieurement, les allyl-5 cyclobutylmethyl-2 methoxy-2', 

allyl-5 benzyloxy-2' methyl-2, benzyl-5 methoxy-2' methyl-2 et allyl-5 benzyloxy-2' cyclobutyl- 
n~ethyl-2 0x0-9 benzo-6,7 morphanes. Le procedt implique la bromation des dihydro-5,9b 
benz[e] indolines en bromures des a-bromoiminium suivie par une reaction avec une base 
faible dans des solvants organiques aqueux. Le bicarbonate d'amnlonium et l'oxyde d'alumi- 
nium sont des bases efficaces pour la transformation des sels des a-bromoiminium en 0 x 0 4  
benzomorphanes 5n-g. L e  mecanisme de la reaction implique la formation des bromoenamines 
(Ctape rapide) suivie par une hydratation de ces dernieres (etape lente) et une transposition 
en 5a-g. 

[Traduit par le journal] 

The preceding papers of this series (1, 2) described confirmed by elemental analyses and by ir and nmr 
the preparation of 9-0x0-6,7-benzomorphans by a spectroscopy. The ir spectra of 2a-d showed strong 
process which involves bromination of the indolines C=C absorption a t  1660 cm- ' ,  a frequency which 
1 to  bromoiminium bromides 2 followed by hydrol- is lower than that of the analogous absorption (1670 
ysis with aqueous ammonium bicarbonate (Scheme cm- ' )  of the parent enamines la-d as would be ex- 
1). The present paper is an  extension of that work pected (2, 3). The nmr spectra showed an  absence of 
and describes the synthesis of the new 9-0x0-benzo- the signal a t  6 4.3 which is characteristic for the pro- 
lnorphans 5a-d by the same process. It also describes ton at C-4 in the parent enamines la-d. 
a novel and efficient way of converting the bromoimi- The conversion of the bromoiminium salts 2a-c 
nium salts 2 to 9-oxobenzomorphans 5,  namely, by to 50-c was accomplished by the procedure described 
treatment with aluminium oxide. earlier (2) and involved treatment of 2a-e with am- 

The 5,9b-dihydrobenz[e]indolines(cyclic enanlines) monium bicarbonate in aqueous ethanol. More  
la-g were prepared as previously described (see specifically, treatment of a solution of 2a in 95% 
Part  I of this series (1))  and used without delay. ethanol with an  aqueous solution of ammonium 

Bro~nination of the enamines la-d to the bromo- bicarbonate, first a t  - 5  to  0°C for 2 h and then a t  
iminium salts 2a-d was performed by the procedure room temperature for 48 h (method A ) ,  produced 
previously developed (see Part I1 of this series (2)) the 9-oxobenzomorphan 5a isolated in 5 5 z  yield as 
and involves rapid mixing of a solution of the the oxalate salt. Jn an analogous manner, 26 was 
enamine in methylene chloride with a solution of an converted to  5b which was similarly isolated in 42Z  
equimolar amount of bromine in the same solvent yield. Intermediate 2c was also converted to  5c 
at  -60°C. Thus, bromination of l a  produced crys- which was separated by chromatography on alumina 
talline 2a in 9 1 x  yield (Scheme 1). Bro~nination of and obtained in 3 0 x  yield. As previously observed 
l b  afforded 26 in quantitative yield as a syrup. Bro- (2) in the early stage of the conversion of 2a-c to  
mination of l c  and Id gave 2c and 2rl as crystalline 5a-c, the bromoenamines 3a-c initially precipitated 
products in 93% and 90% yields respectively. The followed by slow dissolution as  the hydration pro- 
structures of 2a-d as p-bromoiminium salts were gressed to  give 5a-c. 

An effective alternative procedure for the con- 
'To  whom correspondence may be addressed. version of the bromoiminium salts 2a-g to  9 -0~0ben-  

0008-4042/79/14 1866-04W .OO/O 
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TABLE 1. Yields obtained by methods A and B 

RIO - RLO \N--R3 Yield 
R2 R2 
10% qBir- 21 % 9-Oxobenzoniorphan Method A Method B 

zomorphans 5a-g involved treatment of the salts 
with alumina in aqueous organic solvents at  room 
temperatures for 24-48 h (method B). For instance, 
stirring a mixture of 2e and alumina (Merck, type E) 
(5 g Al,O,/g of 2e) in DMSO-water (3: 1) for 24 h 
at  room temperature produced 5e isolated in 66% 
yield as the oxalate salt. The yields at  5e were sen- 
sitive to solvent volume and the proportion of 
alumina. Similar treatment of the bromoiminium 
salts 2c-g with alumina under the same conditions 
gave the 9-oxobenzomorphans 5c-g in fair t o  good 
yields that were comparable to those obtained by the 
ammonium bicarbonate method (Table 1). The role 
of the aluminium oxide in this process is to  convert 
the bromoiminium salts 20-g to  the bromoenamines 
3a-g which then react with a mole of water to  give 
ketones 5a-g via intermediates 4a-g. In fact, when a 
solution of 2e in chloroform was stirred with alu- 
minium oxide for 5 min followed by rapid filtration 
under nitrogen, the intermediate bromoenamine 3e 
was produced in 8 0 z  yield as an air-sensitive oil. 
The same product was obtained when 2e was treated 
with sodium bicarbonate followed by extraction with 
ether. In the ir, compound 3e showed strong C=C 

absorption at  1670 cm-' and when dissolved in 
DMSO-water was converted to 5e. 

Experimental 
The melting points were determined on a Mel-Temp melting 

point apparatus and are uncorrected. The ir spectra were 
recorded on a Unicam Sp-200G grating ir spectrometer. The 
nmr spectra were recorded on a Varian A-6OA spectrometer 
using deuteriochloroform as the solvent. The chemical shifts 
are expressed in 6 values using tetramethylsilane as internal 
reference. Microanalyses were performed by Micro-Tech 
Laboratories Inc., Skokie, IL, U.S.A. All experiments with 
enamines (work-up, filtration, extraction, release of vacuum 
after evaporation, etc.) were carried out under a nitrogen atmo- 
sphere. 

9b-Allyl-4-brot~10-8-t11efhosy-2,4,5,9b-tc~~ro/~j~dro-IH- 
betlz[e]b~dole Cyclobrr~lt~~erhoDrot~~ide (2a) 

To a stirred solution of 5.18 g (32.4 mmol) of bromine in 
325 mL of methylene chloride at -60°C under nitrogen was 
added all at once a solution of 10 g (32.4 mmol) of the enamine 
l o  in 40 n1L inethylene chloride. After stirring at -60°C for 
5 niin, the cooling bath was removed and the reaction mixture 
stirred for an additional 20 min. The solvent was evaporated 
and the solid residue recrystallized from acetone-ether (1 :2, 
75 mL) to give 13.8 g (91%) of 20, mp 117-120°C; ir (Nujol): 
1660 c n - ' .  Atlal. calcd. for C,,H,,Br,NO: C 53.86, H 5.59, 
Br 34.12, N 2.99: found: C 53.88, H 5.85, Br 34.24, N 2.86. 

~ o l l o w i k  the above procedure for the preparation of 20, 
the enamine l b  (51.2 g, 154 mmol) was reacted with bromine 
in methylene chloride to give 75.5 g (100%) of crude 2b as a 
syrup. The crude 2b was used in the next step without delay. 

9b-Bet1zyl-4-brot1~0-8-1~1e1l1oxy-2,4,5,9b-tetrol~y~ir0-1H- 
bet~z[e]i~ldole Mrrlrobrottlide (2c) 

Following the preceding method for the preparation of 20, 
the enamine l c  (14.0 g, 46.8 mmol) was reacted with bromine 
(7.4 g, 46 mmol) in methylene chloride (500 mL) at -60°C. 
Evaporation of the solvent and trituration of the residue with 
acetone-ether (60 mL, 1 : 1) gave 19.2 g (93%) of 2c, mp 103- 
106°C; ir (Nujol): 1660 cm- I .  Ann/. calcd. for C,,H,,Br,NO : 
C 54.21, H 4.98, Br 34.35; found: C 54.46, H 5.01, Br 34.08. 

9b-AIlyl-8-benzyloxy-4-brotno-2,4,5,9b-te~ral~ydro-IH - 
benz[e]indole Cyclob~~rylt~~erllob,.o,nide (2d) 

The enamine I d  (30.1 g, 78.2 mmol) was reacted with bro- 
mine (12.5 g, 160 mmol) in methylene chloride (850 mL) at 
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- 60'C by the procedure described for 2a. Evaporation of the 
solvent left a solid residue which was triturated with acetone- 
ether (100 mL, I :  I) and collected to give 37 g (90%) of 2d, mp 
109-1 12'C. A sample recrystallized twice from ethanol-ether 
(I :8) had mp 114-1 15°C; ir (Nujol): 1660 cm-' .  Anal. calcd. 
for C17H3,Br2NO: C 59.46, H 5.72, Br 29.30, N 2.56; found: 
C 59.64, H 5.88, Br 29.12, N 2.57. 

5-A//~~I-2-cyclob11ty/tt1et/1yl-2'-n1et/1oxy-9-0x0-6,7-bet1zott1orp/1at1 
(5a). Method A 

5a was obtained from 2a by treatment with ammonium 
bicarbonate according to  the previously described procedure 
(see Part 11). To  a stirred solution of 46.9 g (100 mmol) of 2a 
in 1 L 95% ethanol at -5" to O°C under nitrogen was added 
dropwise over a 90 min period a solution of 8.5 g (108 mmol) 
of ammonium bicarbonate in 100 mL of water. After the addi- 
tion was complete the reaction mixture was stirred in the cold 
for 2 h and then at room temperature for 48 h under nitrogen. 
In the early stage of the reaction, the bromoenamine 3a preci- 
pitated as an oil which slowly dissolved as the reaction pro- 
gressed. The solvent was evaporated, the residue treated with 
8% aqueous sodium bicarbonate (300 mL), and the mixture 
extracted with ether (4 x 200 mL). The combined extracts 
were washed with water, dried, and evaporated to give a resi- 
due which after chromatography on alumina (activity 11) 
using methylene chloride as the eluent gave 20 g of 5a as an oil. 
It was dissolved in 60 mL dry acetone and the solution added 
to  a solution of 10 g anhydrous oxalicacid in the same solvent 
(50 mL) and diluted with 40 mL of anhydrous ether. The 
crystalline product was collected, washed with acetone, and 
dried to give 23 g (55%) of the oxalate salt of 5a, mp 182- 
182.5"C. At~al. calcd. for C2,H2,N06: C 66.48, H 7.03, N 
3.37; found: C 66.72, H 6.99, N 3.25. 

The free base was regenerated from the oxalate salt by treat- 
ment with sodium hydroxide and extraction with ether; ir 
(neat): 1730 cm- I ;  nmr (CDCI,) 6: 3.75 (s, 3H, OCH,), 4.85- 
6.15 (m, 3H, olefinic). 

5-Allyl-2'-bet1zyloxy-2-t~1etI1yl-9-oxo-6,7-bet1zot1orp/1at1 (5b) 
Following the procedure described above for the prepara- 

tion of 5a (method A), crude 2b (17.2 g, 35 mmol) was treated 
with ammonium bicarbonate in aqueous ethanol and the 
product isolated as above to  yield 5b (10.7 g) as an oil. This 
crude material was dissolved in anhydrous ether and treated 
with a solution of anhydrous oxalic acid in the same solvent. 
The oxalate salt thus obtained was recrystallized from ethanol 
(10 mL) - acetone (40 mL) to yield 6.7 g (42%) of the oxalate 
monohydride salt of 5b, mp 104107°C. At~al. calcd. for 
C25H27N06 .H20 :  C 65.91, H 6.41, N 3.07; found: C 65.15, 
H 6.41, N 2.89. 

The free base 5b was regenerated from its oxalate salt by 
treatment with sodium hydroxide and extraction with ether; 
ir (neat): 1730 cm- ' ; nmr (CDCI,) 6 :  2.40 (s, 3H, NCH,), 
4.90 (s, 2H, PhCH20),  4.85-6.15 (m, 3H, olefinic), 6.60-7.30 
(m, 8H, ArH). 

5-A11yl-2-cyclopropyln1e,hyl-2'-tt1etl1o,~y-9-oxo-6,7-bet1zot71or- 
pt'7ar1 (5e). Method B 

5e was obtained from2e by treatment with aluminium oxide. 
To  a solution of 5 g (11 mmol) of 2e in DMSO-water (3: 1) 
(50 mL) was added 25 g aluminium oxide G (Merck, type E), 
the mixture blanketed with nitrogen, and stirred at room tem- 
perature, After 24 h the mixture was filtered and the alumina 
washed first with ethanol (2 x 15 mL) and then with water 
(2 x 20 mL). The filtrate and washings were combined, 
diluted with water (50 mL), treated with 8% aqueous sodium 
bicarbonate (50 mL), and extracted with ether (4 x 50 mL). 
The combined extracts were washed with water (3 x 50 mL) 

dried, and evaporated to give 2.7 g of5e as a syrup. It was dis- 
solved in 20 mL dry acetone, treated with a solution of 1.2 g 
anhydrous oxalic acid in 5 mL of the same solvent, and the 
solution diluted with 15 mL dry ether. The crystalline precipi- 
tate was collected to give 2.72 g (62%) of the oxalate salt of 
5e, mp and mixture m p  with an authentic saniple (Part I1 of 
this series) 148-1 50'C. 

On a larger scale experiment (43 g of2e) the above procedure 
led to the oxalate salt o f5e  in 58% yield. 

When the amount of aluminium oxide was reduced (2 g of 
A1,03/g of 2e) the yield of the oxalate salt of 5e was 53%, 
whereas an increase in solvent volume to 20 mL/g of 2e raised 
the yield to 66%. 

The free base of 5e was quantitatively regenerated from its 
oxalate salt (sodium hydroxide - ether) and was identical in 
all respects to an authentic sample (Part I1 of this series). 

(a) F r o t ~  2c by Treatment wit/z At7it~lor1irrt~1 Bicarbotzate 
(Method A) 

Following the above method for the preparation of 5a 
(method A), a solution of 6.97 g (15 mmol) of 2c in 200 mL of 
95% ethanol was treated with a solution of 1.28 g (16.2 mmol) 
of ammonium bicarbonate in 20 mL water and the reaction 
mixture stirred at room temperature for 72 h. At first, the 
bromoenamine 3c precipitated and gradually dissolved as the 
reaction progressed. Work-up of the mixture as described for 
5a gave 2.4 g of crude 5c as a syrup, which after chromatog- 
raphy on alumina (activity 11) using 1% ethanol in methylene 
chloride as the eluent gave 1.4 g (30%) of5c, mp 136.5-1 37.5"C 
(ethanol); ir (CHCI,): 1730 cm- ' ;  nmr (CDCI,) 6 :  2.40 (s, 
3H, NCH,), 3.35 (s, 2H, ArCH,), 3.65 (s, 3H, OCH,), 6.6-7.2 
(m, 3H, ArH). Atlal. calcd. for C 2 1 H 2 3 N 0 2 :  C 78.47, H 7.21, 
N 4.36; found: C 78.42, H 7.28, N 4.30. 

(b) Frot,~ 2c by Treatttlet~t wit/] Al1rt71iniut71 Oxide 
(Method B) 

Following method B above for the preparation ofse,  a mix- 
ture of 4.65 g (10 mmol) of 2c and 23 g aluminium oxide in 
90 mL 85% DMSO-water was stirred at room temperature for 
48 h. The crude product (2.7 g) was chromatographed on 
alumina (as in part a above) to give 0.8 g (25%) of 5c identical 
in every respect with the product obtained above (Method A). 

5-Allyl-2'-benzyloxy-2-cyclobutylt11ethyl-9-oxo-6,7-bet1zot~~or- 
phatl (5d). Method B Above 

To  a solution of 5.45 g (10 mnlol) of 2d in 115 mL of 
DMSO-water (3: 1) was added 25 g aluminium oxide and the 
mixture stirred under nitrogen at room temperature for 72 h. 
The mixture was filtered and the solids washed with ethanol 
(2 x 15 mL) and with water (2 x 20 mL). The combined fil- 
trate and washings were diluted with 250 mL of water, the 
solution basified with 8% aqueous sodium bicarbonate (50 
mL), and extracted with ether (5 x 60 mL). The combined 
extracts were washed with water (3 x 60 mL), dried, and 
evaporated to give 3.0 g of 5d  as a syrup. It was dissolved in 
dry acetone (10 mL), a solution of 1.2 g anhydrous oxalic acid 
in the same solvent (20 mL) was added, and the solution 
diluted with dry ether (30 mL). Thecrystalline product was col- 
lected to give 2.5 g (51%) of the oxalate salt of 5d, mp 165- 
167°C. 

The free base 5d was quantitatively regenerated from its 
oxalate salt by treatment with sodium hydroxide and extrac- 
tion with ether; ir (neat): 1730 cm- ' ;  nmr (CDCI,) 6 :  5.05 
(s, 2H, ArCH,O), 5.85-6.15 (m, 3H, olefinic), 6.85-7.50 (m, 
8H, ArH). 

The hydrobromide salt of 5d had mp 198-199°C (ethanol- 
ether). At~al. calcd. for C2,H3,NO2.HBr: C 67.21, H 6.68, N 
2.90; found: C 67.07, H 6.83, N 3.01. 
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2'-Metl~ox~~-2,5-di~11et/1yl-9-oxo-6,7-betrzot~1orpl1at~ (Sf). 
(Method I3 for 5e) 

A mixture of 3.89 g (10 mmol) of 2f'and 23 g aluminium 
oxide in 90 mL DMSO-water (3: 1) was stirred under nitrogen 
for 24 h, filtered, the solids washed with ethanol (2 x 15 mL) 
and then water (2 x 20 mL). The combined filtrate and wash- 
ings were diluted with water (250 mL), basified with 8% aque- 
ous sodium bicarbonate (50 mL), and extracted with ether 
(7 x 50 mL). The combined extracts were washed with water 
(2 x 50 mL), dried, and evaporated to give a liquid residue 
(1.74 g) which was dissolved in 5 mL dry acetone and a solu- 
tion of 1.0 g anhydrous oxalic acid in 5 mL acetone added. 
The crystalline product was collected to give 1.97 g (58.5%) of 
the oxalate salt of Sf, mp and mixture mp with an authentic 
sample (Part I1 of this series), 130-132T. 

5-Allyl-2'-11ietl1oxy-2-~1etl~y/-9-oso-6,7-bet1zot1oplan (5g). 
(Metllod B for 5e) 

A mixture of 3.78 g (9.08 mmol) of2g and 20 g of aluminium 
oxide in 40 mL DMSO-water (3: 1) was stirred at room tem- 
perature under nitrogen for 24 h. Work-up as in 5e gave 1.7 g 
of 5g as a syrup which was dissolved in 10 mL dry acetone and 
a solution of 1.0 g anhydrous oxalic acid in 10 mL dry ether 
added. The crystalline precipitate was collected to give 1.8 g 
(55%) of the oxalate salt of 5g, mp and mixture mp with an 
authentic sample (2) 156-159°C. 

(a) Frot)t 2e by Treatment 1vit11 Atnr~~otr i~r t~~ Bicarbot~ate 
To a solution of 1.0 g (2.2 nimol) of 2e in 15 mL water was 

added 10 mL of 8% aqueous sodium bicarbonate and the solu- 
tion extracted quickly with ether (3 x 20 mL) under nitrogen. 
Removal of the solvent i ) ~  uacrto gave 0.5 g (61%) of the air- 
sensitive 3e; ir (neat): 1670 cm- I .  

(b) f i o t ) ~  2e by Treatt?ient with Ah1t)iina 
To a solution of 1.0 g (2.2 mmol) of2e in 50 mL chloroform 

was added 10 g of alumina (activity 11) and the mixture stirred 
for 5 min under nitrogen followed by filtration under a blanket 
of nitrogen. Evaporation of the solvent left 0.65 g (80%) of 3e 
as an air-sensitive light brown liquid; ir (neat): 1670 cm-I. 
When left in DMSO-water (3: 1) or 95% ethanol at room tem- 
perature for 24 h, 3e was converted to 9-oxobenzomorphan 5e. 

I. G. KAVADIAS. S. VELKOF, and B .  BELLEAU.  Can. J .  Chem. 
This issue. 

2. G. KAVADIAS, S. VELKOF, and B .  BELLEAU. Can. J .  Chem. 
This issue. 

3. R. L. PEDERSON, J .  L. JOHNSON. R. P. HOLYSZ. and A .  C. 
OTT. J .  Am. Chem. Soc. 79, 11 15 (1957). 
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GERRY KAVADIAS and ROBERT DROGHINI. Can. J. Chem. 57. 1870 (1979). 
Reaction of N,N'-diethoxycarbonyl-2,5-dideoxystreptamine ( lb )  with thionyl chloride pro- 

duced the iminoether dihydrochloride 8 which, upon simple treatment with water gave the 
di-N,O-carbonyl compound 9. Acidic hydrolysis of9  yielded the aminocyclitol2a. Alternatively, 
2a was prepared from N,N'-dibenzoyl-2,5-dideoxystreptamine ( l c )  via the oxazoline 10 followed 
by acidic hydrolysis. Treatment of lc with triethyl orthoacetate in the presence of boron tri- 
fluoride etherate produced the oxazoline 11 and the latter product was hydrolyzed to give 3a. 
By the same reaction sequence, l e  and 111 were converted to the oxazolines 12 and 13 which 
upon acidic hydrolysis provided the enantiomeric aminocyclitols 4 and 5. Ring-opening reac- 
tions of cis- and trans-l,4-diepoxycyclohexanes (14 and 16) with sodium azide to the diazido 
compounds 15 and 17, followed by reduction, afforded the aminocyclitols 6 and 7 .  

GERRY KAVADIAS et ROBERT DROGHINI. Can. J. Chem. 57, 1870 (1979) 
La reaction de la N,N'-diethoxycarbonyldidtoxy-2,5 streptamine ( lb )  avec le chlorure de 

thionyle fournit le dichlorure de l'iminoether (8) qui, par un traitement simple avec de I'eau, 
conduit au compose di-N,O-carbonyle 9. Une hydrolyse acide de 9 fournit I'aminocyclitol 2a. 
On peut preparer 2a par une autre voie a partir de la N,N'-dibenzoyl dideoxy-2,5 streptamine 
( lc )  par I'intermediaire de I'oxazoline 10 apres une hydrolyse acide. Si l'on traite lc par de 
I'orthoacetate de triethyle en presence de I'etherate de trifluorure de bore on obtient I'oxazoline 
11 qui, par hydrolyse, conduit a 3a. Par la m&me suite de reaction, on a pu transformer le et 
lh en oxazolines 12 et 13, qui, par hydrolyse acide, donnent respectivement naissance aux 
aminocyclitols enantiomkres 4 et 5. Les reactions d'ouverture de cycle des diepoxy-1,4 cyclo- 
hexanes cis et trans (14 et 16) par I'azoture de sodium fournissent les diazotures 15 et 17 qui, 
par reduction, conduisent aux aminocyclitols 6 et 7 .  

[Traduit par le journal] 

In the previous papers of this series (1, 2) we have 
reported the syntheses of several aminocyclitols and 
their derivatives to  be used as substrates in chemical 
and biochemical studies related to  the synthesis of 
novel aminocyclitol antibiotics. 

The present paper describes the syntheses of the 
aminocyciitols 2-7 (Fig. I) and their derivatives and 
provides evidence for their assigned structures. 

The readily available 2,5-dideoxystreptamine ( la)  
(I)  served as the starting material for the prepara- 
tions of the aminocyclitols 2-5. Thus, treatment of 
l a  with ethyl chloroformate in aqueous methanol, 
in the presence of sodium bicarbonate, gave N,N1- 
diethoxycarbonyl-2,5-dideoxystreptamine (lb) in high 
yield. Reaction of l b  with an excess of thionyl chlo- 
ride at  the reflux temperature for 2 h produced the 
iminoether dihydrochloride 8 which on simple treat- 
ment with water gave a 74% yield of di-N,O-car- 
bony1 -(1,3,4,6/0) -4,6- diamino- 1,3 -cyclohexanediol 
(9). Acidic hydrolysis (acetic acid - hydrochloric 
acid) of 9 afforded the dihydrochloride salt of 
(1,3,4,6/0)-4,6-diamino- l,3-cyclohexanediol (2a) in 
90% yield (Scheme 1). Alternatively, 2a was prepared 
from N,N'-dibenzoyl-2,5-dideoxystreptamine ( lc)  via 

'To whom correspondence should be addressed. 

the oxazoline 10 and acidic hydrolysis. Thus, treat- 
ment of l c  with thionyl chloride by our previously 
described procedure (2), afforded a 72% yield of the 
oxazoli~le 10. When 10 was treated with a dilute acid 
solution for a short period of time and the product 
neutralized with base, (1,3,4,6/0)-4,6-dibenzamido- 
1,3-cyclohexanediol (26) was obtained in 90% yield. 
Treatment of 10 with a concentrated acid solution 
(acetic acid - hydrochloric acid 1 : 1) at the reflux 
temperature, afforded a 49% yield of 2a dihydro- 
chloride. Structural assignment to  2a was based on 
mechanistic considerations (two independent syn- 
theses) and was further confirmed by 'Hmr spec- 
troscopy. The 'Hmr spectrum of 2a dihydrochloride 
exhibited a two-proton eight-line multiplet at  6 3.60 
with coupling constants of 10.5, 6, and 3 Hz which 
were ascribed to  the magnetically equivalent N-C-H 
protons. The coupling pattern and the coupling con- 
stant magnitudes show that the two N-C-H pro- 
tons are axially oriented and each one coupled with 
a neighboring axial and two neighboring equatorial 
protons. It also showed a two-proton five-line multi- 
plet at 6 4.20 with coupling constants of 6, 6, and 
3 Hz, assigned to the magnetically equivalent 
0-C-H protons, thus indicating that these pro- 
tons are equatorially oriented and each coupled with 
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two axial and one equatorial adjacent protons. This 
spectral data confirms the all-cis-configuration for 
2a dihydrochloride and further indicates that the 
preferred conformation of the molecule is the one 
where the two amino groups are in equatorial and 
the two hydroxyls in axial orientations, with little 
or no ring inversion. 

DL-(1 ,4,6/3)-4,6-Diamino- 1,3-cyclohexanediol (3a) 
and the enantiomers 4 and 5 were prepared by the 
reaction sequences outlined in Scheme 2. Treatment 
of N,Nf-dibenzoyl-2,5-dideoxystreptamine (lc)  with 
triethyl orthoacetate in dimethylformamide in the 
presence of boron trifluoride etherate by the pro- 
cedure we have previously described (2) produced 
the oxazoline 11 in 75% yield. Upon mild acidic 
hydrolysis, the oxazoline 11 was converted to DL- 

(1,4,6/3)-4,6-dibenzamido- 1,3 -cyclohexanediol (3b) 
in 90% yield. When 11 was refluxed in a concentrated 
acid solution (AcOH-HCl), an 85% yield of 3a dihy- 
drochloride was obtained. The stereochemical as- 
signment to 3a was supported by 'Hmr spectros- 
copy. The 'Hmr spectrum of 3a dihydrochloride 

exhibited signals due to the four nonequivalent ring 
methine protons which were interpretable by a first- 
order method. Thus, a double triplet at 6 3.26 having 
coupling constants of 1 I, 1 1 ,  and 4 Hz was ascribed 
to the axial H-4 proton (N-C-H) indicating that 
this proton was coupled with two axial and one equa- 
torial adjacent protons. An eight-line multiplet at  6 
3.57 with coupling constants of 12, 5, and 3 Hz was 
ascribed to the axial H-6 proton (N-C-H), coupled 
with one axial and two equatorial neighboring pro- 
tons. The spectrum also showed a double triplet a t  
6 4.06 (J,,,, = J,,, = I 1  Hz, J,,,, = 5 H z )  due to  
the axial H-3 (0-C-H) and a five-line multiplet 
at  6 4.26 ( J ,  ,2n = Jl ,o  = 5 HZ, J, , 2 e  = 3 HZ) due to the 
equatorial H-1 proton. This spectral data is in com- 
plete accord with the 1,4N,6N/3 stereochemistry of 
30. Attempts to resolve racernic 3a were unsuccessful. 

The optical isomers 4 and 5 were prepared as  
follows. 1 - N -  Ethoxycarbonyl- 2 ,5-  dideoxystrept- 
amine (Id) of known absolute configuration (I), was 
N-benzoylated to produce 3- N-benzoyl- 1 -N-ethoxy- 
carbonyl-2,5-dideoxystreptamine (le). Treatment of 
l e  with triethyl orthoacetate in D M F  containing 
boron trifluoride etherate gave a 78.5% yield of the 
oxazoline 12 (2) which, on acidic hydrolysis, pro- 
duced (1 R,3R,4S,6R)-4,6-diamino- l,3-cyclohexane- 
diol (4) dihydrochloride in 72% yield. In a similar 
manner, 3-N-ethoxycarbonyl-2,5-dideoxystreptamine 
( I f )  (1) (the enantiomer of I d )  was N-benzoylated 
and the product 111 was treated with triethyl ortho- 
acetate in D M F  in the presence of boron trifluoride 
etherate to produce the oxazoline 13 (88%). Acidic 
hydrolysis of 13 gave a 75% yield of (lS,3S,4R,6S)- 
4,6-diamino-1,3-cyclohexanediol(5) dihydrochloride, 
identical with 4 dihydrochloride in all respects except 
optical activity. The 'Hmr spectra of 4 and 5 were 
identical to that of the racemic products 3a discussed 
above, thus confirming the stereochemical assign- 
ments to these products. 

The preparation of the aminocyclitols 6 and 7 was 
carried out via ring-opening of the diepoxides 14 and 
16 with sodium azide to  the diazido compounds 15 
and 17, followed by reduction (Scheme 3). Thus, 
treatment of cis-l,4-diepoxycyclohexane 14 with an  
excess of sodium azide in a DMSO-water mixture in 
the presence of p-toluenesulfonic acid at 70°C for 
22 h, gave a 67% yield of (1,4/2,5)-2,5-diazido-1,4- 
cyclohexanediol (15). Catalytic hydrogenation of 15 
with palladium on carbon afforded (1,4/2,5)-2,5- 
diamino-l,4-cyclohexanediol (6) in 84% yield. The 
assignment of the 1,4/2N,5N stereochemistry to 6 ,  
was based upon the mechanism of the reactions in- 
volved in its synthesis and the 'Hmr spectrum of this 
material. Since trans opening of the epoxide rings by 
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0 
HO 

NHR - 
2u R = H  

b R = COPh 9 

nucleophiles is assumed, the cis diepoxide 14 should 
produce (via respective diazido compounds) the 
isomeric aminocyclitols 6 and (or) the known product 
l a .  The physical and spectral properties exhibited by 
6 were different froin those of l a  and therefore its 
structure could be deduced by elimination. The 'Hmr 
spectrum of 6 exhibited a two-proton quartet at 6 
2.93 with a coupling constant of 6 Hz assigned to the 
two equivalent N-C-H protons. It also showed a 
two-proton quartet at 6 3.66 with a coupling constant 
of 6 Hz assigned to the two equivalent 0-C-H 
protons. The appearance of both the N-C-H and 
0-C-H signals as quartets was taken as evidence 
for time averaging of the axial and equatorial protons 
in these positions by ring inversion and confirmed 
the assigned structure to this product. Treatment of 
trans-1,4-diepoxycyclohexane (16) with sodium azide, 
as described above for the preparation of 15, gave a 
70% yield of (1,4/3,6)-4,6-diazido-1,3-cyclohexane- 
diol (17) which upon catalytic reduction afforded 
(1,4/3,6)-4,6-diamino-1,3-cyclohexanediol (7) in 82% 
yield. The 'Hmr spectrum of 7 revealed a two-proton 
quartet at 6 3.71 for the 0-C-H protons, both with 
coupling constants of 6 Hz. These spectral data indi- 
cate a time averaging of the axial and equatorial 

protons in these positions as a result of rapid ring 
inversion and confirms the 1,4N/3,6N stereochem- 
istry for 7. 

The ring-opening reactions of the cis- and trans- 
die~oxides 14 and 15 with sodium azide to the diazido 
products 15 and 17, respectively, are in accord with 
previous reports on the stereochemical course of the 
ring-opening reactions of these compounds with 
other nucleophiles and confirm the tra& and diaxial 
opening (3, 4). 

Experimental 
The melting points were determined on a Mel-Temp melting 

point apparatus and are not corrected. The ir spectra were 
recorded on a Unicam SP-2OOG grating ir spectrometer. The 
'Hmr spectra were taken with a Varian EM-360A 60 MHz 
spectrometer. The chemical shifts are expressed in F values 
using tetramethylsilane (for solutions other than deuterium 
oxide) and sodium 4,4-dimethyl-4-silapentane-1-sulfonate (for 
solutions of deuterium oxide) as internal standards. Thin-layer 
chromatography (tlc) was carried out on microscope slides 
coated with silica gel. Optical rotations were measured with a 
Perkin-Elmer model 141 polarimeter. The analyses were per- 
formed by Micro-Tech Laboratories, Skokie, IL. 

N,N1-Diethoxycnrborlyl-2,5-dideoxysfreptamine (Ib) 
A solution of 24.6 g (150 mmol) of 2,5-dideoxystreptarnine 

monohydrate ( I n )  (1) and 46 g (0.55 mol) of sodium bicar- 
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KAVADIAS A N D  DROGHINI 

HNBz 

OH 
NHR 

A N  '5 NHCbe + OQ HCbe -+ 0& 

OH NH2 

NHCbe 
I Ph 

NHCbe NH2 OH 
HO% NHR - 8- HOW 

AcO NH2 

lf R = H  13 5 
h R = B z  

Ac = COCH,, Bz= COC6H,, Cbe = CO,C,H,, Ph = C,H,, 

bonate in 500 mL of water was diluted with 30 mL of meth- 
anol and cooled in an ice-bath while stirring. Ethyl chloro- 
formate (54 g or 0.5 mol) was added dropwise and at a rate to 
maintain the solution temperature below 20°C. After com- 
pletion of the addition (5 min), stirring was continued at  
4 6 ° C  for 30 min and then at  room temperature for 3 h. The 
reaction mixture was evaporated and the residue was dissolved 
in water (400 mL) and extracted continuously with ethyl 
acetate until all the product lb was extracted (48 h). Compound 
lb crystallized in the ethyl acetate extract and was collected 

by filtration to give 40.9 g (94%), mp 197-199°C. The analytical 
sample was obtained by recrystallization from ethanol, mp 
204205°C; ir (Nujol): 3320, 1695, 1545 cm-'. Anal. calcd. 
for C12H22N206:  C 49.64, H 7.64, N 9.65; found: C 49.58, H 
7.70, N 9.61. 

N,N'-Dibenzoyl-2,5-dideoxystr.eptamine ( I c )  
To an ice-cold solution of 17.8 g (122 mmol) of 2,s-dideoxy- 

streptamine ( l a )  and 35 g (330 mmol) of sodium carbonate 
in 210 mL water and 70 mL methanol was added dropwise 
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(IS rnin), with stirring, a solution of 44.4 g (305 mmol) of 
benzoyl chloride in 70 mL of dry acetone. After stirring at  O°C 
for 30 min and at room temperature for 1 h, the reaction mix- 
ture was diluted with water (400 mL). The resulting precipi- 
tate was collected by filtration, washed successively with water 
(2 x 130mL), ethanol (lOOmL), and ether (2 x 130mL), 
and dried to give 40.8 g of lc, mp 278-282°C. This product 
was stirred in boiling ethanol and filtered to give 39.0 g (90%) 
of lc,  mp 280-282°C (dec.). This material was used in the next 
reaction. The analytical sample was prepared by recrystalliza- 
tion from DMF-EtOH (1 : 1); mp 283-28S0C, resolidified and 
melted at 294-295°C; ir (Nujol): 3400, 3300, 1625, 1615, 1575, 
1565 cm-'. Anal. calcd. for CzoHzzNz04 :  C 67.78, H 6.25, 
N 7.90: found: C 67.70. H 6.26. N 8.03. 

3-N-Betizoyl-l-N-e~hoxycm.borgv/-2,5-dideoxysrepat11it1e (le) 
To  a solution of 7.81 g (35.6 mmol) of 1-N-ethoxycarbonyl- 

2,s-dideoxystreptamine ( Id)  and 5.04 g (60 mmol) of sodium 
bicarbonate in 40 mL water was added 40 mL of acetone and 
5 mL of methanol and the mixture was cooled in an ice-bath 
while stirring. A solution of 7.03 g (50 rnmol) of benzoyl chlo- 
ride in IS mL of dry acetone was added dropwise. After the 
addition (15 min), the reaction mixture was stirred at room 
temperature for 1.5 h and then evaporated in vacrro. The resi- 
due was treated with water (50 mL) and the solid product col- 
lected by filtration, washed with water (2 x 30 mL) and ether 
(50 mL), and dried first at room temperature, then at 100°C, 
to give 8.90 g of le,  mp 254256°C. The aqueous filtrate was 
extracted continuously with ethyl acetate to give 2.2 g of le ,  
mp 254256°C. The two crops were combined to a total of 
11.1 g (96.5%). A sample was recrystallized from ethanol-ether 
(1 :3), mp 240-24S0C, resolidified and melted at 254256'C; 
[aIDz5 - 18.6 (c 0.8, EtOH); ir (Nujol): 3350, 1700, 1650, 1550 
cm-' .  Anal. calcd. for C16H22N205 .+H20 :  C 57.99, H 6.99, 
N 8.45; found: C 57.66, H 6.90, N 8.19. 

I-N- B e r i z o y l - 3 - N - e r h o x y c a 1 ' O o 1 1 y I - 2 , 5 - ~ 1 e  (I h) 
3-N-Ethoxycarbonyl-2,s-dideoxystreptamine(1 f)was N-ben- 

zoylated by the procedure described above for the synthesis of 
l e  to give a 91% yield of lh ,  mp 244°C; resolidified and melted 
at 254256°C; [aIDz5 + 17.6 (c 0.8, EtOH); ir (Nujol): 3350, 
1700, 1650, 1550 cm- '. Anal. calcd. for Cl6HZ2N2O5:  C 59.61, 
H 6.88, N 8.69; found: C 59.65, H 7.01, N 8.70. 

Di-N,O-carbo11yl-(l,3,4,6/0)-4,6-dia111i110-1,3-~ycIoI1exnnediol 
(9)  

T o  35 g (120 mmol) of powdered N,N'-diethoxycarbonyl- 
2,s-dideoxystreptamine (lb) in a 1 L round-bottomed flask 
was added portionwise 120 mL of thionyl chloride. After the 
reaction had subsided, the reaction mixture was refluxed until 
the evolution of gasses ceased (2 h) and then evaporated to 
dryness. The residue was evaporated with toluene to remove 
traces of thionyl chloride and the product was cooled in an 
ice-bath. Water (100 mL) was slowly added to it and after the 
material had dissolved 100 mL of ether was added. The crys- 
talline precipitate that was formed was collected by filtration, 
washed with ether, and dried to give 12.7 g of 9, mp 254- 
256°C (dec.). The aqueous phase of the filtrate was separated, 
neutralized with an anion exchange resin (Rexyn 201, in the 
O H  form, from Fisher Scientific Co.), and evaporated to dry- 
ness. The solid residue was treated with ethanol (15 mL) and 
filtered to give 4.8 g of 9, mp 255-257°C (dec.). The two frac- 
tions were combined to give a total of 17.5 g (73.5%) of 9 ;  
ir (Nujol): 3300, 1750 cm-I;  'Hmr (DMSO-d,): 1.46-2.25 
(m, 4H, CH2), 3.85 (m, 2H, N-C-H), 4.70 (octet, 2H, 
0-C-H, J, = lOHz, J2 = 8 H z ,  J3 = 5.5Hz), 7.4 (s, 2H, 
NH). Anal. calcd. for C8HlONzO,: C 48.48, H 5.08, N 14.23; 
found: C 48.21, H 5.07, N 14.08. 

Bisoxnzoli~~e (10) 
Powdered N,N'-dibenzoyl-2,5-dideoxystreptamine (lc) (20.0 

g, 56.4 mmol) was added to 100 mL of thionyl chloride and 
the mixture was stirred at  room temperature for 3 rnin and 
then heated on a steambath for 3 min. The solution was cooled 
in an ice-bath and then evaporated to dryness at 30°C. The res- 
idue, on trituration with ether (150 mL), solidified. The ether 
phase was decanted and the crystalline oxazoline dihydro- 
chloride was treated with 6% aqueous sodium hydroxide (250 
mL) and extracted with chloroform (250 mL). The chloroform 
solution, after drying, was evaporated to dryness to give 15.3 g 
of crude 10. Thin-layer chromatography (10% ethanol-chloro- 
form) showed, under uv, one major spot of R, 0.23 (10) and 
four minor mots of Rr 0. 0.37. 0.43. and 0.50. The crude prod- 
uct was boiled and st$r;d with 70 AL acetone (5-10 mi i )  and 
then cooled in an ice-bath and filtered to give 12.8 g (72%) of 
the bisoxazoline 10, mp 191-195°C. Thin-layer chromatog- 
raphy showed one major spot (R, 0.23) and a trace of the spot 
with R, 0.37. This material was used in the next reaction. The 
analytical sample was obtained by recrystallization from eth- 
anol (twice); mp 196-198°C; ir (CHCI,): 1650, 1585, 1500 
cm-I.  Anal. calcd. for C20H18N202:  C 75.45, H 5.70, N 8.80; 
found: C 75.68, H 5.75, N 8.69. 

(1,3,4,6/0) -4,6-Dinr11in0-1,3-cycIoI~e.~n~1erliol (2a) 
Merhod A 
2a was obtained from the dicarbamate 9 by acidic hydrol- 

ysis. A solution of 6.0 g (30.3 mmol) of the dicarbamate 9 in 
15 mL of 20% hydrochloric acid was heated under reflux for 
24 h. The solution was filtered and the filtrate evaporated to 
dryness. The solid residue was stirred with cold ethanol (50 
mL), collected by filtration, washed with ethanol (2 x 20 mL), 
and dried to give 5.5 g of the dihydrochloride salt of 20, mp 
315°C (decomposition starts at 290°C). The filtrate and 
washings were combined, evaporated to dryness, and the resi- 
due was crystallized from ethanol (30 niL) to  give 0.4 g more 
of the dihydrochloride salt of2n. The two fractions were com- 
bined to a total of 5.9 g (89.5%). Thin-layer chromatography 
on silica plates with H20-NH,OH-MeOH-CHCI, (1 : 1 :4:1) 
as eluent showed a single spot of R, 0.18; 'Hmr (DzO): 1.63- 
2.53 (m, 4H, two CH2), 3.60 (octet, 2H, H-4 and H-6, J4,,,, = 
JSae6 = 10.5Hz, J3.4 = Jl,6 = 6 HZ, J4,5e = JSee6 = 3 HZ), 
4.20 (five-line multiplet, 2H, H-1 and H-3, J,,,, = J2,,3 = 
J3,4 = J1,6 = 6 HZ, JI,2e = JZe,3 = 3 HZ). Anal. calcd. for 
CGHl4N2O2.2HCI: C 32.89, H 7.36, CI 32.36, N 12.79; found: 
C 32.85, H 7.44, C1 32.34, N 12.95. 

The free base 2a was quantitatively regenerated from its 
dihydrochloride salt by treatment with an anion exchange 
resin (Rexyn 201, O H  form); mp 119-121°C. 

Method B 
2a was obtained from the bis-oxazoline 10 by acidic hydrol- 

ysis. A solution of 0.4 g (1.26 mmol) of the bis-oxazoline 10 
in 20 mL of acetic acid - concentrated hydrochloric acid mix- 
ture (1 : 1) was heated under reflux for 36 h. After removal of 
the solvent by evaporation, the residue was dissolved in water 
and the solution extracted with ether (to remove benzoic acid). 
The aqueous phase was evaporated. The solid residue was 
boiled with ethanol (5 mL) and after cooling to room tem- 
perature, the crystalline product was collected to give 0.136 g 
(49%) of the dihydrochloride of20 identical in all respects with 
the product above. 

(1,3,4,6/0)-3,6-Diber1ia~11ido-1,3-cyc/oI1e~'anediol (2b) 
To  a solution of the bis-oxazoline 10 (0.5 g or 1.57 mmol) 

in 90% ethanol (15 mL) was added concentrated hydrochloric 
acid (0.5 mL) and the reaction mixture was heated under re- 
flux for 15 min and then evaporated. The residue was dissolved 
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in 25 mL of 1 N sodium hydroxide solution in aqueous eth- 
anol (I : 1) and the solution stirred at room temperature for 
1 h. Removal of the solvent it1 uoc~io left a residue to which 
20 mL of water was added, stlrred for 5 niin, and then the 
aqueous phase decanted. The residue, on trituration with 
ether, solidified. The solid product was suspended in water 
(20 mL) and the mixture was stirred for a few minutes. The 
crystalline product was collected by filtration, washed with 
water and ether, and dried to give 500 mg (90%) of 2b, mp 
224-228°C. Recrystallization from ethanol-ether gave an an- 
alytical sample, mp 227-228°C. Annl. calcd. for CZOH22N204:  
C 67.78, H 6.25, N 7.90; found: C 67.72, H 6.24, N 7.90. 

O.~azoline 11 
To a suspension of 14.2 g (40 mmol) of N,N'-dibenzoyl-2 

2,5-dideoxystreptamine (Ic) in 80 mL dry D M F  was added 
30 mL of triethyl orthoacetate and 10 mL of boron trifluoride 
etherate and the mixture, protected from moisture, was stirred 
at room temperature for 24 h. The reaction mixture was 
poured into a cold solution of 8% sodium bicarbonate (500 
mL) and the precipitate was collected and washed with water 
(3 x 100 mL). After drying, the crystalline product was dis- 
solved in chloroform (200 mL), filtered to remove some in- 
soluble matter, and the filtrate evaporated to dryness. The 
solid residue was treated with a 1 : 1 ether - petroleum ether 
solution (60 mL) and filtered to give 12.1 g, mp 186-189°C. 
Recrystallization from ethanol (200 niL) gave 10.2 g of 11, mp 
189-190°C. A further 1.1 g of 11 were recovered from the 
mother liquor after evaporation and recrystallization from 
ethanol (30 mL). The two crops were combined to a total of 
11.3 g (75%); ir (Nujol): 3350, 1740, 1660, 1530 cm-I. Atml. 
calcd. for C2,H2zN20d: C 69.83, H 5.85, N 7.40; found: C 
69.80, H 5.86, N 7.34. 

~~-(1,4,6/3)-4,6-Dint~1irro-l,3-~~~clol1exot1edio/ (3a) Dillydro- 
cltloride 

A solution of 2 g (5.3 mmol) of the oxazoline 11 (racemic) in 
20 mL of a 1 .1 acetic acid - concentrated hydrochloric acid 
mixture was heated under reflux for 16 h. The reaction mixture 
was evaporated, the residue dissolved in water (50 mL), and 
the solution extracted with ether (3 x 20 mL) to remove ben- 
zoic acid. The aqueous solution was evaporated and the residue 
was refluxed with 20 mL of ethanol. After cooling to room 
temperature, the solid precipitate was collected to give 0.99 g 
(85.5%) of 3n dihydrochloride. Thin-layer chromatography on 
silica plates with H,O-NH,OH-MeOH-CHC13 (1 : 1 :4  : 1) as 
eluent showed a single spot of R, 0.25. Recrystallization from 
water (1 mL) -ethanol (5 mL) gave the analytical sample, 
mp 305-307°C; 'Hnir (D,O): 1.42-2.49 (m, 4H, two CH,), 
3.26 (dt, IH, H-4, J3,1 = JJ,5., = 11 HZ, J 4 , S c  = 4 HZ) 3.57 
(octet, lH,  H-6, J ,,,, = 12 Hz, J5e,h = 3 HZ, JI., = 5 HZ), 
4.06 (dt, lH, H-3, J2,,.3 = J3.4 = 11 HZ, J 2 e . 3  = 5 HZ), 4.26 
(five-line multiplet, lH,  H-1, J,,,, = J j t6  = 5 HZ, J ' ,zc  = 
3 Hz). Annl. calcd. for C6HI4N2O2.2HC1: C 32.89, H 7.36, N 
12.78; found: C 32.81, H 7.29, N 12.79. 

~~-(~,4,6/3)-4,6-Dibenznff1ido-1,3-cyc/o/1exc1t1ec/io/ (3b) 
Amixtureof 1.14g(3 mmol) oftheoxazolinell  with 15 mL 

of 90% ethanol and 0.5 mL of concentrated hydrochloric acid 
was heated under reflux for 15 min while stirring. The reaction 
mixture was evaporated and the residue dissolved in a 1 N 
sodium hydroxide solution in aqueous ethanol (1 : 1, 25 mL) 
and the resulting solution stirred at room temperature for 1 h. 
The solvent was removed by evaporation and replaced with 
20 mL of water. The mixture was stirred for 5 min and the 
crystalline prec~pitate that was fornied was collected by filtra- 
tion, washed with water and with ether, and dried to give 
0.95 g (90%) of 3b, mp 232-233°C; ir (Nujol): 3350, 1650, 

1560 cm-I. Annl. calcd. for CzoHzzNz04 :  C 67.78, H 6.25, 
N 7.90; found: C 67.95, H 6.32, N 7.97. 

Oxnzoline 12 
T o  a solution of 37.1 g (112 mmol) of l e  in dry D M F  (110 

mL) was added 50 mL triethyl orthoacetate and 15 mL boron 
trifluoride etherate and the solution, protected from moisture, 
was stirred at room temperature for 20 h. The mixture was 
then poured into a cold solution of 8% sodium bicarbonate 
(1 L) and extracted with ether (4 x 350 mL). The ether solu- 
tion was washed with water (2 x 250 mL), dried, and evapo- 
rated to dryness to yield a syrup which crystallized on tritura- 
tion with ether to give 31.2 g (78.5%) of 12, mp 108-112°C. 
Thin-layer chromatography with 5% ethanol-ether showed, 
under uv, a major spot of R, 0.54 (12) and a minor one of R, 
0.85. This material was used in the next experiment without 
further purification. A small sample was recrystallized from 
ethyl acetate - petroleum ether (1 :3), mp 11 1-1 13°C; [a]D25 
-64.2 (c 1.0, EtOH); ir (Nujol): 3350, 1730, 1690, 1660, 1640, 
1540 cm-].  Ann/. calcd. for ClsHZZN2O5: C 62.41, H 6.40, 
N 8.09; found : C 62.54, H 6.43, N 7.95. 

Oxnzoline 13 
Compound 111, (6.0 g, 18.2 mmol) was reacted with triethyl 

orthoacetate (9 mL) and boron trifluoride etherate (2.0 mL) 
in dry D M F  (19 mL), as described in the preparation of 12, to 
give 5.5 g (88%) crude 13 as a solid. Thin-layer chromatog- 
raphy with 5% ethanol-ether showed one major spot of R, 
0.53 and a minor one of R, 0.90. This material was used in the 
next reaction. The analytical sample was obtained after three 
recrystallizations from ethyl acetate (1.5 mL/g) - petroleum 
ether (6 mL/g), mp 11 1-113°C; one spot on tlc: [aIDz5 +63.7 
(c 1.0, EtOH); ir (Nujol): 3350, 1745, 1700, 1655, 1550cm-I. 
Annl. calcd. for CI8HzzN,O5:  C 62.41, H 6.40, N 8.09; found: 
C 62.35, H 6.43, N 8.09. 

(IR,3R,4S,6R)-4,6-Dinr?1ino-l,3-cyclohexntiecliol(4) 
Dil~ydrocl~loride 

A mixture of 2.23 g of the oxazoline 12 and 20 mL of 1 : 1 
acetic acid - concentrated hydrochloric acid solution was 
refluxed for 18 h and the reaction mixture was then evaporated. 
The residue was dissolved in water (20 mL) and extracted with 
ether (3 x 20 mL) to remove benzoic acid. The aqueous solu- 
tion was evaporated and the solid residue (1.43 g) was recrys- 
tallized from 90% ethanol (20 mL) - ether (7 mL) to give 1.0 g 
(71.5%) of 4 dihydrochloride, mp 312-314°C (dec.). Thin-layer 
chromatography on silica with H,O-NH,OH-MeOH- 
CHCI, (1 : 1 :4:1) showed a single spot of R, 0.31; [aIDz5 
-44.4 (c 1.0, H,O); 'Hmr (D,O) was identical to that of the 
racemic product 3n dihydrochloride. At~nl. calcd. for CGH'4- 
N2O,~2HCI: C 32.89, H 7.36, N 12.79; found: C 32.82, H 
7.13, N 12.75. 

(IS,3S,4R,6S)-4,6-Diatnit10-1,3-cyc/o/1e.~nt1ediol (5) 
Dil~ydrocllloride 

In a manner analogous to that given above for the prepara- 
tion of 4, acidic hydrolysis of 1.73 g of 13 gave 1.07 g of crude 
product. Recrystallization from 90% ethanol (20 mL) -ether 
(7 mL) afforded 0.82 g (75%) of 5 dihydrochloride, mp 312- 
314°C (dec.); +44.0 (c 1.0, HzO); tlc on silica with 
H,O-NH,OH-MeOH-CHC13 (1 : 1 :4  : 1) showed a single spot 
of R, 0.31 ; 'Hmr (D,O) was identical to that of the racemic 
product 3ndihydrochloride. At~al.calcd. for CGH ,.N,02.2HCI: 
C 32.89, H 7.36, N 12.79; found: C 32.85, H 7.32, N 12.72. 

(1,4/2,5)-2,5-Dinzido-1,4-cyc/ol1exnnediol(15) 
cis-l,4-Diepoxycyclohexane (14) (6.7 g or 60 mmol) was 

reacted with hydrazoic acid (generated it1 sit11 from 14.6 g 
sodium azide and 30.4 g p-toluenesulfonic acid in DMSO- 
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water) as in the procedure given below for the preparation of 
17. After the reaction was complete (22 h) the reaction mixture 
was diluted with water (100 mL) and continuously extracted 
with ether (5 h). The ethereal extract, after drying (MgSO,), 
was evaporated to dryness. The solid residue was recrystallized 
from acetone (15 mL) - benzene (50 mL) mixture to give 6.0 g 
of 15, mp 138-141°C. The mother liquor was evaporated to 
dryness, the residue was triturated with benzene (25 niL), and 
the crystalline product was collected by filtration to give 3.0 g 
of 15, mp 137-14O0C, which was combined with the above 
fraction to give a total of 9.0 g product. Recrystallization from 
acetone - petroleum ether (1 : 1, 50 mL) gave 8.0 g (67%) of 15, 
mo 142-143°C: ir (Nuiol): 3350 (OH). 2110 (N,) cni-'. AtmI. 

mixture (1 : 1) to give the analytical sample, mp 96-97°C; 
ir (Nujol): 3350 (OH), 2110 (N,) cm-' .  At~al. calcd. for 
C6HIoN602:  C 36.36, H 5.08, N 42.41; found: C 36.44, H 
5.07, N 42.57. 

(1,4/2,5)-2,5-Diatnir10-l,4-~ycloAexat~etli01 (6) 
Reduction of the azide 15 (5 g, 25.2 mmol) by the procedure 

described below for the preparation of 7 gave 3.1 g (84%) of 6, 
mp 212-213.5"C (dec.); 'Hmr (D20)  6: 1.6-1.9 (m, H,  CHZ), 
2.93 (q, 2H, N-C-H, J = 6 Hz, band intensities ratio 
1 :3  :3  :I) ,  3.66 (q, 2H, 0-C-H, J = 6 Hz, band intensities 
ratio 1 :3 :3 :  1). At~al. calcd. for c 6 H l 4 N 2 o 2 :  C 49.30, H 9.65, 
N 19.16; found: C 49.25, H 9.61, N 19.06. 

caicd, for c ~ H ~ ~ N ~ o ; :  c 36.36, H 5:08, ~ ' 4 7 4 1 ;  found: C (~,~/3,~)-4,6-D~amillo-1,3-cyc~o/~e~f~t~edio (7) 
36.32, H 4.99, N 42.66. A solution of 1.98 n (10 mmol) of 17 in 50 mL of ethanol and 

(1,4/3,6)-4,6-Dir1zirlo-1,3-cycl0/1e~~-a11e~iol(17) 
To a solution of 14.6 g (220 mmol) of sodium azide in 60 mL 

1 : 1 DMSO-water mixture was added 30.4 g (160 mmol) 
p-toluenesulfonic acid monohydrate and the solution was 
stirred at room temperature for 30 min, tratrs-l,4-diepoxy- 
cyclohexane (16) (6.70 g or 60 mmol) was added, and the 
reaction mixture was heated at 75°C with stirring for 22 h. 
After cooling to room temperature, the reaction mixture was 
diluted with water (100 mL) and extracted with ether (6 x 
60 mL). The ethereal solution, after drying over magnesium 
sulfate. was evaoorated to drvness to give 9.0 n of crvstalline 

0.1 g of 10% Pd/C ;as shaken under hydrogen in a Paar ap- 
paratus at room temperature and an initial pressure of 50 psi 
for 4 h. The catalyst was removed by filtration and the filtrate 
was evaporated to dryness. The solid residue (1.42 g) was 
recrystallized from ethanol-ether (14 mL, 1 : 1) to give 1.2 g 
(82%) of 7, mp 155-157°C; 'Hmr (D20)  6: 1.61-1.96 (m, 4H, 
CH2), 2.88 (q, 2H, N-C-H, J = 6 Hz, band intensities ratio 
1 : 3 : 3 : l), 3.71 (q, 2H, 0-C-H, J = 6 Hz, band intensities 
ratio 1 :3:3:1). Anal. calcd. for C6Hl4N2O2: C 49.30, H 
9.65, N 19.16; found: C 49.24, H 9.63, N 18.98. 

1. G. KAVADIAS. S. VELKOF. and B. BELLEAU. Cin. J .  Chem. 
product. ~ecr~sta l l iza t ion from benzene (45-mL) afforded 56, 404 (1978). 
8.0 g of 17, mp 93-95°C. The aqueous phase was extracted 2. G. KAVADIAS and R. DROGHINI.  Can. J .  Chern. 56, 2743 
continuously with ether, and the ethereal extract was evapo- (1978). 
rated to dryness. The residue was recrystallized from benzene 3. T.  W. CRAIG, G. R. HARVEY, and G. A. BERCHTOLD. J .  
to give an additional 0.5 g of 17, mp 93-95"C, which was com- Org. Chem. 32,3743 (1967). 
bined with the first fraction to give a total of 8.5 g (70%) of 4. G. E.  MCCASL.AND, A. K. M. ANISUZZAMAN. S. R. NAIK, 
product. A sample was recrystallized from benzene-ether and L. J .  DURHAM. J .  Org. Chem. 37, 1201 (1972). 
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Solvent-induced changes in 2 J ( H ,  F) for fluoroform via van der Waals interactions. 
Non-contact contributions to spin-spin coupling constants involving a proton? 

Received December 6. 1978 

TED SCHAEFER, HAROLD M. HUTTON, and SALMAN R. SALMAN. Can. J. Chem. 57, 1877 (1979). 
The spin-spin coupling between the proton and the fluorine nuclei, 'J, in fluoroform varies 

by 1% in a range of solvents. It is argued that 'J decreases algebraically as the van der Waals 
solute-solvent interactions increase in magnitude. Such a decrease is also observed for coupling 
constants which likely contain a substantial positive orbital contribution. If the van der Waals 
interactions perturb the spin-orbital term in J ,  then 'J in fluoroform may well contain orbital 
contributions, as recently calculated for 'J in methyl fluoride. In that event, the large dis- 
crepancies between observed 'J(H,F) values and those calculated by semiempirical theories of 
the contact term may be partially attributed to the neglect of orbital terms. 

TED SCHAEFER, HAROLD M. HUTTON et SALMAN R. SALMAN. Can. J. Chem. 57. 1877(1979). 
Le couplage spin-spin entre le proton et le fluor, 'J, du fluoroforme varie par 1% dans divers 

solvants. On suggere que 'J diminue d'une f a ~ o n  algebrique au fur et a mesure d'une aug- 
mentation des interactions de van der Waals solute-solvant. On observe aussi une telle diminu- 
tion des constantes de couplage qui contiennent probablement une contribution orbitalaire 
positive importante. Si les interactions de van der Waals perturbent le terme orbltalaire du 
spin de J ,  i l  est possible que la valeur 'J du fluoroforme puisse contenir des contributions 
orbitalaires semblables a celles calculCes recemment pour le 'J du fluorure de methyle. Alors, 
on pourrait attribuer en partie les grandes differences observees entre les valeurs de 'J(H,F) 
obsemtes et calculees par des theories semi-empiriques au fait que des termes orbitalaires ont 
etC omis. 

[Traduit par le journal] 

Introduction coupled nuclei are contained in atoms on the 

The theory of Barfield and Johnston ( I )  accounts periphery of the molecule. For this purpose, CHF, 
rather for the inediunl dependence (2, 3) of a The One-electrOn has been used 
variety of spin-spin coupling constants, J .  It is a one- to calculate the solvent dependence of 'J(I3C,H), 

electron theory, based on an  ~ N D O  MO FPT ' J ( l 3 C , ~ ) ,  and *J(H,F) in this molecule, reasonable 
formulation (4), and ilnpl les  that solvent effects on agreeInent with experinlent being found for the One- 

coupling constants involving a proton arise from bond couplings (1). On the other hand, the predicted 

electrostatic (polarization) perturbations of the increase of *J(H,F) as the solvent polarity (or 

contact interaction. It has usually been accepted (5) dielectric constant) increases (1) apparently disagrees 

that couplings involving at  least one proton are with experiment (14, 15), which finds *J(H,F) as 

adequately described in terms of the contact term in largely independent. 

Ran~sey's  formulation of J (6). Again, the extensive work on solvent effects on 

Barfield and Johnston recognize (,) that the proton chemical shift of methane (16-18) has 

sion (van der Waals) effects on coupling constants allowed Rummens and co-workers to establish 

could be important ~f orbital contributions to J were reliable shift parameters characterizing its van der 

to exist. There exists experimental evidence that Waals interactions with a variety of solvents. The 

couplings involving heavier nuclei than protons are site factors (16, 17) for methane and fluoroform are 

sens i t ive  to dispersion with neighbouring rather similar so that these solvent parameters can 

molecules (7-10). Furthermore, recent ab initio M O  possibly be used to establish a correlation between 

calculations (1  1-1  3) indicate the presence of sizeable 2J(H,F) and van der Waals fields (perhaps attractive 

orbital coll tr~but~olls to couplings between nuclei, and (or) repulsive2) from dipole-dipole interactions. 

one or both of which are protons. 
'Short-range, repulsive interactions dominate the local The purpose of the lneasurelnents here is arrangements of  n~olecules in sin~ple liquids (19). Thus, the 

to Present evidence for a van der WaalS dependence local structures of liquid cH,CN and CS, resemble one 
of a coupling to a proton in a molecule in which the another (19) because the n~olecular shapes are very similar. The 

molecular shapes of CH, and CHF, are also similar, as are 
'On sabbatical leave from the Department of Chemistry, their polarizabilities (2.6 and 2.8 x cm3, respectively) 

University of Baghdad, Iraq. but, of course, not their dipole moments. 

0008-4042/79/141877-04$01 .OO/O 
@ 1979 National Resea~ch Council of CanadalConseil national de reche~ ches du Canada 
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1878 CAN. J .  CHEM. VOL. 57, 1979 

TABLE 1. Proton-fluorine spin-spin coupling constant in Hz and proton chemical shift in ppm for fluoroform 
in various solvents 

Solvent 2J(H,F) 611 E~ Solvent 2J(H.F) 81, E 

2. CHCI, *" 
3. CHBr, 
4. CH2CI, *" 
5. CH2Br2 
6. CHZI, 
7. CCIJ*o 
8. CFCI, 
9. CBrCI, 

10. CClzF2 

79.70' 6.322 - 1 1. CBr2F2 
79.68*" 6.303 - 12. C6 F6 
79.69h 6.253 - 13. s-C6H3F3 
79.27 6.477 4 .8  14. C6Hs9" 
79.08 6.588 4 .4  15. C-C6HI2*" 
79.28 6.523 8 .9  16. CS, 
79.12 6.577 7.5 17. CH3CN*" 
78.90 6.698 5 .3  18. (CH3)2C=O*" 
79.18 6.463 2 .2  19. DMF*" 
79.41 6.357 - 20. DMSO *" 
79.20 6.491 - 21. CH3N02" 
79.46 6.307 - 

+tarred solvents at a probe temperature of 301 K ,  ~ ~ n s l a r r e d  solvents ;I( 305 K.  
b A t  313 K ,  i.e., above critical temperature. 
'Dielectric constant. 
dData taken from ref. 15. 
"At 295 K .  

Furthermore, if van der Waals interactions perturb 
the orbital contribution to J ,  it is intuitive that 
short-range solvent niolecule interactions with 
fluorine atom orbitals should oerturb the orbital 
terms in J more than would solvent interactions with 
the hydrogen orbitals. The high ratio of fluorine to 
hydrogen in fluoroform is therefore an  advantage if 
perturbations of orbital contributions are sought; 
altliough, of course, fluoroform is not very polariz- 
able and observed changes in 'J(H,F) may therefore 
be small. 

Experimental 
Using a vacuum line, CHF, (Matheson) was transferred to 

thick-walled 5 mni od sample tubes containing solvent and 
enough TMS to provide an internal lock. As little as 0.4 molz  
and as much as 3 mol'x of CHF, was present in different 
solutions, as judged by a conlparison of appropriate peak 
intensities from solute and solvent protons. Saniple tubes were 
flame-scaled on a vacllulii rack. 'H  nmr spectra were recorded 
on DA6Ol and HAIOO spectronleters at probe temperatures 
of 301 and 305 K, rcspeclively. Calibrations were perfornled 
in the frequency-sweep mode, at sweep rates of 0.02 Hz/s and 
a dispersion of I Hz/cni, by reading sweep and manual 
oscillator frequencies of calibration lines placed about each 

Depenclence of J ( H ,  F)  on van der. IVnri1.r Interactions 
Perusal of the data in Table L leads to the 

following observations. 
(i) The polar properties of the solute and solvent 

are nqt the main determinants of the variation in 
'J(H,F). For example, 'J(H,F) is 79.68 Hz in neat 
CHF, and is 79.64 Hz in C6F6 solution. CHF, has 
a dipole moment of 1.65 D (20), whereas the dipole 
moment of C,F6 is probably insignificant (its quad- 
rupole moment is nonzero, of course). Again, the 
dielectric constants of CH,CN and of 1,3,5-trifluoro- 
benzene (s-C,H3F3) differ by about 35, yet 'J(H,F) 
is the same in  the two solutions. 

(ii) The variation in 'J(H,F) is apparently more 
closely related to the polarizability of the solvent 
~nolecules than to  the dielectric constant of the 
solvent. For example, the dielectric constants of 
CHCI, and CHBr, are almost the same, yet 'J(H,F) 
differs by 0.2 Hz (25% of its variation) in the two 
solutions. Again, 'J(H,F) is smallest in CH212 
solution and largest in neat CHF,. The polariz- 
abilities of these two molecules span those of the 
molecules in Table I .  being 2.8 x lo-'" cm3 for , -  - 

peak. The val~les of 'J(H,F) in these first-order spectra are C H F ~  (21) and 12.9 10-24 cm3  for C H ~ I '  (17). 
thought to be accurate to at least 0.05 Hz, about twice the 
standard deviations of the measured peak frequencies. Some These observations suggest that van der Waals inter- 
samples werc cxaniincd in both spectrometers. For example, a c t i o n ~  donlinate the mediulll dependence of 2J(H,F). 
in DMSO solution ZJ(H.F) was 79.12 + 0.02 HZ at 60 MHz (iii) Rummens finds ~a ramete r s  which llleasure - \ ,  

and was 79.09 i 0 .03 '~ ;  ht 100 MHz. the van der Waals term in the solvent-induced 
proton chelnical shifts of methane. This term can be 

Results and Discussion written as a product of two factors, one characteriz- 
ing the solute molecule3 and the other characteristic 

Table I presents the values of 'J(H,F) in CHF,  
for 21 solvents, the last datum being taken from ,The similar molecular radii of CH, and CHF, (17, 22) and 
ref. 15. Included are the proton ckmica l  shifts the fact that In liquid CHF, the reorientational motion of the 

relative to internal TMS, 6,,, alld the approxilnate CHF,  niolecule is efrectively isotropic (23) suggest that the 
cavity radii and possibly also the site factors of the two rnole- of the "lvent> when known. cules will be closely related, so that the solvent parameters, 

'J(H,F) varies by I:;, from 79.68 HZ in neat CHF3 derived by Rummens (17) and possibly model dependent, can 
to  78.90 Hz in CH212 solution (-0.4 m o l x  in CHF,). still be sensibly used in the manner proposed here. 
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SCHAEFER ET A L .  

of the solvent (see eq. [2] in refs. 16, 17). In Fig. I, 
'J(H,F) is plotted versus the medium shifts of 
methane, on,, as measured in ref. 18 at  303 K and 
corrected for bulk susceptibility by Rummens (16). 
A similar plot of 'J(H,F) versus ow, as determined 
in (17) for a set of solvents somewhat different from 
that in Fig. I, agrees with Fig. I in indicating that 
the medium dependence of 'J(H,F) is indeed related 
to the van der Waals interactions of CHF,  with the 
solvent and is not strongly influenced, for example, 
by dipole-dipole interactions between solute and 
solvent. Thus, ,J(H,F) is essentially the same in CS, 
and DMSO solutions, and is large in acetone and 
sn~allest in CH,I, solutions (see points 6, 16, 18 in 
Fig. 1). 

(iu) The solvent effects on 'J(H,F) in CHF,  are 
reminiscent of those found for 'J(F,Si) in SiF, (24). 
Raynes (25) shows that the solvent dependence of 
'J(F,Si) in halomethane solvents is reproduced by 
the following bond parameters assigned to the 
solvents: j(C-F) = 0.18, j(C-H) = 1.23, j(C-CI) 
= 1.98 Hz. The small value for C-F bonds is 
striking, particularly as 'J(F,Si) varies by as much 
as 8 Hz. Comparison of 'J(H,F) magnitudes in 
Table 1 for CHF,, C6H6, s-C,H,F,, and C6F6 
solvents, for example, emphasizes the similarity of 
the behaviour of solvent C-F bonds in perturbing J 
in the two solute ~nolecules. In fact, because the 
variation of 'J(H,F) in CHF,  is so small, the value 
of 'J(H,F) in the gas phase at  low pressure is 
probably very close to the 79.69 Hz measured in the 
gas phase at  313 K (Table I), just above the critical 
temperature of 306 K (the critical pressure is 47 atm). 

Tile Coupling Mechanist71 for ,J(H,F) in CHF, 
Polarization (electrostatic) nlodels predict an 

algebraic increase in 'J(H,F) in CHF,  when dissolved 
in a polar solvent (I), arising from an increase in the 
magnitude of the contact contribution. Now, it IS 

interesting that coupling constants for which the 
presence of orbital components are not disputed 
display an  algebraic (lecrease as the solute ~nolecule 
is subjected to van der Waals interactions. For 
example, 'J(F,Cl) in FCI is +840 Hz in the gas 
phase (26) and is 770 Hz in the liquid phase (27). 
Again, 'J(F,P) is very likely negative in PF, (28), and 
its magnitude is 1404 Hz in the gas phase and 1423 
Hz in CCI, solution (29). Similar remarks apply to 
'J(F,S~) in SiF, (7, 24, 25). 

Furthermore, 'J(F,F) in I, I-difluoroethene also 
decreases algebraically as the polarizability of the 
solvent increases (9). Again, in cyclopropane deriv- 
atives (30), ,J(F,F) decreases algebraically as the 
intramolecular mean square fields increase in 
magnitude. 'J(F,F) is calculated to contain a large 
positive orbital component (IS). 

FIG. I .  The coupling constant, 'J(H,F), in fluorofornl is 
plotted versus the gas-to-medium proton shift, (T,, of methane 
from ref. 18, as corrected for bulk susceptibility in ref. 16. The 
open circles refer to the van der Waals shift, (T,, as calculated 
in ref. 16. Point 14 refers to benzene (numbering of solvents as 
in Table 1) and only (T, is plotted because (T, undoubtedly 
contains a large anisotropy contribution. 

If van der Waals interactions act to decrease the 
magnitude of orbital contributions, as might be 
anticipated if intermolecular mean square electric 
fields-interfere with s~in-induced orbital currents in 
the solute n~olecule, and if the orbital co~nponents 
are positive as calculated for 'J(H,F) in H F  (I I), for 
,J(H,F) in CH,F (13), and for ,J(F,F) in CF,=CH, 
(12), then it seems reasonable to attribute the 
observed algebraic decrease in ,J(H,F) in CHF, t o  
a solvent-induced reduction in the magnitude of its 
orbital component. Of course, an increase in ,J(H,F) 
from the contact term cannot be excluded on the 
basis of the data in Table I. However, such a n  
increase must be masked by other interactions. 

It is also of interest that l N D O  M O  FPT calcula- 
tions of ,J(H,F), although remarkably successful for 
many coupling constants, disagree badly with 
observation (4). Such calculations take only the 
contact term into account. 

For all the molecules discussed in this section, a t  
least one of the heavy atoms containing a coupled 
nucleus lies on the periphery of the molecule. In 
tetramethyltin, ,J(H,Sn) increases algebraically as 
the van der Waals interactions with the solvent mole- 
cules become larger (8). Tetramethyltin differs from 
the molecules above in that the heavy atom lies a t  
the center of the ~nolecule and therefore it is the 
hydrogen atom orbitals which are primarily exposed 
to  buffeting by the solvent molecules, suggesting 
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1880 CAN. J .  CHEM. VOL. 57, 1979 

FIG. 2. 'J(H,F) is plotted vel-sus 6, ,  from Table 1 .  Open 
circles refer to halomethane solvents. Solid squares refer to 
solvents with which specific (hydrogen bonding) solute-solvent 
interactions are thought to occur. 

perhaps that the electrostatic theory ( I )  is applicable 
here. 

Tl~e Proton Cllemical Shift of CHF, 
The proton and fluorine chemical shifts of CHF,  

in 11 solvents have been discussed (15). Fig. 2 
displays a plot of "(H,F) versus 6,.,, the shift to  low 
field from internal TMS for many of the solvents in 
Table 1. Referencing to internal TMS removes only 
some of the van der Waals contributions to  6,. In 
the figure, open circles refer to halomethane solvents. 
If changes in 2J(H,F) are indeed determined mainly 
by van der Waals interactions, it appears that 6, in 
these solvents is also dominated by such inter- 
actions. On the other hand, solvents like DMSO or 
acetone, for which specific interactions of the polar 
C-H bond in CHF,  with the carbonyl or sulfoxide 
bond may well occur, do not display a correlation 
between 6, and "(H,F), the latter being dominated 
by van der Waals effects (Fig. 1). In particular, 6, in 
benzene solution is 5.26 ppm and does not fall on the 
figure scale at  all. In such respects, CHF, behaves 
like CHCI,, for which hydrogen bonding to acetone 

or to  the n electrons of the benzene molecules 
apparently occurs (3 1). 
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Derivatives of diphenylrnethane. Preferred conformations and barriers to internal rotation 
by the J method 

TED SCHAEFER, WALTER NIEMCZURA, WERNER DANCHURA, A N D  TIMOTHY A.  WILDMAN 
Depn~~ttnetlt of Chett~i.st~?~, Urricersit\~ ofM(rt~itoho. Wit7tlipeg,  mot^., Cntrad(~ R3T2N2 
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TED SCHAEFER, WALTER NIEMCZURA, WERNER DANCHURA, and TIMOTHY A. WILDMAN. 
Can. J. Chem. 57, 1881 (1979). 

The long-range spin-spin coupling constants over six bonds, 6JpH-CH and 6JpF.CH, in 3,5- 
dibromodiphenylmethane and 4,4'-difluorodiphenylmethane, respectively, imply that the 
ground state conformations of these molecules have C 2 ,  symmetry (gable conformations). In 
terms of a hindered rotor model which assumes a twofold barrier to internal rotation about 
the exocyclic carbon-carbon bond, the barrier in the dibromo derivatives is 1.1 f 0.3 kcal/mol. 
A satisfactory fit to the temperature dependence of 6JpF,CH is found for a gable conformation. 
If the conformational properties of these molecules and of diphenylmethane are determined 
mainly by steric interactions between ortho C-H bonds on neighbouring phenyl groups, it 
seems likely that the results above are a first approximation to the conformational behaviour 
of diphenylmethane. Some molecular orbital calculations are in semiquantitative agreement 
with the conclusions based on coupling constants. 

TED SCHAEFER, WALTER NIEMCZURA. WERNER DANCHURA et TIMOTHY A. WILDMAN. Can. 
J .  Chem. 57. 1881 (1979). 

Les constantes de couplage spin-spin longue distance travers six liaisons, 6JpH,CH et 
6JpF,CH, dans les dibromo-3,5 diphenylmethane et difluoro-4,4' diphenylmkthane, impliquent 
respectivement que la symetrie des conformations, dans I'etat fondamental, de ces molCcules 
est C,,  (conformations gables). Si i'on utilise comme modele un rotor emp&chC qui implique 
une barriere binaire a la rotation interne autour de la liaison carbonexarbone exocyclique, la 
barriere dans les derives dibromCs est de 1.1 f 0.3 kcallmol. On trouve une correlation satis- 
faisante pour la relation entre la tempirature et la valeur de 6JpF*CH dans le cas d'une con- 
formation "gables". Si les propriCtCs conformationnelles de ces molCcules et du diphenyl- 
methane sont principalement determines par des interactions steriques entre les liaisons C-H 
ortho des groupes phenyles voisins, il semble que les resultats rapportis ci-dessus correspondent 
a une premiere approximation du comportement conformationnel du diphenylmethane. 
Quelques calculs d'orbitales molCculaires sont en accord semi-quantitatif avec des conclusions 
basCes sur les constantes de couplage. 

[Traduit par le journal] 

Introduction 

The most stable conformation of and the barrier 
to internal rotation in diphenylmethane are uncertain. 
Kerr constants in CCI, solution (1) at 298 K suggest 
a structure in which both benzene planes are rotated 
by 41" out of a planar conformation, 1. Because of 
steric hindrance between ortho C-H bonds on 
neighbouring phenyl groups, it is assumed here' that 
these rotations correspond to $ = -$' = 41". 
Such a conformation would be chiral. 

In the crystal, the conformation of 3,3'-dichloro- 
4,4'-dihydroxydiphenyln~ethane (2) is defined by 
$ = -$' = 52". Intermolecular hydrogen bonding 
forces a layered arrangement of molecules and the 
C-C,-C angle is apparently as large as 120". 

'In 1, positive y~ values correspond to clockwise rotation 
viewed along the Ha-C, direction, whereas a positive y~' 

value corresponds to anticlockwise rotation viewed along the 
H4,-C7 direction. y~ = y~' = 0" means that the phenyl 
groups are coplanar. 

Raman scattering data (3) demonstrate that the 
reorientation of the phenyl groups in diphenyl- 
methane is slower than in toluene. 

In this paper, the conformational properties of 
some diphenylmethane derivatives are discussed in 
terms of 1 ($ = $' = On), 2 ($ = $' = 90°), 3 
($ = 0°, $' = 90°), 4 ($ = $' = 60°), and of 5 
($ = -$' = 60"). Conformation 1 is unstable, of 
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course, because of strong nonbonded repulsions 
between ortilo C-H bonds on neighbouring phenyl 
groups and will not be significantly populated at  the 
temperatures involved in the present set of experi- 
ments. 

Conformation 2, here called the gable conforma- 

I 
rc plane. .-c --.- + = +' = 90" 
0 = 30f' \H 

tion and of C,, symmetry, can be represented as 
shown (viewed along the C,-H, axis of one phenyl 
group while projecting the sidechain into a plane 
perpendicular to this phenyl group). Distances 
between orti10 hydrogen atoms on neighbouring 
phenyl groups in 2 are well beyond the sum of their 
van der Waals radii, so that 2 is a candidate for a 
low-energy conformer. 

Conformer 3 can be derived from 2 by rotation 
by 90" of the explicitly depicted phenyl group in 2, 
yielding C, symmetry. It is unlikely that 3 is of low 
energy, because one ortilo hydrogen must penetrate 
the rc cloud of the neighbouring ring, and will not be 
discussed further. 

Conformation 4 has C, symmetry also and one 
methylene C-H bond lies in a plane with each 
phenyl group. Again, because of strong repulsion 
between one set of ortilo C-H bonds on neigh- 
bouring rings, 4 is considered to  have relatively high 
energy. 

Finally, 5 has a skew conformation of C, synl- 
Inetrv in which one methvlene C-H bond is-in the 
plane of one phenyl group and the second methylene 
C-H bond lies in the plane of the other phenyl 
group. This conformer has a structure rather similar 
to that found for a derivative in the solid state (3). 
5 does not possess a rotation-reflection axis and is 
chiral. 

I t  seems that 2 and 5 are candidates for the most 
stable conformation of diphenylmethane. Note that 
their structural formulae are here depicted on the 
assumption that the methylene carbon is sp3 
hybridized. The one-bond spin-spin coupling con- 
stant, 'J(13C,H), in diphenylmethane is 126.0 H z  
(4, 5), very close to its value in methane (6) and in 
toluene (4, 6). Jn the absence of polar substituents 

(7-11) on the methylene carbon atom, this result 
strongly suggests minor deviations from tetrahedral 
geometry at  the methylene carbon. 

As recently discussed in considerable detail (12), 
the long-range spin-spin coupling constant over six 
bonds, 6~,H.CH,  between a sidechain proton and a 
ring proton in the para position can be written as 

Equation [ I ]  holds in benzyl-X, for example, if the 
electronegativity of the substituent X is not high 
(CH, or SH groups). The angle 0 measures the 
deviation from coplanarity of the sidechain C-H 
bond and the benzene ring. Thus, 0 is 30" for both 
methylene C-H bonds in 2 and is 60" and 0" for the 
C--H bonds in 5. Again, (sin2 0) is the value of 
sin2 0 averaged over the motion about the exocyclic 
C-C bond. For a twofold barrier, V,, a hindered 
rotor treatment yields (sin2 0) as a function of tem- 
perature, of the magnitude of V,, and of the reduced 
moment of inertia about the internal rotation axis. 
Such a treatment has been successful in the deter- 
mination of the stable conformations and of internal 
rotational barriers in molecules such as ethylbenzene 
(13), phenylcyclopropane (14), phenylcyclohexane 
(12), and benzyldimethylarsine (12). 

Determination of 6J, ,HsC"  in diphenylmethane is 
beyond the applicability of current high-resolution 
nmr techniques. However, 6~,,",C" can be reliably 
determined for the substituted ring in 3,5-dibromodi- 
phenylmethane, 6. If, as seems very likely, the stable 
conformation and the internal rotational barrier in 
diphenylmethane are primarily determined by inter- 
actions between ortilo C-H bonds on neighbouring 
phenyl groups, then substitution at  the nleta positions 
may well represent a minor perturbation. Certainly, 
the stable conformation and the barrier about the 
~ p ~ - s j ) ~  carbon-carbon bond in 3,5-dibromophenyl- 
ethane measured by means of [ l ]  agree exactly with 
recent low-resolution nlicrowave (15) and heat 
capacity data (16) on phenylethane. 

Cross-conjugation in 4,4'-difluorodiphenylmeth- 
ane, 7, is apparently slight (17). In addition, it seems 
that 6~,F.CH (fluorine on the ring) can be used in a 
way similar to 6J,H.C" by writing (18) 

Because 16J,F,CH I - 216~/ .CHJ,  the possibility arises 
that the temperature dependence of 6~,F3CH, and 
therefore of (sin2 0),  is experimentally accessible (at 
least for a favorable magnitude of V,) and that some 
of the deductions based on 6 ~ H . C H  in 6 can be verified 
by a study of 6 ~ F , C H  in 7. A comparison (1 8) of barrier 
magnitudes deduced from 6JH9C" and 6 ~ ' , C H  for a 
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SCHAEFER E T  A L  

TABLE 1. Spectral data for 4-aminodiphenylmethane, 3,5-dibromodiphenylmethane (6) ,  and 4,4'- 
difluorodiphenylmethane (7) 

4-Aminodiphenylmethane" 3,5-Dibromodiphenylmethane" 4,4'-Difluorodiphenylmethanec 

Parameterb Value Parameter Value 6 J P F .CH, T(K)  + 1.0  

V z  679.690(3) V, 698.904(7) 0.808 250 
v3 623.269(3) ~4 730.1 17(8) 0 .  825 296 
V C H ~  368.7 V C H ~  339.9 0.854 343 
VNH, 287.5 4Jz 4 1 .775(8) 0.87!, 370 
3Jz 3 7.887(4) 4 J 0 H , C H 2  -0.636(10) 
"J2 2 2.57 l(4) 6JnH.CC'2 -0.498(11) 
4J33 2.163(4) Error (rnis) 0.025 
'Jz 3 0.426(5) 
~Jo l l ,C l12  -0.612(4) 
5 J CI,CH2 0.283(4) 
Error (rms) 0.009 

OConcentration 5 m o l z  in toluene-d,. 
bChemical shifts in Hz a t  100 MHz to low field o f  internal TMS, coupling constants, J ,  in Hz; numbers in parentheses give 

the standard deviation in the last place. 
Toncentrat ion I0 moly, in toluene-d,; reproducibility o f  J is about  0.01 Hz. 

number of benzyl-X cornpounds (X = CN, C1, Br), was kept well below a value at which off-resonance perturba- 

suggests that V2 values derived from 6 ~ F s C "  data are tions of the niethylene proton transitions were noticeable in 

somewhat higher than those derived from 6 ~ H - C "  
the '" nmr 

data, although the correct preferred conformations Results and Discussions 
are given by both types of coupling constants. In 

Spectral Atialysis view of the extensive discussion in (18), it appears The computer program LAME (19, 20) gave the that 6 J H , C "  data are more reliable indicators :fF3i results ill Table 
The analysis of the l H  nmr the temperature dependence of spectrum of the substituted ring in 4-aminodiphenyl- may provide valuable confirmation of conforma- methane as a six-spin system (four ring and two tional conclusions based on 6 ~ p " , C " .  methylene protons) demonstrated insignificant cross- 

Experimental 
A 5 niol% solution of 4-aniinodiphenyl~iiethane (K&K) in 

toluene-rl,, a 5 m o l z  solution of 3,5-dibroniodiphenylmethane 
(prepared fro111 the amino compound by a standard procedure) 
in toluene-dB, and a 10 mol% solution of 4,4'-difluorodiphenyl- 
methane (Aldrich) in toluene-d8 were degassed by the freeze- 
pump-thaw technique and flame-sealed into 5 mm od sample 
tubes containing sniall amounts of tetrametliylsilane (TMS). 

The 'H nmr spectra of the substituted phenyl groups in the 
first two compounds were calibrated on an HA100 spectro- 
meter at a probe temperature of 305 K. Calibrations were 
performed in the frequency-sweep niode by repeated measure- 
ments of sweep and manual oscillator frequencies of markers 
placed at ca. 5 Hz intervals, at sweep rates of 0.02 Hz/s and a 
spectral dispersion of 1 Hz/cni. 

The 19F nnir spectra of 4,4'-difluorodiphenylmethane were 
recorded on a WH-90 spectrometer in the FT niode at 84.69 
MHz and at probe temperatures as measured by the thernio- 
couple supplied with the spectrometer. The ring proton internal 
chemical shifts are very sniall, so that the I9F nmr spectrum 
is complex. However, decoupling of the ring protons (coherent 
mode) yielded a 1 :2:  1 triplet for the I9F nmr spectrum, the 
splitting arising froni 6JnCC12,F.  This triplet was recorded at four 
temperatures between 250 and 370 K. In these experiments, 
the pulse width was 2.8 11s (tip angle -40a), the spectral width 
was 500 Hz, the acquisition time was ca. 32 s, and 32 K of 
data storage was employed. The ring proton spectrum spreads 
over 10 Hz only, so that the amplitude of the decoupling field 
could be kept small enough to prevent ofT-resonance decou- 
pling of the methylene protons, resonating 2.7 ppm to high 
field of the ring protons. The amplitude of the decoupling field 

ring coupling constants. Iterations could be carried 
out only on ring proton transition frequencies 
because the methylene protons are coupled to all ring 
protons. The 'H nrnr spectrum of 6 was treated as 
part of a five-spin system, the presence of the bro- 
mine substituents ensuring sufficient dispersion of 
the chemical shifts of the protons in different phenyl 
groups. 

Figure 1 displays the "F spectrum of 7 at 370 K 
under conditions in which the ring protons are 
decoupled. 

The Model for Intertial Rotatiori 
Because of the structure of diphenylnlethane and 

of 6 and 7, it is reasonable to assume that the main 
component of the barrier to internal rotation about 
the exocyclic C-C bond will be twofold in character. 
In terms of the hindered rotor model (21, 22), a 
vanishing barrier implies that (sin2 0) = 0.5 and, 
from [ I  1, that 6J,,".C" is 0.5 x - 1.24 or -0.62 Hz. 
If 2 is of lowest energy, a relatively large barrier 
implies (sin2 0) - 0.25 because 0 - 30°, so that 

ti,Cti becomes - 0.31 H z ,  as observed, for example, JP 
in 2,6-dichlorophenylethane (23). A small barrier 
entails 0.3 < 16JpH,C"( < 0.6. Similarly, from [2], 
0.56 < 16JpF9C"I < 1.12 in 7. The other plausible 
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FIG. 1. The l g F  spectrum of 4,4'-difluorodiphenyln~ethane 
as a ca. 10 mol% solution in toluene-rl, recorded at 84.69 MHz 
at 370 K under conditions in which the ring protons are 
decoupled. The spectral dispersion is 0.975 Hz/cm. The triplet 
spacings are both 0.879 Hz, as determined from cursor 
readings for a 32 K transform of a region corresponding to 
500 Hz. Some of the peak width may be caused by incomplete 
decoupling and (or) by nonambient temperature conditions. 

low-energy conformation, 5, implies that 6JpH,CH and 
",,F,CH lie between 0.375 and 0.5 of - 1.24 Hzand 
2.24 Hz, respectively. 

It is a simple matter to compute (21, 22) (sin' 0) 
for a range of reduced moments of inertia, of V, 
values, and of temperatures. A grid of V, and T 
values can be chosen such that linear interpolations 
between (sin2 0) values are valid for a given reduced 
moment of inertia about the assumed internal 
rotation axis. Observed J values are then matched 
to this grid. 

Coiformarion and Barrier in 6 Based on 6JpH*CH 
6~,,H.C" is -0.49, HZ in 6, yielding (sin2 0) as 

0.49,/1.24 = 0.40,. For a reduced moment of inertia 
of 2 x g cmz ((sin2 0) versus V, curves are 
insensitive to changes by a factor of two in the 
reduced moment of inertia, thereby obviating com- 
plications caused bv variations introduced bv the 

If 5 were the low-energy conformer, then a 6~ of 
- 1.24 (sin2 60" + sin2 0°)/2 = -0.46, Hzshould be 
observed for a 'rigid' conformer, that is, for a V, of 
greater than about 4 kcal/mol. The observed 6~ of 
-0.49, Hz is compatible with a situation in which 
the barrier is then about 3 kcal/mol. However, models 
of phenylethane, where V, is 1.2 kcal/mol (13, 16) 
and of diphenylmethane suggest that a large V, in 
the latter molecule is unrealistic. 

Barrier and Conformation Based on 6 ~ p F , C H  

6~ , ,F9CH in 7 is 0.80, Hz at 250 K,  rising to 0.87, Hz 
at 370 K. In Fig. 2 calculated and observed 6~ values 
are plotted versus temperature for an assumed 
ground-state conformation 2 and a V, of 1.5, kcall 
mol, using [2]. A realistic error estimate suggests 
V, = 1.5, +_ 0.25 kcal/mol. Again, 6 ~ p F , C H  at room 
temperature is compatible with a large V, and a 
stable conformer 5. However, a large V, would not 
lead to the temperature dependence plotted for 6~ 

in Fig. 2. 
It may be noted that the value of V, is one for 

which a maximum dJ/dT is expected for a hindered 
rotor model at practical temperatures and that, even 
here, a 120" temperature range leads to only a 0.07 
Hz change in J ,  i.e., dJ/dT - 7 x Hz/K. 

motion)3 the assumption of as the low- 
FIG. 2. The calculated (crosses) and observed (circles) values 

energy form implies a V2 of 1.1 I kcal/mol. Allowance of 6J,,FsC" in 4,4'-difluorodiphenylmethane are plotted versus 
for errors in 6J suggests that V, = 1.1 +_ 0.3 kcal/mol temperature for an assumed twofold internal rotational barrier 
is a reasonable estimate. of 1.55 kcal/mol, and a ground state conformer 2. 
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As noted above, V, values for benzyl derivatives 
derived from 6 ~ p H , C "  are somewhat lower than those 
based on 6 ~ p F , C H ,  while the deductions about the low 
energy conformations are the same. Because of the 
factors which may influence 6 ~ F . C H  (Is), the barrier 
based on 6 ~ p H , C H  is the more reliable one. However, 
the combined experimental error overlaps both 
values. It is clear from Fig. 2 that the temperature 
dependence of 6 ~ p F , C H  is compatible also with the 
barr~er  based on 6 ~ p H - C " .  The observed temperature 
dependence supports the gable conformation as the 
stable form. Of course, the present results d o  not 
prove that diphenylmethane behaves in the same 
manner. If, however, the ground state conformation 
and the origins of V, of all three molecules are 
determined by steric interactions between ortl~o 
C-H bonds, the results for 6 and 7 are compatible 
and d o  perhaps irnply very similar conformational 
properties in diphenylmethane. 

Long-range Co~iplit7gs over Four and Five Bonds 
It is fairly certain that %H.CH2 and 5J,,,H9CH2 in 

4-amino- and in 3,5-dibromophenylmethane contain 
both (T and (3-rt electron contributions (24). Their 
conformational dependence is not as simple as that  
of 6 ~ p H , C H 2 .  However, a rough empirical correlation 
between V2 and " J ~ ~ . ~ ~ ~  apparently occurs for some 
benzyl derivatives (25). In such a correlation, the 
4J0".CH2 values in Table I agree with the derived V, 
value for 3,5-dibromodiphenylmethane t o  within 
experimental error. 

Tl~eoretical Calculations 
Diphenylmethane is too large for ab initio cal- 

culations a t  the S T 0  3G level of molecular orbital 
theory, a t  least as used in this laboratory. However, 
I N D O  M O  computations (26), using a standard 
geometry (27) and a 3701168 IBM system, gave 3 and 
5 respectively as 1.99 and 1.07 kcal/mol less stable 
than 2, in qualitative agreement w ~ t h  the conclusions 
above. 

Molecular mechanics calculations on diphenyl- 
methane are not feasible because of an unknown 
crucial torsional potential., 

Conclusions 

It seems probable that the gable conformat~on,  2, 
of diphenyl~nethane is the stable conformer In 
so lu t~on and that the twofold barrier to  rotation 
about the exocyclic C-C bond is 1.3 0.4 kcal/mol. 
Confirmation of this likelihood by other means is 
desirable. 

Manipulation of models and considerations of the 
molecular symmetry emphas~ze, of course, that the 
actual motion about the C-C bond is more complex 

*N. L. Allinger. Private communication. 

than would be inferred from a simple twofold 
potential and, therefore, that higher terms in a 
Fourier series expansion of the potential barrier may 
be significant. The present data allow no estimate of 
such terms. However, the strong indication of 2 as 
the ground state may be of help in future attempts 
to  characterize the internal rotation more fully by 
vibrational and (or) rotational spectroscopies (28). 
The present implication, that the methyl and phenyl 
groups are similar in their steric demands during 
rotation in phenylethane and diphenylmethane, has 
its counterpart in other compounds (29). 
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Fluoride ion promoted synthesis of alkyl phenyl ethers 

JACK M. MILLER'  A N D  K.  H.  SO 
Deporttnrtrt of C l ~ o ~ r i s t r y ,  Brock Urlico..$if.v. St. Ctrrl~trritrrs, Otrt., Crrrltrrio L 2 S 3 A I  

A N D  

JAMES H. CLARK 
Deptrr.tr,rerrt tfCllrr,ri,rry, Ur i i~ .cr .s i t~~ of York, Yor.X YO1 5 D D ,  Er~glorrri 

Received November 14, 1978 

JACK M. MILLER, K. H. SO, and JAMES H. CLARK. Can. J. Chem. 57, 1887(1979) 
Tetraethylammonium fluoride in diniethylformamide promotes the alkylation of phenols 

with alkyl iodides and benzyl chloride to  provide good yields of alkyl phenyl ethers. A number 
of phenols have been investigated including examples of  sterically hindered phenols, phenols 
containing anion stabilising groups, and intramolecularly hydrogen bonded phenols, the nia- 
jority of which react smoothly and efficiently in the fluoride system. 

JACK M. MILLER,  K. H.  SO et JAMES H. CLARK. Can. J .  Chem. 57, 1887(1979). 
Le fluorure de tCtraCthylamnionium dans le dimethylformamide favorise l'alkylation des 

phenols par les iodures d'alkyles et le clilorure de benzyle conduisant a des phenoxyalcanes. 
On a etudie un certain nonibre de phenols, y compris des phenols stkriquement empCchts, 
des phenols contenant des groupes stabilisant I'anion et des phenols comportant des liaisons 
hydrogene; ces composes reagissent generalenient facilement et d'une maniere efficace dans 
le systeme au fluorure. 

[Traduit par le journal] 

Introduction 

The preparation of alkyl phenyl ethers is an 
important synthetic reaction which is usually 
acco~nplished by the alkylation of the phenoxide ion 
although numerous modifications of the familiar 
Williamson synthesis have been developed (1)  in- 
cluding those en~ploying diazomethane (for methyl- 
ations) (2), phase-transfer catalysis (3), tetraalkyl- 
ainmonium phenoxides (4), sodiuill hydride (5), and 
an~on-exchange resins (6). 

We now wish to  report results on the use of 
fluoride ion as the base in the alkylation of a variety 
of phenols with alkyl halides. The simplicity and 
efficiency of the fluoride ion method has been 
demonstrated for inany typically base-assisted reac- 
tions (7-1 3) and it is desirable to  test its effectiveness 
in the synthesis of alkyl phenyl ethers. Furthermore, 
the role of the fluoride ion has been shown to  often 
depend on its ability to behave as a powerful 
hydrogen bond electron donor (7-9) and the im- 
portance of hydrogen bonding in controlling the 
course of phenol alkylations is well established 
(14, 15). 

Experimental 
' H  nmr spectra were recorded in CDC13 with a Varian A60 

(60 MHz) spectrometer (SiMe4 standard). Mass spectra were 
determined with an AEI MS-30 double beam mass spec- 

'To whom all correspondence should be addressed. 

trometer. Infrared spectra were recorded on  Perkin Elmer 
237B and 735 spectrophotometers. 

A solution of tetraethylammonium fluoride was prepared by 
neutralisation of 2 0 2  aqueous tetraethylanimoniuni hydroxide 
with 48% aqueous hydrofluoric acid. The phenols and alkyl 
halides were conin~ercial grade samples used without further 
purification. 

Reactior~x 
The technique used in each reaction was the same. Most of 

the reactions were carried out at room temperature (see 
Table I). All products are known conipounds and gave ' H  
nmr, ir, and mass spectra consistent with their structure and, 
where reported data is available, consistent with those reported 
in the literature. Details of a representative preparation a re  
given below. 

Pr.eparatior~ of Berliyl2-Nitro Pller~yl Ether 
An aqueous solution of tetraethylaninioniuni fluoride 

(0.02 molar equiv.) was placed in a round-bottomed flask 
immersed in a boiling water-bath and connected via a splash- 
head, tap, and trap to a n  efficient water pump. The system was 
maintained at  10-20 Torr  for ca. 0.5 h or until a white solid 
hydrate formed and no further ebullition was evident. 2- 
Nitrophenol (0.01 mol in 10 cm3 diniethylformamide) was 
added and the mixture was returned to the boiling water bath 
and kept under reduced pressure (10-20 Torr)  for a further 
10 niin. Benzyl chloride (0.01 niol in 20 cm3 dimethylforni- 
amide) was added and the resulting solution stirred in a closed 
flask for approximately 3 h at room temperature (ca. 20°C) a t  
which point sampling and l H  nnir analysis showed no  starting 
material remaining. Diethyl ether (200 cm3) a n d  water 
(100 cm3) were added to the reaction mixture and after 
vigorous shaking, the aqueous layer was washed with ether 
(2 x 100 cm3) and the combined ethereal layers were then 
washed with equal volumes of water (3 x )  so  as to remove the 
dimethylformamide, dried over anhydrous M g S 0 4  and  

0008-4042/79/141887-03$0 1 .OO/O 
0 1 9 7 9  National Research Council of CanadalConseil national de recherches du Canada 
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1888 CAN.  J .  CHEM. VOL. 57. 1979 

evaporated on a rotary evaporator to give a yellow liquid. 
Purification on a basic alumina colulnn using pentane as 
eluent gave benzyl 2-nitrophenyl ether (1.9 g, 0.0083 rnol, 
83%) oil; (lit. (16) mp 25°C); ' H  nnir 6: -7.5 (4H, rn, ring 
CH), 7.45 (SH, m, Ph), and 5.25 pprn (2H, s, CH,); ir v,: 
1520, 1350 (NO,), 1250 (Ar-0-C asym.) and 1010 cnl-' 
(Ar-0-C sym.); n ~ s  tnle 229 ( M  +). 

Results and Discussion 

The abillty of the fluoride anion to behave as a 
powerful hydrogen bond electron donor is well 
known and its strong association w~th  a variety of 
H-bond electron acceptors including H F  (17), car- 
boxylic aclds (18, 19), amines (7), and thiols (7) has 
been described. In a recent article (7) it was shown 
that phenol and fluoride formed a strong H-bond 
together resulting in a large shift of the hydroxyl 
stretching band in the ir (Av,(OH) - 1000 cm- I). 
The strongly H-bonded fluoride-carboxylic acid 
systems have been shown to behave as powerful 
sources of the carboxylate anion (20) and it seemed 
reasonable to assume that fluoride-phenol systems 
might behave in a similar manner. On treating 
phenol-tetraethylammonium fluoride with methyl 
iodide, ethyl iodide, or benzyl chloride in dimethyl- 
formamide solution, reaction occurs generally at 
room temperature to produce the corresponding 
alkyl phenyl ether. Ylelds are generally good (Table 
1) and compare favourably with those obtained by 
classical and more recent methods. There is no 
evidence for the formation of any side products in 
the listed reactions and the isolation of pure products 
is simple and straightforward. The tetraethyl- 
ammonium iodide or chloride, bifluoride and any 
unreacted fluoride may be recovered in aqueous 
solution and the whole regenerated into the fluoride 
form by passing through an ion-exchange column. 

It was of interest to extend the utility of the present 
method to the etherification of isomeric nitro- 
phenols and of highly hindered phenols. 

Alkylatlon methods involving initial formation of 
the phenoxide ion may prove unsatisfactory in the 
cases of 2- and 4-nitrophenols because of resonance 
stabilisation in the nitrophenoxide anions effectively 
lowering the nucleophilicity of those ions. The 
direct alkylation of phenols by the use of phase- 
transfer catalysis does not suffer from this drawback 
(3). We have found that the times required for 
alkylation of these nitrophenols using tetraethyl- 
ammonium fluoride are comparable or less than those 
required for alkylation of unsubstituted or methyl 
substituted phenols. The results of the alkylation 
of 2- and 4-nitrophenols using Et,NF/DMF (ca. 3 h, 
70-83%) would seem to be comparable to those using 
NaOH/R4NBr/CH2Cl2/H20 (2-12 h, 79-83%-only 
methylations reported) (3). 

TABLE 1. Preparation of alkyl phenyl ethers (ArOR)" 

Alkylating Ether 
Phenol agent yieldb (%I 

OAII of the reactions were carried out  in dimethylformamide using ca. 
0.01 molar equiv. of phenol, 0.01 molar equiv. alkyl halide, and 0.02 molar 
equiv. tetraethylammonium fluoride at room temperature (unless otherwise 
noted) and were complete in 2-24 h. 

blsolated yield. 
<At 100°C. 

The esterification of 2-hydroxyacetophenone was 
also found to proceed rapidly in the fluoride system. 
Indeed the reactions with methyl and ethyl iodide 
were complete in less than 2 h, precipitation of tetrp- 
ethylammonium iodide being evident on addition of 
the alkyl iodide to the DMF-phenol-fluoride solu- 
tion. This phenol fails to react with the powerful 
methylating agent, diazomethane (21), and this has 
been explained as being due to intramolecular 
H-bonding between the hydroxyl and carbonyl 
groups (22). The fluoride anion is a considerably 
more powerful H-bond electron donor than the 
carbonyl group and should readily break the intra- 
molecular H-bond (23) enabling rapid alkylation. 

Attempted alkylation of the 2,6-disubstituted 
sterically hindered phenols shown in Table 1 failed 
to give satisfactory yields at room temperature; 
however, on raising the temperature of the reaction 
mixture, good yields were obtained. 

As with 2- and 4-nitrophenols, attempted alkyla- 
tion of such sterically hindered phenols by initial 
generation of the phenoxide ion may provide less 
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MILLER ET A L .  1889 

than satisfactory results and more direct methods 
such as phase-transfer catalysis are preferred (3). 
Our method would again appear to offer a reason- 
able alternative. 

In the reactions of 2,6-di-tert-butylphenol with 
alkyl halides in the presence of fluoride, products 
resulting from 0-alkylation, C-alkylation, and 
phenol oxidation were recovered. Kornblum and 
Seltzer observed comparable mixtures in their in- 
vestigations of the alkylation of the potassium salt 
of this phenol (24). These were the only reactions 
that we investigated where other than 0-alkylation 
occurred. Further work on the nature of these reac- 
tions, in particular with special reference to the 
autoxidations, is underway and will be discussed 
elsewhere. 
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Application of photoelectron spectroscopy to substituent effects. Conformational analysis 
of some flexible allylic ethers and alcohols 

R. S. BROWN, R. W. MARCINKO, A N D  A. TSE 
Dcparttnrr l t  of Chc,~?ristry, Uni~.cait?l of Alhertn, Edttrotltotl, Alto., Cotrodo T6G2G2 
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R. S. BROWN, R. W. MARCINKO, and A. TSE. Can. J. Chem. 57. 1890(1979). 
He(1) photoelectron (pe) spectroscopy is applied to determine the preferred gas phase con- 

formations of a limited number of flexible allylic ethers and alcohols. Based on earlier observa- 
tions that the n-ionization energy is increased more when the allylic C-0 bond is coplanar 
(with the n-system) than when it is perpendicular, the pe spectrum of cis and tratw-4-tert- 
butyl-2-cyclohexanol and their corresponding ethers, and 5cc-hydroxy(and methoxy)-l0cc-A3- 
octalin have been determined. The results indicate that when a coplanar arrangement of the 
allylic C-0 bond can be attained, it is preferred, leading to a favored conformation of the 
allylic alcohol or ether. 

R. S. BROWN, R. W. MARCINKO et A. TSE. Can. J. Chem. 57, 1890 (1979). 
On a applique la spectroscopie photoelectronique (pe) He(1) pour determiner les con- 

formations privilegites en phase gazeuse d'un nombre limite d'alcools et d'kthers allyliques 
flexibles. On a determine les spectres pe des tert-butyl-4 cyclohexene-2 01s cis et trans et de 
leurs ethers correspondants ainsi que ceux des hydroxy (et methoxy)-5cc 10cc-octaline-A3. Des 
observations anterieures permettant de prtdire que I'tnergie d'ionisation n est plus elevee 
lorsque la liaison C-0 allylique est coplanaire (avec le systtme n) que lorsqu'elle est per- 
pendiculaire, on peut deduire de nos resultats que s'il est possible, I'arrangement coplanaire est 
prefer6 et qu'il en rCsulte une conformation privilegiee pour I'alcool ou de ['ether. 

[Traduit par le journal] 

Introduction the n-bond considerably less than in the models in 

For some time we have been interested in  applying which the al1y1ic C-X was with the 

the techniques of photoelectron spectroscopy (pes) to (4 and 5, (la). Because there seemed be a 

substituent effects (1). Prompted by calculations (2) 
which suggest that molecules of the type X-CH2-Y 
(I) are stabilized by a bond - no bond resonance form 

. . 
X - X  & X %p+ H H 

1 

when X and Y are electronegative groups such as 
OR, OH, NH,, F, and C1, we set out to determine 
whether this phenomenon was experimentally ob- 
servable by pes. Two important consequences of 
structures such as 1 require that (a) the 'lone pair' 
and the C-X bond be coplanar f o ~  maximum effect 
and (6) the pair of electrons on Y should be more 
difficult to ionize when coplanarity is achieved than 
when the C-X bond is orthogonal. We first sought 
to probe the ionization energy (ip) of a n-bond 
(group Y )  as a function of the orientation of a single 
electronegative allylic group (X). 

From the models in which the allylic substituent is 
orthogonal (or nearly so) to the n-bond (2 and 3) 
changing from a to b or c within a series stabilized1 

'In this context the term 'stabilized' means an increase in 
ionization energy (3). 

- X 
X 

4 5 
cr x = H, b X = OH, c X =  OCH, 

clear orientational effect it appeared possible that one 
might be able to use the technique to determine the 
orientations of similar substituents in systems which 
were not as conformationally rigid as 2-5 provided 
suitable model compounds were available. Com- 
pounds 6 and 7 which contain an anchored cyclo- 
hexene with an allylic pseudo-axial and pseudo- 
equatorial (vide infra) substituent and octalin 8 which 
can potentially exist in two conformations having the 
allylic C-X bond coplanar with (8) and orthogonal 
to (8') the n-bond came to mind. The following 
reports the findings of this study. 

0008-4042/79/14 1890-07$0 1 .OO/O 
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BROWN ET AL. 1891 

8 8' 

cr X = H, h X = OH, (. X = 0CH3 

Results 

Compounds 6 and 7 can be prepared in routine 
fashion (see Experimental) and are easily charac- 
terized. An attempt to establish the dihedral angle 
between the allylic niethine hydrogen and adjacent 
vinyl hydrogen in 6/74 and 7b,c, and by inference the 
dihedral angle between the n-bond and C-OR by 
' H  nnir coupling constants, proved fruitless and no 
solution or gas phase data on this problem appear 
available. 

Octalin 8a (X = H) is to our knowledge an un- 
reported material, and since it serves as a key parent 
compound with which to compare 86 and 8c, it is 
important that its structure be on firm ground. Its 
method of synthesis via a Clemmensen reduction (4) 
of the corresponding a,P-unsaturated ketone (9) (5) 
could potentially have given 8a, 10 (cis or t m w ) ,  11, 
and 4a (which was produced in 10z yield and 
identified by comparison with an authentic sample 
prepared by an independent route ( la))  (Scheme 1). 

' H  nmr data for the major olefinic fraction showed 
two vinyl hydrogens centred at 6 5.52 (inconsistent 
with 11) and anlbiguously supported 8a. I3C nmr 
spectroscopy indicated that the two vinyl carbons 
were separated by about 7 ppm (132.09 and 125.34 
ppm respectively in CDC1,) and appeared as doublets 
when proton coupled, again inconsistent with 11. 
The large chemical shift difference for the vinyl 
carbons is more appropriate for 8a  than 10 (6) but 
independent proof was sought by chemical degrada- 
tion according to Scheme 2. 

Ozonolysis of8a  (7) followed by Jones oxidation of 
the presumed dialdehyde intermediate 12 and 

finally treatment with diazomethane gave, after 
chromatography over silica gel, diester 13 in good 
yield. Integration of the a-hydrogens in 13 (which are 
well separated from the aliphatic resonances) relative 
to  the methoxyl singlets clearly indicated a ratio of 
1 : 2 as expected if the starting olefin had been 8a.2 

The vertical ionization energies as well as the - 
appropriate assignments for compounds 6 8  and for 
comparison purposes 3-5 ( la)  are presented in 
Tables 1 and 2. Table 3 lists the same data for the 
saturated counterparts which were prepared as an aid 
to  assignment. Photoelectron spectra of selected 
examples 3c and 5c and 6c and 7c are displayed in 
Figs. 1 and 2, while Fig. 3 illustrates the observations 

( I )  O,, -78°C 

I ( I )  Jones oxidation 
( 2 )  CHlNl 

for 8a-c. The assignments for 3-5 have been de- 
scribed (1 a) and those for 6 8  were made analogously. 
Assignment of the n g ,  peaks in the allylic alcohols 
and ethers were made on the basis of which band 
moved markedly to  lower binding energy on substi- 
tution of a CH,  for H ;  the remaining band was 
assigned t o  the 7c-ionization. Comparison of the 
spectra of the saturated and unsaturated analogues 
confirmed the assignments. 

A observation in these and related systems 
(8) is that two electronegative groups have increased 
ip's when they are together than when they are inde- 

ZA sniall sample of a mixture of 40 and 80 when ozonolized 
according to the route in Scheme 2 gave two isomeric diesters, 
one the same as 13 and one very slightly different in terms of its 
200 MHz ' H  nmr spectrum. 

3Conjugative and inductive effects operate simultaneously to 
produce the observed spectra. For a system of two interacting 
non-degenerate orbitals centred on electronegative groups, the 
lower lying orbital experiences reinforcing conjugative and 
inductive effects, while the upper orbital may be stabilized 
inductively but destabilized conjugatively by through-space o r  
bond mechanisms. The na, orbitals of 4c and 8c are cases in 
point when compared with their saturated analogues in 
Table 3.  
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TABLE I. Vertical ionization energies (ip) and assignments for compounds 3,5, 6, and 7 

Vertical ionization energies (eV) 

Compound  OR x Aip"sb 

e a X = H  9.09 0.0 
b X = O H  10.15" 9.18 0.09 
c X = O C H 3  9.55 8.97 -0.12 

3' 

OAll values are the averages of a t  least three runs and have a precision of k0.02 eV unless otherwise noted. 
bcalibrated against argon; Aip = ipn(compound) - ipn(paren1 olefin). 
=Reference l a .  
dTentatively assigned; appears as  a well-defined shoulder on the edge of the o-envelope. 
'Precision of lt- 0.03 eV. 

TABLE 2. The vertical ionization energies and assignments for some I-methyl-5-substituted A3-octalins 
(4 and 8) 

Vertical ionization energies (eV)"sb 

Compound no, 77 Aip 

a X = H  8.92 0 . 0  
b X = O H  9.58 9.35 0.43 
c X =  OCH, 9.00 9.34 0.42 

OValues are reported lo a precision of  ? 0.02 eV and are averages of at  least three runs. 
bAip = ipn(compound) - ipn(parent olefin). 
CReference la. 

pendent; each group apparently stabilizes the other electronegative groups such as OH and OAc (9) (for 
but not necessarily by equivalent amounts. a different interpretation see ref. lo), C1 ( l l ) ,  and Br 

(11, 12) tend to favor a pseudo-axial form in con- 
Discussion trast to their well-known equatorial preference in the 

It has been determined that for 3-substituted cyclohexane series (13). A similar preference for 
cyclohexenes in the half-chair conformation (14) axial over equatorial orientations exists in cases 

where an electronegative group occupies the 2- 
H position of a tetrahydropyran and has been termed 

= $?=, the anomeric effect (14). Explanations for the effect in 
H X terms of dipole-dipole interactions (14a,g) and more 

Pseudo-axial Pseudo-equatorial recently electron-delocalization of n (or x) electrons 
14 into the adjacent electronegative X-C o*-orbital 
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TABLE 3. Vertical ionization energies for the n6, orbitals of 
saturated analogues of con~pounds 4, 6,7, and 8 

Vertical ip 
Compound ns," (eV) 

X = OH 9.82 
X = OCH, 9.36 

H 

<Average of at  least three runs. Precision of i 0.02 eV or  better 
bReference la. 

(2b,c, 12, 15) have been advanced. Recently Lessard 
et al. (12) have determined a preference for a 
pseudo-axial conformation of the electronegative 
substituent in some cyclohexenes and methylene 
cyclohexanes and interpreted their data in terms of 
a double bond - no bond resonance form as illus- 
trated in 15. 

Model compounds 3c and 5c are anchored in a 
single chair conformation (16) and orient the allylic 
OCH, group so it is nearly4 orthogonal to (in 3c) and 
coplanar with (in 5c) the n-bond. Correspondingly 
the pe spectra (Fig. I) and data (Table 1) indicate the 
n-bond in the trans isomers (5b,c) is markedly 
stabilized' relative to the parent (3a) while that in the 
cis isomers (3b,c) shows only a small stabilization (3b) 
and net destabilization (3c). Analogously, cyclo- 
hexenes 6 and 7 (Fig. 2) show similar trends in that 
the pseudo-axial substituent in 76,c stabilizes the 
rt-bond far more than it does when it is pseudo- 
equatorial (6b,c). Although the term 'pseudo' does 
not allow a quantitative measure of the dihedral 
angles (8 and 4 in 16 and 17), molecular models seem 
to  indicate that 0 is likely to  be smaller than 4, 

4From Dreiding models the C-OR bond in 3 is some 10" 
from orthogonality while in 5 it is roughly 20-30" from co- 
planarity with the x-bond. Conjugative interactions are pro- 
portional to the overlap s,-,* which is itself dependent on the 
cosine of the dihedral angle. A 30" distortion from coplaparity 
still leads to 87% of the maximum conjugation (17). 

FIG. 1. The pe spectra of cis- and t1.crtis-2-methoxy-4-tert- 
butylmethylenecyclohexane (3c and 5c) using argon as an  
internal calibrant. 

allowing a better overlap between the C-OR o"- 
orbital and rt in 16. The models clearly cannot ac- 
count for torsional and subtle non-bonded effects but 
the similarity of the pe spectral data between the 
anchored models (3 and 5) and flexible systems (6 and 

7) to us indicates that the dihedral angles must be 
similar in the two comparison series. 

A more interesting example comes to  light in the 
examination of the pe spectra of 8a-c shown in 
Fig. 3. Temperature dependent 13C nmr spectra o f8a  
reveal a roughly 1 : 1 ratio of 8 a  and 8a' (18) and the 
observed gas phase pe spectrum is probably a resul- 
tant  of some equilibrium distribution of the two. The 
sharpness of the rt-ionization for 8a, however, suggests 
that even if both conformations are present, their pe 
spectra must be very similar. The quoted value in 
Table 2 for the n-ionization energy of the trans 
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IONIZATION ENERGY (ev) 
FIG. 2. The pe spectra of cis- ant1 11~ntrs-3-1nethoxy-6-ter1- 

butylcyclohexene (7c and 6c) using argon as an internal 
calibrant. 

isomer 4a is identical to that of the cis isomer and 
indicates that the n-ionization energy is not very 
sensitive to the orientation of an allylic H, or alkyl 
substituent. 

On the other hand solution phase 13C nmr data 
reveal that the ratio of 8b:8'b and 8c:8'c is 5 :  1 and 
6 : l  respectively (18); in other words when the 
electronegative substituent is present, the conforma- 
tion adopted is the one which aligns the n- and 
C-OR bonds. The large stabilization of the rt-bond 
in 8b and 8c of 0.34 and 0.42 eV respectively (relative 
to 8a) is reminiscent of that observed in the rigid 
colinear trans series 4a -, 46 -+ 4c and supports a 
dominant colinear conformation in the gas phase. 
Were the dominant conformation really 8'6 (8'c), a 
much smaller n-stabilization (or perhaps even 
destabilization) would have been observed (la). 

The present examples seem to indicate that in 
cases where one has an allylic alcohol or ether, 
interaction between n and (3" (C-OR) is sufficient to 
stabilize one of the possible conformations, perhaps 

IONIZATION ENERGY (eV) 

FIG. 3. The pe spectra of Sa-substituted-IOU-niethy l-A3- 
octalins (8ri-c) using argon as an internal calibrant. 

due to a hyperconjugative interaction which re- 
quires coplanarity of the orbitals (12, 15). For 
example, according to models, the pseudo-axial and 
equatorial orientations (16 and 17) can attain similar 
dihedral angles with little e f f ~ r t , ~  and yet a stabilizing 
n-(3 * interaction in 16 could favor a 'more' axial 

orientation leading to the observed pe spectrum. In 
order for the pseudo-equatorial isomer (17) to 
maximize the stabilizing n-0:': interaction, the 
molecule is forced to assume an unfavorable twist 
boat conformation. 

Several literature examples seem to indicate that 
the pe observations may be general. For example, 
when compared with propene (nip = 9.88 eV (19)), 

'Dreiding models obviously cannot assess torsional and non- 
bonded interactions which contribute to the stability of the 
adopted conformation. 
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ally1 fluoride, chloride, and bromide show nip 's  of 
10.56, 10.34, and 10.18 eV respectively (19). Allyl 
fluoride and chloride have been said to exist pre- 
ferentially in confornlations which align the C-X 
bond with the n-system (20), although conflicting 
data for the fluoride have been reported (21). The pe 
observations are consistent both with electronega- 
tivity arguments and a hyperconjugative n-o" 
interaction, but only the latter explanation requires 
coplanarity. 

Allyl alcohol also adopts a preferred confornlation 
in which the C-OH bond is nearly coplanar with the 
n-system (22). Photoelectron data show the xi ,  
(10.22 eV (23)) to be 0.34 eV greater than the parent 
propene (19), close to the stabilization found for the 
coplanar alcohols found in Tables I and 2. 

Conclusions 

For these selected flexible allylic alcohols and 
ethers, pe spectroscopy indicates that in the gas 
phase the molecules prefer to adopt a conformation 
which aligns the n and adjacent C-OR a-bond. 

Experimental 
Photoelectron spectra were determined using a Mac- 

Pherson 36 ESCA spectrometer and were calibrated using 
argon or nitrogen as a n  internal calibrant. The  resolution on  
the argon 2P,,2-2P3,Z lilies was commonly 25-35 ~ n e V  during 
operation. Linearity of the spectrometer for electron kinetic 
energies between 17 and 7 e V  was ensured by independent 
runs using argon and niethyl iodide and was found to vary no  
more than 0.01 eV. Spectra are computer stored in 1006 
channels for a 10 eV scan and peak positions were deterniined 
from an intensity vs. channel number listing. Each value re- 
ported is a n  average of at least three independent runs, and has 
a precision of i. 0.02 eV unless otherwise noted. Routine ir and 
' H  nrnr spectra were recorded on  a Nicolet 7199 FT-IR 
spectrophotorneter and a Varian Associates HA-I00 spectrom- 
eter. Melting and boiling points are u~icorrected. 

cis cit~rl trans-4-tert-Birfyl-2-cyc.loI1exe11-I-ol (7b cttrd 6b)  
Seven grams of a 3:7 niixture of7b and 66 (24) were chroma- 

tographed over 350 g of grade 111 alumina as published (25) to  
give 0.9 g of pure 70, mp 51-54,C (froni petroleum ether) 
(lit. (21) mp 44-49 'C) and 6 g of mixture. The ft.nt~s isomer (66) 
was obtained by a published procedure (26) froni 9 g of a 3: 7 
niixture of 71) and 6b to  give 2.5 g of 6b, m p  32-34°C (lit. (26) 
mp 31-32°C). 

cis-2-Meflios)~-6-tert-b~1f)~Ic~~cIoI1evet1e (7c) 
Alcohol 7b (0.25 g, 1.49 x 10-3 mol) was rnethylated (27) 

to give after final ~iiicrodistillation (70-8O0C/14 Torr) 0.170 g 
(63%) of 7c; 'H nmr (CDCI,) 6 :  0.89 (s, 9H), 1.20-2.20 (m, 
SH), 3.32 (s, 3H), 3.44-3.70 (m, IH),  5.78 (s, 2H). Atral. calcd. 
for C , , H Z o O :  C 78.57, H 11.90; found: C 78.43, H 11.99. 

trans-3-iCfe/liosy-6-tert-brrrylcycIoIrexet1e (6c) 
Methylation (27) of 0.5 g (2.98 x lo- ,  mol) 66 gave after 

niicrodistillation (80'C/12 Torr) 0.40 g (74%) of 6c; ' H  nmr 
(CDCI,) 6 :  0.88 (s, 9H), 1.12-2.40 (ni, SH), 3.36 (s, 3H), 3.60- 
4.00 (m, 1 H), 5.78 (b s, 2H). Atrnl. calcd. for C L L H z o O :  C 78.57, 
H 11.90; found: C 78.51, H 12.11. 

I O-Me/lr~~l-cis-3-ocfolitr (8a)  
Five grams (0.03 niol) of 10-methyl-4-octalin-3-one (9) (5) 

was added to amalgamated zinc (prepared from 6.1 g (0.03 
mol) of granular zinc) in a solution of water (6.1 niL) and 
concentrated hydrochloric acid (6.4 mL) according to the 
procedure of Davis and Woodgate (4). After refluxing for 3.5 11, 
the mixture was cooled and extracted with ether which was 
subseque~itly dried (MgSO,), filtered, and evaporated to  
yield 4.0 g (88% crude yield) of viscous brown oil which proved 
to be a niixture of 8ci and its fi.ntis isomer 4ct in a 10: 1 ratio. 
Preparative glpc (16 ft x 318 in. - 20% DEGS on  Chrom. 
WAW-DMCS (80-100 mesh)) gave first the major isomer (80) 
which was collected and microdistilled (501C, 5.0 Torr) to give 
a clear liquid; 'H  nmr (CDCI,) 6 :  0.94 (s, 3H, 10-CH,); 
F o ~ ~ r i e r  transform ir (Ftir) (cast film): 3005, 2920, 2850, 1450, 
1378, and 775 cm-I .  E,vcicf Mtr.ts calcd. for C ,  , H I , :  150.1409; 
found : 150.1405. 

Degrnclnfion of8a lo  Diesre, 13 
Twenty-five milligrams (1.67 x lo-' niol) of olefin 8ci was 

collected by preparative glpc a s  described above and ozonized 
(7) in 25 1nL dry CHICI2 at - 7 8 C  until the solution turned 
blue. After flushing the solution with O 2  to remove excess 
ozone, 1 mL of dimethyl sulfide was added and the mixture 
stirred 2 h at 25 'C.  The mixture was then extracted with HzO,  
dried over N a Z S 0 4 ,  and evaporated. The  residue in 5 rnL 
acetone was oxidized by the addition of Jones reagent, worked 
LIP by tlie addition of H,O, and extracted with CHzClz  which 
was subsequently dried over Na,SO,. Evaporation produced a 
second residue which was niethylated with C H z N z  in ether, 
and after ether removal, tlie residue was chromatographed 
over silica gel using 19: 1 petroleuni ether - ether to yield 11.4 
mg of diester; 200 MHz, IH nmr (CDCI,) 6 :  0.95 (s, 3H), 
2.12-2.40 (m, 3H, (a-H's)), 3.64 (s, OCH,), 3.66 (s, OCH,); 
Ftir (cast film): 1739 c m - I .  E,vncf M(i.~.r calcd. for C,,H,,O,: 
242.1518; found: 242.1511. 

5a-H)~cli~osy-lOa-1~refI1)~l-3-oc/nlitr (8b) 
A mixture of 80 and its /1.cttrs isomer 46 was prepared a s  

described (10) and separated by preparative tlc (silica gel 
(1 mm), pentane-ether, 4:  1) and the band of higher RC value 
collected. Microdistillation (9OSC/1 Torr) gave a clear liquid; 
' H  linir (CDCI,) 6 :  1.00 (s, 3H, 10-CH,) 5.6 (m, 2H, olefinic 
H);  Ftir (cast filni): 3445, 3010, 2920, 2850, and 1445 cm-' .  
E,vncr M(isscalcd. for C ,  , H I g O :  166.1358; found: 166.1356. 

5a-H)~clt~os)~-lU~-t~refI1)~IclecciIiti 
Hydrogenation of 115 nig of 80 (50 niL dry ether, 5 drops 

triethylaniine, 400 nig 5% Pd-C) at  50 psi for 120 h followed 
by work-up (as described for its rt.ntr.s isomer (In)) yielded after 
niicrodistillation (100-C/3 Torr)  97 ~ i i g  (83%) of a clear 
liquid; ' H  nmr (CDCI,) 6 :  0.97 (s, 3H, 10-CH,), 1.4 (ni, 17H); 
Ftir (cast film): 2930, 2860, and 1449.7 cm- l .  Esncf Mciss 
calcd. for C, ,H, ,O: 168.1509; found: 168.1514. 

5a-Mefliosy-IUa-t~ieflryl-3-ocf(ilitr (8c) 
Methylation (27) of a mixture (l.Og, 9 x mol) of 8b 

and its ftntrs isomer (46) yielded after work-up 0.95 g (88%) o f  a 
viscous yellow oil containing both allylic ethers. Preparative 
glpc ( I6  ft x 318 in., 10% polyphenyl ether on  Chronl. WAW- 
D M C S  (80-100 mesh)) gave a s  a major component having a 
longer retention time 8c which was collected and micro- 
distilled (9SLC/7 Torr)  to give a clear liquid; ' H  nmr  (CDCI,) 
6 :  0.97 (s, 3H, 10-CH,), 3.19 (s, 3H, 5-OCH,), 5.7 (m, 2H, 
vinyl H) ;  Ftir (cast film): 2930, 1377, 1277, 1085~111-'. 
Esncf Moss calcd. for C,,H,oO: 180.15 15; found: 180.1513. 

5a-Meflros~~-IOa-t~1e1I1~~I~lec.oli,r 
Hydrogenation of 8c (100 ~iig,  5.5 x lo-' mol) in 40 m L  
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dry ether containing 6 drops of triethylamine and 400 mg of 
5% Pd-C was carried out at 50 psi over a period of 5 days. 
Work-up (similar to that reported for the trntzs isomer (la)) 
and microdistillation (80°C/5 Torr) gave 95 mg (94%) of 
liquid; ' H  nrnr (CDCI,) 6 :  0.94 (s, 3H, 10-CH,), 1.5 (s, 16H, 
niethylene protons), 3.09 (s, 3H, 5-OCH,). Exact Mass calcd. 
for C,,H,,O: 182.1672; found: 182.1671. 

3-tert-B~itylcyclol~exene (7a) 
Prepared by the published procedure (28). 

cis (1t2d trans-4-tert-B1~~ylc~~clol1exat~oI 
Seven grams of commercially available material (4:1, 

trans:cis) was separated as reported (29) to give 1.2 g cis, mp 
82-83'C (lit. (29) nip 81-82°C) and 2.6 g tratzs, mp 81-82°C 
(lit. (29) rnp 80-81°C) as well as 3 g of mixture. 
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Polymerisation of the 3-halogenomethyl-5-methyl(or 5-pheny1)-3'(St)-methyl-1,St(3')- 
dipyrazolylmethane. Synthesis of new macrocyclic systems 
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ALAIN FRUCHIER, ABDELKRIM RAMDANI, and GEORGES TARRAGO. Can. J .  Chem. 57, 1897 
(1979). 

The study of the polymerisation of the 3-halogenomethyl-5-methyl(or 5-pheny1)-3'(5')- 
methyl-] ,5'(3')-dipyrazolylmethane allowed the isolation of five new macrocyclic compounds 
with four or six pyrazole rings. Their structures have been determined by mass spectrometry 
and proton nmr spectroscopy. 

A scheme is proposed which takes into account the different possible orientations of this 
reaction. 

ALAIN FRUCHIER, ABDELKRIM RAMDANI et GEORCES TARRAGO. Can. J .  Chem. 57, 1897 
(1 979). 

L'etude de la polymerisation de I'halogCnomethyl-3-methyl (ou pheny1)-5-methyl-3'(5')- 
dipyrazolyl-I ,5'(3')-methane nous a permis d'isoler cinq nouveaux composes n~acrocycliques 
comportant 4 ou 6 noyaux pyrazoliques. Leurs structures ont Cte determinees par spectro- 
metrie de masse et de rmn protonique. 

Un schema reactionnel, rendant compte des differentes orientations possibles de cette 
reaction, est propost. 

Introduction 
We described in a preceding paper (1) the synthesis 

of a new macrocyclic compound of the 1,6,11,16- 
tetraazaporphyrinogen type by polymerization of a 
halogenomethyldipyrazolylmethane. 

Nevertheless, the poor yield (about 1 5 z )  with 
which we obtained the first compound led us to  study 
the other products formed during this reaction. 

Experimental 
The polynlerisation has been effected by heating for 2 h at  

100°C the 3-halogenomethyl-3',5'-dimethyl-l,5'-dipyrazolyl- 
methane, In, and the 3-halogenomethyl-3'-methyl-5-phenyl- 
1,5'-dipyrazolylmethane, 16, in dimethylformamide in the 
presence of potassium iodide. After solvent concentration, the 
residue was chromatographed on alumina. Physical properties 
of isolated compounds are given in Table 1 .  Their structures 
have been determined essentially by 100 MHz proton nmr 
analysis. 

Me, R , 

I n  R = methyl 
Ih R = phenyl 

Mass spectra were recorded by M. Guiraud on the JEOL 
JMS-D-100 spectrometer of the Laboratoire de Mesures 
Physiques of U.S.T.L. in Montpellier. 

Proton nmr spectra were obtained in the same laboratory 
using a Varian HA-100 spectrometer. Concentrations were 
about 10% by weight in deuteriochloroforni and the chemical 
shifts are expressed in 6 units from TMS. When they have been 

'To whom all correspondence should be addressed. 

measured, coupling constants are given, in hertz, in paren- 
theses. 

Results 
In the polymerisation of each of l a  and l b ,  the 

compound with the largest R, has an mle value 
corresponding to a macrocyclic ring with six pyrazole 
rings (Table 1). Theoretically, four isomers of this 
type can be obtained but only two of them were 
isolated. 

The first compound, when R = methyl, shows two 
methyl signals of equal intensities which indicate a 
symmetric structure. The signal at 2.10 pprn belongs 
to a 5-methyl group of a pyrazole ring (2) coupled 
(J = 0.6 Hz) with the close H, whose signal appears 
a t  5.82 ppm. The other methyl signal at 2.17 pprn 
shows no measurable coupling and is characteristic 
of a 3-methyl pyrazolic group, the corresponding H, 
signal being at 5.79 ppm. Two methylene signals are 
also observed (5.23 and 5.34 ppm) but their assign- 
ment is not possible. This spectrum is only compat- 
ible with the symmetric structure 2a. 

When R = phenyl, only one methyl signal is 
observed at 2.14 pprn which belongs to 3-methyl- 
pyrazolic groups (no measurable coupling but the 
signal is broadened), with the corresponding H, 
signal at 5.58 ppm. The signal of the H, close to  
5-phenyl groups (narrow multiplet at 7.36 ppm) 
appears a t  6.14ppm and those of methylenes a t  
5.35 and 5.46 ppm. Thus it is clear that this spectrum 
corresponds to structure 2b. 

0008-4042/79/141897-04$01.00/0 
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TABLE 1. Products isolated from the polynierisation of I n  and l b *  

Melting Melting 
Product Rf point ("C) n ~ / e  Yield ("A) Product RI point ("C) nl/e Yield ( Z )  

*The residues are formed by non-identified polymers for which the yields are  under 4%. 

The second type of macrocycle with six pyrazole 
rings which has been isolated has a spectrum in- 
dicating a non-symmetric structure. 

When R = methyl, four methyl signals (1.78 
(0.5), 2.01 (0.5), 2.11, 2.24 ppm, the last two being 
twice as intense as the others), five methylene signals 
(4.71, 4.95, 5.10 (4H), 5.14, 5.26 ppm), and five H, 
pyrazolic signals (5.30 (2H), 5.39, 5.76, 5.87, 6.09 
ppm) are observed. When three drops of deuterio- 
benzene are added to this solution, six methyl 
signals become clearly visible, four of which bear a 
coupling constant of 0.6 Hz while two are broadened. 

This spectrum can be attributed to the structure 3a 
which has two pyrazole rings with 3-methyl groups 
and four with 5-methyl groups. 

These results are confirmed by the compound 36 
(R = phenyl). Its spectrum has three methyl signals 
(2.00 (0.6), 2.12 (broadened), 2.20 (broadened)) but 
only the first one belongs to a 5-methyl group. Six 
methylene signals (4.93, 4.96, 5.00, 5.20, 5.25, 
5.34 ppm) and six 4-pyrazolic protons (5.31 and 5.86 
(pyrazole with a 3-methyl group), 5.76 (pyrazole 
with a 5-methyl group), 5.72, 5.99, 6.03 (pyrazole 
with 5-phenyl group)) are also observed. 

Also isolated are three further types of macro- 
cycles showing tnle corresponding to four pyrazole 
rings (Table 1) which is the same number of isomers 
as predicted. The results of their nmr analysis are 
collected in Table 2. T o  facilitate comparisons 
between them, we have adopted for 4 and 5 a numero- 
tation similar to the conventional one used for 
con~pound 6 (Fig. I ) .  

When R = methyl, the identification of com- 
pounds 4a, 5a, and 6a presents no difficulty. One of 
them has a very simple spectrum with three signals 
of relative intensities 3:2: 1. Only the structure 6a 
has a symmetry compatible with this spectrum. On 
the contrary, structure 5a has no symmetry and its 
spectrum bears four signals of each type (methyl, 
methylene, and pyrazolic protons). The signals at  

5.00 and 5.02 ppm can be assigned to the 10- and 
15-methylene groups which have an environment 
similar to the methylenes in 6a (signal at  4.98 ppm). 
Likewise, the 5- and 20-methylenes in 5a can be 
compared to the 5,15- and 10,20-methylenes in 4a 
respectively. The structure 4a has a C, axis which 
leads the 2,12- and the 7,17-methyl groups, the 3,13- 
and the 8,18-protons, the 5,15- and the 10,20- 
methylene groups being equivalent respectively. The 
coupling constant (0.7 Hz) between the 7,17-methyl 
groups and the 8,18-protons allows the assignment 
of their signals. 

When R = phenyl, the structure 6 loses its C, axis 
which is replaced by a C, axis. Then 66 and 4b 
should have similar spectra. Effectively, spectra are 
of the same type and, a t  first sight, the major dif- 
ference is the appearance of the phenyl signal. Again, 
the identification is made on the basis of the coupling 
constant between the methyl group and the adjacent 
pyrazolic proton. The value is 0.7 Hz in 66 (methyl 
in position 5 of a pyrazole ring) and is not measur- 
able in 46 (methyl in position 3). 

Discussion 

Some comments can be made about these results. 
( I )  In structure 1, the pyrazole ring unsubstituted 

on nitrogen presents, owing to the well known pro- 
totropy in such systems, two nucleophilic centers 
localised on the nitrogens. 

(2) Generally, the N-alkylation site of a pyrazole 
ring is directed by steric factors involving the 
substituents close to the nitrogens (3). This is ob- 
served when the substituents are alkyl or  aryl, but 
not if one of them contains a lone electronic pair 
adequately situated (as in structure 1). In this case, we 
have shown (4) that the lone pair play a great part in 
the orientation of the reaction: the alkylation of the 
p site is then favoured even against an eventual steric 
hindrance of this site. 

(3) When the final macrocycle is not (or only 

FIG. I .  Polymerisation reaction scheme (percentages indicated are theoretical ones based on final experimental yields). 
o, R = methyl; b, R = phenyl. P = non-isolated degradation and polymerisation products. None of them should have 
yield over 3Z.  Q = products which could be obtained from the cyclisation of the intermediate compound D. Nevertheless, 
the global yield of D cannot be over 6Z.  Thus the yield of each Q product is under 3% and explains why they have not 
been isolated. 
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TABLE 2. Proton nmr spectra of some analogs of 
azaporphyrinogen 

A 

Compound 6 rn H - 
2,12-CH, 2.25 (a) 
7,17-CH3 1.88 (0.7) CH2X CH2X 

40 5,15-CH2 5.35 (b) 
10.20-CH7 5.20 (b) 1 

6.08 iaj  
4.95 (0.7) 

2.21 (a) 
2.11 (0.7)(c) 
2.18 (0.7)(c) 
2.26 (O.~)(C)  
5.33 (d) 
5 .02 (e) 
5 .OO (e) 
5.18 (d) 
5.98 (a) 
5.75 (0.7)(f) 
5.80 (0.7)(f) 
5 .94 (0.7)(f) 

2.26 (0.7) 
4.98 

slightly) strained, the intramolecular cyclisation 
occurs more rapidly than the intermolecular sub- 
stitution. This is observed when the compound A 
(Fig. 1) gives the macrocycle 6 only, by cyclisation. 
We demonstrated this point in a preceding paper ( I )  
where we described the isolation, with a good yield, 
of a compound of type 6 from the cyclisation of an  
analog of A (all pyrazole rings having one phenyl 
substituent) unequivocally synthesised. In the case of 
the intermediate compound B (Fig. I), a competition 
exists between the cyclisation which gives 4 and 5 
and the intermolecular reaction giving the inter- 
mediate compounds C and D. 

3,8,13,18-CH 5.81 (0.7) 1 .  J. FIFANI,  A.  RAMDANI,  and G. TARRAGO. NOUV. J. Chim. 
2,12-CH3 2.06 (a) 1,521 (1977). 
5,15-CHI 5.43 (g) 2. J. ELGUERO and R. JACQUIER.  J. Chim. Phys. 1242 (1966). 

10,20-CH2 5.32 (g) 3. J. ELGUERO and R. JACQUIER.  Bull. Soc. Chim. Fr. 2832 
4b 3,13-CH 5.19 (a) (1966). 

8,18-CH 5.45 4. G.  TARRAGO. A.  RAMDANI.  J .  ELGUERO, and M. ESPADA. 
7.08 (2H) J. Heterocycl. Chem. In press. 

7y17-C6H5 1 7.32 (3H) 

2-CH3 2.04 (0.3) 
12-CH3 2.12 (0.7) 
5-CH2 5.35 (h) 

10-CH2 5.10(i)  
15-CH2 5.18(i) 
20-CH2 5.37 (h) 
3-CH 5.09 (a) 
8-CH 6.06 (j) 

13-CH 5.63 (0.7) 
18-CH 6.31 (j)  

7,17-C6H5 7.40 

2,l 2-CH3 2.26 (0.7) 
5,15-CH2 5.09 (k) 

6b 10,20-CHI 5. I 1 (k) 
3,13-CH 5.63 (0.7) 
8,18-CH 6.14 
7,17-C6Hs 7.45 

NOTES: (a) = these signals are broadened; (b), (c), (dl, (e), 
(f), (8). (h), (i), (j), (k) - assignments can be reversed. 
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Dihydroxy-4',5 tetramethoxy-2',3,7,8 f l a v o n e ,  et hydroxy-5 pentamethoxy-2',3,4',7,8 
f l a v o n e ,  deux nouveaux composes naturels isoles de Notholaena affinis (Pteridophytes) 

D6ptrrtc,tnc~trt de  Biologie V@g6ttrle, Sercice tle Pliytocliitnir. U~i icrr~ i tc ;  Clorrde Ber~itrrtl, Lyo11 I .  
43 bo~rleccrrtl drr I1 ~ r o c r ~ n b ~ . ~ ,  69621 Villorrrho~~ne. Frtrrrce 

ECKHARD WOLLENWEBER 
Bottr~~ischcs Itrstitrrt der  T H ,  Scll11itr.~ptih11str.. 3,  D - 61 Dtrrms/ciclt, AI le~ntrg~~r  

R e ~ u  le 22 novembre 1978 

MAURICE JAY, JEAN FAVRE-BONVIN et ECKHARD WOLLENWEBER. Can. J .  Chem. 57, 1901 
(1979). 

Les structures dihydroxy-4',5 tetramethoxy-2',3,7,8 flavone et hydroxy-5 pentamethoxy- 
2',3,4',7,8 flavone ont t te attribuees a deux flavonoi'des nouveaux isoles d'un exsudat farineux 
de Notl~oloeno ofinis;  ce resultat dtcoule de I'analyse des spectres uv, sm et rmn des produits 
naturels et de leurs derives. 

MAURICE JAY, JEAN FAVRE-BONVIN, and ECKHARD WOLLENWEBER. Can. J. Chem. 57, 1901 
(1979). 

The structures 4',5-dihydroxy-2',3,7,8-tetramethoxyflavone and 5-hydroxy-2',3,4',7,8-penta- 
methoxyflavone have been attributed to two new compounds isolated from a farinose exudate 
of Notholaeno ofinis;  this result is derived from uv, ms, and nmr spectra of the natural prod- 
ucts and their derivatives. 

Introduction 
Dans le cadre de nos recherches biochimiques sur 

les processus d'excretion chez les vegitaux vascu- 
laires et plus particulierement ici chez les Fougeres 
( I ) ,  nous venons d'isoler d'un exsudat farineux de 
fronde de N o r h o l a e n a  afJlt7is (Mett.1 Moore deux 
methyl-3 flavonols dont les structures ont Cte ttablies 
apres analyse spectrale colnrne dihydroxy-4',5 tetra- 
mkthoxy-2',3,7,8 flavone 1 et hydroxy-5 penta- 
methoxy-2',3,4',7,8 flavone 2. I1 s'agit de consti- 
tuants mineurs au sein du pool flavonique de cette 
farine et d'especes moltculaires nouvelles pour la 
littkrature flavonique. 

OMe 
OH 0 

1 R = O H  
2 R =  OMe 

R6sultats et discussion 

Les spectres uv dans le MeOH laissent supposer 
une parent6 structurale entre les deux composes qui 
lnontrent en effet les mtmes A,,, (I = 264 nm, I1 = 
354 nm) et le mtlne profil original des spectres avec 
une dissyrnetrie tres accuste entre les bandes I et I1 
(30% et 1 0 0 z  respectivement). En outre, au  vu du 
A,,, de la bande I et de la fluorescence violette en 

chrolnatographie sur papier, l'hypothese d'un 
flavonol mCthylC en position 3 peut t tre retenue. Les 
reactifs classiques en spectrophotometrie de fla- 
vonoldes (2) conduisent aux conclusions structurales 
suivantes: les deux composes ont des O H  bloquts en 
position 7 (pas de dkplacement bathochrome de la 
bande I1 en presence de NaOAc), des O H  libres en 
position 5 (+55  nm sur la bande I en presence de 
AIC1, + HC1 par rapport au MeOH); ils ne pos- 
sedent sur leur squelette aucun groupement 0t.rho- 
dihydroxylk (pas de diplacement hypsochrome entre 
AlCI, et AIC1, + HC1 sur la bande I); en position 
4', la substitution est de type hydroxyle pour le com- 
pose 1 (+  30 nm sur la bande I en presence de NaOH 
par rapport au  MeOH, sans diminution d'intensiti 
du pic), et de type mkthoxyle pour le compose 2 
(tres faible dkplacement bathochrome sur la bande I 
avec diminution d'intensitk du pic). 

La formule chimique brute obtenue par mesure de  
masse a haute rCsolution permet de reconnaitre en 1 
(Cl,H,,O,) une tCtramCthoxy, dihydroxy-flavone, 
et en 2 (C,,H,,O,) une pentamethoxy, monohy- 
droxy-flavone. L'etude des fragments selon le 
mecanisme proposC par Audier (3) permet de prC- 
ciser la distribution des substituants entre les noyaux 
A et B du squelette flavone: pour les deux composis 
un ion-fragment apparait a 197 (C,H,O,) tCmoi- 
gnant d'un noyau A dimtthoxylk et monohydroxylC; 
un second ion-fragment donne pour le compose 1 
un pic mle 151 (C,H,03) caracttristique d'un noyau 

0008-4042/79/141901-02601 .00/0 
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B monom6thoxylt et monohydroxylt, pour le com- 
post  2 un pic mle 165 (C,H,O,) typique d 'un  noyau 
B dimtthoxylt.  

En premiere conclusion, i l  apparait que ces deux 
composCs flavoniques ont le meme noyau A, le meme 
httCrocycle et des noyaux B qui different par la 
nature de leurs substituants. La position relative de  
ces derniers est determinee par rmn de ' H ;  en effet, 
la figure de resonance observee dans la region des 
protons aromatiques est tres significative: pour le 
compose 2, nous notons deux protons couples en 
ortllo (H-6' et H-5'), le plus blind6 des deux (H-5') 
etant lui-meme couple en n~Pta avec un troisieme 
proton (H-3'); les deux substituants du noyau B 
sont donc port ts  par les carbones 2' et 4' (soit di- 
methoxy-2',4'); les attributions ont  i t6  faites en 
tenant compte des 6, les protons H-2' et H-6' Ctant 
toujours les plus deblindes chez les composes fla- 
voniques, ce qui dans ce cas exclut une substitution 
de type 2',5'. Pour le compose 1 oh la figure de reso- 
nance est voisine, le noyau B est monomCthoxylt en  
2' et monohydroxyle en 4' (voir uv). 

En ce qui concerne le noyau A coinniun aux deux 
composCs, la spectrophotonietrie uv a perniis de  
localiser un hydroxyle en 5 et un lnkthoxyle en 7;  il 
ne reste a placer que le second groupement methoxyle 
pour lequel deux hypotheses se presentent: OMe-6 
ou OMe-8. Le spectre de rmn ne permet pas de  tran- 
cher entre les deux termes de l'alternative, car  le 
signal singulet relatif au  proton libre resonne a une 
valeur de champ qui peut etre le fait aussi bien d'un 
H-6 que d'un H-8 (2). Le spectre de lnasse des 
produits naturels dans lequel nous relevons un pic de  
base correspondant h l'ion M - 15, oriente vers une 
structure nietlioxy-8 flavonoi'de (4); cette hypothi.se 
est d'ailleurs confirmee apres methylation du  groupe- 
ment OH-5, le spectre de  lnasse montrant alors un 
M f  pic de base (5); il a en effet CtC demontre (4, 5) 
que les spectres de masse des OH-5 diOMe-7,s 
flavones, flavonols et methyl-3 flavonols prCsentent 
un pic moliculaire infkrieur au  pic M - 15 (pic de  
base), et que cette figure spectrale s'inverse pour les 
derives triOMe-5,7,8. 

Conclusions 

Les deux composCs flavoniques isolks de  Notho- 
laerla aj7nis se voient attribuer les structures sui- 
vantes: dihydroxy-4',5 tCtram6thoxy-2',3,7,8 flavone 
(I), monohydroxy-5 pentamtthoxy-2',3,4',7,8 flavone 
(2). Ces deux flavonoi'des naturels nouveaux sont 
proches au  plan structural de  quatre autres com- 
poses prectdemment isoles de la farine de  Notholaena 
aj7nis; ces derniers montraient en effet un noyau B 
disubstitue en 2' et 4', mais possedaient un noyau A 

Matiriel vkgitnl 
Les frondes de Notholr,etin ufitlis ont ete recoltkes au Costa 

Rica (Prov. Gabacaste, Dec. 1976); un echantillon d'herbier 
est conserve au Museo nacional de Costa Rica a San Jose 
(LDG 4725). 

Isolettletrt des flovonoides 
L'exsudat foliaire de 98 g de frondes est dissous par lavage 

avec Me,CO et C6H6;  il reprksente environ 6% du poids sec. 
Apris elimination par filtration des cristaux du flavonol majeur 
(environ 2 g) (7), 1.2 g d'extrait initial est adsorbe sur poudre 
de polyamide MN SC6; le fractionnementest realist sur colonne 
(3 x 30 cnl) du rnCrne adsorbant Clue avec du C6H6 enrichi 
progressivement en MeCOEt et MeOH (8). Les fractions alors 
collectees, ici 3 (15 mg) et 7 (26 rng) sont purifites en CCM 
preparative de polyamide MN D C  11 dans les systemes sol- 
vants : C6H6 : petrol 100-140 : MeCOEt : MeOH 60 : 26 : 7 : 7, 
60 : 60 : 7 : 7 et 30 : 60 : 5 : 5. Finalernent 2.5 mg du compose 1 et 
4.5 rng du compose 2 sont recuperes. 

Dihydroxy-4',5 titrat,~itltoxy-2',3,7,8 flnuotie (1)-uv h,,, 
nm : MeOH (254), 264,354; NaOAc (254), 264,380; NaOAc + 
H3B03  (256), 266, 356; AICI3 272, 306, 346, 412; AIC13 + 
HC1 272, 340, 418; NaOMe 264, 384 stable; sm (70eV) rtlle: 
374 ( M f ,  75%, 374.0997, calcule pour CleH1808 374.1002), 
359 ( M  - 15, loo%), 346 ( M  - CO, 7x1, 343 ( M  - OMe, 
6%), 197 (ion D selon Audier, 5%, 197.0441, calcule pour 
C9H90 ,  197.0450), 151 (ion C selon Audier, lo%, 151.0393, 
calcule pour C8H7O3 151.0397); rmn, 100 MHz (DMSO) (6 
en pprn/TMS): 3.71 (3H, s, OMe), 3.73 (3H, s, OMe), 3.79 
(3H, s, OMe), 3.93 (3H, s, OMe), 6.57 (3H, rn, H-3', H-5', 
H-6), 7.35 ( lH ,  d, J = 8.5 HZ, H-6'). 

Hydroxy-5 pentnn~Bthoxy-2',3,4',7,8flnt~otte (2)-uvh,, , nrn : 
MeOH 264, 352; NaOAc 266, 350; NaOAc + H3B03 264, 
350; AICI, 272, 340, 412; AICI3 + HCI 270, 340, 408; 
NaOMe 268, 360 stable avec diminution d'intensite de BI; sm 
(70 eV) t?t/e: 388 (M+,  71%. 388.1 151, calcult pour CZoH200,  
388.1158), 373 ( M  - 15, loo%), 357 ( M  - OMe, 679, 197 
(ion D selon Audier, 5%, 197.0442, calcule pour CeHeO, 
197.0450), 165 (ion C selon Audier, lo%, 165.0553, calcule 
pour C9H903  165.0552); rmn, 100 MHz (DMSO) (6 en ppm/ 
TMS): 3.73 (6H, s, deux OMe), 3.85 (3H, s, OMe), 3.89 (3H, 
s, OMe), 3.93 (3H, s, OMe), 6.64 ( lH,  s, H-6), 6.72 ( lH ,  dd, 
J = 2.5 et 8.5 Hz, H-5'), 6.78 ( lH,  s, H-3'), 7.48 ( lH,  d, J = 
8.5 Hz, H-6'); srn apres methylation au diazomethane de 2: 
402 (M+,  loo%), 387 ( M  - 15, 50%). 
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Synthesis of some alkoxyfluorophosphoranes and alkoxyfluorophosphines and 
characterization by 'H, 19F, and 31P nuclear magnetic resonance spectroscopy1 

ALEXANDER F. JANZEN A N D  LEONARD J .  KRUCZYNSKI 
Doptrr~tnet~! of Chetni.rt,:v, Utricer.\i/y qf'Ml~t~i~oOtr, Wit~nipeg, Moll., Ctrnodn R3T2NZ 

Received Decernbel- 27, 1978 

ALEXANDER F. JANZEN and LEONARD J. KRUCZYNSKI. Can. J. Chern. 57, 1903 (1979). 
The preparation of phosphoranes C6H,PF2HOR by the oxidative addition of alcohols to 

C6H5PF2, followed by elimination of HF to give phosphines C6H5PFOR (R = CH3, 
CH2CH3, CH2CF3, CH(CF3)2, CH(CF3)C6H5, C(CH3),), is described. All products were 
characterized by 'H, I9F, and 3'P nmr spectroscopy. The "P nrnr spectrum of C6H5PFOCH- 
(CF3)C6H5 confirms the presence of diastereomers. Rapid ligand exchange in phosphoranes 
C6H5PF2HOR occurs upon addition of a base such as pyridine. 

ALEXANDER F. JANZEN et LEONARD J. KRUCZYNSKI. Can. J. Chem. 57. 1903 (1979). 
L'addition oxydante d'alcools du C6H5PF2 conduit aux phosphoranes C6H5PF2HOR 

qui par elimination de HF conduisent aux phosphines C6H5PFOR(R = CH3, CH2CH3, 
CH2CF3, CH(CF3)2, CH(CF3)C6H5, C(CH3),). On a caractkrise tous les produits par spec- 
troscopie rmn 'H, 19F et 3 'P.  Le spectre rrnn 3'P du C6H5PFOCH(CF3)C6H, confirrne la 
presence de diastereoisomeres. L'echange rapide du ligand des phosphoranes C6H5PF2HOR 
se produit par addition d'une base cornrne la pyridine. 

[Traduit par le journal] 

Phosphines undergo oxidative addition reactions 
with alcohols, amiiles, thiols, hydrogen halides, or 
halogens to give five-coordinate phosphoranes 
(see, for example, ref. I ) .  We have prepared a variety 
of phosphoranes C6H5PF2HOR by the oxidative 
addition reaction of C6H5PF, with alcohols and 
studied their conversion to phosphines C6H5PFOR 
by the elimination of HF.  

The reaction of C6H,PF2 with alcohols oc- 
curred under mild conditions, typically a t  - 10 to 
+ 10°C within 5 to 30 min in an nmr tube (eq. [ [ I ) .  

The products were characterized by 'H,  19F, and 
31P  nmr (Table 1) and the nmr data are in agreement 
with trigonal bipyra~nidal phosphoranes in which 
fluorines occupy axial sites. The phosphoranes were 
stable at  temperatures below + 10°C in the absence 
of pyridine or excess C6H5PF2. 

The synthesis of C,H5PF2HOC(CH3), (6) was 

'Presented at the EUCHEM Conference, Menton, France, 
June 27-30, 1976. 

carried out at +5"C in the presence of a small 
amount of pyridine; attempts to prepare 6 at -t 25°C 
resulted in the formation of (CH,),CF (857, ) ,  
(CH3),C==CH2 (157,), C6H5P(0)HF, and HF. 

Coilversioil of C, H5PF2HOR to C, H5PFOR 
At temperatures above + 1O0C, H F  elimination 

occurred and the phosphoranes were converted to 
phosphines C6H5PFOR 7-12 which were charac- 
terized by 'H ,  19F, and 31P  nmr (Table 2). The 
presence of C6H5PF, favours the conversion to 
C6H5PFOR because H F  is then removed as C6H5- 
PF,H. 

Reaction [2] must be taken into account when 

7 R =  CH, 
8 R = CH2CH3 
9 R = CHICF3 

10 R = CH(CF3), 
11 R = CH(CF,)C6H5 
12 R = C(CH3)3 

choosing the appropriate conditions for the synthesis 
of C6H5PF2HOR because, for those alcohols that 

0008-4042/79/14 1903-03$0 1.0010 
0 1979 National Research Council of CanadalConseil national de recherches du Canada 
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JANZEN AND KRUCZYNSKI 1905 

sieve. CH,OH, C2H50H,  CF3CH20H,  and (CH,),COH 
were distilled from sodium prior to use. Conventional vacuum 
line techniques were used for handling volatile materials. 

Fluorine and proton nmr spectra were recorded on a 
Varian A-56/60A spectrometer at 56.4 and 60 MHz for 
fluorine and proton, respectively; phosphorus nmr spectra 
were recorded on a Bruker WH90 spectrometer at 36.44 MHz. 
, 'P  chemical shifts are reported with respect to external 85% 
H3P04. Temperatures were calibrated by the method of 
Van Geet (6). 

C6H5PF2 was prepared most conveniently from C6H5PC12 
and NaF  in tetramethylene sulfone according to the method 
of Schmutzler (7). It was also prepared from SbF, (27 g, 
0.15 mol) in tetramethylene sulfone (200 mL) by adding 
C6H5PC12 dropwise at  room temperature (8). A slightly 
exothermic reaction occurred immediately and volatile 

Conversion of Phospliorane C6 H5 PF2 HO R to Pliosphine 
C6H5PFOR 

The presence of excess C6H5PF2 resulted in the conversion 
of phosphorane C6H5PF2HOR to phosphine C6H5PFOR plus 
C6H5PF,H. The phosphines C6H5PFOR could therefore be 
produced in two ways: either by adding C6H5PF2 to C6H5- 
PF2HOR, or by mixing C6H5PF2 and alcohol in a 2: 1 molar 
ratio. In a typical reaction, C6H5PF2 (5.0 mmol) and 
CF3CH20H (2.5 mmol) in C6D6 (1 mL) were mixed at 
+25"C. After several hours, nmr examination showed an 
equilibrium mixture of C6H5PF2HOCH2CF3, C6H5PF2, 
C6H5PFOCH2CF3, and C6H5PF3H. The 'H, "F, and 
,'P nmr spectra of phosphines C6H5PFOR are shown in 
Table 2. 
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Preparation of Phospl~orat~es C6 H5 PF2 HOR 
In a typical reaction, C6H5PF2 (5.0 mmol) and ROH 

(5.0 mmol) were condensed into a 5 mm nmr tube containing 
C6D6 (1 mL). The reactions were generally very slow below 
- 1O0C, as monitored by nmr, but proceeded at a reasonable 
rate between 0 and +209C. For example, C6H5PF2HOCH3 
was formed in 90% yield at 0°C for 30 min and in quantitative 
yield at + 10°C for 10 min. C6H5PF2HOCH2CH3 was formed 
quantitatively within 2 h at + 18°C and C6H5PF2HOCH- 
(CF3)C6H5 was formed within 5 min at 0°C. All phosphoranes 
C6H,PF2HOR were stable indefinitely at temperatures below 
+ 10°C: above this tem~erature decom~osition occurred: for 
example, only 30% of  remained after 2 days 
at + 22°C. 

Preparatiotz of C6H5PF2HOC(CH3), 
Initial attempts to prepare C6H5PF2HOC(CH3)3 were un- 

successful. Reaction of C6H5PF2 with (CH,),COH is very 
slow below + 10°C; however, attempts to increase the rate of 
reaction by increasing the temperature to +25'C resulted in 
complete decomposition to give (CH,),CF (85%), (CH,),- 
C=CH2 (15%) and C6H5P(0)HF. Eventually, it was observed 
that pyridine catalyzed the formation of phosphorane; hence, 
C6H5PF2HOC(CH3), was prepared from C6H5PF2 (5.0 
mmol) and (CH,),COH (5.0 mmol) plus pyridine (0.4 mmol) 
in C6D6 (1 mL) at + 5°C. 
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COMMUNICATION 

Interaction of the unusual bonds in cyclopropane with an extra electron in the dense fluid1 

NORMAN GEE A N D  GORDON R. FREEMAN 
Cherrri.\/~?: Drpo~ . / / )~ ( , t~ / .  Utlicc,/si/y of AIbet.cc~. Etl~?ror~to/r.  A//tr., C(olotlo T6G ZGZ 

Received April 9. 1979 

NORMAN GEE and GORDON R. FREEMAN. Can. J. Chern. 57, 1906 (1979). 
An unexpectedly strong interaction between electrons and closely packed cyclopropane 

molecules has been discovered through measurement of electron mobilities in the liquid and 
gas phases. In the low density vapors the mobilities fell in the expected ordercyclopropane > 
propane > propene; at STP they were 9000, 6000, and 2040 crnZ/V s, respectively. In the 
liquids the order was propane > propene > cyclopropane; at 273 K the mobilities were 1.4, 
0.12, and 0.017 crn2/V s, respectively. The abnormally low mobility in liquid cyclopropane is 
attributed to the formation of transient dirneric anions. The reaction is only significant at 
densities greater than about 0.4 times the critical density. 

NORMAN GEE et GORDON R. FREEMAN. Can. J. Chern. 57, 1906 (1979). 
A la suite de rnesures de rnobilitis electroniques en phases liquide et vapeur, on a dkcouvert 

une interaction particulierernent forte entre des electrons et des molecules de cyclopropane 
bien tassees. A des densites de vapeur faibles, les rnobilites dirninuent dans I'ordre attendu: 
cyclopropane > propane > propene; aux conditions NTP, elles sont respectivernent 9000, 
6000 et 2040 crn2/V s. Dans les liquides, I'ordre est: propane > propene > cyclopropane; a 
273 K, les rnobilites sont respectivernent 1.4, 0.12 et 0.017 crnZ/V s. On attribue la rnobilite 
anorrnalernent faible dans le cyclopropane liquide a la formation d'anions dirneres transitoires. 
La reaction n'est toutefois significative qu'a des densites qui sont plus grandes que 0.4 fois 
la densite critique. 

[Traduit par le journal] 

The magnitude of the diffusion coefficient (cm2/s) 
or mobility (cm2/V s) of thermal electrons in a fluid 
is an indicator of the interactions between the elec- 
trons and the fluid. In a low density gas an electron 
interacts with one molecule at a time, in which case 
the mobility provides a measure of the electron? 
molecule scattering cross section (1). If the density 
of the gas is increased along the vapor/liquid coexis- 
tence curve, van der Waals clusters of ~nolecules be- 
come an important component of the gas (2-5). At 
densities greater than about 10% of that of the nor- 
mal liquid, electron interactions with the clusters are 
detectable (6, 7). In the liquid phase, the electron 
interacts continuously with several ~nolecules at once, 
which can either enhance (6) or diminish (6, 7) the 
scattering, depending on the nature of the molecules 
and the density of the fluid. Molecules that possess a 
permanent dipole moment or an anisotropic polar- 
izability, such as methanol (8) or ethane (9), provide 
sufficiently large potential fluctuations in the liquid 
that an extra electron can become localized in a 
potential minimum. Molecules that are nearly spher- 
ical in shape and are isotropically polarizable, such 

'Assisted financially by NSERC. 

as methane and neopentane, present a relatively con- 
stant potential to the electron throughout the liquid; 
electrons do not form localized states in these liquids 
to a large extent (9-13). 

For the low density gas phase of the C, hydro- 
carbons, considerations of molecular dipole moment 
(14) and size (refleeted in the mean polarizability 
(15), see Table 1) lead one to expect that electron 
mobilities would fall in the order cyclopropane > 
propane > propene. This order has been observed 
(1). For the liquid phase, the relative anisotropies of 
polarizability (Table 1) lead one to expect (16) that 
the mobilities would fall in the order propane > 
cyclopropane > propene. However, the observed 
order was propane > propene > cyclopropa~le (9). 

TABLE 1. Molecular properties in the dilute gases 

D * at an r 
Molecule (Debye) crn3) crn3) 

'Electric dipole moment (14). 
?Mean polarizability (15): . 
tAnisotropy of polarrzab~llty (15). 

0008-4042/79/14 1906-03$0 1.00/0 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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COMMUNICATION 1907 

The mobility in liquid cyclopropane was anomal- high temperature coefficient of mobility in benzene 
ously low. T o  learn more about the behavior of (20). 
electrons in these fluids we have measured mobilities 
in each of the three compounds over a 100-fold range [2 1 es- + C6Hs @ C6H6.s- 

of densities. The tem~erature  de~endence of the mobilitv in 
As expected from theory, in each dilute gas the 

mobility was inversely proportional to the gas den- 
sity. At  STP the values of the mobilities in cyclopro- 
pane, propane, and propene were respectively 9000, 
6000, and 2040 cm2/V s. In the liquids a t  273 K the 
respective mobilities were 0.017, 1.4, and 0.12 cm2/ 
V s. The mobility in liquid cyclopropane is two orders 
of magnitude lower than that in liquid propane, and 
at  least one order of magnitude lower than expected 
on the basis of the relative anisotropies of polarizabil- 

liquid cyclopropane indicates that the binding energy 
of the electron in the ion would be -0.1 eV greater 
than that in a solvation site. Ion formation is ap- 
parent only in the high density fluid, so the electron 
affinity of an isolated pair of cyclopropane molecules 
(van der Waals dimer) would be negative. The slight 
stability of the anion in the dense fluid would be 
gained through polarization of the surrounding 
solvent. 

The crossover of the electron mobilities in propane 
ity. The low mobility means that a localized state of and cyclopropane occurs in the saturated vapors a t  
electrons is especially stable in liquid cyclopropane. 1.3 x 1021 molecules/cn~~, which is 0.4 of the critical 

The localized state could be either a solvated elec- density. This can be taken to be near the lower limit 
tron or  an anion. One might suggest that the solva- of the density at  which the special nature of cyclo- 
tion energy of electrons is greater in cyclopropane propane need be considered. The mobilities at  this 
than in propene, due to the greater density of the density are 95 cm2/V s, in the regime of gas phase 
former l i q ~ i d . ~  However, the permanent dipole transport modified by interaction with van der Waals 
moment and anisotropy of polarizability are larger 
for propene (Table l), which would tend to make the 
solvation energy greater in that liquid. We therefore 
suggest that anions are formed. 

Monomeric anions would be expected to  form 
more readily in propene than in cyclopropane, by 
addition to the double bond, producing a lower 
mobility for the negative charge in the former liquid. 

The high degree of symmetry of the molecular 
orbitals in cyclopropane (17-19), and the relatively 
small amount of steric hindrance to packing the 
molecules t ~ g e t h e r , ~  lead one to suggest that transient 
dimeric anions are formed in the liquid. The extra 
electron would occupy the lowest unoccupied molec- 
ular orbitals of adjacent molecules. The shared 
orbitals probably occur along edges of the inolecules 
(17-19), but the detailed configuration is difficult to 
predict. 

The subscripts s in reaction [ l ]  indicate solvation. 
The possibility of trimeric anions would depend 
upon attainment of a favorable geometry and cannot 
be excluded. 

At 294 K the mobiliity of electrons in liquid cyclo- 
propane, p = 0.04 cm2/V s, is even smaller than that 
in benzene, p = 0.12 cm2/V s (20). Transient anion 
formation was postulated to  explain the relatively 

'The density of liquid cyclopropane at 25C-300 K is 16% 
greater than that of propene and 20% greater than that of 
propane. The densities inversely reflect the relative amounts of 
steric hindrance to packing the molecules together. 

clusters. 
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The crystal and molecular structure of the molybdenum tetracarbonyl 
complex of 1,4-diphenyl-2,2',3,3',5,5'6,6'-octamethylcyclo-l,4- 

diphospha-2,3,5,6-tetrasilahexane 
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J o s t ~ ~  C. CALABRESE, RICHARD T.  O A K L ~ Y .  and ROBER.~ Wts-r. Can. J. Chem. 57. 1909 
(1979). 

The crystal and molecular structure of the molybdenum tetracarbonyl complex of 1,4-di- 
phenyl-2,2',3,3',5,5',6,6'-octamethylcyclo- 1,4-diphospha-2,3,5,6-tetrasilahexane, (PhPSi,Me,),- 
Mo(CO),, has been determined by single crystal X-ray diffraction. The crystals are monoclinic, 
space group P2,/n, with a = 15.983(5), b = 19.316(6), c = 10.580(3) A, 13 = 99.99(2)", 
V = 3217(2) A3, Z = 4, and p,,,,, = 1.356 g/cm3. The structure was solved by Patterson 
heavy atom methods and was refined by full-matrix least-squares procedures to a final R, of 
3.39, and R, of 4.39,, for 6342 reflections with intensities greater than 20. The coordination of 
the boat-shaped (PhPSi,Me,), ligand to molybdenum tetracarbonyl produces a distorted octa- 
hedral environment about the metal. The mean Si-Si (2.358(14) A) and P-Si (2.275(19) A) 
distances are not greatly altered from the values found for them in the free ligand. The structural 
consequences of P + Si n-bonding in the latter are therefore minimal. The relatively long 
P-Mo (mean length 2.592(13) A) distances are interpreted as the result of reduced back- 
bonding from the metal, caused by the presence of the relatively electropositive silyl groups on 
phosphorus. Consistently, the equatorial Mo-C bonds, which are trans to the diphosphine 
ligand, are shorter (mean length 1.968(19) A) than the corresponding bonds to the axial car- 
bonyl groups (mean length 2.021(15) A). 

JOSEPH C. C A L A B R E S ~ .  RICHARD T.  OAKLEY et ROBERT WEST. Can. J .  Chern. 57, 1909(1979). 
On a determine la structure cristalline et moleculaire du complexe tetracarbonylmolybdtne 

du diphenyl-1,4 octamethyl-2,2',3,3',5,5',6,6' cyclodiphospha-l,4 tetrasila-2,3,5,6 hexane, 
(PhPSi,Me,),Mo(CO),, par diffraction de rayons-X de monocristaux. Les cristaux sont mono- 
cliniques, groupe d'espace P2,/n, avec a = 15.983(5), 11 = 19.316(6), c = 10.580(3) A, 13 = 
99.99(2)", V = 3217(2) A3, Z = 4 et p,,l,,,c = 1.356 g/cm3. On a resolu la structure par les 
methodes de Patterson appliquees aux atomes lourds et on I'a affinte par la methode des 
moindres carres (matrice complete) jusqu'a une valeur finale de R, de 3.39, et de R2 de 4.39, 
pour 6342 reflexions avec des intensites plus grandes que 20. Le ligand (PhPSi2Me4), qui est 
en forme bateau subit, par sa coordination au titracarbonyle molybdene, une deformation 
autour du metal qui a un environnement octaedrique. Les distances Si-Si (2.358(14) A) et 
P-Si(2.275(19) A) moyennes ne different pas beaucoup de  celles observees dans le ligand libre. 
Les consCquences structurales de la liaison P + Si dans ce dernier sont donc rninimales. On 
interprtte la distance P-Mo relativement longue (valeur moyenne de 2.592(13) A) comme 
resultant d'une reduction de la reformation d'une liaison a partir du metal qui proviendrait de 
la presence de groupes silyles relativement Clectropositifs sur le phosphore. En consequence, les 
liaisons Mo-C Cquatoriales qui sont trans par rapport au ligand diphosphine sont plus courtes 
(longueur moyenne de 1.968(19) A) que les liaisons correspondantes qui sont axiales par rap- 
port aux groupes carbonyles (longueur moyenne de 2.021(15) A). 

[Traduit par le journal] 

'TO whom all correspondence should be addressed. Present address: Department of Chemistry, University of Calgary. Calgary, 
Alta.. Canada T2N I N4. 
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Introduction 
The influence of the size (1) and electronegativity 

(2) of the substituents X on the coordination prop- 
erties of phosphine ligands PX, is well known. How- 
ever, the chemical and structural importance of such 
effects for phosphines possessing group IV sub- 
stituents (X = Si_, Ge_, Sn_) has not been 
greatly explored, and, for example, there has been 
only one structural report of a transition metal com- 
plex of such a compound (3). As a part of our studies 
on the properties of cyclic phosphasilanes we have 
determined the crystal and molecular structure of 
11,2 the molybdenum tetracarbonyl complex of the 

cyclophosphasilane I. We have recently reported the 
preparation (5) and crystal structure (6) of the neu- 
tral ligand, and we now describe the structural 
changes which occur upon its coordination to a metal 
centre, and also the effect on the ligand-metal interac- 
tion brought about the polarity of the silicon-phos- 
phorus bond. 

Experimental 
Crystals suitable for X-ray work were obtained by crystal- 

lization from warm chloroform; the one chosen for study had 
approximate dimensions of 0.33 x 0.35 x 0.55 mm. Crystal 
data (at 22°C) are: 

M o P ~ S ~ ~ ~ ~ C ~ ~ H ~ ~  
Monoclinic, a = 15.983(5), b = 19.316(6), c = 10.580(3) A, 
0 = 99.99(2)", V = 3217(2) A3 (based on I5 reflections). 
Data were collected on a Syntex P i  diffractometer, using mono- 
chromated MoK. radiation. Systematic absences of OkO (k odd) 
and I101 (h  + 1 odd) indicate the space group P2,ltz: + [x ,  y, z]; 
4- + x, + - y, 4 + z; 2 = 4; pc.lcd = 1.356 g/cm3; p = 6.67 
cm-'. Data collection (at 22°C): variable scan speed 2" to 
24"/min, scan range ZO, scan method 8-28 fixed background 
with background:scan time ratio 0.67, standards 2/50, 1% 
variation; data limits 3' < 20 < 50"; total data 6342; unique 
data 5677; non-zero data 4581 ( I  > 2o(I)); q = 0.055; uncor- 
rected for absorption. The structure was solved by Patterson 

2The preparation of this complex has recently been reported 
(4). In the present work, the compound was prepared by the 
displacement of norbornadiene from C,H,Mo(CO), by the 
phosphasilane I in hexane (yield 84%). The product was re- 
crystallized from benzene as pale yellow air stable prisms, 
dec. > 190°C. Anal. calcd. for C24H3404P2Si4M~:  C 43.9, H 
5.2, P 9.4; found: C 44.1, H 5.2, P 9.9. 

heavy atom  method^;^ isotropic least-squares4 convergence 
at  R,  = 6.92, R2 = 9.2%;' anisotropic least-squares con- 
vergence R ,  = 3.3% and R2 = 4.3%; esd of an observation 
of unit weight, 1.14$ data parameter ratio 14.5. Hydrogen 
atoms were included as fixed atom contributers with a C-H 
bond length of 0.95 and !3,,, = 5.0A2. N o  attempt was 
made to refine the hydrogen atom parameters. The full-matrix 
refinement was converged to completion. The final positional 
parameters of the non-hydrogen atoms are given in Table l a ;  
those of the hydrogen atoms are deposited in Table lb., The 
thermal parameters of the non-hydrogen atoms are deposited 
in Table 2., The derived bond distance and valence angle infor- 
mation (with esd's from the full inverse variancexovariance 
refinement) are given in Tables 3 and 4. 

Results and Discussion 
The crystal structure of the title compound con- 

sists of discrete molecules of 11. All intermolecular 
contacts correspond to normal van der Waals' in- 
teractions. A general view of the molecule with the 
crystallographic numering scheme is shown in Fig. 1. 
Figure 2 gives an alternative view, and illustrates the 
boat conformation of the six-membered P2Si4 ring. 
The cyclic (PhPSi2Me4), ligand (I), which exists in a 
chair conformation with equatorial phenyl groups 
when uncoordinated (6), is forced to adopt the boat 
conformation upon coordination to molybdenum. 
As a consequence, there are several angular changes. 
The dihedral angle between the PlSilSi2 and P2Si3Si4 
planes and the central Si,Si2Si3Si4 plane (1 11.4" and 
108.5", respectively) are reduced from the corre- 
sponding angles (mean value 114.8(1)") found in the 
free ligand, and the endocyclic angles at phosphorus 
(mean value 107.3(1)")~ and silicon (mean value 
101.5(4)") are altered slightly in opposite senses from 
the values found for them (104.4(1)" and 104.9(2)", 
respectively) in the uncomplexed ring. 

3All crystallographic programs used in the structural deter- 
mination and least-squares refinement were written by one of 
us (J.C.C.). Plots were made using the ORTEP program of 
C. K.  Johnson. 

4The least-squares refinement was based on the minimization 
of ZwillFoI - IFc1/2 with individual weights ,vi = l /c~(F, )~ .  
Atomic scattering factors used for all non-hydrogen atoms are 
from ref. 7 and those for the hydrogen atoms are from ref. 8. 

'R1 = ZIIFoi - IFcII/ ZIFo x 100%. R2 = [Zwil(FOl - 
F,l 12/ Z W ~ J F , ~ ] " ~  x 100%. 

6The standard deviation of an observation of unit weight is 
defined as [ Z~v,l JF,J - IF, 12/(ttz - t ~ ) ] ' / ~ ,  where t t ~  is the 
number of observations and rl is the number of parameters 
fitted to  the data set. 

,A copy of the observed and calculated structure factor 
table, Table Ib, and Table 2 is available, at  a nominal charge, 
from the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Ont., Canada KIA 0S2. 

'Here and elsewhere in this report, integers quoted in paren- 
theses refer to  esd's for single-valued parameters, and indicate 
ranges of results for the averages of chemically equivalent 
parameters. 
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.ESE ET AL.  1911 

TABLE la. Final atomic coordinates ( x  lo4) for non- 
hydrogen atoms, with estimated standard deviations in 

parentheses 

Atom x Y z 

The Si-Si-C,, angles (range 108.8(1)-I I 5.9(2)", 
mean 112.3") are similar to the Si-Si-C,, angles 
(range 1 1 1.1(1)-114.1(1)", mean 1 12.5") but the 
P-Si-Cep angles (range 106.8(1)-107.5(1)", mean 
107.0") differ significantly from the P-Si-C,, 
(range 1 13.8(2)-117.2(1)", mean 1 15.3"). The dif- 
ference here is probably the result of the cross-ring 
repulsions of the axial methyl groups (C,-C, = 
3.556 A, C2-C, = 3.686 A), which causes a mutual 
rotation of the Si-C,,, bonds away from each other, 
thus widening the P-Si-C,, angles. Despite these 
changes, the C-Si-C angles (mean 108.1(8)") are 
very close to  those found in the free ligand (mean 
108.0(2)"), and the equivalent axial and equatorial 
Si-C bonds (mean 1.868(25) A) are essentially un- 
altered from the uncomplexed molecule (mean 
1.867(3) A). As in the free ligand, the orientation of 
the phenyl groups is slightly distorted, and the 
Si-P-C angles fall into two classes ((i) mean 

TABLE 3. Bond lengths (A) between 
non-hydrogen atoms, with esd's in 

parentheses 

Bonds Bond length (A) 

109.5(1)" and (ii) mean 103.0(15)"). Nonetheless, the 
mean P-C (1.837(5) A) and C-C(pheny1) (1.379(53) 
A)distancesand themean C-C-c angles(l 20.0(26)") 
are all normal. 

The mean silicon-silicon distance (2.358(14) A) is 
slightly longer than in the complexed molecule 
(2.345(3) A) and (SiMe,), (2.338(6) A) (9), the steady 
decrease in length along the series possibly arising 
from o-hybridization changes at  silicon. The mean 
P-Si distance (2.275(19) A) is longer than in the un- 
complexed structure (2.252(4) A), and, even though 
hybridization changes would tend to  accentuate the 
difference, the lengthening is too small to be defi- 
nitely ascribed to a px-dx contraction in the latter. 
There have been several recent structural reports (3, 
6, 10, 11-13) of compounds containing silicon-phos- 
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TABLE 4. Interbond angles (deg.) between non- 
hydrogen atoms, with esd's in parentheses 

Bonds Bond angles (deg) 

TABLE 4 (Concl~~ded) 

Bonds Bond angles (deg) 

C( 14)-C(13)-C( 12) 120.8(5) 
C(9)-C( 14)-C( 13) 119.4(4) 
C(20)-C(15)-C( 16) 118.4(3) 
C(15)-C(16)-C(17) 120.2(3) 
C( 16)-C(17)-C(18) 120.0(3) 
C(17)-C(18)-C(19) 120.2(3) 
C(20)-C(19)-C(18) 121.0(4) 
C( 15)-C(20)-C(19) 120.2(3) 

FIG. 1. An ORTEP drawing of the (PhPSiZMe4),Mo(CO), 
molecule, showing the crystallographic numbering scheme 
used. For purposes of clarity, the hydrogen atoms have been 
omitted from the diagram. 

TABLE 5. Mean P-Si distances observed in molecules con- 
taining silicon-phosphorus bonds 

L(P-Si) 
Compound (A) Reference 

13 
6 

This work 

"By electron diffraction. 
hBasal P-Si bonds. 
'Apical P-Si bonds. 
dFrom bridging phosphorus atoms. 
PFrom non-bridging phosphorus atoms. 

phorus bonds, as well as electron diffraction studies 
on simple silylphosphines (14, 15), and the range of 
P-Si bond lengths in all these molecules (see Table 
5) provides no clearcut difference between the mole- 
cules containing three- and four-coordinate phos- 
phorus atoms. The discrepancy between the apical 
and basal P-Si bonds in P,(SiMe,), (11) and be- 
tween the bonds to the bridging and non-bridging 
phosphorus atoms in (Me,Si),P,(CMe,), (12) sug- 
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TABLE 6. Mean P-Mo, Mo--C,,,,,, and Mo-C,,,,,,,i,, distances," and carbonyl stretching frequenciesh of some diphosphine 
molybdenum tetracarbonyls L2Mo(CO), 

L L(P-Mo) L(Mo-C,,) L(Mo-C,,) v (C0)  solvent Reference 

2023, 1934, 1908 17 
11-Hexane 
2021, 1933, 1914, 1908 18 
11-Hexane 
2021, 1932, 1910 19 
n-Hexane 
2016, 1934, 1912 3, 4 
11-Hexane 
2016, 1909, 1888 This work 
Carbon disulphidec 
2018, 1930, 1917, 1906 20 
Cyclohexane 
2020, 1920, 1907, 1879 21 
Dichloroethane 

aln A. 
cm-1. 

c2005, 1914, and 1894 cm-I in 11-hexane (4): 
"Mo-P and Mo-C., bond d~stances are glven for the two IrauJ pairs. 

FIG. 2. An alternative view of the (PhPSi2Me4)ZMo(CO), 
molecule, illustrating the boat conformation of the P,Si4 ring. 
Hydrogen atoms are not shown. 

gests that other factors, such as hybridization effects 
or non-nearest neighbour bonding, as in P,S, (16), 
may be as important in causing bond length varia- 
tions as n-donation from phosphorus to silicon. 

The coordination of the (PhPSi,Me,), ligand to 
molybdenum tetracarbonyl produces a distorted 
octahedral environment about the metal. The axial 
carbonyl groups are bent away from the perpen- 
dicular (C,,-Mo-C,, = 164.2(2)"), presumably 
to relieve possible steric crowding from the bulky 
phosphasilane ligand. Similar distortions, of varying 
magnitude, are observed in other diphosphine molyb- 
denum tetracarbonyls (6, 17-21). Again as elsewhere, 
the axial and equatorial Mo-C bonds are of un- 
equal length (Table 6), the shorter equatorial bonds 
reflecting the increased n-back-donation from the 
metal to the carbonyl groups trans to the phosphine 
ligand. In the case of the C-0 bonds, whose lengths 
are less sensitive to changes in back-bonding (22), 

the axial and equatorial bonds are equal within 
experimental error. 

The P-Mo bonds (mean length 2.592(15) A)9 are 
significantly longer than in other phosphine molyb- 
denuin carbonyls (2.37-2.53 A) (6, 17-21, 23), and 
we believe that the lengthening, which is observed to 
a lesser extent in (PhPHSi,Me,PPhH)Mo(CO), (3), 
is the result of a cumulative reduction in n-back- 
bonding from molybdenum to phosphorus caused by 
the low electronegativity of silicon and the conse- 
quent polarity of the P-Si bonds. Consistently, the 
carbonyl stretching frequencies of I1 are slightly but 
significantly lower than in related compounds (Table 
6). The poorer acceptor ability of the phosphasilane 
ligand causes a shift of electron density from the 
metal into the n:k levels of the carbonyl groups (2, 5). 

Coordination of the (PhPSi,Me,), ligand to 
molybdenum effectively freezes the six-membered 
P,Si, ring into a boat conformation and, in contrast 
to the free ligand, whose 'H nmr spectrum displays 
only averaged signals at ambient temperatures (5), 
the proton resonances of the axial and equatorial 
methyl groups are easily distinguished (Fig. 3). Both 
signals appear as X6AA'X1, coupling patterns (24), 
and although the resolution is insufficient to allow 
the determination of the value of Jppr, the appearance 
of the multiplets indicates that 3 ' ~ - 3 1 ~  coupling 
in the complex I1 is considerably greater than in the 
ligand I (5).1° As expected, electronic interactions 
via molybdenum are greater than through the 
-(Si,Me,)- units. The difference A in the 31P 

'The difference in the two Mo-P bonds (2.598(1), 2.585(1) 
A) correlates well with the Mo-C,, bonds trans to them 
(1.989(4), 1.978(4) A respectively); i.e., the longer Mo-P bond 
is found opposite the shorter Mo-C bond, and vice versa. 
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FIG. 3. The 100 MHz 'H nmr spectrum (PhPSi2Me,)2Mo- 
(CO), (phenyl region not included), illustrating the X ~ A A ' X ' B  
coupling pattern of the axial and equatorial methyl groups. 

chemical shifts of the free and complexed ligand1° 
(A = Sp(1) - Sp(I1) = - 139.4 + 95.6 = -43.8 
ppm) is smaller than for diphos and diphos.Mo(CO), 
(-67.2 ppm) (25), and is consistent with the smaller 
A values found for the more electropositive elements 
in the series of compounds (Me,E),PMo(CO), 
(E = C, Si, Ge, Sn) (26). 
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Excess volumes for binary liquid mixtures of butylamine with aromatic and aliphatic 
hydrocarbons 

ABBURI KRISHNAIAH, MARIPURI SREENIVASULU, A N D  PULIGUNDLA R. N A I D U '  
D~,prirr1ni,17r (JCllr~nist~y, Col l~ge of Etigill~,~,rillg, Sri VEII~~I/CSII '(~IYI U~li~,i~rsiry, Til.l/p~li 517 502, I~lrIirl 
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ABBURI KRISHNAIAH, MARIPURI SREENIVASULU, and PULIGUNDLA R. NAIDU. Can. J. Chem. 
57, 1915 (1979). 

Excess volume data for binary liquid mixtures of butylamine with aromatic and aliphatic 
hydrocarbons were measured as a function of composition dilatometrically at  303.15 and 
313.15 K. The hydrocarbons include: benzene, toluene, three isomeric xylenes, hexane, hep- 
tane, and octane. The values of VE were found to be positive over the entire range of composi- 
tion in all the eight systems at  both the temperatures. The positive values were ascribed to the 
break-up of hydrogen bonds in the aggregates of amine by the hydrocarbons. 

ABBURI KRISHNAIAH, MARIPURI SREENIVASULU et PULIGUNDLA R. NAIDU. Can. J. Chem. 
57. 1915 (1979). 

Faisant appel a la dilatomktrie et operant a 303.15 et a 313.15 K, on a mesure les volumes 
d'exces de melanges liquides binaires de butylamine avec des hydrocarbures aromatiques et 
aliphatiques. Les hydrocarbures sont: le benzene, le toluene, les trois xylenes, I'hexane, 
I'heptane et I'octane. On a trouve que les valeurs VE sont positives a toutes les compositions des 
huit systemes et aux deux temperatures. On attribue les valuers positives au bris des liaisons 
hydrogene des agregats d'amine par les hydrocarbures. 

[Traduit par le journal] 

Introduction 

A survey of the literature has shown that few 
attempts have been made to study systematically 
the excess thermodynamic properties of binary 
liquid mixtures of an alkylamine with aromatic and 
aliphatic hydrocarbons. Excess thermodynamic prop- 
erties of these binary liquid mixtures give an insight 
into self-association of the amine and the structure- 
breaking effect of hydrocarbons. Hence excess 
volumes of mixtures of butvlamine with aromatic 
and aliphatic hydrocarbons have been determined at 
303.15 and 3 13.15 K. Aromatic hydrocarbons, ben- 
zene, toluene cr, and the three isomeric xylenes, form a 
homologous series. Hexane, heptane, and octane 
constitute the homologous series of aliphatic hydro- 
carbons. Butylamine has been chosen as a common 
component as it is less volatile than the lower 
homologues. 

Experimental 
 materials 

Butylamine was dried over potassium hydroxide for 3 days, 
then refluxed for 2 h and fractionally distilled (1). The aro- 
matic hydrocarbons were made thiophene-free as described by 
Vogel (2), dried over anhydrous calcium chloride, and finally 
fractionally distilled over metallic sodium. The column used 
contained 12 theoretical plates. The aliphatic hydrocarbons 
were purified using the methods described by Riddick and 
Bunger (1). The purity of the samples was checked by com- 
paring the measured densities with those reported in literature 

- 

'To whom all correspondence should be addressed. 

(3, 4). The densities were determined with a bicapillary pyc- 
nometer described by Rao (5). The data are given in Table 1. 

Excess Vol~tmes 
Excess volunles were determined at 303.15 and 3 13.15 K 

using a single composition per loading type dilatometer 
described by Rao and Naidu (6). The mixing cell contained two 
bulbs of different capacities and connected through a U-tube 
using mercury to separate the two components. The end of one 
bulb was fitted with agroundglassstopper and theend ofanother 
bulb was fitted with a capillary having a detachable Teflon cap 
with a small orifice at  the top. The composition was deter- 
mined directly by weighing. Four dilatometers with different - - 
capacities were used to cover the entire mole fraction range. 
The dilatometers were kept in a thermostat maintained at 
+ 0.01 K. Excess volumes were accurate to + 0.003 cm3 mol-'. 
This accuracy offered by the dilatometer was checked by com- 
paring the measured data for the system cyclohexane + ben- 
zene with those reported in literature (7). 

TABLE 1. Densities of pure component liquids 

Density plg 

Component TIK Experimental Literature 

Butylamine 
Benzene 
Toluene 
o-Xylene 
)?I-Xylene 
p-Xylene 
Hexane 
Heptane 
Octane 

0008-4042/79/15 19 15-04$01 .OO/O 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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1916 CAN. J .  CHEM. VOL. 57, 1979 

FIG. 1. The values of V E  plotted against the mole fraction x,  of butylamine for (a) butylamine + benzene, (6 )  
butylamine + toluene, (c) butylamine + a-xylene, ( d )  butylamine + tn-xylene. 

TABLE 2. Values of the parameters of [ l ]  for the various mixtures at  303.15 and 313.15 K along with 
standard deviation o ( V E )  

o( V E )  
Mixture T/ K QO a  I a2 cm3 mol- 

Butylamine + benzene 
Butylamine + toluene 
Butylamine + a-xylene 
Butylamine + nl-xylene 
Butylamine + p-xylene 
Butylamine + hexane 
Butylamine + heptane 
Butylamine + octane 
Butylamine + benzene 
Butylamine + toluene 
Butylamine + a-xylene 
Butylamine + 171-xylene 
Butylamine + p-xylene 
Butylamine + hexane 
Butylamine + heptane 
Butylamine + octane 
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FIG. 2. The values of VE plotted against the mole fraction x, of butylamine for (a) butylamine + p-xylene, (b) 
butylamine + hexane, (c) butylamine + heptane, (d) butylamine + octane. 

Results 
Values of VE determined for the eight systems at 

303.15 and 3 13.15 K are graphically represented in 
Figs. 1 and 2. The results are fitted to the equation 

[ l ]  VE/cm3 mol-' = x,x,[a, + a,(xA - x,) 

+ a 2 ( x ~  - xB),] 

where a,, a , ,  and a, are adjustable parameters and 
x, and x ,  are the mole fractions of butylamine and 
hydrocarbons respectively. The parameters were 

evaluated by the method of least-squares. The values 
of the parameters along with the standard deviation 
o( VE) are given in Table 2. Tables 3 and 4, which record 
the molar excess volumes of mixtures of butylamine 
with aromatic and aliphatic hydrocarbons at 303.15 
and 313.15 K, respectively, are placed in the Deposi- 
tory of Unpublished Data.2 

ZComplete set of data may be obtained, at  a nominal charge, 
from the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Ont., Canada KIA 0S2. 
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Discussion 

Values of VE are positive over the whole range of 
composition in the eight mixtures. The positive 
values may be ascribed to break-up of hydrogen 
bonds in hydrogen bonded aggregates of butylamine 
by the aromatic and aliphatic hydrocarbons. Ac- 
cording to Schug and Chang (8), self-association of 
butylamine through hydrogen bonding leads to the 
formation of linear trimers. The addition of hydro- 
carbons would, therefore, be expected to depoly- 
merize the amine trimers. This would contribute to 
expansion in volume. The observed values of VE are 
therefore in order. 

The positive excess volumes of butylamine with 
benzene and toluene a t  298.15 K, reported by Letcher 
and Bayles (9) and Letcher (10) also support the 
contention that the self-associated amine is depoly- 
merized by the hydrocarbons. However, the method 
used by these workers offered an  accuracy of 0.02 
cm3 mol-' .  Hence the data of these workers are out 
of line with those presented here. 

Excess volumes for mixtures of butylamine with 
aliphatic hydrocarbons are larger than those with 
aromatic hydrocarbons. This may be attributed to 
the presence of n-electrons in the aromatic hydro- 
carbons. 7c-Electrons in the aromatic hydrocarbons 
may lend themselves for the formation of weak 
NH---7c complexes. This interaction may mitigate the 
expansion in volume resulting due to depolymeriza- 
tion. 

There is no regular trend between excess volume 
and temperature in the mixtures of butylamine with 
aromatic hydrocarbons. The temperature coefficient 
of VE is positive in the mixtures of amine with ben- 
zene, and the three xylenes. The coefficient is nega- 
tive in mixtures of butylamine with toluene. How- 
ever, the trend between VE and temperature is 
regular in the mixtures of amine with aliphatic 
hydrocarbons. The three mixtures have a positive 
temperature coefficient for VE. 

1. J .  A.  R IDDICK and W. B. B U N G ~ R .  Organic solvents. 
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Determination of solubility products of hydroxylapatite, chlorapatite, and their 
solid solutions 

T. S. B.  NARASARAJU, K .  K .  RAO. A N D  U .  S.  RAI 
Deptrr./tnet~/ of Cl~etnistt:s, Btrtrtrrcrs Hitrdlr Utricersi,', Vcocrtrctsi-221005. Irrtlitr 

Received November 28, 1978 

T .  S. B. NARASARAJU, K. K. RAO, and U. S. RAI. Can. J. Chem. 57. 1919 (1979). 
Solubility equilibria of hydroxylapatite, chlorapatite, and a series of their solid solutions 

were investigated at 37°C in the p H  range 4.25 to  7.40 and their solubility products evaluated. 
Proof could be obtained for their stoichiometric dissolution. 

T .  S. B. NARASARAJU, K. K. RAO et U. S. RAI. Can. J. Chem. 57, 1919(1979). 
Operant a 37°C et a des p H  allant de 4.25 a 7.40, on  a etudit  les tquilibres de solubilitt 

d e  I'hydroxylapatite, de la chloroapatite et d'une strie de leurs solutions solides et o n  a 
dttermine leurs produits de solubilitt. On a pu obtenir une preuve concernant leur dissolution 
stoechiomttrique. 

[Traduit par le journal] 

Introduction 
It is well known that hydroxylapatite (OHAp), 

Ca,,(PO,),(OH),, a constituent ( I )  of human bones 
and teeth, and chlorapatite (CIAp), Ca,,(PO,),Cl,, 
belong to an isomorphous series (2, 3) of compounds 
and are therefore capable of forming solid solutions. 
The presence of a large excess of chloride ions in the 
body fluids enables the formation of such solid 
solutions at the bonelbody-fluid interface. An 
investigation of the dependence of the solubility 
product of such samples on their chloride content is 
of extensive biological significance from the point 
of view of calcification and resorption and hence the 
present studies were undertaken. 

Experimental 
While O H A p  was obtained by a wet method (4) the rest of 

the samples were prepared by a n  appropriatesolid state reaction 
(5) using OHAp and CaCI2 a s  starting materials. The  samples 
were characterized through chemical, X-ray, electron micro- 
scopic, infrared, and thermal analyses as reported earlier 
(4-6). The solubility product of each sample was determined 
at the biologically significant temperature of 37°C by analyses 
of their saturated solutions, the p H  of the dissolving medium 
being varied in the p H  range 4.25 to  7.40 using suitable buffer 
combinations. The experimental details for the equilibration 
of the samples to prepare their saturated solutions and to  
separate them from the likely colloidal component of the 
solute were reported elsewhere (7-9). From the saturated 
solutions so  prepared calcium was determined complexo- 
metrically (10) while phosphate and chloride were estimated 
spectrophotometrically (1 1, 12), separate aliquots being taken 
each time. 

Results and Discussion 

In Table 1 are included a few representative sets 
of results on the determination df the solubility 
products of OHAp, ClAp, and nine of their solid 

solutions. For each sample at a given pH, from 
which the OH- ion concentration was calculated 
and given in column 6, the experimentally determined 
concentrations of calcium, phosphorus, and chloride 
are given in columns 3 to 5. In order to scrutinize the 
stoichiometric dissolution of the samples, the g atom 
ratios, Ca/P, are reported in column 8 of the table. 
Adopting a method of calculation reported earlier 
(9), the total phosphorus, given in column 4, was 
subdivided into undissociated orthophosphoric acid 
and its dissociation products, using its three dis- 
sociation constants (13-15) and the final pH of the 
saturated solution given in column 2 of the table. For 
the sake of brevity all these subdivided values are not 
included in the table. However, the concentrations 
of needed to calculate the ionic product, Kip, 
of the samples are reported in column 7 while the 
values of the pKip's, (-log Kip) and their averages are 
given in columns 9 and 10 respectively. Based on a 
series of determinations of each of these values, it 
could be concluded that the error limits involved did 
not exceed I z. 

The medium of dissolution adopted in  the present 
investigations consisted of buffer (9) combinations of 
desired pH maintained at a molarity of 0.165 with 
respect to sodium nitrate in order to keep the ionic 
strength during dissolution virtually constant. TO 
overcome the inaccuracy involved in the evaluation 
of the activity coefficients of the dissolved ionic 
species of these systems, La Mer (16) suggested that 
an aqueous solution of 0.165 M sodium chloride, a 
solvent of biological importance, may be considered 
as a standard solvent of reference in which all the 
activity coefficients may be assigned a value of unity. 
Since the use of sodium chloride is not permissible 

0008-4042/79/15 19 19-04$0 1 .OO/O 
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TABLE 1. Solubility product of hydroxylapatite, chlorapatite, and their solid solutions 

Measured conc. (g atoms/L) Calculated conc. (g ions/L) 
g atom 

Final [Gal [PI [CI] [OH-] [Pod3- 1 ratio Average 
S. No. PH ( x lo3) ( x lo3) ( x lo4) ( x 10') ( x  l o t L )  Ca/P pKip * PK,, 

Solute: Calo(P04)6(OH)Z 
0.0083 

- 0.0100 
- 0.0141 
- 0.0223 
- 0.0371 
- 0.0891 
- 0.1410 
- 1 ,5800 
- 2.8200 

Solute: Calo(P04)6(0H)1,8Clo.2 
4.28 1.41 0.0079 0.080 
3.18 1.12 0.0112 0.119 
2.39 0.78 0.0178 0.223 
1.46 0.51 0.0282 0.341 
1.13 0.26 0.0380 0.477 
0.62 0 .20 0.0891 1.389 
0.37 0.14 0.1580 2.440 

Solute: Calo(P04)6(OH)l,6CIo,4 
4.06 2.88 0.0071 0.061 
3.13 2.27 0.01 12 0.117 
2.23 1.52 0.0141 0.132 
1.36 0.92 0.0251 0.253 
1.11 0.76 0.0355 0.410 
0.55 0.40 0.0631 0.630 
0.32 0.23 0.1260 1 ,420 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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TABLE 1 (Concluded) 

Measured conc. (g atoms/L) Calculated conc. (g ions/L) 
g atom 

Final [Ca 1 [PI [CI] [OH - 1 - 1 ratio Average 
S. No. pH ( ~ 1 0 ~ )  (x103)  (x104)  ( ~ 1 0 ' )  ( x  loL1)  Ca/P P K ~ *  PKI, 

Solute: CaLo(P04)6(0H)o.8CII,2 
46 4.55 4.64 2.73 5.80 0.0035 0.010 1.70 112.7 
47 4.75 3.34 1.92 3 .92 0.0056 0.018 1.74 112.7 
48 5.10 1.90 1.12 2.30 0.0126 0.053 1 .69 112.4 
49 5.30 1.40 0.79 1 .60 0.0199 0.093 1.77 112.2 112.5 
50 5.65 0.87 0 .50 1.03 0.0446 0.293 1.73 111.3 
51 5.90 0 .54 0.32 0.59 0.0794 0.581 1.68 111.6 
52 7.30 0.047 0.03 0.048 1 ,9900 14.500 1.72 114.0 

Solute: Calo(P04)6(OH)o.6Cll,4 
53 4.40 4.490 2.650 6.00 0.0025 0.005 1.69 113.6 
54 4.55 3.220 1.810 4.52 0.0035 0.007 1.77 114.3 
55 5.05 1.850 1.100 2.31 0.0112 0.041 1.68 112.1 
5 6 5.25 1.350 0.760 1.69 0.0178 0.071 1.77 112.1 112.8 
57 5.60 0.820 0.480 1.10 0.0398 0.224 1.69 111.3 
58 5.90 0.470 0.290 0.62 0.0794 0.523 1.63 111.7 
59 6.95 0.071 0.043 0.096 0.8910 6.480 1.67 113.9 
60 7.30 0.047 0.028 0.056 1 ,9900 14.500 1.72 113.7 

Solute: Ca1o(P04)6(0H)o.sCI1.6 
6 1 4.25 4.370 2.59 6.62 0.0018 0.0024 1.68 114.3 
62 4.50 3.070 1.76 4.52 0.0032 0.0052 1 .75 113.9 
63 4.90 1 ,700 1.03 2.44 0.0079 0.0194 1.64 113.4 
64 5.20 1.300 0.77 1.89 0.0158 0.0571 1.69 111.8 113.5 
65 5.80 0.450 0.27 0.70 0.0631 0.3140 1.64 112.4 
66 6.90 0.070 0.04 0.10 0.7940 5.8600 1.73 114.2 
67 7.22 0.045 0.03 0.07 1 .6600 10.4000 1 .73 114.3 

Solute: Ca,o(P04)6(OH)o.2CIl.8 
68 4.25 4 .20 2.47 6.82 0.0018 0.0023 1.70 113.2 
69 4.50 2.99 1.71 5.01 0.0032 0.0051 1.75 112.8 
70 4.80 1.65 0.98 2.85 0.0063 0.0116 1.68 113.7 
7 1 5.06 1.25 0.71 1.78 0.0115 0.0279 1.75 112.9 113.3 
72 5.40 0.70 0.41 1.18 0.0251 0.0756 1.72 113.1 
73 5.70 0.46 0 .27 0.76 0.0501 0.2000 1.68 112.7 
74 6.90 0.07 0.04 0.10 0.7940 4.9500 1.65 114.2 
75 7.20 0 .05 0.03 0.06 1 ,5800 9.8100 1.81 114.1 

Solute : CaIo(P04)6CI,.o 
76 4 .30 2.70 1.55 5.08 0.0020 0.0018 1.74 114.7 
77 4.50 1.50 0.94 2 .84 0.0032 0.0028 1.60 116.7 
78 5.10 0.75 0.50 1.46 0.0126 0.0233 1.57 114.7 
79 5.40 0.45 0.27 0.93 0.0251 0.0510 1.64 115.3 115.4 
80 5.55 0.37 0.21 0.71 0.0355 0.0774 1.78 115.2 
81 6.10 0.17 0.11 0.37 0.1260 0.4960 1 .SO 115.0 
82 7.10 0.04 0.03 0.09 1 ,2600 6.5500 1.71 115.0 
83 7.40 0.03 0.02 0.05 2.5700 10.6000 1.71 116.5 

* p K , ,  = -log [CaZ+]Lo[P043-16[X~lz where [X-]  = [CI-] + [OH-]. 

in these systems sodium nitrate was made use of and Among the products of dissolution p o d 3 -  and O H -  
the ionic product of the samples calculated were are capable of participating in a few more simul- 
taken as the solubility products. taneous pH-dependent equilibria as shown below: 

The solubilities of the samples were characterized 
[21 p o d 3 -  + H ~ O +  e H P O ~ ? -  + H ~ O  

by a marked increase with increasing hydrogen ion 
concentration of the medium of dissolution. I t  is [31 HP042- + H3°f e H2P04- + 

evident that in a saturated aqueous solution of 141 H,PO,- + H,O+ e H,PO, + H?O 
OHAp the following equilibrium is established: 

[5] OH- + H 3 0 +  e 2 H 2 0  

[ l ]  Ca10(P04)6(OH)2 e 10Ca2+ + 6P043-  + 20H- A shift from left to right occurs in all the above 
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equilibria when H,O+ ion concentration is increased. 
While all these equilibria are collectively responsible 
for influencing equilibrium [l], those in which 
PO4,- (reaction [2]) and OH- ions (reaction [5]) 
participate are naturally more dominant. Analogous 
to the equilibria operative in the case of OHAp as 
mentioned above, a saturated solution of ClAp is 
characterized by the following equilibrium in 
addition to those given in reactions [2] to [4]: 

The above arguments are substantiated by the 
observed fact that the calculated proportions of 
PO4,- ions, given in column 7 of Table 1, decreased 
with an increase in the hydrogen ion concentration 
of the medium of dissolution. The marked pH- 
dependence of the solubilities of OHAp and its solid 
solutions with ClAp can thus be accounted for. 

It could be shown (17) that the free energy of 
d~ssolution of an ionic crystal is dependent on ionic 
replacement since the latter brings about a change in 
the lattice energy. The lattice energy of ClAp being 
higher than that of OHAp can account for the 
diminution in the solubility of the former over that 
of the latter and also for the observed systematic 
reduction in the solubility of the solid solutions with 
an increase in the C1- content. In addition, the non- 
availability of OH- ions as products of dissolution 
in the case of ClAp indicates that equilibrium [5] 
has no effect on its dissolution. Further, C1- ions 
produced due to dissolution of ClAp remain un- 
affected due to the absence of their tendency to 
associate with H,O+ ions consequent upon the high 
dissociation of hydrochloric acid. Such an additional 
consideration could be advanced to account for the 
low solubilities of ClAp and their solid solutions. 

An explanation which can be applied exclusively 
to the lower solubilities of the solid solutions over 
that of OHAp is based on the structural considera- 
tions as was shown by Young et al. (18). According 
to them an important feature of the structure of 
apatite, Ca,,(P04),X,, is the occurrence of the X- 
ions in columns or linear chains, coincident with its 
six-fold screw (6,) axis, where X can be, among 
others, F-, C1-, and OH- or a combination of 
them. It could be established (19, 20) through 
infrared spectral studies that the OH- and C1- ions, 
constituting the lattice of a solid solution of OHAp 
and ClAp, are linked through hydrogen bonding. The 
hindrance caused to the diffusion of the OH- ions 
through the X- ion column can be a factor in 
reducing the solubility of the solid solutions since 
the X- ion column offers itself as the most vulnerable 
point (21, 22) for the diffusion of the ions located in 
the column into the medium of dissolution. 

It is evident that the pK,, values and the g atom 

ratio, Ca/P, of the samples, reported in Table 1 
provide unambiguous evidence for the stoichiometric 
dissolution of the samples. Arguments in favour of 
such a theoretically favoured stoichiometric dis- 
solution were advanced independently by Clark (23), 
Moreno et al. (24), and Wier et al. (25). Based on the 
fundamental thermodynamic concepts (17) applica- 
ble to the dissolution of ionic crystals, it could be 
concluded from the present investigations that the 
free energy of solution of the compounds is a linear 
function of the C1 content. 
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Photolysis of diarylcadmium compounds in benzene 
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A, M. OSMAN, AHMED I. KHODAIR, A. A. ABDEL-WAHAB, and A. M. EL-KHAWAGA. Can. J .  
Chem. 57. 1923 (1979). 

Photochemical decomposition of selected diarylcadmium compounds in dilute benzene 
solutions was investigated. This reaction was found to involve initial cleavage of the aryl- 
cadmium bonds followed by coupling of the aryl radicals to give symmetrical biaryls in good 
yields. Arylation products were obtained in only 5-25% yields, in contrast with the photolysis 
of iodoaromatic compounds in benzene which gives arylation products in high yields. Diaryl- 
cadmium compounds derived from polynuclear aromatic compounds, e.g. di(p-biphenyl)- 
cadmium and di(cc-naphthy1)cadmium gave, under the same conditions, predominantly 
hydrogen transfer products. In carbon tetrachloride, photolysis of diarylcadmium compounds 
gave chloroarenes in high yields. 

A .  M. OSMAN, AHMED I. KHODAIR, A. A. ABDEL-WAHAB et A. M. EL-KHAWAGA. Can. J. 
Chem. 57. 1923 (1979). 

On a CtudiC la dCcomposition photochimique, en solutions benzCniques diluees, de com- 
posts diarylcadmium choisis. On a trouve que cette [taction implique une rupture initiale des 
liaisons aryl-cadmium suivie par un couplage des radicaux aryles qui conduit aux byaryles 
symttriques avec de bons rendements. On a obtenu des produits d'arylation qu'avec des 
rendements de 5 a 25% alors que la photolyse de composCs iodo aromatiques dans le benzine 
conduit aux produits d'arylation avec de bons rendements. Soumis aux memes conditions, les 
composes diaiyl-cadmium issus de composes aromatiques polycondenses comme le di(p- 
biphenyl) cadmium et le di(cr-naphthyl) cadmium fournissent principalement des produits de 
transfert d'hydrogene. Dans le tetrachlorure de carbone, la photolyse de composes diaryl- 
cadmium conduit a des chloroarenes avec de bons rendements. 

[Traduit par le journal] 

Introduction 

Although photolytic studies on organometallic 
compounds received considerable attention (I), 
apparently photolysis of organocadmium compounds 
has not been investigated yet. Recent research from 
our laboratories (2) explored the potentialities of 
these compounds as useful synthetic intermediates. 
In extension of these studies we investigated the 
photolytic decomposition of selected diarylcadmium. 
compounds in dilute solutions. 

Results and Discussion 

The required cadmium reagents were prepared 
from the corresponding Grignard reagents and dilute 
solutions (2 mM) were photolysed in a Vycor glass 
cell using a Mineralight low pressure mercury arc. 
The solutions were irradiated for 100 h with con- 
tinuous stirring and the products were identified by 
direct comparison with authentic samples and esti- 
mated by quantitative gas-liquid chromatography. 
The results are shown in Table 1. 

Photolysis of diphenylcadmium in dilute benzene 
solution gave only biphenyl in 75% yield. No  other 

'Present address: Department of Chemistry, Faculty of 
Science, Suez Canal University, Ismailia, Egypt. 

products could be detected by glc, similar photolysis 
of dibenzylcadmium gave dibenzyl in 80% yield 
along with small amounts of diphenylmethane (5%). 
Di(p-to1yl)cadmium afforded p,p'-bitolyl in 60% 
yield together with p-methylbiphenyl in 15% yield. 
Photolysis of di(p-anisy1)cadmium behaved similarly, 
but no appreciable amount of the arylation product 
(p-methoxybiphenyl) could be detected. 

The results presented above may be accounted for 
by a sequence involving initial cleavage of the aryl- 
cadmium bonds followed by dimerisation of the aryl 
radical with side reaction involving arylation as 
follows: 

Ar-Cd-Ar -+ 2Ar'f Cd 
2Ar' -+ Ar-Ar Major reaction 

Ar ' f  0 ~ r a  Minor reaction 

That the initial step involves formation of an aryl 
free radical is supported by trapping this radical via 
halogen o r  hydrogen abstraction. Thus photolysis of 
dilute solutions of the above mentioned compounds 
in carbon tetrachloride gave chloroarenes in high 
yield (cf. Exps. 7-10, Table 1). Only small amounts 
of the coupling products were observed. Similar 
photolysis in chloroform afforded predominantly 
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TABLE 1 .  Photolysis of diarylcadmiuni in benzene, carbon tetrachloride, and chloroform 

Products 

Coupling Arylation Abstraction 
Exp. Diarylcadmium Solvent products %yield* products %yield products %yield 

Diphenylcadrnium 
Di(p-tolyl)cadmium 
Dibenzylcadrnium 
Di(p-anisy1)cadmiurn 
Di(a-naphthy1)cadrnium 
Di(p-bipheny1)cadrnium 
Diphenylcadrniurn 

Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
Benzene 
CCI, 

Biphenyl 
p-Ditolyl 
Dibenzyl 
p-Dianisyl 

- 

p-Methylbiphenyl 
Diphenylmethane 

- 

- 

Terphenyl 
- 

- 

Toluene 

- 

Trace 
- 

Trace 
50 0 > 
65 ? 

L. 

73.3 
Trace 0 

x 
70.0 
Trace f 

< 
66.0 0 r 

Naphthalene 
Biphenyl - 

Diphenyl Chlorobenzene 
benzene 

CCI, p-Chlorotoluene 
toluene 

a-Chloronaph- 
thalene 

Naphthalene 
Benzyl chloride 
Benzene 
Chlorobenzene 
Toluene 
Anisole 

CCI, 

Dibenzylcadrnium 
Diphenylcadrniurn 

CCI, 
CHCI, 

Dibenzyl 
Diphenyl 

Di(p-tolyl)cadmiurn 
Di(p-anisy1)cadmium 
Di(p-chloropheny1)- 

cadmium 
Di(B-phenylethy1)- 

cadmium 
Di(p-bipheny1)cadmium 

Chlorobenzene 

Ethylbenzene 
Diphenyl 

*All yields shown above are overall yields calculated on  the basis o f  I mol brornoarene ~ i e l d i n g  f mol o f  coupling product or 1 mol ofei lher arylalion or abslraclion products. 
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OSMAN ET AL.  1925 

hydrogen abstraction products (cf. Exps. 11-16, 
Table 1). 

It is of interest to note that no rearrangement of 
the initially formed radical occurred as coupling and 
chlorine abstraction took place at the position 
where the cadmium atom was originally linked to 
the aromatic nucleus. 

Photolysis of diarylcadmium derived from poly- 
nuclear aromatic compounds behaved somewhat 
differently. Irradiation of di(p-bipheny1)cadmium in 
dilute benzene solutions under the usual conditions 
gave biphenyl in 65% yield together with p-terphenyl 
(25% yield). The coupling product p-tetraphenyl 
could not be detected by glc or tlc. The preference of 
hydrogen abstraction over arylation of benzene by 
the biphenyl radical in spite of the fact that the con- 
centration factor could be attributed to the relative 
stability of the biphenyl radical which permits it to 
live long enough to find the hydrogen donor. Similar 
results were reported earlier (3). Similar photolysis 
of di(cr-naphthy1)cadmium yielded only naphthalene 
and no coupling or arylation products were formed. 
These results complement those reported earlier by 
Razuvaev and Petukhov (4) on the photolysis of 
di(cr-naphthy1)mercury who attributed the formation 
of naphthalene to disproportionation of the initially 
formed naphthyl radical. In our case, however, the 
fact that some of the ether inevitably remained in 
solution during the preparation of the organocad- 
mium compounds may be responsible for at least 
some of the hydrogen transfer to the aryl radicals. 

These results demonstrate the high potential of 
this procedure as a synthetic tool for synthesis of 
symmetrical biaryls. 

Experimental 
Pl~ysicol Meas~irenlen/s 

Distillations were done through a 2-ft simple Podbielniak- 
type column, and gas chromatography was done with an 
Aerograph (Hi-Fi) model 600 D equipped with a flame 
ionisation detector and an integrating recorder. Photolyses 
were carried out in a cell made of Vycor glass and irradiated 
with a Mineralight low pressure cold cathode mercury arc. 
Melting points were determined on a Kofler melting point 
apparatus and are uncorrected. 

Pl~o/olysis of Diarylcadtt~iut~r Cottrpo~~t~ds (General Procedl~re) 
Diarylcadmium compounds were prepared from the cor- 

responding Grignard reagents according to the published pro- 
cedure (5). In a typical run, 0.006 g-atom of magnesium 
turnings were placed in a three-necked flask and a solution of 
0.006 mol of the bronioarene in 50 mL dry ether was added 
dropwise while stirring. After the complete dissolution of 
magnesium, the contents of the flask were refluxed for 10 
min, cooled, and 0.65 g (0.003 mol) of anhydrous cadmium 

chloride was added. The reaction mixture was refluxed till it 
gave a negative Gilman test (5). The ether was evaporated by 
distillation on a water bath maintained at 60°C till dryness and 
the produced cadmium compound was dissolved in the re- 
quired solvent (benzene, carbon tetrachloride, or chloroform) 
and diluted to the proper concentration (2 m M  solution). 

A 100 mL of this solution was placed in the photolysis cell 
which was equipped with reflux condenser protected with a 
drying tube. This solution was irradiated, with continuous 
stirring, for 100 h, at  the end of which the content of the cell 
was quantitatively transferred after filtration into a 100 mL 
flask. The products were then identified and estimated by gas 
liquid chromatography (using 8 ft x 118 in. SE 30 column at 
100°C or 160°C). The results are presented in Table 1. 

In case of photolysis of di(p-anisyl)cadmium in benzene, 
evaporation of the solvent left a solid residue which, when 
chromatographed using a 60 x I cm column packed with 
basic alumina, gave 0.2 g (50% yield) of p,p'-dianisyl from 
6@80°C petroleum ether - benzene mixture (3: 2), mp 170°C, 
lit. (6) mp 171-172'C. 

Preparation of Au/lleniic Sattrples 
Diplret~ylt~~e/hntre 
From benzyl chloride and benzene, in the presence of 

amalgamated aluminium turnings (7), diphenylmethane was 
obtained in 50% yield, mp 253C, lit. (7) mp 25-26°C. 

E/l~ylbenzet~e 
Acetophenone was converted to ethylbenzene according to  

the published procedure (7) in 60% yield, bp and reported bp 
135-136°C. 

p- Clrloro/ol~~ene 
p-Chlorotoluene was prepared from p-toluidine via Sand- 

meyer's reaction (8) in 83% yield, bp 16O0C, lit. (8) bp 158°C. 
a-Cl~loronaplr/l~olene 
Starting with a-naphthylamine and with applying Sand- 

meyer's reaction (8), a-chloronaphthalene was collected (65% 
yield) at 106"C/13 mm Hg, l i t .  (6) bp 105"C/13 mm Hg. 

I. (0) N. PR~LESHAJEVA and A. T E R I N I N .  Trans. Faraday SOC. 
31, 1483 (1953); ( b )  G. A. RAZUVAEV and Yu. A. OL'DE- 
KOP. Akild. Nauk SSSR. 2.981 (1955); (c)G. A. RAZUVAEV 
and Y u .  A. OL'DEKOP. Dokl. Akad. Nauk SSSR, 64, 77 
(1949); (d) W. H. GLAZE and A. C. RANADE. J. Org. Chem. 
36.3331 (1971). 

2. ((I) A. I. KHODAIR. A. A. ABDEL-WAHAB, and A. M. EL- 
KHAWAGA. 2. Naturforsch. 33b. 403 (1975); (0) A. I .  
KHODAIR. A. A. SWELIM,  and A. A. ABDEL-WAHAB. J. 
Phosphorous Sulfur. 2, 165 (1976); (c) 2, 169 (1976). 

3. A. I. KHODAIR. Ind. J. Chem. 14B. 552 (1975). 
4. ( ( 1 )  G. A.  RAZUVAEV and G. G. PETUKHOV. Zh. Obshch. 

Khim. 38 (I) ,  (1968); (6) G. A. RAZUVAEV. Dokl. Akad. 
Nauk. SSSR, 64.77 (1949). 

5. J .  CASON and H.  RAPOPORT-. Laboratory text in organic 
chemislry. 2nd ed. Prentice-Hall. Inc., Englewood Cliffs, 
NJ. 1962. p. 465. 

6. I. HELBRON and H .  M. BUNBURY. Dictionary of organic 
compounds. Vol. I. Eyre andspottiswodde, London. 1943. 

7. A. I. VOGEL. A textbook of organic chemistry. 3rd ed. 
Lowe and Brydone, London. 1965. 

8. C. S. MARVELL and S. M. MCELVAIN. Organic synthesis. 
Coll. Vol. 2. 1940. p. 170. 
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Thermochemical measurement of the ligand field splitting energies for hexaaquocopper(I1) 
and hexaamminecopper(I1) ions1 

Dep(r1.11fro11 oJ'C1zc~tnis11:v, Urricei..siIi Pertor~inrr Mrrla>jsitr, S r~ . t l t r t~g ,  Sc lo r~gor .  Mtrloysirr 

Received March 30, 19782 

MUHAMMAD BADRI and JAMES W. S. JAMIESON. Can. J. Chem. 57. 1926 (1979). 
The vacuum dehydration of copper(I1) sulphate pentahydrate has been shown to pass 

through the transitory trihydrate state before proceeding to the monohydrate composition. 
Based on this, the heat of solution data for the high-energy modification hydrates have been 
reinterpreted and the low-energy crystalline hydrates of various compositions have been 
prepared and their heats of solution measured. From the heat of solution data the maximum 
energy difference expressed in kcal/mol heptahydrate appears to  be of the right order of 
magnitude to be regarded as the ligand field splitting energy for the hexaaquocopper(I1) ion. 
Similar measurement for the ammine complexes of copper(I1) sulphate has also been done and 
the maximum energy difference was found to agree well with the value of LFSE obtained by 
spectroscopic method. 

MUHAMMAD BADRI et JAMES W. S. JAMIESON. Can. J.  Chem. 57. 1926 (1979). 
On a montre que la deshydratation sous vide du pentahydrate du sulfate de cuivre(l1) 

procede par I'intermediaire d'un etat trihydrate avant d'atteindre la composition mono- 
hydrate. En ce basant sur cette observation, on a interpret6 les donnkes relatives a la chaleur de 
solution des modifications des hydrates d'energie elevee; on a de plus prepare des hydrates 
cristallins de basse energie et de compositions diverses et on a mesure leurs chaleurs de solution. 
Sur la base de ces chaleurs de solution, i l  semble que I'amplitude de la difference d'energie 
maximale, exprimee en kcal/mol d'heptahydrate, soit telle qu'on peut la considkrer comme 
egale a I'energie de dissociation de champ de ligand (EDCL) pour I'ion hexaquocuivre(I1). On 
a aussi effectue des mesures semblables pour les complexes arnines du sulfate de cuivre(I1) et 
la difference maximale d'energie est en bon accord avec la valeur de EDCL evaluee par une 
methode spectroscopique. 

[Traduit par le journal] 

Introduction 

In the previous publications on the thermo- 
chemical measurement of the ligand field splitting 
energies of the hexaaquo and hexaammine com- 
plexes of some transition metal(I1) ions (1-4) the 
values for the complexes of copper(I1) ion were not 
included. By spectroscopic measurement, however, 
the 10Dq's for the hexaaquocopper(I1) and hexa- 
amminecopper(I1) ions have been found to be 
16 x lo3 cm- '  and 12 x lo3 cm- '  respectively 
(5, 6). Later work (7-10) has shown that the values 
are actually lower and, furthermore, are of the same 
order of magnitude as has been found for similar 
complexes of other transition metal(I1) ions of the 
same series, i.e. about 10 x lo3 cm- ' .  

The heat of solutio~l data for various hydrates of 
copper(I1) sulphate have also been published and are 
reproduced in Fig. 1. Frost, Moon, and Tompkins 
(11) found that the crystalline hydrates, which were 
prepared by heating the pentahydrate in an oven, 
have their heats of solution falling along the lines 

'Part of the experimental work was done while the author 
was at Dalhousie University, Halifax, Nova Scotia. 

=Revision received February 26, 1979. 

BF and F X  in Fig. 1 where X, F,  and B are a t  the 
pentahydrate, trihydrate, and monohydrate com- 
positions respectively. The line F X  in Fig. 1 has been 
extrapolated- to C where C is a t  the heptahydrate 
composition. The high-energy modification hydrates, 
which were prepared by heating the pentahydrate in 
uacuo, have higher heats of solution compared to 
their corresponding low-energy hydrates. Frost et al. 
also showed that the high-energy hydrates with water 
contents less than that of the monohydrate have their 
heats of solution along the line FGH. where G and 
H are at  the monohyvdrate and the anhydrous salt 
compositions respectively. The line CDE has been 
drawn parallel to the line F G H  to represent the 
maximum possible heat of solution line for the high- 
energy modification hydrates originating from the 
heptahydrate. However, the lines F G H  and CDE are 
not parallel to the heat of solution line BA which 
was obtained earlier (12, 13) for the crystalline 
hydrates of compositions less than that of the 
monohydrate. This does not concur with what has 
been found in other cases (1-4) even though by 
thermochemical method the energy difference at  the 
monohydrate composition, BD, or at  the anhydrous 
salt corn position,-^^, would give a value of an 
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B A D R l  A N D  JAMIESON 1927 

calorimetric technique for the measurement of the 
ligand field splitting energy. 

H 
a 
[L 

Experimental 
w 1. CNSO, .~H,O 
LT CuSO,.5H,O of Baker analysed reagent grade was used for 

150 the preparation of some lower hydrates of copper(I1) sulphate. 
The samples, each of about  0.7 g, were ground slightly before 

cn dehydration. The  methods of dehydration were similar to  those 
W described for the hydrates of other metal sulphates (1, 2). 
LT 

S Some small crystals of the pentahydrate were also pre- 

a pared. These were obtained by adding absolute ethanol 

* 100 slowly to  a concentrated solution of copper(I1) sulphate in 
distilled water (14). The small crystals formed were collected 
and dried over a stream of air at room temperature. Thermo- 

Z gravimetric analysis showed that in each case the water content 
G 
I- 

was in good agreement with the calculated value. 
3 The heats of solution were measured by dissolving the 

2 50 samples in a calorimeter containing 1 L of distilled water. 
cn 2. CuS0, .3H20 
LL CuS0, ,3Hz0 was prepared by crystallizing the salt from a 
0 solution of CuS0, .5H20 in absolute methanol (15). T h e  

k pentahydrate was added slowly, while stirring, into a beaker 
containing warm methanol. The solution was cooled to room 

0 temperature. When crystals of the trihydrate appeared, they 
were collected and dried over a stream of air. Trihydrate 
composition was confirmed by thermogravimetric analysis. 

This salt was used to  prepare other hydrates of copper(I1) 
sulphate also. T o  prepare the higher hydrates, the trihydrate 
was rehydrated by exposing it to water vapour. T o  prepare the 

0 lower hydrates, the trihydrate was heated in an oven. When 

PERCENT WATER IN SALT the lower hydrates of desired composition were obtained, the 
heat of solution measurements were done immediately. 

FIG. I .  Heats of solution for hydrates of copper(I1) sulphate: Samples with the nionohydrate conlposition or  less were 
0,  from ref. 11 ; m, froni ref. 13;  A, from ref. 12; 0, present heated in sealed glass tubes at  various teniperatures for various 
data. time intervals. 

For the ~ r e ~ a r a t i o n  of the high-energy modification hy- -- 
acceptable magnitude for ~ O D ~  for the complex drates, the.trihydrate was dehyd;ated under vacuum a t  a 

pressure of 1 x lo-, Tor r  or less. In each case the composition 
hexaaquocopper(I1) ion. of the product obtained was determined by the loss in weight. 

On the other hand, if all the heat of solution data  he heat of solution was measured immediately by dissolving 
for the products of vacuum dehydration of copper(I1) the salt in 1 L of distilled water. 
sulphate pentahydrate were considered, a line XYZ 3. CuS04.3H,0.2D20 
can be drawn to Pass through all the points repre- About 1 g sample of  copper(I1) sulphate pentahydrate was 
senting them in Fig. 1. where Y and Z are at  the dehydrated over concentrated H,S04 to obtain the trihydrate. ., , 

monohydrate and the anhydrous salt compositions 
respectively. This line is parallel to the line BA 
which is in accord with all the systems that have been 
studied. However, if the line CD'E' is similarly 
drawn to represent the heat of solution line for the 
high-energy modification hydrates originating from 
the pentahydrate, the estimation of the heat of 
transition from B to D' at  the monohydrate com- 
position or from A to E' at  the anhydrous salt 
composition would give a value of 17 kcal/mol 
heptahydrate only. This value is too small to be con- 
sidered as 10Dq for the hexaaquocopper(I1) ion even 
coinpared to a low value given by Roos (28). Thus 
the present work is done to explain this anomaly and 
to  help to establish the general applicability of the 

~ h ;  sample was then exposed to  CuS0, .5D20 (prepared by 
crystallizing a saturated solution of CuSO, in 99% D 2 0 ) .  T h e  
completeness of rehydration was checked by measuring the  
gain in weight due t o  the absorption of D,O. 

For the ir study, the crystalline C u S 0 4 . 3 H z 0  was again 
obtained by dehydrating CuS0, .3HZ0.2D,0  over concen- 
trated HZSO4 for a period of 3 weeks. About 0.1 g samples 
were used for the preparation of the high-energy modification 
lower hydrates under vacuum at a pressure of 1 x lo- ,  T o r r  
o r  less. The  spectra were obtained froni Nujol niulls of the  
samples on  Beckman Acculab 3 IR Spectrophotometer. 

4. At?ltnitles of Copper(I1) Sl~lphute 
The starting material used was anhydrous copper(I1) sul-  

phate. This salt was obtained by heating CuS0, ,5H20 
(supplied by Fisher Scientific Co.) at 250°C (16) for a period 
of 2 days. The anhydrous salt was then reacted with anhydrous 
ammonia (supplied by Matheson of Canada Ltd.) in a manner 
previously described (17). The  con~posit ion of the product 
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was analysed by the gain in weight a s  well a s  by gravimetric 
sulphate analysis. The ammonia content in the sample was a 
found to be 34.79% which is close to  the pentaammine 
composition. Since this salt is not stable, it was stored in a 
desiccator under an ammonia atmosphere. 0~ 

W Deammoniation of  the salt was done under vacuum or  in a 
an oven at various temperatures previously determined (18-20). 
After partial loss of ammonia, the products were sealed in '" 

glass tubes to prevent water vapour in the air from reacting I5O 
with the lower ammines. It has been pointed out (21) that the 0 
monoammine of copper(l1) sulphate prepared by heating -] a higher ammines in an oven is noncrystalline. Some lower 
ammines were also heated in sealed glass tubes at various 
temperatures and for various time intervals to  ensure crystal- 
lization. The  heats of solution were measured by dissolving 100 
about 0.3 g of  the salt in 1 L of 0.3 M aqueous ammonia. z 

0 
5. Crrlot~in~etry I- 

The calorimeter used consists of a silvered Dewar flask 3 
equipped with a mechanical stirrer and a Beckmann thermo- 0 
meter. One litre of solvent was used in each experiment. The '" 50 
heat capacity of the calorimeter was determined from the 
change in temperature caused by a known quantity of electrical 0 
energy from a heater made o f  chrome1 A wire. Throughout the 
period of heating, the voltage and the current were quite 5 
steady a t  4.00 + 0.02 V and 6.00 + 0.02 A. Time was w 
measured with a stop watch to  about 240.0 + 0.1 s. Deter- I 0 
mination of the temperature change due to either the energy 
input o r  solution of the sample appeared to be accurate to  
+0.002"C. The average heat capacity of the calorimeter for 
each solvent was used in all calculations. The error in heat of 
solution was about + 2.1 cal. 

10 20 30 40 50 
Results PERCENT WATER IN SALT 

1. CuS04.SH2 0 FIG. 2. Heats of solution for hydrates of copper(l1) sulphate 
The heat of solution measurements for the hy- prepared from the t r ih~dra te .  

drates of copper(I1) sulphate prepared by dehydrating 
the pentahydrate were done to reproduce the data 
given earlier in the literature. The values3 have been 
corrected for the dilution effect by applying the 
experimental results obtained by Lang et al. (22). 
Some of the results are plotted in Fig. 1. The agree- 
ment with the previous data is very good except that 
there is no change in the slope of the line BC at the 
trihydrate composition. 

2. CuS04.3H20 
The heats of solution for the hydrates of copper(I1) 

sulphate prepared from CuS04.3H20 are plotted in 
Fig. 2. The linear relations calculated by the method 
of least squares are 

for the low-energy hydrates, and 

for the high-energy hydrates where x is the per- 
centage of water in that salt and y is its heat of 

3Complete set of tabular data is available, at  a nominal 
charge, from the Depository of  Unpublished Data ,  CISTI, 
National Research Council of Canada, Ottawa, Ont., Canada 
K I A  0S2. 

solution. The heat of solution for the crystalline 
monohydrate, at B, has been estimated as 42.4 cal/g 
and that of the heptahydrate, at C, as -23.6 cal/g. 
Using the slope of the line F H  as - 5.17, the equa- 
tion for the line CE, parallel to the lines AB and F H  
and passing through point C, the heptahydrate com- 
position, on the line BC, has been calculated to be 

The heat of solution for the high-energy mono- 
hydrate, point D in Fig. 2, could then be estimated as 
153 cal/g. Therefore the energy difference between 
points D and B is 110 cal/g monohydrate or 31.3 
kcal/mol of heptahydrate. Expressed in wave- 
numbers, this energy is equivalent to  11.0 x lo3 
cm-'. 

3. CuS04.3H,0.2D20 
The ir spectrum from CuS0,.3H,0.2D20 shows 

absorptions a t  about 3300 cm-'  and 2400 cm-' 
(spectrum A ,  Fig. 3). When the salt is dehydrated 
over concentrated sulphuric acid, the product, 
CuS04.3H20, shows only the absorption at 3300 
cm-' (spectrum B). 

Spectra C, D, and E are for the salts obtained by 
vacuum dehydration of CuSO4.3H2O.2D2O. Spec- 
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yAB = 61.5 - 7 . 5 7 ~  
-E  

YB, = 90.6 - 3 . 6 8 ~  
-D and 

y,, = 218 - 7.52s 

where x is the percent ammonia in the sample and y 
is its solution. The heat of solution for the hepta- 
ammine of copper(I1) sulphate which is probably 
hexaamminecopper(I1) sulphate monoammine, 
Cu(NH3),S04.NH3, at  point C, was estimated by 
extrapolating the line BC. It is found to be -74.5 

. . . . cal/g. Using the slope of the line F H  as -7.52, the 
- A  line CE has been drawn to  pass through the point C. 

This line allows the estimation of the heat of solution 
for the high-energy modification CuS04.NH3 a t  
point D as 174.7 cal/g. By using the equation for the 
line BC, the heat of solution for low-energy modifi- 
cation CuS04.NH3 at  point B is estimated to be 
53.4 cal/g. Thus the heat of transition, Q,,, is 
121.3 cal/g monoammine which is equivalent to  
11.8 x lo3 cm-' per mole heptaammine. 

1 Discussion 
4000  3000  2 0 0 0  

WENUMBER CM-I The heats of solution for the crystalline hydrates 
of copper sulphate that are now reported in Fig. 2 

FIG. 3. Infrared spectra for hydrates of copper(l1) sulphate. 
A, c ~ s ~ , . ~ ~ , ~ . ~ ~ ~ ~ ~ ~ ,  CuS04 .3H~O~ =, CuS04.xH,0. 

give only a single straight line BC joining all the 

trum C is that given by a hydrate of high-energy 
modification of composition C u S 0 4 ~ x H 2 0 ~ y D 2 0  
where x + y z 3 (about the trihydrate composi- 
tion). The amount of H 2 0  + D 2 0  left in the sample 
is about 29.3%. Spectrum C gives both maxima at  
3300 cm- '  and 2400 cm-'. Though the intensity of 
the latter is comparatively less, it clearly indicates 
the presence of D 2 0  in the product. Spectrum D is 
that of C u S 0 4 ~ x H 2 0 ~ y D 2 0  with x + y z 2. The 
amount of H 2 0  + D 2 0  left in the sample is about 
18.7%. Both absorption maxima still persist and they 
d o  so even at  a lower composition (spectrum E). 
Spectrum E is that of CuS04 .xH20 .yD20  with 
x + y z 1. The amount of H 2 0  + D 2 0  left in the 
sample is 13.4%. 

4. Atntnines of Copper(I1) Sulphate 
The heats of solution for the ammines of copper(I1) 

sulphate are plotted as a function of percent ammonia 
in Fig. 4. In the figure, B, F,  and C are at  the mono- 
ammine, pentaammine, and heptaammine composi- 
tions respectively. The heats of solution for the low- 
energy ammines fall on the lines FB and BA whereas 
those-for the high-energy modification ammines fall I 

I I I lb 2 0  3 0  4 0  5 0  
on the line FH.  The lines AB, BC, and F H  are drawn 
with the slopes calculated by using the method of PERCENT AMMONIA IN SALT 

least squares. The linear relations are FIG. 4. Heats of solution for various ammines of CuSO,. 
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points on the heat of solution curve. Furthermore, 
the gradient of the line CB in Fig. 2 is smaller than 
those given by Frost et al. (1 1) for the lines FB and 
C F  in Fig. 1 .  

This could be explained on the assumption that 
the present technique for the preparation of the lower 
hydrates of low-energy modification yields com- 
pletely crystalline products. It has been a common 
practice to prepare the lower hydrates by heating the 
pentahydrate in an oven. For example, when 
CuS0, .5H20 is heated at  101°C the trihydrate is 
formed (26). However, this trihydrate may contain 
a very small quantity of noncrystalline trihydrate 
(27). The quantity may be so small that the heat of 
solution would not give any detectable difference 
from that of the completely crystalline sample. 
Further dehydration may yield the monohydrates 
with a greater proportion of noncrystalline material 
so that the heat of solution would be considerably 
higher than that of the completely crystalline form. 

Frost e/ al. (11) gave an equation to describe the 
heat of solution data for the high-energy modifica- 
tion hydrates of composition less than that of the 
monohydrate as 

The line F H  intercepts the line BC at  approximately 
the trihydrate composition. The equation for the 
line F H  agrees quite well with the present results 
(Fig. 2) for the heats of solution for the hydrates of 
high-energy modification obtained by the dehydra- 
tion of the crystalline trihydrate under vacuum. 
Therefore, it seems possible to conclude that all 
those hydrates that have their heats of solution 
described by the line F H  must originally come from 
the trihydrate of copper(I1) sulphate. 

Since the line XZ in Fig. 1 intercepts the line F H  
at  about the monohydrate composition, it seems 
likely that the products of vacuum dehydration of 
the pentahydrate which have water content higher 
than that of the monohydrate are really mixtures. 
These mixtures consist of the initial pentahydrate 
and high-energy modification monohydrate origi- 
nating from the crystalline trihydrate. It seems that 
during vacuum dehydration when a molecule of 
CuS04.5H10 loses its two molecules of ligand water, 
further loss of two more is enhanced. Thus that 
molecule will be dehydrated further to the mono- 
hydrate regardless whether other molecules adjacent 
to  it have been dehydrated or not. If this is so, a 
product with an intermediate composition between 
the monohydrate and the pentahydrate is really a 
mixture of these two salts. Its heat of solution would 
fall on a line joining the values for the pentahydrate 
and the high-energy monohydrate, following a rule 
given by Donnan and Hope (13). 

Thus it appears that the decomposition of the 
pentahydrate of copper(l1) sulphate under vacuum 
to form the trihydrate would be accompanied by 
lattice rearrangement. The trihydrate stage is tran- 
sitory (29). At the moment of its formation dehydra- 
tion would proceed to the monohydrate stage with 
the formation of the corresponding high energy form. 
Garner and Tanner (30) arrived at  a similar con- 
clusion although in a less definitive way. Kohl- 
schiitter and Nitschmann (3 1) have studied the X-ray 
diffraction pattern of the products of vacuum de- 
hydration of the pentahydrate of copper(I1) sulphate 
and arrived a t  a similar conclusion. 

The ir study that was done clearly shows this 
phenomenon. The ir spectra of free H 2 0  and D,O in 
the gas phase show absorption maxima at  about 
3756 cm-'  and 2789 cm- '  respectively (23, 24) due 
to 0-H and 0-D assymetric stretchings. When the 
compound CuS0, .3H20.2D20 was formed from the 
trihydrate, it is assumed that D,O absorbed has 
filled the vacant coordination positions in the 
[Cu(H,0),I2+ ion to  form the [cu(H,o),(D,o)~]~+ 
ion. Due to coordination, the corresponding vibra- 
tions in the salt are lowered (25). When the salt was 
dehydrated over concentrated H2S04 ,  it seems that 
all the D,O originally present in the salt was lost, 
leaving the crystalline trihydrate again as the 
product (spectrum B, Fig. 3). Since the trihydrate 
has no D,O, the spectrum would only show absorp- 
tion at  3400 cm-'. From the spectra C, D, and E, it 
is clear that under vacuum the D,O are not com- 
pletely removed even when the composition of the 
product is close to that of the monohydrate. This 
could mean one of two things: (a) the ligands are 
evolved at  random, non-stepwise, regardless of the 
coordination positions, or  (b)  for every molecule, 
once D,O is evolved, H,O immediately follows. It is 
stepwise but fast in sequence to the extent that some 
molecules have only the anionic water left while the 
others still have all the ligands bonded. Since the 
second mechanism agrees well with the heat of 
solution data, it seems that it is the more likely one. 

With these assumptions, it seems that the present 
results on the heat of solution measurements give 
better values than those given by earlier workers. 
Furthermore the value of lODq obtained by the 
thermochemical technique for the hexaaquocop- 
per(I1) ion as 11.0 x lo3 cm- ' is comparable to that 
obtained by Pappalardo (8) as 11.2 x lo3 cm-' for a 
truely octahedral hexaaquocopper(1l) ion in 
CuSiF,.6H20. 

Eliott and Hathaway (10) have studied the re- 
flectance spectra of the d-d transitions for the hexa- 
amminecopper(I1) halides and pentaamminecop- 
per(I1) sulphate. From their studies, they have 
assigned the value of lODq ranging from 10.4 x 
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lo3 cm-'  to  10.6 x lo3 cm- '  for the halides and 
10 x lo3 cm-I for the sulphates. Roos (28) has cal- 
culated the energy levels for the [cu(NH3),I2' ion 
to  confirm the experimental measurements of 
Bjerrum et al. (32). He assigned a value of 9.75 x 
lo3 cm- '  to the lODq for this complex. From the 
present work we obtained a value of 11.8 x lo3  cm- ' 
for the hexaamminecopper(I1) ion. Even though it is 
slightly higher than those values quoted above it is 
still smaller than that originally proposed ( 5 ,  6). 
Compared to  the value for the hexaaquocomplex it 
is very encouraging. Going back to  the earlier paper 
(4) and substituting the present values in the figure 
showing the relative magnitudes of lODq for the 
complexes, the high values for that of hexaammine 
and hexaaquocopper(I1) ions are removed. Thus the 
present results lend more support to  the validity of 
the thermochemical measurement of the ligand field 
splitting energy. 
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The synthesis of title compounds and some aromatic ring substituted analogues is described. 

GHOLAM HOSEIN HAKIMELAHI et GEORGE JUST. Can. J. Chem. 57, 1932 (1979). 
On dkcrit la synthese des cornposks sus-mentionnks ainsi d'analogues substituks sur le noyau 

arornatique. 

Nocardicin A (I), the first 'monocyclic' p-lactam 
antibiotic described, is remarkably active against 
Gram-negative organisms in vivo (2) although it 
displays but little activity in vitro (3, 4). It differs 
from all hitherto described p-lactam antibiotics, 
1770-1780 cm-I, in having a relatively unstrained 
(1725 cm-I) p-lactam ring, and therefore being 
quite stable towards nucleophilic attack. It occurred 
to us that the in vivo activation may well be linked 
to an oxidation of nocardicin A to the corresponding 
quinonemethine, in which the p-lactam frequency 
should be considerably augmented, thus leading to a 
chemically and therefore perhaps biologically re- 
active lactam. 

Since the nocardicin A sidechain is relatively 
complex, nocardicinic acid derivatives carrying a 
phenylacetamide sidechain, a group known to confer 
antibiotic activity to classical p-lactam antibiotics, 
were prepared as model compounds, and the 
experience gathered applied to the synthesis of 
nocardicin A. 

Because of the difficulties in preparing quinone- 
methines (5) it was decided to prepare, in addition to 
8N-f, catechol derivatives of type 8N-g, in which an 
in vivo and (or) in vitro oxidation to o-quinones may 
be more easily achieved, and which may perhaps 
exist in part as thep-quinonemethine tautomer. Since 
several total syntheses of nocardicin have already 
been reported (6), it was decided to prepare 4- 
hydroxymethylnocardicinic acid, which would allow 
the synthesis of fused nocardicins. This will be 
described in the following paper. 

Because of lack of substantial in vivo antibacterial 
activity of hydroxyinethylnocardicin A (17N), due 
presumably to the hydroxyinethyl group, the corre- 
sponding catechol (17N-g) was not synthesized. 

As a model, methyl D,L-phenylglycinate (3a) was 
converted to its cinnamylidine Schiff base 4a. Re- 

action with azidoacetyl chloride (7) using the methods 
described by Doyle et al. (8), gave p-lactam 5a as a 
mixture of epimers at the carboxyl bearing carbon. 
All the p-lactams obtained by this method were cis- 
fused (8), as could be determined by nmr (J = 5 Hz) 
of all derivatives in which the relevant protons did 
not overlap with other signals. The azide function in 
5a was reduced with hydrogen sulfide- triethyl 
amine (8), and the resulting amine directly acylated 
with phenylacetyl chloride in pyridine to give 6a. 
This method was used throughout to convert the 
azide group to a phenylacetamide function and pro- 
ceeded in approximately 70% overall yield. When 
methyl D-phenylglycinate (D-3a) was transformed to 
5a, the product was optically inactive, indicating that 
raceinization took place as observed previously (9) 
in a similar reaction in which D-serine had been used 
as a starting material. 

Next, p-benzyloxybenzaldehyde (lb), piperonal 
(lc), 3,4-dibenzyloxybenzaldehyde (ld), and 4-car- 
boxybenzaldehyde (lh) were transformed to the 
corresponding cyanoamines 2b-d and 2k by means of 
NaCN-NH,Cl-NH, in methanol, or methanol- 
tetrahydrofuran in the case of l b  and Id. The 
cyanoamines 2 were inethanolysed to the aminoester 
3, the overall yield for the transformation 1 -t 3 
being approximately 65% except in the case of 3d, in 
which the cyanoamine formation I d  -t 2d proceeded 
in 5% yield only, and the methanolysis in 40%. Schiff 
base formation 3 -t 4 proceeded in general quanti- 
tatively, and p-lactam formation 4 -t 5 in approx- 
imately 70% yield. 5b-e were transformed to 6b-e as 
described above. 

Since, at this point, it was not known whether the 
methyl ester group could be hydrolysed in the 
presence of a p-lactam group, p-lactams6a, b, d, e were 
treated with 1 equiv. of sodium hydroxide in 
methanol as a 1% solution at room temperature. 

0008-4042179115 1932-07$0 1 .OO/O 
@I979 National Research Council of CanadalConseil national de recherches du Canada 
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HAKIMELAHI A N D  JUST: I 

Nocardicin A 

1 A , B = O  
2 A = C N , B = N H ,  
3 A = COOMe, B = NH, 
4 A = COOMe, B = N=CH-CH=CHPh 

OR' Y 

COOR 
7 R = Me, Z = NHCOCH,Ph, R' = H 
8 R =  H,  Z=  NHCOCH,Ph, R' = H 
9 R = C H , P h , Z = N 3 , R f =  H 

10 R =  CHI, Z = N,, R' = H 
11 R =  CH,, Z =  NHZ, R ' =  H 
12 R =  CHI, Z =  NH,, R' = SiMe, 

I 

COOMe 

a X = Y = H , b  X = O C H , P h . Y = H , c  X=Y=-0 -CH, -4 - , d  X = Y = O C H , P h ,  
e X=COOMe,Y= H,  f X = O H , Y =  H,g X = Y = O H , h  X = C O O H , Y =  H , i  X=OSiMe , ,Y=H 
N: having the nocardicin A configuration at a 
(I: a-epimer of N 

COOR 
\ 

HC-H2CH2C-0 
/ 

ZH N 

COOR 
14 -R = Me, X = 0. Z = COOCMe, 
15 R =  H , X =  O . Z =  COOCMe, 
16 R = H . X = O . Z = H  
17 R = H, X = NOH(syrl), Z = H 

Esters 6a,b,d were transformed to the corresponding 
acids in 60-65% yield, and were characterized by 
remethylation. In the case of carbomethoxyphenyl 
derivative 6e, the p-lactam function was hydrolysed 
more rapidly than either ester function. 

Styryl-P-lactam 6c derived from piperonal was 
ozonised in methanol at -78"C, and the crude 
product reduced with sodium borohydride at -40°C. 
Although it was possible to isolate 7c by preparative 
tlc, the yield was very low, and it seemed that the 
methylene-dioxy bridge was attacked during ozon- 
olysis. Moreover, the methylene bridge could not be 
cleaved in the presence of the p-lactams with boron 

trichloride - methylene chloride (10) or boron tri- 
bromide ( l l ) ,  so that no further work was done in 
this series. 

Ozonolysis of the p-benzyloxy-P-lactam 6b using 
standard ozonolysis conditions, followed by sodium 
borohydride reduction at -40°C, gave the expected 
diols 7b in 20% yield only. However, when ozone and 
nitrogen were introduced siinultaneously (12), and 
the reaction mixture then reduced with sodium boro- 
hydride, 7b was obtained in over 80% yield. Similar 
results were obtained in the dibenzyloxy series 7 d .  
The diastereomeric mixtures 7a,b,d were separated 
into their constituents by column chromatography. 
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The less polar products were assigned the stereo- 
chemistry of the 'natural' nocardicin 7 N  based on 
the fact that the ester function absorbed in the 
infrared at  1740 cm- (hydrogen-bonded carbo- 
methoxy group) and the hydroxyl function a t  
3300-3500 cm-'  (hydrogen-bonded hydroxyl), with 
a concomitant lowering of the chemical shift of the 
proton a to the carbomethoxy group to  5.8 ppm. The 
corresponding numbers for the more polar isomer 
7 U  were 1750 cm- I ,  3400-3600 cm- ' and 5.5 ppm. 
Model studies indicated that hydrogen bonding of 
the ester and hydroxyl group resulted in the phenyl 
group being placed away from the p-lactam ring in 
the case of 7N, whereas in isomer 7U, hydrogen 
bonding would place the phenyl group very close 
to the p-lactam ring. Equilibration of two related 
isomers by heating either 9U-a or 9N-a (13) for a day 
a t  80°C in pyridine gave a 30:70 ratio of 9U-a and 
9N-a indicating that the hydrogen bond made 9N-a 
slightly more stable than 9U-a. When the hydroxy 
group in 9U-a or 9N-a was blocked by mesylation or 
acetylation, equilibration gave a 50:50 mixture of 
the corresponding mesylates or acetates of 9U-a and 
9N-a, as established by nmr. 

Catalytic hydrogenation of 7U-b, 7U-d, 7N-b, and 
7N-d over Pd/C, followed by hydrolysis of the ester 
group with 1% aqueous sodium hydroxide, gave 
8U-f, 8U-g, 8N-f, and 8N-g respectively. 

In order to  attach the nocardicin A sidechain to 
the p-lactam moiety, a mixture of diastereomeric 
styryl azides 5b were ozonised and reduced to a 
mixture of lob, which could be separated into their 
constituents IOU-b and ION-b as described for 7 U  
and 7N. 

D,L-Azido- P-lactam ION-b was reduced with Pd/C 
in methanol, and the resulting phenolic aminoalcohol 
11N-f obtained in nearly quantitative yield, was 
silylated in situ to give 12N-i. Coupling of 12N-i with 
glyoxylic acid DL-13 using N-ethoxycarbony1-2- 
ethoxy-l,2-dihydroquinoline (EEDQ) (14) in methy- 
lene chloride for 16 h, gave, after washing and 
chromatography on silica gel, 80% of amide 14N as 
a mixture of inseparable diastereomeric racemates. 
Hydrolysis with 2 equiv. of sodium hydroxide in 
aqueous methanol, followed by removal of the 
t-BOC group by means of trifluoroacetic acid, gave 
16N in 56% overall yield. Oximation was carried out 
using NH,OH.HCl in water a t  pH 7 (15). Purifica- 
tion by ion exchange gave 17N in 60% yield. The ir, 
nmr, and uv spectra a t  pH 7 and 12 of 17N (two 
racemic diastereomers) were virtually indistinguish- 
able from those of nocardicin A, except for the 
presence of the CH,OH group, which was clearly 
visible in the nmr spectrum. The same sequence 
could also be applied to the epimer IOU-b, giving 
17 U. 

Biological Tests 
Phenylacetimidonocardicinic acids 8N9, 8N-g, 

8U-f, and 8U-g and nocardicin A analog 17-U were 
tested against 32 strains of Ps. aeruginosa, K. pneu- 
moniae, E. aerogenes, E. cloacae, P. mirabigs, P. 
vulgaris, P .  morganii, S. aureus, and S. lutea and 
found to be inactive at  a level of 256 pg/mL. 

The diastereomeric mixture of racemates 17N was 
found to be active at  the level of 32 pg/mL versus 
S. lutea, as compared to nocardicin A which had a 
mic of 6.25 pg/mL against the same organism. How- 
ever, 17N exhibited no in vivo activity. 

Experimental 
Solvents were of reagent grade unless otherwise specified. 

Infrared spectra were run on Unicam SPlOOO and P.E. 257 
spectrophotometers. Nuclear magnetic resonance spectra were 
run on Varian T-60A or HA-100 spectrometers. Mass spectra 
were taken on an AEI-MS-902 mass spectrometer using the 
direct sample inlet system with a 70 eV ionization energy or 
on a LKB-9000 mass spectrometer. 

Melting points were determined on a Gallenkamp block in 
open capillary tubes and are uncorrected. 

Merck S160 silica gel was used for column chromatography. 
Merck silica gel H F  254 was used for thin layer chromatog- 
raphy (I mm) on glass plates (20 x 20 cm). Elemental 
analyses were performed by Heterocyclic Chemical Corpora- 
tion or Midwest Microlab. Ltd. 

Aminonitr.iles 2b,c,d,h 
Benzaldehydes 1 (0.02 mol) were dissolved in solvent A. 

Ammonium chloride (2.6 g, 0.05 mol) and sodium cyanide 
(1.25 g, 0.025 mol) were added, and the solution was saturated 
with ammonia at 0°C (10 min), and stirred in a pressure bottle 
at 25-30°C for 15 h. After evaporation, solvent B was added, 
and the product either filtered and recrystallized from solvent 
C or extracted with ethyl acetate. The nmr (DMSO-d6) 
showed a 2H broad singlet at D ppm, exchangeable with D,O 
(NH2), a 1H singlet at  FE ppm (CH), aromatic proton at F 
ppm, and other appropriate signals. All compounds absorbed 
in the infrared at 3300-3500 cm-' (NH,) and 2200 cm-'  
(CN). Yield G%. 

Compound 26: A 100 mL methanol, 30 mL THF;  B water; 
C methanol; mp 93-95°C; D 2.8-3.4; E 4.83; F 6.8-7.5 (9H); 
5.1 ppm (2H, s, CH,Ph); ms mle: 238 (Mf) ;  G 90. 

Compound 2c: A 100 mL methanol; B water, extracted with 
ethyl acetate; D 2.0; E 4.80; F 6.8-7.2 (3H); 6.0 ppm (2H, s, 
0-CH,-0); G 80. 

Compound 2d: A 100 mL methanol, 30 mL THF;  B water; 
the precipitate consisted of methanol insoluble 2 4  and large 
amounts of soluble cyanohydrin; mp 49-50°C; D 1.63-1.82; 
E 4.90; F7.0-7.7 (13H); 5.2 ppm (4H, s, (CH,Ph),); ms t?~/e: 
344 (Mf) ;  G 5. 

Compound 2h: A 100 mL methanol; B acetic acid; filtration; 
water; filtration. mp 1250°C (dec.); D 4.8 (3H); E 5.4; F 
7.6-8.2 (4H); G 80. 

Amitro Acid 3b,c,d,e 
Cyanoaniines 2b,c,d,h (0.018 mol) were dissolved in 250 mL 

methanol-water ( 9 5 3 ,  and HC1 gas was bubbled in at room 
temperature without cooling for 10 min. The solution was 
gently refluxed for 3 h, the solvent then evaporated and a 
mixture of 20 mL acetone- 60 mL ether was added. The 
colourless precipitate was washed with ether, and 3b,c,e,HCl 
obtained in approximately 80% yield, except for 3d.HCI which 
was obtained in 50% yield. All compounds obtained had nmr 
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HAKIMELAHI A N D  JUST: I 1935 

spectra similar to those described for the cyanoarnines except The following is a representative procedure: 
for additional methyl ester peaks. To a solution of a diastereonieric mixture of azido p-lactam 

Conipound 3b.HCI: At~rrl.calcd. for Cl6HI8O3NCI: C 62.44, 511 (4.68 g, 0.01 niol) in 100 mL dry CH2C12 at 0°C was added 
H 5.85, N 4.55; found: C 62.22, H 5.95, N 4.53. triethylamine (1.2 g, 0.012 niol). A stream of H2S gas was 

Conipound 3d.HCI: Atinl. calcd. for C2,H2,04NCI: bubbled in for 45 rnin. The solution was allowed to stand for 
C 66.75, H 5.80, N 3.38; found: C 66.35, H 5.50, N 3.30. 2 h at room temperature. Evolution of nitrogen gas was 

All hydrochlorides were converted to the parent arnine 3 observed. A stream of nitrogen gas was bubbled in for 30 min, 
according to the following procedure: then was added 2.3 g (0.03 rnol) pyridine, followed by drop- 

Compound 30.HCI (4.6 g, 0.015 niol) was mixed with 50 rnL wise addition of 1.8 g (0.012 niol) phenylacetyl chloride in 
of 10% aqueous NaHCO,, and the resulting amine 30 ex- 20 mL CH,CI,. The solution was stirred for 2 h at 25"C, then 
tracted into 50 mL of ether. After evaporation, 3.25 g of 3b was washed with 10% HCI solution, 10% NaHCO, solution, 
(80% yield) was obtained as an oil; nmr (CDCI,) 6 :  1.8 (s, 2H, and brine. It was then dried over Na,SO,, and evaporated to 
NH,, exchanged with D,O); 3.5 (s, 3H, OCH,), 4.4 (s, IH,  give 5 g (89%) of impure arnide 60 which was chromato- 
CH), 4.9 (s, 2H, CH,O), 6.65-7.4 pprn (rn, 9H, aromatic); ir graphed on silica gel. Methylene chloride eluted impurities, 
(CH,CI,): 3300-3400 (NH,), 1740 (ester) cm-I. and chloroform gave 4 g (70%) of p-lactam 60, nip 100-106"C, 

Schiff Bnse 4a-e as a mixture of diastereomers; nmr (CDCI,) 6: 3.4 (s, 2H, 

~ 1 1  the schiff bases were prepared i n  a similar manner and amide CH2), 3.6-3.8 (2% 3H, CH3), 4.24.4 (m, 1H, p-lactam), 
used without purification. The following is a representative 4.8-5.1 (2% 2H, CH2), 5.4-5.7 (ni, 2H, CH and p-lactam), 
procedure: 6.2-6.5 (m, 2H, CH=CH), 7-7.6 (m, 20H, Ph and NH). Two 

To a solution of30 (2.71 g, 0 . ~ 1  nlol) in 100 m~ dry CH,CI, recrystallizations from absolute ethanol separated one of the 

was added cinnalnaldehyde (1.32 g, 0.01 mol), The solution was diastereomers; mp 168-169"C; nnlr (CDCI3) 6:  3.42 (s, 2H, 

brought to reflux and the CH2C12 distilled slowly with the CH2)9 3.7 (s, 3H, CH3)3 4 .24.4  (m, IH, D-lactanl), 5.1 (s, 
constant addition of dry CH2C12 so as to maintain the same 2H' CH2), 5.3-5.6 (s, 1H, C H C O O M ~  and m, l ~ ,  p-lactam, 
volume of liquid in the reaction vessel. After the water of J~ = Hz and J2 = Hz), 6.2-6.6 ( m y  2 H ~  CH=CH), 

reaction was all removed (-7 h), the solution was cooled and 6.2-7.6 ("', 20H, Ph and NH); ir (CH2C12): 3390 (NH), 1756 

M ~ S O ,  was added, p,fter 2.5 h, it was filtered and evaporated (p-lactam), 1740 (ester), 1680 (amid4 Clll-', identical to that 

to yield 3.85 (100%) schiff base40 as an oil; nmr  (CDCI,) 6: of the mixture of diastereoniers; ms ltl/e: 560 (M+). 

3.8 (s, 3H, CH,), 5.1 (s, 2H, CH,), 5.3 (s, lH,  CH), 6.8 (m, 2H, C o m ~ o u n d  6U-b Or 6N-b: Atzol. calcd. for C35H3205N2: 

CH=CH), 7-7.6 (,,,, ] 4 ~ ,  ph), 8.0 ]H, N=CH); ir C 74.98, H 5.75, N 5.00; found: C 74.63, H 5.98, N 4.88. 

( c H ~ c ~ ~ ) :  1735 (ester), 1635 (HC=N) cnl-l,  the case of Compound 6c: Ann/. calcd. for C29H2606N2: C 69.87, 

the yield seemed to be somewhat lower (85%) as aster- 5.22, 5.62; found: C 69.69, H 5.27, N 5.37; mp 69-70°C 

tained by nmr. (ethanol). 
Compound 6d: Atinl. calcd. for C 4 2 H 3 8 0 ~ N 2 :  C75.67, 

Azido-p-lrrcfnms 5a-e H 5.70, N 4.20; found: C 75.33, H 5.79, N 3.88; mp 130- 
All p-lactams were prepared in an identical manner and 1 3 1 0 ~  (ethanol), 

obtained in approximately 80% yield. Their spectra were 
similar except for variations due to aromatic substituents, A I ~  4-Hyrlro.\-y1nrti1yl-~-lr1ctr1tri.s 7U-b, 7U-d. 7N-b, otirl7N-d 

their mass spectra sllowed M +  - N, or, i n  the case ofso, M + .  Both mixtures of diastereomeric rnonobenzyloxylactam 6b 

The following is a representative procedure: and dibenzyloxylactarn 6d were submitted to identical reaction 
conditions and separation procedures, which will be described 

p-Lrlctr~m 5b for 60 only. 
To the freshly prepared Schiff base (3.85 g, 0.01 rnol) in p-Lactani 6b (2 g, 0.0035 mol) in a mixture of 50 mL 

loo mL dry CH2C12 was added at -200C (dry ice - CC14) CHzC12 and 100 niL dry methanol was saturated with nitrogen 
triethylamine (1.01 g, 0.01 mol). A solution of azidoacetyl gas at -783C (3 min). Then a mixture of 0,-N2 gas was 

g, mOl) i n  30 CH2C12 was added bubbled i n  until the &'I starch paper showed excess ozone 
dropwise over 10 min. The solution was stirred for 1 h and (30 min). The excess ozone was removed by passing a stream 
evaporated to dryness. The residue was dissolved in ether, of N2  for The temperature was allowed to rise to 
treated with charcoal, filtered, and evaporated to give 3.7 g -400C, at which time was added NaBH4 (0,2 g, 0,005 mol), 
(80%)5b as an oily mixture of diastereomers; nmr (CDCI3) 6: The temperature of the solution was permitted to rise to 
3.8 (d, 3H, CH3) 4.2-4.4 (m, lH, p-lactam) 4.7-4.9 l H ?  25°C over 2 h, following which 5 mL 10% HCI was added, 
B-lactam), 5.1 (s, 2H, CH2), 5.5-5.6 (d, 1H, CHI, 6.5 (nl, 2H, ~h~ solution was evaporated to 50 m ~ ,  diluted H,O, and 
CH=CH), 6.8-7.6 (m, 14H, Ph). C h r o m a t o g r a ~ h ~  Over silica was extracted with acetate, washed with water, dried 
gel using CH2C12 as eluent separated one of the diastereomers, over Na2S04, and evaporated to give crude product in 
which was obtained in 30% yield as an oil; nmr (CDCI,) 6: quantitative yield. 
3.75 (s, 3H, CH3), 4.2-4.4 (m, lH, p-lactam), 4.8 (d, IH, A wash with a mixture of ether-hexane (1: 14) removed = Hz, p-lactam), 5.1 (s, 2H, CH2), 5.5 (s? IH, CH), 6.5 benzyl alcohol, and a 1 : 1 mixture of diastereomers (1.5 g, 

2H, CH=CH), 6.8-7.5 (m, 14H, Ph); ir (CH2C12): 2100 85%) of 7b, 50-540C, was obtained, as evidenced by nlllr. 
(N3), 1760 (D-lactani), 1740 (ester) cm-', identical to that of Chromatography on silica gel and elution with CHCI, 
the diastereomeric mixture; nis mle: 440 (M+ - N2). separated completely the diastereomers 7N-b and 7U-b. The 
P/~etiylrrcefnn~ido-p-lncfnms 6a-e less polar diastereomer 7N-b was obtained in 40% yield, and 

All transformations were performed in an identical manner, melted at 8485°C after crystallization from diethyl ether; 
and the mixture of diastereomers 6 obtained in 70% yield after nmr (CDCI,) 6 :  3.4 (b, 2H, CH20), 3.6 (s, 2H, CH2CO), 3.8 
purification. Their spectra were similar except for variations (s, 3H, CH,), 4.2-4.6 (ni, lH,  CH-CH20H), 5.18 (s, 2H, 
due to aromatic substituents. All their mass spectra showed CH2PIi), 5.4-5.7 (q, IH, CH-NHCO, J1 = 5 Hz and J2 = 
M+,  M+ - (Ph-CH,CONHCH=C=O), M +  - (Ph-CH 10 Hz, after D,O exchange: d, J = 5 Hz), 5.8 (s, 11-1, CH), 
=CH-CH=CH-NHCOCH2Ph), except for the diben- 7-7.6 (rn, 15H, Ph and NH); ir (CH2C12): 3380-3440 (NH and 
zyloxy derivative which showed no molecular ion but M +  - OH), 1760 (p-lactam), 1740 (ester), 1670 (amide) cm-I. 
(Ph-CH2CONHCH=C=O),M+ - (Ph-CH=CH-CH= Compound 7U-0 was obtained in 40% yield and was 
CH-NHCOCH2Ph). crystallized from diethyl ether, mp 59-60°C; nmr (CDCI,) 6: 
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2.8-3.2 (b, 2H, CH20), 3.5 (s, 2H, CH2CO), 3.7 (s, 3H, CH,), 
4-4.1 (m, lH,  CH-CH20H), 5.1 (s, 2H, CH,Ph), 5.4-5.7 (m, 
lH,  CH-NHCO, J, = 5 Hz and J, = 10 Hz, and lH ,  s, 
CH), 6.8-7.8 (m, 15H, Ph and NH); ir (CH,CI,): 3380-3440 
(NH and OH), 1760 (p-lactam), 1750 (ester), 1670 (amide) 
cm-'; ms mle: 429 (M+ - COOMe), 297 (Mf - HOCH2- 
CH=CHNHCOCH,Ph), identical to that of the other 
diastereonler. Atml. calcd. for Cz8Hz8O6Nz: C 68.84, H 5.87, 
N 5.73; found: C 68.62, H 6.05, N 5.47. 

Compound 7N-d was obtained by the same purification 
method in 40% yield and melted at 85-87°C (Et,O); nmr 
(CDCI,) 6: 3-3.3 (b, 2H, CH20), 3.6 (s, 2H, CHZCO), 3.8 
(s, 3H, CH,), 4.2-4.4 (m, lH ,  CH-CH20H), 5.2 (s, 4H, 
2CH2Ph), 5.3-5.6 (q, lH,  CH-NHCO, J, = 5 Hz and 
J2 = 10 Hz), 5.7 (s, lH,  CH), 6.7-7.6 (m, 19H, Ph, NH). Its 
ir was identical to that of 7N-b. 

Com~ound  7U-d was obtained bv the same purification 
method in 40% yield; mp 70-72°C; nmr (CDCI,) 6: 2.6-2.7 
(b, lH,  OH exchanged with DZO), 3.G3.2 (b, 2H, CH20), 3.6 
(s, 2H, CHzCO), 3.7 (s, 3H, CH,), 3.9-4.0 (m, lH,  CH- 
CH20H), 5.2(s, 4H, 2CH2Ph), 5.4-5.72(m, lH,  CH-NHCO, 
J, = 5 Hz and J2 = 10 Hz and lH,  s, CH), 6.8-7.6 (m, 19H, 
Ph, NH); ir was identical to that of 7U-b; ms nz/e: 594 (M+) 
identical to that of the other diastereomer. Atial. calcd. for 
C3,H3,0,N2: C 70.71, H 5.72, N 4.71 ; found: C 70.69, 
H 5.70, N 4.69. 

p-Lric.ta1~1 7U-f rit~d 7N-f 
To 0-lactam 7N-b (1.5 g, 0.003 mol) in 60 mL methanol was 

added 10% Pd/C (0.2 g), and the mixture was hydrogenated 
at room temperature and 40 psi for 1 h. (The pressure dropped 
to 37 psi.) The solution was then filtered and evaporated to 
give 1 g (83%) of 7N-f; mp 76-78°C (Et,O); nmr (CDCI,) 6: 
3.4-3.6 (b, 2H, CH20), 3.7 (s, 2H, CHZCO), 3.8 (s, 3H, CH,), 
4.2-4.6 (b, 2H, OH and CH-CHIOH), 5.4-5.67 (q, lH,  
CH-NHCOR, J, = 5 Hz and Jz = 10 Hz), 5.7 (s, 1 H, CH), 
6.8-7.5 (m, 10H, Ph and NH), 8.3 (b, lH,  phenolic OH); ir 
(CH2C12): 3350 (OH and NH), 1760 (p-lactam), 1725 (ester), 
1660 (amide) cm-'; 7U-f was obtained by the same method 
in 80% yield; mp 68-69°C (Et20); nmr (CDCI,) 6: 3.2 (b, 2H, 
CH20), 3.6 (s, 2H, CH2CO), 3.79 (s, 3H, CH,), 4.2 (b, 2H, 
OH and CH-CHzOH), 5.4-5.7 (m, 2H, CH and CHNHCOR, 
J, = 5 Hz and Jz = lOHz), 6.8-7.6 (m, 11H, Ph, NH and 
phenolic OH); ir (CH2CI2): 3350 (OH and NH), 1760 (0- 
lactam), 1735 (ester), 1660 (amide) cm-'; ms rtzle: 339 (Mf 
- COOMe), 148(M+ - COOMe + HOCH,CH=CHNH- 
COCHzPh) identical to that of the diastereomer 7N-f. 

0-Lric,trrtn 8U-f rinrl 8N-f 
P-Lactam 7N-f (1 g, 0.0025 mol) was dissolved in 30 mL 

methanol. One percent aqueous NaOH (10 mL) was added 
dropwise over a period of 10 min. It was then stirred for 15 min 
and acidified with HCI to pH 3. The methanol was evaporated 
and the aqueous solution was extracted with ethyl acetate. 
Drying (Na2S04) and evaporation gave 0.8 g (84%) 8N-f; nlp 
160-162"C, after dissolving in 5% aqueous NaHCO,, and 
acidifying to pH 3; nmr (CDCI,-DMSO-&) 6: 3.4-3.7 (b, 5H, 
CHzO, CH2C0, CH-CH20H), 5.2-5.4 (q, lH,  CH- 
NHCOR, J, = 5 Hzand J2 = 10 Hz), 5.6 (s, IH, CH), 6.8-7.4 
(m, 1 lH, Ph, COOH, OH), 8.0 (b, lH,  NH). Addition of D 2 0  
resulted in exchange of four protons and considerable sharpen- 
ing of spectrum. Infrared (KBr): 3250-3350 (OH, NH, 
COOH), 1735 (0-lactam), 1710 (acid), 1625 (amide) cm- '. 
Treatment of 8N-f with diazomethane resulted in quantitative 
formation of 7N-f. Compound 8U-f was obtained from 7U-f 
by the same method in 80% yield; mp 117-120°C; nmr was 
identical to that of the other diastereomer; ir (KBr): 3300-3400 
(NH, OH, COOH), 1740-1730 (0-lactam and acid), 1660 

(amide) cm-I. Treatment of 8U-f with diazomethane gave 
7 U-f quantitatively. 

p-Lactattz 8U-d atid 8N-d 
Conlpounds 7U-d and 7N-d were hydrolysed to 8U-d and 

8N-d in about 80% yield using the method described for the 
formation of 8N-f. 

Compound 8N-d: mp 122-125°C; nmr (CDCI,, DMSO-4,  
D20) 6: 3.3-3.7 (nl, 5H, CHZO, CHZCO, CH-CH,OD), 5.2 
(s, 4H, 2CH20), 5.3-5.5 (d, lH ,  CH-NDCOR), 5.63 (s, lH ,  
CH), 6.8-7.4 (m, 18H, Ph); ir (KBr): 3200-3400 (NH, OH, 
COOH), 175G1730 (p-lactam and acid), 1640 (amide) cm- ' ; 
treatment of 8N-d with CH2N2 gave 7N-d quantitatively. 

Compound 8U-d: mp 95-98°C; nmr was identical to that 
of the 8N-d; ir (KBr): 3200-3400 (NH, OH, COOH), 1750- 
1740 (p-lactam and acid), 1680 (amide) cm-';  treatment of 
8N-d with CH2N2 gave 7U-d. 

0-Lric.tritn.s 7U-g. 7N-g, 8U-g, rind8N-g 
The 8U-d and 8N-d were debenzylated to 8U-g and 8N-g 

in 80% yield by catalytic hydrogenation as described for the 
preparation of 7N-J 

Compound 8N-g: mp 116-1 19°C (dec.); nmr (acetone-&, 
D20) 6: 3.5-3.8 (b. 5H. CH,O. CHICO. CH-CH20), 
5.3-5.5 (d, 1 H, CH-ND-COR, J = 5 Hz), 5.6 (s, 1 H, CH), 
6.8-7.4 (m, 8H, Ph); ir (KBr): 280G3500 (OH, COOH), 1750 
(0-lactam), 1730 (acid), 1640 (amide) cm- '. Treatment of 
8N-g with CH2N2 gave 7N-g quantitatively. 

Compound 7N-g: mp 8487°C;  nmr (CDC1,-D20) 6: 
3.4-3.8 (m, 8H, CH20 ,  CH2C0,  CH,, CH-CHzO), 5.2-5.4 
(d, lH,  CH-NDCOCHzPh, J = 5 HZ), 5.7 (s, lH, CH), 
6.5-7.4 (m, SH, Ph); ir (CHCI,): 3100-3500 (OH, NH), 1770 
(0-lactam), 1740 (ester), 1680 (amide) cnl-'; ms ttlle: 414 
(M + ). 

Compound 8U-g: mp 95-98°C; its nmr was identical to that 
of 8N-g; ir (KBr): 2800-3500 (OH, COOH), 1750-1740 (0- 
lactam, acid), 1670 (amide) cnl-I. It was treated with CHZNz 
to give the corresponding methyl ester 7U-g; ms tu/e: 414 
(M+). 

Azido Alcohol ION-b and IOU-b 
p-Lactam 5b (4.68 g, 0.01 mol) in a mixture of 61 111L 

CHzCIz and 100 mL dry methanol was saturated with nitrogen 
gas at - 78°C (3 min). Then a mixture of 0, and N2 gas was 
bubbled in until the KI starch paper showed excess ozone 
(60 min). The excess ozone was removed by passing a stream 
of N2 for 10 min. The temperature was allowed to rise to 
-40°C, at which time was added NaBH, (0.38 g, 0.01 mol). 
The temperature of the solution was permitted to rise to 25°C 
over 2 h, following which 10 lnL 10% aqueous HCI was 
added. The solution was evaporated to 50 mL, diluted with 
water, and extracted with ethyl acetate, washed with water, 
dried over Na2S04, and evaporated to give crude product in 
quantitative yield. 

A wash with a mixture of ether-hexane (1 :14) removed 
benzyl alcohol, and an oily 1 : 1 mixture of diastereomers (3 g, 
70%) of ION-b/lOU-b was obtained as evidenced by nmr. 

Chromatography on silica gel and elution with CH2C12 
separated one of the diastereomers ION-b in 30% yield as a 
foam; IOU-b was eluted with CHCI, in 30% yield as a foam. 

Less polar diastereomer ION-b: nmr (CDCI,) 6: 3.4-3.8 
(b, 4H, CH-CH20H), 3.7 (s, lH, CH,), 4.4-4.6 (d, lH,  
CH-N,, J =  5Hz)  5.1 (s, 2H, CH2), 5.78 (s, lH, CH), 
6.9-7.55 (m, 9H, Ph); ir (CH2CIz): 3300-3500 (OH), 2100 
(N,), 1770 (p-lactam), 1740 (ester) cm- '. 

More polar diastereomer IOU-b: nnlr (CDCI,) 6: 2.2-2.4 
(b, IH, OH exchanged with DzO), 3.2-3.4 (b, 2H, CHZO), 3.6 
(s, 3H, CH,), 4 .W.3  (m, lH,  CH-CH,O), 4.75-4.9 (d, lH ,  
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H A K l M E L A H l  A N D  JUST: I 1937 

CH-N,, J = 5 Hz), 5.3 (s,  2H, CH,), 5.5 (s,  l H ,  CH) ,  
6.9-7.5 ( m ,  9H, Ph); ir (CH2CI,): 3400-3600 (OH), 2100 (N,),  
1770 (p-lactam), 1750 (ester) cm- ' .  Mass spectra showed M + ,  
M+ - COOMe, M+ - (N,CH=CH-CH,OH), and M + - 
(N,-CH=C=O) identical to that o f  the ION-b. 

0-Lactatr~ I I N - f  
0-lactam ION-b (3.8 g, 0.01 niol) was dissolved in 60 niL 

methanol. Pd/C (0.4g) was added, and the mixture was 
hydrogenated at room temperature and 40 psi for 1.5 h. The 
solut~on was then filtered and evaporated to give 2.6 g (90%) 
0-lactam 11N-j, mp 110-113°C; nrnr (DMSO-cl,) 6 :  3.2 (b ,  
2H, NH,), 3.6 (s,  3H, CH,), 3.8-4.1 (ni, 4H, C H 2 0  and 
CH-CH20H), 4.6 ( m ,  l H ,  CH-NH,), 5.40 (s, l H ,  CH),  
6.6-7.4 (q ,  5H, Ph and phenolic O H ) ;  ir (Nujol): 3000-3400 
(OH,  NH,), 1760-1750 (P-lactam, ester). 

Compound 1lU-f was obtained by the same method in 90% 
yield, nip 100-103°C; nmr (DMSO-rl,) 6 :  3.2 (b ,  2H, NH2) ,  
3.6 (s, 3H, CH,), 3.8-4.1 ( m ,  4H, CHzO and CH-CH20H), 
4.4-4.6 (ni, l H ,  CH--NH,), 5.38 (s,  l H ,  CH),  6.6-7.4 (q ,  5H, 
Ph and phenolic O H ) ;  ir was identical to that o f  l lN- f .  

0-Lactam l2N-i 
T o  a suspension o f  0-lactam 11N-f (2.6 g, 0.009 mol) in 

50 m L  dry CH2C12 containing triethylamine (1.01 g, 0.01 mol) 
was added dropwise within 5 min trimethyl silyl chloride (1.09 
g, 0.01 mol) dissolved in 15 m L  dry CH2CI2. The solution was 
stirred for 30 min at room temoerature. eva~orated to drvness. - ,  
and diethyl ether added.  ilka at ion, and evaporation o f  the 
filtrate gave 3.4 g (88%) o f  12N-i as an oil; nrnr (CDCI,) 6 :  
0.1-0.3 (d ,  18H, 2(0Si(Me),)), 2.2-2.6 (b ,  2H, NH,), 3.8 (s, 
3H, CH,), 4.0-4.6 (m ,  4H, CH-CH-CH2-OSi), 5.4 (s, l H ,  
CH),  6.8-7.4 (q,  4H, Ph); ir (CH2CIz): 3300-3400 (NH,), 1750 
(ester), 1770 (0-lactani) cm- ' .  

Compound 12U-i was obtained by the same method in 85% 
yield. Its ir and nmr spectra were identical to those o f  12N-i. 

0-Lactatn 14N 
(3-Lactam 12N-i (0.21 g, 0.49 mmol) and acid DL-13 (0.2 g, 

0.52 mmol) were dissolved in 40 m L  dry CH2C12. EEDQ 
(0.13 g, 0.52 mmol) was added and the reaction mixture was 
stirred for 16 h at room temperature. The solution was washed 
with 10% aqueous HCI and 10% aqueous NaHCO,, dried 
over MgSO,, filtered, and evaporated to give 0.3 g (94%) 
crude product, which was chromatographed on silica gel using 
CHzC12 to remove all impurities. Elution with CHCI, gave 
0.25 g (77.5%) o f  14N as a foam; nrnr (CDCI,) 6 :  1.4 (s,  9H, 
C M e , ) ,  2.1-2.4 (m ,  2H, CH2),  3.7 (d,  6H, 2CH3), 4.0 (m ,  
5H, CH-CH20H and MeOOCCH-NHR), 4.5 ( t ,  2H, 
CH20Ph), 5.4-5.6 (m ,  l H ,  CH-NHCOR, after D 2 0  exchange, 
J = 5 Hz), 5.65 (s, l H ,  CH),  6.8-7.1 (m ,  9H, Ph, N H ,  phenolic 
OH), 8.2-8.4 (d,  2H, aromatic, J = 8 Hz);  ir (CHCI,): 3200- 
3450 (OH, NH) ,  1750-1760 (ester, 0-lactam), 1715 (r-BOC), 
1670-1680 (amide, ketone) cm-I.  

Compound 14U was obtained by the same method in 80% 
yield; ir was identical to that o f  diastereomer 14N; nmr was 
identical to that o f  14N except for benzylic methine proton 
which showed at 6 5.5 ppni. 

!3-Lactattr 15N 
p-Lactam 14N (0.25 g, 0.38 mmol) was dissolved in 20 m L  

methanol. One percent NaOH (10 m L )  was added dropwise 
over a period o f  10 min. It was then stirred for 13 min and 
acidified with HCI to pH 3. The methanol was evaporated and 
the aqueous solution was extracted with ethyl acetate. Drying 
(MgSO,) and evaporation gave 0.2 g (80%) crude product as 
foam, which was dissolved in 5% aqueous NaHCO, and after 
filtration was acidified with HCI to pH 3 to give 0.15 g (63%) 
15N; mp 165-167°C (dec.); nrnr (acetone-d6-D20) 6 :  1.4 (s,  

9H, -CMe3), 2.18-2.4 ( m ,  2H, CH,), 3.6-3.9 ( m ,  3H, 
-CH,-OD and DOOCCH-NDR), 4.2-4.5 ( m ,  3H, 
CH-CH,OD and CH,OPh), 5.4 (d ,  l H ,  CH-NDCOR, 
J =  5Hz) ,  5.6(s, IH, CH),  6.9-7.3 (m ,6H,Ph) ,  8.2-8.4(d, 
2H, aromatic, J = 8 Hz);  ir (Nujol): 3100-3300 (OH, NH) ,  
1740-1720 (B-lactam, acid, t-BOC), 1660 (amide, ketone). 

Compound 15U was obtained by the same method in 67% 
yield; mp  158-160°C (dec.); ir and nmr were identical to those 
o f  l5N. 

0-Lactam 16N 
A solution o f  0-lactam 15N (0.2 g, 0.32 mmol) in 5 m L  

trifluoroacetic acid was stirred at room temperature for 2 h ,  
then diethyl ether was added to give a white precipitate, 
which was filtered and washed three times with ether to give 
0.15 g (90%) o f  l6N ,  becoming brown at 185°C; mp  226-220°C 
(dec); nrnr (D20-NaHCO,) 6 :  2.0-2.4 ( m ,  2H, CH,), 3.6-3.9 + 
(b ,  3H, CHzOD and -OOCCHND3), 4.04.2 (m ,  l H ,  
CH-CH20D), 4.3-4.5 ( t ,  2H, -CH,OPh), 5.4-5.5 (d, l H ,  
CHND-COR), 5.6 (s, l H ,  CH), 6.9-7.4 ( m ,  6H, Ph), 8.2-8.4 
(d ,  2H, aromatic, J = 8 Hz);  ir (Nujol): 3450 - 3100 and 
2500 - 2700 (OH, NH2,  COOH), 1750-1730 (0-lactam, acid), 
1660 (amide and ketone) cm- ' ;  A,,, (EtOH-H20): 226 (E 

18 500), 299 (15 800) nm . 
Compound 16U was obtained by the same method in 92% 

yield; mp 185°C (brown), 215-218°C (dec); ir, nmr, and uv 
were identical to those o f  16N. 

0-Lactan2 17N 
0-Lactam 16N (0.15 g, 0.29 mmol) was suspended in 10 m L  

water. Hydroxylamine hydrochloride (0.1 g, 1.4 mmol) was 
added, then a saturated aqueous solution o f  NaHC03 was 
added dropwise until pH 7 was reached. The solution was 
heated at 50°C for 2 h. Then it was cooled and acidified to 
pH 3 with HCI (the volulne o f  solution was about 20 mL).  
The solution was poured into a column containing Resin 
XAD4. All inorgat& salts were removed by water, and the 
compound was eluted with niethanol to  give 0.1 g (62%) 17N; 
mp 184°C (brown), 217-220°C (dec.); nrnr (D20-NaHC0,) 6 :  
2.2-2.42 (2H, CH2, m) ,  3.5-3.77 (b ,  3H, CH-CH20D), 
3.8-4.0 (t ,  l H ,  DOOCCHND2, J = 6 HZ), 4.2-4.5 ( t ,  2H, 
CHZO, J = 6 HZ), 5.3-5.5 (d ,  1 H, CH-NDCOR, J = 5 HZ), 
5.6 (s, l H ,  CH),  6.95-7.5 (m ,  8H, Ph); ir (Nujol): 3400-3100 
and 2500 - 2700 (OH, NH,  COOH), 1740-1730 (0-lactam, 
acid), 1660 (amide), 1610 c m - l ;  I,,, (EtOH-H20): 220 ( E  
20 500), 273 (14000) n m ;  A,,, (EtOH-0.1 N NaOH): 245 
( E  23 OOO), 286 (1 1 500) nm. 

Compound 17U was obtained by the same method in 65% 
yield; mp 180°C (brown), 200-204°C (dec.); ir, nmr, and uv 
were identical to those o f  17N. 
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P-Lactams. VI. The synthesis of homocycloanalogues of nocardicin A 

GHOLAM HOSEIN HAKIMELAHI  A N D  GEORGE JUST 
Depci~,trnr~lt cJ'Cllerni.\t~.v. McGiII Urlicc.r.tity, Motlt~.eol, P.Q., Cctrrticio H3A 2K6  
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GHOLAM HOSEIN HAKIMELAHI and GEORGE JUST. Can. J. Chem. 57, 1939 (1979). 
The synthesis of the title compounds is reported. It is shown that, in contrast to benzylic 

ketones, benzylic oximes are stable to hydrogenolysis conditions necessary for the removal 
of benzyl protecting groups of carboxylic acids and phenols. 

GHOLAM HOSEIN HAKIMELAHI et GEORGE JUST. Can. J. Chem. 57, 1939 (1979) 
On rapporte la synthtse des composts sus-mentionnts. On a montri que, contrairement aux 

cttones benzyliques, les oximes benzyliques sont stables vis-a-vis les conditions d'hydro- 
gtnolyse ntcessaires a I'enltvement des groupes benzyliques utilists pour la protection des 
acides carboxyliques et des phtnols. 

[Traduit par le journal] 

We have recently described the synthesis of 4- equiv. of thionyl chloride and 3 equiv. of pyridine in 
hydroxy~nethylnocardiciilic acid derivatives (1). In dry benzene a t  70-73°C for 7 h, in which case 70% of 
this paper, we wish to report on the cyclization of cyclization product 23a and 2 0 x  of chloro compound 
these co~npounds t o  homocyclo nocardicinic acid 11/18a were obtained. In boiling benzene, the ratio of 
derivatives: Most reactions described were carried products was reversed and 70% of the chloro com- 
out initially on the known methyl esters of substi- pounds 11/18a were obtained, whereas at lower 
tuted phenylglycine la-c. However, p-lactam 24 temperatures, little conversion took place. In the 
could not be hydrolysed without destruction of the case of 156-c, 80-85% of the cyclization product was 
p-lactam ring, so that the reaction sequence was 
carried out on benzylesters 3n-c. Their reactions 
followed those developed for the methyl esters (I), 
and will be described in more detail. 

Methyl glycinates la-c (1) were hydrolysed with 
4 x  aqueous sodiuin hydroxide, and the amino acids 
2a-c benzylated with thionyl chloride and benzyl 
alcohol (2). The resulting benzyl esters 3a-c were 
transformed to  their cinnamylidene Schiff bases, 
4a-c, and treated with azidoacetyl chloride - 
triethyla~nine in dry methylene chloride at -20°C 
for 1 h. An inseparable mixture of p-lactams 6a-c 
was obtained. Ozonolysis, in methylene chloride - 
methanol in the presence of a nitrogen stream (3), 
followed by sodiuin borohydride reduction, gave a 
mixture of diastereomeric alcohols 8a-c and 15a-c 
contaminated by some methyl ester 7a-c and 14a-c, 
presuinably arising by transesterification. Chroma- 
tography separated isomers 8 and 15, and their 
structures were assigned as described previously (1). 
Alcohols 8a and 15n were transformed to their 
respective mesylates 9a and 16a. Attempts to  cyclize 
these mesylates in benzene containing triethylamine 
failed. Attempted conversion of the mesylates to  
their respective iodides using sodium iodide in 
acetone or tetra-n-butylammonium iodide in re- 

obtained using the same conditions, whereas 
isomers 8a-c gave an approxi~nately 1: 1 mixture of 
cyclization and chloro compounds 23a-c and 
11/18a-c. The latter compounds could be converted 
to the former ones in low yield by means of silver 
acetate refluxing in acetonitrile. 

Since both diastereoisomers 8 and 15 gave one 
cyclization product only, we next attempted to  effect 
cyclization without isomerisation of the benzylic 
proton. Alcohol 15n was treated with 3 equiv. of 
SOC1, in boiling benzene for 90 inin. The resulting 
chlorosulfite, the structure of which was established 
by nlnr and hydrolysis to starting alcohol 15n, was 
treated with 3 equiv. of AgOAc in boiling benzene 
for 2 h. Chromatographic separation gave acetate 
20a and cyclization product 21 in 75 and 4% yield, 
respectively. The structure of 20a was deduced by 
comparison with 20a, obtained by treatment of 15a 
with boiling Ac20 .  The nmr spectrum of 21 was very 
similar to that of 23a, except for the position of the 
benzylic CH2-group adjacent to the p-lactam ring, 
which appeared approxin~ately 0.5 ppm downfield 
from the corresponding protons in 23a. Upon treat- 
ment of 21 with pyridine in refluxing benzene for 7 h, 
it was converted quantitatively to  23a. 

The protons ct t o  the carbobenzyloxy group and 
fluxing benzene failed, presuinably because of steric the protons of the mesylate group were clearly 
hindrance (4). Successful cyclization could be different in 9a, 6 5.6 (CHCOOBn) and 2.85 ppm 
achieved when alcohol 15a was treated with 2 (S02CH,) and 16a, 6 5.51 and 2.65 ppm. There was 

0008-40421791 l j  1939-06$01 .OO/O 
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N 3 e & y  N ; . ~ ~  N ; . ~ " ,  

0 
A  COOR ~ O O R  COOR 

1  A  = COOMe, B  = NH, 5 R = C H 3  7 R = C H 3 , Z = O H  1 4 R = C H , , Z = O H  
2  A  = COO-, B  = NH,' 6  R = B n  8 R = B n , Z = O H  1 5 R = B n , Z = O H  
3  A = COOBn, B  = NH, 9 R = B n , Z = O M S  1 6 R = B n , Z = O M S  
4  A = COOBn, B  = N=CH-CH=CHPh 1 0 R = C H 3 , Z = C I  1 7 R = C H 3 , Z = C [  

11 R =  B n , Z =  CI 18 R =  B n , Z =  CI 
12 R =  Bn, Z =  OSOCl 19 R =  Bn, Z =  OSOCl 
13 R = B n , Z = O A c  20 R = B n , Z = O A c  

(Bn = benzyl) 

COOBn H H  H  H  
\ zm: " ; .  

HC-CH2CH20 (I X = Y = H  
/ 0 - b X = O B n , Y = H  

NHCOOBn COOR COOBn c X = Y = O B n  
28 22 R =  Me, Z =  N, 2 1 d X = O H , Y = H  

23 R =  B n . Z =  N, e X = Y = O H  

24 R  = Me, Z =  N H C O C H ~ P ~  
25 R  = Bn, Z  = NHCOCH,Ph 
26 R  = H ,  Z  = NHCOCH,Ph 
27 R =  B n , Z =  NH2 

COOR X  0 
\ N-OH 
CH-CH2CH2-0 
/ 

Y  
R O  

COOR 
29 R  = Bn, X  = 0 ,  Y  = NHCOOBn 33 R =  Bn 
30 R = H , X = H , O H , Y = N H ,  34 R = H  
31 R  = Bn, X  = NOH(syn), Y  = NHCOOBn 
32 R  = H,  X =  NOH(.syn). Y  = NH, 

equally no major problem in distinguishing acetate 
13a, 6 5.65 (CHCOOBn) and 2.1 ppm (OAc), and 
20a, 6 5.60 and 1.98 ppm. In chlorosulfites 12a and 
19a, the benzylic methine protons appeared much 
closer at 5.60 and 5.59 ppm. For chloro compounds 
l l a  and 18a, all nmr signals were identical in CDC1, 
and C6D6. In order to prove that a mixture of 
chloro compounds l la/18a was obtained during the 
cyclization reactions using SOC1,-pyridine in ben- 
zene, l l a  and 18a were treated with 3 equiv. AgNO, 
in boiling acetonitrile for 2 h. A 30% yield of a 1: 1 
mixture of products of cyclization 21 and 23a was 
obtained, as established by nmr only. The two 
isomers could not be separated by tlc. Epimerization 
using pyridine in boiling benzene converted the mix- 
ture of cyclization products to the more stable 23a 
having the 'natural' nocardicin stereochemistry. In 
related bicyclic nocardicin precursors, Cooper et al. 
(5) have observed a similar epimerization. 

Reduction of azides 226,c and 236,c with H,S- 
Et,N (6), followed by acylation with phenylacetyl- 
chloride in the presence of pyridine, gave 246,c and 
2 5 6 , ~ .  Selective hydrolysis of the methyl ester func- 

tion in 246,c failed. However, catalytic debenzylation 
of 25b,c, using 10% Pd/C in methanol at 40 psi, gave 
26d,e in good yield. Having established that the ring 
system was stable to reaction conditions necessary 
to convert the azide function to an amide bond, and 
to hydrogenolysis necessary to remove the benzylic 
blocking groups, DL-azido-P-lactam 236 was con- 
verted to 276 by means of hydrogen sulfide - tri- 
ethylamine (6). Column chromatography gave pure 
amine, which was coupled with DL-dibenzylglyoxylic 
acid 28, using EEDQ in methylene chloride. After 
purification an 80% yield of 29 was obtained. 
Catalytic hydrogenation in methanol, using Pd/C as 
catalyst, resulted in complete debenzylation and 
reduction of the keto-function to alcohol 30, as 
evidenced by nmr and uv spectra, and inability to form 
an oxime. We next investigated if debenzylation by 
catalytic hydrogenation would be achieved in the 
presence of an oxime. We chose as a model p-benzyl- 
oxybenzaldehyde oxime 33. We found that catalytic 
reduction in ethanol using 10% Pd/C at 35 psi for 
15-30 min removed selectively the benzyl group, and 
that only a mixture of 33 and 34 was isolated. 
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Ketone 29 was converted to  syn-oxime 31, using 
hydroxylamine hydrochloride in pyridine-ethanol. 
Catalytic hydrogenation in ethanol for 40 min, 
using 10% Pd/C as catalyst, converted oxime 31 to  
the deblocked oxime 32 in 81% yield. Its spectral 
characteristics were very similar to  those of nocar- 
dicin A, except for the presence of an extra CH,- 
group in the nmr. 

Further reduction of 32 by the method described 
by Hashimoto et a!. (7), using Pd/C in water on the 
sodium salt of 32, resulted in reduction of the oxime 
function, as evidenced by a change in uv spectrum 
similar to the one described (7), and presumably gave 
the corresponding amine. However, no attempt was 
made to characterize this compound because of lack 
of material. I t  should be noted that 32 was also 
obtained as a mixture of two racemic diastereomers. 

Because of the variability of catalyst activity, it is 
recommended that the reduction be carried out first 
on model compound 33, and the results obtained on 
33 be transposed to the nocardicin derivative. I t  is 
also imperative that the sample to be debenzylated 
be completely sulphur free,. as judged by absence of 
odor. 

Biological Tests 
None of the nocardicin A analogs prepared showed 

notable activity against 32 strains of pathogenic 
microorganisms (1). 

Experimental 
For general procedures, see ref. 1. 

Ar?~ino Acids 2b,c 
Amino esters lb,c (0.036 mol) were stirred in 4% aqueous 

NaOH (40 mL) for 10 min and acidified with HCI to  p H  3. The 
colourless precipitate was filtered, washed with water, and 
dried. Compounds 2b,c were obtained in about 90% yield; 
2b mp 270-273°C (dec.); nmr (DMSO-d6) 6:  5.05 (s, l H ,  CH), 
5.1 (s, 2H, CH,), 7.05-7.61 (m, 9H, Ph), 11.4-11.6 (b, 3H, 
NH3+);  2c mp 259-261°C (dec.); its nrnr spectra was similar 
to that of the 26 except for variations due to  aromatic substi- 
tuents. 

Arnirzo Esters 3a-c 
Amino acids 2a-c (0.027 mol) were suspended in benzyl 

alcohol (200 mL) at  0-5°C. Thionyl chloride (30 mL) was 
added slowly, over a period of 20 rnin. Then the reaction 
mixture was heated at 90°C while stirring for 5 h. Then it was 
cooled and dry diethyl ether added. The white precipitate was 
filtered and washed three times with ether. Compounds 
3a-c.HC1 were obtained in approximately 65% yield, except 
for 3c.HC1 which was obtained in 40% yield; 3a, rnp 235- 
236°C; 36, 225-226°C; 3c, 210-212°C. All compounds ob- 
tained had nmr spectra similar to  those described for the 
amino acids except for additional benzyl ester peaks. All 
hydrochlorides were converted to the parent a~nine  3 accor- 
ding to the following procedure: Compound 3b.HCI (6.8 g, 
0.017 mol) was mixed with 50 mL of saturated aqueous 
NaHCO, and the resulting anline 3b extracted into 50 mL 
of ether. After evaporation 5 g of 36 (82% yield) was obtained 

as an  oil; nrnr (CDCI,) 6: 2.0-2.1 (b, ZH, NH2 exchanged with 
D,O), 4.6 (s, l H ,  CH), 5.0-5.02 (d, 4H, 2CH2), 6.8-7.6 (m, 
14H, Ph); ir (CH2C12): 3300-3400 (NH,), 1740 (ester) cm-'. 

Schi ff Bass 4a-c 
All the Schiff bases were prepared in a similar manner and 

used without purification. The following is a representative 
procedure: To  a solution of 3b (5 g, 0.014 mol) in 100 mL dry 
CH2C12 was added cinnamaldehyde (1.9 g, 0.014 mol). The 
solution was brought to reflux and the CH2C12 distilled slowly 
with the constant addition of dry CH2C12. After - 10 h the 
solution was cooled and MgSO, was added. After 3 h, it was 
filtered and evaporated to yield 6.9 g Schiff base 46 as an oil; 
nmr (CDCI,) 6: 5.15-5.27 (m, 5H, 2CH2 and CH), 7.0-7.6 
(m, 21H, Ph and CH=CH), 8.0-8.2 (m, lH ,  CH=N); ir 
(CH2CI2): 1735 (ester), 1635 cm-'  (HC=N). In the case of 
4c, the yield seemed to be somewhat lower (80%) as ascer- 
tained by nmr. 

Azido- j3-lactams 516a-c 
For preparation of these a-lactams, see ref. 1. Their spectra 

were similar to those described in the previous paper except 
for ester variations and variations due to aromatic substi- 
tuents. All their mass spectra showed M +  - N,. 
4-Hyt/r~o.~~tne!hyI-~-/oc!crtn.t 72, 14a. 7b, 14b, 7c. 14c, 8a,  15a, 

8b,  15b, 8c,  o r ~ d  15c 
The mixtures of diastereomeric j3-lactams 5a, 5b, 5c, 60, 

66, and 6c were submitted to  identical reaction conditions 
and separation procedures which will be described for 66 
only. All their mass spectra showed M+,  M+ - COOR, 
M +  - (N,CH=CH-CH20H), and M +  - (N,-CH=C= 
0 )  except for 8b, 15b,8c, and 15c which showed no molecular 
ion but M *  - (N,CH=CHCH,OH) and M +  - (N,- 
CH=C=O). 

a-Lactam 6b (5.44 g, 0.01 mol) in a mixture of 60 mL 
CH2C12 and 100 mL dry methanol was saturated with nitrogen 
gas at -78°C (3 min). Then a mixture of 0, and N, gas was 
bubbled in until the K I  starch paper showed excess ozone 
(60 rnin). The excess ozone was removed by passing a stream 
of N, for 10 min. The temperature was allowed to  rise to  
-40°C, at which time was added NaBH, (0.38 g, 0.01 mol). 
The temperature of the solution was permitted to rise to  25°C 
over 2 h, following which 10 mL 10% aqueous HCI was added. 
The solution was evaporated to  50 mL, diluted with water, 
extracted with ethyl acetate, washed with water, dried over 
Na2S04, and evaporated to  give crude product in quantitative 
yield. 

A wash with a mixture of ether-hexane (1:14) removed 
benzyl alcohol, and an oily 1 : l  mixture of diastereomers 
(3 g, 63%) of 8/15b contaminated with approximately 5% 
7/14b was obtained, as evidenced by nmr. 

Chromatography on silica gel and elution with CH2C12 
separated one of the diastereomers 8b in 30% yield as a foam. 
Compound 15b was eluted with CHCI, in 30% yield as a foam. 

Less polar diastereolner 8b: nrnr (CDCI,) 6 :  3.4-3.8 (b, 4H, 
CH-CH20H), 4.4-4.6 (d, lH ,  CH-N,, J = 5 HZ), 5.0-5.2 
(d, 4H, 2CH2), 5.78 (s, l H ,  CH), 6.9-7.55 (m, 14H, Ph); ir 
(CH,CI,): 3300-3500 (OH), 2100 (N,), 1770 (a-lactam), 1740 
(ester) cm-'. More polar diastereomer 156: nlnr (CDCI,) 6: 
2.2-2.4 (b, lH ,  O H  exchanged with D20) ,  3.2-3.4 (b, 2H, 
CHZO), 4.0-4.3 (m, lH ,  CH-CHZO), 4.75-4.9 (d, l H ,  
CH-N,, J = 5 Hz), 5.01-5.3 (d, 4H, 2CH,), 5.5 (s, lH ,  CH), 
6.9-7.5 (m, 14H, Ph); ir (CH2CI,): 3400-3600 (OH), 2100 
(N,), 1770 (p-lactam), 1750 (ester) cm-I. 

Compound 8c was obtained by the same purification method 
as 8b in 35% yield; nmr (CDCI,) 6: 3.4-3.8 (b, 4H, CH- 
CH20H,  exchanged with D20) ,  4.3-4.5 (d, lH,  CH-N3, 
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J = 5 Hz), 5.23 (s, 2H, CH,), 5.58 (s, lH ,  CH), 7.4 (s, 9H, 
Ph); ir (CH2C1,): 2100 (N,), 1770 (B-lactani), 1750 (ester) 
cnl- ' ;  nis r~rle: 348 (M'). 

Boiling 21, which contained approximately 5% 200, and 
2 equiv. pyridine in benzene for 7 h gave quantitatively 230 
and a trace of an isomeric mixture of 20n/13n as ascertained 
by nmr. 

!3-Locratrls 24b,c ntld 25b,c 
All transformations were performed in an identical manner 

in approximately 75% yield. Their spectra were similar except 
for the ester variations and variations due to aromatic sub- 
stituents. All their mass spectra showed M' - (PhCH2- 
CONHCH=C=O), except for 25c which gave a poor mass 
spectrum but satisfactory microanalysis results. 

The following is a representative procedure. 
To a solution of P-lactarn 23c (1.5 g, 2.4 mmol) in 60 mL 

dry CH2C12 at O'C was added triethylaniine (0.24 g, 2.4 mmol). 
A stream of H2S gas was bubbled in for 20 min. The solution 
was stirred for 2 h at  rooni temperature. Evolution of nitrogen 
gas was observed. A stream of nitrogen gas was bubbled in for 
20 niin, then 0.46 g (0.006 mol) pyridine was added, followed 
by dropwise addition of 0.36 g (0.0024 mol) phenyl acetyl- 
chloride in 15 mL CH2C12. The solution was stirred for 2 h a t  
0-1O0C, washed with 5% aqueous HCI, 5% aqueous NaHCO,, 
and brine. It was then dried over MgS04, and evaporated to 
give quantitatively impure amide 25c, which was chromato- 
graphed on silica gel. Methylene chloride eluted impurities, 
and chloroform gave 1 g (90%) of a-lactam 25c as a foam. 
Recrystallization from absolute ethanol gave 0.88 g (80%) of 
25c; mp 140-142°C; nmr (CDCI,) 6 :  2.9-3.1 (m, 2H, CH- 
CH2 Ph), 3.6 (s, 2H, CH2CO), 4.2-4.41 (ni, IH, CH-CHZPh), 
5.1-5.2 (d, 6H, 3CH2), 5.21-5.59 (q, IH, CH-NHCOCH2Ph, 
JI = 5Hz ,  J, = lOHz), 5.6 (s, lH ,  CH), 6.4-6.6 (d, IH, 
NH), 6.9-7.6 (m, 22H, Ph); ir (CH,CI,): 3350-3400 (NH), 
1770 (B-lactam), 1750 (ester), 1670 (amide) cm- I. Atml. calcd. 
for C41H36NZ06: C 75.44, H 5.56, N 4.29; found: C 75.45, 
H 5.56, N 4.17. 

~-Lnctntlls 26d mrd 26e 
Both B-lactams 25b and 25c were submitted to identical 

hydrogenolysis procedures, and gave 26d and 26e in about 
70% yield. Their spectra were similar except for variations due 
to aromatic substituents. Their mass spectra showed no M +  
but M' - (PhCH,CONHCH=C=O) while their corre- 
sponding methyl estel's 24d and 24r showed M+. 

The following is a representative procedure. 
To B-lactani 25b (1 g, 0.0018 mol), in 50 mL methanol was 

added 10% Pd/C (0.5 g), and the mixture was hydrogenated 
at  rooni temperature and 40 psi for 1.5 h. The solution was 
filtered and evaporated to give 0.5 g (72x1 of 26d; mp 147- 
150°C (dec.); nmr (CDCl,: DMSO-d6: D20) ,  1: 1: 3 drops) 6: 
2.7-3.4 (m, 2H, CH-CH,Ph), 3.61 (s, 2H, CH2CO), 4.3 (m, 
IH, CH-CHzPh), 5.3-5.38 (d, IH, CH-NDCOCHZPh 
J = 5 Hz in the absence of D,O, q, IH,  J1 = 5 Hz and 
J, = 10 Hz), 5.45 (s, lH ,  CH), 6.9-7.4 (m, 8H, Ph); ir (KBr): 
3600 - 2700 (NH, OH, COOH), 1760 (B-lactam), 1720 (acid), 
1660 (amide) cm- ' ; nis m/e:  191 (M+ - PhCH,CONHCH= 
C=O). Treatment of 26d with CHIN2 gave 24d quantitatively 
as a foam; ms rrrle: 380 (M'). 

B-Loctntn 27b 
B-Lactam 23b (0.5 g, 1 nin~ol) was dissolved in 50 mL dry 

CH,CI,. Triethyl aniine (0.12 g, 1.2 mniol) was added at O°C. 
A stream of  hydrogen sulfide gas was bubbled in for 15 min. 
The solution was stirred at room temperature for 2 h. Evolu- 
tion of nitrogen gas was observed. A stse;lm of nitrogen gas 
was bubbled in for 15 min. The mixture was washed with water 

(two times), dried, and evaporated. The oily product was puri- 
fied by colunln chromatography using silica gel, all impurities 
were eluted with CH,CI, and compound 27b (0.4 g, 90%) was 
eluted with CHCI, as an oil; nmr (CDCI,) 6 :  1.8-2 (b, 2H, 
NH,, exchangeable with D 2 0 ) ,  3.1 (d, 2H, CH,, J = 6 Hz), 
4.0-4.5 (in, 2H, -CH-CH-NH,), 5.1-5.3 (d, 4H, 2CH2Ph), 
5.6 (s, IH, CH), 6.83-7.6 (m, 13H, Ph); ir (CH,CI,): 3300- 
3350 (NH,), 1750 (ester), 1770 (B-lactani) cm- I .  

a-Lactatl~ 29 
B-Lactani 27b (0.4 g, 0.9 mmol) and acid 28 (0.491 g, 

I mmol) were dissolved in 50 mL CH2C12. EEDQ (0.247 g, 
1 nlrnol) was added and stirred for 16 h at room temperature. 
The solution was washed with 5% aqueous HCI and 5% 
aqueous NaHCO,, dried over MgS04, filtered, and evapor- 
ated to give 0.9 g (99%) of crude 29 which was chromato- 
graphed on silica gel using CH2Clz to remove impurities. 
Elution with CHCI, gave 0.7 g (85%) of 29 as a foam; nmr 
(CDCI,) 6 :  2.39 (m, 2H, CH,), 3.1 (ni, 2H, PhCH,-CH), 
3.9-4.15 (t, 2H, CH-CH, and BnOOC-CH-NHR, J = 
6 Hz), 4.4-4.6 (t, 2H, CH20Ph, J = 6 Hz, 5.1-5.3 (q, 8H, 
4CH,Ph), 5.38-5.6 (q, IH, CH-NHCOR, J = 5 HZ), 5.62 
(s, l H ,  CH), 6.8-8.4 (q, 4H, Ph, J = 8 Hz), 7.0-7.4 (ni, 25H, 
Ph, NH); ir (CH,CI,): 3400 (NH), 1770 (B-lactam), 1745 
(ester), 1725 (BnOCO), 1665 (amide, ketone) cnl- '. 
P-Lncmttr 30 

B-Lactam 29 (0.2 g, 0.22 n ~ n ~ o l )  was dissolved in 30 mL 
methanol; 10% Pd/C (0.1 g) was added, and the mixture was 
hydrogenated at room temperature and 40 psi for 40 min. 
The solution was then filtered and evaporated to give 0.09 g 
(81%) of 30; mp 181°C (brown), 200-205°C (dec.); nmr 
(D20-NaHCO,) 6: 2.38 (m, 2H, CHI), 3.2 (m, 2H, Ph- 
CH2CH), 3.6 (m, IH, CH-CH2), 3.8 (t, l H ,  -OOCCHND,+, 
J = 6 HZ), 4.2 (ni, 2H, CH,OPh), 5.3 (d, l H ,  CH-NDCOR, 
J = 5 HZ), 5.4 (s, 1 H, CH), 5.5-5.8 (d, 1 H, CH-OD), 6.9-7.5 
(m, 7H, Ph); ir (Nujol): 3400-3100 and 2500 - 2700 (OH, 
NH, COOH), 1760 (B-lactam), 1720 (acid), I660 (amide), 
1610 cni-'; l,,,;,, (EtOH-H20): 225 (E 18 OOO), 272 (2000) nni. 

B-Loctarrl 31 
B-Lactam 29 (0.2 g, 0.22 mmol) was dissolved in a mixture 

of 5 mL ethanol and 5 niL pyridine. Hydroxylamine hydro- 
chloride (0.2 g, 2.8 mmol) was added. The solution was 
warmed at  70°C for 2 h. Then 50 niL chloroform was added 
and solution washed with 5% aqueous HCI. Then it was dried 
over Na2S04, filtered, and evaporated to give 0.2 g (90%) 
crude 31 which was purified by column chromatography using 
silica gel. Elution with CHC1,-EtOAc ( I :  1) gave 0.15 g (71%) 
31 as a foam; nmr (CDCI,) 6: 2.2 (b, 2H, CH,), 3.1 (m, 2H, 
PhCH2CH), 3.8-4.0 (b, 3H, CH-CHZ, BnOOCCHNHCOR, 
OH), 4.3-4.6 (m, 2H, CH,OPh), 5.0-5.2 (q, 8H, 4CH2Ph), 
5.3-5.5 (q, lH ,  CH-NHR, J = 5 Hz), 5.6 (s, lH ,  CH), 
6.6-7.4 (ni, 29H, Ph and 2NH); ir (CH,CI,): 3300-3450 
(OH, NH), 1775 (P-lactam), 1750-1730 (ester and BnOCO), 
1680 (amide), 1520 (oxime) cm-I ;  h,,,;,,(EtOH): 273 (E 15 000) 
nm. 

B-Lactatn 32 
8-Lactam 31 (0.15 g, 0.16 mmol) was dissolved in 3 0 m L  

absolute ethanol; 10% Pd/C (0.075 g) was added, and the 
mixture was hydrogenated at  room temperature and 35 psi 
for 40 min. The solution was then filtered and evaporated to 
give 0.07 g (81%) of 32; mp  160°C (brown), 186-189°C (dec.); 
nmr (D20-NaHCO,) 6: 2.4 (m, 2H, CH,), 3.1 (m, 2H, 
PhCH,CH), 3.6 (m, l H ,  CH-CH,), 4.0 (t, lH ,  -0OCC- 
HND,'), 4.4 (t, 2H, CHZOPh, J = 6 HZ), 5.3 (d, CH-NDR, 
J = 5 Hz), 5.5 (s, lH, CH), 6.9-7.5 (m, 7H, Ph); ir (Nujol): 
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3400-3100 and 2500 - 2700 (OH, COOH, NH), 1755 (B- 
lactam), 1720 (acid), 1660 (amide), 1610 cm- ' ; h,,, (EtOH- 
H,O): 221 (E 20 800), 272 (14 500) nm; h,,,, (EtOH - 0.1 N 
NaOH): 246 (E 23 500), 286 (12 000) nm. 
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p-Lactams. VII.' The synthesis of 3-vinyl and 3-isopropenyl4-substituted azetidinones 

ROBERT ZAMBONI' A N D  GEORGE JUST 
Deptrrtlne~rt qf Cl7er?1i.st1y, McGill U~licersity, Mot~tretrl, P.Q., Cotlodo H3A 2K6 

Received November 2 1, 1978 

ROBERT ZAMBONI and GEORGE JUST. Can. J. Chem. 57, 1945 (1979). 
The reaction of crotonyl and dimethylacryloyl chloride with various Schiff bases is described. 

The resulting 13-lactams derived from aliphatic amines all have a cis stereochemistry. 

ROBERT ZAMBONI et GEORGE JUST. Can. J. Chem. 57, 1945 (1979). 
On dCcrit la reaction des chlorures de crotonyle et de dimethyl acrylyl avec des bases de 

Schiff. Ces 13-lactames derivCs d'amines aliphatiques ont tous la stereochemie cis. 

The addition of azidoacetyl chloride to imines, 
as developed by Bose and used by several groups 
(1-4), has proven to be a powerful method for pre- 
paring p-lactam antibiotics. We wished to know if a 
similar methodology using crotonyl chloride (CC) 
or dimethylacryloyl chloride (DAC) could lead to the 
formation of p-lactams 1 which could be transformed 
to thienamycins 2n,b. 

CC R =  H 1 
DAC R = CH, I 

I 

COO- 

In this paper, we describe the addition of CC or 
DAC chloride to some Schiff bases derived from 
aromatic and aliphatic amines and cinnamaldehyde, 
furfural, or inethyl glyoxylate (3). 

Bose briefly reported that reaction of benzylidene 
aniline 3n and CC gave the corresponding trans-p- 
lactam 4n exclusively in fair yield ( 9 ,  and we have 
confirmed this result, carrying out the reaction in 
methylene chloride both at room temperature and at 
reflux. 

Much to our surprise, reaction of cinnamylidene 
aniline 3b with CC containing triethylainine in 

'For preceding papers, see papers published by Just in this 
journal in the years 1977-1978. 

'Holder of a NRCC Postgraduate Scholarship, 1974-1978. 

methylene chloride, conditions which were used 
throughout the paper, gave at rooin temperature a 
5: 1 mixture of cis and tmw p-lactains 56 and 46 in 
approximately 30% yield. In boiling inethylene chlo- 
ride, this ratio was inverted, and the yield increased 
to 40-45%. Separation could be effected with con- 
siderable losses by flash chromatography (6). The cis 
isomer 56 showed a coupling constant J,,, = 6 Hz, 
while trans isomer 46 showed J , , ,  = 2.5 Hz. The 
coupling constants were typical for all the p-lactams 
obtained and the yields reported are based on the 
integration of the appropriate 'Hmr signals. When 
furfurylidene Schiff base 3d was treated with either 
CC or DAC, an approximately 70% yield of trans 
lactams 4d or 4e was obtained. As was found out in 
the course of inany reactions, CC or DAC could be 
used interchangeably with little variation in yield or 
stereochemistry of product obtained. 

When ethyl benzylidene glycinate (6n, R=Ph) was 
heated with DAC-triethylamine at 20°C or reflux, 

5 

Temp. Yield Yield 
YC) ircrtls (%) cis (%) 

(1 R = Ph, R1 = H 20-39 40 
b R = CH=CH-Ph, R1 = H 20 5 25 
c R = CH=CH-Ph. R1 = H 39 35 7 
d R =  furfuryl, R1 = H 39 70 
e R =  furfuryl, R1 = CH, 39 70 

0008-4042/79/15 1945-04$0 1 .OO/O 
@ 1979 National Research Council of Canada/Conseil national de recher-ches du Canada 
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little if any p-lactam could be detected in the reaction 
product. However, the cinnamylidene Schiff bases 
of either ethyl glycinate 6a or serine derivative 6b (2) 
give a good yield of adduct 7a or 7b having cis con- 
figuration. Similarly, the furfurylidene derivative of 
serine 6c gave exclusively cis p-lactam 7c,  albeit in a 
more modest yield. 

6 7 
(I R =  CH=CHPh. X = H, R' = CH2CH, 
h R =  CH=CHPh. X = CHZOTBDMS. R1 = CH, 
c R = furfuryl, X = CH20TBDMS, R1 = CH, 

Similar results were obtained with the cinnamyl- 
idene Schiff base of diethylaminoinethyl phosphonate 
8a (7) and its corresponding fury1 derivative 8b (syn- 
thesized from furfuraldehydediazine using the pro- 
cedure of Rachon and Wasielewski @)), which both 
gave the corresponding cis p-lactams 9a and 9b in 
good yield. Glyoxylic ester derivative 10 (3) also 
afforded cis p-lactams 11 and 12 with CC and DAC 
respectively. 

11  RI= H 
12 R1 = CH, 

The behaviour of DMAC and CC is similar to that 
of azidoacetyl chloride, in that its addition to cin- 
namylidene and glyoxylic ester Schiff bases of ali- 
phatic arnines gave exclusively cis adducts. With 
cinnamylidine aniline one obtains mixtures. It may 

be recalled that with azidoacetyl chloride one ob- 
tains cis p-lactams with cinnamylidene Schiff bases 
derived from aromatic amines with pk,'s 2 2.4, 
while one obtains mixtures or pure trails p-lactams 
with imines derived from aromatic amines with 
pk,'s < 2.4 (9). 

These results can be rationalized by postulating 
the existence of two pathways for the reaction of 
Schiff bases with azidoacetyl chloride, DMAC and 
CC. Nucleo~hilic imines react with these acid chlo- 
rides to give cis p-lactams by the mechanism pro- 
posed by Doyle et al. (1) and supported by Sullivan 
et a/. (10). They proposed the formation of an immo- 
nium ion followed b y  cyclization, in which the cis 
stereocheinistry is ensured by electrostatic interac- 
tion between the two 'sidechains.' With a lowering 
either of the nucleophilicity of the Schiff base nitro- 
gen, or of the electrophilicity of the acid chloride, or 
of the acidity of the proton to be removed to effect 
ring closure, one could expect the rate of this reac- 
tion to slow down. A competing side reaction, per- 
haps involving azido ketene, may then give trans- 
lactam. 

The formation of rnixtures in the reaction of cin- 
namylideile aniline with CC can therefore be ex- 
plained by the lower electrophilicity of CC versus 
azidoacetyl chloride, thus requiring a more nucleo- 
philic Schiff base to give an imrnonium ion, and a 
lower acidity of the proton to be removed to effect 
ring closure. The effect of temperature on the cis- 
trans ratio in the formatioil of 4a and 5a probably 
reflects the different temperature dependence of the 
two reaction pathways. 

Experimental 
Solvents are of reagent grade unless otherwise specifiecl. 

Infrared measurements were run on Unicam SPIOOO and P.E. 
257 spectrophotometers. Nuclear magnetic resonances were 
done on Varian T-60, T-6OA, or Brucker FT-90 spectropho- 
tonieters. Mass spectra were taken on an AEI MS-902 or on 
a LKB 9000 mass spectrophotonieter using the direct sample 
inlet system with a 70 eV ionization energy. Melting points 
were determined on a Gallenkamp block in open capillary 
tubes and were uncorrected. Merck S160 silica gel was used 
for thick layer chromatography. Merck silica gel H F  254 was 
used for thick layer chron~atography (1 mm) on glass plates 
(20 x 20 cni). Elemental analyses were performed by Mid- 
west Microlab Ltd., IN. 

S c h i '  Base 3b, 3d 
The aldehyde (20 mniol) and aniline (1.86 g, 20 mmol), in 

benzene (50 mL) were refluxed for 4 h using a Dean Stark trap 
to remove the water formed. Evaporation of the benzene 
afforded the Schiff base in quantitative yield. 

Sclliff Base 3b 
'H nmr (CDCI,) 6: 7-7.6 (m, 12H, C6H5 + CH=CH), 8.3 

ppm (t, IH,  CH=N); ir (CDC13) v,,;,,: 1630 cni-' (C=N). 

sclliff Base 3d 
'H nmr (CDCI,) 6: 6.1 (m, IH, furan), 6.6 (ni, IH, furan), 
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A N D  JUST 1947 

6.8-7.2 (m, 5H, C6H5), 7.3 (m, IH, furan), 7.9 ppnl (s, lH,  
CH=N); ir (CDCI,) v,,,,: 1630 crn-' (C=N). 

Schiff Base 6a 
Cinnarnaldehyde (2.64 g, 20 mmol) in CH2C12 (5 niL) was 

added dropwise to a solution of ethyl glycinate (2.0 g, 20 
mmol) in CH,CI, (40 mL) at 0°C containing MgSO, (- 1-2 g). 
After stirring for 2 h at O°C, the solution was filtered through 
Celite. Evaporation of the methylene chloride afforded Schiff 
base 60 approxin~ately 85-90% pure by 'H nmr; 'H nrnr 
(CCI,) 6: 1.2 (t, 3H, CH,), 4.0-4.5 (rn, 4H, 0CH2CH,, CH,), 
7.0 (d, 2H, CH=CH-Ph), 7.2-7.6 (ni, 5H, C6H5), 7.8-8.0 
pprn (m, lH,  CH=N). 

Sclriff Base 6c 
A solution of furfuraldehyde (0.96 g, 10 mniol) and anline 

6c (2.33 g, 10 mmol) in CH2CI, (50 mL) was refluxed over- 
night using a Dean Stark trap filled with 4A niolecular sieves. 
Evaporation afforded Schiff base 6c in approximately 90% 
yield by 'H nmr; 'H nmr (CCI,) 6: 0.05 (s, 6H, Si(CH,),), 
0.90 (s, 9H, SiBu'), 3.7 (s, 3H, OCH,), 3.7-4.2 (m, 3H, 
CHCHZO), 6.4 (s, 1 H, furan), 6.8 (d, 1 H, furan), 7.5 (m, 1 H, 
furan), 8.0 pprn (s, lH,  CH=N); i r  (film) v ,,;,,: 2950, 1740 
(ester), 1640 cm-' (C=N). 

B-Lnctnttl 5 b 
Crotonyl chloride (1.0 g, 10 mmol) in nlethylene chloride 

(20 mL) was added dropwise over 30 min to a solution of 
Schiff base 3b (2 g, 10 n ~ n ~ o l )  in niethylene chloride at room 
temperature. After stirring for 1 more hour, the dark solution 
was washed with water (2 x 25 mL), dried (MgSO,), and 
evaporated. 'H nmr showed that the product contained ap- 
proximately 25% 5b. Flash chronlatography of the residue 
afforded 500 mg (15%) of pure cis p-lactam 5b; 'H nmr 
(C6D6) 6: 4.2 (t, IH, CHCH=CH,, J = 6 HZ), 4.8 (q, lH,  
CHCH=CHPh, J3,, = 6 HZ, J4,5 = 7 HZ), 5.2-6.0 (ni, 3H, 
-CH=CHZ), 6.2 (q, IH, CH=CHPh, J4,5 = 7 HZ, J 5 . 6  = 
16 Hz), 6.8 (d, lH,  CH=CHPh, J = 16 Hz), 7.0-7.7 ppln 
(m, 10H, C6H5); ir (film) v,,,,,: 2950, 1750 (C=O), 1600 cni-' 
(C=C); nis t~rle: 275 (13.70), 207 (38), 206 (loo), 156 (92.9). 

Prepnratiotr of Sctr&ff Bcrse.~ 8a ntrd 8b 
The aldehyde (IOmmol) was added to a solution of the 

amino phosphonate (10 mmol) in niethylene chloride (25-30 
mL) containing n~agnesiuni sulphate, at rooni temperature. 
The mixture was stirred at rooni temperature for 2-5 h, until 
the ir spectrum of the reaction mixture did not change. The 
solution was filtered. Evaporation of the filtrate afforded the 
Schiff base in 85-95% yield by 'H nnir. All Schiff bases were 
used without further purification for the cycloaddition. The 
'H nrnr spectrum showed a multiplet at approximately 7.8 
pprn for the Schiff base proton, along with all other appro- 
priate signals. The ir spectrum of the Schifi bases showed 
absorption at approxin~ately 1650 cni-' for the C=N bond. 

Prepurntion of a-Lnctat~rs 4a, 4b, 4d, 4e, 7a, 7b, 7c, 9a, 9b, 
11, ntrd 12 

To the appropriate Schiff base (10 mniol) and triethylarnine 
(1.0 g, 10 mniol) in methylene chloride (50 niL) at reflux under 
nitrogen was added dropwise over 45 minutes a solution of the 
acid chloride (10 mniol) in methylene chloride (25 mL). The 
reaction mixture was refluxed for 1 more hour and then washed 
with H,O (2 x 50 niL). The methylene chloride layer was 
dried (MgSO,) and evaporated. Recrystallization or chronia- 
tography of the residue afiorded the e-lactam in the indicated 
yield. 

B-Lnctat~r 4a 
The yield was 40%, mp 100-102°C; 'H nmr (CHCI,) 6:  4.2 

(bd, l H ,  CH-CH=CH,), 4.9 (d, lH,  CH-Ph, J = 2.5 HZ), 

5.2-6.5 (m, 3H, CH=CH2), 7.2-7.5 pprn (rn, 10H, C6H5); ir 
(CHCI,) v,,,: 2950, 1750 (C=O), 1600 cm- ' (C=C). 

e-Lc~ctarri 4b 
The yield by 'H nnir was -40%, isolated yield 20%; 'H 

nrnr (C6D6) 6:  3.6 (bq, lH ,  CHCH=CH,), 4.3 (q, IH, 
CHCH=CHPh, J3,, = 2.5 HZ, J4,5 = 7 HZ), 5.0-6.0 (rn, 3H, 
CH=CHZ), 6.2 (q, lH ,  CH=CHPh, J 5 , 6  = 16 HZ, JJt5 = 7 
Hz), 6.6 (d, IH, CH=CHPh, J = 16 Hz), 6.8-7.4 pprn (rn, 
10H, C6H5); ir (film) v,,,,: 2950, 1750 (C=O), 1600 crn-' 
(C=C); ms ttrle: 275 (12.2), 208 (21.7), 207 (57.1 I), 156 (100). 

e-Lnctatrl 4d 
The yield was SO%, mp 98-99°C; 'H nrnr (CDCI,) 6: 4.05 

(bq, IH, CHCII=CH2), 4.8 (d, 1 H, J = 2.5 Hz, CH-fury]), 
5.7-6.2 (m, 3H, CH=CH2), 6.3-6.5 (ni, 2H, furan), 7.0-7.5 
p p n ~  (m, 6H, C6H5, furan); ir (CH2Clz) v,,,,: 1750 (C=O), 
1600 cm- ' (C=C); nis ntle: 239 (M+), 120, 119. 

b-Lnctnt~z 4e 
The yield was 30% upon recrystallization, greater than 70% 

by 'H nnir, mp 84-86°C; 'H nnir (CDCI,) 6: 1.85 (s, 3H, 
CH3-C=CH,), 4.1 (bd, IH, CH-C(CH,)=CHz), 4.9 (d, 
IH, CH-furyl, J = 2.5 Hz), 4.9-5.1 (m, 2H, C(CH3)=CHZ), 
6.2-6.4 (m, 2H, furan), 6.8-7.4 pprn (ni, 6H, C6H5 and furan); 
ir (CHzCIZ) v,,,: 1750 (C=O), 1600 cm-' (C=C); rns ttr/e: 
253 (M+), 171, 134, 119. 

B-Lncmtt~ 7a 
The yield was 50%; 'H nmr (CDCI,) 6: 1.3 (t, 3H, 

0CH2CH3), 1.7 (s, 3H, CH,=C-CH,), 4.2 (AB quartet, 2H, 
J = 18 Hz, CH2CO2Et), 4.0-4.4 (ni, 3H, 0CHzCH3 and 
CHC(CH3)=CH2), 4.5 (q, IH, CHCH=CHPh, Jl = 5 Hz, 
J, = 7 Hz), 5.1 (bd, 2H, C(CH,)=CH,), 6.1 (q, 1 H, 
CH=CHPh, Jl = 7 HZ, J2 = 16 HZ), 6.7 (d, lH,  CH=CNPh, 
J = 16 Hz), 7.2-7.5 pprn (ni, 5H, C,H5); ir (film) v ,,,,: 3000, 
1755 cm-' (C=O); ms ni/e: 299 (M+), 282, 170, 82. 

a-Lncmtti 7b 
The yield was 70%: nmr (CDCI,) 6: 0.05 (d, 6H, BurSi- 

(CH,),), 0.95 (s, 9H, BU'S~(CH,)~), 1.8 (s, 3H, CHC(CH,)= 
CH2), 3.5 (s, 3H, OCH,), 3.84.0 (m, 3H, CH20,  CHC(CH,)= 
CH,), 4.3 (t, lH,  CHCH20), 4.4 (q, IH, CHCH=CHPh, 
J3,4 = 5 HZ, J4,5 = 7 HZ), 4.8 (bd, 2H, CHC(CH3)=CHz), 
5.8 (q, IH, CH=CHPh, J,,, = 7 HZ, J5 .6  = 16 HZ), 6.4 (d, 
IH, CH=CHPh, J = 16 Hz), 6.8-7.0 pprn (m, 5H, C6H5); ir 
(film) v,,,: 2900, 1760 (B-lactam), 1740 cm- ' (ester). 

e-Lnctntn 7c 
The yield was 30% by 'H nnir, 10% upon recrystallization, 

mp 79-80°C; 'H nmr (CDCI,) 6: -0.1 (d, 6H, BufSi (CH,),), 
0.80 (s, 9H, BufSi(CH,),), 1.3 (bs, 3H, C(CH3)=CH2), 3.7 
(s, 3H, OCH,), 3.8 (t, 2H, CHZO), 4.2 (bd, IH, CHC(CH3)= 
CH2), 4.4 (t, lH ,  CHCH20), 4.9 (bd, 2H, C=CHz), 5.1 (d 
IH,  CH-furyl, J = 2.5 Hz), 6.2 (ni, 2H, furyl), 7.2 pprn (m, 
1 H, furyl); ir (CHCI,) v,,,: 2900, 1760 (e-lactam), 1740 cm-I 
(ester); ms rn/e: 336 (M+ - 57). 

e-Lactcrt?~ 9a 
The yield was 60%; 'H nmr (CDCI,) 6: 1.4 (d of t, 6H, 

OCH,CH,), 1.7 (s, 3H, CH,=CCH,), 3.4 (d of AB quartet, 
2H, Jl = 18 Hz, J2 = 10 HZ, CH,PO(OEt),), 4.2 (m, 5H, 
0CH2CH3, CHC(CH3)=CH2), 4.5 (d of q, IH,  CHCH= 
CHPh, J, = 1 Hz, J, = 5 HZ, J3 = 7 HZ), 5.1 (bd, 2H, 
CH2=CCH3), 6.0 (q, IH, J, = ~ H z ,  J z  = 16 HZ, CH=CHPh), 
6.8 (d, IH, CH=CHPh, J = 16 Hz), 7.3 pprn (m, 5H, C6H5); 
ir (film) v,,,: 3000, 1760 (C=O), 1000 cm-'; ms rrr/e: 363 
(M+), 282, 170, 82. 

p-Lactanr 11 
The yield was 40%, mp 68-69°C; 'H nmr (C6D6) 6: 3.4 (s, 

6H, OCH,), 3.5 (s, 3H, OCH,), 3.7 (bd, l H ,  CHCH=CH2), 
4.0 (d, lH ,  J = 5 Hz, CHC02CH3), 4.5 (2H, AB quartet, 
CH,), 4.9-6.0 (m, 3H, CH=CH2), 6.2-7.2 pprn (m, 3H, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1948 C A N .  J .  CHEM. VOL. 57, 1979 

C6H3); ir (KBr) v,,,: 2950, 1750 (C=O), 1610 cm-I; ms 
in/e: 305 (M+),  193, 151. 

p-Lactanz 12 
The yield was 30z,  mp 72-72.5"C; 'H nmr (C6D6) 6: 1.6 

(s, 3H, CHz=CCH3), 3.3 (s, 6H, OCH3), 3.4 (s, 3H, OCH,), 
3.6 (bd, lH,  CHC(CH3)=CH,), 3.9 (d, lH,  J = 5 Hz, 
CHC0,CH3), 4.5 (AB quartet, 2H, CH,), 5.0 (bd, 2H, 
CHz=CCH3), 6.G7.0 ppm (m, 3H, C6H3); ir (KBr) v,,,: 
2950, 1750 (C=O), 1610 cm-' ; ms mle: 319 (M+), 193, 151. 

p-Loctam 9b 
The yield was 6 0 z ;  [ H  nmr (CDC13) 6 :  1.2-1.6 (m, 6H, 

0CHZCH3), 1.6 (bs, 3H, C(CH3)=CH,), 4.0-4.8 (m, 5H, 
0CHzCH3, CHC(CH3)=CH,), 4.9 (d of q, IH, CHCH= 
CHPh, Jl = 2Hz, J Z  = 5Hz,  J3 = 7Hz), 5.2 (bd, 2H, 
CHz=CCH3), 5.3 (d, CHPO(OEt), of one diastereomer, 
J = 20 Hz), 5.5 (d, CHPO(OEt), of other diastereomer, J = 20 
Hz), 5.4-7.6 ppm (m, 10H, CH=CHPh, furan); ir (CHC13) 
v,,,: 1760 cm- ' (C=O). 
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J. F .  BAGLI, T. BOGRI, B. PALAMETA, and M. ST-JACQUES. Can. J. Chem. 57, 1949 (1979). 
The I3C nnir spectra of several isomeric monosubstituted derivatives of 2-methoxytropone 

together with some dlbromo derivatives have been obtalned and analysed. Substltuent para- 
meters were defined and shown to exhibit additivity. Differences with corresponding para- 
meters for monosubstituted benzene analogs suggest proximity interactions between the 
3-substituents and the 2-OCH3 group as well as between 7-substituents and the adjacent 
carbonyl group. The data indicates that the OCH, group is a convenient probe to  investigate 
the orlentation of mesomeric electronic charge transfer to the varlous carbons of the tropone 
seven-membered ring. Finally, it is demonstrated that 13C nmr is quite useful to distinguish 
between the various substituted 2-methoxytropones. 

J. F .  B \GLI .  T. BOGRI, B PALAMLTA et M. ST-JACQULS. Can. J .  Chem. 57, 1949(1979). 
On a determine et analysC les spectres rmn du I3C de plusieurs derives rnonosubstitu~s 

isomires de la mtthoxy-2 tropone de rn&me que quelques derives dibromks. On a dCfini les 
parametres des substituants et on a montrC leur additivitk. Les differences entre ces parametres 
et ceux qui leur correspondent dans des benzenes monosubstitues suggtrent l'existence d'in- 
teractions de proximite entre les substituants en 3 et le groupe OCH, en 2 de m&me qu'entre 
les substituants en 7 et le groupe carbonyle voisin. Les donnCes indiquent que le groupe OCH, 
est une sonde appropriee pour Ctudier I'orientation du transfert de charge Clectronique 
mesomere a divers carbones du cycle a sept chainons de la tropone. Enfin on a demontre que 
la rmn du 13C est tres utile pour distinguer diverses methoxy-2 tropones substituCes. 

[Traduit par le journal] 

Tropone derivatives constitute a class of non- stituted derivatives of 2-methoxytropone together 
benzenoid aromatic substances (1) some of which with some dibromo derivatives. The data obtained 
are biologically active as antibacterial and antifungal contribute to our understanding of the complex and 
agents (2). Consequently, we have been interested in subtle substituent effects on the tropone skeleton in 
the synthesis of various substituted tropones and addition to further defining the scope and limitation 
concomitantly in establishing the value of several of 13C nmr spectroscopy as a characterization 
methods of isomer identification applicable to this technique in this area of organic chemistry. 
family of organic compounds. 

Whereas proton magnetic resonance ('H nmr) Results 
has been used with some success in the determination Synthesis 
of substituent position for some disubstituted several methods for the preparation of isomeric 
derivatives of 2 -methox~t ro~one  (31, we have found mono- and dibrominated tropolones have been 
that isomer identification is less straightforward for reported (6). we have modified the procedure 
monosubstituted derivatives owing to strong cou- described by ~~d~ et al. (6c) to improve the yield of 
piing between the four remaining ring protons. monobromotropolone in the resulting mixture from 
Although shift reagents can be useful in certain cases which the regioisomeric methyl ethers la  and l b  
(4), recent resu1ts (5) suggest that carbon-13 magnetic were obtained, Methylation of the residual bromina- 

nmr) be a tion mixture led to the isolation of methyl ethers 2, 
powerful and possibly more general technique. 3, and 4b of 5-bromotropolone, 3,7-dibromotro- 

Accordingly we wish to report the results a 13C polone, and 5,7-dibromotropolone respectively. N o  
nmr spectral study of several isomeric monosub- unequivocal structural assignment of compound 4b 

'Dedicated to Professor K. Wiesner on his 60th anniversary. had previously been reported (6e). The 13C nmr 
2To whom all correspondence should be addressed. analysis given herein has provided one. 

0008-4042/79/15 1949-09$0 1 .OO/O 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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Compound 6, prepared from 5-aminotropolone 
(5), was methylated with dimethyl sulfate to yield the 
methyl ether 7 (7, 8). 

Tropolone acetic acid 8 and 3-~nethyltropolone~ 
(10) (9) were each methylated to give the pairs of 
regioisomers 9a, 96 and l l a ,  116. 

COOH + COOCH, + 

10 1 lo llb 

3The nomenclature of 3-substituted tropolone used here is 
for convenience. Monosubstituted tropolone derivatives exist 
as a mixture of undetermined proportion of 3- and 7-sub- 
stituted regioisomers. 

A mixture of the methoxytropolone derivatives 12 
and 13 (10) was methylated and careful chromato- 
graphic separation led to the isolation of 2,3-, 2,7-, 
and 2,6-dimethoxytropones (14a, 146, and 15 re- 
spectively). The presence of a fourth compound 
(2,4-dimethoxytropone) was detected but it was not 
possible to isolate it in the pure state. Finally 2,5- 
dimethoxytropone (16) was prepared from 5- 
hydroxytropolone (7, 11). 

13C Nuclear Magnetic Resonance Spectral Assign- 
ment 

The assignment of the various carbon signals for 
the compounds investigated in this work was 
achieved through a consideration of relaxation effects 
in the proton decoupled 13C nmr spectra, signal 
multiplicity in the coupled spectra, 'H selectively 
decoupled spectra, and the analysis of substituent 
effects on the tropone ring (12). 

The 13C spectral data for 2-methoxytropone 
recently published (5) is reported in Table 1 because 
these parameters will be used as reference data later 
on. Derivatives of this parent compound are 
designated by the sy~nbol x-S where S is the sub- 
stituent and x is its position on the ring. 

Let us begin with the assignment of the signals for 
2 (5-Br) and 7 ( 5 ~ 1 )  which contain a single sub- 
stituent at position 5. The C-1, C-2, and C-5 lines 
were readily identified by their lower intensity and 
assigned by comparison with 2-methoxytropone. The 
analysis of the coupled spectrum permitted the 
identification of the C-3 and C-7 signals from the 
observed absence of splitting due to 3Jc,, coupling 
(5) and thus confirming the position of the sub- 
stituent. The signal between 110 and 115 ppm was 
attributed to C-3 by analogy with the chemical shift 
of C-3 (6 112.2) for 2-methoxytropone. The C-4 and 
C-6 signals of these two compounds have not been 
assigned unequivocally at this point; the chemical 
shifts given in Table 1 wilb be shown to be correct 
later from arguments involving the additivity of 
substituent effects. 

The C-5 signal of 3 was also assigned directly from 
the coupled spectrum because it alone showed no 
splitting due to 3Jc, (5). 

The position of the bromine atom in the remaining 
two monobromo derivatives ( l a  and 16) can easily 
be determined from the observation (or absence) of 
a signal in the range 110-115 ppm attributed to pro- 
tonated C-3. Consequently, the compound with a 
substituent on C-3 does not give a signal in that 
range and is labelled a. The C-7 substituted isomer 
which contains a signal between 110 and 115 ppm is 
labelled 6. This labelling scheme is adopted through- 
out this work for other pairs of 3- and 7-substituted 
isomers. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BAGLl ET A L .  1951 

TABLE 1. Carbon-13 chemical shifts of several derivatives of 2-methoxytropone in CDCI, solutiona 

Compound C- I C-2 C-3 C-4 C-5 C-6 C-7 C-8 

Hb 180.1 165.0 112.2 132.4 127.6 136.3 136.3 55.9 
3-Br(1a) 179.2 162.9 127.9' 137.9 128.1 134.7 138.0 59.1 
7-Br(1 b) 173.6 162.6 112.2 132.8 125.1 139.6 137.5' 56.5 
5-Br(2) 179.2 164.6 111.2 134.0 122.2' 139.6 135.7 56.2 
3,7-Br2(3) 173.1 159.8 127.6' 137.7" 125.2 1 3 8 . 1 V 3 9 . 1 c  59.5 
5,7-Br2(46) 173.2 161.8 111.5 134.5 119.3' 142.6 136.9' 56.8 
5-Cl(7) 178.8 164.0 110.6 130.4 133.2' 137.2 135.6 56.0 
3-CH2C02CH3(9n) 181 . 4  164.4 132.0' 135.5 129.4 136.8"l38.6" 58.7' 
7-CH2C01CH3(9b) 178.7 164.1 112.2 132.2 126.6 137.5 142.2' 56.1" 
3-CH3(lln) 181.1 163.7 136.2' 134.8 129.0 137.5"l36.2" 58.0 
7-CH3(llb) 179.1 162.6 111.7 130.3 126.4 135.5 145.6' 55.6 
3-0CH3(14rr) 180.7 154.5 158.6' 127.8"l29.7"33.2" 140.5-58.6, 59.4)' 
7-OCH3(14b) 173.7 161.7 114.1 125.7 125.7 114.1 1 6 1 7  56.2 
6-0CH3(15) 177.8 165.4' 108.2 129.9 124.0 163.2' 113.2 (55.0, 55.5)' 
5-0CH3(16) 178.6 159.0"l12.9 107.1 158.5'."l32.1 136.2 (54.9,55.3)' 

.The chcmical shifts o f  the substituent carbons other than OCH, are not shown in this table. 
aThe chemical shifts o f  the parent 2-methoxytropone are listed here. The nature of the subs t i t~~en t s  for each derivative of 2-methoxytropone is shown 

below for clarity together with the compound identification number. 
.Less intense lines observed in the proton decoupled spectra other than those originating from C-l and C-2. 
*The assignment of the two closely spaced lines could be reversed. 
<The substituent OCHa groups absorbed nearby a t  52.0 and 51.8 ppm for  9~ and 96 re?pec!ively. 
JAssignment not made for  each o f  the two methbx: groups whose chemical shifts are glven I n  parentheses. 
9The assignment o f  these two lines is assumed. 

OCH, O 

cH30%0cH3 / + b / vocH3 / 

CH,O 
OCH, 

14b 15 
16 

The examinatioil of the I3C nmr spectra of the two 
dibromo derivatives prepared revealed that of the 
three possible structures (3, 4a, and 4b), 4a (3,5-Br,) 
was not obtained. Thus compound 3 (3,7-Br,) was 
readily identified from the analysis of the coupled 
13C nmr spectrum while a signal at 11 1.5 ppm for the 
other isomer is compatible only with 4b (5,7-Br,). 

Knowing the structure of all five bromo derivatives 
and having assigned the signals of 2 and 3 (C-4 
assumed upfield from C-6 initially) it is possible to 
complete the assignment for l a ,  l b ,  and 4b and 
confirm the assignment for 2 and 3 from a con- 
sideration of additivity of chemical shifts (vide infia). 
Thus the line assignment given in Table 1 for the 

bromo compound is the only one for which additivity 
is observed. 

Of the two carbomethoxy derivatives 9a and 9b, 
that with a signal at 112.2 ppm is confirmed as 9b. 
Their spectral assignment is relatively straight- 
forward and is summarized in Table 1. The spectral 
assignments for l l a  and l l b  were carried out by 
analogy with those of 9a and 9b because of their 
similar features. Here also uncertainty persists in the 
assignment of the C-6 and C-7 signals of l l a  as 
reported in Table 1. 

The different symmetry properties of 14a (3-OCH,) 
and 14b (7-OCH,) allow ready identification of these 
isomers and the chemical shift data characterizing 
14b is reported in Table 1. 

While the absence of a signal near 112 ppm is 
compatible with C-3 substitution for 14a the line 
assignment for this compound is more complex than 
14b owing to the large shifts produced by the second 
methoxy group. Because 15 and 16 provide useful 
data on the magnitude of the substituent effect of 
OCH, on adjacent carbons, the spectral analysis of 
14a will be deferred until later. 

The identity of 16 (5-OCH,) is clearly established 
from the 13C nmr coupled spectrum in which the 
characteristic C-5 triplet (5) is absent. The three 
non-protonated carbon signals were readily identified 
from their lower intensity but the signals of C-2 and 
C-5 were too close for reliable assignment. The four 
intense lines between 105 and 140 ppm were assigned 
from the analysis of the coupled spectrum and 'H 
selectively decoupled carbon-13 spectra (5) as 
described next. 

The 100 MHz 'H nmr spectrum of 16 showed two 
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methoxy singlets at 3.77 and 3.86 ppm, a broad A, 
singlet centered at 7.10 pprn and an AB quartet with 
doublet components at 6.78 and 6.39 pprn (JAB = 
10.8 Hz). Because H-7 is expected to be at lowest 
field (2, 4, 13), then the A, pattern must arise from 
both H-6 and H-7 which consequently have very 
similar chemical shifts. The upfield doublet com- 
ponent of the AB pattern is much broader owing to 
4JH, coupling (3) with H-6; consequently it belongs 
to H-4 while the downfield doublet belongs to H-3. 
Selective irradiation of each identified 'H frequency 
together with the analysis of the coupled 13C nmr 
spectrum gave the results reported in Table 1. 

Substituent shifts arising from the 5-OCH, group 
can now be determined relative to 2-methoxytropone 
used as reference. Thus it was calculated that the 
5-OCH3 group shifts C-4 upfield by 25.3 pprn and 
C-6 upfield by only 4.2 ppm. 

The derivative assigned structure 15 (6-OCH,) was 
identified from the observed pair of triplets for the 
protonated C-5 at 124.0 pprn in the coupled 13C 
spectrum which suggested that the second methoxy 
group must be at either C-4 or C-6. The calculated 
substituent effect of -3.6 pprn for C-5 relative to 
2-methoxytropone produced by the second methoxy 
group suggests that this group must be located on 
C-6 because if it had been on C-4 a much larger 
upfield shift (greater than 20 ppm) would have 
been observed for C-5 (vide infra). 

The three weak signals from C-1, C-2, and C-6 of 
15 were easily identified but a distinction between the 
signals of C-2 and C-6 is not made in Table 1. Of the 
three intense signals remaining, only the C-4 signal 
was identified in the coupled 13C spectrum as a 
doublet centered at 129.9 pprn owing to the absence 
of ,JCH coupling. 

The 100 MHz 'H nmr spectrum of 15 consists of 
an ABC pattern with the easily recognizable H-7 
signal (6.65 ppm) at the centre of the complex 
multiplet. Consequently, selective decoupling at the 
centre of the 'H multiplet, the lower field side 
( + I 5  Hz) and the upfield side (-25 Hz) gave the 
complete assignment reported in Table 1. 

Returning to the 13C nmr spectrum of 14a we can 
easily recognize the C-I, C-2, and C-3 lines from 
their smaller intensity and assign the least intense of 
the three lines at 154.5 pprn to C-2 from arguments 
based on relaxation effects (13). The 3-OCH, group 
is expected to shift C-2 upfield more than C-4 
although the electron donating properties of the two 
OCH, groups are modified by mutual steric inter- 
action (vide infia). Thus the C-2 line is shifted upfield 
by 10.5 ppm, whereas either lines at 127.8 or 129.7 
pprn could account for the small (4.6 or 2.5 ppm) 
upfield shift expected for C-4. It is therefore not 

possible to assign the C-4 signal on this basis. 
Analysis of the multiplicity in the coupled spectrum 
is not expected to resolve this problem and the fact 
that the 100 MHz 'H nmr spectrum shows a tightly 
coupled multiplet for the four ring protons suggests 
that 'H selective decoupling experiments will not be 
successful. Furthermore it is difficult to predict 
which of C-6 or C-7 ought to be most affected by 
the 3-OCH, and it was not possible to assign the lines 
at 133.2 and 140.5 pprn confidently to these carbons. 
The assignment given in Table 1 then appears most 
probable. 

Discussion 
A description of the chemical shift changes caused 

by replacing a hydrogen atom by various substituents 
in terms of characteristic substituent effects con- 
stitutes a useful approach to rationalize chemical 
shift data for many classes of compounds (14). The 
task of identifying the origin of the various sub- 
stituent effects, whether they be the a, P, y, and 6 
effects for saturated systems (15, 16) or the X, o, m, 
and p effects for benzene derivatives (17), has not 
been totally successful. Even though the accumulated 
knowledge has not provided a quantitative evalua- 
tion of the various contributions to chemical shift 
changes, it frequently allows one to describe the 
major contributing factor for a given substituent. 

It is significant that the characteristic substituent 
effects generally are additive (14, 18) and empirical 
correlations based on additivity have proven to be 
very useful in practical applications to spectral and 
structural analyses. The examination of the data 
given i n  Table 1 for the bromo derivatives la ,  16, 2, 
3, and 46 reveals that additivity exists for only one 
of the possible chemical shift assignment schemes. It 
is this combination of chemical shifts which has been 
retained as the correct assignment in Table 1 for 
these compounds. For example it can be verified that 
the chemical shifts of the two dibromo derivatives 
can be predicted from the appropriate monobromo 
compounds (i.e., 3 from l a  and 16, and 46 from 16 
and 2). The exchange of any two chemical shifts for 
one or more compounds leads to a non-additive 
assignment. 

Substituent EfSects 
It has been shown that substituent perturbation of 

the tropone ring electronic distribution bears some 
resemblance to that observed for benzene derivatives 
(5). Consequently, our discussion of the data from 
Table 1 will deal in part with a comparison of sub- 
stituent effects of groups located at positions 3, 5, 
and 7 of 2-methoxytropone with those from suitable 
aromatic models. 

At the outset it is useful to describe the structural 
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TABLE 2. Chemical shift changes produced on various ring carbons by substituents on carbon-5" 

Substituent C-2(6) C-3(y) C-4(B) C-5(a) C-6(D1) C-7(y') C-Xb C-o C-m c-P 

Br -0 .4  -1 .0  + 1 . 6  -5 .4  +3 .3  -0 .6  -5 .5  +3 .4  +1 .7  -1 .6  
CI -1 .0  -1.6 - 2 . 0  + 5 . 6  +0 .9  -0 .7  + 6 . 2  +0 .4  +1 .3  -1 .9  
0 C H 3  -6 .0  +0 .7  -25.3 +30.9 -4 .2  -0.1 +31.4 -14.4 +1 .0  -7 .7  
OSubstituent effects are relative to 2-methox~tropone taken as  reference. A i- sign indicates a downfield shift. 
bThe symbols represent the following positions for monosubstituled benzene derivatives: X = substituted carbon, o = ortho carbon, I I I  = meta carbon 

and p = para carbon. These values are  taken from ref. 18. 

features which characterize the three substituent 
positions of interest. Only position 5 is free of 
adjacent groups and it is here that substituent effects 
are expected to best reflect on the particular elec- 
tronic structure of the seven-membered ring. For 
substituents at position 3, it will be necessary to 
consider the possible consequences of a steric inter- 
action between the various substituents and the 
2-methoxy group. Similarly the proximity of sub- 
stituents on carbon-7 and the adjacent carbonyl 
group will have to be considered. Substituent effects 
characteristic of groups at each of the three positions 
will now be examined in succession. 

Substituents on Carbon-5 
The data summarized in Table 2 consist of sub- 

stituent effects on the chemical shifts of various ring 
carbons calculated for a few substituents located at 
position 5 of the seven-membered ring relative to the 
corresponding chemical shifts for 2-methoxytropone 
taken as reference (5). 

It is useful to label the carbons on the side of the 
double bond as P, y, 6, etc. and those on the side of 
the single bond as P', y', 6', etc. Carbon-5 is therefore 
labelled a in Table 2, C-4 is P, and C-6 is P', etc. 

It is instructive to compare these effects with those 
known for the same substituents on benzene; for this 
purpose the C-X, C-o, C-m, and C-p values are also 
listed in Table 2. It is thus seen that C-5(a) and C-X 
values have very similar magnitudes whereas 
differences exist between either C-4(P) or C-6(Pt) 
values and C-o values. For these adjacent carbon 
atoms, however, it is seen that similar trends are 
observed. In fact plots of C-4(P) and C-6(Pt) values 
vs. C-o values reveal two essentially linear relation- 
ships with different slopes, the larger one belonging 
to C-4(P). But because only three substituents are 
available this observation can only be considered 
qualitatively. The values for C-3(y), C-7(y1), and C-m 
are all small as well as those for C-2(6) and C-p, 
except for 5-OCH, which reveals comparable and 
larger shifts on these latter carbons. It is furthermore 
interesting to note that although the C-5(a) and 
C-4(P) substituent effects follow the same trend as 
observed for the same substituents in 1-substituted 
ethylenes (14), the actual values differ for each 

carbon atom. It may be significant to note that the 
substituent effect for C-2 of I-methoxyethylene is 
-37.3 and therefore that the value for C-4(P) falls 
between this value and - 14.4 observed for C-o 
(Table 2). 

The relationship between 13C chemical shifts and 
electronic structure has been reviewed recently (18) 
and among the various classes of compounds 
accounted for, aromatic compounds have received 
the most attention. It is now well known that the 
chemical shift changes observed for the ring carbon 
nuclei of monosubstituted benzene derivatives are 
primarily related to a redistribution of electron 
density. Furthermore, the mechanisms responsible 
for this redistribution are varied and dependent on 
the nature of the substituent, so that it has not been 
easy (19, 20) to assess their relative importance 
quantitatively for all groups. The following mecha- 
nisms need ordinarily to be considered: o-inductive, 
K-inductive, mesomeric, and field effects, as well as 
steric interactions and bond-order changes. 

It has been amply reported that iodine and to some 
extent bromine exert effects not related to their 
electronegativity and mesomeric abilities in l-sub- 
stituted ethylene and monosubstituted aromatic 
compounds whereas chlorine is better behaved (17). 
The 'heavy halogen effect' has been used historically 
to single out this observation. The idea that spin- 
orbit interaction (21) on a heavy atom can give rise 
to spin polarization that may be propagated along a 
~nolecule has been used lately as a rationale. What- 
ever the origin of the phenomenon, it is clear that the 
effects of bromine and chlorine arise from different 
origins and that mesomeric contribution is relatively 
more important for the latter. On the other hand, all 
evidence indicates that the mesomeric contribution 
is dominant when an OCH, group is bonded to an 
unsaturated carbon. 

In addition to the above general considerations, 
the alternance of single and double bond character 
in tropone (22, 23) imparts a distinct electronic 
feature which could affect the mode of transmission 
of substituent effects to the various ring carbon 
atoms. In this respect Table 2 shows that C-4(P) and 
C-6(Pf) are indeed very differently affected by the 
substituents on C-5. It is seen that both OCH, and C1 
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shift C-4(P) more than C-6(P') whereas for Br it is 
the opposite. This behaviour is qualitatively in 
accord with a dominant contribution of mesomeric 
effects for C1 and OCH, (especially strong for the 
latter) which can be illustrated with the resonance 
forms 17 to 20. Such a model seems to adequately 
account for the large upfield C-4(P) shift produced 
by the 5-OCH3 group, in addition to the significant 
upfield shift of C-2(6) which is comparable to that 
observed for para-carbons in aromatic compounds 
for which it is known that resonance plays a dom- 
inant role for this substituent. 

Since no resonance form with accrued negative 
charge on C-6 can be drawn, it is reasonable to 
assume that the mesolneric contribution will not be 
very important here in agreement with the relatively 
small upfield shift observed. The difference in the 
magnitudes of C-4(P) and C-6(P1) substituent effects 
for C1 are also consistent with accrued electron 
density on C-4 through a mesomeric contribution 
involving 18. 

As for the perturbations of C-4 and C-6 by the 
5-Br substituent, the data in Table 2 reveal that they 
are of the same order of magnitude as for C-o. 
Although the C-4 (P) shift cannot be accounted for 
adequately by a mesomeric effect involving 18, the 
fact that this carbon is less shifted downfield than 
C-6 suggests that some charge transfer through 18 
might cancel part of the downfield shift caused by 
the field effect of the Br atom. 

Substituc~nts on Carbon-7 
A summary of the chemical shift changes produced 

by several substituents located at position 7 is given 
in Table 3. The C-7(a) substituent effects for Br and 
OCH, are somewhat dissimilar to the corresponding 
C-5(a) effects in Table 2. Because significant differ- 
ences between C-7(a) and C-X values also exist, some 
interaction between the 7-substituents and the 
adjacent carbonyl group is indicated. 

Substituent effects published for Zsubstituted 

tropones (5) undoubtedly provide the best indication 
of the importance of the above interaction and its 
consequence on the chemical shifts of atoms adjacent 
to the carbonyl group. Because in tropone both C-2 
and C-7 are equivalent by symmetry, it is of interest 
to find out whether the C-7(a) values given in Table 3 
differ sigilificantly from the C-2(a) effects reported 
earlier (5). For example the values of CH, are + 9.3 
and + 10.3 respectively; for OCH, they are +25.4 
and $23.3 while for Br they are + 1.2 and about 
-0.5.4 Furthermore, the C-l(P1) substituent effects 
for CH, and OCH, in Table 3 are very similar to 
those reported for the corresponding 2-substituted 
tropones (5). In fact such a comparison is valid for all 
subsequent carbons whose effects are given in Table 
3. Consequently, it is apparent that the suggested 
substituent-carbonyl proximity interaction leads to 
very similar chemical shift changes for both classes 
of compouilds in agreement with expectations from 
the additivity of substituent effects. 

It is also interesting to point out that the C-6(P) 
effect for OCH, is -22.2 and comparable to the 
-25.3 value for C-4(P) of Table 2. 

The slight differences between the shifts produced 
by the CH, and the CH,CO,CH, groups in aro- 
matic systems are best explained in terms of a 
n-inductive effect (19, 20) whereby the largest effect is 
noted for C-X whose values are +8.9 and +5.9 
respectively.' The difference of 3.4 ppm for the C-7(a) 
substituent effects given in Table 3 is compatible 
with the above explanation. 

Substituei?t on Carbon-3 
Chemical shift changes produced by several sub- 

stituents on C-3 are summarized in Table 4. Because 
of uncertainties in the assignment of the C-6 and C-7 
signals for some of the compounds listed, these two 
carbons have been omitted from the table. 

The proximity of the C-3 substituent and the C-2 
methoxy group suggests that it is important to 
evaluate possible shifts resulting from the existence 
of a steric interaction between these two groups. 
Such a steric interaction has previously been sug- 
gested to explain observations for ortho-substituted 
anisoles (24). 

Table 4 reveals that the C-3(a) substituent effects 
are much larger than the corresponding C-X effect 

'+This value for Br has been obtained by extrapolation from 
Fig. 2 of ref. 5 using the line characterizing the substituent 
effects for CH3, CI, and NHZ. The error is probably i: 1. 

'The C-X, C-o, C-tn and C-p effects of the CH2C02CH3 
group were calculated to be + 5.9, + 0.1, +0.9, and - 1.4 ppm 
respectively. The actual chemical shifts are given in spectrum 
40 of 'The Sadtler standard carbon-13 nmr spectra' and the 
substituent effects were obtained relative to  benzene (6,  = 
128.6). 
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TABLE 3. Chemical shift changes produced by substituents on carbon-7" 

Substituent C-1(B') C-7(a) C-6( D l  C-5(y) C-4(6) 

oS~~bs t i tuen t  effects are  relative to 2-methonytropone taken as reference. A -i sign indicates a 
downfield zhift. 

TABLE 4. Chemical shift changes produced by substituents on carbon-3" 

Substituent C - ~ ( Y )  C-2(B) C-3(a) C-4(B') C-5(y') 

RSubstituent effects are  relative to 2-methoxytropone taken as  reference. A -i- sign indicates a 
downfield shift. 

for analogous benzene derivatives. It is also seen that 
the C-3 signals have been shifted downfield by at 
least 15 ppm in excess of predictions based on 
u-effects for C-5(u) given in Table 2. An observation 
of similar magnitude for 2,6-disubstituted anisoles 
(24) was interpreted in terms of the inhibition of 
resonance of the methoxy group as a consequence 
of steric interaction with the ortho-substituents. 
Similar reasoning applied to the 2-OCH, group is 
able to explain the greater downfield shift observed 
for C-3(u) in Table 4. Thus the normal upfield 
p-effect of 2-OCH, is reduced by interaction with the 
3-substituents and the overall downfield shift of C-3 
produced by 3-substitution is effectively larger than 
predicted from the 'normal' a-effect obtained from 
Table 2. 

The p-effects determined for C-2(p) in Table 4 are 
significantly different frorn the 'normal' p-effects 
given in Table 2 for each of Br and OCH,. Thus C-2 
next to 3-Br is shifted more upfield than expected 
whereas C-2 next to OCH, appears less upfield than 
expected from the data in Table 2. The magnitude of 
the perturbations is much larger for 3-OCH, than 
3-Br, however. 

Assuming that the u-effect is predon~inantly deter- 
mined by inductive effects and essentially indepen- 
dent of the conformation of the OCH, groups and 
furthermore that the C-2(p) shift should arise pre- 
dominantly from mesomeric contributions of the 
3-OCH3 group, it then appears that a reduction in 
mesomeric charge transfer from the 3-OCH, group 
to C-2 could rationalize the lesser upfield shift of 
C-2. Thus it is suggested that the steric interaction 
between the 2-OCH, and the 3-OCH, groups alters 
the conforn~ation of the 3-OCH, group relative to 
the C(3)-C(2) double bond from that which would 

exist in the absence of interaction as is the case for 
the 5-OCH, group. 

The observation that C-4(p1) values for Br and 
OCH, from Table 4 are close to those for C-6(Pf) 
from Table 2 suggests that the inhibition of resonance 
suggested above does not perturb C-4 significantly 
in agreement with very little mesomeric charge 
transfer across the formal single bond of the 
tropone ring. 

The examination of Table 1 further reveals that 
the presence of a substituent at position 3 produces a 
downfield shift (2-3 ppm) of the 2-methoxy carbon. 
This observation is similar to the 3.9 ppm downfield 
shift reported for 2,6-diniethylanisole (24). 

Finally it is significant to note that the difference 
between the C-3(u) effects of CH, and CH2C02CH3 
is 4.2 ppm and of the same magnitude as that 
observed for C-X values; it can be accounted for by 
the n-inductive effect (19, 20). 

Conclusions 
The chemical shift changes produced by sub- 

stituents located at positions 3, 5, and 7 of 2-inethoxy- 
tropone given in Tables 2, 3, and 4 reveal that meso- 
meric effects play a very important role, especially 
for the methoxy group which exhibits the largest 
effects. The observation that such resonance is 
effective only for the P, y, and 6 side of each sub- 
stituted carbon is particularly significant. Thus we 
see that the OCH, group is a convenient probe to 
investigate the orientation of mesomeric electronic 
charge transfer to the various carbons of the tropone 
seven-membered ring. 

The chemical shift data for 15 (6-OCH,) given in 
Table 1 yields the following substituent effects: 
C-6(u) = + 26.9, C-7(P) = - 23.1, and C-5(Pf) = 
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- 3.6. These values are very similar to those reported 
for 5-OCH, (16) in Table 2. Since no proximity inter- 
actions exist for 15 and 16 these substituent effects 
then ought to reflect the actual electronic structure 
of the ring and their similarity is compatible with an 
alternating n-electronic distribution involving single- 
like and double-like bonds (23). The fact that the 
'normal' P-substituent effect of OCH, is about 
mid-way between those found for methylvinyl ether 
and anisole (i.e., -23 to -26 compared to - 37.3 
and - 14.4 ppm respectively) might be taken as an 
indication of the extent of delocalization in the 
tropone ring. 

The chemical shift changes for substituents located 
at positions 3 and 7 revealed proximity interactions 
and their consequences on chemical shifts. In 
addition the data has been very useful to distinguish 
unambiguously between pairs of regioisorners such 
as those identified by a and b throughout the text. 
The presence of a signal near 110-112 ppm indicates 
a protonated C-3 and hence substitution at C-7. 
Because several reactions of tropolone and other 
tropone derivatives can give similar mixtures of 
regioisomers, I3C nmr could be an extremely valu- 
able tool of identification. 

On the other hand it is seen that. even for the 
relatively simple compounds investigated in this 
work, complete spectral assignment is often tedious. 
Consequently structure identification of other sub- 
stituted tropones might often not be a simple task 
and for this purpose 13C and 'H nmr are shown to 
provide complementary information. The carbon-13 
substituent effects determined in this work then pro- 
vide initial basic parameters which should be useful 
in solving such practical problems. 

Experimental 
The ir spectra were taken on a Perkin Elmer diffraction 

grating spectrometer. Routine 'H nmr spectra were recorded 
on a Varian A-60A spectrometer located at  Ayerst Labora- 
tories. The mass spectra were obtained on a Hitachi NMR-60 
spectrometer. The melting points were determined on a 
Thomas Hoover apparatus and are uncorrected. Organic 
extracts were dried over anhydrous magnesium sulfate and all 
solvents were removed under vacuum. Merck silica gel 60 
(70-230 mesh) was used for column chromatography. 

The 100 MHz 'H  nmr (CW) spectra and the 22.63 MHz 
13C nrnr (pulse FT) spectra were recorded respectively on a 
JEOL JNM-4H-100 and a Bruker WH-90 spectrometer 
located at the Universite de MontrCal. Heteronuclear 'H-13C 
double resonance experiments were carried out using the 
standard proton decoupler of the WH-90 instrument. The 
decoupler power was calibrated by proton off-resonance 
decoupling of a methanol sample (12). In the selective double 
resonance experiments the magnitude of irradiating field was 
set at about 850 Hz. 

All I3C nmr spectra were recorded at ambiant temperature 
using 10 mm tubes for solutions of the compounds in CDCI, 
which also acted as internal reference with 6 = 76.9. The 

pulse duration was 6 ps (12 ps corresponds to a 90' pulse) and 
the number of accumulations depended on the concentration 
of the sample which varied with the amount available (30 to 
200 mg). The coupled spectra were obtained through the gated 
decoupling technique (12) using the standard procedure for 
WH-90 spectrometers equipped with the Nicolet model 293 
I /O Controller. 

All spectra were recorded with 8K data points using a 
spectral width of 6024 Hz for 'H decoupled spectra and 3012 
Hz for the coupled spectra. 

5-C/~lorotropolot~e (6) 
T o  a suspension of 5-aminotropolone (5) (25 g) in water 

(170 mL) was added hydrochloric acid (650 mL) at room 
temperature. The mixture was stirred and cooled to - 10°C. 
After 15 min of stirring a solution of sodium nitrite (12.6 g) in 
water (36 mL) was added while maintaining the temperature 
at -10°C. The mixture was stirred at that temperature for 
1.25 h. It was then warmed to room temperature and heated 
to  80°C for 2.5 h. The mixture was then cooled to room 
temperature, poured on to crushed ice (ca. 900 g) and the 
precipitate filtered to yield the crude product (20g). The 
filtrate was extracted with chloroform, dried, and the solvent 
was removed. The residue was triturated with ether and 
filtered to yield 1.7 g more of solid. Total yield was 75%. The 
product had mp 180-182°C (lit. (7) mp 181-183°C). 

2-Mrt/~o.q\.-5-chlorotropo11~~ (7) 
5-Chlorotropolone (3.13 g, 1 equiv.) was suspended in 

methyl ethyl ketone (40 mL). Potassium carbonate (3.04 g, 
2.2 equiv.) was added and the mixture was heated to 70°C 
(bath temperature) for about 10 min. Dimethyl sulfate (4.16 
mL, 2.2 equiv.) was then added and the mixture kept at 80°C 
for 1.5 h. When the reaction was complete (indicated by tlc) 
the mixture was cooled and filtered. The filtrate was evapo- 
rated to dryness under vacuum, and the residue was suspended 
in ether and filtered to give the crude product (2.9 g). Crystal- 
lization from me thano l~ the r  gave the pure product (2 g), mp 
123-124°C (lit. (8) mp 123°C). 

Brot~~otnetl~oxytropo,les 

3-Bfom0- atld 7-Bronze-2-t~~ethoxytropone (la)  and (Ib) 
Bromotropolone was methylated with dimethyl sulfate as 

described above to give a less polar product, mp 69-70°C (mp 
reported for 3-bromo-2-methoxytropone 76.5-77°C (6d)), and 
a more polar isomer, mp 87-88°C (mp reported for 7-bromo-2- 
methoxytropone 90-91°C (64) .  
3,7-Dibromo-2-t~1ethoxytropot1e (3) 
This product was obtained from the corresponding 3,7- 

dibromotropolone, using the above procedure; m p  130-131°C 
(lit. (66) mp 132-132.5"C). 

5-Bron~o-2-metl~oxytropone (2) 
This compound was isolated from the methylation experi- 

ment and had mp 132-134°C (lit. (66) rnp 135-136°C). 
5,7-Dibr01110-2-methoxytropone (4b) 
This compound had mp 208-210°C (lit. (6e) mp 207-209°C). 

2 - ~ e / h o x ~ t r o ~ o t 1 e - 3 - a c e t i c  Acetic Acid Methyl Ester (9a) and 
2-Mett1oxytropot1e-7-acetic Acid Methyl Ester (9b) 

These compounds were obtained from the methylation of 
tropolone acetic acid 8 with diazomethane. Chromatography 
of the mixture on silica gel yielded a more polar solid, mp 
106-108°C; ir (Nujol): 1725 cm-'; 'H nrnr (CDCI3) 6: 7.45 
( lH ,  m, aromatic), 6.9 (3H, m, aromatic), 3.9 (3H, s, -OCH3), 
3.65 (5H, s, OCH3; CH,-CO); and a less polar oily product, 
ir (Nujol): 1725 cm-' ;  'H  nmr (CDCI,) 6 :  7.02 (4H, m, 
aromatic), 3.90 (3H, s, OCH,), 3.67 (5H, d, OCH,, CH,-CO). 
The solid was tentatively assigned structure 9a and the oil 96. 
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2-Methoxymet/~y/tropones ( I l a  rind I l b )  
A solution of tropolone-2-acetic acid 8 (ca. 1 g) in pyridine 

(5 mL) was heated to reflux for 1.5 h. The solvent was removed 
under vacuum to yield a residue (0.57 g) which was mixed with 
an ethereal solution of diazomethane and stirred for 1.5 h. The 
solvent was evaporated and the product was purified by 
chromatography on silica gel (30 g) using 30% ethyl acetate - 
benzene. Earlier fractions ylelded an oily product (0.06 g); 
'H nmr (CDCI,) F :  7.1 (4H, m, aromatic), 3.92 (3H, s, 
OCH,), 2.35 (3H, s, =C-CH,). This compound was ten- 
tatively assigned structure 110. Further elution gave another 
isomer; mp 37-39°C; 'H nmr F: 7.5 ( lH,  m, aromatic), 6.85 
(3H, rn, aromatic), 3.92 (3H, s, OCH,), and 2.36 (3H, s, 
C-CH,). The structure l l b  followed from the above assign- 
ment. These structures were later confirmed by 13C nmr. 

2,3-, 2,7-, rind 2,6-Dit??ethosy/ropotze (14a, 14b, 15) 
These compounds were prepared by methylation of a 

mixture of isomeric methoxytropolone obtained using a 
described procedure (10). 

Methylation using dimethyl sulfate gave a mixture of 
isomers that were separated by chromatography. A less polar 
oily isomer which showed in its 'H nrnr (CDCI,) F :  7.1 (4H, 
m, aromatic), 3.89 (3H, s, OCH,), and 3.72 (3H, s, OCH,), was 
tentatively assigned structure 140. Another more polar com- 
ponent was obtained from chromatography; after recrystal- 
lization from methanol-ether it gave a mp 106-108.5"C. The 
'H nrnr spectrum of this compound showed only one singlet 
at F 3.78 (6H, s) indicating two equivalent OCH, groups and 
structure 146 was assigned to it. A third isomer was purified 
with difficulty by rechromatography and was obtained as an 
oil. A mass spectrum showed the following ions: M +  (tnle 166, 
100%); M i  - 15 (tn/e 151, 5%). Its ' H  nmr spectrum showed 
two singlets arising from two OCH, groups at F 4.17 and 4.27. 
The structure was confirmed using I3C nmr spectroscopy to 
be 2,6-dimethoxytropone (15). 

2,5-Dinzeihos~~iropot1e (16) 
The title compound was prepared from 2,5-dihydroxytro- 

pone (7) as described above. The compound is reported as an 
oil (11). We were able to get it as a crystalline solid; mp 
77-80°C; M +  (mle 166, 100%). The structure of the compound 
was confirmed by I3C nmr. 
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Synthese et reactivite des halogeno-2 sulfonyl-2 aziridines 
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JEAN-MARC GAILLOT, YVONNE GELAS-MIALHE et ROGER VESSIERE. Can. J. Chem. 57, 1958 
(1979). 

Les halogtno-2 phCnylsulfonyl-2 aziridines sont obtenues par action du tetrahalogenure de 
carbone, en presence de potasse, sur les phCnylsulfonyl-2 aziridines. 

A partir des isopropylsulfonyl-2 aziridines, on obtient une monochloro et une dichloro- 
aziridine; la reaction de Ramberg-Backlund n'est pas observee. 

Ces composCs haloginks se dCcomposent, soit thermiquement, soit en milieu acide, pour 
conduire aux a-halogCnoacetamides et a-phCnylsulfonylacCtamides N-substituks. Les halo- 
gtno-2 phCnylsulfony1-2 aziridines ne riagissent pas avec le cyanure de potassium ou le ben- 
zenethiolate de sodium. Elles sont reduites par le mtthylate, l'ethylate et I1Cthanethiolate de 
sodium, on obtient alors les phCnyIsulfony1-2 aziridines; le r61e du solvant est precise. 

JEAN-MARC GAILLOT, YVONNE GELAS-MIALHE, and ROGER VESSIERE. Can. J. Chem. 57,1958 
(1979). 

Carbon tetrahalide reacts rapidly with 2-phenylsulfonyl aziridines in the presence of KOH, 
leading to 2-phenylsulfonyl 2-haloaziridines. 

Starting with 2-isopropylsulfonyl aziridines, a monochloro and a dichloroaziridine are 
produced; the Ramberg-Backlund reaction is not observed. 

These halo compounds decompose either thermally or in acidic medium leading to N-sub- 
stituted a-haloacetamides and a-phenylsulfonylacetamides. 2-Phenylsulfonyl 2-haloaziridines 
are unreactive toward potassium cyanide or sodium thiophenoxide. Sodium methoxide, 
sodium ethoxide, or sodium thioethoxide reduce them to 2-phenylsulfonyl aziridines; the 
reaction depends upon the solvent. 

Dans un prCctdent mCmoire (1) nous avons dCcrit 
la priparation des phCnylsulfonyl-2 aziridines 1, 2 et 
3 par action, dans le dimCthylsulfoxyde, d'une 
amine primaire sur une sulfone a-bromCe a,P-Cthy- 
1Cnique. Par la suite, nous avons fait appel a ce pro- 
cCdC pour accCder aux alkylsulfonyl-2 aziridines 
4 et 5: 

1 R3 = H; R' = Ph 
2 R3 = CH,; K2 = Ph 
3 R3 = Ph; R' = Ph 
4 R3 = H; R2 = CH, 
5 R3 = H; R' = CH(CH3), 

Dans le present mbmoire, nous nous proposons de 
dCcrire le comportement de cette nouvelle classe 
d'aziridines dans des rCactions d'halogination, au 

cours desquelles nous avons obtenu des halogCno-2 
sulfonyl-2 aziridines, composCs jusqu'alors inconnus. 
Certains de ces produits, gCnCralement solides, 
abandonnCs B tempkrature ambiante, deviennent 
dCliquescents et prbsentent au bout de quelques 
jours un spectre de rmn considCrablement perturbC. 
Ceci nous a conduit B Ctudier leur stabilite thermique 
et leur hydrolyse. Nous avons, par ailleurs, examine 
leur comportement vis-a-vis de quelques nuclCo- 
philes. 

HalogPnation des sulfonyl-2 aziriditzes 
Parmi les nombreux procCdCs permettant l'intro- 

duction d'un haloghe en a d'une fonction sulfonyle, 
nous avons utilisC celui inis au point par Meyers et al. 
(2). 

Les phCnylsulfony1-2 aziridines 16, lc, 2b, 2det 3a 
traitCes par le tktrachlorure ou le tktrabromure de 
carbone en prCsence de potasse en poudre et d'alcool 
tert-butylique, conduisent, avec de bons rendements, 
aux halogeno-2 phCnylsulfony1-2 aziridines 6b, 6c, 
7b, 7d, 8a, 9b, 9c, lob, 10d et l l a  identifikes par leur 
analyse ClCmentaire et leur spectre de rmn (voir 
partie expkrimentale) : 

0008-4042/79/15 1958-09$01 .OO/O 
@ 1979 National Reaearch Council of Canada/Conseil national de recherches du Canada 
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GAILLOT ET AL. 1959 

R'\ / 
H cx4 + 

R3 
C-C ' c c  /X 

H/ \ S O ~ P ~  H' \N( \ S O ~ P ~  

1 R 3 = H  (1 K' = CH2CH, 6 R 3 =  H ; X = C I  
2 R3 = CH, h R1 = CH(CH3), 7 R3 = CH,; X = CI 
3 R3 = Ph c R1 = C(CH3), 8 R3 = Ph; X = CI 

d R1 = CH2Ph 9 R 3 =  H ; X =  Br 
10 R' = CH,; X = Br 
11 R3 = Ph; X = BI. 

Ces rCactions se dCroulent par l'intermkdiaire d'un 
a-sulfonylcarbanion (2). Nous avons montrt dans un 
precedent mCmoire (1) que l'a-phCnylsulfonyl car- 
banion form6 B partir des phCnylsulfonyl-2 aziridines 
possCdait tres probablement une gComttrie pyra- 
midale avec une haute barriere d'inversion. En effet, 
traitCe par 1'Cthylate de  sodium dans I'tthanol 
deutCri6 I'aziridine 2d incorpore le deuttrium en 
position 2;  par ailleurs sa stCrCochimie n'est pas 
modifite par traitement pendant 17 h B temptrature 
ambiante par une solution d'Cthylate de  sodium dans 
1'Cthanol. En consCquence, les halogeno-2 phCnyl- 
sulfonyl-2 aziridines 7, 8, 10 et 11 ont la msme con- 
figuration que les dCrivCs 2 et 3 a partir desquels 
elles sont formtes. Nous avons precis6 par ailleurs 
(1) que les atomes de carbone C-2 et C-3 des com- 
posts 2 et 3 sont de configurations R;%R:%. Ces msmes 
atomes ont donc la configuration R*S* chez les 
produits 7, 8, 10 et 11. 

Les isopropylsulfonyl-2 aziridines 5 possedent en a 
et en a' de la fonction sulfone deux atomes d'hydro- 
gene mobiles. La rCaction d'halogenation pourrait 
donc Cvoluer vers la formation d'un composC 
CthylCnique du type mCthyleneaziridine (riaction de 
Ramberg-Backlund) (2, 3). Du produit brut de  
chloration par le titrachlorure de carbone en milieu 
basique de chacune des aziridines 5b et 5d nous avons 
isole deux composCs que nous avons identifies aux 
aziridines monochlorCes 12b et 12d d'une part et 
aux aziridines dichlorCes 13b et 13d d'autre part: 

,SOZ-C(CH~);! 

Si l'on arrste la rCaction d'halogCnation de 
l'aziridine 5d avant son terme, les composCs mono- 
et dihalogCnCs sont prtsents dans le melange rCac- 
tionnel A c6tC du produit de depart, le derive di- 
halogCnC Ctant largement priponderant (13d/12d = 
4317, dCterminC par rmn). La dihalogenation est 
donc plus rapide que la monohalogCnation et qu'une 
Cventuelle Climination 1,3 ayant pour siege le com- 
posC monohalogCnt. L'aziridine monohalogCnCe 
126, mise en solution dans le THF et traitCe par 
tBuOK pendant 5 h B 0°C est retrouvCe inchangee. 
Ce melange, chauffk a reflux pendant 5 h, conduit au  
produit d'klimination 1,2 146: 

/CH3 
CH,-CH-SO,-C 
'b" I \ c H ~  I B u O K ~  

N C1 
I THF 

CH(CH3)I 

On n'observe pas la formation du produit Cthy- 
lCnique provenant d'une reaction type Ramberg- 
Backlund; ceci peut stre attribuC B l'importante con- 
trainte B laquelle serait soumise 1'Cpisulfone spiran- 
nique intermtdiaire: 

StabilitP therlnique et hydrolyse des halogeno-2 
sulfonyl-2 aziridines 

Afin de dCterminer la nature des produits de dC- 
composition spontanCe des halogtno-2 sulfonyl-2 
aziridines, nous avons chauffC ces composts pendant 
des temps variables a 60°C (tempCrature infkrieure B 
leur tempCrature de fusion). Les d u d e s  de  thermol- 
yse et le pourcentage de  transformation sont in- 
diquts dans la partie experimentale. On peut noter 
que les bromo-2 aziridines se dCcomposent plus 
facilement que les chloro-2 aziridines et que les com- 
posts possedant un groupe mCthyle en position 3 
apparaissent plus stables. 

Au dtpar t  des aziridines 66 et 96 on &pare, par 
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1960 CAN. J .  CHEM. VOL. 57, 1979 

chromatographie sur colonne, deux produits. L'un 
d'eux est identifie a l'aide de ses spectres ir et de rmn 
et par comparaison a un Cchantillon authentique au 
N-isopropyl a-halogCnoacCtamide. Le deuxitme con- 
stitue le benzenethiosulfonate de phCnyle: 

ChauffCs en presence d'eau, les composCs 6b et 9b 
se dCcomposent plus lentement (la &action est totale 
aprks 6 jours de chauffage a 60°C dans le cas de 6b, 
4 jours a 60°C pour 9b). Trois produits sont alors 
formCs; le N-isopropyl a-halogCnoacCtamide, le 
benzenethiosulfonate de phCnyle et le N-isopropyl 
a-phCnylsulfonylacCtamide; ce dernier est identifie 
par ses spectres ir et de rmn et par comparaison un 
Cchantillon authentique. 

Ces rCsultats sont tout a fait comparables a ceux 
que l'on observe avec les gem-dihalogCnoaziridines 
(4), les nitro-2 aziridines (5) ou les gem-dihalogino- 
cyclopropanes (6). Un micanisme analogue B ceux 
invoquCs peut rendre compte de nos rCsultats 
(SchCma 1): 

Voie \e B ,SO,P~ 

Selon la voie A (SchCma 1) llhCtCrolyse de la [ I ]  3PhS02H -+ PhS02SPh + PhS0,H + H 2 0  
liaison carbone-halogtne et la rupture simultanCe de 
la liaison C3-N conduisent, par l'intermidiaire du On pourrait Cgalement envisager un mCcanisme 
cation A a la formation d'une sulfonylimine dont non concert6 faisant intervenir le cation cyclique A'; 
l'hydrolyse donne l'cr-halogCnoacCtamide. Quant a une telle voie est toutefois peu probable en raison de 
l'acide sulfinique, i l  se dCcomposerait suivant l'effet destabilisant exercC par le groupe sulfonyle 
[1 I (7) : port6 par le carbone positif (SchCma 2): 

n 
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GAILL.OT E T  A L .  1961 

Par ailleurs, I'hCtCrolyse de la liaison carbone- 
soufre (voie B, SchCma 1) peut Ctre compCtitive avec 
celle de la liaison carbone-halogtne. L'iminosulfone 
formCe par 17intermCdiaire du cation B est ensuite 
hydrolysCe en N-isopropyl a-phCnylsulfonylacCta- 
mide. 

La plus grande rCactivitC des dCrivCs bromCs par 
rapport aux dCrivCs chlorCs est justifiee par une 
vitesse d'hCtCrolyse supCrieure de la liaison C-Br 
par rapport a la liaison C-Cl. 

Une rCaction en tous points analogue est observCe 
avec les aziridines dihalogCnCes 136 et 13d. En effet 
chacune d'elles, abandonnee quelques jours tem- 
pCrature ambiante, est totalement dCcomposCe en 
deux produits que nous avons identifiCs au chloro-1 
methyl-1 Cthylthiosulfonate de chloro-1 mCthyl-1 
Pthyle et au N-alkyl a-chloroacCtamide: 

L'hydrolyse acide en milieu homogtne (HC1 dans 
un melange ethanol-eau) conduit a un resultat com- 
parable; au dCpart de la tert-butyl-1 chloro-2 phCnyl- 
sulfonyl-2 aziridine 6c on isole, a cBtC du benztne- 
thiosulfonate de phCnyle, un compose identifiC au 
N-tert-butyl a-chloroacCtamide; A partir de la bromo- 
2 aziridine 106 on obtient Cgalement du benztne- 
thiosulfonate de phCnyle et un mClange de deux com- 
posCs que nous n'avons pas pu sCparer et que nous 
avons identifies au N-isopropyl a-chloropropiona- 
mide (55%) et au N-isopropyl a-bromopropionamide 
(45%) (pourcentage determine sur le spectre de rmn). 

Un micanisme identique B celui prCcCdemment 
proposC permet d'interpriter ces rCsultats, notam- 
ment la formation d'un melange d'amides a-bromCe 
et a-chlorCe partir de l'aziridine bromee 106. En 
effet, selon le SchCma 1, voie A, 17hCtCrolyse de la 
liaison carbone-halogtne de l'aziridine libtre le 
cation A qui peut alors Etre soumis a une attaque 
compCtitive de la part des ions C1- et Br- presents 
dans le milieu. 

Bien que les produits obtenus dans ces rCactions 
aient une structure analogue a ceux qui proviennent 
de la solvolyse de la diphknyl-1,2 dichloro-3,3 
aziridine (4a), il semble que les mCcanismes de for- 
mation de ces composCs soient diffkrents. En effet, 
Brooks et al. (4a) ont montrC dans le cas precedent 

que la rCaction procidait, de f a ~ o n  prkdominante, par 
migration intramolCculaire de chlore; la prCsence 
d'un amide a-chlorC comme produit d'hydrolyse de 
I'aziridine bromCe 106 prouve dans notre cas la 
participation des ions prCsents dans le milieu 
riactionnel. 

Action des t~~rcle'ophiles sur les halogPt10-2 
arylsuljbnyl-2 aziridines 

Contrairement aux chlorocyclopropanes, dCrivCs 
gCnCralement inertes vis-a-vis des agents nuclCophiles, 
les monochloroaziridines conduisent, sous l'action 
de ces riactifs, aux produits de substitution normale- 
ment attendus (8). D'autre part, divers travaux (9) 
ont montrC la trts faible rCactivitC des a-halogino- 
sulfones vis-a-vis des nuclCophiles, lesquels provo- 
quent quelquefois uniquement une reduction de la 
sulfone au niveau de l'halogtne (9c). Compte tenu 
de ces rksultats, il pouvait Etre interessant d'Ctudier 
le comportement des halogCno-2 sulfonyl-2 aziridines 
vis-a-vis de divers nuclCophiles. 

Le benztnethiolate de sodium et le cyanure de 
potassiuin ne donnent aucune reaction avec les 
aziridines 66 et 9b qui sont, par contre, rCduites au 
niveau de l'atome d'halogtne, par le mithylate, 
1'Cthylate ou I'tthanethiolate de sodium; la rCaction 
conduit alors a l'isopropyl-1 phCnylsulfony1-2 aziri- 
dine 16. L'aziridine bromCe 96 est plus facile~nent 
reduite que l'aziridine chlorie 66. On observe, par . a 

ailleurs, un accroissement de vitesse considkrable 
lorsque la rCaction est effectuie dans le dimCthyl- 
sulfoxyde, par rapport aux reactions rCalisCes en 
utilisant comme solvant un alcool ou le dimCthyl- 
formamide. 

Les Cqs [2], [3] et [4] rendent compte de nos 
rCsultats exptrimentaux: 

/SO,Ph ROH - / 
S02Ph 

121 H2C-C,, + H2C-C 
\ x 

I 9- \N' 

CH(CH3)2 CH(CH3)2 

/S02Ph 
H2C-C 

ROH \N"H 
d 

CH(CH,)2 

En presence d'alcoolate ou d'kthanetiolate de 
sodium dans l'alcool, le nuclCophile attaque directe- 
ment l'halogtne en crCant un carbanion dont la 
vitesse de formation determine la vitesse de reaction 
(Cq. [2]). Dans le dimCthylsulfoxyde, le nuclCophile 
attaque le solvant dont la base conjuguCe constitue 
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1962 CAN. J .  CHEM. 

CH3SOCH3 , S02Ph 
H,C-C' - H,C-c 

'N/ 
ou ROH \N/ 'H 

alors le vCritable agent rCducteur (Cqs [3] et [4]), ce 
qui justifie l'accroissement de vitesse observC. U n  
mCcanisme analogue a CtC proposC pour la rCduction 
de gem-dibromocyclopropanes (10). La  protonation 
du carbanion pourrait etre rCalisCe, soit par le sol- 
vant, soit a l'hydrolyse. Cette deuxierne hypothese 
doit etre CcartCe. En effet, I'hydrolyse par l'eau 
lourde du mtlange rCactionne1 provenant de l'action 
de 1'Cthylate de  sodium dans le dimCthylsulfoxyde 
sur l'aziridine 9b, conduit au  produit de reduction 16 
sans incorporation de  deuterium en position 2. Le 
composC deutCriC en 2 est, par contre, obtenu lorsque 
la rCaction est effectuCe dans le dimCthylsulfoxyde 
deutCriC, apres hydrolyse par H,O, ce qui prouve 
l'intervention du  solvant lors de la protonation du 
carbanion. 

Les spectres de resonance niagnktique nuclkaire ont Ctt 
enregistres a I'aide d'un appareil Varian A 60 ou Varian T 60 
en utilisant le tCtrarnCthylsilane cornme rkference interne; les 
diplacements chirniques sont exprimes en pprn et les con- 
stantes de couplage en hertz. Les spectres infrarouge ont CtB 
effectues sur un spectrophotom&tre Perkin-Elmer 157. Les 
chromatographies sur colonne ont CtC realisees sur gel de 
silice (7734 Merck). 

Pripnrntiotr de la rrrkt/ryIa-bron~ouii~ylsrrlfot~e er de I'isopr.opy1 
a-l,rorrrovit~yls~rlfo~ze 

Le schema reactionnel utilisC pour accCder a ces deux corn- 
posts est le rntrne, il est resume ci-dessous: 

Br 2 R-SO,-CHBr-CH2Br 
CCI, 

(a) (Hydroxy-2 Ct/~yl)nlkylsrrlfrrre-11 est prepare selon un 
mode operatoire dtcrit (1 1). 

(Hydroxy-2 Cthyl)mCthylsulfure: rdt 70%; pe 75"C/25 Torr; 
nD20 1.487 (lit. (14) p t  80.5-81°C/30 Torr; nD30 1.4867); ir: 
3350 crn-'; rrnn: 3.72 (2H, t, J = 6 Hz), 3.48 (IH, s), 2.65 
(2H, t, J = 6 Hz), 2.10 (3H, s). 

(Hydroxy-2 tthyl)isopropylsulfure: rdt 83%; pB 8S°C/25 
Torr; nDZ0 1.466 (lit. (IS) pe 82433°C (12Torr.); rrnn: 3.70 
(2H, t, J =  6Hz),  2 .6a  2.9(2H, m), 2.5 a 3.2(1H, rn), 2.75 
(1 H, s), 1.25 (6H, d). 

(b) (Chloro-2 krhy1)nlkyls~rlfrrre-Ce compose est prepare 
selon une rnkthode dicrite (1 2). 

(Chloro-2 ethyl)rntthylsulfure: rdt 80%; pC 56"C/40 Torr; 
nD20 1.486 (lit. (14) pe 44"C/20 Torr; noZ0 1.4902); rrnn: 2.6 
3.9 (4H, rn), 2.18 (3H, s). 

(Chloro-2 Cthy1)isopropylsulfure: rdt 95%; pi2 74-76"C/ 
35 Torr; tlD20 1.471 (lit. (16) PC 60-62°C/17 Torr); rrnn : 3.5 a 
3.8 (2H, rn), 2.7 a 3.3 (3H, rn), 1.28 (6H, d). 

(c) Alkyluit~ylsrrlfat~e-L'alkyl(chloro-2 6thyl)sulfure est 
oxydt par I'eau oxygCnCe en milieu acktique, selon un mode 
operatoire connu (13). I1 est utilise brut pour la reaction 
suivante, egalement decrite (13). 

MCthylvinylsulfone: rdt 60%; pC 78'C/1 Torr (lit. (13) pC 
115-1 17"C/19 Torr); rmn: 6.1 a 7.2 (3H, m), 2.98 (3H, s). 

Isopropylvinylsulfone: rdt 75%; pio., = 82°C; rrnn: 6.1 a 
6.7 (3H, m), 2.8 a 3.4 ( lH,  m), 1.82 (6H, d, J = 7 Hz). Anal. 
calc.: C 44.78, H 7.46, S 23.88; trouvee: C 44.50, H 7.42, 
S 24.01. 

(d) Dil,rortro-1,2 rrlkylsrrlfbt~e-Le mode operatoire utilise 
a CtC precedernrnent decrit (1). 

Dibronio-1,2 rnCthylsulfone: rdt 80%; pf = 70°C; rrnn: 
5.05 (IH, dd, J = 3.5 Hz, J = 8.5 Hz), 4.25 ( lH,  dd, J = 
11.5 Hz, J = 3.5 Hz), 3.78 ( lH ,  dd, J = 11.5 Hz, J = 8.5 
Hz), 3.20 (3H, s). 

Dibrorno-1,2 isopropylsulfone: rdt 98%; rrnn: 5.05 ( lH,  
dd, J = 3.5 Hz, J = 10 Hz), 4.35 ( IH,  dd, J = 11.5 Hz, 
J = 3.5 Hz), 3.75 (IH, dd, J = 10 Hz, J = 11.5 Hz), 3.6 a 
4.2 (IH, rn), 1.42 (3H, d, J = 6.5 Hz), 1.45 (3H, d, J = 
6.5 Hz). 

(e) ( Broitro- 1 oitgvl) nlkylsrrlfotre-Ce com pose est prepare 
selon une mkthode dkcrite (1). 

TABLEAU I. Description des alkylsulfonyl-2 aziridines 4 et 5 

Rdt F 
No % ("C) Analyse 

46 65 40bCalc . :  C44.17,H7.98,N8.59,S19.63 
Trouvee: C 44.33, H 7.95, N 8.75, S 19.32 

4c 60 66b Calc.: C 47.46, H 8.47, N 7.91, S 18.08 
Trouvte: C47.27, H 8.45, N 7.72,s 18.22 

4d 60 138' Calc.: C 56.87, H 6.16, N 6.64, S 15.17 
Trouvee: C 56.82, H 6.14, N 6.58, S 15.02 

50" 70 - Calc.: C47.46,H8.47,N7.91,S18.08 
TrouvCe: C 47.50, H 8.43, N 7.81, S 18.18 

56" 71 - Calc.: C50.26,H8.90,N7.33,S16.75 
Trouvee: C 50.14, H 8.80, N7 .36 ,S  16.43 

5c 75 59b Calc.: C 52.68, H 9.27, N 6.83, S 15.61 
Trouvte: C 52.50, H 9.16, N 6.90, S 15.38 

5d 75 71b Calc.: C60.25,H7.11,N5.86,S13.39 
TrouvCe: C 60.15, H 7.21, N 5.75, S 13.48 

aPurifibe par chromatographie sur colonne: (ether de petrole 7 -acetate 
d'bthyle 3).  

aRecristallisbc dans ethanol -ether de petrole. 
CRecristallisee dans l'kthanol. 
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GAILLOT ET AL. 1963 

HA\~-~ /SOI-R '  
TABLEAU 2. Spectres de rmn (CDCI,) des alkylsulfonyl-2 aziridines 4 et 5:  HB/ \N/ ' H ~  

I 
Ri 

6 J 

No R1 R2 Hx HA HI, HR I HR2 AX BX AB HR1 HRZ 

4b CH(CH3), CH, 2.98 dd 2.48 d 1.87 d 1.20 d 2.98 s 2.5 6 0 6 - 
1.29 d 
1.5-2 m 

4c C(CH313 CH3 3.14dd 2.32 d 2.04 d 1.06 s 2.95 s 2 .5  6 0 - - 

4d CH,Ph CH 3 3.00dd 2.65 d 2.02 d 7.37 s 2 47 s 2 .5  6 0 12.5 - 
3.35 (AB) 

5n CzH, CH(CH3)2 2.99dd 2 5 0 d  1 . 8 0 d  1 . 2 1 t  1.45 d 
2.48 q I 52 d 

3.1-36117 3 6 0 7 7 

5b CH(CH3)2 CH(CH3)2 3 .00dd  2 5 1 d  1 . 8 1 d  1 .20d  1 4 5 d  3 6 0 6  7 
1 .28d  1 .50d  
1.6-2 m 3.1-3.6 m 

5c C(CH313 CH(CH3)2 3 .20dd 2 .35d  2 . 0 d  1.05 s 1.38 d 3 6 0 -  7 
1 .40d 
3-3.5 m 

5rl CH2Ph CH(CH3), 3.08 dd 2.60 d 1.92 d 7 .5  s 1 .OO d 3 6 0 1 3  7 
3.60(AB) 1.25 d 

3.1-3.6m 

(Bromo-l vinyl)n~ethylsulfone: rdt 80%; p i  67-6S0C/ TABLEAU 3. Description des halogeno-2 phtnylsulfonyl-2 
0.5 Torr (lit. (17) pe 63-64'C/0.4Torr); rmn: 7.0 (IH, d, aziridines 
J = 3.5 Hz), 6.38 (IH, d), 3.07 (3H, s). 

(Bromo-l vinyl)isopropylsulfone: rdt 90%; rmn: 7.02 (IH, Rdt F 
d , J = 3 . 5 H z ) , 6 . 5 0 ( 1 H , d ) , 3 . 2 a  3 .8 (1H,m) ,  1.36(6H, N~ (%) (OC) Analyse 
d, J = 6.8 Hz). 

PI ipararion cles azirirlines 4 et 5 66 70 110 Calc.: C50.87,H5.39,N5.39,012.33 
Le mode operatoire utilise a kt6 prkcedemment decrit (I). TrouvCe: C 50.65, H 5.47, N 5.32, 0 12.40 

On releve sur le spectre ir de chaque conlpose deux bandes, 6c 70 67 Calc,: 52,65, 5,85, 5.12, .70 
I'une B 1330 cm- ' ,  I'autre 1150 cnl-', caracteristiques de la TrouvCe: C 52.62, H 5.98, N 5.1 1, 0 11.63 
fonction sulfone. Les rendements, constantes physiques, 
analyses et spectres de rmn des produits prepares sont donnes 7b 79 109 Calc.: C 52.65, H 5.85, N 5.12, 0 11.70 
dans les Tableaux 1 et 2. Trouvee: C 52.30, H 5.88, N 5.04, 0 11.71 

7d 73 71 Calc.: C59.72,H4.98,N4.36,0  9.95 
C/~loratio~z rles slrlfonyl-2 nzi~ irlit~es Trouvee: C 59.50, H 4.92, N 4.48, 0 9.90 

Elle est realisee selon une niethode mise au point par 
Meyers et 01. (2). 8a 71 76 Calc.: C 59.72, H 4.98, N 4.36, 0 9.95 

On porte a reflux pendant une heure un melange de 0.01 mol Trouvee: C 59.61, H 4.88, N 4.28, 0 10.02 
de sulfonylaziridine, 20 mL de CCI,, 20 mL de !err-butanol et gb 74 103 Calc.1 c 43.42, H 4.61, N 4.61, 0 10.53 
11.2g de potasse finement pulverisee. Les solvants sont TrouvCe: C 43.69, H 4.57, N 4.68, 0 10.28 
evapores et on reprend par I'eau. Les sulfonylaziridines 
chlorCes brutes sont filtrees ou extraites I'Cther, lavies 2 9c 75 87 45.283 5.03, 4.407 O 
I'eau, sechees et recristallisCes (benzene 3 - acetate d'ethyle I). TrouvCe: C 45.46, H 5.13, N 4.51, 0 10.16 

Leurs spectres ir prisentent deux raies larges et intenses a lob 75 120 Calc:. C 45.28, H 5.03, N 4.40, 0 10.06 
1160 et 1320 cm-' caracttristiques de la fonction sulfone. Trouvie: C 45.34, H 4.97, N 4.42, 0 10.09 
Leurs rendements, po~nts de fusion, analyses et spectres de rmn 
sont donnes dans les Tableaux 3 et 4. 1Od 41" 70 Calc.: C 52.46, H 4.37, N 3.83, 0 8.74 

Le oroduit brut de chloration de I'aziridine 5b d'une oart. TrouvCe: C 52.46, H 4.45, N 3.85, 0 8.71 . , 

de l'aziridine 5dd'autl.e part, est purifie par chromatographie 110 75 SO Calc.: C 52.46. H 4.37, N 3.83. 0 8.74 
sur colonne (ether de &trole 7 l acetate d3Cthyle 3). dans  TrouvCe: C 52.47; H 4.34; N 3.61; 0 8.70 
chaque cas, on isole en premier I'aziridine dichloree, l'aziridine 

obtienl d,autre part 40Y. de mise en reaction, 
monochloree est eluee ensuite. 

Isopropyl-l chloro-2 ((chloro-1 methyl-1 Cthy1)sulfonyl)-2 ( lH,  s, proton du cycle), 2.95 (IH, s, proton du cycle), 2.60 
aziridine 13b: ir: 1120, 1340 cm-'; rmn: 1.25 et 1.35 (GH, 2d, ( lH,  m, N-CH). At~al. calc.: C 36.92, H 5.77, N 5.38, S 12.31; 
J = 7 Hz, (CH3)2C), 2.02 et 2.10 (6H, 2s, (CH3)~C), 1.90 trouvee: C 37.01, H 5.72, N 5.41, S 12.27. 
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'c -c' TABLEAU 4. Spectres de rmn (CDCI,) des halogeno-2 phenylsulfonyl-2 aziridines 
R3/  ,N, \X 

I 

7d CH2Ph CH3 CI 3.20 q 1 .30d  8 .2  s 7.3-8 nl 6 13 
3.68 (AB) 

9b CH(CH3), H Br 2.90 d 1.92 d 0.68 d 7.5-8.2 m 1 6 .5  
1.20 d 
1.9-2.4 m 

9c C(CH313 H Br 2.53 d 2.23 d 1.02 s 7.5-8.2 nl 3 - 

lob CH(CH3), CH3 Br 2.98 q 1.32 d 0.61 d 7.5-8.2 m 6 6 .5  
1 .12d  
2.2-2.8 m 

lOd CH,Ph CH3 Br 3.08 q 1 .32d  7 . 2 s  7.3-8 m 6 13 
3.61 (AB) 

110 C2H, Ph Br 4 .0  s 7 .30s  1.27 t 7.5-8.2 nl - 7 .5  
3.45 da 

Benzyl-1 chloro-2 ((chloro-1 methyl-1 Cthy1)sulfonyl)-2 
aziridine 13rl: ir: 1150, 1320 cm-';  rmn: 1.95 et 2 (7H, 2s, 
(CH3),C et un proton du cycle), 2.92 (IH, s, proton du cycle), 
3.95 (2H, AB, J  = 13.5 HZ, N-CH,), 7.35 (5H, S, C6H5). 
Anal. calc.: C 46.75, H 4.87, N 4.55, S 10.39; trouvee: C 46.40, 
H 4.82, N 4.58, S 10.44. 

Isopropyl-1 ((chloro-1 methyl-1 ethyl)sulfonyl)-2 aziridine 
126: ir: 1120, 1150, 1180, 1320, 1335 cm- '; rmn: 1.20 (3H, 
d, J  = 6.5 Hz), 1.30 (3H, d, J  = 6.5 Hz), 1.92 (3H, s), 2.02 
(3H, s), 1.78 (IH, d, J  = 6 Hz), 2.41 (IH, d, J  = 2.8 Hz), 3.40 
(1 H, dd, J  = 6 Hz et J  = 2.8 Hz), 1.80 (1 H, m). Atial. calc.: 
C42.57, H 7.10, N6.21, S 14.19; trouvie: C42.68, H 7.08, 
N 6.23. S 14.30. 

Benzyl-1 (chloro-1 methyl-1 ethyl)sulfonyl-2 aziridine 12d: 
ir: 1120, 1330cm-I; rmn: 1.80 (3H, s), 1.86 (3H, s), 1.90 
(lH, d, J  = 6.2 Hz), 2.50 ( lH,  d, J  = 2.8 Hz), 3.50 (IH, dd, 
J =  2.8Hz, J =  6.2Hz), 3.68 (2H, AB, J =  13Hz), 7.4 
(5H, s). Anal. calc.: C 52.65, H 5.85, N 5.12, S 11.70; trouvke: 
C 52.32, H 5.81, N 5.21, S 11.62. 

Une solution de 4.4 mmol du compose 126 dans 50 mL de 
THF est agitCe pendant 5 h a 0°C en presence de 13 mmol de 
tBuOK. On ajoute de I'eau, extrait a I'Cther, lave le phase 
CthCrCe, seche et Cvapore le solvant. Le rCsidu est d'apres son 
spectre rmn constitue de la seule aziridine mise en reaction. 

Un melange de 4.4 mmol de I'aziridine 126, 13 mmol de 
tBuOK et 50 mL de T H F  est chauffk a reflux sous agitation 
pendant 5 h. Apres les traitements classiques, le spectre rmn 
de produit brut montre qu'il est constituk de 60% de I'aziridine 

mise en reaction et de 4 0 z  du derive 146. Ces deux composCs 
sont sCparCs par chromatographie sur colonne (ether de 
petrole - acetate d'ethyle 30). 

Isopropyl-1 (mCthyl-1 vinyl)sulfonyl-2 aziridine 14b: ir: 
1130, 1310, 1640cm-I; rmn: 1.15 (6H, d, J  = 6Hz), 1.75 
(1 H, d, J  = 6 Hz), 2.20 (3H, s large), 2.45 (1 H, d, J  = 2 Hz), 
2.80 (IH, dd, J  = 2 Hz, J  = 6 Hz), 5.80 (IH, s large), 6.15 
(IH, s). Anal. calc.: C 50.79, H 7.94, N 7.41, S 16.93; trouvie: 
C50.52,H 7.89, N7.45,S 16.78. 

TABLEAU 5. Thermolyse des halogeno-2 sul- 
fonyl-2 aziridines 

Uuree de 
Aziridine thermolyse Pourcentage de 

No (h) dCcompositiona 

6b 
6c 
7b 
7d 
8a 
9b 
9c 

lob 
10d 
l l a  

ODBterminB sur les spectres de rmn. 
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GAILLOT ET AL. 

TABLEAU 6. Action des reactifs nuclCophiles sur les chloro-2 et bromo-2 aziridines 60 et 90 

Aziridine 
No Solvant C H 3 0 - ;  CZH50-  C,H5S- C,H,S- CN-  

60 ROH 10 jours; 80°C; 
aucune reaction 

60 D M F  10jours;8O0C; 
aucune reaction 

60 DMSO 1 h; 20°C; Ra 

90 ROH 72 h ;  80°C; R 

90 D M F  8 h ;  80°C; R 

90 DMSO 1 min; 20°C; R 

10 jours; 80°C; - - 

aucune reaction 

10 jours; 80°C; - - 

aucune reaction 

24 h ;  20°C; R - - 

72h;SO"C;R 8h ;80 'C ;  8 h;  80'C; 
aucune reaction aucune reaction 

- - - 

10 min; 20'C; R 10 jours; 80'C; 10 jours; 80°C; 
aucune reaction aucune reaction 

"R = reaction d e  reduction. 

Brotilntiotl rles pl~itiylslrlfot~yl-2 nziriditws 
Selon le mode operatoire decrit (2), on porte a reflux pen- 

dant une heure un melange de 0.01 n~o l  d'aziridine, 10 g de 
titrabromure de carbone, 10 mL de tert-butanol, 15 mL de 
benzene et 11.2 g de potasse pulvtrisee. Les solvants sont 
Cvapores. On reprend le rksidu a l'eau, extrait a I'ether, lave les 
extraits Ctheres, seche et Cvapore 1'Cther. Le rksidu est purifie 
par chromatographie sur colonne. On separe d'abord I'exces 
de CBr4 (Cluant: Cther de petrole) puis I'aziridine bromee 
(Cluant: Cther de petrole 9 - acCtate d'ethyle 1). Les aziridines 
bromies presentent en ir deux bandes larges et intenses 11 60 
et 1320 cn1-'; leurs rendements, points de fusion, analyses et 
spectres de rmn sont donnes dans les Tableaux 3 et 4. 

T/iertt~olyse des lmlogitio-2 slrlfot~yl-2 nzirirlitzes 
L'aziridine (0.01 mol) est portee a 60°C en tube scelle. 

Apres un temps variable, le produit deliquescent obtenu est 
analyst5 par rmn. Les derives de thermolyse et le pourcentage 
de decomposition sont donnes dans le Tableau 5. 

Le produit brut de thermolyse dcs composCs 60 et 90 est 
chromatographie sur colonne. On &pare ainsi: 

Le benzenethiosulfonate de phenyle: eluant: ether de 
petrole 9 -acetate d'ethyle 1; pf 44°C (lit. (18) pf 42-44°C); 
ir: 1150 et 1320 cnl-'; rnln: 7.2 a 7.6 (m). Atlal. calc.: C 57.60, 
H 4.00, 0 12.80. S 25.60: trouvee: C 57.72. H 3.94. 0 12.75. 
S 25.56. 

Le N-isopropyl a-halogCnoacetamide: eluant: Cther de 
petrole 7 - acetate d'ethyle 3 : N-isopropyl a-chloroacCtamide: 
pf 60°C (lit. (19) pf 62-62.5"C); rmn: 1.20 (6H, d, J = 6.5 
Hz), 4.0 (2H, s), 4.10 (1 H, m). N-isopropyl a-bromoacetamide: 
pf 70°C (lit. (20) pf 66-67°C); ir: 3300, 1660 cn1- ' ; rmn : 1.20 
(6H, d, J = 7 Hz), 3.85 (2H, s), 4.05 ( lH,  m). 

Tlrert~~olyse auec apport d'eall 
L'halogCnoaziridine (0.01 mol) est portee a 60 C en tube 

scelli avec 0.10 mol d'eau. Apres 6 jours de chauffage pour 
60, 4 jours pour 90, on reprend au chlorure de methylene, 
dicante, skche et Cvapore le solvant. Par chrornatographie sur 
colonne on sipare, cat6 des con~poses preckdemment 
decrits, le N-isopropyl a-phCnylsulfonylacetan~ide (eluant: 
Cther de petrole 2 - acetate d'kthyle 8): ir: 1 160, 1360, 1700 
cm-';  rmn: 1.15 (6H, d,  J = 6.5 Hz), 4.05 (IH, s), 3.7 a 4.3 
( lH,  m), 7.5 a 8.1 (5H, m), 6.7 ( lH,  pic large). Atial. calc.: 
C 54.77. H 6.22. N 5.81. 0 19.92. S 13.28: trouvee: C 54.93, 

de benzenesulfinate de sodium dans 20 mL d'alcool. Le 
mClange est port6 reflux pendant 4 h. La solution est tva- 
porte, reprise par le chlorure de mtthylene, lavie a l'eau et 
sichie. Apres evaporation du solvant, I'amide cristallise; 
pf 118°C. 

DCcotrlpositiotz rles ozirirlitzes dicl~lories 13b et 13d 
Les aziridines 136 et 13d, abandonntes quelques jours a 

temperature ambiante, se dtcomposent. Par chromatographie 
sur colonne (Cther de petrole 70- acCtate d'Cthyle 30), on 
separe le chloro-1 mCthyl-1 Cthylthiosulfonate de chloro-1 
methyl-1 ethyle et le N-alkyl a-chloroacCtamide. 

Chloro-1 mCthyl-1 ethylthiosulfonate de chloro-1 methyl-1 
tthyle: rmn: 1.75 (s). At~nl. calc.: C 28.69, H 4.78, S 25.50; 
trouvCe: C 28.50, H 4.72, S 25.65. 

N-Benzyl-a-chloroacCtamide: pf 92-93'C (lit. (21) pf 
93-93.6"C); ir: 1700 (C=O); rmn: 7.4 (5H, s), 4.50 (2H, s), 
4.20 (2H, s). 

Hyrlrolyse ncirle 
On chauffe a reflux pendant I h 0.01 mol d'aziridine dans 

34 n1L d'acide chlorhydrique 2N en solution hydroalcoolique. 
On Cvapore I'alcool et le residu, apres extraction au chlorure 
de methylene, est chromatographie sur colonne. On sCpare 
d'abord le benzknethiosulfonate de phenyle deja dicrit 
(Cluant: Cther de petrole 9 -acetate d'ethyle 1). On obtient 
ensuite, a partir de I'aziridine 6c, le N-tert-butyl a-chloro- 
acktamide (Cther de petrole 7 - acetate d'ethyle 3); pf 80°C 
(lit. (19) pf 82-83°C); rmn: 1.40 (IOH, s, C(CH,)3 et N-H), 
3.95 (2H, s large). 

A partir de I'aziridine 100, on obtient un melange de 55% de 
N-isopropyl a-chloropropionan~ide et 45% de N-isopropyl 
a-bromopropionamide (Cther de petrole 7 - acetate d'ethyle 
3); rmn: 6.50 ( lH,  pic large), 4.40 ( lH,  q, J = 7 Hz), 3.70 a 
4.40 ( lH,  m), 1.85 (0.45H, d, J = 7 Hz), 1.70 (0.55H, d, 
J = 7 Hz), 1.18 (6H, d, J = 6.8 Hz). 

Actiot~ rles t~r~clioplriles 
A une solution de 0.01 mol d'aziridine dans 50 n1L de sol- 

vant, on ajoute 0.05 nlol de reactif nucleophile. Les temps et 
temperatures de reaction sont indiquis dans le Tableau 6. On 
ajoute 200 mL d'eau et extrait a 1'Cther. Apres evaporation du 
solvant, le produit brut est analyse en rmn. 

H 6 . 1 8 , ' ~  6.04,i) 19.75,'s 13.24.' 
Syt~tllBse drl N-isopropyl a-phet~ylsrtlfot~~~Ia~itat~lide 1. P. CAIILII:~.  Y. GELAS-MIAI-HE et K .  VESSIEKI'.. Can. J. 
Une solution de 1.35 g (0.01 mol) de N-isopropyl a-chloro- Chem. 55. 3190 (1977). 

acetamide dans 10 mL d'alcool est ajoutee a 1.64 g (0.01 moll 2. C. Y .  MEYEKS, A. M. MALTE ct W. S. MATTHEWS. J. Am. 
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An investigation of the photodecomposition of N-bromosuccinimide; the generation and 
reactivity of succinimidyl radical1 

Fu-LUNG L u ,  YOUSRY M. A .  NAGUIB, MASAYUKI KITADANI, A N D  YUAN L. CHOW 
Deprrrctn~,nt ofC'het~rislry, Sitnot1 Froser Ut i icos icy,  Blrrrznby, B .C. ,  Crrr~orlrr V5A IS6  

Received July 19. 1978' 

Fu-LUNG Lu, YOUSRY M. A. NAGUIB, MASAYUKI KITADANI, and YUAN L. CHOW. Can. J. 
Chern. 57, 1967 (1979). 

The photolysis of acetonitrile solutions of N-bromosuccinimide (NBS) in the presence of 
ethylene oxide and an excess of olefins or benzene in the -30 - 20°C range was shown to 
generate the succinimidyl radical in competition with the bromine atom reactions. The 
succinimidyl radical preferentially attacked a n bond to give 1-succinimidyl-2-bromoalkanes, 
rather than abstracting alkyl hydrogens. Allylic bromination also occurred and competed 
with the 1,Zaddition. Formation of 3-bromocyclohexene in the presence of cyclohexene at 
10-20°C could be effectively reduced at lower temperatures or in the presence of a high con- 
centration of ethylene oxide; the 1,2-addition process was favored at low temperature but 
surprisingly not facilitated significantly in the presence of ethylene oxide. The primary adducts 
from benzene readily eliminate HBr to give N-phenylsuccinimide. The attack of a bromine 
aton1 on a carbonxarbon double bond may become an important step in the 0 - -30°C 
range. The ease of the addition reaction suggests that this succinimidyl radical may have a Z 
electronic configuration. 

Fu-LUNG Lu, YOUSRY M. A. NAGUIB, MASAYUKI KITADANI et YUAN L. CHOW. Can. J. 
Chern. 57. 1967 (1979). 

On a montre que la photolyse de solutions de N-bromosuccinimide (NBS) dans I'acttonitrile 
en presence d'oxyde d'kthylkne et d'olefines en excts ou de benzene a des temperatures allant 
de -30 a +20° donne lieu a la formation de radicaux succinimidyles en competition avec les 
reactions des atomes de brome. Le radical succinimidyle attaque de preference une liaison rc 
pour conduire a des succinimidyl-1 bromo-7 alcanes plutBt que d'arracher les hydrogenes des 
groupes alkyles. La bromation allylique se produit aussi et elle est en competition avec 
I'addition-1,2. On peut reduire d'une f a ~ o n  efficace la formation du bromo-3 cyclohextne en 
presence de cyclohexene a 10-20°C en abaissant la temperature ou en presence de concentra- 
tions &levees d'oxyde d'ethylene; la reaction d'addition-1,2 est favorisee a basse temperature 
mais elle n'est toutefois pas rendue beaucoup plus facile en presence d'oxyde d'ethylene. Les 
adduits primaires avec le benzkne eliminent facilement du HBr et donnent lieu a la N-phknyl- 
succinimide. L'attaque d'un atonle de bronie sur la liaison double carbonexarbone peut 
devenir une Ctape importante a des ten~peratures de 0 a -30°C. La facilitt avec laquelle le 
radical succinimidyle s'additionne suggere qu'il peut avoir une configuration electronique Z. 

[Traduit par le journal] 

Introduction 
Ziegler et a1 (1) have demonstrated that the de- 

composition of N-bromosuccinimide (NBS) in the 
presence of olefins selectively brominates allylic 
positions under the appropriate conditions, i.e., 
thermolysis and (or) photolysis of NBS in boiling 
carbon tetrachloride. This allylic bromination has 
been shown to occur by a radical chain mechanism 
(2-7) and has been extensively utilized in synthesis 
primarily because of its simplicity and good yield 
(2-5). The original Ziegler reaction conditions have 
been used for allylic bromination without much 

'Some of these results have been presented at  the 52nd 
annual meeting of the Chemical Institute of Canada at 
Winnipeg; June 4-7, 1978. A communication of this work 
submitted to  the Journal of American Chemical Society in 
September 28, 1977 was not accepted. 

'Revision received January 25, 1979. 

modification until recently, when it was recognized 
that conditions affect the NBS decomposition path- 
ways significantly (11-14). Interest in this allylic 
bromination was heightened when the bromine 
radical chain mechanism proposed earlier by Gold- 
finger and co-workers (9) was confirmed in 1963 (8); 
a straightforward succinimidyl radical chain mech- 
anism proposed by Bloomfield (10) was shown to be 
not operating at least under Ziegler's conditions (1 1 ) .  

The Gol&nger Mechanism 

121 CH2=CHCH2- + Br' + CH'=CH~H- + HBr 

131 (CH2C0)2NBr + HBr -+ (CH2C0)'NH + BrZ 

0008-4042/79/15 1967- IO$OI .00/0 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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Tlle BloomfieM Mechanist?? 

A or IIV 
[ 5 ]  (CH2CO),NBr - d ( C H , C O ) N '  -t- Br' 

There have been numerous contributions to our 
knowledge of the mechanism of the NBS decom- 
position; these have been summarized in a review by 
Thaler (6). The major credit should go to Goldfinger 
who has suggested that NBS reacts rapidly with 
HBr to generate a low concentration of bromine, i.e., 
a concentration high enough to maintain the pro- 
pagation step [4] but low enough to avoid ionic 
addition to olefins as an integral part of the chain 
processes; in other words, NBS serves as a reservoir 
of bromine. This proposal has been nicely substan- 
tiated recently (8a, 11). 

In recent years, decompositions of NBS have been 
studied in bromination reactions of less active sub- 
strates (e.g., haloalkanes and alkanes) under a 
variety of conditions (e.g., uses of methylene 
chloride or acetonitrile as solvent to effect a homo- 
genous reaction) much different from Ziegler's 
heterogeneous conditions ( I  1-1 5). These studies that 
related to controversies over the anchimeric assis- 
tance of a neighboring bromine atom (12-15) led to 
the discovery that product patterns obtained in the 
comparative bromination of these alkanes with 
bromine and with NBS under homogeneous con- 
ditions are different (12, 13). This has led to the 
recognition of the succinimidyl radical as the 
possible chain carrier in the NBS decomposition 
(i2, 13). 

Although esr studies have not succeeded in 
identifying the succinimidyl radical directly, its 
presence in NBS decompositions has been indicated 
in the formation of ~~bromoprop iony l  isocyanate 
(16) and in the esr determination of the stable 
nitroxide resulting from 2-nitroso-2-methyl-propane 
trapping (17). Oxidation of 1-phenylethanol in the 
deco~nposition of N-iodosuccinimide has been 
claimed to involve the succinirnidyl radical as the 
chain carrier (18). It is noteworthy that the decom- 
position of NBS in the presence of benzyl ethers has 
been reported to  give a-succinimidyl benzyl ethers 
(19); these results offer a new facet to the mechanism 
of NBS decomposition. 

Theoretical calculations by simple molecular 
orbital theory carried out by Hedaya et al. (20) 
suggested that a succiniinidyl radical nlay have C 

electronic configuration in the ground state, as in A, 
because of the electronegativity of the acyl groups 
attached to the nitrogen radical center; they have 
also predicted that a C radical should be more 
reactive and less selective. This prediction seems to 
be borne out by the recent works of Traynham and 
Lee (13) and Skell and co-workers (12) who have 
concluded that the succinimidyl. radical is as reactive 
and unselective as the chlorine atom. Recent INDO 
calculations have shown that the ground state of the 
succinimidyl radical may have a rI (or C,) con- 
figuration, as in C, and that the C, configuration A 
(excited state) correlates with the electronic ground 
state of the acyl isocyanate radical in the p-scission 
(21). 

Our interests in radical species at  amino centers 
have led us to recognize the peculiar reactivities of 
these radicals. In particular, the aminyl (22, 23) and 
N-alkylamidyl ( R C O ~ R )  (24,25) radicals exclusively 
abstract allylic hydrogen atoms from olefins, while 
aminium radicals exclusively add to  carbon-carbon 
double bonds (23, 26). In general, it may be expected 
that amine centered radicals with electron deficiency 
preferentially add to olefins (25). This expectation 
has been supported by Lessard and co-workers (27, 
28) who have demonstrated that halogen substituted 
amidyl radicals ( X C H ~ C O ~ ~ H )  add more efficiently 
as both the electronegativity and number of halogen 
atoms X increase. As the nitrogen center of the 
succinimidyl radical carries two electron-withdraw- 
ing acyl groups which could enter into delocalization 
with the lone pair electrons if it has C configuration 
as in B, one might expect the succinimidyl radical to 
have electrophilic character. 

There is scattered evidence that the decomposition 
of NBS in the presence of olefins does give rise to 
addition products, although in poor yields (29-34); 
in some cases the adducts have been implied to arise 
by ionic addition pathways because of the observed 
orientations (32-34). However, others may have 
involved a direct attack of succinimidyl radical on 
the double bonds, particularly if substrates carry 
unreactive l~ydrogetu (1, 29-32), e.g., CH2=CH2- 
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CH,CN. These considerations have led us to rein- 
vestigate the decomposition of NBS hoping to shed 
some light on the generation and reactivity of the 
succinimidyl radical. Recent communications by 
Skell and co-workers (35) on the addition of NBS 
to olefins and aromatic compounds when decom- 
posed in the presence of these substrates prompts us 
to publish our results. 

The complexity of the reaction pattern of NBS in 
the presence of an olefin has been discussed in detail 
by Thaler (6). Some of the complications arise from 
a reversible bromine atom addition to olefins as in 
reaction [8], the reversibility of reaction [2], and the 
instability of some allylic bromides. A general 
strategy of generating the succinimidyl radical would 
be to suppress the bromine atom chain mechanism 
(reactions [2]-[4]) so that NBS decomposition and 
propagation involving NBS as in reactions [5] and 
[7] can be encouraged. In practice, the HBr-Br, 
cycle has to be efficiently interrupted, and direct or 
indirect succinimidyl radical generation as in 
reactions [5] and [7] has to be accelerated. Our plan 
was to use ethylene oxide to scavenge HBr, and a 
high concentration of an olefin to scavenge mole- 
cular bromine (1 1) ;  the latter was also the substrate 
in the present scheme. Epoxides have been used to 
scavenge HBr in bromination of ketones and 
aralkanes (36, 37). Acetonitrile was the choice as the 
solvent owing to its small tendency to donate 
hydrogen to electrophilic radicals and its reasonably 
good solubilizing power for NBS (15). 

Results 
In acetonitrile NBS exhibits an absorption maxi- 

mum (shoulder) at 245 nm (E 317) which tails above 
the 300 nm region (E,,, 13). This allowed us to carry 
out the decomposition of NBS by photolysis in a 
Pyrex apparatus with temperature controls. How- 
ever, since there were no reliable kinetic data on 
reactions [I]-181, an a priori prediction of tem- 
perature effects on the reaction pattern was not 
possible. Acetonitrile solution containing NBS 
(0.047 M) and ethylene oxide (0.35 M) reacted 
instantaneously at - 10°C with HBr to show a pale 
yellow color and a weak absorption of bromine at 
405 nm. A good amount of ethylene bromohydrin 
was also obtained from this reaction, indicating that 
HBr reacted rapidly with both substrates. Qualita- 
tively, it was shown that HBr reacted with ethylene 
oxide with the order of decreasing efficiency in 
acetonitrile > methylene chloride > benzene z 
carbon tetrachloride. 

Photolysis of NBS in acetonitrile in the presence 
of 3,3-dimethyl-1-butene (neohexene, l a )  and ethy- 
lene oxide under nitrogen was carried out in a Pyrex 

apparatus immersed in a cooling bath. Generally the 
concentration of NBS was 0.016-0.02 M and the 
molar ratio of NBS, olefins, and the oxide was 
1: 10:8. The reaction mixture was vigorously stirred 
with a magnetic stirrer and its progress was moni- 
tored with potassium iodide - starch paper test and 
(or) iodimetry. For each experiment, a dark reaction 
was run simultaneously to confirm that thermal 
reactions occurred to only a small extent ( ~ 5 % )  or 
not at all. The photolysate was evaporated to give 
a crude product which, in this case, exhibited a clean 
nmr spectrum essentially similar to that of l-succini- 
midyl-2-bromo-3,3-dimethylbutane (2a, 85% yield 
by vpc). The gc-ms analysis of the crude product 
showed that it contained trace amounts of four 
minor products; the minor components had no 
succinimido moiety (no peak at m / e  100) and were 
not likely to be BrCH,C(CH,),CH=CH,. Recrys- 

tallization of the crude product afforded 2a in a 65% 
yield which showed physical constants and analysis 
in agreement with an addition product. Reduction 
of 2a with zinc powder and sodium iodide gave 30. 
The nmr spectrum of the latter exhibited, in addition 
to two singlets, symmetrical multiplets of type A,B, 
at z 8.54 and 6.48; the latter chemical shift is 
commonly found for a methylene attached to a 
succinimido group. 

Under similar photolysis conditions, the photo- 
decomposition of NBS in the presence of 1-hexene 
(lb) gave a 60% yield of 1-succinimidyl-2-bromo- 
hexane (2b) and a small amount of 1,2-dibromo- 
hexane (4b). Reduction of 26 with zinc powder and 
sodium iodide gave N-hexylsuccinimide (3b) syn- 
thesised from hexylamine and succinic anhydride 
(38). Both photoadditions indicated that the suc- 
cinimido group attached itself to the less substituted 
carbon, and the bromine to the more substituted 
carbon of the double bond. 

The photoaddition of NBS to cyclohexene under 
similar conditions gave con~plex product patterns (as 
shown by vpc analysis) which varied noticeably with 
a slight change of the conditions. The crude product 
showed an ir absorption at 2260 cm-' typical of an 
isocyanate group and gave reproducible vpc analyses. 
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The photodeconiposition of NBS at - 10°C gave the 
trans-1-bromo-2-succinimidylcyclohexane (5, ca. 
30%) as the major product in addition to trans-1,2- 
dibromocyclohexane (6), trans- l -bromo-2(2'-bromo- 
ethoxy)cyclohexane (7), and 3-bromocyclohexene (8). 
By vpc analysis, several components in lesser 
amounts were detected, two of which were shown 
by gc-ms analysis and comparison with authentic 
mass spectra to  be 2-cyclohexenol and 2-cyclo- 
hexenone. Varying amounts of succinimide were also 
isolated. By careful chromatography, a small amount 
of what appeared to be a mixture of 1- and 3- 
succinimidylcyclohexene was also isolated in the tail 
fractions; the postulate was based on the presence of 
succiniinidyl and cyclohexene moieties in the fraction 
as judged from nmr, ir, and mass spectra. 

Both 6 and 7 were prepared by the addition of 
bromine to cyclohexene in the presence of ethylene 
oxide. Adduct 5 showed ir absorptions at  1770, 1700, 
and 1170 cm-' and a strong tn/e peak at 100 (for 
C,H,NO,+) common to compounds containing a 
succinimido moiety. Zinc powder reduction of 5 gave 
the known N-cyclohexylsuccinimide independently 
synthesised by another route (38). The trans con- 
figuration in 5, 6, and 7 was decided by typical 
doublets of a triplet arising from the diaxial orienta- 
tion of the 1,2-protons. A similar photolysis at  
-20°C gave a lighter colored crude product and a 
better yield of adduct 5 (38x). 

Photolysis of NBS in benzene in the presence of 
ethylene oxide was run in a similar manner a t  10°C 
to  give an isomeric mixture of 10 as the major 
product and a small amount of N-phenylsuccinimide. 
The isomeric mixture (40x yield) could not be 
separated by chromatography; these chromato- 
graphic fractions showed similar mass spectral 
patterns but drastically different ninr patterns, and 
gave good analyses for CloH,oBr,N02 arising from 
the addition of NBS and Br, to  benzene. These 
fractions contained structural and stereochemical 
isomers of 10. By extensive chromakgraphy and 
recrystallization, small amounts of .pure isomers 
having mp 204-207°C and mp 153-157°C were 
isolated; the complexity of their nmr spectra did not 
permit determination of structures. The structure of 
11 was readily decided by direct comparison with an 
authentic sample prepared by the reaction of 
succinic anhydride and-aniline. 1t was assumed that 

both 10 and 11 were formed from the primary 
adducts, such as 9 or its isomer, by bromine addition 
and HBr elimination, respectively. 

The photolysis of NBS in acetonitrile containing 
benzene and ethylene oxide was carried out with a 
450 W Hanovia lamp through a Corex filter in the 
presence of neohexene (neohexene-benzene, ca. 
1/15) to scavenge bromine. In this case the reaction 
was very rapid and a good yield of 11 (54%) was 
obtained. In cases where the ratio of neohexene to  
benzene was higher, small amounts of adduct 2a 
were also formed but the ir absorption at  2260 cm-' 
was not present in the crude products. When a lamp 
with less power or a Pyrex filter was used, the time 
for completion of the NBS decomposition was longer 
and the yields of 11 were much lower. Vapor phase 
chromatographic analysis indicated that a consider- 
able amount of succinimide was formed and the 
yields of dibromide 4a were at  least as much as those 
of 11 and that no other peak, such as that of bromo- 
benzene, was present in the spectra. 

In view of the extensive formation of bromine, as 
witnessed by the isolation of 10, in spite of the 
presence of ethylene oxide, photolysis of bromine in 
the presence of ethylene oxide and NBS in benzene 
was examined using a filter to cut off the light source 
below 334 nm. NBS decreased slowly owing partially 
to the interference from the precipitated succinimide, 
but no reaction of NBS and bromine was observed 
in the dark. From the photolysate, in addition to  a 
nearly quantitative yield of succinimide, a large 
amount of a mixture of polybrominated benzene 
derivatives was obtained without a trace of benzene 
derivatives containing the succiniinido moiety. 
Photobromination of benzene has been reported to 
yield hexabromocyclohexane slowly through the 
bromine radical addition (39, 40). 

More detailed studies on the NBS decomposition 
in the presence of cyclohexene were carried out in 
order to explore the effects of changes in the con- 
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TABLE 1. Product patterns of NBS decompositions in the presence of cyclohexene and ethylene 
oxide in acetonitrile" 

Percentage of productsh 
Exp. Time Temp. 
No. (h) ("c) 5 8 6 7 (CH2CO)2NH Remark 

OUnless specified otherwise, solutions of 0.01 13 mol of NBS in 240 m L  of  acetonitrile were photolysed with a 100 W 
Hanovia lamp in a Pyrex apparatus and the mole ratio of NBS:cyclohexene:elhylene oxide was 1: 10:8. 

bThe Y, yields were based o n  NBS. 8 is 3-bromocyclohexene, 
CNo ethylene oxide added. 
*Air leaked in inadvertently. 
=The mole ratio o f  NBS:cyclohexene:ethylene oxide was 1: 10:20. 
JPhotolysed with a 450 W Hanovia lamp in Corex filter. 

ditions. For this purpose a series of photolyses in 
acetonitrile was carried out at various temperatures 
under a set of standardized conditions, e.g., appa- 
ratus, reagents, and procedures of operation and 
vpc analyses, as described in the Experimental. The 
vpc peaks of 5-8 did not change significantly (e.g., 
_+ 1%) within experimental error, but the peak of 
succinimide was partially superimposed on an 
unknown peak which increased with time; the 
percentage yields of succinimide were therefore less 
reliable (Table 1). As the temperature decreased from 
20 to -30°C, the yields of adduct 5 increased and 
those of 3-bromocyclohexene (8) decreased but the 
yields of ionic products 6 and 7 remained sub- 
stantial regardless of the conditions. Ethylene oxide 
had no effects on the yield of 5 but at higher con- 
centrations it almost suppressed the formation of 8. 
The presence of trace amounts of air caused erratic 
changes in the yields as well as photolysis times. The 
material balance based on the bromine was better 
than 90% except for a few cases which were at the 
70% range. The material balance based on the 
succinimidyl moiety (30-80%) was better at higher 
concentrations of ethylene oxide and increased as the 
temperature was lowered. The time required for 
complete photolysis increased as the temperature 
was lowered, but particularly sharply in the range 
- 10 to -30°C. 

Photodecomposition of NBS in the presence of 
ethylene oxide alone in acetonitrile was shown to 
induce the formation of bromine, the light yellow 
color of which persisted even when all the NBS was 
decomposed. Under these conditions, ethylene 
bromohydrin, succinimide, and P-bromopropion- 
amide were identified as the major products in 

addition to a small amount of bromoacetaldehyde 
and many other minor components. 

Discussion 

Both the failure of the dark reaction and the 
orientation of the NBS addition to neohexene and 
1-hexene as found in 2 are straightforward indica- 
tions that the succinimidyl radical has been generated 
in the photolysis and initiates the attack on the 
n-bond followed by attack of bromine atom donors 
as in reactions [9] and [lo]. In the photolysis, radical 
halogenation processes probably involving allylic 
hydrogen abstraction also occur in competition with 
the 1,2-radical addition. Indeed the yields of 1,2- 
addition, 2 and 5, at 0" to - 10°C increase as the 
number of allylic hydrogens decrease as in cyclo- 
hexene < I-hexene < neohexene; substantial 
amounts of 3-bromocyclohexene 8 under the com- 
parable conditions might indicate relatively facile 
allylic hydrogen abstraction from cyclohexene. As 
shown in Table 1, the 1,2-addition product 5 in- 
creases and 8 decreases as the temperature is lowered. 
Such temperature effects have been observed by 
Touchard and Lessard (27) in the photochemical 
reaction of N-bromoacetamides with cyclohexene. 
The succinimidyl radical also attacks benzene 
efficiently under the photolysis conditions to give the 
1,4-adduct 9 (or 1,2-adduct) as the primary product. 

[9] CHz=CHCHZ- + (CH2CO)zN' 

-+ ( C H ~ C O ) ~ N C H ~ C H C H ~ -  

[lo] ( C H ~ C O ) ~ N C H ~ ~ H C H ~ -  

+ (CH2CO),NBr(or Bi) -+ 

(CH2C0)2NCH2CHBrCH2- + (CHZCO),Nm 
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Judging from the excellent yield of adduct 2a, the 
abstraction of hydrogens by the succinimidyl radical 
from the tertiary butyl group does not compete to  
any significant extent with its addition to the x-bond 
of neohexene in spite of the conclusion reached by 
Traynham and Lee (1 3) and Skell and co-workers (12) 
that the succinimidyl radical is a voracious (and 
indiscriminate) hydrogen abstractor. In view of the 
complex product patterns observed in the detailed 
studies in the presence of cyclohexene, 3-bromo- 
cyclohexene 8 might be formed by both bromine and 
succinimidyl radical processes. While the strongly 
reactive succinimidyl radical (12, 13) requires only 
low activation energies in hydrogen abstraction or 
addition, the bromine atom, being a moderate (and 
selective) hydrogen abstractor needs a relatively 
higher energy (13). This implies that hydrogen 
abstraction by a bromine atom (reaction [2]) is 
retarded more than the succinimidyl radical re- 
actions [6] and [9]) as the temperature is lowered. 
Therefore at -30°C succinimidyl radical reactions 
should be the major pathways in which addition 
reaction [6] occurs overwhelmingly over abstraction 
reaction [9]. Since the mode of the succinimidyl 
radical reactions is not expected to change signifi- 
cantly over a small temperature range, the increased 
yields of 8 in the - 10-20°C range are most likely 
derived from the operation of bromine radical 
reaction [2]. An extrapolation of this trend (experi- 
ments 2-7) predicts that this process would probably 
operate more extensively at temperatures higher than 
20°C; this may explain the lack of the formation of 5 
in a similar experiment (in the absence of ethylene 
oxide) communicated by Skell and co-workers (12). 
However, it must be noted that a t  20°C, even in the 
absence of ethylene oxide, a reasonable amount of 
adduct 5 can be formed (experiment 1) indicating 
that the presence of ethylene oxide is advantageous 
but not very effective in promoting the succinimidyl 
radical addition. 

Epoxides have been known to scavenge HBr 
efficiently in the photobromination of ketones in 
carbon tetrachloride (36). In the present cases, 
ethylene oxide in polar solvents such as acetonitrile 
appears to scavenge HBr efficiently as shown by the 
formation of ethylene bromohydrin. Unfortunately, 
as shown in Table 1, it surprisingly exerts no effect on 
the yield of the 1,Zaddition process but appears to  
retard the halogenation process only if the ethylene 
oxide/NBS molar ratio is of the order of 20: 1. Its 
effects on the NBS decomposition are probably much 
more complex than expected as shown by the unpre- 
dictable variations of the yields of 6 and 7 as the 
concentrations of ethylene oxide increase (experi- 
ments 1, 2, and 10). 

The uneven variation of the yields of dibromide 6 
in contrast to the monotonic change of those of 7 
might suggest that 6 is formed by dual pathways of 
ionic addition as well as bromine radical addition, 
while 7 is formed by the single ionic pathway. The 
reversibility of reaction [8] has been suggested 
independently by generation of P-bromocarbon 
radicals which preferentially undergo elimination 
with a small activation energy (-5 kcal/mol) (41). 
At - 30°C, reaction [8] may not revert efficiently and 
constitutes the major pathway for formation of 6. 
At temperatures higher than 20°C, reaction [8] 
reverts efficiently as demonstrated (41) and regener- 
ates the bromine atoms for allylic bromination by 
Goldfinger's mechanism (9). 

The persistent formation of the bromination 
products 6 and 7 under various conditions in spite of 
fairly efficient scavenging of HBr by ethylene oxide 
leads us to suspect there might be another pathway 
for bromine formation since the bromine generated 
by reaction [3] is expected to be a relatively minor 
amount under the conditions. Skell and co-workers 
(35) have recently suggested that reaction [I 1 1  occurs 

[ I l l  (CH2C0)2NBr + Br' + (CH2CO)ZN' + BrZ 

in the NBS photodecomposition in neopentane and 
methylene chloride, both of which are unreactive 
substrates. Further, they have proposed that the 
succinimidyl radical generated in reaction [ l l  ] is a 
II-radical, different from that generated in reactions 
[5], [7], and [lo] (a C radical). The formation of 
bromine from NBS by a radical pathway is hinted 
from two experiments: (i) photolysis of NBS in 
acetonitrile with ethylene oxide in the absence of an 
olefin to scavenge radicals efficiently and (ii) photo- 
lysis of bromine in the presence of NBS in benzene 
in which only bromination of benzene by a radical 
pathway can occur slowly (39, 40). Although the 
complexity of the reaction pattern does not allow 
us to  pin-point the reaction for the bromine forma- 
tion, reaction [ l l ]  is a straightforward possibility 
provided the failure of the succinimidyl radical 
reaction with benzene can be satisfactorily explained. 
However, possible mechanisms other than reaction 
[I I ]  and, indeed, other pathways to account for the 
decomposition of NBS, cannot be excluded a t  this 
stage. 

The overwhelming addition reactivity of the 
succinimidyl radical generated from reactions [5], 
[7], and [lo] to  olefinic and benzene x-bonds 
suggests that this radical is highly electrophilic and, 
in turn, hints that it has the C rather than the rI 
electronic configuration. It is known that a carbon 
radical having the unpaired electron in an sp2 
orbital is generally more electrophilic than that in 
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a p or sp3 orbital (42). In analogy to this general 
correlation and also owing to a polar resonance 
contribution as in B, the C electronic configuration 
of the succinimidyl radical is expected to be more 
electrophilic than its IT electronic configuration. In 
view of some theoretical calculations (21) assigning 
the C configuration to a higher energy (excited) state 
species, it would be a challenge to identify C as well 
as IT radicals and to correlate their electronic con- 
figurations with their reactivities by quantitative 
means. 

The addition of NBS to benzene has been observed 
previously (43) in a decornposition using benzene as 
the solvent. The comparable yields of 11 obtained 
under present conditions (54%) and by Skell and 
co-workers (45%) in the absence of ethylene oxide 
(35) seem to indicate, in agreement with the above 
conclusion, that ethylene oxide has very limited 
influence on the generation of the succinimidyl 
radical. The surprisingly good yield of tribromo 
adducts 10 (40%) in benzene in the presence of 
ethylene oxide might also be taken as an indication 
that bron~ine is formed by alternative pathways such 
as reaction [I l l .  The coupling products of the 
cyclohexadienyl radical, such as those obtained in 
homolytic additions of phenyl radicals to arenes (42), 
have not been isolated, probably owing to a rapid 
reaction of this radical with bromine donors to give 
9 (or the 1,2-isomer). 

It is expected that not only the trans-adduct 5 but 
also the corresponding cis-adduct is forrned in the 
NBS photoaddition to cyclohexene as is generally 
observed in radical addition to cyclohexene (26). The 
probable presence of a mixture of 1- and 3-succini- 
midylcyclohexei~e suggests that these con~pounds 
inight be formed by dehydrobroinination of the cis- 
adduct during work-up since in this compound the 
C-Br bond can readily take the axial orientation 
favorable to ar7ti-elimination. In conclusion, we can 
say that the photodecomposition of NBS in the 
presence of olefins and benzene containing no 
allylic hydrogen occurs by the succinirnidyl radical 
addition to give straightforward addition products, 
but that in the presence of olefins containing readily 
abstractable allylic hydrogen it is cornplicated by 
various side reactions involving the bromine atorn 
and bron~ine. 

Experimental 
Unless otherwise specified, the following conditions are 

used. Nuclear magnetic resonance spectra were recorded with 
a Varian A56160 or XL-100 equipped with a Nicolet 1080 
conlputer in CDCI3 using TMS as the internal standard. 
Infrared spectra were recorded as Nujol mulls or neat liquids 
with a Perkin Elmer model 457 grating spectrophotometer and 
mass spectra with a Hitachi-Perkin-Elmer RMU-6E instru- 

ment at 80 eV. Melting points were recorded with a Fisher 
Johns hot stage and are uncorrected. The vpc analyses were 
carried out with a Varian Aerograph series 1200 with a flame 
ionization detector. Elemental analyses were performed by 
Mr. M. K. Yang, Department of Biosciences, Simon Fraser 
University, using a Perkin Elmer 240 microanalyser. Nitrogen 
was scrubbed through a Fieser solution, followed by con- 
centrated sulfuric acid and potassium hydroxide pellets. 
N-Bromosuccinimide was recrystallized from water to  give 
white crystals, mp 181-183"C, and was kept in a dark 
desiccator. 

Preparatiotls of Autl~et~tie Cotnpout7ds 
N-phenylsuccinimide ( l l ) ,  N-cyclohexylsuccinimide, and 

N-hexylsuccinimide 3b were prepared by the method described 
by Cava et a/. (38) using succinic anhydride and the respective 
anlines as the reactants. 11 was recrystallized from cyclo- 
hexane to give white needles; mp 154-155°C (lit. mp (43) 
155.2-155.7"C); ir: 1780(w), 1710(s), 1595(w), 1500(w), 
1445(m), 1395(m), 1190(s), 700(m), and 6OO(m) cm-I ;  nmr T: 

2.65 (m, 5H) and 7.15 (s, 4H); 13C nmr 175.9(s), 131.6(s), 
128.7(d), 128.l(d), 126.l(d) and 27.9(t); ms mle (%): 175(100), 
120(34), 1 19(45), and 93(28). 
N-Cyclohexylsuccinin~ide was sublimed to  give crystals; 

mp 44.5-46°C (lit. (44) mp 41-42°C); ir: 1765(rn), 1690(s, b), 
1399(s), 1378(s), 1190(s) cm-I;  nmr s :  6.03 (tt, J = 12 and 
4 Hz, lH), 7.35 (s, 4H), 7.7-8.8 (m, IOH); 13C nmr: 176.6(s), 
51.2(d), 28.3(t), 27.7(t), 25.5(t), 24.6(t); ms tnle (%I: 181 (2.5, 
M+) ,  138(10), 101(20), 100(100), and 55(28). 3b was distilled as 
an oil; ir: 1770(m), 1700(s), 1400(m), 1172(m), 1130 and 825(m) 
cm- ; nmr T:  6.50 (t, J = 7 Hz, 2H), 7.32 (s, 4H), - 8.7(m) 
and 9.1 1 (t, J = 5.5 Hz, 3H); 13C nmr 177.0(s), 38.6(t), 31.0(t), 
27.9(t), 27.4(t), 26.2(t), 22.2(t), and 13.7(q) ppm; ms tnle (%): 
183 (54, M+) ,  168(9), 140(14), 113(80), 100(100), and 84(35). 

Addition of bromine to  neohexene gave a colorless 1,2- 
dibromo-3,3-dimethylbutane (4b) which darkens on storage. 
The distilled oil showed ir : 1380(s), 1320(m), 1260(m), 1230(m), 
900(n1), and 875(m) cm-' ;  nmr T: 5.90 (m, 2H), 6.45 (dd, 
J = 11 and 9.5 Hz, IH), 8.85 (s, 9H); nIs tnle (%): 246(0.2), 
244(0.6), 242(0.3), 231(1.8), 229(3.4), 227(1.8), 165(29), 
163(31), 147(9.3), 149(9.7), and 83(32). 

3-Bromocyclohexene was prepared according to  Ziegler et  
al.'s method (1) and was distilled at  64"C/14 Torr; ir: 3040(m), 
1640(w), 1188(s), 862(s), and 732(s) cm-I ;  nmr s :  3.96 (m, 
2H), 5.16 (m, WL,2 = 9, IH), 7.1-8.1 (m, 8H); ms tnle: 162, 
160, and 8 1 (100%). 

Pl~oto~leeott~positiot~ of NBS 
111 tile Presetlee of3,3-Ditnet/1yl-l-b~1e 
A solution of NBS (2 g), the olefins (10 g), and ethylene 

oxide (2 mL) in acetonitrile (70 mL) was purged with nitrogen 
for a few minutes and was irradiated with a Hanovia lamp 
(100 W) at  - 10°C for 3.5 h. At intervals, small samples 
were withdrawn for iodimetric tests or titrations to  follow the 
progress of the reaction. The zero hour sample kept at  - 10°C 
in the dark showed no decomposition after 4 h as shown by 
titration. The photolysate was evaporated to  afford a white 
solid (2.72 g). The oil showed a nmr spectrum which was 
essentially that of adduct 20 in addition to  small signals a t  
T 6.77, 7.74, and 9.00, and a vpc trace which contained one 
major and four minor peaks (2 - 3%). By quantitative peak 
matching the major peak was shown to correspond to 20 (85% 
yield); gc-ms analysis showed that the first two minor com- 
ponents contained no bromine atom and showed strong nz/e 
at 57 and 56. The fourth peak showed a very strong peak at  
tnle 126 which was probably derived from (CH3),CCH(OCH2 
CH2Br)CH2Br. Recrystallization of the solid (1.56g) from 
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petroleum ether gave white solid of I-succinimido-2-bromo- 
3,3-dimethylbutane (20, 65%); mp 85-87°C; ir: 1700 and 1150 
cm-';  nmr r: 8.85 (s, 9H), 7.25 (s, 4H), and 5.66.5 (m, an 
ABC system, 3H); 13C nmr in ppm: 176.2(s), 63.9(t), 41.5(t), 
34.6(s), 27.6(t), 26.9(q); ms tn/e (%): 263(25), 261(25), 248(10), 
246(10), 207(92), 205(93), 183(17), 182(100), 166(38), 149(6), 
127(1 I), 126(90), 112(65), 100(92), 84(49), 83(78), 82(18). Anal. 
calcd. for CloH16N02Br: C 45.81, H 6.15, N 5.34; found: 
C46.04, H 6.16, N 5.26. 

Adduct 2a (156 mg) was stirred in 80% acetic acid (3 mL) 
with sodium iodide and zinc powder (900 mg) for 48 h (45). A 
usual work-up gave a solid (59 mg) which was recrystallized 
from cyclohexane to afford white crystals; mp 9699°C; ir: 
1760(w), 1695(s), 1405(s), 1355(s), 1305(w), 1235(s), and 
1150(s) cm-'; nrnr T:  9.08 (s, 9H), 7.32 (s, 4H), 8.54 and 
6.48 (A2BZ, multiplets, 2H each); 13C nmr: 176.4(s), 40.2(t), 
34.7(t), 29.1(s), 28.4(q), and 27.5(t). 

It1 the Presence of 1-Hexetie 
A solution of NBS (2 g), I-hexene (10 mL), and ethylene 

oxide (2 mL) in acetonitrile (70 mL) was irradiated under 
nitrogen for 2.5 h at 0°C until iodimetric tests were negative. A 
similar mixture kept in the dark at 0°C was iodimetrically 
titrated after 3 h to give the same amount of the titrant as the 
zero hour sample. The photolysate was evaporated to give a 
residue (2.53 g) which showed an ir absorption at 2260 cm-'. 
This residue taken up in methylene chloride was extracted 
with water; the methylene chloride was dried and evaporated 
to give an oil (2.18 g); nrnr T:  8.5 (m, 9H), 7.25 (s, 4H), 6.2 
(m, 2H), and 5.7 (m, 1H); ir: 1705,1770, 1400,1160, 820, and 
735 cm-'. Chromatography of the oil taken up in methylene 
chloride on silicic acid gave a forerun (128 mg) containing 
several minor and one major component. This oil was 
separated by preparative tlc to give 1,2-dibromohexane (4b); 
ir: 2960, 2930, 2860, 1460, 1430, 1220, 1150, 965; nrnr T:  

5.7-6.7 (m, 3H), 8.0 (m, 2H), 8.5 (m, 4H), 9.1 (m, 3H); ms 
mle: 185, 187, 189, 163, and 165. The next nine fractions 
(1.83 g) contained I-succinimidyl-2-bromohexane 2b with a 
trace of impurities. A portion was further chromatographed to 
give pure2b as anoil; ir: 1775,1702,1400,1160, and 819 cm-'; 
nrnr T:  5.49 (m, lH), 5.8-6.5 (m, 2H), 7.24 (s, 4H), 7.9-8.8 
(m, 6H), and 903 (t, 3H); 13C nrnr ppm: 177.1(s), 51.0(d), 
44.9(t), 35.4(t), 29.l(t), 27.8(t), 21.8(t), 13.4(q); ms nile (%): 
263 (5, M+), 261(5), 182(74), 164(3), 162(3), 138(13), 112(47), 
100(100), 99(20), 86(41), 84(68), 83(46), and 82(31). 

Adduct 2b (156 mg), sodium iodide (150 mg), and zinc 
powder (900 mg) in 80% acetic acid (3 mL) were stirred for 
24 h. The filtrate was evaporated and the residue was diluted 
with water. The aqueous phase was extracted with carbon 
tetrachloride. The latter phase was washed with dilute sodium 
thiosulfate solution and was worked up to give an oil (80 mg) 
of N-hexylsuccinimide; the ir, nmr, and mass spectra were 
superimposable with those of the authentic samole. 

Itz the Presence of Cyclohexene 
(1) A solution of NBS (2 g), cyclohexene (12 mL), and 

ethylene oxide (2 mL) in acetonitrile (70 mL) was kept under 
nitrogen at -10°C and was photolysed for 3 h until the 
KI-starch test showed negative. The photolysate was evapor- 
ated and the residue taken up in methylene chloride (3 - 4 
mL) was filtered. The solid (544 mg) was identified as suc- 
cinimide by ir and nrnr spectroscopy and by mixture mp 
121-122°C. The methylene chloride solution (containing 2.5 g 
of the residue) was chromatographed on a silica gel column 
to afford 12 fractions. 

Fraction 2 (378 mg) decomposed to tar on attempted 
microdistillation at 10 Torr. A portion of this oil (150 mg) was 
subjected to preparative tlc on silicic acid using 10% CHzClz 

in petroleum ether as eluent to give trans-1,2-dibromocyclo- 
hexane 6 (56 mg) and ether 7 (28 mg). These products showed 
spectra identical with those of authentic samples. 

Fractions 4-7 (917 mg) showed one spot on tlc with a trace 
of impurity and decomposed on distillation at 120°C. A 
portion of this oil was subjected to preparative tlc to give an 
oil of tratis-1-succinimidyl-2-bromocyclohexane (5); ir: 
1770(m), 1700(s), 1450(m), 1176(s), 966, 820 cm-';  nrnr T:  
5.14(dt,J= l l and4Hz , lH) ,5 .88 (d t ,  J =  11 and4Hz ,  lH), 
7.30 (s, 4H), 8.30(m); 13C nrnr ppm: 176(s), 57.l(d), 50.3(d), 
37.l(t), 29.l(t), 27.5(t), 26.2(t), 24.5(t); ms m/e (%): 262 (47, 
M + ), 260(47), 180(100), 162(89), 160(89), 138(100), 11 0(55), 
100(100), 96(60), 84(63), 82(100), and 81(100). Anal. calcd. for 
ClOHl4NO2Br: C 46.17, H 5.42, N 5.40; found: C 46.35, 
H 5.46, N 5.31. 

Fractions 8-10 (85 mg) were rechromatographed to give the 
adduct 5 (60 mg) and an oily fraction (15 mg). The total yield 
of the adduct 5 (977 mg) was 32%. 

Fraction 11 (22 mg) showed one major spot and four minor 
spots on tlc and the following physical constants; ir: 3025, 
1760(m), 1700(s), 1380(s), 1170(s) cm-' ; nrnr T: 4.15(m), 
6.2(m), 6.8(m), 7.35(s); ms m/e (%): 179(100), 151(75), 
150(70), 122(120), 121 (loo), 100(280), 81 (175), and 80(290). 

Adduct 5 (120 mg) was stirred with zinc powder and sodium 
iodide in 80% aqueous acetic acid to afford a crude product 
(62mg). The oil was chromatographed to afford N-cyclo- 
hexylsuccinimide; the ir, nmr, and mass spectra and the vpc 
retention time were identical with the sample prepared by 
other routes (38). 

(2) In a separate experiment, a mixture of the same com- 
position was photolysed at -20°C for 5 h. The photolysate 
was worked up as before to afford a light brown oil (2.72 g) 
and succinimide (444 mg). The ir spectrum of the oil exhibited 
a weak absorption at 2260 cm-'. The vpc spectrum of the oil 
showed the peaks matching with succinimide, 3-bromocyclo- 
hexene (S), trans-l,2-dibromocyclohexane (6), ether 7, and 
adduct 5 in addition to four trace amount peaks. The peak of 5 
was the major and others were about 116 to 117 in area of the 
peak of 5. The oil was chromatographed on a silica gel column 
to afford adduct 5 (1.14 g, 38%). By gc-ms analysis, the first 
two trace amount peaks following the solvent peak were 
shown to possess the mass spectral patterns of 2-cyclohexene- 
none and 2-cyclohexenol (46). 

(3) A solution of NBS (2 g), cyclohexene (12mL), and 
ethylene oxide (4 mL) in acetonitrile (240 mL) at 0°C was 
purged with nitrogen and was irradiated with a Hanovia lamp 
(100 W). Samples were withdrawn at every hour and iodi- 
metrically titrated. The solution was kept under a slight 
positive pressure of nitrogen at all times. The zero hour 
sample kept at  0°C in the dark for 15 h gave a titration 
volume the same as that at the zero hour. The same experiment 
was repeated at - 10°C. 

Photolysis of NBS in the Presence of Benzene 
(1) In the Absence of Neohexene 
A benzene (350 mL) solution containing NBS (1.5 g) and 

ethylene oxide (5 mL) was irradiated with a Hanovia lamp 
(200 W) in a Pyrex vessel under nitrogen at 5-10°C for 12 h 
until the photolysate gave a negative KI-starch test. The 
residue (2.2 g) obtained after evaporation of the solvent was 
chromatographed on a silicic acid column using methylene 
chloride containing 0-5% methanol as eluent. The first four 
fractions (455 n?g) gave very similar ms and ir but different 
nrnr patterns. The semi-solids showed major mass spectral 
peaks at mle 338, 336, 334, 257, 256, 254, 238, 236, 234, 176, 
175, 158, 156, 120, 119, 100, and 93, and major ir absorptions 
at  about 1710(s, b), 1150, 1180, 770 cm-'. Recrystallizations 
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of these fractions from methanol or methylene chloride gave 
crystalline compounds with wide melting ranges. The fifth and 
sixth fractions were rechromatographed to afford a similar 
semi-solid (81 mg) as above and a crystalline compound (120 
mg) identified as N-phenylsuccinimide (11) by comparisons of 
ir, nrnr, and mass spectra with those of the authentic sample. 
Elution with 5% MeOH-CH2CI2 gave succinimide. 

The semi-solid fractions were combined and chromato- 
graphed on an alumina column to afford many fractions, one 
of which (60 mg) was recrystallized from MeOH-CH2C12 to 
afford white crystals; mp 204-207°C; ir: 1700, 1185, 1165, and 
780 cm-'; nrnr r :  7.14 (s, 4H), 5.2-4.83 (m, 3H), 4.66-4.38 
(m: lH), and 4.00 (m, 2H); ms n ~ / e  (%): 419(0.2), 417(0.5), 
415(0.5), 413(0.2), and lOO(100). Anal. calcd. for CloH,o-  
NBr302:  C 28.85, H 2.40, N 3.37; found: C 29.20, H 2.45, 
N 3.15. 

(2) In the Presence of Neohexene 
A solution of NBS (599 mg, 3.3 mmol), benzene (2.6 mL, 

29 mmol), ethylene oxide (1.5 mL, 23 mmol), and neohexene 
(0.3 mL, 2 mmol) in acetonitrile (100 mL) was irradiated with 
a 450 W Hanovia lamp through a Corex filter for 20 min at 
0°C under nitrogen. The solution was evaporated to afford a 
brown oil (769 mg), The oil (384 mg) was chromatographed on 
silica gel using MeOH-CH2C12 as eluent. The first fraction 
(53 mg) was polybrominated compounds and was not in- 
vestigated further. The fractions (144 mg) collected with 
0.1-0.2% MeOH-CH2C12 were mixtures containing some 11. 
The fractions (191 mg) eluted with 0.5 - 1% MeOH were 
crystallized from cyclohexane to give 11; the ir, nmr, and mass 
spectra were superimposable with those of the authentic 
compound. 

In a separate experiment, a solution of benzene (10 mL), 
NBS (893 mg), neohexene (0.3 mL), and ethylene oxide (2 mL) 
in acetonitrile was irradiated in a Pyrex vessel with a 100 W 
Hanovia lamp at O°C for 25 h. Half of the solution was treated 
with triethylamine (1 mL) for 8 h at  room temperature. The 
solution was worked up in the usual manner to afford an oil. 
Analysis by the vpc peak matching method gave three peaks 
corresponding to dibromide 4a (3%), succinimide (31%), and 
11 (13.6%). 

The other half of the photolysate was evaporated and the 
residue was analysed by vpc as above to give dibromide 4a 
(4.6%), succinimide (40%), and 11 (8.6%). In both cases 
neither adduct 2b nor bromobenzene were detected. 
Photolysis of Bromine in the Presence of NBS 

A solution containing NBS (3.55 g), bromine (880 mg), and 
ethylene oxide (6 mL) in benzene (130 mL) was photolysed 
through a G.W.C. filter3 (cut off at 334 nm) at about 10°C. 
Aliquots withdrawn at intervals were treated with a drop of 
cyclohexene and tested with KI-starch paper. The zero hour 
sample kept for 40 hours in the dark was similarly treated with 
cyclohexene and titrated iodimetrically to show no decom- 
position. It took 35 h for NBS to disappear during which 
white solids precipitated. The solid (1.13 g) was shown to be 
succinimide by an ir spectral comparison. The filtrate was 
evaporated to give an oil. The oil was chromatographed on 
silica gel to give a mixture of polybromobenzenes (1.93 g) and 
a small amount of succinimide. Rechromatography of the 
former gave five fractions that were mixtures, in various 
proportions, of brominated benzenes. By gc-ms analysis of 
each fraction, bromobenzene, dibromobenzene, tribromo- 
benzenes, tetrabromobiphenyl, and tetrabromocyclohexa- 
diene were identified in addition to minor amounts of other 

3We are grateful to Dr. G.  Pfundt, Max-Plank-Institut fiir 
Kohlenforschung, Miilheim a.d. Ruhr, who provided the filter. 

brominated benzenes. These fractions showed no ir absorption 
or nrnr signals typical of the succinimido moiety. 

Reaction of HBr with NBS and Ethylene Oxide 
To a solution of NBS (1 67 mg) and ethylene oxide (0.35 mL, 

0.007 mol) in acetonitrile (20 mL) was added an acetonitrile 
solution of HBr (0.01 M, 1.5 mL) at - 10°C. The solution 
became pH 6-8 immediately. The uv spectrum of this pale 
yellow solution showed a weak absorption at 404 nm for 
bromine. This solution was evaporated and the residue was 
worked up in the usual manner to give ethylene bromohydrin 
as an oil; nrnr r :  7.22(s, D 2 0  exchangeable, lH), 6.09(t, 
J = 5.2 Hz), 6.48(t, J = 5.2 Hz). 

Reaction of Bromine Cyclol~exet~e and Ethylene Oxide 
To a solution of cyclohexene (14 mL) and ethylene oxide 

(2.3 mL) in methylene chloride (100 mL), bromine (3.2 mL) 
was added dropwise at 0°C. The solvents were evaporated to 
give an oil (14.6 g). The oil was distilled to afford a fraction 
at bp 112-113"C/14 Torr which showed nrnr and ir spectra 
identical to those of 6 (46). The vpc analysis of the forerun 
showed no peak corresponding to 3-bromocyclohexene. The 
residue (1.5 g) was chromatographed on silica gel using 
petroleum ether as eluent to afford an oil (916 mg) which 
showed one peak on vpc analysis. Preparative tlc of a portion 
of this oil gave 1-bromo-2-(2'-bromoethoxy)cyclohexane (7); 
ir: 2930, 2860, 1445, 1190, and 1100 (s, b); nrnr r :  6.10 (t, 
J = 5.5 Hz, 2H), 6.60 (t, J = 5.5 Hz, 2H), 6.00 (dt, J = 8 and 
3 Hz, lH), 6.54 (dt, J = 6 and 1.5 Hz, 1H); ms m/e (%): 
288(6), 286(1 I), 284(6), 165(28), 163(31), 109(41), 107(44), 
97(60), and 81(100). Anal. calcd. for C8H14Br20: C 33.59, 
H 4.93; found: C 34.07, H 4.96. 

Pl~otodecomposition of NBS in the Presence of Ethylene Oxide 
A solution of NBS (1.17 g) and ethylene oxide (20 mL) in 

acetonitrile (140 mL) was irradiated with a 450 W Hanovia 
lamp at 0-5°C under nitrogen. During irradiation, a yellow 
color developed. A sample treated with a drop of cyclohexene 
gave a colorless solution; potassium iodide starch test with 
this solution was used to follow the progress of the reaction. 
After 5 h, the solution remained yellowish but NBS was con- 
sumed. The zero hour sample kept in the dark showed no 
decomposition by iodimetry. The crude product was analysed 
by gc-ms to give many peaks. Most of them showed mass 
spectral patterns indicative of one or two bromines. Among 
them, the major peaks corresponding to ethylene bromo- 
hydrin, succinimide, and a-bromopropionamide and a minor 
peak of bromoacetaldehyde were identified by their mass 
spectral patterns and (or) peak matchings. The mass spectrum 
of a-bromopropionamide showed prominent peaks at  m/e 153, 
151, 109, 107, 72 (loo%), and 44. 

Pl~otoreactiotz of NBS in the Presence of Cyclohexene 
In a conventional Pyrex photocell, acetonitrile (240 mL), 

NBS (2.017 g, 0.01 1 mol), cyclohexene (12 mL, 9.72 g), and 
ethylene oxide (4 mL, 3.56 g) were placed at O°C. The mole 
ratio of NBS, cyclohexene, and ethylene oxide was 1: 10:8. 
The solution was purged with nitrogen for 5 min and brought 
to the desired temperature. While the solution was kept under 
a small positive pressure of nitrogen, it was irradiated with a 
100 W medium pressure Hanovia lamp. Irradiation was con- 
tinued until the photolysate responded negative to KI-starch 
tests. 

On completion of irradiation, the photolysate (50 mL) was 
evaporated in a rotary evaporator. A portion of the crude oil 
and biphenyl were weighed into a 5 mL volumetric flask and 
diluted with acetonitrile to the mark. This solution was 
analysed with a 10% SE 30 on Chromosorb Q 100/120, 118 in. 
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x 6 ft stainless steel column with oven temperature 100-200°C 
(4"C/niin programming, the flow rate 33 n~L/min at  26 psi). 
Under these conditions the retention times (in brackets, in 
minutes) are 3-bromocyclohexene (8, 2.75), succinimide (3.9,  
t~nt~s-dibromocyclohexane (6, 5.0), ether 7 (10.5), adduct 5 
(16.3), 2-cyclohexenone (2.0), 2-cyclohexenol (2.3), unknown 1 
(6.3), and biphenyl (7.8). Experiments at different tempera- 
tures were repeated to ascertain the reproducibility. 

For known compounds, correction factors were first estab- 
lished by injecting the known concentrations of biphenyl and 
a pure sample to be analysed. The measured areas and con- 
centration gave the correction factors. For each sample in- 
jected, the peak areas were measured and the absolute contents 
of each component calculated from these correction factors. 
The percentage yields of each compound are summarised in 
Table I .  

An acetonitrile solution of 3-broniocyclohexene always 
gave two peaks at 0.5 and 2.5 niin, even when an analytically 
pure compound was used. The correction factor was calculated 
on the second peak. The peak area corresponding to suc- 
cinimide increased gradually as the time elapsed on storage of 
the crude product; typically, area ratios of succinimide to 
biphenyl changed from 0.0776 at 5 h to 0.32 at 50 h after 
isolation. 
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Pyrrolidine- and piperidine-alkanoic acid hydrochlorides. Synthesis by hydrogenation of 
- - 

pyrrolyl ester and pyridine-alkanoic acid hydrochlorides 

Soot-KAY TSUI A N D  JAMES DOUGLAS WOOD 
Drprrr.ttnrtlt c~f'Bioc.lzrt?~isti.y, Ut i i~ ' i ,~ . . \ i ty  of S ( I . S ~ ( I ~ ( . / I C I I ~ U I I .  S O S ~ O ~ O O I I ,  Srisk., Crrt7rrd(r S 7 N  OW0 
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SOOI-KAY TSUI and JAMES DOUGLAS WOOD. Can. J. Chem. 57, 1977 (1979). 
2-Pyrrolidylacetic acid and 8-(2-pyrrolidyl)propionic acid hydrochloride have been prepared 

by hydrogenation of ethyl 2-pyrrolylacetate and diethyl 2-pyrrolylmethylenemalonate respec- 
tively, over rhodium on alumina in HCI solution, followed by acidic hydrolysis. Similarly, 
I -methylnipecotic acid, I-methylisonipecotic acid, 2- and 3-piperidine-acetic acid, and 3-piperi- 
dine-propionic acid hydrochlorides have been prepared by hydrogenation of the corresponding 
pyridine-alkanoic acid hydrochlorides over platinum oxide, rhodium on alumina, or palladium 
on carbon in water. 

SOOI-KAY TSUI et JAMES DOUGLAS WOOD. Can. J. Chem. 57, 1977 (1979). 
On a prepare les chlorhydrates des acides pyrrolidyl-2 acetique et p(pyrollidy1-2) propionique 

par hydrogenation respectivement du pyrrolyl-2 acetate d'ethyle et du pyrrolyl-2 methylene- 
malonate de diethyle sur du rhodium sur I'alumine en solution HCI, suivie par une hydrolyse 
acide. De la m&me rnanitre, on a prepare les chlorhydrates des acides methyl-1 nipkotique, 
methyl-1 isonipecotique, piperidine-2 (et -3) acetique et piperidine-3 propionique par hy- 
drogenation des chlorhydrates des acides pyridine alcano~ques correspondants sur de I'oxyde 
de platine, du rhodium sur I'alurnine ou du palladium sur du charbon dans I'eau. 

[Traduit par le journal] 

Introduction which may stop prematurely due to catalyst poi- 

It is well established that y-aminobutyric acid 
(GABA) is an  important neurotransmitter in the Compounds 2a and 2b were prepared by reduction 

mammalian central nervous system (1). Various of the esters l a  and l b  followed by hydrolysis, since 

structural analogues of this substance have been iso- hydrolysis of the starting pyrrolyl esters led to in- 

lated or synthesized which affect its metabolism and 
function (2). Such compounds are of pharmacolog- 

W R  Q-R 
ical interest as potential antiepileptics. H' 'H H/  \H - 

Recently, nipecotic acid 6d has-been reported as a 
potent inhibitor of the uptake of GABA by slices of 
rat cerebral cortex (3) and we have found that 
1-methylnipecotic acid 4a has similar effects (manu- 
script in preparation). As a result we became inter- 
ested in the possibility of a rapid high-yield prepara- 
tion of easily purifiable, water soluble, hydrochloride 
salts of related piperidine- and pyrroline-alkanoic 
acids by hydrogenation of the corresponding pyrrolyl 
ester and pyridine alkanoic acid hydrochlorides at  
medium to  low pressure. 

Discussion 

Hydrogenation was complete at 2.5 atm and at  
room temperature for all pyridines regardless of the 
catalyst used (platinum oxide, 5% rhodium on alu- 
mina, or 10% palladium on carbon); for pyrrolines, 
shorter times were required and less tar was found 
using 5% rhodium on alumina. Completeness of 
hydrogenation was more correctly assessed from the 
absence of any olefinic hydrogen in the 'Hmr spectra 
of the products rather than from hydrogen uptake 

3 
ri R 1  = H, R = COOH 
b R 1 = C O O H , R =  H 

4 
rr R' = H, R =  COOH 
b R 1 =  COOH,R= H 

a: N 0: N 

I 
H 

H/ 'H 

5 6 

ri R1 = H, R =  CH,COOH ( I  R1 = H, R = CHzCOOH 
b R1 = CHzCOOH. R = H b R1 = CHzCOOH. R =  H 
(. R1 = CH=CHCOOH, R = H c R' = CH,CH,COOH, R =  H 
d R1 = COOH, R = H d R1 = COOH, R = H 

(In all cases theanion was chloride) 

0008-4042/79/ 15 1977-03$0 1 .OO/O 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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tractable tar formation. Hydrogenation was carried 
out in dilute HCl (0.05 M), the acid added being 
sufficient to promote hydrogenation but not enough 
to cause tar formation. Solution of starting material 
was incomplete at the beginning of the reaction but 
complete at the end. This route to 26 is simpler than 
the previous 2-step procedure (4). 

Compounds 4a and 46 were obtained in high yields 
by direct hydrogenation of 3a and 36 respectively. 
Compound 4a had previously been prepared in good 
yield by the hydrogenation of the corresponding 
1-methylnicotinic betaine with platinum but hydro- 
gen pressure and temperature were not specified (5). 
Direct hydrogenation of 5d over PtO, has provided 
6d in high yield (6). 

Piperidines 6a and 6b were obtained in high yield 
from 5a and 56 respectively. Compound 6a had pre- 
viously been assumed to be unstable under these 
hydrogenation conditions (7). Compound 6c was 
obtained, also in high yield, from 5c. 

Attempts to use acetic acid in place of hydrochloric 
acid led to longer hydrogenation times and acetate 
salts which were difficult to purify. The direct reduc- 
tion of the hydrochloride salts of the appropriate 
pyridine compound avoids the need for ester hydrol- 
ysis which is frequently accompanied by decarboxyla- 
tion (8). In most cases the starting hydrochloride salt 
is commercially available or readily obtained by 
hydrolysis of the corresponding ester 

Experimental 
Nuclear magnetic resonance spectra were measured on a 

Varian T60 spectrometer in D 2 0  with sodium 2,2-dimethyl-2- 
silapentane-5-sulfonate (DSS) as internal standard. Infrared 
spectra were recorded with KBr on Perkin Elmer or Beckman 
infrared spectrophotometers. Melting points were determined 
on a Mel-Temp hot stage apparatus. Elemental analyses were 
conducted by Mr. R. G. Teed, Department of Chemistry and 
Chemical Engineering, University of Saskatchewan. 

Hydrogenation of Pyrrolyl Esters with 5% Rlrodiltnz on 
Alro,~Qza 

Getreral Procedrtre 
A mixture of 1.0 g of freshly prepared pyrrolyl ester in 20 mL 

of 0.05 M HCI solution was hydrogenated with 0.4 g of 5% 
rhodium on alumina. After a period of 20 h, the mixture was 
filtered. The clear solution was added to 10 mL of 37% HCl 
and refluxed for 4 h. The solution was then treated with char- 
coal and dried it1 vacrro. The residue was recrystallized from 
ether-ethanol. The 'Hmr spectrum of the crude products after 
acid hydrolysis showed that the hydrogenation was complete 
for both the following pyrrolyl esters l a  (9), l b  (10). 

2-Pyrrolidylacetic Acid Hydroclrloride 2a 
The yield was 45%; mp 170-171°C; ir v,,,: 317G2400,1730, 

1400, and 1180 cm-' ;  'Hmr 6:  1.40-2.52 (m, 4H), 2.75-3.10 
(m, 2H), 3.15-3.57 (m, 2H), 3.8G4.15 (s b, 1H). Anal. calcd. 
for C6H12C1N0,: C 43.51, H 7.31, N 8.46; found: C 43.62, H 
7.36, N 8.33. 

(3-(2-Pyrrolidy1)propioiric Acid Hydrochloride 2b 
The yield was 40%; mp 115-1 17°C (lit. (4) mp 115-1 18°C); 

ir v,,,: 3100-2450,1700, 1420, and 1200 cm- ' ; 'Hmr 6:  1.50- 
2.18 (m, 6H), 2.30-2.85 (m, 2H), 3.20-3.95 (m, 3H). Anal. 
calcd. for C7H14CIN02: C 46.80, H 7.85, N 7.79; found: C 
46.79, H 7.88, N 7.66. 

Hydtogetratiotr of Pyridine Alkanoic Acid Hydrochloride with 
Different Catalysts: Platinrun Oxide, Rhodiltnz on 
Alrrtnina, or Palladi~on on Carbon 

General Procedure 
A solution of 0.55 g of pyridine alkanoic acid hydrochloride 

in 20 mL of water was hydrogenated with 0.05 g of platinum 
oxide (or 0.35 g of 5% rhodium on alumina, or 10% palladium 
on carbon). After a period of 10 h the solution was filtered and 
dried in a freezer-dryer at 0.01 Torr. Except where noted, 
purification of product was unnecessary. The 'Hmr spectra 
of the crude products indicated that only in the case of hy- 
drogenation of 2-pyridineacetic acid hydrochloride 5a with 
palladium on carbon was a reduction time in excess of 10 h 
required, the 10-h reduction period being sufficient to com- 
plete the hydrogenation of 3a, 36 (1 1), 56, and 5c to form their 
respective products. The compounds synthesized by these 
hydrogenations follow. 

I-Metl~ylnipecotic Acid Hydrochloride 4a 
The yield was 75-85%; mp 173-174°C (ether-ethanol) (lit. 

(5) mp 174-175°C); ir v,,,: 3200-2500, 1730, 1470, and 1200 
cm- ' ;  'Hmr 6:  1.38-2.40 (m, 4H), 2.55-3.85 (m, 5H), 2.90 
(s, 3H). Anal. calcd. for C7Hl4ClNO2: C 46.80, H 7.85, N 
7.79; found: C 46.80, H 8.13, N 7.77. 

I-Methylisonipecotic Acid Hydrochloride 4b 
The yield was 7486%;  mp 236232°C (ether-ethanol); ir 

v,,,: 3070-2470, 1720, 1450, 1200 cm- l ;  'Hmr 6 :  1.45-2.55 
(m, 4H), 2.6-3.85 (m, 5H), 2.9 (s, 3H). Atral..calcd. for 
C7H14CIN02:  C 46.80, H 7.85, N 7.79; found: C 46.46, H 
7.86, N 7.54. 

2-Piperidineacetic Acid Hydrochloride 6a 
The yield was 60-70%; mp 180-182°C (ether-ethanol) (lit. 

(12) mp 180-182°C); ir v,,,: 3200-2770, 1730, 1380, and 1175 
cm- ' ;  'Hmr 6:  1.22-2.20 (m, 6H), 2.80-3.82 (m, 3H), 2.80 (d, 
2H). Atral. calcd. for C7H14CIN0,: C 46.80, H 7.86, N 7.79; 
found: C 47.16, H 7.97, N 7.51. 

3-Piperiditreacetic Acid Hydrochloride 6b  
The yield was 85-90%; mp 202-204°C; ir v,,,: 312G2750, 

1720, 1400, and 1180 cm- ' ; 'Hmr 6 :  1.20-2.21 (m, 4H), 2.52- 
3.62 (m, 5H), 2.39 (s b, 2H). Anal. calcd. for C7H14CIN02: C 
46.80, H 7.85, N 7.79; found: C46.21, H 7.93, N 7.63. 

(3-(3-Piperiditre)propionic Acid Hydrochloride 6c 
The yield was 86-91%; mp 224226°C; ir v,,,: 317G2730, 

1730,1395, and 1180 cm-' ; 'Hmr 6: 1.35-2.15 (m, 7H), 2.32- 
2.62 (t, 2H), 2.62-3.62 (m,4H). Anal. calcd. for C8H16CIN02: 
C 49.61, H 8.33, N 7.23; found: C 49.53, H 8.30, N 7.19. 
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Acidity function 'failure.' I. 2-Thiohydantoins 

Received November 6, 1978 

J O H N  T. EDWARD and S I N  CHEONG WONG. Can. J .  Chem. 57, 1980 (1979). 
The protonation of 2-thiohydantoin and of eight derivatives variously substituted at the 

I-, 3-, and 5-positions with alkyl groups or a single phenyl followed ho (Cox-Yates ??I* - 1.1); 
however, the protonation of 3,s-diphenyl-2-thiohydantoin followed hT (t~z* = 1.50), and of 
5,s-diphenyl-2-thiohydantoin an acidity function intermediate between ho and hT (tn* = 1.24). 
Results were analyzed also in terms of the Cox-Yates X function to obtain pKBH+ values, 
which were compared with those obtained by alternative analyses of the data. 

J O H N  T. EDWARD et S I N  CHEONG WONG. Can. J .  Chem. 57, 1980 (1979). 
La protonation de la thio-2 hydantoine et de huit de ses derives, substitues en positions -1, -3 

et -5 par des groupes alkyles ou un simple phenyle, se fait suivant 11, (Cox-Yates HZ* - 1.1); 
toutefois la protonation de la diphenyl-3,s thio-2 hydantoine suit hT (m * = 1.50) alors que celle 
de la diphenyl-5,s thio-2 hydantoine suit une fonction d'acidite intermediaire entre ho et hT 
( t ~ *  = 1.24). On a aussi analyse les rtsultats en termes de la fonction X de Cox-Yates pour 
obtenir des valeurs de pKB,,+ que I'on compare a celles obtenues par une autre analyse des 
donnees. 

[Traduit par le journal] 

Introduction 

Forty-seven years ago Hammett and Deyrup (1) 
introduced the concept of the acidity function, H,, 
with the expectation that it would furnish a general 
measure of the acidity of concentrated aqueous acid 
solutions, in the way that pH furnishes a general 
measure of the acidity of very dilute aqueous acid 
solutions. However, after much experimental work 
it became apparent that H, was not a unique measure 
of acidity, but only one of a series of acidity func- 
tions HB, defined by 

[ I ]  - HB = log a, + f B A H  + = log CBH + /CB 

where a = activity, C = molarity, and f = molarity 
activity coefficient. Each separate HB applies to a set 
of closely related Bransted bases B: HA for amides 
(2),  H, for indoles (3),  H, for thiocarbonyl com- 
pounds (4), and so on. This loss of generality was 
characterized by Arnett (5) as 'acidity function 
failure.' 

For a particular function HB to be valid for the 
protonation of a series of bases B,, B,, ... , it is neces- 
sary that in all concentrations of acid 

found, however, that the various acidity functions 
are approximately linear with respect to each other 
for concentrations of acid such that Ho < 0 :  

Hence pKcH+ values are often obtained (7) in the 
absence of an appropriate acidity function Hc for 
bases C,,  C,, .... , by the equation 

where I (=CcH +/Cc) is the ionization ratio. This 
equation yields pKcH + values not greatly different 
from those obtained by other treatments (8, 9), but 
can only be approximate: in particular, [3] must fail 
for more dilute solutions when all acidity functions 
HB, Hc, ... are becoming equal to pH, and m is 
changing towards unity. 

The empirical relation of Bunnett and Olsen (10, 
1 1 1 ,  

+ being a parameter characteristic of bases of type C, 
is free from this objection, applying equally to dilute 
and concentrated acid solutions. It leads to  the 
additional two relations 

[2 I f B , l f B , H +  = ~ B ~ F B ~ H +  = .... f c f ~ +  - f ~ f ~  + 

C6l log-- - (1 - +) log--- 
(the 'cancellation assumption' (6)). It is the frequent ~ C H  + ~ B H  + 

failure of the cancellation assumption to apply when 
bases B and C belong to different classes of com- [7] l o g 1  + Ho = +(Ho + log C,I+) + pKcH+ 

pounds which leads tg acidity function failure and where B and BHf now represent the conjugate 
the need for two functions HB and Hc. It has been aniline-anilinium ion pairs on which the Ho scale is 

0008-4042/79/15 1980-06$0 1 .OO/O 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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EDWARD A N D  WONG 1981 

now based (12). The pKcH + value of C may be 
obtained by application of [7] using H,, and without 
the necessity of knowing the acidity function Hc. 

On the basis of the linearity of activity coefficient 
terms shown in [6], Marziano, Passerini, and their 
co-workers (13) and more recently Cox and Yates (6) 
have developed alternative functions for measuring 
the acidity of concentrated acid solutions. Cox and 
Yates define their 'excess acidity' function X by 

where B''' is a hypothetical standard base. From [8] 
it follows that 

Cox and Yates report X values for 0-99.5% aqueous 
sulfuric acid, based on ionization ratio data reported 
for 165 weak bases, and X values for 0-78% per- 
chloric acid, based on ionization data for 76 weak 
bases. The X function has the advantage of being a 
single function for a given acid-water mixture 
covering all classes of bases, and hence replacing the 
multiplicity of functions H,, H,"', HA, H,, etc., as 
well as being applicable to compounds for which no 
acidity function has yet been developed. On the other 
hand, this generality has been obtained at the expense 
of introducing another parameter, the scaling factors 
in,*, mch, ..., characteristic of the different classes 
of bases B, C, .... T o  a reasonable approximation 
n?* - 1 - 4, and hence the variation in m*: for 
various classes of bases, like the variation in Bunnett 
and Olsen's 4 (lo), can be explained very plausibly 
in terms of the 'solvation hypothesis' of Scorrano 
and his co-workers (14). 

While these developments may remedy the 
'acidity function failure' of the type noted by Arnett, 
in this series of papers we shall be concerned with a 
more serious type of failure: that of compounds 
within a single class B to follow a single acidity func- 
tion HE or, equivalently, to have constant values of 
4 or m,*. The problem of carbonyl compounds has 
already been noted by Scorrano et al. (14) and by us 
(9), and will be discussed in a future paper. In the 
present paper we consider the case of-2-thiohydan- 
toins 1 which are (as we show below) protonated on 

R:c/R2 RQR2 
/ \ R ~ - ~ < ~ \ ~ c = o  + Hf & R3--N + C=O 

\ 2  3 1  kt, I 
2-N\R', C-N 

S 

Wavelength (nm) 
FIG. 1. Spectral curves of 5-benzyl-2-thiohydantoin in 

aqueous sulfuric acid: (A) 36.4%; ( B )  59.7%; ( C )  64.7%; (D) 
67.1%; (E) 70.1%; (F) 80.5%. 

sulfur to give the cation 2. 2-Thiohydantoins are 
cyclic N-acylthioureas, and hence their protonation 
would be expected to  follow /I,, as does the protona- 
tion of acyclic N-acylthioureas (1 5), and of the closely 
related 2,4-dithiohydantoins (1 ;  S in place of 0 )  (4, 
16). Instead, the present (admittedly limited) data 
indicate the protonation of 2-thiohydantoins and of 
1-acyl-2-thiohydantoins to follow h, (17). This 
requires that the cancellation assumptions ([2] or 
[6], [8])' do not apply when 2-thiohydantoins are 
included with other thioureas. In an attempt to 
understand this anomaly we have studied the 
activity coefficient and protonation behaviour of 
variously substituted 2-thiohydantoins. 

Results and Discussion 
Site of Protot?atioi? 

In Fig. 1 are shown the uv spectra of 5-benzyl-2- 
thiohydantoin in 36-80% sulfuric acid. The other 
2-thiohydantoins, with the exception of the 1,3- 
diphenyl compound (discussed below), show similar 
spectral changes. 

The disappearance in concentrated acid of the 
type I1 band (A,,, 260 nm) due to the ~c -t 71::: transi- 
tion of the thioamide function suggests protonation 

'It has been pointed out by a referee, and already pointed 
out by us (4), that the extrathermodynamic assumption ([2]) 
underlying pKnH+ values obtained by the original acidity 
function approach is not the same as that ([6] or [8]) under- 
lying the Bunnett-Olsen or Cox-Yates approaches, except for 
the special case when 4 = 0 or nz * = 1. For the same reason, 
the explanation of variations in 4 in terms of differing solva- 
tion of B and B H f  (but not H') by Scorrano et al. (14) must 
be regarded as a convenient simplification. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1982 CAN. J .  CHEM. VOL. 57. 1979 

on sulfur (16), as in 3 + 4. This is confirmed by the 
similarity in the spectra of 1-methyl-5,5-penta- 
methylene-2-thiohydantoin (3) in 80% acid (Ah,,, 
223, 238 nm; EE,,, 10 200, 7400 (shoulder)), and of 
2-  methylthio- 1 -methyl- 5,5 - pentamethylene- 4- imi - 
dazol-4-one hydrochloride (5) in 10% acid (Ah,,, 228, 
245 nm; EE,,, 15 200, 9500). This would be expected 
from the similarity in structure of 4 and 5 when the 

bathochromic effect of the S-methyl group is taken 
into consideration (16) and points to S-protonation. 
The 2-thiohydantoins accordingly resemble the 
acyclic acylthioureas in protonating first on sulfur 
rather than on oxygen (15). 

The curves of Fig. 1 almost pass through an isos- 
bestic point, so that ionization ratios2 rnay be cal- 
culated by the usual procedure (1) without making 
corrections for medium effects (9). 

The character of the spectral changes attending the 
protonation of 1,3-diphenyl-2-thiohydantoin is com- 
pletely different (Fig. 2). Protonation results in a 
bathochromic, not a hypsochromic shift, and 
medium effects are large, like those for amides (15) 
and carbonyl compounds generally (9). This indi- 
cates a switchover from S-protonation to  O-protona- 
tion. The pK's of S- and 0-basic sites in acyl- 
thioureas are almost identical (1 5), and evidently 
flanking the S-site with two base-weakening phenyl 
groups (18) tilts the scales from S- to 0-protonation. 

Protonation Constants 
The protonation constants pKBi,+ of the 2- 

thiohydantoins have been calculated from their 
ionization ratios by the acidity function relation [4], 
the Bunnett-Olsen linear free energy relation [7], 

2Experimental data for the thiohydantoins of Table 1 are 
available, at a nominal charge, from the Depository of 
Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Ont., Canada KIA OS2. 

Wavelength  (nm) 

FIG. 2. Spectral curves of 1,3-diphenyl-2-thiohydantoin in 
sulfuric acid -water - ethanol mixture: (A) 56.6% acid, 10% 
ethanol; ( B )  66.9% acid, 10% ethanol; (C) 69.2% acid, 5% 
ethanol; (D) 72.1% acid, 5% ethanol; (E) 76.5% acid, 5% 
ethanol. 

and the Cox-Yates excess acidity relation [9] using 
H, (19), HT (4), C, + (6), and X values (6) in the 
literature. Because of the low solubilities of the 
diphenyl-substituted 2-thiohydantoins in pure 
aqueous acid, ionization ratios of 3 3 -  and 5,5- 
diphenyl-2-thiohydantoins were determined in acid 
solutions containing 2% ethanol (by volume). Re- 
placement of water by this small amount of ethanol 
should not significantly affect the protonation power 
of the acid, and the corresponding values of acidity 
functions or excess acidity for pure aqueous acid 
were used in the  calculation^.^ The pK,,,+ values 
obtained from these equations are given in Table 1 
along with slope parameters m (for [4] using H, 
as H,), m' ([4] using H,), 4, and 

It is evident that previous results (17) were not 
misleading: the majority of 2-thiohydantoins follow 
the H, acidity function reasonably well (m - 1.0, 
4 - 0, and nz:!: - 1.1). Furthermore, the m, 4, and 
in* values are (within limits) independent of the 
extent to  which the hydrogen atoms attached t o  the 
1- and 3-nitrogen atoms are replaced by alkyl or 
aryl groups. The 2-thiohydantoins differ in this 
respect from anilines (5) and benzamides (2), perhaps 
because the positive charge is so delocalized that 
hydration by hydrogen-bonding to  acidic protons is 
less important. However, while the presence of a 

31,3-Diphenyl-2-thiohydantoin could be dissolved only in 
10% ethanol - 90% aqueous acid solutions, and its pKBH+ 
value was not calculated. 

'Standard deviations associated with the evaluation of 
pKsH+ by the four procedures were calculated and are avail- 
able as supplementary material. The goodness of fit was usually 
very slightly better with the Cox-Yates analysis, but the 
differences for the four procedures were not significant. 
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single phenyl substituent is without effect, the 
presence of two phenyls causes a change in be- 
haviour: 3,5-diphenyl-2-thiohydantoin follows the 
h, acidity function (m = 1.35, n i  = 1 .03)5 ; and 
5,5-diphenyl-2-thiohydantoin follows neither ho nor 
11, but an intermediate acidity function (in = 1.12, 
in' = 0.86). (The switchover to 0-protonation with 
1,3-diphenyl-2-thiohydantoin has been discussed 
above.) The pKBH + values obtained by [ I  ] (Ho for 
H,) and by the Bunnett-Olsen relation [7] agree 
remarkably well, but in many cases differ consider- 
ably from the values afforded by the Cox-Yates 
relation [9]. This might be considered an argument 
against the validity of the last-named, but we think 
not. The accuracy of pKBH + values derived from both 
[ I ]  and [7] depends on the accuracy of Ho values, 
which are based on a limited number of indicators 
and are subject to cumulative error at higher acidities 
because of the overlap procedure involved, and 
because the parallelism of log I for different indica- 
tors in changing acid concentration is not always 
perfect. The excess acidity function X, on the other 
hand, does not depend on the parallelism of a series 
of indicators, but on the diverse ionization be- 
haviour of a very large number of indicators; the only 
assumption is the linearity of activity coefficient 
terms exhibited in [6] and [8] (not the same as [2] 
(4)), and this seems to be well supported by the 
satisfactory correlations reported by Cox and Yates 
(6). We accordingly follow these authors in believing 
that the numerical values given by application of [9] 
are the closest approach to true thermodynamic 
pKBH + values available at p r e ~ e n t . ~  

The trends in pKBH + values resulting from alkyl 
and phenyl substitution are in very general agree- 
ment with those expected from earlier related work 
(16, 18, 20), but the data are not complete enough 
to justify a quantitative analysis such as was done by 
Janssen for the basicity of thioureas (18). However, 
the pronounced base-weakening effect of the 5- 
phenyl group of 3,5-diphenyl-2-thiohydantoin (1; 
R' = R4 = Ph; R2 = R3 = H) (compare with 1- 
methyl-3-phenyl-2-thiohydantoin (1 : R' = R2 = 

H, R3 = Me, R4 = Ph)) which is found no matter 
which method is used to analyze the experimental 
data is remarkable and is not easily explained. 

Efect of Acid Conceiltiatiorz on f, 
The protonation behaviour of 2-thiohydantoins 

indicates that their activity coefficient ratios fB/fBH + 

5~ and m* values are equally indicative. 
GA referee has pointed out that "the X-function approach 

gives pretty good agreement with the HT approach, which is 
after all based on thio compounds, even if the present com- 
pounds do  not follow HT as a class." 

FIG. 3. Activity coefficients f, in C60Z sulfuric acid of 5,5- 
pentamethylene-2,4-dithiohydantoin (B), 5,5-pentamethylene- 
4-thiohydantoin (G), and the following substituted 2-thio- 
hydantoins: 5,5-diphenyl- ( A ) ;  5-benzyl- (C); 5,5-penta- 
methylene- (D); 3,5-diphenyl: (E); 3,5,5-trimethyl- (F); 
1-methyl-5,5-pentamethylene- (H); 1-methyl-3-phenyl- (I); 
and 1,3-dimethyl- (J). 

do not change with increasing acid concentration in 
the same way as do the activity coefficient ratios of 
acyclic acylthioureas and 2,4-dithiohydantoins (21, 
22). We have accordingly studied the activity coeffi- 
cients f, of as many as possible of the free bases7 in 
varying concentrations of acid by observing the 
changes in partition coefficient between chloroform 
and aqueous acid (22). The results are available as 
supplementary material,' and are shown graphically 
in Fig. 3;  they include data for 5,5-pentamethylene- 
4-thiohydantoin (1; R1R2 = (CH2)5; R3 = R4 = 
H ;  S and 0 interchanged) and 5,5-pentamethylene- 
2,4-dithiohydantoin (1; R1R2 = (CH2)5; R3 = R4 
= H;  S in place of 0 ) ,  as well as for eight 2-thio- 
hydantoins. All of the bases show similar behaviour, 
being first salted-out (increasing f,) with increasing 
acid concentration, and then being salted-in (de- 
creasing f,). This is an almost universal pattern (22). 
The differences in f, of 2-thiohydantoins and of 5,5- 
pentamethylene-2,4-dithiohydantoin are not great 
enough to explain why the protonation of 2-thio- 
hydantoins follows ho and the protonation of the 

'2-Thiohydantoin itself was insufficiently extracted by 
chloroform from aqueous acid for a partition coefficient to 
be obtained. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1984 CAN. J. CHEM. VOL. 57, 1979 

TABLE 1. Ionization constants o f  2-thiohydantoin and o f  substituted 2-thiohydantoins 

Log I vs. H,  Log I vs. HT Bunnett-Olsen Cox-Ya tes 

Substituents tn PKBF, + I '  pKnH + 4 PKDH + ln* PKDF,+ 

None 
5,5-Pentamethylene- 
5-Benzyl- 
3,5,5-Trimethyl- 
1-Methyl-5,5- 

pentamethylene- 
1,3-Dimethyl- 
3-Phenyl- 
3-Ethyl-1-phenyl- 
1-Methyl-3-phenyl- 
5,s-Diphenyl- 
3,5-Diphenyl- 

2,4-dithiohydantoins follows 11,. (In contrast, the 
protonation of amides in 0-40% sulfuric acid follows 
h A  and the protonation of thioamides /I,, largely 
because of the different responses of fA  and f, to 
changing acid concentration (4).) 

Accordingly, the different protonation behaviour 
of 2-thiohydantoins and of 2,4-dithiohydantoins 
must result chiefly from the differing reponse of 

f B H  + of the two classes of compounds to changing 
acid concentration. This can be seen in Fig. 4, which 
shows fB and f,, + * for 5,5-pentamethylene-2-thio- 
hydantoin and 5,5-pentamethylene-2,4-dithiohydan- 
toin, as well as for 5,5-pentamethylene-4-thiohydan- 
toin (which protonates on the carbonyl oxygen and 
follows 11, (16)). The f,, +:I: values (21, 22) were 
calculated by the equation 

+ log a,, + * + log f ,  

where the asterisks of fBH + and a,  + :I: indicate 
activity coefficients and activities relative to the tetra- 
ethylammonium ion (21, 22). (This equation follows 
from [ l ]  and [9].) It is immediately apparent that 
the protonation of the 4-thiohydantoin follows h A  
because the 0-protonated compound (probably 
strongly hydrated (14)) is strongly salted-out (de- 
stabilized) as the sulfuric acid concentration goes up 
and the water activity goes down. This is general 
for protonated oxygen bases (14,22). Both the 2-thio- 
and 2,4-dithiohydantoin are protonated on the sulfur 
at the 2-position, and protonated sulfur bases in 
general are weakly hydrated and hence are little 
salted-out as the acid concentration goes up (23). 
This remains true for the protonated form of 53-  
pentamethylene-2,4-dithiohydantoin, which accord- 
ingly behaves like most thiocarbonyl compounds in 
following h,. The reason why the replacement of 
sulfur by oxygen at the 4-position should lead to a 

FIG. 4. Change with sulfuric acid concentration in log fD 
(broken lines) and log fBF,+ (solid lines) o f  ( A )  5,s-penta- 
methylene-4-thiohydantoin, ( B )  5,5-pentamethylene-2-thio- 
hydantoin, and ( C )  5,5-pentamethylene-2,4-dithiohydantoin. 

marked increase in the rate of salting-out, as the acid 
concentration goes up, is not readily apparent in 
terms of the usual hypotheses (22), and may indicate 
that other (e.g., counterion (24)) effects are also 
important. The differing behaviour of l-acyl-2- 
thioureas, which follow h,, and whose conjugate 
acids can assume a coiled, hydrogen-bonded con- 
formation as in 6 (15), and 2-thiohydantoins, whose 
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carbonyl groups are prevented by the ring structure 
from participating in such hydrogen-bonding, would 
seem to indicate that the interaction of the carbonyl 
group with some component of the acid solution is 
important. The desirability of further studies of thio- 
ureas containing carbonyl groups is indicated. 

Experimental 
Materials 

The 2-thiohydantoins (20), 5,5-pentamethylene-4-thio- 
hydantoin (25) and 5-5-pentamethylene-2,4-dithiohydantoin 
(25) were all prepared by the methods described in the literature 
and purified to constant melting points. 

Sulfuric acid solutions were prepared by diluting reagent 
grade concentrated acid (96%) with distilled water or with 
distilled water and ethanol. The final acid concentrations 
were determined by titration. 

p K,, + Measurements 
Stock solutions of the 2-thiohydantoins were prepared by 

dissolving weighed samples in tetrahydrofuran. Aliquots of 
5 pL of stock solutions were introduced by a Hamilton 
syringe into 5 mL volumetric flasks and diluted with sulfuric 
acid of appropriate concentrations. Ultraviolet spectra of the 
solutions were then recorded by a Unicam SP.800 spectro- 
photometer with a cell block thermostatted at 25.0 + 0.l0C. 
Spectral curves were analyzed by conventional methods (26) 
at the h,,, of the neutral species. (Medium effects (9) were 
small, except for 1,3-diphenyl-2-thiohydantoin, and were 
neglected.) Results are given in Table 1. 

Activity Coeficient Determinations 
Stock solutions of the 2-thiohydantoins in chloroform 

(-0.025 M )  were prepared. Aliquots (5 mL) of the solutions 
were shaken with 10 mL of distilled water or with 10 mL of 
sulfuric acid of the appropriate concentration at  25.0 + 0.l0C. 
Optical densities of the aqueous and chloroform layers were 
then recorded by a spectrophotometer. The ratios of dis- 
tribution coefficient in pure water to that of the acid solutions, 
corrected for protonation, gave the activity coefficients of the 
2-thiohydantoins in the acid solutions (22). 
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The self-association of naturally occurring purine nucleoside 5'-monophosphates 
in aqueous solution1 

KLAUS J .  NEUROHR A N D  H E N R Y  H .  MANTSCH 
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KLAUS J. NEUROHR and HENRY H. MANTSCH. Can. J. Chem. 57. 1986(1979) 
The parameters characterizing the base-stacking self-association of adenosine, inosine, and 

guanosine 5'-monophosphate have been obtained from 'H nmr dilution studies. The thermo- 
dynamic parameters for the formation of adenosine 5'-monophosphate stacks are AH0 = 
- 14.5 kJ mol-' and AS0 = -42.3 J K - '  mol-', with an apparent equilibrium constant of 
Kc = 1.92 M - '  at 30°C. The corresponding equilibrium constants for the self-association of 
inosine and guanosine 5'-monophosphate are 1.36 M - '  and 1.29 M- ' ,  respectively. The nega- 
tive enthalpy and entropy changes cannot be explained by the concept of classical hydrophobic 
interactions; however, they strongly support the conclusion that dipole induced dipole forces 
play a major role for base-stacking in aqueous solution. The sequence of the equilibrium con- 
stants for the purine nucleoside 5'-monophosphates can be well explained by the concept of 
mutual polarization. The stacking geometries for adenosine and inosine 5'-monophosphate 
are presented as obtained from fitting the experimental shift data to refined isoshielding con- 
tours. It is concluded that the stacking pattern is not restricted to a unique geometry. 

KLAUS J. NEUROHR et HENRY H. MANTSCH. Can. J. Chem. 57. 1986 (1979). 
Faisant appel a des etudes de rmn 'H a diverses dilutions on a pu dkterminer les paramktres 

caractkrisant I'auto-association par superposition des bases du monophosphate-5' de I'adkno- 
sine, de I'inosine et de la guanosine. Les paramktres thermodynamiques pour I'empilement du 
monophosphate-5' d'adtnosine sont AH0 = - 14.5 kJ mol-' et AS0 = -42.3 J K- '  mol-'; 
la constante d'equilibre apparente Kc = 1.92 M - '  a 30°C. Les constantes d'kquilibre corres- 
pondantes pour les monophosphates-5'd'inosine et de guanosine sont respectivement 1.46 M -  
et 1.29 M - ' .  On ne peut pas expliquer les changements negatifs d'enthalpie et d'entropie a 
I'aide du concept d'interactions hydrophobes classiques; toutefois elles supportent fortement 
la conclusion que les forces dipolaires induites par des dipoles jouent un r61e important dans 
I'empilement des bases en solution aqueuse. L'ordre des constantes d'equilibre de mono- 
phosphates-5' des nuclkosides de bases purines peut facilement &tre explique par le concept de 
la polarisation mutuelle. On presente les geomttries d'empilement des monophosphates-5' 
d'adenosine et d'inosine telles qu'on les a obtenues en ajustant les donntes concernant les 
dtplacements expkrimentaux avec les contours affinks d'isoblindage. On en conclut que les 
empilements ne sont pas restreints a une seule gtometrie. 

[Traduit par le journal] 

Introduction Interactions involving base-stacking also play an 

~h~ association of naturally occurring nucleo- important role in the selective recognition of individ- 
bases, nucleosides, and nucleotides in aqueous solu- ual nucleotides by macromolecules such as  rotei ins 
tion has been the subject of numerous investigations and enzymes (41, 42). 

by various experimental techniques such as vapour Despite many studies devoted to the solution con- 

pressure osmometry, microca~orimetry, equilibrium formation of purine nucleotides and in particular to 
sedimentation, ultrasound and uv, cd, ir, and nmr the stacking geometry of adenosine 5'-monophos- 
spectroscopy (1-38). The field has been reviewed by phate (1 1, 12, 19, 33, 43-46), so far no attempts have 
Ts'o (8, 15). It  is generally agreed that the self-asso- been made to parameters 

ciation of these is of the stacking type characterizing the self-association of purine mono- 

and that it proceeds beyond the dimer stage (2,6, 19). ducleOtides. In the present we describe the 

lt is also well established that the stacking affinity of parameters characterizing the self-association, in 

the nucleobases, and not hydrogen bonding, repre- aqueous solution, of the naturally occurring purine 
sents the major contribution to the free energy sus- n~cleotides adenosine 5'-monophosphate (5'-AMP), 
taining the nucleic acid secondary stiucture (39, 40). inosine 5'-monophosphate (5'-IMP), and guanosine 

5'-monophosphate (5'-GMP). Apparent equilibrium 
'NRCC No. 17446. constants, dimer shifts, and the corresponding Gibbs 

0008-4042/79/15 1986-09$0 1 .OO/O 
01979 National Reseal-ch Council of Canada/Conseil national de recherches du Canada 
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NEUKOHR AND MANTSCH 1987 

energy changes are obtained from the concentration 
dependence of individual proton nmr shifts. 

Experimental 
Sarnple Prepnmtiorz 

All biochemicals were commercial products of the highest 
available purity. Adenosine 5'-monophosphate, inosine 
5'-monophosphate, and guanosine 5'-monophosphate (sodium 
salts) were from Boehringer Mannheim. Nuclear magnetic 
resonance samples were prepared in 99.8z D,O at pD 7.4 
(meter reading), containing 10 mM phosphate buffer, 1 mM 
NaCI, 50 WM EDTA, and 1 mM tert-butanol. Individual 
nucleotide concentrations were accurately determined from 
the ultraviolet absorption, using E,~,'" = 15.4 for 5'-AMP, 
E . , ~ ' ~ '  = 12.7 for 5'-IMP, and E,,,'~' = 13.7 for 5'-GMP, 
respectively. 

N~rclem. Magnetic Resonarzce Menslirerrients 
The 'H nmr spectra were taken at 100 MHz with a Varian 

XL 100/12 spectrometer operating under a Varian 620/L data 
system. The digital resolution was 0.0025 ppm, the 90" pulse- 
time 20 ~ s .  The temperature of the probe was regulated with 
the Varian temperature controller and monitored with a special 
thermometer in the probe. Unless specified otherwise, the 
probe temperature was 30°C. Typically three, but at least two, 
independent measurements were made for each sample. All 
proton chemical shifts were measured with respect to tert- 
butanol as internal reference. For the evaluation of association 
parameters and all other calculations a PDP 811 computer was 
used. 

Results and Discussion 

The Self-association of Adenosine 5'-Monophosphate 
As a probe for studying the concentration-depen- 

dent intermolecular association of this adenine 
nucleotide, we used the 'H nmr resonances of the 
base protons in position 8 (AS) and 2 (A2) and that 
of the ribose proton in position I'  (Al') (see inset in 
Fig. l), which are well separated from the resonances 
of the other strongly coupled ribose protons and have 
been assigned unequivocally in the literature (7, 47, 
48). The resonances of these three protons undergo 
remarkable upfield shifts (increased shielding) with 
increasing 5'-AMP concentration, as displayed in 
Fig. 1. The differences in the magnitude of the shifts 
observed for individual protons is used in deriving 
the stacking geometry for 5'-AMP aggregates, as will 
be shown later. From the concentration-dependence 
of these 'H chemical shifts. we have obtained the 
equilibrium constants characterizing this association, 
by applying the isodesmic model of Dimicoli and 
Htlkne (49, 50). Figure 2 shows a typical plot, accord- 
ing to this model, of ( 6 o / ~ ) " ~  versus 60  at 16"C, with 
similar plots for other temperatures (60 is the differ- 
ence between the chemical shift of a particular 
5'-AMP proton at concentration C and that at 
infinite dilution). From the slope of the linear traces 
in this plot, apparent microscopic equilibrium con- 

5'- AMP CONCENTRATION (mM) 

FIG. 1. ' H  nmr chemical shift differences (Fo) for the 
5'-AMP protons A2 (O), A8 (M), and Al '  (A) (see inset), as a 
function of 5'-AMP concentration, at 16°C and pH 7.4; Fo is 
defined as o - oo,  where o is the observed chemical shift at a 
given concentration, C, and oo is the extrapolated chemical 
shift for infinite dilution. 

4 

1 I I 

0 10 20 30 40 50 

6u(Hz) 

FIG. 2. Graphical evaluation of the apparent equilibrium 
constant for the self-association of 5'-AMP at l6OC and pH 
7.4 according to the isodesmic model (49), determined from 
the concentration dependent chemical shift differences of the 
A2 (O), A8 (M), and Al '  (A) protons. 

stants were obtained for the individual protons, 
while the x,-intercepts yielded the corresponding 
dimer shifts. 

In order to derive thermodynamic parameters, 
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TABLE 1. Effect of temperature on the apparent equilibrium constant (Kc), the corresponding Gibbs 
energy change (AGO), and the dimer shift (60,~) for the self-association of 5'-AMP according to the 

isodesmic model at pH 7.4 

'Estimated errors for these microscopic equilibrium constants are 6-109,. 
bProton averaged equilibrium constant. 
=Standard Gibbs energy changes were obtained from Lhe proton averaged equilibrium constants. 
*Estimated errors for the dimer shifts are 1-39,. 

5 ' -AMP CONCENTRATION (mM) 

FIG. 3. Effect of temperature on the base-stacking associa- 
tion of 5'-AMP. Chemical shift differences are displayed for 
the A2 base proton as a function of 5'-AMP concentration at 
16°C (A), 30°C (a), 45°C (.I, and 60°C (0). 

we also investigated the concentration dependence 
of these 'H  chemical shifts at various temperatures. 
With increasing temperature, downfield shifts were 
observed, indicating a breakdown of the stacking 
aggregates. Displayed in Fig. 3 is the temperature 
effect on the chemical shift of the A2 proton of 
5'-AMP. A similar temperature dependence is ob- 
tained for the A8 and Al '  protons. The corresponding 
equilibrium constants, dimer shifts, and Gibbs 

FIG. 4. van't Hoff plot representing the variation of the 
logarithm of the apparent equilibrium constant Kc (obtained 
from the A2 base proton of 5'-AMP) with reciprocal tem- 
perature. 

energy changes are given in Table 1. Both the equi- 
librium constants and standard Gibbs energy changes 
reported here are based on concentrations, as 
recommended by the ICSU Commission on Bio- 
thermodynamics (51). The magnitude of the equi- 
librium constant decreases with increasing tempera- 
ture; the Gibbs energy changes reveal that the ten- 
dency of self-association a t  16°C is about twice that 
a t  60°C. 

The thermodynamic parameters characterizing 
the association phenomenon have been computed 
from the equilibrium constants of the A2 proton ob- 
tained a t  different temperatures. Figure 4 shows a 
van't Hoff plot for this proton. From the tempera- 
ture dependence of the apparent equilibrium con- 
stant Kc, we obtained an enthalpy change of - 14.5 
kJ mol-' with an entropy change of -42.3 J K-' 
mol-' for the self-association of 5'-AMP. These 
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NEUKOHR A N D  MANTSCH 1989 

TABLE 2. Thermodynamic parameters characterizing the association through base-stacking of 
adenine derivatives in aqueous solution'' 

AH0 AGO AS0 K c  
Compound (kJ mol- I) (kJ mol- ') (J K-  ' mol-I) ( M -  I )  Ref. 

5'-AMP -14.5 - 1.6 -42.3 1 .gb 
Adenosine d -3 .7  d 4.5b 4 
Deoxyadenosine -27.2 -4 .8  -75.3 6.8' 8 

' A u ~ a r e n t  eauilibriuni constants for 25°C. unless otherwise s~ecified 
bF%m nmr. ' 
 this study; K ,  Tor 30°C. 
"0 temperature studies available. 
=From osmometry. 
JFrom microcalorimetry. 
gK, for 20°C. 

thermodynamic parameters are compared in Table 
2 with literature values for other adenine derivatives 
which also undergo self-association via base-stack- 
ing; the sign and order of magnitude of AH' and 
AS0 for 5'-AMP compares well with these data. There 
is an obvious decrease in the equilibrium constant in 
the sequence: nucleobase, nucleoside, nucleotide. 
Methyl substitution at the 6-amino group increases 
the tendency for self-association of the adenine base 
moiety (9, 15, 23, 24). 

The Stacking Geotnetry of Adenosine 5'-Monophos- 
phate Aggregates 

Several studies have been devoted already to the 
geometry of 5'-AMP stacking aggregates (1 1, 12, 19, 
33). This geometry was derived from experimental 
'H  nmr shifts which were fitted to the theoretically 
computed isoshielding contours for the adenine base 
moiety (52). It is, however, not possible to derive a 
unique stacking geometry from only these data;  thus, 
two different geometries have been proposed, leading 
to different placements of the ribosyl substituents 
relative to each other. While Ts'o and co-workers 
(4, 8, 15) and Evans and Sarma (19) have proposed a 
head-to-head arrangement, which places the ribosyl 
moieties on the same side of the stack, more recent 
results (11, 12, 33), based mainly on nuclear Over- 
hauser effect studies and 'H spin-lattice relaxation 
time measurements, favoured the head-to-tail ar- 
rangement, where the ribosyl moieties are placed on 
opposite sides of the stack. The older calculations of 
isoshielding contours were based on the ring current 
effect only. Recently, these calculations were refined 
by Giessner-Prettre and Pullman by including the 
anisotropy of atomic diamagnetic susceptibility (53). 
Inspection of the new isoshielding contours reveals 
that the introduction of the atomic contribution 
leads to  an increase in shielding, which for adenine 

amounts to about 25%. The head-to-head and head- 
to-tail base-stacking patterns obtained for 5'-AMP 
by fitting the experimental dimer shifts from Table 1 
to  the new isoshielding contours are displayed in 
Figs. 5a and 56, respectively. It is interesting to note 
that both models are in agreement with the experi- 
mental nmr shift data and it is not possible to favour 
one of these geometries over the other. These stacking 
patterns have been constructed according to the iso- 
desmic model of Dimicoli and HClGne (49) which 
takes into account the magnetic anisotropy of nearest 
neighbours only, and assumes that these effects are 
additive. Shielding effects at twice the intermolecular 
distance are very small. The change in chemical shift 
of a molecule located inside an 11-mer, relative to the 
free molecule, is therefore assumed to be twice that 
observed in the dimer. The stacking patterns in Figs. 
5a and 5b show dimers; however, they also apply to  
n-mers where 5'-AMP molecules are added to both 
sides of the initial stack, leading to a perpetual head- 
to-head or head-to-tail stacking pattern. Sarma and 
co-workers (54-56) have determined the molecular 
topology of 3',5'-, and 2',5'-pApAp dinucleotides in 
aqueous solution. In the first case the two adenine 
bases show a preference for a head-to-head stacking 
while the arrangement in the latter case is neither 
head-to-head nor head-to-tail. It was further shown 
by one of us (36), that the N(1)-oxide analog of 
5'-AMP undergoes an anomalous base-stacking in 
aqueous solutions where only the imidazole moieties 
overlap, while the pyrimidine moieties are not in- 
volved in the stacking. 

The results in this study, along with the above ob- 
servations, lead to the conclusion that the exact 
geometry of interacting adenine nucleotides can be 
different. Individual nucleotide molecules are in rapid 
motion and base-stacking is a very fast process; ultra- 
sonic studies ofthe self-association of N(6,6)-dimethyl- 
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rotate freely in the plane of stacking. From the rate 
constant for dissociation of N(6,6)-dimethyladenine 
(6.6 x lo7 s-I) ,  the mean time for which two neigh- 
bouring bases are associated has been calculated to  
be 1.5 x s (57). This value has to be compared 
with the dielectric relaxation time measured for 
N(6,6)-dimethyladenine at the same temperature, 
approximately 2 x 10-1°s (57). The comparison 
indicates that there is ample time for the rotation of 
individual molecules relative to  each other within an 
aggregate of n monomers, before it dissociates a t  any 
of the (n - 1) possible sites. Recent proton nmr data 
(33) yielded a reorientational correlation time for 
5'-AMP of 1.1 x lo-'' s at  30°C, which again is 
much shorter than the mean time for which two 
neighbouring bases are associated. 

The above studies show that the bases in the plane 
of stacking are very mobile and that the stacking 
interaction is not restricted to a unique geometry. I t  
is thus most likely that both head-to-head and head- 
to-tail stacking geometries are formed when 5'-AMP 
molecules interact via base-stacking in aqueous solu- 
tion. Also, due to  the flexibility about the glycosidic 
bond, 5'-AMP should be able t o  assume any geom- 
etry, which optimizes both in-plane hydrogen bonding 
and out-of-plane base-stacking interactions with a 
given receptor macromolecule. 

The Self-associatiot~ and Stacking Ge0171etl.) of 
111osine 5'- Monophosphate 

This purine nucleotide is the immediate precursor 
in the pathway for the biosynthesis of 5'-AMP (58). 
It is found in the anticodon loop of many t-RNAs 
(59); besides other unus~ial bases. such as  the Y-base 

FIG. 5. Display of the head-to-head ( (1 )  and  head-to-tall (b) 
base-stacking patterns of 5'-AMP. The ellipsoidal-shaped 
shielding contours represent the shielding (in ppm) experienced 
by the adenine base protons of the top 5'-AMP molecule 
(broken lines) due to the sum of the ring current effect a n d  the 
anisotropy of atomic diamagnetic susceptibility of the adenine 
moiety of the bottom 5'-AMP molecule (solid lines). Both 
n~odels  have been constructed by fitting the 5'-AMP dimer 
shifts So,,, at 16°C from Table 1 to the recently revised iso- 
shielding values for protons located 3.4 A above the adenine 
base (53). 

adenosine (38) and of similar adenine derivatives 
(9,21,27) have led to  rate constants of the magnitude 
of lo9 s-'  M - ' ,  indicating that base-stacking is a 
diffusion-controlled process. The dielectric properties 
of aqueous solutions of nucleobases and nucleosides 
were recently investigated by Shepherd and Schwarz 
(57). According to  the single relaxation times found 
for the individual solute dispersions, an  aggregation 
model had been suggested, where each monomer can 

br the $-base, the hypoxanthine base of this nucleo- 
tide seeins to  play an important role in establishing 
the characteristic tertiary structure of t-RNA and is 
essential for its biological activity. Therefore, it be- 
comes important to gain some information regarding 
the stacking capability of this base a t  the nucleotide 
level, particularly in comparison with that of the 
other naturally occurring purine nucleotides 5'-AMP 
and 5'-GMP. 

We have measured the concentration dependence 
of the 'H nmr chemical shifts of inosine 5'-mono- 
phosphate and monitored the resonances of the non- 
exchangeable inosine protons 12, 18, and 11' (see 
Fig. 6, inset). The chemical shift differences for these 
protons are shown in Fig. 6 as a function of 5'-IMP 
concentration. All three protons show upfield shifts 
with increasing concentration. The shifts of the in- 
dividual protons are very similar in magnitude, in 
contrast to  5'-AMP, where the proton in position 2 
showed a much larger shift compared to  those in 
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TABLE 3. Equilibrium constants, standard Gibbs energy changes, and dilner shifts characterizing the 
self-association of naturally occurring purine nucleoside 5'-n~onophosphates in aqueous solution" 

Nucleotide H8 H2 H1' ( M - ' ) "  (kJ m ~ l - ' ) ~  H8 H2 H1' 

5'-AMP 1.91 1.96 1.88 
5'-IMP 1.07 1.79 1.22 
5'-GMP 1.06 - 1.52 

"All parameters refer to 30°C and pH 7.4. 
bProotn averaged apparent equilibrium constant. 
Standard Gibbs energy changes were obtained from the 

5' -  IMP CONCENTRATION (mM) 

FIG. 6. Dependence of IH ninr chen~ical shifts for the ino- 
sine protons 12 (@), I8 (m), and 11' (A) on 5'-IMP concentra- 
tion at  30°C and pH 7.4; 60 is defined as in Fig. 1. 

position 8 and 1'. We also performed an analysis of 
the chemical shift differences for 5'-IMP according 
to the isodesmic model; the corresponding micro- 
scopic equilibrium constants and dimer shifts, along 
with the proton averaged apparent equilibrium con- 
stant and the Gibbs energy change, are summarized 
in Table 3. Although Kc is smaller for 5'-IMP and 
AGO is about half that for 5'-AMP, this nucleotide 
also can engage in base-stacking interactions via its 
hypoxanthine base. 

As in the case of 5'-AMP, the dimer shifts for the 
three protons investigated can be used to  derive a 
model for the 5-IMP stacking aggregates. The theo- 
retical isoshielding contours for the hypoxanthine 
base were sent to us by Dr. Giessner-Prettre prior to  
publication. In the calculation based on the ring cur- 
rent effect, the centre of shielding with a value of 
0.76 ppm is located in the five-membered imidazole 
ring, unlike the situation with adenine where it has a 
considerably higher value and is localized in the six- 
membered pyrimidine ring. The second zone of 
shielding in 5'-IMP, with a value of 0.38 ppm, ex- 

proton averaged constants. 

FIG. 7. Display of the head-to-tail stacking pattern of 
5'-IMP. The contours show the shieldings (in ppm) experienced 
by the base protons of the top 5'-IMP molecule (broken lines) 
due to the ring current effect of the hypoxanthine base of the 
bottom 5'-IMP molecule (solid lines). The model was con- 
structed from the 5'-IMP dimer shifts and the isoshielding 
contours calculated for a plane 3.4 A above the hypoxanthine 
base (C. Giessner-Prettre. Private coinn1unication). 

tends over both the five- and six-membered rings of 
the hypoxanthine base, while the third shielding con- 
tour covers the periphery of the two rings, where the 
two aromatic protons are located, and has a value of 
only 0.19 ppm. The shielding values for the hypoxan- 
thine base are thus remarkably smaller than the 
corresponding values for the adenine base. This ex- 
plains the much smaller upfield shifts observed for 
the 5'-IMP protons with increasing concentration, 
compared to the shifts for the corresponding 5'-AMP 
protons. Figure 7 illustrates a head-to-tail model for 
two stacked 5'-IMP molecules as obtained from 
fitting the dimer shifts in Table 3 to the isoshielding 
contours of Giessner-Prettre. Again, it has to be 
pointed out that this model represents only one of the 
possible stacking geometries and, as in the case of 
5'-AMP, a head-to-head model would also be in 
agreement with the chemical shift data. 
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5'-GMP CONCENTRATION (mM1 

FIG. 8. 'H nmr chemical shift differences for the guanosine 
protons G8 (W) and G1' (A) as a function of 5'-GMP concen- 
tration at 30°C and pH 7.4; 60 is defined as in Fig. 1. 

The Self-association of Gunnosine 5'-Monopl7ospliate 
Guanosine 5'-monophosphate has been shown to 

possess a unique ability to undergo spontaneous for- 
mation of a regular, ordered structure in aqueous 
solution. Guschlbauer and co-workers (60, 61) 
demonstrated that guanosine derivatives, in contrast 
to all other bases, have a strong tendency towards 
gel formation. The guanine base moieties first asso- 
ciate via hydrogen bonding to form a planar tetramer; 
two such tetrainers then form octamers. which stack 
up to form highly viscous pseudopolymers. Pinnavaia 
et al. (28) investigated the 220 MHz proton nmr 
spectra of neutral 5'-GMP in aqueous solutions at  
fairly high concentrations. With-increasing concen- 
tration and (or) decreasing temperature, the sharp G8  
resonance broadens and two, later three, new G8 
lines occur due to  formation of a new reeular struc- " 
ture in slow chemical exchange with unassociated 
monomers or stacked aggregates. 

In order to  compare the association parameters for 
5'-GMP with those obtained for 5'-AMP and 
5'-IMP, we also measured the concentration depen- 
dence of the ' H  chemical shifts of the non-exchange- 
able 5'-GMP protons G8  and G I '  a t  fairly low con- 
centrations (up to 390 mM). As demonstrated by the 
concentration-dependent upfield shifts in Fig. 8, this 
concentration range is dominated by the formation 
of stacking aggregates, similar to -those observed 
with 5'-AMP and 5'-IMP, which are in rapid chem- 
ical exchange with monomers and give time-averaged 
nmr spectra. The chemical shift differences were 
analyzed according to the isodesmic model; the ap- 
parent equilibrium constants, the Gibbs energy 
change, and the dimer shifts obtained from the two 
observable 5'-GMP protons are compared in Table 3 

with the corresponding association parameters for 
the other two purine nucleotides. As can be seen from 
this table, due to the large diamagnetic ring current 
of the adenine base, 5'-AMP shows the highest ten- 
dency for self-association among the naturally oc- 
curring purine nucleotides. 5'-IMP and 5'-GMP 
have a similar, but considerably smaller tendency to  
form such aggregates in aqueous solutions. In the 
case of 5'-GMP, at  concentrations above 400 mM, 
the self-association through base-stacking of 5'-GMP 
monomers is in competition with the formation of 
hydrogen bonded pseudopolyiners (28). 

Concluding Remarks 

In spite of numerous publications dealing with the 
stacking properties of nucleobases, the nature of this 
interaction is still not fully understood. As base- 
stacking occurs only in water, the hydrophobic nature 
of this phenomenon has been strongly emphasized. 
classical hydrophobic interactions are characterized 
by positive enthalpy and positive entropy changes 
(62). The base-stacking self-association of nucleo- 
bases, however, is accompanied by negative enthalpy 
and entropy changes, as has been directly obtained 
from calorimetric measurements of several systems 
(3, 5, 13), and is shown here for the 5'-AMP nucleo- 
tide. Moreover, the hydrophobic interaction is a 
rather unspecific phenomenon, which cannot ac- 
count for the observed high specificity of the base- 
stacking interaction. Although the involvement of  
classical hydrophobic interactions in the stabilization 
of stacking complexes of alkylated uracils has been 
demonstrated (29), there is little doubt that in the 
case of highly polarizable purine derivatives, dipole 
induced dipole forces play a major role in this type 
of interaction (9, 22, 30). This conclusion is also sup- 
ported by X-ray data (63); stacking patterns of purine 
bases in the crystal reveal base-base interactions 
with only partial overlap between neighbouring 
bases and with ~ o l a r  substituents of one base located 
over the ring system of an adjacent base (63). From 
this, the concept of mutual polarization of adjacent 
base moieties by partial bond moments was put for- 
ward (22). ~ c c o r d i n ~  to  this concept, the stacking 
affinity between two adjacent bases is dependent on 
the degree of mutual polarization, where polarization 
depends both on polarizability and polarizing power. 

The polarizability of an aromatic or heteroaro- 
inatic ring system, such as that of the purine bases, 
arises from the total electron density above and 
below the molecular plane. The polarizing strength 
is related to  the bond moments of the nucleobases, 
due to  the sp2 nitrogen atoms and the polar keto and 
amino substituents. Since all nucleobases are rela- 
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N E U R O H R  A N D  M A N T S C H  

TABLE 4. Correlation between the intermolecular shielding values of purine bases and the ap- 
parent equilibrium constants for the corresponding nucleoside 5'-monophosphates 

Adenine Hypoxanthine Guanine 

Intermolecular shielding values" 1 .62  1.13 1.05 
Kc for corresponding nucleoside 5'-monophosphatesb 1.92 1.36 1 .29  

'Largest shielding (in ppm), due to the sum of the ring current and the anisotropy of atomic diamagnetic sus- 
ceptibility in a plane 3.4 A from the molecular surface (ref. 53 and G. Giessner-Prettre. Private communication). 

bProton averaged equilibrium constants (in M - ' )  obtained at  30°C and pH 7.4, from the isodesmic model. 

tively polar compounds, the polarizing power is not 
the limiting factor and the free energy for self-asso- 
ciation should be governed by the pblarizability of 
the nucleobases. In Table 4 we compare the inter- 
molecular shielding values for the purine bases which, 
at least to a first approximation, should parallel the 
polarizability of the bases, with the protin averaged 
equilibrium constants for the corresponding nucleo- 
tides, which should be representative for the degree 
of association. The data in Table 4 show that the 
magnitude of the intermolecular shielding values, 
and thus the polarizability, decreases in the order 
adenine, hypoxanthine, guanine. It is interesting that 
not only do the equilibrium constants follow these 
isoshielding values, but the larger difference between 
adenine and hypoxanthine and the smaller difference 
between hypoxanthine and guanine are closely paral- 
leled in both sequences. Therefore we may conclude 
that the concept of mutual polarization is very useful 
in explaining the stacking affinities between nucleo- 
bases. 

Acknowledgments 

We express our thanks to Dr. I. C. P. Smith for 
helpful criticism and to Drs. Giessner-Prettre and 
Pullman for providing us with the isoshielding con- 
tours for the hypoxanthine base prior to publication. 
We are also grateful to the Deutsche Akademische 
Austauschdienst, Bonn, for a research fellowship 
to K.J.N. 

I. P. 0 .  P. Ts'o, I .  S .  MELVIN.  iind A. C.  OLSON. J .  Am. 
Chem. Soc. 85, 1289(1963). 

2. G. P. ROSETTI and K. E .  V A N  HOLDE. Biochem. Biophys. 
Res. Commun. 26,717 (1967). 

3. S.  J .  GILL.  M. DOWNING. and G. F.  SHEATS. Biochemistry. 
6,272 (1967). 

4. A. D. BROOM. M. P. SCHWEIZER. and P. 0.  P. Ts 'o.  J .  Am. 
Chem. Soc. 89,3612(1967). 

5. E. L .  FARQUHAR. M. DOWNING,  and S .  J .  G ILL .  Bio- 
chemistry, 7, 1224 (1968). 

6. M. P. SCHWEIZER. A. D. BROOM, P. 0 .  P. Ts'o, and D. P. 
HOLLIS. J .  Am. Chem. Soc. 90, I042 (1968). 

7. P. 0. P. Ts'o, N. S .  KONDO, M. P. SCHWE~ZER,  and D. P. 
HOLLIS. Biochemistry, 8,997 (1969). 

8 .  P. 0 .  P. Ts'o. In Fine structure of proteins and nucleic 
acids. Ediredby G.  D. Fasman and T .  N. Timasheff. Marcel 
Dekker, New York. NY. 1970. p. 49. 

9. D. POERSCHKE and F.  EGGERS. Eur. J .  Biochem. 26, 490 
(1972). 

10. H. T .  MILLS and J .  FRAZIER.  Biochem. Biophys. Res. 
Commun. 49, 199(1972). 

11. M. GUERON,  C. CHACHATY, and T .  D. SON. Ann. N.Y. 
Acad. Sci. 222,307 (1973). 

12. T. D. SON and C. CHACHATY. Biochim. Biophys. Acta, . ~ 

335. l(1973). 
13. M. G. MARENCHIC and J .  M. S T U R T ~ V A N T .  J .  Phvs. Chem. 

77.544(1973). 
14. V. L. ANTONOVSKY. A. S .  GUKOVSKAJA. G. V. NEKRA- 

SOVA, B. J .  SUKHORUKOV, and 1. 1. TCHERVIN.  Biochim. 
Biophys. Acta. 331.9 (1973). 

15. P. 0 .  P. Ts'o. Irl Basic principles in nucleic acid chemistry. 
Vol. 1. Edir~ri  by P. 0 .  P. Ts'o. Academic Press. New 
York, NY. 1974. p. 526. 

16. G. R. KELLY and T .  KURUCSEV. Biopolymers, 13, 769 
(1974). 

17. R. BRETZ. A. LUSTIG. and G .  SCHWARZ. Biophys. Chem. 
1. 237 (1974). 

18. D. J .  PATEL. Biochemistry. 13. 1476(1974). 
19. F. E. EVANS and R. H .  SARAIA.  Biopolymers, 13. 2117 . - 

(1974). 
20. F. E. EVANS and R. H .  SARMA.  J .  Biol. Chem. 249, 4757 

( 1974). 
21. F.  GARLAND and R. C.  PATEL. J .  Phys. Chem. 78, 848 

( 1974). 
22. R. LAWACZECK and K. G. WAGNER.  Biopolymers. 13,2003 

(1974). 
23. W. SCHIMMACK,  H. SAPPER, and W. LOHMANN. Biophys. 

Struct. Mechanism. 1. 113 (1975). 
24. W. S C H I M ~ . ~ A C K ,  H. SAPPER, and W. LOHMANN.  Biophys. 

Struct. Mechanism. 1, 3 1 1  (1975). 
25. M. P. HEYN and R. BRETZ. Biophys. Chem. 3,35(1975). 
26. T .  R. KRUGH and Y. C. C H E N .  Biochemistry. 14, 4912 

( 1975). 
27. F.  GARLAND and S.  D. CHRIST-IAN. J .  Phys. Chem. 79, 1247 

(1975). 
28. T .  J .  PINNAVAIA. H.  T .  MILES. and E. D. BECKER. J .  Am. 

Chem. Soc. 97,7198 (1975). 
29. E. PLESIEWICZ, E. STEPIEN. K. BOLEWSKA. and K.  L. 

WIERZCHOWSKI. Biophys. Chem. 4. 131 (1976). 
30. E. PI.ESIEWICZ. E. STEPIEN,  K. BOLEWSKA, and K. L. 

WIERZCHOWSKI. Nucleic Acids Res. 3. 1295 (1976). 
31. T .  J .  GIL.LIGAN and G. SCHWARZ. Biophys. Chem. 4, 55 

(1976). 
32. W. EGAN. J .  Am. Chem. Soc. 98.4091 (1976). 
33. A. P. ZENS, T .  A. BRYSON, R. B. DUNLAP,  R. R. FISHER,  

and P.  D. ELLIS. J .  Am. Chem. Soc. 98.7559 ( 1976). 
34. L. P.  VICKERS and G .  K. ACKERS. Arch. Biochem. 

Biophys. 174,747 (1976). 
35. Y. F. LAM and G. KOTOWYCZ. Can. J .  Chem. 55, 3620 

(1977). 
36. H.  H.  MANTSCH and 0. BARZU. Z. Naturforsch. 32c. 901 

(1977). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1994 CAN. J. CHEM. VOL. 57, 1979 

37. M. MATTHIES i ~ n d  G. Z U N D E L .  J .  Chem. Soc. Perkin 
Trans. 2. 14. I824 (1977). 

38. M. P. H E Y N ,  C.  U.  NICOLA, and G. SCHWARZ. J .  Phys. 
Chem. 81. 161 l(1977). 

39. G.  FELSENFELD and H. T .  MILES. Ann. Rev. Biochem. 36. 
407 ( 1967). 

40. R. H. SARMA and S .  S .  D A N Y L U K .  Int. J .  Quantum Chem. 
4,269 (1977). 

41. I .  L ~ s c u , T .  B A R Z U , N .  G.  T Y .  L .  D. N c o c . 0 .  B A R Z U . ~ ~ ~  
H. H. MANTSCH. Biochim. Biophys. Acta, 482.251 (1977). 

42. 0 .  BARZU, R. T I L I N C A ,  D. PORUTIU, V. GORUN.  G .  
J E B L I - E A N U ,  L .  G. NCOC, M. K E Z D I ,  I. G O I A ,  and H .  H .  
MANTSCH. Arch. Biochem. Biophys. 182.42 (1977). 

43. C. CHACHATY a n d G .  LANGLET.  FEBS Lett. 68. 181 (1976). 
44. C. CHACHATY. T .ZEMB.  G. LANCLE-I., and T. D. SON. Eur. 

J .  Biochem. 62,45 (1976). 
45. T .  Ibroro, S. SHIBATA,  K. AKASAKA,  and H .  HATANO. 

Biopolymel.~, 16,2705 ( 1977). 
46. C. F.  G.  C. GI:RAL.DES and R. J .  P. W I L L I A M S .  Eur. J .  

Biochem. 85.463 (1978). 
47. C. D. JARDET-ZKY and 0. JARDETZKY. J .  Am. Chem. Soc. 

82.222 (1960). 
48. I. FELDRIAN and R.  P. AGARWAL.  J .  Am. Chem. Soc.  90. 

7329 (1968). 
49. J .  L. DIMICOLI i ~ n d C .  H ~ L ~ N E .  J .  Am. Chem. Soc.95.1036 

(1973). 
50. K.  J .  NEUROHR. M.Sc. Thesis, Justus Liebig University, 

Giessen, West Germany. 1978. 
5 1. B. DREYFUS. Recommendations for measurement and pre- 

sentation of biochemical equilibrium data. CODATA Bul- 
letin 20. Paris. 1976. 

52. C.  GIESSNER-PRLT-I~HE ilnd B. P U L L M A N .  J .  Theor. Biol. 27. 
87 (1970). 

53. C. GIESSNER-PRETTIIE and B. P U L L M A N .  Biochem. Bio- 
phys. Res. Commun. 70.578 (1976). 

54. M. M. DHINCKA and R. H. S A R M A .  Nature (London), 272. 
798 (1978). 

55. D. M. CHENC and R. H .  S A R M A .  J .  Am. Chem. Soc.  99, 
7333 (1977). 

56. C. H. LEE,  F .  S .  EZRA, N. S .  KONDO.  R.  H.  S A R M A ,  and 
S .  S .  D A N Y L U K .  Biochemistry, 15,3627(1976). 

57. J .  C.  W. SHEPHERD and G. SCHWARZ. Biophys. Chem. 7. 
193 (1977). 

58. A. L .  L E H N I N C E R .  111 Biochemistry. 2nd ed.  Worth Pub- 
lishers. New Yol-k. NY. 1976. p. 729. 

59. S .  MANDELES. Nucleic acid sequence analysis. Columbia 
University Press. New York. NY. 1972. 

60. P. TOUCARD. J .  F.  CHANTOT, and W. GUSCHLBAUER.  
Biochim. Biophys. Acta. 308.9 (1973). 

61. W. GUSCHLBAUER.  It1 Nucleic acid structul-e. Springer 
Verlag, Berlin. 1976. p. 91. 

62. G.  NEMETHY and H .  A. SCHERAGA.  J .  Phys. Chem. 66, 
1773 (1962). 

63. C. E. B u c c .  Iti The purines-theory and expel-iment. The 
Jerusalem Symposia on Quantum Chemistry and 
Biochemistry, IV, Israel Academy of Sciences and 
Humanities, Jerusalem. 1972. p. 178. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Mass spectrometry of some furanocoumarins 

SHENG-YUH TANG,  JOHN C. MCGOWAN, MARSHA S I N G H ,  PAUL GALATSIS, 
B R I A N  E. ELLIS. A N D  ROBERT K. BOYD 

Gu~lph-Woto.loo Cet~tre fi)r. Grrrd~rrrte Work it1 Chrrnisty (Gltrlph C~tnprrs), Glrr lpl~, Otlt., Cotrtrtfo N l G  2 WI 

A N D  

STEWART A. BROWN 
Drprrrttnetrt ofChrtnistry, Tretlt Ut~ i~ers i ty ,  P ~ t ~ r I ~ o r , o ~ ~ , q j l ,  On!., C N I I ( I ~ ( I  K9J 7B8 

Received October 27. 1978 

SHENG-YUH TANG, JOHN C. MCGOWAN, MARSHA SINGH, PAUL GALATSIS, BRIAN E. ELLIS, 
ROBERT K. BOYD, and STEWART A. BROWN. Can. J.  Chem. 57, 1995 (1979). 

The mass spectra of two isomeric methoxyfuranocoumarins have been investigated using 
electron-impact ionisation. Unambiguous distinction between the two isomers is possible 
through a combination of conventional mass spectra with collision-induced dissociations of 
the molecular ions and of selected fragment ions. The fragmentation mechanisms of these and 
related molecular systems were investigated in an attempt to identify the fate of each oxygen 
atom under electron-impact conditions. To this end, 2-pyrone, benzpyrone (coumarin), benzo- 
furan, and some of its structural isomers were synthesised and studied via metastable spectra, 
collisionally activated spectra, appearance potentials, and kinetic energy release. Only partial 
success was achieved in this investigation, but it was possible to write a mechanistic scheme con- 
sistent with the present findings and literature data. If valid, this scheme permits identification 
of two of the four oxygen atoms in the methoxyfuranocoumarins. 

SHENG-YUH TANG, JOHN C. MCGOWAN, MARSHA SINGH, PAUL GALATSIS, BRIAN E. ELLIS, 
ROBERT K. BOYD et STEWART A. BROWN. Can. J. Chem. 57. 1995 (1979). 

On a ttudie la spectroscopie de masse de deux mCthoxyfurannocoumarines isomeres sous 
impact Clectronique. On peut distinguer les deux isomtres sans ambiguitt grhce une com- 
binaison de la spectroscopie de masse conventionnelle avec des dissociations induites par des 
collisions d'ions molCculaires et d'ions fragmentes sClectionnCs. On a CtudiC les mCcanismes 
de fragmentation de ces systemes moleculaires et d'autres qui leur sont apparent& afin 
d'identifier le sort de chacun des atomes d'oxygene sous des conditions d'impact Clectronique. 
A cette fin, on a synthetise la pyrone-2, la benzpyrone (coumarine), le benzofuranne et quel- 
ques-uns de ses isomeres de structure et on les a Ctudits grhce a des spectres mttastables, des 
spectres activCs par collision, a leur potentiels d'apparition et par leur habilitt perdre de 
I'tnergie cinttique. On n'a obtenu que des succts partiels au cours de cette Ctude; il est toutefois 
possible de proposer un schtma mkcanistique en accord avec nos donnCes et celles de la 
litttrature. Si ce schtma est valable il permet I'identification de deux des quatre atomes 
d'oxygene des methoxyfurannocoumarines. 

[Traduit par le journal] 

Introduction 
The furanocoumarins are a group of plant prod- 

ucts of special interest for their dermal photosensi- 
tizing properties (1). Recent studies on their bio- 
genesis (2) have outlined the route of formation of 
the linear furanocoumarin carbon skeleton but the 
source of the aromatic ring hydroxyls remains to be 
established. As an approach to this question we have 
studied the mass spectrometric fragmentation pat- 
tern of substituted furanocoumarins in hopes of 
identifying specific oxygen-containing fragments 
uniquely derived from each oxygenated portion of 
the furanocoumarin molecule. This information 
would then allow the crucial "0, biogenesis experi- 
ments to be carried out. 

The furanocoumarins studied in the present work 
were psoralen (I), xanthotoxin (2), and bergapten 
(3). A coinprehensive review of the mass spectrom- 
etry of these and related coinpounds is available (3). 
In addition to the mechanistic studies, it was of inter- 
est to  develop a mass spectrometric technique capable 
of distinguishing between 2 and 3. The conventional 
electron-impact (EI) mass spectra of 2 and 3 are very 
similar. The approach adopted in the present work 

0008-4042179115 1995-09$0 1 .00/0 
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C-CH 

has been to use the fragmentation patterns of meta- 
stable and collisionally activated ions, decomposing 
in the first field region of a double-focussing mass 
spectrometer. The diagnostic capabilities of such 
techniques have been well documented (4). 

In addition, the identity of the oxygen atoms con- 
tained in neutral fragments expelled in various reac- 
tions was of interest from the biochemical viewpoint. 
The most unambiguous method of investigating this 
question would require synthesis of specific "0- 
labelled versions of 1-3. However, these were not 
available, and metastable ion (MI) and collisionally 
activated (CA) spectra of unlabelled 1-3 were used 
to investigate how far the oxygen atoms in 1-3 could 
be identified. T o  this end, the EI, MI,  and CA spectra 
of coumarin (4), benzofuran (5), phenoxyacetylene 
(6) ,  2-ethynylphenol (7), a-pyrone (8), and furan (9) 
were investigated. 

Experimental 
AII~IOI.~~IIS 

All mass spectronletric measurements were made on a VG 
Organic 7070F double focussing mass spectrometer, equipped 
with a VG 2025 data system, a collision cell in the first field- 
free region, and a Hall-effect probe with associated circuitry 
to permit linked-scans of both the B/E (daughter-ion spectra) 
and BZ/E (parent-ion spectra) types. Helium and nitrogen 
were used as collision gases, at pressures sufficient to reduce 
the main beam intensity to 3 0 z  of its original value. Appear- 
ance potentials were measured using an accurate 10-turn 
potentiometer controlling the accelerating voltage for the 
ionising electron beam. The peak of interest was tuned to oc- 
cupy the centre two-thirds of the monitoring screen, and the 
integrated signal (1 s scans) fed from the integrating ion mon- 
itor to a strip-chart recorder. 

Moterials 
The substances 1-9 were obtained as follows. 
Psorolet~ ( I ) ,  of natural origin, was a gift of Dr.  S. K. 

Mukerjee, Indian Agricultural Research Institute, New Delhi. 
It was purified by vacuum subliniation before use. 

Xot~tl~otoxiti (2) was obtained from Schwarz/Mann, 
Orangeburg, NY. 

Bergopten (3) was synthesised from isoimperatorin prepared 
using a published procedure (2). One gram of this isoimpera- 
torin was dissolved in 10 mL of glacial acetic acid, with stirring 
at  room temperature. Stirring was continued after the addi- 
tion of 4 drops of concentrated sulphuric acid. Bergaptol began 
to separate almost immediately. After 45 min, the product 
(505 mg) was filtered, washed, dried, and dissolved in methylene 

chloride without further purification. Treatment with a sub- 
stantial excess of diazomethane in ether converted the phenol 
to 3 in good yield. 

Co~rtliarin (4) was obtained from British Drug Houses, Ltd. 
2,3-Bet1zojlrron (5) was obtained from Aldrich Chemical Co. 
Plret~ox~~ocetylet~e (6) was prepared by a literature method 

(26, 27). The infrared spectrum (Beckman IR5A) was charac- 
terised by bands at 3310 cm- '  (=C-H), 2170 cm-'  ( C r C ) ,  
and 1240 cm-'  (aromatic C-0); the nmr spectrum (Varian 
A60 spectrometery) showed a distinctive absorption at  F = 
2.32 ppm, characteristic of an acetylenic proton. The in- 
tegrated nmr intensities gave a ratio very close to 5:  1 for the 
total aromatic proton to acetylenic proton intensities, as ex- 
pected. 

2-Etl1ynylpliet1yl(7) was also prepared by a literature method 
(28). The infrared spectrum showed bands at  3510 cm- '  
(aromatic 0-H), 3290 cm- '  (-C-H), 2140 cm-' (C-C), 
and 1220 cm-'  (aromatic C-0). The nmr spectrum had 
characteristic lines at  6 = 2.15 ppm (-C-H) and a broad 
band at F = 5.85 ppm, typical of a phenolic proton. The in- 
tegrated intensities were very close to 4:  1 : 1, for aromatic:ace- 
tylenic: phenolic protons, as required. 

2-Pyrotie (8) was prepared by an adaptation of a literature 
method (29), whereby the mercury salt of coumalic acid (10) 
was heated in a stream of dry nitrogen (rather than hydrogen 
(29)) to give 8 in low yield. The ir spectrum showed a broad 
absorption in the region 1600-1750 cm-' ,  with a distinguish- 
able band at  1700cm-'; the latter probably corresponds to the 
(C=O) stretch, superimposed upon the ring vibration frequen- 
cies. Bands at 1090 and 1045 cm-'  correspond to C-0 fre- 
quencies. The nmr spectrum was consistent with the structure 
of 2-pyrone but showed some evidence of impurities, also 
apparent from the mass spectrum. 

F~rrotI(9) was obtained from Aldrich Chemical Co., and was 
purified by fractional freezing before use. 

Results and Discussion 

Mass Sl~ectrometric Distinction between Isoineric 
Metl~oxy-f~irranoco~irrnarins 

The EI spectra of 2 and 3 were found to  be very 
similar, though not identical (Table 1). The most 
clear-cut differences lie in the lower mass range (mle 
< 90), and are thus most susceptible to  interference 
from background ions from impurities, solvent, etc. 
However, the 63'151' ratio does offer a fairly clear- 
cut distinction between the two isomers. in the ab- 
sence of such interferences. 

A mass spectrometric technique which circum- 
vents such problems involves selecting for study just 
one ion (typically through not necessarily the molec- 
ular ion), and generating a daughter-ion spectrum 
of this preselected parent ion. In the present work, 
the B/E linked-scan technique (5) was used to gen- 
erate CA spectra of the molecular ions of 2 and 3, 
and also of the corresponding M-CH, (m/e = 201) 
ions. The results obtained are summarised in Table 
2 ;  the CA spectra obtained for the molecular ions 
are shown in Fig. 1. Viewed simply as fingerprints, 
these spectra can be used to  distinguish between 2 
and 3. The most clear-cut difference appears at  
m/e = 199 in the daughter-ion spectra of the two 
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TABLE 1 .  Major peaks in EI spectra (70 eV, 
200°C) of furanocourmarins 

Relative intensity 

Psoralen Xanthotoxin Bergapten 
tnje (1) (2) (3) 

TABLE 2. Collisionally activated spectra of ions from furano- 
coumarins 

Xanthotoxin 
/ ? l / ~ ?  (2) 

Bergapten 
(3) 

Parent 
20 

8 
100 

0 
5 

2 
14 
8 
1 
1 

0 
I 
9 

0 
0 
0 

0 

Parent 
0 
0 

0 
0 
0 
0 
0 

0 
14 

100 

0 
4 
2 

Parent 
2 

9 
100 

0 
0 

4 
29 

4 
0 
2 

I 
5 
9 

0 
Parent 0 

0 

10 0 

Parent 
0 
0 

molecular ions. While this peak is not very intense in 
the case of 2, it is completely absent from the spec- 
trum of 3; repeated attempts to find this peak in the 
case of 3, using various pressures of both N, and He 
as collision gases, failed completely. Other differences 
between the CA spectra of the isomeric molecular 

ions occur at m/e = 215, 188, and 174, although 
these are no more striking than the differences in the 
EI spectra (Table 1). They are, however, much less 
susceptible to interferences from impurities. If the 
(M-CH,)' ions (mle = 201) are used as parent ions 
for the CA spectra, striking differences (Table 2) are 
found in the relative intensities of fragment ions at 
mass 145. A combination of El and CA spectra can 
thus unambiguously distinguish between the two 
isomers. 

Fragnzentation Mechanisms of Pyrone and Coun~ariti 
The problem of trying to identify by mass spec- 

trometry which oxygen atom in 1-3 is expelled in a 
specified fragmentation reaction involves the ques- 
tion of the fragmentation mechanisms responsible 
for the observed mass spectra. Considerable litera- 
ture exists on the related systems 4, 5, 8, and 9. Most 
of this information has been extensively discussed 
previously (6) and will be briefly summarised here. 

The mass spectrum (6) of 2-pyrone (8) is charac- 
terised by expulsion of CO followed by further frag- 
mentations of the M-CO ion, which are closely 
similar to those of the molecular ion of furan (9). 
Accordingly, the C4H40f '  ion (M-CO ion) from 8 
has frequently been assigned a furan-like structure, 
even though no positive evidence exists supporting a 
closed-ring structure for the C4H40+'  ions from 
either 8 or 9. A study of the EI mass spectra of the 
four monodeuterio-2-pyrones (8) appears to rule out 
any structure for the C4H40+'  ion from 8 in which 
the H (or D) atom, originally at the 6-position of 
2-pyrone, is not unique. This experimentally observed 
uniqueness of the 6-position in 8 rules out a furan- 
like structure for the M-CO ion from 8, even if the 
molecular ion of 8 does not retain the intact pyrone 
structure (6). A number of possible structures for this 
ion are consistent with these findings (6), but the ob- 
jections raised (9) to exclusion of a furan-like struc- 
ture, based upon earlier labelling experiments (7), 
appear to have been convincingly answered (6). 

Studies of the shapes of metastable peaks arising 
from expulsion of CO from the molecular ions of 
substituted 2-pyrones (10) indicated no substituent 
effect upon the kinetic energy release in these reac- 
tions. This was considered (10) to demonstrate the 
existence of non-furan-like structures for the M-CO 
ions arising from 2-pyrones. Finally, the MI spectra 
of the C4H40+ '  ions arising from 8 and 9 have been 
compared (1 1) to demonstrate that these ions are not 
identical in both structure and internal energy. 

In the present work, both MI and CA spectra of 
C4H40+'  ions from 8 and 9 were obtained using the 
B/E linked scan technique (5); the results obtained 
are summarised in Table 3. Since only the C4H40f '  
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B E R G A P T E N  
B I E  
216 ' -  

188 

J.A I. 

FIG. 1. Collisonally activated spectra of molecular ions of xanthotoxin (2) and bergapten (3). 

ions were selected for study, the minor impurities 
present in our sample were of little importance. The 
MI spectra confirm that these ions differ in one or 
both of structure and internal energy, but differ 
somewhat from earlier results (1 1). In this regard, it 
must be emphasised that the B/E linked scan (5) 
picks out only those ions corresponding to the centre 
of a metastable peak. This accounts for the higher 
mass resolution of such spectra, relative to those ob- 
tained by the accelerating-voltage scans used pre- 
viously (11); this could account, in part, for the larger 
number of peaks observed in the MI spectra. For the 
same reason, the intensities (peak heights) reported 
here are not directly comparable with the areas under 
the full metastable peaks (1 1). In addition, it is clear 
(12, 13) that the B/E linked-scan technique is liable 
to produce artifact peaks, particularly weak peaks 
corresponding to fragment ions arising from pre- 
cursors differing by one mass unit from that actually 
preselected. Accordingly, the significance of some of 
the weaker peaks should be approached with some 
reserve, although the intensities of precursor ions at  
nz/e = 69 and 67 are not large in the present case, 
and such artifacts seem unlikely to be important 
here. Collisionally activated (CA) spectra of ions are 
known (14) to be much less sensitive to internal ener- , , 

gies of the precursor ions, so that differences observed 
are lnore likely to be ascribable to differences in 
structures. For purposes of such structural compari- 
sons, it is best (14) to exclude those peaks also ob- 

TABLE 3. Metastable ion (in parentheses) and 
CA spectra of C4H4O1' ions obtained by the 

B/E linked scan 

i,i/e 2-pyrone (8) Furan (9) 

Parent 
56 (15) 
12 
0 

7 
2 
0 
4 

10 
5 

2 (9) 
8 (7) 

12 (100) 
32 (85) 

100 
40 
27 

20 
1 
2 

10 
2 

Parent 
83 (100) 
10 (5) 
5 (2) 
2 

10 
2 
7 

10 
2 

10 
17 (3) 

110 (46) 
42 (3) 

100 
34 
17 

15 
5 

15 
12 
2 

served in the MI spectra, since the probabilities of 
the low-energy reactions responsible for such peaks 
will be strongly dependent upon the internal energies 
of the precursor ions. The most significant difference 
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TABLE 4. Metastable ion (in parentheses) and CA spectra of C8H60+'  ions 

m/e Coumarin (4) Benzofuran (5) Phenoxyacetylene (6) 2-Ethynylphenol (7) 

118 Parent 
117 40 
116 17 

105 0 
101 0 

93 0 
92 8 
9 1 50 
90 540 
89 430 
88 17 
87 17 
86 8 

78 0 
77 5 
76 17 
75 20 
74 17 

65 5 
64 33 
63 I00 
62 40 
6 1 5 

5 1 3 3 
50 33 

Parent 
(3) 330 
(2) 33 

0 
0 

0 
(3) 10 

(14) 75 
(100) 610 

(5) 410 
22 
3 3 -- 
10 

0 
10 
20 
20 
20 

10 
3 3 

100 
50 
10 

25 
3 3 

Parent 
(2) 20 
(1) 5 

0 
0 

5 
(1) 32 (3) 

(12) 470 (70) 
(100) 660 (100) 

(2) 125 
5 
5 
5 

60 
I00 

26 
20 
16 

20 
10 
3 2 
10 
5 

25 
20 

Parent 
70 (4) 
10 

20 
20 

10 
10 
70 (14) 

650 (100) 
430 (4) 

20 
20 
20 

0 
10 
10 
30 
30 

20 
40 

100 
50 
20 

30 
30 

between the two CA spectra involves the relative 
intensities of the peaks at m/e = 54 and 53 (loss of 
CH, and CH,, respectively); the differing intensities 
at m/e = 27 and 26 also appear to be significant, and 
were observed consistently. These differences prob- 
ably reflect different structures, or mixtures of struc- 
tures, for the C4H40+'  ions sampled in the CA ex- 
periments. These results alone do not, of course, per- 
mit structures to be assigned to C4H40+'  ions arising 
from either 8 or 9. 

This question was not pursued further in this work. 
A thorough investigation of C4H40+'  ions gen- 
erated from various precursors has been undertaken 
(J. L. Holmes, private communication). Using infor- 
mation derived from CA spectra and heats of forma- 
tion of ions, non-fragmenting C4H40+'  ions gen- 
erated by CO loss from the molecular ions of 2- and 
4-pyrone were shown to have predominantly a 
furanoid structure, with some contribution from a 
vinyl ketene structure. Clearly, the structures to be 
assigned to C4H40+'  ions depend markedly on the 
internal energies of the ions. 

The presence of the aromatic ring fused to the 
pyrone ring in the compounds of interest here (1-3) 
could have a sufficiently large effect to make inap- 
plicable these conclusions concerning the fragmenta- 
tion of 2-pyrone. Accordingly, the fragmentation of 

coumarin (9) was studied in the same fashion. A vast 
literature exists (3) concerning the mass spectrometry 
of coumarins, and only the more relevant work will 
be mentioned here. The principal fragmentation reac- 
tions of the molecular ion of 4 involves successive 
expulsion of neutral CO fragments. Experiments with 
I3C labels have shown (15, 16) that expulsion of that 
CO moiety which is present as the carbonyl group in 
the pyrone ring occurs first. This was true (15, 16) in 
cases where several other possibilities existed for the 
origins of the first CO fragment. By analogy with the 
case of 2-pyrone, it has been widely surmised (3) that 
the C8H60+ '  ion, formed by loss of CO from the 
molecular ion of 4, has the closed-ring structure of 
benzofuran (5). This suggestion has been challenged 
on energetic grounds (17); it was suggested (17) that 
the C8H60+ '  ion from 4 has a structure correspond- 
ing to that of o-ethynylphenol (7). 

In the present work, the three compounds 5-7 were 
synthesised, and their mass spectra investigated. 
These isomers correspond to possible stable struc- 
tures arising from expulsion of the carbonyl group 
from 4. The 70 eV El mass spectra of 5-7 were very 
similar to one another and to that of coumarin (4) 
below m/e = 118. Accordingly, the MI and CA spec- 
tra of ions of mle = 118, from 4 7 ,  were obtained, 
and are summarised in Table 4. 
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TABLE 5. Heats of formation of C8H60+ '  ions (kJ mol-') 

Precursor Neutral 
(HfO/kJ mol- I)" AP/eV fragment &/eV AH:(CeH60+') References 

Coumarin (4) 
(-156.9) 

Benzofuran (5 )  
(- 12. I) 

Phenoxyacetylene (6) 
(+199.6) 

2-Ethynylphenol (7) 
(+153.1) 

Benzocyclobutenone 
(+ 161) 

Present work 
(17, 18) 

Present work 
(19) 
(20) 
(17) 

Present work 
Present work 

(17) 

aAH,O of all neutral precursors estimated by group contribution method of Benson (22). 
b~ is sum of E,O plus kinetic shift appropriate to first field-free region reaction of metastable ions. 
=Determined (17) from width of 'metastable plateau' using single-focussing instrument. 
W o s t  recent value (18) obtained using critical-slope method. 

If, for the purposes of comparing ion structures, 
those peaks in the CA spectrum which appear also 
in the MI spectrum are again ignored (14), the results 
of Table 4 cannot distinguish between the C,H,O+. 
ions arising froin 4 and 5. On the other hand, signi- 
ficant differences exist in the CA spectra of 6 and 7. 
In the case of 6 ,  the strong peak at m/e = 77 corre- 
sponds to loss of the (0-CECH) group, which thus 
appears to remain intact in the molecular ion of 6 .  
The peak at rn/e = 78 is more difficult to interpret, 
but is characteristic of 6 in the same way. The main 
distinctive features in the CA spectrum of 7 are the 
fragment ions of masses 105 and 101; these are weak 
peaks, whose significance was confirmed by several 
independent scans. The fragment ion of mass 101 
corresponds to M-OH, which is not unexpected; 
however, that at mass 105 corresponds to M-CH. 
Since this peak is absent from all other spectra in 
Table 4, it must be characteristic of the ethynyl group 
attached directly to the benzene ring. Its origins are 
not known. 

Thus, in contrast with the case of 2-pyrone, the CA 
spectra of benzofuran (5) inolecular ion and of the 
M-CO ion from coumarin (4) are indistinguishable. 
As a further check upon the relationship between 
these ions, their heats of formation were estimated. 
The values obtained in the present work are com- 
pared with literature data in Table 5. Experimental 
heats of formation appear to be available for none 
of the neutral percursors used (4-7). Accordingly, 
these were estimated using group-contribution 
methods (22), of unknown accuracy for the com- 
pounds of interest. 

The most striking discrepancy between the present 
work and literature data concerns the value of the 
kinetic energy release derived from the width of the 
metastable peak corresponding to loss of CO from 

FIG. 2. Metastable peak for reaction 146+ -, 118 + in 
coumarin (4), obtained by scan of accelerating voltage. En- 
trance and exit slits set for mass resolution of 3000, and beta 
slit closed until no further improvement in kinetic energy reso- 
lution obtained. 

the molecular ion of 4. Figure 2 shows the peak shape 
obtained i n  the present work, using a high-voltage 
scan. At the low-energy side, a weaker peak corre- 
sponding to formation of a fragment ion of mass 11 8 
from a parent ion of mass less than 146 can be seen. 
The maximum of this second peak is not clearly de- 
fined. The high-energy side is free from such inter- 
ference, however, and was used to establish the peak 
width. Several measures of the peak width were con- 
verted to values for kinetic-energy release T, using 
the simple one-dimensional formula (4) (correspon- 
ding to scattering angles for the fragment ion of 0 
and TC only). The values obtained for T were as fol- 
lows: T(horns) = 0.27 eV; T(half-height) = 0.56 eV; 
T(max) = 1.50 eV. The simple formula is exact for 
T(max). 

Previous measurements of this quantity yielded 
values of 0.26 eV (17) and 0.17 eV (10). These earlier 
values (19, 17) were obtained from observations of 
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'flat-topped' metastable peaks using single-focussing 
instruments; no precise information was given con- 
cerning the actual peak width parameter measured. 
Such a technique, involving a shorter distance travelled 
by the fragment ions before collection, inherently 
involves less z-axis discrimination, and thus less 
dishing, than does the present technique utilising the 
first field-free region of a double-focussing instru- 
ment (4). Thus, the present dished metastable peak 
(Fig. 2) could correspond to a flat-topped peak in a 
single-focussing instrument, with a plateau width 
corresponding approximately to the present separa- 
tion between the horns. This is, indeed, observed, 
though the precise relationship depends upon details 
of the instrumental geometry. 

In the present work the appropriate value of kinetic 
energy release, used to correct the appearance poten- 
tial to yield AH: of the fragment ion, was taken to be 
T,,,, corresponding to the peak width at the base. 
T,,, must correspond (23) to a lower limit to the 
quantity (E,,' + E:), where E: is the energy barrier 
for the reverse reaction and is the kinetic shift 
~ertinent to the metastable ions in the instrument 
actually used. The correction actually desired is 
( E ~ ~ '  + E:), where E,,' is the kinetic shift pertinent 
to the fragment ions formed in the ion source in the 
threshold region of the appearance potential mea- 
surements. In general, the longer timescale charac- 
teristic of the metastable ion experiment will tend 
to make < E ~ ~ ' ,  but this trend will be at least 
partly compensated by the greater sensitivity avail- 
able in the usual experimental procedure for measure- 
ment of appearance potentials. This procedure ac- 
counts for the discrepancy between the present and 
earlier values for AH:(C,H,O+') (Table 5). This 
discrepancy is extremely important, since the use 
of T(max) as the correction gives a value for 
AHf0(C8H,0+'), from 4 as precursor, in reasonable 
agreement with that from 5, to within the experi- 
mental uncertainties. The heats of formation, thus 
calculated, are in agreement with the CA spectra 
(Table 4) in that the C8H60+ '  ion from coumarin (4) 
is not distinguishable from the molecular ion of 
benzofuran (5), while those arising from 6 and 7 are 
clearly different. 

Fragmentatiotl of Furanocoumarins 
The three furanocoumarins studied here (1-3) 

yield intense molecular ions in their 70 eV EI spectra 
(Table 1). In the case of the parent compound psoralen 
(1) the only important fragmentation mechanism 
involves successive expulsion of 3 molecules of CO. 
By analogy with earlier 13C labelling work on related 
systems (15,16), it seems likely that the first CO moiety 
expelled is that originally present as the carbonyl 

in the pyrone ring. No further conclusion seems pos- 
sible. Indeed, if formation of the M-CO ion of 1 
does indeed involve closure of the furan ring, this ion 
would be symmetrical and no distinction between the 
two remaining oxygens would be possible. There is 
no evidence for or against ring closure in this case, 
though it is clear (Tables 4 and 5) that the M-CO 
ion from 4 is thus far indistinguishable from the 
molecular ion of 5. This is in contrast with the anal- 
ogous result of comparing 8 and 9, and probably re- 
flects a stabilising effect of the fused aromatic ring. 

The two isomeric methoxy derivatives 2 and 3, 
however, show at least two competing fragmentation 
pathways. One of these involves initial expulsion of 
CO (presumably that originally present as carbonyl), 
while the more important has as an initial step the 
loss of CH,', followed by expulsion of CO. While all 
three oxygen atoms are fairly readily expelled from 
1 (Table I), the situation is more complicated in the 
cases of 2 and 3. Thus, loss of (CH,)(CO),, in various 
permutations of three steps, occurs fairly readily with 
the mechanism involving initial loss of CH, as the 
main contributor. However, the ion of n ~ j e  = 117 
(corresponding to loss of (CH,)(CO),) is of very low 
intensity (-3%) in the EI spectra of 2 and 3, and is 
completely absent from the CA spectra (Table 2). 
On the other hand, the ion of mle = 89, which corre- 
sponds to loss of (CH,)(CO),, is reasonably intense 
(Table 1). Similar trends have been noted previously 
(24), and can be rationalised on the basis of work (25) 
on the EI spectra of aromatic-methyl ethers. 

Figure 3 illustrates such a speculative rationalisa- 
tion for the case of xanthotoxin (2); a similar scheme 
can be written for 3. For aromatic-methyl ethers with 
substituents placed in the aromatic ring such that it is 
possible to write quinonoid structures for the 
M-CH, ion, fission of the aromatic-ether bond is 
suppressed in favour of expulsion of CH,' (25). 
Otherwise, loss of C H 2 0  (presumably formaldehyde) 
is favoured. In the case of 2 and 3, a very weak peak 
(< 1%) at mle = 185 was observed in the EI spectrum 
with no signal at 186. Three independent attempts to 
measure the accurate mass of these ions resulted in 
an average value of 185.024 + 0.010. This very poor 
precision was due to the low intensity of the peak, but 
is sufficient to identify these ions as M-CH,O rather 
than M-C2H,, from 2 and 3. The complete absence 
of a peak at mle = 186, corresponding to M-CH20, 
confirms that 2 and 3 follow the general pattern 
established previously (25) for aromatic ethers, 
readily rationalised in terms of structure 2c (Fig. 3) 
for the ion of m/e = 201. Such an ion could readily 
lose one or two molecules of CO, or alternatively 
C2H3 (2C0 + H), etc. (Table 2). 

The molecular ion of 2 has been written as in 2a, 
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- CH,' / 

ion, but merely rules out ion structures derived from 
6 and 8. 

The molecule of C O  expelled from 2e is assumed 
to be the carbonyl group (i.e., that derived from the 
original methoxy group), again by analogy with the 
results of I3C labelling experiments on related sys- 
tems (15, 16). The resulting ion at  mle = 145 is of 
even more uncertain structure, and structure 2f 
written in Fig. 3 was so written merely to emphasise 
that this ion must have either a highly strained fused 
ring structure (2 f )  or  else a highly unsaturated, and 
thus high energy, open chain structure. The rapid 
expulsion of two molecules of C O  from this ion is 
thus not unexpected, and is confirmed by the appro- 
priate CA spectrum for the case of mle = 145 from 2 
(Table 2). It is not necessary to  postulate expulsion 
of a single neutral fragment C,O,, as was done pre- 
viously (16). In this regard, it is perhaps worthwhile 
to point out that, in the context of MI and CA spec- 
tra, the term 'simultaneous' applied to the expulsion 
of two molecules of C O  as in the present example, 
means 'within the time period during which the ions 
are in the appropriate field-free region.' 
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FIG. 3. Proposed rationalisation of fragmentation rnech- 
anisrn of xanthotoxin (2) under EI conditions. Ions of unknown 
or particularly uncertain structures are written in square 
brackets (see text). 

with a conceivable six-membered ring intermediate 
leading to expulsion of HO', (mle = 199, Table 2). 
The analogous structure 3a could not be written in 
this way, thus rationalising the total absence of mle 
= 199 as a daughter ion for this isomer. 
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On p. 412, line 12 of the main paragraph of the 
left-hand column, should read 1-17 instead of 2-17. 

The correct caption of Fig. 7 (p. 413) should I-ead: 
The v2 + v6 and v4 + v6 region of the spectrum of 
NH4+ in (NH4)2SnC16 (23) at 298 and 22 K. 

On p. 423, lines 5 and 6of  the right-hand column, 
the chemical for-mulae should read (NH4),AIF6 and 
(NH4I3FeF6. 

In the first paragraph of the right-hand column on 
p. 413 and in the second paragraph of the left-hand 
column on p. 417 the discussion of NH4SnF3 is 
based, erroneously. on the assumption that the 
axial N-H vector points away from the Sn atom of 
the nearest SnF3- ion on the threefold axis and 
consequently, that the three equivalent nonaxial 
hydrogen bonds are to the F atoms of that SnF,- 

ion. In fact, even though the H atoms have not been 
located, the conclusion from the evidence pre- 
sented in ref. 39 must be that the axial N-H vector- 
points in the opposite direction, i.e., to the Sn 
atom. H-H repulsion cannot therefore be the 
cause of the high value of v , ( [ I ) .  This matter will be 
discussed more fully, together with additional ir 
results for NH4SnF,, in Part VIII of this series. The 
H...X and NHX" entries for- 36 in Table 4 are 
correct. 

On p. 419, right-hand column, line 20 from top, 
read "The displacement" instead of "This dis- 
placement". 

On p. 422, the subgroup sequence on line 20 of 
the right-hand column should read DdIl6 3D2,1123 
C,I,~. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Thermodynamics of transfer of Ph4C; scaled-particle theory and the 
Ph4As+/Ph4B- assumption for single ions 
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MICHAEL H. ABRAHAM and ASADOLLAH NASEHZADEH. Can. J. Chem. 57.2004 (1979). 
Free energies of transfer of Ph4C from acetonitrile to 20 other solvents have been calculated 

from literature data. The contribution of the cavity term to the total free energy has been ob- 
tained from scaled-particle theory and Sinanoglu - Reisse - Moura Ramos theory. It is shown 
that there is little connection between the cavity term and the total free energy of transfer, and 
that there must be, in general, a large interaction term. If the latter is important for transfer of 
Ph,C, we argue that it must also be important for transfer of the ions Ph,As+ and Ph,B-. 
Previous suggestions that the interaction term is zero for transfer of these two ions are thus 
seen to be unreasonable. We also show, for six solvents, that the interaction term for Ph4C is 
very large in terms of enthalpy and entropy, and that scaled-particle theory seems not to apply 
to transfers of Ph,C between pure organic solvents. 

The free energy, enthalpy, and entropy of transfer of Ph,Asf = Ph4B- have been calcu- 
lated by dividing the total transfer values into neutral and electrostatic contributions; reason- 
able agreement is obtained between calculated and observed values. 

MICHAEL H. ABRAHAM et ASADOLLAH NASEHZADEH. Can. J. Chem. 57.2004 (1979) 
On a calculk, a partir de donnees de la litterature, les Cnergies libres de transfert du Ph4C de 

l'acetonitrile a 20 autres solvants. On a deduit la contribution du terme de cavite a l'energie 
libre totale A partir de la thCorie des particules graduees et de la thkorie de Sinanoglu - Reisse - 
Moura Ramos. On a montre qu'il n'existe que peu de correlation entre le terme de cavite et 
I'energie libre totale de transfert et qu'il doit exister d'une faqon generale un terme d'interaction 
important. Si ce dernier est important pour le transfert de Ph4C, on suggere qu'il doit aussi 
Ctre important pour le transfert des ions Ph,As+ et PhB-. Des suggestions anterieures a I'effet 
que le terme d'interaction est egal a zero pour ces deux ions ne semblent donc pas raisonnables. 
On montre aussi, pour six solvants, que le terme d'interaction pour le Ph4C est important en 
termes d'enthalpie et d'entropie et qu'il ne semble pas que la thCorie des particules gradutes 
puisse s'appliquer aux transferts du Ph,C entre des solvants organiques purs. 

On a calcule I'energie libre, I'enthalpie et I'entropie de transfert de Ph4As+ = Ph4B- en 
divisant les valeurs totales de transfert en contributions neutre et electrostatique; on a obtenu 
une correlation vraisemblable entre les valeurs calcultes et observees. 

[Traduit par le journal] 

Introduction tional hypothesis was introduced, namely that 

The free energy of transfer of a solute from one sol- AG:(int) = O for Ph4As+ and Ph4B-. We later 
vent to another, AG:, is often broken down into a advanced a number of reasons why this hypothesis 
cavity term and an interaction term: could not be correct (2), but since there is always an 

arbitrary element in single-ion quantities we felt it 
[1 1 AG,' = AG:(cavity) -t AG:(int) would be more satisfactory to investigate the ther- 

The former term represents the contribution due to  modynamics of transfer of a suitable nonelectrolyte. 

the work required to  make a cavity in the solvents In connection with the ions Ph,As+ and Ph4B-, the 

(in the sca]ed-particle theory, this term includes also t e t r a ~ h e n ~ l  derivatives of the Group IV are 

a correction term R T  log (V,/V,) where V ,  and V, obvious choices as nonelectrolytes. Since Ph4C has 

are the molar volumes of the two solvents), and the been studied more extensively than the other tetra- 

latter term arises from the interaction of the solute phenyl we selected this particular 'Om- 

with the solvent molecules surrounding the cavity. pound, although results for the other tetraphenyls 

Treiner has applied eq. to test the Ph4As+l are almost identical. Our method is simply t o  use 

Ph4BP assumption for single-ion free energies of literature data in order to obtain AG: values for 
transfer.' in the method used by Treiner, an  addi- Ph4C, to AG:(cavit~) both the 

particle theory and the Sinanoglu - Reisse - Moura 
'This assumption is simply that AG: for p h 4 ~ s +  = AG,O Ramos (SRMR) theory, and thus to determine via 

for Ph4B-. eq. [ I ]  whether or not AG:(int) can be taken as  zero 

0008-4042/79/152004-06$0 1 .OO/O 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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ABRAHAM AND NASEHZADEH 

TABLE 1. Free energies of transfer from acetonitrile of the solute Ph,C, and calculated cavity 
terms, in kcal rnol-' at  298 K on the mole fraction scale 

Solvent 
Scaled-particle 

on AG,Ob theoryc SRMR theory 

Water 
Methanol 
Ethanol 
Formarnide 
N-Methylformarnide 
Propylene carbonate 
Dirnethylsulphoxide 
Sulpholane 
Dimethylacetarnide 
Nitrornethane 
Dirnethylforrnarnide 
Acetonitrile 
N-Methylpyrrolidone 
HMPT 
Acetone 
I ,2-Dichloroethane 
1,l-Dichloroethane 
Diethyl ether 
Benzene 
Dioxan 
Carbon tetrachloride 
Hexane 

'Solvent diameter from ref. I unless shown otherwise. 
T r o m  ref. 9 i~nless  shown otherwise. 
[This is the combined term (2), AG,"(cavity) -i- R T  log (V,/V,). 
JCalculated from solvent heats o f  vaporisation, see text. We also c:~rried out  calculations using o values derived 

from log K" vali~es (see text), viz. nitromethnne (4.3 I), acetone (4.76), benzene (5.26), carbon tetrachloride (5.37). 
and hexane (5.92). Onlv in the case o f  nitromethane a re  results verv different. 

' ~ s t i m a t e d  values. 
,From data ;it 293 K. 
nFrom data (3) for PhASi, Ph,Ge. P h S n ,  and Ph,Pb. 

for Ph,C. If AG,"(int) is indeed zero (within a certain 
experimental error), then Treiner's hypothesis for 
Ph,As+ and Ph,B- must be considered reasonable. 
If, however, AG,"(int) is definitely not zero for 
Ph,C, we can rigorously conclude that Treiner's 
hypothesis does not hold for Ph,C, and hence by 
implication that it does not hold for the ions Ph,As+ 
and Ph,B-. 

At the same time, we thought it useful to  investi- 
gate also the corresponding hypotheses in terms of 
enthalpy and entropy and to  consider an  alternative 
method of calculating the thermodynamic param- 
eters for transfer of Ph,As+ and Ph,B-. 

Several workers (3-8) have determined the solubil- 
ity of Ph,C in various solvents; from these measure- 
ments the standard free energy of transfer of Ph,C 
from a given reference solvent may be obtained. 
Quite recently, Kiln (9) has redetermined many of 
these solubilities and has given a set of mean values 
of AG," for Ph,C from the best data. In Table 1 are 

AG? values, mostly taken from Kim's work and 
converted to the mole fraction scale with acetonitrile 
as a reference solvent. We also give in Table 1 AG," 
values for transfer to  a number of solvents not con- 
sidered by Kim, so  that we have a range of solvents 
from highly polar (water, formamide, DMSO, etc.) 
t o  quite nonpolar (carbon tetrachloride, hexane, 
etc.) molecules. 

The AG,"(cavity) terms were calculated as before 
(2) using the scaled-particle theory outlined by 
Pierotti (10) for a solute of diameter 8.04 A,  the value 
suggested (1 1) for Ph,C. In addition to the solute 
diameter, it is necessary also to  estimate the values of 
the solvent diameters, o. For  consistency, we took, 
where available, values used by Treiner (1) and by 
ourselves (2) previously. In the case of the remaining 
solvents we estimated o values from solvent heats of 
vaporisation, as outlined by Pierotti. Although we 
feel that the alternative method of estimating o values 
from log Kt' values of rare gases (10) is rather better, 
lack of data in many solvents prevented us from 
applying this method to  all the remaining solvents; 
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we thought it more consistent to  use just one method 
and so we chose only the heat ofvaporisation method. 
The estimated solvent 0 values (and hence the cal- 
culated cavity terms) are not always the same for the 
two methods of estimation, but our general conclu- 
sions are in no way affected by the actual method 
chosen. Details of the cavity term calculation by 
scaled-particle theory are in Table 1, together with 
cavity terms calculated by SRMR theory (12, 13) for 
a solute of molar volume 282 mL mol-I. In all cases 
acetonitrile was chosen as the arbitrary reference 
solvent. It is quite clear that the AG:(cavity) term 
cannot in general be equated with the overall AG," 
values for Ph4C; the two terms differ by over 4 kcal 
mol-I for 10 out of the 20 solvents listed. These in- 
equalities persist, no matter which solvent is chosen 
as the reference solvent. We conclude that if the 
cavity terms are calculated by scaled-particle theory, 
then the interaction term in eq. [ l ]  is generally not 
zero for Ph4C in pure solvents, and we can reason- 
ably deduce that it will not be zero for the solutes 
Ph4As+ and Ph4B-. As we have shown before (2), 
the Ph4As'/Ph4B- assumption does not itself in- 
volve any hypothesis about the interaction term other 
than if the cavity terms for Ph4As+ and Ph4B- are 
equal, then the interaction terms will also be equal 
in magnitude for Ph4As+ and Ph4B-. Treiner (I), 
however, argues that where AG:(int) is calculated to  
be not zero for Ph4As+ or Ph4B-, then the Ph4As+/ 
Ph4B- assumption is not valid. However, the large 
values of AG:(int) for Ph4C bear no relation to the 
Ph4As+/Ph4B- assumption, and we can argue as 
follows. If the scaled-particle cavity calculations are 
realistic, then the AGto(int) terms can be large for 
Ph4C, Ph4As+, and Ph4B-, the interaction term for 
Ph4As+ can equal that for Ph4B-, and the Ph4As+/ 
Ph4BP assumption can still be valid. On  the other 
hand, if the scaled-particle calculations are not real- 
istic, nothing can be deduced about the Ph4As+/ 
Ph4B- assumption, which, therefore, can still be valid. 
I t  therefore seems quite clear that the scaled-particle 
cavity calculations, together with the additional 
hypothesis that AG,"(int) is zero, cannot be used to  
disprove the Ph4As+/Ph4B- assumption and cannot 
be used to account for or to  predict the total free 
energy of transfer of Ph4C between pure solvents. 

A few enthalpies of transfer of Ph4C are available 
from the work of Cox and Parker (8), and in Table 2 
are given the observed AH," values and the calculated 
AH,"(cavity) terms; the latter include also the cor- 
rection terms (1, 2) ap2RT2 - aplRT2.  There is 
almost no connection between the observed transfer 
enthalpies and the calculated cavity terms, so that 
clearly the AH,"(int) term must be very large for 
transfers of Ph4C between pure solvents. Again we 

TABLE 2. Enthalpies and entropies of transfer from acetonitrile 
of thc solute Ph,C, and calculated cavity terms, at 298 K on 

the mole fraction scale 

AH,"(cavity)/kcal mol- 

Scaled- 
particle SRMR 

Solvent AH,"" theoryb theory 

Methanol 2.3 -4 .6  - 2 . 8  
Propylene carbonate -1.3' 29.5 2 .8  
Dimethyl sulphoxide -0 .1  10.7 8 .3  
Sulpholane -0 .2  10.6 - 1.7 
Dimethylforniamide -0 .8  -5.1 11.2 
Acetonitrile 0 . 0  0 .0  0 .0  

AS,"(cavity)/cal 
K- mol- 

Scaled- 
particle SRMR 

Solvent AS," theory theory 
- -  - -  

Methanol 5 - 12 - 4 
Propylene carbonate - 3' 73 - 14 
Dimethyl sulphoxide 0 6 10 
Sulpholane 2 -10 - 10 
Dimethylformamide 1 - 24 3 1 
Acetonitrile 0 0 0 

.All val t~ec  from ref. 8. . ... . .. .. . . .~  - -~ 

T h i s  is the term ( ~ ~ , ' ( ( = a v i t y )  + ap2RT2 - aplRT2), see ref. 2. 
These  are from the or~glnal values of Cox and Parker (8) for solution of 

Ph,C in  propylene carbonate, AG,O = 4.2 and AHs0 = 7.2 kcal mol-I. 
Krishnan and Friedman (19) have analysed Cox and Parker's data to obtain 
AG,O = 4.5 and AHX0 = 9.8 in  propylene carbonate, b u t  ou r  own least- 
squares analysis yields values of AG,O = 4.2 and AH,O = 7.8 that are quite 
close to the original values. 

can deduce that the interaction term must also be 
large for Ph4As+ and Ph4B-, when the cavity term is 
calculated by scaled-particle theory. It should be 
pointed out that the calculations and results given in 
Tables 1 and 2 d o  not by themselves indicate any 
failure of scaled-particle theory itself; they merely 
show that for Ph4C the interaction terms AG,"(int) 
and AH,"(int) are in general quite large, and cannot 
be disregarded. 

The situation is quite different in terms of en- 
tropies of transfer, because on the scaled-particle 
theory as used by Pierotti (10) the term AS,"(int) is 
indeed taken as zero. Thus if Pierotti's version of the 
scaled-particle theory applies to Ph4C, the calculated 
cavity terms, AS,"(cavity), must equal the observed 
AS," values, at  least within a reasonable error. De- 
tails of the observed (8) and calculated entropy values 
are in Table 2; the discrepances are so large that we 
are forced to  conclude that the scaled-particle theory 
cannot be applied usefully to solutes such as Ph4C 
in pure organic solvents. 

We also give in Tables 1 and 2 the various cavity 
terms for Ph4C calculated by the Sinanoglu - Reisse 
- Moura Ramos (SRMR) theory (12, 13) assuming 
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a solute molar volume of 282 mL mol- '. For  trans- 
fers between many of the solvents there are rather 
large discrepancies between the calculations based on 
SRMR theory and scaled-particle theory. For  a 
solute such as Ph,C there is no  possibility of de- 
ciding in favour of one or other method of calculation 
because there is no  way of independently obtaining 
estimates of the interaction terms. The present cal- 
culations, however, indicate that considerable cau- 
tion is advisable in making deductions based on the 
calculation of cavity terms for large solutes in pure 
solvents. 

Application to Ph4As+ and Ph4B- 

There have been suggested a number of assump- 
tions that may be used to obtain free energies, en- 
thalpies, and entropies of transfer of single ions. 
Several workers have compared assumptions and 
have concluded that the Ph,As+/Ph,B- assumption, 
eq. [2] with P = G, yields realistic single ion free 
energies of transfer (6, 8, 14-17), 

[2] AP? for Ph,As+ = AP? for Ph,B- 

although other assumptions have sometimes been 
preferred (18). Indeed, it has been pointed out that  
there is spectroscopic and other evidence to show 
that in several solvents there are differences in the 
solvation properties of P h , ~ s +  and Ph,B- (19). I t  
does seem, however, that whatever causes these sol- 
vation differences, they are not manifested in the 
free energy of transfer of Ph,As+ and Ph,B-. The 
situation is not the same for enthalpies (and hence 
entropies) of transfer; Krishnan and Friedman (20) 
have suggested on the basis of experimental data on 
enthalpies of transfer from methanol to propylene 
carbonate that solvation of Ph,B- is very different 
from that of Ph,As+ in methanol. In this connec- 
tion, it is perhaps significant that single ion entropies 
of transfer obtained by the correspondence plot 
method (21) are usually in quite good agreement with 
those obtained from the Ph,As+/Ph,B- assumption, 
eq. [2] with P = S, for transfers involving water and 
aprotic solvents, yet differ in the case of transfers to  
or  from methanol (22) and ethanol (23). Inasmuch as 
the differences can be ascribed to any one ion, the 
effects d o  seem to be due to the Ph,B- ion. Even in 
the transfers to  or  from methanol and ethanol, how- 
ever, the differences between the cation and anion 
assignments on the two methods are only about 7 cal 
K - '  mol-' ,  i.e. equivalent to 2 kcal mol-' in free 
energy. 

In the previous section, we have shown that for 
transfers of Ph,C, and presumably of Ph,As+ and 
Ph,B-, the interaction term is usually quite large. 
Since a t  the present time it is not feasible to calculate 

the term AG?(int) in eq. [ I ]  for species such as 
Ph,As+ and Ph,BP, it follows that the total free 
energy of transfer, AG,', cannot be obtained by 
scaled-particle theory or SRMR theory. A calcula- 
tion of the thermodynamics of transfer of Ph,As+ 
and Ph4BP would certainly be of relevance to the 
Ph,As+/Ph,B- assumption, and so we have 
attempted such calculations using another approach. 

Several workers (7, 9, 24-26) have suggested that 
parameters for the transfer of a charged solute can be 
represented by eq. [3], in which P = G, H, or  S, and 

where AP,' and AP: indicate the electrostatic and 
neutral contributions to the total; the neutral con- 
tribution is normally taken as the observed transfer 
value for a suitable nonpolar solute of the same shape 
and size as the charged ion. Berne and Popovych (7) 
first used eq. [3] to  calculate AG? values for the ions 
Ph,As+ and Ph,B-. They took AGnO as the average 
transfer value for Ph4C, Ph,Si, and Ph4Sn and cal- 
culated AG: by the simple Born equation. For 
transfer from acetonitrile to the pure solvents meth- 
anol and ethanol, the calculated values of AG? for 
Ph,As+ or  Ph,B- were too small by 1.4 and 1.8 kcal 
mol-' ,  respectively. Kim (9) later used a much more 
elaborate procedure in which Ph,Ge and Ph,C were 
used as the neutral solutes to obtain AG: for Ph,As+ 
and Ph,B-, and in which allowance was made for 
ion-dipole interactions as well as for the Born 
charging energy. For  the three pure solvents studied 
by Berne and Popovych, however, the results of Kim 
(9) were no better than those of the earlier workers, 
calculated AG? values now being too large by 1.9 
and 1.5 kcal mol-'  for the above transfers. We there- 
fore felt that a detailed calculation was not justified 
and took the solute Ph4C as the neutral counterpart 
of Ph4As+ or  Ph,B- and then calculated the elec- 
trostatic term by the improved theory of Abraham 
and Liszi (27). In Table 3 are given the calculated free 
energies, together with the observed values for 
Ph,As+ and Ph,B- (9, 22, 23, 28-30). Most of the 
observed values are those suggested by Kim (9); in 
some cases they differ slightly from those used by us 
before (2). Our present simple method of calculation 
yields results that are comparable to  those obtained 
by Kim; for the 12 common solvents agreement with 
experiment averages 1.1 kcal mol-' on both methods 
of c a l ~ u l a t i o n . ~  

ZThe largest disagreement between our calculated values and 
the observed values arises for the transfer to  water. The value 
of AGnO we used for this transfer is derived from the solubility 
of Ph4C in water reported by Cox and Parker (5). Recent work 
of Kim (9) on Ph4Ge agrees well with Cox and Parker's values, 
the derived AG,O values for transfer from methanol to  water 
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TABLE 3. Calculation of free energies of transfer from acetonitrile of Ph,As+ and Ph,B-, in kcal mol-' at 298 K on 
the mole fraction scale 

AGI0 Calcd - obsd value 

Solvent AG,Oa A GnO Calcd Obsdc This work Kim (9)* 

Water - 1.9 6 .9  5 .0  8 .3  - 3 .3  0.8 
Methanol -0 .3  0 .8  0 .5  2 .2  - 1.7 1 .9  
Ethanol 0 .5  0 .5  1 .O 2 .7  -1 .7  1 .5  
I-Propanol I .O 0.3' 1.3 1 .5(2) -0 .2  - 
Formamide -0 .9  1 .2  0 .3  2.3 - 2 . 0  -1.5 
N-Methylformamide 0 .0  0 .5  0 .5  0 .0  0 .5  1 . 2  
Propylene carbonate 0 . 4  -0 .3  0 .1  -0 .8  0 .9  0 . 0  
Dimethylsulphoxide 0 .3  -0 .2  0 .1  -1.1 1 . 2  1 .6  
Sulpholane 0 .4  -0 .9  -0 .5  - 1 .5(2) 1 .O - 

Dimethylacetamide 0 .8  -1 .4  -0 .6  -1 .4  0 .8  1 .5  
Dimethylformamide 0 .5  - 1.2 -0 .7  - 1.4 0 .7  1 .2  
Acetonitrile 0 0 0 0 0 0 
N-Methylpyrrolidone 0 .9  -2 .0  -1.1 -1.8 0 .7  - 

HMPT 1 .9  - 1.9 0 . 0  - 1.7 - 1 .7  0 .8  
Acetone 1 .O -0 .8  0 .2  0 .0  0 .2  1.3 
1,2-Dichloroethane 2 .3  - 2 . 2  0 .1  -0.3(2) 0 .4  - 

1,l-Dichloroethane 2.5 -2 .4  0 .1  1 . O(2) -0 .9  - 

oCalculated by the method of  Abraham and Liszi (27). 
bFrom the values for Ph+C, Table 1.  
=From ref. 9 l~nless sho\vn otherwise, assuming that AG,O for Ph+As+ equals AG,O for Ph+B-. 
These  are the din'erences for (Ph+As+ i I'11,B-), found by Kim (9), divided by two. 
'Estimated value. 

Our objective, however, is not to conipare our re- 
sults with those of Kim, but firstly to show that both 
of these calculations via eq. [3] lead to very much 
better agreement with experimental AG: values than 
does the alternative method of calculation using only 
the cavity term in tlie scaled-particle theory (com- 
pare the results in Table 3 with those in Table I), and 
secondly to calculate the corresponding enthalpy and 
entropy terms using eq. [3]. There are only six sol- 
vents for which the necessary AH: and AS: values 
are known for the neutral solute Ph,C, Table 2, and 
so we have liiainly restricted our calculations to these 
solvents. The electrostatic terms were again calcu- 
lated by the method of Abraham and Liszi (27), and 
the results for the six solvents are given in Table 4. 
There is good agreement with experiment, both in the 
case of the entlialpy data (where there is an average 
deviation of 0.8 kcal 1no1-' between calculated and 
observed values) and the entropy data (where the 
deviation is 3 cal K - '  mol-' for tlie same six sol- 
vents). Since AS: for Ph,C is numerically very small 
for transfers from acetonitrile to other aprotic sol- 
vents, we have taken this value as zero for transfers 

being (in kcal niolF1 on the mole fraction scale) 6.1 for Ph,C 
and 6.3 for Ph,Ge. However, both these values seem very 
small when compared to AG,O values for other aromatic coni- 
pounds, viz. 3.4 for benzene and 5.7 for biphenyl, and we 
would expect the AG,O values for the Ph,M compounds to be 
not less than 10 kcal n ~ o l - ~  for the methanol to water transfer, 
rather than the observed values of 6.1-6.3 kcal mol-I. 

to the solvents acetone, 1,2-dichloroethane, and 
I,l-dichloroethane and have thus been able to cal- 
culate also AS: for Ph,As+ or Ph,B- for transfer to 
the three additional solvents. Agreement with the ob- 
served values is again very good (Table 4). 

Thus very simple calculations using eq. [3] yield 
free energies, enthalpies, and entropies of transfer 
of Ph,As+ or Ph,B- from acetonitrile to other pure 
organic solvents that are in substantial agreement 
with tlie experimental values obtained via the Ph,As+/ 
Ph,B- assumption, eq. [2]. However, we wish to 
point out that although our calculations and those 
of Kin1 (9) indicate tliat the Ph,As+/Ph,B- assump- 
tion is reasonable, the calculations do not and can- 
not prove the assumption to be correct. For example, 
the calculated and observed value for AS: of Ph,As+ 
= Ph,B- is 2 cal K- '  mol-' for transfer from 
acetonitrile to dimethylsulphoxide, yet it is logically 
possible for tlie 'correct' division to be, say, + 6  for 
Ph,As+ and -2 for Ph,B- and for our calculations 
to be wrong. A more cogent example is the entropy 
of transfer from acetonitrile to methanol, where 
there is disagreement over the cation and anion 
division using the Pli,As+/Ph,B- assumption or the 
correspondence plot method (22,29). On the Pli,As+/ 
Pli,B- assumption, the observed entropies of trans- 
fer are -2 for Ph,As+ and -2 for Ph,B- ; the cal- 
culated values are + 4  in each case, but we could 
argue that the Ph,As+/Ph,B- division is correct and 
tliat our calculations are in error by 6 cal K-'  mol-' 
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ABRAHAM A N D  NASEHZADEH 

TABLE 4. Calculation of enthalpies and entropies of transfer from acetonitrile of Ph,As+ 
or Ph,B-, at 298 K on the mole fraction scale" 

Solvent AHCoh AHnoC AH,O(calcd) AH,O(obsd)" 

Methanol -0 .7  2 .3  1.6 1 .9  
Propylene carbonate 0 .7  -1 .3  -0 .6  - 1 . 2  
Dimethylsulphoxide 0 .7  -0.1 0 . 6  -0 .5  
Sulpholane 0 .7  -0 .2  0 . 5  -0 .2  
Dimethylformamide 0 . 4  -0 .8  - 0 . 4  -2 .4  
Acetonitrile 0 .0  0 . 0  0 .0  0 . 0  

Solvent AScob AS,,", ASIo(calcd) AS:(obsd)" 

Methanol 
Propylene carbonate 
Dimethylsulphoxide 
Sulpholane 
Dimethylforrnarnide 
Acetonitrile 
Acetone 
1,2-Dichloroethane 
I ,I-Dichloroethane 

'Enthalpies in kcal mol-I, entropies in cal K - '  mol-'. 
bCalculaled by (he method of Abraham and Lisz~ (27). 
CValues for Ph,C, Table 2. 
dValues for Ph,As+ = Ph,B- from refs. 22, 23, 28-30. 
'Estimated values, see text. 

in each ion. Using the correspondence plot method, 
the observed values are + 5 for Ph,As+ and -9 for 
Ph4B- ; we could now argue that the correspondence 
method is correct, our calculation for Ph4As+ is 
correct, but that some additional interaction be- 
tween Ph4B- and methanol has led to a discrepancy 
of 13 cal K- '  mol-I between the observed and cal- 
culated value. Unfortunately, the present method of 
analysis is not refined enough to decide in favour of 
either the Ph,As+/Ph,B- assumption or  the corre- 
spondence plot method for entropies of transfer to 
or fro111 methanol. 
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Relation entre pression interne et temperature de fusion. 
L'entropie volumique de fusion 

GIANFRANCESCO BERCHIESI,  MARIA A.  BERCHI ESI ,  GIOVANNI VITALI ET 

VENANZIO VALENTI 
Istitlito Chirnico dell' Unicr~:vith, 62032 Crrmcrit~o, Itrilir 

R e ~ u  le 7 novernbre 1978 

GIANFRANCESCO BERCHIESI. MARIA A. BERCHIESI,  GIOVANNI VITALI ET VENANZIO VAL- 
ENTI. Can. J .  Chern. 57,2010(1979). 

La relation pression interne - temperature est discutee pour des nornbreuses substances 
organiques et pour des sels h la temperature de fusion. 

GIANFRANCESCO BERCHIESI,  MARIA A. BERCHIESI, GIOVANNI VITALI, and VENANZIO VAL- 
E N T I .  Can. J .  Chern. 57,2010(1979). 

The relation between the internal pressure and the temperature at the melting point is discussed 
for several organic substances and for some salts. 

Introduction 
MalgrC les nombreux efforts, soit thCoriques soit 

expkrimentaux, dCdiCs jusque i maintenant i 1'Ctude 
de 1'CnergCtique de la fusion et de 1'Ctat liquide (1, 2), 
un remarquable interst est adressC encore i cette 
problCmatique a cause des points obscurs. Dans 
cette note nous rapportons des mesures expirimen- 
tales de pression interne dans des liquides organiques 
et nous comparons les rCsultats obtenus avec ceux 
obtenus prCcCdemment. 

La pression interne P, d'un liquide est obtenue a l'aide des 
donnCes ultrasoniques, densirnktriques et calorirnCtriques selon 
les forrnules suivantes: 

TABLEAU 1. Valeurs des pararnktres des Cquations experirnen- 
tales [4]-[8] et dkviationsstandard pour les Cqs [4], [5], [7] 

Valeur 

Pararnktre CaHlo CzH4Brz 

0 (s/rnL) 
b (g /n~L  K) 
c (rn/s) 
d (m/s K)  
e (bar-') 
f (bar K)- 
g (bar) 
h (bar/K) 
i (cal/K mol) 
I (cal/KZ rnol) 
Tmmx 

[I ]  ps=( l lZp)- '  DCviations standard concernant les Cquations 
[21 PT = a. + aZTV/cp de u, p, Pi 

[31 p, = ~ T / P T  u P PI 
oh a,, a,, a ,  T, V reprksentent respectivernent la cornpres- 
sibilitC adiabatique, la cornpressibilitC isotherrne, le coefficient C2H4Brz 0 . 3  0.00023 4 . 9  
d'expansion therrnique, la temperature et le volume. La G H I O  1 .2  0.00020 6 .0  
densitC, p, a CtC obtenue par pycnornCtrie cornrne prCcCdern- 
rnent decrit (5); la therrnostatation a des ternptratures plus 
basses que celle arnbiante a CtC possible au rnoyen d'un ultra- 
cryostat Lauda, ernployC cornrne rkfrigtrant d'un bain de 
100 L agitCe et therrnorCgulC; une therrnostatation de +0.0l0C 
Ctait obtenue. La chaleur spicifique a pression constante c, a 
CtC deduite de la bibliographie (6, 7). La vitesse ultrasonore, u, 
a CtC mCsurCe a I'aide d'un interfbrornetre ultrasonore IPPT 
(Warszawa) prCcCdernrnent decrit (3,4), en ernployant cornrne 
indicateur de I'irnpulsion le rn&rne oscilloscope de I'appareil- 
lage au lieu d'un oscilloscope externe. La precision des 
rnCsures est 1 rn/s pour la vitesse et 2 bars pour la pression 
interne. Ce niveau de prCcision est .suffisant pour obtenir 
Pi/Tf (Tf represente la ternpkrature de fusion) a une prtcision 
de 0.005 cal/K rnL. 1,2-Dibrorntthane et 1,4-dirnCthylbenzkne 
sont produits Fluka (purCtC > 99%). 

RCsultats et discussion 
IntCressCs ?i la valeur de la pression interne A la 

temperature de fusion nous avons exCcutC des 
mCsures a diffkrentes temperatures 2. partir de 1 ou 2 
degrCs au dessus de Tf jusqu'i une tempCrature 
T,,,, indiquC dans le tableau. En gCnCral l'intervalle 
de tempCrature explorC est de 15 ou 20°C. Les rCsul- 
tats obtenus ont CtC exprimCs sous forme d'iquations 
derivCes par la mCthode des moindres carrCs: 

0008-4042/79/ 1520 10-03$0 1 .OO/O 
@I979 National Research Council of CanadalConseil national de recherches du Canada 
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BERCHIESI E T  AL.  201 1 

TABLEAU 2. Valeurs PiL,  PiLITr, cp/cv au point de fusion, V,,,, VdlS/n, pour les substances etudiees dans cette note et d'au- 
tres composts ttudiks pricidemment 

P ~ L  Tr P L L I T ~  Vdis Vdir/nt 
Compose (bar) (K) (caI/K m ~ )  ( c P / c r  (mL/mol) ( m ~ / m o ~ )  Ref. 

TCtradCcane 2890 279.1 0.24 1.17 158 3.6 10 
Acide sttarique 3379 339.3 0.24 1.17 161 2.9 3 
Acide palmitique 3401 334.6 0.24 1.16 137 2 .7  3 
Acide laurique 3244 316.0 0.24 1.16 102 2 .7  3 
1,4-Dimethylbenzene 3420 286.5 0.28 1.31 51 2.8 Ce trav. 
Cyclohexane 3390 .279.8 0.28 1.40 8 0 .4  10 
CCI, 3190 250.2 0.30 1.31 8 1 .6  10 
Acide oleique 3656 289.5 0.30 1.19 154 2 .7  4 
Benzine 3952 278.7 0.33 1.45 26 2 .2  4 
Benzothiophene 4530 305.2 0.35 1.27 27 1 .8  10 
1,2-DibromCthane 4510 283.0 0.38 1.36 25 3.1 Ce trav. 
Etanediole 4250 262.0 0.38 1.10 28 2.8 10 
1,4-Dioxane 4590 285.0 0.38 1.39 27 1 .9  10 
Nitrobenzine 4780 278.9 0.40 1.28 24 1 .7  10 
LiCl 0.39 14 11 
NaCl 0.28 22 11 
KC1 0.23 26 11 
CsCl 0.22 24 11 
LiBr 0.31 17 11 
NaBr 0.22 28 11 
KBr 0.21 29 11 
CsBr 0.18 34 12 
NaI 0.22 27 11 
KI 0.18 33 11 
NaNO, 0.45 14 11 

et les diviations standard ont CtC donnCes dans le 
tableau 1, avec les parametres empiriques de ces 
Cquations. La compressibilitC PT, la pression interne 
P i ,  dCduites a l'aide des Cqs [I]-[3] et la chaleur 
spCcifique a volunle constant c, = c,PS/PT, ont CtC 
exprimies de la f a ~ o n  suivante: 

La valeur g de pression interne du liquide extrapolke 
a la teinptrature de fusion (Pi,,) est employCe pour 
le calcul de PiL/Tf, qui est donne en tableau 2 avec 
les valeurs concernant les autres substances Ctudiees 
prCcCdemment. 11 a CtC dCja montrC (4) que le para- 
mitre PiL/Tf n'est pas un parametre empirique, au 
contraire i l  a une signification thermodynamique 
prCcise parce qu'il reprtsente dS/dV (oil S reprisente 
l'entropie) calculC a I'extrtmite de l'intervalle de 
fusion oh le crystal est pratiquement transformi en 
liquide (cat6 liquide) selon la formule suivante: 

dS/d V dans le cBtC crystal du processus de fusion est 
plus grande que dans le c6tC liquide parce que Pi, > 

Pi, Ti, coinme montrC (4), mEme si en gCnCral 
1'Cquation Pi, - Pi, (1, 8) est acceptCe comme sim- 
ple approximation (Pi, represente la pression interne 
du crystal au point de fusion). 

A ce moment, nous nous intkressons au parametre 
PiL/Ti, a cause de la difficult6 d'avoir des valeurs de 
pression interne des solides. 11s sont donnts au 
tableau 2 et montrent que malgrC le caractere hCtCro- 
gene des composts, soit ioniques soit molCculaires 

structure paraffinique ou aromatique, avec ou sans 
des hCtCroatomes la valeur de l'entropie voluinique 
de fusion est comprise entre 0.21 et 0.45 cal/K mL. 
L'tquation [9] peut Etre Ccrite de la f a ~ o n  suivante: 

L 

? p i L / ~ f  d v = (p iL /~ i )  ~ d i s  

oh Vdis n'est pas necessairement Cgale au volume de 
fusion i cause de l'approximation de l'intigration 
et comme discutt prtctdemment (3). Les valeurs 
Vdis sont rapportCes aussi au tableau 2. L'entropie de 
fusion peut Etre sCparCe en deux parametres: PiL/Tf, 
intensif et independant de l'extension des molCcules: 
Vdi, extensif et dCpendant de la dimension des molC- 
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Le terme PILIT, prtsente une variation regulikre, 
dans le cas des produits ioniques, avec 1es rayons 
ioniques et sauf le cas de NaNO, (pour lequel la 
prtsence d'un ion planaire produit probablement un 
mecanisnie de fusion difftrent) une equation PI,/ 
Tf = 0.42, - 0.080r'r- (o = 0.03) est suffisante a 
rendre compte de cette variation ( r + ,  r -  rayons 
cathioniques et anioniques respectivement). Dans 
le cas des produits organiques la relation entre 
P,,/Tf et la nature chimique du compost est moins 
tvidente: ce que l'on peut remarquer est la suivante 
Cchelle de variation de P,,/T,: 

Alcane, acides aliphatiques < composts aroma- 
tiques ou cycliques apolaires < composts polaires. 

La presence de  groupes polaires tlkve la valeur de  
P,,/Tf, sauf le cas des acides aliphatiques; il faut 
chercher probableinent la raison de cette exception 
dans la structure dimerique de ces acides (9) qui 
"ferme" la polaritt dans le dimkre et qui, par con- 
sequence, rend l'inttraction dimkre-dimkre semblable 
a celle moltcule-moltcule dans les alcanes. Etant 
donnt  que pour le rapport c,/c,, calcult au point de  
fusion, une tchelle pareille A celle relative a P,,/T, 
peut &tre tcrite (exception : acide oltique, ethanedlole) 
il est raisonable penser que PiL/Tf (comme c,/c,) 
soit aussi affect6 par l'activation de d tgr ts  internes 
d'tnergie. Sur cette base, probablement, i l  faudrait 
chercher l'explication de la difference de PILIT, entre 
conlposts lintaires (alcanes et acldes aliphatiques) 
et composts cycliques ou aromatiques. 

Vdi, (tableau 2) est dependant de la dimension 
moltculaire, tandis que V,,,/n, (ou n, reprtsente le 
nombre total d'atomes dans la moltcule) semble 
dtpendre plut6t de la rigiditt des liaisons chimiques. 
Dans le cas des alogtnures de mCtaux alcalins une 
grosslkre dtpendance Vdi, contre r +  peut &tre 
remarqute. 

En outre, il est interessant de remarquer que pour 
les substances examinees et dans l'intervalle de T 
examine, les grandeurs Pi, V,  T sont relites par la 
simple equation : 

les valeurs du paramktre A sont: 31.0 et  48.1 L2 atm 
molP2 pour 1,2-dibromtthane et 1,4-dimithylben- 
zkne respectivement. 
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Primary mechanisms in the radiolysis of amines: pulse and y -radiolysis of neutral and 
acidic ethylamine, n-propylamine and ethylenediamine 
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J. A. DELAIRE and J. R. BAZOUIN. Can. J. Chem. 57. 2013 (1979). 
The transient spectra in pure ethylamine (EA), n-propylamine (IIPA), and ethylenediamine 

(EDA) show, besides the visible and infrared band associated with the solvated electron, e-,, 
a small ultraviolet band attributed to oxidizing radicals. Upper limits for the recombination 
rate constants k of e-, with the acidic cation are 1.5 x l o L 2  and 3.5 x 1012 L mol-' s - '  in EA 
and nPA respectively, and k = 2 x loL0  L mol-' s- '  in EDA. The yield of e-, at 3 ns 
(G(e-,),,, = 1.5, 1.2, and 3.1 molecules/100 eV in EA, nPA, and EDA respectively) has been 
deduced by biphenyl scavenging. The yield of n1olecular hydrogen after y-radiolysis G,(H,) = 
5.7 and 3.6 in pure nPA and EDA respectively. The effect of solutes, such as biphenyl, alkyl- 
ammonium chloride, and ally1 alcohol, on G(H2) is interpreted in terms of scavenging of e-, 
and/or H atoms. From the pulse-radiolysis determination of G(e-,), we deduce G,, E 0 and 
GILZ N 2.0 in nPA. 

Finally, the decay of solvated electrons seems to occur only via recombination with the 
cation in EA and nPA, but in EDA there is a competition between this reaction and reaction 
with oxidizing radicals. 

J. A. D E L A I R E . ~ ~  J. R. BAZOUIN. Can. J. Chem. 57.2013 (1979). 
Les spectres d'absorption transitoire dans I'ethylamine (EA), la n-propylamine (IIPA) et 

I'ethylenediamine (EDA) pures montrent, en plus de la bande visible et infra-rouge associee a 
I'Clectron solvate, e-,, une petite bande ultra-violette attribuee aux radicaux oxydants. Les 
constantes de vitesse de recombinaison k de I'Clectron solvate avec le cation acide sont in- 
ferieures a 1.5 x 1012 et 3.5 x 10LZ L mol-' s- '  respectivement dans EA et nPA, et k = 
2.0 x 10" L mol-' s - '  dans EDA. Les rendements de e-, a 3 ns (G(e-J3,, = 1.5, 1.2 et 3.1 
molecules1100 eV respectivement dans EA, rrPA et EDA) ont e t i  determines par capture par le 
biphenyle. Le rendement d'hydrogene moleculaire apres radiolyse y Go(HZ) = 5.7 et 3.6 
respectivement dans nPA et EDA pures. L'elTet des solutes tels que le biphenyle, le chlorure 
d'alkylammonium et I'alcool allylique sur le rendement en hydrogene est interprete en terme de 
capture de e-, etlou des atonles H. Compte-tenu de la valeur determinee pour G(e-,) en 
radiolyse pulsee, nous deduisons GI, E 0 et G,,2 2: 2 dans PIPA. Enfin, la recombinaison des 
electrons solvates semble se faire uniquement par reaction avec le cation dans EA et nPA, mais 
dans EDA, il y a competition entre cette reaction et la capture par des radicaux oxydants. 

Introduction 
Amines belong to that class of solvents which 

have the property of dissolving alkali metals to give 
metastable solutions. The nature of the so-called 
blue solutions has been extensively studied (1). 
Solvated electrons (e-,), alkali metal cation - elec- 
tron pairs (M+,e-,), and anions (M-) are present in 
these solutions. Pulse radiolysis has been used in the 
past to study absorption spectra and reactions of 
these species, mostly in amines (2). Yields of the 
solvated electron G(e-,) have been determined in 
methylamine (MA) (3), ethylamine (EA) (3), and 
isopropylamine ([PA) (3) at different temperatures, 
but the precise mechanism of its disappearance is 
unknown. Attempts to determine primary yields 
other than that of e-, -essentially yields of atomic 
and molecular hydrogen- have been made by 
y-radiolysis in MA (4) and EA (5). Furthermore, 

studies in ammonia (6, 7) and hydrazine (7, 8) have 
shown that there exists a large similarity in the pri- 
mary mechanisms of the radiolysis of both solvents: 
the main recombining reaction of the solvated elec- 
tron seems to occur with radicals and not with the 
counter cation. At the same time, G(e-,) is found to 
be high (- 3) in both solvents (7). Therefore, it seems 
interesting to check whether the correlation between 
the high G-value and the low recombination rate 
constant established in NH, (static dielectric con- 
stant E,  = 17) and N,H, (&, = 54) is valid for 
weakly polar amines as EA (E, = 7 (9)), n-propyl- 
amine (nPA) (E, = 5.5 (10)) and ethylenediamine 
(EDA) (E, = 14 (9)). 

In addition to the fate of e-,, this paper deals with 
the behavior of radicals formed in the radiolysis of 
amines. Pulse radiolysis has been used to determine 
G(e-,) and the reactivity of e-, with the counter 
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cation and/or with radicals. Determination of molec- 
ular hydrogen yields after y-radiolysis of amines with 
different scavengers gives information on a possible 
mechanism. 

Experimental 
The experimental set-up has been described earlier (1 1, 12). 

A 600 keV Febetron 706 accelerator with a pulse width of 3 ns 
was used as the electron source. Dosimetry was established 
from the end-of-pulse absorption of the hydrated electron 
taking G , - , ,  = 3.3 (13) and E,-, ,  = 1.3 x lo4 dm3 mol-' 
cm-' (14) at 600 nm, and corrected for the differences in den- 
sity, taking p(C2H5NH2) = 0.68 g ~ m - ~ ,  p(n-C3H7NH2) = 
0.71 g ~ m - ~ ,  and p(NH2C2H,NH2) = 0.9 g ~ m - ~  at 20°C. 
As previously shown (15), the optical detection has been im- 
proved in the near infrared (ir) up to 1400 nm, the limit being 
due to solvent absorption. A germanium photodiode (Judson 
J 18) ir detector was used in the photovoltaic mode, and the 
photocurrent preamplified using the circuit shown in Fig. 1 .  
Two cascade amplifiers and a line driver circuit amplify the 
current and match the output impedance to a 50i2 coaxial line. 
The dark current was adjusted to zero using the offset on the 
first stage of the amplifier. The diode-preamplifier system has 
a rise-time (10-90%) of about 20 ns, and the gain is about 200. 
Signals from 50 mV to 1 V were found to be linear with the 
incident photon flux. 

A high resolution grating monochromator (Jobin Yvon, 
type HRS) was used with different gratings. The bandwidth 
changed from 2 nm in the uv and the visible to 7.5 nm in the 
infrared. 

The silica cell for pulse radiolysis and the purification of 
17-propylamine have been described previously (15). Ethyl- 
amine and ethylenediamine were prepared in the same way. 
Biphenyl (Merck, Zone refined) and acidic salts (ethylamine. 
HCI from Schuchardt, ti-propylamine.HC1 from Fluka, and 
ethylenediamine.2HCI from Merck) were used as received. 

For y-radiolysis studies, purified solvents were distilled under 
vacuum into Pyrex cells containing, if necessary, the needed 
quantities of solutes and then sealed off. The method for 
analysis of gases after y-irradiation has already been described 
(16). The dose rate of the cobalt source was about loL9  eV 

h-'. 

Results 

1. Pure Solvents 
The end-of-pulse (10 ns) spectra are shown in Fig. 

2. For wavelengths greater than 1000 nm, the spectra 
were measured 50 ns after the beginning of the pulse 
and normalized to the 10 ns spectra at 1000 nm. In 
our detection range, only EDA exhibits a maximum 

FIG. 1 .  Circuit diagram for the prean~plifier used with 
germanium photodiode. 

I I I I I I I I 
400 600 800 1000 1200 1400 

WAVELENGTH (nm) 

FIG. 2. End-of-pulse (10 ns) absorption spectra of solvated 
electron in A ethylanline, A ti-propylamine, 0 ethylene- 
diamine. The spectrum of ti-propylamine has been shifted 
vertically for clarity. 

for the ir absorption band associated with the sol- 
vated electron. This maximum is located near 
1300nm, in agreement with previous studies by 
pulse radiolysis (17) or dilute cesium solutions (18). 
For EA the maximum has been estimated to be near 
1950 nm (3b), but A,,, in nPA is not known. 

In addition to the ir and visible bands, the tran- 
sient absorption spectra in each amine also exhibit a 
ultraviolet (uv) band which increases in intensity up 
to the solvent cut-off (250 nm for EA, 255 nm for 
nPA, and 290 nm for EDA). These uv bands are 
clearly shown in Figs. 3, 4, and 5 for EA, nPA, and 
EDA respectively. 

Because the time behavior of the uv and ir absorb- 
ances are different, the former cannot be due to 
e-,. Under our experimental conditions, the decay 
time of e-, is shorter in EA and nPA (- 1 ps) than in 
EDA (-8 ps) and uv absorbance decays more 
slowly without noticeable change in its spectrum 
(see curves with full circles in Figs. 3, 4, and 5). By 
analogy with uv absorptions in the radiolysis of 
ammonia (6, 12), hydrazine (8), or alcohols (19, 20), 
these bands are attributed to primary radicals of the 
radiolysis of amines. Evidence for CH,NH radicals 
absorbing below 500 nm has been obtained in the 
pulse radiolysis of aqueous solutions of MA (21). 
Pulse radiolysis of pure triethylamine leads to a 
similar uv absorption (22). 

The decay of e-, was found to obey second order 
kinetics for EA and nPA, as shown in Fig. 6. For 
EDA, the kinetics do not seem to obey any simple 
order, as is usually the case for e-, decay in pure 
liquids. From the slopes in Fig. 6 and the extinction 
coefficients of e-, (see section 3), upper limits for 
second order recombination rate constants can be 
given as (1.5 _+ 0.5) x 1012, (3.5 5 1) x 1012 L 
mol-I s-I for EA and nPA respectively. Each value 
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0 WAVELENGTH (nm) 

FIG. 3. Ultraviolet absorption spectra in pure ethylamine: 
0 end of pulse, @ r = 400 ns; and in a solution containing 
ethylammonium chloride: (0.17 mol L-  ') A t = 400 ns. 

WAVELENGTH (nm) 

FIG. 4. Ultraviolet absorption spectra in pure tr-propyl- 
amine: 0 end of pulse, @ r = 100 ns; and in a solution con- 
taining 100 ns 11-propylammoniuni chloride (0.1 mol L- ' )  
A r = 100 ns. Inserts: oscilloscope traces in pure n-propyl- 
aniine, at 700 iim (50 ns/division) and at 320 nni (500 ns/ 
division). 

is a mean of about ten determinations, made at 
different wavelengths. 

In the uv, the decays generally fit second order 
kinetics for each solvent. This is a further argument 
for assigning these absorbances to radicals, which are 
known to dimerize. Nevertheless, in order to obtain 
a satisfactory second order plot in the case of EDA, 
it is necessary to  consider that the radicals dimerize 
to  give a longer lived transient absorbing at the same 
wavelength (see Fig. 5). The slopes of the second 
order plots give the values k /& = 8.0 x lo6, 6.7 x 
lo6, and 3 x lo6 cm S - I  for EA, nPA, and EDA (after 
correction) respectively a t  300 nm. 

- 

WAVELENGTH (nm) 

FIG. 5. Ultraviolet absorption spectra in pure ethylene- 
diarnilie: 0 end of pulse, @ r = 2 ps, A t = 14 ps and in a 
solution containing ethylenediammonium chloride (0.5 mol 
L- I )  A r = 2 ps. 

1 2 3 

0.5 1 .O 1.5 
TIME (microseconds) 

FIG.  6. Tests of second order plots for the decrease of e-, 
in pure ethylamine at 1300 nm (O),  11-propylamine 900 nm 
(@), and ethylenediamine 800 nm (A).  

of the amine RNH,. In fact, this cation is the main 
cation of the radiolysis of amines (7), and a measure 
of its reactivity with e-, is useful. However, the state 
of association (pairs and higher associated species) of 
the amine hydrochlorides dissolved in their respec- 
tive amines is generally unknown and a whole con- 

2. Acidic Solutions ductimetric study of some of these solutions is needed 
These solutions contain the 'acidic' cation RNH,' (10). 
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We shall present here the values of the rate con- 
stant k2 for the reaction of e- ,  with the acidic salt, 
irrespective of its state of dissociation. Results are 
shown in Fig. 7, for EA and nPA. In both solvents, 
concentrations of acidic salts higher than mol 
L- '  are necessary to accelerate the decay of e-,. 
At concentrations higher than lo- '  mol L-I ,  
experimental points deviate from linearity. From 
the slopes in Fig. 7 we obtain values for the 
second order rate constants k, = 5.7 x 10' and 
6.0 x 10' L mol-' s- '  for EA and t7PA respectively. 
In this concentration range (10-2-10- ' mol L-  ') ions 
are considered to exist mainly as pairs (10) so we 
shall consider that both rate constants refer to the 
reactivity of e-, towards a cation paired with a 
chloride ion. In a previous paper (7) we considered, 
to a first approximation, that the rate constant 
between free ions had to be multiplied by a factor of 
ten, giving a value of k,-s + ,,,, + = 7 x lo9 L 
mol-' s-' for nPA (7). However, the decay kinetics 
of e-, in the pure solvent allow one to obtain an 
upper value for lc, - + ,,,, + .  In fact, it will be shown 
in the discussion that e-, decays mainly by recom- 
bination with the cation in both solvents. So we may 
conclude from the high values measured here for the 

0.05 0 .I 
FIG. 7. Observed first order rate constant for the decay of 

e-, as a function of the arnine hydrochloride concentration. 
Upper curve: 12-propylamine. Lower curve: ethylarnine. 

recombination rate constants in the pure solvents 
that the amplification factor suggested previously (7) 
may be as high as lo3. 

By dissolving ethylene diammonium dichloride in 
EDA, the monoacid EDAH' (NH3+CH2CH2NH2) 
conjugated with the base EDA is thought to  be 
formed, a t  a concentration twice that of the added 
salt. First order experimental rate constants are 
plotted in Fig. 8 versus the logarithm of the concen- 
tration of the monoacid. The main feature is the 
plateau value reached by the experimental rate con- 
stant for concentrations of reactant higher than 
10-I mol L-'. Thus, it appears again that the re- 
activity of e-, towards the cation is greatly reduced 
when the latter is associated with the anion: a more 
detailed study of this reactivity in connection with 
conductimetric measurements gives the value of the 
recombination rate constant at zero ionic strength for 
isolated ions kc - s  + ,,,, + = 2 x 10" L mol- ' s-I  

(10). This value is higher by a factor of lo3 than that 
obtained in previous work using a stopped flow 
method (23). However, the latter results were not 
corrected for ionic association and ionic strength 
effects, which largely explains the above discrepancy. 

We also investigated the influence of the acidic 
u 

cation on the decay of the uv absorbance in each 
amine for a concentration such that e-, disappears 
in a few nanoseconds. At the end of the pulse, the 
spectra were found to be identical to those in pure 
solvents. At longer times the influence of the acidic 
cation differs according to the nature of the amine. 
As shown in Figs. 3 and 4, the decay is exactly the 
same as in the pure solvent for EA and nPA, but is 
slowed down in EDA. In fact, for molar concentra- 
tion of EDAH' in EDA, the decay remains second 
order. but the rate constant is three times lower than 
in pure solvent. 

FIG. 8. Observed first order rate constant for the decay of 
e-, in ethylenediamine as a function of concentration of mono- 
acidic ion, plotted on a logarithmic scale. 
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3. Extinction Coeficient and Yield of Soloated 
Electron 

Yields G(e-,) and extinction coefficients E, -, were 
determined using biphenyl (Ph,) as a scavenger. The 
 neth hod uses the known extinction coefficients of 
biphenyl anion (Ph,-) determined in tetrahydro- 
furan at 410 nm and 640 nm (24, 25) and assumes 
that these coefficients are independent of the solvent. 
Although there is no direct evidence of this hy- 
pothesis, the invariance of the Ph,- spectrum shape 
also suggests invariance of E P h z  - . Furthermore, it has 
been shown that the above method applied to 
ammonia (26) gives the same G-value (3.2) as the 
direct determination of the yield, knowing the de- 
posited dose and extinction coefficient E,-5. 

For co~lcentrations of Ph, lower than lo-, 
in01 L-' ,  the decrease of e-, absorbance was 
observed simultaneously with the associated increase 
of Ph,- absorbance. The absorbance of Ph,- was 
measured after a time corresponding to the end of its 
formation, or the end of the decay of e-,. 

Figure 9 shows the anion yields as a function of 
solute concentrations, assuming E ~ ~ ~ -  = 1.21 x 
lo4 L mol-' cm-' at 640 nm (24,25). The measured 
yield G(Ph,-) depends on the scavenger concentra- 
tion, a consequence of the competition between the 
scavenging reaction and the non-homogeneous (spur) 
and homogeneous (bulk) reactions of e-,. This 
solute dependence has been described according to 
an empirical equation originally proposed for hydro- 
carbons (27) and adapted to our problem (see Dis- 
cussion). The calculated dependence of G(Ph,-) on 
solute concentration is shown in Fig. 9 (full lines). 
However, the quantity of interest is G(e-,) at a time 
t, G(e-,),. It has been shown that this quantity is 
exactly the inverse Laplace transform of G(Ph,-) 
(28). As a first approximation, we shall consider that 
for a Ph, concentration such that the halftime of 
reaction is t,,, = 3 ns (half-height duration of the 
triangular pulse), the yield of electrons which is 
scavenged is G(e-,), ns. This approximation is justi- 
fied because the decay rate of e-, in the pure solvent 
at the end of the pulse is much slower than in 
the presence of the above Ph, concentration. 

Extinction coefficients for e-, were also deter- 
mined by comparing the optical density of e-,, 
OD(eP,), at the end of the pulse (10 ns) with that of 
Ph,- at 640 nm, OD(Ph,-), for a Ph, concentration 
such that the reaction half time is 10 ns. If, under 
such conditions, we consider that all the solvated 

FIG. 9. Biphenyl anion yields as a function of biphenyl con- 
centration, in ethylamine (O),n-propylamine (@),and ethylene- 
diamine (A).  Dashed curve: equation of ref. 27. Solid curve: 
eq. [4]. For sake of clarity the curves of 11-propylamine and 
ethylenediamine are shifted vertically by 1 and 2 units of G 
respectively. 

500-700 nm region, the absorption spectra of both 
e-, and Ph,- have two isobestic points. These points 
were determined by looking for flat absorbance on 
oscillograms, and it was verified that they were in- 
dependent of biphenyl concentration. The values 
obtained for E, - s  were the same as above within the 
limit of experimental error. The last method gives 
further support to the derivation of G(e-s)3ns. 

The values of G(e-,),,, and E, - s  are given in 
Table 1, and compared with literature data (see 
Discussion). 

In spite of the short lifetime of e-, in EA and nPA, 
it was possible to find a range of biphenyl concentra- 
tions (from 2 x to 2 x mol L-') from 
which the rate constant k, for the reaction of e-, 
with biphenyl could be determined. Values equal to  
(1.45 + 0.1) x lo", (1.35 + 0.1) x lo", and (1.8 
+ 0.1) x 10'' L in01-~ S-' were obtained in EA, 
iiPA, and EDA respectively. 

electrons Present at the end of the pulse, and only 4. Hydrogen Yields in tlie y-Radiolysis of nPA aiid 
these electrons, are scavenged, eq. [ I ]  applies: EDA 

[I.] OD(e-,)/OD(Ph, -) = E, - s / ~ p h 2  - 
Molecular hydrogen yields were measured for 

pure solvents, and for solvents containing an electron 
E,-s  was also determined in another way: in the scavenger (biphenyl), electron, and H atom scaven- 
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TABLE 1. Properties of e-, in amines (T -. 293 K) 

h,,, E x 10-4 kce 
Solvent (nm) (Lmol-I cm-I) (cm2 V - '  S - I  G(e-s)3ns 

E A 1950b 3 . 2 k 0 . 5  (ii,,,)b 1 .5  x 1.21 
3 . 8 k 0 . 2  (1400 nm)" 1.5" 

nPA 3 . 4 k 0 . 2  (1400 nm)" 1 .5  x lo- '  1.2" 
iPA 2100" 3 . 2 k 0 . 5  (ii,,,)c 1 .Of 
EDA 1300" 1 . 9 k 0 . 2  ii,,,) " 1 .8  x lo-9  3.1" 

1280" 2 .0+0 .3  (ii,,,)" 
MA 1900b 3 . 3 k 0 . 2  (A,,,)b 2.2.S 

.Our work. 
bReference 36. 
.Reference 29. 
dReference 17. 
'This work, eq. [Z]. 
'From scavenging curves of ref. 3b, applying the same method as the one explained in the text to  determine 

G!e-,), ., and using our  values for kc,- + 

FIG. 10. Molecular hydrogen yield as a function of biphenyl 
concentration in pure 11-propylamine (0) or in solutions con- 
taining ~ r o p ~ l a m i n e  hydrochloride (1 mol L-') (@) or allyl 
alcohol (1 mol L-') (A)  solid curve: eq. [13]. 

gers (biphenyl + allyl alcohol) or  acidic cation. The 
yield of hydrogen was found to be independent of 
dose in the range used (0.2 to 1 x 10'' eV inL-I). In 
both amines, hydrogen was the main gas produced 
by radiolysis. 

The yield of hydrogen Go(H2) in pure nPA is 
5.7 _+ 0.3. For biphenyl concentrations higher than 
lo- '  mol L-',  the yield of hydrogen drops to 2.5 f 
0.3. The same decrease is observed in a solution con- 
taining biphenyl 2 x lop3 mol L- '  and allyl alcohol 
1 mol L- ' .  Addition of 1 M propylamine hydro- 
chloride (nPAH'C1-) has practically no effect on 
the yield of hydrogen (G(H2) = 5.8 f 0.3) (see 
Fig. 10). 

Go(Hz) in pure EDA is 3.5 f 0.1 and rises to 
4.3 f 0.1 when the acidic salt is added a t  concen- 
trations of 1.4 x or  3.1 x lo-' mol L- l .  

Discussion 

1. Properties of Soluated Electrons in Amines 
Table 1 summarizes some properties of e-, in 

several amines. Our values of ee - and those from the 
literature are in good agreement for EDA. Assuming 
that the shape of the spectrum is the same as that 
given in ref. 36 for EA, our determination of E, - s  a t  
1400 nm would lead to en,,, = (4.5 f 0.5) x lo4  L 
mol-I cm-'. This value is slightly higher than that 
given in ref. 3b. We interpret this discrepancy as a 
consequence of too  high a value determined in the 
above reference for G(e-,).I 

Another physical property of interest is the 
mobility (p,) of e-,. Due to the instability of metal 
solutions in amines (I), conductance studies of such 
solutions have been limited to M A  (30) and E D A  
(31). Furthermore, the limiting value of the equivalent 
conductance depends on the nature of the metal 
(30, 31). In addition there are some experiments on 
the conductivity of excess electrons in amines in the 
microsecond range (32). However, the mobilities 
found for these solvents of low dielectric constant 
may involve an  associated form of the electron which 
may be formed in a fast process (1 5). 

In contrast with direct methods which, due to their 
long response time, are unable to give mobilities of 
isolated solvated electrons, the calculation of mobility 
from the diffusion-controlled rate constant with 
effective scavengers is, as already suggested (33), of 
more general use for these solve~lts. Actually, the 
reduced Smoluchowski-Debye equation applies : 

where k is the Boltzmann constant, T the tempera- 
ture, lcs the scavenging rate constant, e the electron 
charge, and p, the effective reaction radius. If one 
admits that the scavenging of e-, by biphenyl is 
diffusion controlled, use of eq. [2] with p, = 5 A 

'After a 0.3 ps pulse in EA and iPA, as in the work by 
Seddon el a/. (3b), the true solvated electron yield is indeed 
lower than the yield of escaped electrons determined from the 
scavenging curve, since in the pure solvent, a fraction of the 
latter will recombine during the pulse. 
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gives the mobilities listed in Table 1. In EDA, the 
mobility is lower by a factor of ten than in EA and 
nPA, and higher than those given in ref. 32. 

2. EfJiciency of e-,-Cation Reaction 
In preceding papers (6-8) we emphasized the role 

of the efficiency factor for the e-,-cation recombina- 
tion on the survival probability of e-,. For this 
purpose, diffusion-controlled rate constants are 
estimated from the Smoluchowski-Debye equation : 

[3] lcdi,, = 4np,Dx/(l - exp (-x)) 

where D is the mutual diffusion coefficient and x is 
the ratio e2/&,pSkT. AS the diffusion coefficient for 
e-,, D, - $ ,  is larger than the diffusion coefficient for 
the cation, one can consider as a first approximation 
that D 1. D, - s.D, - is obtained from the above 
data on conductivity, and p, is the sum of the 
cavity radius of e-,, estimated to be 2 A, and of 
the crystal radius of alkylammoniu~n ion, estimated 
from partial ionic molar voluines in water to be 
2.7, 2.9, and 3.0 A for EA, nPA, and EDA re- 
spectively (34). The diffusion-controlled rate con- 
stants lrdif, are found to be equal to 4.7 x 1012, 
5.9 x 1012, and 2.9 x 10" L mol-' s-' in EA, 
nPA, and EDA respectively. As explained earlier, 
the only accurate experimental measurement of the 
recoinbillation rate constant lc,,, is for EDA: lc,,, = 
2 x 10" L mol-' s-'. So, in this solvent, the effi- 
ciency factorf, defined as the ratio lcc,,/kdiff, is only 
7 x lo-,. In EA and nPA, because of the arguments 
developed above, we think that the second order rate 
constants determined from analysis of the decay in 
the pure solvent can be used as upper limits for 
k,,,. The efficiency factors estimated with such limits 
are equal to 0.3 and 0.6 in EA and nPA respectively. 
So, contrary to EDA, rate constants of recombining 
reactions in EA and nPA may be almost diffusion 
controlled. 

3. Soluated Electron, H Atorn- and H,-yields 
In the three solvents, the yield of biphenyl anion 

formed by electron capture shows a marked depen- 
dence on biphenyl concentration (Fig. 9). In order 
to analyse such a dependence, we used the empirical 
equation proposed in the case of hydrocarbons (27), 
corrected to take account of ho~nogeneous competi- 
tion between the decay of free ions and their scaven- 
ging by Ph, (35). 

[4] G(Ph2-) = G(e-,),[GS/(l + 6S)l 

where G(e-,), and G(e-,), represent the yields of the 
solvated electrons, free and geminate respectively, S 
is the concentration of the scavenger, a is a param- 
eter which represents the competition between re- 

combination of geminate electrons with cations or 
radicals in 'the spur and reaction towards the solute, 
6 is the ratio k,/kd where kd is the first order rate 
constant for the decay of free electrons. This con- 
stant has been estimated from [5] 

where [RNH,'] is the concentration of cations at 
the end of geminate recombination in the presence 
of a solute at concentration S. From the charge 
balance, we can write 

where D is the deposited dose (eV x cm-,) and NA 
is Avogadro's number. The solid curves drawn in 
Fig. 9 represent the best fit of eq. [4] using for EA, 
nPA, and EDA, respectively: G(e-,), = 4.0, 3.55, 
and 3.3, G(eP,), = 0.3,0.3, and 0.5, and a = 125, 90, 
and 900. For the sake of coinparison the broken 
curves represent values of G(Ph,-) from the original 
scavenging equation (27) without corrections, using 
the same parameters as above. In spite of the correc- 
tion expressed in eq. [4], experimental yields for con- 
centrations of the scavenger lower than mol 
L-'  are smaller than those calculated in EDA due to 
the decay of Ph,- during its formation. For this 
reason, the values given for G(e-,), are to be con- 
sidered as lowest limits. 

More certain are the values of the total scavenge- 
able yields G, - s  found to be equal to 4.3, 3.85, and 
3.8 for EA, nPA, and EDA respectively. These values 
are higher than those given previously for MA, EA, 
or iPA (3b). The discrepancy may be a consequence 
of the fact that, during the electron pulse (0.3 ps) 
used in ref. 36, the biphenyl anions partly recombine. 

These yields are to be cornpared with those de- 
duced from molecular hydrogen yields after the 
y-radiolysis of amines in the absence and presence of 
various scavengers. In addition to primary un- 
scavengeable ~nolecular hydrogen, H atoms and 
solvated electrons may form ~nolecular Hz:  

[7] e-, + RHN,+ + (RNH,) + H + RNH, 

H atoms are assumed to react with the solvent to 
give Hz (36) 

Therefore, in the pure solvent, 

where G, ,, G,, and G, - are the primary yields of 
H,, H, and e-,, and p is the fraction of e-, under- 
going recombination with cations (reaction [7]). When 
an electron scavenger such as biphenyl is added in a 
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high concentration, then 4. Main Recombination Reactions for Solvated Elec- 

[lo1 G(H,),h, = GH, + GH 

Similarly, in the presence of a high concentration of 
acidic salt, then 

[ I l l  G(H2)acid = GH2 + GH + Ge-s 

So, if the above hypotheses are correct: 

[I2] G(H2)acid - G(H2)Ph2 = Ge -, 

For EA, such a difference obtained from the litera- 
ture gives G, - s  = 2.7 + 0.1 (5) which is to be com- 
pared with our limiting value of 4.3. The agreement 
is better for nPA where our results in y-radiolysis 
(see Fig. 10) give G, - $  - 3.5, to be compared with 
G, -, = 3.85 from the Ph, scavenging experiments. 

The decrease AG(H,) of n~olecular hydrogen yield 
in the presence of biphenyl, compared to that in the 
presence of high concentration of acidic salt, can be 
expressed in the form: 

By choosing the same parameters as those given 
above for nPA, one obtains the solid curve in Fig. 10. 
This fits the experimental data quite well, giving 
further support to the above values. At concentra- 
tions used, biphenyl has been considered not to 
scavenge H atoms that react efficiently with the 
solvent by reaction [8]. If H atom scavenging 
occurred the decrease in G(H2) would be higher and 
the difference in eq. [12] would give G, -, + G, - 
3.5. As Ge-s = 3.85 has been found from pulse 
radiolysis we deduce GH - 0. The same conclusion 
is reached when experimental data concerning allyl 
alcohol solutions are examined. Ally1 alcohol is 
known as an ineffective scavenger of hydrated elec- 
trons (kc - . l q + ~ t ~ , = ~ H ~ H 2 0 t r  < lo6 L mol-' s- ' (3711, 
but as an efficient scavenger of H atoms in water such 
that the main scavenging reaction is 

which does not yield Hz  (37). The rate constant k14 
is higher than 109 L mol-' s-' in water (38). Since a 
molar solution of allyl alcohol causes the same de- 
crease in G(H,) as a molar solution of biphenyl, it is 
concluded that allyl alcohol scavenges only H atoms 
produced via reaction [7]. Again, the conclusion is 
GH - 0. As allyl alcohol in molar solutions competes 
with the solvent molecules to scavenge H atoms, we 
deduce that k, < 5 x lo7 L mol-' s- '. 

Finally, the yield of unscavengeable molecular 
hydrogen G,, is deduced from the asymptotic value 
of G(H,) at high biphenyl concentrations (see Fig. 
10): G,, = 2.0 + 0.3. 

trons in Amines 
Mass spectrometer studies on gaseous ionic reac- 

tions in ammonia (39-41) and methylamine (42) have 
shown that the initial cation is rapidly replaced 
through ion-molecule reactions by the protonated 
molecule ions. Assuming that the same ion-molecule 
reactions occur in EA, nPA, and EDA, then the 
primary radiolysis species are as follows: 

[15] RNH, + RNH3+,  e - , ,  RNH', (H', R', NH,') 

Radicals like RNH', R', or NH,' may also be formed 
in small amounts by decomposition of excited 
molecules (43). 

Because in amines the solvated electron associated 
with alkali cations is metastable, reactions of e-, 
with the solvent molecule or another e-, are rela- 
tively unimportant (7). Therefore the main reactions 
for the disappearance of e-, are [7] and [16]. 

t161 e- ,  + RNH' + RNH- 

In ammonia and hydrazine, the main reaction of dis- 
appearance has been found to be reaction [16], 
because of the low efficiency of reaction [7] (6, 7). 
At the same time, G(e-,) has been found to be high 
(G(e-,) = 3.0 and 3.4 in NH, and N2H4 respec- 
tively). 

When acidic cation is added to both EA and nPA 
in order to accelerate the e-,,,,-cation recombina- 
tion, the uv absorption attributed to radicals is un- 
changed compared with the pure solvent and there is 
only a slight increase in hydrogen yield (AG(H2) = 
0.1) leading to P 2. 1 in eq. [g]. Both features sug- 
gest that reaction [7] is the main recombination re- 
action in EA and nPA. Consequently, the measured 
rate constant of the decay in pure solvents has been 
assumed to be k, -,+,,, , + (see above) and has been 
found to be almost diffusion controlled. 

The escape probability N at a given time t, N, = 
G(e-,),/G, - ?  is 0.35 and 0.31 at 3 ns for EA and 
nPA respectively. These values are a little higher than 
the corresponding probability determined in di- 
methoxyethane (E ,  = 5), in which N,,, = 0.20 if we 
consider that G(e-,),,, = 0.8 (7) and G, -, = 4.0 
by analogy with the value determined for tetrahydro- 
furan (44). These probabilities are low in correlation 
with the fact that the efficiency factor f is near unity. 

The escape probability N,,, equals 0.82 in EDA. 
This high value can be correlated, as for NH, and 
N2H,, with the low value off. In fact, the mechanism 
for disappearance of e-, in EDA is intermediate 
between that of polar NH, and N2H4, in which 
f - 0, and that of weakly polar amines, as EA and 
nPA, in which f - 1.: reaction [16] takes place in 
competition with reaction [7]. Indeed, by addition 
of acidic salts, radicals are protected and G(H2)acid 
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increases (AG(H,) = 0.8). Considering the initial 
decay rate of e-, and the experimental value for the 
rate constant of reaction [7], and supposing a radical 
yield equal to the solvated electron yield, we find that 
the rate constant of reaction [16] equals 4 x 10'' L 
mol-I s-'. This value indicates that the efficiency 
factor for reaction [16] is high, as is the case for NH, 
(8). 

In conclusion, pulse- and y-radiolysis studies of 
EA, nPA, and EDA give evidence for the influence 
of efficiency factors of the neutralization reaction and 
recombination with radicals on the yield of escaped 
solvated electrons. By solving the Smoluchowski 
equation with a boundary condition expressing the 
partially reflective character of the reaction sphere 
(7), we have shown that it is possible to describe 
qualitatively the influence off on the escape proba- 
bility. The approximation method used to solve the 
equation was "prescribed diffusion" (45). In order to 
improve the accuracy of the theoretical calculation of 
N ,  and to introduce possible reaction with radicals, 
numerical solution of the Smoluchowski equation is 
in progress. In this way, we hope to get some idea of 
the mean initial thermalisation length for the solvated 
electron in cases where recombination with the cation 
is not the only recombination process. 
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Influence de differents catalyseurs a base d'elements de transition du groupe VIII sur la 
polymerisation du norbornene 

CHARLES TANIELIAN. A L A I N  K I E N N E M A N N ~  ET TEMEL OSPARPUCU 
Lo11or.otoir.c dc chir71ie o,;qtrtliclrrc, rrppliclrrc;e, I rlrr Bloise Ptrscol. 67008, S!ro.sOorrr.g, FI.(I,Z(.(, 

R e p  le 27 octobre 1978 

CHARLES TANI~LIAN,  ALAIN KIENNEMANN et TEMEL OSPARPUCU. Can. J. Chem. 57, '022 
(1979). 

Les deux types de polymerisation du norborntne ont Bte CtudiCs en catalyse homogene. Le 
palladium conduit i une polymerisation de type vinylique alors que pour le rhodium et le 
ruthenium nous avons ouverture de cycle. Dans le cas de la polynlCrisation avec le palladium, 
nous avons pu pieger un intermtdiaire rtactionnel: PdCl2(C7Hl0), et Ctudier son comporte- 
ment en polyn~erisation. Avec le ruthenium, nous avons etudie I'influence de deux ligands: le 
cyclopentadiene qui conduit a un blocage coniplet de la reaction et la triphenylphosphine dont 
I'effet varie suivant le rapport P+,/Ru. L'utilisation de trois alcools comme solvant: EtOH, 
tl-BuOH, t-BuOH, montre une variation de la vitesse reactionnelle en passant de EtOH 
t-BuOH avec RuCl3,3H20 et aucun changenlent pour RuCl2(P+,),. Ceci indique que le rBle 
de l'alcool n'est pas limite a celui de solvant nlais qu'il doit participer la reaction elle-mCme, 
notaniment au niveau de la formation de l'espece active. 

CHARLES T A N I ~ L I A N ,  ALAIN KIENNEMANN, and TEMEL OSPARPUCU. Can. J. Chem. 57, 2022 
(1979). 

Both types of norbornene polymerisation with honlogeneous catalysts have been studied. 
Palladiuni leads to vinyl-type polymerisation whereas rhodium and ruthenium lead to ring 
opening. In the case of palladium-catalysed polymerisation we have been able to trap the 
reactive intermediate PdC12(C7Hlo), and have studied its behaviour during polyrnerisation. 
With r~lthenium we have studied the effect of two ligands: cyclopentadiene which leads to a 
complete blocking of the reaction and triphenylphosphine the effect of which varies according 
to the ratio P43  :Ru.  Use of the three alcohols, ethanol, n-butanol, and [err-butanol, as solvent 
shows a variation in reaction rate on charge using RuC1,.3HI0 but no change for RuCl2(P6,),. 
This indicates that the role of the alcohol is not limited to that of solvent but it must participate 
in the reaction especially during the formation of the reactive intermediate. 

[Journal translation] 

Introduction Nous nous proposons, dans ce travail, d'ktudier 

De nonlbreux travaux traitent de l'obtentioll de les deux types de ~ o l ~ m e r i s a t i o n  ell ca t a l~se  homo- 

polynikres 2 de cyc]oolCfines et un certain gk"e avec des metaux du groupe VIII: Palladium 

non~bre  de mises au point ant pLlblites (1-5). (~o l~n le r i sa t ion  de type vin~lique), rhodiun1 et 

certaines cyc~oo~~f i l l e s  dent le norbornkne ollt la ruthCniun1 (ouverture de  cycle). La lnise en evidence 

possibilit~ de se po ly ln~ r i s e r  su ivan t  deux voies: d'intermediaires rlactionnels pour le palladium et 

p o ~ y l n ~ r i s a t i o n  de type vinylique ou par ouverture 1'Ctude d'effets de  solvants et de ligands pour le 
de cycle. Le choix du systkme catalytique perlnet de  ruthenium perlllettent une approche des schkmas 
diriger ]a reaction vers l'ulle ou ]'autre voie: des rtkctionnels de la polymerisation, 

acides de Lewis (6), des complexes B base de palla- Partie expi5rimentale2 
dium (7, 8), certains catalyseurs Ziegler-Natta (9- 

Toutes Ics reactions sont effectukes en ~~til isant I'argon 
12)' des (I3' 14) conduisellt une comme gaz protecteur. Les spectres ir ont CtC obtenus sur 
mCrisatiOn de type vinylique, que la po1y- spectrometre Beckman IR-13, solution dans pour les 
mkrisation par ouverture de cycle est obtenue si l'on resolutions entre ~ O O O C ~ I - ~  et 400cm-I et sur Beckman 
utilise des catalyseurs Zieg]er-Natta (10, 11, 15) des IR-11, suspension dans le Nujol pour les resolutions jusqu'a 
oxydes de chrome, molybdkne ou tungstkne ,.6duits 70 cm-I (complexe norbornene-palladium). Les spectres de 

rmn ont Cte obtenus selon (17) sur Varian A60 et Brucker 
(16) des sels ou colnplexes de ruthenium, osmium, ~ ~ 9 0  a T = 70"C, le mononli.re et les polynli.res i tant en 
iridium en milieu alcool (17, 18) ou benzkne (19) Ou solution dans le benzene. h T anibiante pour le complexe 
d'autres dkments de transition (W, Mo, Re) (20, 21). norbornene-palladium. 
M ~ ] ~ ~ c  ces nombreux travaux, ]'etude d u  nl~can i sn le  Les alcools utilisks (puriss Fluka): MeOH, EtOH, n-BuOH 

de la reaction reste d'actualitk (21, 22). 
=Avec la collaboration de Mrne S. Libs pour la partie 

'A qui toute correspondance doit Ctre adressee. chromatographique. 

0008-4042/79/ 152022-0650 1 . O / O  
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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T A N I ~ L I A N  ET Al.. 

TABLEAU 1. Influence du catalyseur sur la polymerisation du norbornene* 

Conversion Rendement Type de 
Catalyseurs norborntne (%) en polymere (Z) polymerisation 

Vinyl 
Vinyl 

Vinyl 
Ouverture de cycle trrrtls 
Ouverture de cycle trans 
Ouverture de cycle trans 
Ouverture de cycle trans 
Ouverture de cycle tra~ls 
Ouverture de cycle tra17s 
Ouverture de cycle trat~s 

*T = 68°C dur6e: 21 h solvant EtOH. (cat Rh) = 2.67 
1.5 x 10-2 mol/L; (monomere) = 1.5 mol/L. (cat Pd) = 

et t-BuOH ont ete seches ct distilles selon la methode au 
phtalate (23). Le benzene (puriss Fluka) a ete distill6 sur 
potassium et le norbornene (purum Fluka) distille et contrble 
par chromatographie phase gazeuse et rmn. 

Conduite d'une reaction de cinetique: dans un ballon de 
100 mL, on dissout le catalyscur RuCI3.3H30 (4 x lo-' mol) 
dans 0.137 mol EtOH (T = 68°C). On ajoute alors 0.04 mol 
de norbornene dans 0.137 niol EtOH. La consommation de 
norbornene est mesuree par prelevements reguliers en chro- 
matographie phase gazeuse par la methode de I'etalon interne 
(octane 2.15 x mol). Pour chaque catalyseur la courbe 
de conversion prksente initialement une partie linkaire corres- 
pondant a une vitesse de polymerisation constante puis une 
deviation par rapport a la linkarite (t = 1 h 30 min) corres- 
pondant a un debut de precipitation du polynitre forme. La 
vitesse de polymCrisation dtcroit alors lentenlent et le systeme 
semble devenir progressivement inactif. Le polymere obtenu 
est soigneusement lave au ~nkthanol, sCchC et pese. 

Les conditions chromatographiques sont les suivantes: 
catharometre (Varian 202), colonne: SE 30 10% ssur Chromo- 
sorb W 80/100 mesh, (2 m, 118 po, 75°C) He gaz vecteur, 
octane etalon interne. 

Preparation des catalyseurs 
PdCI2-norbornene: 190.5 mg de chlorure de palladium 

dibenzonitrile (6.8 x lo-' 11101) sont dissous dans 5 mL de 
methanol ainsi que 568.4 nig de norbornene (6 x mol) 
dans 25 mL de methanol. Le melange est refroidi a -2°C 
pendant 112 h. On note I'apparition d'un precipitk jaune. Le 
melange est laisse cette temperature 24 h puis filtrC, lavC et 
sCchC. Masse de solide obtenu 225.8 nig. Rendenient 60%. 

Rh-norbornene: une solution de 5.8 x lo-' niol de nor- 
bornene et 3.2 x mol de RhCI3.3H3O dans 0.45 mol 
d'ethanol est chauffee sous reflux pendant 2 h. Obtention d'un 
precipite brun-violet qui est lave et sCchC. Rendement 50%. 

A. Cafalyseurs au pallacfi~/m 
a. Acfiuifks-rendenzen fs 
Des essais avec PdC1, suivant Schultz (7) ne nous 

oiit donnt qu'une faib6 quantitt de polymkres due 
au peu de solubilitt du catalyseur dans le milieu. Par 
contre, des catalyseurs au palladium, solubles dans 
le milieu (benzene, norbornkne): chlorure de palla- 
dium dibenzonitrile, chlorure de palladium tri- 

x mol/L; (monomkre) = 2.5 mol/L. (cat Ru) = 
= 1.1 x 10-2 mol/L; (monomkre) = 2.5 mol/L. 

phtnylphosphine et tributylphosphine ainsi 'qu'un 
complexe norbornkne-palladiuin PdCl,(C,H,,), 
isolt et t tudit  en polyintrisation ont doniit les 
rtsultats plus sigiiificatifs (tableau 1). Ce tableau 
nous permet de constater: 

cr-Une bonne corrtlation entre conversion du 
norbornene et rendement en polymkre inontrant la 
formation priviltgite de polymkres de poids molt- 
culaires tlevts. Dans ce travail nous n'avons pas 
t tudit  les tquilibres monoinkre-polymere ou oligo- 
mkre-polymkre comme dans le cas du cyclopentene 
et du cyclooctkne (24-26). 

p-Une difftrence d'activitt inarqute selon le 
catalyseur: l'activitt dtcroft lorsque la basicitt des 
ligands auginente (pK,, de P(Bu), et P(C6H,), 8.43 
et 2.73 rendement en polymkre 0 et 17.3%). 

y-Le complexe palladium-norborniiie is016 se 
comporte d'une f a ~ o n  analogue B celle de PdC1,- 
(C6HjCN), dont il dtrive. 

L'ttude infrarouge et rmn des polym~res obtenus 
indiquent une polyilltrisation type vinylique: en ir 
absence de bandes a 963 cm-' et 742 cm- '  carac- 
ttristiques d'une ouverture de cycle, en rmn le spectre 
est compost de trois illassifs principaux a 2.1, 1.6 et 
1. I ppm/TMS et l'assignement coillplet est identique 
a celui donnt par Gaylord et coll. (13). 

b. Con~pIexe norborn2ne-pallrdi~/t?z 
Le complexe PdCl,(norbornkne), prtpart  a partir 

de chlorure de palladium dibenzonitrile et norbor- 
nine en proportion 111 a 0-2°C dans le mtthanol et  
dont la formule a t t t  dtterminee a partir de l'analyse 
tltmentaire Pd, C1, C, H prtsente les caracttristiques 
ir et rmn suivantes: en ir: bande Pd-Cl a 340 cin-' 
et 309 cm-' (27-29) et Pd-C B 480 cm-I. La bande 
i 480 cm-' suggere une liaison cr entre le palladium 
et le carbone. La comparaison des spectres rmn du 
complexe (3.4 ppm/TMS), du norbornhe (5.95 
ppm/TMS) et du polymkre (1.47 et  1.53 ppm/TMS) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J .  CHEM. VOL. 57. 1979 

CORRESPOND h U N  

D A N S  CETTE C O M P L E X E  a 

NOTATION 

C O R R E S P O N D  'A U N E  
LIAISON 8 ~ d - N O R B O R N Y L E  

FIG. 1. Polymerisation de type vinylique avec des catalyseurs au palladium. 

pour les protons ayant la mtme position que les 
protons oltfiniques du norbornhe permet de cons- 
tater une position intermtdiaire des protons du 
complexe entre les protons oltfiniques du norbornhe 
(liaison II) et ceux du polymirre (liaison o), indiquant 
la formation d'un complexe ll entre le mttal et le 
norbornene. Comme par ir nous avions dtjB mis en 
tvidence une liaison o Pd-C il faut admettre que n 
motifs norbornene sont lits au mttal par des liaisons 
II et 4-17 par des liaisons o .  De plus, la courbe d'in- 
ttgration permet de prtciser la prtsence d'un proton 
oltfinique pour dix autres protons. Dans le cas du 
complexe PdCl,(norbornkne), ceci necessite deux 
motifs monomeres lies au mttal par une liaison II, et 
deux autres l'ttant par une liaison o .  Le complexe 
PdCl,(norbornkne), ayant donne en polymtrisation 
le mime type de polymkre avec un rendement identi- 
que a celui obtenu avec PdCl,(C,H,CN), (tableau 1) 
ceci laisse prtvoir que le complexe isolt est un inter- 

mtdiaire rtactionnel bien qu'il n'ait pu 2tre isolt lors 
de la polymerisation avec PdCl,(C,H,CN), du fait 
d'une trop grande vitesse de polyrntrisation. 

c. Schkma rkactionnel 
La polymtrisation de type vinylique avec le palla- 

dium s'explique par la succession de deux ttapes 
correspondant, l'une B la coordination de la double 
liaison oltfinique sur le mttal, l'autre une insertion: 

Nos rtsultats ir et rmn, dtcrits pour le complexe 
PdCl,(norbornkne),, indiquent l'existence d'une 
telle liaison II et o entre le palladium et le nor- 
bornhe .  La polymtrisation peut alors t tre schtma- 
tiste de la maniere suivante (fig. 1). 
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T A N I ~ L . I A N  E T  AL.. 2025 

B. Catalyseurs au rhodium 
a. Activite's-rendements 
Nos essais de polymtrisation avec RhC1,.3H20, 

Rhcl(P~$,)~ et un complexe Rh-norbornene sont 
donnts dans le tableau 1. 

Le tableau 1 permet les observations suivantes: 
a-Nous avons polymtrisation par ouverture de 

cycle avec formation du compost trans mais avec 
une conversion faible par rapport it celle obtenue 
dans des conditions identiques avec le ruthenium en 
accord avec un tableau de rtactivitt des mttaux 
propost par Dall'Asta et Motroni (2). 

P-Ltgere augmentation en fin de rtaction du taux 
de conversion, du rendement en polymkre et de la 
vitesse rtactionnelle en passant de RhC1,.3H20 ii 

RhCl(P+,), (fig. 2). Ce phtnomene, bien que moins 
prononck est identique a celui observt pour les 
catalyseurs au ruthtnium. 

b. Complexe norbornPne-rliodium 
Le complexe signal6 par Varshavsky et coll. (30): 

[Rh(C7H,)(C7HI0)CI2], a t t t  prtpart. I1 ne montre 
pas de variation importante du rendement ou de la 
vitesse de polymtrisation par rapport aux autres 
complexes ttudits (tableau 1 ,  fig. 2). 

C. Catalyseurs au ruthkniwn 
Nous avons repris l'observation de la rtaction de 

polymtrisation pour des complexes du ruthtnium en 
solution alcoolique (18) en nous attachant a dtter- 
miner le r61e du solvant dans ce type de rtaction 
pour RuCl3.3H2O et RuCI,(P+,), ainsi que le r6le 
de ligand que peut jouer la triphtnylphosphine ou 
l'addition d'une nouvelle oltfine tel que le cyclo- 
pentadiene. 

I/ o R h  - norbornene 

I I I - 
0 I 5 10 

TEMPS ( h )  

FIG. 2. Influence des catalyseurs au rhodium sur la conver- 
sion du norbornene. Solvant EtOH, T = 68°C; (catalyseur) T 
= 2.6 x mol/L; (monomere) T = 2.5 rnol/L. 

a. Activite's-rendements 
Les rCsultats concernant l'activitk du ruthenium 

en solution alcoolique sont donnts dans le tableau 1. 
Ce dernier permet de tirer les conclusions suivantes: 

a-Polymtrisation par ouverture de cycle avec 
formation priviltgite de polymere. 

P-Les catalyseurs au ruthtnium utilists, presen- 
tent la particularitt d'avoir un degrt d'oxydation du 
metal diffkrent: 0, 1 ,  2, 3. Les meilleurs rtsultats sont 
obtenus avec Ru,,Cl,(P+,), alors que Ru,ClCO- 
(P+,), donne les plus faibles rendements. Bien qu'il 
ne semble pas y avoir de corrtlation directe entre le 
degrk d'oxydation et le rendement de la polymtrisa- 
tion contrairement a ce que suggkre Rinehart et 
Smith (31) qui proposent une reduction initiale dn 
mttal dans son degrt d'oxydation le plus bas, nos 
rtsultats ne peuvent I'exclure complktement car cette 
dernikre peut etre accompagnte tventuellement d'une 
variation du nombre de coordination. 

b. Etude de I'eflet de solvants 
Alors que la polymtrisation ne se fait pas en milieu 

dioxane ou tttrahydrofuranne, les solvants alcooli- 
ques conviennent bien et leur r6le mtrite d'&tre 
prtcist. Michelotti et Keaveney (17) suggkrent, dans 
l'ttape d'initiation, une attaque nuclkophile de 
l'tthanol sur un complexe n-metal-olefine. Rinehart 
et Smith (3 1) quant eux considerent que l'alcool est 
un agent rtducteur ntcessaire. 11 faut toutefois 
reinarquer que l'alcool, outre son r61e de solvant 
peut intervenir comme ligand substituant. Cette 
possibilitt est ttayee par les observations suivantes: 

a-Le norbornene, en solvant hexane avec RuCI,. 
3 H 2 0  comme catalyseur ne polymtrise pas. Par 
contre, si on ajoute de l'alcool en quantitt stoechio- 
mttrique, IEtOH I/IRuC1,.3H201 = 3, on observe 
une polymtrisation par ouverture de cycle avec un 
rendement de 48% (tempkrature 70°C, EtOH: 1.14 
mmol, RuC1,.3H20 : 0.38 mmol, norbornene : 0.05 
mol, hexane : 0.15 mol). 

P-Les figs 3 et 4 montrent la conversion du nor- 
bornene en fonction du temps pour diffkrents 
alcools: EtOH, n-BuOH, t-BuOH avec RuC1,.3H20 
et RuCl,(P+,), comme catalyseurs. Les constantes 
de vitesse calcultes sont identiques pour les trois 
alcools: I .4 x avec RuCI,(P+,), alors qu'elles 
varient suivant l'alcool pour RuC1,.3H20 2.1 x 

3.2 x 10-5 et 6.1 x 10-j pour EtOH, 
n-BuOH et t-BuOH respectivement. 

L'influence de ligand nous apparaissant primor- 
diale, nous l'avons alors illustrte par deux ligands 
particuliers: le cyclopentadiene et la triphtnyl- 
phosphine. 

c. Etude de I'eflet de ligands 
a-CyclopentadiPt7e: Quelques tentatives prelimi- 
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2026 CAN. J .  CHEM. VOL. 57, 1979 

ADDITION DU 
0 0 CYCLOPENTADIENE 

2 0  

I I I I 1 * 
0 2 4 8 9 10 

TEMPS ( h ) 

F,G, 3, l,,fluence de 13alcool su r  la vitesse de polym6risation; FIG. 5. Influence de I'addition de cyclopentadiene sur le 

cat: R ~ C ~ , . ~ H ~ O ,  T = 60°C; ( R ~ C ~ , . ~ H , O ) ,  T = 3.94 x blocage de la rkaction; cat: RuCl3.3H2O, T = 6S°C, solvant 
mol/L; (monomere) T = 3.94 mol/L. EtOH; (RuCl3.3H30), T = 2.5 x lo-, mol/L; (monomere) 

T = 2.5 mol/L; (cyclopentadiene) T = 4.9 x mol/L. 

t A E t O H  

I o t B u O H  

lp I I t 

0 50 100 
TEMPS ( m i n  ) 

FIG. 4. ~nfluence de l'alcool sur la vitesse de polynlkrisation; 
cat; R U C I ~ ( P + ~ ) , ,  T = 68°C; [ R U C I ~ ( P + ~ ) ~ ] ,  T = 3.95 x 
lo-, mol/L; (monomere) T = 3.94 n~ol/L. 

naires nous ayant montrC que l'addition de cyclo- 
pentadiine, avant inise en contact avec le norbornhe,  
conduisait a la dksactivation totale, nous avons 
choisi de suivre la modification de I'Cvolution de la 
rtaction dej i  engagCe lorsqu'on ajoute le cyclo- 
pentadiene. La fig. 5 montre un blocage presque 
immCdiat de la rtaction (conversion 50%) par addi- 
tion de  cyclopentadikne (cyclopentadii.ne/Ru = 20) 
apres 50 min de polyinCrisation. De mEine, le palier 
de conversion se situe h 20% par addition d'olCfine 
(cyclopentadi&ne/Ru = I) apres 20 min de  rCaction. 
Dans les deux cas, la conversion aurait dO Etre de 
71% (tableau 1). 

P-Ti.iphdnylyhosphine. La fig. 6 montre 1'Cvolu- 
tion de la rCaction par addition de triphCnylphos- 
phine. La vitesse de polymtrisation varie suivant le 

TEMPS ( h )  

FIG. 6. Influence de la quantite de triphenylphosphine 
ajoutee sur la vitesse de polymerisation; cat : RuCI3.3H2O, 
T = 60°C, solvant EtOH; (RuCI3.3H2O), T = 1.9 x lo-,  
mol/L; (monomere) T = 1.9 mol/L. 

rapport P4,/Ru (fig. 7): maximum d'activitC pour 
le rapport 111 (suptrieure a RuC1,.3H20 seul) mais 
blocage presque complete pour des rapports P+,/Ru 
= 10 (15% de conversion du lieu de 83%). 

Discussion 
Dans ce travail, nous mettons en Cvidence l'effet 

particulier de  deux ligands: cyclopentadiene et tri- 
phCnylphosphine. Le cyclopentadiene est un ligand 
fort, occupant tous les sites de  coordination d'une 
maniere irreversible et empschant toute poursuite de 
la rCaction, ceci quelque soit le rapport diene/Ru: 
111 ou 1/20. Ces rCsultats sont en accord avec ceux 
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Temperature and concentration dependence of fluidity of mixed hydrated melts of 
calcium- and nickel(I1)-nitrates 

NURUL ISLAM A N D  ANWAR ALI 
Deportniri~t of Cher~~is t iy ,  A1igor.h Mltslit?~ Uiricersiry, Aligtrrh 202001, lrldicr 

Received January 10, 1979 

NURUL ISLAM and ANWAR ALI. Can. J. Chem. 57.2028(1979). 
The non-Arrhenius temperature dependence of fluidity, $, of molten mixtures of calcium 

nitrate tetrahydrate and nickel(I1) nitrate hexahydrate has been explained in terms of equations 
based upon the Vogel-Tammann-Fulcher (VTF) and the configurational entropy (CEM) 
models. The role of the relevant parameters in understanding the successive variations in their 
behaviour with concentration has been examined. The concentration dependence of fluidity 
has been explained satisfactorily by an isoenergetic equation. In addition to the linear depen- 
dence of the pre-exponential terms of the VTF and the Doolittle equations on the ideal glass- 
transition temperature, To, and the molar intrinsic volume, Vo, respectively, linear inter- 
dependence of the two thermodynamic parameters, To on Vo, has been found. Linear 
dependence of the corrected activation energy, E,,,, on the Vo and the To values have been 
demonstrated in the system under investigation. 

NURUL ISLAM et ANWAR ALI. Can. J. Chem. 57.2028 (1979) 
La fluidite, $, de melanges fondus du tktrahydrate du nitrate de calcium et de l'hexahydrate 

du nitrate de nickel(I1) n'est pas relike a la tempkrature par une fonction d'Arrhenius; ce fait 
est explique a I'aide d'kquations bastes sur des modeles de Vogel-Tamman-Fulcher (VTF) 
et d'entropie configurationnelle. On a examink le r81e des parametres appropries pour com- 
prendre les variations successives de leur comportement avec la configuration. On a expliquk 
d'une f a ~ o n  satisfaisante le fait que la fluidit6 varie avec la concentration en faisant appel a 
une equation isoenergetique. En plus de la relation linkaire des termes prk-exponentiels de 
VTF et des equations de Doolittle avec la temperature de transition vitesse idkale, To, et le 
volume molaire intrinskque, Vo, on a aussi trouve une relation lintaire entre les deux para- 
metres thermodynamiques, To et Vo. On a demontrt I'existence d'une relation lineaire entre 
I'knergie d'activation corrigCe E,,, et les valeurs Vo et To dans le systtme ktudike. 

[Traduit par le journal] 

Introduction 
In pursuance of our investigation o n  the concen- 

tration dependence of transport behaviour of mix- 
tures of hydrated melts we attempt to explain such a 
behaviour quantitatively on the basis of constant 
TITo ( = c )  which has the advantage of being iso- 
energetic and also being independent of the To 
values of the two constituents in a bicomponent 
system. The relevant reported (1) expression, 

[ I 1  4 = (A,( , )  - QlN)[(TO(O, - Q2N)cl-"2 

x ~ X P  [-ktl(To(o, - Q2N)(c - 111 

assumes the linear dependence of the pre-exponential 
parameter of the VTF equation, A,,  and that of the 
ideal glass-transition temperature, To,  on concentra- 
tion. Consequently, by combining these latter rela- 
tions, an interesting linear dependence of A ,  on To 
has also been obtained earlier (1)  as 

Similarly, in view of the linear concentration de- 
pendence of the pre-exponential term of the Doolittle 
equation and also that of the molar intrinsic volume, 
Vo,  the following two relations obtained earlier (2)  
are 

and 

in which A,(,), To(,,, A,(,,, and V0(,, are the cor 
responding values for the solvent while Q,,  Q,, Q3,  
and Q,  are the slopes of A ,  vs. N (in molz) ,  T o  vs. 
N ,  A ,  vs. N, and Vo vs. N plots, respectively. The 
signs in these equations signify either increase or 
decrease in A, ,  T o ,  A,, and Vo with N. Equations [2] 
to  [4]  may successfully be applied to  any system in 
which A,,  To, A,, and Vo vary linearly with concen- 
tration. 

The present paper is an attempt to  test the validity 
[21 = ' T0(0)(Q11Q2)1 ' of the recently proposed expressions essentially 
especially in view of the role of A ,  in determining the describing the concentration dependence of the 
concentration dependence of viscosities, 4-'. transport properties and t o  examine further the role 

0008-4042/79/l52028-04$0 1 ,0010 
@ 1979 National Research Council of CanadaIConseil national de recherches du Canada 
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ISLAM AND ALI 2029 

TABLE 1. Parameters for density equation* for molten Ca(N03)2.3.96H,0-Ni(N03)2.6.03H20 system 

Value for [Ni2+] in m o l z  

Parameter 0.00 10.19 19.80 29.10 39.83 49.65 60.83 

a 2.0009 2.0068 2.0085 2.0072 2.0377 2.0339 2.0539 
b x 0.8317 0.8069 0.8040 0.7670 0.8203 0.7826 0.7990 

*The densily equation is p(g/cm" = a - bT(K). The temperature range over which the p;lramcters are valid is 308 to 358 K.  

TABLE 3. Computed parameters for the VTF" and the CEMb equations for the fluidity of molten 
Ca(N03)2.3.96H20-Ni(N03)2~6G03H20 system 

[Ni2+] Standard deviation Standard deviation 
(molx) A1 k1 (K) TO (K) in In + A3 k3 (K) To (K) in In c$ 

0.00 8443.8 671.00 206.60 0.006 179.5 696.0 206.0 0.008 
10.19 8325.3 677.05 204.75 0.006 175.0 697.0 204.7 0.007 
19.80 8175.0 671.00 202.00 0.006 170.3 689.2 202.2 0.008 
29.10 8025.0 672.00 200.50 0.004 166.5 689.0 201.0 0.005 
39.83 7875.0 671.20 199.41 0.009 160.3 687.0 199.2 0.014 
49.65 7725.0 671.50 197.00 0.008 157.8 683.0 197.1 0.018 
60.83 7600.0 668.70 196.55 0.006 154.0 680.0 196.3 0.016 

'The VTF equation is r$ = /i,T-':2 exp [ - k l / ( T  - To)]. 
bThe CEM equation is + = A ,  cup [ - k 3 / T  I n  TIT,,]. 

of these parameters in understanding the transport 
behaviour of molten salt systems. Molten Ca(NO,), 
3.96H20-Ni(N03),.6.03H20, being a low melting 
system, has been chosen for this purpose because of 
the ease of experimental measurements. 

Experimental 
Commercial calciun~ nitrate tetrahydrate (BDH; mp 42.7"C) 

was used as a solvent in the molten state while nickel(I1) 
nitrate hexahydrate (BDH; nip 56.7"C) as a solute. Samples 
were prepared in a thermostated parafin bath at about 60°C 
in an atmosphere of pure and dry nitrogen. Calcium nitrate 
tetrahydrate was found to dissolve 60.83 molx  of the solute. 
The prepared sanlples were stored in a vacuum desiccator. 

Density (+ 0.3x) and viscosity (+ 0.1x) measurements were 
made with a dilatorneter (3) of 0.01 mL division, and a 
Cannon-Ubbelohde type (4) viscometer, respectively, in a 
thermostated bath of +0.l0 thermal stability. 

Results and Discussion 

Calciuin nitrate tetrahydrate and its mixtures with 
nickel(I1) nitrate hexahydrate have been found to 
show supercooling tendency to a larger extent. How- 
ever, as the concentration of the solute increases the 
supercooling tendency of the successive mixtures 
keeps decreasing. Therefore one may conclude that 
the crystallization kinetic constants of nickel(I1) 
nitrate hexahydrate are coinparatively more favour- 
able to crystallization than those of calcium nitrate 
tetrahydrate. 

The density and the viscosity of pure calcium 
nitrate tetrahydrate and those of its mixtures with 
nickelill) nitrate hexahydrate measured as functions 

of temperature and concentration are listed in 
Tables 1 and 2.' The exact water of crystallization 
was found to be 3.96 (3, 5) and 6.03 (6) in the 
hydrated nitrates of calcium and nickel(I1) respec- 
tively. The measured density of the solvent was 
found to be 0.17 and 0.397, higher when compared 
with those reported (3, 5) at 25°C. A difference of 
about 5 z  was noted in the viscosity at  40°C when 
compared with those reported by Moynihan (3). 

As usual the non-linear 111 q VS. 1/T plots were 
linearized by least-squares fitting the data to the VTF 
and the CEM equations as shown in Figs. 1 and 2.' 
Similarly, the non-linear plots of 11 versus reciprocal 
of free-volume were linearized by the Doolittle 
equation shown in Fig. 3.' The computed best fit 
parameters of these equations are listed in Tables 
3 and 4. 

The viscosity of the system under study is found t o  
decrease quite markedly with concentration as shown 
in Fig. 4. Such a trend in viscosity isotherms has been 
found to be sinlilar to those reported earlier (7, 8). 
An examination of isothernls I, I I ,  and I I I  reveals 
that at  10.19 and 39.83 mol'r,, curves I I  and I I I ,  in 
this order, show an increasing tendency for higher 
viscosities than expected for a smooth variation with 
concentration. I t  is apparent from Fig. 4 that as the 
temperature increases the isotherms tend to be linear, 

'Complete set of data (Table 2, Figs. 1 to 3) are available, 
at a nominal charge, from the Depository of Unpublished 
Data, CISTI, National Research Council of Canada, Ottawa, 
Ont., Canada K I A  OS2. 
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TABLE 4. Computed parameters for the Doolittle" equatlon for 
the fluidity of molten Ca(N03)2.3.96H20- 

Ni(N03)2.6.03H20 system 

[Ni2+]  Vo (cm3 Standard deviation 
(mol%) A2 k2 mol-') in In 4 

0.00 271.20 37.11 128.90 0.006 
10.19 260.00 36.22 131.15 0.005 
19.80 250.00 35.86 133.81 0.005 
29.10 240.30 34.22 136.11 0.005 
39.83 230.10 36.46 137.84 0.009 
49.65 210.00 33.51 140.58 0.007 
60.83 200.00 34.14 142.59 0.008 

OThe Dool~ttle equat~on 1s + = A 2  exp [ -k , / (V  - V,)]. 

0.0 15.0 30.0 45.0 60.0 

Mol % of solute 

FIG. 4. Viscosity isotherms for molten Ca(N03)2.3.96H20- 
Ni(N03)2.6.03H20 system. 

showing the additive nature of viscosity at higher 
temperatures. 

The pre-exponential parameters of the VTF, the 
CEM, and the Doolittle equations as well as the 
To and the Vo values show linear dependence on 
[solute] as shown in Fig. 5. Thus, a decrease in the 
To value with increase in [solute] may be due to  an 
increase in the average molecular mass. This is in 
accordance with the m-'I2 dependence relation (9). 
Such a decrease in To with increase in [Ni2+] may 
also be due to the additive nature of To. The Vo 
value, on the other hand, has been found to increase 
linearly with the [solute], unlike that found in the 
case of To. However, the pre-exponential terms 
follow the pattern of To. The Vo has been found to be 

Mol % o f  solute 

FIG. 5. Variation of A,, A2, A,, To,  and Vo with [solute] for 
molten Ca(N03)2.3.96H20-Ni(N03)2.6.03H20 system. 

-1 
V cc mol 

FIG. 6. Variation of (I) A, with To, (It)  A, with Vo, and (III) 
To with Vo for molten Ca(N03)2~3.96H20-Ni(N03)2.6.03H20 
system. 

additive in nature as is the case with To. The linear 
dependences expected from [2] to [4] have actually 
been found in the present system (Fig. 6). 

The concentration dependence of fluidities has 
been explained by least-squares fitting the data to  [I]  
at several values of c corresponding to the experi- 
mental temperature, T. The best fit parameters thus 
obtained are listed in Table 5. The computed param- 
eters, viz., A,(,,, Q,, Q,, and To(,, are close to those 
found from the corresponding plots (Fig. 5). 

Finally, the dependence of the corrected activation 
energy, Eco,, on the thermodynamic parameters, Vo 
and To, has been obtained as 

and 

by combining the linear dependences of Eco, vs. N 
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ISLAM AND ALI 

TABLE 5. Best fit parameters for eq. [ l ]  for the fluidity of molten 
Ca(N03)2~3.96HZO-Ni(N03)2~6.03Hz0 system 

Standard deviation 
c Al(o) Q 1 k~ (K) To (0 1 (K) Qz in In 4 

-1 vo cc ~ O I  that increase in the value of E,,, with To is physically 
understandable in view of the successive increase in 
compactness of the system. 
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FIG. 7. Variation of E,,, with Vo and To for molten 
~ a ( ~ 0 ~ ) ~ ~ 3 . 9 6 ~ ~ 0 - ~ i ( ~ 0 3 ) , ~ 6 . 0 3 ~ ~ 0  system. E,,, = E, + 
+RT, in which E, is obtained by differentiating + = A,T-'I2 
x exp [-k,/(T - To)] of the VTF equation with respect to 
the reciprocaI of absolute temperature. Adding +RT to E, 
yields E,,, = Rk,[T/(T - To)]'. 

with V, vs. N, and also with To vs. N plots, respec- 
tively. E,,,' and Q ,  are the intercept and the slope, 
respectively, of E,,, vs. N plot. The expected linear 
behaviour has actually been found in the present 
system as shown in Fig. 7.' It is interesting to note 

21t may be noted further that E,,, should also vary linearly 
with temperature, T, in view of the relation, T = Toc. How- 
ever, at  constant TITo = c, E,,, turns out to be a temperature 
independent quantity, viz., Rk,[c/(c - l)lz. Consequently, this 
led to the transformation of the VTF equation at  constant 
TITo = c to [I ] for the concentration dependence of transport 
behaviour. 
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The solvent extraction of Fe(II1) from acidic chloride solutions by open cell polyurethane 
foam sponge (OCPUFS) 

Depnrtt~rerlt qf Cher~zi.\t,:v, Urli~~e/l\ity of'MrrtritoDrr, Wirrtripeg. Mrrn., Cot~r/rlo R3T2N2 

Received December I ,  1978 

J. J. OREN, K. M. GOUGH, and H. D. GESSER. Can. J. Chem. 57.2032 (1979). 
The extraction of Fe(lI1) by open cell polyurethane foam sponge was studied as a function 

of acid, chloride, and iron concentration in the aqueous phase. The results indicate a mixed 
extraction of FeCI, and HFeCI,. The results also show a dependence of the metal distribution 
coefficient on [Fe(III)]aq and indicate a dissociation (in the foam) of the extracted HFeCIS 
species. The solid polyurethane is equated to a liquid extractant of a moderate dielectric 
constant. 

J. J. OREN, K. M. GOUGH et H. D. GESSER. Can. J. Chen~. 57.2032 (1979). 
On a etudie I'extraction du Fe(II1) par OCPUFS en fonction des concentrations d'acide, 

d'ion chlorure et de fer dans la phase aqueuse. Les rtsultats indiquent qu'il se produit une 
extraction mixte de FeCI, et HFeCI,. Les resultats demontrent aussi qu'il existe une relation 
entre le coefficient de distribution du metal et [Fe(III)]aq et ceci indique qu'il se produit une 
dissociation (dans la mousse) d'esptces HFeCI, extraites. On considtre que le polyurtthane 
solide ressemble a un extracteur liquide de constante ditlectrique moyenne. 

[Traduit par le journal] 

Introduction 50-200 mL of an aqueous test solution was then equilibrated 
with the sponge in the same fashion for 30 min which was 

The use of polyurethane foams in the separation found to be sufficient to establish equilibrium between the two 
of metals from aqueous solutions was first demon- phases. A plug, when used, was cleaned before reuse by slowly 
strated by Bowell (1) the field has been reviewed flushing with 10 L of lo-' M HCI while being squeezed re- 

by Braun and Farag (2, 3). Gesser and co-workers peatedly. Iron in the initial and in the equilibrium aqueous 
phase was analyzed by the thiocyanate method, using a 

(4, 5) recently studied the extraction of galliuln and Beckman DK-2A spectrophotometer with 1 or 10 c n ~  cells 
iron from aqueous acidic chloride solutiolls into open (16). The Fe(II1) concentration in the foam was then calculated 
cell polyure;hane foam sponge (OCPUFS) and con- 
cluded that inetal removal was accomplished by dis- 
solution of the acid tetrahalide coinplex HMX4 in 
the foam. Alternatively, the ether based polyurethane 
in contact with HX in solution can act as an anion 
exchanger in the extraction of the MX4- species. 

The purpose of the present work was to investi- 
gate the equilibria involved in systems employing a 
polyurethane foam sponge as compared to systems 
using a liquid extractant in the removal of M3+ from 
acidic aqueous solutions. For this purpose iron(II1) 
was chosen as the model inetal due to the extensive 
study that has been made on its liquid extraction by 
various authors (6-1 5). 

Experimental 

from the differince between these two values. Proton concen- 
tration up to 10- ' M in the aqueous phase was determined by 
the procedure suggested by McBryde (17) and Sekine and 
Dyrssen (18) using a glass-calomel electrode pair and Fisher 
Accumet Model 520 Digital pH/Ion Meter. Equilibrium [Hf ] 
was equated to initial [H+]  when the latter was > 0.1 M (18). 
The chen~icals used were reagent grade. 

Results and Discussion 
All species in the foam are denoted by the sub- 

script '0' and those in the aqueous phase by the 
absence of a subscript. In equations, the charges on 
the ions are left out for simplicity. 

The stability constants of iron(II1) species with 
chloride in the aqueous phase can be represented as 
follows (12): 

Fe + tzCl FeCI,,,-" 
Ether based polyurethane, oxypropylene/oxyethylene co- 

oolvmer oolvol. was suoolied bv Union Carbide. The foam 1 p" = [FeC1n3-"][Fe]- ' iC1]-" . - . - 
was cut into cyindrical biugs ofi .15 k 0.05 g, 4 cm diameter Since the stability constants of the higher colnplexes, and 5.3 cm length. The plugs were cleaned with acetone for 
several hours in a Soxhlet extractor. An eccentric cam driven FeC13, FeC14-2 and HFeCl4 are negligibly small (I2, 
by a slow speed motor pushed a glass plunger up and down in 19), the total iron(II1) conceiltration in the aqueous 
a 2.2 cm stroke and at a frequency of 8 strokes per n~ in ,  phase call be expressed as follows: 
squeezing the plug in the test solution at the prescribed tem- 
perature. Each plug, before use, was treated three times in this [2] [Fe(III)],,,,, = [Fe](l + p, [Cl] + p2 [C1I2) 
manner for 30 n ~ i n  in 100 mL of 6 M HCI and finally washed 
free of acid with distilled water and air dried. A volume of In the present work the extraction of HCl by the 

0008-4042/79/ 152032-06$0 1.00/0 
a1979 National Kcscarch Council of CanadaIConseil national clc recherche5 du Canada 
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foam from an iron(II1) free aqueous phase ([Cl-] = 
4 M)  was determined in the lo-' M initial aqueous 
acidity range and was found to average at 5 1%. 
Parallel experiments on the extraction of LiCl 
([Lii] = 4 M, [CI-] = 0.1 M, [SO,] = 1.95 M)  
showed no measurable absorption of the salt by the 
foam from an iron(II1) free aqueous phase. As will 
be seen, the data were found to be consistent with a 
mixed extraction of FeCI, and HFeCl, species and 
the ionization of the latter into Ho+ and FeC1,-, 
in the foams. Under these circumstances the chemical 
equilibria involved can be presented as follows (12, 
1 5, 20-22) : 

[71 Kd' = [Hlo[C1 lo[HC~lo- ' 
The electroneutrality in the organic phase can thus 
be written as follows: 

By substituting eqs. [5] through [7] into [8], we can 
write: 

[gl [HI, = [[Hl[CII(Kcx,Kci' 

+ Kcx2Kd[FeII[C113)11/2 

The distribution ratio of iron(II1) is given by: 

= [FeC14:~O[H]O[Fe]-' [ H 1 : l  [C1]-4 By substituting eqs, [3] through [5] and [g] into 
[6] Kc,, = [HCI],[H]-'[CII-' eq. [l 11, we can write: 

where Y = (1 + P,[CI] + P2[C1I2). Equation [12] can be simplified into three parts representing the 
major species in the foam if KCx3Kd1 << Ke,2Kd[Fe][C1]3. 

I I1 I11 

Principal absorbed species FeCI, HFeC1, FeC1,- 

A summary of the expected properties of eqs. 
[12] and [13] is shown in Table 1. 

Variation of Distribution Ratio with Metal Concen- 
tration in the Aqueous Phase 

Figure 1, curves a, b, c, d, shows the plot of log D 
vs. log iron(II1) concentration in the equilibrium 
aqueous phase at various initial and constant 
aqueous acid and chloride concentrations. At con- 
stant chloride and varying hydrogen ion concentra- 
tions, the break in the curve is not appreciably 
affected by the [H+]  though the plateau value of D 
increases with increase in [H']. The break in the 
curve however is shifted to lower [Fe3+] when the 
[CI-] is increased at constant [H+]  (curve d vs. 
curve b). This is consistent with the requirements of 
eq. [13] and shows the overall dependence of D on 
the [Fe][CI-l3 term in the denominator of eq. 1121. 
Though a discussion of the inflection point was given 
by Saldick (22) and was used (20, 21, 23) to reinter- 

pret Irving and Rossotti's (24) results with InBr, 
only a few comparable studies (14, 15) have been 
reported for the iron(I1) chloride - organic solvent 
system. 

The value of D was virtually constant when 
[Fe(III)] was below - lo-, M but decreased steadily 
above this concentration with a resulting slope that 
varied from - 0.53 (curve a) to about - 0.9 (curve d) 
in Fig. 1. Saturation of the foam with iron would lead 
to a slope of - 1.0. This fall-off feature (slope -+) of 
complex extraction behavior was reported for 
Mo(V1) (23); In(II1) (24); and for Fe(1II) (14, 15), in 
liquid-liquid extraction systems e~nploying solvents 
of moderate dielectric constants and was demon- 
strated to be independent of the level and nature of 
the acid and supporting salting out electrolyte in the 
aqueous phase (23, 24). 

A detailed study by Friedman (25) of the spectra 
of iron(II1) in acidic chloride aqueous solutions, in 
diethyl ether extracts from these solutions and in 
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TABLE 1. Properties of extraction eq. [12] 

Conditions* 
Dominant term 

in [I31 [H+]  [CI-] [Fe3+] (Fig. 2) (Fig. 1) (Fig. 3) 

*-t  slgnlfies relatlvely high concentratlons. - s ~ g n ~ f i e s  relatlvely low concentratlons 
t v a l ~ l e s  In parentheses are average e r p e r l ~ e n t a l  values ob ta~ned  In this work o r  are assoc~ated wlth the lettered curve In 

the figt~les lndlcated a t  the top o f  the column 
$For HCI only. 

has indicated that the neutral solvated species FeX, 
as well as the ion pair H+FeX,- were being ex- 
tracted. 

In the present work the epr spectra of the iron(II1) 
loaded foam were studied, using a Varian Model E-3 
EPR spectrometer, and were found to be identical to 
those obtained by Hertel and Clark (29), suggesting 
that HFeCl, (or the ion pair H'FeC1,-) is dis- 
solved in the solid foam. 

The experimental slopes obtained from the data 
under discussion are consistent with the predicted 
values shown in Table 1 ; viz. 0 slope for a(1og D)/  

, , , + a(1og [Fe]) at low concentrations of iron in solution 
-5 -4 -2 1 

1% M O and a slope of -+ at higher concentrations. At still 
higher concentrations of iron, the importance of the 

FIG. 1. log D vs. log [Fe] in equilibrium aqueous phase, term 111 in  eq. [12] diminishes and a slope of 0 is 
22 k 3°C. Initial [H+]  and [CI-] held constant with HCI and 
LiCI. (a)  ., H +  ; CI-. (b) m, C1-, again expected. The foam, however, approached 
(c)  A, 2 M H + ,  4 M C1-. (d) *, 1 M H + ,  7M CI-. saturation with respect to iron before this trend could 

be realized. Diamond (23), however, has shown such 
solid K F ~ C ~ ,  showed the existence of a ~~c1,- a trend in his work on the liquid-liquid extraction of 
anion in each case. They also indicated that the Mo(IV) from 8 M aqueous H C ~  into his (2 chloro- 
proton is not chemically bound to the anion in the ethyl) ether. Similarly,   ad dock et al. (15a), using 
organic phase. Conductivity studies by Campbe]] et tracer iron, have obtained the full curve under low 
al. (26) of diisopropyl ether extracts of iron(II1) from i.e. D - lop2  to 
acidic chloride aqueous media showed that although 
such ether solutions conduct poorly, the conductivity Variation of Distribution Ratio with Hydrogen Ion 
is much greater than that of HC1 solutions of com- Concentration it2 the Aqueous Phase 
parable concentrations, indicating that the chloro- Figure 2, curves a, b, c, d ,  shows the plot of log D 
ferric acid is stronger than hydrochloric acid. vs. log [H'] concentration in the aqueous phase at 
Diamond and Tuck (20) and Marcus and Kertes (27) constant, 4 M, initial chloride concentration and at 
concluded that the acid strength of HFeC1, is com- a constant (1.79 x M and 4.5 x l o p 5  M) 
parable to the HClO,. initial iron(II1) concentration. The value of D was 

The Mossbauer spectra (28) of iron in the organic found to be practically independent of the hydrogen 
phase of an extraction system of acid iron(II1) halide ion concentration when between 5 x M to 
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O R E N  ET AL.  2035 

FIG. 2. log D vs. log [HI a t  constant [Fe] and  [CI-] = 4 M, 
in initial aqueous phase. (a)  A, with NaCI, 1.79 x IW3 M 
Fe, 25 + 1°C. (O) *,with NaCI, 4.95 x lo-' M Fe, 22 + 3'C. 
(c)  0, with LiCI, 1.79 x M Fe, 22 k 3'C.  ( r l )  W ,  with 
LiCI, 1.79 x M Fe, 2.5 1°C. 

- l o - '  M. The distribution ratio, however, in- 
creased steadily above this concentration with a 
resulting slope that varied from 0.72 (curve c) to  
1.37 (curve a) and averaged at  I. 1 for the systems 
investigated at  25 _+ 1°C and 22 +_ 3"C, curves a ,  
b, c. 

Sekine et a/. (120) studied the distribution of 
iron(II1) between hexane containing trioctylphos- 
phine oxide and acidic chloiide aqueous solutions in 
which [H'] was varied and [Cl-] maintained con- 
stant, 4 M, with NaCl and obtained the slopes of 0 
and 1 by a curve fitting method of the experimental 
data. Similar to  the present work an initial constant, 

M, [Fe(III)] was employed in these experi- 
ments. 

The present work confirins most of the predicted 
slopes shown in Table 1, and leads to the same con- 
clusion arrived at  by these authors (12a), namely, 
that the extracted species are mainly FeCl, and 
HFeCI, in the low and high hydrogen ion concen- 
tration regions, respectively. Equation [I31 predicts 
that at  low concentration of Fe3+ and Cl- in solu- 
tion, the slope a(log D)/a(log [H']) should be 112. 
Reducing the concentration of Fe3'  from 1.8 x 

M to  5 x M did not change the slope for 
[Cl-] = 4 M. It was not possible to reduce these 
quantities (Fe3+ and Cl-) further and still see ally 
absorption of iron by the foam. 

FIG. 3. log D vs. log [CI] in initial aqueous phase a t  constant 
initial [Fe], 22 k 3'C. Initial [HC]  held constant with HCI 
except in (a). (a)  A, with HCI only, M Fe. (b) m, with 
LiCI, 7.16 x M Fe,  2 M H + .  (c)  *, with LiCI, 7.16 x 

M Fe, 4 M H f .  (d) 0, with LICI, l W 3  M Fe, lo- '  M 
H + .  (e) V, with NaCI, M Fe, lo-' M H + .  

constant and various initial [H'], but not at con- 
stant ionic strength. Curve a (slope varies from 2.4 
t o  6.5) is the plot of log D vs. log initial aqueous HC1 
concentration in the absence of a supporting salt 
electrolyte. The values of the slopes (curve b, 6.6; 
curve c, 5.3 ; curve (/, 1.7 to  6.3 ; curve e, 1.5 to  4.4) as 
computed froin the experimental data (Table 1) 
were found to  be higher than those predicted by eq. 
1121 a t  the relatively high chloride concentration 
range. Positive deviations in the values of the slopes 
were also reported in the foam extraction of Ga(1II) 
from acidic chloride aqueous solutions under si~nilar 
experimental conditions and were accounted for by 
the change in ionic strength of the solution and the 
water activity and the use of concentrations instead 
of activities in the plots (5). 

A fall in the D value was observed at a further 
increase in [H'] in each of the four curves in Fig. 2. 
A similar drop in D value was also noted when the 
initial [HCI] was changed in the aqueous phase in the 
absence of Li+ and Na+ salts or when the initial 
[HCI] was kept constant, at  2 M and 4 M, and the 
chloride (Li') concent~.ation was varied (Fig. 3, 
curves a, b, c). However, a falloff in log D was 
absent when the initial TH'1 was kept constant but . A 

Variation of Distribution Ratio with CIllori(/e very low, lo-*  M, while the chloride i ~ i ' , ~ a + )  con- 
Concentration it1 tile Aqueous Pllase centration was increased (Fig. 3, curves d and e). 

Figure 3, curves b, c, d, e, shows the plot of log D Most recently, Shamus-ud-Zaha and Ejaz (30) 
vs. log [Cl-1, initial chloride concentration in the recognized a similar decrease in log D when HCl 
aqueous phase, a t  constant initial [Fe3+]  and a t  concentration was increased in the absence or pres- 
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ence of a supporting salting out electrolyte in the 
extraction of Zn from acidic aqueous solution by 
4-(5-nonyl) pyridine in benzene. A similar decrease 
in D value was also noted in the extraction of 
UO,(NO,), into tributyl phosphate from mixed 
LiN0,-HNO, solutions upon increased aqueous 
acidity (31). The insolubility of the organic phase in 
acidic chloride aqueous solutions in the above works 
and in the present work eliminates the possibility 
that the fall in the distribution ratio is due to a 
decrease in the aqueous HCI concentration after a 
volume change caused by the passage of the organic 
phase into the aqueous, a case that was reported by 
several authors (6, 10, 32). Also, since the order of 
hydration for the hydroilium and alkali cations is 
H 3 0 f  = Lif > lVaf > K f  > Csf (33),an increase 
rather than a decrease in D value should result as  the 
amount of acid replacing the salt is increased (34). In 
addition, since no higher chlorocomplex of iron than 
FeC1,- is known (19), a decrease in the distribution 
ratio with increased acidity cannot be attributed to  
the formation of more highly charged, nonextracting, 
iron species. The data of the present work lend sup- 
port to the suggestion put forward by Diamond (23) 
that an inflection in log D under these conditions 
could be accounted for by the extraction of HCI and 
its coordination with the organic phase so readily as  
to  significantly reduce the 'free' extractant available 
for the metal complex. 

The effect of temperature on the extraction is evi- 
dent by a comparison of curve c (22°C) and curve d 
(2.5"C) in Fig. 2. At the lower temperature, the drop- 
off in the value of D occurs at a lower initial acid 
concentration. This premature drop in log D is 
believed to  be due to  the lowering of the water 
activity as the temperature decreases in the presence 
of a Lif cation (35) resulting in an  increased activity 
of HCI in the aqueous phase. 

The effect of temperature on the extraction of 
FeCI, into trioctylphosphine oxide in CCI, has been 
studied by Maddock and Mederiros (l5b) who inter- 
pret their results in terms of the extraction of FeCl, 
as well as the anion complex FeC1,-. 

It is obvious that further work on the extraction of 
Fe(II1) from acidic chloride solution by organic 
solvents (ethers) and by foam under comparable 
conditions is required. Organic solvents allow for the 
analysis of H f ,  Fe3+ and C1- in the organic phase, 
thereby making possible the determination of the 
composition of the extracted species. I t  was not 
possible to  conduct such analysis in the polyurethane 
foam. 
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The mass spectra of trifluoroacetyl-2,s-diketopiperazines. I. cyclo-(-Gly-X), cyclo-(-Ala-X) 
(X = Gly, Val, Leu, Ile), and cyclo-(-Ala-Ala)' 
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GEORGE P. SLATER and LAWRENCE R. HOGGE. Can. J. Chem. 57.2037 (1979). 
The trifluoroacetyl derivatives of the 2,s-diketopiperazines cyclo-(-Gly-X), cyclo-(-Ala-X) 

(X = Gly, Val, Leu, Ile), and cyclo-(-Ala-Ala) were examined by GC-MS. The molecular ion 
was readily detectable only for TFA-cyclo-(-Gly-Gly) (mle 306, 9%). For those compounds 
containing a valyl or leucyl/isoleucyl residue the ion of highest mass in the spectrum was 
formed by elimination of C3H6 or C,H,, respectively, from the ~nolecular ion. In the TFA- 
cyclo-(-Gly-X) series this ion corresponded to the molecular ion of TFA-cyclo-(Gly-Gly) 
(rille 306), and in the TFA-cyclo-(-Ala-X) series, to the molecular ion of TFA-cyclo-(-Ala-Gly) 
(rnle 320). The fragmentation patterns proposed for these compounds are based on the further 
degradation of these parent ions so that each compound within a series has a similar mass 
spectrum. However, sufficient differences were detectable in the various spectra to permit 
identification of the individual DKP's. 

Many of the fragmentation pathways devised to explain the mass spectra were supported by 
high resolution data and appropriate metastable ions. 

GEORGE P. SLATER et LAWRENCE R.  HOGGE. Can. J. Chem. 57.2037 (1979) 
On a etudie les derives trifluoroacetylCs des diceto-2,s piperazines cyclo-(-Gly-X), cyclo- 

(-Ala-X) (X = Gly, Val, Leu, Ile) et cyclo-(-Ala-Ala) par GC-MS. Seul l'ion molCculaire du 
TFA-cyclo-(-Gly-Gly) a pu &tre detecte facilement (mle = 306, 9%). Dans le cas des composes 
contenant un reste valyle ou leucyle/isoleucyle, I'ion dont la masse est la plus ClevCe se forme 
par elimination respectivement de C3H6 et C,H, a partir de I'ion moleculaire. Dans la strie 
TFA-cyclo-(-Gly-X), cet ion correspond I'ion moleculaire de TFA-cyclo-(-Gly-Gly) (mle = 
306) et dans la skrie TFA-cyclo-(-Ala-X), a celui de I'ion moleculaire du TFA-cyclo-(-Ala-Gly) 
(mle = 320). Les modeles de fragmentation proposes pour ces composes sont bases sur une 
degradation ulterieure des ions parents conduisant a des spectres de masse semblables pour 
chaque compose. Toutefois on peut detecter suffisamment de differences dans chaque spectre 
pour distinguer les DCP individuelles. 

Plusieurs des voies de fragmentation proposees pour expliquer les spectres de masse sont 
corroborees par des donnees a haute resolution et des ions metastables approprikes. 

[Traduit par le journal] 

Introduction TMS-derivatives. Consequently, a number of TFA- 
2,5-Diketopiperazines (DKP's) are produced by DKP's were examined by GC-MS and the fragmen- 

fungi (1) and have also been identified as the bitter tation pathways are described in this paper. 
principles in some food products (2). These com- 
pounds also arise from thermal degradation of pep- Results and Discussion 
tides and application of this transformation has been ~h~ electron impact - mass spectra of the TFA- 
suggested as an aid to peptide sequencing (3-6). DKP's were obtained using a gas chromatograph 

DKP's can be analyzed directly by gas chroma- coupled to a quadrupole mass spectrometer. The 
t o g r a ~ h ~  (7) or as the trimethylsilyl (TMS) (7) and fragmentation pathways devised to explain the spec- 
trifluoroacetyl (TFA) derivatives (8). The TMS- tra indicated a number of isobaric ions of relatively 
derivatives of some DKP's have been examined by high abundance, where necessary, the TFA-DKP's 
gas chromatography - mass s~ectroscoPY (GC-MS) were subjected to high resolution mass ~peCtrOSC0py 
in relation to peptide sequencing (6) but little in- (HRMS) to determine the identity of the various 
formation was given about the fragmentation isobars. In addition, several of the compounds were 
process. examined by a magnetic sector mass spectrometer t o  

In our experience, the TFA-DKP's are easier to  for metastable ions. 
prepare and less susceptible to hydrolysis than the The data from the quadrupole mass spectrometer 

'NRCC No. 17402. were automatically normalized relative to the base 
'To whom all correspondence should be addressed. peak by computer and ions of low relative abun- 

0008-4042/79/152037- 15$0 1 .OO/O 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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dance (<I%)  were not readily apparent.3 When 
examined by the magnetic sector instrument all of 
the TFA-DKP's gave molecular ions, those from 
compounds with a C,- or C,-side chain being the 
weakest, while those with only glycyl and/or alanyl 
residues being relatively more abundant. 

The TFA-DKP's used to collect the present data 
were synthesized from glycine and/or amino acids of 
the L-series. A number of DKP's incorporating 
D-amino acids were also examined but could not be 
distinguished from their enantiomers by mass spec- 
troscopy. 

As might be expected, the ions CF3CO+ and 
CF3+ are present in the spectra of all the TFA- 
DKP's examined (Figs. 1-3), and in some cases the 
CF,' ion (m/e 69) represents the base peak (Figs. 
2a, 3). Formation of these ions directly from the 
TFA-DKP's can be represented as in [I.] and forma- 

tion from various ionic fragments in Schemes 1-5 is 
also possible. Data from HRMS (Tables 7 and 9), 
indicate that isobaric ions in Schemes 1-4 contribute 
little to  the ion at mle 69. 

In the mass spectra of all the TFA-DKP's ions 
are observed corresponding to the ketene RCH= 

+. 
C=O (R = H, CH,). The identities of these ions 
have been confirmed by HRMS and one of several 
possible methods of formation is shown below in 
reaction [2]. 

The mass spectra of the TFA-DKP's synthesized 
from glycine and another amino acid (i.e. TFA- 
cyclo-(-Gly-X), (X = Val, Leu, ~ l e ) ~ )  are quite 
similar to each other (cf. Fig. 1 b and c) and to the 
spectrum of TFA cyclo-(-Gly-Gly) (Fig. la). In each 
case the ion of highest mass is observed at m/e 306 

3The computer printout expresses relative abundances to 
0.01z so that lesser values appear as zero. In compiling 
Tables 1-4 relative abundances less than 0 . 5 z  were reported 
as zero. 

4The abbreviations used are those recommended by the 
IUPAC-IUB Commission on Biochemical Nomenclature (9). 

which is equivalent to the molecular ion of TFA- 
cyclo-(-Gly-Gly). This can be explained by elimina- 
tion of the alkyl side chain in X as olefin [3] to  give 
the en01 (1, R ,  = H) of the molecular ion of TFA- 
cyclo-(Gly-Gly) which can then revert to the ketonic 
form and fragment as outlined in Schemes 1-5. 
Elimination of olefin in this manner has been ob- 
served (6, 10) in the fragmentation of underivatized 
DKP's incorporating valyl and/or leucyl residues. 
The reactions shown in [3] are supported by meta- 
stable ions in the mass spectra of TFA-cyclo-(-Gly- 
Val) (m/e 348 -+ m/e 306, m" = 269.1) and TFA- 
cyclo-(-Ala-Val) (m/e 362 -+ m/e 320, m* = 282.9). 

As a result of the fragmentation of the molecular 
ion of TFA-cyclo-(-Gly-X) to give the ion at mle 306 
[3] the latter would have a lower energy than the 
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SLATER AND HOGGE: I 2039 

FIG. 1. Mass spectra of (a) TFA-cyclo-(-Gly-Gly), (b) TFA-cyclo-(-Gly-L-Val), (c) TFA-cyclo-(-Gly-L-Leu). 
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m /e 
FIG. 2. Mass spectra of (a) TFA-cyclo-(-L-Ala-Gly), (b) TFA-cyclo-(-L-Ala-L-Val), (c) TFA-cyclo-(-L-Ala-L-Ile). 
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SLATER AND HOGGE: I 

FIG. 3. Mass spectrum of TFA-cyclo-(-L-Ala-L-Ala). 

molecular ion (mle 306) of TFA-cyclo-(-Gly-Gly). 
This would account for the greater relative abun- 
dance of the mle 306 ion in spectra of the former 
compounds (Table 1). A contributing factor may be 
the initial formation of the mle 306 ion as the en01 1 
[3] for these compounds. 

Mass spectral fragmentation pathways for under- 
ivatized (10, 11) and N-methyl-DKP's (11) have been 
reported but understandably these do not account for 
the ions observed in the spectra of the TFA-DKP's. 
Accordingly, a number of fragmentations are pro- 
posed (Schemes 1-5) which are based on the earlier 
observation (cf. [3]) that the initial step in the ioni- 
zation of the TFA-DKP's bearing a C3- or C4-alkyl 
side chain is elimination of the latter as olefin. This 

suggestion is supported by the absence of ions in- 
corporating a C3H, or C4H, group in the spectra of 
the TFA-DKP's containing a valyl or leucyl/iso- 
leucyl residue. In many cases the proposed fragmen- 
tations are supported by appropriate metastable ions 
(Tables 6 and 8) and HRMS (Tables 7, 9, and 10). 

One of the abundant ions in the spectra of the 
TFA-cyclo-(-Gly-X) series (X = Gly, Val, Leu, Ile) 
occurs at mle 153 (Fig. 1, Table 1) Since the ion of 
highest mass in these spectra occurs at mle 306 it 
would appear that symmetrical cleavage of this ion 
gives the ion at mle 153, and a fragmentation path- 
way based on this assumption is presented in Scheme 
1. Reference to Table 1 indicates that the ions in the 
scheme contribute significantly to the spectra of the 
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SLATER A N D  HOGGE: I 

R I  
I 

H R I  , CH, 
1 I + -R2CN CF3CON C = O  

C F 3 C O N - C H - C E O  I I 
R a C  = N H  

TFA-cj~clo-(-Gly-X) compounds, and the sequence: 
ion 1 -t ion 2 -t ion 3 is supported by metastable 
ions (Table 6) and HRMS (Table 7). In this series, 
ion 4 (mle 56, R, = H) is isomeric with ion 10 
(Scheme 2) and these cannot be differentiated by 
HRMS. 

An alternate mode of fragmentation shown in 
Scheme 2 involves rearrangement of a hydrogen 
atom prior to cleavage. The relative abundances of 
the ions (Table 2) indicate that this pathway also 
represents a major process in the fragmentation of 

the TFA-cyclo-(-Gly-X) series. Formation of the 
base peak as shown is supported by relevant meta- 
stable ions (Table 6). In this scheme the peak at 
mle 57 is attributed to ion 9, C,H,NO (R, = H) and 
is relatively abundant ( l l z ,  23z)  in the spectra of 
TFA-cyclo-(-Gly-LeulIle). The high resolution spec- 
trum of TFA-cyclo-(-Gly-Ile) indicates that the 
C,H, ion is the main component (90%) of the peak 
at mle 57 (Table 7) so that in this case the relative 
abundance of ion 9 is actually 2% and is similar to 
that observed for TFA-cyclo-(-Gly-GlylVal) (Table 
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TABLE 1. Relative abundances (%) of ions in Scheme 1 * 

Relative abundance 

1 2 3 4 5 6 
TFA-DKP R1 R 2  tn/e 306 tn/e 153 m/e 125 n ~ / e  56 tn/e 124 m/e 55 

c-Gly-Gly H H 9 17(16) 32 54 4 24 
Gly-Val H H 76 38(35) 35 12 7 10 
Gly-Leu H H 81 386) 35 19 8 12 
Gly-Ile H H 79 42(39) 3 3 21 6 10 

tn/e 320 
c-Ala-Gly CH3 H 0 46(12) 12 32(27) 4 16 

Ala-Val CH3 H 5 6 38(10) 12 34)  4 8 
Ala-Leu CH3 H 87 36(9) 10 10(9) 4 9 
Ala-Ile CH 3 H 14 44(11) 14 1(1) 3 0 

m/e 167 tn/e 139 tnle 70 
c-Ala-Gly H CH3 0 21 66(66) 

Ala-Val H CH3 4 17 20(20) 
Ala-Leu H CH3 7 59 30(30) 
Ala-Ile H CH 3 3 5 35(35) 

tn/e 334 
c-Ala-Ala CH3 CH3 0 22(22) 48(48) 90(80) 3 9 

*Numbers in parentheses are relative abundances calculated on  the assumption that isobar ratio applies equally to all TFA- 
DKP's within a series (cf. Tables 7, 9, and 10). 

TABLE 2. Relative abundances (%) of ions in Scheme 2* 

Relative abundance 

1 7 8 9 10 4 
TFA-DKP R ,  Rz m/e 306 m/e 154 m/e 126 n ~ / e  57 tnle 56 m/e 56 

c-Gly-Gly 
Gly-Val 
Gly-Leu 
Gly-Ile 

c-Ala-Gly 
Ala-Val 
Ala-Leu 
Ala-Ile 

c-Ala-Gly 
Ala-Val 
Ala-Leu 
Ala-Ile 

c-Ala-Ala 

*See footnote Table 1 

stable ions corresponding to the latter fragmenta- 2) which cannot give a C,H, ion. This explanation 
tion and to ion 11 -+ ion 12/23 were observed (Table 

would also account for the abundance of the ion at 6 )  Further degradation of ion 12 (Scheme 3) gives a m/e 57 in the spectrum of TFA-cyclo-(-Gly-Leu). 
The relatively prominent ion at m/e 209 in the number of ions of relatively high abundance (Table 

spectrum of TFA-cyclo-(-Gly-Gly) (Fig. la) can be 3), viz. ion 14 (mle 139), ion 16 (mle 68), ion 19 
(t771e 691, ion 20 (m/e 41), and ion 22 (in/e 42). How- 

explained by consecutive loss of CF, and CO from ever, ion 19 is isobaric with CF3+ and ion 22 with ion 1 as shown in Scheme 3 (ion 1 -+ ion 11 -+ ion +. 
12). Alternatively, this loss could occur as in Scheme CH,=C=O and high resolution data (Table 7) 
4 (ion 1 -+ ion 11 -+ ion 23), or CF,CO' could be show that ions 19 and 22 are minor components but 
eliminated from ion 1 to give ion 23 directly. Meta- that ions 14 and 16  are single species. The ion at m/e 
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TABLE 3. Relative abundances (%) of ions in Scheme 3* 

Relative abundance 

1 11 12 13 14 15 16 17 18 19 20 21 22 
TDA-DKP R,  R2 tn/e 306 ?n/e 237 tn/e 209 ~ n / e  167 tn/e 139 tn/e 137 tnle 68 tn/e 40 tn/e 138 t?i/e 69 tn/e 41 tnle 70 m/e  42 

c-Gly-Gly 
Gly-Val 
Gly-Leu 
Gly-Ile 

c-Ala-Gly 
Ala-Val 
Ala-Leu 
Ala-Ile 

c-Ala-Gly 
Ala-Val 
Ala-Leu 
Ala-Ile 

c-Ala-Ala 

*See footnote Table 1 
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2046 CAN. J .  CHEM. VOL. 57. 1979 

TABLE 4. Relative abundances (2) of ions in Scheme 4 *  

Relative abundance 

11 23 24 25 7 8 
TFA-DKP R L  R2  rr?/e 237 ,rile 209 I 8 I r ~ i / e  153 tnle 154 /rile 126 

c-Gly-Gly 
Gly-Val 
Gly-Leu 
Gly-Ile 

c-Ala-Gly 
Ala-Val 
Ala-Leu 
Ala-lle 

c-Ala-Gly 
Ala-Val 
Ala-Leu 
Ala-Ile 

c-Ala-Ala 

*See footnote Table I .  

41 is of appreciable abundance in the spectra of the 
valyl-, leucyl-, and isoleucyl-DKP's (Table 3) and for 
these compounds the ion is mainly due to C,H,+ 
(Table 7). 

Scheme 4 shows an alternate fragmentation of ion 
11 leading to ions 4, 7-10 by way of the apparently 
abundant ions 24 (mle 181) and 25 (tnle 153). The 
latter is isobaric with ion 2 (Scheme 1) and con- 
tributes little to the peak at rille 153 (Table 7) whereas 
ion 24 is isobaric with ion 26 (Scheme 5) and these 
are present in the ratio 1: 3 (Table 7). 

Fragmentation of ion 23 as shown in Scheme 5 
leads to ion 26 which is the inajor conlponent of the 
peak at nl/e 181 (Table 7) and a metastable ion 
corresponding to this transition was observed (Table 
6). Elimination of CO from ion 26 would provide an 
alternate pathway to ion 2 (and the remaining ions of 
Scheme 1);  however the corresponding inetastable 
ion was not detected. 

The structure of ion 26 is such that alternate frag- 
mentation (loss of ketene and 'CF, or loss of 'CF, 
and 2 C 0  are possible. In the TFA-cyclo-(-Ala-X) 
series these would lead to isobaric ions of relatively 
high abundance; however these were eliininated on 
the basis of HRMS. 

Ion 1 (mle 306, R ,  = R, = H), the starting point 
for the fragmentations of the TFA-cyclo-(-Gly-X) 
series outlined in Schemes 1-5, is symlnetrical so that 
only one set of ions is possible. For the TFA-cyclo- 
(-Ala-X) compounds (X = Gly, Val, Leu, Ile), how- 
ever, ion l (mle 320, R ,  = CH,; R, = H ;  or vice 
versa) is not symmetrical and two sets of homo- 

TABLE 5. Relative abundances (%) of ions in Scheme 5* 

Relative abundance 

23 26 
TFA-DKP R I R2  tn/e 209 rri/e 181 

C-Gly-Gly H H 3 6 36(27) 
Gly-Val H H 13 10(8) 
Gly-Leu H H 10 1749) 
Gly-Ile H H 13 9(8) 

trl/e 223 tn/e 195 

C-Ala-Gly CH3 H 6 1 
Ala-Val CH3 H 11 8 
Ala-Leu CH3 H 11 8 
Ala-Ile CH3 H 8 6 

t r ~ / e  18 1 

c-Ala-Gly H CH3 22(18) 
Ala-Val H CH3 o(0) 
Ala-Leu H CH3 2(2) 
Ala-Ile H CH3 1(1) 

ttrle 237 tn/e 195 
c-Ala-Ala CH3 CH3 4 24(24) 

'See foolnote Table I .  

logous ions are possible depending 011 the location of 
the positive charge. Tables 1-5 have been compiled 
to reflect this possibility and show the occurrence of 
fragmentation to give ions derived from both the 
alanyl and glycyl portions of ion 1. In several in- 
stances the ions retaining the methyl group are in 
greater abundance than their lower homologues 
which are derived from the glycyl portion of the 
DKP. Where this occurs (e.g. ions 3, 4, 8 ;  Tables 1 
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SLATER AND HOGGE: I 

TABLE 6. Metastable ions in mass spectra of TFA-cyclo-(-Gly-X) 
(X = Gly, Val, Leu, Ile) 

Metastable ion 

Fragmentation 

Ion 1 (m/e  306) + ion 2 (m/e  153) 
Ion 2 (m/e  153) + ion 3 (m/e  125) 
Ion 1 (m/e  306) + ion 7 (m/e  154) 
Ion 7 (m/e  154) + ion 8 (m/e  126) 
Ion 14 (m/e  139) + ion 21 (m/e  70) 
Ion 1 (m/e  306) + ion 12/23 ( m / e  209) 
Ion 11 (m/e  237) + ion 12/23 (m/e  209) 
Ion 23 (m/e  209) + ion 26 (m/e  181) 

rn/e calculated m/e  observed 

and 2) the methyl group is conjugated with the 
charge site and the ions may be stabilized relative to 
the lower homologues by hyperconjugation [4]. In 

other cases (e.g. ions 2, 7) the methyl group is not 
conjugated with the charge site and the relative 
abundances of the homologous ions are of the same 
order of magnitude (Tables 1 and 2), except for 
TFA-cyclo-(-Ala-Gly) which may behave differently 
since its molecular ion has not undergone olefin 
elimination as have the other DKP's in this group. 

The fragmentations suggested in Schemes 1-5 
account for the majority of ions in the spectra of the 
TFA-cyclo-(-Ala-X) compounds (Fig. 2). Several of 
these pathways are supported by the occurrence of 
relevant metastable ions (Table 8) and the identities 
of prominent fragments have been confirmed by 
HRMS (Table 9). 

A number of isobaric ions are also indicated for 
the TFA-cyclo-(-Ala-X) series (cf. Tables 1-5) and 
the more prominent of these were examined by 
HRMS (Table 9). One of the more interesting groups 
of isobaric ions occurs at mle 55. This ion was 
expected to be a mixture of ion 6 (C2HNO) and ion 
20 (C3H,N). However, one of the abundant ions was 
found to correspond to C3H30 which could arise by 
loss of a hydrogen radical from the ketene CH3- 

+. 
CH=C=O. A comparable ion (C,HO, mle 41) 
was not observed in the TFA-cyclo-(-Gly-X) series 
(Table 7) but was detected at mle 83 (C3H,- 

CH=C=O - [H']) and mle 97 (C4H,-CH= 
+. 

C==O - [H']) in the spectra of TFA-DKP's syn- 
thesized from valine, leucine, and isoleucine (Part 11, 
following paper). 

The mass spectra of TFA-cyclo-(-Gly-X) (Fig. 1) 
contain an ion at mle 42 due to ketene [2] and ion 22 
(Table 7). By analogy the spectra of TFA-cyclo- 
(-Ala-X) would be expected to show the homologues 
of these ions and this was confirmed by HRMS 
(Table 9). However, these spectra also contain an ion 
at mle 42 which comprises two ions of formula 
C2H,0 and C2H4N (Table 9) previously found in the 
spectra of TFA-cyclo-(-Gly-X) (Table 7). The 
C,H20 ion results from formation of ketene from 
the X-position of the DKP [2]. The ion C,H4N 
cannot be accounted for as in the TFA-cyclo- 

+ 
(-Gly-X) series, i.e. ion 22, R,CH=N=CHR, 
(R, = R, = H), since in the TFA-cyclo-(-Ala-X) 
DKP's either R,  or R, is a methyl group. Formation 
of an ion of formula C,H,N may result from a 
process such as the following [5]. 

The metastable ion corresponding to this fragmen- 
tation (mle 70 + mle 42) would be expected at mle 
25.2. A metastable ion at this position observed in 
the spectra of TFA-cyclo-(-Ala-X) could also be due 
to ion 3 (inle 125) + ion 4 (mle 56). However, the 
same metastable ion occurs in the spectrum of 
TFA-cyclo-(-Ala-Ala) for which-the transition ion 3 
(mle 125) + ion 4 (mle 56) does not occur (Table I). 

An ion at inle 42 is also quite prominent in the 
spectrum of TFA-cyclo-(-Ala-Ala) (Fig. 3) and was 
found to contain the same ions as observed in the 
spectrum of the TFA-cyclo-(-Ala-Gly) although the 
ratio of the C,H4N ion to the C,H,O ion was much 
greater (Table 10). The first ion can be accounted for 
as before [5] but there is no immediate explanation 
for the second ion. 

The mass spectrum of TFA-cyclo-(-Ala-Ala) (Fig. 
3) is similar to the spectrum of TFA-cyclo-(-Ala-Gly) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J .  CHEM. VOL. 57, 1979 

TABLE 7. High resolution data for TFA-cyclo-(-Gly-X) (X = Gly, Val, Leu, Ile) 

mle Ion Ion formula Isobar ratio TFA-compound examined 

1 
12 
5 
1 
3 
1 
1 

10 
Single ion 

13 
1 

Single ion 
Single ion 
Single ion 
Single ion 

12 
1 

166 C G H ~ F ~ N O  P I  Single ion cyclo-(-Gly-Leu) 
181 24 C,HaF?N?O? 1 

TABLE 8. Metastable ions in mass spectra of TFA-cyclo-(-Ala-X) 
(X = Gly, Val, Leu, Ile) 

Metastable ion 

Fragmentation mle calculated rille observed 

Ion 2 (mle 153) + ion 3 (mle 125) 102.1 102.3 
Ion 3 (mle 125) + ion 4 (mle 56) 25.1 25.2 
Ion 1 (n~ le  320) + ion 7 (mle 168) 88.2 88.2 
Ion 7 (mle 168) + ion 8 (mle 140) 116.7 116.5 
Ion 10 (mle 181) + ion 2 (mle 153) 129.3 129.5 
Ion 12 (mle 84) + ion 4 (mle 56) 37.3 37.2 
Ion 15 (mle 251) + ion 16 (m/e 223) 198.1 198.4 
Ion 4 (mle 70) + C2H4N (mle 42) [5] 25.2 25.2 

(Fig. 2a) except that ions due to the glycine portion 
of the latter are absent (e.g. mle 125, 126, 153, 154). 
Metastable ions corresponding to ion 2 + ion 3 + 

ion 4 were observed and the identities of several ions 
were established by HRMS (Table 10). 

In Scheme 3 ion 14 + ion 15 is shown as occurring 
by elimination of R,H. For TFA-cyclo-(-Ala-Ala) 
R,  = R, = CH, so that elimination of C,H, is 
possible and the sequence: ion 14 + ion 15 + ion 16 
+ ion 17 gives ions at mle 137, 68, 40. The ion at mle 
68 is relatively abundant (30%) and was found by 
HRMS (Table 10) to be identical to the mle 68 ion 
observed in the spectra of the other TFA-DKP's. 

The fragmentations outlined in Schemes 1-5 and 
eqs. [I-31 account for the majority of significant ions 
in the spectra of the TFA-DKP's. However, one ion 
(10-30% relative abundance) which is present in the 
spectrum of each compound and is not indicated by 
the above schemes occurs at m/e 96 (Figs. 1-3). The 
formula C,HF3N (HCrN-CF,) for this ion was 

established by HRMS. Formation of the ion could 
result by rearrangement of ion 3 (Scheme 1) and 
successive elimination of 'R, and CO [6], or by re- 

arrangement of the CF, group in ion 5 (Scheme 1) 
followed by elimination of CO. The elimination of 
CO first rather than R, from ion 3 would give an 
ion at mle 97 (R, = H) for the TFA-cycle-(-Gly-X) 
series and at mle 111 (R, = CH,) for the TFA- 
cyclo-(-Ala-X) compounds. The ion at m/e 97 would 
be isobaric with CF3CO+ which was the only ion 
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SLATER A N D  HOGGE: I 2049 

TABLE 9. High resolution data for TFA-cyclo-(-Ala-X) (X = Gly, Val, Leu, Ile) 
- 

m / e  Ion Ion formula Isobar ratio TFA-compound examined 

1 
1 
1 

99 
Single ion 
Single ion 
Single ion 
Single ion 

1 
3 

Single ion 
4 
1 

TABLE 10. High resolution data for TFA-cyclo-(-Ala- 
Ala) 

tn/e Ion Ion formula Isobar ratio 

1 
10 

Single ion 

8 
1 

Single ion 

Single ion 

Single ion 

indicated by HRMS (Table 7). The ion at m/e 111 was 
also eliminated on the basis of high resolution data. 

In addition to the ions described so far, several 
spectra contain ions which are unique to a TFA-DKP 
containing a particular amino acid residue. These 
ions and possible fragmentations leading to their 
formation are listed below. In each case the identity 
of the ion was confirmed by HRMS. 

m/e 43. This ion is present in the spectra of TFA- 
cyclo-(-Gly-VallLeu) (40'%,, 207, relative abundance) 
and TFA-cyclo-(-Ala-VallLeu) (40%, 17"j,), but is 
barely detectable in the normalized spectra of the 
other TFA-DKP7s examined. The ion could be due 
to C3H7+ from the valyl or leucyl portion of the 
DKP together with a contribution from 13C-ketene. 
High resolution data (Table 7) show that the ion is in 

fact due to C3H7+ and C,H30+ in the ratio 3: 1. The 
latter ion may be due to protonated ketene CH2= 

+ 
C=OH, which would require rearrangement of a 
hydrogen atom prior to cleavage as in [2]. The 
greater abundance of the m/e 43 ion in the spectra of 
the valyl compounds helps to distinguish them from 
the leucyl-DKP's. 

m/e 109(123). In the spectrum of TFA-cyclo- 
(-Gly-Gly) the ion at  m/e 109 is present in 16% 
relative abundance (Fig. la) .  The formula C3H2F3N 
was indicated by HRMS and an ion of this composi- 
tion could be formed from ion 14, Scheme 3, as 
shown below in [7]. 

14 (tnle 139, R, = RZ = H) 
(tnle 153, R, = H; R, = CH,; 01. vice versa) 
( n ~ l e  167, R, = RZ = CH,) 

This mechanism also accounts for the ion at m/e 123 
in the spectra of TFA-cyclo-(-Ala-Gly/Ala) (Figs. 2n 
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and 3) but does not explain why these ions are not as 
prominent in other relevant spectra. 

rnje 111. The spectra of TFA-cyclo-(-Ala-ValjLeuj 
Ile) contain the ion at rnje 111 (16%, 12%, 29%) 
which is absent in the spectra of the remaining 
TFA-DKP's. This suggests that the ion is due in part 
to retention of the alanyl portion of the DKP. High 
resolution data indicated the formula C5H5N0,  and 
an ion of this composition could arise as follows 
in [8]. 

H 

The occurrence of the ion at mje 111 only in the 
spectra of the alanyl-DKP's containing ion 1 (mje 
320) in relatively high abundance lends some support 
to the proposed fragmentation. In the TFA-cyclo- 
(-Gly-X) series, a similar fragmentation would re- 
quire formation of a primary radical centre and lead 
to an ion at rnje 97 isobaric with CF3CO+, but only 
the latter was observed (Table 7). 

m/e 166. This ion is abundant (25%, 23%) only in 
the spectra of TFA-cyclo-(-Gly-Leu) and TFA- 
cyclo-(-Ala-Leu) and suggests that the leucyl residue 
is involved. The formula of this ion C,H7F3N0, 
established by HRMS, has insufficient hydrogen to 
accommodate the C4H, leucyl side chain. However, 
if the CF3CON group is present, the residue C4H7 
can be accounted for as in eq. [9]. For the isoleucyl- 
DKP's this fragmentation would require elimination 
of a primary methyl group which may be ener- 
getically less favourable. 

One of the objectives of the present study was to 
determine if the various DKP's could be identified 

unequivocally by the inass spectra of their TFA- 
derivatives. On the basis of the fragmentations in 
Schemes 1-5 and eq. [3] it is possible to assign a DKP 
to the TFA-cyclo-(-Gly-X) or TFA-cyclo-(-Ala-X) 
series (X = Gly, Val, Leu, Ile). TFA-cyclo-(-Ala-Ala) 
can be distinguished from members of the latter 
series by the absence of ions in its mass spectrum 
(e.g. rnje 125, 126, 153) derived from the glycyl 
residue (formed by elimination of olefin [3]). Further 
distinction between compounds within a group is 
possible using the ions listed above, e.g. the ion at 
rnje 43 is observed only in the spectra of the valyl- 
and leucyl-DKP's while the ion at mje 166 is found 
only in spectra of the latter. There are no such 
special ions in the spectra of TFA-cyclo-(-Gly- 
GlyjIle) to permit distinguishing between these two 
compounds. However, the spectrum of TFA-cyclo- 
(-Gly-Ile) contains relatively abundant ions at mje 57 
(53%) due to C4H,+ (Table 7) and mje 41 (43%) 
due to C3H5+ (Table 7). Although ions at nzje 57, 
41 are predicted for TFA-cyclo-(-Gly-Gly) in 
Scheme 2 (ion 9) and Scheme 3 (ion 20), respectively, 
these are barely detectable (Fig. la). Distinguishing 
between TFA-cyclo-(-Ala-Gly) and TFA-cyclo-(-Ala- 
Ile) is also unpredictable as the spectrum of the latter 
does not show prominent ions at mje 57,41 (Fig. 2c). 
Identifying the members of the two pairs of com- 
pounds, TFA-cyclo-(-Gly-GlyjIle) and TFA-cyclo- 
(Ala-AlajIle), on the basis of mass spectrometry is 
not unequivocal; however, the GC retention times 
are sufficiently different to permit a distinction to be 
made. 

The composition of a number of ions in the spectra 
of the TFA-DKP's have been confirmed by HRMS 
(Tables 7, 9, and 10). However, this does not indicate 
the source of the atoms comprising these ions or 
establish the fragmentations leading to them. 
Appropriate isotopic labelling can indicate the 
method of formation of ionic fragments and this will 
be the subject of a future paper. 
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SLATER AND HOGGE: I 205 1 

Experimental 
The mass spectral data in Tables 1-5 were obtained using 

a Finnigan 3300 GC-MS and 6000 Data System. A glass 
column, 152 cm (5 ft) long, 6 mm OD, 2 mm ID, packed with 
3% OV-1 on Chromosorb W, HP, 80/100 mesh, was used for 
chromatography of the TFA-DKP's. Helium at 20 cm3/min 
was used as carrier gas and the column was programmed from 
80 to 250°C at 8"C/min. 

High resolution mass spectra were obtained using a MS-902 
spectrometer (Associated Electrical Industries) or a CEC 21- 
llOB spectrometer (Du Pont). Metastable ions were deter- 
mined using a MS-12 instrument (Associated Electrical 
Industries). 

The diketopiperazines were synthesized by hydrogenolysis 
of appropriate benzyloxycarbonyl dipeptide methyl esters (12). 
Conversion to the trifluoroacetyl derivatives was achieved by 
heating (80°C) the DKP's in Reacti-Vials (Pierce Chemical 
Co.) containing trifluoroacetic anhydride for 10-20 niin. 

Acknowledgements 
High resolution mass spectra were supplied by Dr. 

D. Durden, Psychiatric Research Division, Uni- 
versity Hospital, Saskatoon, and by Dr. D. Jamieson, 
Atlantic Regional Laboratory, NRCC, Halifax. The 
metastable ions were recorded by Mr. D. Bain, 
Chemistry Department, University of Saskatchewan, 
Saskatoon. 

J .  C. MACDONALD. 111 Handbookof n~icrobiology. Vol. 111. 
Microbial products. W i t e d  by A. I. Laskin and H. A. 
Lechevalier. CRC Press, Cleveland, Ohio. 1973. p. 345. 
T.  SHIBA and K. NUNAMI.  Tetrahedron Lett. No. 6, 509 
(1974); K. TAKAHASHI,  M. TADENUMA, and K. 
KITAMOTO. Agric. Biol. Chem. 38, 927 (1974); W. PICK- 
ENHAGEN,  P. DIETRICH, and E. LEDERER. Helv. Chim. 
Acta, 58, 1078 (1975). 
M. BODANSZKY, A. A. BODANSZKY, C. A. RALOFSKY. 
R. G. STRONG, andR. L. FOLTZ. J .  Antibiot. 24,294(1971). 
A. B. M A U G ~ R .  Chem. Biol. Pept. Proc. Am. Pept. Symp. 
3rd. 1972. p. 691. 
R. A. W. JOHNSTONE. T.  J. POVALL, and J. D. BUTZ. J. 
Chem. Soc. Chem. Commun. 392 (1973). 
R. A. W. JOHNSTONE and T.  J .  POVALL. J. Chem. Soc. 
Perkin Trans. 1, 1297 (1975). 
A. B. MAUGER. J. Chromatogr. 37,3 15 ( 1968). 
G. P. SLATER. J. Chromatogr. 64, 166(1972). 
IUPAC-IUB Commission on Biochemical Nomenclature. 
J .  Biol. Chem. 247,977 (1972). 
S. ERIKSEN and I. S. FAGERSON. J. Agric. Food Chem. 24, 
1243 ( 1976). 
N. S. VUL'FSON, V. A. PUCHKOV, Yu. V. DENISOV, B. V. 
ROZYNOV, V. N. BOCHKAREV, M. M .  SHEMYAKIN,  Yu. A. 
OVCHINNIKOV, and V. K. ANTONOV. Chem. Heterocycl. 
Compd. 2,468 (1966). 
G. P. SLATER. Chem. Ind. 1092 (1969). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



The mass spectra of trifluoroacetyl-2,s-diketopiperazines. 11. cyclo-(-Val-VallLeulIle), 
cyclo-(-Leu-LeulIle), and cyclo-(-Ile-Ile)' 
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GEORGE P. SLATER and LAWRENCE R. HOGGE. Can. J. Chem. 57, 2052 (1979). 
The trifluoroacetyl derivatives of the 2,5-diketopiperazines cyclo-(-Val-Val/Leu/Ile), cyclo- 

(-Leu-Leu/Ile), and cyclo-(-Ile-Ile) were examined by GC-MS. The fragmentation of these 
compounds generally follows the same pathways as previously observed for the TFA-cyclo- 
(-Gly-X) series (X = Gly, Val, Leu, Ile). However, the spectra can be interpreted on the basis 
that the molecular ion fragments prior to, or after, one of the alkyl groups is eliminated as 
olefin. Some ion fragments indicate that both alkyl groups are eliminated but this does not 
appear to occur directly from the molecular ion. Support for fragmentation of the molecular 
ion by the suggested route is indicated by a number of isobaric ions although corresponding 
metastable ions were not observed. 

The spectra enable the compounds in the series TFA-cyclo-(-Val-X) (X = Val, Leu, Ile) to 
be readily identified but this is not the case for TFA-cyclo-(-Leu-LeulIle) and TFA-cyclo-(-Ile- 
Ile). However, all of these compounds can be distinguished from TFA-cyclo-(-Gly-X) and 
TFA-cyclo-(-Ala-X) (X = GIy, Val, Leu, Ile). 

GEORGE P. SLATER et LAWRENCE R. HOGGE. Can. J. Chem. 57.2052 (1979). 
On a etudik les derives trifluoroacetyles des dickto-2,5 pipkrazines cyclo-(Val-Val/Leu/Ile), 

cyclo-(Leu-LeulIle) et cyclo-(Ile-Ile) par GC-MS. Les fragmentations de ces composCs suivent 
generalement les mCmes voies que celles observees pour la serie TFA-cyclo-(-Gly-X) (X = Gly, 
Val, Leu, Ile). Toutefois on peut interpreter les spectres en faisant I'hypothese que la frag- 
mentation de l'ion molCculaire se produit avant ou apres que I'un des groupes alkyles ait kt6 
elimine sous forme d'olefine. D'aprts quelques ions de fragmentation, i l  semble que les deux 
groupes alkyles sont Climines mais i l  n'apparait pas que ces eliminations se fassent directement 
a partir de I'ion molCculaire. Les donnkes suggerant le type de fragmentation propose de- 
coulent du nombre d'ions isobares mCme si I'on n'a pas observe la presence d'ions metastables. 

Les spectres permettent d'identifier facilement les composes de la serie TFA-cyclo-(-Val-X) 
(X = Val, Leu, Ile) mais tel n'est pas le cas pour les composes TFA-cyclo-(-Leu-Leu/Ile) et 
TFA-cyclo-(-Ile-Ile). Toutefois on peut distinguer tous les composes des series TFA-cyclo- 
(-Gly-X) et TFA-cyclo-(-Ala-X) (X = Gly, Val, Leu, Ile). 

[Traduit par le journal] 

Introduction study is concerned with DKP's synthesized from 

l n  part 1 of this series (2) the lnass spectra of the valine, leucine, and isoleucine only. Thus we have a 

trifluoroacetyl derivatives of c y c l o - ( - ~ l y - ~ ) ,  cJ,clo- series of trifluoroacetyl-dialkyl-2,5-diketopiperazi11es 

(-Ala-X) (X = GIy, Val, Leu, Ile)3, alld cyclo-(-Ala- (TFA-DA-DKP's) each of which contains two c,- or 
Ala) were described. A nulnber of fragmentation two C.+-alkyl groups, or one of each.  his report 
pathways and supporting evidence were presented describes the mass Vectra the TFA-DA-DKP's 

to account for the mass spectral patterns observed. and indicates apparent differences in the fragments- 

In general, the spectra could be explained by a series tion the lno1ecular ions of these compounds 

of fragmentations common to all the trifluoroacetyl- the "'0lecular ions of the TFA-DKP's previously 

2,5-diketopiperazines (TFA-DKP's) examined. Sev- examined (2). 

era1 differences between the various spectra were also Results and Discussion 
noted and these could be used to help characterize 
the individual DKP's. The mass spectra of the TFA-DA-DKP's were 

The first series of TFA-DKP's examined (2) con- obtained by gas c h r o l n a t o g r a ~ h ~  -mass spectres- 
tained several compounds bearing a C,-a]ky](valyl) COPY (GC-MS) using a quadru~ole  mass spectron1- 
or C4-alkyl group (leucyl/isoleucyl). The present eter, as previously described (2). In addition a num- 

ber of ions were subjected to high resolution mass 
'NRCC No. 17403. spectroscopy (HRMS) and some of the compounds 
'To whom all correspondence should be addressed. 
3The abbreviations for the amino acids are those recorn- were examined with a magnetic sector instrument 

mended by the IUPAC-IUB Comn~ission on Biochemical to check for Inetastable ions. 
Nomenclature (1). As before (2) the molecular ions of these corn- 

0008-4042/79/ 152032-06$0 1 .00/0 
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SLATER A N D  HOGGE: I 1  2053 

pounds do not appear in the normalized mass spec- 
tra (Figs. 1 and 2) produced by the computer. How- 
ever, these ions are easily seen on the oscillograph 
trace of maximum sensitivity from the magnetic 
sector instrument. Several of the remaining ions in 
the spectra of the TFA-DA-DKP's (Figs. 1 and 2) 
have the same m/e values as ions in the spectra of 
TFA-cyclo-(-Gly-Gly) (2), viz. m/e 69, 70, 96, 97, 
125, 126, 139, 153, 154, although the relative abun- 
dances differ. Examination of these ions by HRMS4 
indicates that the corresponding ions in both sets of 
spectra are identical, except that several of the above 
ions for the TFA-DA-DKP's contain isobaric ions 
which are not possible for TFA-cyclo-(-Gly-Gly). 
The ions at m/e 125, 126, 139, 153, 154 in the spectra 
of the TFA-DA-DKP's imply that these compounds 
fragment as previously suggested (2) for the TFA- 
cyclo-(-Gly-X) compounds (i.e. both alkyl groups 
are eliminated as olefin from the molecular ion [ l ]  

?I 

1 .  117lr 348 (R,  = C3H7) 
tnlr 362 (R,  = C,H,) 

spectra of TFA-cyclo-(-Val-LeulIle) it would appear 
that the molecular ion fragments to give a mixture 
of the two higher homologues (m/e 168, 182) which 
could eliminate olefin to produce the ion at m/e 126. 
However, in the spectra of the valyl-DKP's (Fig. 1) 
and the leucyl/isoleucyl-DKP's (Fig. 2) ions at m/e 
348, 362 (1, [I]) correspond to the loss of C3H, 
and/or C4H, as previously observed for the TFA- 
cyclo-(-Gly-X) compounds. Fragmentation of ion 1 
by pathways proposed for the latter compounds (2) 
would also account for the ions typical of TFA- 
cyclo-(-Gly-Gly) and the homologous ions at m/e 168, 
182. Unfortunately, no metastable ions correspond- 
ing to these fragmentations of the molecular ion were 
detected although a metastable ion was observed for 
i ~ / e  153 + nz/e 125 (m'"O2.1). 

To  further complicate the issue, the ions at m/e 
139, 70 have the same formulae (C4H4F3N0, 
C3H4N0,  respectively) as the corresponding ions in 
the spectrum of TFA-cyclo-(-Gly-Gly), i.e. ions 14, 
21 in ref. 2. For these ions to occur their precursor(s) 
must eliminate both alkyl groups and this could 
happen by elimination of olefin from ion 1 [ l ]  to  
give ion 2 (mle 306) which corresponds to the molec- 
ular ion of TFA-cyclo-(-Gly-Gly). The absence5 of 
the ion at  nz/e 306 and low abundances of precursors 
of ion 14 in which both alkyl groups are absent (viz. 
ion 11, m/e 327; ion 12, m/e 204; ion 13, i ~ / e  167, cf. 
Table 3, ref. 2) appear to exclude this possibility. An 
alternative explanation would require elimination of 
olefin from ion 14, m/e 181 (R, = C3H7) or m/e 195 
(R, = C4H9). In the absence of relevant metastable 
ions the present data do not indicate which of the 
pathways is preferred, however a metastable ion 
(m" 35.3) corresponding to elimination [2] of .CF3 

to give the ions at m/e 306 (2) corresponding to  the 
molecular ion of TFA-cyclo-(-Gly-Gly)). However, 
the spectra of the valyl-DKP's and the leucyl/iso- 
leucyl-DKP's in the present series contain ions at m/e 
168 (Fig. 1) and rn/e 182 (Figs. 1 b and c, 2) which 
were found4 to be the higher homologues of the ion 

+ 
at m/e 126 (i.e. ion 8, R,CH=NH-COCF,; m/e 
126, R, = H ;  nz/e 168, R, = C3H7; m/e 182, 
R, = C4H9). Since all three ions are present in the 

4A complete set of these data is available, at  a nominal 
charge, from the Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Ont., Canada 
KIA 0S2. 

14, t?flc 181 (R2  = C,H7; R ,  = H )  -t 21, m / t  112 
rnle 195 (R, = C4H,; R ,  = H )  -t tnle 126 
tnle 139 ( R ,  = R2 = H )  -t tnle 70 

from the ion at  m/e 139 was observed. The presence 
of one of the higher homologues of ion 21 (viz. m/e 
126) as an isobar of ion 8 was confirmed by H R M S . ~  

Of the remaining ions in the spectra of the TFA- 
DA-DKP's which have m/e values identical to those 
in the spectra of the TFA-cyclo-(-Gly-X) compounds 
(2) only the ions at m/e 69, 166 (latter for leucyl- 

'The ion at  m/e 306 is too small to be seen in the normalized 
mass spectra produced by computer but is readily apparent in 
the oscillograph trace for the magnetic sector instrument. 
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m/e 
FIG. 1. Mass spectra of (a) TFA-cyclo-(-Val-Val), (b) TFA-cyclo-(-Val-Leu), (c) TFA-cyclo-(-Val-Ile). 
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S L A T E R  A N D  HOGGE: I 1  

m /e 
FIG. 2. Mass spectra of (a)  TFA-cyclo-(-Leu-Leu), (b) TFA-cyclo-(-Leu-Ile), (c) TFA-cyclo-(-Ile-Ile). 
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2056 CAN.  J .  CHEM. VOL. 57 ,  1979 

DKP's) were the same for both  group^.^ The ion molecular ion or from the portion of ion 1 [ l ]  re- 
at mle 96 in the spectra of the leucyl/isoleucyl-DKP's taining the alkyl group. This is contrary to the results 
contained three isobars, C2HF3N (previously de- for the TFA-DKP's (2) where ketene ions retaining 
tected, ref. 2), C,H,-C,HN (a homologue of ion the valyl- or leucyl/isoleucyl-side chains were not 

+'  observed. 17, ref. 2) and C6H80 (C4H9-CH=C=O - [H,]) 
in the ratio 8 : 1 : 8.4 For TFA-cyclo-Val-Val only The ketene ions at mle 84,98 are isobaric with ions 

C2HF3N is possible and was the only ion seen. The predicted for the TFA-DA-DKP's by Schemes 1 and 

ion at mle 97 also comprises three isobars for the 3 in the previous paper (2). In the case of TFA- 

leucyl/isoleucyl-DKP's, viz. CF3C0, C4H9-C,H,N cyclo-(-Val-Val) the ion at mle 98 should be due 

(homologue of ion 20, ref. 2), and C6H90 (2: 1 :3)4. solely to c,H,-CH=&=C=O (corresponding to 
The last ion corresponds to loss of H. from the ketene ion 4) a n d  this was confirmed by H R M S . ~  For 

+. 
ion C,H,--CH=C=O and the lower homologue at TFA-cyclo-(-Val-LeulIle) two other isobars are pos- 

& . . - +. sible, viz. c,H,-CH=N=CH, (ion 22) and the 
mle 83 (C3H7-CH=C=O - [H']) was also ob- +. 
served in the spectra of the valvl-DKP's.~ The ion at ketene C,H,-CH=C=O. All three isobars were 
mle 83 contajned two other- isobars, viz. C3H7- found in the'high resolution spectrum of TFA-cyclo- 
C2H2N (homologue of ion 20, ref. 2) and an ion of (-Val-Leu) and is consistent with fragmentation of 

+. this compound by way of ion 1 [ l ]  and then Schemes 
formula C3HN02 (possibly O=C=CH-N=C=O 1-5, or directly by Schemes 1-5. In the case of TFA- 
derived from ion 3 [3]). cyclo-(-Leu-LeulIle) and TFA-cyclo-(-Ile-Ile) only 

+ 
C4H9-CH=N=CH, and the ketene are possible 
but only the latter was d e t e ~ t e d . ~  The high resolution 
spectrum of TFA-cyclo-(-Val-Val) indicated that the 

1. 

I' 7 

R2 
ion at mle 84 was due to ketene (C3H7-CH=C=O) 
only. 

1. ttrlc, 348 ( R ~  = c,H,) Identifying the three valyl-DKP's on the basis of 
rulr 362 (R2 = C4H9) the spectra in Fig. 1 is relatively straightforward 

CH2 since the valyl residue gives rise to the characteristic 
CF~CO-N' \C=O 

I + I  ion at mle 168 and the leucyl/isoleucyl residue to the 
O=C, ,+N-COCF, homologue at mle 182. The ion at mle 166 then allows 

CH the leucyl-DKP to be identified. On the other hand, 
3, tnlc 305 the spectra in Fig. 2 are so similar that it is not pos- 

In the spectra of TFA-cyclo-(Val-VallIle) (Fig. 1 
a and c) a relatively small ion occurs at mle 305 (cf. 
footnote 5) which could arise from ion 1 by expulsion 
of the second alkyl group as a radical [3] and the 
corresponding metastable ion (mle 267.1) was ob- 
tained in the spectrum of TFA-cyclo-(-Val-Ile). A 
metastable ion corresponding to the loss of this 
radical in the spectrum of underivatized cyclo-(-Val- 
Ile) has been reported previously (3). Several frag- 
mentations of ion 3 involving loss of 'CF,, CO, 
ketene, etc. are possible but none lead to relatively 
abundant ions. 

The spectra of the TFA-DA-DKP's also contain 
+ '  

ketene ions, RCH=C=O, at mle 84 (R = C3H7) 
and mle 98 (R = C4H9), but none at mle 42 (R = H). 
The ketene ion, mle 42, was relatively abundant 
(11-42%) in the spectra of TFA-cyclo-(-Gly-X) 
(X = Gly, Val, Leu, Ile) (2) and its absence in the 
spectra of the TFA-DA-DKP's (Figs. 1 and 2) sug- 
gests that formation of ketene ions in the spectra of 
the latter compounds occurs preferentially from the 

sible-to identify t h e  individual compounds on -this 
basis. Even the ion at mle 166 occurs in the spectrum 
of TFA-cyclo-(-Ile-Ile) although the relative abun- 
dance (3%) is less than that in the spectra of the other 
two compounds (19%, 10%). The only distinguishing 
feature appears to be that the ion at mle 139 is quite 
prominent (39% relative abundance) in the spectrum 
of TFA-cyclo-(-Leu-Leu), much less abundant in the 
spectra of TFA-cyclo-(-Leu-Ile) (1 1%) and TFA- 
cyclo-(-Ile-Ile) (2%). No reason for the variation in 
intensity of this ion is apparent since HRMS4 indi- 
cates a single ion of formula C4H4F3N0 (ion 14, 
both alkyl groups removed [2]). 

The spectra of TFA-cyclo-(-Val-Leu) (Fig. 1 b) and 
TFA-cyclo-(-Leu-LeulIle) (Fig. 2 a and b) contain 
an ion at mle 140 which is relatively abundant (18% 
17%, 11%) compared to the other spectra (2-679. 
The formula C4H,F3N0 was indicated by H R M S ~  
and an ion of this composition could be formed from 
the ion at m/e 182 by elimination of propylene [4]. 

For the isoleucyl-DKP's the analogous fragmen- 
tation would result in the loss of ethylene to give an 
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SLATER A N D  HOGGE: 11 2057 

ion a t  rnle 154. This relatively weak ion was in the 
spectra of all these compounds (Figs. 1 and 2) but 
was not examined by HRMS. Loss of propylene from 
leucyl residues in peptides and of ethylene from iso- 
leucyl residues has been noted previously (4), but 
only the above loss of propylene [4] appears to occur 
in the fragmentation of the TFA-DA-DKP's. 

Comparison of the spectra of the TFA-DA-DKP's 
(Figs. 1 and 2) with those previously obtained (2) 
indicates a number of differences. These enable the 
two groups of compounds'to be distinguished but 
also suggests that the molecular ions of the com- 
pounds in the two groups behave differently. When 
only one alkyl group is present in a TFA-DKP it 
appears that the molecular ion eliminates the alkyl 
group as olefin prior to fragmentation since ions con- 
taining an alkyl group were not observed in the 
spectra of these compounds (2). In contrast, when 
the TFA-DKP's contain two alkyl groups, the spec- 
tra (Figs. 1 and 2) indicate the following possibilities : 
( I )  the molecular ion fragments (as shown in Schemes 
1-5, ref. 2) to  give a mixture of ions retaining one or 
other of the alkyl  group^.^ Some of these ions then 
partially eliminate the alkyl group as olefin to  give 
fragments identical to those in the spectra of the 

TFA-glycyl-DKP's (2); (2) the molecular ion elimi- 
nates one alkyl group to give ion 1 [ I ]  which can then 
fragment as in (I) to give a mixture of ions with and 
without an alkyl group. Again, some of these ions 
would have to  eliminate olefin to give ions at mle 
139, 70, for example; (3) concurrent with (1)  and/or 
(2), ion 1 may eliminate the remaining alkyl group as 
olefin [ l ]  prior to fragmentation by Schemes 1-5. 

The data obtained from the present work do not 
establish unequivocally all of the proposed fragmen- 
tations. In some cases additional information would 
be available by examination of isotopically labelled 
compounds and this will be considered in a future 
communication. 

Experimental 
T h e  trifluoroacetyl-2,5-diketopiperazines and their mass 

spectra were obtained as  previously described (2). 
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Fluorosulfates of palladium. Part 2.' The hexakis(fluorosulfato)palladate(IV) ion and 
palladium(I1) hexakis(fluorosulfato)metallates(IV) 

KEITH C. L E E  A N D  FRIEDHELM AUBKE' 
Doptrr[tr~c,tl/ oJ'Chrtnis/,:\~, Tllr Utlicer.si/? tJ'Bt.i/i.tk Colrrt,rhio, Vtr~lc,olrcrr, B .C. .  Ctrtlotltr V6T l W5 

Received Febl-LI~I-y 8, 1979 

KEITH C. LEE and FRIEDHELM AUBKE. Can. J. Chem. 57,2058 ( 1979). 
The synthesis of a number of compounds containing the hexakis(fluorosulfato)palladate(IV) 

anion and the cations Cs+, Ba2+,  NO+,  and C102+ is reported. All compounds are diarnag- 
netic. Also reported is the synthesis of  Pd[M(S03F)G], where M = Pt(1V) and Sn(1V). Here, 
palladium(I1) is found in a regular octahedral environment. Both compounds are paramagnetic, 
consistent with a ,A,, ground state. Curie-Weiss law behavior is found and ligand field pararn- 
eters for the Pd(I1) derivatives are reported. 

Vibrational spectra are reported for all new fluorosulfato complexes. 

KEITH C. LEE et FRIEDHELM AUBKE. Can. J. Chem. 57.2058 ( 1979). 
On rapporte la synthese d'un certain nombre de composCs contenant l'anion hexakis- 

(fluorosulfato)palladate(IV) et les cations Cs f ,  Ba2+, NO+ et C102+. Tous les composes sont 
diamagnetiques. On rapporte aussi la synthese du Pd[M(S03F)G] oh M = Pt(IV) et Sn(1V). 
On a trouve dans ce cas que le palladium(I1) est dans un environnement octakdrique rkgulier. 
Les deux composes sont paramagnetiques ce qui est en accord avec un Ctat fondamental ' A Z , .  
On a trouve un comportement qui suit la loi de Curie-Weiss et on rapporte les parametres de 
champ de ligand pour les derives Pd(I1). 

On rapporte les spectres vibrationnels de tous les nouveaux complexes fluorosulfato. 
[Traduit par le journal] 

Introduction tilled at atmospheric pressure as described previously (6). 
Nitrosylchloride (Matheson) was purified by trap-to-trap dis- 

We have recelltl~ (1) reported on the syntheses and tillation and stored over CaS04 before use. Bis(fluorosul- 
structural characterization of two binarv fluorosul- furyl)~eroxide (7), S,O6F2, and chlorylfluorosulfate (8), 
fates of palladium, p d ( s O , ~ ) ,  and ~Pd(S03F)3~. In CIO;SO,F, were synthesized according to published method. 

contrast to most palladium(II) (2), the 
The previously reported fluorosulfates: Sn(SO3F)4 (5% 
Pt(SO,F), (lo), and 'Pd(S03F),' (1) were obtained by an 

fluorosulfates are paramagnetic and for Pd(SO,F), a alternative, more convenient method: the oxidation of  the 
regular octahedral environment for Pd" is suggested. metal by S2O6F2 in HS03F  at about + 100°C. Pd(S03F), was 

In analogy to  PdF3 (3-5), the compound 'Pd- obtained by the thermal decomposition of Pd[Pd(SO,F),I at 

(so,F), 7 is best formulated as p d ~ [ p d l V ( ~ ~ , ~ ) , ] ,  13O0C (1). All other chemicals used in this study were obtained 
from commercial sources. 

aeain with Pdl '  in a reeular octahedral environment " " 
In the present study, our work on palladium fluo- 

rosulfates is extended in two general directions: (a) 
the synthesis and characterization of Pd" derivatives 
of the type Pd"[MLV(S03F),] with M = Pt or Sn ;  
and (6) the preparation of complexes containing the 
[P~(SO,F) , ]~ -  anion, as well as the attempted syn- 
thesis of Pd(SO,F),. 

Magnetic and spectroscopic studies on both sets of 
compounds are undertaken in support of our earlier 
structural conclusion. 

Experimental 
Cllemicals 

Palladium and platinum powder (both -60 mesh and of 
99.95% purity) were obtained from Ventron Corp., and tin 
(-20 mesh, 99.97% pure) was supplied by BDH. Technical 
grade fluorosulfuric acid (Allied Chemicals) was doubly dis- 

'For Part 1 see ref. 1. 
,To whom all correspondence should be addressed. 

Inslr~~net~lnliorz 
Raman spectra were obtained with either a Cary 81 or a 

Spex Ramalog 5 spectrophotometer fitted with either a He-Ne 
(635.5 nm) or an argon ion (514.5 nm) laser respectively. 
Raman spectra at  liquid N, temperature were recorded only 
on the Spex Ramalog 5. The samples were contained in Pyrex 
melting point tubes. An evacuable two part Pyrex cell, fitted 
with quartz windows at a 90" angle and a brass sample holder 
directly cooled with liquid N,, was employed for the Raman 
spectra at 80 K. 

Infrared spectra were recorded on a Perkin-Elmer 457 
spectrophotometer. AgCI, AgBr, and BaF, (Harshaw Chem- 
icals) were used as window materials. Spectra were obtained 
from thin solid films, since the compounds were found to react 
with the commonly used mulling agents. 

Electronic spectra were obtained on powdered samples using 
a Bausch and Lomb Spectronic 600 spectrophotometer (dif- 
fuse reflectance) and on samples mulled in C8F,,S02F 
(perfluoro-octyl sulfuryl-fluoride) using a Cary 14 spectro- 
photometer. Magnetic susceptibilities were measured using the 
Gouy apparatus described earlier (12). The coil current of  the 
magnet was regulated to give a field of approximately 4500 G .  
The temperature of the sample was controlled by the rate of 

0008-40421791 l S2058-07$0 I .00/0 
a1979 National Research Council of CanadalConseil national de ~.echerches du Canada 
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LEE AND AUBKE 2059 

evaporation of N, around the chamber. Callbration was 
achieved using HgCo(SCN), (13). Diamagnetic corrections 
were made using published Pascals constants (2). For SO,F-, 
a suggested (14) correction of 40 x lo-,  cgs units was used. 

All reactions were performed in Pyrex reaction vials of 
about 40 mL contents fitted with Kontes Teflon stem valves. 
Volatile materials were handled using vacuum line techniques. 
Solids were handled in a Vacuum Atmospheres Corp. 'Dri 
Lab' Model No. HE-43-2 filled with pur~fied dry nitrogen and 
equipped with a 'Dri-Train' Model No. HE-93-B circulating 
unit. Filtrations of molsture sensitive materials were carried 
out in an apparatus descr~bed by Shriver (1 1). 

Synthetic Renctions 

(0) Cs2 [Pd(S03F)61 
A Pyrex reaction v ~ a l  was charged w ~ t h  0.104 g (0.977 mmol) 

of palladium and 0.329 g (1.954 mmol) of CsCI, and approxi- 
mately 9 g of HS0,F was added by vacuum distillation. After 
removal of the HCI it1 vaclro, - 13 g of S206F2 was distilled 
onto the mixture it1 vncuo. Reaction occurred at  room tem- 
perature and the solution turned deep red. The reaction mix- 

ture was heated to + 120°C for 3 days. After thls time all metal 
powder had been consumed. Removal of all volatiles in vnclro 
with the reaction vial at room temperature yielded a dark red 
crystalline solid which analysed as Cs2[Pd(S03F)6]. In this 
reaction, 0.927 g (0.960 mmol) were obtained. Ba[Pd(SO,F),] 
was prepared in an identical fashion. BaC1,~2H20 was dried 
in an oven for 24 h at 150°C. The reactlon temperature was 
90°C, and the reaction time was 1 week. 
(0) Pd"[Pt'"(SO,F),] 
To a mixture of 0.319 g (1.05 mmol) of Pd(SO,F), and 

0.666 g (1.13 mmol) of Pt(SO,F),, approximately 5 mL of 
HS0,F were added by distillation in vncuo. After heating the 
mixture for 3 days at  8O0C, a holnogeneous green precipitate 
had formed. The mixture was filtered and washed with HSO,F 
repeatedly. The material was dried by heating to 80°C it2 vnciio. 

Pd"[Sn'V(S0,F)6] was prepared in an  analogous fashion. 
Reaction time was 1 week and the reaction temperature was 
+ 70°C. 

(c) (C[oz)z [pd(SosF)6I 
0.129 g (1.21 mmol) of palladium were allowed to react with 

a mixture of approximately 0.5 mL of ClO,SO,F and 5 mL of 
S206FZ.  After maintaining a reaction temperature of 70°C for 
3 days, dark red crystals were formed. Removal of all volatiles 
yielded 1.013 g (1.21 mmol) of a crystalline material of the 
composition (CIO,), [Pd(S03F)6]. 

200°C. Atlal. calcd.: Ba 16.39, Pd 12.70, S 22.95, F 13.60; 
found : Ba 16.24, Pd 12.64, S 22.89, F 13.82. (NO), [Pd(SO,F),], 
bright red hygroscopic crystals, soluble in HSO,F, melts with 
decomposition at  about 200°C. Atlnl. calcd.: N 3.68, Pd 13.99, 
S25 .29 ,F  14.99; found: N3.44,Pd 13.81,S25.11, F15.17. 
(C1O2),[Pd(SO3F),], deep red, hygroscopic crystals, soluble 
in HSO,F, stable up to -200°C. Anal. calcd.: C1 8.48, Pd 
12.73, F 13.64; found: C1 8.60, Pd 12.82, F 13.68. Pd[Pt- 
(SO,F),], green powder, hygroscopic, insoluble in HS03F  at 
room temperature, thermally stable to about 200°C. Anal. 
calcd.: Pd 11.88, Pt 21.80, F 12.72; found: Pd 11.62, Pt 21.74, 
F 12.88. Pd[Sn(S0,F)6], light blue hygroscopic powder, in- 
soluble in HS0,F at room temperature, decomposes at  around 
250°C into a light purple solid. Atml. calcd.: Pd 12.98, Sn 
14.48, S 23.47, F 13.91; found: Pd 13.06, Sn 14.61, S 23.31, 
F 13.72. 

Results and Discussion 
Sytztliesis 

The principal oxidizing and fluorosulfonating 
agent used in the synthesis of the new hexakis(fluor0- 
sulfato)palladates(IV) is a concentrated solution of 
bis(fluorosulfuryl)peroxide, S206F2,  in fluorosul- 
furic acid, HS0,F. This solution combines the excel- 
lent oxidizing ability of S206F2 and the solvating 
property of HS0,F rather well and may be effec- 
tively used in the syntheses of binary transition metal 
fluorosulfates, or fluorosulfato complexes (15, 16). 

The formation of Cs, [Pd(SO,F),] via: 

with CsS0,F formed irz situ from CsCl and HSO,F, 
einploys the oxidation of palladium metal to the + 4  
oxidation state, while the synthesis of (NO),[Pd- 
(SO,F),] illustrates the oxidation of palladium from 
+ 2  to + 4  with the replacement of chloride by fluo- 
rosulfate groups : 

(d) (NO) 2 [Pd(SO,F) 61 
By reaction o f  0.110 g (1.03 mmo]) palladium with approxi- The starting [PdC',I is obtained 

mately 3 mL of ClNO for 12 h at  room temperature, 0.31 g by oxidation of palladium with a large excess of 
(1.03 mmol) of (NO),PdCI, was formed. This intermediate ClNO. The oxidation is followed by weight and the 
was allowed to react with a mixture of about 3 mL of HSO3F presence of (NO), [PdCl,] is suggested by 2  i r  bands 
and 3 mL of S206F2 for 1 h at 80°C. Removal of all volatile at 2150 (,,NO) and 332 cm- 1 (vPd~14), The preceding 
materials while heating the sample to 70°C yielded a bright 
red solid analysed as (NO)2[Pd(S03F)6]. examples and the syntheses of Ba[Pd(SO,F),] and 

(CIO,), [Pd(SO,F),] by similar methods suggest that 
Analysis 

Microanalyses on all new compounds were performed by Pd(SO,F), may be obtainable as well and, indeed, 
Microanalytical Laboratories, formerly A. Bernhardt, Elbach, Pd(lV) in HS03F/S206F2 are 
West Germany. The nitrogen content of (NO),[Pd(SO,F),] obtained by two main routes: 
was determined by Mr. P. Borda of this department. Cs2[Pd- (a) The oxidation of palladium yields deep red- 
(so,F)~], dark red hygroscopic crystals, diamagnetic, soluble brown solutions. The uv spectrum is identical to the in HSO,F, thermally stable up to 200°C. Anal. calcd.: Cs 
27.50, Pd 11.01, F 11.79; found: Cs 27.25, Pd 10.85, F 11.67. One produced by of (N0)2[Pd(S03F)61 
Ba[Pd(S03F)6], orange-red, hygroscopic powder, very spar- with Amax at 320 nm and an approximate molar ab- 
ingly soluble in HSO,F, thermally stable to approximately sorption coefficient of 1.3 x 10, M-' cm-'. 
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(6) Pd[Pd(SO,F),] (I) is insoluble in HS0,F; 
however, addition of S,O,F, to the suspension pro- 
duces a dark red-brown solution, but even at ele- 
vated reaction temperatures and long reaction times 
a residue of Pd[Pd(SO,F),] still remains. 

Attempts to isolate Pd(SO,F), from solutions 
after filtration were unsuccessful. Removal of all 
volatiles in vacuo with the solution at room tempera- 
ture resulted in the gradual precipitation of Pd [Pd- 
(SO,F),]. It appears that Pd(SO,F), may not be 
thermally stable enough to allow its isolation. When 
the oxidation of palladium in HS03F/S206F2 at 
temperatures ranging from 25 to 120°C is allowed to 
go to completion, removal of all volatiles in vacuo 
yields quantitatively pure Pd[Pd(SO,F),] This one 
step procedure offers a distinct advantage over the 
originally (1) published method. 

In contrast to these findings, the synthetic useful- 
ness of the HS03F/S206F2 mixtures is illustrated 
by the facile preparation of both Pt(SO,F), and 
Sn(SO,F), via: 

M = Pt or Sn, where short reaction times, the ab- 
sence of reaction intermediates, and the use of highly 
pure metals present additional advantages over the 
originally reported synthetic routes to both com- 
pounds (9, 10). 

The subsequent syntheses of the palladium(I1) 
derivatives of Pd [Sn(SO,F),] and Pd [Pt(SO,F),] 
proceed reasonably fast at + 70 to + 80°C according 
to : 

M = Pt or Sn. 
Exactly stoichiometric amounts of both reactants 

are required to ensure complete reaction. 
Compounds containing both the [Sn(SO3F),I2- 

and the [Pt(S03F),12- ions have been reported pre- 
viously (15, 17, 18) and characterization based on 
vibrational spectra should be facilitated by these 
precedents. 

The synthesis of (ClO,), [Pd(SO,F),] departs from 
the general scheme. The presence of a large excess of 
C102S03F, and undercooled liquid at room tem- 
perature, makes the addition of HS0,F unnecessary 
and the oxidation of palladium by bis(fluorosu1- 
fury1)peroxide proceeds to completion within 3 days. 

The hexakis(fluorosulfato)palladates reported here 
have both heterocations, such as NO+ and C102+, 
or uni- or divalent metal cations, such as Cs+ and 
Ba2+, as counter ions. They all are thermally stable 
up to about 200°C. 

Vibrational Spectra 
Both infrared and Raman spectra of the fluoro- 

sulfato complexes discussed here are not readily ob- 
tained for a number of reasons. The oxidizing ability 
of the hexakis(fluorosulfato)palladates(IV) precludes 
the use of mulling agents and limits the choice of 
suitable window materials to BaF, with a transmis- 
sion range to about 800 cm-'. The dark colour of 
these compounds also interferes with the recording 
of Raman spectra. When using the 514.5 nm line of 
the Ar ion laser, well resolved Raman spectra are 
only obtained when the sample is cooled to - 80 K. 
At this temperature the colour becomes lighter and 
higher laser power may be used without risking local 
thermal decomposition of the sample. Alternatively, 
Raman spectra at room temperature are obtained for 
(NO), [Pd(SO,F),] and (CIO,), [Pd(SO,F),] on the 
Cary 81 instrument equipped with a He-Ne laser; 
however, caused by both low scatter efficiency and 
low laser power (< 20 mW at the sample), the resolu- 
tion is rather poor. It can be inferred from the room 
temperature spectra that the frequency shifts to lower 
wave numbers for the low temperature spectra are 
rather small (about 3 to 5 cm-'). 

Strong fluorescence of the sample prevented the 
recording of Raman spectra for P~[s~(so,F) , ] ;  
however, for this compound and for Pd [Pt(SO,F),], 
infrared spectra down to 450 cm-' are obtainable 
on solid films pressed between AgCl plates. 

A tracing of the Raman spectrum of Pd [Pt(SO,F),] 
is shown in Fig. 1. The observed vibrational bands 
together with estimated intensities for all six new 
compounds and for Pcj [Pd(SO,F),] (I) are listed in 
Table 1. Since generally good agreement between ir 
and Raman spectra in regard to band position is ob- 
served, the Raman shifts are tabulated, because they 
extend down to about 100 cm-'. 

The spectra obtained are typical for monodentate 
fluorosulfate groups in anionic complexes and agree- 
ment with direct precedents, the spectra for K2 [Sn- 
(S03F)61 (171, Ag[Sn(SO,F),I (151, and Ag[Pt- 
(SO,F),] (15), is very good. The Raman spectra for 
the hexakis(fluorosulfato)palladates(IV) are very 
similar as well and a common, tentative assignment 

FIG. 1. The Raman spectrum of Pd"[Pt1V(S03F)6]. 
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TABLE 2. Electronic spectra and ligand field parameter of Pd[Pt(S03F),], Pd(Sn(S03F),], and 
Pd(SOsF)z 

Pd [Sn(SO3F),In Pd [Pt(S03F)6]" Pd(SO3F)z (1) 

Assignment nm kK nm kK nm kK 

vi 3Azs + 3T2g 905 11.05 880 11.40 850 11.77 
vz 3Azs + 3Tig(F) 590 16.95 590 16.95 575 17.40 
~3 3A2g + 3T~g(P) 372 26.85' 378 26.4gb 370 27.03 

Value 

Parameter Pd[Sn(SO,F),] Pd[Pt(SO3F),1 Pd(S03F)2 

VI/VZ 1.534 1 ,492 1.478 
Dq (cm- ') 1105 1140 1177 
B (cm-I) 717 642 633 
BIB0 0.864 0.774 0.763 

nDifi~se reflectance values for v2 are 592 nm for P ~ [ S I I ( S O ~ F ) ~ ]  and 595 nm for Pd[Pt(S03F)6]. 
bCalculated values. 

is attempted. In all cases band proliferation, par- 
ticularly in the S0,F stretching range, is observed, 
presumably caused by extensive vibrational coupling 
and solid state splitting. Interesting intensity dif- 
ferences between ir and Raman spectra point to 
vibrational coupling resulting in in-phase and out-of- 
phase vibrations within the anion. For the [Pd- 
(S03F),12- derivatives, strong Raman bands at - 1240 (vSO, sym) and - 1020 cm - ' (vS-OPd) have 
weaker side bands at - 1210 and -980 cm-' respec- 
tively, with the intensities reversed in the infrared 
spectra. 

Bands at - 1170 to 1190 and - 1040 to 1050 cm- ' 
are observed for the three Pd" compounds as well 
as for the previously reported A ~ "  complexes, 
Ag[Pt(SO,F),] and Ag[Sn(SO,F),] (15). Absorp- 
tions in this region are generally associated with 
bidentate bridging fluorosulfate groups (19), and 
their occurrence here and in the Ag" complexes may 
be attributed to the polarizing abilities of the two 
divalent cations and the resulting coordination via 
oxygen. Hence ionic formulations as M"[M'~-  
(S03F),], where M" = Pd" and Ag" and MIV = 
ptlV and SnIV, may be somewhat misleading. 

Strong Raman bands at -620 to 640, 440 to 460, 
and 270 to 280 cm-' are observed for all anionic 
complexes, with variations in band positions seemingly 
dependent on the central atoms. These bands, occa- 
sionally split into doublets, may be due to M-0 
vibrations, presumably mixed with SO,F deforma- 
tion modes. A similar interpretation has been ad- 
vanced recently for the [Au(SO,F),]- ion (16). Strong 
metal-oxygen bonds are suggested by the vibrational 
coupling of SO stretching modes discussed earlier. 

Absorption bands due to the heterocation NO' 
at 2330 cm- ' and for ClO, + at 1293 and 1050 cm- ' 
are consistent with precedents (19, 20); however, the 
C10, bending mode, usually found at -520 cm-' 

(20) is not observed. The NO stretch is found in the 
ir spectrum only. The band is raised by -30 cn1-' 
to 2330 cm-' when compared to 2300 for NOS0,F 
(21). 

In summary, the apparent spectral similarities 
indicate strong structural similarities. Formulation 
of 'Pd(SO,F),' as Pd[Pd(SO,F),] is consistent with 
the observed vibrational spectrum, when allowance 
is made for additional coordination of the SO,F 
group to ~ d " .  

Electronic Spectra 
Of primary interests are absorption bands due to 

d-d transitions for palladium(I1). Previous work (1) 
had presented evidence for a regular octahedral en- 
vironment for Pd(I1) in Pd(SO,F),, implying a tri- 
dentate fluorosulfate group, and a ,A,, ground state. 

The spectra obtained for Pd[Pt(SO,F),] and 
Pd[Sn(SO,F),], together with values for Pd(SO,F),, 
are listed in Table 2. Of the three expected 6 d  transi- 
tions, the two low energy bands v, and v, are ob- 
tained from the mull spectra. Diffuse reflectance 
spectra also yield v, and for Pd[Sn(SO,F),] also a 
broad band assigned as v,. In the platinum com- 
pound, v, is not observed because a strong band, 
presumably due to a charge transfer transition, 
originates in the ultraviolet and extends well into the 
visible region. 

The good agreement in band positions for all three 
Pd(I1) compounds suggests (a) a similar octahedral 
environment for palladium and (6) a ,A,, ground 
state in all instances. The obtained lODq values are 
also listed in Table 2 as well as the ligand field param- 
eter B, obtained from the measured v,/v, ratio, using 
Tanabe-Sugano diagrams as suggested by Lever (22). 
The third band, v,, is calculated by using Tanabe- 
Sugano diagrams as well. 

It appears that in the series Pd(SO,F),, Pd[Pt- 
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TABLE 3. Magnetic properties of Pd(I1) hexakis(fluorosulfato)metallates 

(SO,F),], Pd[Sn(SO,F),], the ligand field splitting 
(10Dq) gradually decreases while interelectronic re- 
pulsion (B) increases, with the observed B values 
approaching the free ion value BO of 830 cm-' (23). 
Differences in both lODq and B may reflect the dif- 
ferent coordination of the SO,F group to Pd(II), 
tridentate in Pd(SO,F), and presumably monoden- 
tate in the two fluorosulfato complexes. In addition, 
greater free ion character in Pd[Sn(SO,F),] than in 
Pd [Pt(SO,F),] suggests either structural differences, 
not apparent from the vibrational spectra, or more 
likely, a greater ability of Sn(1V) to attract S0 ,F  
groups thus reducing their abilities to produce a 
ligand field around Pd(I1) and to delocalize electron 
density from it. 

Finally, the solution of (NO), [Pd(SO,F),] in 
HS0,F has been mentioned before. The high in- 
tensity of the band at 320 nm is suggestive of a charge 
transfer spectrum. The observed band extends well 
into the visible region and seems to obscure any 
bands due to 6 d  transitions. 

Magnetic Measurements 
As expected, the new hexakis(fluorosulfato)pal- 

ladate(1V) complexes are all diamagnetic, consistent 
with a d6 electron configuration and a regular octa- 
hedral environment. 

The two new Pd(I1) derivatives are found to be 
paramagnetic and, in agreement with expectations 
for an ion with a 3A2, ground state, the Curie-Weiss 
law is followed in the range of our measurements 
(-306 to 80 K). The magnetic susceptibilities and 
the magnetic moments are listed in Table 3. A 1/x 
vs. T plot for all Pd(I1) fluorosulfate derivatives is 
shown in Fig. 2. The two new palladium(I1) hexa- 
kis(fluorosulfato)metallates have identical Weiss 
constants of - 10 f 2 K and consequently p,,, for 
both compounds decreases with temperature. In con- 
trast both Pd(S03F), and Pd [Pd(S03F),] have small 
but positive 0 values of + 13 f 4 and + 10 + 2 K 
respectively. A similar situation is encountered for 

FIG. 2. The temperature dependence of the corrected molar 
susceptibilities for Pd'' fluorosulfate derivatives. 

Ag(I1) fluorosulfate derivatives where Ag(SO,F), 
has a positive Weiss constant of +20 K and both 
Ag[Sn(SO,F),] and Ag[Pt(SO,F),] have small nega- 
tive Weiss constants. In addition, if the Curie-Weiss 
law is used in the form: xMCo" = C/(T - 0), negative 
values for 0 are also found for palladium(I1) com- 
plexes of the type Pd[MF,] where M = Pt, Pd, Sn, 
or Ge (4). 

Since the Weiss constants are rather small, cor- 
rected magnetic moments are calculated for all Pd(I1) 
fluorosulfate compounds by using the relationship: 
p = 2.828[xMc0"(T - 0)]112, and as seen in Table 3, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN.  J. CHEM. VOL. 57. 1979 

TABLE 4. Magnetic properties of some Pd(I1) compounds at  room temperature 

xMCorr x lo3 Temperature dependence 
(cgsu) , (BM) (0 = Weiss constant) 

1.28 1 .74 Antiferromagnetic coupling 
3.31 2.88 0  = - 2 8 K  
3.37 2.98 8 = - 2 8 K  
3.10 2.72 0 =  - l K  
3.34 2.82 8 =  - 3 1 K  
4.77 3.30 8 = 1 3 + 4 K  
4.93 3.37 8 = 1 0 + 2 K  
5.26 3.60 0  = -10+3 K 
4.61 3.37 8 = - 1 0 + 2 K  

Reference 

4, 24 
4, 24 
4, 24 
4, 24 
4, 24 

1 
1 

This work 
This work 

the magnetic moments are now independent of tem- 
perature in the range of our measurements. 

The same corrections are applied for Pd(SO,F), 
and Pd[Pd(S03F),]. The resulting values and a sum- 
mary of the magnetic properties for a number of 
paramagnetic palladium(I1) compounds are listed in 
Table 4. 

In contrast to the fluorides, all palladium(I1) 
fluorosulfates are magnetically dilute and the ob- 
tained magnetic moments are all substantially higher 
than the 'spin only' value of 2.83 BM. The corrected 
magnetic moments increase in the order Pd(SO,F), 
< Pd[Pt(SO,F),] Pd[Pd(SO,F),] < Pd[Sn- 
(SO,F),], suggesting an increase in free ion charac- 
ter. The results are consistent with previously dis- 
cussed trends in Dq and B for Pd(SO,F),, Pd[Pt- 
(S03F),], and Pd [Sn(S03F),]. The complex fluoride 
derivatives of the type P~II[MF,]  show a similar 
trend. The highest magnetic moment, again after cor- 
recting for Curie-Weiss law behavior (4, 24), is ob- 
served for Pd [SnF,]. However, all magnetic moments 
for the fluoro complexes fall below 3.00 BM. It seems 
that orbital contributions to the magnetic susceptibil- 
ity are more effectively quenched than in the fluoro- 
sulfate compounds. Unfortunately, no electronic 
spectra were reported for the fluoro compounds. 

The magnetic moment at room temperature for 
Pd[Sn(SO,F),] is 3.61 BM. Even though this value 
is the highest yet observed for Pd2+,  values to about 
4.0 BM have been reported for divalent Ni2+ com- 
pounds (2), with Ni2+ in an octahedral environment. 

Conclusions 

Engineering Research Council of Canada is grate- 
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doing the illustrations. 
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Kinetics and mechanism of oxidation of tris-(I, 10-phenanthroline)iron(II) by chlorine and 
bromine and of the reduction of tris-(1,lO-phenanthroline)iron(III) by iodide ions 

J IDE ICE, J .  FOLORUNSO OJO,' A N D  OLUSEGUN OLUBUYIDE 
Dc~ptrr/rnc~ri/ c$Chonis/,:v. Urricer:si/y o f  I f > ,  Ilc-Ifc~, Nigc,rio 

Received November 30, 1978 

JIDE IGE, J. FOLORUNSO OJO, and OLUSEGUN OLUBUYIDE. Can. J. Chem. 57.2065 (1979). 
The rates of the oxidation of tris-(1,lO-phenanthroline)iron(II) by chlorine and bromine, 

and of the reduction of tris-(1,lO-phenanthroline)iron(III) by iodide ions have been measured 
at ionic strength I = 1.0 mol dm-3 (LiCIO,). All the reactions obey second-order rate law: 

Rate = k,,,, [oxidant][reductant] 

The activation parameters for the reactions are: Fe(Phen)32+/Br,: AH* = (64.2 + 3.2) kJ  
mol-', AS* = -(24.9 + 1.5) J mol-' K- ' .  Fe(Phen)33+/I-:AH* = (39.8 t 2.1) kJ mol-', 
AS* = -(19.7 + 0.8) J mol-I K- ' .  

The reactions of tris-(1,lO-phenanthroline)iron(II) with chlorine and bromine are unaffected 
by chloride, bromide, and acid. The proposed mechanism for these reactions involves a series 
of one-electron changes, with the species X,- (X = CI, Br) as reaction intermediates, since 
good linear free energy correlations for the primary step, resulting in the formation of X2-, 
are obtained. The reduction of tris-(1,lO-phenanthroline)iron(III) by iodide ions is catalysed 
by bromide and chloride ions, whereas the reduction of aquoiron(II1) by iodide ions is known 
to be inhibited by bromide and chloride ions. A mechanistic interpretation of this observation 
is suggested. 

JIDE IGE, J. FOLORUNSO OJO et OLUSEGUN OLUBUYIDE. Can. J. Chem. 57.2065 (1979). 
On a mesurt les vitesses d'oxydation du tris-(phknanthroline-1,10)fer(II) par 1e chlore et le 

brome et la reduction du tris-(phtnanthroline-l,lO)fer(III) par les ions iodures B une force 
ionique I = 1.0 mol dm-3 (LiCIO,). Toutes les reactions obeissent a une equation de vitesse 
du deuxikme ordre: 

Vitesse = kobsd [oxydant :I [reducteur] 

Les parametres d'activations des reactions sont: Fe(Phen),,+/Br,: AH" = (64.2 + 3.2) kJ 
mol-', AS* = -(24.9 + 1.5) J mol-' K - l .  Fe(Phe11)~~+/1-: AH* = (39.8 + 2.1) kJmol- ' ,  
AS* = -(19.7 + 0.8) J mol-' K-I.  

Les reactions du tris-(phenanthroline-1,10)fer(II) avec le brome et le chlore ne sont pas 
affecttes par les ions chlorures et bromures ou par les acides. Le mecanisme propose pour ces 
reactions implique une skrie de changements d'un electron dans laquelle les especes X,- 
(X = CI, Br) sont des intermediaires; ces conclusions reposent sur le fait que I'on obtient de 
bonnes correlations lineaires d'energie libre pour la premiere etape au cours de laquelle il y a 
formation de X,-. La reduction du tris-(phenanthroline-l,lO)fer(III) par les ions iodures est 
catalysee par les ions chlorure et brornure alors que I'on sait que la reduction de I'aquofer(II1) 
est inhibee par les ions bromure et chlorure. On suggere une interpretation mecanistique de 
cette observation. 

[Traduit par le journal] 

Introduction 
A study of the oxidation reactions of the halogens, 

X, (X = C1, Br, I) is interesting because these pro- 
vide an example of chemically related members of 
the same group in the periodic table. Their physico- 
chemical behaviour shows the similarities and general 
gradation in properties often observed from top to  
bottom within a group (1). They oxidise the metal 
ions (2-16) a t  rates which follow the general sequence 
kc,, > k,,, > k,, in accordance with their oxidation 
potentials (17). Also, they are overall two-electron 
oxidants, and hence their study could provide a 

'To whom all correspondence should be addressed. 

means of distinguishing between the two-electron- 
transfer scheme : 

[ I ]  Fe(I1) + x ~ ~ F ~ ( I v )  + 2X- c 
[2] Fe(1V) + Fe(I1) %2~e(111) 

and the series of one-electron changes: 

Shakhashiri and Gordon (18) had studied the oxida- 
tion of tris-(1 , 10-phenanthroline)iron(II) by chlorine 

0008-4042/79/152065-06$0 1 .OO/O 
01979 National Research Council of CanadalConseil national de rechesches du Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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in chloride and nitrate media, with the iron complex 
in the sulphate form. 

The oxidation potential of the couple (19) Fe- 
(Phen),2+/Fe(Phen)33+ (- 1.06 V), and those of the 
halogen (17) systems X2/2X- (-1.36V (CI,), 
- 1.06 V (Br,), and - 0.62 V (I,)) suggest that the 
reaction represented by eq. [5] 

is thermodynainically feasible for C1, but less so for 
Br, and I,. 

The reduction of aquoiron(II1) by iodide ions (20, 
21) had been shown to be inhibited by added bromide 
and chloride ions. This has been explained in terms 
of the formation of FeX2+ (X = I, Br, C1) from the 
complexation of ferric ions with the halide ions, with 
FeX2+ being less reactive than aquoiron(II1). In the 
unlikely event that tris-(I, (0-phenanthroline)iron(III) 
could co~nplex with the halide ions, the effects of 
bromide and chloride ions on the Fe(Phen)33+/I- 
system should be of mechanistic interest. 

We report here a study of the oxidation of tris- 
(1 , 10-phenanthroline)iron(II) by chlorine and bro- 
mine and of the reduction of tris-(1,lO-phenan- 
throline)iron(III) by iodide ions in perchlorate 
medium, bearing in mind the points raised above. 

Experimental 
Mnrerinls 

The con~plexes Fe(Phen),'+ and Fe(Phen)33+ were pre- 
pared as the perchlorate salts (22, 23) and characterised for 
purity (24) by their uv-visible spectra. Solutions of 
Fe(Phen)33+ in 5 nlol HC104 were freshly prepared 
each day and kept in ice before use. Aqueous solutions of 
chlorine and bromine were prepared and their concentra- 
tions determined as recorded in the literature (25). Sodium 
iodide, sodium bromide, and lithium chloride which were 
the sources of the anions were Analar grade reagents. 
Lithium perchlorate, used to maintain the ionic strength at 
1.0 mol was prepared from Analar lithium carbonate 
and perchloric acid, and recrystallised thrice, by the usual 
method (26). 

Kit~etics 
The oxidation of tris-(1,lO-phenanthroline)iron(II) by 

chlorine and bromine was monitored on a Pye Unicam SP 500 
spectrophotometer by following the decreasing absorbance 
(24) of the tris-(1,lO-phenanthroline)iron(II) at h = 5 10 nm 
( E  = 1.09 x lo4 dm3 mol-' cm-I). The halogen concentra- 
tion was always in large excess ( 2  tenfold). The fast reduction 
of tris-(1,lO-phenanthroline)iron(III) by iodide ions was moni- 
tored on a Durrum-Gibson stopped-flow spectrophotometer 
at h = 510 nm, where the tris-(1 ,lo-phenanthroline)iron(II) 
product has maximum absorption. The iodide concentration 
was always in large excess. Pseudo first-order behaviour was 
observed to more than 80% reaction in all cases. The cell com- 
partments were well thermostatted (+ 1°C) by circulating water 
from a water-bath regulated to the desired temperature. 

for these reactions and the non-dependence of the 
second-order rate constants on the concentrations of 
the oxidants (Table 1) suggest that the reactions rep- 
resented by eq. [5] (X = C1, Br) obey the rate law: 

The rate constants for the reactions of tris-(],lo- 
phenanthroline)iron(II) with chlorine and bromine 
are not affected by added chloride and bromide, 
respectively, and acid (Table 1). 

Our results for the oxidation of tris-(1,lO-phenan- 
throline)iron(II) by chlorine agree with those of 
Shakhashiri and Gordon (Is), indicating that sul- 
phate and nitrate ions d o  not affect the reactions. The 
reductant self-exchange rate constants (k, ,), one- 
electron redox rate constants (k,,), and the standard 
free energy changes (AG,,') for the reduction of 
chlorine and bromine by some metal ions, including 
tris-(1,lO-phenanthroline)iron(II) are presented in 
Table 2. The one-electron reduction of a halogen by 
a metal centre is represented by eq. [7] 

k 
C71 M,,, + X1 A M , ,  + X2- 

TABLE 1. Second-order rate constants" for the oxidation of 
tris-(1,lO-phenanthroline)iron(II) by chlorine and bromine 

(I = 1.00 rnol dm-3 (LiCIO,)) 

(n) Fe(Phen),'+ + C12 ([Fe(Phen)3Z+] = 7.5 x lo-' mol 
dm-3, r = 25°C) 

~ o ~ [ c I ~ ]  k5 
(mol d m - 9  (dm3 mol-' s-') 

(6) Fe(Phen)32+ + BrZ ([Fe(Phen)32+] = (4.5-8.2) x 
rnol dm-3) 

Temperature 104[BrZ] k5 
(" c )  (mol (dm3 mol- s-  I )  

Results OAll average rate constants are subject to standard error of ~ 5 7 , .  
bAverage of k S  for [H+l  = 0.02-1.00 rnol with k S  at each acid 

The Oxidatioll of Tyis-(l,lO-phenanthr.o/ine)iron(II) concentration being the average of three or four runs. 
cAverage of k S  for [Cl-] = 0.10-1.00 mol dm-'. 

by CAlorine and Bron~ine '[H+I = 0.10 ~ O I  dm-'. 
=Average of k S  for [Br-I = (0.45-13.5) x 10-3 rnol dm-'. 

The linearity of the pseudo first-order rate plots JAverage of k s  for the bromine concentration range given in the table. 
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ICE ET AL. 2067 

TABLE 2. Self-exchange and cross-reaction data used in free energy correlations 

References 
k ,  1 klz AGlzo" 

Reactant pair (dm3 mol-Is-') (dm3 mol-' s-I)  (kJ mol-') b I 

I 

10 
15 
48 

18, This 
work 

5 
8 
7 

15 
This 

work 

aCalculated from EU's for one-electron change. 
bSource of E0 for the metal ion couple Mn+/Mcn+')+. 
cSoi~sce of E0 for the halogen couple X, /X, - .  
*Source of k , ,  for reductant. 
cSource of k, ,  for the reaction between oxidant and reductant. 
fA. Adegite. Private communication. 

and the corresponding self-exchange reactions are 
represented by eqs. [8] and [9]. 

Marcus (27) suggested that reactions represented by 
eqs. [7]-[9] occur by outer-sphere mechanism, if the 
relationship alllong the free energies of activation is 
of the form: 

+ O.~AG,,O - O.5RT ln f 
where 

[11] In f = 
(-AG,,O/RT)~ 

kl lk22 4 In- z2 
and Z = 10" dm3 mol-' s- ' .  Equation [lo] implies 
that if AG12* - 0.5(AG1 * - RT In f )  is plotted 
against AGlzO, a linear fit should result, with slope 
0.5 and intercept 0.5AG22*. The free energies of 
activation were calculated (28) from the familiar 
eq. [12] where R = Boltzmann's constant, 11 = 

[12] AG* = RTln(KT/I1) - R T l n  k 

Planck's constant, and T is the absolute temperature. 
Figures 1 and 2 show the free energy plots obtained, 
using the data in Table 2. Woodruff and Margerum 
(29) had obtained k2, (eq. [9]) for X = Br and I 
from the intercepts of such plots by an iterative pro- 
cedure, using EDTA complexes of iron(I1) and 
cobalt(I1) as reductants. The slopes and k,, which 
we obtained from Figs. 1 and 2 are 0.43 f 0.12, 
0.7 dm3 mol-' s- '  (X = C1) and 0.30 f 0.10, 
84.7 dm3 mol-' s- '  (X = Br), respectively. The 

FIG. 1. Marcus plot for the oxidation of some metal ions by 
chlorine. (I)  V2+,  (2) Ti3+, (3) V 3 + ,  (4) Pu3+, (5) Fe(Phen)32+. 

FIG. 2. Marcus plot for the oxidation of some metal ions by 
bromine. ( I )  U 3 + ,  (2) V2+,  (3) Ti3+,  (4) V3+, (5) Fe(Phen)3Z+. 

variation of the second-order rate constants with 
temperature for the oxidation of tris-(1,lO-phenan- 
throline)iron(II) by bromine was investigated (Table 
1). The activation parameters obtained were 
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TABLE 3. Second-order rate constantsd for the reduction of tris-(1,lO-phenanthr01ine)- 
iron(II1) by iodide ions (I = 1 .OO mol dm-3 (LICIO,); [Fe(Phen)33+] = (2.0-3.0) 

x mol dm-3) 

Temp. 104[1-] [Cl- 1 [Br- I io4ks 
("c) (mol dm-3) (mol dm-3) (mol dm-3) (dm3 mol-I s - I )  

OAverage of ks for [H+]  = 0.10-1.00 rnol 
bAverage of ka  for the iodide concentration given in the table. 
c[H+] = 0.10 rno1 
"All average rate constants are subject to standard error of 5 5 % .  

AH* = (64.2 + 3.2) kJ  mol-' 

AS* = - (24.9 1.5) J mol-' K- '  

T/7e Reduction of Tris-(1,lO-phei~ant/~roline)iron(III) The values of the anion-independent rate constants 
by Iodide 1011s (k,) agree very well for the two anions (Cl- and Br-), 

The data obtained for the reaction (Table 3) fit the and with that (k,, eq. [13]) obtained in the absence of 
rate law: added anion (Table 3). 

[13] -d[Fe(Phen)33+]/dt = k6[Fe(Phen)33+:I[I-] 

and the stoichiometry of the reaction was confirmed 
to be of the form: 

k 
[I41 ~ e ( ~ h e n ) ~ ~ +  + I- & ~ e ( ~ h e n ) , ~ +  + +Iz 

The reaction is not affected by added acid, but it is 
catalysed by added chloride and bromide ions 
(Table 3), with bromide ions having greater catalysing 
effect. The observed second-order rate constants 
(kobs,) vary with the concentrations of the added 
anion [X-] according to eq. [15]. Figure 3 shows such 

[I51 ko,sd = ko + kAX-1 

variation for X = Br. The values of k, and k, 
obtained from such variation are: 

k, = 0.85 x 10' dm3 mol-' s-' 

k,, = 4.7 x lo5 dm6 mol-2 s-' 
FIG. 3. Effect of added bromide ions on the rate constants 

for Fe(Phen)33+ + I- reaction. 
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The temperature variation of the rate constant k, 
was investigated, and the activation parameters 
obtained were 

AH* = (39.8 2.1) kJ mol-' 

Discussion 

Application of the steady-state approximation to 
the concentrations of the transient species (Fe(1V) 
and X,-) involved in the two reaction schemes, eqs. 
[ l ]  and [2] and eqs. [3] and [4], gives identical 
second-order rate laws under the likely conditions 
that k -  , << k, and k-,  << k,. The second-order rate 
law [6] obtained in this study does not therefore 
distinguish between these two possibilities. The good 
linear-free energy correlations obtained (Figs. 1 and 
2) suggest that the reactions of chlorine and bromine 
with tris-(1,lO-phenanthroline)iron(II) probably 
occur by the series of one-electron changes [3] and 
[4]. The reactions of the other metal ions (5, 8, 10) 
with the halogens had been shown to occur by these 
series of one-electron changes. The slopes of the 
linear-free energy plots are lower than the theoretical 
value of 0.5, probably as a result of the failure of 
some of the assumptions of the Marcus theory which 
has been used to calculate the kinetic parameters 
from various sources as has been pointed out by 
various workers (5, 29, 30) and Marcus (3 1) has sug- 
gested some reasons why the slopes of such plots 
could be less than 0.5 also. Assignment of outer- 
sphere or inner-sphere mechanism to  the reactions 
cannot be made with certainty on the basis of the 
linear-free energy correlations obtained, since some 
inner-sphere redox reactions (32-34) have also shown 
this Marcus type (26) dependence of reaction rates on 
AG,,'. Our main support for suggesting outer-sphere 
mechanism for the reactions is the substitution - 
inertness of Fe(Phen),,+ (35). The formation of 
FeCI2+ as an initial product in the aquoiron(I1)- 
chlorine reaction (25) has been used to support 
inner-sphere mechanism for this reaction. A similar 
inner-sphere complex between Fe(Phen),,+ and X, 
is unlikely, since Fe(Phen),,+ is inert to substitution. 

Inhibition by added ions [X-] accompanies the 
oxidation of most metal ions (5, 8-1 1, 16, 28) as a 
result of the formation of trihalide ions according to  
the equilibrium : 

with X3-  being less reactive than X,. Our data sug- 
gest that C13- and Br,- do not constitute significant 
reactive species in the oxidation of Fe(Phen),,+ by 
chlorine and bromine, since inhibition is not 
observed. 

The form of the rate law for the reduction of tris- 
(1,lO-phenanthroline)iron(III) by iodide ions (eq. 
[I 31) suggests a bimolecular interaction between the 
reactants. Complicated rate laws have been obtained 
in the reduction of aquoiron(II1) (21, 22) and ferri- 
cyanide ions (36, 37) by iodide ions; and inhibition 
by added chloride and bromide ions (21, 22) ob- 
served for the reduction of aquoiron(II1). These 
results have been attributed to inner-sphere complex 
formation between the oxidant and the added halide 
ion in the primary step, with FeX2+ being less re- 
active than aquoiron(II1). Ford-Smith and Raws- 
thorne (38) obtained simple second-order rate law in 
the reduction of octacyanomolybdate(V) by iodide 
ions and therefore ruled out inner-sphere complexa- 
tion between the oxidant and the reductant. More 
recently, Ferranti (39) studied the Mo(CN),~-/I-  
reaction, but his results are not too different from 
those of Ford-Smith and Rawsthorne. Inner-sphere 
coordination of tris-(1, 10-phenanthroline)iron(III) to  
halide ions is also unlikely, since a simple second- 
order rate law, as observed by Ford-Smith and 
Rawsthorne (38), is obtained here, and catalysis by 
chloride and bromide ions rather than inhibition is 
observed. The added anions could associate with 
atomic iodine while it is in the process of being 
formed and since the added anion [X-] stabilises I, 
it lowers the energy barrier for the reaction. This 
implies that in addition to the primary second-order 
path [I71 

there is also the path [18] 

Similar paths have been observed by Wilmarth and 
Haim (46) in the oxidations of halides and pseudo- 
halides. 
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Carbon-13 nuclear magnetic resonance spectroscopy of phorbol 
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M. NEEMAN and 0. D. SIMMONS. Can. J. Chem. 57.207 1 (1979). 
The 13C nmr spectrum of the diterpene phorbol has been recorded and the signals of all 

carbons assigned. 

M. NEEMAN et 0. D. SIMMONS. Can. J. Chem. 57.2071 (1979). 
On a enregistre le spectre rmn du 13C du diterpene phorbol et on a attribue les signaux de 

tous les carbones. 
[Traduit par le journal] 

Phorbol 1, a pentahydroxy-ketone diterpene from 
Croton tiglium L., and its diesters (for example 2 and 
3) are of continuing interest in oncology: the parent 
diterpene 1 has leukemogenic action, as well as 
systemic promoting action~in liver, lung, and mam- 
mary carcinogenesis in certain rodent strains (1-4). 
12,13-Diesters of phorbol (natural products such 
as 2, or partially synthetic products such as 3) have 
been widely studied as tumor promoters in mouse 
skin initiation-promotion carcinogenesis (5-9). The 
phorbol triester 6 is devoid of biological activity. 

1 R ' = R ' = R - -  '- H 
2 R1 = CH3(CHZ)1zCO-. RZ = CH3CO-, R3 = H 
3 R ' =  R L =  CH 3(CH2)8CO-. R3 = H 
4 R' = CH3(CHz)lZCO-, RZ = R3 = H 
5 R' = Rz = CH3CO--, R3 = H 
6 R1= RZ = R3 = CH3CO- 
7 R l = R 3 = H  Rz=CH 3Co- 

The determination of the structure and stereo- 
chemistry of phorbol and its derivatives utilized 'H 
nuclear magnetic resonance ('Hmr) data as evidence 
for earlier proposed structures (10-12), which were 
erroneous, and of a later structure 1 (13, 14) which 
was supported by X-ray crystallographic data for the 
structure and relative stereochemistry (15, 16), and 
the absolute configuration (16) of phorbol deriva- 
tives. 

The present paper reports the 13C nuclear mag- 
netic resonance (13Cmr) spectrum of phorbol. The 
spectrum was recorded (a) without spin decoupling, 
(6)  with wide-band noise l H  decoupling, and 
(c)-(h) with selected single frequency 'H decoupling 
at 6 frequencies. These frequencies were selected over 
ranges of 500-600 Hz straddling the decoupling fre- 
quency Av of each protium. The 13C-lH coupling 

constants Jo from (a), and residual couplings J r  from 
(c)-(h) were utilized to calculate Jr(Jo2 - J,2)11' for 
the single frequencies, and Pachler plots were fitted, 
from which the values of protium decoupling fre- 
quency Av were obtained (17). A 'Hmr spectrum of 
phorbol was recorded, and the 'H signals observed 
were assigned utilizing the 'Hmr analysis of Hecker 
et al. (18). Comparison of the Av values in the 
13Cmr spectrum of phorbol with the chemical shifts 
of signals in its 'Hmr spectrum made possible the 
assignment of the 13Cmr signals shown in Table 1, in 
good accord with the observed Jo coupling constants 
and 13Cmr chemical shifts. 

The singlets at 212.3 ppm and at 141.3 ppm were 
assigned, by analogy with the model compound 
2-methyl-2-cyclopentenone (19), to carbonyl C-3 

TABLE 1. The I3Crnr and 'Hmr spectra of phorbol 1" 

6 Jo Av 6 
C ( ~ p m ) ~  Multiplicity (Hz) (ppm)* (ppm)f 

"In D,O (saturated solution). 
LRelative to TMS external reference in '3Cmr spectrum. 
<Relative to TMS external reference in 'Hmr spectrum. 
dTentative assignments within pair. 
'These shifts may be reversed. 

0008-4042179115207 1 -02$0 I .00/0 
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TABLE 2. The 6 values of C-11, C-12, C-13, and C-14 in phorbol and its esters 

Compound 6 A 6 A 6 A 6 A 

'Relative to TMS external standard in D 2 0  and C5ND5-D20, and internal standard CDCI3. 
"n D20. 
CIn CDCI,. 

C5ND,-D20. 

and vinyl C-2, respectively. The singlet in the vinyl 
region at 134.9 ppm was assigned to C-6, and the 
singlets at 80.0 and 75.3 ppm tentatively to the angu- 
lar hydroxyl-bearing carbons C-4 and C-9, the more 
deshielded C-4 being a to conjugate carbonyl C-3. 
The C-17 methyl group, the axial (13c) 11P-H and 
pseudoaxial 8P-H in the half chair-ring C (the latter 
is a 'flagpole' in ring B which has the distorted boat 
conformation), and the 'flagpole' angular P-OH on 
C-4 undergo nonbonded interactions, in contrast to 
the angular 10a-H which does not interact with the 
remote a-equatorial (13c) C-18 methyl group. 
Carbon C-8 (which is deshielded by one P-OH 
substituent, and sterically compressed) is 18.8 ppm 
upfield from C-10 (deshielded by two P-OH sub- 
stituents). Assignments of the cyclopropyl methyls 
C-16 and C-17 were made on the basis of the 6.3 ppm 
difference in shifts between them, which is attributed 
to steric compression of C-17. 

The effects of acylation of 12P-OH or 13a-OH can 
be compared with those reported for the model 
compounds trans-4-tert-butylcyclohexanol and its 
acetate: acylation effected a downfield shift of the 
carbinol carbon and an upfield shift of the con- 
tiguous carbons (20). The observed shifts given in 
Table 2 were in the expected directions for C-11, 
C-12, and C-13 in the mono-acylated phorbol esters 
4 and 7; small upfield shifts were observed for C-14 
in 4 as well as 7. The shifts in the diacetate 5 and in 
the triacetate 6 were not completely additive in 
comparison to those in the mono-esters 4 and 7;  the 
additivity was highest for C-11 and C-13 (Table 2). 

Experimental 
Phorbol 1 and phorbol 12,13,20-triacetate 6 were purchased 

from Consolidated Midland Corporation, Brewster, NY, 
U.S.A., and phorbol 12-myristate 4, phorbol 12,13-diacetate 
5, and phorbol 13-acetate 7 from Dr. Peter Borchert, Eden 
Prairie, MI, U.S.A. 

The "Cmr spectra were recorded on a Varian XL-100 nmr 
spectrometer at  25.2 MHz, and 'Hmr spectra at 100.1 MHz. 
The undecoupled "Cmr spectrum of phorbol 1 was run with 
acquisition time 0.666 s, flip angle 45", and pulse deIay 0.5 s, 
under conditions of gated decoupling. 
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ALEXANDER J. FINLAYSON, SAMUEL L. MACKENZIE, and JOHN W. FINLEY. Can. J. Chem. 57, 
2073 ( 1979). 

The reaction of alanine-3-sulfinic acid with 2-rnercaptoethanol (2-ME) was examined at pH 
1.5 and pH 4.0 at 1 10°C. The sulfinic acid is readily reduced at  pH 1.5 to cysteine, 2-L-amino-7- 
hydroxy-4,5-dithiaheptanoic acid, cystine, and three other ninhydrin positive substances. The 
reduction is much slower at pH 4.0; the major reaction product is the 2-ME/cysteine mixed 
disulfide. The results show that 2-ME at acid pH does not give quantitative reduction of 
alanine-3-sulfinic acid to cysteine. 

ALEXANDER J. FINLAYSON, SAMUEL L. MACKENZIE et JOHN W. FINLEY. Can. J. Chern. 57, 
2073 ( 1979). 

Operant a 110°C et a des pH de 1.5 et de 4.0, on a etudii la reaction de l'acide alanine sul- 
finique-3 avec le mercapto-2 ethanol. A un pH de 1.5, l'acide sulfinique est facilement reduit 
en cysteine, en acide L-amino-2 hydroxy-7 dithia-4,s heptanoi'que, en cysteine et en trois autres 
substances qui donnent une reaction positive avec la ninhydrine. La reduction est beaucoup 
plus lente a un pH de 4.0 et le produit principal est le sulfure mixte de M2ElcystCine. Les 
resultats dimontrent qu'a pH acide, le mercapto-2 ethanol ne conduit pas a une reduction 
quantitative de I'acide alanine sulfinique-3 en cysteine. 

[Traduit par le journal] 

Introduction 

The oxidations of both protein sulfhydryl and 
disulfide groups have been shown t o  be among the 
contributing factors leading to  a wide variety of 
effects such as enzyme inactivation and reduced pro- 
tein digestibility. Complete exclusion of oxygen in 
many reactions involving proteins is not always 
practical and often small excesses of reducing agents, 
such as thiols, may be added to protect the sulfur 
from oxidation. 

The reactions between the disulfide reducing agents 
dithiothreitol (DTT) and 2-mercaptoethanol (2-ME) 
and cystine have been studied in detail ( l , 2 )  but their 
reactions with partially oxidized cystine or  cysteine 
derivatives (i.e., alanine-3-sulfinic acid) have not re- 
ceived as much attention. The mechanism for the 
reduction of a disulfide is generally accepted t o  be a 
series of sulfhydryl-disulfide interchange equilibria 
although the structures of the reactants would influ- 
ence both the reaction route and the stabilities of the 
intermediates (2). No  doubt, the relative ease of for- 
mation of the reducing agent disulfide has an influ- 
ence on the course of the reaction but since the thiol 
is nearly always present in excess, its effect on the 
equilibria is difficult t o  estimate. The following is one 

lNRCC No. 17466. 

of the accepted mechanisms for disulfide reduction: 

R-SH + CyS-SCy 
k RS-SCy + CyS- 

R-S- + H +  

RS-SCy + RS- k CyS- + RS-SR 

Because it is possible to  have oxidation of the pro- 
tein disulfide proceed beyond the disulfide stage, it is 
important to study the reactions of these partially 
oxidized cystine derivatives with reagents such as 
DTT and 2-ME. Since 2-ME is widely used in pro- 
tein chemistry as an;anti-oxidant and because the 
sulfinate state is relatively easily produced by oxida- 
tion (3), we have studied the reaction of 2-ME with 
alanine-3-sulfinic acid at  p H  1.5 and 4.0 in an attempt 
to  determine the course of the reduction. 

Materials and Methods 
Alanine-3-sulfinic acid (Sigma) (1.0 n ~ o l )  was reduced by 

2-ME (Eastman) (1.0 mol to 50 mol excess) at 110°C in a 
sealed tube for 18 h. A typical experiment was as follows: 
alanine-3-sulfinic acid (0.013 mmol) in 6 mL 0.05 M hydro- 
chloric acid (pH 1.5) containing 0.13 mmol 2-ME was heated 
at 1 lO'C for 18 h. A series of experiments were also made at  
pH 4.0, llO'C for 18 h. After reaction, the mixture was evapo- 
rated to drvness itr uacrro at 40°C and stored in a desiccator. A 
series of reductions at various times from 1 through 18 h a t  
pH 1.5 were made. The reactions of 2-ME at pH 1.5 and 110°C 

0008-4042/79/ 152073-05XOI .00/0 
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were also exanlined to estimate the conditions of formation of 
the 2-ME disulfide. 

The mixed disulfide, 2-L-amino-7-hydroxy-4,5-dithiahep- 
tanoic acid (1) was prepared by a modification of the procedure 
of Abe et 01. (4). Crystallization of the amino acid (1) could not 
be induced because of the presence of 2-ME side reaction 
products (i.e., 2-ME disulfide). However, a reasonably pure 
sample was recovered after chromatography of the reaction mix- 
ture on Whatman 3 mm paper usingtr-butanol : ethanol : water 
(40: 11: 19) as the solvent. Cystine has an R, 0.15 while the 
mixed disulfide had an R, 0.2. The synthetic 1 had a retention 
time of 68-69 min on the amino acid analyzer and was dis- 
tinct from cysteine (62 min) and cystine (90 min). The solid 
but not crystalline amino acid had a sulfur content of 32.5%; 
calcd. S content for CSH,,N0,S2, 32.4%. The mixed disulfide 
was reduced by 2-ME in 0.05 M hydrochloric acid as described 
above. 

Aliquots of all experiments were analyzed by both ion ex- 
change amino acid analysis (Beckman model 120C) and gas- 
liquid chromatography (gc) (Hewlett-Packard model 7611). 
Samples for gc were converted to their N(0)-heptafluoro- 
butyryl (HFB) isobutyl derivatives in the case of amino acids 
and to their N(0,S)-HFB derivatives for the 2-ME reaction 
products (5). The column packing and operating temperatures 
of the gc have been previously described (5). Mass spectra 
were obtained using a Finnigan model 3300 gas chromatog- 
raph - mass spectrometer operated in both the electron im- 
pact (ei) mode and the chemical ionization (ci) mode. In the 
latter mode, methane was used as the carrier gas. All data 
manipulations were performed using an INCOS data system. 

Results and Discussion 

The reduction of alanine-3-sulfinic acid at both 
pH 1.5 and 4.0 produced six ninhydrin positive sub- 
stances (Fig. l), three of which appear to represent 
one of the reduction routes. They are cysteine, the 
mixed disulfide, 2-L-amino-7-hydroxy-4,5-dithiahep- 
tanoic acid (I), and cystine. A number of ninhydrin 
negative compounds were also produced; two of 
them are 2,2'-dihydroxydiethyl disulfide and a 
'polymer' derived froin 2-ME (Fig. 2). 

Synthetic 1 was prepared by the method of Abe 
et al. (4); it and the material isolated from the reduc- 
tion were indistinguishable on both ion exchange 
and gas-liquid chromatography. The ci mass spectra 
of 1 from both sources were the same; the major 
fragmentation peaks are given in Table 1. The molec- 
ular weight of the acylated ester of 1 was identified 
by the ions M + 1 (mle 646), M + 29 (mle 674), and 
M + 41 (mle 646). The series of ions M - C4H, 
(mle 590), M - 0 C 4 H 9  (mle 572), and M - 0COC4H9 
(mle 544) are characteristic of isobutyl esters of a 
carboxylic acid (6). The mixed disulfide (1) was eluted 
7 min after cysteine (Fig. 1) on the amino acid ana- 
lyzer using the protein hydrolyzate buffer system. It 
was eluted at 27 min on the SE-30 gc column (10 ft x 
2 mm id) as its HFB isobutyl derivative (Fig. 2). The 
recovery of the mixed disulfide corresponds with the 
results of other work (2) where it has been sug- 
gested as an intermediate in the reduction of cystine 
by 2-ME. The yield of 1 increases until the molar 

mired 
dirul f ide 

C y SSC y 

T I M E  (minutes1 

 FIG.^. Reproduction of the amino acid analyzer trace of the 
reaction products from the reduction of alanine-3-sulfinic acid 
by 2-mercaptoethanol (1 mol amino acid:20 mol 2-ME) at 
pH 1.5. The elution times are: cysteine (CySH), 59-61 min; 
the 2-ME/cysteine mixed disulfide, 68-69 min; cystine 
(CySSCy) 88-90 min. 

T l M E  (minu tes )  

FIG. 2. Chromatographs of N(0,S)-heptafluorobutyryl iso- 
butyl esters of reaction products of alanine-3-sulfinic acid 
(CyS0,H) and 2-mercaptoethanol (2-ME). (I) Reaction mix- 
ture of 0.013 mmol CyS02H and 0.065 mmol 2-ME in 1 M 
HCI at  110°C for 18 h. (11) Reaction mixture of 0.013 mmol 
CyS0,H and 0.065 mmol2-ME in water (pH 4.0) at  110°C for 
18 h. Peak A denotes the dimer of 2-ME and corresponds to 
the major peak in 11; peak B is cysteine (not present in 11); 
peak C is (HO-CH2CH2-S-CH2)2; peak D is 2-L- 
amino-7-hydroxy-4,5-dithiaheptanoic acid (present in 11); and 
peak E is cystine. 

ratio of sulfinic acid: 2-ME is about 1 : 10 but then it 
declines as the 2-ME concentration increases (Fig. 3). 

An analogous reaction between cystine and dithio- 
threitol (DTT) is considered to  involve the mixed 
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TABLE 1. The 70 eV fragmentation patterns of the N(0)-HFB, 
isobutyl ester of the mixed disulfide, 2-L-amino-7-hydroxy-4,s- 

dithiaheptanoic acid 
0 
II 3 05 

C4H9-0-C-CH-CHZ+STS-CHZ-CH2-0-C-C3F7 
I 340 404 I I r 0 

F7C,-C=O 

Ion 

Molecular ion (M) 
M - C4H7 
M - OC4Hg 
M - COOC4H9 
M - C3F7CONHZ 
M - C3F7COOCH2CHZ 
M - (CsF7COONH + C4Hg) 
M - (C3F7COZNH-S-S-) 
M - (OCOC4Hg + C,F,CON) 
M - (C3F7C0zCHZCHZ-S-S 
M - (305 - C4H.g) 
M - (305 - c 4 H ~ o )  

% 
- 

1.6 
0 .9  
1 .5  

100.0 base ion 
6.1 

70.3 
38.1 
18.7 
18.8 
47.3 
6 .2  

I I I 
13 65 130 195 260 

2-MERCAPTOETHANOL (prnoles) 

FIG. 3. Yields of the mixed disulfide, 2-L-amino-7-hydroxy- 
4,5-dithiaheptanoic acid (closed circles), produced from the re- 
duction of alanine-3-sulfinic acid by 2-mercaptoethanol (pH 
1.5). Recoveries of unreacted alanine-3-sulfinic acid are shown 
by the open circles. 

disulfide intermediate (2) which subsequently reacts 
with another mole of DTT to yield cysteine. 

The release of cysteine from 2 is lo3-lo4 times 
faster than it is from the 2-MElcysteine disulfide and 
furthermore the rate of reaction between a thiol and 
the mixed disulfide (DTT/Ellman7s reagent) (2) is 

10-lo2 times faster than the reaction between a thiol 
and the ZME/Ellman's reagent disulfide. Thus, the 
recovery of 1 in most of the experiments here is not 
unusual. It appears then that an excess of 2-ME is re- 
quired to react with 1 completely although large 
excesses would certainly enhance the rates of its side 
reactions (7). 

The disulfide, 2,2'-dihydroxydiethyl disulfide is one 
of the major reaction products (Fig. 2). Its ei mass 
spectrum (diacylated derivative) is given in Table 2. 
The molecular ion m/e 546 was identified by ei ioni- 
zation and confirmed by ci. The ions m/e 333 
(M - C3F7COO), m/e 273 (M/2), m/e 241 (C3F7- 
COOCH2CH2), m/e 169 (C3F7), and m/e 91 (CH2- 
S-S-CH,) were consistent with the structure of 
the 2,2'-dihydroxydiethyl disulfide. Although a sulfur 
atom may be hard to distinguish from two oxygen 
atoms, it is difficult to imagine how such oxygenated 
derivatives could be products of this reaction. Other 
compounds from 2-ME are produced in amounts 
which are related to the acid concentration. The mass 
spectral data indicate a possible structure for peak C 
(Fig. 2(I)) is 

where n = 10-20 accominodates the observed sulfur 
content. The recovery of this material with about 
50% S appears to eliminate the possibility that the 
'polymer' is a disulfide. Its production was favored 
by HC1 concentrations of 0.1 M and higher. At pH 4, 
the reaction produced only the dimer of 2-ME (Fig. 
2(II)). 

Alanine-3-sulfinic acid is readily reduced by 2-ME 
at acid pH; under the conditions studied here, cysteic 
acid is not reduced. The sulfinic acid is reduced much 
more slowly at pH 4.0 than it is at pH 1.5 (Figs. 4, 5) 
and excess reducing agent is required; 3- to 4-fold 
excesses do not give complete reduction of the sul- 
finic acid. For instance, it has completely reacted in 
4 h at pH 1.5 but at pH 4.0 about 10% of the sulfinic 
acid remains after 18 h (Fig. 5). In spite of the slow 
reaction, the mixed disulfide (1) appears to be the 
initial, stable ninhydrin positive substance produced 
until the 2-ME concentration in the reaction mixture 
is about 10 times that of the amino acid. Since at least 
10 mol of 2-ME at pH 1.5 are required to react com- 

CH2 
HO-CH + 2 I 

's 
I 

I I HO-CH 
\ / 

s 
CyS-S-CH2CH-CHCHZ-SH + DTT = CySH CH2 

I I 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2076 CAN.  J .  CHEM. VOL. 57, 1979 

TABLE 2. The 70 eV fragmentation patterns of the N(0)-HFB 
derivative of 2,2'-dihydroxydiethyl disulfide 

169 241 273 

Ion m/e % 

Molecular ion (M) 546 - 
M - COOC3F7 333 1 . 2  
M - SCH2CH2COOC3F7 273 2 .9  
M - (S-SCH2CH2COOC3F7) 241 83.9 
M - COZCH~CHZSSCHZCH~CO~C~F, 169 100.0 

There are three other ninhydrin positive com- 
pounds produced in small amounts during the reduc- 
tion but not all of them have been positively identi- 
fied. It is not clear where thev fit into the reaction 
scheme. The results we have odtained from the quan- 
titation of 1, cysteine, and cystine suggest the fol- 
lowing as a possible reaction sequence: the initial 
step is probably the protonation of the sulfinate 
group analogous to that proposed for the thiosul- 
finate group (8). 

. - 
U) 

> I I I I 

0 0 10 20 30 40 50 

2- MERCAPTOETHANOL (prnolesl 

FIG. 4. Yields of cysteine from the reduction of alanine-3- 
sulfinic acid by 2-mercaptoethanol at pH 1.5. 

FIG. 5. Amounts of alanine-3-sulfinic acid after reaction 
with 2-rnercaptoethanol for 18 h at 110°C (pH 4.0). 

pletely with alanine-3-sulfinic acid, it is obvious the 
side reactions of 2-ME contribute to the requirement 
for excess reducing agent. Although the yield of 
cysteine does not exceed 35% even with a 50-fold 
excess of 2-ME, a 20-fold excess gives a 30mie ld .  
The yield of cysteine is higher (60%) when alanine-3- 
sulfinic acid is reduced by DTT in a 1 : 20 mol ratio; 
this result agrees with the observation (2) that the 
cysteine/DDT mixed disulfide is more susceptible to 
reduction than 1. Cystine is produced at intermediate 
concentrations (approximately 20-fold) of 2-ME at 
pH 4.0 but its recovery is very low at the higher con- 
centrations of reducing agent. 

Subsequent displacement of the hydroxyl on the 
sulfur by 2-ME yields the hydroxydisulfide (3) which 
then reacts with a second molecule of 2-ME giving 
2,2'-dihydroxydiethyl disulfide and the sulfenic acid, 
R-SOH. 

The sulfenic acid, which is apparently too unstable 
to isolate (9), is then reduced to the mixed disulfide 
(1) by displacement of the hydroxyl on the sulfenic 
acid by 2-ME. 

In excess 2-ME, the mixed disulfide is reduced to 
cysteine although the cysteine yields do not exceed 
35% (Fig. 4). The sequence 
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FINLAYSON ET A L .  2077 

+ 
R-S-S-R' + H +  % R-S-S-R' 

I 

+ 
R-S-S-R' + R-SH + R-S-S-R + R'-SH 

where 

R = HO-CH,-CH2- and R' = HOOC-CH-CH,- 
I 
NHz 

It is not clear if this route occurs in the present case 
since the cystine dioxide (CyS0,SCy) dismutates 
under acid conditions to alanine-3-sulfinic acid and 
cystine. The reaction could represent the source of 
cystine, however. 

Some experiments on the reduction by 2-ME of 
both native and partially oxidized hen's egg white 
lysozyme showed, after acid hydrolysis, that an 
amino acid was produced which had chromatog- 
r a ~ h i c  characteristics the same as 1. Thus, reductive 
hidrolysis of a protein using 2-ME at an acid pH 

has been suggested (10) to account for disulfide inter- would produce some mixed disulfide (I); in  fact, ex- 
change in acid solutions. Presumably, a sulfur atom posure of the protein to  M ME at room temperature 
in the mixed disulfide could be protonated and thus results in the slow formation of 
convert a poor leaving group (RS'-) into a better To conclude, the results show very clearly that, 
One (lo). Subsequent nucleo~hilic attack RSH because of the stability of the cysteine/2-ME mixed 
produces the 2-ME disulfide (R-S-S-R) and disulfide, the reduction at acid pH of alanine-3-sul- 
cysteine (R1-SH). The ]ow yields of c~steine, even finic by  ME does not give quantitative re- 
when large excesses Of thiol are Present, be ex- coveries of cysteine and that the ratios of the prod- 
plained the stability Of the mixed disulfide (') Or ucts obtained are pH dependent. Further, the slow 
may result from increases in the rates of side reac- release of cysteine from the mixed disulfide is one of 
tions of 2-ME when it is present in high concentra- the limiting factors in the use of 2-ME for the reduc- 
tions (2-3 mM). For instance, a mM "lution Of tion of either protein cystine residues or their partly 
2-ME in 0.5 M HC1 at 110°C for 18 h gave an 85% oxidized derivatives. 
yield of the 'polymer'. 
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HENRIQUE E. TOMA. Can. J. Chem. 57.2079 (1979). 
N-Heterocyclic cations form with substituted pentacyanoferrates a series of outer-sphere 

complexes of general formula Fe(CN),L//N-Het, suitable for systematic studies in aqueous 
solution. The equilibrium constants for the association of dipositive cations (e.g. N,N'-dimethyl- 
4,4-bipyridyl, or paraquat ion) and monopositive cations (e.g. N-methylpyrazinium) with the 
hexacyanoferrate(I1) anion are typically in the range of 3 W 0  M - '  and 1C-13 M - I .  The 
optical charge-transfer energies depend on the nature of the N-heterocyclic acceptor, and on the 
binding properties of the ligand L as they modify the ionization potentials of the Fe(CN),Ln- 
complexes. A linear correlation between the optical charge-transfer energies and AEO was 
found, with a slope (AEo,/AGO) of 1.03 t 0.03. The results were interpreted on the light of 
Hush's theory for intervalence transitions, with the aid of the equation E,, = 2(AG11 * + 
AGZz*) + AGlzO, which correlates the optical energy (E,,) for electron-transfer with the 
intrinsic barriers (AG, I * + AGzz *) of the donor and acceptor ions, and the free energy change 
(AGIZO) for the process. 

HENRIQUE E. TOMA. Can. J. Chem,57.2079 (1979). 
Les cations N-heterocycliques forment avec des pentacyanoferrates substitues une strie de 

complexes de couche externe de formule generale Fe(CN),L//N-Het, qui sont appropries pour 
des etudes systtmatiques en solutions aqueuses. Les constantes d'equilibre pour I'association 
de cations doublement positifs (comme N,N'-dimethylbipyridyl-4,4' ou l'ion paraquat) et de 
cations monopositifs (comme le N-methylpyrazinium) avec l'anion hexacyanoferrate(I1) 
s'tchelonnent entre 3C-40 M - I  et 10-13 M- ' .  Les energies de transfert de charge optique 
dependent de la nature de l'accepteur N-htttrocyclique et des propriktes de liaison du ligand 
L puisqu'elles modifient les potentiels d'ionisation des complexes Fe(CN),Ln-. On a trouvC 
une correlation lintaire entre les energies de transfert de charge optique et AEO avec une pente 
(AEo,/AGO) de 1.03 t 0.03. On interprete les resultats a la lumiere de la theorie de Hush 
relative aux transitions d'intervalle a I'aide de I'equation E,, = 2(AGll * + AGzz *) + AGlzO 
qui etablit une relation entre I'tnergie optique (E,,) pour le transfert Clectronique et les 
barrieres intrinseques (AGIl * + AGZZ*) des ions donneurs et accepteurs et le changement 
d'energie libre (AGlzO) du processus. 

[Traduit par le journal] 

Introduction 
Aromatic, N-heterocyclic cations are of great 

interest in electron-transfer processes. Due to their 
high electron affinities, they can act as quenchers of 
the luminescence of many excited molecules in solu- 
tion (1, 2), also being able to inhibit the electron- 
transfer in the cytochrome chain of mitochondria 
and the electron-transfer chain of chloroplasts. 

In the presence of donor species, e.g. iodide (3, 4), 

MX,2- ions (5) (M = Cu, Mn, Fe, Co, Zn, Cd, Hg, 
Pb, Pd, Ag, and Sn; X = C1, Br, and I) and dianionic 
dithiolene complexes (6), the aromatic N-hetero- 
cyclic cations exhibit characteristic charge-transfer 
bands in the visible and ultraviolet regions, indica- 
tive of the occurrence of donor-acceptor interactions. 

Generally, the energy of the charge-transfer bands 
does not depend solely on the nature of the donor 
and acceptor species, but also, on the properties of 

0008-4042/79/162079-06$01 .OO/O 
@I979 National Research Council of CanadalConseil national de secherches du Canada 
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the solvents. A very useful parameter of solvents (7) 
has been introduced by Kosower (8) based on the 
strong solvatochromism exhibited by l-alkylpyri- 
dinium iodides, particularly I-ethyl-4-methoxycar- 
bonylpyridinium iodide. 

Despite the importance of charge-transfer associ- 
ation in aqueous solution the number of systematic 
studies reported up to  the present in the literature is 
relatively small. It is well known that many pyridine 
and pyrazine cations can coordinate with n-donor 
ions such as RU(NH,),~'  and Fe(CN),3-, forming 
stable, internal charge-transfer complexes (9, 10). 
However, the outer-sphere association of the N- 
heterocyclic cations with such donor ions in aqueous 
solution has never been investigated. u 

In this paper, a study on the association of a series 
of substituted cyanoiron complexes and N-hetero- 
cyclic cations is reported, showing the trends and 
correlation which exist between the o ~ t i c a l  electron- 
transfer energies and the electrochemical properties 
of the donor and acceptor ions. 

Experimental 
Cotnpounds 

The pentacyanoferrate(I1) compounds were prepared from 
sodium amminepentacyanoferrate(I1) trihydrate, as pre- 
viously described (2, 10-12). The aromatic N-heterocyclic 
cations below were obtained as iodide salts according to  the 
following procedures : 

N-Methylpyrazini~un Iodide (MPzI) and N-Metl~ylqrritz- 
oxalinirr1~2 Iodide (MQxI) 

Pyrazine (10 g) (Aldrich, gold label) or quinoxaline (Aldrich) 
was dissolved in 50 mL of methyl iodide and the resulting 
solution was kept in the dark at  room temperature for one 
week. The hygroscopic yellow (MPzI) or brown (MQxI) 
crystals formed were recrystallized from ethanol at 60°C and 
stored under vacuum. Anal. calcd. for C,N,H,I (MPzI): 
C 27.0, N 12.6, H 3.18; found: C 27.1, N 12.8, H 3.22. Anal. 
calcd. for C9N,H91 (MQxI): C 39.7, N 10.9, H 3.33; found: 
C 40.2, N 10.3, H 3.28. 

N-Metl~yl-4,4'-bipyridyl Iodide (MBPyI) and N-Metlgvl- 
1,2-bis(4-pyridyl) etltylette Iodide (MBPy EI) 

4,4'-Bipyridyl (2 g) (Aldrich) or 1,2-bis(4-pyridy1)ethylene 
(Aldrich) was dissolved in 50 mL of benzene, filtered, and 
then mixed with 2 mL of methyl iodide. After 3 days in the 
dark, the yellow solids formed were separated by filtration and 
recrystallized from ethanol (60°C). Anal. calcd. for C,  ,N2H1 ,I  
(MBPyI): C 44.3, N 9.39, H 3.72; found: C 44.7, N 9.41, 
H 3.69. Anal. calcd. for C13N2H131 (MBPyEI): C 48.2, N 8.63, 
H 4.04; found: C 47.5, N 8.71, H 4.06. 

N,N'-DinretIgvl-4,4'-bipyridyl Iodide (DMBPy12) and 
N,N'-1,2-bis(4-pyridyl)etl1ylet1e Iodide (DMBPyE12) 

4,4'-Bipyridyl (2 g) or 1,2-bis(4-pyridy1)ethylene was dis- 
solved in 50 mL of benzene in the presence of 5 mL of ethanol, 
and mixed with 20 mL of methyl iodide. The solution was 
stirred in the dark for one week at  room temperature. The red- 
orange solid formed was separated by filtration and washed 
with ethanol. The presence of monomethylated products can 
be easily tested by dissolving a very small amount of the solid 
in an  aqueous solution of the Na3Fe(CN),NH3 complex. A 
red or violet color indicates the formation of Fe(CN),(MBPy) 
or Fe(CN),(MBPyE) complexes, respectively. When the test 
was positive, the solid was stirred in a methanolic methyl 
iodide solution for three days and then filtered and washed 
with ethanol. The bimethylated cations, in contrast to  the 
monomethylated ones, do not coordinate with the pen- 
tacyanoferrate(I1) ion. Anal. calcd. for CL4N2H,,12 
(DMBPyEI,): C 36.1, N 6.00, H 3.46; found: C 36.4, N 6.55, 
H 3.33. Anal. calcd. for C12N2H,412 (DMBPyI,): C 32.7, 
N 6.36, H 3.20; found: C 32.3, N 6.64, H 3.31. 

4-Pyridylpyridinirml Iodide (PyPyI) and N-Metlryl-4-pyridyl- 
pyridit~ilon Iodide (MPyPyI2) 

Pyridylpyridinium hydrochloride (4.5 g) (Aldrich) was dis- 
solved in 100 mL of methanol and then carefully neutralized 
with 0.85 g of solid lithium hydroxide. The yellowish solution 
was mixed with 100 mL of ethanol containing 6 g of sodium 
iodide and then filtered. To this solution, 100 mL of ethyl ether 
was added in order to  precipitate the pyridylpyridinium salt. 
The solid was dissolved in 200 mL of ethanol a t  60°C, and 
filtered through a sintered glass filter. After one day in the 
freezer, bright yellow crystals of PyPyI were obtained. The 
ethanolic solution containing an appreciable amount of dis- 
solved pyridylpyridinium iodide was treated with 20 mL of 
methyl iodide. After a week in the dark, the orange-brown 
crystals of the MPyPyI, salt were separated from the solution 
and washed with pure ethanol. The product gave a negative 
test with the pentacyanoferrate(I1) ion. Anal. calcd. for 
CloN,H91 (PyPyI): C 42.3, N 9.86, H 3.19; found: C 42.1, 
N 9.28, H 2.90. Anal. calcd. for C1,N2H,,I2 (MPyPyI,): 
C 31.0, N 6.57, H 2.83; found: C 31.7, N 6.57, H 2.75. 

Spectra 
Ultraviolet-visible range spectra were measured on a 

Cary 14 spectrophotometer at  room temperature. Most scans 
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were made using 10.0 mm quartz cells and solutions containing 
equimolar amounts of the Fe(CN),LH- complexes and of the o 8  .- 
N-heterocyclic ions (usually M). A corresponding solu- 
tion of the N-heterocyclic ion was used as a blank to correct 
for the absorption of the reactant at the proximity of the 07.- 

ultraviolet region. 

Equilibriutn Cotzstatzts o 6 

The determination of the association constants of the outer- 
sphere complexes was made spectrophotometrically, using the 
0-0.1 expanded absorbance scale of the Cary 14 spectro- 05.- 

photometer. Potassium nitrate was used to adjust the ionic 8 
strength of the M solutions of the donor and acceptor 
ions. All the manipulations and measurements were carried -- 

out in the dark. Solutions of ferrocyanide should be pre- 2 
viously stabilized with traces of sodium cyanide; otherwise, the 2 
small amounts of Fe(CN),H203- which result from the ther- 03.. 

ma1 and photochemical dissociation of Fe(CN)64- react 
readily with the honomethylated ions such as MPz and MQx, 
masking the absorption of the charge-transfer complexes in 02- 

solution. Such a precaution is not necessary for the dimethyl- 
ated ions; however, in any case an excess of the CN- ion 
should be avoided since this ion was observed to react with 
most of the N-heterocyclic cations. For the Fe(CN),Ln- com- 
plexes, an excess of L was maintained in solution to prevent 
the dissociation of the coordinated ligand. LM 500 600 

The equilibrium constants at 25"Cand 0.100 M KNO3 were I ,  nm 

computed by an iterative procedure, using a Hewlett-Packard, FIG. Absorption spectra of 0.020 solutions of 
Model 97, calculator. Details concerning the method used to Fe(CN)64- and M ~ x ,  or MPz ions. 
calculate the equilibrium constants are presented in the text. 

Results and Discussion 
In order to observe the formation of outer-sphere 

complexes in aqueous solution, a high concentration 
of the donor and acceptor ions is usually required, 
since most of the complexes are relatively unstable in 
ionizing solvents. Moreover, in many cases, the 
charge-transfer bands of these kind of complexes fall 
in the ultraviolet region, where they are frequently 
masked by the absorptions of the donor and acceptor 
ions. All these difficulties probably explain the small 
number of systematic studies on charge-transfer 
interactions in outer-sphere complexes in aqueous 
solution, reported up to the present in the literature. 

By using the highly charged Fe(CN)64- ion as a 
donor, it was possible to detect the occurrence of 
typical charge-transfer interactions with N-hetero- 
cyclic cations in aqueous solution. Since Fe(CN)64- 
is very inert to substitution and most of the N-hetero- 
cyclic cations investigated here cannot coordinate to 
metal ions, an outer-sphere association process can 
be postulated, as indicated below. 

In all the cases, a new, broad band was observed 
in the visible region, as shown in Fig. 1. The absorp- 
tion band, not observed in the spectraof the donor and 
acceptor ions separately, was assigned to the electron- 
transfer transition, d(tZg6).p(n0) * -, d(tZg5).p(n1) *, 

from the occupied metal dx,, d,,, and d,, orbitals 
to the lowest unoccupied n*  orbitals of the aromatic 
N-heterocyclic cations. 

The charge-transfer nature of the Fe(CN)64-//N- 
Hetf complexes was corroborated by the spectra of 
acetonitrile solutions of the iodide salts of the 
N-heterocyclic cations, which also exhibited the 
characteristic charge-transfer bands, although shifted 
to higher energies. A comparison of the CT energies 
of the hexacyanoferrate(I1) and iodide complexes of 
the various N-heterocyclic cations can be seen in 
Table 1. 

The trends in the energies of the optical electron- 
transfer can be rationalized according to the simpli- 
fied equation (13, 14) 

where ID is the ionization potential of the donor, EA 
is the electron affinity of the acceptor, and C is a 
coulombic term. For a given donor, D, as the elec- 
tron affinity of the acceptor A increases, the optical 
electron-transfer energy is expected to decrease pro- 
portionally. Therefore, based on Table 1, the follow- 
ing order of electron affinity can be postulated, 
MQx > DMBPyE - DMBPy > MPyPy > MPz > 
MBPyE > MBPy - PyPy, with the N-methyl- 
quinoxalinium cation (MQx) as the best electron 
acceptor of the series. 

It is interesting to note that some of the organic 
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TABLE 1. Charge-transfer energies of some iodide" or cyanoironb-N-heterocycles, 
donor-acceptor complexes 

Acceptor, 
A" + 

MQx 
DMBPyE 
DMBPy 
MPYPY 
MPz 
MBPyE 
MBPy 
PYPY 

.In acetonitrile solution. 
DIn water. 

kK = 1000 cm-' 
dShoulder. 

acceptors can form stable complexes, by coordina- 
ting with the Fe(CN),3- ion. Such complexes display 
very strong charge-transfer bands in the visible, in 
contrast with the medium-weak intensity observed 
for most of the outer-sphere complexes. The inner- 
sphere complexes have been previously investigated 
by Toma and Malin (10) and are collected in Table 1 
for comparison purposes. Although the trends in the 
electron acceptor properties are practically the same 
in the three series of complexes (Table l), it seems 
that the charge-transfer energies vary more rapidly 

for the inner-sphere complexes, as compared with 
the outer-sphere analogs. This may be due to the 
strong interaction between the metal and the 
N-heterocyclic cation in the inner-sphere complexes, 
in contrast to the weak interactions in the outer- 
sphere complexes. 

The association constants of the Fel '(CN),//~- 
Het' charge-transfer complexes were evaluated from 
spectrophoton~etric measurements of equimolar 
solutions of the donor and acceptor ions (1.0-7.0 x 

M)  using the equation 

where A is absorbance, and the subscript T refers to 
the total concentration of the species. Since the 
extinction coefficient, E ,  for the charge-transfer com- 
plex is not known, an iterative procedure was 
employed in order to obtain the best value of this 
parameter which minimizes the standard deviation 
over K .  

For dipositive cations such as DMBPy, associa- 
tion constants of 30-40 M - '  were obtained, as com- 
pared with 10-13 M- '  for monopositive cations such 
as MPz and MQx. The optimized extinction coeffi- 
cients were typically 150-200 M- '  cm- ', varying 
slightly with the acceptor properties of the N-hetero- 
cyclic cation. The association constants agree 
reasonably well with those predicted for outer- 
sphere complexes, using the Eigen-Fuoss equation 
(15) with the crystallographic distance for ferro- 
cyanide (16) (4.4 A) and approximate radii, pre- 
viously measured (e.g. DMBPy (l7), 6.0 A ;  MPz(l8), 
2.10 A;  MQx (18), 3.12 A) for some of the N-hetero- 
cyclic cations. 

In order to test for the influence of the donor ion 
on the charge-transfer energies, the DMBPy ion was 
used as acceptor (19) in the presence of a series of 
Fe(CN),Ln- complexes, where L = CO, dimethyl- 
sulfoxide (DMSO), triphenylphosphine, CN-, pyri- 
dine, and imidazole. Some typical charge-transfer 
spectra obtained for these outer-sphere complexes 
can be seen in Fig. 2. 

The charge-transfer energies of the Fe(CN),L1'-// 
DMBPy complexes follow approximately the trends 
of the spectrochemical series for L, in the sequence: 
18 000 (imidazole) ; 18 800 (pyridine) ; 19 700 (tri- 
phenylphosphine); 22 200 (S-bound dimethylsulf- 
oxide); and 25 000 cm-' (CO). The result agrees 
with the expected behavior from eq. [I], since the 
stabilization of the metal rl, orbitals through back- 
bonding interactions with the unsaturated ligands 
should increase the ionization potentials of the 
donor ion. 

The electronic excitation in the Fe(CN),LU-/IN- 
Het+ complexes can be regarded as an optical 
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FIG. 2. Absorption spectra of 0.020 M solutions of the 
DMBPy and Fe(CN),(imida~ole)~- or Fe(CN),(dm~o)~- 
ions. 

electron-transfer process, 

as in the so-called 'mixed-valence complexes'. 
Indeed, evidence for radicals has been reported (20), 
for example, in the photoexcitation of the 4-carbo- 
methoxy-1-ethylpyridinium iodide charge-transfer 
complex, 

For a general case of outer-sphere electron- 
transfer reaction, the following steps have been 
postulated (21) : 

Oxl + Red, + Oxl//Redz 

0xI//Red2 S Redl//Ox2 

Redl//Ox2 + Red, + Ox, 

The activation energies for electron-transfer within 
the outer-sphere complex, Ox,//Red,, can be ex- 
pressed according to the Marcus (22) and Hush (23) 
equation, 

[3] AG1,* = (AG,, * + AGZ2:"/2 + AGlZ0/2 

provided that (AG,20)2 << 8(AGll * + AG,, "1. Here, 
AG,," refers to the activation barrier for electron- 
transfer from Ox, to Red,, and A G l l : 9 n d  AG,,:" 
are the intrinsic barriers associated with the self- 
exchange reactions, respectively. The AGlZ0 term 
expresses the free energy change for the net reaction, 
and is proportional to the difference of the electro- 
chemical potentials, A El  ,O, of the reactants. 

For an optical electron-transfer process, as shown 
in Fig. 3, the excitation energy deduced from the 
harmonic potentials (24) can be expressed by 

For a symmetrical system, based on eqs. [4] and [3], 
the energy of the optical Franck-Condon transition 
is predicted to be four times the activation energy for 
the thermal electron-transfer. For a non-symmetrical 
system, as is the case of the complexes reported here, 
the relationship between Eop and E,,, the optical and 
thermal energies, respectively, becomes 

Based on eq. [4] one can also expect that the 
energies of optical electron-transfer in a series of 
complexes with similar intrinsic barriers should in- 
crease linearly with AGlZ0, with a unit slope. This 

It would be interesting now to compare the optical 
excitation in those complexes with the thermal 
electron-transfer process. It is well known that both 
the Fe(CN),LJ'- complexes and the N-heterocyclic 
species can participate in electron-transfer reactions, 
acting as reducing and oxidizing agents, respectively. 
Electron-transfer (1, 2) with excited molecules, e.g. 

Eth E t h  Eo *Ru(bipy),", has proved to be very effective with 
most of the N-heterocyclic cations, proceeding with 
diffusion controlled rates for DMBPy (I),  DMBPyE a ]  E~~ = L E th b )  E ~ =  L E ~ ~ -  E, 

(I), and MPz (2) cases, 
FIG. 3. Reaction coordinate diagrams for electron-transfer: 

*Ru(bipy),,+ + N-Het+ -+ R ~ ( b i p y ) , ~ +  + N-Het' (a) AGO = 0; (b)  AGO > 0. 
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FIG. 4. Correlation of charge-transfer energies with the AEO 
values (ref. 2) of the Fe(CN),L compIexes. 

expectation differs from the case of thermal electron- 
transfer (21), where the theoretical slope of the linear 
relationship between AG,," and AGlZ0 equals 112. 

In order to test for the validity of Hush's theory in 
the outer-sphere complexes reported here, one can 
estimate the free energy changes from the electro- 
chemical potentials of the free, donor, and acceptor 
ions, with the assumption that they are not influenced 
in a significant extent, by the association process. 
As shown in Fig. 4, a good linear correlation 
between Eop and AG,,' (proportional to the EO 

values for the Fe(CN),L complexes) results for the 
several DMBPy//Fe(CN),L complexes, with a cal- 
culated slope of 1.03 + 0.03. 

A linear correlation between Eop and E0 has also 
been reported (6) for a series of outer-sphere com- 
plexes between pyridinium cations and dianionic, 
dithiolene complexes, as well as for a series of pyri- 
dinium iodides (4). The observed slopes (AEop/ 
AGlZ0) were respectively 1.24 and 1.25 fcr those 
series of complexes. A similar behavior has been 
observed recently for a number of Ru(NH, ) ,~+ / /F~-  
(cN),L~- complexes (25, 26). 

It is remarkable that the agreement with the theory 
seems quite reasonable, despite the obvious criticism 
which arises from the use of harmonic potentials to 
describe the optical and thermal electron-transfer 
barriers. 
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Stannic tetrachloride catalysed glycosylation of 8-ethoxycarbonyloctanol by cellobiose, 
lactose, and maltose octaacetates; synthesis of a- and P-glycosidic linkages1 
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JOSEPH BANOUB and DAVID R. BUNDLE. Can. J. Chem. 57.2085 (1979). 
The 1,2-tratu-octaacetates of cellobiose, lactose, and maltose were converted to a-glycosides 

of 8-ethoxycarbon~loctanol in good yield by a single step reaction. A 1,2-acetoxonium ion 
generated by stannic tetrachloride in dichloromethane at - 1O0C leads initially to a-glycosides 
via 1,2-orthoacetate intermediates. hz sit11 anomerisation of the a-maltoside occurred during 
reaction (4 h) at  room temperature and provided a preparative route to  this a-glycoside of the 
disaccharide. The a-lactose and cellobiose glycosides were also anomerised to  the respective 
a-glycosides. The three J3- and three a-disaccharide glycosides of the disaccharides have been 
functionalised for conversion to artificial carbohydrate antigens. 

JOSEPH BANOUB et DAVID R.  BUNDLE. Can. J. Chem. 57.2085 ( 1979). 
Les octaacetates trat~s-l,2 du cellobiose, lactose et maltose ont CtC convertis en glycosides-a 

du ethoxycarbonyl-8-octanol dans de bon rendements par une reaction en une seule Ctape. 
A - 10°C un ion acetoxonium-l,2 est generC par le tetrachlorure d'Ctain dans le dichloro- 

methane pour conduire initiallement aux glycosides-a via les orthoesters-I,? comme inttr- 
mediaire. L'anomerisation it1 sit11 du maltoside-a a lieu durant la reaction (4 h) a temperature 
ambiante et produit ainsi une nouvelle route pour preparer ce glycoside-a du disaccharide. 

Les glycosides-a du lactose et cellobiose ont CtC anomerisCs en glycosides-a correspondant. 
Les trois disaccharides glycosides-0 et les trois disaccharides glycosides-cc ont CtC fonc- 

tionalise afin d'&tre convertis en antigens artificiels de carbohydrate. 

Introduction extended reaction tiines and higher temperatures can 
~h~ for an artificial lactose lead toa-glycosides of disaccharides (Scheme 1). 

antigen agglutiiates cells of Neisseriagonorrlzaeae (I), 
due to the presence of a terminal galactopyranose 
residue in the cell wall lipopolysaccharide (LPS) (2). 
In order to investigate further the nature of this 
cross reaction, related disaccharide antigens have 
been synthesised, either for subsequent modification 
at the terminal glycosyl residue prior to conversion 
to an artificial antigen or for immediate use as anti- 
gens, following covalent attachment to protein (3) .  

A previous preparation of the lactose hapten gave 
a poor yield of the glycoside 5 (1) but this has been 
improved by use of silver trifluoromethanesulphonate 
(triflate) promoted Koenigs-Knorr reactions starting 
from acetylated glycosyl bromides (4). It has been 
known for some time that methyl P-D-glucopyrano- 
side inay be prepared from penta-0-acetyl-P-D- 
glucopyranose under Lewis acid catalysis (5 ) ,  and the 
procedure has been modified recently to provide 
1,2-tratw-linked disaccharides (6, 7). During the 
preparation of P-glycosides of 8-ethoxycarbonyl- 
octanol by reaction with cellobiose, lactose, and 
maltose octaacetates in dichloromethane containing 
1 mol of stannic tetrachloride, it was observed that 

'NRCC No. 17338. 
2MDS Health Group Limited, Rexdale, Ontario. 

Results-and Discussion 

The octaacetates of cellobiose, lactose, and mal- 
tose are readily prepared in crystalline form as the 
p-anomers by standard procedures (8, 9) using so- 
dium acetate and acetic anhydride. When a 1,2-trans- 
sugar per-0-acetate is dissolved in dichloromethane 
containing a molar equivalent of stannic tetra- 
chloride 1,2-acetoxonium ion formation results (10) 
as is the case with other Lewis acids such as antimony 
pentachloride (11). Addition of alcohol at - 10°C 
under anhydrous conditions gives trans-linked gly- 
cosides in excellent yield (6, 7). Under these condi- 
tions, - 10°C for 4 h, cellobiose 2, lactose 3, and 
maltose 8 octaacetates gave 61-68% yields of the 
heptaacetyl-P-glycosides of the disaccharides 4, 5, 
and 9 (Scheme 1). Acetylated 8-ethoxycarbonyl- 
octanol, disaccharide hexaacetates, and small 
amounts of hexaacetyl-disaccharide glycosides are 
formed as side products in this reaction. This latter 
product exhibited similar properties to the 2- 
hydroxy glycoside isolated from Koenigs-Knorr 
reactions (4). Indeed, if the crude product from the 
above reaction is de-0-acetylated and the 8-methoxy- 
carbonyloctyl-P-glycosides 11, 12, and 15 extracted 
from aqueous solution by chloroform-ethanol (3: 2), 

0008-4042/79/ 162085-06$0 1 .00/0 
01979 National Research Council of CanadaIConseil national de recherches du Canada 
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the yield of these glycosides is increased by 10-15% 
over that obtained by de-0-acetylation of the purified 
heptaacetyl glycosides 4, 5, and 9. The increased 
yield is attributed to the presence in the reaction 
mixture of significant amounts of 2-hydroxy P-linked 
glycosides. 

Extension of reaction times in conjunction with 
higher temperatures (20°C) leads to increasing pro- 
portions of a-glycosides due to anomerisation. Also 
observed is a small amount of chloroacetyldisac- 
charide (7), the yield of which increases if addition of 
alcohol to the reaction vessel is delayed. Although 
reaction of maltose octaacetate 8 with 8-ethoxy- 
carbonyloctanol gave optimum yields of the a-gly- 
coside 10 after only 4 h at 20°C, the related glyco- 
sides of cellobiose (6) and lactose (7) were obtained 
in optimum yields only after work-up and retreat- 
ment of the P-glycosides 4 and 5 with stannic tetra- 
chloride in dichloromethane. 

Examination of the side-products of this reaction, 
acetylated aglycon and glycosides lacking a 2-0- 
acetate, supports the conclusion that this reaction 
proceeds to P-linked glycosides via 1,2-orthoacetate 
intermediates. The reasoning which leads to this 
conclusion is similar to that invoked in the accom- 
panying paper (4) which postulates 1,2-orthoacetate 
intermediates for Koenigs-Knorr reactions. How- 
ever. in this case it is well documented that suitablv 
oriented polyacetates in the presence of Lewis acid 
will give 1,2-acetoxonium ions (1 1). Hanessian and 
Banoub prepared 1,2-orthoesters via such species, 
under conditions similar to those used in this work 
(10). Reaction of cyclic oxocarbonium ions of the 
type represented in Scheme 2 can lead directly to 
1,2-trans-glycosides but in the light of the side 
products of the reaction, probably do so via a 
1,2-(8-ethoxycarbonyloctyl orthoacetate) intermed- 
iate, which we have demonstrated (4) to rearrange 
by stannic tetrachloride catalysis. The product dis- 
tribution seen in this Lewis acid catalysed isomerisa- 
tion of orthoester is identical to that observed 
during glycoside synthesis from 1,2-trans-octa- 
acetates 2, 3, and 8, ethoxycarbonyloctano1 (I), and 
stannic tetrachloride. 

The acetylated P- and a-glycosides 4 9  were de-0- 
acetylated to provide the corresponding 8-methoxy- 
carbonyloctylglycosides 11-16. Proton nmr (Table 3) 
in deuterium oxide solution confirmed the anomeric 
configuration of these glycosides. Conversion to the 
8-hydrazinocarbonyloctyl glycosides was performed 
in ethanol solution with excess hydrazine hydrate. 

%OR + %OR + ROAc 

OAc OH 

to BSA to provide artificial antigens according to a 
previously published procedure (3, 12). 

In addition to the synthesis of the six disaccharide 
haptens described here, the P-glycoside haptens of 

The hydrazides 17-22 were analytically pure and 
1s R '  = O ( C H ~ ) ~ C O ~ C H ~ .  R' = H gave 13C nmr data in agreement with the assigned 16 R1 = H. R' = 0(CH2)8COZCH, 

structures. The hydrazides are the immediate pre- 21 R1 = 0(CH2)8CONHNH2, R2 = H 
cursors to artificial antigens and have been coupled 22 R1 = H ,  R 2 =  0(CH2)8CONHNH2 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2088 CAN. J .  CHEM. VOL. 57, 1979 

TABLE 1. Melting point, optical rotation, and analytical data for glycosides 4 2 2  

Yield Melting point Specific rotation 
Compound (%) ("c) [a]D20-23 Analytical data 

Acetylated a-cellobioside 4 68 91-92 
Acetylated a-lactoside 5 61 Syrup 
Acetylated a-maltoside 9 66 Syrup 
Acetylated a-cellobioside 6 76-77 
Acetylated a-lactoside 7 Syrup 
Acetylated a-maltoside 10 59 Syrup 

a-Cellobiose, methylester 11 80 139-140 
a-Lactoside, methylester 12 86 158-1 59 
a-Maltoside, methylester 1 5  92 Syrup 
a-Cellobioside, methylester 13 80 104106 
a-Lactoside, methylester 1 4  79 99-100 
a-Maltoside, methylester 1 6  80 Syrup 

-18.7 (C 1 .O, H 2 0 )  
3 .1  (c 1.1, CHCI,) 

43.3 (C 2.0,  H20) 
63.4 (c 0.8, H 2 0 )  
68.8 (c 1.6, MeOH) 

106.7 (c 1.2, MeOH) 

a-Cellobioside, hydrazide 17 
a-Lactoside, hydrazide 18 
a-Maltoside, hydrazide 21 
a-Cellobioside, hydrazide 19 
a-Lactoside, hydrazide 20 
a-Maltoside, hydrazide 22 

202-204 -16.6 (C 1.0,  H20) 
190-192 - 1 .9  (C 1 .O, H20)  
184185.5 56.4 (c 1.0, H 2 0 )  
115-116 58.1 (c 1 .O, H 2 0 )  
117-118 6 3 . 2 ( ~  1.0,  HzO) 
Syrup 109.7 (C 1.3, MeOH) 

Anal. calcd. for C37H56020: 
C 54.13, H 6.89 
Anal. found : 
C53.90,  H 6 . 9 0  
C - , H  - 
C - , H  - 
C 53.84, H 6.93 
C - , H  - 
C - , H  - 

Anal. calcd. for C22H40013: 
C 51.53, H 7.87 
Atlal. found: 
C 51.18, H 7.90 
C 51.50, H 7.88 
C 51.50, H 8.01 
C 51.60, H 7.78 
C 51.48, H 7.62 
C - , H  - 

Arlal. calcd. for C2,H40N2012: 
C49.19,  H 7.87, N 5.47 
Anal. found : 
C 49.02, H 7.97, N.5.59 
C49.00, H 7.83, N 5.67 
C 49.02, H 7.97, N 5.57 
C 48.87, H 7.98, N 5.64 
C49.33,  H 8.08, N 5.78 
C 49.28, H 8.01, N 5.68 

glucose and galactose have been synthesized in 
approximately 7 5 x  yield from the respective penta- 
0-acetyl-P-D-hexopyranoses. Not only is the Lewis 
acid catalysed glycosylation reaction more rapid than 
Koenigs-Knorr reactions (1, 4) but the yields of the 
8-ethoxycarbonylocty1 glycosides are higher. 

Experimental 
The general experimental conditions and methods used were 

as described in the preceding paper (4). Merck silica gel G60 
(70-230 mesh) and redistilled solvents were used for column 
chromatography. Identical but more rapid separations were 
achieved with a Waters high pressure liquid chromatograph 
Prep. 500. Proton chemical shifts are expressed relative to 1% 
tetramethylsilane (TMS) in deuteriochloroform and relative to 
sodium 3-trimethylsilylpropionate-2,2,3,3-d4 for deuterium 
oxide solutions. Carbon-13 shifts are expressed relative to 
internal TMS in deuteriochloroform and to external TMS for 
deuterium oxide solutions. Assignments of 13C resonances are 
based on literature values for monosaccharides and disac- 
charides (13, 14). 

General Procedrrre for Preparation of 8-Et/~oxycarborryloctyl 
1,2-trans-Glycosides 

Stannic tetrachloride (0.98 mL, 9 mmol) was added to a 
solution of the 1,2-trans-disaccharide octaacetate (8, 9) (6.04 g, 
9 mmol) in dry dichloromethane (90 mL). After 10 min at  
room temperature the solution was cooled to - 10°C and a 
white precipitate resulted. A solution of b-ethoxycarbonyl- 
octanol (3) (2.02 g, 10 mmol) in 10 mL of dichloromethane 
was added to the reaction mixture and that was then kept at 

-10°C for 4 h. The reaction mixture was poured into a 
saturated solution of sodium bicarbonate (60 mL), which was 
then extracted with chloroform (2 x 100 mL), and theorganic 
phase was washed with water. After solvent removal 10 g of 
crude syrup was obtained. Column chromatography on silica 
gel with the solvent ethyl acetate - Skellysolve B 1:l  yielded 
the pure glycosidc 4, 5, or9. The yields and physical constants 
for these compounds are reported in Table 1. 

Acetylated 8-ethoxycarbonyloctanol was isolated from the 
reaction mixture together with other side products, which were 
glycosidic components with tlc mobilities slower than the 
glycosides 4, 5, or 9. Disaccharide hexaacetates containing no 
aglycon were also observed. The identification of all three side 
products was similar to that reported in the accompanying 
paper (4). Proton spectra for compounds 4, 5, and 9 are not 
reported since this data is not instructive for analytical purposes 
with the exception that the ratio of polymethylene (-(CH2)6-, 
CH3CH2) and methyl protons integrate relative to acetate and 
ring protons in the correct proportion. 13C nmr (Table 2) is 
much more useful for the identification of the anomeric con- 
figuration of the glycosidic linkages. 

8- E ~ h o x y ~ a r b o t ~ ~ l o c r ~ I  2,3,6-Tri-0-acetyl-4-0- (tetra-0-acetyl- 
a-D-glrrcopyratiosy1)-a-D-glrrcopyrarrosirle (10)  

a-Maltose octaacetate (8) (17.1 g, 25.5 mmol) was dis- 
solved in dry dichloromethane and stannic tetrachloride 
(3.5 mL, 25.5 mmol) was added. Immediately after this, 
8-ethoxycarbonyloctanol (1) (5.1 g, 25 mmol) was added in 
dichloromethane (10 mL). After 4 h at  room temperature the 
reaction mixture was worked up as described earlier. After 
purification on silica gel the a-maltose glycoside 10 was 
obtained as a syrup (12.2 g, 59%). The analytical data and 
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TABLE 2. Carbon-13 nmr shifts in ppm relative to internal and external TMS for CDCI, and D 2 0  solutions of glycosides 4-22 

Compound Solvent 

Acetylated !3- 
cellobioside 4 

Acetylated !3- 
lactoside 5 

Acetylated !3- 
maltoside 9 

Acetylated a -  
cellobioside 6 

Acetylated a -  
lactoside 7 

Acetylated a -  
maltoside 10 

!3-Cellobioside 
hydrazide 17 

!3-Lactoside 
hydrazide 18 

!3-Maltoside 
hydrazide 19 

a-Cellobioside 
hydrazide 20 

a-Lactoside 
hydrazide 21 

a-Maltoside 22 

CDC13 

CDCI, 

CDCI , 
CDC13 

CDCI, 

CDCI, 

DzO 

D 2 0  

DzO 

D 2 0  

D 2 0  

DzO 

TABLE 3. Proton nmr data * for de-0-acetylated glycosides 11-22 

Compound H-l (ppm) J l , 2 (Hz)  H-l'(ppm) J1,.2.(Hz) OCH, CHzCO -(CH2),- T("C) 

!3-Cellobioside, methylester 11 4.50 7 .7  4.59 7.0 3.60 2.33 1.10-1.80 85 
!3-Lactoside, methylester 12 4.38 7 .8  4.38 7 .8  3.60 2.32 1.10-1.80 85 
!3-Maltoside, methylester 1 5  4.44 7 . 7  5.28 3 .4  3.65 2.35 1.10-1.80 85 
a-Cellobioside, methylester 13  4.82 3 . 4  4.43 7 .3  3.60 2.31 1.10-1.80 31 
a-Lactoside, methylester 14  4.89 3 .5  4.47 6 .7  3.70 2.38 1.10-1.80 85 
a-Maltoside, methylester 1 6  4.85 3 .6  5.33 3 .3  3.63 2.31 1.10-1.80 31 

*Chemical shifts are expressed relative to internal sodium 3-trimethylsilylpropionate-2,2,3,3-d, 

I3C nmr parameters are recorded in Tables 1 and 2 respec- Prepnrntion of8-Hydrnzinocarbony/octyl !3- ntld a-Glycosides 
tively. (1 7-22 1 

The de-0-acetylated disaccharide glycoside (11-16) (518 mg) 
Preparatior~ of 8-Et/zoxycarbot~y/octyl-a-lnctoside 6 atlrl was suspended in ethanol (4 mL), a solution of 85% hydrazine 

Cellobioside 7 hydrate (0.5 mL) was added, and the reaction was left at  
  he ~urified 1,2-trans-glycosides 4 or 5 (0.82 g, 1 mmol) were room temperature for 18 h. In some cases the hydrazide 

dissolved in dry dichloromethane and stannic tetrachloride crystallised from the reaction mixture and i n  other cases 
(0.12 m ~ ,  1 nlnlol) was added. After 18 h at room temperature solvent removal and co-distillation of hydrazine with toluene 
the reaction mixture was worked up in the usual manner. The ,as nec,ssary prior to crystallisation from ethanol, ~h~ 
crude syrup was purified on silica gel to yield 6 or 7 (Tables 1 physical and analytical data for these compounds are reported and 2). in Table 1. Carbon-13 nmr data (Table 2) confirmed the 
Preparation of 8-Metl~oxycarbonyloctyl P- and a-Glycosides 

(11-16) 
The acetylated glycosides (4-10) (1.6 g, 2 mmol) in 10 mL 

of dry methanol were transesterified by addition of freshly 
prepared 0.1 M sodium methoxide (0.5 mL). After 18 h the 
solution was neutralized with Rexyn H +  resin, filtered, and 
concentrated to a syrup that could be recrystallised from 
ethanol (Table 1). Confirmation of the expected structures was 
obtained by I3C nmr and ' H  nmr which gave the anomeric 
configuration of glycosidic linkages from the chemical shift 
and J1,2 coupling constants data (Table 3). Physical constants 
and analytical data are recorded in Table 1. 

assigned structures. 
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1,2-Orthoacetate intermediates in silver trifluoromethanesulphonate promoted 
KoenigsKnorr synthesis of disaccharide glycosides' 
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JOSEPH BANOUB and DAVID R. BUNDLE. Can. J. Chem. 57,2091 ( 1979). 
The three disaccharides lactose, cellobiose, and maltose in the form of their acetylated gly- 

cosy1 bromides have been reacted with 8-ethoxycarbonyloctanol to provide the 1,2-trans-gly- 
cosides. Conventional Koenigs-Knorr and Helferich conditions provided these glycosides in 
poor yield but silver trifluoromethanesulphonate, N,N-tetramethylurea gave the disaccharide 
glycosides in 50-60% yield. Use of 2,4,6-trimethylpyridine as proton acceptor provided the 
corresponding 1,2-orthoacetates in 60-70% yield. These 1,7--orthoesters were rearranged by 
stannic tetrachloride to the 1,2-tratzs-glycosides. The isolation of acetylated 8-ethoxycarbonyl- 
octanol from Lewis acid catalysed isomerisation of 1,2-orthoesters and from Koenigs-Knorr 
reactions in which N,N-tetramethylurea was the proton acceptor is discussed in terms of a 
reaction mechanism proceeding from glycosyl halide to glycosidic products via a 1,2-orthoester 
intermediate. This proposal is supported by 'H nmr evidence for the presence of 1,2-ortho- 
acetate in Koenigs-Knorr reaction mixtures, and by 1,2-orthoacetate isomerisation to glycoside 
by the conjugate acid of N,N-tetramethylurea. 

JOSEPH BANOUB et DAVID R. BUNDLE. Can. J. Chem. 57.2091 (1979). 
Les trois disaccharides, lactose, cellobiose et maltose sous forme de bromure de glycosyles 

peracetyles ont ete traitts avec le ethoxycarbonyl-8-octanol pour produire les glycosides 
tratzs-1,2. 

Les rtactions conventionelles type Koenigs-Knorr et conditions d'Helferich ont produit ces 
glycosides, dans des pauvres rendements, mais la glycosidation en presence du trifluoro- 
methanesulphonate d'argent et la tetramethyluret-N,N conduit aux disaccharides glycosides 
dans des rendements de 50-60%. L'utilisation de la trimethylpyridine-2,4,6 comme accepteur 
de proton conduit aux orthoesters-1,2 correspondants dans des rendements de 60-70%. Ces 
orthoesters-1,2 sont rearrangis par le tetrachlorure d'etain pour former les glycosides tratls-1,2. 

L'isolation de I'acetate du ethoxycarbonyl-8-octanol obtenu A partir de l'isomerisation 
catalysee par l'acide de Lewis des orthoesters-1,2 et des reactions de Koenigs-Knorr dans 
lequelles la tetramethyluree-N,N est l'accepteur de proton, est discutt en terme de mechanisme 
de reactions procedant A partir des halogenures de glycosyles pour former les glycosides trans- 
1,2 via les orthoesters-1,2 comme intermediaires. Ceci est verifit par le mise en evidence par 
rmn de 'H  de orthoesters-1,2 dans les melanges obtenus par les rkactions de Koenigs-Knorr et 
par I'isomerisation de orthoacetates-1,2 en glycosides par l'acide conjugte de la tetramethy- 
lurte-N, N. 

Introduction promotor of glycosylation reactions between alco- 

Disaccharide glycosides were required in order to 
investigate serological cross reactions between 
pathogenic bacteria and antibody prepared against 
artificial carbohydrate antigens (1, 2). Previous at- 
tempts to prepare the 1,2-trans-linked glycoside of 
lactose and the alcohol, 8-ethoxycarbonyloctanol 
(the alcohol used to prepare artificial antigens, via 
covalent attachment to proteins (3, 4)) by standard 
Koenigs-Knorr or Helfrich conditions resulted in 
very poor yields (2). Following its initial use by 
Kronzer and Schuerch (5) it has been demonstrated 

- -  - 
hols and glycosyl halides. Consequently it was de- 
cided to prepare the disaccharide glycosides in ques- 
tion by this method. In the course of this work it was 
found that 1,2-orthoacetates are formed exclusively 
when the acceptor is 2,4,6-trimethylpyridine (colli- 
dine), whereas 1,2-trans-glycosides are the major pro- 
duct if the proton acceptor is N,N-tetramethylurea. 'H 
nmr and chemical evidence and a consideration of the 
products of the latter reaction suggest that 1,2- 
orthoacetates are intermediates in Koenigs-Knorr 
reactions of acetylated glycosyl halides. 

independently in two laboratories (6,7) that silver Results 
trifluoromethanesulphonate (triflate), in conjunction 
with an appropriate proton acceptor, is an excellent Gl~cos~la t ion  of 8-ethox~carbon~10ctano1 in di- 

chloromethane with either acetobromolactose (2) 
'NRCC No. 17339. or acetobromocellobiose (1) (8,9) was accomplished 
'MDS Health Group Limited, Rexdale, Ontario. in 60-65x yield by silver triflate, N,N-tetramethyl- 

0008-4042/79/16209 I-07$0 I ,0010 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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n R~&A=O~ + + disaccharide 
AcO OAc O 

heptaacetates 
AcO 

3 R1 = H,  RZ= OAc 
4 R L =  0 A c , R 2 =  H 

+ ROH 

OAc \ B  

1 R1 = H, R Z =  OAc 
2 R 1 =  0 A c , R 2 =  H 

ROH 

\ 
disaccharide 

AcO O + AcOR + 

+ ROH + rnal tose 
heptaacetate 

A c O ~ o ~ o , R  + AcOR + acetates rnal tose 

AcO 

Reaction condition A : silver trifluorornethanesulphonate, collidine in CH2C12 
Reaction condition B: silver trifluoromethanesulphonate, N ,  N-tetrarnethylurea in CHzCIz 

SCHEME 1. Synthesis of cellobiose, lactose, and maltose 1,2-orthoacetates and 8-ethoxycarbonylocty1 glycosides. 

urea promoted Koenigs-Knorr reaction (6). Aceto- 
bromomaltose (7) (8, 9) reacted with 8-ethoxycar- 
bonyloctanol under these conditions to provide 
glycoside (9) in 58% yield. However, when the bron~o 
sugars 1, 2, and 7 were reacted with 8-ethoxycar- 
bonyloctanol in the presence of molar quantities of 
silver triflate and collidine, 60-80% yields of the 
corresponding 1,2-orthoacetates (3, 4, and 8) resulted 
(Scheme 1). Under these latter conditions, which do 
not use the solvent quantities of hindered pyridines 
used in standard literature (10, 1 I) methods of ortho- 
ester synthesis, the only side products were unreacted 
alcohol and a reducing disaccharide heptaacetate. 
Reaction with silver triflate and N,N-tetramethylurea 
(rather than collidine) produced acetylated 8-ethoxy- 
carbonyloctanol, glycoside hexaacetate(s), and re- 
ducing disaccharide hexaacetate in addition to the 
glycoside heptaacetates 5, 6,  and 9. The glycoside 
hexaacetate(s) exhibited tlc mobilities slightly lower 
than the heptaacetyl glycosides 5, 6,  and 9, -and in- 

tegration of 'H nmr spectra indicated the presence 
of  six acetate groups. The disaccharide hexaacetate 
contained no aglycon and from 'H nmr spectra 
clearly contained no acetate at C-1. Although the 
product(s) have been assigned the 3,6,2'3'4'6'-hexa- 
0-acetylglycosyl-glucose structure(s) the 13C nmr 
evidence for this must be considered tentative. Re- 
lated products were obtained from the glycosylation 
reactions conducted with acetobro~nocellobiose (2) . , 
and acetobromolactose (1). 

Similar products to those mentioned above were 
observed when the 1.2-orthoacetates 3, 4. and 8 were , , 

isomerised by acid. This isomerisation was also per- 
formed with stannic tetrachloride (12), which unlike 
the more general conditions (13) performed at ele- 
vated temperatures with Lewis acid or proton catal- 
ysis, proceeds at low temperature without additional 
quantities of alcohol (14) (Scheme 2). Stannic tetra- 
;hloride isomerisation of 1,2-orthoacetates 3, 4, and 
8 to the glycosides 5, 6,  and 9 gave acetylated 
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R ' 
OAcO AcO 

5, CHzCIZ Ac R 2 & O ~ o / '  + 

+ disaccharide acetates 

OAc OAc OAc 
3 R 1 =  H , R Z =  OAc 
4 R1 = OAc, R2 = H 

8 
Suggested mechanism 

5 R1 = H, RZ = OAc 
6 R' = OAc, RZ = H 

+ AcOR + 
,, 

ACO-"\~ 
AcO 

maltose 
acetates 

SCHEME 2. Lewis acid catalysed rearrangement of a-D-disaccharide 1,2-orthoacetate to 8-ethoxycarbonyloctyl-p-D- 
glycosides. 

8-ethoxycarbonyloctanol, glycoside hexaacetates, and 
reducing disaccharide hexaacetates. This product 
distribution is also reported for the single-step syn- 
thesis of the 1,2-tratzs-glycosides 5,6, and 9 from the 
corresponding1,2-trans-disaccharide octaacetates (I S), 
a process known to occur via a 1,2-acetoxonium 
intermediate (16). 

The presence in Koenigs-Knorr reaction mixtures 
of acetylated aglycon is consistent with 1,2-ortho- 
acetate intermediates during such reactions and 
therefore attempts were made to isomerise ortho- 
acetates under these conditions. Glycosylations con- 
ducted with silver triflate were observed both in this 
and other work (17) to give a precipitate of silver 
halide at temperatures between -40 and -30°C. 
Since the net result of halide abstraction and attack 
of alcohol on an acetoxonium ion is formation of 
the conjugate acid of either N,N-tetramethylurea or 
collidine, it was of interest to examine the effect of 
these acids on 1,2-orthoacetates at low temperatures. 
A crystalline orthoacetate available from other work 
(17), 3,4-di-0-benzyl-P-L-rhamnose 1,2-(methyl or- 
thoacetate) was particularly suitable for study by 'H 
nmr, since isomerisation to glycoside would provide 
new signals uncomplicated by other acetate or ethoxy 
signals. This would not have been the case for ortho- 

acetates 3, 4, or 8. Isomerisation with N,N-tetra- 
methylurea - triflic acid (2: 1) did not occur at -70°C 
and only very slowly at -30°C. At - 10°C a molar 
or 0.1 molar equivalent of this acid-base mixture 
gave a near quantitative yield of methyl 2-0-acetyl- 
3,4-di-0-benzyl-a-L-rhamnopyranoside from the 1,2- 
orthoacetate in 3 h. At 20°C the same isomerisation 
was complete after 5 min. No isomerisation of 1,2- 
orthoacetates was observed after several hours when 
a molar equivalent of triflic acid - collidine 1.02: 1.0 
was added to the rhamnose 1,2-orthoacetate or the 
cellobiose 1,2-orthoacetate (3). 

When a Koenigs-Knorr reaction between tri-0- 
acetyl rhamnopyranosyl bromide and S-ethoxycar- 
bonyloctanol in the presence of silver triflate and 
N,N-tetramethylurea was quenched at -20°C, it 
was possible to observe by 'H nmr of the crude mix- 
ture the presence of glycoside and 1 ,Zorthoacetate in 
approximately equimolar proportions. The complex 
'H nmr spectrum was simplified to that of S-ethoxy- 
carbonyloctyl-tri-0-acetyl-a-L-rhamnoside by addi- 
tion of a catalytic amount of N,N-tetramethylurea - 
triflic acid to the contents of the nmr tube. A similar 
result was obtained when the 1,2-cis-glycosyl halide, 
tetra-0-acetyl-a-D-glucopyranosyl bromide was re- 
acted in the same manner. 
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OAc 
OR 

-&OR + ROAc 

OAc 

SCHEME 3. Possible mechanism for 1,2-orthoacetate intermediates leading to glycosidic products in Koenigs-Knorr 
reactions. 

Discussion 
We have demonstrated that whereas silver triflate, 

N,N-tetramethylurea promotes reaction between 
acetobromo sugars and an alcohol to yield 1,Ztrans- 
glycosides (route B, Scheme I), silver triflate, col- 
lidine yields the isomeric 1,2-orthoacetates (route 
A ,  Scheme 1). Furthermore, the conjugate acid of 
the proton acceptor, which results when alcohol 
reacts with intermediates formed from acetobromo 
sugars, is capable in the case of N,N-tetramethylurea, 
but not collidine, of catalysing the rearrangement of 
1,2-orthoacetate to 1,2-trans-glycoside. 

It is generally accepted (18) that glycosyl halides 

possessing a participating group at C-2 react under 
Koenigs-Knorr conditions to yield initially a 1,2- 
acyloxonium intermediate. The essential elements of 
these processes have been succinctly summarised by 
Lemieux (19) and are abbreviated in Scheme 3. The 
glycosyl halide under the driving force of ring oxygen 
participation forms an oxocarboniuil~-halide ion- 
pair 11. Participation from an acetate at C-2 leads to 
an acetoxonium ion 12. The mechanistic interpreta- 
tion of the steps leading from 12 or 11 to 1,Zortho- 
ester or glycosidic products are numerous (18, 20, 
and references cited therein), as are the empirical 
modifications used to achieve the transformation of 
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glycosyl halide (10) to glycoside (14). The results 
presented in this paper illustrate important aspects 
of these mechanisms and are interpreted on the basis 
of a 1,2-orthoester intermediate. 

Attack of alcohol on the ainbidentate cation 12 
may occur at either the dioxolenium carbon atom, 
leading to 1,2-orthoacetates, or at the anomeric 
centre, leading to 1,2-trans-glycosides. Since the 
nature of the proton acceptors, N,N-tetramethylurea 
or collidine, seems unlikely to influence the site of 
attack when present directly in only molar ratios, the 
different products which result in each case are attri- 
buted to the ability of protonated N,N-tetramethyl- 
urea to isomerise the initially formed 1,2-ortho- 
acetate. Under kinetic control (- 30°C) 1,2-ortho- 
acetates were observed, and isolated, and shown to 
isomerise when exposed to catalytic amounts of pro- 
tonated N,N-tetramethylurea. Protonated collidine 
was demonstrated to be incapable of catalysing the 
same isomerisation even when present in molar pro- 
portion. The observation of acetylated alcohol 
(8-ethoxycarbonyloctanol), a frequently observed 
side product of Koenigs-Knorr reactions (2, 21, 22), 
is most convincingly explained via a I ,2-orthoacetate 
intermediate (cf. ref. 18). 

We propose, therefore, that acetylated glycosyl 
halides react under Koenigs-Knorr conditions via 
1,2-orthoacetate intermediates, which isomerise under 
proton or Lewis acid (e.g., in the case of mercuric 
cyanide promoted glycosylations) catalysis to yield 
the thermodynamic product, 1,2-trans-glycosides. A 
schematic representation of this argument is presented 
(Scheme 3) which is based on recent mechanistic 
proposals of Garegg and Kvanstrom (14, 23) for 
proton catalysed I ,2-orthoester isomerisation. In 
brief, the essentials of the three pathways a, b, and c 
are as follows. Protonation via pathway a leads by 
way of an acetoxium ion 12 to glycoside 14. Pathway 
b may result after intramolecular rearrangement of 
15 in ci-glycosides, or alternatively via 17 with loss of 
acetylated alcohol and either ci- or P-glycoside (19) 
formation. The glycosyl cation (18) which results 
from pathway c ultiillately yields a similar product, 
the 2-hydroxy ci- or P-glycoside (19). In the absence 
of sufficient alcohol, 18 may presumably react to give 
products during work-up such as the disaccharide 
hexaacetates observed in these studies (these prod- 
ucts appear to be related to products obtained from 
1,2-orthoesters in acidic methanol (24)). In polar sol- 
vents or at higher temperature (20°C), the direct 
reaction of 11 or 12 to glycoside cannot be excluded. 
However, when the Koenigs-Knorr reaction is per- 
formed at low temperature (-20-0°C) in weakly 
polar solvents, the products of kinetic control, 1,2- 
orthoesters, are formed initially and subsequently 

isomerise or 'break down' to 1,2-trans-glycosides and 
side products. 

The empirical modifications of the Koenigs-Knorr 
reaction are many and varied (see refs. 18, 20) and 
several factors affect the stereochelnical outcome of 
the reaction. Consequently an all embracing mech- 
anism which satisfactorily explains all aspects of 
these reactions is still lacking. However, it has been 
suggested (25) in the more recent literature that 1,2- 
orthoester intermediates enjoy at least transient exis- 
tence in such reactions, and the results reported here 
support this prediction. Irrespective of mechanistic 
aspects, silver triflate - N,N-tetramethylurea pro- 
vides an excellent route to 1,2-trans-linked glycosides 
especially for alcohols which have been shown to be 
unreactive in the more conventional Koenigs-Knorr 
or Helfrich conditions. The use of silver triflate - 
collidine gives excellent yields of the 1,2-orthoace- 
tates of disaccharides, which are sometimes difficult 
to prepare by more conventional routes (10, 11). 

Experimental 
Thin-layer chroniatography was performed with Merck pre- 

coated silica gel 60 F-254 plates, and the detection of corn- 
pounds was achieved by quenching of uv fluorescence and by 
charring after spraying with 5% sulphuric acid in ethanol. 
Silica gel G60 (70-230 mesh) and redistilled solvents were 
used for column chromatography. The loading on all columns 
was 1 :50 unless otherwise indicated. Skellysolve B refers to  
hexane supplied by Getty Refining and Marketing Corn- 
pany, Tulsa, OK. Solvents were purified and dried according 
to standard procedures (26). Processed solutions were dried 
over anhydrous sodium sulphate and solvent was removed at  
bath temperatures 40°C or lower unless otherwise stated. 
Melting points were determined on a Fisher-Johns apparatus 
and are uncorrected. Optical rotations were measured at 589 
nm in a 1 dm cell at rooni temperature (20-23°C). Carbon-13 
and 'H nnir spectra were recorded at 20 and 79.9 MHz respec- 
tively in the pulsed Fourier transform mode on a Varian 
CFT-20 spectrometer. Proton chemical shifts are expressed 
relative to 1% tetramethylsilane (TMS) in deuteriochloroforrn. 
Carbon-13 shifts are expressed relative to internal TMS in 
deuteriochloroform. 

3,6-Di-0-acetyl-4-0- ( te t ra -O-ncety l -~-~-g / r tcop~~rn~~osy l )  - 
a-D-ghtcopyrar~ose 1,2-(8-Ethoxycnrbor1)~/oc1y/ 
Orthoacetate) (3) 

A solution of 8-ethoxycarbonyloctanol (1.61 g, 8 rnmol) in 
15 mL of dry dichloromethane containing silver triflate (2.57 
g, 10 mmol) and collidine (1.21 g, 10 mmol) was cooled to  
- 40°C. Hepta-0-acetyl a-D-cellobiosyl bromide (1) (6.4 g,  
9.15 mniol) (8) in 30 mL of dichloromethane was added drop- 
wise with stirring. After 30 min at -40°C the reaction tem- 
perature was allowed to reach 20°C and the reaction was left 
for 3 h at rooni temperature. The reaction mixture was filtered 
through charcoal and Celite and the filtrate was washed with 
3% hydrochloric acid, saturated sodium bicarbonate, and 
water. After evaporation, 7.4 g of crude syrup was obtained 
and purified by chroniatography on silica gel with the solvent 
mixture, ethyl acetate - Skellysolve B 1 : 1. Pure orthoester 3 
(5.8 g, 78%) crystallised from ether - Skellysolve B, mp 85- 
86"C, [aID + 10.3 (c 1.1, CHCI,); 'H nmr (CDCI,) 6: 1.15- 
1.45 (rn, 15H, -(CH2)6-, CH3-CH,), 1.69 (s, 3H, CH3-C 
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TABLE 1. Lewis acid catalysed rearrangement of 1,2-orthoacetates to 8-ethoxycarbonyloctyl glycosides 

1,2-trans- Yield [aIDz3 in Melting AcO(CHZ)~CO2Et 
1,2-Orthoacetates Glycosides (%I CHCI3 point ("C) (%) 

4 Lactoside 6 60 -2 .4  - 22 
3 Cellobioside 5 68 - 15 91-92 20 
8 Maltoside 9 5 8 55.8 - 20 

errdo), 1.85-2.13 (m, 18H, CH,CO-), 2.25 (t, 2H, CH,CO), 
3.64 (t, 2H, CH,O). 5.59 (d, J,,, = 5.5 HZ, lH, H-1), 3.3-5.5 
(remaining protons). Anal. calcd. for C37H56020: C 54.14, H 
6.88; found: C 54.01, H 6.90. 

3,6- Di-O-nce/~~/-4-0-(/etrn-O-rrcetyl-~-~-galnctopyrnrro.s)~1) - 
a-D-glucopyrnnose 1,2-(8-Et/1o.~)~carbony/octyl Ortlro- 
ncetnte) (4) 

The procedure was similar to that described for 3 except that 
alcohol (5.05 g, 25 mmol) in 30 mL of dichloromethane con- 
taining silver triflate (8.48 g, 32 mmol) and collidine (3.98 mL, 
30 mmol) was reacted with hepta-0-acetyl-a-D-lactosyl bro- 
mide (2) (22.7 g, 32 mmol) (9). After chron~atography (Skelly- 
solve B -ethyl acetate 1 : l), orthoester 4 (12.2 g, 62%) was ob- 
tained as a honlogeneous syrup, [a], = -2.4 (c 3.7, CHCI,); 
RI 0.62, that contained C-CH, endo and exo isomers in the 
ratio 11 :3; 'H nmr (CDCI,) 6 : 1.12-1.42 (m, 15H, -(CH&, 
CH3-CH2), 1.52, 1.69 (S, 3H, enclo and exo CH3-C), 1.96 (s, 
3H, CH,CO), 2.03 (s, 3H, CHSCO), 2.09 (s, 6H, CH3CO), 
2.12 (s, 3H, CH3CO), 2.14 (s, 3H, CHSCO), 2.25 (t, 2H, 
CHZCO), 5.62 (d, JIv2 = 5.1 HZ, IH, H-I), 3.30-5.50 (remain- 
ing protons). 

Pure 4 (1.2 g) was de-0-acetylated in dry methanol (5 mL) 
containing a catalytic amount of sodium methoxide. After 18 h 
amorphous crystals (650 mg) were collected; n ~ p  168-1 70°C 
(recryst.), [a], + 14.3 (c 3.6, methanol). Arrnl. calcd. for 
CZ4H42014.H20:  C 50.34, H 7.75; found: C 50.65, H 7.79. 

3,6- Di-0-rrcetyl-4-0- (tetrn-0-ncetyl-a-D-g/~rcopyr.arrosyI) -a- 
D-gl~icopyrnrrose I,2-(8-Etlrox~~cnrboNy/octyl Ortlro- 
ncetnte) ( 8 )  

Hepta-0-acetyl-a-D-maltosyl bromide 7 (8.8 g, 12.7 mmol) 
(8) was added to a solution of 8-ethoxycarbonyloctanol (2.02 
g, 10 mn~ol) containing silver triflate (3.34 g, 13 mmol) and 
collidine (2.5 mL, 12 mmol) under the conditions described 
for the preparation of orthoester 3. After chromatography of 
the crude syrup (9 g) the orthoester 9 (4.9 g) was obtained as a 
syrup which resisted crystallisation and which by 'H nmr ap- 
peared to be a mixture of isomers CH3-C er7rlo:exo 9:4, [a], 
f6 .8  (c 7.5, CHCI,); IH nmr (CDCI,) 6: 1.12-1.45 (m, 15H, 
-(CH2)6-, CH3CH2), 1.58, 1.72 (s, 3H, eso and errdo 
CH,-C), 1.99-2.15 (m, 18H, CH,CO), 2.27 (t, 2H, CH2CO), 
5.65 (d, J l ,Z = 5.0 Hz, lH,  H-1), 3.40-5.60 (remaining pro- 
tons). 

Lervis Acid Renrrnrrge/rren/ of I,2-Ortlroncetotes3, 4, ancl9 to 
I,2-trans-Glycosidcs 

Gerrernl Procerl~rre 
Lewis acid, stannic tetrachloride (0.01 mL, 0.1 mmol) was 

added to a cooled solution of 1,2-orthoacetate (1 mmol) in 
dry dichloromethane 10 mL. The reaction temperature was 
maintained at - 10°C for 30 min and the mixture was then 
poured into 10 mL of saturated sodium bicarbonate solution. 
Extraction with 20mL of dichloron~ethane followed by 
washing of the organic phase provided crude glycosides 5, 6, 
or 9 after the usual work-up. Chromatography on silica gel 
with the solvent ethyl acetate - Skellysolve B I : 1 yielded pure 
glycosides and the acetate of 8-ethoxycarbonyloctanol (Table 
1). The 'H  nmr data for glycosides 5, 6, and 9 were exactly as 
reported later in this section. Acetylated 8-ethoxycarbonyl- 

octanol gave the expected nmr spectrum; 'H nmr (CDCI,) 6: 
1.23 (t, 3H, 0CHzCH3), 0.9-1.60 (b m, 12H, -(CH2)6-), 
2.03 (s, 3H, CH,CO), 2.26 (t, 2H, CH2CO), 4.49 (t, 2H, 
0CH2),  4.59 (q, 2H, OCHZCH,). 

Formntiorr of 8-E/Aosycnr.bor~yloctyl Glycosirles Usirrg Silver. 
Trifite nnd N,N-Te/rnnret/~ylurec~ 

8-Etl~o,~ycnrbor~loctyl2,3,6-Tri-0-nce/~~/-4-0-(tetrn-O- 
acety/-~-~-g/ucopy,'nnosy/)-~-~-g/rrcopyr.nnoside (5) 

A solution of 8-ethoxycarbonyloctanol(1.01 g, 5 nlnlol) and 
N,N-tetramethylurea (0.6 mL, 5 nlmol) in 10 mL of dry di- 
chloromethane containing silver triflate (1.03 g, 4 mmol) was 
cooled to -40°C. Hepta-0-acetyl-a-D-cellobiosyl, bromide (1) 
(2.8 g, 4 mmol) (8) in dry dichloromethane (20 mL) was added 
dropwise over 15 min. After 30 min at -40°C the cooling bath 
was allowed to warm to 20°C and the mixture was left for a 
further 3 h. The suspension was filtered through a pad of 
Celite and charcoal and the solids were washed with dichloro- 
methane (50 mL). The filtrate was extracted with saturated 
sodium bicarbonate and water. After concentration of the 
dried solution the crude syrup was purified by column chroma- 
tography and crystallised from ether, yield 2.23 g, 68%; mp. 
91-92"C, [a], - 15 (c 1.0, CHCI,); 'H  nmr (CDCI,) 6: 1.1- 
1.7 (m, 15H, -(CH&,-, CH,CH,), 2.11 (m, 21H, CH,CO), 
2.24 (t, 2H, CH2CO), 3.35-5.55 (remaining 18 protons). Arml. 
calcd. for C37H56020: C 54.14, H 6.88; found: C 53.96, H 
6.92. Elution of the column after the glycoside was obtained 
yielded components with ' H  and I3C nmr consistent with 
disaccharide hexaacetates. 

8-E/hox~~cnrbonylo~yl2,3,6-Tri-O-nce/~~l-4-0- (te11.n-0- 
ncet)~/-~-~-gn/flctopyr.~~~rosy/)-~-~-g/ucop)'ronosir/e (6) 

The reaction was carried out on a 4 mmol scale as described 
for glycoside 5 using hepta-0-acetyl-a-D-lactosyl bromide (2) 
(9). Column chronlatography gave 6 as a pure syrup (2.03 g), 
62%; [a], - 11.2 (c 2.0, CHCI,); lH nmr (CDCI,) 6: 1 .lo- 
1.80 (m, 15H, -(CH,),-, CH,CH,), 1.93, 2.02, 2.05, 2.07 (s, 
21H, CH,CO), 2.26 (t, 2H, CH2CO), 3.25-5.55 (remaining 18 
protons). 

In addition, acetylated 8-ethoxycarbonyloctanol was iso- 
lated in 20% yield together with a lactose hexaacetate whose 
I3C nmr gave C-l(a) 90.0, C-1(B) 95.1, and C-l'(p) 101.0, 
which is consistent with a reducing. disaccharide hexaacetate 
lacking an acetate at C-2. 

8-Etlroxycnrbonyloc/yl2,3,6-Tr.i-O-ncet~~l-4-0-(tetm-O- 
acetyl-a-D-glrrcop)~rnr~osyl) -a-D-gl~icop~~rnnoside (9) 

The bromide 7 (4 mmol) (8) was reacted with 8-ethoxycar- 
bonyloctanol in the manner described for glycoside 5. The 
glycoside 9 (1.93 g) crystallised from ether and Skellysolve B, 
mp 63-64"C, [a], 39.1 (c 1.0, CHCI,); ' H  nmr (CDCI,) 6: 
1.10-1.80 (m, 15H, -(CHZ)~-, CH3CH2), 1.97, 2.00, 2.02, 
2.06, 2.10 (s, 21H, CH,CO), 2.25 (t, 2H, CHZCO), 3.25-5.55 
(remaining 18 protons). Arrnl. calcd. for C37H560ZO: C 54.14, 
H 6.88; found: C 53.96, H 6.92. 

In addition, a compound with the properties of a hexa- 
acetate was isolated by continued elution after 9 had been 
eluted from the silica colunln. The 13C nmr showed no aglycon 
signals and anomeric signals C-l'(a) 95.5, C-l(p) 94.8, and 
C-](a) 89.8 ppm. Thc intensity of these signals were respec- 
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tively 8:5:3; 'H nmr gave acetate signals and ring protons With collidine - triflic acid the two C-CH, (eso and erlclo) 
only in the ratio 18: 16. signals at  6 1.61 and 6 1.69 remained unchanged after 4 h. 

Observatior~ of 1,2-Ortl1oester lnfern~erliafes by H Nriclear 
Magnetic Resor~mlce 

8-Ethoxycarbonyloctanol (600 mg, 3 mmol) was dissolved 
in dry dichloromethane (7 mL) containing silver triflate (770 
mg, 3 mmol) and N,N-tetramethylurea (0.72 mL, 6 mn~ol). 
The mixture was cooled to -40°C and 3 mL of a dichloro- 
methane solution containing 2,3,4-tri-0-acetyl-u-L-rhamno- 
pyranosyl bromide (1.02 g, 2.89 mmol) (16) was added drop- 
wise over 15 min. The reacrion was maintained between -20 
and -30°C for 3 h and a mixture of water (1 mL) and triethyl- 
amine (1 mL) were added to quench the reaction. The reaction 
was poured into dichloromethane (10 mL), filtered through a 
pad of Celite, and then washed with sodium bicarbonate and 
water. After drying the syrup under high vacuum the lH  nrnr 
was recorded; 'H nrnr (CDCI,) 6: 1.08-1.50 (m, -CH2),-, 
CH3CH2, H-6) 1.64 (s, erirlo CH3C), 1.90 (s, CH,CO) 1.97 (b s, 
CH3CO), 2.03 (b S, CH3CO). 

To the nrnr tube containing the crude syrup, one drop of a 
solution containing N,N-tetramethylurea - triflic acid 2: 1 
(the solution was 1 M with respect to acid) was added and the 
'H nmr was rerun. The orthoester C-CH, peak 6 1.64 was no 
longer evident and the multiplet complex due to acetate signals 
had simplified to 3 singlets. The chen~ical shifts of these signals 
were identical to those obtained with an authentic sample 
of 8-ethoxycarbonyloctyl 2,3,4-tri-0-acetyl-a-L-rhamnopyrano- 
side (27); 'H nrnr (CDCI,) 6:  1.08-1.80 (m, -(CH2),-, 
CH3CH2, H-6) 1.94 (s, CH3CO), 2.00 (s, CH,CO), 2.10 (s, 
CH3CO), 2.25 (t, CH,CO), 3.30-5.50 (remaining protons). 

Renction of 1,2-Ortl~oesfers ~vith N, N-Tetrntt~efl~~~liirco/ 
Collidine- Trific Acid 

The orthoacetate, 3,4-di-0-benzyl-p-L-rhan~nose-l,2-(methyl 
orthoacetate) (I mmol) in dichloromethane (5 mL) was reacted 
with I mL of N,N-tetramethylurea - triflic acid 2: 1 (the solu- 
tion made up in dichloromethane was 1 M with respect to 
triflic acid) at room temperature. After 5 min tlc (Skellysolve 
B -ethyl acetate 3: 1) showed complete reaction to the corre- 
sponding glycoside. The reaction was repeated on a small scale 
in a nnir tube using deuteriochloroform as solvent. The 
glycoside, methyl 2-0-acetyl-3,4-di-0-benzyl-a-L-rhamnopy- 
ranoside, had 'H  nrnr (CDCI,) 6: 1.38 (d, J,,, = 6.0 Hz, 3H, 
H-6), 2.17 (s, 3H, CH,CO), 3.37 (s, 3H, OCH,), 3.88 (d d, 
J,,, = 4Hz,  J,,, = IOHz, lH ,  H-3), 5.32 (d d, J,,, = ?Hz ,  
J2,3 = 4 HZ, lH ,  H-2), 7.34 (b S, 10H, +CHz), 3.35-5.00 
(remaining protons). Isomerisation of 1,2-orthoacetate to 
glycoside was essentially quantitative. 

The experiment described above was repeated with 0.1 mmol 
of N,N-tetramethylurea triflic acid with similar results. When 
this was repeated at - 10°C the reaction took 3 h to reach 
completion. At -70 and -30°C no detectable rearrangement 
had occurred after 4 h. In these instances reactions were 
quenched with excess triethylamine. 

The rhamnose orthoacetate (1 mmol) was reacted with 
1 mrnol of collidine - triflic acid 1 : I (I M in dichloromethane) 
for 4 h at room temperature. After this period tlc showed only 
starting material, which was confirmed by a similar experiment 
performed in a nrnr tube. The nrnr parameters for the 3,4-di- 
0-benzyl-a-L-rhamnose-1,2-(methyl orthoacetate) were 'H 
nrnr (CDCI,) 6: 1.31 (d, J5,, = 5.8 HZ, 3H, H-6), 1.73 (s, 3H, 
CH,CO), 3.29 (s, 3H, OCH,), 3.27-3.79 (m, 3H, H-3, H-4, 
H-5), 4.40 (d d J Z , ,  = 3.7 HZ, J lVz = 2.4 HZ, lH ,  H-2), 4.58- 
5.02 (m, 4H, +CHZ), 5.28 (d, J I , ,  = 2.4 Hz, lH,  H-I), 7.34 
(b S, 10H, (bCH2). 

The cellobiose 1,2-orthoacetate was treated with N,N-tetra- 
methylurea - triflic acid 2: 1 and also collidine - triflic acid 
1 : 1.02 in the manner described for the rhamnose orthoacetate. 

N,N-~etramethylurea - triflic acid caused these signals to dis- 
appear after 5 min at room temperature. In addition the H-1 
doublet 6 JI,, = 5 Hz also disappeared indicating reaction of 
the orthoester. 
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D. R. ARNOLD and P. C. WONG. Can. J. Chem. 57.2098(1979). 
The oxidation potentials of cis- and trans-1,2-diphenylcyclopropane (1) and cis- and tr~ttrs- 

2,3-diphenyloxirane (2) have been determined by cyclic voltammetry, spectroscopically (using 
an empirical correlation of the long wavelength transition of the charge-transfer complexes 
with tetracyanoethylene) and by using an empirical correlation based upon the gas phase 
ionization potentials measured by photoelectron spectroscopy. The values obtained by these 
three very different techniques agree to within k0.15 V. The results are interpreted in terms 
of the initial formation of the phenyl radical cation with the three-membered ring intact. 
The higher oxidation potentials of cis- and trarrs-2, relative to those of cis- and trans-1, are 
attributed to inductive electron withdrawal from the phenyl group by the oxygen of the 
oxirane ring. The relevance of these results to the photosensitized (electron transfer) be- 
haviour of these compounds is discussed. 

D. R. ARNOLD et P. C. WONG. Can. J.  Chem. 57.2098 (1979). 
Faisant appel a de la voltametrie cyclique, on a determine les potentiels d'oxydation des 

diphtnyl-1,2 cyclopropanes-cis et -fran.s (1) et des diphenyls-2,3 oxiranne-cis et -1ror1s (2) en 
utilisant une correlation empirique de la transition a la grande longueur d'onde des complexes 
de transfert de charge avec le tetracyanoethylene et en utilisant une correlation empirique 
basee sur les potentiels d'ionisation en phase gazeuse tels que mesures par spectroscopie 
photoelectronique. Les valeurs obtenues par ces trois techniques tres diffkrentes ne different 
que par k0.15 V. On interprete les resultats en termes de la formation initiale d'un radical 
cation phenyle avec le cycle a trois chainons intact. On attribue le fait que les potentiels 
d'oxydation des produits 2-cis et trans sont plus Clevis que ceux des produits 1-cis et trails 
a une electro-attraction par I'oxygene du cycle oxiranne qui retire des electrons du phinyle. On 
discute de la relation entre ces resultats et leur comportement photosensibilise (transfert 
d'electron). 

[Traduit par le journal] 

Introduction studies confirmed the involvement of the sensitizer 

we have recently reported the pho to sens~ t~ze~  singlet and gave a further indication of the sen- 

(electron transfer) cis-trans isomerization of 1,2-di- sitizer-quencher specificity. The fluorescence Of 

phenylcyc~opropane (I) (la) and 2,3-diphenyloxirane "as quenched by both trans-1 and trans-2, the 

(2) (2). The key step in the mechanism we proposed for fluorescence Of 33 which was quenched by trans-1, 

these reactions involves electron transfer from the "Ot quenched by trans-2. The 
phenyl ring of the cyc~opropane or oxirane to the measured fluorescence quenching rate constants are 

sensitizer singlet excited state. Ring-opened inter- summarized in 
mediates resulting from cleavage of the cycle- TO account for these results we proposed that the 

propane or oxirane radical cation, followed by back electron transfer step, involving 2 and the excited 
electron transfer, and subsequent reclosure of the State Of 3, Was uniquely inefficient in this series. w e  
ring allow for the isomerization. We were particularly supported this with an estimate Of the 

surprised by the observation that both 1-cyano- free-energy (AG) for the electron transfer process 

naphthalene (3) and 1 ,4-dicyanonaphthalene (4) were which was based upon the Weller equation 

sensitizers for the cyc.opropane isomeriza- electron transfer from 2 to the singlet excited state of 

tion; however, while the oxirane isomerization could 3 is not favorable. Application of the Weller equation 

be sensitized by 4, 3 was ineffective. P ~ o t o p ~ y s ~ c a l  required measurement of the oxidation potentials 
(E,,,"") of 1 and 2. These we obtained by cyclic 

'Contribution No. 213 from the Photochemistry Unit. This voltammetry. However, analysis of the cyclic 
article is dedicated to Professor E. Havinga, on the occasion voltammagrams indicated that the anodic 
of his 70th birthday (May 7, 1979). 

'Address correspondence to this author, Department of 
electron transfer processes were irreversible, and 

Chemistry, Dalhousie University, Halifax, N.S., Canada therefore the measured oxidation potentials do not 
B3H 453. have thermodynamic significance. 

0008-4042/79/162098-05$0 1 .OO/O 
@ 1979 National Research Council of CanadalConseil national de I-echerches du Canada 
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A R N O L D  A N D  W O N G  2099 

TABLE 1. Measured fluorescence quenching rate constants and 
calculated free energy for the electron transfer processes 
between the singlet excited states of 1-cyanonaphthalene (3) 
and 1,4-dicyanonaphthalene (4) and trolls-1,2-diphenylcyclo- 

propane (trat~s-1) and trcitis-2,3-diphenyloxirane (tratls-2) 

Fluorescer Quencher k ,  (s- ' M -  ') AG (kcal mol- I)" 

OUsing the Weller equation AG = 23.06[E(D/D+), - E(A/A-), - 
e O 2 / ~ a l  - A L E , ,  (kcal mol-'1, ref. 3. The redox potentials employed are: 
E,,20a for lru~!.s-'l (1.2 V), fru~tr-2 (1.8 V) and E,,,rcd for 3 (-2.33 V) (ref. 40) 
and  4 (-1.67 V) (ref. 4u) vs. Ag/AgNO, in  acetonilrile. The Coulombic 
altraction term is - 1.3 kcal mo!-' while the singlet energy of the acceptors 
are 3 (89.4 kcal mol-'1 (ref. 40) and 4 (86.4 kcal mol-') (ref. 4rr). 

bRef. 2. 

Unfortunately, it is not unusual for the interesting 
electron transfer Drocesses to  be irreversible at  the 
electrode; nevertheless, potentials based upon such 
data have been used and in fact seem to give meaning- 
ful correlations (1, 2, 4). 

In view of the growing importance of the Weller 
equation, and similar semi-empirical treatments for 
the correlation of photophysical and photochemical 
behaviour which involves electron transfer Drocesses. 
it is becoming increasingly desirable to have some 
convenient method for obtaining meaningful oxida- - 

tion potentials. 
We report here the comparison of the oxidation 

potentials of 1 (cis- and trans-) and 2 (cis- and trans-) 
determined by three very different techniques; (1) 
cyclic voltammetry, where the electron transfer 
processes are not reversible; (2) spectroscopically, 
using an empirical correlation of the long wavelength 
transitions of the charge-transfer complexes with 
tetracyanoethylene (TCNE); and (3) using an 
empirical correlation based upon the gas phase ion- 
ization potentials measured by photoelectron spectro- 
scopy. We found acceptable (f 0.15 V) agreement 
between the oxidation potentials of these four com- 
pounds using these three methods which, therefore, 
gives us confidence that the data are meaningful. 
There are advantages and disadvantages for each of 
these techniques. 

Cyclic voltammetry provides the best in accuracy 
among these methods; however, coinplication does 
arise when the oxidation process is irreversible. 
Charge-transfer complex measurement provides the 
simplest method in obtaining reversible oxidation 
potentials, but the accuracy is hampered by un- 
certainty in determining the maximum of a broad 
structureless absorption band and sometimes further 
coinplicated in cases of overlapping bands. There 
has been a dramatic improvement in instrumentation 
for photoelectron spectroscopy over the past decade; 

however, on our instrument it is still difficult to get 
good resolution for large non-volatile molecules. 
Furthermore, the estimate of oxidation potential is 
very sensitive to  relatively small error in deter- 
mining the peak position. 

Results and Discussion 
The cyclic voltammagrams of all four compounds, 

1 (cis and trans) and 2 (cis and trans), measured in 
acetonitrile solution using a platinum working 
electrode and a Ag/AgNO, (0.1 M) reference elec- 
trode, were typical of irreversible oxidative electron 
transfer. No reduction wave was observed upon 
scanning the voltage from 0 to -2.2 V which is the 
practical limit of this solvent-electrolyte system. The 
oxidation potentials were estimated as 0.03 V 
less than the peak position of the volta~nmagrams 
using a 100 mV/s sweep rate. These results are 
summarized in Table 2. 

Pysch and Yang have shown that a linear relation- 
ship exists between the absorption energy of the 
charge-transfer complex (AEcT) and the oxidation 
potential for a series of aromatic electron 
donors with 2,4,7-trinitrofluorei~one-9 as the electron 
acceptor (6a). They established the empirical re- 
lationship 

E,lZ0" = AEo + AEsolv + constant 

where the difference in the solvation term (AEsol,) is 
assumed to be constant with a given electron ac- 
ceptor (6). The absorption energy of the charge- 
transfer complex (AEcT) is taken as the maximum 
of the long wavelength charge-transfer transition. 

The charge-transfer transition of the complex 
between 2 with trinitrofluorenone would be partially 
obscured by the long wavelength absorption tail of 
the acceptor; so tetracyanoethylene was chosen as 
the acceptor in this study. Solutions (methylene 
chloride) of all four compounds and the strong 
electron acceptor tetracyanoethylene were visibly 
coloured due to the charge-transfer transitions. The 
visible spectra of these solutions had, in the case 
of both cis- and trans-1, two obvious, broad, struc- 
tureless maxima. These overlapping bands were re- 
solved by using a Gaussian-Lorentzian curve 
fitting computer program. Only one long wavelength 
maximum was observed in the visible spectra of 
solutions of both cis- and trans-2 under these con- 
ditions. The positions of the maximum of these 
transitions are listed in Table 2. Solutions (methylene 
chloride) of 1 and 2 with dichloromaleic anhydride 
(another common acceptor) had absorption at  long 
wavelength due to the charge-transfer complexes, 
but no  distance maximum could be observed. The 
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TABLE 2. Half-wave oxidation potentials of 1 and 2 determined by various ~iiethods 

AECT (kKIb IP  (ev)' 
Compound E I I Z ' ~  (V)" (estimated E,/,OX (V)) (estimated ELI,"" (V)) 

"Refers to AgiAgNO, (0.1 M) electrode in acetonitrile. 
bwith TCNE as the acceptor In methylene chloride solution. 
CFirst vertical IP. 
"The reported value is 1.09 V vs. Ag/AgNO, electrode. See ref. 5. 
'The previous reported values are 1.9 V and 1.8 V for trafrs-2 and cis-2, respeclively. See ref. 2 

TABLE 3. Charge-transfer complex absorption of the donors 
with dichloronialeic anhydride (DCMA) 

Compound Expected h,,,," (nm) Onset of absorptionb (nm) 

'Estimated from values of AEC, and  El,?"' as given in  refs. 8. 9. 
hValues obtained from uv-vis~ble spectra of the donors (55 mM) plus 

DCMA (18 mM) in methylene chloride. 

approximate onset of the long wavelength absorp- 
tions and the positions (calculated) of the charge- 
transfer maxima are listed in Table 3. 

Fortunately, there has been a sufficient number of 
maxima for the charge-transfer transitions of various 
donors complexed with TCNE reported in the 
literature. We summarize these data, along with the 
reliable oxidation potentials of the donors, in 
Table 4. The plot of these data, shown in Fig. 1, has 
the expected linear relationship represented by [l]. 

From [ I ]  and the observed maximum of the long 
wavelength transition of the charge-transfer complex 
between cis- and trans-1 and cis- and trans-2 with 
TCNE, estimates of the oxidation potentials were ob- 
tained. These are listed in Table 2. 

The results from the photoelectron spectra (Fig. 2) 
of cis- and trans-1 and cis- and trans3 are sum- 
marized in Table 5. The first (i.e., lowest energy) 
distinct peak is sharp for all four compounds. This 
transition can be assigned to the lowest vertical 
ionization potential (IP) associated with removal of 
a n-electron of a phenyl ring. Several additional 
bands are observed below ca. 11 eV which can be 
attributed to ionization of lower-lying n-electrons. 
Near 11 eV there is a steep onset of a broad, struc- 
tured plateau which represents unresolved ioniza- 
tions from closely spaced o (and perhaps n) orbitals. 

The oxiranes show an additional feature, a 
doublet peak near 10.4 eV, which we attribute to 
ionization from the lone pair electrons on oxygen. 
The comparable transitions are observed near 
10.57 eV in the photoelectron spectra of the parent 

FIG. 1. The absorption energy of the charge-transfer com- 
plex (AEcT) with TCNE as acceptor vs. the half-wave oxida- 
tion potentials of the donors. 

TABLE 4. Charge-transfer absorption energy (AEcT) with 
tetracyanoethylene (TCNE) and half-wave oxidation potential 

(El l zo ' )  of various donors 

Donor AECT (kKY EljzoX (VIb 

1 Benzene 25.8 2.04 
2 Toluene 24.2 1.96 
3 IIZ-Xylene 22.8 1.60 
4 o-Xylene 22.8 1.58 
5 Mesitylene 21.4 1.55 
6 p-Xylene 21.4 1.54 
7 Durene 20.8 1.43 
8 Triphenylene 18.0' 1.35 
9 Naphthalene 18.2 1.34 

10 Pentamethylbenzene 19.2 1.28 
11 Fluorene 17.7' 1.25 
12 Phenanthracene 18.5 1.23 
13 Hexamethylbenzene 18.4 1.20 
14 Chrysene 15.9' 1.13 
15 Benzo [nlanthracene 13.9" 0.92 
16 Pyrene 13.7 0.86 
17 Anthracene 13.2' 0.84 
18 Benzo [nlpyrene 12.2" 0.76 

"The common acceptor is TCNE in  methylene chloride solution unless 
otherwise mentioned. Values taken from ref. 10. 

bValues taken from ref. 9 refer to Ag/AgCIO, reference electrode i n  
acetonitrile (corrected to the Ag/AgN03 system by subtracting 0.05 V). 

=Solvent was carbon tetrachloride. 
*Solvent was chloroform. 
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ARNOLD A N D  WONG 

molecule, ethylene oxide (7a), and a doublet at ca. 
10.5 eV for the phenyloxirane (7b). 

The expression which relates gas phase ionization 
potential with the oxidation potential in solution is 
given in [2] (6b). This can be simplified to [3] (6) 
if all the terms on the right, except the ionization 
potential, are either relatively small or constant. 

TAS RT 
[2] E!/20X = R I P  + AEsolv - PEA - -- - 

F F 

x in*+ constant 
F'RD, 

The reported values for the constants a and b in 
[3] vary to some extent depending on the choice of 
compounds included. The most extensive study has 
been reported by Miller and co-workers (9) where 
a = 0.89 and b = -6.04. When these values are 
used, along with the first vertical ionization po- 
tentials of cis- and trans-l and cis- and trans-2, in 
[3], the oxidation potentials listed in Table 2 were 
obtained. 

The agreement between the oxidation potentials of 
cis- and trans-1 and cis- and trans-2, obtained by 
the three techniques (Table 2) is remarkably good 
considering the experimental limitations and the 
empirical treatment of the data. We have very little 
basis for choosing the best values and therefore 
accept the data from the cyclic voltammetric study. I 

> 
The larger oxidation potential of cis- and trans-2, i VI 

relative to cis- and trans-1, can be explained in terms z 
W I- 

of inductive withdrawal of electrons from the phenyl ? 

rings by the more electronegative oxygen of the 
oxirane ring, relative to the methylene group of the 
cyclopropane. 

It seems likely that, in both cases 1 and 2, the 
initially formed radical cations have the ring-closed 
structure which, from the observed chemical be- 
haviour, must subsequently open to the 1,3-radical 
cation (1, 2). If the ring cleavage processes were 
concurrent with oxidation, we would have expected 
that the greater stability of the cr-oxycarbonium ion 
would have been reflected in a lower oxidation 
potential for the oxiranes relative to  the cyclopro- 
panes. 

The oxidation ~otent ia ls  of the cis-isomers are 
(assuming one exceptional determination) slightly 
(<ca.  0.2 V) greater than those of the trans-isomers. 
This is additional evidence against direct formation 
of an identical ring-opened radical cation from both 
configurations, since it is firmly established that the 
trans-isomers are thermodynamically more stable 
than the cis-isomers (1 1). This is consistent with the 

FIG. 2. The 
results of a photoionization and ion cyclotron ~~p~eny~cyc.opro 
resonance study of the parent system ethylene oxide, rane (2). 

4 12 10 8 

IONIZATION POTENTIAL 

otoelectron spectra of cis- and ~ru.arzs-1,2- 
ane (I) and cis- and rra1~~-2,3-diphenyloxi- 
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TABLE 5. Photoelectron peaks 

Conlpound Adiabatic (eV) Vertical (eV) Assignment 
- - 

1st I P  
Lower-lying x 
Lower-lying x 
o or  x onset 

1st I P  
Lower-lying n 
(3 o r  n onset 

1st I P  
Lower-lying x 
Lower-lying x 
n of oxygen 
(3 o r  x onset 

1st I P  
Lower-lying n 
n of oxygen 
(3 or x onset 

where the parent r a d i c a l  ion is  f o r m e d  b y  r e m o v a l  
o f  an e l e c t r o n  which, i n  this case, is  l a r g e l y  loca l ized  
on the o x y g e n  atom (12). 

Conclusions 
The s i m i l a r i t y  i n  the o x i d a t i o n  p o t e n t i a l s  o f  1 (cis 

and t r a n s )  and 2 (cis and t r a n s )  determined b y  these 
three d i f f e r e n t  t e c h n i q u e s  g ives  u s  confidence that the 
v a l u e s  d e t e r m i n e d  b y  cyc l ic  v o l t a r n m e t r y  are usefu l ,  
e v e n  t h o u g h  t h e  a n o d i c  e l e c t r o n  t r a n s f e r  process is  
i r revers ib le .  We m u s t ,  h o w e v e r ,  c a u t i o n  against the 
u s e  o f  t h i s  t y p e  o f  data genera l ly ,  and we e m p h a s i z e  
the u t i l i ty  o f  a n a l y s i s  o f  the CT t r a n s i t i o n  and photo- 
e l e c t r o n  s p e c t r o s c o p y  as a l t e r n a t i v e  t e c h n i q u e s .  

We now h a v e  a d d i t i o n a l  confidence i n  the pro- 
posed e x p l a n a t i o n  that the inefficiency o f  t h e  iso- 
m e r i z a t i o n  o f  cis- and t r a n s - 2  w i t h  3 as a p h o t o -  
sens i t i ze r  i s  the resu l t  o f  the u n f a v o u r a b l e  e l e c t r o i l  
t r a n s f e r  p r o c e s s .  

Experimental 
Methylene chloride (Fischer spectroscopic grade) was dried 

with anhydrous calcium chloride, distilled from phosphorous 
pentoxide, and stored over a 4A molecular sieve. Acetonitrile 
(Aldrich Gold Label) was refluxed over calcium hydride under 
a dry nitrogen atmosphere and  distilled. T h e  stilbene oxides 
were prepared by oxidation of the corresponding stilbene 
with 111-chloroperbenzoic acid in chloroform a t  room tem- 
perature (13). The trans-isomer was purified by recrystalliza- 
tion, first from methyl alcohol and  then twice from cyclo- 
hexane. The cis-isomer was purified by  two recrystallizations 
from hexanes and  was then passed through a column of 
neutral alumina (Fischer) eluting with cyclohexane and  was 
finally recrystallized once more from hexanes. The isomers 
were pure as observed by uv and vapour phase chromatography 
(vpc) (10% SE 30 on  on Chromosorb W 60180, 5 ft at 180°C). 
The  1,2-diphenylcyclopropanes were prepared following the 
method described in the literature (14). They were purified by 
chromatography on  a column of silica gel eluting with hexanes 
and  were then separated by preparative vpc (10% D E G S  on 
Chromosorb W 60180, 6 ft a t  180°C). F o r  uv studies, a final 

purification was performed by passing each isomer through a 
column of neutral alumina eluting with cyclohexane. Dichlo- 
romaleic anhydride was twice vacuum sublimed, recrystallized 
from methylene chloride, and  stored under vacuum. Tetra- 
cyanoethylene was recrystallized twice from chlorobenzene 
and  was then twice vacuum sublimed before use. 

Spectrophotometric measurements were carried out  on  a 
Cary 118 spectrophotometer. All spectra were taken im- 
mediately after the solutions were prepared. N o  reaction 
between any of the donor-acceptor pairs in methylene chloride 
was observed (monitoring with vpc and  thin layer chromatog- 
raphy). The concentration of dichloromaleic anhydride was 
18 m M a n d  tetracyanoethylene was 12 mM.  The  concentration 
of the donors was between 55 and 120 mM. 

The  electrolytic oxidation potential measurements were 
carried out  using a three electrode cyclic voltammetric cell 
with a Princeton Applied Research Electrochemistry System 
model 170. The  working electrode was a platinum wire. The 
reference electrode was Ag/AgN03 (0.1 M )  with 0.1 M tetra- 
ethylamnionium perchlorate, as  the supporting electrolyte, in 
acetonitrile solution. 

Photoelectron spectra were obtained on a McPherson 
ESCA 36 photoelectron spectrometer. The  samples were 
introduced as vapour a t  room temperature and lo-" Torr. The 
He(]) radiation of a He(I1) lamp was employed. 
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Preparation of two metabolites of isometheptene 
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WESLEY G. TAYLOR and RONALD T.  COUTTS. Can.  J.  Chem. 57.2103 (1979). 
trat~s-(E)-2-Methyl-6-methylamino-2-hepten-I-ol (6) and  cis-(Z)-2-methyl-6-methylamino-2- 

hepten-1-01 (13), two in vivo metabolites from the antispasmodic agent isometheptene (2), 
((+)-N,1,5-trimethyl-4-hexenylamine) have been synthesized. In the first synthesis of the 
tratrs isomer, the N-trifluoroacetyl derivative of 2 was oxidized with selenium dioxide in ethanol 
t o  give trat1s-2-methyl-6-N-methyltrifluoroacetamido-2-hepten-l-al (4). Aldehyde (4) was 
converted t o  6 by reaction with sodium borohydride in ethanol. In the second synthesis, 
trans-2-methyl-6-0x0-2-hepten-1-01 ethylene ketal (8) and  cis-2-methyl-6-0x0-2-hepten-1-01 
ethylene ketal (11) were hydrolyzed without isomerization t o  hydroxyketones 9 and  12. Both 
9 and  12  were reductively aminated t o  the desired metabolites, 6 and 13. 

WESLEY G. TAYLOR et RONALD T. COUTTS. Can.  J.  Chem. 57.2103 (1979). 
On a synthetise les methyl-2 methylamino-6 heptene-2 01s-1 t rons-(E)  (6) et cis-(Z) (13), deux 

metabolites in uiuo de I'agent antispasmodique isometheptene (2)trimCthyl-N,1,5 hexenyl- 
amine-4 (k). Dans la premiere synthese de l'isomere tratzs, on oxyde le derive N-trifluoro- 
acetyle de 2 par le bioxyde de selenium dans I'Cthanol afin d'obtenir le methyl-2 N-methyl- 
trifluoro acetamido-6 heptene-2 al-l tratrs (4). O n  transforme I'aldehyde4 en  6 par une reaction 
avec le borohydrure de sodium dans I'ethanol. Dans  la deuxieme synthese, on  hydrolyse sans 
isonieration les tthylenecetals des methyl-2 0x0-6 heptene-2 01-1 trans (8) et cis (11) en 
hydroxycetones9 et 12. La reduction aminante d e 9  et 12  conduit aux mttabolites desires6 et 13. 

[Traduit par le journal] 

Isometheptene (2), an N-methylamine possessing dioxide as a key reagent because of its known ability 
the isobutenyl group, is a drug used in medicine as to oxidize isobutenyl groups at  one of the methyl 
an antispasniodic agent. After oral administration to carbon atoins with traus selectivity (1-4). 
male rats, 2 was recently shown (1) to undergo In method A ,  the starting material, 6-methyl-5- 
allylic monohydroxylation at  each of the methyl 
carbon atoins of the isobutenyl group. One urinary 
metabolite was identified as trans-2-methyl-6-methyl- 
amino-2-hepten-1-01 (6); the other was tentatively 
concluded to be cis-2-methyl-6-methylamino-2-hep- 
ten-1-01 (13). These isomers were detected in rat 
urinary extracts in an approximate ratio of 80% 
(trmls) to 20% (cis). An authentic sample of the tratw 
isomer (6) could not be synthesized for direct com- 
parison with the major rat metabolite of isomethep- 
tene. The N-acetyl derivative of 6 was synthesized, 
however, and was identical (by gas cliromatography 
(gc) and mass spectrometry) to the N-acetylated 
metabolite, but numerous attempts to hydrolyze this 
derivative were unsuccessful. Since it was desirable 
to compare the properties of metabolites 6 and 13 
with those of the parent compound 2, further attempts 
were made to prepare these isomers. Synthetic 
approaches to 6 and 13 are the subject of this paper. 

Two routes to the trmw isomer were explored 
according to Scheme 1. Both routes utilized selenium 

hepten-2-one (1) was converted to 2 using the con- 
ditions of Borch (5). The trifluoroacetyl derivative 
(3) was formed in high yield by reacting 2 with tri- 
fluoroacetic anhydride in the presence of Inethylene 
chloride and pyridine. It was established initially 
that the N-trifluoroacetyl group in 3 could be re- 
moved in methanolic ammonia at room temperature 
and concluded that if 3 could be oxidized at the allylic 
position, the N-protecting group of the expected 
product 5 could be cleaved under similar mild con- 
ditions. This contrasts with the N-acetyl derivative of 
6 which was stable to N-deacetylation even under the 
influence of boiling barium hydroxide (1). 

By reacting 3 with selenium dioxide in refluxing 
ethanol, the desired trifluoroacetyl aldehyde 4 was 
obtained as the major product (gc and mass spectral 
evidence). Crude 4 was reduced with sodium boro- 
hydride in ethanol for 1.5 h and, when the reaction 
mixture was examined by gc, two main components 
were observed. Both were identified by gc and mass 
spectrometry; the compound with the longer reten- 

0008-4042/79/162103-05%0 1.00/0 
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I 68% (from 3) 

tion time was the trifluoroacetyl alcohol, 5, whereas 
the more volatile compound was the desired trans-2- 
methyl-6-methylamino-2-hepten- 1-ol,6. When the re- 
duction reaction was continued for 4-5 h, the quan- 
tity of 6 increased at the expense of 5. Thus, under 
these conditions, not only was the aldehyde function- 
ality of 4 reduced but also the trifluoroacetyl group 
of 5 was removed in a gradual and complete manner. 
The desired product, 6, was isolated in 68% yield 
(from 3). 

Molecular ions in the mass spectra of the tri- 
fluoroacetyl intermediates were either very weak (3 
and 4) or absent (5). However, the appearance of 
prominent fragment ions, occurring at mle 154, 110, 
and 42, were informative and aided in establishing 
the structures. These three ions have previously been 
observed in the mass spectra of related trifluoroacetyl 
compounds (6). 

In the synthesis of 6 by method B, 6-methyl-5- 
hepten-2-one ethylene ketal, 7, was converted to the 
trans olefinic alcohol 8 by reaction with selenium 
dioxide and then sodium borohydride as outlined 
previously (3). Deketalization of 8 in an acidified 

solution of tetrahydrofuran gave hydroxyketone 9 in 
a moderate yield. The introduction of the methyl- 
amino group of 6 was accomplished in 73% yield by 
the Borch procedure (5), which involved reacting 9 
with methylamine and sodium cyanoborohydride 
in methanol solution. 

Although higher yields were generally obtained by 
method A ,  method B was also quite efficient (Scheme 
1). Conversion of 3 to 6 did not require purification 
of 4 and isolation of 5, thus simplifying the method 
A sequence. Conventional purification methods gave 
pure compounds (viz. 2, 3, 7, 8, and 9) but the final 
product from both routes was more difficult to 
purify. Attempts at purification of 6 by salt forma- 
tion (tartrate, mucate, maleate, or hydrochloride) 
were unsuccessful because hydroscopic semi-solids 
or viscous oils formed. The free base was eventually 
purified by column chromatography on silica gel, 
followed by fractional distillation. Pure samples of 6 
from method A and method B had identical nmr 
spectra. The trans stereochemistry of 6 was estab- 
lished by N-acetylation of 6 with acetic anhydride in 
methanol. It was found that the N-acetyl derivatives 
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TAYLOR AND COUTTS 2105 - Wittig 
n H2NCH,, 
0 0 aq.HCI 

77% 45% HO 95% HO I=Lj;HCH3 
10 11 12 13 

SCHEME 2 

were identical with the N-acetyl derivative of 6 that solvent, the C-1 methylene protons in both isomers 
had been previously characterized (1). resonated as singlets at 3.8 and 3.9 ppm, respectively. 

Scheme 2 outlines the synthesis of the cis isomer It is relevant to note that cis and trans hydroxyla- 
(13). Ketal alcohol 11 was obtained from 4-0x0-1- tion of the isobutenyl group of 2 was species de- 
pentanal ethylene ketal (10) by a modification of the pendent. Although rats gave predominantly 6, the 
Wittig reaction that provides cis stereoselectivity (7, cis isomer 13 was the only isomeric alcohol that was 
8) as previously described (3). Ketal alcohol 11 was detected in human urine (10). In the case of pent- 
converted to  aminoalcohol 13 via the hydroxyketone azocine, an analgesic with the isobutenyl group, cis 
12 by the same procedures as outlined for the trans hydroxylation was also found to occur in vivo in 
isomer. The N-acetyl derivative of 13 had the same man (11, 12). 
properties as the mj'nor component in the acetylated 
rat urinary extracts (I). 

A verification of cis stereochemistry for 13, and of 
trans stereochemistry for 6, came from their 13C nmr 
spectra. Of particular interest were the 13C chemical 
shifts for the carbon atom bearing the hydroxyl 
group (C-1). For 13, C-1 resonated at 61.5 ppm 
whereas 6 showed a signal for C-1 a t  68.2 ppm. 
These differences in chemical shifts have permitted 
the assignment of cis or trans stereochemistry to geo- 
metrical isomers of this particular type (1, 2). 

The ' H  nmr spectra of the isomers were also in- 
formative. When 13 was examined in deutero- 
chloroform solution, the methylene protons at C-1 
showed an AB quartet centered at 4.1 m m .  This 

Experimental 
Melting points and boiling points are uncorrected. Infrared 

spectra were taken as liquid films on a Unicam SP 1000 spec- 
trophotometer and on a Perkin Elmer model 137 Infracord 
instrument. 'H  nmr spectra were recorded at ambient tem- 
perature on a Varian EM-360A spectrometer and I3C nmr 
spectra were measured with a Bruker WP-60 instrument with 
tetramethylsilane as the internal standard (6 0). Gas-liquid 
chromatography was performed on Hewlett-Packard models 
5710A and 5838A instruments. The glass column, 1.2 m long 
and 4 mm id, was packed with 5% OV-101 on acid washed - 
DMCS treated Chromosorb 750 and the flow rate (nitrogen) 
was 60 mL/min. Combined gc-ms was performed as described 
before (I) except for compounds 9 and 12, whose spectra were 
recorded (at 70 eV) on a DuPont 21-491 instrument. Elemental 
analyses were obtained from Galbraith Laboratories, 
Knoxville, TN,  and by Dr. C. Daessle, Montreal, P.Q. 

A A 

unexpected nonequivalence contrasted to the ap- Trifluoroacetic anhydride, sodium cyanoborohydride, and 
6-methyl-5-hepten-?-one were purchased from the Aldrich 

pearance of the protons at in Chemical Co. SilicAR cc-7 (200-325 mesh) was obtained from 
which resonated as a two-proton singlet near 4 ppm. ~ ~ l l i ~ ~ k ~ ~ d ~  chemical works, s t .  ~ ~ ~ i ~ ,  MO. 

Examination of molecular models suggested a 
Iso~~letlleptene (2) plausible explanation for the nonequivalence of the This compound was prepared from and as a 

methylene protons at C-1 in the cis isomer. As shown maleate salt by a known (1) method (45% yield of maleate, mp 
by 14, only the cis isomer was capable of adopting 109-110°C) or  by the method of Borch (5). The latter pro- 
an internal hydrogen bonded conformation.- The cedure, using 1 (42.75 g, 0.34 mol), methylamine hydro- 

hydrogen bonded conformer 14 imposes a different chloride (30.38 g, 0.45 mol), potassium hydroxide (7.07 g, 
0.126 mol), and sodium cyanoborohydride (9.55 g, 0.152 mol) 

On the C-l protons because restricted in methanol (350 mL), gave, after adding maleic acid to an 
rotation about the C-1 to oxygen bond. This case is ether solution of the crude free base. 54.7 g (637, yield) of 2 - . 

somewhat analogous to the nmr noneauivalence of maleate, mp 107-108°C. The pure free base was obtainedas an - 
methylene protons adjacent to the oxyien atom of oil (gc retention time at 130°C was 1.0 min) by ether extraction 

certain hindered ethers (9). of a basified aqueous solution of the maleate salt. The  bp of 2 
was 43°C a t  0.3 Torr. 

N-Tri~~~oroacetyl-N-1,5-rrBnetl1yl-4-l1e~enyl1ie (3) 
A solution of 2 (18.0 g, 0.128 mol) in dry methylene chloride 

(400 mL) containing pyridine (20 mL) was cooled to S°C. 
Trifluoroacetic anhydride (40 mL) in methylene chloride (100 
mL) was added dropwise during 30 min. The mixture was 
stirred at room temperature (ca. 20°C) for 3 h. After evapora- 
tion of thesolvent. methanol was added (200 mL). The mixture 

The intramolecular hydrogen bonding argument was stirred and then concentrated on the rotary evaporator. 
Water (150 mL) was added and the pH was adjusted to 4.5 

was On running the 'H nmr spectra with 0.1 N hydrochloric acid. The aqueous layer was extracted 
and 13 in deuterated dimethylsulfoxide. In this polar with ether. Evaporation of the dried (MgS04) organic extract 
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gave 25.6 g (85%) of 3 as a colorless oil. An analytically pure 
sample was obtained by distillation: bp 82°C (1.5 Torr); gc 
retention time (130°C) was 3.1 min; ir: 1695 c m - '  (C=O); 
ms rnle (z relative abundance) [identity]: 237 (0.5) [Mf 1, 
222 (7) [ M  - CH3]+,  168(23), 167(1 l), 154(26) [CH,CH= 
+ + 
N(CH,)COCF,], 140(13), 1 lO(90) [CF,C=N(CH,)] and 
[ M  - CH,NHCOCF3]f, 95(100), 85(15), 69(31) [CF,I+, 

1 

67(21), 42(15) [cH=N(cH,)]. Anal. calcd. for C,  IH18F3NO: 
C 55.68, H 7.64, N 5.90; found: C 55.89, H 7.64, N 5.65. 

The trifluoroacetyl group of 3 was removed (2 was re- 
covered) by stirring 3 in methanol saturated with ammonia gas 
for 4 days in a parafilm-sealed flask. 

trans-2-Me//~yl-6-111e~I~yInt1~ir~o-2-~ten-l-ol (6, Method A) 
To a stirred solution of 3 (23.7 g, 0.1 mol) in 95% ethanol 

(1000 mL) was added selenium dioxide (26.82 g, 0.24 mol) and 
the reaction mixture was heated under reflux for 16 h. After 
leaving overnight at room temperature, the mixture was 
filtered and the orange filtrate was evaporated to near dryness. 
The resulting brown oil was dissolved in ether and washed with 
aqueous sodium bicarbonate solution. The aqueous layer was 
extracted with ether and the combined organic extracts were 
dried (MgSO,). A brown, viscous oil (24.85 g) was obtained 
on evaporation. Gas chromatography at 130°C showed one 
main peak (gc retention time 10.75 min) which was identified 
as 4 by ms: rrlle (% relative abundance) [identity]: 251(0.2) 
[ M t  1, 236(3) [ M  - CH3]+,  182(5), 154(100) [CH3CH= 
L 

N(CH3)COCF3], 124(38) [M - CH3NHCOCF3]+, 1 lO(46) 
+ 

[CF,NCH,], 109(15), 95(10), 69(9) [CF,]+, 42(23) 
+ 

[CH-N(CH,)]. 
Aldehyde 4 (12.4 g) was dissolved in 95% ethanol (200 mL) 

and added dropwise with stirring to a 5°C solution of sodium 
borohydride (6.2 g) in 95% ethanol (600 niL). The solution was 
stirred and an aliquot was removed after 1.5 h (see below). 
After allowing the reaction mixture to approach room tem- 
perature during 4.5 h, the ethanol was removed on the rotary 
evaporator and the resulting yellow semi-solid was dissolved 
in water (250 mL). The pH was adjusted to 12 with sodium 
hydroxide. After extracting exhaustively with ether and 
drying (MgSO,), 5.35 g (68%) of 6 were obtained. This yellow 
oil was identical with 6 isolated in niethod B. 

The aliquot from above was examined by gc and two com- 
ponents were detected in nearly equal amounts. The com- 
ponent with a retention time of 3.2 min (oven temperature 
130°C) was identified by ms as 6. The other component with a 
retention time of 11.6 min was identified a s  trifluoroacetyl 
alcohol 5 by ms: 111le (% relative abundance) [identity]: 

+ 
235(2) [ M  - H 2 0 ] t ,  154(100) [CH3CH=N(CH,)COCF3], 

trans-2-Metl1yl-6-0~0-2-I1ep/e1l-kl (9) 
Using conditions similar to those of Zoretic and Chiang 

(13), 8 (14.81 g) was deketalized at room temperature in the 
presence of tetrahydrofuran (180 mL) and 5.0 N hydrochloric 
acid (60 mL). The mixture was stirred for 11 h, and neutralized 
to pH 7 with solid sodium bicarbonate. The solvent was 
removed on the rotary evaporator and the residue was stirred 
with a saturated solution of sodium chloride. After extracting 
with ether, drying (MgSO,), and evaporating the solvent, the 
crude product was distilled under vacuum. There was obtained 
6.58 g (58.2%) of 9 as a pale yellow liquid. An analytically 
pure sample was obtained by column chromatography 
(silicAR cc-7) eluting with hexane, hexane-ether, and hexane- 

ethyl acetate mixtures: bp 82'C (0.1 Torr); gc retention time 
(120°C) was 3.5 min; ir: 3470 (OH) and 1720 cm- ' (C=O); 
'Hmr (CDCI,) 6: 5.40 (ragged t, IH, C=CH), 4.02 (s, 2H, 
CH20H),  2.17 (s, 3H, CH,), 2.75-1.30 (m, 5H, CH,CH, and 
CH,OH, the latter exchanged with D20) ,  1.68 (s, 3H, 
C=CCH,); ms n ~ l e  (% relative abundance) [identity]: 
142(0.1) [ M t  1, 124(24) [ M  - HzOIt ,  84(24) + [CH2= 

CHCH,COCH,]+, 82(14), 81(15), 43(100) [CH,C=O]. Anal. 
calcd. for C8H1.02: C 67.57, H 9.92; found: C 67.86, H 10.05. 

trans-2-Metl?y1-6-111e/t1yIn111it~o-2-/1epte1-1-o (6, Mctlzod B) 
To a solution of methylanline hydrochloride (3.38 g, 

0.05 mol) and potassiun~ hydroxide (0.785 g, 0.014 mol) in 
methanol (100 mL) was added hydroxyketone 9 (5.698, 
0.04 mol) and the resulting suspension was stirred at room 
temperature for 30 min. Sodium cyanoborohydride (1.07 g, 
0.017 mol) in methanol (30 mL) was added dropwise during 
30 min and the reaction mixture was stirred at room tenipera- 
ture for 19 h. Potassium hydroxide (3.0 g) was added and stir- 
ring was continued until the pellets dissolved. The suspension 
was filtered and the KC1 cake was washed well with methanol. 
After evaporating the filtrate under reduced pressure, the 
resulting oil was stirred with a saturated solution of sodium 
chloride (75 mL). The mixture was extracted with ether, 
washed with water, and the organic extract dried (MgSO,). 
Evaporation of the ether gave 4.6 g (73.1%) of 6. This oil was 
further purified by column chromatography on silicAR cc-7. 
Eluting with hexane-ethyl acetate mixtures and with ethyl 
acetate removed some brown impurities. Further elution with 
ethyl acetate- methanol mixtures and finally with methanol 
gave 6 as a nearly colorless oil. This saniple was further puri- 
fied by distillation: bp 86-88°C (0.2 Torr); gc retention time 
(130°C) was 3.2 min; ir: 3340cm- ' (OH, NH); 'Hmr (CDCI,) 
8:  5.43 (ragged t, I H, C=CH), 4.00 (s, 2H, CH,OH), 2.40 
(s, 3H, NCH,), 1.70 (s, 3H, C=CCH,), 2.90-1.20 (m, 5H, 
CH2CH2, CHCH,), 1.07 (d, 3H, J = 6 Hz, CHCH,); 13Cmr 
(CDCI,) 6 :  68.2 ppm (CH20H);  nis identical to metabolite A 
in ref. I .  A~lal. calcd. for C,H19NO: C 68.74, H 12.18, N 8.91 ; 
found: C 68.58, H 12.38, N 8.95. 

cis-2-Me//1)~l-6-oso-2-lrepte11-l-o/ (12) 
This alcohol was prepared from 11 (7.0 g) by the same pro- 

cedure that gave 9 from 8 except that the time of reaction was 
4 h. After drying and concentrating the organic extracts, there 
was obtained 5.13 g (96%) of 12 as a slightly impure yellow oil. 
An analytically pure sample was obtained by colunin chroma- 
tography on silicAR cc-7, eluting with hexane, hexane-ether, 
and hexane - ethyl acetate: gc retention time (120°C) was 
3.0niin; ir: 3500 (OH) and 1720cm-' (C=O); 'Hmr 
(CDCI,) 8:  5.20 (ragged t, IH,  C=CH), 4.13 (s, 2H, CH,OH), 
2.13 (s, 3H, CH,), 2.75-1.30 (ni, 5H, CH,CH, and CH,OH, 
the latter exchanged with DzO), 1.79 (s, 3H, C=CCH,); ms 
nrle (% relative abundance) [identity] : 142(0.2) [ M t  1, 124(22) 
[ M  - HzO] t ,  84(24) [CH,=CHCH,COCH,]+, A 82(15), 

81(15), 43(100) [cH,c=o]. Atlal. calcd. for C8HI4O2: 
C67.57, H 9.92; found: C67.86, H 10.12. 

cis-2-Metl1yl-6-rt~c~//1yIn111i1~o-2-l~ept1-1-o (13) 
This compound was prepared from 12 (4.98 g, 0.035 mol) by 

the same procedure used to prepare 6 from 9. The product, as 
a brown oil (5.25 g, 95% yield), was purified by silicAR cc-7 
chromatography (as described for 6) and then distilled: bp 
85-89°C (0.3 Torr); gc retention time (130°C) was 3.1 min; 
ir: 3330 cm-I (OH, NH); 'Hnir (CDCI,) 6 :  5.25 (ragged t, 
IH, C=CH), 4.23 and 3.90 (two doublets of an AB quartet, 
J = 12 Hz, 2H, CH,OH), 2.33 (s, 3H, NCH,), 1.80 (s, 3H, 
C=CCH3), 3.10-1.20 (m, 5H, CH,CH,, CHCH,), 1.03 (d, 
J = 6 Hz, 3H, CHCH,); I3Cmr (CDCI,) 6: 61.5 ppni 
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The application of resonant ion ejection to quadrupole ion storage mass spectrometry: a 
study of ion/molecule reactions in the QUISTOR 

MARY ALISON ARMITAGE, JOHN E D W A R D  FULFORD, DUONG-NHU-HOA. 
RICHARD JAMES HUGHES, A N D  RAYMOND EVANS MARCH 

Deprr~.trnent of Cl~enl i s t t .~ .  Trent Urlioersity, P e t ~ ~ ' / ) o r ~ o ~ r g h .  Orct.. Corlodri K9J 7B8 
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MARY ALISON ARMITAGE, JOHN EDWARD FULFORD, DUONG-NHU-HOA, RICHARD JAMES 
HUGHES, and RAYMOND EVANS MARCH. Can. J. Chem. 57, 2 108 (1979). 

Resonant ejection of  ion species from the quadrupole ion store (QUISTOR) is shown to  re- 
veal the coupling of  reactant ions with product ions in ion/molecule reactions studied with the 
QUISTOR - quadrupole mass filter combination. The technique involves the use of selective 
ejection of  a chosen ionic precursor and the simultaneous observation of the perturbations in 
the concentration of product ions. The technique is demonstrated in studies of the ion chem- 
istry and reaction kinetics of two known chemical systems. 

MARY ALISON ARMITAGE, JOHN EDWARD FULFORD, DUONG-NHU-HOA, RICHARD JAMES 
HUGHES et RAYMOND EVANS MARCH. Can. J. Chem. 57, 2 108 ( 1979). 

O n  a montrt  que I'ejection resonante d'especes ioniques par un reservoir d'ions quad- 
rupolaires (QUISTOR) revele le couplage d'ions reactifs avec des ions produits dans des 
reactions ionlmolecule etudiees a I'aide de la combinaison QUISTOR-filtre de masse quad- 
rupolaire. La technique implique I'utilisation d'une ejection selective d'un precurseur ionique 
choisi et I'observation simultanee des perturbations dans la concentration des ions produits. 
O n  a dtmontre la technique dans des etudes de la chimie ionique et de la cinetique rtaction- 
nelle de deux systemes chinliques connus. 

[Traduit par le journal] 

Introduction QUISTOR Resonance Ejection (QRE). In both tech- 

Much of the available information on ion/mole- niques, ions may be selectively excited and ultimately 

cule reactions has been with non-specific ejected from the ion trap by resonant power a b s o r ~ -  

techniques such as high pressure mass spectrometry tion. As the resonant excitation is mass dependent, 

(1) and the flowing afterglow (2). In complex systems the technique be in a fashion similar to 
these methods involve the simultaneous reactions of that ICDR for the mass in 
many ion species, analysis of all the products, and the case of the QUISTOR, is carried out with a 

interpolation of reaction mechanisms. The same is q ~ a d r u p o l e  mass filter rather than a marginal oscil- 

also true of the first studies with the QUISTOR- lator. In this paper we present a demonstration of the 

quadrupole (3-6) Recent interests have "e of QRE as a lneanS of elucidating 

been concerned with techniques which permit the mechanisms and kinetics. 

selection of one reactant ion and elimination of much 
of the speculation that was once necessary. Thus Theory 
tandem mass spectrometers such as the selected ion As has been discussed elsewhere (11, 12), the equa- 
flow tube (7) are receiving much attention. A recent tions of motion for ions in a three dimensional qua- 
communication from this laboratory (8) described drupole field take the general form of the Mathieu 
a selective ion reactor, wherein the QUISTOR-quad- equation 
rupole combination was operated in a tandem mass 
spectrometric mode. [ I ]  d2u/dS2 + (a,, - 2q,, cos 2S)u = 0 

Ion cyclotron resonance mass spectrometry has where 
been used widely for the study of ion/molecule reac- 
tions. The ion cyclotron double resonance (ICDR) [21 " = =' 0' 

technique can be used to  probe specific ion/molecule ,3] qZ = - 2qr = -4  V / m r o z ~ z  
mechanisms by exciting precursor ions with radia- 
tion, and observing perturbations in the product ion [4] a= = -2ar = - 8 e ~ l m r ~ ~ Q ~  
distribution (9, 10). In our current investigations of [51 = 
ion motion in the QUISTOR a technique similar to 
ICDR has been developed and is described as U is the dc voltage, V is the 0-p R F  voltage, m/e is 

0008-4042/79/162 108-06$0 1 .OO/O 
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the mass-to-charge ratio, ro is the radius of the ring 
electrode, and R is the radial frequency of the RF  
voltage. From the general solution of the Mathieu 
equation of motion 

The P value is related to the frequency of the ion 
trajectory and more specifically to the dominant 
secular frequency, o,,: 

[71 o,, = PlIQl2 

The oscillation frequency is mass dependent, i.e. 

181 or, = Pl,Q/2 = (a,, + ql,'/2)'12Q/2 

and in the z direction with a, = 0 (with no dc com- 
ponent) 

[9] oz = (qZ2/2)1i2R/2 = J ~ e ~ / n i r , ~ R  

The iniposition of a low level sinusoidal potential of 
frequency oZ will cause the ion oscillating at this 
frequency to absorb energy and in the limit to be lost 
from the trapping field. This property permits the 
selective resonant ejection of a give11 ion species with- 
out disturbance of the other ions being stored under 
low pressure conditions. The resonant ejection tech- 
nique can be used as a specific probe for ion/mole- 
cule interactions at higher sample pressure. Reso- 
nant perturbation of a precursor ion will be trans- 
mitted through chemical interactions and change the 
relative abundance of product ions. 

Experimental 
The basic apparatus has been described in detail elsewhere 

(5). In the 2-propanol study, a constant pressure of 5.5 x 
Torr was maintained, while in the argonlcarbon dioxide study 
a 7: 1 mixture of argon:carbon dioxide was used at  a total 
pressure of 1 x Torr. Pressures were measured using an 
MKS Baratron gauge. Neutral gas temperatures were esti- 
mated to be approximately 320 K. In the '-propano1 study, 
ion densities within the QUISTOR were estimated from the 
space charge induced perturbation of the secular frequency, 
o;, from the theoretrcal value (11). The average ion density 
after I ms of storage was 3.1 x lo6 ~ m - ~ .  The storage times 
used in this study ranged from 200 us to 10 ms though the 
present practical limitation is 100 ms. The resonance oscillator 
was connected to the repeller endcap (upper end cap electrode 
in Fig. 1) for application of the resonant signal in the z-direc- 
tion. 

The resonant frequency was applied for continuous ejection 
of a particular ion mass and in this manner the ion/molecule 
mechanisms of 2-propanol were probed. The Wavetek Model 
134 sweep generator has the capab~lity to provide a burst of a 
resonant frequency and this technique was used for a kinetic 
study of the argon:carbon dioxide system. The pulse train is 

Vacuum tank Resonance 
Oscillator 

F i l ament ,  \ r-J 

Quadrupole 

RF/DC 

I------ 
Amplif ier w 

Linear  Gate  la 
Scan Delay 

Generator  

FIG. 1.. Schematic diagram of apparatus. 

shown in Fig. 2. The Wavetek generator triggered the creation 
pulse generator which triggered the scan delay generator 
(Brookdeal Ortec 9425A). The trigger pulse from the scan 
delay generator triggered simultaneously the ejection pulse 
generator and the sample-and-hold circuit (Brookdeal Ortec 
Linear Gate 9415). The argon and carbon dioxide were used 
as obtained from Matheson of Canada Ltd. The 2-propanol 
was obtained from Fisher Scientific and degassed by freeze- 
pump-thaw cycles before use. The spectra were not corrected 
for the mass discrimination due to the QUISTOR or quadru- 
ple mass filter. 

Results and Discussion 
The ion chemistry of 2-propanol has been studied 

by Beauchamp et al. (13, 14) using the ion cyclotron 
double resonance technique (ICDR). 

As the 2-propanol system is well documented and 
falls within the convenient mass range of the quad- - -lv p-p 

FIG. 2. Pulse train for pulsed resonant ejection. 
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2110 CAN.  J. CHEM. 

FIG. 4. Spectra of 2-propanol (a) without-and (b) with reso- 
nant ejection of tn/e 61 (o: = 86 kHz), RF-254 Vo-p a t  1.6 
MHz; 4 ms storage time. 

larly the observation in the QUISTOR of m/e 59 may 
be explained by dehydrogenation of excited mle 61 
according to eq. [lo]. 

FIG. 3. Variation in the logarithm of normalized ion abun- 
dances in 2-propanol; 0-10 ms, 300 Vo-p at  1.6 MHz, 5.5 x 

Torr. 

rupole mass filter, 2-propanol was chosen as the 
subject for investigation in the QUISTOR using the 
resonant ion ejection technique (QRE). The ion pro- 
files of 2-propanol are shown in Fig. 3 and a com- 
parison of observations by ICR and the QUISTOR is 
show11 in Table 1. A comparison of the precursor to 
product ion dependencies indicated by ICDR and 
QRE is shown in Table 2. An example of the spectra 
obtained with and without resonant ion ejection by 
QRE is shown in Fig. 4. Upon resonant ejection of 
nzle 61, reduction of the ion signal intensities of mle 
79, 101, 103, 119, and 121 are readily observed. The 
data obtained by ICDR and QRE are remarkably 
similar except for two points: (i) mle 39 was observed 
as a minor component (-4%) in the QRE study but 
was not reported as a persistent ion in the ICDR 
studies. (ii) mle 59 and its associated product ions 
were not reported in the ICDR studies. The ICDR 
work was carried out with ionizing beams of 70 eV 
and 13.5 eV electrons whereas the QRE study used 
nominally 70 eV electrons. 

The m/e 39 ion may originate from a slightly en- 
dothermic pathway which becomes available as a 
result of the small fraction of ions which may be 
stored with energies in excess of thermal (15). Simi- 

The mle 59 ion profile goes through a maximum 
sin~ultaneously with the nz/e 61 ion profile; the mle 
61 ion being formed from nzle 43 (13), mle 45 (a 
reaction which is exothermic by 11 kcal/mol (14)) 
and by proton transfer between mle 59 (protonated 
acetone) and 2-propanol: the proton affinities of 
acetone and 2-propanol being equal (16). 

The regeneration of mle 61 through the intermediacy 
of mle 59 may account for the coupling of both mle 
59 and mle 61 with m/e 101 and mle 119. 

According to the QRE experiments the protonated 
acetone, mle 59, is coupled to mle 79, 103, and 121. 
This may be rationalized in the following manner: 
m/e 61, which is coupled with mle 59 through eq. 
[ l l ] ,  reacts with 2-propanol to form the di-solvated 
proton, m/e 121. 
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A R M I T A G E  E T  A L  

TABLE 1. Ions observed in 2-propanol 

I nle Structure QUISTOR ICR 

Observed 

Observed Observed 

Observed * 

Observed Observed 

Observed 

Observed Observed 

Observed * 
Observed Observed 

Observed * 

Observed 

Observed 

Observed 

Observed 

0 bserved 0 bserved 

0 bscrved * 

Observed 

0 bserved 

0 bservedt 

0 bserved 

0 bserved * 

181 ( (CH~)ZCHOH)~H Observed* 

'Ions observed with electron energy at 13.5 eV (13). 
tobserved as less than 1% of  the total ionization. 

The excited mle 121 species will yield mle 103 by The mle 59 is related also to m/e 101 and 119 by a 
dehydration or mle 79 by loss of the alkene neutral more direct route: 
(13). + 

[14] (CH,)zC=OH + (CH3)zCHOH 

mle 103 + I 

/" 
1(CH3)2C=O-H.,.0CH(CH3)2] tnle 119 

[I301 
H H and with stabilization to produce n ~ l e  119: 

(CH,)2CH0. . H . . . 0CH(CH3)2 H 
[13bl n ~ / e  121 \ I I* 

(CH3)2C=0...H...0CH(CH3)2 + (CH3),CHOH 
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TABLE 2. Reaction sequences observed in 2-propanol. Reactions were identified by the resonance techniques 

Precursor ions Product ions (mle)  observed by 
- 

t?i/e Structure ICDR and QRE QRE ICDR 

or  to lose water and yield mle 101: 

Studies with low energy electrons were not under- 
taken with the QUISTOR. 

A second application of resonant ejection is the 
simplification of kinetic studies by the isolation of 
single reactant ion species. For example, the reso- 
nant ejection technique was applied to  a 7 :  1 argon 
and carbon dioxide mixture for the determination of 
individual rate constants : 

Although partial charge transfer reactions of doubly 
charged ions with neutrals have been investigated 
intensively in beam experiments (17), relatively few 
data are available for partial charge transfer reac- 
tions, such as reactions [18] and [19], in the thermal 
energy region. Resonant ejection of Ar2+ ,  formed by 
electron bombardment, enabled the clear measure- 
ment of k, ,  in the absence of contributions to  the 
Ar+  concentration by reactions [18] and [19]. Pulsed 

resonant ejection was used to  remove Ar+  during the 
study of reactions [18] and [I91 which enhanced the 
sensitivity for measurements of the relatively low 
Ar2+ and C 0 2 +  signals. 

The contribution of reaction [I91 to the decay of 
Ar2+  in reaction [18] was calculated from the value 
obtained for k , ,  and found to  be 3%; this is negli- 
gible in comparison to  the overall uncertainty in k,,. 
The values of rate constants obtained are listed in 
Table 3 together with values determined by other 
techniques. The values are in broad agreement except 
k , ,  which was larger under the conditions of this 
study in comparison with the flow-drift tube measure- 
ment of Howorka (23). Further examination of k19  
revealed a pressure dependence, implying that more 
reactive higher electronic states of Ar2+  may not be 
quenched a t  1 x Torr. This observation is pres- 
ently under examination and will be reported in a 
subsequent paper. An extension of the pulsed reso- 
nant ejection technique to  several ion species in a 
chemical system could be used for selective storage 
of a single ion species, thus permitting observation of 
the reactions of the remaining ion species. This tech- 
nique would require the superposition of several 
resonant frequencies and has been demonstrated 
elsewhere (1 1). 

A present limitation of the pulsed resonant ejec- 
tion technique is the duration of the irradiation 
pulse. The pulse must be of sufficient duration t o  
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ARMITAGE ET AL 

TABLE 3. Summary of rate constant data for argon:carbon dioxide mixture 

Rate constant (cm3 molecules- ' s -  ') 

Reaction This work" ( f  33%) Other works 

aAverage of multiple determinations. 
bReference 18. 
<Reference 19. 
"Reference 20. 
*Reference 21. 
,Reference 22. 
SReference 23. 

eject completely a specific ion species yet at a power 
which will not perturb the storage conditions for the 
remaining ions of interest (1 1). The optimum irradi- 
ating power level, applied to an end-cap electrode, 
varied from 150 mV to 850 mV peak-to-peak de- 
pending on the ion intensity. The minimum separa- 
tion of the end-cap electrodes was 1.414 cm. The 
irradiating power was applied in tone bursts of up to 
1 ms duration; the duration could not be excessively 
long in comparison to the half-life of the ion/mole- 
cule reaction under study. Details of the application 
of QRE to other systems are given in ref. 11. 
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Regiospecific preparation of 10-allyl-1-ketoquinolizidine and an unexpected 
disproportionation during its Wolff-Kischner reduction 
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JOHN M. MCINTOSH. Can. J. Chem. 57.7 I14 ( 1979). 
Regiospecific formation of 10-allyl-1-ketoquinolizidine (7) is achieved in high yield by a 

[2.3] sigmatropic rearrangement of N-allyl-1-ketoquinolizidinium bromide (6). Wolff-Kischner 
reduction of 7 affords 10-allylquinolizidine (8) contaminated by the 10-propyl and 10-ethynyl 
analogs in amounts which depend on the reaction conditions. The carbon-13 spectrum of 8 
indicates a trcln.7-fused ring system with an axial substituent at C-10. 

JOHN M. MCINTOSH. Can. J. Chem. 57.21 14 (1979). 
On a effectut, avec un excellent rendement, la formation regiospicifique de I'allyl-10 ceto-1 

quinolizidine (7) en faisant appel a une transposition sigrnatropique du bromure du N-ally1 
ceto-1 quinolizidinium (6). La rtduction selon Wolff-Kischner de 7 conduit a l'allyl-10 
quinolizidine (8) contarnine par les analogues propyl-10 et Cthynyl-10 dont les quantites 
dependent des conditions de la reaction. Selon le spectre rrnn du 13C de 8 le systerne cyclique 
est lie par une jonction trans et porte un substituant axial en C-10. 

[Traduit par le journal] 

In connection with an ongoing research program' 
we required a synthesis of some 10-substituted 
quinolizidines which contained functionality in the 
10-substituent and geminal substitution in one of 
the heterocyclic rings (e.g., 16). Several examples of 
l a  have been prepared from $10-dehydroquinolizi- 
dinium perchlorate (2a) (1) or  its cyanide adduct and 
Grignard reagents (2), a reaction pioneered by 
Leonard and co-workers. However, the syntheses 
available for 2 at  the time we initiated our work were 
not attractive in terms of yield or applicability to  
26. Even less attractive was a route involving cycliza- 
tion of 4, since preparation of its precursor 3 ap- 
peared complicated and cyclization would be ex- 
pected to be inhibited by the quaternary centre 
adjacent to nitrogen. The direct alkylation of 5 (3) 
at  C-10 also appeared to present problems in terms 
of regiospecificity, but 5 is an attractive starting 
material since geminally substituted derivatives 
should be readily prepared. 

In this connection, it occurred to us that qua- 
ternization of 5 with an allylic halide would provide 
a product (6) in which the hydrogen at C-10 would 
be greatly labilized and a facile [2.3] sigmatropic 
rearrangement would be expected (4). Deoxygena- 
tion of 7 would provide 8, which would be capable of 
functionalization at  the double bond by standard 
methods. 

In the event, 5 reacted with ally1 bromide quantita- 
tively to give 6 as an extreillely hygroscopic solid. 
Treatment of 6 with potassium tert-butoxide in 
THF/DMSO at -30°C gave a very rapid reaction 
leading to  7 in 75-80x yield. 

1 2 
N R = H  u R = H  
b R = alkyl b R =  alkyl 

The carbonyl group was now ready for removal. 
It has been shown that 5 can be reduced using the 
Wolff-Kischner method, but that acidic conditions 
(Clemmensen) lead to  rearranged products (5). We 
have been unable to satisfactorily reduce 7 to 8 
using a variety of conditions. These failures are not 
due to  steric hindrance at  the carbonyl group, as a 
variety of addition reactions at  C-1 can be performed 
successfully. Thus, reduction of 7 using sodium boro- 
hydride led to 9a as a single diastereomer, and the 
ethylene ketal(9b), hydrazone 9c, and tosylhydrazone 
9d are all formed in nearly quantitative yield under 

0008-4042/79/162 1 14-04$0 1.00/0 
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standard conditions. However, attempted prepara- 
tion of the thioketal 9e as a prelude to reductive de- 
sulfurization (6) led only to addition at the olefinic 
double bond. 

When the formation of the mesylate of alcohol 9a 
was attempted, only decomposition products could 
be isolated. This facile decomposition may be 
initiated by participation of the nitrogen atom in an 
intramolecular displacement (e.g., 10) followed by 
further reactions. 

When hydrazone 9c was treated with potassiuin 
tert-butoxide in refluxing xylene, conditions recom- 
mended for other a-aminoketones (7), no deoxygen- 
ated material was formed. Application of the usual 
Wolff-Kischner (WK) conditions led to a mixture 
of products, depending on the reaction conditions. 
When decomposition of the hydrazone was carried 
out in refluxing triethylene glycol without distilling 
out the volatile fraction, two peaks in a ratio of 
1 :1 appeared in the gas chromatogram. The proton 
nmr of the crude mixture was as expected for 8, 
except that the integration in the vinyl region was 
only 0.6 of the expected value and some high field 
absorption (6 0.9-1) was evident. No trace of 12 
could be detected. Hydrogenation of the WK product 
led to the uptake of 1.02 equiv. of hydrogen and the 
formation of a single product, identical in all 
respects with the shorter retention time material 
formed in the WK reduction. The spectral data and 
picrate melting point identified this material as 10- 
propylquinolizidine (11) (2). Using refluxing ethylene 
glycol as the WK solvent and distilling the volatile 
fraction as it was formed nearly eliminated the 
formation of 11, and gave 8 in 52% yield. When 8 
was heated with potassium hydroxide in refluxing 
triethylene glycol, 11 was again formed. 

electron-impact mass spectrum of the crude WK 
reaction mixture showed no molecular ion, field- 
ionization mass spectrometry (FIMS) showed three 
strong peaks at m / z  = 181, 179, and 177. The first 
two correspond to the molecular ions of 8 and 11. 
The peak at m/z = 177, the formation of 11 from 8, 
the reduced vinyl integration, and the formation of 
only 11 when the crude WK product was hydro- 
genated can only be rationalized by the presence of 
13a and (or) 13b as an inseparable mixture with 8. 
Base-catalyzed disproportionation of 8 to 11 and 13 
apparently occurs when the temperature exceeds 
200°C. Considerable decomposition accompanies the 
disproportionation as is evidenced by the rapid 
darkening of the reaction mixture. The absorptions 
for the acetylenic proton in 13a or the methyl group 
in 13b would be obscured by other absorptions in 
the molecules. It is interesting to note that the same 
disproportionation apparently occurs when the 
tosylhydrazone 9d is reduced with sodium cyano- 
borohydride (8) in I :1 DMF/sulfolane at 120°C. 

Further investigations designed to improve the 
yield of 8 were abandoned when it was found that 
the hydroboration-oxidation of 8 led to a mixture 
of alcohols plus other products. Thus, the goal of 
preparing l a  (X = OH) was frustrated. We hope 
to report shortly on more successful approaches to 
this system. 

Finally, it is interesting to note that the C-13 
spectra of 8 and 11 show only eight lines with 
chemical shifts which strongly suggest that the C-10 
substituent is axially disposed in a trans-fused ring 
system. Extensive investigations on variously meth- 
ylated quinolizidines (9, 10) have shown a strong 
preference for trans-fused rings, but to our knowl- 
edge, this is the first data on the 10-substituted series 
with a substituent larger than methyl. 

Experimental 
Proton magnetic resonance spectra were run on a JEOL 

9 10 C60HL spectrometer and C-13 spectra were run on a Bruker 
rr R = H, R' = OH CXP 100 spectrometer at  22.64 MHz, using a Rip angle of 40". 
b R = R' = -0-CH2CH2-0- Spectra are reported in ppm downfield from internal Me& 
c R = R' = =N-NH, Gas chromatographic analyses were performed on a Hewlett- 
d R = R' = =NNHTs Packard model 5750 instrument utilizing a 10 ft x 0.25 in. 
e R = R' = -S-CH2CH2-S- column packed with 20% SE-30 on Chromosorb W (column A) 

or a 10 ft x 0.375 in. column packed with 15% Carbowax 20M 
on Chromosorb W (column B). Mass spectra were run on a 
Varian MAT CH-5 D F  instrument equipped with a field- 
ionization source. Elemental analyses were performed by 
Galbraith Laboratories or Canadian Microanalytical Service 

H (Vancouver). 

I -~eto~uinbl iz id ine  (5) was prepared from methyl pipe- In each case where l1 was formed, the longer colate by N-alkylation with ethyl 4-bromobutyrate in D M F  
retention time peak still showed a deficiency in the containing excess potassium carbonate at 80°C (62%), followed 
integration of the vinyl proton region. Whereas the by cyclization and decarboxylation according to the method 
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of Leonard (3) (79%). To  a solution of 14.0 g (0.09 mol) of 5 in (CDCI,) 6: 6.20-5.50 (m, lH),  5.03-4.65 (m, 2H), 3.80 (s, 4H), 
I00 mL o f  dry acetonitrile was added 14 g (0.1 15 mol) o f  ally1 2.75-1.30 (m, 16H). Anal. calcd. for C14H2,N02: C 70.85, 
bromide. The solution was stirred at ambient temperature H 9.77, N 5.90; found: C 70.55, H 9.76, N 5.71. 
for 36 h, the solvent evaporated, and the residue triturated Attempted hydroboration-oxidation o f  96 using either 
with acetone. Filtration in a dry-box gave 25 g (100%) o f  a borane or  9-BBN led to mixtures of products. 
pale brown solid which could be purified by treatment with 
charcoal in boiling aceton~trile and reprecipitation with 
acetone to give white crystals, mp 107-1lO"C (dec.). The 
material is extremely hygroscopic and nornlally was not 
purified before rearrangement. Ann/. calcd. for C12H20NOBr: 
C 52.56, H 7.35; found: C 52.49, H 7.24. 

Hj'drnzone of Ketone 7 (9c) 
Ketone 7 (0.9 g, 4.7 mmol) dissolved in 4 mL ethylene 

glycol and 4 niL of 85% hydrazine hydrate was added. The 
system was purged with nitrogen and heated at 120-130°C 
for 4 h. The hot solution was poured into 50 mL of water and 
extracted with ether (3 x 25 mL). The combined ether ex- - - ~  ~ ~~ ~ .~ - ~ 

I-Keto-l0-nllylquit101izi~li11e (7) tracts were dried over sodium sulfate and evaporated to give 
Compound 6 (3 g, 0.01 1 mol) was dissolved in 20 mL of 0.6 g (62Z) of a pale yellow solid, mp 72-74°C; ir(CHCI,): 

dry DMSO and 20 mL of dry T H F  was added. The solution 3600-2400, 1640 cm- '. 
was cooled to -30°C and 1.4 g (1.14 equiv.) of potassium Attempted Wolff-Kischner reaction of this material using 
tert-butoxide was added all at once. The cooling bath was potassium tert-butoxide in either hot xylene (7) or DMSO at 
removed and the mixture stirred under nitrogen at ambient 50°C (11) failed. 
temperature for 1 h. The mixture was diluted with 50 mL of 
pentane, washed with water (2 x 50 mL), saturated brine 
(2 x 50 mL), dried over magnesium sulfate, and evaporated 
to give 1.7 g (80%) of a pale yellow oil. Gas chronlatographic 
analysis (column A, 155°C) indicated a purity of greater than 
95% Distillation gave a colorless liquid, bp. 80-83°C (0.4 
Torr), which crystallized in the freezer. Compound 7 is a 
low melting solid which rapidly turns brown on contact with 
air or chloroform; ir(CHC1,): 1710, 1640, 920 cm-I ; ' H  nmr 
(CsD6) 6: 5.85-4.71 (bm, 3H), 3.05-1.06 (bm, 16H): 13C nmr 
(C6Ds) 6: 208.3, 133.6, 117.2, 67.5, 49.6, 47.8, 37.0, 30.5, 
29.2, 25.9, 24.9, 20.3. 

The picrate crystallized from ethanol as yellow plates, mp 
168-170°C. At~al. calcd. for CISH2,N4OS: C 51.18, H 5.25, 
N 13.26; found: C 51.34, H 5.14, N 13.12. 

l-Hyclroxj~-l0-~llyIr/ui1~oiiiidi1~e (9a) 
One gram (5 mmol) of 7 was dissolved in 10 mL of 2- 

propanol and added dropwise to a mixture of 0.1 g of 
sodium borohydride (2 equiv.) in 3 mL of 2-propanol and 
3 drops of 3 N sodium hydroxide. The mixture was stirred at 
ambient temperature for 3.5 h and then excess hydride was 
decomposed with 10% HCI. The solution was made basic 
with 3 N hydroxide diluted to 40mL with water and ex- 
tracted with ether (3 x 50 mL). The combined ether extracts 
were washed with water and saturated brine and dried over 
sodium sulfate. Evaporation of the solvent gave 0.89 g (88%) 
of white crystals, mp. 7675°C.  This material did not discolor 
when dissolved in chlorofornl; ir(CHC1,): 3580, 1630, 11 10, 
1050, 1025, 970, 920cm-' ;  ' H  nmr (C6D6) 6 :  6.52-5.80 
(m, lH),  5.22-4.80 (m, 2H), 3.68-3.05 (m, lH), 2.50-1.10 (m, 
17H); 13C nmr (C,D,) 6 :  138.2, 115.4, 77.4, 59.5,49.2, 48.5, 
32.8, 29.9, 27.2, 26.3, 24.1, 20.3. Attcrl. calcd. for C,2H21NO: 
C 73.80, H 10.84, N 7.17; found: C 73.64, H 10.81, N 6.99. 

The sharp melting point and the presence of only 12 signals 
in the 13C nmr spectrum indicate the presence of only one 
diastereomer to which we assign the structure 90. 

Etlzylette Ketnl of 7 (9b) 
Ketone 7 (0.316 g, 1.6 mmol) was dissolved in 5 mL of 

ethylene glycol, and 0.4 g triethyl orthoformate and 0.55 g 
(1.1 equiv.) of tosic acid were added. The flask was flushed 
with nitrogen and heated at 100°C for 2 h. The cooled solution 
was diluted with a mixture of 50 mL of water and 10 mL 
12 N sodium hydroxide and extracted with ether (3 x 25 mL). 
The ether was washed with water and brine and dried over 
magnesium sulfate. Evaporation gave 0.34 g (91%) of a pale 
yellow liquid which gc analysis (column A, 240°C) showed to 
be 96% pure. Samples for analysis and spectra were collected 
from glc; ir(CHC1,): 1640, 1140, 955, 910 cm-' ;  'H nmr 

Tosylllyrlrnzone of Ketone 7 (9d) 
Ketone 7 (0.425 g, 2.2 mmol) was dissolved in 10 mL of 

methanol and 0.61 g (1.5 equiv.) of toluenesulfonylhydrazine 
was added followed by 0.5 g tosic acid. The mixture was 
sitrred at ambient temperature overnight, evaporated, diluted 
with 40 mL of water, and made basic with 3 N sodium 
hydroxide. The solution was extracted with chloroform 
(3 x 25 mL) and the combined organic layers washed with 
water and dried over sodium sulfate. The filtered solution was 
evaporated and the residue triturated with ether. The pre- 
cipitate was filtered and washed with ether to give 0.48 g (60%) 
of white crystals, mp 122-125°C. Recrystallization from 
ethanol-water gave a material whose infrared and proton 
nmr spectra were identical to the above material, but whose 
melting point was 7675°C.  The analysis and solution spectra 
of the-crude and the recrystallized ~iaterials were identical, 
indicating that two different crystal nlodifications were being 
obtained. ir(CHC1,): 3250, 1645, 1610,1170, 11 10,930 cm- ' ;  
' H  nmr (CDCI,) 8: 8.00-7.12 (AB q, 4H), 5.05-4.40 (m, 3H), 
2.70-2.26 (m, 7H), 2.00-1.25 (m, 13H). Annl. calcd. for Cl,- 
H2,N302S: C 63.13, H 7.53, N 11.62; found: C 62.78, H 
7.98, N 11.17. 

Reduction of this material using sodium cyanoborohydride 
in 1 :1 DMF-sulfolane a t  120nC (8) gave the same result as the 
direct Wolff-Kischner reduction described below. 

Wolf-Kiscl~t~er Redrctiott of Ketone 7 
Metlrocl A 
Ketone 7 (0.795 g, 4.1 nimol) was dissolved in 10 mL tri- 

ethylene glycol and 5.5 mL hydrazine hydrate was added. The 
solution was stirred at 120°C for 8 h, cooled, 0.87 g (3 equiv.) 
of potassium hydroxide was added, and the solution was 
refluxed for 24 h. The cooled solution was diluted with 50 mL 
of water and extracted with pentane (3 x 75 mL). The com- 
bined organic phases were washed with water, dried over 
sodium sulfate, and evaporated to give 0.36 g of pale yellow 
liauid. Gas chromatoeraohic analvsis (column B. 145°C) 
shbwed two compounds in' a 1 :1 ratio.   he shorter ketentio" 
time material was identical to 11 (vicle it~fin). The longer 
retention time material gave the same spectral data as that 
reported below under method B except that the absorptions 
between 6 6.05 and 4.80 accounted for only two protons. 
The FIMS of the crude reaction mixture showed strong peaks 
a t  rnlz = 181, 179, 177, 138, and 137. 

Metltocl B 
Carrying out the reaction in refluxing ethylene glycol and 

allowing the volatiles to distill out led to  the isolation of a 
pale yellow liquid which showed the same two peaks in the 
gaschromatogram, but now in the ratio of ca. 1 :20. The major 
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product was isolated by glc collection; ir(CC1,): 2930, 1450, 
1300,1120, 1110, 1000,910cm-'; 'H nmr(C6D6)F: 6.05-5.32 
(m, 1 H), 5.20-4.80 (m, 2H), 2.75-2.00 (m, 4H), 1.90-0.93 
(m, 14H); 13C nmr (CsDtj) F: 135.9, 116.5, 55.5, 49.6, 36.1, 
26.6, 25.9, 20.5. Atlrrl. calcd. for C ,?H, ,N :  C 80.38, H 11.81, 
N 7.81 ; found: C 79.88, H 11.52, N 7.43. Refluxing the product 
of method B with potassium hydroxide in triethylene glycol 
led to the formation of a mixture, identical to that obtained 
from method A. 

Hydroboration-oxidation of the product from method B 
afforded a mixture of compounds whose nmr spectrum showed 
absorptions it~ter alia at F 3.45 (t) and 3.62 (tn) suggesting the 
presence of primary and secondary alcohols. 

10-Prop~~lq~r01olizidine (11) 
Thecrude reaction mixture from method A (0.4 g, 2.23 mmol 

as C12H2,N)  was dissolved in 5 mL glacial acetic acid and 
added to a suspension of prereduced platinum oxide in 5 mL 
of the same solvent. After 30 min, 55.4 mL (99.5%) of hydro- 
gen had been absorbed and the absorption ceased. The 
solution was filtered and the product 11 (0.395 g, 97%) was 
isolated as a clear oil. The picrate crystallized from ethanol, 
mp 177-179°C (lit (2) mp 185-186°C). The 13C spectrum 
((C6Ds) 6 :  55.0, 49.4, 36.1, 26.6, 23.7, 20.7, 17.5, 15.3) SUP- 
ports a trntrs-fused quinolizidine bearing an axial 10-sub- 
stituent. The infrared spectrum, glc retention times, and 
picrate melting points (separate and mixed) of this material, 
and the shorter retention time material isolated from method A 
of the Wolff-Kischner reduction indicated the identity of the 
two substances. 
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A 13C nmr study of metal ion binding to pyridoxine 
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J. STEPHEN HARTMAN and ERIC C. KELUSKY. Can. J. Chem. 57, 21 18 (1979). 
I3C nmr confirms that coordination of metal ions by pyridoxine is through the C-3 and C-4' 

oxygens in aqueous solution. Nitrogen appears to become more effective as a donor site in 
water-dimethylsulfoxide mixtures, while with increasing proportions of DMSO some cations 
are coordinated by DMSO rather than by pyridoxine. Changes in 13C spin-lattice relaxation 
times on metal ion coordination are more informative about metal binding sites than changes 
in I3C chemical shift. Some analogous results are reported for pyridoxamine. 

J. STEPHEN HARTMAN et ERIC C. KELUSKY. Can. J. Chem. 57, 21 18 (1979). 
La rmn du 13C confirme qu'en milieu aqueux la coordination des ions metalliques par la 

pyridoxine se fait par les oxygenes en C-3 et en C-4'. Il semble que I'azote devient un site 
donneur plus efficace dans des melanges eau-dimethylsulfoxyde; si on augmente les pro- 
portions de DMSO, quelques cations sont coordonnis par le DMSO plutBt que par la 
pyridoxine. Les changements dans les temps de relaxation 13C spin-reseau lors de la co- 
ordination d'un ion metallique fournissent plus d'informations concernant les sites de 
complexation metallique que les changements dans les deplacements chimiques I3C. On a 
obtenu des resultats analogues avec la pyridoxamine, 

[Traduit par le journal] 

Introduction 13C chemical shifts of the vitamin B6 family of 
Pyridoxine (I) and pyridoxamine (11) are members c o m ~ o u n d s  have been reported (8-1 1). ~ h e s e  show 

of the vitalnin B6 family of compounds. Enzymic pronounced pH-dependence because of protonation 

reactions utilizing vitamin B6 can be mimiced by and deprotonation reactions (12, 13). For pyridoxine 

systems containing pyridoxamine or pyridoxal (111), these are: 
CH20H 

an amino acid, and a metal ion. Schiff base forma- 
tion is involved, and the metal ion possibly acts as a 
template in its formation (1). Thus vitamin B6- 
metal complexes have been extensively studied as 
models of enzymatic behaviour (1). Chaturvedi has 
reported that in aqueous solution pyridoxine forms 
1 : 1 and 1 : 2 metal-ligand complexes with Cd2+ and 
Pb2+ (2). Similar coordination was found with Cu2+ 
and Ni2+,  and because of the similarity of stability 
constants with 2-picoline, it was proposed that co- 
ordination occurred through the ring nitrogen (3). 
Pvridoxamine's interactions with metals in solution 
have been studied by a number of workers (4-6) and 
recently the first crystal structure of a metal complex 
with pyridoxamine has been determined (7). 

'To whom all correspondence should be addressed. 

(1~0 

At  neutral pH the zwitterionic form Ib predominates 
over the non-dipolar form Ia (12). Similar effects are 
found in I1 and 111. 

0008-4042/79/162 1 18-06$0 1 .OO/O 
01979 National Research Council of Canada/ConseiI national de recherches du Canada 
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HARTMAN AND KELUSKY 

TABLE 1. Metal salt-induced 13C nmr chemical shift changes of pyridoxine" 

13C nmr chemical shift 

Salt C-2 C-3 C-4 C-5 C-6 C-2' c-4' c-5' 

A.  Aqueous solutionb 
NaCl 0 . 0  0 .2  0 .1  0 .1  -0 .1  0.1 0 .  I 0.1 
NaOAc 0.1  0 . 2  0.1 0.1 -0.1 -0.1 -0.1 0 .0  
NaI 0 .0  0 .2  0 .2  0 .1  0.1 0 .2  0 .2  0 .2  
MgClz 0 . 0  0 .8  0 .6  0 .1  -0 .7  -0 .1  0 .1  0 .1  
ZnCI, 0 .8  1 .3  1 .6  0 .2  0 .1  -0 .2  0 .5  0 . 1  
CdClzC 0 . 4  1 .O 0 .8  0 .4  -0 .2  0 .1  0 .3  0 . 2  
CdBrz 0 .7  0 .8  0 .9  0 .2  0 .0  0 .2  0 .4  0 .2  
Cd12 0 . 6  1 .O 1 . 2  0 . 3  0 .3  0 .7  0 . 7  0 . 4  
Pyridoxine chemical 

shiftsd 145.4 160.4 139.1 136.1 127.0 16.6 57.1 59.7 

B. DMSO-d, solution 
ZnC12 1 . 2  0 .8  0 .1  0 .1  1.8 1.2 1 .2  0 . 9  
CdCI2 0 .4  0 . 4  0.1 0 .0  0 .7  1 .7  0 . 7  0 . 4  
HgCI2 0.9 0 .6  0 .0  -0 .1  1 .3  1 .O 1 .O 0 .7  
Pyridoxine chemical 

shifts 141.2 151.8 140.8 138.8 128.6 14.6 55.5 57.5 

O0.50 M in pyridoxine and in metal salt. Positive values indicate shifts (ppm) to lower applied field. 
bpH 6.2 for sodium salts, 6.7 for all others. 
CReference 17 gives similar values for a 0.050 M solution. pH 6.8. 
Themical shifts (pH 6.7) agree closely with those of ref. 17. 

There have also been 13C nmr studies of Schiff base 
formation involving pyridoxal 5'-phosphate and 
amino acids (1616).  Gallais and co-workers have 
reported the effects of CdC1, on 13C chemical shifts 
of pyridoxine (17); a 1 : 1 interaction was indicated. 
However it is known that the presence of salts can 
cause serious environmental effects on 13C chemical 
shifts, quite apart from complex formation (18). 

With the development of pulse and Fourier trans- 
form nmr techniques that have made the measure- 
ment of 13C spin-lattice relaxation times (Ti's) a 
routine, if time-consuming, procedure (19, 20) it has 
become possible to use T,  measurements to  probe 
sites of metal ion binding to  various molecules, in- 
cluding some which act as ligands for metal ions in 
biologically important systems (21-23). We report 
here our initial 13C nmr studies of metal ion - 
pyridoxine interactions, utilizing changes in chem- 
ical shift and in spin-lattice relaxation times in the 
presence of metal ions. 

Results and Discussion 

A. Efect of Added Salts on 13C Clzetnical Shifts 
Table 1 summarizes changes in 13C chemical shifts 

of pyridoxine in H,O and in DMSO-d6 on addition 
of various salts. We note that: 

(i) The sodium salts have only very small effects; 
that of sodium iodide is greater than that of the 
chloride or acetate, especially on the side-chain 
carbons. However the effects become more pro- 

nounced when an excess of the sodium salt is present. 
Neglect of this, together with the use of sodium 
chloride to maintain constant ionic strength, has 
yielded incorrect binding sites in a number of studies 
of tetracycline, as discussed by Everett and co- 
workers (24). 

(ii) The divalent metal halides give much larger 
shifts than the sodium salts, the most pronounced 
being a t  C-3 and C-4, consistent with metal ion 
chelation at  the C-3 and C-4' oxygens. However, 
substantial shifts occur at  various other carbons 
as well. The C-4' shifts are not as great as expected 
from chelation a t  C-4' oxygen, and a steric compres- 
sion shift might partially counteract the expected 
low-field shift. 

(iii) Excess metal halide also has pronounced 
effects on chemical shifts, as illustrated in Fig. 1 for 
CdI,. The break in the curve at  1 : 1 proportions does 
indicate a 1 : 1 complex, consistent with the report of 
Gallais and co-workers for the pyridoxine-CdC1, 
system (17). However, the continuing change in 
chemical shift past 1 : 1 proportions must be attrib- 
uted to  the effects of non-complexed CdI,. 

(iv) At low pH (2.75), zinc, cadmium, and mer- 
cury(I1) chlorides have little effect on 13C chemical 
shifts ( 5 0 . 2  ppm for most carbons), consistent with 
the inability of these cations to compete with the 
proton for donor sites when Ic is the predominant 
species. 

(v) Metal ion-induced shifts in DMSO-d, are 
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(BIMnCl2 ADDED D 
c - ~  C-5 (A1 PYRIDOXINE 

Cd12: PYRIDOXINE RATIO 

FIG. 1. Plot of 13C chemical shift changes (in ppm) against 
the CdI,: pyridoxine ratio. (C-4, 0 ;  C-3, 0 ;  C-2', A ;  C-4', 

; C-2, m; C-5', 1; C-6, A; C-5, 0.) 

larger than for the corresponding species in water, 
and the carbons which are most affected (C-2, C-2', 
C-6) are different. This is suggestive of coordination 
through nitrogen; however, the C-3, C-4', and C-5' 
are also strongly affected. In fact all carbons except 
C-4 and C-5, which are remote from the periphery 
and from a possible donor site, are significantly 
shifted. It is interesting that the effects are greater 
for ZnC1, than for CdCI, or HgCl,. Results discussed 
below indicate that DMSO displaces pyridoxine from 
the coordination sphere of some metal ions. 

Thus I3C chemical shift changes on adding metal 
salts can indicate coordination sites but not confirm 
them. It should be kept in mind that metal ion-in- 
duced shifts are small changes superimposed on 
parameters that are already subject to  medium effects 
such as solvent (Table 1) and pH (17). 

B. Effects of Added ~ n ' +  
Figure 2 shows the effect of 0.0010 M MnC1, on 

the 13C spectrum of pyridoxine in D,O. The line 
broadening effect of paramagnetic ~ n ' +  is a result 
of the shortening of the spin-spin relaxation time 
T2, which varies inversely with the line width. If the 
dipolar relaxation mechanism predominates, T2 
varies directly with the sixth power of the metal to  
carbon distance (25), and hence line broadening is 
most pronounced for the carbon atoms nearest to  
the metal binding sites. The disappearance of the 
C-2, C-3, C-4, and C-4' resonances indicates extreme 
broadening and hence binding of Mn2+ to the C-3 
and C-4' oxygens. However, in many cases of line 
broadening due to  Mn2+ the dipolar relaxation term 
is not predominant; scalar coupling can predominate 
(23, 26). The effects of scalar coupling need not be 
localized a t  the donor site but can extend around an 
aromatic ring. The greater broadening of C-6 com- 
pared to C-5 and C-2' could be due either to scalar 
coupling or to a small fraction of bonding to the 

FIG. 2. 13C nmr spectra of ( A )  pyridoxine (0.50 M)  in D,O 
and ( B )  pyridoxine with MnCl, (1.0 x M )  added. 

nitrogen. This study does indicate that the principal 
binding sites are the C-3 and C-4' oxygens. 

A similar study in DMSO-d, showed no broad- 
ening of pyridoxine resonances, indicating preferen- 
tial binding of Mn2+ to DMSO. This is consistent 
with the known strong bonding of DMSO to cations 
of the first transition series (27). 

Preliminary studies of pyridoxamine with MnC1, 
in D 2 0  and in DMSO-d6 gave similar results. Pyri- 
doxamine, in spite of its greater complexing ability 
compared with pyridoxine (28), is unable to  compete 
with DMSO for Mn2+.  In aqueous solution selective 
broadening removed the C-3 and C-4 peaks, but tlot 
the C-4' peak, from the spectrum. This last result is 
intriguing and merits further investigation. I t  is 
known that Cu2+ call form a chelate complex with 
the C-3 oxygen and the C-4' nitrogen of pyridox- 
amine (7), and there seems little reason why Mn2+ 
should not do  the same. Espersen and Martin (29) 
have proposed that a t  high ligand-to-metal-ion ratios 
the metal ion might be passed from ligand to ligand 
before proton transfer reactions can occur. Since 
pyridoxamine is predominantly in the zwitterionic 
form 1Ia (12), with no lone pairs on the C-4' nitrogen, 

I I n  

insufficient time for proton transfer could account for 
the lack of broadening of the C-4' peak. If so, this 
would illustrate the suggestion (29) that a t  high 
ligand-to-metal-ion ratios the predominant complex 
may not be the same as that existing at  more nearly 
stoichiometric ratios. 

C. Spin-Lattice Relaxation Tin~es (Ti's) 
13C T1 values for pyridoxine and pyridoxamine 

are given in Table 2. These are shorter than typical 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



HARTMAN A N D  KELUSKY 2121 

TABLE 2. 13C TI  values (s) at 32°C 

a. Protonated carbons 

13C TI  
M o l z  of 

Solute (0.50 M )  Solvent DMSO C-6 C-2' C-4' C-5' 

Pyridoxine 
Pyridoxine 
Pyridoxine 
Pyridoxine 
Pyridoxine 
Pyridoxine 
Pyridoxine 
Pyridoxamine 

D20(pD 5.5)" 
DzO/DMSO 
DzO/DMSO 
DzO/DMSO 
D20/DMS0 
D,O/DMSO 
DMSO 
D,O(pD 6.1) 

b. Non-protonated carbons 

I3C TI 

Solute (0.50 M) Solvent C-2 C-3 C-4 C-5 

Pyridoxine D,O(pD 5.5) 6 . 6 k 0 . 7  7 . 1 k 1 . 0  7 .60k0 .9  13 .9k1 .2  
Pyridoxine + 

CuC12 (I x M )  D20(pD 5.5) 5 .1k0.6"  4 .2+ 1 .Ob 7.1 2 1 . 3  11 .2k1 .3  

OpD = pH + 0.41. 
bDetermined by manual plotting. 

Tl ls  for organic liquids (19, 20) since strong solvent- 
solute hydrogen bonding slows the rotation of solute 
molecules (19). Tl's of pyridoxine are similar in D 2 0  
and in DMSO solutions, indicating a similar extent 
of solvent-solute interaction in each solvent. Inter- 
estingly, pyridoxine Ti's are much shorter in D 2 0 /  
DMSO solvent mixtures. This is in accord with the 
proposal that water-DMSO association is greater 
than water-water association, due to a combination 
of hydrogen bonding and dipolar attraction (30). 
Such strong association would further restrict the 
tumbling of solute molecules. 

Table 2 includes Tl 's for non-protonated carbons 
in aqueous pyridoxine, with and without added 
Cu2+.  On adding Cu2+ there is a pronounced de- 
crease in Tl for C-3, indicating proximity to a donor 
site. However the errors are large. Time and instru- 
ment stability factors led us to concentrate on pro- 
tonated carbons for which Tl data can be accumu- 
lated relatively rapidly. 

The effect of a paramagnetic metal ion on the re- 
laxation process is given by the relationship 

111 l/Tlp = ~ / T I ( O ~ S ~  - l/T1,0 

where TI (,,,, and Tl ,, are the relaxation times in the 
presence and absence of the paramagnetic metal, 
respectively, and TIP is the relaxation time due speci- 
fically to the paramagnetic species. TIP, unlike T2,, 
is dominated by the dipolar relaxation mechanism 
(23, 29), with only rare exceptions (31). Hence, if a 
number of simplifying assumptions are made (23), 
TIP-' can be shown (23, 32) to exhibit reciprocal 

sixth-power dependence on the metal-to-carbon dis- 
tance, so that relative TIP-' values can be used to 
determine metal coordination sites. 

In practice the assumptions made, such as iso- 
tropic tumbling of molecules, will not be fully valid. 
In particular, delocalization of unpaired electron 
density onto ligand carbons is possible. This can be 
an important perturbing factor even when the extent 
of such delocalization is very small, because of the 
reciprocal sixth-power dependence of the dipolar 
relaxation mechanism (23, 29). In spite of these limi- 
tations, Espersen and Martin (29) consider selective 
Tl measurements to be useful in estimating metal- 
carbon and metal-proton distances, and to be cer- 
tainly far better than the widely used selective line 
broadening (T,) method. Led and Grant (31) warn 
that extreme caution is warranted in drawing quan- 
titative conclusions from limited Tl information. 

Table 3 gives TIP-' values for pyridoxine/CuCl,, 
pyridoxamine/CuCl,, and pyridoxine/MnCI, solu- 
tions. In aqueous solutions, by far the largest TIP-' 
(corresponding to the greatest metal ion effect in 
shorJening TI) is found for C-4', in accord with 
chelation involving the C-3 oxygen and the C-4' sub- 
stituent. The pronounced decrease of pyridoxine/ 
CuCI, T,,-' values at the higher temperature is in- 
dicative of the desired fast exchange conditions (25). 
The similarity of the effects of Mn2+ and Cu2+,  
when the Mn2+ concentration is lower by a factor 
of five to correct for its five unpaired electrons, indi- 
cates a similar mode of interaction of both metal ions 
with pyridoxine. 
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TABLE 3. TIP- values (s-I) 

TIP-' (s-'1 
MolZ - 

Solute (0.50 M) Solvent DMSO C-6 C-2' C-4' C-5' 

A. For addition of 5.0 x M CuCI,; 32°C 
Pyridoxine D20(pD 5.5) 0 .0  0 . 1 k 0 . 2  0 . 2 k 0 . 1  0 . 8 k 0 . 2  0 . 2 k 0 . 1  
Pyridoxine D,O/DMSO 33.7 2 . 3 k 0 . 6  0 .1+0 .1  0 . 6 k 0 . 3  0 . 0 + 0 . 1  
Pyridoxine D,O/DMSO 81.8 0 . 3 k 0 . 1  0 . 1 k 0 . 1  0 .0k0 .1  0 . 2 k 0 . 2  
Pyridoxine DMSO 100.0 O.OkO.l O.OkO.1 0 . 0 + 0 . 1  0 .0+0 .1  
Pyridoxamine D,O(pD 6.1) 0 .0  O.OkO.l O.OkO.l 0 . 6 k 0 . 2  0 .1+0 .1  

B. For addition of 5.0 x M CuCI,; 70°C 
Pyridoxine D20(pD 5.5) 0 .0  O.OkO.2 0 .0+0 .3  O.OkO.2 0 .0+0 .3  

C.  For addition of 1.0 x M MnCI,; 32°C 
Pyridoxine D,O(pD 5.5) 0 .0  0 . 0 k 0 . 2  O.lkO.1 0 . 7 k 0 . 2  O.OkO.1 

Assuming chelation from the C-3 oxygen and the 
C-4' substituent in aqueous solution, TI,-' values 
for the other protonated carbons should be less than 
0.1 s-', based on the geometry of related species 
(7, 33). Since some T,,-' values for these carbons 
are somewhat greater than 0.1 s-', there appears to 
be either some breakdown of the inverse sixth power 
dependence, or some interaction of Cu2+ with the 
ring nitrogen or C-5' oxygen. We can apparently 
exclude our choice of TI,, value (eq. [ I ] )  as the 
source of error. TI ,,, values are only slightly affected 
by the addition of diamagnetic ions (Mg2+ or Zn2+,  
5 x M) to simulate any effects of Cu2+ in addi- 
tion to its paramagnetism. The largest effect of the 
diamagnetic ions was on C-2' (TI = 2.4 s rather than 
2.8 s), and this change had only a small effect on 
TIP-'. 

As noted above, some deviation from the inverse 
sixth power dependence on distance is to be expected 
(29, 31), and does not affect our qualitative conclu- 
sion of chelation from the C-3 and C-4' substituents 
in aqueous solution. 

'H TI,-' values were obtained for the C-H pro- 
tons of pyridoxine and pyridoxamine in aqueous 
solution. The C-4' protons were the most affected by 
Cu2+, further supporting the C-4' substituent being 
a donor to Cu2+. However, there were quite large 
effects on the other protons as well. 

Striking effects occur in the pyridoxine/Cu2+ sys- 
tein when the solvent is changed from D 2 0  to 
DMSO. In an intermediate solvent mixture T,,-' 
of C-6 becomes large, but TIP-"s for both C-6 and 
C-4' decrease to small values in a DMSO-rich solu- 
tion (Table 3). This suggests that the ring nitrogen 
becomes an important donor site in D20/DMS0 
mixed solvent, but that Cu2+ is tied up by DMSO 
coordination at higher DMSO concentrations. 

Donation from ring nitrogen in water-DMSO mix- 
tures is reasonable since neutral pyridoxine, primarily 

in the zwitterionic form Ib in aqueous solution, 
should undergo a shift of the equilibrium to the un- 
charged form as the dielectric constant of the solvent 
decreases. Such an effect has indeed been reported in 
water-dioxane mixtures (12). Large changes in acid- 
base equilibria are frequently found on transfer from 
water to dipolar aprotic solvents (34). Ia, unlike Ib, 
has a lone pair on nitrogen, so the nitrogen is much 
more accessible to metal ions. 

Coordination of Cu2+ by DMSO in preference to 
pyridoxine in DMSO-rich solvent mixtures is con- 
sistent with our line broadening results with Mn2+,  
and with the known (27) strong complexing ability 
of DMSO toward ions of the first transition series; 
[Cu(DMS0),I2+, [Cu(DMSO),CI]+, and [Cu- 
(DMSO),Cl,] apparently predominate. 

Conclusions 

Our evidence is consistent with metal ion coordi- 
nation through the C-3 and C-4' oxygens of pyri- 
doxine in aqueous solution, but with a shift to nitro- 
gen coordination on addition of DMSO, and even- 
tual displacement of pyridoxine from the coordina- 
tion sphere of some metal ions by DMSO. The indi- 
cations of a shift to coordination by ring nitrogen in 
D20/DMS0 solvent mixtures are of particular inter- 
est in that this lower dielectric constant medium inay 
mimic enzyme sites more closely than aqueous solu- 
tions can. 

Experimental 
Pyridoxine hydrochloride and pyridoxamine dihydrochlo- 

ride (Sigma Chemical Co.) were used without further purifica- 
tion for chemical shift measurements in H,O. For all TI mea- 
surements and for chemical shifts in DMSO-ds, pyridoxine 
was prepared by neutralization of an aqueous solution of the 
hydrochloride with sodium hydroxide, evaporation to dryness, 
and separation of pyridoxine from sodium chloride by solution 
in ethanol. Pyridoxamine monohydrochloride was prepared 
from the dihydrochloride by a similar procedure. Solutions 
were made up in deionized distilled water (H,O or D20), or 
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DMSO or DMSO-d6, and oxygen was removed by bubbling 
nitrogen through the solutions for several minutes. Glassware 
was soaked in EDTA solution prior to use to remove traces 
of paramagnetic metal ions. Following the addition of metal 
salts, pH was adjusted to within 0.05 pH units, using a con- 
ventional pH meter and glass electrode. For D 2 0  solutions a 
correction must be made to the meter reading (35): 

pD was adjusted using NaOD or DCI solutions. 
Metal salts were reagent grade. Fisher certified reagents 

were used except for CuCI, (British Drug Houses), CdCI, 
(Research Organic/Inorganic Chemicals), and CdI, (AnalaR). 
All nmr spectra were obtained on a Bruker WP-60 Fourier 
transform nmr spectrometer. I3C spectra were obtained at 
15.08 MHz and 32°C using 10 mm sample tubes. A 3759 Hz 
sweep width was used, with a 1.09 s acquisition time for an 8K 
FID. Proton noise decoupling (5 W) was applied. For chem- 
ical shift measurements a 30" pulse was used, with the Phase 
Alternating Pulse Sequence. Between 3000 and 16 000 pulses 
were accumulated. The FID's were transformed with 0.5 Hz of 
line broadening. In the H 2 0  san~ples used for chemical shift 
measurements, a concentric 5 rnm tube of D 2 0  containing 
5% TSP ((CH3)3SiCD2CD2C02Na) was used as the deuterium 
lock signal; the TSP provided the 13C reference (- 1.49 ppm 
from TMS; values in Table 1 have been converted to ppm to 
low field of TMS). Internal tetramethylsilane was used as the 
reference in DMSO-d6 solutions., 

13C TL measurements were made using the inversion re- 
covery technique (36, 37) and the Nicolet T, Program/II 
(developed by J. W. Cooper, Nicolet Instrument Corporation). 
In the pulse sequence* 180"-T-90"-D2). the delay time D, was 
set at 5 times the largest TI  value and at least eight different T 

values between 0.001 and D, seconds were used. The 90" pulse 
varied between 8.8 and 9.2 ~s and was checked frequently. 
Proton noise decoupling (5 W) was applied. Between 100 and 
200 scans were accunlulated at each T value. The FID's were 
transformed with 2.0 Hz of line broadening. All samples were 
filled to a volume of 2.0 mL. 

IH TI  measurements were obtained in a similar fashion to 
the I3C measurements, but at 60 MHz and 29°C using 5 nim 
tubes, a 500 Hz sweep width, and accunlulation of 4 scans. The 
90" pulse was 3.8 us. Spectra were transformed with 0.10 Hz of 
line broadening. 
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A new synthesis of chasmanine and 13-desoxydelphonine: a preferred route to the aromatic 
intermediate 
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An efficient synthesis (stereo- and regiospecific) of compound I (Scheme 1) from o-cresol is 
described. 

THOMAS Y. R. TSAI, KRISHNAN P. NAMBIAR, DIKRAN KRIKORIAN, MAURIZIO BOTTA, 
R ~ N A L D O  MARINI-BETTOLO et KAREL WIESNER. Can. J. Chem. 57,2124 (1979). 

On decrit une synthise efficace (sttrto- et rtgiosptcifique) du compost I (schema 1) a 
partir du o-crtsol. 

[Traduit par le journal] 

Introduction work-up gave the crystalline keto acid 6. The keto 

We have described recently a direct fully stereo- group of 6 was reduced with sodium borohydride 

and regiospecific synthesis of 13-desoxydelphonine and the product was heated under with 
VI I  (1). phosphoric acid in dioxane. The elimination of the 

The approach which we have used is illustrated in h ~ d r o x ~ l  was followed by a shift of the double bond 

scheme 1 and it  represents the most recent very and the resulting indene acid was esterified with 

simple and efficient generation of our systematic methanolic hydrogen chloride to  the ester 8a 

studies in this field (2). The starting material I was (Scheme 2). 

constructed by a fully stereo- and regiospec.fic Compound 8a is in a thermal equilibrium with the 

process from vanillin (3). o-quinonoid tautomer 80 and as a consequence it 

we now wish to disclose the preferred route to the adds maleic anhydride quantitatively and ~ i e l d s  the 

same aromatic intermediate I from o-cresol. adduct 9. Finally, decarboxylation of this last 
product by the method of Trost (5) gave the tricyclic 

Discussion 
The cresol 1 was simply converted t o  the indanone 

3 via the P-chloropropionyl ester 2 by the procedure 
of Wagatsuma (4).' Methylation of 3 with dimethyl 
sulfate and potassium carbonate in acetone yielded 
the methoxy derivative 4, which was transformed into 
the en01 ether 5. This last operation was carried out 
in two steps. The indanoile 4 was first converted into 
the corresponding dimethylacetal in methanol and 
trimethyl orthoformate in the presence of the acidic 
ion exchanger Rexyn 101. Pyrolytic elimination of 
methanol from the dimethylacetal in refluxing 
o-xylene completed the preparation of the en01 
ether 5. 

Compound 5 was now carboxylated in tetrahydro- 
furan at  -70°C with n-butyl lithium and carbon 
dioxide gas; hydrolysis of the en01 ether group on 

'The entire synthesis is in principle similar to our previous 
work in this field. Consequently to conserve space the Dis- 
cussion has been abbreviated and the reader is referred to the 
Experimental for procedures and the characterization of the 
products. 

olefin 10 in a yield of 85%. 
The tricyclic compou~ld 10 was next converted to 

the acetylaziridine 11 by treatment with trimethyl 
silyl azide followed by acetic acid and acetic anhy- 
dride. The aziridine was not isolated, but it was 
rearranged it1 situ by several days heating under 
nitrogen t o  85°C. The product of the stereo- and 
regiospecific aziridine rearrangement 12 was purified 
by crystallization and it was obtained in a yield of 
702,. The mechanism of the rearrangement is 
portrayed by the arrows in formula 11. Its complete 
regiospecificity is due to  the aromatic methoxyl, 
which increases the migratory aptitude of the bond 
in the ortho position and to  the ester carbonyl, which 
makes the competing rearrangement more difficult. 
This last process is initiated by the opening of the 
other aziridine carbon-nitrogen bond and it requires 
the transient development of a positive charge on the 
carbon cc to  the carbonyl group-a situation well 
known to  be energetically unfavourable. 

In all of our previous work (2) we have used 
benzenesulfonyl aziridines rather than acetylaziri- 

0008-4042/79/162 123- I l $0 1 .OO/O 
01979 National Research Council of Canada/Conseil national de recherches du Canada 
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MeO, 

' N M e  N-Me 

M e 0  H LOMe 

v VI VII 

dines at a similar stage of the synthesis. This led to 
some complications and additional steps, but we 
were unable to prepare efficiently the required 
acetylaziridines prior to the development of the 
present trimethyl silyl azide (6) process. 

The rearrangement product 12 was oxidized in 
aqueous acetic acid with ceric ammonium nitrate (7) 
at room temperature and the aldehyde 13 was 
obtained in a yield of 75>7 after crystallization. 
Methanolysis of 13 in the presence of potassium 
carbonate yielded the alcohol 14 which was benzyl- 
ated in dichloromethane with benzyl chloride and 
potassium carbonate to the benzyl ether 15. 

Finally, the aldehyde group in 15 was degraded 
with m-chloroperbenzoic acid in dichloromethane 
and the resulting unstable formate ester 16 was 
immediately methanolyzed in the presence of 
potassium carbonate to the crystalline phenol 17. 
The overall yield of the two steps was 96%. 

The high yield of these operations shows clearly 
that in suitable situations an aromatic methyl group 
may be used with advantage as a 'stand-in' for a 
phenol. The purpose of using this device in the 
present situation is simple. It would have been 
impossible to conduct the rearrangement of com- 
pound 11 in a regiospecific manner in the presence 
of an electron-releasing substituent in place of the 
aromatic methyl (cf. ref. 8). 

The phenolic group of compound 17 was finally 
blocked by alkylation with chloromethyl-methyl 
ether and the product 18 was obtained in a yield 
of 93%. 

It still required the transformation of the carbo- 
methoxyl to an aldehyde group, which was accom- 

plished by reduction with lithium borohydride, 
followed by reoxidation of the resulting primary 
alcohol with dimethyl sulfoxide and dicyclohexyl- 
carbodiimide. The overall yield of these transforma- 
tions was 86% and the synthon 19 was ready for the 
annelation of the substituted ring A (Scheme 3). 

Q q C o o H  \ QCOOH 

Me Me Me 

M e 0  OMe M e 0  0 M e 0  OH 

6 7 

COOMe 

I I 
OMe OMe ' 

&I 9 

it 
COOMe 

Me Me @ 
OMe OMe 

86 10 

SCHEME 2 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2126 CAN.  J. CHEM. VOL. 57. 1979 

L N v M e  AcO H O RO H - 
OAc 0 

11 13 R =  Ac 
14 R =  H 
15 R = benzyl 

0 DCH,-O H OMe 

The aldehyde 19 was treated with an excess of 
3-benzyloxy-4-methoxy-11-butyl magnesium bromide 
(9) and the mixture of the epimeric alcohols 20 was 
obtained in a yield of 87%. For purposes of charac- 
terization and analysis, the subsequent epimeric 
mixtures were separated by preparative thin layer 
chromatography (see Experimental). In the main 
preparative run, however, the epimers were not 
separated since they finally yielded one single inter- 
mediate, the keto lactam 32. 

The alcohols 20 were now quantitatively acetylated 
to the acetates 21 and this material was hydro- 
genolyzed over palladium on charcoal to the diols 
22. Oxidation of the two secondary alcoholic groups 
in this last product with the pyridine - chromium 
trioxide complex in dichloromethane yielded 85% of 
the epimeric diketones 23. 

The stage was now set for the closure of ring A. 
This was accomplished by boiling the diketone 23 
under nitrogen with a saturated solution of potassium 
carbonate in absolute methanol and the a,p-un- 
saturated ketone 24 was isolated in a yield of 90%. 

Photoaddition of vinyl acetate to the conjugated 
system of compound 24 under our standard con- 
ditions is a stereospecific process and the epimers 25 
were obtained in a yield of 95% (Scheme 4). While 
the regiospecificity of the photoaddition is unusual, 
the stereospecificity is predictable by our addition 
rule (10) and similar to the observed behaviour of 
related systems. 

Saponification of the acetoxy group by mild treat- 

ment with base was accompanied by a retro aldol 
cleavage and the homo-aldehyde 26 was obtained in 
a yield of 97%. The configuration of the two newly 
created chiral centers in compound 26 was deduced 
(as in similar cases, cf. ref. 1) from the proton 
magnetic resonance ('Hmr) spectrum of this 
material. The singlet of the primary methoxyl in the 
'Hmr spectrum of compound 26 was shifted upfield 
to T = 7.27 as a result of the shielding by the 
aromatic ring. The only configuration in which the 
primary methoxyl can find itself in the shielding zone 
of the aromatic ring is the one portrayed in the 
formula. It is thus clear that the configuration of the 
quaternary carbon has been set up correctly, but 
the configuration of the A/B ring junction was 
dictated by the greater stability of the cisoid system. 

It  is now necessary to remove the extra carbon of 
the homo-aldehyde prior to the closure of the 
nitrogen ring. Compound 26 was converted into the 
dimethylacetal27, acetylated to  28, and heated under 
reflux with dry o-xylene and pyridine. Elimination of 
methanol from the acetal group yielded 92% of the 
acetylated en01 ether 29. Oxidation of compound 29 
with permanganate-periodate followed by esterifica- 
tion with diazomethane gave finally the ester 30 in a 
yield of 81%. The 'Hmr spectrum of co~npound 30 
(primary methoxyl singlet T = 7.44) showed clearly 
that no change has occurred in the A/B cis stereo- 
chemistry during the various operations to which the 
material was subjected. 

The system 30 is clearly unable to close a lactam 
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MeOA 

Me0 Me0 

HO 
OMe 

Me0-0 M~O-0 

Me0 H H MeO 

-.,OMe -./OMe ..,OMe 
o H  OMe 

OAc 
OMe Me0 

26 27 R = H  
28 R = OAc 

SCHEME 4 

ring since the carbomethoxy group can sterically not 
reach the nitrogen. However, reflux of compound 30 
with dilute methanolic sodium methoxide led, as 
expected, to the formation of the secondary lactam 
31 with a simultaneous epimerization of the ring 
junction in a yield of 85%. The 'Hmr spectrum of 
compound 31 showed the subject of the primary 
methoxyl at  lower field (T = 6.63) in agreement with 
the inverted configuration of the A/B ring junction. 
Finally, oxidation of the epimeric hydroxylactams 31 
with the chromium trioxide - pyridine complex in 
dichloromethane completed the stereospecific syn- 
thesis of the beautifully crystalline diketolactam 32 
(mp 178-179°C) in a yield of 90%. 

The transformation of the a ,  P-unsaturated ketone 
24 to the keto lactam 31 was carried out in an overall 
yield of 60%. Nevertheless, we have been attempting 
for a long time without success to discover a shorter 
alternative route. Thus, for example, the photo- 
addition of an acetylenic derivative to  compound 
24 followed by a direct oxidative cleavage of the 
resulting cyclobutene was tried in many variations. 

Another possibility is the construction of the 
nitrogen ring by attachment of a suitable side-chain 
to the nitrogen followed by base-catalysed internal 
P-addition. The schemes which vbe developed in this 
direction offered little advantage over our present 
process with regard to the number of steps needed 
and none of them could match our present yields. 
Nevertheless, we believe that the conversion of the 
a,P-unsaturated ketone24 to the keto lactam 31 must 
be capable of some simplification and of a con- 
sequent small improvement in the overall yield. 

The diketolactam 32 was next reduced with tri- 
tert-butoxy aluminum hydride and the diol 33 was 
obtained stereospecifically in a yield of 86% after 
crystallization. Methylation of this material in dry 

dioxane with sodium hydride and methyl iodide a t  
reflux temperature gave finally the polymethoxylated 
N-methyl lactam 34. 

Compound 34 was identical in all respects with 
the same material obtained from vanillin (3) and 
used as intermediate in our recent synthetic work (1). 
The correctness of its structure and the configuration 
of all of its substituents was corroborated, not only 
by the identity of the final product of the synthesis 
VII with the naturally derived material, but also by 
an X-ray structural analysis performed recently by 
Przybylska and Ahined on the advanced nordenuda- 
tine intermediate VIII (1) (Fig. 1 ; Schemes 5, 6). 

Me0 H \ 
OMe 

V I I I  
SCHEME 5 

Experimental 
Preparation of the Ester 2 

A solution of o-cresol (103 mL) and 3-chloropropionyl 
chloride (1 14.5 mL) in benzene (200 mL) was stirred at room 
temperature until the evolution of hydrogen chloride ceased. 
The mixture was heated slowly and finally refluxed for 1 .h. The 
reaction mixture was cooled and the unreacted o-cresol was 
extracted several times with 200 mL of 5% aqueous NaOH. 
The organic layer was dried over anhydrous magnesium 
sulfate and distilled to give 157.7 g (79%) of the ester (21, bp 
104-105"C/2 Torr; mle: 198; ir (CCI,): 1740 (C=O) cm- ' ; 
nmr (CDCI,) s :  2.9 (m, 4H, aromatic protons), 6.18 (t, 2H, 
J = 3 HZ, -CH2-CI), 7.02 (t, J = 3 HZ, 2H, -0CO-CHz), 
7.85 (s, 3H, aromatic -CH,). 

Preparation of the Ketone 3 
Ester 2 (165 g) and AICI, (560 g) were mixed with stirring 
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M~O-0 

Me0 Me0 NH 

H '  0 
0 \ 

COOMe OMe 

34= 1 

SCHEME 6 
and the mixture was heated carefully to 90-100°C for 1 h. After 
this time the mixture was gradually warmed to 1 6 0 T  over a 
period of 2 h and this temperature was maintained for one 
additional hour. Finally, it was heated to 180'C for I h. The 
cooled reaction mixture was deconiposed by cautious addition 
of ice followed by 200 mL of concentrated HCI. Steam dis- 
tillation of the decomposed reaction mixture gave 27.4g 
(22.6%) of the 6-methyl-7-hydroxy-indan-I-one (3) crystallized 

0 CARBON 

0 NITROGEN 

@ OXYGEN 

FIG. I. X-ray structure of Compound VIII. 

from petroleum ether to a mp 8G83"C; tnle: 162; ir (CHCI,): 
3370 (-OH), 1720 (C=O) cm- ' ;  nmr (CCl,) r :  7.8 (s, 3H, 
aromatic -CH3), 3.3 (AB,, 2H, J = 7 Hz, Av = 15 Hz, 
aromatic protons), 0.2 (s, 1 H, OH). Anal. calcd. for C loH 
C 74.41, H 6.59; found: C 74.05, H 6.22. 

Preparation of Itidanone 4 
A mixture of 6-methyl-7-hydroxy indan-I-one (3) (20 g, 0.17 

niol), acetone (508 mL), anhydrous K 2 C 0 3  (25.8 g, 0.20 mol), 
and dimethyl sulfate (17.1 mL, 0.18 mol) was refluxed under 
nitrogen overnight. After cooling, the inorganic salts were 
removed by filtration, the solvent was evaporated it/ uacuo, 
and the residue was dissolved in CHCI,. The solution was 
washed with 2 N aqueous hydrochloric acid, water, brine, 
dried over anhydrous MgSO,, and evaporated to dryness. The 
crude product was purified by column chromatography on 
silica gel (30% E t 2 0  in hexane) affording after crystallization 
from petroleum ether 27.9 g of indanone (4) (94"/,), mp 
54-56°C; tnle: 176; ir (CCI,): 1720 (C=O) cm-I;  nmr 
(CDCI,) r :  7.8 (s, 3H, aromatic -CH,), 6.2 (s, 3H, aromatic 
-OCH,), 2.8 (AB,, 2H, J = 7 Hz, aromatic protons). Anal. 
calcd. for C ,  , H , Z O Z  : C 74.97, H 6.86; found: C 75.05, 
H 6.92. 

Preparation of t l~e Keto Acid 6 
A solution of the indanone (4) (50 g) in benzene (200 mL) 

and absolute methanol (100 mL) was mixed with trimethyl 
orthoformate (100 mL) and Rexyn 101 (H) (5 g) and the 
mixture was stirred at room temperature. When the reaction 
was completed (nmr) the Rexyn was filtered off and the filtrate 
was basified with triethylamine and evaporated itr uac~lo to 
give a mixture of the enol ether (5) and the corresponding 
dimethoxyacetal. The mixture was then refluxed for 1 h in dry 
o-xylene (400 mL). The solvent was distilled off and the 
residue (5) was used immediately for the subsequent step. 

A solution of the crude en01 ether 5 in absolutely anhydrous 
tetrahydrofuran (1200 mL) was cooled to - 70°C (acetone - 
dry ice) and ti-butyllithium (225 mL of 2.1 N in hexane) was 
added dropwise with stirring under nitrogen. After the 
addition was completed, the stirring was continued for 5 h, 
after which time dry carbon dioxide gas was passed through 
the solution at a moderate rate overnight. After warming to 
rooni temperature, the solution was acidified with 6 Naqueous 
hydrochloric acid. 

The aqueous phase was extracted with CHCI,. The com- 
bined organic extracts were washed with aqueous solution of 
NaHCO,, the aqueous extracts were acidified with hydro- 
chloric acid, and the product was taken up in chloroform. The 
chloroform solution was dried over Na2S0, and evaporated 
to dryness. The crude residue was crystallized from CCI, to 
give 14.9 g of the pure keto acid 6 ,  mp 145-146°C; tiile: 220; 
ir (CHCI,): 3300-2800 (-COOH), 1720 (C=O, -COOH) 
cm-I ;  nmr (CCl,) r :  7.8 (s, 3H, aromatic -CH3), 6.1 (s, 3H, 
aromatic -OCH,), 2.7 (s, 2H, aromatic protons), -0.9 (s, 
1 H, -COOH). Anal. calcd. for C ,  2H,  , 04 :  C 65.44, H 5.49; 
found: C 65.34, H 5.39. 

Preparation of tile Secondary Alcoliol 7 
Sodium borohydride (31 g) was added in small portions to 

a stirred and cooled solution of the keto acid 6 (90 g) in ethyl 
alcohol (2000 mL). The mixture was stirred at  room tempera- 
ture for 2 h, acidified with 5% aqueous HCI, and the ethanol 
was evaporated on a rotary evaporator. The residue was taken 
up in ethyl ether and washed with brine. The ether extracts 
were dried over anhydrous Na2S04 and evaporated to afford 
the crude secondary alcohol 7. The product was purified by 
recrystallization from ethanol and gave 90 g (98"/,) of the pure 
compound, mp 145-146°C; tnle: 222; ir (CHCI,): 3550 
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(-OH), 3200-2800 (-COOH), 1710 (-CO-OH) cm- I; nmr 
(CDCI,) r :  7.8 (s, 3H, aromatic -CH,), 6.1 (s, 3H, aromatic 
-OCH,), 4.5 (m, 2H), 2.9 (AB,, J = 7 Hz, aromatic protons). 
Anal. calcd. for ClZH1404: C 64.85, H 6.35; found: C 64.67, 
H 6.33. 

Preparation of the Itldene Ester 8a  
The alcohol 7 (90 g) was refluxed in dioxane (2000 mL) in 

presence of 85% p-phosphoric acid (200 mL) for 5 h. After 
cooling to room temperature, the solution was poured into 
ice - sodium chloride. The mixture was extracted with chloro- 
form and the extract was washed with brine and dried over 
sodium sulfate. Removal of the solvent gave the indene acid 
as yellow crystalline compound, 81.4 g (98%); t ~ l e :  205; ir 
(CHCI,): 1600 (olefin), 1690 (-COOH) cm- ' ;  nmr (CDCI,) r :  
7.8 (s, 3H, aromatic -CH,), 6.4 (d, 2H, J = 2 Hz, -CH2-), 
6.2 (s, 3H, aromatic -OCH,), 2.8 (AB,, 2H, J A B  = 7 Hz), 
2.3 (d, IH, J = 2 Hz, vinylic H). Anal. calcd. for CI2Hl2O3:  
C 70.57, H 5.92; found: C 70.31, H 5.92. 

Saturated methanolic hydrogen chloride (50 mL) was added 
to a solution of the indene acid (90 g) in dry methanol (2000 
mL), and the solution was refluxed overnight. Evaporation of 
the solvent gave a dark residue which was chromatographed 
on silica gel with 15% ether in petroleum ether. Recrystalliza- 
tion from petroleum ether afforded the white crystalline 
indene ester 8a, 91 g (9573, mp 57.5-58°C; m/e: 218; ir 
(CHCI,): 1725 (-COOCH,) cm- ' ; nmr (CDCI,) r :  7.73 (s, 
3H, aromatic -CH,), 6.5 (d, 2H, J = 2 Hz, benzylic H), 6.2 
(s, 6H, aromatic -OCH3, -CO.OCH,), 2.43 (d, l H ,  J = 7 
Hz, aromatic H), 2.88 (d, 1 H, J = 7 Hz, aromatic H), 2.8 (t, 
lH ,  J = 2 Hz, vinylic H). Anal. calcd. for C13H1403 :  C 71.54, 
H 6.47; found : C 71.37, H 6.39. 

The Addilct 9 
A solution of the indene ester 8a (26.1 g), maleic anhydride 

(23.6 g), and hydroquinone (100 mg) in dry o-xylene (50 mL) 
was heated under nitrogen to  18S°C (oil bath temperature) for 
5 h. After cooling, the excess maleic anhydride and o-xylene 
were removed in vacrto at 75'C (bath temperature). The 
resulting paste was scratched in ether and the crude adduct 9 
(33.8 g, 89.3%) crystallized. The crystals and the mother 
liquors were used in the next reaction without further purifica- 
tion. An analytical sample of the adduct, mp 135-136S0C, was 
prepared by crystallization from acetone-ether; t ~ / e :  316; 
ir (CHCI,): 1865, 1785 (anhydride), 1735 (-COOCH,) cm- ' ;  
nmr (CDCI,) r :  7.8 (aromatic -CH,), 7.78 (d, 2H, J = 3 Hz, 
apex H), 6.2 (s, 3H, -COOCH,), 6.16 (s, 3H, aromatic 
-OCH,), 5.88 (m, 2H, H next to anhydride), 3.05 (s, 2H, 
aromatic H). Anal. calcd, for C17H1606: C 64.55, H 5.10; 
found: C 64.52, H 5.1 1. 

Be~~zobicycloheptetie 10 
A mixture of the adduct 9 (20 g) and bistriphenylphosphine 

nickel dicarbonyl (81 g) in anhydrous diglyme (990 mL) was 
heated in a nitrogen atmosphere to vigorous reflux (bath tem- 
perature 200°C) for 6 h. After cooling to  room temperature, 
the reaction mixture was filtered through Celite to remove the 
black nickel precipitate and the solvent was distilled off under 
reduced pressure. The residue was taken up in ether and 
filtered. After evaporation of the ether filtrate the residue was 
subjected to chromatography on silica gel. Elution with 7% 
ether in ti-hexane yielded the oily olefin 10 (13.12 g, 85%) 
homogeneous in tlc; 1n1e: 244; ir (CHCI,): 1735 (-COOCH,) 
cm- '; nmr (CDCI,) 7: 7.83 (s, 3H, aromatic -CH,), 7.52 (d, 
2H, J = 2 Hz, apex proton), 6.22 (s, 3H, -COOCH,), 6.17 
(s, 3H, aromatic -OCH,), 5.8 (m, lH ,  bridgehead H), 3.22 
(m, 4H, aromatic H, vinylic H). 

Aziriditze Rearrangement Product 12 
The tricyclic olefin 10 (20 g) was dissolved in trimethyl silyl 

azide (174 mL) and the solution was heated in a nitrogen 
atmosphere to 85'C for 2 days. The reaction mixture was 
cooled to room temperature and the excess trimethyl silyl azide 
was distilled off under reduced pressure. The last traces of 
trimethyl silyl azide were removed by connecting to a high 
vacuum pump for 15 min. The residue was dissolved in dry 
benzene (122 mL) and then cooled in a cold water bath while 
a mixture of acetic acid (61 mL) and acetic anhydride (61 mL) 
was added dropwise. After the nitrogen evolution had sub- 
sided, the mixture was heated in a nitrogen atmosphere to 
85°C for 2 days. The solvent was removed on a rotary evapor- 
ator and the last traces were removed by heating to  40°C on  
the vacuum pump for half an  hour. The residue was taken up  
in chloroform and washed with 5% sodium bicarbonate and 
saturated sodium chloride. After drying over anhydrous 
MgSO, and evaporation of the solvent, 30.5 g crude product 
was obtained. Column chromatography on silica gel, eluting 
with 10% ether in chloroform, and recrystallization from 
ether-petroleum ether yielded the pure crystalline rearrange- 
ment product 12 (21 g, 70%), mp 128-130°C. 117le: 361; ir 
(CHCI,): 3450 (N-H), 1735 (-COOCH, + -0--CO- 
CH,), 1685 (-CONH-) cm-' ;  nmr (CDCI,) r ;  7.98 (s, 3H, 
-OCOCH3), 7.87 (s, 3H, -NHCOCH3), 7.77 (s, 3H, 
aromatic -CH,), 6.19 (s, 3H, -COOCH,), 6.09 (s, 4H, 
aromatic -OCH3 and bridgehead H),  5.5 (d, IH, J = 8 Hz, 
apex H), 5.08 (m, lH,  CHCOCH,), 3.44 (d, lH ,  J = 8 Hz, 
NH), 3.04 (AB, 2H, J = 8 Hz, Av = 9 Hz, aromatic H). A ~ o l .  
calcd. for C19H2,06N:  C63.13, H6.42, N3.88; found: 
C 62.88, H 6.48, N 3.86. 

Arotliatic Aldel~yde 13 
T o  a stirred solution of the aziridine rearrangement product 

12 (29 g) in 60% aqueous acetic acid (390 mL), a solution of 
ceric ammonium nitrate (175.36 g) was added dropwise, a t  
room temperature. The mixture was stirred for 4 h at room 
temperature, extracted several times with ethyl acetate, and 
the extract was washed several times with aqueous sodium 
bicarbonate and saturated sodium chloride. After drying over 
anhydrous MgSO, and evaporation of the solvent, the crude 
product was purified by recrystallization from chloroform- 
ether. The mother liquors were subjected to column chroma- 
tography on silica gel, eluting with 10% ether in chloroform. 
The aromatic aldehyde 13 was obtained (23 g, 75%) as white 
crystals, mp 162-164°C; ni/e: 375; ir (CHCI,): 3480 (N-H), 
1740 (-OCO-), 1690 (-NHCO, -CHCO) cm- ' ;  nmr 
(CDCI,) 7: 8.18 (s, 3H, -OCOCH,), 8.06 (s, 3H, NH-CO- 
CH,), 6.32 (s, 3H, -COOCH,), 6.08 (s, 3H, aromatic 
-OCH3), 5.5 (d, 1 H, J = 3 Hz, apex H), 3.44 (d, 1 H, J = 8 
Hz. NHCO). 3.04 (AB. 2H. J = 8 Hz. aromatic H). -0.2 
(arbmatic >OH).' ~ n b l .  calcd. for C , ~ H ~ ~ O ~ N :  c 60.79, 
H 5.64, N 3.73; found: C 60.61, H 5.52, N 3.44. 

Alcohol 14 
A standard solution of potassium carbonate in methanol 

was prepared by adding a few drops of 5% aqueous potassiun~ 
carbonate to  methanol until the pH was approximately 9.5- 
10.0. The aromatic aldehyde 13 (10 g) was dissolved in the 
standard solution (250 mL) and was stirred at room tem- 
perature for 1 h. The reaction mixture was carefully neu- 
tralized by the addition of 5% aqueous hydrochloric acid, and 
the methanol was removed on the rotary evaporator. The 
residue was taken up in aqueous saturated sodium chloride 
and extracted 4 times with chloroform. The chloroform 
extracts were dried over anhydrous magnesium sulfate and 
evaporated. The product was purified by recrystallization from 
ether-chloroform and the mother liquors were subjected to  
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column chromatography on silica gel, eluting with 257, ether 
in chloroform. The aromatic aldehyde 14 (8.05 g, 93%) was 
obtained as white crystals melting at 174-175°C; rille: 333; ir 
(CHCI,): 361 5 (OH), 3440 (NHCO), 1740 (-COOCH,), 1690 
(-C=OH, NHCOCH,) cm- ' ;  nmr (CDCI,) r :  8.2 (s, 3H, 
NHCOCIZ,), 6.3 (s, 3H, -COOCH,), 6.1 (s, 3H, aromatic 
-OCH,), 2.7 (AB,, 2H, J = 10 Hz, aromatic H), -0.3 (s, 
1 H, aromatic -C=OH). Anal. calcd. for C17H190SN: 
C 61.25, H 5.75, N 4.20; found: C 61.27, H 5.57, N 3.91. 

Benz~~l  Ether 15 
To a solution of the secondary alcohol 14 (10 g) in dry 

dichloromethane (250 mL), potassium carbonate (20.72 g), 
benzyl bromide (20.54 g), and crown ether (18-crown-6) (0.015 
g) were added. The resulting suspension was refluxed in a 
nitrogen atmosphere for 2 days. After cooling to room tem- 
perature, the carbonate was filtered off and washed with 
dichloromethane. The solvent was removed ir~ uacuo to give 
an oil which was subjected to column chromatography on 
silica gel eluting with 10% ether in dichloromethane. Recry- 
stallization from ether afforded the white crystalline com- 
pound 15 (10.15 g, 80%), mp 107-109°C; rri/e: 423 ; ir (CHCI,): 
3420 (NHCO), 1745 (COOCH,), 1680 (NHCOCH,, 
-C=OH) cm- ' ;  nmr (CDCI,) r :  8.2 (s, 3H, NHCOCH,), 
6.3 (s, 3H, -COOCH,), 6.1 (s, 3H, aromatic -OCH,), 5.5 
(s, 2H, benzylic H), 2.7 (s, 5H, aromatic H of the benzyl), 2.7 
(AB,, 2H, J = 10 Hz, aromatic H), - 0.3 (aromatic -C=OH). 
Anal. calcd. for CZ4HZ5O6N: C 68.07, H 5.95, N 3.31; found: 
C 67.87, H 5.87, N 3.07. 

Berlzyl Phenol 17 
The aldehyde 15 (10 g) was dissolved in dichloromethane 

(300 mL) and 85% nm-chloroperbenzoic acid (5.15 g) was added 
in portions. The solution was refluxed for 6 h and the progress 
of the reaction was followed by nmr. After cooling, the 
solution was washed with aqueous sodium bicarbonate, 
sodium bisulfite, and saturated sodium chloride and dried over 
anhydrous MgSO,. Removal of the solvent gave the unstable 
formate 16 (10 g) which was used in the next reaction without 
further purification; ir (CHCI,): 3455 (N-H), 1760 
(-OCOH), 1735 (-COOCH,), 1675 (NHCOCH,) cm-'; 
nmr (CDCI,) r :  8.15 (s, 3H, NHCOCH,), 6.3 (s, 6H, 
-COOCH3 + aromatic -OCH,), 5.43 (s, 2H, benzylic H), 
3.18 (d, 2H, J = 2 Hz, aromatic H), 2.8 (s, 5H, aromatic H of 
the benzyl group), 1.9 (s, lH,  -OC=OH). 

The formate 16 (10 g) was dissolved in methanol (200 mL) 
and the pH of the solution was adjusted to 9-10 with 1 N 
aqueous potassium carbonate. The reaction mixture was 
stirred for 30 min at room temperature. The solution was 
neutralized with 57, aqueous hydrochloric acid and the 
methanol was removed on a rotary evaporator. The residue 
was taken up with ether, washed with saturated sodium 
chloride, and dried over anhydrous MgSO,. The solvent was 
removed in uacuo to give white crystalline material. Recrystal- 
lization from chloroforrn yielded 9.32 g compound 17 (96%, 
after two steps), mp 197-199°C; nrle: 41 1 ; ir (CHCI,): 3600 
(-OH), 3450 (NHCO), 1730 (COOCH,), 1690 (NHCOCH,) 
cm- ' ; nmr (DMSO, CDCI,) r :  8.10 (s, 3H, -NHCOCH,), 
6.22 (s, 3H, -COOCH,), 6.19 (s, 3H, aromatic -OCH,), 5.38 
(s, 2H, benzylic H), 3.2 (d, 2H, J = 2 Hz, aromatic H), 2.6 
(s, 5H, aromatic H of benzyl groups). Anal. calcd. for 
CZ3Hz5OsN: C 67.14, H 6.12, N 3.40; found: C 66.96, 
H 6.07, H 3.34. 

Protected Plrenol 18 
A mixture of phenol 17 (10 g), THF/CH2C12 (I : 1) (300 mL), 

K2C0,  (16.4 g), and crown ether (18-crown-6) (0.015 g) was 
stirred for 30 min at room temperature. Chloromethyl-methyl 

ether (3.9 g) was added dropwise and the resulting solution 
was stirred for 10 h at room temperature. The solid was 
filtered off and the solution was washed with saturated aqueous 
sodium chloride and dried over anhydrous magnesium sulfate. 
The solvent was removed in uacrio and the oily residue was 
chromatographed on silica gel eluting with 15% ether in 
chloroform. Recrystallization from ethyl ether gave 10.3 g 
(93%) of the protected phenol 18, mp 95-96°C; ~ ~ l e :  455; ir 
(CHCI,): 3430 (NHCO), 1730 (COOCH,), 1690 (-NH- 
COCH,) cn1-I; nmr (CDCI,) r :  8.10 (s, 3H, -NHCOCH,), 
6.5 (s, 3H, H3C-0-CHz-0-), 6.20 (s, 3H, -OCOCH3), 
6.15 (s, 3H, aromatic -OCH,), 5.38 (s, 2H, benzylic H), 4.8 
(s, 2H, H,C-0-CH2-0-), 3.0 (s, 2H, aromatic H), 2.6 (s, 
5H, aromatic H of benzyl group). Anal. caicd. for C Z ~ H Z B O ~ N :  
C65.92, H 6.42, N 3.08; found: C65.80, H6.25, N2.84. 

Preporntiori of Aldeliyde 19 
The protected phenol 18 (4.55 g) was dissolved in abso- 

lutely dry T H F  (80 mL) and lithium borohydride (0.22 g) was 
added in portions in a nitrogen atmosphere. After stirring for 
2 h, the reaction mixture was cooled in an ice bath while water 
was added to destroy the excess hydride. The resulting solution 
was evaporated and the residue was extracted several times 
with chloroform. After washing with saturated aqueous 
sodium chloride and drying over anhydrous MgSO,, the 
solvent was removed in uoctro. Column chromatography on 
silica gel, eluting with 20% ether in chloroform, and recrystal- 
lization from chloroform-ether yielded the white crystalline 
primary alcohol (3.848, 90%), mp 103-104°C; rrllr: 427; 
ir (CHCI,): 3400 (NHCO + OH), 1625 (NHCOCH,) cm- '; 
nmr (CDCI,) r :  8.40 (d, 2H, J = 5 Hz, protons to the 
benzyloxy), 8.03 (s, 3H, NHCOCH,), 6.5 (s, 3H, CH3-0- 
CH2-0-), 6.1 (s, 3H, aromatic -OCH,), 5.4 (s, 2H, 
benzylic H), 4.8 (s, 2H, CH,-0-CH2-0-), 3.08 (s, 2H, 
aromatic H), 2.5 (s, 5H, aromatic H of benzyl). Anal. calcd. 
for CZ4HZ906N: C 67.42, H 6.83, N 3.28; found: C 67.41, 
H 6.79, N 3.22. 

To a solution of the primary alcohol (35 g) in dry benzene 
(44C) mL), dimethyl sulfoxide (133 mL), dicyclohexyl car- 
bodiimide (47.92 g), pyridine (6.6 mL), and trifluoroacetic acid 
(3.3 mL) were added in sequence and the mixture was stirred 
at room temperature for 24 h. The reaction mixture was diluted 
with ether and filtered. The filtrate was washed with water and 
aqueous saturated NaCI, dried over anhydrous MgS04, and 
evaporated. Chromatography on silica gel and elution with 
chloroform containing 20% ether and 2% methanol gave the 
pure aldehyde 19 (33.8 g, 97%) as an amorphous solid, homo- 
geneous in tlc; 111le: 425; ir (CHCI,): 3410 (N--H), 2840,2730 
(-C=OH), 1718 (-C=OH), 1675 (NHCO) cm-';  nmr 
(CDCI,) r :  -0.07 (s, lH,  -C=OH), 2.65 (s, 5H, aromatic 
H of benzyl), 3.12 (AB,, J = 8 Hz, Av = 7.55 Hz, 2H, aroma- 
tic H),4.83 (s, 2H, -0-CH2-0), 5.37(s, 2H, benzylic H), 6.12 
(s, 3H, aromatic -OCH,), 6.50 (s, 2H, -0-CHz-0-CH,), 
8.12 (s, 3H, NHCO-CH,). 

Preparation of the Alcol~ol 20 
A small portion (4 mL) of a solution of 3-benzyloxy-4- 

methoxy-11-butyl bromide (9) (89.7 g, sixfold excess) in 
anhydrous T H F  (100 mL) was added to a stirred mixture of 
magnesium turnings (7.8 g) and a crystal of iodine in anhy- 
drous T H F  (75 mL) under nitrogen at 85°C (oil bath tem- 
perature). When the colour of iodine had disappeared, the 
remaining solution of the bromide was added dropwise with 
stirring at the same temperature. After the addition was com- 
pleted, the mixture was stirred for another 2 h. The Grignard 
reagent was then cooled to 3G35'C and a solution of the 
aldehyde 19 (23 g) in dry T H F  (800 mL) was added dropwise 
with stirring. After the addition was completed, the mixture 
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was stirred at the same temperature for another hour. The 
reaction mixture was then cooled in an ice-water bath and the 
excess Grignard reagent was destroyed by slow addition of 
saturated aqueous ammonium chloride. The aqueous phase 
was extracted with ether and the extracts were dried over 
anhydrous MgSO, and evaporated. The crude product was 
chromatographed on silica gel and elution with hexane con- 
taining 30% acetone and 2% methanol gave two epimers of 20 
in the ratio 11  : 1 and a yield of 87%. 

The Mnior a-Enitj~er 
Mass sbectra k je :  619; ir (CHCI,): 3550-3350 (-OH + 

N-H), 1655 (NHCO) cm- I; nmr (CDCI,) r :  2.63 (m, IOH, 
aromatic H of benzyl), 3.03 (AB,, J = 8 Hz, Av = 8.94 Hz, 
aromatic H), 4.87 (s, 2H, 0-CH2-0), 5.33 (AB,, J = 12 Hz, 
Av = 7.21 Hz, 2H, benzylic H), 5.41 (s, 2H, benzylic H), 6.14 
(s, 3H, aromatic -OCH,), 6.51 (s, 3H, -0-CH,-0-CH,), 
6.62 (s, 3H, --OCH,), 8.09 (s, 3H, NHCOCH,). 

Tile Mitlor B- Epitjler 
The mass spectra of both epimers were identical, trlle: 619; 

ir (CHCI,): 3550-3350 (OH + N-H), 1655 (NHCO) cnl-I; 
nmr (CDCI,) r :  2.61 (ni, IH, aromatic H of benzyl), 3.07 (s, 
2H, aromatic H), 4.83 (s, 2H, 0-CH2-O), 5.35 (AB,, J = 12 
Hz, Av = 7.12 Hz, 2H, benzylic H), 5.38 (s, 2H, benzylic H), 
6.14 (s, 3H, aromatic -OCH3), 6.50 (s, 3H, 0-CH2-0- 
CH,), 6.61 (s, 31-1, -OCH,), 8.18 (s, 3H, NH-CO-CH,). 

Prepciroiion of tl7e Acelole 21 
A solution of the alcohol 20 (35 g) in dry pyridine (70 mL), 

acetic anhydride (45 mL), and 4-dimethylamino pyridine 
(0.4 g) were niixed and the mixture was heated to 50-60°C for 
24 h. Excess acetic anhydride and pyridine were removed 
under reduced pressure, and the residue was diluted with ether 
(300 mL) and washed successively with water, 5% aqueous 
citric acid, water, saturated NaHCO,, and saturated NaCI. 
The ether solution was dried over anhydrous MgSO, and 
evaporated. Crystallization of the crude product from CH2C12- 
hexane gave the pure acetate 21 (35.6 g, 95.375). 

a- Epittler 
The melting point was I 1  I-112°C; ttlle: 661; ir (CHCI,): 

3400 (N-H), 1735 (-0--CO-CH,), 1670 (NH-CO-CH,) 
cni- ' ; nmr (CDCI,) r :  4.55 (t, J = 6 Hz, IH, CH-NH-CO), 
7.94 (s, 3H, 0-CO-CH,), 8.10 (s, 3H, NH-CO-CH,). 
Arzal. calcd. for C3,,H,,O9N: C 68.98, H 7.18, N 2.11; found: 
C 68.98, H 7.15, N 2.06. 

B- Epirtler 
The niass spectra of both epimers were ident~cal, rrl/e: 661; 

ir (CHCI,): 3400 (N-H), 1735 (0-CO-CH,), 1675 
(NH-CO-CH,) cn1-'; nmr (CDCI,) r :  4.67 (m, IH, 
CH-0-CO), 7.90 (s, 3H, -0-CO-CH,), 8.10 (s, 3H, 
NH-CO-CH,). 

P~q~orol ion of 1lle Diol22 
A solution of compound 21 (30.4 g) in absolute methanol 

(500 mL) was hydrogenated with 10% palladium on charcoal 
(6 g) at atmospheric pressure and room temperature for 4 h. 
Catalyst was removed by filtration through Celite and the 
solvent after neutralization with (CH,),N was evaporated 
under reduced pressure to give diol 22 (22.1 g, 100%) as an 
amorphous solid homogeneous in tlc; ttl/e: 481. The mass 
spectra of both epimers were identical. 

a -  Epitner 
Infrared (CHCI,): 3580 (-OH), 3400 (N-H), 1732 

(0-CO-CH,), 1670 (NH-CO) cm- '; nmr (CDCI,) r :  2.53 
(d, J = 8 Hz, IH, N-H), 3.12 (s, 2H, aromatic), 4.50 (t, 
J = 6 HZ, IH, CH-0-CO-CH,), 4.83 (s, 2H, 0-CH2- 
01, 6.15 ( s ,  3H, -OCH3), 6.50 (s, 3H, 0-CH2-0-CH,), 

6.63 (s, 3H, -OCH,), 7.12 (s, 3H, -OCOCH,), 8.01 (s, 3H, 
NH-CO-CH,). 

B- Epitjier 
Infrared (CHCI,): 3600 (0-H), 3400 (N-H), 1730 

(0-CO-CH,), 1665 (NH-CO) cm-I ;  nmr (CDCI,) r :  2.28 
(d, J = 8 Hz, IH, N-H), 2.9 (AB,, J = 8 Hz, Av = 8.94 Hz, 
2H, aromatic), 4.82 (s, 2H, 0-CH2-O), 6.13 (s, 3H, aro- 
matic -0-CH,), 6.47 (s, 3H, -0-CH2-0-CH,), 6.62 
(s, 3H, -OCH3), 7.90 (s, 3H, -0--CO-CH,), 7.97 (s, 3H, 
NH-CO-CH,). 

Oxirloliotz of ~lle Diol22 10 Diketot~e 23 
A solution of the diol22 (19 g) in dichloromethane (250 mL) 

was added to a solution of dipyridine - chromiurn(V1) oxide 
complex (122 g) in dichloromethane (2250 mL) with stirring 
at room temperature. The mixture was stirred at room tem- 
perature for 30 min, diluted with ether (1000 mL), and the 
solid residue was filtered off. The filtrate was washed succes- 
sively with saturated aqueous sodium bicarbonate, water, 57, 
aqueous citric acid, and saturated aqueous NaCI, dried over 
MgSO,, and evaporated. The crude product was purified by 
filtration through a short column of silica gel to give pure 
diketone 23 (16 g, 85%) as an amorphous solid, hon~ogeneous 
in tlc; t,l/e: 477. The mass spectra of both epimers were 
identical. 

a-E~itjier 
1nf;ared (CHCI,): 3435 (N-H), 1745 (5-membered C-0), 

1735 (C=O and -0-CO-CH,), 1680 (NH-CO) cm- ' ;  
nmr (CDCI,) r : 2.82 (AB,, J = 8 Hz, Av = 8.94 Hz, 2H, 
aromatic), 3.20 (d, J = 8 Hz, IH, NH), 4.38 (m, IH, 
-CH-0-CO-CH,), 4.81 (s, 2H, 0-CH2-0), 5.38 (d, 
J = 8 HZ, CH-N-CO), 5.96 (s, 2H, -CO-CH2-0), 6.12 
(s, 3H, aromatic -OCH,), 6.47 (s, 3H, -0-CH2-0-CH,), 
6.55 (s, 3H, side-chain -OCH,), 7.85 (s, 3H, -0-CO- 
CH,), 8.00 (s, 3H, NHCO-CH,). 

P-Epittrer 
Infrared (CHCI,): 3430 (N-H), 1750 (5-membered C=O), 

1735 (-0-CO-CH,, C=O), 1680 (NH-CO) cm-';  nmr 
(CDCI,) r :  2.88 (AB,, J = 8 Hz, Av = 11.5 Hz, 2H, aromatic 
protons), 4.67 (t, J = 6 Hz, IH, CH-0-CO-CH,), 4.80 
(s, 2H, 0-CH2-O), 5.38 (d, J = 8 HZ, IH, CH-NH-CO), 
5.97 (s, 2H, CO-CH2-0), 6.13 (s, 3H, aromatic -OCH3), 
6.47 (s, 3H, -0-CHZ-OCH,), 6.57 (s, 3H, -OCH3), 7.87 
(s, 3H, -0-CO-CH3), 7.93 (s, 3H, NH-CO-CH,). 

Pt.eparnlion of 11te a,e-U11sa1lrra1erl Ke~or~e 24 
A solution of the diketone 23 (10 g) in absolute methanol 

(20 mL) was mixed with a saturated solution of K 2 C 0 3  in 
absolute methanol (650 mL) and the mixture was refluxed 
under nitrogen for 15 h. The mixture was cooled, neutralized 
with dilute hydrochloric acid (2 M ) .  most of the methanol was 
evaporated in vacrro, and the residue was extracted with 
dichloromethane. The extract was dried over anhydrous 
MgSO., and evaporated. The crude product was chromato- 
graphed on silica gel eluting with 30% acetone in hexane con- 
taining 3% methanol and recrystallization from chloroform- 
ether gave the pure a,e-unsaturated ketone24 (7.78 g, 89%). 

a- Epiruer 
Mass spectra rrlle: 417; mp 90.5-92°C: ir (CHCI,): 3510 

/ 
(OH), 3410 (N-H), 1720 (CO.C=C, ), 1655 (CO.NH +. 

/ 
CO-q=C,) cm-l ;  nnir (CDCI!,) r :  9 0  (AB,, J = 8 Hz, 

Av =I 1 0 . 2 4 ~ 2 ,  2H, aromatic H), 4.80 (s, 2H, 0-CH2-0), 
6.10 (s, 3H, aromatic -OCH,), 6.47 (s, 3H, 0-CH2-OCH,), 
6.67 (s, 3H, -CH2-OCH,), 7.98 (s, 3H, NH-CO-CH,); 
uv h,,,(EtOH): 230, 258 nm; E = 15 600, 12 400. Atlol. calcd. 
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for C21H2707N: C 63.30, H 6.52, N 9.43; found: C 63.19, 
H 6.59, N 9.42. 

p-Epitner 
The mass spectra of both epimers were identical, tnle: 417 

(oil); ir (CHCl,): 3500-3300 (OH and N-H), 1720 
/ (co.c=c<), 1655 (NH.CO + CO.C=C\) cm-I;  nmr 

I I 
(CDCI,) r : 3.08 (AB,, J = 8 Hz, Av = 11.49 Hz, 2H, aro- 
matic H), 4.82 (s, 2H, 0-CH2-0), 6.08 (s, 3H, aromatic 
-OCH3), 6.48 (s, 3H, -0-CH2-0-CH,), 6.68 (s, 3H, 
-CH2-OCH,), 8.03 (s,3H, NH-CO-CH,); uv  h,,.(EtOH): 
232, 260 nm, E = 16 000, 10 400. 

Pl~otoaciciition of Vitlyl Acetate to the a, p-Utwatlrraterl 
Ketone 24 

A solution of the a,p-unsaturated ketone 24 (2 g) and vinyl 
acetate (60 mL) in freshly distilled tetrahydrofuran (100 mL) 
was irradiated under nitrogen at -78"C for 3 h with a 200 W 
Hanovia mercury lamp using a Pyrex filter. Excess vinyl 
acetate and solvent were removed under reduced pressure and 
the crude product was crystallized from chloroform-hexane to 
give the pure photoadduct 25 (2.3 g, 95x).  

a- Epittier 
Melting point 21 5-216°C; tn/e: 503; ir (CHCI,): 3500 (OH), 

3410 (N-H), 1745 (5-membered C=O), 1730 (-0-CO- 
CH,), 1670 (NH-CO) cm-I;  nmr (CDCI,) r :  2.57, 3.00 (Id, 
J = 8 Hz, 1H for each aromatic H), 4.60 (dd, lH,  CH-O- 
CO-CH,), 4.80 (s, 2H, 0-CH2-0), 6.12 (s, 3H, aromatic 
-OCH,), 6.49 (s, 3H, -0-CHI-0-CH,), 7.10 (s, 3H, 
-CH2-OCH,), 7.83 (s, 3H, -OCOCH3), 8.08 (s, 3H, 
NH-CO-CH,). At~nl. calcd. for C26H330,N: C 62.01, 
H 6.61, N 2.78; found: C 61.72, H 6.72, N 2.58. 

p-Epitner 
Oil. The mass spectra of both epimers were identical, tn/e: 

503; ir (CHCI,): 3525 (-OH), 3425 (N-H), 1745 (5-mem- 
bered C=O), 1730 (-OCOCH,), 1655 (NHCO) cm-';  nmr 
(CDCI,) r :  3.01 (s, 2H, aromatic H), 4.57 (dd, lH,  CH-O- 
COCH,), 4.80 (s, 2H, -0-CH2-0), 6.10 (s, 3H, aromatic 
-OCH,), 6.48 (s, 3H, -0-CHI-0-CH,), 7.1 1 (s, 3H, 
-CH,-0-CH,), 7.81 (s, 3H, -OCOCH3), 8.08 (s, 3H, 
NH-CO-CH,). 

Prepnratiot~ of the Aldel~yde 26 
A solution of the photoadduct 25 (2.8 g) in methanol (150 

mL) was mixed with aqueous KOH (19 mL, 0.71 M )  and the 
mixture was stirred at room temperature for 30 min. It was 
then neutralized with dilute HCI (0.7 M), the methanol was 
evaporated it1 oncuo, and the residue was extracted with 
dichloromethane. The extract was dried over anhydrous 
MgSO, and evaporated to give aldehyde 26 (2.5 g, 97%). 

a-Epitner 
Recr~stallization from dichloromethane-ether mD 156- 

157"~;-tnle: 461; ir (CHCI,): 3500 (OH), 3430 (N-H), 2720 
(-C=O,H), 1745 (5-membered C=O), 17 12 (-C=O.H), 
1665 (CO.NH) cm-';  nmr (CDCI,) r :  0.23 (t, J = 3 Hz, lH,  
-C=O.H), 4.80 (s, 2H, 0-CH2-0), 6.10 (s, 3H, aromatic 
-OCH,), 6.50 (s, 3H, -0-CHI-0-CH,), 7.27 (s, 3H, 
-CH2-OCH,), 7.93 (s, 3H, NHCO-CH,). 

p-Epitner 
Oil. The mass spectra of both epimers were identical, tnle: 

461; ir (CHCI,): 3525-3300 (OH + N-H), 1745 (5-mem- 
bered CO), 1712 (-C=O.H), 1655 (NHCO) cm- ' ;  nnir 
(CDCl,) r :  0.20 (t, J = 3 HZ, -C=O.H), 2.50 (d, J = 4 HZ, 
lH, N-H), 3.00 (s, 2H, aromatic H), 4.80 (s, 2H, 0-CH2- 
O), 6.08 (s, 3H, aromatic -OCH,), 6.49 (s, 3H, -0-CH2- 
0-CH,), 7:28 (s, 3H, -CH2-O-CH,), 7.98 (s, 3H, 
NHCO-CH,). 

Preparation of the Acetal27 
A solution of the aldehyde 26 (2.2 g) in absolute methanol 

(30 mL) was mixed with trimethyl orthoformate (10 mL) and 
Rexyn 101 (H) (0.11 g) and the mixture was stirred at room 
temperature for 1 h. Rexyn was filtered off and the filtrate was 
evaporated it2 oaclro to give the acetal27 (2.41 g, 100%) as an 
amorphous solid, homogeneous in tlc; tnle: 507. The mass 
spectra of both epimers were identical. 

a-Epitner 
Infrared (CHCI,): 3550-3300 (OH and N-H), 1745 (5- 

membered CO), 1662 (NH,CO) cm-'; nmr (CDCI,) r :  4.80 
(s, 2H, 0-CH2-0), 5.43 (t, J = 5 HZ, lH,  -CH(OCH,),), 
6.10 (s, 3H, aromatic -OCH,), 6.50 (s, 3H, -0-CH2-0- 
CH,), 6.67, 6.72 (s, 3H each, -CH(OCH,),), 7.47 (s, 3H, 
-CH2-OCH,), 7.93 (s, 3H, NHCO-CH,). 

p-Epitner 
Infrared (CHCI,): 3550-3250 (OH and N-H), 1745 (5- 

membered CO), 1655 (NHCO) cni-I; nmr (CDCI,) r :  3.04 
(s, 2H, aromatic H), 4.83 (s, 2H, 0-CH2-0), 5.42 (t, J = 5 
Hz, IH, -CH(OCH,),), 6.10 (s, 3H, aromatic -OCH,), 6.52 
(s, 3H, -0-CHI-OCH,), 6.68, 6.72 (2s, 3H each, 
-CH(OCH3)Z), 7.44 (s, 3H, -CHI-OCH,), 8.00 (s, 3H, 
NHCO-CH3). 

Preparatiot~ of the Acetnl Acetate 28 
A solution of the acetal alcohol 27 (2.4 g) in dry pyridine 

(15 mL) was acetylated with acetic anhydride (10 mL) in the 
presence of 4-dimethylamino pyridine (0.1 g) at room tem- 
perature for 10 h. The reaction mixture was evaporated to 
dryness it1 oncuo and the residue was chromatographed on 
silica gel. Elution with 30% ether in chloroform containing 5% 
methanol and 0.01% pyridine gave the pure acetal acetate 28 
(2.23 g, 86%) as an amorphous solid honiogeneous in tlc; 
tnle: 549. The mass spectra of both epimers were identical. 

a-Epitner 
Infrared (CHCI,) : 3400 (N-H), 1745 (5-membered CO), 

1725 (-OCOCH,), 1680 (NHCO) cm-I; nmr (CDC1,) r :  
4.80 (s, 2H, 0-CH2-0), 5.08 (t, J = 8 HZ, lH, CH- 
O,CO.CH,), 5.45 (t, J = 5 HZ, lH,  -CH(OCH,),), 6.16 (s, 
3H, aromatic OCH,), 6.48 (s, 3H, -0-CH2-0-CH,), 
6.68, 6.72 (2s, 3H each, -CH(OCH3)I), 7.43 (s, 3H, 
-CH2-OCH,), 7.90 (s, 3H, -0.COCH3), 8.00 (s, 3H, 
NHCO-CH,). 

p-Epitner 
Infrared (CHCI,): 3445 (N-H), 1740 (5-membered CO + 

OCOCH,), 1675 (NHCO) cni-I; nmr (CDCI,) r :  4.30 (t, 
J = 3 HZ, lH,  -CH0.COCH3), 4.82 (s, 2H, 0-CH2-0), 
5.41 (t, J = 5 Hz, lH,  -CH(OCH3)2), 6.10 (s, 3H, aromatic 
-OCH3), 6.51 (s, 3H, -0-CH2-O-CH,), 6.66, 6.70 ( 3 ,  
3H each, -CH(OCH,)), 7.43 (s, 3H, -CH20CH3), 7.91 (s, 
3H, -O.CO.CH,), 8.02 (s, 3H, -NHCO-CH,). 

Prepnration of the Etzol Ether 29 
A solution of the acetal acetate 28 (2.7 g) in dry o-xylene 

(30 mL) was refluxed with dry pyridine (1.5 mL) under nitrogen 
for 3 days. The reaction mixture was cooled, the solvent was 
distilled off under reduced pressure, and the residue was 
chromatographed on silica gel. Elution with 30% ether in 
chloroform containing 3% ~iiethanol and 0.01% pyridine gave 
the pure enol ether 29 (2.34 g, 92%) as an amorphous solid, 
honiogeneous on tlc; tt~le: 517. The Inass spectra of both 
epimers were identical. 

a-Epitner 
Infrared (CHCI,): 3440 (N-H), 1740 (5-membered CO + 

- OCOCH,), 1680 (NHCO), 1650 (-HC=CH-OCH,) 
cm-'  ; nmr (CDCI,) r :  3.67, 4.52 (2d, J = 13 Hz, 1H each, 
vinylic H), 4.78 (s, 2H, 0-CH2-0), 5.05 (t, J = 8 Hz, lH, 
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-CH-OCOCH,), 6.08 (s, 3H, aronlatic -OCH3), 6.43 (s, 
3H, -CH=CH-OCH,), 6.47 (s, 3H, -0-CH2-0-CH3), 
7.35 (s, 3H, -CH2-0-CH3), 7.89 (s, 3H, -O,CO,CH3), 
8.00 (s, 3H, -NH-CO-CH3). 

0- Epittrer 
Infrared (CHCI,): 3440 (N-H), 1745 (5-membered CO), 

1685 (NHCO), 1650 (-CH=CH-OCH,) cm-';  nrnr 
(CDCI,) T :  3.60, 4.43 (2d, J  = 13 Hz, 1H each, vinylic H), 
4.83 (s, 2H, 0-CH2-0), 6.10 (s, 3H, aromatic -OCH,), 
6.43 (s, 3H, -CH=CH-OCH,), 6.51 (s, 3H, -0-CHZ- 
0-CH,), 7.37 (s, 3H, -CH2-0-CH,), 7.92 (s, 3H, 
-OCO.CH,), 8.02 (s, 3H, -NH-CO-CH,). 

Preparatiotz of //re Keto Ester 30 
A solution of the en01 ether 29 (1.2 g) in acetone (25 mL) 

was added dropwise to a stirred solution of sodium meta- 
periodate (4.135 g), potassium carbonate (0.78 g), and potas- 
sium permanganate (0.124 g) in water (37.2 mL) diluted with 
acetone (74.4 mL). The reaction mixture was stirred at room 
temperature for 3 h. The acetone was evaporated under 
reduced pressure, the residue was diluted with water (50 mL), 
and the basic aqueous solution was washed with chloroform. 
The aqueous layer was then acidified with dilute hydrochloric 
acid (2 M )  and extracted with chloroform (5 x 50 mL). The 
combined extracts were washed with saturated aqueous NaCl 
until neutral, dried over anhydrous MgSO,, and evaporated 
to dryness itr unc'lto to give the keto acid corresponding 
to the ester 30 (0.94 g, 80.2%);. nrle: 505; ir (KBr): 3650- 
3100 (N-H + -COOH), 1705 (5-membered CO), 1725 
(-O.COCH,), 1710 (-COOH), 1650 (NHCO) cm- ' ; nrnr 
(acetone-&) T :  4.78 (s, 2H, 0-CHz-0), 6.13 (s, 3H, 
aromatic -OCH3), 6.51 (s, 3H, -0-CH2-0-CH,), 7.40 
(s, 3H, -CH2-OCH,), 7.97 (s, 3H, -0.C0.CH3), 8.05 (s, 
3H, --NH-CO-CH3). 

An excess of diazonlethane in ether was added to a suspen- 
sion of the keto acid (0.9 g) in dry dichloromethane (20 mL), 
and the mixture was stirred at room temperature for 30 min. 
Excess reagent and solvent were evaporated under reduced 
pressure and the residue gave the ester 30 on crystallization 
from dichloromethane-ether (0.924 g, 100%). 
9- Epittrer 
Melting point 226-227°C; ttr/e: 519; ir (CHCI,): 3430 

(N-H), 1755 (5-membered CO), 1735 (-OCOCH, + 
-COOCH,), 1685 (NHCO) cm-';  nmr (CDCI,) r :  4.80 (s, 
2H, 0-CHI-O), 4.95 (t, J  = 8 HZ, -CH,0,C0,CH3), 6.10 
(s, 3H, aromatic -OCH,), 6.25 (s, 3H, -COOCH,), 6.47 (s, 
3H, -0-CH2-0-CH,), 7.44 (s, 3H, -CH2-0-CH,), 
7.88 (s, 3H, -0.C0.CH3), 8.00 (s, 3H, -NH-CO-CH,). 
A~tal. calcd. for C,gH,,O,,N: C 60.10, H 6.40, N 2.70; 
found: C 59.73, H 6.30, N 2.41. 

0-Epit~rer 
The mass spectra of both epiiners were identical, t~rle: 519; 

ir (CHCI,): 3430 (N-H), 1755 (5-membered CO), 1735 
(-OCOCH, + -COOCH,), 1685 (NHCO) cm-';  nmr 
(CDCI,) r :  2.98 (s, 3H, aromatic H), 4.24 (broad s, IH, 
-CH.O.CO.CH,), 4.82 (s, 2H, 0-CHZ-0), 6.10 (s, 3H, 
aromatic -OCH,), 6.22 (s, 3H, -CO.OCH,), 6.51 (s, 3H, 
-0-CH2-0-CH,), 7.43 (s, 3H, -CH2-0-CH,), 7.90 
(s, 3H, -0.C0.CH3), 8.00 (s, 3H, -NH-CO-CH3). 

Prepat~atiotr of the Hydroxy Keto Lnctan~ 31 
A solution of the keto ester 30 (0.8 g) in absolute methanol 

(30 mL) was added dropwise to a solution of sodium methoxide 
in methanol (100 mL, 0.26 M )  and the mixture was refluxed 
under nitrogen for 15 h. The reaction mixture was then cooled, 
neutralized with dilute hydrochloric acid (2 M), and the 
methanol was evaporated under reduced pressure. The residue 

was diluted with water, extracted with chloroform, the extract 
was dried over anhydrous MgSO,, and evaporated to dryness 
it1 unaro. On crystallization from dichloromethane-ether the 
residue gave colourless crystals of thc hydroxy keto lactam 
31 (0.52 g, 84%). 

a- Epit~ler 
Mass sDectra n11e: 403: mD 169.5-170.5"C: ir(CHC1,): 3550- 

3300 (OH and N-H), 1750 (5-membered d o ) ;  1665 (NHCO) 
cm- ' ; nmr (CDCI,) r :  2.45, 3.07 (2d, J = 8 Hz, 1H each, 
aromatic H), 2.67 (d, J  = 4 Hz, 1 H, N-H), 4.83 (s, 2H, '. 0-CH2-O), 5.58 (m, 2H,,CHOH + apex H), 6.15 (s, 3H, 

aromatic -OCH,), 6.50 (s, 3H, -0-CH2-0-CH,), 6.63 
(s, 3H, -CH2-0-CH,). Atral. calcd. for C2 ,H2,07N : 
C 62.52, H 6.25, N 3.47; found: C 62.37, H 6.05, N 3.19. 

p-,Epittrer 
011. The mass spectra of both epimers were identical, tnle: 

403; ir (CHCI,): 3600 (OH), 3410 (N-H), 1750 (5-membered 
C=O), 1665 (NHCO) cm-';  nmr (CDCI,) T :  3.03 (AB,, 
J = 8 Hz, Av = 6Hz,  2H, aromatic H), 4.83 (s, ZH, 
0-CH2-0), 6.12 (s, 3H, aromatic -OCH,), 6.50 (s, 3H, 
-0-CH2-0-CH,), 6.63 (s, 3H, -CH2-OCH3). 

Preparation of Dikcto Laciat~t 32 
A solution of compound 31 (a-epimer) (0.5 g) in dry di- 

chloromethane (10 mL) was added at room temperature to a 
solution of the chromium trioxide - pyridine complex (1.93 g) 
in dry dichloromethane (50 mL) with stirring. Stirring was 
continued at room temperature for 30 min, after which time 
the mixture was diluted with ether (50 mL) and the solid 
rtxsidue was filtered off. The filtrate was washed successively 
with saturated aqueous sodium bicarbonate, water, 5% citric 
acid, and water, dried over anhydrous MgSO,, and evapor- 
ated itz uacrro. The crude product was crystallized from 
dichloromethane-ether to give fine colourlcss needles of the 
diketo lactam 32 (0.446 g, 89%), mp 178-179'C; t~rle: 401; ir 
(CHCI,): 3400 (N-H), 1755 (5-membered CO), 1712 (6- 
membered CO), 1670 (NHCO) cm- ' ; nrnr (CDCI,) r :  2.45 
(d, J =  4Hz,  IH, N-H), 2.83 (AB,, J =  8Hz,  A v =  10.24 
Hz, 2H, aromatic H), 4.80 (s, 2H, 0-CH2-O), 6.12 (s, 3H, 
aromatic -OCH3), 6.49 (s, 3H, -0-CH2-0-CH,), 6.60 
(s, 3H, -CH2-0-CH3). Atral. calcd. for CZ1H2,07N: 
C 62.83, H 5.78, N 3.49; found: C 62.89, H 5.74, N 3.23. 

R~(/rlctio~r of the Diketo Lactnttl 23 to Dial 33 
Lithium tri-tert-butoxy aluminum hydride (2.54 g) was 

added to a solution of the diketo lactam 32 (0.48 g) in dry 
tetrahydrofuran (50 mL) under nitrogen and the mixture was 
heated in an oil bath to 50-55°C for 8 days. The reaction 
mixture was then cooled and excess reagent was destroyed by 
dropwise addition of water. The mixture was filtered through 
Celite and the residue was washed with 10% methanol- 
chloroform. The filtrate was diluted with chloroform (100 niL) 
and washed with 5% aqueous citric acid and then with 
saturated NaCI. The organic layer was dried over anhydrous 
MgSOj and evaporated it1 uocrro. The crude product was 
crystallized from methanol-ether to give the pure diol 33 
(0.415 g, 85.7%), mp 190-191°C. The 0-hydroxy keto lactam 
31 on similar reduction gave the same diol 33; t~rle: 405; ir 
(CHCI,): 3600-3200 (-OH + N-H), 1665 (NHCO) cm-';  
nmr (CDCI,) T :  3.12 (AB,, J = 8 Hz, Av = 6 Hz, 2H, 
aromatic H), 4.85 (s, 2H, 0-CH2-0), 5.53 (m, IH, ring A 
CHOH), 5.58 (t, J  = 4 Hz, IH, ring B CHOH), 6.10 (s, 3H, 
aromatic -OCH,), 6.50 (s, 3H, -0-CHZ-0-CH,), 6.67 
(s, 3H, -CH2-0-CH,). Anal. calcd. for CZ1H2,07N: 
C 62.21, H 6.71, N 3.45; found: C 61.97, H 6.62, N 3.27. 
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Me/liylo/ion o/ Diol 33 
A solution of diol 33 (415 mg) in dry dioxane (24 mL) was 

refluxed with sodium hydride (490 mg, 57% oil suspension) 
under nitrogen for 2 h. The mixture was then cooled, excess 
methyl iodide (3 mL) was added, and  reflux was continued 
for another 2 h. After cooling, the mixture was filtered through 
Celite a n d  the residue was washed wlth dioxane. The  solvent 
was then evaporated under reduced pressure a n d  the crude 
product was chromatographed on silica gel. Elution with 5% 
methanol in chloroform gave the pure N-methyl lactam 34 
(343.5 mg, 75%). A sample after recrystallization from 
dichloromethane-hexane melted at 163-165'C; tnle: 447; ir 

(CHCI,): 1635 cm-I ( ~ N c o ) ;  nmr (CDCI,) r :  3.14 (AB,, 

J =  8 H z ,  Av = 15 Hz, 2H, aromatic H), 4.82 (s, 2H, 
0-CH2-O), 6.06 (s, 3H, aromatic O C H , ) ,  6.47 (s, 3H, 
-0-CH2-0-CH,), 6.57 (s, 6H, 2 secondary -OCH3), 
6.67 (s, 3H, -CH2-OCH,), 7.03 (s, 3H, -N-CH,). Atml. 
calcd. for C2?H,,0,N: C 64.41, H 7.43, N 3.13; found:  
C 64.05, H 7.65, N 2.93. 
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WERNER DANCHURA, RODERICK E. WASYLISHEN, JAMES DELIKATNY, and MOIRA R. GRAHAM. 
Can. J. Chem. 57,2135 (1979). 

The results of an ' H  and 13C nmr study of the three sytl-pyridine aldoximes are reported. 
Observed 6J(H,,H,,,,) values in the 2- and 3-pyridine aldoximes indicate that the oxime 
group is twisted approximately 20" out of the pyridine ring plane. Stereospecific 5J(H.,H,,,,,,) 
values measured for acetone solutions of 2-pyridine aldoxime indicate that the ratio of the 
NCCN trans conformation to the NCCN cis conformation is 0.86 + 0.14. The results of 
similar measurements on 3-pyridine aldoxime give 0.60 + 0.10 for the ratio of the C,CCN 
trmu and C,CCN cis conformations. A6 initio molecular orbital calculations are in good 
qualitative agreement with experiment. Carbon-13 chemical shifts of the oximes are compared 
with those previously measured for the parent aldehydes. 

WERNER DANCHURA, RODERICK E. WASYLISHEN, JAMES DELIKATNY et MOIRA R. GRAHAM. 
Can. J. Chem. 57.2135 (1979). 

On rapporte les resultats d'etudes rmn IH et effectuees sur trois aldoximes syt~ de la 
pyridine. Les valeurs obsel.vees pour GJ(H,,H,,,,) des pyridines aldoximes-2 (et -3) indiquent 
que le groupe oxime est decale d'approximativement 20' par rapport au plan du cycle de la 
pyridine. Les valeurs de SJ(H,,H,,,,,,) stCrCospecifiques mesurees pour des solutions de pyri- 
dinealdoxime-2 dans l'acetone indiquent que le rapport des conformations HCCN trans:cis 
est de 0.86 + 0.14. Les rCsultats de mesures semblables avec le 'pyridinealdoxime-3 con- 
duisent 5 un rapport des conformations trans et cis des CICCN de 0.60 + 10. Des calculs 
a6 itzitio d'orbitales nioleculaires sont en bon accord qualitatif avec les experiences. On com- 
pare les deplacements chiniiques I3C des oximes a ceux mesures anterieurement pour leurs 
aldehydes. [Traduit par le journal] 

Introduction 
In recent years several techniques have been used 

to study the conformation of the CHO group in 
pyridine aldehydes (1-7). In contrast little attention 
has been given to the conformation of the oxime 
moiety in pyridine aldoximes. Here we wish to re- 
port the results of an nmr study of the three syn- 
pyridine aldoximes.' The principal objective of this 
study was to estimate the relative stabilities of la  
( N C C N  trans) and 16 (NCCN cis) and of2a  ( C , C C N  

'In the IUPAC system all syn-aldoximes become E-aldox- 
imes and all anti-aldoximes become 2-aldoximes. 

t rans)  and 26 (C,CCN cis) in solution. Experi- 
mental results are compared with those obtained 
using ab initio molecular orbital theory with the 
minimal STO-3G basis set (7-9). The experimental 
technique used here is based on the stereospecific 
long-range spin-spin coupling constants over five 
bonds between the oxime proton, H,, and the 
pyridine ring protons (2, 10, 1 I ) .  

As well, , the conformational preferences derived 
for the oximes are compared with those obtained 
for the pyridine aldehydes. Finally, the influence of 
the oxirne and carbonyl moieties on the 13C nmr 
chemical shifts of the pyridine ring are compared. 
The I3C chemical shifts of the pyridine ring carbons 
are shown to be relatively insensitive to the con- 
formation of the oxime moiety. 

Experimental 
The pyridine aldoximes were obtained from ICN : K & K 

Laboratories Inc. The observed melting points of the 2-, 3-, 
and 4-pyridine aldoximes were 110-1 12"C, 149-151.5"C, and 
130-132°C respectively. The samples used for the proton nmr 
studies were prepared as degassed solutions in acetone-&. 
The 4-pyridine aldoxime was prepared as a 5 m o l z  solution 
whereas the 2- and 3-pyridine aldoximes were prepared as 
saturated (< 5 m o l z )  solutions. The samples used for the "C 
nmr studies were 1 M solutions in DMSO-4.  

Proton nmr spectra were obtained at 30 f 2°C using a 

0008-4042/79/162135-05$0 1 .00/0 
01979 National Research Council of Canada/Conseil national de recherches du Canada 
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TABLE 1. Observed chemical shifts (ppm) and coupling constants (Hz) of the sy~z-pyridine aldoximes 

H4 I;14 
?HENOH 

Varian CFT-20 spectrometer operating at 79.54 MHz. 
Acquisition times of 20.0 s or longer were used to obtain the 
data reported here. The free induction decay was not weighted. 
Typically 'H line widths were less than 0.18 Hz. Proton 
chemical shifts were measured with respect to the 'H signal 
of the residual protons in the solvent. This resonance was 
found to be 163.08 f 0.05 Hz down field from internal TMS. 

Proton-decoupled I3C nmr spectra were also obtained on 
the Varian CFT-20 spectrometer at 32 t 2°C. Chemical 
shifts were measured with respect to the solvent DMSO-d6 and 
converted to the TMS scale by adding 39.56 ppm (12). 

The geometry used for all molecular orbital calculations 
carried out in this study was obtained as follows. The co- 
ordinates for the pyridine ring were taken from a microwave 
study of pyridine (13a). The C.-H, and 0-H bond lengths 
were 1.08 and 0.96 A, respectively (14); CrI,,-C, (1.469 A), 
C,=N (1.275 A), and N-0 (1.390 A) were taken from an 
X-ray diffraction study of syn-4-pyridine aldoxime (3) (15). In 
each case the CrI,,Crl,,C. bond angle was taken to be the 
same as the corresponding CCH bond angles in pyridine 
(13a). The bond angle NOH was taken as 102.77" (136). All 
other bond angles were taken from the X-ray diffraction study 
(15): C,i,,C,N (120.0°), CrI,,C.H, (122.0°), H,C,N (118.O0), 
and C,NO (1 11.1"). 

Spin-spin coupling constants were calculated using semi- 
empirical molecular orbital calculations at the CNDO/2- 
FPT and INDO-FPT levels of approximation (16, 17). The 
reliability of these techniques for the calculation of spin-spin 
coupling constants has recently been reviewed (176). 

Results and Discussion 

Spectral Analyses 
Proton nmr spectra were analyzed using the com- 

puter program LAME (18). Results are presented in 
Table 1. The rms deviations between observed and 

calculated transition frequencies lie between 0.014 
and 0.033 Hz for the various samples. For the 3- and 
4-pyridine aldoximes the standard deviations of all 
spectral parameters are less than 0.01 Hz. For the 
2-pyridine aldoxime the largest standard deviation 
was 0.04 Hz (for 3J(H4,H,) and 4J(H,,Hs)). 

The coupling constants among the pyridine ring 
protons are all within 0.25 Hz of those previously 
observed in the corresponding pyridine aldehydes 
(2). 

Assignment of Isorners 
Often it is possible to prepare two different oxirnes 

from a given aldehyde, the so-called syn- and anti- 
aldoximes (19, 20). Because it is difficult to predict 

syn ~ r ~ t i  

a priori which form will be most stable, a number of 
techniques have been devised to distinguish between 
these two isomers (see for example refs. 19-30). 

Although both the syn- and anti-4-pyridine 
aldoximes are known (15), only one isomer of the 
2- and 3-pyridine aldoximes appears to be known 
(27). On the basis of observed 'J(lSN,H) values, 
Crepaux and Lehn (27) have shown that these latter 
two compounds exist as the syn isomers. 
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DANCHURA ET AL 

TABLE 2. Calculated spin-spin coupling constants (in Hz) 

l a  l b  
-- -- 1,  0 = 90", 
CND0/2 INDO CNDOjZ INDO INDO 

It is of interest to point out that the 'H  chemical 
shift differences between the O H  and CH, resonances 
for l o x  DMSO-d, solutions of 2-, 3-, and 4-pyridine 
aldoximes are 3.57, 3.39, and 3.66 ppm respectively, 
making it difficult to apply the criterion proposed by 
Kleinspehn et al. (21) for distinguishing between 
syn- and anti-isomers. 

Conformations About The Ring Carbon - Itnino 
Carbon Bond 

6J(H,,Hp) as a Measure of the Planarity of 1 and 2 
Previous studies on substituted benzenes indicate 

that the six-bond coupling between a side chain 
proton and the proton para to the substituent is 
given by an equation of the form 

[I] 6J(Ha,H,) = ,J0 + ,J1 sin2 0 

Here ,J, >> and 0 is the H,C,C,C, dihedral 
angle. 

For the pyridine aldehydes (X = 0) ,  ,J(H,,H,) < 
0.05 Hz and hence ,J0 N 0.0 and 0 E 0". Reliable 
experimental values of ,J, are not available. How- 
ever, on the basis of INDO-MO-FPT calculations 
(Table 2) we estimate 6J, = - 1.05 + 0.3 HZ. This 

value of 6 ~ ,  is similar to the value estimated in 
toluene (31) and used in a study of 2,6-dichloro- 
benzaldoxime (32). Thus using [I] with ,J, = 0.0 
and taking ,J, = - 1.05 + 0.3 Hz, the observed 
values of - 0.18 Hz and - 0.16 Hz in 1 and 2 suggest 
that the oxime group is twisted out of the pyridine 
ring plane by 24 + 6" and 23 + 6". 

X-ray diffraction data on syti-4-pyridine aldoxime 
(3) and syn-4-pyrimidine aldoxime (4) indicate that 

the oxime group is twisted out of the ring plane by 
13.7" and 5" respectively (15, 33). Early X-ray data 
on syn-4-chlorobenzaldoxime indicated that the 
oxime moiety lay 19" out of plane (34). 

On the basis of the X-ray data above it appears 
that the nmr estimates of 0 are upper limits. 

'J(Ha,H,) as a Measure of the Relative Populations 
of l a  a n d l b  and of 2a and2b 

In syn-4-pyridine aldoxime (3) the observed value 
of 'J(H,,H,,,), 0.36 Hz, is an average of 'J(H,,H2) 
and 'J(H,,H,). Previous experimental studies on 
various aromatic aldehydes (2, 10, 11) indicate that 
for the conformation of syn-4-pyridine aldoxime 
shown below, 'J(H,,H2), must be small (<0.1 Hz), 
while 'J(H,,H,) is approximately 0.7 Hz. This 
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TABLE 3. Some a6 ir~irio MO results for the syrz-pyridine aldoximes 

Total energies Relative energies Dipole moments 
Compound Conforn~ation (au) (kcal/mol) (Dl 

1 NCCN irarrs - 409.159664 
NCCN cis -409.155882 
NCCN 90" -409.149164 

2 C(2)CCN irarrs - 409.159442 
C(2)CCN cis - 409.158820 
C(2)CCN 90" - 409.149754 

3 CCCN planar -409.158959 
CCCN 90" -409.149516 

hypothesis is also supported by the CND0/2-MO- 
FPT results given in Table 2. 

For syn-2-pyridine aldoxime,l, 'J(Ha,H4) = 0.62 f 
0.02 Hz while 'J(H,,H,) 5 0.15 Hz. Assuming that 
'Jl(Ha,H4)o,s = Xln5J(Ha,H4)ln + Xlb5J(Hw>H4)lband 
that 'J(H,,H,),, is 0.72 Hz, or (2 x 0.36) Hz, and 
that 'J(H,,H,),~ is zero, XI,, the fractional popula- 
tion of the trans conformation, is 0.6210.72 = 0.86 +_ 
0.14. The CNDO/2-MO-FPT calculations support 
our assumption that for l a  'J(Ha,H4) will be similar 
to 'J(H,,H,) in 3. 

OH 

For syn-3-pyridine aldoxime, 2, 'J(H,,H,) is 
0.43 $ 0.02 Hz and using the same procedure as 
above the fractional population of 2a is 0.60 + 0.10. 
The CNDO12-MO-FPT calculations predict almost 
identical values for 'J(H,,H,) in 2a and 'J(H,,H,) in 
3. 

STO-3G ab initio Molecular Orbital Calculatio~is 
The above estimates for the fractional populations 

of the trans conformations, X,, and X,, for 1 and 2 
may be compared with the results of ab initio MO 
calculations presented in Table 3. The calculations 
predict l a  to be 2.38 kcal/mol more stable than lb, 
hence at 30°C, XI, = 0.98. 2a is predicted to be 
only 390 callmol more stable than 2b, hence at 
30°C, X,, = 0.66. The relative populations of l a  and 
l b  and of 2a and 2b calculated using the STO-3G 
basis set are in good qualitative agreement with the 
values estimated for solutions of 1 and 2 in acetone. 

The ab initio calculations predict the conformation 
in which the oxime group is perpendicular to the 
pyridine ring-plane to be about 6 kcal/mol higher 
in energy than the completely planar conformations. 
These values are similar to those calculated (7) and 
observed (4, 5) for the pyridine aldehydes. 

Finally, it is of interest to note that the cal- 

culated dipole moments of the pyridine aldoximes 
are insensitive to the conformation of the oxime 
group. Consequently, the relative populations of l a  
and l b  and of 2a and 2b should be relatively in- 
sensitive to solvent polarity (2). 

Comparison with Related Molecules 
It is of interest to compare the results obtained 

here for the syn-pyridine aldoximes with those ob- 
tained for the parent aldehydes. In the case of 2- 
pyridine aldehyde, microwave (3) and nmr data 
(2, 4, 5) and ab initio MO calculations (7) are in 
agreement that the fractional population of the 
NCCO trans conformation, X,, is 0.9 + 0.1. 

0 

H 
NCCO trorrs CzCCO ir.crrls 

For the 3-pyridine aldehyde there is general agree- 
ment that the C,CCO trans conformation is slightly 
favored over the C,CCO cis conformation (X, = 
0.7 + 0.1). The values obtained for X,  are somewhat 
dependent on the solvent polarity and temperature 
(2, 4, 5) 

In contrast to the oximes, the aldehydes appear 
to be planar (2, 3). 

Finally it is of interest to mention that in the 
solid state syn-4-pyrimidine aldoxime (4) exists 
entirely in the N,C4CN trans conformation (33). 

Carbon-13 Chemical Shifts 
Carbon-13 chemical shifts of the s)sz-pyridine 

aldoximes are given in Table 4. The influence of the 
syn-CHNOH group on 13C chemical shifts of the 
pyridine ring is displayed in Table 5. For comparison 
the analogous literature values for the CHO groups 
are included in parentheses (35-37). In general the 
CHNOH group influences the pyridine ring carbon 
shifts less than does the CHO group. This is partic- 
ularly true for the carbon para to the substitutent; 
in the 2- and 3-substituted oximes the para-sub- 
stituent effect is 0.1 and 0.0 ppm, respectively, while 
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TABLE 4. Observed carbon-13 chemical 
shifts (pprn) of the syn-pyridine aldoxinies 

1 2 3 
- - 

c, 149.0 145.8 146.7 
c z  152.2 147.9 150.2 
c 3 119.8 129.1 120.7 
c4 136.8 133.1 140.4 
c5 124.0 123.9 120.7 
c s  149.5 150.1 150.2 

TABLE 5. Effect of syn-CHNOHand CHO substitution on pyri- 
dine ring I3C chemical shiftsorb (in ppm) 

Substituent at :  c2 C3 c4 

c2 2 . 1  (3.2) -2 .2  (1.1) 0 .  I (1.4) 
c3 -4.1  (-2.1) 5 .2 (8 .4 )  -3 .2  (-1.1) 
C4 1 .0  (I 9 -2 .7  (0.6) 4 .6  (6.1) 
c5 0.1  (4.4) O.O(l.1) - 3 . 2 ( - 1 . 1 )  
c' -0 .6  (0.4) 0 .0 (5 .1 )  0 .1  (1.4) 

'Values in parentheses are for CHO substitution. 
bPositive values indicate a downfield shift relative to the value in pyridine. 

in the corresponding aldehydes the values are 4.4 
and 5.5 ppm. This is also the case when one com- 
pares the influence of the CHO and CHNOH 
moieties on the benzene ring; here the oxime group 
shifts C,,,, 1.7 ppm downfield while the CHO 
group induces a 6.0 ppm downfield shift (37, 38)., 

One might expect the carbon P to the oxime 
group to be most sensitive to the conformation of the 
CHNOH moiety (i.e., C, in 1, C, and C, in 2, C, 
and C5 in 3). In the case of 1, where the NCCN trans 
conformation is highly favored, the substituent effect 
on C, is -4.1 ppm, not very different from the 
value of -3.2 ppm observed for C, and C5 in 3. 
On the basis of these data it appears that the chemical 
shifts of the pyridine ring are relatively insensitive to 
the conformation of the CHNOH group. 
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JOAN A. GOWLAND and ROBERT A. MCCLELLAND. Can. J. Chem. 57.2 140 ( 1979) 
The proton nnir chemical shifts for p-anisidiniuni chloride, chloroacetate, dichloroacetate, 

and trichloroacetate and pyridinium dichloroacetate, trichloroacetate, and trifluoroacetate 
salts in seven solvents are reported. These shifts are used to estimate the extent of proton 
transfer between the amine base and carboxylic acid. In non-polar solvents the p-anisidiniun~ 
ion lies intermediate in acidity between n~onochloroacetic acid and trichloroacetic acid. The 
pyridinium system is similar; there is also some evidence here for the presence of charge 
transfer complexes. 

JOAN A. GOWLAND et ROBERT A. MCCLELLAND. Can. J. Chem. 57,2140 (1979). 
On rapporte les deplacements chimiques en rmn 'H  pour les chlorure, chloroacetate, 

dichloroacetate et trichloroacetate de p-anisidinium et pour les dichloroacetate, trichloro- 
acetate et trifluoroacetate de pyridinium dans sept solvants. On utilise ces deplacements pour 
evaluer le taux de transfert protonique entre I'amine basique et I'acide carboxylique. Dans des 
solvants non polaires, l'acidite de I'ion p-anisidiniuni se situe entre celle des acides mono- 
chloro- et trichloro-acetiques. Le systkme pyridiniun~ est semblable; il existe aussi ici quelques 
indications relatives a la presence de complexes de transfert de charge. 

[Traduit par le journal] 

With the recent availabilities of acidities and basic- 
ities in the gas phase, it has become increasingly 
important to evaluate the effects of solvation on 
acid-base equilibria in solution, since the gas phase 
measurements underline the importance of this factor 
in determining the position of equilibria. To  date the 
majority of solution studies have focussed on polar 
or protic solvents, with few detailed investigations in 
weakly polar aprotic solvents. In this paper, we re- 
port an nmr study of the interaction of two amine 
bases, p-anisidine and pyridine, with chloro-, di- 
chloro-, and trichloroacetic acids in a series of sol- 
vents ranging in polarity from water to chloroform. 
These two bases were chosen since they have similar 
aqueous solution dissociation constants. The car- 
boxylic acids were chosen since their aqueous pK, 
values are such that proton transfer to the two 
a~nines is essentially complete in water. Proton nmr 
was chosen as the tool for the investigation; this 
technique has been well established to serve as a 
measure of the electron density of the aromatic 
system, and as such should serve as a probe for the 
type of interaction between the aromatic amino base 
and the added acid (1-8). 

Experimental 
Chloroacetic acid and trichloroacetic acid were recrystal- 

lized from chloroform. p-Anisidine was recrystallized from 
petroleum ether (80-100°C). Dichloroacetic acid was distilled 
at reduced pressure. Chloroform and pyridine were purified 
according to  standard procedures. Other solvents were Fisher 
AnalaR or spectral grade, or Merck, Sharp and Dohme deuter- 
ated solvents (DzO, DMSO-d6, CDCI3, acetone-de). Melting 

points were taken on a Fischer-Johns melting point apparatus 
and are uncorrected. Infrared spectra were obtained on a 
Perkin Elmer 237-B Grating IR spectrophotometer. Ultra- 
violet spectra were obtained on a Unicam SP 800 spectrometer. 
Analyses were done by A. Gygli, Toronto. Nuclear magnetic 
resonances were obtained on a Varian T6O nrnr spectrometer. 
Approximately 10% w/w solutions of the salts were used. 
Chemical shifts are given relative to TMS. 

The salts were prepared as follows: 

p-Anisidirri~irn C/~loroncerrrre 
Approximately equimolar amounts of chloroacetic acid and 

p-anisidine were combined in chloroform to give a white preci- 
pitate. This was recrystallized from acetone and chloroforn~ to 
give fluffy white needles, mp 128-1 19°C. Arrrrl. calcd. for 
C9HIZCIN03 :  C 49.61, H 5.57, N 6.29, CI 16.45; found: 
C 49.76, H 5.51, N 6.43, CI 16.29. 

p-Atrisidini~rrn Dichloroncefnfe 
Approximately equiniolar amounts of dichloroacetic acid 

and p-anisidine were combined in chloroform. The solution 
was heated briefly and then cooled to give a white precipitate. 
This product was recrystallized from acetone and chloroform 
to give a white powder, nip 133-134°C. A?inl. calcd. for 
C9HllCIZN03:  C 42.84, H 4.24, N 5.44, CI 27.94; found: 
C42.68, H4.36, N 5.55,CI 28.12. 

p-Anisirliniurrr Tr.icliloroncefnfe 
Approximately equimolar amounts of trichloroacetic acid 

and p-anisidine were combined in a small amount of chldro- 
fo rn~ .  The solution was heated for two hours and then cooled 
and scratched to  give a white precipitate. The product was 
recrystallized from chloroform to give white needle-shaped 
crystals, mp 94-95°C. Arrnl. calcd. for C9HlOCl3NO3: C 37.68, 
H 3.52, N 4.78, CI 37.09; found: C 37.57, H 3.49, N 4.88, 
CI 37.11. 

p-Ar~isidir~irrrn C/rlor,ide 
Concentrated hydrochloric acid was added to a solution of 

p-anisidine in benzene to give a white precipitate. This was 

0008-4042/79/162 140-05$0 1 .OO/O 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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TABLE 1. Chemical shifts for p-anisidinium salt ring protons in various solvents (ppm from TMS)" 

p-Anisidinium p-Anisidinium p-Anisidinium p-Anisidinium 
Solvent p-Anisidine chloroacetate dichloroacetate trichloraacetate chloride 

CDCI3 6.70 6.83 7.30,6.90 7.38,6.88 Insoluble 
Tetrahydrofuran 6.55 6.58 6.65 7.25,6.83 Insoluble 
Acetone-& 6.67 6.78 6.95 7.38,7.05 7.48,7.11 
Acetonitrile 6.63 6.70 6.80 6.83 Insoluble 
Methanol 6.71 6.91 7.28,6.97 7.30,7.00 7.37,7.01 
DMSO-cl, 6.57 6.54 6.65 6.67 7.37,7.00 
D2O 6.80 7.30,7.00 7.30,7.00 7.30,7.00 7.28,6.97 

'Where two numbers are given the first refers to protons orllw to the methoxy group. 

TABLE 2. Chemical shifts for pyridinium ring protons in various solvents (ppm from TMS) 

Pyridiniu,m Pyridinium Pyridinium 
Solvent Pyridine dichloro~cetate trichloroacetate trifluoroacetate 

CDC13 8.63,"7.65,7.27 8 .81,8 ,11,7 .80 8.95,8.33,7.88 8.89,8.33,7.88 
Tetrahydrofuran 8.63,7.65,7.25 8.;8,7.77,7.35 8.75,8.06,7.62 8.77,8.15,7.68 
Acetone-d6 8.58,7.77,7.33 '8.69,8.10,7.65 8.98,8.47,7.98 8.98,8.52,8.05 
Acetonitrile 8.44,7.57,7.17 8.70,8.16,7.72 8.78,8.35,7.88 8.78,8.35,7.87 
Methanol 8.59,7.80,7.42 8.72,8.28,7.82 8.83,8.53,8.02 8.85,8.55,8.05 
DMSO-d6 8.62,7.75,7.;8 8.61,7.85,7.47 8.53,7.76,7.38 8.87,8.41,7.92 
DzO 8.43,7.72 ,-1.35 8.71,8.53,8.00 8.73,8.56,8.05 8.71,8.53,8.03 
P 

.First number corresponds tr, Hi 
recrystallized Kom ethyl acetate, and methanol (cf. ref. I), show carboxylate and ammonium bands, and no 
nlP beco~,es glossy > 186-C. Anrrl. calcd. for C ~ H L O C I N O :  carboxylic acid band. These are then normal 1 : 1 

52.6!, H 6.21, N 8.76, cl 22.2; found: C 52.87, H 6.46, sdlts Of an acid and a base, The one exception is the N ?.'16,CI22.11. 
solid which ~ rec i~ i t a t e s  from concentrated solutions 

Pyridinilrrti Dichl~i.oncetate 
Ap~roximaf.ei\j equimolar amounts of dichloroacetic acid 

and pyridine were combined in chloroforn~ to give a waxy 
yellow solid which was very hygroscopic. Recrystallization 
from anhydrous ether gave colourless needle-shaped crystals, 
mp 52-54°C (ref. 9 only reports obtaining a hygroscopic salt). 
Only dry crystals were used for spectral work, but the extreme- 
iy hygroscopic nature of the salt did not permit satisfactory 
analysis. 

Pyridini~rtt~ Trichloroacetrrte 
Approximately equiniolar amounts of trichloroacetic acid 

and pyridine were combined in a small amount of chloroforni 
to give shiny white plate-like crystals which were recrystallized 
from benzene, mp 106-107°C (lit. (10) mp 100-102°C). Atirrl. 
calcd. for C7H6C13N0z: C 34.64, H 2.47, N 5.77, C1 43.91; 
found: C 34.44, H 2.43, N 5.71, C1 43.86. 

Pyriclini~mi Trifluororrcetrrte 
Trifluoroacetic acid and pyridine were combined in a small 

amount of chloroform to give a white precipitate. This was 
recrystallized from chloroform and ether to give small needle- 
like crystals, mp 79-81'C (lit. (11) mp 82-83°C). 

Results and Discussion 

The approach that was employed to prepare the 
nmr solutions was to synthesize and purify salts of 
the acid and base, and dissolve these in the solvent 
in question. With one exception, elemental analysis of 
the-solid salts so prepared~corresponds to a 1 : 1 mix- 
ture of acid and base, and their KBr infrared spectra 

L .  

of chloroacetic acid and pyridine; this material ap- 
pears to be a product of nucleophilic substitution. 

In Tables 1 and 2 ring proton chemical shifts for 
the salts, as well as for the parent bases, are given in 
ppm relative to TMS. In a small number of cases 
spectra were obtained without preforming a solid 
salt, simply with a 1 : 1 molar solution of acid and 
base. Spectra of these solutions are identical to those 
obtained with the salts. The chemical shifts given in 
the tables are the weighted mean of the set of peaks 
corresponding to each proton. This is an approxima- 
tion, since the pyridine spectrum is of the type 
AA'BB'C, while that of p-anisidine is of the type 
AA'BB'. However, relative shifts at 60 MHz are 
fairly large, and the shifts of Tables ! and 2 are 
probably accurate to f 0.05 ppm. A5 has been shown 
previously (6), where a c 0 m p a r i 5 ~ ~  is possible with 
shifts arrived at by exact a n a l ~ ~ ~ i ~ ,  numbers arrived 
at by this approximate analysis show good agreement. 

p-Anisidinium Salts 
As anticipated the \lmr results obtained in D,O 

are consistent with ecjsentially complete proton trans- 
fer from ac'ld to b:ase, forming solvent separated ion 
pairs. T h i s  is sten by the fact that all salts have the 
same ri'ng proton shifts, and is not surprising since 
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TABLE 3. Percent proton transfer" of p-anisidiniunl salts 

p-Anisldinium p-Anisidinium p-Anisidinium 
Solvent chloroacetate dichloroacetate trichloroacetate 
- - -- 

DMSO-dtj 0 13 16 
Acetonitrile 13 3 3 3 8 
Tetrahydrofuran 6 20 90b 
Methanol 12  40 92 
Acetone-rl, 16 45 89 
CDCI3 30' 90 100" 
D2O 100 - 100 100 

"Numbers are accurate to  k 5 lo"%,. , 

bThe chcmlcal shirts for p-anlsihinium chldrlde were estmated as 7 4, 7 0. 

even with chloroacetic acid the difference in pK, bec- One additional comment should be made regard- 
tween the acid and the p-anisidinium ion is greater ing this system. I t  is probably reasonably valid to 
than three. The KBr ir spectra of the solid salts also say thaT i2 these non-polar solvents the anilinium 
show full proton transfer. , c$rhLoxylate siJt exists in relatively tight ion pairs, so 

In the other solvents the general corlclusion which fhat t'n_e counter-ion can have an influence on the 
emerges is that proton transfer is not as compktd. In exact nmr shift of the P-anisidiniurn group (I). This 
Table 3 are presented rough estimates of the percent obviously limits the accuracy of any pK, value mea- 
proton transfer, with the solvents arranged in order sured using r;?);< chemical shifts (a's-in Table 3). For 
of increasing ionizing ability. The numbers were ar- example the diff&~?ce in p-anisidini'u,m chloride and 
rived at by taking the chemical shift of p-anisidine p-anisidinium tricfil~.roacetate in aktone can be 
alone for that of a system with no proton transfer, taken as indicative df less than complete proton 
and the chemical shift ofp-anisidinium chloride for transfer for the carboxyiai~, or more lik&,can be 
that of a system with full proton transfer. Although taken as indicative of differ&,' degrees of association 
no claim can be made that these numbers are very within the ion pair. 
precise (we estimate their accuracy to be at best 
$. lo), several trends emerge. Pjlt-iNli~~i~ltn Salts 

111 acetonitrile and DMSO the acid-base equilib- In  general it can be concluded that the behavior of 
rium is shifted to favor un-ionized species, i.e., there the pyridinium salts is fairly similar to that of the 
is very little proton transfer. This can be attributed p-anisidinium salts. Bothset& are fully ionized in DzO 
to the very poor solvating capabilities of these two while in the other solvents significant shifts in acid- 
solvents for carboxylate anions (12). In the other base equilibria occur. Pyria'ine appears to be a 
four solvents, the trichloroacetate salt is mainly weaker base in acetonitrile, ;is could be expected. 
ionized, the chloroacetate salt is ~nainly un-ionized, The aqueous pK, values of itons of this type are 
and the dichloroacetate takes an intermediate posi- strongly influenced by hydro'gen bonding (15) be- 
tion. Evidence was obtained that the nmr shifts do tween N-H and solvent water'molecules, but this 
reflect the position of equilibrium, in that addition type of solvation will be far less important in ace- 
of excess acid to a solutioil of a partially ionized salt tonitrile. The p-anisidinium ion, which can form 
causes a downfield chemical shift in the ring protons, three such hydrogen bonds, is stabilized more in 
i.e., towards that of the ionized form. The general water by this type of interaction than the pyridinium 
conclusion that emerges is that in these four solvents ion, where there is only one available hydrogen. The 
there is a considerable shift in the relative acidities of p-anisidinium equilibrium therefore suffers more, 
the p-anisidinium io+ and the carboxylic acids, such relatively speaking, on proceeding to the acetonitrile 
that the former is noul somewhere intermediate in solvent. 
acidity between m o n o L ~ h l o r ~ a ~ e t i ~  acid and tri- A further feature of the pyridinium system which 
chloroacetic acid. This a m x ~ ~ n t ~  to a change of ap- can be commented on is the chemical shift of the 
proximately three log units the ApK, values, and, protons, which were found to be very concentration 
what is also somewhat surpl'i~ing, this change IS dependent. Typically the H, chemical shift moved to 
similar in the four solvents, chlo;b?form,~;etrahydro- lower field as the salt concentration increased. The 

furan, acetone, and methano]. ~2 %can al1s0 point shift, for example, of H, for pyridinium tricldoro- 
out that ir studies have reached a sim;:lar conL~lusion acetate varied from 8.70 (5% solution) to 9.21 (satu- 
as the effect of solvent on the ApK, of-,qrotot lated rated solution). In addition to their concentration de- 

fat  pendency, the downfield position of these chemical amines and carbOxylic acids (13, 141, indic2Jin.g b . 
shifts is somewhat unusual. Examination of the litera- there is consistency between the ir alld nmr aG/jsei . 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



GOWLAND AND McCLELLAND 2143 

ture reveals that in general H, of the pyridinium salt 
appears at 8.8 + 0.1 (3, 4). The only exceptions to 
this behavior of which we are aware are the shifts for 
the a protons of 1,4-diethylpyridinium chloride and 
iodide, which in CDCI, appear a t  9.81 ppm and 9.45 
ppm respectively (7). 

We propose that these downfield chemical shifts 
arise when the pyridinium ion is forming charge- 
transfer complexes. This is of course a well estab- 
lished feature of pyridinium ions, especially in non- 
polar solvents (16), but has not been discussed for 
pyridinium carboxylate salts. In general the presence 
of a charge transfer interaction is seen in the uv spec- 
trum of a salt by the appearance of additional bands 
not found in the spectrum of either the cation or 
a i f c g  (16). Kcither the pyridinium ion nor the ch!oro- 
acetate i o z  show uv absbrbance'above 300 nm. How- 
ever absorbanie':.an be seen in this region for the 
pyridinlum ch loroac&g~~ salts, particularly with the 
trichloroacetate (Fig. I). ~ h k  long wavelength ab- 
sorption is consistent with the pT,'sence of some 
charge transfer interaction. 

Intuitively one might then expect small upfi?!d 
nmr shifts for pyridinium protons in a charge trans- 
fer complex, since the ion, acting as an acceptor, 
would have a gain in electron density. However, the 
folIowing is consistent with downfield shifts for the 
ci protons. Theoretical calculations (17) show that 
pyridinium chloride in its charge transfer form has 
the chloride sitting preferentially over C-2 and C-6 of 
the pyridinium ring. These calculations also suggest 
that the chlorine-carbon distance in this form 

is less than the van der Waals radius. Moreover, 
although there is a net transfer of charge to the pyri- 
dinium ring, the charges on C-2 and C-6 become 
more positive, thus enhancing the electrostatic inter- 
action with the chloride ion (I 7). Such an interaction 
would lead to a downfield shift for the a protons 
while the P and y protons would remain the same or 
move somewhat upfield, as we in fact observe. Fur- 
ther evidence for this type of interaction comes from 
the halide order observed in the 1,4-diethylpyridi- 
nium salts (7), where the H, downfield shifts occur 
in the order CI- > I - .  This is opposite to the ex- 
pected order for charge transfer formation (IS, 19). 
However, the nmr shifts would be a combination of 
the charge transfer effect and an electrostatic inter- 
action and for the latter, C1- would be expected to 
showthe largest effect. (One 2f tbc rcfcrees sugge:tcd_ 
that charge transfer complex formation might result 
in line broadening, due to the production of spin 
density in the aromatic ring. We find no significant 
line broadening in our spectra, but this could be 
obscured because of the complexity of the spectra.) 

For the pyridinium salts in this study the following 
equilibria can be proposed in non-polar or weakly 
polar 'solvents. 

I, ion pairs 

0. 
- t C-R 

FIG. 1. Ultraviolet spectra of pyridiniurn solutions in chloro- 
form: (--) saturated pyridiniurn trichloroacetate salt solution: 
(-) 0.4 N trichloroacetic acid + 0.24 N pyridine; (. .) filtrate 
of an 0.8 N chloroacetic acid + 4 N pyridine solution. 

11, charge transfer complexes 

Structures I and TI differ in the position of the car- 
boxylate group, which is sitting on top of the ring in 
11, over N, C-2 and C-6. This leads to  a similar re- 
arrangement of charge to  that observed with the 
pyridinium halides, and, we propose, accounts for 
the downfield nmr shifts of H, and the presence of 
charge transfer bands in the uv spectra. 
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Chemoselectivity in the synthesis of thiocyanates and isothiocyanates: the reaction of 
alkenes with benzeneselenenyl thiocyanate in methylene chloride 
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DENNIS G .  GARRATT, M. DOMINIC RYAN, and MARK UJJAINWALLA. Can. J. Chem. 57, 
2145 (1979). 

The reactions of benzeneselenenyl thiocyanate with some simple alkylsubstituted acyclic 
and cyclic alkenes have been investigated, and the relative distribution of isomeric adducts 
determined. The relative distribution of !3-thiocyanatoalkyl phenyl selenide to !3-isothiocyanato- 
alkyl phenyl selenide is found to be dependent upon the degree of substitution of the initial 
alkene. Thus mono- and disubstituted alkenes favour formation of the thiocyanato species, 
whereas tri- and tetrasubstituted alkenes yield isothiocyanato adducts almost exclusively. 
Stereosp~cific ~ 1 l i i  addiiion was es;:b!i:hed in ail cases except that of tricycl0[4.2.2.0~*~]deca- 
3,9-diene-7,8-dicarboxylic anhydride which gives a 33:67 mixture of cis and fratls adducts. 

DENNIS G .  GARRATT, M. DOMINIC RYAN et MAP: UJJAINWALLA. Can. J. Chem. 57, 2145 
(1979). , . 

On a CtudiC les reactions du thiocyanate de benzenesCICnCnyle avec quelques a ; ~ t . 1 ~ _ ~  lineaires 
et cycliques substitues par des groupes alkyles simples et on a determine la distribution relative 
des adduits isomeres. On a trouve que la distribution relative du selenure de P-thiocyanato- 
alkyle et de phenyle par rapport au selknure de !3-isothiocyanatoalkyle et de phenyle depend 
du degre de substitution de I'alcene de depart. Les alcenes mono- et disubstituees favorisent 
la formation d'especes thiocyanato alors que les alcenes tri- et tetra-substitues conduisent 
presqu'exclusivement aux adduits isothiocyanato. On a etabli que I'addition est stereospeci- 
fiquement auti dans tous les cas excepte celui de I'anhydride de l'acide tricycl0[4.2.2.0~.~] de- 
cadiene-3,9 dicarboxylique-7,s qui conduit a un melange 33:67 des adduits cis et tram. 

[Traduit par le journal] 

The isolation of an areneselenenyl thiocyanate was 
first reported by Foss in 1947 (1) from the reaction of 
2-nitrobenzeneselenenyl bromide with potassium 
thiocyanate in ethyl acetate-methanol solution (eq. 
[l]). There have been few studies of this class of 
compounds, with the exception of a brief investiga- 
tion by Rheinboldt and Perrier on nucleophilic sub- 
stitution at selenenyl selenium (2). 

NOz yo2 

111 SeBt --+ SeSCN 

We wish to present the results of an experimental 
investigation of the addition of benzeneselenenyl 
thiocyanate to a series of simple alkylsubstituted ole- 
fins. In previous papers we have discussed the reac- 
tions of the analogous areneselenenyl chlorides with 
unsaturated substrates of various types and structure, 
both from the point of view of kinetics and the stereo- 
chemical and regiochemical nature of these reactions 
(3). It was anticipated that areneselenenyl thio- 
cyanates would behave like the analogous chlorides 
and thus allow one by virtue of the ambident charac- 

'To whom correspondence should be directed. 
'D. G. Garratt and M. D. Ryan. Unpublished observations. 

University of Ottawa, Ottawa, Canada. 

ter of the pseudohalide anion, SCN, to draw further 
mechanistic conclusions with respect to the irnport- 
ance of ion-pairs during these reactions and the sub- 
sequent isomerizations of the adducts. Furthermore, 
it was felt that the use of areneselenenyl thiocyanates 
might open up a new series of potentially useful syn- 
thetic reagents for the introduction, both stereo- and 
regiospecifically, of sulphur and nitrogen moieties 
based on the chemistry of alkyl thiocyanates and iso- 
thiocyanates. Related studies utilizing iodine thio- 
cyanate have recently been published by Woodgate 
and co-workers (4). 

Benzeneselenenyl thiocyanate, C6H5SeSCN, was 
prepared in situ by a modification of the method of 
Foss from benzeneselenenyl chloride and sodium 
thiocyanate in methylene chloride as solvent. The 
presence of a strong sharp peak at 4.65 pm in the 
infrared spectrum, characteristic of a thiocyanate 
group, and the absence of an intense, broad band in 
the 4.67-5.03 pm region indicative of an isothio- 
cyanate group, clearly indicates the reagent to be 
C6H,SeSCN rather than C6H5SeNCS. The sodium 
chloride is removed by filtration and the resultant 
clear yellow-orange solution used directly for the 
additions. These solutions should be used within a 
few hours of preparation. On prolonged standing a 

0008-4042/79/162 145-09$0 1 .OO/O 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 



2 146 CAN. J .  CHEM. VOL. 57, 1979 

deep orange crystalline solid precipitates out of solu- 
tion. This material is also obtainable directly via 
evaporation of the solvent and appears to be a form 
of benzeneselenenyl thiocyanate in a higher state of 
aggregation. Although this alternate form of the 
reagent will react with alkenes, we have limited our- 
selves in this report to a study of the chemistry of the 
first formed species. 

Results and Discussion 
Reactions of benzeneselenenyl thiocyanate, 1, in 

methylene chloride at ambient temperature with 
simple alkenes give adducts of the type shown in [2]. 

. - 

-%k- ielative distribution of P-thiocyanates, A, to 
P-isothiocyanates, B, is found to be dependent on the 
degree of substitution of the initial alkene. For 
example, the reaction of 1 with ethylene gives under 
conditions of kinetic control 2-thiocyanatoethyl 
phenyl selenide 2, whereas with 2,3-dimethyl-2- 
butene, one isolates the isothiocyanate adduct 3. 

When carried out w-ith freshly prepared solutions 
of 1 these reactions are essentially quantitative: glc 

.yields >98%, isolated yields at least 90%, unless 
otherwise stated. Structural assignments are based on 
infrared and nmr spectroscopy. Thus the thiocyanato 
adducts exhibit a sharp absorption between 4.6 and 
4.7 pm which is medium to strong in intensity de- 
pending upon the surrounding atoms. In contrast 
the isothiocyanato adducts absorb very strongly, 
exhibiting a broad band between 4.5 and 5.3 pm 
with a number of shoulders appearing on either side 
of the main absorption. 

In the assignment of regiochemistry of these and 
similar species by 'H nmr it has been observed that 
protons a to the isothiocyanato group are deshielded 
relative to those of either the thiocyanato or phenyl- 
seleno moieties. In general protons a to the thio- 

cyanato group are only slightly deshielded relative to 
those a to the phenylseleno group. For example, 
compound 2 exhibits a single sharp resonance at 
6 3.16 integrating as four protons (60 MHz, chloro- 
form-d solvent). At 100 MHz some fine splitting 
indicative of a tightly coupled AA'BB' spin system 
is observed. 

In a manner similar to the above, carbon-13 atoms 
directly bonded to the aforementioned groups are 
shielded in the order -NCS < -SCN < -SeC,H,, 
and therefore allow confirmation of the assignments 
initially based on ir and 'H nmr. 

The 'H nmr parameters of the adducts obtained 
during this investigation are reported in Tables 1, 3, 

-.a& -;.-in every case it was-pos~ible to tind- at least 
one non-overlapping signal from which the initla1 
(kinetically controlled) isomer distribution could be 
calculated. The 13C nmr parameters are given in 
Table 2 and the experimental section. It should be 
noted that an immediate in situ determination of the 
addnct. isomer ratio was necessary because of the 
observed tendency of many of the adducts to iso- 
merize. 

Two types of isomerization are observed. In 
general, the fastest form of isomerization is the regio- 
specific conversion of thiocyanate to isothiocyanate 
and its converse jeq. If]) S.o;i-iewhat slower is the 

R"' R R "' R" 
[j] C6H5Se \ 4  

L 

C6H,Se \ 4  
\c/c\ 7 \c /c\ 
4 SCN 
R R'  

' f  NCS 
R R' 

stereospecific isomerization of regioisomers (eq. [6]). 
It is not clear in all cases from our data to what 
degree these secondary isomerizations retain chemi- 
cal functionality (i.e. RSCN -+ R'SCN vs. R'NCS). 

Exceptions to the above, qualitative observations, 
have been observed and therefore indicate a note of 
caution must be applied towards ail assignments. 
For example, the reaction of 1 with propene yields 
two thiocyanato adducts in the ratio 60:40. It is 
observed that the subsequent isomerization, 4 5, 
which favours formation of the Markownikoff ad- 

R"' R R R'  
\ 4  

C L 

1 4  
C6H5Se\ / \SCN - /C, ,s~C,HS 

[61 NCS 
'fc\ 
R R' 

dC\ 
R"' R" 

R R' 
-\ d 

+ SCN 
/SeC6H~ 



TABLE 1. The observed infrared and proton nmr parameters for the products of the addition of benzeneselenenyl thiocyanate to isomeric 1,2-disubstituted ethylenes 

3 2 1 1' 2' 3' 
C-C-C-C-C-C 

I I 
CAH,Se X X = SCN. NCS - - 

Chemical shift assignments (6, ppm) Coupling constants (Hz) 
Adduct Infrared - - 

Initial alkene regiochemistry (p, CH2C12) H3 H2 H1 H1' H2' H3' J1.1, J1.2 J2.3 J I r . 2 ,  J2'.3' 

E-2-Pen tene 

Isothiocyanate adducts 
1.43 d 3.38 dq 3.83 dq 1.42 d 3 .9  6 .6  7 .1  
1.47 d 3 .30dq  3.93 dq 1.40 d 4 .8  6 . 6  7 . 0  
1.43 d 1.6- 0 .98  t 7 .2  6 . 4  

2 .2  m 
aM 4.78 1.10 t 1.6- 3.10 

2 . 2 m  ddd 4 .01dq  1 . 4 1 d  3 .6  { 6 .4  6 .4  

M 1.42 d 1.6- 1.07 t 7 . 0  6 .2  
2.1 m 0 

1.6- 3.27 3.93 dq 1 . 4 0 d  5 . 6  6 . 4  6 . 4  > 
2 . l m  ddd m m 

1 . 1 2 d  > 
1 4 9 d  2 .82dq 4 1 3 d d  1 1 2 m  4.0  6 .8  5 .6  6 . 4  4 

Thiocyanate adducts 
1 . 4 3 d  3.53 dq 3.67 dq 1 . 4 4 d  2.8 6 . 5  6 .5  
1 . 4 8 d  3 .38q '  3 .48q '  1 . 6 0 d  6 .2  6 .5  6 . 5  
1.46 d 3.67 dq 3.35 1 . 9 m  1 0 0 t  3 .0  7 .0  6 . 4  

ddd 
nM 4.62 1.12 t 1 . 9 m  3.35 3 .78dq  1 . 4 6 d  3 .2  6 .4  7 .0  

ddd 

E-2-Pentene M 4.61 1 . 5 0 d  3.55 q' 3 . 2 2 m  1 . 9 m  1.03 t 6 .5  6.5 1 :  6 .3  
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TABLE 2. The observed carbon 13 nrnr parameters for the products of addition of benzeneselenenyl 
thiocyanate to isomeric 1,2-disubstituted ethylenes 

RI{C3-CZ-C l-C1'-,Cz'-C3'} R2 or R3 
/ J 

C6H5Se X 

R1 RZ R3 C-3 C-2 C- 1 C-1 ' C-2' C-3 ' 

Thiocyanate adducts (X = SCN) 
19.1 44.3 51.6 20.5 
15.7 42.8 50.0 15.8 

13.2 24.6 53.3 59.4 24.9 
12.4 25.9 53.7 59.1 26.6 
Unknown ........................ adduct too unstable 

20'9 28.9 17.4 60.6 65.2 30.8 

17.1 43.6 59.0 23.6 
18.3 42.4 59.7 27.5 

Unknown ........................ adduct too unstable 

21.3 43.3 65.8 31.6 

13.2 23.5 53.1 54.0 19.2 

iPr H CH3 20'8 31.8 18.6 62.0 50.9 21.8 

Isothiocyanate adducts (X = NCS) 
CH3 CH3 H 18.3 44.0 58.1 22.6 
CH3 H CH3 16.8 44.1 58.3 20.1 
Et Et H 12.9 26.2 53.0 64.5 27.1 11.1 
Et H Et 12.4 24.4 52.1 64.4 27.2 10.7 

20.1 
68.2 

21.4 
iPr iPr H 18.5 31 '9  58.8 32.4 20.6 

21'1 29.4 
22.7 

iPr H i Pr 15.6 58.1 68.4 30.9 17.6 
CH3 Et H 16.8 43.4 65.3 26.4 11 .O 
CH3 H Et 18.9 42.4 65.0 30.1 10.9 

20.9 
CH, iPr H 19.9 43.0 67.1 30'8 20.3 

43.3 66.0 
21 .o  

CH3 H iPr 19.1 29'7 18.6 
Et CH3 H 12.9 25.3 50.6 57.5 18.8 
Et H CH3 12.6 24.6 54.2 57.8 20.2 

iPr CH, H 20'7 31.9 20.6 62.1 57.1 21.6 

21.2 
iPr H CH3 18.6 29.9 62.2 57.5 22.3 

- 
NOTE : Configuration is ert l~yro when R',  R3 = alkyl; tlrreo when R1, R2 = alkyl. 

duct, 4, proceeds much faster than the corresponding convention that when both olefinic carbon atoms con- 
isomerization(s) to isothiocyanato adducts, in con- tain an identical number of alkyl groups, the Mar- 
trast to the normal results for more highly substituted kownikoff isomer is defined as that one in which 
systems. the pseudohalide is bonded to the carbon whose sum 

of Taft's inductive substituent constants, Co*, is the 
C6H5SeCH2CH(SCN)CH3 NCSCH~CH(S~C,H, )CH~ 'nore negative. This method of nomenclature has 

4 5 been previously reported (5). 

In the tables we use the designation Markownikoff, Reactions  wit/^ Acyclic Terminal Alkenes 
M,  and anti-Markownikoff, aM,  to distinguish be- Simple alkenes upon reaction with 1 give only 
tween isomeric adducts. Since such nomenclature is thiocyanato adducts under conditions of kinetic 
confusing for adducts derived from 1,Zdisubstituted control. For example, 4-methyl-1-pentene yields an 
or tetrasubstituted ethylenes, we have adopted the 80:20 mixture of anti-Markownikoff to  Markowni- 
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TABLE 3. The observed infrared and proton nmr parameters for the Markownikofi adducts from the reaction of benzeneselenenyl 
thiocyanate with a series of trisubstituted ethylenes 

"C-3'C 

/ 
C ~ C ~ C L C - X  (X = SCN. NCS) 

/ \c2,, 
C6HsSe 

Chemical shift assignments (6, ppm) Coupling constants (Hz) 
Infrared 

Initial alkene (v, CH2C12) H3 H2  H1 H2' H3' H2" J1.2 J2.3 J2'.3' 

Isothiocyanate adducts 
2-Methyl-2-butene 4.74 1.54d 3.30q 1.55s 1.55s 6 .8  

2.7 

1.09d 1.7m 3.03d 1.63s 
1.58d 3.37q 1.91q 
1.52d 3.34q 1.90q 

1.57d 3.46q 2.2m 

1.55d 3.41q 2.3m 

Thiocyanate adducts 
1.48d 3.72q 1.43s 

1.10t 2.0m 3.45dd 1.45s 
1.00d 
0.98d 1.7m 3.46d 1.54s 

1.49d 3.80q 1.73q 
1.50d 3.79q 1.81q 

1.56d 3.47q 2.2m 

koff thiocyanato adducts while 3-methyl-1-butene 
gives the anti-Markownikoff species exclusively. 
These ratios are very similar to those previously 
reported for the analogous additions of C,H5SeC1 
and C,H5SeBr (6). Only in the case of 3,3-dimethyl-1- 
butene is an anomaly observed in that a 40:60 mix- 
ture of thiocyanato to isothiocyanato anti-Mar- 
kownikoff adducts is isolable. These data are indica- 
tive of the importance of steric factors towards 
directing the approach of the SCN anion to the ini- 
tially formed intermediate at the least hindered pri- 
mary site, although the importance of nonrepulsive 
electronic effects cannot be totally ruled out. 

1,l-Disubstituted ethylenes, such as methylpropene 
and 2-methyl-1-butene, give mixtures of all four pos- 
sible adducts (eq. [7]) with the Markownikoff thio- 
cyanate predominating under conditions of kinetic 
control. The presence of the anti-Markownikoff 
species was surprising since C6H5SeC1 had been 
found to yield the Markownikoff adducts exclusively 
under equivalent conditions (3f, 7). If steric hindrance 
towards approach of the nucleophile, SCN, to the 
intermediate were to be important in the product- 
determining step one would have anticipated the 

regioselectivity to favour the formation of the anti- 
Markownikoff species as in arenesulphenylation (8). 

While a very fast isomerization of the form anti- 
Markownikoff + Markownikoff might be hypothe- 
sized to explain the apparent anomaly between mono- 
substituted and 1,l-disubstituted ethylenes, it is 
readily ruled out by the observation that the thermo- 
dynamic product distributions often favour the anti- 
Markownikoff adducts in yields greater than those 
observed under kinetic control. 

Reactions with Acyclic Non-terminal Alkenes 
The 'H  nmr data (Tables 1, 3, and 4) are consistent 

with products formed by stereospecific anti addition. 
Symmetrical E,Z isomeric alkenes such as the 2- 
butenes, 3-hexenes, and 2,5-dimethyl-3-hexenes each 
give only one adduct which differs in its 'H and 
13C nmr spectra in the expected manner. Infrared 
analysis further indicates that the thiocyanato ad- 
ducts are the products of kinetic control. It should 
be noted, however, that the subsequent isomerization 
to isothiocyanate is quite rapid, usually reaching 
completion within a few hours at 25OC. 

In the case of unsymmetrically 1,2-disubstituted 
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TABLE 4. The observed infrared and proton nmr parameters for the products of the addition of benzeneselenenyl thiocyanate 
to a series of tetrasubstituted ethylenes 

2c-C' ' c-c2 
\ / 

C6H5Se-C-C-NCS 
/ \ 

C1 C' 

Infrared 
Initial alkene (N, CHzCIz) 

Chemical s l f t  assignments (6, ppm) Coupling 
constants 

H3 H2 H1 HI .  H2' H3' (Hz) 

1.41 s 1.41 s 1 .62s  1 .62s  

'Non-resolvable multiplets. 

CHI CH, 
I 

C6HSSeCH2-C-NCS f C6HsSe-C-CH2NCS 
I I 

R R 

%R = CH, 19 
Et S 1 

ethylenes, such as the 2-pentenes, it is possibIe to 
observe the formation of the two possible regio- 
isomers in essentially equal amounts (see Table 5). 
In contrast, the reaction of 1 with the isomeric 
4-methyl-2-pentenes and 4,4-dimethyl-2-pentenes is 
regiospecific or highly regioselective in the anti- 
Markownikoff sense as shown in [8]. 

Once again steric hindrance to approach by SCN 
on the intermediate appears important; the greater 
steric buIk of the isopropyl and tert-butyl groups 
ensuring regiospecificity or high regioselectivity in 
the anti-Markownikoff sense. These data also differ 
from those observed for the addition of C,H,SeCl 
to the same series of alkenes where the regioselec- 
tivity is much less. 

Also of note is the observation that E-4,4-dimethyl- 
2-pentene reacts about 400 times slower than the Z 
isomer in contrast to the normal factor of 10 or less, 

therefore suggesting a steric barrier to the addition 
(7). Further comment on this matter must, however, 
await more quantitative rate studies. 

With trisubstituted ethylenes, 1 reacts regiospeci- 
fically in the Markownikoff sense, electronic factors 
apparently overriding steric hindrance to approach 
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TABLE 5. The kinetically controlled product distributions for one proton. Associating the dowllfield "dt" with the 
the ~ddition of benzeneselenenyl thiocyanate to a series of proton geminal to the isothiocyanato lnoiety and the 

alkenes in rnethylene chloride at 20°C 
"dd" with. the proton gelninal to  the phenylseleno 

RSCN RNCS group allows one to make the aforementioned assign- 
ment using the observed 'H. .. 'H coupling constants : 

Alkene M *  a M *  M *  QM* J 2 , 3  = 4.9 Hz, J3 ,4  = 3.6 Hz, J ,,,-,,,, = 2.5 Hz, and 
J,., -,,, = 0.6 Hz. 

Z CH3CH=CHCH3 > 98 < 2 
E 98 2 
Z EtCH=CHEt 98 2 
E 98 2 
Z iPrCH=CHiPr 95 

96 
5 @I 

E 4 
I 5 

NCS 

The presence of a very strong broad absorption at 
4.75 !!rn in the infrared confirms the assignment. 
Attempts to isolate the corresponding thiocyanate or 
independently synthesize it from the analogous 
chloride, bromide, or tosylate via attack with sodium 
thiocyanate in the presence of 18-crown-6, with or 
without prior ionization using silver hexafluoro- 
phosphate, were unsuccessful. Only the isothiocyan- 
ate was isolable or  observable. 

In contrast to the above, the reaction of 1 with 
tricyclo [4.2.2.0295]deca-3,9-diene-7,8-dicarboxylic an- 
hydride is nonstereospeclfic, yielding both cis and 
trans thiocyanato adducts in the ratio 33:67 from 
attack -upon,the cyclobutene double bond (for re- 

as was observed for the 1,l-disubstituted ethylenes. lated reactions see ref. 9). No e;idence for the 
Furthermore it is observed that the isomer distribu- isothiocyanato species or products of 
tions strongly favour the isothiocyanato adduct over transannular addition was observed. This reaction 

-the corresponding Phiocyanate. In it may requires a further comment with respect to the length 
be noted that areneselenenyl chlorides show an of tirne required to completion. ~h~ afore- 
equivalent regiospecificity, Ghereas.-~renesulphenyl mentioned reactions of with simple alkenes in 
chlorides add regioselectively in the opposite, i.e. methylene chloride at 25°C require in general no  
anti-Markownikoff, sense (5, 8). more than a few minutes. The reaction of 1 with the 

 he reaction of 1 with the isomeric 3-methyl-2- tricyclic diene above, however, requires approximate- 
pentenes and 3,4-di1neth~l-2-~entenes is ly 5 h. The value while perhaps slow is much faster 
specific, presumably anti in accord with the stereo- than the anatogous reaction time of 10 days for 
specificity observed for simple 1,2-disubstituted c H Sec1.2 should also be noted that c H sec l  

6 5 6 5 ethylenes. normally reacts much faster than 1 under equivalent 
The reaction of 1 with the tetrasubstituted ethylenes conditions, A silnilar observation has been previously 

 a able 5) is of  articular interest since the analogous reported for the related sulphenyl derivatives (10). 
chlOrO adducts the C6H5SeC1 proved The reason for these anomalous reaction times is not 
to be highly unstable under equivalent reaction con- ilnlnediately obvious, but suggests a significant 
ditions (3f, 7). The isothiocyanates isolated from change in mechanism for one of the reactants or 
these reactions are quite stable at room temperature different transition state geometries in general. 
with a shelf life of many months. 

Reactions ~vitlz Cyclic Olefinic Conipounds 
Bicyclo[2.2.1]hept-2-ene (norbornene) reacts with 

1 to yield exclusively the trans adduct: exo-2-phenyl- 
seleno-endo-3-isothiocyanatobicyclo[2.2.l]heptane. [Io1 
At 80 MHz the 'H nmr spectrum has an apparent 
triplet of a doublet at 6 3.60 ppm and a doublet of 
doublets at 6 2.78 ppm, each multiplet integrating as 
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In summary, benzeneselenenyl thiocyanate shows 
chemical behaviour similar to that of the correspond- 
ing halides but with a few marked differences in the 
regioselectivity as noted in the discussion. 

In regard to our initial aim of investigating the 
potential synthetic utility of this reagent towards the 
introduction of sulphur and nitrogen synthons, the 
chemoselectivity, i.e. the distribution of thiocyanato 
to isothiocyanato adducts under conditions of kinetic 
control, bears some comment. The relative distribu- 
tion of these adducts is found to be highly dependent 
upon the substitution pattern of the substrate olefin. 
In general, there exists a trend towards a greater re- 
activity of the nitrogen atom of SCN with increasing 
electrophilic character of the reaction site on the 
intermediate. As the electrophilic character of this 
site increases, the reactivity of the more basic nitro- 
gen atom increases relative to that of the more 
polarizable sulphur atom. This reagent would there- 
fore appear to hold some promise for selective trans- 
formations where synthons of this type are required. 

With respect to our alternative aim it is unfortu- 
nate that until such time as we or others are able to 
obtain a more quantitative picture of the rate- 
determining step, little can be said authoritatively 
about the effect of types of ion-pairs, etc. on the 
reaction coordinate. 

Experimental 
Get~ernl 

Melting points were determined on a Fisher-Johns apparatus 
and are uncorrected. The ir spectra were recorded as CHzClz 
solutions in matched NaCl cavity cells (0.1071 mm) on a Uni- 
cam 1100 spectrophotometer. Only the principal, sharply de- 
fined peaks are reported. The 'H nmr spectra were run on 
Varian T60, HA100, and (or) HFT 80 spectronleters. The 
spectra were measured from approximately 3040% (w/v) solu- 
tions in chloroform-d with TMS as an internal standard. The 
13C nmr Spectra were run on a Varian FT 80 spectrometer in 
10 mm od amberized tubes as chloroform-d solutions. All 
resonances are referenced to internal TMS. All analytical and 
preparative tlc separations were performed on Analtech or 
Macherey-Nagel precoated plates (silica gel GF). Visualization 
of the s ~ o t s  was accomplished by uv (254 nm) and phospho- 
molybdic acid/EtOH. Suitable elemental analyses were ob- 
tained for all new con~pounds. 

Benzeneselenenyl chloride was a commercial product 
(Aldrich); recrystallized from CCI,, mp 64.5"C. Olefins were 
in general available comniercially from Chemical Samples, 
Inc. Norbornene (Aldrich) was used without further purifica- 
tion. 

endo-Trieyclo[4.2.2.02~5]deen-3,9-diene- 7,8- 
dicnrboxylic Anl~ydricle 

This compound was prepared by the cycloaddition of maleic 
anhydride with 1,3,5,7-cyclooctatraene (Aldrich) in chloro- 
benzene under reflux, and crystallized from chlorobenzene; 
'H nmr identical to that reported by Huisgen and co-workers 
( 1  I). 
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Benzeneselene~~yl Thiocynnnte 
To 0.192 g (I mmol) of CGH5SeCl in 25 mL of anhydrous 

CH2C12 was added 0.082 g (1 mmol) of anhydrous NaSCN. 
The reaction mixture was stirred for E 1 h until the intense red 
coloration of the selenenyl chloride had disappeared leaving a 
bright yellow solution. Filtration followed by evaporation 
gave an orange oil-platelets from pentane nip > 300°C. This 
species was normally used without isolation; 'H nmr (CDCI3) 
6:7.82 m (ZH), 7.47 m (3H); uv (CH2C12) h,,, (~):236 (6300), 
257 (5600), 352 (445) nm; ir (p):3.26 w, 3.42 w, 4.65 s, 5.74 m, 
6.79 s - m, 6.95 s - m, 7.30 w, 7.53 w, 7.69 w, 7.90 w, 9.40 w, 
9.52 w, 9.80 m, 10.0 w, 14.6 s, 14.9 w, 15.6 m - s. 

General Proced~tre for the Renctiot~ of Bet~zeneselene~~yl 
Tliioej~ntmte with Alkenes 

To  0.214 g (1 mmol) of CGH5SeSCN in 25 mL of CH2CI, 
was added 1 mmol of the respective alkene dissolved previously 
in 15 mL CH2CIz. The reaction mixture is stirred until the 
bright yellow coloration of the reagent disappears (formation 
of RSCN) or is replaced by an intense orange coloration 
(characteristic of RNCS) usually with a precipitation of the 
adduct. General reaction times are 2-10 min although excep- 
tions have been noted (see Discussion). Immediate evaporation 
of the solvent yields colorless to pale yellow oils (RSCN) or 
deep orange oils (RNCS). 

Experinlental Data Not Giver1 in Tables 
Biej~clo[2.2.I]hept-2-ene gave with 1 after 1.8 h a bright 

orange oil; 'H nmr (CDCI3)S: 3.59 dt (IH), 2.79 dd (1 H), 2.53 
111 (IH), 2.38 ni (1 H), 1.73 m (7H), 1.56 ni (2H), 1.43 ni (2H); 
ir (p, CH2CIZ): 4.75 very broad, intense. 

Efl~ylet~e gave with 1 a colorless to pale yellow oil; ' H  nlnr 
(60 MHz, CDCI3)6: singlet, 3.21 ppm (4H) relative to ar- 
omatic; tlc silica (80:20 t~-C,H,,/EtOAc); Rf 0.20-0.34 
RSCN, 0.41-0.45 RNCS (saniple left a minimum of 5 days 
from initial formation); ir (p, CCI,): 4.67 very sharp RSCN. 

Propet~e gave with 1 a colorless oil shown to be a 60:40 
mixture of the M and nM adducts, RSCN. M: I3C nmr 6: 
34.5 t, 45.0 d, 20.8 q, 110.3 s SCN; 'H nmr 6: 1.58 d (3H) 
J = 6.0, 3.0-4.2 ABC spin system; ir (p, CH2C12): 4.61 vs 
sharp. OM: 13C nmr 6: 36.7 t, 41.7 d, 19.5 q, 111.9 s SCN; 
'H nmr 6: 1.61 d (3H) J = 6.3, 3.04.2 ABC spin system; 
ir (w, CH2Cl2): 4.59 vs sharp. 

3-Methyl-I-brttet~e gave with 1 a single adduct. OM, RSCN: 
13Cnn1r6:21.7q, 18.4q, 30.0d,53.6d,38.9 t, 134.9d, 129.5d, 
128.3 d, 129.3 s, 112.0 s SCN; 'H nmr 6: 0.98 d (3H) J = 6.0, 
1.15 d (3H), J = 6.0, 2.2 m (IH), 3.47 m ABC spin system 
(3H); ir (w, CCI,): 4.58 vs sharp. A second species was found 
upon isomerization (after 2 weeks): M, RSCN: I3C nmr 6: 
58.4 d, 31.2 d, 31.0 t, 20.4 q, 17.2 q, 133.4 d, 129.3 d, 127.7 d, 
134.6 s;  'H nmr 6 :  0.95 d (3H) J = 6.0, 1.05 d (3H), J = 6.0, 
2.1 m (IH), 2.8 m, 3.7 m ABC spin system (3H); ir (p, CCI,): 
4.73 vs broad. 

4-Methyl-I-pet~fet~e gave with 1 an 80:20 mixture of the OM, 
RSCN, and M, RSCN adducts as a pale yellow oil. OM, 
RSCN:13Cnmr6:22.9q,21.3q,25.8d,34.2t,41.9d,135.6d, 
129.4 d, 128.6 d, 113.2 SCN; ir (p, CCI,): 4.59 vs sharp. M, 
RSCN: 13C nmr 6 :  43.0 t, 49.2 d, 34.0 t, 25.7 d, 22.8 a, 21.2 q, 
133.5 d, 129.3 d, 128.9 d ;  ir (p, CCI,): 4.59 vs sharp. 

Metl~ylpropetze gave with 1 a mixture of all four possible 
adducts in the ratio 66:11:19:4 for M, RSCN: nM, RSCN: 
M, RNCS: aM, RNCS. 'H  nmr: M, RSCN: 6: 1.62 s (6H), 
3.42 s (2H); OM, RSCN: 6: 1.56 s (6H), 3.32 s (2H); M, 
RNCS: 6: 1.52 s (6H), 3.20 s (2H); OM, RNCS: 6: 1.46 S 
(6H), 3.53 s (2H). The above ratio changed to 14:0:74:12 
after 3 weeks. 

2-Methyl-I-btrtene gave with 1 a mixture of three adducts in 
the ratio 41:8:51 for M, RSCN: aM, RNCS: M, RNCS. M, 
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RSCN:  I3C nrnr 6 :  40.3 t, 60.8 s, 32.8 t, 25.8 q, 134.7 d, 
129.2 d, 127.7 d, 8.9 q, 111.2 s S C N ;  'H nrnr 6 :  1.45 s (3H), 
3.17 s (ZH), 1.9 m (ZH), 0.95 t (3H). M, RNCS:  13C nrnr 6:  
40.2 t, 65.2 s, 34.2 t, 26.1 q, 8.6 q, 138.3 s NCS, 133.4 d,  
129.1 d, 127.5 d ;  ' H  nrnr 6:  1.53 s (3H),3.37 s (2H), 2.1 q 
(ZH), 0.95 t (3H). OM, RNCS: 'H nrnr 6:  1.33 s (3H), 3.48 s 
(ZH), 2.2 q (2H), 0.95 t (3H). 
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Crystal structures of medium ring compounds. Part 111. The crystal and molecular 
structure of trans-anti-trans-4,5:9,l0-biscyclohexano-l93,6,8-tetraoxecane 
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ARIS TERZIS and T. BRUCE GIUNDLEY. Can. J. Chem. 57,2154(1979). 
The crystal structure of trnr~s-nr1ri-trcms-4,5:9,1O-biscyclohexano-l,3,6,8-tetraoxecane (3) has 

been determined by X-ray d~ffraction. The crystais are monoclimc, rr = 11.919(3), b = 
17.330(7), c = 7.019(2) A, [j = 98.91(l)3, P2,/c, with Z = 4. The structure was solved by 
appi;c:.ti~n of the tangent formula and refined by large block least squares to a final R value 
of 0.060 (z,, T. 0.058). 

The ten-membei,"? rjng is Present id the crystal in a twist-chair-boat-chair conformation -- 
one which has been ca~c;::ted to be relatively unstable for cyclodecane. Possible reasons why 3 
adopts thls confolrnatlon are dkc!lssed. 

ARE TERZIS et T. BRUCE GRINDLEY. Can. J. Chem. 57.2154 (1979). 
On a determint la structure crlstalllne du biscyclohexano-4,5:9,10 titraoxicanne-1,3,6,8 

trnrzs-arrti-trarrs (3), par diffraction de rayons-);. Les cristaux sont monocliniques, n = 11.919(3), 
6 = 17.330(7), c = 7.019(2) A, = 98.91(1)", P2,/c, avec Z = 4. On a rtsolu la structure par 
I'application de la formule tangente et on I'a raffinte par la methode des rnoindres carres (blocs 
diagonaux) jusqu'i une valeur finale de R de 0.060 (R, = 0.058). 

La  conformation, dans le cristal, du cycle a dix chainons est croisee-chaise-bateau-chaise 
qui d'aprts les calculs, serait assez instable dans le cas du cyclodtcane. On discute des raisons 
pour lesquelles 3 adopterait cette conformation. 

[Traduit par le journal] 

Introduction substitution pattern of 1,1,5,5-tetramethylcyclode- 
~~~~~~~d~ containing seven-lnembered and cane is such that the BCB conformation is of high 

medium rings are in one of the few classes of corn- energy and a this compound contained 

pounds in which non-bonded interactions are very both the TBC and TBCC conformations (5). 
i~nportant in the determination of molecular geom- 
etry. There has been considerable interest in these H-- QH H-Q-H 
systems (1-5), particularly in those n~olecules which 0 0 0 0 
contain ten-membered rings. Virtually all cyclo- ) ( ) ( 
decane derivatives studied in the solid state contain 0 0 
the ring in one conformation, the boat-chair-boat3 H - 0 6 H  HUH 

(BCB) (I), and most force-field calculations per- 
formed on cyclodecane (2-4) suggest that this con- t 2 
formation is the most stable, although two of the 

We have shown (6, 7) that two substituted stereo- force fields gave a different ( 3 )  isomeric ,,3,6,8-tetraoxecanes (1, 2) both adopt one calculations indicate that there are a number of 
conformations which are within about 20 kJ/mol of BCB conformation in the solid state although the 

conformational situation for both compounds in the BCB and there is some experimental evidence in 
support of this conclusion. For instance, an electron solution was inore complicated. The BCB con- 

formation observed was considerably narrower than diffraction spectrum (4) of cyclodecane at 130" was 
analysed as arising from contributions from the BCB those of cyclodecane derivatives because of relief of 

some of the transannular non-bonded interactions 
(49%), the twist-boat-chair (TBC, 25%)> the twist- present in the latter compounds Surprisingly, boat-chair-chair (TBCC, 873, and the boat-chair- 
chair (BCC, 873 conformations. In addition, the another group4 has observed that tmls-2,7-diphenyl- 

2,7 - dithieno - l,3,6,8 - tetraoxa - 2,7- diphosphecane, 
lplesent address: The National Hellenic Research Founda- which has the arrangement of Oxygen atoms 

tlon, 48, Vass~leos Constantlnou Ave., Athens 501/1, Greece. as the above n~olecules and which could accom- 
ZTo whom all correspondence should be addressed. modate all the substituents on phosphorous in low 
3The nomenclature used for these conformations was defined 

by Hendrickson (2c). 4J. B. Robert. Personal communicat~on. 

0008-40421791162 154-05$01 .00/0 
@ 1979 Nat~onal Research Council of CanadalConsell national de lecherches du Canada 
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energy positions, adopts a twist-chair-chair-chair 
(TcCC? conformation. We report here the crystal 
structure of tran~=o?ti-trans-4,5: 9,lO-biscyclohexano- 
1,3,6,8-tetraoxecane (3). In  this compound, the 
stereochemistry of ring fusion mzkes all BCB confor- 
mations unstable. Thus, a study of' 3 gives informa- 

tion about the other conformations which are ener- 
getically accessible for 1,3,6,8-tetraoxecanes. Accurate 
structural data for molecules such as 3, in which non- 
bonded interactions involving oxygen are important 
in determining conformation, will be of use for the 
development of lorce fields which are parameterized 
for oxygen. 

Experimental 
I ~ ~ I I I ~ - ~ I I I I ~ - I ~ ~ I I S - ~ , ~ :  9,lO-Biscyclohexano-1,3,6,8-tetraoxe- 

cane (3) was prepared according to the procedure of Brima- 
conibe EI 01. (9). Physical constants of the sample agreed with 
thosc recorded In the lite~ature (9). Crystals suitable for study 
were obtained by recrystallization from ethanol. Crystal data 
are as follows. 

C14H2404 fw = 256.34 
Monoclinic, (I = 11.919(3), b = 17.330(7), c = 7.019(2) .A, 
p = 9S.91(1)", V = 1432.35 .A3, Z = 4, pc = 1.188 g ~ m - ~ ,  
p, = 1.20g cm-3 (18°C CuK.,, h = 1.54051 .A, = 6.16 
cm- I) .  F(000) = 560e. 

Preliminary X-ray photographs showed the following 
,ystcmatic absences: 1101, I = 211 + 1 ; OkO, k = 211 + 1. The 
,pace g;oup is thus P2,lc. A crystal (0.06 x 0.15 x 0.45 mm) 
pas rnoun:,ed wlth the c axis nearly parallel to the 4 axis of a 
>icker FAC>-l, automated dlffractonieter with a graphite 
~onochron~ator,  .The cell dinlensions were refined from 12 
;enera) reflections with 28 between 70-76'. Because the 
xposed crystal sublimid in the X-ray beam, it was sealed in 
capillary tube. Data we;e collected by the 8-20 scan tech- 

lique from 0.95" below the c ~ l p l a t e d  28 position-for CuK.1 
o 0.95" above the calculated po<itipn for CuK.2 at  1" min-', 
tationary background counts wer>,t.aken for 20 s at  either 
rid of the scan range. During the cour~:~;~-f  the data collection, 
iree standard reflections were measured ,eVFy 58 reflections. 
heir Intensities decreased steadlly throl;,@,~ut. the ,  data 
ollection by 7%, but could be adjusted to a staedurd scale by 
least-squares fit (o  = 0 015) to a first order decaj'; frem the 

mnting statistics the ratio of esd to reflection fcq,jhese 
andards was 0.040. A total of 1919 independent reflecfi~ns 
ere measured, of which 744 had I > 3o(I). The data weiq 
:duced to  IF,( by the routine procedure. Lorentzand polariza- 
on but not absorption or extinction corrections were applied. 
he scattering factors for neutral atoms were taken from 
-f. 10; they were corrected for the real part of the anomalous 
spersion. Reflections with jEl > 1.2 were used to solve the 

structure by an application of the tangent formula which 
examined 4096 = 2" sets of starting phases and successivel~ 
eliminated all but the most likely. This program is part of an 
X-ray system written by Sheldrick (11). The pos~tions of all 
but the hydrogen atoms were found on the E-map with lowest 
Karle R factor (12). 

The structure was refined by large block least squares 
(Z(AlF1)2 = mln) ~ n ~ t ~ a l l y  wlth Isotropic temperature factors 
using only r e f l e c t i ~ ~ ~  !!if!! I r 3o(I). When the conventional 
R was 0.14, the positions of the hy<:ogcn atoms were cal- 
culated from the geometry of the molecu<e. The subsequent 
refinement with anisotropic temperature factors on the non- 
hydrogen atoms converged with R = 0.060 and R,, = 6.258. 
The ieast-squares weights were calculated from !v = (02 I F, I + 
0,000173(&~')-1 where o is the weight for each reflection 
derived from the diffractonieter counting statistics. 

Results and Discussion 
Atomic positions for 3 are given in Table 1. Tables 

of observed and calculated structure factor ampli- 
tudes, of temperature factors, and of bond angles 
involving hydrogen were put on deposL5 Number- 
ing, bond lengths, torsional angles, and short intra- 
molecular distances of interest are shown in F I ~ .  1. 
Table 2 lists the bond angles and Table 3 lists the 
torsional angles not shown in Fig. 1. Figure 2 is an 
ORTEP (13) diagram of the crystal structure. This 
structure deterrninatlon confirmed the anti configura- 
tion previously assigned (14) to the relative orienta- 
tions of the cyclohexane rings on the basis of the 
' H  nmr spectrum. 

The ten-membered ring in 3 adopted a twist-chair- 
boat-chair (TCBC) conformation which has, within 
experimental error, the D, symmetry expected for 
such a conformation. Two force-field calculations 
have been performed on the TCBC conformation of 
cyclodecane (20, 4). The agreement between the 
torsional angles found for these two calculations is 
poor (Table 4). Furthermore the two sets of cal- 
culations gave quite different energies (37.5 (4) and 
17.0 kJ/mol (2a)) relative to  the BCB conformation 
of cyclodecane. However, both results suggest that 
the TCBC is not an important contributor to the 
conformational mixture present in cyclodecane. 

Several features of the present molecule are 
particularly favourable for the TCBC conformation. 
The replacement of tnethylene groups by oxygens in  
a cyclodecane ring markediy lowers the transannular 
non-bonded interactions, since, in the cyclodecane 
analogue of 3, the inner hydrogen on a methylene 
group where O(1) is located would have severe non- 
honded interactions with an inner hydrogen on a 
mktlylene group in the position of O(4) and to a 
-- 

56 ~ ~ & p i c $ ~  set of tabular data is available, at a nominal 
charge, from tiiq Depository of Unpublished Data, CISTI, 
NationaAResearch Council of Canada, Ottawa, Ont., Canada 
KIA 0S2. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2156 CAN. J. CHEM. 

TABLE 1. Positional parameters (esd's) for trans-anri-trans- 
4,5 : 9,lO-biscyclohexano-l,3,6,8-tetraoxecane * 

Atom x Y z 

* x lo4 for non-hydrogen atoms and x 10' for hydrogen atoms. 

lesser extent with H(1O) and H(6) (the O(1)-H(10) 
and O(1)-H(6) distances in 3 are 2.84 and 2.55 A 
respectively). The near D, symmetry of 3 requires 
similar interactions between hydrogens on positions 
occupied by 0(2), 0(3), C(9), and C(1). In 3, the 
comparable interactions are at distances which are 
larger than the sum of the van der Waals radii. More- 
over, in the TCBC conformation, the two dialkoxy- 
methane fragments can nearly adopt the +sc, +SC 

orientations calculated to be most stable for di- 
methoxymethane (15, 16), and shown to be present 
in the gas phase (17) and in crystal s t~uctures  of 
carbohydrates (15). The average of the torsional 
angles in R-0-C-0-R fragnyints in 3 (80.3") is 

somewhat larger than the calculated (60") (15) to be 
most stable for dimethoxyethane but the increase in 
energy required to assume these angles is probably 
not large (15). However the energy surface has not 
been mapped in detail. A third factor arises because 
there are four torsional angles of - 120" in the TCBC 
conformation which cause eclipsing interactions 
which considerably destabilize this conformation in 
the case of cyclodecane itself. Since the comparable 
torsional angles in 3 are in C-C-0--C fragments, 
the TCBC conformation for 3 should be considerably 
stabilized in comparison. 

The difference between the 0-C bond lengths in 
0-C-0 and 0-C-C segments is larger in 3 
(0.014 A) then calculated or observed (15) in the 
other molecules having R-0-C-0-R segments 
in a +sc, +sc  conformation (15). Since the back- 
donation from oxygen non-bonding p orbitals to 
electronically depleted carbon p orbitals which causes 
this difference in bond lengths (18) is maximized at 
90" torsional angles, a structure like 3 with torsional 
angles closer to 90" than 60" would be expected to 
show this increase in bond length variation. The ten- 
membered ring in 1,3,5,7,9-pentaoxecane (4) also 
adopts a TCBC conformation (19) and in it only one 
R-0-C-0-R group can adopt the +sc, +sc 
conformation. The torsional angles observed were 
smaller (see Table 4) and, as a result, the short 0-C 
bond lengths were longer (1.411 and 1.408 A). 

It is interesting to note that 3 adopts the TCBC 
conformation in the solid state, rather than one of 
the other ten-membered ring conformations which 
have been calculated (2a) to be considerably more 
stable for the case of cyclodecane. Because of the 
position, the anti relationship and the trans fusion j f  
the two cyclohexane rings fused to the tetraor:zcane 
ring, any energetically viable con for ma ti^:^ of the 
tetraoxecane ring must contain two t ~ r ~ ~ ' ~ ~ ~ ~ l  angles 
which have the same sign and havq magnitudes of - 55-80". Furthermore, these angles must be 
associated with bonds which hre separated by four 
intervening bonds. Two rJi' the conformations of 
c~clociecane more stable than the TCBC conforina- 
tion, namely, the TTbc and BCC conformations, 
fulfil this requireynent. The TBC conformation as 
calculated by c r m e r  (2a) is about 13 kJ/mol more 
stable than '[he TCBC. If compound 3 adopted this 
co~i'ormntion, it would have ring fusion angles of 
60.4" and would have favourable torsional angles in 
th? R-0-C-0-R fragments of +53.5" and 
+ 68.4". Models suggest that a TBC conformation of 
3 would be somewhat disfavoured by non-bonded 
interactions between the hydrogens on one 
0-CH,-0 group and methylene groups on the 
two cyclohexane rings. The BCC conformation is 
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TERZIS AND GRINDLEY 

FIG. 1. Numbering and structural parameters from trans-anti-trans-4,5 : 9,lO-biscyclohexano-I ,3,6,8-tetraoxecane. Bond 
lengths (A) with their errors in parentheses (lo3 A) are shown on the outside of the molecule, torsional angles (deg) 
between carbon and oxygen atoms are shown on the interior. Intramolecular distances (A) are indicated by a dashed line. 
The C(1)-C(6) and C(9)-C(10) bond distances were 1.524(10) and 1.525(10) A respectively. 

FIG. 2. Stereoscopic view of the solid state structure of trans-anti-trarrs-4,5: 9,lO-biscyclohexano-l,3,6,8-tetraoxecane. 

TABLE 2. Bond angles (esd's) in trans-anti-trans-4,5 : 9,lO-biscyclohexano-l,3,6,8-tetra- 
oxecane (3) 

Angle 
Bonds (deg) Bonds 

Angle 
(den) 

calculated to be 8.5 kJ/mol more stable for cyclo- 
decane (2a). A BCC conformation of 3 would have 
favourable fusion angles for the cyclohexane rings 
(average 60.6") but would have the unfavourable 
sc, up conformation in its R-0-C-0-R frag- 
ments. In comparison the TCBC conformation of 
cyclodecane has been calculated to have torsional 
angles of 88.1" (2a) or 116" (4) at the position where 
the cyclohexane rings are fused in 3; the observed 

average values were 71.9". The value observed is 
somewhat larger than in trans-disubstituted cycle- 
hexane derivatives but distorting a cyclohexane ring 
in this manner is known to be energetically cheap 
(20). The effect on the interaction between the 
heteroatoms of slightly opening this torsional angle 
is probably not unfavourable; for instance, the energy 
minimum for 1,2-difluoroethane has been calculated 
to lie at a dihedral angle of 72.7" (21). 
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FIG. 3 Stereoscopic view of the molecular packing. 

TABLE 3. Torsional angles in 3 not shown 
in Fig. 1 

Atoms 
Angle 
(deg) 

TABLE 4. Torsional angles in TCBC conformations 

Calculated for 
Observed angles cyclodecane 

3" 4b AC Bd 
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K. HIRAOKA, P. P. S. SALUJA, and P. KEBARLE. Can. J. Chem. 57, 2159(1979). 
The equilibria B.-,H+ + B = B,H+ for B = N,, CO, and 0, were measured with a 

pulsed electron beam high ion source pressure mass spectrometer. Equilibria up to n = 7 
could be observed. van't Hoff plots of the equilibrium constants lead to AG,- I,.0, AH.-,,,,O, 
and AS,,-,,,,O. While the proton affinities increase in the order 0, < N, < CO, the stabilities 
of the B,H+ towards dissociation to BH+ + B increase in the reverse order, i.e. CO < N, < 
02. The stabilities towards dissociation of B for B,H+ where n > 2 are much lower for all 
threecompounds; however for N, and CO the stability decreases only very slowly from n = 3 
to n = 6, then there is a large fall off for n = 7. The (O,),,H+ clusters show large decrease of 
stabilities as IZ increases. The B,H+ (for 11 > 3) of CO are more stable than those of N, or 0,. 
The above experimental results can be partially explained with the help of results from molecu- 
lar orbital STO-3G calculations for B, BH+,  and B,H+ and general considerations. BH+ and 
B,H+ for CO and N, are found to be linear while those for 0, are bent. The most stable 0 2 H +  
is a triplet, while (Oz),H+ is a quintuplet. 

K. HIRAOKA, P. P. S. SALUJA et P. KEBARLE. Can. J. Chem. 57,2159 (1979). 
On a mesure I'Cquilibre B,-,H+ + B = B,H+ ou B = N,, CO et 0, en faisant appel a un 

spectromktre de masse a pression a source ionique intense avec un faisceau electronique pulse. 
On a pu observe 1'Cquilibre jusqu'a n = 7. Des courbes de van't Hoff des constantes d'equilibre 
conduisent a AG,-l,.O, AH,-,,,' et AS,,-,,,O. Alors que les affinites protoniques augmentent 
dans I'ordre 0, < N, < CO, les stabilitks de B2H+ vis-a-vis la dissociation en BH+ + B 
augmente dans I'ordre inverse soit CO < N, < 0,. Les stabilitis vis-a-vis la dissociation de 
B pour B.H+ oh n > 2 sont beaucoup plus faibles pour les trois composCs; toutefois dans le 
cas de N, et de CO, la stabilitk ne diminue que tres lentement de n = 3 a rz = 6 avant de subir 
une diminution importante a iz = 7. Pour les agregats de (OZ),H+, il se produit une diminution 
rapide des stabilites avec une augmentation de 11. Les B,H+ (ou n > 3) de CO sont plus stables 
que ceux de N, ou 0,. Les resultats experimentaux mentionnes peuvent Ctre expliques par- 
tiellement a I'aide de resultats de calculs d'orbitales moltculaires STO-3G pour B, BH+ et 
B,H+ et de considerations generales. On a trouvk que BH+ et B,H+ pour CO et N, sont 
lineaires alors que ceux de 0, sont recourbks. L'etat le plus stable pour 0 2 H +  est un triplet 
alors que pour (Oz)aH+ il s'agit d'un quintuplet. 

[Traduit par le journal] 

Introduction bases (3). The bonding involving the very weak o 

The stabilities of gas phase complexes between bases and CH4 was examined (4). 
the proton and a variety of bases B have been Compared with the above compounds (~2) ,H+y 
examined in previous publications from this and (CO),H+, and (Oz),H+ form again a separate class. 
other laboratories (1). The present work deals with N2, CO, and 0 2  are weak bases essentially devoid of 
proton held complexes: (B),,H+ of the three diatomic dipole moment. The formation of large clusters is 
bases: N,, CO, and 0,. The previously studied bases therefore not expected. On the other hand, since the 
involved various classes. one group consisted of molecules are small and linear more than two mole- 
strong bases containing protic hydrogens which cules may arrange themselves in close ~ r o x i m i t ~  to 
formed strongly hydrogen bonded clusters on pro- the Proton. If the clusters formed are held largely by 

tonation. A of this group is the physical forces, the absence of dipoles and the similar 

protonated water clusters (2, 3) Hz,+ ,On+. Strong magnitude of the ~olarizabilities of N2, CO, and 0 2  

bases with blocked hydrogen bonding positions, i.e. should lead to very similar complex stabilities. On 

dimethyl ether, were another group. In this case, the the other hand, the operation of specific chemical 

proton associated strongly with only two of the forces will lead to distinct stability differences. 
Carbon monoxide and 0, are also two important 

'Present address: Faculty of Engineering, Yamanashi ligands in transition metal ion complexes. The 
University, Takeda-4, Kofu, Japan. bonding of these molecules to the proton might 
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2 3 4 5 6 7 8 9 10 1 1  

1000 / T ( K )  

FIG. I .  van't Hoff plots for reactions: (B).-,H+ + B = (B),H+. . B = N,, 0 B = CO. Numbers below plots give 
value of 11. ---earlier results by Meot-Ner and Field (5). Note stabilities reversal: D(HN,+-N,) > D(HCO+-CO) but 
D(H(N2).+-N,) < D(H(CO),,-CO) for 11 > I. Results also directly indicate large stability changes between (B),H+ 
and (B),H+ and (B),H+ and (B),H+. Latter stability difference based on single point determination of K,,,(CO), see 
point at lower right of figure. 

prove interesting to compare with bonding in the 
transition metal ion complexes. 

Experimental 
The measurements of the ion equilibria were made with the 

pulsed electron beam high pressure ion source mass spec- 
trometer which has been described previously (2). 

The ions B,,H+ where B = CO, N,, or 0, were obtained by 
adding 3-300 mTorr of the gas B to some 4 Torr of hydrogen 
(carrier) gas. The ions in pure hydrogen are H,+(H,), as has 
been shown by previous studies (4). In the presence of B, 
which are stronger bases than H,, the switching reactions 
shown below occur. 

These are followed by further clustering of B. 

B + B.-,H+ = B,H+ [n - 1, nI 

In some cases the mixed clusters B,(H,),H+ could also be 
observed in equilibrium with the B,,H+ clusters. 

The equilibrium constants K.-,,, were found to be essen- 
tially independent of the pressure of B for a pressure change by 
a factor of about 10. 

The reaction HCO+ + CO + M = (C02),H+ + M was 
found to be unusually slow. This equilibrium could be mea- 
sured only in the presence of relatively large CO partial pres- 
sures (p, ,  > 0.1 Torr). This precluded the measurement of the 
equilibrium constant at  lower temperatures since with the 
relatively large CO pressure, the equilibrium ratio [(CO),H+ I/ 
[HCO+] became too large rapidly at low temperatures. 
Therefore the temperature range over which this particular 
equilibrium could be measured was narrower than usual. 

In all the above measurements special precautions had to be 
taken in order to keep the reagent gases and reaction system 
dry. Even small traces of water interfere with the measure- 
ments, since water, being a much stronger base than B, dis- 
places B by the reaction shown below: 

The traces of water were removed from the H, carrier gas 
by passing it through a trap maintained at 77 K containing 
molecular sieve 5 A. The mixed H, + reagent gas (N,, O,, or 
CO) at  a total pressure of -4  Torr was then passed through 
a spiral glass trap maintained at 77 K. 

Results and Discussion 

(a) Experimental Results 
The results for the experimentally measured 

equilibrium constants for the reactions [ l ]  and [2] 

are summarized in the van't Hoff plots shown in 
Fig. 1. Also shown in Fig. 1 are the van't Hoff plots 
obtained earlier by Meot-Ner and Field (5) for 
reactions [ I ]  and [2] involving [1,2] equilibria. As 
can be seen from the figure, Field's results are in 
quite good agreement with the present work. 

The spacings between the lines of the van't Hoff 
plots in Fig. 1 reveal directly the changes of the 
relative stabilities of the complexes. There is a big 
gap between the [1,2] and [2,3] equilibria for both 
(CO),H+ and (N,),,H+. This shows that the B2H+ 
complexes are very much more stable (towards loss 
of one ligand) than the B3H+ and higher n complexes. 
These data also reveal that the interactions are not 
dominated by physical forces, i.e. polarizabilities. 
For example the greater stability of (N,),H+ would 
not have been expected on the basis of the polariz- 
abilities of N, and CO which are a,, = 1.76 and 
a,, = 1.95 A3 (6), i.e. a,, > a,,. Furthermore since 
N, and CO are isoelectronic and of similar size the 
rather dramatic reversal of relative stabilities ob- 
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HIRAOKA ET A L  

FIG. 2. van't Hoff plots for reactions: (02).- l H +  + O2 = (O2).Hf. Numbers above plots give [n - 1, n]. K,,, could 
be measured at only one temperature. Lines without data points are for equilibria (CO).- l H +  + CO = (CO).Hf , which 
were displayed in Fig. 1 and are given here for comparison. Note that stability changes for the O2 system show a very 
different pattern from those for CO. 

served for B,H+, n > 2 (see Fig. I), could not have 
been predicted on the basis of simple considerations. 

It is also interesting to note in Fig. 1 that the 
(CO),H+ stabilities decrease very gradually between 
[2,3], [3,4], [4,5], and [5,6] but then there is a large 
gap between [5,6] and [6,7]. This means that the 
(CO),H+ is much less stable than (CO),H+. We 
were unable to detect the (N,),H+ ion even at very 
low temperatures. This means that the (N,),H+ is 
very much less stable than (N,),H+, i.e. a stability 
gap occurs also for the (N,),H+ series between n = 6 
and n = 7. 

The results for the (O,),H+ equilibria are shown 
in Fig. 2 together with the (CO),H+ equilibria which 
are included for comparison. It is immediately 
evident that the (O,),Hf clusters show rather difl 
ferent stability changes when compared to (CO),Hf 
and (N,),H+. The bonding in (O,),H+ is somewhat 
stronger than that in (N2),H+ and considerably 
stronger than that in (CO),Hf . The gap between the 
[1,2] and [2,3] equilibria is quite large for 0, and 
there is an even larger gap between [2,3] and [3,4]. 
No such gap occurred for the (CO),H+ and (N2),HC 
equilibria, which showed only small stability de- 
creases from n = 3 to n = 6. 

The AGn-,,nO, AH,,-,,,', and AS,-,,,O obtained 
from the van't Hoff plots in Figs. 1 and 2 are sum- 
marized in Table 1. The AHn- ,,,' changes with n for 
the three systems are shown in Fig. 3. These results 
reflect what was already deduced from the direct 
examination of the van't Hoff plots. 

For CO and N, the AH,-, ,: are found to be 

almost constant between [3,4] and [5,6], i.e. the 
stability decreases in that range are indicated to be 
almost entirely due to entropy decreases. Since the 
van't Hoff plots were obtained over a rather narrow 
temperature range, and the presence of some small 
systematic error cannot be excluded, it may be that 
the AH,-,,, decreases in this range are actually 
somewhat larger than the present measurements 
indicate. 

Included in Table 1 are also some results involving 
equilibria in mixed clusters between H, with 0, or 
N,. The corresponding van't Hoff plots are shown in 
Fig. 4. Results for clusters involving H, and HCO' 
were published earlier (7). 

(6) Stabilities of (N,),H + , (CO),H+, and (02),H + 

In considering the stabilities of the protonated 
clusters of N,, CO, and 0, it is useful first to examine 
the protonated monomers N2H+, OCH+, and 
O,H+. The proton affinities PA(0,) = 101, PA(N,) 
= 113.7, and PA(C0) = 139.0 kcal/mol have been 
determined by Bohme and co-workers (8) from 
measurements of proton transfer equilibria. Ab 
initio theoretical calculations for OCH+ and N,H+ 
are available in the literature (9, 10). The more 
extensive and recent calculations of Forsen and Roos 
(10) lead to PA(N,) = 1 18 and PA(C0) = 137 
kcal/mol in relatively good agreement with the ex- 
perimental values given above. The calculated SCF 
energies for the protonated and unprotonated species 
were near the Hartree Fock limit; however no cor- 
rections for electron correlation were made (10). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2 162 CAN. J. CHEM. VOL. 57, 1979 

TABLE 1. Thermochemical data 

Reactions - AHo (kcallmol) - A S  (eu) - AGO (kcal/mol)" 

OAt 298 K. 
bFrom measured equilibrium constant at  one temperature, f rom which AGO = -RTIn K was evaluated. 

AH0 was then obtained by assuming that AS0 = -20 eu which is a n  average value for  these reactions as  
evidenced by measured AS0 for  the other reactions given in the table. 

FIG.  3 .  AH ,,,- = - A H  values obtained from van't 
Hoff plots displayed in Figs. 1 and 2 . 0 ,  (02),H+ ; I#, (Nz),H+ ; 
0, (CO),H+. Note that the B2H+ species is of high stability 
for all three bases. CO and N2 then build clusters up to 
B6H+ with small AH fall offs while (02),H+ behaves dif- 
ferently showing a large AH decrease with every step. 

Therefore the relatively good agreement with experi- 
ment indicates the near complete cancellation of the 
correlation error in the protonated and unprotonated 
species. No theoretical calculations for 0 2 H +  and 
any of the higher protonated clusters of N,, CO, and 

0, seem to be available in the literature. In order to 
obtain some theoretical information, we made 
STO-3G calculations (1 1) for: N,, N,H+, (N,),H+, 
0 2 ,  0 2 H + ,  (02),H+, CO, COH', (CO),H+. The 
proton affinities obtained from the differences of the 
total energies of the bare and protonated molecule 
are given in Table 2. The stabilization energies of the 
dimers obtained from the AE(ST0-3G) for the reac- 
tions B,H+ = BH+ + B are also given in Table 2. 
The lowest energy structures predicted by STO-3G 
are shown in Fig. 5. The STO-3G predicted proton 
affinities and the stabilization energies of the dimers 
are much larger than the experimental values. Con- 
sidering ForsCn and Roos' (10) calculations, which 
were in fair agreement with the experimental proton 
affinities, it is obvious that the minimal basis sets 
used in STO-3G are at fault. An additional problem 
occurs for O,H+ and (O,),H+. Since the ground 
state of 0, is a triplet, if 0, retains its triplet charac- 
ter O,H+ could be a triplet and (O,),H+ a quin- 
tuplet. These are in fact the ground states predicted 
by the STO-3G calculations using open shell un- 
restricted Hartree Fock. The singlets for these mole- 
cules are predicted to be 44 and 95 kcal/mol of higher 
energy. The STO-3G calculated energy difference 
between triplet and singlet 0, is 52 kcal/mol while 
the spectroscopic value for this separation (3C, to 
'A,) is only 22.6 kcal/mol (12). The exaggerated cal- 
culated difference is probably largely due to neglect 
of electron correlation since electron correlation will 
have a larger stabilizing effect on the singlet state. 
Differences in cancellation of the correlation error in 
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HIRAOKA ET AL 

1000/ T [K )  1000/ T (K)  

FIG. 4. ( A )  van7 Hoff plots for equilibria: H,+ + 0, = OzH+ + Hz, 0 ;  OzH+ + HZ = 0 z H 2 H + ,  0; (02)2HC + 
Hz = (OZ)z(Hz)H+, H. ( B )  (Nz)(Hz)H+ + Hz = NZ(Hz)zH+. ( C )  NzH+ + Hz = Nz(Hz)H+. 

TABLE 2. Energies from STO-3G calculations 

AE (kcal/mol)" A E  (kcal/mol)" 

NzH+ - 141 . 5  OZ(l)' 
(Nz)zH+ - 176.2b OzH+(bent, 3)' 
D(N2H+--Nz) 34. 7 V 2 H + ( l i n e a r ,  3)' 

OzH+ (isosceles, 3)' 
OCH+ - 175 .6b O,H+(isosceles, 1) 
(CO)zH+ - 207.0 OZH(bent, I)' 
D(OCH+-CO) 31.4" (O,),H+(bent, 5)' 

(Oz)zH+ (bent, 1)' 
D(OZH+-02, 5)C 

'AE corresponds to energy relative to E(B) = 0 where B = N2, CO, and 
O2 (triplet) respectively. For geometries of structures see Fig. 5. 

bAE(BH+) = -PA(B). 
<Number inside parentheses corresponds to multiplicity due to electron 

spin. Because of differences in cancellation of electron correlation, energies 
for singlet statcs are probably -30 kcallmol lower than shown in table. 

%TO-3G predicted bond dissociation energies D(BH+ - B) = AE(BH+) 
- AE(B2H+). 

the singlets N, and N,H+ and triplets 0, and O,H+ 
are probably responsible for the STO-3G predicted 
proton affinity order PA(0,) > PA(N,) which is the 
reverse of the experimentally observed one. 

Evidently the STO-3G closed shell and par- 
ticularly the open shell calculations are of too low an 
accuracy to provide relative proton affinities and 
binding energies. Nevertheless some qualitative in- 
formation of value is obtained. The COH+ and 
N,H+ ions are predicted to be linear. This is in 
agreement with the results of more accurate calcula- 
tions (9, 10). The bond distances obtained are also 
very similar to those from the literature (9, 10). The 
predicted linear geometries and distances in (CO),H+ 
and (N,),H+ are probably also reliable. Of special 
interest is the predicted bent geometry for O,H+ 
and (O,),H+ (see Fig. 5). The STO-3G calculations 

for closed shell, singlet, O,H+, and H(O,),+ pre- 
dicted the same bent geometries as those for the 
multiplets (Fig. 5). 

An examination of the electronic changes on for- 
mation of the protonated species is of some interest. 
The approach of the positive field of the proton leads 
to significant lowering of the energies of all the 
(formerly diatomic) molecular orbitals. For example 
in N, there is a fairly uniform decrease of about 
0.4 au for all orbitals including the core Is orbitals 
when the proton is brought to its equilibrium posi- 
tion. The spatial changes of the orbitals in N, and 
CO are of three types: hardly any spatial change in 
the core 1s orbitals, polarization of the ~c orbitals, 
and polarization and modification through overlap 
with the 1s orbital of the H atom in the 2s, 2p, o 
orbitals. The linearity of the OCH+ and N,H+ 
species is a consequence of the overlap of the 1s of H 
only with the o type orbitals. The difference of the 
proton affinities of the isoelectronic N, and CO may 
be attributed to the electronegativity differences 
between the N and C atoms. In CO, the orbital with 
the highest energy is the 5o  which is located on the 
C atom. It is this orbital which overlaps strongly 
with the 1s of H and experiences the largest energy 
lowering. In N,, because of the higher electro- 
negativity of N, the o orbital that interacts with the 
1s of H is of lower energy and a weaker interaction 
and energy lowering occurs on protonation. The 
proton affinity of CO for protonation on the 0 atom 
was calculated by ForsCn and Roos (10) to be 
19 kcal/mol lower than that for protonation on the 
carbon atom. This result is also qualitatively in line 
with electronegativity differences between C and 0 .  
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I.idl 1.077 ' 
N-N-H 
I 07 .42 

being in the middle between the two neighbouring 
atoms. A double potential well for motion of H 
between the two neighbouring atoms was observed 
only for larger distances between the bases; however 
these geometries had higher energies. 

While the geometries of the dimers were presaged 
by the geometries of the protonated bases, the 
experimental binding energies of the dimers do not 
follow the order of the binding energies of the proton 
to the bases, i.e. the proton affinities. The STO-3G 
calculations reproduce the experimental results 
D(0C-H+) > D(N,-H+) and the reversal 
D(OCH+--CO) < D(N,H+-N,) but examination 
of the orbital energies and changes does not lead to 
an understanding of the reasons for the reversal of 
the order in the dimers, since the orbital changes 
from BH+ to B,H+ are quite numerous. A possible 
explanation may be contained in the net atomic 
charges based on the Mulliken population analysis 
(Fig. 5). While the Mulliken population analysis is 
strongly basis set dependent and quantitatively un- 
reliable, it may be qualitatively useful. In N,H+ and 
O,H+. where two identical atoms are   resent, 

FIG. 5. Structures obtained from STO-3G calculations. electron donation and polarization lead to the 
Distances in A. Numbers below atoms correspond to  net development of an appreciable positive on 
atomic charges based on Mulliken population analysis. All 
species except the diatomic molecules are singly charged posi- the which is bonding the 
tive ions. The oxygen containing species involve triplet o2 on proton, while the directly bonding atom remains 
the left side of figure and singlet 0, on right side of figure. For almost uncharged. Because of the electronegativity 
corresponding energies see Table 2. Most stable oxygen difference between 0 and c in CO, the situation in 
species are bent O2H+ (triplet) and bent (trflns) (02)zH+ OCH+ is quite different. ~h~~~ is only little electron (quintuplet). 

donation from the 0 atom and therefore an appre- 
On the basis of electronegativities a low proton 

affinity may be expected for 0 , .  For 0, the o type 
orbitals with which N, and CO interacted with the 
1s of H are of low energy; also they are shielded 
from the proton by the presence of the unpaired 
electrons in the antibonding TC* orbital. Therefore 
quite a different binding occurs. A reorganization 
somewhat similar to sp2 hybridization occurs which 
leads to the bent O,H+ molecule. It is interesting to 
note that the 0 protonated COH+ was found (10) 
to be linear. Thus the sp2 mixing is found only when 
the antibonding TC* orbital of the diatomic is 
occupied. 

The changes occurring on formation of the dimers 
might be thought of as a repetition of the protonation 
but on a much smaller scale. This view is justified by 
the geometries for the dimers (Fig. 5). The linear 
OCH+ and N,H+ are succeeded by linear dimers and 
the dimer (O,),H+ has a geometry which is like a 
repetition of the first bond in O,H+. As expected 
the distances between H and the neighbouring 
atom(s) are considerably larger in the dimers. The 
optimum geometry for all the three dimers was for H 

ciable positive charge on the C atom. For the same 
reason we can expect an appreciable positive charge 
on the C atoms also in the OCHCO+ dimer. Such 
a distribution is indeed predicted by the calculations 
(Fig. 5). The repulsion between the partially positive 
carbons in OCHCO' is probably responsible for the 
weak bonding in this dimer. Significantly, the 
bonding in OCH+-CO is the one that experiences 
the greatest lowering relative t~ the H+-B bonding 
in the monomers. 

It is interesting to note that in B,H+ the bond 
distances and the charges on the N,, O,, and CO 
change relative to those in BH+ by moving closer to 
those present in the unprotonated molecules B (Fig. 
5). This is to be expected, of course. Further addition 
of ligands will promote this return to 'normalcy'. In 
addition to this change, also the distances to the 
proton will increase. The observed bonding in the 
higher clusters (B),H+, n > 2, may be partially 
understood on these grounds. CO with the highest 
polarizability (a,, = 1.95, a,, = 1.6, a,, = 1.76 
A3) (6) may be expected to gradually lead to the 
strongest bonding. The non-linearity in O,H+ and 
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HlRAOKA ET AL. 2165 

(O,),H+ may be expected to  repeat in the further 
growth of oxygen clusters. The observed rapid fall 
off in bonding with increase of n for oxygen is prob- 
ably due to steric reasons, i.e. rapidly increasing 
repulsions between the 0, molecules because of 
crowding caused by the nonlinear geometry. 

The fall off of stability after the (CO),H+ arld 
(N,),H+ suggests that these species have octahedral 
geometry. An interesting question is whether the 
proton is evenly shared by the six ligands or whether 
the structure is unsymmetric and one CO interacts 
strongly with the proton and is solvated by 5 other 
CO molecules. If this is the case, then of further 
interest is the height of the six-fold potential barrier 
for motion of the proton from one CO to the other. 

It is interesting to note that a much greater 
stability of CO as a ligand relative to 0, and N, in 
the higher clusters parallels the much greater binding 
power of CO as ligand in transition metal complexes. 
It is also worthy to note that the bent geometry of 
0 2 H f  occurs also in some complexes of 0, with 
transition metal ions, including the important 0, 
complex with porphyrin in myo and hemoglobin 
(13, 14). 

Some transition metal ion complexes with 0, are 
n complexes in which the ion interacts equally with 
the two oxygen atoms such that an isosceles triangle 
structure results. The 0-0 distance in such com- 
plexes is longer than that in the 0, molecule and the 
0, is more often in the singlet state (Class I com- 
pounds in ref. 14). The STO-3G predicted energies of 
the singlet and triplet isosceles complexes of 0, with 
H f  are appreciably higher than that of the bent 
triplet structure. (See Fig. 5 and Table 2.) The 
triplet isosceles O,H+ is some 54 kcal/mol higher 
than the singlet. Even though the STO-3G calcula- 
tions exaggerate the stability of the triplets by some 
30 kcal/mol, this still means that probably the more 
stable isosceles O,H+ is a triplet. As already men- 
tioned, the STO-3G calculations of the BH+ and 
B,H+ species are of low accuracy. We believe that 
the species 0 2 H f ,  (02) ,Hf ,  and some of the other 
protonated bases and dimers are of sufficient interest 
and therefore merit more accurate calculations by 
theoretical chemists. 

( c )  Reactions Involving H, as a Base 
The last five reactions shown in Table 1 involve 

H,. These processes are due to the use of H, as 
carrier gas in the experiments made for the measure- 
ments of the BnHf equilibria. Since these reactions 
are of interest, a brief discussion will be given here. 

The proton transfer equilibrium [3], could be 

measured between the temperatures 120 to  210°C. 
At lower temperatures clustering interfered, while a t  
higher temperatures the ion signal became weak, 
because of more rapid diffusion of the ions to the 
wall and reactions with impurities desorbed from the 
walls of the apparatus. The van't Hoff plot (Fig. 4) 
of the available equilibrium constants indicates a 
zero slope, i.e. AH,' z 0 although the data are 
rather scattered. The average equilibrium constant is 
K, = 3.4 + 1. Assuming AH,' = 0, this means that 
K, z 3.4 f 1 also at 25°C. This result is in agree- 
ment with the value of 2.3 + 0.9 by Fehsenfeld et al. 
(15) but in only fair agreement with the value of 0.95 
due to Fenelly et al. (8). The result AH, FZ 0 is in 
agreement with the observation of Fehsenfeld et al. 
(15) that K, remained unchanged as the kinetic 
energy of the participating ions was increased. 
Assuming AH, = 0 one obtains AS,' = 2.4 eu. 
Since O,H+ is bent and H,' probably has a D,,, 
symmetry (16) a AS0 evaluation, based on rotational 
symmetry number changes only, gives: AS,' z R 
x In 6 = 3.5 eu which is close to the experimental 
result. 

Reactions [4]-[7] represent clustering of H, onto 
0 2 H f  and N 2 H f .  

The AH0 and AGO results in Table 1 show that 
H, addition leads to clusters of lower stability than 
the addition of 0, or  N,. Results for (H2),Hf were 
reported earlier from this laboratory (4). Weakly held 
three centre bond structures in which the H-H bond 
interacts with the partially positive hydrogen in BH+ 
were proposed (4) on the basis of theoretical work 
(16) and the experimental results. In the present 
reactions [4]-[7] the structures involved are probably 
of a similar nature. 

1 .  P. KEBARLE. Ann. Rev. Phys. Chern. 28,445 (1977). 
2. A. J. CUNNINGHAM,  J .  D. PAYZANT, and P. KEBARLE. J .  

Am. Chern. Soc. 94,7627 (1972). 
3. E. P. GRIMSRUD and P. KEBARLE. J .  Am. Chern. Soc. 95. 

7939 (1973). 
4. K. HIRAOKA and P. KEBARLE. J .  Chem. Phys. 62, 2267 

(1975); J. Am. Chern. Soc. 97,4179(1975). 
5. M. MEOT-NER and F. H. FIELD. J .  Chern. Phys. 61, 3742 

( 1974). 
6. Landblt-~arnstein-~ahlenwerte und Functionen. Vol. I. 

Springer. 1951. Part 3, p. 510. 
7. K. HIRAOKA and P. KEBARLE. J .  Chem. Phys. 63, 1689 

(1975); J. Am. Chern. Soc. 99,366(1977). 
8. D. K. BOHALE. 111 Interactions between ions and molecules. 
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Excited state properties of nitrobenzene derivatives 
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GIUSEPPE BUEMI, SALVATORE MILLEFIORI, FELICE ZUCCARELLO, and ARCANGELO MILLEFIORI. 
Can. J. Chem. 57,2 167 (1979). 

Gas-phase and solution spectra of methoxy nitroanilines are reported. MIM and PPP 
configuration analyses were used to calculate the properties associated with the electronic 
transitions. The excited state dipole moments associated with the first intense electronic 
transition were evaluated by the solvent shift method. The spectra of the title compounds are 
tentatively correlated with those of the corresponding disubstituted benzene derivatives. The 
effect of the methoxy group on the absorption features of the isomeric nitroanilines is briefly 
discussed. 

GIUSEPPE BUEMI, SALVATORE MILLEFIORI, FELICE ZUCCARELLO et ARCANGELO MILLEFIORI. 
Can. J. Chem. 57,2167 (1979). 

On rapporte les spectres en solution et en phase gazeuse de mCthoxynitroanilines. On a 
utilise des analyses configurationnelles MIM et PPP pour calculer les proprittes associees aux 
transitions electroniques, On a Cvalue les moments dipolaires de I'etat excite associe avec la 
premiere transition electronique intense a I'aide de la methode des deplacements induits par 
les solvants. 

On a etabli une correlation preliminaire entre les spectres des composts mentionnes dans 
le titre et ceux des derives benzeniques disubstitues correspondants. On discute britvement de 
l'effet du groupe mtthoxy sur les caracttristiques d'absorption des nitroanilines isomeres. 

[Traduit par le journal] 

Introduction 

In previous papers (1-3) theoretical (MIM and 
PPP) and experimental (solvent shift) methods were 
applied to study the electronic structure of some 
nitrobenzene derivatives. Extension of this work to  
some methoxy nitroanilines is here reported with 
the purpose of correlating the absorption features of 
methoxy nitroanilines with those of the correspond- 
ing disubstituted compounds and to  evaluate the 
effects induced bv a third substituent of intermediate 
donating power (the methoxy group) on the elec- 
tronic structure of the isomeric nitroanilines. We 
discuss the nature of the electronic transitions of the 
studied compounds in terms of locally excited (A) 
and charge transfer configurations. Solvent depen- 
dence of the electronic transitions, which is useful 
for evaluating charge redistribution on excitation and 
the nature of excited states together with frequency 
assignment, is obtained by comparing solution 
spectra with gas-phase spectra. 

Experimental 
The compounds investigated were commercial products 

purified by chromatography and crystallization. Gas-phase 
and solution absorption spectra were obtained as previously 
described (1). The spectra of methoxy nitroanilines (Fig. 1) 
resemble the gas-phase spectra of the corresponding nitro- 

'Revision received March 14, 1979. 

anilines (1); the absorption bands in the vapour of the 
corresponding nitroanisoles are shown in Fig. 2. In every case 
the gas-phase spectrum appears displaced towards shorter 
wavelength, thus indicating that all the apparent electronic 
transitions are of n* c n type. 

Excited-state dipole moments associated with the various 
electronic transitions can be determined by means of the 
equation (2) 

2 2 

AV = v,,, - v,, = --ACD(D) 
hca 

where CE refers to the solvent cyclohexane, D is the dielectric 
constant of the solvent, Q(D) = (D - l)/(D + 2) and a is the 
radius of the cavity, which was evaluated from the molecular 
volume as previously described (4); a mean value of 3.47 A 
was obtained for the three compounds. In the vapour D was 
taken as unity, @(D)=E = 0.2543. Dipole moment changes are 
reported in Table 1, together with those evaluated by means 
of Suppan's equation (5) 

with f(D) = 2(D - 1)/(2D + l), in order to compare the 
present Ap values with those of the corresponding isomeric 
nitroanilines obtained by the same method (2, 5). The relation 
v versusf(D) is shown in Fig. 3. Both equations give parallel 
results. 

Calculations 

Calculations were performed at MIM and PPP 
levels. The parametrization for MIM calculations on 
nitroaromatics was previously described in detail 
(3). It is retained here in order to compare electronic 

0008-4042/79/162 167-05$01 .OO/O 
01979 National Research Council of CanadalConseil national de recherches du Canada 
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FIG. 1. Gas-phase (---) and solution (cyclohexane) (-) 
spectra of rnethoxy nitroanilines. From the top: 2-methoxy-4- 
nitroaniline, 2-methoxy-5-nitroaniline, 4-methoxy-2-nitro- 
aniline. 

FIG. 2. Gas-phase spectra of trieta-nitroanisole (---) and 
para-nitroanisole (-). 

states of methoxy nitroanilines with those of the 
corresponding disubstituted benzene derivatives. The 
MIM calculations have previously applied in the 
study of nitroaromatics (1, 6, 7). The effect of 
electron affinity (EA) of the nitro group on the 
calculated electronic transitions was tested: variation 
of EA(N0,) from -0.4 eV to -0.7 eV does not 
appreciably change the calculated spectroscopic 
features; a maximum variation of 0.2 eV is observed 
in the energy of electronic transitions which are 
charge-transfer in nature, and meaningless variations 
are observed in the energy of locally excited states. 

The PPP calculations were carried out as suggested 
by Roos and Skancke (8). They optimized integral 
parameters in order to reproduce ionization poten- 
tials and electronic transitions on numerous specimen 
molecules including nitrobenzene. In particular they 
introduced in the semiempirical parameter W p  a 
dependence on the type of nearest neighbouring 
atoms. For consistency reasons the geometry of the 
nitrobenzene framework used by Roos and Skancke 
was adopted in PPP calculations. The PPP results 
were interpreted in terms of locally excited and 
charge-transfer states by means of a configuration 
analysis (9). The results of the calculations are 
reported in Table 2. 

Results and Discussion 
The effect of the methoxy group on the absorption 

characteristics of nitroanilines can be evaluated by 
comparing gas-phase spectra and theoretical results 
on the methoxy nitroanilines with the corresponding 
experimental (1, 3) and theoretical figures in the 
isomeric nitroanilines and nitroanisoles. The assign- 
ment of the electronic transitions in the p-nitroaniline 
reported in ref. 3 differs from that recently reported 
by Khalil et al. (lo), based on CNDO/S-CI cal- 
culations. The disagreement is mainly due to the fact 
that we did not observe in the vapour spectrum of 
the p-nitroaniline a distinct band at  277 nm in 
hydrocarbon solutions, so that this band was not 
considered in our calculations. 

2-Methoxy-Cnitroaniline 
The first low-energy intense absorption band 

occurs at 3.87 eV; the corresponding band in the 
p-nitroaniline lies at 4.24 eV. This bathochromic 
shift, as well as the band intensity, is correctly pre- 
dicted by the calculations. As found in the p-nitro- 
aniline, the associated electronic transition is 
essentially CT (benzene -+ acceptor) in nature with 
an appreciable contribution of charge-transfer from 
the donor (NH,) to the acceptor (NO,) group. 

However, the CT character is somewhat smaller 
than in p-nitroaniline. These results are in agreement 
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B U E M I  ET A 1  

TABLE 1. Solvent shifts and dipole moment changes, p, - p,, in methoxy nitroanilines 

Compound v,,, (cm- ') VCE (cm- ') P," (Dl AP (D) 

2-Methoxy-4-nitroaniline 31 213 28 955 6.9 4.4, 7.Zb 
p-Nitroaniline 10. Ib-c-d 
2-Methoxy-5-nitroaniline 30 406 28632 5 .4  4.2, 5.4b 
m-Nitroaniline 6. 3b*c, 7. 5bed 
4-Methoxy-2-nitroaniline 25 648 24 277 4.3 3.9,4.3b 
o-Nitroaniline 5. 5bsd 

"Determined in benzene solution by the Halverstadt and Kumler method (I. Am. Chem. Soc. 64,2988 
(1942)). 

bEvaluated by means of Suppan's equation. 
CReference 2. 
dReference 5. 

with the solvent-shift data and with the relative Ap 
values. The second band appears as a shoulder of the 
first band on the high-energy side at -4.20 eV. The 
second transition is calculated at 4.27-4.16 eV 
(MIM-PPP) and is predicted as less intense than the 
first transition; it is a benzene locally excited A, in 
nature with little contribution of CT2* and CTD3 27- 

states. Tlle composition and intensity of this transi- 
tion is similar to that found for the first computed 26- 
transition in p-nitroaniline and p-nitroanisole (3). 1 I I 

The band at 4.20 eV probably includes the first 
observed band at -4.08 eV in the p-nitroanisole and 
the first transition at 4.38-4.23 eV in the p-nitro- - 
aniline. The high energy spectrum shows crowded 5 28 

r, - 
bands, which are not easily correlated with the 5! 
corresponding bands in the disubstituted compounds. 

2 7 1 1  

E Z 9 

2-Methoxy-5-nitroaniline 
The first band of 2-methoxy-Snitroaniline, found I 1  I 2  

26 

at 3.77 eV, corresponds in position and composition I I 

to the first band of the m-nitroaniline a t  3.80 eV, very 
little bathochromically shifted. The band intensity is 
higher than in m-nitroaniline and this is correctly 
predicted by the calculations. The corresponding 
electronic transition is computed a t  4.12-3.83 eV 23 

(MIM-PPP). The MIM calculations attribute to this 
band an essentially A (benzene) character, while PPP 
calculations state it to  be a mixture of A and CT I I 

states. A similar result was found for the first elec- 0.4 0.6 0.8 
tronic transition in m-nitroaniline (3). CNDO/S-CI 1(~)=2(D--1) 

2 D i - 1  
calculations on m-nitroaniline (10) indicate a con- 
siderable CT nature of this transition. The solvent- FIG. 3. Solvent shift in methoxy nitroanilines. Solvents: (1) 

shift and values point to a CT character of the n-hexane; (2) isooctane; (3) cyclohexane; (4) carbon tetra- 
chloride; (5) trichloroethylene; (6) ether; (7) chloroform; (8) 

band. The second band shows a maximum at 4.48 eV chlorobenzene; (9) ethylacetate; (10) methylene chloride; ( 1 1 )  
and a shoulder (not evident in the solution spectrum) methylethylketone; (12) acetonitrile. 
at -4.40 eV. This band could originate from the 
superposition of the band at 4.57 eV in the p-nitro- 
anisole and the band at -4.96 eV in the m-nitro- character respectively; accordingly the first band a t  
aniline. In this spectral region one transition is com- 5.23 eV shows a noticeable solvent shift, while the 
puted a t  4.45-4.40 eV (MIM-PPP) which is CT,A in second band at 5.51 eV is much less solvent de- 
nature as in the corresponding disubstituted com- pendent. These two bands can be correlated with the 
pounds. The two computed transitions at -5.10 eV C T  band at  5.63 eV in m-nitroaniline and with the 
and 5.50 eV have a CTZA and prevailing A (benzene) A (benzene) band at 5.82 eV in p-nitroanisole. 
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TABLE 2. Electronic transitions in the studied compounds 

AE (eV) f 

State M I M  PPP Expa MIM PPP Expb DominatingC configurations (Y,)  

2-Methoxy-4-nitroaniline 

'4'1 4.44 3.99 3.59-3.87 0.17 0.34 0.23 (10-8)A2, (68-25)TlA, (7-9)TDA 
YZ 4.27 4.16 4.13sh-4.20sh 0.01 0.10 (3.57) (76-34)Al, (12-6)TzP', (412)TD3 
'4'3 5.21 5.21 4.96-5.27 0.08 0.24 (3.84) (1411)A3,(67-36)T~A,(5-12)TD3 
y4 5.42 5.62 5.12-5.39 0.03 0.03 (3.86) (5426)A2, ( 1 4 1  l)TIA, (20-16)TD4 

'The first value refers lo cyclohexane solulion, the second to vapour phase (sh = shoulder). 
*Valr~es in parentheses are log E. 
'A = locally excited state: T = charge transfer state (A = NO2, D = NH,). (The numbers in parentheses refer lo MIM and PPP calculalions 

respectively; PPP figures come from a configuralion analysis.) 

4-Metl~oxy-2-nitroaniline 
The first computed transition in the 4-metlloxy-2- 

nitroaniline lies at  3.84-3.26 eV (MIM-PPP); it has 
a C T  character with a fair contribution of the A ,  
(benzene) state. This composition corresponds to 
that of the first transition in the o-nitroaniline com- 
puted at  3.87 eV (6). Accordingly the first band a t  
3.18 eV corresponds to the band at  3.49 eV in the 
o-nitroaniline bathochromically shifted. The solvent 
shift of this band, 1500 cm-' ,  is the smallest among 
those observed in the methoxy nitroanilines, in agree- 
ment with the computed cornposition of the first 
transition in these compounds. 

The second computed transition lies at 4.62-4.41 
eV (MIM-PPP) and is a mixture of C T  and A 
(benzene) states. The second band is found as a 
shoulder at -4.59 eV. The third transition, again a 
mixture of C T  and A (benzene) states, is computed 
to  lie at  5.08-5.15 eV (MIM-PPP); it is predicted to  
be more intense than the previous transition. The 
third band is found also as a shoulder at  -4.96 eV. 
The latter two bands correspond to the band at  4.77 
eV in o-nitroaniline and to  the band at 4.92 eV in 
the m-nitroaniline respectively. This correlation is 
supported by the relative band intensity and com- 
position; however, their relative positions are uncer- 
tain. The fourth computed transition a t  5.31 eV 
results from a mixture of A (benzene) and C T  states 
and is predicted to be intense (f = 0.45-0.27) 
(MIM-PPP). This transition can be associated with 
the intense band (f = 0.40) a t  5.46 eV, and correlated 

to the Y,  in o-nitroaniline and 171-nitroanisole, which 
show comparable intensity and composition. 

Conclusions 

The spectra of the studied methoxy nitroanilines 
can be correlated with the spectra of the correspond- 
i ~ l g  disubstituted conipounds by using as a criterion 
of comparison the nature, energy, and intensity of 
the electronic transition of the associated experi- 
mental band, and the solvent shift of the band. The 
main effect (inductive) of the methoxy group on the 
absorption features of the isomeric nitroanilines is 
related to  the lowering of the energy of C T  con- 
figurations of the nitro group. In particular, as refers 
to  the first absorption band of methoxy nitroanilines, 
we may summarize the effect of the OCH, group as 
follows. 

(i) The first band in the spectruln is bathochromic- 
ally shifted by about 30 nm with respect to  the 
corresponding nitroanilines, with the exception of 
2-methoxy-5-nitroaniline where a very small shift is 
observed. In this co~npound the enhance~nent in the 
band intensity with respect to  the m-nitroaniline is 
remarkable. 

(ii) The v,;,, - v,, shift is generally smaller than 
in the corresponding nitroanilines, suggesting a 
smaller polarizability of the first excited state in 
methoxy nitroanilines than in nitroanilines; accord- 
ingly the calculated A p  values in the ~nethoxy nitro- 
anilines are smaller than in the corresponding 
nitroanilines (Table 1). Moreover, the relative order 
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of Ap is the same as in the nitroanilines, where Ap(p- 
nitroaniline) > Ap(m-nitroaniline) > Ap(o-nitro- 
aniline) (5). 

(iii) The contributions of C T  configurations t o  the 
first electronic transition are smaller in methoxy 
nitroanilines than in the corresponding nitroanilines, 
in agreement with the above solvent shift results. 

By comparing experimental and theoretical results 
it appears that MIM and PPP calculations correctly 
predict the observed band shift on passing from the 
isomeric nitroanilines to  the corresponding methoxy 
nitroanilines; they also correctly predict the relative 
order of the lowest transition energy in these 
compounds. 
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of the dediazoniation reaction 
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L. ROSS C. BARCLAY, ALEXANDER G. BRIGGS, WILLIAM E. BRIGGS, JULIAN M. DUST, and 
JEAN A. GRAY. Can. J. Chem. 57,2 172 (1979). 

An esr study of the dediazoniation of 2,4,6-tri-tert-butylaniline with butyl nitrite in methylene 
chloride indicated the formation of the 2,4,6-tri-tert-butylphenyl radical which was spin trapped 
by the butyl nitrite. The persistent 2,4,6-tri-tert-butylphenoxy radical was also formed. Product 
studies from reactions catalyzed by pivalic acid indicate a novel rearrangement of an ortho- 
tert-butyl group under dediazoniation conditions forming such products as: 3-(3,5-di-tert- 
butylpheny1)-2-methylpropene (4), 1-(3,5-di-tert-butylpheny1)-2-methylpropen (5), 3-(33-di- 
tert-butylpheny1)-2-methyl-2-propanol (6), 3-(3,5-di-tert-butylphenyl)-2-butoxy-2-methylpro- 
pane (7), 3-(3,5-di-rerr-butylphenyl)-2-methyl-2-trimethyacetoxypropane (8), 2,4,6-tri-terr- 
butylphenyl trimethylacetate (9), and 2,4,6-tri-tert-butyl-1,4-quinol (10). The major products 
(47) are accounted for by a free radical pathway by rearrangement of the 2,4,6-tri-rerr-butyl- 
phenyl radical. The minor products (esters 8 and 9) probably form by competing ionic reac- 
tions. N-Nitroso-2,4,6-tri-tert-butylacetanilide decomposes (at least in part) by a radical path- 
way leading to the rearranged radical (cH~),&ZH,-A~ which was spin trapped by the nitroso 
group of the substrate. Spin trapping experiments during the dediazoniation of 2,5-di-rerr- 
butylaniline similarly gave evidence for the formation of aryl radicals. 

L. Ross C. BARCLAY, ALEXANDER G. BRIGGS, WILLIAM E. BRIGGS, JULIAN M. DUST et 
JEAN A. GRAY. Can. J. Chem. 57.2 172 ( 1979). 

Une Ctude rpe de la dediazotation de la tri-rert-butyl-2,4,6 aniline avec le nitrite de butyle 
en solution dans le chlorure de mkthyle indique qu'il y a formation du radical tri-terr-butyl- 
2,4,6 phenyle dont le spin est piige par le nitrile de butyle. Il y a aussi formation du radical 
tri-rert-butyl-2,4,6 phenoxyle. Une Ctude des produits formes lors de reactions catalysees par 
I'acide pivalique indique qu'il se produit, dans les conditions de didiazotation, une nouvelle 
transposition d'un groupe ortho rert-butyle conduisant a la formation des produits suivants: 
(di-tert-butyl-3,5 phCny1)-3 methyl-2 propkne (4), (di-tert-butyl-3,5 phCny1)-l methyl-2 propene 
(5), (di-tert-butyl-3.5 phCny1)-3 methyl-2 propanol-2 (6), (di-tert-butyl-3,5 phenyl)-3 butoxy-2 
methyl-2 propane (9, (di-terr-butyl-3,5 phenyl)-3 methyl-2 trimethylacCtoxy-2 propane (8), 
trimethylacitate de tri-rert-butylphCny1e-2,4,6 (9) et tri-tert-butyl-2,4,6 quinol-1,4 (10). On 
peut expliquer la formation des produits principaux (47) a I'aide du chemin rtactionnel 
radicalaire impliquant une transposition du radical tri-rert-butyl-2,4,6 phenyle. Les produits 
mineurs (esters 8 et 9) se forment probablement par des reactions ioniques en competition. 
Le N-nitroso tri-terr-butyl-2,4,6 acetanilide se decompose (au. moins en partie) par un 
mecanisme ridicalaire conduisant au radical transpose (CH3),CCHZ-Ar dont le spin est 
pikg6 par un groupe nitroso du substrat. Des experiences de piegeage de spin au cours de la 
didiazotation de la di-tert-butyl-2,5 aniline fournissent des donnees relatives a la formation 
de radicaux aryles. 

[Traduit par le journal] 

Introduction 
The aromatic dediazoniation reaction is receiving 

considerable attention by a number of investigators 
(1-7). In particular the role of reactive aryl inter- 
mediates, aryl cations, aryl radicals, and arynes, is 
frequently discussed. Ortho-tert-butyl-aryldiazonium 
salts, including the 2,4,6-tri-tert-butyldiazonium ion 
(1) (8), are known to be very unstable and this has 
been attributed to  rapid formation of an aryl cation 
due to  steric acceleration (7). There is substantial 
kinetic evidence for the formation of the aryl cation 
from benzenediazonium salts (1, 3) and this cation 
has been the subject of theoretical (9) and some recent 

experimental (esr) (10) study. On the other hand, 
aryl dediazoniations are capable of proceeding by 
either homolytic or heterolytic pathways (6, 7) and 
small changes in conditions, such as the addition of 
pyridine (1 1) or the presence of oxygen (12) appear 
to cause a changeover in mechanism. We have inde- 
pendently observed the 2,4,6-tri-tert-butylphenyl 
radical (3) directly in solution and followed its rear- 
rangement (13). The known properties of this radical 
should aid in the discrimination between radical and 
ionic pathways for the reaction of 1. In addition, for- 
mation of an aryne (via 2) is blocked unless there is 
extrusion of a tert-butyl cation which would be de- 

0008-4042/79/162 172-08$0 1 .OO/O 
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BAKCLAY ET AL. 2173 

tected by product analysis. Such dealkylations may 
account for anomalies previously reported in the 
aqueous acid diazotizations of 2,4,6-tri-tert-butyl- 
aniline (14). We are investigating the unusual reac- 
tivity in dediazoniation of 1 and, with the above 
features in mind, have undertaken an exploratory 
study on the esr and product studies from 1. Some 
comparative studies are also reported for the 2,5-di- 
tert-butylaryl system. 

Results 

Dediazoniation of 2,4,6-Tri-tert-butylphenyldiazo 
Conlpounds 

(a) Electron Spin Resonance Studies 
Treatment of 2,4,6-tri-tert-butylaniline with butyl 

nitrite and pivalic acid in methylene chloride (aprotic 
diazotization (1 5)) in the probe of the esr spectrom- 
eter at -40°C generated two sets of esr signals in 
30-40 min (see Fig. 1). These became more intense as 
the temperature was raised through 0°C and the 
solution quickly became blue in color. The central 
part of the spectrum consisted of a very persistent 
1 :2 :  1 triplet of multiplets (aH(2H) - 1.6 G). This 
proved to be the well-known 2,4,6-tri-tert-butyl- 
phenoxy radical. The center triplet could be en- 
hanced by injecting a sample of the latter prepared 
independently by lead dioxide oxidation of the 
phenol and observing the increase in the superim- 
posed signals. The second radical appeared to be a 
1 : 1 : 1 triplet (the centre portion only partially ob- 
served at higher gain due to the more intense signal 
of the above phenoxy radical) of 1 : 2: 1 triplets 
(a, = 23.86, a,(,,, = 2.80, and a,(,, ,,,,, = 0.75 
G ,  and g = 2.00521). This second radical is assigned 
to n-butoxy-2,4,6-tri-tert-butylphenylnitroxide 

. o  

(Ar-N-0-(CH2),CH3) from its close relationship 
to the analogous ethoxy-2,4,6-tri-tert-butylphenylni- 

0. 
I 

troxide radical (Ar-N-0-CH2CH3, a, = 23.98, 
= 2.52, aH(2Hmefa) = 0.78 G,  a n d g  = 2.00528) 

generated by spin trapping of ethoxy by photolysis 
of diethylperoxide in the presence of 2,4,6-tri-tert- 
butylnitrosobenzene. While this work was in pro- 
gress, the pentoxyphenylnitroxide radical was re- 

FIG. 1. Electron spin resonance spectrum from diazotization 
of 2,4,6-tri-terf-butylaniline with butyl nitrite and pivalic acid 
in methylene chloride at 0°C. 

ported (16) from the reaction of aniline with pentyl 
nitrite. This radical showed a nitrogen splitting 
(15.75 G)  similar to other simple alkoxyphenyl- 
nitroxides (17). The interesting variation in the nitro- 
gen splitting of our substituted alkoxyarylnitroxides 
(a, = 23.86-23.98 G) contrasted with the a, = 
15.75 G for the phenyl case is attributed to the steric 
hindrance provided by two ortho-tert-butyl groups 
in our hindered nitroxides which force a non-co- 
planar conformation of the radical so that the a, 
approaches the values found for alkylalkoxy ni- 
troxides (17). This effect has been observed before 
in related aryl nitroxide radicals (18, 19). 

It was of interest to study the formation of these 
free radical species in the absence of pivalic acid 
when the overall reaction proceeded more slowly 
according to product studies (see (b) below). Under 
this condition, it was possible to readily observe the 
consecutive formation of the radicals, as illustrated 
in Fig. 2a-d The first species observed was the tri- 
tert-butylphenoxy radical (Fig. 2a), followed by 
butoxy-2,4,6-tri-tert-butylphenylnitroxide (Fig. 26, 
when the tri-tert-butylphenoxy radical was now 
hardly observable), then the tri-tert-butylphenoxy 
radical became more prominent as usual (Fig. 2c). 
Finally, on extended reaction time, it was still pos- 
sible to observe the above two radicals plus a third 
very persistent species (Fig. 2d). This third radical 
has not been definitely characterized. Assuming that 
the central portion lies under the prominent tri-tert- 
butylphenoxy, it is estimated that there is a 1 : 1 : 1 
triplet of 1 : 2: 1 triplets where a, = 15.6 G, 
a,(,, ,,,,,,, = 1.4 G,  and g = 2.0058. This suggests 
an aromatic nitroxide radical, possibly of the type 

~r-N-c(cH,),cH~-~r' 
(Ar = 2,4.6-tri-tert-butylphenyl, Ar' = 3.5-di-tert-butylphenyl) 
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2 174 CAN.  J. CHEM. VOL. 57, 1979 

FIG. 2. Electron spin resonance spectra from diazotization of 2,4,6-tri-tert-butylaniline with butyl nitrite in methylene 
chloride at - 10°C: (a) after 2-5 h, appearance of 2,4,6-tri-tert-butylphenoxy (12); (b) after 39 h, illustrating the butoxy- 
2,4,6-tri-tert-butylphenylnitroxide radical (11); (c) after 49 h, showing the mixture of radicals 11 and 12; (d )  extended reac- 
tion time, showing the appearance of a third radical (triplets) between 11 and 12. 

Decomposition of N-nitroso-2,4,6-tri-tert-butylace- 
tanilidel in methylene chloride in the esr spectrom- 
eter at room temperature or above (20-40°C) gave 
an esr spectrum consisting of a simple 1 : 1 : 1 triplet 
of 1 : 1 : 1 triplets without further additional fine 
structure (aNa = 13.84 and a,, = 3.26 G and g = 
2.00616). The couplings and g value observed are 
indicative of a hydrazoxy radical (21) and the lack of 
additional coupling to hydrogen is suggestive of a 
radical of the type 

COCH, 0 
I I 

Ar-N-N-C(CH3)?CH2-Ar' 
(Ar. = 2,4,6-tri-r~rt-butylphenyl. Ar.' = 3,5-di-tert-butylphenyl) 

formed by spin trapping by the starting nitroso com- 
pound of a radical generated in the system (see Dis- 
cussion). There was no evidence for the tri-tert- 
butylphenoxy radical in this reaction. 

(b) Product Studies 
Butyl nitrite diazotization of 2,4,6-tri-tert-butyl- 

'Such compounds were reported (20) to be too unstable to 
isolate in pure form. However, we were able to purify this 
conlpound by tlc suitable for analytical and spectroscopic 
data. Product analyses from this decomposition will be re- 
ported separately. 

aniline, under similar conditions as the esr studies, 
yielded a complex mixture containing the hydrocar- 
bons 3-(3,5-di-tert-butylpheny1)-2-methylpropen (4), 
1-(3,5-di-tert-butylpheny1)-2-methylpropen (5), the 
alcohol 3-(3,5-di-te1.t-butylpheny1)-2-methyl-2-pro- 
pan01 (6), the ether 3-(3,5-di-tert-butylpheny1)-2- 
butoxy-2-methylpropane (7), the esters 3-(3,5-di-tert- 
butylphenyl) -2  - methyl - 2 - trimethylacetoxypropane 
(8) and 2,4,6-tri-tert-butylphenyl trimethylacetate 
(9), and the 2,4,6-tri-tert-butyl- 1,4-quinol (10) (see 
Table 1). 

The hydrocarbons 4 and 5 were identified by their 
nmr spectra (see Experimental), by the ready acid- 
catalyzed isomerization of 4 to 5, and by the oxida- 
tion of 5 to the known 3,5-di-tert-butylbenzoic acid. 
The alcohol 6 gave the expected spectroscopic data 
and it readily underwent dehydration to yield 5. The 
ether 7gave a complex 'Hmr spectrum due to the over- 
lap of the n-butyl resonances with those of the other 
alkyl hydrogens. The structure was determined from 
its 13C n.m.r. spectrum and the fact that it underwent 
partial decomposition under glc conditions to yield 
some 4,5, and n-butyl alcohol. The ester 8 was identi- 
fied from its spectroscopic properties and it also 
underwent some decomposition on the glc to yield 
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TABLE 1. Products from diazotization of 2,4,6-tri-terr-butyl- 
aniline 

Compound 

Hydrocarbon 4 
Hydrocarbon 5 
Alcohol 6 
Ether 7 
Ester 8 
Ester 9 
Quinol 10 

Totals 

Run 
I (Air)" 

% yields 

Run 
2 (Air)b 

19.0 
7.4 

36.1 
24.6 

8 . 5  
2.6 
- 

98.2 

Run 
3 (NzY 

22.4 
6.1 

32.7 
19.2 
7 .8  
- 

2.6 

90.8 

Run 
4 (02)' 

nProducts were separated by column chromatography on  alumina and 
fnrther purified by tic. 

bRelative percentages, determined by glc. 
'Products were separated by tlc and the percentages of 4 and 5 estimated 

by nmr. 
*This value is for 4 and 5 

the hydrocarbons 4 and 5. The ester 9 gave the ex- 
pected spectroscopic data and unlike 8 was stable 
under various glc conditions. A minor product, the 
quinol 10, was identified as 2,4,6-tri-tert-butyl-4- 
hydroxy-2,5-cyclohexadien-I-one by its nmr spec- 
trum and by comparison with properties given in the 
literature. The various compounds 4-10 were formed 
when the reaction was carried out in air, or in a 
nitrogen or oxygen atmosphere. Furthermore, the 
percent yields of the various coinpounds identified 
remained approximately the same under these con- 
ditions (see Table I). The reaction was also observed 
directly in the ninr probe whereby the formation of 
the inajor components (4-7) could be observed 
qualitatively. A comparative small scale (nmr) run 
was also carried out with triethylsilane added. The 
latter has been used in inethylene chloride as a trap 
for carbonium ions (22, 23). The same inajor com- 
ponents were observed (nmr) to form with and with- 
out added triethylsilane and the product analyses 

(glc) were also similar. In the absence of pivalic acid, 
the conversion to  these products at temperatures 
below 0°C was extremely slow and estimated (ninr) 
to be less than 5 0 x  after 6 days. After an additional 
2 days at room temperature, this reaction was 82% 
complete (based on recovered amine). This reaction 
mixture also contained the hydrocarbons 4 and 5, 
the alcohol 6, the ether 7, and traces of the quinol10. 

Aprotic Diazotization of 2,5-Di-tert-butylanilit7e 
The aprotic diazotization of 2,5-di-tert-butylaililiile 

leads to arynoid adducts in the presence of furan (1 5) 
and it has been proposed (7, 15) that this is a case 
of rapid formation of an ortlzo-tert-butylaryl car- 
bonium ion through steric acceleration of dediazoni- 
ation. We reinvestigated this reaction to determine if 
aryl radicals could be trapped. Using 2,5-di-tert- 
butylnitrosobenzene as a trap at  room temperature, 
this reaction did indeed produce a very persistent 
esr signal consisting of a triplet (1 : 1 : 1) of multiplets 
assigned to the Ar,N-0 radical (24) (Ar = 2,5-di- 
tert-butylphenyl) (a, = 11.0 and a, - 0.5-1 G and 
g = 2.00579). With tetraphenylcyclopentadienone 
(tetracyclone) as a trap in this reaction, we observed 
a very persistent radical (stable for days at  room tem- 
perature) consisting of a complex 16-line pattern 
(g = 2.00302) almost superimposable on the radical 
formed in a similar way by addition of a phenyl 
radical to position 2 of tetracyclone (g = 2.0032) (2). 

Discussion 

The following conclusions are derived from these 
dediazoniations studied to date. 

I. The aprotic diazotizations of the aromatic 
amines, aniline, 2,5-di-tert-butylaniline, and 2,4,6- 
tri-tert-butylaniline, with butyl nitrite gave evidence 
for aryl radicals in solution. With the first two 
amines, the aryl radicals were trapped with tetracy- 
clone. The 2,5-di-tert-butylaryl radical was also spin 
trapped with 2,5-di-tert-butylnitrosobenzene. 

In the case of 2,4,6-tri-tert-butylaniline, the derived 
aryl radical (3) was trapped by the butyl nitrite used 
to form the n-butoxy-2,4,6-tri-tert-butylphenylni- 
troxide radical (11). The forination of the 2,4,6-tri- 
tert-butylphenoxy radical (12) in carefully degassed 
solutions, at  the same time or preceding the forina- 
tion of 11, can be accounted for by some spin trap- 
ping of 3 at the oxygen of butyl nitrite (Scheme 1). 
Steric effects are known to cause spin trapping a t  
oxygen of a nitroso group, for example, in the case of 
2,4,6-tri-tert-butylnitrosobenzene (25). Alternatively 
12 could form by hydrogen atom transfer from the 
corresponding phenol. The latter could form from 
the combination of the aryl radical (3) with hydroxy 
radical (Scheme 2, ( u ) ) .  
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0 points to its important role in the generation of aryl 
1 radicals and related radical reactions. The rear- 

___[ 
Ar-N-0-R 

rangements in step (iv) (3 + 14 + 15) are consistent 
O=N-0-R 11 with the observed behavior of the aryl radical 3 gen- 

erated independently (1 3). 
[A~-O-N-ORI AT-0 + JNz + . O R  4. There are several possibilities for the formation 

12 of the oxygenated products. For example, the major 
SCHEME I oxygen-containing products, the alcohol 6 and the 

2. Decomposition of N-nitroso-2,4-6-tri-tert-butyl- ether 7, could be formed by free radical combinations 
acetanilide gave a radical apparently formed by spin of 15 with hydroxy radical and butoxy radical as 
trapping of the rearranged radical ~r'-CH,-c- shown in steps (v) and (vi). Other speculations in- 
(CH,), (15, Scheme 2) by the nitroso group of the clude the oxygenation of 15 by 13 (step vii) (and 
substrate. analogously of 3 by 13 leading to the stable radical 

3. The unusual hydrocarbon products 4 and 5 12). Furthermore, the trapped radical 11 could be a 
from the butyl nitrite diazotization of 2,4,6-tri-tert- source of alkoxy radicals via the reported (16) decom- 
butylaniline can be accounted for by a free radical 0 
pathway as outlined in Scheme 2. Steps (i)-(iii) fol- I 
low the generally accepted (7, 26) Riichardt mech- position route Ar-N-0-R + Ar-NO f .OR. 
anism (27) for the formation of aryl radicals by The quinol 10, a minor product, probably results 
homolytic decomposition of an unstable diazoanhy- from hydroxylation of 12 at the para position (31) 
dride intermediate. Although the rather elusive aryl (step (viii)), although we cannot rule out oxygenation 
diazotate radical (i.e., 13 in Scheme 2) reported by of 12 by 13 followed by hydrogen abstraction or even 
Cadogan (28) was questioned on the basis of nuclear air oxidation of 12 during work-up (32). 
polarization studies (29), more recent evidence (30) 5. The esters 8 and 9 most probably form in com- 

+ 
(iii) Ar-N=N-0-N=N-Ar --+ Ar. + N Z  + . O-N=N-Ar 13 

3 FH3 

(oiii) 12 + . O H  -+ 10 

A r  = 2,4,6-tri-rerr-butylphenyl, Ar'  = 3.5-di-ferf-butylphenyl 
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+ -N2 , A; (i) Ar-N2 electron transfer 
- , A; 

I 
[ArNH2] or [Ar-N=N-0] 

(CH,),CCOOH 

9 

I 
Free radical 

reactions (Scheme 2) 
Ar-N=N-0 - 

(ii) A ~ c H ? - ~ ( c H , ) ~  
+ 

AI.CH,-C(CH,)~ + Ar-N=N-0 

15 16 

7 
, C4HsOH I ( C H , ) C C O ~  , 

8 

SCHEME 3 

peting polar side reactions. The ester 8 is not a result and 7.40 (s, 2H, a r ~ l ) .  Anal. calcd. for C Z O H ~ Z N Z O Z :  C 72.24, 
of secondary reactions. We found that neither the 9.707 8.43; found: 71.631 9.759 8.56. 
hydrocarbons (4 and 5) nor the alcohol 6 react with Electron Spitz Resonance Strrdies 
pivalic acid or pivalic anhydride under these condi- Electron spin resonance spectra were measured on a Varian 

tions to give this ester. -l-hus the formation of 8 and 9 E-3 spectrometer or where notedZ on a Varian E-104A spec- 
trometer. The diazotizations of the amines were carried out in is a strong indication Of a carbonium ion an esr reactor tube equipped with a glass capillary inlet and 

type reaction. We further speculate that such a r ~ l  outlet for purging with dry oxygen-free nitrogen and a third 
cationic and free radical reactions may be directly side arm for injecting reactants through a septum. In a typical 
related by electron transfer processes (i.e., step (i), run, a solution of the amine (0.11 mmol) and ~ival ic  acid 
scheme 3). -l-he other oxygen-containing products, (0.14 mmol) in 0.5 mL of methylene chloride was thoroughly 

purged with nitrogen. The tube was cooled to -40°C in the 
such as the and ether 7 7  could esr probe, then butyl nitrite (0.11 mmol) in an equal volume 
from ionic reactions on the cation 16 in contrast to of methylene chloride was injected through the septum while 
the free radical steps (0) and (0i) suggested in Scheme the reaction solution was mixed with the inlet nitrogen. The 

3. -l-he cation 16 could result from electron transfer temperature was slowly raised to 0°C while spectra were deter- 
mined. The same procedure was used in runs without pivalic to the a r ~ l  diazotate (ii), Scheme 3)' A acid and typical spectra are illustrated in Figs, 1 and 2, Such 

somewhat similar electron transfer from a carbon spectra were also obtainedZ during the diazotization of 2,4,6- 
radical to  phenyl diazotate has recently been postu- tri-tert-butylaniline when the solutions were carefully degassed 
lated (30). under high vacuum by alternately freezing and thawing. 

6. l-here was no evidence for the formation of Experiments with radical traps (2,5-di-rert-butylnitrosoben- 
zene or tetracyclone) were carried out by mixing equimolar 

products from a substituted benzyne by the elimina- amounts of the amine and the trap before the addition of 
tion of an orrllo-rert-butyl from the 2,4,6-tri-ferf- butyl nitrite as above. The ethoxy-2,4,6-tri-rert-butylphenyl- 
butylphenyl cation (2). nitroxide radical was generated by ultraviolet irradiation of a 

solution of diethylperoxide and 2,4,6-tri-tert-butylnitrosoben- 
Experimental zene in pentane at -40°C in the esr ~pect rometer .~  The g 

values were measured relative to that of tetracene in sulfuric 
The procedures for spectroscopic and chromatographic acid,g = 2,002604 (35), 

analyses given earlier (33) were followed unless otherwise 
stated herein 

Materinls 
2,4,6-Tri-rert-butylaniline was prepared by reduction of the 

nitro compound with sodium amalgam (34). 2,5-Di-tert- 
butylaniline was best prepared by the catalytic hydrogenation 
procedure (34). These amines were purified by colun~n chro- 
matography on acidic alumina by elution with petroleum 
ether-benzene mixtures. The butyl nitrite, pivalic acid, and 
solvents used were all freshly distilled. The tetracyclone used 
was comn~ercial material (Eastman). 2,5-Di-tert-butylnitroso- 
and 2,4,6-tri-tert-butylnitrosobenzene were described earlier 
(33). N-Nitroso-2,4,6-tri-tert-butylacetanilide, prepared by 
nitrosation of the anilide (mp 273°C) with nitrosyl chloride, 
was purified by preparative tlc using chloroforn~ solvent, the 
solvent removed under reduced pressure and the product ana- 
lyzed without further purification or drying. It melted at 
121°C. showed ir (CCI,) bands at 1750 (C=O) and 1375 

Prodr~ct Atznlysis 
The preparative scale reaction on 2,4,6-tri-tert-butylaniline 

was carried out by adding a solution of the amine (10.6 g, 
0.0406 mol) and pivalic acid (5.30 g, 0.0473 mol) in 100 mL of 
methylene chloride over a 1 h period to a stirred solution of 
butylnitrite (5.90 g, 0.0573 mol) in 100 mL of methylene chlo- 
ride kept at 0°C. The solution was kept cold overnight, then 
allowed to warm to room temperature. The reaction mixture 
was extracted with aqueous sodium hydroxide, water, dried 
over sodium sulfate, and the solvent distilled under reduced 
pressure. The residual oil (11.9 g) was chromatographed on a 
neutral alumina column by elution with petroleum ether fol- 
lowed by petroleum ether -ethyl ether. The first fraction con- 
tained the hydrocarbons 4 and 5. Fraction 2 contained a mix- 
ture of the hydrocarbons with the ether 7 (mainly), fraction 3 
contained the ether 7, fraction 4 the ether mixed with the ester 

ZThese studies were made in the laboratory of Dr.  K. U. . .. 
(-N=O) cm- ' ,  and nmr bands at 6: 1:12 (s,' 18H, 2 x Ingold, Division of Chemistry, National ~ e s e a r c h  Council of 
(CHAC-), 1.30 (s, 9H, (CH3)3C-), 2.80 (s, 3H, CH3CO), Canada, Ottawa, Ont. 
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8, fraction 5 was a mixture of the esters 8 and 9, and fraction 6 
contained the alcohol 6 mixed with the quinol 10. The various 
compounds in the above chromatograph fractions 2-6 were 
further separated and purified by preparative tlc on silica gel 
that had been acid treated with 0.1 ~n HCI, with benzene 
eluent. The compounds eluted on tlc in the order hydrocarbons 
(4 and 5), ether (7), esters (9 then 8), quinol (lo), and alcohol 
(6). The percentages of the various compounds are given in 
Table I (run 1). 

Gas-liquid chromatographic analysis (8 ft x 114 in. column, 
20% Carbowax on Chronlosorb W at 175°C and helium at 
30 cm3/min) of the products from another run gave the results 
summarized in Table 1 (run 2). Gas-liquid chromatographic 
analysis of the purified (tlc) ether 7 showed that it undergoes 
partial decomposition into hydrocarbons 4 and 5 and 12-butyl 
alcohol under these conditions. Similarly the ester 8 yielded 
some 4 and 5 under these conditions. 

Product analyses from smaller scale runs (4 mmol) were 
carried out by preparative tlc directly after removal of solvent 
(Table 1, runs 3 and 4). On this scale we failed to detect the 
ester 9. Details on the individual products are given below. 

The less stable n o n c d n j ~ ~ a t e d  hydrocarbon 4 
in the hydrocarbon fraction. Hydrocarbon 4 showed nmr 
bands at 6 :  1.35 (s, 18H, 2 x (CH3),C), 1.72 (t, J - 1 Hz, 3H, 
H3C-C=C), 3.40 (s, broad, 2H, benzylic-CH2-), 4.89 

I 

I 
(multiplet, 2H, C=CH,), 7.23 (d, J -. 2 Hz, 2H, aryl H's 2 
and 6), and 7.45 (t, J -. 2 Hz, lH,  aryl H 4). A sample of this 
hydrocarbon mixture (270 mg) (mainly 4) was converted into 
5 by refluxing for 30 min in benzene containing 22 mg of 
p-toluenesulfonic acid. Nuclear magnetic resonance analysis 
of the product showed that it was almost entirely the con- 
iugated alkene 5. The nmr spectrum of 5 showed bands at  6 :  - - 
1.35 (s, 18H, 2 x (CH3)3C)r i.91 (d, J r 1 HZ, 6H, (CH3)2C=), 

H 
I / 

6.49 (m, l H ,  ~r-C=C' ), 7.29 (d, J -. 2 Hz, 2H, aryl H's 2 
\ 

and 6), and 7.46 (t, J E ?HZ, l H ,  aryl H 4). 
A sample of 5 (1.9 mmol) in 80% pyridine-water was oxi- 

dized overnight at  room temperature by a mixture of potassium 
permanganate (37 mg) and periodic acid (4.7 g). One millilitre 
of this solution was distilled into a solution of 2,4-dinitro- 
phenylhydrazine reagent. The precipitate was collected and 
chromatographed on neutral alumina by elution with benzene 
to  yield yellow crystals, mp 126°C alone or mixed with authen- 
tic acetone 2,4-dinitrophenylhydrazone. The solution from the 
oxidation was evaporated to  dryness, the residue extracted 
with ethyl ether, which in turn was extracted with aqueous 
sodium hydroxide. Acidification gave a colorless solid which 
after sublimation melted at 164°C. This proved to be 3,5-di- 
tert-butylbenzoic acid by mixture melting point and identical 
infrared spectra with an authentic sample of acid (mp 163- 
164°C) (36). 
1-(3,5-Di-tert-butylp/renyl)-2-propnnol(6) 
The alcohol 6, purified by sublimation in vncuo, gave a mp 

of 83.5-84°C. It showed a strong band in the infrared at  3400 
I 

(-OH) cm-' and nmr bands at 6: 1.15 (s, 6H, (CH3),C-0), 
1.30 (s, 18H, 2 x (CH3),C-), 1.43 (s, exchanges with D 2 0 ,  
lH ,  OH), 2.67 (s, 2H, Ar-CH2-), 6.94 (d, J E 2 Hz, 2H, 
aryl H's 2 and 6), and 7.18 (t, J -. 2 Hz, l H ,  aryl H 4). Annl. 
calcd. for C18H300:  C 82.38, H 11.52, Mol. Wt. 262; found: 
C 82.98, H 11.52, Mol. Wt. (mass spectrum t~l/e 262 Mf) .  

TABLE 2. The 13Cmr spectrum of ether 7" 

Chemical 
shift Multiplicity 

Carbon (decoupled) (~ndecoupled)~ 

OArral. calcd. for C 2 , H , , 0 :  C 83.02, H 11.95, Mol. 
Wt. 318; found: C 82.86, H 11.70, Mol. Wt. (mass 
spectrum nrle 318 M + ) .  

bAbbreviations: s, singlet: d,  doublet: t, triplet: 
4 ,  quartet. 

<C-9 multiplet obscured under C's at 10. 

The alcohol 6 (1.0 mmol) in 6 mL of benzene containing 
26 mg of p-toluenesulfonic acid was heated under reflux for 
2.h in an apparatus fitted with a (Stark) water trap. The solu- 
tion was washed with aqueous sodium hydroxide, water, and 
dried over sodium sulfate. Evaporation of the benzene left a 
product which proved to be better than 96% of the alkene 5 
according to  glc and nmr analyses. 

I-(3,5-Di-tert-buty/p/ienyl) -2-Dutoxy-2-metl1y/propnrre (7) 
The ether was isolated as a colorless oil. It gave a strong ir 

band at  1090 (C-0-C) cnl-I and nmr bands at 6: 1.36 (s, 
I 

18H, 2 x (CH3)3C-), 1.14 (s, 6H, (CH3)2C-O-), 0.841.64 
(overlapping above bands) (complex multiplets, 7H, CH3CH2- 
CH2-), 2.79 (s, 2H, Ar-CH2-), 3.48 (t, 2H, -CH2-0-), 
7.24 (d, J E 2 Hz, 2H, aryl H's 2 and 6), and 7.46 (t, J E 2 Hz, 
l H ,  aryl H 4). 

The 13Cmr spectrum of 7 measured in CDCI, on a Varian 
CFT-20 spectrometer gave a 13-line spectrum. The results are 
given in Table 2 in order of decreasing chemical shifts and 
assignments according to the arbitrary numbering of carbons 
given below : 

3-(3,5-Di-tert-Dutylpl~enyl) -2-t~tetltyl-2-tritrtet//y/~cetoxy- 
propane ( 8 )  

Sublimed 8 gave a mp of 43-46°C. The nmr spectrum had 
bands at  6: 1.15 (s, 9H, (CH,),COO-), 1.37 (s, 18H, 2 x 

I 

(CH3),C-), 1.49 (s, 6H, (cH,),-C-0), 1.73 (s, 2H, 
Ar-CH2-), 7.23 (d, J -. 2 Hz, 2H, aryl H's 2 and 6), and 
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7.49 (t, J -. 2 Hz, IH,  aryl H 4). A strong band in the ir spec- 
trum appeared at 1735 (ester C=O) cm-' .  AIIUI. calcd. for 
C23H3802:  C 79.71, H 11.05, 0 9.23, Mol. Wt. 346; found: 
C 79.70, H 10.99, 0 9.31, Mol. Wt. (mass spectrum ~ n / e  346 
M+) .  

2,4,6-Tri-tert-brrlj~Iphe11yl Tri~ner l~ylace~a~e (9) 
Sublimed 9 gave a mp of 108-109°C. The nmr spectrum 

showed four singlets, 6: 1.38 (9H, ~ ~ ~ Q - ( C H ~ ) ~ C - ) ,  1.40 
0 
I I 

(18H, ~-O~.I / IO-(CH~)~C-) ,  1.49 (9H, (CH3)3C-C-O), and 
7.64 (2H, aryl H's). A strong band appeared in the ir spectrum 
at 1755 (ester C=O) cm-'. Anal. calcd. for C23H3802: C 
79.71, H 11.05,09.23, Mol. Wt. 346; found: C79.77, H 11.00, 
0 9.30, Mol. Wt. (mass spectrum ~?i/e 346 M+) .  

2,4,6-T,-i-tert-bu1yl-1,4-q~iinol(IO) 
Sublimed 10 melted a t  132'C. The nmr spectrum had bands 

at 6: 1.00 (s, 9H, (CH3)3C-), 1.26 (s, 18H, 2 x (CH&C-), 
2.05 (s, exchanges with D,O, IH,  -OH), and 6.55 (s, 2H, H's 
a t  3 and 5). The ir spectrum was in agreement with that given 
for 10 (mp 126-127°C) (37). There was not suficient 10 for an 
elemental analysis. 
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The reaction of benzeneselenenyl thiocyanate with E- and 2-1-phenylpropene: evidence for 
anomalous stereospecific syn addition 

Del>rrt.tt~zc~tit of'Clietr7i.\tt?~, Utii~.et.sit.v of Ottrri~~rr. 0 t t r r n 3 r ~ ,  Ot~t . ,  Cnt~r~rlrr K IN  YB4 
Received February 23. 1979 

DENNIS G. GARRATT. Can. J.  Chem. 57.2180 (1979). 
The reaction of benzeneselenenyl thiocyanate with E- and Z-I-phenylpropene has been 

shown to give products under conditions of kinetic control of net stereospecific syn addition in 
the Markownikoff orientation. Furthermore, the reactions were highly specific in that a thio- 
cyanato adduct was formed exclusively from the Z-isomer, whereas an isothiocyanato adduct 
was formed exclusively from the E-isomer. 

DENNIS G. GARRATT. Can. J. Chem. 57,2180 (1979). 
On a montrk que la rtaction du thiocyanate de benzeneselenenyle avec les phtnyl-1 propenes 

E et Z conduit, dans des conditions de contr6le cinttique, a des produits impliquant une 
addition ster6osptcifique nette qui est syn dans une orientation Markownikoff. De plus, les 
reactions sont trks sptcifiques; en effet il se forme exclusivement un adduit thiocyanate a 
partir de I'isomere Z alors qu'il se forme uniquement un adduit isothiocyanate a partir de 
I'isomere E. 

[Traduit par le journal] 

The chemistry of organylselenenic acid derivatives, 
such as areneselenenyl halides and acetates, has been 
the subject of numerous studies during the last few 
years. Electrophilic additions of these species to 
carbon-carbon double and triple bonds have at- 
tracted considerable interest (for general reviews see 
refs. la-c; 2). Few mechanistic studies have, how- 
ever, been reported in the literature. In general these 
additions have been observed to  occur in a stereo- 
specific anti manner. This observation has been ex- 
plained by means of a mechanism involving a 
seleniranium ion intermediate (3). Recently it has 
been reported that an  open cationic species may exist 
prior to the product determining step in addition to  
vinyl ethers such as 3,4-dihydro-2H-pyran (4). The 
intermediacy of a bridged species was, however, 
evident from an analysis of kinetic data, suggesting 
therefore that a seleniranium ion-like species pre- 
cedes any cation of the open structure. 

R R 
\ 1: 
Se+ RSe C 

\ / 
RSeXf  /C=C ,C-C / \  x---+ \C/ \X 

\ R / 1 '  4 ?5 
R 

R R R 

In  the preceding paper of this series we have ex- 
tended our studies to areneselenenyl thiocyanates 
and shown that additions to simple alkyl-substituted 
alkenes occur in the analogous anti stereospecific 
manner (5). The regiochemistry of these additions 
and nature of attack by the ambident anion, SCN, 

is determined by the degree and type of substitution 
of alkyl groups about the double bond. 

Since the stability of an ion such as 1 is determined 
to some extent by the nature of the counter ion, it 
was of interest to us to  determine to what degree the 
ion would be stabilized or  destabilized by substitu- 
tion of the thiocyanate ion for a chloride or  bromide 
ion. The 1-phenylpropenes were chosen for this study 
because the incipient benzylic carbonium ion would 
be of greater stability than the possible carbonium 
ions derivable from alkyl-substituted alkenes. 

We wish to present studies which have a direct 
bearing upon the above and which indicate the pres- 
ence of an  alternative mechanistic pathway. 

Results 

The reaction of a freshly prepared solution of 
benzeneselenenyl thiocyanate 2 in methylene chlo- 
ride, with 2-1-phenylpropene a t  25°C gives, under 
conditions of kinetic control, a single product 3. 
After standing for a few hours the formation of a 
second product 4 was observed via both ir and 'H 
nmr. I t  was further observed that after a period of 
approximately 5 days two additional products 5 and 
6 were also formed, but in relatively low overall yield 
([5 + 61 5 8%). 

The addition of 2 to E-1-phenylpropene similarly 
gives a single product under conditions of kinetic 
control. This compound was determined to be iden- 
tical t o  5, above, in all respects. There was no initial 
observable tendency for 5 to isomerize. After a period 
of approximately 1 week a small amount of a second 

0008-4042/79/162 180-05$0 1 .OO/O 
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product identified as 4 was also observed ([5] : [4] = 
95: 5). Further isomerization was observed over the 
next 6 weeks, which gave a mixture of 3-6 with 5 and 
6 predominating ([5] : [6] = 64: 36; [5 + 61 : [3 + 
41 = 92:8). 

Characterization of compounds 3-6 was initially 
accomplished by means of infrared and nmr spec- 
troscopy. The infrared spectra of compounds 3 and 6 
show strong sharp peaks at 4.63 and 4.60 mp, respec- 
tively, indicative of a thiocyanate group, while com- 
pounds 4 and 5 show intense broad bands at 4.84 
and 4.75 mp, indicative of an isothiocyanate group 
(6). 

The Markownikoff orientation of the adducts was 
established by means of mass spectroscopy. The mass 
spectra of 3-4 show a-cleavage fragmentation to 
yield [C6H,SeCHCH,lt ions (eq. [I]), m/e  = 185, 
and [C6H,CHSCN]+ ions m/e  = 148, in accord 
with the regiochemical specificity shown below. 

X = SCN. NCS [C,H~CHX]"+ [C6H5SeCHCH3]' 

Assignment of stereochemistry was arrived at by 
two spectroscopic means and an independent syn- 
thesis. First of all, it is known that in the proton 
nmr spectra of a series of racemic erythro and threo 
isomers of 1,2-disubstituted 1-arylpropanes, the 
P-methyl protons of the threo isomer always appear 
at  higher field than those of the corresponding 
erythro isomer (7). Secondly, it has been observed 
that the vicinal proton-proton coupling constant 
in erythro diastereomers is larger than the corre- 
sponding coupling in the threo isomer (8). Thus it is 
apparent from an examination of Table 1, if one 
compares the thiocyanate adducts 3 and 6 or the 
isothiocyanate adducts 4 and 5, that compounds 5 
and 6 are the tllreo isomers, while 3 and 4 are the 
erythro isomers. 

These results are very surprising, since they are 
indicative of a rather anomalous stereospecific syn 
addition under conditions of kinetic control. Fur- 
thermore, the stereospecificity of subsequent iso- 
merizations was lost. 

In view of the apparent anomalous stereochemistry 
of the reaction, an independent synthesis of the ad- 
ducts was carried out. Benzeneselenenyl chloride is 
known to add across the double bond of Z- and 
E-1-phenylpropene in a stereospecific anti manner to 
yield threo- and erytllro-1-chloro-1-phenylpropyl-2 
phenyl selenide, 7 and 8, respectively under condi- 
tions of kinetic control (9). 

Treatment of the threo isomer 7 with 5 equiv. of 
NaSCN and a catalytic amount of 18-crown-6 in 
methylene chloride solution gives 5 and 6 stereo- 
specifically in the ratio of 3:7 after approximately 
12 h (eq. [2]). Similarly, treatment of the erythro 

NaSCN - 
18-Crown-6 

13 H CH3 
X =  SCN 6 
X =  NCS 5 

isomer 8 yields a 5 : 3 mixture of 3 and 4, respectively. 
In addition to the adducts mentioned above, we iso- 
lated smaller amounts (520%) of the isomeric chlo- 
rides 9 and 10 from the known isomerizations of7  to 
9 and 8 to 10 (eq. [3]). 

Somewhat surprisingly, we did not isolate or ob- 
serve under our reaction conditions the formation of 
the corresponding thiocyanato or isothiocyanato 
anti-Markownikoff adducts. 

We believe that 5 and 6 and 3 and 4 were formed 
here with retention of configuration at carbon. Con- 
trol experiments using NaCl instead of NaSCN 
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TABLE 1 .  Observed proton magnetic resonance parameters for the adducts of benzeneselenenyl thio- 
cyanate with Z- and E-1-phenylpropene 

Compound Chemical shifts and coupling constants" 
1 7 3  

C ~ H ~ C H X C H Y C H ,  Configuration H, Hz H 3 3J1,2 3J2.3 

X = SCN Y = SePh Threo 
Erythro 

X = NCS Y = SePh Threo 
Erythro 

X = CI Y = SePh Threo 
Erythro 

X = PhSe Y = CI Tlireo 
Erytliro 

"All chemical shifts are reported 6 ppm, downfield from 

showed no loss of configuration in the presence or 
absence of 18-crown-6. It seems improbable that 
retention at carbon would occur in the case of chlo- 
ride but not for thiocyanate or isothiocyanate. How- 
ever, as one additional test of this ascertainment we 
have generated the respective Z-  and E-seleniranium 
ions (3a) by treating, independently, samples of 7 
and 8 with a molar equivalent of AgPF, in anhydrous 
methylene chloride at 12°C. Filtration of the precipi- 
tated AgCl followed by the addition of a molar 
equivalent of NaSCN to the seleniranium hexafluo- 
rophosphates gives the anticipated thiocyanato and 
isothiocyanato adducts with the latter species pre- 
dominant in both cases. 

Our initial synthesis using simple displacement 
from the chloro species is therefore in accord with 
neighbouring group participation of the phenylseleno 
group during carbon-chlorine bond breaking. Sup- 
port for anchimeric assistance of this type is found in 
the stereospecific isomerizations: 7 % 9; 8 % 10. 
Furthermore, McManus and Lam have recently 
shown that the solvolysis of 2-chloroethyl phenyl 
selenide is an anchimerically assisted reaction in 
methanol and aqueous ethanol (12). 

In summary we believe that these experiments 
serve to confirm our hypothesis of stereospecific syn 
addition. 

Discussion 
From the results presented in this paper, it is clear 

that the addition of benzeneselenenyl thiocyanate to 
E- and Z-1-phenylpropene is stereospecifically syn 
within the limits of our 'H nmr analysis. This result 
is incompatible with the normal interpretation of a 
seleniranium ion intermediate. It is difficult to reach 
any firm mechanistic conclusions in this case because 
of the absence of kinetic data; particularly the kinetic 
order of the reaction. However, in analogy with the 
known second order kinetics of areneselenenyl chlo- 
rides to these and related alkenes (96, lo), plus the 
stereospecificity (anti) of benzeneselenenyl thio- 

internal TMS. Coupling constants are reported in Hz. 

cyanate additions to alkyl-substituted alkenes, one 
might also predict an Ad,2 process to be operating 
here. In this case a classical open carbonium ion is 
probably formed, paired with a thiocyanate ion, 
collapse of the intimate ion-pair occurring with 
overall sytz addition. Since different products are ob- 
tained from the isomeric alkenes it is concluded that 
these intimate ion pairs, 11 and 12, do not equilibrate 

prior to the product forming step. If such a scenario 
correctly explains these observations one must accept 
the rationale that the stability of the ionic interme- 
diates is dependant upon the nature of the counter 
ion. This implies that a seleniranium ion is stable, be 
its' ring-carbon substituents alkyl or aryl, when the 
counter ion is, for example, chloride or hexafluoro- 
phosphate. A change in stability is, however, ob- 
served when the counter ion is thiocyanate. In this 
case we postulate the existence of a seleniranium ion 
intermediate only when alkyl ring-carbon substitu- 
ents are present. 

The stereospecific synthesis of compounds 3-6 
from seleniranium ions originally coupled to chloride 
or  hexafluorophosphate ions is compatible with the 
above. When the counter ions exchange, presumably 
via an ion-pair mechanism, the seleniranium ion will, 
using the rationale given above, open to  a classical 
carbonium ion. Anti attack is still anticipated since 
the thiocyanate ion would be expected to fill  the void 
in the solvation shell left by the departing counter 
ion. Our only assumption is that collapse to product 
must occur faster than reorientation of the thio- 
cyanate ion to the syn side which should be retarded 
in any case because of the bulk of the attached 
phenylseleno group, as seems reasonable. 
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Alternatively, an  Ad,3 mechanism might be in- 
volved, in accord with the observed third order 
kinetics, second order in PhSeC1, for benzeneselenenyl 
chloride additions to  both alkenes and alkynes, 
found in certain solvents such as ethyl acetate (9b, 
11). A third possibility is the syn collapse of an 
episelenurane species. Unfortunately, until such time 
as the kinetics may be unambiguously established, 
our data do not warrant further mechanistic specu- 
lation. 

Perhaps the most interesting aspect of these experi- 
ments is the observation of chemospecific formation 
of the thiocyanato adduct from the Z-isomer and the 
isothiocyanato adduct from the E-isomer. One pos- 
sible explanation of this observation is based on the 
theory of hard and soft acids and bases. In general 
one expects the harder and more basic nitrogen atom 
of the nucleophile to  attack at  the more electrophilic 
site of the resonance stabilized benzylic carbon de- 
rived from the E-isomer, whereas the softer, more 
polarizable sulphur atom would prefer to  attack the 
less stabilized benzylic carbonium ion derived from 
the Z-alkene. The reason for the different electro- 
philicities of the two benzylic carbons is the degree of 
stabilization one obtains from the phenyl ring. In the 
E-alkene the phenyl ring may easily obtain coplanar- 
ity. In the Z-alkene coplanarity is essentially impos- 
sible because of repulsive interactions with the ad- 
jacent methyl group. 

Experimental 
General 

Infrared spectra were recorded on either a Perkin-Elmer 337 
or Unicam SP 1100 spectrometer. Proton magnetic resonance 
samples were run in amberized 5 mm od sample tubes, as 
chloroform-d solutions using Varian T-60 and HA 100 spec- 
trometers. Microanalyses were carried out by Scandinavian 
Microanalytical Labs, Herlev, Denmark. 

Cl~en~icals 
Z- and E-1-phenylpropene were purchased from Chemical 

Samples Co. and used without further purification. Methylene 
chloride was purified as previously reported (90). Benzene- 
selenenyl chloride was purchased from Aldrich Chemical Co. 
and recrystallized from petroleum ether 80-90 prior to use. 
18-Crown-6 was purchased from Aldrich Chemical Co. 

Benzeneselenet~yl T/~iocj~n~~ate,  2 
This compound was prepared as previously described (5). 

1-(RS) ,2-(SR)-l-Tl1iocyat1nto-l-y/1e11yipropyl-2 Pllenyl 
Selenide, 3 

To 0.214 g (0.001 mol) of 2 in 25 mL of anhydrous methyl- 
ene chloride was added 0.1 18 g (0.001 mol) of Z-l-phenylpro- 
pene. The reaction mixture was stirred for approximately 
3 min until no further color change (yellow to colorless) was 
observed. Evaporation of the solvent gave a pale yellow oil in 
90% yield. Chromatography on silica gel showed no evidence 
for alternate species under a variety of solvent conditions; ir 
(CHCl,, mp): 4.63 vs. sharp RSCN; "C nmr (CDCl,): 52.7 d, 
49.8 d, 19.8 q, 130.9s, 135.8 d, 129.4d, 128.3 d, 128.7s, 129.9d, 
129.1 d, 128.9 d, 112.5 s SCN. Anal. calcd. for C16H15SeSN: 

C 57.83, H 4.55, S 9.65, N 4.21; found: C 57.80, H 4.48, S 
9.69, N 5.08. 

1-(RS), 2-(S R) -1-Isotl~iocyar~ato-1-yl~erzy~ropj~l-2 Pl~enyl 
Selerzide, 4 

From the isomerization of 3 in CH2C12 or CHCI, separation 
was carried out on silica gel eluted with CH2C12; ir (CHCI,, 
mp): 4.84 vs. broad RNCS; 13C nmr (CDCI,): 59.7 d, 42.2 d, 
19.1 q, 129.9 s, 135.5 d, 129.2 d, 126.9 d, 129.4 d, 128.6 d, 
128.4 s, 128.1 d, 137.7 s NCS. Anal. calcd. for C Z ~ H , , N S S ~ :  
C 57.83, H 4.55, S 9.65, N 4.21; found: C 57.96, H 4.67, S 
9.33, N 4.06. 

1-(RS), 2-(RS)-1-Isothiocyc1tmto-I-yhet1y~rop~~l-2 PlretryI 
Selenirle, 5 

This compound was prepared as for 3 above, but substituting 
E-I-phenylpropene; ir (CHCI,, mp): 4.75 vs. broad RNCS; 
13C nmr (CDCI,): 65.2 d, 45.5 d, 15.5 q, 130.9 s, 135.5 d, 
129.9 d, 128.2 d, 134.7 d, 129.4 d, 128.4 s, 128.7 d, 137.0 s 
NCS. Anal. calcd. for C16Hl,NSSe: C 57.83, H 4.55, S 9.65, 
N4.21; found: C 57.81, H4.55, S 9.32, N 4.35. 

1-(RS), 2-(RS)-1-Tl1iocyanato-l-pl1e11yipropyl-2 Plier~yl 
Selenide, 6 

This compound was prepared from the isomerization of 5 in 
CH2C12; separation was carried out on silica gel eluted with 
CH,CI,; ir (CHCI,, mp) : 4.60 vs. sharp RSCN. Atlnl. calcd. 
for C,6Hl,NSSe: C 57.83, H 4.55, S 9.65, N 4.21; found: C 
57.69, H 4.49, S 9.73, N 4.30. 

Independent Syt~fl~esis and Control Experittiet~ts 
(i) Syrzthesis and Reactivity of 7 
T o  a solution of Z-1-phenylpropene (3.42 mmol) in 20 m L  

of anhydrous methylene chloride was added 3.31 mmol of 
C6H5SeCI, previously dissolved in 5 mL CH2C12. Upon com- 
pletion of the reaction this solution was divided into 5 equal 
parts. In the first case, nothing was done. In the second case 
was added 5 molar equiv. of NaCI. The third was as above, 
but with the addition of a catalytic amount of 18-crown-6. The 
fourth and fifth were as the third and fourth, respectively, but 
with substitution of NaSCN for NaCI. After 12 h, 1 m L  
aliquots were worked up (filtration, evaporation of solvent). 
In samples 1-3 only compounds 7 and 9 were isolated or ob- 
served. Samples 4 and 5 gave mixturesof5,6,7,and9, although 
the total amount of 5 + 6 was normally 5 5% in experiment 4. 

(ii) Syntlresis and Reactivity of 8 
A series of experiments were carried out as above with the 

substitution of E-1-phenylpropene for the 2-isomer. The work 
up of subsequent aliquots over a period of 2 weeks showed a 
gradual isomerization (loss of configurational integrity) be- 
tween species 3-6. In no case was there observed isomerization 
between the chlorides except for the known 7 9 ;  8 + 10. 

Synthesis and Reactivity of Z- and E-2-Plrenyl-3-ti~etl1j~l- 
selet~irntri~ttt~ Hexafl~roroplrospl~ates 

T o  0.192 g (1.0 mmol) of benzeneselenenyl chloride in 30 m L  
CH2C12 was added 0.1 18 g of Z-1-phenylpropene previously 
dissolved in 20 mL CH2CI,. To the above was added 0.253 g 
of AgPF, (Alfa-Ventron) under nitrogen, followed by filtra- 
tion under nitrogen to remove the AgCI. The immediate 
quenching of the filtrate with 0.082 g of NaSCN, previously 
dried for 24 h, gives the respective adducts in yields of 9 0 z  
o r  greater (30). 
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The consequences of steric effects in the cleavage step of the sulfohaloform reaction 
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DENIS GEORGE KAY, RICHARD FRANCIS LANGLER, and JUNE ELLEN TRENHOLM. Can. J. 
Chem. 57.2185 (1979). 

The pathway for the aqueous chlorinolysis of a series of p-sulfonyl-sulfides is elucidated and 
the SN2 cleavage step examined. Steric effects in the cleavage of the a-polychloro-oxochloro- 
sulfonium chloride intermediates are held to be responsible for the suppression of the estab- 
lished nucleophilic competition between water molecules and chloride ions with the result that 
all cleavage products arise from nucleophilic attack by chloride ions. This report details the 
second known example of successful SN2 displacement on a carbon atom ci to a sulfonyl group. 

DENIS GEORGE KAY, RICHARD FRANCIS LANGLER et JUNE ELLEN TRENHOLM. Can. .I. Chem. 
57,2185 (1979). 

On a etudit les chemins reactionnels impliques lors de la scission d'une serie de p-sulfonyl- 
sulfures sous I'influence du chlore et on a examine l'etape de clivage SN2. On croit que des 
effets steriques dans le clivage d'interrnkdiaires chlorure d'a-polychloro-0x0-chlorosulfoniurn 
sont responsables de la suppression de la competition nucleophile bien etablie entre les mole- 
cules d'eau et les ions chlorures qui donne lieu au fait que tous les produits de clivages provien- 
nent d'une attaque nucleophile par les ions chlorures. Dans ce travail, on donne les dttails du 
deuxieme exemple d'une substitution SN2 reussie sur un atome de carbone en a d'un groupe 
sulfonyle. 

[Traduit par le journal] 

Introduction 
As a part of our program to study the chlorination 

of sulfur compounds (1-lo), we have recently 
published details which support a generalized path- 
way for the conversion of dialkyl sulfides into 
sulfonyl chlorides (5). The generalized pathway was 
called the sulfohaloform reaction (vide Scheme 1). 

CIJH20 
R. S.  CH,R' - R. S. CHCIR' 
(R = CH2R1) HOAc 

I 

SCHEME 1. The sulfohaloform reaction 

The intermediate cc-polychloro-oxochlorosulfo- 
nium chloride salts were shown (5) to undergo three 
competing processes, viz. (i) cleavage by nucleophilic 
attack of water molecules on the chlorine-bearing 
carbon cc to the sulfoniuln sulfur atom, (ii) cleavage 
by nucleophilic attack on the same carbon atom by 
chloride ions, and (iii) Pummerer rearrangement to 

'To whom all correspondence should be addressed. 

TABLE 1. * Relative percentages of oxo- 
chlorosulfonium chloride cleavage by 

competing nucleophiles 

Nucleophile (%) 
Sulfoxide 
precursors H z 0  CI - 

'Data calculated from previously published 
results ( 5 ) .  

furnish another a-polychlorosulfoxide. These com- 
peting processes are presented for trichloronlethyl 
methyl sulfoxide in Scheine 2. 

 low charts were detailed (5) defining the balance 
between the competing processes when the di- and 
trichlorodimethyl sulfoxides were converted into 
methane and chloromethane sulfonyl chlorides. 
Table 1 presents the relative percentages of the 
cleavage products from the oxochlorosulfonium 
chloride salts2 (derived from the sulfoxides listed) 
induced by nucleophilic attack of water molecules 
and chloride ions. 

'Structure A, Scheme 2 depicts the structure of an oxo- 
chlorosulfonium chloride salt. 

0008-40421791 162 185-06$0 1 .OO/O 
01979 National Research Council of CanadaIConseil national de recherches du Canada 
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t 

C 0 2  + HCI 
SCHEME 2 

From the data in Table 1, we have tentatively 
inferred that increasing incorporation of bulky 
chlorine atoms in the oxochlorosulfonium chloride 
intermediates hinders nucleophilic attack by water 
molecules substantially more than nucleophilic attack 
by chloride ions. I11 order t o  test this point experi- 
mentally, we have undertaken the preparation of 
systems which would (i) provide even more crowded 
a-polychloro-oxochlorosulfonium chloride interme- 
diates and (ii) structurally preclude complicating 
Pummerer rearrangements. We have chosen to  meet 
these objectives with substrates of the type shown 
below: 

0 

For some time, it was believed that leaving groups 
attached to a sulfonyl-bearing carbon atom could 
not be displaced (11-19). The lack of reactivity for 
these systems was ascribed to "the repulsion of the 
nucleophilic species by the negative field of the 
sulfonyl oxygen atoms" (17). An examination of 
models led to  the conclusion that a mesyl group3 
would have "only a small steric effect, unless it is 
assumed that the partial negative charge on the 
oxygen atoms would greatly extend their effective 
radius" (1 5). 

3Mesyl is an  abbreviation of methylsulfonyl. 

Later, the surprising report of Robson et al. (20) 
documented, without comment, the successful dis- 
placeinent of the chlorine atom of chloroinethyl 
methyl sulfone by mercaptide anions. This reaction 
was subsequently exploited for synthetic purposes 
(8, 21) and formed the basis for a more extensive 
investigation of nucleophilic displacen~ents involving 
chlorinated sulfones and mercaptide anions (3). 
Furthermore, an  examination of space-filling models 
convinced us that a mesyl group is very similar in 
volume to  a tertiary butyl group and that the analogy 
of the mesylmethyl group with the neopentyl group, 
first suggested and discarded by Bordwell (15), is a 
very good one. I t  appeared, a t  least tentatively, that 
the assumption of nucleophilic repulsion by sulfonyl 
oxygen atoms might be unnecessary to  account for 
the known chemistry. In this connection, it is inter- 
esting t o  note that di-tert-butyl-methanesulfinyl 
chloride could not be converted t o  the corresponding 
sulfonyl chloride, even under forcing conditions (22). 
Such an  observation might well be a consequence of 
the crowding necessary to  introduce a bulky chloro- 
sulfonyl group into an already crowded molecule. 

Results and Discussion 

Our previous study (5) established two modes of 
behaviour for chlorosulfonium chloride salts gener- 
ated in aqueous media, i.e., ( i )  dialkyl chlorosul- 
fonium chloride salts are very resistant t o  hydrolysis 
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KAY ET AL.  

TABLE 2. Chlorinolysis of 0.1 g CH3S02CH2SPh (la) 

Volume 
of CIz/HzO' CH3S02CH2SPh CH3S02CH2SOPh CH3SO2CHC1SOPh CH3SO2CCI2SOPh 

(mL) (7,) (%I (%I (%I 

*H20  was saturated with CI2 at ambient temperature. 

and react essentially exclusively by Pummerer re- 
arrangement ( Ib )  and ( i i )  a-chlorodialkyl chloro- 
sulfonium chloride salts undergo quantitative hydro- 
lysis with essentially no Pummerer rearrangement as 
shown in Scheine 1 .  

A priori, either reaction could be advanced as the 
first step in the pathway for the aqueous chlorinolyses 
of the sulfone-sulfides la-6a, since ( i )  the sulfonyl 
methyl groups are substantially more electron with- 
drawing than a chloromethyl group4 and therefore 
should enhance the electrophilicity of the sulfonium 
sulfur atom, thus facilitating hydrolysis of the 
chlorosulfonium chloride salts derived from la-6a, 
and (i i)  the sulfonyl methyl groups greatly enhance 
the acidity of the protons adjacent to the sulfonium 
sulfur atom and consequently might be expected to  
enhance the rate of the elimination step by which 
the sulfenium ion (Pummerer intermediate ( Ib ) )  
forms. 

The results of a series of controlled chlorinolyses 
of l a  are presented in Table 2. These results establish 
that the first formed chlorosulfonium chloride salt 
undergoes hydrolysis preferentially and that further 
products arise through the intermediacy of the 
unchlorinated sulfone-sulfoxide. Larger amounts of 
chlorine furnished the corresponding a,a-dichloro- 
sulfoxide l b .  Scheme 3 presents the synthesis and 
pathway for the reactions which provided the 
dichlorosulfone-sulfoxides lb-66. The structure of l b  
was confirmed by converting a sample into the 
corresponding dichlorodisulfone ( Id ) .  The disulfone 
Id was shown to be identical to a sample prepared 
by oxidation of the dichlorosulfone-sulfide l c .  

Exhaustive chlorinolysis of the dichlorosulfone- 
sulfoxides lb-66 furnished an  equimolar mixture of 
the appropriate trichloromethyl sulfone and sulfonyl 
chloride shown in Table 3. Nucleophilic attack by 
water molecules at the carbon atom of the dichloro- 
methylene group in the intermediate oxochloro- 
sulfonium chloride would result in the formation of 
an intermediate hydroxydichloromethy1 sulfone. 
Such a compound would be expected to eliminate 

4Pauling electronegativities: X ,  (CICHZ) = 2.47, X, 
(CH3SO2CHZ) = 2.85, and X, (PhSOzCHZ) = 2.75 (lb, 23). 

EtONa 
R. SOI,CHZCI + HSR' - R .  SO2, CHZSR1 

EtOH lrr-6n 

R. S02CCIf SO. R' 2 R = CH,, R' = pClPh 

lb-6b 3 R= CH,, R' = pCH,Ph 
4 R =  Ph,R'= Ph 
5 R = Ph, R' = pClPh 
6 R = Ph, R' = pCH,Ph 

HCl, hydrolyze, decarboxylate, and react with mole- 
cular chlorine to furnish the appropriate sulfonyl 
chloride, e.g., this sequence in the case of l b  would 
result in the formation of methanesulfonyl chloride. 
In no case was there any detectable sulfone-derived 
sulfonyl chloride present in the product mixture. 
Consequently the only nucleophiles to  attack at the 
central carbon atom in the oxochlorosulfonium 
chlorides derived from lb-66 were chloride ions. 
Scheme 4 presents a rationale for the formation of 
the observed products. 

TABLE 3. Yields* of sulfones and sulfonyl chlorides from 
exhaustive aqueous chlorinolyses of lb-66 

Products 

RSOZCI R'SOZCCI3 
Substrate (% yield) (% yield) 

l b  R = Ph (80) R' = CH3 (78) 
26 R = pC1-Ph (80) R' = CH3 (80) 
36 R = pCH3Ph (75) R' = CH3 (83) 
46 R = Ph (86) R' = Ph (90) 
56 R = pClPh (72) R' = Ph (78) 
66 R = pCH3Ph (83) R ' = P h  (81) 

*For mechanism see Scheme 4. 
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R SO: CCIZ SO. R' 
CIZIH,O lh-611 

CI 

R '  SO. CI + R. SO, CCI, 

We have previously observed (5) a difference in 
the overall rate of reaction for the aqueous chlo- 
rinolysis of chloromethyl phenyl sulfide (product: 
benzenesulfonyl chloride; relative rate: 1) and the 
aqueous chlorinolysis of chloromethyl methyl sulfide 
(product: methanesulfonyl chloride, relative rate: 
6.5). The slower reaction for the phenyl sulfide was 
attributed to an electron-donating effect from the 
phenyl group which would reduce the electrophilicity 
of the sulfonium sulfur atom in the oxochlorosul- 
fonium chloride intermediate. However, a com- 
parison of the overall rate of the chlorinolysis of the 
mesyl dichlorosulfoxide l b ,  and the rate of chlo- 
rinolysis of phenyl trichloromethyl sulfoxide (5) 
indicates that l b  reacts some 22.3 times slower. This 
difference cannot be attributed to  an electronic effect 
originating with the phenyl group. One might then 
examine the possible role of the  mesyl group in terms 
of the effect of sulfonyl oxygen atoms on approaching 
nucleophiles, as outlined earlier. Clearly, if the 
sulfonyl oxygen atoms offer a 'negative field' they 
would repel incoming chloride ions much more than 
incoming water molecules. Since cleavage by nucleo- 
philic attack a t  the central carbon atom occurs 
exclusively by the agency of chloride ions we con- 
clude that the effect of the mesyl group is not a 
special electronic effect but rather a more familiar 
steric effect. 

In order to determine the relative sizes of chloride 
ions and water molecules, we have made accurate 
scaled drawings of each species. The somewhat 
remarkable conclusion was that there is essentially 
no difference in the cross-sectional area of a chloride 
ion and a water molecule. The most likely reason for 
the superior nucleophilicity of chloride ions lies with 
the greater polarizability of these nucleophiles. An 
interesting alternative or additional consideration 
arises from an overview of SN2 displacements of 
leaving groups a to sulfonyl groups. 

The successful displacement of the sulfinyl chloride 
group by chloride ions represents the second known 
case of an S,2 displacement a to a sulfonyl group. 
Both nucleophiles, viz. chloride ions and mercaptide 
ions, which have been effective in accomplishing 
these displacements involve third-row nucleophiles. 
An intriguing possibility is that of a complexing inter- 
action between these nucleophiles and the adjacent 
sulfonyl sulfur atom. We have recently proposed 
such an interaction in order to  rationalize a novel 
thiolester hydrolysis (la). 

The chlorinolyses of the sulfone-sulfoxides 16-3b 
resulted in the formation of a minor product (ca. 5%) 
which gave rise to a singlet in the nmr of the crude 
a t  6 3.50. Thin layer chromatography, visualized 
with NaI-acetone (7), showed the presence of a 
compound at  R, 0.50. These properties are in accord 
with the presence of CH3S02CC12S02C1 (7) which 
we have characterized previously (8). Furthermore, 
column chromatography furnished dichloromethyl 
methyl sulfone which was absent in the crude 
reaction mixture. 

Dichloromethyl methyl sulfone is the known 
hydrolysis product obtained from CH3S02CC12- 
S02Cl  (3, 8). Chromatography has been shown to 
furnish substantial hydrolysis of a close structural 
relative of 7 (7). 

It appears that the severe crowding in the oxo- 
chlorosulfonium chloride salts derived from lb-3b 
has succeeded in diverting some nucleophilic attack 
to the phenyl ring. Attack at the less crowded centre 
would presumably be carried out by water molecules. 
A rationale for this process is presented in Scheme 5. 
The preceding account details the first evidence that 
nucleophilic attack can be diverted from the chlorine- 
bearing carbon atom in the cleavage of a-polychloro- 
oxochlorosulfonium chlorides. 

A consequence of the results reported in this paper 
is that methylsulfonyl groups have potential applica- 
tion in the design of molecules intended for the study 
of steric effects on chemical reactions. A feature 
worth noting is the great facility with which they 
may be introduced into substrates, a feature which 
they do not share with the ubiquitous tertiary butyl 
group. A potentially useful property of these groups 
is their destablization of nearby carbocationic 
centres (24) which would permit studies of SN2 
cleavages without facilitating SN1 processes. 

In conclusion, a study of sulfonyl substituted 
a-polychlorosulfoxide chlorinations has shown that 
the corresponding oxochlorosulfonium chlorides 
undergo cleavage in which steric factors favor 
nucleophilic attack by chloride ions and disfavor 
nucleophilic attack by water molecules. The results 
obtained are inconsistent with the view that the 
adjacent sulfonyl groups offer a 'negative field' 
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C H ,  SO,  CCI,- S O ~ X  

16 X = H  
26 X = C1 
311 X = CH, 

C H ,  SOz CCIy SO. CI + HO [ ex] 

which repels nucleophiles. Finally, the substantial 
crowding achieved in the transition state has shifted 
a small amount of the nucleophilic attack to  the less 
crowded carbon attached to  the sulfonium sulfur 
atom. 

Experimental 
Getzero1 

Their spectra were recorded on a Perkin Elmer 237B grating 
spectrophotometer. The nmr spectra were obtained on a 
Varian T-60 instrument using TMS as the internal standard. 
The mass spectra were recorded on a Dupont-CEC model 
21-104 mass spectrometer. The samples were directly intro- 
duced using an all glass probe and the spectra run at 30 eV 
with a source temperature of 150°C. Melting points were 
determined on a Fisher-Johns melting point apparatus and 
are uncorrected. 

Preparation of Suljbne-sulfides la-6a 
Sodium metal (1 equiv.) was dissolved in absolute ethanol 

(100 mL) and the appropriate mercaptan (1 equiv.) added. 
Chloromethyl phenyl sulfone (25) or chloromethyl methyl 
sulfone (26) (10 g) was added and the reaction mixture refluxed 
for 24 h. Water (100 mL) was added and the resultant mixture 
was washed with chloroform (3 x 100 mL aliquots). The 
organic layers were combined, dried (MgS04), filtered, con- 
centrated, and the residue recrystallized from 95% ethanol. 

CH3S02CH2SPh l a  (9.413 g, mp 4749°C); ir (CHCI,): 
1320 and 1145 cm-'; nrnr (CDCI,) 6: 7.36 (5H, m), 4.23 (2H, 
s), and 2.93 (3H, s); ms tn/e: 202 ( M f ,  4.7%), 123 (86%), and 
45 (100%). 

p-C1PhSCH2SO2CH3 20 (15.88 g, rnp 105-106°C); ir 
(CHCI,): 1320 and 1145cm-'; nmr (CDCI,) 6: 7.43 (4H, 
pseudo-quartet), 4.17 (2H, s), and 2.97 (3H, s); ms tnle: 238 
(1.8%), 236 (M+, 5.773159 (33.379157 (100%),and 45 (80%). 

p-CH3PhSCH2S02CH3 30 (14.67 g, mp 63.5-65°C); ir 
(CHCI,): 1320 and 1140 cm-'; nmr (CDCI,) 6: 7.37 (4H, 
pseudo-quartet), 4.20 (2H, s), 2.90 (3H, s), and 2.33 (3H, s); 
ms mle: 216 ( M t ,  10.3%), 137 (loo%), and 45 (41.5%). 

PhSO,CH,SPh 40 (1 1 .OO g, mp 56-58°C); ir (CHCI,): 1320 
and 1140 cm- ' ; nmr (CDCI,) 6: 7.66 (lOH, m) and 4.40 (2H, 
s); ms tn/e: 264 ( M f ,  7.3%), 123 (loo%), and 45 (30%). 

p-C1PhSCH2S02Ph 5a (1 1.88 g, mp 67-69°C); ir (CHCI,) : 
1320 and 1145 cm-'; nrnr (CDCI,) 6: 7.57 (9H, m) and 4.30 
(2H, s); ms m/e: 300 (2.273, 298 ( M t ,  6.673, 159 (33.373, 
157 (loo%), and 45 (40%). 

p-CH3PhSCH2S02Ph 60 (1 I .10 g, mp 8345°C); ir (CHCI,): 
1320 and 1145 cm-'; nrnr (CDCI,) 6 :  7.40 (9H, m), 4.30 
(2H, s), and 2.26 (3H, s); rns m/e: 141 (58%), 91 (33%), and 
77 (100%). 

Prepmation of CH3S02CCI,SPh (Ic) 
The sulfone-sulfide l a  (1.000 g) was dissolved in carbon 

tetrachloride (20 mL) and C12 (ca. 200 mL/min) was bubbled 
into the solution for 20 min. The solvent was evaporated and 
the residue recrystallized from 95% ethanol affording l c  
(1.176 g, rnp 53-54°C); ir (CHCI,): 1320 and 1145 cm-I ; nmr 
(CDCI,) 6: 7.66 (5H, m) and 3.50 (3H, s); ms tn/e: 195 (14%), 
193 (69%), 191 (loo%), 109 (34x1, and 77 (44%). 

Preparation of CH3S02 CC12S02P/1 (Id) 
The dichlorosulfone-sulfide l c  (0.5002 g) was oxidized with 

chromium trioxide in glacial acetic acid in standard fashion 
(3). The crude dichlorodisulfone was recrystallized from 95% 
ethanol (0.276 g, mp 102-105°C); ir: 1355 and 1152cm-'; 
nmr (CDCI,) 6: 7.90 (5H, m) and 3.53 (3H, s); ms m/e: 141 
(7373, 125 (41%), and 77 (100%). 

Preparation of Dichlorosulfone-s~rlfoxirles (Ib-6b) 
The desired sulfone-sulfide (10-60) (5.00 g) was added to a 

solution of glacial acetic acid (25 mL) and water (5 mL). C1, 
(ca. 200 mL/min) was bubbled into the reaction mixture for 
0.5 h. During the chlorination the product precipitates from 
solution. Upon completion of the chlorination water (50 mL) 
and methylene chloride (100 mL) were added. The layers were 
separated and the organic layer washed with 2.5% w/v NaOH 
(2 x 50 mL aliquots), dried (MgSO,), filtered, and the solvent 
evaporated. The residue was recrystallized from 95% ethanol 
affording the following compounds. 

CH3S02CC12~S0.Ph 16 (5.284 g, mp 149-151°C); ir 
(CHCI,): 1345, 1150, and lO8Ocm-'; nmr (CDCI,) 6: 7.77 
(5H, m) and 3.46 (3H, s); ms tn/e: 290 (0.1%), 288 (0.6%), 
286 ( M t ,  I%), 125 (loo%), 109 (3973, and 77 (43%). Anal. 
calcd. for C8H8CI20,S2: C 33.45, H 2.80; found: C 33.07, 
H 2.91. 

p-ClPhS(0)CC12S02CH3 26 (5.353 g, mp 8486°C); ir 
(CHCI,): 1340, 1145, and 1080 cm-' ; nmr (CDCI,) 6: 7.73 
(4H, pseudo-quartet) and 3.50 (3H, s); ms nrle: 229 (2.2%), 
227 (5.773, 225 (5.7%), 161 (33.373, and 159 (100%). Atiul. 
calcd. for CRH7ClaOaSz: C29.87. H 2.19; found: C29.95, . . -  

H 2.15. 
p-CH,PhS(O)CCI,SO,CH, 36 (5.150 g, mp 145-147°C); ir 

(CHCI,): 1345, 1150, and 1085 cm- ' ; nrnr (CDC13) 6: 7.73 
(4H, pseudo-quartet), 3.50 (3H, s), and 2.53 (3H, s); ms m/e: 
139 (loo%), 91 (27.5%), and 45 (12.5%). Anal. calcd. for 
CeH10CIZ03S2: C 35.88, H 3.34; found: C 35.83, H 3.14. 

PhSO2CCI2,SO.Ph4b (4.894 g, mp 134136°C); ir (CHCI,): 
1350, 1150, and 1 0 9 0 ~ m - ~ ;  nmr (CDCI,) 6: 7.80 (m); ms 
tnje: 141 (36%), 125 (64%), 109 (48.6%), and 77 (100%). Anal. 
calcd. for C13HIOC1203S2: C44.70, H 2.88; found: C44.82, 
H 2.57. 

p-CiPhS(O)CCI2SO2Ph 5b (3.8708, mp 115-117°C); ir 
(CHCI,): 1350, 1150, and 1095 cm-';  nrnr (CDCI,) 6: 7.83 
(m); ms t~i/e: 161 (33.373 159 (loo%), 141 (43.6%), and 77 
(65.9%). Anal. calcd. for Cl3H9CI3O3S2: C40.69, H 2.36; 
found: C 40.47, H 2.42. 

p-CH3PhS(0)CC1,S02Ph 6b (4.563 g, mp 140-141°C); ir 
(CHCI,): 1350, 1150, and 1095 cm-'; nmr (CDCI,) 6: 7.70 
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(9H, m) and 2.46 (3H, s); ms m/e: 139 (loo%), 91 (16.6%), and 
77 (26.8%). Anal. calcd. for Cl4Hl2ClZO3S2: C 46.28, H 3.32; 
found: C 46.01 and H 3.49. 

Preparation of PII~SO~CH,SO,CH~ l e  
The sulfone-sulfide l a  (1.002 g) was dissolved in a solution 

of 30% H 2 0 z  (0.568 g) in dioxane (25 mL). The reaction 
mixture was refluxed for 0.75 h. The solvent was evaporated 
and the residue recrystallized from 95% ethanol, (0.815 g, mp 
88-90°C); ir (CHCI3): 1320, 1140, and 1045 cm-';  nmr 
(CDC13)S:7.60(5H,s),4.20(1H,d,J= 3Hz),4.13 ( lH ,d ,  
J = 3 Hz) (26), and 3.23 (3H, s); ms tnle: 218 ( M i ,  10.9%), 
125 (loo%), 109 (23.1%), and 77 (32.9%). At~rrl. calcd. for 
C8H1003S3: C 44.01, H 4.61 ; found: C 43.89, H 4.21. 

Cot~rrolled Aqrreolrs Cl~lorit~ol~~sis of l a  
A series of chlorinolyses of l o  were conducted and the 

results are tabulated in Table 2. Details below are provided for 
the run from which products were isolated. 

The sulfone-sulfide l a  (0.100 g) was dissolved in glacial 
acetic acid (75 mL) and distilled water (9 mL). Water (9 mL) 
which had been saturated with CIZ at ambient temperature 
was added and the reaction mixture stirred at  room tempera- 
ture for 0.5 h. Water (150 mL) was added and the reaction 
mixture washed with chloroform (300 mL). The organic layer 
was washed with 2.5% w/v NaOH (3 x 100 mL aliquots), 
dried, and concentrated. The residue showed four spots on 
analytical tlc (chloroform development). The nmr of the crude 
indicated the presence of l a  (21%), the corresponding sulfone 

0 
/ 

sulfoxide (le) (31%), CH3S02CHC1SPh (2173, and l b  (26%). 
The mixture was run on preparative tlc, developed with 
CHCI3-Et20 (1 :I). The band at R, 0.27 was scraped and 
washed with CHCI, (60 mL) affording l e  which was identical 
with authentic material by nmr, ir, and tlc. The band at R, 0.57 
was handled in the same way and furnished a mixture of l a  
and another compound. The identity of l a  was confirmed by 
tlc and addition of authentic material which caused the 
expected change in the appropriate signals in the nmr of the 
mixture. Subtraction of the signals due to l o  from the nmr of 
the mixture left the spectrum 6 :  7.50 (5H, m), 5.17 (IH, s), and 
3.23 (3H, s). On this basis the second compound in the mixture 
was assigned the monochlorosulfone-sulfoxide structure 
shown above. The band at R, 0.81 was processed as described 
above, and afforded l b  which was identical with authentic 
material by nmr, ir, and tlc. 

Oxidation of l b  
The dichlorosulfone-sulfoxide l b  (0.500 g) was oxidized to 

the dichlorodisulfone I d  in the same way described for the 
oxidation of lc. After recrystallization, the disulfone (0.350 g) 
was shown to be identical to authentic disulfone by ir, nmr, 
mp, and mixture mp. 

Exl~austive Clllorit~ation of lb-6b 
Exhaustive chlorinations of the dichlorosulfone-sulfoxides 

lb-6b were carried out as illustrated by the details provided 
below for the reaction on 2b. Results for these systems appear 
in Table 3. 

The sulfone-sulfoxide 2b (0.500 g) was dissolved in glacial 
acetic acid (75 mL) and water (18 mL) added. CI, (ca. 200 
mL/min) was bubbled into the reaction mixture for 8 h. Water 
(150 mL) was added and the resultant mixture washed with 
methylene chloride (3 x 100 mL aliquots). The combined 
organic layers were washed with 2.5% w/v NaOH (3 x 100 mL 
aliquots). The organic layer was dried and concentrated. 

The residue was chromatographed on silica gel (50 g) em- 
ploying carbon tetrachloride elution (50 mL aliquots). 
Fractions 6 9  were combined and concentrated affording 

VOL. 57, 1979 

p-chlorobenzenesulfonyl chloride (0.262 g) which was identical 
to authentic material by ir, nmr, ms, and tlc. Fractions 40-60 
were combined and concentrated furnishing trichloromethyl 
methyl sulfone (0.245 g) which was identical to authentic 
material (27). Fraction 95 contained dichloromethyl methyl 
sulfone (0.015 g) which was identical to authentic material by 
ir, nmr, and mp (27). 
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FRANK E. HRUSKA, JAMES G. DALTON, and MIECZYSLAW REMIN. Can. J. Chem. 57. 2191 
(1979). 

A high resolution proton magnetic resonance spectrum for 2,7_'-anhydro-02-p-D-arabino- 
syluracil in aqueous solution at  80°C is presented. The spectrum provides evidence for the 
presence of long-range four-bond (4J1,3,, 4J1,4,, JJ2,4,) and five-bond (5J,858, 5J1,5,,, 5J215r, 
5J2.5..) coupling interactions involving the furanose hydrogens. The 5J data represent the first 
reported evidence for the presence of coupling interactions involving the anonieric proton 
and exocyclic C5, protons in a furanose system. The relative signs of the "J and 5J couplings 
were determined by double resonance methods. The "J and 5J interactions are discussed using 
crystallographic data and the theory of long-range couplings. 

FRANK E. HRUSKA, JAMES G. DALTON et MIECZYSLAW REMIN. Can. J .  Chem. 57. 2191 
(1979). 

On rapporte les spectres de resonance magnetique a haute ~.esolution de I'anhydro-2,2' 0 2 - B -  
D-arabinosyluracile en solution aqueuse a 80'C. Le spectre fournit des preuves de la presence 
d'interactions de couplage a longue distance a travers quatre liaisons ("JIT3., 4J1,4,, 4J2.J.) et 
cinq liaisons (5J1.5., 5J1,5zz, 5J2,5,, 5J2.5,,) impliquant les hydrogenes du furannose. Les 
donnees de 5J representent les premieres preuves rapportees concernant I'existence d'inter- 
actions de couplage impliquant un proton anomere et les protons C5. exocycliques dans un 
systkme furannose. On a determine les signes relatifs des couplages 4J et 5J par des methodes 
de double resonance. On discute des interactions 4J et 5J en faisant appel a des donnees 
cristallographiques et a la theorie des couplages a longue distance. 

[Traduit par le journal] 

Introduction 

The appearance of long-range spin-spin coupling 
0 

interactions involving the hydrogens of a furanose // 
system has been of interest since Hall and co- 
workers (1) noted that such systems can exhibit an 0-5 
extensive array of 4J and 5J H-H couplings which // 
undoubtedly contributed to spectral broadening be- el/Y 

yond the 'natural' linewidths. In early 100 MHz 6 // 
studies of the anhydronucleoside, 2,2'-anhydro-O2-P- -ALh/ 
D-arabinosyluraci12 (aU) (Fig. I), evidence for the Hg presence of the four-bond couplings 4J1 , 3 . ,  4J1 .4., 
and 4J2.4, was reported for a U  in D 2 0  solution 
(2-4). Analogous coupling interactions are also ap- 
parent in the spectra of several purine nucleosides in 
liquid ND, (5). In more recent 100 and 250 MHz 
studies on aU in aqueous and DMSO solution (6, 7) 
long-range coupling interactions were not observed 

I i  0 H 
and in fact the presence of these interactions was FIG. 1. Structure of 2,2'-anhydro-02-P-~-arabinosyluracil 

questioned (6). (aU). 
In this work we discuss 'H nmr evidence for the appearance of the five-bond ('J,,,,, 5J1.5rT, 5J2,5r, 

sJ2,5,,) coupling interactions as well as the four-bond 
'Permanent address: Department of Biophysics, Institute (4J ,.,., 'Jlr4,, 4J2.4.) interactions involving the 

of Experimental Physics, University of Warsaw, 02-089 furanose hydrogens in a ~ .  ~h~ five-bond couplings Warszawa, Poland. 
'Abbreviations: a U  is 2,2'-anhydro-02-B-D-arabinosylur- are particularly interesting since they are, to  the 

acil; DSS is sodium 2,2-dimethyl-2-silapentane-5-sulfonate. best of our knowledge, the first reported examples 

0008-4042/79/162 19 1 -05$0 1 .OO/O 
@ 1979 National Resea~ch Council of CanadalConseil national de reche~ches du Canada 
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I --- 
3.5 PPM 

FIG. 2. (a)  Single scan, continuous wave 100 MHz spectrum of the ribose protons of a U  (0.2 M in D 2 0 ,  pD = 7.0, 
80°C). (b) Computer simulated spectrum. 

~f coupling interactions of the anomeric H I ,  and H, , TABLE 1. Proton coupling constants (Hzy for 0.2 M 2,T- 

protons with the exocyclic hydroxymethyl protons anh~dr0-02-~-D-arabin0s~luraci1 in D2O (PD = 7.0) 

in a furanoside. Analogous five-bond coupling 
between the anomeric hydrogen and the exocyclic Jb 5°C 30°C 80°C 

methylene hydrogens in pyranoside systems has been 3 ~ , ,  7 .4  7 .4  7.4 
suggested by Lemieux et al. (8). 3J1323 6 .0  5 .9  5 . 8  

3J2,3,  0 .7  0 .8  1 .O 
Experimental 3J3.4. 1 .8  1 .9  2 .3  

3J4,5* 2.9  3 .3  
Samples of a U  were obtained from Dr. K. K. Ogilvie and 

3jaS5,,  

4 . 2  
4 . 7  4 .9  5 .1  

from Terra Marine Bioresearch, California, and used without (-13.9y -13.5 - 12.6 
further purification. The quality of the spectra obtained in- 

4 ~ , , ~ ,  -0.81 -0.75 -0.64 
dicates the absence of significant amounts of paramagnetic 

4J1,4, -0.32 -0.36 -0.42 
impurities (see Fig. 2). DSS was used as an internal nmr 

4 ~ ~ , ~ ,  0.54 
reference. Samples were thrice freeze-dried and finally dis- 

5J1,5, 

0.54 0.55 
d d 0.28 

solved in 100x D 2 0  (final concentration ca. 0.2 M). The pD 5J1,5,, d d 

of the solution was adjusted to  7.0 + 0.1 with DCI and NaOD. 
S J ~ , ~ ,  

0 .33 
d d 0.05-0.1 

Spectra were obtained on Bruker WH-90DS and Varian HA- s ~ ~ , ~ , ,  B d 0.05-0.1 
100 spectrometers. The calibration of spectra and double 
resonance experiments were carried out by standard methods. 

;~~~~~;,",;;~;r;i~~d~;800C 
Spectral analyses were carried out using LAME (9).Computer- .Not observable since H , .  and H,.. are isochronous at  5°C. Obtained by 
stimulated spectra were generated as a test of the chemical extrapolation of 30 and 80°C values. 

shift (6) and coupling constant (J )  data. Since our discussion dNOt observable' 

will be restricted to the J data, only these are given in Table 1 ; band (4.36 ppm) with 20 discernible lines is corn- 
the 6 data have been presented elsewhere (10). Decomposition 
of aU, presumably by hydrolysis to arabinouridine, was ob- pletely accounted for by the three vicinal couplings 
served at  80°C, but caused no difficulties since the spectra (3J3,4,, 3J435', 3J4T5") and a pair four-bOnd in- 
could be accumulated quickly at  the concentrations used. teractions, Jlr4,(-0.52 Hz) and J2.4.(+0.55 HZ). 

The sign of 4J2,4, was determined by selective ir- 
Results and Discussion radiation of the H3, band, while the Hz,  resonances 

Spectra were being observed. In Fig. 3 are illustrated the 
The 100 MHz spectrum (80°C) of the sugar results of weak irradiation experiments which 

protons of a U  is shown in Fig. 2 accompanied by a demonstrate that 4J1.4. is negative, i.e., of opposite 
computer-generated spectrum. The spectrum is quite sign to 4J2r4,. A series of weak irradiating fields was 
unlike nucleoside spectra reported in the literature applied a t  0.10 Hz intervals to one, or the other, 
(those for anhydronucleosides included (6, 7)), of the broad H I ,  bands a t  6.53 and 6.47 ppm while 
showing clearly an extensive array of small splittings the Hz,  quartets were recorded. As the perturbing 
which can be attributed to long-range (4J,5J) H-H field was stepped through the bands towards high 
coupling constants. For example, the complex H4, field, the point of maximum perturbation in the Hz,  
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HRUSKA ET AL 

FIG. 3. Low-field Hz. quartet (5.04 ppm): (a) unperturbed by second irradiating field; (6-e) with weak irradiation of 
the low-field H,.  band (6.54 ppm) at 653.68, 653.25, 652.99, and 652.60 Hz respectively. As the perturbing field is stepped 
towards high field, the point of maximum perturbation in the Hz, quartet progresses towards low field. This pattern of 
changes indicates that J,.,. and Jz.,, have opposite signs, i.e., J,.,, is negative. 

quartets progressed uniformly towards low field. 
For example, Fig. 3a shows the unperturbed low-field 
H z .  quartet at 5.04 ppm while Figs. 3b-3e show the 
influence of perturbing fields at 653.68, 653.25, 
652.99, 652.60 H z ,  respectively. With these careful 
experiments the progression of the perturbation 
towards low field is unmistakable. It is a simple 
matter to show with energy level diagrams that this 
sequence of changes in the H 2 .  quartets is consistent 
with opposite signs for J , , , .  and J2 , , , ,  i.e., J , , , ,  is 
negative. 

The most interesting of the long-range couplings 
can be observed in the 5',5" spectral band at 80°C 
(Fig. 2). The four intense lines, as well as the satellite 
lines, show an additional splitting of about 0.3 H z .  
In contrast at  5 and 30°C only two broad bands, 
with no fine structure, are found in the 5' region in- 
dicating that the5',5" protons are nearly isochronous. 
The increase in temperature has, therefore, increased 
the H , . , H , . .  relative shift, and this coupled with 
the improved resolution at  80°C leads to the ap- 
pearance of the fine structure. 

Strong irradiation of the H , ,  bands leads to a 
collapse of the fine splittings in the 5',5" region, 
demonstrating that they are due to ' J , , , ,  and 5 J , . 5 t .  
interactions. On the other hand, when H , .  is ir- 
radiated with a strong decoupling field, the line- 
widths in the 5',5" band are noticeably reduced and 
the fine splittings due to ,J1 , 5 , , 5 J 1 , 5 t t  interactions be- 
come more apparent (Fig. 4). This narrowing pro- 
vides evidence for the presence of ,J couplings 
between H z ,  and both the H , ,  and H , , ,  protons. 

A series of careful selective spin-decoupling and 
spin-tickling experiments, analogous to those used 

FIG. 4. The strong central resonances of the 5'3'' band of 
a U  with Hz,  decoupled (80°C, single scan, 100 MHz). 

to determine the signs of 4J2 .4 .  and 4J , . 4 .  (above and 
Fig. 3), allowed us to determine the signs of the 
,J interactions involving H , . ,  and H,,, (all positive). 
Further details of these experiments are available 
from the authors upon request. 

Double resonance experiments demonstrated that 
the eight-line H , ,  band (4.63 ppm) could be at- 
tributed to 3 J 2 , 3 ,  and 3J3 ,4 ,  couplings (both positive) 
and the four-bond interaction 4 J , , 3 ,  (0.64 H z  and 
negative). The linewidths in this region are about 
0.2 H z ,  indicating that interactions of H 3 ,  with 
H , ,  and H , , ,  must be less than 0.1 H z .  

Also note (Fig. 2) that the H I ,  band widths can 
be reproduced by our spectral simulation which 
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incorporated the 4Jand ,J interactions involving H, .. their plots and assuming the crystallographic angles 
Thus, long-range couplings account for the H, ,  we estimate 4J2.4. = 0.5-1.0 Hz and 4J1.3. = 0 HZ. 
broadening in aU, and undoubtedly contribute to In the former case, agreement with the experi- 
the H , ,  linewidths for nucleosides in general. mental value (+0.55 Hz) is reasonable, whereas in 

Coupling Constants 
The vicinal couplings 3J1.2,, ,J2,,,, and 3J3.4. for 

aU have been discussed elsewhere (2-4, 6, 7, 11) and 
presented as evidence that the geometry of the 
furanose ring in solution is similar to that found in 
the crystal state, i.e., 4'-endo (12, 13). Particularly 
informative are the diminutive trans couplings 
,J2,,, and ,J3,,, which exhibit, in the 5-80°C in- 
terval, ranges of 0.7-1.0 Hz and 1.8-2.3 Hz, re- 
spectively, consistent with dihedral angles near 90". 
In the crystal two molecules (labelled A and B) 
are found in the unit cell of aU (12, 13); the ob- 
served dihedral angles for Hz.-C,.-C,,-H,, and 
H,,-C,,-C4.-H4, lie in the range 86-96". 

In the crystal state aU assumes the gauche-trans 
conformation about the C4.-C,, bond. In solution 
at 80°C, however, interconversion occurs between 
the three staggered conformers, with approximately 
equal populations of each (3, 10). 

Not shown in our spectrum is the pair of 
doublets due to the H j  and H, protons of the base 
(,J5, = 7.4 Hz). The linewidths in these bands are 
0 . 3 ~ ~ ~  (H,) and 0.4 Hz (H,). Hence, long-range 
interaction ,J,., and ,J,., cannot be larger than 
about 0.1-0.2 Hz. The low value of ,J,,, is con- 
sistent with the presence of the high-sj,n conformation 
about the N-glycosyl linkage (12, 13). 

4J Coupling Coilstants 
4J H-H couplings in the saturated fragments (I) 

are known to depend on the 4 and 4' torsion angles, 
reaching a maximum (positive) value for the all- 
trans (@ = @' = 180") situation (14, 15). Relevant 
to our discussion of the 4J1f3,, 4~2 .4 . ,  and 4J1.4. are 
the fragments H C C - C - H  (1 14", 
146")~, H2j-C2,-C3f-C4,-H4, (148", 146"), and 
H, ,-C, j-O--C4,-H4r (143", 146"), respectively. 
Barfield et al. (14) have reported the 4,4' depen- 
dencies of 4J in propanic fragments (X = C). Using 

3The angles listed in parentheses will refer respectively to 
I$ and I$'. For example, in the HI.-CI,-CZf-C3,-H3, frag- 
ment they refer to the torsion angle about C,.-C,. (I$) and 
C2,-C3, (I$') (see Barfield el a/. (14)). The values are taken 
from ref. 13. 

the latter case'the obser;ed coupling (-0.64 Hz) is 
somewhat smaller than predicted. However, the 
predicted stereochemical trend (i.e., J2f4, is more 
positive than J, .,.) agrees with the experimental data. 

Though the stereochemistry ($,+I) of the four-bond 
fragments of 4J2.4, and 4J,.4. is virtually identical 
(see above), these couplings differ markedly 
(+ 0.55 Hz and - 0.42 Hz, respectively). This dif- 
ference is probably due to the change in the central 
atom in the fragments. Barfield and co-workers (14) 
have studied the effect on 4J of the change X = C 
to X = 0 in fragment I,  but unfortunately data for 
only two conformations were reported: 4J(cis) = 
4J(1200, 120") and 4J(trans) = 4J(1200, 240"). Their 
calculations predicted that this substitution should 
lead to more negative values of 4J(cis) and more 
positive values of 4J(trans), the changes being 0.5- 
0.6 Hz in an absolute sense. If we can assume that 
the 4J2j4j and 4J,,4, fragments, with 4 --- 4' z 145", 
are more cis-like than trans, then we state that cal- 
culations of Barfield et al. (14) are in reasonable 
agreement with the observed trend. 

'J Coupling Constants 
The appearance of the 'J,.,, and 5J1,5,, splittings 

in the 80°C spectrum may be a consequence of 
several factors, one of which must be the high 
resolution achievable in water solution at this tem- 
perature. Also important must be the fact that, 
except for H,. and H,,., the furanose protons form 
a loosely coupled spin system, the ratio of relative 
shift to mutual coupling constant being no less than 
11.6 (at 100 MHz) for any pair of protons. Of the 
many nucleosides examined, aU provides the most 
loosely coupled system. This means that broadening 
of the H,.,H ,,, resonances due to virtual coupling 
to H,, and H,, is minimal. 

Another reason, perhaps, why we observe ,J1 .,.(,,,) 
interactions in aU, while similar interactions have 
not been reported in normal nucleosides, i.e., those 
without the anhydro linkage, could lie in the unique 
geometry of its sugar rings. In aU the ring assumes a 
4'-endo pucker (12, 13), whereas in solution the 
furanose ring of normal nucleosides pseudorotates 
between 2'-endo and 3'-endo conformations (16, 17). 
Each of the exocyclic protons in a nucleoside is 
connected to the anomeric proton by a single five- 
bond path (11) which may be considered a butanic 
fragment (14, 15) with a single oxygen substitution. 
Alternate six-bond paths through C,. and C,, also 
connect these nuclei, but these longer paths should 
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be less important than 11. In the 4'-endo conforma- 
tion of crystalline aU (12, 13), the dihedral angles 
$, and $, are 143 and 96", respectively. From the 
Altona-Sundaralingam analysis of nucleoside cry- 
stallographic data (16), we estimate that $, is ap- 
proximately 50 and 25" smaller in the 2'-endo and 
3'-endo conformations, respectively. Thus, $,(2'- 
endo) z 95" and $,(3'-endo) z 120". On the other 
hand $, should be larger in the 2'- and 3'-endo 
conformations, i.e., $,(2'-endo) z 120" and $,(3'- 
endo) z 145". 

Theoretical calculations, reviewed by Barfield and 
Chakrabarti (15), indicate that if the indirect 
mechanism of ' J  coupling predominates in a butanic 
fragment, then this coupling should be independent 
of $, but should display a Karplus-like dependence 
on $, (as well as $,, see below). Now, if this theory 
can be applied to nucleosides, then from the $, values 
we can predict for ' J , , ~ , ( ~ . ~ ,  the following trend: 
'J(4'-endo) > ' ~ (3 ' - endo)  > 'J(2'-endo). 

The ' J  interactions in fragment I1 should depend 
also on $, (which can be 180 or 60" depending on 
whether the C,,-C,, bond is oriented gauche- 
gauche, gauche-trans, or trans-gauche). However, in 
solution interconversion occurs between the three 
staggered conformations, making difficult the evalua- 
tion of the influence of this conformational feature 
on the '5 couplings. 
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JACOB J. HABEEB, DENNIS G. TUCK, and SAMUEL ZHANDIRE. Can. J. Chem. 57.2196 (1979). 
The electrochemical oxidation of zinc, cadmium, or indium in the presence of CO,(CO)~ or 

Mn,(CO)lo in an organic solvent gives rise to the appropriate heteronuclear metal carbonyl 
M[M'(CO),],,, (M = Zn, Cd, In;  M' = Co, Mn; rz = 4, 5 ;  m = 2, 3). The advantages of this 
method are discussed, as is the mechanism of the processes which lead to the reaction products. 

JACOB J. HABEEB, DENNIS G. TUCK et SAMUEL ZHANDIRE. Can. J. Chem. 57,2196 (1979) 
L'oxydation electrochimique du zinc, du cadmium et de I'indium en presence de CO,(CO)~ 

ou de Mn,(CO)lo dans un solvant organique conduit au metal carbonyle hetCronuclCaire 
approprik M[M'(CO),],. (M = Zn, Cd, In;  M' = Co, Mn; 11 = 4, 5; H I  = 2, 3). On discute 
des avantages de cette methode de m&me que du mecanisme du processus qui conduit aux 
produits de la reaction. 

[Traduit par le journal] 

Introduction 
The synthesis of heteronuclear metal - metal 

bonded carbonyls of the general formula M [MI- 
(CO),,],,, and of the adducts M [M'(CO),],,;L has been 
a subject of some interest in recent years. One of the 
reasons for this coilcern is that such compounds 
involve the bonding of a transition metal M' to a 
main group element (M = Sn, Pb; Ga, In, T1; Zn, 
Cd, Hg). The first reported preparation (1) involved 
the reaction of Zn or Cd with Co2(CO), at high 
temperatures under high pressures of carbon 
monoxide. Similar methods, but under milder con- 
ditions (refluxing diglyme, 120°C, 10 h), have more 
recently yielded M[Mn(CO),], (M = Zn, Cd) (2), 
and milder conditions again suffice for M [ C O ( C O ) ~ ] ~  
(M = Sn, Pb) (3). A different approach, first used 
in this field by Carey and Noltes (4), involves alkane 
elimination between a metal alkyl R2M (M = Zn, 
Cd) and manganese pentacarbonyl hydride, and 
similar methods have been employed in the prepara- 
tion of M[Re(CO),], (M = Zn, Cd) (5). Another 
source of the transition metal carbonyl moiety is the 
carbonylate anion, which reacts with Hg(CN)2 to 
produce Hg[Re(CO)5]2 ( 9 ,  or with RHgOH to give 
Hg [Mn(CO)5 12 (6). 

We now report electrochemical methods by which 
zinc, cadmium, or indium can be oxidised in the 
presence of Mn2(CO),, or Co2(CO), in non- 
aqueous media to give the appropriate M [Mf(CO),],,, 
species. The compound may be recovered directly, 
but it is equally convenient to isolate the adduct with 
some neutral bidentate donor such as 2,2'-bipyridine 
by adding the latter to the electrochemical cell. 

Experimental 
Moterials 

The general experimental set-up was identical to that used 
previously (7). Cadmium (m4N+) and zinc (m4N5) were used 
in the form of rods (10 cm long and 1 cm diameter), with the 
lower part hammered flat to increase the surface area. Tin 
metal was used in the form of a sheet (5 cm x 5 cm x 0.127 
mm) supported by a platinum wire lead, as was the indium 
electrode, made from indium shot hammered into a thin sheet 
(2 cm x 2 cm). All metals were supplied by Alfa Inorganics. 
Platinum wire (10 cm long and 1 mm diameter) was used as 
the cathode in all experiments. 

Methanol (analytical grade) was dried over Linde mole- 
cular sieves, and benzene, diethyl ether, and petroleum ether 
(36-55°C bp) over: sodium. Dicobalt octacarbonyl and diman- 
ganese decacarbonyl were used without further purification. 
2,2'-Bipyridine (bipy) was used as supplied; N,N,N',N'-tetra- 
niethylethylendiamine (TMED) was dried over KOH and then 
distilled under nitrogen. 

Electrochetnical Proced~ires 
The electrochemical procedures are very similar to those 

described earlier (7). The metal to be oxidised formed the 
anode of a simple cell containing a solution of the metal 
carbonyl in an organic solvent mixture; this solution also 
contained any neutral bidentate donor. The details of  the 
solution compositions used are shown in Table 1. The applied 
voltage was 20-50 V, as dictated by the solution conditions, 
given that a current of 20-50 mA produced a reasonable rate 
of reaction without overheating the solution (see Table 1). A 
Coutant 50150 power supply provided the applied voltage. 
Tetraethylammonium perchlorate (ca. 10-15 mg) was generally 
added to enhance the conductivity of the solution, although in 
those cases in which more methanol than benzene was present, 
a sufficient current flowed without any ammonium salt being 
added. 

Infrared and nmr spectra were recorded with Beckman 
IR-12 and Varian EM-360 spectrometers respectively. Mass 
spectra were obtained on a Varian CH-5 spectrometer oper- 
ating in the field desorption mode. Metal analysis was by 
atomic absorption spectrophotometry. 

0008-4042/79/162196-04$01 .00/0 
01979 National Research Council of CanadalConseil national de recherches du Canada 
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TABLE 1. Experimental conditions for the electrochemical preparation of M [M1(CO),,],,, compounds and their adducts 

% yield of 
Mass of Mass of product 

Vol. of Vol. of Co or Mn Mass of Initial Initial Time of metal on basis 
MeOH C6H6 carbonyl ligand voltage current electrolysis dissolved of metal 

Product (cm3) (cm3) (9) (9) (v)  (mA) (h) (g) dissolved 

Oweight of metal dissolved not measured because metallic indium deposited at the bottom of the cell during experiment; Y, yield based on Mn2(CO)ln 
or  C O ~ ( C O ) ~  added initially. 

TABLE 2. Analytical results for M[M'(CO),],,, compounds and adducts 

Analytical results (Z',)" 

Compound Colour Zn/In/Cd Mn/Co C H N 

Yellow 
Orange-red 
Pale yellow 
Pale yellow 
Yellow 
Orange-red 
Red 
Red 
Violet 

OCalculated values in parentheses. 

lsolafion of Prod~lcfs 
We describe the electrochemical preparation of two com- 

pounds to illustrate the general method used. 

C~[CO(CO),IZ 
A solution of 0.4 g Coz(CO), in 50 cm3 methanol was 

electrolysed for 6 h at  a current maintained at  approximately 
40 mA; the initial voltage of 8 V was adjusted occasionally as 
(presumably) surface contamination of the electrodes occurred. 
During this period, the brown solution became pale yellow, 
and some pink material deposited on the cathode. The mixture 
was filtered under dry nitrogen, and the resulting filtrate 
evaporated to dryness it1 uaclro to yield pale yellow crystals. 
This crude product was sublimed at 80°C in uncrro yielding 
0.35 g of product, a 65% yield on the basis of 0.2 g of Cd 
dissolved from the previously weighed anode. 

C ~ [ C O ( C O ) ~ ] ~ . T M E D  
A mixture of 20 mg Et,NCIO,, 30 cm3 of methanol, 30 cm3 

of benzene, 0.3 g of TMED, and 0.6 g of CoZ(CO), was 
electrolysed for 13 h at a current of 25 mA (initial voltage 
10 V). The voltage was raised as appropriate to maintain this 
current. At the end of electrolysis, 0.25 g of cadmium was 
found to have been dissolved from the anode. The mixture of 
products was filtered, and a (dried) pink residue (0.3 g) was 
found to contain 52.1% cobalt; insolubility of this product 
made characterization impossible. The orange-yellow filtrate 
was reduced in volume itz uaclto at ambient temperature to give 

yellow crystals which were filtered off and dried in unclro for 
3 h. The total yield of the yellow product was 1.0 g (74%, 
based on Cd dissolved). 

A list of the compounds prepared and the analytical results 
are given in Table 2. Field demrption mass spectrometry, 
which has many advantages in inorganic and organometallic 
chemistry, was also used to identify the products of the elec- 
trochemical reactions. In three cases, namely Cd[Co(CO),]Z, 
Cd[Mn(CO),],.bipy, and In[Co(CO),],, a n~olecular ion was 
observed, and in all other cases ions such as M [M'(CO),,]z +, 
or LM [Mr(CO),,]+ provided clear identification of the reaction 
products. Further evidence is provided by the infrared spectra 
in the v(C0) region (Table 3). The frequencies are in good 
agreement with the literature values, except in the case of 
Zn [Mn(CO),],.bipy. For this compound, Mays and Hsieh (8) 
found only three of the seven predicted absorptions, whereas 
the spectra of our compounds did in fact show all seven bands 
for both Zn and Cd[Mn(CO),],bipy. The presence of the 
bidentate ligands bipy and TMED was confirmed in each case 
by infrared and nmr spectroscopy. 

Results and Discussion 

The synthetic methods described represent simple 
and direct routes to these interesting heteronuclear 
metal carbonyl complexes. The electrochemical 
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TABLE 3. Infrared vibrations in the v(C0) region* 

Compound Conditions v(C0) (cm - I )  

Zn [ C ~ ( C O ) ~ ] ~ . b i p y  CHCI, 1970 (vs), 1980 (sh), 2055 (s), 2065 (s) 
Nujol 2043 (s), 1957 (s), 1972 (m), 2055 (vs), 2065 (vs) 

Zn[Mn(CO),],.bipy Nujol 1924 (s), 1941 (vs), 1960 (s), 1970 (sh), 1990 (m), 2040 (vs), 2060 (s) 
Cd [Co(CO)41z CHCI, 1966 (sh), 1970 (b), 2020 (sh), 2054 (vs), 2067 (sh) 

Pentane 1910 (sh), 1970 (m), 2020 (sh), 2060 (m), 2073 (vs) 
Cd [CO(CO)~]~ .TMED CHC1, 1940 (sh), 1950 (m), 1970 (sh), 1990 (s), 2050 (vs), 2067 (vs) 
Cd [C~(CO)~], .bipy CHCI, 1965 (s), 1983 (sh), 2049 (vs), 2060 (s) 
In [Co(C0)4]3 Nujol 2003 (vs), 2080 (vs), 2090 (sh) 

*s = strong, b = broad, m = medium, v = very, sh = shoulder. 

synthesis requires simple apparatus, readily available TABLE 4. Current efficiencies (EF)  in the 

starting materials, and mild conditions (room tem- electrochemical preparation of hetero- 

perature and pressure). Under the conditions which nuclear metal carbonyls 

we have used, the rate of dissolution of the metal 
System Er (mol F- I)" typically corresponds to the production of gram 

quantities of product in a few hours, and it seems 
likely that larger cells and electrodes, and improved 
cell design, would allow a substantial increase in the 
rate of production if required. These factors 
emphasize the advantages of the method over many 
of those in the literature (see Introduction), both in 
the use of ambient conditions, and in the avoidance 
of the synthesis of intermediates such as carbonyl 
hydrides, carbonylate anions, or metal alkyls. 

Reaction Mechanism 
It has been pointed out elsewhere (7, 9) that the 

current efficiency (E,) of electrochemical reactions 
may give an important clue as to the mechanism of 
the reaction at the anode. We have accordingly 
measured the mass of anodic metal dissolving at 
constant current in a number of systems, with the 
results shown in Table 4. 

Any discussion of the interpretation of these E, 
values must start with the known polarographic 
behaviour of Mn,(CO),, and Co,(CO),. Dessy and 
his co-workers (10, 11) have shown that both com- 
pounds undergo 2-electron cathodic reduction to 
yield two Mn(CO),- and Co(CO),- anions respec- 
tively. We assume that these species are the 
significant current carriers, and that product forma- 
tion involves reactions during, or subsequent to, the 
discharge of these anions td  radicals at the anode 
surface. The E, values for the oxidation of a given 
metal with either Mn,(CO),, or Co2(CO), are 
generally the same, so that we assume that the same 
mechanism pertains for both anions unless otherwise 
noted. 

"At constant currents of approximately 25 mA. 

The product is an indium(1) complex, and it is well 
established (12) that the reaction of indium(1) halides 
with Mn2(CO),, yields an indium(II1) product by 
oxidative insertion (13), and the reaction 

clearly parallels such a process. Reactions [I 1-[3] 
then lead to E, = 1.0 for the production of 
In[Mn(CO),], and its adducts. For In/Co,(CO),, 
E, is significantly below unity (0.89) and we suggest 
that this reflects a less efficient oxidative insertion 
process 

than in the manganese system. In fact products 
containing indium and cobalt in ratios significantly 
below 1:3 were obtained on occasions. A yellow 
insoluble solid containing 40% indium was presum- 
ably InCo(CO), (calcd. In 40.1%), but the yield was 
sn~all (- 15 mg), and not reproducible. Further work 
on this topic is planned. 

The case of Sn/Mn,(CO),, is equally interesting. 
Here the dissolution of Sn in a solution of Mn,(CO),, 
in methanol gave E, = 0.5, implying the formation 
of Sn [Mn(CO),], by the overall reaction 

Perhaps the simplest system is that involving [51 Sn,+, + 2Mn(CO),- + Sn[Mn(CO),12 
indium. For In(+ ,/Mn,(CO),,, the E, of 1.0 implies 
that the primary processes at the anode are although we should note immediately that consider- 

able uncertainties exist as to the details of this 
[ l ]  Mn(CO),- + Mn(CO), + e -  process (cf. the discussion of zinc and cadmium 
[2] Mn(CO)5 + In (+ ,  + InMn(CO), systems below). We were not able to isolate 
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Sn[Mn(CO),], or its adducts from the electro- 
chemical cell. Despite the known (13) reactivity of 
tin(I1) halides towards Mn,(CO),,, it appears that 
the insertion reaction between Sn[Mn(CO),], and 
Mn,(CO),, does not occur, although a number of 
uncharacterized products of indeterminate stoichio- 
metry containing Sn, Mn, and CO were in fact 
isolated. Attempts to find better media for the 
electroche~nical reaction (e.g. acetonitrile, glyme) 
were unsuccessful. 

For zinc and cadmium, the E, values of 0.5 are 
readily explicable in terms of the overall reaction 
stoichiometry 

171 Zn[Mn(CO),12 + bipy + Zn[Mn(CO),],.bipy 

Unfortunately, as in the case of tin, neither the 
measurement of E, nor reactions [6] and [7] cast 
any light on the number or nature of the steps 
involved in the transformation of Mn(CO),- anions 
into -Mn(CO), ligands. Dessy and his co-workers 
(10) observed the formation of Hg[Mn(CO),], when 
Mn,(CO),, was reduced at a mercury cathode, and 
proposed the formation of the radical Mn(C0); as 
an intermediate. If this species is generated at the 
(say) cadmium anode (cf. reaction [I]), an analogy 
with work on halogens (14) or organic halides (7) 
leads to the reaction sequence 

(X = Mn(CO),), but the regeneration of Mn(CO), 
to perpetuate reactions [8] + [9] would then give 
current efficiencies in excess of those observed (cf. 
ref. 14). 

A number of possible explanations can be advanced 
for the E, values of 0.5. In the first, it is postulated 
that the reaction sequence involves the discharge of 
a second (Mn(CO),- anion at a CdMn(CO), site 
before the latter can react with dissolved Mn(CO),,. 
A second approach assumes that the radicals 
regenerated by reaction [9] at or near the anode 
migrate and react with Mn(CO), anions 

in which case the sum of reactions [ I ]  + [8] + [9] 
+ [lo] gives E, = 0.5, but only if reaction [lo] 
accounts for the consumption of each Mn(CO), 
radical formed in [9]. Finally, two CdMn(CO), units 
may dimerise near the electrode surface to give 
(CO),MnCdCdMn(CO),, which on disproportiona- 
tion would yield the product plus cadmium metal. 

In view of the quantitative uncertainties in these 
arguments, a detailed comparison of the merits of 
various schemes does not appear worthwhile at the 
present time. These problems apart, the main 
features of the reaction scheme, and the advantages 
of the electrochemical technique, seem clearly 
established. 
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LEON F. LOUCKS, MICHAELT. H. LIU, and DAVID G. HOOPER. Can. J. Chem. 57,2201 (1979). 
The thermal decomposition of 95: 5 niixtures of trifluoroacetaldehyde (TFA) and di-teit- 

butyl peroxide (DTBP) has been studied at 100 Torr over the temperature range of 390 to 
440 K. The major decomposition products included CO, CF,H, CH3COCH3, and CH, while 
C2F6, CF3CHOHCH3, CF3CH3, CF3COCH3, C2H6, (CF3)*CHOH, and H2 were also 
found. In addition to the usual reactions for TFA thermal decomposition, reactions of methyl 
radicals with TFA to form isopropoxyl radicals were found. The alcohol products result from 
H atom abstraction reactions of the isopropoxyl radicals while CF3COCH3 is a decomposition 
product. Arrhenius parameters for several reactions were determined: for DTBP decom- 
position, log k = 15.82 -37.7312.303RT; for H abstraction from TFA by CH,, log k = 8.30 
- 7.3712.303RT; for H abstraction from TFA by CF,, log k = 8.98 - 8.61/2.303RT.' Con- 
sideration has also been given to several rate constant ratios for the formation and decom- 
position of isopropoxyl radicals. 

A study of the reaction order for the formation of CF,H, C2F6, and CH4 showed that the 
orders were 312, I, and 1 respectively for these three products. A reaction mechanism involving 
14 individual steps is proposed to explain the reaction products and the observed orders of 
reaction. 

LEON F. LOUCKS, MICHAEL T. H. LIU et DAVID G. HOOPER. Can. J. Cheni. 57.2201 (1979). 
Operant a 100 Torr et a des temperatures allant de 390 a 440 K, on a CtudiC la decom- 

position thermique de melanges 95:s de trifluoroacCtaldeliyde (TFA) et de peroxyde de 
di-tert-butyle (DTBP). Les produits principaux de la deco~nposition colnprennent CO, CF3H, 
CH3COCH3, et CH, alors que I'on retrouve aussi C2F6, CF3CHOHCH3, CF3CH3, 
CF3COCH3, C2H6, (CF,),CHOH et H,. En plus des reactions habituelles pour la dkcom- 
position thermique du TFA, on a aussi observe des reactions de radicaux methyles avec le TFA 
conduisant a la formation de radicaux isopropoxyles. Les produits hydroxyles proviennent des 
reactions d'enlevement d'atomes de H partir des radicaux isopropoxyles alors que la 
CF3COCH3 est un produit de decomposition. On a determine les parametres dlArrhenius 
pour plusieurs reactions: pour la deconiposition du (PDTB), log K = 15.82 - 37.7312.303R7; 
pour I'enlevement d'un H du TFA par un CH,, log K = 8.30 - 7.3712.303RT; pour I'enleve- 
ment d'un H du TFA par le CF,, log K = 8.98 - 8.61/2.30RT.l On a aussi accord6 une 
certaine consideration a plusieurs rapports de constantes de vitesse pour la formation et la 
decomposition de radicaux isopropoxyles. 

Une etude de I'ordre de reaction pour la formation de CF,H, C,F6 et CH, a montre que 
les ordres sont respectivement 312, 1 et 1 pour ces trois produits. On propose un mecanisme 
reactionnel impliquant 14 ttapes individuelles pour expliquer la nature des produits reaction- 
nels et les ordres de reaction observes. 

[Traduit par le journal] 

Introduction previous studies (1-3) a t  temperatures near 770 K. 

~h~ thermal ~ e c o m p o s ~ t ~ o n  of triffuoroacetalde- The results support a chain mechanism initiated by 

hyde (TFA) has been investigated in detail in a first-order process believed to  be the 
the C-C bond and terminated by a second-order 

lIn this paper al l  energies are in kcal and is taken to be recombination of CF, radicals. In earlier work on  
0.00199 kcal niol-I K-  I .  the pyrolysis of acetaldehyde (4, 5) a t  770 K the 

0008-4042/79/17220 1 - lO$O 1 .OO/O 
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formation of acetone as a product was observed and 
its formation was attributed to the decom~osition of 
isopropoxyl radicals generated by the addition of 
methyl radicals to acetaldehyde (4). In the pyrolysis 
of trifluoroacetaldehyde no hexafluoroacetone was 
observed although the same general mechanism could 
prevail. The present study was undertaken to deter- 
mine the differences between the two pyrolyses and 
to determine whether or not the isopropoxyl radicals 
and their decomposition products are involved in the 
trifluoroacetaldehyde system. 

Quite a number of previous studies have examined 
the decon~position of isopropoxyl radicals. Isopro- 
poxyl radicals generated from isopropyl nitrite in the 
presence of nitric oxide were studied by Ferguson 
and Phillips (6), Cox, Livermore, and Phillips (7), 
and Batt and Milne (8). Also, in a nitric oxide 
system, Yee Quee and Thynne (9) studied the decom- 
position of isopropoxyl radicals generated from the 
thermal decomposition of di-isopropyl peroxide. In 
these systems the acetone formation has been 
explained by reactions other than the isopropoxyl 
radical decomposition; the major product for the 
radical decomposition was observed to be acetal- 
dehyde and a methyl radical. The activation energy 
for the latter decomposition was reported to be 11.5 
to 17.3 kcal mol-I in the various studies (8). In the 
study by Batt and Milne, acetone formation by 
disproportionation of isopropoxyl radicals with NO 
was ruled out and although acetone was observed in 
amounts about equal to that of acetaldehyde, iso- 
propoxyl radical was discounted as the acetone 
source because no inhibition by nitric acid oxide was 
observed. Systems involving no nitric oxide have also 
been used to generate isopropoxyl radicals. Wijnen 
(10) studied the gas-phase photolysis of isopropyl 
propionate and attributed acetaldehyde formation to 
the decomposition of isopropoxyl radicals by C-C 
bond scission; although acetone was also observed 
as a product, its source in this study was believed to 
be other than the C-H bond scission of the isopro- 
poxyl radical. Yee Quee and Thynne (11) used 
di-isopropyl peroxide decomposition to generate 
isopropoxyl radicals. They reported acetaldehyde as 
the major decomposition product of the radical but 
also found small amounts of acetone; they estimated 
the activation energy for this latter decomposition 
to be about 20 kcal mol-'. Most recently, Hiatt and 
Rahimi (12) have reported on the decomposition of 
di-isopropyl peroxide in solution; a reaction mech- 
anism, in part quite different from that proposed by 
Yee Quee and Thynne for the gas phase, has been 
invoked to explain their products and product 
distributions. 

To maximize the participation of isopropoxyl 

radicals in the TFA pyrolysis, the long-chain decom- 
position of TFA needs to be minimized and this is 
accomplished at lower temperatures. The appropriate 
temperature conditions to provide reasonable sta- 
bility to the isopropoxyl radicals and fairly short- 
chain decomposition of TFA were obtained with the 
use of di-tot-butyl peroxide as a chain initiating 
agent. The same general design of experiment was 
used previously by Morris and Thynne (13) but their 
emphasis on minor product analysis was much less 
extensive than in the present work. 

Experimental 
Trifluoroacetaldchyde (TFA) was prepared by deconlposing 

the ethyl hemiacetal obtained froni K & K Laboratories Inc. 
with concentrated H2S0, (14). The TFA was purified by 
trap-to-trap distillation from 150 K to 77 K,  the initial 
fraction being discarded. Infrared (ir) and gas chronlatography 
(gc) analyses confirmed the identity and the purity of TFA 
(99.9%). Di-twt-butyl peroxide (DTBP) was obtained from 
K & K Laboratories and used after degassing. The gc analysis 
showed no significant impurities in the DTBP. 

TFA and DTBP were mixed in a 2 L bulb and stored at 77 K. 
The reactant was transferred to a 2. L mixing vessel prior to 
each experiment and mixed with a magnetic stirring device for 
45 min. Experiments were conducted in a conventional glass 
vacuum system with greased stopcocks. The reaction vessel 
was a 419.6 niL quartz cylinder enclosed in an electrically 
heated steel cylinder encased in an asbestos board box, packed 
with glass wool. The temperature of the reaction vessel was 
controlled to i 0 . 3  K by a Thermo Electric Model 400 tem- 
perature controller. All experiments were conducted with a 
reactant mixture containing 5% DTBP and 95% TFA. The 
reaction vessel was conditioned with about 30 Torr of reactant 
for 5 min prior to each experiment. Experiments were started 
by expanding the appropriate amounts of reactant into the 
reaction vessel and were terminated by freezing the con- 
densable contents of the vessel into two spiral traps at 77 K. 

The products were divided into three fractions. Products 
not condensable in a charcoal trap at 77 K were collected by 
a Toepler pump and measured in a gas burette. The fraction 
collected in the charcoal trap was then analyzed by gc on a 2 m 
molecular sieve colunln. This fraction contained CO and CH,. 
The remaining products were distilled from I50K to  77 K 
with pumping for 3 h. The volatile fraction was then analyzed 
on a 2 m Porapack Q column; this fraction contained CF3H, 
C2FG, CF3CH3, C2F2H2, C2H6, and the residual TFA. The 
products which remained nonvolatile at 150 K were analyzed 
on a 30cni Porapack Q column; this fraction contained 
CF3COCH3, CH3COCH3, CF3CHOHCH3, and (CF3)2- 
CHOH. All columns were kept at room temperature and a 
hot filament detector unit was used. 

The compounds used for identification of product peaks 
were obtained froni the following companies: CF3H, CO, 
CH,, CZF6,  C2HG, and CF3COCF3 from Matheson; CF3CH3 
from K & K Laboratories; CF3CHOHCH3, CF3CHOHCF3 
from Matheson, Coleman and Bell; and CF3COCH3 from 
Aldrich Chemicals. 

Results 

The decon~posit.ion of trifluoroacetaldehyde initi- 
ated by the thermal decomposition of di-tert-butyl 
peroxide has been investigated over the temperature 
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Time (s) x 

Major products of the thermal decomposition at  402.2 K. Pressure = 100 Torr (5z DTBP and 95z TFA). 

range of 390-440 K at a pressure of 100 Torr. The 
products observed, in decreasing order of magnitude, 
were: CO, CF3H, CH3COCH3, CH,, C2F6, 
CF3CHOHCH3, CF3CH3, CF3COCH,, C,H6, and 
Hz. Significant amounts of (CF,),CHOH were 
detected at the lower temperatures. It was expected 
that CF,, C2F2H2, and HF might have been 
observed products but a search for these materials 
did not reveal their presence. One minor product in 
the most volatile fraction is known to be none of the 
above, but remains unidentified. 

Typical plots of product yield as a function of 
time are shown in Figs. 1 and 2. The initial rates 
given in Table 1 were obtained by extrapolating rates 
to zero time. For Table 1, all rates were normalized 
to the rate of formation of acetone set equal to unity; 
however, as the absolute rate of formation of acetone 
is given, the absolute rates of formation of all other 
products can be recalculated. 

As part of the overall study, the effect of pressure 
on the rates of formation of CF3H and C2F6 was 
investigated in detail at 402.2 K (129°C) over the 
pressure range of 45 to 271 Torr. The order plots 
resulting from this study are shown in Fig. 3. It was 

found that the orders of reaction were 1.49 $. 0.07 
and 1.00 $. 0.03 for CF3H and C2F6 respectively. 

Discussion 

To explain the observed decompositio~i products 
and the effects of pressure and temperature on the 
distribution of products the following mechanism is 
suggested : 

[I]  DTBP + 2CH3 + 2CH3COCH3 

[2] CH3 + CF3CHO + CH4 + CF3C0 
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Time (s) x lo-' 

FIG. 2. Minor products of the thermal decomposition at 402.2 K. Pressure = 100 Torr (5% DTBP and 95% TFA). 

[6] CF3C0 + CF, + CO proportionation reactions of reactions [lo] to [12]. 

[13] H + CF3CH0 + Hz + CF3C0 

With this mechanism the chain reaction decom- 
position of TFA is initiated by the methyl radicals 
arising from the DTBP deconlposition; t h ~ s  chain 
initiation reaction [2] leads to the CH, production. 
The chain carrier reactions are reaction [6], the 
decomposition of the CF,CO radical and reaction 
[7], the abstraction of the aldehyde hydrogen by the 
CF, radical. The chain termination reactions include 
the various CF, and CH, combination and dis- 

The reaction products CH3COCH3, CH,, CF,H, 
CO, C,F,, CF,CH,, and C2H6 could all be ac- 
counted for by a reaction scheme involving only the 
reactions discussed thus far. However, the fluorin- 
ated acetone, fluorinated alcohols, and llydrogeil are 
not explained by a sinlple mechanism. We believe 
that these products arise from isopropoxyl radicals 
formed by the addition of methyl radicals to the 
reactant molecules. As there are both CH, and CF, 
radicals in our system, both an F3-isopropoxyl and 
an F,-isopropoxyl radical can be formed as shown 
by reactions [3] and [8] respectively. At the tem- 
peratures of this study, the isopropoxyl radicals are 
sufficiently stable to exhibit an abstraction reaction; 
thus a portion of the isopropoxyl radicals yield F3- 
isopropyl alcohol and F6-isopropyl alcohol as a 
result of the abstraction of the aldehyde hydrogen 
from the reactant inolecules (reactions [4] and [9], 
respectively). The decomposition of the isopropoxyl 
radicals is expected to be facile and one pathway can 
give acetone and hydrogen atoms. In the present 
system the F3-acetone resulting from the F,-isopro- 
poxyl radical decomposition by reaction [5] was 
observed but the F6-acetone was not observed. The 
fact that the F,-alcohol was observed in sub- 
stantially smaller quantities than the F,-alcohol 
while the F,-acetone yield was much smaller than 
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the F3-alcohol suggests that the yield of F6-acetone 
would be expected to be very small and perhaps it 
was beyond the limit of collection and detection in 
our experiments. The hydrogen atoms produced 
along with the F3-acetone would be expected to 
yield Hz  through abstraction by reaction [13]; Hz 
was confirmed to be a product. The fact that the 
Rl,,/R,011ZR1211Z value observed in this work was 
only 0.78 suggests that C,F,H, and HF should have 
been formed in this system. Although a search for 
these products was conducted, we were unable to 
detect thein and we conclude that they are not 
significant products. Nevertheless we are including 
reaction [I 101 in our scheme, since it is known to 
occur in related systems (15), where the above ratio 
was found to be 2.0 at similar pressures. 

DTBP Decoinpositioi~ 
The thermal decomposition of DTBP has been 

thoroughly studied by previous workers and the 
results of the various studies have been summarized 
by Shaw and Pritchard ( 1  6). An internal check on the 
consistency of the present work is provided in the 
measurement of the Arrhenius parameters for DTBP 
decomposition. The overall rate constant, k, ,  for this 
decomposition can be derived from the rate of 
formation of acetone. The experimental values for k ,  
are shown in Table 2. The Arrhenius plot of Fig. 4 
displays the data and the equation of the Arrhenius 
plot is given by: 

log k ,  (s-I)= 15.82f 0.79 - (37.73 1.49)/2.303RT 

where R = 0.00199 kcal mol-' K- '  and the error 
limits are standard error estimates. The Arrhenius 
parameters are in excellent agreement with the values 
recommended by Shaw and Pritchard (16). 

Abstraction Reactions by Metliyl Radicals 
Under our present experimental conditions, 

abstraction reactions ([2], [4], [7], [9]) and addition 
reactions ([3], [8]) are more important than the 
radical combination reactions ([lo], [I In], and [12]). 
The product distribution given in Table 1 shows 
that the abstraction reaction products CF3H and 
CH, are more abundant than the predominant 
radical combination product, C2F6;  the abstraction 
reactions become relatively less favored at higher 
temperatures. With experimental values for the rates 
of formation of CH, and C,H6 and upon accepting 
the literature value for k,, = 10'0.34 L m 01-' s-' 
(17, 18), the rate constant k, can be evaluated from: 

The results shown in Table 2 for lc, yield the Arr- 
henius plot shown in Fig. 4; the equation for this 

? a N .  
~ w m w  

w o  d 

w  m  -1 zzc9" 
0 6 0 2  

w  
6 

9 . 9 .  
0 0 

d - m 0  v l r - W m  
O O N o o  
0 0 0 0  

0 0 0 0  

Z 2 Z G  
m m m N  
9 9 9 9  
0 0 0 0  

E $ g g  
9 9 9 .  0 0 0 0  

Z N 3 Z  ? a ? .  
0 0 0 0  

m o o r - m  
w w c o r -  
N m m m  
0 0 0 0  

m  - r- m  s z s e ?  
0 6 0 0  

0 0 0 0  
9 9 9 9  
M M M -  

0 hl co d 
m c o c o -  . . G G M M  

r - h l t - t -  

o ? i o o  m o h l *  
m d d d  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J .  CHEM. VOL. 57, 1979 

FIG. 3. Order plots for CF,H formation (indicated by 0) and for C,F, formation (indicated by 0) at 402.2 K. 

TABLE 2. Rate constant values at  four temperatures for C2F6 and with Ayscough's value of k l 0  = l ~ ' ~ . ~ ~  L 
reactions [I], [2], and [7], DTBP decomposition, H abstrac- mol- s -  I (18, 19). The values of k, calculated from: 

tion by CH,, and H abstraction by CF,, respectively 

k7 = Rc~3~kio'121[CF3CHOI(RcZ~,)112 
T k~ k2 . k7 

(K) W11 (LmOl- 's- ' )  (Lmol-I s-') are shown in Table 2 and the Arrhenius plot is shown 

390.7 5 . 5 5 ~  lo-"  1.65x104 104 in Fig. 4. The equation of the Arrhenius plot is 
402.2 1 . 7 3 ~  1 0 - ~  1 . 9 3 ~  lo4 1.99 x 104 given by: 
420.7 1 . 8 4 ~ 1 0 - ~  3 . 9 5 ~  lo4 3 . 2 0 ~  lo4 
440.7 1 . 2 4 ~ 1 0 - ~  4 . 7 0 ~  lo4 5 . 2 2 ~  lo4 log k, (L 11101- ' s- ') 

8.61 f 0.14 
Arrhenius plot is: = 8.98 + 0.07 - 2.303R T 

log k, (L mol- ' s- ') 

The values of activation energy and A-factor compare 
moderately well with the values 8.7 kcal mol-' and 

L mol-' s - '  reported by Morris and Thynne 
(1 3). 

Values of k, may be determined by an analogous 
manner from the rates of formation of CF3H and 

The activation energy and A-factor are in good 
agreement with the values of 8.8, 7.2, 8.2, and 8.44 
kcal mol-' and lo8.", 108.05, 1 0 8 . y  and L 
niol-' s-I reported previously by Morris and Thynne 
(20), Pearce and Whytock (21), Dodd and Smith 
(18, 22), and the present autl~ors (3), respectively. 

It is interesting to  note from the data of Table 2 
how closely the absolute values of k, and lc, compare 
with one another in the temperature range of this 
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108 

104 

Ink,  

FIG. 4. Arrhenius plots f o r k ,  (O), k, ( x ) ,  and k, (0). 

study. Although the abstraction rate constant for 
CF, is usually greater than that for CH, (see pp. 
279-280 of ref. 18), the present data tend to show 
that the substrate CF,CHO may be less anomalous 
than previous data seemed to indicate. At the same 
time it should be noted that all values of Ic, would 
have to be reduced by a factor of if Hiatt and 
Benson's value (15) of k,, were accepted instead of 
Ayscough's value. 

MetI1j~I Radical Addition to TFA 
As seen from the reaction mechanism, the F,-iso- 

propoxyl radical generated from the addition of 
CH, to T F A  leads to the products F,-isopropanol 
and F,-acetone by reactions [4] and [5] respectively. 
Since these two reaction paths represent the only 
consumption of the F3-isopropoxyl radicals the sum 
of the rates of reactions [4] and [5] must equal the 
rate of reaction [3] which produces the F,-isopro- 
poxyl radical. I t  follows that 

k3  R ~ 3 - a l c o h o l  f R ~ 3 - z l c c ~ o n c  - - - 
Ic2 R ~ ~ 4  

An Arrhenius plot for this rate constant ratio is 
shown in Fig. 5;  the data at  the three lower tem- 

peratures were believed to be more reliable and only 
these data were used. The activation energy difference 
E, - E, was evaluated to be 3.4 f 1.2 kcal mol-'. 
With E, = 7.37 f 0.77 kcal inol-' from the earlier 
result of this paper, it follows that E,, the activation 
energy for the addition of CH, to TFA,  is 4.0 f 2.0 
kcal mol-' .  This rather low activation energy allows 
the F,-isopropoxyl radical to play a major part in 
the reaction n~echanism and results in the experi- 
mental observation of significant amounts of 
F,-acetone and F3-alcohol. 

The addition of CF, to TFA by reaction [8] yields 
the F6-isopropoxyl radical. Although its decom- 
position was expected to yield hexafluoroacetone, 
none of this product was observed. Thus the rate of 
formation of the F6-alcohol may be taken as the rate 
of formation of the F6-isopropoxyl radical. From 
the kinetic expressions it follows that: 

The Arrhenius plot for this rate constant ratio is 
displayed in Fig. 5;  on this occasion data a t  only the 
three lower temperatures are available as the F6- 
alcohol could not be measured at  the highest 
temperature. The activation energy difference E, - 
E, was evaluated to be 4.2 1.8 kcal mol-' .  With 
the value of E, = 8.61 + 0.14 kcal mol-' assigned 
earlier in this paper, it follows that the activation en- 
ergy for the addition ofCF,  radicals to TFA is 12.8 + 
2.0 kcal mol-'. Notice that whereas the activation 
energy for addition of CH, to T F A  was less than the 
activation energy for the H atom abstraction, in the 
case of CF,, the activation energy for addition to 
T F A  is greater than that of the H atom abstraction. 
The rather low abundance of F6-isopropoxyl radical 
reaction products relative to that of F3-isopropoxyl 
radical reaction products is the observed experi- 
mental consequence of these differences in activation 
energies. 

It is evident from Fig. 5 that a considerable un- 
certainty exists in the evaluation of these rate 
constant ratios and this uncertainty is reflected in the 
standard error estimates in the Arrhenius parameters. 
While the absolute values for the activation energies 
show considerable uncertainty, it seems clear that  
E, < E, while E, > E,. 

Isopr.opoxy1 Radical Deconzpositiorz 
The F,-isopropoxyl radical appears to react only 

through reactions [4] and [5]. The relative impor- 
tance of the decomposition pathway relative to the 
H atom abstraction can be examined from values of 
the lc5/k4 ratio evaluated from the rearrangement of 
rate expressions to the form: 
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I lo3 - 
T 

FIG. 5. Arrhenius plots for k3 /k2  (0) and k, /k ,  (a). 

Owing to a significant uncertainty in the F3-acetone 
rates, the ratio determined for I<,//<, was not entirely 
reliable. Nevertheless it appeared that the values at 
higher temperature were greater than those at the 
lower temperature and hence E,  for the radical 
deco~nposition appears to be greater than E, for the 
abstraction reaction. Although no quantitative 
evaluation of E, is provided here, it should be 
recalled that Yee Quee and Thynne (11 )  have 
suggested an activation energy of 20 kcal mol-' for 
the decon~position of the unfluorinated analogue to 
acetone and H atom. 

For the decomposition of the F,-isopropoxyl 
radical, no F6-acetone was observed while small but 
significant amounts of the F6-alcohol were observed 
at the lower temperatures. The failure to observe the 
F,-acetone while observing the F,-alcohol suggests 
that the activation energy for the decomposition of 
the F6-isopropoxyl radical according to reaction 1141, 

I 
CF 3 

is substantially greater than the activation energy 
for H atom abstraction from TFA. 

As no F6-acetone is formed, it follows that the only 
source of H atoms in our system would be from 
reaction [5]. The H atoms so produced would yield 
H, by reaction [13] and hence the yield of H, would 

be expected to be exactly equal to the yield of F3- 
acetone. Such is not the experimental observation as 
the F3-acetone is found in amounts several times 
greater than that of H,. The excess F,-acetone may 
arise from the reactions: 

where R = CF, or CH,. The occurrence of these 
reactions could not be confirmed unequivocally in 
our system as CF,H and CH, arise in large quanti- 
ties from other reactions. 

Most readers will have noticed our omission of 
isopropoxyl radical decomposition pathways involv- 
ing C-C bond scission to give acetaldehydes and 
methyl radicals. In our experiments this type of 
reaction occurring as the reverse of reactions [3] and 
[8] could not be detected as the reaction product 
would be one of our reactants. We do not dispute 
the occurrence of the reverse of reactions [3] and [8] 
and indeed we do expect that they are occurring. 
There is, however, one C-C bond scission reaction 
which we expected to see. The decomposition of the 
F3-isopropoxyl radical could occur not only by the 
reverse of reaction [3] but also by a C-C bond 
scission that would give CF, and CH,CHO. A 
search for acetaldehyde in the products provided no 
evidence of that product. However, due to the fact 
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that the acetaldehyde gc peak occurred at an un- 
favorable position on the tail of the reactant peak 
we feel that there is some possibility that the failure 
to observe acetaldehyde was an analysis problem. 
IVevertheless, our current evidence indicates no 
acetaldehyde product and this influences us to 
believe that the C-C bond scission of isopropoxyl 
radicals relative to C-H bond scission may not be 
as strongly favored as earlier work has suggested. 

0i.ck.i. of Reaction 
As supporting evidence for the reaction mech- 

anism, the order of reaction was experiinentally 
determined at 402.2 K for some of the readily 
measured products. The orders of formation of 
CF,H and C2F6 were of special significance to the 
reaction mechanism. 

A steady-state treatment for the reaction mech- 
anism is simplified by the following assumptions 
which are supported by the experimental observa- 
tions: (a) that production of CF,CO by reaction [I31 
is minor; (6) that the rates of reactions [8] and [9] 
are equal, as no other product froin the F6-isopro- 
poxyl radical was observed; (c) that reactions [l l a ]  
and [I 161 are minor terminat~on steps compared to 
reaction [lo] and may be neglected (at the higher 
temperatures this is not entirely valid but holds well 
at the temperature of the order study); id) that CH, 
radical consuinptioil occurs predominantly by 
reactions [2] and [3] rather than by reactions [ l la] ,  
[l lb],  and 1121; and (e) that the rate of reaction [4] 
is esseiltially the same as the rate of reaction [3] 
since R5 << R,. 

This simplified steady-state treatment gives the 
following expressions for the concentrations of CH, 
and CF,: 

2k1 [DTBP] 
[I6] [CH31 = (k, + k3)[CF3CHO] 

In turn these quantities can be used in the rate 
expressions for the rates of formation of CF,H, 
C2F6, and CH, and one finds that the orders of 
reaction with respect to CF,CHO should be 1.5 for 
CF,H formation, 1.0 for C2F6 formation, and 1.0 
for CH, formation. The order plots of Fig. 3, 

already referred to, confirm these orders in the cases 
of CF,H and C2F, where experimental orders of 
1.49 + 0.07 and 1.00 f 0.03, respectively, were 
observed. A less extensive study involving only four 
points gave an order of 0.92 +_ 0.03 for CH,, a value 
rather close to the 1.0 required by the reaction 
mechanism. Thus the proposed reaction mechanism 
is consistent with the observed orders of reaction 
for these individual products. 

Additional support for the validity of eqs. [16] 
and [17] comes from the calculations of the steady- 
state concentrations of CF, and CH,. Values of kl  
and k, were taken from Table 2 while values for 
k3/k2 were obtained froin an interpolation of Fig. 5. 
At 402.2 K the CH, concentration was calculated 
from eq. [16] to be 4.7 x lo-" mol L-', a value 
which is in excellent agreement with a calculation 
from the observed rate and the rate expression 
RC2k16 = k13[CH3]2. For CF, the coilcentration 
calculated from eq. [17] was 3.7 x lo-'' in01 L-'; 
again this value showed good agreement with a value 
calculated froin the C2F6 rate and rate expression. 
At 440.7 K the same calculations gave values of 
1.6 x lo-' and 2.5 x in01 L- '  for the con- 
centrations of CH, and CF, respectively in good 
agreement with the values calculated froin the rate 
expressions. It should be noted that whereas the 
[CF,]/[CH,] ratio is about 8 at 402.2 K, the tem- 
perature at which the order study was conducted, 
this ratio is reduced to a value of 2 at 440.7 K.  All of 
the above calculations were conducted for a pressure 
of 100 Torr. 
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Thermodynamics of molecular interactions in aniline + benzene mixtures 
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RAM K. NIGAM, PREM P. SINGH, and KRISHAN C. SINGH. Can. J. Chem. 57.221 l (1979). 
Heats of mixing, H E ,  of aniline + benzene at 298.15 and 308.15 K have been measured over 

the entire composition range. The results have been analysed in terms of Barker's and ideal 
associated niodel theory of non-electrolyte solutions. It has been observed that the ideal 
associated model approach which assunies the presence of AB, ABZ, AZBZ,  and B molecular 
species well describes (within + 120 Jlmol at  the worst) the general behaviour of H E  with x, 
(mole fraction of aniline) over the whole composition range for aniline + benzene mixtures. 
The equilibrium constants for the various association reactions along with the enthalpy of 
formation of various niolecular species have also been calculated. 

RAM K. NICIAM, PREM P. SINGH et  KRISHAN C. SINGH. Can. J. Chem. 57,221 1 (1979). 
On a mesure les chaleurs d e  melange, H E ,  de I'aniline + benzene a 298.15 e t  2 308.15 K a 

toutes les compositions. On a analyse les resultats en termes de la theorie d e  Barker et d u  
modele associe ideal des solutions non Clectrolytiques. O n  a observt que I'approche du modele 
associe ideal qui fait I'hypothese de la presence d'especes niolCculaires AB, AB2, AzBz et B 
decrit bien (a + 120 Jlmol) le comportement de H E  avec x, (fraction molaire d e  I'aniline) 
toutes les compositions d e  melanges de I'aniline + benzene. On a calcule les constantes 
d'tquilibre des diverses reactions d'association ainsi que I'enthalpie d e  formation des divers 
espices moltculaires. 

[Traduit par le journal] 

Introduction The temperature fluctuations of the thermostatic bath were 
found to  bc within k0 .01  K. The  uncertainty in H E  values is 

Recent trends in the thermodynamics of associated about  0.3%. 
mixtures have been limited to  the evaluation of 
equilibrium constants for 1 : 1 and 1 : 2 molecular com- Results 
plexes only (1, 2). However, Tucker and Christian The heats of mixing a t  298.15 and 308.15 K have 
(3) have made notable contributions by identify- been fitted by the equation: 
ing the various associated species in pure alkanols. 
Aniline molecules are known to  be associated (4-7) [ I ]  HE/x,xB = / lo  + /zI(xB - xA) + /12(xB - x ~ ) ~  

through hydrogen bonding in the pure state and re- where x,  and s, are the mole fractions of aniline and 
cent ir spectroscopic studies ( 8 )  have indicated that benzene respectively. The parameters (/I,, / I , ,  and /I ,)  
while one of the hydrogens of the N H ,  group of  were evaluated by the method of least squares and 
aniline forms a strong hydrogen bond, the second are recorded together with the standard deviations 
hydrogen in the NH, group interacts weakly with of molar heats of nixing o (HE)  in Table 1 .  
the n-electrons of adjacent aniline molecules. It 
would, therefore, be interesting to  study the nature Discussion 
of aniline in its binary mixtures with benzene. The Deshpande and Pandya (13) have determined H E  
present work describes interactions in aniline + for the aniline (B) + benzene (A) system a t  298.15 K. 
benzene mixtures. Our results are in excellent agreement with those 

reported by these workers for 0 5 x,  5 0.25 and 
Experimental x,  2 0.75. However, in the intermediate range, our  

Analytical grade aniline and  benzene were purified a s  results differ from theirs by as much as + 80 J rnol-l 
suggested by Vogel(9) and the purity of the final samples was at x, = 0 . ~ 2 .  Heats of mixing for a n i l i n e  + benzene checked by density determination a t  298.15 + 0.01 K which 
agreed to within +0,00005 g / m ~  with the corresponding are endothermic throughout the entire concentration 
literature values (10, 11). range. H E  data a t  308.15 K when combined with GE 

Heats of mixing measurements were made in an adiabatic data (14) a t  308.15 K yielded positive T s E  values for 
calorimeter (12) which has been described previously. The time all aniline mole fractions. ~h~ curve of T S E  against 
was recorded by an electronic timer (type TO1 SR No. 010, 
Systronic, Ahemdabad, India) which could read to  +0.0001 s. X~ is unsymmetrical about s~ (Fig. '1 .  

At the simplest qualitative level, the observed HE 
'To whom all correspondence should be addressed. data for this-mixture may be accounted for if it is 

0008-404217911722 1 1-06$0 1 .OO/O 
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CAN.  J .  CHEM. VOL. 57. 1979 

(0) Measured molar heats, H,,,,€, of mixing and those calculated according to eq. [ I  ] a t  
different mole fractions x, of aniline for benzene (A) + aniline (B) at 298.15 and 

308.15 K 

Temperature 298.15 K Temperature 308.15 K 

Mole fraction He,,,€ H C ~ I C ~  Mole fraction H,,,," Hc,,,E 
of B (Jlmol) (Jlmol) of B (Jlmol) (Jlmol) 

(b) Parameters of eq. [ l ]  at 298.15 and 308.15 K 

Temperature /lo 11 1 hz d H E )  
(K) (Jlmol) (~jmol)  (Jlmol) (Jlmol) 

298.15 3264.92 - 1010.59 -806.12 9.72 
308.15 2952.18 - 1062.42 -927.87 7 .34  

Mole fraction of aniline 
FIG. 1. Properties of the aniline + benzene system at 

308.15 K. 

assumed that: (i) aniline is self-associated and there 
is a decrease in self-association when it is mixed with 
benzene, (ii) there are weak interactions between 
aniline and benzene. Consequently, the orientational 
freedom of unlike molecules would increase due to 
factor (i) so that TSE should be positive. On the other 
hand, since the measured H~ is due to the cu~nulative 
effects of factors (i) and (ii), the positive HE for this 
mixture may be accounted for if it is assumed that 

bonding (4-8), Bellamy and Williams (15) suggest 
that there is no self-association in it. Furthermore, 
aniline has a permanent dipole moment and its inter- 
actions with such simple compounds as benzene 
should be characterized by dipole-induced dipole 
interaction. Consequently, it was thought worth- 
while to analyse our HE data for aniline + benzene 
mixtures in terms of Barker's theory (16) by taking 
into account the abovementioned views about the 
nature of aniline. 

It was assumed that aniline (B) + benzene (A) 
have the following geometrical parameters: lattice 
Z = 4, aniline molecule = B, r, = 2, Q,," = 1, 
QNB = 1,  QRB = 4, benzene molecule = A, r., = 2, 
Q,," = 6 (since molar volumes of aniline + benzene 
at  298.15 K are nearly the same, it was taken 
r, = rB = 2). Three different nlodels were assumed. 

Model cl 
This model assumed that there is no self-associa- 

tion in aniline and that its interaction with benzene 
is characterized by specific (R ... R') interactiolls of 
strength U2 between the aromatic ring of aniline (R) 
and the aromatic ring of benzene (R') and non- 
specific interactions of strength (I, for all the re- 
maining contacts. This model was based on the 
observations of Bellamy and Williams ( I  5) that there 
is no self-association in aniline. 

the heat effects due to factor (i) outweigh those due Model j3 
to factor (ii). This model assumed (i) specific (N ... H) interactions 

The state of liquid aniline has been a subject of of strength U ,  between the nitrogen and hydrogen 
speculation; while sollle authors favoured self- of aniline and (ii) an interaction (R ... R') of strength 
association in liquid aniline through hydrogen U2 between the aromatic ring (R) of aniline with the 
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NlCAM ET AL.  22 13 

TABLE 2. Comparison of H E  values calculated according to Barker's theory with the corresponding H E  experimental values at  
xB = 0.3, 0.5, and 0.7 at 298.15 and 308.15 K for aniline (B) + benzene (A) mixtures 

Mole fraction of aniline (xB2) Interaction energies (J/mol) 
Temperature H E  -- 

(K) (J/mol) 0 .3  0 .5  0 .7  U ,  U2 U3 U4 

298.15 Experimental 743.44 816.23 573.66 - - - - 

From Model cr 547.39 742.19 789.42 491.0 -49.08 - - 
From Model 618.92 773.64 810.00 491.90 -49.08 -1005.03 - 

From Model y 660.48 862.83 893 50 491.90 - -1005.03 -49.08 

308.15 Experimental 678.02 738.04 449.54 - - - - 

Model y 563.60 738.83 762.92 416.35 - -672 13 -12.78 

aromatic ring (R') of benzene. These interactions 
correspond to a model that takes into account the 
self-association of aniline and also dipole-induced 
dipole interactions (14) between aniline and benzene. 

Model y 
Visualized ( i )  specific ( N  ... H)  interactions of 

strength U, between aniline-aniline molecules and 
( i i)  specific (H  ... R ' )  interactions of strength U, 
between the hydrogen of the -NH2 group and 
aromatic ring ( R ' )  of hydrocarbon. This model is 
based on the ir spectroscopic studies (8)  of aniline by 
Wolff and Mathias (8).  

For the sake of simplicity, no17-specijc interactioi7s 
of all the remaining contact sites in these three 1170des 
were considered to have the same strength U , .  Excess 
energy of mixing at  constant volume (UvE) at  x B  = 

0.3, 0.5, and 0.7 were then calculated for these three 
models. Conversion of UvE to H~ was performed 
utilizing the relationship: 

where CY ,,,, (KT)  ,,,, and vE are the expansivity, iso- 
thermal compressibility, and excess volume of the 
mixture. As VE z 0 ,  therefore, UvE z HE. It is 
evident from Table 2 that Model CY and Model P d o  
not represent adequately the values. Model y 
provides good agreement a t  x ,  = 0.3 and 0.5, but it 
is poor for x ,  > 0.5. The probable reason for this 
failure of Model y for x B  > 0.5 is its simplicity, 
which does not account for the presence of associated 
complexes of general formula A,,,B, and B,. 

and HcaIcE for the three models given above 
for x B  = 0.3, 0.5, and 0.7 at  298.15 and 308.15 K are 
given in Table 2 along with their interaction energies 
Ui (i = 1, 2, 3, 4 ,  ...). 

The HE data for this mixture were then analysed 
in terms of the ideal associated model (17, 18). It is 
assumed that in a binary solution of aniline + ben- 
zene mutual equilibrium of the species A,B,, A,,Bx, 
and B,  occurs. Hereinafter aniline and benzene are 
designated respectively as B,, and A, the notation B,, 

indicating that aniline is self-associated. Here: 

I =  1 ,2 ,3  ,..., 1 

m = l , 2 , 3  ,..., m 

The mutual equilibrium is represented by the 
equation : 

[3 1 A + B,, AkBk + A,,,B, + B1 

Equilibrium constants for the various association 
reactions represented by eq. [3]  are: 

[4 I k / , l  
Kk ,k/,l = aAkBli/aAkaB,, 

L 5  1 Kr,,,x/rz = aA,,,B,/araB,,"i" 

and 

[6 I 1 / 1 1  
Ki/rl = ~ B I I ~ B , ,  

where 'a' denotes activities. If the activity coefficients 
of the various species represented in eq. [3]  are 
assumed to be unity (17), the material balance 
equation for the system can be written as 

Consider the two simple cases: 
Case ( i )  

Case ( i i)  

/ = 1 1 7 = 1 ;  X = 1 7 = 2 ;  k = 1 , 2  

The material balance equations for the two cases 
are then : 

[81 a, + + Kl,o.5aAnB2'i2 

+ K i , i a A a ~ ~  + ~ ~ . ~ n ~ ~ ' ~ ~  = 1 
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and 

Algebraic manipulation of eqs. [8] and [9] yields 

+ = - a~ - aB2)/aB2 112  

and 

[111 Kl,o. jaA + K l , l a A a ~ 2 1 1 2  + K2,,aA2aB2112 

+ K0.5 = - a~ - aBz)/aB2 112 

respectively. 
Since the observed thermodynamic properties of 

this mixture would be the cumulative suin of the 
effects due to  (i) dispersion forces and (ii) equilibria 
represented by eq. [3], evaluation of the various K's 
in the eqs. [ lo] and [ I l l  would require that the 
observed activities of the components of these binary 
mixtures be corrected (19-21) for dispersion con- 
tributions by expressing 

where y,": and y,,:': are the activity coefficients of a 
reference mixture. As cyclohexane is inert and has 
nearly the same molar volume as that of benzene, 
cyclohexane (A;$) + aniline (B,:':) was taken as the 
reference system (22) for the present analysis. A series 
of values were then assumed for the various K's in 
eqs. [ lo] and [11] and the process was repeated until 
a set of K values was obtained which yielded 

values that corresponded very closely to  those 
obtained from the experimental aA and a,, values. It 
was observed that eq. [ lo]  with a set of values: 

and eq. [ l l  ] with a set of values : 

yields D values which reproduce well with those 
obtained from experimental data with this equation. 

The criterion of effectiveness was the variance of the 
fit 0 2 D  defined by 

where q is the number of points used in the fit and p 
is the number of adjustable parameters. 

Since 02D,, = 0.010 and 0 2 D l l  = 0.011 are 
nearly the same, the analysis of the activity co- 
efficients data described above suggests that these 
mixtures may be assumed to  have either AB, AB,, 
and B or AB, AB,, A,B,, and B molecular species 
in solution. 

The experimental H E  data for this mixture were 
next examined in terms of models that involved 
consideration of the First Case (AB, AB,, and B) and 
the Second Case (AB,AB,, A2B2, and B) and H E  was 
expressed as : 

where nAB, nAB2, I Z ~ , ~ ~ ,  and nB are the amounts of 
species AB, AB,, A2B2, and B which are present at 
equilibrium in solution. NA and NB2 are the stoichio- 
metric amounts of A and B,. If the equilibrium mole 
fractions of A, B,, AB, AB,, and B are represented 
by ZA,  Z,,, ZAB, ZAB,, and ZB then for an  ideal as- 
sociated mixture A + B,, containing AB, AB,, and 
B molecular species, one can write: 

where 
ZAB = K1,0.SZAZBz112 

The experimental H~ values were again corrected for 
dispersion contributions by subtracting from Hex,: 
the H E  values (21) for the cyclohexane + aniline 
system a t  308.15 K. 

Consequently, in eqs. [13] and [14] 

[15a] H E  = HCxptE - H E  (cyclohexane + aniline) 

Algebraic manipulation of eqs. [13] and [14] and  the 
material balance equations 
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NlGAM ET A L .  2215 

TABLE 3. Equilibrium constants K and the enthalpy of formation AH for the various niolecular species in 
benzene (A)  + aniline ( B )  mixtures 

Value 

Property A B AzBz AB2 B Reaction 

Molefraction of aniline 

FIG. 2. HE values of the aniline + benzene system at 
308.15 K :  a, experimental; ---, first case; -, second case. 

leads to 

JHE = K I  ,O.SZAAHAB + K1 , IZAAHAB~ 

+ K ~ , ~ z ~ ~ ~ ~ ~ A H ~  

where 

J = ( z ~ ~ ~ ' ~  + 0.5K0.s + 0.5K1,0.sZA 

+ K , , , ~ A Z B 2 " 2 ) I ~ B 2  

Further combination of [15]-[17] yields 

where 
1 + ZB2 - Ko.szB2Ii2 

Z A  = 
1 + K I , o . s Z B ~ ' ' ~  + K I , I Z B ~  

using the various K values described above for a 
solution containing AB,  AB,, and B molecular 
species, values of x B 2  were calculated from eq. [I91 
for several values of Z B 2 .  A number of values was 
then assigned to AHAB, AHAB2, and AHB until they 
reproduced H E  values (from eqs. [15a] and [18])  
which compared well with the experimental data. 
The various AH values are presented in Table 3 and 
calculated H E  values are compared with values 
in Fig. 2. It is evident, from Fig. 2, that the predicted 
H E  values are good for the range 0 5 x B 2  5 0.5. 
However, for x,, > 0.5 the theoretical H E  values were 
found to exceed the corresponding H,,,,E by as much 
as 140 J/mol. 

A similar procedure was applied to the case when 
the mixture contained A B ,  AB,, A2B2 ,  and B mole- 
cular species. The final expressions are: 

[20] J 'HE = ( K ,  , o , s ~ ~ ~ ~ ~ , + ~ l  , ~ ~ A ~ B ~ " ~  AHA,, 

+ K ~ , ~ Z A ~ A H A ~ B ~  + K ~ . ~ A H ~ )  
where 

+ Kl,lZAZ,21i2 + K2,,ZA2)lx-,, 
and 

and 
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5. C. N. R. RAO and A. S.  N. MURTHY. Can. J .  Chern. 40.963 

2216 

where 

For  different values of ZA, H E  values were again 
calculated as already explained. The theoretical H E  
curve reproduces reasonably well the corresponding 
experimental results as is evident from Fig. 2. The 
various AH values are given in Table 3. 

The analysis of H E  and activity coefficients data 
for benzene -k aniline mixtures thus suggests that 
this mixture is characterized by the presence of AB, 
AB,, A,B2, and B molecular species in the solution. 

Acknowledgement 
K. C. Singh acknowledges his grateful thanks to  

the C.S.I.R., New Delhi, for the award of Senior 
Research Fellowship. 

I. G. C. PIMEN.I.AL and A. L. M C C L ~ L L A N .  The hydrogen 
bond. W. H. Freem;rn. San Francisco. CA. 1960. 

2. H .  L.  Lrnoand D. E. MARTIRE. J .  Am. Chem. Soc. 96,2058 
(1974). 

3. E. E. TUCKER and S.  D. CHRISTIAN. J.  Am. Chem. Soc. 97. 
1269 (1975). 

4. W. GODRY. J.  Chem. Phys. 7,600 (1939). 

(1962). 
6. I .  Y A M A G U C H I .  Bull. Chern. Soc. Jpn. 34, 1606(1961). 
7. J. FEENF.Y and L. H. SUTCLIFFE. J .  Chem. Soc. 1123 

(1962). 
8. H .  WOLFF and D. M,ZTHIAS. J .  Phys  Chern. 77, 2081 

(1973). 
9. A.  VOGEL. Pri~ctical organic chemistry. 3rd ed. Longrnan's. 

1956. 
10. J .  C. SMITH.  N . J .  FOECK1NG.and W. P. BARUER.  Ind. Eng. 

Chern. 41,2289(1949). 
I I .  A. F. FoRzr~Tl ,  A. R. GLASGOW. JR . .  C. B. WILLINGHAM,  

and F. D. R o s s r ~ l .  J .  Res. Nntl. Bur. Stand. 36. 120(1946). 
12. R. K. NIGAM and B. S.  MAHL.  J .  Chem. Soc. Fzu-aday 

Trans. 1.68, 1508 (1972). 
13. D. D. DESHPANDE and M. V. PANDYA. Trans. Fatxday 

Soc. 61, 1858 (1965). 
14. D. D. DESHPANDE and M. V. PANDYA. Trans. Faraday 

Soc. 63.2149 (1967). 
15. L.  J .  BELLAMY and R. L. WILLIAMS.  Spectrochim. Acta, 9, 

341 (1957). 
16. J .  A. BARKER. J.  Chem. Phys. 20. 1526(1952). 
17. M. L. MCGLASHAN and R. P. RASTOGI. Trans. Faraday. 

Soc. 54,496 (1958). 
18. D. V. FENBY i~nd L. G. HEPLER. J.  Chern. Thermodyn. 6. 

I85 (1974). 
19. W. J .  CAW and F. L. SWINTON. Trans. Faraday Soc. 64. 

2023 ( 1968). 
20. A. G.  WILLIAMSON. T ~ x n s .  Faraday. Soc. 64, 1763 (1968). 
21. D. D. DESHPANDE and S.  C. OSWAL. J .  Chern. Soc. Faro- 

day T ~ x n s .  1,68. 1059 (1972). 
22. R. K. NIGAM,  P. P. S I N G H , ~ ~ ~  K. C. SINGH.  J.  Chem. Soc. 

Faraday Trans. I .  To  be published. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Structural studies of steric effects in phosphine complexes. Part VII. 
Synthesis, crystal and molecular structure of the 

chloroperchloratotri(o-tolyl)phosphinemercury(II) dimer 
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ELMER C. ALYEA, SHELTON DIAS, GEORGE FERGUSON, and MASOOD KHAN. Can. J. Chem. 
57,2217 (1979). 

The synthesis and crystal and molecular structure of the chloroperchloratotri(o-toly1)phos- 
phinemercury(I1) dimer are reported. The compound [HgP(~- to ly l )~CIClO~]~  belongs to the 
orthorhombic space group Pbcn (0:;. No. 61) with a = 12.218(2), b = 13.814(2), c = 26.074(3) 
A, and Z = 4. The structure was refined to a final R of 0.046 for 2584 reflections measured by 
diffractometer. The crystal structure consists of discrete centrosymmetric dimeric molecules of 
[HgP(o-t0lyI),CIC10~]~ separated by normal van der Waals distances. The unique mercury 
atom forms two strong bonds (Hg-P 2.395(3), Hg-CI(1) 2.332(4) A) which deviate from 
linearity (P-Hg-Cl 164.1(1)") and two weak bonds (Hg-O(1) 2.73(2) to the perchlorato 
group, Hg-Cl(l*) 3.109(4) A linking the mercury atoms about centers of symmetry). The 
four-fold coordination geometry about each mercury can be described as trigonal bipyramidal 
with the phosphorus and CI(1) axial, and one equatorial site unoccupied. Intramolecular in- 
teractions are discussed with the assistance of cone angle calculations and a ligand profile for 
P (~ - to ly l )~  (0 = 198"). Vibrational and 31P nmr spectra data are also presented for [HgP(o- 
tolyl)3CIC10412. 

ELMER C. ALYEA, SHELTON DIAS, GEORGE FERGUSON et MASOOD KHAN. Can. J. Chem. 
57.2217 (1979). 

On rapporte la synthese et la determination de la structure cristalline du dimere du chloro- 
perchloratotri(o-to1yl)phosphine mercure(I1). Le composC [HgP(o-t0lyI)~C1C10~], appartient 
au groupe d'espace orthorhombique Pbcn (D::. No. 61) avec n = 12.218(2), b = 13.814(2), 
r. = 26.074(3) A et Z = 4. On a r-affine la structure jusqu'h une valeur ti nale de R de 0.046 pour 
2584 reflexions lnesurees a I'aide d'un diffractometre. La structure cristalline est formCe de 
molecules dimeres individuelles centro-symetriques de [HgP(o- t~ ly l )~ClCIO~]~  sCparCes les 
unes des autres par des distances de van der Waals normales. L'atome de mercure unique 
forme deux liaisons fortes (Hg-P 2.395(3), Hg-CI(1) 2.332(4) A) qui ne sont pas lineaires 
(P-Hg-CI 164.1(1)" et deux liaisons faibles (Hg-O(l) 2.73(2) avec le groupe perchlorato, 
Hg-CI(1") 3.109(4) A reliant les atomes de mercure autour des centres de symktrie). On peut 
decrire la gComCtrie de coordination quaternaire autour de chaque mercure comme etant 
trigonale bipyrarnidale avec le phosphore et le chlore (1) axiaux et un site equatorial inoccupC. 
On discute des interactions intramoleculaires a I'aide de calculs d'angle conique et un profil 
de ligand pour le P(o-tolyl), (0 = 198"). On presente aussi des donnees de spectres vibrationnels 
et rlnn , 'P pour [HgP(o-t0lyl)~CIClO,1,. 

[Traduit par le journal] 

Introduction provides quantitative information about the gaps 

steric of phosphorus ligands have been de- between moieties in a ligand. The steric environments 

scribed (I) in terms of cone angles, 8, and estimates of P(o-tol~l)3 in [H&P(o-tol~l)3(OA~)2]2 (4)3 Pt[P(o- 

of 8 from space filling molecular models (1) have t01~1),121, (5)2 and 1 r [ P ( o - t o ~ ~ ~ ) ~ 1 2 C ~ C o  ( 5 ,  6, have 

been complemented by X-ray analysis (2, 3) of metal been previously described. In an  attempt to prepare 

complexes of several bulky phosphine ligands.' We Hg[P(o-t01~l)312(C104)2 for with Hg- 

have also developed the co,lcept of a "ligand profile" (PC~3)2(C104)2 (2, 7) we isolated a shown 

(2) which not only yields precise maximum cone angle by this X-ray analysis to  be [H&P(o-to1~1)3C1C10,1,. 

data based on the X-ray structural results, but also Cone angle data from the sing1e structural  
determination and spectroscopic results are presented 

'For Part VI, see ref. 3. in this paper. 
'Bulky phosphine l~gands which have been studied in our 

laboratories include tri(cyclohexyl)phosphine (PCy,), tris(tert- 
Experimental 

buty1)phosphine (PBuJ1), tri(o-toly1)phosphine (P(o-tolyl),), Spectroscopic and other physical measurements were per- 
and trimesitylphosphine (P(me~ity1)~). formed as previously described (8). 

0008-4042/79/1722 17-06$0 1 .W/O 
01979 National Re\earch Council of Canada/Conse~l national de ~ e c h e ~ c h e \  du Canadd 
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Preporatiotr of'tlle Clrloroperchlorotot,.ilo-toIyl)phospl~itie- 
trrercr~ry(lI) Ditner, [HgP(o-t0lyl),ClCIO,1~ 

A solution of mercury(I1) chloride (2.72 g, 10.0 mmol) in 
absolute ethanol (50 mL) was added to a solution of silver 
perchlorate (4.15 g, 20.0 niniol) in the same solvent (50 mL). 
The precipitated pale-yellow solid was filtered off and the fil- 
trate diluted to 100 mL in the same solvent. A 20 mL aliquot 
of this solution was then added to a hot solution of P(o-tolyl), 
(1.30 g, 4.0 mmol) in absolute ethanol (100 mL). The white 
solid which precipitated was isolated by filtration and washed 
successively with ethanol and ether. Crystallization from 
ethanol afforded a white crystalline solid suitable for X-ray 
analysis; mp 202-204°C (dec). Atrol. calcd. for [HgP(o-tolyl),- 
CICIOJ],: C 39.42, H 3.31; found: C 39.62, H 3.32. 

X-roy Crystnllogrc~plric At~olysis 
Weissenberg and precession photographs provided approxi- 

mate unit cell dimensions; accurate lattice parameters were 
obtained by a least-squares treatment of the diffractometer 
setting angles for 12 reflections for which O,, , ,  (Mo-K,) was 
between 10 and 20". Crystal data (at 2lCC) are 

C J Z H J ~ C I J H ~ ~ ~ ~ P Z  fw = 1279.7 
Orthorhombic, o = 12.218(2), b = 13.814(2), c = 26.074(3), 
V = 4400.8 A3, Z = 4, D, = 1.93 g ~ m - ~ ,  F(000) = 2464, 
LI(MO-K,) = 70.4 cm-'. Absent reflections lrkO, h # 2n, h01, 
I # 211 and Okl, k # 211 determine space group Pbcn (D::. 
No. 61) uniquely and require the molecule to be centrosym- 
metric. 

The intensity data for a unique octant within the limits 
2 < 9 < 25" were collected on a computer-controlled Y290 
Hilger and Watts four-circle diffractometer using graphite 
nionochromated Mo-K, radiation as described previously 
(9). The crystal turned black during irradiation and the in- 
tensities of three standard reflections, monitored every 100 
reflections, decreased by 20% during data collection; this was 
allowed for by appropriate scaling. Data were corrected for 
Lorentz and polarization factors and a numerical absorption 
correction was applied. Maximum and minimum values of 
transniission coefficients are 0.472 and 0.432 respectively. Of 
the 4075 measured reflections, 2584 reflections with I > 2o(I) 
were used in the final refinement of the structure parameters. 

The structure was solved by Patterson and Fourier nieth- 
ods..' The fractional coordinates for the unique mercury atom 
were obtained from a sharpened three-dimensional Patterson 
map. A Fourier synthesis phased with the mercury atom con- 
tributions revealed the entire structure. Full-matrix least- 
squares refinement with anisotropic thermal parameters re- 
sulted in R = ZllF"/ - IFc;. I/Z(Fo) being lowered to 0.055. 
A differencesynthesis at this stage revealed all hydrogen atoms. 

In subsequent refinement cycles the hydrogen atoms were 
constrained to have idealized geometry with C-H 0.95 A and 
separate isotropic thermal parameters were refined for phenyl 
and methyl hydrogens. In three more rounds of calculation, 
refinement converged with R = 0.046 and R 1  = [Zltd2/ 
ZWF,,~]"~ = 0.044. The weights used were derived from the 
counting statistics via the expression IV = K/(!oZFo + gFO2) 
where the final values of K and g are 1.885 and 0.0003 respec- 
tively. The scattering factors for hydrogen atoms were ob- 
tained from ref. 10 and for the non-hydrogen atoms from ref. 
11. Anomalous dispersion corrections were applied (12) for 
Hg, P, and CI atoms. In the final cycle of refinement the shifts 
were less than 0.3 esd and a final difference synthesis was 
featureless. 

TABLE 1. Fractional coordinates (Hg x lo5, P, CI, 0 ,  
and C x lo', H x lo3) for [HgP(o-tolyl),CICIO& 

with estimated standard deviations in parentheses 

Atom x/rr .v/b zlc 

Atomic coordinates and their standard deviations are given 
in Table 1. Table 2 contains details of molecular geometry. A 
view of the dinier with our numbering scheme is given in Fig. 1 
and the crystal structure is shown in Fig. 2. Lists of calculated 
and observed structure factors and thermal parameters have 
been deposited in the Depository of Unpublished Data.J 

3Calculations were performed on the University of Guelph 
IBM 3701155 computer using the program system SHELX 
written by G.  M. Sheldrick, University Chemical Laboratory, 
Cambridge CB2 IEW, England. 

5A complete set of tabular data is available, at a nominal 
charge, from the Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Ont., Canada 
K I A  OS2. 
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TABLE 2. Interatomic distances (A), angles (deg), and mean plane data for [HgP(o- 
t~ ly l )~ClCIO, ]~  with estimated standard deviations in parentheses 

(a) Intramolecular distances 

Bond Distance Bond Distance 

Hg-P 2.395(3) P-C(l1) 1.81(1) 
Hg-CI(1) 2.332(4) P-C(21) 1.81(1) 
Hg-CI(1) * 3.109(4) P-C(31) 1.81(1) 
Hg-O(l) 2.73(2) Mean phenyl C-C 1.38(2) 
Hg-0(2) 3.13(2) Mean CH3-C(sp2) 1 .50(2) 
Cl(2)-O(1) 1 .42(1) 
CI(2)-O(2) 1.41(1) 
Cl(2)-O(3) 1 .44(1) 
CI(2)-O(4) 1 .36(2) 

(6) Bond angles 

Bonds Angle Bonds Angle 

C(1 1)-C(l2)-C(l7) 
C(13)-C(12)-C(17) 
C(21)-C(22)-C(27) 
C(23)-C(22)-C(27) 
C(3 1)-C(32)-C(37) 
C(33)-C(32)-C(37) 

Mean phenyl C-C-C 

*The atoms belong to the symmetry relaled position -x, -J', -2. 

(c) Mean plane equations 

(a) Plane through atoms C(1 I)-C(l6) 
Plane equation: 0.9110X + 0.3128Y + 0.26862 = 3.3795 
Displacements (A x lo3): C(11) - 19, C(12) 13, C(13) 1, C(14) -9, C(15) 3, C(16) 

11, C(17) 109, P - 193 

(6) Plane through atoms C(21)-C(26) 
Plane equation: 0.2720X + 0.9114Y - 0.30892 = 1.5345 
Displacements (A x lo3): C(21) 6, C(22) -3, C(23) - I ,  C(24) I, C(25) 2, C(26) 

-6, C(27) 55, P 104 

(c) Plane through atoms C(31)-C(36) 
Plane equation: -0.0878X + 0.5812 Y + 0.80902 = 3.4547 
Displacen~ents (A x lo3): C(31) -7, C(32) - 10, C(33) 23, C(34) - 18, C(35) 0, 

C(36) 12, C(37) 12, P I 

Discussion with two or more molar equivalents of tri(o-toly1)- 
Earlier work (8, 13) demonstrated that tri(o- phosphine no products with satisfactory elemental 

toly1)phosphine forms only 1 : 1 complexes with analyses were obtained. Consequently, the presently 
mercury(I1) halides, thiocyanate, and acetate. In reported attempt to generate anhydrous mercury(I1) 
attempts to prepare a 1 : 2  complex by the reaction perchlorate was carried out, leading to the isolation 
of commercially available mercury(I1) perchlorate of a crystalline solid following the reaction with 
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FIG. 1. View of the centrosymmetric [HgP(o-tolyl), ,CICI04]2 structure showing our numbering scheme. 

tri(o-tolyl)phosphine. The stoichiometry of the 
product was established by the X-ray single crystal 
determination; subsequent characterization by other 
physical methods was consistent with the proved 
structure. [HgP(o-tolyl),CIC10,1, is a non-elec- 
trolyte in dichloroethane (A 8.6 ohm-'  cm2 mol-', 
lo-, mol dm-,) but beconies a conductor in nitro- 
methane (A 133 ohm-'  cm2 mol-', lo-, mol dm-,). 
The  , 'P nmr spectrum for a DMSO-d, solution at 
ambient temperature showed a broad peak at  6 18.0 
ppm (downfield fro111 85% H,PO, as reference) with 
no satellites due to  coupling with mercury - 199. 
The coordination chemical shift of 50.4 ppm is, as 
expected, comparable to the values found for HgP(o- 
tolyl),CI, and HgP(o-tolyl),(OAc), (14). The low 
solubility of the complex in non-coordinating sol- 
vents did not allow us to obtain meaningful , 'P  nmr 
spectral data at  lower temperatures or  to determine 
the niolecular weight in solution. The infrared spec- 
trum of [HgP(o-tolyl),Cl(CIO,)], shows the fol- 
lowing bands in the perchlorate region not observed 
in the spectrum of the free ligand P(o-tolyl),: 11 10 
(vs br), 1070 (vs), 1045 (vs), 925 (sh), 917 (m), 686 
(w), 666 (w), and 622 (s) cni-'. In the ionic, T, CI0,- 
ion, the infrared active modes appear at  1 1  19 (s br) 
cm-'  (v,) and 625 (m) cm-I (v,) (15). Thus the split- 
ting of the v, and v, bands, together with the appear- 
ance of v,, of C10,- at  917 cnl-', indicates the pres- 
ence of coordinated perchlorate groups. A weak peak 
at  190 cm-' observed in the far ir and Raman spectra 
can tentatively be assigned to the bridging Hg-Cl 
stretching mode (13). Comparison of the Raman 
spectrum with those observed previously (8, 13) for 

similar mercury-phosphine colnplexes also makes 
possible the assignment of a medium peak at  158 
cm-' to  v(Hg-P). 

The crystal structure (Fig. 2) contains discrete 
centrosymmetric dimeric molecules of [HgP(o- 
tolyl),C1C10,], separated by ~iormal  van der Waals 
distances. The unique mercury atom (Fig. 1) forms 
two strong bonds (Hg-P 2.395(3), Hg-Cl(1) 
2.332(4) A) which deviate from linearity (P-Hg-CI 
164.1 (I)") because of intramolecular overcrowding 
(see below). The perchlorate group is weakly bound 
to  mercury (Hg-O(1) 2.73(2) A) and pairs of 
(HgP(o-tolyl),CIClO,) moieties are linked about 
centres of symmetry by weak Hg-Cl(1 :':) bonds 
(3.109(4) A). The four-fold coordination geometry 
so produced a t  the mercury can be described as 
trigonal bipyraniidal with the phosphorus and Cl(1) 
axial, and one equatorial site unoccupied. 

The lion-linearity of the P-Hg-Cl(1) angle 
comes about to reduce intralnolecular interaction 
between (u) the wedge-like perchlorate group and 
o-tolyl methyl groups (0(2)...H(273) 2.60 A, 
0(3)...H(173:':) 2.78 A) and (b) atom Cl(1) and 
o-tolyl methyl C(17:':) (Cl(l)...H(173''') 3.11 A). As a 
consequence of these interactions, C(17) is bent 0.109 
A (Table 2) and the phosphorus atom -0.193 A, 
from the C(l1)-C(16) plane. Atom C(27) is dis- 
placed 0.055 A and phosphorus 0.104 A from the 
C(21)-C(26) plane; the third o-tolyl ring (C(31)- 
C(36)), which is not affected by intramolecular over- 
crowding, has the methyl group and phosphorus 
atom coplanar with the ring. The mercury coordina- 
tion is thus very similar to  that found in two of the 
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FIG. 2. Stereoview of the crystal structure of [HgP(o-t0lyl),CIC10~]~. In this diagram the cell shown runs from (-4, 
-4, -+) to (+, Q,Q); the points labelled '0', 'X', ' Y', and 'Z' have crystal coordinates (-4, - - I ,  -9), (j~, 2, - J )  r , (-4, 
-4-, -Q), and (-+, -4, Q) respectively. 

FIG. 3. Ligand profile for P(o-tolyl), in (HgP(o-tolyl)3CICI04]2. The ordinate is the maximum semi-cone angle 012, the 
abscissa is the angle + through which a cone generating vector Hg + X is rotated about the Hg-P bond. For full details 
see ref. 2. Also included in the profile diagram are the outlines of the encroaching chlorine and perchlorato oxygen atoms. 
The labels and numbers under the profile curves are the appropriate atom numbers, and values of the Hg-P-C-C(H) 
torsion angles. 

four molecules comprising the asymmetric unit of 
chloro(diethy1 phosphonato)n~ercury(II) (Cl-Hg- 
PO(OC,H,),) (16) with dimensions Hg-C1 2.31- 
2.38; Hg-P 2.31-2.40; and P-Hg-C1 173". Other 
examples of strong digonal axial phosphorus coordi- 
nation at mercury with weaker equatorial bonding 
are found in Hg(PCy,),(ClO,), (7) and Hg(PCy,),- 
(OAc), (7). 

The P(o-tolyl), geometry is unexceptional with 
mean dimensions Hg-P-C(1) 1 10. lo ,  C-P-C 
108.8", and P-C 1.81 A in agreement with those 
previously reported in [HgP(o-tolyl),(OAc),], (4), 
Pt[P(o-tolyl),],I, ( 5 ) ,  and Ir[P(o-tolyl)3]2C1C0 (6). 
The perchlorate ion has the expected tetrahedral 
geometry with C1-0 1.36-1.42 A and 0-~1-0 
107-1 14". Apart from the weak bond Hg-O(l), the 

next shortest Hg...O distance (Hg...0(2) 3.13 A) is 
just greater than the sum of the van der Waals radii 
(2.90 A). 

The ligand profile of the o-tolyl rings in [HgP(o- 
tolyl),C1C10,], is shown in Fig. 3 (for details of the 
ligand profile calculations see ref. 2). The o-tolyl 
rings adopt a regular propeller conformation with 
Hg-P-C-C(H) torsion angles 127, 128, and 128". 
The maximum semi-cone angles, 812, are 93.6, 101.4, 
and 102.2" giving a maximum cone angle of 198", 
close to the value (194") predicted by Tolrnan (1). 
The ligand profile also shows clearly the gaps be- 
tween the o-tolyl rings whose conformations place 
steric limitations on the coordination geometry at 
the mercury atom. With the more strongly bonding 
acetato anion, the o-tolyl phosphine conformation 
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changes to a non-propeller one, e.g. in [HgP(o- 
tolyl),(OAc),], (4), with 0 = 191". The flexibility 
and cog-like nature of the P(o-tolyl), ligands is amply 
demonstrated in the synthesis of bis P(o-tolyl), metal 
con~plexes with bulky anions, e.g. Pt(P(o-tolyl),),I, 
(5 ) ,  Ir(P(o-tolyl),),CICO (6). Ligand profile calcula- 
tions show that the P(o-tolyl), ligand in these com- 
plexes adopts a very irregular non-propeller confor- 
mation to accommodate ligand intermeshing, with a 
conconlitant decrease in cone angle to 183' (2, 5). 
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J. S. TSE, T. K. SHAM, and G. M. BANCROFT. Can. J .  Chem. 57.2223 (1979). 
Extended ligand-ligand repulsion calculations have been applied to a number of six coordi- 

nate organotin complexes of the type RR'Sn(bidentate), (R, R' = Me, Ph, CI). Qualitatively, 
the calculations readily predict the decrease in the R-Sn-R' angle with decrease in bite size 
of the bidentate ligand. The steric calculations are generally successful in predicting both the 
cis-trans preference of the R groups and the bond angles about the Sn atom. For the Me,Sn 
complexes, electronic effects (as expressed by Bent's rule) sometimes have to be used in con- 
junction with the steric calculations to rationalize the observed stereochemistry. 

- 

J. S. TSE, T. K. SHAM et G. M. BANCROFT. Can. J. Chem. 57.2223 ( 1979). 
On a applique des calculs etendus de repulsion ligand-ligand i un certain nombre de 

complexes organostanneux hexacoordonnes du type RR'Sn (bidentate), (R,R' = Me, Ph, CI). 
Qualitativement, les calculs permettent facilement de prkdire une diminution dans la grosseur 
du ligand bidentate. Les calculs sttriques permettent gtntralement de predire avec succes la 
preference cis-trarrs des groupes R et les angles de liaison autour de I'atome de Sn. Dans le 
cas des complexes du Me2%, on doit quelquefois faire appel a des effets electroniques 
(exprimes sous la forme de la regle de Bent) de concert avec des calculs sttriques pour 
rationaliser la stereochimie observee. 

[Traduit par le journal] 

Introduction although the cis-trans preference is sometimes not 

Recent X-ray structllres and 1 1 9sn M(jssbauer predicted solely 011 steric grounds. 

studies of six coordinate dimethyl and diphenyl tin Theory 
have that the CpSn-C The ligand-ligand repulsion model assumes that 

varies close to 90" to 180' (1-4). Nearly the repulsion between donor atoms within a mole- 
all six coordinate dimethyl co~npounds have the cule is the predominate factor in determining the 
t r m ~ ~  or distorted tram structure, whereas most of equilibrium geonletry of that molecule, ~~~~~t~~ 
the diphenyl analogues have the cis structure. The model (6, 7), donor atolns are assumed to lie on a 
C-~n-C angle in the dimethyl compounds varies sphere of unit radius with the metal atom at  the 
widely, for exalnple from 110" to 136" to 160" to 180" centre (i.e. all central atom -donor atom bond dis- 
inMe,Sn(oxin),,Me,Sn(S,CNMez),, MezSn(Salen), tances are equal). However, in reality, bond lengths 
and Me,Sn(acac), respectively. are seldom equal. In order to  apply K e ~ e r t ' s  model 

mode1s based on ligand-ligand to  obtain bond angles, the concept of steric angle (5) 
have been proposed to  account semiquan- is incorporated into Kepert's model. Thus, in the 

t i t a t i v e l ~  for the in the C-Sn-C present model, we suggest that the repulsion between 
angles and the cis-trans preference in some organotin two dollor atoms i j is inversely proportional to 
cOn l~Ounds  (5-7). example, K e ~ e r t  (6, 7, has their separation r i j  and directly proportional to their 

that the CpSn-C angle in Me2Sn(biden- steric angles ei and O j  subtended at  the centre (nL is 
tate), compounds decreases from 180" in steric re- the number of ligallds): 
sponse to a decrease in bite size of the chelating 
ligand. 1 "L "L 

[I] Uio,  = -z eiOjrij-l1 ( n  = I, 2, ...) 
In this paper, we incorporate Zahrobsky's con- 2 i i  

cept (5) of steric cone angle into Kepert's ligand- i +  j 

ligand repulsion model, and calculate equilibrium The equilibrium geometry can be calculated by 
geometries for a numberof six coordinate diorganotin minimizing the total repulsion energy with respect to 
compounds. Our calculated angles are usually in the donor atom positions. 
good agreement with the observed structural values, 

'To whom all correspondence should be addressed. C21 Urnin = --- 

,Present address: chemistry Department, Brookhaven 
National Laboratory, Upton, New York. The steric angles - are calculated as by Zahrobsky (5) 

0008-4042/79/172223-07$0 1 .OO/O 
@I979 National Research Council of Canada/Conseil national de ~.echerches du Canada 
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TABLE 1. Van der Waals radii and the range of 
steric angles used in this work (5) 

Van der Waals Steric angle 
Element radius (A) (des) ' 

C 2.00 (methyl) 133-144 
3.40 (phenyl)* 153 

N 1.50 83-88 
0 1.40 81-83 
CI 1.80 97-1 00 
S 1.85 76-96 

*The Van der Waals radius of the phenyl group is taken 
as the sum of the distance from the centre of the phenyl ring 
to a carbon atom and the Van der Waals radius o f  H at- 
tached to that carbon. 

t T h e  exact steric angle used in the calculation depends o f  
course o n  the observed Sn-X bond length in the individual 
compound. 

from the known covalent bond lengths and the Van 
der Waals radii of the ligand atoms. The radii used in 
calculating the steric angles (mostly taken from 
Zahrobsky (5)) are given in Table 1. The bond lengths 
are taken from the literature crystal structures. The 
~ninimization of the potential function was carried 
out using the quasi-Newton Algorithnl. All computa- 
tions were performed using the University of Western 
Ontario CDC Cyber 73 computer. 

The most appropriate value of n in the repulsion 
energy expression (eq. [I]) cannot be known exactly. 
As noted previously (7) and again verified through 
our calculations, variation of 17 from 1 t o  12 does not 
change our calculated bond angles significantly. 
Therefore 17 = 1 is used in this paper (as in the pre- 
vious work (6, 7)), owing to the sin~plification of the 
calculations. 

For the tmls-R,Sn(bidentate), compounds, the 
treatment used is similar to that given by Kepert (6) 
and the Sn-D ( D  = 0 ,  S, etc.) distances are taken 
to be equal. For the cis-R,Sn(bidentate), com- 
pounds, the treatment is inore complex. The only 
sytninetry element in such a cis compound is a 
twofold axis, and there are four variables. 

We have also done calculations on a number of 
diorganotin molecules having only unidentate ligands. 
As suggested by Zahrobsky ( 9 ,  the minimization 
problem is simplified by approximating the three 
dimensional problem into three two dimensional 
ones. The number of variables is then reduced from 
nine in the three dimensional case to three variables 
per plane. 

Results and Discussion 

(a) The cis-trans Preferalce 
Our calculations on diorganotin compounds such 

as Me,SnCl,(pyO), (8), Me,SnCl,(DMSO), (9), and 
Ph,SnCl,(DMSO), (10) containing only unidentate 
ligands confirm Zahrobsky's previous observations 
(5). Contrary to  the tra17s-R2Sn structure observed 

L I G A N D  B I T E  S I Z E  
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 
0 / I I I I I I I I I 

FIG. 1. Stabilization of cis-RR'Sn(O-0')2 relative to trotis- 
RRfSn(O-0'), as a function of the ligand normalized bite 
size; dotted line, R = R' = Me; full line, R = Me, R' = Ph; 
broken line, R = R' = Ph. The U,,, - U ,,,,, energy unit is 
arbitrary. The problem is discussed in ref. 7. 

(8-lo), the repulsion model predicts the cis structure. 
Electronic effects, as expressed by Bent's rule ( I  I), 
inay outweigh the steric requirements: to maximize 
Sn 5s density in the Sn-C bonds, the strong o donor 
R groups prefer the tm7s geometry where they over- 
lap with Sn sp hybrids. 

For the RRISn(bidentate), compounds, the re- 
pulsion model again sometimes fails to predict the 
correct stereochemistry (e.g., when R and R' are 
both Me) at  least partially for the electronic reason 
given above. Plots of U,, - U,,,,, vs. the ligand bite 
b (7) (Fig. 1) for such compounds show that, except 
a t  very large bites, the cis structure is always favoured 
sterically, whereas the Me,Sn complexes in Table 2 
give the tra17s structure. The three plots for Me,%, 
MePhSn, and Ph,Sn compounds (Fig. 1) show that 
there is little change in U,, - U,,,,,, with change in 
steric angle of R. At sinall bite sizes (e.g. oxin, b = 
1.19), Uci, - U,,,,,, is close to a minimum, and the 
predicted cis-Me,Sn(oxin), structure is observed 
(12) (Table 3). 

In the above discussion we invoked Bent's rule to 
explain the trans preference of the Me2% moiety. 
T o  investigate this preference further, we have under- 
taken Extended-Huckel calculations (I 3) on different 
geometries of Me,Sn(acac), and CI,Sn(acac),. The 
Extended-Huckel method has been evaluated thor- 
oughly and shown to be capable of predicting reason- 
able geometries for many organometallic compounds 
(14). We have assumed a 'D,,' symmetry for the 
R2SiiL2 complex. We can then vary the R-Sn-R 
bond angle from 90" to 180" (i.e. cis to trans) by 
rotating one plane of the molecule about the 'C,' 
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TABLE 2. Bite angles and bond angles of 

Bond angles (deg) 

Bite 4-Sn-1 C-Sn-C 
angle -- 

Compoundf (ded  Calcd. Observed Calcd. Observed 

"Reference 24. 
bReference 25. 
=Reference 26.  
- - ~ ~ ~ ~ ~  ... - . 

cReference IS. 
JAbbreviations: ncac, anion of  acetylacelone; dtc, anion of bis(iV,N-dimethylditliiocarbamate); dedtc, anion of  bis(N,N- 

dietliyldithiocarba~i~ate), 

axis. The parameters used in the calculation are de- 
scribed in the Appendix and Table 4. Figure 2 shows 
the results of the Extended-Hiickel calculation on 
Me,Sn(acac), and Cl,Sn(acac),. The co~iclusio~i we 
obtained from the molecular orbital calculation is 
puzzling. The calculation predicts the cis conforma- 
tion for both Me,Sn(acac), and CI,S~i(acac)~. This 
is contradicted by the observed tmls-Me,Sn(acac), 
and cis-Cl,Sn(acac), structures. Tlie calculation also 
predicts a local ~ n i ~ i i ~ i i u ~ i i  at  R-Sn-R bond angle 
of ca. 140". We think this local minimum is for- 
tuitous. Tlie potential surface of tlie conformation of 

'~iormal '  sp3 hybridized tetrahedral angle at the tin 
atom. Tliis observation is i l l  agreement with our argu- 
ment that the tin atom in a ~iumber of R,SnL, com- 
plexes is probably sp3 hybridized having a tetrahedral 
arrangement of liga~ids around the metal center (uide 
it?f,n). The differelices in Sn-D distances in trans 
compounds (Table 5) niay well be a factor in the re- 
tention of the t,m7sstructure. An increase in C-Sn-C 
angle increases the steric repulsion between the donor 
ligands and the methyl groups. In order to relieve 
this repulsion force, one end of the donor bidentate 
liga~id is pushed further away froni the Sn atom. Our 

a molecule is a fu~iction of many variables. Without steric calculations reveal that this distorted tram 
full optimization of all variables in each geometry, structure is indeed more stable than the u~idistorted 
the total valence energy may not be a reliable param- cis structure. 
eter in predicting the geometry of a molecuie. It is In the cis compounds, there is less reason sterically 
also interesting to note that the local minimum oc- for the Sn-D distances to become different. Also 011 

curred when tlie planes of the molecule are in eclipsed electro~iic grounds, the ,911 atoms in cis-C1,Sn and 
conformation. However, the calculation does show cis-Ph,Sn conipou~ids will be more electronegative 
that the main minimum occurs at  an R-Sn-R angle than in trans-Me,Sn, and invite better overlap with 
of  ca. 110". This bond angle is very close to the the bidentate donors. The Sn-donor distances 

(Table 5) support this argument. Thus, the average 
Sn-0 bond lengths in trans-Me2Sn (ONR'COMe)2 
is 2.25 A, compared to  the average of the four Sn-0 
bond lengths in cis-CI,Sn(ONHCOMe), of 2.09 A. 

It is interesting to  note that the energy difference 

L ' between cis and trans structures must indeed be very 
small for large ligand bite size, since cis-Me,Sn- 
( a c a ~ ) ~  has been observed in solution (l5), whereas 

R' R'  trans-Me,Sn(acac), forms in the solid state. Also, 
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c '?  W.? 
"i 0 
m m  g5:  

TABLE 4. Atom parameters 

Orbital 

FIG. 2. Variation of total valence molecular orbital energy 
as a function of L R-Sn-R in R,Sn(acac), compounds: (o) 
R = methyl, (6) R = chloro. 

cis-MePhSn compounds form, in contrast to their 
trans-Me,% analogues (16). Thus, cis-MePhSn- 
(acac), is obtained rather than trans-Me,Sn(acac),. 

(6) Borill Ar7gles 
Within either the cis or trat~s structures, the steric 

inodel is very successful in predicting the C-Sn-C 
angle and other bond angles in RRISn(bidentate), 
compounds. The predicted variation of C-Sn-C 
angle with ligand bite size for the fratis-Me2Sn, 
MePhSn, and Ph,Sn conlpounds is shown in Fig. 3 
(taking all Sn-D distances equal). Qualitatively, 
as the ligand bite angle increases from 60.5" (b = 1) 
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TABLE 5. Important bond lengths (A) and angles (deg) in R,Sn(bidentate)z complexes with sul- 
phur and oxygen donor ligands 

Bond length 

Compound Sn-S Sn-SZ L S I-Sn-S2 Reference 

cis-Sn(dedtc), 2.504(7) 2.504(7) 70.63 28 
2.534(7) 2.534(7) 70.63 

Bond length 

Compound Sn-OI Sn-O2 L 0,-Sn-OZ Reference 

rt~n1rs-Me,Sn(ONHC0Me)~ 2.15(1) 2.35(1) 72.1(4) 20 
2.15(1) 2.49(1) 70.7(4) 

t r a r l~ -Me~Sn(0NHCOMe)~  2.17(1) 2.36(2) 71.7(5) 20 
2.16(2) 2.43(1) 71.5(4) 

trnrls-Me2Sn(ONMeCOMe)2 2.107(4) 2.384(4) 71.61(14) 27 
2.126(4) 2.374(5) 71.11(15) 

~ i s - M e ~ S n ( 0 N H C 0 M e ) ~  2.1 06(4) 2.228(4) 81.5(1) 20 
2.106(4) 2.228(4) 81 .5(1) 

cis-Cl2Sn(ONPhCOMe), 2.054(15) 2.099(12) 76.3(5) 19 
2.041(16) 2.180(15) 76.5(5) 

trnt~s-Me~Sn(acac)~ 2.20(1) 2.  18(1) 86 (1) 25 
2.20(1) 2.18(1) 86 (1) 

to 72.5" (b = 1.18), the C-Sn-C angles increase 
from 126" to 18O0, and remain at 180" as the ligand 
bite size increases. The angle between the bisector 
of the C-SII-C angle and the line joining the cen- 
tral atom and a ligand donor atom decreases from 
82" (b = 1 .O) to 54" (b = 1.18). These observations 
are consistent with those reported by Kepert (6, 7). 
As the ligand bite size decreases, the R-ligand re- 
pulsion increases. The rnolecule then tends to distort 
to a skew-trapezoidal bipyrainid structure. This dis- 
tortion is physically equivalent to a compression of 
the C-Sn-C angle followed by a twist of the biden- 
tate ligands. The intermediate of such a rotation is the 
skew-trapazoidal bipyramid structure 11. If the ligand 
bite size decreases further, the cis-structure is formed. 

L- 

trntlx 11 cis 

On steric grounds alone, for b < 1.05, the pre- 
dicted C-Sil-C angle in trans compounds increases 
in the order Me,Sn < MePhSn < Ph,Sn; whereas 
for b > 1.05, the C-Sn-C angle increases in the 
opposite direction (Fig. 3). For cis structures, the 
predicted C-Sn-C angle increases in the order 
Me,Sn < MePhSn < Ph2Sn (Table 3, Me,Sn(oxin),, 
99.0"; MePhSn(oxin),, 100.6", Ph,Sn(oxin),, 102.4"). 
However, at least partially because of Bent's rule, 
the observed C-Sn-C angle in cis-Me,Sn conl- 
pounds will tend to increase more than in the other 
two cases (e.g. Me,Sn(oxin),, 110.7", see below). 
Figure 3 also indicates that ligand bite size normally 
plays a much more important role than steric angle 
of the R groups in determining the C-Sn-C angle 
in trails-RSnR' compounds (7). 

More quantitatively, we have calculated bond 
angles for the few trans-R,Sn(bidentate), compounds 
known (Table 2). Except for Me2Sn(NO3),, the cal- 
culated C-Sn-C angles are in very good agreement 
with those observed, indicating the considerable 
power of our simple method for rationalizii~g and in- 
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FIG. 3. Variation of C-Sn-C angle (deg) as a function of 
the ligand normalized bite size; dotted line, R = R' = Ph;  
full line, R = Me, R' = P h ;  broken line, R = R' = Me. 

deed predicting bond angles in coinpounds of this 
type. 

As suggested by Fig. 1, the cis configuration is 
more stable than t m ~ ~  on steric grounds, and indeed 
the cis configuration is formed except when R and 
R' = Me. Five crystal structures have been deter- 
mined (12, 17-20) (Table 3) and the experimental 
bond angles are compared with those observed. 
Other compounds such as Ph,Sn(oxin),, MePhSn- 
(oxin),, MeClSn(acac),, and PhClSn(acac), have 
cis structures froin ~ 6 s s b a u e r  and other evidence 
(16). Predicted bond angles for the two oxin com- 
pounds are included in Table 3. In contrast to the 
tmls  compounds, our calculatioils for the cis-species 
show that the R-Sn-R (R, R' = Me, Ph, C1) angle 
is not very sensitive to the variation in ligand bite 
size. Thus the calculated angle is always in the 90"- 
105" range. Neglecting R, R' = Me for electronic 
reasons, the predicted R-Sn-R' angle for a given 
ligand bite on steric grounds alone increases in the 
order C1-Sn-CI < Me-Sn-C1 < Ph-Sn-C1 < 
Me-Sn-Ph < Ph-~n-Ph.~ Mossbauer param- 
eters for Ph,Sn and MePhSil compounds have been 
previously rationalized using this order (16). 

Quantitatively, the agreement between predicted 
and observed angles is rather good except for Me,Sn- 
(oxin),. For this compound, the observed C-Sn-C 
angle is 12" higher than that calculated. To maximize 

31t is also possible t o  argue that for a specific orientation of 
the phenyl group, the steric angle of the phenyl group and 
chloro group will be smaller than the methyl group, hence the 
angle will be smaller. W e  think this explanation is not satis- 
factory as we have shown that the C-Sn-C angle is not very 
sensitive t o  the steric angles in cis compounds, and also this 
cannot explain the apparent constancy of 109.5" for  dimethyl 
compounds. 

the s character in the Sn-Me bonds, the C-Sn-C 
angle increases to approach the tetrahedral value. 
The C-Sn-C angle in Me,Sn(ONHCOMe), (20) 
(109.1") also approaches the tetrahedral value. In 
these cis-Me,Sn compounds, the Sn atom is prob- 
ably sp3 hybridized as proposed by Schlemper (12) 
and our Extended-Hiickel calculations, so that the s 
character is once again maximized in the Sn-Me 
bonds. The two other Sn hybrid orbitals form two 
'three centre' bonds with the chelating ligands. This 
sil3 hybridization also gains support from the 
'JC coupling constants. Thus 'J is 71.2 Hz for 
cis-Me,Sn(oxin), - almost identical to that for four 
coordinate compounds such as Me,SnCl, (16). 

Conclusions 
For RRISn(bidentate), compounds (R, R' = Me, 

Ph, Cl), the ligand-ligand repulsion model is gen- 
erally successful in predicting both the steric pref- 
erence of the R groups and the bond angles about the 
Sn atom. Kepert's work (7) and recent calculations 
on transition metal complexes (22, 23) also suggest 
that far more attention should be paid to steric 
effects when considering the stereocheinistry of in- 
organic and organometallic compounds. 
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Appendix 

The calculations were performed using the Ex- 
tended-Huckel method (13). The geometry of 
Me2Sn(acac), was taken from its crystal structure 
(25). For simplicity, the methyl groups on the acetyl- 
acetonate ligaild were replaced by hydrogen atoms. 
The Sn-Cl bond distance in Cl,Sn(acac), was taken 
from ref. 18. Parameters used for the calculation are 
tabulated in Table 4. All geometrical deformations 
were examined by extended Huckel calculations 
without charge iteration. The off diagonal matrix 
elements were calculated using the Wolfsberg and 
Helmholz approximation (21) : 

with K fixed at  1.75. 
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The synthesis of oligoribonucleotides. 111.' The use of silyl protecting groups in nucleoside 
and nucleotide chemistry. VIII 
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KELVIN K. OGILVIE, ARIA L. SCHIFMAN, and CHRISTOPHER L. PENNEY. Can. J. Chem. 57, 
2230 ( 1979). 

The synthesis of all isomeric mono- and disilyl derivatives of cytidine, guanosine, and their 
N-benzoyl analogues using the /err-butyldimethylsilyl protecting group is described. These 
compounds and those containing a 5'-monomethoxytrityl group have been condensed via the 
phosphodichloridite procedure to produce nucleotides rapidly and in good yields. The synthesis 
of 2'-5'-linked nucleotides is described. A cautionary note is introduced in regard to  the prep- 
aration of 5'-monomethoxytritylguanosine and a novel methanolysis of certain N-benzoylcy- 
tidines is mentioned. 

KELVIN K. OGILVIE, ARIA L. SCHIFMAN et CHRISTOPHER L. PENNEY. Can. J. Chem. 57, 2230 
(1979). 

On decrit une synthtse de tous les dtrivCs isomeres mono- et disyles de la cytidine, de la 
guanosine et de leurs analogues N-benzoylts qui fait appel au groupe protecteur tert-butyl- 
dimtthylsilyle. On a condense ces composes et ceux portant un groupe monomCthoxytrity1-5' 
gdce  B la methode du phosphodichloridite pour obtenir rapidement et avec de bons rende- 
ments des nucleotides. On dCcrit la synthese de nucltotides relits par les positions 2' et 5'. On 
signale les prtcautions a prendre lors de la preparation de la n~onomethoxytrityl-5' guanosine 
et on mentionne une nouvelle methanolyse de cartaines N-benzoylcytidines. 

[Traduit par le journal] 

Introduction 
We have recently described the use of alkylsilyl 

groups, particularly tert-butyldimethylsilyl(TBDMS), 
for protection of hydroxyl groups of deoxynucleo- 
sides (1-3), deoxynucleotides (4), ribonucleosides 
(5,6), and ribonucleotides (6). The latter work has led 
to  the developnlent of a rapid synthesis of oligoribo- 
nucleotides. The previous paper in this series (6) 
described in detail the synthesis of oligonucleotides 
of uridine and adenosine using TBDMS and the 
chlorophosphite triester procedure (7). In this manu- 
script we wish to  describe the extension of these pro- 
cedures to cytidine and guanosine and their N-ben- 
zoyl derivatives. 

Preparation of Silylated Nucleosides 
Two solvent systems have been employed for the 

silylation of nucleosides (Scheme 1). The DMF- 
imidazole system usually leads to faster rates of reac- 
tion while pyridine as solvent provides higher yields 
of desired products. These results are summarized 
in Table 1 .  Good yields of the desired 2'-protected 
nucleosides are obtained in all cases. For  example 
the 2',5'-disilylcytidine (3a) is obtained in 60% yield 
after a 48 h reaction in pyridine, or  in 50% yield 
after a 2 h reaction in DMF-imidazole (DMF-Im). 

'For the previous articles in these series, see ref. 6. 

Similar yields are obtained for 2',5'-disilyl-N4- 
benzoylcytidine (36; 62% (pyridine), 52% (DMF- 
Im)). Selective silylation at  the 2'-position of 5'-meth- 
oxytritylcytidine (60) and 5'-methoxytrityl-N4-ben- 
zoylcytidine (66) also proceeds well, particularly in 
pyridine where yields of 7a  and 76 were 63 and 6 4 x  
respectively. 

With guanosine yields of 2',5'-protected derivatives 
are generally lower than for cytidine. For  example 
2',5'-disilylguanosine (3c) is obtained in 41% yield 
while the N-benzoyl derivative 3 d  is obtained in 397, 
yield. Yields for the corresponding 5'-methoxytrityl 
derivatives are also in the 30-40x range. However, 
such yields of protected guanosines are quite remark- 
able especially considering the few steps involved. 

The conditions described in Table 1 lead to a 
minimum of silylation a t  the bases of cytidine and 
guanosine. Using larger excesses of silylating agent 
can lead to silylation at  the base particularly in the 
case of guanosine. We have also noted that the 
TBDMSCl deteriorates with time and repeated ex- 
posure to  air such that higher ratios of reagent to  
nucleoside must be used to  obtain the results of 
Table 1 as the reagent ages. 

The position of silylation is easily determined 
from the I3C spectra. Silylation at a sugar hydroxyl 
leads to  a downfield shift of the sugar carbon to 
which it is attached. This is true for all of the silylated 

0008-40421791 172230-09$0 1 .OO/O 
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OGILVIE ET A1 

S~OQ~ + S ~ Q ~  

or pyridine 

B 
MT'roQB + MTrOQ + M T ~ O Q ~  

HO OH HO OSi SiO OH SiO OSi 

ti B = Cy = cytosine 
I> B = CyBz= NJ-benzoylcytosine 
(. B = Gu = guanine 
d B = GuB"= NZ-benzoylpu;inine 

Si = TBDMs = +Si- 

MTr = methoxytrityl 

TABLE 1 .  Preparation of sllylated nucleosides 

Isomer yields (%) 
Starting TBDMSCI Imidazole Time 
material (niequiv.) (mequiv.) Solvent * (h) 5'- 2',5'- 3'3'- 2',3',5'- 

Cytidine 1.25 2 .5  D M F  - 7 75 8 6 - 

Cytidine 1.25 0 Pyridine 3 84 7 2 - 

Cytidine -.- 7 7 4 .4  D M F  2 - 50 3 6 8 
Cytidine 3 0 Pyridine 48 - 60 24 4 
Cytidine 7 14 Pyridine 48 - - - 98 
CBz (lb) 1 25 2 .5  D M F  2 65 11 9 - 
CBz (lb) 1.25 0 Pyridine (5 mL) 18 90 6 - - 
CBZ (lb) 3 0 Pyridine 72 - 62 27 4 
CBz (lb) 2 2 4 .4  D M F  2 - 52 32 5 
C13z (lb) 5 10 D M F  18 - - - 98 
Guanosine 3 6 DMSO (2 niL) 3 90 - - - 

Guanosine 3 . 5  7 D M F  (2 mL) 4 - 41 20 8 
Guanosine 5 0 Pyridine (6 mL) 72 - 51 19 5 
Guanosine 4 10 D M F  48 - 4 4 75 
GBz (Id) 1.25 2.5 D M F  2 90 4 4 - 
GBz (Id) 1 .25  0 Pyridine 2 90 2 2 - 
Gnz (Id) -.- ? 7 4 .4  D M F  2 - 39 4 1 7 
GBz (Id) 5 0 Pyridine 48 11 39 43 5 
GBz (Id) 5 10 D M F  48 - - - 98 
MTr-C (60) 1 .6  3 . 2  D M F  17 - 42 29 9 
MTr-C (60) 3 0 Pyridine 48 - 63 23 4 
MTr-CBz (6b) 1 .25 2 .5  D M F  18 - 50 34 9 
MTr-CBz (6b) 3 0 Pyridine 72 - 64 21 5 
MTr-G (6c) 1.25 2 .5  D M F  18 - 3 2 36 4 
MTr-G (6c) 4 .0  0 Pyridine 48 7 43 25 2 
MTr-GBZ (6d) 1 .25 2 .5  D M F  18 - 34 39 8 
MTr-GOz (6d) 7 0 Pyridine 46 - 36 32 8 

*Solutions \\ere 1 rnrnol of nucleos~de per 1 rnL of DMF or  2 mL of p y r ~ d ~ n e  except as noted for suanosine and CDr. 
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2232 CAN.  1. CHEM. 

nucleosides2 including the N-benzoyl derivatives. 
Data for cytidine and guanosine are given below. 

Ribose 13C shifts * relative to C-5' (ppm) 

c-1' c-4' c-2' c-3' c-5'" 
- 

Cytidine 30.91 24.30 15.10 9.10 0.00 
5'-Sic (20) 29.21 22.10 13.94 7.16 0.00 
2',5'-DiSiC (30) 28.83 21.70 15.65 7 .02 0.00 
3',5'-DiSiC(40) 29.80 22.29 13.82 8.92 0.00 
5'-SiG (2c) 25.00 21.87 12.39 7.38 0.00 
2',5'-SiG (3c) 24.98 21.85 14.36 7.44 0.00 
3',5'-SiG (4c) 24.09 2 1 .64 10.67 8.66 0.00 

*Pyridine-(I5: data collected by F. Hruskn and W. G .  Niemczura o f  the 
University o f  Manitoba. Similar resk~lts have been obtained by Dr. W. 
Pfleiderer (personal communication). 

Additional proof of structure for the N-benzoy- 
lated c o ~ n ~ o u n d s  (series b and d) was their direct 
debenzoylation to the expected (series a and c) com- 
pounds which were prepared directly from the nu- 
cleosides as described. Elemental analvses were con- 
sistent with the assigned structures. 

Compounds 10-12 which have the 5'-position 
unprotected can be obtained by acetic acid treatment 
(Scheme 2) of the 5'-silyl nucleosides 3-5 or from the 
5'-methoxytrityl co~npounds 7-9. In general higher 
yields are obtained on renloval of the methoxytrityl 
groups (>SO% using 80% HOAc at  80-90°C for 
20 min) than from removal of a 5'-TBDMS group 
(50-60% yields). The advantage of using the fully 
silylated con~pounds is that they are so readily ob- 
tained. The properties of compounds 10-12 are de- 
scribed in Table 2. 

We would like to point out a cautionary note in 
connection with the synthesis of 5'-methoxytrityl- 
guanosine (6c). In our attempts to repeat the original 
Khorana procedure (8) we always obtained very low 
yields (0-10%). As a result we changed the procedure 
slightly by using triethyla~nine as base instead of 
pyridine. Under these coilditions we consistently 
isolated 43-48% yields of a cornpound X whose tlc 
properties were virtually identical to  those of au- 
thentic 5'-methoxytritylguanosine, 6c, prepared by 
debenzoylation of5'-methoxytrityl-~2-benzoylguano- 
sine ( 6 4 .  However, compound X had a uv spectrum 
that was definitely different from authentic 6c (see 
Experimental). Further compound X and 6c were 
cleanly separable by high pressure liquid chromatog- 
raphy (hplc). Furthermore, on monosilylation com- 
pound X was converted in 80% yield to  a new com- 
pound (14, Scheme 3) which possesses a 5'-TBDMS 
group since on detritylation it is converted initially 
to 5'-TBDMS guanosine (2c). These results are in 
marked contrast to those of authentic 6c which is 

2F. Hruska, W. P. Niemczura, and K. K. Ogilvie. Unpub- 
lished results. 

~ ' 6  6 ~ "  ~ ' b  b ~ "  
3-5 10 R' = H. R = Si 
7-9 11 R' = Si, R" = H 

12 R ' = R " = S i  
lr B =  Cy ;b  B =  CyB"; 
c B = Gu; (1 B = GuRZ 

SCHEME 2 

converted on silylation to a mixture of 2'- and 3'-silyl 
derivatives, 7c and 8c (Table 1). These compounds 
are identical to those obtained by debenzoylation of 
7d and 8d. As a result of these experiments it is ob- 
vious that compound X possesses a methoxytrityl 
group on the guanine ring, most likely at  N2 (com- 
pound 13). The remarkably similar (tlc) chromato- 
graphic properties of 13 and 6c as well as those of 
14 and 7c make it necessary to use extreme caution 
when preparing these compounds. The uv spectrum 
is critical (8) to  interpretation and hplc in deter- 
mining purity. 

I TBDMSCl I TBDMSCl 

80% HOAc 

siOlc",Gu - si0Y3Gu'MTr 
Isomerization 

As previously reported (6), compounds possessing 
a silyl group on the 2'- or 3'-position do  not isomerize 
under conditions used for phosphorylation and are 
stable in most solvents. However, in alcohol solvents 
isomerization does occur and at  rates that are depen- 
dent both on the particular nucleoside derivative 
and on the alcohol employed. For example 2',5'- 
disilylcytidine (3a) is converted to a mixture of 3a 
(82x) and the 3',5'-disilyl isomer (4a, 18%) after 
24 h at  30°C in methanol (ratio of 3a:4n is 2: 1 after 
7 days). Compound 8a isomerizes most rapidly of all 
the cytidine derivatives and is converted to a mixture 
of 8a (57%) and 7a (42%) after 24 h under the above 
conditions. However, in ethanol at  30°C only 6% 
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OGILVIE ET A1 

TABLE 2. Properties of silylated nucleosides 

Melting 
Compound point * ("C) ?,,,ax (lb,,i,)t (nni in 95% EtOH) R, (tlc)' 

2n(5'-Sic) 160-163 241, 274(229, 255) 0 .  14h, 0.24' 
3a(2',5'-DiSiC) 198-201 241, 274(229, 255) 0 .  ISo, 0.45h 
4n(3',Sf-DiSiC) 174-178 241, 274(229, 255) 0.07", 0.3Sh 
50(2',3',5'-TriSiC) 103-109 241, 274(229, 255) 0.23', 0.53b 
Zb(5'-Sicuz) 104- 107 262, 301(232, 287) 0.32", 0.58" 
3b(2',5'-DiSiC"') 67-71 261, 305(232, 287) 0.69" 0.45' 
46(3',5'-DiSiCUz) 147--151 262, 304(232, 287) 0.17" 0.08e 
56(2',3',5'-TriSiC"') 107-1 10 262, 305(23 1, 287) 0.72" 0.55' 
Zc(5'-SiG) dec. > 205 254, 270 sh (224) 0 .  lob, 0.38' 
3c(2',5'-DiSiG) 136-140 254, 270 sh (225) 0 .  20n, 0 .  57b 
4c(3',5'-DiSiG) 144-149 254, 270 sh (224) 0.12", 0 .  4gb 
5~(2',3',5'(TriSiG) dec. > 245 254, 270 sh (224) 0.30n, 0.65" 
2d(5'-SiG1") 135-138 237, 258, 265, 296 (222, 252, 261, 273) 0.19", 0.52" 
3d(2',5'-DiSiG1") 141-145 237, 258, 265, 296 (222, 252, 261, 273) 0.80a, 0.38" 
4rl(3',5'-DiSiG"') 124-1 28 237, 258, 265, 296 (222, 252, 261, 273) 0.74', 0.28" 
5d(2',3',5'-TriSiG1") 122-1 26 237, 258, 265, 296 (222, 252, 261, 273) 0 .  60d, 0.46" 
7a(MTr-Cgll ) 194-1 98 232, 275(226, 259) 0 .  16", 0.48' 
8n(MTr-Ct:') 227-229 232, 275(226, 258) 0.06", 0.36' 
9n(MTr-C::) 125-130 232, 275(226, 258) 0.23b, 0.58' 
7b(MTr-Cogs;) 112-1 17 232, 261, 306(225, 248, 290) 0.66: 0.42" 
8b(MTr-C"' ,Oil1) 98-1 03 233, 261, 305(226, 248, 290) 0.19" 0.07' 
9b(MTr-Ct'z:ii) 107-110 233, 261, 305(226, 248, 290) 0.801', 0.62' 
7c(MTr-G&, ) 148-153 236, 247 sh, 270 sh(224) 0.24", 0 .6Ib  
8c(MTr-G O::) 141-145 236, 247 sh, 270 sh(224) 0.17", 0.54h 
9c(MTr-Cis',) 254-256 236, 247 sh, 270 sh(224) O.3On, 0.69" 
7d(MTr-G1';:f) 128-132 234, 257 sh, 266, 291(224, 262, 273) 0.82", 0.39" 
8d(MTr-GI3' ::I) 137-141 234, 257 sh, 266, 291(224, 262, 273) 0.75", 0.26" 
9d(MTr-Gb',Sj) 125-130 234, 257 sh, 266, 291(224, 262, 273) 0.67: O.5OC 

lOn(2'-Sic) 124-128 241, 274(229, 255) 0 .  lob, 0.35' 
lla(3'-Sic) 171-177 241, 274(229, 255) 0 .  loh, 0.35' 
12n(2',3'-DiSiC) 172-176 24 1, 273(230, 255) 0.06", 0.21" 
lOb(2'-Sic"') 92-96 262, 304(232, 287) 0.73", 0.39" 
llb(3'-Sic"') 80-83 262, 304(232, 287) 0.67", 0.16" 
12b(2',3'-DiSiCBZ) 67-7 1 262, 304(232, 287) 0.54" 0.45' 
lOc(2'-SiG) dec. > 255 254, 270 sh (224) 0 .  33h, 0.60' 
llc(3'-SiG) dec. > 260 254, 270 sh (224) 0.33h, 0.60' 
12c(2',3'-DiSiG) dec. > 290 254, 270 sh (224) 0 .  lZR, 0.60h 
lOrl(2'-SiG") I 19-1 23 237, 258, 264, 296(221, 252, 261, 273) 0 .  I6", 0.57" 
llrl(3'-SiGBZ) 125-130 237, 258, 264, 296(221, 252, 261, 273) 0 .  16", 0.57h 
12d(2',3'-DiSiG"') 12G130 237, 260, 264, 296(221, 252, 261, 273) O.4Ofl, 0.23" 
6c(MTr-G) 198-201 236, 247 sh, 270 sh, 224 0.17", 0.55' 

13(G h'Tr) dec. > 205 231, 261, 278(229, 247, 274) 0.17", 0.55' 

*Fisher-Johns melting point apparatus, ~tncorrected. 
tCary 17 spectrophotometer. 
:Brinkman polygram SIL G / U V  254 sheets. Solvents itsed were ( o )  ethyl acetate; ( b )  chloroform-ethanol (9: I ) ;  (c) chloroform- 

ethanol (4: I); ((1) ethyl ether; ( r )  ether-helane (4: 1). 

of 8a is isomerized to 7a. Guanosine derivatives tend Metl~anolysis of N-Benzoylcyticlines 
to isomerize at  rates similar to those for the cytidine The silylated N-benzoylcytidines give rise to a 
derivatives. A complete study of all the silylated remarkably interesting result in methanol. The 
ribonucleosides has been done and will be reported 5'-methoxytrityl-2'-TBDMS-N4-benzoylcytdne7bin 
separately (9). methanol (30°C) leads to a mixture of the debenzoy- 
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lated compound 7a (81%) and the isomerized de- 
benzoylated compound 8a  (17%) after 24 h (Scheme 
4). Conlpound 86, however, is 93% unaffected 
(neither debenzoylation nor isomerization) after 24 h 
under the sanle conditions (0.8% 7a, 1.5% 8a, 4 . 6 z  
76). Both 2',5'- and 3',5'-disilyl-N4-benzoylcytidines 
(36 and 46) undergo nearly complete debenzoylation 
after 24 h. Furthermore 5'-TBDMS-N4-benzoylcy- 
tidine is 49Y, debenzoylated after 24 h. The 2'- 
TBDMS-CB' (106) is 64% debenzoylated after 24 h 
while the 3'-isomer 116 is only 6% debenzoylated and 
this occurs in the form of 10a (3%) and l l a  (3%) 
which may result from prior isomerization of 11b to 
106 which may then debenzoylate and isonlerize to  
the observed products. In all cases methyl benzoate 
is observed and it is obvious that a silyl group on the 
2'- or  5'-position is essential. Similar results are ob- 
tained with adenosine but not with guanosine. The 
solvolysis is not observed in ethanol. This very inter- 
esting observation is being studied in detail and will 
be fully discussed (9). 

Syntliesis of Nucleotides 
The silylated derivatives of cytidine and guanosine 

are easily condensed to form ribonucleotides using 
the Letsinger phosphorodichloridite procedure (7). 
This procedure does not require N-protection even 
with cytidine and guanosine. The general procedure 
is outlined in Scheme 5 and yields for a variety of 
condensations are recorded in Table 3. These reac- 
tions were carried out as described previously (6) a t  
-78°C with total reaction times of about 2s h. 
Yields of 3'-5'-linked nucleotides are between 50 and 
90%, The reactions described in this report were all 
worked up using conventional silica gel thick layer 
chromatography (tlc). The N-protected nucleotides 
of cytidine and guanosine have greater mobilities 
in less polar solvents than the unbenzoylated ana- 
logues. Thus for the synthesis of long chains using 
tlc separations, the N-protected derivatives offer a 
practical advantage. This feature is not nearly so 
important if hplc is used t o  separate products and for 

such separations the ability t o  avoid N-protection 
will offer a major advantage. 

The general procedure was used (Scheme 6) to  
prepare the fully protected trinucleotide MTr- 
G" '(TCE)C~' Sj(TCE)CB'S,'i (19a) and the fully pro- 

I 

3 o r  7 

(3) I , ,  HZO 

13 B = B' = Cy, R = M T r ,  R' = Si 
14 B = B' = CyBZ; rc R = R '  = Si 
15 B = B' = GuBZ; h R = M T r .  R' = Si 
16 B = CyBz, B' = Cy, R = M T r .  R ' =  Si 
17 B = GuB", B' = Ur,  R = M T r ,  R' = Si 
18 B = Gu, B' = Ur,  R = M T r ,  R' = Si 

tected tetranucleotide MTr-GBz S,'(TCE)GBzS,'(TCE)- 
CB' Spi(TCE)CBz2i(~C~) (20). Yields at  the tri- and 
tetranucleotide stages were 56 and 66% respectively. 
All of the nucleotides described in this report were 
deprotected as described below t o  the free nucleo- 
tides. The 3'-5'-linked nucleotides were completely 
degraded by snake venom and spleen phospho- 
diesterases. Cytidine-containing nucleotides are also 
conlpletely degradable by pancreatic ribonuclease. 

111 order to  compare the properties of the 3'-5'- 
nucleotides with those of the 2'-5'-analogues, some 
of the latter were prepared, The required starting 
materials (4 and 8) are always obtained as by-prod- 
ucts in the preparation of the normally preferred 
2'-5'-diprotected nucleosides (3 and 7). The fully 
protected 2'-5'-linked nucleotides of CC (21) and 
G U  (22) were synthesized by the general procedure. 
Their chromatographic properties are slightly dif- 
ferent from their 3'-5'-linked isomers (Table 5). On 
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O G I L V I E  E T  AL.  2235 

TABLE 3.  Summary of nucleotide condensation reactions 

Starting Yield 
material Second component Product (%) 

GuBZ 
( I )  TCEOPCI, 

(2) HOCB"g'(TCE)CBz 2: 

HO OSi 0 OSi I 

I (I)  TCEOPCI, 
(2) 191) 
(3) I,, H z 0  

I CyUZ 

"Q sio osi 

complete deprotection, the free 2'-5'-linked nucleo- 
tides were identical to authentic samples (Sigma 
Chemical Co.). 

I "a' S i o  o s i  

Deprotection of Protected Nucieotides 
For compounds such as 13 which do not contain 

N-protecting groups, acetic acid treatment followed 
by tetrabutylammonium fluoride (TBAF) gives a n  
85-90% conversion to the free nucleotide (CpC). 
Fluoride ion removes both the silyl and trichloroethyl 
groups in one 30 min step. It also causes -lox 
cleavage of the internucleotide linkage as has been 
noted by others (10). This is a serious limitation in 
the direct deprotection of longer chains. However, 
fluoride ion does not cause either degradation o r  
isomerization of phosphodiesters. Consequently all 
that is necessary is to  remove the trichloroethyl 
group before treatment with TBAF to  remove the 
silyl groups. The whole procedure can be illustrated 
(Scheme 1) by the deprotection of compound 14a 
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I 
0 B' 

Ri ii; $giD:13 / S i o  osi 
(3) TBAF 

/ 23 B =  B ' =  Cy 
24 B  = B' = Gunz 
25 B = C y " B B ' = C y  
26 B = GuRZ, B' = Ur 

NPN 27 B = Gu. B' = UI. 
28 B = B' = CyBz 

SCHEME 7 

(S~CUZSI /  I, \TCE)C";~). The trichloroethyl group is se- 

moved in 3-20 h using Zn-Cu couple ( 1  1) in DMF at 
50'C. The time varies from experiment to experiment 
and may be due to i~lefficielit stirring or variations in 
quality of the Zn-Cu couple. The progress of the re- 
action is easily followed by tlc. The resulting diester 
(SiCuzS,'(OH)CBz~~) can be isolated on tlc (chloro- 
form-ethanol 9 :  1) or treated directly with methano- 
lic ammonia to remove the benzoyl groups. We find 
that for small amounts (< 15 mg) it is best to continue 
to the end of the ammonia treatment and then isolate 
the nucleotide (in this case, SiCs,'~s,j) 011 paper chro- 
matography. Regardless of the manner of isolation 
we have been consistently obtaining deprotection with 
rzo other nucleosidic or nucleotidic products arising. 
Finally the silyl groups are removed in a 30 ~nin  treat- 
ment with TBAF (6). This step is quantitative with 
absolutely no chain degradation. However, we find 
that if isolation after the zinc treatment at either of the 
two stages mentioned above is omitted then desilyla- 
tion is incomplete. Apparently the presence of metal 
ions interferes at this step. 

Conclusions 
This manuscript, along with the previous article in 

the series (6), describes the first complete set of pro- 
tecting groups common to all four normal ribonu- 
cleosides. The alkylsilyl groups can be seen to provide 
a remarkably facile protection of the hydroxyl groups 
in nucleosides. The silylated nucleosides both with 
and without N-protection are easily coupled to form 
ribonucleotides using the phosphodichloridite pro- 
cedure. We are currently using the procedure de- 
scribed in this and the previous article in an attempt 
to synthesize the sequence of a transfer RNA. 

Experimental 
Gerzeral Merhods 

All general procedures and techniques including chroma- 

tography, uv, nnlr, mass spectrometry, elemental analyses, 
melting points, enzynic assays, silylating conditions, phos- 
phorylation procedures and general reagents are as previously 
described (6) with the following exceptions. 

Thin layer chromatographic data (R, values) are recorded 
from Brinknian Polygram SIL G/UV 254 analytical sheets. 
High pressure liquid chromatography experiments were per- 
formed using a Spectrophysics SP8000 microprocessor based 
hplc unit. All results described in this report are based on a 
Lichrosorb 10 uni RP-8 colunin (4.6 mm x 25 cm) and the 
purity of all nucleoside derivatives as well as nucleotides up to 
and including tetranucleotides can be verified on this column. 

Rengerzts nrzd Cl1e117icrrls 
N2-Benzoylguanosine (mp 228-231°C dec.) (12, 13), 

5'-niethoxytrityl-N2-benzoylguanosine (mp 156-162°C) (14), 
N4-benzoylcytidine (nip 218-220°C) (14, 15), 5'-methoxytrityl- 
N4-benzoylcytidine (mp 120-125°C) (14), and 5'-methoxy- 
tritylcytidine (nlp 150-152°C dec.) (8) were all prepared ac- 
cording to literature procedure. 

5'-Mer/roxyrrirylg~mosirre (6c) 
Compound 6d was treated with an excess of the hydrazine 

hydrate reagent for 1 h as described by Letsinger (16). On 
standing the reaction mixture separated into two phases. The 
top phase was collected and evaporated. The residue was 
washed with ethanol to leave pure 5'-methoxytritylguanosine 
(h,,,,(EtOH)): 236, 250 (sh), and 270 (sh) nni). This compound 
had identical properties to those reported by Khorana (8). 
The con~pound was pure according to  the chroniatographic 
techniques used and had a retention time of 164 s (I(' 2.6) on 
hplc (MeOH-H20 (7:3), 2OSC, 2.0 mL/min at 1770 psi). 

N2-Merlrosyrrirylg~mnosir~e (13) 
T o  guanosine (2.83 g, I0  niniol) in DMSO (15 niL) was 

added triethylaniine (4 n1L) followed by n~ethoxytrityl chlo- 
ride (3.3 g, 11 mmol). The mixture was stirred at roo111 tem- 
perature for 3 h and poured into 300 niL of 15% NaCl in H 2 0 .  
After stirring for a few minutes the residue was collected by 
filtration (sintered glass) and the gum was washed with ether 
(300 mL). The residue was then dissolved in methanol (50 mL), 
the solution was filtered from sonie insoluble material, and 
the clear solution was evaporated at  reduced pressure. After 
repeated evaposation of hexane the gum was dried under 
vacuum, and this usually resulted in a light brown solid. If not, 
the residue was dissolved in the minimum amount of methanol, 
and ether was added to  induce precipitation. Usually a light 
brown solid was formed on evaporation of the solvents at  re- 
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TABLE 4. Solvent systems ~ ~ s e d  to  develop tlc plates during the isolation of silylated nucleosides 

Number of 
Compound isolated Solvent used developments 

20, 2~1, 10c, l l c  Chloroform-ethanol (9: 1) 2 
2b, 100, 11~1, lOd, l l d  Chloroform-ethanol (9: 1) I 
3d, 4d, 7~1, 8 d  Chloroform-ether (I : 1) 3 
2c Chloroform-ethanol (4: 1) 1 

Ethyl acetate - chloroforn~ - ethanol 
3c, 4c, 7c, 8c (1:0.9:0.  I) 3 

Ethyl acetate - chloroform - ethanol 
5c (1 :0 .9 :0 .  I)  2 
3a, 40, 70, 80 Ethyl acetate 2 
5 a  Ethyl acetate 1 
5 d  Ether 1 
5b Ether-hexane (1: 1) 2 
3b, 4b, 7b, 8b, lob, l l b  Ether-hexane (4: I)  1 

TABLE 5. Properties of protected dinucleotidcs 

Melting 
Compound point ('C) knIax ( 1 ~ ~ ) ~ ~ )  (nm) RI * 

MTrCS,'(TCE)Csi (13) 176-180 23 1, 273 (226, 261) 0 .  ISC, 0.4Zd 
HOC?(TCE)C:: (23) 185 dec 239, 272 (230, 258) 0.02,' 0 .  27d 
SiCI"Si , (TCE)CU':i (140) 128-1 33 262, 306 (230, 289) 0.95", 0 .  80b 
MT~CII, ,, S I  (TCE)C'3zZ~ (14b) 125- 130 235, 262, 305 (229, 243, 291) 0.75", 0.55b 
HOCDZ I, si (TCE)Ct":f (28) 140- 146 262, 306 (230, 289) 0.70n, 0 .30b  
SiGUz S , ' ( ~ c ~ ) ~ l l z  Si 

si (150) 136-143 238, 258,265, 298 (22 1, 252, 261, 273) 0.85', 0.78' 
M T ~ G I I Z S ~  ,, (TCE)G1"2i (15b) 108-113 235, 258, 265, 290 (225, 255, 262, 274) 0.85', 0.75' 
H O G U z ~ i ( T C E ) G " z ~ f  (24) 122-1 26 239, 257, 264, 296 (223, 253, 262, 274) 0.58', 0.42' 
M T ~ C D L  S I  , (TCE)C:I (16) 147-151 234, 263, 305 (227, 246, 298) 0.07", 0.54' 
HOCIIZ Si , (TCE)C:i (25) 155-159 262, 305 (232, 288) 0.45=, 0.78" 
MTrGSd(TCE)U:i (18) 152-157 236, 256 (225, 243) 0.75', 0.37" 
HOG"' ;(TCE)U:: (26) 138-142 248sh, 258, 264, 295 (225, 261, 291) 0.62', 0.30' 
M T ~ G I I Z  si , (TCE)Uzf (17) 1 29- 1 35 236, 258, 264, 283sh, 296sh (225, 252, 261) 0.83', 0.62' 
HOGSj(TCE)U21 (27) 157-161 257 (227) 0.52', 0.08' 
MTrGI12 Si ( T C E ) C " z ~ ~ ( T C E ) C L ' z ~ ~  (19~1) 155-161 240sh, 262, 303 (228, 290) O.2On, 0.70' 
HOGIIZS~ ,,(TCE)CL'" S,(TCE)CU":i (19b) 164-168 263, 303 (230, 289) 0.55', 0.36' 
MTr-G"'S,'(TCE)G""~(TCE)C"'S,'(TCE)C"",Sj (20) 173-179 240sh, 262, 301 (227, 290) 0.78', 0.65' 
MTr-C1zp(TCE)CnZ,S1 (21) 121-125 236, 262, 305 (229, 243, 291) 0.45", 0.3Zb 
MTrG':;"(TCE)U:i (22) 130- 134 236, 258, 263sh, 282sh, 296sh (225, 252) 0.83', 0 .  67' 

- 
'Brinknlan polyjiram SIL G / U V  254 sheets. Solvents used were: (o) ethyl e ther ;  ( 6 )  ether-hevnne (4:  I ) ;  ( r )  cllloroiorm-ethanol (9: I ) ;  ( ( 1 )  chloroiorm- 

ethanol (4: I ) ;  (c) ethyl acelate; ( 1 )  ether-chloroform-etIii1r101 (10:3.6:0.4). 

duced pressure. The solid obtained at  this point was identified scribed. The products were isolated from thick layer chroma- 
as N-methoxytritylguanosine, 13, 2.67 g, 48%, mp dec. < tography and the solvents used to  develop the plates are listed 
205°C. This compound was usually 97% pure at  this stage a s  in Table 4. 
determined by hplc (retention time 225 s, I(' 3.6 under same 
conditions a s  7c above). Compound 13 showed h,,,,(EtOH) Syrfflzesis N1rcleofides 
231, 261, and 276 nm with lL,,l,(EtOH) 246 and 272 nm. The procedures used were identical to those previously 

~~~~~~~d 13  was TBMSC~ under the standard reported (6). Products were isolated by thick layer chroma- 

conditions and a compound 14 (nip 140-1440C, R,(EtOAc) tography a s  described. F o r  cytidine we observed very little 

0.24, X ~ ( C H C ~ , - E ~ O H  (9: 1)) 0 . 6 ~ )  was obtailled in ',yield. formation of  the 3'-3'-linked by-products ( <  5%) and none of  

on treatment with 80% H O A ~  at room the the 5'-5'-linked products. This contrasts with the uridine case 

methoxytrityl group was removed fro,,, 14 faster than the previously reported (6). For guanosine the amount of  3'-3'- 

TBDMS group such that  5'-TBDMS-guanosine (Zc) was pro- linked products was between 10 and 20% and 5'-5'-linked 

duced. on standing in acetic acid for 20 h on ly  guanosine was by-products were also found in 20-3072 yields. These products 

present. usually have very different chromatographic properties than 
those of the desired products and are easily separated on  chro- 

Sil)~lofiot~ of Nrrcleosirles matography. Properties of isolated products a re  listed in 
These procedures were identical to  those previously de- Table 5. The dinucleotides containing a methoxytrityl group 
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TABLE 6. Properties of nucleotides 

Compound RP RrF R,,TP o A,,,,, (H20)  ( m i d  (nm) 

CPC 0.11 0.47 0.25 270(250) 
CpC(2'-5') 0.09 0.44 0.25 270(250) 
G P U  0.06 0.36 0.32 256(219) 
GpU(2'-5') 0.06 0.40 0 .32 256(229) 
GPG 0.03 0.23 0.21 253, 270sh(229) 
GPCPC 0.02 0.23 0.36 274, 257(272, 233) 
GPGPCPC 0.00 0.17 0 .42 252, 266sh(243) 

*pH 7.5. 

were detritvlated and the properties of these conlpounds are 1. K. K. OGILVIE  and D. J .  IWACHA. Tetrahed~-on Lett. 317 . . 
also listed in Table 5. 

Deprotectiotz of N~tcleotides 
Fully silylated (or detritylated) nucleotides were treated 

with Zn-Cu couple in D M F  for 3-20 h. Fully silylated com- 
pounds were often isolated after this step by tlc chromatog- 
raphy in chloroform-ethanol (9: 1). The product at this stage 
was treated with methanolic ammonia for 48 h as described in 
the literature (1 1). If chromatography had not been performed 
after the Zn-Cu treatment, then the product was chromato- 
graphed on Whatman 3MM paper in solvent A to remove resi- 
dual metal ions. The product was then treated with TBAF 
in T H F  for 30 min. The products were then passed through a 
Dowex 50W-X8 (Naf form) ion exchange column and applied 
to Whatman 3MM sheets developed in solvent A or F. Only 
single, desired products were obtained from these reactions. 
The chromatographic and electrophoretic properties of free 
nucleotides are summarized in Table 6. For dinucleotides 
reference standards are available from Sigma Chemical Co. 
Nucleotides were subjected to enzymatic degradation using 
standard procedures (6) and all 3'-5'-linked nucleotides were 
completely degraded. 
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Barriers to rotation about the N-CO bond in N-vinyl amides; a new two-site 
approximation method 
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ROBERT R. FRASER, JEAN-LOUIS A. ROUSTAN, and JASWANT R. MAHAJAN. Can. J. Chem. 
57.2239 ( 1979). 

The barriers to rotation about the N-CO bonds in a series of N-vinyl amides have been 
determined by a study of their proton spectra at variable temperatures. A complete LACN 3 
analysis of con~pound 1 gave the parameters used in a complete line shape (CLS) analysis to 
obtain AG*. A new approximate method was shown to give a value for AG that agreed within 
0.1 kcal/mol of that obtained by CLS. The approximate method was employed to determine 
AG* for other members of the series. The barrier in the N-vinyl amide 1 was found to be 2.5 
kcallmol higher than that in its saturated analog. Variations within the series of N-vinyl 
amides amounted to only 1.2 kcal/mol. A steric effect is proposed for the increase in barrier 
height. The new approximation formula was tested for the general case of unequal singlet 
coalescence and found to give ti's accurate to within 4% for Av > 10 and to within 10% a t  
lower values of Av. 

ROBERT R. FRASER, JEAN-LOUIS A. ROUSTAN et JASWANT R. MAHAJAN. Can. J. Chem. 57, 
2239 ( 1979). 

On a determint les barrieres a la rotation autour des liaisons N-CO dans une skrie de 
N-vinylamides a I'aide d'une etude de leurs spectres protoniques temperatures variables. Une 
analyse LACN 3 complete du compost5 1 conduit a des parametres utilists dans une analyse 
complete de la forme des raies (CLS) afin d'en deduire le AG'. On niontre qu'une nouvelle 
methode approximative conduit a une valeur de AG qui est en accord, a 0.1 kcallmol pres, 
celle obtenue par CLS. On a employe la methode approximative pour determiner le AG* des 
autres mernbres de la serie. On a trouve que la barriere dans le N-vinylamide 1 est 2.5 kcallmol 
plus &levee que celle de son analogue sature. Les variations h l'interieur de la serie des N- 
vinylamides ne sont que de 1.2 kcal/mol. On propose un effet sterique pour expliquer l'aug- 
nientation dans la hauteur de la barriere. On a vkrifit la nouvelle formule approximative dans 
le cas general de la coalescence en un singulet inkgal et on a trouve qu'elle fournit des valeurs 
de k qui sont precises h 4% pour un Av > et a 10% pour des valeurs de Av plus faibles. 

[Traduit par le journal] 

Measurement of barriers to rotation about the 
N-CO bond in a wide variety of amides has been 
achieved through study of their temperature depen- 
dent 'H nmr spectra (1-3). Yet the rotational 
barriers in simple N-vinyl ainides (acyl enamines) 
have been reported for only two compounds, N-vinyl 
formainide and N-vinyl acetamide (4). In that paper 
the spectral analysis employed the peak separation 
method whose inaccuracy has been recognized for 
some time ( 5 ,  6). As a result, the activation para- 
meters reported (E ,  and A )  for the two amides 
cannot be considered as accurate and any conclusions 
based thereon are unreliable. More recently, Grindley 
et al. reported the barrier for the sulfur containing 
heterocyclic enamide, 4-benzoyl-1-thia-4-azacyclo- 
hex-2-ene, to be 14.4 kcal/mol (7). In this paper we 
wish to describe the determination of barriers to  
rotation for a series of N-acetyl enamines (1-5) in 

order to provide an indication of the effect of the 
double bond oil the rotational barrier. In analysis of 
the spectra of 1 the accuracy in AG' at  the coales- 
cence temperature using the conlplete line shape 
(CLS) method was shown to be comparable to  that  
calculated using a new two-site equation. For  the 
spectra of 2-5 AG* was obtained by this two-site 
equation. In addition the use of this approximate 

0008-40421791172239-06$0 1 ,0010 
@ 1979 National Research Council of Canada/Conseil n;ltion;ll de recherches du Canada 
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I I 

C H ~  O&'\CH~ 

1A (minor) 1B (major) 
SCHEME l 

equation as applied to the coalescence of two un- 
equally populated singlets was shown to offer an 
improvement over previous approximate treatments. 

The enaniines investigated herein were synthesized 
by a metliod described earlier by one of us (8). The 
'H  spectrum of 1 (n = I) at  0°C exhibited two 
separate niultiplets for the protons at C-2 represent- 
ing the two diasteroisomers present due to slow 
rotation about tlie N-CO bond (see 1A and 1B  in 
Scheme I ) . '  Each multiplet represents the AA' 
portion of an  AA'MM'YY' system, one which is too 
large to permit a variable temperature analysis by 
the CLS method.' 

We have therefore decided to treat the AA' 
absorptions as part of an  AA'MM' system perturbed 
by first-order coupling with tlie methyl group (10) 
and the YY' nuclei (1 I). For the CLS analysis these 
effects are incorporated into the value of T,'" chosen 
to best reproduce the observed spectruni at  -46°C. 
The validity of this approximation can be assessed 
at  this temperature where there is no broadening by 
kinetic exchange. We have conducted exact cal- 
culations of tlie system as an AA'MM'YY' using 
LACN3 with the further inclusion of variable first- 
order long range coupling to the methyl group as 
well as varied values for T2. In 110 case was any 
better agreement obtained than by incorporating all 
long range couplings into TZcff.  Figure 1 shows the 
agreement obtained between the AA' portion of the 
calculated spectrum and that measured at  -46°C. 
The parameters eniployed are given in Table 1. For  
CLS calculatio~is of the spectra in the region of 
coalescence, the same parameters were used with the 
additional inclusion of a small temperature depen- 
dence of the chemical sliifts AA' and of the equilib- 
rium constant between conformers, both estimated 
by extrapolation froni measurements between - 20 
and -46°C as well as by comparison with CLS 
analysis of spectra at  + 10°C. The spectra in the 

IThe major isomer is assigned the Z configuration on the 
basis of the known deshielding effect on the N-CH, by an 
acetyl methyl (13) as observed in the 13C spectrum of 2 at 0°C 
and correlated with 1-5 by the proton shifts for the N-CH, 
protons. 

'Our copy of the CLS program (9) has been written to 
handle up to four spins and each calculated spectrum requires 
10 min on our IBM 360165 computer. Thus, expansion of the 
program to include six spins in a calculation was deemed too 
demanding in computer time to be undertaken. 

FIG. 1. (A) The absorption due to thc C-2 ~iiethylenc protons 
of conforn~er A of 1, as calculated by LACN 3 using the para- 
nieters listcd in Table 1, using a line broadening of 2 Hz as 
determined experimentally and including a first-orcler per- 
turbation of 0.2 Hz due to long range coupling with the 
methyl group. (B) The spectrum of the C-2 methylene protons 
of both conformers of 1 measured at -46'C. 

TABLE 1. Para~lieters used for the LACN 3 calcula- 
tions in Fig. 1 and, in parentheses where different, 

for the DNMR 3 calculations in Fig. 2 

Conformer A Conformer B 

"Values in parentheses refer to parameters at T,; others repre- 
sent values at -46°C. 

region of coalescence are shown in Fig. 2. If we 
define Tc as the te~nperature at  which only two 
inflection points remain (ville inza),  the CLS curve 
indicates a value for k at  Tc of between 38 and 44  s-' .  
This translates to a barrier to rotation of 14.9, 
kcaljmol. 

Accuracy of CLS 
While a rigorous error analysis would not be 

possible due to the number of assumptions made and 
the variables present, our experience in matching the 
calculated with the experimental curve indicates the 
derived k to be little influenced by our choice of 
T,'", in that a 30Y, change in T,'" (0.15-0.12) causes 
no visible change in the curve for a given value of kA.  
However, a 2 deg uncertainty in Tc leads to a 0.1 
kcaljmol change in AG* so that kA would have to 
change by 15% to produce the same variation in 
AG*. The very good agreement between the cal- 
culated and the experimental spectra around T, 
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FIG. 2. The proton absorption for the C-2 methylene group 
of conformer A of 1 as calculated from DNMR 3, using a line 
broadening of 2.7 Hz for /( = 29, 32, 38, and 44 Hz (left side 
curves) and measured at  288, 289, 291.5, and 293°C (right side 
curves). 

suggest that the error in kA (due to our choice of 
T,'" and our spin system approximation) is less than 
this amount. This leads to an upper error in AG* of 
1% (i.e., AG* for l A  -t 1 B  = 14.9, i 0.15 kcal/mol 
as estimated using the formula for the linearized 
relative statistical error (12). 

Approxit71ate Methods for Determit~itlg k 
The complete line shape method ofanalysis has been 

a powerful tool for the study ofexchange phenomena. 
In many cases, a careful study of spectral changes 
over a wide range of temperatures can yield accurate 
estimates of k throughout the range. Nevertheless, 
that the accuracy in the measurement of AG* far 
exceeds that for AH* is widely documented (12). 

It is because of this limitation in accuracy that 
approxiniate  neth hods have been utilized to obtain 
values for rate constants which are often as reliable 
as those obtained by the CLS method. The simplest 
of these, the Gutowsky-Holm eq. [a] provides an 
accurate value for the rate constant k for an exchange 
between two equally populated sites (each giving rise 
to singlet absorption) at the coalescence temperature, 
Tc. Application of this equation to the coalescence 
of two singlets of unequal intensity has been shown 
to provide a useful alternate to CLS by Raban and 
co-workers (14). We wish to examine use of the 
Gutowsky-Holm equation in a more rigorous way 
and to assess its applicability to both simple and 
complex systeliis undergoing exchange. 

In the case of the exchange of an uncoupled proton 
between two unequally populated sites A and B 
having K = p,/pA = 2, where p, and p, represent 
the fractional populations of the two sites, Raban 
(13) found that the larger rate constant k,,, when 
calculated from [a] is within 20% of the true value 
(obtained from CLS). The definition proposed for Tc 
was that temperature at which a2G/av2  = aG/aV = 
0 (14). Thus, below Tc the spectrum appeared as two 
maxima separated by a valley (Fig. 4, k = 70) which 
disappeared at Tc (Fig. 4, /c = 98). It can be seen 
that at this Tc one of the interior inflection points 
has a tangent of slope zero. 

In this treatment the value obtained for the larger 
of the two rate constants is independent of the value 
for K. In tlie present study we have chosen a different 
definition for Tc, with tlie result that the values for 
kA and k ,  will be dependent upon K. I11 the spectra 
showing coalescence of equally populated singlets 
the spectrum below T, is represented by a curve with 
four inflection points (Fig. 3) and above Tc one sees 
a single maximum to a curve containing only two 
inflection points. At the point of coalescence, which 
we define as the temperature at which the valley 
disappears, there are only two inflection points (see 
Fig. 3). It is this characteristic of Tc wliicli we wisli 
to maintain in defining Tc in the case of unequally 
populated sites. Specifically one searches for the 
spectrum possessing the longest "flat spot" (where 
aG/aV is constant) as illustrated by the curve for 
k, = 145 in Fig. 4. 

We have tested the validity of the new approximate 
fornlulae [a]-[c] for the coalescence of two singlets 
and K = p,/p, = 2. 

[a] k = (n/ J2)Av 

[b] kA = 2kp, 

where k, represents the process A + B. 
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Table 2 compares the values fork, calculated from 
[a]  and [b]  with those obtained by CLS. Examination 
of the curves computed by DNMR 3 for a range of 
k's at each value of AV revealed surprisingly little 
uncertainty in the assignment of a curve as that 
representing T,. Coinparing this curve with a number 
of those representing rates greater and smaller leaves 
no doubt as to the choice of k at T, within the 
accuracy quoted in Table 2. The curves calculated 
by CLS for Av = 50 and a range of kCLS values are 
illustrated in Fig. 4. 

It is thus evident that the two-site approximate 
equation [b]  gives an accuracy of better than 5 z  in k 
when Av is greater than 10. This level of accuracy 
exceeds that reported by Raban er a/. and is com- 
parable to that obtained by the more laborious 

FIG. 3. The curves computed by DNMR 3 to represent a rate graphical procedure of ~ h a n a n - ~ t i d i  and Bar-Eli 
of exchange between two equally populated sites which is ( 1 5 ~ 1 . ~  Since it leads to an uncertaillt~ in AG' of 
above, equal to, or below that defined as representing the less than that due to an uncertainty in temperature 
coalescence temperature. cf $. 2°C (&  0.10 kcal/mol), it is as accurate a method 

as the CLS for measuring AG' at T,. 

FIG. 4. The curves computed by DNMR 3 to illustrate 
coalescence of two unequally populated singlets (K = 2). The 
rates chosen represent the following situations: k = 70, below 
coalescence; k = 98 represents coalescence as defined by 
Raban; k = 140, 143, rates approaching our definition of 
coalescence; k = 145, 146, 149, rates which could represent 
the rate at the coalescence temperature; k = 150 clearly 
represents a rate above the coalescence. 

Application of the Approxitnate Metllod to the 
E.rc~l~rr~lgc P~.oc.c.s.s of1 

We next examined the possibility that the approx- 
imate two-site equation for unequally populated 
singlets could be applied with adequate accuracy to 
the coalescence of the two multiplets representing 
the AA' absorptions of the enamide 1. Equations [a]  
and [ b ]  give a value of 47 s- '  for k ,  from which 
AG' is calculated to be 14.8, kcal/mol (at 292°C). 
These values are in good agreement with those 
obtained by CLS, k (41 s- ')  and AG* (t4.g5 kcal/ 
mol), and thereby justify use of the approximate 
method to determine lc for the closely related acyl 
enamines2-5. The rate constants obtained in this way 
and their associated AG*'s are given in Table 3. 
Based on a maxiinurn uncertainty in k of 35% and 
in T, of 2 deg, the linearized relative statistical error 
(12) in AG* is 0.25 kcal/mol. 

It can be seen that all the measured barriers fall 
within the range 13.6 to 14.9 kcal/mol. This activa- 
tion energy for rotation is lower than that reported 
for most amides (1). However, an appropriately 
selected model of similar structure is required to 
allow the assessment of the effect of a vinyl group on 
AG*. For this purpose we have prepared N-acetyl- 
trans-decahydroquinoline, 6, (16), and measured its 
barrier to rotation about the amide bond. This was 
accomplished by determining the temperature of 
coalescence of the two equatorial proton absorptions 
at C-2 to be at - 10°C, which by use of our approx- 
imate eq. [c]  with [a]  gives a AG* minor 3 major 

3For another solution method see ref. 15b. 
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TABLE 2. Comparison of k ,  with kCLS 

Av (Hz) k ,  (s- ') ~ C L S  (S- 1) Precision" (7) 

"The precision is cnlculatcd from the range of uncerlnlnly in hLLS as 
estimated from the avcrage of  the independent assessmenrs of two of us. 

TABLE 3. Barriers to N-C-0 rotation in 1-6 

A~, \ ,B  
Compound T, Av (at T,) p,, k ,  (ko .25)  

1 292 19 0 .56  47 14.8, 
0 . 5 6  41 14.9, 

(by CLS) 
2 269 16 0 .67  47 1 3 . 6  
3 284 15 0 .60  40 14 .5  
4 270 I 5  0 .56  37 13 .8  
5 279 9 0.55 22 1 4 . 1  
6 263 106 0 .60  282 12 .4  

of 12.4 and a AG* major + minor of 12.6 kcal/mol. 
Thus, the effect of the double bond in a cyclic vinyl 
amide is to raise the barrier, whereas previously it 
was claimed that such barriers would be lower in 
any vinyl amide (4). One would predict that the 
resonance interaction of the lone pair on nitrogen 
with the double bond would lower the barrier to 
rotation as is clearly the case in N-acetyl pyrrole (17) 
where the barrier is lowered 6 kcallmol bv transition 
state stabilization. Although the' resonince effect 
may be present and contributing to a lowering of 
the barrier in 1-5, it is obvious that in compounds 1-5 
other effects must dominate over the resonance effect 
of the double bond. The observed barrier can be 
accounted for by steric effects which would be 
destabilizing and most important in the ground state 
of the saturated amide. Previous studies indicate 
strong repulsive interaction between the oxygen (or 
carbon) of the N-acetyl group and an equatorial alpha 
substituent, i.e., the proximate methylene group (e.g.; 
C-8 in 6). For example, two independent methods of 
analysis of the 'H spectral behaviour of N-acetyl-2- 
nlethylpiperidine assign an exclusive axial orientation 
to the methyl group (18, 19). Since this conformation 
possesses 1.9 kcal/mol of strain (19) an equatorial 
inethyl must encounter at least 3.3 kcal/mol of strain 
when syn to either the carbon or oxygen of the acetyl 
group. In 6, the trm7s ring junction places the C-8 
carbon in just such an equatorial orientation. The 

fact that the proton spectrum of 6 shows a 4: 6 ratio 
of conformers (with respect to N-CO bond) 
indicates comparable high strain in either conformer. 

With similar and only slightly less strong steric 
interactions being present in the amides 1-5 it is 
reasonable that a variation in steric interactions in 
this series of acetyl enamines could give rise to the 
observed 1.1 kcal/mol range of barriers. A lack of 
precise knowledge of the favoured conformations4 in 
this series precludes a more accurate interpretation 
of the barrier data. 

It is interesting to note that the raw coalescence 
data, as opposed to the E:,'s used by the authors (4), 
in the previous paper on acyl enamines reinforces 
our above interpretation. If one calculates the AG* 
for rotation from the measured coalescence tem- 
peratures of N-vinyl-N-methyl formamide and 
N-vinyl-N-methyl acetamide, the values obtained are 
within 1 kcal/mol of the barriers for the correspond- 
ing diinethyl amides. The comparative data appears 
in Table 4. In these s im~ler  amides less severe steric 
interactions are present and the similarity in AG' 
values for amides and enamides indicates the unim- 
portance of a resonance effect of the vinyl substituent. 

In summary, we have established that use of the 
simple two-site formula can be applied to the deter- 
lnillation of rates of interconversion of conforlnations 
of unequal population whose signals are singlets and 
also to one case of two rnultiplets representing the 
AA' portions of two AA'MM' systems. This has 
allowed determination of the barriers to rotation for 
a series of acetylenamines all of which were found to 
be greater than in a model lacking the double bond. 
The lower barrier in the saturated ainide is thought 
to result from steric destabilization of its ground 
state. 

Experimental 
All proton spectra were recorded o n  a Varian HA-100 

spectrometer. Solutions of concentration 0.2 M in deutero- 
chloroform were used throughout. The  probe temperature was 
determined before and after the measurenient of each spectrum 
using a thermocouple placed inside a sample tube containing 
deuterochloroform. This method is thought t o  provide the 
temperature t o  a n  accuracy of better than f Spectra 
near the coalescence temperature were recorded a t  sweep 
widths of 250 Hz using a sweep rate of 0.25 Hz/s. Care was 
taken t o  avoid saturation. Coupling constants and chemical 
shifts have been rneasured using 250 Hz sweep widths and a re  
accurate t o  0.2 Hz. 

The  I3C spectra of 2 were measured on  a 0.2 M solution in 

&The values for J,, ,  (3.5 Hz) and J ,,,,,, (7 Hz) in 1 are con- 
sistent with a normal half-chair conformation for 1, but d o  
not preclude the presence of up t o  30% of one or more boat 
conformations. 

'A liberal allowance of k 2 " C  for the uncertainty in tem- 
perature was used in calculating the statistical errors in AC*. 
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TABLE 4. Barriers to rotation (AG*) calculated from k = 2.22Av at  T, 

Tc AV ACT,* 
Arnide Solvent ('C) (Hz) (kcal/mol) Ref. 

HCON(CH3)2 Neat 386 8.1 20.9 
HCON(CH3)CH=CH2 Neat 372 5 .7  20.1 4 
CH3CON(CH3)2 CCI, 17.3 10 
CH3CON(CH3)CH=CH2 Neat 309 5 . 2  16.7 4 

"Rel'erence I lists numerous papers i n  which the barrier has been measured. The barricr of 20.9 kcal/mol 
appears to be the most earell~lly determined one (20). 

deuterochloroform using a Varian FT-80 spectrometer. Cal- 
culations using the LACN 3 and DNMR 3 programs were 
carried out on an IBM 360165. The enamides used in this study 
were prepared by methods reported in an earlier paper (8). 
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Effects of organic cosolvents on enzyme stereospecificity.' The enantiomeric specificity of 
a-chymotrypsin is reduced by high organic solvent concentrations 

J .  B R Y A N  JONES A N D  MLADEN M .  MEHES 
Dc,pc~rftnct~f ( ~ f C / ~ o t r ~ ; . s f ~ : v ,  U11iror.sify ( f T o ~ . o t ~ f o ,  7'ot.o11fo, O r ~ f . ,  C ~ I I ( I ~ / ( ~  M j S  1.4 I 

Rcccivcd February 27. 1979 

J. BRYAN JONES and MLADEN M. MEHES. Can.  J. Chem. 57.2245 (1979). 
The  influence of a range of protic and aprotic solvents of varying polarities on  the enan- 

tionleric specificity of a-chymotrypsin has bcen examined using methyl (2s)-  and  (2R)-2- 
acetan~ido-2-phenylacetate (1) as  representative L- and D-substrates. The rates of hydrolysis 
were determincd in solutions containing up to 30':'/, organic solvent. T h e  addition of organic 
solvcnt reduced the ovcrall rates of hydrolysis of (2s)-  and (2R)-1 in each case, with those of the 
L-enantiomer (2s)-1 being affected more than those of the D-stereoisomer (2R)-1. However, the 
enzyme overwhelmingly retains its normal L-enantion~eric preference under all conditions sur- 
veyed. It is concluded that a-chymotrypsin, and possibly other strongly stercospecific enzymes, 
can be used with confidence for asymmetric synthesis or resolution purposes in aqueous solu- 
tions to which moderate (up t o  4 0 z )  proportions of organic cosolvents have been added t o  
increase solubility of hydrophobic organic substrates. 

J. BRYAN JONES et MLADEN M. MEHES. Can. J .  Chern. 57.2245 (1979). 
Faisant appel aux acttamido-2 phenyl-2 acetates de nkthyle-(2s) et -(2R) (1) colnnle subs- 

trats Le t  D reprisentatifs, on a t tudie l'influence de divers solvants protiques et aprotiques de 
polarites variables sur la specificit6 enantionlkrique de I'a-chyn~otrypsine. O n  a determine les 
vitesses d'hydrolyse dans des solutions contenant jusqu ' i  3 0 z  de solvant organique. L'addition 
de solvants organiques Idduit les vitesses globales d'hydrolyse de chacun des isomtres (2s )  et 
(2R) de 1 ;  1'Cnantiomel.e L, 1-(IS), est plus affecte que  I'enantiomere D, 1-(2R). Toutefois 
I'enzyme retient pratiquement toute sa  preference normale pour I'enantiomere L dans toutes 
les conditions etudiees. On en conclut que I'a-chymotrypsine, et possiblement d'autres enzymes 
fortement stereospecifiques, peuvent &tre utilises avec co~lfiance pour des syntheses asyme- 
triques ou pour effectuer des resolutions dans des milieux aqueus auxquels on a ajoute des 
proportions modCrees (jusqu'a 40%) de cosolvants organiques dans le but d'augmenter la 
solubilite de substrats organiques hydrophobes. 

[Traduit par le journal] 

The potential of enzymes as practical catalysts for 
asyinnietric synthesis is becoming increasingly 
recognized. Their advantages derive mainly from the 
often unique stereospecificity with which they effect 
their catalyses. A knowledge of all the factors in- 
fluencing enzymic stereospecificity is therefore of 
critical synthetic importance. 

Up till now, most systematic stereospecificity 
studies have been carried out in largely aqueous solu- 
tions. However, a majority of the substrates of inter- 
est to organic chemists are likely to be hydrophobic, 
requiring the addition of significant proportions of 
organic cosolvents in order to achieve solubility in 
the aqueous media preferred for enzyme-catalyzed 
reactions. 

Despite the fact that the effects of organic solvents 
on various aspects of enzyme catalysis have been 
quite extensively studied (2-5), virtually 110 attention 
has been devoted to their influence on the stereo- 
specificity of enzymes. Accordingly, in view of its 
obvious importance with respect to asymmetric syn- 

'Enzymes in organic synthesis. 15. F o r  Part 14, see ref. 1.  

thetical applications of enzymes, we have initiated a 
general study of this topic. 

111 this paper we report on the effects of some 
representative protic and aprotic solvents 011 the 
e~lantiomeric specificity of the well documented 
enzyme a-chyniotrypsin. The results obtained show 
that a-chymotrypsin's capacity to discriminate be- 
tween the enantiomers of niethyl 2-acetaniido-2- 
phenylacetate (1) is reduced when the proportion of 

each solvent surveyed is increased. However, the 
effect is not large enough to prevent the enzyme from 
being used to effect practical-scale resolutions of 
raceniic substrates in solutiolls containing significant 
proportions of any of the organic solvents examined. 

Results 

The enantioniers of methyl 2-acetamido-2-phenyl- 
acetate (1) were obtained via a-chymotrypsin-cata- 

0008-3042/79/ 172245-04$0 1 .00/0 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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TABLE I .  Kinetic constants for chymotrypsin-catalyzed hydrolyses of (2R)- and (2s)-1 in different aqueous-organic 
cosolvent solutions" 

Concentration Kn, kcat k,.,,/K,, Stereospecificity 
Cosolvent ( E )  (% Substrate (niM) (s- ') ( s - L  M - '  ) ratioh 

Acetonitrile (38) 

Methanol (32) 

Acetone (21) 

2-Propanol (1 9.9)  

Dioxan (2.2) 

'Kinetics performed a t  p H  8, 25'C. All data corrected for  nonenzymic hydrolysis and enzyme autohydrolysis w l ~ e n  necessary. 
bkk,,,iK,, for (2s)-1 i k, , , /K, , ,  for (2R)-1 under the same conditions. 
=From ref. 6 .  

lyzed hydrolysis of the racemate. The R-ester (2R)-1 
was recovered unchanged from the hydrolysis mix- 
ture. The 2s-acid isolated was reesterified to give the 
other enantiomer required, (2s)-1. This method was 
found to be much superior to one involving resolu- 
tion of the racemic acid by recrystallizations of its 
(+)- and (-)-cr-phenethylamine salts. 

The kinetics of cr-chymotrypsin-catalyzed hydrol- 
ysis for each enantiomer were determined at two 
concentrations of each of the cosolvents dimethyl- 
sufoxide, acetonitrile, dimethylformamide, methanol, 
acetone, isopropanol, and dioxan. The lower con- 
centration was set at 5% for each cosolvent since this 
conferred sufficient substrate solubility to ensure 
homogeneous solutions for each kinetic run. The 
higher concentration used varied for each cosolvent. 
For all except dimethylsulfoxide, the cosolvent level 
einployed was the maxiinuni for which kinetically 
significant hydrolysis rates could still be observed. 

The values determined for the Michaelis constants, 
K,,,, which reflect binding efficiency, and of the overall 
rate constants, kc.,,, are recorded in Table 1. 

Discussion 

Our initial concern over the effects of added 
organic solvents on enzyme stereospecificity was 
prompted by the observation that up to 100-fold 
differences in the specificity constants (k,,,/K,,,) were 
manifest for the chymotrypsin-catalyzed hydrolyses 
of the L- and D-enantiorners of 1 and their homo- 
logues in 41.7x aqueous dimethylsulfoxide (6). 
More disturbing from the asymmetric synthesis view- 
point was the discovery that the enzyme lost all speci- 
ficity in 100x dimethylsulfoxide (7). With addition 
of organic solvents being unavoidable in any wide- 
spread application of enzymes in organic synthesis, it 
was clear that more information on this aspect was 
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required, particularly for the most comnionly used 
water-miscible organic solvents. 

a-Chymotrypsin was selected as the enzyme for 
this initial study since its specificity is well docu- 
mented and readily rationalized (3a) and consider- 
able data are already available on the influence of 
organic solvents on various aspects of the catalytic 
process (3, 5, 7,8-16). The protic and aprotic solvents 
selected have been used before with a-chymotrypsin 
(3a). They encompass a broad range of polarities, 
having dielectric constants ranging from 2.2-48. 
They are also representative of the water-miscible 
solvents most likely to be employed by organic 
chemists for increasing the aqueous solubility of any 
hydrophobic substrate. 

The choice of the S(L)- and R(D)-enantiomers of 1 
as the substrates was based on the observation that, 
although chymotrypsin retained its normal L-enan- 
tio~neric specificity preference towards 1, both enan- 
tio~ners were kinetically reasonable substrates (6). 
It was therefore felt that changes in enantiomeric 
specificity could be readily detected. Also, with 
potential applications possibilities always in mind, 
the fact that the acyl group of (2R)-1 is present in 
ampicillin and amoxycillin did not escape attention. 

The kinetics of each enantiomer were determined 
in aqueous solutions containing 5% of organic cosol- 
vent as a common lower limit and from 15-302) of 
cosolvent as the upper lin~it. In each case, the higher 
limits used (see Table 1) represent the practical maxi- 
mum for the pH-stat assay procedure employed. The 
upper cosolvent proportions for di~nethylsulfoxide 
and acetone were restricted by the sluggishness of the 
electrode response in the partly organic medium. For 
acetonitrile, dimethylformaniide, methanol, 2-pro- 
panol, and dioxan, aggregation or precipitation of 
the enzyme at the higher cosolvent levels became the 
controlling factor. Furthermore, as the levels of 
organic solvents are raised, the corresponding reduc- 
tions in the effective concentration of water contrib- 
ute towards progressive lowerings of the overall 
rates of hydrolysis. 

A measure of the degree of enantiomeric preference 
of the enzyme at each solvent concentration is pro- 
vided by the stereospecificity ratio.' As Table 1 
shows, the S :  R-stereospecificity ratio is diminished 
at the higher cosolvent concentration for each of the 
solvents e ~ a i n i n e d . ~  However, with the exception of 

'The stereospecificity ratio is the ratio of the specificity 
constants, k,,,/K,, for the S(L)- and R(~)-enantiomers under 
the same assay conditions. 

3The 25% diniethylsulfoxide results are the only exception. 
However, even in this case, the rates of hydrolysis of both 
enantiomers are much reduced compared with those in 5% 
din~ethylsulfoxide. 

dioxan, the reductions in S(L): R(D) stereospecificity 
are modest, being in the range 1.6-5.8-fold only. The 
overall rates of catalysis, as reflected by the specificity 
constants, of the more efficiently hydrolyzed (2s)-1 
enantiomer are affected to a much greater degree 
then those of the more slowly transformed (2R)-1 
stereoisomer under the same conditions. Neverthe- 
less, the enzyme retains an overwhelming L-stereo- 
chemical preference throughout, with hydrolysis of 
the S- being favoured over R-enantiomer by a large 
factor under all conditions. With the possible excep- 
tion of 20% dioxan, a-chymotrypsin could clearly be 
used with confidence to effect complete resolutions 
on preparative-scale reactions under each of the 
aqueous organic solutions listed. The order of de- 
creasing influence of solvent on stereospecificity in 
the current study is: di~nethylsulfoxide < meth- 
anol < acetonitrile < 2-propanol < diniethylforma- 
mide < acetone < dioxan. This may be used as a 
guide in selecting the most appropriate solvent for 
any future resolution experiments. 

The introduction of organic solvents to a-chymo- 
tryptic-catalyzed hydrolyses of various substrates has 
generally been found to increase K,'s profoundly 
while leaving lc,,,'s relatively unchanged (3a, 6, 8, 
IOU, 1 I). A similar trend is seen for the kinetic con- 
stants of (2s)-1, with K,,, generally larger at the 
higher cosolvent concentration, and lc,:,, much less 
affected. For (2R)-1, however, the picture is much 
more random aiid no clear patterns of K,, and lc,;,, 
variations are evident. K,, for (2R)-1 is even reduced 
at times. This indication of tighter binding is pre- 
sumably the consequence of increased non-produc- 
tive binding (3, 8). 

The overall influences of the individual cosolvents 
are coniplex and the current data do not permit the 
various contributing factors to be identified. Soine of 
the reasons which have been invoked previously to 
account for solvent effects, such as nucleophilic 
participation in the catalytic process by methanol 
and isopropanol (8-ll), aiid competitive inhibition 
by acetonitrile, methanol, acetone, aiid dioxan (8, 
IOa, 12), are undoubtedly important. General solvent 
effects, iiicludiiig cosolveiit-induced dielectric, pK,,, 
and conforinational changes, aiid denaturation may 
also be influential (3, 5-8, 10, 13-15, 16a). The cur- 
rent data do not show any clear correlation between 
the stereospecificity ratio and the dielectric constant 
of the solvent (1 Oa, 166). 

It  is evident that, even with a substrate such as 1 
which does not provide an optiinum fit at the active 
site (3a), the stereospecificity of a-chymotrypsin is 
only lnargiiially affected by the presence of 15-25x 
of several diverse organic solvents. However, from the 
evidence obtained previously at very high dimethyl- 
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sulfoxide concentrations (7), retention of stereo- 
specificity cannot be guaranteed at excessive cosol- 
vent levels even for an enzyme like chyniotrypsin,4 
which has such strong enantiorneric preferences. 
Fortunately, in practice this is unlikely to pose a 
serious problem for preparative work since loss of 
catalytic activity will accompany, or even precede, 
the disappearance of stereospecificity. 

On the basis of this quantitative study, and the 
qualitative data which exist for other enzymes (3a), 
we conclude that in aqueous solutions containing 
moderate amounts (140-50x1 of many organic 
cosolvents, a-chymotrypsin, and probably most other 
highly specific enzymes, will maintain sufficient 
stereospecificity to enable them to be used with con- 
fidence in asymmetric synthesis applications. 

Experimental 
All solvents used were reagent grade. They were further 

purified and redistilled prior to use. a-Chymotrypsin (EC 3.4.- 
21.1, 3 x crystallized) was purchased from Worthington. 

Preporotiori of Met l~yl  (2R)- n r ~ d  (2S)-Acrtr1irrido-2-~~lierryl- 
ncetrtte (I) 

The procedure of Pattabiraman and Lawson (6) was fol- 
lowed. T h e  racemic ester (f )-I, mp 76.5-77°C after recrys- 
tallization from diisopropyl ether5 (lit. (6) mp 75.5-76S0C), 
was resolved on a 9 g scale using a-chymotrypsin t o  give 
(2R)-1 (2.1 g), m p  116-117°C after recrystallization from 
diisopropyl ether, - 176.2" (c 0.95, EtOH), (lit. (6) mp 
112-1 13"C, - 175.8" (c 0.95, EtOH)) and,  after esterifi- 
cation of the (2s)-acid (3.0 g), the methylester (2s)-1 (0.8 g), 
rnp 117-1 17.5"C after recrystallization from diisopropyl ether, 

+ 178.4" (c 1.05, EtOH), (lit. (6) m p  110-1 1Z0C, 
+ 180.5' (C 1.05, EtOH)). 

Kinetic Strrrlies 
The  kinetic studies were carried out  a t  25°C under nitrogen 

using Radiometer pH-stat-controlled addition of 10-I t o  
2.5 x M aqueous sodium hydroxide t o  maintain the 
apparent pH at 8. Stock solutions of the enzyme (in M 
HCI) and of the (2R)- and (2s)-1 substrates (freshly prepared 
in the appropriate solvent and C02-free water) were made up 
and appropriate aliquots taken t o  enable 7-10 runs t o  be per- 
formed under steady-state conditions within the substrate 

concentration range 0.1 t o  1 5  K,,, (depending on  solubility 
factors) and with enzyme concentrations of 3-40 x lo-". 
A reaction volume of 10 m L  of constant ionic strength (0.1 M 
KCI) was employed throughout. Corrections for spontaneous 
hydrolysis of (2R)- and (2s)-1, and for enzyme autohydrolysis 
a t  high enzyme concentrations, were made when necessary. 
The  enzyme concentration was determined spectrophotomet- 
rically (17). The  data were analyzed by the Lineweaver-Burk 
method and were subjected to least-squaresregression analysis. 
The  K,,, and kc,, values obtained a t  the various solvent con- 
centrations are recorded in Table 1. 
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EDWARD PIERS and MICHAEL ZBOZNY. Can. J. Chem. 57.2244, ( 1974,). 
A total synthesis of (i)-isolongifolene 6, a C I S  hydrocarbon derived from the acid-catalyzed 

rearrangement of the sesquiterpenoid longifolene, is described. The known carbomethoxy- 
octalone 10 was transformed via a 10-step sequence into the unsaturated keto tosylate 9. 
The key step of the overall synthesis involved the efficient intramolecular y alkylation of 9 
to produce the tricyclic a,a-unsaturated ketone 5. The latter con~pound was converted into 
the enone33, which had previously served as a precursor for the synthesis of ( 2  )-isolongifolene 
6. 

EDWARD PIERS et MICHAEL ZBOZNY. Can. J. Chem. 57.2249 ( 1979). 
On decrit une synthese totale du (i) isolongifolene 6, un hydrocarbure en C,, qui provient 

d'une transposition acido-catalysee du sesquiterpene longifolene. Dix etapes sont necessaires 
pour transformer la carbomtthoxyoctalone connue 10 en tosylate cetonique non sature 9. 
L'ttape cle dans la synthese globale implique I'alkylation intramoleculaire en y efficace de 9 
conduisant a la cttone a,a-non saturte tricyclique 5. On transforme ce dernier compose en 
tnone33 qui a servi antkrieurement comme prtcurseur pour la synthese du ( 2 )  isolongifolene 6. 

[Traduit par le journal] 

The intramolecular alkylation of a,P-unsaturated different enolate anions (3 and 4) could be formed 
ketones has not been employed extensively in from compound 2, the only alkylative cyclization 
organic synthesis. Presumably, one of the main reaction possible would involve ring closure of 4 a t  
reasons for this lack of use is related to the fact the y position to afford 5. The alternative modes of 
that an alkylation of this type can, in theory, take ring closure involving 3 (a' alkylation) and 4 (a 
place at one or more of three different sites: the a '  alkylation) would be precluded by severe strain 
position, the a position, and the y position (cf. 1). (bridgehead double bonds) in the (projected) prod- 
Indeed, a perusal of the chemical literature shows ucts. On the other hand, successful internal y 
that all three modes of cyclization have been ob- alkylation of 4 would produce the intermediate 5, 
served, the specific site of alkylation depending which would appear to have the potential of serving 
mainly on the structure of the substrate.' as an excellent precursor for the synthesis of (+)- 

In connection with work related to the synthesis isolongifolene (6).4 In addition, it seemed reasonable 
of natural products, we were intrigued by the pos- to propose that 5 could also serve as a convenient 
sibility of forming specifically functionalized tri- precursor for the keto ester 7. The latter compound 
cyclic ring systelns by means of intrainolecular had been employed previously by MacSweeney and 
alkylation of a,b-unsaturated ketones at the y Ramage (4) as an intermediate in their synthesis of 
position. With the exception of those reactions which the racemic modification of the sesquiterpenoid 
resulted in the closure of three-membered rings,2 zizanoic acid (8), which in turn had been trans- 
this type of process apparently has not been em- formed into other members of the zizaane class of 
ployed previously in the area of natural product natural products (4). 
synthesis3 More explicitly, we were interested in the In this paper we report (a) the preparation of the 
possibility of effecting intranlolecular alkylation of keto tosylate 9, (b) the efficient intramolecular 
the keto tosylate 2. It is clear that although two alkylation of 9 to afford the intermediate 5, and ( c )  

the conversion of 5 into the tricyclic a,P-unsaturated 

'For a summary, including specific examples and references, 
and for a study of the effect of experimental conditions and 
substrate structure on the site of alkylation, see ref. 1. 

'For some examples, see ref. 2. 
31t should be noted that the int~.amolecular alkylation of 

substituted phenolic conlpounds at  the para position, a type 
of reaction which is fornlally analogous to the alkylative 
cyclization of an a,a-unsaturated ketone at the y position, 
has found use in the synthesis of diterpenoids (3). 

ketone 33. Since the latter compound had been 
converted previously into (f )-isolongifolene (6) (6), 
the acquisition of this material completed, in a 
formal sense, the total synthesis of the sesquiterpene. 

41solongifolene is obtained from the acid-catalyzed re- 
arrangement of the well-known sesquiterpenoid longifolene. 
For the structural elucidation of isolongifolene, see ref. 5. 
For a previous synthesis of this compound, see ref. 6. 

@ 1979 National Research Council of CanadnlConseil national de recherches du Canada 
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Synthesis and Intramolecular Alkylation of the Keto 
Tosylate 9 (see Scheme 1) 

Alkylation (potassium tert-butoxide, tert-butyl 
alcohol) of the known (7) carbomethoxyoctalone 10 
with methyl iodide afforded the dirnethylated ~0111- 

pou~id 11, which, when allowed to react with meth- 
ylenetriphenylphosphoraiie in dimethylsulfoxide at  
room temperature, gave the diene 12 (66% froin 10). 
The latter con~pound was subjected to hydroboration 
with disiamylborane in tetrahydrofuran (8) and the 
intermediate organoborane was oxidized with alka- 
line hydrogen peroxide. Spectral analysis of the 
product obtained from this reaction indicated that 
it consisted of a mixture of the epirneric coinpounds 
13 and 14. Analysis of this material by gas-liquid 
chromatography (glc) also indicated the presence 
of two components, in a ratio of approxinlately 1 : 1. 
However, when a pure sample of each component 
was obtained by ineans of preparative glc and sub- 
jected to spectral analysis, it became clear that only 

one of them produced spectra consistent with those 
expected from a hydroxy ester. This substance was 
assigned the trans structure 14. Spectral analysis of 
the second component, a crystalline compound with 
mp 79-8O0C, showed that it was the lactone 15. It 
was thus evident that lactonization of the cis hydroxy 
ester 13 had occurred on the glc column. 

Treatment of the mixture of hydroxy esters 13 
and 14 with acetic anhydride in pyridine produced a 
mixture of the corresponding diesters 16 and 17. 
Allylic oxidation of this material with chromium 
trioxide - dipyridine complex in dichloromethane 
(9) proved to be quite sluggish and, therefore, 
alternative methods to effect this transformation 
were investigated. Eventually, it was found that the 
procedure of Finucane and Thon~son (10) produced 
excellent results. Thus, when a solution of com- 
pounds 16 and 17 in dioxane was treated with N- 
bromosuccinimide, calcium carbonate, and water, 
and the resultant mixture was irradiated with visible 
light, a mixture of the octalones 18 and 19 was ob- 
tained in 96% yield. 

It is pertinent at  this point to comment briefly re- 
garding the stereocheniistry of coinpounds 16-19, 
inclusive. Although this point was not crucial in 
the overall synthetic sequence, it was nevertheless 
of interest to determine whether or not the stereo- 
clieinistry of these substances could be assigned. As 
it turned out, tlie various configurations could be 
designated readily on the basis of 'H nmr spectra. 

The trans hydroxy ester 14 (vide supra) showed 
two 3-proton singlets at  6 1.00 and 1.07, readily 
assignable to the two tertiary methyl groups. On 
the other hand, the mixture of 14 and the cis epiiner 
13 exhibited, in addition to the signals at 6 1.00 
and 1.07, two singlets at 6 0.82 and 1.22, obviously 
due to the gerninal methyl groups ofthe cis compound 
13. It was thus clear that the chemical shift difference 
between the two methyl groups of the cis coinpound 
13 (A6 = 0.40) was much larger than the corre- 
sponding difference in tlie trans isomer 14 (A6 = 
0.07). Furthermore, the n~ethyl signals of the latter 
coi~ipound appeared between those of the fornler 
substance. This pattern was also present in the 
diesters 16 and 17 and in the epimeric octalones 18 
and 19.' Thus, the diester which exhibited the 
tertiary methyl signals at  6 0.99 and 1.06 was as- 
signed the trans stereochemistry (cf. 17)6 while the 
acetate which showed the comparable singlets at 
6 0.80 and 1.19 could be assigned the cis configura- 

'Pure samples of each of the compounds 1619 ,  inclusive, 
were obtained by means of preparative glc. 

'Mild base hydrolysis of 17 gave a hydroxy ester identical 
with the trcrris conlpound 14, obtained from the hydroboration 
of 12. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



PIERS AN11 ZBOZNY 

COOCH3 m : R' 

10 11 R = O  13 R = CHZOH. R' = H 15 
12 R =  CHZ 14 R =  H. R' = CH,OH 

16 R = CHZOAc. K '  = H 
17 R = H. R '  = CHzOAc r! 

COOCH3 

0 Jq...i 0 Ac + o&...i 
OAc 

22 20 R = P-H 18 R = CHIOAc, R' = H 
21 K = a - H  19 R = H, R '  = CH20Ac 

I I 

~+ 
o@ 

OR OTs 

tion (cf. 16). 111 sinlilar fashion, the two octalones 
18 and 19 exhibited singlets due to the geminal 
methyl groups at  6 0.90 and 1.27 and at  6 1.12 and 
1.18, respectively. 

Decarbo~nethoxylatio~~ of the mixture of octalones 
18 and 19 was achieved s~iioothly by treatment of 
this material with anhydrous lithium bromide in hot 
(140-150°C) hexamethylphosphoramide7 for 4 h. 
During this time it was necessary to  bubble nitrogen 
through the mixture in order to remove the methyl 
bromide as it was formed. If this was not done, the 
enolate anion produced from the decarboxylatioii 
step was partially inethylated, thus coinplicating 
the purification of the filial product and lowering 
the yield of desired material. Appropriate analysis 
(spectra, glc) of the distilled product of the reaction 
indicated that it was a mixture of three compounds, 
presumably the epiiueric octalones 20 and 21, along 
with the P,y-unsaturated ketone 22. Without further 
purificatiori, this mixture was subjected to standard 
ketalization conditions (ethylene glycol, p-toluene- 
sulfonic acid, benzene), thus affording in 73% overall 
yield from the octalones 18 and 19 the crystalline 
ketal acetate 23, mp 101-102°C. Reduction of this 
material with lithium alun~inuni hydride in tetra- 

'This method for ester cleavage is similar to that recorded 
earlier by McMurry and Wong (11). 

hydrofuran, followed by tosylation (p-toluenesul- 
fonyl chloride in pyridine, room temperature) of the 
resultant ketal alcohol 24, produced the ketal 
tosylate 25, n ~ p  100-101°C (84% from 23). Mild 
hydrolysis (aqueous sulfuric acid in acetone) of 25 
gave the P,y-unsaturated keto tosylate 9 in nearly 
quantitative yield, thus setting the stage for the key 
(proposed) intramolecular alkylation reaction. 

The alkylative cyclization of compouiid 9 proved 
to be a remarkably facile process. Thus, brief treat- 
ment of this material with potassium tert-butoxide 
in hexamethylphosphoramide at  room temperature 
afforded, after recrystallization of the distilled 
product, the tricyclic ketone 5 (mp 63-64°C) in 61% 
yield. The fact that this product possessed an u,P- 
unsaturated ketone functionality was shown by its 
ir (1670, 1640 cm-') and uv (238 nin, E = 13 000) 
spectra. Furthermore, the 'H nmr spectrum (one- 
proton singlet at  6 5.70, vinyl proton; six-proton 
singlet at  6 1.13, tertiary methyl groups) of this 
material was in full accord with structure 5. 

Conversion of the Tricyclic Endone 5 into the a, 0- 
Unsaturated Ketone 33 

The transformation of the tricyclic u,p-un- 
saturated ketone 5 into enone 33 was accom- 
plished via a straightforward sequence of reactions 
as outlined in Scheme 2. When 5 was allowed to 
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28 29 R = CH,, R ' =  H 
30 R = H . K ' = C H ,  

S C H ~ M ~  2 

react with 2,3-dichloro-5,6-dicyano-l,4-benzoqui- 
none (DDQ) (12) in refluxing dioxane containing 
acetic acid, the crystalline cross-conjugated dienone 
26 was obtained in 6 0 x  yield. Conjugate addition 
of lithium dimethylcuprate (13) to  this material 
was highly site-selective8 and stereoselective, pro- 
ducing a single enone 27 in 8 1 x  yield. The stereo- 
chemistry of the newly introduced methyl group was 
assigned on the basis of steric approach control. 
The tentative nature of this conclusion should be 
emphasized, since Marshall and Brady (14) had 
show11 that addition of lithium dimethylcuprate to 
the structurally similar dienone 28 afforded a mixture 
of the epimeric enones 29 and 30, in ratios of 3 :  1 
(reaction done in ether) and 3 :  2 (reaction done in 
dioxane-ether), respectively. Nevertheless, molec- 
ular models appeared to  indicate that the P two- 
carbon bridge in 26 would offer appreciably greater 
steric hindrance to  approach of the cuprate reagent 
than the cr one-carbon bridge. On the other hand, 
models indicated that a similar steric preference for 
approach of the cuprate reagent to  the dienone 
system in 28 was lacking. 

Attempted conversion of the ellone 27 into the 
corresponding dienone 32 by treatment of the former 
compound with D D Q  (12) produced very low yields 
of the desired product. On the other hand, bromina- 
tion of 27 with pyridinium hydrobromide per- 
bromide in tetrahydrofuran - acetic acid, followed by 
dehydrobroinination (lithium bromide, lithium car- 
bonate, dimethylformamide, reflux) (15) of the re- 
sultant crude bromo ketone 31, afforded the dienone 
32 in 4 0 x  yield. Addition of lithium dimethylcuprate 
(13) t o  this material gave, in mediocre yield, the 
racemic tetramethyl tricyclic enone 33. The melting 
point of this con~pound,  as well as the spectral data 
(particularly the ' H  nmr spectrum) agreed very well 

'The chemical literature contains ample precedent for the 
site-selective addition of cuprate reagents to  cross-conjugated 
dienones possessing structures similar to 26 (see ref. 13). 

with those reported in the literature (5, 6). Since 
compound 33 had already been converted into (+)- 
isolongifolene (6) (6), the acquisition of the former 
material formally con~pleted the total synthesis of 
the sesquiterpene. 

The overall conversion of 27 into 33 via the route 
described above was quite inefficient and it appears 
highly likely that a more efficient route could be de- 
vised. However, lack of sufficient material a t  this 
stage of the work precluded the possibility of ex- 
amining alternatives. Furthermore, investigations 
into the possibility of converting the tricyclic enone 
5 illto the keto ester 7 (a precursor for the synthesis 
of zizaane-type sesquiterpenoids) will also have to 
await the acquisition of further quantities of 5. 

Experimental 
Getzernl 

Melting points were determined on a Fisher-Johns melting 
point apparatus and are uncorrected. Infrared spectra were 
recorded on  a Perkin-Elnier model 710 spectrophotonieter. 
Proton magnetic resonance spectra were measured using 
Varian Associates spectrometers, niodels T-60 and (or) HA- 
100 or  XL-100. Signal positions are given in 6 units, with 
tetramethylsilane a s  the internal standard; the multiplicity, 
integrated peak areas, and proton assignments are indicated 
in parentheses. High resolution mass spectronietric measure- 
ments were recorded on  an A.E.I. model MS-50 mass 
spectrometer. Gas-liquid chromatographic analyses were 
carried out  with a Hewlett-Packard model 5832A gas chroma- 
tograph, while preparative gas-liquid chromatography was 
accomplished with an Aerograph Autoprep, model 700. Mi- 
croanalyses were performed by Mr.  P. Rorda, Microanalyti- 
cal Laboratory, University of British Columbia, Vancouver, 
B.C. 

Prepnt.ntion of tlze Keto Ester U 
T o  a warm (3S°C), stirred solution of potassium tert- 

butoxide (37 g) in 600 m L  of tert-butyl alcohol under an 
atmosphere of nitrogen was added, over a period of 15 min, 
34 g (0.16 mol) of the octalone 10 (7). After the resulting 
solution had been cooled with an ice bath, freshly distilled 
methyl iodide (140 g, 1 niol) was added and the mixture was 
heated under reflux for 90 niin. Most of the solvent was re- 
moved under reduced pressure a n d  the milky residue was 
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diluted with water, neutralized by addition of dilute hydro- 
chloric acid, and thoroughly extracted with ether. The com- 
bined extract was washed successively with water, aqueous 
sodiunl thiosulfate, and brine, and then dried over anhydrous 
magnesium sulfate. Renloval of the solvent, followed by 
distillation (air-bath temperature 118-122"C/0.4 Torr) of the 
residual oil afforded 31 g (80%) of the keto ester 11; ir (film): 
1730, 17lOcm-'; 'H nmr (CDCI,) 6: 1.26 (s, 6H, tertiary 
methyls), 3.66 (s, 3H, -COOCH3), 5.85 (t, IH, vinyl proton, 
J = 4 Hz). Exact ttm.sscalcd. for C14H1003: 236.1412; found: 
236.1408. 

Preparatiot~ of'the Dietle I2  
To a solution of sodium nlethylsulfinylnlethide (20 g, 

0.2 mol) in dry dinlethyl sulfoxide (250 mL), under an atmo- 
sphere of nitrogen, was added a solution of nlethyltriphenyl- 
phosphoniun~ bromide (75 g, 0.21 mol) in 350 n1L of di- 
nlethyl sulfoxide. After the mixture had been stirred for 15 min, 
a solution of the keto ester 11 (10 g, 0.042 mol) in 200 mL of 
dinlethyl sulfoxide was added dropwise. The reaction ~nixture 
was stirred for 1 h, diluted with 600 mL of water, and then 
thoroughly extracted with ether - petroleunl ether. The com- 
bine? extract was washed with brine and dried over anhy- 
drous magnesium sulfate. Renloval of the solvent, followed by 
distillation (air-bath tenlperature 120-125°C/0.4 Torr) of the 

of acetic anhydride, and 40 mL of pyridine was heated on a 
steam bath for 2 min, and the resulting solution was allowed 
to stand at room temperature for 18 h. The solution was 
poured into water and the resulting mixture was extracted with 
ether. The combined ether extract was washed successively 
with 1 N hydrochloric acid, water, aqueous sodium bicar- 
bonate, and brine, and then dried over anhydrous magnesium 
sulfate. Removal of the solvent, followed by distillation (air- 
bath ternperature 125-13O0C/0.5 Torr) of the residual oil, 
afforded 11.0 g (94%) of a mixture of the acetates 16 and 17. 
An analytical sample of each of these compounds was ob- 
tained by preparative glc. The trar1.s acetate 17 exhibited ir 
(film): 1730cm-' (broad); 'H nmr (CDCI,) 6 :  0.99 (s, 3H, 
tertiary nlethyl), I .06 (s, 3H, tertiary methyl), 2.01 (s, 3H, 
-OCOCH3), 3.63 (s, 3H, -COOCH,), 3.824.24 (m, 2H, 
AB part of ABX system, -CH20Ac), 5.69 (t, IH, vinyl 
proton, J = 4 Hz). Atlrrt. calcd. for C17H1604: C 69.36, 
H 8.90; found : C 69.10, H 9.10. 

The cis acetate 16 exhibited ir (film): 1730 cnl- ' (broad); 
'H nmr (CDCI,) 6 :  0.80 (s, 3H, tertiary nlethyl), 1.19 (s, 3H, 
tertiary nlethyl), 2.04 (s, 3H, -OCOCH,), 3.67 (s, 3H, 
-COOCH,), 3.72-4.20 (m, 2H, AB part of ABX system, 
-CH20Ac), 5.87 (t, IH, vinyl proton, J = 4 Hz). Anal. 
calcd. for C17H1604: C 69.36, H 8.90; found: C 69.31, H 8.78. 

residual oil, gave 8.0 g (83%) of the pure diene 12; ir (film) Preparatiotz of'tlte Octolot~es 18 arid19 
1735, 1640, 890 cnl-I; 'H nmr (CDCI,) 6: 1.10 (s, 3H, To a stirred solution of the nlixture of acetates 16 and 17 
tertiary nlethyl), 1.24 (s, 3H, tertiary nlethyl), 3.60 (s, 3H, (4.1 g, 13.9 mnlol) in 250 mL of dioxan was added 7.4 g 
-COOCH3), 4.584.70 (m, 2H, =CHI), 5.78 (t, IH, vinyl (41.7 nlmol) of N-bromosuccinin~ide, 2.8 g (27.8 nlmol) of 
proton, J = 4 Hz). Anal. calcd. for C15H2202:  C 76.88, calciunl carbonate, and 22 mL of water. The reaction mixture 
H 9.46; found: C 76.97, H 9.60. was allowed to stir at room temperature for 20 h while being 

H~~rlrol~oration of' the Dier~e I2  
To a cold (O0C), stirred solution of disianiylborane (2.0 g, 

13 mmol) in 40 mL of dry tetrahydrofuran, under an atmo- 
sphere of nitrogen, was added a tetrahydrofuran solution 
(40 mL) of the diene 12 (2.1 g, 9 mmol). The solution was 
allowed to warm to room tenlperature and was stirred at this 
tenlperature for 2 h. The solution was cooled and treated 
(dropwise) successively with 12 mL of 3 N sodium hydroxide 
and 12 mL of 30% hydrogen peroxide. The resulting mixture 
was stirred at room temperature for 1.5 h and then most of the 
solvent was removed under reduced pressure. The residue 
was diluted with water and extracted with ether. The com- 
bined extract was washed with brine and dried over an- 
hydrous magnesium sulfate. Renloval of the solvent followed 
by distillation (air-bath temperature 130-14O0C/0.3 Torr) of 
the residual oil afforded 1.9 g (84%) of a clear, colorless oil. 
The ir and 'H nmr spectra of this material indicated that it 
was a mixture of the two diastereonleric alcohols 13 and 14. 
The gas-liquid chromatogram of this material showed the 
presence of two components, in a ratio of about I : I .  A sample 
of each component was collected by preparative glc. The 
first compound was the hydroxy ester 14; ir (film): 3450, 
1725 cm-'; 'H nnir (CDCI,) 6: 1.00 (s, 3H, tertiary methyl), 
1.07 (s, 3H, tertiary methyl), 3.36-3.84 (nl, 2H, AB part of 
ABX system, -CHIOH), 3.66 (s, 3H, -COOCH,), 5.73 (t, 
I H, vinyl proton, J = 4 Hz). Atlrrl. calcd. for CI5HI4o3  : 
C 71.39, H 9.59; found: C 71.20, H 9.76. 

The second component isolated by preparative glc was the 
lactone 15; mp 79-80°C; ir (CHCI,): 1720cn1-I; 'H nmr 
(CDCI,) 6: 1.22 (s, 6H, tertiary methyls), 4.04-4.64 (m, 2H, 
AB part of ABX system, -CH,O-), 5.80 (t, IH, vinyl 
proton, J = 4 Hz). Atlal. calcd. for CI4HIOO2: C 76.33, 
H 9.15; found: C 75.90, H 9.30. 

Preparation of'the Acetates I 6  and 17 
A mixture of 10 g (0.04 mol) of the alcohols 13 and 14,20 n1L 

irradiated with visible light. After the nlixture had been 
filtered through Celite, the filtrate was extracted with ether. 
The combined ether extract was washed successively with 
water, aqueous sodiunl thiosulfate, and brine, and then 
dried over anhydrous nlagnesiunl sulfate. Renloval of the 
solvent, followed by distillation (air-bath tenlperature 165- 
170GC/0.25 Torr) of the residual oil, afforded 4.1 g (96%) of a 
mixture of the two substituted octalones 18 and 19. An 
analytical sample of each compound was obtained by pre- 
parative glc. The trans compound 1 9  exhibited mp 62-64°C; ir 
(CHCI,): 1740, 1680, I610 cm-'; 'H nmr (CDCI,) 6 :  1.12 
(s, 3H, tertiary methyl), 1.18 (s, 3H, tertiary methyl), 2.02 
(s, 3H, -OCOCH3), 3.71 (s, 3H, -COOCH,), 3.80-4.30 
(m, ZH, AB part of ABX system, -CHIOAc), 6.14 (s, IH, 
vinyl proton). Anrrl. calcd. for CI7H2,O5: C 66.21, H 7.84: 
found: C 65.96, H 8.00. 

The cis compound 18 exhibited ir (film): 1730 (broad), 
1675, I610 cm- ' ;  'H nnlr (CDCI,) 6: 0.90 (s, 3H, tertiary 
nlethyl), 1.27 (s, 3H, tertiary nlethyl), 2.04 (s, 3H, -OCOCH3), 
3.70 (s, 3H, -COOCH,), 3.80-4.38 (m, 2H, AB part of ABX 
system, -CH20Ac), 6.23 (s, IH,  vinyl proton). Anal. calcd 
for C,7H,405: C 66.21, H 7.84; found: C 66.49, H 7.80. 

Preprrrrrtiotl of'tbe Ketal Acetate 23 
To a stirred solution of the nlixture of octalones 18 and 1 9  

(5.0 g, 16.2 mmol) in 250 mL of hexametllylphosphoramide 
was added 18.0 g (0.21 mol) of anhydrous lithium bromide 
and the resulting mixture was heated to 140-150°C and kept 
at this temperature for 4 11. During this time, nitrogen was 
bubbled through the nlixture in order to remove the methyl 
bromide as it was formed. The cooled nlixture was diluted 
with water and then thoroughly extracted with petroleum 
ether. The combined extract was washed with water and brine 
and then dried over anhydrous magnesium sulfate. Removal 
of the solvent, followed by distillation (air-bath temperature 
140-15O0C/0.35 Torr) of the residual material gave 3.4 g 
(84%) of decarbomethoxylated material. The latter, which 
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was shown by glc analysis to be a mixture of three compounds 
(presun~ably 20,21, and 22), was not purified further. 

To a solution of the above mixture in benzene (125 mL) was 
added ethylene glycol (1.3 g, 21 mmol) and a catalytic amount 
of p-toluenesulfonic acid. The solution was refluxed under 
a Dean-Stark apparatus for 20 h, cooled, washed successively 
with aqueous sodium bicarbonate and water, and then dried 
over anhydrous magnesium sulfate. Removal of the solvent, 
followed by distillation (air-bath temperature 150-160°C/ 
0.3 Torr) of the residual oil, afforded 3.5 g (73% from the 
octalones 18 and 19) of the ketal acetate 23. This material 
crystallized on standing. Recrystallization of a small amount 
of this compound from ether - petroleum ether gave an 
analytical sample; mp 101-102°C; ir (CHCI,): 1730cm-';  
'H nmr (CDCI,) 6:  0.87 (s, 3H, tertiary methyl), 1.03 (s, 3H, 
tertiary methyl), 2.01 (s, 3H, -OCOCH,), 3.74-4.32 (m, ZH, 
AB part of ABX system, -CH20Ac), 3.95 (s, 4H, ketal 
protons). Atzrrl. calcd. for C17HZ60S:  C 69.36, H 8.90; found: 
C 69.19, H 8.83. 

Preporrrtiorz of the Ketol AlcoIz01 24 
To a stirred solution of lithium aluminun~ hydride (1.6 g, 

42.1 mn~ol) in 250 mL of dry tetrahydrofuran was added, 
dropwise, a solution of 5.0 g (17.0 n ~ n ~ o l )  of the ketal acetate 
23 in 50 mL of dry tetrahydrofuran. The solution was heated 
under reflux for 1.5 h. The solution was cooled and the 
excess hydride was destroyed by careful addition of sodium 
sulfate decahydrate. The resulting mixture was filtered through 
Celite and the filtrate was evaporated under reduced pressure. 
The residual material was diluted with ether and the resulting 
solution was washed with water and brine and dried over 
anhydrous nlagnesiunl sulfate. Renloval of the solvent, 
followed by distillation (air-bath temperature 150-155"C/0.2 
Torr) of the residual material, gave 4.0 g (93%) of the ketal 
alcohol 24; ir (film): 3400cm-'; ' H  nmr (CDCI,) 6:  0.83 
(s, 3H, tertiary methyl), 1.03 (s, 3H, tertiary methyl), 3.26- 
3.96 (m, 2H, AB part of ABX system, -CH20H), 3.92 (s, 
4H, ketal protons). Esact t~oss .  calcd. for Cl5HZSO3 
252.1725 ; found: 252.1697. 

Preparatiotr of tire Ketol Tosylnte 25 
To a solution of the ketal alcohol 24 (4.0 g, 15.8 mmol) in 

50 mL of dry pyridine was added 4.5 g (23.7 mn~ol) of freshly 
recrystallized p-toluenesulfonyl chloride. The solution was 
stirred at room temperature for 12 h and then poured into 
200 mL of ice-water. After the resulting mixture had been 
stirred for 15 min, it was thoroughly extracted with ether. 
The combined ether extract was washed successively with 
ice-cold 1 N hydrochloric acid, water, and brine, and then 
dried over anhydrous magnesium sulfate. Renloval of the 
solvent gave a yellow oil which crystallized on standing. Re- 
crystallization of this material from petroleum ether - acetone 
gave 5.8 g (90%) of the ketal tosylate 25 as whitc needles; 
mp 100-101°C; ir(CHC1,): 1600, 1360, 1180 cnl-'; 'H nmr 
(CDCI,) 6:  0.82 (s, 3H, tertiary methyl), 0.99 (s, 3H, tertiary 
methyl), 2.46 (s, 3H, aromatic methyl), 3.66-4.32 (m, 2H, 
AB part of ABX system, -CH20Ts), 3.96 (s, 4H, ketal 
protons), 7.38, 7.82 (d, d, 2H each, aromatic protons, J = 
8.5 Hz). Arznl. calcd. for CZZH3,,05S: C 65.01, H 7.44, S 7.88; 
found: C 65.18, H 7.40, S 7.97. 

Preparntiorz of the Keto Tosylnte 9 
To a stirred solution of the ketal tosylate 25 (6.4 g, 15.7 

mmol) in a mixture of 125 mL of acetone and 30 mL of water 
was added, dropwise, 2 mL of sulfuric acid. The solution was 
warnled to 50°C and stirred at this temperature for 45 min. 
Thecooled solution was poured into ice-cold saturated aqueous 
sodium bicarbonate and the resulting mixture was extracted 
with ether. The combined ether extract was washed with water 

and brine and dried over anhydrous magnesium sulfate. 
Removal of the solvent yielded 5.6 g (98%) of the keto tosylate 
9 as a pale yellow oil which was not purified further; ir 
(film): 1718, 1360, 1170cm-'; 'H nmr (CDCI,) 6: 0.73 (s, 
3H, tertiary methyl), 0.93 (s, 3H, tertiary methyl), 2.37 (s, 3H, 
aromatic methyl), 3.52-4.26 (111, 2H, AB part of ABX system, 
-CH20Ts), 7.32, 7.73 (d, d, 2H each, aromatic protons, 
J = 9 Hz). 

Pt.eparatiorz of the Tt.irj~clic a ,  (3-Urzsotro.oted Ketorze 5 
To a stirred solution of potassium fert-butoxide (1.2g, 

15.8 mmol) in 50 mL of dry hexanlethylphosphoramide, under 
an atmosphere of nitrogen, was added, dropwise, a solution 
of 2.3 g (6.35 mmol) of the crude keto tosylate 9 in 50 mL 
of dry hexamethylphosphoramide. After the addition was 
complete, the reaction mixture was allowed to stir for an 
additional 10 min and was then poured into ice-cold dilute 
hydrochloric acid. The resulting mixture was extracted 
thoroughly with petroleum ether. The combined extract was 
washed several times with water and dried over anhydrous 
magnesium sulfate. Removal of the solvent, followed by 
distillation (air-bath temperature 95-1 10°C/0.2 Torr) gave a 
colorless oil which crystallized on standing. Recrystallization 
of this material from ether - petroleum ether afforded 733 mg 
(61%) of the tricyclic ketone 5 ;  mp 63-64°C; uv (MeOH): 
?,,,,,, 238 nm (E = 13 000); ir (CHCI,): 1670, 1640 cm-'; 'H 
nmr (CDCI,) 6: 1.13 (s, 6H, tertiary methyls), 5.70 (s, lH, 
vinyl proton). Exact I>ZNSS calcd. for C I 3 H L 8 0 :  190.1361 ; 
found : 190.1357. 

Prepfrrcrfior7 of tire Dierrorre 26 
To a stirred solution of the enone 5 (500 mg, 2.63 mmol) in 

70 mL of dioxan was added 3 n1L of glacial acetic acid and 
890 mg (3.94 nlmol) of 2,3-dichloro-5,6-dicyanobenzoquinone. 
After the resulting mixture had been heated under reflux 
(nitrogen atmosphere) for 17 h, it was cooled and filtered 
through a bed of Celite. Most of the solvent was removed 
(reduced pressure) from the filtrate and the residual material 
was taken up in ether. The ether solution was washed suc- 
cessively with water, aqueous sodium bicarbonate, and brine, 
and then dried over anhydrous magnesium sulfate. Removal 
of the solvent, followed by distillation (air-bath temperature 
95-11O0C/0.3 Torr) of the residual oil afforded 296 mg (60%) 
of the cross-conjugated dienone 26 as a colorless oil which 
crystallized on standing. Recrystallization of a small amount 
of this material from petroleum ether gave an analytical 
sample; mp 72-73°C; uv (MeOH): ?,,,,,, 246 nn1 (E = 14 700); 
ir (CHCI,): 1660, 1630, 1600 cm-'; 'H nmr (CDCI,) 6 :  1.07 
(s, 3H, tertiary methyl), 1.13 (s, 3H, tertiary methyl), 6.00 
(d, l H ,  vinyl proton, J = 1.5 Hz), 6.24 (d of d, IH,  vinyl 
proton, J = 9.5, 1.5 Hz), 7.00 (d, IH ,  vinyl proton, J = 
9.5 Hz). Atral. calcd. for C,,H,,O: C 82.94, H 8.57; found: 
C 82.65, H 8.50. 

Preparatiorz of the Tricyclic a,P-Urrsntrrrnterl Ketorre 27 
To a cold (O°C), stirred solution of lithium dimethylcuprate 

(4.5 mn~ol) in 20 mL of dry ether, under an atmosphere of 
nitrogen, was added, over a period of 10 min, a solution of  the 
dienone 26 (425 mg, 2.26 mmol) in 15 mL of dry ether. After 
the solution had been stirred at 0°C for an additional period 
of I h, it was treated with saturated aqueous ammonium 
chloride and the resultant mixture was stirred for 20 min and 
then diluted with water and extracted with ether. The com- 
bined ether extract was washed with water and brine and 
then dried over anhydrous magnesium sulfate. Removal of the 
solvent, followed by distillation (air-bath temperature 105- 
1 10°C/0.35 Torr) of the residual oil afforded 375 mg (81%) 
of the enone 27 as a colorless oil which crystallized on stand- 
ing. This material exhibited mp 63-64°C; ir (CHCI,): 1655, 
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1640 cm-' ; 'H nmr (CDCI,) 6 :  1.02 (d, 3H, secondary methyl, Elution of the column with petroleum ether containing in- 
J = 7 Hz), 1.10 (s, 3H, tertiary methyl), 1.14 (s, 3H, tertiary creasingamounts ofether gave 14 nig(472) of starting material 
methyl), 5.71 (s, IH, vinyl proton). A~rnl. calcd. for C,,H2,0: 32 and 7 mg (44%, based on unrecovered starting material) 
C 82.30, H 9.87; found: C 81.98, H 10.00. of the crystalline enone 33; mp 53-54°C (lit. (6) mp 54- 

55.5"C) ir (CHCI,): 1675, 1640 cm-I ;  'H nnir (CCI,) 6 :  1.00, 
Prepurntiorr of the Dieriorie 32 1.05, 1.10, 1.15 (4 singlets, 3H each, tertiary methyls), 5.66 

To  a warm (45"C), stirred solution of the enone27 (325 mg, (s, 1 ~ ,  vinyl proton). ~~~~t wlns,s calcd, for c,~H,,o: 
1.59 mniol) in 50 mL of dry tetrahydrofuran and 2 mL of 218.1670; found: 218.1692. 
glacial acetic acid, under an atmosphere of nitrogen, was 
added 530 mg (1.73 mmol) of pyridinium hydrobromide per- Acknowledgement 
bromide. After the reaction mixture had been allowed to  stir 
for 1 h, it was cooled and neutralized with sodium bicarbonate. 
The resulting mixture was extracted thoroughly with ether. 
The combined extract was washed with water and brine and 
dried over anhydrous nlagnesium sulfate. Removal of the 
solvent gave a crude product which was dissolved in 50 mL 
of N,N-dimethylformamide. T o  the resulting solution was 
added 490 mg of lithium bromide and 420 mg of lithium car- 
bonate and the stirred mixture was heated under reflux 
(nitrogen atmosphere) for 3 h. The reaction mixture was 
cooled, diluted with water, and extracted with petroleum 
ether. The combined extract was washed with water and brine 
and dried over anhydrous magnesium sulfate. Removal of the 
solvent, followed by distrllation (air-bath temperature 125- 
13OoC/0.2Torr) gave 240 mg of a yellow oil, which was 
purified further by column chromatography on silica gel. 
Elution of the column with petroleum ether containing in- 
creasing amounts of ether afforded 67 nig of starting material 
27 and 100 mg (40%, based on unrecovered starting material) 
of the pure d~enone 32; ir (film): 1665, 1635 cm-I;  'H  nmr 
(CDCI,) 6 :  1.12 (s, 3H, tertiary methyl), 1.20 (s, 3H, tertiary 
methyl), 2.02 (d, 3H, vinyl methyl, J = 1.5 Hz), 6.01 (d, lH ,  
vinyl proton, J = 1.5 Hz), 6.14 (overlapped parr of q ,  IH, 
vinyl proton, J = 1.5 Hz). E.~act r?io\s calcd. for C,,H,,O: 
202.1357; found: 202.1321. 

P/.epnr.rrtion of tlle Tricyclic cr,B-U17satrrraterl Ketotre 33 
To  a cold (O'C), stirred solution of lithium dimethylcuprate 

(0.59 mmol) in 5 mL of dry ether, under an atmosphere of 
nitrogen, was added, dropwise, a solution of the dienone 32 
(30 nlg, 0.148 nlmol) in 2 mL of ether. After the reaction 
mixture had been stirred for 5 h at room temperature, i t  was 
treated with saturated aqueous ammonium chloride. The 
resultant mixture was stirred for 20 min, diluted with water, 
and thoroughly extracted with ether. The combined extract 
was washed with water and brine and dried over anhydrous 
magnesium sulfate. Removal of the solvent gave an oil which 
was subjected to column chron~atography on silica gel. 
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The ultraviolet photoelectron spectra of C,F,X compounds, X = (F, C1, Br, I, H, CH,) 

B A R R Y  C. T R U D E L L  A N D  S .  J A M E S  W .  PRICE' 
Drport~?rc,trt r;f'Clrc~rrti.st~y, Urric.er:c.ity c~f'IYi~rtl.sor. Wirrtl.sor. Or / / . .  Crrrrrrrlr~ NYB 3P4 
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BARRY C. TRUDELL and S. JAMES W. PRICE. Can. J. Chem. 57.2256 (1979) 
This work provides a study of the la2,n, 2e2,0, and le,,n levels of a series of C6F5X com- 

pounds (X = F, CI, Br, I, H, CH3) using uliraviolet photoelectron spectroscopy or more 
simply PES. The three levels are assigned from the PES spectra using the perfluoro effect. A 
correlation between the energies of these levels and the energies predicted by CND0/2  and 
INDO is presented. 

BARRY C. TRUDELL et S. JAMES W. PRICE. Can. J.  Chem. 57.2256 (1979). 
Dans ce travail, on rapporte une etude des niveaux 1n2,n, 2e2,0 et le,,n d'une sCrie de 

composCs C6F5X (X = F, CI, Br, I, H, CH3) basee sur la spectroscopie photoClectronique 
ultraviolette ou plus simplement la spectroscopie EP. En se basant sur I'effet perfluoro on 
peut attribuer les trois niveaux des spectres PE. On presente une correlation entre les energies 
de ces niveaux et les energies predites par des calculs CND0/2  et INDO. 

[Traduit par le journal] 

Introduction Eigenvalues were calculated using the CNDO and INDO 
approximations from QCPE No. 290, GEOMO.' 

In two previous works ( I ,  2) the X-ray photo- 
electron spectra of the core levels of some C6F5X Results and Discussion 
compounds were studied. This is a report furthering The spectra for each of the molecules are shown 
the ESCA investigation of six of these molecules. The in Fig. 1. The bands in the 14 to  21 eV region repre- 
study utilizes the technique of ultraviolet photo- sent o bonding in the ring system, as well as 'TC' levels 
electron spectroscopy, or  more simply PES, to  obtain in the fluorine species which are always incorporated 
information about the valence levels in C6F6,  to  some extent into the o bonding of the ring system 
C6F5C1, C6F5Br, C6F51, C6F5H,  and C6F5CH, in and are of little interest here. The primary con- 
the gaseous phase. The ultraviolet spectra of benzene sideration in the interpretation of the spectra is the 
and substituted benzenes have been the topic of  assignment of the levels up to  and including the 
study for many workers (3-8). A PES study on the la2,7c. The assignment of these bands was done using 
abovementioned perfluoroaromatic compounds has the concept of the perfluoro effect (5, 10, 11). This 
been reported by Turner and co-workers (€9, but effect states that on perfluoronation of a particular 
these spectra were not calibrated with an  internal species, e.g. C6H5X to  C6F,X, the o molecular 
standard and the theoretical discussioll is limited. orbitals become stabilized by 2 to  3 eV, the 7c orbitals 

In the present work, semi-empirical molecular from about 0 t o  1 eV, and the non-bonding orbitals 
orbital calculations are used as a n  aid in the inter- around 1 eV. The assignments of the corresponding 
pretation of the spectra obtained. C6H5X compounds have been well established by 

various authors (3-8). Figure 2 shows the assign- 
Experimental ments for the C6H5X compounds, as well as their 

All of the n~olecules of which ultraviolet photoelectron corresponding C,F5X partner. Knowing the correct 
spectra were taken, i.e. C6F5X (X = F, CI, Br, I, H, C H d ,  assignments for the C6H5X compounds allows for 
were obtained from the Imperial Smelting Corporation. They 
were purified by distillation with only the middle fraction being the prediction of the levels in a similar series of 
used in the experimental work. C6F,X molecules, using the established effect of 

The spectra were taken from a MacPherson Esca 36 spectro- perfluoronation. 
meter employing He1 type radiation at 21.21 eV and gaseous The compounds C6H, and C6F5H will be used to 
samples. The combined pressure of the sample and internal demonstrate the procedure for the administration 
standard (argon) was always 7 x Torr. The argon 3p3/2 
level (15.81 eV) (9) was used as a calibration. The ionization the perfluor' effect On the assignment of the 
potentials (binding energies) reported are for the highest peak la2,7c, 2f2,0, and le,,7c levels. The first three levels 
positions (most number of points) for the particular band, i.e. 
the vertical ionization potential. 'Developed by D. Rinaldi, Universiti de Nancy. ~va i l ab le  

through the Quantum Chemistry Program Exchange, Univer- 
'To whom all correspondence should be addressed. sity of Indiana. 

0008-4042/79/172256-04$0 1.0010 
a 1979 National Research Council of CanadaIConseil national de recherches tlu Canada 
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TKUDELL A N D  PRICE 

FIG. 1. The photoelectron spectra of ( A )  CGFG, (B) CGFsBr, ( C )  CGFsH, (D) C,F,CI, ( E )  CGFsI, ( F )  CGFsCH3. 

in C,H6 are the le,,n at 9.3 eV, the 2e2,0 at 11.6 eV, 
and finally the la2,n band with a binding energy of 
12.3 eV. The first three bands in the C6F5H spectra 
have ionization potentials of 9.90, 12.74, and 13.94 
eV respectively. A comparison made of the first band 
in each spectra produces a shift of 0.60 eV which is 
typical for a n band. Therefore, the first band in 
C6F,H is assigned to the le,,n orbital. The second 
band in the C6H6 spectra appears at 11.6 eV and is 
labelled 2e,,o. The perfluoro effect suggests a shift 

from the o level of 2 to  3 eV. In the C6F5H spectra, 
there is a band at 13.94 eV which gives a shift of 
2.3 eV. This band is then labelled 2e,,o. The one 
remaining band in each of the molecules is then 
matched as the la2,n level and gives a shift of 
approximately 0.4 eV, which is reasonable for a n 
band. 

Various lone pair or non-bonding levels which lie 
within the three levels of interest here have also been 
assigned where applicable. (Diagrams of the assign- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2258 C A N .  J .  CHEM. VOL. 57. 1979 

L I L 

FIG. 2. Correlat~on of the energy levels using the perfluoro effect. ( I )  l e , , ~ ,  (2) 2e2,0, (3) 1n2,7c, (4) lone pair. 

ments for all of the compounds are shown in Fig. 2.) TABLE 1. The CNDO/Z, INDO, and experimental values for 
Since the assignments have been made, some corn- the ionization potentials of the ln2,,n:, 2e2,0, and le,,n: levels 

parisons may be made. First of all, as in the XPS in C6F5X (X = F, C1, Br, I, H, CH,) 

work, all of the binding energies of the various levels 
in the perfluorinated compounds are higher than in Ionization potential 

the unfluorinated species. Also, in all cases, the Compound Level C N D O / ~  INDO Experimental 
splitting of the le,,rr: level is smaller or non-existent 
in the perfluorosystems. It is interesting to compare 'sF6 lel,n: 13.48 13.01 10.14 

the ionization potential of the le,,rr: level in this ln2,n: 17.98 17.14 12.81 
2e2,0 17.24 16.60 14.08 

series of molecules. If the value of ionization poten- 
C6F5CI le,,n: 13.00 12.72 tial for the le,,rr: level in C,F5H is taken as a 9.94 

1n2,n: 18.96 18.18 13.98 
reference level, i.e. the hydrogen substituent has not 2e2,0 17.98 16.05 15.14 
altered the ionization potential of the le,,rr: level, it C6F5Br",h lel,n: 9.57 
is found that the other binding energies for the same 1 n2,,n: - - 13.14 
level in the other compounds fall on either side of 2e2,0 14.01 
the reference level, depending on the strength of the C,F,I~ le,,n: 13.32 9.54 
inductive and mesomeric effects of the substituent. ln,,n: 18.16 - 12.85 
The first four, C6F5X (X = F, Cl, Br, I), follow a 2e2,0 15.17 13.48 
decreasing trend due to electronegativity. However, C6F5H lel,n 13.43 12.95 9.90 
the Br and I substituting species have binding energies ln2,n: 18.23 17.38 12.74 
less than that of C6F5H, indicating that the meso- 2e2,0 16.53 16.01 13.94 

lneric effect is predominant in these cases. The CH, GFsCH3 le~gn: 12.89 12.47 9.81 
group donates charge, both inductively and meso- ln2,,n: 17.30 16.61 12.44 

2e2,0 16.58 16.11 14.04 
merically, but very weakly and accordingly has a 
slightly lower ionization potential than C,F,H. nCNDO12 eigenvalues predtcted for C6F,Br could not be ass~gned to 

specific levels. 

~ l t h ~ ~ ~ h  the assignments for the la2urr:, 2e2go, blNDO calculations for Brand  1 were not possible. 

and le,,rr: levels have been made via the perfluoro organization and correlation effects and, mainly for 
effect, it was decided to try and correlate the experi- these reasons, all of the eigenvalues are about 4 to 5 
mental binding energies with the calculated eigen- eV too high. Another difficulty in these molecular 
values, using CNDO/2 and INDO approximations orbital calculations noted by other authors (13-16) 
and Koopmans' (12) theorem. A comparison is that in most cases the o and rr: levels are not 
between the experimental and theoretical values is predicted in their correct order. In order to correct 
shown in Table 1. Although the INDO results this, a 20% reduction in the eigenvalues for the rr: 
predict slightly better (lower) energies, both the levels only seems to solve the problem. After the 
CNDO/2 and INDO fail to take into account re- compensation, ordering in agreement with that 
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I 

I 
8 10 12 14 16 

EXPERIMENTAL eV 

EXPERIMENTAL eV 

FIG. 3. Plots of C N D O  and  I N D O  eigenvalues versus the 
experimental ionization potentials for the le,,n, ln,,a, and  
2e2,cs levels. 0 C6F6,  e C6F5Cl, a C ~ F S I ,  8 C6F5H,  
O C G F ~ C H , .  

predicted by the perfluoro effect is obtained in all 
cases. Plots of experimentally determined binding 
energies versus theoretical results are shown in Fig. 3. 
The correlation in both cases is quite reasonable. 
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The hydrolysis of coumarin diethyl acetal and the lactonization of coumarinic acid ethyl 
ester. The partitioning of tetrahedral intermediates generated from independent sources 
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R. A. MCCLELLAND, R. SOMANI, and A. J. KRESGE. Can.  J. Chem. 57.2260 (1979). 
The hydrolysis of coumarin diethyl acetal t o  coumarin proceeds via two detectable inter- 

mediates. A short-lived transient is observed in strongly acidic solutions (pH < 2.5); this is the 
oxocarbonium ion intermediate of the hydrolysis. That  this cation can be detected suggests 
unusual stability, a fact which can be explained in terms of its pyriliuni ion nature. A long-lived 
intermediate is also observed; kinetic and spectral evidence suggest that this is coumarinic acid 
ethyl ester. The lactonization of this ester shows a change in rate-determining step a s  the pH is 
varied. A corresponding change in products is found in the acetal hydrolysis, the coumarinic 
acid ester being the niajor product a t  high pH, with coumarin the major product a t  low pH. 
Both observations can be explained in terms of different modes of partitioning of cationic and 
neutral tetrahedral intermediates. Analysis in quantitative terms shows that the same tetra- 
hedral intermediate is generated in the two different cases. 

R. A. MCCLELLAND, R. SOMANI et A. J. KRESCE. Can.  J .  Chem. 57,2260 (1979) 
L'hydrolyse du diethylacetal de la coumarine en coumarine se produit via deux inter- 

mediaires que ['on a pu detecter. En  solutions fortenient acides ( p H  < 2.5) on observe une 
espece provisoire de courte existence; il s'agit de I'ion oxocarboniuni intermediaire dans 
I'hydrolyse. Le fait que ce cation peut Ctre detecte suggere qu'il est d'une stabilitk exception- 
nelle qui serait due a sa nature liee a I'ion pyrilium. O n  observe aussi un interniediaire de vie 
plus longue; les donnees cinetique et spectrale suggkrent qu'il s'agit de I'ester ethylique d e  
I'acide de couniarinique. Si I'on fait varier le pH, i l  se  produit un changement dans I'Ctape 
qui determine la vitesse d e  lactonisation de cet ester. On note un changement correspondant 
dans la nature des produits d'hydrolyse de I'acCtal; I'ester de I'acide coumarinique est le 
produit majoritaire i pH eleve alors que la couniarine predomine i des pH plus faibles. O n  
peut expliquer les deux observations en termes d e  modes diffkrents de bris des intermediaires 
tetraedriques cationique et neutre. Une analyse en termes quantitatifs deniontre que le mCme 
intern1ediail.e tetraedrique est genere dans les deux cas differents. 

[Tmduit par le journal] 

The lactonization of coumarinic acids has now OMe OH 
seen considerable kinetic investigation. This is in 
part due to  the fact that certain substituted cou- mire - - 
marinic acids lactonize with a remarkably enhanced Ph 

rate (1). This reaction also shows an interesting cou~narinic acid ester, and bears a close resemblance 
change in rate-determining step, attributed t o  the to  the tetrahedral intermediates of the lactonization 
different   nodes of partitioning of the various pro- of the coumarinic acids themselves. Molecules con- 
tonic forms of the tetrahedral intermediate (2-4). taining the functional group RJC(OR),OH have in 

general been implicated as intermediates in a number 
of important reactions: ester hydrolysis and alco- 
holysis, lactonization, ortho ester hydrolysis. How- 
ever, such a grouping is found in stable species only 

Our interest in this system was prompted by an 
earlier report (5) that the hydrolysis of 3-phenyl- 
coumarin dimethyl acetal1 to  3-phenylcoumarin pro- 
ceeds via an observable intermediate, this interme- 
diate being assigned a hemiacetal1 structure. This is 
the tetrahedral intermediate of the lactonization of a 

under special circbmstances (6-9), and there are few 
reports, other than that of the coumarin study (5), 
of their observation as transient intermediates (10- 
15). With our involvement in this latter area (1 1-15), 
we felt a reinvestigation of the couinarin system was 
in order, and we report here the results of our study. 

'Coumarin acetals a re  in fact ortho esters. Similarly the 
Experimental 

hemiacetals are also heniiortho esters or hydrogen ortho 2-E//ro,~y-5,6-benzopyrilir1r,l Flrror.oborrrte 
esters. Couniarin (0.01 mol) and triethyloxoniunl fluoroborate 

0008-40421791 172260-08$0 1 .OO/O 
@ 1979 National Research Council of CanadaIConseil national d e  recherches du Canada 
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(0.01 niol) were dissolved in dry niethylene chloride (30 niL) 
and stirred overnight. Dry ether (50 mL) was added, and the 
resultant white solid filtered in a glove box with exclusion of 
moisture. The salt was washed with dry ether and the re- 
maining solvent removed in a vacuum desiccator. The salt had 
nip 90-92°C; nmr (100x H2S04 ,  ext. 6 :  8.43 (d, 
1 H, J = 9 Hz), 7.5 (broad s, 4H), 6.87 (d, I H,  J = 9 Hz), 4.77 
(q, ZH, J = 7 Hz), 1.33 (t, 3H, J = 7 Hz). 

C ~ I I I I I ~ I . ~ I I  Dietl~yl Acetol 
The above salt was dissolved in a minimum aniount of dry 

niethylene chloride and added to a stirred solution of sodium 
ethoxide (excess) in ethanol at  O'C. After 1 h of additional 
stirring, most of the solvent was removed on a rotary evapora- 
tor. Ether and water were added, the ether was dried (K2C03) ,  
and distilled. Coumarin diethyl acetal had bp 104°C (0.5 Torr);  
nmr (CDCI,, (Me),Si) 6:  6.9-7.2 (m, 4H), 6.75 (d, I H, J = 10 
Hz), 5.72 (d, IH,  J = 10 Hz), 3.67 (q ,4H,  J = 7 Hz), 1.18 (t, 
6H, J = 7 Hz). Atlol. calcd. for C, ,H,6O3: C 70.89, H 7.32; 
found: C 71.12, H 7.37. 

(o )  Coro?rcrriti Dietlryl Acetal to Co~rt?rnrit~ (pH > 6 )  
The absorbance increase at  h = 281 nm was nionitored. 

First-order kinetic plots were excellently linear over several 
half-lives. Rate constants were evaluated as  the slopes of plots 
of In (A, - A) versus time. 

( 6 )  Pyrilirrttr 1011 Fortltotio~~ otlrl Decottr/)ositiotl 
Coumarin diethyl acetal dissolved in 0.001 M NaOH was 

mixed in a Durruni-Gibson stopped-flow apparatus with 
excess HCI, and the oscilloscope trace corresponding to the 
change in absorbance at  h = 325 nni recorded. This wave- 
length corresponds to  a maxiniun~ absorbance of the 2-ethoxy- 
5,6-benzopyrilium ion. In strongly acidic solutions there is a 
rapid increase in absorbance at this wavelength, followcd by a 
slower decrease. Rate constants representing the formation of 
the ion were obtained from the increase in absorbance using 
the Guggenheini approach over the first three to  four half-lives 
of the reaction. Rate constants for the decay of the ion 
were obtained from the absorbance decrease froni a plot of 
In (A  - A,) versus time. The initial absorbance readings used 
in constructing this plot were obtained only after a time corre- 
sponding to six to eight half-lives for the forniation reaction. 
Rate constants were obtained only in acids where the forma- 
tion process is at  least 10 times as fast as the deconiposition 
process. 

( c )  Cortt~ro~.itlic Acid Ethyl Ester to Corrltr~ritz 
Coumarin diethyl acctal was dissolved in 0.0005 M HCI. 

After waiting 25 s this solution was mixed with an equal 
volume of an aqueous HCI solution or an aqueous buffer. The 
absorbance decrease at  240 nni was monitored; rate constants 
were obtained as  the slopes of plots of In (A - A,) versus 
time. 

Pot.titio~ritrg of He~?riocetrrl ~ I I  Acetol H~.rlrolysis 
A stock solution of coumarin diethyl acetal (0.22 niol L - ' )  

in dry acetonitrile was prepared, and used throughout. A 
sample of this solution (10 yL) was added to  aqueous HCI o r  
aqueous buffer in a 10 niL volunietric flask. After waiting a 
tinic corresponding to  six half-lives of k ,  [ H + ]  (see Results and 
Discussion) the absorbance reading at  240 nni was recorded. A 
second absorbance reading was obtained in several cases by 
allowing this solution to stand until any cournarinic acid ester 
was converted to  coumarin. This reading was the same, within 
experimental error, in each case. 

Results and Discussion 

In solutions with pH > 6 coumarin diethyl acetal 
1 is cleanly converted to couiilarin 2 with no detect- 

OEt 

able build-up of any intermediate. This reaction is 
first order; observed first-order rate constants follow 
the equation (see also Fig. 1) 

with k,,+l = 6.63 x lo3 M - '  s-I and k,' = 1.6 x 
s-I (25"C, p = 1.0). The term in HA repre- 

sents general acid catalysis, which is weak (phosphate 
buffer) but detectable. 

In solutions more acidic than pH 6, there can be 
detected two intermediates in the overall hydrolysis 
of coumarin diethyl acetal to coumarin, a short-lived 
species to which we assign the pyrilium ion structure 
3, and a long-lived species to which we assign the 
structure of the coumarinic acid ester 4. The henii- 
acetal 5 is not observed, although it must be formed 
during the course of the reaction. In the following 

FIG. 1. First-order rate constants for the conversion of cou- 
marin diethyl acetal to  coumarin (25"C, 11 = 1.0). The  points 
are experimental, and have been obtained after extrapolation 
to  zero buffer concentration. The curve is calculated from 
kObsd = 6.63 x 103[H+] + 1.6 x lo-'. 
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discussion we will present our evidence that struc- 
tures 3 and 4 do represent the two intermediates. The 
formation of the ester 4 is particularly significant. 
The hemiacetal 5 can break down in two directions, 
forming ester 4 by ring opening or forming coumarin 
2 by loss of the ethoxy group. As we will describe, 
this partitioning is pH dependent, and we have been 
able to place a quantitative measure on the par- 
titioning, based on the ratio of 412. The ester 4, once 
formed, lactonizes to coumarin. This process is very 
rapid at pH > 6, but is relatively slow in more acidic 
solutions, and we have constructed the rate-pH 
profile. This lactonization, like that of the coumarinic 
acids (2-4), shows a change in rate-determining step, 
attributable to a change in the partitioning of the 
hemiacetal 5 which must be an ii~termediate. With an 
appropriate kinetic analysis, we have again obtained 
a quantitative measure of the partitioning. This 
means that there are available two independent mea- 
sures of the partitioning of the same intermediate. 

Pyrililim Ion Interii7ecfiate 
When coumarin diethyl acetal dissolved in dilute 

NaOH is mixed with HCl solutions in a stopped-flow 
spectrophotometer, a short-lived transient is ob- 
served. The uv spectrum of this species was con- 
structed in 0.5 M HCI (Fig. 2), where its rate of for- 
mation is much greater than its rate of decay. We 
propose that this transient is the ion 3, the oxocar- 

bonium ion intermediate of the acetal hydrolysis. 
This cation can be obtained in stable form as its 
fluoroborate salt by the alkylation of coumarin with 
triethyloxonium fluoroborate. The salt is relatively 
stable in 60x  H2S0, (half-life ca. 4 h). The uv spec- 
trum in this acid is given in Fig. 2 and obviously 
bears a close resemblance to the spectrum of the 
transient species. 

First-order rate constants for the formation of the 
pyriliuin ion from coumarin diethyl acetal and its 
subsequent decomposition were measured, and are 
given in Table 1. The ion forms in a reaction which is 
first order in hydronium ion. The value of the second- 
order rate constant (kH+ = k,,,,/[H"]) is the same, 
within experimental error, as the rate constant kH+ '  
obtained in the conversion of coumarin diethyl acetal 
to coumarin at high pH. The implication of this ob- 

servation is that in the latter reaction the rate- 
limiting step in the overall conversion to coumarin is 
the formation of the pyrilium ion, all subsequent 
reaction steps being rapid. The pyrilium ion decays 
in a reaction which is independent of acidity. In 
simple terms, the pH-independent rate constant 
represents the hydration of the oxocarbonium ion, 
forming the hemiacetaL2 

Perhaps the most significant aspect of our observa- 
tion of the pyrilium ion intermediate is the very fact 
that it is observed. The life-times in general of the 
oxocarbonium ion intermediates of acetal and ortho 
ester hydrolysis have now been established to be short 
(16, 17) with the ion having a sufficient life-time to be 
seen only in cases where there is present some other 
structural feature which imparts unusual stability to 
the cation (18). There is such a stabilizing feature 
here, inasmuch as the present oxocarbonium ion is in 
fact an aromatic pyrilium ion. Herschfield and 
Schmir (3) have also suggested that cations of this 
type are unusually stable. The above authors propose 
that the extra stability provides the driving force for 
the cationic tetrahedral intermediate to break down 
to coumarin (protonated coumarin) rather than ring 
open. 

Cournarinic Acid Ethyi Ester Intermeciare 
There is also observed a second longer-lived inter- 

mediate, whose structure we propose to be the ester 
4. This intermediate is most clearly observed, for 
reasons which will become apparent later, in dilute 
acids (pH 3-5). In Fig. 2 we display a uv spectrum 
obtained 20 s after dissolving coumarin diethy1 acetal 
in 0.0005 M HCI. In this acid, the acetal has a half- 
life of about 3 s (based on k,.') and the pyrilium ion 
is also rapidly hydrated. The spectrum recorded, 
however, is not that of coumarin, although there is a 
slow spectral change (half-life 720 s in 0.0005 M 
HCI) resulting eventually in a spectrum identical to 
that of coumarin. Candidates for this second inter- 
mediate are the hemiacetal 5 and the ester 4. The uv 
spectrum of the hemiacetal should be fairly similar to 
that of coumarin diethyl acetal, since the only struc- 
tural difference involves the replacement of an ethoxy 
group by a hydroxy group. The spectrum observed, 
however. shows none of the characteristics of the 
acetal spectrum, and in fact bears a much closer 
resemblance to the spectrum of coumarin itself. The 

2Neither of the observed products of this reaction are the 
hemiacetal itself. This means that the reaction being observed 
represents (at least) two stages, hydration to  form hemiacetal, 
followed by the decomposition of this species. The interpreta- 
tion that the rate of decay of pyrilium ion is equal to  the hy- 
dration rate is valid only if the hydration stage is rate-limiting, 
that is, if the hemiacetal goes on to products rather than re- 
turns to ion. 
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FIG. 2. Ultraviolet spectra. (-.-) Coumarin diethyl acetal, 0.001 M NaOH. (-) 6-Ethoxy-2,3-benzopyrilium borofluorate, 
60% H2SO4 (0) Short-lived transient, based on absorbance readings obtained on the stopped-flow apparatus 5 ms after 
mixing coumarin diethyl acetal in 0.001 M NaOH with 1 M HCI. (- - -) Long-lived transient, spectrum obtained in 0.0005 M 
HCI. (....) Coumarin. 

TABLE 1. First-order rate constants (25"C, ionic 
strength = 1.0 M )  for the formation and decay of the 

2-ethoxy-5,6-benzopyrilium ion 

coumarinic acid ester, on the other hand, has the 
same basic chromophoric system as coumarin, and 
its uv spectrum should be similar. 

As will become apparent, the intermediate spec- 
trum discussed above represents a mixture (of the 
ester and coumarin), and thus our spectral argu- 
ment for the identity of the intermediate inight be 
open to question. A second, and perhaps more con- 
vincing, argument is based on a consideration of the 
kinetics of the conversion of the second intermediate 
to coumarin, a process which according to our pro- 
posal represents the lactonization of coumarinic acid 

ethyl ester. Our kinetic approach was to dissolve 
coumarin diethyl acetal in 0.0005 M HC1 in order to 
generate the second intermediate. After waiting 
2G30 s this solution was mixed with various acids 
or buffers, and rate constants obtained for the con- 
version to coumarin. The rate-pH profile is depicted 
in Fig. 3, where it also compared with the profile 
obtained by Herschfield and Schmir (3) for the lac- 
tonization of coumarinic acid. Although the actual 
numbers themselves are different, there is obviously 
a close similarity in these two profiles. In particular 
both include a break at pH 2-3 where a change in 
rate-determining step occurs (3). It is doubtful that 
hemiacetal decomposition would follow such a 
rate-pH profile (13-15), and obviously far more con- 
sistent if what we are following is the lactonization 
reaction. 

We feel that in the previous study involving 
3-phenylcoumarin diethyl acetal(5), the intermediate 
that was observed was also the coumarinic acid ester, 
and not the hemiacetal. Unfortunately the presence, 
and identity, of the intermediate in that study was 
based only on the fact that the hydrolysis of the acetal 
to 3-phenylcoumarin does not exhibit clean isobestic 
points. No detailed uv spectral analysis was pre- 
sented. Rate constants, however, were reported for 
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FIG. 3. First-order rate constants for the conversion of 
coumarinic acid ethyl ester to coumarin (25"C, F = 1.0). The 
points are experimental, while.the curve is based on the equa- 
tion presented in the text (3). The upper curve represents first- 
order rate constants for the conversion of coumarinic acid to 
coumarin (3), in terms of the neutral substrate. 

the conversion of the intermediate to 3-phenylcou- 
marin (5), and these are of the same order of mag- 
nitude as the rate constants that we obtain for the 
conversion of our second intermediate to coumarin. 

Hen7iacetal Partitioning - Lactonization 
Herschfield and Schmir (3) propose that the break 

in the rate-pH profile for the lactonization of a cou- 

TABLE 2. Rate and equilibrium constants for the 
lactonization of coumarinic acid ethyl ester and 

coumarinic acid (F = 1.0) 

Coumarinic 
acid ethyl ester Coumarinic 

Constant (25°C) acid (30°C)" 

PK' 2.79 2.63 
P + 0.993 0.983 
Po 0.045 0.042 
k l ,  s-I  0.0079 0.078 
/cO,,- ,  M - I  S - I  1 .1  x lo6 1 .8  x loG 

'All data from ref. 3. 

~narinic acid is caused by a change in rate-determing 
step. Scheme 1 shows the mechanism suggested by 
these workers, with the addition of a further route to 
the tetrahedral intermediate from the acetal. This 
scheme does not account for the base-catalyzed lac- 
tonization observed above pH 4. This mechanism for 
lactonization produces the steady-state rate equation 

where P + ( =  lc3/(k2 + k,)) and PO(= k,'//c,' + I(,')) 
are the partitioning ratios for the cationic and neu- 
tral tetrahedral intermediate respectively, and K'  = 
K,(lc,' + k,')/(k, + k,). This equation contains four 
unknown constants. Values of these constants which 
best fit our experimental data are given in Table 2 
along with the values for the lactonization of cou- 
marinic acid (3). There is a close similarity in the two 
sets of data, consistent with our suggestion that the 
two processes are very similar. The one constant 

which differs significantly is /el, which is 10 times 
smaller for the ester than for the acid. This refers to 
the acid-catalyzed nucleophilic addition of the phenol 
hydroxyl to the carbonyl. The difference in rate 
constant is probably just a reflection of the different 
susceptibilities of the acid and ester to nucleophilic 
attack. As another example, acid-catalyzed oxygen 
exchange of acetic acid (20) proceeds about an order 
of magnitude more rapidly than the acid-catalyzed 
hydrolysis of ethyl acetate (21). 
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The change in rate-determining step is most clearly 
seen in considering the partitioning ratios. In strongly 
acidic solution the cationic tetrahedral interinediate 
is the species which undergoes decomposition, and 
this breaks down preferentially to coumarin ( P +  FZ 

1). The formation of the tetrahedral interinediate is 
therefore rate-determining in the lactonization. At  
higher pH, the neutral tetrahedral intermediate is 
involved, and this breaks down preferentially to 
couinarinic acid or its ester (PO % 0). The rate- 
determining step in the lactonization is therefore the 
breakdown of the tetrahedral intermediate to cou- 
marin. 

Heiniacctal Partitioning - Acetal Hy~lt~olj~sis 
This behaviour has important consequences when 

the initially formed products in the hydrolysis of the 
acetal are considered. There is little doubt that this 
hydrolysis proceeds with initial loss of one of the 
ethoxy groups, generating the intermediate pyriliuin 
ion. This must then be followed by hydration of the 
ion to produce a heiniacetal, a species which is in fact 
the tetrahedral interinediate of the lactonization. 
With a change in rate-determining step in the lac- 
tonization, there should be a corresponding change 
in products in the acetal hydrolysis. This is indeed 
the case. In less acidic solutions, such as 0.0005 M 
HC1, the uv spectrum a t  the intermediate stage is 
significantly different from that of coumarin. This 
can be attributed to a significant amount of the ester 
intermediate being formed. In 0.1-1.0 M HCI, a 
spectrum very close to that of coumarin appears 
in~inediately. Since the ester is not converted to  cou- 
marin during the time required to record this spec- 

trum, we can only conclude that there is little ester 
being formed in acid, that is, the hemiacetal breaks 
down preferentially to coumarin. (We verify here 
incidentally another suggestion of Herschfield and 
Schmir (3). The symmetry properties of the rate equa- 
tion for the lactonization are such that it is not pos- 
sible to assign the nature of the rate-limiting step a t  
high pH and low pH on the basis of the kinetics 
alone; a second mathematical solution exists which 
equally satisfies the kinetic data, but which predicts 
the opposite modes of partitioning. The above 
authors assigned the nature of the rate-determining 
steps on the basis of analogy. Our results offer con- 
crete proof that the assignment is correct.) 

The partitioning of the interinediate of the acetal 
hydrolysis can be put on a more quantitative basis. 
To  d o  this we have added acetal to a series of solu- 
tions of differing pH, and measured at  240 nin the 
apparent e ~ t i n c t i ~ n  coefficient (absorbancelconcen- 
tration) after a time corresponding to six half-lives 
of the first reaction stage (based on Ir,+'[H+]). In  
solutions with pH < 4 this means that the measure- 
ment is being taken before a significant amount of 
ester can lactonize to coumarin, so that we are ob- 
serving the actual partitioning of the intermediate. 
As is seen in Fig. 4 the experimental data trace out a 
sigmoidal titration curve; the curve drawn in the 
figure is based on the standard equation for such a 
curve, and represents the best fit of this equation to  
our data. This curve has limiting values of E,,, of 
2020 and 5360 in acid and base respectively, with a n  
inflection point at pH = 2.75. 

In terms of Scheme 1, the following equation is 
produced : 

where P + ,  PO, and K'  are the same as defined pre- 
viously, and EE and E~ are the extinction coefficients 
at 240 nm of ester and coumarin respectively. This 
equation does take the form of a sigmoidai titration 
curve, with an  inflection point at  pH = pK'. I t  call 
immediately be noted that there is excellent agree- 
ment of the value of pK' obtained from the titration 
curve (2.75) and the pK' obtained in the kinetic 
analysis of the lactonization (2.79). The equation 
also predicts a limiting E',,, in acid of (1 - P+)E, + 
P+E,. The observed value is in fact very close to the 
extinction coefficient of coumarin itself, a value which 
can be accurately obtained using the same solutions 
used to determine E,,,, simply by allowing these solu- 
tions to stand until any ester is converted to  cou- 

marin (see the points A in Fig. 4). The titration curve 
therefore predicts Pi % 1, in agreement again with 
the inore precisely determined kinetic value of  
P+ = 0.994. The limiting value of E,,, a t  high pH is 
given by (1 - PO)E, + POE~. Unfortunately we were 
unable to obtain a value of E,, since all attempts to  
prepare pure samples of this ester failed. This means 
that a value of Po cannot be calculated from the 
titration curve. The kinetic value is 0.045, so  that the 
limiting E,,, in base must be close to EE. 

Partitioning of Tetralie~lral Interme~liates Generated 
from D~fferent Sources 

However, simply on  the basis of the agreement in 
the independently obtained pK' values we can con- 
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FIG. 4. Apparent extinction coefficient (240 nm) based on 
intermediate absorbance on dissolving coumarin diethyl acetal 
in aqueous solution (25"C, p = 1.0). The points (0) are ex- 
perimental; the curve is calculated (see text). The points (A)  
were obtained after a time corresponding to the complete con- 
version of any coumarinic acid ethyl ester to coumarin. 

clude that the mode of partitioning of the tetra- 
hedral intermediate is the same, regardless of whether 
the intermediate is generated in the lactonization of 
coumarinic acid ethyl ester or  in the hydrolysis of 
coumarin diethyl acetal. Although this may seem a 
trivial point, there are cases where independently 
generated tetrahedral intermediates have been sug- 
gested to have different modes of breakdown. In a 
system closely related to that of this study, Deslong- 
champs et al. (22) have suggested that there may be a 
difference in the lone-pair orientation in tetrahedral 
intermediates generated in the hydrolysis of ortho 
esters (such as 6) and in the lactonization of related 
hydroxy esters (such as 8). 

The intermediate in question (7) is very similar to 
that involved in our study. Our results suggest that 
its partitioning should be independent of its origin. 

Deslongchamps et al. based their conclusions princi- 
pally on the basis of their observations that ortho 
esters such as 6 produce hydroxy esters as the initial 
products and not lac tone^,^ Although this result is 
consistent with lone-pair orientation, an  alternate 
explanation is simply that the tetrahedral interme- 
diates 7 have a preference for ring opening. This 
latter suggestion leads to the prediction that the rate- 
determining step in the lactonization of the hydroxy 
ester is the breakdown of the tetrahedral interme- 
diate to lactone. T o  our knowledge this has not been 
established for these simple lactonizations. 

A case where more substantial evidence exists for a 
difference in modes of partitioning involves tetra- 
hedral intermediates generated in imidate hydrolysis 
reactions and related ester ammonolysis reactions 
(23). These intermediates, although identical as to 
structure, are generated in different protonic forms, 
and it is proposed that they break down before pro- 
tonic equilibrium is achieved. This is entirely reason- 
able since the life-times of these intermediates are 
exceedingly short (23). The tetrahedral intermediates 
of our study are probably also generated initially 
with the proton on different oxygens; our results sug- 
gest that they must have a sufficient life-time to 
equilibrate before breakdown. This is also entirely 
reasonable. We have established in several cases now 
(11-15) that hydrogen ortho ester life-times are 
relatively long, certainly long enough for acid-base 
equilibria to be established. 
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Double layer structure at the mercury/dimethylformamide interface 
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W. RONALD FAWCETT, BRIAN M. IKEDA, and JAMES B. SELLAN. Can. J. Cheni. 57.2268 (1979). 
The differential capacity of the mercury/solution interface has been measured for various 

tetraalkylamnioniuni and alkali metal perchlorates in diniethylfornianiide (DMF) at 25'C, and 
for tetraethylamnioniuni perchlorate (TEAP) in DMF at - 1 5 T ,  OiC, and 40'C. On the basis 
of established analyses, it is shown that ionic specific adsorption at mercury from TEAP solu- 
tions in DMF is negligible. The properties of the inner layer are analyzed in detail on the basis 
of a statistical mechanical niodel in which the solvent molecules represented as hard polarizable 
spheres can occupy three orientations: with their dipole vectors towards the surface, away from 
the surface, and parallel to the surface. It is shown that this niodel provides a reasonable 
description of the electrostatic propcrties of the inner layer at the HgIDMF interface. 

W. RONALD FAWCETT, BRIAN M. IKEDA et JAMES B. SELLAN. Can. J. Chem. 57,2268 (1979). 
On a niesure la capacitt de ['interface niercure/solution des divers perchlorates de tetra- 

alkylaninioniuni et de nietaux alcalins dans le diniethylfornianiide (DMF) a 25°C et de 
perchlorate de tetraCthylaninionium (PTEA) dans le DMF a - 15, 0 et 403C. En se basant 
sur des analyses ttablies, on niontre que I'adsorption spccifique ionique au niveau du niercure 
6 partir de solutions de PTEA dans le DMF est ntgligeable. On a analyse en detail les pro- 
prietes de la couche interieure en se basant sur un modtle mtcanique statistique dans lequel 
les n~olecules de solvant representees coninic des spheres polarisables dures, peuvent occuper 
t ro~s  orientations; leurs vecteurs dipolaires peuvent &tre orientts vers la surface, B I'oppose 
de la surface et parallele B la surface. On niontre clue ce niodele fournit une description des 
proprittes clectrostatiques de la couche interieure a ['interface HglDMF. 

[Traduit par le journal] 

Introduction 
The thermodynamic properties of the mercury/ 

dimethylformamide (DMF) interface were first 
examined by Minc ' r  al. (I) who showed that the dif- 
ferential capacity - potential curves were rather 
featureless in comparison with those observed for 
many other solvents (2). In particular, the capacity 
hump which occurs at negative potentials for the 
protic ainide solvents, and which is often attributed 
to solvent reorientation (3), is not found with DMF. 
Bezugly and Korshikov (4) studied the dependence 
of interfacial tension - potential curves on the nature 
of the ions in common 1-1 electrolytes; in the case 
of LiC10, solutions in DMF, the interfacial tension 
at the potential of zero charge (pzc) increased with 
increase in salt concentration, indicating that the 
relative ionic surface excesses decrease in the same 
direction. This behaviour is opposite to that observed 
for most salts at the mercury/solution interface. 
Damaskin and co-workers studied the adsorption 
of various inorganic ions ( 5 , 6 )  and organic molecules 
(7, 8) from DMF solutions and compared the results 
with those obtained for water and other solvents. 
In addition, the adsorption of DMF at Hg from 
aqueous electrolyte solutions has been investigated 

by Bezugly and Korshikov (4) and by Payne (9). In 
the latter study, it was concluded that the DMF mole- 
cule is predominantly adsorbed at the pzc on Hg with 
its dipole vector parallel to the metal/solution inter- 
face. Under these circumstances, a capacity curve 
without a hump is expected in the pure solvent when 
ionic adsorption is absent (10). 

Except for the electrocapillary curve for 0.1 M 
tetraethylammonium (TEA') iodide reported by 
Bezugly and Korshikov (4), the properties of the 
double layer for solutions of tetraalkylammonium 
salts (TAA') in DMF have not been investigated. 
These systems are of special interest in the area of 
organic electrochemistry since the Hg electrode may 
be polarized to very negative potentials, thereby 
permitting a study of the reduction of organic 
molecules to stable anion radicals and dianions (11). 
The purpose of the present study was to obtain 
double layer data for these electrolytes and to deter- 
mine the extent of ionic adsorption especially at 
negative potentials. Inner layer capacity - potential 
curves obtained in the absence of specific adsorption 
in the temperature range - 15 to 40°C are analyzed 
on the basis of a three state model for aprotic solvent 
structure at charged interfaces (10). 
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FAWCETT ET AL 

Experimental 
Differential capacity against potential data were obtained 

with a n  ac bridge operating at  1000 Hz as described previously 
( I  2). The  cell, which was surrounded by a jacket through which 
a constant temperature fluid was circulated, consisted of two 
compartments, a working compartment and a reference elec- 
trode compartment, connected by fritted glass. The dropping 
mercury electrode was constructed froni a fine capillary drawn 
from Pyrex tubing. The  end of the capillary was bent through 
180" s o  that the mercury enierged in a n  upwards vertical 
direction (Fig. I )  with a flow rate of - 0.1 mg s -  '. This uncon- 
ventional design was chosen to avoid problems due to  solution 
creep which are more troubleso~ne in non-aqueous media. The  
electrode was stable over a long period of time and permitted 
data to  be obtained with the reproducibility achieved with a 
normal dropping niercury electrode in aqueous systems. The  
area of the glass over which the emerging drop was formed 
was - 2  x c m 2 ;  this area was subtracted froni the total 
area of the drop at  balance (-0.01 cm2) t o  obtain the area in 
contact with the solution. The bridge was normally balanced 
at  5 s after the beginning of drop growth except at far negative 
potentials where shorter periods were used because of the re- 
duced natural life time of the drop. The counter electrode was 
a cylinder of Pt  ( - 3  cniZ area) which surrounded the drop- 
ping mercury electrode. The reference electrode (Ag10.05 M 
A g N 0 3 ,  0.1 M T E A P  in DMF/ / )  was placed in the reference 
electrode compartment which contained the same solution as 
the working compartment; the liquid-liquid junction was 
established in a fritted glass disc. The silver nitrate solution in 
this electrode was replaced daily because of the instability of 
Agf in D M F  to  photoreduction. T A A f  perchlorates (TEAP, 
tetrapropylanimiuni perchlorate (TPAP) and tetra-11-butyl- 
ammonium perchlorate (TBAP) were recrystallized several 
times from triply distilled water and dried irz uncl~o over P,05 
at  50°C. The  alkali metal perchlorates were purified by the 
sanie procedure, the drying operation being carried out  at 
140°C. Spectroquality D M F  (Matheson, Coleman and Bell) 
was dried with calciuni hydride and stored over 4A molecular 
sieves. It was distilled at reduced pressure (1-2 nini Hg) under 
a nitrogen atmosphere before use. The experiments were car- 
ried out in a controlled atmosphere chaniber (Vacuum Atnio- 
spheres) containing a nitrogen atniosphere which was con- 
tinuously purged of oxygen and water. The  teniperature of the 
cell was niaintained at  temperatures in the range - 15 to  40°C 
to  +0 . l0C by passing constant temperature methanol through 
the jacket surrounding the working and reference electrode 
conipartments; the anibient temperature of the chaniber was 
niaintained close to that of the cell. The working solutions 
were degassed with purified nitrogen saturated with D M F  
prior to  the experiment. Other details of the experiment are 
described elsewhere (12). 

Results 
Differential capacity - potential data were ob- 

tained for TEAP solutions in DMF in the concentra- 
tion range 0.01 to 0.2 M. These data were numerically 
integrated as described previously to obtain values 
of electrode charge density o for integral increments 
in o. Typical capacity data plotted-against o are 
shown in Fig. 2. A diffuse layer minimum is apparent 
at the pzc indicating that specific adsorption is not 
important in this potential region. A shallow capacity 

FIG. 1 .  Sketch of the rate determining portion of the thin 
walled capillary designed to  prevent solution creep at  the 
mercury/glass/solution interface. The  shaded sphere at the end 
of the capillary represents an emerging Hg drop. 

minimum is observed for large negative charge 
densities (-0.17 C m-2) and a steep maximum at 
large positive charge densities (0.19 C m-2). The 
capacity curves are similar to those observed for the 
Hg/acetonitrile (AN) interface (13) with the excep- 
tion that data are reported at inore positive charge 
densities in DMF. The absence of ionic specific ad- 
sorption in the vicinity of the pzc may be demon- 
strated on the basis of plots of the reciprocal of the 
experimental capacity 1/C against the reciprocal of 
the diffuse layer capacity l/Cd as estimated by the 
Gouy-Chapman model for constant o and varying 
electrolyte concentration (14). The fact that the slope 
of these plots is unity in the range -0.04 o 5 
$0.04 C n ~ - ~  (Fig. 3) indicates that the inner layer 
capacity Ci is independent of electrolyte concentra- 
tion for constant o, and, therefore, that ionic specific 
adsorption is negligible. Since experimental activity 
coefficient data are not available for TEAP in DMF. 
the presence of specific adsorption at higher charge 
densities could not be tested by the method of Esin 
and Markov plots. However, under these conditions 
where Cd >> Ci, the experiinental capacity curves are 
almost independent of electrolyte concentration 
(Fig. 2), indicating that specific adsorption is not irn- 
portant. Thus, it is concluded that specific adsorption 
at the Hg/DMF interface may be neglected over the 
experimentally accessible potential range when the 
electrolyte is TEAP. The differential and integral 
capacities of the inner layer for this system are tabu- 
lated in Table 1. 

It is interesting to examine the applicability of the 
Gouy-Chapman-Stern model to this system at the 
pzc on the basis of the test described earlier (15). 
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0.2 0 -0.2 
q C m" 

FIG. 2. Plots of differential capacity against electrode charge density for the mercury/dimethylformamide solution inter- 
face with various concentrations of tetraethylammonium perchlorate (TEAP) at 25°C. The concentration of TEAP is indi- 
cated for each curve. 

I I dielectric constant of the solvent and Eo the permit- 
/ tivity of free space. A plot of 1/C against 11 Jc for 

the TEAP data gave an excellent straight line (r = 
8.0 - 0.999) with slope equal to 20.15 m'I2 F - '  mol-'. 

The corresponding value of the dielectric constant 

0 
(37.0) agrees very well with published values for 

- 
DMF (16). This result suggests that the Gouy- 
Chapman-Stern model provides a very good de- 

LL 
scription of the Hg/DMF interface when TEAP is the 

N electrolyte. Although one expects some lowering OF 
E - 

the dielectric constant of the solvent especially in 
concentrated solutions (17), this effect is apparently ? - not significant for TEAP in the concentration range 
considered. It should also be noted that the above 
analysis can be used to detect incomplete electrolyte 

- TABLE 1. Differential capacity Ci and integral capacity Kl of the 
inner layer as a function of electrode charge density 0 for 
tetraethylammonium perchlorate solutions in dimethylform- 

amide at  mercury at  2S°C 
I I 

2.0 4.0 (T Ci Ki * (T Ci Ki' 

l / c d ,  r n 2 ~ - '  (C m-2)  ( F  m-2) (F m-2) (C m-2) ( F  m-2)  ( F  m-2) 

FIG. 3. Reciprocal of the differential capacity at constant 0.20 0.558 0.439 -0.02 0.211 0.234 

electrode charge density plotted against the reciprocal of the 0.18 0.557 0,428 -0.04 0.162 0.206 

diffuse layer capacity estimated by Gouy-Chapman theory for 0.16 0.544 0.416 -0.06 0.127 0.179 

various concentrations of TEAP in D M F  at 2S°C. The integers 0'530 0'402 -0'08 O '  

adjacent to each curve indicate the value of the electrode charge l 2  0.388 -O.I0 0.0972 142 

density in C m-'. 0.10 0.491 0.371 -0.12 0.0927 0.131 
0.08 0.463 0.351 -0.14 0.0899 0.123 

Accordingly, 

I 1lC0 = 11Ci0 + l l ( f  9Jc)  

where '0 is the at pzc; C i ~ ,  the corre- *KI is defined by the equation l,Ki = (@m - - 6 d ) l o  where 6 m  is the 
pending inner layer capacity; c, the electrolyte con- electrode potential measured with respect to a glven reference electrode, 

$0"'. !he corresponding value at the pzc, and 6% the potential drop across 
centration; 8' = ~RTEE,,; and f = FIRT, E being the the d~ffuse layer estimated by the ~ouy-Chapman equation. 
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FAWCETT ET AL.. 

FIG. 4. Differential capacity of the Hglsolution interface plotted against electrode potential measured with respect to 
the potential of zero charge for various 0.05 M tetraalkylanimonium perchlorate solutions in DMF.  The cations involved 
are tetraethylamnioniuni (TEA+), tetrapropylaninionium (TPA+), and tetrabutylammoniuni (TBA+) as indicated. 

dissociation in non-aqueous solutions. Thus, Dzha- 
paridze and co-workers (18, 19) observed that the 
slopes of plots of 1 /C  against 11 J c  were consider- 
ably higher than predicted by eq. [ I ]  for LiC10, and 
K F  solutions in ethylene glycol. In the present case, 
the above result indicates that TEAP is completely 
dissociated in DMF. 

The effect of the size of the TAA' cation on the 
experimental differential capacity a t  negative poten- 
tials is illustrated in Fig. 4. As the size of the cation 
increases in the series TEA' < TPA' < TBA', the 
capacity decreases. This can be chiefly attributed to 
a corresponding increase in the thickness of the inner 
layer. However, as was observed earlier for the corre- 
sponding systems in AN (13), the ordering of capa- 
cities in the vicinity of the pzc is reversed. This sug- 
gests that the cation has an influence on the dielectric 
properties of the inner layer when the charge density 
on the electrode is low. One obvious way in which 
cation size effects dielectric properties is by changing 
the average number of solvent molecules per unit 
area in the inner layer, and, thus, the mean dielectric 
constant. As the field of the electrode increases, its 
influence on solvent dipole orientation predominates 
and the dielectric properties of the first solvent mono- 
layer become the most important factor determining 
inner layer capacity. 

The influence of alkali metal cations on capacity - 
potential curves in D M F  is illustrated in Fig. 5. At 
sufficiently negative potentials, the capacity rises 
sharply in a potential region which becomes more 
negative as solvation of the cation increases, that is, 
in the order Cs' < K +  < N a +  < Li+. This ob- 

servation can be attributed to cation specific adsorp- 
tion which is most pronounced in the case of Cs+ 
(5). It is interesting to note that at less negative poten- 
tials where cation adsorption is not significant, the 
ordering of capacities is reversed, that is, C(Li+) > 
C(Na+) > C(K+). Although this effect is small, it is 
similar to the cation effects observed for formamide 
(20), N-methylformamide (15), N-methylacetamide 
(21), and dilnethylsulphoxide (22). This ordering 
can be attributed to  a dependence of both the dielec- 
tric properties and the thickness of the inner layer on 
the nature of the cation at the outer Helmholtz plane 
( ~ H P )  (15). 

The dependence of the interfacial capacity for the 
Hgl0.05 M TEAP system on temperature is illus- 
trated in Fig. 6. It is interesting that the capacity is 
almost independent of temperature at far negative 
potentials. At far positive potentials, the capacity 
decreases with increase in temperature in the vicinity 
of the maximum. The present results may be com- 
pared with those obtained earlier for the Hg/H,O 
(23, 24) and Hglmethanol interfaces (2). In the case 
of the aqueous system, the interfacial capacity varies 
markedly with temperature for positive charge 
densities on Hg and very little at negative charge 
densities. For the methanol interface where the 
capacity curve contains one minimum with no other 
extrema, very little variation in capacity with tem- 
perature is observed. On the basis of recent models 
(10,25), the shape of capacity curves for non-aqueous 
systems in the absence of specific adsorption can be 
attributed to variation in dielectric properties of a 
solvent monolayer adjacent to the electrode with 
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FIG. 5. Differential capacity of the Hg/solution interface plotted against electrode potential measured with respect to 
the potential of zero charge for various 0.05 M alkali metal perchlorate solutions in DMF. The nature of the cation is indi- 
cated adjacent to each curve. 

FIG. 6. Differential capacity of the Hg10.05 M TEAP solution in DMF plotted against electrodecharge density at - 15°C 
and 40°C as indicated. 

electrode charge density. The small variation in 
capacity with temperature is examined on the basis 
of these models below. 

Discussion 

Since the inner layer capacity curve for the Hg/ 
DMF interface possesses two extrema, it does not fit 
clearly into the three categories discussed by Parsons 
(25). In previous investigations of this system (1, 3, 
5), the maximum observed here at far positive poten- 
tials was not reported. Accordingly, DMF was clas- 
sified together with solvents such as AN and acetone 

as a solvent with a featureless capacity curve charac- 
terized by a broad minimum. However, Borkowska 
(26) recently reported that a capacity lnaximum is 
also observed for the Hglacetone interface when the 
electrolyte is chosen so that the electrode can be 
polarized to sufficiently positive potentials. Ac- 
cording to the three state model proposed recently 
(lo), the dielectric properties of these solvents at a 
polarizable interface can be accounted for if it is 
assumed that the solve~lt is predominantly adsorbed 
on the electrode with its dipole vector parallel to the 
surface. The other two states considered in the model 
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are solvent molecules adsorbed with the positive end 
of the dipole towards the metal ('up' orientation) and 
with the negative end towards the metal ('down' 
orientation) (10). If the electrode can be polarized 
over a sufficiently wide potential range, one would 
predict according to  the three state model an  inner 
layer capacity curve with three extrema, a central 
minimum and two maxima at far positive and nega- 
tive potentials. The central minimum corresponds 
to  the electrostatic condition at which the surface 
concentration of 'up' dipoles is equal to  that of 
'down' dipoles. As the electrode charge density is 
made more positive, the concentrations of 'parallel' 
and 'up' dipoles decrease and that of 'down' dipoles 
increases. The positive maximum then corresponds 
to  the electrostatic condition at  which the surface 
concentration of 'down' dipoles equals that of 
'parallel' dipoles. The opposite situation holds at  the 
negative maximum with the surface concentrations 
of 'up' 2nd 'parallel' dipoles equal. On the basis of 
this model, the negative maximum is not observed 
at the Hg/DMF interface because reduction of the 
cation from the electrolyte limits the polarizable 
range of the electrode i l l  the negative direction. An 
alternative explanation of the capacity curve might 
involve attributing the maximum observed a t  positive 
potentials to  reorientation of 'up' dipoles which are 
strongly adsorbed at  the pzc; the small increase in 
capacity at  negative potentials could then be asso- 
ciated with electrostriction of solvent dipoles in the 
large negative electrode field (27). However, under 
these circumstances one would expect a large positive 
surface potential due to  oriented dipoles at the pzc. 
In fact, the experimental evidence from studies of 
the adsorption of D M F  at  Hg from DMF-water 
solutions is that the solvent dipoles are predomi- 
nantly adsorbed with their dipole vectors parallel to  
the surface (9). Thus, the first interpretation of the 
capacity offered above on the basis of the three state 
model is consistent with all experimental evidence 
obtained to  date. 

The equations defining the surface concentrations 
of 'up', 'down', and 'parallel' dipoles in a monolayer 
at  the electrode/solution interface are (10) 

and 

NT,  N1, and N o  are the number densities of solvent 
dipoles in the 'up', 'down', and 'parallel' orienta- 
tions, respectively; UrT ,  u r L ,  and U: are the corre- 
sponding residual energies which account for non- 

electrostatic contributions to interactions between 
the metal and solvent dipoles in each of the three 
states; E is the field due to the charge on the elec- 
trode, X, the mean field in the same direction at an  
average dipole site due to surrounding dipoles, p ,  the 
permanent dipole moment of the solvent molecule, 
and N,, the total number of solvent ~nolecules per 
unit area on the basis of hexagonal close packing of 
solvent molecules represented as hard spheres. On  
the basis of methods worked out by Levine ct al. 
(28), it was shown that the dipole reaction field X is 
given by 

where r = ( N T  - NL)/NT and A = I + c,ct/c13; c, is 
an effective coordination number for a dipole in the 
hexagonal array between the conducting electrode 
and the diffuse layer, a,  the average lnolecular polar- 
izability and (/, the ~ n o l e c ~ ~ l a r  diameter. Equations 
[2]-[4] form a set of non-linear equations in N T ,  N1, 
and No which may be solved iteratively. The total 
potential drop across the monolayer is 

where o is the charge density on the electrode. The 
differential capacity of the  non no layer is then given by 

In order to determine (aX/ao), one must calculate 
the derivatives (aNT/ao), (aN1/ao), and (aNO/ao) ; 
these are estimated on the basis of three equations 
derived from eqs. [2]-[4] by differentiation with 
respect to o (10). 

In order to  determine whether eqs. [6] and [7] de- 
scribe the electrostatic properties of the inner layer 
at  the Hg/DMF interface one must determine values 
for the residual energies. As shown previously (lo), 
these parameters may be estimated from the elec- 
trostatic properties of the interface a t  the extrema. 
In the present case, at  the capacity minimum, N T  = 

N', and therefore from eqs. [3] and [5] 

where Em = 4non,, En, and on, being the electrode 
field and charge density, respectively, at the mini- 
mum. At the maximum N1 = No and assuming that 
NT is negligible, N'/N, = NO/NT = 0.5. From eqs. 
[41 and [51, 

where Er is the electrode field a t  the maximum. The 
values of the dipole moment and polarizability re- 
ported for D M F  in the literature are 3.86 D (29) and 
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FIG. 7. Plot of the inner layer differential capacity Ci for the Hg/DMF interface with TEAP as electrolyte against elec- 
trode charge density at 25°C. The solid curve was calculated from the three state model as described in the text with 
c / =  0.340nm,p = 3.86D, a = 7.81 x nm3, c, = 14.84, U,J - U,T = -75.41 kJ n ~ o l - ~ ,  and U,O - U,l = 0.77 
kJ mol- '. 

7.81 x cm3 (30,31), respectively. Thus, having normal to the surface, and situated between a con- 
chosen the parameters d and c,, one can estimate the ducting electrode and electrolyte solution. The pres- 
residual energy differences defined in eqs. [8] and [9]. ent result that the best fit was obtained with a lbwer 

Given the molecular parameters for the solvent value of c, may be a reflection of the conclusion that 
(d, p, and a), effective coordination number c,, and a large fraction of the surface is covered by solvent 
the residual energy differences u,' - U r T  and dipoles in a 'parallel' orientation. 
u,' - u:, the dependence of A$ and Ci on o was Calculated and experimental values of the integral 
determined as outlined previously (10). The calcu- capacity of the inner layer Ki which is defined by the 
lated values of A$ - A$,, where A$, is the potential equation 
drop across the dipole layer at the pzc, were com- 
pared with the rational potential drop across the [lo1 1IKi = (A$ - A$o)lo 

inner layer $md (Table I) determined experimentally; areshown in Fig. 8. Although the fit isquite good at neg- 
at the same time, the experimental and calculated ative charge densities, the calculated capacity is higher 
values of Ci were compared. The criterion for the than the experimental values at positive charge den- 
best values of the adjusted parameters d and c, was sities. In comparing Figs. 7 and 8, it should be kept 
a minimum in the standard deviations between ex- in mind that small discre~ancies between calculated 
perimental and calculated values of both Ci and and experimental values of Ci are added in the in- 
A$ - A$,. The results of applying the three state tegration process involved in calculating A$ and thus 
model for the inner layer differential capacity data Ki from Ci. Thus, the small differences between the 
are shown in Fig. 7. From the values of the electrode 
charge density at the minimum (-0.17 C ~ n - ~ )  and 
maximum (0.19 C m-2), and using the best values 
of d (0.340 nm) and c, (14.84), u,' - U r T  = -75.4 
kJ mol-' and u,' - CJ: = -0.77 kJ mol-'. It is 
apparent that an excellent fit to the experimental 
data can be made on the basis of the above model. 
It should be emphasized that only two parameters, 
namely d and c,, were adjusted to achieve this fit. i t  
was noted that verv small variations in the effective 

experimental and calculated curves in Fig. 7 are 
much more apparent in Fig. 8. 

On the basis of the above parameters one may esti- 
mate the fraction of the surface covered by each of 
the three species. Over most of the polarizable range, 
the majority of the Hg surface is covered by DMF 
molecules in a 'parallel' orientation, the concentra- 
tion of 'up' dipoles being negligible (Fig. 9). As the 
electrode charge density becomes more positive, the 
fraction of solvent d i~oles  in the 'down' orientation. 

coordination number c, had a very large effect on the that is, with the oxygen atom towards the surface, 
quality of the fit. Levine et a[. (28) have shown the c, increases at the expense of the 'parallel' orientation. 
should equal 15.2 for a monolayer of hexagonally On the basis of the Courtauld model and assuming 
close-packed spherical dipoles with all dipole vectors that the dipole vector is approximately parallel to a 
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FAWCET'S ET AL 

FIG. 8. Plot of the inner layer integral capacity K,  for the Hg/DMF interface with TEAP as electrolyte against electrode 
charge density at 25'C. The solid curve was calculated from the three state model as described in the text using the param- 
eters given in the caption to Fig. 7. 

FIG. 9. Plot of the fractions of molecules in the down (f 1) and parallel (JO) orientations against electrode charge density 
for a DMF monolayer at Hg. The parameters assumed in estimating these fractions are given in the caption to Fig. 7. 

line drawn through the oxygen and nitrogen atoms 
in the DMF molecule (Fig. lo), the 'parallel' orien- 
tation corresponds to a solvent molecule positioned 
with its methyl groups on the surface. A similar 
conclusion was reached by Payne on the basis of a 
comparison of the potential shift of the pzc of aqiie- 
ous solutions of DMF, N-methylformamide, and 
formamide with change in amide concentration (9). 
The value of the surface potential (-0.293 V) re- 
flects the small net concentration of negatively ori- 
ented dipoles at the pzc. The distortional contribu- 
tion to the effective inner layer dielectric constant 

E ,  estimated on the basis of the equation (10) 

[I1 ] I/&, = 1 - 4xmNT/Ad 

is 3.71. In assessing these results one should keep in 
mind the fact that the isotropic polarizability has 
been used in the above calculations. Since the polar- 
izability depends to some extent on molecular orien- 
tation (31) and electrode field (32), the effective 
polarizability is expected to vary somewhat with elec- 
trode charge density. 

It is interesting to examine the predictions of the 
three state model regarding the temperature depen- 
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DISTANCE, n m  

FIG. 10. Sketch of a dimethylformamide molecule on the 
basis of its Courtauld model. The scale defines the position of 
the surface in a 'parallel' orientation corresponding to the 
dipole vector parallel to the surface. 

dence of A+ and Ci.  On the basis of eqs. [5] and [6], 

where p = l/kT, and 

From eqs. [2]-[4], it may be shown (10) that 

where R = 1 + ale2)' + a2e)', a ,  = exp [P(UrT - 
u,')], a2  = exp [P(UrT - U:)], and y = pP(E + 
X). Differentiating eq. [14] with respect to P at con- 
stant o, one obtains 

where AU, = UrT - u,' and AU2 = UrT - u:. 
Rearranging and setting f = NT/NT = 1/R, f 1  = 
NL/NT = aIezY/R and f 0  = NOIN, = a2eY/R, it is 
easily shown that 

At the minimum, f T  = f l ,  r = 0, and therefore, on 
the basis of eq. [3], AU, = -2p(E + X). From eq. 
[16], it is apparent that ar/ap = 0 and thus a(A+)/ 
a p  = 0 at the minimum. Similarly, for the present 
system, f = f 0  = 0.5 at the maximum, and from 
eq. [4], U: - u,' = AU, - AU2 = -p(E + X); 
on substituting these values into eq. [16], it is found 
that ar./ap and a(A+)/ap are zero at the maximum. 
Thus, according to the three state model, the poten- 
tial difference (A+),, - (A+), = (+md),, - (+md), is 
independent of temperature where (A+), and (+md), 
are the potential drops across the dipole layer ac- 
cording to  the model, and as estimated from experi- 
ment on the basis of the rational potential, respec- 
tively, at the minimum, and (A+), and (+md),, the 
corresponding values at the maximum. Froin the 
experiments, (+md),, - (@'""), = - 1.923 + 0.006 V, 
in the temperature range - 15 to 40°C, that is, it is 
independent of temperature within experimental 
error. The above results suggest an effective way of 
defining an absolute potential scale for unassociated 
solvents at a polarizable electrode. If the principle 
extremum on the capacity curve observed with an 
electrolyte whose ions are not adsorbed occurs at the 
same charge density independent of temperature, one 
may assume that the absolute potential drop across 
the inner layer is also temperature independent and 
on this basis defines an absolute potential scale ac- 
cording to which the variation in surface potential 
with temperature is automatically accounted for. 

On differentiating eq. [16] with respect to o, one 
may derive an expression for the temperature depen- 
dence of the inner layer capacity Ci (eq. [13]). It can 
then be shown that the inner layer capacity does 
depend on temperature a t  the two extrema, although 
the temperature coefficient at the minimum is 
negligible in the present case. Comparison of calcu- 
lated and experimental values of dCi/dT (Fig. 11) 
reveals that the model gives the correct sign of the 
temperature dependence of the capacity at the maxi- 
mum, but the coefficient calculated on the basis of 
the parameters given above is approximately twice 
that observed experimentally. In addition, the pas- 
itive values of dCi/dT observed for values of o in the 
range 0.02 < o < 0.14 C m-2 are not predicted by 
the model. However, considering the fact that the 
variation in Ci with teinperature is not large with 
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FAWCETT ET AL.. 

FIG. I I. The  temperature derivative of the inner layer differential capacity d C i / d T  plotted against electrode charge 
density for data obtained a t  the H g / D M F  interface with T E A P  as  electrolyte in the temperature range - 15 t o  40°C. T h e  
solid curve was calculated from the three state model o n  the basis of the parameters given in the caption t o  Fig. 7. 

respect to experimental error, one should not place 
great emphasis on the quantitative aspects of the 
above comparison. The present results may be com- 
pared with those obtained for the Hglmethanol inter- 
face where a small temperature coefficient was also 
observed (2). 

Acknowledgements 
The financial support of the National Research 

Council of Canada is gratefully acknowledged. 
B.M.I. acknowledges the receipt of an Ontario 
Graduate Scholarship. 

I .  S .  MINC.  J. JASI.IIZEBSKA, and M. BRZOSTOWSK,\. 
J. Electrochem. Soc. 108, 1160(I961). 

2. R. P ~ Y N E .  Adv. Electrochem. Electl.ochem. Eng. 7, 1 
(1970). 

3. R. PAYNE. J .  Phys. Chem. 73.3598 (1963). 
4. V. D. BEZUGLY and L .  A. KORSHIROV. EIckt~.okhin~iyi~.  1, 

1422(1965): 3,390 (1967). 
5. YA. DOYLIDO, R .  V.  IVANOVA,  and B. B. D A ~ I A S K I N .  

Elektl-okhimiya. 6, 3 (1970). 
6. 1. M. G A N Z U I N A .  B. B. DAM-\SKIN, and R. V. IVANOVA. 

Elektrokhimiya, 6.709 (1970); 6 ,  1540 (1970). 
7. I. M. G A N Z H I N A  and B. B. D A M A S K I N .  Elektl-okhimiya, 6. 

1715 (1970). 
8 .  R. I .  KAGANOVICH, B.  B. DAMASKIK,  and K. K. 

KAISHEVA.  Elektrokhimiya, 6. 1359 (1970); 8. 1642 (1972); 
9 .94  (1973). 

9. R. PAYNE. J. Electroanal. Chem. 47,265 (1973). 
10. W. R. FAWCETT. J .  Phys. Chem. 82, 1385(1978). 
I I. C.  K. MANN and K. K. B,ZRNES. Electrochemical reactions 

in nonaqueous systems. Marcel Dekker, New Yosk. 1970. 

12. W. R. FAWCETT and M. D. MACKEY. J .  Chem. Soc .  F;I~;I- 
day Trans. I .  69.634 (1973). 

13. W. R .  FAWCETT and R.  0. Lou.1-FY. Can. J .  Chem. 51,230 
(1973). 

14. R. P,ARSONS and F.  G .  R.  ZOBISI.. J .  Electroannl. Chem. 9. 
333 (1965). 

15. W. K. FAWC~STT and R. 0. LOUTFY. J .  Electroanal. Chem. 
39, 185 (1972). 

16. D. S.  REID and C .  A.  VINCI;N.I-. J. Electsoanal. Chem. 18, 
427 (1968). 

17. H. BEHRET, F.  S C H ~ I I T H A L S ,  and J .  BARTHEL. Z.  Phys. 
Chem. N.F. 96,73 (1975). 

18. DZH. I. DZHAPARIDZE and V.  A. CHAGLL.ISHVIL.I .  The  
double layer and adsorption at solid electrodes. Proc. of the 
IVth Symposium, Tal-tu. 1975. p. 89. 

19. V. A.  CHAGELISHVILI ,  DZH. I. D Z H A P A R I I ~ Z H ,  and B. B. 
DAMASKIN.  Elektrokhimiya, 13. 1300(1977). 

20. B. B. DAMASKIN,  R.  V. IVANOV-\ ,  and A. A.  S U R V I L A .  
Elektrokhimiya. 1.767 (1965). 

21. R. PAYNE.  J .  Phys.Chem.73.3598(1969). 
22. R. P A Y K E .  J. Am. Chem. Soc.  89.48 (1967). 
23. D. C.  G K A H ~ ~ M E .  J .  Am. Chem. Soc. 79,2093 (1957). 
24. G. J .  H I L L S  and R. P A Y N E .  T ~ x n s .  Faraday Soc.  61. 316 

(1965). 
25. R. PARSONS. Electr.ochim. Acta. 21,681 (1976). 
26. Z. BORKOWSKA. J .  Electroanal. Chem. 79,206(1977). 
27. J .  R. MACDONALD. J .Chem.  Phys.22, 1857(1954). 
28. S .  L E V I N E ,  G .  M. B ~ L I . .  and A. L. SMITH.  J .  Phys. Chem. 

73. 3534 (1969). 
29. I. P.GOLDSHTEIN. Yu.  M. KESSLEK, Y u .  M. POVAROV, and 

A. I. GORBANEV. Zh.  S t r i~k t .  Khim. 4.445 (1963). 
30. M. J .  ARONEY.  R. J .  W. LEFCVKE, and A. N.  S I N G H .  

J .  Chem. Soc. 3179 (1965). 
3 1. J. APPLEQUIST, J .  R.  CARL,^^^ K. K. F U N G .  J .  Am. Chem. 

Soc. 94,2952 ( 1972). 
32. A. D. B U C K I N G ~ W M  and B. J .  ORR.  Q. Rev. Chem. Soc.  21. 

195 (1967). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



The photoelectron spectra of dimethylgermane, difluoro- and dichlorodimethyl germane 
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JOHN E. DRAKE, BORIS M. GLAVIN~EVSKI ,  and KRYSTYNA GORZELSKA. Can. J. Chem. 57, 
2278 ( 1979). 

He(1) and He(I1) pe spectra of the series Me2GeX, (X = H, F, CI) are reported. Assignments 
are based on comparisons with the spectra of related Me,GeX and MeGeX, series as well as 
semi-empirical CND0/2  calculations. 

JOHN E. DRAKE, BORIS M. G L A V I N ~ E V S K I  et KRYSTYNA GORZELSKA. Can. J. Chem. 57, 
2278 (1979). 

On rapporte les spectres pe de He(1) et He(11) dans une strie de Me,GeX, (X = H, F, CI). 
On base les attributions sur des comparaisons avec des spectres de skies apparentkes Me,GeX 
et MeGeX, ainsi que sur des calculs semi-empiriques CNDO/2. 

[Traduit par le journal] 

Introduction pared by well-established methods (18, 19). Dichlorodirnethyl- 
germane was supplied by Laram~e Chem. Co., WY. The 

We recently reported (1, 2) the uv photoelectron samples were purified by vacuum fractionation and their purity 
spectra of the series of compounds Me,GeX and was confirmed by IH nmr and vibrational spectroscopy 
MeGeX,, where X = H, F, and C1. This supple- (19-21). 

mented several earlier reports of the spectra of the Results and Discussion 
germanium halides, germane, methylgermane, tetra- 
rnethylgermane (3-g), and most recently, &lorotri- The experimental vertical ionisation energies and 
rnethylgermane (10). We complete the series by the values of the orbitals calculated by the CND0/2 
reporting the He(1) and He(1I) spectra of the di- method are recorded in Table 1, along with the 
methylgerrnane derivatives, Me,GeH,, Me,GeF,, desigllated SYlnmetrY and principal contributions to 
and Me,GeCl,. The spectra are relatively com- the molecular orbitals. 
plicated because in C,,  local symmetry there are no A colll~arison of the spectrum of Me2GeH2 (Fig. 
degenerate orbitals. Thus, in addition to CND0/2  1) with those of Me3GeH (1) and MeGeH3 (2) 
calculations as an aid to assignment, particular use indicates similar features which, along with the 
is made of correlation diagrams with the assignments CND0/2 calculations, allows for a reasonable 
for the MeGeX, and Me,GeX series (1, 2). assignment. The calculations place the 3b,, 3b,, and 

4a1 orbitals close together and three peaks can be 
Experimental clearly seen in the feature centred at 11.09 eV. In 

The spectra were recorded on a McPherson ESCA-36 photo- MeGeH,, the 3a, orbital (mainly Ge(p)-C(p)) was 
electron spectrometer, using both He([]) and He([) excitation. assigned to the lower energy peak because it was 
The peaks were calibrated against the argon lines at  15.76 and clearly sharper and less intense than the 2e (mainly 
15.94 eV. 

The CNDO/2 calculations the program GEOM- Ge(~)-H(s))' in the broader, 
FORTRAN IV (i.e. GEOMO, QCPE 290 (written in Fortran)) Inore intense band was assigned to 46' (now lnainly 
developed by Rinaldi (1 1). A non-standard basis, not including Ge-C) which was the less stable orbital. Thus, in 
d-orbitals, was used for germanium and chlorine. The para- contrast to the CNDO predictions, the orbitals 
meters that differ from those provided in the manual are the lnainly involving G~-H  bonding are slightly 
core integrals Cl(s)(19.235), Cl(p)(9.38) and Ge(s)(12.715), 
Ge(p)(6.845) (12) and the Slater exponents Cl(s)(2.3561) and those Ge-C bonding. The 
Cl(p)(2.0387) (13). The coordinates of the atoms were cal- order of the orbitals in Me,GeH, is assigned on the 
culated using bond lengths previously reported in the literature same basis in terms of the A 0  participation and the 
(14-17). All tetrahedral angles were assumed. correlation diagram (Fig. 2) as 3b, < 4a, < 3b2. 

As in our earlier studies .(I, 2), trial runs which included 
exact angles gave only small changes to eigenvalues and eigen- This order is identical to that proposed for Me,SiH, 
vectors. This was also true of runs that utilized the optimisa- (22). The transformation of the 2e orbital is One 

tion routine so that this was also not used, resulting in con- that has predominantly H-Ge but some Ge-C 
siderabie savings in computer time. character in MeGeH,, to one of predoillinantly 
Materials Ge-C character in Me3GeH via the 36, and 3bl 

Dimethylgermane and difluorodimethylgermane were pre- orbitals. The former can be described as a Ge-H 

0008-4042/79/ 172278-07$0 1 .OO/O 
@ 1979 National Re5ea1ch Council of CanadaIConseil notional de ~echelches du Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



D R A K E  ET A L .  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2280 C A N .  J .  CHEM. VOL. 57. 1979 

N -zm*::m* m  0 %  * - m m  = m  T O  ,?Sc! f m m * o  y;mo - m  2%8z2 6 . N O  .-0 do'?--  . N ?  v)?  Odt? 6 . . 
-0 ' nodO Ed %Ed6 - O " d d z E d o  o o  z n o o n o o d d  
4 n a 0  E h n n  3% -n g3 ----n 4 n n n n  _Q""  "" ,Q"" 3q%nn y33s ~ 3 3 3  m w  0w33yg233 0v,43j?3 3w.33  m u - 4 -  
oBor oooz oB BB oBuz wooorooor 03: o8uz wGGGE 

N m  0 m  N m  
~ m t - o - o w m - m w m ~ * o  2 2  O w o m  m m ~  m r - m  - m m ~  0 2 ~ ~  
O l t l  d '??? d ? O O m O  . . a ? - ?  m m m  O t t  a t " ! .  0 .  . 
n O O O n O O O h O O O O O 0  0 0 n 0 0 0  0 0 0  0 0 0  ~ 0 0 0 ~ 0 0 0  
4 n - n  4 n n n  4-nn nn n nn 4 n - n  nnn n-n 4 n - n  4 n - n  

4 3 3 y 4 4 -  4 4 -  w 4 4 . 1  w 4 4 -  
oaoz oaor oaor ao z oz oEGZ ZSi? Z G E G E G Z G Z G ~  

w  
0 0  q o *  
?'? a'?? o o Y ?  
0 0  n o 0  h, -O0 

Y 4 - n  -- 32% yx3s 
33 oz 855 oooz 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



D R A K E  ET AL.  228 1 

bonding orbital while tlie latter is best described as 
a Ge-C bonding orbital. In general, tlie energy of 
the Ge(p)-C bonding orbitals remains essentially 
constant in all three molecules which is consistent 
with the very similar Ge-C bond lengths that have 
been reported (14, 15). Also, there is an indication 
that the Ge-H bonding is not changing significantly 
along the series trihydride to  inonohydride which 
correlates with reported bond lengths of Ge-H in 
MeGeH, (1.529 A) (15) and Me,GeH (1.532 A) (14). 
The predoininantly CH,-group bonding orbitals 
around 14 eV are relatively broad features in 
Me,GeH, as was also observed for MeGeH, and 
Me,GeH. There are, however, four fairly sharp 
peaks within the envelope which are assigned to  the 
la,, 26,, 3a, and 26, orbitals in accord with the 
C N D 0 / 2  predictions. The correlation diagram (Fig. 
2) illustrates the similar energies in all three hydrides 
of these orbitals involving the methyl groups. Finally, 
the 20, orbital has the characteristic feature noted 
for the presence of the s-orbital of germaniunl (1, 2, 
23), namely, the marked increase in its peak height 
in the He(l1) spectrum relative to  a virtually in- 
significant peak in the He(1) spectrum. Thus, its 
assignment at 17.0 eV is confirmed. 

The He(1) and He(I1) spectra of Me,GeF, (Fig. 1) 
are assigned as shown in Table 1. The number of 
orbitals in Me,GeF, increases as compared with 
Me,GeH, because of the presence of the 11 orbitals of 
fluorine that are available for bonding. The 46, and 
46, orbitals of Me,GeF, are the central orbitals in 
the transition of the 5e orbital in MeGeF,, which 
mainly involves fluorine and germanium orbitals, into 
the 5e orbital of Me,GeF, where it essentially 
involves Ge-C bonding (Fig. 3). The 46, can be 
described as a Ge-C orbital and the 40, as a lone- 
pair orbital. This could account for the considerable 
splitting in their energies in contrast with the 
hydrides. The three remaining fluorine "lone-pair 
orbitals", the "methyl bonding orbitals", and the 
"Ge(p)-F(p) bonding orbitals", all fall relatively 
close together to  form a large envelope, and the 
orbitals, with the exception of 2a2, have considerably 
mixed character. The lone-pair orbitals, 36, and 
5a,, which include contributions from CH, bonding 
orbitals, are around the 14 eV region (Table 1). 111 
the trifluoride, the corresponding orbitals are dis- 
tinctly more stabilized while in the monofluoride, 
those that transform mainly as the lone-pairs are 
slightly destabilized. The la, orbital in Me2GeF2, as 
well as the orbitals with which it is correlated in the 
series MeGeF,, Me,GeF,, and Me,GeF, are all 
found in the range of 15.5-14.2 eV. The gradual 
destabilization across the series correlated well with 
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FIG. 2. Correlation of the binding energies across the series 
MeCeH,, Me,GeH2, and Me,GeH. 

the successive substitution of methyl groups for 
fluorine. Thus, the predominantly fluorine lone-pair 
3e orbital in MeGeF, at 15.5 eV, splits into the 5a1 
(14.56 eV) and la, (14.80) eV orbitals in Me,GeF,, 
both of which have increased CH, character. Further 
destabilization occurs when the la, and 5a1 orbitals 
are correlated to the predominantly CH3(3e) orbital 
in Me,GeF (14.2 eV). As in the case of the 4b1 and 
4b2 orbitals, there is considerable splitting in energy 
between the 2b1 and 2b2 orbitals. The 4a, orbital 
which according to the CND0/2 calculations is the 
most stable of those involving mainly methyl groups, 
is assigned to the 13-15 eV region. The correlation 
diagram (Fig. 3) suggests that the assignment of the 
4a1 orbital, which caused us some difficulties in 
Me,GeF, should be in the region of 14.9-16.5 eV, 
rather than at 17.5, as we tentatively suggested in our 
earlier paper (1). The 3a1 orbital is assigned on the 
basis of the marked increase in its relative intensity 
in the He(I1) spectrum which is expected from the 
CND0/2 predictioils of considerable contributions 

FIG. 3.  Correlation of the binding energies across the series 
MeCeF,, Me2GeF2, and Me,GeF. 

from the s-orbital of germanium. It is less stable than 
the most stable orbital assigned in MeGeF,, but 
slightly stabilized relative to the corresponding 
orbital in Me,GeF. There is a correlation between 
destabilization and increase in Ge-F bond length 
across the series (MeGeF,, 1.714 A; Me,GeF,, 
1.739 A; and Me,GeF, 1.742 A) (16). 

The He(1) and He(J1) spectra of Me,GeCl, (Fig. 1) 
are assigned as indicated in Table 1. As in the 
fluorides there is a steady destabilization in the 
highest a ,  orbital along the MeGeCl,, Me,GeCl,, 
and Me3GeC1 series (Fig. 4). The CND0/2 calcula- 
tions predict that there should be less energy differ- 
ence between the 4b1 and 4b2 orbitals in Me,GeCl, 
compared with Me,GeF, and this is indeed the case. 
As with the fluoride, the b, orbital is closer in energy 
to the 5e orbital in MeGeCl, and the bl orbital is 
closer in energy to the 3e orbital in Me,GeCl. There 
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FIG. 4. Correlation of the binding energies across the series 
MeGeCI,, Me,GeCI,, and Me,GeCI. 

is little change in the energy of the a, orbitals between 
MeGeCI, and Me,GeCl, as both represent a lone- 
pair of chlorine (12.30 eV and 12.40 eV respectively). 
However, in Me,GeCl the orbital is more stabilized 
as it now consists mainly of methyl group bonding 
(13.90 eV). The principal lone-pair chlorine orbitals, 
2a,, 3b2, and 5a1 in Me,GeCl, are clearly less 
energetically stable than those in the fluorides. The 
2b1 and 26, orbitals show a noticeable degree of 
splitting. The latter orbital is apparently considerably 
stabilized because of contributions from the s-orbital 
of chlorine. This increasing participation of the 
s-orbitals also accounts for the fact that across the 
chloride series for the 4al-4a1-4a, sequence there is 
stabilization. The trend in the most stable valence 
orbitals involving the s-orbitals of germanium reverts 
to the sequence which shows increasing destabiliza- 
tion as chlorine is substituted by methyl groups. This 

essentially linear decrease in the energy of related 
orbitals was also noted for the series MeSiC1,- 
Me,SiCl,-Me3SiC1 and also interpreted as indicating 
that the inductive effects of the Me and C1 groups 
predominate and that d-orbital participation need 
not be invoked (24). The lack of important involve- 
ment by d-orbitals was also indicated in work on 
silicon hydride derivatives (22, 25). 

The first IP remains remarkably constant for all 
three molecules, Me,GeX,, X = H, F, C1, suggesting 
that the Ge-C bonding characteristic predominates 
in all three cases despite the contributions from the F 
and C1 p-orbitals. The overlap integral matrices 
suggest that these p-orbitals of F and C1 are slightly 
anti-bonding and this factor apparently just over- 
rides the general inductive stabilizing effect that 
might have been expected along the series Me,Ge- 
(Hz)-(C1,)-(F,). I t  is also interesting to note that 
the first IP in Me,SiH, (1 1.2 eV) (22) is close to that 
in Me,SiCl, (10.99 eV) (24) and both values are only 
slightly greater than those in the germanium an- 
alogues. Thus a change in the central atom from 
germanium to silicon causes only slight changes in 
the general features of the photoelectron spectra. 

The plot of - C N D 0 / 2  vs. experimental ionisation 
energies gives a slope of - 1.40 and an intercept of 
0.31 which coinpare very favourably with values 
reported for similar series (26) and for those we 
previously reported for Me,GeX (1) and MeGeX, 
(2). In none of the calculations did we consider 
d-orbital participation by germanium. As with our 
earlier studies, we noted ill-defined features in the 
region above 20 eV which could correspond to the 
2s-orbitals of carbon. In the spectra of Me,GeCl, 
there were further peaks that probably indicate the 
3s-orbitals of chlorine. 
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The crystal and molecular structures of 
bromotricarbonyl(phenylbis(3,5-dimethylpyrazolyl)phosphine)rhenium(I) and 

tricarbonyl(phenylbis(3,5-dimethylpyrazolyl)phosphine)tungsten(O) 
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R. E. COBBLEDICK, L. R. J. DOWDELL, F. W. B. EINSTEIN, J. K. HOYANO, and L. K.  PETERSON. 
Can. J. Cheni. 57.2285 ( 1979). 

Crystals of [Re(C0)3(P(Me,pz),C6H5)Br] (where Melpz is 3,5-dimethylpyrazolyl) are mono- 
clinic, space group PZ1/c, with ( 2  = 8.964(4), b = 14.441(10), c = 18.156(8) A, P = 11 1.32(4)', 
and Z = 4. Crystals of W(C0),(P(Me,pz),(C6H5)) are nionoclinic, space group P2,lc, with 
n = 12.479(7), 6 = 10.207(4), c = 16.118(7) ?., p = 98.77(2)', and Z = 4. In both structures 
there is irregular octahedral geometry about the metal atom with the carbonyl groups in a fac 
arrangement. The phenylbis(3,5-dimethylpyrazolyl)phosphine ligand, [P(Me2pz),(C6H5)], is 
coordinated to the tungsten atoni through the two 2N nitrogen atoms of the pyrazolyl rings 
and to two carbon atoms of the phenyl ring so that the ligand is essentially tridentate. In the 
rhenium complex this ligand is bidentate with coordination via the 2N nitrogen atoms with a 
bromine atoni occupying the sixth site. 

R. E. COBBLEDICK, L. R. J .  DOWDELL, F. W. B. EINSTEIN, J. K. HOYANO et L. K. PETERSON. 
Can. J. Chem. 57. 2285 (1979). 

Les cristaux de [Re(CO),(P(Me2pz)2C6H5)Br] (ou Me,pz = diniithyl-3,5 pyrazolyle) sont 
monocliniques, groupe d'espace P2,lc avec rr = 8.964(4), b = 14.441(10), c = 18.156(8) ?., 
p = 11 1.32(4)" et Z = 4. Les cristaux de W(CO)3(P(Me2pz)z(C6H5)) sont monocliniques, 
groupe d'espace P2,lc avec n = 12.479(7), b = 10.207(4), c = 16.118(7) ?., P = 98.77(2)" et 
Z = 4. Dans les deux structures, la gComCtrie autour de I'atome de metal est octaedrique 
rtguliere et les groupes carbonyles sont dans un arrangementfie. Le ligand phtnylbis(dimCthy1- 
3,5 pyrazolyl)phosphine, [P(Me2pz)lC,H,] est coordonne a I'atome de tungsttne par les 
deux atomes d'azotes 2N des noyaux pyrazolyles et a deux atomes de carbone des noyaux 
phCnyles d'une f a ~ o n  telle que le ligand est essentiellement tridentate. Dans le complexe de 
rhinium, ce ligand est bidentate avec une coordination par I'interniediaire des atomes d'azotes 
2N avec un atome de bronie occupant le sixieme site. 

[Traduit par le journal] 

Introduction 

The syntheses of a number of complexes of the set 
4 i0 co 

N\M/ @-y\N-N- M/ To co 
of ligands $,(R,Pz)~-, (x = 0-2; R,pz = pyrazolyl @-pi/ I \CO 
or 3,5-dimethylpyrazolyl, + = phenyl) have been re- 

N-N ' I 'CO 
I X 

ported, together with structural assignments based @ 
-4JL x 

on mass, infrared, 'H, and 3'P nmr s ~ e c t r o s c o ~ i c  
data (I) .  The modes of coordination of t i e  pyrazoiyl- '9 = Mn, X =  C1 5, M = Mn, X = CI 

phosphines are illustrated in structures 1-12. The ~ ; , ~ ~ ~ o  
6, M = Re. X = Br 
7 , M =  M o , X = C O  four-membered PNNh'4 metallocycle in 1 was con- 4, = W, = CO S . M = W , X = C O -  

firmed by an X-ray diffraction study (2). The PNNM 
metallocycles in the Mo(0) and -w@) derivatives 
(3 and 4) are more susceptible to ring opening reac- 
tions than in the Mn(1) and Re(1) analogues (1 and 2). 
Thus, the phosphorus bonded derivatives [(+,P- 
(R,pz)),M(CO),] (M = Mo, W) are readily ob- 
tained, contrasting with the failure to obtain corre- 
sponding bis-phosphine analogues of Mn(1) and 
Re(1). In the remaining complexes 5-7, the phos- 
phorus atom does not appear to coordinate to the 

'To whom all correspondence should be addressed. 

9, M = Mn. X = CI 
10, M = Re, X = Br 
11, M = Mo, X not present 
12, M = W, X not present 

0008-4042/79/172285-07$0 1 .OO/O 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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TABLE I. Data collection information 

Re cpd W cpd 

Radiation 

Scan 

Scan rate 

Base width 

Background count time 

Maximum 20 

Unique reflections 
recorded 

Observed reflections 

Number of parameters 
varied 

8-28 

2" min-' in 20 

1 .So (increased for 
dispersion) 

20 s at each side of 
scan 

2057 

1362 with I > 3 o ( I )  

Graphite monochromated 
Mo K a  

1.3" for 0" < 20 I 30" and 
l .OD for 30" i 20 I 40" 
(both increased for disper- 
sion) 

4 s for 0" < 20 5 30" and 10 s 
for 30" < 20 40" at each 
side of scan. 

1901 

1467 with I > 2.30(1) 

metal centre; reduced basicity of the phosphorus 
atom has been attributed to  the electron-withdrawing 
effects of the attached pyrazolyl rings. The facial 
structures 5 and 6 seem to be preferred over tneridial 
structures containing trans CO groups. Compounds 
7 and 8 give rise to tricarbonyl species [+P(R,pz),- 
M(CO),], obtainable in two isomeric forms (red and 
yellow). These isomers give identical mass spectra, 
but show distinct infrared, 'H, and 31P nmr spectra. 
This work describes the structure determination of 
the red form of [+P(Me,pz),W(CO),] and of com- 
pound 6. The X-ray diffraction study of [+P(Me,pz),- 
W(CO),] (red) shows that a portion of the phenyl 
ring occupies one of the coordination sites of the six 
coordinate tungsten centre in a rather unusual 
fashion. 

Tris-chelate structures analogous to 9-12 have been 
postulated for various pyrazolylborate complexes, in- 
cluding [RB(R,~z),Mn(co),l, [B(R,P~) ,M~(CO),~,  
and [HB(Me,pz),M(CO),]- (M = Mo, W) (3). 
Based on ir data (v,, region), the ligands P(Me,pz), 
and HB(Me,pz), coordinate in essentially the same 
way to Mo(0) and W(0) in comparable tricarbonyl 
complexes. While the given tris-chelate structures for 
9 and 10 are consistent with nmr and ir data, an 
alternative bis-chelate structure, containing co- 
valently bound halogen and rapidly exchanging 
pyrazolyl groups, cannot as yet be ruled out. 

The structural studies reported here were under- 
taken in order to corroborate proposed structures, 
and to help clarify the uncertainties described above. 

Experimental 
Sinrcllwe Deterl?lilinfion of [Re(CO) 3(P(Me,pz) ,C,H,) Br] 

A colourless crystal in the form of a rectangular prism of 
approximate dimensions 0.09 x 0.25 x 0.33 mm was used in 
the X-ray analysis. The space group was determined from the 
absent reflections on photographs taken with Cu K a  radiation. 
Unit cell parameters were obtained by least-squares refinement 
from the setting angles of 12 reflections centred on a Picker 
FACS-I automatic diffractometer using Mo K a  radiation. 

Crystal data are shown below: 

CI9Hl9N4O3PBrRe fw = 648.50 
Monoclinic, n = 8.964(4), b = 14.441(10), c = 18.156(8) A, 

= 111.32(4)", V = 2189.4A3, Z = 4, pc = 1.967, p,, = 
1.94 g ~ m - ~  (by flotation), p(Mo Ka) = 79.1 cm-l,  T = 22°C. 
Absent reflections: h01, 1 = 212 + 1 and OkO, k = 2r2 + I 
uniquely define the space group P2,lc. 

Details concerning the collection of intensity data are shown 
in Table 1. Lorentz and polarization corrections were applied 
to the intensities but no absorption correction was made. 
The extreme error in F resulting from this is estimated to be - 
+ 18%. - 

The rhenium aton1 position was determined from a Patterson 
map and the remaining non-hydrogen atom positions were 
obtained from subsequent Fourier and electron density dif- 
ference maps. Full-matrix least-squares refinement using 
anisotropic thermal parameters for the rhenium, bromine, and 
phosphorus atoms and isotropic ones for the remaining atoms 
gavea factor R = 0.085 (whereR = XIIF, - lF,II/X IF.(). 
An electron density difference map indicated regions of excess 
(1.4-2.2 e A-3, and deficient electron density (E-3.3 e k3) 
in the neighbourhood of the rhenium atom compared with 
~6 e k3 for a typical carbon atom. The map did not reveal 
the positions of the hydrogen atoms and these were omitted 
from the structure. There was no evidence of anisotropic 
motion of the lighter atoms and consequently the refinement 
was terminated at this stage. Unit weights were used through- 
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COBBLE 

TABLF: 2. Final fractional atomic coordinates 

(a) Re complex ( x  lo3, except Re, Br, and P x lo4) 

Atom x Y z 

DICK ET A L .  2287 

TABLE 2 (Conct~tcled) 

(b) W complex ( x lo4, except W x lo5) 

Atom x Y z 

out. Anomalous dispersion corrections were applied to the 
rhenium, bromine, and phosphorus atoms. Atomic scattering 
factors for rhenium were taken from ref. 4 and those of ref. 5 
were used for the rest of the atoms. Crystallographic com- 
puter programs used in the analysis have been cited elsewhere 
(6). 

Final positional parameters for both compounds are listed 
in Table 2 and the thermal parameters in Table 3. A listing of 
calculated structure factors and observed structure amplitudes 
has been deposited in the Depository of Unpublished Data.2 

Sfluctrire Deternrinatiorz of [ W(C0) (P(Me2pz) ,CaH5) ] 
Unless otherwise stated in the text or Table 1 the experi- 

mental details are the same as for the rhenium compound. 
Crystals of the complex were obtained as red platelets elon- 
gated along the b axis. A plate-shaped crystal of dimensions 
0.20 x 0.45 x 0.15 mm was used for the data collection. The 
crystal was mounted with the b axis offset from the axis of 
the diffractometer. No correction for absorption was applied 
to the data and, in extreme cases, the error in F could be 
+ 7%. 

Crystal data are shown below: 

C I ~ H I ~ N ~ O ~ P W  fw = 566.23 
Monoclinic, a = 12.479(7), b = 10.207(4), c = 16.118(7) A, 
(3 = 98.77(2)", V = 2029.0 A3, Z = 4, p, = 1.853, p, = 
1.83 g cm-3 (by flotation), Mo K a  radiation (h = 0.70926 A), 

'The listing is available, at  a nominal charge, from the 
Depository of Unpublished Data, CISTI, National Research 
Council of Canada, Ottawa, Ont., Canada K I A  0S2. 

p(Mo Ka) = 61.2cm-I, T = 23°C. Absent reflections: h01, 
t = 2n + 1 and OkO, k = 2n + 1 uniquely define the space 
group P2,lc. 

The coordinates of the tungsten atom were determined from 
the Patterson map and those of the remaining non-hydrogen 
atoms were determined from subsequent Fourier and dif- 
ference maps. Anisotropic thermal parameters were intro- 
duced for those atoms indicating anisotropy on the difference 
maps. The coordinates of the 19 hydrogen atoms eventually 
were revealed by a difference map. These hydrogen atoms were 
included in the structure factor calculations but not allowed 
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TABLE 3. Final thermal  notion parameters 

(a)  Anisotropic thermal parameters (U, ,  x 103 A') except for (U , ,  x lo4 A) for W 
atom of the form exp [ - ~ x ~ ( ~ ~ c I * ~ U ,  + . . . + 2 / 1 k ~ * b * U , ~  + . . .)I 

Atom U I  I u2 2 u3 3 1/12 u~ 3 U Z  s 

Re complex 
Re 63(2) 38(1) 18(1) 1 O(2) 21(2) - l ( 1 )  
Br 93(6) 62(5) 34(4) 25(4) 1 O(4) 9(3) 

- 

(0)  Isotropic thermal parameters 

Atom U x 103 A2 Atom u x lo3 A' 

Re complex 
36(12) C25 
40(12) C3 1 
54(16) C32 
7 l(20) C33 
53(16) C34 
73(21) C35 
67(18) C36 
28(10) C 1 
66(15) 01 
68(18) C2 
67(18) 0 2  
67(18) C3 
88(23) 0 3  

W con~plex 

3 9 0 )  C23 
51(5) C24 
56(7) C25 
57(7) C3 1 
50(7) C32 
86(9) c33  
65(7) c 3 4  
40(5) C35 
48(5) C36 
49(6) C1 
48(6) C 2  

C3 

to refine. The final R was 0.067 for the observed reflections. 
At this stage the only significant peaks (2.2-3.3 e k3) were 
close to the tungsten atom. The maximum parameter shift 
was 0 . 1 5 ~ .  Initially unit weights were used but in the later 
stages of refinement a weight~ng scheme was used w ~ t h  weights, 
IV = 1/02(F) .  Anomalous dispersion factors were used for the 
tungsten atom and these and the atomic scattering factors 
were taken from ref. 7 ,  except for the hydrogen atoms which 
were taken from ref. 8. 

Results and Discussion 
Perspective views of the rhenium and tungsten 

complex molecules are shown respectively in Figs. 1 
and 2. Bond lengths and angles (excepting those in- 

volving hydrogen atoms) are listed in Tables 4 and 5. 
In  both structures there is an irregular octahedral 
configuration around the central metal atom and in 
each case the three carbonyl groups have a far 
arrangement. The phenylbis(3,5-dimethylpyrazoly1)- 
phosphine ligands coordinate via the two 2N nitro- 
gen atoms of the pyrazolyl rings in both structures 
and the nitrogen atoms are trans to carbonyl groups. 
In the rhenium complex the sixth site is occupied by 
a bromine atom while in the tungsten complex the 
site is occupied by two carbon atoms of the phenyl 
group of the P(Me,pz),(C,H,) ligand. Both mole- 
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COBBLEDICK ET A L  

FIG. 1. Perspective view of [Re(CO)3(P(Me2pz)2C6H,)Br]. 

FIG. 2. Perspective view of [W(CO)3(P(Me2pz)2CbH5)]. 

cules have approximate non-crystallographic mirror 
symmetry about a plane containing atoms P, C3, 0 3  
and the metal. The Re-Br distance is 2.623(7) A and 
correction for the bromine riding motion on the 
metal atom gives 2.639 A. The distance is inter- 
mediate in the range 2.469-2.769 A reported for 
Re-Br distances (15). In both compounds there is 
little deviation from linearity of the carbonyl 
groups. As a result of the large errors, comparison 
of bond lengths and angles is of limited value. The 
carbon atom C3 in the tungsten complex behaved 
poorly in the least-squares refinement and the 
W-C3 bond length of 1.67(3) A appears to be un- 
reasonable. We attribute this to poor positioning of 
C3 (the C3-03 distance is consequently long at  
1.31(3) A), despite various attempts to correct this 

TABLE 4. Bond lengths (A). Estimated standard 
deviations are given in parentheses 

Length 

Bond Re complex W complex 

M-Cl 
M-C2 
M-C3 
M-Nll 
M-N21 
M-Br 
M-C3 1 
M-C36 
P-N 12 
Nll-N12 
N12-Cll 
Cll-C12 
C12-C13 
C13-Nll 
Cll-C14 
C13-C15 
P-N 22 
N21-N22 
N22-C21 
C2 1 -C22 
C22-C23 
C23-N21 
C21-C24 
C23-C25 

by placing it at  a reasonable calculated starting 
position. Taking the W---0 distances (2.97-3.10(5) A) 
all three CO groups appear to be identical. The 
Re-N distances are 2.15(4), 2.21(4) A while the 
W-N distances are 2.26(2) and 2.27(2) A. In both 
structures the metal atom, the four nitrogen atoms, 
and the phosphorus atom form a six-membered ring 
with a boat configuration. In the rhenium compound 
the boat arrangement places the phenyl ring close to 
the carbonyl group trnrzs to the bromine (C3---C31 = 
3.04(7) A). This interaction between the phenyl ring 
and the carbonyl group appears to displace the boat 
ring towards the bromine atom; the two N-Re-Br 
angles are 85(1)" and the two N-Re-C3 angles are 
96(2)". In the tungsten co~npound the boat ring is 
displaced in the opposite direction in such a way 
that C31 and C36 of the phenyl ring occupy the site 
occupied by the carbonyl group in the rhenium 
complex. The two N-W-C3 angles of 97(1) and 
96(1)" indicate the displacement (cf. the comparable 
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N-Re-Br angles of 85(1)"). Another way of com- 
paring the tilt of the boat ring is by examining the 
displacement of the ring atoms from the plane de- 
fined by the metal and the two carbonyl groups 
C2-02 and C1-01. Calculations for these and 
other relevant planes are shown in Table 6. 

The W-C31 distance of 2.58(2) A and the 
W-C36 distance of 2.82(2) A, although longer than 
usual W-C contacts (e.g. 2.246 A in bis-(q-cyclo- 
pentadieny1)bi.s-(3,5-dimethylbenzy1)tungsten (9)), are 
sufficiently short to suggest a weak interaction. 
In this way the tungsten atom could ach~eve an 18- 
electron configuration but, since the distances are 
long, the possibility of a 16-electron system cer- 
tainly cannot be ruled out. All other W---C contacts 
with the phenyl ring are greater than 3.20 A. The 
shorter contact involves the P-bonded carbon and 
the weaker interaction occurs with an ortho carbon. 
The assumed hydrogen atom on the ortho carbon 
atom does not point a t  the tungsten atom so the 
interaction is not similar to that observed in (di- 
ethyldi - 1 - pyrazolylborato)(trihapto - 2-phenylallyl) - 
(dicarbonyl)molybdenum where the ci carbon atom 
of an ethyl group is directed toward the molyb- 
denum atom (10); giving it an  effective 18-electron 

TABLE 5. Bond angles (deg). Estimated standard 
deviations are given in parentheses 

Angle Angle 
Bond Re complex W complex 

TABLE 5 (Concl~rded) 

Angle Angle 
Bond Re complex W complex 

N11-N12-C11 1 16(4) 106(2) 
N12-Cll-C12 109(5) 111(2) 
Cll-C12-C13 lOl(5) 107(2) 
C12-C13-Nll 114(5) 109(2) 
C13-N11-N12 1 OO(4) 108(2) 
N12-Cll-C14 128(5) 119(2) 
C12-C11-C14 123(5) 130(2) 
Nll-C13-C15 120(5) 122(2) 
C12-C13-C15 126(6) 129(2) 
M-N21-N22 121(3) 117(1) 
M-N21-C23 1 36(4) 133(2) 
P-N22-N21 131(4) 123(1) 
P-N22-C21 122(4) 131(2) 
N21-N22-C21 106(4) 105(2) 
N22-C21-C22 111(5) 1 lO(2) 
C21-C22-C23 98(6) 108(2) 
C22-C23-N21 1 24(6) 107(2) 
C23-N21-N22 102(5) 1 lO(2) 
N22-C21-C24 124(5) 117(2) 
C22-C21-C24 124(6) 133(2) 
N21-C23-C25 1 15(5) 126(2) 
C22-C23-C25 118(6) 127(2) 
P-C3 1-C32 1 19(4) 117(2) 
P-C31-C36 122(4) 121(2) 
C31-C32-C33 123(6) 118(3) 
C32-C33-C34 118(6) 122(3) 
C33-C34-C35 123(6) 121(3) 
C34--C35-C36 118(6) 11 8(3) 
C35-C36-C31 121(5) 121(3) 
C36-C31-C32 1 17(5) 119(2) 
N 12-P-N22 lOl(2) 103(1) 
N12-P-C3 1 104(2) 95(1) 
N22-P-C3 1 103(3) 99(1) 
M-Cl-01 174(6) 175(3) 
M-C2-02 171(5) 175(2) 
M-C3-03 165(5) 173(3) 

TABLE 6. Deviations of atoms (A) from 
least-squares planes. The equations of the 
planes are referred to orthogonal axes with 
x along the a axis, y along the b axis, and z 

along the c *  axis 

(a) Plane through C31, C32, C33, C34, 
C35, and C36" 

W complex Re complex 

"W complex: 0.6634~ + 0.7192~ - 0.20671 - 
5.5077 = 0; Re complex: 0.2987~ - 0.3273~ - 
0.89652 + 5.7812 = 0. 
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TABLE 6 (Concllrcled) 
(b) Plane through N11, N12, C11, C12, 

and C13b 

W complex Re complex 

bW complex: 0 .6115~  - 0.47988 - 0.62922 i- 
0.6360 = 0 ;  Re complex: -0.7039s 4- 0.61338 - 
0.35832 - 1.8312 -= 0.  

(c)  Plane through N21, N22, C21, C22', 
and C23" 

W complex Re complex 

'W complex: - 0 . 8 7 7 9 ~  -k 0.19748 - 0 .4362~  i- 
2.5901 = 0 ;  Re complex: 0.0385,~ 4- 0.8488g - 
0.52742 - 1.3120 = 0. 

( d )  Plane through M ,  0 1 ,  and 0 2 "  

W complex Re complex 

- - 
W complex: 0.8934,~ i- 0.33368 - 0.3010~ - 

2.6250 = 0 ;  Re complex: - 0 . 4 0 7 9 ~  + 0.62638 - 
0.6643; - 1.1745 = 0. 

configuration. In the analogous (diphenyldipyra- 
zolylborato)(2-methylallyl) (dicarbony1)molybdenum 
where it might have been expected that the 18- 
electron configuration would be achieved by inter- 
action with an orthoC-H bond of a phenyl group(l1) 
no such interaction occurs and the metal atom re- 
mains with a 16-electron configuration. Cotton pro- 
poses that the apparent reason for this is that the at- 
tainment of a satisfactory conformation of the four 
rings about the boron atom (the two pyrazole rings 
are fixed in coordination to the molybdenum) is in- 
consistent with the orientation of one of the phenyl 
groups to give such an interaction. 

Two platinum structures in which two adjacent 
carbon atoms of a substituted benzene ring are 
bonded to a metal are known (12, 13). The Pt-C 
distances lie in the range 2.05(2)-2.15(2) 8,. In both 
these structures the C-C bond distances are 
alternately short and long (i.e. double and single 
bonds) with the exception of the double bond co- 
ordinated to the metal atom which has been ap- 
preciably lengthened. In the present structure, the 
estimated standard deviations are too large to  estab- 
lish the significance of differences in bonds of this 
type but the distances appear typical. The interaction 
does not appear to be of this type and is more 
similar to  that occurring in the structure of tris(tri- 
phenylphosphine)rhodium(I) perchlorate (14) in 
which the Rh atom is 2.48(2) 8, from the P-bonded 
carbon atom, 2.62(2) 8, from the ortho carbon atom, 
and 2.56 8, from the assumed ortho hydrogen atom 
and in the structure of bis(2-methyl-2-phenylpropy1)- 
manganese(I1) (16) where the Mn-C distances are 
ca. 2.7 8, with the ortho hydrogen atom close to the 
manganese atom. 
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RITA K. HESSLEY, SHOBA WAYKOLE, and ROBERT L. SIJBLETT. Can. J. Chem. 57.2292 (1979). 
An intriguing and unique system has been observed during the otherwise routine study of the 

cobalt(Il1) complex of trnns-I,?-cyclohexanedinitrilotetraacetic acid (CyDTA). Using classical 
spectrophotometric methods to determine the stoichiometry and the stability of a complex, 
significant deviations from the predicted 1: 1 con~plex were observed in a system buffered a t  
pH = 4.6. It is postulated that in addition to the usual 1 : 1 complex, the propensity of the reac- 
tants to form complexes and the strong oxidizing conditions used in this investigation result in 
the formation of a second, higher order complex between Co(1II) and CyDTA. When the con- 
centration of CyDTA exceeds that of Co(IIl), the meta1:ligand ratio for this complex is 1:2. A 
structure is proposed, and approximate stability constants of both complexes are discussed. 

RITA K. HESSLEY, SHOBA WAYKOLE et ROBERT L. SUBLE.~T. Can. J. Chem. 57,2292 ( 1979) 
On a observe un systeme unique et curieux au cours d'une etude par ailleurs routiniere des 

complexes du cobalt(II1) avec I'acide cyclohexanedinitrilo-1,2 tetraacetique (CyDTA). Faisant 
appel a des methodes spectrophotometriques pour determiner la stoechiometrie et la stabilite 
du complexe et operant dans un systeme tamponne 6 pH 4.6, on a observe des deviations im- 
portantes par rapport au complexe 1 : 1 prtdit. On fait I'hypothese qu'en plus du complexe 1 : 1 
habituel, la propension des rkactifs a former des complexes et les conditions tres oxydantes 
utilisees au cours de cette etude conduisent a la formation d'un second complexe d'un ordre 
plus Clevt entre le Co(11I) et le CyDTA. Lorsque la concentration du CyDTA est superieure a 
celle du Co(III), le rapport mktallligand pour ce complexe est de 1 : 2. On propose une structure 
et on discute des constantes de stabilite approximative des deux complexes. 

[Traduit par le journal] 

Introduction 
We had prepared a crystallil~e form of a Co(ll1)- 

CyDTA complex, and it was of interest to investigate 
the nature and the stability of the complex in solu- 
tion. Previous work by Jacobsen and Selmer-Olsen 
showed that a 1 :1 complex formed between these 
reactants, but that in the presence of excess cobalt(l1) 
ion some of the ligand was oxidized (1). We had not 
observed an oxidation reaction, and a further study 
of the system was undertaken. It is known that 
Co(II1) is a highly reactive species, but is stabilized 
by complex formation. Both Jacobsen and Selmer- 
Olsen (I),  and Martinez and Mendoza (2), have used 
CyDTA to determine micro quantities of cobalt(1II) 
ion in solution. Jacobsen and Selmer-Olsen carried 
out their investigation in solutions buffered at pH 4.6. 
Except when excess cobalt ion resulted in the partial 
oxidation of CyDTA, as noted above, an otherwise 

'Presented at the 29th SERACS meeting, Tampa, FL, 
November 9-1 1, 1977. 

stable 1 : 1 coinplex was observed, regardless of the 
oxidant ( I ) .  Martinez and Mendoza determined that 
a 1:  1 complex was formed in basic media using 
H 2 0 2  as the oxidizing agent (2). They did not report 
an oxidation process such as Jacobsen observed. 
Working with ligands similar to CyDTA, Arribas 
and co-workers (3) have reported that two cobalt(I1l) 
complexes can form in solution. The aquated species, 
Co(H20)Y-, is relatively unstable and loses a mole- 
cuIe of water to form the 'normal', COY-, complex. 
Flaschka and Ganchoff reported that these two corn- 
plex species are characterized by absorbance maxima 
at two different wavelengths (4). Schwarzenbach 
showed that with cobalt(II1) and a polydentate 
ligand such as EDTA, one co-ordination site can be 
freed from the primary ligand, and that substitution 
by a different ligand, such as a halogen or an hy- 
droxyl ion, can occur (5). In the light of these studies, 
we wish to report a significant additional charac- 
teristic of the reaction between cobalt(II1) and the 
polydentate ligand CyDTA. 

0008-40421791 172292-05$0 I .00/0 
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Experimental 
Renge17t.s 

All reagents were of analytical reagent quality: Co- 
(N03)Z.6H20, Fisher Scientific; KC2H302,  Baker Chenlical 
Co.; H Z 0 2 ,  30%, Baker Chemical Co.; murexide indicator, 
Fisher Scientific; disodiumethylenedinitrilotetraacetic acid 
(Na,EDTA), 99+%, Fisher Scientific; tmns-1,2-cyclohexane- 
dinitrilotetraacetic acid (CyDTA), 98%, Pflatz & Bauer 
(dec. > 210aC, homogeneous on tlc, nnlr comparable to 
Aldrich spectrum No. 16A). 

Appnrritus 
All spectrophotometric measurements were made with a Pye 

Unicam LIV-visible spectrophotometer, model 2000, equipped 
with a thernlostated cell and linear recorder. Perkin-Elmer 1.0 
cnl silica cells were used. A Corning pH meter, model 10, was 
used to determine the pH of all the reaction solutions. 

Procer11rr.e 
An aqueous stock solution of 0.025 M cobalt(I1) nitrate 

hexahydrate was prepared by the direct weighing of the salt. 
The solution was standardized with 0.5 M EDTA using 
murexide indicator. An aqueous stock solution, 0.025 M in 
CyDTA and 0.1 A4 in potassium acetate, was prepared by the 
direct weighing of thesalts. For all of the reaction solutions, the 
desired volun~e of each stock so l~~ t ion  was measured accurately 
into 50 mL volumetric flasks. The ionic strength was held con- 
stant with potassium acetate, and the pH was adjusted to 4.6 
with acetic acid, if necessary. Hydrogen peroxide (5 mL) was 
added to each solution and to a reference blank. The solutions 
were heated in a boiling water bath for at least 30 min. After 
cooling to room temperature, each solution was diluted to 
volume. The absorbance was recorded at 25"C, using the pre- 
pared blank as the reference. The slope-ratio method (6r1), the 
mole ratio method (6b), and Job's method (6c) were carried out 
to investigate the molar composition and the stability of the 
cobalt(II1)-CyDTA complex. 

In each case, two series of solutions were prepared so that 
both the metal and the ligand concentration could be held 
constant with respect to the other. For the slope-ratio deter- 
n~ination, n~illilitre increments of one reactant were added to 
reaction flasks containing 25 mL of the fixed component. For 
the mole ratio determination the concentration of one com- 
ponent was varied (1-12 mL; 2.50 x lo-' - 3.00 x lo-" 
mol). For Job's method, the volume of each component was 
varied in millilitre increments to maintain a concentration of 
5.00 x lo-' mol (20 mL). 

Results and Discussion 

Oxidized solutions of Co(I1)-CyDTA have two 
absorbance maxima; the lower absorptivity is ob- 
served at 380 nm, the higher a t  540 nm. The absorb- 
ance of aqueous solutions of CyDTA is negligible at 
these wavelengths. Solutions of Co(I1) exhibit a very 
low absorbance a t  540 nm. The absorbance of all the 
oxidized solutions was stable up to  8 days. N o  varia- 
tion in the wavelength of maximum absorbance was 
observed when Co(I1) or an unoxidized mixture of 
reactants was used as the reference. 

The data in Fig. 1 constitute a slope-ratio deter- 
lnination (6a). Beer's law is obeyed a t  both wave- 
lengths. In theory, the ratio of the slope of a pair of 

FIG. 1. The slope-ratio analysis of Co(II1) with CyDTA a t  
540 nnl (rr and b), and at 380 nm (n' and b'). (0, n) per 7.5 niol 
mL- Co(I1); (b, b') per 7.5 mol mL- ' CyDTA; total volume, 
50 n1L; p = 4.6; 25°C; 11 = 0.1. 

lines a t  a particular wavelength corresponds to  the 
ratio of the components in a complex. Lines a and a' 
show the absorbance as  a function of the CyDTA 
concentration. At 540 nm the molar absorptivity is 
554 M - '  cm-' ,  and a t  380 nm the value is 404 M-' 
cm- '  (lines a and a', respectively). Jacobsen and 
Selmer-Olsen reported the molar absorptivity a t  545 
nm of only 305 M - '  cm-', but attributed low ab- 
sorbance to the oxidation of ligand by excess Co(I1) 
(1). We did not observe any oxidation of CyDTA. 
Lines b and 6' show the change in the absorbance as 
a function of Co(I1) ion concentration. The absorb- 
ance values for this series of solutions were expected 
to be identical to  the first series (lines a and a ' ;  
assulning a 1 : 1 conlplex), because the limiting con- 
centration was the same. The value calculated a t  
540 nm for line b is 73 M-'  cnl-', and 47 M-' cm-' 
a t  380 nm, a considerable difference from the compli- 
mentary series. There was no evidence that a more 
strongly absorbing species was formed initially, then 
decomposed. The ratio of the slope at each wave- 
length indicates a 1 : 8 Co(II1): CyDTA complex. 
However, it is important to note that this method is 
valid only when one complex is formed. 

Figures 2 and 3 show the absorbance values for the 
mole ratio determination (613). When the concentra- 
tion of CyDTA was fixed, the initial absorbance 
values were low, in accord with line b in Fig. 1. At 
the Co(1I):CyDTA ratio 0.8, the absorbance of the 
solutions rose sharply, then became constant a t  a 1: 1 
mole ratio (Fig. 2). When the concentration of the 
Co(I1) ion was fixed, the absorbance increased ~ n u c h  
more steeply, corresponding t o  line a in Fig. I .  The 
absorbance dropped suddenly, however, with the first 
increment of a molar excess of CyDTA. A second 
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Ratio [CO(I l)lo . ~ Y D T A J ~  

FIG. 2. The mole-ratio analysis of Co(II1) with CyDTA at 
540 nm. [CyDTA], = 5 mL 0.025 M stock; total volume, 
50 mL; pH = 4.6; 25"C, p = 0.1. 

FIG. 3.  The mole-ratio analysis of Co(II1) with CyDTA at 
540 nm. [Co(II)], = 5 mL 0.025 M stock; total volume, 50 
mL; pH = 4.6; 25'C, p = 0.1. 

inflection in the absorbance values was observed at 
the ratio 1.25 (Fig. 3). Repetition of these measure- 
ments at three wavelengths (380, 540, and 600 nm) 
and with different concentrations of reactants (using 
4 mL and 6 mL of the fixed component in separate 
trials) gave the same results. There is some scatter in 
the data near the second inflection point in Fig. 3. 
This was also observed in the other trials. It is be- 
lieved to be related to the instability of a second com- 
plex species. 

When the mole fraction of CyDTA was increased 
according to Job's method (6c), the regularly in- 
creasing absorbance values dropped abruptly at a 
mole fraction 0.5, then decreased gradually. These 
data are shown in Fig. 4. When the mole fraction of 
Co(I1) was increased, the trend in the absorbance rose 
sharply at mole fraction 0.5, then decreased steadily 
with excess Co(I1). 

Mole Fraction C y D T A  

FIG. 4. The analysis of Co(II1) with CyDTA by Job's 
method at 540 nm. Total volume, 50 mL; total concentration 
= 0.500 mmol (20 mL, 0.025 M); pH = 4.6; 25"C, p = 0.1. 

Several experimental variations were made to 
detect an artificial cause for these deviations from the 
expected behavior. In the light of Jacobsen and 
Selmer-Olsen's observations (I), separate solutions 
of Co(I1) and CyDTA were allowed to react with 
hydrogen peroxide. When they were then inixed 
together and allowed to react, no loss of reactivity 
was detected. Complex formation between Co(I1) 
and the acetate buffer ions was also investigated. 
When Co(I1) was allowed to react with acetate ions 
under the same reaction conditions, no spectral 
evidence for a cobalt-acetate complex was observed. 
Because the analogous reaction between Co(I1) and 
EDTA has been studied (7), that reaction was carried 
out under identical conditio~ls of concentration and 
pH. The spectral data showed only that the known 
1 : I complex was f ~ r m e d . ~  

These sets of data indicate, then, that more than 
one stable complex is being formed between Co(II1) 
and CyDTA. Jakubiec and Boltz (8) observed 
similar data in a mole ratio determination of molyb- 
date complexes with germanium, and Cheng and 
Goydish (9) reported absorbance minima in a Job's 
plot for palladium and mercury complexes with 
thio-Micheler's reagent. We believe that this is the 
first report of a higher order complex of a metal ion 
with a polyaminopolycarboxylic acid. 

The work of Asmus and co-workers (10) which has 
been applied and extended by ~ a n ~ m ~ h r  and co- 
workers (11) and others (12) treats data like those 
displayed in Fig. 4. Langmyhr and Stumpe ( l la)  
found that when Job's curve exhibits an absorbance 
maxima at mole ratio 0.5, but shows inflection points 

'Data were submitted to the referees. 
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in the absorbance curve near both limits, the molar 
co-efficients are equal but greater than one. In our 
case, such a parabolic inflection is observed only 
when the mole ratio favors the ligand, CyDTA. We 
believe that the Job's plot in Fig. 4 is reflecting the 
formation of two different complexes which form as 
the molar ratio of the reactants changes. 

The method of Asmus and co-workers (10a) was 
used to resolve the stoichiometry and the equilibrium 
constant for the complex that forms between Co(II1) 
and CyDTA when the ligand is in excess. The results 
are shown in Fig. 5. The data show clearly that 2 mol 
of CyDTA react with Co(I1). From the intercept of 
the straight line, the value of the conditional forma- 
tion constant was found to be 1.96 x lo5 M P 2  for 
the reaction in [2] below: 

KI 
[I I CO(II) + CYDTA* CO(III)CYDTA 

E = 554 (540 nm) 

E = 73 (540 nm) 

The spectral evidence for the 1 : 1 complex is clear 
from Figs. 2 and 3. This complex has a high molar 
absorptivity, and it is expected to have a large overall 
formation constant, characteristic of most CyDTA 
complexes (13). Jacobsen and Selmer-Olsen (1) cal- 
culated log K, = 21.9 for the l : l complex. Because 
of the abrupt inflection points which we recorded, 
the apparent formation constant cannot be deter- 
mined accurately from these spectral data. 

The description of this system is complicated by 
the effects which the absorbance and the formation 
constant of the higher order complex have on the 1 : 1 
complex. Because the measured absorbance is an 
additive combination of both absorbing species, the 
calculated molar absorptivity values are undoubtedly 
high (1, 14). Secondly, the spectra indicate that excess 

ligand binds with a strongly absorbing species and 
diminishes its absorbance (presumably by forming a 
less strongly absorbing complex). 

With reference to eqs. [ I ]  and [2] above, in Fig. 1, 
lines a and a' show that when the concentration of 
Co(I1) is sufficiently high, the formation of M L  by 
eq. [ I ]  is favored. Equilibrium [2] is suppressed by 
the concentration of Co(I1) and K, expected > K,. 

Lines b and b' show that the high concentration 
of CyDTA enhances the effect of [2] to form the low 
absorbing ML, species at the expense of the 1: 1 
complex. Excess ligand, coupled with a relatively 
high stability constant, K,, diminishes the concentra- 
tion (absorbance) of the 1 : 1 complex (Fig. 2). 

In Fig. 3, the strongly absorbing 1 :  1 species pre- 
dominates initially. The presence of excess ligand 
shifts the equilibrium according to eq. [2] and de- 
creases the concentration of the 1 : 1 complex. 

From these data, and for a polydentate chelating 
agent, it is now only possible to speculate on a struc- 
ture for a higher order complex. Yalman (15) has 
made an extensive study of Co(II1) complexes with 
EDTA. He reported that both a monomeric Co(II1) 
complex and a peroxodicobalt[(III), (111)] species can 
form during the oxidation with H,O,. Although the 
dimer exhibits a low molar absorptivity, these two 
complexes are characterized by different absorbance 
maxima. Also, the dimeric species forms in the pres- 
ence of excess Co(I1) ions, rather than with an excess 
of ligand as we have observed. Similarly, El-Awady 
and Hugus (16) reported that Co(II1) can form a 
doubly bridged (through -OH) species with ethyl- 
enediamine, C0(en),(0H),~+, in basic media. 

We propose that the 1 :2  Co(lI1): CyDTA complex 
can be formed in a chain structure. Using molecular 
models, it can be shown that one iminodiacetate 
'arm' of the trat7s-CyDTA molecule can be directed 
away from the other sufficiently to be able to enter 
into complex formation with two different Co(II1) 
ions (e.g. axial-axial C-N bonds in the 'boat' con- 
formation). Two simplified arrangements of metal 
and ligand that could form in this manner are shown 
in I and I1 below. 

1 -  I I I b d &d3&d5&0C7&dg 1.b 
In I the four oxygen atoms occupy the equatorial 

ML" positions, and are from two different CyDTA mole- 

FIG. 5. The plot of absorbance-l with mL-n for 0,025 cules ( N  and N'). The other iminodiacetate group of 
CYDTA with 5.0 m~ 0.025 M ~ ~ ( 1 1 ) .  Total volume, 50 mL; each molecule is directed toward other Co3+ ions. 
pH = 4.6; 25"C, p = 0.1. In the second arrangement, 11, a nitrogen atom from 
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different CyDTA molecules occupies an equatorial 
position; oxygen atoms occupy the axial positions. 

The paired inflection points at the M :  L ratio 0.8 
(Fig. 2) and L:M 1.25 (Fig. 3) suggest that the chain 
structure is composed of4 metal atoms and 5 CyDTA 
molecules. The general M : L ratio, then, is M,,L,+ , . 

Since both the 1: 1 and the 1 :2  complexes have 
absorbance maxima at the same wavelength, it might 
be that the structure shown in I1 is most like that of 
the 1 : 1 complex in which two equatorial positions 
are occupied by nitrogen atoms. Either structure is 
admittedly awkward. However, both of the reactants 
have a very strong propensity to enter into complex 
formation, and it is only when there is an excess of 
ligand and an extensive degree of protonation that 
the higher order complex is observed. 

Our continuing study of this system will include an 
attempt to isolate both of the complexes in crystalline 
form. Molecular weight determination, X-ray anal- 
yses, and perhaps nmr studies will be very informative. 
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KLAUS J. NEUROHR and HENRY H. MANTSCH. Can. J. Chem. 57.2297 (1979). 
This 'H nmr study provides the first experimental evidence for specific complex formation 

between the coenzyme nicotinamide adenine dinucleotide (0-NADC) and the two aromatic 
amino acids phenylalanine and tryptophan. It is shown that the interaction is of the stacking 
type and occurs between the aromatic side chains of these amino acids and the adenine moiety 
of NAD+. Binding parameters were obtained from dilution studies, taking into account the 
self-association of NAD+. The apparent microscopic association constants for complex 
formation of phenylalanine and tryptophan with excess NAD+ in aqueous solutions are 
1.35 M - '  and 1 I .35 M- ' ,  respectively, indicating that the adenine moiety of NAD+ can 
discriminate between phenylalanine and tryptophan by a stronger binding to the latter. The 
results are discussed with regard to the interaction of NAD+ with dehydrogenases. 

KLAUS J. NEUROHR et HENRY H. MANTSCH. Can. J. Chem. 57.2297 (1979). 
Dans ce travail, on rapporte les premitres preuves exptrimentales, bakes sur une etude 

rmn 'H, pour la formation de complexes sptcifiques entre le dinuclCotide de la nicotinamide 
et de I'adenine (0-DNA+) et les deux acides aminks aromatiques phenylalanine et tryptophane. 
On montre que I'interaction en est une d'empilement et qu'elle se produit entre les chaines 
laterales aromatiques de ces acides amines et la portion adenine du DNA+.  On a obtenu les 
parametres de liaison a partir d'etudes de dilution en tenant compte de l'auto-association du 
DNA+.  Les constantes d'association microscopiques apparentes pour la formation de com- 
plexes entre la phenylalanine et le tryptophane et un exces de DNA+ en solutions aqueuses 
sont respectivement 1.35 M - '  et 11.35 M - '  ce qui indique que la portion DNA+ peut dis- 
tinguer la phenylalanine du tryptophane grice au site de liaison plus fort avec ce dernier. On 
discute des resultats en rapport avec l'interaction de la DNA+ avec les deshydrogenases. 

[Traduit par le journal] 

Introduction 
Numerous nmr studies have been undertaken to 

investigate the dynamic conformation of p-nicotin- 
amide adenine dinucleotide (NAD') in aqueous 
solution (1-19). A detailed discussion of the existing 
nmr literature on this subject was made recently 
by Ellis and co-workers (20). However, the results 
are often conflicting, the most argued question being 
the location of the two heterocyclic base moieties 
relative to each other and to the corresponding 
ribose moieties. While the nicotinamide moiety is 
known to be essential for the catalytic activity of all 
NADf -dependent dehydrogenases (21), the role of 
the somewhat remote adenine moiety is thought to 
be that of anchoring the NADf  molecule onto the 
corresponding enzyme (22, 23). This would require 
its recognition and (or) binding to a specific amino 

Phenylalanine, tryptophan, and 0-NAD+ were from Sigma 
Chem. Co. The nmr samples were prepared in 99.8% D 2 0  
containing 10 m M  phosphate buffer, l m M  NaCl, 1 m M  
tert-butanol, and 100 p M  EDTA. The pH of the solutions was 
adjusted with NaOD or DCI to a "pH" (meter reading) of 
7.3. The phenylalanine and tryptophan concentration was 
kept constant at 25 mM, while that of NAD+ varied from 
17 m M  to 266 m M  for complex formation and from 4 m M  to 
532 m M  for the study of NAD+ self-association. Individual 
NAD+ concentrations were determined from the ultraviolet 
A260, using E,,, = 17 900. 

Nlrclear Magnetic Resonat~ce Measurei,lents 
All 'H nmr spectra were taken with a Varian XL-100/12 

spectrometer operating at 100 MHz under a 16 K Varian 620/L 
data system. The digital resolution was 0.25 Hz (0.0025 ppm); 
the 90" pulse-time was 20 ps. Between 20 and 12 000 transients 
were accumulated, depending on the dilution of the samples. 
Typically three, but at least two, independent measurements 
were made for each sample. The probe temperature was 
32 k 0.5"C. Chemical shifts were measured with respect to 

acid g r o u ~ i n g  on the enzyme. iert-butanol as internal reference. 
" . -  

In the present investigation we provide the first Results and Discussion 
experimental evidence for specific complex formation 
between two aromatic amino acids. ~henvlalanine The Self-association of NAD + 

and t rypto~han,  and the adenine moieiy o f N ~ ~ + .  In order to  quantitate the interaction of phenyl- 
A 

alanine and tryptophan with excess N A D f ,  it is 
Experimental Section necessary to correct for the degree and influence of 

Materials and San~ple Preparation 
All chemicals were products of the highest available purity. self-association of the latter under identical condi- 

tions. Therefore we have accuratelv measured the 
'NRCC No. 17491. concentration dependence of the 'H nmr chemi- 

0008-4042/79/172297-05$0 1 .OO/O 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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TABLE 1. Concentration dependence of 100 MHz 'H nmr chemical shifts o (in ppm downfield from external 
TMS)" and chemical shift differences 6 0  (in H z ) ~  for all aromatic and the two 1' ribose NAD+ protons 

OChemical shifts were measured relative t o  internal tcrl-butanol and converted to the TMS scale by adding 1.24 ppm. 
bNegative values indicate shifts to  lower and positive values shifts to  higher field compared lo  infinite dilution. 
cUltraviolet spectroscopically determined concentrations using E,,,~" = 17.9. 
"ero concentration chemical shifts were obtained through extrapolation o f  experimental shifts. 
"Due t o  overlap with other signals n o  accurate values could be given. 

cal shifts for all aromatic protons of NAD+. 
These are displayed in Table 1. Chemical shift as- 
signments are based on those originally reported by 
Jardetzky and Wade-Jardetzky (2) and confirmed 
later unequivocally (13). The letters A and N are 
used to distinguish between protons located in the 
adenine (A) and the nicotinamide (N) moiety using 
the standard numbering scheme for the two bases. 
Over the concentration range investigated, from 
4 mM to 532 mM, the adenine protons A2 and A8 

here for the A2 and A8 protons in NAD+ are 
typical for intermolecular base-stacking interactions 
and resemble those observed with the A2 and A8 
protons in adenine nucleotides (24). The existence 
of such intermolecular base-stacking interactions 
with adenine nucleotides in aqueous solutions has 
been demonstrated not only by nmr, but also by 
vapor pressure osmometry, microcalorimetry, sedi- 
mentation equilibrium, and ultraviolet hypochro- 
mism (25). It is generally agreed that this association 

undergo considerable upfield shifts with increasing proceeds beyond the dimer stage. 
concentration, while at the same time the nicotin- Earlier studies (4, 8, 13) had pointed out that the 
amide protons N2, N4, N5, and N 6  all undergo 'H nmr chemical shifts of NAD+ can vary with 
downfield shifts. It is interesting to note that the concentration; however, so far no attempts have 
chemical shifts of the Al '  and N1' protons of the been made to obtain equilibrium constants from 
contiguous bases also change in opposite directions, the data. We have analyzed the concentration- 
reflecting different shielding environments for the dependent chemical shifts of the adenine NAD+ 
two bases. 

While it is possible to rationalize the upfield shifts 
of the adenine protons with increasing concentration 
only in a unique situation in which two aromatic 
rings come close to each other, the corresponding 
downfield shifts of the nicotinamide protons could 
be associated with other intermolecular interactions 
such as hydrogen bonding or electrostatic (dipolar) 
interactions. The concentration profiles reported 

protons by the isodesmic model of Dimicoli and 
Htlkne (26). This takes into account both dimer and 
n-mer formation and is illustrated in Fig. 1 for the 
A2 and A8 protons of NAD'. A plot according to 
this model of ( 6 ~ / c , ) " ~  versus 60 (60 being the 
difference between the individual chemical shifts at 
concentration co and the corresponding chemical 
shift at infinite dilution) gave straight lines for both 
protons. From the slope of each of these, a micro- 
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N E U R O H R  A N D  M A N T S C H  2 2 9 9  

, I I I I I 1 I I 
0 2 4 6 8 10 12 14 16 18 2 0  

s 0 
FIG. I .  Self-association of NAD+ at 32°C and pH 7.3 as a 

plot of (60/co)'12 versus 60 for the A2 and A8 protons of its 
adenine moiety. 

scopic equilibrium constant (Kc) and the correspond- 
ing Gibbs energy change (AGO) were obtained, while 
the x-axis intercept yielded the corresponding dimer 
shifts (60,~). The results shown in Table 2 also in- 
clude the corresponding constants for the 5'-AMP 
self-association (28), evaluated on the basis of the 
same isodesmic model. 

It is very interesting that the A2 and A8 proton- 
averaged apparent equilibrium constailt for the self- 
association of NAD+ (Kc = 4.62 M- ' )  and the 
derived standard Gibbs energy change (dGO = 
-3.85 kJ mol-') are more than twice those found 
for the self-association of 5'-AMP (Kc = 1.93 M - '  
and A G O  = - 1.65 kJ inol-'),which itself was thought 
to be strongly self-associated in concentrated aqueous 
solutions. Accordingly the tendency for self-associa- 
tion of NAD' is about 2.4 times greater than that of 
5'-AMP. 

While it is difficult to derive an accurate stacking 
geometry for the NAD' aggregates in aqueous 

TABLE 
Gibbs 
(s0A2) 

2. Microscopic equilibrium constants (Kc)", standard 
energy changes (AGO), and 'H nmr dimer shiftsb 
for the self-association of NAD+ and 5'-AMP at 32°C 

and pH 7.3 

OBoth thc equilibrium constants and thc standard Gibbs energy changes 
reported here are based o n  concentrations as recommended by the lCSU 
Commission o n  Biothermodynamics (27). 

bDimer shifts were calculated according to the isodesmic model of Dimi- 
coli and IicIPne (26) ,  !vhich takes into account 11-mer formation. This model 
considers the magnetlc anisotropy o f  nearest neighbours only and assumes 
that the effects are add~tive.  The  change in chemical shift of a molecule 
located inside an  ~ ~ - m e r ,  relative to the free molecule, is therefore twice that  
observed in the dimer. 

solutions from only these data, it is possible to draw 
the following conclusions. (i) The adenine moiety of 
NAD' is involved in a base-stacking pattern. (ii) 
The nicotinamide moiety of NAD' does not partici- 
pate in the stacking, but could be involved in the 
association through hydrogen bonding or dipole- 
dipole interactions. (iii) The association is inter- 
molecular. 

These conclusions are in very good agreement with 
the first X-ray study of NAD' recently reported by 
Saenger et al. (29) in which the authors showed that 
in the lithium complex, the crystal conformation of 
NAD+ is "extended" due to an intermolecular base 
stacking, and not "folded" which would be the con- 
sequence of an intramolecular base stacking between 
the adenine and nicotinamide moieties. 

Formation of Base-stacking Complexes between 
Pkenylalanine or Tryptophan and NAD' 

We have monitored the 'H nmr chemical shifts of 
individual protons located in the aromatic side 
groups of phenylalanine and tryptophan in the 
presence of varying amounts of NAD'. Illustrated 
in Fig. 2 is the dependence on NAD' concentration 
of the He chemical shift of 25 mM tryptophan. The 
Hc singlet which is representative for the aromatic 
side group is easily distinguishable from the other 
aromatic protons of tryptophan and NAD'. The 
resulting plot shows a steep decrease of the Hc 
chemical shift of tryptophan at low NAD' con- 

,CH 
'Coo- 

CH2 

NAD* CONCENTRATION (mM) 

FIG. 2. Variation of the H, chemical shift of 25 m M  trypto- 
phan as induced by complex formation with NAD+ at 32°C 
and pH 7.3. 
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centrations, leveling off above 250 mM NAD'. The 
H, proton resonance of 25 mM tryptophan, in the 
absence of NAD', is at 7.30 ppm and the total 
chemical shift difference between "free" and 
"NAD'-complexed" tryptophan is 14 Hz (0.14 
P P ~ ) .  

The five aromatic protons of phenylalanine are 
not resolved in the 100 MHz spectrum and appear 
as a singlet at 7.37 ppm in 25 mM phenylalanine. In 
the presence of an increasing NAD' concentration, 
this singlet undergoes an upfield shift similar to that 
displayed in Fig. 2 for the H, resonance of trypto- 
phan. For the NAD' concentration range in- 
vestigated, the total chemical shift difference between 
"free" and "NAD '-complexed" phenylalanine is 
also 14 Hz. However, the concentration profile of 
phenylalanine differs from that of tryptophan, which, 
as shown later, leads to different binding parameters. 
The similarity between the behavior of the two 
aromatic amino acids suggests that the observed up- 
field shifts of the aromatic protons are due to the 
same phenomenon, a base-stacking interaction with 
the NAD' molecule. Since the rate of exchange be- 
tween the free and NAD'-complexed amino acids 
is rapid on the 'H nmr time-scale, only one re- 
sonance is observed for each proton monitored. 
Therefore, the measured chemical shifts in Fig. 2 
represent the weighted average of chemical shifts 
for the free and NAD'-complexed tryptophan 
molecules. 

In order to extract the corresponding binding 
parameters, we have analysed these 'H nmr chemical 
shift data by a modified Scatchard plot (28), using the 
mathematical model derived by Deranleau (30) and 
extended by Dimicoli and Htlkne (26) to the case 
where the component in excess self-associates 
strongly. 

The variables in this equation have the following 
meaning. The parameters 60, 6oA2, and Kc account 
for the self-association of NAD' and represent 
respectively the difference between the NAD' 
proton chemical shift at a given concentration and 
that at infinite dilution, the NAD' complex shift, 
and the microscopic association constant for NAD' 
self-association. A o  is the difference between the 
proton chemical shifts of the amino acids in the 
presence and absence of NAD'. This is illustrated 
in Fig. 3 for the interaction of the two NAD' 
protons A2 and A8 with the H, tryptophan proton. 
According to [ l ]  a plot of Ao/6o versus 6o/6oA2 
yielded straight lines, from the slope of which the 
microscopic association constant for complex forma- 

. VOL. 57, 1979 

2.8 1 

FIG. 3. Graphical evaluation of the constants for complex 
formation between 25 mM tryptophan and excess NADC, 
according to the formalism of Dimicoli and HClkne (26). 

TABLE 3. Microscopic association constants ( k )  and standard 
Gibbs energy changes (AGO) for the complex formation of 
phenylalanine and tryptophan with NAD+ at 32°C and 

pH 7.3 

k  - 
E AGO 

A2 A8 ( M )  (kJ mol-') 

Phenylalanine 1.4 1.3 1.35 -0 .76  
Tryptophan 10.1 12.6 11.35 - 6 . 2  

tion, k, is calculated, while the complex shift AoBAB 
can be derived from the x-axis intercept. The k 
values obtained from the A2 and A8 NAD' protons 
are in good agreement (Table 3). A similar treatment 
of the experimental data obtained with 25 mM 
phenylalanine and excess NAD' yielded the corre- 
sponding constants given in Table 3. 

It is interesting that the proton-averaged associa- 
tion constant ( E )  for complex formation of trypto- 
phan with NAD' is an order of magnitude larger 
than that for the phenyla1anine:NAD' complex. 
This is also revealed by the corresponding difference 
in binding strength as shown by the standard Gibbs 
energy changes in Table 3. These experimental data 
show that the adenine moiety of NAD' not only can 
recognize aromatic amino acids by a through-space 
base-stacking interaction, but can also discriminate 
between phenylalanine and tryptophan residues by 
a stronger binding to the latter. 

Concluding Remarks 
The largest group of biological redox reactions is 

catalysed by enzymes requiring NAD' as cofactor; 
so far over 150 different NAD'-dependent dehy- 
drogenases have been described (21-23). However, 
the forces involved in the recognition and binding 
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of NAD' to these dehydrogenases are far from 
understood. Recently Zens et al. (17) showed that 
the effective correlation time for the N4-NAD' 
proton was substantially shorter than that for the 
A8-NAD' proton when bound to chicken breast 
lactate dehydrogenase. Therefore they concluded 
that the adenine portion of NAD' is immobilized to 
a greater extent by the enzyme than the nicotinamide 
moiety, and that the latter does not interact with the 
enzyme to the extent as the adenine moiety in the 
absence of the substrate. These conclusions are 
strongly supported by the data from our present in- 
vestigation which indicate that only the adenine 
moiety of NAD' is involved in the specific recogni- 
tion through base-stacking interaction with in- 
dividual aromatic amino acids. 

In aqueous solutions NAD' is unlikely to possess 
a unique conformation such as the well-defined solid 
state stacking pattern in the Li-NAD' complex (29). 
Instead, due to an increased conformational flexibility 
about the pyrophosphate and (or) the glycosidic 
linkage, the adenine moiety of NAD' may be able 
to assume a geometry which optimizes both in-plane 
hydrogen bonding and out-of-plane base-stacking 
interactions with a given receptor macromolecule. 
The hydrophobic base-stacking interaction with 
suitable aromatic amino acyl groupings lining the 
NAD' binding site could be a major factor in 
fitting the adenine moiety into the hydrophobic 
pocket of NAD'-dependent dehydrogenases. 
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Heats of vaporization and gaseous heats of formation of some five- and six-membered ring 
alkenes 
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RICHARD FUCHS and L. ALAN PEACOCK. Can. J.  Chem. 57.2302 ( 1979). 
The heats of vaporization of I-methylcyclopentene, 3-methylcyclopentene, ethylidene- 

cyclopentane, 1-ethylcyclopentene, methylenecyclohexane, allylcyclopentane, vinylcyclohexane, 
ethylidenecyclohexane, allylcyclohexane, 3,3-diethylpentane, 2,2,4,4-tetramethylpentane, and 
trnns-2,2,5,5-tetramethyl-3-hexene have been measured by the gas chromatography - calorim- 
etry method. These values have been combined with previously reported liquid heats of forma- 
tion to give gaseous values of AH,. The results indicate that the internal double bond is favored 
by about 0.5 kcal over the exo in both 5- and 6-membered rings, but the endo-exo differences 
are much smaller than previously believed. Several of the liquid heat capacities that were 
measured were not well predicted by group additivity schemes. 

RICHARD FUCHS et L. ALAN PEACOCK. Can. J. Chem. 57.2302 (1979). 
Utilisant une niethode combinant la chromatographie en phase gazeuse et la calorimetric, 

on a mesure les chaleurs de vaporisation des hydrocarbures suivants: niCthyl-1 cyclopentene, 
methyl-3 cyclopentene, ethylidenecyclopentane, ethyl-1 cyclopentene, mCthyltnecyclohexane, 
allylcyclopentane, vinylcyclohexane, tthylidenecyclohexane, allylcyclohexane, diethyl-3,3 
pentane, tetramethyl-2,2,4,4 pentane et tttramtthyl-2,2,5,5 hexene-3 trnns. On a combine ces 
valeurs avec les chaleurs deformation de ces liquides qui avaient Ctt rapporttes anterieurement 
afin d'en tirer les valeurs de AH, en phase gazeuse. Les resultats indiquent que les doubles 
liaisons internes sont favorisees par environ 0.5 kcal/mol par rapport aux doubles liaisons exo 
dans les cycles a 5 et a 6 chainons; toutefois la difference entre ettdo et exo est beaucoup plus 
faible que ce qu'on croyait anterieurement. En se basant sur les schkmas d'additivite des 
groupes, il aurait ete impossible de predire adtquatement plusieurs des capacites calorifiques 
mesurkes. 

[Traduit par le journal] 

A much discussed conceDt more than two decades 
ago was the idea that the internal (endocyclic) 
double bond is thermodynamically favored over the 
exocyclic double bond in six-membered ring systems, 
whereas the reverse was believed to be true in five- 
membered rings (1). However, Turner and Garner 
(2) measured the heat of hydrogenation (acetic acid 
solution, 25°C) of 1-methylcyclohexene, methylene- 
cyclohexane, 1-methylcyclopentene, and methylene- 
cyclopentane, and found that hydrogenation of the 
exo double bond is more exothermic in both the 
five-membered ring (by 3.7 kcal/mol) and six- 
membered ring (2.1 kcal/mol). Furthermore, treat- 
ment of methylenecyclopentane with acid converts 
it largely to I-methylcyclopentene. It was concluded 
that 1-methylcyclopenteneis the more stable of the 
two isomers, and this implies that the endo double 
bond is more stable than the exo in other cyclo- 
pentane derivatives as well. 

This implication is open to possible criticism. 
First, methylenecyclohexane and methylenecyclo- 
pentane are dialkylethylenes, whereas l-methyl- 
cyclohexene and 1-methylcyclopentene are trisub- 
stituted. Open chain trialkylethylenes are known to 

be less exotherlnically hydrogenated than dialkyl 
isomers (3, 4), and this may be the source of the 
observed differences in the cyclic isomers. In a later 
paper (2), a coinparison was also made of the heats 
of hydrogenation of ethylidenecyclopentane and 1- 
ethylcyclopentene, and of ethylidenecyclohexane and 
1-ethylcyclohexene. The difference for each ring 
system was only 1.2-1.3 kcal/mol, but still suggested 
greater stability of the encIo double bond. However, 
a second reservation arises from measurement of 
heats of hydrogenation in acetic acid solution, 
rather than in the gas phase. 

The relationship between the gaseous and solution 
heats of hydrogenation as measured by Turner and 
Garner (2) is 

Without experimental measurement of the ap- 
propriate heats of solution in acetic acid and heats 
of vaporization and correction of the data to the 
gaseous state there is no assurance that valid con- 
clusions will be drawn. It is usually assumed that the 

0008-4042/79/172302-03$0 1 .00/0 
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FUCHS A N D  PEACOCK 

AH, and AH, effects are small, but in unpublished 
studies we have observed solution values in the range 
of 0.4 kcal/mol more exothermic to 2.5 kcal/mol less 
exothermic than gaseous values. 

For this reason, the relative stabilities of endo and 
exo double bonds are still somewhat in doubt, 
particularly of the cyclopentane derivatives. I t  has 
occurred to us that comparisons of the gaseous heats 
of formation (AH,(g)) of 1-ethylcyclohexene vs. 
ethylidenecyclohexane, and 1-ethylcyclopentene vs. 
ethylidenecyclopentane, all of which are trisub- 
stituted ethylenes, might be a reasonable basis for 
comparison. Unfortunately, although heats of com- 
bustion and liquid heats of formation have been 
reported for these compounds (5), a value of AH,(g) 
has been reported only for 1-ethylcyclohexene. 
Measurement of the values of AH, required to con- 
vert AH,(l) to  AH,(g) has therefore been undertaken 
by the gas chron~atography - calorimetry technique 
(6-8) for ethylidenecy~lohexane, 1-ethylcyclopentene, 
and ethylidenecyclopentane. 

Values of AH, have also been measured, and 
AH,(g) calculated for the related alkene derivatives 
of cyclopentane and cyclohexane, 3-methylcyclo- 
pentene, methylenecyclohexane, allylcyclopentane, 
and vinylcyclohexane, and for the highly branched 
open chain hydrocarbons, trans-2,2,5,5-tetramethyl- 
3-hexene, 2,2,4,4-tetramethylpentane, and 3,3-di- 
ethylpentane. AH,, of allylcyclohexane has also been 
measured. 

Experimental 
Hydrocarbon san~ples were obtained from Chemical Samples 

Company, and were stated to be of 99% or greater purity. 
This purity was confirmed by gas chromatography. Heats of 
vaporization were measured using the technique, apparatus, 
and gc capillary column (11) previously described (7). The gc 
values of AH (v + DC-200) were corrected to 25°C using 
additivity rules to estimate liquid (9) and gaseous (10) heat 
capac~ties. Several liquid heat capacities were measured for 
compounds for which the calculated values of Shaw (9) and 
of Luria and Benson (11) show a large disparity. C,(l) was 
measured in a 10 mL vacuum jacketed calorimeter, mag- 
netically stirred, and immersed in a water bath at 25.00°C, 
regulated to +0.002"C. C,(I) values were calculated relative 
to water (17.98 cal/mol K) and 11-heptane (53.77 cal/mol K). 
Each value (Table 1) was calculated from the mean of 4-10 
heating curves which showed a standard deviat~on of 0.3% o r  
less. 

Results and Discussion 

The experimental heats of vaporization of the 12 
hydrocarbons, the measured liquid heat capacities, 
and the calculated liquid and gaseous heat capacities 
(9, 10) are listed in Table 1. The values of AH, and 
previous values of AH,(]) have been used (Table 2) 
to calculate AH,(g). 

ti-, 
0 x 
w 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C A N .  J .  CHEM. VOL. 57, 1979 

TABLE 2. Gaseous heats of formation of unsaturated cyclic hydrocarbons 

I-Methylcyclopentene 
3-Methylcyclopentene 
Ethylidenecyclopentane 
I-Ethylcyclopentene 
Methylenecyclohexane 
Allylcyclopentane 
Vinylcyclohexane 
Ethylidenecyclohexane 
3,3-Diethylpentane 
2,2,4,4-Tetra~nethylpentane 
trans-2,2,5,5-Tetraniethyl-3-hexene 

AHdV 
(kcal niol- ') 

-8 .66k0 .17  
-5 .66k0 .16  

-13.56kO.22 
-13.93kO.22 
-14.7 k 0 . 9  
-15.74kO.25 
-21.19&0.21 
-24.73kO. 18 
-65.82+0.41 
-66.92k0.34 
-49.60k0.64 

AH/ 
(kcal niol- I )  

7 .80k0.06"  
7 .42k0.06C 
9 .23k0 .06  
9 . 2 1 k 0 . 0 7  
8 .63k0 .07  
9 . 6 5 k 0 . 0 7  
9 .50+0.07 

10 .04k0 .07  
10.17k0.08J  
9.21 k0.07"  

10.04k0.06 

AHfk)' 
(kcal niol- I )  

-0.86kO.18 
1 .76k0 .17  

-4 .33k0 .23  
-4 .72k0 .23  
-6 .07k0 .90  
-6 .09k0 .26  

-11.69kO.22 
-14.69k0.19 
-55.65k0.42 
-57.71k0.35 
-39.56k0.64 

"Liquid heats of formation (5). 
bExperimental values from Table I .  
=Gaseous heats of formation. 
'Estimated (5) 8.1 t 0.4 kcal mol- 1. 

cEstimated (5) 7.7 f 0.4. 
'Estimated (5) 10.41 2 0.10. 
9Estimated (5) 9.12 i 0.10. 

From the data of Table 2 it may be seen that 
AHf(&) for 1-ethylcyclopentene is 0.39 5 0.33 kcall 
mol more exothermic than AH,(&) of ethylidene- 
cyclopentane. Similarly, the value for l-ethylcyclo- 
hexene (- 15.16 + 0.26 (5)) is 0.47 + 0.32 kcal/mol 
more exothermic than that of ethylidenecyclo- 
hexane. Comparison of these two pairs of tri- 
alkylethylenes indicates that with comparably sub- 
stituted double bonds the five- and six-membered 
ring systems show a similar preference for the endo 
double bond. This is a considerably smaller AH,(g) 
difference than exists between 1-methylcyclohexene 
(AH,(g) = - 10.34 $- 0.20 kcal/niol (5)) and meth- 
ylenecyclohexane ( -  6.07 + 0.90 kcal/inol). 

AH,(g) for 1-methylcyclopentene is 2.62 5 0.25 
kcal/mol more exothermic than that of 3-methyl- 
cyclopentene. This is quite comparable to the 
2.79 + 0.22 kcal/mol difference in AH,(g) (5), and 
the 2.7 kcal/mol difference in gaseous heats of 
hydrogenation (4), between 1-butene and trans-2- 
butene. This seems to be a matter of alkyl sub- 
stitution differences rather than conformational 
stability differences. 

Vinylcyclohexane is 3.47 2 0.34 kcal/mol less 
exothermic in AH,(&) than 1-ethylcyclohexene. This 
is very similar to  the 3.51 5 0.25 kcal/mol difference 
in AH,(g), and 3.4 kcal/mol difference in AHH,(&) 
between 2-methyl-2-butene and 3-methyl-1-butene, 
again suggesting that the cyclic compounds differ 
in double bond substitution rather than conforma- 
tional stability. The 5.60 + 0.34 kcal/mol more exo- 
thermic AH,(g) of vinylcyclohexane relative to 
allylcyclopentane is essentially identical to the 
ethylcyclohexaiie-propylcyclopentane difference ( 9 ,  
and is mainly a reflection of the 6.1 kcal/mol greater 
strain in the cyclopentane ring (12). 

The observation that AHf(g) for 3,3-diethylpentane 

is 0.99 5 0.49 kcal/mol more exothermic than that 
of n-nonane is concordant with the observation that 
3-ethylpentane and 3-ethylhexane have AH,(&) values 
0.4-0.5 kcal/mol more exothermic than the isomeric 
n-alkanes. 

It is noteworthy that neither the Shaw (9) nor the 
Luria and Benson (1 1) liquid heat capacity group 
parameters very accurately predict values for the 
cyclic unsaturated compounds, and the calculated vs. 
experimental differences are as large as 4 cal/mol K. 
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f )c , l~ot ' l t~rr~r l  ctf CIic,~rrist,?.. Utrii.c.i..sity c?f'Alhr,~.lo. L- l t l~~ro~f tot i .  A l t o . .  Cci~~ci t lo  7'6C 2G2 
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J. WILLIAM LOWN, BRIAN C. GUNN, KRISHNA C. MAJUMDAR, and E. MCGORAN. Can. J. 
Chem. 57.2305 (1979). 

The syntheses are described of certain bis(5-alkyl-3,8-diamino-6-phenylphenanthridiniun1)di- 
chlorides linked through the 8-amino group with diamide bridges, as well as bis(5-alkyl-3,8- 
diamino-6-alkylphenanthridinium)dichlorides linked through the 6-position by methylene 
bridges, as potential double intercalators into duplex nucleic acids. The work explores the 
syntheses of bisethidium compounds via permissible points of attachment of the chroniophore 
consistent with optimal fluorescence enhancement upon intercalation. 

J. WILLIAM LOWN, BRIAN C. GUNN, KRISHNA C. MAJUMDAR et E. MCGORAN. Can. J. Chem. 
57.2305 ( 1979). 

On dCcrit la synthese de certains dichlorures de bis(alky1-5 dianlino-3,8 phCnyl-6 phtnan- 
thridinium) lies par le groupe amino en 8 a des ponts dianlides ainsi que des dichlorures de 
bis(alky1-5 diamino-3,8 alkyl-6 phenanthridinium) dont les positions 6 sont relites par des 
ponts nitthylenes; il s'agit de substances qui pourraient 6tr.e doublenient intercalees dans les 
acides nucleiques doubles. Le travail explore la synthese des conlposes bisethidium par I'in- 
termediaire de points d'attaches permis pour un chromophore en accord avec une augmenta- 
tion optimale de la fluorescence lorsque les produits sont intercalts. 

[Traduit par le journal] 

Introduction 
There is acculnulating evidence that many planar 

aromatic molecules including antibiotics, antirnala- 
rials, carcinogens, and mutagens intercalate, i.e., 
insert between the base pairs of double helical DNA 
(1-4). Alnong the most useful, in an analytical sense, 
has been the trypanocidal phenallthridi~lium deriva- 
tive ethidium bromide E (3, 5). When the latter 
intercalates into duplex DNA its intrinsic fluores- 
cence exhibits a quantum yield increase of about 
25-fold (6). For this reason ethidiuln bromide has 
been widely used in spectrofluorimetric studies of 
nucleic acids (6-1 3). For example, ethidium bromide 

has been used to probe circular D N A  structure (14), 
tRNA (9, 151, 5 s  RNA (16, 17), chromatin (18), and 
ribosomal RNA (19) as well as tRNA-protein in- 
teractions (20). Recently the fluorescence charac- 
teristics of ethidium have provided the basis of a 
number of useful and sensitive assays for the deter- 
mination of the different types of chemical interac- 
tion of antitumor agents with nucleic acid cell targets 
(21-32). 

'University of Alberta Postdoctoral Fellows. 

The recognition of the concept of bisintercalation 
in the case of the quinoxaline antibiotic echinolnycin 
(34) and in the synthetic bisintercalators of the 
bisacridine (35-42), bisacridiniuln (43), bisphenan- 
thridiniurn (44-48), bisellipticine (49), and bisan- 
thracycline (50) classes has led to  increased bindi,~g 
upon interaction with DNA. The efficiency of DNA 
binding of such drugs is sellsitively dependent on the 
nature of the linker, its length, and on its points of 
attachment to  the two chromophores (43-46). In this 
paper we examine the synthesis of bisphenanthri- 
diniuln con~pounds a t  different perlnissible points of 
attachment consistent with the requirements for 
good fluorescence enhancement upon DNA binding. 

Experimental 
Melting points were determined on a Fisher-Johns ap- 

paratus and are uncorrected. Infrared spectra were recorded 
bn  a Perkin-Elmer grating infrared spectrophotonleter model 
421 and generally only the principal peaks are reported. Ab- 
sorption spectra were measured in either distilled water or 
'spectro-grade' solvents and were run on either a Beckman 
DB spectrophotonleter, a Gilford 250 spectrophotometer, or 
a Unicanl SP1700 UV spectrophotometer. Proton magnetic 
resonance spectra were recorded on Varian A-60 and HA-100 
analytical instruments and were generally measured on 10- 
1 5 x  (w/v) solutions of the cornpo~ind in the appropriate deu- 
terated solvent. The reference compound was tetramethyl- 
silane (TMS). Line positions are reported in ppm from the 
reference. Mass spectra were determined with Associated 
Electrical Industries MS2, MS9, MS12, or MS50 (DS50) rnass 
spectrometers. I n  general the ionization energy was 70eV. 
Peak measurements were made by comparison with perfluo- 

0008-4042/79/172305-09SOl .OO/O 
01979 National Research Council of Canada/Conseil national de recherches du Canada 
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rotributylamine at a resolving power of 1500. Kieselgel DF-5 
(Camag, Switzerland) and Eastman Kodak precoated sheets 
were used for thin layer chromatography. Microanalyses were 
carried out by Mrs. D. Mahlow of this department. 

Moteriols 
The following a,w-diacid chlorides required for this study 

were either available commercially or were synthesized from 
the appropriate dicarboxylic acids by established procedures. 
Each were purified by distillation under reduced pressure im- 
mediately before use: hexandioic, bp 116-1 18"C/12 Torr; 
heptandioic, bp 137"C/15 Torr; octandioic, bp 147-148"C/ 
12 Torr; nonandioic, bp 158-159"C/12 Torr; decandioic, bp 
192-193"C/ll Torr; undecandioic bp 198-199"C/ll Torr; 
dodecandioic acid chloride, bp 184-185"/10 Torr. 

2-AcetottiidobQ~ltet~yl 
This acyl derivative was prepared in 97% yield by the method 

of Morgan and Walls (51). 

4'-Nitt~o-2-ocetotnidobipI1et1yll 
The foregoing acetamido derivative was nitrated with fuming 

nitric acid at O'C to give the 4'-nitro-2-acetamidobiphenyl 1 in 
55% yield by thc procedure of Scarborough and Waters (52). 

4'-Att1it10-2-ncetott1idubipl1etgvl 
This anline, described by Finzi and Mangini (53), was pre- 

pared by treating 16.0 g (62 mmol) of the 4'-nitro-2-acetami- 
dobiphenyl with 16.0 g (0.285 g-at.) of reduced iron powder 
in aqueous ethanol solution containing a trace of concentrated 
hydrochloric acid. After the work-up 10.5 g (75% yield) of the 
desircd amine was obtained. 

2,4'-Diott1itiobiplienyl2 
Hydrolysis of the above acetamido derivative by refluxing 

in ethanol containing 10% concentrated hydrochloric acid for 
3 h yielded quantitatively the desired diaminobiphenyl 2, n ~ p  
56'"C (aqueous ethanol) (lit. (53) mp 56°C). 

2,4-Diot11it10-4-t1itrobipliet1yl 3 
A n~odification of the method of Finzi and Mangini (53) 

was used. A solution of 15 g (80 mmol) of 2,4-diaminobiphenyl 
in concentrated sulfuric acid (mixed at 0°C) was stirred in an 
icexthanol bath to a temperature of - 2°C. Then 8.5 g (9 mL, 
80 nlmol) of n-propyl nitrate in 10 n1L of glacial acetic acid 
was added dropwise such that the temperature did not rise 
above -2°C. Stirring was continued for 1 h and the mixture 
was poured into 250 g of ice and neutralized with saturated 
aqueous sodium carbonate solution. The resulting brown solid 
was collected and taken up in the minimum of concentrated 
hydrochloric acid and reprecipitated with concentrated am- 
monium hydroxide as a red solid. After collection and thor- 
ough washing with water the product 3 was recrystallized from 
aqueous ethanol as bright red rosettes, 10 g (55% yield), nlp 
177°C (aq. EtOH) (lit. (53) mp 177-178°C). 

4' -Aceto t t1 ido-2-be11zat~1ido-4-nirrob~/  4 
Benzoyl chloride (1.04 g, 7.4 mmol) was added dropwise 

with stirring to a solution of 2.0 g (7.4 mmol) of 4'-acetamido- 
2-amino-4-nitrobiphenyl in 25 nlL of dry nitrobenzene. The 
mixture was heated at 140°C for 45 min and oncooling de- 
posited crystals of the benzamido compound which were col- 
lected and washed with cold ether. The product was purified 
by recrystallization from aqueous pyridine as off-white needles, 
2.3 g (83% yield), n ~ p  185-187% (lit. (54) mp 187°C). 

8-Acetot~1irlo-3-nitro-6-pl1et1ylpl1et1antl1ridine 5 
4'-Acetamido-2-benzaniido-4-nitrobiphenyl (1 g, 2.7 mmol) 

was cyclized to the corresponding phenanthridine by refluxing 
in 5 mL of phosphoryl chloride for 2 h. Upon cooling the mix- 

ture was cautiously poured onto ice and neutralized with am- 
monium hydroxide. The resulting yellow phenanthridine was 
collected, washed thoroughly with water, dried, and recrys- 
tallized from aqueous pyridi,ne as yellow plates, 0.7 g (73% 
yield), mp 295-297°C (lit. (54) mp 297°C). 

2 - A t n i t 1 o - 4 ' - c o r b o e / I 1 o , ~ y o t 1 1 i t ~ o - 4 - , r i /  7 
This urethane derivative was obtained in 76% yield together 

with a minor amount of the isomer 6 from the foregoing 
diaminonitrobiphenyl and ethyl chloroformate by a procedure 
similar to  that described by Walls (55). 

2-Betizott1ido-4'-carboetI1o~~~~ot~1i110-4-tiitrobipI1et1~~/ 
The foregoing amine was treated with benzoyl chloride in 

nitrobenzene to  furnish the benzamide in 80% yield as de- 
scribed by Walls (55). 

8 - C a r b o e t l 1 o x y o 1 t 1 O 2 O - 3 - t 1 i t r u - 6 - p l ~ 1 e  8 
This phenanthridine was obtained in 42% yield by the treat- 

ment of the benzamido derivative with phosphoryl chloride 
at 120°C for 1 h (55). 

~ - A I ~ ~ I ~ O - ~ - ~ I ~ ~ ~ O - ~ - ~ / I ~ I I ~ ~ ~ I I ~ I I O I I I I I ~ ~ ~ / ~ I I ~  
Hydrolysis of the foregoing phenanthridine derivative with 

concentrated sulfuric acid at  140°C for 0.5 h afforded the free 
aminophenanthridine in almost quantitative yield, mp 228°C 
(EtOH) (lit. (55) mp 227-227.5"C). 

N,N'-[8,8'-Bis(3-ttitro-6-~~I1~t1~~l)~~/1et1o11t/1riditi~~I]sebn~otr1i~/e 9 
A dry benzene solution (10 mL) of 0.13 g (0.43 mnlol) of 

8-amino-3-nitro-6-phenylphenanthridine was treated with 
52 mg (0.215 n ~ n ~ o l )  of decandioic acid chloride. An inln~e- 
diate precipitate formed and the mixture was heated under re- 
flux for 2 h by which time evolution of hydrogen chloride 
ceased. The mixture was next treated with concentrated am- 
monium hydroxide until slightly basic and then concentrated 
in vaclro. The yellow gum which remained was triturated with 
50% aqueous ethanol. Refluxing the solution for 15 min, 
cooling, and filtering afforded the amide 9 (12 = 8). Recrystal- 
lization from aqueous pyridine gave pure 9 as orange-yellow 
crystals, 111p 164-166'C, resolidifying at 170°C and remaining 
unmelted at 300°C. Infrared (CHC13) v,,,,: 3320 (NH), 2840, 
2920,2980 (CH,), 1660 (amide C=O), 1520,1340 (NO2), 1610 
(aryl ring) cm-'. Atlnl. calcd. for C4,H2,,N606: N 9.48; found: 
N 9.63. 

Similarly prepared by the above procedure was the corre- 
sponding dodecandiamide (n = 10) derivative 9 (11 = 10) 
in 66% yield, mp 176"C, resolidifying at 180°C and unmelted 
at  300°C. Infrared (CHCI,) v,,,,: 3340 (NH), 2835, 2920, 2975 
(CH?), 1665 (amide CO), 1530, 1350 (NO2), 1605 (aryl ring) 
cm-'. Anol. calcd. for C5ZH,8N606: N 9.85; found: N 9.75. 

N , N ' - [ 8 , 8 ' - B i s ( 3 - a t t 1 i n o - 6 - ~ / t e t 1 ~ l ) ~ / ~ e  
10 (n = 8) 

This bisamine was prepared by treating the foregoing com- 
pound 9 (11 = 8) with reduced iron powder in aqueous ethanol 
solution containing a trace of concentrated hydrochloric acid. 
After work-up as described in previous examples 80% yield of 
the bisamino compound 10 (ti = 8) was obtained, nlp 169°C. 
Anal. calcd. for C48HZ4N602:  N 11.72; found: N 11.96. 

8-Carboetl1o~~~ot~1~t1o-5-rnetl1yl-3-t1it~u-6-p/1et1yl~~l1et1nt1- 
t11ridit1i111~1 Metl~yl S~//fote 11 

8-Carboethoxyamino-3-nitro-6-phenylphenanthridine 8 was 
converted to the quaternary salt in 80% yield by the method of 
Walls, utilizing freshly distilled dimethyl sulfate in dry nitro- 
benzene at  18O0C for 30 min. The crude salt was washed with 
ether to remove excess solvent and recrystallized from water as 
yellow plates (55). 
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8-Ati1it1o-5-tt1eil~y/-3-t1itro-6-~1I1et1yI~1I1e11nt71Irridi11i111t1 Cl~loride 
Removal of the carboethoxy group was accomplished as 

previously described by treating 0.6 g (1.16 nimol) of the above 
salt 11 with 2 mL of 70% sulfuric acid for 30 niin at 135'C. 
After work-up the aminophenanthridinium salt was obtained 
in quantitative yield (0.5 g). Metathesis with saturated aque- 
ous sodium chloride gave the corresponding chloride salt as 
brown-red plates (55). 

N , N ' - [ S , ~ ' - B ~ J ( ~ - ~ ~ I ~ ~ I ~ ~ ~ - ~ - I I ~ ~ ~ O - ~ - ~ I I ~ I I ~ ~ - ~ I I I ~ I I ~ I I I I I I ~  rrlrtril~tn)]- 
~ebncnt?lide Diclrlorir/e 12 (n = 8) 

To a solution of 0.3 g (0.82 nimol) of 8-amino-5-niethyl-3- 
nitro-6-phenylphenanthridinium chloride in 5 mL of dry nitro- 
benzene was added 0.098 g (0.41 nimol) of sebacyl chloride. 
When addition was conipleted the mixture was refluxed for 
2 h until no more hydrogen chloride was evolved and then 
cooled to room temperature. Addition of ether precipitated 
the desired product as an orange-brown solid. Recrystalliza- 
tion from aqueous methanol afforded an orange amorpho~ls 
solid, 0.21 g (48% yield), mp 110 C (resolidifies and remelts at  
210°C). Atlnl. calcd. for C,oH46C12N,0G: C 66.88, H 5.12, 
CI 7.91, N 9.36; found: C 66.53, H 5.18, CI 8.02, N 9.57. 

Similarly prepared by the above procedure was the corre- 
sponding dodecandiamide (11 = 10) derivative 12 (11 = 10) in 
44% yield, nip 110-C (resolidifies and remelts at 215'C). Atlnl. 
calcd. for Cs2H50C12N606: C1 7.66, N 9.08; found: CI 7.87, 
N 9.15. 

N,N'-[8,8'-Bis(3-nt~1it1o-5-ttretl1~~l-6-pl1et1ylpl1et1nt1tI1ridit1i111t1)]- 
~ebacott~ide Dichlor.ide 13 

A solution of 0.2 g (0.22 mniol) of N,N'-[8,8'-bis(5-methyl- 
3-nitro-6-phenylphenanthridinium)]sebacamide dichloride in 
25 mL of 1 : 1 aqueous ethanol was mixed with 61.6 nig (1.1 
nig-at.) of reduced iron powder and 1 drop of concentrated 
hydrochloric acid. The mixture was refluxed for 1.5 h, cooled, 
and filtered through Celite to give a purple filtrate. Concentra- 
tion it2 ljnciro and addition of sodium chloride resulted in pre- 
cipitation of a red solid which was collected and recrystallized 
from aqueous ethanol as fine, deep-red crystals, 0.17 g (92% 
yield), mp z 300°C. Nnir (CD,OD) 6: 1.24-1.8 (br, ni, 12H, 
6 CH2), 2.18-2.4 (ni, 4H, 2CH2), 4.45 (brs, 6H, 2CH3), 5.9 
(brs, 4H, 2NH2), 7.25-8.73 (ni, 22H, Ar), 9.45 (s, 2H, exch. 
NH). Infrared (CHCI,) v ,,,,: 3450, 3420, 2930, 2865, 1670, 
1450, 1245, 850cm-'. Atlnl. calcd. for C50H50C12NG0,: C 
71.68, H 5.97, C1 8.48, N 10.03; found: C 71.24, H 6.02, CI 
8.57, N 10.25. 

4,4'-Dint11it1o-2-11i1robipI1e11yl 15 
This nitrobenzidine was obtained in 84% yield by nitration 

of benzidine 14 with potassium nitrate in concentrated sul- 
furic acid according to the procedure of Leslie and Turner (55). 

4,4'- Dicarboei l1oxyorni , ro-2- t1 i~obip  16 
The foregoing nitro compound was treated with ethyl 

chloroformate to furnish the diurethane in 87.5% yield as de- 
scribed by Leslie and Turner (56). 

2-At~1it1o-4,4'-di~nrboeil1o~yn1t1i11obiplretr~l 17 
This compound was prepared from the corresponding nitro 

derivative in 75% yield by reduction by reduced iron metal in 
aqueous ethanol containing a trace of concentrated hydro- 
chloric acid (56). 

N ,N'- Di[2-(4,4'-dicnrboeil1o,r~~n1nino) bipI~et~yl]sebncnttridc 
18 (n = 8) 

To a solution of 1.7 g (5 mmol) of 2-amino-4,4'-dicarbo- 
ethoxyaniinobiphenyl in 20 mL of dry benzene was added 
dropwise with stirring 0.58 g (2.5 mmol) of decandioic acid 
chloride (sebacyl chloride). The resulting mixture was refluxed 

gently until the evolution of hydrogen chloride ceased, approx. 
I h. Then i t  was treated with an~nionium hydroxide solution 
until just basic and heated under reflux again for a short 
period. The benzene was removed it1 vncllo to afford 18 (11 = 8) 
as a cream colored solid which was purified by recrystallization 
from ethanol, 2.0 g (95% yield), nip 223°C. Mass spectrum 
tt~le (% relative abundance): 369 (40.6) J ( P  - C,H,,); 323 
(64.6) 4(P - C ~ H , B - C ~ H ~ O H ) ;  277 (100) 4(P - CeH18- 
2C2HsOH). The ir s]~ect~.um (CHCI,) v,,,,: 3240-2410 (NH), 
1695 (CO, carbaniate), 1650 (CO, amide) cm-I. The 'Hmr 
spectrum ((CD3)2SO) 6: 9.6 (d, 4H, carbamate NH), 9.05 
(s, 2H, amide NH), 7.14-7.65 (m, 14H, aryl protons), 4.16 (q, 
8H, carbaniate CH2), 2.15 (br t, 4H, -amide CH2), 1.26 (t, 
IZH, -carbaniate CH,), 1.05-1.68 (m, 12H, aliphatic 6CH2). 
Atrnl. calcd. for c46Hs6NGOlo: C 64.79, H 6.59, N 9.85; found: 
C 64.62, H 6.9, N 10.27. 

The additional bisamides in Tables 1 and 2 were prepared 
by the same general procedure. 

1,4-Bis(3,8-rlicniboe1I~o~~yn1t1i11o~1l1ennt1fl1ridit~-6-yl) brttntle 
19 (n = 4) 

A solution of 2.0 g (2.5 nimol) of N,N'-bis(4,4'-dicarbo- 
ethoxyamino-2-dipheny1yl)adipaniide in 7.0 mL of freshly 
redistilled phosphorus oxychloride was heated under reflux 
for 2.5 h. When cooled, the excess phosphorus oxychloride 
was reliloved under reduced pressure and the residue was 
poured into ice-water. Neutralization with concentrated am- 
monium hydroxide solution, followed by filtration and washing 
with water, gave the bisphenanthridine as an olive-green solid. 
Decolorization with charcoal and recrystallization from aque- 
ous pyridine afforded the purified phenanthridine as a buff 
colored amorphous solid dec. z 300°C. The spectral and ana- 
lytical data on this and related conlpounds are given in Tables 
3 and 4. 

l,4-Bis(3,8-rliatt1itropl1et1n11tI1ridi1z-5-yl)buint1e 20 (n = 4 )  
This aminophenanthridine was prepared by treating 0.2 g 

(0.26 mmol) of 1,4-bis(3,8-dicarboethoxyaminophenanthridin- 
6-y1)butane with 2 mL of 70% sulfuric acid. After heating a t  
135°C for 1 h the mixture was diluted with water and neu- 
tralized with concentrated ammonium hydroxide solution. 
The resulting colloidal red precipitate was collected and dried. 
Recrystallization from aqueous dimethylforn~amide gave the 
product as fine red-brown needles, 0.1 g (85% yield), mp 
> 300°C with slow decomposition from 250°C. Nmr spectrum 
((CD,),SO) F: 1.2-2.05 (br m, 4H, 2CH2), 3.1 (br m, 4H, 
2CH2), 5-5.9 (br s, 8H, 4NH2), 6.87-8.35 (m, 2H, Ar). In- 
frared (CHCI,) v,,,: 3455, 2924, 2860, 1480, 1245 cm-' .  

I,4-Bis(3,S-rliott1it1o-5-ei/5v/-6-pl1et1nt1tl1ridi11i~1t11) brrratle 
dibromide 21 (n = 4) 

A solution of 0.28 g (0.36 mmol) of the 1,4-bis(3,8-dicarbo- 
ethoxyaminophenanthridin-6-yl)butane in 8 mL of dry nitro- 
benzene was converted to the corresponding salt by treatment 
with 0.12 g (0.72 mmol) of diethyl sulfate at  180°C for 30 min. 
After cooling, the mixture was triturated with ice-cold ether. 
Continued washing with ether gave a dark-brown solid which 
was extracted with boiling water to remove it from a tarry 
material. The orange solution thus obtained was concentrated 
to 3 mL in vacrro and treated with 7 mL of concentrated sul- 
furic acid and the mixture heated at  110°C for 1 h. Upon 
cooling, the mixture was poured into water, and neutralized 
with concentrated ammonium hydroxide solution. Addition 
of potassium bromide precipitated a red-purple solid. Crys- 
tallization from water gave the phenanthridinium salt as small 
red-purple crystals, 45 mg (18% yield), mp 2 300°C (slow 
decomposition from 230°C). Nmr spectrum ((CD,),SO) F: 
1.3-1.9 (t, overlapping m, 10H, 2CH3, 2CH2), 2.4 (br m, 4H, 
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TABLE I. N,N'-Di[2-(4,4'-dicarboethoxyan~ino)biphenylyl]alky1amides 

Melting Calculated (2) Found (%I 
Crystallization point Yield Molecular 

No. 12 solvent ("C) ( )  formula C H N C H N 

180 4 (CH3)2S0, H 2 0  238 92 C - L Z H ~ ~ N G ~ I O  63.31 6.03 10.55 63.51 5.8 10.43 
186 5 Pyridine, EtOH 179-180 83 C43H,oN60,0 63.70 6.17 10.37 64.21 5 69 10 59 
18c 7 Pyridine, EtOH 174-177 95 C4sHs4NGOlo 64.43 6.44 10.02 64.82 6.23 9.83 
18d 10 Pyr~dine, EtOH 133-135 89 C 4 B H 6 0 N 6 0 L ~  65.45 6.81 9.54 65.73 6.34 9.46 
18e 11 Pyridine, EtOH 155 87 c ~ H 6 2 N 6 0 1 0  65.77 6.93 9.39 65.96 6.25 8.82 
18f 12 Pyridine, EtOH 210-212 89 C50H64N6010 66.07 7.04 9.25 65.83 6.71 9.62 

TABLE 2. Spectral properties of N,N'-di-[2-(4,4'-dicarboethoxyan~ino)biphenyl]alkylamides 

Nuclear magnetic resonance (TMS-(CD,),SO) G 

Fourier transform 0 
infrared (CHCI,) 11 

No. (cm- ') CH3 -(CH,)- -CH,-C- NH(amide) NH(carbamate) Aryl 

180 3280, 2975, 2920, 1 22 1.07-1.57 4.11 (q, 8H) 8 98 (s, 2H) 9.52 (d, 4H) 7.05-7.63 
1699, 1655, 1597, (t, 12H) (m, 4H, CH2) 6% 14H) 
1 500, 1240, 1070, 2.1 (t, 4H, CH,) 
820, 770, 607 

186 3280, 2920, 2860, 0.99-1.43 4 . l l ( q , 8 H )  9.05(s,2H) 9 .5 ( s ,4H)  6.95-7.68 
1698, 1655, 1597, (m, 18H, CH,, CH,) (m, 14H) 
1520, 1220, 1064, 
810, 765 

18c 3320, 2990, 2920, 1.02-1.41 4 1 (q, 8H) 9 .0  (s, 2H) 9 .4  (s, 4H) 6.8 -7.75 
2850, 1710, 1665, (m, 22H, CH,, CH,) (m, 14H) 
1599, 1530, 1230, 
1068, 760 

18d 3280, 2920, 2855, 0.98-1.35 4.1 (q, 8H) 9 .0  (s, 2H) 9.55 (d, 4H) 7.05-7.61 
1699, 1655, 1598 (t, m, 28H, CH,, CH,) (m, 14H) 
1520, 1220, 1070, 
8 10, 770 

18e 3280, 2920, 2850, 1-1 .50 4.13 (q, 8H) 9.07 (s, 2H) 9.62 (s, 4H) 7.08-7.68 
1700, 1655, 1599, (m,  OH, CH,, CH,) (m, 14H) 
1510, 1220, 1065, 
8 10, 770 

18 f 3280, 2920, 2860, 0.95-1.63 4.12(q, 8H) 8.55 (s, 2H) 9.63 (s,4H) 6.89-7.8 
1720, 1650, 1600, (t, rn, 32H, CH,, CH,) (m, 14H) 
1520, 1220, 1060, 
810. 765 

2CH2), 4.15 (q, 4H, NCH,), 5.95,6.3 (2s, br, exch. 8H, 4NH2), 
7.2-8.7 (m, 12H, Ar). Infrared (CHCI,) v ,,,,: 2945, 2895, 1480, 
1245 cm-'. Anal. calcd. for C3,1-138C12N6: C 67.87, H 6.37, CI 
11.79, N 13.97; found: C 67.95, H 6.24, CI 11.93, N, 14.01. 

Results 
Our initial synthetic efforts towards potential 

bisintercalative phenanthridinium compounds were 
directed towards linkage through position 8 of the 
ethidium chrornophore E. T o  permit discrimination 
between the 3 and 8 amino substituents the trans- 
formations in Scheme 1 were carried out. Selective 
acetylation occurs in the aniline ring of 3 since the 
nitro substituted ring is deactivated. The ring closure 
of 4 to 5 proceeds in only low yield but when ethyl 

chloroformate was e~nployed for NH, protection, 
as in 6 ,  much improved yields resulted although the 
acylation was not completely selective (Scheme 2, 3 
to 6 and 7). Benzoylation followed by treatment of 
the acyl derivative with phosphorus oxychloride 
afforded the cyclization product 8. Coupling of the 
free 8-NH, group of the product of acid hydrolysis 
of 8 with two diacyl chlorides proceeded smoothly to  
produce the 3-nitro bisphenanthridine compounds 9 
in which the nitro groups could be reduced to  the 
corresponding 3-aminoanalogues 10. 

The pair of compounds 9 resisted all attempts at 
quaternization of the phenanthridine nitrogen-5. In 
view of this the phenanthridine moiety was quatern- 
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Melting Calculated (z) Found (%) 
Crystallization point Yield Molecular 

No. 11 solvent ("C) (%) formula C H N C H N 

19a 4 CGH5NOZ > 300 77 C ~ Z H ~ ~ N G ~ S  66.31 5 78 11.05 66.25 5.41 10.71 
190 7 C5H5N, CZH50H > 300 59 C . L ~ H ~ O N ~ O S  67.33 6.23 10.47 66.86 6.04 10.8 
19c 8 C5H5N, HZO >300 65 C ~ G H ~ ~ N G O S  - - 10 29 - - 10.5 
19d I O  C 5 H 5 N , H Z 0  222-225 67 C48H5GNG08 68.24 6.63 9.95 68.17 6 4 3  9.87 
19e 11 C5H5N, HZO 180-185 48 C . L ~ H ~ ~ N ~ ~ ~  68.53 6.75 9.79 68 23 6 .64 9 .6  
19f 12 C5H5N, CzHsOH 194-197 60 C S ~ H S O N ~ ~ ~  - - 9.63 - - 9.51 

"All compounds showed a characterlstlc blue fluorescence when d~ssolved In concentrated H2S0 ,  and all acre homogeneous by ~ l c  ( s ~ l ~ c a  gel; 70% 
CHJOH; 30% C2H,0H).  

TABLE 4. Spectral properties of c(,w-di(3,8-dicarboethoxyaniinophenanthridin-6-yl)alkanes 

Nuclear ~iiagnetic resonance (TMS-(CD,),SO) G 
Fourier transform 

No. infrared, cni- CH3 CH, Ar-CH2 NH(carbamate) Aryl 

19a 3310, 2975, 2920," 1.1-1.9 3 . 2  (br, t, 4H, CHZ) 9 .8  (d, 4H, NH) 6.95-8.68 (m, 12H, Ar) 
2845, 1693, 1613, (t, ni, 16H, 4CH3 + 2CH2) 
1205, 1055, 800, 
759 

190 3320, 2920,2860, 1.1-2.0 3 . 2 ( b r , t , 4 H , C H Z )  9 . 9 ( d , 4 H , N H )  7.4-8.7(m,12H,Ar) 
1708, 1598, 1524, (t, III, 22H, 4CH3 + 5CH2) 
1220, 1068, 818 

19c 3320, 2980, 2920,b 1.1-2.08 3 . 2  (br, t, 4H, CH,) 9.95 (d, 4H, NH) 7.1-8.72 (m, 12H, Ar) 
2850, 1700, 1620, (m, 24H, 4CH3 + 6CHZ) 
1210, 1060, 805, 
760 

19d 3320, 2970, 2928; 1.12-2.1 3.21 (br, t, 4H, CHI) 10 (d, 4H, NH) 7.64-8.8 ( n ~ ,  12H, Ar) 
2850, 1702, 1599, (t, ni, 28H, 4CH3 + 8CH2) 
1524, 1220, 1070, 
818 

19e 3340, 2920, 2845,h I .  1-2.05 3 . 2 ( b r , t , 4 H , C H 2 )  9 .95(d ,4H,NH)  8 . 9 ( m , l 2 H , A r )  
1700, 1620, 1240, (t, ni, 30H, 4CH3 + 9CH2) 
810, 750 

19f' 3320, 2920, 2845: 1.1-2.0 3 .2  (br, t, 4H, CH2) 9 .9  (d, 4H, NH) 7.42-8.86 (m, 12H, Ar) 
1700, 1615, 1220, (t, 111, 32H, 4CH3 + IOCHZ) 
1070, 806, 760 

OKBI disc. 
bCHCl, Rlm. 

( I )  FelHCl , H z -  CH,CH:CHIONO~ 

(2) HCI H:SO,. CH,CO,H • NH~-Q-Q-NO~ 

1 ( I )  (CH3CO):0 
(2) C,H,COCI 
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! ( I )  C6HsCOCI 
( 2 )  POC13, C6HsN0, 

C H  'CH, FelHCl 
(CH2)" - 

I aa. EtOH 

(1) H,SO, 
(2) COCI 

I 
(CHZ)" 

COCI . 
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L O W N  ET A l  

HNO, 
NH2-++~2 - - N H 2 W ~ H 2  - - 

0 ° C  

FelHCl 
E ~ O C O N H ~ H C O ~ E ~  - - t-- aq. EtOH L O C O N H ~ H C O ~ E ~  - - 

POCI, 

ized prior to  coupling by alkylation of the relatively 
unhindered 8 with dimethyl sulfate to  give 11 fol- 
lowed by acid generation of the free 8-amino group 
from 11 and condensation with two diacyl chlorides 
t o  give the compounds 12. Reduction of the nitro 
group in 12 with iron and hydrochloric acid afforded 
the 8-linked bisphenanthridiniuin compounds 13 
as outlined in Scheme 3. 

Since our previous examination of the substituent 
requirements in the ethidium moiety for intercala- 
tion and fluorescence enhancement had also shown 

that the 6-aryl substituent may be replaced by a n  
alkyl group without materially affecting the inter- 
calative binding t o  DNA, a series of bisphenanthri- 
dinium compounds was prepared in which the chro- 
mophores were linked through the 6-position. Low 
temperature nitration of 4,4'-diaminobiphenyl 14 
afforded compound 15 in 84% yield. Ethyl chloro- 
formate gave the amino group product 16 in 87.5% 
yield. The nitro group in 16 was reduced in 75% 
yield by reduced iron metal in aqueous ethanol con- 
taining a trace of concentrated hydrochloric acid. 
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The selectively protected trialnine 17 was condensed 
with diacyl chlorides to give the six 64inked bisbi- 
phenyl derivatives 18 where /I = 4, 5, 7, 10-32, all in 
excellent yields. Ring closure was effected by heating 
each of the 18 compounds with phosphorus oxy- 
chloride to give the bisphenanthridines 19. The best 
yields were obtained where /I = 4, 8, and 10. In con- 
trast to the previous example of 9, quaternization of 
19 with dimethyl sulfate proceeded normally. De- 
blocking of the 3 and 8 aminoacyl groups was effected 
smoothly with sulfuric acid at llO°C and afforded 
a new 6-linked bisphenanthridinium compound 21. 
The synthetic plan is given in Scheme 4. 

Discussion 
The results of our previous studies indicated that 

among the permissible points of attachment of a 
linker in the projected synthesis of potential fluo- 
rescent bisintercalators on the ethidiuin chrornophore 
E were the 8- and 6-positions (33).These allowed posi- 
tions together with the requirement of N-5 alkylation 
are consistent with optimal fluorescence enhance- 
ment. The syntheses described here show it is feasible 
to prepare such bisphenanthridiniurn cornpounds 
linked through the 8- and 6-positions. One factor 
which influences the synthetic strategy is the resis- 
tance to N-5 quarternization noted in compounds 9. 
It is possible that this is the result of steric hindrance 
as a result of stacking of the chrornophores in solu- 
tion for which there is spectroscopic evidence (46, 
47). Consequently in the 8-position linked series it is 
recommended to quarternize the chromophore prior 
to  condensation. By contrast, in the C-6 linked series 
it is evident that the topology of, for example 19, is 
such that stacking of the phenanthridine moieties 
does not occur and consequently alkylation at N-5 
can proceed normally. Le Pecq and co-workers 
have synthesized a bisphenanthridiniunl compound 
in which an alkylamino chain connects the ring 
nitrogen, and have concluded that it does not double- 
intercalate in DNA because of steric factors (45). 
By contrast, in the case of bisphenanthridiniurn 
co~npounds linked through either the nieta (44) or 
yarn (48) positions of a 6-aryl substituent there is 
some evidence for double intercalation in DNA. It is 
evident then that steric constraints for effective double 
intercalation into DNA impose further restrictions 
on the chemical type, sites of attachment, and length 
of linkers in addition to  those required for optimal 
fluorescence. These factors together with DNA 
binding characteristics of new bisphenanthridiniurn 
salts will be discussed in a subsequent paper. 
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Identification des configurations relatives d'alcools secondaires a-cyclopropylideniques et 
a-vinylcyclopropaniques. Attribution de structure aux ethyl-6 dimethyl-2,4 oxa-3 bicyclo 

[3. l  .0''5] hexanes 

M A U R I C L  V I N C E N S ,  C L . A U D E  D U M O N - I  t:~ M I C H E L .  V I D A L  
Lohororoi~,c tlr C ' l ~ i ~ j ~ i c ~  Or.go~ric~ric~. Urri~.c,r..rirt; St~itvlri(iclrrt, tjr iMc;tIit~olr cIcj GfIENOB1.E - B.P. 53 Cc11rr.r tic, 7'1.i - 38041. F~.ttrrt.r 

I<equ le ?.j;rnvicl. 1979 

MAURICE VINCENS, CLAUDE DUMONT et MICHEL VIDAL. Can.  J .  Chem. 57.23 14 (1979) 
D a n s  le cadre d'une etude stereochimique des alcools secondaires a-cycliques nous avons 

determine les configurations relatives des [ethyl-2 ethylidtne-3 cyclopropyl(lR*,2R*)]-1 
ethanol E, R* et S*.  Le traitement en milieu basique de ces alcools secondaires diasttrCoiso- 
mkres conduit aux [ethyl-2 vinyl-3 cyclopropyl(lR*,2S'",3S*)]-1 t thanol  R* et S*;  l'oxymer- 
curation cyclisante de ces dCrivCs cyclopropaniques fournit les ethyl-6 dimethyl-2,4 oxa-3 
bicycl0[3.1.0'~~]hexanes diendo, clieso, et e.~o-prlcIo. Les attributions de structure a ces ethers 
bicycliques, fondees sur  des etudes en ir et rmn du ' H  et du I3C, permettent d'attribuer les con- 
figurations relatives des alcools vinylcyclopropaniques et cyclopropylidCniques. 

MAURICE VINCENS, CLAUDE DUMONT, and M ~ C H E L  VIDAL. Can.  J. Chem. 57.23 14 ( 1979). 
During a stereochemical study of a-cyclic secondary alcohols, the relative config~~rat ions of 

the E, R:':, and S *  isoniers of I-(2-ethyl-3-etIiylidene(l R*,2R4:)cyc10pr0py)ethan0 was 
determined. Treatment in a basic medium of these secondary diastereonieric alcohols leads 
t o  the R *  and S" isomers of I-(2-ethyl-3-vinyl(1R:~,2S"',3S*)cyclopropyl)ethanoI. Cyclic 
oxyinercuration of these cyclopropanoic derivatives yields the di-erldo, di-exo, and eso-er~clo 
derivatives of 6-ethyl-2,4-diniethyI-3-oxabicycl0[3.1.0.',~]hexane. The determination of the 
structure a s  bicyclic ethers, based on  ir and lH and I3C nmr studies, permits the assignnient 
of the relative configurations of the vinylcyclopropanoic and cyclopropylidene alcohols. 

[Journal translation] 

Introduction 

L'ttude de ['induction asymttrique, au cours de la 
rtduction des cttones a-cyclopropylidCniques et des 
transpositions en milieu acide des alcools secondaires 
qui rtsultent de cette rtduction, nous a conduits a 
envisager l'identification par voie chimique des 
configurations relatives des [alkyl-2 tthylidkne-3 
cyclopropyl(lR.~,2R~~)]-1 ethanol E, R'!. et S*. Ce 
travail s'intkgre, par ailleurs, dans l'tlaboration 
d'une mtthode gtnerale d'identification chimique des 
configurations relatives d'alcools secondaires dias- 
ttrCoisomkres dans les stries vinylcyclopropanique, 
cyclopropanique et cycloproptnique. Ces attribu- 
tions restent actuellement trks dtlicates; la litttrature 
ne mentionne, en effet, que quelques tentatives 
fondtes gtntralement sur des donntes spectro- 
photomttriques (1-3). 

La mCthode que nous avons utiliste co~nporte 
deux phases: 

Une filiation chimique est Ctablie entre les [tthyl-2 
tthylidene-3 cyclopropyl(1 R*,2R'$)]- 1 tthanol E, 
S4: et R* (1 et 2) et les [tthyl-2 vinyl-3 cyclopropyl(1 R'*, 
2S*',3S4)]-1 tthanol S:': et R;: (3 et 4) ou les [tthyl-2 
vinyl-3 cyclopropyl(lR*,2S*,3R4:)]-1 tthanol 9% et 
R'" (5 et 6). Cette filiation peut &tre facilement rCalisCe 
en provoquant la migration de la double liaison 
cyclopropylidtnique de 1 et 2 en milieu basique (4) 

car, dans ces conditions exptrimentales, les con- 
figurations relatives des carbones 1, 2 et 4 ne sont 
pas modifites. 

Les configurations relatives des alcools vinylcyclo- 
propaniques 3 et 4 sont identifites. La dttermination 
des configurations relatives des carbones cyclopro- 
paniques 1, 2 et 3 est fondte sur l'ttude en rtsonance 
magnCtique nucltaire du proton des glissements 
chimiques induits par un chtlate des terres rares: 
Eu(dpm), d'une part et les valeurs des constantes de 
couplage des protons cyclopropaniques d'autre part. 

0008-4042/79/ 1723 14-07$0 1 .00/0 
a 1 9 7 9  National Research Co~incil of Canada/Conscil national tle rcche~.chcs du Canada 
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V I N C E N S  t:T A l .  

Les configurations relatives des carbones 1 et 4 ont 
pu Etre Ctablies en diterminant celles de ces deux 
centres de chiralitC dans les Cthyl-6 dimithyl-2,4 
oxa-3 bicyclo[3.1.0'~5]hexanes obtenus par oxymer- 
curation cyclisante de ces alcools y,6-CthylCniques 3 
et 4. 

L'oxymercuration des alcools y,6-ethyltniques, 
suivie d'une rkduction par le borohydrure de sodium, 
fournit des oxolannes substituis (5-7). Cette cyclisa- 
tion depend du degrt de substitution de l'atome de 
carbone terminal de la chaine insaturCe: une double 
substitution conduit 2 des hCttrocycles a six cha?nons, 
une monosubstitution a des htttrocycles a cinq et a 
six chalnons. Lorsque le carbone terminal n'est pas 
substituC et que l'on utilise l'acktate mercurique 
comme agent cyclisant, I'hCtCrocyclisation est spCci- 
fique; seule la structure tetrahydrofurannique est 
isolCe (5). L'emploi de ce sel mercurique permet, en 
effet, dlCviter le rtarrangement du cycle au cours de 
la rtduction de  l'organomercurique. 

La proportion d'isorneres cis et trans obtenus est 
tres sensible A la taille des substituants portCs par le 
carbone fonctionnel. Sans prkjuger du mCcanisme 
rkactionnel, qui n'est pas totalement ClucidC, tout 
se passe comme si une importante contrainte stCrique 
t tai t  dCfavorable h la formation du dCrive cis. I1 faut 
cependant noter que lorsque cette contrainte n'est 
pas trop importante (cas ou R = CH,) le dCrivC cis 
se forme majoritairement. Signalons enfin que la 
dkmercuration de  l'organomercurique, rtalisCe en 
milieu basique par le borohydrure, conduit a des 
proportions de dCrivCs cis et trmw souvent diffkrentes 
de celles observtes pour les organomercuriques (6). 
Compte tenu de l'ensemble de ces observations, 
l'oxymercuration des alcools vinylcyclopropaniques 
3 et 4 suivie d'une rCduction par NaBH, en milieu 
basique doit conduire respectivement aux tthers 
bicycliques 8, 9 et 7, 8; la ditermination des con- 
figurations relatives de 7 et 9 doit permettre de 
remonter a celles de 3 et 4 et  par conskquent 2 celle 
des alcools secondaires cyclopropylidCniques 1 et 2. 

SyrlrhPse des (ktl~yIidPr~e-3 cyclopropyl) rr1Gt11yI citorle E et 
Z (13 et 14) 

Le dikthyl-2,3 cyclopropinecarboxylate d'ethyle 10 (0.5 
mol) est traite par 1.8 rnol de potasse dans le 11-butanol (solu- 
tion-suspension 6 M)pendant 20 h a  125°C. Apres evaporation 
de l'alcool, le melange reactionnel est amene a pH 2 par addi- 

7 8 9 

SCHEMA 3. Ethyl-6 dimethyl-2,4 0x21-3 bicyclo[3. 1.0.1.5]hex- 
anes 7, 8 et 9. 

tion d'acide chlorhydrique 4 N. Apres extraction a I'ether la 
distillation fournit le melange des acides cyclopropylidCniques 
(11 + 12) avec un rendement de 80%. 

A 0.2 rnol de ce melange d'acides, en solution dans 200 mL 
d'kther anhydre, on ajoute 0.4 rnol de methyllithium (0.8 M 
dans 1'Cther) en 30 min. Le melange riactionnel est port6 au 
reflux pendant 2 h apris la fin de I'addition. Aprks hydrolyse a 
O"C, en milieu acide (pH > 3) et extraction a I'ether, le 
melange des cetones 13 et 14 est isole par distillation (rdt = 
75%). Ces composts sont separes par cpv sur colonne Car- 
bowax (20%) de 6 m (Chromosorb WAW 60180, gaz vecteur: 
H,, 0 = 140°C). 

Cktone 13: rzDZ0 1.4620; ir (film): v(C-0) = 1695, v(C=C) 
= 1740 cm- ' ;  rmn (C6D6/TMS): 6H1 = 2.01 (lH, m), 
6Hz = 1.90(1H, m), 6(=--H) = 5.61 ( lH,  m), 6(CH3-=) = 
1.65 (3H, m), 6(CH3-CH,) = 0.82 (3H, t), 6(CH3-CH,) = 
1.22 (2H, 5 raies), 6(CH3-CO) = 2.05 ppm (3H, s). Les 
valeurs des constantes de couplage sont determinies a 
partir d'une solution de 13 dans CCl, a laquelle on ajoute des 
quantites variables de Eu(dpm), selon le couplage etudie: 
,J(=--H,--CH3) = ~ . ~ H z , ~ J ( = - C H ~ ,  H I )  = 5J(=-CH 3, 
Hz) = 1.9 HZ, ,J(=--H, HI)  = ,J(=-H, HZ) = 2.0 Hz, 
,J(CH2, HZ) = 5.6 HZ, 3J(CH2, CH3) = 6.5 HZ, ,J(H1, Hz)  
= 4.9 Hz. 

Cktorze 14:  rlDZ0 1.4630; ir (film): v(C=O) = 1702, v(C=C) 
= 1735 cm-';  rmn (CGD6/TMS): 6H1 = 1.98 ( lH,  m), 
6H2 = 1.90 ( lH,  m), 6(H-=) = 5.83 ( lH,  m), 6(CH3-=) 
1.55 (1 H, m), 6(CH3-CH,) = 0.79 (3H, t), 6(CH3-CH2) = 
1.17 (2H, 5 raies), 6(CH3-CO) = 2.02 ppm (3H, s). Couplages 
(CC14, Eu(dpm),) : ,J(=-H,=-CH 3 ) - - ~ . ~ H z , ~ J ( = - C H ~ ,  
H I )  = 'J(=--CH3,-H,) = 1.7 Hz,,J(=-H, HI) = 4J(=-H, 
Hz) = 2.1 HZ, ,J(CH,, Hz) = 5.3 HZ, ,J(CH,, CHZ) = 6.6 
Hz, ,J(H1, Hz) = 5.2 Hz. 

[Ethyl-2 k/l1ylicf611e-3 cyclopropyl(lR*,2R*)]-I Gthanol E, 
S* ( I )  er R* (2) 

A une solution de 4 x rnol de cetone 13 dans 5 mL 
d'ether anhydre, on ajoute mol de AILiH4 en solution- 
suspension dans I'ether. Le reflux est maintenu pendant 1 h 
apres la fin de I'addition. Apres hydrolyse, la phase organique 
est extraite a l'kther et le melange d'alcools est recuptre par 
une distillation rapide. Les alcools cyclopropylidCniques 1 et 2 
sont skpares par cpv sur colonne Carbowax (10%) de 4 m 
(Chromosorb P NAW 60180, gaz vecteur: H,, 0 = 130°C). 

Alcooll: ir (film): v(0-H) = 3360 v(C=C) = 1640 cm-'; 
rmn (CCI,/TMS): 6(CH3-CH,) entre 1 et 1.4 ppm (3H), 
6(=-H) = 5.78 ( lH,  m), 6(-CH,) = 1.79 (3H, 6 raies), 
6(CH3-CHOH-) = 1.16 (3H, d), 6H4 = 3.30 ppm (lH, 
m); 3J(=-H, =-CH,) = 6.4 Hz, 3J(H,, H,) = 6.2 HZ. 

Alcool2: ir (film): v(0-H) = 3360 v(C=C) = 1640 cm-I; 
rmn (CCI,/TMS): 6(CH3-CHI) entre 1 et 1.4 ppm, 6(-H) 
= 5.70 ( lH,  m), 6(=CH3) = 1.76 (3H, 6 raies), 6(CH3- 
CHOH) = 1.17 (3H, d), 6H4 = 3.25 ppm ( lH,  m); 3J(=--H, 
-CH3) = 6.1 HZ, 3J(HI, H,) = 6 HZ. 
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VINCb,NS ET AL.. 23 17 

C2H5 d'une part et par l'itude des glissements induits par vc2H5 

Eu(dpm), qui, comme prtcidemment dans le cas de  
'C02C2H5 13, dimontre que les dirivts 1 et 2 prisentent bien 

10 une configuration E. 

1 
Alcools citzylcyclopropat~iques 3 ci 6 

( 1 )  KOH C2H5 ++ Les traitements de 1 et de 2 par le tertiobutylate de 
(2 )  H,O+ potassium dans le DMSO 2 80°C conduiseilt respec- 

P o  tivement aux melanges d'isoineres vinylcyclopro- 
14 

paniques 3 + 5 et 4 + 6. Les derives 3 6 sont isolis 

,H,L, 
par cpv. La migration de la double liaison cyclo- 

A + propylidinique, le long de la chaPne ithylidinique, ' "C02H ne modifie pas les positions relatives des substituants 
1 1  + 12 'q5 AlLiH4 port& par le cycle propanique. La relation trans des - + groupes Cthyle et hydroxymkthyle est, en effet, 'PO facilement contralee par le valeur de la constante de  

13 couplage 3JH1-,,2 qui reste de l'ordre de 5 Hz. Cette 
S C H ~ M A ~  mithode si elle permet d'assurer la filiation entre les 

alcools cyclopropylidiniques d'une part et les - 1700 cm-' et v(C=C) - 1740 cm-'. Dans ces alcools vinylcyclopropaniques 3 ou 4 d'autre part est 
dtrivis la relation trans des protons cyclopropaniques cependant difficile B mettre en oeuvre dans un but 
1 et 2 est demontree sans ambiguitt par la valeur de prkparatif car elle nicessite la purification prkalable 
la constante de couplage JElI-E12 1. 5 Hz. Une rela- en cpv de 1 et 2. Pour cette raison, I'identification de  
tion cis se traduirait, en effet, par une valeur de cette 3 et 4, foildCe sur l'oxymercuration de ces alcools, a 
constante de l'ordre de 8 Hz (9). Par ailleurs, les Cte realisie a partir du mtlange d'alcools 3 a 6 obtenu 
positions relatives du inithyle vinylique et du groupe- par la sCrie de riactioils suivantes. 
ment fonctionnel qui diffirencient 13 et 14 sont 
determinies par l'itude, en risonance magnitique 
nucliaire du proton, des glisse~nents induits par un 
chelate de terre rare (Eu(dpm),). Compte tenu des 

..= (2) H,O+ rqj 
positions relatives de ces deux groupes le glissement 
induit, observe pour le groupe mithyle dans 14, doit 15 + 16 

&tre tres nettement supirieur a celui observe dans le 
cas de 13. Les valeurs experimentales mesuries sont I CHjLl 

suffisamment differenciies pour permettre d'attribuer 
la configuration E a 13 et Z a 14. En effet, les pentes 
(A) des courbes 6i = f ( C  Eu/(Co S), pour les rp:] AlL1H4 + 

inethyles et les hydrogenes vinyliques sont: 

13 14 17 + 18 
A(=-Me) 142 235 Sc H ~ M I \  

A(k-H) 285 240 

(6i est CvaluC en Hz, C Eu et Co  S representent res- 
pectiveinent la concentration en chelate et en dtrivi  
carbonyli). 

La reduction par l'aluminohydrure de lithium de 
la cttone cyclopropylidCnique E (13) dans I'Cther au 
reflux conduit au mtlange des alcools stirioisomkres 
1 et 2 (dans les proportions 43/57) qui sont isolis par 
cpv. Les carbones 1 ,2 ,  3, 5 qui ne participeilt pas a la 
riaction de reduction prisentent des configurations 
identiques a celle de 13. Cette ritention de configura- 
tion est confirmee par la valeur des constantes de 
couplage 3 ~ H , - W ,  voisine de 5 Hz dans les deux alcools 

Trait6 par une solution suspeilsion de potasse dans 
le 11-butanol B 170°C, l'ester cycloproptnique 10 
conduit au  melange d'acides vinylcyclopropailiques 
15 + 16; la reduction de ce ~nt lange d'acides par le 
methyllithium fournit les cttones 17 + 18 qui traities 
par AlLiH, permettent d'accider facilement aux 
melanges d'alcools viilylcyclopropaniques 3 + 4 + 
5 + 6. 

Identij?catiot? des [dthyl-2 uinyl-3 cyclol)i.oyyl(lR'!:, 
2S*,3S")]-l 6thai~ol S* (3) et R'"4) et des 
[ethyl-2 Pthylid2ne-3 cycfopropyl(lR:!:,2R*)]-1 
ethnrlol E,S:': ( I )  et R" (2) 

Le melange des quatre diastCrCoisomeres 3 B 6, sou- 
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23 18 CAN.  J .  CHEM. VOL. 57, 1979 

TABLEAU 1. Diplacements chimiques dans CDC13/TMS en ppm 

7" - - - - 1.12 1.12 - - 

8 * 4.05 Vers 1.25' 4.18 0.70 1.12 1.18 0.94 Vers 1.25' 

9' 4.20 Entre 1 .20 4.20 0.60 1.24 1.24 0.94 Entre 1.20 
et 1.30 et 1.30 

~EnregistrB a 60 MHz. 
bEnregistrB B 250 MHz. 
CSuperposBs, non analysables. 

mis B l'oxymercuration cyclisante, fournit les trois 
Cthers bicycliques 7, 8  et 9. Dans les conditions ex- 
pkrimentales que nous avons utilisCes (Hg(AcO),/ 
T H F  B 2OoC), les alcools 5 et 6 restent inchangts et 
sont rCcupCrCs B la fin de la rCaction. L'examen des 
modkles de Dreiding dtmontre que dans ces dCrivCs 
la distance OH-double liaison est supirieure B 3 A ;  
valeur trop ClevCe pour permettre l'oxymercuration 
cyclisante. 

Par ailleurs, l'htttrocyclisation de chaque alcool 
diasttrtoisomkre 3 et 4, isolt en cpv et trait6 sipart- 
ment, conduit respectivement aux couples 8  + 9 et 
7 + 8  

4 + 7  (15%) + 8  (857,) 

3 + 8  (25%) + 9 (757,) 

L'absence de composC 7  dans l'un des mClanges 
reactionnels et de compost 9 dans l'autre, dCmontre 
clairement que la rCaction ne provoque pas d'tpi- 
mkrisation du carbone fonctionnel. Le substituant 
porte par le carbone du cycle tetrahydrofurannique 
situC en a de l'oxygkne et provenant du groupe vinyle 
devant, selon la litttrature (6), prCsenter la configura- 
tion exo et endo. 

La connaissance de la configuration diendo ou 
diexo des composCs 7  et 9 permet d'attribuer sans 
ambiguitC aux diasttrtoisomkres 3 et 4 les configu- 
rations relatives qui suivent: 

alcool vinylcyclopropanique 3: 1 R*,2S'k,3S:k,4S" 

alcool vinylcyclopropanique 4: 1 R:!:,2S:!:,3S4:,4R" 

Comme nous l'avons vu, la migration de la double 
liaison en milieu basique dans les alcools cyclo- 
propylidCniques 1 et 2 ne modifie pas les configura- 
tions des centres chiraux C, et C, ni Cvidemment celle 
de C,. I1 est donc possible d'affecter les configura- 
tions : 

alcool cyclopropylidCnique 1 : 1 R'K,2Rx',4S''' 

alcool cyclopropylidCnique 2: 1 R:k,2R'*,4R:': 

IdentiJication des e'tlzyl-6 dime'thyl-2,4 oxa-3 
bicyclo [3.1.01,s]hexanes diendo 7, exo-endo 
8, diexo 9 

L'identification de ces dtrivCs est fondCe sur leur 

Ctude en infrarouge et en rksonance magnCtique 
nuclkaire du 'H et du 13C. Cependant I'hCtCrocycle 
7, instable B tempkrature ClevCe, n'a pB Etre isole 
qu'en trks faible quantitC en cpv. Pour cette raison 
1'Ctude de ce dCrivC en rmn du 13C n'a pas CtC 
abordCe; par ailleurs le spectre de rmn de 'H rtalist 
sur une solution trks diluCe n'est que partiellement 
anal ysable. 

IdentiJication des conzpose's 7 ri 9 par re'sonance 
nzagne'tique nucle'aire de ' H  (Tableaux 1 et 2 )  

L'ensemble des donnCes rmn est en accord avec 
les structures proposCes: 8  et 9. Notons, en par- 
ticulier, que les spectres de ces composts rCvklent la 
prtsence d'un cycle propanique (6H, = 0.60 et 0.70 
ppm) et du groupe tthyle; la valeur des constantes 
de couplage 3JH1-H, N 3JH5-H, Y 3.4 Hz Ctablit la 
relation trans de H, d'une part et de H, et H, 
d'autre part. 

La non tquivalence des groupes mCthyles doublets 
(6 = 1.12 et 1.18 ppm) et des hydrogknes (6 = 4.05 
et 4.18 ppm), situCs en position 2 et 4, permet 
d'affirmer que l'oxa-3 bicyclo[3.1.01~5]hexane 8  
prCsente deux mtthyles, l'un endo, l'autre exo. 
L'examen des modkles de Dreiding dCmontre que le 
cycle tetrahydrofurannique trks contraint est plan; 
la rigidit6 de l'ensemble bicyclique due B la jonction 
cyclopropanique cis (en C ,  et C,) ne permet pas 
d'envisager de dtformations. D'aprks les modkles, 
les angles dikdres a = (Hz, C,-C,, H,) et P = (H,, 
Cs-C,, H,) du con1posC 8  valent 95" et 25" environ. 
Les valeurs trouvCes pour les constantes de couplage 

N 0 et N 3.8 HZ ne peuvent Etre affectkes, 
selon les courbes de Karplus, qu'aux angles dikdres 
a et p respectiven~ent. 

L'Cquivalence des groupes (CH,), ., , dans les 
composts 7  et 9 et de H, et H, (6 = 4.20 ppm) dans 
9 caracttrise l'existence d'un plan de symetrie. Ces 
deux 11CtCrocycles ne peuvent donc prtsenter que des 
configurations diexo ou diendo. Dans le cas du com- 

3 post 9 les constantes 3~,11-H2 et JH,-,, sont nulles 
(raies fines). Les interactions stkriques entre (CH3)2 
et (CH,), restant trks faibles dans les structures 
diendo et diexo, on peut affirmer que les angles dikdres 
a et p sont voisins de 95" et que le compost 9 prtsente 
une configuration diexo. 
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TABLEAU 2. Valeurs des constantes de couplage en Hz 

7 - - - - - 6.30 
8 0 3.8 6.8 7 3 .4  en moyenne 6.10 5.90 
9 0 0 6.8 7 3 .4  6.30 

TABLEAU 3. Deplacement chimique et multiplicite des diffkrents carbones en rmn du 13C des composes 8 et 9 
6 en ppm 

C 1 c2 C4 C5 CS c7 C8 CB Cl0 

Compose 9 
31.32 77.58 77.58 31.32 25.90 24.70 13.45 24.47 24.47 

S C H ~ M A  6. Angles ditdres du compose 8. a = (Hz, CZ-Clr 
HI )  et B = (Hs, CS-C4, H4). 

En consCquence la configuration de 7 qui posside 
un plan de symetrie est cliendo. 

Confirn7ntion des attributions de structure d 8 et 
9 pnr risor7nr7ce n~ngnitique nucliaire d~r 13C 
(Tnblenu 3)  

Lorsque l'on passe de la structure 9 a 8 puis a 7, 
on remplace successivement les relations trcrns entre 
(CH,), .,, , et C, par des arrangements cis (gauches). 
On peut donc prCvoir que I'on observera, chaque 
fois, un blindage de C, et du carbone de l'un des 
methyles quelque soit, d'ailleurs, l'origine de cet 
effet y-gauche (8). I1 est alors particulierement inipor- 
tant d'attribuer avec certitude les sites de C, et des 
carbones des groupes (CH,), ,, , C, et C,,. 

L'examen des donnCes experimentales rCsumCes 
dans le Tableau 3 iinplique les conclusions sui- 
vantes. 

Cor?lposP 9:  les multiplicitCs des pics dans le spectre 
hors-resonance, les intensitis des signaux et l'effet ci 
de l'oxygene permettent de rCaliser une attribution 
trks sClre pour tous les carbones. La prisence de trois 
groupes de deux carbones Cquivalents (6 (ppm) = 

24.47, 31.32 et 77.58) confirine l'existence d'un plan 
de symttrie. 

Con?posi 8: les iieuf atomes de carbones sont non 
equivalents; ce dCrivC ne posskde pas de plan de 
symetrie. Les pics de C,, C, et C, sont identifits 
respectivenient B partir de la multiplicitt des signaux 
et des glissements chiniiques. Le carbone C,, Ctant 
tres CloignC du carbone qui subit une inversion de 
configuration (C,), son signal peut &tre facileinent 
identifiC par comparaison des glisseme~its chimiques 
des carbones de 8 et de 9. Cet ensemble de donnCes 
permet d'attribuer les pics de rCsonance des carbones 
C, et C,,. 

La comparaison des glissements chimiques de C, 
et C,, dCmontre que I'un des signaux est, dans 
I'isomere asyniktrique, considCrablenient blinde par 
rapport B sa position dans I'isomere syinCtrique; ce 
dernier doit donc prCsenter une configuration diexo 
(9). On doit alors observer, pour I'isomere asymC- 
trique, un blindage important de l'un des carbones 
tertiaires cyclopropaniques par rapport aux valeurs 
dCterminCes pour I'isoinere syniktrique. C'est effec- 
tivement ce que l'on observe; ce resultat confirnie 
l'attribution de la configuration dieso au compose 9. 

Conclusion 

Les attributions de configuration aux Cthyl-6 
dimCthy1-2,4 oxa-3 bicyclo[3. 1.0's5] exo-endo et 
dieso rCalisCes en rmn 'H sont confirmCes par I'etude 
de ces dCrivCs en rmn I3C. 

Ces attributions sont en accord avec les prCvisions 
que l'on pouvait formuler sur la stCrtosClectivitC de 
la reaction de cyclisation par oxymercuration. En 
effet, la contrainte stkrique existant entre un methyle 
endo et le carbone C, du cycle propanique dkfavorise 
le dCrivC exo-endo par rapport au dCrivC diexo; de 
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m&me, Ic dCrivC diendo est fortement dCfavorisC 
devant l'isomere eso-endo. 

Cette mCthode permet de distinguer les [alkyl-2 
vinyl-3 cyclopropyl(1 R'g,2S'g,3S'g)]-1 Cthanol R* et S *  
ou les [alkyl-2 Cthylidkne-3 cyclopropyl(1 R*,2R8:)]-1 
ethanol R* et S". Elle doit Cgalement permettre 
d'atteindre les configurations relatives des alcools 
secondaires a-cyclopropaniques (saturks), a-cyclopro- 
pCniques et a-spiropentaniques. Le travail en cours 
dans notre laboratoire permettra vraisemblablement 
d'ttablir une filiation chimique entre les alcools 
a-cycliques et les alcools cyclopropylid~niques de 
configuration connue A l'aide de  riactions qui ne 
modifient pas les centres de  chiralitC (rCduction par 
AlLiH,, migration de la double liaison en milieu 
basique, pontages carbeniques). 
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Vibrational theory of polyatomic molecules: energy levels of CH4/CD4 and CH3C1/CD3Cl 

J A N  BRON 
Prtr.o/itr C'o~por-r1tio11 (!/ 'Cr/~~rltlr/ Lttl.. firtolitc, Dicisiorl. 1145.1-44111 A 1.c. S .  E.. Cr/I,qrr/:~~, Altrr., Cttr~r~tltr 72G 4x4 

A N D  

R. WALLACE 
('/rc~r~~i.tl~:v Dt,[~tr~.tr?~ort. Urli~~tv:c.ity iJ'Mtrr~itobtr. W ; I I I I ~ [ I ~ J ~ .  M ~ I I . .  Co~~orltr R ~ T Z I V Z  

Received Feb1.u;~-y 12. 1979 

JAN BRON and R. WALLACE. Can. J. Chem. 57,2321 (1979). 
A relatively simple model, previously used to  describe polyatomic vibrations of nonlinear 

triatomic molecules, has been employed to evaluate the fundamentals, first overtones and 
combination bands of CX, and CX,CI (X = H, D). Relatively good agreement is obtained 
between calculated and observed frequencies. Interesting splittings of certain overtone and 
combination bands result from these calculations. 

JAN BRON et R.  WALLACE. Can. J. Chem. 57,2321 (1979). 
On a utilise un modkle relativenient simple, employe anterieurement pour decrire les 

vibrations polyatomiques de moltcules triatomiques qui ne sont pas lineaires, pour evaluer 
les bandes fondamentales, premikres harmoniques et combinees du CX, et du CX,CI (X = 
H, D). On a obtenu un assez bon accord entre les frequences calculees et observkes. Des 
dedoublements interessants de certaines bandes harmoniques et combinees decoulent de ces 
calculs. 

[Traduit par le journal] 

Introduction bination bands, and the effect of isotopic substitu- 

Efforts have recently been made by various re- tion, which is 

searchers (1-7) to develop a model capable of The results to be presented have been derived using 

describing large amplitude vibrations in molecules. the proposed by (7), and 
The traditional normal mode theory (8) has proved by Bran and in a series papers ('1. The 

rather cumbersome in  this respect whereas an only modification of that model is the explicit in- 

alternate starting point, involving internal co- troduction of symmetry coordinates. This is required 

ordinates and a - M ~ ~ ~ ~ H  approximation of the because the coordinate redundancy problem is more 

molecular potential has proved to be quite successful, easily dealt with in  symmetry coordinates. In addi- 

especially in accounting for the higher overtones of tion, the Hamiltonian matrix attains a simpler form. 

X-H bonds. Currently, attempts are being made to The importance of a method determine the 

extend the domain of applicability of this approach energies of excited states should not be overlooked. 

by application to larger molecules containing bonds There is currently substantial practical interest in 

other than X-H, and by inclusion of the bending isotope effects (9) and the possibility of laser isotope 

modes. separation (10). 

The present work is in many ways a comple- 
mentary development to some studies (4) recently Calculations 

completed for the molecules CH2X2 (X = F, C1, The equations presented in our recent paper (lc) 
Br, I). In that study, only C-H and C-X stretching can also be used for symmetry coordinates (i.e. 
motions were included, but a large basis set (210 linear combinations of internal coordinates) if the 
members) made possible the prediction of C-H symbol Ri is replaced by Si, where Si represents 
stretches up to the sixth overtone. While agreement symmetry coordinate i. Computational details follow. 
with observed transition energies was in general From the molecular geometry and the atomic 
good, the principal shortcoming of the study ap- masses the G matrix with respect to internal co- 
peared to be the omission of the bending modes. The ordinates is calculated by means of the defining 
present study also concerns molecules containing five matrix equations (1 1, 12) 
atoms, includes the bending modes in a restricted = B M - ~ B t ;  = BX 
fashion, and, because of the increase in the basis set 
this generates, limits itself to lower overtones, com- In [I], B defines the transformation from Cartesian 

0008-4042/79/ I7232 1-04$01 .OO/O 
@I979 National Kesen~ch Council of C:~nada/ConseiI national de ~ e c h e ~ c h e s  du Canada 
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TABLE 1 .  Definitions and values o f  various parameters used in the 
calc~~lations " 

(0) CX', (X = H ,  D) 

RI = Ar12; R2 = Ar13;  R3 = A r I J ;  R', = A r I 5 ;  
Rs = A X ~ L J ;  RG = A~415;  R7 = Aa315; Rs = A~~213;  
Rq = A a z 1 4 ;  Rlo = Aa2,,  
S l  'A'  = 
S3'F' = 

( R I  + R2 + R3 + R4)/2; S2'li' = ( R I  + Rq - R2 - R3)/2;  
( R I  + R2 - R3 - R4)/2;  Sq'li' = ( R I  + R3 - R2 - R4)/2; 

S5'€'  = (2Rs + 2RG - Rq - R7 - R5 - RlO)/  4 1 2 ;  
SG'" = (Rq + R7 - R5 - R10)/2;  S7'li) = ( R 5  - Rlo)/ 4 2 ;  
SstF' = (RG - Rs)/ 4 2 ;  Sq'F' = (R7 - Rq)/ J 2  
F,, = 5.234 mdyn/A;  F., = 0.62496 mdyn A 
F,,, = 0.058 mdyn/A;  F,,. = 0.1 mdyn A ;  Fa,.' = 0.127 mdyn A 
D, = 8.09322 x 10-l2 erg; D, = 48.7512 x 10-l2 erg 

- - 

( b )  CX3CI ( X  = H ,  D)  

- - - 

R,'s are defined the same as for CX4  

S1'") = (R2 + R3 + R4)/ 4 3 ;  S2'€' = (2R2 - R3 - R4)/ 4 6 ;  
&'"I  = (R3 - R4)1 4 2 ;  s4(") = R I ,  . 
sS(e) = (2RG - R7 - Rs)/  4 6 ;  S,jce' = (R7 - Rs)/ 4 2 ;  
S7'€' = (2Rs - Rq - Rlo) /  4 6 ;  SsCE' = (Rg - Rlo)/ 4 2 ;  
Sq'"' = PS 2:t - Q S Z ~ ;  P = ( 1  + K)/(2 + 2K2) ' l2;  
Q = (1 - K)/(2 + 2K2)'l ';  K = - 3 sin p cos pisin a ;  
SZ1 = ( A  - B)/ 4 6 ;  s2, = ( A  + B ) l J 6 ;  
A =  Rg + R G +  R7; B =  R8 + Rq + Rlo 

F,, = 3.70 mdyn/A;  F,, = 5.27 mdyn/A;  F,, = 0.0 mdyn/A 
F,,. = 0.061 mdyn/A;  F,, = 0.533 rndyn A ;  F,, = 0.74 mdyn A 
E,, = 0.1 mdyn A;  F,., = 0.047 mdyn A ;  FB0. = 0.1 mdyn 
Fa,' = 0.1 mdyn A 
D ,  = 8.09322 x 10-l2 erg; D, = 2.8953 x 10-l2 erg; 
D. = D,, = 48.7512 x 10-l2 erg 

+ee text for comments. 

coordinates (X) to internal coordinates (R). The 
diagonal matrix, M, lists the masses of the atoms in 
the molecule; each atomic mass is repeated three 
times along the diagonal. From force constants in 
internal coordinates, which are defined by 

[ 2 ]  2 V  = RtFR 

the force constants in symmetry coordinates can be 
calculated. The 9 and 9 matrices in symmetry co- 
ordinates can be obtained from the transformations 

[ 3 ]  9 = UGUt; 9 = UFU'; S = UR 

The U matrix defines the orthonormal transforma- 

tion of internal coordinates to symmetry co- 
ordinates. It should be noted that, if in the equations 
presented previously, Ri is changed to Si, the quan- 
tities Fij  and Gij should be changed to F i j  and 
gi j .  

It has been argued that the transformation of the 
"internal coordinate" model to a "symmetry co- 
ordinate" model is difficult to justify on the grounds 
that there is little reason to assume separability of the 
molecular potential in symmetry coordinates. Such 
arguments are countered by the following observa- 
tions. (I) While the "internal coordinate" model has 
reflected the separability of the potential in internal 
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BRON A N D  WALLACE 2323 

coordinates, its success does not depend upon that 
separability. It is assumed that the internal co- 
ordinate potential is approximately separable, but it 
must be remembered that the oscillators are coupled 
via kinetic energy terms in the Hamiltonian. Separ- 
ability of the potential does not imply separability of 
the oscillators. (2) As its starting point, the normal 
coordinate model assumes separable harmonic 
oscillators in symmetry coordinates (i.e. both kinetic 
and potential energy terms are assumed separable). 
The "internal coordinate" model assumes sym- 
metrized, coupled Morse oscillators in internal co- 
ordinates. The present model assumes coupled Morse 
oscillators in symmetry coordinates. The degree to 
which this assumption is useful is best judged a 
posteriori, by the results obtained. 

In the present study only the first overtone and 
combination bands will be considered for the mole- 
cules CX, and CX3Cl. The corresponding basis 
functions expressed in terms of symmetry coordinates 
can then be defined as 

Excitations States Permutations 

A total of 55 basis functions will therefore be in- 
cluded. Table 1 lists all the parameters that have 
been used to obtain the results to be presented. The 
quantities in Table 1 require further explanation. 
The geometries of methane (13) and methyl chloride 
(14) can be found in the literature. Definitions of 
symmetry coordinates have also been described (15, 
16). For convenience, the parameters Di  have been 
given the same values in both internal and symmetry 
coordinates. This is not a good approximation, but 
does not seriously affect the lower states. From a 
"first estimate" of Fij, the listed values for the force 
constants have been obtained by iterative fitting to 
the observed fundamentals of CH, and CH,CI. As 
before (2), the geometries, force constants, and Di's 
have been taken equal for molecules differing only in 
isotopic substitution. 

Results and Discussion 

A comparison of the calculated and observed 
values for the fundamentals, overtone and com- 
bination levels for CH, and CD,, as listed in Table 2, 
shows that agreement is generally good. In order to 
keep the number of parameters to a minimum, no 
interactions, via the potential energy, between the 
stretching and bending modes have been allowed. 

TABLE 2. Comparison of observed and calculated energy levels 
of CH4 and CD4 

Energy level 

CH, CD4 

Assignment Calcd Obsd" Calcd Obsdfl 

aObserved values are from ref. 15; unit o f  energy is cm- ' .  
*The integer in brackets denotes the degeneracy o f  the energy level o r  

sublevel. 

zero. Bond stretch-bend interactions occur in the 
kinetic energy term of the Hamiltonian and, there- 
fore, stretch-bend interactions have been included in 
a restricted sense. It is also notable that approxiina- 
tions such as setting the tetrahedral angle equal to 
109.5", rather than 109.47122", lead to fictitious re- 
moval of degeneracies due to distortion of molecular 
symmetry. 

The interesting splittings of overtone and com- 
bination bands, which are in accordance with the 
tables given by Herzberg (13), should be noted. 
These splittings have been obtained by numerical 
analysis and, therefore, without the explicit use of 
group theory. As the magnitudes of the splittings 
have not been reported in the literature, the accuracy 
of the calculated values cannot be assessed. 

Table 3 lists the energy levels for CH3C1 and 
CD3C1. Again, fair agreement between observed and 
calculated values is obtained. Not all of the bonds 
in these molecules are of the same type, there being 
three C-H(D) bonds and one C-Cl bond. In 
Table 1 it may be seen how complicated the de- 
finition of the symmetry coordinates is. As expected, 
splittings of certain overtone and combination bands 
result, but, once again, experimental data regarding 
these splittings are lacking. 

In other words, all force constants, Fij, correspond- 
ing to stretch-bend interactions have been taken as 

As pointed out above, the force constants Fij have 
been obtained from an iterative fitting. Better agree- 
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TABLE 3. Comparison of the calculated energy levels of CH3CI 
and CD3CI with observed values" 

Energy level 

CH3CI CD3C1 

Assignment Calcd Obsd Calcd Obsd 

V I 2969(1) 2968 2189(1) 
V2 1347(1) 1355 1132(1) 
v3 734(1) 733 681(1) 
V4 3040(2) 3039 2321(2) 
Vs 1452(2) 1452 1073(2) 
V6 1017(2) 1017 792(2) 

2v 1 5788(1) - 4269(1) 
2vz 2655(1) 2189(1) 
2 ~ 3  1416(1) - 1308(1) 
2v4 5970(2) 6014 4525(2) 

6041(1) - 4589(1) 
2vs 2862(2) 2879 2090(2) 

2865(1) - 2092(1) 
2vfi 1994(1) - 1528(1) 

1995(2) - 1529(2) 
V I  + vz 4280(1) 4229 3272(1) 
VI  + V 3  3666(1) - 2816(1) 
VI  + V 4  5924(2) 5900 4456(2) 
X I  + vg 4349(2) - 3208(2) 
VI  + Vfi 3948(2) 3979 2927(2) 
V2 + VS 2049(1) - 1754(1) 
Vz + v4 4382(2) 4383 3399(2) 
Vz + vs 276 l(2) - 2151(2) 
V2 + V6 2326(2) - 1869(2) 
v3 + v4 3735(2) - 2948(2) 
V 3  + vs 2147(2) - 1699(2) 
v3 + v6 1712(2) - 1418(2) 
v4 + v5 4453(1) - 3339(1) 

4453(2) - 3340(2) 
4455(1) - 3346(1) 

v4 + vg 4018(1) 4046 3058(1) 
40 1 8(2) - 3059(2) 
4023(1) - 3068(1) 

Vs + Vfi 2429(1) 2461 1810(1) 
2430(2) - 1810(1) 
2438(1) - 1814(1) 

OObserved values are from refs. 13, 14; units of energy is cm-'. 

ment between calculated and observed values may 
be obtained by involving the force constants cor- 
responding to bend-stretch interactions in the fitting 
process. Also, additional anharmonic higher order 
interaction terms in the potential energy expression 
may lead to improvement in agreement between ob- 
served and calculated frequencies. The main purpose 
of this paper is, in fact, to show that there is an 
alternative to the complex perturbation method 
traditionally used in this type of computation. 
Alternatives to the Morse potential will be the sub- 
ject of future discussion. The calculations were not 
complicated by "resonances" as we used the varia- 
tion method instead of second order perturbation 
theory. Nielsen points out (8) that resonances are 
artifacts of (second order) perturbation theory. 

1. J .  BRON and K. W,z~~,zc-tr. Can. J .  Chem. ( ( I )  55, 2292 
(1977); ( h )  56, 379 (1978); (c) 56, 2167 ( 1978); ((1) J .  Chem. 
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Clionamide, a major metabolite of the sponge Cliona celata Grant 

R A Y M ~ N I )  J .  ANDERSEN A N D  RICHARD J .  STONARD 
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Received April 3. 1979 

RAYMOND J. ANDERSEN and RICHARD J. STONARD. Can. J. Chem. 57.2325 ( 1979). 
Clionarnide, the major metabolite of the burrowing sponge Clionn celnrn, has been isolated. 

The structure of clionamide (1) was shown to  be (2s)-N-((1 E)-5,6,7-trihydroxystyr-1-yl)-2- 
amino-3-(6-brornoindol-3-y1)propionarnide by spectral analysis and by interconversion to  its 
tetracetyl derivative 2. The structure of 2 was determined from spectral data and  extensive 
chemical degradation and was confirmed by the synthesis of its ultimate hydrogenation 
product, N-(5,6,7-triacetoxypheneth-l-yl)-2-acetamido-3-(indol-3-yl)propionarnide (11). 

RAYMOND J. ANDERSEN et RICHARD J.  STONARD. Can. J. Chem. 57.2325 (1979) 
O n  a isole le clionamide, le metabolite principal de l'eponge Cl io~ la  celnrn. Faisant appel a 

une analyse spectrale et au fait qu'il peut &tre transform6 en son derive tttraacetyle 2, on a 
demontre que la structure du clionarnide (1) correspond au (2s)-N-(1 E)-trihydroxy-5,6,7 
styryl-1) amino-2 (bromo-6 indolyl-3)-3 propionamide. O n  a determine la structure de 2 a 
partir de donnees spectrales et d'une degradation chimique elaboree et on I'a confirrnee grice 
a la syn thbe  de son produit ultime d'hydrogenation, le N-(triacetoxy-5,6,7 phtntthyl-1) 
acetamido-2 (indolyl-3)-3 propionamide. (11). 

[Traduit par le journal] 

Cliona celata, a cosmopolitan member of the 
Clionidae family of burrowing sponges, is found in 
British Columbia marine waters either free living or  
embedded in the calcium carbonate shells of the 
giant barnacle Balarius nubihrs and the rock scallop 
Hintiites multirugosus. There has been considerable 
interest in the ability of the Clionidae to  burrow into 
biogenic calcium carbonate (1). Frequently this 
burrowing is cited as a major source of coral reef 
erosion. Our interest in the antibiotic activity dis- 
played by crude methanol extracts of C.  celata (2) 
has prompted us to  investigate the secondary meta- 
bolites associated with this sponge. We now wish to 
report the structure of clionamide (I), the major 
metabolite. 

Initial attempts to purify crude Cliotla metabolites 
involved silica gel, LH20, and reversed phase high 
pressure liquid chromatography. All such efforts 
failed due to  the high polarity and instability of the 
compounds. Acetylation of the crude extracts 
facilitated the chromatographic purification of the 
derivatives on silica gel. The structure of the major 
acetylated metabolite, tetracetyl clionamide (2), has 
been described in a preliminary commu~~icat ion (3). 
A small-scale isolation using acetic anhydride-& for 
derivatization produced tetracetyl clionamide-dl, 
(3), revealing that the phenol acetates and the 
acetamide were not natural features of clionamide. 
We have now been able to  isolate pure clionamide 
(I)  as a rather unstable yellow powder by a rapid 
acid extraction procedure followed by silica gel 
preparative thin layer chromatography (ptlc) (see 

0 R 

Br 
OR' 

H H 

AcO OAc 
H I 

0 Ac 

6 R = Br; R' = NH, 9 
7 R =  H : R ' = N H Z  
8 R = Br: R' = C)CH, 

Experimental). Dim lighting and an  inert nitrogen 
atmosphere were absolutely essential to obtaining 
good yields of I .  

Clionamide (I)  gives positive ninhydrin and ferric 
chloride tests. It fails to show a parent ion in the 
electron impact mass spectrum and its infrared 
spectrum displays little of diagnostic value beyond a 

0008-4042/79/ 172325-04$0 1 . O m  
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large OH/NH absorption at z3300cm-' and a 
broad amide carbonyl absorption at 1635 cm- I .  

Attempts to obtain a 'H nmr spectrum of clionamide 
in acetone-& resulted in the rapid and quantitative 
formation of the deuterated acetonide 4. The 
acetonide methyl resonances appear at 6 1.42 and 
1.47 in the nondeuterated acetonide 5. A 'H nmr 
spectrum of clionamide obtained in methanol-d, 
shows none of the exchangeable protons. The non- 
exchangeable protons are trivially assigned by 
analogy with the assigned signals for tetracetyl 
clionamide (2) (3). Clionamide (1) can be quantita- 
tively tetracetylated to give 2. 

Tetracetyl clionamide (2), obtained as colourless 
needles, mp 209-211°C, has the molecular formula 
C2,H2,Br N30,. The presence of a bromo indole 
residue was indicated by a strong fragment ion at 
m/e 208/210 (1 : 1) in the mass spectrum. The infrared 
spectrum (1760, 1627 cm-') and the I3C nmr 
spectrum (6 168.6 (lC), 169.3 (2C), 170.7 (lC), 171.2 
(1 C)) showed that 2 contained five carbonyls, two of 
them equivalent. The ' H  nmr spectrum indicated 
that one of the carbonyls belonged to an acetamide 
functionality (6 1.84 (3H)) and that three others were 
associated with phenol acetates (6 2.23 (9H)). The 'H 
nmr spectrum also contained resonances at 6 6.09 
(d, lH,  J = 15 Hz),7.32(q, 1 H , J  = 10, 15Hz),and 
8.64 (d, 1 H, J = 10 Hz, D 2 0  exchange) appropriate 
for a tmis-disubstituted olefin which has a hetero- 
atom containing one exchangeable proton attached 
to one of the olefinic carbons. 

Chemical degradation revealed the nature of the 
olefinic substituents. Ozonolysis of 2 followed by 
reductive work-up gave 3,4,5-triacetoxybenzaldehyde 
(9) which was identical to an authentic sample. 
Hydrolysis of 2 with hydrochloric acid in acetonitrile 
gave in low yield the bromo amide 6. Hydrogenolysis 
of 6 converted it cleanly into the debrorno amide 7. 
Comparison of the debrorno amide 7 to an authentic 
sample of 2-acetamido-3-(indol-3-y1)propionamide 
showed them to be identical. The absolute stereo- 
chemistry of7 was determined to be S by comparison 
of its optical rotation with the literature value (4). 
Hence, the trans-disubstituted olefin must bear 
3,4,5-triacetoxyphenyl and (2s)-2-acetamido-3-(bro- 
moindol-3-y1)propionamidyl substituents. 

The aromatic region in the 'H nmr of the bromo 
methyl ester 8 (6 7.16 (q, lH,  J = 8, 1.5 Hz), 7.50 (d, 
lH ,  J =  8 Hz), and 7.58 (d, IH, J =  1.5 Hz)), 
obtained by hydrolysis of2 with concentrated sulfuric 
acid in methanol, indicated that the bromine atom 
must be attached to either carbon-5 or -6 of the 
indole ring. Comparison of the 'H nmr of 8 to that 
of authentic N-acetyl-5-bromotryptophan methyl 
ester proved them different. Thus the bromine 

resides on carbon-6 and tetracetyl clionamide (2) 
must be (2s)-N-((1E)-5,6,7-triacetoxystyr-1-y1)-2- 
acetamido-3-(6-bromoindol-3-y1)propionamide. 

Confirmation of the suggested structure for 2 was 
obtained by stepwise hydrogenation to give the 
diamides 10 and 11. A synthetic sample of N-(5,6,7- 
triacetoxypheneth-1-y1)-2-acetamido-3-(in-3- y1)- 
propionamide was shown to be identical to the 
diamide 11. 

Clionamide exhibits only very mild antibiotic 
activity which cannot account for the potency of the 
crude Cliona extracts. Structural studies on the more 
active Cliona metabolites are under way. The tri- 
phenolic portion of clionamide should possess good 
calcium chelating properties and we are currently 
investigating the possibility that it may play a role 
in the burrowing activities of the sponge. 

Experimental 
Melting points were determined on a Fisher-Johns apparatus 

and are uncorrected. ' H  nmr spectra were recorded on Varian 
XL-100, HA-100, and Nicolet-270 spectrometers. I3C nrnr 
spectra were recorded'on a Varian CFT-20 spectrometer. TMS 
was used as an internal standard in all 'H and 13C nrnr spectra. 
Low resolution mass spectra were obtained on an A.E.I. 
MS-902 spectrometer and high resolution mass spectra were 
recorded on an A.E.I. MS-50 spectrometer. Ultraviolet spectra 
were recorded on a Cary-14 spectrophotometer, ir spectra were 
recorded on a Perkin-Elmer Model 700B spectrophotometer, 
and optical rotations were measured on a Perkin-Elnier 
Model-141 polarinieter using a 1 cm cell unless otherwise 
indicated. 

High pressure liquid chromatography (hplc) was performed 
on a Perkin-Elmer Series 2 instrument equipped with a 
Perkin-Elmer LC55 UV detector system. Merck silica gel 
60 PF-254 was used for ptlc. The hplc solvents used were 
Fisher hplc grade, water was glass distilled; all other reagents 
and solvents were reagent grade. 

Isolation of Cliot~nmide ( I )  
Cliona celnta was collected at 20 metres' depth in Barkley 

Sound and Howe Sound, British Columbia. The fresh sponge 
(- 1 kg) was homogenized with methanol in a Waring Blendor 
and the solids were removed by filtration. The methanol 
extract was concentrated, partitioned between ethyl acetate 
and water, and the organic layer rapidly extracted with 1 M 
H,S04. The acid layer was covered with fresh ethyl acetate; 
the two phases were mixed and deoxygenated by a rapid flow 
of nitrogen, and sodium bicarbonate was added until carbon 
dioxide evolution ceased. After drying over Na2S04 and con- 
centration, the ethyl acetate extract was purified by ptlc 
(CHC13-CH30H, 5: 2) to give l (250 mg) as an unstable yellow 
powder; Rr (silica, CHC1,-CH30H, 3:l)  0.24 (FeCI3 and 
ninhydrin positive); [a], +32.1° (c 2.12, CH3OH); 
uv(CH30H) h,,, (nm): 227 (E 3.1 x lo4), 291 (E 1.1 x lo4), 
296 (E 1.2 x loJ), 311 (sh) (E z 9.4 x lo3); ir (KBr), v,,,: 
3350-3200 (b), 1635, 1605, 1500 cm-' ;  13C nnir (CD3OD): 
30.4 (IC), 56.2 (IC), 106.1 (2C), 115.3 (IC), 116.1 ( l c ) ,  116.5 
(IC), 116.7 (IC), 120.9 (2C), 123.2(1C), 126.1 (IC), 127.6 (IC), 
128.9 (IC), 129.2 (IC), 139.0 (IC), 147.2 (2C), 172.2 ppm (IC); 
'H nmr (100 MHz, CD3C=N-CD30D, 10: 1) 6: 3.00 (dd, 
l H , J  = 7, 1 4 H z , - ~ ~ , ~ ~ ( ) , 3 , 2 3 ( d d ,  l H , J =  5.5,14Hz, 
-cH,cH(), 3.85 (t, IH,  J = 7 Hz, -cH~cH(), 6.03 (d, 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



A N D E R S E N  A N D  S T O N A R D  2327 

1 H, J = 14.5 HZ, -CH=CHNH-), 6.39 (s, 2H, +H), 7.15 
(s, lH ,  indole, H-2), 7.17 (dd, lH,  J = l.6,7.5 Hz, indole, H-5), 
7.20 (d, lH ,  J = 14.5 HZ, -CH=CHNH-), 7.53 (d, lH ,  
J = 7.5 Hz, indole H-4), 7.57 (d, l H ,  J = 1.6 Hz, indole H-7); 
spin decoupling (100 MHz, CD3C=N-CD,OD, 10: I), 
'Hob. - {'Hlrr}, 6: 6.03(bs, 1H) - {7.20), 7.17(s, 1H) - 
{7.53}, 7.53(s, 1H) - {7.17), 7.57(s, 1H) - (7.17). A 5 mg 
sample of 1 applied to a 0.65 cm disc of Schleicher and Schuell 
adsorbent paper gave a 1 mm zone of inhibition of the growth 
of Stnphylococclis nlirelis. 

Acetylntion of Cliot~ntt~ide ( I ) .  A. Wit11 Acetic At~l~ydride 
Excess acetic anhydride (10 mL) was added to a solution of 

1 (100 mg) in pyridine (2 mL) and the reaction mixture was 
stirred overnight, at room temperature, under an atmosphere 
of nitrogen. Evaporation in vnclio and purification by ptlc 
(CHC1,-CH,OH, 10: 1) gave tetracetyl clionamide (2, 82 mg), 
mp 209-211°C (THF-isopropyl ether); [a], +45" (c 0.7, 
acetone, 10 cm microcell); uv (CH,OH) h,,, (nm): 227 (E 
5.9 x lo4), 290 (E 3.7 x lo4); ir (KBr)v,,,: 3418, 3280, 1760, 
1627 cm-I ;  I3C nmr (CD3C=N): 20.4 (1C). 20.9 (2C). 23.1 
(IC), 28.3 ( i c ) ,  55.2 (IC), 111.3 ( i c ) ,  I 12.1 i i c ) ,  i i 5 . i (1c ) ,  
115.5(1C), 118.3 (2C), 121.0(1C), 122.7(2C), 125.5 (2C), 127.7 
(lC), 136.3 (lC), 138.4(1C), 145.0 (2C), 168.1 (lC), 168.9 (2C), 
171.0 (lC), 171.9 ppm (1C); lH nmr (100 MHz, CD3C=N) 6: 
1.85 (s, 3H, -NHAc), 2.23 (s, 9H, -OAc), 3.06 (dd, l H ,  
J = 8, 14 Hz, -cH,cH<), 3.24 (dd, l H ,  J = 6, 14 Hz, 
-cH,cH<), 4.59 (q, lH ,  J =  7 Hz, D 2 0  - t, J = 7 Hz, 
-CH2CH<), 6.09 (d, lH ,  J = 15 HZ, -CH=CH-NH-), 
6.70 (d, lH,  J = 7.5 Hz, D 2 0  exchange, -NHAc), 7.06 (s, 
2H, &H), 7.10 (s, l H ,  indole, H-2), 7.15 (q, lH ,  J = 2,9Hz, 
indoleH-5),7.32(q, l H , J =  10, 1 5 H z , D 2 0  - d , J =  15Hz, 
-CH=CH-NH-), 7.51 (d, lH,  J = 9 Hz, indole H-4), 
7.67 (d, 1 H, J = 2 Hz, indole H-8), 8.65 (d, 1 H, J = 9 Hz, 
D 2 0  exchange, -CH=CH-NH-), 9.23 (b, l H ,  D 2 0  
exchange, indole H-1); spin decoupling (100 MHz, CD,C-N), 
'Hob, - {'HI,,}, 6 :  3.06 (d, lH ,  J = 14 HZ) - {4.59}, 3.24 (d, 
l H ,  J = 14 HZ) - (4.591, 4.59 (d, lH,  J = 7.5 Hz) - {3.15}, 
4.59 (t, lH ,  J = 7 HZ) - {6.70}, 6.70 (bs, l H )  - {4.59}, 
7.32 (d, l H ,  J = 9 Hz) - {6.09), 7.32 (d, lH ,  J = 15 Hz) - 
I8.651, 8.65 (bs, l H )  - (7.32); ms ttl/e: 6011599 (9.3, M+, 
1: I), 5421540 (15.5, M +  - C2H5N0, 1: I), 5001498 (9.5, M +  
- C2H5N0 - C2H20 ,  1:1), 2101208 (100, 1:l). Exnct Mnss 
calcd. for C 2 7 H 2 ~ 8 L B r  N3O8: 601:0874; found: 601.0889. 
Anal. calcd. for C2,HZGBrN3O,: C 54.01, H 4.36, N 7.00; 
found: C 53.89, H 4.40, N 7.09. 

Higher yields of 2 could be obtained by acetylation of the 
initial crude ethyl acetate extract and purification by column 
chromatography (silica (Merck), CH2C12-EtOAc gradient). 

Acetylntion of Cliotmtnide ( I ) .  B. Wit11 Acetic Atlhyhide-dG 
A small sample of the crude ethyl acetate extract (250 mg) 

was acetylated with acetic anhydride-dG. Work-up as described 
for acetylation of clionamide (1) with acetic anhydride gave 
tetracetyl clionamide-dl, (3, 20 mg) which had a IH nmr 
spectrum identical to that of tetracetyl clionamide (2) except 
for the absence of signals a t  6 1.85 (s, 3H) for acetamide and 
6 2.23 (s, 9H) for three phenol acetates. 

(b), 1605, 1508 cm- ' ;  'H  nmr' (270 MHz, (CD,),CO) 6 :  1.42 
(3H, s, acetonide-CH3), 1.47 (s, 3H, acetonide-CH,), 3.11 (dd, 
lH ,  J = 7.5, 14.5 Hz), 3.31 (dd, l H ,  J = 5, 14.5 Hz), 3.86(dd, 
l H ,  J = 5, 7.5 Hz), 6.50 (2H, s), 6.75 (d, lH ,  J = 14.2 Hz), 
6.83 (d, lH ,  J = 14.2 Hz), 7.14 (dd, l H ,  J = 2, 8.5 Hz), 7.28 
(s, lH), 7.57 (d, lH ,  J = 2 Hz), 7.58 (d, l H ,  J = 8.5 Hz), 
10.09 (bs, lH ,  D 2 0  exchange); I3C nmr ((CD,),CO): 27.6 
(lC), 28.3 (lC), 30.3 (1C),59.1 (lC), 105.7 (2C), 106.0 ( l c ) ,  
110.1 (lC), 111.9 (lC), 114.9 (lC), 115.3 (lC), 116.6 (lC), 
120.7 (lC), 121.3 (2C), 122.6 (2C), 125.6 (lC), 125.7 (lC), 
129.5 (lC), 146.8 (lC), 174.2 ppm (1C); ms ttlle: 4751473 
(0.02, M + ,  1: l), 2101208 (100, 1: 1). High resolution mass 
measurement was performed on the diacyl derivative of 5 ;  
Exnct Moss calcd. for C2GH2G8'BrN20G: 557.0965; found: 
557.0990. 

The deuteroacetonide 4 was identical (tlc, uv, 'H nmr, ms) 
to 5 with the exception of the absence of 'H nmr signals a t  
6 1.42 (s, 3H) and 6 1.47 (s, 3H) for two acetonide methyl 
groups and the complex nature of the signals in the mass 
spectrum. 

Ozotlolysis of Tetrncetyl Cliot~nttride ( 2 )  
Ozone was passed through a solution of 2 (150 mg) in 

methanol (40 mL), at -78"C, for 5 min. The solution was 
flushed with oxygen, excess dimethyl sulfide was added, and 
the mixture allowed to warm to room temperature. Evapora- 
tion of the reaction mixture followed by purification by ptlc 
(EtOAc) gave the aldehyde 9 (60 mg) as a colourless oil. 

The aldehyde 9 was identical in all respects (tlc, ir, ' H  nmr, 
ms) with 3,4,5-triacetoxybenzaldehyde prepared from gallic 
acid by acetylation, reaction with thionyl chloride, and 
Rosenmund reduction (6). 

Hyrl,olysis of Tetrncetyl Clionnmide ( 2 ) .  A. Wit11 Hydrocl~loric 
Acid (7) 

Tetracetyl clionamide (2, 145 mg) was dissolved in aceto- 
nitrile (15 mL, 0.1% H 2 0 )  and concentrated HCI (0.25 mL in 
2 mL CH,C=N) was added. After 48 h at room temperature 
the solvent was evaporated and the residue purified by ptlc 
(CHC1,-CH30H, 5 : l )  to give the bromo amide 6 (21 mg); 
[a], +4.6" (c 3.2, CH30H);  'H nmr (100 MHz, (CD3),CO) 6: 
1.87 (s, 3H), 3.13 (dd, l H ,  J = 8.2, 14.2 Hz), 3.29 (dd, lH ,  
J =  6,14.2Hz) ,4 .71(dd, lH,J= 8.2,6Hz),6.4O(b,lH,D20 
exchange, -CONH2), 6.93 (b, 1 H, D 2 0  exchange, -CONH2), 
7.17 (dd, lH,  J = 8.8, 1.7, indole H-5), 7.20 (b, l H ,  D 2 0  
exchange, -NHAc), 7.30 (s, lH ,  indole H-2), 7.61 (d, lH,  
J = 1.7 Hz, indole H-7), 7.64 (d, IH, J = 8.8 Hz, indole H-4), 
10.21 (b, l H ,  D 2 0  exchange, indole H-1); ms t t~/e:  3251323 
(2.9, M + ,  1: l), 2661264 (43.3, M +  - C2H5N0,  1: l), 2101208 
(100, I L f C  - C4H7N202,  l : l ) ,  129 (35.4), 128 (12.2). Exnct 
Mnss calcd. for C ,  3H,a7%rN,0, : 323.0269: found: 323.0251. ~. . . - - 

Hyclrogenolysis of tlte Brottlo Atnide 6 
The procedure outlined for the hydrogenolysis of the bromo 

indole 10 was followed (5% Pd/C, 6 mg). Purification was 
performed by hplc (silica A, hexane- isopropyl alcohol 
gradient) to give the debronio amide 7 (8.4 nig from 31.3 mg 
of 6); [a], + 1 l o  (c 1.0, CH30H)  (lit. [aIDz3 +20 t 1" (c 2%, 
CH30H)  (4)). The debromo amide 7 was identical, except for 
optical rotation. with authentic 2-acetamid0-3-(indol-3-~1)- 
propionamide prepared by ammonolysis of raceniic N-acetyl 

Cliot~nn~ide Acetonide (5) nnd Clionnn~ide Acetotride-dG (4) tryptophan i n  the presence of DCC. 
Clionamide (1,30 mg) was dissolved in acetone or acetone-dG 

for 1 h at  room temoerature. Concentration and ourification Hvrlrolvsis of Tetrncetvl Cliot~nmide ( 2 ) .  B. Wit11 S~il~11lo.i~ . . ~, 

by ptlc (CHCI,-M~OH, 5:2) gave the acetonide 5'(19 mg) or Acid -*~e t l to t~o ;  
the deuteroacetonide 4 respectively as stable oils; 5: R, Tetracetyl clionamide (2, 150 mg) was dissolved in C H 3 0 H -  
(CHCI3-CH30H, 3: 1) 0.54 (FeCI, and ninhydrin positive); 
uv (CH,OH) h,,, (nm): 229 (E 2.5 x lo4), 297 (E 1.7 x lo4), IAmide N-H signals were not observed in acetone solution 
315 (sh) (E - 1.4 x lo4); ir (KBr) v,,,: 3300 (b), 2950, 1635 (see ref. 5). 
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H2S0, (3: 1) (10 mL) and stirred at room temperature until 
tlc indicated that 2 had been consumed. The reaction mixture 
was neutralized (NaHCO,), concentrated, and the aqueous 
solution extracted with ethyl acetate. Concentration of the 
ethyl acetate layer followed by purification by ptlc (EtOAc) 
gave the bromo methyl ester 8 (25 mg); 'H nmr (270 MHz, 
(CD3)zCO) 6:  1.88 (s, 3H), 3.14 (dd, lH,  J  = 7, 15 HZ), 3.25 
(dd, 1 H , J =  6, 15 Hz) ,3 .63(~ ,3H) ,4 .80(m,  lH),7.16(dd, 
lH,  J  = 1.5, 8 Hz, indole H-5), 7.21 (s, lH,  indole H-2), 7.35 
(b, lH, D,O exchange), 7.50 (d, l H ,  J  = 8 Hz, indole H-4), 
7.58 (d, IH, J  = 1.5 Hz, indole H-7), 10.32 (b, IH, D,O 
exchange); ms t~rle: 3401338 (16.6, M +, 1 : I), 2811279 (46.7, 
1: l), 2101208 (100, 1 : l ) .  

The bromo methyl ester 8 differed ('H nmr) from authentic 
2-acetamido-3-(5-bromoindol-3-y1)propionic acid methyl ester 
prepared from racemic 5-bromo tryptophan; 'H  nmr (270 
MHz, (CD,),CO) 6: 1.89 (s, 3H), 3.14 (dd, lH,  J  = 7, 15 Hz), 
3.24 (dd, lH,  J  = 6, 15 Hz), 3.63 (s, 3H), 4.76 (q, lH,  J  = 7 
Hz), 7.19 (dd, 1 H, J  = 1.5, 9 Hz, indole H-6), 7.24 (s, 1 H, 
indoie H-2), 7.34 (d, lH,  J  = 9 Hz, indole H-7), 7.36 (b, lH ,  
D,O exchange), 7.70 (d, lH,  J  = 1.5 Hz, indole H-4), 10.33 
(b, lH ,  DZO exchange). 

Cntnlj~tic Hydrogetrrriion of Tetrnceiyl Cliotlntlri(1e (2) 
Palladium on charcoal catalyst (5%, 15 mg) was added to a 

solution of 2 (60 mg) in methanol (20 mL). The solution was 
stirred under an atmosphere of hydrogen overnight, filtered 
through Celite, concentrated, and purified by ptlc (EtOAc) to 
give 10 (26 nig) as a colourless oil ; [aID + 6.2" (c 4.37, acetone); 
uv (CH,OH)?,,,, (nm): 224 ( E  3.38 x lo4), 283 (E 6.02 x lo3); 
'H nmr (100 MHz, (CD3),CO) 6 :  1.88 (s, 3H), 2.24 (s, 9H), 
2.67 (t, 2H, J  = 7 Hz, -CH,CH,NH-), 3.12 (m, 2H), 3.38 
(m, 2H, D 2 0  - t, J  = 7 Hz, -CH,CH,NH-), 4.63 (m, 
lH), 6.94 (s, 2H), 7.11 (m, IH), 7.24 (s, lH), 7.60 (d, lH ,  
J =  2 Hz), 7.62 (d, lH,  J =  9 Hz), 10.40 (b, lH,  DzO 
exchange); ms n~ le :  6031601 (0.3, M + ,  1: l), 5441542 (2.7, M+ 
- C,H,NO, 1:1), 2101208 (100, 1:l) .  E.\-nci Mnss calcd. for 
C27H288LBrN308: 603.1040; found: 603.1020. 

Hyd~ogetrolysis of the Brotno Itlrlole I0  
Palladium on charcoal catalyst (5%, 10 rng) was added to a 

solution of 6 (26 mg) in CH30H (15 mL) containing 0.2% 
CH,CO,H. The reaction mixture was stirred at room tem- 
perature, under an atmosphere of hydrogen, for 72 h, filtered 
through Celite, concentrated, and purified by ptlc (EtOAc) to 
give 11 (8 mg) as a colourless oil; ir (KBr) v,,,: 3400, 1760, 
1635 cm-'; 'H nmr (270 MHz, (CD3),C0) 6:  1.81 (s, 3H), 
2.25 (s, 9H), 2.64 (t, ZH, J  = 7 Hz), 3.10 (m, 2H), 3.32 (m, 
2H, D 2 0  - t, J  = 7 Hz), 4.48 (m, lH),  6.85 (s, 2H), 7.00 (t, 
lH,  J  = 9 Hz, indole H-5), -7.0 (lH, D,O exchange), 7.06 
(t, lH,  J  = 9 Hz, indole H-6), 7.10 (s, lH ,  indole H-2), 7.25 

(d, lH ,  J  = 8 Hz, D,O exchange), 7.35 (d, lH,  J  = 8 Hz, 
indole H-7), 7.64 (d, lH,  J  = 9 Hz, indole H-4), 10.14 (b, lH,  
D,O exchange, indole H-1); spin decoupling (100 MHz, 
(CD3)2CO-D10), 'Hob, - {'HI,,), 6 :  2.65 (s, 2H) - {3.36), 
3.12 (b, ZH) - {4.52), 3.36 (s, 2H) - {2.65), 4.52 (s, lH) - 
i3.12); ms t111e: 523 (0.3, M+),  481 (0.5, M +  - C,H,O), 
464 (14.6, M +  - C2H5NO), 422 (14.7), 380 (14.3), 130 (100). 
Exnct ibIoss calcd. for C27H,,N,08: 523.1954; found: 
523.1970. 

Sytrthesis of the Secotrclnry Atnide I2 
5-Hydroxydopamine hydrochloride (86.0 mg) was added, 

as a solid, to a solution of DCC (90.7 mg), (S)-N-acetyltrypto- 
phan (105.3 mg), and triethylamine (0.25 mL) in THF- 
CH,C-N (10: 1) (50 mL). The reaction mixture was stirred 
at room temperature overnight, filtered through Celite, and 
evaporated. The crude residue was acetylated ((CH,CO),O- 
pyridine, 20:1), evaporated it1 vncuo, and purified twice by 
ptlc (CHCI,-CH,OH, 20: 1) to give a colourless oil (66.5 mg) 
identical (tlc, uv, 'H nmr, ir, ms) to the ultimate hydro- 
genation product 11 of tetracetyl clionamide (2). 
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Nuclear magnetic resonance reorientational correlation functions: the odd-valued spectral 
components 
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CATHER~NE ELISABETH MARIE FOUQUES and LAWRENCE G. WERBELOW. Call. J .  Chem. 57, 
2129 (1979). 

Practical consequences attributable to nonvanishing imaginary spectral components of the 
second rank spherical harmonic angular correlation function are described in detail. This 
analysis presumes the absence of macroscopic spatial anisotropies. Modulation frequency, 
anisotropy, and cross correlation of interaction between a nuclear spin and the extranuclear 
environment are considered. These findings permit a critical assessment of the second-order 
ultrafine dynamic frequency shift in the nuclear magnetic resonance experiment. 

CATHERINE ELISABETH MARIE FOUQUES et LAWRENCE G. WERBELOW. Can. J. Chem. 57, 
2329 (1979). 

Les consequences pratiques attribuables a la valeur non-nulle des composantes spectrales 
imaginaires de la fonction de correlation angulaire harmonique tensorielle de rang deux sont 
dtcrites en details. Cette analyse suppose I'absence d'anisotropies spatiales macroscopiques. 
La frtquence de modulation, l'anisotropie et la correlation croisee de I'interaction entre un 
spin nucleaire et I'environnement extranucleaire sont considtris. Ces resultats permettent 
un accts critique du deplacement de frkquence dynamique du deuxieme ordre dans l'exptrience 
de resonance magnttique nucleaire. 

Introduction In marked contrast, the time dependent inter- 

The interaction between a nuclear spin and the 
extranuclear environment (heat bath or lattice) 
can be written in the concise form 

[I] %(t) = + x k,, x ( -  I)~T;v~-"~) 
11 li 

The indicated summation extends over all inter- 
actions (q) and projections of interaction (k). Equa- 
tion [ I ]  presumes that all nonspin degrees of freedom 
can be treated classically without loss of generality. 
The eigenstructure of 3, is manifest in chemical 
shift and multiplet structure parameters. 

actions are defined such that these perturbative 
terms vanish when ensemble averaged and hence do 
not contribute in first order to the spectral features 
of the nuclear magnetic resonance experiment. 
However, an iterative expansion of the Liouville 
equation retaining terms to second order in this 
perturbation demonstrates that whenever motional 
narrowing obtains, the perturbation-response char- 
acteristics of nuclear paramagnetism can be quantita- 
tively described by rate constants of the functional 
form (1) 

121 Rate - 2 x x i k , , ,  x ( I  T,*I)(l Tq.-*l) J (V,.i(t) Vq-*(o))(cos o,r - i sin okt) dr 
q q ' Y k  0- 

interaction lattice correlation 
strengths of fluctuation 

spin matrix elements spectral density 
"selection rules" of fluctuation 

For certain coherence rates, a summation over eigen- rates are parameterized by an interaction strength, 5, 
basis is also implied. and a weighted sum of terms related to the fluctua- 

This illustrative expansion indicates that these tion of interaction. Evaluation of the weighting 

0008-4042/79/172329-04$0 1 .OO/O 
@ 1979 National Kesearch Council of Canada/Conseil national de recherches du Canada 
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factors, (ITqhl), is a straightforward exercise in the anisotropy, and mutually interfering interactions can 
application of the quantum theory of angular be described in terms of two complementary spectral 
momenta. Evaluation of the lattice correlation is densitv functions 
much more difficult and is highly model dependent 
(2). As a prelude to  ensuing discussion, it is sufficient J..p'o'\ = k,e,.{Re\ 1 ( Y,o(R,(~)) 
to state that the lattice functions, Vk, for the chemical [31 Q d ( a ) f  Irn f 
shift anisotropy, intramolecular dipole-dipole and 
quadrupolar interactions are the kth projections of 
the second rank spherical harmonic which define the 
relative orientation of the principal axis of inter- 
action in the laboratory frame of reference. Hence, 
these interactions provide information on molecular 
reorientation and angular correlation. The random 
field, spin rotation, and scalar coupling mechanisms 
are sensitive to  other lattice correlations which will 
not be discussed further in this work. 

Inspection of [2] clearly reveals that the spectral 
representation of this lattice correlation function is 
complex valued. This of course does not necessarily 
imply that the correlation function itself is complex 
valued (3). Although various time inversion and 
time reversal arguments suggest that the correlation 
function is an even function of time, this function 
is introduced into magnetic relaxation theory in a 
causal manner and hence the odd (purely imaginary) 
component survives the one-sided Fourier trans- 
formation. Whereas the real component of this 
spectral representation is responsible for the ran- 
domization of phase coherence and the establish- 
ment of Boltzmann distributions, the imaginary 
component must be identified with an ultrafine 
second-order shift in the various single and multiple 
quantum coherences. 

If extreme narrowing arguments obtain, it can 
be rationalized that this ultrafine shift is negligible. 
Likewise, if nonextreme narrowing arguments ob- 
tain, the adiabatic contribution to the linewidth 
renders the ultrafine shift negligible in a relative 
sense. However, for certain spin systems character- 
ized by coincident Lorentzians, it is conceivable that 
because of cancellatory effects, the width of a t  
least one spectral composite will be insensitive to 
the adiabatic term. The necessity to  consider ultrafine 
dynamic frequency shifts has recently been il- 
lustrated for multiply degenerate spin one-half 
systems relaxed by dipolar interactions (4) and for 
multipolar spin systems relaxed by quadrupolar 
interactions (5) .  

It is the purpose of this work to expose the func- 
tional form of the dynamic frequency shift and sub- 
sequently discuss more fully the possible significance 
of this term in context of the nuclear magnetic 
resonance experiment. 

Theory 

The influence of dipolar, quadrupolar, shift 

x Y20(R,,(0))) exp (- iot)  dt  

I t  is assumed that the perturbation limit obtains 
necessitating consideration of only second-order 
terms. Absence of applied time dependent rf fields 
and macroscopic orienting potentials is implicit. 

Although numerous dynamical models exist which 
enable microscopic parameterizations of the spherical 
harmonic correlation function (2), the present dis- 
cussion assumes that molecular reorientation is 
described adequately by a diffusional-type process. 
Utilizing standard methods, it has been shown that 
the real component of the one-sided Fourier trans- 
form of the spherical harmonic correlation function 
introduced in [3] can be cast into the general form 
(6) 

x exp(- iot)  d t  = 
k =  - 2  

where 

a, = 3 sin2 0 sin2 0' sin 2 4 sin 2 4' 

a,, = 12 cos 0 cos 0' sin 0 sin 0' 
cos 4 cos 4' 

a,, = 3 sin2 0 sin2 0' cos 24 cos2+' jcos2(P/2)\ 
\sin2(P/2) J 

k $ cos (P12) sin (P/2)[(3 cos2 0 - 1) 

x sin2 0' cos 24' + (3 cos2 0' - 1) 

x sin2 0 cos 241 
bo = 4 0 ,  + D2 + D3 

p = tan-' 
Dl - D2 - D3 

The ith component of the diagonalized diffusion 
tensor is denoted by Di. The polar angles, (€I,+) E R, 
position the vector interaction in this same frame. 
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Simplification of [4] results whenever symmetric 
top  or  spherical top approximations obtain. 

The imaginary component of the one-sided 
Fourier transform of the spherical harmonic corre- 
lation function can be deduced from the absorption- 
dispersion relations, the Kramers-Kronig relations 
or, equivalently, from the realization that the Fourier 
transform of a causal function yields real and iinagi- 
nary components related by a Hilbert transform (7), 

x Y,~(Q'(O))) exp ( - io t )  dt  = (2) * J,,.(o) 

where * is the coilvolution operation. 
Since convolution is a linear operation, 

The coefficients, a, and b,, are defined in [4]. This 
expression is valid for the general asymmetric top  
rotator in the absence of orienting potentials. 

Discussion 

The existing ninr literature provides very little 
discussion of the second-order dynamic frequency 
shift term. Explicit considerations of this term exist 
in a few scattered studies for some simple dipolar 
relaxed spin systems (8-10). In each of these in- 
stances, it was rationalized that the ultrafine correc- 
tions were insignificant and hence did not justify 
closer scrutiny. For example, the single quantum 
coherence rate for two identical spin one-half nuclei 
relaxed by dipolar interactions is given by the ex- 
pression (10) 

[71 (I+(t))l(I+(O)) = Re [exp ( -  tlT2 

Isotropic modulation of interaction (correlation 
time: T ~ )  was assumed. 

These studies in conjunction with other similar 
comments (1 1) have promulgated minimal interest 
in the second-order shift term. However, as noted 
in the introductory comments, certain instances have 
recently been exposed where these terms are indeed 
significant. Hence, a closer inspection of [6] is 
justifiable. 

Well known features are readily apparent from 
expression [6]. Since Q(o)) = - Q(- o) ,  whereas 
J(w) = J(-  o),  all diagonal Redfield terms (spin- 
lattice relaxation), 

FIG. 1. Plot of Jo(0), J ,(mo),  J2(2m0), Ql (mo) ,  and, Q2(2mo), 
measured in units of S,,'/47tw0 versus the reorientat~onal cor- 
relation time 7, measured in units of l /mo.  It is assumed that 
the spherical harmonic angular correlation function is of the 
form 

This figure may also be utilized to deduce more general 
diffusional correlations where 

For the cross correlation terms, 

are unaffected by odd spectral components (12). 
Since Q is odd and continuous, the zero frequency 
shift, Q(O), vanishes. 

All other relevant features of the dynamic shift 
term can be easily deduced with the graphical aid of 
Fig. 1. This figure plots Jh(kwo) and Qk(ko0), 
measured in the natural units of interaction, k2/4n 
inversely weighted by the Larmor frequency, wo = 
yBo, versus the reorientational correlation time, T,  

measured in units of l / o o .  Assumed isotropic re- 
orientation for this rudimentary plot is reflected by 
the occurrence of a single point of inflection in the 
J ,  and J2 curves. For cross-correlation functions, the 
ordinate must be further scaled by the factor, 
P,(? . 4'). 

The left-hand portion of this figure corresponds 
to  the extreme narrowing regime, Jo = J, - J,. In 
this same limit, it is important t o  note that the 
analogous ratio, Q,/Q, does not equal unity. This 
feature suggests that conventionai formulations of 
the extreme narrowing approximation when con- 
sidering second-order shifts must be strengthened 
(4). In the viscous liquid regime of nmr (right-hand 
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portion of this figure), Q, = J,J, (k2/4?t.o0 = 1). 
Since Q, is larger than JL by the same factor by 
which it is smaller than J,, evolution expressions for 
any quantum coherence which is independent of 
the adiabatic contribution will be dominated by the 
dynamic frequency shift term. 

Since it is well known that anisotropic and internal 
motions radically influence the effectiveness of both 
T, and T2 relaxation processes (for example, ref. 13), 
perhaps the singly most important question to be 
resolved is the importance of such motions on the 
dynamic shift term. In doing so, it must be re- 
marked that [6] is equally valid for single internal 
rotations if this motion is coincident with any of 
the principal diffusion axes. Equations [4] and [6] 
are also amenable to other general interpretations 
with suitable identifications and assumptions (for 
example, see comments on papers in ref. 14). 

Since T2 is on the order of J, (= x, (llb,)), where- 
as J," J (o)  d o  is constant valued (k2/8), the presence 
of high frequency reorientational anisotropies con- 
tribute very little to the density at zero frequency 
resulting in narrowed single quantum coherences. 
Likewise, for heteronuclear spin systems, it is well 
known that the longitudinal magnetization damping 
constants are on the order of J,. Hence, in striking 
contrast, motional anisotropies may increase or 
decrease the effectiveness of the longitudinal damping 
rates depending on relative ratios of the various 
b,'s and o,; i.e., depending on whether the motions 
add to or subtract from the density at o,. 

In previous studies (4, 5,  8-10), it has been de- 
monstrated that the second-order shift behaves much 
like the imaginary counterpart of a heteronuclear 
T,: there is no adiabatic contribution. However, it 
also behaves like a T2 which is insensitive to modula- 
tion frequencies less than some critical frequency. 
For the dynamic shift, this critical frequency is the 
Larmor frequency. Thus, in nonextreme narrowing, 
internal motions and other high frequency aniso- 
tropies result in unaltered or diminished shifts. En- 
hancement is never realized. 

These expressions may also prove helpful for the 
analysis of esr spectra where effects attributable to 
dynamic frequency shifts are well known. 

Conclusions 
Ramifications of a general expression for the 

second-order dynamic frequency shift are discussed 
in detail. It is clearly illustrated that the absence of 
the adiabatic linewidth contribution is the central 
criterion necessitating considerations of these shifts. 
It is noted that the dynamic shift demonstrates both 
conventional "TI-stereotyped" and "T2-stereo- 
typed" reorientational response behavior. I t  is 
argued that the influence of motional anisotropies 
only diminishes the relative importance of the 
dynamic shift term. Within the framework provided 
by Fig. 1 and [6], the interested reader can assess the 
importance of the dynamic shift term for more 
specialized purposes. 
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STEFAN ERNST and JACEK GLINSKI. Can. J. Chem. 57.2333 (1979). 
The results of highly precise measurements of ultrasonic velocity in mixtures of deuterium 

oxide with water by Kiyohara et al. were used to calculate and discuss the excess velocity of 
sound in this system. 

STEFAN ERNST et JACEK GLINSKI. Can. J. Chern. 57,2333 (1979). 
Les rCsultats de mesures de haute precision de la vitesse ultrasonique erl mClange d'oxide 

de deuterium et d'eau par Kiyohara et al. ont CtC utilisC pout calculer et discuter la vitesse 
excessible du son dans ce systeme. 

Mixtures of H 2 0  with deuterium oxide are very 
[2] G = x x i p i  + R T C x i l n x i  interesting from the point of view of physicochem- I i 

istry of solutions. Both the components (Hz0 and (where G is the mean molar free enthalpy and pi0 is 
D2O) are very similar in almost all their physical the chemical potential of the ith component) the 
properties. Their molecular radii and masses are sound velocity in an ideal mixture should differ from 
close in value and the molecules have a similar the molar fraction average of the velocities in the 
symmetry and distribution of charges. Therefore, all pure components. Since neither energy nor volume 
the deviations of those mixtures from ideality are effects accompany the mixing of the components of 
small and difficult to measure. Thus the results of an ideal mixture the time of propagation of a plane 
sound velocity measurements in water-D20 mix- acoustic wave through an ideal mixture layer of 
tures ~ublished recently (1) seem to be of particular thickness 1 should equal the sum of times the wave 
interest.   he high precision of those measurements needs to pass through the separate layers of the pure 
makes it possible to calculate reliable values of two components of thickness [xu,i (where xUpi is the 
parameters characterizing deviations of the system volume fraction of the component i): 
from ideality: the 'excess' compressibility and 

1 lx . 'excess' velocity of sound. The former was cal- [3] - = ZA 
culated by the authors on the basis of a thermo- Uid i U i  

dynamically justified and exact expression for the ~h~~ 
adiabatic compressibility of an ideal mixture (2). 
Moreover, deviations of the sound velocity from t-41 Uid  = 
additivity were calculated : 

[I] Au = u - C xiu: where uid is the velocity of sound in the ideal mixture. 
i For a binary mixture eq. [4] can be written as 

where x i  is the mole fraction of the ith component; u1u2 
ttio, velocity of sound in the pure ith component; u, [51 Uid = xv,1u2 + X0,2u1 
sound velocity in the mixture. In our opinion those 
deviations do not properly characterize the &via- Using the above relation, Natta and Baccaredda 
tions of the acoustic properties of the mixture from (3) interpolated sound velocity values for real mix- 
ideality since according to the thermodynamic tures which obviously cannot lead to exact results 
criterion of ideality of a mixture: because of the nonideal behaviour of those mixtures. 

0008-4042/79/182333-02$01.00/0 
a1979 National Research Council of Canada/Conseil national de 1.echerches du Canada 
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The 'ideal' sound velocity can also be calculated 
on the basis of the Laplace equation: 

where p i ,  is the density and p i ,  the compressibility 
coefficient of the ideal mixture. The uid values cal- 
culated from eq. [6] should be equal to those ob- 
tained by eq. [4]. 

The ui,  values were calculated according to eqs. [4] 
and [6] using the data of Kiyohara, Halpin, and 
Benson (1) (the p i ,  values were calculated from P 
and pE). The corresponding excess velocities uE = 
u - uid are illustrated in Figs. 1 and 2,  where the 
solid curves were calculated from 

+ D(2x - 

with A, B, C, and D coefficients found numer- 
ically using the least-squares approximation: A = 
- 1.1126, B = -0.04925, C = 0.1932, D = 
-0.1378 for uid calculated from eq. [4] and A = 
0.1120, B = -0.2283, C = 0.2144, D = 0.01032 for 
uid calculated from eq. [6]. 

In spite of our expectations, the excess velocities 
calculated from eq. [4] in the whole concentration 
range differ from those calculated from eq. [6]. We 
suppose these differences result from errors in the 
parameter values used for calculating D i d .  Even if 
the errors are small, they can seriously affect the 
excess velocity calculated from the relation: 

because of the slight deviations of the H20-D20 
system from ideality. Therefore, the excess velocities 
calculated from 

mole 
fraction 
of D20 

FIG. 1. The excess velocities of sound in mixtures of D20 
in H20. The ideal velocities calculated from eq. [4]. 

- 0.02 0 

seem to be more reliable because their accuracy is 
affected only by the errors in the sound velocity 
measurements, which are extremely small in ref. 1 0 0.2 0.4 0.6 0.8 1.0 
(standard deviation of 0.014 m s-I). mole 

The excess velocities calculated from the latter fraction 
relation are negative in the whole concentration of I390 

u L 
range and about ten times smaller than deviations 
from additivity on a mole fraction basis calculated FIG. 2. The excess velocities of sound in mixtures of D20 

by Kiyohara, Halpin, and Benson. Thus, like the in H20. The ideal velocities calculated from eq. [6] .  

adiabatic compressibilities, the velocities show only I .  0. KIYOHARA, C. J .  HALPIN. and G. C. BENSON. Can. J .  
small negative deviations from the ideal values and Chem. 55.3544 (1977). 
a slight asymmetric variation with the mole fraction. 2. W. VAN DALL. I I I  Experimental thermodynamics. Vol. 2. 

This is probably due to the similarities of the struc- Eclitcti by B. LeNeindra and B. Vodar. Butterworths. Lon- 
don. 1974. Chapt. 11. 

tures and intermolecular interactions of both the 3. G .  NA,,, and M. B A C C ~ R E D D A .  Atti Accad. Naz. Lincei, 
components. 4,360 (1948). 
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Reply to comment: Ultrasonic velocities for deuterium oxide - water mixtures at 
298.15 K1 

O S A ~ ~ U  K I Y O H A R A , ~  CARL J .  HALPIN, A N D  GEORGE C.  B ~ N S O N  
Dici.$ioti ~ ~ f ' C ' l ~ ~ ~ t ~ ~ i ~ / t ~ ~ ,  N(11ioti(11 R~SO( I I . ( , I I  C ~ I I I I (  ;I (?/ C [ I I I ( I ~ { I ,  O / / ( I I I Y I ,  Oti/., C(III(I( /[I  K1.4 OR6 

Received March 19. 1979 

OSAMU KIYOHARA, CARL J. HALPIN, and GEORGE C. BENSON. Can. J. Chem. 57.2335 (1979). 
The calculations of excess sound velocities in D20-H20  mixtures by Ernst and Glinski are 

discussed and new results are presented. 

OSAMU KIYOHARA, CARL J. HALPIN et GEORGE C. BENSON. Can. J. Chem. 57,2335 (1979). 
Les calculs de la vitesse excessive du son dans les melanges D 2 0 - H 2 0  par Ernst et 

Glinski sont discute et on presente quelques resultats recents. 
[Traduit par le journal] 

In their paper, Ernst and Glinski (1) have used 
results from an ultrasonic study in our laboratory (2) 
t o  calculate the excess velocities of sound in DzO- 
HzO mixtures. The twofold purpose of the present 
paper is t o  comment on the definition of excess sound 
velocity and to  draw attention to  a recent note (3) in 
which the derivation of excess isentropic compres- 
sibilities from our earlier results (2) is corrected. 

The excess velocity uE is the difference between the 
observed velocity u and the value uid in the corre- 
sponding ideal mixture. 

As pointed out by Ernst and Glinski, the concept of 
a n  ideal reference system is clearly defined for ther- 
modynamic properties by 

where p i id(~,p ,x i )  is the chemical potential of com- 
ponent i in the mixture a t  temperature T, pressure p ,  
and mole fraction xi ,  and P:(T,~) is the chemical 
potential of the pure component at  the same tem- 
perature and pressure. Unfortunately the velocity 
of sound in a mixture is not in general one of its 
thermodynamic properties. 

Ernst and Glinski suggest two formulae for uid. 
The first of these is 

13, ui" [[C 1 c4,./uio)]-' 

where u: is the velocity in pure component i, and 

is the volume fraction of i in the mixture stated in 
terms of the unmixed components. In eq. [4], V: is 

'NRCC No. 17512. 
2National Research Council of Canada Research Associate. 

the molar volume of pure component i and 

is the molar volume of the ideal mixture. The second 
formula is 

where K , ' ~  is the isentropic compressibility of the 
ideal mixture, and M i  is the molar mass of com- 
ponent i. The authors express surprise that values of 
uE calculated from eq. [3] and eq. [6] differ, and sug- 
gest that eq. [3] provides a better basis for the evalua- 
tion of uid. 

I t  appears t o  us that eq. [3], which depends on a n  
intuitive model for the passage of a wave through 
layers of the unmixed components, is unsuitable for 
defining an  ideal thermodynamic value of u. Equa- 
tion [6], which follows from the Laplace equation 
under conditions where dispersion is negligible 
(waves of low frequency and small amplitude), is the 
correct way of relating u t o  thermodynamic proper- 
ties and ideal thermodynamic behavior. In our paper 
on DzO-HzO (2), we fitted the deviation of u from 
linearity on a mole fraction basis, i.e. 

with a polynomial form to  provide an algebraic 
representation of our results. We agree with Ernst 
and Glinski that Au "does not properly characterize 
the deviations of the acoustic properties of the mix- 
ture from ideality", and we carefully avoided using 
the term excess velocity in discussing Au. We believe 
that Au provides a simple empirical way for sum- 
marizing the acoustic behavior of a mixture. 

In  applying eq. [6] to  DzO-HzO mixtures, Ernst 
and Glinski used values of qid derived from data in 

0008-4042/79/182335-02$01.00/0 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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2336 CAN.  J CHEM. VOL. 57. 197') 

our paper (2). A recent note (3), which was not avail- 
able to Ernst and Glinski, discusses the formulae 
which have been used in our laboratory to evaluate 
qid. In some of our earlier work we used the approxi- 
mation 

where K O , , ~  is the isentropic compressibility of pure 
component i. In more recent work, including our 
paper on D20-H20 (2), we used the expression 

with K , ' ~ ,  the isothermal compressibility of the ideal 
mixture, equal to the volume fraction average of the 
values for the pure components 

FIG. 1. Excess velocities of sound in D,O(l)-H,0(2) mix- 
tures at  298.15 K. Points, 0, derived from experimental re- 
sults (2) using eq. [13] for K,'" Curves: - least-squares repre- 
sentation by eq. [15]; ... calculated by Ernst and Glinski (1) 
from our original K , ~  values based on the approximation of 
CVid by eq. [12]. 

and C i d ,  the lnolar heat capacity of the ideal mixture 
at constant pressure, equal to the mole fraction 
average 

Following Van Dael (4) we also adopted a illole frac- 
tion average for Cuid, the molar heat capacity of the 
ideal mixture at constant volume, 

and erroneously stated that this procedure was exact. 
We have since realized that eq. [12] is only approxi- 
mate and that in some cases its use can alter the 
values of qid considerably. As indicated in our paper, 
the expression for K , ' ~  which follows from eq. [2] is 

where aid, the coefficient of thermal expansion of the 
ideal mixture, is the volume fraction average of the 
values for the pure components 

and K , ' ~ ,  vid, and Cpid are as given above. 
Excess velocities of sound in D20-H20 mixtures 

at 298.15 K, calculated from our experimental re- 
sults (2) using eq. [13] to evaluate K , ' ~ ,  are plotted 
against x, ,  the mole fraction of D20,  in Fig. 1. Also 
shown is their representation by the equation 

which has a standard deviation of 0.007 m s-'. For 
comparison, the dotted curve in the same figure is 
that derived from our original K , ~  values by Ernst 
and Glinski. The recalculated values of uE are larger 
than those which depend on the approximate expres- 
sion for Cuid (eq. [12]), and the variation of uE with 
mole fraction is less skewed. 

1. S. ERNST- and J .  GL.INSKI. Can. J .  Chern. This issue. 
2. 0. KIYOHARA. C. J .  HALPIN. and G. C. B ~ N S O N .  Can. J .  

Chern. 55.3544 (1977). 
3.  G. C.  BENSON and 0. KIYOHARA. J .  Chem. Thermodyn. To 

be published. 
4. W. VAN DAEL. I I I  Experimental thermodynamics. Vol. 2 .  

Editcdhy B. LeNeindre ant1 B. Vodar. Butterworths, Lon- 
don. 1974. Chapt. I I .  
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The electron-donating properties of some phenylfurans. Charge transfer studies 

RAFIE ABU-EITTAH A N D  MAHER M.  H A M E D  
Depcrrrt~cc~tcr c(f'Cllotci.~rry. Foc,rrlry c!f'S(.ic,trc,e, Ur~ic~crsir .  c(f'Ctriro, (;iz(r. Egypr 

Received Novernbe1.20. 1978 

RAFIE ABU-EITTAH and MAHER M. HAMED. Can. J. Chem. 57.2337 (1979) 
The formation of the molecular complexes of some phenylfurans with TCNE has been 

investigated by spectroscopic methods. The formation constants were determined by graphical 
and iterative procedures and some thermodynamic parameters were calculated. The formed 
molecular complexes were rr ones. Diphenylfuran proved to be a much stronger electron donor 
than phenylfuran and the latter stronger than furan. Results at hand suggest that the donors 
investigated assume an all-planar conformation. 

RAFIR ABU-EITTAH et MAHER M. HAMED. Can. J. Chem. 57.2337 (1979). 
Faisant appel a des mtthodes spectroscopiques, on a CtudiC la formation de conlplexes 

moleculaires de quelques phenylfurannes avec le TCNE. On a determine les constantes de 
formation par des mkthodes graphiques et iteratives et on a calcule quelques paramitres 
therniodynamiques. Les conlplexes n~olCculaires qui se fornient sont du type n. Le diphenyl- 
furanne est un donneur d'tlectron beaucoup plus fort que le phenylfuranne et ce dernier est 
plus fort que le furanne. Les resultats obtenus suggerent que les donneurs etudies adoptent 
une conformation compl6tement plane. 

[Traduit par le journal] 

Introduction Experimental 
The charge transfer interaction of some five- 

membered heterocycles with TCNE has been 
investigated and it has been found that these hetero- 
cycles act as n-electron donors (1-3). Ginns and Strong 
(4) studied the furan-iodine charge transfer complex 
in the gas phase. The band maximum of the charge 
transfer complex (-284 nm) was independent of 
furan pressure or temperature and was blue shifted 
(31 nm) from its position in the liquid phase complex. 
The 1 : 1 complex was exclusively formed. 

The charge transfer interaction of furan, thiophene, 
and pyrrole with maleic anhydride was investigated 
(5). Sometimes two charge transfer transitions, from 
the highest MO's of the donors to the lowest vacant 
M O  of the acceptors, were observed. 

Dobrescu-Ciureanu and Sahini (6) applied a per- 
turbation treatment to  describe the electronic 
structure of molecular complexes formed by iodine 
with several five-membered heterocycles (including 
furan). Lang (7) has studied the iodine complexes of 
a number of heterocyclic donors. 

The study of molecular complexes in which furan 
acts as an electron donor is rarely found in the 
literature. In this work the charge transfer complexes 
of some phenylfurans with TCNE were investigated. 
Measurements a t  different temperatures lead to the 
computation of some thermodynamic parameters of 
the molecular complex. The ionization potentials of 
the donors were calculated from the energies of the 
charge transfer bands. 

Maferinls 
Tetracyanoethylene (TCNE, Fluka AG purum grade) was 

purified by crystallization from chlorobenzene. Chloroform 
(B.D.H. Analytical reagent) was used without further purifica- 
tion (scanning the spectra of a purified version of chloroform 
in which the stabilizer was removed gave the same values of 
band maxima and band intensity as those obtained when A.R. 
grade solvent was used without purification). Phenylfurans 
were prepared by the methods reported in literature (8-10). 

Mensuret)le~rts 
The absorption spectra were measured with a Beckman 

DK-1 spectrophotometer using 1.0 cm3 fused silica cells. 

Results and Discussion 
( I )  Equilibrium Studies 

(i) 2-Plzenylfuran + TCNE System 
On mixing a solution of 2-phenylfuran (D) with 

that of TCNE (B), the following equilibrium is 
established for the 1 : 1 complex 

D + B D.B 

= [CI/(;[Dlo - [CI) ( P I 0  - [Cl) 
where [DB] = [C] = concentration of charge trans- 
fer complex, [Dlo and [B], = initial concentrations 
of the donor and acceptor respectively. If A is the 
absorbance of the mixture, if Beer's law is obeyed, 
and if a 1.0 cm optical path is used, eq. [ l  ] can be 
transformed (1 1) to eq. [2] : 

0008-4042/79/182337-05$0 1 .OO/O 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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where, AA = absorbance due to charge transfer 
complex only and AE = Ec - E, - E,. Equation [2] 
is the Scott's (12) form of the Benesi-Hildebrand 
(13) relation. If one chooses a wavelength where 
absorbance is due only to the charge transfer com- 
plex then AA is replaced by A and AE is replaced by 
E, in the above equation. Equation [2] is used to 
determine K and E, graphically (the relation between 
[Dl, [B],/A is plotted against [Dl, + [B],, from the 
slope and intercept one calculates Ec, K). The results 
thus obtained are approximate (the last term of eq. 
[2] is neglected) and show some discrepancies. 
Iterative procedures eliminate the approximations. 
The Rosenbrock (14) optimization method is used 
to get accurate values of K and E,. This method 
depends on minimizing the sum of the squares of the 
differences between observed and calculated absorb- 
ances as outlined. Equation [2] is rearranged to 

FIG. 1. Absorption spectra of pure TCNE(B) = 0.0027 M, 
2-phenylfuran(D) = 0.0856 M, and their mixed solutions at 
18.0°C. The concentrations of 2-phenylfuran are: (1) 0.0214 M, 
(2) 0.0321 M, (3) 0.0428 M, (4) 0.0535 M, (5) 0.0642 M, (6) 
0.0749 M, (7) 0.0856 M; pure B and D show no absorbance. 

A [TCNE] = 0.0027 M in all solutions. 
1 ~cCDloCBlo=o C31 - - ( ~ ~ ~ , + l ~ l ~ + ~ ) +  EC , A 

9~ 

Equation [3] is a second order one and can be solved 
if K and Ec are known. One defines the function 
Y(K,Ec) as 

where rz is the number of experimental data. 
The values of K and E, which give the minimum 

value of the function Yare the nearest to the correct 
values. Equation [3] is solved iteratively to get values 
of K and E, which minimize the value of the Y 
function. The entry values of K and Ec are the ones 
obtained from the graphical method. 

Figure 1 shows the absorption spectra (500-700 
nm) of mixtures of 2-phenylfuran and TCNE at 
18°C when chloroform was used as a solvent and a 
blank. A broad band with a maximum around 610 
nm is observed and represents the maximum of a 
charge transfer transition since neither the donor 
nor the acceptor absorb light in that region. The 
formation of the molecular complex 2-phenylfuran- 
TCNE has been investigated at different tempera- 
tures. The observed increase of absorbance on 
cooling indicates the exothermic nature of the 
process of complex formation. The relation between 
[D],[B],/A versus [Dl, + [B], is given in Fig. 2, 
the straight line relationship is apparent and approx- 
imate values of K and Ec are calculated from the 
slope and intercept. The iteratively computed 
formation constants are given in Table 1, the 
decrease of the product KE, with the increase of 
temperature is a further evidence that the process of 
complex formation is an exothermic one. 

FIG. 2. Relation between [D],[B],/A and [Dlo + [B], for 
2-phenylfuran-TCNE system. 

It may be interesting to compare the properties 
of the two molecular complexes: Furan-TCNE and 
2-phenylfuran-TCNE. Yoshida and Kobayashi (5) 
have indicated that the molecular complex Furan- 
TCNE possesses two charge transfer transitions at 
445 and 295 nm respectively. The determined value 
(graphically) of K was 0.35 f 0.01. The broad band 
characteristic of the Zphenylfuran + TCNE system 
makes it difficult to characterize two charge transfer 
bands analogous to those found when furan is the 
donor. In the latter case the two charge transfer 
transitions were assigned to transitions from the two 
highest occupied MO's of the donor to  the lowest 
vacant MO of the acceptor. 
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A B U - E I T T A H  A N D  H A M E D  2 3 3 9  

TABLE 1. Values of the formation constants and molar extinction coefficients of the studied phenylfurans t 
TCNE complexes 

Donor 
Z(DOb,d - Dca,cd)Z 

Method* K 4 ~ , t  Kc, (M-I)  E,, (M- '  cm-I) x lo4 T ("C) 

*GI = graphical, 1 = iterative. 

The numerical value of K for the system 2-phenyl- 
furan + TCNE is about five to  six times larger than 
that for the system furan + TCNE. Therefore, the 
electron donating properties of 2-phenylfuran is 
much stronger than that of furan alone. Two 
important conclusions could be drawn from this 
result. First, the charge transfer complex in both 
systems is a n complex. If the n contribution has a 
significant role the basic (electron donor) properties 
of 2-phenylfuran should not differ from that of 
furan. Second, the n conjugation in 2-phenylfuran is 
pronounced (the molecule assumes an all-planar 
configuration). If the coplanarity of 2-phenylfuran is 
significantly distorted the charge transfer complex 
with TCNE should be of similar properties as that 
of furan + TCNE or benzene + TCNE; this 
similarity was not found in this work. 

complex formation between 2,5-diphenylfuran and 
TCNE was studied. The charge transfer complex 
possesses a broad band with a maximum around 720 
nm. The values of K and E, were calculated as before 
and results are given in Table 1. It can be seen that 
the electron donating property of the diphenyl isomer 
is very pronounced compared with that of the 
phenylfuran or the tolylfuran. Such a result gives 
evidence that the donors investigated in this work 
act as pure n donors and that their planarity is not 
apparently distorted. The large increase in the value 
of K for the complex 2,s-diphenylfuran-TCNE 
compared to those of both phenylfuran or tolylfuran 
with TCNE is evidence for the quazi rigid con- 
formation of the donor. I t  also indicates that the 
size of the donor and acceptor plays a role in 
strengthening the overlap of the constituents of the 
molecular complex which in turn increases the 

(ii) 2-p-Tolylfuran + TCNE System stability of the complex. 
To  confirm the above results, complex formation The correlation between the planarity of the donor 

between 2-~-to1~1furan, as a and TCNE as an and the stability of the charge transfer complex is 
acceptor has been investigated by means of spectro- urged in the following way. Experimentally it is 

methods' The same procedures in found that the charge transfer complex of either 
Studying 2-pheny1furan + TcNE were adopted' phenylfuran or tolylfuran is more pronounced than 
Results are given in Table 1. that of either furan or benzene with the same 

(iii) 2,5-Dipl7erzy!fiurarz + TCNE System acceptor. Consequently, one concludes that phenyl- 
Following the same procedures as above, the furan and tolylfuran are stronger electron donors 
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than either furan or benzene. Since in all cases the 
molecular complex is a 7c one, then phenylfuran or 
tolylfurail would be stronger 7c donors (than benzene 
or furan) oilly if the coiljugation on the molecule is 
not disturbed, that is, if the molecule is in an all- 
planar configuration. In these cases the donors 
(phenyl or tolylfurans) are described as being quazi 
rigid conformers and not free rotators. Molecular 
orbital calculations (15) on 2-phenylfuran supported 
such a conclusion and have shown that the height of 
the rotation barrier is of the order of 0.3 eV and that 
the all-planar conformer of 2-phenylfuran is the most 
stable one. Using the same way of reasoning one 
predicts the coplanarity of 2,5-diphenylfuran from 
the characteristics of its charge transfer complex with 
TCNE as coinpared to those of phenylfuran or tolyl- 
furan with the same donor. 

(II) Tliemodyiian~ic Properties of the Studied 
Comp/exes 

The iteratively computed values of K at different 
temperatures were used to calculate AGO for the 
complex formation. The relation between R In K 
and 1/T was plotted, the computed values of AH0 and 
AS0 are given in Table 2. 

The interaction between the electron donor (D) 
and the electron acceptor (A) to  form the molecular 
complex (D.A) has been described by Mulliken (16). 
The ground and excited states of the complex can 
be described by the wave functions. 

where $, refers to the nonbond wave function and 
$, corresponds to the dative-bond wave function. 
The ratio between the coefficient of the dative bond 
to  the nonbond wave functions is given by (17-19) 

This ratio varied between 0.07-0.19 (Table 2) for the 
aryl substituted furan + TCNE systems. The value 
of this ratio is high compared to  that of many strong 
molecular complexes. 

(III) Ior7ization Potentials of the Donors 
A general expression deduced by Matsen (20) that 

relates the energy of the charge transfer transition 
for the complexes formed by a series of donors with 
the same acceptor to  the donors ionization potential 
is 

E,, = mID + n 

where 171 and 1.1 are constants. A number of equations 
of this form have been suggested to  calculate the 
ionization potential of the donors (20-24). Aloisi 
et a/. (25) determined the parameters m and n for a 

TABLE 2. Thermodynamic parameters calculated for the studied 
molecular complexes 

Donor - A H 0  - AS0 v2/hZ 

TABLE 3. Ionization potential of the studied phenylfuran cal- 
culated from ct results 

(h,,,),, 
Donor (nm) E,, hv* ID (eV) 

*Energy of the lowest electronic transition of the donor. 

number of acceptors and substituted benzene and 
polynuclear hydrocarbons as donors. When TCNE 
is the acceptor, the relation is 

Ionization potelltials calculated from this equation 
are given in Table 3, values calculated or measured 
by other methods are not available. However, the 
values obtained in this work (from charge transfer 
studies) seem to be reasonable (values do not differ 
significantly from theoretically calculated ones and 
the trend of the variation of the determined ioniza- 
tion potentials is in the right direction). A theoretical 
value for the lowest ionizatioil potential of 2-phenyl- 
furan was calculated from 

C51 ID = C C,F,,CV 
P v V  

where the C's are the SCF coefficients of the atoinic 
orbitals and F,, are the off-diagonal elements of the 
F matrix (15). The off-diagonal elements, F,,, were 
calculated using the relation 

the syinbols have their conventional meanings. 

The resonance integral, P,,,, is calculated using the 
formula (26) 

where I's are the appropriate ionization potentials 
for the atomic orbitals p and v. The zero differential 
overlap approximation was adopted and the electron- 
repulsion integrals were calculated using the 
Nishimoto-Mataga relation (27). The following 
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ABU-EITTAH A N D  H,AMEI) 2341 

parameters were used (28) (eV) 

aC = -11.16, a0 = -31.42 

ycc = 11.13,yoo = -16.12 

A value of 8.6 eV was obtained for the ionization 
potential of 2-phenylfuran which is slightly higher, 
but of the same order of magnitude, than the 
experimental one. The calculations, by means of 
eq. [5], were done oil the basis that the highest 
occupied MO of Zphenylfuran is a n one. The 
correspondance between the two values suggests that 

4. E. I. G I N N S  and R. L. 5.1 r<oxti. J .  Phys. Cheni. 71. 3059 
(1967). 

5 .  Z. Y o s ~ ~ n . z  ant1 T. KODAYASHI.  Tetr-ahedron. 26. 267 
(1970). 

6.  M. D o ~ l < t s c u - C l u ~ r : , z ~ u  and V. E .  S A I ~ I N I .  Rev. Roum. 
Chirn. 18. 921 (1973). 

7. R. P. LANC;. J .  Am. C h e ~ n .  Soc. 84. 4438 (1962). 
8. D. C. A ~ ~ < t : s n n d  J .  R. S M I T H .  J .  Chem. Soc.  2737 (1968). 
9. W. J .  H ~ ~ . ~ i t n d  L.  THORP. J .  Am.Chem. Soc.35.71 (1913). 

10. S .  KAPF and C. PAAL. Ber. 21.3057 (1888). 
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Some reactions of 1,2-dihydropyridines with organic azides. Synthesis of diazabicylo- 
[4.1.0] hept-4-enes, 1,2,5,6-tetrahydropyridylidene-2-cyan (sulfon, carbon) amides, 

and piperidylidene-2-cyan (sulfon, carbon) amides 

T. A. ONDRUS A N D  E. E. KNAUS'  
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T. A. ONDRUS, E. E. KNAUS, and C. S. GIAM. Can. J. Chem. 57.2342 (1979). 
The regiospecific 1,3-dipolarcycloaddition reaction of 1,2-dihydropyridines 1 with organic 

azides 2 afford 7,7-diazabicyclo[4.l.O]hept-4-enes 4, whereas solutions of 1 also containing 
lithium hydroxide give predominately 4 along with the diazo product 6.  In contrast, the 
dimeric product 7 was obtained from the reaction of la  with hydrazoic acid. Catalytic hy- 
drogenation of 4 gives rise to a tautomeric mixture of 9 and 10; when R Z  is methanesulfonyl or 
p-aminobenzenesulfonyl only 9 was obtained. Treatment of 4 with neutral alumina gives rise 
to the 1,2,5,6-tetrahydropyridylidenes 8 which are likewise reduced to a mixture of 9 and 
10 or 9. 

T. A. ONDRUS, E. E. KNAUS et C. S. GIAM. Can. J. Chem. 57,2342 (1979). 
La reaction de cycloaddition dipolaire-1,3 regiospecifique des dihydro-1,2 pyridines (1) 

avec les azotures organiques (2) conduit aux diaza-2,7 bicyclo[4.1.0]heptenes-4 (4) alors que 
des solutions de 1 contenant de I'hydroxyde de lithium conduisent a la formation predo- 
minante de 4 aux c8tts du diazo 6.  Par opposition, on obtient le produit dimere 7 lors de la 
reaction de l a  avec l'acide hydrazolque. L'hydrogenation catalytique de 4 donne lieu a la 
formation du melange tautomere de 9 et 10; si RZ  est le methanesulfonyle ou le p-amino- 
benzenesulfonyle, on n'obtient que le compose 9. Si I'on traite 4 avec de I'alumine neutre, 
on obtient les tetrahydro-1,2,5,6 pyridylidenes (8) qui sont aussi reduits en un melange de 
9 et 10 ou 9. 

The 1,3-dipolarcycloaddition reaction of di- 
enamines with organic azides is an attractive method 
for the synthesis of pharinacologically interesting 
bicyclic compounds. Mitomycin C is one of the few 
examples where a fused aziridine ring is an active 
alkylating agent. Most aziridinyl quinones active 
as antitumor agents possess multiple aziridinyl 
groups (1) and are known to cross-link DNA (2). 
It was therefore of interest to prepare bicyclic ring 
structures in which 1,2,3-triazoline or aziridine is 
fused to a tetrahydropyridine ring. 

In earlier studies we showed that reaction of N- 
methoxycarbonyl (methanesulfonyl, acety1)-1,2-di- 
hydropyridines with cyanogen azide gave a 1: 1 
mixture of stereoisomers E- and 2-1,2,3,4-tetra- 
hydropyridylidene-4-cyanamides (3). The regiospeci- 
fic 1,3-dipolarcycloaddition reaction of dienamines 1 
with organic azides 2 now provides a quantitative 
route to 2,7-diazabicyclo[4.l.O]hept-4-enes 4 .  A pre- 
liminary account of this work has been published 
(4). 

Reaction of 2-butyl-l,2-dihydropyridine l a  (lith- 

'To whom inquiries should be addressed. 

ium hydroxide free) with cyanogen azide 2a at 0°C 
under an atmosphere of nitrogen proceeds rapidly 
with evolution of nitrogen to yield 3-iz-butyl-7- 
cyano-2,7-diazabicyclo [4.1.0]hept-4-ene 4a in quanti- 
tative yield (see Scheme I).' Under similar condi- 
tions l b  gave 4b (100%). Although the cycloaddition 
reaction may occur at either the C3-C4 and (or) 
C5-C6 olefinic bonds no addition product other 
than 4 was detected (4). If the triazoline intermediate 
3 is the product of electronic control the nitrogen 
atom bearing the Rz-substituent should be directed 
to the carbon of the enamine double bond bearing 
the enamine ring nitrogen (5). The reacting species 
in all of these reactions is the molecular organic 
azide since loss of nitrogen to give nitrenes occurs 
above 40°C (6). Similar reactions of 2-butyl-1,2- 

ZThe preparation of 1,2-dihydropyridines 1 by hydrolysis of 
the corresponding N-lithio-1,2-dihydropyridine with 1 equiv. 
of water produces 1 equiv. of lithium hydroxide. Although 
most of the lithium hydroxide rapidly precipitates out of 
anhydrous ether or tetrahydrofuran, about 5% remains sus- 
pended in the solvent. The suspended lithium hydroxide is 
completely removed if an excess of water is added followed by 
drying with anhydrous sodium sulfate. 

0008-40421791182342-08$0 1 .OO/O 
@ 1979 National Research Council of CanadaIConseil national de recherches du Canada 
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O N D K U S  ET AL 

1 2 3 
u R '  = t~Bu tr R' = CN 
/I R' = Ph b R' = MeSO, 

r R L =  PhSO? 
(1 RZ = 1,-MeCONH-CaH4-SO2 
r R' = p-HZN-C,H,-SO' 
J' R' = MeOCO 
g R2 = PhCO 

5 6 

S c ~ t ~ t  I .  Substituents R1 ilnd R'for 4and 6 are as illustrated in Table I .  

dihydropyridine la  (lithium hydroxide free) with 
methanesulfonyl2b, benzenesulfonyl2c,p-acetamido- 
beilzenesulfonyl 2 4  y-aminobenzenesulfonyl 2e, and 
methoxycarbonyl 2f azides also afforded 4 in quan- 
titative yields (see Table 1). On the other hand, 
reaction of la  containing 0.05 equiv. lithium hy- 
droxide2 with sulfonyl azides 2b-e gave 4 as well as 
the unexpected 3-diazo-l,2,3,6-tetrahydropyridyli- 
dene-2-sulfonamides 6. The most plausible mecha- 
nism for the formation of 6 involves base catalyzed 
proton abstraction of one of the bridgehead protons 

of the triazoline adduct 3. Elimination of hydride 
would then afford the more aromatic 1,2-dihydro- 
pyridine triazole intermediate 5 which could ring 
open to give 6. A similar mechanism has been pro- 
posed for opening of the adducts obtained from 
reactions of organic azides and ethoxyacetylene 
(7, 8). 

The reaction of l a  with benzoyl azide 2g (5 equiv.) 
was also investigated. Although the 'H ninr spec- 
trum of the unpurified reaction product exhibited 
signals expected for 3-n-butyl-7-benzoyl-2,7-diazabi- 

TABLE 1. Reaction of 1,2-dihydropyridines with organic azides 

Yield (%) 
1,2-Dihydropyridine Organic 

Compound (R1) azide (R2) 4 6 

CN 
CN 
CN 
MeSO, 
MeS02 
PhSO, 
PhS02 
p-MeCONH-C6H4-S02 
p-MeCONH-C6H4-SOZ 
p-H2N-C6H4-SO2 
~ - H z N - C ~ H ~ - S O ~  
MeOCO 

aSolution of la contains 5% of the lithium hydroxide formed upon treatment of N-lithio-2-butyl-1,2- 
dihydropyridine with 1 equiv. water. 
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cyclo[4.1.0]hept-4-ene 4, the only product recovered 
after preparative silica gel G tlc was the ring opened 
product 8 (R1 = nBu, R2  = PhCO) (39.7%). 

Treatment of la with hydrazoic acid yielded the 
unexpected 6,6'-di-n-butyl-l,2,3,6-tetrahydro-2,3'-di- 
pyridyl7 (64.7%) and 2-11-butylpyridine (12.2%). The 
most likely mechanism for the formation of 7 in- 
volves protonation of la at the C5 position by hy- 
drazoic acid to give a 2,5-dihydropyridyl imininium 
species which could undergo nucleophilic attack at 
its highly electrophilic C6 position by In. Subsequent 
aromatization of the 2,5-dihydropyridine dimeric 
intermediate would afford 7. 

thoxycarbonyl) amide 9 and 3,4,5,6-tetrahydro- 
pyridyl-2-cyan (methoxycarbonyl) amide 10 (see 
Scheme 2 and Table 2). The ultraviolet spectrum of 
the tautomeric mixture 9f + 10f (R1 = nBu, R 2  = 
CN) exhibited one band at 244 nm attributed t o  the 
N-C=N group. The infrared spectrum shows the 
presence of two NH bands. The piperidine NH of 9f 
exhibits an absorption at 3240 cm-'  while the cyana- 
mide 10f displays a NH absorption at 3120 cm-'. The 
spectrum also displays a cyano band at 2180cm-' and 
imine bands at 1605 cm- ' due to 9f and at 1645 cm-' 
due to 10f. The existence of a similar tautomeric 
equilibrium between piperidylidene-2-ethoxycarbon- 
ylamide and 3,4,5,6-tetrahydropyridyl-2-ethoxycar- 
bonylainide has been reported (9). On the other 
hand, catalytic hydrogenation of 4c (R' = nBu, 
R2  = MeSO,) afforded 6-n-butylpiperidylidene-2- 
methanesulfonamide 911 (91.8%) and 6-n-butyl- 
pyridyl-2-methanesulfoi~amide 11 (7.5%). The in- 

7 
R?-N 

1 
Neutral aluminum oxide chromatography (Brock- 

man Activity 1) of the 2,7-diazabicyclo[4.l.O]hept- 9; J25w&q+ 
4-enes 4 gives rise to 1,2,5,6-tetrahydropyridylidene- H 

4 &H 2-cyan (sulfon) amides 8 in good yield (see Table 2). H R' I . One possible mechanism for the formation of the R2" 

alkylidene-2-cyan (sulfon) amides 8 may involve 9  
initial abstraction of the active C(1)H of 4 followed 
by opening of the aziridine ring and migration of the 
olefinic bond. Triethylamine also catalyzes the con- 

11  
version of 4 to  8. On the other hand, chromatography 
of 4a (R1 = nBu, R2 = CIV) on an acidic alumina tlBu QNH-S02CH, NH GH 
(Brockman Activity 1) column gave 8a (7.7%) and R ' 

k 2  
unchanged 4a (92.3%). In contrast silica gel G tlc 11 10 
of 4g (R1 = nBu, R2  = MeOCO) gives a quan- 
titative yield of 8e. S ~ H ~ M L  2. Sub5tltuents R 1  and R2for  8 ,9 .  and 10are a5 illus- 

trated in Table 2. 

8  

Hydrogenation of 7-cyano (methoxycarbony1)-2,7- 
diazabicyclo [4.l .O]hept-4-enes 4 with 10% palladium 
on charcoal and hydrogen gas at 35 psi gives a 
tautomeric mixture of piperidylidene-2-cyan (me- 

frared spectrum of 912 lacked those absorptions ex- 
pected for tautomer 1011. 6-n-Butylpyridyl-2-me- 
thanesulfonamide 11 likely arises as a result of de- 
hydrogenation of an intermediate 8c (9). In a 
similar reaction, hydrogenation of 4f, possessing an 
R2 p-aminobenzenesulfonyl group, afforded 9i in 
quantitative yield. 

Hydrogenation of 6-n-butyl-1,2,5,6-tetrahydro- 
pyridylidene-2-cyan (methanesulfon) amides 8 gave 
products identical to those obtained from reduction 
of 4. For example, hydrogenation of 8a (R1 = nBu, 
R2 = CN) gave a tautomeric mixture of 9f and 10f 
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O N D R U S  ET AL.  

TABLE 2. Chemical transformation of 3-substituted-2,7-diazabicyclo[4.1.O]hept-4-enes 4 

Compound 

a 
b 
C 

d 
e 
f 
g 
h 
i 

; 
h 

Procedure 

Neutral A1,03 chrom. of 4 
A1,03 catalyzed opening of 4 
Neutral A1,03 chrom. of 4 
Neutral A1203 chrom. of 4 
Silica gel G tlc of 4 
Pd/C/H2 reduction of 4 
Pd/C/H, reduction of 4 
Pd/C/H, reduction of 4 
Pd/C/H, reduction of 4 
Pd/C/H2 reduction of 4 
Pd/C/H, reduction of 8 
Pd/C/H2 reduction of 8 

Yield (%) 

CN 
CN 
MeSO, 
p-HZN-CoH4-SO2 
MeOCO 
CN 
CN 
MeS0, 
p-HzN-C6H4-SO, 
MeOCO 
CN 
MeS02 

T h e  ir and 'H nmr spectra exhibited absorptions only for taulc 

while hydrogenation of 8c (R1 = nBu, R2 = 
MeSO2) afforded 9h (91.5z) and the aromatic sul- 
fonamide 11 (7.8%) (see Table 2). 

Acid hydrolysis of a tautomeric mixture of 9g and 
log (R' = Ph, R2 = CN) using a 107, H,SO,/ 
MeOH solution (1 : 10 v/v) gave 6-phenyl-2-piperi- 
done 12 (3973, thereby providing further evidence 
in support of structures 9 and 10. The appearance 

0 Ph 0 

12 

of the carbonyl band of 12 at 1640 cin-' is in good 
agreement with that of 2-piperidone which appears 
at 1653crn-'. The carbonyl group of N-ethyl-3- 
piperidone hydrochloride appears at 1724 cm-' 
(Aldrich Library of IR spectra). 

The reactions of organic azides with 1,4-dihy- 
dropyridines are now in progress to broaden the 
scope of this reaction. 

Experimental 
Melting points were determined with a Bhchi capillary ap- 

paratus and are uncorrected. Ultraviolet spectra were recorded 
on a Unicam SP 1800 spectrometer using absolute ethanol as 
solvent. Infrared spectra (potassium bromide unless otherwise 
noted) were taken on a Perkin-Elmer 267 or Unicam SP 1000 
spectrometer. Nuclear magnetic resonance spectra were deter- 
mined for solutions in deuterochloroform with TMS as in- 
ternal standard with a Varian EM-360 spectrometer. Mass 
spectra were mdasured with an AEI-MS-50 mass spectrometer 
and these exact mass measurements are used in lieu of ele- 
mental analysis. All of the products described gave rise to a 
single spot on tlc using a solvent system less polar and more 
polar than the spectific solvent system described for purifica- 
tion of the reaction mixture. No residue remained after com- 
bustion of the products purified by the chromatographic 
procedures used. H'nt.tting: Cyanogen azide is a hazardous 
material. It should be handled only in solution. Concentration 
to pure material will result in violent detonation by heat or 
shock (10). 

2-n-B~rtyl-I,2-diI1)~(li.opyrirlii1e ( la)  
To a solution of IZ-butyllithium (1.28 g, 20 mmol) in 50 m L  

anhydrous ether, under a nitrogen atmosphere at O0C, pyridine 
(1.58 g, 20 mmol) was added dropwise with stirring. The re- 
sulting dark brown solution was stirred at 0°C for 35 min to 
afford N-lithio-2-i1-butyl-1,2-dihydropyridine (20 mmol). 

The dropwise addition of water (0.36 g, 20 mmol) with 
stirring at 0°C to the above solution afforded 2-TI-butyl-1,2- 
dihydropyridine lo. Renioval of the supernatant via a syringe 
provided a solution of In  containing about 0.05 equiv. sus- 
pended lithium hydroxide. 

2-n-B~rryl-I,2-rliI1~~dropy,.irlit1e ( l a ,  LitAi~rirt Hydroxide Free) 
To a solution of N-lithio-2-t1-butyl-1,2-dihyclropyridine 

(4.29 g, 30 nimol), prepared from rr-butyllithiuni (30 mniol) 
and pyridine (30 mmol) as described above, in 100 m L  
anhydrous ether under a nitrogen atmosphere, water (2.0 g, 
110 mmol) was added dropwise with stirring at 0°C. The re- 
sulting pale yellow solution of In  was stirred for 10 min, 
anhydrous sodium sulfate (25 g) was added, and the mixture 
was stirred for an additional 15 min at 0°C. The solution was 
allowed to stand without agitation for 5 min after which an 
aliquot of the supernatant containing the required amount of 
In  was removed using a syringe under a nitrogen atmosphere. 

3-n-B~rtyl-7-cynit0-2,7-dinzn6icyc/o[4..0]1ep-4-ete (4a) 
A solution of lithium hydroxide free In (2.74 g, 20 nimol) in 

67 niL dry ether was added slowly with stirring to a solution 
of cyanogen azide (25 mmol), prepared from cyanogen 
bromide (2.65 g, 25 mmol) and sodium azide (8.125 g, 
125 mmol) as reported previously (3), in 100 mL acetonitrile 
under a nitrogen atmosphere at P C .  The reaction was allowed 
to proceed at 0°C for 1 h prior to warming to 25°C. Removal 
of the solvent itt unc~co gave a light orange solid which on re- 
crystallization from 100 mL ether-hexane (1 :4  v / ~ )  afforded 4n 
(3.54 g, 100%); mp 75°C; ir: 3225 (m, NH), 2180 (s, C=N), 
and 1605 (s, C-C) cm-I;  ' H  nmr 6 :  0.9 (t, J = 7 Hz, 3H, 
CH2CH,CH,CH3), 1.1-1.9 (m, 6H, CH2CH,CH2CH3), 3.21 
(m, 1H,H-6), 3.3 (m, 1H,H- l ) ,4 .17 (m,  l H ,  H-3), 5.8 (m, 
2H, H-4, H-5), 8.63 (b s, 1, NH, exchanges with deuterium 
oxide). Exncr Mass calcd. for ClOH,,N3: 177.1266; found 
(high resolution ms): 177.1265. Reaction of l o  (20 mmol), 
containing lithium hydroxide (1 mmol), with cyanogen azide 
(40 mmol) as described above afforded 4n (79%). 

3-Phenyl-7-cyni~o-2,7-rlimbic~~c/o[4.1.0]/ep-4-ee (4b) 
A solution of lithium hydroxide free l b  (3.1 g, 20 mmol) in 
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100 mL dry tetrahydrofuran3 was added slowly with stirring 
to a solution of cyanogen azide (20 mmol) in 100 mL aceto- 
nitrile under a nitrogen atmosphere at 0°C. The reaction was 
maintained at 0°C for 1 h and after warming to 25°C removal 
of the solvent irz vaclro gave an orange solid. Recrystallization 
from 100 mL ether-hexane (1 :4  v/v) yielded 4b (3.94 g, 100%); 
mp 147°C; ir: 3235 (m, NH), 2180 (s, C=N), and 1610 (s, 
C=C)cm-'; 'H nmr 6: 3.2(m, lH ,  H-6), 3.3 (m, lH,  H-1), 
5.08 (m, lH,  H-3), 5.77 (m, 2H, H-4, H-5), 7.26 (nl, 5H, 
C6H5), 7.82 (b s, 1, NH, exchanges with deuterium oxide). 
Exact Mass calcd. for C12HllN3:  197.0953; found (high 
resolution ms): 197.0954. 

3-n-Bot~~l-7-rr1ethanes~rlfo1zyI-2,7-diazabicyclo[4. I.O]hept-4-erre 
(4c) atid 6-n-Blrtyl-3 rliazo-I,2,3,6-tetraI1ydropyridyIiderze- 
2-nletharzesrtlforlnrllide (6c) 

A solution of l a  (2.74 g, 20 mmol) containing lithium hy- 
droxide (0.024 g, 1 mmol) in 50 mL dry ether was added 
slowly with stirring to a solution of methanesulfonyl azide 
(2.42 g, 20 n~nlol) in 50 mL dry ether under a nitrogen at- 
mosphere at 0°C. The reaction was allowed to proceed 1 h at 
0°C before warming to 25'C. Addition of water (50 mL), 
extraction with chloroform (2 x 50 mL), drying (sodium 
sulfate), and removal of the solvent in vaclro afforded a reddish 
black semi-solid which was subjected to preparative tlc on 
six 8 in x 8 in. silica gel G plates, 0.75 mm in thickness, 
using benzene - ethyl acetate (2: 1 v/v) as development solvent. 
Extraction with warm methanol (50 mL) of the band having 
Rf 0.59 gave 6c (0.894 g, 17.5%); ir: 3290 (m, NH), 2090 
(s, N2), and 1580 (s, C=N) cm-'; 'H nmr 6: 0.96 (t, J = 
7 Hz, 3H, CH2CH2CH2CH3), 1.15-1.85 (m, 6H, CH2CH,- 
CH2CH3), 3.02 (s, 3H, S02CH3), 4.33 (m, lH,  H-6), 5.3 
(d, JdS5 = 10Hz of d, J5,6 = 4 H z  of d, J1.5 = 1.5 HZ, IH, 
H-5),6.11 (d,J4,, = l O H ~ o f d , J ~ , ~  = 1 . 5 H ~ ,  lH ,  H-4). 8.1 
(b s, lH,  NH, exchanges with deuterium oxide). Exact Mass 
calcd. for CloH16N,032S: 256.0994; found (high resolution 
ms): 256.0984. Extraction of the band with Rf 0.51 afforded 2- 
n-butyl pyridine (0.21 g, 7.7%). Extraction of the band with Rr 
0.36 yielded 4c (1.974 g, 42.9%); ir: 3280 (m, NH) and 1600 
(s, C=C) cm-';  'H  nmr 6: 0.9 (t, J = 7 Hz, 3H, CH2CH2- 
CH2CH3), 1.1-1.8 (m, 6H, CH2CH2CH,CH3), 2.93 (s, 3H, 
S02CH3), 3.06 (m, 2H, H-1, H-6), 4.05 (m, l H ,  H-3), 5.76 
(m, 2H, H-4, H-5), 8.40 (b s, 1, NH, exchanges with deuterium 
oxide). Exact Mass Calcd. for CloH18N20232S: 230.1089; 
found (high resolution ms): 230.1085. 

Reaction of lithium hydroxide free In (2.7 g, 20 mmol) in 
67 mL dry ether with methanesulfonyl azide (2.42 g, 20 mmol) 
in 50 n1L dry ether under a nitrogen atmosphere at 0°C was 
allowed to proceed for 1 h prior to warming to 25'C. Removal 
of the solvent i~z vaclro gave 4c (4.6 g, 100%); identical (ir, 
'H nmr) with the same product described above. 

3-n-B1~t~~l-7-ber1ze11esrtlforzyl-2,7-rliaznbicyclo[4. I .O]hept-4-erre 
(4d) arid 6-n-Brrtyl-3-diazo-1,2,3,6-tet1'nI1yrIropyridyIide11e- 
2-berzzenesrilfor1nr,1ide (6d) 

A solution of l a  (2.74 g, 20 mmol) containing lithium 
hydroxide (0.024 g, 1 mmol) in 50 mL of dry ether was added 
slowly with stirring to a solution of benzenesulfonyl azide 
(3.67 g, 20 mmol) in 50 mL dry ether under a nitrogen at- 
mosphere at 0°C. The reaction was allowed to proceed 1 h at 
0°C before warming to 25°C. Addition of water (50 rnL), 
extraction with chloroform (2 x 50 mL), drying (Na,SO,), 
and removal of the solvent in U ~ C U O  afforded a reddish black 
semi-solid which was subjected to preparative tlc using six 
8 in. x 8 in. silica gel G plates, 0.75 mm in thickness, with 

3Lithium hydroxide free 2-phenyl-l,2-dihydropyridine l b  is 
prepared by the same procedure as l a  except phenyllithium is 
used in place of n-butyllithium. 

benzene - ethyl acetate (4: 1 v/v) as development solvent. Ex- 
traction of the band having Rf 0.68 using warm methanol 
(50mL) gave 6rl (2.17 g, 34.1%); mp: 103-104°C (dec. with 
evolution of gas); ir: 3280 (m, NH), 2090 (s, N2), and 1570 
(s, C=N) cm- ' ;  'H  nmr 6: 0.85 (t, J = 7 Hz, 3H, CH,CH,- 
CH2CH3), 1.05-1.8 (m, 6H, CH,CH,CH,CH,), 4.3 (m, lH,  
H-6), 5.2 (d, J4.5 = 10.5Hz of d, JSsc, = 4 H z  of d, J lV5 = 
1.5 HZ, lH,H-5),6.o4(d,J4,, = 10.5 H z ~ f d , J , , ~  = 1 . 2 5 H ~ ,  
lH ,  H-4), 7.5 (m, 3, rpleta and para phenyl hydrogens), 7.98 
(m, 2, ortllo phenyl hydrogens), 8.26 (b s, I ,  NH, exchanges 
with deuterium oxide). Exnct Mass calcd. for C15H,,Nd- 
OZ3,S: 318.1 150; found (high resolution ms): 318.1137. Anal. 
calcd. for C15H18Nd0232S: C 56.58, H 5.70, N 17.6, 0 10.05, 
S 10.07; found: C 56.48, H 5.72, N 17.6, 0 9.87, S 10.04. 
Extraction of the band with RI 0.53 afforded 4rl (2.38 g, 
40.7%); mp: 106°C; ir: 3205 (m, NH) and 1600 (s, C=C) 
cm-'; 'H ntnr 6: 0.88 (t, J = 7 Hz, 3H, CH2CH,CH,CH3), 
1.1-1.8 (m, 6H, CH2CH2CH2CH3), 3.06 (m, 2H, H-1, H-6), 
4.07 (m, IH, H-3), 5.72 (m, 2H, H-4, H-5), 7.5 (m, 3, r~leta and 
para phenyl hydrogens), 7.98 (m, 2, ortho phenyl hydrogens), 
8.78 (b s, 1, NH, exchanges with deuterium oxide). Exact 
Mass calcd. for C15H20N2023ZS: 292.1245; found (high re- 
solution ms) : 292.1232. 

Reaction of lithium hydroxide free l a  (2.7 g, 20 mnlol) in 
67 mL dry ether with benzenesulfonyl azide (3.67 g, 20 mmol) 
in 50 mL dry ether under a nitrogen atmosphere at 0°C was 
allowed to proceed for 1 h prior to warming to 25'C. Removal 
of the solvent it1 vaclro gave 4rl (5.84 g, 100%) identical (ir, 
'H nmr) with the same compound described above. 

3-n-B~rtyl-7-(N-acetyl)srrlfonilyl-2,7-diazabicyclo[4.I.O]l1ept- 
4-erle (4e) arid 6-n-B1rtyl-3-diazo-l,2,3,6-tetrnI1~~dro- 
pyridylirlene-2- (N-oce t~~ l )  s~rlfnrrilarr~irle (6e) 

A solution of l a  (1.37 g, 10 mmol) containing lithium 
hydroxide (0.012 g, 0.5 mmol) in 50 mL dry ether was added 
slowly with stirring to a solution of N-acetylsulfanilyl azide 
(2.42 g, 10 mmol) in 75 mL ether-acetonitrile (2: 1 v/v) under 
a nitrogen atmosphere at 0°C. The reaction was allowed to 
proceed 1 h at O"C before warnling to 25°C. Addition of water 
(50 mL), extraction with chlorofornl (2 x 50 mL), drying 
(Na2S04), and removal of the solvent it1 vaclro afforded a red 
semi-solid which was subjected to preparative tlc on six 
8 in. x 8 in. silica gel G plates, 0.75 mm in thickness, using 
benzene - ethyl acetate (1 :2  v/v) as development solvent. Ex- 
traction of the band having Rf 0.45 with warm methanol 
(50 mL) gave 6e (0.471 g, 12.5z); mp: 77°C (dec. with evolu- 
tion of a gas); ir: 3300 (m, NH), 3180 (m, NH), 2090 (s, 
=N2), and 1585 (s, C=N) cm-'; 'H  nmr 6: 0.8 (n1, 3H, 
CH2CH2CH2CH3), 1.05-1.8 (m, 6H, CH2CH2CH2CH3), 2.17 
(s, 3H, COCH,), 4.26 (111, lH,  H-6), 5.2 (d, J,,, = 10 Hz of 
d, J5.6 =  HZ of d, = 1 . 2 5 H ~ ,  lH,  H-5), 5.98 (d, 
J4.S = 1OHz of d, J4.6 = 1.25 HZ, lH ,  H-4), 7.73 (m, 4H, 
C6H,), 8.1 (b s, 1, NH, exchanges with deuterium oxide), 8.68 
(b s, 1, CONH, exchanges with deuterium oxide). Exact Mass 
calcd. for C17H21N30332S: 347.1304 ( M +  - 28 due to loss of 
N,); found (high resolution ms): 347.1304. Extraction of the 
band at R, 0.26 yielded 4e (2.76 g, 7973, mp 126°C; ir: 3300 
(m, NH), 3180 (m, NH), 1675 (s, C=O), and 1590 (s, C=C) 
cm-'; 'H nrnr 6: 0.9 (t, J = 7 Hz), 3H, CH2CH2CH2CH3), 
1.05-1.8 (m, 6H, CH2CH2CH2CH3), 2.18 (s, 3H, COCH3), 
3.06 (m, 2H, H-1, H-6), 4.1 (m, lH,  H-3), 5.75 (m, 2H, H-4, 
H-5), 7.8 (m, 4H, C6H4), 8.7 (b s, 1, NH, exchanges with 
deuterium oxide), 9.0 (s, lH,  CONH, exchanges with deuterium 
oxide). Exact Mass calcd. for C17H23N3033ZS: 349.1460; 
found (high resolution ms): 349.1463. 

Reaction of lithium hydroxide free l a  (0.685 g, 5 mmol) in 
17 mL dry ether with N-acetylsulfanilyl azide 2d (1.2 g, 
5 mmol) in 50 mL ether-acetonitrile (2: 1 v/v) under a nitrogen 
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O N I I R U S  ET A L .  2347 

atmosphere at P C  was allowed to proceed for 1 h prior to a nitrogen atmosphere at 25°C. The reaction was allowed to 
warming to 25'C. Ren~oval of the solvent itr vnc~to gave 4e proceed for 24 h beforc warming to 25'C. Addition of water 
(1.75 g, loo%), identical (ir, 'H nmr) with the same compound (50 mL), extraction with chloroform (2 x 50 mL), drying 
described above. (Na,S04), and removal of the solvent it1 urrc~ro afforded a red 

3-n-Blr ~l-7-.srrlfn,1ilyl-2,7-rlinznbicjc/o[4.1.0]ept-4-ee (4f) 
rttrd 6-n-Brrtyl-3-rlinzo-1,2,3,6-tetroIrj~dropj~ridyIicIetre-2- 
srrlfrrt~ilatnide (6f) 

A solution of In  (1.37 g, 10 mmol) containing lithium hy- 
droxide (0.012 g, 0.5 mmol) in 50 mL dry ether was added 
slowly with stirring to a solution of sulfanilyl azide 2e (1.98 g, 
10 mmol) in 50mL ether under a nitrogen atmosphere at 
0°C. The reaction was allowed to proceed for 1 h at 0°C before 
warming to 25'C. Addition of water (50 mL), extraction with 
chloroform (2 x 50 mL), drying (Na2S04), and removal of 
the solvent itr uncrro afforded an orange solid which was sub- 
jected to preparative tlc on six 8 in. x 8 in. silica gel G plates, 
0.75 mm in thickness, using benzene - ethyl acetate (1 :2 v/v) 
as development solvent. Extraction of the fraction having R, 
0.88 using 50 n1L warm methanol gave 6f (0.042 g, 1.373, mp 
134°C (dec. with evolution of a gas); ir: 3460 ( n ~ ,  NH,), 3360 
(m, NH,), 3310 (m, NH), 2090 (s, Nz), and 1590 (s, C=N) 
cn1-'; 'H  nnlr 6 :  0.88 (t, J = 7 Hz, 3H, CH2CHzCHzCH3), 
1.05-1.8 (m, 6H, CHzCH2CH2CH3), 4.27 (m, 3H, H-6, 
NH,, exchanges with deuterium oxide), 5.2 (d, J4,5 = 10 HZ 
of d, J S , 6 = 4 H ~  of d, . / 1 , S = 1 . 5 H ~ ,  lH ,  H-S), 6.0 (d, 
J 4 . ~  = 10 HZ of d, J4.6 = 1.25 Hz, 1H, H-4), 6.68 (m, 2H, 
orrlro amino phenyl hydrogens), 7.72 (m, 2H, ortho sulfonyl 
phenyl hydrogens), 8.16 (b s, 1, NH, exchanges with deuterium 
oxide). f i a c t  Mnss calcd. for C15HIPN30232S : 305.1 194 
(M' - 28 due to loss of N,); found (high resolution ms): 
305.1195. Extraction of the band having R, 0.54 afforded 4f 
(2.41 g, 78.5%), mp 132°C; ir: 3460 (m, NH,), 3360 (m, 
NH,), 3290 (m, NH), and 1590 (s, C=C) cm-'; 'H nmr 
(DMSO-&) 6: 0.87 (t, J = 7 Hz, 3H, CH2CH2CH2CH3), 
1.1-1.8 (m, 6H, CH2CH2CHzCH3), 3.0 (m, 2H, H-1, H-6), 
4.1 (m, lH,  H-3),4.8 (b s, 2H, NH,, exchanges with deuterium 
oxide), 5.71 (m, 2H, H-4, H-5), 6.7 (m, 2H, ortho amino- 
phenyl hydrogens), 7.65 (m, 2H, ortho sulfonyl phenyl hy- 
drogens), 8.6 (b s, lH ,  NH, exchanges with deuterium oxide). 
Exnct Mnss calcd. for C15H2,N30Z3'S: 307.1355; found (high 
resolution ms): 307.1353. 

Reaction of lithium hydroxide free l a  (0.274 g, 2 mmol) in 
7 mL dry ether with sulfanilyl azide 3e (0.396 g, 2 mmol) in 
50mL dry ether under a nitrogen atmosphere at P C  was 
allowed to proceed for 1 h prior to warming to 25°C. Removal 
of the solvent it1 urtcrro gave 4f(0.614 g, loo%), identical (ir, 
'H nn~r )  with the same compound described above. 

3-n-Brrtj~l-7-tnetlroxycarbo~l-2,7-dinzabicyclo[4.1 .O]hept-4-etle 
(4g) 

A solution of lithium hydroxide free l a  (1.37 g, 10 mmol) in 
33 mL dry ether was added slowly with stirring to a solution 
of methoxycarbonyl azide 2f (1.01 g, 10 mmol) in 50 mL dry 
ether under a nitrogen atmosphere at 25°C. The reaction 
was allowed to proceed for 1 h and then completed as de- 
scribed previously to afford 4g (2.1 g, 100%); ir (neat): 3210 
(m, NH), 1730 (s, C=O), and 1590 (s, C=C) cm-'; 'H nmr 6: 
0.9 (t, J = 7 Hz, 3H, CH2CH,CH,CH3), 1.1-1.9 (m, 6H, 
CH2CH2CH,CH3), 3.1 (m, 2H, H-1, H-6), 3.75 (s, 3H, 
OCH,), 4.1 (m, lH ,  H-3), 5.82 (m, 2H, H-4, H-5), 9.8 (b s, 1, 
NH, exchanges with deuterium oxide). Exact Mass calcd. for 
C I  IH, ,N~O,:  210.1368; found (high resolution ms): 210.1365. 

6-n-Butyl-I,2,5,6-tetrnhydropyridylidetre-2-plretrj~lcnrbotryl- 
ntnide (8, R' = nBrr, RZ = PIICO) 

A solution of lithium hydroxide free In  (1.37 g, 10 mmol) in 
67 mL dry ether was added slowly with stirring to a solution 
of benzoyl azide (7.35 g, 50 mmol) in 50 mL dry ether under 

oil which was subjected to preparative tlc on six 8 in, x 8 in. 
silica gel G plates, 0.75 mm in thickness, using benzene-ether 
(3: 1 v/v) as development solvent. Extraction of the band 
having R, 0.93 with 50 mL methanol afforded unreacted 
benzoyl azide (3.5 g, 47.7%). Extraction of the fraction having 
R, 0.61 gave rise to 8 (1.02 g, 39.7%); ir : 31 80 (m, NH), 1640 
(s, C=O), 1595 (s, C=C), and 1560 (s, C=N) cm-'; 'H nmr 
6: 0.9 (t, J = 7 Hz, 3H, CH2CH2CH2CH,), 1.1-1.9 (m, 6H, 
CH2CH2CH2CH3), 2.38 (m, 2H, H-5), 3.6 (m, lH ,  H-6), 
6.14(d,J3,4 = 1 0 H ~ 0 f d , J 3 , 5  = 2 . 0 H ~ 0 f d , J ~ , ~ ,  = 1 . 5 H ~ ,  
l H ,  H-3), 6.6 (d, J3 .4  = 1 0 H ~  of d, J4.5 = 5.0Hz of d, 
J4,5T = 3.5 HZ, lH ,  H-4), 7.4 (m, 3H, tnetn and porn phenyl 
hydrogens), 8.3 (m, 2H, ortlro phenyl hydrogens), 10.6 (b s, 
lH ,  NH, exchanges with deuterium oxide). Esnct Mass 
calcd. for Cl,H2,N20: 256.1576; found (high resolution 111s): 
256.1573. Extraction of the band having R, 0.36 afl'orded 2-tz- 
butylpyridine (0.208 g, 39.7%). 

6,6'-Di-n-brrtyl-I,2,3,6-tetrnlrycIro-2,3'-~lipyrirlyl (7) 
A solution of lithium hydroxide free l a  (2.74 g, 20 mmol) in 

67 mL dry ether was added slowly with stirring to a solution 
of hydrazoic acid (34.4 mL of 5.8 M, 20 mnlol) in 50 mL dry 
benzene under a nitrogen atmosphere at 25°C. The reaction 
was allowed to proceed for 24 h before warming to 25'C. 
Addition of water (50 mL), drying (Na2S04), and removal 
of the solvent it1 uncrro gave a reddish brown oil. Preparative 
tlc was effected on six 8 in. x 8 in. silica gel G plates, 0.75 mm 
in thickness, using benzene-methanol (7: 1 v/v) as develop- 
ment solvent. Extraction of the band having R, 0.75 with 
50 mL warm methanol afforded 2-/I-butylpyridine (0.329 g, 
12.2%). Extraction of the band having R, 0.62 yielded 7 
(0.873 g, 64.7%) which showed ir and 'H nmr spectra identical 
to those of an authentic sample of 7 previously reported (1 1). 

6 - n - B r r ~ ~ l - 1 , 2 , 5 , 6 - t e t r n I r y c l r o p y r i ~  (8a) 
Elution of 4n (0.406 g, 2.3 mmol) from a 2.5 cm x 33 cm 

neutral alumina column (Brockman Activity 1) using ethyl 
acetate (300 mL) gave a white solid which was subjected to 
preparative tlc on six 8 in. x 8 in. silica gel G plates, 0.75 mm 
in thickness, using ether - ethyl acetate (9: 1 v/v) as develop- 
ment solvent. Extraction of the fraction having R, 0.8 with 
50 mL warm methanol gave 6-tz-butyl-l,2,5,6-tetrahydro- 
pyridylidene-2-cyanamide 8rr (0.321 g, 7973, mp 61°C; ir: 
3240 (m, NH), 2180 (s, C=N), 1645 (s, C=C), and 1575 
(s, C-N) cm-'; lH nmr 6: 0.9 (t, J = 7 Hz, 3H, CH,CH,- 
CH2CH3), 1.1-2.0 (m, 6H, CH2CHzCH2CH3), 2.4 (m, 2H, 
H-5), 3.6 (m, 1 H, H-6), 6.3 (m, 1 H, H-3), 6.65 (m, lH,  H-41, 
7.45 (m, lH ,  NH, exchanges with DzO). Exnct Mass calcd. 
for C,,HI5N3 : 177.1266; found (high resolution ms): 177.1265. 

6-Plrerryl-1,2,5,6-tetrnI1ydropyridylidet1e-2-cynt1t1id (8b) 
A suspension of 5 g neutral alumina (Brockman Activity 1) 

in 25 mL chloroform containing 46 (0.216 g, 1.1 mmol) was 
stirred at 25'C for 72 h. Extraction with ethyl acetate (100 mL) 
and ren~oval of the solvent itr unc~ro afforded 8b (0.218 g, 
loo%), mp 129°C; ir: 3190 (m, NH), 2180 (s, C=N), 1650 
(s, C=C), and 1580 (s, C=N) cm-'; 'H nmr 6: 2.6 (m, 2H, 
H-5), 4.65 (m, l H ,  H-6), 6.35 (m, lH ,  H-3), 6.56 (m, lH ,  H-4), 
7.25 (m, 5H, C6H,), 8.52 (b s, 1, NH, exchanges with D,O). 
Exnct Mass calcd. for ClzH1,N3:  197.0953; found (high 
resolution ms): 197.0943. 

6-n-Brrty/-1,2,5,6-tetrnlryrlropyrirlj~lidetre-2-n1ethatresulfonntnide 
i8c) 

Elution of 4c (0.364 g, 1.6 mmol) from a neutral alumina 
column (Brockman Activity 1) 2.5 cm x 20 cm using benzene - 
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2348 C A N .  J .  CHEM. 

ethyl acetate (4: 1 v/v) (400 rnl) gave 8c in quantitative yield; 
ir (neat): 3310 (m, NH), 1640 (s, C=C), and 1580 (s, C=N) 
cm-'; 'H nmr 6: 0.91 (t, J = 7 Hz, 3H, CH2CH,CH2CH3), 
1.1-1.8 (m, 6H, CH2CH2CH,CH3), 2.42 (m, 2H, H-5), 2.97 
(s, 3H, S0,CH3), 3.6 (m, IH, H-6), 5.92 (m, lH ,  H-3), 6.7 
(d,J3,, = 10Hz0f  d, J4,, = 5 H ~ o f d , J 4 , ~ .  = 3.5Hz, IH, 
H-4). Exact Moss calcd. for Cl,Hl,N,0z32S: 230.1089; found 
(high resolution ms): 230.1085. 

6 - n - B r r r ~ ~ l - I , 2 , 5 , 6 - t e t r a I r y r / r o p y ~  (8d) 
Elution of 4f (1.73 g, 5.6 mmol) from a neutral alumina 

column (Brockman Activity 1) 2.5 cni x 20 cm after standing 
for I week using chloroform - ethyl acetate (19: 1 v/v) gave 
8c1(1.6 g, 92%), mp 162°C; ir: 3450 (m, NH?), 3350 (m, NH2), 
3320 (m, NH), 1630 (s, C=C), and 1580 (s, C=N) cm-'; 'H 
nmr 6: 0.95 (t, J = 7 Hz, 3H, CH2CH2CH2CH,), 1.1-1.8 
(m, 6H, CH,CH,CH2CH3), 2.34 (m, 2H, H-5), 3.55 (m, IH, 
H-6), 4.2 (m, 2H, NH,, exchanges with deuterium oxide), 
5.95 (d, J3,, = 10 Hz of d, J,,, = 2 Hz, lH,  H-3), 6.6 (m, lH,  
H-4), 6.65 (m, 2H, 0rr110 amino phenyl hydrogens), 7.75 (m, 
2H, orrho sulfonyl phenyl hydrogens), 8.1 (b s, IH, NH, 
exchanges with deuterium oxide). Exact Moss calcd. for 
C15HzlN30z32S: 307.1354; found (high resolution ms): 
307.1 364. 

6 - n - B u t y l - 1 , 2 , 5 , 6 - r e r r n I 1 ~ ~ ~ I r o p y ~  
a/tlir/e (8e) 

Preparative tlc of 4g (0.432 g, 2.06 mmol) was effected on 
six 8 in. x 8 in. silica gel G plates, 0.75 mm in thickness, using 
benzene - ethyl acetate (1:9 v/v) as development solvent. 
Extraction of the fraction having Rr  0.28 using methanol 
(50 mL) afforded 8e (0.432 g, 100%); ir (neat): 3260 (m, NH), 
1650 (s, C=O), 1630 (s, C=C), and 1570 (s, C=N) cm-'; 
'H nrnr 6 :  0.9 (t, J = 7 Hz, 3H, CH3CH2CH2CH3), 1.1-1.8 
(m, 6H, CH,CH,CH,CH,), 2.4 (m, 2H, H-5), 3.6 (m, IH, 
H-6), 3.73 (s, 3H, 0CH3), 6.0 (d, J3,, = 10 HZ of d, J,,, = 
2.0 HZ of d, J3.5,  = 1.5 HZ, IH,  H-3), 6.6 (d, J3 .4  = 10 HZ of 
d, J4,, = 5.0 HZ of d, J4.5,  = 3.5 HZ, IH, H-4), 9.6 (b S, IH, 
NH, exchanges with deuterium oxide). Exncr Moss calcd. 
for CI1Hl8N2O2 : 210.1368; found (high resolution ms): 
210.1365. 

6-n-Brrtylpiperidylirler~e-2-cyot1art1ide(9f) orrrl6-n-B11ryl-3,4,5,6- 
te~r~ol~yrlropyrirI~~l-2-cyot1ott~ide (IOf) 

Hydrogenation of 40 (0.12 g, 0.68 mmol) or 80 (0.123 g, 
0.695 mrnol) in 75 mL methanol using 45 mg 10% palladium 
on charcoal and hydrogen gas at 35 psi for 4 h at 25'C followed 
by filtration and removal of the solvent it1 vocrro afforded 
the tautorneric mixture 6-tr-butylpiperidylidene-2-cyanamide 
(9f) and 6-tr-butyl-3,4,5,6-tetrahydropyridylidene-2-cyanamide 
(10f) in quantitative yield (0.121 g and 0.124 g respectively); 
ir: 3240 (9f) (m, NH), 3120 (10f) (m, NH), 2180 (s, C=N), 
1645 (10f) (s, C=N),and 1605 (9f)(s, C=N) cm-'; 'H nmr 
6: 0.9 (t, J = 7 Hz, 3H, CH,CH,CH,CH,), 1.1-2.3 (m, IOH, 
CH,CH,CH,CH,, H-4, H-5), 2.7 (m, 2H, H-3), 3.4 (m, IH, 
H-6), 8.0 (b s, IH, NH, exchanges with D,O). Exact Mass 
calcd. for Cl,Hl,N3: 179.1422; found (high resolution ms): 
179.1418. 

6-Plretrylpiperidylirre-2-cynt1ot~lide (9g) otrd6-Pllerryl-3,4,5,6- 
retraI~~~rluopyrirlyl-2-cyarmn1ide (IOg) 

Hydrogenation of 4b (0.132 g, 0.67 mmol) or 8b (0.137 g, 
0.695 mmol) in 75 mL methanol using 45 mg 10% palladium 
on charcoal and hydrogen gas at 35 psi for 4 h at 25°C 
followed by filtration and removal of the solvent irz uocrro 
afforded the tautomeric mixture of 9g and log in quantitative 
yield; ir: 3230 (m, NH) (9g), 3140 (m, NH) (log), 2170 
(s, C=N), 1600 (s, C=N) (log), and 1575 (s, C=N) (9g) cm-' ; 
'H nmr 6: 1.5-2.3 (m, 4H, H-4, H-5), 2.7 (m, 2H, H-3), 4.6 

(m, IH, H-6), 7.3 (m, 5H, C6H5), 7.45 (b s, lH ,  NH, ex- 
changes with D,O). Exocr Moss calcd. for C12H13N3: 
199.1 110; found (high resolution ms): 199.1 100. 

6-n-B~rrylpiperidylirlene-2-r~1etI1ot1es1rIfot1att~ide (9h) atlrl 
6-n-Brirylpyridyl-2-t~~ellmrles1rIfot~ott1icIe (11) 

Hydrogenation of 4c (0.121 g, 0.526 mmol) or 8c (0.181 g, 
0.787 mmol) in 75 mL methanol using 75 mg 10% palladium 
on charcoal and hydrogen gas at 35 psi for 4 h at 25"C, 
followed by filtration and removal of the solvent itr vocrro, 
gave a colorless oil. Preparative tlc was effected on two 
8 in. x 8 in. silica gel G plates, 0.75 mm in thickness, using 
benzene - ethyl acetate (1 :2  v/v) as the development solvent. 
Extraction of the band having Rf 0.91 with 50 mL methanol 
afforded 11 (0.009 g, 7.5% and 0.014 g, 7.8% respectively); ir: 
3240 (m, NH) cm-I; 'H nmr 6: 0.93 (t, J = 7 Hz, 3H, 
CH2CH2CH2CH3), 1.1-1.9 (m, 4H, CH2CH,CH,CH3), 
2.7 (t, J = 7 HZ, 2H, CH2CH2CH2CH3), 3.17 (s, 3H, SO2- 
CH,), 6.67 (d, J3,,= 7.5Hz of d, 33.5 = I.OHz, IH, H-3), 
6.98 (d, J4,5 = 9.0 HZ of d, J3,s = 1.0 HZ, IH, H-5), 7.6 (d, 
J4.5 = 9 . 0 H z 0 f d , J , , ~  = 7.5Hz, lH,H-4), 8.4(bs, l H , N H ,  
exchanges with deuterium oxide). E.uocr Moss calcd. for 
C10H16N20232S: 228.0932; found (high resolution ms): 
228.0930. Extraction of the band having Rf 0.46 afforded 911 
(0.1 12 g, 91.8% and 0.167 g, 91.5% respectively); ir: 3280 
(m, NH), 1600 (s, C=N) cm-'; 'H nmr 6: 0.9 (t, J = 7 Hz, 
3H, CH2CH,CH2CH3), 1.1-2.15 (m, IOH, CH2CH2CH2CH3, 
H-4, H-5), 2.46 (m, 2H, H-3), 2.95 (s, 3H, S02CH3), 3.37 
(m, IH, H-6), 8.3 (b s, IH, NH, exchanges with deuterium 
oxide). Exncr Moss calcd. for Cl,H20N20232S: 232.1245; 
found (high resolution ms): 232.1244. 

6-n-Brrtylpiperirlylir~e-2-sr1Ifnnilottde (9i) 
Hydrogenation of 4f (1.74 g, 5.6 mmol) or  8d (0.116 g, 

0.38 mmol) in 100 mL methanol using 0.93 g 10% palladium 
on charcoal and hydrogen gas at 35 psi for 4 h at 25°C 
followed by filtration and removal of the solvent in vac~ro 
gave 9i in quantitative yield, mp 136°C; ir: 3455 (m, NH,), 
3355 (m, NH,), 3300 (m, NH), and 1590 (s, C=N) cm-'; 
'H nmr 6: 0.86 (t, J = 7 Hz, 3H, CH2CH,CH2CH3), 1.1-2.1 
(m, IOH, CH2CH2CH2CH3, H-4, H-5), 2.4 (m, 2H, H-3), 3.3 
(m, IH, H-6), 4.5 (b s, 2H, NH,, exchanges with deuterium 
oxide), 6.6 (m, 2H, orrlro amino phenyl hydrogens), 7.65 (m, 
2H, orrlro sulfonyl phenyl hydrogens), 8.37 (b s, IH, NH, 
exchanges with deuterium oxide). Exoct Moss calcd. for 
C15H23N,0232S: 309.1511; found (high resolution ms): 
309.1516. 

H;dr&enation of 4g (0.434 g, 2.07 mmol) in 75 mL meth- 
anol using 300 mg 10% palladium on charcoal and hydrogen 
gas at 35 psi for 4 h at 25°C followed by filtration and 
removal of the solvent it1 uacrro afforded a light brown oil. 
Preparative tlc was effected on six 8 in. x 8 in. silica gel G 
plates, 0.75 mm in thickness, using ethyl acetate - isopropanol 
(9: 1 v/v) as development solvent. Extraction of the fraction 
having Rr 0.51 with 50 mL methanol afforded the tautomeric 
mixture of 9 j  and 10j  (0.278 g, 63.4%); ir: (neat): 3210 (m, 
NH) (9j) and 3150 (m, NH) (lOj), 1635 (s, C=O), and 
1590 (s, C-N) cm-'; 'H nmr 6: 0.9 (t, J = 7Hz, 3H, 
CH2CH2CH2CH3), 1 .I-2.2 (m, IOH, CH2CH2CH2CH3, H-4, 
H-5), 2.48 (m, 2H, H-3), 3.45 (m, IH, H-6), 3.71 (s ,  3H, 
OCH,), 10.2 (b s, IH, NH, exchanges with deuterium oxide). 
Exact Mass calcd. for Cl lH,,N202 : 212.1525; found (high 
resolution ms): 21 2.1 522. 

6-Pllenyl-2-piperidone (12) 
A solution of the tautomeric mixture of 9g and log (0.2 g, 
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1.0 mmol) and 10 mL 10% sulfuric acid in 100 mL methanol 
was heated under reflux at  64°C for 20 h. The solution was 
neutralized to pH 7 using 10% aqueous sodium hydroxide, 
filtered, and the solution was heated irz vacrro to remove the 
methanol. Extraction of the remaining aqueous mother 
liquor with chloroforn~ (3 x 50 mL), drying (sodium sulfate), 
and removal of the solvent in vaclro afforded a tan colored 
solid. Recrystallization from petroleum ether (bp 30-60°C) 
gave 6-phenyl-2-piperidone (12) (0.068 g, 38.7%), mp 137°C; 
ir: 3180 (m, NH) and 1640 (s, C=O) cm-'; 'H nmr 6: 1.5-2.1 
(m, 4H, H-4, H-5), 2.27 (m, 2H, H-3), 4.4 (m, l H ,  H-G), 6.8 
(m, l H ,  NH, exchanges with D20) ,  7.21 (m, 5H, C6HS). 
Exact Mass calcd. for CI1H1,NO: 175.0997; found (high 
resolution ms): 175.1001. 
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A room-temperature study of the kinetics of protonation of formaldehyde 
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SCOTT D.  TANNER, GERVASE I. MACKAY, and DIETHARD K. BOHME. Can. J. Chem. 57,2350 
(1979). 

Rate constants measured with the flowing afterglow technique at 297 + 2 K are reported 
for the protonation of CH,O by H,+, N,H+, CH5+,  HCO+, CZH5+,  H 3 0 + ,  H3S+, and 
HCNH+ and for the subsequent deprotonation by NH,. The rate constants are compared with 
predictions of various theories for ion-molecule collisions. The protonation was observed 
to proceed in the absence of competing channels and further decomposition and is discussed 
in terms of the energetics of the two sites of protonation and the energetics and mechanism 
of H, elimination. The rate measurements provide evidence for the room-temperature con- 
version of the adduct C2H3+ . H z  to  the more stable isomer derived from the direct protonation 
of CzH4. 

Scorr  D. TANNER, GERVASE I. MACKAY et DIETHARD K. BOHME. Can. J. Chem. 57.2350 
(1 979). 

Operant a 297 _+ 2 K et faisant appel la technique de lueur d'ecoulement rtsiduelle, on a 
mesure les constantes de vitesse pour la protonation de CH,O par H,+, NzH+,  CH5+,  
HCO+, CZH5+,  H 3 0 + ,  H,S+ et HCNH+ et la deprotonation subsiquente par NH3. On 
compare les constantes de vitesse avec celles que l'on peut predire a I'aide de diverses theories 
relatives aux collisions ion-molecule. On a observe que la protonation se produit m&me s'il 
n'existe pas d'autres chemins en competition et d'autres decompositions et on en discute en 
termes des energies des deux sites de protonation et de I'energie et du mecanisme d'ilimination 
de Hz. Les mesures de vitesse fournissent des preuves a I'effet de la transformation, a tem- 
perature ambiante, de I'adduit CZH3+ en son isomere plus stable derive de la protonation 
directe de CZH4. 

[Traduit par le journal] 

Introduction 
Ion-molecule reactions of gaseous formaldehyde 

have been receiving an increasing amount of atten- 
tion in the past few years. This is especially evident 
from the recent incorporation of formaldehyde into 
models of the ion chemistry proceeding in such 
diverse chemical environments as dense interstellar 
clouds (I) ,  hydrocarbon flames (2), and planetary 
atmospheres, particularly the earth's stratosphere 
(3, 4). However, quantitative information on the 
rates of such reactions is still rather sparse. Here we 
present the results of a flowing afterglow study of 
the room-temperature kinetics of ion-molecule 
reactions which lead to the protonation of formalde- 
hyde. Such reactions play an integral part in these 
chemical models. Their study also provides further 
fundamental insight into the kinetics of proton- 
transfer reactions in general. 

Experimental 
The measurements were carried out in a conventional 

flowing plasma mass-spectrometer (flowing afterglow) system 
in a manner which has been described previously (5). 

Monomeric formaldehyde was prepared from paraformalde- 
hyde (Fisher Scientific, Purified Grade) by an adaption of the 
method developed by Spence and Wild (6). Paraformaldehyde 

was distilled at  low pressures at  -370 K. The formaldehyde 
was then dried by passing it through a cold trap at  195 K and 
frozen out at liquid nitrogen temperatures. A gaseous mixture 
of -5% formaldehyde was used in these studies and the 
partial pressure of formaldehyde was maintained below 7 Torr 
to avoid polymerization. The monomer could be stored at  
these partial pressures for several days with negligible poly- 
merization. It was introduced into the flowing afterglow 
sufficiently downstream of the ion production region to ensure 
that the reactant ions were thermalized by collisions with Hz 
carrier gas molecules to  the ambient temperature of 297 + 2 K 
prior to reaction. The total pressure in the reaction region 
ranged from 0.29 to 0.68 Torr and the effective reaction 
length had values of 59 and 85 cm. 

The gases used were hydrogen (Linde, Very Dry Grade, 
99.95% Hz), methane (Matheson, Ultra High Purity, 99.97% 
CH4), ethylene (Matheson, C.P. Grade, 99.5% C2H4), 
acetylene (Matheson, Purified Grade, 99.6% CzHz), carbon 
monoxide (Matheson, Coleman Grade, 99.99% CO), and 
nitrogen (Matheson, Prepurified Grade, 99.998% NN,). 

Results and Discussion 
The measurements were performed in Hz carrier 

gas in which a variety of protonating agents with 
proton affinities intermediate between H, and 
CH,O could be conveniently prepared upstream of 
the reaction region. This was accomplished for 
X = N,, CO, CH,, C,H,, H,O, H2S, and HCN 
through rapid proton transfer reactions of the type 

0008-4042/79/182350-05$0 1 .OO/O 
@ 1979 National Research Council of CanadaIConseil national de recherches du Canada 
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[ I ]  H3+ + X + XH+ + H2 indirectly through H, association 

the H3+ itself resulting from the reaction 

After their formation, the H3+ and XH+ ions were 
allowed to undergo many thousands of collisions in 
the H, buffer gas upstream of the reaction region in 
order to establish Maxwell-Boltzmann energy 
distributions prior to reaction. Some ambiguity 
exists about the structure of the protonated hetero- 
atomic species CO and HCN for which there are two 
possible sites of protonation. Ab initio molecular 
orbital calculations reported to date indicate that 
the proton affinity of the carbon site in the CO 
molecule is only ca. 18 kcal mol-' higher than that 
of the oxygen site and that both the HCO' and 
COH' systems prefer a linear arrangement of nuclei 
in their ground states at equilibrium (7, 8). In the 
case of protonated HCN, calculations predict that 
the linear acetylene-like isomer, H-C_N+-H, 
lies ca. 70 kcal mol-' lower in energy than the 

H 
\ formaldehyde-like isomer, C=N+ (9). Con- 
/ 

H 
sequently, it appears that two isomers are energetic- 
ally accessible in the protonation of CO and HCN by 
H3+ according to reactions [3] and [4], where the 
exothermicity is given in kcal mol-l. The experiments 

[3] H3+ + CO + HCO+ + H2 + 42 

+ COH+ + H2 + 28 

[4] H3+ + HCN + HCNH+ + 112 + 70 

+ H2CN+ + HZ + 0 

reported here do not provide any information about 
the extent of initial formation of the high energy 
isomer in either case. However, should such forma- 
tion be occurring to any significant extent, we can 
expect isomerization to proceed to the low energy 
form, if not unimolecularly or by collision with H, 
carrier molecules, then by the proton transfer re- 
actions 

[5] C O H + + C O + H C O + + C O + 1 8  

[6] HzCN+ + HCN + HCNHf + HCN + 70 

preceded by proton transfer from H3+ to C,H, (1 1). 
Rate constants were measured in separate experi- 

ments in each of which the desired protonating agent 
was established as the major positive ion present in 
the flowing plasma. Figure 1 shows the decays of 
H3+ ,  HCO', and H 3 0 +  observed upon the addition 
of CH,O into the reaction region under conditions 
of only partial conversion of H3+ to HCO+ (rela- 
tively small additions of CO upstream). H 3 0 +  
results from proton transfer to H,O impurity. The 
concomitant rise in the m/e  = 31 signal is a manifest- 
ation of the production of protonated formaldehyde 
to which we have assigned the structure CH,OH+ 
(vide infia). The initial signal at nz/e = 31 is accounted 
for by the 180 isotope of HCO'. No other primary 
product ions were observed. CH,OH+ appears to 
react further with CH,O to form the cluster ion 
CH,OH+ .CH,O presumably by three-body associa- 
tion. There was no evidence for the association of 

which would be encouraged to proceed by the 
presence of CO and HCN, respectively, upstream 

1 L L  
loo 2 4 6 

CH2 0 FLOW / (molecules s-lx lof6/ of the reaction region. Evidence for the ultimate 
preferential formation of the HCO+ isomer under FIG. I .  The variation in the dominant ion signals recorded 

upon the addition of formaldehyde into a H2-CO plasma in our experimental operating condition is given else- which HCO+, H3+,  and H30+ are initial major ions: 
where (10). The C2H5+ ions were prepared in two T = 297 K. P = 0.421 Torr. 0 = 7.8 x lo3 cm s-I. L = 60 
ways, either directly by proton transfer to C,H, or cm, and th i  flow of CO = 3:12 x 1016 molecules s". 
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TABLE I. Rate constants at 297 + 2 K (in units of 10-%m3 molecule-I s-') for reactions 
of the type XH+ + C H 2 0  -t C H 2 0 H +  + X 

H3+ 6.3f  1.6(4) 6.68 0.94 70 f 2  
N2H+ 3.3+0.8(3) 2.87 1 .1  54 + 2  
CH5 + 4.5f1.1(3) 3.35 1.3 40 + 3  
HCO+ 3.3+0.8(4) 2.87 1 .1  28 +_2 
C2H5+" 3.1f0.8(4) 2.87 1.1 12 _+4 
H30i .  3.4+0.9(14) 3.23 1 .1  5 .1+0.8e 
H3S+ 2.2f0.6(3) 2.74 0.80 1 . 4 i 0 . 5 '  
HCNH + 2 1.6 2.90 2 0 . 6  -0.1+0.4" 

O T h e  mean value together with the estimated accuracy of the measurements. The number  of measure~nents is 
civen In oilrentheses. 

bThc collision rate constant calculated using thc angular momentun1 conserved-average dipole orientation 
theory with C = 0.257 (161, a = 2.81 A3 (17). LID = 2.33 D (18). and I - 2.16 x lo-"" cm2 (19). 

<Standard cnthalpy change bnscd o n  PA(CH20)  = 170.9 f 1.2 kcal mol-I (15, 20) and PA(H2,  N2, CH,, 
CO, C2Hr) - 101 +_ 1 (21), 117 f I (unpublished resi~lts from this laboratory). 131 ? 2 ( i ~ n ~ i ~ b l i s h e d  re- 
s~l l ts  from this laboratory), 143 f 1 (23). a i d  159 f 3 (24) kcal mol-',  respcctiv~ly. 

dDerived from H 3 +  i C 2 H r  or C 2 H 3 +  -t HI -i- M. 
"Standard cnthalpy change based on equi l ibr i i~m constant mcasurcmcnls performed in this Inborntory (15). 

CH20H+ with the H2 carrier gas molecules to form 
either the adduct H2COH+.H2 or protonated 
methanol, CH,OH,+. The observed rise in the 
mle = 33 signal is completely accounted for by the 
''0 isotope of CH20H+.  Our failure to observe 
CH,OH+.H, is consistent with the equilibrium 
constant measurements reported by Hiraoka and 
Kebarle (12) which suggest that this ion is stable 
only at low temperatures. Also, according to a recent 
study of the metastable decomposition of CH30H2+ 
(1 3), the formation of CH30H2+ from CH20H+ + 
H2 has an activation energy of 31 kcal mol-'. The 
''0 isotope also rules out significant formation 
(<0.2%) of CH30H2+ by the two-body reaction [8] 

which is 33 $. 4 kcal mol-' exothermic and which 
appears to have been observed previously in the 
ion-cyclotron double resonance (ICR) experiments 
of Karpas and Klein (14). The CH30+  in the ICR 
experiments was generated at relatively low pressures 
in C H 2 0  from C H 2 0 +  and CHO+ and was observed 
to produce not only C H 5 0 +  but also a variety of 
C2H,0,+ ions. In fact, a number of these channels 
are endothermic so that it is necessary to surmise, as 
Karpas and Klein have done, that excited CH30+  
ions were present under their experimental conditions. 

Table 1 summarizes the rate constants determined 
in this laboratory for the reactions of seven XH+ ions 
with CH20.  Measurements associated with the 
reactions of H3S+ and HCNH' with C H 2 0  have 
been reported previously in the context of a deter- 
mination of their equilibrium constants (15). Very 
few other measurements appear to be available for 
comparison. Fehsenfeld and co-workers (4) have 
recently reported a flowing afterglow value of 
(2.2 $. 0.9) x lo-' cm3 molecule-' s-' for the re- 
action of H30' with C H 2 0  at room temperature 

which is somewhat lower than the value determined 
here, but there is agreement within the overall un- 
certainties of the two sets of measurements. Recent 
SIFT measurements in which HCO+ was produced 
from C H 2 0  at low pressures indicated a rate con- 
stant of (3.2 + 1.0) x lo-' cm3 molecule-' s-' 
which is in good agreement with the present result 
(25). Karpas and Klein (14) have reported a value of 
6.1 x lo-'' cm3 molecule-' s-' for the same re- 
action proceeding under the less well defined con- 
ditions of their ICR cell. 

Figure 2 compares the measured rate constants 
with capture rate constants predicted by various ion- 
molecule collision theories: the Langevin theory 
which ignores the influence of the permanent dipole 
moment of C H 2 0  (26), the angular momentum- 
conserved average dipole orientation (AADO) 
theory (16), and the locked-dipole limit (27, 28). It is 
encouraging that the AADO theory predicts rate 
constants for the reactions studied here which are 
essentially within the uncertainty of the experimental 
measurements. 

All of the reactions in Table 1 appeared to proceed 
predominantly by proton transfer unaccompanied 
by other competing channels and further decom- 
position of the protonated product. The isotopic 
labelling studies of Karpas and Klein (14) have 
shown that proton transfer and not H, transfer is 
responsible for the conversion of HCO+ to CH20H+.  
Some ambiguity exists regarding the actual site of 
protonation. Molecular orbital calculations have 
predicted an energy difference of at least 40 kcal 
mol-' between the two tautomers corresponding to 
C and 0 protonation, viz. CH30+  and CH,OH+ (9). 
Consequently it appears that two isomers may be 
energetically accessible in the protonation of C H 2 0  
by H3+,  N2H+,  and possibly CH,'. For each of 
these ions the proton transfer reaction exothermicity 
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FIG. 2. A conlparison of the measured rate constants with 
capture rate constants predicted by classical theories of collision 
for proton-transfer reactions with formaldehyde at  297 i 2 K. 
The solid bars represent the estimated accuracy of the measure- 
ments. 

>40 kcal mol-' (see Table 1). The least endothermic 
route of decomposition of the CH,OH+ isomer 
corresponds to a symmetry-forbidden vicinal H, 
elimination which is ca. 28 kcal mol-' endothermic 
and requires an excess energy of at least ca. 61 kcal 
mol-' according to measurements of the kinetic 
energy release in the metastable decomposition of 
CH,OH+ (29). Such an excess energy is not available 
from any of the XH+ ions used in this study except 
perhaps H, + : 

Also, Bowen and Williams have reported measure- 
ments which appear to indicate that the high energy 
CH,O+ tautomer loses H, in an exothermic 
symmetry-allowed reaction with a small activation 
energy (30). A second route of dissociative proton 
transfer can therefore be envisaged for the stronger 
acids H,', N,H+, CHs+,  e.g., 

[lOn] H3+ + CHzO + CH30+ + Hz + 30 

Careful measurements of the m/e = 29 signal in the 
H,' experiments, although complicated by the 
presence of N, and (or) CO impurities, provided an 
upper limit of ca. 1% to the occurrence of dissociation 
either via reaction [9b] or reaction [lob] under our 
experimental operating conditions. 

The rate constant determined for the reaction of 
C2H.j+ with CH,O was observed to be independent 
of the chemical history of this ion and there was no 
evidence for the formation of either CH,O+ or 
C3H50+  which may be conceived to proceed via 
"solvated" proton transfer according to 

or a switching reaction of the type 

Apparently the hydrogen adduct, C,H,+ .Hz,  
formed by the association of C,H,+ with H, re- 
arranges its structure at room temperature into that 
corresponding to the inore stabler isomer derived 
from the direct protonation of C,H, with H,+.  
This is in cornplete analogy with the behaviour 
proposed by Hiraoka and Kebarle for the corre- 
sponding isomers of C2H7+ (3 1). These authors were 
able to characterise a loose hydrogen adduct, 
C2H5 + .H,, approximately 8 kcal mol- ' less stable 
than the protonated ethane structure, C2H7+.  It was 
observed only at temperatures sufficiently low 
(- 130 to - 160°C) to prevent the interconversion 
which has a small activation energy. The facile 
formation at room temperature of the ethyl ion from 
C,H,+ + H, is also in accord with observations of 
a small or negligible release of kinetic energy in what 
is conceived to be a concerted 1,l-elimination of H, 
from the ethyl cation to the vinylium ion (32). 
Theoretical treatments of the structures and relative 
energies of the ethyl and vinylium ions and possible 
transition states associated with their interconversion 
have recently been discussed and summarized by 
Dewar and Rzepa (33). 

The reactions of protonated formaldehyde itself 
were not investigated in great detail. The recent 
SIFT measurements of A d a m  et 01. (25) have shown 
that this ion is unreactive towards H,, O,, CO,, 
COS, and CH, and reacts by proton transfer with 
NH, and CH,OH which have proton affinities 
greater than that of CH,O. We have studied the 
proton transfer reaction with NH, in these investi- 
gations and have determined a rate constant of 
(1.7 + 0.4) x ccm3 molecule-' s-' which com- 
pares favorably with the SIFT value (2.0 f 0.4), a 
previous flowing afterglow value (-2), and an ICR 
value (2.3 f 0.1) x cm3 molecule-' s-' (22, 
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The dual role of the coinitiator in the cationic polymerization of isobutene 
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KENNETH E. RUSSELL and LINDA G. M. C. VAIL. Can. J. Chem. 57,2355 (1979). 
The influence of 2,4- and 2,6-dimethylphenol, 2,3,6- and 2,4,6-trimethylphenol, 2,3,4,6- 

and 2,3,5,6-tetramethylphenol, 2,6-diisopropylphenol, 2-rert-butyl-4-methylphenol and 2,4- 
di-tert-butylphenol on the stannic chloride initiated polymerization of isobutene has been 
investigated. At -78.S°C and with 0.185 M stannic chloride, these phenols act as coinitiators. 
Rates of polymerizaiton reach maximum values at  phenol concentrations which depend greatly 
on the number and positions of alkyl substituents; molecular weights decrease continuously 
with phenol concentration. Phenols without 4-substituents are incorporated in polyisobutenes 
as end groups and those with 4-substituents give rise largely to olefinic end groups. Termination 
of polymerization occurs mainly by attack at  a free 4-position or at the O H  group. The initial 
ferf-butyl carbenium ion is more readily terminated by 2,6-di-terr-butylphenol than the polymer 
carbenium ion. 

The rate and molecular weight results are interpreted in terms of a simplified reaction scheme 
in which termination occurs spontaneously or by reaction with uncomplexed phenol. Rate 
constants for termination by methyl-substituted phenols are of the order of one tenth of the 
propagation rate constant while those for 2-rerr-butyl-4-alkylphenols are about one hundredth 
of the propagation rate constant. 

KENNETH E. RUSSELL et LINDA G. M. C. VAIL. Can. J. Chem. 57.2355 (1979). 
On a etudik l'influence des dimCthyl-2,4 (et -2,6), des trimkthyl-2,3,6 (et -2,4,6), des tetra- 

methyl-2,3,4,6 (et -2,3,5,6), du diisopropyl-2,6, du rerr-butyl-2 methyl-4 et du di-tert-butyl-2,4 
phenols sur la polymerisation de l'isobutene catalysee par le chlorure stannique. A -78.0j0C 
et avec 0.18 M de chlorure stannique, ces phenols agissent comme coinitiateurs. Les taux de 
polymCrisation atteignent des valeurs maximales a des concentrations de phCnols qui depen- 
dent grandement du nombre et de la position des substituants alkyles; les poids moleculaires 
diminuent progressivement avec la concentration de phenol. Les phenols qui ne portent pas 
de substituants en position 4 sont incorpores dans les polyisobutylenes sous forme de groupes 
terminaux; ceux qui portent un substituant en position 4 donnent principalement lieu a des 
groupes terminaux portant des liaisons doubles. La terminaison de la polymerisation se 
produit principalement par une attaque au niveau de la position 4 vacante ou du groupe OH. 
Le carbocation rerr-butyle initial est plus facilenlent piegk par le di-re1.r-butyl-2,6 phCnol que 
le carbocation du polymere. 

On interprete la cinCtique et les poids moleculaires en termes d'un schCma reactionnel 
simplifiC dans lequel la terminaison se produit spontanement ou par reaction avec un phCnol 
qui n'est pas complexC. Les constantes de vitesse pour la terminaison par des phCnols porteurs 
de groupes mCthyles sont environ un dixieme de la constante de vitesse de propagation alors 
que celles des rerr-butyl-2 alkyl-4 phCnols sont Cgales a un centieme de la constante de vitesse 
de propagation. 

[Traduit par le journal] 

Introduction the influence of particular variables on the rate and 
Isobutene undergoes cationic polymerization in degree of polymerization readily studied. 

the presence of Lewis acids such as aluminum In earlier work it was shown that certain un- 
chloride (l), titanium tetrachloride (2), and stannic hindered phenols increase the rate of polymerization 
chloride (3). With most metal halides, a coinitiator of isobutene in ethyl chloride when stannic chloride 
such as water (3) or trichloracetic acid (2) is also 
required. Polymerizations proceed at measurable 
rates at -78.5"C with stannic chloride as the Lewis 
acid and alkylphenols as coinitiators (4); the poly- 
merization mixtures are homogeneous over a wide 
range of reactant concentrations. Phenolic coini- 
tiators have the advantage that the number, type, 
and position of alkyl substituents can be varied, and 

is used as initiator (4). Over the concentration 
ranges studied, the rate continuously increased with 
phenol concentration for the coinitiators 2,6-di- 
methylphenol and 2,3,4,6-tetramethylphenol. On the 
other hand, 2-sec-butylphenol and 2,6-diisopropyl- 
phenol gave lower rates of polymerization as their 
concentrations were raised. Phenol itself caused a 
sharp rise in rate of polymerization at concentrations 

0008-4042/79/182355-09$01.00/0 
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up  to 0.02 M but addition of larger amounts caused 
the rate to go through a maximum and to  decrease 
in the concentration range 0.025-0.07 M. It was pre- 
dicted that the coinitiators 2,6-dimethylphenol and 
2,3,4,6-tetramethylphenol would follow the same 
general behavior as phenol provided that the poly- 
merization was studied over a sufficiently wide range 
of coinitiator concentrations. One objective of the 
present study was to determine whether this pre- 
diction was correct. 

The proposed mechanism (4) includes a termina- 
tion step in which the growing polymer carbenium 
ion reacts with free uncomplexed phenol, the phenol 
thereby becoming incorporated as a polymer end 
group. I t  was found that 2-sec-butylphenol and 2,6- 
diisopropylphenol were incorporated in the polyiso- 
butene (5) but the fraction of polymer molecules with 
end groups derived from phenol was thought to  be 
predominant. The position of attack of the polymer 
carbenium ion on the phenol was not firmly estab- 
lished. Recently it has been found that the polyiso- 
butene chain is attached at the 4-position of 2,6-di- 
tert-butylphenol (6), a substance which acts as a 
strong retarder for the polymerization. Unhindered 
phenols which lack a substituent a t  the 4-position 
should also be susceptible to attack by polyisobutene 
carbenium ions. If the 4-position is blocked by a 
methyl or tert-butyl group, attack might occur a t  a 
2- or 6-position, if free, or at the oxygen of the OH.  
The relative importance of these various termination 
steps can be investigated by means of rate and molec- 
ular weight studies and by end group analysis. The 
major ob-jective of this work was then to  obtain a 
more detailed understanding of the ways in which 
phenols act as terminating agents. 

Experimental 
Mnterinls 

Isobutene, ethyl chloride, and stannic chloride were purified 
by distillation on the vacuum line as described earlier (4). 
The solid phenols were recrystallized from methanol-water 
or ethanol-water mixtures and then sublimed at low pressure. 
The low melting solid, 2,6-di-rerr-butylphenol, was purified 
by chromatography on a neutral alumina column with 
petroleum ether and benzene as eluents, followed by sublima- 
tion. The liquid phenols, 2,4-dimethylphenol and 2,6-diiso- 
propylphenol were also subjected to chromatography. 

2,4,6-Trimethylphenol-d and 2,3,5,6-tetramethylphenol-d 
were prepared by exchange with D 2 0 .  A -few drops of D 2 0  
were added to a weighed amount of the phenol in the reaction 
tube which was then immersed in liquid nitrogen and evac- 
uated. Ethyl chloride (0.3 mL) was condensed in the tube, 
the mixture was allowed to reach equilibrium, and the solvent 
and D 2 0  then removed by allowing them to vaporize re- 
peatedly into a 100 mL volume and the vapor then pumped off. 
This treatment leads to effectively complete removal of water 
and no loss of phenol, the rate and degree of polymerization 
being unaffected when H 2 0  was used instead of D 2 0 .  

Procec1111.e 
Polynlerization mixtures for kinetic studies were prepared 

as described in an earlier study (4). The initial monomer con- 
centration was 3.2 M, and the total stannic chloride concen- 
tration 0.185 M ;  the temperature was norlnally -78.5"C but 
some measurements were made at -63°C. Initial rates of 
polymerization obtained from dilatometric measurements 
were in good agreement with those determined by polyiner 
precipitation. When required, the whole course of the poly- 
merization could be followed by dilatometry. For molecular 
weight studies the polymer was precipitated after 1@20% 
reaction by addition of ethanol at -78.j°C, washing with 
cold ethanol, and drying in a vacuum oven at  40'C. High 
molecular weight samples for membrane osmometry were not 
reprecipitated but in polyn~erizations where the phenol con- 
centration was high it was necessary to remove traces of free 
phenol by reprecipitation as its presence affected both molec- 
ular weight analysis by vapor pressure osmometry and spec- 
troscopic analysis of phenol end groups, 

Number average molecular weights, M,,, of polyisobutenes 
of molecular weight greater than 8000 were determined by 
means of a Hewlett Packard HP-501 membrane osmometer 
with Sartorius SM 11536 or SM 11539 membranes; the latter 
allowed determination of m,, in the 8000 to 15 000 range 
with only a small correction because of polymer diffusion 
through the membrane. The solvent for these studies was 
toluene. Molecular weights less than 8000 were determined 
either by means of a Hewlett Packard 302B vapor pressure 
osmometer with carbon tetrachloride as solvent or by gel 
permeation chromatography. The gel chromatograph was a 
Water Associates GPC 200 instrument with toluene as eluent 
and the operating temperature was 60°C. Some recent studies 
were made by means of a Waters Associates ALC/GPC 244 
chromatograph with refractive index and uv absorbance de- 
tection. The instruments were calibrated using standard 
polystyrene samples and molecular weights were calculated 
by the hydrodynamic volume method (7). The advantage of 
gel permeation chromatography is that it gives satisfactory 
estimates of molecular weight for samples containing small 
amounts of residual phenol; reprecipitation removes a little 
of the very low molecular weight polyisobutene in addition to 
free phenol. 

Nuclear magnetic resonance spectra were obtained by means 
of a Bruker HFX-60 spectrometer. For studies of complexing 
between the phenols and stannic chloride the solvent was 
ethyl chloride or deuterated chloroform; with ethyl chloride, 
spectra were determined at  temperatures down to 180 K and 
occasionally 143 K. The solutions containing the alkyl phenol 
(0.02-0.27 M )  and stannic chloride (0.0&0.27 M )  were made 
up on the vacuum line and stored at low temperatures. 

End group analyses were made using three techniques. 'H 
nmr spectra were obtained of polyisobutenes in deuterated 
chloroform or carbon tetrachloride solution. The presence of 
phenol end groups and the position of attack of the polymer 
carbenium ion on the phenol were investigated by means of 
absorptions in the 6 = 6.47.2 ppm region. The presence of 
terminal olefinic groups was investigated using absorptions 
in the 6 = 4.64.9 ppm region. The esr spectra of benzene 
solutions of polymers whose phenolic end groups had been 
oxidized by lead dioxide were determined by means of a 
Varian V4502 spectrometer. For concentration studies of 
radicals of long life, low microwave power was used and the 
standard was a solution of 2,2-diphenyl-1-picrylhydrazyl. 
Concentrations of phenolic end groups were normally esti- 
mated from uv spectra. Absorbances were measured at the 
higher wavelength maximum of the polymer substituted 
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phenol (?\,,, - 284 nm) and the extinction coefficient was 
assumed to be that of the phenol under study with an alkyl 
substituent in the 4-position. 

Results 

Complex Formation between Alkylyl~enols and Stannic 
Chloride 

Addition of stannic chloride to an ethyl chloride 
solution of a phenol causes the OH proton resonance 
to move to a lower field. The magnitude of the change 
increases with stannic chloride concentration and 
with decrease in temperature. After due allowance 
for phenol dimerization, the results are interpreted (4) 
in terms of complex formation between stannic 
chloride and the phenol. 

[ I ]  SnCI, + ArOH =$ SnCI4.ArOH 

The 1 : I complexes are favored at low concentrations 
of weak donors but if the phenol concentration is 
high and the temperature low, some 1 :2  complex 
formation may also occur. The nmr data yield the 
following estimates of the equilibrium constant, Kx, 
for reaction [I] at -78.5"C: 2,6-dimethylphenol, 
2.5 M- '  ; 2,6-diisopropylphenol, 2 M - ' ; 2,6-di-tert- 
butylphenol, 0.0 M -  ' ; 2,4-dimethylphenol, 15 M -  ' ; 
2-tert-butyl-4-methylphenol, 2M-'  ; 2,4-di-tert-butyl- 
phenol, 2 M- ' ;  2,3,6-trimethylphenol, 3 M- '  ; 2,4,6- 
trimethylphenol, 15 M -' ; 2,3,5,6-tetrainethylphenol, 
3 M -  ' ; 2,3,4,6-tetramethylphenol, 15 M-'. It was 
not possible to observe directly, even at 143 K, the 
value of the chemical shift, 6, for the OH proton 
in the 1 : 1 complex, and the assumption was made 
that 6 = 10.0 ppm for all complexes (4). The un- 
certainty in the concentration of complex may be 
as high as 20% and the corresponding uncertainty in 
Kx approximately 40%. AH values for reaction [I] 
range from - 1.3 kcal mol-' for complex formation 
between stannic chloride and 2,6-diisopropylphenol 
to - 3.2 kcal mol-' for complex formation with 
2,4,6-trimethylphenol. These values of Kx and AH 
are preferred to those determined earlier (4) because 
they apply to the same solvent as that used in 
kinetic experiments and to the same temperature 
range. 

Rates of Pol~~mei~ization 
A typical plot of extent of reaction vs. time for a 

reaction mixture containing 3.2 M isobutene, 0.185 M 
stannic chloride in ethyl chloride, and 0.008 M 
2,3,4,6-tetramethylphenol is shown in Fig. la. 
There is no observable induction period, the rate 
decreases continuously with time, and the apparent 
internal order with respect to monomer is close to 
one. This type of reaction curve was observed at all 
concentrations of 2,4,6-trimethylphenol and 2,3,4,6- 

tetrainethylphenol and at all but the lowest con- 
centrations of 2,4- and 2,6-dimethylphenol, 2,3,6- 
trimethylphenol, and 2,3,5,6-tetramethylphenol. At 
concentrations of these latter phenols less than 
0.005 M there is some sigmoid character in the 
conversion-time curves. with 2-tert-butyl-4-methyl- 
phenol and 2,6-diisopropylphenol, deviations from 
first order behavior are apparent at all concentra- 
tions up to 0.2 M (Fig. lb). The rates recorded are 
those observed for the initial stages of the poly- 
merization and the detailed behavior at high con- 
version was not investigated. 

The broad effect of phenol concentration on 
initial rate of polymerization is shown in Table 1. 
These alkylphenols increase the rate of polymeriza- 
tion of isobutene in the presence of stannic chloride 
at -78.5"C and are therefore all regarded as active 
coinitiators. 2,6-Diisopropyl phenol gives lower 
rates than those observed in an earlier study (4) 
but the recorded rates are believed to be due to the 
phenol and not to some very active remaining im- 
purity. With the di-, tri-, and tetramethylphenols 
there is a common pattern of behavior. The initial 
rate of polyn~erizatibn rises sharply at low phenol 
concentrations and then reaches a maximum value; 
at high phenol concentrations, the rate decreases as 
more phenol is added. The results for 2,3,5,6-tetra- 
methylphenol are shown in Fig. 2a. At concentrations 
less than 0.005 M, this is a very active coinitiator 
whether judged on the basis of concentration of 
total phenol in the system or of 1 : 1 complex with 
stannic chloride. The rate reaches a maximum, how- 
ever, at 0.007 M 2,3,5,6-tetramethlyphenol and 
drops to low values at concentrations in the 0.02- 

FIG. 1. Plots of conversion vs. time for (a) 0.008 M 2,3,4,6- 
tetramethylphenol; (0) 0.05 M 2-~erl-butyl-4-methylphenol. 
Isobutene concentration 3.2 M; stannic chloride concentration 
0.185 M; temperature -78.5"C. 
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TABLE 1. Effect of coinitiator on rate of polymerization and molecular weight 

Phenol Polymerization 
concentration rate x lo4 Molecular 

Phenol (MI ( M s - I )  weight 

2,4-Di-tert- butyl- 

0.06 M range. 2,4,6-Trimethylphenol shows a similar 
behavior (Fig. 2b), but the highest rates of poly- 
merization are observed at a phenol concentration 
of 0.063 M. The optimum coinitiator concentrations 
are <0.012 M for 2,6-diisopropylphenol, 2,6-di- 
methylphenol, 2,3,6-trimethylphenol, and 2,3,5,6- 
tetramethylphenol, in the range 0.018-0.063 M for 
phenol (4), 2,4-dimethylphenol, 2,4,6-trimethylphe- 
nol, and 2,3,4,6-tetramethylphenol, and > 0.1 M for 
2,4-di-tert-butylphenol and 2-tert-butyl-4-methyl- 
phenol. 

The hindered phenols, 2,6-di-tert-butyl-4-methyl- 
phenol and 2,4,6-tri-tert-butylphenol, do not increase 

the rate of polymerizaion of isobutene in the pres- 
ence of stannic chloride. If they are added to 
polymerization mixtures containing coinitiators such 
as 2,6-dimethylphenol (0.009 M )  or 2,4-di-tert- 
butylphenol (0.033 M), they have little or no effect 
on the rate of polymerization at concentrations of 
2,6-di-tert-butyl-4-alkylphenol up to 0.06 M. The 
small decreases in rate observed at higher concen- 
trations can probably be ascribed to these phenols 
acting as inert diluents. 

At low concentrations, 2,4,6-trimethylphenol-d 
and 2,3,5,6-tetramethylphenol-d give rise to rates of 
polymerization which are close to 50% of the rates 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



R U S S E L L  A N D  VAIL. 2359 

FIG. 2. The effect of total phenol concentration on the rate 
of polymerization: (0) 2,3,5,6-tetramethylphenol, (b) 2,4,6- 
trimethylphenol. 

observed with the normal phenols under similar 
conditions. At higher concentrations of 2,3,5,6- 
tetramethylphenol-d (0.01-0.1 M )  the isotope effect 
on rate decreases, but with 2,4,6-trimethylphenol-d 
it is maintained at  concentrations up to 0.1 M. 

A brief study was made of the influence of tem- 
perature on the rate of polymerization with 2,4,6- 
trimethylphenol as coinitiator. At -63°C and at 
concentrations of added phenol in the range 0.09- 
0.3 M, the rates of polymerization were half the 
values observed at -78.5"C. Part of this decrease 
can be ascribed to the lower concentration of 
initiating complex at  the higher temperature, but 
the overall reaction does appear to have a small 
negative activation energy. 

Molecular Weight Studies 
Addition of almost any phenol to a reaction 

mixture causes a decrease in the degree of poly- 
merization, the magnitude of the effect increasing 
with concentration of added phenol. Two extreme 
types of behavior are exemplified by the coinitiators 
2,4-di-teit-butylphenol and 2,6-dimethylphenol (Fig. 
3). With 2,4-di-teit-butylphenol there is a slow but 
steady decrease in molecular weight as its con- 
centration is increased from 0.006-0.25 M. In order 
to reduce the molecular weight to half its value at 
very low phenol concentration, it is necessary to add 
2,4-di-tert-butylphenol at a concentration greater 
than 0.1 M. With 2,6-dimethylphenol on the other 
hand there is a much sharper drop in molecular 
weight as phenol is added. A reduction to one half 

FIG. 3. The effect of phenol concentration on the degree of 
polymerization: (a)  2,4-di-tert-butylphenol, (b) 2,6-dimethyl- 
phenol. 

the molecular weight is effected by addition of 
only 0.01 M 2,6-dimethylphenol and at 0.1 M the 
molecular weight is about one tenth of that at very 
low phenol concentration. Some typical values of 
the polymer molecular weights are given in Table 1. 
2,6-Diisopropylphenol and 2,4-dimethylphenol are 
most active in reducing the molecular weight, 
followed closely by 2,6-dimethylphenol, 2,3,6-tri- 
methylphenol, and 2,3,5,6-tetramethylphenol. 2,4,6- 
Trimethylphenol and 2,3,4,6-tetramethylphenol are 
slightly less active than the corresponding phenols 
which lack a 4-methyl substituent, and the least 
active phenols in the table are 2-tert-butyl-4- 
methylphenol and 2,4-di-tert-butylphenol. 

2,6-Di-tert-butylphenol reduces the molecular 
weight of polyisobutene produced in the presence 
of an active coinitiator such as 2,6-dimethylphenol; 
for example, addition of 0.024 M 2,6-di-tert-butyl- 
phenol to a reaction mixture already containing 
0.019 M 2,6-dimethylphenol reduces the molecular 
weight from 70 000 to 13 000. If however, the 2,6- 
di-tert-butylphenol possesses a methyl or a tert- 
butyl group at the 4-position, the molecular weight 
remains essentially unaffected at  concentrations of 
hindered phenol up to 0.06 M. Deuteration of an  
active phenol does not significantly affect the extent 
to which it reduces the molecular weight of the 
polymer; 0.14 M 2,4,6-trimethylphenol-d gives a 
molecular weight of 150 000 and 0.058 M 2,3,5,6- 
tetramethylphenol-d a molecular weight of 40 000, 
values which are comparable to those obtained with 
the undeuterated phenols under similar conditions. 
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Elld Groups 
Polyisobutenes obtained in the presence of 

0.05 M 2,6-di-tert-butylphenol, 2,6-diisopropylphe- 
nol, 2,6-diinetliylphenol, 2,3,6-trimethylphenol, and 
2,3,5,6-tetramethylphenol possess a high proportion 
of phenolic end groups. Spectroscopic data provide 
strong evidence that the polyisobutene chain is 
attached at  the 4-positions of these phenols. 'H 
iimr spectra of polyisobutenes produced in the 
presence of 2,6-di-te1.t-butylphenol and 2,6-di- 
methylphenol show single resonances in the aromatic 
region, as would be anticipated if the end groups 
contained equivalent illeta protons. Oxidation of the 
polymers produced in the presence of 2,6-di-tert- 
butyl-, 2,6-diisopropyl-, and 2,6-diinethylphenol by 
means of lead dioxide yields radicals whose stabilities 
and esr spectra are similar to those of the corre- 
sponding pheiioxy radicals with a tert-butyl group 
in the 4-position. With 2,6-diisopropylphenol for 
example, a persistent radical is obtained whose 
hyperfine splittings can be assigned to  the a-protons 
of the isopropyl groups (3.2 G)  and the meta-protons 
of the ring (1.7 G);  the relatively large splitting due 
to the para-proton in 2,6-diisopropylphenoxy1 is 
absent from the spectrum of the oxidized polymer. 
The uv spectra of the polymers show iiiaxima at  
284 nm, consistent with alkyl substitution at  the 
4-position. The absorbance at 284 nm for the poly- 
mer produced in the presence of 0.012 M 2,6-di- 
isopropylphenol indicates the presence of 30% 
phenolic end groups and for 0.05 M phenol in the 
reaction mixture this rises to  85%. For 0.05 M 2,6- 
dimethylphenol, the percentage of phenolic end 
groups is estimated to  be 70% and for 0.05 M 
2,3,5,6-tetramethylphenol only 42%, but in all cases 
the percentage increases with the concentration of 
phenol in the reaction mixture. 

The 2,4-dialkylphenols give largely olefinic end 
groups even at  a phenol concentration of 0.1 M. 
The presence of olefinic groups is indicated by res- 
onances close to 6 = 4.6 and 4.8 ppm in the 'H 
nmr spectrum (5); at  the same time the resonances 
in the aromatic regions are weakened. The uv and 
nmr studies show that polyisobutene prepared in the 
presence of 0.15 M 2,4-dimethylphenol contains 
about 4 0 z  phenolic and 60% olefinic end groups. 
The phenolic groups arise mainly from attack of the 
polymer carbenium ion a t  the 6-position but some 
ether formation via simultaneous attack at  the O H  
is not excluded. With the ortho-tert-butyl phenols 
studied, the end groups appear to  be almost entirely 
olefinic even a t  high phenol concentration; the 
molecular weights of the isolated polymers are, 
however, relatively high and the error limits corre- 

spondingly large. The uv and nmr data for polymers 
produced in the presence of 2,4,6-trimethylphenol 
and 2,3,4,6-tetramethylphenol indicate that the end 
groups are olefinic. There is no significant absorb- 
ance at  284 nm but a weak absorbance in the 
265-275 nm region suggests the presence of some 
phenol ether in the polymer. 

Polyisobutenes with phenol end groups may have 
such end groups concentrated in a particular fraction 
or distributed evenly over the whole inolecular 
weight range of the polymer. Gel permeation 
chromatography, with siinultaneous uv and refrac- 
tive index detection, of polyisobutenes with various 
phenolic contents shows that the percentage of 
phenolic end groups does not vary significantly with 
iiiolecular weight. Gel perineation chroniatography 
was also used to investigate the presence of very 
low molecular weight alkyl phenols in the products. 
In the standard technique for isolation and purifica- 
tion of the polymer such alkylphenols are removed 
along with the excess coinitiator. If, however, the 
reaction is stopped by the addition of a siiiall 
amount of alcohol and the solvent and monomer 
removed, a product is obtained which contains the 
excess phenol and any other low molecular weight 
materials. In larger scale experiments with 0.2 M 
2,6-di-tert-butylphenol in the reaction mixture, the 
number of moles of 2,4,6-tri-tert-butylphenol was 
over 5 times the number of moles of phenol-ter- 
minated polyiiier. The 2,4,6-tri-tert-butylphenol was 
initially identified by gel perineation chromatog- 
raphy, the p-styragel coluinns resolving the 2,4,6- 
tri-tert-butylphenol from the reactant, 2,6-di-tert- 
butylphenol. In experiments where the 2,6-di-tert- 
butylphenol had almost completely reacted, low 
molecular weight phenol was sublimed from the 
product mixture and was shown by mp and mixture 
mp to be almost pure 2,4,6-tri-tert-butylphenol. 

Discussion 

The rate of polymerization of isobutene (3.2 M )  in 
ethyl chloride initiated by stannic chloride (0.185 M )  
at -78.5"C is increased by the addition of any of 
the phenols studied except the 2,6-di-tert-butyl- 
phenols. The various 2,6-dimethylphenols increase 
the rate from less than 5 x M s- '  in the 
absence of phenol to 4-12 x M s-' in the 
presence of 0.005 M phenol. Under these conditions 
the polymer molecular weights remained above 
100 000 so that these alkyl phenols can be used at  
low concentrations to obtain greatly increased rates 
of polymerization without seriously reducing molec- 
ular weights. For  reasons given earlier (4), the 
initiation reaction with phenol as coinitiator is con- 
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sidered to be reaction [2] :' 

The deuterium isotope effect on rate of polymeriza- 
tion indicates that the initiation step, involving 
proton transfer from phenol to monomer, is slow. 
At higher concentrations the rates for the various 
methyl-substituted phenols all reach maximum 
values, and further addition of these coinitiators 
causes a decrease in rate of polymerization. In the 
concentration range studied (0.012-0.12 M), in- 
crease of 2,6-diisopropylphenol concentration always 
decreases the rate of polymerization but since the 
rates are greater than that observed in the absence 
of added phenol, it is likely that 2,6-diisopropyl- 
phenol behaves like the methyl-substituted phenols 
with an o~t imuin concentration less than 0.012 M. 

The mblecular weight of the polyisobutene is 
lowered by the addition of a phenol, the reduction 
becoming larger as the phenol concentration is 
raised. Phenols thus act as terminating or transfer 
agents in the polymerization of isobutene. 2,6-Di- 
tert-butylphenol reduces the rate and molecular 
weight to about the same extent and is therefore a 
terminating agent. With the other phenols the situa- 
tion is more complicated because they act as co- 
initiators, but the simultaneous decrease in rate and 
molecular weight at higher concentrations of most 
phenols suggests that termination is again the more 
important chain breaking reaction. 

Two types of end group are formed. Phenols with 
a vacant 4-position are incorporated in the polymer, 
the extent increasing with the concentration of added 
phenol; the preferred position of attack is the vacant 
4-position. The 2,4,6-trimethylphenols give olefinic 
end groups and although some 0-alkylation may 
occur, their main function is to increase the rate of 
proton transfer from the carbenium ion to the 
negative ion. The two termination steps are shown 
in [3] and [4]. 

'A referee points out that analytical evidence for the initiat- 
ing complex is desirable, since monomer complexing is 
unlikely to proceed to completion. 

The extent to which phenols terminate by one or 
both of these mechanisms should be influenced by 
the basicities of the various sites and by steric factors. 
Information on the basicities comes from studies 
of the protonation of methyl-substituted phenols in 
FS0,H (8, 9). When the para-position of the phenol 
is unsubstituted, as in 2,6-dimethyl-, 2,3,6-trimethyl-, 
and 2,3,5,6-tetramethylphenol, protonation occurs 
almost exclusively at this site. Relative to other 
centers on the phenol, the 4-position is thus strongly 
basic, and the polymer carbenium ion attacks at this 
position, provided that there are no major steric 
effects. Proton loss occurs from C-4 to give a poly- 
isobutene chain terminated by phenol. Substitution 
of a methyl group on C-4 reduces the basicity of 
this carbon and protonation on C-2, C-6, or oxygen 
can now compete with para-protonation. 2,4,6- 
Trimethylphenol is protonated at oxygen and C-4, 
but the end groups in the polymerization are almost 
entirely olefinic and there is no evidence for dis- 
placement of the 4-methyl by the polyisobutene car- 
benium ion. 2,4-Dimethylphenol is largely pro- 
tonated at oxygen and C-6; the polymerization 
product possesses both olefinic end groups and some 
resulting from attack of the carbenium ion at C-6. 
Reaction [4] appears to proceed most readily with a 
phenol which possesses a relatively basic oxygen 
atom. 

Further information on the termination reactions 
is provided by the molecular weight studies. Addition 
of 2,6-di-tert-butyl-4-methylphenol does not affect 
the polymer molecular weight, thus providing con- 
firmatory evidence that a methyl group at the 4- 
position prevents attack of the growing carbenium 
ion on this center in the phenol. It also shows that 
neither the oxygen in a highly hindered phenol nor a 
basic carbon (C-4) to which a methyl group is at- 
tached readily facilitates the termination reaction 
[4]. 2,4-Dimethylphenol at a total concentration of 
0.1 M reduces the polymer molecular weight t o  
below 10 000, while 2-tert-butyl-4-methyl- and 2,4- 
di-tert-butylphenol reduce it to about 100 000 at the 
same total concentration. This result strongly sug- 
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gests that it is the phenolic oxygen in 2,4-dirnethyl- 
phenol which is largely responsible for the proton 
transfer reaction [4] because it is the main basic 
center to which access is restricted in the 2-tert- 
butylphenols. 

The simple mechanism proposed in an earlier 
paper (4) includes initiation by reaction [2] with 
rate constant k,, and termination by reaction [3] 
with rate constant kt,. Spontaneous termination [5] 

is also considered with rate constant kt , .  Chain 
propagation is assumed to have a rate constant, k,, 
which does not vary with the substituents in the 
phenol. If these are the only important steps in the 
polymerization, the overall rate, R,, is given by [6] 

where X is the initiating complex and [ArOH], is 
the concentration of free phenol in the polymeriza- 
tion mixture. The number average degree of poly- 
merization, p,, is given by [7]. 

For  2,6-dimethyl-, 2,3,6-trimethyl-, 2,3,5,6-tetra- 
methyl-, and 2,6-diisopropylphenol, plots of [X]/R, 
vs. [ArOH], and of l/P, vs. [ArOH], are linear. The 
values of k,,/lc, so obtained are respectively 0.13, 
0.08, 0.09, and 0.28 at the reaction temperature 
of -78.5"C. In all cases lc,,/k, was found to  be close 
to 6 x M. The rate constants for the initiation 
reaction, k,, were estimated to be 3.2 x lop5,  
1.7 x 1.9 x and 1.1 x s-' for 
2,6-dimethyl-, 2,3,6-trimethyl-, 2,3,5,6-tetramethyl-, 
and 2,6-diisopropylphenol. The simple reaction 
scheme thus provides a satisfactory interpretation 
of the rate and molecular weight data and this is 
supported by the end group results. Termination by 
reaction [4] may also occur but because of the 
relatively high basicity of C-4, it is much less im- 
portant than termination by reaction [3]. 

The maximum rates of polymerization for 0.063 M 
2,4,6-trimethylphenol and 0.030 M 2,3,4,6-tetra- 
inethylphenol are higher than the maximum rates 
observed with the other phenols. These 2,4,6- 
trimethylphenols complex more strongly with stannic 
chloride and the higher rates can be partly ascribed 
to higher concentrations of initiating complex and 
lower concentrations of free phenol. Termination in- 
volving attack of the polyisobutene carbenium ion 

at C-4 does not occur to a significant extent. A inajor 
mode of termination has been removed and this too 
can contribute to relatively high rates of polymeriza- 
tion and polymer molecular weights. It is found, 
however, that the rates and molecular weights are 
significantly reduced at higher concentrations of 
these two phenols. The 4-methyl group increases the 
basicity of the oxygen which can then participate 
more readily in proton transfer from the carbenium 
ion and increase the rate of termination by reaction 
[4]. Quantitative analysis of the molecular weight 
results, assuming that reaction [4], rate constant 
k,,, and reaction [5] are only important termination 
reactions, provides estimates of lc,,/lc,. The values 
for 2,4,6-trimethyl- and 2,3,4,6-tetramethylphenol 
are 0.04 and 0.10 respectively; k,,/k, is again close to 
6 x l o F 4  M. Plots of [X]/R, vs. [ArOH], are not 
linear, however, and this casts doubt on the method 
of analysis. Similar difficulties are met with when 2,4- 
dialkylphenols are used as coinitiators. The inolec- 
ular weight results lead to k,,/kP values of 0.25, 
0.016, and 0.008 for 2,4-dimethyl-, 2-tert-butyl-4- 
methyl-, and 2,4-di-tert-butylphenol; the estimated 
error is +30% and no allowance has been made for 
the simultaneous attack on C-6. The rate plots de- 
viate from linearity and it is clear that 4-alkyl- 
phenols affect the reaction rate in more ways than 
are described in the simple reaction scheme. One 
factor which has been neglected is the possible 
formation of 1 :2  stannic chloride - phenol com- 
plexes at higher concentrations of the more strongly 
basic phenols. A second is possible increased solva- 
tion of the growing carbenium ion by free phenol 
with a consequent change in its reactivity in propaga- 
tion and termination reactions. Bywater and Wors- 
fold (lo), working with the boron trifluoride - water - 
diphenylethylene system, have shown that the con- 
centration of carbenium ions passes through a 
maximum at room temperature when [BF,] = 

2[H20] ,  and drops fairly rapidly a t  higher con- 
centrations of added water. If the stannic chloride - 
phenol - isobutene system were to behave in com- 
parable fashion, the higher phenol concentrations 
would lead to a reduction in carbenium ion con- 
centration rather than in its reactivity. 

Polymerizations performed in the presence of 
high concentrations of 2,6-di-tert-butylphenol in- 
dicate that the initial carbenium ion may have an 
unusually high reactivity towards bases. With 0.2 M 
2,6-di-tert-butylphenol, a high yield of 2,4,6-tri- 
tert-butylphenol is formed in addition to polymer 
with di-tert-butylphenol end groups. The tert-butyl 
carbenium ion appears to be more reactive towards 
2,6-di-tert-butylphenol than monomer, whereas the 
reverse is true for the growing polymer carbenium 
ion. The coinitiators used in this study are somewhat 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



RUSSELL A N D  V A l L  2363 

less basic than 2,6-di-tert-butylphenol but it is Acknowledgements 
possible that they also reduce the concentration of 
carbenium ions by deactivating the initiating center 
before it adds a second monomer unit. In these 
circumstances the free phenol reduces the overall 
rate of polymerization by removing both the initial 
active centers and the growing carbenium ions and 
this may in part explain the surprisingly sharp drop 
in rate observed with some phenols as their con- 
centrations are increased beyond the optimum 
values. 

The dual role of the coinitiator has been recognized 
for some time. Water acts as a coinitiator in the 
polymerization of isobutene and its consumption 
during the reaction was thought to be, or to be as- 
sociated with, a kinetic termination (11). Anisole 
cannot, like phenol, initiate polymerization but it has 
been shown to be a chain-breaking agent in the 
cationic polymerization of isobutene (12) and styrene 
(13). A significant conclusion from the present study 
is that the coinitiator terminates polymerization by 
aiding proton transfer from the polymer carbenium 
ion to  the negative ion, in addition to  becoming in- 
corporated in the polymer. Knowledge of the con- 
centrations of initiator-coinitiator complex and of 
free coinitiator leads to a rationalization of the 
observed rate, molecular weight, and end group data, 
but a fuller understanding must await better knowl- 
edge of the various species present and of the subtle 
effects exerted by the bases in solution. 
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cholesteryl ester - phosphatidylcholine system 

ROBERT J .  CUSHLEY A N D  BRUCE J.  FORREST 
Deprrrlt7letrt oj 'CI~otni .s~r~.  .Sitnotl Frosrr Ut~icc,l:sity, B~trtrrrbv, B . C . ,  Crrtlrrdrr V5A IS6 

Received March 26, 1979 

ROBERT J. CUSHLEY and BRUCE J. FORREST. Can. J. Chem. 57,2364(1979). 
Using difference spectroscopy, 13C spin-lattice relaxation measurements on 40% egg 

phosphatidylcholine multilamellar liposomes (containing 25 mol% cholesteryl palmitate) - 
60% D z O  indicate the ester contributes negligibly to the microviscosity of the acyl chains in 
the bilayers. 

At 37"C, spin-spin and spin-lattice relaxation measurements have been obtained for 25 m o l x  
cholesteryl linoleate in both egg phosphatidylcholine and dipalmitoyl phosphatidylcholine 
multilayers and indicate: (0) TI values of the linoleate ester chain are 0.5 times those of the 
lecithin chain carbons, and (b) T2* = 16 6 ms for all discernable linoleate carbons. At 
52"C, cholesteryl ring carbons C5 and C6 yield T, * values of 23 and 20 ms, respectively. These 
studies suggest the esters reside in an environment whose "fluidity" approaches that found 
in very low density lipoprotein (VLDL). 

ROBERT J. CUSHLEY et BRUCE J. FORREST. Can. J. Chem. 57,2364 (1979). 
En se basant sur de la spectroscopie de difference, des mesures de relaxation spin-reseau 

13C sur des solutions a 40% de liposomes multicouches de phosphatidylcholine d'oeuf (con- 
tenant 25 m o l x  de palmitate de cholesteryle) dans 60% de DzO indiquent que la contribution 
de l'ester a la microviscosite des chaines acyles des doubles couches est negligeable. 

A 37"C, on a obtenu des mesures de relaxation spin-spin et spin-reseau pour des solutions 
a 25% de IinolCate de cholesttryle dans des multicouches de phosphatidylcholine d'oeuf ainsi 
que dephosphatidylcholine de dipalmitoyle et ces resultats indiquent: (a) que les valeurs TI 
de l'ester linolkate correspondent a 0.5 fois celles des carbones de la chaine de lkcithine et  
(b) que Tz * = 16 _+ 6 ms pour torts les carbones de IinolCate discernables. A 52"C, les valeurs 
Tz * des carbones 5 et 6 du cholestCrol sont respectivement 23 et 20 ms. Ces etudes suggkrent 
que l'ester se trouve dans un environnement dont "la fluidite" est semblable a celle que I'on 
trouve dans des lipoproteines de trks basse densite (LTBD). 

[Traduit par le journal] 

Introduction 
Plasma lipoproteins provide the vehicle for the 

transport, and hence metabolism, of cholesterol and 
its fatty acid esters. Because of the key role played 
by lipoproteins, much effort has gone into deter- 
mining composition, structure, and interactions of 
the various components. In particular, recent 13C 
nmr studies on human high density lipoprotein 
(HDL), low density lipoprotein (LDL), and very low 
density lipoprotein (VLDL) (1-4) have established 
that high resolution spectra are obtained for the 
lipid components of lipoproteins. Use of model 
systems, including cholesteryl oleate (CO) and 
cholesteryl linoleate (CLa), neat and in CHCl, 
solution (1, 3), in mixture with the triglyceride 
triolein (4, 5) ,  and in a lamellar liquid crystalline 
mixture with egg phosphatidylcholine (egg PC) (3), 
have established that the acyl chains of the lipid 
experience a microviscosity lower than found for 
phosphatidylcholine at the same temperature. That is, 
the lipid chains in lipoprotein could be said to be 
more "fluid" than the lipid chains in lecithin. The 

cholesterol, on the other hand, experienced a much 
higher microviscosity and, based on comparison of 
spin-spin and spin-lattice relaxation rates for 
cholesterol carbons, the cholesteryl moiety appears 
most likely to be undergoing rapid, anisotropic 
motions. However, the cholesteryl ring was said to 
demonstrate "a liquid rather than a liquid-crystal- 
line mobility" in cholesteryl esters (1, 4). Un- 
fortunately, because 13C resonance signals of the 
acyl chains of cholesteryl esters, triglycerides, and 
phospholipids overlap, unique parameters attributed 
only to esters are difficult to attain. 

A further significant feature of cholesteryl esters 
is their connection to the initiation process of 
atherosclerosis. The most significant changes in 
lipid content in aortic tissue is the increment in 
cholesteryl ester concentration (6). That cholesteryl 
ester accumulates more rapidly than free cholesterol 
has been shown by St. Clair et al. (7) to occur in 
pigeon aorta after 14 days of feeding cholesterol and 
in only 3 days in rabbit aorta (8). It has been re- 
ported that permeability to lactate, iodide, and 
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glucose is much higher in sclerotic human aorta separated by a delay time, r. A field spoiling pulse, duration = 

than in normal tissue (9, 10). ~h~ suggestion has 50 PS, is applied during the delay time (14). The error in the 
TI and T2* relaxation times is + 10%. Chemical shifts (6) 

been made even before changes are ppm downfield from external tetramethylsilane (TMS). 
appear, certain areas of the artery are predisposed 
to lesions and these areas show increased cholesteryl Results and Discussion 
ester content (11). 

In this report, we present data on the interactions We have found that 25 mO1% chOlester~l pal- 

between cholesteryl esters and phospholipids. We mitate Or ]inoleate could be suspended in 40% w/v 
have measured 13C relaxation times for systems con- egg PC or DPPC multilamellar liposomes prepared 
taining (1) the saturated ester cholesteryl palmitate in D2° (this is a 53 mO1% egg PC) for 

(CP) in egg PC multibilayers, and (2) the unsaturated UP l2 and in 0.3 for several days. 
ester cholesteryl linoleate (CLa) in mixtures of These samples appeared macroscopically homo- 
either egg PC or dipalmitoyl phosphatidylcholine geneous; however, in light of previous work (15-17), 
(DPPC) multibilayers. These studies were performed it is probable that ester in excess of approximately 
at temperatures of 37 and 52°C. The ratio of tholes- 5 mO1% is Present as a separatephase, either trapped 
teryl ester to phosphatidylcholipe was set at 1 :3  between the skin" layers the egg PC 
which is consistent with that found in aortic intima li~osomes, or as patches within the hydrophobic 
of young humans (12). This ratio is somewhat region of the bilayers. 
higher in HDL (1 :1) and LDL (2:l); however, the The 13' nmr Vectrum 40% w/v egg PC 

general results apply equally to the lipoprotein case. multilamellar liposomes in D2° at 37"C is shown 
Data are obtained only for ester resonances by in Fig. 1A. Well resolved signals for carbon~l  

using difference spectra and mixtures of cholesteryl (6 173-174)3 unsaturated (6 l28-l29)9 
esters and phospholipids in combinations such that choline (6 60-72)7 and acyl chain (6 23-32) are 
the gel -t liquid crystalline phase transition tern- found while the choline N+(cH,), and fatty acid 
perature for phospholipids or the liquid crystal- CH3 groups are extremely sharp lines at 6 54.3 
line + isotropic phase transition temperature for and 6 14.4, respectively. The spectrum is determined 
the ester are separated by the temperature of the Some 40°C above the gel to liquid crystalline phase 
nmr run. transition for egg PC, and the resonances, although 

broad, are still resolved. This is so since the carbons 
Experimental undergo a rapid, coupled reorientation along the 

Egg yolk phosphatidylcholine (egg PC) was extracted from molecular long axis and thus reflect only the orients- 
fresh egg yolks by the method of Singleton ~t a/. (13). Thin tional order of the carbon nucleus in the bilayer and 
layer chromatographic analysis (CHCI3 : MeOH: H 2 0  = 
65: 25 : 4) showed a single spot when sprayed with 50% H2S04  
and heated, or when exposed to  I, vapour. The fatty acid 
composition was determined by glpc analysis of the corre- 
sponding methyl esters using the methylating agent, Methelute 
(methanolic trimethylanilinium hydroxide) 0.2 M (Aldrich). 
Peaks were identified by comparison with known standards. 
D,L-Dipalmitoylphosphatidylcholine (DPPC), 99%, cholesteryl 
palmitate (CP), 99%, and cholesteryl linoleate (CLa), 99%, 
were obtained from Sigma Chemical Co., and used without 
further purification. 

Lecithin multilamellar liposomes, 40% w/v in either D 2 0  
or  0.3 M sucrose in D,O, were prepared by mechanical 
shaking of the dry lipid with a suitable volume of the aqueous 
phase. These dispersions were stabilized by approximately 6 
heat-freeze-thaw cycles. Homogeneous, mixed dispersions of 
phosphatidylcholine:cholesteryl ester = 3 : 1 mole ratio were 
prepared in a similar manner by first co-dissolving both com- 
ponents in chloroform, solvent evaporation, and exhaustive 
pumping to obtain the dry lipid mixture. 

Carbon-13 nmr spectra were determined at either 37 or 
52°C a t  25.2 MHz on a temperature controlled Varian XL- 
100-15 nrnr spectrometer operating in the pulse Fourier 
transform mode using an internal 'H field-frequency lock and 
an 8K dataset. TI relaxation times were measured using a 
(.rr/2(00 - r - n/2lo0 - AT), scheme. The data acquisition, 
AT, occurs at the conclusion of every two pulse sequence 

not the long correlation time for liposome rotation, - 0.1 s (18-21). Such an explanation is necessary and 
sufficient to explain the gradient in TI (see Table 1) 
along the acyl chain. 

The intensities of the resonance signals in Fig. 1A 
are consistent with a 60:40 ratio of saturated to 
unsaturated fatty acids in egg PC. The glpc analysis 
gave 42.7% palmitic acid, 16.9% stearic acid, 27.7% 
oleic acid, 11% linoleic acid, and 1.6% palmitoleic 
acid. 

The effect of adding 25 molx CP to egg PC 
multilamellar liposomes (40% w/v in D,O at 37°C) 
is shown in Fig. 1B. The spectra in Figs. 1A and 1B 
are very similar. The spin lattice relaxation times for 
the resonance signals in Fig. 1A (column 2) and for 
the signals in Fig. 1B (column 3) appear in Table 1. 
Within experimental error, the relaxation behaviour 
of the system is identical, whether the 25 mol% 
of cholesteryl palmitate is present or absent. The 
difference spectrum (Fig. 1C) yields a "baseline" 
indicating that the cholesteryl palmitate contributes 
negligibly to the observed intensity; i.e., the spectrum 
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FIG. 1. ( A )  Proton noise decoupled "C nrnr spectrum of a 
40% w/v egg phosphatidylcholine multilamellar dispersion in 
D 2 0  at  37°C. Sweep width = 5000 Hz; rf pulse = 15 ps 
(60" flip angle); dataset = 8192; line broadening = 2 Hz. 
Field increases to the right. (B) Proton noise decoupled 13C 
nmr spectrum of a 40% w/v egg phosphatidylcholine disper- 
sion in D 2 0  containing 25 mol% cholesteryl palrnitate at  
37°C. Spectral parameters identical to  ( A ) .  X is a spectrometer 
artifact. ( C )  Difference spectrum, (B) - ( A ) .  

is wholly due to the egg PC resonances. This is ex- 
pected since, at 37"C, CP exists as a solid within the 
liposomes and the slow overall rotation of liposomes 
does not average out the 13C-'H dipolar inter- 
action, hence, the 13C resonance signals are signi- 
ficantly broadened and lost in the baseline noise. 
We conclude that there is no effect upon the micro- 
viscosity of the PC acyl chain by incorporation of 
large amounts of cholesteryl ester. 

The 13C nmr spectrum of a 40% w/v solution of 
egg PC liposomes containing 25 molz  cholesteryl 
linoleate in a 0.3 M sucrose solution in D,O, and 
at 37"C, is featured in Fig. 2. The resonances of 
fatty acids esterified to cholesterol, and those 
esterified to lecithin overlap. Hence, the only peak 
which may be assigned to lecithin alone is that 
of -N+(cH,), (8 54.3). 

sucrose 
C=C\l  / h ( ~ H 3 ) 3  

FIG. 2. Proton noise decoupled I3C nrnr spectrum of a 40% 
w/v dispersion of egg phosphatidylcholine plus 0.3 M sucrose 
in D,O containing 25 rnolz cholesteryl linoleate a t  37°C. 
Spectral parameters as in Fig. 1. 

In order to elucidate the origin of the sharp com- 
ponents of the spectrum of the egg PC-cholesteryl 
linoleate mixed liposomes, further experiments were 
undertaken using the fully saturated phospholipid, 
dipalmitoyl phosphatidylcholine (DPPC). The spec- 
trum of a DPPC multilamellar dispersion in 0.3 M 
sucrose at 37°C is shown in Fig. 3A. Note that the 
only resonance resolved due to DPPC is that of the 
N+(CH,), carbons. Even this resonance is severely 
broadened (width at half-height = 70 Hz) since the 
phospholipid is below the gel -t liquid crystalline 
phase transition temperature (T,  = 41°C). (All of 
the sharp resonances downfield from the trimethyl- 
ammonium resonance are due to sucrose.) 

The spectrum in Fig. 3A may be compared with 
that obtained for DPPC multilamellar liposomes con- 
taining 25 molz  cholesteryl linoleate under identical 
conditions (Fig. 3B). At 37°C the cholesteryl lino- 
leate is in the isotropic liquid state (T, = 35.5"C) 
while DPPC is in the gel state. While the lecithin 
trimethylammonium resonance is still extremely 
broad, the intensity and sharpness of the resonances 
in the olefinic region are clear. The F 129.0 and 6 
130.7 olefinic resonances may be unequivocally as- 
signed to the 10,12 and 9,13 carbons, respectively, 
of the linoleate moiety of the cholesteryl ester since 
DPPC possesses two fully saturated fatty acid chains. 
In addition, a family of sharp lines is present upfield 
in the region of the alkyl carbons and must also be 
due to the cholesteryl ester. Figure 4A shows the 
I3c nmr spectrum of pure DPPC multilamellar 
liposomes in 0.3 M sucrose at 52"C, 11 deg. above the 
gel -+ liquid crystalline transition temperature. In 
addition to the trimethylammonium resonance, 
three other very broad resonances are resolved. 
They are, moving to higher field, carbons 4-13 of 
the palmitate chains, the penultimate carbons 
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TABLE 1. Carbon-13 spin-lattice relaxation times (s) of 40% w/v egg phosphatidylcholine 
multilamellar dispersions in 0.3 M sucrose/D20 (37°C) 

Egg PC + 25 m o l z  Egg PC + 25 m o l x  
Carbon Egg PC cholesteryl palmitate (CP) cholesteryl linoleate (CLa) 

nPeaks not resolved. 

I I I I I 
200 150 100 50 0 

PPM 

FIG. 3. (A) Proton noise decoupled 13C nmr spectrum of a 
40% w/v dipalmitoyl phosphatidylcholine dispersion plus 
0.3 M sucrose in D 2 0  at 37°C. (B) Proton noise decoupled 13C 
nmr spectrum of a 40% w/v dispersion of dipalmitoyl phos- 
phatidylcholine plus 0.3 M sucrose in D 2 0  containing 25 m o l z  
cholesteryl linoleate at  37'C. Spectral parameters as in Fig. 1. 

(o - 1) of the palmitate chains which appear as a 
high field shoulder, and the terminal methyls (o) - 
the resonance at highest field. The spectrum of a 
3: 1 mixture of DPPC - cholesteryl linoleate lipo- 
somes at 52°C is shown in Fig. 4B. In addition to ., 
sharp resonances due to the linoleate moiety, res- 
onances are also resolved for carbons of the steroid 
nucleus, notably those of the unsaturated carbons 

I I "  

I I I I I 

200 150 100 50 0 

PPM 

FIG. 4. (A) Proton noise decoupled 13C nmr spectrum of a 
40% w/v dispersion of dipalmitoyl phosphatidylcholine plus 
0.3 M sucrose in D,O at 52°C. (B) Proton noise decoupled 13C 
nmr spectrum of a 40% w/v dipalmitoyl phosphatidylcholine 
dispersion plus 0.3 M sucrose in D 2 0  containing 25 mol% 
cholesteryl linoleate at  52°C. Spectral parameters as in Fig. 1. 
Peak assignments given in Table 2. (C) Difference spectrum, 
( B )  - ( A ) .  

C5 and C6 which flank the linoleate olefinic carbons. 
Assignments are given in Table 2. The difference 
spectrum, DPPC with cholesteryl linoleate minus 
DPPC, is shown in Fig. 4C. Even above the T,,, of 
DPPC, therefore, the intensity of the sharp spectral 
lines is due only to the ester, although certain of 
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TABLE 2. Carbon-13 assignments of cholesteryl 
linoleate carbons in 4 0 x  w/v dispersions of di- 
palmitoyl phosphatidylcholine in 0.3 M sucrose/ 
D,O at 50°C (Fig. 4B). Primed numbers refer to 
carbons of the linoleate chain. Italicized numbers 

refer to carbons of the cholesteryl moiety 

Chemical shift 
Peak Assignment ( P P ~ )  

C14, C17 
N+(Me), of DPPC 
C9 
C13 
C12, C24 
CI,  CIO, C20, C22 
C2' 
C16' 

these peaks are superimposed on very broad phos- 
pholipid resonances. 

The spin-lattice relaxation times for 40% w/v egg 
PC + 25 molz  cholesteryl linoleate were measured 
and appear in Table 1 (column 4). The relaxation 
times are much shorter than those obtained for the 
lecithin carbons alone or in the presence of 25 molx 
cholesteryl palmitate with the exception of the lone 
resonance assigned to the phospholipid N f  (CH,), 
which yields a relatively unchanged relaxation time 
(0.52 vs. 0.50 s). The 13C TI relaxation times for 
lecithin dispersions with incorporated cholesteryl 
linoleate reflect the motional freedom of the ester 
since it is only the ester carbons which contribute 
to the spectral intensity. The constancy of the spin- 
lattice relaxation time of the Nf(CH3), peak in 
free egg PC or egg PC with either cholesteryl palmi- 
tate or cholesteryl linoleate added indicates the 
ester is apparently not associated with the headgroup 
region. 

It is interesting that the linoleate moiety of the 
cholesterol ester exhibits such low spin-lattice 
relaxation times. The Tl's are approximately half 
those observed for phospholipid fatty acid chains, 
although these values do increase as the chain 
terminus is approached. Relaxation times of 0.24, 
0.51, 0.61, and 1.98 s were determined for the 

(CH,),, o - 2, o - 1, and o carbons, respectively. 
Thus, a fluidity gradient exists along the cholesteryl 
ester chain. However, the lower values indicate 
more limited mobility than experienced by phos- 
pholipid fatty acid chains at the same temperature. 
This phenomenon has been previously noted for a 
single linoleate carbon, C14, of enriched cholesteryl 
linoleate present in a turbid dispersion of lecithin, 
sphingomyelin, cholesterol, and cholesterol linoleate 
(22, 23). The value of 0.25 s determined for the re- 
laxation time of C14 in the previous investigation~ is 
in excellent agreement with the value of 0.26 s de- 
termined for the lecithin - cholesteryl linoleate 
dispersion in this work. A comparison between the 
T,'s for CLa in egg PC multibilayers at 37°C and 
the "ester" T,'s for LDL and HDL at 36°C (1) 
indicates the relaxation times of CLa in egg PC 
are approximately 40% longer whereas they are 
only - 6% longer than the T,'s measured for VLDL 
(1). Comparison of spin-lattice relaxation of CLa 
in egg PC vs. relaxation of the related ester, choles- 
teryl oleate (CO), 0.56 M in CHCl, at 48°C (I), 
indicates that the CO spin-lattice relaxation times 
are >300% longer than those of CLa. A neat 
solution of CO, at 48"C, has T, = 240 ms for the 
unsaturated chain carbons C9 and C10 (5) which 
is from 25-37% shorter than the CLa unsaturated 
carbons (Table 1). In sum, the microviscosity of 
the acyl chain of CLa in model membranes com- 
posed of CLa:egg PC is essentially the same as the 
microviscosity one calculates for VLDL and lower 
than the inicroviscosity calculated for LDL and 
HDL. On the other hand, it is several times higher 
than the calculated microviscosity for CO in chloro- 
form solution. 

From the work of Janiak et al. (15) it may be 
reasonably assumed that less than 5% of the CLa is 
present in a homogeneous phospholipid-ester lamel- 
lar phase; i.e., where the ester molecules would be 
intercalated between PC molecules. The excess ester 
would be present as a separate phase. 

At 37"C, this separate phase of CLa may be either 
present as small isotropic lipid droplets captured in 
the aqueous phase between the lamellae of the lipo- 
somes, or as patches of ester in the hydrocarbon 
interior of the bilayers. It has been reported (24) 
that extremely small quantities (0.1-0.5%) of 
cholesteryl esters may be suspended in aqueous 
solution above the melting point of the ester. Con- 
sidering the large amounts of ester used in the 
present study, it is highly unlikely that the excess 
ester is suspended as droplets in the aqueous phase. 
Rather, it is more probable that small ester droplets 
are associated with the hydrophobic region of the 
phospholipid bilayer. 
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At 37OC, CLa is just above the cholesteric + iso- 
tropic phase transition (34-35°C). The average spin- 
spin relaxation time, T2*, where T2:;; = nAvlI2 and 
Avl12 is the linewidth at half-height, for all acyl 
chain carbons of CLa in DPPC multilayers at 37°C 
is 16 ms + 6 ms (Table 3). The TZ4: of phospholipid 
-N(CH,), = 5 ms, and of the high field sucrose 
resonance = 25 ms, in the same system. When the 
temperature is raised to 52OC, the acyl chain carbon 
T2 "'s increase only marginally to an average value 
of 18.5 ms, and this is seen to be due essentially to 
the olefinic carbo*ns C9 to C13 (Table 3). At 52"C, 
T2:': for choline N(CH,), is increased to essentially 
equal that of the ester (14 ms). The linewidths of 
carbons of the rigid cholesteryl moiety of the ester 
are so large, e.g., for C5 and C6, that they are not 
observed at 37°C. Upon increasing the temperature 
to 52"C, however, C5 and C6 are visible with T2* 
values of 23 and 20 ms, respectively. A comparison 
with the cholesteryl ester C5 and C6 positions in 
lipoproteins indicates that the microviscosity of the 
rigid steroid nucleus of CLa in egg DPPC at 37°C 
is approximately equal to that experienced in 
VLDL, while at 52OC the spectrum resembles that 
found for LDL and HDL. The lipoprotein spectra 
were determined at 40°C (2). For the only T2" 
value reported for a cholesteryl ring carbon, T2" 
of C6 was found to be - 30 ms and -20 ms in LDL 
and HDL, respectively, at 36OC (1). The greater 
linewidths of the cholesteryl ring carbons at 37OC 
in the present study, i.e., broadened to the point 
of disappearance, are consistent with the fact that 
line narrowing anisotropic motion of the type en- 
countered by the acyl chain carbons is not possible 
in the rigid steroid moiety (18-21). 

TABLE 3. Carbon-13 spin-spin relaxation 
times (Tz *) of 25 mol% cholesteryl lino- 
leate in 40% w/v DPPC dispersions at  two 

temperatures 

Carbon 37°C 52°C 

- - 

CH3 c=c-c *-c= 
C *-C=C 
*c=c-c-c=c * 
c=c *-c-c *=c  
Cjb 
C6 
Sucrose 

Superimposed on C26 and C27. 
bItalicized numbers refer to carbons in the 

cholesteryl moiety. 

Conclusion 
Saturated and unsaturated cholesteryl esters form 

stable multilamellar systems with phosphatidyl- 
cholines up to ratios of PC:CE = 3: 1. Even at the 
highest ester concentration, 25 mol%, there is no 
discernible effect of the ester on the PC acyl chain 
or head group motions as reflected by 13C TI mea- 
surements. The microviscosity of the ester chain 
carbons, as estimated from the spin-lattice relaxation 
rates, indicates a medium just like that of VLDL. 

The form of the 13C spectrum for cholesteryl 
esters in PC bilayers depends critically on the 
cholesteric + isotropic phase transition temperature, 
T,. The fact that the first visible signs of athero- 
sclerotic lesions, the so-called stage I type (25), are 
fatty streaks and lipid crystals, suggests that there 
is an inhomogeneous distribution of esters in the 
lesions. The fatty streaks would be rich in unsaturated 
esters like cholesteryl linoleate, T, < 37OC, while 
lipid crystals would be rich in saturated esters like 
cholesteryl palmitate, T, > 37°C. That is, the 
abundance of various esters in the aorta may be less 
important than their distribution. The properties of 
the two forms, as shown by 13C nmr, are quite 
different. Indeed, thermotropic birefringence studies 
have indicated significant heterogeneity between 
clusters of ester droplets in human aorta (26). 

1. J .  A. HAMILTON. C. TALKOWSKI,  R. F. CHILDERS. E. 
WILLIAMS,  A. ALLERHAND, and E. H.  CORDES. J. Biol. 
Chem. 249,4872 ( 1974). 

2. J .  A. HAMILTON, C. TALKOWSKI. E. WILLIAMS. E. M. 
AVILA. A. ALLERHAND. E. H. CORDES, and G. CAMEJO. 
Science, 180, 193 (1973). 

3. B. SEARS, R. J .  DECKELBAUM. M. J. JANIAK,  G. G. SHIP- 
LEY. and D. M. SMALL.  Biochemistry, 15,4151 (1976). 

4. J .  A. HAMILTON. M.  J .  OPPENHEIMER, R. ADDLEMAN, 
A. 0 .  CLOUSE, E.  H. CORDES, P. M. STEINER, and C. J .  
GLUECK. Science, 194, I424 (1976). 

5. J .  A. H A M ~ L T O N ,  N. OPPENHEIMER, and E. H. CORDES. J .  
Biol. Chem. 252,8071 (1977). 

6. D. G. CORNWELL, J .  C .  GEER. and R. V. PANAGANAMALA. 
111 International encyclopedia of pharmacology and thera- 
peutics. Edirecl by E. J .  Masoro. Pel.gamon Press, Oxford. 
1975. p. 449. 

7. R. W. ST. CLAIR, H. B. LOFLAND, and T. B. CLARKSON. 
Circ. Res. 27,213 (1970). 

8. A. J .  DAY and J .  W. PROUDLOCK. Atherosclerosis, 19.253 
(1974). 

9. J .  E. KIRK and T.  J .  S.  LAURSEN. J .  Gerontol. 10, 288 
(1955). 

10. J .  E. KIRK.  111 Blood vessels and lymphatics. Edifed by 
D. I. Abramson. Academic Press. New York. 1962. p. 587. 

l I. C. PRIES and F. B. KLYNSTRA. Lancet, 1,750 (1971). 
12. E. B. SMITH. P. H. EVANS. and M. D. DOWNHAM. J .  

Atheroscler. Res. 7. 171 (1967). 
13. W. S. SINGLETON, M. S. GRAY, M. L .  BROWN, and J. L. 

WHITE. J.  Am. Oil Chem. Soc. 42,53 (1965). 
14. G. G. MCDONALD and J. S. LEIGH, JR. J .  Magn. Reson. 9, 

358 (1973). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2370 CAN.  J. CHEM. VOI.. 57. 1979 

15. M. J .  JANIAK,  C. R. LOOMIS, G.  G.  SHIPLEY,  and D. M. 
SMALL.  J .  MoI. Biol. 86, 325 (1974). 

16. B. J .  FoRREsTand R. J .  CUSHLEY. Atherosclerosis. 28,309 
(1977). 

17. A. K. GROVER and R. J .  CUSHLEY. Atherosclerosis. 32,87 
(1979). 

18. M. P. N. GENT and J .  H. PRESTEGARD. Biochem. Biophys. 
Res. Commun. 58,549 (1974). 

19. G. W. STOCKTON, C. F. POLNASZEK, A. P. TULLDCH. F. 
HASAN. and I. C. P. SMITH. Biochemistry, 15.954 ( 1976). 

20. R. E. LONDON and J .  AVITABLE. J .  Am. Chem. Soc. 99, 
7765 ( 1977). 

21. M. P. N. GENT and J. H. PRESTEGARD. J .  Magn. Reson. 25. 
243 (1977). 

22. W. STOFFEL, 0.  ZIERENBERG, B. D. TUNGGAL,  and E. 
SCHREIBER. Hoppe-Seyler's Z. Physiol. Chem. 355. 1381 
( 1974). 

23. W. STOFFEL, 0. ZIERENBERG, B. D. TUNGGAL, and E. 
SCHREIBER. Hoppe-Seyler's Z. Physiol. Chem. 355, 1367 
(1974). 

24. B. LANDBERG. Chem. Phys. Lipids. 14,309(1975). 
25. P. D. LANGand W. INSULL. J .  Clin. Invest. 49, 1479(1970). 
26. G. H. HILLMAN and D. M. ENGELMAN. J .  Clin. Invest. 58, 

lo08 (1976). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Some reactions of 10-substituted-lOH-pyrido[3,2-b] [l,4] benzothiazine-n-butyllithium 
adducts with acyl and sulfonyl chlorides 

Received March 12, 1979 

FRANK M. PASUTTO and EDWARD E. KNAUS. Can. J. Chem. 57,237 1 (1979). 
Reaction of 10H-pyrido[3,2-b][1,4]benzothiazines 1 possessing a 10-methyl If, 10-(3-di- 

methylaminopropyl) Ib, or 10-(2-dimethylaminopropyl) l c  substituent, with ?I-butyllithium and 
methyl chloroformate or diethyl chlorophosphate affords predominantly 1,2-dihydropyridines 
11 and the 4-substituted derivatives 12. The 1,7-disubstituted product 156 was obtained from 
reaction of the 10-methyl compound If with p-fluorobenzoyl chloride. On the other hand, 
treatment of the 10-methyl analog If with trifluoromethanesulfonyl chloride gave the un- 
expected 4-chloro derivative 12c and 13c which probably arises from the l-trifluoromethane- 
sulfonyl-1,2-dihydropyridine l l c  via elimination of trifluoromethanesulfonic (sulfinic) acid. 
The N-10 dealkylated product l a  was obtained from reaction of the 10-(1-methyl-2-dimethyl- 
aminoethyl) analog l g  with n-butyllithium and methyl chloroformate, whereas a similar 
reaction employing the 10-(2-dimethylaminoethyl) derivative l h  gave rise to the N-methoxycar- 
bony1 derivative 18. On the other hand, reaction of 1/1 with n-butyllithium alone gave the 
N-10 n-hexyl product 19. Mechanisms for the formation of la ,  11, 12, 13, 15,16, and 19 are 
described. 

FRANK M. PASUTTO et EDWARD E. KNAUS. Can. J. Chem. 57.2371 (1979). 
La reaction des 10H-pyrido[3,2-b][1,4]benzothiazines 1 portant, en position 10, des groupes 

mkthyle (If), dimethylamino-3 propyle (lb), ou dimethylamino-2 propyle (lc), avec du 12- 
butyllithium et du chloroformate de methyle ou du chlorophosphate de ditthyle conduit 
principalement aux dihydro-1,2 pyridines 11 et aux dkrivts 12 substitues en position 4. On a 
obtenu le produit 15b disubstitue en 1,7 par reaction du compose 1 f avec le chlorure de p- 
fluorobenzoyle. Par ailleurs, la reaction de If avec le chlorure di trifluoromethanesulfonyle 
conduit au derive chloro-4 inattendu (12c) et a 13c qui provient probablement de la trifluoro- 
mkthanesulfonyl-l dihydro-1,2 pyridine l l c  par elimination d'acide trifluoromCthanesulfonique 
(sulfinique). On obtient le produit l a  qui ne porte pas de groupe alkyle sur I'azote N-10 par 
reaction de l'analogue (methyl-1 dimethyl-amino-2 ethyl)-10 ( lg)  avec le butyllithium et le 
chloroformate de methyle alors qu'une reaction semblable avec le derive (dimethylamino-2 
ethyl)-10 (1/1) conduit au dtrivk 18 portant un N-methoxycarbonyle. Par ailleurs, la reaction 
de 1 A  avec le 11-butyllithium seul fournit le produit 19 portant un groupe 12-hexyle sur I'azote 
en 10. On decrit des mecanismes pour la formation de la ,  11,12,13,15,16 et 19. 

[Traduit par le journal] 

10H-Pyrido [3,2-b] [1,4]benzothiazine (la) is an 
analog of phenothiazine in which an annular nitro- 
gen atom is incorporated into the ring system. 
Several N-10 derivatives of l a  in clinical use are 
more potent than their phenothiazine analogs. 
Prothipendyl (lb) is a more useful antihistaminic 
agent than Promethazine while Isothipendyl (lc), 
Pipazethate (Id), and Pervetral (le) are employed as 
antihistaminic, antitussive, and antiemetic agents 
respectively (1). 

In an earlier study we showed that reaction of 10- 
methyl-l0H-pyrido [3,2-b] [1,4]benzothiazine If with 
n-butyllithium affords a mixture of the C-4 proton 
abstraction product 12 (R = Me, R' = Li) and 2-n- 
butyl-4a-lithio-lO-methyl-2,4a-dihydropyridyl[3,2-b]- 
[1,4]benzothiazine (14, R = Me, R1 = Li) which re- 

'To whom inquiries should be addressed. 

sults from nucleophilic addition at the C-2 position. 
Treatment of 12 and 14 with deuterium oxide gave 
the deuterated products 12 and 14 (R = Me, R1 = D) 
in a ratio of 1 : 4.4 (2). We now describe the prepara- 
tion of other N-10 substituted-lOH-pyrido[3,2-b]- 
[1,4]benzothiazine-n-butyllithium adducts and their 

0008-4042179118237 1-08$01 .00/0 
a1979 National Research Council of CanadaIConseil national de recherches du Canada 
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TABLE 1. Reactions of IO-substituted-lOH-pyrido[3,2-b][1,4]benzothiazine-t1-butyllithium adducts with electrophiles 

Yield (%) 

Electrophile R R' 11 12 15 16 Recovered 1 

(a) MeOCOCl 
(b) p-F-C6H4-COCI 
(c) CFgSOzCl 
(d) MeOCOCl 
(el (EtO)2P(0)C1 
(f cF3sozCl 
(g)  (EtO)2P(O)C1 

(/I) MeOCOCl 

'Purification by column chromatography on  silica gel gave a 54.59, yield of I Id. 
bThe R'-substituent of 14c is Et. 
<Product I l g  was also detected in the 'H nmr spectrum of the thin-layer fraction ( R I  0.69) but it could not be isolated in sufficient amount to allow 

unequivocal characterization. 

effect of the fluorine atoms. Alternatively 12c could 
arise via the N-methanesulfonylpyridinium chloride 
17. 

0 

benzothiazine (14e, 2.5%). The most plausible 
mechanism for the formation of 14e involves 
nucleophilic attack by the C-4a carbanion of 
14 (R = -(CH,),-NMe,, R1 = Li) at the ethyl 
group of diethyl chlorophosphate as reported previ- 
ously for 14 (R = Me, R1 = Li) (2). 

The reaction of the 10-(3-dimethylaminopropyl) 
analog l b  with trifluoromethanesulfonyl chloride 
gave rise to the 4-chloro product 12f (8.3%) and the 
2-butyl derivative 13f (27.7%). It is expected that 
12f and 13f arise via the same mechanisms proposed 
for the formation of 12c and 13c. 

The reaction of the 10-(2-dimethylaminopropyl) 
analog l c  with n-butyllithium and diethyl chloro- 
phosphate proceeded as expected to give low yields 
of l l g  (14. I%), 12g (7.973, and 13g (2.4%). Similarly, 
treatment with methyl chloroformate afforded l l h  
(38.5%) and 12h (8.5%). On the other hand, reaction 
of the isomeric 1-methyl-2-dimethylaminoethyl de- 
rivative l g  with n-butyllithium and methyl chloro- 
formate afforded 10H-pyrido [3,2-b:1 [1,4]benzothia- 
zine (la) (15.2%) as the only isolable product. 
Product l a  could arise following abstraction of the 
P-hydrogen and elimination as illustrated below or 
as a result of attack by n-butyllithium at the a-carbon 
of lg. 

The 'H nmr spectrum of the reaction mixture, 
obtained from treatment of 10-(2-dimethylamino- 

The 'H nmr spectrum of the reaction mixture, 
obtained from treatment of the 10-(3-dimethyl- 
aminopropyl) analog l b  with n-butyllithium and then 
deuterium oxide was virtually identical in the 3.5-7 6 
region to that reported for the 10-methyl derivative 
If (2). Reaction of l b  with n-butyllithium therefore 
gives rise to a mixture of 12 and 14 (R = -(CH,),- 
NMe,, R1 = Li) which on treatment with methyl 
chloroformate afforded the 1,2-dihydropyridyl prod- 
uct l l d  (31.4%) and 4-substituted product 12d 
(7.5%). A similar reaction employing diethyl chloro- 
phosphate (5) yielded the 1,2-dihydropyridyl deriva- 
tive l l e  (16.7%), the 4-diethylphosphoryl derivative 
12e (9.373, and 2-n-butyl-4a-ethyl-10-(3-dimethyl- 
aminopropyl) - 2 ,4a  - dihydropyridyl[3,2 - b][1 , 4 ]  - 
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ethyl)- lOH-pyrido [3,2-b] [1,4]benzothiazine (lh) with 
n-butyllithium and then deuterium oxide, was void of 
absorptions in the 3.5-7 6 region which would sug- 
gest that 14 (R = -(CH,),-NMe,, R' = Li) was 
not generated. Repetition of this reaction employing 
methyl chloroformate in place of deuterium oxide 
afforded the unexpected 18 (24.4%) and lh (32.1%). 
Replacement of an N-methyl group by an alkoxy- 
carbonyl group has been reported. Thus treatment 
of codeine (5), tropines (6, 7), and erythromycin (8) 
with ethyl chloroformate gave the corresponding N- 
ethoxycarbonyl products resulting from loss of the 
N-methyl substituent. 

When the 10-(2-dimethylaminoethyl) derivative lh 
was allowed to react with n-butyllithium, followed by 
quenching with water, the unexpected 19 (25.9%) was 
obtained probably as a result of nucleophilic attack 
by n-butyllithium at the P-carbon of lh resulting in 
elimination of dimethylamine. The structure of 19 
was confirmed by an unambiguous synthesis from 
reaction of la with sodium hydride and n-hexyl 
chloride. 

It is well documented that a Lewis base such as 
N,N,N1,N1-tetramethylethylenediamine converts n- 
butyllithium into a coordinated monomeric reagent 
20 (9). The 10-(2-dimethylaminoethy1)azaphenothia- 

zine lh has three nitrogens available for complexa- 
tion with n-butyllithium, viz. N-1, N-10, and the side 
chain dimethylamino nitrogen. One could speculate 
that coordination of n-butyllithium could occur with 
the N-l and side chain nitrogen as illustrated by 
structure 21, the N-1 and N-10 nitrogens, or the N-10 

and side chain nitrogen. The existence of a complex 
such as 21 may help to explain why the reaction of 
lh with n-butyllithium gave rise to product 19. The 
side chain nitrogen of 21 would attain some positive 
character thereby facilitating attack at the P-carbon 
and elimination of dimethylamine. 

The observation that reaction of the 10-(2-di- 
methylaminoprbpyl) analog lc with n-butyllithium 
and methyl chloroformate gave llg, 12g, and 13g, 
while a similar 10-(1-methyl-2-dimethylaminoethyl) 
derivative lg afforded only la, warrants comment. 
One would expect that steric repulsion between the 
a-methyl in lg and the peri C-9H and the N-1 free 
electron pair would be greater than that of the P- 
methyl in IC. If this is so, coordination of n-butyl- 
lithium with the N-1 and N-10 nitrogens of lg as 
illustrated by 22 may be more favourable than co- 
ordination between N-1 and the side chain nitrogen. 
The coordination complex 22 would confer slight 

positive character to the N-10 nitrogen, facilitating 
attack at the a-position by n-butyllithium and elimi- 
nation of 10H-pyrido [3,2-b] [I ,4]benzothiazine (la) 
as observed, thereby relieving steric repulsion between 
the a-methyl substituent and the peri-positions. 
Alternatively la could also arise as a result of 
nucleophilic attack at the P-hydrogen as described 
previously. These postulates are at best tenuous and 
are presented solely to rationalize the dependence of 
the reaction products obtained on the R-substituent 
of 1. The possibility of intermolecular complexation 
also exists. No allowance has been made for the 
effect of conformational differences of 1 on chemical 
reactivity. 

The reaction of adducts 14 (R = Me, -(CH2),- 
N-Me,, R1 = Li) with methyl chloroformate and 
diethyl chlorophosphate affords 1,2-dihydropyridyl 
11 and 4-substituted pyridyl derivatives 12 in good 
yield (See Table 1). On the other hand, treatment of 
a mixture of 12 and 14 (R = Me, R1 = Li) with 
trimethylsilyketene 6 (lo), dimethyl(methy1ene)am- 
monium iodide 7 (1 l), ethyl acetate 8, methanesul- 
fonic anhydride 9, or acetyl chloride 10, followed by 
quenching with deuterium oxide, gave a reaction 
product which exhibited a 'H nmr spectrum identical 
to that of 12 and 14 (R = Me, R1 = D). This in- 
dicated that the electrophilic reagents 610 were not 
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involved in the reaction. It could be proposed that 
any electrophile which is not able to form an iminium 
intermediate 23 would not react further to form a 
1,2-dihydropyridyl derivative 11. Although the inter- 
mediate 23 provides a plausible pathway to 11, 
certain observations suggest that other, as yet un- 
explained, factors are also involved. Reaction of 14 

Li Li 

(R = Me, R' = Li) with acetyl chloride and 
methanesulfonyl chloride did not afford any isolable 
product other than the starting material If. Both 
reagents should be capable of forming intermediates 
23. It is also surprising that the 4-substituted product 
12 expected from acylation of 12 (R = Me, R' = Li) 
was not produced. The absence of 1,2-dihydro- 
pyridines 11 in reactions employing electrophiles as 
dimethyl(methy1ene)ammonium iodide 7 and tri- 
methylsilylketene 6 was previously rationalized in 
terms of their inability to form the iminium species 
23. However, there is no apparent explanation why 
the 4-substituted compounds 12 are not obtained with 
these electrophilic reagents. 

Reactions of 2-, 3-, and 4-azaphenothiazines 
having varied functionality at the N-10 position with 
other organolithium reagents and electrophiles are 
now in progress to determine the generality and 
mechanisms of these reactions. 

Experimental 
Melting points were determined with a Biichi capillary ap- 

paratus and are uncorrected. Nuclear magnetic resonance 
spectra were determined for solutions in deuterochloroform 
with TMS as internal standard with a Varian EM-360A 
spectrometer. Infrared spectra (potassium bromide unless 
otherwise noted) were taken on a Unicam SP-1000 or Perkin 
Elmer 267 spectrometer. Mass spectra were measured with an 
AEI-MS-50 mass spectrometer and these exact mass measure- 
ments are used in lieu of elemental analyses. All of the products 
described gave rise to a single spot on tlc using a solvent 
system less polar and more polar than the specific solvent 
system described for purification of the reaction mixture. No 
residue remained after combustion of the products purified by 
tlc. Kieselgel silica gel DF-5 (Camag) was used for preparative 
thin-layer chromatography using 20 cm x 20 cm plates of 
0.75 mm thickness. 

I-Lithio-10-substitrited-1 OH-pyrido[3,2-b I [l,I]benzothiazir~e 
(12) and 2-n-Butyl-40-lirhio-10-substituted-2,Ia- 
di/1)~dropyridyl[3,2-b1[1,4]benzothiazine (14) (R1 = Me, 
-(CH2) 3-N-Me2, -CH2-CH(CH3)-N-Me2; 
R1 = Li) 

General Procedut e 
To a solution of 1 (5 mmol) in 125 mL anhydrous tetra- 

hydrofuran, under a nitrogen atmosphere at O°C, n-butyl- 
lithium (0.32 g, 5 mmol) was added dropwise with stirring. 
The reaction was stirred at 0°C for 1 h to afford a golden 
brown solution of 12 and 14 which was then cooled to - 77'C 
and the appropriate electrophile (5-6 mmol) in 2 mL anhy- 
drous tetrahydrofuran was added dropwise. The resulting 
solution was stirred at -77°C for 45-90 min before warming 
to room temperature over a 1-3 h period. The reaction prod- 
ucts were isolated as described in individual cases. 

l-Met/rox~~carbot1y/-2-n-b1ityl-l 0-methyl-1,2-dihydropyridyl- 
[3,2-b][l,4]benzothiazirre ( l l a )  and I-Methoxycarbor~yl- 
10-methyl-10H-pyrido[3,2-b][1,4] berrzothiazir~e (12a) 

rr-Butyllithium (0.32 g, 5 mmol), 10-methyl-10H-pyrido- 
[3,2-b:I[l,4]benzothiazine (1 f )  (1.07 g, 5 mmol), and methyl 
chloroformate (0.567 g, 6 mmol) were stirred at - 77'C for 1 h 
and allowed to warm to room temperature over a 3 h period 
as described in the general procedure. The resulting reddish- 
orange solution was treated with water (100 mL), extracted 
with dichloromethane (100 mL), and dried (Na2S04). Evapora- 
tion of the solvent it1 vacrio gave a dark red oil (1.75 g) of 
which 1.1 g was subjected to preparative thin-layer chromatog- 
raphy on 12 silica gel plates using benzene - ethyl acetate 
(20:l v/v) as the development solvent. Extraction of the 
silica gel fraction Rf 0.85 gave l l a  as a dark yellow oil (0.827 g, 
79.7%); ir(film): 1725 (s, C=O), 1632, and 1568 (s, C=C) 
cm-' ; 'H nmr 6: 6.66-7.26 (m, 4H, Ph), 5.48-5.92 (m, 2H, 
H-3, H-4), 4.8 (m, lH,  H-2), 3.7 (s, 3H, OMe), 3.18 (s, 3H, 
NMe), 0.68-1.98 (m, 9H, trBu). Exact Mass calcd. for CIS- 
H22N20232S: 330.1397; found (high resolution ms): 330.1400. 
Extraction of the silica gel fraction Rf 0.53 gave a red solid 
(0.169 g, 19.8%). Recrystallization from hexanes (bp 68.4- 
68.9"C) gave 12a as a red solid; mp 118-120°C (dec.); ir: 
1711 (s, C=O) cm-'; 'H nmr 6 :  8.03 (d, J2,3 = 5 HZ, IH, 
H-2), 7.19 (d, J 2 . 3  = 5 HZ, I H, H-3), 6.6-7.36 (m, 4H, Ph), 
3.94 (s, 3H, OMe), 3.39 (s, 3H, NMe). Exact Mass calcd. for 
C14H12N20232S: 272.0617; found (high resolution ms): 
272.0615. 

1,7- Di-p-f7uoroberrzoyl-2-n-butyl-1 O-met/1yl-1,2-di/~)~dropyridyl- 
[3,2-b][l,I]benzothiazine (15b) arrd 2-n-B1i1)11-7-p- 
f71iorobenzoyl-lO-n1ethyl-lOH-pyrido[3,2-b][1,4]bet1zo- 
r/rinzirre (l6b) 

n-Butyllithium (0.32 g, 5 mmol), 10-methyl-lOH-pyrido- 
[3,2-b][l,4]-benzothiazine (1 f )  (1.07 g, 5 mmol), and p- 
fluorobenzoyl chloride (0.875 g, 5.5 mmol) were stirred at 
-77°C for 1 h and allowed to warm to room temperature 
over a 2.5 h period as described in the general procedure. The 
resulting dark red solution was treated with water (60 mL), 
extracted with dichloromethane (3 x 50 mL), and dried 
(Na2S04). Evaporation of the solvent it1 vacuo gave a dark red 
oil (2.037 g) of which 0.85 g was subjected to preparative 
thin-layer chromatography on 10 silica gel plates using ben- 
zene - ethyl acetate (25:l v/v) as the developn~ent solvent. 
Extraction of the silica gel fraction R, 0.94 gave 166 as a 
yellgw waxy solid (0.02 g, 2.5%), mp 93-96°C; ir: 1660 (s, 
C=O) cm-I; 'H nmr 6: 7.8 (d, J2P.3 '  = 10 HZ of d, J2,,F = 
6 Hz, 2H, H-2'), 6.73-7.39 (m, 7H, Ph, pyridyl hydrogens), 
3.5 (s, 3H, NMe), 2.72 (t, J C H Z C H 2  = 7 HZ, 2H, -CH2- 
C3H7), 0.72-2.01 (m, 7H, CH2-C3H7). Exact Mass calcd. 
for C23H2,N2032SF: 392.1354; found (high resolution ms): 
392.1359. Extraction of the silica gel fraction Rf 0.58 gave a 
red oil (0.302 g) of which 0.2 g was rechromatographed on 
four silica gel plates using benzene as development solvent. 
This gave two fractions Rf 0.43 and Rf 0.31. Extraction of 
the silica gel fraction Rf 0.43 gave 1 f as a yellow solid (0.03 g,  
10.2%) identical ('H nmr) with an authentic sample. Extrac- 
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tion of the silica gel fraction Rf 0.31 gave a red solid which 
was dissolved in chloroform and precipitated from solution 
by the addition of methanol. This gave 156 as a red solid 
(0.137 g, 35%); mp 8486°C (dec.); ir: 1681 (s, C=O) and 
1635 (s, C=C) cm-I; 'H nmr 6: 6.647.82 (m, 12H, Ph, H-4), 
5.6-6.11 (m, 2H, H-2, H-3), 3.08 (s, 3H, NMe), 0.77-2.08 (m, 
9H, ~ B u ) .  Exact Masscalcd. for C30H26N20232SF2: 516.1677; 
found (high resolution ms): 516.1680. 

4-Chloro-10-~netllyl-1 OH-pyrido[3,2-b][I ,4]benzo thiazine (12c) 
and 2-n-Butyl-1 O-t11ethyl-lOH-pyrido[3,2-b][1,4]benzo- 
thiazine (I3c) 

n-Butyllithium (0.16 g, 2.5 mmol), 10-methyl-10H-pyrido- 
[3,2-b][l,4]benzothiazine (If) (0.535 g, 2.5 mmol), and tri- 
fluoromethanesulfonyl chloride (0.463 g, 2.75 mmol) were 
stirred at -77°C for 1 h and allowed to warm to room 
temperature over a 1.5 h period as described in the general 
procedure. The resulting dark yellow solution was treated 
with water (50mL), extracted with dichloromethane (3 x 
50mL), and dried (Na2S04). Evaporation of the solvent 
in uaclco gave a brownish red oil (0.819 g) of which 0.8 g was 
subjected to preparative thin-layer chromatography on 12 
silica gel plates using benzene - ethyl acetate (1O:l v/v) as 
the development solvent. Extraction of the silica gel fraction 
R, 0.97 gave 13c as a yellow oil (0.293 g, 44.4%) identical 
('H nmr) with an authentic sample (2). Extraction of the silica 
gel fraction Rf 0.64 gave a yellow semi-solid (0.143 g) which 
was rechromatographed on two silica gel plates using benzene 
as the development solvent. This gave two fractions Rf 0.41 
and Rf 0.28. Extraction of the silica gel fraction Rf 0.28 gave 
If as a light yellow solid (0.027 g, 5.2%) identical ('H nmr) 
with an authentic sample. Extraction of the silica gel fraction 
R, 0.41 gave 12c as a light yellow solid (0.09 g, 14.5%), mp 
7475°C; 'H  nrnr 6: 7.89 (d, J2,3 = 5.5 Hz, lH,  H-2), 6.8- 
7.33 (m, 4H, Ph), 6.76 (d, J2,, = 5.5 Hz, lH ,  H-3), 3.39 (s, 
3H, NMe). Exact Mass calcd. for C12H9N232S37C1: 250.0144; 
found (high resolut~on ms): 250.0141. Exact Mass calcd. for 
CIZH9N232S35C1: 248.0174; found (high resolution ms): 
248.0168. At~al. calcd. for C12H9N,SCI: C 57.95, H 3.65, 
N 11.26, S 12.88; found: C 57.95, H 3.73, N 11.24, S 12.83. 

I -Methoxycarbor~yl-2-n-b11tyl-l 0-(3-di1t1etl1yla1ni11opropyl) - 
1,2-dihydropyridyl[3,2-b][1,4]benzothi1e ( I ld )  and 4- 
Methoxycarbo11yl-lO-(3-dit~1etl1ylarnit1opropyl) -I OH- 
pyrido[3,2-b][1,4]be11zot11iazine (12d) 

In a dry nitrogen atmosphere ?I-butyllithium (0.18 g. 
2.81 mmol) was added dropwise with stirring to a solution of 
l b  (0.8 g, 2.81 mmol) in anhydrous tetrahydrofuran (125 mL) 
at 0°C. The resulting greenish brown solution was stirred at 
0°C for 1 h, cooled to -77'C, and methyl chloroformate 
(0.318 g, 3.37 mmol) in anhydrous tetrahydrofuran (2 mL) was 
added dropwise. The reaction was stirred at -77'C for 1 h 
and allowed to warm to room temperature over a 2 h period. 
The resulting light brown solution was treated with water 
(75 mL), extracted with dichloromethane (4 x 50 mL), and 
dried (Na2S04). Evaporation of the solvent in vacrio gave a 
brown oil (1.067 g) of which 0.65 g was subjected to prepara- 
tive thin-layer chromatography on 12 silica gel plates using 
benzene - ethyl acetate (2: 1 v/v) as the development solvent. 
Extraction of the silica gel fraction R, 0.15 gave a yellow oil 
which was rechromatographed on four silica gel plates using 
ether-methanol (3:l v/v) as the development solvent. This 
gave a single fraction R, 0.87 which was extracted to give 
l l d a s  a yellow oil (0.215 g, 31.4%). Alternatively, chromatog- 
raphy of the reaction product on a 2.5 cm x 28 cm silica gel 
column and elution with ether (800 mL) gave l l d  as a yellow 
oil (54.5%); ir (film): 1724 (s, C=O), 1635 (s, C=C) cm-'; 
'H nrnr 6: 6.7-7.34 (m, 4H, Ph), 5.42-5.93 (m, 2H, H-3, H-4), 

4.79 (m, lH ,  H-2), 3.52-3.88 (m, 2H, CH2CH2CH2NMe2), 
3.69 (s, 3H, OMe), 2.142.45 (m, 2H, CH2CH2CH2NMe2), 
2.14 (s, 6H, NMe2), 0.69-2 (m, 1 lH, nBu, CH2CH2CH2NMe2). 
Exact Mass calcd. for C22H31N30232S: 401.2130; found 
(high resolution ms): 401.2135. Extraction of the silica gel 
fraction R, 0.07 gave a yellowish brown oil (0.293 g) which was 
rechromatographed on four silica gel plates using chloroform- 
methanol (5: 1 v/v) as the development solvent. This gave two 
fractions Rr 0.53 and Rr 0.45. Extraction of the silica gel 
fraction Rr 0.53 gave 12d as a bright yellow oil (0.044 g, 
7.5%); ir (film): 1731 (s, C=O) cm-'; 'H nmr 6: 7.98 (d, 
J2,, = 5 Hz, lH ,  H-2), 6.64-7.32 (m, 5H, Ph, H-3), 4.01 (m, 
2H, CH2CH2CH2NMe2), 3.9 (s, 3H, OMe), 1.7-2.6 (m, 4H, 
CH2CH2CH2NMe2), 2.2 (s, 6H, NMe,). Exact Mass calcd. 
for C18H21N30232S: 343.1350; found (high resolution ms): 
343.1348. Extraction of the silica gel fraction R, 0.45 gave 
10-(3-dimethylaminopropyl)-10H-pyrido[3,2-b][1,4]benzothia- 
zine (lb) as a light yellow oil (0.06 g, 12.3%) identical ('H 
nmr) with an authentic sample. 

1 - Diethylphosphoryl-2-n-butyl-I 0-(3-di1~1etl1yla1ninopropyl) - 
I ,2-diI1ydropyridyl[3,2-b] [I ,4]bet1zotAiazi11e (Ile),  4- 
Die tl~yylphosphoryl-I 0- (3-din~ethylaminopropyl) -I OH - 
pyrido[3,2-b][1,4]benzothiazi11e (12e), and 2-n-B~ityl-4a- 
ethyl-I 0- (3-din~etl~ylaminopropyl) -2,4a-dihydropyridyl- 
[3,2-b][I,4]benzothiazine (14e) 

In a dry nitrogen atmosphere n-butyllithium (0.213 g, 
3.33 mmol) was added dropwise with stirring to a solution of 
l b  (0.79 g, 2.77 mmol) in anhydrous tetrahydrofuran (125 mL) 
at 0°C. The resulting greenish brown solution was stirred at 
0°C for 45 min, allowed to warm to room temperature over a 
0.5 h period, cooled to -77"C, and diethyl chlorophosphate 
(0.575 g, 3.33 mmol) in anhydrous tetrahydrofuran (2 mL) 
was added dropwise. The reaction was stirred at -77°C for 
1.5 h and allowed to warm to room temperature over a 2 h 
period. The resulting dark yellow solution was treated with 
water (100 mL), extracted with chloroform (7 x 50 mL), and 
dried (NaZS04). Evaporation of the solvent in vacuo gave a 
light brown oil (1.309 g) of which 0.72 g was subjected to 
preparative thin-layer chromatography on 10 silica gel plates 
using chloroform-methanol (5: 1 v/v) as the development 
solvent. Extraction of the silica gel fraction Rf 0.87 gave l l e  
as a dark yellow oil (0.122 g, 16.7%); ir (film): 1271 (s, 
P=O), 1629, and 1568 (s, C=C) cm-' ; 'H nmr 6 :  6.67-7.38 
(m, 4H, Ph), 5.4-5.95 (m, 2H, H-3, H-4), 4.43 (m, lH,  H-2), 
3.534.32 (m, 6H, (OCH2CH3),, -CH2(CH,),NMe2), 2.12- 
2.55 (m, 2H, CH,CH,CH2NMe,), 2.12 (s, 6H, NMe,), 0.78- 
2.03 (m, 17H, nBu, CH2CH,CH2NMe2), (OCH2CH3)2). 
Exact Mass calcd. for C24H38N303P32S: 479.2363; found 
(high resolution ms): 479.2354. Extraction of the silica gel 
fraction Rf 0.55 gave 14e as a yellow oil (0.014 g, 2.5%); 
ir (film): 1629 (s, C=N, C=C) cm-'; 'H nmr 6: 6.9-7.35 
(m, 4H, Ph), 6.1 (d, J3,, = 10 Hz of d, J,,,,,, = 1.75 Hz, lH,  
H-3 or H-4), 5.55 (d, J3,, = l O H z o f d ,  J,,,,,, = 2Hz,  lH, 
H-3 or H-4), 3.64.5 (m, 3H, H-2, CH2CH,CH,NMe2), 2.2 
(s, 6H, NMe2), 0.72-2.6 (m, 18H, IIBU, Et, CH,CH2CH2- 
NMe2). Exact Mass calcd. for C22H33N332S: 371.2388; found 
(high resolution ms): 371.2389. Extraction of the silica gel 
fraction Rf 0.05 gave 12e as a yellow oil (0.06 g, 9.3%); 
ir (film): 1266 (s, P=O) cm-'; 'H nmr 6: 8.09 (t, J2.3 = 
J z , a ~ p  = 5 Hz, IH, H-2), 6.72-7.3 (m, 5H, H-3, Ph), 3.74-4.5 
(m, 6H, 0CH2CH3, CH2CH2CH2NMe,), 1.62-2.65 (m, 4H, 
CH,CH,CH,NMe2), 2.22 (s, 6H, NMe,), 1.32 (t, J C H , C H ~  = 
7 Hz, 6H, 0CH2CH3). Exact Mass calcd. for C,,H28N303- 
P3'S: 421.1582; found (high resolution ms): 421.1595. 
Extraction of silica gel fraction Rf 0.41 gave a brown oil 
(0.11 g) which was rechromatographed on two silica gel 
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plates using chloroform-methanol (2: 1) as the development 
solvent. This gave a single fraction R, 0.64 which was ex- 
tracted to give l b  as a yellow oil (0.056 g, 12.9%) identical 
( 'H nmr) with an authentic sample. 

4-Clzloro-I 0-(3-dimethylaminopropyl) -1 OH-pyria'o[3,2-b][l,4]- 
benzotlziazitze (12f) and 2-n-Butyl-10-(3-a'itinzethylamino- 
propyl) -1 OH-pyria'o [3,2-b] [I ,4]benzothiazine (13f) 

In a dry nitrogen atmosphere 12-butyllithium (0.122g, 
1.91 mmol) was added dropwise with stirring to a solution of 
l b  (0.534 g, 1.91 mmol) in anhydrous tetrahydrofuran (125 mL) 
at  0°C. The resulting greenish brown solution was stirred at 
0°C for 1 h, cooled to -77'C, and trifluoromethanesulfonyl 
chloride (0.385 g, 2.29 mmol) in anhydrous tetrahydrofuran 
(2mL) was added dropwise. The reaction was stirred at 
-77°C for 0.5 h and allowed to warm to room temperature 
over a 2 h period. The resulting lime green solution was 
treated with water (75 mL), extracted with dichloromethane 
(6 x 50 mL), and dried (Na,S04). Evaporation of the solvent 
in uacno gave a brown oil (0.683 g) of which 0.6 g was sub- 
jected to preparative thin-layer chromatography on nine 
silica gel plates using chloroform-methanol (5:l v/v) as the 
development solvent. Extraction of the silica gel fraction R, 
0.79 gave 13f as a yellow oil (0.158 g, 27.7%); 'H  nmr 6 :  
6.74-7.4 (m, 4H, Ph), 7.1 (d, J3,, = 8 Hz, IH,  H-4), 6.57 (d, 
J3,4 = 8 HZ, IH, H-3), 4.1 (t, J C H Z C H j  = 7 HZ, 2H, CHZCHZ- 
CHZNMe,), 0.69-2.81 (m, 13H, CH,CH,CH,NMe,, IIBU), 
2.35 (s, 6H, NMe,). Exact Mass calcd. for C,oH27N332S: 
341.1920; found (high resolution ms): 341.1924. Extraction of 
the silica gel fraction Rf 0.46 gave a yellow oil (0.087 g) which 
was rechromatographed on two silica gel plates using chloro- 
form-methanol (5:l v/v) as the development solvent. This 
gave two fractions Rf 0.58 and R, 0.5. Extraction of the silica 
gel fraction R, 0.5 gave l b  as a yellow oil (0.015 g, 3.1%) 
identical ('H nmr) with an authentic sample. Extraction of the 
silica gel fraction Rf 0.58 gave 12f as a yellow oil (0.051 g, 
8.3%); 'H nmr 6: 7.82 (d, J,,, = 5.5 Hz, IH,  H-2), 6.8-7.29 
(m, 4H, Ph), 6.74 (d, J,,, = 5.5Hz, IH,  H-3), 4.02 (t, 
JcHZCH3 = 7 HZ, 2H, CH2CH2CH2NMe2) 1.76-2.57 (m, 4H, 
CHZCH,CH2NMe2), 2.2 (s, 6H, NMe,). Exact Mass calcd. 
for C16HlsN332S37C1: 321.0877; found (high resolution ms): 
321.0867. Exnct Mass calcd. for Cl,H18N33ZS35C1: 319.0907; 
found (high resolution ms): 319.0898. 

1 - Diethylphosplzoryl-2-n-butyl-I 0- (2-dit~1et/zylnt~zi~zopropyl) - 
I ,2-dilzydropyridyl[3,2-b] [1,4]benzothinzit1e ( I lg)  , 4 -  
Dietlgvlphosphoryl-I 0-(2-dinzetlzy1a~nitzopropyl)-10 H- 
pyrirlo[3,2-b][I,4]benzotlziazine (12g), and 2-n-B~fyl-1 O- 
(2-a'in~etl~ylarnitzopropyl) -1 OH-pyria'o [3,2-b] [I ,4]benzo- 
thiazitze (13g) 

In a dry nitrogen atmosphere 11-butyllithium (0.162g, 
2.53 mmol) was added dropwise with stirring to a solution of 
l c  (0.72 g, 2.53 mmol) in anhydrous tetrahydrofuran (125 mL) 
at  0°C. The resulting dark brown solution was stirred at  0°C 
for 1 h, cooled to -77'C, and diethyl chlorophosphate 
(0.524 g, 3.03 mmol) in anhydrous tetrahydrofuran (2 mL) 
was added dropwise. The reaction was stirred a t  -77'C for 
I h and allowed to warm to  room temperature over a 2 h 
period. The resulting light orange solution was treated with 
water (100 mL), extracted with chloroform (6 x 50 mL), and 
dried (Na,SO,). Evaporation of the solvent in uncuo gave a 
dark reddish brown oil (0.984 g) of which 0.9 g was subjected 
to preparative thin-layer chromatography on 10 silica gel 
plates using chloroform-methanol (5: 1 v/v) as  the develop- 
ment solvent. Extraction of the silica gel fraction R, 0.93 
gave a yellow oil (0.256 g) which was rechromatographed on 
four silica gel plates using chloroform-methanol (5: 1 v/v) as  
the development solvent. This gave two fractions R, 0.88 and 

Rf 0.72. Extraction of the silica gel fraction Rf 0.88 gave l l g  
as a yellow oil (0.156 g, 14.1%); ir (film): 1270 (s, P=O), 
1630, and 1565 (s, C=C) cm-'; 'H nrnr 6:  6.8-7.23 (m, 4H, 
Ph), 5.4-5.92 (m, 2H, H-3, H-4), 3.34.67 (m, 7H, (OCHz- 
CH3),, H-2, CH,), 2.7 (m, IH, CH), 2.23 (s, 6H, NMe,), 
0.71-1.86 (m, 15H, tzBu, (OCHZCH3),), 0.98 (d, Jctl3cFl = 
6.5 Hz, 3H, Me). Exact Mnss calcd. for C24H3sN303P3ZS: 
479.2363; found (high resolution ms): 479.2369. Extraction of 
the silica gel fraction Rf 0.72 gave 13g as a yellow oil (0.019 g, 
2.4%); 'H  nmr 6 :  6.5-7.38 (m, 6H, Ph, H-2, H-3), 4.28 (d, 
JCHZCll  = 6.5Hz, 2H, CH,), 3.1 (m, lH ,  CH), 2.64 (d, 
J c H ~ c H ~ c ~ H ~  = 7 HZ, 2H, CH2C3H7), 2.38 (s, 6H, NMe2), 
0.7-1.86 (m, 7H, CH2C3H7), 1.06 (d, Jc113c11 = 6.5 Hz, 3H, 
Me). Exact Mass calcd. for C20H27N332S: 341.1920; found 
(high resolution ms): 341.1917. Extraction of the silica gel 
fraction R, 0.61 gave a yellow oil (0.094 g) which was re- 
chromatographed on one silica gel plate using chloroform- 
methanol (5:l v/v) as the development solvent. This gave 
a single fraction RI 0.67 which gave 12g as a yellow oil (0.077 g, 
7.9%); ir (film): 1268 (s, P=O) cm-':  'H  nmr 6: 8.16 (t, 
J2 .3  = J,,,I~ = 5 HZ, IH, H-2). 6.89-7.5 (m, 5H, H-3, Ph), 
3.964.51 (m, 6H, CH,, (OCH,CH,),), 3.11 (m, lH ,  CH), 
2.33 (s, 6H, NMe,), 1.36 (t, Jc l lZCH3 = 7 HZ, 6H, (OCHZ- 
CHs),), 1.07 (d, JCH3CH = 6.5 HZ, 3H, CH,). Exnct Mnss 
calcd. for C,oH2sN303P32S: 421.1583; found (high resolution 
ms): 421.1580. 

1 -Met/zo,~ycarbonyl-2-n-butyl-I0-(2-dimet/zyIa~~1itzopropyl) - 
1,2-a'ilgvdropyria'yI[3,2-b][1,4]betzzor/l ( I lh )  and 4- 
Methoxycarbotzyl-I 0-(2-dit~~etlzylattzitzopropyl) -1 OH- 
pyria'o[3,2-b][1,4]benzothinzine (12h) 

In a dry nitrogen atmosphere 11-butyllithium (0.162g, 
2.53 mmol) was added dropwise with stirring to a solution 
of l c  (0.072g, 2.53 mmol) in anhydrous tetrahydrofuran 
(125 mL) at  0°C. The resulting dark brown solution was 
stirred at  O°C for 1 h, cooled to  -77'C, and methyl chloro- 
formate (0.286 g, 3.03 mmol) in anhydrous tetrahydrofuran 
(2mL) was added dropwise. The reaction was stirred at  
-77°C for I h and allowed to warm to room temperature 
over a 2 h period. The resulting light brown solution was 
treated with water (IOOmL), extracted with chloroform 
(5 x 50 mL), and dried (Na2S04). Evaporation of the solvent 
it1 uacuo gave a dark reddish brown oil (1.038 g) of which 
0.9 g was subjected to preparative thin-layer chromatography 
on 12 silica gel plates using ethyl acetate - ether (5:l v/v) 
as the development solvent. Extraction of the silica gel 
fraction Rf 0.34 gave l l h  as a yellow oil (0.338 g, 38.5%); 
ir (film): 1726 (s, C=O), 1630 (s, C=C) cm-'; 'H nmr 6: 
6.74-7.32 (m, 4H, Ph), 5.49-5.96 (m, 2H, H-3, H-4), 4.9 (m, 
lH ,  H-2), 3.4-3.8 (m, 2H, CH,), 3.72(s, 3H, OMe), 3.0(m, 
IH,  CH), 2.3 (s, 6H, NMe,), 0.69-1.88 (m, 9H, rzBu), 1.07 
(d, J C H , ~ H  = 6.5 HZ, 3H, Me). Exact Mass calcd. for C,,- 
H31N3023ZS: 401.2130; found (high resolution ms): 401.2146. 
Extraction of the silica gel fraction Rf 0.14 gave a dark yellow 
oil (0.25 g) which was rechromatographed on six silica plates 
using chloroform-methanol (5 : l  v/v) as  the development 
solvent. This gave two fractions R, 0.8 and R, 0.73. Extraction 
of the fraction R, 0.8 gave 1211 as a yellow oil (0.064 g, 8.5%); 
ir (film): 1729 (s, C=O) cm-'; 'H  nmr 6: 8.0 (d, J,,, = 5 Hz, 
lH ,  H-2), 6.7-7.32 (m, 4H, Ph), 7.16 (d, J,,,= 5Hz ,  IH, 
H-3), 4.084.3 (m, 2H, CH,), 3.9 (s, 3H, OMe), 3.08 (m, IH, 
CH), 2.29 (s, 6H, NMe,), 1.0 (d, J C H ~ C H  = 6.5Hz, 3H, CH3). 
Exact Mass calcd. for C,sH,lN30Z32S: 343.1350; found (high 
resolution ms): 343.1347. Extraction of the silica gel fraction 
R, 0.73 gave l c  as a yellow oil (0.075 g, 12%) identical ( 'H 
nmr) with an authentic sample. 
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IOH-Pyrido[3,2-b][1,4]ber1zotl1iazit1e ( la)  
In a dry nitrogen atmosphere 11-butyllithium (0.202 g, 

3.16 mmol) was added dropwise with stirring to a solution of 
l g  (0.9 g, 3.16 mmol) in anhydrous tetrahydrofuran (125 mL) 
at  0°C. The resulting dark brown solution was stirred at  0°C 
for 1.5 h, cooled to -77"C, and methyl chloroformate 
(0.358 g, 3.79 mmol) in anhydrous tetrahydrofuran (2 mL) 
was added dropwise. The reaction was stirred at  -77°C for 
1 h and allowed to warm to room temperature over a 2 h 
period. The resulting orange-red suspension was treated with 
water (100 mL), extracted with chloroform (8 x 50 mL), and 
dried (Na2S04). Evaporation of the solvent i11 vacuo gave a 
brown oil (0.856 g) of which 0.8 g was subjected to preparative 
thin-layer chromatography on 12 silica gel plates using 
benzene-ether (1:l v/v) as the development solvent. Extrac- 
tion of the silica gel fraction Rr 0.54 gave 10H-pyrido[3,2-b]- 
[1,4]benzothiazine ( la)  as a yellow solid (0.09 g. 15.2%) 
identical ('H nmr, mp) with an  authentic sample. 

10-(2-N-Methoxycnrbot1yl-2-N-methyla1~1i11oetI1yl) -1 OH- 
pyrido[3,2-b )[1,4]bet1zothiazine (18) 

In a dry nitrogen atmosphere 11-butyllithium (0.165 g, 
2.58 mmol) was added dropwise with stirring to a solution of 
1h (0.7 g, 2.58 mmol) in anhydrous tetrahydrofuran (30 mL) 
at 0°C. The resulting dark brown solution was stirred at  0°C 
for 40 min, cooled to -77"C, and methyl chloroformate 
(0.488 g, 5.17 mmol) in tetrahydrofuran (2 mL) was added 
dropwise. The resulting solution was stirred at  -77'C for 
0.5 h and allowed to warm to room temperature over a 3.5 h 
period. The resulting dark brown solution was treated with 
water (50 mL), extracted with ether (3 x 100 mL), and dried 
(Na2S04). Evaporation of the solvent in vnclro gave a dark 
brown oil (0.71 1 g) of which 0.6 g was subjected to preparative 
thin-layer chromatography on seven silica gel plates using 
benzene-ether (5:l v/v) as the development solvent. Extrac- 
tion of the silica gel fraction Rr 0.40 gave 18 as  a dark yellow 
oil (0.167 g, 24.4%); ir (film): 1710 (s, C=O) cm-'; 'H  nmr 
6 :  8.0 (d, J2 .3  = 5 H Z  of d, J2.4 = 1.75 HZ, l H ,  H-2), 6.59- 
7.34 (m, 6H, Ph, H-3, H-4), 4.29 (m, 2H, CH2CH2NCH3- 
(C02Me), 3.51-3.95 (m, 2H, CH2CH2NCH3(C02Me), 3.74 
(s, 3H, OMe), 3.04 (s. 3H, NMe). Exact Mass calcd. for 
C16H17N30232S : 315.1038; found (high resolution ms): 
315.1042. Extraction of the silica gel fraction Rr 0.15 gave l h  
as a light brown oil (0.19 g, 32.1%) identical ( 'H nmr) with 
an authentic sample. 

10-n-Hexyl-I OH-pyrido[3,2-bl[l ,4]bet1zothiazir1e (19) 
In a dry nitrogen atmosphere 111 (0.8 g, 2.95 mmol) in 

anhydrous tetrahydrofuran (5 mL) was added dropwise with 
stirring to a solution of n-butyllithium (0.567 g, 8.86 mmol) 
in anhydrous tetrahydrofuran (50 mL) at  O°C. This solution 
was stirred at O°C for 1 h and allowed to warm to room tem- 
perature over a 1 h period. The resulting dark brown solution 
was treated with water (50 mL), extracted with ether (2 x 
100 mL), and dried (Na2S04). Evaporation of the solvent irz 
uaclro gave a reddish brown oil (1.084g) of which 0.33 g 

was subjected to preparative thin-layer chromatography on 
seven silica gel plates using benzene-ether (5: 1 v/v) as the 
development solvent. Extraction of the silica gel fraction Rr 1 
gave a dark yellow oil which was rechromatographed on one 
silica gel plate using petroleum ether (bp 35-60°C) as the 
development solvent. This gave a single fraction Rr 0.05 
which was extracted to give 19 as a yellow oil (0.066 g, 25.9%); 
'H nmr 6: 8.01 (d, JZn3 = 5 Hz of d, J2,, = 1.75 Hz, lH ,  
H-2), 6.59-7.38 (m, 6H, Ph, H-3, H-4), 4.1 (t, J~ct~,c~~,c , t l ,  = 

7 Hz, 2H, NCH2C5H11), 0.65-2.11 (m, 11H, NCH2C5HlI).  
Exact Mass calcd. for C17H20N232S: 284.1343; found (high 
resolution ms): 284.1347. This material was identical (ir, 'H 
nmr) with an authentic sample of 19 prepared from the re- 
action of l a  with sodium hydride and 11-hexyl chloride described 
below. 

10H-Pyrido[3,2-b][l,4]benzothiazine l a  (0.5 g, 2.5 mmol) 
was added to a suspension of sodium hydride (0.120g, 
5 mmol) in toluene (40 mL) and the mixture was heated under 
reflux for 1 h. A solution of 11-hexylchloride (0.333 g, 2.75 
mmol) in toluene (3 mL) was added dropwise and the mixture 
was allowed to reflux for a further 66 h. After cooling to 
2S°C, 15 mL methanol and then 50 mL water was added 
slowly. Extraction with methylene chloride (4 x 50 mL) and 
evaporation of the solvent gave a brown oil which was purified 
on a 2.5 cm x 23 cm silica gel column. Elution with petroleum 
ether (bp 37-57°C) (200 mL) gave a hydrocarbon oil which 
was discarded. Elution with petroleum ether - ether (1 : 1 v/v) 
(300 mL) gave 19 (0.278 g, 39.2%) identical ('H nmr, ir) with 
the same product described previously. Further elution with 
the same eluant (300 mL) gave l a  (0.21 g, 42% recovery). 
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F. G. HERRING, J .  M.  PARK. S.  J .  RETTIG, and J .  TROTTER. Can. J .  Chem. 57, 2379 (1979). 
Crystals of Ni(I1) bis(morpho1ine-N-carbodithioate) are monoclinic, a = 4.291(1), b = 

20.584(2), c = 8.365(1) A, e = 97.39(2)", Z = 2, space group P2,ln. The structure was solved 
by Patterson and Fourier syntheses and was refined by full-matrix least-squares procedures 
to R = 0.036 and R, = 0.044 for 1800 reflections with Z 2 3o(Z). The crystal structure consists 
of discrete molecules having approximate Czh and exact (crystallographic) C, symmetry. The 
nickel atom is coordinated to  four sulphur atoms in a planar arrangement with Ni-S = 
2.2122(7) and 2.2134(6) A and S-Ni-S = 79.16(2) and 100.84(2)". 

The electron paramagnetic resonance spectra of 6 3 C ~ ( I I )  bis(m0rpholine-N-carbodithioate) 
and 6 3 C ~ ( I I )  bis(pyrr01idine-N-carbodithioate) doped in the respective Ni(I1) analogues have 
been recorded at room temperature. The spin Hamiltonian parameters obtained from an ana- 
lysis of the spectra of the polycrystalline samples have been used to  investigate the bonding in 
these complexes. The results are compared to previous studies in carbodithioates. 

F .  G. HERRING.  J .  M. PARK, S.  J .  RETT~G et J .  TROTTER. Can. J .  Chem. 57,2379 (1979). 
Les cristaux du bis(morpho1ine N-carbodithioate) Ni(I1) sont monocliniques, n = 4.291(1), 

b = 20.584(2), c = 8.365(1) A, = 97.39(2)", Z = 2, groupe d'espace P2,ln. On a rCsolu la 
structure par des synthtses de Patterson et de Fourier et on l'a affinte par la mCthode des 
moindres carrks (matrice compltte) jusqu'a une valeur de R = 0.036 et de R, = 0.044 pour 
1800 rCflexions avec Z >_ 3o(Z). La structure cristalline comprend des molecules individuelles 
de symCtrie approximative CZh et de symCtrie exacte (cristallographique) C , .  L'atome de nickel 
est coordonnC a quatre atomes de soufre avec un arrangement planaire ou Ni-S = 2.2122(7) 
et 2.2134(6) A et S-Ni-S = 79.16(2) et 100.84(2)". 

Operant la temperature ambiante. on a enregistre le spectre de resonance paramagnetique 
electronique du 6 ' C ~  bis(morpholine N-carbodithioate) et 6 3 C ~  bis(pyrr01idine-N-carbodi- 
thioate) dope avec son analogue au Ni(I1). On a utilise les paramktres Hamiltonien des spins 
provenant d'une analyse des spectres d'khantillons polycristallins pour etudier les liaisons 
dans ces complexes. On compare les rksultats avec ceux obtenus dans des Ctudes antkrieures 
de carbodithioates. 

[Traduit par le journal] 

The complexes formed by dithiocarbamates with g-tensor and hyperfine tensor can be obtained with 
transition metal ions have been the subject of many sufficient accuracy from polycrystalline samples of 
studies (1-4). These complexes have intriguing the Cu(I1) complex in the Ni(I1) analogue; however, 
spectroscopic and structural properties arising from in doing so it is necessary to be sure that the en- 
contributions of resonance structures which lead to vironment in the host lattice does not include any 
an effective dianion electronic structure (1). The 
overall bonding to the transition metal is therefore 
very covalent leading to, for example, epr hyperfine 
parameters which are quite different from those in 
complexes where the donor atom is a harder base. 

The binary complexes of dialkyldithiocarbamates 
with Cu(I1) are very stable and their epr spectra have 
been widely investigated both in the solid state and 
frozen solution (5-8). Copper(I1) bisdiethyldithio- 
carbamate has also been used to study fast Lewis 
acid-base reactions (9) as a probe of molecular 
motion in liquids (10). In order that a complex of 
Cu(I1) can be used as a probe of molecular motion 
in liquids it is necessary that the anisotropies of the 
epr spin Hamiltonian be accurately determined. The 

dimeric interactions nor non-square planar co- 
ordination as, for example, in the case of the diethyl- 
dithiocarbamates of Zn(II1) and Cu(I1). In addition 
'to accurately determine hyperfine parameters' it is 
desirable that the shape of the spin probe be as well 
defined as possible. To this end a dithiocarbamate 
ligand with the N-atom in a ring structure is suitable, 
and consequently we have investigated the utility of 
pyrrolidine-N-carbodithioate and morpholinecarbo- 
dithioate as ligands. 

The present paper describes the epr of 63C~(I I ) -  
bis(pyrro1idine-N-carbodithioate) and 6 3 C ~ ( I I )  bis- 
(morpholine-N-carbodithioate) doped in their Ni(I1) 
analogues together with the X-ray crystal structure 
analysis of the Ni(I1) bis(morpho1ine-N-carbodi- 

0008-4042/79/182379-07$01.00/0 
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thioate), that of the pyrrolidine-N-carbodithioate 
already having been determined (I 2). The results are 
used to compare the bonding in these compounds 
with that of the pyrrole analogue (13). 

Experimental 
Preparation of Cott~po~rtzds 

Potassium morpholinecarbodithioate was prepared by 
mixing stoichiometric quantities of morpholine, carbon di- 
sulphide, and potassium hydroxide in water. The resultant salt 
was used to prepare the Ni(I1) and 6 3 C ~ ( I I )  complexes by 
mixing the respective chloride and salt in water. The resultant 
precipitate was repeatedly washed and then recrystallized from 
chloroform. Crystals of Ni(I1) bis(morpholinecarbodithioate) 
for the X-ray diffraction studies were obtained by slow evapor- 
ation at ambient temperature of a saturated chloroform 
solution. 

The 63C~( I I )  bis(pyrro1idinecarbodithioate) was prepared as 
above using the ammonium salt which was obtained from 
Aldrich Chemicals. The 63CuCIZ was prepared as described 
previously (10). All compounds studied in this work gave the 
correct microanalytical results for C, H, and N. 

Electrotz Pnratnagtzetic Resonntzce 
Electron paramagnetic resonance (epr) spectra of poly- 

crystalline samples of the 6 3 C ~ ( I I )  complex doped (1 : 1000) in 
the Ni(I1) analogues were recorded at room temperature 
(22°C) in an X-band (9.05 GHz) spectrometer. The NiCI, used 
to prepare the Ni analogue of the carbodithioate under con- 
sideration often contained a high level of Cu(I1) (mixed 
isotopes) which obscured the epr spectrum of the 63C~( I I )  
carbodithioate doped in the Ni carbodithioate. This situation 
was remedied by c~precipi ta t in~ the Cu(I1) impurity with the 
Ni carbodithioate bv oretreatine a NiCI, solution with half an 
equivalent of the potassium carbodithioate. The resulting 
solution was filtered and the supernatant liquid, containing 
purified NiCI,, used to prepare the Ni(II)bis(carbodithioate). 
The Ni complex prepared in this way proved to be free of 
Cu(I1) at the operating levels of the epr spectrometer, and was 
subsequently used as a host for the Cu(I1) complex. 

The magnetic field of the epr spectrum was calibrated using 
a proton magnetometer and the microwave frequency was 
accurately measured using an H P  5425L counter equipped with 
an X-band plug-in. 

The epr spectrum of 63Cu(II) bis(morpholinecarbodithioate) 
is shown in Fig. 1. The g-tensor and hyperfine tensor were 
obtained by simulating the observed spectrum using a com- 
puter program described previously (14). The results of the 
simulations for the morpholine complex are shown in Fig. 2 
and the spin Hamiltonian parameters used are presented in 
Table 1. The results for the pyrrolidine-N-carbodithioate are 
also included in Table 1. 

X-ray Ctysmllographic Atzalysis of Ni(ZZ) Bis(tnorpho1itze-N- 
carbodi!hion/e) 

The crystal chosen for study, grown by slow evaporation of 
a chloroform solution, was mounted with (770) normal to the 
goniostat axis and had dimensions of ca. 0.6 x 0.2 x 0.35 mm. 
Unit-cell and space group data were obtained from film and 
diffractometer measurements. The unit-cell parameters were 
refined by least squares on 2 sin 8/h values for 16 reflections 
measured on a diffractometer with MoK, radiation (A = 
0.71073 A). Crystal data (at 22'C) are: 

C1 o H ~ ~ N z N ~ O Z S ~  fw = 383.22 
Monoclinic, n = 4.291(1), b = 20.584(2), c = 8.365(1) A, 
p = 97.39(2)", V = 732.6(2) A3, Z = 2, pc = 1.737 g ~ m - ~ ,  

FIG. 1. The epr spectrum of copper(I1)-63 bis(morpho1ine- 
N-carbodithioate) doped in the Ni(I1) analogue. 

FIG. 2. Simulated spectrum of copper(I1)-63 bis(mor- 
pholine-N-carbodithioate). 

TABLE 1. Spin Hamiltonian parameters determined 
from polycrystalline samples 

6 3 ~ ~ ( ~ ~ )  6 3 ~ u ( ~ ~ )  
bis(morpho1ine- bis(pyrro1idine- 

Parameter carbodithioate) carbodithioate) 

F(000) = 396, p(MoK.) = 18.6 cm-'. Absent reflections: 
OkO, k = 2n, h01, h + I # 211 define uniquely the space group 
P2,ln (alternate setting of P2,/c, c?,, No. 14). 

Intensities were measured with zirconium-filtered MoK, 
radiation on a Datex-automated General Electric XRD-6 
diffractometer. A 8-28 scan at 4' min-I over a range of 
(1.80 + 0.86 tan 8)" in 28 was employed. Background counts 
of 10 s were measured at each end of the scan. Data were 
measured to 28 = 65". The intensities of the check reflections, 
measured every 50 reflections throughout the data collection, 
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HERRING ET AL.  

decreased uniformly to final values which were 0.93 times the 
initial values and appropriate corrections were made. After 
data reduction, an absorption correction was applied using the 
Gaussian integration method (15, 16). Transmission factors 
ranged from 0.582 to 0.728. Of the 2656 independent reflec- 
tions measured, 1800 (68%) had intensities greater than 3o(I) 
above background where oZ(I) = S + B + (0.025S), with 
S = scan count and B = time-averaged background count. 

The positions of the sulphur atoms were determined from 
the Patterson function assuming the nickel atom to be situated 
at the origin, and those of the 0 ,  N, and C atoms from a sub- 
sequent difference map. After full-matrix least-squares refine- 
ment of the non-hydrogen atoms with anisotropic thermal 
parameters to R = 0.100, a difference map gave the coordin- 
ates of all 8 independent hydrogen atoms, which were included 
in all subsequent cycles of refinement with isotropic thermal 
parameters. The scattering factors of ref. 17 were used for the 
non-hydrogen atoms and those of ref. 18 for hydrogen atoms. 
Anomalous scattering factors from ref. 19 were used for the Ni 
and S atoms. The weighing scheme, w = ()F0)/5.5)z if 1 F,,) 
< 5.5, w = 1 if 5.5 5 IF, 5 25.0, w = (25.0/IF,1)z if F,I 
> 25.0, and w = 0.144 for the unobserved reflections, gave 
uniform average values of w(l F.1 - IFcI)Z over ranges of I F,I 
and was employed in the final stages of refinement. A type I 
anisotropic extinction correction (Thornley-Nelmes definition 
of mosaic anisotropy with a Lorentzian distribution) was 
applied (20-22). Extinction parameters are given in Table 2. 
Convergence was reached at  R = 0.036 and R, = 0.044 for 
1800 reflections with I ?  3o(I). For all 2656 planes R = 0.061 
and R, = 0.051. 

On the final cycle of refinement the mean and maximum 
parameter shifts corresponded to 0.15 and 0.680 respectively. 
The mean error in an observation of unit weight was 0.4784. 
The final positional and thermal parameters appear in Tables 
3 and 4 respectively.' Measured and calculated structure 
factors have been placed in the Depository of Unpublished 
Data.' 

The ellipsoids of thermal motion for the non-hydrogen 
atoms are shown in Fig. 3. Rigid-body thermal motion 
analysis (23) has been carried out using the computer program 
MGTLS. The rms standard error in the temperature factors 
oUlj  (derived from the least-squares analysis) is 0.0010 Az. 
Analysis of the 7-atom group consisting of C(l) plus the six 
morpholine ring atoms gave physically reasonable results 
(rms AUij = 0.0008 Az). The appropriate bond lengths have 
been corrected for libration (24), using shape parameters qz 
of 0.08 for all atoms involved. Corrections to bonds involving 
atoms not included in the rigid-body were estimated using 
independent motion corrections based on the AUIj. Corrected 
and uncorrected bond lengths are given in Table 5 and cor- 
rected bond angles in Table 6. Intra-annular torsion angles for 
the chelate and morpholine rings are given in Table 7. 

Individual molecules of Ni(SzCNC4H,0)z have exact 
(crystallographic) C, symmetry with the nickel atoms located 
at the inversion centres (0,0,0) and (+,+,$). The molecule (Fig. 
3) effectively has C,, symmetry, the mirror plane being normal 
to the NiS4 plane and containing Ni, C(1), N, and 0. Bond 
lengths and angles are consistent with Czh symmetry within 
experimental error but the Czh symmetry is broken by a small 
twist of the morpholine ring with respect to the C(l)Sz plane 
(the angle between normals to the C(1) and N coordination 

'Structure factors and thermal parameters (Table 4) are 
available, at  a rlominal charge, from the Depository of Un- 
published Data, CISTI, National Research Council of 
Canada, Ottawa, Ont., Canada KIA 0S2. 

TABLE 2. Anisotropic extinction 
parameters, Lorentzian type I 

Y Thornley-Nelmes ( x 1 0-8) 

11 0.0045(5) 
22 0.032(4) 
33 0.41(5) 
12 O.OOS(2) 
13 0.04(1) 
23 0.02(1) 

Principal axes of mosaic spread (seconds of arc) 
and directions in orthogonal A space referred to 

a, b, c* 

1 0.05 0.98 -0.18 0.05 
2 0.58 0.19 0.98 -0.05 
3 2.1 -0.04 0.06 0.99 

TABLE 3. Final positional parameters (fractional x lo5, H x 
lo3) with estimated standard deviations in parentheses. 

Equivalent positions: (x, y, z ;  112 - x, 112 + y,  112 - z) 

Atom x Y z 

*a and e refer to  axial and equatorial respectively. 

groups being 3.2"). This is assumed to be a result of packing 
forces. 

The NiS, group is exactly planar as a result of the molecular 
inversion centre. Important meanZ structural parameters are 
in excellent agreement with those found for related molecules 
(see Table 8). The relatively long mean Ni-S distance of 
2.2128(6) A is as expected for a dithiocarbamate ligand which 
generates a weak crystal field (32). Although the Ni(SzCNCz)z 
group is planar to within 50.116 A, deviations of this magni- 
tude represent highly significant deviations from planarity. The 
four-membered chelate ring, NiSzC, is slightly but significantly 
(xZ = 29.0) non-planar as are the coordination groups of C(1) 
and N (displaced - 0.01 l(2) and 0.073(2) A respectively from 
the planes defined by their substituents). The morpholine ring 
adopts a nearly regular chair conformation, slightly distorted 
by the nearly planar coordination at nitrogen. Bond lengths 

zHere and elsewhere in this report mean values refer to 
weighted means with rms deviations from the mean in paren- 
theses. 
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can be attributed to a S(1)-Cu-S(2) angle of less than 90" 
and variations in Cu-S(1) and Cu-S(2) bond lengths; both 
of these distortions lead to symmetries less than D,, and cause 
a splitting of the dx, and rl,, orbitals producing the observed 
non-axial character. The magnitudes of the spin Hamiltonian 
parameters are typical for most dithiocarbamates with the 
possible exception of the pyrrolle-N-carbodithioate; this can be 
seen from Table 9 where the results for other complexes are 
collected. The parameters in Table 9 are all for the copper-63 
complex doped in the nickel analogue with the exception of the 
pyrrole derivative (13). The crystal structures of the diethyl, 
morpholine, and pyrrolidine carbodithioates of Ni(I1) are 
known (11. 12) and a summary of pertinent results is shown 
in  able 8 . ~  consideration of the  data in this table shows that 

Sf21 s[l: S(21 S[ll only very weak axial interactions at the nickel atom occur in 

CLll these lattices so that the spin Hamiltonian parameters obtained 
reflect a square planar environment free of additional inter- 

J. actions. This is not the case in Zn diethvldithiocarbamate. for 
example, where the environment is close to square pyramidal 

C [ [21 (1 1). The parameters for the Cu(I1)-bis(pyrrole-carbodithioate) 

c I [31 
were obtained in the Cd(I1) analogue and by use of mixed Cu 
isotopes; the latter fact leads to relatively inaccurate spin 
Hamiltonian parameters due to overlap of the 6 3 C ~  and 6 5 C ~  
lines in the oeroendicular reeion of the soectrum. The results 
for dimeth;ldiihiocarbamati were obtaiAed using Cu(I1)-63 

3. the Ni(S2CNC4H~0)2 50x in the Ni(I1) complex (25). Unfortunately the crystal structure 
thermal ellipsoids are shown for the non-hydrogen atoms; for Ni(I1) bis(dimethyldithiocarbamate) has not been deter- 
hydrogen atoms have been given artificially small temperature mined so that the exact environment around the Ni(I1) is not 
factors for the sake of clarity. known and consequently absolutely reliable comparisons can- 

and angles in the morpholine ring are as expected. A possibly 
significant difference between the mean axial and equatorial 
C-H bond distance (1.02(2) vs. 0.93(4) A) has been noted. 

The crystal structure viewed along a *  is shown in Fig. 4. It 
has been noted that packing in compounds of this type is 
generally dominated by S-.H and/or M-.H contacts (11, 
12, 29, 30, 32-34). The present structure is no exception, being 
made up of discrete molecules of Ni(S2CNC4H80)2 linked by 
weak C-H..,S interactions (S(2)...H(3e)(x, y, 1 + z) = 
2.95(3) and (S2)-.H(4e)(x - 4, 9 - y ,  + z) = 2.98(4) A). 
All other intermolecular distances are greater than the sum of 
van der Waals radii. The shortest Ni...S contact is 3.847(1) A 
(Ni-3(1) (x - 1, y, z and 2 - x, 1 - y, 1 - z)), and does 
not represent any significant interaction. 

not be made, but the results are included for completeness. 
The ligand environment around the Cu or Ni in dithio- 

carbamates corresponds to Dlh symmetry. A crystal field 
calculation by Choi er 01. (26) for D2, symmetry and four 
sulphur ligands shows as expected a lB,,  ground state. The 
application of group theory shows that theantibondingmolecu- 
lar orbitals are (27): 

Jlglm = adxy - C I ' [ - U , ~ ( ' )  + uxy(2) + uXy(') - OXY (4) ]  

= W . r l - y ~  - P1[ -pXy( ' )  - pXyi2)  + pXy(l )  + 
= yd,l - fy1[uXy(') + - axy(l) - u , ~ ( ~ ) ]  

= 6dy, - f6'[p,(') + pz(2) - pr( l )  - pr(4)] 

+ B 2 ,  = ~d,,  - ~ E ' [ P ~ ( "  - p1(2) + P ~ ' ~ '  - p1(3)] 
Analysis of the epr Data for the Cu(l l )  Morpt~olit~e and 

Pvrrolidit~e N-carbodithioates using the notation of Gersmann and Swalen (27). Themagnetic 
t he spin Hamiltonian parameters obtained for the cop- parameters are: 

per(I1) complexes of the morpholinecarbodithioate and [ I ]  gz, = g, - (6hlAEx2-yl)(a2P2) pyrrolidine-N-carbodithioate liquids are given in Table I .  The 
hyperfine and g-tensor show an orthorhombic character which [2] g,, = g. - ( 2 h / ~ ~ , , ) ( a ~ ~ ~ )  

TABLE 5. Bond lengths (A) with estimated standard deviations in parentheses 

(a) Non-hydrogen atoms 

Bond Uncorr. Corr. Bond Uncorr. Corr. 

(b) Bonds involving hydrogen atoms 

C-H(axial), 0.99-1.03(34), mean 1 .02(2) 
C-H(equatorial), 0.90-0.99(34), mean 0.93(4) A 
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HERRING E T  A L  

TABLE 6. Bond angles (deg) with estimated standard deviations in parentheses 

(a) Non-hydrogen atoms* 

Bonds Angle (deg) Bonds Angle (deg) 

'Primed atom at 1 - x, 1 - y ,  1 - r .  

(b) Angles involving hydrogen atoms 

R-C-H, 106-1 13(2-3), mean 109(2)" 

FIG. 4. The structure of Ni(S2CNC4H80)2 viewed along a*. 

TABLE 7. Intra-annular torsion angles (deg) 

Bond Obs. Bond Obs. 

[31 gyy = g, - (2hlAE,,)(~~6~) 
4 

[4] A,, = -K - -u2P - 2hu2P 7 

3 ti2 3 -- 
14 AEyz -I- flc) 

2 22 hci2z2 [5] A,, = -K + ? u 2 P  
14 AE,: 

2 22 hu2ti2 
[6] Ayy = -K + -a2P 7 14 AEyz 

These equations have been modified so that the Fermi 

contact term is represented by - K and not -a2k. The latter 
form is based upon the misconception that the Fermi contact 
term for d 9  systems is proportional to the square of the M.O. 
coefficient of the d-orbital in the single electron M.O.; this has 
been shown to be incorrect by McGarvey (28). The other 
symbols have their usual meaning and we adopt the values 
h = -828 cm-' and P = 360 x cm-I. 

The evaluation of the bonding parameters, a ,  p, 6, E ,  and K 
requires a knowledge of the electronic spectrum of the dithio- 
carbamates of Cu(I1). Recently Choi et 01. (26) have performed 
an analysis of the electronic spectra of these complexes and the 
results can be summarized as the rl,, + dX= and rl,, + d,, 
occurring at ca. 2.30 pm-I, d,, + dX2-,2 at ca. 1.90 pm-' and 
d,, + dz2 at ca. 1.60 pm-'. The only disconcerting aspect of 
this interpretation is the very large extinction coefficient (or 
molar absorbtivity) of the band at 2.30 pm-' which is un- 
expected for a d-d band. Choi et al. (26) provide a reasonable 
explanation of this large extinction coefficient and the orbital 
order is supported by crystal field calculations. 

It is easy to show that the Fermi contact term can be 
obtained from: 

- K  = [(A,, + A,, + Azz)  - P(Ag,, + Agyy + Agxx)]/3 
and a 2  from: 

u2 = 7 [-Az1 - K  + P(AgZl + (3/14)Agxx + (31 14)Agyy)]/(4P) 
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h 
W h  

h hhh - m m m  
V V V V  

. . 
rn rn m  r n m m  

where Ag,, = g , ,  - 2.0023, etc., and the signs of A,,, A,,, 
and A,, are taken to be negative. Once a 2  has been obtained p2 
can be obtained from eq. [ I ]  with a knowledge of AE(xy -+ 
sZ - y 2 )  together with Ag,, and Ag,,. Finally we determined 
a n  average value of 6 Z  by neglecting the slight orthorhombic 
character (i.e. setting ti2 = E~ and AE,, z AE,:) and using 
g = -$(g,, + g,,) with the appropriate average of eq. [2] and 
eq. [3]. This was done since the electronic spectra do not permit 
a resolution of the AE(xy + y z )  transitions and this procedure 
is in accord with previous work where only g .  is measured. We 
note that the above method of calculation of bonding param- 
eters makes no assumptions as to the dependence of the Fermi 
contact term on a Z ,  nor does it assume that the Fermi contact 
term is a constant for all dithiocarbamates as is done in the 
method adopted by Bereman and Nalewajek (13) .  The 
results of the calculations are given in Table 9. 

Discussion 
It is appropriate to discuss our epr results in 

relation to previous studies. The most extensive epr 
studies have been carried out on Cu(DEDTC), (5-8) 
and there is some variation in the spin Hamiltonian 
parameters. The variations in spin Hamiltonian 
parameters are well understood in terms of axial 
interactions or lowering of symmetry which cause 
g i l  to increase and All to decrease (40). Thus if a 
study of the spectrum of Cu(DEDTC), is made in 
even a mildly coordinating solvent quite large in- 
creases in g i l  and decreases in All  can be observed 
(40). This presumably accounts for the difference in 
hyperfine parameters observed for Cu(DEDTC), in 
chloroform : toluene glass (10,40), and Cu(DEDTC), 
in the Ni analogue where axial interactions are 
minimal. We therefore feel that the hyperfine 
parameters obtained in the Ni(I1) analogue reflect 
more closely those that would be obtained for the 
Cu(I1) complex free of any non-specific interactions. 

Weeks and Fackler (5 )  determined the spin 
Hamiltonian parameters of Cu(DEDTC), in the Ni 
analogue and deduced from them the bonding 
parameters using various degrees of approximation. 
The results obtained by them using AE(xy -t 
x2 - y2) = 1.60 pm-' andAE(xy -t xz) = 2.0 pm-' 
are or = 0.74, P = 0.72, and F = 0.82 which are in 
fair agreement with our results which were obtained 
using the electronic excitation energies of Choi et al. 
(14). Gersmann and Swalen (27) also determined the 
bonding parameters in Cu(DEDTC), using the spin 
Hamiltonian parameters deduced from spectra 
recorded from samples in a frozen chloroform- 
toluene mixture. As mentioned above the g- and 
A-values obtained from this glass are subject to error 
and consequently they obtained bonding parameters 
that are substantially different in the n-bonding (6) 
coefficient; they calculated or = 0.77, P = 0.74, and 
F = 0.94. In like manner Bereman and Nalewajek 
(13) also computed erroneously high values of F for 
Cu(DEDTC),, using the Gersmann and Swalen spin 
Hamiltonian parameters and the incorrect assump- 
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TABLE 9. Bonding parameters deduced from spin Hamiltonian and spectral parameters for some dithiocarbamates 

Ligand amine g 11 g 1 IAI I I"  IA1Ia CI S 6 Ka 

Dimethylamineb 2.079 2.016 153.5 35.1 0.683 0.701 0.657 87.2 
Diethylamine' 2.084 2.023 159.0 39.0 0.690 0.715 0.762 93.6 
Pyrrolidine 2.0885 2.020 158.0 37.6 0.694 0.723 0.717 92.2 
Morpholine 2.0936 2.023 156.8 33.7 0.705 0.741 0.750 90.5 
Pyrroled 2.11 2.02 144.8 30.5 0.699 0.792 0.775 85 .7  

Tm-'  x lo4 for "Cu. 
bF. G .  Herring and J. M. Park, unpublished results. 
=Reference 5. 
*Reference 3. The assignment of the electronic spectrum by Bereman and co-workers was used. AE(xZ - y z )  = 1.89 pm- '  and AE(xz) = 

2.75 urn-'. 

tion that the Fermi contact term, K, is given by 
(3/7)cr2 (28). In summary the results on Cu(DEDTC), 
show that ct = 0.69 to 0.74, P = 0.70 to 0.74, and 
6 = 0.76 to 0.82, i.e. a value of 6 = 0.9 is too high. 

The spin Hamiltonian parameters for Cu bis- 
(pyrrole-N-carbodithioate) determined both inchloro- 
form-toluene glass and the Cd analogue are some- 
what different from the other compounds. This could 
reflect either that the environment of the complex 
contained axial interactions or that the n-bonding in 
this complex is truly different from the other dithio- 
carbamates as suggested by Bereman and Nalewajek. 
If we discard the former caution then the results of 
the calculations indicate that the bonding in these 
compounds is modified in both the o-framework as 
exemplified by the variation in P- and the K-frame- 
work as exemplified by 6. However, in order to fully 
substantiate the claim of Bereman and Nalewajek 
(13) another investigation of the Cu bis(pyrro1e-N- 
carbodithioate) should be carried out using a single 
isotope and a proven interaction free matrix. 

Acknowledgements 

13. R. D. BEREMAN and D. NALEWAJEK. Inorg. Chem. 16,2687 
( 1977). 

14. F. G. HERRING,  J.  C. TAIT. and C.  A. MCDOWELL. J.  
Chem. Phys. 57,4564 ( 1972). 

15. P. COPPENS. L.  LEISEROWITZ, and D. RABINOVICH. Actn 
Crystallogr. 18, 1035 (1965). 

16. W. R. BUSING and H. A. LEVY. Acta Crystallogr. 22, 457 
(1967). 

17. D. T .  CROMER and J.  B.  MANN. Acta Crystallogr. Sect. A. 
24,321 (1968). 

18. R. F. STEWART, E. R. DAVIDSON, and W. T .  SIMPSON. 
J .  Chem. Phys. 42.3175(1965). 

19. D. T. CROMER and D. LIBERMAN. J. Chem. Phys. 53, 1891 
(1970). 

20. P. J .  BECKER and P. COPPENS. Acta Crystallogr. Sect. A. 
30, 129 (1974); 30. 148 (1974); 31,417 (1975). 

21. P. COPPENS and W. C. HAMILTON. Acta Crystallogr. Sect. 
A, 26.71 (1970). 

22. F. R. THORNLEY and R. J .  NELMES. ActaCrystallogr. Sect. 
A, 30,748 (1974). 

23. V. SCHOMAKER and K. N. TRUEBLOOD. Acta Crystallogr. 
Sect. B, 24,63 (1969). 

24. D. W. J.  CRUICKSHANK. Acta Crystallogr. 9. 747 (1956); 9, 
754 (1956); 14,896(1961). 

25. F. G. HERRING and J.  M. PARK. TO be published. 
26. S.-N. CHOI, E. R. MENZEL, and J. R. WASSON. J .  Inorg. 

Nucl. Chem. 39.417 (1977). 
27. H. R. GERSMANN and J .  D. SWALEN.  J.  Chem. Phys. 36. 

We thank P. S. Phillips and the University of 3221 (1962). 

British Columbia Computer Centre for assistance. ::: ~ ; : , ~ ~ ~ ~ . ~ ~ P ~ ~ ~ ~ ~ ~ ~ b 5 ~ ( l ~ $ 1 L L A  
This work was supported by grants from the National Crystallogr. 23,384 (1967). 
Research Council of Canada. 30. P. W. G.  NEWMAN and A. H. WHITE. J .  Chem. Soc. Dalton 

D. CONCOUVANIS. Prog. Inorg. Chem. 11,294 (1970). 
J. MCCLEVERTY. Pro6 Inorg. Chem. 10,49(1968). 
R. EISENBERG. Prog. Inorg. Chem. 12,295 (1970). 
G. THAN and R. LUDWIG. Dithiocarbamates and related 
compounds. Elsevier, New York, NY. 1962. 
M. J .  WEEKS and J. P. FACKLER. Inorg. Chem. 7, 2548 
(1968). 
R. PETTERSSON and T .  VANNGARD. Ark. Kemi. 17. 249 
(1951). 
T. R. REDDY and R. S R ~ N I V A S A N .  J. Chem. Phys. 43, 1404 
(1965). 
A. K. GREGSON and S. MITRA. J. Chem. Phvs. 49, 3696 
(1968). 
F. G. HERRING and R. L. TAPPING. J .  Phys. Chem. 78,316 
( 1974). 
F. G. HERRING and R. L.  TAPPING. Can. J .  Chem. 52,4016 
(1974). 
M. BONAMICO, G. D ~ S S Y ,  A. VACIAGO, and L. ZAM- 
BONELLI. Acta Crystallogr. 19,619 (1965); 19,898 (1965). 
P. W. G. NEWMAN, C. L.  RASTON, and A. H .  WHITE. 
J. Chem. Soc. Dalton Trans. I332 (1973). 

Trans. 1460 (1972). 
C. L.  RASTON and A. H. WHITE. J. Chem. Soc. Dalton 
Trans. 1790 (1974). 
P. W. G. NEWMAN and A. H .  WHITE. J .  Chem. Soc. Dalton 
Trans. 2239 (1972). 
G. PEYRONEL and A. PIGNEDOLI. Acta Crystallogr. 23,398 
(1 967). 
J .  M. MARTIN. P. W. G. NEWMAN,  B. W. ROBINSON, and 
A. H. WHITE. J .  Chem. Soc. Dalton Trans. 2233 (1972). 
C. L. RASTON and A. H. WHITE. Aust. J .  Chem. 29, 523 
(1976). 
Z. A. STARIKOVA. E. A. SUGAM.  V. M. ACRE, and Ju .  V. 
OBOZENKO. Kristallografija, SSSR, 17, 11 1 (1972). 
F. W. B. EINSTEIN and J. S .  FIELD. ActaCrystallogr. Sect. 
B, 30,2928 (1974). 
G. PEYRONEL, A. PIGNEDOLI, and L .  ANTOLINI.  Acta 
Crystallogr. Sect. B, 28, 3596(1972). 
Z. V. ZVONKOVA and V. I. JAKOVENKO. Kristallografija, 
SSSR, 13, 169 (1968). 
S.  ANTOSIK, N. M. D. BROWN, A. A. MCCONNELL, and 
A. L. PANTE. J.  Chem. Soc. A, 545 (1969). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Excess volumes of p-picoline and y -picoline mixtures with some n-alcohols at 308.15 K 

PREM P. SINGH 
Deprrrttnetrt oj'chetrristty, Maharshi Dayntrond Utricersity, Rohtnk, Itldicr 

A N D  

BUTA R .  S H A R M A ~  A N D  PARKASH C.  CHOPRA 
Deporttnetrt c?f'Chetnr~try. D.A. V.  College, Jlrllrrtrdlrr, Ordicr 

Received January 1 I ,  1979 

PREM P. SINGH, BUTA R. SHARMA, and PARKASH C. CHOPRA. Can. J. Chem. 57,2386 (1979). 
Excess volumes, V E ,  of binary mixtures of (3-picoline and y-picoline with ethanol, n-propanol, 

and n-butanol have been measured as a function of composition at  308.15 K by a dilatometric 
method. The V E  data are negative for all the mixtures studied here and suggest that the strong 
N---H-0 interactions outweigh those due to the breaking of the 0-H---0 bonds. 

PREM P. SINGH, BUTA R. SHARMA, and PARKASH C. CHOPRA. Can. J. Chern. 57,2386 (1979). 
Faisant appel a une methode dilatomCtrique et operant a 308.15 K, on a mesure les volumes 

en exces, V E ,  de melanges binaires de (3-picoline et de y-picoline avec I'ethanol, le n-propanol 
et le n-butanol. Les donnees de V" sont negatives pour tous les melanges ttudies ici et suggerent 
que les interactions N---H-0 sont plus fortes que celles dues au bris des liaisons 0-H---0. 

[Traduit par le journal] 

Introduction 
Alcohols are strongly self-associated (1) but there 

is considerable disagreement as to the identification 
of the predominant associated species (2-5). Further- 
more, for binary solution rich in alcohol, a three 
dimensional network of hydrogen-bonded alcohol 
molecules is believed to be present (6,7). The purpose 
of the present investigation is to study the effect of 
P-picoline or y-picoline on the excess volumes of 
their mixtures with some normal alcohols. 

Experimental 
Materials 

Analytical grade (3-picoline, y-picoline, ethanol, 11-propanol, 
and 11-butanol were purified by standard procedures (8). 
Purities of the final samples were checked by measuring their 
densities at  298.15 + 0.01 K, the results (except for n-butanol) 
agreed to within 0.00005 g cm-3 (0.00012 g ~ m - ~  in the case 
of n-butanol) with those in the literature (9-12). Excess 
volumes as a function of composition2 were determined 
dilatometrically (13) in a water bath controlled to k0.01 K. 
The uncertainties in the V e  values is about 0.3%. 

Results 
The results at 308.15 + 0.01 K are given in 

Table 1 and were fitted to the expression: 

[ l ]  VE/x1x, cm3 mol-' = A + B(x, - x,) 

+ C(x, - x,), 

'To whom all correspondence should be addressed. 
ZComplete set of the V E  data is available, at a nominal 

charge, from the Depository of unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Ont., Canada 
KIA 0S2. 

where A,  B, and C are adjustable parameters and 
x, and x, are the mole fractions of components 1 
and 2 in the mixture. These parameters were evalu- 
ated by fitting experimental values of VE/xlx, to 
eq. [ I ]  by the method of least squares and are 
recorded together with the standard deviation, o(vE), 
in Table 1. 

Discussion 
We are unaware of any data at 308.15 K with 

which to compare our results for these mixtures. 
Kowalski et al. (9) have determined the molar 
excess volumes of a-, p-, and y-picolines (1) with 
some aliphatic alcohols (2) at 298.15 and 313.15 K. 
Assuming that VE varies linearly in the temperature 
range 298.15-3 13.15 K for all the mixtures studied 
by these workers (9), we evaluated VE values at 
308.15 K for the mixtures studied in the present 
investigation. Our VE values for P-picoline (1) + 
n-propanol (2) at 308.15 K are in excellent agree- 
ment (0.004 cm3 mol-') with their VE values for 
x ~ - ~ ~ ~ ~ , ~ ~ ~  2 0.7. In the rest of the P-picoline con- 
centration range their values are consistently more 
negative than ours; the maximum difference being 
0.02 cm3 mol-' at xp-pico,ine = 0.3. For P-picoline 
(1) + n-butanol (2) our VE values at 308.15 K are in 
excellent agreement with their VE values (9) for 
~ p - ~ ~ ~ ~ ~ ~ ~ ~  I 0.15 and x ~ - ~ ~ ~ ~ ~ ~ ~ ~  2 0.6. In the inter- 
mediate P-picoline concentration range their VE 
values (9) are more negative than ours and differ by 
as much as 0.01 cm3 mol-' at x ~ - ~ ~ ~ ~ ~ ~ ~ ~  = 0.3. 
Furthermore our VE data at 308.15 K for y-picoline 
(1) + n-propanol (2) are in excellent agreement 

0008-4042/79/182386-02$01 .OO/O 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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SINGH ET AL.  2387 

TABLE 1. Values of the parameters of eq. [ l ]  for the various mixtures at 308.15 K;  also given is the standard 
deviation o(VE) 

Mixture 
- 

a-Picoline (I) + ethanol (2) - 1 .5920 0.4089 0.0166 0.0007 
a-Picoline (I) + n-propanol (2) - 1 ,3200 0.3452 - 0.0496 0.0006 
a-Picoline (1) + ?I-butanol (2) - 1 ,0720 0.2263 0.1175 0.0006 
y-Picoline (1) + ethanol (2) - 1 ,6400 0.6178 - 0.0427 0.0006 
y-Picoline (1) + n-propanol (2) - 1.3320 0.4364 0.0782 0.0004 
y-Picoline (1) + n-butanol (2) - 1 ,0200 0.2367 0.2482 0.0006 

(< 0.002 cm3 mol-') with their V E  values for 
x ~ - ~ ~ ~ ~ ~ ~ ~ ~  5 0.5. However, for xy~picoline 2 0.5, their 
V E  values are consistently more negative than ours; 
the maximum difference being 0.015 cm3 mol-I at 
x ~ - ~ ~ ~ ~ , ~ ~ ~  = 0.6. For y-picoline (1) + n-butanol (2) 
mixture, our V E  values at 308.15 K agree within 
0.002 cm3 mol-' with the vE values derived from 
the reported V E  data for this mixture at 298.15 and 
313.15 K for x,-picoline 2 0.6. In the rest of the 
y-picoline concentration range, their V E  values are 
more negative than ours and differ by as much as 
0.03 at x = 0.2. Again the excess volumes, V E ,  for 
all the mixtures studied here are negative and the 
curves of V E  against x, are not symmetrical about 
x, = 0.5; they are slightly skewed towards the 
alkanol-rich end of the mole fraction scale. Further- 
more V E  for an equimolar mixture increases in the 
order n-butanol > n-propanol > ethanol when the 
other component is P-picoline or y-picoline at 
308.15 K. 

Various studies (14-16) indicate that alcohols are 
self-associated. The addition of the picoline would 
then cause rupture of some of the hydrogen bonds 
(since the picoline would try to adjust itself in the 
three dimensional hydrogen-bonded network and as 
such gives rise to increased steric repulsion between 
the alkyl chain of the alcohol and the picoline ring) 
so that the resulting alcohol chain fragments then 
interact with picolines. Since the observed V E  would 
be the cumulative sum of the contributions due to 
these factors, the observed V E  data for all these 
mixtures suggest that the contribution to V E  due to 
the 0-H---N interactions always outweigh those 
due to the breaking of the 0-H---0 bonds. Further- 
more, since self-association in alcohol varies in the 
order ethanol > n-propanol > n-butanol, the addi- 
tion of a picoline would cause appreciable 0-H---0 
bond rupture in n-propanol and n-butanol as com- 
pared to that in ethanol so that V E  for P- or y- 
picoline (1) + n-butanol (2) would be more positive 
than that of p- or y-picoline (1) + n-propanol (2). 
This has, in fact, been observed. Such a scheme of 

molecular interactions is also consistent with similar 
interpretation on the excess thermodynamic function 
data (17-20) on alcohol + amine mixtures. 
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Stereochemical aspects of the Pummerer reaction. Regioselectivity as a criterion for the 
differentiation of ylide and E2 pathways in the product-determining step of the reactions of 

benzyl methyl halo- and oxysulfonium cations 

Received December 1 I ,  1978 

SAUL WOLFE and PETER MICHAEL KAZMAIER. Can. J. Chem. 57,2388 (1979). 
+ 

The conversion of p-Y-C6H4CHZS(X)CH3 (X = C1, OCH,, OCOCH,, OCOCHCI,, 
OCOCF,) to a regioisomeric mixture of p-Y-C6H4CHXSCH3 and p-Y-C6H4CH,SCH2X has 
been studied as a function of X, Y, and deuteration in the benzyl and methyl positions. The 
conclusion is reached that, when X is acyloxy, the transformation of the sulfoniurn cation to 
an a-thiocarbonium ion and thence to the products proceeds via an E2 pathway. Trifluoroacetic 
anhydride is a much more reactive reagent than acetic anhydride for Purnmerer reactions of 
benzyl methyl sulfoxides. However, with other sulfoxides, this reagent is not as effective as 
acetic anhydride. Acetyl trifluoroacetate is not effective as a Purnrnerer reagent. 

SAUL WOLFE et PETER MICHAEL KAZMAIER. Can. J. Chern. 57,2388 (1979). 
On a Ctudie I'influence de X et Y ainsi que de la deuttration des positions benzyle et methyle 

1 

sur la conversion de p-Y-C,H,CH,S(X)CH, (X = C1, OCH,, OCOCH,, OCOCHC12, 
OCOCF,) des mtlanges regio-isorneres de p-Y-C6H4CHXSCH3 et p-Y-C6H4CH2SCH2X. On 
arrive a la conclusion que si X est un acyloxy, la transformation du cation sulfonium en un 
ion a-thiocarbonium, et donc en produit, s'effectue par une rtaction E2. L'anhydride tri- 
fluoroacetique est beaucoup plus rtactif que I'anhydride acttique pour les reactions de 
Pummerer des sulfoxydes de methyle benzyle. Toutefois avec d'autres sulfoxydes ce rtactif 
n'est pas aussi efficace que I'anhydride acetique. Le trifluoroacetate d'acttyle n'est pas efficace 
comme reactif de Pummerer. 

[Traduit par le journal] 

The Pummerer reaction, e.g., 1 -, 2 (I), is an 
internal redox process, in which tetravalent sulfur (1, 
X = halogen, alkoxy, acyloxy) is reduced, and the 
adjacent carbon atom is oxidized. A vinylogous 
Pummerer reaction is also known (2). The sulfonium 
cation substrates 1 are prepared by halogenation of 
sulfides, or by alkylation or acylation of sulfoxides. 
In the Pummerer reactions of alkoxysulfonium salts 
(3), alkylation and redox can be performed in 
separate steps; however, when X is halogen (4) or 
acyloxy (9, the intermediate sulfonium cation is not 
isolable, and its intervention has to be inferred by 
indirect means. 

There is extensive evidence (1) that the conversion 
of 1 to 2 proceeds via the cc-thiocarbonium ion 3, and 
that intermolecular capture of this carbonium ion 
by X- occurs, except in a few special cases (6,7). One 
of these (6) is the transformation of benzyl-2- 
carboxyphenyl sulfoxide (4) to 2-benzyl-1,3-benz- 
oxathian-6-one (5), which occurs (6a) with partial 

asymmetric induction in the formation of the C-0 
bond of the product. This interesting result has a 
number of practical and mechanistic implications, 
which have prompted the investigations reported in 
this and the following three papers. 

0 
II 

R,-CHAR. 

0 
3 4 5 

Ab initio SCF-MO calculations (8) suggest that 
there is significant n-overlap between carbon and 
sulfur in an cc-thiocarbonium ion, leading to a rather 
high barrier to rotation about the C-S bond. There- 
fore, if it is assumed that the cc-thiocarbonium ion 6 
is an intermediate in the conversion of 4 to 5, the 
observed transfer of chirality from sulfur to carbon 
can be understood in terms of a preferential removal 
of one of the diastereotopic methylene protons of 4 
(or a sulfonium cation derived from 4), followed by 
C-0 bond formation prior to rotation about the 
C-S bond of 6. However, the direction and mag- 
nitude of such selectivity will depend upon the 
manner in which the elements of HX are eliminated 

0008-4042I791182388-09$01 .OO/O 
@I979 National Research Council of CanadalConseil national de recherches du Canada 
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WOLFE A N D  KAZMAIER 2389 

from the sulfonium cation to form the cr-thiocar- 
bonium ion. 

If C-H bond-breaking precedes S-X bond- 
breaking, the reaction will proceed via a sulfonium 
ylide (1). On the other hand, when S-X bond- 
breaking precedes C-H bond-breaking, the reaction 
will proceed via a dication (9). Between these two 
extremes, an E2 process is operative. Each of these 
pathways has different stereochemical consequences. 

In the case of a sulfonium cation such as 7, the 
Pummerer reaction can lead to two regioisomers, 
viz., 8 and 9, the regiochemistry being determined 
during the conversion of 7 to the mixture of cr-thio- 
carbonium ions 10 and 11. Interconversion of 10 and 
11 prior to  capture by X-  seems unlikely, since 
rearrangement of the cr-thiocarbonium ion has not 
been observed even in the case of the substrate 12, 
which affords 13 as the sole Pummerer product (10). 

The proportions of 10 and 11 and, therefore, of 8 
and 9, that will be formed from an ylide precursor 
will depend upon the acidities of the benzyl and 
methyl protons. On the basis of the work of Johnson 
(3) and Wilson (4) and their collaborators, the 
relevant acidity here is the kinetic acidity. For 
example, no significant deuterium incorporation is 
observed when an alkoxysulfonium cation is re- 
arranged to an a-alkoxysulfide in deuteriomethanol. 
In addition, conversion of the methoxyvinylsulfon- 
ium cation 14 to the sulfide 15 proceeds with only 
8.3% incorporation of deuterium. Since it is well 
established (11) that the kinetic acidities of benzyl 
protons adjacent to sulfur are much higher than 
those of methyl protons adjacent to sulfur, it can be 
expected that, when the Pummerer reaction of 7 
proceeds via an ylide intermediate, the benzyl- 
substituted regioisomer 8 will predominate. 

The same result is anticipated in the case of a 
dication mechanism. In this case, the regiochemistry 
of the deprotonation step is governed by the relative 
stabilities of a-thiobenzyl and cr-thiomethyl carbo- 
nium ions. 

The specific objectives of the present paper are to 
examine the regiochemistry of Pummerer reactions 
of 7 as a function of the electrophile X, the presence 
of deuterium in the methyl and benzyl positions, and 
the presence ofpara-substituents in the benzene ring. 
As one result of this work, the relationship between 
the ratio 819 and the mechanism of HX loss from 7 
would appear to  have the form shown in Fig. 1. I t  
has also become clear that acyloxysulfonium cations 
having the general structure 7 undergo the Pummerer 
reaction via an E2 pathway. 

Y l i d e  E 2  E l i m i n a t i o n  Continuum I l i c a t i a n  
Mechanism Mechanism 

FIG. 1. Schematic representation of the ratio of regioisomers 
produced in the reaction 7 + 8 + 9, as a function of C-H 
and S-X bond-breaking in the product-determining transition 
state. The 'statistical distribution' of 0.4 is the ratio of the 
number of benzylic hydrogens to  the total number of hydrogens 
adjacent to sulfur. 
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TABLE 1. Reactions of benzyl methyl sulfide, benzyl methyl sulfoxide, and benzyl methyl methoxysulfonium fluoroborate with 
various electrophiles 

Pummerer Yield Temp. 
Entry Substrate reagent (%) ("C) Solvent Product ratio Ref. 

I 
1 PhCH2SCH3 BF,- CH30Na4*b 

I 
67' 25 MeOH PhCHSCH, PhCH2SCH20CH3 3 

+ 
0 0 0 

(1 00) 

I I 
3 PhCH2SCH3 

I I  I l  I 
CH,COCCH,"sb 39' 130 Ac20 PhCHSCH, PhCH2SCH20Ac 

(45) (55) 

0 

(53) (47) 

OTFA 

8 PhCHZSCH, S02C12'.b 86' 40 CH2C12 PhCHSCH, PhCH2SCH2CI 13 
I 

(100) (0) 
'Present work. 
bProduct ratio was determined by 'Hrnr. 
<Isolated yields. 

Results and Discussion substitution at the more substituted carbon atom 

Table 1 summarizes the regioselectivity observed (cf eq. [I]). This result is incompatible with an 
in the reactions of benzyl sulfide, benzyl ylide pathway, in which the relative proportions of 

methyl sulfoxide, and benzyl methoxysulfo- the regioisomers are controlled by the 

nium fluoroborate under various Pummerer con- acidities of methyl and isopr0pyl (I5). 

ditions. With the exception of entries 1 and 8, no 
regioselectivity is evident in these reactions. We 
believe that the benzyl regioselectivity observed in 
entry 1 constitutes evidence for an ylide pathway, 
especially in view of the alkaline reaction conditions 
employed in this case. However, in the case of the 
benzyl regioselectivity observed in entry 8, either an 
ylide or a dication pathway is possible. For example, 
Tuleen and Stephens (14) have found that the 
chlorination of unsymmetrical sulfides with sulfuryl 
chloride or N-chlorosuccinimide (NCS) leads to 
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WOLFE A N D  KAZMAIER 

On the other hand, Kruse et al. (16) have reported 
that an ylide, assigned structure 16, can be charac- 
terized spectroscopically as an intermediate in the 
chlorination of 1,3-dithiane with sulfuryl chloride in 
chloroform solvent, and that this ylide rearranges to 
2-chloro-1,3-dithiane (17) a t  room temperature. 

The assignment of structure 16 to  this inter- 
mediate was based upon the appearance of a sharp 
singlet a t  6 6.90 in the 'Hmr spectrum, assigned to 
the C2 proton. However, if this assignment is 
correct, then the C2 proton of 16 is alnzost 5 p p m  
further downjield than the C2 proton of the 1,3- 
bissulfonium ylide 18, which appears a t  2.02 ppm 
(17). Chemical shifts near 2 ppm have also been 
observed for the C2 protons of a number of acyclic 
1,3-bissulfonium fluoroborates (18) and tetraphenyl- 
borates (19). 

The dithienium cation 19 (X = BF,-) has been 
described by Corey and Walinsky (20). Its 'Hmr 
spectrum (in CD,N02) shows the C2 proton at 
11.10 ppm. This chemical shift is close to  that 
(10.65) of the C2 proton of 17 in sulfur dioxide 
solvent at -50°C (21). According to  Arai and Oki 
(21, 22), the nmr spectra of 17 and other a-chloro- 
sulfides are very dependent upon the temperature and 
the solvent, because of the occurrence of the ioniza- 
tion process 17 $ 19 (X = C1-). Since the C2 
proton of 17 is found at  6.2 and 6.21 ppm in deu- 
teriochloroform and carbon disulfide, respectively, a 
permissive reinterpretation of the observations of 
Kruse et al. is that the chlorosulfonium cation 20 is 
converted, by loss of HCI, to 19 (X = C1-), and that 
the 6.90 chemical shift of the C2 proton reflects the 
position of the 17 $ 19 equilibrium in the presence 
of the small amounts of sulfur dioxide produced 
from the sulfuryl chloride reagent. A dication 
pathway would not be ruled out by this interpreta- 
tion. Likewise, a dication pathway is not ruled out 
by the observation (4) that the product isotope 
effects (kH/kD) for the chlorination and bromination 
of 2,2-d2-thiophane (21) are 5.1 and 3.6, respectively. 
Indeed, although their discussion differs somewhat 
from that given here, Wilson and Albert (4) consider 
that their bromination results are consistent with 
'the El extreme transition state.' 

Regardless of the precise interpretation to be given 
to the benzyl regioselectivity observed in entry 8 of 
Table 1, the lack of regioselectivity seen in entries 

2-7 must be interpreted in terms of a mechanism in 
which neither an ylide nor a dication is an inter- 
mediate. I t  seems reasonable to  suppose that an E2 
process is operative in these cases, especially since 
the stereochemical course of the alpha-halogenation 
of sulfoxides has already been found to  be best inter- 
preted in terms of E2 elimination of HX from a halo- 
oxosulfonium cation (23) (eq. [2]). 

I 
H I 

q s ' O  X 

Table 2 shows the regioselectivities obtained in the 
Pummerer reactions of a series of deuterated benzyl 
methyl sulfoxides with trifluoroacetic anhydride 
(TFAA) in chloroform at  25°C. These results 
demonstrate that there is a significant hydrogen 
isotope effect in the product-determining step of the 
reaction. The magnitude of this effect (kH/kD) is 
calculated to be 4.0; this value is obtained by 
division of the 819 ratio of entry 5 by the 819 ratio 
of entry 1. 

This result is consistent with the suggestion that 
the mechanistic change signalled by the lack of 
regioselectivity in the Pummerer reactions of the 
acyloxysulfonium and chloro- and bromosulfoxo- 
nium cations is a change to an E2 pathway. Such a 
conclusion is also supported by the observation that 
carbon-hydrogen bond-breaking occurs in the 
product-determining step of the reaction, and by the 
results of an examination of the effects of para-sub- 
stituents upon the regioselectivity of the reaction. 
These results are presented in Table 3, and were 
obtained under the same conditions as those of 
Table 2. The Hammett o-p plot for the effects of the 
para-substituents upon the regioselectivity of the 
reaction is shown in Fig. 2. This gives a p-value 
of 1.0. 

For E2 reactions of the type shown in eq. [3], p 
values range from +2.07 to +3.77 as the leaving 
group Y is varied from iodide to  trimethylammonium 
(25). The increase in p for the poorer leaving group 
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TABLE 2. Effect of deuterium substitution upon the products of the reaction of 
trifluoroacetic anhydride with benzyl methyl s u l f o ~ i d e ~ ~ ~  

% trifluoro- % trifluoro- 
acetoxybenzyl acetoxymethyl 

Entry Substratec regioisomerd regioisomere 
8 9 

1 
~ i '  

P~+S-CH] 5 3 47 
H 

6 P~+S-CD] 4' - 50' - 50f 

D 

'All experiments were performed in CDC13 at 25°C with 1 equiv. of trifluoroacetic anhydride and a 
sulfoxide concentration of  0.32 M. 

bThe product deuterium isotope effect was estimated by dividing the 819 ratio of entry 5 by the 819 ratio 
of entry 1 to obtain a value of 4.0. 

=See the Experimental for the syntheses of these compounds. 
*Determined by integration of the proton nmr spectrum; 'Hmr (CDC13) 6: 7.03 (IH, s, PhCHS), 2.13 

(3H, s, SCH,). 
'Determined by integration of the proton nmr spectrum; 'Hmr (CDC13) 6: 5.23 (ZH, s, S-CH,-0), 

3.87 (2H, s, PhCH,S). 
JEstimated from the relative integrals of the phenyl peaks of the two regioisomers; 'Hmr (CDCI,) 6: 

7.40 (5H, s, PICHS), 7.30 (5H, s, PhCH2S). 

TABLE 3. Substituent effects upon the regioselectivity of the 
Pummerer reaction of aryl methyl sulfoxides with trifluoro- 

acetic anhydride" 

o Relative Relative 
Substituent valueb % of 8" % of 9" Log (819) 

p-NO2 0.778 87 13 0.82 
p-NOz 0.778 88 12 0.87 
p-C1 0.227 61 39 0.19 
p-CI 0.227 63 37 0.23 
P-H 0.00 53 47 0.052 
P-H 0.00 57 43 0.049 
p-CH3 -0.170 34 66 -0.29 

QReactions were performed at 2S°C in deuteriochloroform with 1 equiv. 
of trifluoroacetic anhydride, and a concentration of 0.32 M. 

bThe u values were obtained from ref. 24. 
=Determined by integration of the IHmr spectra. 

can be interpreted in terms of increased carbanionic 
character in the transition state. The application of 
these and other analogies to the elimination of tri- 
fluoroacetic acid from 7 (X = OTFA) leads to the 
expectation of a large positive p for an ylide mech- 
anism, a small positive or negative p for an E2 
mechanism (depending upon the degree of C-H 
and S-X bond-breaking in the transition state), a 

zero p for a cyclic cis-elimination mechanism (26), 
and a large negative p for a dication mechanism (27). 
The value 1.0 obtained in the present work appears 
to be consistent only with an E2 mechanism, with 
some carbanionic character in the transition state, 
and a very good leaving group. 

Thus the interpretation of the results of Table 1 in 
terms of Fig. 1, the isotope effect studies of Table 2, 
and the para-substituent studies of Table 3, lead in 
each case to the conclusion that the Pummerer 
reactions of acyloxysulfonium cations proceed via 
an E2 pathway. The assumption that this E2 elimina- 
tion process takes an anti stereochemical course has 
interesting consequences, as will be seen in the 
following two papers. 

The use of trifluoroacetic anhydride (TFAA) as a 
reagent for Pummerer reactions is a relatively recent 
development (28). As seen in Table 1, this permits 
the reaction to be ~erformed at much lower tem- 
peratures than is the case with acetic anhydride and, 
in the case of benzyl methyl sulfoxide as the sub- 
strate, the product is obtained in significantly higher 
yield. In a comparative study based upon the dis- 
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a value 

FIG. 2. Hammett plot showing the substituent effect upon 
the regioselectivity of the reaction of benzyl methyl sulfoxide 
with trifluoroacetic anhydride in chloroform at 25°C. 

appearance of the sulfoxide, the reaction in acetic 
anhydride solvent was complete in 2 h at 130°C, 
while the reactions with dichloroacetic anhydride 
(1.4 equiv.) and TFAA (1.0 equiv.) were complete 
in 70 min and 5 min at 25OC, respectively. It was, 
therefore, of interest to examine the reactions of 
TFAA with other sulfoxides. These results and 
others taken from the literature are collected in 
Table 4. 

Although the data are not extensive, the failures 
in the cases of thiophane sulfoxide and the phthali- 
midopenicillin sulfoxide are noteworthy. Since it is 
known that thiophane sulfoxides do react success- 
fully with acetic anhydride (30), we suggest that 
TFAA may succeed as a Pummerer reagent when 
relatively acidic ti-hydrogens are present, and  when 
the a-thiocarbonium ion is sufficiently reactive for 
capture by the poorly nucleophilic trifluoroacetate 
anion. The rearrangement of the thiazolidine sulf- 

u 

oxide is reminiscent of the Morin rearrangement (31) 
of a penicillin sulfoxide to a A3-cephem; however, 
the Morin rearrangement itself fails when TFAA is 
substituted for acetic anhydride because of rapid 
cleavage of the p-lactam by the trifluoroacetic acid 
product. 

The mixed anhydride acetyl trifluoroacetate 
(ATFA) was also examined as a reagent for the 

OAc 
I 

Ph-C-H 

ATFA 
22 

Pummerer reaction. However, the reaction of this 
compound with benzyl methyl sulfoxide led only to 
the mixed acylal 22, identified by comparison with 
an authentic specimen prepared by the reaction of 
ATFA with benzaldehyde (32). 

Experimental 
Genernl 

Melting points were determined on Kofler hot-stage or 
Meltemp equipment, and are uncorrected. Refractive indices 
were measured on a Bausch and Lomb refractometer. The 
'Hmr spectra were obtained on Varian T60, Varian EM360, 
Varian HA100, o r  Bruker HXI6 spectrometers; 10% solutions 
were employed. The 13Cmr spectra were obtained on a Bruker 
HXl6  spectrometer, equipped with a BSV 3PM pulse unit and 
a BNC-12 computer. Tetramethylsilane (TMS) or sodium 
2,2-dimethyl-2-silapentane-5-sulfonate (DSS) were employed 
as internal standards, as required. Mass spectra were obtained 
on JEOL JMS-OISC, Hitachi Perkin Elmer RMU-6E o r  
Dupont 21-491B mass spectrometers under electron impact 
conditions at  70 eV. Infrared spectra were recorded on either 
Perkin Elmer 180 or Acculab 6 instruments. Ultraviolet spectra 
were obtained on a Unicam SP800 spectrometer. Analyses are 
by Galbraith Laboratories, Knoxville, TN. 

The 13Cmr spectra were assigned by correlations within 
series of compounds. In some instances, 'H-13C coupling was 
used to  confirm these assignments. Column chromatography 
was performed with 60 mesh silica gel (Merck). Thin layer 
chromatography was performed on silica gel plates containing 
a fluorescent indicator. Spots were observed under ultraviolet 
light, or were visualized with ninhydrin, 10% phosphomolybdic 
acid in ethanol, ceric sulfate in ethanol, or iodine vapour. 
Solvents were routinely distilled before use and dried as  
required by standard procedures. Materials were of reagent 
grade purity obtained from commercial sources. 

The substrates benzyl methyl sulfoxide, RSISR-benzyl-a-d 
methyl sulfoxide, RRISS-benzyl-a-d methyl sulfoxide, benzyl- 
a,a-dz methyl sulfoxide. p-nitrobenzyl methyl sulfoxide, p- 
methoxybenzyl methyl sulfoxide, p-methylbenzyl methyl 
sulfoxide benzyl phenyl sulfoxide, and thiophane-S-oxide 
were synthesized by standard procedures (33-36). Only the 
synthesis of p-methylbenzyl methyl sulfoxide, a new com- 
pound, is reported here. The penicillin sulfoxide was obtained 
from Mr. R. J. Bowers, whom we thank. 

p-Mefhylbenzyl Mefhyl Sulfoxide 
Sodium mefn-periodate (6.52 g, 33.7 mmol) was suspended 

in waterlmethanol (40 mL/10 mL). The solution was cooled 
to 0°C in a salt-ice bath and p-methylbenzyl methyl sulfide 
(5.12 g, 33.7 mmol) was added in one portion. After stirring 
at  0°C overnight, the reaction mixture was extracted with 
chloroform (5 x 20 mL) and the organic phase was dried 
(magnesium sulfate). After removal of the solvent, the syrupy 
product was chromatographed on silica gel (etherlmethylene 
chloride, then methanol) to yield a crystalline product (5.21 g, 
92%), mp 66°C; 'Hmr (CDCI,) 6: 7.13 (4H, s), 4.10, 3.87 
(2H, AB, 12), 2.40 (3H, s), 2.33 (3H, s); 13Cmr (CDCI,) 6: 
138.0, 136.7, 129.9, 129.6 (phenyl), 59.9 (PhCHzSO), 37.2 
(SOCH,), 21.1 (CH3); ir (KBr): 1025 (s, sulfoxide) cm-'; uv 
(water, 25°C) h,,, (log E): 231 (3.49). 
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TABLE 4. The reaction of trifluoroacetic anhydride with various sulfoxides 

Sulfoxide 
Temp. Yield 

Solvent ("C) (%) Product(s) Ref. 

OTFA TFAO 

0 100" 
I I 

PhCHSCH3b + PhCHzSCHz C 

OTF A 

0 100" 
I 

PhCHSPhb C 

.Yields were determined by 'Hrnr integration of crude reaction mixtures because the products were moisture-sensitive. 
These  compounds were characterized on the basis of their spectral characteristics and by hydrolysis to benzaldehyde. 
CPresent work. 
dlsolated as a by-product in an arninosulfurane synthesis. 
<Isolated yields. 
JA complex mixture of products resulted in this case. 
T h e  reaction led to loss of the p-lactam ring. 

At~al. calcd. for CgHl20S:  C 64.24, H 7.19; found: C 64.69, 
H 7.51. 

Renction of Benzyl Metl~yl  Methoxysrrlforziurr~ Fluor.oborate 
with Sodilrln Methoxide 

In a dry box, carefully dried benzyl methyl sulfoxide (1.76 g, 
11.4 mmol) in methylene chloride (5 mL) was added over a 
5 min period to trimethyloxonium fluoroborate (2.35 g, 11.4 
mmol). The reaction mixture was stirred for 1 h. Addition of 
ether afforded an oil, which crystallized upon standing in the 
refrigerator. After trituration of the crystals with ether, 
sodium methoxide in methanol (15.0 mL of 0.834 N) was 
added over a period of 5 min at 25°C. The reaction mixture 
was immediately evaporated to dryness, giving a milky oil. This 
was poured into brine (pH 7), to which a small portion of 
sodium carbonate had been added to  raise the p H  to 8.0. The 
mixture was extracted with ether (4 x 10 mL) and the com- 
bined extracts were dried over anhydrous sodium sulfate con- 
taining a small amount of sodium carbonate. Evaporation 

Attempts to separate the two components by chromatography 
on Florisil were abandoned after some isomerization to 
a,a-dimethyl thiotoluene and UP-dimethoxytoluene was 
detected. 

Renction of Benzyl Metlgvl Srrlfoxide with Acetic Atzlgvdride 
Benzyl methyl sulfoxide (0.0969 g, 0.629 mmol) was dis- 

solved in acetic anhydride (10 mL) and the solution was 
heated to 130°C for 2 h. After cooling, the reaction mixture 
was poured into saturated potassium bicarbonate. The aqueous 
solution was extracted with chloroform (4 x 20mL). After 
drying (magnesium sulfate), and evaporation of the solvent, 
the product was isolated as a colourless syrup (48 mg, 39%). 
'Hmr indicated formation of the two isomers (a-acetoxybenzyl 
methyl sulfide/a-acetoxymethyl benzyl sulfide) in the ratio 
45/55. a-Acetoxybenzyl methyl sulfide: 'Hmr (CDC13) 6:  7.35 
(5H, s), 6.95 ( IH,  s), 2.10 (3H, s), 2.15 (3H, s).a-Acetoxymethyl 
benzyl sulfide: 'Hmr (CDCI,) 6 :  7.30 (5H, s), 5.05 (2H, s), 
3.85 (2H, s), 2.03 (3H, s). 

yielded a syrup (557 mg, 31%) consisting of a 2: 1 mixture of Reaction of Benzyl Metlzyl Sulfide lvith Suljirryl Ct~lor.ide 
a-methoxybenzyl methyl sulfide and benzyl methyl sulfide. Sulfuryl chloride (8.1 mL, 13.5 g, 0.1 mol) was added drop- 
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wise (36 min) to a solution of benzyl methyl sulfide in meth- 
ylene chloride (20 mL). After the addition was complete, the 
solution was refluxed (1 h). Evaporation of the solvent and 
distillation (bp 102-106"C/12 Torr (lit. (13) bp 1 18-12l0C/14 
Torr) yielded a colourless oil which rapidly turned orange 
(12.8 g, 86%); 'Hmr (CDCI,) 6 :  7.40 (5H, m), 6.07 ( lH,  s), 
2.32 (3H, s). 

Reaction of Benzyl Metlryl Sulfoxide wit11 Diclrloroacetic 
Anlrydride 

To benzyl methyl sulfoxide (90 mg, 0.6 mmol) in chloroform 
(0.5 mL) was added dichloroacetic anhydride (278 mg, 0.86 
mmol). The reaction was followed by 'Hmr at room tempera- 
ture, and was complete in 70 min. There were two products, 
viz., cc-dichloroacetoxybenzyl methyl sulfide and benzyl a- 
dichloroacetoxymethyl sulfide in the ratio 53/47. cc-Dichloro- 
acetoxybenzyl methyl sulfide: 'Hmr (CDCI,) 6 :  7.45 (5H, s), 
7.05 (1 H, s), 6.05 (IH, s), 2.18 (3H,s). Benzyl cc-dichloroacetoxy- 
methyl sulfide: 'Hmr (CDCI3) 6: 7.38 (5H,s), 5.95 ( lH ,  s), 5.23 
(2H, s), 3.92 (2H, s). 

Reaction of Betrzyl Metlryl Sirlfoxide ~vitlr Trifiioroacetic 
Atrlrydrirle 

Benzyl methyl sulfoxide (25 mg, 0.16 mmol) was dissolved 
in carbon tetrachloride (0.5 mL) containing trifluoroacetic 
anhydride (0.16 mmol). After 5 min, a 'Hmr spectrum of the 
reaction mixture indicated that the starting material had 
disappeared and that a mixture of the two regioisomeric tri- 
fluoroacetoxybenzyl methyl sulfides had been produced. The 
ratio of the two regioisomers (methyl a-trifluoroacetoxybenzyl 
sulfide/benzyl cc-trifluoroacetoxymethyl sulfide) was 53/47. 
Methyl cc-trifluoroacetoxybenzyl sulfide: 'Hmr (CDCI,) 6 :  
7.40 (5H, s), 7.03 ( lH ,  s), 2.13 (3H, s). Benzyl cc-trifluoro- 
acetoxymethyl sulfide: 'Hmr (CDCI-,) 6 :  7.30 (5H, s), 5.23 
(2H, s), 3.87 (2H, s). 

Get~eralProcerlu,e for. rlre Reaction of Derrteraterl Betrzyl Metlryl 
Sulfoxides wit11 Trifl~roroncetic Atrlryrlride 

Trifluoroacetic anhydride (0.16 mmol) was added to benzyl 
methyl sulfoxide (0.16 mmol) in deuteriochloroform (0.5 mL) 
at ambient temperature. The 'Hmr spectrum was run immedi- 
ately and the proportions of the regioisomers were estimated 
from the peak integrals of undeuterated portions of the 
substrate. For benzyl methyl sulfoxide-d5, the relative propor- 
tions of the two regioisomers were estimated from the integrals 
of the two phenyl peaks. 

Getreml Procerlrrre for tlre Reriction of p-Srrbstituterl Benzyl 
Merlryl Srrlfosides with Trifliroroacetic Anrlydride 

Trifluoroacetic anhydride (0.16 mmol) was added to a 
solution of the sulfoxide (0.16 mmol) in deuteriochloroform 
(0.5 mL) and the 'Hmr spectrum was run. The proportions 
of the two regioisomers were estimated from the integrals of 
the methine proton (6 ca. 7.0) of the benzyl substituted 
regioisomer and the SCH,O methylene hydrogens (6 ca. 5.0) 
of the methyl substituted regioisomer. 

Reaction of Berrzyl Plrerryl Srilfoxide )vitlr Trif~roroacetic 
Atrlrydride 

Trifluoroacetic anhydride (0.3 mL, 2 mmol) was added to 
benzyl phenyl sulfoxide (40 mg, 0.19 mmol) in deuteriochloro- 
form (0.5 mL) and the 'Hmr spectrum was recorded immedi- 
ately. This indicated a quantitative yield of cc-trifluoroacetoxy- 
benzyl phenyl sulfide; 'Hmr (CDCI,) 6: 7.0-7.5 ( l l H ,  m). This 
product proved very hygroscopic and, on exposure to moist 
air, the odour of benzaldehyde was apparent. Addition of 
2,4-dinitrophenylhydrazine produced benzaldehyde-2,4-dini- 
trophenylhydrazone. Recrystallization from ethyl acetate 
yielded red crystals (202 mg, 31%), mp 234-239°C (lit. (37) 
mp 237°C). 

Reaction of Tl~iolarre-S-Oside ~vitlr Trif~ioronceric Anlryrl,.ide 
Thiolane-S-oxide (1.0 g, 9.6 mmol) was dissolved in carbon 

tetrachloride (9.6 mL). The mixture was cooled to 4°C and 
trifluoroacetic anhydride (1.4 mL, 9.6 mmol) was added in 
one portion. Within seconds, the reaction mixture had 
separated into two layers, the upper layer consisting of a deep 
red oil. The product was not investigated further. 

Reaction of N-Benzoyl-2,2-rlit~1etI1yI-4R-ttretlroxycarborryl-I,3- 
tlriazoliditre-S-oxide ~ ~ i t l r  Trifluoroacetic Anl~ydride at 
25°C arrd -30°C 

Trifluoroacetic anhydride (0.3 mL, 2 mmol) was added to  
N-benzoyl-2,2-dimethyl-4R-methoxycarbonyl-l,3-thiazolidi11e- 
S-oxide (38) (24 mg, 0.081 mmol) in deuteriochloroform (0.5 
mL). There was an immediate change in the 'Hmr spectrum 
and the sole product detectable by nmr was identified as 
N-benzoyl-2,3-dehydro-5-methoxycarbonyl-3-metl1yl-l,3-thia- 
zine by con~parison with an authentic sample (39); 'Hmr 
(CDCI-,) 6: 7.52-7.57 (SH, s), 5.97 ( lH,  t, 3), 5.62 ( lH ,  s), 3.82 
(3H, s), 3.50 (2H, d, 3), 1.67 (3H, s). Repetition of the reaction 
at  -30°C gave identical results. 

Renctiotr of Metl~yl N-Pl~tl~nlitnidopetricillit~ote-R-o& lvirh 
Trifluoroncetic Anhydride 

Trifluoroacetic anhydride (0.10 mL, 0.71 mmol) was added 
in one portion to a solution of methyl N-phthalimidopenicil- 
linate-R-oxide (15.1 mg, 0.04 mmol) in deuteriochloroform 
(0.5 mL). After 1 min, the 'Hmr spectrum showed the absence 
of the p-lactam protons (6 4.0-6.0) and the reaction was not 
investigated further. 

Acetyl Trifrroroocetate (40,41) 
Acetic anhydride (3.35 mL, 0.0355 mol) and trifluoroacetic 

anhydride (5.00 mL, 0.0355 mol) were dissolved in carbon 
tetrachloride (10 mL). The reaction was stirred at ambient 
temperature for 48 h, and the infrared spectrum was monitored 
periodically. During this period, the 1760 cm-'/I820 cm-' 
peaks of acetic anhydride and the 1800 cm-'/1860cm-' peaks 
of trifluoroacetic anhydride were replaced by the 1780 
cm-'/I850 cm-'  peaks of acetyl trifluoroacetate. The yield 
was quantitative. 

Reaction of Benzyl Metlryl Slrlfoxide ~vitlr Acetyl Trif~roro- 
acetate 

Benzyl methyl sulfoxide (300 mg, 1.95 mmol) was dissolved 
in deuteriochloroform (2 mL). T o  this was added, dropwise, 
acetyl trifluoroacetate (0.25 mL, 2 mmol), and the progress of 
the reaction was monitored by 'Hmr. The product of the 
reaction was a-acetoxy-cc-trifluoroacetoxytoluene; 'Hmr 
(CDCI,) 6: 7.73 (IH, s), 7.42 (5H, s), 2.15 (3H, s); ir: 1785 
cm-'. Evaporation of the solvent below 20°C yielded a syrup 
(280 mg). 2,4-Dinitrophenylhydrazine (Brady's reagent) gave 
a positive aldehyde and ketone test, and the addition of 
semicarbazide hydrochloride and methanol (1 mL) followed 
by 10 drops of pyridine yielded the semicarbazone of benzal- 
dehyde (45 mg, 15%), mp 211-213°C (lit. (37) mp 217°C). 

cc,cc-Diacetoxytolrrerre 
Benzaldehyde (14.3 g, 0.135 mol) and acetic anhydride 

(28.6 g. 0.277 mol) were mixed under nitrogen and cooled in 
an ice bath. Concentrated sulfuric acid (0.2 mL) was then 
added dropwise. A deep purple colour developed after the 
addition of the first drop. After 25 min, 'Hmr indicated that 
all of the benzaldehyde had been consumed. The reaction 
mixture was poured into ice-cold saturated sodium bicarbonate 
solution, and stirred until gas evolution ceased (15 min). 
Extraction with methylene chloride (3 x 70 mL), drying over 
anhydrous sodium sulfate, and evaporation yielded a syrup, 
which crystallized upon cooling at - 10°C (28.0 g, 9973. Re- 
crystallization from ethanol yielded white needles (23.7 g, 
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84%); mp 39-44°C (lit. (32) mp 4445°C); ir (Nujol): 1750 (s, 
acetate) cm-' ;  'Hmr (CDCI,) 6: 7.67 ( lH ,  s), 7.43 (SH, s), 
2.13 (6H, s); 13Crnr (CDCI,) 6 :  168.6 (carbonyl), 135.6, 129.7, 
128.6, 126.6 (phenyl), 89.7 (CH), 20.7 (CH,). 

a-Acetoxy-a-tr~~uoroocetoxyfolue,~e 
Benzaldehyde (14.3 g, 0.135 mol) and acetyl trifluoroacetate 

(32 mL, 0.280 mol) were mixed at 4"C, and concentrated 
sulfuric acid (0.2 mL) was added. The solution turned purple 
immediately. 'Hmr showed that the reaction was complete 
within 5 min. The product was flash distilled to yield a colour- 
less, water-white liquid (14.1 g, 40%), 1 1 , ~ ~  1.4376; 'Hmr 
(CDCI,) 6 :  7.77 ( lH,  s), 7.48 (SH, s), 2.17 (3H, s); ir (film): 
1785 (s, carbonyl) cm-'. 

a,a-Tr$~toroacetoxytol~ie~~e 
Benzaldehyde (14.3 g, 0.135 mol) and trifluoroacetic anhy- 

dride (40 mL, 0.280 mol) were mixed at 4' C. Concentrated 
sulfuric acid (ca 0.2 mL) was added and the solution turned 
dark purple. The progress of the reaction was followed by 
'Hmr. The reaction was complete after ca. 8 h. The product 
was flash distilled to yield a water-white liquid (33.7 g, 7973, 
nuz4 1.3988; 'Hmr (CDCI,) 6: 7.82 ( lH ,  s), 7.55 (SH, s); 
13Cmr (CDCI,) 6 :  156 (q, 44, carbonyI), 132.2, 129.8, 127.6 
(phenyl), 115.1 (q, 285, CF,), 94.6 (CH); ir (film): 1795 (s, 
OCOCF,) cm- I .  
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Stereochemical aspects of the Pummerer reaction. Diastereotopic selectivity in the 
deprotonation of oxysulfonium cations 
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SAUL WOLFE and PETER MICHAEL KAZMAIER. Can. J. Chem. 57,2397 ( 1979). 
The diastereomeric RSISR- and RRISS-benzyl-a-d methyl sulfoxides have been subjected to  

the Purnrnerer reaction with acetic anhydride and with trifluoroacetic anhydride. The ethoxy- 
sulfonium fluoroborate derivatives of these sulfoxides have been subjected to the Pfitzner- 
Moffatt reaction with sodium hydride in tetrahydrofuran. The deuterium contents of the 
starting materials and of the Pfitzner-Moffatt product have been determined by mass spectrom- 
etry. The deuterium contents of thea-acyloxybenzyl methyl sulfoxides formed in the Pummerer 
reaction have been determined by 'Hmr spectroscopy. The resulting data permit the calculation 
of the diastereotopic selectivities and isotope effects associated with the deprotonation of oxy- 
sulfonium cations. The selectivities are found to be lower by a factor of about 10 than those 
observed in the formation of the benzyl-a-dmethyl sulfoxides by hydrogen-deuterium exchange 
of benzyl methyl sulfoxide. Nevertheless, the existence of selectivity in the Pummerer reactions 
rules out a sulfurane and a dication as sole product-determining intermediates. The factors 
contributing to  this low selectivity are discussed. 

SAUL WOLFE et PETER MICHAEL KAZMAIER. Can. J. Chem. 57,2397 (1979) 
On a soumis les benzyl a-d-mCthylsulfoxydes diastCreomkres RSISR et RRISS a la reaction 

de Pummerer sous I'influence des anhydrides acitique et trifluoroacetique. On a soumis les 
fluoroborates d'6thoxysulfoniurn derives de ces sulfoxydes a la reaction de Pfitzner-Moffatt 
avec I'hydrure de sodium dans le tetrahydrofuranne. Utilisant la spectroscopie de masse, on a 
determine les quantites de deuterium presentes dans les composes initiaux et dans les produits 
Pfitzner-Moffatt. Utilisant la spectroscopie rmn 'H, on a determine les quantitis de deuterium 
presentes dans les cr-acyloxybenzyl rntthylsulfoxydes qui se forrnent au cours de la reaction de 
Pummerer. Les donntes qui en dicoulent permettent de calculer les sClectivitCs diasttrCotopes 
et les effets isotopiques associts h la deprotonation des cations oxysulfonium. On a trouve 
que les sClectivitCs sont d'environ 10 fois plus faibles que celles observees lors de la formation 
de benzyl a-d-mtthylsulfoxydes par echange hydrogkne-deuterium du benzyl mCthylsulfoxyde. 
Toutefois I'existence d'une stlectivitt dans les reactions de Pummerer elirnine la possibilite de 
I'existence d'un sulfuranne ainsi que d'un dication comme seuls intermediaires conduisant a 
des produits. On discute des facteurs contribuant a cette faible selectivite. 

[Traduit par le journal] 

When the alkoxysulfonium cation 1 is treated with 
base it is converted to a mixture of the benzyl sulfide 
2, by a Pfitzner-Moffatt reaction (I), and the ben- 
zaldehyde thioacetal 3, by a Pummerer reaction (2). 
The proportions of the Pfitzner-Moffatt and Pum- 
merer products depend upon the specific experimen- 
tal conditions (3), but the alkoxysulfonium ylide 4 is 
an intermediate in both cases. Since sulfonium 
cations have a pyramidal configuration at sulfur (4), 
the methylene protons of 1 are diastereotopic, and 

some selectivity should, therefore, be expected in the 
deprotonation which forms the ylide ( 5 ) ,  regardless 
of the subsequent chemical and (or) stereochemical 
fate of this species. 

As discussed in the preceding paper (6), proton loss 
from the acyloxysulfoniurn cation 5 proceeds via an 
E2 process, which leads to a mixture of the a-thio- 
carbonium ions 6 and 7 and, thence, to the mixture 
of Pummerer products 8 and 9. If it is assumed that 
the E2 elimination of acetic acid from 5 occurs with 
anti-periplanar stereochemistry, the Pummerer reac- 

0CH2R OCHZR1 
I 

tion of conformation 5a will involve loss of the pro-S 
- I 

P ~ C H ~ - S - R ~  + P~CH-S-Rz hydrogen, and the reaction of conformation 5b will 
+ involve the loss of the pro-R hydrogen from the 

1 4 benzylic position. 

1 0CH2R1 
If the transition states associated with the elimina- 

I tion of acetic acid from 5a and 5b differ in energy, 
P ~ C H ~ S R ~  + P ~ C H S R '  then, according to the Curtin-Hammett principle 

2 3 (7), diastereotopic selectivity should again be ob- 

0008-4042/79/182397-07$0 1 .OO/O 
@ 1979 National ResearchCouncil of CanadaIConseil national de recherches du Canada 
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OAc + I 
I p PhCH=SCH, -+ PhCH-SCH, 

OAc OAc 

served in the removal of the methylene protons. 
Consequently, selectivity is expected, regardless of 
whether the deprotonation of an oxysulfonium cation 
follows an ylide or an E2 pathway. However, it is 
difficult to demonstrate this point experimentally 
in the Pfitzner-Moffatt and Pummerer reactions,' for 
a number of experimental and theoretical reasons. 

For example, if selectivity exists in the deprotona- 
tion of an oxysulfonium cation, a transfer of chirality 
from sulfur to carbon in the Pummerer reaction is, in 
principle, possible. But, if a 'free' carbonium ion is 
formed subsequently, any stereochemicalinformation 
gained in the deprotonation step would appear to be 
lost in the planar carbonium ion intermediate. 

A transfer of chirality from sulfur to carbon might 
be demonstrable if selective deprotonation to form 
an ylide were followed by an intramolecular transfer 
of the oxy substituent. However, the barrier to rota- 
tion about the C-S bond of an acyclic sulfonium 
ylide is calculated (9) to be less than 10 kcal/mol, and 
pyramidal inversion at sulfur is much more rapid in 
a sulfonium ylide (10) than in a sulfonium cation. 
Thus it seems unlikely that the required intramolec- 
ular transfer from sulfur to carbon could compete 
successfully with stereomutation of the oxysulfonium 
ylide. In addition, when the sulfur substituent is 
alkoxy, the intramolecular transfer corresponds to a 
[1,2] sigmatropic rearrangement, and ii predicted 
(1 1) to occur thermally in a concerted manner only 
with inversion of configuration at carbon. Such 
antarafacial processes have not been observed (12). 

On the other hand, a suprafacial [2,3] sigmatropic 
rearrangement (I I) is well established in the literature 
(13), and such a reaction is possible in the case of an 
acyloxysulfonium ylide (14). However, as already 
noted (0, acyloxysulfonium ylides do not appear to0 
be intermediates in the Pummerer reactions of acyl- 
oxvsulfonium cations such as 5. Moreover. the con- - ,  
ditions normally employed to generate an acyloxysul- 
fonium cation from a sulfoxide also promote rapid 

'Diastereotopic selectivity in the conversion of sulfoxides to 
a-halosulfoxides is well established (8). 

epimerization at sulfur (15), which masks any poten- 
tial asymmetric induction. For example, optically 
active benzyl methyl sulfoxide is racemized by 1 
equiv. of trifluoroacetic anhydride at - 65"C, but 
the Pummerer reaction with the same reagent is not 
observed below - 30°C (1 6). 

Despite these various problems, asymmetric in- 
duction in the Pummerer reaction has been achieved 
in a few systems. In the conversion of 10 to 11 
(X = OBz) (14), only the epimer shown is produced. 
However, since 11 (X = OMS) is converted to 11 
(X = C1) with I-etentioiz of configuration, it is ap- 
parent that asymmetric induction at C5 of the thia- 
zolidine ring of this compound is controlled by the 
asymmetry at C4, and is not inherent in the Pum- 
merer reaction itself. 

X 
BzN S 

O H P  

The conversion of (+)-I2 to (+)-I3 with dicyclo- 
hexylcarbodiimide (17) and to (-)-I3 with acetic 
anhydride (17, 18) and the conversion of optically 
active 14 to optically active 15 (19) with acetic anhy- 
dride are true examples of asymmetric induction in 
the Pummerer reaction. According to Stridsberg and 
Allenmark (17) the asymmetric induction observed 
in the formation of 13 is caused by the stereoselective 
removai of one of the methylene protons of 12. How- 
ever, Oae has argued (2c, 19) that the formation of 
optically active 15a cannot be explained in this man- 
ner if an ylide intervenes. 

asVph - q x p h  
COOH 

0 OAc 

The purpose of the present paper is to report that 
diastereotopic selectivity can be observed in the 
Pfitzner-Moffatt and Pummerer reactions of benzyl 
methyl ethoxy-, acetoxy-, and trifluoroacetoxysul- 
fonium salts, by the use of the diastereomeric benzyl- 
a-d compounds (5a) as substrates. In the following 
paper, a similar procedure is employed to demon- 
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strate that diastereotopic selectivity also exists in the 
conversion of 12 to 13, and is responsible for the 
asymmetric induction. 

For the present experiments, benzyl methyl sul- 
foxide, benzyl-a-cl, methyl sulfoxide, and the RSISR- 
and RRISS-benzyl-a-d methyl sulfoxides were pre- 
pared by the procedures described previously (5a, 6). 
Conversion to the acetoxy- and trifluoroacetoxysul- 
fonium salts 16 and 17 was achieved in situ by reaction 
with acetic anhydride and trifluoroacetic anhydride, 
respectively. Conversion to the ethoxysulfonium salt 
18 was accomplished with triethyloxonium fluoro- 
borate (20). 

OAc OTFA OEt 
I I I 

Method 
We employ the descriptors A and B to refer, 

respectively, to the more rapid and less rapid methy- 
lene sites of hydrogen-deuterium exchange of benzyl 
methyl sulfoxide in NaOD-D,O (5a). Therefore, 
DAHB is the RSISR-benzyl-a-d diastereomer (21), 
HADB is the RRISS-benzyl-a-d diastereomer, HAHB 
is the parent compound, and DADB is the benzyl- 
a-d, compound. If kA and kB are the appropriate rate 
constants for the removal of HA and HB from HAHB, 
then the selectivity S is defined by S = kA/kB. To 
obtain this quantity for a Pfitzner-Moffatt or 
Pummerer reaction, it is necessary to work with the 
deuterated compounds DAHB and HADB. This intro- 
duces a primary isotope effect, I, which must be 
taken into account. The assumption that the isotope 

in the starting sulfoxide sample (i.e., 1.0 in experi- 
ments analysed by 'Hmr), dlS is the mole fraction 
of monodeuterated benzyl-substituted sulfide formed 
in the Pummerer reaction of DAHB, doS is the mole 
fraction of undeuterated benzyl-substituted sulfide 
formed by the Pummerer reaction of DAHB, dltHADB 
is the mole fraction of HADB present in the starting 
sulfoxide sample (i.e., 1.0 in experiments analysed 
by 'Hmr), d1lS is the mole fraction of monodeu- 
terated benzyl-substituted sulfide formed in the 
Pummerer reaction of HADB, and dotS is the mole 
fraction of undeuterated benzyl-substituted sulfide 
formed by the Pummerer reaction of HADB. 

The quantities dlS, doS, dlfS,  and dofS were deter- 
mined by integration of the methine signal of the 
product (ca. F 6.8) relative to an internal reference 
peak, usually the S-methyl peak at ca. F 2.13. + 

For reactions of the type PhCH,SXCH, -+ 

PhCHXSCH,, leading to a single regioisomer, anal- 
ysis of the data was performed by mass spectrometry. 
If Z,,,, Zrr,+,, and Z,,,+, are the heights of the M ,  
M.+ 1, and M + 2 peaks of HAHB (normalized so 
that Z,,, + Z,,,+l + Z,,,,, = 1.00), and Q,, Q,n+ 1, 

and Q,,,, are the peak heights of a deuterated sub- 
strate, i.e., DAHB or HADB, then 

where Dof, Dl1, and D,' are the mole fractions of the 
undeuterated, monodeuterated, and dideuterated 
species in the deuterated substrate. Equations [5]-[7] 
can be rearranged to give 

effects at the two sites are equal (22) permits the cal- [*I ~ , r  = ~,,/z-, 
culation of S and I from eqs. [ I ]  and [2] (23), where 
kl/k2 refers to the ratio k,/kB for DAHB, and k11/k2' [91 Dl' = <Q,,,+ 1 - zfrl+ iDo>/zffl 
refers to the ratio kA/kB for HADB. [I01 D2' = <Q,t+2 - zm+ 1D1 - z,,,+~Do>lzrl, 

+ 
For reactions of the type PhCH,SXCH, -+ 

PhCHXSCH, + PhCH,SCH,X, in which two regio- 
isomers are formed, the ratios kl/k2 and k l f /k2 '  
were determined by 'Hmr. Within the accuracy of 
this method ( lox) ,  the substrate consisted entirely 
of either DAHB or HADB. In such cases, the quantities 
k,/k2 and kl'/k2' could be calculated using eqs. [3] 
and PI ,  

[3] kl/k2 = (dlDAHB - dlS)/(dlDAHB - doS) 

[4] kIr /k2 '  = (dlrHADB - do~S)/dl ~ H A D B  - dl IS) 

where dlDAHB is the mole fraction of DAHB present 

The quantities Q ,,,, Q,,+ , , and Qlr,+ , were obtained 
by measurement of the peak heights of the molecular 
ion cluster of the deuterated sample, and were nor- 
malized so that Q,,, + Qln+ , + Q,,+, = 1.0. The 
quantities Z,,, Zrr,+,, and Zrn+, could be determined 
by measurement of the peak heights of the molec- 
ular ion cluster of HAHB, but more accurate values 
were available by calculation using Beynon's equa- 
tions (24). Table 1 lists the values of Z,,, Z,+ ,, and 
Z,,+, calculated for benzyl methyl sulfoxide and 
benzyl methyl sulfide. The experimentally determined 
Z,,, Z,,,,, and Z,,,, values of benzyl methyl sul- 
foxide are included for comparison. 

Equations [ I l l  and [12] allow kl/k, and k11/k2' 
to be calculated, 
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[12] k1'/kz' = [dl lHADB - (do's - do IWAHB)I/ 

[dl'HADB - (dl's - d2fDADB)] 

where dzDADB, dlDAHB, and doHAHB are the relative 
amounts of dideuterated, monodeuterated, and un- 
deuterated species in DAHB;  dZtDADB, dCIHADB, and 
dofHAHB are the relative amounts of dideuterated, 
monodeuterated, and undeuterated species in HADB, 
and GS,  dlS, and dofS and d1IS are the corresponding 
quantities for the sulfide products from DAHB and 
HAD,. 

Results and Discussion 

Table 2 shows the results obtained in the Pum- 
merer reactions of the benzyl-a-d methyl sulfoxides 
with acetic anhydride and with trifluoroacetic anhy- 
dride. Table 3 contains the deuterium analyses of 
the DAHB and H A D B  benzyl methyl sulfoxides, and 
of the benzyl methyl sulfides formed from their 
derived ethoxysulfonium fluoroborates by reaction 
with sodium hydride in tetrahydrofuran. The selec- 
tivities and deuterium isotope effects calculated from 
these data are collected in Table 4. 

TABLE 1. Relative abundances of Z ,,,, Z,,,+ ,, and Z,,,+2 calcu- 
lated from Beynon's equations 

Molecular 
Compound formula z,. zn,+ I Zm+z 

l l  
PhCH2SCH3 CsHloOS 0.8695 0.08376 0.04674 

0 
/I 

PhCH2SCHSa CsHloOS 0.8680 0.0838 0.0440 

PhCH2SCH3 C8H10S 0.8714 0.0836 0.04505 

"Experimental results. 

TABLE 2. Deuterium content of thecc-acyloxybenzyl methyl 
sulfoxides formed in the Pummerer reactions of the DAHI, 

and HADB benzyl methyl sulfoxides" 

Temp. 
Sulfoxide Reagent ("C) dObsC d,*eC 

DAHB Ac20d 130 0.13 0.87 
H ADB AczOd 130 0.19 0.81 
DAHB TFAA' 25 0.17 0.83 
HAD" TFAAc 25 0.14 0.86 

Osee text for the definitions of these isomers. 
bDeterrnined by 'Hmr in CCI,. 
CThe error in these measurements is 10% of the reported value. 
dThe solvent used was acetic anhydride with a sulfoxide concentra- 

tion of 0.06 M. 
'The solvent was CCI, with a sulfoxide concentration of 0.5 M and 

a TFAA concentration of 0.4 M. 

In each case, the selectivity observed in the depro- 
tonation of the oxysulfonium cation is opposite t o  
that seen in the hydrogen-deuterium exchange which 
forms DAHB and HADB, and is smaller by a factor of 
at  least 10. However, the selectivities observed in the 
present work should be regarded as lower limits, for 
several reasons associated with the experimental con- 
ditions that were needed to obtain the results. 

For example, as already mentioned (15), it is well 
established that the Pummerer reactions of acyloxy- 
sulfonium salts are complicated by a competing 
epimerization a t  sulfur. The relative rates of the two 
processes have been studied in several systems. Aryl 
benzyl sulfoxides are racemized in acetic anhydride 
a t  100"C, a temperature a t  which the Pummerer reac- 
tion is not observed. For aryl methyl sulfoxides, the 
Pummerer reaction is faster than epimerization by 
a factor of 4.3 a t  110°C. If epimerization is faster 
than the Pummerer reaction in the present work, 
DAHB (or HADB) will be transformed to  a 1: 1 mix- 
ture of DAHB + HADB, and all stereochemical infor- 
mation will be lost. Treatment of benzyl methyl sul- 
foxide with 1 equiv. of trifluoroacetic anhydride in 
methylene chloride at  -65°C (25) followed, after 
5 min, by addition of aqueous tetrahydrofuran, led 
to  quantitative recovery of the compound. Repetition 
of this experiment with DAHB led to the recovery of a 
1: 1 mixture of the two diastereomers. Thus it is not 
surprising that little selectivity is evident in the 
Pummerer reaction when trifluoroacetic anhydride 
is employed as the reagent. 

I t  is known (3) that the Pfitzner-Moffatt mode of 
decomposition of the oxysulfonium ylide derived 
from 1 8  is favoured in non-polar solvents. Therefore, 
this ylide was generated in tetrahydrofuran using 
sodium hydride as a non-nucleophilic base; these 
conditions avoid epimerization at  sulfur and lead 
exclusively to the Pfitzner-Moffatt product. The 
high reactivity of sodium ,hydride, as can be seen 
from the negligible isotope effect which is observed 
in this case, would be expected to  lead to  reduced 
selectivity (26). In fact, the Pfitzner-Moffatt reaction 
exhibits the highest selectivity of the reactions studied 
in the present work. 

In an  attempt to find conditions that would lead 
to  an  increase in the selectivity of the Pfitzner- 
Moffatt reaction, the salt 19 was reacted with 2,6- 
lutidine in acetone, a solvent and base combination 
that is known (3) to minimize epimerization at  sulfur. 
However, this reaction led, unexpectedly, to a 1: 1 
mixture of the acetal20 and the dithioacetal21. I t  is 
suggested that this reaction proceeds via the sul- 
fonium cation 22, which is formed by the addition of 
the a-thiocarbonium ion 6 (an intermediate in the 
Pummerer reaction) to the thioacetal23. The mech- 
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TABLE 3. Deuterium analysesa of the D,H, and HAD, benzyl methyl sulfoxidesb, and of the benzyl methyl sulfides formed from 
their derived ethoxyfluoroboratesc in the Pfitzner-Moffatt reaction 

Deuterium content of the starting material Deuterium content of the Pfitzner-Moffatt product 
Starting - 
material do dl d2 do dl d2 

'Analyses performed by mass spectrometry on Hitachi Perkin Elmer RMU-GE and Dupont 21-491B mass spectrometers under electron impact conditions 
I t  7nev -. . - - . . 

bSee text for the definitions of these isomers. 
<Prepared from DAH, and HAD, by reaction with triethyloxonium fluoroborate 
*Average + standard deviation of six determinations. 
'Average + standard deviation of three determinations. 
'Average + standard deviation of five determinations. 
9Average + standard deviation of four determinations. 

TABLE 4. Stereoselectivity and deuterium isotope effects in the Pummerer and Pfitzner- 

Mofatt reactions of P~CHSXCH, salts 

Temp. 
Substrate Reagent ("c) S I 

0 
I I 

PhCH2SCH3 TFAA 25 0.89&0.14" 5.5 +0.70a 

0 
I I 

PhCHzSCH, Ac2O 130 0.8020.12" 5.4 t0.43" 

OEt 
I 

PhCH2SCH3 BF,- NaH 25 0.59+0.08h 1.09+0.21h 
+ 

6tandard  deviation based on three determinations. 
bStandard deviation based on four determinations. 

anism is written in this manner to account for the tivity in the present work, while not proving the E2 
formation of a mixture of acetal and thioacetal (cf. pathway, is sufficient to rule out a dication mech- 
ref. 27), and for the finding that 23 is stable to the anism for the acyloxysulfonium cations. The methy- 
action of 2,6-lutidine in acetone. lene protons of a dication are enantiotopic (28). 

OCH, OCH, CI 
I + I I 7  + + 

Ph-CH2-S-CH, + PhCH=SCH3 -+ PhCHSCH, [I31 PhCH2SCH, i PhCH2-S-CH, + PhCHCISCH3 + 

In the preceding paper (6), it was argued that a 
dication mechanism could not be ruled out for the 
reaction shown in eq. [13], which leads to the a-chlo- 
robenzyl regioisomer exclusively. On the other hand, 
the Pumrnerer reactions of benzyl methyl acyloxy- 
sulfonium cations were considered to proceed via an  
E2 pathway. The observation of diastereotopic selec- 

The same argument applies to the sulfurane 24, 
which could be considered as an intermediate in the 
Pummerer reactions of the present work. The inter- 
vention of such species in Pummerer reactions has 
often been considered (2), but no definite evidence 
on this point has appeared. The sulfurane 24 is ex- 
pected to exist in the trigonal bipyramidal geometry 
shown (29); the methylene protons of this molecule 
are enantiotopic. N o  selectivity between these protons 
could exist if the Pummerer reaction proceeds solely 
via 24. 

X 
PhCH2,.,,, I 

Me/S-: 
X 

24 
X = OAc, OTFA 
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Finally, it should be recognized that the selec- 
tivities reported here refer to acyclic molecules. Much 
higher selectivities are expected for cyclic, conforma- 
tionally constrained systems (30). Extensions of the 
present work to appropriate inolecules of this type 
are under active investigation. 

Experimental 
General experimental methods and syntheses of the RSISR- 

and RRISS-benzyl-a-d methyl sulfoxides have been described 
previously (50, b, 6). 

Reaction of Betzzyl-a-d Methyl Srrlfoside ~vit11 Acetic 
Anl~~ldride 

Benzyl-a-(1 methyl sulfoxide (D,,HU or HADD) (96 mg, 0.62 
mmol) was dissolved in acetic anhydride (10 niL) and heated 
at 130°C for 2 h. The reaction mixture was poured into ice- 
cold saturated potassium bicarbonate. Extraction with chloro- 
form (4 x 75 mL) and evaporation of the solvent after drying 
(magnesium sulfate) yielded a mixture of acetoxysulfides. The 
amount of hydrogenldeuterium on the methine carbon of 
a-acetoxybenzyl methyl sulfoxide was determined by integra- 
tion using the acetoxy and SCH, protons as an internal ref- 
erence. 

Reactiotl of Betrzyl-a-d Metl~yl Srclfoxidc wit11 Triflrroroacetic 
At~/~y(lricle 

Benzyl-a-d methyl sulfoxide (D,,H, or HAD,) (42 mg, 0.27 
mmol) was suspended in carbon tetrachloride (0.5 mL), and 
trifluoroacetic anhydride (0.3 mL, 2 mmol) was added at 25°C. 
A 'Hmr spectrum of the product was taken immediately, and 
the protonldeuterium content of the rnethine hydrogen of the 
a-trifluoroacetoxybenzyl methyl sulfide was measured by 
integration using the integral of the SCH, group as an internal 
reference. 

Reactiotl of Betlzj~l-a-d Metlryl Ethoxyarlfot~irrt~~ Flrroroborate 
with Soclilrtrl Hyrlride 

Benzyl-a-d methyl sulfoxide (0.500 g, 3.25 mmol) was 
weighed into a dry flask, and triethyloxonium fluoroborate 
(1.9 mL of 2.4 M, 4.56 mmol) in methylene chloride was added 
dropwise. After the solution was homogeneous, the sulfonium 
salt was precipitated with ether, and triturated further with 
ether. The ether was removed and dry tetrahydrofuran (10 
mL) was added. To this was added sodium hydride (0.155 g, 
50% dispersion, 3.23 mmol) in one portion, and the mixture 
was stirred at room temperature overnight. Then methanol 
(ca. 20 mL) was added, and the precipitated sodium fluoro- 
borate was removed by filtration. The benzyl methyl sulfide 
was isolated by chromatography (silica gel, methylene chlo- 
ride/petroleum ether (50-100) 5 : 1) and analysed by niass spec- 
trometry. 

Epitnerization of Bet~zyl-a-d Metlyl S~rlfoxicle wit11 Trifioro- 
acetic Atlllydride a t  -65°C 

Benzyl-a-d methyl sulfoxide (DAHU) (100 mg, 0.65 n~mol) 
was dissolved in methylene chloride (10 mL), and the solution 
was cooled to -65'C. Trifluoroacetic anhydride (0.4 mL of 
1.63 M,  0.65 mmol) was added dropwise (2 min). The mixture 
became cloudy for a moment and then became clear. After 
5 min, water (10 mL) and tetrahydrofuran (1 niL) were added 
and the mixture was allowed to warm to room temperature. 
Evaporation of the solvent led to a quantitative recovery of the 
sulfoxide. The 'Hmr spectrum of this material showed two 
singlets (6 4.20 and 6 3.88) in the benzyl region in the ratio 1 : 1, 
corresponding to a 1 : 1 mixture of DAH, and HADD. 
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On the relationships between lsO-transfer, diastereotopic selectivity, and asymmetric 
induction in an intramolecular Pummerer reaction 
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SAUL WOLFE, PETER MICHAEL KAZMAIER, and HILLAR AUKSI. Can. J. Chem. 57.2404 (1979). 
The cyclization of benzyl 2-carboxyphenyl sulfoxide (1) to 2-benzylbenzoxathiane-6-one (2) 

has been examined by a combination of '80-labelling of the sulfoxide oxygen, stereoselective 
deuterium labelling in the benzylic position, and the use of optically active compounds. With 
dicyclohexylcarbodiimide (DCC) as the cyclizing agent, the reaction proceeds with 55.8% 
retention of the sulfoxide oxygen, 57.8% preference for abstraction of one of the diastereotopic 
methylene protons, and it produces a 61.4138.6 mixture of enantiomers. It is proposed that all 
three experimental observables are controlled by the competition between initial attack of the 
DCC upon the sulfoxide oxygen and upon the carboxyl group, and a mechanism is proposed 
for the reaction which clarifies the relationship between these observables. In agreement with 
earlier work by Stridsberg and Allenmark, DCC affords 2 having the opposite sign of rotation 
from 1, and acetic anhydride affords 2 having the same sign of rotation as 1. Asymmetric induc- 
tion in the latter reaction is significantly less than with DCC because of competing epimeriza- 
tion at sulfur, but the origin of the differences in the sign of rotation of 2 under the different 
conditions has been clarified by the finding that there is less than 40% retention of the sulfoxide 
oxygen with acetic anhydride as the reagent. 

SAUL WOLFE, PETER MICHAEL KAZMAIER et HILLAR AUKSI. Can. J. Chem. 57,2404 (1979). 
On a etudie la cyclisation du benzyl carboxy-2 phknyl sulfoxyde (1) en benzyl-2 benzoxa- 

thianone-6 (2) en combinant des methodes de marquage de l'oxygene du sulfoxyde avec du 
"0 et de marquage sttrCosClectif au deutCrium de la position benzylique ainsi que par l'utilisa- 
tion de composCs optiquement actifs. Lorsqu'on utilise la dicyclohexylcarbodiimide (DCC) 
comme agent de cyclisation, la reaction se produit avec 55.8% de retention de I'oxygene du 
sulfoxyde, avec une preference de 57.8% pour I'enlevement de l'un des protons diastCrComeres 
du methylene et il se forme un melange 61.4138.6 d'enantiomeres. On suggere que les trois 
resultats experimentaux observes sont contrBlts par une competition entre une attaque 
initiale du DCC sur l'oxygene du sulfoxyde et sur le groupement carboxyle et on propose un 
mecanisme pour la reaction qui clarifie la relation entre ces observations. En accord avec les 
travaux anterieurs de Stridsberg et de Allenmark, le DCC fournit un compose 2 dont le signe 
de la rotation est inverse de celui de 1 alors que I'anhydride acetique conduit a un produit 2 
dont la rotation est la m&me que celle de 1. L'induction asymttrique dans cette derniere 
reaction est beaucoup moins importante qu'avec le DCC a cause de IICpimerisation au niveau 
du soufre qui est en competition; toutefois on a pu clarifier l'origine des differences dans le 
signe de la rotation des produits2 obtenus selon diverses conditions en trouvant que le taux de 
retention de I'oxygene du sulfoxyde est moins de 40% lorsque le reactif est l'anhydride acktique. 

[Traduit par le journal] 

The reaction of benzyl 2-carboxyphenyl sulfoxide 29.9% optical purity; in acetic anhydride solvent at 
(1) with acetic anhydride (1) or with dicyclohexyl- 100°C, (+ ) - I  afforded (+)-2 having 11.2% 
carbodiimide (DCC) (2) leads to 2-benzyl-1,3- optical purity. Both groups of workers propose that 
benzoxathian-6-one (2), via an intramolecular Pum- the product-determining step in the overall reaction 
merer reaction (3). On the basis of the mechanistic is the deprotonation of 3 to the cyclic acyloxy- 
studies of Oae and Numata (1), the rate-determining sulfonium ylide 4. To account for the asymmetric 
step in this reaction is the formation of the cyclic induction, Stridsberg and Allenmark have suggested 
acyloxysulfonium cation 3. Stridsberg and Allen- (4) that diastereotopic selectivity exists in this 
mark (2, 4) also consider 3 to be an intermediate in deprotonation step, and that the diastereomeric 
the reaction and, in their investigations of the ylides thus formed are converted to different enan- 
stereochemical course of the reaction, these workers tiomers of the product. 
have demonstrated that the conversion of 3 to 2 The two groups of workers propose different 
proceeds with asymmetric induction. For example, mechanisms for the formation of 3 from 1. According 
the reaction of optically pure (+ ) - I  with DCC in to Oae and Numata, the reaction is initiated by 
ethylene chloride solvent at 25°C gave (-)-2 having activation of the carboxyl group (1 + 5), followed 

0008-40421791 182404-08$0 1 .OO/O 
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by rate-determining ring closure by the sulfoxide 
oxygen (5 + 3). On the other hand, Stridsberg and 
Allenmark, by analogy with the mechanism of the 
Pfitzner-Moffatt reaction (5), prefer an initial 
activation of the sulfoxide oxygen (1 + 6), followed 
by ring closure by the carboxyl group. These two 
pathways can be distinguished by 180-labelling 
experiments, since the sequence 1 + 5 + 3 predicts 
retention of the sulfoxide oxygen, and the sequence 
1 + 6 + 3 predicts loss of the sulfoxide oxygen. One 
of the objectives of the present work is to provide 
the results of such experiments and to relate these 
results to the direction of the asymmetric induction 
observed under the different reaction conditions. 

A second objective of the present work is to 
determine whether diastereotopic selectivity does 
exist in the deprotonation step of the reaction, and 
whether such selectivity can be related to  the 
magnitude of the observed asymmetric induction. A 
third objective is to propose a new mechanism for 
the transformation of the cation 3 to  the product 2. 
This mechanism is consistent with experimental 
observations on the Pummerer reactions of acyloxy- 
sulfonium cations (6, 7), and it takes into account 
some theoretical calculations on the stereochemical 
properties of sulfonium ylides (S), which suggest that 
stereomutation of 4 would be sufficiently rapid to 
result in loss of the stereochemical integrity of 
diastereomers. 

In the present mechanism, the deprotonation step 
is considered to proceed via an E2 pathway (6), with 
an anti-periplanar relationship between the C-H 
and S-0 bonds. Thus conformation 3a1 will lead 
to the cr-thiocarbonium ion 7a, with loss of the pro-S 
benzylic proton, and conformation 3b1 will lead to  
the cr-thiocarbonium ion 7b, with loss of the pro-R 
benzylic proton. Because rotation about the C-S 
bond of an cr-thiocarbonium ion is slow (9), in 
contrast to rotation about the C-S bond of a 
sulfonium ylide (S), collapse of the ion pair 7a is 
expected to lead to S-2, and collapse of the ion 
pair 76 is expected to lead to R-2, with net inversion 
of configuration a t  carbon. Since reactions 3a + 7a 
and 3b + 7b proceed via diastereomeric transition 
states, S-2 and R-2 will be produced in different 
amounts (10). Inspection of 7a and 7b suggests that 
the transition state leading to the latter cr-thiocar- 
bonium ion should be favoured significantly. 

Consequently, R-2 is expected to be the pre- 
dominant enantiomer produced from the R-enan- 
tiomer of 3, and it will be formed with loss of the 
pro-R benzylic proton. However, whether R-3 or 
S-3 is the intermediate in a reaction initiated from 
the R-enantiomer of 1 will depend upon which of the 
sequences 1 + 5 + 3 and 1 + 6 + 3 is operative 
under the specific reaction conditions. The above 
analysis will apply to a reaction initiated with R-1 in 
which 3 is formed by the sequence 1 + 5 + 3, with 
retention of configuration a t  sulfur (and retention of 
the sulfoxide oxygen). The analysis will also apply 
to a reaction initiated with S-1, in which 3 is formed 
by the sequence 1 + 6 + 3, with inversion of con- 
figuration a t  sulfur (and loss of the sulfoxide oxygen). 

Several aspects of this mechanistic proposal are, in 
principle, susceptible to experimental test. The first 
is the prediction that C-0 bond formation occurs 
with net inversion of configuration a t  the benzylic 
carbon. T o  establish this point would require 
knowledge of the absolute configurations of 2,3,  and 
prochirally labelled 3. None of this information is, as 
yet, available. A second is the prediction that the 
proportions of R-2 and S-2 are related to the relative 
rates of abstraction of the pro-R and pro-S methylene 
protons, respectively, and that these, in turn, are 
related to the fate of the sulfoxide oxygen of 1. 

Method 
The procedure for the determination of diastereo- 

topic selectivity in the deprotonation step was the 
same as that described in the preceding paper (7), 
using mass spectrometry, and was predicated upon 

'The argument is presented for the R-enantiomer of 3. 
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the assumption that the diastereomeric benzyl-a-d 
derivatives of 1 would be accessible by hydrogen- 
deuterium exchange. This assumption proved to be 
correct. In D 2 0  solvent at 30°C, the diastereotopic 
methylene protons of a 0.4 M solution of 1 were 
observed to be anisochronous (6, 4.32; 6, 3.88). In 
N NaOD-D20, the downfield proton of the AB 
quartet (HA) exchanged more rapidly than HB, 
corresponding to the sequence of events HAHB -t 
DAHB -t DADB. Such observations are now well 
established in the literature (1 1). 

Figure 1 shows the results obtained in a typical 
experiment, in which the relative amounts of HAHB 
and DAHB were determined by integration of 'Hmr 
spectra of the reaction mixture as a function of 
time. Scheme 1 is a simplified description of the 
processes which occur in this system. The rate of 
disappearance of HAHB provides kA + k,, where 
kA and kB are pseudo-first-order rate constants for 
the exchange of HA and HB, respectively. The rate 
of disappearance of DAHB provides kB/J, where J is 
the secondary deuterium isotope effect. For J = 1.34, 

FIG. 1. Hydrogen-deuterium exchange of benzyl2-carboxy- 
phenyl sulfoxide (0.4 M) at 30°C in 1.0 N NaOD-D,O. 

the value observed in the hydrogen exchange of 
benzyl methyl sulfoxide (12), kA and kB were cal- 
culated to be 0.0040 min-l and 0.00087 min-l, 
respectively, leading to a ratio kA/kB = 4.6 at 30°C. 

Although this result means that the DAHB dia- 
stereomer of l will be contaminated by HADB, the 
proportions of the two are known, because the rate 
constants are known, and this permits appropriate 
corrections to be made to the selectivity results, as 
described below. 

The HADB diastereomer of 1 was synthesized by 
permitting the exchange of 1 to proceed to DADB, 
and then carrying out a back exchange in NaOH- 
H20 .  

For the synthesis of "0-labelled 1, benzyl 2-car- 
boxyphenyl sulfide was oxidized with pyridinium 
perbromide in pyridine containing 12.678 at.% 
"0-enriched H20 .  Mass spectral analysis of the 
resulting sulfoxide indicated 13.08% 180-enrichment 
of the sulfoxide oxygen, based on analysis of M + ,  
and 12.56% enrichment, based on analysis of the 
M-91 peak. The average of these two values, 12.82 k 
0.55%, was used in the computation of the results. 

Optically active 1 was prepared via the brucine 
salt, as described by Stridsberg and Allenmark (4). 
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TABLE 1. Deuterium analyses" of the D,H, and H,,D, diastereomers of 1 and of the cyclized product 2 obtained 
from these diastereomers under various conditions 

Deuterium content 
Compound Mode of 

Diastereomerbpc analyzed formation do dl d2 

nAnal~ses  performed by mass spectrometry o n  Hitachi-Perkin-Elmer RMU-6E and Dupont  21-491 B mass spectrometers under clectron 
impact conditions a t  70 eV. 

bSee text for definitions of these isomers. 
<For reactions leading to 2, this column refers to the nature o f  the starting sulfoxide. 
dAverage 2 standard deviation of  11 determinations. 
'Average ? standard deviation of 8 determinations. 
'Average 2 standard deviation of  9 determinations. 
gExperiment performed in anhydrous 1.2-dichloroethane. 
*Average 2 standard deviation of  10 determinations. 
'Average k standard deviation of  15 determinations. 
'Experiment performed in purified A c 2 0  a t  114'C. 
kAverage + standard deviation of  11 determinations. 
'Average + standard deviation of  7 determinations. 

"Experiment performed in CHJCl2  solvent. 
OAverage +- standard deviation of  9 determinations. 

However, in our hands, this led more readily to the 
levo-enantiomer. 

The optically active sulfoxide and each of the 
isotopically labelled sulfoxides were converted to 2 
in parallel experiments conducted using the same 
reagents and solvents. 

Results and Discussion 

Table 1 shows the deuterium analyses of the DAHB 
and HADB diastereomers of 1 and of the cyclized 
product 2 obtained from these diastereomers under 
three sets of experimental conditions: (i) DCC in 
I ,2-dichloroethane, initially a t  0°C for 1 h, and then 
at room temperature; (ii) acetyl trifluoroacetate 
(ATFA) in methylene chloride at 0°C for 1.5 h ;  ( i i i )  
acetic anhydride solvent at 114°C for 2 h. The 
selectivities and deuterium isotope effects calculated 
(7) from these data are collected in Table 2. 

In the work of Oae and Numata (I), a kinetic 
isotope effect (k,/k,) of 1.07 was observed in the 
cyclization of 8, a result consistent with the formula- 
tion 8 + 9 as the rate-determining step of the 
reaction. The isotope effects listed in Table 2 refer to 
the product-determining step, and are compatible 
with an E2 process. 

Conversion of the selectivities shown in the 
second column of Table 2 to the true selectivities 
shown in the third column was achieved in the 
following manner. Solution of the differential 
equations for the exchange sequence HAHB + 
(DAHB + HADB) + DADB, and substitution of the 

TABLE 2. Diastereotopic selectivities and deuterium isotope 
effects in the conversion of 1 to  2 

Apparent True Isotope 
Reagent selectivity" selectivityb effect 

DCC 0.782f 0.02SC 0.729t0.028" 2. 13 t0 .29C 
ATFA 1.00 +0.078' 1.00 k0.078 1.55f0.087' 
A c 2 0  0.939+0.098' 0 .923t0.098 2.44i0.17'  

"Refers to  kn/kn;  see text for definitions of  the A and  B sites. 
*Calculated by interpolation in Table 3. 
<Standard deviation based o n  4 determinations. 
dcorresponds to a 57.2% preference for  the abstraction of  Hn.  

values of k,, k,, and J provided an estimate of the 
ratio [DAHB]/[HADB] as a function of time. 
Evaluation of this expression for t = 402 min, the 
time at which DAHB was isolated, gave [DAHB]/ 
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TABLE 3. Calculation of apparent selectivity as a function of 
true selectivity for a monodeuterated sample mixture con- 

taining 89% DAHB and 11% HADB"pb 

True 
selectivity Loss of Loss of Apparent 

(s') deuteriumc hydrogenc selectivity" 

sign of rotation under the two sets of reaction con- 
ditions) cannot be determined by the present 
procedure. 

The results of a number of experiments starting 
with the optically active sulfoxide are summarized in 
Table 4. In agreement with Stridsberg and Allenmark 
(4), DCC affords 2 having the opposite sign of 
rotation and A c 2 0  affords 2 having the same sign of 
rotation as the sulfoxide; in addition, the selectivity 
is higher with DCC than with Ac20, in agreement 
with the earlier work and with the diastereoto~ic 

0.5  0.3700 0.6300 0.5873 selectivity data. In the present work, the observed 
lo-" 0.1100 0.8900 enantiomeric excesses are 23% with DCC and 5.7% 
ODeuterium in this calculation is only a convenient label and the isotope with Ac20,  under the conditions of the selectivity effect is therefore taken to be 1.0. 
bThe relative proportions 0.89 and 0.11 were estimated from the solution experiments. These various observations seem to be 

of the differential equations (see text). 
<The loss of deuterium and hydrogen were calculated by loss of deu- consistent with the view that the optical purity of 

terium = S'I(1 + S')(0.89) -1 1/(1 -I- S')(0.11) and loss of hydrogen = 
li(r + s')(o.s~) + S'I(I, + s:)(o.II). the cyclized product is related to the diastereotopic 

"The apparent select~vtty 1s the ratio of (loss of deuterium)/(loss o 
hvdroeen). selectivity exhibited in the deprotonation step. 

[HADB] = 8.1. Table 3 shows the apparent selec- 
tivity as a function of the true selectivity for a 
mixture of diastereomers having this composition. 
Interpolation in this table was used to  obtain the true 
selectivities of Table 2. 

The absence of selectivity in the case of ATFA as 
the Pummerer reagent is not surprising, since this 
reagent promotes rapid epimerization of sulfoxides 
(7). The same factor is responsible for the low 
selectivity observed with acetic anhydride (4, 7). For 
example, Stridsberg and Allenmark observed 31% 
racemization of optically active 1 after 3 min in 
acetic anhydride solvent at 100°C. In contrast, with 
DCC, we observed no racemization of optically 
active 1 after 1 h under the cyclization conditions. 

The enanticmeric excesses predicted for 2 on the 
basis of the selectivity data of Table 2 are 15.7 $- 2% 
with DCC as the reagent and 4.0 $- 5 z  with A c 2 0  
as the reagent. When the standard deviation is taken 
into account. it can be seen that the direction of the 

The experiments with "0-labelled sulfoxide 
provide information concerning the question of 
whether the diastereotopic selectivity is itself deter- 
mined by the mode of formation of 3. The results of 
these experiments are summarized in Table 5. It is 
clear that both of the previously suggested sequences 
1 -+ 5 -+ 3 and 1 -+ 6 -+ 3 are operative under both 
sets of reaction conditions. With A c 2 0  as the 
reagent, the cyclized product retains less than 50% 
of the label and, with DCC as the reagent, more than 
50% of the label. This indicates that the pathway via 
5 is slightly preferred when the DCC conditions are 
employed, and the pathway via 6 is slightly preferred 
when the A c 2 0  conditions are employed ; 6 is also the 
intermediate in the competing racemization of 1 
under the latter conditions (13). It is noteworthy 
that, with DCC, the preference for HB (57.2%) and 
the retention of the sulfoxide oxygen (55.8%) are the 
same, within experimental error. Table 6 shows these 
data together with the optical activity data, expressed 
in the same manner. 

lower selectivity observed under the latter conditions In terms of the mechanistic proposals presented in 
(and, therefore, whether the optically active 2 the Introduction, the results of the 2H, 180, and 
obtained from optically active 1 will have the same optical activity experiments permit the stereo- 

TABLE 4. Asymmetric induction in the cyclization of optically active 1 

Reaction [aIDZ0 of % optical 
Reagent Solvent T ("C) time (h) product" purityb 

AcZO AczO 130 1 .O - 5.0' 3 .4  
AczO Ac20d 130 1 . O  - 2.0' 1 . 4  
AczO AczO 100 2.0 -3.0' 2.0 
AczO A c ~ O  114 1 . O  - 8.8" 5 .8  
DCC C1CH2CH2Cl' 25 38 + 34.7' 22.9 

ODetermined at  c 1.0 in ethanol 
bBased on the literature determination of [ a l D Z 5  ? 154.4 for optically pure 2 (4). 
=The rotation of the starting sulfoxide was [alDlo -424 (c 0.5, EtOH) (94% optically pure (4)). 
T h e  acetic anhydride was carefully purified to remove traces of acetic acid. 
'The rotation of the starting sulfoxide was [ a I D Z O  -444 (C 0.5, EtOH) (98% optically pure). 
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TABLE 5. 180-retention in 2 prepared from 1 containing 12.82 
& 0.55% enrichment of the sulfoxide oxygen 

Reaction lSO-content % retention 
Reagent T ("C) time (h) of 2" of 180 

ACZO 130 1 . 0  5 .00k0 .43  39 .0k3 .1  
A c ~ O  130 0.5 3 .97k0 .42  31 .3k3 .5  
A c ~ O  130 0.25 4 .67k0.67 36 .4k5 .5  
DCC 25 18.0 7.15+0.49b 55 .8k4 .5  

'By mass spectral analysis o f  M + .  
"he dichloroethane solvent was carefi~lly dried prior to reaclion. 

chemical course of the cyclization of 1 to 2 to be 
summarized as shown in Scheme 2. For a reaction 
initiated with R-1, the DCC conditions are predicted 
to lead to a preference for R-2, and the Ac,O con- 
ditions are predicted to lead to a preference for S-2. 
We hope to report later concerning the absolute 
configurations of 1 and 2. 

period of 15 niin. After one half of the benzyl chloride had 
been added, a white solid began to precipitate out of solution. 
This redissolved upon the addition of 50% ethanol (120 mL). 
The progress of the reaction was monitored by treating ali- 
quots with potassium triiodide solution until the persistence 
of the purple colour indicated that all of the mercaptide had 
been consumed (3.5 h). After acidification with 3 N hydro- 
chloric acid, extraction with methylene chloride and drying 
(sodium sulfate) yielded, after evaporation, a crystalline 
product. Recrystallization from hot ethanol afforded white 
needles (13.9 g, 8873, mp 187-188°C (lit. (1) mp 186-187°C); 
'Hmr (CDCI,/DMSO-d6 1:  1) 6:  8.0-7.0 (9H, m), 4.13 (2H, 
s); 13Cmr (CDCI,/DMSO-d6 I : 1) 6: 167.6 (C=O), 141.7, 
136.4, 132.1, 129.1, 128.4, 127.8, 127.1, 125.4, 123.7 (phenyls), 
36.4 (PhCH,); ir (KBr): 1660 (carboxyl) cm- '. 

Berzzyl2-Cnrboxypl~erlyl Suuoxicle 
Benzyl 2-carboxyphenyl sulfide (10 g, 0.041 mol) was 

suspended in 50% aqueous pyridine (50 mL). Pyridinium per- 
bromide (9.8 g, 0.041 mol) was added in one portion. The 
sulfide dissolved rapidly and the orange colour faded to  a pale 
yellow (5 min). After cooling of the reaction mixture in ice, 
concentrated hydrochloric acid was added to  bring the p H  
to  1. The pasty solution was extracted with methylene chloride 
(4 x 50 mL), and each organic extract was washed with 
copper(I1) sulfate solution and with brine. To liberate the 
sulfoxide from the green copper complex, the combined 
methylene chloride extracts were treated with hydrogen sulfide 
and the black precipitate was removed by filtration through 
Celite. After evaporation of the solvent, the crude product was 
recrystallized from ethyl acetate to  yield cubic crystals (4.12 g, 
39%), mp 16G173"C (dec.) (lit. (1) mp 170°C (dec.)); 'Hmr 
(CDCI,/DMSO-d6 1 : 1) 6:  7.4-8.5 (4H, m), 7.23 (5H, s), 4.38 
( lH ,  d, 12), 3.75 ( lH,  d, 12); 13Cmr (CDCI,/DMSO-d6 1: 1) 6 :  
167.0 (C=O), 147.7, 132.9, 131.8, 130.9, 130.3, 128.0, 127.8, 
124.6 (phenyls), 62.5 (PhCH2); ir (KBr): 1680 (carboxyl), 1000 
(sulfoxide) cm-'. 

4 Kinetics of Hydrogen-Deuterilim Exclmnge in Bellzyl 
S-1 2-Carboxyplle~iyl Su!foxide 

S C H L M L  2 Benzyl 2-carboxyphenyl sulfoxide (520 mg, 2 mmol) was 

Experimental dissolved in 1 N NaOD (5.0 mL). Sodium 2,2-dimethyl-2- 
silapentanesulfonate (50 mg) was added as an internal 

General experimental methods and procedures have been standard and the reaction mixture was kept at 30 + 5°C. An 
described previously (6, 7). Optical rotations were measured aliquot was transferred to  an nmr tube and kept at the same 
on a Perkin Elmer 141 polarimeter. 1,2-Dichloroethane was temperature. Periodically, the 'Hmr sample was scanned. The 
dried by stirring over calcium hydride for 48 h at room tem- results were evaluated by cutting and weighing. 
perature, followed by distillation under dry nitrogen; it was 
stored, under dry nitrogen, in a flask equipped with a serum Pre~flratiorz of DAHD by Hydrogerf-Dellterilm ~ x c l l a n ~ e  of 
cap. Benzyl2-Carboxypl~enyl Sulfoxide 

Benzyl 2-carboxyphenyl sulfoxide (520 mg, 2 mmol) was 
Berzzyl2-Carboxypllenyl Sulfide dissolved in I N NaOD (5.0 mL) and DSS (50 mg) was added 

Thiosalicylic acid (10 g, 0.065 mol) was dissolved in 50% as an internal standard. The reaction mixture was warmed in 
aqueous ethanol (40 mL) in a three-necked flask equipped a water bath at 31°C and an aliquot was examined by 'Hmr. 
with a mechanical stirrer, and sodium hydroxide pellets (5.2 g, After 402 min, the product was isolated by addition of cold 
0.136 mol) were added. Benzyl chloride (8.2 mL, 0.071 mol) 2.5 N hydrochloric acid (5.0 mL) and immediate collection of 
was then added dropwise to  the light yellow solution over a the white crystalline product. This sample was recrystallized 

TABLE 6. Diastereotopic selectivity, asymmetric induction, and 180-transfer in the con- 
version of 1 to  2 

Reagent % optical purity Diastereotopic selectivity % 180-retention 

DCC 22.9 (61.4k0.4)" 0 .73k0 .03  (57.8+ 1.0) 5 5 . 8 k 4 . 5  
A c ~ O  5 .7  (52.8+0.4)b 0 .92k0 .10  (52.0k3.0) 36 .4k5 .5  

aNumbers in parentheses refer to the percent o f  the major enantiomer o f  2 whlch corresponds to there data. 
bThe major r.na~~tiomers under the Ac10 and DCC condit~ons have opposite absolute configurat~ons. 
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from hot ethyl acetate (30 mL) to yield 453 mg (87%) of the 
DAHD diastereomer. 

Preparatiort of DADB by Hydrogerl-De~rteri~im Excllarlge of 
Benzyl2-Carboxyp/1er1yl S~rlfoxide 

Benzyl 2-carboxyphenyl sulfoxide (520 mg, 2 mmol) was 
dissolved in 1 Nsodium deuteroxide (5.0 mL) and DSS (50 mg) 
was added as an internal standard. The reaction mixture was 
warmed in a water bath at 30°C, and an aliquot was observed 
by 'Hmr. After 4 days, the peaks corresponding to the benzyl 
AB quartet had completely disappeared. Addition of 2 N 
sulfuric acid (20 mL) allowed the isolation of a quantitative 
yield of DADB. 

Preparation of HADD by Hydrogen-De~rteri~rrr~ Excharlge of 
Benzyl2-Carboxypl~er~yl S~rlfoxide 

Benzyl 2-carboxyphenyl sulfoxide (DADD) (520 mg, 2 mmol) 
was dissolved in 1 N sodium hydroxide (5.0 mL). After 
warming to 30°C for 12 h, the sulfoxide was recovered by the 
addition of 2 N sulfuric acid (ca. 20 mL) and analyzed by 
'Hmr. The sample was subjected to another 4 h of exchange 
and then isolated in the same way. Recrystallization from 
ethyl acetate yielded 290 mg of HADD (56%). 

Ger~eral Procedrrre for tlle Reaction of a-Derrteriobenzyl2-Car- 
boxypl~et~yl S~rlfoxide (DAH, or HAD,) 1vir12 Dicyclo- 
hexylcarbodiiri~ide 

Dicyclohexylcarbodiimide (103 mg, 0.5 mmol) was dissolved 
in 1,2-dichloroethane, and a-deuteriobenzyl 2-carboxyphenyl 
sulfoxide was added in one portion to the ice-cold solution. 
After stirring for 1 h, the crystalline sulfoxide had dissolved 
and amorphous dicyclohexyl urea had precipitated. After a 
further 17 h of stirring, 2 drops of acetic acid were added and 
the urea was collected (98.5 mg). The 2-phenyl-1,3-benzoxa- 
thian-6-one was purified by chromatography on silica gel 
(CHCl,/pyridine 100:l). The deuterium content of the 
2-phenyl-1,3-benzoxathian-6-one was analyzed by mass 
spectrometry. 

Get~eral Proced~rre for t l~e  Reactiorl of a-Deurerioberzzyl2-Car- 
boxyphenyl Srrlfoxide (D ,HB or HAD,) wit11 Acetyl 
Triflrroroacerare 

a-Deuteriobenzyl 2-carboxyphenyl sulfoxide (110 mg, 0.42 
mmol) was dissolved in dry methylene chloride, and acetyl 
trifluoroacetate (0.3 mL (1.5 M), 0.45 mmol) was added in one 
portion to the ice-cold methylene chloride solution. The 
sulfoxide dissolved in ca. 50 min. After 90 min, tlc (CHCI,/ 
pyridine 100: 1) showed only 1 spot (R,  0.50) corresponding to 
2-phenyl-benzoxathian-6-one. The volatile components were 
evaporated and the resulting syrup was chromatographed on 
silica gel (CHCl,/pyridine 100: 1). The deuterium content of 
the product was analyzed by mass spectrometry. 

General Proced~rre for t11e Reaction of a-Deuteriobenzyl 
2-CarboxyphenylS~rlfoxide wit11 Aceric At~l~ydride at 114°C 

a-Deuteriobenzyl 2-carboxyphenyl sulfoxide (38 mg, 0.15 
mmol) was suspended in acetic anhydride (0.5 mL) and heated 
to 114'C for 2 h. The acetic anhydride was removed in a 
desiccator over potassium hydroxide (50 Torr), and the product 
was purified by chromatography on silica gel (CHCI,). The 
deuterium content of the 2-phenyl-1,3-benzoxathian-6-one 
was determined by mass spectrometry. 

Synrl~esis of 'sO-labelled Bet1zyl2-Carboxypl~et~yl S~rlfoxide 
Pyridinium perbromide (0.6362 g, 2.66 mmol) was added in 

one portion to a stirred suspension of benzyl 2-carboxyphenyl 
sulfide (0.6511 g, 2.66 mmol) in a mixture of H 2 1 s 0  (0.5 mL, 
12.678 at.% enriched) and pyridine (4.5 mL). The reaction 
mixture rapidly became homogeneous (2 min), and stirring 

was continued for an  additional 6 niin. Methylene chloride 
(15 mL) was then added and the resulting mixture was 
acidified to pH 1 with dilute hydrochloric acid. A reddish oil 
separated initially and redissolved with continued stirring. The 
organic layer was separated, washed with water (6 x 10 mL), 
and filtered to obtain a fine white precipitate. This was air 
dried and then dissolved in hot ethyl acetate (30 mL). The 
ethyl acetate solution was dried over anhydrous magnesium 
sulfate and then reduced in volume to 5 mL. Cooling to - 15°C 
gave 272 mg of the sulfoxide as a white crystalline solid. Re- 
crystallization from ethyl acetate at - 15°C gave 204 mg of 
material; ir (KBr): 1000 (160-sulfoxide), 997, 963 cm-'. 

Reaction of ' 0-labelled Srrlfoxide wir11 Dicyclol~exyl- 
carbodiimide 

The sulfoxide (0.0534 g, 0.205 mmol) was added in one 
portion to an ice-cold solution of DCC (0.0423 g, 0.205 mmol) 
in 1,2-dichloroethane (7 mL). The resulting heterogeneous 
solution was stirred at  O°C (ice-bath) for 1 h and then at  room 
temperature for 53 h. The reaction was quenched with acetic 
acid (3 drops). Filtration, followed by removal of the solvent 
gave 0.0878 g of a white solid. This was dissolved in chloro- 
form and purified by plc, using a 2 mm silica gel plate and 
three elutions with chloroform. The product was extracted 
from the plate with methylene chloride to give 39.7 mg (80%) 
of 2 as a white crystalline solid. 

Reaction of 'sO-labelled S~rlfoxide wir11 Aceric Ar~ltydrirle 
A 0.1441 Msolution of the sulfoxide (37.5 mg, 0.1441 mmol) 

in acetic anhydride (1.0 mL) was heated, under nitrogen, at 
130°C for 15 min. The solvent was then removed in a desic- 
cator under high vacuum to give a pale yellow solid. The 
residue was dissolved in ethyl acetate, and purified by plc on 
a 2 mm silica gel plate which was eluted with benzene. The 
product was extracted from the plate with ethyl acetate to give 
31.0 mg (89%) of 2 as a white crystalline solid. 

Resol~rriotz of Benzyl2-Carboxypl~et~yl S~rlfoxide 
Racemic sulfoxide (2.86 g, 0.011 mol) and brucine (di- 

hydrate; 4.74 g, 0.01 1 mol) were dissolved together in boiling 
ethyl acetate - acetone (6: 1) (1 18 mL). The solution was left 
at  room temperature for 24 h and the crystalline salt (3.75 g) 
was isolated. The salt was treated with 100 mL of boiling ethyl 
acetate and, after cooling to room temperature, was filtered 
and dried (2.87 g). A small quantity of this salt was converted 
to the acid, which showed [aID2' -414.1 (c 0.5, EtOH). This 
ethyl acetate extraction was repeated, using 33 mL of boiling 
ethyl acetate, to yield 2.70 g of salt. The brucine salt was dis- 
solved in methylene chloride (200 mL), and water (100 mL) 
and dilute hydrochloric acid were added to give tbe aqueous 
layer a pH of 2. The organic layer was separated, extracted 
with water (2 x 100 mL), filtered, and evaporated to give 
1.37 g of sulfoxide. Recrystallization from boiling ethyl 
acetate gave 1.31 g of sulfoxide, [aIDz5 -358 (EtOH), which 
contained ,a trace of brucine ('Hmr). The sulfoxide was, 
therefore, redissolved in methylene chloride (250 mL) and 
extracted with 1 NHCl(2 x 100 mL) and water (2 x 100 mL). 
The organic layer was separated, filtered and evaporated to 
give 0.79 g of material. Recrystallization from hot ethanol 
gave 0.60 g of sulfoxide having [aIDz5 -421.7 (EtOH), which 
still contained some brucine (IHmr). The material was 
suspended in water (50 mL), and sufficient sodium bicarbonate 
was added to bring the sulfoxide into solution. The solution 
was extracted with ether (2 x 50 mL) and acidified to pH 1 
with 3 N HCI. The white precipitate was collected and 
extracted with methylene chloride (300 mL). This extract was 
dried over anhydrous magnesium sulfate and evaporated to 
give 0.58 g of sulfoxide. Recrystallization from hot ethanol 
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gave 0.45 g of material, mp 159.0-1 60.0°C; [aIDZ1 - 444 
(EtOH). 
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SAUL WOLFE, PETER MICHAEL KAZMAIER, and HILLAR AUKSI. Can. J. Chem. 57.2412 (1979). 
A number of sulfoxides derived from 3-benzylthiopropionic acid, S-benzylcysteine, and 

S-phenylcystelne have been synthesized and exposed to typical Pummerer reaction conditions. 
Cyclization of the S-benzyl sulfoxides to six-membered or seven-membered heterocyclic rings 
(1,3-thiazin-4-ones and 1,3,6-oxathiazepines) is observed only in acetic anhydride solvent and 
only after conversion of the carboxyl group to an amide o r  peptide. Cyclization of S-phenyl- 
cysteinyl amides to P-lactams could not be achieved. The thiazolidine isomers of the six- and 
seven-membered rlngs have been synthesized and found not to be intermediates in the acetic 
anhydride reactions. The thiazolidines do rearrange to the six- and (or) seven-membered rings 
in anhydrous trifluoroacetic acid solvent. S-Benzylphthalimidocysteinylglycine sulfoxide, a 
3 :2 mixture of epimers at sulfur, affords a 3 :2 mixture of isomeric thiazinones. A mechanism 
for these cyclizations is proposed, and it is suggested that the configuration at sulfur controls 
the configuration at  the new asymmetric centre in the product. 

SAUL WOLFE, PETER MICHAEL KAZMAIER et HILLAR AUKSI. Can. J. Chem. 57,2412 (1979). 
On a synthetise un certain nombre de sulfoxydes provenant de I'acide benzylthio-3 pro- 

pionique, de la S-benzylcysteine et de la S-phenylcystkine et on les a soumis a des conditions 
typiques de la reaction de Pummerer. On a observe la cyclisation des S-benzylsulfoxydes 
en hCterocycles a six- ou sept-chainons (thiazine-1,3 ones-4 et oxathiazepines-l,3,6) que 
lorsque I'on utilise I'anhydride acetique comnle solvant et seulement apres avoir trans- 
forme le groupe carboxyle en amide ou en peptide. On n'a pas pu effectuer la cyclisation des 
S-phenylcysteinylamides en B-lactames. On a synthetise les isomkres thiazolidines des hCtCro- 
cycles a six et sept chainons et on a trouvk qu'ils n'etaient pas des intermediaires lors des 
reactions dans I'anhydride acetique. Les thiazolidines se transposent en hCterocycles a six et 
sept chainons par traitement dans de I'acide trifluoroacktique anhydre comme solvant. Le 
sulfoxyde de la S-benzylphtalimidocystCinylglycine sous forme d'un melange 3:2 d'kpimeres 
au niveau du soufre fournit un melange 3 :2 de thiazinones isomeres. On propose un mecanisme 
pour ces cyclisations et on suggere que la configuration au niveau du soufre contr8le la con- 
figuration du nouveau centre asymetrique dans le produit. 

[Traduit par le journal] 

There are a number of reports in the literature 
concerning the synthesis of heterocyclic compounds 
by intramolecular capture of the a-thiocarbonium 
ion intermediate of the Pummerer reaction (eq. [I]) 

(1). A particularly interesting example is the con- 
version of benzyl 2-carboxyphenyl sulfoxide (1) to  
2-phenyl-1,3-benzoxathian-6-one (2) (2, 3), which 
proceeds (2) with asymmetric induction. In connec- 
tion with some other investigations in progress in 
this laboratory (4), we wished to know whether the 

latter reaction could be extended to more complex 
sulfoxides carrying a neighbouring carboxyl or car- 
boxyl-derived functional group. This paper describes 
some preliminary results of a detailed investigation 
of. the effects of structure and reaction conditions 
upon the dehydrative cyclization of a number of 
sulfoxides derived from cysteine and 3-mercapto- 
propionic acid. 

The series of 19 sulfides 3a-3s listed in Table 1 was 
synthesized via the appropriate Schemes 1-3, and 15 
of these sulfides were converted to the sulfoxides 
4a-40, shown in Table 2. The conversion 3 + 4 was 
achieved using one of the following procedures, as 
appropriate : ( A )  hydrogen peroxide in methanol ; 
(B) hydrogen peroxide in acetone; (C) sodium meta- 
periodate; (D) m-chloroperbenzoic acid in chloro- 
form or methylene chloride; (E) hydrogen peroxide 
in acetic acid. 

The initial experiments were performed using S- 
benzyl-L-cysteine sulfoxide (4h) as the substrate, and 
were uniformly unsuccessful. As can be seen from 

0008-4042/79/1824 12- 14$0 1 .OO/O 
a1979 National Research Council of CanadalConseil national de recherches du Canada 
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SCHEME 1 
Reagents: (i) PhCH2SNa, EtOH; (ii) RNH,; (iii) KOH, 

EtOH; (iu) H2NCH2C02R1, DCC. 

( i i )  \ 

SCHEME 2 
Reagents: (i) AczO or PhCOCl or O - C ~ H ~ ( C O ) ~ N C O ~ E ~ ;  

(ii) H2NCH2C02Et, EEDQ. 

R2 SPh 
__r 

0 R 1 1 z H C H 2 P h  

SCHEME 3 
Reagents: (i) PhNZf,  CuCI, (ii) AczO or PhCOCl or 

O - C ~ H ~ ( C O ) ~ N C O ~ E ~ ;  (iii) PhCH2NH,, EEDQ. 

the observations collected in Table 3 ,  none of the 
reaction conditions and reagents known to be 
effective for inter- and intramolecular Pummerer 
reactions (2-4) leads to the cyclic compound 6 .  

However, 412 differs from 1 as the substrate for an 
intramolecular Pummerer reaction in three important 
respects: (i) the presence of an amino group; (ii) the 

presence of a C-H bond beta to the su!foxide; 
(iii) the absence of the conformational constraint 
imposed by the benzene ring. Clearly, the role of 
these structural variables required detailed examina- 
tion under standard reaction conditions. 

For the determination of the most appropriate 
reaction conditions, the cyclization 1 + 2 was re- 
examined, using acetic anhydride (Ac,O), trifluoro- 
acetic anhydride (TFAA), and acetyl trifluoroacetate 
(ATFA) as the dehydrating agents. The results of 
these experiments are shown in Table 4. The reac- 
tivities of the three anhydrides in the Pummerer 
reaction are TFAA > ATFA > Ac,O (4a), but only 
in the latter case does the formation of 2 proceed 
cleanly. Therefore, acetic anhydride was selected as 
the reagent for all subsequent work. 

The sulfoxide 4a, like 411, afforded no cyclic 
product. Attention was next focused upon the effect 
of derivatization of the carboxyl group, and it was 

found (cf. ref. 8) that cyclization to a perhydro-2- 
phenyl-l,3-thiazin-4-one (8) occurs when the carboxyl 
group of 4a is converted to a carboxamido derivative 
and the product (4c, 4d, 4e, 4f) exposed to acetic 
anhydride. The results obtained in the cyclizations 
of 4c-4f to 8 (R = H, CH,, n-C,H,, CH,CO,Et) are 
collected in Table 5. 

Following these observations, the reactions of 
cysteine derivatives with acetic anhydride were re- 
examined, this time after conversion to the glycyl 
peptides 4k-4171. AS can be seen in Table 6, the 
establishment of experimental conditions for the 
dehydrative cyclization of 4k required considerable 
effort. The product of this reaction, assigned the 
oxathiazepine structure 9a, was formed only in 
acetic anhydride solvent, and only in the temperature 
range 75-80°C. The same conditions were then used 
to prepare the benzamido analog 9b from 41. How- 
ever, the phthalimido compound 4m afforded a 
different skeleton, which is assigned the thiazinone 
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TABLE 1. Experimental data for substituted 3-mercaptopropionic acids 

Melting point (OC) 

Compound R L  R2" Found Reported Ref. 

a PhCH2 H OEt b 

b PhCH2 H OH 8&81 
c PhCH2 H NHz 114115 
d PhCH, H NHCH, 
e PhCH, H NH(CH2LCH3 41-56 
f PhCH, H NHCH2C02Et C 

g PhCHz H NHCH2C02CHPh2 C 

/ I  PhCH, AcNH OH 143.5-147 
I PhCH, AcNH NHCH2C02Et 108-109 
i P ~ C H ~  P ~ C O N H  OH 1 0 ~ ~ 1 0 6  
k PhCH2 PhCONH NHCH2C02Et 112-113 
1 PhCH, Ftf OH e 

111 PhCH2 Ft1 NHCH2C02Et 109-112 
I I  PhCH2 PhCHzOCONH OH 92-93 
o Ph NH2 OH 162-165 

(dec.) 
P Ph AcNH OH 127-1 29 
4 Ph AcNH NHCH2Ph 17&172 
r Ph F t j  OH c 

s Ph FtJ NHCH2Ph 131 

nThe configurations of all amino acids are L. 
bBoiling point 134-136'C/0.23 Torr (reported 101-103°C/0.22 Torr). 
'This compound was isolated as a syrup. 
T h i s  compound was characterized on the basis of spectroscopic evidence and by conversion to the sulfoxide. 
'For this compound [alo26 -41.5 (c 1.0, 95Z EtOH) (9). 
JFt represents phthalimido. 
gThis compound was characterized o n  the basis of the spectroscopic evidence and conversion to 3n1. 
hAnrzal. calcd. for C22H22N205S: C 61.95 H 5.20 found: C 62.00 H 5.16. 
'Anal .  calcd. for C18H2,,N202S: C 65.82: H 6.141 found: C 65.87: H 6.37. 

structure 10a. This product was formed as a 3:2 
mixture of stereoisomers. Close examination of the 
reaction conditions for the cyclizations of 41 and 4m 
revealed that, in the conversion 41 -t 9b, the sulf- 
oxide is consumed after 3 h at 78-7g°C, but the 
conversion of 4nz to 10a required more than 6 h at 
this temperature; longer reaction times could not be 
investigated because of decomposition of 10a. 

9tr R = CH, (59% yield) 100 R = phthalimido (31% yield) 
9h R = C,H, (42% yield) 10h R = PhCONH 

These observations are consistent with the general 
mechanism presented in Scheme 4, adapted from 
that proposed for the cyclization of 1 to 2 (2-4), in 
which the initial intermediate is the acetoxysulfonium 
cation 11. With acetamido or benzamido substituents, 
this intermediate can be converted either to the six- 
membered cyclic oxysulfonium cation 12 or the five- 
membered cyclic oxysulfonium cation 13. Only 13 is 
possible in the case of the phthalimido compound. 

170-172 
(dec.) 

142-143 

Proton loss from 12 leads to the zwitterion 14, 
which can cyclize by C-0 bond formation to form 
an oxathiazepine (9) ,  or by C-N bond formation to 
form a thiazolidine (15). Proton loss from 13 leads 
to the zwitterion 16, which can cyclize to a thiazinone 
(10) or an imidate (17). The nature of the products 
and also the reaction times indicate that the six- 
membered ring 12 is formed more readily than the 
five-membered ring 13. 

The assignment of structure 10a to the dehydration 
product of 4n7 is based upon two features of its 
'Hmr spectrum and on detailed analysis of its high 
resolution mass spectrum. The 'Hmr spectrum 
showed the H2 protons of the two stereoisomers at 
6 6.03 and 5.63 ppm. These values can be compared 
to the H2 chemical shifts of the series of compounds 
8 ,  which fall in the range 5.43-5.686. In compound 2, 
which has a C-0 bond, H2 appears at 6.536, and in 
compound 18 (4a), the tertiary proton appears at 
6.956. The 'Hmr spectrum of 10a also showed a 
large chemical shift difference between the diastereo- 
topic methylene protons of the glycyl moiety (Av = 
1.94 and 0.94 ppm for the two isomers; J = 17 Hz 
in both cases). A similar non-equivalence was ob- 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



WOLFE ET AL. 

TABLE 2. Experimental data for substituted 3-mercaptopropionic acid sulfoxides 
0 
II 

- - 

Infrared Melting point ("C) 
Method of Yield (S=O) - 

Compound R1  R2" X synthesisb ( )  (cm-') Found Reported Ref. 

a PhCH2 H OH E 27 982 147 - 
b PhCH2 H OEt E 86 1018 62-63 - d 

c PhCH2 H NH2 A 52 1025 127-131 - c 

d PhCH2 H NHCH3 B 43 1015 134-135 138-140 8 
e PhCH2 H NH(CH2)3CH3 A 63 1025 130 (dec.) - I 

f PhCH2 H NHCH2C02Et A 60 1020 91-97 - 

&' PhCH2 H NHCH2C02CHPh2 A 84 1020 152-153 (dec.) - I 

h PhCH2 NH2 OH E 81 1010 171-174 (dec.) 163-165 15 
I PhCH, AcNH OH C 85 1025 169-170 (dec.) - I 

j PhCH, Ft" OH C 95 - 88-96 (dec.) - I 

k PhCH, AcNH NHCH2C02Et A 77 1025 148 (dec.) - C 

I PhCH2 PhCONH NHCH2C02Et A 82 1030 156-157 (dec.) - C 

111 PhCH2 Ft" NHCH2C02Et A 76 1020 I - e 

n Ph AcNH NHCH2Ph D 100 1032 13C134 (dec.) - e 

o Ph Fth NHCHzPh D 100 1030 I - e 

"The configurations o f  all amino acid derivatives are L. 
bSee text. -.. ... ~ 

cAnal .  calcd. for C,,H,,O,S: C 56.59, H 5.70; found: C 55.79, H 6.23. 
d A ~ r a l .  calcd. for C,IH,'O,S: C 60.00, H 6.71; found: C 60.37, H 7.03. 
cStructural assignment is based on  spectroscopic evidence. 
'Satisfactory elemental analyses could not be obtained for these compounds 
gAnal. calcd. for C ~ ~ H I S N O J S :  C 68.94, H 5.79; found: C 68.78, H 5.97. 
*Ft represents phthalimido. 
'This compound was isolated as a syrup. 

TABLE 3. Behaviour of S-benzyl-L-cysteine sulfoxide under 
Pummerer reaction conditions 

T 
Reagent Solvento.* (OC) 

Pyrolysis None 180 
TFAAc CH2CI2 3 
ATFA' ATFA 28 
DCC CH2CI2 28 
DCC-pyridine-TFA CH2C12 28 
DCC-TFA CH2C12 28 
DCC-TFAh CH2C12 28 
TsOH Benzene 80 
SOClz CH2CI2 28 

Product(s) (% yield) 

PhCH2SSCH2Ph (44) 
PhCH2SSCH2Ph (9)d 

I 

#A concentration o f  1.32 M was used, unless stated otherwise. 
l o n e  equivalent o f  reagent was added, unless stated otherwise. 
CFive equivalents o f  trifluoroacetic anhydride were used. 
Qenzaldehyde was also produced, but was not isolated. 
*Acetrl trifluoroacetate was used in excess. 
'No 2.4-dinitr~~henylhydrazine-active products were present. 
PRecovered starting material. 
hInverse addition, i.e.,  D C C  added to sulfoxide and TFA. 
'Benzaldehyde was isolated as  its 2,4-dinitrophenylhydrazone. 

served in the 'Hmr spectrum of 8 (R = CH2C02Et) 
(Av = 1.37ppm; J = 18 Hz). 

The mass spectrum of 10a (see 19) showed, in 
addition to M +  (9.17%) (calcd. for C2,H2,N205S: 
424.1093 ; found : 424.1097), peaks corresponding 
to fragmentation A (100%) (calcd. for M - CH2- 

TABLE 4. Cyclization of benzyl 2-carboxyphenyl sulfoxide with 
various anhydrides 

T Product(s) 
Anhydride ( " 0  Solvent (% yield*) 

Ac20 130 Ac20 2 (92) 
ATFA 4 CHzC12 2 (73) + 1 (25) 
TFAA 4 CH2C12 2 (41) + 7.1 (58) 

'Isolated yield. 

t ash COzH 

7 

C02Et :  337.0647; found : 337.0655), fragmentation 
B (26.87%) (calcd. for C6H4(C0)2NCH=CH2 : 
173.0477; found: 173.0482), and fragmentation C 
(20.73%) (calcd. for C,H5C=S : 121 .0112; found : 
121.0109). 

That the cyclizations of 4k and 41 had proceeded in 
a different manner was immediately evident from the 
'Hmr spectra of 9a and 96, and was confirmed by the 
high resolution mass spectra. In these compounds, 
H2 appeared at 6.10 and 6.186, but the glycyl 
methylene protons were found to be isochronous, 
and coupled to an adjacent N H  proton. The mass 
spectrum of 9a (see 20) showed, in addition to the. 
molecular ion (2.90%) (calcd. for CI6H2,N,O4S: 
336.1 144; found: 336.1 144), peaks corresponding to 
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TABLE 5. Cyclization of 3-benzylsulfinylpropionamides to perhydro-2-phenyl-l,3-thiazin-4-ones in 
acetic anhydride 

Isolated Melting point ("C) 
T yield 

Sulfoxide ( " a  (%I 'Hmr" 13Cmrb Found Reported Ref. 

=The nitrogen atom was acetylated under the reaction conditions. 
dIsolated as a syrup. 
'Structure was assigned on the basis of the spectroscopic data. 

0 TABLE 6. Attempted cyclization of 1 M solutions of N-acetyl- 
11 S-benzyl-L-cysteinylglycine-S-oxide (ethyl ester) under a variety 

of Pummerer conditions 

R ~ e ~ ~ ~ c 0 2 E t  Reagent Solvent T (OC) Timea Cyclization 

0 

1 ATFA A c 2 0  25 8 min - 
Ac20b Benzene 80 24 h - 
Ac20b EtOAc 80 24 h - OAc OAc 

I 1 Ac20b CH,CN 80 24 h 
- 

PhvS Ac20b EtOAc Variablec 96 h - 
- - - 0 S d P h  

Ac 0 A c 2 0  120 10 min - R3&r'vc02Et R >kN&k../c02E Aczo A c 2 0  90 15 min - 

0 0 AczO A c ~ O  80 Ih f 

11 
A c ~ O  Ac2O 75 Ih f 
AczO A c ~ O  25 96 h - 

1 1 aThe reaction was followed by tlc until the starting material had dis- 
appeared. 

ph\l ph\l bSix equivalents of acetic anhydride were added. 
=The temperature was increased gradually from 25-80°C. 

o"&E-CO~E~ JLNq 
R A N  

H2,N204S: 398.1293; found: 398.1297) and the 
R same two fragmentations as 9a (fragmentation A 

0 H NVCO2Et (100%) : calcd. for C14HllNOS : 241.0567; found : 
12 13 241.0564; fragmentation B ( 4  1 9 )  : found: 

1 1 121.0122). Additional peaks identified in the mass 

Ph\,S + CH3/s$:h 

oFN\"Co2Et R 

0 
"I" 

CH3 

15 17 
SCHEME 4 

Mechanism proposed for the cyclizations of 4k-4n1. 

fragmentation A (65.89%) (calcd. for CgHgNOS: 
179.0405; found: 179.0405) and fragmentation B 
(17.59%) (calcd. for C,H,S: 121.0106; found: 
121.0109). The mass spectrum of 96 (see 21) also 
showed the molecular ion (0.80%) (calcd. for C2,- 

spectrum of 96 correspond to fragmentation C 
(1 8.90%) (calcd. for Cl,H14NOS : 268.0776; found: 
268.0786) and fragmentation B + C (40.19%) (calcd. 
for CgH,NO: 146.0620; found : 146.0613). 

The 'Hmr and mass spectral data just presented 
do not distinguish unequivocally between the 
thiazolidine structures 15 and the oxathiazepine 
structures 9,  and it was necessary, therefore, to 
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WOLFE ET AL. 2417 

synthesize 15 (R = Me, Ph) by an alternative route 
for comparison with the products of the Pummerer 
reactions. The required thiazolidines were obtained 
by N-acylation of 2-phenylthiazolidine-4R-carboxylic 
acid (22) (16), followed by coupling with the ethyl 
ester of glycine. The non-identity of 9a and 15 
(R = Me), and of 9b and 15 (R = Ph), was clearly 
evident from the different nmr, ir, and mass spectra, 
the different tlc behaviour, and from melting point 
and mixture melting point determinations of the 
pairs of isomers. 

The thiazolidines 15 were stable to the Pummerer 
reaction conditions (Ac20, 79-80°C, 3 h). Con- 
sequently, these compounds cannot be intermediqtes 
in the Pummerer reactions. However, in anhydrous 
trifluoroacetic acid, the thiazolidines underwent 
rapid isomerization. The acetyl compound (15; 
R = Me) rearranged to 9a, identical in all respects 
to the material already described. The benzoyl com- 
pound (15; R = Ph) was converted to the thiazinone 
lob. The 'Hmr spectrum of 106 showed the char- 
acteristic large non-equivalence of the glycyl methyl- 
ene protons (Av = 1.08 ppm; J = 17 Hz), and the 
mass spectrum (see 24) showed the fragmentations 
indicated in A, B, and C. 

Each of the five-membered, six-membered, and 
seven-membered heterocyclic rings of the present 
work has two asymmetric centres, so that two 
stereoisomers can exist in each case (cf. refs. 17, 18). 
A consideration of the configurations of 9,10, and 15 
is reserved for a subsequent publication (19). How- 
ever, some comment concerning the formation of 
10a as a 3:2 mixture of isomers seems pertinent at 
this point, since 4172, the sulfoxide precursor of 
10a, was also found to have been formed as a 3:2 
mixture of epimers at sulfur (based on integration 
of the phenyl region of the 'Hmr spectrum). In 
terms of the mechanism presented in Scheme 4 and 
the stereochemical investigations of ref. 4, it is 
presently considered that 13 is formed from 11 
with inversion of configuration at sulfur, that the 
transformation of 13 to 16 is an E2 elimination, 
which proceeds with stereospecific removal of one 

of the diastereotopic benzylic protons, and that the 
cyclization of 16 to 10a then leads to a single C2 
epimer. It is noteworthy that only one epimer of 
4k and 41 was apparently produced in the oxidations 
of each of the sulfides 3i and 3k, respectively, and 
only one epimer of 9a and 9b was detected in the 
Pummerer reactions of these sulfoxides. Attempts to 
secure a single epimer of 4/72 have not yet succeeded. 

Finally, with the successful establishment of 
conditions for the cyclization of cysteinylglycine 
peptides to six- and seven-membered rings, a number 
of attempts were made to extend the reaction to the 
synthesis of p-lactams. For this purpose, the S- 
phenylcysteinylglycine sulfoxides 4n and 40 were 
prepared and subjected to the various reaction con- 
ditions summarized in Table 7. No evidence was 
obtained for the formation of 25 under these con- 
ditions. It seems probable, in any event, that the 
conditions required to form a p-lactam from 4rz 
and 40 would also lead to rapid destruction of the 
product (20). To check this point, the methyl ester 
of phenylpenicillin was heated in acetic anhydride at 
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TABLE 7. Attempted cyclization of 4t1 and 40 to p-lactams 

T 
Compound Electrophilea Solvent ("c) Timeb Cyclizationc 

411 Ac,O CDCI, 100 3 h  N o  
4t1 A c 2 0  CDC13 V a r i a b l e 9 0  h N o  
4n AcZO/CICHZCOOH CDC13 63 6 h  No 
4n TFAA CH2CI, 2 7 min No 
40 AczO AczO 75 20 min N o  

sAcetic anhydride was used as cosolvent. 
bTime for complete disappearance of the starting material. 
CAs judged by the absence of peaks in the 4.s6.56 region and C=O stretch a t  ca. 178&1800 cm-'  
dTemperature was varied from 25-65°C. 

0 114-115°C (lit. (7) mp 110-111°C); 'Hmr (CDC13)G: 7.33 
II 

H S-Ph H (5H, s), 5.5 (2H, s), 3.73 (2H, s), 2.60 (4H, m); ir(KBr): 

R e + "  R+,SPh 3320, 3180 (s, NH), 1648 (s, amide I), 1622 (amide 11) cm-'. 
,, . 

0 
& N H C H ~ P ~  oA'\CH2Ph 3-Bet~zyltliio-N-tnethylpropiottatttide (3d) 

25 
Ethyl 3-benzylthiopropionate (5.00 g, 22.2 mmol) and 

4tt R = AcNH methylamine (25 mL of 40% aqueous solution) were shaken 
4, R = phthalirnido together for 17 h. The milky emulsion was extracted with 

methylene chloride (4 x 20 mL) and the combined organic 
for h. The p-lactam ring did survive fractions dried over sodium sulfate. Evaporation yielded a 

these conditions. light yellow syrup (3.79 g, 82%), lHmr (CDC13)G: 7.30 (5H, s), 
6.13 ( lH ,  s), 3.73 (2H, s), 2.75 (3H, d, 4), 2.5 (4H, m); ir(NaC1 

Experimental film): 3280 (NH), 1640 (amide I), 1550 (amide 11) cm-I. 

General methods employed in this work have been described ,,-Blrty/ 3-Be~tzy/rhiopropioIInt~I;C/e (3e) 
in refs. 40-c. High resolution mass spectra were obtained on an N~~~ ~-benzy~th~opropionate (5.00 g, 0,0222 mol) and 
AEI-MS 3074/DS 50 instrument. 11-butylamine (1 1.1 mL, 0.1 11 mol) were mixed at 25'C. The 

Etl1yl3-Benzylt11iopropiottare (3a) 
A solution of sodium metal (3.92 g, 0.170 g-atom) in 

absolute ethanol (50 mL) was treated dropwise at room 
temperature with benzyl mercaptan (20.0 mL, 0.170 rnol) 
and then with ethyl 3-bromopropionate (21.2 mL, 0.170 mol). 
When thin-layer chromatography indicated that the reaction 
was complete (2 h), water (50 mL) was added and the product 
extracted with methylene chloride (4 x 50 mL). After flash 
evaporation, the product was distilled under high vacuum 
(bp 134-136"C/0.23 Torr, lit. (5) bp 101-103"C/0.22 Torr) to  
yield ethyl 3-benzylthiopropionate (32.5 g, 87%); 'Hmr 
(CDC13)G: 7.28 (5H, s), 4.12 (2H, q, 7), 3.72 (2H, s), 2.62 
(4H, m), 1.25 (3H, t, 7); ir(NaC1 film): 1730 (ester) cm-'. 

3-Bet~zylthiopropionic Acid (3b) 
Ethyl 3-benzylthiopropionate (2.37 g, 10.5 mmol) was cooled 

to 4'C and potassium hydroxide in 95% ethanol (22 mL of 
0.494 M, 10.8 mmol) was added. The reaction mixture was 
stirred at 4'C (4 h) and then at 25°C (12 h). The reaction 
mixture was acidified to  pH 1.5 with 2.5 N hydrochloric acid 
and extracted with methylene chloride (5 x 20 mL). After 
drying over sodium sulfate, evaporation of the methylene 
chloride extract yielded a crystalline solid which, on recrystal- 
lization from ethyl acetate - petroleum ether, produced colour- 
less needles (1.44 g, 70%), mp 80-81°C (lit. (6) mp 80-82°C); 
'Hmr (CDC13)F: 7.30 (5H, s), 3.73 (2H, s), 2.63 (4H, s); 
ir(KBr) : 1695 (s, carboxylic acid) cm- '. 
3-Bet~zylthiopropiot~att~ide (3c) 

Ethyl 3-benzylthiopropionate (5.00 g, 22.2 mmol) and con- 
centrated ammonium hydroxide (25 mL) were shaken together 
in a sealed flask (24 h). The milky white solution was extracted 
with methylene chloride (5 x 20 mL) and this extract was 
dried over sodium sulfate. Evaporation yielded a partially 
crystalline residue (4.94 g). Trituration to remove unreacted 
ester yielded a white crystalline product (882 mg, 2173, mp 

progress of the reaction was monitored by infrared spectros- 
copy during a period of 7 days. Then excess tr-butylamine 
was evaporated and the product was purified by trituration 
with petroleum ether to yield white crystals (4.71 g, 8473, 
mp 41-56°C; 'Hmr (CDCI,)G: 7.32 (5H, s), 6.6 (IH, s), 3.73 
(2H, s), 3.20 (2H, q,  6), 2.9-2.2 (4H, m), 2.7-0.9 (7H, m); 
ir(KBr): 3380 (s, NH), 1630 (s, amide I), 1345 (s, amide 11) 
cm-'. 

Ethyl 3-Bet1zylt11iopropiot1yIglycit1ate (3f ) 
3-Benzylthiopropionic acid (1.57 g, 8 mmol) and glycine 

ethyl ester hydrochloride (1.12 g, 8 mmol) were suspended in 
ethyl acetate (10 mL). The mixture was cooled to  -5'C in a 
brine ice bath, and triethylamine (1.12 mL, 8 mmol) was 
added. After 5 min of stirring at - 5"C, dicyclohexylcarbo- 
diimide (1.65 g, 8 mmol) in ethyl acetate (10 mL) was added 
in one portion. During the addition, the temperature rose to 
-3°C. After I h the ice bath was removed. When thin-layer 
chromatography indicated that the reaction was complete 
(1 h at room temperature), the precipitate was collected and 
washed thoroughly with ethyl acetate. The ethyl acetate 
solution was washed with 5% citric acid solution (I x 20 mL), 
saturated potassium bicarbonate (1 x 20 mL), and water 
(1 x 20 mL). After drying (sodium sulfate), the ethyl acetate 
was removed by flash evaporation to  yield a syrup (2.23 g, 
90%). The 'Hmr analysis revealed that the product contained 
ca. 10% of dicyclohexylurea. This product was used in the 
next step without further purification; 'Hmr (CDC13)S: 7.27 
(5H,s),6.7 ( lH,  t ,4),4.17(2H,q,  6), 3.95(2H,d,4),  2.4-2.8 
(4H, m), 1.93 (3H, t, 6). 

Dipl~et~yltr~etl~yl Glycinate p-Tol~retreslr~ot~ic Acid Salt 
The p-toluenesulfonic acid salt of glycine (4.94 g, 20 mmol) 

was dissolved in dimethylformamide (5 mL). Diphenyldiazo- 
methane in dimethylformamide was added dropwise (15 min) 
until the red colour of the diphenyldiazomethane persisted 
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(7.5 mL of 2.8 M, 21 mmol). After the addition of anhydrous 
ether (100 mL), a yellow syrup separated. On cooling to 
-20°C for 3 days, the syrup crystallized (5.94 g). Recrystal- 
lization from acetone - diethyl ether yielded a white crystalline 
product (2.71 g, 33%), mp 138°C (lit. (21) mp 140-142°C); 
'Hmr (CDC13)S: 7.68, 7.12 (4H, AA'BB', 8), 7.35 (IOH, s), 
6.88 ( IH,  s), 3.90 (2H, s), 2.33 (3H, s); ir(KBr): 1737 (s, ester) 
cm-I.  

Dipherg~ltnethyl 3-Ber~zyltl1iopropionylglyci1~nte (3g) 
Diphenylmethyl 3-benzylthiopropionylglycinate was synthe- 

sized by the procedure used for ethyl 3-benzylthiopropionate. 
The compound was isolated as a syrup (100%); 'Hmr 
(CDC13)F: 7.30 (IOH, s), 7.25 (5H, s), 6.92 ( IH,  s), 4.12 (2H, d, 
6), 3.70 (2H, s), 2.55 (4H, m); ir(film): 3330 (s, NH), 1735 
(s, ester), I670 (s, amide I), 1530 (s, amide 11) cm-'. 

N-Acetyl-S-betlzyl-L-cys~eitle (3h) 
S-Benzyl-L-cysteine (2.1 g, 9.9 mmol), water (12 mL), and 

sodium hydroxide (2.06 mL of 6.79 N, 14 rnmol) were cooled 
to 7°C. The pH was monitored with a pH meter. Acetic 
anhydride (4 mL, 42.1 mmol) was added in eight portions and 
sodium hydroxide (6.79 N)  was added dropwise so as to keep 
the pH in the range 8-10. After the addition was complete 
(20 min), the ice bath was removed and the solution was 
stirred at 25°C for 40 min. The pH was then lowered to 1.0 
by the addition of sulfuric acid (6.04 N), and the mixture was 
cooled to 7°C. The precipitated crystals were collected by 
filtration and recrystallized from isopropanol/hexane (1 :I) to 
yield colourless needles (1.94g, 77%), mp 143.5-147'C; 
[a],'" -41.3 (c 1.0, 95% EtOH) (lit. (9) -41.5 (c 1.0, 
95% EtOH); 'Hmr (DMSO-&)F: 8.23 (IH, d, 8), 7.30 (5H, s), 
4.42 ( IH,  m), 3.77 (2H, s), 3.63.8 (2H, m), 1.90 (3H, s); 
"Cmr (DMSO-(16)F: 172.1, 169.4 (carbonyl), 138.1, 128.8, 
128.3, 126.8 (phenyl), 51.8 (CH), 35.5 (SCHZPh), 32.5 (SCH2- 
CH), 22.3 (CH3). 

N-A~et~l-S-be~~zyl-~-cystei~lj~/g/j~ci~le (Et/~yl Ester) (3i) 
N-Acetyl-S-benzyl-L-cysteine (5.147 g, 0.0203 mol), EEDQ 

(5.18 g, 0.0203 niol), and glycine ethyl ester hydrochloride 
(2.83 g, 0.0203 niol) were suspended in methylene chlo- 
ride (100 niL). Triethylamine (3.11 mL, 0.0406 mol) was 
added in one portion and the mixture was stirred overnight 
at room teniperature. The solution was then washed succes- 
sively with I N hydrochloric acid (3 x 20 niL), saturated 
sodium bicarbonate (2 x 20 niL), and water (2 x 20 mL). 
Drying over sodium sulfate and evaporation afforded a yellow 
syrup which crystallized from ethyl acetate/petroleum ether, 
with scratching, to yield a white crystalline product (5.72 g, 
83%), mp 108-109"C, (Ilt. (11) mp 116.5-117.5"C); 
-8.6 (c 1.0, ethyl acetate); 'Hmr (CDCI3)6: 7.30 (6H, m), 
6.83 ( IH,  d, 7), 4.67 ( IH,  q, 7), 4.17 (2H, q,  7), 3.98 (2H, d, 6), 
3.75 (2H, s), 2.80 (2H, d, 7), 1.98 (3H, s), 1.27 (3H, t, 7); 
13Cnir (CDC1,)F: 171.0, 170.5, 169.4 (carbonyl), 138.1, 129.0, 
128.6, 127.2 (phenyl), 61.4 (OCH,), 52.3 (CH), 41.5 (N-CH,- 
CO), 23.0 (acetyl), 14.1 (CH3CH2); ir(film): 3260 (NH), 
1742 (ester), 1640 (amide I), 1550 (amide 11) cm-'. 

N-Benzoyl-S-benzyl-L-cysteitle (3j) 
Sodium carbonate (5.16 g, 60 mmol) and S-benzyl-r-cys- 

teine (4.22 g, 20 mmol) were suspended in water (60 mL). 
The mixture was cooled to -4°C and benzoyl chloride 
(2.32 mL, 20 mmol) was added dropwise. After the addition 
was complete (10 min), the ice bath was removed and the 
reaction mixture was stirred at 25°C for 40 niin. It was then 
extracted with ether (2 x 20 mL). Dropwise addition of con- 
centrated hydrochloric acid (7 mL) precipitated a white solid, 
which was removed by filtration. Recrystallization from ethyl 

acetate afforded 4.78 g (76%), mp 100-106°C (lit. (12) nip 
118-1 19°C); [a]D2'.5 - 35.4 (c 1 .O, absolute EtOH): 'Hmr 
(CDC13/DMSO-d6 I :I)&: 8.13 (IH, d, 8), 7.3-8.0 (5H, Ill), 
7.25 (5H, s), 4.8 ( IH,  m), 3.75 (2H, s), 3.8-4.2 (2H, m);  I3Cmr 
(CDCI,/DMSO-d6 I :I)& : 173.3, 166.4 (carbonyl), 138.4, 
134.5, 131.0, 128.8, 128.1, 127.4, 126.6 (phenyl), 53.2 (CH), 
35.9 (PhCH,), 33.4 (CHCH2S); ir(KBr): 3500 (m, COOH), 
3320 (s, NH), 1720 (s, COOH), I620 (s, amide I), 1520 (s, 
amide 11) cm- '. 
N-Berrzo)~~-~-be~~zy~-~-cj~steill~~~g~~~ci~e (El/l)~/ Esler) (3k) 

N-Benzoyl-S-benzyl-L-cysteine (3.813 g, 0.0121 niol) and 
glycine ethyl ester hydrochloride (1.70g, 0.0121 mol) were 
suspended in niethylene chloride (50 mL). Triethylamine 
(1.85 niL, 0.0242 mol) and EEDQ (2.99 g, 0.0121 mol) were 
added and the reaction mixture was stirred overnight. The 
organic layer was washed successively with 1 N hydrochloric 
acid (2 x 20 niL), saturated sodium bicarbonate (I x 20 mL), 
and water (2 x 20 mL), dried over sodium sulfate and 
evaporated under reduced pressure. Recrystallization of the 
product from ethyl acetate/petroleum ether afforded a white 
crystalline solid (2.359 g, 51%), mp 112-113°C; 
-52.6 (c 1.0, ethyl acetate); 'Hnir (CDC1,)F: 7-8 (12H, m), 
4.83 (IH, q, 6), 4.18 (2H, q, 7), 4.02 (2H, d,  5), 3.83 (2H, s), 
3.1-2.8 (2H, m), 1.27 (3H, t, 7); 13Cmr (CDC1,)F: 171.0, 
169.4, 167.5 (carbonyl), 138.0, 133.6, 131.8, 129.0, 128.5, 
127.3, 127.1 (phenyls), 61.4 (OCH,), 52.7 (N-CH-C), 41.5 
(N-CH2CO), 36.5 (PhCH,), 33.5 (CHCH2S), 14.0 (CH3); 
ir(KBr): 3280 (NH), 1732 (ester), 1650 (amide I), 1620 
(amide I), 15 15 (amide 11) cm- '. 
S-PAetlyl-L-cys~eit~e (30) 

L-Cysteine hydrochloride (2.25 g, 15.7 niniol) was stirred 
under nitrogen with 1.5 N sulfuric acid (50 niL) and cuprous 
chloride (2.55 g, 25.4 mmol). As the cuprous chloride dissolved, 
the solution turned black and then green. A second portion of 
L-cysteine hydrochloride (2.25 g, 15.7 mmol) was added and 
the solution was cooled to 0°C. The diazonium salt prepared 
from aniline (5.0 mL, 28 mmol) was added rapidly enough t o  
keep the reaction temperature at 3'C and nitrogen evolution 
at a moderate rate. After the addition was complete (I h), the 
reaction mixture was allowed to warm to  room temperature 
and stirring was continued overnight. 

The following day, the reaction mixture was heated to 90°C  
and hydrogen sulfide was introduced until a filtered aliquot no 
longer yielded a precipitate with hydrogen sulfide. The mixture 
was filtered through Celite and the filtrate was extracted with 
ether (2 x 20mL) to remove phenol. The pH was then 
adjusted to 6 with ammonium hydroxide, whereupon yellow 
crystals precipitated from the solution. These were purified 
by recrystallization from water to  yield pale yellow crystals 
(1.478 g, 27%), mp 162-1 65"C, (lit. (14) mp 170-172°C (dec.)); 
[a],,"., 57.5 (c 1.0, 1 N HC1); 'Hmr (CF3COOD)F: 7.47 
(5H, m), 4.57 (IH, t, 6), 3.72 (2H, d, 6); I3Cmr (CF,COOD)G: 
173.6 (carbonyl), 134.0, 131.9, 131.4, 130.9 (phenyl), 54.8 

f 
(CH), 36.1 (SCH,); ir(KBr): 3420 (NH,), I610 (amino acid I), 
1575 (carboxylate), 1505 (amino acid 11) cm- I .  

Etl~yl-S-betrzyl-N-phthnloyl-L-cystei~lJae (3m) 
S-Benzyl-L-cysteine (4.22 g, 20 mmol) was suspended in 

30 mL of aqueous 0.66 M sodium carbonate. To  this suspen- 
sion was added N-carboethoxyphthalimide (Nefkens' reagent) 
(4.5 g, 20.5 mmol) in one portion, and the mixture was stirred 
and monitored for the disappearance of the reagent. After 
1.5 h at 25"C, the product was isolated by extraction with 
methylene chloride (6 x 20 niL), followed by drying (sodium 
sulfate) and evaporation of the solvent. Attempts to crystallize 
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the product failed and it was, therefore, carried on to the 
next step, as follows. The acid was dissolved in methylene 
chloride (100 mL), and glycine ethyl ester hydrochloride 
(2.70 g, 20 mmol), EEDQ (5.15 g, 20.2 mmol of 97%), and 
triethylamine (2.3 mL, 20 mmol) were added. The reaction 
mixture was stirred overnight at  25'C and then washed 
successively with 2.5 N hydrochloric acid (1 x 30 mL), water 
(1 x 30 mL), 10% sodium bicarbonate (1 x 30 mL), water 
(1 x 30 mL), and brine (1 x 30 niL). It was then dried 
(sodium sulfate) and evaporated to yield a white crystalline 
solid (7.56 g). This was recrystallized from ethyl acetatelhexme 
to yield 6.604 g (7773, nip 109-112°C; 'Hmr (CDC1,)G: 
7.82 (4H, m), 7.32 (5H, s), 6.9 ( lH,  b), 4.98 ( lH ,  t, 7), 4.23 
(2H, q, 7), 4.00 (2H, d, 6), 3.75 (2H, s), 3.26 (2H, d, 6), 1.25 
(3H, t, 7); 13Cmr (CDC1,)G: 169.4 (amide), 167.9 (imide 
carbonyls), 137.1, 134.4, 131.7, 129.0, 128.7, 127.3, 123.7 
(phenyls), 61.5 (OCH,), 52.7 (CH), 41.6 (N-CH2C02), 
38.7 (SCH,Ph), 30.4 (SCH,CH), 14.0 (CH,); ir(KBr): 3360 
(s, NH), 1768 (ni, phthaloyl), 1737 (s, ester), 1695 (s, phthaloyl), 
1680 (s, amide I), 1525 (s, amide 11) cm- '. 
S- Benzyl-N-cnrbobemoxycysreine (3n) 

Sodium bicarbonate (4.20 g, 50 mmol) and S-benzyl-L- 
cysteine (4.22 g, 20 mmol) were suspended in water (40 mL) 
and stirred vigorously. Benzyl chloroformate (3.62 mL (9579, 
24 mmol) was added in seven portions. After the addition was 
complete (30 min) the reaction mixture was stirred overnight. 
After filtration of the aqueous solution and extraction of the 
filtrate with ether (3 x 20 mL), the aqueous layer was acidified 
to pH 1.0 with concentrated hydrochloric acid and extracted 
with ethyl acetate (5 x 20 mL). Drying (sodium sulfate) and 
evaporation of the ethyl acetate extract gave a white solid. 
Recrystallization from ethyl acetate yielded 1.17 g (17%), 
mp 92-93°C (lit. (13) mp 93-94°C); 'Hmr (CDCI,)G: 7.33 
(5H,s), 7.27(5H, s), 5.6(1H,d,8),  5.10(2H, s) ,4.6(1H, m), 
3.77 (2H, s), 2.93 (2H, d, 4); 13Cmr (CDC13)8: 175.3 (carbonyl), 
156.1 (urethane), 137.5, 128.5, 128.3, 128.1, 127.2 (phenyls), 
67.4 (PhCH,O), 53.4 (CH), 36.7 (PhCH,S), 33.3 (SCH,CH); 
ir(KBr); 3250 (m, NH), 1710 (s, COOH), 1650 (s, urethane), 
1535 (amide 11) cm- '. 
N-Acefyl-S-pl~enyl-L-cysfeitze (3p) 

S-Phenyl-L-cysteine (3.650 g, 18.5 mmol) was cooled in an 
ice bath, and sodium hydroxide (6.79 N) was added in small 
portions to dissolve the substrate and provide a pH of 10-1 1. 
After dissolution was complete, acetic anhydride (7.0 mL, 
74 mmol) was added in eight portions (one portion every 
4 min). The solution was agitated thoroughly and during this 
addition sodium hydroxide (6.79 N)  was added to maintain 
the p H  at 10-1 1. After the addition was complete, the reaction 
mixture was stirred at ambient temperature for 3.5 h and then 
cooled to  3"C, and sulfuric acid (6.04 N) added until the pH 
was 1.5. The oil was extracted with methylene chloride 
(6 x 30 mL) and this extract was dried (sodium sulfate) and 
evaporated. The resulting light yellow oil crystallized upon 
addition of ethyl acetatelhexme (1 :I) and reevaporation. The 
crude yield was 2.471 g. The product was recrystallized by 
dissolving it in warm isopropanol (15 mL), followed by 
addition of hexane at room temperature (2.43 g, 51%), mp 
127-129°C (lit. (14) mp 142-143'C);' [aID2"O -3 (c 1, 
ethanol); 'Hmr (CDC1,)G: 7.2-7.5 (5H, m), 6.3 ( lH,  bs), 
3.93 (2H, s), 3.5 (2H, s), 1.95 (3H, s); 13Cmr (CDC13/DMSO- 
d6)6: 171.8, 169.4 (carbonyl), 135.5, 129.0, 126.0 (phenyl), 
51.8 (methine), 34.9 (CH,S), 22.4 (acetyl); ir(KBr): 3330 
(s, NH), 1728 (s, COOH), 1628 (s, amide I), 1568 (s, amide 
11) cm-I. 

'The reported values refer to the anhydrous compound. 

S-Pllenyl-N-pl~tlzalo~~/-~-cysfeit~e (3r) 
Anhydrous sodium carbonate (473 mg, 5.5 mmol) and S- 

phenyl-L-cysteine (986 mg, 5 mmol) were suspended in water 
(20 mL) and Nefkens' reagent (1.424 g, 6.5 mmol) was added 
in one portion. After stirring of this mixture for 2 h at ambient 
temperature, some greyish brown solid remained in the flask. 
The mixture was filtered, the filtrate extracted with methylene 
chloride (3 x 20 mL) and this extract was discarded. The 
aqueous phase was acidified with 3 N hydrochloric acid to 
pH 1.0 and again extracted with methylene chloride (5 x 20 
mL). Drying (sodium sulfate) and evaporation of this extract 
gave a yellow syrup (1.209 g) which was purified by column 
chromatography (silica gel, ethyl acetate) to yield S-phenyl-N- 
phthaloyl-L-cysteine as a syrup (633 mg, 39%); 'Hmr 
(CDC1,)G: 10.48 ( lH ,  s), 7.75 (4H, s), 7.2(5H, ni), 5.0(1H, m). . .. 
3.4-3.9 (2H, m); ir (CHCI,, 5%): 1775, 1720 (s, Ft) cm-I. 

N-Acer~~l-N'-bet~zyI-S-p/zetzyl-~-cysfeitznt~i;de (3q) 
N-Acetyl-S-phenyl-L-cysteine (I .14 g, 5.76 mmol) and EEDQ 

(1.47 g (9773, 5.76 mmol) were suspended in methylene 
chloride (25 mL). Benzvlamine (0.63 mL. 5.76 mmol) was 
added in 'one pbrtion followed by triethilamine (0.08 m< 
5.76 mmol). After stirring for 12 h, the reaction mixture was 
washed successively with 2.5 N hydrochloric acid (2 x 20 mL), 
water (20 mL), saturated sodium carbonate (20 mL), and 
water (2 x 30 mL), and the organic phase was dried over 
anhydrous sodium sulfate and evaporated. The residual 
solid (1.25 g) was recrystallized from ethyl acetate (71 1 mg, 
71%), mp 170-172°C; [ c ( ] D ~ ~ "  $2.4 (C 0.5, CHCI,); 'Hmr 
(CDC1,IDMSO-d6 1 :1)6: 8.3-8.6 (2H, m), 7.23 (IOH, m), 
4.87 ( lH ,  q ,  7), 4.28 (2H, d, 6), 3.0-3.4 (2H, m), 1.88 (3H, s); 
l3Cmr (CDCI,/DMSO-d6)6: 170.0, 169.7 (carbonyl), 138.9, 
136.0, 128.8, 128.7, 128.2, 127.2, 126.8, 126.5 (phenyl), 52.6 
(CH), 42.6 (NCH,Ph), 22.7 (CH,); ir (KBr): 3280 (s, NH), 
1625 (s, amide I), 1530 (s, amide 11) cm-I. Annl. calcd. for 
C18H20N202S: C 65.82, H 6.14; found: C 65.87, H 6.37. 

N'-Benzyl-S-pherzyl-N-p/~~I~aloyl-~-cys- (3s) 
S-Phenyl-N-phthaloyl-L-cysteine (628 mg, 1.92 mmol) was 

dissolved in methylene chloride (100 m i ) .  Then EEDQ 
(495 mg, 2.0 mmol) was added in one portion, followed by 
benzylamine (0.209 mL, 1.92 mmol). The solution was stirred 
overnight. The next day, the light yellow solution was washed 
successively with 2.5 N hydrochloric acid (1 x 20 mL), water 
(1 x 20 mL), saturated sodium bicarbonate (1 x 20 mL), 
water (1 x 20 mL), and brine (1 x 20 mL), and it was then 
dried (sodium sulfate) and evaporated. The residue was dried 
under high vacuum to yield an off-white semicrystalline solid 
(622 mg, 78%). The product was recrystallized from ethyl 
acetatelhexane at room temperature to yield a white crystalline 
solid (317 mg, 40%), mp 131°C; 'Hmr (CDC1,)G: 7.73 (4H, s), 
7.27 (lOH, m), 6.6(1H,s), 4.93 (IH, t, 7), 4.40 (2H, d, 6), 3.83 
(2H, d, 7). Exchange with D 2 0  confirmed the N H  assignment 
(6 6.6); 13Cmr (CDC1,)G: 167.7, 167.5 (carbonyls), 137.7, 
134.2, 131.6, 131.1, 129.0, 128.7, 127.6, 127.1, 123.5 (phenyls), 
54.0 (CH), 43.7 (NCH2Ph), 33.7 (SCH,CH); ir(KBr): 3380 
(m, NH), 1772 (m, nntisytn phthalimido), 1710 (s, synz 
phthalimido), 1640 (s, amide I), 1530 (m, amide 11) cm-' 
[ C ( ] D ~ " ~  -70.0 (C 1.0, CHCI3). 

Ethyl Benzylsltlfnylpropiot~ute (4b) (Merhod E) 
Ethyl 3-benzylthiopropionate (30.00 g, 0.134 mol) was dis- 

solved in glacial acetic acid (50 mL). Hydrogen peroxide 
(1 1.5 mL of 30%, 0.134 mol) was added dropwise to the reac- 
tion mixture at  10°C. After the addition was complete 
(10 min), the reaction mixture was stirred at  25'C for 1 h. 
The solvent was evaporated and the viscous residue was 
poured into saturated sodium bicarbonate (50mL) and 
extracted with methylene chloride (4 x 50 mL). The organic 
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phase was washed with brine, dried (sodium sulfate), and 
concentrated to a viscous syrup. The compound was crystal- 
lized by solution in ether, cooling to 4"C, and addition of 
hexane with vigorous stirring (27.72 g, 86%), mp 62-63°C; 
'Hmr (CDC1,)G: 7.23 (5H, s), 4.12 (2H, q, 7), 3.98 (2H, s), 
2.82 (4H, s), 1.25 (3H, t, 7); 13Cmr (CDC1,)G: 171.1 (car- 
bony]), 130.1, 128.8, 128.2 (phenyl), 60.8 (OCH,), 58.2 
(CHzPh), 45.4 (SOCHZCH,), 26.29 (CHZCO), 14.1 (CH3); 
ir(KBr): 1718 (s, ester), 1018 (s, sulfoxide) cm-'. Anal. calcd. 
for C12H1603S: C 60.00, H 6.71 ; found: C 60.37, H 7.03. 

Be~~zylsrr~irzylpropiorzic Acid (la) 
Ethyl 3-benzylsulfinylpropionate (4.00 g, 16.7 mmol) was 

dissolved in absolute ethanol, and the solution was cooled to 
4°C. Then potassium hydroxide (1.50 g, 27 mmol) was added 
in three portions. The reaction was complete within 10 min 
(tlc, CHCI,/MeOH 5:l). After a further 15 min;the pH was 
lowered to 1.0 by the addition of 3 N hydrochloric acid, and 
the solid product was collected by filtration (1.81 g). Re- 
crystallization from ethanol produced white needles (961 mg, 
27%), mp 147°C; 'Hmr (CDCI3/DMSO-d6 1 :1)6: 7.02 (5H, s), 
3.68 (2H, s), 3.0-2.4 (4H, m); ir(KBr): 1710 (s, COOH), 982 
(s, sulfoxide) cm-I. A~zal. calcd. for CloH1203S: C 56.59, H 
5.70; found: C 55.79, H 6.23. 

3-Ber~zylsrrlfirzylpvopior~amide (4c) (Metl~od A) 
3-Benzylthiopropionamide (855 mg, 4.38 mmol) was dis- 

solved in methanol/water (2.5 mL12.5 mL) and the solution 
was stirred at 4°C. Then hydrogen peroxide (0.25 mL of 50%, 
4.4 mmol) was added in one portion. The reaction was 
monitored by tlc (ethyl acetate) and was complete after 3 days. 
Solid sodium bisulfite was added at this time until a negative 
starch-iodide test was obtained. Evaporation of the solvent 
and recrystallization of the residue from ethyl acetate yielded 
colourless needles (408 mg, 52%), mp 127-131°C; Hmr 
(CDC1,)G: 7.33 (5H, s), 4.00 (2H, ABq), 6.7 (2H, s), 2.4-3.3 
(4H, m); ir(KBr): 3378, 3178, (s, NH), 1645 (s, amide I), 
1620 (s, amide II), 1025 (s, sulfoxide) cm-'. 

3-Be11~yl~rrlfir1yl-N-1~1etI1ylpropio& (4d) (Method B) 
3-Benzylthio-N-methylpropionamide (3.79 g, 18.1 mmol) 

was dissolved in' acetone (25 mL), hydrogen peroxide (2.0 mL 
of 30%, 22 mmol) was added in one portion, and the mixture 
was shaken until it became homogeneous. After 5 days, thin- 
layer chromatography indicated that the reaction was not yet 
complete. Acetic acid (1.0 mL) was added and, in about 
10 min, a white precipitate appeared. Solid sodium bicarbonate 
(ca. 500 mg) was added, and the product was recovered by 
evaporation of the solvent. Proton magnetic resonance indi- 
cated that the reaction was still incomplete. The product was 
purified by column chromatography (chloroform/methanol 
6:1). Crvstallization from ethvl acetate afforded a white 
crystalline solid (2.00 g, 43%),- mp 134-1 35"C, (lit. (8) mp 
138-140°C); 'Hmr (CDC1,)F: 7.37 (6H, s), 4.00 (2H, s), 
2.2-3.2 (7H, m); 13Cmr (CDC1,)G: 170.7, (carbonyl), 130.0, 
129.6, 129.0, 128.4 (phenyl), 58.4 (PhCH2SO), 46.3 (CH2- 
CH,SO), 28.7 (CH,CON), 26.2 (NCH,); ir(KBr): 3295 (NH), 
1630 (amide I), 1540 (amide 11), 1020-1010 (sulfoxide) cm-'. 

3-Benzylsrrlfirzyl-N-br~ty/pl opio~m~nide (4e) 
3-Benzylthio-N-butylpropionamide (4.34 g, 17.3 mmol) was 

oxidized by method A to give, after recrystallization from ethyl 
acetate, white flakes (2.74 g, 63%), mp 130°C; 'Hmr (CDC1,)G: 
7.33 (5H, s), 4.00 (2H, s), 2.5-3.4 (6H, m), 1.7-0.9 (7H, m); 
13Cmr (CDC1,)G: 170.0 (carbonyl), 130.1, 129.8, 128.8, 128.4 
(phenyl), 58.2 (PhCH,), 46.5 (CH2CH2SO), 39.3 (NCHZ), 
31.4 (NCHZCH,), 28.7 (CHZCO), 20.1 (CHzCH,), 13.7 
(CH,); ir(KBr): 3275 (s, NH), 1638 (s, amide I), 1550 (m, 
amide 11), 1025 (s, sulfoxide) cm-'. 

3-Ber~zylthiopropio~zylglyci~~e-S-oxide ( Etlgvl Ester) (4f) 
3-Benzylthiopropionylglycine (2.23 g, 90% pure, 7.2 mmol) 

was oxidized by method A to give, after recrystallization from 
ethyl acetate, a white crystalline solid (1.287 g, 60%), mp 
91-97°C; 'Hmr (CDC1,)G: 7.35 (5H, s), 7.2 (lH, s), 4.17 
(2H, q,  7), 4.03 (2H, s), 3.95 (2H, d, 5), 2.6-3.1 (4H, m), 
1.27 (3H, t, 7); 13Cmr (CDC1,)G: 170.8, 169.7 (carbonyl), 
130.1,129.8, 128.8,128.3 (phenyl), 61.2 (OCH,), 57.9 (PhCH,), 
45.8 (CH,SO), 41.3 (NCH,CO), 28.2 (CH,CO), 14.i (CH,); 
ir(KBr): 3300 (NH), 1730 (ester), 1635 (amide I), 1545 
(amide 11), 1020 (sulfoxide) cm- ' . 
Dipherrylrr~etl~yl 3-Ber1zylsrrlfinylpropio11ylglyci1mte (4g) 

Diphenylmethyl3-benzylthiopropionylglycinate (1.20 g, 2.86 
mmol) was oxidized by method A to give 1.05 g (84%), mp 
152-153°C (dec.). Arznl. calcd. for CzSHzSNOaS: C 68.94, 
H 5.79; found: C 68.78, H 5.97. 

S-Berzzyl-L-cysteir~e-S-oxide (4h) 
S-Benzyl-L-cysteine (5.00 g, 23.7 mmol) was oxidized by 

method E to give, after recrystallization from 30% ethanol, 
4.36 g (81%) of product, mp 171-174°C (lit. (15) mp 163- 
165°C); [a]D24 +5.8 (c 1.0, 0.1 N NaOH); 'Hmr (D20)6: 
7.4 (5H, m), 4.50 (2H, m), 3.43 (2H, m); ir(Nujo1): 1010 (s, 
sulfoxide) cm- '. 
Etl~yl N-Acetyl-S-ber~zyl-~-cysteir~ylglyci~rnte-S-oxide (4k) 

Ethyl N-acetyl-S-benzyl-L-cysteinylglycinate (5.72 g, 0.017 
mol) was oxidized by method A to give, after recrystallization 
from ethyl acetate, 4.438 g (7773, mp 148°C (dec.); 'Hmr 
(CDCl,/DMSO-d6 1 :I)&: 8.34 (lH, m), 7.30 (5H, s), 5.2 
(lH, s), 4.70 (lH, m), 4.23 (2H, q, 7), 4.12 (2H, s), 4.02 (2H, 
d, 6), 3.00 (2H, d, 7), 1.89 (3H, s), 1.22 (3H, t, 7); ir(KBr): 
3275 (NH), 1725 (ester), 1640 (amide I), 1540 (amide 11), 1025 
(sulfoxide) cm- ' ; 13Cmr (CDCI,/DMSO-d6 1 :1)6: 170.5, 
170.1, 169.8, (C=O), 131.0, 130.9, 130.3, 128.5, 127.8 (Ph), 
60.6 (OCHZ), 57.9, (PhCH2SO), 53.7 (CH), 47.8 (CH2SO), 
41.1 (NCHzCO), 22.7 (CH,CO), 14.0 (CH3CHZ). 

N-Benzoyl-S-benzyl-L-cystei~~ylglyci~re-S-oxide (Ell~yl Ester) 
(41) 

N-Benzoyl-S-benzyl-L-cysteinylglycine (ethyl ester) (1.736 g, 
4.49 mmol) was oxidized by method A to give, after recrystal- 
lization from ethyl acetate 1.533 g (82%), mp 156157°C 
(dec.); 'Hmr (CDCI,/DMSO-dc, 1 :1)6: 7.2-8.1 (7H, m), 7.33 
(5H, s), 5.1 (lH, m), 4.17 (2H, q, 7), 4.02 (2H, s), 3.90 (2H, d, 
5), 3.3 (lH, m), 1.23 (3H, t, 7); 13Cmr (CDCI,/DMSO-d6 
1:l)G: 170.1, 169.3, 166.7 (carbonyl), 133.8, 130.9, 131.4, 
130.3, 128.5, 128.1, 127.6 (phenyl), 60.6 (OCH,), 53.1 
(NCHCO), 41.2 (NCH2CO), 14.0 (CH,); ir(KBr): 3270 (NH), 
1735 (ester), 1655 (amide I), 1625 (amide I), 1520 (amide 11), 
1030 (sulfoxide) cm- '. 
S-Be~~zyl-N-pl~tlmloyl-~-cysteinylglyci~~e-S-oxide (4m) 

Ethyl-S-benzyl-N-phthaloyl-L-cysteinylglycinate (4.26 g, 10 
mmol) was oxidized by method A to give a colourless foam 
(3.362 g, 76%); 'Hmr (CDC1,)G: 7.80 (4H, m), 7.35 (3H, s), 
7.32 (2H, s), 5.43 (lH, t, 6), 4.08 (2H, q, 7), 4.08 (2H, s), 3.93 
(2H, d, 6), 3.0-3.8 (2H, m), 1.23 (3H, t, 7); ir(CHCI,, 5%): 
3380 (b, NH), 1780 (m, nntisyrrl phthalimido), 1730 (s, ester), 
1700 (s, synz phthalimido), 1020 (m, sulfoxide) cm-'. 

~ - ~ c e ~ ~ l - ~ ' - b e r ~ z ~ l - S - ~ l ~ e ~ ~ ~ l - ~ - c ~ s t e i ~  (4n) 
(Method D) 

N-Acetyl-N'-benzyl-S-phenyl-L-cysteinamide (152 mg, 0.5 
mmol) was dissolved in methylene chloride (25 mL) and nl- 
chloroperbenzoic acid (101 mg of 85%, 0.5 mmol) was added. 
The reaction mixture was shaken until the peracid dissolved. 
After 22 h at 25°C the solution was washed with saturated 
sodium bicarbonate (4 x 7 mL) and brine (1 x 7 mL). It was 
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then dried (sodium sulfate) and evaporated to yield the 
sulfoxide (176 mg, loo%), mp 130-134°C; 'Hmr (CDC1,)S: 
7.58 (SH, s), 7.30 (SH, s), 7.9-7.3 (2H, m), 5.0 ( lH ,  m), 4.45, 
4.42 (2H, d + d), 3.2 (2H, s), 2.07, 1.93 (3H, s); ir(KBr): 
3280 (s, NH), 1635 (s, amide I), 1530 (s, amide II), 1032 (s, 
sulfoxide) cm- I .  

N-Pl~flra/o~~l-N'-berrzyl-S-p/rcrr)~l-~-csfei~ide-S-oxide ( l o )  
N-Phthaloyl-N'-benzyl-S-phenyl-L-cysteinamide (165 mg, 

0.399 mmol) was oxidized by method D to yield a syrup 
(175 mg, 100%); 'Hrnr (CDC1,)S: 7.73 (4H, s), 7.60 ( lH,  b), 
7.46 (5H, s), 7.20 (SH, s), 5.2 ( lH,  m), 4.30 (2N, d, 6), 3.7 
(2H, m); 13Cmr (CDC1,)S: 167.9, 167.3, 166.6 (carbonyls), 
137.4, 134.5, 134.2, 131.8, 131.4, 129.6, 129.4, 128.7, 128.1, 
127.6, 127.4, 124.2, 123.8, 123.5 (aromatic), 55.8, 52.7 (CH), 
49.2, 46.3 (SCH,); ir(CHCI,, 5%): 3280 (m, NH), 1770, 1715 
(s, Ft), 1680 (s, arnide I), 1510 (s, amide II), 1030 (m, sulfoxide) 
cm-' .  

Cycliznfior~ of Berlzyl 2-Carbox)~herryI Slrlfoxide ~vifll Acetic 
Ar~lrydrirle 

Benzyl 2-carboxyphenyl sulfoxide (500 mg, 2.05 mmol) was 
suspended in acetic anhydride (5 mL) under nitrogen and 
heated to 125-15O0C in an oil bath. When thin-layer chroma- 
tography indicated that the reaction was complete (75 min), 
the volatile components were removed under high vacuum. 
Column chromatography on silica gel (petroleum etherlethyl 
acetate 5:1) yielded a pale yellow crystalline product (427 mg, 
92%), mp 89.5-90°C (lit. (2, 3) mp 90-91°C); 'Hrnr (CDC1,)S: 
8.3-6.5 (9H, m), 6.53 (IH, s); 13Cmr (CDC1,)S: 163.7 (C=O), 
138.7, 134.8, 133.7, 132.7, 129.8, 128.7, 127.4, 126.7, 124.3 
(phenyl), 83.5 (CH); ir(KBr): 1720 (ester) cm- '. 
Cyclizatiorl of Benzyl 2-Cnr.bo,yplrer~yl Srrlfoxide wiflr Acefyl 

Trrj'lrioroncefafe 
Benzyl 2-carboxyphenyl sulfoxide (500 mg, 2.05 mmol) was 

suspended in dry methylene chloride (1.46 mL) and cooled to  
4°C under dry nitrogen. Acetyl trifluoroacetate (0.22 mL, 
1.9 mmol) was added in one portion. The reaction mixture 
was stirred at  4°C for 30 min. After evaporation of the solvent, 
the pale yellow residue was chromatographed on silica gel 
(chloroforn~ + chloroform/methanol 9:l). The first com- 
ponent eluted from the column corresponded to 2-phenyl-1,3- 
benzoxathian-6-one (314mg, 73%) while the second com- 
ponent was identified as benzyl 2-carboxyphenyl sulfoxide 
(123 mg, 25%). Both compounds were identified by com- 
parison with authentic samples. 

Cj~cliznfiorr of Berrzyl2-Cor.boxyplrerrjd Srrlfoxide kvitll 
Trrfluoroncefic Arrlrjdride 

Benzyl 2-carboxyphenyl sulfoxide (500 mg, 1.92 mmol) was 
suspended in dry methylene chloride (1.46mL) under dry 
nitrogen. Trifluoroacetic anhydride (0.27 mL, 1.9 mmol) was 
added dropwise to  this ice-cold solution over a period of 
1 min. The ice bath was then removed and the first thin-layer 
chromatogram indicated that all of the starting sulfbxide had 
reacted (3-4 min). After evaporation of the solvent, the white 
crystalline residue was purified by column chromatography 
(silica gel). The first component (chloroform) was identified 
as 2-phenyl-l,3-benzoxathian-6-one (191 mg, 41%) by com- 
parison with an  authentic sample. The second component 
(chloroform/methanol 9 : l )  was identified as 2,2'-dithiosali- 
cylic acid (170 mg, 58%) by comparison of its ir spectrum 
with that of an authentic sample; mp > 260°C (lit. (22) mp 
287-290°C); 'Hrnr (CDC1,)S: 7.1-8.2 (8H, m); ir(Nujo1): 
1670 (carboxyl) cm-' .  

Cyclizafiorz of 3-Ber~zylsrilfit~ylpropio11a11ride (8; R = Ac) 
3-Benzylsulfinylpropionamide (3.7 mg, 1.5 mmol), and acetic 

anhydride (1.14 mL) were heated at  llO°C for 30 niin. The 
reaction mixture was then placed in a desiccator over potas- 
sium hydroxide under high vacuum to  remove the solvent. 
The product was isolated by column chromatography on 
silica gel (benzenelethyl acetate 3:l) followed subsequently by 
preparative thick-layer chromatography (chloroform) t o  yield 
a syrup (86 mg, 24%); 'Hmr (CDCI,)S: 7.33 (SH, s), 6.88 
( lH,  s), 2.80 (4H, m), 2.60 (3H, s); 13Cmr (CDC1,)S: 128.7, 
127.7, 126.1 (phenyl), 57.2 (nlethine), 36.1 (SCH2), 27.3 
(CH2CO), 21.9 (acetyl); i r (5z  CCI, solution): 1695 cm-'. 

3-Benzylsulfinyl-N-methylpropionamide (500 mg, 2.36 
mmol) was suspended in acetic anhydride (1.8 mL) and heated 
under nitrogen to 114-120°C. when thi'n-layerchromatog- 
raphy indicated that the reaction was complete (30 min), the 
reaction mixture was transferred to a vacuum desiccator and 
the solvent was removed over potassium hydroxide pellets. 
Purification by column chromatography on silica gel (benzene/ 
ethyl acetate 3 :  1 to ethyl acetate by gradient elution) yielded a 
crystalline product (302mg, 62%), mp 96°C (lit. (8) mp 95- 
97°C) after recrystallization from etherlhexane; 'Hrnr 
(CDC1,)S: 7.33 (SH, m), 5.43 ( lH ,  s), 2.97 (3H, s), 2.80(4H, m); 
13Cmr (CDC1,)S: 169.4 (C=O), 139.0, 128.7, 128.2, 126.4 
(Ph), 64.1 (PhCH), 35.5 (CH2CH2C0 and NCH,), 34.6, 22.2; 
ir(KBr): 1620 (amide I) cm- '. 
Cycliznfiotr of S-Benzy/srrlfir~j~/-N-61rf)~/propionarriide 

(8; R = n-C,H,) 
S-Benzylsulfinyl-N-butylpropionamide (500 mg, 2 mmol) 

was suspended in acetic anhydride (1.5 mL) and heated at 
114°C for 30 min. The acetic anhydride was then removed in a 
vacuum desiccator over potassium hydroxide pellets. The 
product was purified by column chromatography on silica gel 
(benzene to  benzenelethyl acetate 3:l by gradient elution) to 
yield a syrup (139 mg, 28%); 'Hmr (CDC1,)S: 7.33 (5H, s), 
5.52 ( lH ,  s), 3.0-0.8 (13H, m); 13Cmr (CDC1,)S: 169.2 
(carbonyl), 139.7, 128.6, 128.1, 126.6 (phenyl), 61.9 (methine), 
47.8 (NCH,), 34.4 (SCHZ), 29.6 (NCHzCHz), 21.9, 20.3 
(CHZCO + CH2CH3), 13.8 (CH,); ir(KBr): 1630 (amide I) 
cm-I.  

Cyclizntiorr of Etlryl3-Berrzylsrrlfinylpropior~ylglycirmre 
(8; R = CHZC02Et)  

Ethyl 3-benzylsulfinylpropionylglycinate (595 mg, 2 nmol) 
was suspended in acetic anhydride (2.6 mL) and the suspension 
was heated to  110°C. When tlc (ethyl acetate) indicated that the 
reaction was complete (30 min), the excess acetic anhydride 
was removed in a vacuum desiccator over potassium hydroxide 
pellets. Chromatography on silica gel (benzene + ethyl acetate) 
afforded N-(ethoxycarbony1methyl)-perhydro-S-phenyl-1,3- 
thiazin-6-one as a syrup (295 mg, 53%); 'Hmr (CDC1,)S: 
7.33 (5H,s),5.68(1H,s),4.70,3.33 (2H,AB, 18),4.25 (2H, 
q, 6), 2.87, (4H, s), 1.23 (3H, t, 6); I3Cmr (CDC1,)S: 170.3, 
168.8 (carbonyl), 138.9, 128.9, 127.1 (phenyl), 63.7, 61.2 
(CH and OCH,), 47.8 (NCH,CO), 35.0 (SCHZ), 23.2 (CH2- 
CO), 14.1 (CH,); ir(KBr): 1735 (ester), 1640 (s, amide I) cnl- '. 
Cj~cliznfior~ of 4k to 9a 

A 0.323 M suspension of 4k (0.80 g, 2.26 mmol) in acetic 
anhydride (7.0 mL) was heated under nitrogen at  75-80°C for 
3.75 h. The acetic anhydride was removed in a vacuum 
desiccator over potassium hydroxide pellets to give a yellow 
solid. Purification by column chromatography on silica gel 
using gradient elution (benzene + benzenelmethanol 5:l) 
afforded two major fractions. The slower moving band 
(0.37 g) was unreacted sulfoxide. The faster moving band 
(0.43 g) was mainly 90 ('Hrnr), although it was a yellow oil. 
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The oil was dissolved in benzene (4 mL), and white crystals of 
90 formed when the solution was allowed to stand at room 
temperature. The crystals (83 mg) were collected by suction 
filtration. Recrystallization from acetone (2.5 mL) at - 11°C 
gave 25 nig of 9n as a white crystalline solid, mp 184.0- 
184.2"C. In a second experiment, 416 mg (59%) of 9n were 
obtained from 708 n ~ g  of 4k; 'Hnir (CDCI,)G: 8.0-7.6 
(IH, bs, NH), 7.53-6.87 (5H, m, Ph), 6.10 ( lH,  s, PhCH), 
5.35-5.10 ( IH,  m, =N-CH), 4.22 (2H, q,  J = 7 Hz, CH2- 
CH,), 4.06 (2H, d, J = 5.5 HZ, N-CHz-CO; D20,  2H, s), 
3.60-3.20 (2H, m, CH,S), 1.97 (3H, s, CH,), 1.30 (3H, t, 
J = 7 Hz, CH2CH3); 13Cmr (CDC1,)G: 170.6, 169.8 (car- 
bonyl), 134.5, 129.2, 128.3, 124.6 (phenyl), 66.4, 65.0, 61.6, 
41.5 (NCH,CO), 30.9 (SCH,), 23.9 (CH,) 14.2 (CH,); ir 
(KBr): 3328, 1735, 1655, 1635, 1530 cm-I ;  ms (5OoC, 70 eV) 
ttt/e (relat~ve intensity): 336.1144 (3), 179.0405 (66), 165.0326 
(10.7), 164.0230 (loo), 158.0318 (1 1.8), 137.0306 (13.7), 
121.0109 (17.6), 118.0608 (13.6), 106.01 16 (16.5), 104.0080 
(15.5). Atral. calcd. for C16HZON204S: C 57.13, H 5.99, N 
8.32, S 9.53; found: C 57.05, H 6.11, N 8.08, S 8.75. 

Cyclizntiotr of 41 to 9b 
A suspension of 41 (200 mg, 0.5 mmol) in acetic anhydride 

(1.2 mL) was heated under nitrogen for 3 h at  78-79°C. The 
excess acetic anhydride was removed in a vacuum desiccator 
over potassium hydroxide pellets and the resulting syrup was 
chromatographed on silica gel (benzene + benzene/methanol 
5:l) to yield 138 nig of a light yellow syrup which, on standing, 
solidified to an amorphous solid. Recrystallization froni 
acetone at -78'C for 3 h and overnight at - 15°C gave a pale 
yellow crystalline solid (61.7mg). Recrystallization from 
acetone afforded 50.4 mg of 9b as a white solid, mp 118-121°C; 
'Hmr (CDC1,)G: 8.07-7.67 (IH, bs), 7.7-6.8 (5H, m), 7.26 
(5H,s), 6.18 (IH, s), 5.38 ( lH,  t, J = 4 . 5 H z ) , 4 . 2 2  (2H, q,  
J =  7Hz),  4.07 (2H, d, J =  5.5Hz; D20,  2H, s), 3.43 (2H, 
d, J = 4.5 Hz), 1.29 (3H, t, J = 7 Hz); 13Cmr (CDCI,)S: 
129.8, 129.1, 128.7, 127.4 (phenyl), 61.5, 59.2, 53.9 (CHCO), 
41.8 (NCH,CO), 31.8 (SCH,), 14.2 (CH,); ir(CHCl,, 5%): 
1735 1670, 1650, 1500 cm- ' ; ms (50°C, 70 eV) tn/e (relative 
intensity): 398.1297 (0.8), 294.0009 (lo), 268.0786 (18.9), 
242.0596 (17.2), 241.0564 (loo), 158.0300 (12.1), 146.0613 
(40.2), 121.0122 (8.9). 

Cycliznlio~r of 4m to IOa 
A suspension of 4/11 (0.735 g, 1.73 mniol) in acetic anhydride 

(5.2 mL) was heated under nitrogen at 75-80°C for 6 h, by 
which tlme tlc analysis indicated that, although 4t)z had not 
been consumed, some decomposition of the product was 
occurring. Evaporation of the solvent followed by drying 
under high vacuum gave 0.68 g of a deep yellow oil. This was 
chromatographed on silica gel using benzenelmethanol to give 
0.58 g of a pale yellow semi-solid which was rechromato- 
graphed on silica gel (benzene + 5% niethanol/benzene) to 
give 0.42 g of a bright yellow oil. This was chroniatographed 
again on silica gel and eluted with 1% methanol/benzene to 
give 0.13 g of a pale yellow oil. Preparative layer chromatog- 
raphy (benzene/ethyl acetate 5 : 1, four elutions) afforded 
9.9 mg of material with mp 179.5-185°C. In a second experi- 
ment, 852 mg (2mmol) of 41r1 was heated under nitrogen in 
acetic anhydride (6.06 mL) at 73-75°C for 20 min. Removal of 
the solvent in the usual manner yielded a syrup which was 
chromatographed on silica gel (benzene + benzene/methanol 
5 : l )  to yield two components. The slower conlponent proved 
to be unreacted sulfoxide (493 mg, 56%). The faster component 
was recrystallized from acetone to give 120 mg (31%) of 100; 
'Hmr (CDC1,)G: 7.78 (4H, d), 7.42 (5H, s), 6.03 (0.6 H, s), 
5.63 (0.4H, s), 5.43 (0.4H, t, J = 6 Hz), 5.22 (IH, t, J = 6 Hz), 
4.83 (d, J =  17Hz),4.38 (d, J =  17Hz),4.18 ( q , J =  7Hz) ,  

4.12 (q, J = 7 Hz), 3.58 ( lH,  q, J = 13, 12 Hz), 3.44 (d, 
J = 17 Hz), 3.29 (d, J = 17 Hz), 2.88 ( lH ,  q, J = 13, 5Hz), 
1.24 (t, J = 7 Hz), 1.22 (t, J = 7 Hz); 13Cnir (CDC1,)G: 
168.2, 167.5, 155.0(carbonyI), 134.2, 132.1, 129.8, 129.2, 129.0, 
127.6, 123.7 (aromatic), 65.4 (SCH(H)Ph), 62.5, 61.4 (OCH,), 
51.6, 51.1 (FtCH), 49.2, 47.4 (NCH2CO), 28.9 (SCH,), 14.1 
(CH,); ir(KBr): 1770 (Ft), 1730 (ester), 1715 (Ft), 1667 
(amide I) cm-I ;  nis (50°C, 70eV) r?r/e (relative intensity): 
424.1097 (9), 338.0694 (20.7), 337.0655 (loo), 200.0099 (41.7), 
173.0482 (26.9), 172.0401 (24.5), 121.0109 (20.7), 118.0658 
(78), 104.0293 (28.8). 

Sytztlzesis of 1 5  (R = CH3) 
L-Cysteine hydrochloride monohydrate (10.0 g, 57.1 mnlol) 

was dissolved in 50% ethanol (175 mL) under nitrogen, 
benzaldehyde (7.0 mL, 63 nimol) was added in one portion, 
and the flask was sealed under nitrogen. The thiazolidine 22 
began to  crystallize out after 3.5 h and the flask was then stored 
for 16 h at - 10°C. The product was collected by filtration 
(8.32 g, 70%), mp 163-164.5"C (lit. (16) nip 159-160°C). In a 
second preparation, L-cysteine hydrochloride (10.0 g) and 
potassium acetate (6.0 g, 61.5 mmol) were added to 50% 
aqueous ethanol (175 mL). Benzaldehyde (7.0mL, 7.29 g, 
68.7 mn~ol) was added to the suspension, and the resulting 
mixture was stirred for 5 min at room temperature to give a 
clear, homogeneous solution. Stirring was continued at  rooni 
temperature for an additional 25 min during which time a 
white crystalline material began to precipitate. The reaction 
mixture was transferred to an ice-water bath and allowed to 
stand at  0°C for 24 h. The compound was then collected by 
filtration and air dried. The crystals were dissolved in hot 
ethanol (800mL), the solution was filtered, and the filtrate 
allowed to cool to room temperature and then overnight in an 
ice-water bath. Filtration afforded 8.93 g (7573, nip 163- 
165°C (dec). The material was identical in all respects with 
that prepared above. 

The thiazolidine 22 (2.68 g, 12.87 mmol) was added to  
water (20 mL), and the suspension was cooled to O'C. Aqueous 
sodium hydroxide (10.9 N )  was added dropwise until the 
mixture became homogeneous and the pH reached 8.0-9.0. 
Acetic anhydride (5.26 g, 51.48 mmol) was then added to the 
solution over a 20 min period, in five portions. During the 
addition the pH was maintained in the range 8-10 by addition 
of sodium hydroxide. After the addition of acetic anhydride 
was complete, the reaction mixture was removed from the 
ice-water bath and stirred at room temperature for 40 min, 
the pH being maintained at 8-10 by addition of sodium 
hydroxide. Acidification to pH 2 with dilute hydrochloric acid 
precipitated a white solld, which was collected and air dried. 
The material was dissolved in 20 mL of hot ethanol, filtered 
to  remove some insoluble material and evaporated. The 
residue was dissolved in 70mL of waterlethanol (10:1), hot 
water (55 mL) was added, and the solution was allowed to  
cool to room temperature. Further cooling in an ice-water 
bath precipitated 1.26 g (39%) of 23 (R = CH,) as a white 
crystalline solid, mp 151-152°C; 'Hmr (CDC1,IDMSO-&)G: 
7.8-7.2 (5H,m), 6.20(1H,s),4.8 ( l H , m ) ,  3.3 (2H,m), 1.87 
(3H, s); "Cmr (0.1 N Na0D)G: 176.3, 175.5, 173.0 (carbonyl), 
67.8, 67.1 (methines), 34.3, 32.3 (SCH,), 22.6, 22.2 (acetyl); 
ir(KBr): 1715 (carboxyl), 1610 (amide) cm- I. 

The thiazolidine 23 (R = CH,) (1.08 g, 4.30 mmol) was 
dissolved in methylene chloride (50 mL). N-Ethoxycarbonyl-2- 
ethoxy-l,2-dihydroquinoline (EEDQ) (1.06 g, 4.30 mmol) and 
then glycine ethyl ester hydrochloride (0.60 g, 4.30 mmol) 
were added to the methylene chloride solution (this particular 
order of mixing appears to  be essential). Triethylamine 
(0.44 g, 4.30 mmol) was then added and the suspension was 
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stirred at room temperature for 16 h. The methylene chloride 
solution was extracted with aqueous 5% sodium bicarbonate 
(2 x 30 mL) and aqueous 5% hydrochloric acid (2 x 30 mL). 
The organic layer was dried over anhydrous magnesium 
sulfate, filtered, evaporated, and dried under high vacuum to 
give 1.40 g of crude 15 (R = CH,) as a yellow-white foam. 
Crystallization from hot ethyl acetate (10 mL) followed by 
recrystallization from hot ethyl acetate gave 0.98 g (68%) of 
15 (R = CH,) as a white crystalline solid, mp 147.5-148.5"C; 
'Hmr (CDCI,, 340 K)6: 7.7-7.1 (6H, m), 6.12 ( lH ,  bs), 5.10 
( lH,  dd, J =  6, 5Hz), 4.24 (2H, q, J =  7Hz),  4.07 (2H, d, 
J =  5Hz),  3.65 (q, J =  5, 12Hz), 3.18 (q, J =  6, 12Hz), 
2.00 (3H, s), 1.28 (3H, t, J = 7 Hz); 'Hrnr (CDCI,, 300 K)6: 
7.8-7.2 (6H, m), 6.05 (IH, bs), 5.14 ( lH,  dd, J = 5, 6 Hz), 
4 , 2 4 ( 2 H , q , J =  2 ,7Hz) ,4 .12 (2H,d , J=  6Hz),3.66(1H,q, 
J =  5, 12Hz), 3 , 1 8 ( 1 H , q , J =  6, 12Hz),2.00(3H,s),  1.28 
(3H, t, J = 7 Hz); 13Cmr (CDC1,)G: 171.5, 169.9, 169.5 
(carbonyl), 139.9, 128.9, 128.4, 126.7 (phenyl), 67.2, 65.0 
(methine carbons), 61.4 (OCH,), 31.3 (SCH,), 23.0 (acetyl), 
14.2 (CH,CH,); ir(KBr): 3395 (NH), 1738 (ester) cm- ' ; ms 
(50°C, 70 eV) ur/e (relative intensity > 20%): 336 (Mi, 6), 
293 (M - CHzCO, lo), 206 (CloHloNzOSi, 3), 179 (30), 
164 (44), 43 (100). Anal. calcd. for C 1 6 H 2 ~ N ~ 0 4 S :  C 57.12, 
H 5.99; found: C 56.87, H 6.05. 

Syr~tl~esis of 15 (R = PII) 
The thiazolidine 22 (5.77 g, 25.57 mmol) was added to water 

(30 mL), and the resulting suspension was cooled to 0°C and 
aqueous sodium hydroxide (13.4 N) was added until the mix- 
ture became homogeneous and the solution had a pH of 
8.0-9.0. Benzoyl chloride (15.58 g, 110.8 mrnol) was then 
added with stirring at  a rate of 0.25 mL/min. During this 
addition the pH of the mixture was maintained in the range 
8-10 by addition of sodium hydroxide solution. After the 
addition was complete, the reaction mixture was removed 
from the ice-water bath and stirred at room temperature for 
40 min, the pH being maintained at  8-10. Filtration, followed 
by acidification to pH 2 with dilute hydrochloric acid, precipi- 
tated a light yellow product which was collected and air dried. 
The crude product was dissolved in hot ethanol (150 mL), the 
solution was filtered, and the filtrate reduced in volume to 
50 mL. Cooling to ODC gave 5.31 g of 23 (R = Ph) as a white 
crystalline solid. Recrystallization from hot ethanol (45 mL) 
gave 4.62 g (53%) as a white crystalline solid, mp 156.5- 
158°C; 'Hmr (CDC1,)G: 11.13 ( lH,  s), 7.28 (lOH, b), 6.13 
( lH,  bs), 5.13 ( lH,  t, J =  7Hz),  3.34 (2H, d, J =  7Hz);  ir 
(KBr): 3300-2100, 1710, 1590, 1602 cm-'. 

The thiazolidine 23 (R = Ph) (2.24g, 7.15 mmol) was 
dissolved in methylene chloride (100 mL). EEDQ (1.77 g, 
7.15 mmol) and then glycine ethyl ester hydrochloride (1.00 g, 
7.15 mmol) were added to the methylene chloride solution. 
The thiazolidine and EEDQ dissolved instantly, but the 
glycine ethyl ester hydrochloride remained in suspension. 
Triethylamine (0.73 g, 7.15 mmol) was added to the suspen- 
sion, and the reaction mixture was stirred at room temperature 
for 17.5 h. The methylene chloride solution was extracted with 
aqueous 5% sodium bicarbonate (2 x 50 mL) and aqueous 5% 
hydrochloric acid (2 x 50 mL). The organic layer was dried 
over anhydrous magnesium sulfate, filtered, evaporated, and 
the residue dried under high vacuum to give 2.26 g of material 
as a white foam. Crystallization from ethyl acetate/petroleum 
ether at  - 15'C gave 1.09 g (38%) of 15 (R = Ph) as a white 
crystalline solid, mp 156.5-1 57.592; 'Hmr (CDCI,)G: 7.70 
(1H,bs),7.30(10H,s),6.16(lH,bs),5.17(lH,t,J= 7.5Hz), 
4 . 1 9 ( 2 H , q , J =  7Hz),4.06(2H,d, J =  7.5Hz), 3.67(1H, q, 
J =  8, 12Hz), 3.20(q, J =  7, 12Hz), 1.27 (3H, t ,  J =  7Hz) ;  
ir (KBr): 3270(s), 3066(m), 2967(w), 2917(w), 1751 and 
1747(s), 1724(s), 1687(s), 1614(s), 1568(s) cm- '. 

Stability of 15 (R = CH3) it1 Acetic At~l~ydride 
The thiazolidine (0.1081 g) was dissolved in 1.0 mL of 

Ac20  and the solution was heated for 3 h a t  79-80°C. The 
solvent was then removed under high vacuum. The 'Hmr 
spectrum of the residue was identical to that of 15 (R = CH,). 

Rearrangement of 15 (R = CH,) to 9a in TFA 
The thiazolidine (0.0668 g) was dissolved in anhydrous 

trifluoroacetic acid (1 mL), and the solution was allowed to 
stand at  room temperature for 1 h. The solvent was then 
removed and the residue dried under high vacuum and purified 
by plc (silica gel, four developments with benzene/methanol 
5:l) to give three bands. The leading band (7.5mg), R, 
0.54-0.62, was 15 (R = CH,). The middle band (32.6 mg), 
R, 0.33-0.50, was 90. The trailing band, R, 0.23-0.30, con- 
tained insufficient material for characterization. 

Rearrat~gement of 15 (R = Ph) to l o b  in TFA 
The thiazolidine (0.2002 g) was dissolved in anhydrous 

trifluoroacetic acid (2.0 mL), and the solution was allowed to 
stand at room temperature for 1 h. The solvent was then 
removed and the residue dried under high vacuum and sub- 
jected to plc (silica gel, three developments with benzene/ 
methanol 5 : l )  to give three bands. The trailing band, R, 
0.59-0.66, was unreacted thiazolidine. The leading band 
(55.9 mg), R, 0.79-0.88, was identified as lob;  'Hrnr (CDC13)8: 
7.93-6.60 (6H, m, 1H exchanges with D 2 0 ) ,  7.36 (5H, s), 
5.78 ( lH,  s), 4.97 ( lH ,  sextet, J = 5, 6, 13 Hz), 4.47 ( lH ,  d, 
J =  17 Hz),4.15 (2H, q, J =  ~ H z ) ,  3.39 (lH, d, J =  17Hz), 
3.33 (2H, ABX, J = 13, 13, 6 Hz), 1.23 (3H, t, J = 7 Hz); 
ir (KBr): 3340 (m), 1737 (s), 1663 (s), 1627 (s) cm- ' ; ms nl/e 
(relative intensity > 10%): 398 (Mi, 4 3 ,  277 (12), 192 (48), 
190 (50), 118 (25), 105 (loo), 91 (41), 77 (43), 51 (10). 
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Conformational analysis of acyclic compounds with oxygen-sulphur interactions. 
Part VI.' Some 1-thioderivatives of 2-propanol and its acetates 

FELIPE ALCUDIA.  J O S E  L. G A R C ~ A  RUANO. A N D  JESUS R O D R ~ G U E Z  
Deptrr/ot,r~tl/o tlc Qrri~flico O,:ytit~ic,o, Ftrc.rtl/trcl tle Cio~citr.~. Ut~ ior , :s i t lo t lA~t /~ j t~ot~~t r  (IP Matlritl, Sptrit~ 
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FELIPE ALCUDIA, JOSE L. GARCIA RUANO, JESI~S RODR~GUEZ, and F ~ L I X  SANCHEZ. Can. J. 
C hem. 57,2426 ( 1979). 

A conformational study of 1-X-2-propanol (X = SH, SMe, SOMe, S02Me,  +SMe,) and 
their 0-acetyl derivatives (X = SMe, SOMe, S02Me,  and +SMe2) is reported. From the rela- 
tive values of the vicinal coupling constants in 'H nmr spectra it has bcen possible to establish 
the conformational preference. When a density of opposite charge is supported by heteratonis, 
polar factors determined a great predominance of that conforlliation in which the sulphur 
function has an arrti-relationship with respect to the methyl group. In  thiol and thioethers the 
conformational preference is not so niarked. 

FELIPE ALCUDIA, JOSE L. G A R C ~ A  RUANO, JESI~S RODR~GUEZ et FELIX SANCHEZ. Can. J. Che~n. 
57.2426 (1979). 

On rapporte une etude conformationnelle des X-1 propanols-2 (X = SH, SMe, SOMe, 
S02Me, +SMe2) et de leurs derives 0-acttyles. A partir des valeurs relatives de leurs con- 
stantes de couplage vicinal dans les spectres rmn 'H, on a pu dtablir la prkference confornia- 
tionnelle. Lorsque les heteroatomes supportent des densites opposkes de charges, des facteurs 
polaires favorisent une grande predominance de la conformation dans laquelle la fonction 
sulfuree se trouve dans une relation au/i par rapport au groupe mkthyle. Dans le cas du thiol 
et du thioether, la preference conformationnelle n'est pas aussi marquee. 

[Traduit par le journal] 

Introduction CH3-CH-CH, 
The conformational analysis of some 2-thio- 1 1 

derivatives of 1-phenylethanol and 1,2-diphenyl- OR X 

ethanol has been previously reported by us (1-4). 1 R = H, X = SH 6 R = Ac, X = SCH, 

Conformational preferences could be explained by = H, = SCH3 7 R = Ac, X = SOCH, 
taking into account polar and steric factors. How- 
ever, we have made a theoretical study by C N D 0 / 2  = Hy ' = 8 R = Ac, X = SO2CH3 

of 2-methylsulphonyl-1-phenylethanol ( 5 )  in which 4 R = H, X = S0,CH3 9 R = Ac, X = +S(CH3)2 

the results obtained suggest that stabilizing inter- = H, = +S(CH3)2 
actions between the phenyl group and the sulphur 
atom must also be considered. On the other hand, Results and Discussion 
contrary to the experimental evidence, the intra- The syllthesis of conlpounds 1-9 was carried out 
molecular hydrogen bonding makes an important as indicated in Scheme 1 by means of procedures 
contribution to the conformational stability of described in the Experimental. 
rotamers around the C-S bond. The reaction of compound 2 with metaperiodate 

In the present paper, the conformational analysis yields a mixture of two diastereomers. In this paper 
of compounds 1-9 are reported in order to clarify only one of them has been isolated and studied, but 
these points. its configuration has not yet been determined. Com- 

The solubility of these compounds is greater pound 7 has been obtained from this isomer. 
than that in previous series and, as well, the phenyl The method used for evaluating the conforma- 
group has been substituted by a methyl one. This tional populations was the study of coupling con- 
suggests that their conformational .study would stants2 of the protons on C-1 and C-2. The possible 
throw some light on the above questions. ZThe 6 values are of little use in this analysis due to the dif- 

ficulty in predicting substituent effects and the lack of com- 
'For Parts I-V, see refs. 1-5. parable model systems. 

0008-4042/79/182426-08$0 1 .OO/O 
01979 National Research Council of Canada/Conseil national de rechesches du Canada 
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OAc SOCH, 

7 

CH CH-CH, 
' - 1  I 

OH 'S(CH,)? 
TsO- 

5 

CH CH-CH, 
' - 1  I 

CH,-CH-CH, 
I I 

OAC +s(cH,)? OAC SO,CH, 
TsO- 

9 8 
SCHEME l 

conformations of compounds 1-9 are given in Fig. 1. 
From the equilibrium shown in this figure and taking 
into account that J ,,,,,, >> J ,,,, , ,,,, it may be deduced 
that very different values of the vicinal coupling 
constants are only compatible with a marked pref- 
erence for conforn~ations A or  B. 

The observed spectral parameters suggest a dif- 
ferent conformational behaviour of compounds 1, 2, 
and 6 with respect to  the others and so an indepen- 

dent study of both types of compounds was under- 
taken. 

The 6 and J values obtained from computer anal- 
ysis of the 'H nmr spectra for compounds 3-5, 
recorded in CDC1, and DMSO-d, at  several concen- 
trations, are given in Table 1. 

The J ,  , 2  value is larger than J ,  ,, in all cases, which 
is compatible with a marked predominance of either 
A or B conformations. In all other cases similar 
values for the two vicinal coupling constants were 
observed. 

H(3)$:. 

The spectra for sulphone 4 in DMSO-rl, have 

H(1) e x$lr shown that the proton on C-2, which appears a t  H(1) 
X H(2) lower field (considered to  be gauclze with respect t o  

A B H-l from the JuiC values), is further coupled to  the 

\\ // hydroxy proton (4JH -,-,-,-H e 0.5 HZ). This atom 
sequence is typical in carbohydrate compounds in 
which the long range coupling constants are only 
observed when a W planar arrangement between 

H(1) H(2%~R H(3) involved protons becomes possible (6, 7). In com- 
pound 4, this arrangement is only possible in the A 

C conformer (Fig. 2). In addition, only one of the two 
FIG. 1. Conformational equilibria of compounds 1-9 around protons appears as a 'Onsequence 

the C(1)-C(2) bond. this coupling and so we can exclude the possibility 
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TABLE I .  Chemical shifts and coupling constants of compounds 3-5 

Concen- Chemical shifts ( 6 )  Coupling constants (J/Hz) 
trations 

Compound Solvent (% w/v) H-1 H-2 H-3 H-4 J l , z  J1.s J2.3 J1.4 J3.4 Jkfc.*z JMC.*B 

*Methyl of the rnethylsulphonyl group. 
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A1.CUDIA ET AL. 2429 

FIG. 2. Spatial arrangement of the H(3) and hydroxylic 
protons in conformations A and B. 

of B being the preferred rotamer. On the other hand, 
this long range coupling permits us to carry out the 
unequivocal assignment of H-2 and H-3. 

In previous studies (1-4), sulphoxide~, sulphones, 
and the sulphonium salts showed a similar confor- 
mational preference. Therefore, it seems reasonable 
to  assume that in sulphoxide 3 and in sulphonium 
salt 5, the A conformation should be the most stable, 
as was observed in sulphone 4. 

The predominance of the A conformation can be 
explained assuming a strong electrostatic attraction 
between the heteroatoms, since the sulphur atom 
supports some positive charge. The intramolecular 
hydrogen bonding contribution is not negligible, a t  
least in sulphone 4, where conformational preference, 
deduced from the relative values of coupling con- 
stants, increases with dilution and decreases when 
the spectra were recorded in DMSO-d,, as can be 
expected. On the other hand, the influence of the 
polarity change can be explained by taking into ac- 
count the different association of solvents with con- 
formers A and B. Nevertheless, the preference shown 
by salt 5 suggests that the relative contribution of the 
intramolecular hydrogen bonds, with respect to  the 
electrostatic interaction, may be unimportant. 

Another interesting feature is based on the long 
range coupling constants 4JH-c-s-c,,,, observed in 
sulphone 4. The staggered conformations around the 
C-S bond are indicated in Fig. 3. The 4JM,,H(2j and 
4JM,,,(3j values are indicative of conformat~onal 
populations of A, and A ,  respectively, as the most 
favourable spatial arrangement ( W) between involved 
protons is present in these conformations. These 
values indicate that there is a preference for confor- 
mation A ,  in concentrated solutions of CDCI,. This 
situation has been previously reported (1, 8) and has 
been attributed to an Me-OH attraction as a result 
of the delocalization of positive charge from the 
sulphur on the methyl group. The decrease in pref- 
erence for A, with dilution, however, suggests that 
the shift of conformational equilibrium is the result 
of an inter/intramolecular interaction balance since 
rotamer A, presents the most favourable arrange- 
ment for an Me-OH attraction and intermolecular 
association by hydrogen bonds, whereas in A, and 
A, intramolecular hydrogen bonding is possible. 

This could explain the disagreement between the 
theoretical calculations (5) and the experimental 
finding (1) on 2-methylsulphonyl-1-phenylethanol. 
The theoretical study showed that rotamers A, and 
A, in the vapour state were more stable than A,, due 
to  the possibility of forming intramolecular hydrogen 
bonds. 

The 'H  nmr parameters of compounds 7-9 are 
given in Table 2. From the relative values of vicinal 
coupling constants it can be deduced that the pref- 
erence for conformation A in the 0-acetyl derivatives 
7 and 8 is less marked than in 3 and 4. This can be ex- 
plained by differences in steric and hydrogen bond 
effects between both types of compounds. However, 
the small influence of hydrogen bonds (deduced from 
the results obtained in sulphone 4 in DMSO-d,) and 
the steric effect (as indicated by the results in salt 9 
with respect to  salt5), suggest additional factors, such 
as the electrostatic interactions between oxygen of 
the acetyl group and the heteroatoms in the sulphur 
function. These interactions ought to be stabilizing 
in salt 9 and more destabilizing in sulphone 8 than in 
sulphoxide 7. Clearly, the relative contribution of the 
electrostatic interactions will be less in DMSO-d, as 
solvent. Taking into account the three mentioned 
effects the results obtained can be satisfactorily ex- 
plained. 

From the 4JMe,H(2) and 4JM,,,(3, values, the major 
contribution of the A ,  rotamer in the equilibrium 
A, $ A, =$ A, can be deduced. Accordingly, the 
dilution effect is very small, since the intermolecular 
associations are less important in the acetoxy sul- 
phone 8, whereas the intramolecular ones will 
destabilize conformations A 2  and A, by electrostatic 
repulsion. 

The 'H nmr parameters of compounds 1, 2, and 6 
are given in Table 3. The results can be rationalized 
according to  the following points. 

(i) There are no important differences in the J1,, 
and J, ,, values in compounds 1 and 2, and so only a 
slight preference for A or B conformations can be 
established. 

FIG. 3. Rotamers of compounds 6 around the C-S bond. 
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TABLE 2. Chemical shifts and coupling constants of compounds 7-9 

Concen- Chemical shifts ( 6 )  Coupling constants (J/Hz) 
trations 

Compound Solvent (% w/v) H-1 H-2 H-3 J I , ~  J1.3 J2.3 Jhlc,*3 JMC.*Z 

Mc 
I CDCI3 10 5.313 2.956 2.886 8.8  3 .9  -13.3 - - 

ACO-C-H( I )  5 5.313 2.943 2.882 9.0  4 .1  -13.3 - - 
I 1 5.309 2.931 2.881 8.9  3.7 -13.2 - 

- 

(3)H4-H(2) 
I 'HGDMSO 10 5.145 3.054 2.909 9.4  3.5 -13.5 - 

- 

SOMC 5 5.141 3.052 2.907 9.4  3.5 -13.4 - - 
1 5.140 3.050 2.905 9.4 3.5 -13.4 - - 

7 

*Methyl of the methylsulphonyl group. 
tDeceptively simple spectra were obtained in all concentrations. 
SJ1,2 + J1 .3  value. 
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TABLE 4.0-H stretching frequency of compounds 
1 and 2 (c < M )  in CCI, 

Free Intramolecular 
0-H bonded 0-H Av 

Compound (cm-') (cm-') (cm-I) 

Infrared spectra recorded in CC1, at low concen- 
tration (< lo - '  M) have shown the presence of in- 
tramolecular hydrogen bonds in these compounds. 
The relative intensity of the associated O H  band is 
larger than the free OH one (see Table 4) in both 
compounds and gives rise to the idea that the A 
rotamer is the most populated (9), as the intramolec- 
ular associations are not possible in B. 

The variation of the JUi, values with changes in 
concentration and in solvent polarity supports the 
above assumption. Thus, the conformational pref- 
erence increased with dilution (greater differences 
between vicinal coupling constants are observed) due 
to the predominance of intra- over intermolecular 
interactions. On the other hand, this preference dis- 
appears in compounds 2 when DMSO-rl, is used 
as a solvent. 

(ii) In thioether 6 values of the vicinal coupling 
constants are in agreement with the impossibility of 
forming intramolecular hydrogen bonds and the 
small influence of dilution suggests that steric interac- 
tions may now be responsible for the conformational 
equilibrium shift. On the other hand, the values 
J, ,, + J, ,, in compounds 1,2,  and 6 remain constant 
with dilution in all studied solvents. This is only pos- 
sible if the contribution of the conforlnation C to  the 
equilibrium is small or zero, due probably to  steric 
effects. 

(iii) Comparison of the J, ,, and J, ,, values for 
compound 6 with those for 2-thiomethyl-1-phenyl- 
ethanol 10, previously studied (2), is of great interest. 
In the latter compound the preference for conforma- 
tion B could be proved although the population of A 
was also important (J ,  ,, = 7.9 and J, *, = 5.5), 
whereas in compound 6 there is no preference (J ,  ,, 
and J, ,, = 6.2-6.3). From the analysis of the interac- 
tions in compounds 6 and 10 it can be deduced that 
conformation A is equally stabilized in both com- 
pounds, but the rotamer B has an Me-SMe inter- 
action in 6 and a Ph-SMe one in 10; this latter 
interaction must be more stabilizing than Me-SMe. 
Taking into account that the steric hindrance of the 
phenyl group is larger than that of methyl (lo), other 

3Compound 1 shows a deceptively simple spectrum in 
DMSO-d6 at any concentration and so  it is only possible to 
know the J,,, + JlS3 value. 

factors have to be invoked to explain stability dif- 
ferences which must also be independent of solvent 
polarity. 

The theoretical calculations by CND0/2  of the 
different conformations of 2-methylsulphonyl-l- 
phenylethanol (5) showed a stabilizing interaction 
Ph-S0,Me (ca. 4 kcal) due to  d-n: overlap of the 
sulphur atom with the phenyl group. Similar interac- 
tions may be responsible for the lower destabilization 
of the gauche Ph-SMe interaction with respect to  the 
Me-SMe one. 

Experimental 
'H nmr spectra were recorded on a Varian XL-100-15 spec- 

trometer operating at 100 MHz by Fourier transform tech- 
nique, using 16K of core in a Nicolet 1180 stored programme 
computer. The signal of the deuterated solvent was employed 
for deuterium field-frequency lock and TMS as an internal 
reference. The analyses of the spectra were carried out using a 
LAOCOON 111 programme (I 1, 12) on a Nicolet 1180 com- 
puter. We estimate the reliability of all values as 0.1 Hz, and 
the root mean square deviations for the calculated and the 
experimental lines were usually better than 0.05 Hz. Infrared 
spectra were recorded on a Pye-Unicam SP-I 100 spectrometer. 
The studies on the intramolecular hydrogen bondings were 
carried out on a Beckman IR-4240 spectrophotometer. Mass 
spectra were obtained using a Hitachi Perkin Elmer RMU-6M 
spectrometer at  70 eV. Melting points were determined on a 
Kofler hot-stage and are, like the boiling points, uncorrected. 

I-Mercnpto-2-propnrlol I 
This con~pound was prepared by reaction of potassium 

ethylxanthate with bromoacetone following the procedure 
reported by Djerassi (1 3) for similar compounds; bp 50-5IoC/ 
10 Torr (lit. (14) bp 51°C/8 Torr). 

I-Methylthio-2-prop011012 
A solution of 1 (7.99 g, 0.087 mol) in absolute ethanol (90 

mL) was slowly added to a solution of sodium (2 g) in anhy- 
drous ethanol (200 mL) and cooled at  O°C. It was then treated 
with a solution of methyl iodide (12 g, 0.087 mol) in ethanol 
and the reaction mixture was allowed to stand overnight at 
room temperature with constant stirring. Water (160 mL) was 
added and it was extracted with chloroform (3 x 75 mL). The 
chloroform extracts were dried (MgSO,) and concentrated 
(rotary evaporator) to yield 7.1 g (77%) of 2; bp 60-62"C/15 
Torr (lit. (15) bp 55-58"C/10 Torr). 

The Acetyl Deriuntiue 6 
This compound was prepared with acetic anhydride and 

pyridine, distilled at 68-70°C/15 Torr (lit. (16) 64-65"C/10 
Torr). 

I-Mefhylsrclpho~~yl-2-propnnol3 
T o  an ice-cooled solution of 3.2 g (0.015 mol) of sodium 

metaperiodate in 20 mL of water was added 1.62 g (0.01 5 mol) 
of 2. The reaction mixture was stirred at O°C for 4 h and was 
then allowed to stand overnight at room temperature. Ethanol 
(30 mL) was added and the sodium iodate formed was filtered. 
The solution was evaporated and treated with 50 mL of chloro- 
form. The chloroform extracts were dried (Na2SOJ) and con- 
centrated to afford 1.8 g (97%) of 3 as a mixture of two dias- 
tereomers (two signals of similar intensity for the methyl group 
bonded to the sulphur atom in the 'H nmr spectrum). The 
isolation of one of the diastereomers was carried out by re- 
peated recrystallization from benzene, mp 89-91°C (lit. (17) 
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f\LCUDIA ET Al.. 2433 

mp 89-90°C); v,,,, (Nujol): 3277 and 1010 cm-' ;  G(CDC13, 
10%): 1.31 (3H, d,  J =  6.2 HZ, CH3-C), 2.63 (3H, s, 
CH3-S), 2.83 (2H, rn, -CH2-), 4.35 (1 H, m, -CH-), and 
4.67 ( lH ,  s, broad, OH). Arlnl. calcd. for C+H,,02S: C 39.33, 
H 8.25, S 26.20; found: C 39.49, H 8.41, S 26.43. 

Tile Acetyl Deriuntioe 7 
This compound was prepared by reaction of isolated dias- 

tereomer 3 with acetic anhydride and pyridine; v,,, (Nujol): 
1745, 1250, and 1010 cm-' ;  G(CDC13, 10%): 1.39 (3H, d, 
J = 6.2 HZ, CH3-CH), 2.03 (3H, S, CH3-CO), 2.60 (3H, S, 
CH3-S), 2.85 (2H, m, -CH2-), 5.31 (IH, m, -CH-); 
significant peaks in ms rlr/e: 164 (Mt) ,  149, 121, 101 (base 
peak), 63, and 61. 

I -  Merl1yls~~lpl~o1~yl-2-propnnol4 
A solution of rrr-chloroperoxibenzoic acid (2.24 g, 0.013 

11101) and I-methylthio-2-propanol, 2 (0.53 g, 0.005 mol), in 
chloroform (50 n1L) was stirred at room temperature for ca. 
10 h. The solution was then washed with saturated aqueous 
sodium bicarbonate (200 mL), dried (MgSO,), and concen- 
trated to give 0.54 g (79%) of 4. The solid was recrystallized 
from benzene, mp 67-69°C (lit. (18) mp 47751°C); v,,, 
(Nujol): 3330, 1290, and 1125 cm-' ;  G(CDC13, 10%): 1.32 
(3H, d, J = 6 . 2 H z ,  CH3-C), 3.02 (3H, S, CH3-S), 3.14 
(2H, rn, -CH,-), 3.19 ( lH,  s, OH), and 4.41 (IH, m, 
-CH-). Am/. calcd. for C,Hlo03S: C 34.78, H 7.29, S 
23.19; found: C 34.01. H 7.49. S 23.09. 

Tlle Ace/yl Deriuntioe 8 
This derivative was similarly obtained by reactlon of 6 with 

111-chloroperoxibenzoic acid and recrystallized from CC14, mp 
5455°C; v,,,, (Nujol): 1745, 1130, and 1050 cm-' ;  G(CDC13, 
10%): 1.41 (3H, d, J =  6.0Hz, CH3-CH), 2.06 (3H, s, 
CH3-CO), 2.96 (3H, s, CH3-S), 3.27 (2H, m, -CH2-), 
and 5.37 (1 H, m, -CH-). 

Dir11etl1yl(2-llyclro.~yprop~~l)sulpllorrilr~11 p-Tol~enesulpllor~ate 5 
A mixture of 2 (0.56 g, 0.0047 mol) and methylp-toluenesul- 

phonate (2 mL) was stirred at 30°C for 18 h. The reaction mix- 
ture was washed with ether (5 x 20 mL) and filtered to give 
1.31 g (85%) of 5. It was recrystallized from methanol, mp 
120-122°C; v,,, (Nujol): 3330cm-' ; G(DMS0-d6, 10%): 1.19 
(3H, d,  J = 6.0 Hz, CH3-C), 2.27 (3H, s, CH3-Ar), 2.87 
(3H, s, CH3-S), 2.89 (3H, s, CH3-S), 3.35 (2H, m, CH,), 
4.09 ( lH,  m, OH), 5.57 ( lH,  d, CH), 7.07, and 7.45 (4H, AB 
system, J A B  = 8 Hz, aromatic H's). Annl. calcd. for C,,H2,- 
0,S2: C 49.31, H 6.89, S 21.91; found: C 49.40, H 7.04, S 
22.06. 

The Acetyl Deriontiue 9 
This compound was similarly prepared from compound 6 

by reaction with methylg-toluenesulphonate. The purification 

of this compound by crystallization has not been possible due 
to its hydroscopic character. However, the spectroscopic data 
and the synthesis process are in accordance with its structure; 
v,,,, (Nujol): 1750 cm- ' ;  G(CDC13, 10%): 1.27 (3H, d, J = 
6.0Hz, CH3-CH), 1.99 (3H, s, CH3-Ar), 3.07 (6H, S, 
(CH3),-S), 3.75 (2H, m, CH,), 5.13 (1 H, m, CH), and 7.10- 
7.65 (4H, m, aromatic H's). 
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The nature of the NADP complex with manganese(I1) ions as studied by proton and 
phosphorus magnetic resonance1 

M. KIRK GREEN A N D  GEORGE KOTOWYCZ 
Dopcrrir71crii qf'C'lic,rr~i~i,:\~, U r i r ~ ~ ~ r . \ i l \ ~  o j ' A l b ( , ~ . ~ ( ~ ,  G / I ~ I O I I ~ O ~ I ,  A / ! ( / . ,  C(rri(rd~ T6G 2G2 
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M. KIRK GREEN and GEORGE Korowucz. Can. J. Chem. 57.2434 (1979). 
Proton and phosphorus nlagnetic resonance techniques have been applied to study the con- 

forniation of the complex formed between Mn(I1) ions and nicotinamide adenine dinucleotide 
phosphate (NADP) in aqueous solutions at  a pH of 7.5 and 20°C. The dipolar correlation time 
(r,) for the Mn(I1)-NADP coniplex at 20°C was calculated to be 1.7 x 10-lo s, based on the 
measurement of proton longitudinal relaxation time ratios and a literature value of r, for 
nicotinamide adenine dinucleotide (NAD). The r,, as well as the 'H and "P relaxation data 
together with the measured stability constant for this complex, were used to calculate the dis- 
tances from the 'H and 3'P nuclei to the Mn(1l) ion. These distances are 3.8 8, to A8, 5.0 8, to 
A2, 4.5 A to Al', 5.3 8, to N2, 5.4 8, to N6, 5.5 A to N5, 5.8 8, to Nl', and 6.3 8, to N4. The 
distances to the linkage 3 L P  nuclei are 3.7 A, and 3.3 8, to the adenosine ribose 2'-phosphate. 
Based on these distances, a model is proposed for the Mn(I1)-NADP coniplex. In this complex, 
the Mn(l1) ion is bonded to the oxygens of all three phosphates, and the adenine and nicotin- 
aniide bases are 7-8 A apart and parallel. Hence the Mn(L1) ion is located between and to one 
side of the two bases but is distinctly closer to the adenine base. The adenine base is in the nrrri 
conforniation, whereas the nicotinamide moiety can be either S)VI or nnri. Hence there is little 
or no close stacking of the two bases in the coniplex. The addition of Mg(l1) ions to a solution 
of free NADP caused no observable shift of the aromatic proton peaks, indicating no dif- 
ferences in shielding effects. Hence the rings are probably siniilarly oriented in both free NADP 
and the metal-NADP coniplex. Effects on the transverse relaxation rates due to the paramag- 
netic metal ion (TI,-') were also measured from the 3 L P  linewidths as a function of tempera- 
ture. The lifetime of the metal ion in the coniplex is 4.0 + 0.5 x IO-'s and A H *  for the ex- 
change process is 13.7 + 0.5 kcal/niol. 

M. KIRK GREEN et GEORGE KOTOWYCZ. Can. J. Chem. 57.2434(1979). 
On a applique les techniques de la resonance ~nagnktique du proton et du phosphore pour 

e t ~ ~ d i e r  la conforniation de complexes formes entre des ions Mn(I1) et le phosphate de di- 
n~~cleotide de la nicotinamide et de I'adCnine (PDNA) en solutions aqueuses, a un pH de 7.5 et a 
20'C. On a calcule que le temps de correlation dipolaire (r,) du coniplexe Mn(I1)-PDNA est 
de 1.7 x 10-'O s en se basant sur la niesure de rapports de temps de relaxation longitudinale 
protonique et sur une valeur de 7, pour le dinucleotide de nicotinamide et d'adknine (DNA) 
t r o ~ ~ v e e  dans la litterature. On a utilisk cette valeur de r, de m&me que des donnees de relaxation 
'H et 3'P ainsi que la constante de stabilitk lnesuree pour ce coniplexe pour calculer les 
distances entre Ies noyaux 'H et 3'P de I'ion Mn(I1). Ces distances sont 3.8 8, de A8, 5.0 A 
de A2, 4.5 A de Al', 5.3 8, de N2, 5.4 8, de N6, 5.5 8, de N5, 5.8 A de N l '  et 6.3 8, de N4. Les 
distances du noyau 3'P de liaison sont de 3.7 8, et 3.3 8, du phosphate-2' de I'adCnosine de 
ribose. En se basant sur ces distances, on propose un modtle pour le complexe Mn(I1)-PDNA. 
Dans ce coniplexe, l'ion Mn(I1) est lie aus  oxygknes des trois phosphates et les bases adenine 
et nicotinamide sont paralleles et a 7-8 A de distance. Donc le Mn(I1) est situe entre les deux 
bases et beaucoup plus prts de I'adenine. L'adenine est dans une conformation orzii alors que 
la nicotinamide peut &tre soit sjw ou nr~t i .  Donc i l  n'y a que peu ou pas de superposition entre 
ces d e ~ ~ x  bases dans le complexe. L'addition d'ions Mg(I1) a une solution de PDNA ne pro- 
voque pas de deplacenients appriciables des raies des protons aromatiques ce qui indique 
qu'il n'y a pas de differences dans les effets de blindage. Donc les cycles sont probablement 
orientis d'une faqon similaire tant dans le PDNA que dans le complexe metal-PDNA. On a 
aussi mesure les effets, sur les taux de relaxation transversale, des ions metalliques para- 
magnetiques (T2p-L) en se basant sur les largeurs de raies 3 'P en fonction de la temperature. 
Le temps de vie de I'ion metallique dans le complexe est de 4.0 + 0.5 x s et le AH* du 
processus d'echange est de 13.7 0.5 kcal/niol. 

[Traduit par le journal] 

'This is paper No. XI11 in a series of studies of metal ion interactions with nucleotides and coenzymes. Paper NO. XI1 
is ref. 13. This study was presented at  the Annual Conference and Exhibition of the Chemical Institute of Canada, Van- 
couver, B.C., June 3-6, 1979. 
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Introduction 

KOTOWYCZ 2435 

Several nuclear magnetic resonance (nmr) studies 
of the solution conformation of nicotinamide ade- 
nine dinucleotide (NAD) and nicotinamide adenine 
dinucleotide phosphate (NADP)2 (Fig. 1) have been 
performed (refs. 1-6 and references therein). Chem- 
ical shift measurements suggest that these coenzymes 
exist in an equilibrium involving folded and extended 
forms a t  room temperature and neutral pH (1, 3). 
Bose and Sarma (5) have evaluated the solution con- 
formations of free NAD and NADP. It has been 
established that molecular association occurs be- 
tween the nicotinamide and the adenine rings of 
NAD in a folded conformation in aqueous solution 
(7); however, Zens et al. (6) conclude from proton 
longitudinal relaxation time measurements that, for 
a time comparable to the reorientation correlation 
time for NAD, the aromatic rings d o  not get closer 
than 4.5 A. X-ray studies of the lithium-NAD com- 
plex (8) indicate that this complex exists as a "dimer" 
of two NAD inolecules arranged head-to-tail. Li' 
is coordinated tetrahedrally to adenine N7 and to 
three of the four pyrophosphate oxygens. The ade- 
nine is stacked int~rmolecularly on nicotinamide, and 
the conformation of NAD is "extended" as found in 
holoenzyme complexes. The planes of the adenine 
and nicotinamide rings are almost perpendicular to 
each other and separated by about 11.5 A. Saenger 
and co-workers (9) have compared, in a very elegant 
manner, the conformation of NAD in solution, in the 
Li' complex, and in holoenzymes. 

Enzymes involved in oxidative decarboxylations 
require Mg(I1) or Mn(I1) ion. Maloney and Dennis 
(10) have shown, for example, that the reverse reac- 
tion of the NADP-specific isocitrate dehydrogenase 
from pea stems is activated by Mn(I1) ions and not 
Mg(I1) ions. Westheimer (11) describes experiments 
involving mechanisms of enzymic decarboxylations, 
and finds that enzymic decarboxylations follow two 
mechanisms: (a)  the compound is converted to a 
Schiff base salt; (b) a metal ion is bonded to a car- 
bony1 oxygen atom in order to activate it. 

The stability constant Ks for the Mn(I1)-NADP 
complex has been determined previously (10, 12, 
13). The stability constant is strongly pH dependent 
in the pH region of 6.1 where the 2'-phosphate ion- 
izes. A value of Ks equal to 370 + 50 M-' that was 
previously obtained (13) is used to interpret the 

'NAD, nicotinamide adenine dinucleotide; NADP, nico- 
tinamide adenine dinucleotide phosphate; NMN, nicotinamide 
mononucleotide; T,,-', effect on the longitudinal relaxation 
rate due to the paramagnetic metal ion; T2,-', effect on the 
transverse relaxation rate due to the paramagnetic metal ion. 

4~lc/% 

HCa 11 '  

FIG. 1. Structure of NADP at a pH of 7.5. The related 
coenzyme NAD has a hydrogen instead of the PO3'- group at  
the adenine ribose 2'-position. 

present results, since it was measured under the same 
experimental conditions that are used in the present 
study. Previous nmr studies of Co(ll) binding to  
NAD and NADP (14, 15) indicate direct binding of 
the Co(I1) ion to the pyrophosphate oxygens. 

We have studied the solution conformation of 
NADP using the paramagnetic Mn(I1) ion probe and 
'H and 3 'P  magnetic resonance relaxation tech- 
niques. These data for the Mn(I1)-NADP complex 
are used to calculate the distances from the bound 
Mn(I1) ion to eight protons and to three phosphorus 
nuclei of NADP in the complex. The value of the 
correlation time measured for N A D  by Ellis and 
co-workers (6) was used for the calculation of T, for 
the complex. These distances give a picture of the 
conformation of the Mn(I1)-NADP complex in 
solution. In addition, the temperature dependence 
of the 3 'P  transverse relaxation rates d i e  to the 
paramagnetic metal ion (T2,-') gives a value for the 
lifetime of the Mn(I1) ion in the complex (T,) as well 
as the enthalpy of activation (AH*) for this process. 

Experimental 
Materials 

The coenzymes NADP (monosodium salt) and NAD (free 
acid) were purchased from Sigma Chemical Co. They were 
purified to eliminate trace metal contaminants by passing a 
solution through a column of Chelex 100 (from Bio-Rad 
Laboratories) of mesh 100 to 200 and then lyophilizing the 
effluent solution. The purified coenzymes were then dissolved 
in 99.7% D 2 0  and lyophilized two to three times from D 2 0 .  
The resin was treated following standard procedures as recom- 
mended by the manufacturer. It was rinsed with 1 N HCI, 
methanol, and then 1 N NaOH, followed by equilibration 
with NaKHPO, buffer at  a pH of 7 and extensive rinsing with 
doubly distilled deionized water until the effluent was of 
pH > 9. The D 2 0  that was used was vacuum distilled to 
eliminate paramagnetic impurities. 

N-ethyl morpholine from Eastman Organic Chemicals was 
vacuum distilled for the nmr experiments. MnCI2.4H2O from 
Fisher Scientific Co. Ltd. and KC1 from J. T. Baker Chemical 
Co. were used without further purification. For all experi- 
ments, 40 m M  N-ethyl morpholine was used as the buffer. 
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Methods 
The NAD and NADP concentrations were measured by 

monitoring the solution absorbance at 260 nni using a Unicam 
SP2600 spectrophotometer. The samples for the proton and 
phosphorus magnetic resonance experiments were prepared 
in D,O at a pH of 7.9 (uncorrected for D 2 0  solvents) to ensure 
that all of the phosphate moieties of NADP are deprotonated 
(net charge on the NADP anion is - 3 (Fig. I)). The measure- 
ments were carried out at 293 K.  The KC1 concentration was 
0.153 M and the NADP concentration was 4.5-4.6 x M ,  
whereas the Mn(I1) ion concentration ranged from 0-6 x 

M .  The Mn(l1) stock solutions for both the nmr and the 
epr experiments used in the previous study (1 3) were prepared 
by weighing out the Mn(l1) salt, and the solutions for the nnir 
experiments were prepared using H. E. Pedersen micropipets 
for maximum accuracy. The effects on the longitudinal relaxa- 
tion rates of the observed nuclei due to the paramagnetic metal 
ions TIP- ' were calculated according to [ l  ] 

where l/Tl,,,, denotes the relaxation rate of the NADP nuclei 
in solution in the presence of the paramagnetic species and 
1/T1,, denotes the relaxation rate of the same nuclei but in the 
absence of the Mn(I1) ions. All proton magnetic resonance 
longitudinal relaxation times (TI) were measured using the 
Varian HA-100-15 nmr spectrometer (100.0 MHz) interfaced 
with the Digilab FTS/NMR-3 Fourier transform system in- 
cluding the pulse unit (FTS/NMR 400-2) and the Nova 1200 
coniputer. The temperature was maintained at 293 K using the 
Bruker B-ST 100/700 temperature controller. The TI measure- 
ments were carried out using the (180" - r - 90") two-pulse 
sequence and 50-200 pulse sequences were collected. The deu- 
terium signal from D 2 0  was used for the lock signal. All TI 
calculations are based on measurements of peak heights. How- 
ever, for the nicotinamide protons N4 and N6, average peak 
heights of the multiplets were used, whereas for the nicotin- 
amide N5 proton and the adenine and nicotinamide Al '  and 
and N1' protons, the peak height of one peak of each multi- 
plet could only be measured. 

The nuclear Overhauser effect experiments were run under 
conditions that were identical to the other nmr samples except 
that the NADP concentration was 0.05 M and the temperature 
was 304 K. The measurements were also carried out on the 
Digilab system at 100 MHz. 

The 31P nmr TI experiments were carried out at 110 MHz 
and 146 MHz using the Bruker 270 and 360 MHz nnlr spec- 
trometers. These measurements were carried out by Dr. B. D. 
Sykes and Dr. W. E. Hull, respectively. The measurements of 
the TI  values at 110 MHz were carried out using the two-pulse 
sequence at  28", whereas the TI experiments at 146 MHz were 
carried out using saturation recovery techniques at  25'. The 
effects on the transverse relaxation rates due to the paramag- 
netic metal ion T,,-' were measured from the linewidths at 
half height of the 31P nmr spectra obtained at 36.43 MHz using 
the Bruker HFX-90 nnir spectrometer. 1/T2, was calculated 
from the data using the relationship 

where AvMn is the linewidth at half-height of the given reso- 
nance in the presence of the Mn(I1) ions and Avo is the line- 
width at half-height of the same resonance in the absence of 
the metal ion. The samples were prepared in the same way as 
for the 'H nmr measurements. 

Distarzce Calcrrlatior~sfiom the ' H  Nrrclear Mngr~etic 
Resonrrrzce Datn 

Swift and Connick (16) obtained the relationship between 
the observed transverse relaxation time due to the paramag- 

netic ion T,, and the inner sphere relaxation rate l/T2,,. This 
relationship is given by [3], 

Similarly, Luz and Meiboon~ (17) obtained the relationship 
between the observed longitudinal relaxation time due to the 
paramagnetic ion T I ,  and the inner sphere relaxation rate 
l/Tl,,. This is given by 

where/,, = [bound nietal ion:l/[observed ligand] and r,, is the 
exchange lifetime. The theoretical expressions for T,,, and 
T,,, are given by Solonion and Bloembergen (18-20). For high 
magnetic field strengths, the contact term in the Solomon- 
Bloenibergen equation for TIM is negligible. In the fast ex- 
change region (r,, << TI,), a general equation for the calcula- 
tion of r (distance between the paramagnetic centre and the 
proton under study) can be obtained from the dipolar term in 
TIM This equation may be written as (21) 

where C is a physical constant equal to 812 for protons and 
601 for phosphorus, wl is the nuclear magnetic resonance fre- 
quency (rad/s), and w, is the electron magnetic resonance fre- 
quency at the same field strength. The dipolar correlation time, 
r,, is given by l / r ,  = (l/r,) + (l/r,) + (l /rM) where r ,  is the 
rotational correlation time and T, is the electron relaxation 
time. 

Both [3] and [4] have an additional term arising from outer 
sphere relaxation. A contribution from this term, l/Tl,,,, to 
T,,-I niust be known before distances can be calculated using 
[5]. Comparison of the TI values for the N-ethyl morpholine 
proton resonances in a pure NADP solution with those mea- 
sured for N-ethyl morpholine in a solution containing 1.0 pM 
Mn(I1) ions gave a value of l/Tl, for these resonances of about 
0.05 s-I. As N-ethyl niorpholine complexes very weakly with 
Mn(I1) ions (22), this value may be regarded as an upper limit 
on 1/T1.,, for the NADP protons. A coniparison of this nuni- 
ber with l /Tlp  for the NADP protons under the same condi- 
tions shows that outer sphere relaxation will not significantly 
affect any of the distances calculated from l/Tlp.  

In a recent article, Koenig (23) has presented a novel deriva- 
tion of the Solomon-Bloembergen equations and points out 
the difficulties involved in deriving reliable values for the num- 
ber of water molecules bound to the Mn(I1) ion in Mn(I1)- 
protein complexes. However, in the present study, we are not 
concerned with the number of water molecules in the Mn(I1)- 
NADP con~plex, as we have an independent method for ob- 
taining a value of T,. 

Results 

A typical proton magnetic resonance spectrum 
for the aromatic and anomeric protons of NADP is 
shown in the top half of Fig. 2. The proton assign- 
ments are based on the work of Jardetzky and Wade- 
Jardetzky (1). However, there are different assign- 
ments, depending on the experimental conditions, in 
the literature concerning the adenine Al'  and the 
nicotinamide N1' anomeric protons (1, 5, 24). We 
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FIG. 2. The results of the nuclear Overhauser effect experi- 
nients on NADP. The aromatic nicotinaniide (labelled N) and 
adenosine (labelled A) proton resonances as well as the ano- 
nieric proton resonances are shown. The top spectrum was ob- 
tained before irradiation, while for the bottom spectrum the 
irradiation frequency is centred on the N2 resonance. Peaks 
labelled B1 are images of the buffer peaks occurring at 1.1 and 
2.4 ppni to low field of TMS. The temperature was 304 K. 

have assigned these two anomeric protons on the 
basis of nuclear Overhauser effect (nOe) experiments 
(Fig. 2, bottom spectrum). 

Egan et al. (25) observed an nOe of 0.14 for proton 
N1' when proton N2 was irradiated, and 0.17 when 
proton N6 was irradiated in nicotinamide mono- 
nucleotide (NMN) at neutral pH and a t  35°C. In the 
present experiments, the saturating irradiation fre- 
quency was centred on the N2 proton resonance, but 
also partially saturated the N6 proton. As was ob- 
served for NMN, an increase in intensity of about 
30% was observed for the high field singlet of the 
triplet corresponding to the anoineric protons (an 
nOe due to both protons N2 and N6). This confirms 
that the N1' proton resonance is to high field of the 
A l '  proton resonance. This assignment has been 
found to be valid over a very large concentration 
range of NADP (24). For NAD, the anomeric pro- 
toil assignments are reversed (1, 5, 24). This suggests 
that the addition of the 2'-phosphate group, in com- 
paring NAD to NADP, has a deshielding effect on 
the Al '  proton. 

A typical set of proton TI inversion recovery 
spectra are shown in Fig. 3. The results of the TI 
measurements for the metal-free solutions, for 
NADP solutions containing Mn(I1) ions, and for the 
calculated TIM values obtained using [4], are given 
in Table 1. 

FIG. 3. Proton longitudinal relaxation time inversion re- 
covery spectra for pure NADP (aromatic and anomeric proton 
region) at  20°C. Each spectrum consists of 50 pulse sequences. 

The experimental j lP,  T,,,, and TI,, data, to- 
gether with the calculated TIM values, are listed in 
Table 2. A plot of In Imp vs. 1/T, based on 31P 
linewidth measurements, is shown in Fig. 4. The 

fT2, results for the 31P nuclei are in the slow exchange 
limit (T, > TIM) and the lifetime T, for the metal 
ion in the conlplex is equal to 4.0 0.5 x s for 
all three phosphate groups. In addition, the enthalpy 
of activation AH* = 13.7 kcal/mol. 

In order to use [5] to calculate the distances be- 
tween the Mn(I1) ion and the individual proton and 



2438 C A N .  J. CHEM. VOL.. 57. I979 

TABLE 1. Experimental TISO and TI,,, data for Mn(I1)-NADP solutions together with calculated Tlhl values (s)" 

Sample [Mn(II)] 
No. (pM) Variable N2 N6 N4 A8 N5 A2 Al '  NI '  

L 

Average 

3 

Average 
Tlht(~)~ 

700 

"The T,,, values are multiplied by lo4. The teniperature is 203C. A total of eight separate samples were prepared and many of them were run twice. 
bThe standard deviation in Ti,, is designated by o. 

3'P nuclei for which the relaxation times due to the 
paramagnetic metal ion were measured (Tables 1 and 
2), the fast exchange limit for fT,,  must be appli- 
cable, i.e., TI, > zM, at 20°C. For the 'H data, this 
was shown to be valid from a study of the teinpera- 
ture dependence of proton fT,, values (26). In fact, 
at 20°C the adenine A8 proton has the greatest con- 
tribution from z, to TIM. A comparison of the mag- 

TABLE 2. Experimental 31P TI,O and TI,,,, data for Mn(l1)- 
NADP solutions together with the calculated TIM values (s)" 

Low High 
field field 

Sample [Mn(Il)] Ribose linkage linkage 
No. (pM) Variable 31P 31P 31P 

values are multiplied by 105. 
*Samples 1, 3, and 5 were measured at  146 MHz at 25°C; samples 2 and 4 

were obtained at  110 MHz at 28°C. 
=T,, values are calculated uslnp the blank value of T ,  , obtained a t  the 

ilitudes of fT,, (=TI,  + z,) for this proton at 
20°C (TIM = 2.25 x s) (Table 1) with the value 
for z, of 4 x 10-% obtained from the 31P data, 
shows that z, is less than 20% of the value of fT lp  
at 20°C. 

For the 31P fTlP data, a comparison of the results 
in Table 2 with the llfT,, data in Fig. 4 indicates that, 
for all three 31P nuclei, the ratio of I m p  to l/fTlp 
is greater than 13, i.e., (TIM + rM)/z, > 13 and 
therefore zM is less than 10Y, of llfTIp. Although 
the 31P fT2p values are in the slow exchange region, 
the fTlp values are in the fast exchange region. Hence 
[5] can readily be applied to the 'H and 31P fTlp  
data to calculate I.. 

In using [5], a value for the dipolar correlation 
time 7, must be known. Assuming that 7, = T,, this 
was accomplished by comparing our T, data for 
NADP under the present experimental conditions 
(0.005 M NADP, pD 7.9, 20°C) with the TI data 
obtained by Zeils et al. (6, 27) (Table 3) for NAD 
(0.005 M NAD in phosphate buffer, pD 7.0, 5°C). 
Zens et a/. (6) measured the z, equal to 2.8 x lo-'' s 
for NAD. Assuming that the predominant intra- 
molecular relaxation mechanism is dipolar, then 
T, cc l/z,, and the ratio of the TI data allows US to 
calculate a value for 7, for NADP since the structures 
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FIG. 4. A plot of the transverse relaxation rate In I/fTz, vs. 
1/T for the 31P nuclei of NADP in the Mn(I1)-NADP com- 
plex. The linewidth measurements were carried out on samples 
2 and 4 (Table 4). The symbols represent the 31P nuclei as 
follows: (m) ribose 2'-phosphorus; (0) low field diphosphate 
3 'P; ( x )  high field diphosphate 31P. 

of NADP and NAD are very similar. The results of 
these calculations are given in Table 3. For six of the 
eight protons which may be compared, TI,,,,,/ 
TI ,,,, - 1.7; hence z,,,,,,/z,,,,, = 0.60 and T, for 
0.005 M NADP at 20°C is then 0.60 x 2.8 x 10-1°s 
= 1.7 x lo-'' s. The ratio of 1.7 arises mainly 
from the fact that the experiments were carried out 
at two temperatures. Since z, is 4 x s and z, is 
about lo-' s (21), the short value of z, is dominated 
by z, as the other two correlation times are much 
longer, i.e., z, = z,. 

The smaller TI ,,,,,/TI ,,,, ratios for the A8 and 
At '  protons are likely due to the fact that NADP 
contains the PO3'- group at the adenosine ribose 
2'-position, whereas in NAD this group is not 
present. The 31P nucleus is expected to decrease the 
relaxation times of these two protons. 

The temperature dependence of the dipolar cor- 
relation time z, is given by 

[6] z, = z, exp (- E;,/RT) 

where E,, is the activation energy corresponding to 
the rotational correlation time (z,). For TI cc l/z,, 
the above equation can be rearranged into the form 

where T, ,, is the longitudinal relaxation time at tem- 
perature T,, and TI,, is the relaxation time at tem- 
perature Tb. TI data for NADP were obtained at 20 
and 30°C (Table 3) and these have been used to 
estimate a value for E,, equal to 4.9 + 0.4 kcal/mol. 
This is in very good agreement with the value of 
4.6 $. 0.3 kcal/mol obtained by Zens et a/. (27) for 
NAD, and lends further support to our approach for 
calculating the correlation time. The value for T, is 
not expected to vary significantly between free NADP 
and the metal complex. 

Alternative methods of calculating the correlation 
time for the complex such as using the TlM/TZM ratio 
or the frequency dependence of the 31P TIM data 
proved unsatisfactory. The former method proved 
unreliable for protons because accurate measure- 
ments of the proton linewidths could not be obtained 
due to signal overlap and a poor signal to noise ratio, 
especially in the presence of Mn(I1) ions. TlM/TZM 
ratios for the 31P data were not used because fT2, 
values are in the slow exchange limit. The latter 
method proved unsatisfactory because of the incon- 
sistency of the calculated T, values since the experi- 
~nents were performed in two different laboratories. 
The calculated r values are not as sensitive to the 
variation of the TIM data since they depend on the 
sixth root of TIM and z,. 

Using a value of 1.7 x 10-1°s for the correlation 
time and F(T,) at 100 MHz of 5.0 x 10-lOs-l 
(20°C), the Mn(I1) ion distances to the adenosine 
(A) and the nicotinamide (N) protons were calcu- 
lated using [5] and are given in Table 4. From the 
table it is seen that all the distances to the adenosine 
moiety are shorter than those to the nicotinamide 
moiety. The error limits in the distance based on the 
standard deviation in T IM are smaller than the IOZ 
error limits that are quoted. The 10Z error limits in I. 

are based on a theoretical and experimental error 
analysis carried out by Mildvan (28). If zM contri- 
butes to fTl,, then r (calculated) is greater than r 
(actual) by 0.1 A. This is much smaller than the 
quoted error limits. The fact that the values of TIM 
vary between each experiment for a given proton is 
due to the fact that the experiments were carried out 
on 0.005 M NADP solutions, and it was not always 
easy, working at such low concentrations, to obtain 
the optimum signal to noise ratio. In addition, when 
Mn(I1) ions are added and the lines broaden, the 
overlap of resonances is more serious. This is the 
main reason for the range of TIM values in Table 1. 
However, many experiments with a wide range of 
metal ion concentrations were carried out to reduce 
our standard deviation for TIM for each proton. 

The distance calculations based on the 31P data 
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TABLE 3. Comparison of TI data for NAD and NADP 

Values of Zens Values obtained Values obtained 
ef at. (1975, in present study in present study 

1976) for 0.005 for 0.005 M (20°C) for 0.005 M E, for T, 
Proton M NAD at 5°C NADP at 20°C TI,,,, (5°C) NADP at 30°C (kcal/mol) 

N2 
N6 
N4 
A8 
N5 
A2 
N1' 
Al '  

aThe error limits represent one standard deviation. 

in Table 2 are given in Table 5. For the data at 110 
MHz, zc equals 1.4 x 10-I0s at 2S°C and F(zc) = 
4.0 x 10-lOs-l.  For the 146 MHz data, obtained 
at 25"C, zc = 1.5 x 10-lo s and F(T,) = 4.4 x 
10-10 s- l  . These correlation times were obtained 
at the two temperatures using [6] and are slightly 
shorter due to the higher temperatures used for these 
experiments. The binding constant as a function of 
temperature was determined in our previous study 
(13) for the Mn(I1)-NADP complex, so that the ratio 
f, was determined also at both temperatures for use 
in [4]. The Mn(I1) ion to 31P distances were then 
calculated using [5]. 

In order to assess the effect of metal ion binding on 
the NADP conformation, and to coinpare this con- 
forination with that of free NADP, proton chemical 
shifts of 0.003 M NADP in the absence and presence 
of Mg(I1) ions at a concentration of 0.006 M were 
obtained. Maloney and Dennis (10) observed that 
the ratio of stability constants for the Mg(I1)-NADP 
complex to that for the Mn(I1)-NADP complex is 
430 M-'/760 M-'  = 0.56. By applying this ratio of 
stability constants to our experimental conditions, 
about 112 of the NADP should be complexed in the 
presence of Mg(I1). However, shifts greater than 
0.5 Hz were not observed. 

 TABLE^. Tlhl values and calculatedMn (11) 
-proton distances for Mn(I1)-NADP 

T~~~ x lo4 (OY 
Proton 6 )  (A) ( d b  

N2 
N6 
N4 
A8 
N5 
A2 
Al '  
N1' 

Oo is one standard deviation. 
bDistanccs are calculated using T, = 1.7 x 10-l0 s. 

0.98 6 .0  
0.67 4 .5  
1.46 4 .5  
0.87 5 .7  
0.88 4 .6  
4.57 4 .7  
0.74 5 .3  
1.18 4 .0  

Mean E, 4.9 f 0 .4  kcal/mola 

TABLE 5. TI&, values and calculated Mn(II)-31P nuclei dis- 
tances for the Mn(I1)-NADP complex 

Low High 
field field 

Ribose linkage linkage 
Variable 3lP 3lP 31P 

- - 

T,,X lo5 (110 MHZ) (1)" 5 .2  7 .8  7 .9  
TIM x lo5 (146 MHz) (2) 7.85 13.8 23.2 
r (A) (1 10 MHz)b 3.2 3 .4  3 .4  
r (A) (146 MHz)' 3.4 3.8 4 .1  
r (A) (average) 3 . 3 k 0 . 3  3 . 6 1 0 . 4  3 . 8 k 0 . 4  

*The values in parentheses refer to the number of measurements. 
bThe correlation time T, eqi~als 1.4 x 10-10 s at 28'C. 
T h e  correlation time T, equals 1.5 x 10-l0 s at 2S°C. 

Discussion 

The previously measured value of K, = 370 f 
50 M - '  (13) for the first stability constant is used for 
the interpretation of the nmr relaxation time data 
since the nmr samples were prepared with essentially 
the same Cl- ion concentration as was used in the 
previous epr study. 

From the structure of NADP, the two pl.imary 
metal ion binding sites per NADP can readily be 
located. These are the oxygen atoms of the diphos- 
phate linkage and the oxygen atoms of the 2'-phos- 
phate group. Distinct primary binding sites at either 
the nicotinainide C=O oxygen or with the adenine 
N7 nitrogen are unlikely, as these would normally 
act as secondary binding sites compared with the 
phosphate oxygens. Under the experimental condi- 
tions required for the nmr relaxation time measure- 
ments, [Mn(II)] << [NADP], we postulate that for 
these low Mn(I1) ion concentrations, one Mn(I1) ion 
binds simultaneously to the oxygens of both the 
2'-phosphate group and the diphosphate linkage. 
From an examination of molecular models, this is 
possible if the adenine ribose is in the 2'-endo con- 
formation in the complex. This conclusion is also 
further supported by the 31P nmr relaxation time 
data. The measurements carried out at 110 and 
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146 MHz indicate that the Mn(I1) ion is between 3.3 
and 3.8 A from all three phosphorus nuclei, and is 
slightly closer to the ribose phosphorus than to the 
linkage phosphates. Finally, the data in Fig. 4 show 
equal exchange lifetimes, z,, for the three phos- 
phorus nuclei. These results all indicate the presence 
of one metal ion in the Mn(I1)-NADP complex 
which binds with the oxygens of the three phosphate 
groups. 

In view of these results, the 'H distances in Table 
4 together with the Mn(I1) to 3'P distances in Table 5 
may now be analyzed. The Mn(I1) to the N4 (6.2 A) 
and to the N1' (5.7 A) distances are independent of 
the syn-anti ratio of the nicotinamide ring and these 
two distances can be used to place the Mn(I1) ion 
about 4.5 A fro111 the ring centre. The Mn(I1)-N2 
and the Mn(I1)-N(6) distances are equal (5.3-5.4 A) 
and, together with the distance to N5, place the 
vector from the centre of the ring to the Mn(1I) ion 
within 30" of the normal to the ring plane; i.e., the 
Mn(I1) ion is located more or less directly above the 
plane of the ring. According to these data, the syn 
or anti conformation for the nicotinamide ring is 
possible. 

All of the adenosine protons are closer to the 
Mn(I1) ion (Mn(1l)-A8 = 3.8 A, Mn(I1)-A2 = 

5.0 A, and Mn(I1)-A1' = 4.5 A) than are the 
nicotinarnide mononucleotide protons. This result is 
not surprising, considering the presence of the posi- 
tive charge on the nicotina~nide ring and the presence 
of the 2'-phosphate on the adenine ribose to which 
the Mn(I1) ion also binds. 

The adenine A8 and Al '  proton distances can be 
used to locate the metal ion. However, the distance 
of 5.0 A to A2 is too short. This can be explained in 
terms of the 90x  anti,lO% syn ratio for NADP as 
has been observed for NAD in considering the 
adenine-ribose glycosidic linkage (6, 27). The dis- 
tance that is measured is an average value (l/r6).  
Hence, if for the sytz conformation the A2 proton is 
3.5-4 A away from the metal, and in the anti confor- 
mation it is greater than 5 A away, a value of 5 A will 
still be observed, since the average value will be 
heavily weighted by the shorter distance. A similar 
calculation for A8 will change the distance by less 
than 0.1 A. 

The calculated Mn(I1) to 3 1 ~  distances (Table 5) 
are 3.3 f 0.3 A to the 2'-ribose 3'P nucleus and 3.6 
to 3.8 f 0.4 A to the linkage 31P nuclei. As X-ray 
and other data indicate that these distances should 
be near 3.0 A for inner sphere complexes (29, 30), 
the present Mn(I1) to 3'P distances are interpreted 
in terms of a distorted inner sphere complex (29). 
This could arise from the simultaneous coordination 
of the Mn(I1) ion by the diphosphate as well as by 
the ribose phosphate oxygens. Secondly, as dis- 

cussed by Sloan et al. (31), if a rapid equilibrium 
between inner sphere and second sphere complexes 
were present, a time-averaged distance would be ob- 
served. At present, these two possibilities cannot be 
distinguished, but the distorted inner sphere co~nplex 
is favored. 

Blumenstein and Raftery (32) tentatively assigned 
the high field of the AB quartet to the linkage phos- 
phorus resonance corresponding to the 31P nucleus 
nearest the adenine base. These 3'P to Mn(l1) ion 
distances, together with the Mn(I1)-proton distances, 
allow us to consider the conforn~ation of the Mn(l1)- 
NADP complex. First of all, the Mn(I1) ion sits in a 
pocket between the three phosphate groups and is 
bound to one oxygen fro111 each of the linkage phos- 
phates and to one, or two, of the ribose phosphate 
oxygens. The adenine ring is above the plane formed 
by the three phosphorus atonls and is tilted over this 
plane. The centre of the nicotinamide ring is about 
4.5 A fro111 the Mn(I1) ion. Since the nicotina~nide 
ring can move in an arc with respect to the phos- 
phate-bound Mn(I1) ion, a family of conformations 
where both rings are parallel to each other and about 
7-8 A apart, to a confor~nation where the nicotin- 
amide ring is roughly perpendicular to the adenine 
ring, and close to it, is possible. The former confor- 
mation is shown in Fig. 5. Hence, for the Mn(I1)- 
NADP complex, we conclude that there is essentially 
no close stacking of the two rings in NADP. This is 
in agreement with the conclusions of Zens et al. (6) 
who concluded, based on the effects of deuteration 
on the proton TI values, that the two rings in free 
NAD are at least 4.5 A apart. Even though distances 
are being measured for a rnolecule which is thought 
to exist in an equilibrium of folded and extended 
forms (1, 3), our results are not consistent with the 
presence of an equilibrium involving a folded form 
with closely stacked rings unless the folded form 
exists for only a short fraction of the time. Conse- 
quently, there appears to be no significant stacking 
of the two rings in the complex. 

Finally, a comparison is drawn between the NADP 
conformation in the complex with that of free NADP 
in solution. In uncomplexed NADP, both aromatic 
rings may be in either the syn or anti conformation 
with respect to their contiguous ribose groups. Zens 
et al. (6) summarize the results of the experiments 
carried out on NAD (at 5°C) and find that the com- 
ponents within NAD behave in a manner analogous 
to 5'-AMP and NMN. Both the nicotinamide and 
adenine rings have a significant amount of flexibility 
about the glycosidic bond. Their results indicate that 
the adenine ring is about 92% in the anti conforma- 
tion in the two-state microdynamic model. With 
regard to the pyridyl-ribose glycosidic linkage, nearly 
equal populations have been measured by Zens et al. 
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FIG. 5. The solution conformation of the Mn(I1)-NADP 
complex. The nicotinamide ring may move in a n  arc perpen- 
dicular t o  the plane of the paper. 

(27), whereas Sarma and Mynott (24) estimate that 
the nicotinamide ring is predominantly syr7 in NAD. 
In NMN, Egan et al. (25) observed nearly equal 
populations of the syn and anti conformers with a 
slight preference for the anti. Finally, Thornton and 
Bayley (33) have carried out conformational energy 
calculations on NAD. Two of their main conclusions 
are as follows. (a) I n  vacuo, the most stable structures 
exhibit either stacking interactions between the two 
rings 01. electrostatic interactions between the positive 
charge on the nicotinamide and the negatively 
charged pyrophosphate backbone. This latter inter- 
action has been observed previously (32). (6) A variety 
of different conformations are observed for the elec- 
trostatically stabilized structures which are relatively 
extended compared to the stacked states. 

As mentioned in the Results, binding of Mg(I1) 
ions to NADP did not change the proton chemical 
shifts by more than 0.5 Hz. However, proton chem- 
ical shifts for the adenine and nicotinamide protons 
of 0.1-0.3 ppm to high field relative to those ob- 
served for NMN, 5'-AMP, and adenosine diphos- 
phoribose have been observed (1, 24) and indicate 
the presence of intra~nolecular ring current diamag- 
netic shielding in the coenzyme with respect to its 
constituents. The absence of a change in the chemical 

shifts of the protons in the present experiment for 
the Mg(I1)-NADP complex indicates no differences 
in shielding effects. Hence the rings probably have 
the same time-averaged spatial relationship both in 
the metal ion complex and in free NADP in solution. 
As the complete ribose spectrum could not be exain- 
ined at 100 MHz, conclusioils cannot be drawn with 
respect to changes in the conformation of the re- 
mainder of the molecule on Mg(I1) ion binding. 
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JOHN W. BOVENKAMP, EDWARD J. LANGSTAFF, ROBERT Y. MOIR, and ROBERT A. B. 
BANNARD. Can. J. Chem. 57.2444 ( 1979). 

Two methods, one more accurate, the other more convenient, were developed by which the 
dilatometer could be used with concurrent reactions of the second and third order. The more 
accurate method, employing a dilatometer of high specific surface area and equipped with a 
stable and responsive thermometer, was used in studying as many as six simultaneous oxirane 
scissions in acid solution. Interlocking double comparisons were made between cyclohexane 
and cyclopentane ring systcms, between systems possessing or lacking a methoxyl substituent 
and between others having the substituent in varying orientations, between charged and 
uncharged nucleophiles, and between transition states of different degrees of protonation. 
Searching experimental checks were therefore possible in four main areas: (i) a quantitative 
dissection of the inductive effect from steric and conformational effects, and from dipole-ion 
or dipole-dipole interactions with the nucleophile, (if) a quantitative demonstration of three 
main differences between transition states based on 5- and 6-membered rings, (iii) a proof that 
.,ytr-1,3-effects in the transition states are very charge dependent, being large and positive with 
unfavourably arranged dipoles, and small or perhaps negative with favourable arrangements, 
and (iu) a rejection of certain proposed ion-pair alternatives to the A2 mechanism. 

JOHN W. BOVENKAMP, EDWARD J. LANGSTAFF, ROBERT Y. MOIR et ROBERT A. B. BANNARD. 
Can. J. Chem. 57.2444 ( 1979). 

On a developpi deux methodes, I'une precise et l'autre plus commode, faisant appel a un 
dilatomttre pour Ctudier des reactions concurrentes du deuxieme et du troisieme ordre; la 
methode la plus precise, qui fait appel a un dilatornetre a grande surface specifique equip6 
d'un thermometre stable et sensible a Cte utilisee pour etudier jusqu'a 6 reactions de scissions 
simultanees d'oxiranne en solution acide. On a fait des comparaisons de recouvrement double 
entre les systemes cyclopentanique et cyclohexanique, entre des systemes avec ou sans 
substituants methoxyles, entre d'autres systemes portant le substituant dans diverses orienta- 
tions entre des nucleophiles charges ou non et entre des Ctats de transition a divers degres de 
protonation. I1 a ete possible de faire des verifications experimentales dans quatre domaines 
principaux; (i) une dissection quantitative entre I'effet inductif et les effets stCriques et con- 
formationnels ou les interactions dipole-ion ou dipole-dipole avec le nuclCophile, (ii) une 
demonstration quantitative de trois differences principales entre les Ctats de transition portts 
par des cycles a 5 et a 6 chainons, (iii),une preuve que les effets syn-1,3, dans les Ctats de 
transition dependent beaucoup sur la charge; les effets Ctant importants et positifs lorsque les 
dipoles sont dans un arrangement non favorable et petits ou peut &tre negatifs lorsque les 
arrangements sont favorables et (iu) un rejet de certaines paires d'ions proposees comme 
alternative au nitcanisme A2. 

[Traduit par le journal] 

Introduction measurement of certain polar effects in a particularly 

Theories of oxirane scission (1, 2) attempt ex- simple way. The simultaneous attack of two nucleo- 
planations in terms of polar, steric, and conforma- philes, under rigidly standardized conditions, was 
tional effects. In the previous paper (3), a method observed for each of the Oxiranes 1 to 6,  and the 

was proposed which led to the recognition and relative yields of the products accurately measured. 
A simple double comparison technique (4) was then 

'Present address: Defence Research Establishment Ottawa, used to Show that the rate of scission was very 
Ottawa, Ont.. Canada KlAOZ4. dependent both on the relative charge of nucleophile 

0008-40421791182444- 14$0 1.00/0 
@I979 National Research Council of CanadalConseil national de recherches du Canada 
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4 5 6 

and substituent and on their orientation to each 
other in the transition state.' Surprisingly far reach- 
ing implications arose from these experiments. They 
suggested a dissection of the inductive effect and a 
method of attack upon the conformational param- 
eters, both of which are continued in the present 
paper. Presumably they will bring about a reversal 
in current opinion as to the importance of charge 
effects in the formation of bridged intermediates 
during the reactions of olefins (6). 

In our view, the concept of inductive effect should 
be separated from substituent-nucleophile interac- 
tions such as those discussed above. However, it has 
not been easy to separate polar effects from steric 
and conformational effects. Many years ago (7) it 
was suggested that 2 was preferentially attacked by 
nucleophiles at the position more remote from 
methoxyl because of the more unfavourable inductive 
effect at the nearer position. This view is now 
generally accepted (1, 2, 5,  8) but alternative ex- 
planations are still being offered (9). For example, 
it has been supposed that nucleophile, oxirane 
carbon, and leaving oxirane oxygen are nearly 
colinear in an oxirane-like transition state (see 
diagram below; contrary to the standard trans- 
diaxial picture), and that therefore steric interference 
occurs with the substituent in attack upon the nearer 
position of 2, but not for that at the position more 
remote from methoxyL3 However, the idea fails 
completely to explain the similar results for the 
corresponding cis-oxirane 1, as indeed had already 
been pointed out (7). 

ZThe effect has been observed qualitatively, for a particular 
orientation of positive pyridinium and negative bromine, in a 
somewhat similar reaction (5). 

3Three-dimensional models show that in 2, anything 
resembling colinear attack at the oxirane position nearer the 
substituent is physically impossible. Colinear attack at the 
more remote position is not consistent with the very large 
charge effects observed (3). The transition states are in fact 
product-like rather than reactant-like (3, 10). 

A similar lack of consistency applies to the 
suggestion (11) that the inhibition at the nearer 
position could be explained by conformational 
fac to~-s .~  However, it was obviously imperative to 
provide a convincing and quantitative dissection of 
the inductive effect. In the present work, this was 
done in several ways, perhaps most directly in the 
comparison of pairs of compounds in which each 
member of a pair possessed exactly the same steric 
configuration, but a different positional structure, 
with respect to its partner. In the interval, Berti and 
his co-workers (9, 12) have described a most elegant 
solution to the problem. In the 3,4-epoxytetra- 
hydropyrans, the ring oxygen has the same relation 
to the oxirane function as does the methoxyl oxygen 
in 1 to 4 but the steric effects are much smaller. 
Although the resulting dissection of the inductive 
effect differs from ours in important respects, there 
is no doubt that this is a most promising a p p r ~ a c h . ~  

In the previous work (3), an A2 mechanism was 
assumed for acid-catalyzed oxirane scission (13). In 
only a few instances (for example refs. 14 and 15 
and the present work) has the third-order kinetics, 
required for the mechanism, been demonstrated. 
Indeed, the A1 mechanism has been frequently 
proposed in its place, and as frequently rejected (16). 
Recently (17), a more formidable challenge has 
appeared in the proposal of certain ion-pair mech- 
anisms. Doubts have been expressed in regard to  
these (9,18) and in the present work it is demonstrated 
that the A2 mechanism is still clearly preferable. 

Second- and third-order differences form the basis 
of the present and the previous work (3). The im- 
portance of experimental accuracy cannot therefore 
be too strongly emphasized. In the gas-liquid 
chromatographic analysis, for example, "constant" 
errors due to nonlinearity in the detector and to 
baseline effects are much larger than the random 
errors which alone are reported in contemporary 
papers on mechanism. In our work (3), standard 

4The suggestions arose from valid explanaiions offered for 
the 3-tert-butylcyclohexene oxides. However, substituent 
methoxyl lacks the size necessary either to impose the twist- 
boat conformation or to provide the steric blockage required 
in the explanations. Unpublished work (R. C. Cathcart and 
R. Y. Moir) shows how thechair and twist-boat conformations 
in the transition states may be distinguished. 

'The value deduced for the inductive effect is less than half 
that calculated in the present work. In the tetrahydropyran 
work, effects caused by (i) the nucleophile-oxygen inter- 
actions and by (ii) the (field) effect due to the fact that the 
more remote oxirane position is much closer to  the ring 
oxygen of the tetrahydropyrans than it is to  the functionally 
similar methoxyl group in 1 to  4 are neglected. The relation 
of the nearer oxirane position to the electron withdrawing 
oxygen is the same in both series. 
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TABLE I .  Rate constants for the attack of charged and uncharged nucleophiles upon related oxiranes in acid 
~olut ion" .~ 

Apparent rate constant for attack at a single 
centre by: 

Initial 
Oxiratle (and nlolarity Chloride Methanol Water 

point of attack)' Acid added of acid (LZ mol-' min-') (L n ~ o l - ~  min-I) (L mol- I min-') 

trans-3-Methoxy 2 
Position 1 

Position 2" 

cis-3-Methoxy 1 
Position 1 

Unsubstituted 5 
(at a single centre) 

cis-3-Methoxy 3 
Position I 

Position 2" 

Unsubstituted 6' 
(at a single centre)' 

HCIO, 
HCI 
HCIO, 
HCI 

HCIO, 
HCI 

HCIO, 
HCI 

HCIO, 
HCI 

HCIO, 
HCI 
HC10, 
HCI 

HCIO, 
HCI 

Cyclohexane series 

0.015 - 

0.015 1.59 
0.015' 1.63 
0.15' 1.68 

0.015 - 

0.015 ll .Og 
0.015' 11.5" 

Cyclopentane series 
0.15 - 

0.15" 0.00453 

OThe initial concentration of oxirane \\,as 0.06 M and tlie initial ionic strenglh was adjusted to 0.215 M with sodium perchlorate. All 
reactions were carried out at  2.43'C in 50 wt.% aqueous methanol. 

bCorrected results from the multi-tube dilatometers gave the composite rate constants k~ (for attack by chloride) and k ,  (for attack by 
lnethanol and water). The individual rate constants were then calculated from the analysis o f  the reaction mixtures (3). 

cPosition I is the oxirane carbon more remote from methoxyl. 
dObserved simultaneously with the corresponding attack at position 1. 
'These solutiolis were 0.035 in added sodium chloride. 
'The temperature-time graph had the same form as that of the next entry. 
vThe temperature-time gmph was assumed to be the same as the average graph for tlie corresponding perchloric aeid syslem. 
"k,  was assumed to be equal to that for the corresponding perchloric acid systems. The mi.xture was kept at reaction temperature for 

9 days. 
'k ,  was assumed to be equal to that for the corresponding ~erchloric acid systems. The mixture was kept at reaction temperature for 

7 days. 
JOne Of 14 rate experiments employing HCI04 \\as rejected, the rest showing, in six groups, an average standard deviation of the mean 

of 0.72% in k , .  Two of 19 experiments in which HCI was used were rejected, the rest ~Iio\\~ing, in 7 groups, a corresponding error figure 
of 0.46'/6 in kN  and of 0.76% in k, .  At least 56:: o f  the reaction (as judged by the acidity) was used for the direct measurement of XN, 
70-80'z being usual. 

'Experimental rate constants for oxiranes 5 and 6 \\,ere twice those reported in the table. 

samples were therefore adjusted to have as nearly 
as possible the same composition as each unknown, 
and the success of the corrections was demonstrated 
by two independent methods of analysis. Similarly, 
although in the present work, good reproducibility 
in rate measurements (Table 1) has been obtained, 
more attention has been paid to those errors which, 
constant for any one reaction, increase rapidly with 
the rate of reaction, and which are almost totally 
neglected in current work. Our purpose was to 
ensure and to  demonstrate the reliability of the 
values of the second- and third-order differences 
derived from the rate constants (Tables 2 and 3). 

In so doing a method for employing the dilatometer 
in reactions of higher order has been developed that 
hopefully will be of general interest and utility. 

Comparison of the rates of scission of an oxirane 
by different nucleophiles under exactly the sa: ie 
conditions was, in brief, our whole method. I t  was 
therefore necessary to solve the general kinetic 
problem of simultaneous reactions which separately 
were of the second and third order (3) (by numerical 
integrations). Experimentally it was necessary to 
demonstrate that the method of solution was un- 
affected by extraneous sources of curvature in the 
rate plot. For example, ionic strengths varied slightly 
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TABLE 2. Effects of neighbouring methoxyl upon the rates of scission and forn~ation of cyclohexane 
oxiranesa 

Related 
Related transition A2F5*" Ab3' AZFr**.@ Ar3* 

Example Oxirane chlorohydrinb statec (for scission) (for formation) (AZF,* - AZFr*) 

 all numerical values are given in kcal/mol. 
T h e  chlorohydrin was either formed from the epoxide in "acid-catalyzed" scission by chloride ion, o r  was converted 

to the same oxirane by base. For  clarity inexposition different enantiomers of  the oriranes have been used in illustrating 
different reactions. 

cSho\vn for the "acid-catalyzed" scissions, symbols for electric charge being omitted. F o r  the corresponding for- 
mation reactions, -OH in these transition states is replaced by -0-. 

U F *  for the reaction related to the indicated oxirane I I I ~ I I N S  AF* for that related to cyclohexene oxide. See [I] and (21. 
Walues given were obtained by extrapolation of the experimental values from 20-2.43'C by the Arrhenius equation, 

and from 44-50 w t . z  methanol by assuming that all free energies of  activation suffered the same net change. By experi- 
ment, AF,* for compound 7 decreased by 7.5% when the solvent was changed from 87-44 w1.Z methanol, whereas 
AF,* for cyclohexene chlorohydrin decreased by 7.6% on  the same change of solvent. 

JThis example corresponds to attack at  position 1 of  the oxirane (that more remote from methoxyl), as  in Table 1. 
gAttack a t  position 2 of the oximne. 
*Reaction too slow to be observed. 

during each reaction, and the constraints of the 
problem (3) did not allow us to swamp out the 
resulting effects completely. A large amount of 
experimental work was required to measure the 
effects of this variation upon the rate constants, and 
was justified less by its estimate of this very small 
quantity6 than by the demonstration that the rate 
constants could be extracted without difficulty in 
the presence of this extraneous source of curvature. 
The same work was used in the comparison of two 
methods for compensation of temperature errors. 

Oxirane scissions are exothermic, and the resulting 
rise in temperature may produce three main errors. 
With care, the first error, the direct effect upon the 
rate constant itself, is negligible (19). The second, 
larger error, here called the Tong-Olson effect (20), 
is discussed below. The third error applies especially 

6Fixed errors due to the neglect of activity coefficients in 
Table 1 cancelled essentially exactly for solvent, catalyst, and 
nucleophile, and perhaps largely for substrate, in the com- 
parisons of Tables 2 and 3. 

to the dilatometry of concurrent reactions of 
different order. For these reactions (unlike first- 
order reactions) one must know the chemical sen- 
sitivity for each of the reaction orders involved and, 
in our method, one of these sensitivities must be 
obtained from a related first-order reaction. In such 
reactions, even when the Tong-Olson effect upon 
the rate constant is only 2-3%, the sensitivity, un- 
corrected for temperature rise, is commonly in error 
by more than 100%. Even though the resulting error 
in the rate constants is less by an order of magnitude, 
it is clear that corrections must be applied and 
verified. The agreement of two different methods of 
temperature compensation, one based on direct 
measurement and the other on the form of the 
observed capillary height - time curve, therefore 
completed our demonstration of the utility of the 
dilatometer in reactions of higher order. 

Our work also applies to the use of the dilatometer 
in first-order reactions. Most workers appear to 
believe that the temperature effect is transient, its 
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TABLE 3. Effect of neighbouring methoxyl on the rates of scission and formation of cyclopentane 
oxiranes" 

Related 
Related transition h2F,*" As3 * A2Fr*d,C Ar3+ 

Example Oxirane chlorohydrin" statec (for scission) (for formation) (A2F,* - AZFr*) 

',b,cAs in Table 2. 
JAF* for  the reaction related to the indicated oxirane rrrirrrrs AF' for that related to cyclopentene oxide. 
'Values given were obtained by cxtrapolation of the csperimental values from 14.91-2.43'C, assuming the same 

cllnnge in AF* as the average change in the cyclohexane series over the same range (acceptable because of the small 
variation in ASl* in the latter) and from 87-50 a t . %  methanol by assuming a 5'7, reduction in AFr* for  all examples. By 
experiment, AFr* declined by 6.035'7, for  compound 12 and by 6.04'7, for compound 14, when the solvent was changed 
from 87-44 wt.7, methanol. 

,,#As in Table 2. 
"interpretation of  the drawings of the transition states may be aided by noting: (i) A l,3-syrr-diaxial-like relation does 

not exist between methoxyl and hydroxyl in example 4, though one does exist between methoxyl and chlorine in 3. (ii) 
Chlorine is nearly eclipsed by the pseudo-axial methoxyl in example 2. I n  all other examples, the corresponding relation- 
ship of chlorine is with H and since this relation also exists in the reference reaction related to cyclopentene oxide, its 
primary effects cancel. ~ e l ' t e x t .  (iii) The  degree o f  eclipsing between hydroxyl and methohyl in exaniple I is less severe 
than the effect between chlorine and ~nethoxyl  in exan!ple 2. (ic) Although drawn in the twist conformations the 
transition stales are actually distorted to allow a surprisingly great degree of staggering o f  vicinal groups throughout 
the structures. 

end signified by the onset of a pure first-order law of 
capillary rise (or fall). Tong and Olson (20) showed 
instead that temperature and reaction decay together 
(the source of the third error above), and moreover 
that the later part of the curve may very closely obey 
the first-order law and still yield a grossly erroneous 
rate constant. Simulated rate curves confirm the 
deceptive nature of this effect. The error is highly 
reproducible, not appearing in the experimental 
statistics. Moreover, its onset is All these 

'The first-order, corrected Tong-Olson theory agreed well 
with the observed overall temperature-time curves, though it 
missed details. Simulations were based on the corrected 
theory, random numbers being used to imitate the dispersion 
of the capillary readings. One simulation agreed well with a 
particular experiment performed in the cylindrical dilatometer 
(see Experimental); the simulated rate constant obtained 
from a straight part of the first-order rate plot was in error 
(with respect to the theoretical input) by only 0.49%, the 
correlation coefficient being -0.9999. A fourfold increase in 
the rate constant changed these values to 10.1% and -0.9990 
respectively. Such a change could easily have been exceeded, 

factors have led to a neglect of the Tong-Olson effect. 
Indeed, one may say that the resulting large and 
widespread errors have had a damaging effect on 
mechanism studies. The necessary temperature cor- 
rections may be made either by direct measurement 
or by Tong-Olson theory. In the latter method, a 
correction must be applied to their work (see 
Experimental). 

for example, in an attempt to enforce first-order kinetics with 
excess hydrochloric acid. In a simulation of the faster of these 
reactions in the multi-tube dilatometer, the error was only 
0.14% (in place of 10.1%), and the correlation coefficient 
-0.9999, showing the immense advantage of a mere doubling 
of the cooling constant (see Experimental). 

SThe cylindrical dilatometer had a cooling constant about 
four times better than that thought to be typical of traditional 
designs (20) which are not reviewed here. Furthermore our 
reactions were not especially fast. Nevertheless, the maximum 
temperature rise in the slower of the simulated reactions 
above was 0.24"C. Clearly, temperature rises of over 1 deg 
have often occurred in literature studies of the entropies of 
reaction. The largest maximum temperature rise observed in 
the multi-tube dilatometer was 0.1 10°C. 
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Discussion 

Very great silnplifications are made possible by the 
familiar method of double comparison. For the 
oxirane scission reaction [A], 

(with F5* as the standard free energyg of I), several 
ground state terms survive in the experimental 
quantity AF5*. Some of these are removed by 
comparing the expression with that for a standard 
oxirane, so that, from the difference of the two 
values of AF5*, 

(so and ox0 refer to the standard oxirane). More 
important is the fact that the oxirane under in- 
vestigation (e.g., example 1, Table 3, epoxide 3) 
shares many characteristics in common with the 
corresponding standard (6). The influence of these 
characteristics cancels in A2Fs* (see footnote h to 
Table 3). 

The usefulness of the quantities A2Fs* is much 
increased by comparing them with similar quantities 
derived from the related oxirane formation reactions 
[B], whose rates we have also measured, 

0 5.- 
[B]  Chlorohydl.in + OH- 4 H 2 0  + 9 

C I A -  

11 

H,O + CI- + oxirane 

where F,' is the standard free energy of the transition 
state I1 belonging to the particular reaction under 
investigation, and FchoO is the standard free energy of 
the reference chlorohydrin (cyclohexene chloro- 
hydrin for the examples in Table 2). The quantity 
A ~ F , *  is the direct physical measure of the effect 
upon the rate of oxirane formation brought about 
by placing a substituent at a given position and 
orientation in the parent chlorohydrin. The anal- 
ogous measure of the effect of a substituent on the 

T h e  Gibbs free energy is represented by F i n  these papers, 
to avoid confusion with the symbol G used for the gauche 
effect. 

rate of "acid-catalyzed" oxirane scission by a given 
nucleophile is given by A2F5*.  Values are listed in 
Tables 2 and 3. 

The cancellation of effects possible in the use of 
these quantities is often startling. For reaction [B] 
of example 1 (Table 2), the chlorohydrin 7, in moving 
to its transition state, has to be converted from one 
chair form to another, a process aided by the 
methoxyl group's change from the axial to the 
equatorial position. Since the A value for methoxyl 
is known to be 0.77 kcal/mol (21), it is evident from 
the experimental value for A2Ff* that this conforma- 
tional effect is the only surviving effect of methoxyl 
in the particular configuration of 7. Obviously, the 
increased ease of deprotonation of the hydroxyl 
group caused by the methoxyl group must have 
been offset by the decreased nucleophilicity of the 
oxyanion in I1 due to the same cause. In contrast, 
both corresponding polar effects would be expected 
to work together to decrease the rate of the cor- 
responding reaction [A] by which 7 is formed. In 
agreement with the postulated importance of these 
factors, it can be seen from A2F5* (1.05 kcal/mol) 
(example 1, Table 2) that methoxyl strongly de- 
creases the rate of scission, whereas (from A2Ff* = 
-0.76 kcal/mol) it notably increases the rate of the 
corresponding formation of oxirane. 

An interesting dissection for isolation of the 
inductive effect is possible. In the comparison of 
values of A2F* for examples 1 and 2, or for examples 
3 and 4 (Table 2), compounds similar in geometry 
both in the ground state and in the transition state 
are paired together, so that steric and conformational 
effects might be expected to cancel. The differences in 
A2Ff* values might therefore be regarded as a 
measure of the polar effects of meth6xyl upon the 
developing positive charge at the carbon being 
attacked by the oxyanion.1° Confirmation of this 
analysis is seen in the fact that the two values of 
Af3* (2.60 and 2.68 kcal/mol) for the two very 
different transition state geometries, are in close 
agreement. Indeed, one may go further. In the 
previous paper (3), the geometrical orientation of 
the ring carbon - methoxyl dipole with respect to the 
C ... C1 partial bond was shown to have a profound 

''Both this definition and the method of dissection of the 
inductive effect exclude a number of dipole-dipole interactions, 
included later in the conformational parameters. Close exam- 
ination supports the simplicity of the dissection. For example, 
ground state hydrogen bonding terms (22) in hydroxylic 
solvents are thought to be small (3). Similarly, the inductive 
effect quoted is actually the difference between the effect in a 
1,2-chloromethoxy compound and that in a 1,3-compound, 
but it has been argued (1) that the latter effect is nearly zero. 
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effect upon the rates of scission. Consideration of this 
fact together with the transition state geometries of 
Table 2 shows that the similar values quoted for Af3* 
in the two comparisons cannot be understood unless 
the oxyanion arid the leaving chloride bear almost equal 
charges in the transition states leading to the formation 
of the oxiranes (reaction [B]). An important point in 
the analysis is that this is emphatically not the case 
in the cbrresponding transition states for reactions 
[A1.",12 

The existence of a large inductive effect deduced 
from the base-catalyzed reactions [B] is confirmed 
in two independent ways. The true reverse reactions 
of [A] are the solvolysis of the chlorohydrins. In a 
previous paper (IS), a study of the solvolysis of 
analogues of 8 and 9, in which chlorine had been 
replaced by the tosyloxy group, was carried out. In 
spite of its large conformational advantage, the 
tosylate corresponding to 8 solvolyzed about 10 times 
slower than did the isomer corresponding to 9, 
evidence for a very large inductive effect involving 
transition states exactly analogous to I. Reactions 
[A] allowed a more quantitative comparison. Com- 
parison of A2F,* values for examples 1 and 2 (Table 
2) gave a value for the inductive effect of 3.21 plus 
"other effects" (e.g., different starting epoxides). A 
long and difficult analysis suggested that the sum of 
the "other effects" was small. This was confirmed 
by the more accurate comparison of A2FS* values for 
examples 2 and 3 (Table 2), for which experimental 
errors are at a minimumt2 and ground state con- 
tributions vanish exactly. In this way, the inductive 
effect was found to be 1.37 plus an amount due to a 
large conformational effect in the transition state. 
In this case, the conformational effect could be 
estimated accurately by a method to be explained in 
a later paper,13 giving a value for the inductive 

"The dissection does not ignore the difference in ground 
state free energies between examples 1 and 2 due to the differ- 
ent chemical neighbour of methoxyl in each. Every ground 
state is compared with the transition state of the same posi- 
tional structure. In view of footnote 10, the differences which 
survive the comparison essentially constitute the inductive 
effect. 

12The extended comparisons are often aided by a can- 
cellation of experimental errors. Each value quoted for A:* 
and A:* in the tables involves no more error contributions 
than those of a single A2F,* or A2F5* value, respectively. In 
two comparisons of A2F,*, namely of examples 2 and 3 in 
Table 2, and of 1 and 4 of Table 3, the cancellation is more 
extensive, each comparison involving an error equivalent to 
that of a single chemical analysis alone. In the least favourable 
comparison of the paper, the standard deviation is consider- 
ably less than that in tables of conformational parameters (23). 

13Unpublished work with E. J. Langstaff. 

effect in the "acid-catalyzed" scissions [A] of 3.0 
to  3.2 kcal/mol. 

Intuitively one would expect (12) that the inductive 
effect would be larger in reactions [A] than in [B] 
because of the greater positive charge expected on 
oxirane carbon in the transition state of the former. 
However, the difference cannot be large, on account 
of the similarity of the ratios of yields of normal and 
abnormal products in acid- and base-catalyzed 
scissions in the present system (ref. 24 and this paper). 
Thus the quantitative separation of the inductive 
effect from steric and conformational effects is 
supported both by theory and by experiments made 
with different ground states and under very different 
conditions of scission, formation, and solvolysis. 

One may use the well defined cyclohexane con- 
formations as references to which the less regular 
cyclopentanes may be compared. Inspection of Table 
1 shows that scission of the cyclohexane oxiranes is 
usually much faster than that of the corresponding 
cyclopentane derivatives. This fact has been noticed 
before (23, 25), and ascribed to the relatively greater 
increase in eclipsing interactions in going from 
oxirane to transition state in the cyclopentanes. By 
referring each oxide to its unsubstituted parent, most 
of these effects are removed, allowing those that 
remain to become clearly evident. ~ h e ~ t h i s  is done, 
the reasons for the present confusion in the literature 
on cyclopentane conformations become immediately 
apparent. At times, the behaviour of the two ring 
systems can be similar indeed. As shown in the 
previous paper (3), the response of each ring system 
to dipole orientations is nearly the same. In the rate 
experiments, the closest similarity lies in examples 
3 (Tables 2 and 3); for these both A2FS* and A2Ff* 
are only slightly lower in value for the cyclopentanes 
than for the cyclohexanes. In particular, both ring 
systems show large 1,3-syn-like interactions in the 
transition states for either scission or formation of 
the oxiranes. 

In contrast, there is a large difference in examples 
4 of the two series. The quantity Af3* for examples 
3 and 4 (i.e., from comparing A2Ff* for examples 4 
and 3) is 2.60 kcal/mol for the cyclohexanes, but 
only 0.85 kcal/mol for the cyclopentanes. This differ- 
ence amounts to a numerical verification of the 
previous conclusion (10) that cyclopentanes of the 
configuration shown in example 4 (Table 3) are able 
to avoid syn-1,3-like interactions in the transition 
states, whereas cyclohexane transition states of the 
same configuration (example 4, Table 2) are not able 
to avoid them. The reasons for the different be- 
haviour in examples 3 and 4 have been given (10). 
Still another important source of confusion as to 
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the ability of the cyclopentane system to support 
syn-1,3-interactions is described below. 

The second major difference between the cyclo- 
pentanes and cyclohexanes is illustrated by com- 
paring examples 2 (Tables 2 and 3). Here A2Ff* is 
greater for the cyclopentane compound by 1.13 
kcal/mol, and A2Fs* by a t  least 1.2 kcal/molI4 than 
for the corresponding quantities in the cyclohexanes. 
Clearly these effects belong to the transition states, 
and a source is readily found in the near-eclipsing 
of chlorine and pseudo-axial methoxyl forced by the 
geometry of the cyclopentane transition state (10) 
but not by that of the cyclohexane series. In  all the 
other examples, the corresponding effect is the inter- 
action between chloride and pseudo-axial H, (cf. 
example 1, Table 3), and the primary effect of this 
interaction cancels because of the method of com- 
parison (see footnote h,  Table 3) in examples 1, 3, 
and 4 (Table 3). A relatively large secondary effect 
appears in one of these. For  example 1, oxirane 
formation is less favoured in the cyclopentanes than 
in the cyclohexanes (Table 2) by 0.68 kcal/mol, as 
measured by A2Ff*. Model studies show that at- 
tempts to relieve the Cl /H,  interactions in the 
transition states result in a series of adjustments 
leading to the appearance of a smaller than normal 
dihedral angle between the ring carbon - methoxyl 
bond and the adjacent carbon-oxygen bond. This 
extendedgaucl7e effect, the third of the major differ- 
ences brought to light in the present studies, serves 
further to emphasize that the relative behaviour of 
the two ring systems is strongly dependent upon the 
arrangement of the substituents. 

The importance of polar effects in altering the 
main conformational parameters is made clearest 
by an  approach which also underlines the fact that 
the dissections of the paper are based upon large and 
significant differences. Attack of chloride ion upon 
the cis-oxide 1 is (from Table 1) 29.5 times faster 
than the corresponding attack upon the trans-oxide 2. 
With methanol as the nucleophile, reaction of the 
cis-oxide is only 3.9 times as fast as that of the trans. 
In  other words, chloride ion is 7.6 times more 
selective than methanol, though it is much the more 
nucleophilic reagent. Polar effects have clearly upset 
the literal applicability of Hammond's hypothesis 
(26), and the influence of unfavourably oriented 
dipoles (3) is further shown by the fact that in the 
cyclopentane series, the reaction with methanol is 
actually slower with the cis-oxide 3 than it is with 4. 

14Tables 2 and 3 each contain one A2Fs* value given as a 
lower limit, estimated from the sensitivity of the glc method 
of analysis (3). 

In the dissection already made, it has been re- 
peatedly seen that transition state effects evident in 
reactions [A] appear also in those for reactions [B], 
experimental support for the intuitive idea that these 
states ( I  and 11) differ mainly in the presence of a n  
acidic proton in the former. This idea is easily made 
quantitative, and leads to a useful dissection of the 
polar effects (27). 

If AFp* is the standard free energy for the (com- 
posite) reaction transferring a proton from solvent to 
transition state I1 (yielding I), and if A2Fp* = 
AFp* - AFpo* is the corresponding comparison 
made with the transition states from the unsubsti- 
tuted compounds, then 

where the other symbols are as in [ I ]  and [2]. The 
values given in the final columns of Tables 2 and 3 d o  
not correlate with any transition state effects, and it 
is now shown that they d o  correlate very well with 
certain ground state terms expected in [3]. Ignoring 
other effects, one would expect on conformational 
principles that chlorohydrins possessing a pre- 
dominantly axial methoxyl in the ground state (such 
as 7 and 8) would show higher values of FCh0 than, 
e.g., 9 and 10. Similarly, one would expect the trans- 
oxides 2 and 4 to possess lower Fox0 values than the 
corresponding cis-oxides 1 and 3. All six tabulated 
values of (A2Fs* - A2Fp*) agree qualitatively with 
the hypothesis that these are the dominant surviving 
effects. This number of agreements is too large to 
be due to chance, and moreover the separate 
numerical values are all reasonable. The most con- 
vincing comparison is that of examples 2 and 3, 
Table 2, for which the experimental errors are at  a 
minimum,12 and for which the ground state con- 
tributions of the oxiranes to [3] vanish exactly. If the 
whole of the difference (Ap3 *) between the two values 
of (A2F,* - A2Ff*) is then attributed to ground 
state effects in the chlorohydrins 8 and 9, and if every 
difference between 8 and 9 is ignored except the work 
required to convert methoxyl from the axial to the 
equatorial position, then Ap3* would be calculated 
to have the A value for methoxyl, viz. -0.77 
kcal/mol. This is exactly the experimental difference 
between the two values of (A~F,* - A ~ F ~ * )  given 
in Table 2 for the comparison of 2 and 3. 

The assumption that this wholesale cancellation 
of effects also applies to the comparisons of examples 
1 and 2 (Table 2) and of 1 and 3 (Table 3) leads to a 
self-consistent quantitative conformational analysis 
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of the entire set of reactions given in Table l.15 
Within the set, the analysis retains its quantitative 
value even if the assumption is in error, but for 
comparisons outside the system, errors in the as- 
sumption do affect the results. A careful inspection 
of the observed cancellations of the previous para- 
graph with respect to those assumed in this shows 
that ground state errors are small, but that a sig- 
nificant error16 due to dipole orientations in the 
transition states is present. Although the error could 
be estimated, it seems better to say that with favour- 
able orientations of the dipoles (as in the acid- 
catalyzed methanolysis of the trans-oxide 2) the 
value of the conventional Z effect in the transition 
state is at most a small positive number, and may 
well be negative. 

Among the rather far-reaching implications of 
this generalization may be mentioned an explanation 
for the observations of Berti and co-workers (28) 
on the preferential formation of certain "cis-onium" 
ions in, for example, addition reactions of 3- 
methoxycyclohexene. It also serves to remove a 
reservation previously expressed (2) regarding our 
conclusion that large positive values are possible for 
syn-1,3-like interactions in transition states of the 
cyclopentane series. Examination of the experimental 
basis for the objection (29) shows that it involves 
reactions of cyclopentane compounds having favour- 
ably arranged dipoles, i.e., a situation in which the 
corresponding cyclohexane compounds would also 
have failed to show a large positive Z effect." 

Lamaty and co-workers (17) felt they had obtained 
evidence supporting an ion-pair mechanism for 
oxirane scission, in place of the familiar A2 (1, 13, 
31). Reactions with hydrogen chloride which showed 
the expected third-order kinetics in ionizing solvents 

15For example, the experimentally accurate comparison of 
examples 1 and 4, Table 3, then leads to the estimate of 0.50 
kcal/mol for the ground state A value of methoxyl in the 
cyclopentanes. From the rates of oxirane scission by methanol 
given in Table 1, one can estimate a value for the syn-1,3- 
interaction (Z  effect) of substituent methoxyl and incoming 
methanol in the transition state of -0.57 kcal/mol. This value 
forms an interesting contrast with the uniformly high positive 
values of Z in the few examples known (23) for the ground 
state. 

'=The errors are such as to cause the quoted value for 
Z(CH30H/OCH3) to be too negative, and the quoted A value 
for methoxyl in the cyclopentanes to be too small, the error 
being much smaller in the second of these values. 

"Surviving criticisms of our work point to the anomalies 
experienced when the methoxyl group is replaced by alkyl 
radicals (ref. 30, but see ref. 12). Unpublished work with 
R. C. Cathcart suggests that these are to be explained on the 
basis of polarization of the alkyl group by the incoming nucleo- 
phile. 

were second order in less polar solvents. They pro- 
posed a kinetic scheme in which the rate-determining 
steps involved the formation of different ion-pairs in 
the two cases. Many other interpretations are 
possible including several which support the A2 
mechanism.'* In addition, double comparison allows 
us to remove from consideration one interesting class 
of ion-pair reactions. No one doubts that drawings 
like those of this paper represent very well the 
product determining states, whatever the mechanism. 
But the postulation of additional transition states 
and intermediates is possible, and as Wylde and co- 
workers have pointed out (17), one type would serve 
to separate the rate- and product-determining steps, 
thus making easier the union of theory and experi- 
ment, while at the same time remaining "invisible" 
kinetically and (from Curtin-Hammett theory) having 
no direct effect upon product distribution. Such 
intermediates may be thought of as doubly bridged, 
with both the oxirane oxygen and the incoming 
nucleophile bonded approximately symmetrically to 
the two oxirane carbons (in order to avoid iin- 
mediate product determination at a rate-determining 
step). Species like these arise naturally from the ion- 
pair theory, and are prominent in several currently 
accepted mechanisms (18). 

If the incoming nucleophile is water, and if 
proton transfers with the solvent remain rapid with 
respect to reactions of the intermediates, then it is 
easily seen (in contrast to the transition states 
shown in Fig. 1) that the incoming oxygen and the 
oxirane oxygen will be very similarly situated in such 
an intermediate. It is possible (and in our view 
likely) that in such an intermediate the distinction 
between the two oxygens would be lost. Dramatic 
support for the existence of these intermediates 
would therefore arise if two different oxiranes could 
be shown to proceed to the same product through a 
common intermediate. 

Experiment shows that this is emphatically not 
the case. Each of the two diols (15 and 16) was 
formed in two different ways. Ground state effects 
cannot be important contributors to the A ~ F *  
values of Fig. 1 since in one case the cis-oxide 
leads to a very positive value and in the other to a 

''The difficulty is to avoid postulating a switch to acid- 
catalyzed A1 in the less polar solvents, the obvious way to do 
this being the suggestion of initial attack on the oxirane by 
un-ionized HCI, or the equivalent. Several versions of the A2 
mechanism then show second-order kinetics and insensitivity 
to added chloride in the less polar solvents. J. Wylde, in a 
private communication, strongly doubts this explanation for 
the less polar solvents, but expresses complete agreement that 
A2 is the mechanism in aqueous methanol. 
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very negative value of A2F*,  and in view of the 
dissections made above. Obviously the transition 
states must all be very unsymmetrical, maintaining 
throughout the reactions a strong distinction between 
the incoming hydroxyl group and the oxirane 
oxygen. Of course, the ion-pair theory could be 
adjusted to  fit this evidence, but the fact remains 
that the A2 fits the evidence automatically, as it has 
all the other tests of these papers. 

Experimental 
Preparation and purification of the compounds mentioned 

in this paper, and the identification of reaction products in 
the scission and formation of the oxiranes, have been described 
previously (3, 7, 10, 24, 32). The methods of analysis of the 
reaction products in scission are described in the previous 
paper (3). Rates of oxirane formation were observed by a 
method resembling that of McCabe and Warner (33). Re- 
actions of scission and of formation were conducted in an 
insulated Sargent bath equipped with a proportional heating 
control; temperatures varied less than 0.006 deg throughout 
the bath. The working differential thermometer was referred 
to a standard thermocouple calibrated with freezing mercury 
and with decomposing sodium sulfate decahydrate. I t  was 
checked at the freezing point of benzene, yielding 5.486"C 
during the "formation" work, and 5.4813C, during the 
"scission" work; the literature value (34) is 5.483"C. The 
initial operations of preparing and mixing the reaction sample 
and of filling the dilatometer have been described (3). 

Dilntometry 
Tlte Multi-tribe Dilnto117eters (See Fig. 2) 
Good heat transfer, active convection, mechanical strength, 

and ease of filling were all obtained by forming the reservoir 
from six connecting tubes, five outlining the surface of a 
spheroid, the sixth being axial. The reaction dilatometer had 
a volume of 81.7 mL and, when filled with 50 wt.% aqueous 
methanol at 2.43"C, a thermal sensitivity of 6.63 cm deg-' 
and a passive cooling constant of about 1.01 min-'. These 
characteristics very closely matched those of the reference 
dilatometer. A thermistor (Yellowstone Instruments precision, 
10 kQ at 25°C) was placed, together with a little silicone 
oil, in a thermometer well present in each dilatometer, the 
thermistors being connected by shielded cable to  opposite 
arms of a Wheatstone bridge. In view of the difficulties pre- 
viously reported in the use of high impedance thermistors (19), 
care was taken to avoid ground loops and common ground 
pathways, and to isolate the bridge from the recorder (Varian 
model A-25) with an operational amplifier. Circuit analysis 
showed, however, that the principal difficulty lay in differ- 
ential heating effects in the bridge resistors, temperature 
measurements stable to 0.00l0C requiring the resistors to be 
matched in temperature within a few thousandths of a degree. 
Ordinary control circuits being ineffective, temperature 
oscillations in the bridge were prevented by (i) cementing the 
elements to  a heat sink of high thermal capacity, (ii) using as 
heating elements of very low thermal capacity the actual 
resistors and transistors of the heating circuit, (iii) careful 
placement of the heating and sensing elements, and (iv) 
providing a dual "fast" and "slow" proportional control for 
the heater. No oscillations (to a sensitivity of 0.2% in voltage) 
could be detected in the heater drive, and no short or long 
term variations in the recorder output, due to  the bridge, 

FIG. 2. The multi-tube dilatometer. 

could be detected up :a several hours at a sensitivity of 0.00l0C. 
Calibration of the system agreed well with the theoretical 
analysis in showing a sensitivity at the recorder input of 0.40 V 
deg-' and in verifying the expected very satisfactory linearity 
up to  a temperature difference of at  least 0.24'C. Roux and 
Viallard (35) have reported an interesting variation for a 
different purpose. 

During a reaction, 95-197 points were observed beginning 
at 3.0 min after the mixing of the reactants for those observed 
at  0.5 and 1.0 min intervals and at 5 min for those observed 
at 5 min intervals. The kinetic bath was protected against air 
currents and strong light. Readings from the reaction dilatom- 
eter were corrected (i) by comparison with those of the refer- 
ence dilatometer, (ii) for emergent stem temperature effects, 
if necessary, and (iii) for differential temperature effects 
detected by the thermistor, if the maximum temperature rise 
within the run was greater than 0.003"C. None of the experi- 
ments with cyclopentane derivatives but nearly all of those 
with cyclohexane compounds required the last correction 
(Table 1). 

Cylindrical Dilaton~eters 
The cylindrical dilatotneters were of Eastham's pattern (36), 

modified to  allow transfer from the mixing vessel to occur 
under the surface of the bath liquid..The reaction dilatometer, 
closely matched by its reference dilatometer, had a volume of 



B O V E N K A  MP ET AL. 2455 

35.5 mL, a thermal sensitivity of 6.76 cm deg-', and an active 
cooling constant of about 0.64 min-'. Temperature correc- 
tions were made by a modified Tong-Olson theory (see 
below) (20). 

Detertniriation of Pseudo-jir~t-order Con~tnrits for Soluolysis. 
Percl~loric Acid 

The results in Table 1 were obtained by applying Gug- 
genheim's method (37) to the corrected observations from the 
multi-tube dilatometers. From 31-97 pairs of points were 
used. With the faster reactions, all of the readings were taken 
in 1 day and there was at most one point between the two 
intervals. With the slower reactions, the readings of the first 
interval were taken one day wh~le those of the second interval 
were taken on the next. In general, points prior to 5 min (or 
to 6.5 min in faster reactions) were not used in the fittings. 
Another method, reported below, was employed for the 
cylindrical dilatometers. 

Deternzination of the Cller~iicnl Setisitiuities of the Dilatorrzeter 
for Use in Reactioris of Mixed Order. Modification of the 
Tong-Olson Tl~eory 

For a reaction a t  constarrt terrrperature of an oxirane with 
aqueous methanolic hydrochloric acid, the capillary readings 
y, at  times t, obey 

[4] yi  = y, + lrNICh] + u,D 

where yo is the hypothetical reading at zero time, [Ch] the 
amount of oxirane (in mol L- ')  which has been converted to 
chlorohydrin at  time ti, and D the corresponding conversion 
by solvolysis. The final capillary reading (obtained as in the 
Guggenheim method) is y,. For mixed reactions not of the 
same order, one must know the chemical sensitivities, rrN and us, 
in order to determine the rate constants kN and k, of the cor- 
responding reactions. One of these sensitivities (us) was 
obtained by applying [4] to the solvolysis in perchloric acid, 
where [Ch] = 0. The procedure was straightforward for very 
slow reactions, or for reactions in which temperature cor- 
rections could be determined from thermistor readings. Values 
of u, for the multi-tube dilatometer were found to be in the 
cyclohexane series, for solvolysis of the trans-, cis-, and 
unsubstituted oxiranes of Table 1, - 151.8, - 134.9, - 138.5, 
and in the cyclopentane series, - 130.7, - 129.6, and - 119.8 
cm mol-' L r e spe~ t ive ly .~~  

Temperature corrections for the cylindrical dilatometers 
were made by a curve fitting technique. For two sets of 
solvolyses of cyclohexene oxide at  different acidities, differ- 
ential least-squares curve fitting to the first-order Tong-Olson 
(20) eq. [5] in the four variables C,, C,, k, and g, gave 

rapid convergences, stable to large perturbations in the initial 
estimates, and reproducible from run to run. As a by-product, 
the fittings gave values for the active cooling constant g, and 
for the first-order rate constant k, corrected for the Tong- 
Olson effect. In the neglect of thermal effects, the desired 
chemical sensitivity (u,) can be obtained from us = - C,/[Ox],, 
where [Ox], is the initial concentration of oxirane. Tong and 
Olson suggested u, = -(C, + Cb)/[Ox],, but this value is 
also grossly in error, since [5] neglects the initial events of 

lgRate constants obtained from the dilatometer are of very 
little value unless accompanied by values of the chemical 
sensitivity, thermal sensitivity, and cooling constant (see 
Introduction). 

mixing and transfer. A step-function calculation gave the 
remarkable result that in [6] the value of u, is independent 

(under suitable circumstances) of these early events. From 
values of C, and k obtained by fitting [5] to results from a 
solvolysis in 0.03 M aqueous methanolic perchloric acid, and 
values of C,' and k' obtained from a similar solvolysis in 
0.015 M acid, u, for cyclohexene oxide was found to be 
- 135.8 c n ~  n ~ o l - ~  L. Since a value of - 136.0 was found from 
a very slow run in 0.0015 M acid, the method was confirmed. 

Detertrlirintiotr of tlle Rate Coristarlts for Oxir~rze Scissioris iti 
Aqireorrs Methatiolic H~~rlrocliloric Acid 

Curve fittings were performed with iterative differential 
least-squares routines (38), the required numerical integrations 
being carried out with a simple predictor-corrector (39). 
No more than three adjustable parameters were used, in order 
to avoid parameter sliding (40). The input data included the 
capillary readings, the chemical sensitivity (rr,), the initial 
oxirane concentration ([Ox],), the initial acidity (A,) and the 
final acidity (Af), determined experimentally by titrations in 
triplicate of the spent reaction mixture at a definite temperature 
(usually 27.0°C) and corrected to obtain Ar at 2.43"C (the 
temperature at  which all of the kinetic runs were carried out). 
Points prior to 5 min (6.5 min in the fastest reactions) were 
ignored in the curve fittings. The rate constants of Table 1 
were obtained by application of the "main program" (see 
below) to corrected results from the multi-tube dilatometers. 
In this program, mechanism A2 was assumed, and the effect 
of changes in ionic strength during a reaction was ignored. 
Later, subsidiary programs were applied to reject A1 and 
similar mechanisms, and to show that the effect of changes 
in the ionic strength were negligible. Finally, it was shown 
that the experimentally more convenient method, in which 
temperature effects are not measured, may be used even for 
mixed nonlinear reactions, with varying ionic strength, and 
with temperature effects which cannot be neglected. 

(n) Tlre "Mairr P r o g r a r ~ i " ~ ~ ~ ~ '  : A2 Meclrnrrism, Neglectirig 
tlie Variations irr Ionic Strength lvithiri Each Rurr 

The equations of the mechanism are dD/dt = -k,[Ox]A 
and rl[Ch]/dt = -k,[Ox]A(A + S),  where [Ox] is the con- 
centration of oxirane, A the titrable acidity, and S the con- 
centration of added sodium chloride. Both rate constants are 
composite. In solving the system, it was not assumed that k, 
had the same value as in perchloric acid. Instead, the param- 
eter was eliminated by the use of [7] (3), which also served 
(together with elementary stoichiometry) to give [Ox], [Ch], 
and D (eq. [4]) and consequently the capillary readings yi, as 
functions of the single chemical variable A. In this way [8] 

'ODetails are available from the authors. 
2'Extensive sets of further numerical integrations served to 

verify the adequacy of the mathematical procedure, and 
provided estimates for the closeness of fitting and of the 
errors in k, and kN caused by experimental errors in the fixed 
input parameters N,, A,, Ar, and [Ox],; these errors turned 
out to be adequately represented by the external standard 
deviations (Table I). A striking feature of the integration 
(illustrated later) was the absorption of errors into the dummy 
parameters u,. A useful test was the fact that the value of k, 
obtained from the end reaction independently of the main 
program, and of u, and u ~ ,  always agreed approximately with 
the final value of the program. 



2456 C A N .  J .  CHEM. 

was obtained as an expression for the A2 mechanism. This 
differs from that derived for the A1 mechanism (eq. [9]): 

In  181 and [91," f(A) was a particular function of the time- 
variable acidity A, the adjustable constant k,, and experi- 
mental constants. The corresponding equation for the capillary 
readings involved only kN, It,, and yr as adjustable parameters. 
Convergence was consequently rapid. Initial estimates of the 
parameters (except yr) were made by the program itself under 
the assumption, subsequently refined, that the end-reaction 
was pseudo first order. 

( b )  Rejection of tlle A1 Mechanisttlfot. tlze Attack of Cllloride 
rrpotr Oxiratle 

Although several other possibilities were considered, space 
can be given only to the limiting mechanism (13, 17). Its 
equation for the product ratios had exactly the same form as 
that of [7] applying to the A2 mechanism. Transformation 
of the rate equations led to [9] and since the denominator did 
not vary much within a single run, [9] was also almost in- 
distinguishable from [8] for a single reaction. Indeed when [91 
was applied to the same three sets of reactions (seven experi- 
ments in all) for cis-3-methoxycyclohexene oxide (I) which 
had given the results for the A2 mechanism reported in Table 1, 
the curve fittings gave average standard deviations per point 
in the capillary readings of only 0.011, 0.010, and 0.015 cm, 
close to the values for the A2 fitting of 0.010, 0.010, and 
0.014 cm respectively. Careful inspection showed that there 
was little to choose between the two excellent fittings. Further, 
the average standard deviation of the mean value of the first- 
order rate constant k for the A1 fitting was only 0.44% within 
each set. The unsuitability of the A1 mechanism was shown 
by the change in rate constants between sets. The variation in 
k between the sets was 70%, increasing roughly with initial 
concentration of chloride ion. The same data gave for the A2 
fittings a variation in kN of only 5.2% and in k, of only 2.7% 
with the same variation in the initial conditions (Table 1). 
Similar results were obtained with cyclohexene oxide. 

(c) It~clrrsion of tlre Variation in Ionic Stretlgth during a 
Reactio~r withitr tlre Rate Laws for A2 

The approximations of [lo] could easily be incorporated 
into the existing programs without an increase in the number 
of adjustable parameters. Because of the small variations 
within any one reaction, they were also sufficiently accurate, 

where W is the concentration of added sodium perchlorate. 
Rate constants determined for solvolysis of cyclohexene oxide 
in aqueous methanolic perchloric acid, using both the cylin- 
drical and the multi-tube dilatometers, gave a good fit to the 
experimental values of k, for k ,  = 3.359 and kz  = 4.04. For 
reactions in aqueous methanolic hydrochloric acid, the latter 

zZEquation [9] is written to emphasize the resemblance in 
form to [a]. The symbols kN and k, do  not have the same 
physical meaning in eqs. [8] and [9] since two different mech- 
anisms are involved. 

value was held fixed, but the value for k1 was used only as an 
initial estimate. Variations in the product ratio with ionic 
strength, reported in the previous paper (3) for cyclohexene 
oxide, were fitted by a network procedureZ0 to find values of 
k, and k,. Suitable values of k, ranged from - 15.0 at low 
ionic strength to - 10.0 at the higher. The appropriate value 
(- 11.0 for cyclohexene oxide under the conditions of Table 1) 
was supplied to the program as a fixed constant. The cor- 
responding value of k, had to be calculated for each separate 
reaction with hydrochloric acid in an initial iterative routine, 
since [7] did not apply. The suitably altered "main program" 
then performed iterations with yr, u,, and k1 as adjustable 
parameters. For the two sets of data for cyclohexene oxide 
used in Table 1, the new values for kN and k, at "half-reaction" 
(as judged by the acidity) differed from those reported in Table 
1 by less than 0.6%. The difference in ionic strength to which 
each constant of Table 1 applies is therefore significant only 
for the cis-oxide 1, and for it, the difference is negligible in 
the comparisons of Tables 2 and 3, as shown by similar curve 
fittings. 

(d) lottic Stretzgtll Effects it1 Pnrnllel Reactiotrs of Differetlt 
Order. Cottparisot~ of Two Differet~t Metlrorls of Tetnpera- 
trrre Cottpensatiotl 

Conditions were purposely chosen so that temperature 
effects on the rate constant would be small, the more severe 
comparisons in rr, being used. Solvent, temperature, and 
initial oxirane concentration were as in Table 1, the added 
acid being hydrochloric. The reactions were conducted in the 
"cylindrical" dilatometers. Temperature corrections were 
made by a linearized Tong-Olson approximation. Points 
prior to 7 min were ignored in fitting the results to the "vari- 
able ionic strength" program described above, with k4 = 
-15.0. Set 1 (4 trials, 0.03 M HCI, no added salts) gave 
kN = 31.0 LZ rn01-~ min- l, k, = 3.97 L mol- min- l, and 
IIN = -55.4 cm mol-' L. Set 2 (3 trials, 0.015 M HCI, no 
added salts) gave values of 33.5, 3.85, and -68.0, respectively, 
and set 3 (4 trials, 0.015 M HCI, 0.03 M NaClO,) gave 27.7, 
4.1 1, and - 55.2, respectively. The average external standard 
deviations of the mean for k, and k, were 0.69% and 0.68%. 
For comparison, temperature corrected results from the 
"multi-tube" dilatometer, obtained as in the previous section, 
were (i) (0.015 M HCI, 0.2 11.1 NaCIO,), k, = 22.0, k, = 5.31, 
and rr, = -57.5 and (ii) (0.015 MHCI, 0.035MNaCI,0.165 M 
NaCIO,), 23.4, 5.48, and -54.9, respectively. These results 
lead one to expect a value of 11, for the cylitrrl,-ical dilatometer 
of -55.0, close to that reported just above. 

Fitted +vitlrorrt temperature correction, the same three sets 
of data for the cylindrical dilatometer gave standard deviations 
in y, very slightly higher than before. Values for kN were 2-3% 
higher, and for k,, lower by the same percentage, with respect 
to the corrected results. However, values for 11, (-447, -357, 
and -424) were about eight times the corrected values, 
illustrating the efficiency of this parameter in absorbing 
temperature errors. 

Formatiotl of Mit~or Isotners in Acid- a ~ r d  Base-catalyzed 
Scissions 

Analysis of scission products formed from the trrrtrs-oxide 
2 and the cis-oxide 3, under the conditions of Table 1, have 
been reported (3). With hot aqueous perchloric acid, 2 gave 
6.6% of minor isomer (by calibrated gas-liquid chromatog- 
raphy) in a heterogeneous reaction and 3 gave 6.7%. No minor 
isomer could be detected for the cis-oxide 1 under acid 
catalysis at 2.43"C, but hot aqueous base gave about 0.3% 
of minor isomer, easily detected by glc, in a heterogeneous 
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reaction. ("Minor isomer" corresponds to attack a t  position 2. 12. G.  BERTI,  G .  C A . ~ E L A N I .  M. FERRETTI, and L.  MONTI. 
See Table 2.) Tet1-ahedron, 30.4013 (1974). 

B10t1k Experit?~etrts 
N o  temperature rise occurred when cyclohexene oxide and 

solvent were mixed in the mixing vessel of the dilatometer. T h e  
capillary level did not fall over several hours (i.e., many 
half-lives for the acid-catalyzed reaction) after the mixture 
was forced into the dilatometer. Thus both the heat of mixing 
and the uncatalyzed solvolysis were negligible. A comparison 
run using sodium hydroxide as the catalyst was too slow for  
accurate measurement, but the slight capillary fall observed 
in 5 days corresponded to a rate constant no greater than 
0.00012 L mol-'  min-'.  Reactions with methoxide in boiling 
methanol are also extremely slow (70). By analogy, therefore, 
the uncatalyzed reaction with chloride ion was also negligible 
even in the least favourable of our examples. Solutions of 
aqueous methanol and hydrochloric (or  perchloric) acid 
maintained titration values unchanged a t  least for several 
days, as  did spent reaction mixtures; analytical (glc) values of 
the latter were also stable with time. Reactions concurrent 
with, o r  subsequent to, the acid-catalyzed scissions were 
therefore also negligibly slow. 
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ANDREW W. YAU and Huw 0. PRITCHARD. Can. J. Chem. 57,2458 (1979). 
A numerical test of the reliability of the Slater-Forst procedure for the inversion of the 

Arrhenius rate law is presented using the theoretical data for the reactions N 2 0  -+ N2 + 0 
and CO, -+ CO + 0 reported previously: the test results are positive. The sensitivity of the 
procedure to variations in the Arrhenius parameters is also examined. 

ANDREW W. YAU et HUW 0. PRITCHARD. Can. J. Chem. 57.2458 (1979). 
Faisant appel a des donnees theoriques relatives aux reactions N,O -+ N, + 0 et CO, -+ 

CO + 0 rapportees anterieurement, on presente une mtthode numtrique permettant de mettre 
a l'epreuve I'exactitude de la mtthode de Slater-Forst pour I'inversion de la loi de vitesse 
d3Arrhenius: les resultats de nos essais sont positifs. On examine aussi la sensibilite de la 
mkthode aux variations des parametres d'Arrhtnius. 

[Traduit par le journal] 

I. Introduction with A, = 1.41 x 1012 s-' and E- = 65.10 kcal 

In an earlier publication (I), the microscopic mol-I for reaction [ l ]  and A, = 1.80 x lo t2  s-' 

reaction probability functions k(E) for the spin- and Em = 127.3 kcal mol-' for reaction [2] (1). 

forbidden reactions The inversion procedure of (experimental) high- 
pressure rate laws such as eq. [3] to  obtain the 

[ I ]  N,o(X'Z+) -r N,(xIz,+) + o(~P)  microscopic reaction probability function k(E) was 

and first discussed by Slater (6) and was later re-derived 
and developed for unimolecular fall-off calculations 

[21 co2(X1z ,+)  -+ c o ( x l z + )  + o ( 3 ~ )  by Forst (7). Despite the success to date (8) of the 

were calculated in the framework of the theory of Slater-Forst procedure in unimolecular rate cal- 
radiationless transitions. The calculation was two- culations, concerns have been voiced in the past 
dimensional, incorporatingthe two stretching degrees regarding its validity: (i) that the experimental rate 

of freedoln in a modified form of Rosen's law is necessarily approximate; (ii) that the inversion 
co-ordinate system (2); also, all of the microscopic procedure may be very sensitive to the fine structure 

parameters required for the calcu]atjon were derived of km(T), and the loss of the latter through experi- 
from spectroscopic data, and there were no adjust- mental scatter precludes obtaining even the overall 
able parameters in the formulation. The computed shape of the k(E) function; (iii) that (in the case of 
k(E) functions were of "kinetic accuracyv: for both the strict Arrhenius rate law, eq. [3]), Em is not equal 
reactions, the high-pressure reaction rates calculated to  Eo, the critical energy of reaction; and that (iv) 

from the k(E) functions were in reasonable agree- the k(E) function is expected to be very sensitive to 

merit with experiment (3-5). The pre-exponential the assumed Arrhenius parameters, particularly near 
factor and activation energy were also computed : the threshold. Regarding (i), the k(E) function 
they vary only moderately with temperature, except obtained by the inversion of an approximate rate law 

at very low temperature for N,O. Indeed, over a long is necessarily approximate; the question is how 

range of temperature, the reaction rates may be very approximate is the function'? As to (ii), we have 
well approximated by a strict Arrhenius expression, argued previously (8) using the linearity property of 
viz. Laplace Transform, that the loss of the fine-structure 

in km(T) would mean a corresponding loss in the 
[3] km(T) A Am exp (- Em/RT) fine-structure, but not the overall shape, of k(E) in 

the inversion procedure. Case (iii) actually arises out 
of an over-interpretation of eq. [3]: insofar as the 

'Present address: Herzberg Institute of Astrophysjcs, inversion procedure is concerned, both A,  and Em 
National Research Council of Canada, Ottawa, Ont., Canada are efnpii.ical quantities and no assumption is made 
KIA 0R6. that E m  is equal to  E,. At this juncture, we note that 

0008-4042/79/182458-06$01.00/0 
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no realistic kinetic data (either theoretical or experi- 
mental) of k(E) and k,(T) yet exist which may be 
used to examine (iv) in particular and to investigate 
the validity of the Slater-Forst procedure in general : 
hence, the present work using the k(E) and k,(T) data 
in ref. 1. 

11. Theory 
We begin with an outline of the relevant theoretical 

results. 
We define, for a discrete reactive state i, gi as its 

degeneracy, E~ as its energy, and ki  as its microscopic 
decay rate constant to product. The infinite-pressure 
rate constant k,(P) at inverse temperature p 
(= l/kT) is then (8) 

where Q(P) is the molecular partition function, the 
j-summation is over all energy levels, and 

the i-summation being over states at energy E j  F(Ej) 
may thus be obtained as the inverse Laplace Trans- 
form of km(P)Q(P), whence 

and, if the rate law is strict Arrhenius in form, i.e., 
es. PI ,  

where P(Ej) is the state-degeneracy at energy Ej. 
Equations [4] and [7] may be compared with their 

corresponding solutions for a continuous system, 
where 

and, in the case of the strict Arrhenius rate law, 

p(E) being the state-density at energy E and k(E) the 
reaction probability function. 

From a computational standpoint, eqs. [4]-[7] 
and eqs. [8]-[lo] are equivalent.' This is because in 
unimolecular rate calculations, the reactant level 
spectrum is grouped into energy grids and the 
relevant integrations are carried out by stepwise 

,We have discussed previously (8) the conceptual difficulty 
associated with the state-density near the zero point energy in 
eq. [lo], which does not arise in eq. 171. 

summations over the energy grids. Thus, the quantity 
of computational interest is 

[1 la] 4, = h:" f(E)dE/AE 

where AE is the grid size and E, is the energy of the 
kth grid. Equivalently, 

where the summation is over energy levels between 
E, and E,,,. It is obvious that at high energy 
(E, >> Em), eqs. [I l a ]  and [I lb] are very similar and 
4, varies only slightly with the assumed grid size AE. 
At low energy (E, 2 Em) on the other hand, the 
behaviour of 4, may be expected to depend more 
strongly on AE. In particular, when AE becomes 
comparable with (or smaller than) the mean energy 
spacing near the zero point energy, the non-uniform 
distribution of energy levels there would imply, 
according to [7], a highly oscillatory distribution of 
4, which varies drastically with AE. However, this 
constitutes no serious problem in practical applica- 
tions, cf. Section IV. 

111. Reaction Probability Function4, 
In the theoretical calculation (1) of the micro- 

scopic reaction probability, the reactant state is 
characterised, in the notation of ref. 1, by (vbl, vb2, 
vbend, J ,  Mj) where vbl and vb2 refer to the two 
stretching co-ordinates; vbend denotes the doubly- 
degenerate bending quantum number, and J and Mj 
the rotational quantum numbers. The reaction 
probability k,,, ,,, Vbcnc, MJ from the reactant state 
is assumed to be independent of vbend, J ,  and Mj, 
whence 

with 

where k~.Eul,VuZ ,,,, ,,,, is the microscopic reaction prob- 

ability from the bound (b) reactant state (vbl, vb2) to  
the unbound (u) product state (E,,, vu2) and the 
summation is over all accessible product states (E,,, 
v,,). As discussed in ref. 1, the reaction probability 
k,,, ,,, is a randomly fluctuating function of the 
reactant state energy. Nevertheless, the convolution 
of the bending and rotational motions has the effect 
of smoothing out these apparent fluctuations: of 
course, the reaction probability k,, , ,,, Ubcn, MJ still 
varies erratically as a function of the reactant state 
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FIG. 1. Grained reaction probability function 4, for the 
dissociation of N,O calculated using eq. [ l l b ]  with AE = 0.05 
kcal mol-I. E is the energy of the reactant state relative to the 
zero point energy. Open circles: bending and rotational 
motions excluded, eq. [14a]; solid triangles: bending motion 
included, eq. [146]. 

energy, but now the enormous increase in the 
reactant state density means that over a typical 
energy range of AE (-0. I kcal mol-'), the apparent 
reaction probability distribution is smoothed out 
considerably. This is illustrated in Fig. 1 for the 
N,O reaction, where we sum up the reaction prob- 
abilities from states in energy grids of 0.05 kcal 
mol- '. When neither the bending nor the rotational 
motions are included, i.e. 

where the summation is over the (v,,, v,,, 0, 0, 0) 
states within Ek and E,,,, the grained reaction 
function 4, exhibits random fluctuations (open 
circles). On the other hand, as soon as the bending 
motions are included, i.e. 

the summation being over the (v,,, v,,, u,,,,, 0, 0) 
states within Ek and E,,,, the smoothing of 4, 
immediately becomes apparent (filled triangles: note 
that in this case, only a representative fraction of 
data points is shown in the figure for the sake of 

E (kcal mot- l l  

FIG. 2. Grained reaction probability function 4, for the 
dissociation of NzO, with AE = 0.05 kcal mol-'. E is the 
energy of the reactant state relative to the zero point energy. 
Solid triangles: exact probabilities from eq. [14c]; solid curve: 
approximation from inversion of Arrhenius rate law with 
A, = 1.41 x l o L 2  S- '  and Em = 65.10 kcal mol-', eq. [IS]; 
dotted curve: eq. [15a] with A,' = 7.05 x 1011 s- I  and 
Em' = 63.25 kcal mol-'; dashed curve: eq. [15b] with 
A," = 2.82 x 10" s-' and Em" = 67.87 kcal mol-I. The 
open circles indicate fluctuations of $,,,,, near the threshold. 

clarity). The further smoothing of 4, with the convo- 
lution of the rotational states, i.e. 

the summation being over the (v,,, v,,, v,,,,,, J,  Mj) 
states within E, and E,,,, is shown by the quasi- 
smooth array of solid triangles in Fig. 2. Similar 
results are obtained for the CO, reaction; they will 
not be presented here. 

IV. The "Arrhenius" Reaction Probability Function 
Given the relevant spectroscopic parameters 

(Table 1 of ref. l), it is a simple matter to calculate 
the reactant state-sum G(E) and, combining eqs. [7] 
and [I lb], the grained reaction probability function 
+k,app> 

[I51 +,,app = Am[G(Ek+l - Em) 

- G(Ek - Em) IIAE 
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YAU AND PRITCHARD 246 1 

FIG. 3. Grained reaction probability function 4, for the 
dissociation of CO, with A E  = 0.05 kcal mol-l. See captions 
in Fig. 2: A, = 1.80 x 10" s-', Em = 127.3 kcal mol-'; 
A,' = 1.20 x 10" s-', Em' = 124.8 kcal mol-'; A," = 
2.70 x 1012s-1 and Em" = 129.8 kcal mol-'. 

Equation 

Equation [I51 has been calculated using the Ar- 
rhenius parameters obtained in ref. 1 and compared 
with 4, in Fig. 2 for N,O and in Fig. 3 for CO,. In 
both figures, the values of +, are represented by solid 
triangles, while +,,,,, is shown as a smooth curve: 
near the threshold, the +,,,,, values actually exhibit 
some fluctuations, as indicated by the open circles. 
The remarkable agreement between the solid curve 
and the triangles in the intermediate energy range 
(between 10 and 30 kcal mol-' above the Arrhenius 
activation energy) should not be surprising: the strict 
Arrhenius law approximates the exact rates best at  
the medium temperatures (1000-3000 K in N,O and 
2000-5000 K in CO,) where the reactive state 
population distribution (i.e., F(Ej) exp (- PEj) in 
eq. [4]) peaks within this energy range. It is interesting 
to note that the high energy region of +, is important 
only at very high temperature, where the concept of 
an infinite pressure rate constant (in the Tolman 
sense (9)) becomes less well-defined (8). Conversely, 
the low energy region (near the threshold) of +, is 
important only at very low temperature (for recom- 
bination studies); hence we may expect the largest 
departure between +, and +,,,,? in this energy region. 
A flow chart illustrating the principal computational 
steps in this comparison is given in Fig. 4. 

Figures 2 and 3 show that, at least for the two 
reaction systems studied here, the inversion of the 
strict Arrhenius rate law (eqs. [3] and [7]) does lead 
to a reasonable approximation to the exact reaction 

Boltzmann-weighted sum over a1 
sum over all states 1 

states i at energy E 

Arrhenius TI compare 
4 = p(E)k(E) 

Figures 2 and 3 

Slater-Forst procedure: 

kapp(E) = A_p(E-E_)/p(E) 

FIG. 4. Schematic flow chart of the test procedure. 
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FIG. 5. Arrhenius plot of the infinite pressure rate constant FIG. 6. Arrhenius plot of the infinite pressure rate constant 
for the dissociation of N 2 0 .  Solid circles: computed (exact) for the dissociation of C 0 2 .  Solid circles: computed (exact) 
rates from ref. 1;  solid line: Arrhenius rate law with A,  = rates from ref. 1;  solid line: Arrhenius rate law with A ,  = 
1.41 x l o r 2  s - '  and Em = 65.10 kcal mol-'; dotted line: 1.80 x 10'' S - I  and Em = 127.3 kcal mol-'; dotted line: 
Arrhenius rate law with A,' = 7.05 x 10" s - I  and Em' = Arrhenius rate law with A,' = 1.20 x 1012 s- '  and Em' = 
63.25 kcal mol-l ;  dashed line: Arrhenius rate law with 124.8 kcal mol-'; dashed line: Arrhenius rate law with 
A," = 2.82 x 1012 s-I and Em" = 67.87 kcal mol-l. A," = 2.70 x 10" s-  ' and Em" = 129.8 kcal mol- '. 

probability function. It  is important to assess the 
sensitivity of the inversion procedure to variations 
of the Arrhenius parameters. For each reaction, two 
additional pairs of parameters have been chosen to 
test this sensitivity. For N,O, A,' = 7.05 x 10" 
s-', Em' = 63.25 kcal mol-' and A," = 2.82 x 
10" s-', Em" = 67.87 kcal mol-'; for CO,, A,' = 
1.20 x 10" s-', Emt  = 124.8 kcal mol-' and 
A," = 2.70 x 10" s-', Em" = 129.8 kcal mol-'. 
They are compared with the "best" parameters 
(A, = 1.41 x 10" s-' and E, = 65.1 kcal mol-' 
forN,Oand A, = 1.80 x 10" s-' and Em = 127.3 
kcal mol-' for CO,) and the exact reaction rates in 
Figs. 5 (for N,O) and 6 (for CO,). 

Going back to Figs. 2 and 3, the dotted curves 
denote the grained reaction probability functions 
+,,,,,' obtained using A,' and Emt :  

[15al +,,,,,' = Am' [G(E,+ 1 - Em') 
- G(Ek - Eml)]/AE 

the dashed curves denote +,,,,," obtained from A," 
and Em" : 

In both figures, these two curves intersect with the 
solid curve (+,,,,,, eq. [15]) and with each other in 
the intermediate energy region. In other words, both 
+k,app( and +,,,,," approximate the exact function 
best in this energy region. This is to be expected 
since both sets of Arrhenius parameters approximate 
the exact rates k, best in the medium temperature 
range. As we have discussed previously (8), this is 
simply a consequence of the linearity property of the 
Laplace Transform. 

Likewise, the divergent departure between +k,app '  

and ~,,,,," at very high energy is related to  the 
corresponding departure between the respective 
Arrhenius expressions at very high temperature. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



YAU AND PRITCHAKD 2463 

Here, it is pleasing to note that in the case of N,O 
(Fig. 2), a factor of 4 variation in the pre-exponential 
factor results in only a factor of 2 variation of $,,,,, 
at 30 kcal mol-' above Em. In experiments where a 
factor of 2 uncertainty in the A-factor is not atypical, 
the variation of $,,,,, in the corresponding energy 
region may be expected to be even smaller, as is 
illustrated in the case of CO, (Fig. 3). 

Discrepancies between the respective $,,?,,'s are 
most drastic near Em, but even here, the difference 
in absolute magnitude between $,,,,,' and $,,,,," at 
and above Em" is not phenomenal (a factor of 2 at 
E," for a variation of 4.6 kcal mol-' in the Ar- 
rhenius activation energy in N,O; a factor of 3 at 
Em" for a variation of 5 kcal mol-' in the Arrhenius 
activation energy in CO,) Notice that even in this 
energy region, $,,,,, gives the best approximation to 
4,. The most serious difficulty is that $,,,,, is zero 
between the critical energy of reaction E, and the 
activation energy E, (Em > E,) whereas $, is not. 
Note, however, that $,,,,, is not zero at E, ; also, 4, 
is small between E, and E,. Hence, the discrepancy 
between $, and $,,,,, in this region is unlikely to 
magnify in rate calculations of typical physical 
systems (unless the latter sample predominantly 
this energy region). From a computational stand- 
point, we may catagorise reaction systems into two 
classes: those in which (Em - E,) is large (such as 
N,O), where 4, is extremely small between E, and 
Eo (see ref. 1) and may therefore be well approxi- 
mated by zero, and those in which Eo and E, are 
close to one another (such as CO,), where simple 
procedures may be employed to interpolate between 
the zero value of $,,,,, at E, and the non-zero values 
of $,,,,, at and above Em. Alternatively, the overall 
fit to 4, may be improved by a linear combination of 
more than one Arrhenius expression as suggested 
previously (8). 

Conclusions 
The present work represents a first attempt to test 

the sensitivity and reliability of the Slater-Forst pro- 
cedure for inverting the strict Arrhenius rate law 
using purely theoretical (and realistic) rate data (1) ; 
at a later date, similar tests should be made for some 
adiabatic reactions, but we see no reason to expect 
that the results will be any less encouraging since 
the non-adiabatic reactions can be expected, in 
general, to be more non-Arrhenius. For the two 
reactions studied, the test results are indeed positive 
in the sense that (i) given the "best" Arrhenius 
parameters, the inversion procedure yields faithfully 

a very good approximation to the exact probability 
function. It is important to recognise the nature of 
the test we are making: if we simply take the exact 
computed k,(T) function and perform an inverse 
Laplace Transform, then we should (barring round- 
ing errors) recover the original k(E); however, the 
function upon which we apply the inverse Laplace 
Transform is not k,(T), but an approximate para- 
metrisation of it, viz. k,(T)  = A ,  exp (- E,/RT). 
Moreover, by assuming that E, can only be deter- 
mined to within f 2 or 3 kcal mol-', we have shown 
that (ii) reasonably approximate (experimental) rate 
laws would lead to reasonable approximations to the 
exact reaction probability function k(E). It should 
also be noted that we are guaranteed approximate 
coincidence between the original theoretical and the 
doubly transformed values of k(E) around the mean 
reaction energy, but what is remarkable about Figs. 
2 and 3 is the fact that (iii) for these two reactions 
the inverse Laplace Transform approximation is 
uniformly satisfactory at all energies above the 
activation energy Em, including the very high 
energies which make little contribution to the 
reaction rate in the temperature ranges considered 
(1). Finally, it would appear that if it proves 
necessary (iu) simple interpolation procedures should 
prove adequate for synthesising approximate values 
of k(E) between E, and E, (the critical energy of 
the reaction), both when E, and E, are far apart 
(e.g. N,O) and when they are close to one another 
(e.g. CO,). 
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Active surface centres in vanadium pentoxide/alkali metal sulphate heterogeneous 
catalysts for 2-propanol decomposition 
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DAVID VICTOR FIKIS, WILLIAM JOHN MURPHY, and ROBERT ANDERSON ROSS. Can. J. Chem. 
57.2464 ( 1979). 

Infrared spectra of the surfaces of vanadium pentoxide and vanadium pentoxide containing 
9.09 m o l z  caesium and potassium, as sulphates, have been determined after exposure to 
2-propanol for various times. Interpretation of the spectra leads to the proposal that the 
principal source of catalyst activity may be associated with surface hydrogen and hydroxyl 
groups on V5+ and V4+ sites. The "stability" of the catalysts towards reduction by the alcohol 
was consistent with the activity series derived from kinetic measurements: V205  (pure) < V205  
(Cs) < V,05 (K). The degree of sample reduction has also been assessed qualitatively by 
measurements of the ratio of surface area before to  that after reaction and the same catalyst 
sequence was established. The trend in surface area ratios was similar to that shown by the 
surface "Tammann" temperatures of vanadium pentoxide and alkali metal sulphates which has 
been taken to imply that the ease and (or) extent with which the sulphates enter into inter-solid 
reactions with the oxide in the preparation stage may exert influence on the subsequent 
reducibility of the individual members of the catalyst series. 

DAVID VIC.~OR FIKIS, WILLIAM JOHN MURPHY et ROBERT ANDERSON ROSS. Can. J .  Chem. 
57,2464 ( 1979). 

On a determine les spectres infrarouges de surfaces de pentoxyde de vanadium et de pent- 
oxyde de vanadium contenant 9.09 m o l x  de cesium et de potassium, sous formes de sulfates, 
aprts les avoir exposees a du propanol-2 pour des temps varies. L'interpretation des spectres 
permet de suggtrer que la source principale de I'activite catalytique est associee avec les 
hydrogtnes et les groupes hydroxyles la surface des sites V5+ et V4+. La stabilitk des 
catalyseurs vis-a-vis la rtduction par I'alcool est en accord avec la suite d'activite dCrivCe de 
mesures cinetiques: V,05 (pur) < VZ05  (Cs) < V20,  (K). On a aussi determine qualitative- 
ment le degre de reduction d'echantillon a I'aide de mesures de rapports de surface avant et 
apr&s la reaction et on a determine que I'ordre des catalyseurs est le rnCme. La tendance dans 
les rapports des surfaces est semblable a celle obtenue gr%ce aux temperatures de surface 
"Tammann" du pentoxyde de vanadium et des sulfates de mCtaux alcalins; on en dbduit que la 
facilite ou le degrC de reactions inter-solides entre les sulfates et l'oxyde lors de la preparation 
peut influencer la facilite subsequente de la rtduction de membres individuels de la sCrie des 
catalyseurs. 

[Traduit par le journal] 

Introduction catalyst oxygen with the additive activity series: 

We have recently reported the results of a kinetic 
study of 2-propanol decon~position on vanadium 
pentoxide and alkali metal promoted vanadium 
pentoxide catalysts (1). Mechanisms based on 
elimination-type reactions were proposed and some 
evidence of a relationship between catalyst activities 
and the presence of "acidic" species on the solid 
surface was presented. Similar preparations have 
been examined in a number of surface reactions 
including oxidation and oxygen-exchange systems 
(2-5) where catalyst activity trends can be explained 

V,O; (none) < Li,SO, < Na,S04 < K,SO, < 
Rb2S04 < Cs2S04 (2-6). 

Variations of the additive positions in this series 
were observed in studies of oxygen exchange from 
0 2 / C 1 8 ~ 2  systems (7) and, in particular, the sequence 
was not obtained for the heterogeneous decom- 
position of 2-propanol (1). The latter investigation 
has now been extended to include an infrared spectro- 
scopic study of the catalyst surfaces in an attempt to 
identify active sites and to monitor the catalyst 
reduction process. 

in terms of variaiions in the surface mobility of the Experimental 
Samples of vanadium pentoxide (>99.9% pure; Ventron, 

'NOW at: Research Department, Imperial Oil Ltd., Sarnia, MA) and catalysts containing 9.09 m o l z  alkali metal sulphate 
Ontario. (>99.9% pure; Ventron, MA) were   re pared as previously 

2To whom all correspondence should be addressed. described (1). 

0008-4042/79/182464-06$0 1.00/0 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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Certified grade helium (> 99.9% pure; Canadian Liquid Air, 
Toronto) was passed through a series of saturators containing 
2-propanol (Fisher "Spectranalyzed" grade) to obtain the 
required partial pressure of reactant and then directed through 
a Pyrex-lined tube furnace where samples were contained in 
Pyrex boats. Temperature was maintained at  300 , 0.5"C by 
means of a "Thermo Electric 400" indicating controller. 
Samples were removed by quenching to room temperature after 
various exposure times prior to measurement of infrared 
spectra. Experiments in which hydrogen (>99.9% pure; 
Canadian Liquid Alr, Toronto) was substituted for 2-propanol 
were carried out in a similar manner. 

Transmission infrared spectra of both used and fresh 
samples were determined using the KBr disc method. Speci- 
mens were prepared by grinding a mlxture of the appropriate 
solid with KBr in an agate mortar and then pelletizing in the 
usual manner. The tlme durlng which water adsorption from 
the atmosphere could have occurred was kept to a minimum 
and the absence of water confirmed by scanning at -3400 
cm-'. Pellets containing caesium and potassium sulphates had 
0.95 rng of cataIyst/200 mg KBr while pure V,05 pellets 
contained 0.60 mg V2O5/200 mg KBr. Infrared spectra were 
measured using a Beckrnan IR-12 spectrometer. This method 
gave better defined spectra than those obtained with infrared 
ATR spectroscopy in parallel experiments. 

1200 1000 BOO 600 400 

FIG. 1. Infrared spectra of vanadium pentoxide samples 
before and after exposure to 2 Torr (0.267 kPa) of 2-propanol 
at  300°C: (A) unexposed; (B) exposed for 7.5 rnin; (C) ex- 
posed for 15 min; and (D) exposed for 60 rnin. 

FIG. 2. Infrared spectra of potassium-promoted vanadium 
pentoxide samples before and after exposure to 2 Torr 
(0.267 kPa) of 2-propanol at 300°C: (A) unexposed; (B) 
exposed for 7.5 rnin; (C) exposed for 15 min; (D) exposed for 
45 min; and (E) exposed for 90 min. 

Results 
Figures 1-3 show infrared spectra of V205  and 

V205  promoted with 9.09 molz  KK,S04 and Cs2S04 
before and after exposure to 2-propanol at 300°C. 
Figure 4 shows the infrared spectra of V205  after 
exposure to hydrogen at 300°C. 

V205 exhibits a very characteristic spectrum before 
reaction (Fig. lA), with three major peaks at 1020, 
825, and 450-600 cm- ', identified, respectively, as a 
V=O stretching vibration, a V-0-V stretching 
vibration, and possibly a V-0-V rocking vibration 
(7-10). After exposure to Zpropanol all three bands 
split into multiplets, Fig. I B-D. 

Prior to the action of 2-propanol, the potassium 
and caesium catalysts show splitting of the charac- 
teristic vanadium-oxygen peaks (Figs. 2A and 3A). 
The splitting is more clearly defined for the caesium 
sample and, unlike the potassium-promoted catalyst, 
includes the V-0-V bands. 

The caesium sample shows an increase in splitting 
in step with increased exposure to 2-propanol (Fig. 2) 
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FIG. 5. Correlation diagram showing the ratio of surface 
area before and after reaction ((A) V205;  (A) melts containing 
9.09 m o l z  alkali metal sulphate) and the surface "Tammann" 
temperature (0.3Tm) for V205 (0) and the added alkali metal 
sulphates (a). 

0 

of vanadyl complexes have been observed in which 
the v(V-0) varied from 979 to 955 cm-' (14) while 
the infrared frequencies of V02+  in alkali halides 
have been shown to vary from 765 to 825 cm-' (15). 
The displacement in V=O frequency may be a 
consequence of d,-p, metal-oxygen interactions 
which act to produce a stronger bond and hence a 
higher v(V-0) (14, 15). Thus any lattice modification 
which enhances the d,-p, interactions would be 
expected to increase bond strength with the corollary 
that a diminution in d,-p, interactions would result 
in a weaker bond and lower v(V-0). 

Comparison of spectra A in Figs. 1-3 and, in 
particular, the stretching frequencies of the "V=O 
species" in these solids (Table 1) suggests that in- 
clusion of an alkali metal in the pentoxide lattice 
affects the electron delocalisation of the surface. This 
phenomenon has been shown to have a marked effect 
on the catalytic activity (7) associated with V=O, 
probably through enhancement of d,-p, metal- 
oxygen interactions. However, such inclusions 
modify the crystal structure to an  extent dependent, 
inter alia, on the size of the included atom and 

I 

TABLE 1. Stretching frequencies of the "V=O species" 

Sample v(V-0) (cm- ') 

V20S Li2S04 Na2S04 K2S04 Rb2S04 Cs2S04 

Nrbitrary Scale]  

v205 1020 
V205 (K promoted) 1020, 1015, 1005 
V2O5 (Cs promoted) 1020, 995, 965 

results in the "V=O species" v(V-0) being split 
into a triplet, the splitting increasing with the size of 
the added metal atom (Table 1). This effect is 
parallelled by a corresponding splitting in the 
V-0-V stretching and rocking vibration fre- 
quencies as might be expected (Fig. 3A). 

An examination of the structure of V205 indicates 
that V=O and V-OH are surface groups not found 
in the bulk material. On the other hand, the V-0-V 
species is present both on the surface and in the bulk. 
Comparison of transmission and reflectance (ATR) 
infrared spectra showed a minimal difference in the 
relative intensities associated with the V=O and 
V=OH entities thus confirming the allocation of 
the present data to surface species. (The ATR results 
were not so intense overall owing to light loss in the 
attachment.) 

Decomposition of 2-Propanol 
Figure 1 shows that with increase in exposure time 

of 2-propanol on V205 from 0 to 15 min, an increase 
in the intensity of the V=O band is observed, 
accompanied by a slight increase in the band 
frequency from 1020 to 1025 cm-'. An increase of 
band intensity would suggest that the population of 
the species has increased which would generally have 
been expected to occur along with a decrease in the 
band width, as was observed initially (Fig. lA, B). 
The frequency increase may be indicative of a 
decrease in the extent of delocalisation due to 
adsorption of 2-propanol on V4+ and V5+ sites as 
recently proposed (1, 12). Adsorption on the V4+ 

and V5+ sites would tend to reduce the extent of 
delocalisation and promote 4-p, metal-oxygen 
overlap through increased donation of electrons into 
d orbitals of vanadium. 

We have proposed previously (1) that 2-propanol 
initially decomposes on vanadium pentoxide by a 
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dehydration mechanism which may proceed from 
the intermediate 

where S, and S, are V4+ and V5+, respectively, thus 
yielding 

surface arrangements (2). The formation of 

would be expected to  decrease llx-pn metal-oxygen 
overlap in the V=O system due to the electron- 
accepting propensity of the vacant d orbital in V5+ 
which is adjacent to the V=O species. Such a 
mechanism could lead to a decrease in the metal- 
oxygen bond strength and a corresponding decrease 
in the v(V-0). The appearance of the new band at 
925 cm-' may then be explained by the formation 
of a destabilised V=O species. The appearance of 
this band is also observed on reduction of V 2 0 5  with 
H, (Fig. 4), indicating that it is unlikely to be 
ascribed to the presence of chemisorbed organic 
entities on the catalyst surface. 

The appearance of the bands at 750 cm- ' may be 
related to the formation of surface hydroxide (16), 

which would increase in degree of surface coverage 
with the progress of the reaction. 

It was observed earlier that propane and acetone 
became significant decomposition products as the 
exposure time of V,05 to the alcohol was increased 
and mechanisms of the type shown in [6] were 
proposed (1) to account for the formation of both 
products : 

S1 S2 

Now, if S, is V=O and S2 is V4+ then this scheme 
could account for the gradual decrease in intensity 
of the 1020 cm-' band and hence the number of 
V=O groups in the catalyst. Similarly, the active 
sites for propane formation may contribute to 
catalysis, thus 

and if S, is V5+ adjacent to a V=O and S4 is V5+ 
then the end result would be an increase in the 
surface population of V4+-OH as indicated by the 
growth of the 750 cm-' band with time (Figs. 1, 3). 

Although the direct reaction of hydrogen on V,05 
produces both the 925 and 750 cm-' band (Fig. 4), 
the former continues to grow with increase in 
exposure time, whereas the 750 cm-' band appears 
to reach a steady level. The V-OH species, which 
gives rise to the 750 cm-' band, can only be pro- 
duced by hydrogen reaction with V=O and not, as 
in the case of the band at 925 cm-', by straight 
adsorption on V4+ sites. 

Trends in the extent of reduction by hydrogen of 
a similar series of catalysts have been related to 
changes in the mobility of catalyst oxygen (6). 
Reduction of the present catalysts by exposure to 
2-propanol did not exhibit such a relationship. 

The infrared spectra of the promoted catalysts, 
before reaction, show splitting of the V=O and 
V-0-V bands which have been attributed to bond 
destabilization (7). The degree of bond destabiliza- 
tion and hence catalyst reduction, on exposure to 
2-propanol, should be reflected by the extent of 
splitting in the infrared bands. Figures 1-3 show that 
the caesium- and potassium-promoted catalysts are 
less susceptible to reduction than pure vanadium 
pentoxide. Thus, the "stability" of the catalysts 
with respect to reduction by 2-propanol appears to  be 

[8] V20, (no additive) < V205 (CS) < V205 (K) 
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The above trend parallels the catalyst activity 
series previously reported for 2-propanol decom- 
position (1). Minor variations in the levels of activity 
shown by other members of the series of alkali metal 
promoted catalysts may be related to the presence of 
different phases in the solid solutions and (or) 
changes in the extent of delocalization and de- 
stabilization of surface V=O and V-0-V bonds 
(7). 

Recently, "atomic" hydrogen has been shown to  
be a more effective reducing agent for vanadium 
pentoxide than "molecular7' hydrogen (17) which 
suggests that differences in reported reduction 
patterns for similar catalyst series based on V,O, 
(1, 6) may be related to variations in the bonding 
level of adsorbed hydrogen, itself influenced by the 
redox potential of surface sites and by the form of 
dissociation on adsorption from the gaseous re- 
actant. 

The degree of catalyst reduction as related to solid 
sintering has also been demonstrated by measure- 
ments of surface area changes. If the ratio of surface 
area before reaction to that after reaction is taken as 
a broad qualitative measure of catalyst "stability", 
then the same series as that given by the infrared 
spectra is apparent (Fig. 5). 

The similar trends shown by the surface "Tam- 
mann" temperatures (1 1) and the surface area 
ratios (Fig. 5) are taken simply to indicate the 
relative ease or extent with which the alkali metal 
sulphates and vanadium pentoxide enter into inter- 
solid reactions in the preparative melts which may 
later influence the reducibility and perhaps activity 
of the catalyst in a given reaction. 

Figure 3 shows that similar general trends to those 
shown by V 2 0 5  are observed with the reaction of 2- 
propanol on caesium-promoted samples. Initially, the 
population of the strongerv-0 band, 1020cm-', in- 
creases while that at 995 cm-'  decreases. No  fre- 
quency shift was observed in the position of the 
V=O bands on reaction with 2-propanol probably 
through the modification of electronic features 
related to the incorporation of caesium in the 
pentoxide lattice. This feature would also explain 
the observation that the intensity of the 925 cm-' 
band is not as large as that in pure V 2 0 5  nor does it 
increase much with exposure time. Ultimately, how- 
ever, the 750 cm-' band intensity does increase 
significantly until it becomes the predominant V-0 
stretching band through the continual buildup of 
V-OH. 

Figure 2 shows that the reaction of 2-propanol on 
potassium-promoted samples does not create new 

bands to  any significant extent and so no new surface 
species of any permanency can be anticipated. The 
1020 cm-' band and the lower frequency bands all 
decrease in intensity a t  the same rates. 

We conclude that the deco~nposition of 2-propanol 
on V 2 0 5  and caesium-promoted V 2 0 5  produces 
V-H and V-OH species in close proximity on the 
surface and that these remain there in a chemisorbed 
state after reaction. It has been proposed (12) 
elsewhere, however, that such species may react to 
give water, 

H + O H  
I I 

[9] ~ - l i - ~ - v 4 + -  0 + VS+-0-VJi + H Z O  

which would mean that (a) the V=O species would 
not be destabilised since there would be a continual 
removal of adjacent V4+ and (b) the 750 cm- ' band 
would not be observed since the concentration of 
V-OH on the surface a t  any given time would be 
very small. Thus, it may be that variations observed 
in the surface structures of vanadium pentoxide and 
promoted catalysts with time of exposure to  2- 
propanol are related to  kinetic differences in surface 
mechanisms such as the rate at which the latter 
reaction takes place with respect to the other steps 
involved in the overall decomposition. 
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Ionization of ethylene glycol in isodielectric acetonitrile + ethylene glycol mixtures at 25°C 

KUMARDEV BOSE A N D  KIRON K.  K U N D U '  
Phy.sic,trl Cht3/tri.str.v Ltrbo~.trtorics, Jtrtitrlprrr Utri~~ci:sity, Ctricrrtt~-700032, Iridirr 

Received August 15, 1978' 

KUMARDEV BOSE and KIRON K. KUNDU. Can. J. Chem. 57.2470 (1979). 
The autoprotolysis constants (Ksm) of ethylene glycol in isodielectric acetonitrile + ethylene 

glycol mixtures have been determined at 25°C from emf measurements on the cell 

Pt, H2(g, 1 atm)lNa-glycoxide(ml), NaCl(mz), solventlAgC1-Ag. 

From these values, those of FAG0, the free energy of ionization of ethylene glycol in these 
mixed solvents relative to that in pure glycol, have been computed. The nature of variation 
of FAG0 with solvent composition has been compared with that in two other mixed systems: 
water + ethylene glycol and methanol + 1,2-propanediol and the intrinsic differences between 
the solvation characteristics of the various solvents have been pointed out. The standard free 
energies of transfer of the glycoxide ion, AGlO(OEg-), from pure glycol to  acetonitrile + glycol 
mixtures have also been estimated using AGC0(H+) values obtained earlier. The glycoxide ion 
is increasingly desolvated as the acetonitrile content of the solvent increases, as indicated by in- 
creasingly positive values of AG,O(OEg-). This behaviour has been compared with those of 
AG,O(H+) and AG,O(CI-) determined previously. 

KUMARDEV BOSE et KIRON K. KUNDU. Can. J. Chem. 57.2470 (1979). 
Operant a 25"C, on a determine les constantes d'autoprotolyse (Ksm) de 1'ethyl~neglycol dans 

des melanges isodielectriques acttonitrile-Cthyleneglycol en se basant sur des mesures de fem 
de la cellule 

Pt, H,(g, 1 atm)/glycolate de Na(nzl), NaCl(m2), solvant/AgCI-Ag 

A partir de ces valeurs, on a calculC I'energie libre d'ionisation, FAG0, de I'Cthyleneglycol dans 
ces solvants mixtes par rapport au glycol pur. On a compare la nature de la variation du 
FAG0 en fonction de la composition du solvant avec celle observee dans deux autres systemes 
mixtes; eau-Cthyleneglycol et methanol-propanediol-1,2 et on identifie les differences intrin- 
stques entre les caracteristiques de solvatation de divers solvants. On a aussi tvalut les energies 
libres standard de transfert de l'ion glycolate, AGlO(EgO-), du glycol pur a des melanges 
acetonitrile-glycol en se basant sur les valeurs de AG,O(H+) obtenues anterieurement. Quand 
la proportion d'acetonitrile dans le solvant mixte augmente, l'ion glycolate se disolvate pro- 
gressivement et cet effet se reflete par des valeurs de AGlO(EgO-) qui sont de plus en plus 
positives. On compare ce comportement avec ceux de AGlO(H+) et AGlO(CI-) determines 
anterieurement. 

[Traduit par le journal] 

Introduction 
The free energy of transfer, AG:, of a solute from a 

standard state (usually the infinitely dilute solution) 
in a reference solvent to a standard state (also one of 
infinite dilution) in a second solvent is recognized as 
one of the most important quantities reflecting the 
intensity of solute-solvent interactions taking place 
in the chemical milleau under consideration. How- 
ever, when a charged species, like an ion, is trans- 
ferred from solvent A to solvent B, a sizeable con- 
tribution to the observed AG: arises from the dif- 
ference in the dielectric constants of A and B. This 
so-called Born contribution (1) to AG: is due to the 
long-range coulombic interaction between the ion 

and the solvent regarded as a continuum. Solution 
chemists are much more interested in the remaining 
"non-Born" part of AG:, often called the "chem- 
ical" part, which measures the specific and short- 
range interactions between the ion and its neigh- 
bouring solvent molecules. 

To estimate and allow for the Born part and 
hence to determine the chemical part is a task in- 
volving too many unknowns and uncertainties, as 
has been pointed out (l ,2),  and it would be unwise to 
interpret results obtained so tentatively. One, al- 
though admittedly not a general, way of solving this 
problem is to choose the solvents A and B in such a 
manner that their dielectric constants are more or 
less equal. The transfer of an ion between such - 

'To whom all correspondence should be addressed. isodielectric solvents entails no significant changes 
'Revision received May 18, 1979. in the long-range ion-solvent interactions and the 
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magnitude of the Born contribution is thereforc 
negligibly small. Thus, AG: of an ion in an isodi- 
electric solvent system is all 'chemical" and so faith- 
fully reflects the short-range and specific interactions 
which are of paramount interest in solution chemistry. 

Lately, our attention has been focussed on several 
such isodielectric solvent systems, one being the 
acetonitrile (ACN) + ethylene glycol (EgOH) system. 
In previous papers (3) we have determined the 
AG:'s of various electrolytes and estimated those of 
some individual ions in these mixed solvents, the 
reference solvent being EgOH. It has been pointed 
out that in this isodielectric system consisting of a 
protic (EG) and a dipolar aprotic (ACN) solvent, 
the nature of short-range ion-solvent interactions as 
well as the essential difference between the solvation 
characteristics of the two solvent types should be 
clearly revealed. 

Extensive studies ( 4 l l a )  of proton transfer 
equilibria and reaction kinetics have shown that the 
basicity in a protic solvent is greatly enhanced by the 
addition of a dipolar aprotic solvent. In the ACN + 
EgOH system, specifically, Kundu and Aiyar (8) 
have demonstrated that the H - function increases as 
the ACN content of the solvent mixture increases. 
The most important reason for this type of behaviour 
is that dipolar aprotic solvents are extremely poor 
solvators of anions (2, 12, 13), especially those 
anions which can interact with solvents only through 
hydrogen bonding (besides coulombic forces). Such 
an anion is the glycoxide ion (OEg-), and the present 
paper aims to present thermodynamic evidence for 
its varying solvation behaviour with regard to EgOH, 
a protic solvent, and ACN, a dipolar aprotic one, 
from the determination of autoprotolysis constants 
in ACN + EgOH mixtures. 

Since both the acidic and the basic character of 
ACN are very weak (2,6, 13), we are concerned with 
the single equilibrium 

. i.e. the ionization of EgOH. Here s indicates that the 
reacting species are in the standard state in the given 
solvent (14) and H+(s) counts all H+(solvated) that 
are seen by the electrode. Cell [B], 

[B] Pt, H,(g, 1 atm)INa-glycoxide(n~,), NaCl(m2), 

solvent IAgCI-Ag 

was used for emf measurements at 25°C and the 
solvent contained 0, 20, 40, or 60 wt.% ACN; i n , ,  

m2 represent molalities. 

Experimental 
Purification of the solvents has been described earlier (3a). 

G. R. Merck grade sodium chloride was used after drying at 
300°C. Clean bits of sodium metal were dissolved in pure 
EgOH and the solvent composition was adjusted to require- 
ment by adding ACN (stock 1). Direct addition of sodium to 
a mixed solvent was avoided as this caused a vigorous reaction 
leading to undesirable products. Stock 1 was mixed with a 
NaCl solution in the solvent (stock 2) in such suitable pro- 
portion as to keep the ratio n70c-:nlcl- % 1 in the resulting 
mixture (stock 3). The OEg- ion concentration in stock 3 
was determined by titration with a standard HCI solution. 
Solutions for emf measurement were prepared by dilution (by 
weight) of stock 3 with the solvent. Two sets of solution were 
prepared for each solvent, each set having a different value 
of the m , : n ~ ,  ratio. Assuming that the salts are completely 
dissociated in the dilute solutions the ionic strength p c 
(ml + n~,)d,, where d, is the solvent density, was generally 
maintained between 0.01 and 0.05. Adequate care was taken 
to avoid absorption of moisture and CO, during preparation 
and handling of the solutions, using a dry-box whenever 
possible. 

Cell design, electrode preparation, experimental procedure 
etc. have been described earlier (30, 15). No poisoning of the 
platinum electrodes was observed. Equilibrium was reached in 
5 h in pure EgOH and in 8-10 h in the mixed solvents. The 
equilibrium emf was only slightly affected by the hydrogen 
bubbling rate and could be reproduced to within k0.5  mV by 
introducing a freshly platinized electrode. 

Results and Discussion 

The emf values were corrected to a hydrogen 
pressure of 1 atm as earlier (3a). The corrected emf 
values (E) recorded in Table 1 are accurate to within 
k0.5 mV. The extrapolation function pKSf given by 
[ l ]  was then constructed; 

F(E - EO) 171 1 
[l] pKS1 = - log - 

(In 10)RT m2 

= pKsm - log YCI - 'a,,,, = 

Y O E ~  - 
PKS" + f ( ~ )  

where the symbols carry their usual meaning (lla).  
The standard state is so chosen that at infinite dilu- 
tion in a given solvent, yc,- = yo,,- = a,,,, = 1. 
The linear plots of pKS1 vs. p (Fig. 1) were extrap- 
olated to p = 0 to obtain values of pKsm (molal 
scale). Values of E0  and ds were taken from a previous 
paper (3a). The uncertainties in the pKsm values 
(Table 2) are f 0.01 for pure EgOH and k0.02 for 
the mixed solvents. The values of pKS1 in each of the 
solvents when fitted to linear form by the method 
of least squares, furnish identical values of pKs as 
well as their standard deviations as noted above. 

In a mixed solvent system having at least one 
protic component ROH it is possible to define the 
ionization constant of ROH, i.e. the equilibrium 
constant for the general reaction [A], in a variety of 
ways depending on the standard state of ROH 
chosen. Hepler and co-workers (17) have derived 
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TABLE 1. Electromotive force data for cell [B] in ACN + EgOH mixtures at 25'C 

!J nio~,-  rt7cl- E/V !J mco,- mc1 - EIV 

Pure EgOH 
0.00487 0.00457 
0.0110 0.00701 
0.0140 0.0132 
0.0219 0.0140 
0.0233 0.0219 
0.0330 0.0211 
0.0324 0.0304 

40% ACN 
0.00241 0.00311 
0.00475 0.00598 
0.00925 0.0116 
0.0113 0.0146 
0.0184 0.0231 
0.0276 0.0347 

20% ACN 
0.00255 0.00254 0.9641 
0.00376 0.00374 0.9648 
0.00495 0.00493 0.9660 
0.00974 0.00971 0.9683 
0.0103 0.0139 0.9569 
0.0165 0.0223 0.9620 

60% ACN 
0.00298 0.00284 0.9991 
0.00580 0.00554 1.0012 
0.00865 0.00943 0.9978 
0.0132 0.0115 1.0029 
0.0197 0.0171 1.0047 
0.0264 0.0229 1 ,0062 

useful conclusions regarding the ionization of water where ds is the density of the solvent. In terms of 
in a number of mixed aqueous solvents by con- free energies, the ionization process may then be 
sidering the quantity described by the quantity (14, 17) 

L21 Ka/c = cHcOR(~,)2/CROH [4] FAG0 = - ,AGaIc 

where CH, CoR, and CRoH'represent the molar con- 
centrations of H+ ,  OR-, and ROH in the mixed 
solvent and y+  is the mean molar activity coefficient. 
(For mixed aqueous solvents, ROH = H20.) 

Knit is related to our operational constant Ksm by 
(14) 

PI Kalc = Ks"'~s21CRo,, 

Pure EdOH 

15.50 I I 

0 0.025 0.05 

P 
FIG. 1. Variation of pK,' with in ACN + EgOH mixtures 

at  25°C. 

where AGaic is the free energy of ionization of ROH, 
and the subscripts s and r refer to quantities relating 
to the process occurring in a mixed solvent (s) and 
a "reference" solvent (r). It is usual to choose the 
pure solvent ROH as the reference solvent. 

For the ACN + EgOH system (where ROH = 
EgOH), we have calculated the values of 6AG0 using 
eqs. [3] and [4]; Fig. 2 shows the variation of 6AG0 
with molz  ACN. Moreover, as it was felt that a 
comparison of the behaviour of this system with that 
of others is likely to prove interesting, 6AG0 values 
were also calculated for the H 2 0  + EgOH (ROH = 
EgOH) and the MeOH (methanol) + PgOH (1,2- 
propanediol) (ROH = PgOH) system, for which 
K," data are available (15a, 16, 18). In Fig. 2, 6AG0 
is shown plotted against molz  H 2 0  and MeOH for 
the H 2 0  + EgOH and MeOH + PgOH systems 
respectively. 

6AG0 plots for H 2 0  + EgOH and ACN + EgOH 
systems relate to the variation of the extent of 
ionization of EgOH in the presence of two different 
types of co-solvent. The decrease in 6AG0 values for 
the former system may in part be accounted for by 
the increase in dielectric constant with increasing 
water content and the consequently greater ease of 
ionization; the remaining contribution is likely to 
arise from the greater net stability attained by the 
H +  and OEg- ions through increased solvation by 
water molecules. On the other hand, in the isodi- 
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TABLE 2. Values of autoprotolysis constants and the related free energies of transfer in ACN + EgOH mixtures at 25°C 

AGtO(EgOH- - RT In 
wt.% SAG0 EgOH),,, AG?(H'Ib AGt,ap$(OEg-) X E ~ O H  AGt"(OEg-) 
ACN pKsnl p ( )  (kJ mol- ') (kJ mol- I )  (kJ mol- ') (kJ mol-') (kJ mol-') (kJ mol- ') 

.Value from ref. 16. 
bValues from ref. 3d. 

electric ACN + EgOH system, the dielectric con- 
stant effect on 6AG0 is negligibly small, but ACN 
being a dipolar aprotic solvent has little tendency to 
solvate either ion and ionization becomes more 
difficult with the progressive addition of ACN to 
EgOH, as shown by the rapidly increasing values 
of 6AG0. The MeOH + PgOH system besides being 
isodielectric is also a protic-protic combination and 
as such there is little change in 6AG0; whereas by 
comparison, the large change in dielectric constant 
accounts for a large part of the rapidly changing 
&AGO in the H,O + EgOH system, as indicated 
above. Again, ACN + EgOH and MeOH + PgOH 
are each an isodielectric system, and their average 
dielectric constants differ by only about 10 units; 
moreover EgOH and PgOH are much alike in 
chemical nature. Yet one observes a totally different 
nature of 6AG0 plots for the two systems. This is 
because of the strongly contrasting solvation 
characteristics of MeOH and ACN: the protic 
MeOH is a good solvator for the hydrogen bonding 
ions while the dipolar aprotic ACN is not. 

Informative as the above discussion might be, 

FIG. 2. Variation of SAG0 with molz cosolvent at 25°C. 

6AG0 plots can reflect no more than the overall 
solvation of the H +  and OR- ions. As shown earlier 
(14, 18), a knowledge of the ionic components of 
free energies should provide a clearer picture of 
specific ion-solvent interactions involved in the pro- 
cess. The evaluation and interpretation of the free 
energies of transfer of the OEg- ion, AG:(OEg-), in 
ACN + EgOH mixtures are therefore in order. 

The standard free energy on the mole fraction 
scale, corresponding to the process [A] in a mixed 
solvent (,AGO) relative to that in pure EgOH (,AGO) 
was computed by [ 5 ] .  

[5] QGO - ,AGO = (In 10)RT[p(,Ksm) - p(,Ksm)] 

- 2RT ln MJM, 

In this isodielectric system, the quantity (QGO - 
,AGO) is expected to reflect only the effects of the 
acidity and the basicity of the solvent (I la). This 
quantity is identical with AG:(E~OH-E~OH),,~, the 
free energy of transfer of EgOH molecules acting 
as an acid-base system from pure EgOH to a mixed 
solvent, i.e. the free energy change accompanying 
the process [C] (1 la), 

[C] EgOH(S) + H+(G) + OEg-(G) -+ EgOH(G) 

+ H+(S) + OEg-(S) 

which may be written as the sum of the processes 
[Dl and [El, 
[Dl H+(G) + H+(S) 

[El OEg-(G) + EgOH(S) + OEg-(S) + EgOH(G) 

In [C], [Dl, and [El, (G) and (S) denote that the 
species concerned are in the standard state in pure 
EgOH and the mixed solvent respectively. AG;(H+) 
and AG, , , ,~ (oE~-)  are defined as the free energy 
changes for the processes [Dl and [El respectively, 
so that 

[6] ,AGO - ,AGO = AG:(EgOH- EgOH),,, 

= AG;(H+) + AG,,,,,o(oE~-) 
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When the standard state of EgOH molecules is 
referred to the particular solvent concerned, AG,,,,;- 
(OEg-) is identical to AGP(0Eg-), the standard 
free energy of transfer of the OEg- ion from EgOH 
to that solvent, i.e. the free energy change for the 
process [F]. 

[F] OEg-(G)+ OEg-(S) 

However, with pure EgOH as the standard state, 
these two quantities are related by [7] (1 la), 

[71 AG,O(OEg-)= AG,,,,;(OEg-) - RTln (a,,,,)," 

where (a,,,,)," is the activity of EgOH in the mixed 
solvent referred to pure EgOH as the standard 
state. Assuming as earlier (3a) that Raoult's law is 
obeyed by this solvent system, we have a,,,, % 

x,,,,, the mole fraction of EgOH in the solvent, 
and combining [6] and [7], we get 

[8] AG,O(OE~-) = AG;(E~OH - E~oH),,, 

- AG,"(Hi) - R T  ln x,,,, 

Substituting the value of AG,O(Hi) for each solvent 
mixture from an earlier paper (3d) and knowing the 
values of the other two terms on the right side of [8], 
those of AG;(OE~-) on the mole fraction scale were 
calculated; AG?(EgOH-EgOH),,, and AG,O(OEg-) 
values are reported in Table 2. 

AGP(0Eg-) is shown plotted against molz  ACN 
in Fig. 3. Plots of AG;(C~-) and AG,O(Hi), taken 
from a previous paper (3d), are also shown in Fig. 3, 
and are seen to be qualitatively similar to the 
AG;(OEg-) plot. The fact that all three increase 
with increasing proportions of ACN indicates a 
progressive desolvation of these ions as the solvent 
becomes richer in ACN. It is to be noted further that 
the relative desolvation of the anions OEg- and C1- 
is greater than that of the Hi ion. Such behaviour 
arises from a very typical characteristic of dipolar 
aprotics like ACN, namely, the marked inability 
to solvate small anions which interact wholly through 
hydrogen bonds and ion-dipole forces (2, 12, 13). 
In the case of ACN, in spite of the considerable 
polarization of the CEN bond (19), the positive 
end of the dipole is located at an unfavourable 
position for interaction with anions (19, 20) and the 
hydrogen-bond donating capacity of the molecule 
is only very feeble (2, 13, 20). The relative desolvation 
of the OEg- ion is the most marked, probably be- 
cause in pure EgOH it undergoes the strongest 
stabilization through hydrogen-bonding and fits 
most easily into the solvent structure. 

Similar, incidentally, is the case of the dimethyl- 
sulphoxide (DMSO) t- water system (1 1) - another 

FIG. 3. Variation of AG," of various ions in ACN + EgOH 
mixtures at 25°C. 

protic-dipolar aprotic combination, where solvation 
effects are more important than dielectric constant 
effects at least up to 60 wt.% DMSO. Thus, as the 
positive charge centre of DMSO molecule is sur- 
rounded by bulky groups and therefore not easily 
approachable, increasing addition of DMSO to 
water causes increasing desolvation of anions (1 1, 
21). Again, the greater propensity of the protophilic 
OH- (compared to C1-, say) to take part in the 
solvent structure through hydrogen-bonding sta- 
bilizes OH- more than the C1- ion in water, and 
consequently AG?(OH-) is observed to be more 
positive than AG;(C~-) for a given solvent mixture. 
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Free energies of transfer of some single ions from ethylene glycol to its isodielectric 
mixtures with acetonitrile at 25°C 
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KUMARDEV BOSE and KIRON K.  KUNDU. Can. J. Chem. 57,2476 (1979). 
Free energies of transfer (AGtO) of the reference electrolyte Ph4AsBPh4 (Ph = phenyl) from 

ethylene glycol to its approximately isodielectric mixtures with acetonitrile have been deter- 
mined at 25°C from the measurement of the solubilities of KPi, Ph4AsPi, and KBPh (Pi = 
picrate) in these solvents. Using the assumption AGt0(Ph4As+) = AGtO(Ph,B-) = +AG,O- 
(Ph4AsBPh4), AGtO values for the individual ions K + ,  Pi-, Ph4Asf, and Ph4 > -  have been 
estimated. These, in conjunction with previously determined values of AG,O for MCI (M = Li, 
Na, K, Rb, Cs, and H), KBr and KI have provided AGtO values for CI-, Br-, I - ,  and M +  ions. 
Ionic AG,O's have been interpreted in terms of specific ion-solvent interactions. The con- 
trasting behaviour of ethylene glycol and acetonitrile in ion-solvation is shown to be charac- 
teristic of the protic and dipolar aprotic solvent types respectively. 

KUMARDEV BOSE et KIRON K. KUNDU. Can. J. Chem. 57,2476 (1979). 
Operant a 25°C et faisant appel a des mesures de solubilitC de KPi, Ph4AsPi et KBPh4 (Pi = 

picrate) dans ces solvants, on a determint 1es energies libres de transfert (AGtO) de l'electrolyte 
de reference, Ph4AsBPh4 (Ph = phenyle), de I'ethyleneglycol a ses melanges qui sont ap- 
proximativement isodiBlectriques avec de I'acetonitrile. Faisant I'hypothese que AG10(Ph4As+) 
= AGt0(Ph4B-) = +AGt0(Ph4AsBPh4), on a evalue les valeurs de AGtO des ions individuels 
K + ,  Pi-, Ph4As+ et PhB-. Ces valeurs, utilisees de concert avec les valeurs de AGIO deter- 
minkes anterieurement pour MCI (M = Li, Na, K, Rb, Cs et H), KBr et KI  permettent de 
determiner les valeurs AGtO des ions C1-, Br-, I- et M+.  On a interpret6 les valeurs de AGtO 
ioniques en termes d'interactions specifiques ion-solvant. On demontre que les contrastes 
entre les comportements de I'Cthyleneglycol et I'acetonitrile vis-a-vis la solvatation ionique 
sont respectivement caracteristiques de types de solvants protiques et aprotiques dipolaires. 

[Traduit par le journal] 

Introduction solvent (PS) weakening and giving way to radically 

The importance of isodielectric solvent systems is different forces like soft-soft (21, dispersion (1) and 

being increasingly recognized in thermodynamic 7c-overlap (3) interactions. In such a mixed solvent 

studies of ion-solvent interactions. This is because System, therefore, the modes of specificity in the 
while "Born-typem electrostatic contributions (1) to solvation behaviour of the two components are 
thermodynamic transfer parameters, e.g. the free expected up in sharp 
energy of transfer (AGIO), of ions and electrolytes in In previous papers (4) we have indicated that the 

non-isodielectric systems, being difficult to estimate solvent system acetonitrile (ACN) + ethylene glycol 

and to correct for, mask the effect of -true= or (EG) constitutes a PS-DAS combination which is 

short-range ion-solvent interactions, the AG,O in also approximately isodielectric and have determined 

isodielectric systems wholly reflects the extent of ion- the AGtO's  Of EG 
stabilization through such short-range interactions + EG mixtures. These values, however, reflect the 
since - ~ ~ ~ ~ - ~ ~ ~ ~ v  contributions are non-existent or solvent effect on the sum of the interactions under- 

negligibly small in the latter systems. gone by the ions with the solvent without revealing 

ln addition, great interest lies in the study ofbinary the nature of solvation of the individual ions. For a 

solvent mixtures containing a protic and a dipolar better understanding of the solvation of single ions, 

aprotic component. Thus, with the progressive We "OW proceed to split the composite AG?'s 
increase in the proportion of the dipolar aprotic individual ionic contributions, using the most 
solvent (DAS) in the mixture, the solvent character popular extrathermodynamic assumption (5-7): 
undergoes gradual but material change, with 
hydrogen-bond donating properties of the protic 

[ I]  AGt0(Ph4As+) - AG,0(Ph4B-) 

= +AGt0(Ph4AsBPh4) 
'To whom all correspondence should be addressed. 
2Revision received May 18, 1979. where Ph = phenyl. 
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Recently, Treiner (8) has calculated the AG," 
values for the Ph4As+ ion between water and several 
pure non-aqueous solvents using the scaled-particle 
theory (SPT) (9) according to which contribution to 
AGtO comes from two parts - one due to solute- 
solvent interactions, AGt0(int), and the other due to 
cavity formation in the solvent, AGlO(cav). Thus, 

In calculating AGtO, a necessary approximation is to 
equate the relatively unknown AGlo(int) to zero. 
When theoretical and experimental (5c) values are 
compared, this approximation is shown to be 
generally invalid for DAS, the reason being correctly 
attributed to strongly increased ion-solvent inter- 
actions in passing from water to DAS and a corres- 
ponding large negative value for AGto(int). However, 
it does not necessarily follow, as Treiner assumes (8), 
that with increasing strength of interaction with 
the solvent, the difference in solvation of the Ph4As+ 
ion and the Ph4B- ion becomes appreciable and 
hence that [I]  becomes invalid. All that the SPT 
calculations reveal is the rather expected result that 
AGlo(int) values for these two large ions are highly 
negative. They cannot be used to make predictions 
about the equality or inequality of these values. 
Therefore, it seems unjustified to recommend, as 
Treiner does, against the use of [I]. Amidst the 
controversy raging over the "best" extrathermo- 
dynamic assumption (7b), [I]  still remains one of the 
few most reliable assumptions for the determination 
of single ion AGtO values. A recent paper by Kim 
(10) also strongly supports this contention. 

AGtO values at 25°C for the "reference electrolyte" 
Ph4AsBPh4 have been determined from [3]: 

(where Pi = picrate) using the corresponding values 
for Ph4AsPi, KBPh,, and KPi obtained from 
solubility measurements. 

Experimental 
The purification of the solvents EG and ACN (40) as well 

as the preparation of the salts KPi ( l l ) ,  Ph,AsPi (120), and 
KBPh, (126) have been described. The concentration of water 
in the solvents determined by Karl Fischer titrations was 
found, as before (40), to lie between 0.01 and 0.015 mol dm-3. 
It was shown in an earlier paper (40) that in presence of such 
small concentrations of water, even protons, which have 
normally a strong tendency to be hydrated, are preferentially 
solvated by EG. The possibility of selective solvation by water 
of the much larger and less hydrophilic ions presently under 
study was therefore considered to be remote. 

For solubility measurements, small quantities of the salt was 

added with shaking to 25 mL of the solvent taken in a Jena 
bottle until no further visible dissolution occurred. Since pro- 
longed contact with oxygen also affects its stability (12b), the 
dissolution of KBPh, as well as each subsequent withdrawal 
of its solution for analysis were performed under a flush of 
dry nitrogen. The solutions were thermostatted at 25 + 0.05"C 
and allowed to equilibriate. At two-day intervals aliquots of 
each solution were withdrawn, appropriately diluted, and 
analyzed using a Beckmann DU-2400 model spectrophoto- 
meter. The solvents used for dilution and the pertinent h,,,, 
and E,,, values are indicated below. 

Diluting 
solvent Dilution h,,, (nm) E,,, 

KPi (l2b) and 
Ph4AsPi (lb2) Water 200-5000 355 1 . 4 4 ~  lo4 

KBPh4 (70) ACN 100 266 3 .2x103  
274 2 . 1 ~ 1 0 ~  

It may be noted that E,,,, values of the samples when checked 
in the respective diluting solvents were found to lie within 1% 
of the literature values cited above. So was the solubility of 
KBPh, in pure ACN, which was found to be 0.0528 + 0.0006 
M compared to 0.0533 M reported by Popovych (70). Satura- 
tion was reached 8-10 days after which the measured con- 
centrations of the solutions showed no further change beyond 
the experimental error of about 1%. The reported concentra- 
tions (Table 1) are the mean of two sets of measurements 
agreed to within 1%. 

Results 
The thermodynamic solubility products of each of 

the salts on the molar scale were calculated by [4]: 

where C  is the observed concentration in mol dmT3, 
a is the degree of association of the salt into ion- 
pairs, and y ,  is the mean molar activity coefficient 
of the salt. Values of a were calculated by [5]: 

using previously reported values (4c) of KA, the 
association constant. y* values were obtained from 
[6] by interactive calculations with the help of 
B-6700 computer using FORTRAN programmes 

+ log 1 + 0.002 ' ( c M )  ds 

where C ,  = C (1 - a)  and the other parameters 
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TABLE 1. Parameters of [4] and free energies of transfer in ACN + EG mixtures at  25°C 

Wt.%ACN C(mol dm-3) K, (dm3 mol-I)b CI Y* pKsPC AGtO (kJ mol-l) 

KPi 
0 0.0722 4 .5k0 .1  0.082+0.002 0.546 2.88 - 

20 0.1383 5.5k0.2 0.143k0.004 0.505 2.44 -2.40 
40 0.1607 9.2k0.5 0.221?0.008 0.496 2.41 -2.50 
60 0.1318 10.1k0.7 0.20720.010 0.498 2.60 - 1.37 

100" - - - - 5.28 13.41 

'Calculated from ref. 70. 
*Reference 4c. 

TABLE 2. Single ion free energies of transfer from EG to ACN + EG mixtures at 25°C 

Wt.%ACN H Li+ Na+  t K Rb+ Cs+ C1- Br- I- Pi- Ph4As+/Ph4B- 

carry their usual meaning (4a). The ion-size param- 
eters, a,' and a,-, for the cation and the anion 
respectively, were assumed to have the following 
values (7a) : 

Values of C, y,, and pKspc are listed in Table 1. 
Uncertainties in a values were obtained by using 
two sets of pKA values as limited by their respective 
standard deviations, in the interactive calculations of 
a and y ,  values. Since the errors in the measured 
solubilities and those in the effective ionic con- 
centrations C, = C(l - a) arising from the uncer- 
tainties in a values as well, lie within 2%, pKspc 
values could be taken to be correct to within k0.02 
unit. pKsPc values for pure ACN computed from a 
previous work (7a) are also given. Free energies of 
transfer of each salt on the mole fraction scale 
(AGtO) were calculated using [7] 

+ 2 (In 10) RT  log Mgds/Msdg 

where T = 298.15 K, and the subscripts g and s refer 
to EG and the mixed solvent respectively. AG,' 
values reported in Table 1 are accurate to within 
k0 .1  kJ mol-'. 

Single ion free energies of transfer AGto(i), 
estimated by means of the basic assumption [I]  using 
[3], [8]-[Ill, are given in Table 2. 

Values of AG,~(KX) (X = Br or I) and AGt0(MC1) 
(M = Li, Na, Rb, Cs, or H) were obtained from 
previous papers (4a, b). 

Discussion 

Plots of AGtO(i) against molz  of ACN are shown 
in Fig. 1. Certain distinct trends, each characterizing 
a group of ions, are observed and may be considered 
to reflect features peculiar to a protic + dipolar 
aprotic solvent system. 
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FIG. 1. Variation of AGtO(i) with solvent composition in 
ACN + EG mixtures at 25°C. 

The simple anions, viz. the halide ions, are 
relatively strongly solvated by EG through hydrogen- 
bonding whereas their interaction with the very 
weakly acidic hydrogen atoms of ACN, although 
possible (13), is very weak. Increasing loss of 
hydrogen-bonded stability is seen reflected in the 
monotonic rise of AG,O(X-) with increasing ACN 
content of the solvent. The observed order AGtO(C1-) 
> AGtO(Br-) > AGtO(I-) for any given solvent is 
the combined result of decreasing strength of 
H-bonded interaction (with EG) and increasing 
strength of "soft-soft" (2, 14) and dispersion inter- 
actions (5c, 15) (with ACN) with increasing anion 
size. A recent study (13a) indicates that steric re- 
quirements of H-bonding between X- and ACN may 
also be partly responsible for this order: it has been 
suggested (13a) that the X -  ion approaches the ACN 
molecule along the C,  axis of the latter and bonding 
occurs symmetrically through all three hydrogen 

atoms; and that therefore the overall strength of 
such H-bonds increases as the ion becomes larger 
and more accommodative. 

The alkali metal cations have highly positive 
AGtO's between pure EG and pure ACN as typified 
by the behaviour of the K +  ion. Apparently, in spite 
of its high dipole moment (16) and a considerable 
localization of negative charge density on its nitrogen 
atom (17), ACN is a poorer cation solvator com- 
pared to EG. This suggests an explanation in terms 
of ion-solvent interactions of a specific type, as 
outlined below. 

The geometry of the EG molecule is such as to  
favour its functioning as a bidentate ligand towards 
alkali metal ions (M'). Infrared studies (18) indicate 
that the predominant configuration of the EG 
molecule in the liquid state at room temperature is 
the gauche form with intramolecular H-bonding (A). 

It may be assumed that the loss of stability accom- 
panying the rupture of the H-bond during M+ ion 
solvation is compensated by the possible formation 
of four essentially electrostatic bonds in solvates of 
the type M(EG),+ (B). It should be apparent from 
a molecular model that when the four M-EG bonds 
in solvate (B) are coplanar, the eight-atom ring 
C-0-0-C-0-0-C surrounding the M atom 
is less puckered and hence more stable than when 
the M-EG bonds are not coplanar. The use of the 
Neumann projection (19) shows clearly that besides 
possessing reflection symmetry at the plane N, this 
solvate must also be centrosymmetric about M f .  
Incidentally, for 1,2-dimethoxyethane, where the 
hydroxyl H atoms of EG have been substituted by 
CH, groups thereby making the 0 atoms more 
basic, alkali metal ions have been shown to be 
strongly solvated (20) and for cyclic ethers stable M +  
solvates have been isolated (21). The powerful 
solvation of M ' by 1,2-dimethoxyethane has been 
believed to arise from its behaviour as a bidentate 
ligand (20c) through the electrostatic interaction of 
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the basic 0 atoms with the M f  ion. In this light, to 
assume the existence of M(EG),+ solvates, if only in 
solution, does not seem unreasonable. Such an 
assumption can moreover offer a plausible explana- 
tion for the interesting parts of the AGtO(M+) curves: 
the noticeable minima for K + ,  Rb', and Cs'; 
AGtO(Li+) has no minimum at all, and AG,'(N~+) is 
a typical borderline case. 

AS indicated above, from symmetry and bond- 
strain considerations, the four M-EG bonds in the 
M(EG),+ solvates may be expected to be more or 
less coplanar, so that in mixed solvents of low ACN 
content, ACN molecules approach the central ion 
from above and below the plane of the solvate and 
undergo ion-dipole and/or soft-soft interactions 
with the ion; an octahedral solvate ( C )  is thus 

MeC 
\\\ EM' 

CMe 

J 
MeC 

formed. Moreover, the well-known tendency of ACN 
to form hydrogen bonds with protic solvents (22-26) 
should lead to the stabilization of (C) through inter- 
action of its "acidic" hydroxyl H atoms (1) with 
ACN molecules. An earlier study (27) involving the 
shift in ir stretching vibration frequencies has in fact 
indicated the formation of similar M+...ODH...N_ 
CMe associates in aqueous ACN solutions. 

Note, however, that hexa-coordination of the M +  
ion in the above manner can be achieved only when 
its size is large enough, for example, in the case of 
K', Rb', and Cs+. For Na', hexa-coordination 
would be possible but unfavourable; for Li+ tetra- 
coordination is only just feasible while hexa-co- 
ordination is impossible from steric considerations. 
Apart from this, the increasing stability of C with 
increasing ionic size also stems from the fact that 
ACN, being a soft base (17), interacts more and more 
strongly with M +  as its radius and hence its polariz- 
ability ("softness") increases. The two factors 
together explain the negative absolute magnitudes 
which increase in the order K +  < Rb+ < Csf.  With 
increasing proportions of ACN, however, structure 
C should no longer be so stable. It is possible that 

EG, which, like water, has two donor centres for 
H-bonding (viz. its two hydroxyl hydrogen atoms) 
forms with ACN a H-bonded complex of the type 
EG.2ACN analogous to H20.2ACN which has been 
shown to exist in aqueous ACN solutions (23). The 
formation of such complexes probably forces 
structure C to fall apart "from both sides" with a 
resultant destabilization of the M +  ion and an 
increase in AGtO(M+) values. Above 70 molz  ACN, 
AG,'(M+) rises sharply up to pure ACN where any 
tendency to establish ion-dipole interactions between 
M +  and ACN is probably opposed by the formation 
of dimers of the type 

which ir studies in pure ACN have shown to exist 
(28, 29). 

The Li' ion and the H f  ion (and to a lesser degree, 
the Na' ion) behave similarly on transfer from EG 
to the mixed solvents. The uniform increases in 
AG,' is indicative of a rather stable state of solvation 
in pure EG which is progressively broken up upon 
addition of ACN. As mentioned above, steric reasons 
oppose the entry of ACN molecules in the primary 
solvation zone of Li' and Naf ions, although 
H-bonding of the solvate B by ACN is still possible. 
This H-bonded stabilization of B, slowing down 
the initial rate of increase of AG:(Li+) and 
AGtO(Na+) is rapidly overcome as further amounts 
of added ACN break up structure B in the manner 
described above and a rapid increase in AGtO is 
observed. The relatively slower increase of AGtO(H+) 
suggests that as in other amphiprotic solvents, the 
proton is "chemically" solvated by EG, and that this 
"glycolated" proton has a structure strong enough 
to retain its existence even in solvents rich in ACN. 

The case of the Pi- ion is in some ways similar to 
that of the larger M +  ions. In pure EG, the Pi- ion 
is stabilized by H-bonded solvation through all or 
some of its seven oxygen atoms, each of which has 
its share of the negative charge delocalized over the, 
aromatic nucleus. The flat shape of the ion, however, 
allows the x-electron cloud of the nucleus to undergo 
dispersion interactions with an ACN molecule 
approaching in a perpendicular direction. Such inter- 
actions continue to stabilize the Pi- ion till about 
70 mol% ACN after which desolvation, caused by 
the rapid breakdown of the Pi--EG H-bonds, is 
probably more important than solvation through 
Pi--ACN dispersion interactions which are likely 
to reach saturation instead of increasing further in 
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strength. In pure ACN itself, the characteristic 
anion-desolvating property of ACN (1, 3, 15, 30) 
outweighs the effect of dispersion interactions and 
there occurs an overall destabilization of the Pi- ion 
relative to pure EG or ACN + EG mixtures. 

It is interesting to note, however, that the relative 
destabilization of the Pi- ion in ACN-rich solvents 
is much less compared to that of the K +  ion, 
although in general dipolar aprotic solvents are 
poorer solvators of anions than cations. This is 
certainly because the dispersion interactions of Pi- 
with ACN are stronger than the "soft-soft" inter- 
actions of K +  with ACN, a contention which is in 
agreement with the observation that AGtO(pi-) 
exhibits a more pronounced minimum than 
AGtO(K+) at intermediate solvent compositions (1,3). 

Finally, the behaviour of AGt0(Ph4As+) or 
AGt0(~h4B-) offers what looks like a straight case of 
solvation through dispersion interactions. With their 
four phenyl groups, such interactions with ACN must 
be very strong, whereas in pure EG these same groups 
effectively prevent any "classical" interactions with 
the ionic charge buried deep inside. This causes the 
very sharp and very large decrease of AG,' upto 
80% ACN after which saturation is probably reached 
and the inherent ion-desolvating tendency of ACN 
causes AGtO to increase slightly from 80-100% ACN. 

Acknowledgements 

The authors wish to thank the National Council 
of Educational Research and Training for granting 
a N.S.T.S. scholarship to one of them (K.B.) and 
Mr. Indra N. Basu Mullick for carrying out the 
necessary computer analysis of the data. 

I. R G. BATCS. 111 Solute-solvent intelxctions. Edited by 
J. F. Coetzee and C. D. Ritchie Marcel Dekker, New 
Yor k. 1969. p. 45. 

2 R. G. PEARSON. J .  Am. Chem. Soc. 85.3533 (1963). 
3. A. J .  PARKER. ((I) Q. Rev. Chem. Soc 16, 163 (1962); (b) 

Chem. Rev. 69, l(1969) 
4. K. Bost and K.  K. KUNDU.  ((1) J .  Chem Soc. Faraday 

Trans. 1,73.284(1977);(1)) J .  Solution Chem. 8. 175 (1979); 
(0 Indian J .  Chem. In press. 

5. (n) R. ALCXANDLR and A. J. PARKER. J .  Am. Chem Soc. 
89, 5549 (1967); (b) R. ALEXANDER,  A. J.  P A R K ~ R ,  J .  H. 
SHARP, and W. E. WAGHORNE. J .  Am. Chem. Soc. 94.1148 
(1972);(OB.G. C0x.G. R HLDWIG.  A. J .  P A R K E R , ~ ~ ~  D. 
W. WATTS. Aust. J .  Chem 27.477(1974);(d)A. J .  P A R K ~ R  
and R. ALEXANDER. J .  Am. Chem. Soc. 90,3313 (1968) 

6. I. M. KOLTHOFF and M. K. CHANTOONI,  JR. ( ( I )  J .  Phys. 
Chem. 76, 2024 (1972); (11) Anal. Chem. 44. 194 ( 1972); ( c )  
J .  Am. Chem. Soc. 93,7104 (1971). 

7. ( ( I )  0 .  POPOVYCH. A. GIBOFSKY, and D. H. BERNE. Anal. 
Chem. 44, 81 l(1972): (11) 0 .  POPOVYCH. Crit. Rev. Anal. 
Chem. 1,73 (1970). 

8. C.  TREINER.  Can. J. Chem. 55,682 (1977). 
9. R. A. P I ~ R O T T I .  J .  Phys. Chem. 67. 1840 (1963); 69. 281 

(1965). 
10. J .  I. KIM.  J .  Phys  Chem. 82, 191 (1978). 
11. P. SALOMAA and M. MATTSISN. ActaChem. Scand. 25,361 

(1971). 
12. ( a )  D. H. BERNE and 0 .  POPOVYCH. J .  Chem. Eng. Data, 

17, 178 (1972); (11) 0 .  POPOVYCH and R .  M. FRIEDMAN. J .  
Phys. Chem. 70, 1671 (1966). 

13. ((1) R. YAMDAGNI and P. KEBARLE.  J .  Am. Chem. Soc. 94, 
2940 (1972): (b) J .  P. ROCHE and P. VAN HUONG. J .  Chem. 
Phys. Physicochem. Biol. 67. 21 l(1970); (c) I .  GERZBERC, 
V. I. DISREVSKAYA, D. G. TRABER, and I. Yu. TSERETLI. 
Zh. Fiz. Khim. 44,227 (1970). 

14. D. FEAKINS and P. J. VOICE. J .  Chem. Soc. Falxday Trans. 
I ,  68. 1390(1972). 

15. J .  F. COETZEE and W. R. SHARPE. J .  Soln. Chem. 1. 77 
(1972). 

16. A. K. COVINGTON and T. DICKINSON (Elitors). Phvsi~ill . . 
chemistry of organic solvent systems. Plenum Press, Lon- 
don. 1973. 

17. M. SALOMON. Can. J .  Chem. 54, 1487 (1976). 
18. P. J .  K R U E N C ~ R ~ ~ ~ ~  H. D. METTEE. J .  MoI.Spectrosc. 18, 

131 (1965); P. BUCKLEY and P. A. GIGUERE.  Can. J .  Chem. 
45,397 (1967). 

19. E. L. ELIEL. Stereochemistry of carbon compounds. 
McGraw-Hill. New York. 1962. 

20. ((I) J .  UGELSTAD and 0 .  A. ROKS-TAD. Acta Chem. Scand. 
IS, 474 (1964); (0) L. L .  CHAN and J. SMID.  J. Am. Chem. 
Soc. 89, 4547 (1967); ( c )  T.  E. HOGEN-ESCH and J .  
Shlln. J .  Am. Chem. Soc. 92. 1955 (1970). 

21. C. PEDERSON. J .  Am. Chem. Soc. 89,2495 (1967). 
22. 0 .  D. BONNER and Y. S. CHOI. J .  Phys. Chem. 78, 1727 

(1974). 
23. A. L t  NARVOR. E. GENTRII:. and P. SAUMAGNE.  Can. J .  

Chem. 49, 1933 (1971). 
24. V. N. NARZIEV and A. I. SIDOROVA. Vestn. Leningrad 

Univ. Fiz. Khim. 64 (1969); Strukt. Rol Vody Zhivom 0 r -  
ganizme, I5 (1968). 

25. L. SINCUREL.  An Stiint Univ. 'A1 I. Cuza' Iasi. Sect. Ib, 15, 
41 (1969). 

26. P. A. CLARKE and N. F. HEPFINGER. J .  Org. Chem. 35, 
3249 ( 1970). 

27. I .  S.  PERELYGIN and N. R .  S IF IULLINA.  Tepl. Dvizhnie 
Mol. Mezmol Vsimodeistvie Zhidk. Rastvolxkh 180(1969). 

28. E. L .  ZUKOVA. Opt. Spectrosk. 4,750(1958). 
29. A. M. SAUM.  J. Polym. Sci. 42,57(1960). 
30. E. PRICE. 111 Thechemistry of nonaqueous solvents. Vol. I. 

Erliterl by J .  J .  Lagowski. Academic Press, New York. 
1966. p. 67. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



The thermal isomerisation of allyl isocyanide 

MARSHA T. J .  GLIONNA A N D  HUW 0. PRITCHARD 
C h e ~ ~ ~ i s i ~ ? ~  Deporit?~etli. York Ut7iciersiiy, Do~~wso ie~c~ .  Ont., Cot~ad(i M3J IP3 

Received March 23. 1979 

MARSHA T. J. GLIONNA and Huw 0. PRITCHARD. Can. J. Chem. 57,2482 (1979). 
The thermal isomerisation of allyl isocyanide to allyl cyanide has been studied in the gas 

phase over the temperature range 13C-200°C. The reaction is homogeneous and first order, 
and at high pressure (20 Torr) has an activation energy of 40.8 + 0.6 (2sdm) kcal mol-I; the 
corresponding range of frequency factor is 10'4.77*0.30 S-I. 

MARSHA T. J. GLIONNA et Huw 0 .  PRITCHARD. Can. J. Chem. 57.2482 (1979). 
Operant en phase gazeuse, a des temperatures allant de 130 a 200"C, on a CtudiC I'iso- 

mirisation thermique de I'isocyanure d'allyle en cyanure d'allyle. La reaction est homogene 
et du premier ordre; a pression elevee (20 Torr), I'inergie d'activation est 40.8 + 0.6 (2sdm) 
kcal mol-' et le facteur de frequence correspondant est 1014.77*0.30 S K I .  

[Traduit par le journal] 

Introduction 
In our recent exploratory study of the reactions 

of methylene radicals with isocyanides (l), we 
noticed that allyl isocyanide appeared to be some- 
what less readily isomerised than were methyl or 
ethyl isocyanides : since this isomerisation appears to 
take place through the insertion of the methylene 
radical into the R-NC bond, followed by its 
elimination, this might suggest that the R-NC bond 
in allyl isocyanide is slightly stronger than a normal 
aliphatic R-NC bond. The origin of such a strength- 
ening could be rationalised in terms of some residual 
conjugation between the x-electrons in the C=C and 
N=C bonds and if this were the case, the activation 
energy for isomerisation to cyanide would be 
expected to be larger than normal: the activation 
energies for isomerisation at infinite pressure for 
methyl and ethyl isocyanides are both 38.4 kcal 
mol-' (2, 3) whereas for vinyl isocyanide where there 
is full conjugation between the two x-electron 
systems, the activation energy for isomerisation is 
estimated to be about 70 or 80 kcal mol-' (4). 

On the other hand, allyl isocyanide could con- 
ceivably isomerise by a head-to-tail intramolecular 
mechanism, which would almost certainly have a 
lower activation energy than normal. Consequently, 
it is of some interest to determine the activation 
energy for the thermal isomerisation of allyl iso- 
cyanide to allyl cyanide. 

sample (Aldrich) appeared to be a mixture of two isomeric 
substances which we were unable to  resolve sufficiently well 
to provide an analytical standard. 

Reaction was carried out in a 100 m L  spherical Pyrex bulb 
immersed in an oil bath; reaction was initiated by admitting a 
(nominal) pressure of 20 Torr of allyl isocyanide vapour into 
the bulb, already immersed in the bath, and was terminated by 
removing the bulb from the bath and quenching it. Auxiliary 
tests using fine thermocouples inside the reaction vessel showed 
that the maximum uncertainty in the measured reaction time 
was + 3  s ;  this is negligible, since the reaction times ranged 
from 3-4 days near 130°C to 15 min near 200°C. 

Reaction temperature was measured by chromel-alumel 
thermocouple with a Digitemp digital display: the instrument 
was calibrated at  0, 100, and 327"C, and its linearity in the 
experimental interval was checked by comparison against a 
mercury in glass thermometer; the precision of the temperature 
control during any experiment was +0.l0C, with an absolute 
accuracy of + 1°C. 

Analysis of the reaction products was carried out by gas 
chromatography using a Pennwalt 223 column at 70°C and 
thermal conductivity detectors: due to  the tailing of the 
isocyanide peak, the precision of these analyses was about 
f 5%, and this represents the major source of uncertainty in 
these experiments. 

Results 

The cleanliness of the reaction was demonstrated 
by the experiment, noted above, to prepare allyl 
cyanide from allyl isocyanide: apart from a trace of 
HCN, which is typical in these isomerisations (5, 6), 
there was about 1% of an unidentified product of 
retention time intermediate between that of the 
isocyanide and the cyanide; we cannot tell whether 
this was present in the original isocyanide, or Experimental whether it was a byproduct. Also, a separate series 

Allyl isocyanide was prepared from allylamine by standard of experiments was undertaken at 1 7 5 0 ~  to show 
methods (1) and was purified by preparative-scale gas chro- 
matography. Allyl cyanide, required for calibration purposes, that the rate 'Onstant, which we have 
was prepared by carrying the thermal decomposition of a assumed to be first order and at its high-pressure 
sample of our allyl isocyanide to completion: a commercial limit, was independent of the initial pressure, the 

0008-40421791182482-02$0 1.00/0 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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TABLE 1. The thermal isomerisation of ally1 isocyanide 
at  18 Torr in the temperature range 128.7-201.8°C 

% 
T (K) Time (s) reaction k m  (s-') 

reaction time and the surface-to-volume ratio: all 
the rate constants fell within a range of +6%, with 
no apparent trends, as would be expected for a well 
behaved reaction with the analytical precision 
attainable. 

The results of a series of experiments to determine 
the activation energy, all made at the same pressure 
(18 Torr), are shown in Table 1 ;  assigning equal 
weight to each determination, the least-squares 
treatment yields an activation energy of 40.81 kcal 
mol-' with a standard deviation (7) of k0.29 kcal 
mol- ' ; the corresponding range in the frequency 
factor is 10'4.77*0.'5 S-'. 

The activation energy for the isomerisation of 
allyl isocyanide appears to be about 2.4 -t 1 kcal 
mol-' greater than that for the analogous isomerisa- 

tion of methyl isocyanide (2, 8) or than that for ethyl 
isocyanide (3). This supports the supposition that 
there may be a small enhancement of the strength of 
the R-NC bond in the allyl compound, and that the 
alternative head-to-tail intramolecular mechanism is 
not important: the latter conclusion is also supported 
by the relatively high value we find for the frequency 
factor, since the head-to-tail mechanism would 
require a cyclic transition state, and would probably 
have a rather lower frequency factor on this account. 
A definitive determination of the mechanism of this 
reaction could be made by using isotopically 
labelled allyl isocyanide; unfortunately, suitably 
deuteriated allyl compounds are not readily available. 
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Absolute rate constants for hydrocarbon autoxidation. 26. Rate constants for reaction of 
the tert-butylperoxy radical with 1-bromo-2-methylbutane and 1-bromo-3-methylbutane 

and some related substituted butanes1 
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transition state in the hydrogen atom transfer reaction. 

Chloro, trimethylsilyl, and trimethylstannyl substituents also activate a vicinal tertiary 
hydrogen and activation increases in the order trimethylsilyl -- trimethylstannyl < chloro < 
bromo. 

J. A. HOWARD et J. H. B. CHENIER. Can. J. Chem. 57,2484(1979). 
On a evalue les constantes de vitesse et les parametres d'Arrhenius de la reaction du radical 

ferf-butylpkroxy avec les bromo-1 methyl-2 et bromo-1 methyl-3 butanes en solution a des 
temperatures allant de 30 a 80°C. L'ordre de grandeur de ces parametres cinetiques est en 
accord avec une activation de I'hydrogtne tertiaire vicinal par rapport au brome et une im- 
plication d'un etat de transition "ponte" dans la reaction de transfert de I'atome d'hydrogene. 

Des substituants chloro, trimethylsilyle et trimethylstannyle activent aussi un hydrogene 
tertiaire vicinal et I'activation augmente dans I'ordre trimCthylsilyle - trimethylstannyle < 
chloro < bromo. 

[Traduit par le journal] 

Introduction ized in terms of an interaction between the neigh- 
bouring substituent and the reactive centre in the Several papers have appeared recently in support form of a bridged transition state. of the concept that rates of hydrogen atom abstrac- 

tion by free-radicals (Y ' )  are enhanced by certain 
substituents (X) attached to the P-carbon of the 
substrate (reaction [I]) (for reviews dealing with 
anchimeric assistance, see ref. 1). 

I I 
[ I ]  -CH-CH2X + Y. -t -C-CH2X + YH The involvement of a bridged species such as I 

should be reflected in a decrease in both the enthalpy 
where Y is, for example, Br' and t-BuO; and X is and entropy of activation for reaction because the 
C1, Br, and I. bridged radical will have more resonance stabiliza- 

Thus Wagner and Sedon (2) have shown that 6- tion energy than the unbridged radical while the 
bromo and -iodo groups enhance the rate of triplet probability of forming I must be less than the 
state y-hydrogen abstraction during photolysis of probability of forming a transition state without 
6-halovalerophenones while Everly, Schweinsberg, bridging ( 5 ,  6). Unfortunately most of the work on 
and Traynham (3) have concluded that a P-chloro anchimeric assistance by P-substituents has been per- 
substituent assists removal of a tertiary hydrogen by formed at one temperature and the relation between 
the bromine atom. Furthermore we have reported (4) rate enhancement and the activation parameters has 
that the tertiary hydrogen in 1-bromo-2-methyl- not been generally established. Skell and co-workers 
butane is 2.6 times more reactive to the teit-butyl- ( 5 ,  6) have, however, reported that the enthalpy and 
peroxy radical at  30°C than the tertiary hydrogen in entropy of activation for removal of a secondary 
3-methylpentane. hydrogen P to the bromo substituent in l-bromo- 

These enhanced rates have generally been rational- butane are -3 kcal mol-' and -6 cal deg-' mol-I 
smaller than the corresponding parameters for 

'NRCC No. 17535. removal of a secondary hydrogen from propane. 
0008-40421791182484-07$0 1.0010 

01979 National Research Council of CanadaIConseil national de recherches du Canada 
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Moreover, Cain and Solly (7) found that the activa- 
tion energy for thermal ring opening of I-bromo- 
methyl-4-chlorobicyclo[2.2.0]hexane is 2.9 kcal 
mol-' smaller than it is for I-ethyl-4-chlorobicyclo 
[2.2.0]hexane although in this case the pre-exponen- 
tial factors were identical within experimental error. 

In the present paper we report a full kinetic and 
product study of the autoxidation of l-bromo-2- 
methylbutane and its co-oxidation with 3-methyl- 
pentane, both reactions being performed in the 
presence of tert-butyl hydroperoxide. This work 
enables us to report kinetic parameters for abstrac- 
tion of the tertiary hydrogen atom from l-bromo-2- 
methylbutane by the tert-butylperoxy radical. These 
parameters will of course be influenced by deactiva- 
tion by inductive electron withdrawal by the bromo 
substituent as well as activation by anchimeric 
assistance. Separation of these two effects has been 
achieved by comparing kinetic parameters for 
reaction of 1-bromo-2-methylbutane and l-bromo-3- 
methylbutane with t-BuO;. 

In addition we have investigated the effect of 
vicinal chloro, trimethylsilyl, and trimethylstannyl 
substituents on the rate of H-atom transfer to the 
tert-butylperoxy radical because P-chloro, P-tri- 
alkylsilyl, and P-trialkylstannyl-alkyl radicals are 
known to have a preferred conformation in which 
the heteroatom is eclipsed by the p orbital of the 
radical centre (8). 

Experimental 
Mn terinls 

I-Bromo-2-t11etl1ylb1~1e (Chemical Procurement Labs. Inc.), 
I-brottro-4-tt1etl1ylpet1tat1e (Chemical Saniples Co.), and I -  
brort10-3-tt1etl1ylb11tnt1e (Eastman) were pur~fied by preparative 
gas chroniatography to > 99.9% I-Cl~lot 0-2-tt1etlrylb1~ta11e and 
I-cl1loro-3-tt1etl~lb11ta11e (Chemical Samples Co.) were purified 
by distillation and were passed down a column of basic 
alumina before use. 

2-Met/1j~l-I-tritnetl1yly0ilylb1~tnt1e. I-Bromo-2-methylbutane 
(61.1 g, 0.4 mol) in dry tetrahydrofuran (125 niL) was added 
dropwise with stirring to magnesium turnings (9.83 g) in dry 
T H F  (50 mL). After addition of the alkyl bromide the mixture 
was stirred and refluxed under argon for 1 h. Chlorotrimethyl- 
silane (12.5 g, 0.4 mol) in dry T H F  (100 mL) was added 
dropwise and the reaction m~xture was stirred for a further 16 h. 
Excess Grignard reagent was destroyed by the addition of 
water and dilute HCI was added untll two layers were formed. 
The T H F  layer was washed three times with equal volumes of 
water and dried over anhydrous sodium sulphate. Distillation 
gave 15 g of 2-methyl-I-trimethylsilylbutane, bp 131-133°C. 

2-Methyl-l-bitnetl1ylstc1t1t1ylb11tnt1e was prepared from 1- 
bromo-2-methylbutane and chlorotrimethylstannane by the 
method used for 2-methyl-1-trimethylsilylbutane. 

I-Bromo-2-tt1etl1ylbutan-2-ol, I-brott10-3-tnetl1yIb11tnr1-2-ol, I -  
cl1loro-2-tt1etl1ylb1tmr2-2-oI, and I-cl1loro-3-tnetl1ylb11tat1-2-ol were 
prepared from 2-niethylbut-1-ene and 3-niethylbut-I-ene by 
the method of Suter and Zook (9). 

Addition of the hypohalous acid to 2-met:~ylbut-1-ene gave 

the expected 1-halo-2-methylbutan-2-01 whereas addition of 
hypobromous acid to 3-methylbut-1-ene gave l-bromo-3- 
methylbutan-2-01, 2-bronio-3-methylbutan-1-01, and 1,2-di- 
bromo-3-niethylbutane and addition of hypochlorous acid 
to 3-methylbut-1-ene gave 1-chloro-3-methylbutan-2-01 and 
2-chloro-3-methylbutan-1-01, These products were separated 
by preparative gas chromatography and identified by mass 
spectrometry. 
1,2-Dibrotno-2-n1etl1yIb~1tnne and 1,2-dibrot~r0-3-tt1etlrylb~~ne 

were prepared by reaction of niolecular bromine with 2- 
methylbut-1-ene and 3-methylbut-1-ene. 

Kir~etic Procedure 
Rate constants for reaction of the substituted butanes with 

the tert-butylperoxy radical were obtained either by the direct 
method which involved measuring substrate oxidizability in 
the presence of tert-butyl hydroperoxide (0.5-2 M )  and 2,6- 
di-tert-butyl-4-methylphenol (-2 x M )  or by the in- 
direct method whereby relative reactivities were determined 
from conipetitive autoxidations in the presence of tert-butyl 
hydroperoxide using 3-niethylpentane as the reference com- 
pound. More detailed experimental details for these two 
methods are given in previous publications in this series 
(10, 11). 

Product At~nlysis 
Oxidized samples were quantitatively reduced with a slight 

excess of triphenylphosphine and the products were analysed 
after distillation by gas chromatography employing a Varian 
2800 chromatograph equipped with 12 ft x 118 in. OV-101 
and FFAP on chromosorb W (60-80 mesh) columns and 
thermal conductivity and flzme ionization detectors. 

Alcohols were identified and their absolute and relative 
yields determined by comparing gas chromatographic re- 
tention times and integrated areas with those of authentic 
standard samples. When samples of the alcohols were not 
commercially available or readily synthesized they were 
separated from the reaction mixture by gas chromatography 
and identified by mass spectrometry. For example, the mass 
spectrum of I-bromo-3-methylbutan-3-01 contained the 
following fragments with rnle values in order of decreasing in- 
tensity 59 (ttl - CH2CH2Br), 151 (m - CH3), 153 (tn - CH3), 
107 (tn - (CH,),COH), 109 (ttr - (CH3)2COH). 

Results 
I-Bronzo-2-n~ethylbutane (1 )  

1-Bromo-2-methylbutane (8.08 M) containing ci,crf- 
azo-bisisobutyronitrile (0.18 M) absorbed oxygen 
slowly at 30°C and 720 Torr of oxygen and the 
kinetic chain length was -3. The overall rate of 
autoxidation was 1.2 times faster at 100 Torr of 
oxygen suggesting the involvement of bromine 
atoms, produced by p-scission of l-bromo-2- 
methylbutyl radicals (reaction [2]), in rate controlling 
propagation reactions (reaction [3]). 

CH3 CH 3 

I I 

[3] Br. + C H ~ C H ~ C H C H ~ B ~  -t HBr + C H ~ C H ~ C C H ~ B ~  
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TABLE 1. Kinetic data for autoxidation of I-brorno-2-methylbutane (1) in the presence of tert-butyl 
hydroperoxide at 30°C" 

"All runs were performed in the  presence of a,a'-a~obisiiobut~ronitrile (0.18 M )  and 2,6-di-terl-butyl-4-methoxyphenol 
( I  x 10-4 to I x 10-3 MI 

bTotal hydroper&ide cokcentration. 
=Rate of free-radical chain initiation. 
*Calculated from the rate expression (-d[O,lldf),,.. = k.'lllR;'~2/(2k,)'~2. . . . . . . . 
"Solvent: ferf-butylbenzene. 

7 - - 

The kinetic chain length was about 10 times longer 
in the presence of tert-butyl hydroperoxide (0.5-2 M)  
and -d[02]/dt was independent of the oxygen 
pressure. This means that although p-scission still 
occurred the accelerating effect bromine atoms had 
on the rate of propagation was eliminated by chain 
transfer with the hydroperoxide (12). 

[4] Br' + (CH3)3COOH -+ HBr + (CH3)3COO' 

Kinetic data for autoxidation of l-bromo-2- 
methylbutane are presented in Table 1 and the 
average oxidizability in the presence of tert-butyl 
hydroperoxide, kp'/(2kt)'i2, is 5.8 f 0.4 x 
M-112 S - 1 / 2  where kpl is the overall rate constant 
for reaction of t-BuO,' with 1 and 2kt is the termina- 
tion rate constant for t-BuO,'. The experiinental 
value of 2kt in this system was 1.4 x lo3 M - '  s-I 
which is equal, within experimental error, to our best 
value of 1.2 x lo3 M - '  s-' (13) indicating that 
t-BuO,' were the only radicals involved in rate 
controlling propagation and termination reactions. 
From the rate constant ratio kp1/(21c,)'12, kpl can be 
calculated to be 5.8 x x (1.2 x 1O3)'I2 = 
0.02 + 0.002 M - '  s-'. 

Product analyses established that > 90% of the 
oxygen absorbed by 1-bromo-2-methylbutane gave 
1-bromo-2-hydroperoxy-2-methylbutane. Interest- 
ingly 1,2-dibromo-2-methylbutane was formed in low 
yield and it probably arose by bromination of 
2-methylbut-1-ene, formed in [2], with molecular 
bromine produced by reduction of the bromine 
atom formed in [2] to HBr followed by oxidation 
with excess t-BuOOH. 

The high yield of products derived from abstrac- 
tion of the tertiary hydrogen implies that the overall 
propagation rate constant should be equivalent to 
the rate constant for abstraction of the tertiary 
hydrogen 

There was no evidence for the formation of 
secondary alcohols from 1 almost certainly because 
of deactivation of the secondary C-H bonds on 
C-1 and C-3 by the bromine substituent. 

Co-oxidation of 1 (3.23 M)  and 3-methylpentane 
(3.85 M) gave kp/(2kt)'12 = 2.9 x M-'/' s-'I2 
where kP = akP1 + bkPmf(overall) and a and b are 
the mole fractions of 1 and 3-methylpentane and 
lcp"f(overall) is the overall reactivity of 3-methyl- 
pentane to the tert-butylperoxy radical. Since 
k,"'(overall) = 0.008 M - '  s-' (1 1) kpl = 0.012 
M - '  s-'. Oxygen (0.073 M)  was absorbed to give 
1-bromo-2-methylbutan-2-01 (0.041 M )  and 3- 
methylpentan-3-01 (0.036 M)  as the major reaction 
products indicating that kpl (per t-C-H) = 1.35 x 
0.007 = 0.0094 M - '  s-'. Repetitive experiments at 
30°C suggested that the tertiary hydrogen in 1 is 
1.32 f 0.16 times more reactive than the tertiary 
hydrogen in 3-methylpentane and kpl  (per t-C-H) = 
0.009 f 0.001 M - '  s-'. 

The value of kpl obtained from these co-oxidation 
experiments is a factor of 2 smaller than the directly 
determined value from the autoxidation of 1 which 
is well outside our usual experimental error. At the 
present time we are inclined to favour the lower 
value because the errors involved in measuring 
kp/(2kt)'12 are greater than those involved in 
measuring ratios of  alcohol^.^ 

2We have previously reported a rate constant for reaction 
of t-Bu02' with I-bromo-2-methylpropane at 30°C of 0.017, 
M - '  s- '  determined by the direct method (12). Application 
of the co-oxidation method to this substrate gave the some- 
what lower value of 0.013 M-' s-'. Interestingly the t-C-H 
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TABLE 2. Relative yields of I-bromo-2-methylbutan-2-01 and 3-methylpentan-3-01 produced by co-oxidation of I-bromo-2- 
methylbutane (1) and 3-methylpentane in the presence of tert-butyl hydroperoxide 

Temperature [C6Hl4Io [llo po2 [(CH3)3COOHl [C5H11BrOla [C6Hl40Ib 
("c) (M) (M) (atm) (MI (M) (MI kpl/kprcf 

"I-Bromo-2-mctliylb~1t~1i-2-ol. 
b3-Methylpentnn-3-ol. 

Co-oxidations of 1 and 3-methylpentane in the 
presence of t-BuOOH were performed from 30 to 
80°C and the results are presented in Table 2. A 
least-squares treatment of the relative reactivities of 
these two substrates over this temperature range 
yielded the Arrhenius equation 

log (kp'/kpref) = (-0.56 + 0.21) + (0.93 + 0.3)/0 

where 0 = 2.303RT kcal mol-' and kpref = kp 
(per t-C-H) for 3-methylpentane. This implies 
AS*(ref) - AS1* - 2 cal deg-' mol-' and Epref - 
EP1 - 900 cal mol-', i.e., both the entropy and 
energy of activation are negative relative to the 
values for 3-methylpentane. 

Incidentally the relative reactivity of l-bromo-2- 
methylbutane and 3-inethylpentane did not change 
when the oxygen pressure was increased from I to 
100 atm. Relative reactivities of these substrates are, 
therefore, not influenced by reversal of the rate 
controlling propagation reaction (14). 

I-Bromo-3-nzetlzylbutane, 2, absorbed oxygen about 
4 times slower than 1-bromo-2-methylbutane in the 
presence of t-BuOOH at 30°C. The oxidizability of 
2, k;/(2k,)'l2, was 1.4 x lo-" M-'I2  s-'/?. sug- 
gesting that kp2(overall) = 0.0048 M - '  s- '. The 
principal reaction products, after reduction, were 
1-bromo-3-methylbutan-3-01 and 1,2-dibromo-3- 
methylbutane, which were identified by their mass 
spectra. The relative concentration of these two 
products, [1-bromo-3-methylbutan-3-0111 [1,2-dibro- 
mo-3-methylbutane] was - 15. There was also a low 

bond in I-bromo-2-methylpropane is ca. 1.4 times more 
reactive than the t-C-H bond in I-bromo-2-methylbutane, 
perhaps because of a higher percentage of the rotomer with 
the substituent eclipsing the developing unoccupied orbital, 
i.e., the least favoured conformation. 

yield of 1-bromo-3-methylbutan-2-01 and at least 5 
other products in very low yields with gas chroina- 
tographic retention times close to those for the major 
reaction products. 

Production of 1,2-dibromo-3-methylbutane indi- 
cates abstraction of a secondary hydrogen from C-2 
by the tert-butylperoxy radical followed by P- 
scission of the 1-bromo-3-methyl-2-butyl radical 
(reactions [6] and [7]). 

Molecular bromine is evidently formed by 
autoxidation of 2 because reaction mixtures were 
usually yellowish-brown and became colorless im- 
mediately upon addition of (C,H,),P. 

The rate of autoxidation of a mixture of 2 (4.95 M) 
and 3-methylpentane (2.15 M )  in the presence of 
t-BuOOH (1 M )  and the free radical initiator 
2,2,3,3-tetraphenylbutane (0.0046 M)  at 30°C gave 
kP/(2k,)'l2 = 1.7 x lo-" M - ' I ~  s-'I2, a value con- 
sistent with the individual oxidizability of the sub- 
strates and their mole fraction. Oxygen (0.1 1 M )  
was absorbed in 10 days and the major reaction 
products were 3-methylpentan-3-01 (0.024 M), 3- 
methylpentan-2-01 (0.003 M), 1-bromo-3-methylbu- 
tan-3-01 (0.0085 M), and 1,2-dibromo-3-methyl- 
butane (0.00064 M )  to give a product yield of only 
32% based on the oxygen absorbed. This extremely 
low yield of oxidation products is somewhat dis- 
turbing since we usually obtain yields in excess of 
90% from most oxidations. There were, however, no 
major reaction products to account for this dis- 
crepancy. 
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TABLE 3. Product and kinetic data for co-oxidation of I-bromo-3-methylbutane 2 and 3- 
methylpentane in the presence of te1.t-butyl hydroperoxide (1 M) 

Temperature [C6Ht4l0 
("'2) (MI 

Po, [CsHl lBrOl" 1o3kP2(t-C-H) 
(atm) [C6H140] (M-I s - ' ) ~  

a[I-Bromo-3-metliylbutan-3-oll/[3-metliylpentan-3-oI~. 
bRelative to kPrc' = 0.007 M-1 s-I at  30°C, 0.03 M-'  s - I  a t  S O T ,  and 0.26 M-I s-1 at  80°C (11). 

TABLE 4. Rate constants for reaction of some substituted methylbutanes with the tert- 
butylperoxy radical at 30°C 

Substrate 
~04k,/(2kl)11Z " I 03k,h 1O3kP(t-C-H)c 
(M- L I Z  S - l ~ l )  (M-ls- l )  (M-1 s-1) 

oOxidizability in tlie presence of tcrt-butyl hydroperoxide. 
bOverall reactivity to t-BuO,. 
<Reactivity of tlie tertiary hydrogen relative to the tertiary hydrogen in 3-methylpenlane. 

If the concentrations of 1-bromo-3-methylbutan- 
3-01, 1,2-dibromo-3-methylbutane, and l-bromo-3- 
methylbutane-2-01 are used t o  calculate rate con- 
stants for 2, we find that kp2(per t-C-H) = 0.001 
M - '  s- '  and kp2(per s-C-H on C-2) -. 4 x 
M - '  s-' and kp(overall) determined directly is 3 
times larger than 1cp2 per (t-C-H) + 2kp2(per 
s-C-H on C-2). 

The results of co-oxidations of 2 and 3-methyl- 
pentane at  various temperatures are gathered in 
Table 3 and yielded the following Arrhenius equation 
for the relative reactivities of the tertiary hydrogens 
of these substrates. 

log k;(per t-C-H)/kpWf = (0.75 ) 0.4) 

I-trir~iethylstanri~~lbutane ( 6 ) .  Both these co~npounds 
in the presence of t-BuOOH absorb oxygen about 3 
times faster than 3-methylpentane and kp5/(21ct)"2 = 
6.75 x M- ' I2  s-'I2 and kP6/(2k,)'l2 = 6.1 x 
10-4 M- 112 s- 112 giving kps = 0.023 M - '  s-' and 
lip6 = 0.021 M - '  s-'. 2-Methyl-1-trimethylsilyl- 
butane is oxidized almost exclusively to 2-methyl-l- 
trimethylsilylbutan-2-01 and the indirect method 
gave 1cp5 = 0.022 M - '  s-'. We were unable to  
show that 2-methyl-1-trimethylstannylbutan-2-01 was 
the principal reaction product formed by oxidation 
of 6 and we could not confirm the value of kp6 by 
the indirect method. There is a slow reaction between 
6 and t-BuOOH which probably accounts for the 
difficulties that we experienced in analyzing for the 

- (2.3 ) 0.6)/0 oxidation products of this compound 

This equation implies that AS(ref)* - AS4* - 
-3.5 cal deg-' 11101-' and E,"' - Ep2 - -2.3 
kcal mol-'. 

I-Clzloro-2-n~ethylb~rtane 3 and I-chloro-3-tnethyl- 
bzrtarie 4 undergo autoxidation to give, after reduc- 
tion, mainly 1 -chloro-2-methylbutan-2-01 and 1 - 
chloro-3-methylbutan-3-01, respectively. Kinetic data 
obtained by the direct and indirect methods for 3 
and 4 are summarized in Table 4. 

2-Methyl-I-trit~iethylsilylbutarze (5) arid 2-Methyl- 

Discussion 
I t  is a little disturbing that the rate constants for 

reaction of t-BuO; with 1-bromo-2-methylbutane 
and 1-bromo-3-methylbutane obtained directly and 
indirectly differ by as much as a factor of 3 whereas 
these two methods gave identical results for 3- 
methylpentane (1 I )  and a variety of aralkanes (14). 
Since part of the aim of this work was t o  investigate 
the influence of a P-bromo substituent on absolute 
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reactivity towards t-BuO,' we have concluded that 
the lower rate constants obtained by the indirect 
method are more accurate than the directly deter- 
mined values. There is some justification for this 
conclusion in that the errors involved in estimating 
relative rate constants by the direct method are 
greater than those involved in the indirect method. 

With this limitation in mind, a tertiary hydrogen P 
to a bromine substituent is - 10 times more reactive 
than a tertiary hydrogen y to this substituent 
(lcp'/kp2 = 0.009/0.0009) whereas it would be less 
reactive if the substituent performs only in a de- 
activating capacity. The reactivity of a P position 
in the absence of anchimeric assistance relative to the 
tertiary position in 3-methylpentane can be estimated 
to be 0.03-0.07 from the rate constant for abstraction 
of the tertiary hydrogen from 1-bromo-4-methyl- 
pentane by t-BuO,' at 30°C (0.0017 M- '  s-') using 
the arguments of Shea, Lewis, and Skell (6). The 
magnitude of the anchimeric effect is, therefore, at 
least 30 if we consider that bridging can only occur 
for the radical derived from the thermodynanlically 
least favoured rotorner. 

A con~parison of the activation parameters for 
1-bromo-2-methylbutane and 1-bromo-3-methyl- 
butane relative to those for 3-methylpentane reveals 
that the activation energy for 1-bromo-2-methyl- 
butane is - 3 kcal mol-' lower than activation energy 
for 1-bromo-3-methylbutane and AS2* - AS'* = 
4-5 cal deg-' mol-'. These parameters are quite 
consistent with the intermediacy of a "bridged" 
l-bron10-2-n1ethyl-2-butyl radical and a normal 1- 
bromo-3-methyl-3-butyl radical in the H-atom 
transfer reaction to a peroxy radical. 

Deactivation by a P-chloro substituent over- 
shadows activation by anchimeric assistance because 
the t-C-H in 1-chloro-2-methylbutane is -0.5 
times as reactive as the t-C-H in 3-methylpentane. 
There must, however, be activation by anchimeric 
assistance because the t-C-H in 1-chloro-2-methyl- 
butane is slightly more reactive than the t-C-H in 
1 -chloro-3-methylbutane. 

The secondary hydrogens on C-2 of l-bromo-3- 
methylbutane are of course P to the bromo sub- 
stituent and they will be deactivated by inductive 
electron withdrawal and may be activated by 
anchimeric assistance. We have previously estimated 
a rate constant for reaction of the secondary hydro- 
gen on C-3 of 2-methylpentane = 1 x M- '  
s-' (11) which, when compared with a value of 
4 x 10-j M-' s-' for 2 indicates that activation of 
a secondary hydrogen by a P-bromo substituent is 
overshadowed by deactivation. 

The kinetic data reported in this paper suggest 

that the peroxy radical shows much less preference 
than the bromine atom for a tertiary position vicinal 
to bromo and chloro substituents. Thus a P-bromo 
substituent enhances the rate of abstraction of a 
tertiary hydrogen by the bromine atom by a factor 
of 8-27 at 30°C (6) whereas the rate enhancement 
for a peroxy radical is only 1.35 at this temperature. 
In addition a s-C-H bond P to a bromo substituent 
and a t-C-H bond P to a chloro substituent exhibit 
enhanced reactivity to Br' whereas these bonds are 
less reactive than the corresponding bonds in an 
alkane to RO,'. 

We have previously concluded that Br' and RO,' 
have approximately the same selectivity to aliphatic 
s-C-H and t-C-H bonds whereas rates of abstrac- 
tion of benzylic hydrogens by Br' are inore sensitive 
to meta and para electron donating and withdrawing 
substituents than the rates of reaction of the tert- 
butylperoxy radical with ring substituted toluenes 
(15). This latter difference has been attributed to the 
greater electron affinity of Br'. Similar polar effects 
can perhaps be invoked to explain the selectivity 
difference between RO,' and Br' towards C-H 
bonds vicinal to bromo and chloro substituents in 
alkanes. 

In conclusion, trimethylsilyl and less unambigu- 
ously trimethylstannyl substituents activate vicinal 
tertiary hydrogens and these groups in an overall 
sense are more effective than bromine. Trimethylsilyl 
does not deactivate a vicinal hydrogen by inductive 
electron withdrawal and it can tentatively be con- 
cluded that bromine and almost certainly chlorine 
are better bridging groups than trimethylsilyl and 
trimethylstannyl. 
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MILJENKO PERIC,  R O B ~ R T -  J .  BUENKER,  and S IGRID D. PEYERIMHOFF. Can. J .  Chern. 57,2491 
(1979). 

The potential surfaces for the XZB, and AZA, states of PH2 are calculated by means of an 
nb irlirio CI method. These results are then used to obtain vibrational levels and wavefunctions 
for each electronic state in both PH, and PD,, whereby a two-dimensional treatment of the 
associated bending modes is carried out; the resulting vibrational frequencies are found to 
agree with the corresponding experimental findings (where available) to within 25 cm-'  in 
each case. The discrepancy in the calculated 0-0 transition energy is 0.06 eV and the variation 
in AG,2.+,,Z values parallels quite closely that obtained experimentally. Finally the electronic 
transition moment is calculated as a function of the internuclear angle and this information 
is combined with the above vibrational wavefunctions to describe the intensity distribution in 
this electronic system; a maximum intensity is obtained for v,' = 4 in the bending mode for 
PH,, in agreement with the observed findings, and is predicted to occur for u,' = 6 in PD,. 

MILJENKO PERIC, ROBER-I- J .  BUENKER et SIGRID D. PEYERMIHOFF. Can. J .  Chern. 57. 2491 
(1979). 

Faisant appel a une mithode CI nb irlirio, on a calcule les surfaces de potentiel des Ctats 
XZB, et A2Al de PH,. On a alors utilisk ces rtsultats dans le but obtenir les niveaux vibra- 
tionnels et les fonctions d'onde de chaque ktat electronique de PH, et PD, alors que I'on a 
effect& un traitement bi-dimentionnel des modes de vibrations associks; on note que les 
frbquences de vibration qui en resultent sont en bon accord avec les valeurs expCrimentales 
correspondantes (lorsqu'elles sont disponibles) a 25 cm- '  dans chaque cas. La difference 
avec I'energie de transition 0-0 calculCe est de 0.06 eV et la variation dans les valeurs de 
AGu2.+l,2 sont paralltlles a celles obtenues exptrimentalement. Enfin on a calcule le moment 
de la transition electronique en fonction de I'angle internuclkaire et on combine cette informa- 
tion avec les fonctions d'onde decrites plus haut afin de dkcrire la distribution d'intensite de 
ce systeme Clectronique; on obtient un maximum d'intensitk pour u,' = 4 dans le mode de 
deformation de PH, ce qui est en accord avec les valeurs observkes; on prkdit que ce maximum 
sera associe au v,' = 6 dans le cas de PD,. 

[Traduit par le journal] 

Introduction 
The absorption spectrum of the free radical PH, 

was first observed by Ramsay (1) during flash 
photolysis of phosphine. It consists of a long pro- 
gression of bands with complicated fine structure 
(eleven peaks have been found for PH, in the 
3600-5500 A region and 13 have been seen in the 
same energy range for PD,) and the main features 
are attributed to excitation of successive quanta of 
the bending vibration u,' of the upper state. Further 
studies (2) found that the solid state spectrum taken 
at 4.2 K corresponds closely to the spectrum in the 
gas phase and that the emission spectrum obtained 
from electrical discharges in PH, and PD, (3,4) also 

shows the same pattern, whereby several progressions 
(Ou,'O)-(Ou,"O) with u,' = 0-5 and v," = 0-9 could 
be identified. 

In analogy to the situation in NH, (5, 6) the 
ground state electronic configuration of PH, is 
assigned as ,B,, while the first excited state is taken 
to be of ,AI  symmetry. Nevertheless, there is a major 
difference between the two radicals NH, and PH, 
since investigations (5, 7) of NH, clearly indicate a 
quasi-linear excited state conformation for NH,, 
while the early experimental results (8, 9) for PH, 
already spoke in favor of a decidedly bent upper 
species. 

A number of rotational analyses for the (Ou,'O- 

0008-4042/79/18249 1-07$01.00/0 
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000) bands with u,' running from 1 to 8 in the 
absorption spectrunl (10, 11) and for the (000-020) 
and (000-030) bands of PH, in emission (12) have 
led to accurate predictions of various molecular 
constants; an internuclear angle of 91°40' has been 
deduced in this manner for the Bl electronic ground 
state and an opening of the internuclear angle upon 
excitation to 123" 4' has also been extracted there- 
froni. Similar to the situation in NH, (7) numerous 
rotational perturbations are found in the excited 
state levels aiid it has been concluded (1 1) that these 
perturbations are caused by high vibrational levels 
of the ground state, since no other electronically 
excited PH, states are found below the A'A, species. 

Various new and refilled experimental techniques 
(13-15) have been employed recently for the further 
study of the PH, free radical, whereby the greater 
emphasis was placed on its electronic ground state. 
Zittel and Lineberger (15) have observed a small 
peak in the photoelectroii spectrum of pH,- at 
approximately 2270 i 80 cm-' relative to  the (000) 
level of the ground state and have assigned this 
feature to the (100-000) transition, although they 
point out that this energy is similar to twice the PH, 
bending frequency (V2' = 1102 cm-'). T o  our knowl- 
edge there are no experimental results available 
which allow a determination of the other vibrational 
frequencies V3 in PH, or 7 ,  and V3 in PD,. 

In contrast to the numerous experimental investi- 
gations very few theoretical studies are available for 
this system; the most recent thereof is an ab initio 
SCF calculatioii (16) for the ground state of PH,, 
but no ab initio treatment of the excited PH, states 
has appeared to our knowledge thus far. Hence it is 
the goal of the present paper to treat the PH, 
molecule in its X2Bl  and 'A, excited states in a 
similar inaiiiier as has been undertaken recently for 
the related NH, molecule (17), whereby particular 
emphasis will be placed on the calculation of the 
vibrational features of the A ~ A , - X ~ B ,  transition. 

Technical Details of the Treatment 
The A 0  basis set employed in the present calcu- 

lations is similar to that used in a previous treatment 
of the PH, nlolecule (18): six s and four 11 groups in 
the contraction (6,2,1,1,1,114,2,1,2) given by Veillard 
(19) are employed to represent the P atom, in addi- 
tion to two sets of cartesian d functions (a ,  = 0.85, 
a, = 0.30); the hydrogen atoms are described in the 
same manner as in NH, (17), i.e. by two s groups 
(20) with four and one components each (with a 
scaling factor of q' = 2) augmented by a single p 
function (a = 0.735). Furthermore one s and one p 
functioii (a(s) = 0.14 and a(y) = 0.18) located in 
each of the PH bonds are added so that the entire 

A 0  basis consists of 48 contracted cartesian gaussian 
functions. 

The configuration interaction treatment is of the 
standard MRD-CI type with configuration selection 
and energy extrapolation as described elsewhere 
(21, 22). A core of five MO's corresponding to  the 
Is, 2s, and 21) shells of phosphorous is kept doubly 
occupied in all configurations, the corresponding 
five complementary MO's with the highest orbital 
energies are entirely excluded from consideration; 
all other MO's are in principle allowed variable 
occupation. For both states, X2Bl  and A2Al only 
one reference species has been employed in order to 
generate the double-excitation configuration space 
since all other species appear with small coefficients 
(less than 0.3%) in the final CI expansion. This 
procedure led to configuration spaces of roughly 
6000 symmetry-adapted functions (in C,, symmetry), 
while the sizes of the secular equations actually 
diagonalized were in the order of 2000. It should be 
pointed out, however, that the respective SCF 
orbitals are always taken as the M O  basis. The energy 
contribution of higher than double-excitation con- 
figurations is also estimated according to  the formula 
(23), AEQUad = (1 - c ~ ~ ) ( E ~ ~ ~  - EC,), which upon 
addition to  the corresponding CI  result is referred to 
as the full-CI limit in the ensuing discussion. 

The basic vibrational treatment has been discussed 
in detail recently (method 1 of ref. 24) for the 
examples HCN and 0,. A functional basis of 
Herniite poly~~omials is employed in order to form a 
matrix representation of the Schrodinger equation 
for the symmetric aiid antisyinmetric stretching 
modes (generally 15 such basis functions), while 
harmonic oscillator functions of the form 

[ l a ]  $(r, 4) = ei""(r) 

whereby 

are chosen for the corresponding description of the 
two-dimensional bending mode.' Since a large 
number of bending vibrational levels are of interest 
in the present study, a basis of 50 R,,,(p) functions 
is supplied for the treatment of this mode. In all 

'In this notation r is directly proportional to the bending 
angle a and p = r 2  (0 2 p I co), whereby LR(V+h.,12 are the 
associated Laguerre polynomials and the quantity !3 is used 
as a variational parameter. The bending Hamiltonian used 
explicitly in this case is of the form 

)-I LC ' a  
-' 

I 
( 2* a,.' + ; + 7 + "(,.) M,., $1 = E$(r., $) 

l a 2 1  ( 
whereby a different potential energy function is used for each 
of the two electronic states. 
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cases cubic-spline fitting techniques are used to 
represent the ab initio potential energy data, as 
described in detail in ref. 24. 

In essence the present treatment thus employs a 
matrix representation of the global Ha~niltonian in 
terms of a basis set of conventional vibronic product 
functions. The calculations are carried out entirely 
within the Born-Oppenheimer framework, i.e. cross 
terms involving derivatives of electronic wavefunc- 
tions with respect to nuclear variables are neglected, 
so that the Renner effect is not considered in this 
work. It should be pointed out, however, that the 
vibrational functions of eq. [ la]  already contain the 
factor elK4, where K is the total vibronic angular 
momentum quantum number. This procedure should 
be distinguished from that used in previous treat- 
ments of the bending vibration in triatomic molecules 
in which vibrational functions containing the factor 
eli4 (I being a pure vibrational quantum number) 
are first obtained as eigenfunctions of a zeroth-order 
Schrodinger equation (one which uses the same 
potential energy function for both electronic states) 
for the bending mode, which are then multiplied 
with e*lA4 (A being the pure electronic angular 
momentun1 quantum number) in order to give the 
final eigenfunctions of the form elK4. 

Results and Discussion 

Potential Energy Curves 
The potential energy curves for HPH bending are 

obtained for angles of 180, 160, 140, 120, 100, 91.7, 
80, 60, and 40 deg at the SCF and the CI (except at 
40") level and are presented in Fig. I together with 
the results corresponding to the full-CI limit in the 
given A 0  basis. The PH bond length is thereby held 
fixed at 2.67967 au, i.e. the experimental equilibrium 
value (11) for the PH, ground state. The total SCF 
energy for the ground state minimum is - 341.85943 
hartree compared to the best previous value in the 
literature (16) of -341.85720 hartree with a com- 
parable A 0  basis set. The CI energy is - 342.0016 
hartree, while the contribution of higher excitation 
species is estimated to amount to roughly 0.01 hartree. 
From the overall appearance of the curves in Fig. 1 
it is seen that the SCF treatment already gives a good 
approximation to the true potential curves, although 
a closer analysis shows that CI is more effective for 
the linear arrangement of nuclei (A(SCF,CI) is 
0.1518 au at 180°, for example, and only 0.1407 au 
at 100" for the X2B, state, while the corresponding 
differences are 0.1520 au and 0.1448 au for the 'A, 
excited species), thereby reducing the ground state 
barrier by about 2400cm-I. The curve for the 
estimated full-CI energy runs to a large extent 
parallel to the ground and excited state double- 

/ 'A, SCF 

SCF 

r-2.67967 bohr 

0.0 
180 IAO 103 60 a(") 

FIG. 1. Angular potential curves for the X 2 B 1  and A2Al 
electronic states of PH, obtained at various levels of treatment 
(see text for details); energy values are given in units of hartree 
(27.21 eV). The variation of the electronic transition moment 
(atomic units) between these two states is also given at the 
bottom of the figure. 

excitation CI counterpart, although a small change in 
the same direction as the correction from SCF to CI 
can be noted (i.e, the difference between double- 
excitation CI and the full-CI estimate is 0.0136 au at 
180" and only 0.0094 au at 100" for 'B,, with the 
equivalent values of 0.0137 au and 0.0114 au for the 
A, species). 
The calculated curves for the symmetric and 

asymmetric stretching mode of the PH, molecule 
are plotted in Figs. 2 and 3 respectively. In this case 
the 'A, upper state is treated at three different inter- 
nuclear angles (91.7, 123, and 180 deg) in order to 
determine the coupling between the symmetric 
stretching and bending motion in this state, but the 
roughly parallel appearance of the curves indicates a 
relatively weak interdependence of the v, and v, 
modes in this instance. The calculations are again 
carried out at all three levels of treatment, but only 
the values corresponding to the full-CI estimate are 
given explicitly. 

Finally, the various characteristic data for the 'B, 
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TABLE 1. Calculated equilibrium data for PH, and PD, in their ground and first electronically 
excited states and comparison with experiment 

Value 

X2B, A2A1 

This This 
Parameter work Expt. work Expt. 

P-H (A) 

L HPH (degree) 

"The calculated values are always obtained as the difference between E(U = 1) and E(U = 0). 
bAn alternative value of 1107.26 cm-1 (12) is also given for T2 from an extrapolation procedure. 
<Alternative values given by other authors are 951 cm- '  (4) and 956 cm-' (12). 

-0.'2 0'0 d2 Oi Arlbohr) 0.0G2.67967 bohr b -0.L -0.2 0.0 0.2 0.4 

FIG. 2. Symmetric stretch potential curves and calculated A r (bohr)  

vibrational levels for the X2B1 and A2A1 states of pH,; in the FIG. 3. Antisymmetric stretch potential curves and calcu- 
upper state potential curves are shown for a series of three lated vibrational levels for the X2B, and A2Al states o f  PH2; 
fixed internuclear angles (energy given in units of hartree). results are obtained for fixed internuclear angle and average 

P H  bond length, as given in parentheses (energy in hartree 
units). 

and 2A, potential surfaces obtained by polynomial 
fits '0 the data points of Figs. 1-3 are collected in bond lengths are at most 0.01 A, while experimental 

and are with ex- and theoretical vibrational frequencies agree to 
perimental data whenever available. I t  is seen that within 25 cm-l ,  
extremely good agreement between the structural 
data and the vibrational frequencies obtained from The A2A,-X2B, Transition and Its  Vibrational 
the ab iniiio potential energy surfaces and the corre- Structure 
sponding quantities derived from experiments is The calculated energy difference between the two 
achieved; discrepancies in the bond-angle deter- minima of the X2B,  and 2 ~ 1  potential energy curves 
mination are only 1.0 deg (or less), deviations in is AEe = 18 760 cm-'. This value taken together 
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TABLE 2. Calculated Franck-Condon factors for the symmetric 
(v,) and asymmetric (v,) stretching modes in the AZA,-XZB, 

electronic transition of pHz and PD, 

v,' = 0 
v," = 0 0.980 
v," = 1 1.93 x lo-,  
v," = 2 3 . 7 ~ 1 0 - ~  

v,' = 0 
v3" = 0 0.999 
vgl' = 1 0 .0  
v," = 2 5 . 5 ~  10-4 

v,' = 0 
v," = 0 0.996 
v," = 1 3 . 7 ~  10-3 
vl'f = 2 3 . 7 ~  lo-' 

v,' = 0 
v," = 0 0.999 
v," = 1 0 .0  
v," = 2 7.1 x 

v,' = 1 
3 . 6 ~  lo-,  
0.987 
9 . 2 ~  

v,' = 1 
0 .0  
0.998 
0 . 0  

with the calculated frequencies for the zeroeth level 
of each vibrational mode yields an  estimate for 
AEooo,ooo of 18 820 cm-' (or 2.33 eV), which must 
be compared with the To value of 18 276.6 cm-' (25) 
or 18 272.6 cm-' (26) (2.27 eV) deduced from experi- 
ment. Thus there remains a discrepancy of 0.06 eV. 

The various calculated vibrational energy levels for 
the symmetric and asymmetric stretching modes2 of 
PH, are also indicated for ground and excited states 
in Figs. 2 and 3. The calculated Franck-Condon 
factors (Table 2) support the qualitative conclusion 
which can be drawn from Figs. 2 and 3, namely that 
the 0-0 transition is by far the strongest in each of 
the two modes, so that one strong peak rather than 
a long progression in one of the stretching coordinates 
should be observed in the spectrum. 

The calculated vibrational energy levels for the 
bending mode of PH, and PD, are contained in 
Figs. 4 and 5 respectively; the values for K = 0 
(symmetric) and K = 1 (antisymmetric) are explicitly 
shown therein. I t  is seen that the K-type splitting is 
very small for the low-lying levels inside the potential 
well which exhibit the characteristic rotational 
structure; this splitting becomes a distinctive factor 
in the neighborhood of the potential maximum, 
however, and above this barrier the vibrational term 
pattern which is typical for a linear molecule becomes 
dominant. Levels corresponding to higher K values 

- K.0 lSYMl 
.. -. . K=I  IANTISYMI 

r ~2.67967 bohr 

FIG. 4. Calculated CI angular potential curves and corre- 
sponding vibrational levels for the two lowest electronic 
states of PH,; results are given for two different values of the 
rotational quantum number K i n  the upper state. The values 
of the square of the electronic moment connecting the various 
levels of the upper state with the u," = 0 species of XZBl  are 
also given. 

have also been calculated but are not plotted since 
they behave in the expected way (24).3 

I t  is also interesting that the calculated differences 
AG between consecutive levels (of the same K 
quantum number) in the upper state decrease from 
(0-1) to (6-7) in PH, (and until (8-9) in PD,), just 
as has been found in the observed (Kt = 1) spectrum 
(see Fig. 6) (I), whereas the vibratioilal intervals 
increase thereafter with further increase in u,'. 
Dixon (8) has interpreted this behavior as being 
caused by the barrier in the ,Al state potential 
function for the higher vibrations, and indeed Figs. 
4 and 5 support this deduction quantitatively. 

The intensity distributioil for transitions between 
various vibrational levels of the ,B1 and ,A1 state 
has also been calculated and the resulting data, 

'The potential energy curve for symmetric stretch is thereby 
represented via a fit with terms up to (R - R,,)', while the 
asymmetric curve is approximated by a polynomial of 4th 
order; 15 vibrational basis functions are chosen in each case. 

,The calculated CI points have been supplemented by the 
spline technique so that the potential is represented by a 
polynomial of order 30; technical details are contained in 
ref. 24. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



FIG. 5. Calculated CI angular potential curves and corre- 
sponding vibrational levels for the two lowest electronic 
states of PD,; results are given for two different values of the 
rotational quantum number K in the upper state. The values 
of the square of the electronic transition moment connecting 
the various levels of the upper state with the u," = 0 species 
of X 2 B 1  are also given. 

which correspond to the absorption spectrum of 
PH, and PD,, are also plotted in Figs. 4 and 5. In 
this case simple Franck-Condon factors have not 
been evaluated but rather the actual expression 

since the electronic transition moment is found 
to depend strongly on the internuclear angle (Fig. 1). 
The intensity maximum for absorption is calculated 
to occur for v,' = 4 in PH, in complete accord with 
known experiments (9); it is predicted to occur for 
u,' = 6 in the PD, radical. In comparison to NH, 
the maximum occurs at much smaller quantum 
numbers (in NH, at u,' = 9) because of the fact 
that the equilibrium internuclear angle is decidedly 
smaller (more bent) for the PH, ,A1 state than for 
the (quasi-linear) NH, ,A,  radical. Thus altogether 
it is seen that the calculations describe the long 
progression in the bending mode in an almost 
quantitative manner. 

FIG. 6. Comparison of calculated and experimental AC 
values in cm-'  for the u2' bending mode of the ,A, state of 
pH2 (bottom) and PD, (top); theoretical results for several 
series with the same rotational quantum number K are given, 
while the experimental curve corresponds to K = 1 (for the 
vibrational numbering see Figs. 4, 5). 

Summary and Conclusion 

The present ab initio CI calculations have dealt 
with the calculation of the vibrational structure of 
the A2A,-X2Bl electronic transition of the PH, 
(and PD,) radical. They predict the nuclear geometry 
of this system to within errors of 1.0 deg and 0.01 
respectively in both electronic states, and also obtain 
the bending frequencies for both states and both 
isomers with deviations of less than 25 cm-' from 
the corresponding experimental data. Furthermore 
they predict the frequencies for symmetric and 
asymmetric stretching vibrations of both ground and 
excited states, which have not yet been determined 
from experiments. Calculation of the vibrational 
intensity distribution shows that the 0-0 transitions 
in both symmetric and asymmetric stretch are highly 
favored over excitations to levels with higher quantum 
numbers. On the other hand, the long progression 
in the bending mode deduced from the observed 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



PERIC' ET AL. 2497 

spectra is reproduced very satisfactorily by the calcu- 
lations, both with respect to vibrational spacing and 
intensity distribution. Hence it is demonstrated that 
the fairly detailed structure of the PH, (or PD,) 
electronic spectrum between 3600 and 5500 A can be 
reproduced almost quantitatively by means of pres- 
ent-day nb initio CI calculations. The investigation of 
small perturbations of vibrational levels in the upper 
state, which are also observed in  the measured spec- 
trum and are thought to be caused by the presence 
of vibrational levels of the ground electronic state, 
i.e. effects of the Renner-Teller splitting or further 
terms not present in the Born-Oppenheimer approx- 
imation, would thus seem to  be the next realistic 
step in upgrading the theoretical treatment of the 
molecular spectra of such systems. 
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Pentagonal pyramidal lead coordination in the crystal structure of dimeric 
diaquopyridine-2,Q-dicarboxylatolead(I1) pyridine-2,Q-dicarboxylic acid monohydrate 
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C/ICJIII~.SII;\~ Dc/x~t.t~~ic,tit, U~ i i~~ , t .~ i t ?  of 'Virro~~i(~, Victor;(/, B.C., COII(I(/(I V8W 2 Y2 
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K. A.  BEVERIDGE and G. W. BUSHNELL. Can. J. Chenl. 57,2498 (1979). 
The crystal structure of dinieric diaquopyridine-2,6-dicarboxylatolead(I1) pyridine-2,6- 

dicarboxylic acid monohydrate, empirical formula and asymnletric unit CL4H14N2011Pb, has 
been solved and refined to R = 0.081, R,, = 0.100. The space group was P i  with a = 1073.8(3), 
b = 1123.2(5), c = 705.0(3) pm, a = 101.28(8)", p = 95.42(6)", y = 92.80(7)", p = 2.37 g 
~ m - ~  (meas.). Measurements were done on an automatic 4-circle diffractonieter (MoKa 
radiation, h = 71.069 pni), and corrected for absorption. The lead complex is dinuclear with 
an inversion point at  the centre of the double bridging. Each lead atom has distorted penta- 
gonal pyramidal coordination with a water n~olecule at the apex. The basal ligands are water 
and terdentate pyridine-2,6-dicarboxylate. The double bridging is by one of the coordinated 
carboxylic oxygen atoms and its inverse. The electron pair geometry is assunied to  be pen- 
tagonal bipyranlidal with a stereochemically active lone pair occupying considerable solid angle 
in an axial position. Bond lengths ( k 2  pm) are: Pb-OH2 (apex), 259; Pb-OH2 (basaI), 273; 
Pb-0, 251, 258, 273; Pb-N, 259. The mean of the bond angles at  Pb involving the apical 
oxygen is 77". The unit cell contains two water and two dicarboxylic acid n~olecules of crys- 
tallisation which are involved in an H-bonding network with one bond for each hydrogen 
attached to oxygen in the structure. 

K. A.  BEVERIDGE et G. W. BUSHNELL. Can. J. Chem. 57.2498 (1979). 
On a resolu la structure cristalline du nlonohydrate dimere du diaquopyridinecarboxylato-2,6 

plomb(I1) acide pyridinedicarboxylique de formule enipirique et unite asymetrique 
C,,Hl,N201,1~b et on ]'a affinee jusqu'h des valeurs de R = 0.081 et R,, = 0.100. Le groupe 
d'espace est P I  avec a = 1073.8(3), b = 1123.2(5), c = 705.0(3) pm, a = 101.28(8)", p = 
95.42(6)", y = 92.80(7)", p = 2.37 g cm-3 (mes). On a effectue les mesures sur un diffractometre 
automatique i 4 cercles (radiation MoK;, h = 71.069 pm) et elles sont corrigtes pour I'absorp- 
tion. Le complexe de plomb est dinucleaire avec un point d'inversion au centre du double pont. 
La coordination de chaque atonle de plonlb est assimilee a une pyramide pentagonale deformee 
portant une molecule d'eau h son sommet. Les ligands a la base de la pyramide sont I'eau 
et le pyridinedicarboxylate-2,6 tridentate. Le double pont est assure par un des atonies 
d'oxygene du carboxylate coordonne et de son inverse. On fait I'hypothese que la geometric 
de la paire d'electrons est bipyraniidale pentagonale et qu'elle porte une paire libre d'tlectrons 
active du point de vue stereochimique qui occupe un angle solide important dans la position 
axiale. Les longueurs des liaisons ( i 2  pm) sont: Pb-OH2 (sonmet), 259; Pb-OH2 (base), 
273; Pb-0, 251, 258, 273; Pb-N, 259. L'angle de valence moyen autour du Pb impliquant 
I'oxygene au sommet est 77". La maille unitaire contient deux molCcules d'eau et deux mole- 
cules d'acide dicarboxylique de cristallisation qui sont impliquees dans un rtseau de liaison 
H dans lequel il y a une liaison pour chaque hydrogene qui est attachee a un atome d'oxygene 
de la structure. 

[Traduit par le journal] 

Introduction 
Lead and its compounds are toxic and give rise to  

many serious industrial hazards. The smelting of 
lead produces metal fumes and flue dusts. In manu- 
facturing processes nearly one million American 
workers are exposed to  lead in various chemical 
forms. Some uses of lead compounds ensure that the 
element is widely distributed near to  man, for 
example the inclusion of tetraethyllead in inotor fuel 
formulations and the use of hydroxycarbonate as a 
white paint pigment. The toxicology of lead has been 
intensively studied (1). However, the structural 

chemistry of plumbous compounds which might be 
relevant to situations in living systems is relatively 
undeveloped. Existing X-ray crystallographic results 
indicate the variability of both the coordination 
number of the plumbous ion and its stereochemistry. 
The inert pair of electrons usually influences the 
stereochemistry, often by occupying one side of the 
lead atom opposite to the ligands. 

The anion of pyridine-2,6-dicarboxylic acid (dipi- 
colinate) is a ligand of some biochemical interest. It 
is produced by all bacterial spores and some fungi. 
The heat resistance and metabolic dormancy of  the 

008-4042/79/182498-06$0 1 ,0010 
01979 National Research Council of CanadaIConseil national de recherche3 du Canada 
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spores are thought to depend on the calcium salt of 
this acid. The crystal structures of calcium pyridine- 
2,6-dicarboxylate trihydrate (2) and strontium 
pyridine-2,6-dicarboxylate tetrahydrate (3) have been 
determined. 

A recent series of papers on metal purpurate com- 
plexes (4) contains a summary of crystallographic 
studies on pyridine-2,6-dicarboxylates, and two eight 
coordinate Pb(I1) purpurate complexes. The crystal 
structure of pyridine-2,6-dicarboxylic acid mono- 
hydrate has been published (5). 

Experimental 
A mixture of crystals was obtained by diffusion of aqueous 

solutions of lead nitrate into pyridine-2,6-dicarboxylic acid. 
The densities were found to be 3.16 g ~ n i - ~  for the flat lathes 
and 2.37 g ~ m - ~  for the rods thus prepared. The mixture was 
separated by flotation in a carbon tetrachloride/l,l,2,2-tetra- 
bronioethane solution. Analysis of the lathes gave: C 22.55, 
H 0.80, N 3.75%. Calculated for Pb dipic: C 22.58, H 0.81, 
N 3.76%. Analysis of the rods gave: C 26.8, H 2.19, N 4.68%. 
Calculated for Pb dipic.H, dipic.3H20: C 28.3, H 2.38, N 4.72. 
The structure of the rod shaped crystals is reported in this 
paper. 

The crystal system is triclinic, space group Pi. The Delaunay 
reduced cell has parameters n = 1073.8(3), b = 1123.2(5), 
c = 705.0(3)pm,a = 101.28(8)", P = 95.42(6)",y = 92.80(7)", 
V,,,, = 0.8281(5) nm3. The cell was refined by the method of 
least squares with Picker diffractometer centering measure- 
ments at * 20 in pairs using MoK; radiation (h = 71.069 pm). 
Formula C,,HlsNiO,,Pb, M = 593.47, tr = 2, p(ca1c) = 
2.38 g ~ m - ~ .  Crystal dimensions 0.037, 0.041, 0.478 mm along 
x,  y, z respectively; mounting direction, z. The absorption 
coefficient for MoK-, was 96.9 cm-'. Reflections were scanned 
in 50 steps of 0.04" in 20 counting for 2 s at each step. Back- 
ground counts were for 50 s at each extremity. Three standards 
were measured before each batch of 50 reflections. A total of 
4156 n~easuren~ents were made up to 28 = 50', (11 2 O), and 
of these 2355 reflections (and 192 standards) had I z 3o(I). 
The crystal changed from colourless to pale smoky yellow in 
the X-radiation, and the intensities of the standards dropped 
approximately 12% during data collection. Lorentz, polarisa- 
tion, and crystal decomposition/instrument variation factors 
were applied, and absorption corrections were done using a 
program derived from that of Coppens, Lieserowitz, and 
Rabinovich (6), and tested by the procedure of Cahen and 
Ibers (7). Transnlission factors were in the range 0.65-0.72. 
After sorting the reflections and merging any duplicate or 
equivalent measurements 2206 intensities remained. 

Strrrct~rre Deterttritratio~z 
The structure was solved by the Patterson function and 

heavy atom methods. The atomic scattering factors and the 
anomalous dispersion correction for Pb were taken from the 
International Tables (8). The light atoms were located by 
means of difference maps. The structure was refined unevent- 
fully by minimising x w ( J  F, - 1 FcI)i using full matrix least- 
squares. A weighting scheme devised to eliminate systematic 
variations of \vA2 took the form !v = ( A  + B,Y + Cx2 + 
Dx3)-' where x = IF.1, A = 2.3208, B = -1.950 x 
C = -6.4 x D = 2 x The final agreement 
factors were R = 0.081, R,, = 0.100 where R,, = (xwA2/ 
x ~ l F , ~ ) ' / ~ .  The final difference map had peaks and troughs 

10 4 

FIG. 1. The dimeric lead complex. 

less than 2 x e pm-3 except in the vicinity of Pb, where 
max = +4.3- x e and min = -3.2 x 10-% pnmr3 
both 105 pm from the metal atom. 

The hydrogen atom peaks were poorly defined. Calculations 
were done using a set of programs supplied by Dr. B. R. 
Penfold of the University of Canterbury, Christchurch, New 
Zealand. The s t ruc t~~re  factor and other tables are in the 
Depository for Unpublished Data., 

Results and Discussion 

The fractional atomic coordinates are given in 
Table 1. The asymmetric unit consists of half of the 
dimeric lead(l1) complex shown in Fig. 1, a molecule 
of pyridine-2,6-dicarboxylic acid of crystallisation, 
and a water molecule containing O(13). The crystal 
packing is shown in Fig. 2, The numbering scheme 
of the free acid molecule can be derived by adding 
7, 1, and 4 to the numbers of the corresponding C, 
N, and 0 atoms in Fig. 1. The only differences 
between the ligand and non-ligand molecules which 
are possibly significant are between the C-0 bond 
lengths. In the ligand C(1)-O(2) = 128(3), C(1)- 
O(1) = 120(3), C(7)-O(3) = 128(3), C(7)-O(4) = 
125(3) pm. The oxygen bound to Pb has the longer 
C-0 length. The non-ligand has C(8)-O(6) = 

1 19(3), C(8)-O(5) = 132(3), C(14)-O(7) = 128(3), 

'Copies may be obtained, at a nominal charge, from the 
Depository of Unpublished Data, CISTl, National Research 
Council of Canada, Ottawa, Ont., Canada K I A  0S2. 
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TABLE 1. Atomic parameters * 

Atom x Y z uis0 

*Fractional atomic coordinates x 10-"re given. U,,, values to be multiplied by 10 to give mcan 
squarc amplitudes in pm2. For Pb in pm2: U I I  = 278(5), U 2 2  = !91(5), U3, = 544(7), U,2.= 64(4), 
Uz3 7 1!7(4), U?,. = 120(4). Estimated standard dcvlatlons, glven In parentheses, In unlts of  the 
least slgnlficant dlglt. 

C(14)-O(8) = 122(3) pm, showing asymmetry in the 
C(8) carboxyl group reversed with respect to that of 
the ligand. Hydrogen atoms on O(5) and O(7) are 
consistent with the hydrogen bonding scheme to be 
proposed. The mean C-C single bond length is 
154 pm, and the mean 0-C-0 angle = 125". Other 
bond lengths and angles of the pyridine groups are of 
little interest and have been deposited with the 
structure factor tables. 

The lead atom is six coordinate with approximately 
pentagonal pyramidal geometry. The water molecule 
containing O(11) is at the apex of the pyramid. Inter- 
atomic distances are given in Table 2(a). The last 
three entries are distances from lead to its next 
nearest neighbours, and the bonding if present would 
be weak. We presume that the lone pair of electrons 
on the plumbous ion occupies the position below the 
pyramid base, opposite O(11). The electron pair 
geometry is thus pentagonal bipyramidal. As 
expected from valence shell electron pair repulsion 
theory, the lone pair occupies a greater solid angle 
than a bonding pair and the angles in Table 3(a) 
involving O(11) are all less than 85" (mean 77.0"). 
The bridging to an inverted pyramid is through O(2) 

and 0(2'), an arrangement similar to that in calcium 
pyridine-2,6-dicarboxylate trihydrate (2). The centre 
of the bridge is a crystallographic inversion centre. 

The hydrogen bonding scheme is illustrated in 
Fig. 3. Eight hydrogen bonds were found, one for 
each hydrogen attached to oxygen in the structure. 
The lengths of the hydrogen bonds are given in 
Table 2(b). The water molecule containing O(13) 
bridges the non-coordinated acid molecules in the y 
direction using hydrogen bonds to O(5) and O(8) 
which are at the extremities of these molecules. O(13) 
is also hydrogen bonded to O(11) at the apex of the 
pentagonal pyramid and lies beneath a neighbouring 
pyramid (not shown in Fig. 1) only 302(2) pm from 
its lead atom. O(4) at the end of the dimeric complex 
is hydrogen bonded to O(11) and O(12) of the next 
molecule in the y direction. The hydrogen bond to 
O(7) links the uncoordinated dicarboxylic acid and 
the dimeric unit. The distance O(11)-O(7) = 285(3) 
pm, but O(7) was rejected as an H atom receptor in 
favour of N(2), since angle O(4')-O(11)-O(7) = 
65". The O(12)-O(1) hydrogen bond is intramole- 
cular to the lead complex. O(6) is not involved in 
hydrogen bonding. The hydrogen atom attachments 
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BEVERIDGE A N D  BUSHNELL 

FIG. 2. The crystal packing diagram as a stereoscopic pair. 

suggested in Table 2(b) were derived from the 
carboxyl C-0 bond lengths, and are consistent with 
three water molecules and an undissociated dicar- 
boxylic acid molecule in the asymmetric unit. Angles 
relevant to the hydrogen bonding scheme are given 
in Table 3(b). 

\ ,  

The results of the mean plane calculations are 
given in Table 4. Both pyridine rings are planar. The 
carboxylate groups, particularly O(7) and 0(8),  are 
slightly out of the pyridine ring planes, which are 
mutually parallel. The coordination geometry of the 
lead atom is only approximately a pentagonal 
pyramid. The basal pentagon has significant devia- 
tions from planarity. The lead atom is at a per- 
pendicular distance of 60.0 pm from the least-squares 
plane. 

The pentagonal bipyramidal electron pair geom- 
etry has been found for two lead(I1) complexes having 
sulfur atoms coordinated. In the crystal structure 

of tetraethylammonium tris(ethylxanthato)lead(II), 
Et,N+[Pb(EtOCS2)3]-, the lead atom has an axial 
lone pair (9). Each ligand has one short (284-295 pm) 
and one long (312-313 pm) Pb-S bond. A next 
nearest neighbour lies at 368 pm from Pb. In the 
crystal structure of polymeric lead(I1) O,O1-diiso- 
propylphosphonodithionate, {Pb [(PI-'O),PS~]~},, the 
lone pair position is equatorial (10). The axial lengths 
are 298.5 and 302.7 pm and the equatorial lengths 
are 276.1. 277.2, 317.5, and 323.2 pm, with the 
greater lengths adjacent to the lone pair. These two 
compounds establish the Pb-S lengths to be 
expected. 

D-Penicillamine has been used in chelation therapy 
for lead poisoning. In the crystal structure of 
D-Penicillaminatolead(II) (1 l), the amino acid is a 
terdentate chelating ligand to one lead atom : Pb-0, 
244 pm; Pb-N, 244 pm; Pb-S, 272 pm. Weaker 
interactions to two other lead atoms have lengths: 
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TABLE 2. Interatomic distances (pm) 

(a) Lead coordination 

Atoms 
Distance 

(pm) Coordinates of 2nd atom* 

(b) Hydrogen bonds 

Distance 
Atoms (pm) Coordinates of 2nd atom* 

'Given with respect to x ,  y,  z values of Table 1. 

Pb-S, 3 16 and 348 pm; Pb-0, 277 pm. If the very 
long Pb-S bond is accepted, the electron pair 
geometry is distorted pentagonal bipyramidal with 
the lone pair equatorial, and adjacent to the long 
Pb-S bonds. 

FIG. 3. The hydrogen bonding scheme. 

The range of bond lengths in the literature for 
Pb(I1) to N and 0 is wide with lengths from about 
240 to 300 pm being common. The variability of the 
Pb(I1) stereochemistry and the use of macrocyclic 
ligands are probable causes for this. Our bond 
lengths are near the middle of the range. 

The stereochemical activity of the lone pair of 

TABLE 3. Bond angles 

(a) Lead coordination 

Atoms Angle (deg) Atoms 

O(11)-Pb-O(2) 84.1(6) O(2) -Pb -N(1) 
O(1 1)-Pb-N(1) 74.2(6) N(1) -Pb -0(3) 
O(11)-Pb-O(3) 80.5(6) O(3) -Pb -0(12) 
O(l1)-Pb-O(12) 71.7(6) O(12)-Pb -0(2') 
O(11)-Pb-O(2') 74.3(6) O(2') -Pb -0(2) 

Pb -0(2)-Pb' 

Angle (deg) 

64.5(6) 
62.7(6) 
76.6(6) 
78.5(6) 
68.1(7) 

111.9(7) 

(b) Hydrogen bonding 

Atoms Angle (deg) Atoms Angle (deg) 
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TABLE 4. Results of mean plane calculations 

(0) Definition of sets of atoms 

Plane Atoms Description 

I N(1), C(2)-C(6) The coordinated pyridine ring 
2 N(2), C(9)-C(13) The uncoordinated pyridine ring 
3 0(2'), 0(2), NU), 0(3), 0(12) The basal pentagon 

(b) Equations of least-squares planes through selected sets of atoms: 
Ax + By + Cz = D (pm)* 

Plane A B C D X' ? 

'The axis system used has x along the a-axis, y In the (a, b) plane, and z along the c* ax&. 
tx2 = Z, (Pi2/a2(P,)) where P,  is the perpendicular distance of atom I from the plane. 

(c) Perpendicular distances in pm of atoms from the planes 

Plane Atoms and distances 

1 Pb, -2.5(1); C(1), 15(2); 0(1), 16(2); 0(2), 22(2); C(7), -9(2); 
0(3), - 14(2); 0(4), - 14(2) 

2 C(8), - ll(3); 0(5), - 17(2); 0(6), - 15(2); C(14), -5(3); 0(7), 26(2); 
0(8), -32(2) 

3 Pb, -60.0(1); 0(2'), 6(2); 0(2), -20(2); N(1), 28(2); 0(3), - 16(2); 
O(12). 7(2) - \ -  , , ,-, 

Angles between normals to the planes: 1,2 = 1.04"; 2,3 = 17.85"; 1,3 = 18.73" 

electrons on a Pb(I1) ion cannot be taken for 
granted. In (n-C6H6)Pb(AlC14)2~C6H6 the co- 
ordination geometry is pentagonal bipyramidal, with 
benzene occupying one site, and the lone pair position 
is not evident (12). In [Pb(SCN)2C,2H26N,04], 
containing the 1,7,10,16-tetraoxa-4,13-diazacyclo- 
octadecane ligand, the Pb(I1) ion is eight coordinate 
and the lone pair has only a minor stereochemical 
effect ( I  3). 

I. H. B. EL.KINS. The chemistry of industrial toxicology. 2nd 
ed. John Wiley, New York. 1959. 

2. G. STRAHS and R. E.  DICKERSON. Act:) CI-ystallogr. B24, 
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3. K. J .  PALMER, R. Y. WONG, and J .  C. LEWIS. Acta Crys- 
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4. A. H. WHITE and A. C. WILLIS. J .  Chem. Soc. Dalton, 14. 
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The conformations of furanosides. A 13C nuclear magnetic resonance study 

NATSUKO CYR' A N D  ARTHUR S. PERLIN 
Depr/~.ttnc~~lt ofCllo~ist~.\ , ,  McCill Utli~~c,~.~ity, M~IIII.CO/, P.Q., Cotrcido H3A 2A7 

Received March 19, 1979 

NATSUKO CYR and ARTHUR S .  PERLIN. Can. J. Chem. 57,2504 (1979) 
A study of the conformations of 15 methyl aldohexo- and pentofuranosides in aqueous solu- 

tion has been carried out, based primarily on measurements of coupling by I3C-l and 13C-2 
with protons of the five-membered ring. From these stereochemically-dependent data, and their 
correspondence with vicinal 'H-'H couplings, the conformation favored by each glycoside has 
been deduced. Although, in general, the coupling patterns exhibited by homologous pairs of 
hexoses and pentoses are closely similar, the a-glrrco anda-xylo pair provide an exception : their 
data indicate that the latter favors the ZE  conformation, whereas the glucoside is characterized 
by interconverting E, and 3E conformers. It appears that a qlmsi-equatorial exocyclic side 
chain and a quasi-axial C-1,O-1 bond (anomeric effect) are equally important stabilizing factors 
in furanosides. In a number of instances, the current findings differ from those obtained in 
earlier studies for configurationally-related furanose derivatives in organic media. 

NATSUKO CYR et ARTHUR S. PERLIN. Can. J. Chem. 57.2504 (1979). 
On a effectue une Ctude des conformations de 15 aldohexo- et pentofurannosides de methyle 

en solutions aqueuses; cette Ctude est basee principalement sur des mesures de couplage entre 
les "C-1 et 13C-2 avec les protons du cycle a cinq chainons. A partir de ces donnees qui 
dependent de la stCrCochimie et de leur similitude avec les couplages vicinaux 'H-'H, on en 
deduit la configuration favorisee par chaque glycoside. Quoique, d'une f a ~ o n  generale, les 
couplages des paires homologues d'hexoses et de pentoses se ressemblent, la paire a-gl~rco et 
a-xylo correspond a une exception: leurs donnees indiquent que le dernier favorise une con- 
formation 'E alors que le glucoside est caracterise par des conformeres E4 et 3E en inter- 
conversion. I1 semble qu'une chaine laterale exocyclique qrmsi-equatoriale et une liaison 
C-1,O-1 quasi-axiale (effet anomere) soient aussi des facteurs stabilisants importants dans les 
furannosides. Dans un certain nombre de cas, nos resultats different de ceux obtenus au cours 
d'etudes anterieures effectuees sur les derives furannosides configurationnellement apparent& 
mais en solution dans des solvants organiques. 

[Traduit par le journal] 

Introduction differ from each other in ways that reflect minimal 

It has been known for many years that furanose 
sugars adopt conformations in which the five-mem- 
bered ring is puckered. In 1947, an X-ray study by 
Beevers and Cochran (1) demonstrated that the 
D-fructofuranose residue in sucrose sodium bromide 
dihydrate has an envelope conformation in which 
C-4' is displaced above the plane of the other four 
ring atoms. With developments in nucleic acid chem- 
istry, extensive studies have been carried out on the 
solid state conformations of the ribo- and deoxyribo- 
furanose moieties in these polymers and related 
nucleotides and nucleosides. Generally, either C-2' 
or C-3' of these compounds is displaced out of the 
plane of the furanose ring by 0.5-0.6& and a puck- 
ering angle in the vicinity of 35" is commonly ob- 
served (2, 3). 

The conformations of diastereomeric furanoses 
and derivatives in solution are expected (4-8) to 

non-bonded interactions between the ring substitu- 
ents. However, for a given diastereomer (8, 9) there 
may be several pseudorotating envelope and twist 
conformations (10). Much of the evidence dealing 
with conformational isomerism in solution comes 
from the measurement of lH-'H coupling constants 
(9, 11-17). For example, a small coupling constant 
(0-1 Hz) for vicinal trans protons is taken to indi- 
cate that the corresponding torsional angle is close 
to 90°, rather than 120°, whereas a large value of 
3J (-5 HZ) implies that the angle is closer to 180' 
than to 120". However, less information is available 
as to the sense in which direction the ring is puckered 
from coupling data for vicinal cis protons, and the 
contributions to 3J of factors other than torsional 
angle are difficult to assess. Hence many of the re- 
sults available are tentative in nature. 

In this study, we introduce an alternate criterion 
of furanose conformation. namelv the stereochem- 

'Present address: Alberta Research council, Edmonton, ical dependence of two-bond and three-bond 13c-'H 
Alta. coupling constants. Another aspect of the study con- 

0008-4042/79/182504-08$0 1 .OO/O 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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CYR A N D  PERLlN 2505 

cerns the specific question of conformational iso- (260") (2 83") 
merism in aqueous solution. That is, various methyl 
aldohexofuranosides and pentofuranosides in D 2 0  (1 1800) 
solution are dealt with here, whereas most of the "LC <TH (I i80°) c ~ :  
earlier literature describes the characteristics of ester (I 157") 

(2 60") 
derivatives in organic solvents. We have also mea- 
sured 3~,,,,, values for many of the glycosides which, 
in general, are shown to reinforce the conclusions 
based on the I3C-'H coupling data obtained. (< 157") ,, 

n 
Results and Discussion (> 83") 

13C-'H Coupling Constants, and the Cotfortnational 
Analysis of F~u'anosides 

From the data available on saturated systems, the 
'H-coupled 13C spectrum of an aldofuranoside is 
expected to exhibit spin-spin splitting due to cou- 
pling across one, two, or three bonds ('J, 'J, 3J) but 
not four or more bonds. All of these couplings are 
stereochemically dependent (20, 2 1). Hence, in order 
to study the ring conformation, carbons-1 and -2 
are of primary interest because the multiplicities of 
their signals are affected only by protons of the ring, 
whereas carbons-3 and -4 can couple with exocyclic 
protons (e.g., H-5) and thereby introduce the addi- 
tional problem of side-chain conformations. Gener- 
ally, therefore, only the C-1 and C-2 portions of 13C 
spectra are described here. Since C-1 resonates far 
downfield of the other carbons (18, 19), its signal 
always can be examined readily, although the C-2 
signal of most of the compounds examined (19) also 
proved to be adequately well separated from the 
others. It is noteworthy, as will be seen below, that 
many of the C-1 and C-2 signals have the appearance 
of simple multiplets. Aside from this indication that 
the contributing couplings involved are often of the 
same magnitude, another simplifying factor is likely 
to be the low limit of resolution obtainable over the 
many hours of accumulation time required. 

Three-bond Coupling, 3J 
The relationship between 3JcH and torsional 

(dihedral) angle is expressed by a Karplus type curve 
(18, 20-23). However, only vicinal coupling > 2-2.5 
Hz is directly observable in 'H-coupled 13C spectra 
of carbohydrate derivatives (20, 24, 25), although it 
may be detected as line broadening. According to the 
data for 3JcccH or 3JCOCH available from studies on 
carbohydrates (20-22, 26-28), this means that the 
signal multiplicities due to 3J reported here must 
arise from torsional angle relationships >120° 
associated with puckering of the furanose ring. 

Considering envelope forms (for simplicity, a twist 
form may be regarded as a combination of two en- 
velope forms) several different dihedral angles may 
be envisaged between I3C-C (or 13C-0) and 

SCHEME 1. Dihedral angles between I3C-C and C-'H 
bonds in envelope conformations of furanosides. Heavy lines 
denote pathways expected to give rise to clearly observable 
values (-4-5 Hz) of 3Jc,,. 

C-'H bonds under varying circumstances, as shown 
in Scheme 1. The maxima and minima listed are for 
extreme puckering of the ring (29), so that if the 
puckering is less pronounced the real angle would be 
be between 120" and the value given. Hence, only 
coupling pathways having the geometries represented 
by the heavy lines (Scheme 1) should be associated 
with an observable splitting (-4-5 Hz) of the C-1 or 
C-2 signal, due to interaction with H-3 and (or) H-4. 

Two-bond Coupling, 
Coupling between ' 3C and 'H nuclei separated by 

two bonds also is stereochemically dependent (20, 
21, 25, 30, 31). Three categories of 'J involving C-1 
and C-2 nuclei have been recognized (21, 30, 31), 
according to the number and disposition of proximal 
oxygen atoms. 

(a) C-1,H-2-Coupling between C-1 and H-2 is ob- 
served (-4-5 Hz) when the torsional angle between 
the two anomeric C-0 bonds and the C-2-H-2 
bond are similar (as in 1 and 2) but not, as in 3, when 
the angles are very different. According to molecular 
models, the arrangement of nuclei in 1 can be attained 
only in a 1,Ztrans anomer, through extreme puck- 
ering; for the arrangement in 2, eclipsing in a 1,2-cis 
anomer is required. 

(b) C-2,H-I-Coupling between C-2 and H-1 may 
be as large as 8 Hz when the dihedral angle between 
the C-2-0-2 and C-1-H-1 bonds is close to 180°C, 
and decreases with decreasing angle size to a value of 
-0 Hz at 60". On this basis, there should be observ- 
able coupling for arrangements of nuclei illustrated 
in Scheme 2, which are confined to 1,2-cis isomers. 
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SCHEME 2. Orientations of C-1,'H-1 and I3C-2,0-2 bonds 
expected to give rise to clearly observable values (4-5 Hz) of 
ZJ~rx between 13C-2 and 'H-l in furanosides. 

(c) C-2,H-3-A coupling of -5 Hz between C-2 
and H-3 has been demonstrated when the angle be- 
tween the 13C-2-0-2 and C-3-'H-3 bond is 60°, 
whereas 'Jis -0 Hz when the angle is 2 120". There- 
fore, if coupling between C-2 and H-3 is observed 
in a furanoside, 0-2 and 0 - 3  of that isomer must be 
close to trm~s,gauclle. 

Analyses of the 'H-conlpled Spectra of I3c-l 
and l3  C-2 

Because 'Jc,, is large, each signal consists of two 
roughly equivalent segments separated by 150-1 75 
Hz (24, 25). In a number of instances, only one of 
these segments could be examined because the second 
was obscured by overlap with other signals. Estimates 
of 3J and 'J were made from the spacings observed. 
Although some of these values could differ appre- 
ciably from the true J values, owing to second order 
effects (32), the discrepancies are assumed to be suf- 
ficiently small (32) so as not to invalidate the general 
conclusions reached. Furthermore, many of the 
spectra have been simplified, and the source of cou- 
pling confirmed, by the use of regioselectively deu- 
terated glycosides. 

Signal analyses for four methyl aldohexofurano- 
sides are described below, as representative examples. 
The pentosides gave C-1 and C-2 signals closely 
resembling those of their six-carbon homologs, with 
one exception: the C-1 signal of methyl or-D-xylo- 
furanoside was distinctly different from that of 
methyl or-D-glucofuranoside, and hence it is dealt 
with separately as a fifth example. 

Metl~yl cl-D-Glucofuranoside (4) 
C-1 signal: (a) quintet, indicating coupling with 

one proton in addition to the three methyl protons; 
(b) a closely similar quintet was produced by the 
4-deutero analog of 4; (c) the 3-deutero analog of 4 
produced a quartet. Therefore, C-1 couples with 
H-3; observed spacing, 4.5 Hz. 

C-2 signal: (a) a triplet; (b) a closely similar triplet 
was produced by the 4-deutero analog of 4; (c) the 
3-deutero analog of 4 produced a doublet. Therefore, 
C-2 couples with H-2 and H-3; observed spacings, 
4.0 Hz each. 

Methyl a-D-Mannofuranoside (8) 
C-1 signal: (a) broad septet, indicating coupling 

with two protons in addition to the methyl protons; 
confirmed by selective decoupling of latter protons, 
whereupon the signal became a triplet (centre peak 
broader than outside peaks); (b) quintet observed on 
selective decoupling of H-3; (c) quintet observed on 
selective decoupling of H-2 plus H-4 (overlapping 
signals); (d) selective decoupling, using the 3,5,6,6'- 
tetradeutero analog of 8 (33) showed that H-1 is 
coupled to C-4; in such circumstances, according to 
molecular models, there should not simultaneously 
be an observable coupling between C-1 and H-4. 

Therefore, C-1 couples with H-2 and H-3; ob- 
served spacings, - 3 Hz and - 5 Hz, respectively. 

C-2 signal: sharp singlet. 
Therefore, C-2 does not couple with H-1, -3, or -4. 
Met11 yl 13-D-Galactofuranosick (11)  
C- 1 signal : 
Therefore, C-1 does not couple with H-2, -3, or -4. 
C-2 signal: doublet; according to Scheme 2, since 

0 -2  and 0 - 3  are trans, H-3 is suitably positioned for 
coupling (i.e., analogous to the gluco isomers). 

Therefore, C-2 couples with H-3; observed spacing, 
4.0 Hz. 

Metlzyl cl-D-Allofum~oside (6) 
C-1 signal: (a) quintet, indicating coupling with 

one proton in addition to the methyl protons; (6) a 
closely similar quintet was produced by the 4-deutero 
analog; (c) the 3-deutero analog of 6 produced a 
quartet. Therefore, C-1 couples with H-3; observed 
spacing, 4.5 Hz. 

C-2 signal: overlap with C-5 signal; appears to be 
sharp singlet. 

Therefore, C-2 (probably) does not couple with 
H-1, -3, or -4. 

Methyl or-D-Xylofuranoside (12) 
C-1 signal: (a) quartet, attributable to coupling 

with methyl protons; (b) singlet produced by methyl-d3 
glycoside. 

Therefore C-1 does not couple with H-2, -3, or -4. 
Data obtained for 15 methyl furanosides, including 

values of 'J,., are presented in Tables 1 and 2. 

Confornational Aizalysis of Furanosides 
In selecting conformational possibilities consistent 

with the I3C-'H couplings observed and the various 
coupling pathways outlined in Schemes 1 and 2, the 
following procedure was adopted. For each of the ' J  
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TABLE I .  13C-lH coupling constants (Hz)" of methyl aldohexofuranosides 

a-Gl~rco j3-Glrrco a-Allo j3-ANo a-Mnrmo j3-Marir~o a-Gnlncto j3-Gnlncto 
(4) (5) (6) (7) (8) (9) (10) (11) 

'Jc-1.11-1 174.0 172.5 174.5 174.0 172.4 175.0 174.0 172.0 
'Jc-I .H-2 0 0 0 0 - 3 0 3.0" 0 
3 J ~ - 1 . ~ - 3  4.0 4.5 4 .5  0 - 5 4 Oh 0 
3Jc-~ .H-4 0 0 0 -4 0 0 0 0 
'Jc-Z.FI.I 4.0) O O O O O O 
'JC-Z.SI-~ 4.0 3 .0  0 0 0 4 .5  4 .0  
3 J ~ - ~ . ~ - 4  0 0 0 0 0 0 0 

"Spacings measured directly from the 'H-coupled '3C spectra; a value of 0 Hz is reported when splitting was not observable. 
bCoupling assignments may be reversed. 
CC-2 signal obscured by overlap. 

TABLE 2. 13C-'H coupling constants (Hz)" of methyl aldopentofuranosides 

~JC-I,II-I 173.0 174.0 173.0 174.0 171 .O 174.0 173.0 
2Jc.~.~-z 0 0 0 0 0 3.0" 0 
3 J ~ - ~  ,t~-3 0 4.0 4.0 0 4 .0  0" 0 
3Jc-~ .II-4 O O O 4.0 O 3 .0  O 
2J~-z.t~-l > 3 O O O O O 
'Jc-z.H-~ > 3 3.5 0 0 > 4 3.5 
3Jc-z,~~-4 O O O O O O 

"pacings measured directly from the 'H-coupled "C spectra; a value of 0 HZ is reported when splitting was not 
observable. 

bcoupling assignments may be reversed. 
CC-? signal obscured by overlap. 

TABLE 3. Conformations of methyl j3-allofurano- 
side (7) compatible with observed values of 

13C-'H coupling 

3J (Hz) Possible conformations 

values involving C-1 and C-2 (i.e., due to coupling 
of C-1 with H-3 and (or) H-4, and coupling of C-2 
with H-4) all possible conformations were examined, 
and those consistent with all of the 3J values were 
judged to be feasible conformations. Two-bond cou- 
pling of C-1 with H-2 and C-2 with H-1 was then 
evaluated, in a number of instances, as a cross 
check.' An example of the procedure is given for 
methyl P-D-allofuranoside 7 in Table 3, which shows 
that only the ' E  conformer (C-1 is displaced upwards 
from the plane) is consistent with all of the observa- 
tions. This conclusion also is compatible with the 
fact that neither C-1 nor C-2 of 7 exhibited two-bond 
coupling. 

'Applied to methyl j3-D-mannofuranoside, this form of 
analysis also served to identify H-3 as a source of coupling 
with H-1 ; details are presented as an addendum to the Experi- 
mental section. 

Conformational possibilities deduced in this way 
for each of the furanosides are listed in the second 
column of Table 4. More than one choice is given for 
most compounds, although it is noteworthy that each 
grouping contains only immediate E neighbors in the 
pseudorotational itinerary defined for furanose rings 
(8, 9). Hence energy barriers within each chosen 
group should be sufficiently small to allow for ready 
conformational interconversions. 

To narrow the choice of possibilities further, 
corresponding vicinal 'H-'H coupling constants 
have been evaluated. The latter values, obtained from 
220 MHz 'H spectra (with the aid of computer simu- 
lation), are collected in Table 4 together with the 
pertinent vicinal 'H-'H projected angles (29). When 
the observed values of 3J,,,, are inconsistent with a 
conformation listed, the latter is regarded as less of a 
possibility. For example, an E2 or 3E  conformation 
for methyl a-D-mannofuranoside (8) is not in accord 
with the intermediate value of 3.0 Hz found for J ,  ,, 
(Table 4), because these conformations are charac- 
terized by relatively large H-1, H-2 torsional angles 
corresponding (34) to 3J values of > 5 Hz. By con- 
trast, an E,  conformer would be more consistent 
with all of the data for 9. A similar process of selec- 
tion leads to the conclusion that an E, conformation 
is not an important contributor to the pseudorota- 
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TABLE 4. Conformational possibilities for methyl furanosides, corresponding dihedral angles ($"), and related 
3 J ~ . ~ ~  values (Hz) obtained experimentally 

Isomer Conformations . 2  3 J 1 . 2  $ 2 . 3  3 J ~ . 3  $ 3 . 4  3 J 3 . 4  

OConformational possibility more compatible with 'H-'H coupling data. 
bThese and other bracketed values are for peracetates. 

tional itinerary of methyl P-D-glucofuranoside (5), 
and that this isomer is represented by interconverting 
E, and 3E conformations. 

An overall evaluation of our findings is presented 
in Scheme 3 in terms of the orientation of ring sub- 
stituents in each of the furanosides. Two features 
are particularly prominent, i.e., very frequently the 
C-1-0-1 bond favours a quasi axial orientation, and 
the exocyclic C - L C - 5  bond a quasi equatorial 
orientation. Both of these features are consistent with 
well known stabilizing influences. The latter corre- 
sponds to the quasi equatorial preference of the 
methyl group of methylcyclopentane (4), and the 
former to  operation of the anomeric effect (6-8, 35) 

which, in pyranoses, accounts for the stability of 
axial C-I-OR bonds. Noteworthy with respect to 
this general preference for a quasi axial orientation 
of the methoxyl function of the furanosides, is the 
fact (Table 1) that there is little variation in the mag- 
nitude of coupling between C-1 and H-1 : all of the 
values are between 172 and 175 Hz. This is in con- 
trast to the difference of - 10 Hz in 'J,-, -H-l that 
characterizes an axial, equatorial anomeric pair of 
pyranoses (20, 21, 36), and hence supports the con- 
clusion above that the C-1 substituents of furanosides 
tend to be oriented in the same (axial) manner. 

The process of ruling out certain conformational 
possibilities on the basis of the 'H-'H coupling data 
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SCHEME 3. Orientations favored by ring substituents in 
methyl D-aldohexo- and pentofuranosides; 17 and 18 are 
L-enantiomers. For hexosides 4-11, R = CHOHCH'OH; for 
pentosides 12-18, R = CH20H. Axial (a), ecluatorial (e), 
isoclinal (i). 

helped materially in arriving at  an overall consis- 
tency. For example, an a-gluco E, conformation 
appears preferable to an E, because it would incor- 
porate an equatorial C-5, whereas 0 - 1  would be 
equatorial in the E2 conformation. However, an E, 
conformation is a more attractive possibility for the 
P-glucoside because this would be more compatible 
with the anomeric effect. 

Hexofiranoside us. Pentof~iranosicle 
In almost all instances, the coupling patterns 

exhibited by C-1 and C-2 of the 6- and 5-carbon 
homologs are closely similar. This is true also of their 
vicinal 'H-'H coupling characteristics. Therefore, 
it is valid to assume that the ring conformation of a 
pentoside is essentially the same as that of the con- 
figurationally-related hexoside. The a-gl~ico (4) and 
a-s j~/o  (12) pair provide an exception to this consis- 
tent picture; whereas C-I of the former shows cou- 
pling with H-3 the analogous interaction is not ob- 
served for the xyloside, and the 'H spectra of the two 
differ strikingly also in the magnitude of 3J2,3 and 
3 J,,,. Consequently, these compounds have been 

depicted (Table 4 and Scheme 3) by geometries that 
are remote from each other in the conformational 
itinerary of the furanoside ring (8, 9), i.e., E, + 3E 
for 4 and ,E for 12. The latter is characterized by an  
axial 0 - 1  substituent, and the former by an  equa- 
torial side chain. 

By considering all 15 compounds, it is seen 
(Scheme 3) that 10 favor a conformation in which the 
exocyclic side chain is equatorial, and 9 compounds 
favour a conformation in which 0-1 is axial, whereas 
the P-galacto,a-arabino and P-gluco,P-xylo pairs 

TABLE 5. A comparison of conforniational choices proposed 
for aldopentofuranose derivatives in different studies 

Stevens Hall 
Bishop and and 

Present and Fletcher co-workers 
study Cooper ( 5 )  ( 15 )  ( 9 )  

a-Xylo ZE 'T3 'T3 
p-Xyl0 E2, 3E 'T3 E2, 3E 
a-Ribo El ' E 'E, IT,  3E, E3 

incorporate both features. Hence, neither of these 
stabilizing orientations is predominant in deter- 
mining the conformations of furanosides. A related 
consideration is the fact that when C-5 and 0 - 3  are 
cis, puckering of the ring so as to  orient C-5 equa- 
torially eliminates eclipsing at  the 3,4-position; 
similarly, cis-1,2 substituents are staggered (quasi 
a,e) when 0 - 1  is axial. The a-gluco and a-xylo pair 
is distinguished from the other pairs of hexo- and 
pentofuranosides in having cis arrangements of sub- 
stituents at  both the 1,2- and 4,5-positions. Either 
of the associated eclipsing arrangements may be 
alleviated by suitable puckering of the ring, but not 
both simultaneously. There is evidence (19) that the 
-CHOHCH,OH moiety of 4 introduces substan- 
tially greater steric crowding than does the -CH,OH 
of 12. That is, aldohexofuranosides in which C-5 and 
0 - 3  are cis exhibit notable C-5 and C-4 upfield shifts 
as compared with their pentose homologs. Con- 
ceivably, then, this difference is sufficient to favor an  
equatorial orientation and staggered 4,Ssubstituents 
in the a-glucoside whereas, on balance, the anomeric 
effect and concomitant staggering of the 1,2-sub- 
stituents may be the overriding factor for the a-xyl- 
oside. 

The present findings may be compared with the 
results of ' H  nmr studies cited above. This is of 
interest particularly because the latter studies, in con- 
trast to the current ones, have employed ester deriva- 
tives in organic media. The various data are com- 
piled in Table 5 ;  they deal only with aldopento- 
furanoses because hexose derivatives were not in- 
cluded in the earlier investigations. Also given in 
Table 5 are Bishop and Cooper's results of confor- 
mational analysis of methyl pentosides, based on 
thermodynamic data (5). All of the envelope (E) and 
twist (T) conformations represented in the Table 
appear within the following segment of the furanoid 
pseudorotational itinerary (8, 9); for simplicity, each 
T form is listed on the lower line between the two 
most closely related E forms : 
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4~ E~ @ 1E E2 @ 3E F? E4 F? OE F? El  'E @ E3 

"To 'To 'T2 3Tz 3T4 OT4 OT1 2T1 'T3 

TABLE 6. Conformations of methyl p-mannofuranoside (9) 
compatible with observed values of 13C-'H coupling 

J (Hz) Possible conformations 

Case 1 C-1 ,H-3 4.5 'E, E2, 3E, E4 
C-1,H-4 0 El," Ez, 'E,b 3E, E4, OE 
C-1,H-2 0 Ring puckered at  C-l,C-2 

Case 2 C-1,H-3 0 El ,  E3. 4E, 'E, EO 
C-1,H-4 O E l ,  Ez,  3E, E4, 
C-1,H-2 4 .5  Ring not puckered at  C-l,C-2 

Case 3 C-1,H-3 0 E l ,  ZE, E3, 4E, 'E: Eo 
C-1,H-4 4 .5  'E, E3, 'E, Eo 
C-1,H-2 0 Ring puckered at  C-1,C-2 

Case 4 C-2,H-1 0 Not 2E,b not E la  
C-2,H-1 O 'E, El," E,, 3E, E4, OE 

'E, eliminated by case 4. 
b2E eliminated by case 4. 

Since the various sets of data in Table 5 have all 
been obtained with different derivatives and (or) 
under different conditions, there is no reason a 
priori to expect general agreement as to the favored 
conformation associated with a given diastereomer. 
Nevertheless, a substantial number of consistencies 
are found. In four out of seven instances, the pen- 
tosides in water appear to adopt essentially the same 
conformations as do the corresponding ester deriva- 
tives examined by Stevens and Fletcher. Closely 
similar conclusions have been reached also for three 
out of the four diastereomers examined, as esterified 
glycosyl halides, by Hall and co-workers, and for 
four out of the seven evaluated by Bishop and 
Cooper. However, the degree of conformational 
variability for a given diastereomeric furanose is 
apparent from the fact that only the a-rib0 species 
exhibits a consistent geometric preference throughout. 

Experimental 
N~iclear Magrletic Resonance Spectra 

Proton-coupled I3C spectra were recorded at  22.63 MHz 
with a Bruker WH-90 Ft spectrometer, using gated 'H  irradia- 
tion. The repetition time was -2.5 s, the decouple time -0.6 s, 
and the pulse width -16 ps (-90"). Spectral widths of 180% 
2400 Hz  were used, giving a digital resolution of 0.5-0.6 Hz  
after Fourier transformation (4K real data points). 

Proton nmr spectra were recorded at 220 MHz, by Dr. A. A. 
Grey of the Canadian 220 MHz NMR Centre. 

Deuterium oxide was the solvent for unsubstituted com- 
pounds and CDCI, for their acetate derivatives, generally at  
concentrations of 0.2-0.4 g/mL. 

Assigrlrr~ent of 13C-'H Corlplirlg in Metllyl p-D-Manno- 
fi~rarloside, and Cor~forniatior~al Analysis 

The C-1 signal (downfield-half observed) was a quintet 
showing that, in addition to  coupling with the methyl protons, 
C-1 couples ( J  = 4.5 Hz) with H-2, -3, or -4. These three pos- 
sibilities (cases 1, 2, and 3) are associated in Table 6 with 
various envelope conforn~ations of the glycoside. The addi- 
tional fact that the C-2 signal (downfield-half observed) was a 
singlet, introduces two additional conditions to be satisfied. 
Complete correspondence is found only between the confor- 
mations in this latter group and those of case 1. Therefore, 
H-3 gives rise to  the 4.5 Hzcoupling with C-1 and, accordingly, 
the glycoside is expected to favor conformations E2, 3E, and 
(or) E4, which are common to both sets. 
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The normal and the retro-Boulton-Katritzky rearrangement of hydroxy- and 
nitro-substituted benzofuroxans 

ERWIN BUNCEL, NOEMI CHUAQUI-OFFERMANNS. A N D  ALBERT R. NORRIS 
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ERWIN BUNCEL, NOEMI CHUAQUI-OFFERMANNS, and ALBERT R. NORRIS. Can. J. Chern. 57, 
2512 (1979). 

The dernethylation of 7-methoxy-4-nitrobenzofuroxan by aqueous KOH gives rise to 7- 
hydroxy-4-nitrobenzofuroxan as well as 5-hydroxy-4-nitrobenzofuroxan, the latter being 
formed via a retro-Boulton-Katritzky rearrangement. The retro rearrangement also occurs on 
heating the potassium salt of 7-hydroxy-4-nitrobenzofuroxan in the solid state. In basic aqueous 
solution 5-hydroxy-4-nitrobenzofuroxan undergoes the normal Boulton-Katritzky rearrange- 
ment to yield 7-hydroxy-4-nitrobenzofuroxan. These processes are rationalized on the basis 
of a balance between electrostatic and steric interactions in the reactants and the products of 
rearrangement. 

ERWIN BUNCEL, NOEMI CHUAQUI-OFFERMANNS et ALBERT R. NORRIS. Can. J. Chern. 57, 
2512 (1979). 

La demethylation du mkthoxy-7 nitro-4 benzofuroxanne par le KOH aqueux conduit a 
I'hydroxy-7 nitro-4 benzofuroxanne aux cB:es de I'hydroxy-5 nitro-4 benzofuroxanne; ce 
dernier cornpose se forrne par une transposition retro-Boulton-Katritzky. La transposition 
retro se produit aussi par chauffage du sel de potassium de I'hydroxy-7 nitro-4 benzofuroxanne 
a l'etat solide. En solutions aqueuses basiques, l'hydroxy-5 nitro-4 benzofuroxanne subit la 
transposition norrnale de Boulton-Katritzky et conduit a I'hydroxy-7 nitro-4 benzofuroxanne. 
On rationalise ces processus en se basant sur un equilibre entre les interactions steriques et 
electrostatiques dans les riactifs et les produits de la transposition. 

[Traduit par le journal] 

During our study (1-3) of o-complex formation 
and reactivity in the nitrobenzofuroxan series (see 
also refs. 4-7), we observed that the compound 1 
reacts with methoxide ion in methanol solution by 
competitive attack a t  the aryl carbon to  give the 
o-complex 2, and at the aliphatic carbon to  give the 
displacement product 3, Scheme 1 (1). In order to  
ascertain whether de~nethylation could also be 
effected in a less activated system, we have extended 

the study to  the mononitro analog 4. We have in fact 
identified conditions under which demethylation does 
occur readily with this compound. However, un- 
expectedly, we found that the demethylated product 
7 undergoes a retro-Boulton-Katritzky rearrange- 
ment to  yield 5, while under other conditions 5 
undergoes a normal Boulton-Katritzky rearrange- 
ment (8-14) to  give 7. The observations are unlike 
previous reports of the simultaneous occurrence of 
the normal and retro-Boulton-Katritzky rearrange- 
ment processes. 

@O Results and Discussion 
O2N 14' 7-Methoxy-4-nitrobenzofuroxan (4) o n  heating at 

CH30 O C H ~ I  
0- 55"Cwith aqueous K O H  for 45 min, followed by acidi- 

NO2 @ 2 fication to  p H  1, yielded a suspension consisting of a 

+ CH.0- 
red solid and an orange colored solution. The separ- 

6\7 A,/ ated red solid, after treatment with chloroform to  re- 
O2N 

I \ move traces oforange material, was recrystallized from 
CH30 O- water to  yield a red crystalline material which was 

1 4;) shown to  be the potassium salt of 7-hydroxy-4-nitro- 
benzofuroxan (7). The orange filtrate was further 

OzN 
I acidified, extracted with chloroform, and worked up 

0- o- t o  yield a yellow solid shown to be 5-hydroxy-4-nitro- 

3 benzofuroxan (5). The following evidence was obtain- 
SCHEME I ed as structure proof for the reaction scheme given in 

0008-4042/79/1825 12-04$0 1 .00/0 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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Scheme 2 (details of analytical data, etc. are given in 
the Experimental). 

7-Hyclioxy-4-izitrobenzofuroxan (7)  and its 
Potassiwn Salt (7-K) 

The red solid obtained as above exhibited in the 
nmr spectrum (Table 1) in DMSO-d, resonances 
(6 ppm), HA 8.10 (d), HB 5.60 (d), JAB 10 Hz, 
assignable respectively to the protons adjacent to the 
NO, and 0- functions of 7-K. For a series of 7-sub- 
stituted 4-nitrobenzofuroxans the differences in the 
chemical shifts between the A and B protons, AAB, 
has been found to range between 1.5 and 2.0 ppm 
(10). In the present system, the larger difference of 
2.5 ppm is attributed to the greater shielding effect 
of the 0- function compared to the uncharged 
substituents examined in previous work (10). Acidi- 
fication of the solution of the potassium salt in 
DMSO-d, with CF3C0,D led to a shift in the 
resonances, that is HA 8.47 (d), HB 6.52 (d), JAB 9 Hz. 
The AAB value of 1.95 ppin is now quite comparable to 
that (1.77 ppm) observed in 4 and related compounds 
and is in accord with the acid conversion of 7-K to 7. 
On treatment of the solution of the potassium salt in 
DMSO-d6 with methyl iodide and monitoring by 
nmr, the characteristic spectrum of 7-methoxy-4- 
nitrobenzofuroxan (4) gradually evolved, that is 
HA 8.61 (d), HB 6.84 (d), JAB 9 HZ, C H 3 0  4.13 (s), 
thus providing definitive proof of structure. 

5-Hydroxy-4-nitrobenzofuroxan (5 )  
The nmr spectral characteristics of the yellow solid 

in DMSO-(I,/CF3COOD are given in Table 1. The 
assignment of the 7.88 resonance to H-7 and of the 
7.24 resonance to H-6 of 5 is in accord with results in 
the literature for a number of 5-substituted 4-nitro- 
benzofuroxans (10). The difference in chemical 
shifts for the A and B protons, AAB 0.64 ppm, com- 
pares with corresponding literature values of 0.3- 

0.8 ppnl (10) reported for similar compounds. The 
reduced AAB value in 5 compared with 7 can be 
accounted for by the weaker deshielding effect of the 
N(0) function relative to NO,. The ir spectrunl of 5 
(KBr) presents the characteristic stretching absorp- 
tion for intramolecular hydrogen-bonded hydroxyl 
at 3400-3600 cm- '. 
The Rearrangement Processes 

The most plausible and consistent explanation of 
our experimental findings is that demethylation of 4 
occurs by direct nucleophilic displacement to yield 
7, which then undergoes a retro-Boulton-Katritzky 
rearrangement to yield 5. The possibility that a prior 
rearrangement of4  had occurred to yield 5-methoxy- 
4-nitrobenzofuroxan can be discounted by the work 
of Ghosh (lo), who showed that this compound 
readily undergoes the normal Katritzky-Boulton 
rearrangement at ambient temperature. 

Interestingly, Ghosh observed (10) that 7-anilino- 
4-nitrobenzofuroxan (6) on heating above 150°C in 
the dry state changed, without melting, into the 
isomeric 5-anilino-4-nitrobenzofuroxan (8) (eq. [I]). 

The compound 6 provided the only case of the retro- 
Boulton-Katritzky rearrangement in the course of 
examination of about a dozen 7-substituted 4-nitro- 
benzofuroxan derivatives. Ghosh suggested that the 
likelihood of a stronger NH...O,N hydrogen bond 
in 8 compared with 6 (NH...ON distance 1.9 A 
in 8 versus 2.3 A in 6) would compensate for the 
increased steric interactions in 8 compared with 6. 
In accord with this explanation, the normal Boulton- 
Katritzky rearrangement (8 - 6) was found to occur 
in DMSO, which can act as a hydrogen bond accep- 
tor (15, 16), but not in protic solvents (10). 

In view of these proposals and the dearth of 
information concerning the factors which promote 
the retro-Boulton-Katritzky rearrangement (lo), as 
well as current interest in the limits of the normal 
Boulton-Katritzky rearrangement (14), we decided 
to investigate further the interconversion of 5 and 7. 

When the solid potassium salt 7-K was heated at 
50°C under vacuo for 24 h, a color change from red 
to deep orange was observed. The uv-visible absorp- 
tion spectrum of the resulting material was identical 
to that of the oxyanion of 5 (i.e., 5-K), indicating the 
occurrence of the retro-Boulton-Katritzky rearrange- 
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TABLE 1. Nuclear magnetic resonance spectral characteristics of the hydroxy- and nitro-substituted 
benzofuroxans and their anions 

HA Hu Aau J A B  

Compound 8(ppm) 8(ppm) & ( P P ~ )  (Hz) Solvent 

- 

"Spectrum recorded following acidification of  solution of  7-K in DMSO-de. 
bspectrum of material obtained from retro-Boulton-Kafritzky rearrangement of  7-K (see text). A pure sample of 5-K, 

dissolved in DMSO-d, a t  room temperature, rapidly yields an equilibrium mixture of  5-K and 7-K in which 7-K is present in 
approximately 10-fold excess over 5-K. 

ment (eq. [2]). The nmr data for 5-K are included in 
Table 1 and are in accord with the structural formu- 
lation of the rearranged material. It is noteworthy 
that this rearrangement could be brought about - 100" below the temperature required in the case of 
the transformation 6 + 8 (10). 

As a contrasting experiment, it was of interest to 
examine the behaviour of the rearrangement product 
in aqueous solution. Thus a solution of 5 in a buffer 
of pH 10.3 was found to undergo the spectral 
changes which are illustrated in Fig. 1. These changes 
are characteristic of the conversion 5 + 7 (i.e., 
5-K + 7-K, at pH 10.3) and indicate that a normal 
Boulton-Katritzky rearrangement is occurring. It is 
recalled that the anilino compound 8 showed no 
spectral changes in solutions of protic solvents (10). 

The experiments described above show that we 
are dealing here with a reversible system, 7-K F? 
5-K, representing a retro- and a normal Boulton- 

FIG. 1. Spectral scans of a solution of 5-hydroxy-4-nitro- 
benzofuroxan (7.14 x lo-= M) at pH 10.3, 25"C, showing the 
transformation to 7-hydroxy-4-nitrobenzofuroxan. Scan times: 
( I )  1 min; (2) 30 min; (3) 75 min; (4) 135 min; (5)  16 h. 

Katritzky rearrangement in the forward and reverse 
directions, respectively. Our present results can be 
explained by invoking electrostatic interactions as 
having a major influence on the type of process 
which occurs. In the solid state, the increased electro- 
static attraction between K' and the two oxygen 
atoms in 5-K, compared with the situation in 7-K, 
will tend to overcome the unfavorable steric inter- 
actions in the former, so that the retro-Boulton- 
Katritzky rearrangement, 7-K + 5-K, is favored. In 
aqueous solution the free oxy anion will no longer be 
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TABLE 2. Ultraviolet-visible absorption spectral characteristics of 
hydroxy-nitrosubstituted benzofuroxans and their anions 

Ln>.)x (E), 
Species Medium nm (L mol-' cm-') 

7 8 M  HCI 435 (7 370) 320 (5 630) 300 sh (5 600) 
7-K pH 10.3  484 (11 700) 371 (8 300) 312 (8 100) 
5 7 M  HCI 402 (7 300) 320 (7 200) 277 (5 950) 
5-K pH 10.3 394 (6 720) - 312 (15 500) 

subject to influence from the potassium counterion, 
thus allowing the normal Boulton-Katritzky re- 
arrangement, 5-K + 7-K, to occur. This explanation 
of the importance of electrostatic interactions is 
similar in principle to that invoked by Ghosh (lo), 
even though in that system the normal Boulton- 
Katritzky rearrangement was not observed in 
aqueous solution, unlike the present case. We intend 
to  study the kinetics of the rearrangement processes 
in these systems in order to shed more light on the 
normal as well as the retro-Boulton-Katritzky 
rearrangement. 

Experimental 
7-Methoxy-4-nitrobenzofuroxan (0.5 g, 2.4 mmol), prepared 

as described previously (3), was heated with 31 mL of 0.1 N 
KOH (3.2 mmol) at 55°C for 45 min. Cooling to O°C, acidifi- 
cation with 1 N HCI to pH 1, and filtration yielded a red preci- 
pitate and an orange colored filtrate. The filtrate was further 
acidified with concentrated HCI, extracted with chloroform, 
the solvent evaporated, and the soIid recrystallized from 
chloroforn~ to yield 5 as yellow crystals, mp 17C172"C (dec.), 
t?l/e 197. Atral. calcd. for C6H3N3O5 : C 36.57, H 1.53, N 21.32; 
found: C 36.56, H 1.51, N 21.17. The nmr data (Bruker 
60 MHz HFX-60, with tetramethylsilane as internal standard) 
are given in Table 1. 

The red solid obtained above was agitated with chloroforn~, 
to remove residual 5 as well as any unreacted 4, and recrystal- 
lized from water to yieId the potassium salt of 7, i.e., 7-K, as 
red crystals of the monohydrate, mp 275-277°C (dec.). Anal. 
calcd. for C6HZN3o5K.  H 2 0 :  C 28.46, H 1.59, N 16.60, 
K 15.44; found: C 28.96, H 1.74, N 16.32, K 13.17. 

For the methylation of 7-K the red solid (0.066 mmol) was 
placed in an nmr tube, dissolved in 0.4 mL DMSO-d6, treated 
with methyl iodide (0.12 mmol), and the nmr spectrunl moni- 
tored with time. After 6 days at  room temperature the charac- 
teristic resonances of 4 appeared (3) and a precipitate of 
potassium iodide was formed. 

The uv-visible absorption spectra of 5 and 7 were obtained 
for the neutral and anionic forms. The spectral characteristics 

are given in Table 2. The n-butylarninelHC1 buffer solution 
used in the experiment shown in Fig. 1 was prepared according 
to procedures outlined in ref. 17. 
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Subtilisin Carlsberg, a chiral catalyst: an organic co-solvent 
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JOHN F. BECK and JOHN F. MCMULLAN. Can. J. Chem. 57.25 16 (1979). 
The kinetics of subtilisin Carlsberg catalyzed hydrolyses of typical substrates in the presence 

of isopropanol indicate that this secondary alcohol could serve as a suitable organic co-solvent 
in synthetic applications of this enzyme. 

JOHN F. BECK et JOHN F. MCMULLAN. Can. J.  Chem. 57.25 16 (1979). 
La cinetique d'hydrolyse de substances typiques catalysees par la subtilisine Carlsberg en 

presence d'alcool isopropylique indique que cet alcool secondaire peut servir de co-solvant 
organique ideal lorsque cet enzyme est utilise en synthese. 

[Traduit par le journal] 

The use of an enzyme as an asynlmetric catalyst 3: 
in an organic reaction sequence is contingent on the 
predictability of that enzyme acting on a foreign 
substrate, under conditions required to solubilize the 
substrate in the aqueous inediurn of the enzyme. Data 
providing this predictability are currently available 
for only a few enzymes, notably some mammalian 
hydrolases and various alcohol dehydrogenases (1, 
2). The bacterial serine hydrolases, the subtilisins, - I 

I I I 
I 

possess a constitutional specificity which is poten- 
tially broader than all of the mammalian serine 
hydrolases (I), and have displayed a greater organic 
solvent stability while retaining a high degree of 
stereospecificity (3, 4). Because its reaction rates are 
higher than the other subtilisins (4, 5 )  we chose to 
investigate subtilisin Carlsberg as a potential organic 
reagent. We found that although data have begun to I I I I 
accumulate as to its action on foreign substrates 5 10 15 20 
(4-9), the organic co-solvents employed in these '10 ('/,) ISOPROPANOL 
studies were either DMSO, dioxane, or primary 
alcohols. These are effective inhibitors of the enzyme FIG. 1. k , , t lK~ (I?I-' S-') versus isopropanol concentration 

(6, 10) and in the case of the alcohols, transesterifica- (% vlv), pH 8, 2SoC, 0.1 M KCI; ( A )  BAEE, ( B )  NATEE. 

tion has also been shown to occur (4). Isopropanol 
being a secondary alcohol does not lead to trans- NaOH solutions were used as titrants. Enzyme con- 
esterification due to steric factors and has, in fact, centrations of about 1.8 x lo-' M and 3.6 x lo-' 
been reported to enhance the activity of the enzyme M were used for NATEE and BAEE respectively, 
(4). Moreover, it has good solubilizing characteristics while the substrate concentrations varied from 
and can be easily purified and easily separated from 5.0 x M to 9 x M. Four isopropanol 
the reaction products (compare DMSO). concentrations (1%-20% vv/) were compared to the 

The reaction kinetics of the subtilisin Carlsberg essentially alcohol free conditions. The Michaelis- 
mediated hydrolyses of N-acetyl-L-tyrosine ethyl ester Menten constants were obtained using Lineweaver- 
(NATEE) and of a-N-benzoyl-L-arginine ethyl ester Burke and least-squares regression analyses. All 
(BAEE) were determined employing pH-stat methods experiments were duplicated. 
(6) at pH 8 and 25°C. All reaction solutions were The results, presented in Fig. 1, indicate that the 
0.1 M with respect to KC1 and 0.02 M or 0.04 M susceptibility (1) of both the NATEE and the BAEE 

0008-4042/79/1825 16-02$01 .00/0 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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COMMUNICATIONS 25 17 

what less than the methanol or ethanol, which are 
the least inhibitory of the primary alcohols (10). In 
the case of the arginine derivatives the effects are 
more dramatic but it must be borne in mind that the 
interaction of the y-tosyl-arginine methyl ester will 
differ from that of the BAEE at the amide binding 
region (14) of the enzyme. This binding dissimilarity 
will account (1) for some of the observed difference 
in the rate profiles. Nevertheless, the more polar 
substrate displays a relative rate profile very similar 
to that of the less polar one, which is not the case for 
subtilisin carlsberg inhibited by primary alcohols ' 6ol '\ (10). 

It would thus appear that the use of isopropanol 
20 with subtilisin Carlsberg offers the advantages of an 

organic co-solvent which is less inhibitory than the 
5 10 15 20 primary alcohols, but will not lead to transesterifica- 

O/O ( v/v 1 ALCOHOL tion (4) and is somewhat of a better solvent than 

FIG. 2. % Relative rate versus alcohol concentration (% v/v) 
ethanol or methanol.' 

at  a substrate concentration of 2.5 x M, pH 8, 2S°C, 
0.1 M KCI. ( A )  BAEE with isopropanol (-); p-tosyl-argine 
methyl ester with methanol or ethanol (---) (lo), (B) NATEE 
with isopropanol (-), with methanol or ethanol (---) (10). 

to enzyme catalysis decreases as the isopropanol 
concentration increases. The effect over the range 
studied is greater for the more polar BAEE (ca. 
11-fold decrease) compared to the less polar NATEE 
(ca. 6.4-fold decrease). This is due largely to a greater 
increase in KM for BAEE (2.7-fold) than for NATEE 
(1.2-fold) and compares favourably with previous 
reports (10, 11) which conclude that the substrate 
binding forces in subtilisin Carlsberg are primarily 
hydrophobic in nature. As the alcohol concentration 
rises the solvation of these hydrophobic substrate 
binding sites (12) by the isopropanol stabilizes the 
enzyme, hindering substrate interactions (13). The 
NATEE competes more effectively with the iso- 
propanol than does the BAEE, hence the above 
results. 

The only published compilation (10) of solvent 
effects on subtilisin Carlsberg activity employing 
conditions similar to those used here is limited to 
reporting the relative rates versus solvent concentra- 
tion. The primary alcohols are the least inhibitory 
solvents (10) and in order to compare the effects of 
isopropanol the reaction rates at a substrate con- 
centration of 2.5 x M, taken as a percent of 
the aqueous medium rates, were plotted versus 
alcohol concentration (Fig. 2). As is evident for 
NATEE, the isopropanol effects the catalysis some- 

Acknowledgements 
This research was supported by the National 

Research Council of Canada and by St. Francis 
Xavier University. 

J .  B. JONES and J.  F. BECK. I11 Applications of biochemical 
systems in organic chemistry. Vol. X.  G1i1cclh.v J .  B .  Jones, 
D. Perlnian. and C. J. Sih. J .  Wiley and Sons. New York. 
1976. p. 107. 
C. J. S IH .  E. ABUSHANAR. and J. B. JONLS. Annu. Rep. 
Med. Chem. 12.298 (1977). 
T .  N. P A T T A B I R A ~ ~ A N  and W. B. LAWSON. Biochem. J. 
126.645 (1972); 126.659 (1972). 
A. N. GLAZER.  J .  Biol. Chem. 241.635 (1966). 
A. N. GLAZISR. J .  Biol. Chem. 242,433 (1967). 
M.  ~ I . T E S E N  and I.  SVLNDSEN. Methods Enzymol. XIX ,  
199 (1970). 
F. S. MARKLAND. JR. and E. L d . S k ~ 1 ~ r ~ .  Theenzymes. Vol. 
111. Etii/c,tl b y  P. D.  Boyer. Academic Press. New York. 
197 1. p. 562. 
M. S. MATTA and D. D. STALISY. J .  Biol. Chem. 249, 732 
( 1974). 
Y. KAKASAKI and M. OHNO. J.  Biochem. Tokyo, 84, 531 
(1978). 
I. SVENDSEN. C. R. TIYIV. Lab. Carlsberg. 38, 385 (1971). 
M. OTTLSEN and I. SVENDSEN. C. R. Trav. Lab. Carlsberg, 
38.369 (1971). 
G. B. RALSTON. C. R .  Trav. Lab. Carlsberg. 39,25 (1972). 
R. P. BELL.  J.  C. CRITCHLOW, and M. I. PAGE. J. Chem. 
Soc. Pel-kin Trans. II,66(1974). 
S .  G.  COHEN. Trans. N.Y. Acad. Sci. 31.705 (1969). 

'In the present study NATEE was found to  dissolve easily 
in a 1% (v/v) isopropanol-water solution but only with 
difficulty in 2% methanol or ethanol solutions. 
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Variable-temperature Raman spectroscopy as a probe of the supermolecular 
structure of ionomers 

A .  NEPPEL,  I. S. BUTLER,  AND A.  EISENBERG 
Depor!t,ietrt o f  C/iot l i .~!ry,  Mi.GiII U~iicersi!)~.  Motr!rcol, P.Q.. Crrtrtrtltr H3A ZK6 
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A. NEPPEL, I. S. BUTLER, and A. EISENBERG. Can. J. Chem. 57.25 18 (1979). 
Raman spectroscopy has been used for the first time to show the presence of rnultiplets and 

clusters of ion pairs in ethyl acrylate - sodium acrylate and styrene - sodium methacrylate 
ionomers and to determine the relative concentrations of ion pairs in these two different kinds 
of sites. 

A. NEPPEL, I. S. BUTLER et A. EISENBERG. Can. J. Chern. 57.25 18 (1979). 
La spectroscopie Raman a it6 utiliske pour la premiere fois dans le but de rnontrer d'une 

part, la prksence de multiplets et des groupes de paires d'ions dans les ionomeres suivants; 
acrylate d'ethyle - acrylate de sodium, et styrene - methacrylate de sodium, et pour dkterminer 
d'autre part la concentration relative des paires d'ions dans ces deux differentes sortes de sites. 

[Traduit par le journal] 

The state of aggregation of the ions in ion-con- 
taining polymers such as the copolymers of acrylic 
and methacrylic acid salts with ethylene, butadiene, 
and styrene is known to have a strong influence of 
the mechanical and rheological properties of the 
polymers (1, 2). Ion pairs are thought to  be formed 
between the ionic sites on the ~ o l v m e r  chains and 
the metal ions, and these i o i  pairs are further 
believed to conglomerate into groups of a few ion 
pairs called l?zultiplets and into somewhat larger 
entities called clusters (3). Evidence for multiplet and 
cluster formation in styrene-based ionomers has 
come from such measurements as small angle X-ray 
scattering (4), water saturation experiments ( 9 ,  
dynamic mechanical (4) and dielectric loss studies 
(6), and far-infrared spectroscopy (7). We report 
here the first use of Raman spectroscopy to show the 
presence of multiplets and clusters in ionomers and, 
more importantly, how Raman intensity data can be 
used to determine the relative concentrations of ion 
pairs in the two different kinds of sites. This latter 
information is of importance in the designed syn- 
thesis of ionomers with specific properties and is not 
readily available by any other method. 

The Raman spectra of powdered samples of ethyl 
acrylate - sodium acrylate and styrene - sodium 
methacrylate ionomers containing various m o l z  of 
ionic component have been investigated in the 
22-250°C temperature range. Both series of ionomers 
exhibit characteristic weak Raman bands a t  -250 
and - 170 cm-' which are not present in the spectra 
of the homopolymers and which, on the basis of 
previous far-infrared work on the styrene samples 
(7), can be assigned to multiplets and clusters of ion 
pairs, respectively. Unlike the infrared bands where 

MOL % IONS IN COPOLYMERS 

FIG. 1. Plots of the relative Raman intensities of the multi- 
plet (m) and cluster (a) bands, and their sum (O), in the 
series of ethyl acrylate - sodium acrylate copolymers inves- 
tigated at 22'C vs. rnolz  sodium acrylate. 

it was impossible to  measure their intensities 
because of strong overlapping with bands due to  the 
polymer backbones, the intensities of the Raman 
bands could be readily determined. These intensities 
were obtained by measuring the areas of the two 
peaks and then correcting these areas for instrument 
response by comparison to suitable reference peaks 
of the host polymer. The Raman measurements 
were made on a Jarrell-Ash 25-300 spectrometer 
using 488.0 nm Ar+ laser excitation (-85 mW at  
the samples) and the intensities of the bands a t  -- 250 
and - 170 cm-' were determined for all the samples 
at 22, 150, 200, and 250°C. 

In the case of the ethyl acrylate - sodium acrylate 
copolymers, at all four temperatures, the intensities 
of the multiplet and cluster Raman bands increase 
steadily with increasing sodium acrylate content up 

0008-4042/79/1825 18-0260 1 .OO/O 
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CLUSTERS 

MULTIPLETS 

0 20 40 60 
MOL % IONS I N  COPOLYMERS 

FIG. 2. Plots of the relative Raman intensities of the 
multiplet and cluster bands in the ethyl acrylate- sodium 
acrylate copolymers at  four different temperatures vs. mol% 
sodium acrylate. Since their sum is essentially the same at  all 
four temperatures, only that at  22'C is shown. The graphs 
follow the same monotonous trends from 60 t o  100 mol% ions 
in the copolymers. 

to about 10 and 35 molz, respectively (Fig. 1). With 
increasing temperature, the multiplet band intensity 
increases while the cluster band intensity decreases 
for the complete composition range investigated 
(Fig. 2). This behaviour is in qualitative accord with 
earlier theoretical predictions (3) but has not been 
verified experimentally before the present study. The 
quantitative relations between the peak areas and 
the ion contents assumed in the above analysis can 
be deduced from the following considerations. As is 
seen in Fig. 1, the sum of the relative intensities of 
the multiplet and cluster bands between 0 and - 30 
molz  gives an excellent linear correlation (Y = 
0.992) with the total ion content. This suggests that 
all the ions are accounted for by this technique. 
Furthermore, since in Raman spectroscopy the band 
intensities are directly proportional to the ion 
contents, and since the sums correlate so well with 
the total ion content, the individual band intensities 
are expected to show the same relation. 

Throughout the temperature range investigated, 
the intensities of the multiplet and cluster Raman 
bands in the styrene - sodium methacrylate ionomers 
are essentially invariant to changes in temperature. 
Moreover, the intensity data reveal that at compar- 
able total ion contents at room temperature the total 
number of ion pairs in multiplets is greater in the 

ethyl acrylate ionomers than in the styrene ones. For 
the ethyl acrylate ionomers, the multiplet saturation 
limit is reached at -5 molz  of ionic groups, while 
for the styrene ionomers this limit is reached at -2  
molz.  Clearly, the multiplet solubility limit is a 
function of the host polymer and is most probably 
a direct consequence of the dielectric constant of the 
polymer backbone (poly(ethy1 acrylate): E = -4.0; 
polystyrene: E = -2.5 (8)). 

The sum of the relative intensities of the multiplet 
and cluster bands in the ethyl acrylate - sodium 
acrylate ionomers remains essentially constant above 
about 35-40 molz  of ionic groups. This suggests 
that at this approximate total ion content the matrix 
becomes saturated with clusters, just as it became 
saturated with multiplets at - 10 molz  of ionic 
groups. It appears, therefore, that above - 10 molz  
ionic concentration, any additional ion pairs go into 
clusters, and that above the cluster solubility limit 
(-40 molz), all further ionic groups go into a 
hitherto unsuspected third type of structure which 
has not as yet been detected by Raman spectroscopy. 

In conclusion, Raman spectroscopy is an ex- 
tremely useful technique for studying the super- 
molecular structure of ionomers and we are currently 
investigating the spectra of several other types of 
these industrially important copolymers. 
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Solution structures of dimeric methylpyrazolyl and indazolyl dimethyl-derivatives of 
boron, gallium, and indium from 'H nuclear magnetic resonance data 
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LOUIS K. PETERSON and KWAT I. THB. Can. J. Chem. 57,2520 (1979). 
Trimethylboron and trimethylgallium react with 3-methylpyrazole to yield isomer pairs of 

dimeric products [Me,E(Mepz)], (E = B, G a ;  Mepz = 3-methylpyrazolyl), in the approx- 
imate ratios 4:3 (E = B) and 9 : l  (E = Ga), while trimethylindium gives a single species. 
Reactions of indazole with trimethylgallium and trimethylindium also yield a single structural 
isomer of the dimer [Me2EindI2 (E = Ga, In;  ind = indazolyl). Solution structures were 
interpreted on the basis of 'H nmr data. 

Lours K. PETERSON et KWAT I. THE. Can. J. Chem. 57,2520(1979). 
Le trimethylbore et le trimethylgallium reagissent avec la mithyl-3-pyrazole pour donner 

des paires d'isomeres de produits dimtres [MezE(Mepz)12 (E = B, Ga ;  Mepz = methyl-3 
pyrazolyle) dans les rapports approximatifs de 4 :3  (E = B) et 9 : l  (E = Ga), alors que le 
trimethylindium donne des especes monomeres. Les reactions de I'indazole avec le trimethyl- 
gallium et le trimethylindium donnent Cgalement un seul isomtre structural du dimere 
[Me,Eind], (E = Ga, In ;  ind = indazolyle). L'attribution des structures a ete faite sur la 
base des donnkes de la rmn du proton. 

[Traduit par le journal] 

There is considerable interest in the coordination 
properties of the pyrazolyl derivatives of the Group 
111 elements (1-7). The neutral, coordinatively 
saturated dimeric species [R1,E(R2pz)], (E = B, Al, 
Ga ;  R1 = hydrogen, alkyl, aryl, or halogen; R = H, 
in pyrazolyl, or R = CH,, in 3,5-dimethylpyrazolyl) 
are readily converted to monoanions R1,E(R2pz),- 
which function as chelating ligands in a wide 
variety of metal complex systems (1-1 1). Structur- 
ally, the species [R1,E(R2pz)], and [R1,E(R,pz),M1 
(M = metal atom or ion plus associated ligands) 
contain a central, six-membered [E(N-N),E] or 
[E(N-N),M] metallocycle with representative 
structures ranging from relatively flexible boat con- 
figurations to planar or even shallow chair con- 
formations (4, 12) for the six atoms. 

We report here the preparation of [Me,E(Mepz)], 
(E = B, Ga, and In; Mepz = 3-methylpyrazolyl) and 
( ~ e , ~ i n d ) ,  (E = Ga, In; ind = indazolyl) by the 
reaction of 3-methylpyrazole or indazole with the 
appropriate trimethyl-Group 111 derivative (see 
Experimental section). 

The boron and gallium derivatives [Me,E(Mepz)], 
were obtained as isomeric pairs of products, in the 
approximate ratios 4:3 (E = B) and 9: 1 (E = Ga), 

'To whom all correspondence should be addressed. 

as determined from 'H nmr spectra. Only one isomer 
of [Me,In(Mepz)], was observed. 

The largest mass spectral Cragment observed for 
all three [Me,E(Mepz)], compounds was M - 15, 
corresponding to the loss of one methyl group from 
the parent ion. A similar loss of a single alkyl group 
from the parent ion of (Me,Gapz), and (Et,Gapz), 
(6) and (Me,Inpz), has been observed,' and details 
of the fragmentation of 1-pyrazolylboranes (pyraza- 
boles) have been published (13). 

From 'H nmr evidence (see Table 1) the pseudo- 
axial and pseudoequatorial methyl-E groups of the 
more abundant isomer 1 of [Me,E(Mepz)], (E = B, 
Ga) are magnetically equivalent. In addition, the 
pairs of groups 3-Me/3'-Me, 4-H/4'-H, and 5-H/5'-H 
are equivalent. Consequently, the rapidly inverting 
structure A is assigned to isomer 1. An alternative 
inverting chair structure would also satisfy the nmr 
evidence, but seems less likely on account of an 
independent X-ray crystal structure analysis which 
indicates a boat form for isomer 1 of [Me,Ga(Mepz)l, 
(5). The boat inversion process in (Me,Gapz), has 
been shown to be rapid on the nmr time scale, even 
at  - 100°C (6). 

Structure B is assigned to the less abundant isomer 

'K. I. The. Unpublished results. 
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TABLE 1. 'H nmr data for isomers 1 and 2 of [ M ~ , E ( M ~ ~ Z ) ] ~ " ~ ~  

(a) Isomer 1 

7 

(b) Isomer 2' 

MezBg 3-Me 4-H 3'-H 
5'-Me 4'-H 5-H 

9.95s 9.72s 7.58s 3.83d" 2. 50dh 

"Spectra were run In CDCI,, and data quoted are T values relat~ve to 
lnternal TMS, T = 10.0. 

bMepz = 3-methylpyrazolyl 
C J 4  = 2.2 HZ. 
d ~ 4 : 5  = 2.1 HZ. 
V = 2.0 H z .  
JThe MelGa resonances occurred at r 10.03 and 10.18. Other 'H reson- 

ances were not resolved from those of isomer 1 for [Me~Ga(Mepz)]~.  
q~ 9.95 is assigned to the Me2B protons proximal to the 3-Me and 5'-Me 

groups; T 9.72 is assigned to Me2B prox~mal to 3'-H and 5-H. 
5 = J3,* = 2.2 H z .  

Me Me Me Me 
/ \ / \ 

Me-E Me-E E-Me 

Me 
'&' 
N-N N-N 

/21 l ' \  /2' I ' \  

Structure A Structure B 

2 of [Me,E(Mepz)], (E = B, Ga), on the basis 
of the observed magnetic distinction between the 
two sets of Me2E groups. The six protons of the 
pairs of methyl groups are equivalent, however, 
by virtue of rapid inversion of boat forms, as are 
the pairs of groups 3-Me/5'-Me, 4-H/4'-H, and 
5-H/3'-H. For isomer 2 of [Me,B(Mepz)],, the more 
upfield resonance (at T 9.95) is assigned to the Me2B 
group proximal to the electron-releasing 3-Me and 
5'-Me groups, while the second resonance (at T 9.72) 
is due to Me2B proximal to 5-H and 3'-H. The 
Me2Ga groups of isomer 2 of [Me,Ga(Mepz)], are 
distinguished in a similar fashion. The chemical shift 
for the twelve equivalent Me2E protons of structure 
A is the mean of the two distinct shifts for the 
protons of the two different Me2E groups of struc- 
ture B. 

While structure A satisfies the 'H ninr data 
obtained for the unique form of [Me21n(Mepz)12, a 

Structure C Structure D 

completely planar [In(N-N),In] bimetallocycle 
cannot be ruled out. Planar or near planar metallo- 
cycles have been found or proposed for [Et2B(4- 
Br~z)Iz (11, [MezGa(Mez~z)lz (41, [MezGa(Me,pz)z- 
Cul (91, [(pz)HBpzI, (121, and [(+,PCHzCH2P42)- 
Pt(pz), Nil2+ (14). It appears that boat configura- 
tions are generally preferred because of favourable 
bond angles about the Group I11 atom, and maxi- 
mized delocalization of the n-electrons of the planar 
pyrazolyl rings in these structures (4). The flattening 
of the boat configuration is a function of the nature 
of the metal atoms within the metallocycle, and the 
need to minimize intramolecular steric repulsions 
(1, 4, 5, 12). 

In principle, six structures are possible for the 
indazolyl derivatives (Me2Eind), (E = Ga, In), viz., 
boat, chair, and planar metallocycle configurations 
based uDon structures C and D. In fact. the 'H nmr 
solution spectra of the gallium and indium deriva- 
tives (Me2Eind), showed that the twelve Me-E 
protons were equivalent, thus eliminating structures 
based on D, and indicating a rapidly inverting boat 
or chair configuration C, or planar C. Of these 
possibilities, the chair conformation is least preferred, 
since the pyrazolyl rings would lose planarity to 
some extent, with a consequent loss of n-electron 
delocalization energy (4). In the solid phase, an 
independent X-ray diffraction study has shown that 
(Me,Gaind), adopts a boat configuration, based on 
structure C (5). 

Experimental 
All materials were handled using a high vacuum system or 

a nitrogen-filled drybox. 3-Methylpyrazole and indazole 
(K & K) were dried and sublimed before use. Me,B (15) was 
made from BCI, (K & K), and Me31n (16) from InCI, (K & K), 
according to published methods. Solvents were dried and 
distilled under nitrogen before use (17). 

Analyses for C, H,  and N were performed by the Depart- 
mental analyst, Simon Fraser University. Melting points were 
measured on sanlples in sealed capillaries, using a Gallenkamp 
instrument, and are uncorrected. In several cases, samples 
softened several degrees before melting, in a manner already 
described in the literature (18, 19). Mass spectra were deter- 
mined with a double focusing RMU-6E Hitachi Perkin-Elmer 
instrument, and nmr spectra with the Varian XLlOO spectro- 
photometer. 
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2522 C A N .  J .  CHEM. VOL. 57. 1979 

Preparation of [Me2E(Mepz) l2 ( E  = B, Ga, 111) 
Reactions between 3-methylpyrazole (-1.5 mmol) and 

Me,E (E = B, Ga, In; -3 mmol) were carried out in sealed 
tubes, using ether as solvent in all cases except Me3B. Reaction 
temperatures (and times) were: Me,B, 100°C (- 24 h); Me,Ga, 
80°C (3 days); Me,In, 40°C (-24 h). Products were separated 
on a vacuum line. The derivatives [Me2E(Mepz)], were 
purified by sublimation under high vacuum, and were identified 
by elemental analysis, mass spectra, 'H nmr (see Table I), and 
ir spectroscopy. 

[Me,B(Mepz)],, yield, 90%. Atlal. calcd. for C1 2H,2B2N, : 
C 59.1, H 9.08, N 23.0; found: C 59.3, H 9.30, N 23.2. 

[Me,Ga(Mepz)],, yield, 80%, mp (isomer 1) 47-48°C. Anal. 
calcd. for C12H2,B,N,: C 39.8, H 6.09, N 15.5; found: C 40.1, 
H 6.20, N 15.2. Isomer 1 was obtained pure by repeated 
crystallization (from hexane) and repeated sublimation. 

[Me21n(Mepz)12, yield, 90%, mp 58-61°C. Atlal. calcd. for 
C12HZZInZN4: C 31.9, H 4.87, N 12.4; found: C 32.2, H 4.90, 
N 12.3. 

Preparatioll of [ M C ~ E ~ I I C I ] ~  ( E  = Go, 111) 
The procedure was similar to that described above, except 

that indazole was used in place of 3-methylpyrazole, and 
reaction temperatures were: Me,Ga, 110°C; Me31n, 80°C. 
Products were purified by sublimation under vacuum. 

[Me,Gaind],, yield, 90-loo%, mp 125-128°C. Anal. calcd. 
for ClsHZ2Ga2N4: C49.8, H 5.08, N 12.9; found: C 49.9, 
H 5.03, N 13.0. 'H nmr spectrum (in CDCI,), T 10.90 (s, 12H, 
Me-Ga), and a multiplet of ring protons (lOH), centred at  
T 7.17. . 

[Me2Inindlz, yield, 90-loo%, mp 108-110°C. Atla/. calcd. 
for C18HZZIn2N4: C 41.2, H 4.20, N 10.7; found: C 41.1, 
H 4.10, N 10.7. 'H nmr spectrum (in CDCI,), T 10.77 (s, 12H, 
Me-In), and a multiplet (]OH), centred at T 3.17, for the 
ring protons. 

'Reaction between 3-methylpyrazole and Me3AI gave 
[Me,AI(Mepz)],, sublimable when freshly prepared but 
rapidly becoming non-volatile. The product did not melt 
sharply, and analyses for C, H, and N were poor. 

Acknowledgment 

We thank the National Research Council of 
Canada for financial support of this research. 

S. TROFIMENKO. Adv. Chem. Ser. 150,289(1976). 
S .  TROFIMENKO. Chem. Rev. 72,497 (1972). 
S. TROFIMENKO. ACC. Chem. Res. 4, 17 (1971). 
D. F. RENDLE,  A. STORR, and J .  TROTTER. Can. J .  Chem. 
53.2944 (1975). 
D. F. RENDLE,  A. STORR. and J .  TROTTER. Can. J .  Chem. 
53,2930 (1975). 
A. ARDUINI and A. STORR. J .  Chem. Soc. Dalton, 503 
(1974). 
D. F. R ~ N D L E ,  A. STORR, and J .  TROTTER. Chem. Com- 
mun. 189 ( 1973). 
K. R. BREAKELL,  D. J .  PATMORE, and A. STORR. J .  Chem. 
Soc. Dalton, 749 (1975). 
D. J .  PATMORE, D. F. RENDLE,  A. STORR, and J.  TROTTER. 
J .  Chem. Soc. Dalton, 718 (1975). 
F. G. HERRING, D. J. PATMORE, and A. STORR. J.  Chem. 
Soc. Dalton. 71 1 (1975). 
D. F. RENDLE,  A. STORR, and J .  TROTTER. J .  Chem. Soc. 
Dalton, 176 (1975). 
N. W. ALCOCK and J. F. SAWYER. Acta Crystallogr. B3O. 
2899 ( 1974). 
C. E. MAY, K. NIEDENZU, and S.  TROFIMENKO. 2. Natur- 
forsch. Anorg. Chem. Org. Chem. 31B, 1662(1976). 
G. MINGHETTI, G. BANDITELLI, and A. F. BONATI. Chem. 
Ind. 123 (1977). 
H. C. BROWN. J.  Am. Chem. Soc. 67,374(1945). 
H. C. CLARK and A. L. PICKARD. J. Organomet. Chem. 8, 
427 ( 1  967). 
A. WEISSBERGER. Technique of organic chemistry. Vol. 
VIII. Organic solvents. Interscience Publishers, Inc., New 
York. 1955. 
0 .  T. BEACHLEY, G. E. COATES, and G. KOHNSTAM. J .  
Chem. Soc. 3248 (1965). 
H. C. CLARK and A. L. PICKARD. J .  Organornet. Chern. 13, 
6 1 (1967). 

A facile procedure for the introduction of a hydroxyethyl group. S,S1-Diethyl 
dithiomalonate as masked ethanol carbanion 

HSING-JANG LIU A N D  HOI KIONG LAI 
Depc~rtment of Chemistty, Ur~iuersity ofAlhertrr, Edrnotztot~. Alto., Canc~drr T6C 2C2 

Received June 22, 1979 

HSING-JANG LIU and HOI KIONG LAI. Can. J. Chem. 57,2522 (1979). 
A general procedure for the introduction of a hydroxyethyl group has been developed. 

S,S'-Diethyl dithiomalonate (1) readily undergoes substitution with a variety of electrophiles to 
give dithiomalonates RRIC(COSEt), which on treatment with W-2 Ra-Ni afford ethanol 
derivatives RR'CHCH,OH. 

HSING-JANG LIU et Hor KIONG LAI. Can. J. Chem. 57,2522 (1979). 
On a mis au point une methode genkrale d'introduction du groupe hydroxykthyle. Divers 

agents tlectrophiles provoquent des reactions de substitution sur le S,S'-dithiomalonate 
d'ethyle (1) et conduisent aux dithiomalonates RR'C(COSEt),. Ces derniers, traitts par du 
Ni de Raney W-2 se transforment en derivts de I'ethanol RR'CHCH,OH. 

[Traduit par le journal] 

0008-40421791182522-04$0 1 .OO/O 
01979 National Research Council of CanadaIConseil national de recherches du Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2522 C A N .  J .  CHEM. VOL. 57. 1979 
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Me,E (E = B, Ga, In; -3 mmol) were carried out in sealed 
tubes, using ether as solvent in all cases except Me3B. Reaction 
temperatures (and times) were: Me,B, 100°C (- 24 h); Me,Ga, 
80°C (3 days); Me,In, 40°C (-24 h). Products were separated 
on a vacuum line. The derivatives [Me2E(Mepz)], were 
purified by sublimation under high vacuum, and were identified 
by elemental analysis, mass spectra, 'H nmr (see Table I), and 
ir spectroscopy. 

[Me,B(Mepz)],, yield, 90%. Atlal. calcd. for C1 2H,2B2N, : 
C 59.1, H 9.08, N 23.0; found: C 59.3, H 9.30, N 23.2. 

[Me,Ga(Mepz)],, yield, 80%, mp (isomer 1) 47-48°C. Anal. 
calcd. for C12H2,B,N,: C 39.8, H 6.09, N 15.5; found: C 40.1, 
H 6.20, N 15.2. Isomer 1 was obtained pure by repeated 
crystallization (from hexane) and repeated sublimation. 

[Me21n(Mepz)12, yield, 90%, mp 58-61°C. Atlal. calcd. for 
C12HZZInZN4: C 31.9, H 4.87, N 12.4; found: C 32.2, H 4.90, 
N 12.3. 

Preparatioll of [ M C ~ E ~ I I C I ] ~  ( E  = Go, 111) 
The procedure was similar to that described above, except 

that indazole was used in place of 3-methylpyrazole, and 
reaction temperatures were: Me,Ga, 110°C; Me31n, 80°C. 
Products were purified by sublimation under vacuum. 

[Me,Gaind],, yield, 90-loo%, mp 125-128°C. Anal. calcd. 
for ClsHZ2Ga2N4: C49.8, H 5.08, N 12.9; found: C 49.9, 
H 5.03, N 13.0. 'H nmr spectrum (in CDCI,), T 10.90 (s, 12H, 
Me-Ga), and a multiplet of ring protons (lOH), centred at  
T 7.17. . 

[Me2Inindlz, yield, 90-loo%, mp 108-110°C. Atla/. calcd. 
for C18HZZIn2N4: C 41.2, H 4.20, N 10.7; found: C 41.1, 
H 4.10, N 10.7. 'H nmr spectrum (in CDCI,), T 10.77 (s, 12H, 
Me-In), and a multiplet (]OH), centred at T 3.17, for the 
ring protons. 

'Reaction between 3-methylpyrazole and Me3AI gave 
[Me,AI(Mepz)],, sublimable when freshly prepared but 
rapidly becoming non-volatile. The product did not melt 
sharply, and analyses for C, H, and N were poor. 
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We recently observed that P-keto thiolesters 
undergo facile dealkylthiocarbonylation reaction 
when treated with Raney nickel under virtually 
neutral conditions (I).' An extrapolation of these 
results suggested that treatment of a 1,3-dithiol ester 
with Ra-Ni could induce the removal of one thiol- 
ester group with concomitant reduction of the other 
to the aldehyde or the alcohol level (2). On this basis, 
a general procedure has been developed for the 
introduction of a hydroxyethyl function, a process 
which is of considerable importance in organic 
synthesis. The overall transformation can be con- 
sidered as the replacement of one or two P-protons of 
ethyl alcohol by electrophile(s) involving no more 
than three operationally simple steps using S,S1- 
diethyl dithioinalonate (1) as a latent ethanol car- 
banion according to the following general scheme. 

CHZ(COSEt)Z -+ RCH(COSEt)? -+ RR'C(COSEt)? 
1 1 1- 

RCHZCH,OH RR'CHCH20H 

S,S1-Diethyl dithiomalonate (I), bp 105-106"C/3 
Torr (lit. (3) bp 135"C/10 Torr), was readily pre- 
pared in 95% yield by the reaction of malonyl di- 
chloride and ethanethiol (I .5 equiv.) in ether at room 
temperature for 16 h., Dithiomalonate 1 was shown 
to react cleanly with a variety of alkyl halides3 in the 
presence of sodium hydride in 1,2-dimethoxyethane 
(Table 1). Monoalkylation (Entries 1-4) could be 
achieved using one equivalent of base. When 
dialkylation with two identical substituents (Entry 5) 
or ring formation (Entry 6) are desired, substitution 
could be accomplished in one operation by using 
two equivalents of base. The incorporation of two 
different substituents (Entries 7-9) was best done via 
isolation and purification of the intermediate mono- 
substituted material followed by the second alkyla- 
tion step. Electrophiles other than electrophilic 
carbon can also be used., For example, treatment of 
the carbanion derived from dithiomalonate 2 with 
benzoyl peroxide in benzene produced the benzoyl- 
oxy derivative 4 in 97% yield (Entry 9). 

'We have since found that p-keto thiolesters readily undergo 
C-alkylation, and the dealkylthiocarbonylation of fully sub- 
stituted p-keto thiolesters is equally effective. Results will be 
published elsewhere. 

'For other methods, see refs. 3-5. 
3Alkylation of dithiomalonate 1 has been previously studied 

using sodium in pyridine (6). Dithiomalonate 1 is also known 
to undergo Michael additions with ethyl acrylate and acrylo- 
nitrile (5) as well as reactions with diazomethane (5), alde- 
hydes (7), and acid chlorides (8). 

4See ref. 5 for bromination of dithiomalonate 1. 

Table 1 also suinillarizes the results of the reactions 
of the dithiomalonates with W-2 ~ a - N i 5  (9), all of 
which were carried out in benzene solution a t  room 
temperature under an atmosphere of nitrogen. In all 
cases, the dithiomalonate function was effectively 
reduced to a hydroxyethyl group and ethanol 
derivatives were obtained in good yields. Two 
especially noteworthy examples are the reductions of 
the dithiomalonates 3 and 4. In each case, the reduc- 
tion occurred smoothly with the 0-ester group 
intact. 

The preparation of 3-phenyl- 1 -propano1 shown 
below illustrates the general procedure used. 

T o  a suspension of sodium hydride (50% oil 
dispersion; 48 mg, 1 mmol) in 1,2-dimethoxyethane 
(5 mL) was added a solution of S,S'-diethyl dithio- 
malonate (192 mg, 1 inmol) in 1,2-dimethoxyethane 
(3 mL). The reaction mixture was stirred at room 
temperature under a nitrogen atmosphere for 10 min 
and a solution of benzyl chloride (163 mg, 1.3 mmol) 
in 1,2-dimethoxyethane (3 mL) was introduced. The 
resulting mixture was refluxed for 6 h. After cooling 
to room temperature, it was poured into ice-cold 1 N 
aqueous hydrochloric acid and extracted with ether. 
Column chromatography of the crude product ob- 
tained after the usual work-up of the extracts on 
silica gel with n-hexane elution resulted in the re- 
moval of the mineral oil from sodium hydride. 
Further elution with benzene-11-hexane (1 : I) gave 
dithiomalonate 2 (244 mg, 87% yield): ir (neat) 1697, 
1668 (thiolester), 1602, and 1585 (phenyl) C I I I - ~  ; nmr 
(CCI,) 6 :  7.13 (t, 5H, C,H,), 3.91 (t, l H ,  CH), 3.15 
(d, 2H, benzylic CH,), 2.82 (q, 4H, J = 8 Hz, 
COSCH,), and 1.23 (t, 6H, J = 8 Hz, CH,); 111s M f  : 
282.0749 (calcd. for C,,H, ,O,S, : 282.0749). To a 
solution of dithiomalonate 2 (95 ing, 0.34 n1111ol) in 
benzene (5 mL) was added 1 mL (settled volume) of 
W-2 Raney nickel suspended in benzene (5 mL). 
After stirring a t  room temperature under a nitrogen 
atmosphere for 1 h, the mixture was filtered and the 
residue washed thoroughly with benzene. Concen- 
tration of the filtrate gave an oil which was purified 
by column chron~atography on silica gel. Elution 
with a solution of 30Z ether in benzene afforded 
35 mg (76% yield) of 3-phenyl-l-propanol. 

In an attempt to extend the method to the direct 
synthesis of aldehydes, we examined the reaction 
of dithiomalonate 2 with Ra-Ni which had been 

5The rate of reduction was found to be sensitive to the 
quality of the Raney nickel. Slight variation of the procedure 
for preparation of the catalyst or storage of the catalyst for a 
period of time gave decreased reaction rates, however the 
reaction yields were unchanged. 



TABLE 1. Substitution and reduction of dithiornalonates 

Substitutiona Reductionh 

Entry Malonate Reagent Time (h) ProductC (2 yield) Tirne(h) Productc (% yield) 

nUnless otherwise specitied, substitution reactions were carried ou t  at room temperature in 1.2-dimethoxyethane using I equiv. of NaH and 1.3 equiv. of the reagents listed 
bWithout exception, reductions were performed in benzene at  ambient temperature using ca. 10 mL (settled volume) of Ra-Ni (W-2)lg of substrate. 
 all new compounds were adequately characterized by spectroscopic methods and by exact mass measurement and (or) elen~ental analysis. 
*The react ion~was carried ou t  in refluxing 1,2-dimethoxyethane. 
'2.2 equiv. of N a H  and 2.4 equiv. of the rcagent were used. 
J2 equiv. of N a H  was used. 
gBenzene was used as a solvent. 
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deactivated with acetone (2) to various degrees 
(room temperature reflux for 0.5-3 h). However the 
results were unpromising; the best obtained was a 
2:3 mixture of 3-phenylpropanal and the corre- 
sponding alcohol. 
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A L F I ~ L D  FISCHER. D:\VID R .  A .  L ~ o \ . A R D .  and ROLF R ~ D E R ~ R .  Can. J .  Chem. 57. 2527 
( 1979). 

Nitration of 4-(p-to1yl)butyric acid and of 3-(p-to1yl)propionic acid in acetic anhydride gives 
good yields of the diasteriomeric spiro lactone adducts 1 and 12, respectively. Nitration of 
methyl 4-(p-tolyl)butyrate, 4-(p-tolyl)butanol, and 4-(p-toly1)butyl acetate gives nitronium 
acetate adducts but does not give spiro adducts. 

ALFRED FIX H E R .  DAVID R .  .A. L ~ O U . \ K D  et ROLF RAULRER. Can. J .  Chem. 57.  2 2 7  (1979). 
La nitration de l'acide (p-toly1)-4 butyrique et de l'acide (p-toly1)-3 proprionique d a m  

I'anhydride acetique conduit avec de bons rendements aux spiro lactones diasterCoisorneres 
1 et 12. La nitration du (p-toly1)-4 butyrate de methyle, du (p-toly1)-4 butanol et de l'acktate de 
(p-tolylj-4 butyle co~ldult aux adduits acetates de nitromium mais non pas aux adduits spiro. 

[Traduit par le journal] 

Nitration, in acetic anhydride, of aromatic corn- 
pounds containing an activated ipso position, leads 
to the formation of nitroniuin acetate adducts (1-5). 
Such adducts are formed in particularly high yield 
from p-xylene and other p-dialkylbenzenes (6-11). 
The co~npounds studied in the present work: 4-(p- 
toly1)butyric acid, methyl 4-(p-tolyl)butyrate, 4-(p- 
to1yl)butan-1-01, 4-(p-toly1)butyl acetate, 3-(p-toly1)- 
propionic acid, and p-tolylacetic acid may be re- 
garded as side-chain derivatives of dialkylbenzenes. 
Formation of significant amounts of adducts is 
therefore to  be expected from these substrates. 

Results and Discussion 

Nitration of 4-(p-toly1)butyric acid in acetic anhy- 
dride gave a crude product which contained 6 5 2  of 
dienes. Recrystallization gave one diastereoisomer of 
the lactone of 4-(1'-hydroxy-4'-methyl-4'-nitrocyclo- 
hexa-2,s-dieny1)butyric acid (la) and the other 
diastereoisomer Bb was obtained on chromatog- 
raphy. Formation of the adduct 4-(4'-acetoxy-4'- 
methyl-1'-nitrocyclohexa-2,5-dienyl)butyric acid (2) 
also apparently occurred since a diene with a methyi 

'For Part XX, see ref. 5. 

peak at 6 1.45 ppm was evident in a late (polar) 
column fraction. The higher field methyl group is 
typical of a methyl ipso to acetate (10). In l a  and l b  
the methyl groups (@so to nitro) are at lower field, 
6 1.78 and 1.72 ppm. The methyl peak at 1.45 ppm 
was also evident in the spectrum of the crude reac- 
tion product, as was another smaller peak a t  1.32 
ppm (possibly from a diastereoisomer). The 1.45 ppm 
peak was ca. one third of the height of the peaks a t  
1.72 and 1.78 ppnl and thus nitration @so to  the 
methyl group is favoured over nitration @so to 
the butyric acid side-chain. Nitration @so to the 
methyl was found to be preferred to nitration zpso 
to  other alkyl groups (8-lo), a result attributed to  the 
increase of steric hindrance with size of the alkyl 
group. A similar explanation is applicable in the 
present case. Formation of the lactone 1 in prefer- 
ence to  nitronium acetate adduct 4 shows that in the 
intermediate cyclohexadienyl cation 6 the carboxylic 
acid group competes effectively %ith the external 
nucieophile (acetic acid or acetic anhydride) in 
adding to the tertiary carbonium ion centre. Other 
reaction products include the expected 4-(4'-methyl- 
2'-nitropheny1)-butyric acid and its 3'-nitro isomer 
and the lactone of 4-hydroxy-4-(p-toly1)butyric acid 

0008-40421791 192527-06$0 1 .00/0 
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I 
Me, ,NO7 

Sc~ thq .11  I .  Reactions of lactone I 

(8). Formation of lactone 8 is a parallel to the reac- 
tions leading to side-chain derivatives commonly 
observed accompanying the nitration of polymethyl- 
benzenes containing para alkyl groups (12). The 
probable mechanism is shown in Scheme 1, 6 -t 8. 

Nitration of methyl 4-(p-to1yl)butyrate gave 40'; 
of diene adducts. Four isomers appeared to be 
present in the crude reaction product, two with lower 
field methyl groups (6 1.77 and 1.70 ppm) which are 
assigned as the diastereoisomers of 5 with nitro @so 
to methyl, and two with higher field methyl groups 
16 1.46 and 1.48 ppm), presumably the diastereo- 
isomers of3. Dienes 5 were present in greater amount. 
The dienes were partially separated by chromatog- 
raphy but only one of them, one diastereoisomer of 
5, was able to be crystallized and thus obtained pure. 
In this case the nitroilium acetate adduct is formed in 
preference to the lactone 1 and it appears that the 
methoxy carbonyl function is not able to compete 
effectively with the solvent nucleophile in adding to 
the tertiary cation centre of 9. However, it is also 
possible that ring closure by the ester function of 7 is 
fast but that demethylation of the resulting cation 9 
is slow relative to its reversion to 7 and eventual 
reaction of the latter with solvent. 

Nitration of 4-(p-toly1)butanol followed a similar 
pattern to that of the butyrate ester in that adducts 
were obtained with nitro ipso to methyl in the pre- 
dominant pair of diastereoisomers and with nitro 
ipso to the tetramethylene side-chain in the minor 
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pair of diastereoiners (Table 1). N o  spiro ether prod- 
uct resulting from ring closure in the nitrocyclo- 
hexadienyl cation was observed. This observation 
does not necessarily mean that the intramolecular 
addition of hydroxyl to the cationlc centre is not 
competitive with the attack by the solvent nucleo- 
phile, since the alcohol function was converted into 
the nitrate ester in the course of the reaction and thts 

Nitration of p-tolylacet~c acld gave a low y~eld  
( - 2 0 7  of dlene products whlch were not further 
investlgated 

Shift reagent s tud~es  using trls(1,1,1,2,2,3,3-hepta- 
fluoro-7,7- [%I-l,]dlmetl~yl-4,6- ['H,]octa~~edlonato)- 
europ1uni(T1I)(Eu([~H,]fod)~) wlth the diene lac- 
tonev l a ,  Ib ,  120, and 12b gave the results shown In 
Table 2 Studle5 with secondarv acetate adducts 

may have preceded the addition of nltronrum Ion to have been useful 111 assigning the steieochemistry 
the aromatic ring. of adducts (15) However, ln the case of tertiary 

Nitration of 4-(y-tolyl)buty! acetate gave -60"; acetate adducts (from 1-methyl-4-alkylbenzenes), the 
of diene adducts. Only partial separation of the diene shifts of the 4-methyl protons in the diastereoisomers 
adducts was achieved on chromatography. How- are closely similar and it has not been possible to 
ever, it was possible to recogfiise at least three dif- assign the stereochemistry (7, 8). The shifts of the 
ferent dienes in the various fractions. Two of the 
dienes had nitro ipso to methyl since the methyl peak 
in each was a t  lower field, 6 1.77 and 1.71 ppm, 
respectively. The third, with a methyl peak at  6 1.48 
ppm, evidently had nitro ipso to the butyl acetate 
side-chain and acetate ipso to methyl. All of the 
fractions exhibited two peaks in the acetate region 
(6 1.96 and 2.02 ppm) and there was no evidence for 
the formation of spiro product. 

Nitration of 3-(p-toly1)propionic acid gave - 70% 
of diene adducts. The diastereoisomeric diene lac- 
tones 12a and 12b were isolated froin the reaction 
mixture. The mother liquid remaining after isolation 
of the dienes was heated with acetic acid to decoin- 

4'-methyi protons in the lactones l a  and Ib, and also 
in the lactones 12a and 12b, are similar and the dif- 
ferences between them are not larger than those be- 
tween orher pairs of correspoiiding protons. Never- 
theless, a tentative stereochemical assignn~ent can 
be proposed, The a isomers in each case exhibit a 
smaller relative gradient for the 4'-methyl protons 
than the b isomers. The a isomers were eluted first 
in chromatography and the a isomers have higher 
melting points than the b isomers. In  the ilmr spectra 
the 3-(or 6)methylene and the 4'-methyl protons are 
lower field in the a isomers than in the b isomers. The 
chemical shift difference between the 2'- and 3'-pro- 
tons is smaller in the a isoiners than in the b isomers. 

pose any residual dienes. From this the normal These parallels strongly suggest that the a isomers 
nitration products, 3-(4'-methyl-2'-nitropheny1)pro- have the same stereochemistry and, correspondingly, 
pionic acid and 3-(4'-methyl-3'-nitropheny1)pro- the two b isomers have the same stereochemistry 
pionic acid were isolated and, in addition, a com- opposite to that of the a isomers. The consistent 
pound tentatively assigned as 7-methyldihydrocou- smaller shift gradient of the 4'-methyl protons in the 
marin. The last is the product that would be expected a isomers indicates that these have the europiurn 
to be obtained on solvolysis of diene 12, by analogy trans to methyl, i.e., cis nitro and lactone groups, and 
with the solvolytic conversion of the adduct of thus the b isomers have trans nitro and lactone func- 
p-xylene to 2,5-diinethylphe~~yl acetate. Shinoda and tions. 
Suzuki (13) obtained lactone 13 on nitration of Rearomatization of lactone I was studied under 
methyl 3-methyl-3-(3',4',5'-trirnethy1phenyl)b-te both acidic and solvolylic (aqueous acetic acid) con- 
and proposed lactone 14 as an  intermediate in the ditions. Lactone 8 was formed under both acidic and 
formation of the dihydrocoumarin 15 which is also solvolytic conditions. It was the only product in 
obtained in the nitration (14). acetic acid containing acetic anhydride and sulfuric 

acid and the major product in deuteriochloroforrn 
TABLE 1. D~enes  from nitration of 4-(p-toly1)butanol containing borontrifluoride etherate. I t  was a minor 

~ 7 : - 7 2 h  TABLE 2. Relative gradients (gradient 2-CH, = 1.00) of 
I lelu 

Dienea (%) ' H nmr (CCI,) G/ppmc 

l l a  12 1.43, 1 .91,4 .37,  6.01, 6.06 
10a 50 1.75. 1 .92,4 .35,  5 .95,5 .00 
I l b  8 1.48, 1 .93,4 .36,6 .11,6 .12 
10h 30 1 6 8 ,  1 .93,4 .36,6 .16,6 .17 

"Dienes listed in order of cli i t ion ~ - .~.  . ~ - . ~  
bPercentage of total diene product formed. 
cPeaks froin left to right are assigned as (1 '  or 4 )-CH,(s) 

OCOCH,(s), CH20K02(s) ,  2'-H, 3'-H, 5'-H, and 6'-H (q: 
J = 10Hz). The peaks of 2-CH,. 3-CH?. and 4-CH, uere not 

proton chemical shifts for dlene lactones from the addl- 
tion of E~( [~H, ] fod) ,  

Lactone 3-Ha 2'-H 3'-H 4'-CH3 

"The 3-CH2 and 4-CH, groups in l a  and Ib were not resolved from 
each other. 
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product in aqueous acetic acid. The major products 
were a mixture of acids which were not further identi- 
fied but which appeared (nmr spectrum) to include 
nuclear nitr-o-substituted 4-p-tolylbutyric acid(s) and 
phenolic acid(s). Nuclear ~nagnetic resonance absorp- 
tions in the 6 6.5-7.0 ppm region suggested the 
presence of the phenol derivatives. The mechanism 
proposed for formation of lactone 8 is depicted in 
Scheme 1 (centre). A 1,2 nligration of the nitro group 
in the $so cation 6 would, after deprotonation, give 
4-(4'-methyl-3'-nitropheny1)butyric acid (Scheme 1, 
upper). Expulsion of the nitro group as nitrite anion 
followed by migration of the carboxylate group, 
deprotonation, and hydrolysis of the resulting lactone 
would give 4-(2'-hydroxy-4'-methylpheny1)butyric 
acid (Scheme 1, lower). Parallels for these reactions 
exist in the reactions of adducts obtained from alkvl- 
benzenes (4, 7, 16, 17). 

Electrophilic addition at  an ipso position coupled 
with internal nucieophilic participation was first 
noted by Corey et al. They obtained the bromolac- 
tone 16 on bromination of the salt of E-p-tolyloxyiso- 
butyric acid (18). If the carbonyl group is accepted 
as a two-membered ring then there are many other 
(and carlicr) examples of electrophilic addition cou- 
pled with internal nucleophilic participation pro- 
vided by the nitration and halogenation of p-cresol 
and its derivatives to form ipso-nitro- and halocyclo- 
hexadienones (19-22). The spirolactone 17 is ob- 

tained on both chemical oxidation (23) and electro- 
oxidation (24) of 3-(p-hydroxypheny1)propionic acid. 
O n  treatment with acid, 17 gives a mixture of 6- and 
7-hydroxydihydrocoumarins in which either isomer 
can be made to  predominate depending upon the 
conditions. Migration of the carboxylate function to 
give the 7-hydroxydihydrocoun~arin is not intra- 
inolecular but apparently involves an  initial Michael- 
like addition of a solvent nucleophile to the dienone 
system (23). It is possible that solvolysis of 12 could 
also involve a competition between the nligration of 
the methylene group (to form 6-methyldihydrocou- 
marin) and the formal migration of the carboxylate 
group (to form 7-methyldihydrocournarin), i.e., the 
compound tentatively identified above as 7-methyl- 
dihydrocoumarin could be the 6-isomer or  a mixture 
of the two. In this connection it should be noted that 
the facile migration of an acetate group in the sol- 

volysis of nitrocyclohexadienyl acetates is not neces- 
sarily a good analogy f'or the migration of the car- 
boxylate group in either 12 or 1 (Scheme 1). In the 
case of the dienyl acetates the carbonyl oxygen can 
bond to the neighbouring carbon atom allowing the 
acetate to migrate via a cyclic transition state. An 
analogous transition state is impossible for the diene 
lactones. 

Experimental 
General experimental methods have been described pre- 

viously (7). 

hirt.arior7 of 4-ip-To/4./)butj~r.ic. Acid 
A solution of nitric acid (15.7 g, 0.25 mol) in acetic anhq- 

dride (100 cm3) at  7 8 - C  was added to a stirred mixture of 
4-(p-toly1)butyric acid (17.8 g, 0.1 mol) in acetic anhydride 
(200 cni3) at -50-C. The temperature was maintained be- 
tween - 45 and - 50'C for 1.5 h .  the mixture becoming ho- 
mogenous after 20 min. The solution was then added to ether 
(1.5 dm3) at -78'C and quenched with ammonia, keeping the 
temperature below -60-C. Excess ammonia was aspirated 
and the ethereal solution washed with water, dried, and the 
ether evaporated to yield the crude product (12.1 g) containing 
65% of dienes by nmr. Recrystallization from acetone-ether 
yielded one diastereomer of the lactone of 4-(1'-hydroxy-4'- 
methyl-4'-nitrocyclohexa-2',5'-dienyl)butyric acid ( l a ,  2.2 g) 
as colourless needles, nip 138.0-138.5'C: ir (Nujol): 1730, 
1240 (&lactone), 1555 (NO,) cm- ' ;  nmr (CDCI,) 6 :  1.78 (s, 
3, CH,), 1.95 (m, 4, 3-CH,, 4-CH,), 2.60 (m, 2, 2-CH,), 6.17 
(s, 4,2'-H, 3'-H, 5'-H, 6'-H)ppm, on addition of E ~ ( [ ~ H , ] f o d ) ,  
the 6.17 ppm singlet split into a quartet, J = 10 Hz. Anal. 
calcd. for C,,H,,NO,: C 59.18, H 5.87, N 6.28; found: C 
59.26, H 6.21, N 6.14. 

Chromatography of the mother liquor residues from the 
recrystallizations on neutral alumina (400 g deactivated with 
10% (wlw) hater), at -45'C and elution with ether-pentane 
and then ether gave the lactone of 4-l~ydr.o.~j~-4-(p-rolyl)butyr.ic 
acid (8, 0.38 g), mp 71-72.5'C (lit. (25) rnp 72-73'C); ir 
(Nujol): 1765 (7-lactone) c m - ' ;  nmr (CDCI,) 6 :  2.34 (s, 3, 
CH3), 2.6 (m, 4, CH,CH,), 5.42 (t, I ,  J = 7 Hz, CHCH,), 
7.18 (s, 4, ArH) ppm; ms (70 eV) t ? ~ / e  (relative intensity): 176 
(33, M), 161 (23, M - CH,), 121(52), 119(43), 117(43), 
115(20), 91(68), 28(100). 

Further elution with ether afforded diene l a ,  and then mix- 
tures of the diastereomers l a  and 10 in approximately equal 
proportions. Elution with dichloromethane gave a further 
amount of the mixture of diastereomers. The mixtures were 
combined (2.1 g) and recrystallized from chloroform-pentane 
to  give colourless prisms of the second diastereomer of the 
lacrone of 4-i/'-hydroxy-4'-methyl-4'-nitrocyclohexa-2',5'-di- 
eny1)butyric acid (Ib), mp 11 3.5-1 14.0'C (dec.); ir (Nujol) : 
1730 (6-lactone), 1545 (NO,) cm- ' ;  nmr (CDCI,) 6 :  1.72 
(s, 3, CH3),  1.87 (m, 4, 3-CH2 and 4-CH,), 2.60 (m, 2, 2-CH,), 
6.20 (nq, 2, J = 10 Hz, 2'-Hand 6'-H), 6.27 ppm (nq, 2, J = 10 
Hz, 3'-H and 5'-H). Anal. calcd. for C l lHI3NO4:  C 59.18, 
H 5.87, N 6.28; found: C 58.76, H 6.18, N 6.07. 

Elution with methanol gave a mixture of 4-(nitro-p-to1yl)bu- 
tyric acids and dienes (4.0 g). This appeared to contain a third 
diene, presunlably 4-(4'-acetoxy-4'-methyl-1'-nitrocyclohexa- 
2,s-dieny1)butyric acid, but the mixture was not further re- 
solved. 

The aqueous washings were acidified with hydrochloric acid 
and extracted with methylene chloride to yield a mixture 
(4.2 g) containing 4-(nitro-p-to1yl)butyric acids; ir :  1705 (CO), 
1525 (NO2) cm- l ;  nmr 6 :  7.25,7.75 ppm. Another component 
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present was probably 4-(hydroxy-p-tolyl)but>ric acid; nnir 6 :  
6.85, 7.0, 7.05 ppm. Chromatography on silica did not resolve 
the mixture and it did not crqstallize. 

Xitvatiorl o f  . 'v f6~r/ l f ' /  4- lp-To/j'/j b11t~ I .U/C 

A solution o f  nitric acid (15.8 g, 0.25 niol) in acetic anhb- 
dride (100 cm" at -78 C \vas added to  a slurry o f  methyl 
4-(p-tolyljbutyrate (19.2 g, 0.1 mol)  in acetic anhydride (100 
cm3)  also at - 78-C. The  mixture was warmed to  - 50-C and 
stirred for 2 h .  After quenching with ammonia and work-up 
the product contained 40% o f  dienes, by nnir. O n  chromatog- 
raphy at least four different dienes could be recognized in 
various fractions but only that obtained in largest amount 
could be crystallized and obtained pure. Methyl 4-(1'-acetoxy- 
4'-metliyl-4'-nitrocyclohexa-2',5'-dienI)butyrate (5 )  was re- 
crystallized from ether-pentane, 111.p. 62-63 C ;  ir (Nu jo l ) :  
1740, 1240 (OCOCH,), 1735, 1180 (COOCH3) 1540 (NO2) 
cm-  ' ; nnir (CDCI,) 6 :  1.74 (111, 4 ,  3-CHz and 4-CH,), 1.77 (s,  
3, CU,),  1.97 (s.  3, OCOCH,),  2.29 ( t ,  2, J = 6 Hz,  2 -CH2) ,  
3.62 (s, 3. OCH,) ,  6.04, and 6.07 pprn (q ,  4 ,  J = 10 Hz) .  ,411~11. 
calcd. for C,,H,,N06: C 56.56, H 6.44, U 4.71: found:  C 
56.35, H 6.41, 1V 4.51. 

iVit~aiion oj 4- ip-TOO./) blr/crnol 
Nitric acid (6.3 g, 0.1 mol)  in acetic anhydride (50 cn1") was 

added to a stirred solution o f  the alcohol (8.2 g, 0.05 mol)  
in acetic anhydride (50 cm3)  at -40 C .  After 2.5 h the solution 
was quenched and \zorked up  yielding an oil (13.7 g) which 
contained 20% o f  starting material and 5 5 5  o f  dienes, by nmr.  
Repeated chromatographg at low temperature on 5 and 3 x  
aqueous deactivated neutral alumina afforded fractions con- 
taining four isomers o f  4-(I' or 4')-acetox>-4'-methyl(4' or 
1')-nitrocyclohexa-2',5'-ctie11yl)butyl nitrate (11 and 80, Table 
1 ) .  Only the major isomer, 4-(1'-acetoxy-4'-methyl-4'-nitro- 
cyclohexa-2',5'-clienyl)butyl nitrate ( 1 0 ~ )  was clearly separated 
from the others, as an oil: ir ( f i lm):  1740; 1240 (OCOCH,),  
1630, 1280 ( O N 0 2 ) ,  1545 ( N O Z )  c m - ' ;  nnir (CCI,) 6 :  1.70 
( m ,  6 ,  2-CN,, 3-CH,, 4-CH2),  1.75 (s,  3, 4'-CN,), 1.92 (s, 3, 
OCOCH,),  4.35 ( t ,  2,  J = 6 HZ ,  C N 2 0 N 0 2 ) ,  5.95, 6.00 
(q ,  4 ,  J = 10.4 HZ, 2'-H, 3'-H, 5'-H, 6 ' -H)  ppm. 

Nitrrrtiol~ 0/'3-lp-ToI~~l)propio,2ic Acid 
A solution o f  nitric acid (1.98 cni3, 47 ~ n m o l )  in acetic anhy- 

dride (9 cm3)  \+as added to  a solution o f  3-(p-toly1)propionic 
acid ( 5  g, 30 mmol)  in acetic anhydride (9 cn19 at - 78'C and 
the mixture warmed to  0 C .  Evaporation o f  the solvent under 
reduced pressure gave a residue containing 7 0 x  o f  ( two)  dienes 
and 30°< o f  aromatic conipounds, by nmr. Crystallization 
f rom acetone-pentane ga\e one diastereorner o f  the lactone 
o f  4-(1'-hyd1~oxy-4'-n1ethyl-4'-nitrocyclohexa-2',5'-dienyl)pro- 
pionic acid (12a) which, after recrystallization from chloro- 
form, had m p  138-139'C (dec.);  ir (Nujol ) :  1790, 1180 (y-lac- 
tone), 1530 (NO,) c r i i l ;  nnir (CDCl,) 6 :  I .78 (s ,  3,4'-CH,), 
2.24 ( t ,  2, J = 7 HZ, 3-CH,), 2.68 ( t ,  2, J = 7 H Z ,  2-CH,), 6.14 
(nq ,  2, J = 10.7 Hz,  2'-H and 6'-H),  6.20 (nq ,  2, J = 10 Hz,  
3'-H and 5 ' -H)  ppm; m s  (chemical ionization, methane) 117,r 
(relative intensity): 192 (15, M - O H ) ,  165 ( l j ) ,  164 ( loo) ,  
163 (80). Recrystallization o f  the residue from acetone-ether 
gave the second diastereomer o f  the dienyl lactone 12b which 
had mp  82-84?C (dec.): ir (Nujol ) :  1775, 1190 (y-lactone), 
J 540 (NO,) c m  nnir (CDCI,) 6 :  1.71 (s, 3 ,  4'-CN,), 2.15 (t, 
2 ,  3-CH,), 2.66 ( t ,  2, 2-CH?), 6.08 (nq,  2, J = 10 Hz,  2'-H and 
6'-H), 6.30 (nq ,  2, J = 10 Hz, 3'-lrl and 5'-H)ppni:  m s  (chem- 
ical ionization, methane) t ~ ~ , ' e  (relative intensity): 192 (15, 
;Lf - OH),  165 ( l j ) ,  164 ( loo) ,  163 (100). 

The  mother liquor from which the dienyl lactones had been 
crystallized was heated wit'n acetic acid on the steam bath and, 
after work-up, chromatographed on silica gel using ether- 
pentane (20:80) for elution. The  early fractions contained a 

coniponent tentatively assigned the structure o f  7-meth4ldihy- 
drocouniarin; ms  111 e :  162 (95, M) 134 (90, M - CO) ,  119 
(65),  91 (100, C7H,+) ,  77 ( 3 9 ,  39 (56). Later fractions con- 
tained mixtures o f  3-(4'-methyl-3'-1iitrophenq.i)propionic acid 
and itr 2'-nitro isomer \+ith the former being present in greater 
amount in the final fractions. Recrystallization o f  the fractions 
and hand sorting o f  the crbstals obtained gave 3-(4'-methyl-2'- 
nitropheny1)propionic acid, nnir (CDCI,) 6 :  2.39 (s, CH,), 
2.74 ( t ,  J = 7 H Z ,  2-CH,), 3.17 ( t ,  J = 7 H Z ,  3-CHz), 7.28 
(nq ,  J = 8 Hz,  6 ' -H) ,  7.34 (nq ,  J = 8 Hz,  5 ' -N) ,  7.76 ( b  s, 
3'-H) ppnl; and 3-(4'-methyl-3'-nitroplieny1)propionic acid, 
nmr (CDCI,) 6 :  2.54 (s, CH,),  2.69 ( t ,  J - 7 Hz, 2-CH,), 2.99 
( t ,  J = 7 Hz,  3-CN?),  7.28 (nq ,  J .- 8 Hz, 5'-H),  7.35 (nq,  
J = 8 HZ) ,  7.83 ( b  s, 2'-H) ppm. 

The  diengl lactones \+ere also isolated by neutralization o f  
the nitration mixture ~ ~ i t h  amrnonia at low temperatures fol- 
loued by extraction \vith ether and lo\\ temperature chroma- 
tography o f  the extract. 

.Vili.atiorr o f  p-Tob./crcetic Acid 
A solution o f  nitric acid (1.26 g ,  20 rnrnol) in acetic anhl-  

dride (5 cm3)  mas added to p-tolqlacetic acid (1.5 g 10 mmol) 
in acetic anhydride (5 cm3)  at O'C and the mixture stirred for 
2 h .  The  nmr o f  the reaction mixture indicated that most o f  the 
p-tolylacetic acid !lad reacted and ca. 20SI; o f  diene products 
had been fornied. A reaction carried out in which methylene 
chloride (10 c m 3 )  \\as added to  increase the solubility o f  the 
p-tolylacetic acid gave a similar yield o f  dienes. 

Rrarol~~atizatiorz o f '  Lacto17e l a  
A solution o f  lactone In (90 rng) in CDCI, (0.2 cm3)  at 

-78'C uas  treated \vith boron trifluoride etherate (0.4 cni3) 
and warmed to ambient temperature. After work-up, ir and 
nmr showed that the product was mainly the lactone o f  
4-hydroxy-4-(p-tolyl)but).ric acid (8). The  niinor product ap- 
peared to be 4-(4'-methyl-3'-nitrophenyl)hutyric acid (6  7.75 
ppn1). 

Reaction, at 0 C ,  o f  lactone l a  with a solution o f  acetic 
anhqdride in acetic acid ( 1  :9  \ \ )  containing 0.05:; sulfuric 
acid gave only lactone 8. 

Reaction, at 100 C o f  lactone 10 with aqueous acetic acid 
( 1  :9  v, 'v)  gave a mixture o f  lactone 8 and carboxylic acids. The  
reaction was repeated on a 1 mmol scale. The carboxylic acids 
(-  0.7 mmol) were extracted with aqueous bicarbonate and 
appeared t o  consist o f  a mixture o f  4-(4'-methql-3'-nitro- 
pheny1)but)ric acid ( 5  7.25, 7.75 ppni) and 4(4'-methyl-2'- 
hydrosypheny1)butyric acid (6 6.85,7.0, 7.05 ppm). The  neutral 
fraction was Iactone 8 (0.3 mmol).  

Lactone Pa was recovered unchanged on refluxing for 1 h 
in benzene and also in methanol. 

I. D .  J .  R L . A I K S I O (  K .  A .  F I S C H ~ R .  K .  E .  R I C H A R D S .  J. 
V . x ~ ~ ~ 4 h . i i n d G . J .  U ' K I G H ~ .  Cheni.Commun.641 (1970). 

2. R .  C .  H A H I  iind hI. B. G R O L N .  J .  Am. Chern. Soc. 95.6128 
(1973). 

3 .  R. B .  M o i t ~ ~ r  and K .  Sc HoFlrl D .  Acc. Chem. Res. 9. 287 
(1976). 

4. T .  H A U \ \ ~ L L .  C .  S. MORSL.  2. C .  ~ ~ Y H R E .  and ..\. v01.L- 

~ I A R .  J .  Am. C h e n ~ .  Soc. 99. 3042( 1977). 
5 .  A .  F ~ S L H F K  iind K .  C .  Tto .  Can. J .  Chem. 56. 1758 (1978). 
6 .  I). J .  B L X C K S T O I K .  J .  C I ( ~ I \ L Y .  A. F I S ( . H ~ R .  M .  P .  
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Enzymes in organic synthesis 17.l Oxidoreductions of alcohols, aldehydes, and ketones 
using chemically modified horse liver alcohol dehydrogenase 

Received April 12. 1979 

J .  BRVAS JONES and D.XVID R. D o o n s .  Can. .I. Chem. 57. 2533 (1979). 
The substrate specificity of acetimidylated (A-HLADH) and hydroxybutyrimidylated 

horse liver alcohol dehydrogenase (HB-HLADH) has been evaluated for the ethanol-acetalde- 
hyde, tmizs-2-hexenol - trans-2-hexenal, furfural - furfuryl alcohol, benzaldehyde - benzyl 
alcohol, cyclobutanol-cyclobutanone, cyclopentanol-cyclopentanone, cyclohexanolLcyclo- 
hexanone, and cycloheptanolLcycloheptanone substrate couples. The pH-optima of A- and 
HB-HLADH are similar to that of native en7yme (--pH 7) for the reduction mode, but are 
displaced from the broad -8-10.5 range for the native enzyme to -11.8 for the modified 
enzymes in the oxidative mode. However, because of coenzyme instability, the practical pH 
optimum for oxidations remains 9 for both native and modified HLADH's. The modified 
enzymes provide limited synthetic advantages for the substrates evaluated. 

J B R ~ A ~  J o 1 ~  5 et D A V I D  R.  DODDS Can. .I. Chem. 57. 2533 (1979) 
On a CvaluC la spCcificitC de la deshydrogenase d'alcool extraite du foie de cheval a laquelle 

on a fixe des groupes acetymidyle (A-HL,AI>H) et hydroxybutyrimidyle (HB-HLADH) vis-a- 
vis les systemes de substrat Cthanol/acetaldthyde, hexhe-2 01-trunslhexene-2 al-trans, alcool 
furfurylique~furfural, alcool benzylique/benzaldChyde, cyclobutanol/cyclobutanone, cyclo- 
pentanol/cyclopentanone, cyclohexanol/cyclohexanone et cycloheptanol/cycloheptanone. Les 
pH optima des A- et HB-HLADH sont semblables a celui ( -pH = 7) de I'enzyme naturel 
pour le mode de reduction mais ils sont dtplaces, dans le mode oxydant, de la large region - 8-10.5 applicable a l'enzyme naturel vers - 11.8 pour les enzymes modifies. Toutefois due a 
I'instabilite du coenzyme, le pH optimum pratique pour les oxydations denieure 9 tant pour 
l'enzyme naturel que pour ses modifications. Les enzymes modifies fournissent des avantages 
synthitiques limites pour les substrats evalues. 

[Traduii par le journal] 

The practicality of exploiting the chiral catalytic 
properties of enzymes for effecting asymmetric 
syntheses of broad organic chemical interest is well 
recognised (1, 2). Alcohol dehydrogenases are among 
the synthetically most useful enzymes, with the best 
documented of this group being the enzyme from 
horse liver, HLADH.2 HLADH is a commercially 
available NAD'/H-dependent alcohol dehydro- 
genase which catalyzes CH(0H) $ C=O oxidore- 
ductions for a broad spectrum of substrates (1, 2). 
The oxidoreductions generally proceed via the 
ordered Theorell-Chance pathway, as represented in 
eq. [ I ]  (3a). For many good substrates, E.NAD/H 

[I]  E + NADf G E.NADL + SOH G E.NAD+.SoH 

S E.NADH.Sco $ So + E.NADH 

e E  + NADH 

dissociation is the rate-determining step (lb, 3a). 

'For Part 16, see ref. la .  
'Abbreviations used: HLADH, horse liver alcohol de- 

hydrogenase; NAD' and NADH, oxidized and reduced 
forms respectively of nlcotinamide aden~ne dinucleotide; 
SOH, alcohol substrate; ScO carbonyl substrate; A-HLADH, 
acetimidylated HLADH; HB-HLADH, hydroxybutyrimidyl- 
ated HLADH. 

Although HLADH is one of the most versatile 
enzymes of proven practical value, experimental 
problems are encountered during preparative-scale 
oxidoreductions of slowly transformed substrates. 
Such reactions can take many days to go to comple- 
tion, during which time extensive degeneration of 
the enzyme, the nicotinamide coenzymes, and the 
coenzyme recycling systems (16) may occur. This 
can add considerably to the amounts of the biological 
materials which must be used in order to achieve 
complete conversion of a poor substrate to the de- 
sired ~roduct .  

Some of the substrates of most organic chemical 
interest fall into the poor substrate category. In fact, 
many are oxidoreduced so slowly that preparative- 
scale reactions are currently impractical. Clearly the 
value of HEADH as an asymmetric synthetic catalyst 
would be greatly enhanced if the catalytic activity 
of the enzyme towards slow substrates could be in- 
creased. The enhanced catalytic activities observed 
by Plapp and co-workers (4) for chemically modified 
HLADH presented an attractive possibility in this 
regard. Accordingly, we have carried out a compara- 
tive study of A-HLADN2- and HB-HLADH2"- 
catalyzed oxidoreductions of a selected structural 

0008-40421791192533-06$0 1.0010 
e l 9 7 9  Nationill Research Council of CanadaIConseil national de recherche5 d u  Canada 
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range of aclclic and cyclic alcohols, aldehydes, and 
ketones. 

A-HLADH and HB-HLADH mere prepaied b j  
~nodlfication of nat~ve HLADH u ~ t h  ethjl  acetiini- 
date arid 4-bromobutyrain~de respecl~\elq (46. rZ, f )  
The modified enzymes wele found to possess 7-fold 
(A-HLADH) and 19-fold (HB-HLADH) the ac t~v~ t ) .  
of natL\e HLADH \v~th  respect to catalys~s of ethanol 
ox~dation The modified enzyiues \\ ere some\\ hat 
less stable than native HLADH nhen stored at  4 C 
In 0 05 M Tris HC1 buffel pH 7 4 Both A- and HB- 
HLADM lost up to 3 5 5  of t h e ~ r  activity during 
1 neck u n d e ~  these condit~ons, as deternllned by 
acetaldehyde leduction and ethanol oxldatlon assays 
a t  pH 7 and 9 respectivelq The s t a b ~ l ~ t ~ e s  of the 
lnod~fied enzynies \\ere not 11nproved by the addltio1-i 
of up to 0 5 miW EDTA The loss of act~vity M ~ S  

sl~ghtly greater nhen phosphate buffer \\as used 
Ho\+ever, n hen A-HLADH stored as d e s c ~ ~ b e d  
above at p H  7 4 fol 3 neehs was assayed In its o x ~ d a -  
tlon nlode at pH I I ,  >90";;f actrkity \$as retained 

The p H - p ~  ofiles here determ~ned for both nlodified 
enzymes uslng acetaldehyde and ethanol as sub- 
strates The results ale suinmar~zed 111 Fig 1 

The h~netics of ox~do~educt ion of the alcohol, 
aldeln).de, and kctone subst~ates selected for study 
\..ere determined at  pH 7 for ~educt ion and p H  9 
for oxidation The results obtained w ~ t h  each 
enzynle are summar~zed 111 lables  1 and 2. 

Discussion 

A ~ i d e  selection of reagents has becn used to 
modify HLADH (4, 5-1 1). In contrast, the range of 
substrates used to evaluate the oxidoreduction 
properties of the inodified enzyincs has been re- 
stricted to those of the ethanol + acetaldehyde, 
benzyl alcohol S benzaldehyde, and cyclohexanol < 
cvclohexanone reactions. A more extended struc- 
tural specific~ty data base \\as clearly needed in order 
to  evaluate the organic synthetic advantages of the 
modified enzymes. With this aim in mind, structurally 
more diverse substrates encompassing a representa- 
tive range of acyclic and cyclic aliphatic and aro- 
matic structures (Tables I and 2) were selected f ~ s  

3%he assays were performed as recon~n~ended (40) under 
conditions favourable to the modified enzymes, i.e., with 
[EtOH] at 550 m.\l. Natile HLADH is subject to substrate 
inhibition at this EtOH level, and retains only 40z of its 
activity in the standard assa), in which [EtOH] is 9 n11M (3h). 
The activation levels of the modified enzymes relative to native 
HLADH would therefore be -3-fold (A-HLADH) and 
-7.5-fold (HB-HLADH) if the activity of each under its 
individual optimum assay conditions were used as the basis of 
conlparison. 

FIG. 1. pH Piofiles for HLADH (@), A-HLADH (A), and 
HB-HLADH (B)-catalyzed (a) leduction of acetaldehlde and 
(h )  o s ~ d a t ~ o n  of ethanol Close to opt~mum substrate con- 
centratrons' were used for each plofile. 

examination. Achiral conlpounds only lvere con- 
sidered at this stage, leaving the important question 
of the effect of the enzyme modifications on stereo- 
specificity to be examined subsequently \\ith ap- 
propriate chiral substrates. 

Various degrees of activation, or inactivation, can 
be induced by different chemical modifications of 
HLADH (4, 5-1 1). The highest activation levels are 
achieved by in1idylatioil of the &-amino group of 
Lys-228 (4c). Acetimidylation and hydroxybutyri- 
midylation \\ere selected as two simply effected 
activations permitting co~npar iso~ls  of the con- 
sequences of introducing both a small (A) group 
and a larger, conformationally flexible, one (HB). 
Such modifications effect activation of HLADH by 
increasing the velocity of the, for many substrates. 
rate-limiting dissociation of coenzyme from the 
E.NAD/H binary complex (4). 

The activations were performed in triethanol- 
amine-HCl buffer p H  8 (46, d).4 The 7- and 19-fold3 
levels of activation achieved for A-HLADH and 
HB-HLADH respectively were in accord with the 
literature values (4f)  Modifications performed at  p H  
10 (12) in phosphate buffer were less satisfactory, 
giving 53-fold activations only. I11 our hands, the 
modified enzymes \Yere less stable than previously 
reported (4d). In contrast to native enzyme, which 
is unaffected by 2 2  weeks storage at  p H  7.4 a t  
4'C, both A- and MB-HLADH lost up to  5 7  of their 
activity every 24 h under the same storage condi- 
tions. Accordingly, all kinetic data for the modified 
enzymes were obtained with freshly prepared, < I 
day old, A- and HB-HLADH. 

4HLADH modifications performed In phosphate buffer of 
the same pH In the absence of trrethanolamrne gave a 60%- 
deactzcated enzyme preparation. B.V. Plapp (personal com- 
munlcatlon) has also found phosphate alone to be a poor 
buffer. 
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TABLE 1 Klnetic data for HLADH-, A-HLADW-, and HB-HLADH-catalqzcd ieductions" 

K,  (m kcat  (s-  
- -  - -- - - --- -- 

Substrate HLADHb A-HLADHc HB-HLADH' H L A D H W - H L A D H C  HB-HLADHC 
-- 

CH,CHQ 0.33  1.18 2.24 132.3 136.7 175.9 
CH,(CH,)CH=CHCHO 0.16  0 .61  1 .24  20.0 35.8 44.3 
Furfuraldehyde 0.20 13.8 2 .25  110.8 209.5 37.6 
Benzaldehyde 0 .03  0.29 0 .69  53.1 35.7 46.2 
Cyclobutanone 9 .06  42 .2  12. 1 5.88 10 .0  4 . 4  
Cyclopentanone 2 .77  > 1 . 5 M  47.0  0 .32  13.3 0 .72  
Cyclohexanone 3.71 9 .05  4 .54  35.2 24.6 11 .2  
4-Methylcyclohexanone 3.66 9 .32  8.07 7.58 4 .63  3 . 8  
Cycloheptanone 2.53 28.8 4 . 9  0 .68  0 .67  0 .27  

QDetermined at 25'C in 0.1 Ai phosphaie buffer p H  7.0, [ R A D H ]  0.2 m.\t. 
b[Sl 0.01-10 lll'%l. 
'[S] 0.01-100 ml\l. 

TABLE 2. Kinetic data for HL-ADH-, A-HLADH-, and HB-HLADH-catalyzed ouidations" 
- - 

K,, (n1.W kc',t (5-l) 
--- 

Substrate HLADHh A-HLADHc HB-HLADHc HLADHh A-HLADHc HB-HLADHc 

CH,CH,OH 0 28 
CH3(CH2)2CH=CHCH20H 0 04 
Furfuryl alcohol 0 07 
Benzyl alcohol 0 04 
Cyclobutanol 0 02 
Cyclopentanol 0 07 
CS clohexanol 0 69 
t is-4-Methylcyclohexanol 0 15 
truns-4-Methylcqclohcwanol 0 15 
Cycloheptanol 0 28 

"Determined at 25°C in 0. I Xl gl*cinc-NaOH buffer pH 9.0. 
* [NAD+]  0.5 m l i ,  [S] 0.01-10.0 mM.  
'[NAD'] 2.3 mnf, is] 0.01-10.0 m.\l. 

The rate of loss of activity on storage was found 
to  be sensitive to the p H  at  which the assays were 
performed. For example, A-HLADH kept at  
p H  7.4 at  4cC for three weeks lost only 10% of 
its activity with respect to ethanol oxidation at  
p H  11. This observation, and the fact that HB- 
HLADH showed a monotonic increase in activity 
up  to pH 9.9 with benzyl alcohol as substrate (4/1), 
prompted the pH-activity profile study summarized 
in Fig. 1 for the acetaldehyde + ethanol substrate 
couple. The resuits for both oxidation and reductioil 
are remarkable in that the modified ellzymes show 
much higher activities at elevated pH's than does 
thc native enzyme. The oxidation mode is the more 
noteworthy, \\,ith the pH-optima for A- and HB- 
HLADH occurring at  - 11.8. The data at  p H  > 10 
required increasingly lal-ge corrections for the 
pseudo-base reaction of NAD' (13).' At p H  > 12, 
the rate of this reaction became the limiting factor, 
and the apparent loss of activity at  p H  2 12.5 is 

'At pH 10.5, the half-life of N A D +  under our assay con- 
ditions was 5 4  h. 

due to the effectively illstantaneous co~lversion of 
NAD' to its pseudo-base under these conditions. 
As a result, the practical pH-maximum for routine 
assays or preparative-scale reactions remaills 9 for 
both native and modified HLADH. 

For  the reductive mode (Fig. la), the inflection 
points of each curve occur at  about the same pH's, 
viz. -6.4 and -7.8 (14). This implies that the 
ionizing groups responsible for the characteristic 
pK,'s of HLADH-catalyzed reduction of acetalde- 
hyde (4g-i, lOa, 14-17) are not affected by Lys-228 
imidylation, and that the modified Lys-228 does not 
exert any electronic effects during reduction. This is 
in accord with the conclusion that the imidylated 
HLADH's continue to follow the mechanistic path- 
way outlined in eq. [ I ]  (4a, f ) .  On the other hand, the 
p H  profile of ethanol oxidation (Fig. 1E) shows a 
large shift to higher pK, for the modified enzymes, 
from -6.3 for the native enzyme (14) to -9  for 
HB-HLADH and - 10 for A-HLADH. The current 
data are insufficient to enable the reasons for these 
shifts to be identified. Electronic effects due to the 
conversion of the lysine residues of the native enzyme 
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(pK,, - 10.5) to guanidine-like groups (pK, - 12 (18)) 
o n  imidylation, together v,ith accompanying con- 
formational, isomerization, and steric changes (4e- 
h, 8, i 1, 18--21) ma); all contribute. In addition, these 
factors may also account collectively for the need to 
increase [NAD'] in oxidations involving modified 
FILAIDW's (Table 2). For reductions, al! the pH- 
profiles have the same form and no corresponding 
[NADH]  increase is required lvhen assaying the 
~nodified enzymes (Table 1). 

The kinetic constants of Tables 1 and 2 do not 
folioa a simple pattern. Under reductive mode 
conditions (Table 1 )  only t\vo of the substrates, 
acetaldehyde and fur fur aldehyde^ have kcat values 
consistent iiith NAD' dissociation from the 
E.NAD+ complex Jeq. [ I  1) being rate-determining 
in native enzyme-catalyzed reductions (30) .  HLADH- 
mediated reductions of the other substrates are 
significantly (up to 400-fold) slo~ver, presumably 
reflecting the fact that the hydride transfer step, or  
product-alcohol dissociation (22), have become at  
least partly rate-limiting. 

With the exception of the 4!-fold increased kc,, of 
A-HLADH-catalyzed reduction of cyclopentanone, 
fairly modest rate increases only are observed for 
modified enzyme-mediated reductions of the Table 1 
substrates. In fact, for several substrates the kcat 
values are :nore or less the same for all three enzymes 
and,  in one or two cases. for exaillple HB-HLADH- 
catalyzed reductions of cyclohexanone and benz- 
aldehyde, the modified enzymes are slightly less 
effective than HLADH itself. 

The situation with respect to  oxidation is quite 
different. In contrast to their Table 1 carbonyl 
counterparts, the alcohol substrates of Table 2 are 
generally significantly more efficiently oxidized in the 
presence of the imidylated HLADH preparations 
than with the native enzyme. The only exceptions 
are cyclobutanol and cyclopentanol, both of which 
are poor substrates of unmodified HLADH also. 
The increases in oxidative mode kcat  values with 
modified HLADH9s are greatest for alcohols such as 
ethanol, trails-2-hexenol, cyc l~hexano l~  and cyclo- 
heptanol, which are also good substrates for native 
HLADH. This is as expected since E .NADH dis- 
sociation is rate-limiting for good substrates of this 
kind, and the iinidylation of the Lys-228 residue in 
the A- or  HB-modifications of HLADH has been 
shown to increase the rate of this limiting dissocia- 
tion step (4). For  the remaining Table 2 alcohols, all 
of which are somewhat poorer substrates than the 
four mentioned above, the normal kc,, values are 
augmented to a smaller degree by A- or HB-modifica- 
tion of HLADH.  This is again as expected since the 
rates of hydride-transfer or substrate-diffusion steps 

become dornlnant for poorer substrates (3a, 4j, l l c .  
! 6b, 19, 20) thus reduc~ng, or  even elim~nating, the 
iinpact of Eys-228 mod~ficat~ons.  l t h ~ c h  hahe the11 
greatest impact on the E NADH d~ssocia t~on step 

For  all the ca~bony l  and alcohol substrates 
examined, the K,, values ale h~gher ,  often conslder- 
ably so, for the mod~fied enzyrue oxtdoreduct~ons 
than for the corresponding native enzyme-catalyzed 
reactions. While the K,, values recorded in the Tables 
are not M~chaelis constants as usually defined (23), 
they are considered to reflect relative binding af- 
finities of the substrates under the saturating co- 
enzynie concentrat~on c o n d ~ t ~ o n s  employed in the 
assays. Each substrate is clearly less \\gel1 bound by 
A- and HB-HLADH than by the native enzyme 
(4e, f ,  11). 

While many of the kinet~c questions arislng from 
the current studv remain to be anwered.  the results 
obtained do provide a clear perspect~ve \+ith regard 
to our main objective of assessing the preparative 
potentials of the modified enzymes. 

In  both reduction and oxidation modes, the 
modified HLADH's can be expected to shou signifi- 
cant rate enhailcernents for good substrates nhere 
E.NAD/H dissociation (eq. [ I ] )  remains rate de- 
termining. Primary alcohols and aldehydes, and 
inany cyclic six- and seven-mernbered ring alcohols, 
will be in this category. For  poorer substrates, into 
which group most alcohols and ketones of organic 
chemical interest mill fall, modest rate enhancements 
inay be anticipated in the oxidation mode. At  
present, A- or HB-HLADM do not appear to offer 
any significant advantages over the native enzyme 
for effecting reductions of slower substrates of this 
kind. 

Experimental 
HLADH (EC I . I .  1 .l) is commercially ava~lable from 

Worthington or Boehringer. NAD+ (>99% purity) and 
NADH (>98% purity) were purchased from S~gma. All 
substrates were obtained from Aldrich or F~sher and were 
purified prior to use. 

Preprrration of' A-HLADH nrrd HB-HLADH 
A-HLADH 
The general procedure of Flapp and co-workers (4b, d) was 

used. Ethyl acetimidate (1 g (24)) in water (2 mL) was brought 
to pH 8.0 with concentrated aqueous sodium hydroxide to a 
final volume of 4 mL of a 2.1 M solution. An aliquot (100 HL) 
of this solution was added every 15 min to HLADH (5 mg) 
dissolved in triethanolamine-HC1 buffer (2 mL, 0.5 M, pH 
8.0) at 25'C. (It is recommended that the ethyl acetimidate 
solution be freshly made up prior to each addition.) After 
four additions (1 h), the mixture was passed through a Sepha- 
dex C-50 (1.5 cm x 30 cm) column and eluted with 0.05 M 
Tris-HC1 buffer, pH 7.4. The protein-containing fractions 
were monitored at  280 nm, with an OD of 0.455 taken as 
1 mg!n~L. The A-HLADH obtained consistently assayed (4a) 
for 6.5-7.0 p/mg. This corresponds to -7-fold activation 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



with respect to  native enzyme, which showed 0.92 ~11mg 
activity under these modified enzyme assay conditions. The 
modified enzyme was stored as its p H  7.4 solution at  4-C. 

NB-HLADN 
T h e  procedure described above was used, with 4-bromo- 

butyranlide (45 mg (4d)) added all at once and using a reaction 
period of 2 h.  The HB-HLADH obtained coilsistently showed 
activity of 17.5-18.0 p, mg, corresponding to  - 19-fold activa- 
tion. It was stored a s  for A-HLADH at  4-C.  

Kinetic S r ~ i d i e ~  
Rediicliuils 
Kinetic runs were carried out  at  25-C in 0.1 Af phosphate 

buffer p H  7.0 ~vi th  [ N A D H ]  0 . 2 m M .  The reactions were 
initiated by the addition of 10-40 pL of enzyme solution 
having an O D  of 0.400 at  280 11111 to make a final \olume of 
3.0 m L  in a 1 cm-pathlength quartz cuhette. This was up-ended 
briefly to  ensure mixing and the absorbance change at  340 nm 
measured using a Unicam S P  1800 spectrophotometer. The 
initial rates at  each substrate concentration were analyzed in a 
Lineweaver-Burk manner by the least squares method. Cor- 
relation coefficients were 20 .995  in each case. The k,,, values 
were obtained taking the molecular weight of H L A D H  a s  
80 000 and the extinction coefficient of N A D H  as 6 220. The 
substrate concentration ranges used, for H L A D H ,  A-HLADH,  
and  HB-HLADH, respectively, were (in m,l.l): acetaldehyde 
(0.04-0.3; 0.6-1.5; 0.3-2.7), rrnrzs-2-hexenal (0.03-0.4; 0.06- 
1.5; 0.3-2.0), f~~rfuraldehyde (0.012-0.036; 0.006-0.33; 0.03- 
0.33), benzaldehyde (0.013-0.13; 0.006-0.14; 2.0-20.0), cyclo- 
butanone (1.5-1 1 .O; 4.0-40.0; 4.0-40.0), cyclopentanone 
(1.3-9.0; 10.0-100.0; 10.0-180.0), cqclol~exanone (1.3-7.5 : 
0.6-5.5; 0.6-6.0), 4-methylcyclohexanone (0.3-5.0; 1.5-10.5; 
0.6-1 1.0), and cycloheptailone (0.3-3.3 ; 4.0-30.0; 1.3-9.3). 
The  results obtained a re  recorded in Table 1. 

Oxidutior~s 
The  procedures described abohe were applied using 0.1 M 

glycine-NaOH buffer p H  9.0. [ N A D - ]  was 0.5 n1M for 
H L A D H  and  2.0 m M  for A- and HB-HLADH. The substrate 
concentration ranges used, in mlM, for H L A D H ,  A-HLADH,  
and  HB-HLADH, respectively, were: ethanol (0.03-0.6; 0.3- 
6.0; 0.1-2.0), trans-2-hexenol (0.01-0.08 ; 0.02-1.2; 0.02-1.2), 
furfuryl alcohol (0.01-0.25; 0.01-0.15; 0.016-0.5), benzyl 
alcohol (0.007-0.07; 0.016-0.4; 0.03-0.33), cyclobutanol 
(0.007-0.1 ; 0.01-0.06; 0.016-0.1), cyclopentanol (0.01-0.13 ; 
0.13-2.3; 0.03-0.3), cyclohexanol (0.06-1.0; 0.09-11.0; 0.3- 
4.0), ci5-4-methylcyclohexanol (0.06-1.0; 0.1-0.7; 0.1-IS), 
tmns-4-methylcyclohexanol (0.01-0.16; 0.1-1.0; 0.1-2.5), and 
cycloheptanol (0.06-0.6; 0.1 6-2.0; 0.06-0.17). The  results 
obtained a re  recorded in Table 2. 

pH-Aofiles 
The  pH-plofiles Rere d e t e i ~ n ~ n e d  uslng the standard assay 

proceduie (3a) wlth 0 1 M phosphate buffer for the p H  range 
4.0-8 7 and 0 1 IM glqclne-NaOH fol p H  > 7 5 Acetaldehyde 
a n d  ethanol a e r e  used as substrates for the ~educt lve  and 
oxidative modes respectively The substrate concentrations 
weie 9 m M  for H L A D H  and  5 5 0 m M  for the modified 
enzymes The corresponding coenzyme concentrations em- 
ployed were reductions, [NADH] 0 2 mlM, oxidations, 
[NAD+] 0.5 n1M with H L A D H ,  2.0 n1M with A- and HB- 
H L A D H .  
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Erratum: CoQaBt(II), nickel(II), and copper(%H) coanplexes of di- and tetrapeptides 
containing tyrosine and glycine residues 

R ~ O H A ~ I F D  S. EL-EZABY. J,\SSIXI M .  '41 -HASSAN, N . A ~ ~ E K  F. E ~ Z I S S .  A N D  F.4~1D.4 AL-MASS.~AD 
Dc~pcii.r~ii.c~r~t of Cl~cjt?ii.r t i ) , ,  Fcic.r/lt? (?f'Sc.io~c,c. Cinii.c.~..sity ~ f K i / i i ~ c : i t ,  Klcii,ciir 

Received hla! 31.  1979 

(Ref.: Can.  J .  Chem. 57. I04 (1979)) 

The name of the first authoi- 5hould read Mohamed S. El-Ezaby. 
Equation [2] should read 

['I PKW = E~ - EL3 + log 
M2 

C4 2 = - log C,,C,, 
G C ,  

Reference 21 ,hould read L. G. V A U  UI-I ~ R T  and C. G. HA,AS.  9. Am.  Chem. Soc. 75.451 (1953). 
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Electronic spectroscopy of aromatic %chiff9s bases. 111. Luminescence in some 
g-substituted benzylideneaniline molecules 

MI< HEL B E L L E T ~ T F  A N D  611-its DUROCHER 
L>c:~~cirrc '~~u~~~t tlc C'lli~nic,. D':~ii ci.ritP tic, .~lo:~rrc~cil. C.P.  6210, Srtiriojl A .  .\l~~lr~.t;til ( Q t r c ; . ) .  C'riniidii H.3C 3 VI 

Received .Apt-il6. 1979 

M I C H ~ L  B f l ~ ~ t l t ~ ~  andCi1rrrs D L R ~ C H L R .  Can. J .  Chem. 57.2539(1979). 

Fluorescence and phosphorescence spectra of a few p-substituted benzylideneaniline (BA) 
molecules have been obtained in the EPA solvent. Results show that the 6, q5f ratio increases 
regularly with an  increase in the static dipole moment of the molecules except for the most 
polar molecule where the fluorescence is much more intense. 

Moreover, it has been shown that the interaction of the BA molecules with aprotic polar 
solvents is solvatochromic in origin, meaning that no specific solute-solvent interactions had 
been detected. It has been shown that the BA molecules behave like the D-Ar-A molecular 
type as far as the photophysical aspect is concerned. 

M I C H ~ L  B ~ L L L T ~ T E  ct GILL cs D U R O C H ~ K .  Can. J .  C'heni. 57.2539(1979). 

Les spectres de fluorescence et de phosphorescence de quelques molecules de benzylidene- 
aniline (BA) pnrtr-substituees ont dte obtenui dans I'EPA utilisk comme solvant. Ler resultats 
demontrent que le rapport I$,,'+, augmente regulikrement en fonction du moment dipolaire de 
1'Ctat fondamental des molCcules de BA etudiees a l'exception de la molecule de BA la plus 
polaire ou la fluorescence est plus intense. 

I1 est de plus dimontre qu'un effet solvatochro~lle norrnal explique l'interaction entre les 
BA et un solvant polaire aprotique. Aucune interaction specifique solutbsolvant n'a pu etre 
mise en evidence dans ces soivants. 11 est dkmontre que le comporternent photophqsique des 
BA est semblable i celui des molPcule~ plus connues du type D-Ar-A. 

Intodoction Experimental 

The absorption spectroscopy of the para-sub- 
stituted benzylideneaniline (BA) molecules has been 
studied in recent years and for a review of the 
literature we refer the reader to parts I and 11 of thls 
series of papers (1, 2). Very few papers exist on the 
emission spectroscopy of these molecules (3-6). In  
order to carry on our work on the intramolecular 
charge transfer states in these kind of molecules, we 
had to investigate their emission properties. The 
purpose of this paper is two-fold; first of all, we 
would like to establish the cond~tlons where mole- 
cular emissions can be detected and secondly, we 
mould like to propose a mechanism by which the 
highly polar excited states in those molecules interact 
with polar solvents. The molecules studied here are 
the following using the same notation as described in 
a n  earlier paper (2) : 

6 X = W(CH,), Y = NO2 
5 X = OCH,. Y = NOZ 
3 X =  H . V =  '\TO2 
2 X =  OCH,.Y= H 
4 X = OCH,. Y = OCH, 

The BA molecules have been s~nthesized and purified as 
described previously (1, 2). The EPA solvent ( 5 :  5 :  2 mixture 
of diethql ether, isopentane, and ethanol) \\.as prepared in the 
laboratory. Diethql ether and ethanol were purified as 
described previously (2). Isopentane (pure grade from Phillips 
Petroleum Co.) was distilled over concentrated sulfuric acid, 
washed with triplq distilled water, and distilled again over 
sodium. Methylcyclohexane (pure grade from Phillips Petro- 
leum Co.) was distilled over concentrated sulfuric acid, mashed 
with distilled water, distilled again over sodium, then chro- 
matographed on a 5  ft silica gel column and stored in the dark. 
Acetonitrile and dimethqlforniamidc (DMF) (reagent grade, 
Anachemia Chemicals Ltd.) werc puriiied as described 
previously (2). 

The emission spectra (fluorescence and phosphorescence) 
were measured with a Fluorispec Baird Atomic Model SF-I 
spectrofluorometer modified to accommodate a 1000 W Xenon 
arc lamp at the entrance of the excitation monochromator (7 ) .  
The fluorescence spectra have becn recorded ~5ith all samples 
at  room temperature and at  7 7  M and the phosphorescence 
swectra have been recorded with all sa~noles at liquid nitrogen 
ten~perature. The EPA solvent was used'for the latter and the 
sample concentrations were of the order of 5 x 10-' M. 

Results and Discussion 

Among the p-substituted BA molecules studied 
earlier (2), only those molecules with substituents 
favoring an  electron migration from X to V, that is 
to say stabilizing the intramolecular charge transfer 
state, have been shown to gike any measurable 
emission : fluorescence or phosphorescence. 

0008-4042/79/ 192539-03$0 I .OO/O 
fc 1979 National Reseal-sh Council of Canada/Conseil national de rechel-ches du Canada 
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TABLE 1. Fluorescence and phosphorescence peak maxima and the $,I@, ratios in some 
p-substituted BA molecules in EPA solvent at 77 K 

- - 
vr "P HZ * 

Molecules X Y (cm- ') (cm- ') $P/$F (D) 

*Following ref. 2. 
?Only indicative of the limiting value. 

Results are given in Table 1 in which the phos- 
phorescence to fluorescence quantum yield ratios 
(+,/$,) have been obtained through excitation in the 
first absorption peak maximuln of each solute mole- 
cule and by further correction for the sensitivity of 
the emission monochromator-PM system versus the 
emission wavelength. Results show clearly that the 
$,,/$, ratio increased regularly with an increase in 
the static dipole moment of the n~olecules except for 
molecule 6 where the fluorescence is much more 
intense than for other molecules and the phosphore- 
scence has hardly been observed. McGlynn et al. 
obtained the same kind of behavior in their study of 
the luminescence of polar molecules of the type 
D-Ar-A (8). The dipole moment of the ground 
states of these molecules varies asp-  > in- > o-. The 
low energy highly polar excited states of these mole- 
cules are referred to as "charge transfer" states and 
the phosphorescence intensity as well as the S,-TI 
intersystem crossing efficiency vary in the order 
p- > m- > o-. In less polar aniline derivatives, the 
intersystem crossing is apparently not quite as 
efficient and weak fluorescence can be observed. 
Moreover, N-methylation ofp-nitroaniline by lower- 
ing the effective ionization potential of the amino 
group (makes it a better electron donor and increases 
the dipole moment of the molecule) has a pro- 
nounced eEect on the luminescence behavior of 
p-nitroaniline. The efficiency of intersystem crossing 
seems to decrease to a point where fluorescence again 
is observable. 

The intramolecular charge transfer states in the 
benzylideaniline molecuies seems to have the same 
photophysical behavior as the smaller aniline 
derivatives. Substitution effect greatly alters the 
energies and the polarities of the various electronic 
excited states which in turn are responsible for the 
various non-radiative probabilities between the 
excited states and the ground state. 

Are theie any spec13c in feractions between the excited 
BA molecules and polar solvents? In view of the fact 
that the excited dipole moments of the BA molecules 
are quite large (2), exciplex formation with highly 
polar solvents may be possible at room temperature 

(9). Molecule 6 which possesses the highest static 
dipole moment in the ground state was dissolved in 
methylcyclohexane (MCH) and their absorption and 
fluorescence peak maxima were studied uith various 
amounts of ethanol, acetonitrile, and D M F  added to 
the MCH solution. 

The fluorescence peak maxima of molecule 6 dis- 
solved in a non-polar solvent like MCH is at 21 300 
cm-' compared to 19 200 cm-' when it is dissolved 
in EPA which is a 5:  5:2:  mixture of ether, iso- 
pentane, and ethanol. Since no fluorescence could 
have been detected when molecule 6 is dissolved in 
ether alone, we can say that ethanol is the solvent 
responsible in EPA for the fluorescence observed. 
When ethanol is added to a MCH solution of mole- 
cule 6, a red shift in the fluorescence peak maximum 
is observed but no new fluorescence emission which 
might be assigned to an exciplex (9) could be 
detected. Moreover, the fluorescence intensity does 
not change much with the addition of ethanol. On 
the other hand the relation of Lippert-Mataga on 
the solvatochromic shift does not hold (10-12). 

Since the polarizability function F(D,n) in the 
Lippert-Mataga equation (10-12) is about the same 
for ethanol, acetonitrile, and DMF, it would be 
interesting to compare the effect of adding the last 
two solvents to a MCH solution of molecule 6. 

Results for D M F  are reported in Table 2. The 
absorption peak maximum of molecule 6 is not much 
influenced by these small amounts of D M F  added 
to the MCH solution. 

Table 2 shows that the fluorescence intensity at  the 
peak maximum markedly increases with the amount 
of D M F  added. This behavior is contrary to that 
observed when exciplex formation is present in that 
there is normally a quenching of the fluorescence 
and appearance of a new emission band at lower 
energies (9). McGlynn et al. (8) also observed an 
increase in the fluorescence intensity of the 
D-As-A type of molecules they have studied. 
Table 2 also shows that the fluorescence is red- 
shifted for the relatively small amounts of D M F  
added. 

In order to verify whether this shift is solvato- 
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TABLE 2. Effect of small amounts of DMF added t o  the MCH 
solution of 4-dimethylaminobenzylidene-4'-nitroaniline (6) on  
the first electronic absorption and fluorescence peak maxima 

ZDTVfF v* - 
v~ IF - VF 

(VIV) (cm-') (cm-l)  (r. unit) (cm-I)  F(D,rz) 

chromic in nature, kvc have calculated the excited 
state dipole moment of molecule 6 using the method 
proposed by Lippert (10) and Mataga et al. (11, 
12). Thc slope of the graph, V, - V, vs. F(D,n) 
[= (D - 1)/(2D + 1) - (n2 - l)/(2n2 + I)], where D 
and n are respectively the dielectric constants and the 
refraction index of the medium, gives access to the 
excited state dipole moment when the ground state 
dipole moment along with the cavity radius of the 
solute molecule are known (2, 10-12). From the 
results contained in Table 2, an excited state dipole 
moment of 39 D has been calculated. This value is 
in very good agreement with that of 38 D already 
published by Lippert et al. (10). So, the red-shifted 
fluorescence observed when molecule 6 is dissolved 
in D M F  is only due to a normal solvatochromic 
effect (10-12). Exactly the same behavior has been 
observed with acetonitrile. We take this as another 
proof, apart from the fluorescence intensity be- 
havior, to conclude that no specific interaction exists 
between the highly polar benzylideneaniline mole- 
cules and the aprotic polar solvents. Ethanol does 
not behave like aprotic solvents and work is still in 
progress in order to be sure that some specific inter- 
actions do exist with the BA molecules. 

Conclusions 

The emission spectroscopy of thep-substituted BA 
molecules with substituents favoring an electron 
migration from X to Y seems to be similar in many 
respects to the spectroscopy of polar molecules of 
the type D-As-A in that the photophysical 
behavior seems to be the same and, moreover, the 
interaction of the BA molecules with aprotic polar 
solvents seems to be solvatochromic in orlgin. 
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Osmotic and activity coefficients of Ifthibam chloride in water from 50 to P50°C 

Reccived .hp~il  18. 1979 

ALA\  N .  C\!IPBFLL and 0 x 1  N .  BH.\TI\G\R. Can. J .  Chem. 17. 2542 (1979). 
The activity coefficients of lithiurn chloride in aqueous solution at  temperatures of 50, 75, 

100, 125, and 150'C and concentrations varying from 0.5 to  3 rn have been determined. The 
method used was the application of the Gibbs-Duhem theorem, i.e., the activity of the solvent 
water was the quantity actually determined. The experimental determination was that of the 
vapour pressure of the solution using a differential manometer. At all temperatures the activity 
coefficient passes through a minimum and then increases progressively. 

ALAV N. C X ~ I P B L L L  et o h 1  N. B H . - \ T \ A G ~ R .  Can. J .  Chem. 57.  2542 (1979). 
On a determine les coefficients d'activite de solutions aqueuses de chlorure de lithium a 50, 

75, 100, 125 et 150'C et a des concentrations allant de 0.5 a 3.0 171. On a fair appel a une methode 
baste sur le theoreme de Gibbs-Duhem c'est a dire que I'on a determine de fait I'activite de 
l'eau agissant comme solvant. On a determine experirnentalement la tension de vapeur de la 
solution en utilisant un rnanorn6tre differentiel. A toutes les temperatures, le coefficient d'acti- 
vitt passe par un minimum avant de croitre d'une f a ~ o n  progressive. 

[Traduit par le journal] 

It 1s not necessary to  stress the Importance of 
osmotic and actlv~ty coeflicients in the study of 
solut~ons of electrolqtes Because of t h ~ s  iinportance 
a ~ e a l t h  of data has accumulated since the concept 
of actlvlty 11.d~ firbt Intioduced sonle severity years 
ago Most of these data, h o ~ e v e r ,  were obta~ned at 
room tenlperature (say 25 C) Knowledge of activity 
a t  elevated tempe~ a t u ~  es IS pel haps e\ en more 
impoi tant than a t  room tempel atui e but the ainount 
of such data is sinall The leasoil obviously l ~ e s  In the 
experiiiiental dificulty of the uork a t  temperatures 
above 100 C 

Some thermodvnamic work has been done at 

ternpeiatuies up to 165 C In the concentrat~on range 
0 5 up to 8 tn using the lsopiestlc method 

The uliole study of the thermodynam~c pioperties 
of electrolytic solutions abo\e 100 C 1s 111 a flag- 
mentary state, and ~t seemed to us that systemat~c 
uork should be done on these propel ties as functions 
of temperatule and concentration We habe chosen 
to study the osinot~c and activity coefficleiits of 
1 I ,  1 2. and 2 2 electrolytes Our first repoit deals 
u ~ t h  lithluin chlor~de at temperatures from 50 to 
150 C and ober a concentration range fiom 0 5 
to 3 0 117. 

Experimental 
Analvtical grade lithium chloride was used without further - 

higher temperatures (1, 2)  but in inally illstances the purification. The concentrations of the solution were deter- 

data lack precision. osmotic coefficients for I \ ] ~ C ~  niined by gravimetric analysis as silher chloride. The solvent 
was triply distilled conductance water. To  avoid contact with 

have been up to 270'C Gardner air, the solutions were prepared by ihc method of Lindsay 
and co-workers (3, 4). In their admirable work, Liu and Liu (11). The vapour pressures of the solutions were 
and Lindsay (5. 6) carried out a detailed and system- measured by means of a differential nlanonleter (Fig. I ) ,  one 

atic study of oslnotic and activity of limb of nhich contained the s o l ~ ~ t i o n  and the other pure 

aqueous sodium chloride up to 300cC and nater or, in the case of concentrated solutions, a solution of 
lithium chloride or sodium chloride, whose vapour pressure 

from a coilcentration of 0.1 nz to saturation. These had previollsly been determined, The latter procedure was 
workers also investigated to a limited extent salts inevitable because, with concentrated sol~~tions,  the difference 
such as LiCI, CsCl, MgCI,, MESO,, etc. Their in vapour pressure from that of pure water was so great that 

technique was that of the presellt study, it exceeded the pressure range of the manometer. The liquids 
in the manometer were degassed by freezing in liquid nitrogen, 

viz. determination of the vapour pressure of the down, melting, and so 
solvent or, more correctly, the difference between The differential manometer was enclosed in a stainless steel 
the vapour pressure of solvent in solution and in the pressure bomb, with windows of pressure resistant glass. The 
pure state. ~ ~ ~ l i ~ ~ t i ~ ~ ~  of the ~ i b b ~ - ~ ~ h ~ ~  glass used for these windows was obtained from Corning 

Glass Works, Corning, NY. Effectually to remove the mano- yields Ihe of the meter itself from hig-, pressure, pure hater was always *laced 
SoIdano and co-bvorkers (7-10) have reported the at  the bottom of the bomb. Thus, the only high pressure 

osrnolic coefficients of a number of electroiytes a t  developed was that on the interior of the bomb. 

0008-4042/79/192542-04$0 1.00/0 
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FIG. 1 .  Diffcrcntial manometer. 

The bomb, which was \cry hea\), was raised by means of a 
crane and lowered into a large oil bath, also furnished with 
glass windows, and containing about 25 gallons of oil.' The 
bath was stirred by two stirrers. Temperature control was 
obtained by means of a Sargent Therrnonitor, model ST, 
temperature control unit. The temperature of the oil bath was 
constantly monitored using multijunction thermocouples. An 
exploration with a thermocouple at  different points in the 
bath showed that the temperatures at diRerent points did not 
differ by more than + 0.05-C. The temperature was constant 
to i 0 . 0 5  up to 100AC, and to +0.19C between 100 and 
150'C. Pn order to check the reproducibility of our equipment 
and technique, we measured the vapour pressure of 1 nz NaCl 
at 75 to 150-C. Our values of osmotic coefficients were within 1% 
of those reported by Liu and Lindsay ( 5 )  for 1 172 NaCl solutions. 

A t  each temperature several readings of vapour 
pressure were taken, over a tlrne period of a fem 
hours, after equil~briurn had been reached For each 
temperature, the readings mere taken twice. once 
after the temperatu~e had been raised and once aftei 
cooling from a higher temperature. If the two 
read~ngs did not agree uithin I",. the results were 
rejected. Otherwise, the tmo readlngs mere averaged 
to glve the pressure d~fierence (AP). The manometric 
Ilquid ma5 mercury throughout and the AP values 
were corrected to the dens~ty of mercury at  0 C. 
The solut~ons mere analyzed after each experiment, 
and ~t was these concentratlons w h ~ c h  mere used in 

'We are indebted to Atomic Energy of Canada, Pinawa, for 
this oil. 

the calculations. These concentratioils were then 
corrected to the appropriate temperature, as sug- 
gested by Lindsaq and Liu (11). 

The osmotic coefficients mere calculated from the 
follow in^: 

where + is the osmotic coefficient, T 1s the absolute 
temperature. R the gas constant, MI the molecular 
\ \ e~gh t  of the solaent water, 17z the molality, v the 
number of Ions resulting from the complete ionlsa- 
tlon of one n~olecule, P O  the aapour plessure of pure 
ltater. and P the vapout pressure of the solut~on 
(solute assunled lion-volatile). 

The first term 111 the brackets gnes  the osmot~c 
coeffic~ent at  Ion lapoul  pressures, the second term 
glves the corrections for the de~la t lons  of the lapour  
from the perfect gas law. and the third term 1s an  
adequate approxiinat~on for the isothermal corn- 
presslon of the solut~on from ~ t s  om11 vapour pres- 
sure to that of pure uatei  The lntegrand, 5, Mas 
calculated using the equatlon glven by Sm~th .  Keyes, 
and Gerry (12) vO(l). the inolar aoluine of pure 
ltdter and P O  were cdlculated from the equations 
given in ref 12 As usual, vO(l) is used Instead of 
1/,(1), the partlal illolar volurne of \later, because 
under these conditions the difference 1s neglig~bly 
sinall The osmotlc coefficients obtained from eq [ I ]  
are l~sted in Table 1 .  

The n-~ean Ionic actrvity coefficients. yi, \$ere 
calculated using the os~notlc coeffic~eiits of Table 1 
ft om eq. [2]. 

The Debye-Hiickel limiting values were used to 
evaluate the above integral in the dilute region; the 
integration was done graphically. The results for 
mean ionic activity coefficients are also given in 
Table I .  

In Fig. 2,  we have plotted our results for osmotic 
coefficierits vs. the square root of concentration. Our 
values from 1 m lithium chloride at  125 and 150'C 
are in good agreement with those of Lindsay and Liu 
(11). The results of Soldano et a/.  refer to tempera- 
tures of 99.6 and 151.4'C (7, 10). Our values for 100 
and 150°C are in reasonable agreement a t  lower 
concentrations, but, a t  higher concentrations the 
agreement with Soldano is poor. 

I11 all cases, the osmotic coefficients increase with 
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TABLE 1. Osmotic and activity coefficients of LiCl in water 
from 50 to 150-C 

t ("C) Molality 

50 .0  0.4479 
1 ,0039 
1 ,4000 
1.8961 
2.9354 
3.2014 

75.0 0.4479 
1 ,0039 
1 ,4000 
1.8961 
2.9354 
3.2014 

100.0 0.4479 
1 ,0040 
1 ,4003 
1 8969 
2.9359 
3.2020 

125.0 0.4491 
1 .0049 
1.4010 
1.8980 
2.9365 
3.2030 

A P  = Osmotic 
P- - P coeficient 

(mm Hg) (4) at P = P 
Activity 

coefficient (y +) 

0.7634 
0.7984 
0.8435 
0.9094 
1.0598 
1.1130 

0.7726 
0.7831 
0.8086 
0.8505 
0.9626 
0.9951 

0.7104 
0.7188 
0.7473 
0.7845 
0.9082 
0.9504 

0.6863 
0.6770 
0.6897 
0.7269 
0.7835 
0.8018 

concentration and with teinperature up to about 
10OCC, after which temperature they decrease. Similar 
behaviour is observed with sodium chloride (5) 
although here the temperature of the maximum is 
about 65°C. 

We are unable to understand Soldano's curves in 
the lower part of his Fig. 1 (10) for 151.4'C since it 
is necessary for all such curves to have their origin 
at  $ = 1.0000, at  171 = 0. 

Discussion 

In Fig. 3 (a comparison of the osmotlc coefficlents 
of l~thium chloride and of sodium chlor~de at 75 and 
at 150°C) lt appears that the difference in the osmotlc 
coefficlents of the two salts becomes small at 150'C. 
When $ is plotted against nzl 2 ,  the results of Soldano 
show the curves for LICI at 151 40 ~ntersect~ng but 
o w  results show no lntersectlon up to 3 2 m at 150'C. 

klndenbaurn et al (13) reported the osmotlc 
coefficlents of a nun~ber of terrlary alkyl ammon~um 
salts. They found the older of magn~tude to be 
(C,H,),NCl > (C,H,),NCl > (CH,),NCI at 2SLC, 

0.0 I .o 2 .o 
(Molality) ' I 2  

FIG. 2. Osmotic coefficient (4) vs. (m~lal i ty) ' '~ :  0, present 
work; @, data from ref. 11; A, data from refs. 7, 10 at 99.6 
and 151.4"C. 

FIG. 3. Osmotic coefficients of NaCl ( 2 )  ref. I I .  LiCl (o) in 
water. 

i e , the oslnotlc coeffic~ent ~ncreased 1~1th lncreaslllg 
molecular ~ e l g h t ,  whlle the order %as reversed at 
65°C On the other hand, they found that the osmotic 
coefic~ent of (CH,),NI IS  greatel than that of 
(C,H-),NI both at 25 and 65'C It 1s perhaps un- 
reasonable to draw conclus~ons f r o ~ n  the tetraalkyl 
amtnolliuln salts slnce the ]on-solvent lnteract~on 
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FIG. 4. Activity coefficients of LiCl in water; 0, present 
work; A, caiculated from the osmotic coefficient data from 
refs. 7 and 10. 

must be very dlfferent from that of the alkali halides, 
but it is significant that the osmotic coefficient of 
lithium chloride is always greater than that of 
sodium chloride at 25 to 150°C. 

The activity coefficients of lithium chloride are in 
general much lower than those of sodium chloride 
at corresponding temperatures and concentrations. 
Figure 4 reproduces the activity coefficients calcu- 
lated as above. By way of comparison, we have 
calculated the activity coefficients from the results of 
Soldano for osmotic coefficients at 99.6 and 151.4"C. 
At 100rC, our results are generally larger than those 
of Soldano, while the agreement at  150°C is very 
poor, even allowing for the slight difference in 
temperature. Our results show a considerable con- 
centration dependence, similar to the behaviour of 
sodium chloride, as reported by Lindsay and Liu 
(6). N o  such concentration dependence is exhibited 
by Soldano's results, at 151.4"C. 

Akerlof (13) has reported the activity coefficients 
of lithium chloride in water-methanol mixtures at  

25°C. Addition of methanol to water lowers the 
dielectric constant progressively. Similarly, raising 
the temperature of water lowers its dielectric con- 
stant in much the same way. A 50: mixture of 
water-methanol has almost the same dielectric 
constant (55.9) as water at 100°C (56). The plot of 
activity coefficient vs. the square root of rnolality 
in water-methanol mixtures is quite similar to that 
reported by us for water at 100°C although the 
y + values for LiCl are much lower than in water 
having the same dielectric constant (at 100°C). This 
seems to show that, in addition to ion association 
and solvation processes, the activity coefficient is 
also dependent on some other factor or factors. 
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Analysis of trace metal impurities in phthalocyanine pigments 

R.AFIK 0. L.OUTFY and CHE\C;-KUO HSI.AO. Can. J .  Chem. 57. 2546 (1979) 
An analbtical procedure mas dereloped to  determine the content of metallic impurities in 

metal-free phthalocqanine (H2Pc) pigments. The technique inrol \es dissolving the pigment in 
coiiccntrated sulfuric acid, follo~ved by oxidati\e degradation using hydrogen peroxide. 
Plithaliniide \$as the only organic oxidation product. The remaining trace nletals in the solution 
\\eve determined using plasma atomic emission. The trace llietals content in a comme~.cial 3. 

pol)morph of phthalocyanine pigment iIC1-Rlonolite Fast Blue GS) mas monitored as a func- 
tion of pul.ificatioil processes. Experiment showed that blonolite Fast Blue contains 2500 ppm 
Na:  350 p p n ~  Ca,  and 370 ppni Fe. Purificatioii of this material b? extraction ~ v i t h  hot diniethyl- 
forlilanlide gave p-H2Pc, \\~hicIi contained 300 ppm ?Ja, 110 ppni Ca, and 310 ppm Fe. SLII- 
furic acid purification (acid pasting) r c d ~ ~ c e d  the content of non-transition elements, but in- 
increased the content of transition n-ietals. 

These results were compared to  the trace metal content in H2Pc  pigment which were sqn- 
thesired. 

K X F I K  0 L O U T F ~  et C ~ t h ~ , - K u o  HSI 10 Can I Chem 57.2546 ( 1979) 

On a dC\eloppC ulie niCthode anal? ticlue permettant de deterlliincr les quantites ct'impurctes 
~iletailiques coiitcnues dans des pignients de phtnlocyanine (H2Pc) sans m e t a ~ ~ x .  La technique 
implique la dis\olution ~ L I  pignient dans de l'acide sulS~irique concentrC suir ie d'une degrada- 
tion oxldantc faisant appel a u  peroxyde. L a  phtalimide est le seul conipose organique residue]. 
On determine lei tracci metalliques residuelles B l'aide d'iniission a t o ~ n i q ~ ~ e  dcs plasmas. 011 

a determine les quantitks de metaux ii l'etat de trace ctc la forme polqmorphe r d'un pignient 
phtalocyanine conln~ercial (ICI-Vlonolite Fast Blue GS) en fonction dcs methodcs de purifica- 
tion. L'experience montre que le Ylonolite Fast B I L I ~  contient 2500 ppm de N a ,  350 ppnl de 
Ca  et 370 ppm de Fe. La purification de ce produit par extraction a\ec de la dimethqlformamide 
a I'ebullition conduit k la B-H,Pc clui contient 300 ppm de Na, 110 pprii de Ca  et 310 ppni de 
Fe. Unc purification par de l'acide sulfurique (forniation d c  pate acide) augrnente le contenu 
en Clen?enrs de transition niais dinlinuc les quantites des autrcs dldmcnts. 

On cornpare ces resultats a ceux obtenus relati\enicnt aux quantites de metaux l'etat dc 
trace contenus dans des pigments H2Pc obtenus par synthkse. 

[Traduit par le journal] 

Introduction 
Plithaloc>anine and its metal coiiiplexcs possess 

unique seiiliconductiilg (I ) ,  photoconduct~ng ( 2 ) ,  
and dielectric piopertles (3) and habe found inany 
practical applications in electlophotographlc imaging 

systems (4) These illaterials have the potentla1 to 
replace inorganic sem~conducto~s  and photoconduc- 
tors in rnany appllcatlo~is Metal-free phthalocyanine 
(H2Pc) is no\\ known to exlst in three distlnct poly- 
m o i p h ~ c  fornis The face centred nlonocl~illc f3-H2Pc, 
the tetragonal a-H2Pc, and the hexagonal x-H2Pc 
habe substantiallq dlfferlng d~e lec t r~c  conduct~vlty 
and p h o t o a c t ~ ~ ~ t i e s  (3) These phthalocyanines are 
noinially prepared by methods involving reductive 
co~ldelisation of phthalon~trlle Seldom has a com- 
meicial phthalocyanlne been found to be electrically 
useful Extensive purification M ~ S  aluays requlred 
to produce nlaterials \+hlch possess these semicon- 
ducting and photoconducting properties. Workers 

(1, 2) often assunie that extensl\.e solkent extraction, 
a c ~ d  pastlng, or sublimation procedures \\ill yield 
high punt)  rnatel~als and thus neglect to measuie the 
nature, concentration, and d~s t~ ibu t lon  of any re- 
rnai111ng inipui ity Therefoi e. the differences and 
irreproducible electrical results reported 111 the litera- 
tuIe are not surprising 

Often, insuffic~ent attention is pald to the clieinical 
purlty of organlc se~i~lconductors Many inbestiga- 
tors (1-3) hake used phthalocyanlne. purified in dlf- 
ferent ways, nlthout an exact deterllllnation of the 
amount and nature of the i m p u ~ l t ~ e s  present, even 
though impullt~es nre known to greatly ~nfluence the 
~iieasured electsophysical properties 

The aim of this \+or k 1s to descl~be a method n hlch 
\\as developed foi the analys~s of tiace nletal im- 
pulltles rn phthalocyanlnes We have chosen for this 
investigation all the three polyrnolphs of metal-free 
phthalocjan~nes (u,  j3, and \-H,Pc), the commerc~al 

0008-40421791192546-03SO I .OO/O 
1979 National Ke\earch Council of CanadaIConseil national de recherche\ du Canada 
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LOUTFY 4Y D HS140 2547 

T.ABLE 1. Results" of plasrna atoinic einissiou analhsis of trace metal impurities ( ~ ~ g ' g )  in phthalocyanines 

Concentration 

Group Group 
I Group 11 111 TI  ans i t~on  ~iietals 
-- - - -- -- - --- 

N a Mg Ca  Al Fe Cu Z n  M n C o  

1. ICI-r-H2Pc 
Moilolite Fast Blue 2500 46 350 

2. [3-H2Pc 300 48 110 
3. r-H,Pc-1 151 49 940 
4. .\--H2Pc 60 12 114 
5. Sqnthesized x-H2Pc 12 - 7 

"Standard deviation is better t l~a i i  3 ' l .  

precursor matcrial (ICI Monolite Fast Blue GS) and 
a synthesized x-H,Pc. Full details of the method and 
the results are described belohi. 

Methodology 
Phthalocyanine pigments, in particular the metal-free com- 

pounds, are highly intractable materials insoluble in most 
common sol\ents. This renders a n a l ~ t i c a l  examination for 
trace impurities dificult. Metal-free phthaloc>anines are 
soluble in concentrated H 2 S 0 ,  although the resulting solutions 
are quite \iscous. Because of the high viscosity it is dimcult to  
a n a l ~ z e  for tl-ace metals by plasma emission spectroscopy 
\+here nebulization of the solution is required. 011 dilution 
b\ith water, the phthalocyanine and its metal coinplexes preci- 
pitate. In order to  resolhe this dilernma, we decided to  oxidize 
the phthalocyanine mith peroxides before dilution. In  this \%ay, 
ail thc trace metals nil1 remain in the solution, but the macro- 
cbclic tetrazoporphin ring system will sutfer oxidative degrada- 
tion. The following general proceclure \vas used. 

to 50 mL uslng deronrzed watel to  gi \e  a s tancia~d so lu t~on  of 
100 ppm Fe, 10 ppm of CJ,  Na, Al, hlg, Cu,  Zn, h ln ,  Co,  
and Ba. 

Pliisnin E~nis.siorr Annlj,sis 
The trace rnetal analbsis Mas carried out  using a Spectra- 

metrics Incorporated (Boston), model Spectrospan Ill, D C  
Argon plasma atornic emission instrunlent. The standard solu- 
tion \?a5 nebulized into the argon ion plasma and the strongest 
atomic emission line of the particular element under investiga- 
tion was selected using the instrument ecllelle grating. The slit 
position and midth, p l ~ o t o ~ l ~ ~ ~ l t i p l i e r  sensitivity and wahelength 
were optimized to  gibe the best signal noise ratio. Then thc 
microprocessor was activated to  optimize the signal output 
and to accept it as  the high 5tandard 100 pp11i for iron and 10 
ppm for other metals. This was followed by nebulizing the 
blank solution at  exact]) the same rate and instrunlent setting, 
thus allowing the microprocessor to accept the emission signal 
output as  background which is used for normalization. The 
test solution was then nebulized and the atomic emission 
signal (accun?uIation rime I0 s, alerage of tv,o runs) was pro- 
cessed bv the microprocessor in reference to  the high standard 

i c r )  Soitll~le Te.\r Sol~itio/7 and blank samples ;o direct]) give the metallic content of the 
Metal-free phthalocyanine (5 g) was dissolved in 16.7 n-iL s a m p l e  ill ppnl, F~~ each element an  average of three to four 

concentrated sulf~lric acid (36 h, B D H  Aristar 98z) .  This was runs were A linear curve resulted using the lllethocl 
f o l l o ~ e d  bq clrop-mise zdciition of hydrogen peroxide (30 of stantlard additions, 
Volume, Baker) to the cooled solution until the colour of the 
solution changed from dark green to pale yellow ( -  I 0  lnL 
H,OZ). The volume of the solution \\.as then brought u p  to  
50 niL using dionized water. N.B.:  all the glassware was 
unshed with ( I :  1)  dilute nitric acid, deionized uater ,  and 
dried. The product of the oxidation, phthalirnide (3.45 g, 
60%), identified using infrared spectroscopy and lnixed melting 
point, precipitated on cooling. 

The solution was Gliel-ed before plasma emission analysis. 

(6) Blnlzk Solritiotl 
A blank solution mas prepared, which contained the same 

bolurne of sulfuric acid, hldrogen peroxide, and deionized 
water a s  the test solution. This solution was usecl to  determine 
and cancel the background atomic emission level. 

i c )  Sttri7drirtl Sol~rtiow 
The standard solutions were prepared using the same 

amount of s ~ ~ l f u r i c  acid (16.7 mL), hydrogen peroxide ( I 0  
mL), and  a known volume of B D H  standard metal ion solu- 
tion: 5 nlL of I009 ppm iron, 0.5 n?L of 1000 pprn each of 
calcium, sodium, magnesium, aluminuni, copper, zinc, man- 
ganese, cobalt, and barium, The total \-olume was brought u p  

Westnlts and Discussion 

In the piesent nark trace nietal Impuiitles In a 
number of metal-free phthalocyan~nes bere deter- 
l n~ned  using the piocedure descl~bed above Results 
are given In Table 1. The relatibe precision of the 
deterni~natlon 1s 2-30;, nhlch I S  much better than 
that leported by Kllyukhln and co-norkers (6) 

Table 1 shobis that the unpurified commercial 
mater~al. x-H,Pc Monol~te  Fast Blue GS, contains 
large amounts of s o d ~ u n ~  (2500 ppni) and lessei 
amounts of the coilimonly used metals (Fe, Ca,  Mg) 
Tlus lnater~al was probdbly syntheq~zed uslng the 
ICI-patented phthalon~trile sodlurn amyjate - amyl- 
alcohol method (7) 

Monolite Fast Blue GS u a s  purified by extraction 
n i th  hot d11nethq1formam1de solkent Three extrac- 
tlons mere requlied to remoke all soluble oiganic 
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contaminants. During this treatment the inaterial 
was converted to the p polymorph. The product was 
washed twice with isopropanol, dried, then pre- 
ground to submicron size. This purification pro- 
cedure reduced the sodium and calcium content 
significantly to 300 ppm and 110 ppm, respectively, 
as indicated by the trace riietal analysis. 

The a-H,Pc polyrnorph was prepared by dissolving 
0-H2Pc in cold, concentrated sulfuric acid and slowly 
reprecipitating the phthalocyanine by adding the 
solution to a large volume of ice water. The resulting 
a-H2Pc, after filtering, was washed successively with 
ammonia and methanol, and then dried at 70'C. 
Several batches of a-H2Pc were prepared from 
0-H2Pc using the acid pasting process. A drarnatic 
difference in the content of metallic impurities be- 
tween these batches was noted. The greatest dif- 
ferences are in the content of the transition inetals 
such as iron and the alkaline earths such as calcium. 
These differences were attributed to the purity and 
quantity of the sulfuric acid used in the acid pasting 
process. 

The attempts to purify phthalocyanine by repreci- 
pitation from concentrated sulfuric acid reduce only 
the labile metals such as sodium. However, the con- 
tent of the heavy metals, Fe, Cu, Zn, and Mn, and 
organic impurities (decomposition products), are 
usually increased. The difficulty of eliminating many 
metals is associated with the fact that phthalocyanine 
complexes are formed in the synthesis together with 
the main product. Furthermore, these coinplexes 
possess very similar physiochemical properties. The 
most important effect of the acid pasting process is 
the ~norphological change in the pigment structure 
and in the particle size. 

x-H,Pc polylnorph was prepared by dry milling 
cc-H,Pc-11 with flint stones for a week, followed by 
a methanol wash to remove organic impurities which 
are either formed by or released during grinding. The 
final product is microcrystalline material, submicron 
in size (1000 A particles). The metallic content in 
x-H,Pc is shown in Table 1. The most abundant 
metal is iron (600 ppm) followed by calcium (1 10 
ppin) and lesser amounts of a variety of other metals. 

Synthesized x-H,Pc was prepared using Brach's 
methods (8) which involves heating phthalonitrile 
in 2-dimetbylaminoethanol (DMAE) at 140°C for 
1 h. When the temperature of the reaction mixture 
reached 1303C, 3% by weight of x-H2Pc was added 
as seed, then the temperature was raised to 140°C 
and maintained for 1 h. The dark blue solution was 
filtered while hot, and the product was washed re- 
peatedly with hot DMF, then with isopropanol, then 

dried, to yield 4 4 7  of crystalline material. The crystal 
structure was determined to be x-H,Pc using visible 
and ir spectroscopy and from X-ray powder dif- 
fraction methods (5). The mean particle size was 
36 I-lm. 

Trace metal analysis of synthesized x-H,Pc indi- 
cated that this material is very pure. This x-H2Pc 
contained 50 ppm iron, originating from DMAE 
(contains 50 ppm Fe) and - 10 ppm Al, originating 
from the phthalonitrile, and very little of other 
metals. 

111 conclusion, tests shovved that the content of 
metallic impurities In phthalocyanlne ptgments 1s 
hlghly dependent 011 the synthet~c route and the puri- 
fication procedures. High purity metal-free phthal- 
ocyanine can be obtained by reductlve condensation 
of purified phthalonitrile in di~nethylarninoethanol. 

The presence of metallic impurities - most likely 
as metal phthalocyanines - could greatly influence 
the electrical properties of phthalocyanines. Im- 
purities may act as exciton or carrier traps. The 
influence of these impurities would be observed in 
charge-carrier generation, carrier mobility, electron 
spin resonance signals and perhaps in other spec- 
troscopic measurements, such as fluorescence emis- 
sion and singlet exciton lifetime. We are at present 
studying the effect of these impurities on the electrical 
and photoelectrical properties of metal-free phthal- 
ocyanines. 
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Insertion of an acetylene into the platinum-iodide bond 

N .  CHAUDHURY A K D  R .  J .  PUDDEPHATT' 
~otlnri l i  L(ihoriitoi.ic~c. 711~ U~~ii,ct.tit;, of'Lii.ripoo1, P.O.  Ro.u 147, Lii~ctpool L6Y 3RX,  U.K 

N .  CH-\C'DHURY and R.  J .  PUDDEPHATT. Can. I .  Chem. 57.2549(1979). 
Reaction of [PtIMe(2,2'-bipyridine)], I, with Me0,CC-CC02Me gives first a 5 co-ordinate 

n-complex [PtlMe(MeOZCC~CC02Me)(bipq)], 11, and then the product of insertion into the 
PtI bond [PtMe{C(CO,Me)=C(CO,Me)I}(bipy)], 111. A study of the kinetics of dissociation 
of IT to I and free alkync shows that reaction occurs largely by dissociation of iodide followed 
by loss of alkyne from the resulting cationic alkyne con~plex. Formation of I11 may involve 
nucleophilic attack by I on the co-ordinated alkyne of this cationic intermediate. 

N. C H A U D H U R ~ .  et R. J .  PUDDEPHAT-1. Can. J .  Chem. 57.2549(1979) 
La reaction du [PtIMe(bipyridine-2,2')], I, avec le MeO,CC=CCO,Me conduit en premier 

lieu a un complexe n, penta coordonnC [PtIMe(MeO,CCrCCO,Me)(bipy)], 11, puis au 
produit d'insertion dans la liaison PtI [PtMe{C(COZMe)=C(CO,Me)I Ibipy], 111. Une etude 
de la cinetique de la dissociation de I1 en I et en alcyne libre montre que la reaction se produit 
en grande partie par une dissociation de l'iodure suivie par une perte de l'alcyne par le complexe 
alcqne cationique qui en resulte. La formation de I11 peut impliquer une artaque nucleophile 
par le I- sur I'alcyne coordonne de cet intermediaire cationique. 

[Traduit par le journal] 

Introduction became yellow in color after a few minutes at room 

There has been collsiderable interest in insertion and from such solutions the yellow 

react io~~s of alkenes and akynes into the pt-X product ~ P t M e { C ( C 0 2 ~ e ) - = - C ( ~ ~ 2 ~ e ) ~ } ( b i p y ) ] ,  
bond where X = H, CH,, or C1 (1-7). Generally be 

such reactions involve intermediates in which the Many 5 co-ordinate platinum-alkyne complexes 

alkene or alkylle and the group x are in  mutually analogous to I1 are now know11 and characterisation 

cis co-ordination sites in  a square planar molecule, wasstraight-for~vard (11-17). The infrared spectrum 
for then lnigration of X to the co-ordinated alkene contained a band at 1818 c m - l  due to 
or alkyne is particularly favorable (1) Such reac- v(C=C) of the co-ordinate alkyne as well as v(C8) 

tiolls give cis addition to alkylles, N ~ ~ ~ ~ ~ ~ ,  attack stretching vibrations at 1700 cmp ' .  The uv-visible 

by external llucleophiles on co-ordinated alkenes or spectrum of a freshly-prepared solution contained no 
alkynes is also possible and trans addition then MLCT band in the region 400-500 nn1, and this is 
occurs (8-10). Dul-ing investigations of alky1(2,2'- typical of 5 CO-ordinate alltene or alkyne complexes 
bipyridine)platinuln(IT) complexes alkenes and 0' of (2;2 '-bi~~ridil1e)~latinum(Iv) colnplexes; 2,2'- 
alkynes (4. 5, l l ) ,  a reaction was discovered in which b i ~ ~ r i d i n e  colnplexes of ~latillum(11) with square 
an alkyne underwent insertioll into a ptP1 bond of planar stereochemistry have a prominent band in this 

[ ~ ~ ~ ~ ~ ( b i ~ ~ ) l ,  bipy = 2.zf-bipyridine, rather tllan region due to excitation of an electron froin a filled 
into the p t ~ e  bond as was expected, ~ l ~ i ~  paper %orbital of platinum to a x':'-orbital of 2,2'- 
describes an investigation into the mechanism of this bipyridine (18). However, dissociation of the a l k ~ n e  

reaction. occurred readily and the characteristic MLCT band 
of I was observed after a short time. Attempts to 

Results record the 'H nlnr spectrum of I1 in CDCl, were un- 
successful due to dissociation to I (G(MePt) 1.22 ppm, 

Clzaracteristics of Prod~lcts 'J(PtH) 78 Hz) and free alkyne (G(Me0) 3.81 ppm). 
solutions of [PtIMe(bip~)l. 1, in acetolle, However, a spectrum was obtained by adding excess 

benzene. or methanol were rapidly decolorised by alkWe to a of 1 in CDCI,, when a methyl- 
addition of M ~ O Z C C E C C ~ ~ L ~ ~ ,  the almost nlatinum resonance appeared (&(MePt) 0.58 ppm, 

adduct [P t lMe(Me02CC~CC02Me)-  i ~ ( p t ~ )  68 Hz) due to 11. The decrease in the 
(bipy)l? 11, could be isolated after short reaction coupling constant ~ ~ ( p t c ~ , )  is typical of such corn- 
times. However, in acetone or benzene ihe solutions 

'In methanol this product was not formed and the observed 
'To whom all correspondence should be addressed. Present product was an oil which could not be purified. Nuclear 

address: Department of Chemistry, The University of Western magnetic resonance studies suggested that a methoxy group 
Ontario, London, Ont., Canada NSA 5R7. from the solvent was incorporated. 

0008-4042/79/192549-06$0 1 .00/0 
'8 1979 National Research Council of CanadaIConseil national de rechei-ches du Canada 
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VOL. 57. 1979 

pounds (19.20) The I esonances due to the equl l~br~uin  
mlxtuie of I and I1 then sloml) decayed as fiuther 
reaction to glle I11 occurred. 

The 'H ilinr spectrum of I11 conta~ned a methyl- 
platinum resonance (6(MePt) 0 84 p p n ~ ,  'J(PtH) 
82 Hz) chai acter~stlc of sqilar e planar methll(2.2 - 
bip) ridine)plat~num(lI) co~nplexes (1 8, 21). and t\i o 
equal liltenslty lnethovy lesonances (6 3.80 ppm, 
J (PtH)  3 Hz: 2, 3 65 ppm) The !om-field rnethoxy 
resonance ~ l t h  d~stlnct  coupling to '"Pt 1s assigned 
to the C0,Me group r~ to a plat~nuin (6. 7. 20). The 
UL-\lslble spectluin conta~ned an MLCT band mlth 
typical dependence of energy on sol\ ent polarity 
(390 rnn In CH,CN,  402 and 414 nm in acetone. 422 
and 436 nm 111 benzene). The presence of thls MLCT 
band ~ndlcates that the p ~ o d u c t  1s a square planar 
plat~nuin(II) cornplex The ~nfrared spectrum gave 
strong peaks due to v(C0) at  1700 cm- ' ,  but no 
peaks due to a co-ord~nated alkqne A band at  
568 cm-I  vas  assigned to v(PtMe) but the expected 
~veah band at  alound 1550 cm-I due to v(C=C) \+as 
not o b s e i ~ e d  and mas presu~nably obscil~ed by a 
strong band due to the 11gand 2.2 -bipqrld~ne In this 
reglon Unfortunatelq, the spectioscoplc data cannot 
d~st ingu~sh betueen the trs and t~arls ollentatlons of 
the C0 ,Me  g ~ o u p s  about the C=C bond of 111, 
and atteinpts to slngle crystals su~table for 
X-I ay st1 uctural determlnatlon hdve been un- 
successful due to c~qsta l  tmlnning. Overall the reac- 
t ~ o n  of I 1 ~ 1 t h  MeO,CC=-CCQ2Me can be repre- 
sented by reactloll [ I ]  w h e ~ e  N-N = blpy. R = 

C0,Me 

K~nefrc Stuches 
Conlplex PI deconlposed quant~ta tnely  to B and 

free alkyne \\hen d~ssolhed In organlc solvents. and 
me have studled the kinetics of t h ~ s  process using 
u ~ . - \ ~ s ~ b l e  spect~ophotometry. Thus the grouth  of 
the MLCT band due to I can be used to inon~tor  the 
react~on rate. A typlcal u \ -v~s~ble  spectrum IS shown 
111 F I ~  1 .  The r eact~ons followed first-orde~ k~netics 
111 benzene, tetrahydrofuran, and acetone so!vents 
The rates Mere higher In the more polar solhents as 
~neasui ed by Re~chal dt's ET pal aineter of solvent 

FIG. 1. Ultra\iolct-bisible spectra recorded during the cle- 
coliiposition of I1 -. L in tetrahqdrofuran at 4 0  C. Spectra 
recorded after: ( c r j ,  3 min: (b) ,  8 ~ n i n :  (c), 17 inin: (rij ,  40 1mi11. 

polarity (Table I), suggesting a polar reaction inter- 
mediate (23) .  111 acetone solution the reaction %as 
retarded by addition of free iodide (Table 1). Con- 
centrations of 1- were calculated from the concen- 
trations of Bu,NI added after allowing for ion- 
pairing using the equilibrium constant giieu by 
Winstein and co-uorkel-s (23). A graph of k,,, vs. 
1 ; [ I - ]  gave an intercept at  1; [ I - ]  = 0 of approxi- 
mately 1.7 x s - l :  indicating that there was a 
component of the reaction rate which was i~ide- 
pendent of the concentration of iodide. Good 
agreelnent \\as obtained using the expression for 
kobs : 

1/(kob, - k , )  = a[T-] + b 

The constants k ,  = 1.53 x 1 0 - h s ' ,  a = 3.85 x 
10' L inol-I s. and 17 = 21 s \\ere then determined 
(24). 

The abo\le results strongly support the ~nechanism 
of Scheme 1 (1 I ) .  

If the stationary state approximation is made for 

T ~ B L E  1. First order rdte constants for the the1 ma1 decompo- 
sitloll of I1 at 40 C 

103 [BU,N-I- 1 
Sohent ET i z-i) io3  koha (s- l j  

Renrene 34 .1  0 2 . 0  
Tetrahydrofurall 37 .4  0 2 . 3  
Acetone 42.4 0 6 . 3  

! .25 3 . 3  
2 . 50  2 . 8  
5 .00  2 . 2  

10.0 2 . 0  
20 .0  1 . 8  
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SCHEME 1. N%- = bipy, R = C02Me. The k ,  step is 
kvritten as a dissociative step (for which precedents are known 
(25)) but could \?;ell involve displacement of alkyne 17) solvent. 
The reverse reaction I + 11 is negligible under the experimental 
conditions, and hence the reaction proceeds essentiallq to 
completion as shown 

the ionic inter~iiediate TV then the expected rate 
expression is : 

This is consistent with all the experimental data 
and the values k,  = 1.53 x s - l ,  k, = 4.77 x 

sC1; and k_,,'k, = 1.8 x lo3 L mol- '  can be 
calculated for the reaction in acetone solutioll a t  
40'C. We were unable to obtain reliable kinetic data 
for the reverse reaction leading to formation of I1 
from I, but this must involve the same intermediates. 

Exan~ination of typical uv-visible spectra obtained 
after addition of M e 0 2 C C ~ C C 0 2 M e  to a solution 
of I again leads to the conclusion that reaction 
proceeds in t b o  separate steps (Figs. 2 and 3). The 
first rapid step leads to decay of the MLCT band of 
I as the rapid equilibrium with I1 is achieved (graphs 
(a)-(c) in Figs. 2 and 3). It was not possible to obtain 
reliable kinetic data for this step since it was too 
rapid, but approximate values of the equilibriun~ 
constants for n-complex formation Lvere obtained; 
the mean values were 4.1 + 0.5 L mol- ' in acetone 
and 5.4 + 0.6 E mol-'  in benzene. The second stage 
of reaction leads to gro~vth of a new MLCT band due 
to I1 and clear isosbestic poisits are observed during 
this reaction. The formation of IT1 from the quili- 
briurn mixture of I and II follomed good first order 
kinetics in solvents benzene. acetone, and methyl- 
cyanide and rate constants in these solvents ~v i th  a 
fixed concentration of alkyne are given in Table 2. 
There is a significant illcrease in rate with solvent 
polarity suggesting a polar intermediate or transition 
state. The rate of reaction in benzene or acetone solu- 
tion increased with concentration of alkyne, reaching 

FIG. 2. Ultraviolet-5isible spectra recorded during the re- 
action of I with MeO,CC=CCO2Me (0.076 ,M) in benzene at 
40-C. Spectra recorded after: ( ( i ) ,  time zero; (b ) ,  3 min: (c) ,  
10 min: (d), 30 mini (e ) ,  75 min; (f), 154 min: (g), 318 mini 
( / I ) ,  375 min. 

I 10, ,,-. 
, , 

FIG. 3. Ultraviolet-visible spectra recorded during the reac- 
tion of I nith Me0,CC-CC02Me (0.074 M) in acetone 
solution at  40'C. Spectra recorded after: (o),  1 rnin: (b), 2 min; 
(c), 3 rnin; (d), 9 min: (e), 18 min: ( f  ), 74 min. 

a limiting value at  h ~ g h  alkyne concentration. The 
data gabe good agreenlent h ~ t h  the expression 

k,,, = [RCCR] /(a + b[RCCR]) 
or  

l,'Ic,,, = a [RCCR] + b 

Thus glaphs of I A,,, vs l i  [RCCR] gave good 
linear plots (Fig 4) and the parameters result~ng are 
g n  en in Table 3 

Attempts to study the k~netics of forrnat~on of IIH 
in the presence of free I Mere unsuccessful slilce 
d~fferent, unidentified products were fo~n led  under 
these conditions The rate \\as not affected by the 
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TABLE 2 Obserked first older rate constants for forrnation of 
111 at 40 C 

[MeO,CC-CC02Me] 
Solbent E, ( \I)  10" kobs (s- I )  

C6H6 34 1 0 144 1 47 
MerCO 43 2 0 144 18 5 
MeCN 46 0 0 144 51 2 
C6H6 34 1 0 058 0 80 
CsH6 0 076 0 90 
C6H6 0 104 1 12 
C6Hs 0 226 2 0 
C6H6 0 500 2 67 
MezCO 43 2 0 0337 5 5 
MezCO 0 0750 10 3 
Me2C0 0 100 12 8 
Me2C0 0 1440 18 5 
Me,CO 0 3240 21 5 

TABLE 3 Kinetlc palametels for forrnat~on ot I11 at 40 C 

n b b a K 
Sol\ ent (L- ' rnol s)" (s)" (L mol ') (L mol- ')" 

Benzene 588 2700 4 . 6 f  0 . 4  5 . 4 5 0 . 6  
Acetone 54 240 4 . 4 k 0 . 2  4 . 1 i 0 . 5  

OFor definition see the text. 
bEquiIlbrium constants for formation of I1 fionl 1 and alkbne meastired 

d~recrl,. 

FIG. 4. Graph of the reciprocal of the observed rate con- 
stant for formation of 111 at 40-C vs. reciprocal of the con- 
centration of alkyne: (a), in benzene solution; (b), in acetone 
solution. 

presence of free 2.2'-bipyridine, indicating that dis- 
sociation of 2.2'-bipyridine at an intermediate stage 
does slot occur. This type of ligand dissociation was 
observed in the reaction of diethyl(2,Z1-bipyridiw- 
platinum(1I) kvith methyl acrylate (5). 

Discussion 

The kinetic data for dissociation of alkyne from 
I1 shows clearly that the doininailt pathway involves 
preliminary reversible dissociatioll of I -  to give a 
catioilic intermediate IV, which then releases the 
alkyne as shown in Scheine 1. The mechanism is 
strongly supported by the retardation of the reactioil 
by free iodide and is also supported by the increased 
rate in more polar solvents. There is also a corn- 
ponent of the reaction for which the rate is in- 
dependent of the concentration of free iodide. This 
could involve simple dissociation of the alkyne from 
11; or could involve the intermediacy of a tight ion 
pair IV'I-, or could inr~olve the direct displacement 
of alkyne from IV' by I - .  

The mechanism by which the product of insertion 
of the alkyne into the Pt-I bond, III, is formed is 
more diff~cult to elucidate, particularly because other 
reactions occurred in the presence of free I- and 
hence the dependence of the reaction rate on [I-] 
could not be determined. The observed rate de- 
pendence on the co~lcelltration of alkyne is consistent 
with any one of the routes A ,  B, or  C shown in 
Schenie 2. Route A involves direct insertion of the 
alkysle into the Pt-I bond of I. route B involves 
nucleophilic attack by I on the co-ordinated alkyne 
of IV' while route C involves intramolecular migra- 
tion of co-ordinated iodide to the co-ordinated 
alkyiie of II. If the equilibriuin beti3een I and 11 is 
established rapidly compared rvith the rate of forma- 
tion of 111 and, in the case of route B, if the stationary 
state approxi~nation is ~ n a d e  for PV', then each route 
will give an  expression for k,,, of the general form 
observed experiniei~tally, and in each case the ratio 
of parameters Dla should give an  independent mea- 
sure of the equilibrium constant, K, for formation of 
I1 from 1 and RCCR. The relevant data are given in 
Table 3 and satisfactory agreement is found between 
the values of the equilibrium constants measured 
directly and those deduced from the kinetic data. 

The considerable increase in rate of forrnation of 
IPI in more polar solvents stro~igly suggests a polar 
intermediate or  transition state and this can be 
taken as evidence in favor of route B above. This 
would be expected to give a product with trans 
stereochenlistry about the C=C bond. We were 
unable to determine this stereochemistry, but inser- 
tion of MeO,CC=CCO,Me into a PtCl bond of 
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S C H E M ~  2. This scheme shows thc possible mechanisms or the formation of 111. The mechanism of intercon- 
version of I + LI has been simplified for clarity (see Scherlle 1 for details) 

[Pt(CB),Cl,] is kno\vn to glve this frous stereo- 
chem~stry although it \$as suggested that the czs 
Isomer m ~ g h t  be formed first follomed by rapid 
isonlerisatlon (6) Curiously, the react~on of 
[PtClMe(b~py)] n ~ t h  MeO,CC_CCO,Me glves the 
adduct [PtClMe(MeO,CC~CCO,Me)(bipy)] but 
this doer not read~ly rearrange to glve the product of 
lnsertloi~ into either the PtMe or PtCl bond. Slou 
reaction does occur, but there is always an inductiol~ 
period i l l  solvents acetone; CH,CI,, or tetrahydro- 
furan and a free-radical process, perhaps like that 
discovered by Clark and co-u~orl<ers (20), appears to  
operate. This reaction gave a mixture of products 
which \\-ere difficult to identify, and the kinetics were 
not reproducible. It was therefore not studied further. 
The difference in reactivity could be due to the greater 
ilucleophilicity of iodide than of chloride." 

Experimental Sestisn 
[PtIMe(COL>)], COD = 1,5-cyclo-octadiene, was pre- 

pared by the literature method (21). 'H nnir spectra lvere 
recorded at 60 MHz using a Perkin-Elmer R12B instrument. 
Ultraviolet-visible spectra werc recorded using a Unican~ 
SP8000 spectrophotorneter, with an electrically heated thermo- 
statted (to k 0.2'C) cell compartment. 

loct'o(n7et/zj.l) /2,2'-bipj~ridine)p/ofii1rr1nfll) [PtlMe(COD)] 
(0.316 g) and 2,2'-bipyridine (0.196 g) were each dissolved in 
benzene (5 cm3). The solutions were mixed and heated under 
reflux for 2 h, then cooled to OCC for several hours. The orange 
crystals of the product were filtered off, washed with ether, and 
dried under vacuuiii. Yield 0.314 g ;  mp 255-264-C (dec.). 
Anal. calcd. for C,,H,,IN,Pt:  C 26.80, H 2.33: found: 
C 26.85, H 2.39. Nmr (CDCI,) G(CH,Pt) 1.22 ppm, 'J(PtH) 
78 Hz. 

[ P ~ / ! \ ~ ~ I I W ~ O ~ C C = C C O ~ ! ~ . ~ ~ )  /2,2'-bipyi.idinej ] 
[PtIMe(2,2'-bipyridine)] (0.205 g) was dissolved in the 

minimum volume of warm acetone ( -  50 cm3). This solution 
was then cooled in ice and MeO,CC=CCO,Me (0.2 c1n3) was 
added. The mixture was allowed lo react at  0 -C  for 15 min and 
the solvent was then evaporated under high vacuum. The 
product was washed with ether and dried in cacilo. Yield 

3We thank a referee for this suggestion. 

0.2374g, mp 160 C (dec.). Annl. calcd. for C,7H,71N,04Pt:  
C 32.20, H 2.68, Pt 30.70; found: C 32.06, H 2.97, Pt 31.30. 
The pure product is almost colourless, and can also be pre- 
pared conveniently in methanol solution. 

[PtMe{C(CO,!Me)-C/CO,Me) I ;  12,2'-hil,yridine)] 
[PtlMe(2,2'-bipyridine)] (0.1 10 g) \%as dissolved in warm 

acetone (25 cm3) and MeO,CC=CCO,Me (0.1 15 g) was then 
added. The solutioii was stirred for 3 h at room temperature. 
The yellow crqstals ~ h i c h  formed were filtered off, ~ tashed 
\\iih ether, and dried under vacuum. Yield 0.054 g ;  mp 173- 
183-C (dec.). Anal. caicd. for C,,H,,1N204Pt: C 32.20, 
H 2.68, 120.00, Pt 30.70: found: C 32.13, H 2.74, 120. !2 ,  
Pt 30.77. 

Kinetic Stirdies 
( 0 )  ~ ~ c o I ~ I / J o s ~ ~ ~ o ~ ~  of COlllp/~h.l'.l Id 
The complex 11 (0.002-0.003 g) was dissolved in the required 

solvent and the volume was made up to 25 cm3 in a volumetric 
flask. The solutioll was rapidly transferred to the Z c n ~  quartz 
uv ccll held in the thermostatted cell compartment of the 
spectrophotorneter. Spectra were recorded at illtervals as the 
reaction proceeded. Naturally some decon~position occurred 
before the first speclrunl could be recorded but this does not 
affect the form of the kinetics. Absorbance changes were taken 
at  465 11111 in benzene, 450 nm in tetrahydrofuran, and 432 nm 
in acetone solution, these values being close to the lllaximum 
absorbance due to the MLCT band of [PtIMe(bipy)] in these 
solvents. 

( b )  Kinetics o f  Foi.itrarion of IId 
Me02CC--CCI0,Me (0.04-0.5 g) was neighed accurately 

into a 5 cm3 volumetric flask. [Ptl~Me(bipy)] (0.0015 g) was 
weighed out separately, dissol~ed in the required solvent, and 
the volun~e made up to 25 cm3. This solution was added to  the 
volumetric flask containing the alkyne and the volume was 
made up to 5 cm3. The solution was mixed and transferred 
rapidly to the 1 cm quartz uv cell held in the thermostatted cell 
compartment of the spectrophotometer. Spectra were then 
recorded at intervals as the reaction proceeded. 

I. 9. L. THORV and R .  HOFF\ I%YN.  1 .  .Am. Chem. SOC. lm. 
2079 ( !978). 

2. H. C .  CI ~ K K  and C.  S. V I ' O ~ G .  J .  Am. C'bem. Soc. 96.7213 
(1974): H .  C.  CL-\RK and C. A .  J X B L O V S K I .  Inoig. Chem. 
13. 2213 (1974). 

3 .  H. C .  C'J ~ R K  and K .  voh WERILR. J .  Or-ganomet. Chem. 
101. 347 (1975). 
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Structure of a new crystalline modification of dithiocyanato(tripheny1phosphine)- 
mercury(I1) 

R A ~ I ~ S H  C .  M A K H I J . ~ .  Rc)L_-\uD R I V ~ S I  . .AND A N D R ~  I<. B F . \ u c N - \ \ I P ~  

D4pcit.rernc'rlr L / C  C'hitnic. Unir.ei.~iic tic .2foritrc~ii/. C'.P. 6210. S1ic.c.. A .  .Mor7ir&ri/ (Qirg.), Ciiticicici H3C.31.'/ 

Rrceibed April 3. 1979 

~ ~ A X ~ F S H  C.  M A K H J J A .  ROLAND RILTST. and . ~ N D R F  1.. R F A U C W A R I P .  Can. J .  Chem. 57. 2555 
( 1979). 

Crystals of the B-form of the title conipound are monoclinic, space gl-oup Pz1 c, a = 
21.071(5), h = 17.716(5), c = 11.285(3) A ,  B = 101.66(5) , and  Z = 8. The structure n a s  
refined o n  2741 independent obser\ed reflections to  an R factor of 0.012. 

The crqitals consist of t \ \o  t5pes of infinite chains \\ith backbones of thiocyanatc-bridged 
mercurb atoms. In chain 1,  luercurj sho~\.s  the salne (3 + 2) coordination as obsened  in the 
a-form. It is bound to  I' of triphen) lphosi31iiric JHg - P = 2.129(4) A) and t\vo S-bonded 
thiocyanate ligands (Hg-S = 2.491(5), 2.519(5) A) in the equatorial plane of a distorted 
trigonal bipyraniid. The axial positions are occi~pied b) weakly-bonded N atonis from ad- 
jacent unit5 (Hg-N = 2.74(1), 2.89(1) a ) .  Chain 2 contains four-coordinated mercury n i th  
an approximate tetrahedral geometry. A bridging SCN group links successive H g  atoms in the 
chain bq moderatelq strong Hg-S (2.638(5) A) and Hg-N (2.10(1) A)  bonds. The coordisia- 
tion sphere also includzs phosphorus (Hg-P = 2.432(1) A) asid a uniclentatz S-bonclccl 
thioc?atlatc group (Hg-S = 2.454(5) A ) .  The chains are held together bq normal van der 
\Vaals contacts. 

RA\IFSH C .  \ I A K H I J \ .  ROL.A\D RIVLST et A ~ D R E  L. B L A U C H A * ~ ~ ? .  Can. J .  Cheni. 57. 2555 
(1979). 

Les cristaux de la foriiie B du compose etudie appartiennent a u  sqsteme moaoclinique, 
groupe d'espace P2 ,  c, rr = 21.071(5), h = 17.716(5), c = 11.285(3) A, B = 101.66(5) et 
Z = 8. La structure a ete afinee au  irnoq.cn de 2741 reflevions obser\ees independantes jusqu' i  
un facteur X de 0.042. 

Les cristauv sont constitues de deux sortes de chaines infinies dans lesquelles les atomes de 
niercure sont relies par des ponts thiocqanates. Dans la premiere sorte de chaine, le niercure 
possede la mtsne coordination ( 3  + 2) que dans la forilie 7 .  11 s'? trouve entoure du phosphore 
de la triphenylphosphine (Hg--P = 2.429(4) A) et de deux groupcs SCN lies par le soufre 
(Hg--S = 2.491(5), 2.519(5) A) dans le plan equatorial d 'une bipbramide triangulaire d i -  
forniee. Les sites axiaux sont occupes par des atornes d'azote faiblement lies appartenant i des 
motifs voisins (Hg-N = 2.74(1), 2.89(1) A). L'autre iorte de chailie renferme du inercure 
tetracoordine selon une geometric a peu pres tetraedrique. Un groupe SCN relie deux atonles d e  
mercure successifs par dcs liaisons Hg-S (2.648(5) A) et Hg-N (2.40(1) A)  moyennenient 
fortes. La sphere de coordination cornprend a ~ ~ s s i  un atonle de phosphore (Hg-P= 2.332(4) 
A)  et un groupe SCN nionodentate lie par le soufi-e (Hg-S = 2.454(5) A).  Les chaines sont 
retenues nornialement par des forces de van der Waals. 

Introduction Hg(SCN), Ph,P in teims of both bridging and non- 

111 a prevlous paper. \\e habe sho~cn  that mercury br~dglilg SCN gioups Hou el er, M hen the compound 
has a (3 + 2) ~l lgona]  blpyra~nld coordlnatlon In the piepaled accrol'c as described b, 
1 1 addLlct of ]Hg(SCN), tllplleIlylarslne (1). 'lane ' t  a' ( 3 ) ,  Its  coinPositloll relnalned unchailged 

The three strongll-bond~ng equatorla1 pos~tlons are but it ~ L I S  crystallographically diffeie~lt The crystal 

occupied by the soft donors ( 2  S and 1 As), \\hereas Structu'e of this 'len "edification (the P-folm) Is 

the apical sites are filled ~11th t u o  ~ceakly-bonded N described In the preseilt paper 

atoms from SCN groups dctlng as b11dg11lg ligands. Experimental Section 
Recently, the crystals obta~ned from a 1 1 mixture of 

PI eput niroiz Hg(SCh)2 and t l lphen~lphosphlne  (Ph3P) ethal'ol Hg(SCY), and  tripheii>Iphosphlne (1 1 ratlo) \+ere mixed in 
(referred to hereafter as the ~-for l l l )  \\.ere sho\%n to be acetone Csqstals su~tab le  fol X-lab KO, k mere obtained by 
~somorphous n ~ i h  the As analog (2) These lesults s l o ~  elaporation at room tempeiatuie 
seemed to disagree \ \ ~ t h  those of Plane and co- C,JsrolDntr, 
~ t o i k e r s  (3), v ~ h o  interpreted the ir spectrum of c,,I-I,,H~~J,~c,, f\\ = 579 05 

Moaocl~nic,  P 2 ,  c, a = 21 071(5), b = 17 716(5), c = 

'To whom 211 coirespondence should be addressed 11 3 8 5 ( 3 )  a ,  P = 101 66(5) , V = 4125 7 A3, Z = 8, D, = 

0008-40421791 I925 55-05$0 1 0010 
9 1979 Y,it~on,ii Re5e'tl~h Council of CanadnIConseil ndtiondl de I e i h e r ~ h e \  dl1 C'inad,~ 
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1.864 g c m 3 ,  p(MoKr) = 77.3 c ~ n - l ,  ?.(MoK?) = 0.71069 .& 
(graphite monochromator), t = 23 C. 

Cr~stullogi.np/~ic lWeoslc/.etirei~ts 
The crystal selected for X-ray work was an elongated plate 

with the folloaing distances between pairs of opposite faces: 
0.10 rllm (100 and 100), 0.17 mni (110 and 110), and 0.47 mm 
(011 and 011). Space group P 2 , c  was unambiguously deter- 
mined from a set of precession photographs. The crqstal was 
mounted on an Enraf-Nonius CAD4 diffractometer and the 

TABLE I. Refined fractional coordinates ( x  lo3, Hg x lo", P, 
S x lo4) of Hg(SCN)2(triphenylphosphine), B-form 

Atom x Y z 

cell pal.anieters were obtained from least-squares fit of the 
setting angles for 25 reflections centered in the counter aper- 
ture. Intensity data were collected using the w128 scan tech- 
nique. A fixed slit of 4 x 4 mm2 was used and the scan range 
(w) \$as (1.0 + 0.347 tan 8 ) '  extended 25% on either side for 
backgrounds. Scan speed between 16.7 and 1.0 deg min-I was 
automatically selected to niake I:o(I) = 100, but niaxinium 
scan time was limited to 120 s. Prescans at 10" min-I were 
made and all reflections having I,'o(I) < I were labeled "weak" 
and not rcmeasured. Three standard reflections used as a check 
on instrument and crystal stability showed only random 
fluctuations. Crystal orientation was checked every 100 reflec- 
tions by recentering three axial reflections. If a difference > 
0.2' was found bemeen any scattering vector and the corre- 
sponding direction deduced from the orientation matrix, a new 
matrix \\as defined. 

A total of 5401 independent ilk1 and hklreflections (20 I 45.) 
were measured using Enraf-Nonius option FLAT, a procedure 
to measure intensity at the position where absorption is 
minimum. Net intensity I was calculated from I = (P - 2B)S 
where P is the peak count, B is the total backgl.ound counted 
during one half of scanning time, and S is the scan rate. The 
standard debiation was obtained froin 0 2 ( I )  = (P t 4B)SZ + 
(0.041)'. A set of 2741 reflections with I > 2.5o(I) was retained 
for structure determination. An absorption correction was 
applied (Gaussian integration, grid 10 x 10 x 10, Program 
NRC-3, Ahmed and Singh). For 95% of the data, the trans- 
mission factor was in the range 0.25-0.50, but factors as low as 
0.12 were found in the remaining 57; of the data for \+hich 
diffractometer geometry did not permit measurement at the 
most falorable w angle. The data mere finally corrected for 
J-P. 

Structuve Deterii~inutiorz 
The structure was solved by the heavy-atom method and 

refined by full-matrix least-squares in the early stages. Both 
independent Hg atoms were positioned from a Patterson 
synthesis and the remaining nonhqdrogen atoms were located 
from a subsequent Fourier synthesis. isotropic refinement 
using unit weights led to R = 1 I F < ,  - F,'Ix F ,  = 0.076. 
Refinement was continued using block-diagonal least-squares. 
Anisotropic temperature factors were refined for all non- 
hydrogen atoms. Hydrogens were held fixed at the calculated 
positions (assuming sp2 hybridization and a C-H distance of 
0.95 A) with isotropic temperature factors U of 0.076 A2 
(B = 6.0 AZ), and their coordinates were recalculated after 
each cycle. Individual weights based on counting statistics 
w = I , o Z ( F )  were applied in the last least-squares cycles. 
Anisotropic refinement of all nonhydrogen atoms, together 
with scale factor and isotropic extinction coefficient ( g  = 
- 5.4(4) x lo3) converged to R = 0.042 and R,, = [ZI: w( F,l 
- Fcl)2:x M. F O l 2 ] l i 2  = 0.046. The goodness-of-fit ratio was 
1.55. The general background in the final AF map was 0.5 e 
k3, except around mercury, where a few peaks of 0.7-1.2 e 
A- were left. 

The form factors used were those of Cromer and Waber (4), 
except for hydrogen (5). Anomalous dispersion terms f ' and f" 
were used for Hg, S, and P (6). 

The refined coordinates are listed in Table 1. Anisotropic 
temperature factors and hydrogen coordinates arc part of the 
unpublished n~a te r i a l .~  

'The supplen~entary material includes lists of temperature 
factors, structure factors, interatomic distances and bond 
angles in the triphenylphosphine ligands and hydrogen co- 
ordinates. Complete set of data is available, at  a nominal 
charge, from the Deposititory of Unpublished Data, CISTI, 
Nacional Research C o ~ ~ n c i l  of Canada, Ottakva, Ont., Canada 
KIA OS2. 
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FIG. 1. Stereoscopic view of the two non-equivalent Hg(SCN),(triphen~iphosphine) units and their surroundings 
Dashed sticks represent chain-propagating Hg-N bonds. The ellipsoids correspond to 50z probability. 

Description of the Structure and Discussion 

Figure 1 s h o ~  s both non-equivalerlt Hg(SCN),. 
Ph,P LIIII~S.  Selected illteratomic distances and bond 
angles are listed in Table 2. 

A ~ P I . C U ~ L '  Coordination 
The e~lviroument of Hg(1) is essentially the same as 

in the R-form of Hg(SCN),.Ph,P (2): a (3 + 2) 
trigonal bipyrarnid in bvhich the equatorial positions 
are filled with three strongly-bonded soft donors. 
Hg(1) is only 0.02 A above the PSS plane and the 
Hg-S (2.491(5), 2.519(5) A) distances are normal. 
The Hg-P distance (2.429(4) A) is slightly smaller 
than in the a-form (2.461 A), but both of these bonds 
are longer than those of (Hg(NO,),.Ph,Pj, ( 7 )  and 
(Hg(NO,),(tricyclohexylphosphi~~e)), (2.359 A) (a),  
where hard nitrate groups act as anions. The 
S(1)-Hg(1)-S(2) angle ( 1  06.4(2)") is much smaller 
than the S-Hg-P angles (132.5(2), 121.1(1)") as a 
consequence of steric hindrance from phenyl groups. 
Two weak axial Hg-N bonds (2.74(1), 2.89(1) A) are 
approximately perpendicular to the HgS,P plane 
(Table 2). 

In contrast with the above unit, where both SCN 
groups are bridging. there is only orle bridging SCN 

group attached to Hg(2) which is four-coordinated 
with a distorted tetrahedral geometry. The Hg(2)- 
P(2) distance (2.432(4) A) is the same as above, but 
the Hg(2)-S(4) bond length with the unidentate 
SCN group is shorter (2.454(5) A). The nitrogen end 
of the bridging group is rnuch more strongly bonded 
to rnercury (2.40(1) A) at the expense of the Hg(2)- 
S(3) boud \vl~ich is considerably lengthened (2.648(5) 
A). A similar type of coordination has been observed 
i11 the [Ph,P]' salt of [Mg(SCN),]-, with the 
difference that Ph,P is replaced by another uni- 
dentate S-bonded SCN group (9). As in the present 
case, a bridging SCN group forms a moderately 
strorlg Hg-N bond and weakened Hg-S bond. 
The shortest intermolecular Hg(2). . . N(4) contact 
with the other SCN group is > 3.4 A. 

Tile Lzgai~ds 
The S-C (ave. 1.65(2) A) and C-N (a-ve. 

1.14(2) .A) distances are normal and the angles at 
sulfur are around 100" as usual (Table 2). The angles 
at n~trogeu are 132(1)' and 138(!)' for weak bridging. 
It I S  notemorthq that the most strongly bonded 
nltrogeil is the one with the C-N--Hg acgle 
(152(1)") closest to 180". The P--C bond lengths (abe. 
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TABLE 2. Selected interatornlc dlstnnces and bond angles 

Bond Length (A) Bonds Angle (deg) 

Hg(l)-S(l) 2 491(5) S(1)-Hg(1)-S(2) 106 4(2) 
Hg(I)-S(2) 2 519(5) S(l  j-Hg(1 j--P(I) 132 5(2) 
Hg(2)-S(3) 2 648(5) S(Z)-Hg(I )-P(l) 121 I(2) 
Hg(2)-S(4) 2 454(5) h(1)"-Hgllj-S(1) 8 5  5(3) 
H&(l)-P(I ) 2. 429(4) N(1)"-Hg(1)-S(2) 86 l(3) 
Hg(2)-P(2) 2 432(4) N(1 )'--Hg(l 1-P(1) 98 5(3) 
Hp(1)-N(1 )" 2 89(1) N(2)h-Hg(l)-S(1) 93 4(4) 
H&(l)-N(2)h 2 74(1) Y(2jb-Hg(1)-S(2) 86 5(4) 
Hg(2)-N(3)' 2 40(1) N(2)"-Hg(1)-P(1) 88 3(4) 
P(1)-C(11) I 80(2) N(2)h-Hg(l)-h(1)u 177 8(5) 
P(1)-C(21) 1 78(2) S(3)-Hg(2)-S(4) 110 5(2) 
P(1)-C(3 1) 1 82(2) S(3 j-Hg(2)-P(2) I08 5(2) 
P(2)-C(41) 1 78(2) $(3)-Hg(2)-N(3)' 94 7(4) 
P(2)-C(5 1) I 80(2) S(4)-Hg(Z)-P(2) 130 5(2) 
P(2)-C(6 1 ) 1 80(2) S(4)-Hg(2)-N(3 jc 101 O(4) 
S(1)-C(1) 1 68(1) P(2)-Hg(2)-N(3)" 105 0(4j 
S(2)-C(2) 1 64(2j Hg(l)-S(lj-C(1) I01 9(6) 
S(3)-C(3j 1 64(1) Hg(1 )-S(2)-C(2) 98 l(7) 
s(4)-C (4) 1 67(2) Hg(2)-S(3)-C(3) 97 7(6) 
C(1)-K(1) 1 13(2) Hg(2)-S(4)-C(4 j 104 l(7) 
C(2)-N (2) 1 18(2) S(l )-C(1)-N(1) 178(2) 
C(3)-h(3) I 15(2) S(2)-C(2) N(2) 176(2) 
C(4)-h (1) I 11(2) S(3jPC(3)--N(3 178(1) 

S(1)--C(4)-h (4) 178(2) 
C(1 )"-N(l )"-Hg(l) 138(1 j 
C(2)b-N(2)b-Hg(l) 132(1) 
C(3)c-N(3)c-H&(2j 152(1) 

O h ,  1 2  ) ,  1 2  - 
b ~ .  112 - 1, - 1  2 - z  
C Y , 3 2 - 1 , 1 ' - 2  

1.80(2) A) are the same as in Ph,P itself (10). The ported for Hg(SCN),.Ph,P infrared results that 
Hg-P-Ring angles average ! 11.5(5)" and the could not be satisfactorily interpreted with our 
Ring-P-Ring angle (ave. 107.4(7)') are larger than crystallographic results on the R-form. The p-form, 
in Ph,P (103.OZ), where the lone pair is free. Phenyl mhich is most likely the one used by these authors, is 
rings have normal geometry within experimental more consistent I+ ith their results. T\+ o bands \yere 
errors." observed in the C-S stretching region: one at  680 

c n - I  IS tjpical of unldentate Sbohded l~gands  and 
Pack zr~g 

F ~ g u r e  2 sl io~\s the ti+ o \ ar ~ e t ~ e s  of c h a ~ n s  ~ L I I I I I I I I ~  
anothei at  760 cm-I  can be dss~gned to bridg~ng 
groups ( I  1). The C-N stretch~ng reglon \+as not so 

along the c dlrect~on All mercury atoms in a g l e n  
clear, but the p~esence of a many-component band 

cham ale of the same type and c h a ~ n  propagat~on 1s 
consequently ach~eled by the same br~dging pattern po~nted to more than one type of SCN groups 

C~ysta ls  of the p-form con ta~n  one unamb~guously 
Intercha~n mteiact~ons are restr~cted to \an  der 

recogn~zable bridg~ng group ( 3) and one un~dentate 
$9 aals contacts. none of n h ~ c h  are unusually short 

S-bonded group (= 4) Because the N end of the t \ \o  
Discussiol? 

Chain propagation by single bridging involves 
strong bonding from both donor atoms of the SCN 
group. In  the doubly-bridged chain, mercury inter- 
acts with one extra donor, but the N ends of both 
ligands are only weakly bonded. These bridging 
patterns presumably do not greatly differ in energy> 
because they result from only slight changes in 
preparative conditions and they coexist within the 
same crystal. 

A few years ago, Plane and co-workers (3) re- 

remaining ligands (* 1 and = 2) interact only weakly 
with mercury, we expect them not to differ greatly 
from unidentate ligands in the ir spectrum. Indeed, 
similarly ~veak intermolecular Hg-N contacts 
(2.80 a) exist in Hg(SCN), itself (12), and there is no  
evidence of bridging in its ir spectrum (13). 

The si~nple dimeric structure proposed by Plane 
and co-norkers (3) incorporated all structural 
features deduced from is spectra. Hoivever, the 
present lvork shows more complicated patterns 
which have also been found i11 other compounds 
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M.AKHIJA kT A L .  

FIG. 2 S t e r e o ~ o p i c  r ie l r  of the two types of infinite chains in crystals of H~SCN),(~riphery]phoSPhine),  ~ - f ~ ~ , ~ , ~ h ~  
chains are oriented along the c axis. The plane re],resented help goes through the origin and bisects the ./ angle, 

(1, 2. 9 )  Therelbre, i t  is quite possible that other 1 : 1 4. D. T.  Caooi ia  :in* J .  T. W r n i a .  4 c t a  C I . ~ S ~ ~ I I ~ ~ .  18. 104 
adducts of Hg(SCN)2 believed to be dimeric, also (1965). 
fornl in the solid state ilifillite similar 5 J .  "H"*T. R .  D A V I D S O ~ .  and 4 .  S ~ n i . r o u .  J .  Chin,. 

those observed in the present conlpound. P h ~ j .  12. 3175(1965). 
6. D. T. C H O ~ I E R .  A ~ t i i  C~- j \ t ; l l l%~.  18. 17 (1965). 
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Isopotential points in the electrosorption of selenite, selenate, selellide, and tellurite at the 
platinum rotating disc electrode 

Hri~ro  C .  CHAGAS 
[ t ~ ~ t i t l l l o  di' L)~~ilni(.ii, U l l i ~ e ~ ~ ~ i d o ~ i e  de S .  Pnuio, S .  Priitio, C.P.  20780, BI-ci.rii 

Received h1a1-ch 14. 1979 

H i r ~ o  C .  CH.AGAS. Can. J .  Chem. 57.2560( 1979) 
Electrosorpiion at  the platinum rotating disc electrode in sulfuric acid solutions of selenite, 

selenate, selenide, and tellurite gives rise to isopotential points in the potential range where 
oxidation of platinum occurs. The data are analyzed with the framework of the model put 
forward by Untereker and Bruckenstein. Since similar beha\ior is obser~etl  for the selenite, 
selenate, and selenide systems, it is tentatively inferred that a common electrosorbed species, 
possibly selenium itself, may be involved in these systems. 

Hri lo C .  CH.+GAS. Can. J .  Chem. 57.2560 (1979) 

L'Clectrosorption sur une electrode de platine a disque tournant dans des solutions sul- 
furiques de selenite, de sklenate, de selenure et de tellurite donne lieu a des points isopotentiels 
dans I'ecart de potentiel oil l'oxydation du platine se produit. On analyse les donnees dans le 
cadre du modele propose par Untereker et Bruckenstein. Puisque l'on observe des comporte- 
ments semblables avec les systemes selenite. selknate et sklenure, on en deduit provisoirement 
qu'il existe peut Etre une espice electrosorbke commune, possiblement du selenium lui-mkme, 
dans tous ces systkrnes. 

[Traduit par le journal] 

Introduction In the present work, we report an investigation of 

The occurience of isopotent~al po~nts  in a family 
of current-potentla1 curves facilitates detect1011 aiid 
analysis of surface processes at solld electrodes Such 
~sopotent~al  polnts (IP) are the electrochemical 
counterparts of iaobestrc pornts 111 a b s o ~ p t ~ o n  
spectl-ophotometry The relevant parameters are: 
the current (or chalge) passed at the electrode, the 
potent~al, and a factor related to the nature of the 
teniporal dependence of the potentla1 varlat~on (e g , 
the si$eep rate In linear voltammetry). 

The model developed by Untereker and Brucheii- 
stein (1) to rationalize the occurrence of IP is 
appl~cable mhen the following experimental con- 
dlt~ons hold. (a) all the current-potentla1 curves of a 
gir en fain~ly c o ~  respond to the same electrode 
poteiit~al - time program; (6) the electrode surface, 
at  the onset of potential-time program is covered 
wrth at least one electroaorbed or elect~odeposited 
specles in quantit~es which d~ffer for each curve of 
the family, (c) the electrode surface behaves as ~f ~t 
were coniposed of at  least two electrochein~cally 
independent regions of areas A ,  and A2  hose sun1 
remains com~stant throughout the enbre perlod durlng 
wlllch the potential sweep ir applied. 

The ex~stence of IP mds verified in studies of the 
e!ectrodepos~tlon of metals at platinum (1. 2) and 
gold (3) rotat~ng disc electrodes and of electroso~p- 
tion of species such as sulfite on the p1at11:um 
rotaliiig d ~ s c  electrode (RDE) (1). 

the electrosorpt~on of selenite, seleilate, selenide, and 
tellutite at the platlnu~n RDE In sulfurlc acid 
medium, t a k ~ i ~ g  advantage of ii~forinatioil derlved 
from the occulrence of 7P Jn the systems 

T h ~ s  electrosorpt~on process is of specla1 interest 
111 vie\+ of the technolog~caI lrnpoitance of these 
substa~lces as a d d ~ t ~ v e s  for Improbing the current 
yleld 111 electrodepos~t~oii of Inangailese (4-6) More- 
orer. the electrosolptio~l of selen~um has been 
employed to Increase the actiL~ty of plat~num elec- 
trodes 111 studies of ox~dation piocesses of organlc 
compounds (7) 

Experimental 
Ayy i~~a tus  

The potentiostat used to control the electrode potential, the 
potential programmer, and the electromechanical system 
which controls the electrode rotation rate have been previously 
described (8, 9). A Pyrex cell with volume of ca. 200 mL was 
employed throughout. Electrical contact bctween the SCE 
reference electrode and the electrolytic solution was achieved 
by means of a Luggin capillary situated near the working 
electrode. All potentials \\ere referenced against the saturated 
calomel electrode (SCE). 

itlaterials 
Electrolvtic solutions were oreoared ~ i t h  triple-distilled 

A .  

water.  he supporting electrolyte \ \as 0.2 IM H , S O ~  (Baker 
Reagent grade) in a.ll experiments. Sodium selenite was pre- 
pared by careful neutralization of a water solution of SeO, 
(BDW A.R. grade) with reagent grade sodium hydroxide; 
sodiurn selenaie was prepared in a similar fashion using an 
aqueous selenic acid solution (10). Sodium selenide (K & K 

0008-4042/79/192560-04SOi .00/0 
8 1979 National Research Council of CanadaIConseil national de I-echer-the\ du Canada 
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Lab., Inc.) was used as received. Sodiu111 tellurite was prepared 
by the method of Brauer (11). The final concentration of all 
stock solutions was 5 x 10-4M. 

All solutions were deaerated by purging with purified 
nitrogen and all electrochemical n1easurements performed 
under a nitrogen atmosphere. 

Methods 
Prior to all experiments the platinum RDE mas polished by 

hand with 0.05 alumina powder and subjected to an 
electrochen~ical pretreatment the supporting electrolyte 
solution. This nretreatment consisted of reneated cvcling of - - 
the potential df the working electrode be&een -+1.40 and 
-0.25 V and maintaining the electrode rotation frequency 
(36 Hz) and the potential sweep rate (200 mV/s), until repro- 
ducible current-potential curves were obtained (10-20 cycles). 
Following this treatment, appropriate aliquots of the stock 
solution of the electroacti\e species of interest were added to 
the supporting electrolyte solutioll already in the electrolytic 
cell. 

Families of current-potential curves were obtained utilizing 
a potential program of the type E(t) = Ei + ct, where Ei 
represents the initial potential and c = dE;dt the (constant) 
sweep rate. The sign of r was reversed at the extremes of the 
potential sweep, i.e., at + 1 ~ 4 0  and -0.25 V. The quantity of 
the chemical species under investigation electrosorbed at the 
electrode surface was varied by maintaining the electrode at a 
potential Ei = 0 V and a rotation frequency of 9 Hz for 
different periods of time. At the end of this electrosorption 
period, the electrode has  swept froru Ei  = 0 '\I to a more 
cathodic potential up to a potential of - 0.25 V, at  which point 
the sweep mas reversed to the anodic direction. Betneen each 
successi~e curve, the electrode was oxidized for 60 s at  a 
potential of + 1.30 V. At the end of this oxidation, the elec- 
trode potential was jumped to Ei = 0 V for a new electro- 
sorption. The initial fractional coverage 8, of the electrode 
surface by the electrosorbed species was calculated from the 
relative decrease in the area of the hydrogen desorption peaks 
in the presence and absence of the electrosorbed species 
according to the general procedure of Untereker and 
Bruckenstein (I). 

Results and Discisssion 

Figure 1 exhibits a family of current-potential 
curves for a 3.3 x M solution of sodium 
selenite in 0.2 114 H2S04. Each curve corresponds to 
the oxidation of a different quantity of the eleclro- 
sorbed species at the electrode surface. Of particular 
importance is the presence of an isopotential point 
IP-1 at EIP-, = 0 .75  V ,  i.e., in the potential range 
where oxidation of platinum occurs. Indeed, the 
electrode surface may be considered to consist of 
two independent electrochemical regions; one of 
area A ,  corresponding to the platinum itself and a 
second of area A,  corresponding to a submonolayer 
of the electrosorbed species. Thus, the relevant 
Faradaic processes occurring in the potential range 
around IP-I are: (a)  the oxidation of platinum in 
area A ,  

FIG. 1 .  I-E curves for oxidation of ~ a r i o u s  quantities of the 
electrosorbed species at  the platinum rotating disc electrode 
in the selenite system: [Se0,2-] = 3.3 x M ,  [H2S0,] 
= 0.2 M, f = 9 Hz, 2: = 200 mV,s, El,., = 0.75 ViSCE, 
electrode area = 0.162 cm2. Fractional monolayer coverages 
of electrosorbed species at  the electrode surface for Z-E curves 
are: (1)  0.14, (2) 0.22, (3) 0.37, (4) 0.49, (5)  0.61; A = absence 
of Se0,'-. 

and (6) oxidatio~i of the electrosorbed species. repre- 
sented as R(H2Se03), In area A'. 

[2] R(Se0,2-) + Ox, + rz,e 
That the species R(Se032-) is electrosorbed at both 
the weakly and strongly bound hydrogen atom 
electrosorption sites is indicated by the correspond- 
ing decrease of both current peaks characteristic of 
hydrogen desorption with increasing fraction of 
coverage 0,. 

Families of current-potential curves for 3.3 x 
l o p 6  ;1/1 sodium selenate and 3.75 x M sodium 
selenide in 0.2 JW H2S0, are presented in Figs. 2 and 
3, respectively. As in the case of selenite, isopotential 
points (1P-I1 at El,-,, = 0.75 V in Fig. 2 and 1P-111 
at El, _,,, = 0.75 V in Fig. 3 )  are observed in the 
potential range where oxidation of platinum occurs. 
Thus the faradaic processes associated with these TP 
may be represented by equations entirely analogous 
to [I ] and [2] .  In the hydrogen desorption potential 
range, the electrosorbed species R(Se2-) of Fig. 3 
exhibits roughly equal preference for the hydrogen 
binding sites; on the other hand, the electrosorbed 
species R(SeO,,-) of Fig. 2 exhibits a slight prefer- 
ence for the sites corresponding to strong binding 
of hydrogen. Curve A of Fig. 2, obtained for the 
supporting electrolyte in the absence of the electro- 
active species, fails to pass through the point IP-TI 
observed in the presence of the electroactive species. 
This departure from the expected behavior is most 
readily interpretable in terms of a small constant 
amount of "irreversible" electrosorption of a non- 
oxidable species at the electrode surface resulting in 
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FIG. 2. I-E curves for oxidation of various quantities of the 
electrosorbed species at the platinuni rotating disc electrode 
in the selenate system: [Se0,2-] = 3.3 x M ,  [H,SO,] 
= 0.2 M, f = 9 Hz, v = 200 mV,'s, E, ,.,, = 0.75 V!SCE, 
electrode area = 0.162 cm2. Fractional monolayer coverages 
of electrosorbed species at the electrode surface for I-E curves 
are: (1) 0.15, (2) 0.18, (3) 0.24, (4) 0.35; A = absence of SeOA2-. 

FIG. 4. Plot of the current density at the lsopotent~al points 
bersus potential sueep rate for selenite, selenate, and selenide 
systems. 

FIG. 3. I-E curves for oxidation of various quantities of the 
electrosorbed species at the platinum rotating disc electrode 
in the selenide system: [Se2-] = 3.75 x M, [H2S0,] = 
0.2 M, f = 9 Hz, r = 200 mVjs, EIp.,,, = 0.75 V, SCE, elec- 
trode area = 0.280 cm2. Fractional monolayer coverages of 
the electrosorbed species at the electrode surface for I-E 
curves are: (1) 0.03, (2) 0.19, (3) 0.27, (4) 0.33, (5) 0.42; A = 
absence of Se2-. 

a net reduction of the available electrode surface in 
the presence of selenate. This phenomenon Ir much 
less pronounced for the selen~te and selen~de systems 
(Figs. 1 and 3 respect~vely). 

Familles of current-potentla1 curves s ~ m i l a ~  to 
those of Flgs 1-3 uere obtained In experiments 
carr~ed out under the same cond~trons but wrth 
different potentral sweep rates The dependence of 
the current density at the potent~al po~ilts (IP-I, IP-11, 
and IP-111) on the potent~al sweep late (L) for each 
of these three systems is show11 111 Flg 4 Elnear 
dependences are observed ~ l t h  slopes of 1.74, 1 62. 
and 177 pA s/(cm2 mV) for Aenlte,  selenate, and 
selenide systems, respecti~,ely The potent~al (E,,) at 

which the po~nts  IP-I to IP-TIT occur vanes aery llttle 
(<20;)  over the range of potent~al sueep rates (L)  
employed. 

Figure 5 exhlb~ts a fam~ly of current-potentla1 
curves for 3 3 x l o p 6  IM sod~uin tellurite rn 0.2 1kf 
H,SO,. In t h ~ s  case. the current peaks corlespondlng 
to oxrdat~on of electrosorbed specles occur at a less 
a n o d ~ c  potential and are much sharper than those 
observed for selenium systems. 

For the tellurite we don't observe isopotentral 
po~nts .  In the potential range for hydrogen desorp- 
tron t h ~ s  system e x h ~ b ~ t s  the same behavlor as the 
selenlte and selen~de systems 

Conclusions 

The currents are sufficiently high at the experi- 
mental isopotential points for the selenite, selenate, 
and selenide systems (I,,-, to I , ,~Iil)  that we may 
conclude that these points result from equal current 
densities for oxidation of platinurn (iPt0) in area A ,  
and oxidation of a subinonolayer of electrosorbed 
species (ikO) in area A,. 
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systems (F~ga  1-3) 1s notenorthy These con- 
s~derations lead us to infer that the specles R electro- 
sorbed at  the electrode surface inay well be the same, 
and poss~bly selenlurn Itself. 111 all t h ~ e e  cases, 
particularlj in the selen~te and selenide systems This 
~nference. though st111 tentative in the absence of 
add~tlonal corroborat~ng e\~cience, 1s supported by 
the standard potentials (12) for the reactions 

FIG. 5.  I-E curves for oxidation of various quantities of the 
electrosorbed species at  the platinum rotating disc electrode in 
the tellurite system: [TeOZ2-] = 3.3 x 10-YiM, [H2S04] = 
0.2 M , f  = 9 Hz, c = 100 mV,'s, electrode area = 0.162 cm2. 
Fractional n ~ o ~ l o l a y e r  coyerages of the electrosorbed species 
a t  the electrode surfacc [or I-E curves a re :  (1)  0.16, (2) 0.24, 
(3) 0.36, (4)  0.48, (5 )  0.63; .4 = absence of Te0,'-.  

According to the theory of Untereker and Brucken- 
stein (1); this current I,, inay be expressed as 

where A is the total area of the electrode and 

represents the charge density necessary for oxidation 
of platillurn or of the electrosorbed subinonolayer 
during the time interval 0-r (or, for a linear potential 
sweep; between two potentials). The observation of a 
linear reiationship between i,, = 4,,,'A and z. for the 
three seleniurn systems (Fig. 4) pern~its  us to conclude 
from [3] that 

The corresponding slopes thus furnish values of 
(aQk /aE) ,  for the two Faradaic processes responsible 
for the existence of the isopotential points. These 
slopes are coinparable for the selenite and selenide 
systems. In addition, the potentials El, for these two 
systems, as well for selenate system, are quite 
similar. In this regard. the overall similarity of the 
families of current-potential curves for the three 

which suggest that, in acid medium. the reduct~ons 
Se(1V) -. Se(0) and Se(V1) + Se(1V) -. Se(0) and the 
o x ~ d a t ~ o n  Se2- -t Se(0) should be poss~ble. 

Dr .  Tvo G~ol l to  1s gratefully ackno~ledged for 
supplying some of the reagents enlployed In this 
~ o r k  The author also u ~ s h e ~  to acknowledge Dr. 
Frank H. Q u ~ n a  for assistance in the preparation of 
the manuscript. 
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Stereoselectivity in Diels-Alder reactions 

MAS.ATOSHI KAKUSHI ~ I A  

Depcli.trnolt ofChei?zi\ri.y. Crrlir ci..tity of.l'c~c' Bricrlsic~ic~k. Frecler.icron. N.B., Cnrzcldct E3B .iA3 
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M.AS~TOSHI K A K U S H I ~ I A .  Can. j. Chem. 57. 2564 (1979). 
Two competing effects, secondary attractive interactions and closed-shell repulsions, provide 

the main control of endo-exo stereoselectivity of Diels-Alder cycloadditions. 

M ~ S A T O S H I  KAKUSHIRIA. Can. J .  Chem. 57.2564 (1979) 

Deux effets compttitifs, les interactions attractives secondaires et les rtpulsions des couches 
completes d'tlectrons, procurent le contrale principal de la sttrtos~lectivite endo-exo des 
cycloadditions de Diels-Alder. 

[Traduit par le journal] 

In the course of our endeavors in the total syn- theory using terminal (7, 8) and secondary (9) 
thesis of natural products, some results from our attractive interactions has been applied to ration- 
concurrent studies on the Diels-Alder reaction (1, 2, alize these phenomena. For example, an electron- 
3) have enabled us to systematize several factors donating substituent at C-1 of the diene increases the 
which we believe may contribute to a better under- difference in the magnitudes of the terminal HOMO 
standing of the regio- and stereoselectivity of this coefficients (C-I and C-4) of the diene (Table 2), 
reaction (4, 5) .  resulting in a high regioselectivity in the reaction 

In the schematic Diels-Alder reaction shown in (Table 1). 
Scheae 1, four isomeric adducts are possible. However, controversy has arisen on the subject of 
Examples of the reaction between some 1-substituted the importance of secondary overlap on the stereo- 
dienes and acrylates are presented in Table 1. The chemical outcome of the reaction (8, 9, 10). Experi- 
orrho isomers 5 and 6 are predominant or exclusive mental results show that an alkoxycarbonyl group on 
in all cases (6). Frontier ~nolecular orbital (FMO) the dienophile fails to control endo stereoselectivity 

R' G + /"' - < 

in reactions with highly electron-rich I-substituted 
dienes (Table 1). As shown in Table 2, an electron- 

' F~~ + bR2 donating substituent at C-1 of the diene not only 
increases the difference in the magnitudes of the 
secondary HOMO coefficients (C-2 and C-3), but 

I 5 (o~tho-(~rlrlo) also increases the exclusion shell1 (the gross orbital 
charge of 2Pz2) at C-2. The ortl?o-endo isomer 5 must eR1 &,,R2 
be favored through increased secondary attractive 

', 1 > '  
interactions (9), while at the same time the same - isomer 5 must be disfavored through increased 
closed-shell repulsions (3). Clearly, both for prepara- 

2 ti (Orr'lo-eiO) tive and for theoretical reasons, it is important to 

pR1 & assess the relative magnitudes of these two opposing 
interactions. 

1 I 
--9- In order to examine the balance between secondary 

R2& 
R2 attractive interactions and closed-shell repulsions 

3 7 (rnerii-endo) more closely, we have focused on the reaction 
between some I-substituted dienes and dimethyl 

pR1 ;1 fumarate (9) (Scheme 2): because in this case ter- 

8 ' 
, I  + 'The larger the x charge density on an atom, the larger the 

'qR* " ~ 2  size of the "exclusion shell" into which other electrons are 
forbidden to penetrate (1 1). 

4 
2Since the coefficients of 2PZ orbitals are discussed for attrac- 

8 (inerti-exo) 
\ 

tive interactions by FMO theory (7, 8, 9), the gross orbitai 
charges of 2Pz orbitals should be considered for repulsive 

S C H ~ M E  1 interactions. 

00138-4042/79/ 192564-05$0 1 .OO/O 
@ 1979 National Reiearch Cocncil of CanadaIConseil national de reche!.che, du Canada 
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TABLE 1. The addition of E-1-substituted-1,3-butadienes to acrylates 

Regioselectivity Stereoselectivitya 
% oovtho 07, endo 07, exo 

Diene R1 Dienophile R2  (5 + 6 )  5 6 

"For the formation of ortho adducts. 
hReference 12. 
.Reference 13. 
dReference 14. 
eReference 15 

TABLE 2. Computed data" for dienes 

HOMO 

Diene Eigenvectors (2P,) 
Eigenvalues --------- 

R I  R~ R~ ( a ~ ) ~  C- 1 c - 2  C-3 c -4  

COZCH3 H H -0.249 0.525 0.384 -0.366 -0.498 
CH 3 H H -0.232 0.528 0.428 -0.373 -0.533 
OCH, H H -0.206 0.441 0.496 -0.297 -0.503 
0 C H 3  CH 3 CH 3 -0.193 0.453 0.463 -0.332 -0.496 
COzCH3 CH3 CH3 -0.232 0.519 0.392 -0.372 -0.488 

LUMO 
- 

Diene Eigenvectors (2PJ 
-- Eigenvalues 

R1 R2 R3 (auIb C- 1 C-2 C-3 C-4 

COZCH3 H H 0.182 0.505 -0.523 -0.311 0.542 
CH3 H H 0.232 0.629 -0.436 -0.451 0.617 
0 C H 3  H H 0.241 0.644 -0.396 -0.468 0.609 
0 C H 3  CH3 CH3 0.260 0.652 -0.413 -0.410 0.618 
COZCH, CH3 CH3 0.190 0.494 -0.512 -0.292 0.536 

- 
Exclusion shells 

Diene Gross orbital charges (2PJC 

aMO method: ab initio STO-3G (16, 17); standardized geometrical parameters were used (18) 
b l  au = 620 kcal. 
cIn units of electrons. 
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TABLE 3. Computed data" for dienophiles 

HOMO 

Eigenvectors (2P,) 
Eigem alues 

Dienophile (au)" C- l C-2 C-3 C-4 

Acrylic acidc -0.314 0.240 -0.456 -0.495 
Methyl acrylate -0.313 0.225 -0.435 -0.471 
Dimethql funlarate -0.306 0.175 -0.430 -0.430 0.175 

LUMO 

Eigenvectors (2P,) 
Eigenvalues 

D~enophile (au)' C- 1 C-2 C-3 C-4 

Acrylic acidc 0.231 0.471 0.482 -0.678 
Methyl acrylate 0.234 0.475 0.489 -0.674 
Dimethyl fumarate 0.179 0.321 0.532 -0.532 -0.321 

Exclusion shells 

Dienophile 

Gross orbital charges (2P,)d 

C- 1 C-2 C-3 

Acrylic acidc 
Methyl acrylate 
Dimethyl fumarate 

<MO method: ab initro STO-36 (16, 17); standardized geometrical parameters were used (18) 
b l  au = 620 kcal. 
'Monomer: the data for hydrogen-bridged acrblic acid (dimeri are different. . . 

units of electrons. 

minal interactions can be ignored due to the sym- 
~net r ic  nature of this dienophile (Table 3). The dif- 
ference in the magnitudes of the secolldary HOMO 
coefficients (C-2 and C-3) of E-1-~nethoxybutadie~le 

9 loci: R' = CH, 
106: R' = OCOCH, 
lo(.: R' = OCH, 

l l r i :  R i  = CH, 
116: R' = OCOCH, 
11(.:  R1 = OCH, 

S C H E M E  2 

is much larger than that in the magnitudes of the 
secondary HOMO coefficie~lts (C-2 and C-3) of 
E-piperylene (E-penta-1,3-diene) (Table 2 ) ;  as a 
result, the selectivity ( 1 0 : l l )  in the addition of 
E-1-methoxybutadiene to 9 should be greater than 
that in the addition of E-piperylene to 9. However, a 
very small difference in the selectivity of these reac- 
tions is observed (Table 4j, which suggests that the 
increase in secondary attractive interactions must be 
counteracted by a nearly equal increase in closed- 
shell repulsions. Interestingly, Fleming et al. (10) 
have reported that the addition of l-methoxycyclo- 
hexa-1,3-diene (12) to 9 or 13 produces the isomer of 
type 1 0  as the minor adduct (Scheme 3), which 
indicates that in these cases the secondary attractive 
interactions fail to overcome the closed-shell repul- 
sions due to the large exclusion shell at  C-2 of 12. 
The exclusion shell at  C-2 of 12 is similar to that a t  
C-2 of E-1-methoxybutadiene, while the difference in 
the magnitudes of the secondary HOMO coefficients 
(C-2 and C-3) of 12 is smaller than the difference in 
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TABLE 4. Thc addition of E-1-substituted-1,3-butadienes to 9 

Diene Molar ratio Total yield Product ratio 
R1 Diene:9 Conditions (%I (%I 

CH3 5 1 C6H,CH3, 90 C, 17 h 96 10a (53) l l a  (47) 
OCOCH, Excess diene (CH3C0)20,  C6Hs, 13OCC, 4 h 73 lob (62 5) l l b  (37 5)" 
OCH, 4 1 C6H5CH3, 90'C, 19 h 96 1Oc (67) 1Pc (33) 

"Reference 19 

C H 3 0  CH30 C H 3 0  ;i, 3 \ + O R 2  + W O R 2  & Q R ~  

C O R ~  C O R ~  C O R ~  

12 Y RZ = OCH? Type 10 ' "Tvpe 11" 
13 R 2  = CI 28% 72% 

C02CH3 

:c!J 
I4 SCHLCIL 3 

the magnitudes of the secoildary HOMO coefficients 
(C-2 and C-3) of E-1-metho~ybutadiene .~  

A sl~nple pred~ction can be rnade to test thls 
ex~ lana t lon :  the addltion of a d ~ e n e  such as 14 to 9 
should produce the Isomer of type 10 as the major 
adduct The methoxycarbonyl group of 14 should 
significantly decrease the exclus~on shell at  C-2 of 14, 
while retaining a larger secondary HOMO coefficient 
a t  thls c a r b o i ~ . ~  

A quantitative assessment of the t h o  opposlng 
effects considered above 1s clearly difficult. I t  1s 
hoped, however. that experlme~ltal results and MO 
calculat~ons of the type r epo~ ted  here together h i th  
further predlctlolls and thelr testlng w ~ l l  make it 
possible to achieve better stereo-control of Diels- 
Alder cycloadditions in the future. 

Experimental 
The ir spectra were recorded in CCI, solution on a Perkin- 

Elmer 457 ir spectrophotometer. The nmr spectra were 
recorded in CDCI, solution using TMS as an internal standard 
on a Varian T-60 spectrometer. The 220 MHz nmr spectra 
were obtained from the Canadian 220 MHz NMR Centre, 
University of Toronto. Proton chemical shifts (ppm) are 
expressed relative to TMS. The high resolution mass spectra 
were obtained from the Department of Chemistry, University 
of Alberta. 

grade) w r e  purchased from the Aldrich Chemical Co. and 
were used without purification. Dimethyl fuinarate (Eastman 
Kodak Co.) v+as vr-ashed with an aqueous NaHCO, solution, 
extracted with benzene, dried over anhydrous K2C0, ,  con- 
centrated, and recrystallized. Ethyl acetate and hexanes were 
distilled. Toluene was distilled from LiAlH,. Eu(fod), 15as 
purchased from the Aldrich Chen~ical Co. Diels-Alder reac- 
tions were performed under a nitrogen atmosphere in the 
presence of hydroquinone (catalytic amount) in a 200 n1L 
pressure bottle. The adducts were concentrated i r ~  caclro and 
passed through a chromatographic column using the solvent 
system of ethyl acetate-hexanes (1 : 9). Conditions and product 
ratios (10: 11) are summarized in Table 4. The product ratios 
were found to be constant at temperatures froni 40 to 140,C. 
Prolonged heating of the isoillers (10c and Plc) at 140'C for 
90 h did not affect the ratio. 

Ancrlj,sis of Diels-Alder Adiiucrs 
Compounds 100 and I l n  (R' = CH,) gave values for ir:  

1735, 1195, 1175, and 1162 cm- ' ;  171 e (P', int.): 181.0859(31) 
(M+ - CH30,  C10H, ,03 requires 181.0865); 180.0787(39) 
(M+ - CH,OH, CIOH1203 requires 180.0786): 152.0836(49) 
( M +  - C02CH,-H, C,H,,02 requires 152.0837). The 
product ratio (IOU and Ila) was determined hq comparison of 
the 220 MHz nmr spectrum of the adducts with that of the 
authentic sample (10a: l l a  = 1 l:5), which was prepared from 
the adducts of E-piperylene with methyl LI-4-oxobutenoate 
(2, 3). Nuclear magnetic resonance for 1Oa 6 :  2.87 (J = 12, 
11.5, 5 Hz, CI-H), 3.03 ( J  = 12, 6 Hz, C2-H), 2.70 (multi- 
plet, C3-H), 0.88 (J = 7 Hz, C3-CH,); for I l a  6 :  1.05 
(J = 7 HZ, C3-CH3). 

t-or compounds 10c and I l c  (K' = OCH,), ir: 1735, 1195, 
1175, and 1160cn1-~; m,e (2 int.): 196.0735(100) (Mt - 
CH30H, CloHl2O4 requires 196.0736); 168.0788(70) (M- - 
C02CH3- H,  C,H,,O, requires 168.0787). The nmr spectrum 
of the product (adducts 10c and l l c ;  54 mg) with Eu(fod), 
(67 mg) shows two sets of three methyl singlets, the integration 
of which indicates that the product ratio is approximately 2: 1. 
The integration of the product (54 mg) when combined with 
an authentic sample ( lor :  l l c  = 5: 1 ; 52 mg) indicates that 
the major isomer in the product is 10c. The authentic sample 
was prepared from the adducts of E-I-methoxybutadiene with 
methyl E-4-oxobutenoate (3). 
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The occurrence of ergosterol and (22E724R)-24-ethylcholesta-5,7,22-trien-3P-ol in the 
unicellular chlorophyte Bunaliella tertioleeta' 

JEFFREY L. C.  WRIGHT 
Atlcintic Rcgioi7riI Leihoi.iitor~, A;~\:citiot7cil Res ccil.c,h Cotrt~c,il ctf Cor7citici. 141 1 Osfi)i.cl S t . .  Hri1ifii.v. ,Y.S., Ciit~oclci B3H 321 

Received May 7. 1979 

JEFFRE? L. C. WRIGHT. Can. J.  Chem. 57,2569(1979). 
Using 13C nuclear magnetic resonance spectroscopy the major sterols of the unicellular 

chlorophyte D~lnaiiellu iertiolecia were found to be ergosterol and a closely related C29 trienol. 
Apparently the absence of a cell wall in D. tertioiecra does not significantly affect the type of 
sterol produced since other unicellular chlorophytes which possess a cell wall produce similar 
sterols containing an unsaturated side chain and a 24[R]-alkyl substituent. 

J E F F R ~ Y  L. C .  WRIGHT. Can. J .  Chem. 57. 2569(1979) 
Faisant appel a la rmn I3C, on a trouve que les principaux sterols du chlorophyte monocel- 

lulaire, Dirnnliella tertiolecta, sont l'ergosterol et un trienol en C29 qui lui est intimement 
apparente. I1 semble que l'absence de paroi cellulaire dans le D. tertiolecta n'affecte pas beau- 
coup le type sterol produit puisque d'autres chlorophytes monocellulaires possedant une 
paroi cellulaire lournissent des sterols semblables portant une chaine laterale qui n'est pas 
saturee et un substituant alkyli [R] en 24. 

[Traduit par le journal] 

Introduction pounds or as their acetates. The uv absorption of the 
The distribution of sterols in marine algae is of mixture indicated that at least one contained an 

phylogenetic interest to phycologists (1-4). Although ergosterol-type nucleus. The smaller component 
patterns have emerged for major sterols within cer- (Peak B) had the same gas-liquid chromatography 
tain phyla (e.g., cholesterol in Rhodophyceae; (glc) retention time as ergosterol (1) or its C-24 
fucosterol in Phaeophyceae) there is much variety epimer. Gas chromatography - mass spectral (gc-ms) 
among the Chlorophyceae. It arises through bio- analysis of the acetate gave a mass spectrum identical 
genetic alkylation at  C-24 and modification of the (6) with that of ergosterol acetate (2) and high resolu- 
tetracyclic ring system. Thus a range of A ~ ,  A7, and tion mass spectral data of the free sterol established 
A537 compounds with methyl or ethyl substituents the molecular formula as C,,H,,O. 
at C-24 have been reported as major sterols in The glc retention time of the more abundant com- 
Chlorophyceae (1, 4). Recently we used 13c nmr ponent (Peak E) corresponded with that for a C,, 
spectroscopy to determine the structure and C-24 sterol (7), and the high resolution mass spectrum 
configuration of several alkyl sterols (5). This tech- indicated a molecular formula of C,,H,,O. The 
nique has now been applied in a study of the sterols gc-ms analysis of the acetate gave a mass spectral 
of Dufzaliella fertiolecta Butcher, a unicellular chloro- fragmentation pattern like that of ergosterol acetate 
phyte which is unusual in lacking a cell wall. but with the most abundant ions above mje 355 at 

Results and Discussion 14 mass units higher. Ions at m/e 392 and 377 corre- 

Sterols were separated from the non-saponifiable spond to loss of acetic acid and additional loss of 

fraction of D. fertiolecta by silica gel chromatog- methyl, but further cleavage yielded fragments at 

raphy. Gas-liquid chromatographic analysis (1.57, m/e 355, 341, 281, and 253, as found in ergosterol 

O V - ~ ~ )  of the combined sterol fractions showed two acetate. The striking similarity in mass spectral frag- 
major components (Peaks and and five minor mentation pa.tterns of the two sterol acetates in- 

ones. (Peaks A, C, D, F, and 6 ) .  When the sterol cluding the common ion at m/e 253 which arises 

mixture was acetylated the minor sterols were eluted through loss of the complete side chain (6) indicates 

together, before the two major sterols, from a silver that the compounds differ only by an extra carbon 

nitrate - silica gel column. The major sterols, in the side chain. 

although freed from the minor components, could The I3C nmr spectrum of the free sterol mixture 

not be separated from each other by repeated argen- contained 39 signals of varying intensity (Table 1). 

tation chromatography either as the parent com- The sixteen most intense signals could be assigned 
to C-1 through C-19 of an ergosterol nucleus (8), 

'NRCC No. 17601. though the signals for C-15, C-16, and C-17 appeared 

0008-40421791 192569-03$01.00/0 
1979 National Research Council of Canada/Conseil national de recherches du Canada 
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as pairs with components in the approximate ratio 
1 :2. Thus, both sterols share a common ergosterol- 
type nucleus but differences in the side-chain cause 
a perturbation of some resonances in ring D. 

The seven least intense signals in the spectrum (6, 
135.62, 132.05, 40.44, 33.13, 19.97, 19.67, and 17.64) 
can be assigned to an ergosterol side chain (Table 
1). Resonances for C-21, (6, 21.16) and C-24 (6, 
42.88) overlap with those for C- l l  and C-13. The 
characteristic shift at 6, 17.64,2 assigned to  C-28, 
establishes the configuration at C-24 as R (5) and 
hence ergosterol (1) as a major sterol of D. tertio- 
lecia. The ten remaining resonances (6, 138.05, 
129.66, 51.27, 40.73, 31.86, 25.41, 21.35, 20.94, 
18.98, and 12.44) are accommodated by aA2' unsatu- 
rated side-chain containing an ethyl substituent at  
C-24 (Table I). In this case the chemical shifts of 
C-28 (6, 25.41) and C-29 (6, 12.44)~ indicate that 
the configuration at C-24 is also R (51, and thus 
identify (22E,24R)-24-ethylcho!esta-5,7,22-trien-3 P- 

'The resonance for C-28 of the 24s-isomer appears at  6, 
18.08 (5). 

3The resonances for C-28 and C-29 of the 24s-isomer ap- 
pear at 6, 25.44 and 6 ,  12.27 respectively (5). 

TABLE 1. 13C nuclear magnetic resonance chemical shift data 
(6, TMS) for D. tertiolecta sterols, ergosterol (I) ,  ergosterol 

acetate (2) ,  and pollferasterol (4) in CZHC13 

D. tertiolecta sterols 

Peak Peak 
(1) (a* B E (4): 

C- 1 38.45 37.88 
C-2 32.07 28.10 
C-3 70.51 72.66 
C-4 40.88 36.62 
C-5 139.81 138.25 
C-6 119.65 120.04 
C-7 116.35 116.16 
C-8 141.32 141.16 
C-9 46.32 46.02 
C-10 37.09 37.06 
C - l l  21.14 21.07 
C-12 39.18 39.00 
C-13 42.89 42.78 
C-14 54.62 54.45 
C-15 23.04 23.01 
C-16 28.29 28.10 
C-17 55.85 55.66 
C-18 12.08 12.06 
C-19 16.32 16.13 
C-20 40.42 40.40 
C-21 21.17 21.07 
C-22 135.60 135.25 
C-23 132.06 131.76 
C-24 42.89 42.78 
C-25 33.14 33.04 
C-26 19.97 19.96 
C-27 19.67 19.67 
C-28 17.63 17.63 
C-29 

'Reported in ref. 8. 
tReported in ref. 5. 

ol (3) as the second major sterol. A similar trienol 
has been reported as a minor constituent in the pro- 
karyotic blue-green alga Phornzidium lurid~im (9), the 
unicellular chlorophyte Clzlamydomonns reinhardi 
(lo), and the unicellular chrysophyte Orlzron~onas 
dnnica ( l l ) ,  though in all cases the configuration at 
C-24 ivas not established. 

The occurrence of ergosterol in D. tertiolecta and 
other Chlorophyceae (1) is interesting, since it is 
more generally recognised as a major sterol of fungi 
and yeast (12). However, the latter organisms biosyn- 
thesize it via a 24-methylene derivative (12) (Scheme 
1, a)  whereas the Chlorophyceae use an alternative 
route (e.g., Scheme I ,  b) which may not include an 
unsaturated intermediate (2, 13, 14). The occurrence 
of (I) and (3) as major sterols in D. tertiolecta corre- 
sponds to the distribution in other unicellular chlo- 
rophytes (1, 4) of (I), poriferasterol(4), and chondril- 
lasterol (5) which a!l possess a A22  side-chain and a 
24[R]-aikyl substituent. Clearly the absence of a cell 
wali in D. tertiolecta does not drastically affect the 
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h or- via a AL4 or LZS 1 intermediate 

type of sterol produced. Phylogenetically it is in- 
teresting that ergosterol and related A"' sterols 
have not been reported in multicellular species of 
green algae which, in fact, usually produce isofuco- 
sterol (1, 4). 

Experimental 
Gas-liquid chromatographic analysis has  carried out with 

a Hewlett-Packard niodel 5750 chromatograph equipped with 
a flame-ionization detector and a packed column (3 m x 0.4 
mm id) containing 1.5% OV-17 on Gas Chrom Q. The injector 
port was at 2602C, the detector at  260°C, the oven at  240°C; 
heliuni carrier gas was at  22 psi, flow 15 mL/min. The gc-ms 
analysis was performed with a Finnigan Model 4000; glc 
conditions: glass column (2 nl x 0.4 mnl id) containing 3% 
OV-1 on Gas Chrom Q, injector port 180cC, oven 2502C, He 
carrier gas, flow 30 mLimin. Mass spectral conditions: glass 
jet separator, probe at 250°C, 70 eV; ionising energy, scan 
limits 60 to  500 amu. Mass spectra were obtained with a 
DuPont model 21-1 lOB double-focusing spectrometer used in 
the electrical detection mode; 8 kV accelerating voltage, 70 eV 
ionising energy. Accurate mass measurements were made by 
peak matching against a perfluorokerosene reference. 13C 
nuclear magnetic resonance spectra were recorded with a 
Varian XL 100,'15 Fourier transform spectrometer under the 
conditions already described (5). Sample concentration was 
5-15 mgimL in C2HC13. Ultraviolet and infrared absorption 
spectra were recorded with GCA McPherson Series 700 and 
Perkin-Elmer model 237 spectrophotometers respectively. 

Dunaliellu tertiolectn Butcher (15) was maintained in an  en- 
riched seawater medium containing (per L) N a N 0 3  850 mg, 
NaH,PO, 7.66 mg, P-I metals (16) 10 mL, EDTA (Na Salt) 
541 mg, ferric citrate 28.6 mg, MgS0,.7H20 116 mg, at 25°C 
with constant illumination. Cultures were transferred every 
two weeks. For production one to two week old cultures 
(100 niL) were added to the above medium (30 L) in a sterilised 
glass culture tank designed and constructed in this laboratory." 
The culture was grown aseptically at 25'C for five days with 

4M. V. Laycock and 9. L. C.  Wright, unpublished results. 

constant illumination (16 fluorescent tubes, 100 W) and pH 
was maintained at 7.6 by buffering with C 0 2 .  The cells were 
harvested by centrifugation, freeze dried (14 g), saponified 
under reflux in methanol:\vater (3:7) containing 10% KOH 
for 2 h and the lipid fraction extracted with ether to  yield a 
yellowish oil (286 mg.) Chromatography on a silica gel colunin 
(1.2 cni x 25 cm) using hexane and hexane-ether mixtures 
yielded a sterol fraction (35 mg) which by glc analysis showed 
peaks A, B, C, D, E, F, and G in the proportion I ,  27, 4, 15, 
37, 5, and 11. Chromatography of the sterol acetates (pyridine 
and acetic anhydride, 16 h) on a 25% silver nitrate - silica gel 
column eluted with hexane-benzene mixtures yielded a frac- 
tion which glc analysis showed to  contain five coniponents 
corresponding to peaks A, C, D, F ,  and G of the original mix- 
ture and another fraction with two components corresponding 
to peaks B and E of the original mixture. The gc-ms analysis 
gave the following data: m : e  (relative intensity) for peak B:  378 
(13), [M - 601,363 (6.6) [M - (60 + 15)], 355 (5) [ M  - 831, 
341 (5) [M - 971, 281 (30) [hl - (97 + 60)], 253 (23) 
[M - (125 + 60)]; peak E :  392 (15) [1M - GO], 377 (10) 
[M - (60 + l5)], 355 (5) [ M  - 971, 341 (6.6) [M - 1111, 
281 (31.6) [M - (1 11 + 60)], 253 (30) [ M  - (139 + 60)]. 
Accurate mass ~~ieasurement of the free sterol mixtur-e: peak B, 
396.3379 (MT, calculated for C,,H,,O, 396.3392): peak E, 
410.3545 ( M t ,  calculated for C,,H,,O, 410.3548); 392.3436 
(M - H 2 0 ,  calculated for C2,H,,, 392.3443); I,,, (EtOH) 
215.6, 271.6,282.2, 293.8 nm;  v ,,, (KBr disc) 3600-3100. 1450, 
1370, 1050, 1033, 965, and 830 c m ' .  
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Rkarrangement du squelette de la catharanthine. IV.' Nor-5 catharanthine et couplage 
avec la ~ indol ine .~  

RATREUAYIAINA 20 A~DRIAUIALISOA, NICOLE LANGLOIS, YVES LANGLOIS, PIERRE POTIER et 
PETER BLADON. Can. J .  Chern. 57.2572 (1979). 

La nor-5 catharanthine 3 est prCparCe B partir de la catharanthine 5. Le couplage du Nb-oxyde 
correspondant 10 avec la vindoline4, dans les conditions de la rCaction de Polonovski modifiCe, 
conduit a deux dimeres sans fragmentation du squelette. 

L'obtention de nor-5 desmCthoxycarbony1-16 catharanthine 20 par clivage d'un des produits 
de couplage (18) de la vindoline 4 et du N,-oxyde de desmCthoxycarbony1-16 catharanthine 17 
corrobore la structure 18 qui avait CtC assignie B ce dimere dans notre laboratoire. 

RATREMANIAINA ZO ANDRIAMIALISOA, NICOLE LAKCLOIS, YVES LANGLOIS, PIERRE POTIER, 
and PETER B L A D O ~ .  Can. . I .  Chern. 57.2572 (1979). 

5-Norcatharanthine 3 was prepared from catharanthine 5. The coupling of the corresponding 
N,-oxide 10 with vindoline 4, under modified Polonovski reaction conditions, led to two 
dimers without breaking the structural framework. 

The isolation of 5-nor-16-demethoxycarbonylcatharanthine 20 by cleavage of one of the 
coupling products (18) of vindoline 4 and the N,-oxide of 16-demethoxycarbonylcatharanthine 
17 corroborates the structure 18 which was assigned to this dimer by our laboratory. 

[Journal translation] 

L'application de la rCaction de Polonovski modi- 
fiCe (2) au Nb,-oxyde d9anhydrovinblastine l3 se 
traduit par une competition entre ]'elimination d'un 
proton en C21' et une fragmentation de la liaison 
C5'-C6' (3). Cette derni6re s'effectue avec partici- 
pation de I'atome d'azote indolique (N,,) et conduit, 
apr6s hydrolyse des intermidiaires, perte de formol 
et cyclisation (SchCma 1) a la nor-5' anhydrovin- 
blastine 2 (3). L'accks, par cette mtthode, a de 
nouveaux composCs bis-indoliques du type nor- 
vinblastine nous a incitCs A  tendr re aussi ces resultats 
2 la prCparation des dCrivCs nor d7alcaloIdes monoin- 
doliques. En particulier, il nous a semble intkressant 
d'obtenir la nor-5 catharanthine 3 et d'ttudier le 
couplage de ce nouveau compost avec la vindoline 4. 

Nous avons dCja montrC (4) que la chaine trypta- 
minique du N,-oxyde 6 de la catharanthine 5 et 
d'autres composCs du m&me type se fragmente dans 
les conditions de la reaction de Polonovski propre- 
ment dite (5) pour conduire, apris addition d'un 
nucleophile en C6 tel qu'un ion acCtate et cyclisation, 

'Pour partie 111 voir rtf. 1. 
'Ce travail est dedik B la memoire du Professeur R. H. F. 

Manske. 
3P. Mangeney. A paraitre. 

a des composCs tels que 8, comportant l'enchaine- 
ment N,-CH,-Nb (SchCma 2). 

Les essais d'hydrolyse du bis-immonium 7 im- 
pliquC dans cette reaction n'ont pas permis d'obtenir 
directement la nor-5 catharanthine 3. En effet, la 
cyclisation N, + C5 s'effectue plus facilement que 
l'addition d'un hydroxyle sur le carbone 5 suivie 
de perte de formol et seul le compost 9 est obtenu. 

Toutefois, des conditions acides plus Cnergiques 
(HC1 lo%, 110°C) provoquent rapidement la rCou- 
verture de ce cycle et la nor-5 catharanthine 3 
s'obtient alors avec 66% de rendement. I1 est possible 
que le bis-immonium 7 soit rCgCnCrt au cours de 
cette reaction avec participation de l'azote N, selon 
le SchCma 2, mais on ne peut pas exclure l'even- 
tualite d'une protonation de l'azote N, suivie de la 
participation de I'azote indolique qui conduirait au 
meme resultat. 

L'analyse spectrale de 3 prouve la structure in- 
diqute. En particulier, l'analyse en haute rCsolution 
de l'ion molCculaire M'. a mle 322.1634 en spec- 
tromitrie de masse (C,,H,,N,O,), I'identification 
de tous les signaux en rlnn du 'H a haut champ (6) 
et en rmn du I3C ou le diplacement chimique du C6 
se situe a 50.0 ppm (apparicine 6 C6 = 54.3 ppm (7)) 

0008-4042/79/192572-06$0 1 .00/0 
01979 National Research Council of Canada/Conseil national de recherches du Canada 
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et celui du C16 a 45.1 ppm (catharanthine 6 C16 - 
55.5 ppm (8, 9)). 

Le N,-oxyde de nor-5 catharanthine 10 en presence 
d'anhydride trifluoroacttique et de vindoline 4 (10) 
n'evolue que tres lentement a basse temptrature 
(-70°C). Si la m&me riaction est effectuie O0C, la 

3 4 vindoline 

formation de deux composes est dCtectCe en ccm 
avant l'addition de borohydrure de sodium, ce qui 

indique l'absence d'immonium en fin de rtaction. 
L'analyse des deux diineres obtenus permet de leur 
attribuer respectivement les structures 12 et 14, ce 
qui corrobore le fait prickdent. Le dimere 12 resulte 
de l'addition de la vindoline 4 sur l'immonium 11 
forme par elimination inhabituelle d'un des protons 
en C3 (Schema 3, I) comme en ttmoignent, en par- 
ticulier, la composition de l'ion a (3573 B m/e 
562.2890 en spectrometric de masse, et la presence 
d'un systeme AB attribuable a un methylene de type 
gramine dans le spectre de rmn du 'H. L'Climination 
d'un des protons en C6, en CY de I'indole, conduit a 
l'immonium 13, prkcurseur du dimere 14 (Schema 3, 
11). Pour ce composC Cgalement, le spectre de masse 
(composition de l'ion b (100%) a mle 668.2958) et le 
spectre de rmn du 'H (absence de systeme AB vers 

5 catharanthine 
6 5. N,-oxyde 
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C.AN. J .  CHEM. VOL. 5;. 1979 

0- ;~OCOCF~'  

(CF,CO)ZO 

vindoline 4 (V) 

COOCH3 COOCH, 

& 
COOCH; 

COOCH; 

4 ppm et presence d'un singulet d'un proton a 
5.58 ppm attribui a C6'-H) sont les plus carac- 
tCristiques. L'examen des n~odkles moli.culaires est 
en faveur des configurations respectives en 3' et 6' 
indiqukes stir les formules. 

Aucun dimere rksultant de la fragmentation 
C16-C21, majoritaire dans le cas du Nb-oxyde de 
catharanthine 6 (10, 11), n'a kt& observi.. Dans le 
compose 18, la rupture de cette liaison qui fait partie 
d'un cycle a 6 atomes est donc tres dCfavoris6e. 

Lors du couplage de la vindoline 4 et du N,-oxyde 
de catharanthine 6 dans les conditions de la reaction 
de Polonovski modifiee, la fragmentation decrite 
dans le Schema 2 constitue une rkaction secondaire 
(44,) conduisant au "dimi.re7' 15 (lob). Avec certains 
dPrivCs de 6 comme le N,-oxyde 17 de la desmC- 
thoxycarbonyl-16 catharanthine 16 (12), cette reaction 
est plus importante et le dimire 18 est obtenu avec 
un rendement d'environ 16% (13). Nous avons Ctabli 
sa structure par analyse spectrale (13, 14). Cette 

structure 18 est tres diffkrente de celle (19) assignCe 
par Kutney et collaborateurs, qui ont prkpark un 
dimere prksentant les m&mes caractCristiques en 
appliquant notre mCthode de couplage (11). Leur 
argument principal reposait notalnment sur l'identi- 
fication du produit obtenu par coupure en milieu 
acide 2 la desmCthoxycarbonyl-16 catharanthine 16. 

La possibilitk de fragmenter en milieu acide les 
composCs a enchainement -N,-CH,-Nb- tels 
que 8 et 9 (Schema 2) nous a conduits a reproduire 
l'experience de clivage du dimere 18 dans les condi- 
tions dkcrites par ces auteurs (11). Le seul compost 
indolique isolk de cette reaction s'est rCvClk diffkrent 
de 16 en ccm et ses donnees spectrales sont en accord 
avec la structure nor-5 desmCthoxycarbonylcatharan- 
thine 20. On observe en particulier dans le spectre 
de rmn du 'H enregistrk a 400 hfHz4 le systi.me AB 
engendrC par le mCthyline de type gramine (C6-H,) 

4S. K. Kan et a(. A paraitre. 
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a 4.44 et 4.1 1 ppm. Ceci corrobore la structure 18 
que nous avions attribuCe au dim6re prCcurseur. 

Contrairernent au Nh-oxyde de catharanthine 6, le 
Nh-oxqde de nor-5 catharanthine 10 ne subit pas de 
fragmentation Ci6-C21 dans les conditions de la 
riaction de Polonovski modifiCe en prisence de 
vindoline 4 inais on observe une compktition entre 
1'Climination d'un protoii en C3 et C6. Les deux 
dim6res obtenus seront soumis aux tests systkma- 
tiques pour Cvaluer leur sale Cventuel d'inhibiteur de 
polymerisation de la tubuline (15). 

Les points de fusion ont ete pris sur bloc Kofler et sont 
corriges. Les pouvoirs rotatoires ont kt6 mesures au moyen du 
polarimetre electronique Perkin-Elmer 141 MC. Les spectres 
ir (v cni-', CHCl,, szuf indication contraire) ont ete enregis- 
tres sur spectrornetre Perkin-Elmer 257, les spectres uv 
(EtOH, h , , ,  nm ( E ) )  sur appareil Bausch et Lonib Spectronic 
505 et les courbes de dc [EtOH, h,,, nrn (AE)] sur dichro- 
graphe Roussel-Jouan. Les spectres de rmn (sauf mention 
contraire dans CDCI,, avec le TMS comme indicateur interne 
6 = 0 ppm) ont Cte effectues, pour le 'I-1 sur appareils 1EF 
240 MHz (6) ou 400 MHz4 (les constantes de couplage sont 
exprirnees en Hz, Ies lettres s, d, t,  dd ct m disigncnt rcspcc- 
tivement les singulets, doublets, triplets, doublets de doublets 
et multiplets), et, pour le 13C sur appareil Briiker HX 90 E ou 
Carneca 250 MHz. Les spectres de masse ont ete erlregistres 
sur spectrographe AEI type MS 9, MS 50 ou MS 902. Les 
chromatographies sur couches epaisses (cce) ont ete effectuees 
avec le Kieselgel K F  254 + 366 Merck. 

Pripnration de In nor-5 cntl~nrcmthine 3 
A une solution de N,-oxyde de catharanthine (200 mg, 

0.57 mmol) prepare collime decrit (lob), dans 25 mL de 
chlorure de methylene see, niaintenue a 0°C sous atmosphere 
inerte, on ajoute 2.5 mL d'anhydride acetique. Le melange est 
agite a temperature ambiante pendant 1.5 h. Le solvant et 
I'exces de reactif sont evapores sous vide. Une solution du 
residu dans 40 mL d'acide chlorhydrique aqueux a 10% est 
ensuite chauffee sous argon a llOpC pendant 10 min. Le 
milieu reactionnel refroidi a OcC est alcalinist par N H 4 0 H  
concentree et extrait par du chloroforme. Apres sechage 
(Na2S04) et evaporation du solvant sous pression reduite 
(traiten~ents habituels), on obtient la nor-5 catharanthine 3 

(180 nlg) qui est purifiee par cce de silice (eluant: acetate 
d'ethyle, cuve saturee de NH,), 120 mg (66%); [a], 0' (c 
0.69, CHCl,); chlorhydrate [Y], -17" (c 0.63, CH,OH): ir: 
3400, 2950, 1730 em-'; uv (CH,OH): 228(34 000), 276(ep 
10 goo), 284(11 OOO), 291(9700); uv (CH,OH-HC1): 224- 
(31 800), 260(12 100), 272(ep 11 6001, 288(9500): dc (CH,OH): 
230 (i 1.5), 275 (+ 1.1); sm pies a m,'e (j7,): 322.1634 (331, 
C2,H22NZOz calc.: 322.1629; 214(100); 154.0659 (42), 
C, ,HsN calc. : 154.0659; 131.0740 (13), C,H,N calc. : 
131.0741; 121.0911 (3), CsHl lN calc.: 121.0913; 109.0891 
(571, C7Hl lN calc.: 109.0891; 108.0819 (51), C,HION calc.: 
108.0820. Les donnees rmn ~ L I  'H  (attributions apres ex- 
periences de double irradiation) 6 :  8.16 (s, 1H, N,-H), 
7.32-6.90 (m, 4H, aromatiques), 5.93 (m, IH, CIS-H), 
4.21 (d, IH, J ,,,, , = 15, C6-H,), 3.89 (d, 1H, J, ,,,, = 15, 
C6-H,), 3.70 (s, lH ,  C21-H), 3.69 (s, 3H, C02CH3), 3.00 
(dd tlargi par couplage en W, lH ,  J,,,,, = 8 et J,,,,, = 3, 
C3-Ha), 2.53 (m, lH ,  C14-H), 2.40 (d, IH, J3a,3b = 8, 
C3--H,), 2.3 1 (m, 2H, C19-H), 2.06 (dd elargi par. couplage 
en W, J17a,17b = 12.5, C17-Ha), 1.82 (dd, J1,a,17b = 12.5 et 
J 1 4 , , 7 ,  = 2.5, C17-Hb), 1.09 (t, 3H, J I 8 , 1 9  = 7.5, C18-H); 
rmn du 13C 13: 175.0 (C=O), 148.2 (C20), 136.7 et 136.2 (C2 
et C13), 126.6 (C8), 124.6 (CIS), 122.2, 119.8 et 118.5 (C10, 
C l l  et C9), 111.2 (C12), 105.2 (C7), 58.8 (C211, 52.4 (OCH,), 
50.0 et 48.8 (C6 et C3), 45.2 (Clb), 39.2 (C17), 30.1 (C14), 
26.7 (C19), 11.0 (C18). 

Il:b-o.~yr/e de nor-5 cafhnrnrztkine I 0  
A une solution de nor-5 catharanthine 3 (481ng, 0.15 nlmol) 

dans du chlorure de methylene anhydre (2 mL) mainte~lue 
sous argon, on ajoute a O'C et sous agitation 30 n ~ g  (0.17 
mmol) d'acide m-chloroperbenzolque. Apres 5 min d'agita- 
tion B O'C, le rnilieu reactionnel est alcalinise par une solution 
aqueuse de Na,CO, a lo%, puis extrait par du chloroforme. 
Apres traitenients habituels, le N-oxyde de nor-5 catharanthine 
10 est purifie par cce de silice (eluant: chloroforme-methanol 
94:6, sat. NH,), on isole 31 nlg (rdt 62%) de N,-oxyde 10. 

Infrarouge: 3400,2950, 1740cn1-I; uv: 225,276, 286, 292; 
inchange en rnilieu acide: sm tnle: 338 (M-.),  322, 294, 234, 
214 (loo%), 158, 154, 130, 109, 108; rmn du ' H  (Varian 
60 MHz) 6 :  9.10 (s, lH,  Ka-H), 7.53-7.0 (m, 4H aromatiques), 
6.33 (m, IH, Cl  5-H), 4.83 (m, 2H, C6-H), 4.50 (s elargi, 
lH ,  C21-H), 3.80 (s, 3H, CO2CH,), 1.13 (t, 3H, J = 7.0, 
Cl8-H). 

Coupluge clu iV,-o,~ju~'rle de no1.-5 cclrhar~~i~thine I 0  cxec In 
vindoline 4 

A une solution de N,-oxyde 10 (310 mg, 0.92 mmol) et de 
vindoline 4 (450 mg, 0.98 mmol) dans du CH,C12 anhydre 
(2.5 mL) maintenue sous argon a OcC, on ajoute, sous agita- 
tion, l'anhydride trifluoroacetique (0.345 mL, 2.4 mmol). Le 
melange est agite a O'C pendant 45 min, puis le solvant et 
l'exces d'anhydride sont Cvapores sous vide. Le residu en 
solution dans du methanol (20 n1L) est reduit par un exces de 
NaBH,. Apres 10 niin, 1e milieu reactionnel est dilue par de 
l'eau distillee et extrait par du chloroforme. Apres traitements 
habituels, on obtient 700mg de residu qui est chromato- 
graphie sur cce de silice (eluant: acetate d'ethyle - methanol 
99.25:0.75, 2 migrations de 20 em). On isole le dimere 12 
(200 mg, 0.25 mmol, rdt 28%), la vindoline 4 (200 mg, 4479, 
la nor-5 catharanthine 3 (40 mg, 13%) et le dimere 14 (160 mg, 
rdt 23%). 

DirnPre 12 f~indolin,vl-3' nor-5 catl~nrnntlz~ne) 
Ce dimere presente les caracteristiques suivantes: [?ID 

t 8 0 -  (c 0.62, CHCI,); ir: 3450, 2950, 1750cm-'; uv: 225 
(53 400), 258 (17 200), 286 (10 7001, 293 (10 800) et 307 
(inflexion); milieu acide: 262 (20 800), 281 (10 800), 288 
(10 800) et 308 (6500); dc: 205 ( -4 .9 ,  225 (+3.8), 255 (+3.8) 
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et 305 (+ 1.2); sm m!e (%): 776.3756 (loo), C,5H52N408 calc.: 
776.3785; 616.3381 (5), C39H44N403 calc.: 616.3413; 563.2941 
(23), C3ZH41N306calc. : 563.2995; 562.2890 (39,  C,ZH40N,06 
calc.: 562.2917; 282.1352 (51, C,,H,,NO, calc.: 282.1341; 
214.0858 (7), Cl3H1,NO2 calc.: 214.0868; 135.1074 (6), 
C,H,,Ncalc.: 135.1048; 122.1015(3), C8H1,Ncalc.: 122.0970. 
Les donnees rmn du 'H 6 :  9.74 (s large, lH ,  C16-OH), 
8.35 (s, l H ,  N,,-H), 7.35 (2H aromatiques), 7.24 (s, IH, 
C9-H), 7.2-7.0 (2H aromatiques), 5.97 (s, 1H, Cl2-H), 
5.85 (dd, lH ,  J14,15 = 10 et J,,,, = 3, C14-H), 5.66 (d, 
IH ,  J14' ,15 '  = 7.5, C15'-H), 5.45 (s, lH ,  C17-H), 5.25 (d, 
f H ,  J14,15 = 10, CIS-H), 4.07 (d, f H ,  Js,,,srb = 15, 
C6'-H,), 3.87 (s, lH,  C2I'-H), 3.79 et 3.75 (2s, 6H, OCH,), 
3.72 (s: lH ,  C2-H), 3.68 (s, 3H, OCH, +- d, IH, J,,,,,,b = 15, 
C6'-H,), 2.75 (s, lH ,  C21-H), 2.68 (s, 3H, N,-CH,, (2.10 
(s, 3H, 0COCH3), 1.80 (q, 2H,J18,,19, = 7.5, C19'-H), 1.16 
(t, 3H, J I 8 , , 1 q ,  = 7.5, C18'-H), 0.60 (t, 3H, J18 ,19  = 7, 
C18-H); rrnn du 13C 6 :  174.9 (C16'-COOCH,), 172.9 et 
170.7 (OCOCH, et C16-C0,CH3), 158.0 (Cl l ) ,  152.4 (C13), 
147.8 (C20'), 136.7 et 135.1 (C2' et C13', 131.0 (C15), 127.0 
(CS'), 124.5, 123.2 et 123.1 (C15', C9, C10, C8 et C14), 121.9 
(CIO'), 119.6 et 118.5 (C11' et C9'), 111.0 (C12'), 105.9 (C7'), 
92.7 (C12), 83.9 (C2), 79.0 (C16), 77.0 (C17), 67.2 (C21j, 59.7 
(C21'), 56.9 (C3'), 55.3 (C11-OCH,), 53.2-51.1 (C7, C3, C5 
et 2C02CH,), 47.3 (Cb'), 44.4 (C16'), 44.2 (C6), 43.2 (C20), 
40.0 (C17'), 38.9 (N,-CH,), 36.1 iC14'), 31.0 et 27.3 (C19 et 
C19'), 21.0 (COCH,), 12.7 (C18'), 7.5 (C18). 

Din12re 14 icindolinyl-6' nor-5' cotharanthine) 
Ce dimere presente les caracteristiques suivantes: [?,I -21" 

(c 0.56, CHCI,); ir :  3400, 2950, 1740 cm- ' ;  uv: 223(70 000), 
263(26 600), 275(18 400), 283(17 000), 298(7700); milieu acide: 
221(77 600), 272(32 000), 281(20 000), 299(11 600); dc: 
205(- 60.1), 220(+ 60.0), 260(+ 18.7), 295(-7.5) et 300($1.9); 
sm m/e ( X I :  776.3770(7), C45H52N408 calc.: 776.3785; 
668.2958(100), C38H4,N308 calc.: 668.2972; 617.3473(4), 
C39H45N103 calc.: 617.3491; 616.3377(3), C,,H4,N40, calc.: 
616.3413; 282.1344(23), C,,H,,NO, calc.: 282.1341 ; 135.1047- 
(23), CgH13N calc. : 135.1048; 122.0970(8), C8Hl,N calc. : 
122.0970; 121.0901(7), CsHl lN calc.: 121.0891 ; 107.0740(18), 
C,H,N calc. : 107.0735. Les donnees rmn du 'H :  9.62 (s large, 
1H,Cl6-OH), 8.31 (s, IH, N,,-H), 7.29 (d, lH ,  J = 7.5 aro- 
matique), 7.05 (2H aromatiques), 6.89 (dd, IH,  J = 7.5 aroma- 
tique), 6.52 (s, lH ,  C9-H), 6.15 (s, lH ,  C12-H), 6.00 (d, 
l H ,  J14 ' ,15 '  = 7.5, C15'-H), 5.70 (dd, lH ,  J14,15 = 10 et 
J 3 , 1 4 =  3, C14-H), 5.58 (s, IH, C6'-H), 5.35 (s, lH ,  
C17-H), 5.17 (d, lH ,  J14.15 = 10, CIS-H), 3.95 (s, 3H, 
OCH,), 3.82 (s, IH, C21'-H), 3.75 (s, 6H, OCH,), 3.69 (s, 
IH,  C2-H), 2.71 (s, 3H, N,-CH,), 2.05 (s, 3H, OCOCH,), 
0.88 (t, 3H, J =  7.5, C18'-H) et -0.35 (t, 3H, J =  7.5, 
C18-H); rrnn du I3C 6 :  174.9 (C16'-C02CH3), 172.9 
(OCOCH,), 170.6 (C16-C02CH,), 158.1 et 151.9 (C11 et 
C13), 146.1 (CZO'), 136.2 (C2' ou C13'), 130.9 (C15), 126.1 
(C8'), 125.7, 123.8, 123.2 et 122.2 (CIS', C14, C9 et ClO), 
122.7 (C8), 120.0, 119.5 (ClO', C11' et C9'), 111.1 et 110.6 
(C7' et C12'), 94.7 (C12), 83.6 (C2), 80.0 (C16), 77.7 (C17), 
66.0 (C21), 56.7 (C11-OCH,), 55.3 (attribue a C21'), 54-50 
(C6', C7, 2 CO,CH,, C3, C5 et C3'), 45.4 (C16'), 44.6 (C6), 
43.0 (C20), 38.8 (C17' et N,-CH,), 30.8 (C14'), 30.6 et 26.9 
(C19 et C19'), 21.1 (COCH,), 10.9 (C18') et 6.8 (C18). 

DesmCthoxycarbonyl-16 catharanthine 16 
une solution d'acide catharanthinique (350 mg, 1.09 mmol 

prepark quantitativement a partir de 5 (3, 13)) dans de l'acide 
trifluoroacetique (30 mL) est agitee sous argon a temperature 
ordinaire pendant 30 min. Apres evaporation sous pression re- 
duite a la m&me temperature et alcalinisation par une solution 
aqueuse de Na,CO,, la desmCthoxycarbony1-16 catharan- 

thine 16 est extraite par du chloroforme et purifiCe par cce de 
silice (eluant ether-cyclohexane-methanol 70: 20: 10). On 
obtient 273 mg de desrnCthoxycarbony1-16 catharanthine 16 
(rdt 90%) deja connue (12). 

Infrarouge: absence de carbonyle; uv: 228(16 500), 
284(7500), 292(5700); dc(CH;OH): 230 (+1.4), 240(-3.1), 
305 (-0.2); sm m/e: 278, 170, 156, 143, 135(100Y,), 122, 121, 
107; rrnn du 'H 6: 7.80 (s, lH ,  N,-H), 7.4-7.0 (aromatiques), 
5.80(dlarge, lH,J ,4 ,15 = 8,CIS-H),3.17(rn, 1H,C21-H), 
2.14 (m, 2H, C19-H), 1.87 (m, 1H, C16-H), 0.90 it, 3H, 
J18,19 = 7, C18-H); rrnn du 13C (13). 

DimSue 18 
Le dimere 18, prepare comme decrit (11, 13, 14) presente 

les caracteristiques suivantes: [ale -26" (c 0.33); ir :  1745, 
1620cm-'; uv: 214 (45 200), 222 (epaulement 36 700), 254 
(13 000), 286 (9000), 295 (8500), 304 (epaulement 7000); dc: 
250 (+16.9), 295 (f 0.2), 305 ($0.4); sm pics a m/e: 732 
(M-, ) ,  673, 672, 624, 573, 571, 465, 464, 357, 343, 324, 282, 
178, 135 (pic de base), 122, 121; rmn du 'H (240 MHz) 6: 
7.43-7.03 (m, 4H aromatiques), 6.53 (s, IH, C9-H), 6.12 
(s + m, 2H, C12-H et C15'-H), 5.82 (dd, lH ,  J14,15 = 10 
et J3,14 = 3.5, C14-H), 5.40 (s, lH ,  C17-H), 5.20 (d, lH ,  
J14,15 = 10, C15-H), 5.18 (d, lH ,  JAB = 12.8, C5'-Ha), 
4.94 (d, IH, JAB = 12.8, C5'-Hb), 3.90 et 3.80 (2s, 6H, 
C11-OCH,) et C16-C02CH3), 2.71 (s, 3H, N,-CH,), 
2.11 (s, 3H, OCOCH,), 1.13 (t, 3H, J18,,,,. = 7, C18'-H), 
0.27 (t, 3H, J18,19 = 7, C18-H). 

Clit'nge du dimPre 18 
Le dimere 18 (60 mg, 0.08 mmol) est traite par de l'acide 

chlorhydrique a 10% en presence d'etain et de chlorure 
d'etain cornme decrit (1 1). 

La separation des produits obtenus par cce de silice (acetate 
d'ethyle - methanol 96:4, cuve saturee de NH,) permet 
d'isoler, a cat6 de vindoline 4, de son derive desacetyle, de 
dimere 18 qui n'a pas rkagi et de produits pola~res, la nor-5 
desmethoxycarbonyl-16 catharanthine 20 (10 mg, 46%). 

Infrarouge: 3400, 2950; uv (CH,OH): 228, 276, 282, 290; 
sm mle: 264, 182, 156 (loo), 154, 149, 139, 110, 108; rrnn du 
' H  (400 MHz) 6: 8.15 (m, l H ,  N,-H), 7.4-7.0 (m, 4H 
aromatiques), 6.15 (d Clargi, IH, J ,,,,, - 5, C15-H), 4.44 
(d, 1H, Js,,,,= 15, C6-Ha), 4.11 (d, 1H, J ~ a , . 5 b =  15, 
C6-Hb), 1.10 (t, 3H, J l s , l g  = 7, C18-H). 
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Polar radicals XIIP. A reinvestigation of the polar effects reported for the hydrogen 
transfer reactions of the 1-ethylpentyll radical 

D ~ \ N I S  D T X \ N E R .  RUBERTO HELRIQUEZ and DAR\ \ I \  U' R E ~ D  Can J Chem 57. 2578 
( 1979) 

The relative kinetics obtained from the decomposition products of tert-butyl-2-ethylper- 
hexanoate, BEPH, (0.1 lW) in lnixtures of toluene and carbon tetrachloride were reinvestigated. 
RelatiIe reactivities calculated from the ratios of heptane to 3-chloroheptane formed from 
BEPH decon~positions in a varicty of substituted toluenes, with added carbon tetrachloride, 
gave a si~nilar Harnmett correlation to that previously reported, but with a rather poor cor- 
relation coefficient (r = 0.88, p = 0.68). 

From a material balance of the products formed it was determined that very few if any of the 
I-ethylpentyl radicals formed ultimately abstract a benzylic hydrogen from toluene or a sub- 
stituted toluene. The small amounts of heptane found (<0.7%) at any of the kinetically 
rnea~lingful ratios of substrates, ArCH,,CCI, 2.1 to 16.3, could have potentially arisen from 
radical disproportionation. No appreciable amount of aromatic substitution product could be 
detected under these conditions. 

Decon~positions of BEPH carried out in neat toluene only yielded small amounts (-0.4%) 
of addition product; however, the absolute amounts of heptane produced in reactions run in 
11-cyanotoluene were less than those formed in reactions carried out in toluene. These observa- 
tions do not argue strongly for the authenticity of a relatively large positive p value (previously 
reported, +0.7) arising either from benzylic abstraction, or fro111 addition to the aromatic ring. 

D L ~ N I S  D TA\NER.  RORFRTO H L ~ R I Q L F Z  et DI\R\\IY U R t t ~  Cdn J Chem 57 2578 
( 1979) 

On a etudie les cinetiques relatives a pal-tir des produits de decomposition de I'ethyl-2 
perhexanoate de tert-butyle, EPHB (0.1 IM) ,  dans des melanges de toluene et de tCtrachlorure 
de carbone. Les reactivites relatives calculCes a partir des rapports d'heptane: chloro-3 heptane 
forlnes par decomposition de EPHB dans des toluenes substitues auxquels on a ajoute du 
tetrachlorure de carbone conduisent a des correlations de Hammett semblables a celles rap- 
portees anterieurenlent; le coefficient de correlation est toutefois mediocre ( r  = 0.88, p = 0.68). 

En se basant sur un bilan ponderal des produits formes, on peut determiner que les radicaux 
ethyl-1 pentyles fornles n'enlevent que peu d'hydrogenes benz>liques du toluene ou des 
toluenes substitues. Les faibles quantites de pentane trouvees (< 0 .7z )  a tous les rappol-ts de 
substrat presentant une signification cinetique ArCH3,CC1,: 2.1 a 16.3, pourraient pro\enir 
d'une dismutation du radical. Dans ces conditions on n'a pas pu detecter des quantites appre- 
ciable~ de produits de substitution aromatique. 

Les decompositions du EPHB effectuees dans le toluene pur ne conduisent qu'a de faibles 
quantites, - 0 .4z ,  de prociuit d'addition; toutefois les quantites absolucs d'heptane produites 
lors de reactions effectuees dans leg-cyanotoluene sont plus faibles que celles obtenues lorsque 
les reactions sont effectuees dans le toluene. Ces observations ne correspondent pas beaucoup 
a une valeur de p relativement ires positive (rapportee anterieurement a + 0.7) provenant soit 
de l'enlevernent benzylique ou d'une addition au noyau aromatique. 

[Traduit par le journal] 

Introduction Zavitsas and Pinto (2). These authors suggested that 

~ ~ b ~ t i t ~ ~ ~ ~ t  effects observed in the hydrogen polar effects were unnecessary considerations in 

transfer of substituted toluenes have gen- rationalizing the relative rates of these reactions, 

erall!: been explained as arising fro111 the contribution but that the effects observed could be explained solely 
of dipolar structures to the stabilities of the transition on the basis of the effect of the substituent On the 

states for these reactions, i.e., polar effects (1). bond dissociation energy of the benzylic carbon- 

Several years ago an interesting alternative pro- hydrogel1 bond. Since a large number of radical 

posal for these substiruent effects was proposed by abstraction reactions from substituted toluenes had 
been shown to have negative Hammett p values, it 

'For Part XII, see ref. 11. followed from their proposal that only negative p 
ZPostdoctoral Fellow, University of Alberta, 1977-1978. values could be obtained from these abstraction 

0008-40421791192578-07SO 1.0010 
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reactions since the nature of the abstracting species 
could not affect the ordering of the bond dissociation 
energies. 

Evidence against the Zavitsas proposal was sub- 
sequently reported (3, 4), but the most convincing 
arguments against these ideas were the publication 
of the positive p values obtained from the kinetic 
studies of a number of alkyl radicals, undecyl (5, 6) 
(p, +0.5), isopropyl (7) (p, f 0.8), 1-ethylpentyl (8) 
(p, + 0.7), and tert-butyl (7, 9) (p, + 1.0), generated 
in the presence of a series of substituted toluenes. 
The validity of the reported p value for the primary 
undecyl radical has been seriously questioned by 
Zavitsas (10). In a reinvestigation of the p value ob- 
tained for the tert-butyl radical, the p value pre- 
viously reported was shown to be an artifact of a 
competing reaction, cage disproportionation, since 
the production of the isobutane formed from the 
radicals was governed by the viscosity of the toluene 
(solvent) in which the radical source, 2,2'-azoisobu- 
tane, was decomposed (1 1). 

In  order to substantiate whether any authentic 
positive p values have been determined for alkyl 
radicals it has become necessary to reinvestigate the 
reaction previously reported for the two still unchal- 
lenged, secondary radicals. The study of the iso- 
propyl radical (7) was carried out in a manner similar 
to that for tert-butyl, and its reactions are presently 
being reinvestigated. The results of the reinvestiga- 
tion of the 1-ethylpentyl radical is the subject of this 
report. 

The method used by the previous author was to 
generate the I-ethylpentyl radical (R.) by the ther- 
molysis, at 8O0C, of tert-butyl-2-ethylperhexanoate 
(BEPH) in a mixture of a toluene (QH) and carbon 
tetrachloride (8). 

Perester -, R. and other products 
k ,  

R. + QH-+RH + Q. 

ceivably have been used must have been quite 
limited. When the BEPH decompositions were 
carried out in substrate mixtures hav~ng ratios of 
[QH]/ [CCl,] of 2.13 (QH, toluene) very little hep- 
tane, < 0 . 5 z ,  could be detected ([RH]/[RCl], 
8.3 x wh~le at a larger [QH]/[CCI,] ratio, 
16.3, the vdlue of [RH]/[RCl] that was determined, 
11.0 x did not appear to change appreciably 
from those obtained at the loner ratio. Even at the 
larger ratio only 0.75% of heptane (RH) mas formed 
during a typical decomposition carried out in toluene 
and carbon tetrachloride (0.5 M), see Table 1. 

At the larger [QH]/[CCl,] ratio, 16.3, a material 
balance was obtained (QH, toluene) wh~ch accounted 
for 98-f the products resulting from the BEPH 
decomposition, see Table 1. 

The small values of [RH]/[RCl] found in the 
perester decompositions were expected and are pre- 
dictable, slnce the competitive abstraction reactions 
of 1-hexyl radicals from substrate mixtures of toluene 
and carbon tetrachloride had previously been re- 
ported by DeTar and Wells (12). These authors car- 
ried out the decomposition reactions of n-heptanoyl 
peroxide in nlixtures of toluene and carbon tetra- 
chloride, [QH]/ [CCI,], ranging from 4.17-0.265 and 
found, for the less selective primary 1-hexyl radical, 
values of [RH]/[RCl] of from 59 x to 25 x 

From these values the relative rates of transfer 
between toluene and carbon tetrachloride, kH/k,,, 
could be approximated, after an estimated correction 
for cage disproportionation had been applied, to be 
6 x l o p 2  + 10'. The smaller values obtained for the 
more selective 1-ethylpentyl radical, 6.6 x lo-,, are 
not unreasonable in light of the small value pre- 
viously reported for the I-hexyl radical. 

Reactions carried out at the higher [QH]/[CCl,] 
ratio, 16.3, with a variety of QH solvents gave simi- 

TABLE 1. Products from the thermolysis of BEPH (0.1 M) in 
toluene and 0.52 M carbon tetrachloride, 803C (starting 

material BEPH (186 nlillol x lo3, 9.30 x M ) )  

The values for k,/k,, were obtained from plots of Yield 

[RH]/[RCl] vs. [QH]/[CCl,] and from these values, Products (mmol x lo3) (%) 

assuming that kc, is constant with different QH carbon dioxide 184 (98.8) 
toluenes, the relative values of kH/kHo could be deter- Heptane 1 . 4  ( 0.75) 
mined. The method assumes that the only source 2-Heptene 6 . 0  ( 3.2) 

of R H  is from abstraction by the 1-ethylpentyl rad- 
~ ; ! ? ~ ~ ~ ~ ~ ~ e p t a n e  

6.7 ( 3.6) 

ical (R.) from a substrate toluene. 129.0 (69.4) 
3-tert-Butoxyheptane 38.8 (20.9) 

Results and Discussion tert-Butyl alcohol 144 0 (77 4) 
Bibenzyl 84 0 

Although Henderson did not report the [QH]/ Chloroform 136 o 
[CCI,] ratios used in his kinetic studies (8) it became Benzyl chloride 14.5 
immediately apparent, upon the repetition of the fra'25-St11bene 2 3 

1 ,l,l-Tr~chloro-2-phenliethane reported reactions, that the range that could con- 32 8 
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larly small ratios of [RH]/[RCl], 11 x 10-j to 
23 x lop3,  over the entire range of substrates pre- 
viously used by Henderson (substituted toluenes 
with o values of - 0.17 to 0.63) (8) (see Table 2). The 
yield of heptane in these reactions ranged from 0.75- 
1.4%. The relative rates calculated from the [RH]/ 
[RCI] ratios obtained from these reactions, although 
very reproducible, gave a poor fit to the Hammett 
equation, p = 0.56, r = 0.88 (see Table 3). 

The Hammett parameters, however, are quite simi- 
lar to those reported by Henderson (8), p = 0.70 + 
0.09 (r = 0.94). The supposition that the heptane 
was produced solely by radical abstraction from 
toluene must be questioned since accompanying the 
heptane were three products arising from hydrogen 
transfer reactions, 2-heptene, 3-heptene, and a sub- 
stituted stilbene. The ratio of olefinic products to 
heptane in the reaction run in toluene was 10.7 (see 
Table 1). Similar values, > 7.2-12.8, were obtained 
for the reactions run in the other substrates; amounts 
of substituted stilbenes were not included in these 
calculations, as only stilbene itself was determined 
quantitatively (see Table 2). 

An average material balance of 99 & 2 z  was ob- 
tained for the radicals produced from the decomposi- 
tion of the BEPH in all solvents. 

From an analysis of the products formed from the 
decomposition of BEPH in the toluene-carbon 
tetrachloride mixture a reasonable picture can be 
formulated for the decomposition of the perester and 
for the subsequent reactions of its radical products. 

A plethora of reactions must be considered due to 
the complexity of the reaction mixture (see Fig. 1). 
The formation of heptane by disproportionation as 
well as abstraction, need be considered (see reactions 
[12]-[14]); however, heptane's disproportionation 
partner, heptene (reaction [14]), cannot only be 
formed external to the solvent cage (reactions [I41 
and [15]) but within the solvent cage (reaction [2]). 
In order to establish the potentiality of dispropor- 
tionation (reaction [14]) as a source of the small 

TABLE 3. Relative rates of reaction for BEPH decom- 
positions in various substituted toluenes, .QH 

QH k~/kc , '  ~ H / ~ H O  

Toluene 3 . 6 6 ~  1 0 - 4 i 0 . 0 6  1  
p-Methyltoluene 5.18 x 10-" i0 .32  1.42 
m-Methyltoluene 4.05 x i 0.09 1.11 
p-Chlorotoluene 7.79 x lo-" + 0.09 2.13 
m-Chlorotoluene 6.98 x i 0.19 1.91 
p-Cyanotoluene 11.9 x 10-4+0.  1  3.25 

p =0.66; r. =0.88;  S,. ,  =0.102 

#Average values from duplicate experiments. The errors listed are 
average deviations from the mean value. 
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T A N V E R  ET AL. 258 1 

602-0+ C02. + ArCH=CHAr t (/\/\/\ or CHCI, or +OH) 

[ 3 ]  + ArCH, + +OH + ArCH, 

5 1 

[ 6 ]  ArCH, + CCI, -+ .4rCHzCI + .CCI, 

3 7 

171 ArCH, + . CCI, -+ .4rCHf + HCCI, 

5 2 

191 ArCH,. + . CCI, --t ArCH2CCI, 

9 

+ (/\/\/\ or CHCI, or +OH) + A I - C H ~ ~ H A I  

4 u 2 1 

amounts of heptane, the cage yield of heptene (and 
conceivably heptane) was examined. Since carbon 
tetrachloride appears to be such a good transfer 
agent, decompositions carried out in pure carbon 
tetrachlos~de should scavenge a large fraction of the 
radicals )%hich escape cage reaction. As expected 
only traces, 1.4 x 10-3x,  of 2- and 3-heptene and 
heptane, 6 x 10-'41,, were formed ahen  the decom- 
pos~tson of BEPH (0.1 M) was carried out in pure 
carbon tetrachloride. It 1s clear from these results 
that a major amount (> 90%) of the 2- and 3-heptene 
as well as the cis- and trans-stilbenes found in the 
kinetic runs were formed external to the solvent cage 
by radical disproportionation and, therefore, could 
act as potential sources of hydrogen for the forma- 
tion of heptane. 

Another potential hydrogen donor that need be 
considered is the cyclohexadienyl radical resulting 
from the addition of the 1-ethylpentyl radical to the 
aromatic ring. Since homolytic aromatic substitution 
has been suggested to be the genesis of the positive p 
value observed is1 the reactions of undecyl radicals 
with a series of substituted toluenes (lo), it became 
necessary to obtain an estimate of the relative 
bimolecular rate constants, k,,lk,,, for the reactions 
of 1-ethylpentyl radicals with toluene. When the de- 
composition of BEPH (0.1 11.1) was carried out in neat 
toluene both the products of addit~on and abstrac- 
tlon bere obtained; houever, the yseld of addillon 
products b a s  found to be negligible, about 0.4%, 
compared to the heptane ( 6 3 5 )  produced (see Table 
4). The ratio of the yield of addition products to hep- 
tane was therefore calculated to  be 6 x and 
k,,/k,, must be comewhere betueen 6 x l o w 3  and 
8 x l W 3  (after a correction for possible dispropor- 
tionation to form olefins (see Table 4)). It was ob- 
vious from these small values for the relative rates of 
addition vs. abst ract io~ that for the reactions carried 
out in carbon tetrachloride and toluene, which 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



FIG. 1. Glc chromatogram and peak assignments for the reaction mixture from the therniolysis (80'C) of BEPH (0.1 hf) 
in a mixture of toluene and carbon tetrachloride (0.5 M). The chromatogram was obtained using the SE-30 column, while 
the insert portion (A) was obtained using the Carbowax 400 column. 1, rerf-Butanol; 2 ,  chloroform; 3, carbon tetrachlo- 
ride; 4u, heptane; 40, 2-heptene; 4c, 3-heptene; 4d, -; 5, toluene; 6, 3-chloroheptane; 7, benzyl chloride; 8, tert-butyl-3- 
heptyl ether; 9, I,l,l-trichloro-2-phenylethane; 10, 3-benzylheptane; 11, bibenzll; 12, I-stilbene. 

showed so little abstraction, no detectable amount of 
addition would be found. 

When BEPH (0.1 IM) was thermolyzed (80°C) in 
neat p-cyanotoluene the absolute amount of heptane 
(40.8;) formed in the BEPH decompositions carried 
out in the supposedly more hydrogen donating sol- 
vent, p-cyanotoluene, was less than 213 that formed 
when the decomposition was carried out in toluene 

TABLE 4. Products from the thermol>sis (80 C )  of BEPH 
(0.1 M) in toluene 

Yield 
Products (mol/mol BEPH)" 01 1 0  

Heptane 0.632k0.035 63.2  
2- and 3-Heptene 0 .11210.004 11.2  
I-(3-Hepty1)-3- 

and -4-methylbenzene 0 .004 i0 .001  0 . 4  
3-tert-Butoxyheptane 0 .056 t0 .011  5 . 6  
Bibellsyl 0.52810.022 
terf-Butyl alcohol 0.791k0.009 79.1 
3-Benzylheptane 0 .124 i0 .001  12.4 

"Errors are average deviations from the mean \slues for duplicate 
experiments. 

Toluene (or a substituted toluene) as a donor of 
benzylic hydrogen appears to compete quite poorly 
with carbon tetrachloride, as a transfer reagent, at all 
practical concentrations, for reaction with secondary 
alkyl radicals. Kinetic methods based on these com- 
petitive rates have very little possibility of being 
definitive since other sources of hydrogen, kinetically 
more favorable, are available to the alkyl radicals. 
In kinetic runs the formation of disproportionation 
products, olefins, far outweighs the heptane pro- 
duced. The olefinic products produced in the reaction 
were shown to be formed, primarily, external to the 
solvent cage, and thus their precursor radicals are 
established as a potential source of hydrogen for the 
formation of heptane. 

Decompositions of BEPH carried out in pure 
toluene demonstrated that addition to  the aromatic 
ring is negligibly competitive with benzylic abstrac- 
tion. Addition products only accounted for the reac- 
tion of ca. 0.4% of the 1-ethylpentyl radicals that 
were produced, while the absolute amount of heptane 
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produced in the reaction was less for the reactions 
run in y-cyanotoluene than the reactions carried out 
in toluene. These observations do not argue strongly 
for a relatively large, p = +0.7, positive p value 
caused either from benzylic abstraction (8), or from 
addition to the aromatic ring (10). 

A calculation of the relative rates of reaction of the 
substituted toluenes obtained using the competitive 
method of Henderson (8) gave relative rate constants 

\ , L  

which showed a poor correlation kvith their Ha~nrnett  
substitution constants ( I .  = 0.88, p = +0.66). Since 
under the niost favorable conditions the yield of 
heptane amounts to only from <0.5-0.75% of the 
3-ethylpentyl radicals produced, and since under 
these reaction conditions it was not experimentally 
possible to determine the genesis of this shal l  amount 
of heptane, the nucleophilicity (8) or electrophilicity 
(10) of a secondary alkyl radical has not as yet been 
experimentally demonstrated. 

Experimental 
ilfatevials 

Toluene and p-xylene (Phillips 66, research grade, > 99.9%) 
were used without further purification. nr-Xrlene and m-chlo- 
rotoluene (Eastmaa chemical Co.) were fractionally distilled 
(24 in. teflon spinning band column) before use. p-Cyano- 
toluene and p-chlorotoluene (Aldrich Chemical Co.) were 
purified by repeated low temperature fractional recrystalliza- 
tion followed by fractional distillation, using a 24 in. teflon 
spinning band colun~n. Carbon tetrachloride (Baker Chemical 
Co., spectral grade), was fractionally distilled before use. All 
these materials were shown by glpc (10 ft x 1,'4 in. 10% 
QF-1 on 60,'80 Chromosorb P AW DMCS, glass column) to 
be > 99.9% pure. 

terf-Butyl-2-ethylperhexanoate (BEPH) was prepared ac- 
cording to an adaptation of the method reported in the litera- 
ture for tert-butyl perpivalate (13). The perester was purified 
by column chromatography on activated alumina at O'C, 
using dry ether as eluent. Anal. calcd. for C I ~ H ~ ~ O , :  C 66.63, 
H 11.18; found: C 66.83, H 11.02. 

3-Chloroheptane (6) was prepared using the general method 
for preparation of secondary halides with thionyl chloride and 
3-heptanol in pyridine as solvent (14). The chloride was frac- 
tionally distilled through a 24 in. teflon spinning band column 
and shown to be one compound by glpc (7.5% SE-30 Chro- 
mosorb PAW 60j80 10 ft x 1/4 in. column and on the QF-1 
column); bp 144"Ci751 Torr. Anal. calcd. for C7HI5C1: C 
62.42,H 11.22;found: C62 .53 ,H  11.37. 

fert-Butql-3-heptyl ether (8) was prepared according to the 
method of Henry (15); bp 164-166'1740 Torr. Its glpc (SE-30, 
colun~n) retention time and Inass spectral cracking pattern 
(mle 143 M +, base peak 57, C,H, +) and ir spectra were iden- 
tical to those obtained from the product (assigned this struc- 
ture) which was formed in the perester decomposition reaction. 

1-(3-Heptyl)-4-rnethylbenzei1e, 1-(3-hepty1)-3-methylben- 
zene, and 3-benzylheptane (10) were synthesized by the hydro- 
genation of the olefins obtained from the dehydration of the 
alcohols which were obtained from the reaction of 3-heptan- 
one with the appropriate Grignard reagent (16). 

Tl~errnolj~is of tert-Bnfj I-2-et1z)lperhexnrzoafe (BEPH) 
Aliquot solutions of BHP (0.1 M ) ,  the appropr~ate toluene 

(7-8 M), and carbon tetlachloride (0.5-0.6 1M) were placed In 

Pyrex ampoules, degassed by the freeze-thaw method, and 
sealed. The sealed ampoules were thermostated at  80 + O.liC 
for 76 h. 

One of the reactions was carried out in an  ampoule fitted 
with a break seal. After the reaction the ampoule was opened 
to a vacuum line and the CO, produced in reaction was frac- 
tionated, measured, and identified by its glpc retention time 
and mass spectrum, all in the manner previously described 
(13). The decomposition was found to have proceeded essen- 
tially to completion since 98.8% of the theoretical carbon 
dioxide was isolated. 

After ther~nolysis the ampoules were opened and a weighed 
amount of internal standard (p-nitrotoluene) was added and 
the mixture was then subjected to glpc analysis using the 
SE-30 colurnn. A typical chromatogram (toluene as substrate) 
is given in Fig. 1. The glpc chromatogram indicated the pres- 
ence of a large number of products. The identity of the prod- 
ucts (con~pounds 1-40, 5-8, and 10-12) was established by a 
comparison of their glpc retention times, inass spectral crack- 
ing patterns, and ir spectra with those of authentic samples. 
The structure of the compound corresponding to 4c (see Fig. I), 
3-heptene, was tentatively assigned on the basis of the fol- 
lowing observations. In the course of the synthesis of 3-chloro- 
heptane several olefinic products are formed. One of these 
corresponded (identical glpc retention time and mass spectral 
cracking pattern) to 2-heptene, while the other olefin corre- 
sponded to the colnpou~ld assigned the structure 3-heptene. The 
products with loser retention times, heptane, 2-heptene, and 
3-heptene, were analysed by glpc using a second colun~n (10% 
Carbowax 400 Diotoport WAW 60-80 mesh 20 ft x 1;8 in. ss 
colunln) (see insert A in Fig. I). 

An aliquot of the reaction mixture (with toluene as sub- 
strate) was treated with a small amount of bromine in the ab- 
sence of light for about 5 min; glpc analysis using both the 
SE-30 and Carbowax 400 columns showed the disappearance 
of the peaks corresponding to 2-heptene, 3-heptene, and 
trans-stilbene. 

The identity of the chromatographic peak corresponding to 
3-heptene was assigned on the basis of the reaction of the coni- 
pound with ~nolecular bromine and because of the similarity 
of its mass spectral cracking pattern with that of its isomer 
2-heptene. Analysis by glpc-ms showed ions at n11e 98 ( M + ,  
20.4%) and 55 (M+ - C3H7, 100z), while 2-heptene gave 
m,'e 98 ( M y ,  22.9%) and 41 ( M -  - C,H,, 100%). 

The structure of 1,1,1-trichloro-2-phenylethane (9) was 
assigned according to its mass spectral cracking pattern, which 
showed s e a k  intensity parent ions, n7,'e 212, 210, 208 (Mt )  
whose relative intensities were consistent with the ratios pro- 
duced for three chlorine atoms (calcd. 0.01, 0.13, 0.42, 0.43; 
found: 0.0, 0.12, 0.42, 0.45), base peak nlje 91 corresponding 
to C,H,+, and its ir spectra which showed aromatic absorp- 
tion at  3080, 3040,705, and 768 c ~ n - I ,  and CH, absorption at  
2940 and 1460 cm- '. 

The chromatographic peaks on either side of 10 (see section 
B, Fig. 1)  did not compare (ir, mass spectral cracking pattern, 
or glpc retention times) with either of the two substitution 
products, 1-(3-hepty1)-4-methylbenzene or 1-(3-hepty1)-3-me- 
thylbenzene. The first peak (section B, Fig. 1) had the same 
retention time as the two substitution products, but ir and mass 
spectra were different than those of the authentic materials. 

The therniolyses of BEPH in neat solvents, carbon tetra- 
chloride, toluene, and p-cyanotoluene were carried out in the 
same manner as the reactions that were run in the mixed sub- 
strates. The products identified (see Table 4) were assigned the 
structures listed on the basis of a comparison of their glpc 
retention times, SE-30 and Carbowax 400 columns, and their 
mass spectra with those of authentic samples. 
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Gas-Liquid Partition Chr.ornatogr.ul~hic Anrilyses 
The quantitative glpc analyses were carried out  using both 

the SE-30 and Carbowax 400 columns (see Fig. 1). The area 
ratios of the product and a n  added standard were obtained 
using a HP-3380A integrator. The mole ratios of products 
h e r e  determined using standard calibration curles obtained 
using known mixtures of the authentic materials. For  the com- 
pounds listed below, the authentic materials were not available 
and the calibration factors obtained from model compounds 
were used: 3-heptene (model compound 2-heptene); l , l , l - t r i -  
chloro-2-phenylethane (calibration factor 1). 

Gus-Liquid Partition Chromrltographic - Ii~fiared A n a l j s ~ s  
The glpc-ir analyses were carried ou t  on  kinetic reaction 

mixtures from the reaction of 0.1 M BEPIH and  0.5 M carbon 
tetrachloridc in toluene. The spectrum for each con~pound 
was obtained using a Nicolet 7199 FT-IR interfaced t o  a 
Nicolet series 7000 gas chromatograph fitted with a 6 ft x 
1 , 8  in. OV-1, 3%, ss column. The spectrum of each component 
was compared with that of the authentic material. 
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Partial molal volumes of organic compounds in carbon tetrachloride. IV. Ketones, 
alcohols, and ethers 

J O H Y  T. EI)\\ARD. PA- RICK 6. FAKREI.L. and FLRLIDOON S H ~ H I D I .  Can. J .  Chem. 57. 2585 
(1979). 

The partial molal volumes Po in carbon tetrachloride at 25-C of 13 ketones, 18 alcohols, and 
17 mono- or poly-functional ethers, all acyclic, have been determined. Results are i11 reasonable 
agreement with To calculated from an equation developed previously, using previous para- 
meters plus the following: increments (in mL mol-') of 8.72 for carbonyl, 6.1 for hqdroxyl, 
4.4 for oxygen in a monofunctional ether, and 5.8 for oxygen in a polyfunctional ether; decre- 
ments 6 (in mL mol-I) of - 1.68 for g,COp,-2.22 for ggL",,-0.93 for ggi%,- 3.27forggi5, 
and - 1.93 for g g L s . ~ h e  increments for carbonyl and hydroxyl are smaller than the \ a n  der 
Waals volumes of these groups, and indicate some degree of complexation to carbon tetra- 
chloride. Only a roughly linear relation is found between To of alcohols in water and Vo in 
carbon tetrachloride, possibly because of the intrusion of additional effects such as structure- 
promotion in water. 

JOHN T. EDM,ARD. PATRICK G. FARRELL et F F R E I D O O ~  SHRHIDI.  Can. J .  Chem. 57, 2585 
(1979). 

On a determine le volume molaire partiel, vO, dans le tetrachlorure de carbone a 25'C, de 
13 cetones, 18 alcools, et de 17 ethers mono ou polyfonctionnels, tous acycliques. Les resultats 
sont raisonnablement en accord avec v0 calculC a partir des equations developpees anterieure- 
ment en utilisant les parametres deja mentionnks, ainsi que les suivants: des increments (en 
m L  niol-I) de: 8.72 pour le carbonyle, 6.1 pour l'hydroxyle, 4.4 pour l'oxygene des ethers 
monofonctionnels, et 5.8 pour l'oxygene des ethers polyfonctionnels; des decrements 6 (en 
m k  mol-') de: - 1.68 pour g,Cz/,C, -2.22 pour ggiC,,-0.90 pour ggiP,,-3.27 pour g,CLC, 
et - 1.93 pour p,CI_O,.Les increments pour le carbonyle et I'hydroxyle sont plus petits que les 
~~olumes de van der Waals de ces groupes et indiquent quelque degre de complexation au 
carbone du tttrachlorure. On a seulement trouve une grossiere relation linaire entre V0 des 
alcools dans l'eau et To dans le tetrachlorure de carbone, probablement cause de l'intrusion 
d'effets additionnels, telle I'accroissement de structure dans l'eau. 

[Traduit par le journal] 

Introduction ing the procedure described by Mann (3) for straight- 

The partial molal volunles V 0  of straight- and and branched-chain alkanes. For the compounds 

branched-cllain &anes ( I )  and alkyl halides (2) in di"us"d in this Paper, particularly ethers> the 

carbon tetrachloride at 253C may be calculated with calculations become con~plex, and so are described 

reasonable accuracy using the equation in some detail. 

Calculation of 2, 

Following Flory (4), we adopt the extended, all 
arzti ( a )  conformation2 as the reference state of 

where Vc is a covoluine of 11.61 mL mol-l, nh is the A --B-- C-D,  ti^^ about the B-C bond can 
number of atoms Or groups of type and Ih  is the convert this conformation into either of two chiral 
volume increment associated with this type, Z: is the gaudle conformations, g -  and g+ : 
mol fraction of gauclze interactions of type 1 found 
in the solute molecules (3) and 6' is the hecrernent A/B9C/D -+ A /  B A/ B \c 
associated with this interaction. In the present paper I 
we test the validity of [ I ]  for 13 aliphatic ketones, D D 
18 alcohols, and 17 ethers, whose '17' values we have a g- g$ 

determined and listed in Tables 1, 4, and 5. Accompanying the change a -, g is an enthalpy To calculate Po, we must first calculate Zi, foliow- 
change AH~(K,,  and a change in partial molal 

'Present address: Lash Miller Chemical Laboratory, 
University of Toronto, 80 St. George Street, Toronto, Ont., 'Flory uses the term trans instead of anti; our usage is that 
Canada M5S 1.41. preferred by most stereochemists (5a). 

0008-4042/79/192585-08$01 .00/0 
01979 National Research Council of CanadaIConseil national de recherches du Canada 
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CAN.  J .  CHEM. VOL, 57. 1979 

TABLE 1. Calculated and experimental partial molal volumes Po (in n1L m o l l )  of 
ketones in carbon tetrachloride at 25'C 

,yco/c 
- - 

Ketones Z,clc Vocalcd* voe\pll 

1 Acetone 0 0 73.6 7 4 . 7 k 0 . 7  
2 2-Butanone 0 0.38 90.0 90 .0k0 .2  
3 2-Pentanone 0.41 0.32 106.8 107.7_+0.2 
4 3-Pentanone 0 0.66 106.7 106 .2k0 .2  
5 3-Methyl-2-butanone 0 1.13 108.0 108 .2k0 .6  
6 2-Hexanone 0.36 0.65 123.5 122.3k0.8  
7 4-Methyl-2-pentanone 1 .14 0.20 125.8 125 .6k0 .6  
8 2-Heptanone 0.97 0.82 139.4 140 .8k0 .6  
9 2-Methyl-3-hexanone 0.44 1.28 141.6 140 .4k0 .3  

10 5-Methyl-3-hexanone I .  i5  0.52 142.3 141 .7k0 .2  
11 2,2-Dimethyl-3-pentanone 0 2.00 143.1 142 .6k0 .4  
12 2,4-Dimethyl-3-pentanone 0 2.00 143.0 142 .9k0 .1  
13 4,4-Dimethyl-2-pentanone 2.00 0 144.7 144 .5k0 .5  

*Calculated from [ I ]  ilslng parameters of Tables 2 and 6. 

volume ~ ~ L D c ,  : the superscripts and subscr~pts define 
co~npletely the nature of the gauche arrangement. 

As an illustration of the calculat~on of Zj of a 
ketone, let us consider 2-pentanone (3  in Table 1). 
The stable conformations of ketones are those in 
which the carbonyl double bond is eclipsed by a 
neighbouring C-13 or C-C bond (Sb, 6 ,  71, so that 
we can urite down the five staggered conformations 
A-E of Scheme 1 .Various lines of evidence (6) Indicate 
the anti-anti(aa) conformation A to be the most stable. 
The anti-gauche (ag') arrangement B should be less 
stable because of gauche interact~on between the C(2) 
(carbonyl) and the C(5) (methyl) carbons, denoted 
g;?!:. The enthalpy d~fference AM;I)~C~, beheen a 
and gC,O/: is d~scussed below. (The enant~omeric ag- 
conformation will have the same enthalpy as a$.) 
The g p a  conformation C will be less stable than A 

e c because of a gauche interaction g ~ - ~  betmeen the 
C(1) methyl and the C(4)  methylene carbons. The 
enthalpy difference between C and A will approx- 

inlate AHE;:-c, betbyeen gauche and anti alkanes 
(700 caI molp' ( 1 ,  3)). (It may be slightly smaller 
because of the different geometry of ~nethylene (sp3) 
and carbonyl (sp2) carbons.) Accoiilpanyi~ig C is an 
enantiomeric gia  conformation. Next, enantiomeric 
g p g -  (D) and g + g f  conformations are possible. As 
before (1-3) we assume that AH of D is given by the 
sum of for each individual gauche inter- 
action. This assumption however fails for g - g f  (E) 
and g+g- arrangements, which are of excessively 
high enthalpy (1-3) because of the close approach 
of the tern~inal methy! groups. Conformations con- 
taining such ari-angements form a very small pro- 
portion of the irialecular population and may be 
ignored. 

We estimate the ~ ~ ~ ~ ~ C C ,  recorded in Table 2 
from AH (1360 cal mol- ' )  for the cis to trans 
epinierization of 3,s-dimethylcyclohexanone (5c. 8), 
which results in two additional gauche interactions 

CO /C (one &/CC, one ~ C L C ) .  This compares with 1700 
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TABLE 2. Enthalpy (AH,) and bolume ( 6 )  effects associated with 
first-order interactions in acyclic ethers and alcohols 

Interaction AH, (cal mol- F (mL mol- ') 

*From ref 1 .  
?From ref. 4. 

cal mol-I for the change fi-om equatorial to axial 
methyl in cyclohexane ( 5 4 ,  due to two additional 
&/C, interactions. Assuming additivity of con- 
fornlational effects, this indicates AH = 850 cal 
mol-' for g:;Cc and 500 cal mol- '  for g:?:.3 

Using these AH values, the mol fraction y of the 
conformations aa, a g f ,  g'a, and g f g i  may be 
calculated in the usual way (1-3) (taking account of 
the different multiplicities of A,  B, C,  and D). Values 
of y are shown in Scheme 1, along with the numbers 
of gaucl~e interactions zi of type I in each conforma- 
tion. The mole fractions of gaucl~e confornlation of 
each type are then given by 2: = Cy z i ,  and are 
recorded in Table 1. Also recorded are 2: values for 
the other tv-elve ketones, which \\.ere calculated in a 
similar way. 

Rotation about the C-0 bond of alcohols 
encounters a three-fold barrier (10, l l ) ,  so that in 
alcohols three kinds of gauche arrangements are 
possible, illustrated in the conformations G, H, and 
I of I-butanol: 

3The g:i_:interactions for axial methyl in cyclohexane are 
e\ idently of higher energy than g 2% interactions in flexible 
chain alkanes, probably because in the latter, but not the 
former, minor torsional adjustments are possible to reduce 
torsional strain (9). It is accordingly possible that~H,?c"i",,of 
500 cals m o l l  is slightly too high for flexible chain molecules. 
However, this will be compensated to some extent by having 
6EELc (see below) also slightly too high. 

For  reasons discussed below, n e  ignore gauclze 
arrangements of the type found in C ,  and consider 
only those found in H and I. We assume that in 
alcohols, as in ethers (4), the enthalpy of the gz'Cc 
arrangement irl H 1s 200 cal mol-I lower than that 
of the antr arrangement in F (see Table 2). (Probably 
for similar reasons, the gauche form of n-propyl 
fluoride is more stable than the anti (5e) ;  oxygen and 
fluorine have slmrlar van der Waals radii (12)) 

The superior stability of the gauche form in H is 
possible because attractive and repulsive forces 
between 0---C3 can be brought into balance by a 
snlall increase above 60" in the 0-CllC2-C3 
dihedral angle, \+ith only a small increase in tor- 
sional strain. This is not possible in isobutyl alcohol 
in the confornlation J ;  the rotation about C1-C2 
to relieve the 0---C3 repulsion ~ o u l d  only increase 
the 0---C, repulsion (cf, ref. 5 f ) ,  and this conforma- 
tion with two gauche arrangements (O/C3, OlC4) 
should be less stable than the alternative conforma- 
tions with oniy one gauche (O/C3 or O/C4) arrange- 
~ n e n t . ~  The published data for isobutyl chloride ( 5 f )  
show that this "isobutyl effect" results in an  increase 

B 
c4 

J 

of 540 cal mol- '  over that calculated from the 
s~mple  addition of AH, values as prescribed by 
Mann (3). We have adopted the same value for the 
isobutyl effect in alcohols, although because of the 
d~fferent dimensions of oxygen and chlorine (5g) it 
is likely to be too high. 

Gauche interactions are an  example of first-order 
interact~ons, the interacting groups AID being 
separated by three bonds. Second-order interactions 
can occur between groups separated by four bonds 
(4). In  alkane sequences g+gt or g g - ,  second-order 
interactions are negligible (1, 3). and AH for such 
sequences is approximately 2AHg. However, se- 
quences g t g -  or g - g f  ( I  in Table 3) bring the 
methyl or  methylene carbons intolerably close 
together (-2.54 A), so that AH for such sequences 
is very much higher than 2AHg; the additional 
enthalpy AH, due to the second-order interaction is 
about 2200 cal mol-'  (4). Ho\\evef, the smaller size 
of oxygen as compared \-v~th methyl or methylene 
causes the second-order Interaction TI of Table 3 to 

4A similar argument applies to cyclohexanol, which is more 
stable in the equatorial than in the axial conformation (Sd), in 
spite of the fact that the latter has t u o  gauche OI'C arrange- 
ments. 
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TABLE 3. Enthalpy (AH,) associated with second-order inter- 
actions 

Interaction Structure AH, (cal mol- ') 

g' c g- 
I g z _ C d C  g C-C - C / C  C/ \C 

A 
C 

A 
C 

VII g c'ZC g ;:Lo 250 
A 
0 

A 
0 

be no longer prohibitively crowded, so that AH, is 
modest. Consequently, such arrangements must be 
taken into account in calculations of Z,. The value 
of AH, for I1 shown in Table 3 is taken from Flory 
(4) (who was considering the  conformation^ of 
ethers). 

The mol fractions ZFc:--c) and Z Z ~ E - ~ ,  of the 
simpler n-alkanols were calculated from these AH, 
and AH, values by usual methods and are listed in 
Table 4. Calculations of z:;:-~, of the n-alkanols 
3, 5 ,8 ,  and 15 showed that it varied with the number 
12 of carbon atoms according to the equation (cf. 
ref. 1): 

and hence this equation was used to  obtain z:{:-~, 
for 86, 17, and 88, for which computations otherwise 
would be tedious. For  1-butanol and higher alcohols 
Zf($_,) remained constant at  0.72. 

Ethers have been shown by extensive investiga- 
tions (sun~marized by Flory 44)) also to have a three- 
fold rotational barrier about the C-0 bond, and so 
they also exist in various staggered conformations. 

Examination of these conformations reveals many 
more types of gauclze arrangements (g:i_q, ggZc. 
gg'Oc) when we consider the various mono- and poly- 
functional ethers of Table 5. The mol fractions Z,  of 
these various types have been calculated uslng AH, 
values in Table 2 and AH, values in Table 3. Four of 
the AH, values and seven of the AH, values are from 
Flory (4); AH, for the second-order interaction V of 
Table 3 represents our guess. This is likely to be not 
grossly in error, because AH, values have about the 
expected magnitude when account is taken of (a) the 
van der Waals radius of oxygen, which is smaller than 
that of methyl or methylene (12), and which accounts 
in part for the much smaller AH, of I1 as compared 
with I ;  (b)  the length of the C-0 bond (smaller than 
C-C) and the size of the C-0-C bond angle 
(smaller than C-C-C), which accounts for the more 
severe methyl/methylene interactions in 111, IV, and 
VIII as compared with I ;  and ( c )  the electrostatic 
repulsion between oxygen atoms, w h ~ c h  causes AH, 
of VII to be only slightly smaller than AH, of 11, in 
spite of much smaller van der Waals rcpulsions. 
(Explanation of the first-order effects -of Table 2 is 
less straightforward. The low AH, of g;?c is a 
manifestation of the "gauche efiect" (15), and of 
g y ! c  of the anomeric effect (16).) 

Results and Discussion 
Using the values of 2, listed in Table 1, and incre- 

ments (Table 6) and decrement GEEc (Table 2) 
already reported (I), the increment I of the carbonyl 
group (Table 6) and the decrement 6:?!: (Table 2) 
were obtained by a least-squares fitting of the 
experimental data of Table 1 to [ I ] .  I t  was then 
possible to calculate I/' of the ketones of Table 1 by 
this equation. Agreement between calculated and 
experimental values is good considering the various 
approximations necessary. Thus V0 values calculated 
for the isomeric ketones C,H,,O (8-13 of Table 1) 
reproduce a t  least qualitatively the trends in I/' 
found by experiment. Any of the other purely 
additive schemes in vogue at  present ignore con- 
formational as well as more subtle effects (e.g., 
variation in the volume of primary, secondary, and 
tertiary hydrogen (I)), and would yield identical 
values of To for all six ketones 8-13, 

A similar procedure yielded the increments for 
hydroxyl and ether oxygen (Table 6) and the decre- 
ments for the various gauclze arrangements found in 
alcohols and ethers (Table 2). An increment of 
5.57 m L  mol-' for ether oxygen was established by 
a least-squares fitting of all of the experimental data 
of Table 5 to [ I ] .  However, the values of I/' cal- 
culated using this value of I tended to be system- 
atically high for monoethers (compounds 1-8 of 
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TABLE 4. Calculated and experimental partial molal volunles (VO, in m L n ~ o l ' )  of 
alcohols in carbon tetrachloride at  25'C 

- - 
Alcohol -G'yPdCo z&Eo VoCalcd VoEIPtl 

% Methanol 
2 Ethanol 
3 1-Propanol 
4 2-Propanol 
5 I-Butanol 
5 2-Methyl-1-propanol 
7 2-Methyl-2-propanol 
8 I-Pentanol 
9 2-Pentanol 

10 3-Pcntanol 
11 2-Methyl-1-butanol 
12 3-Methql-1-butanol 
13 3-Methll-2-butanol 
14 2,2-Dlmethyl-1-propanol 
15 1-Hexanol 
16 1-Heptanol 
17 I-Octanol 
18 1-Hexadecanol 

Literature values: "45.2 (ref. 13); b41.3 (ref. 14); '59.9 (ref. 13); d59.8 (ref. 14); ~ 7 6 . 6  (ref. 13); f79.1 (ref. 
13); y95.l (ref. 13): h111.9 (ref. 13); '111.5 (ref. i3) ;  ~ 1 0 9 . 6  (ref. 13); k110.5 (ref. 13); '145.1 (ref. 13); 
'n163.0 (ref. 13); 'from ref. 14. 

TABLE 5. Partial lnola~ volulnes ( Y o ,  in mL 11101-') of ethers in carbon tetrachloride at 25'C 

1 Diethyl ether 
2 Ethyl 17-propyl cthcr 
3 Methyl 11-butyl ether 
4 Methyl tert-butyl ether 
5 Ethyl n-butyl ether 
6 Di-n-propyl ether 
7 Di-isopropyl ether 
8 Di-n-butyl ether 
9 Dimethoxymethane 

10 1,l-Di~nethoxyethane 
11 1,2-Dimethoxyethane 
12 2,2-Dimethoxypropane 
13 Diethoxymethane 
14 2,2-Diethoxypropane 
65 Trimethoxymethane 
16 1,1,2-Trimethoxyethane 
17 Tetramethoxymethane 

*Using I = 4.40 n1L mol-I for  ether 0. 
?Using I = 5.80 m L  mol-' for  ether 0. 

Table 5) and systeinatically low for polyethers 
(compounds 9-17 of Table 5). Consequently we have 
adopted I = 4.40 mL mo!-' for monoethers and 
T = 5.80 m E  mol-I for poiyethers (see Table 6). 

- Results for eighteen alcohols are given in Table 4. 
V O  values for thvelve have been reported in the 
literature,' and v;e have checked eleven of them. with 

5The values reported by Longsworth (14) are in fact for 
apparent molal volumes 6 of the alcohols in very dilute 
(0.1-0.5 i ~ i )  solution. AS this dilution the difference betweer, 
6 and V 0  is siilali, as shown by comparison with values in 
Table I .  

- 
generally fair agreement: V 0  values for six alcohols 
are (to our knowledge) reported for the first time. If 
we ignore the snlall molecules 1, 2, 4, and 7, agree- 
ment between calculated and experimental v0 is 
astonishingly good, and often within experirnental 
error. Parliculariy impressive is the agreement for 
the seven iscmeric akchols C,M,,OH (8-14). 

The agreement between calculated and experi- 
mental Po for ethers is considerably poorer. If we 
scrutinize "re series of isomeric ethers C,Hl,O (2,3, 
and 4 in Table 5): we see that j l ]  gives vzlues of I/' 
foilowing only roughly the experiir~ental \?aiues. The 
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TABLE 6. Van der Waals \olumes V, and ~nc~emen t s  I (both In  mL mol-I) of atoms or groups 

Atom or Atom or 
group VM " I c a l c d t  I group Xv+ fca,cd+ I 

*From ref. 12. 
?From [2]. 
$From ref. 1 .  
§From ref. 2. 

same is true for the isoiners C,H,,O (5, 6, 7), 
C,M,,O, (10, I l ) ,  and CjHI2O2 (12,13). 

Several possible reasons for the less regular 
behaviour of ethers present themselves. Second-order 
interactions are of negligible i~nportance for alkyl 
but not for ether chains. Hence ethers can suffer 
more extensive folding, which may affect Be. The 
dipole moments of the ether groups may tend to 
cancel out in some polyethers, so that the interaction 
with the induced dipole of the solvent may be less 
for poiyethers than monoethers. (This would account 
fot different I values.) Finally, because there are 
many different types of guuclze conformations, the 6 
values of Table 2 are based on a sinall number of 
experi~nental values for each different type, and 
become more liable to experimental error. 

I t  accordingly seems possible that [ l ]  may not 
apply too well to certain classes of polyfunciional 
compounds. This has already been found true for 
1,2-, but not 1,3-dibromoalkanes (2). However, the 
same defects will be found u fortiori in other additive 
schemes for calculating molecular volumes. 

Relation of Ificre~~reizfs to i.an dei. Wauls Volur??es 
We now consider the relation of the increments I 

listed in Table 6 for carbonyl, hydroxyl, and ether 
oxygen to their van der Waals volumes. The loose 
packing of the roughly spherical molecules of carbon 
tetrachloride results in a molar volume of the liquid 
84% greater than the van der Waals volume V,., a t  
25°C. This additional volume has been termed er7zpt.y 
colun~e (Ve) by Bondi (17). The introduction of one 
mol of solute into a very large volume of carbon 
tetrachloride increases the volume by V O ,  part made 
u p  by the van der Waals volume V,., of N (Avogadro 
number) solute molecules, part by an  increase in 
Ve V, Nu, which depends on how closely the solvent 

methyl, methylene, and inethine groups, for which 
an  approximate value of I may be calculated by 

[2] I,,,, = V,., + 5.9 x lo-'  A 

as shown in Table 6.6 However, the experimental 
increment I for broin~ne and ether oxygen (Table 6) 
is less than I,,,,, although still greater than V,. 
Attractive forces due to dipole-induced dipole effects 
ev~dently lead to closer packing of carbon tetra- 
chloride molecules about b rom~ne  and oxygen than 
about alkyl groups, so that Ve and thence J are 
diminished. 

For carbonyl and hydroxy: groups I actually 
becomes smaller than I/;,. Such a decrease is greater 
than can be accounted for by d~pole-induced dipoli; 
effects, and polnts to some degree of co~nplexation 
of these groups a i t h  carbon tetrachloride (19). Such 
complexatlon has already been Indicated for dinrs~yj 
ketone by thermodynamic studies (20), and Tor a 
large number of alcohols by a var~ety of te~hniques 
(21-27). 

Complexation of the hydroxyl group w i t h  the 
bulky carbon tetrachloride rnolecule ~ O I I I C ~  tend to 
bias conformat~ons about the O-G ' r ~ d  tus%ardr, 
uriti (e g , F) and away from guucllr ( e . ~ .  Gj arr .;npc- 
ments, w h ~ c h  u a s  our reason for lgnorlng p o ~ s ~ h i e  
effects of g:/CC (e g., C )  conformat~~+;s  "' 1 a- - ~ n - i ~ l k r  
values of v0 found for the smzi:er ~k0jla:b; 1, 3, 4, 
and 7 of Table 4, In whlch the i i r G l  er!tc.c c;: Oil  ;s 
inert hydrocarbon 1s higher, awd .ivlirc!? \ \ w i d  cr\jl- 

sequently be more effective Irk ttdro$z.'r i m ~ d i 1 ~ 5 ,  
can be explained by either ra; ssraatnp-r kldrrgen- 
bond~ng  to carbon tetrachli:ridr, .%r { E l  ?hrm~.ger self- 
association by hydrogez-hcadrl-&, si: the even in the 
most dilute solutions stut:~ed soi~te -,:than01 (I), etc., 
is In the form of alzers. It la noteworthy that 

molecules pack about N solute molecules; z, would 
'Close agreement ~ x t v  eZIr 1 hnd I,,,, cannot be expected, be expected to be proportiona1 to the area A (I2) of 

because we have ~gaqres", 5rproil dlfferences In attract~\~e forces 
the solute molecule, and hence to A of the groups between solvent arid CH,, CH,, and CH (I) These should 
making ~t up (18) This expectation is fulfilled for affect z, and h e n c  f 
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I 
V" :CClql) 

L 
FIG. 2. Relation between partial molal volumes T o  (in mL 

4 o 60 8 o l o o  mol- ') of alcohols 8-14 of Table 4 in carbon tetrachloride and 
in water. Straight line g i ~ e n  by [3]. v0 (CC14) 

FIG. 1. Relation between the partial molal volumes T o  (in 
mL mol- ') of alcohols 1-9 of Table 4 in carbon tetrachloride 
and in water. Straight line given by [ 3 ] .  

Duboc's Po for methanol (13), found by fitting 
excess volumes to a polynomial function of con- 
centration, is close to our calculated value. 

Partial Molal Volui.lzes of Alcol~ols iiz Water 
While our preliminary studies show that [ l ]  is 

successful with other organic solvents, it seems likely 
that it will be less successful with water as solvent. 
This is shown by our studies of 8' of alcohols I-1iB7 
in water at 25'C. These Po values prove to be 
roughly linearly related to V o  in carbon tetra- 
chloride, as shown for alcohols 1-9 by the straight 
line of Fig. 1 ,  mhich is defined by 

The smaller volulnes in water may be explained by 
the greater internal pressure (29) or cohesive energy 
density (30, 31) of this solvent. Hoivever, while [ P I  
serves - as a rough guide to correlate r / O  (H,O) and 
Y o  (CCI,), its limitations are shown in Fig. 2, in 
which the data for the seven isomeric alcohols 
C,HlIOH ($-I4 of Table 4) are plotted on a larger 
scale. It would seem that factors other than those 
accon~modated in [ I ]  (perhap5 solvent strccture- 
making or structure-breaking? obtrude in water. 

'Values of V 0  (in mL mol-') of alcohols 1-84 in water at  
25'C were obtained from ref. 28, except for the f~llowing, 
which were determined for this work: 8, 102.1; 9, 102.5; 
11, 101.3; 82, 101.7; 83, 100.5. 

'These factors 'nave occasionally been invoked (cf. ref. 32) 
to explain different Y o  values of isomeric alcohols in \later. It 
is apparent from the results in this paper that at least a part, 
probably the major part, of such difkrences arises from 
structural (I) and constitutional (ZJ factors, and that only 
when these have been accounted for should the residual efects 
be explaincd in terms of solvent perturbation. 

FIG. 3. Relation between molar volumes V of neat alcohols 
8-9 (Tablc 2) and their partial molal volumes T o  in carbon 
tetrachloride, both in mL mol-l .  Straight line given by [4]. 

The same is likely to be true for molar volumes V 
of the neat alcohols (calculated from data in ref. 33), 
as shovn by deviations from linearity in the plot in 
Fig. 3. The straight line is defined by 

the slope being closer to unity because the internal 
pressures (30-32) of the various alcohols are not so 
far removed from that of carbon tetrachloride as is 
the internai pressure of water.9 

Moteuiuis 
The ketones, alcohols, and ethers were all commercial 

'The success of Mann's treatment (3) for the neat hydro- 
carbons probably arises from the fact that all of them have 
low and comparable internal pressures. 
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products, for  the most part from Aldrich Co.  They were dis- 
tilled before use, and  the middle fraction retained for experi- 
mental n o r h ,  Purification of carbon tetrachloride and the 
procedure 1-1. density rneasurernents using a Paar digital 
precision density meter ha\-e been described previously (1). 
Densities were determined at 8-21 different concentrations, 
ranging usual!!. from about 0.03 to  0.20 M. Plots of the 
apparent molal volume 4, against concentration were linear, 
a n d  V o  was obtained by extrapolation to  zero concentration.1° 

We are grateful to the Natural Sciences and 
Ez~gineenr~g Research Council of Canada for 
financial support, and the Faculty of Graduate 
Studies 2nd Research of McGil? LJnil/ersity for 
assistance towards the purchase of a precision 
density meter. 
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Cyanoethylation of the salts of cyansgnanidine in aprotic solvents 
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PIOTR A ~ ~ ~ s ~ u o ~ c v i r c z ,  Mm1.4 BC;'X;O\VSKA, MIECLYWAW MACIEJEWSKI. and JAX 
P R F J Z ~ E R .  Can. J .  Chem. 57 .  2.593 ( 10'73). 

The reactions of lithium or sodium salts of cyanoguanidine (1) nith acrqlonitriie in aprotic 
solvents resuit in the rapid lonnatian of i\i,hr-bis~2-cyanoei11yI~-~Y'-cyan~~guanii!i1ie (3) followed 
by a slower intrarno1e~u:ar cyciizalion of 3 leading to 4-a:ninc-l-(2-c>anoethy1)-5,6-diliydro-2- 
pyrimidinylidenecyai~anlide (4). A tentative assignment of thc tautonlei-ic forms to the cyclic 
derivatives of (0-c>anoethyl) cyanoquanidines and r!le products of their h>drolysis is described. 

P~OTR ALEKSAPIDRO\VICZ, M ~ I A  BUKOWSKA, MIECZ~S+X,W MAC~EJEWSKI et JAX PP.EJZNER. 
Can. J .  Chem. 57.  3593 (1979). 

L'addition de sels de iilhiun et de sociiuln de la cyanoguanidine (1) sur l'acr>lonitrile en 
milieu non protique conduit B la forlnation rapide de la i<,'i.~bis(cyano-2 ethy!)cyanoguanidine 
(3) qui subit unc cyclisation iiltramoleculaire plas lente pour dmner  I'anlino-4 cyaniinino-2- 
icjano-2 ethyl)-l dinr.dro-5,6 plrin~idine (4). kes formes ia:ltornkrs de dkrivks cjcliqiles de 
(cyano-2 ethyl)cyanoguanidii?es et de prod~~izs de leur h:,driil~se solit discutees, 

The present i~lvestigations have been >lade irk con- bro1;ght about under milder coiiditions resulted in a 
sideration of cyal~oguallidine derivatives as mono- main prodwe 3 of [he same molecular weight but 
rners to maice thern available for polyguanarfiine for which both the melting point and spectra were 
syrlthesis (1). quite different from those for 4. On the basis of 

The reaction of cyanoguanidine \$ith acr-ylonitriie spectra and chemical behaviour 3 was identified as 
in the presence of strong alkaline baJes such a> A',N-bisii-c)anoethyl)-N'-cyanoguanidi~~e. The ir 
sodlum hydroxide was enployed to piepare syrups spectrum of 3 shows four Intense bands in the N-I-J 
su~table for the ~mpregnattun of textiles (2) Ail OLI  stretching bibration ieglon. The strong sharp band 
attempts to isoliite or  idel~tify distlnct products o i  a t  5438 cm-'  is likely related to the NH, group. If 
thrs react~on were unsuccessful; complex reaction t h ~ s  is so, the strong band a t  1660 cm-I  which dl>- 
inlxtutes resulteJ apparently from several competitrvt appears on deuteiation will be the NH, sclssollng 
and consecuti\e reactions such as conjugate a d d -  band Tv o \teak absorpt~ons at  2258 and 2249 zre 

~ ~ 

tions, inter- and inti-amolecular cyclizations, etc. 0 1 7  due to the CEN stretching vibration in the cyano- 
the basis of preliminary experiments it appeared to etl~yi group: altliough the nature of this splitting is 
us that the cyanoethylation process should be not clear. The strong band at 2174 with a shoulder a t  
favored with respect to others by a high concentra- 2185 cm-I is undoubtedly due to the stretching 
tion of cyanoguanidire anion providing the reaction vibratioil of thc =N"-CTd grouping and may be 
time was sufficiently short. To  confir111 this prediction compared to the similar bands in 1; similarly, the 
we have carried out the cyanoethylation of lithium NCN' an3 WCN" asymmetric vibrations may be 
and sodiunl salts of B in dipolar aprotic solvents. tentatively assigned to a broad strong band with 
Cyanoguanidine, a weak acid of p~:" 12 (3 ) ,  was maxima at  1554 and 1523 c ; l~- '  (4). A proper choice 
converted into its lithium or sodium salt by reaction of structure 3 among three possible bis(2-cyanoethy1)- 
with lithiurn or sodium bydride, respectively, in cyanoguanidines was confirmed by treatment of 3 
dimethylforman~ide or dilnethyl sulfoxide. Upon with barium hydroxide. The resulting monobarium 
rapid addition of an equirnolar amount of acrylo- salt of iminodipropionic acid was converted icto 
nilrile an exothermic reaction occurred which sub- monoammonium salt which was identical with the 
sided after 1-2 rnin; stirring was continued for prodact of the independent synthesis (5). 
another 8-13 min, followed by quenching the reac- Before discussing the nmr spectrum of 3, which 
tion with an equimolar amount of an  acid. A crude is not contradictory with the proposed structure, it 
product was provecr 1-0 consist only, apart fronil seems that the nmr spectra of cyanoguanidine and 
s tar t~ng rnater~al, of b h n  1 2 ad63ct 4 of cyano- 5,6-d1hydropynl~idlne derivatives described In this 
guanidire ( B i  arrd 3cryion1trile. The same react1e.n paper merit seine general comment Unllke the nmr 

spectra of some 5,6-dliigrdropyrlm1d1ne derivatlves 
'To whom a!i correspcndcnce sho~lld be addressed. (6), so far as we know, those ofcya~~oguanidines have 

OM8-4W2/7"r 192593-06$0 1 .OO/O 
9 1979 N:ilioi:~l Keseai-ch Couilcil of C;;nada/ConseiI national Lie I-scher-ches d:; Cannila 
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( I )  NaH 
HzN, ( 2 )  C'H,=CHCOOMP r N H  

not been studied yet. It seems, generally, that for 
both cyanoguanidines and dihydropyrimidines a 
N-H proton exchange in aprotic solvents is slow 
on the nmr time scale, and this is probably due to 
both low acidity and basicity of these compounds. 
On the other hand, quadrupolar relaxation appears 
to  be rather efficient, leading to relatively narrow 
signals of the N-H resonances in these types of 
compound unless the NH group is adjacent to a 
carbonyl function, and therefore, in some cases to a 
splitting of these resonances resulting from coupling 
to x-carbon protons (7). In the course of another 
investigation it .I?-as found, e.g., that the N-H 
protons in N-(methyloxymethy1)-A''-cyanoguanidine 
in (CD,),SO show a triplet at 7.64 ppm and a singlet 
a t  6.98 ppin which correspond to the N H  and 
-NH2 groups, respectively. The N-methylene 
resonance appears as a doublet resulting from 
coupling to the N H  proton which itself, therefore, 
constitutes a triplet.' 

The nmr spectrum of 3 in (CD,),SO reveals a 
single peak at 7.36 ppm due to two protons of the 
NH, group and pair of triplets at 3.63 and 2.74 ppnl 
due to the CH2N and CH,CN groups, respectively, 
coupled to each other (J = 6.9 Hz). 

A close relationship between 3 and 4 was estab- 
lished by the observation that 3 was easily con- 
verted to 4 on being heated above its melting point. 
In the infrared spectrum of 4, in addition to strong 
bands at 3403 and 1665 cm-I due to the NH, group, 

2M. Bukowska and M. Maciejewski. Unpublished results. 

the high intensity doublet at 2172 and 2189 tin-I 
related to the N"-CN grouping, and the medium- 
weak intensity band at 2255 cm-' due to the aliphatic 
nitrile, there are several additional strong bands in 
the region 1300-1600 cm-l.  Some of these bands 
may be assigned to a dihydropyrimidine ring al- 
though this assignment nlust still be regarded as 
tentative. The above data suggest that 4 is the prod- 
uct of intramolecular cyclization in which the amino 
and cyano groups are involved. The cyclic product 
4 could, in principle, exist in three tautomeric 
forms, 4u-4c, but it appears that its infrared spec- 
trum rules out, at least in the solid state, 4b and 4c 
(Scheme 2). 

In the nmr spectrum of 4 there are two pairs of 
triplets in the methylene region. Assuming that the 
cyclization does not affect essentially the chemical 
shifts of methylenes in the cyanoethyl group in 4 
with respect to those in 3 we have assigned the 
triplets at  3.62 and 2.76 ppm to the CH,N and 
CH,CN groups, respectively, in the cyanoethyl 
group. Some support for this assignment has been 
obtained from the observation that the addition of 
a drop of trifluoroacetic acid does not affect these 
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resonances. The other t v ~ o  triplets at  3.42 and ca. 
2.5 ppm n e  ha\e assigned to the CH,N and CH,C= 
groups of the 5,6-dih~dropyrimidine ring. The fact 
that  these resonances appear as triplets instead of as 
more complex n~ultiplets due, e.g., to an AA'BB' 
system might be perhaps explained on a stereo- 
chemical basis as has been done for dihydrouracil 
(6). In the NH region there are two singlets at  8.05 
and 8.34 ppm (ws,,, ca. 6 Hz) each integrating for 
one proton. If 4 had structure 4b or 4r ~t would be 
difficult to explain this relatively high deshield~ng 
of an  ilnine proton, for it is known that in somewhat 
similar strlictures the iniine proton resonances oc- 
cur at ca. 6 ppln (8, 9). On the other hand, structure 
4m can be assigned from its nmr spectrum, assuming 
that the nonequivalence of the t a o  amino protons 
results from hindered rotation about the C-NH, 
bond oning to its partial double bond character. 
Both the restricted rotation and the relatively high 
deshielding of the amino protons can be attributed 
to  a marked contribution of structure 40' to a res- 
onance hybrid. Nuclear magnetic resonance tem- 
perature vanation experlnients and uv spectra sup- 
port also the structure of 4-an1ino-l-(2-cyanoethyl)- 
2(1 H)-pyr i~n~d~nyl~dei~ecyar iarn~de (4a) (zzde 1nJr.a). 

Several runs performed ~ i t h  variation of molar 
ratio of reactants, time, and temperature led us to 
the supposition that (cyanoethy1)cyanoguanidine 
anion resulting fro111 addition of the guanidine 
anion to acrylonitrile undergoes addition to another 
molecule of acrylonitrile, with the formation of the 
asymmetric derivative 3, a t  a rate much higher than 
that  of the first step. The subsequent intral~lolecular 
cyclization reaction evidently occurs more slonly 
than the cyanoethylation reaction under these condi- 
tions. Analysis by ninr spectroscopy of samples 
withdrawn a t  various reaction times offered some 
support for this assumption. The ninr spectrum of a 
sample taken after 3 min (starting \vith the addition 
of acrylonitrile a t  room temperature, molar ratio 
1 : 1) revealed in the NM region, apart from the 
cyanoguanidine peak, three signals at  6.9, 7.0, and 
7.4 ppm mhlch inight be attributed to the N H  
resonances of bis(2-cyanoethq1)- and probably (2- 
cyanoethyl)cyanoguan~dine (2) (Scheme 1). The lack 
of cyclic products in this earlier stage of the reaction 
was also s h o ~ n  in the nlethylene regJon where there 
were only two multiplets centered at  3.67 and 2.79 

ppm. On continuing the reaction (7-17 min) the 
above mentioned NH resonances disappeared and the 
new ones appeared in the 8 ppm region: also in the 
inethylene reglon there appeared t\$o pairs of 
triplets as those in 4. Longer reaction times (45 min 
and more) led to substantial changes in both the 
NH and methylene regions of the ninr spectrum, and 
gave unidentifiable syrups. 

Isolation of cyanoethylation products n a s  gen- 
erally difficult due to their low solubility 111 common 
solvents and to the unstable nature of the cyclic 
products to hydrolys~s (izdc~ i1q5r.a). All our attempts 
to isolate N-(2-cyanoethyI)-N'-cyanoguan1dine (2) 
failed. In the course of the laborlous and ted~ous  
process of mult~ple crystall~zations the MH signals 
of the supposed monocyanoethyl derlvatlve 2 dis- 
appeared and new signals in the 8 ppm reglon ap- 
peared. In fact, me have only been able to obtain a 
very small amount of crystalline product, presumably 
a side effect of the isolation procedure, assigning to 
it structure 6. Microanalysis and mass spectrometric 
measureinerlt show a n~olecular composition for 6 
consistent with that of a 1 : 1 adduct of I and acrylo- 
nitrile. The ir spectrum of 6 displays no band in the 
aliphatic nitrile region and, therefore, indicates 
clearly the absence of the cyanoethyl group in the 
molecule. The strong bands at  3435 and 1666 cm- l ,  
disappearing on deuteration, indicate the presence 
of the amino group and this suggests that 6, at  least 
in the solid state, is similar to 4 and exists in the 
tautoineric form nit11 the amino group at  C-4. This 
excludes from further considerations ti110 of four 
possible tautomesic forms, and the choice between 
the other two, the cyanoimino 6a and the cyano- 
amino form 6b may also be made tentatively by 

nieans of its ir spectrun~. The former appears to be 
the more !ikely, based on the observed low frequency 
of a high intensity band at  2165 cm-I  due to the 
-NC=N grouping as compared with an  expected 
higher frequency of the -NHC_N group, reinforced 
by a cross-conjugation in 6b (10, 11). The uv spectra 
of 4 and 6 are consistent with structures 4a and 6a 
in that a strong absorption at  ca. 250nm may 
provide evidence for the presence of a conjugated 
cyanoguanidine chromophore in their molecules. 
Indicative of a more conjugated system in 4 than in 
its open-chain precursor 3 is a bathochromic shift 
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of the wavelength maximum, Ah = 32 n!n, in the 
ultraviolet spectrum after cyclization, 

The nmr spectrum of 6 reveals a pair of triplets at  
2.44 and 3.22 p p n ~  which we have assigiled to the 
CH,C= and CH,N groupings, respectively. The 
N N  protons give rise to three peaks at  8.32 (w,,, 
ca. 14 Hz), 8.07 ca. 14 Hz), and 7.84 (~r. , , ,  ca. 
7 Hz), each Lvith an area due to one proton. The 
two lower fieid peaks are attributable, by anaiogy 
to 4, to two protons of the amino group with hindered 
rotation due to partial double bond character in 
structure 6n. The different nature of these protons 
with respect to that at 7.84 ppm can be shown by 
temperature variation experiment. The two lower 
field resonances coalesce in (CD,),SQ at around 
801C, while the higher fieid peak may be distinctly 
seen even at  110°C. Similarly, the NH proton res- 
onances in 4 coalesce at about 80°C. Some am- 
biguity remains in assignment of the higher field 
NH peak and, therefore, in the choice between 
structures 60 and 66 for this compound in a DMSO 
solution. First of all, tautomeric structure 6a might 
be expected to reveal coupling between H-I and H-6, 
and the lack of splitting of the CH,N resonance 
due to this coupling, if not fortuitous, might show 
evidence for 66. On the other hand, the NHCN 
proton resonance in 6b might be expected to occur at  
lower field than that experimentally determined. 
Since, intuitively, chemical resonance in 6b does not 
seem to be sufficiently significant to hinder a rotation 
of the amino group, we have tentatively assigned 
structure 6a to this compound in the DMSO solution 
too. 

A striking difference between the cyanoethyl 
derivative of cyanoguanidine 3 and the cyclic 
products of cyanoethylation, 4 and 6 ,  can be seen in 
their hydrolytic behaviour. Compounds 4 and 6 are 
rapidly converted into the 4-pyrimidinone deriva- 
tives, 5 and 7: respectively, under the influence of 
dilute mineral acid. In contrast, 3 is quite stable 
under these conditions. The labile nature of 4 and 6 
is iikely attributable to a facile protonation of N-3 
resulting in soine increase of positive charge at  C-4. 
This, consequently, would facilitate the attack of a 
water molecule at  6-4. This suggestion may be some- 
what substantiated by the nmr spectrum of 4 in 
which, upon the addition of a drop of trifluoroacetic 
acid to its (CD,),SO solution, the NH, doublet 
collapses into a broad singlet and the GH,C= res- 
o!mnce is shifted a lietle downfield. Both 5 and 7 
show a strong carbonyl band at ca. 1730 cm-' which 
is only slightly shifted toi.ards the lower frequency 
on deuteration. The relatively high values of the 

C=O and N-GEN stretching frequencies in 5 and 
7 could be likely attributed to a cross-conjugation 
between the carbony1 and cyanoguanidine moieties 
in these compounds. Their uv spectra are consistent 
with that conclusion. In contrast to 4 and 6 which 
exhibit only one band at I,,, ca. 250 nm due to a 
conjugation of cyanoguanidine chromophore, 5 and 
7' display two bands at i,,,, ca. 215 and 240 nm. 

The cyclic structure of 5 and 7 was also confirmed 
chemically by the reaction of the sodium salt of P 
with methyl acrylate (12) resulting in a product 
which was identical with that obtained by acid 
hydrolysis of 6 (Scheme 1).  

The nrnr spectrum of 5 exhibits in the methylene 
region two pairs of triplets integrating for eight 
protons; these centered at 3.44 ( J  = 7.0 Hz) and 
2.67 ppm tve have assigned to NCH, and CH,CO 
of the 5,6-dihydro-4-pyrimidinone ring, respectively, 
and the other two centered at  3.64 and 2.82 ppm 
(J = 6.7 Hz) to NCH, and CH,CN, respectively, of 
the cyanoethyl group. A broad band at 10.9 ppm 
integrating for one proton can be attributed to the 
N-3 proton adjacent to the C=O and C=NCN 
groups. This accounts for a marked deshielding of 
this proton. The ninr spectrum of 7 shows a pair of 
triplets at 3.42 (3H, J = 7 Hz) and ca. 2.5 ppm 
partly obscured by residual DMSO due to the 
CH,N and CH,CN groups respectively. In the N H  
region there is a broad featureless resonance at 10.65 
and the other at 8.72 (bv,,, = 20 Hz), each in- 
tegrating for one proton, ass~gned to the N-3 and 
N-I protons, respectively. Although a tentative 
choice between the cyanoimimo- and cyanoamino 
tautomer in favour of the former was based on the 
ir and uv spectra, some ambiguity persists in tha; the 
N-1 proton is more strongly deshielded than might 
be expected as cornpared with siinilar structures, and 
in the !ack of splitting of the NCH, resonances due to 
coupling to this proton. 

Experimental 
All melting points are uncorrected. Dimethylformamide and 

dimethyl sulfoxide were dried by refluxing over calcium hydride 
and distilled in cacuo in an argon atmosphere. Acrylonitriie 
was distilled just before use. Reagent grade cyanoguanidine 
was uscd without further purification. 

Ultraviolet spectra were measured in water with a Cary 
Model 118 C spectrophotometer. Infrared spectra were re- 
corded on a Perkin-Elmer Model 577 spectrometer. Proton 
magnetic resonance spectra were recorded with a JEOh JMN- 
M M  100 spectrometer in 5, va!ues with (CD,),SO as soi\ent 
and tetramethylsilane as an internal reference standard. Mass 
spectra were determined with a EKB-9000 instrument (70 eV, 
direct inlet system). The elemental anal~ses  were made ~n ai: 
Elemental Analyser Perkin-Eirner CHNO 240. 
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Preparution of the Lithi;ii,~ Salt of Cyanoguunidir~e perature, and then poured into a chilled solution of 0.08 lnol 
A solution of 0.1-0.2 moi of 1 in 50 cm3 of DMSO or D M F  of sulfuric acid in SO cm3 of acetone. A crystalline material 

was added to  a suspension of an equimolar amount of lithium was recrystallized from water yielding 3.4 g of 4. The filtrate 
hydride in 50 cm3 of the same solvent. The mixture was was concentrated in cncuo yielding a material which \?as found 
stirred and heated at  50-6O'C under argon until 110 further to be a mixture of 1 ,  3,  4, and an  alleged monocyanoethyl 
evolution of hydrogen was observed. derivative 2 (see the text). The multiple crystallizations from 

Pi,eparotion of the Sodi~ilrnl Salt of Cyanoguonidirze 
A solution of 0.1-0.2 niol of 1 was added with stirring and 

cooling to a solution of an eq~iirnolar amount of the sodium 
salt of dimethyl sulfoxide prepared from DMSO and sodium 
hydride by heating at  70'C in an argon atmosphere. The 
sodium salt of I \\:as prepared prior to  use. 

acetone gave, apart froni 3 and 4, a small aniount (6C mg) of 
6, mp 250-252 C :  ir (KBr) v ,,,,, : 3455 (NH,), 3235,3145 (NW), 
2165, 2170 (sh, I\;-C-N), 1666 (NH,) cm-' ;  u\ i.,,,,, (log E) :  

253 (4.31) nm: nmr 6 :  sa .  2.44 (CH,C=), 3.22 (t, 2H, J = 

7 HZ, CHZN), 7.84 (s, M', 2 = 9 Hz, IH, NH), 8 07 (s, = 
I4 Hz, lH ,  NH), 8.31 (s ,  1i,i,2 = 14 Hz, l H ,  WH); ins in,'e: 
137 (Mi).  Ann! calcd. for C,H,N,: C 43.79. H 5.14. N 51.07: 

eyrmiin!ide (4) 
A. Acrylonitrile (5.3 g, 0.1 moi) was added rapidly to  

50 cm3 of a DMSO solution of 0.1 1no1 of the lithium salt of 1 
with stirring and water cooling under an argon atmosphere. 
The tempei-atui-e rose immediately to 67'6 and began rapidly 
to  fall. After 10-15 min the reaction mixture was uoured into 
150 cn13 of ice-chilled tetrahydrofuran. The resuiting slurry 
rnixture was centrifuged to remo\e an amorphous precipitate. 
Tetrahydrofuran and illost of the diinethyl sulfoxide nere dis- 
tilled off iiz rac~ro. A semisolid residue mas triturated with 
ethanol yieltling 6.5 g of crystalline product 4, mp 226-229'C 
(yield 6873. 

B. Acryloriitrile (10.6 g, 0.2 moll was addcd rapidly to 
50 cm3 of a DMSO solution containing 0.1 n;ol of the sodium 
salt of 1. The tcmpeiature rose to 86'C. Aftcr 10 min the 
reacticn mixture \%,as subject to the same work-up as described 
in A ,  yielding 4 in 86% yield. Crystallization from water ga le  
an  anaiytical sample of mp 233-234'C; ir (KBr) v,,,: 3403 
(NH,), 3340, 3165 (NH),  2255 (C-N), 2172 2189 (N- 
C=N), 1665 (WH,) c m  ' ; uv J.,,,, (log s ) :  255 (4.42); ms /n\e:  
190 .(WIT): nmr 6 :  ca. 2.5 (CHZC=), 3.42 (t, 21-1, J = 7 Hz, 
ring CH,N), 2.76 (t, 2H, J = 6.6 Hz, CH,CN), 3.62 (t, 2H, 
J = 6 6 Hz, CH>N), 8.05 (s, w1,2 = 6.6 HZ, 1H, NH), 8.34 
(s, w12 = 6.6 Hz, l H ,  NHj. And .  calcd. for C,H,,,N6: C 
50.52, N 5.30, N 44.18; found: C 50.85, H 5.45, N 43.59. 

N,N-Bir.i2-cj,anoeI/r)~!j -N'-cycnic,:iirr,~idir~c (3)  
T o  a i i r red  soi:~tion of 0.118 mol of the liihiun salt of X iii 

100 cm%o:'dimcthy!~orma~nide at 3-C under argon \\as added 
dropnise 11.5 g (0.236 1x01) of acryionitriie in 30 ern3 of DMF, 
The reaction niiutiire was stirred for I h a? aroulld 3 C, and 
then poured intc 200 cm' of chillzd teirah~,drofuran with 0.06 
mol of sillfuric acid. Afte- centrifuging an an-iorpholis solid 
and evap2rating the solvents 111 cucuo, a semisoli6 residue was 
triturated 100 cm3 of acetone yielding 18.6 g of 3 (yield 
82z). Crqstalllzation from water ga-ve an analliica! sampiz of 
inp 166-16'7-6; ii- (KBrj v,,,,,: 3438,  3320 (NH,), 3132, 3164 
(NH), 2258, 2249 (C=X), 2i74, 2185 (sh N-C-Pi), 1660 
(NH,). 1554, 1523 c?n- ; u~ 2 .,,,,, (logs): 223 (4.29) n i ? ~ ;  
nrnr 6 :  2.74 (t; 2 K , i =  6.9I-lr, CH,CN), 3,63 i t ,  ?Pi, J =  
6.9 Hz, CH2N), 7.36 (s, 2F1, NH,); ms 111'e: 190 '(M-). Ai!trl. 
calcd. for CoH,o:al,: C 50.52, f! 5.3a, Fa 44.18; found: C 
50.49, H 5.26, N 44.30. 

4-Ai?i~r;o-5,6-di!1yf~ro-2! 1 H/ -p:;~ii~iidi~iy/i~ienec~'anc;i?!!de 1'6) - - 
I o a stirred soliltion of 9.08 mo: of the snit of 1 it; 35 cn13 

oT di2ne:hyl sdfoxide was rd:'ed dropviise 4.27 g (0.08 mo!) of 
acrylonituile. Tiiro~ighou! tile addition the mixture was cooled 
in a water bat11 and the temperature did not rise above 30'C. 
When the exothermic reaction subsided the mixture 'was re- 
nioied from the v,ater bath, itirrea for 30 mi11 s t  room iel:~- 

Conuersion of 3 into 4 
One hundred milligrams of 3 was heated above its melting 

point. After several seconds the liquid substailce began to re- 
solidify yielding 100 nig of a crystalline product which Mas 
pro\red lo be identical with 4. 

h!j~r!ro/ysis o f  3 lvirh Bciri;rri~ .v~~droside 
A mixture of 0.58 g (0.003 mol) of 3 and 3 g of barium 

hydroxide octsh~dra te  in 20 c!n%f Fvater was heated under 
reflux until the evolution of ammonia ceased. The mixture was 
saturated with carbon dioxide and the precipitate was filtered 
off. The filtrate was e~aporaked in rcicuo to dryness. The re- 
sulting monobarium salt was dissolied in a small aniount of 
water and treated :+ith an equi\,a!ent amount of arnnioniuln 
sulfate. After filtering oiT bariunl sibifate the filtrate was con- 
centrated and diluted nith i?iethanol. The pr-ecipiiate was re- 
crystallized tuice from aqueous methanol yielding a crya~alline 
product, nlp :78-179'C', ~ h i c h  vvas proved to he idciitical 
with the ammonilirn salt of p,B'-iminohispropionic acid ob- 
tained by alkalirle hydrolysis of B,b'-iminobispropanenitrile. 

Hydro!ysD o f 6  
An equivalent amount of hydrochloric acid w-as added 

dropwise, as it was consumed, to a stirred suspension of 0.027 g 
(2 x 10-' 3101) of 6 in 3 cm3 of Rater at  40'C. The additio;~ 
was continued until a slight excess of hydrochloric acid was 
present. Tbe c~iorless cr)sta!s were filtered oB and washed 
with water yielding 0 , 0 2 4 ~  of tetrahydro-4-0x0-2(IN)- 
pyri~l~iciir:yliiienciyanamidc 17j, ii?p 273-274 C ;  ir (KBr) 
Y ,,,, 1 3200, 3095, 3CbO <r*;H), 2209, 2185 i;h, N-C-Pi), 
1725 (C-0) c m ' :  L I ~  i.,,,,, (log E ) :  216 (4.22), 239 (4.17) nm;  
nmr 6 :  ca, 2.5 (CH2CB:, 3.42 jt, 2H, .I = 7 Hz, CH,K), 
8.72 (s, wi ca. 70 Hz, 1!3, NH), 10.55 (br s, l W ,  NHCO). 
ms i ~ ~ r e :  138 (PIA). Aniil. caied. f c i  C,H6N,B: C 43.48, Pi 
4.33, N 40.56; found: C 43.28, 5 4.55, N 40.46. 

Hj~droiysis of 4. 
Coinpound 4 (9.19 g) was hydrolysed in a similar way to 

that described above far 6 yielding 0.17 g of 1-(2-cyanoethylj- 
retrahydra-4-cxo-2(iH)-py~i1nidir~~iidei1esanar~1ide (51, i11n 
145-149 C ;  i!- (KBrj v,, , :  3175 (NH); 2256 (GIN), 2196 
(N-6-K), 1711 (5-C) c iy - I :  uv P.,,,, (log E):  118 (4.16), 
24414.173 nm;  onir 6 :  2.67 it, 2H, 9 = 6.6 Hz, CH,CO), 3.74 
(t, 2M, J' = 6.6 Hz, GH2N ring), 2.82 (t, 2H, J  = 6.7 Kr.  
GH,CN), 3.64 (t, ?E, .J = 6.7 Hz, CH,N), l0.92 (br s, 1W? 
NH): ms ~ i ' c  191 !:M--;. Ai7ai. calca. ,CorC,H,N,Ca: G 50.25, 
H 4.75, N 36.63; found: C 90.31, H 4.'71, i*l 36.44. 

i .  T. St.() .  I'. KAKUI'  \ ~ !  a n d  'T. htrc;uc xi .  Mob~in\hi R ~ ) n h u n -  
i h u .  Engi. Ed.  3 i .  40; (1974). 
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Characterization of  autohydrolysis aspen (P. trenieuloa'des) lignins. Part 2. Alkaline 
nitrobenzene oxidation studies s f  extracted autohydrolysis lignin 

MORRIS W r \ ~ h ? , ~ v  A N D  M I R A K D , ~  G .  S .  CHLA 
Dc~par.t/?~er~f ofChc,i~iic.ci/ Er~siriccririg cir~il Applicd L'herni.r ti?. U~~ii.c'i.,\it~ (~ fTor .vr~to ,  Tororiio. 011r.  . Ccincitlci ,145.7 1.44 

Received Feb~.u;~t.> 19. 1979 

M O R R I S  \V-\\i.hl..i~ and M ! K A U D . ~  6. S. CHUA. Can. J .  Chem. 57. 2599 (1979). 
Alkaline nitrobenzene oxidation of the lignins extracted from extractive-free aspen wood 

meal after autohydrolysis at  195°C for periods varying from 5 min to 2 h indicated that these 
lignins were structurally more condensed in terms of an increase in new carbon-carbon bonds 
than aspen milled wood lignin. The degree of condensation generally increased with longer 
autohydrolysis times. It is postulated that condensation involved materials from both the 
carbohydrate and lignin components of the wood which were generated during the auto- 
hydrolysis. The molar ratio of syringaldehyde to vanillin of extracted lignin on oxidation was 
observed to decrease with increasing autohydrolysis time. It is suggested that syringyl units are 
preferentially extracted as low molecular weight material. 

Mol<tus W.i\ \I.ih et M I R ~ N D  i 6 S C H U  z Can J Chem 57.2599 ( 1979) 
L'oxydation par le nitrobenzene alcalin de lignines extraites de sciures de bois de tremble 

sans principes extractifs et soumises a une autohydrolyse a 195'C pour des periodes allant de 
5 min a 2 h indiquent que ces lignines sont, du point de vue structural, plus condensees en 
termes d'une augmentation de nouvelles liaisons carbone-carbone que la lignine de bois de 
tremble broye. Le degrk de condensation augmente generalement en fonction des temps d'auto- 
hydrolyse. On suppose que la condensation implique des substances provenant autant de la 
portion carbohydrate que de la lignine qui est gtneree au cours de l'autohydrolyse. On a 
observt que les rapports molaires de syringaldehyde a vanilline obtenus par oxydation des 
lignines extraites diminuent lorsque le temps d'autohydrolyse augmente. On suggkre que les 
unites syringyles sont extraites d'une f a ~ o n  preferentielle sous forme de substances de bas 
poids moltculaires. 

[Traduit par le journal] 

Introdnetion 

Alkaline nitrobenzene oxidation of wood and of 
extracted lignin has been widely used for charac- 
terizing protolignin, as well as for studying the 
effects of isolation procedures on the structure of 
lignin (1-3). The cornposition and quantity of the 
aromatic aldehydes obtained reflect the structural 
features of the side chain and the extent of carbon- 
carbon linkages present in the lignin (4). Studies of 
model compounds (5-7) have indicated that lignin 
structures which are condensed gave lower aromatic 
aldehyde yields. In this alkaline nitrobenzene oxida- 
tion study of the lignins extracted from aspen wood 
meal after autohydrolysis at 195°C for periods 
varying from 5 min to 2 h, a decrease in aromatic 
aldehyde yield is attributed mainly to condensation 
reactions and only to a minor extent to modification 
of the side chain of the lignin. Condensation also 
adequately explains the changes in the chemical com- 
position and molecular weight distribution of the 
extracted lignins (8). Kratzl and co-workers (9-11) 
showed that even after oniy a short pretreatment with 
water at elevated temperature and pressure, the total 
aldehyde yield from wood on alkaline nitrobenzene 

oxidation was considerably decreased, which has 
been attributed to condensation. 

Results 
Alkaline nitrobenzene oxidation of aspen milled 

wood lignin (MWL) and extracted lignin (XL) was 
~nodified in the determination of vanillin and syring- 
aldehyde according to the procedure of Stone and 
Blundell (12) i.e., by simultaneous spectrophoto- 
metric analysi~ ( 1  3). The reproducibility of the yields 
of vaniliiil and syringaldehyde by the modified 
procedure is shown in Table 1. The autohydrolysis 
XL have lower yields of vanillin and syringaldehyde 
than MWL, the reference protolignin, except for 
XL-5 which has a slightly higher syringaldehyde 
yield. This apparent increase in syringaldehyde for 
XL-5 can probably be attributed to a lower value of 
uncondensed syringyl units determined for MWL 
than originally present in wood. After 40 min of 
autohydrolysis, the vanillin yield remained constant 
but the syringaldehyde yield fluctuated 1 127, of that 
of XL-40. 

As shown in Table 2, at longer autohydrolysis times, 
the decrease in aromatic aldehyde yield was small, 

OOO8-4O42/79/192599-04SO 1 .OO/O 
(9 I979 National Resear.ch Council of Canada/Conseil national de r-echerches du Canada 
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TABLE 1. Reproducibility of the modified method for alkaline nitrobenzene oxidation 

Sample 

MWL 
XL-5 
XL-:0 
XL-20 
XL-30 
XL-40 
XL-60 
XL-90 
XL-120 

Average 

6.152 
4.136 
3.962 
3.079 
2.672 
1 .544 
1.526 
1.569 
1.576 

% 
Variation 

f 0 . 9 t 0  -1 .1  
+ 3 . 5  to -2.1 
+ l . 4 t 0  - 1 6  
+ 1 . 6 t o  -2 .1  
f 2 . 1  to -2 .1  
+ C . 6 t o  + 4 . 9 t o  -0 .7  - 4 . 2  

1-0.7 to - 1 . 0  
+ 4 . 1  to -4 .8  

% Syringaldehyde (S)" 
% 

Sample (1) (2) ( 3 )  Average Variation 

*% yield by neight, based on  iignin on a carbob>drate-free basis 

FABLE 2. Total jield and molar ratlo of vanillin and decreased yields of aromatic aldehydes, but ~t is 
syr~ngaldehyde 

-- 
difficult to relate it to the syringyaldehyde to 
vanillin molar ratio trends and molecular weight - 

Molar ratio distribution patterns (8). 
Sample Total (V + S)* S/V 

- A lower yield of aromatic aldehyde can also be 
MWL 
XL-5 
XL-10 
XL-20 
XL-30 
Xt-40 
XL-60 
XL-90 
XL-120 

"Z yield by weight, based on iignir. o n  a carbohydl-ate-free 
basis. 

and after going t h r o ~ g h  a mznirnurn at aboi~t 60 r n i r ~ .  
the SIV ratio increased to that of MWC, 

The observed marked decreasing yield of aromatic 
aldehyde fro111 the XL with increasing autohydrolysis 
time is attributed rri;inljr t.3 soridensation reactiions 
invo!ving the formation of new catboa?-carbon 
bonds, resulting in a iignin structure which is much 
less amenable to oxidation to phenoiic aldehydes. 
Chang and Aiiec (4) ha\,e scggested that the yields 
and nature of the oxidation products rimy be deter- 
mir;ed by the strilctura'i features of the aliphatic side 
chains. This possibility may cortribnte to the observed 

partly zttributed to physical or chemical incorpora- 
tion of non-lignin malrials such as csrbohydrate 
degradation products. It is highly probable that these 
reaction intermediates, namely furfusal and its 
precursors, participate i i i  the lignin condensation 
reactior~s (141, resulting in the formation of new 
carbon-carbon bonds, thereby contrjSuting to the 
condensed nature of XL. 

The lnethoxyl content of MWL vvas 21.54x, 1.47 
MeO/C, unit, which represents a syrin~q.1-to- 
guaiacy! ratio, talting into acccunt boll-! conde~ased 
and uncondensed units, of 1 : 1. The S W  ratio found 
after oxidation, i .32 : 1, indicates more uncon- 
densed syringyl than guaiacy:, and conversely pre- 
ferential condensatiofi of guaiacyl units in the proto- 
i in in .  

Our exp!aiaation for the variarion in SIV ratio for 
XL is depicted in Scheme 1 .  The ctserved high S/V 
ratio after 5 n;in 3f autohydrolysis is due to pse- 
ferentia! condensation of guaiacy! units and preferen- 
tial extraction of syringy? units Juring autohydrolysis. 
Fron: studies of the reactivity of the aromatic sites in 
llgnin (15-171, it has been established that acid- 
catalyzed condensation reactions proceed most rapid- 
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I\ .\L h12 \  4hl) CHL 4 I 

SCHFXIE  I .  Explanation of variation of SIV ratio nith autohqdroly\is time; uG = uncondensed guaiacyl; US = uncondensed 
syringyl; C;.S = condensed guaiacyl/syringyl; SIV = molar ratio of syringaldehyde-to-vanillin; ESL = ether-soluble 
extl-acted lignin: IR  = reactive intermediate. 

ly a t  the C-6 position (structures 1, 2, and 3). The 
syringyl unit because of the additional methoxyl 
group at the C-5 position would represent a con- 
figuration stericaliy hindered lo condensation at C-6. 
This wouid also account for the preferential extrac- 
tion of syringyl units during lignin fragmentation. 
Storie (18) and Marth (19) in their alkaline nitro- 
benzene oxidation studies of the spent sulphite 
pulping liquors and pulps of aspens found that the 
ratio of syringaldehyde-to-vanillin in the liquor con- 
tinually increased during the heating, hvhereas the 
syringaldehyde-to-vaniilin ratio of the pulp de- 
creased. These results support the suggestion that 
syringyl-co~ltainii~g units of lignin are more easily 
extracted. The observed decrease in syricgyl units for 
Xk-10 to XL-60 may be attributed io  the removal of 
syringyl anits illto the ether-soluble fraction during 
purification of the Iigniii, which is sgpported by the 
high rnerhoxyl content of 23.4x found for this 
fraction. 

After 60 nnin s f  autohydrolysis the S/V ratio in- 
creased. At this stage of autohydro!ysis, lipnin and 
non-lignin degradation products, termed reactive 
intermediates, are becoming prominent. These reac- 
tive intermediates are postulated tc be Hibbert 
ketones (201, p-hydroxybenzoic acids (21, 226, 
syringic acid (231, vanillic acid (23), and furfurai, 
hydroxymethyl hrfuur-ai, and their precursors (14). 
From molecular weigh? distribution studies ($1, 
XL-90 and Xk-120 are essentially Iow molecular 

/O [OH] /" [OM] 
p-Bydr-oxybenzql unit Guaiasyl unit Syringyl unit 

1 2 3 

weight materials but are highly condensed in the 
sense of having high proportions of carbon-carbon 
bonds, as indicated by the very low aromatic alde- 
hyde yield on alkaline nitrobenzene oxidation. AD, 
explanation for the increase in S,iV ratio is that 
remaining uncondensed guaiacyl can react with the 
reactive intermediates resulting in new carbon- 
carbon bonds and consequeatly contributing to the 
increase in S/V ratio. 

Preporation of Alitohyclrolysis Extracted Lignin i X L )  
For details refer to ref. 8. Extractive-free aspen wood meal 

was autohydrolysed at  195°C for periods varying from 5 min 
to 2 h. The lignocellulosic residue was then extracted with 90% 
dioxane at  70°C and the extracted lignin purified and recovered 
by precipitation into ether, folfowed by subseqcent washings 
with benzene and petroleum ether. 

Alkrilitre ~V i f robe~~zn le  Oxidatiori of A~utoi:ydro/j~sis Extrucred 
iigrrin 

The modified procedure is described in detail In ref. 13. i t  
consisted essentially of subjecting the extracted lignin to 
alkaline nitrobenzene oxidation at 180 C for 2 h, recovering 
the oxidation products by paper chromatography, and deter- 
iiiining the vanillin and syringaidehyde contents by siniul- 
!aneous spectrophotometric analysis. 

The a~izhors wish to thank the National Research 
Council o r  Canada for both the award of an NRCC 
postgraduate scholarship to  one of them (Ps4.C.S.C.) 
and l'or a research grant which scpporied %is in- 
vestigaiior-t. The authors also wish to tl;aiak ?d:, S. 13. 
Lora for the sample of milled wood lignin used in 
this work, and for helpful discussion of the results. 
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Characteri~atiern ofaoitohydrolysis aspen (B.  tremukoides) lignins. Part 3. Infrared and 
uftra\.iole% studies of extracted autohydrolysis lignin 

MIRANDA G. S. C H U A  4 k D  MORRIS WAYXIAN 
%ScJpci?''En12rni ~;JChe,l.iic.n/ Engiflerrir~p iincl Applicd Cherni.r t , ~ ,  Unirer,tity of Toronto, ?'ororrto, O,,t., Co,lcit/ii  :~f5.$ / A 4  
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~ ~ X R I - ~ N D A  $j. S. ,?HUA and MORRIS W A \ I \ T ~ U .  Can. J .  Chem. 57. 2603 (1979). 
%~~fmred aard u?rraviolet studies of the lignins extracted from extractive-free aspen wood 

meal after aulobycrolysis at 195°C for periods varying from 5 min to 2 h indicated that these 
%i@ins were ;'i;rrctionally modified and different from aspen milled wood lignin. The extracted 
lig:?ias changeil f r r~m a guaiacyl-syringyl type lignin to a syringyl-deficient type lignin with 
inaeasing s~rtoirydrolysis time. Extracted lignins were also observed to contain unconjugated 
$-ketonz gmps af-d  conjugated carboxylic acid groups. It is proposed that the unconjugated 
BIeei~rte gr3laps resulted from the depolymerization reactions of the lignin macromolecule 
i~ndec acidic mnd~t ions  which formed n~onon~eric,  dimeric, and oligomeric/polymeric lignin 
fragments with Hibbert's ketone side chains. The conjugated carboxylic acid group observed 
to be present was attributed to p-hydroxybenzoic acid. p-Hydroxybenzoic acid has been 
postulated as contributing to the extractability of aspen lignin by acting as a blocking agent in 
the repolymerization of lignin fragments to form insoluble lignin. 

M I R - \ ~ \ D A  6. S. CHUA et MORRIS W A Y M A N .  Can. J .  Chern. 57. 2603 (1979). 
Des etudes infrarouge et ultraviolette de lignines extraites de sciures de bois de tremble sans 

principes extractifs et soumises a une autohydrolyse a 195% pour des pCriodes allant de 5 min 
a 2 h indiquent que ces lignines sont modifiees du point de vue fonctionnel et sont differentes 
de la lignine de bois de tremble broyi. Si l'autohydrolyse se prolonge, les lignines extraites 
changent d'un type guaiacyl-syringyle a un type deficient en syringyle. On a aussi observe 
que les lignines extraites contiennent des groupes P-cttoniques qui ne sont pas conjugues et 
des groupes carboxyliques conjugues. On suggere que les groupes b-cktoniques qui ne sont 
pas conjuguCs proviennent de reactions de dCpolymtrisation de la macromolCcule de lignines 
sous l'influcncc des conditions acides qui forment des fragments de lignines monomeres, 
dimeres et oligomere/polymere avec des chaines laterales cetoniques de Hibbert. On attribue 
le groupe acide carboxylique conjugue observe a la presence d'acide p-hydroxybenzoique. On 
suppose que l'acide p-hydroxybenzoique contribue a la facilite d'extraction de la Iignine de 
tremble en agissant comme agent qui bloque la repolymi.risation des fragments de lignine 
conduisant 2 de la lignine sous forme insoluble. 

[Traduit par le journal] 

Introduction 
During autohydrolysis (steaming) of wood, the 

reactions that occur in the llgnin fraction, as well as 
in the hemicellulose and cellulose components of 
wood, are a result of the prevailing acidic condition 
and the high temperature. In many respects, the 
effects of autohydrolysis on the iignin fraction are 
similar to those obtained on acidolysis (1-3) and 
ethanolysis (4-8). As reported in an earlier paper (9), 
the changes in elemental composition and decrease 
in methoxyl content of the lignin extracted from ex- 
tractive-free aspen wood meal autohydrolysed at 
195°C for periods varying from 5 min to 2 h were 
similar to those observed for aspen lignin on acidoly- 
sis. Alkaline nitrobenzene oxidation studies suggested 
that the extracted autohydrolysis lignins were con- 
densed in structure which was in accordance with 
the molecular weight changes observed for extracted 
lignin (9). Acidolysis lignin has also been found to 
have undergone condensation (10, 1 I) .  Lundquist in 

a comprehensive study of acidolysis (12-18) using 
spruce and birch Bjorkman milled wood lignins and 
model compounds has, by identifying the reaction 
products of the acid-catalyzed degradation, proposed 
cleavage mechanisms which have proved useful in 
the elucidation of the structure of lignin. Auto- 
hydrolysis at elevated temperatures, although lower 
in acidity (pH of liquor approximately 3.0), is more 
drastic in terms of cleavage of lignin-lignin and 
lignin-carbohydrate bonds than mild acidolysis due 
to the higher temperatures involved. In addition, in 
autohydrolysis, the depolymerized lignin fragments 
remain in the proximity of condensation sites in the 
wood matrix, and are more liable to recondense than 
in acidolysis, where degradation products go into 
solution. Klemola (19) obtained only the more stable 
Hibbert ketones in the degradation products on 
steam hydrolysis of birch at 185°C for 2 h Nimz 
(20, 21) on mild hydrolysis of finely powdered wood 
with percolating water at 100°C succeeded in 

0008-40421791192603-09$01 .00/0 
'a1979 National Research Council of Canada/Conseil national de recherches du Canada 
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TABLE 1. Assignment of infrared absorption bands in the region 800 cm-' to 2000 cm-' for aspen milled wood lignin (MWL) 
and for extracted autohydrolysis lignins (XL) 

MWL X h  Overall trend 
(cm-') (cm-') in XL Comment 

845 845 Decreases Aromatic C-H out-of-plane deformation, attributed to the presence of 1,2,3,5- 
tetrasubstituted aromatic rings, i.e., uncondensed syringyl units 

920 915 Increases Aromatic C-H out-of-plane deformation of syringyl units 
1035 1035 Decreases Aromatic C-H in-plane deformation, assigned as characteristic of uncon- 

densed guaiacyl units 
1128 1125-1 115 Decreases Aromatic C-M in-plane deformation, attributed to contribution from both 

guaiacyl and syringyl units 
1225 1215 Constant Ring breathing with C-0 stretching in syringyl and guaiacyl units 

(Variation 
? 10%) 

1270 1270 Decreases Ring breathing with C-0 stretching in uncondensed guaiacyl units 
1325 1325 Decreases Ring breathing with C-0 stretching in syringyl unit 
1420 1425 Decreases Aromatic skeletal vibrations. Strongly coupled by C-H in-plane deformation 

and sensitive to the nature of ring substituents 
1460 1450 Decreases Asymmetric C-H deformation in methyl and methylene groups, apparently 

considerably affected by methoxyl groups 
l 505 1510 Constant Aromatic skeletal vibrations. Found to have minimal intensity variation with 

structure, therefore used as internal standard 
1590 1595-1605 Decreases Aronlatic skeletal vibrations. Affected by aromatic C-0 stretching mode and 

by conjugation with x-carbonyl groups 
I670 - - Stretching of conjugated aryl carbonyl, i.e., aryl-C-C-, aryl-C=C-C- 

I !  I I 
0" 0 

1720 1710-1705 Increases Carbony1 stretching of unconjugatcd /3-ketone, i.e., aryl-C-C-C- and 

conjugated acidslesters, i.e., aryl-C-0- in the lignin unit 
1 1  
0" 

1735 - - Attributed to unconjugated acids,/esters, i.e., aryl-C-C-0- 
I 1  

hydrolysing specifically the more labile benzy'! ether 
iinkages, and reduced recondensation reactio~is and 
rearrangements in the aliphatic side chain. 

The purpose of these infrared and ultraviolet 
studies of the extracted autohydrolysis lignin was to 
follo~v the changes in fi~nctionai groups faking place 
during the acid-catalyzed degradation of lignin. 
Thus, together with the results obtained from the 
earlier studies and also supplemented by the fizidings 
of the above-mentioned researchers, insight can be 
gained into the mechanisms involved in lignin re- 
actions during autohydrolysis, 

Results 

1~7frared Spectra of Aspen MiJled Woad klgnin 
( M  KIL) and Extracted kigizzrz ( X k j  

The positions and assignments for the infrared 
absorption baacis f o ~  aspen. MU'& azd X k  are 
tabulated In Table I .  Thf: asslgnnents in Fable 1 
follow essentmlly those summarized by Hergert (22, 
23) supplemented by the work of Sarkanen and 
C h a w  (24-26). 

Comparing the spectra of X L  with MWL as 
shown in Fig, 1: significant differences are observed. 
The spectra of MWL indicated absorption at 1720 
cm-I with a shoulder at 1735 cm-I attributed to un- 
conjugated acids,'esters arid a band a t  167C CE-I 

due to r-carbonyi groups. 
In XE, a sharp increase in the 1705-1716 cm-' 

band with increasing autohydrolysis time is ob- 
served, which because of its broadness (1650- 
1720 cm-I) may indicate some absorption a t  
1470 cm-I. The 1705-1720 c n - '  bend may be at- 
tributed to unconjugated ketone carbcnyl groups 
and conjugated acids/esters (23, 27-51). T o  evaluate 
the nature of the absorption in this region, the lignins 
were reduced with sodium borohydride under 
iliildly alkaline conditions and the percentage de- 
crease i i ~  the 1705-1720 cm-I tabulated in Fable 2. 
The results show that MWE contains uncoll:ugated 
acids/esters (e!imination of 1735 cm- I  band) and 
conjugated acicis/esters (1720 cm-' remaining after 
reduction), but no unconjugated ketones. The 
1670 cm-I band in MWk attributed to coajugated 
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C H U A  A Y D  LVAYMAN: 2 

in o o o  i n o m  o o m m 
h 

0 r w N  N h r  N * - O 

r 
~ N N  - o m m 
7 - 7 7  7 7- 

FIG. 1. Spectra of aspen MWL and XL. 

TABLE 2. Analyses of infrared spectra of sodium borohydride reduced aspen MWL 
and XL 

ZChange after NaBH, reduction 

Sampie 1530-1610 cm-I 1705-1720 cm-' 1670 cm-I 

Reduced MWL Small Significant change -12 .2  
in 1735 cm-' region 

Insignificant change 
in 1720 cm- ' region 

Rekced Xk-5 1-11.9 -27 0 Abserlt 
Reduced XL-40 f 1 6 . 1  -47.6 Absent 
Reduced Xt-120 f 2 3  8 -60.0 Absent 

carbonyl groups was decreased by only 12x on re- 
duction. The XL is seen to contain both unconjugated 
carbonyl structures (reduced portion) as we11 as csn- 
jugated acidsjesters (unreduced portion). The band 
remaining after reduction is more likely to be due to 
carboxylic acid groups than esters, since the labile 
ester bonds woanld have been cleaved by the pre- 
vailing hydrolytic conditions. On saponification, the 
XL could only be precipitated at pH a' or below and 
the infrared spectra of the saponified XL shcs~ved a 

decrease in the 1705-172@ cm-'  band. This is in- 
dicative of carboxylic acid groups. 

There is also observed a shift from a lower to a 
higher frequency of absorption from MWL to XL 
in the aromatic skeletal vibrations, from 1420- 
1425 cm-I, 1505-i710 cm-l,  and 1590-1605 cm-I, 
corresponding to a change from a guaiacyl-syringyl 
type Iignin (Msdv'%) to a syringyl-deficient type lignin 
(XE) (ref. 22, p. 242). This transition is also s u b  
stantiaied by the ratio of absorptivities of the 1600- 
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Time of Autohyddotysis (min) 

FIG. 2. Trends for absorption bands at 1705-1720 cm-', 1590-1605 cnl-', and 1460 cm MWL and XL. 

1500 cnl-' band, which decreases from 1.05 for 
MWL to approximately 0.8 for Xk.  The former value 
is characteristic of hardwood (guaiacyl-syringyl) lig- 
nin and the latter softwood (guaiacyl) unit. Further- 
more, the band at 1460 cm-' affected by absorption 
of methoxyl groups (25, 32, 33) is observed to de- 
crease with increasing autohydrolysis time, support- 
ing the observation that XL is tending towards a 
softwood lignin structure. Figure 2 shows in greater 
detail the increase in the 1705-1720 cm-' band and 
the decrease in the 1600 and 1460 cm-l bands. 

Ultra~iolet Spectra of Aspen Milled Wood Lignirz 
( M  W L )  and Extracted Lignirz ( X L )  

Aspen lignin has been found by many researchers 
(26, 34, 35) to give abnormally high ionization dif- 
ference absorption (AF,) due to the presence of p- 
hydroxybenzoate groups. For this reason, the A&, 
(ionization difference) and AF, (borohydride reduc- 
tion dlfference) curves obtained for MWL and XE 
will be qualitatively interpreted only. 

The presence of a maximum at 360 nm for MWL 
and 366 nm for XL shown in Fig. 3 indicates that 
both contain phenolic hydroxyls conjugated to rx- 
carbonyl groups, carbon-carbon double bonds, or 
biphenyl groups. The shift in frequency indicates 
that the type and proportion of these conjugated 
structures differ for MWL and XL. From Fig. 4, the 

phenolic hydroxyl contextt nne,rcascs V-xh lncreaslng 
autohydrolysis tlnle as indicated b j  ;he Increase in 
AE, at 255 nm and 296 nm. Mi3~ever. the dbsorptlon 
at these wavelengths 1s affected by conjugation. 
Sod~um borohydride reduced sampler;. /$E, were run 
but the trends obtalned were dlfii,~it fo  rrir>laln, al- 
though st111 ~ndicative of h~ghei phenohc bydroxyl 
content. It can also be concluded from ~Ese 366 nm 
absorption that lncieaslng amounts of .,ortjugated 
phenolic structures are belng formed on au&~,l:ydroly- 
sis From the reduction d~fference spectra, OF,, ~t 
appears that only a portion of the conjugateo struc- 
tures can be reduced by sodium borohydride, and 
thls implies the presence of both conjugated car- 
bony1 groups (reduced portion) and conjugated 
ethylenic group and conjugated acid/esters (unre- 
duced portion). 

In order to explain the results of the infrared and 
ultraviolet studies and to relate these to the earlier 
work on molecular weight d~stribution (9) and degree 
of condensation of XL,' the possible mechanisms of 
lignin depolymerization and repoiyinerization pro- 
posed are outlined in Scheme T . 

Scheme 1 shows all possible cleavages of ether 

'Part 2 in this series of papers. 
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CHUA 41D U A Y M A Y  2 

MWL 

Wavelength (nm) 

FIG. 3. Ultraviolet ionization and reduction (AE,) curves for MWL and XL. 

linkages under acidic conditions of a representative 
portion of beech hardwood lignin structure as pro- 
posed by Nimz (361, with gcncration of ~nonomeric 
aromatic (Iu and Hb) and monomeric aliphatic (Be), 
dimeric (IHa and IHb) and oligomeric/polymeric (PIIa 
and IIIb) lignin degradation products. Legend 1 ex- 
plains the groupings and the subsequent products 
obtained under the prevailing acidic conditions after 
the initial hydrolysis. 

The depolymerization scheme in Scheme Z shows 
that on acidic hydrolysis the monomeric, dimeric, 
and also oligornericipo!ymeric products formed con- 
tain aiiphatic side chains sirniiar to Hibbert's ketones, 

namely, with carbonyl and hydroxyl groups. The 
presence of these compounds is supported by the in- 
frared studies which showed increasing formation of 
unco~~jugated P-ketones in the XL, fro111 the 1705- 
1720 cm-I band with increasing autohydrolysis time. 
Also the ultraviolet studies have indicated the pres- 
ence of u,P-diketone, and conjugated ethylenic 
groups, which may be indicative of phenylcoumarone 
and stilbene structures. Kle~nola (19) has also found 
the more stable Hibbert's ketones and guaiacyl and 
syringyl derivatives with 3 or  less carbon side chain 
con~pounds such as acetoguaiacone, acetosyringone, 
guaiacol, and syringol, in the low molecular weight 
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Time sf Autohydrolysis (min) 

FIG. 4. Trends in ionization (As,) and reductioi~ (AE,) curves for MWL and XE. 

&yoCHz H,CO 

OCH, ,.- 
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CHLA A N D  \VL\Yhl4N: 2 

H2COH CH3 CH3 CH3 
I 

CH3 
I 

HCOH 
I 

HCOH 
I 

HC=O C=O 
I 

C=O 
I I I 

HCOM C=O HCOH 
i 

C=O 
I 

OCH 

I I I 
HCOH q = O  C=O 

SCHEME 1. Schematic representation of (a) depolymerization and (b) repolymerization of a representative portion of 
hardwood lignin under acidic conditions. 

(a )  Depolymerizztion (indicated by bond cleavage (/)): aromatic ring number + lignin degradation products are 
i + Ha or 411; 213 -, 1110; 4 -t Bb, Ic; 516 + IIb or 111; 718 -* HIb or PIP; 9/10 -+ Bc, HHb; 11/12 -, Hln; 13 -r Hb, Ic; 
14/15 + I I b ;  16-  da; 17- t  Bb; 18/19 +HID; 20-  Ic,IIHa; 21/22 + PPb; 23 + Pb; 24/25 -166 orIhP. 

In = Mononleric guaiacyl and syringyl derivatives with 3 or less carbon atom aliphatic side chains, carrying C=C 
double bond, carbonyl or hydroxyl groups. 

Hb = Cuaiacylglycerol and syringylglycerol structures, which from acidolysis studies are known to form Hibbert's 
ketones under acidic conditions. 

Hc = Monomeric aliphatic compounds. Lundquist (13) has found pyruvaldehyde, formaldehyde, and methanol in 
acidolysis iiquor. 

BIn = 1,2-Bisguaiacyl-1,3-propandiol and 1,2-bissyringyl-1,3-propandiol structures, which from acidolysis studies 
have been found to form the following compounds: 4,4'-dihydroxy-3,3'-dimethoxy stilbene (i), 1,2-bisguaiacyl- 
1-propanone (ii), and 1,l-bisgilaiacyl-2-propanone (iii) (or their syringyl analogues). 

Bhb = Dimeric guaiacyl or syringyl structures originating from dimers present in the lignin, foi  example, phenyl- 
coumaran and pinoresinol type of structures (or their syringyl analogues). From acidoiysis studies it has also 
been shown that phenyicoumaran structures which on hydrolysis have a glyceryl side chain form dimeric 
products with Hibbert's ketone side chains: phenyicoumarcne ketone (IT) and o,p'-dihydroxystilbene (v) .  

111 = These represent oligomeric/polymeric products which are not degraded to monomers or dimers because of 
carbonxarbon linkages. 

HIIa = Oligomeric/polymeric produces with Hibbert's ketone side chains which on hydroiysis contain glyceryl side 
chains. 

IIIb = Repoly~r,rization (indicated by reactive centres): eiec~rophilic sites 0, sirong; (I;;, weak; nucleophilic sites 0, 
strong; :.1, weak. 
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fraction on steam hydrolysis of birch. Kratzl et nl. 
(37), Sears et 01. (38), and Goldschmid (39) in their 
prehydrolysis studies have found besides the Hib- 
bert's ketones, aldehydes such as vanillin p-coumar- 
aldehyde and coniferylaldehyde. Stanek (40) in his 
hydrolysis studies of aspen has found vanillic, 
syringic, and p-hydroxybenzoic acids, the latter in 
larger amounts than the former two. Smith (27) has 
found that y-hydroxybenzoate groups are present in 
aspen, up to 10x by weight, which on hydrolysis of 
the ester linkages form p-hydroxybenzoic acid. 
Furthermore, Nakano and co-workers (41) have 
shown that at least a part of the p-hydroxybenzoate 
groups are located at the a-position of the lignin 
side chain. It  is also worth stressing that during 
autohydrolysis the helnicellulose fraction is also 
being hydrolysed, followed by subsequent dehydra- 
tion of the sugars to generate reactive furfural, 
hydroxymethylfurfural, and their precursors. Sugars, 
furfural, and 5-hydroxymethylfurfural, evidently 
derived from the carbohydrate constituents of the 
wood, have been found together with the mono- 
meric lignin degradation products in the hydrolysis 
liquor of hemlock at 175°C by Goldschn~id (39). 

The cleavage of lignin linkages under the acidic 
conditions of autohydrolysis is viewed as only one of 
two types of opposing reactions occurring simul- 
taneously. Hydrolytic degradation results in de- 
polymerization of lignin, which accounts for its sub- 
sequent extractability by various solvents, and con- 
densation reactions result in repolymerization of the 
lignin fragments and insolubility. 

Condensation reactions in lignin under acidic 
conditions involve an electrophile reacting with a 
nucleophile to for111 carbon-carbon bonds. In 
Scheme 1, part 6, strong and weak electrophilic and 
nucleophilic sites have been marked and these 
represent positions of condensation in the lignin 
macromolecule. Lignin electrophiles are essentially 
carbonium ions generated as a result of the cleavage 
of ether bonds or aliphatic side chain carbon with 
hydroxyl or carbonyl groups capable of forming 
carbonium ions. Lignin nucleophiles are the un- 
saturated aromatic rings with a high electron density 
at  C-6 and C-1 and the unsaturated aliphatic side 
chains. It is further suggested that some of the lignin 
degradation products I, 11, and 111, are also reactive 
electrophiles and nucleophiles and recondense with 
the reactive centres in the lignin macromolecule. In 
addition, furfural, hydroxymethylfurfural, and their 
precursors, because of the aldehyde group and C=C 
double bonds in the furan ring, are electrophilic and 
can also participate extensively in lignin condensa- 
tion reactions. All these condensations result in the 
formation of higher molecular weight lignin, leading 

eventually to the formation of insoluble residual 
lignin. In aspen lignin, it is proposed that the forma- 
tion of insoluble residual lignin has to a large extent 
been prevented, as is seen by the ease of extract- 
ability of aspen lignin compared with other hard- 
woods, by the action ofp-hydroxybenzoic acid acting 
as a blocking agent. p-Hydroxybenzoic acid acting as 
a nucleophile reacts at the position ortho to the 
phenolic hydroxyl with electrophilic lignin carbonium 
ions, thus preventing further condensation towards 
the formation of insoluble lignin. This is substan- 
tiated by these infrared studies, which have indicated 
the presence of conjugated carboxylic acid in the XL. 

Experimental 
Preparation of Alltohydrolysis Extracted Lignin ( X L )  

For details refer to ref. 9. Extractive-free aspen wood meal 
was autohydrolysed at 195-C for periods varying from 5 min 
to 2 h. The lignocellulosic residue was then extracted with 90% 
dioxane at  70'C and the extracted lignin purified and recovered 
by precipitation into ether, followed by subsequent washings 
with benzene and petroleum ether. 

Infmred Spectra 
Infrared spectra of milled wood lignin (MWL) and extracted 

autohydrolysis lignin (XL) were determined in potassium 
bromide pellets on the Becknian IR-9. Lignin samples and 
spectrophotometric-grade potassium bromide were dried be- 
fore use to ensure moisture-free pellets. Lignin (1 mg) was 
mixed and thoroughly ground with 300mg of potassium 
bromide to reduce particle size and to obtain uniform dis- 
persion of the sample in the pellet. The lignin sample was then 
determined against a pure potassium bromide pellet on the 
IR-9 operated on a double-beam mode. 

Borohydride-reduced MWL and XL were prepared (26) by 
dissolving 60 mg of lignin in a mixture of 2.0 mL of ethanol 
and 1.0 mL of 0.1 N sodium hydroxide in a nitrogen atmo- 
sphere. To the mixture 20 mg of sodium borohydroxide was 
added, followed by 2.0 mL of water. After 7 days, the solution 
was acidified to pH 4 with dilute hydrochloric acid, and the 
precipitated lignin collected by centrifugation. The reduced 
lignin samples were washed twice with water, dried in a 
vacuum desiccator, and the infrared spectra determined as in 
the previous procedure. 

XL's were saponified (26) by dissolving 200 mg of lignin 
in 5% NaOH in a nitrogen atmosphere at  room temperature. 
After 24 h, the solution was acidified to pH 4 with dilute 
hydrochloric acid. The precipitated lignin was recovered by 
centrifugation, washed twice with water, dried in a vacuum 
desiccator, and the infrared spectra determined. 

Ultraz;io/et Spectra 
For the determination of ultraviolet spectra (26) of MWL 

and XL, 5 mg of lignin was dissolved in 7.5 mL of methyl- 
cellosolve and diluted with 95% ethanol to 25 mL. The neutral 
solution was prepared by diluting 10 mL of this solution to 
50 mL with 95% ethanol. The alkaline solution was prepared 
by adding 5 mL of 1 N NaOH to 10 mL of the initial solution 
and diluting to 50 mL with distilled water. The alkaline- 
neutral difference spectra, Aci, were determined by running the 
alkali solution against the neutral solution. Similarly the re- 
duction dift'erence spectra, A&,, were determined as in the above 
procedure using sodium borchydride reduced MWL and XL. 
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Characterization of autohydrolysis aspen ( P .  tpemukoides) lignins. Part 4. Residual 
autohydrolysis lignirx 

MORRIS W . ~ Y ~ I A N  A N D  MIRANDA C .  S. CHUA 
R~pcii.tt)~(liit  (;f Cl~c'i)?i(~ii/ Enyinc,ei.iiig cincl.App/ictl CI1'i?li,r,?. Uiiii,c~i-iit\ o f '7o t~ot7 to .  Toi.otlto, Ont . ,  Ccinrititi W j S  / A 4  
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MORRIS U'XSLIA~ and M I K ~ N D A  G.  S .  C ' H U ~ .  Can. J .  Chem. 57. 2612 (1979). 
Lignoceliulosic residue remaining after autohydrolysis of extractive-free aspen wood meal 

at 195'C for periods of time varying from 5 to 120min followed by extraction with 90Z, 
dioxane was subjected to enzymatic hydrolysis to obtain residual lignin. Infrared studies 
indicated that in the early stages of autohydrolysis residual lignin resembles protolignin, but 
as autohqdrolysis proceeds it changes to resemble more and more the extracted lignin. Residual 
lignin was found to be higher in carbon but lower in hydrogen and oxygen than aspen milled 
wood lignin. The rnethoxyl content M,as also lower than the reference lignin. From alkaline 
nitrobenzene oxidation, residual lignin is seen to become illore condensed with increasing 
autohydrolysis time. The insolubility of residual lignin is attributed to the existence of strong 
bonds between this lignin and carbohydrate. 

MORRIS W A Y R Z ~ K  et MIKANDA G. S. CHUA. Can. J. Chem. 57.  ?6!2 (1970). 
On a sournis le residu lignocellulosique provenant d'une autohydrolyse de sciures de bois 

de tremble sans priacipes extratifs a 195 C pour des periodes allant de 5 a 120 min et suivie 
d'une extraction par du dioxanne a 907:, a une hydrolyse enzymatique dans le but d'en retirer 
la lignine residuelle. Des Ctudes infrarouges indiquent qu'au debut de I'autohqdrolyse la lignine 
residuelle rcssemble a la protolignine, mais au fur et a meiure que l'autohydrolyse progresse la 
lignine se transforme pour resembler de plus en plus i la lignine extraite. On a trouve que la 
ligninc residuelle contient plus de carbone et inoins d'hydrogene et d'oxygkne que la lignine de 
bois de tremble b r o ~ e .  La quantite de methoxyle est aussi plus faible que la lignine de reference. 
En se basant sur I'oxydation alcaline par le nitrobenzene, on observe que la !ignine residuelle 
devient plus condensee lorsque le temps d'autohydroiyse augmente. On attribue l'insoiuhilite 
de la ligni~ie residuelle a I'existence de la presence de liaisons fortes entre ceite lignine et les 
hydrates de carbone. 

[Traduit par le journal] 

In(n.odnction carbohydrate in wood (3-11) and wood-pulp (12-171, 
studies of the prololignin in wood and the re- making it impossible to obtain residual lignin free of 

actions of lignin during various pulping processes carbohydrate or conversely a carbohydrate fraction 

have on the 1ignin which is extract- free of lignin. This has led to the prevailing concept 

able. characterization of these isolated lignins, for of the existence of lignin-carbohydrate bonds and 

example, milled wood lignin, kraft lignin, and thepresence of lignin-carbohydrate complexes in 

lignosuiphonate, have enabled lignin researchers to 
achieve some of lignin and In our study of the eEects of autohydro!ysis on 
to postulate the mechanisms involved in lignin the lignin in wood to elucidate the mechanism 
reactions, ~~~~~~~l~ bowever, interest is being whereby lignin becomes so!vei~t-soluble during 
focussed oil the non-extractable ligllin fraction, the autohydrolysis, there is the need to account for the 
residual lignin, as indicated by invesiigations (1, 2 )  inextraceability of the residual lignin. 
illto the characterization of the 1ignin in Extractive-free aspen wood meal was auko- 

kraft and NSSC pu:ps. hydrolyzed at 195°C for periods of time varying from 
7he  associated with the study of residuaj 5 to I20 min, and the soluble lignin extracted with 

lignin are two-fol~.  ~ j ~ ~ ~ ,  iignin is gelleraily 90z dioxane at 70'G.l The extracted iignocellulosic 

illsoluble in: lllost solvents, or if it dissolves under residue (EW) was then treated with cellulase enzyme 

more drastic conditions there is inadxiertent modifica- to recover the residual lignin (RL), which was 

tion of the ligllin structure,  hi^ has limited the analysed for elemental composition and methoxyl 

characterization of 1igllina to methods wllich content3 for Infrared absorption, and subjected to 

utilise the lignin in the saljd form, ~h~ factor a!k"I:ne nitrobenzene oxidation. 

contributing to the difficulties involved in analysing 
residua.1 Iignill is the strong associatioc of lignin 3aith 'Refer to Parts 1, 2, and 3 of this series. Part 1 is ref. 18. 
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% SACCHARIFICATION 

ROLL-MILLED ER 1st STAGE 2nd STAGE OVERALL 

- RL-5 73.3 35.6 - -, 
82.8 

RL-30 ....~, 72.6 61.9 89.6 
RL-120 63.8 59.1 85.2 

UNTREATED ER 

. - -  RL-30 23.5 32.8 48.6 

TIME OF HYDRObVSlS (SA'tS) 

FIG. 1. Enzymatic hydrolysis of extracted lignoceIlulosic residue (ER) to obtain residual lignin (RL) (based on sugars 
in liquor after post-hydrolysis). 

Results 
Saccharzj7cation of Extracted Lignocelltilosic 

Residue ( E  R )  
The two-stage saccharification of the extracted 

lignocellulosic residue (ER) by cellulase enzyme, as 
shown in Fig. 1, resulted in saccharification yields 
of 83-90% based on the sugar in the liquor after 
post-hydrolysis. A mechanical pretreatment of the 
EW before hydrolysis affected greatly the percentage 
saccharification, as seen from the untreated ER and 
roll-milled samples. The effectiveness of mechanicai 
pretreatment in enhancing reactivity of celluPosic 
materials is dlre lo the alteration of the cellulose 
crystalline structure thereby increasing accessibility 
of the cel!ulose to enzyme or  chemicals (19). By 
comparison, the saccharification yields calculated 
from Klason lignin determinations of EW and RL 
were between 9%-97%. The higher saccharification 
yieids were attributed eo the solubiiization under the 
concentrated acid conditions of Klassn analysis of 

shown in Table 1, indicated that RL has higher 
carbon content and lower hydrogen and oxygen 
contents than aspen milled wood lignin (MWL). 
Similar changes in C ,  H, and 0 were observed for 
the extracted lignin (XL) (18). These changes suggest 
that condensation reactions with formation of 
carbon-carbon bonds and elimination of water have 
taken place in the lignin in wood during auto- 
hydrolysis. The low oxygen content of RL-5 is 
attributed to the hydrolysis of p-hydroxybenzoate 
groups in MWL with subsequent removal of 
p-hydroxybenzoic acid (C,H,B,) with its high 
oxygen content. 

The observed decrease in OCH,/C, unit for RL 
with increasing autohydrolysis time was quanti- 
tatively very similar to that for XL (18). I t  can be 
attributed to demethoxylation, inclusion of non- 
lignin components such as carbohydrate degradation 
products, and to variation of the proportion of 
syringyl to guaiacyl units. 

the carbohydrate p x t r o n  a%I-iich 1s not h;~droiyza5le 
by cellulase enzyme The RL contained between Alkalzne Nitrobenzet~e Oxidatzon of Residual Lignrn 

12-34% carbohydrate. (RL )  
As shown rn Table 2. the total aromatlc aldehvde 

Elem~nral Aimlyst-s oJr Resid~al Lignin (Re) yield on alkaline nitrobenzene oxidation of R L  
The elemental cornposition of residual idgnin (RL), decreased with increasing autohydrolysis time 



2614 C.4N. .I. CHEM. VOL.  57. 1979 

TABLE 1. Elemental analyses of resldual llgnin (RL) (carbohydrate-free-basis)* 

Carbohydrate Analysis (x) Molecular 
in - welght 

Sample R L  (2) C H 0 0 C H 3  Cg formula C ,  unlt 
-- ~p 

MWL 2.5  59.50 6 .25  34.25 21.54 C ~ H U . ~ O ~ ~ . ~ ~ ( Q C H ~ I  .47 211.2 
RL-5 18 .2  62.29 6.09 31.62 21.49 CgH7.930~.57(OCH3)1.3, 200.2 
RL-20 25.4 60.54 6.19 33.27 18.51 C ~ H ~ . ~ I ~ ~ . ~ O ( O C H ~ ) I . ~ I  202.5 
RL-30 34.5 61.07 6 .09  32.84 18.24 200.1 
RL-40 16.5 62.07 6 .02  31.91 18.32 C~H,.Z~O~.~~(OCH~)I.I~~ 196.5 
RL-90 14.3 62.08 5.75 32.17 15.54 C~HH.I~OZ.~I(OCH~)O.~~ 192.7 
RL-120 12.8 62.55 5 .64  31.81 15.77 CgH7.7902.~3(OCN3)o.97 191.5 

*Elemental conl~osi t ion for extracted lignin (XL) at  corresponding autohydrolqsis time is found in ref. 18. 

T ~ B L E  2. Alkaline nitrobenzene oxidation of residual lignin (RL) * 

Vanillin (V).j' Syringaldehyde (S)f Total (V+ S) Molar ratio 
Sample (%) (2) (%) S,'V 

MWL 6.15 9.74 15 89 1 .32  
RL-5 6 .74  10.22 16.96 1 .27  
RL-40 2.07 2.67 4.74 1 .08  
RL-120 1.42 1.39 2.81 0 .80  

*Alkaline nitrobenzene oxidation yields for extracted lignin (XL) at  corresponding autohydrol>sis time 
is found in Part  2 of this series. +z yield by weipht, based o n  l ign~n  o n  a carbohydrate-free basis. 

suggesting that RL became increasingly more con- 
densed in structure as autohydrolysis proceeded. 
Very similar results were obtained for the XL of the 
same autohydrolysis periods. The slightly higher 
aromatic aldehyde yield of RL-5 than for MWL is 
attributed to modification during MWL preparation. 
The total aromatic aldehyde yield on alkaline 
nitrobenzene oxidation of aspen wood meal has been 
found to be much higher than our value of 15.9% 
for MWL (20). 

The decreasing molar ratio of syringaldehyde to 
vanillin (S/V) for RL with increasing autohydrolysis 
time is attributed to the preferential removal of 
syringyl units as low molecular weight compounds 
into the ether-soluble fraction during purification. 
The ether-soluble fraction has a high methoxyl con- 
tent of 23.1%. This trend of decreasing S/V ratio 
with increasing autohydrolysis time was also 
observed for the extracted lignin.' 

Infrared Spectru of Residual Lignin ( R L )  
The infrared spectra of R L  shown in Fig. 2 will 

be only qualitatively treated because of the presence 
of carbohydrate in RL. This is indicated in the 
spectra of RE-30, which had the highest carbo- 
hydrate content, by the two peaks at  1060 cm-I and 
1165cm-I attributed to C-0 and C-0-C 
stretching vibrations respectively, in cellulose and 
hemicellulose (1 1, 15, 21-23). 

In the region 1600-1800 cm-', the 1670 cm-' 
band attributed to a-cohjugated carbonyl group is 

ZPart 2 of this series. 

present for RL-5 to RL-40, whereas the 1705-1715 
cm-' band attributed to P-unconjugated ketone 
group is present in RE-90 and RL-120. The 1670 
cm-I band is present In MWL spectra whilst the 
1705-1715 cm-' band is observed to increase 
prominently with increasing autohydrolysis time for 
extracted lignin (XL).3 

A prominent band at 810 cm-' is observed to be 
present in the spectrum of RL-120 only but absent 
from the other R L  and XL spectra. The presence of 
furans or furan-related compounds cannot explain 
the observed 81 0 cm-' band, because although 
2-methylfurfural and furfuryl alcohol show strong 
absorption around 810 cm-', the 730 cm-' band 
associated with the ring deformation of the furan 
nucleus is absent (24, 25). I t  was also noted that the 
675 cm-' band is present in the spectra of all XE 
and RL-5 to RL-40, but absent from RL-90 and 
Rk-120. 

Discussion 
Hn the early stages of autohydrolysis RL resembles 

MWL (or protolignin) but as autohydrolysis pro- 
ceeds it is seen to resemble rncjre and more extracted 
lignin. This is clearly suggested from the infrared 
studies by the presence of the 1670 cm-' band 
(present in MWL3) and the absence of the 1705-1715 
cm-' band (present in XL) in the spectra of Rk-5 to 
RE-40, whereas for the samples at longer auto- 
hydrolysis times, WL-90 and RL-120, the reverse is 
true. The elemental analyses also show this tran- 

'Part 3 of this series. 
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WAVENUMBER (crrS1) 

FIG. 2. Spectra of residual lignin (RL). 

sition from a protolignin-type residual lignin to an 
extracted lignin-type residual lignin, as is indicated 
by the composition of RL-120 being more similar 
to XL-120 (18) than to MWL. 

Alkaline nitrobenzene oxidation has proved to be 
most illuminating with regard to the concept of 
simuitaneous depolymerization and repoiymeriza- 
tion. It  has shown that during autohydrolysis besides 
depolymerization, resulting in extractable lignin, 
condensation has also taken place even as early as 
during the first 5 min of autohydrolysis. In addition, 
condensation is observed to be taking place to 
almost the same extent in the RL and in the XL of 
the same autohydrolysis time, as indicated by their 
similar total aromatic yield. 

The mechanism of the reactions of lignin in wood 
during autohydrolysis may be viewed as in Scheme 1. 
It shows that on autohydrolysis the original in- 
soluble protolignin (PL) in wood was depolymerized 
resulting in formation of extracted lignin (XL) and 
leaving a protolignin-type residual lignin (PRL) 
presumably firmly bound to the carbohydrate. The 
XL was shown from molecular weight distribution 
studies (18) to colasist of low and high molecular 
weight lignins (LMXL and HMXL). The soluble 

LMXL repolymerizes to form soluble HMXL. For 
the first 40 rnin of autohydrolysis, the yield of PRL 
decreased resulting in formation of more extracted 
lignin (XL). As a result of condensation and also of 
reaction with carbohydrates and their degradation 
products as autohydrolysis proceeded, most of the 
lignin became insoluble as observed by the increase 
in yield of extracted lignin-type residual lignin 
(XRL). This increase in XRL is seen to correspond 
to a decrease in soluble HMXL, which is postulated 
to be the intermediate in a succession of condensa- 

PL PRL 
(~nwluble)  (~nsoluhle) 

LMXL 
(soluble) 

L 
HMXL XRL 

(5oluble) (~n\oluble) 

SCHERIE 1 .  Formation of residual lignin and extracted lignin: 
PL = insoluble protolignin. PRL = protolignin-type residual 
lignin. LMXL = lo~v  molecular weight extracted ligninfrom XL.  
HMXL = high molecular weight extracted lignin from X L ,  XRL 
= extracted lignin-type residual lignin. 
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tion reactions of lignin fragments leading eventually 
to the formation of insoluble lignin (18). 

From the saccharification studies, the presence of 
a portion of carbohydrate which is not saccharified 
by cellulase enzyme suggests the existence of strong 
Lignin-carbohydrate linkages. The insolubility of 
residual lignin during autohydrolysis is attributed to 
these strong bonds between this lignin and carbo- 
hydrate. 

Experimental 
Residual Lignin ( R L )  jiom Extracted Lignocellulosic Residue 

(ER)  
The extracted lignocellulosic residue (ER) which remained 

after extraction of autohydrolysed extractive-free aspen wood 
meal at 195°C for periods varying from 5 min to 2 h with 90% 
dioxane (18), was subjected to cellulase hydrolysis to recover 
the residual lignin (RL). For most experiments, ER was 
mechanically pretreated before enzymatic hydrolysis, by 
passing through a two roll mill 3 times for 1-min cycles (pro- 
cessed by the U.S. Army Natick Development Laboratory, 
Natick, MA) as this was found to enhance cellulose sac- 
charification. Cellulase enzyme (Trichoderma ree~e i )  supplied 
by courtesy of Dr.  C .  lvlassey of Natick Laboratory with an 
activity of 0.125 IU/mg was used for the hydrolysis. 

Following the Natick procedure, 5 g of substrate (ER) in 
95 mL of citrate buffer pH 4.8 was hydrolysed using 0.7 g of 
cellulase (enzyme activity in solution was 1 IU  per mL) in 
250 mL shake flasks at 5 0 C .  Samples of the solution (5 I ~ L )  
were withdrawn at various time intervals and analysed for 
sugar content after post-hydrolysis by the dinitrosalicylic acid 
method of Miller (26) as modified by Natick Laboratory (24). 
Post-hydrolysis consisted of subjecting the hydrolysis solution 
to 4% H2S0, in an autoclave at  16 psig for 1 h to ensure that 
oligomers or dimers are completely hydrolysed to glucose. The 
difference between the glucose content determined before and 
after posthydrolysis was less than 6%. The hydrolysis was 
stopped after 3.5 days, the remaining substrate centrifuged, 
washed thoroughly with distilled water, and subjected to a 
second hydrolysis. After another 3.5 days, the solid remaining 
from ihe 2-stage hydrolysis, termed residual lignin (RL) was 
recovered by centrifugation, washed thoroughly with distilled 
water, and freeze-dried. 

Elemeizfirl Analj'ses, jMethoxj1 Determination of Residual 
Lignin and % Carbohydrate in the Residual Lignin 

Lignin samples were analysed for C ,  H, and inethoxyl 
content by Schwarzkopf Microanalytical Laboratory, Inc., 
New York. 

The % carbohydrate in the residual lignin was determined 
by measuring the amount of sugar present in the final hydrol- 
ysis liquor after Klason analysis by the dinitrosalicylic acid 
method. 

Alkaline Nitrobenzene Oxidation 
The modified procedure for alkaline nitrobenzene oxidation 

is described in detail in ref. 28. 

Infinred Spectra 
Infrared spectra of residual lignin were determined in 

potassium bromide pellets on the Beckman IR-9. Lignin (1 mg) 
was mixed and thoroughly ground with 300 mg of potassium 
bromide to reduce particle size and to obtain uniform dis- 
persion of the sample in the pellet. The lignin sample was then 
determined against pure potassium bromide on the Beckman 
IR-9. 

The authors wish to thank the Na-tional Research 
Coui~cil of Canada for both the award of an NRCC 
postgraduate scholarship to one of them (M.G.S.C.) 
and for a research grant which supported this 
investigation. The authors also wish to thank 
Mr. J. H. Eora for the sample of milled wood lignin 
used in this work, and for helpful discussion of the 
results. 
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ElectrochernicaH oxidation of tsifluoroacetic acid anion. IV. Synthesis and steseochernistry 
of products of tsifluorometlinyl radical addition to some mono- and disubstituted olefinsl 
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The trifluoromethylation of mono- and disubstituted ethylene n~olecules was performed in 
good yields via the electrochemical oxidation of sodium trifluoroacetate. The relative quan- 
tities of n~onomeric and dimeric products are a function of the concentration of the substrate. 

The stereoisomers of the products were separated and identified and, when possible, their 
stereochemistry was determined by Hnmr and Fnmr spectroscopies. 

La trifluoromCthylation par voie electrochiniique de molCcules d'ethylene mono et disubs- 
titutes fut etudiie. A partir de radicaux trifluoromethyles formis par oxydation anodique 
d'acitate de sodium, il est dtmontre qu'il est possible de trifluoromCthyle la double liaison en 
bons rendements. La quantiti relative des procluits monomCriques et dimeriques formCs est en 
fonction de la concentration du substrat dans le milieu rtactionnel. 

Les sti.reoisomeres des produits formes furent separes et identifies, et, dans quelques cas, la 
stereochinlie fut Ctablie par spectroscopie de rmn du proton et du fluor. 

Trifluoromethylation of olefinic cornpounds via 
the photolysis of trifluoroiodomethane (1) or hexa- 
tluoroazomethane (2) has been the subject of very 
extensive studies. The results showed that only 
monotrifluoromethylated products were obtained. 
More recently, trifluoronlethylation of olefins by 
electrochemical oxidation of trifluoroacetic acid 
anion gave bis-trifluoromethylated monomeric and 
dimeric products (3-5) according to Scheme 1. 

CF3CRHCHR'CF, 

1 CH,=CHCOCH, 
2 CH,C02CH=CH2 
3 kt02CCH=CHC0,Et 

(/rarr\ and (1s) 

4 {jEt 

0 

CF~! some cases the stereochemistry of the isomers was 
also determined. These results were compared with 

CF,' + KCH=CHR' 4 CF,CRHCHL' those obtained for the equivalent methylation reac- k 3 ~ ~ ~ ( ~ ~ ,  tions (6). 
Experimental 

CF,CRHCHR' 
I 

CF3CRHCHR' 
SCHEVL I 

The present paper concerns the electrochemical 
trifluoromethylation of a few monosubstituted, 
disubstituted, and heterocyclic olefinic compounds 
(1-5) in order to study the generality of the reaction. 

The stereoisomers of the products were separated 
and their physical properties were determined. In 

'NRCC No. 17666. 
ZH"resent address: Department of Energy, Mines and Re- 

sources, Canmet, Energy Research Laboratories, Coal Lique- 
faction Sectlon. 

3Summer student 1976 and 1947. 
4Revision received July 11, 1979. 

All starting con~pounds were con~mercially available and 
were further purified by fractional distillation or sublimation. 
The Pr-optishift-I1 nmr reagent was obtained from Willow 
Brook Labs Inc. All melting points are uncorrected. The elec- 
trolytic cell has been shown before (6). Gas-liquid chromato- 
graphic analyses were done on a FisherIVictoreen apparatus 
Series 4400 and preparative glc was carried out using an Aero- 
graph Autoprep model A-700 with a 20 ft x 318 in, column, 
30% SSE30 on 45/60 chromosorb P. A LKB 7000 Ultrorac 
Fraction collector was utilized for the silica gel chromatog- 
raphic column separation. Proton magnetic resonance spectra 
were taken in deuteriochloroform on a Varian Associates 
spectrometer model EM 360 and are reported in the 6 scale. 
Fnmr spectra were obtained in CHCI,, unless otherwise noted, 
on a Varian Associates XL l00A spectrometer equipped with a 
Nicolet Instrument TT l0OA FT accessory. The spectra are 
reported in ppm using CFC1, as reference. The mass spectra 
were obtained either fiom a Finnigan 4000 GC-MS or a 
Hitachi Perkin-Elmer RMU-6D mass spectrometer. 
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Electrolysis of Sodium Trifluoroacetute in the Presence of the 
Olefinic Substrate (General Procedurej 

A solution o f  NaOH (6 g) in T F A  (45 m L )  was added to  the 
anodic compartment containing a mixture o f  acetonitrile (180 
m L )  and water (75 mL) .  The cathodic compartment was 
charged with a 1.0 M solution o f  NaOH in water. A current 
o f  1.8 A was passed through the solution for a period o f  15 
min. The temperature o f  the reaction mixture was maintained 
at 22°C using a cold ethanol bath. Then the substrate (0.01 t o  
0.1 mol) was added and the electrolysis was continued for 7 h 
at a current o f  1.8 A, which is equivalent to  a current density 
o f  0.15 A/cm2. 

Pln$cation and Pl~jvicril Properties of tlie Products 
( A )  Fvor?~ Metlzyl Vinyl Ketone ( I )  
The solution after electrolysis o f  0.1 mol o f  freshly distilled 

methyl vinyl ketone was poured into water (600 mL) ,  a heavy 
brown oil separating from the aqueous phase. The mixture 
was extracted with three 75 m L  portions o f  methplene chlo- 
ride. After the evaporation o f  the solvent on a rotary evapora- 
tor, a brown oil (6.3 g) was obtained. This crude oil was dis- 
tilled under reduced pressure Torr) at 50'C into a liquid 
N2 trap. The analytical vpc o f  the distillate showed a mixture 
o f  at least six minor peaks and one major one. This mixture 
was fractionally distilled first under reduced pressure ( l o - ,  
Torr) at room temperature and the colorless high vapor pres- 
sure distillate, collected in a liquid N, trap, corresponded to  
impure 1,2-bis(trifluoromethy1)ethyl methyl ketone. Fnmr: 
94.60 (d) ,  96.55 (t) .  The ketone could not be obtained pure as 
it turned dark brown on standing for a few hours at 5-C. 

The low yapor pressure fraction, which distilled at 50-C, 
was collected in an ice trap. The semi-solid distillate proved to  
be a 1 : 1 stereoisomeric mixture o f  nzeso- and cll-3,4-bis(BBB- 
trifluoroethy1)hexane-2,5-dione (3.3 g; 24%). A final purifica- 
tion o f  the mixture was done on the preparative glc. Fnmr: 
- 68.26 (t), - 68.10 (t) .  Anal. calcd. for CloH,,F6O, : C 43.19, 
H 4.32; found: C 42.57, H 4.36. The solid phase was separated 
from the above mixture either by centrifuge in a Craig tube or 
by a simple washing with ether. The oil could not be obtained 
absolutely free from the solid isomer. The Fnmr showed the 
presence o f  about 5% o f  the solid isomer. The melting point o f  
the white solid isomer was 86-87'C. Fnnir - 68.00 (t) .  Anal. 
found for C10H13F602:  C 43.29, IS 4.28. 

(' B )  Fronz Vinyl Acetate (2) 
Freshly distilled vinyl acetate (0.1 mol) was trifluoromethyl- 

ated as described above. The anodic solution was concen- 
trated on a rotary evaporator and the remaining 75 m L  was 
poured into water (600 mL). The resulting aqu;ous solution 
was extracted 4 times with 75 m L  o f  methylene chloride. The 
residue after the evaporation o f  the solsent was distilled under 
a pressure o f  Torr into a liquid N2 trap. A yellowish oil 
(2.8 g )  was obtained and shown by analytical vpc to  be a mix- 
ture o f  at least three minor and three major compounds. The 
oil was fractionally distilled at 50'C in a Spath bulb under a 
pressure o f  lo-' Torr. The colorless high vapor pressure dis- 
tillate collected in a liquid N, trap was so unstable that it 
turned dark blue as it warmed up t o  room temperature. The 
colorless oil collected in the bulb at room temperature corre- 
sponded t o  a nearly pure 1 : 1 stereoisomeric mixture o f  meso- 
and dl-3,4-diacetyl-1,1,1 ,6,636-hexafluorohexane (1.6 g ;  13.5%). 
The large difference in retention times o f  the isomers on the 
preparative glc allowed them t o  be separated in pure form. 
The compound corresponding to  the first peak was an oil at 
room temperature. Fninr - 67.23 (t) .  Anal. calcd. for C,,,H,,- 
FGO,: C 38.71, PI 3.87; found: C 38.62, Fa 3.96. The second 
fraction was a solid inelting at 61-62'C. Fnrnr -67.43 (t) .  
Anal. found for C,,H,,F,O,: C 38.74, N 4.04. 

i C j  From Diethyl Furnarate (3 )  
The solution after electrolysis o f  0.1 mol o f  substrate was 

poured into water (600 m L )  and the heavy oil that separated 
was collected (72.5 g). This oil was washed once with water 
(200 m L )  and fractionally distilled at Torr in a vacuum 
manifold. Two  main fractions were collected as follows: 

High Vapor Pressure Fractior~ 
This fraction which was distilled at room temperature and 

was collected in a liquid N ,  trap consisted o f  almost pure 
/new- and dl-diethyl-2,3-bis(trifluoron~ethyl)succinate (14.5 g; 
47%); Hnmr 1.32 (6H, 2t, methyls), 3.86 (2H, m ,  methines), 
4.27 (4H, q ,  methylenes); Fnmr -68.10 (d) ,  -68.79 (d ) :  ms 
m,'e 310 ( M ) ' ,  283 ( M  - C,H,)+ (7),  265 ( M  - OC,H,)+, 
237 ( M  - C 0 2 C 2 H S ) + .  Anal. calcd. for C,,H,2F6O4: 
C 38.71, H 3.87; found: C 39.32, H 4.12." 

The two stereoisomers, obtained in a ratio o f  2 :  1, were 
separated and identified by the following procedure. The mix- 
ture was placed in a Craig tube and cooled to  0'C for 12 h .  
Under these conditions one o f  the isomers crystallized out. The 
cold mixture was then centrifuged in order to  separate the two 
phases. The solid phase (4.7 g) melted at 56-58'C and was 
nearly pure nzeso isomer according to  vpc analysis and nmr 
spectroscopy: Hnmr 1.34 (6H, t ,  methyls),6 3.80 (2H, m, 
methines), 4.26 (4H, q ,  m e t h y l e n e ~ ) ; ~  Fnmr -68.80 (d).' 
Anal. found for C1 ,HI ,F6O~ (after recrystallization and sub- 
limation): C 38.40, H 3.83. The liquid phase obtained from 
the separation o f  the solid phase by centrifuge still contained 
about 6% o f  the nzeso isomer. Apurity o f  over 98% was attained 
after a second treatment in the Craig tube. The yield o f  this 
isomer (shown below to  be the dl isomer)* was 9.3 g ;  Hnmr 
1.32 (6H, t ,  methyls), 3.78 (2H, m ,  methines), 4.23 (4H, q ,  
merhy lene~) ;~  Fnmr -68.10 (d). lo Anal. found for C l o H I Z -  
F 6 0 4 :  C 38.68, H 3.89. 

Low Vapor Pressure Fraction 
This fraction was distilled at 100°C (lo-' Torr) and was 

determined by vpc analysis and nmr spectroscopy to be nearly 
pure 1,4-bis(trifluoromethyl)-1,2,3,4-tetracarboethoxybutane 
(6.4 g; 26.6%):" Fnmr (series o f  doublets o f  unequal inten- 
sities indicating a mixture o f  isomers). Anal, calcd. for C18H21- 
F 6 0 8 :  C 44.81, H 4.98; found: C 44.89, H 5.07. When  the 
isomeric mixture was cooled in a Craig tube for 24 h some 
crystals were formed. These were separated from the liquid 
phase by centrifuge and were shown b y  Fnmr spectroscopy to 
contain only one o f  the stereoison~ers (mp 68-69°C): Fnmr 
-69.10 (d).  Anal. found for C 1 8 H Z 4 F h 0 8 :  C 44.88, I3 4.98. 

5The elemental analysis is a little over the acceptable limit. 
However, it is introduced in order to  indicate that even after a 
simple distillation the compound is nearly pure. 

6The triplet and the quartet shifted upfield in the presence o f  
Pr-optishift-11 nmr reagent but remained as a triplet and a 
quartet indicating the presence o f  the meso isomer. 

'The doublet remained a doublet in the presence o f  optishift 
reagent, which also indicates the presence o f  the meso isomer. 

' A  sample o f  ?he dl isomer in the presence o f  a trace o f  
triethylamine epi-rixd into a 1 : 1 17zeso:dl isonieric mixture 
after 1 min. 

9The quartet spiit ifiic. (uo quariets in the presence o f  opti- 
shift reagent ir,di.;aiii~g :he przsence o f  the dl isomer. 

l0Some spl;!tii?g of .illis doublet could be seen due to  long 
range coupling. The doublet split into two doublets in the 
presence o f  the optishift reagent. This result also indicates the 
presence o f  the dl isomer. 

"The dimeric product was nearly eliminated by reducing the 
initial conce~ltration o f  diethyl fumarate to 0.01 mol. 
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( D )  Fi.oi)l Dielllyl Mnleute (3)  
Essentially the same result as with diethyl fumarate was 

obtained using diethyl maleate as the trifluoromethpl radical 
acceptor. 

(E l  Fro111 N-Etllylmaleirilide (4) 
The solution obtained from the electrolysis of 0.02 mol of 

substrate was concentrated on a rotary evaporator and the 
residue was poured into water (600 mL). The aqueous solution 
was extracted three times with 75 mL of methylene chloride. 
The organic solution on concentration gave a colorless oil 
which was fractionally distilled at  Torr. The fraction 
which distilled slowly at  room temperature (2.5 g) was col- 
lected in a liquid N, trap and determined by vpc analysis and 
nmr spcst~oscopy to be a mixture of 85% of trans-2,3-bis(tri- 
Auorometh:~!)-N-ethylsuccinimide2 and 3% of a peak which 
wss attributed to the cis iscmerI3 and 12% of starting material. 
Pure ?,a-bii[trifluoromethyl)-N-ethylsuccinimide (mp 29- 
40-C$ was obtained from preparative glc separation. Hnmr 
1.20 (3E, t methyi!, 3.62 (4H, 2 unresolved q, methylene and 
melliirres), IFnn~r --71.32 (d, J = 7.36 Hz);14 ms n ~ / e  263 
(PI>*, 248 (PI? - CPi,)', 236 (M - C2H3)+ (71, 220 (M - 
iB'CFI2CMB+. h a u l .  czicd. for C8H7F6N02: C 36.50, H 2.66, 

'. 3 ) .  >.,;, fe~acd: C 35.62, "rf 2.87, N 5.73. 
jd7j r'ror:? 2,5-Di!~ydi'oihIijpi1~ne-I ,I-dioxide (5 )  
Fxsbi:; siubiin~er!. 2,5-iiihydrothiophene-1,l-dioxide (0.02 

me:.) .ass t r iA~~; .~: l~~.e t !?~I~~b?d as described above. After con- 
cenrratioa c:' 'be afindic ioli:iioi; :sn a rotary evaporator, the 
residue (2 75 mL) wzs poured into water (600 mL) and the 
solutioa war extr,ac$ed with k a r  75r13fd portions of methylene 
chloride. A viscous oil was obtr:ii~i.d r:r: evaporation of the sol- 
vcnr. The crude m5ierial (3.0 1;:: was distilicd at 65-C under a 
pressure of 16-' Torr into a Iiyuid la', :rap leaving an uni- 
dentii'ic;?; sticky oil ;:; the distilling ftnsk (0.4 g). The analytical 
vp:: of the distiil.at:! shelved three peaks, one of which corre- 
spondsd ro the slartillg coixr:ourid She Fnmr spectrum of this 
distillat,: in accianc showed the presence of four fluorinated 
compi~unds w h ~ s e  :i.bsurpkions were centered at  - 72.09, 
--?rW.76, -.AM59, and - 57.50 in a ratio of 0.5:1:0.2:0.9 re- 
spectlt.clg. 03 heating an aliquot of the mixture at  160'C for 
2 anin, the w:~k f:ci.responding to the starting con~pound on 
lh- .# *..- ",,e and t i le  broad singlet at  - 68.59 in the Fnnir spectrum 
dis~ppeared. This singlet corresponds most likely to 3-ti-i- 
fi~mro:isethyl-2,5-dihydrothiophene-l ,I-dioxide. 

'The distillate obtained above was dissolved in boiling ether 
and allowed to cool to 0°C in a Craig tube. The white solid 
shat precipitated was separated by centrifuge. This product, 
melting at  135-136"C, corresponded to one of the two stereo- 
isomers of 3,4-bis(trifluoron1ethylftetrahydrothiophene-l,1- 
dioxide. Fnmr -67.50 (2d, J = 4.13 and 4.45 Hz); ms n ~ / e  
256 (M)+, 207 (M - HSO)+, 192 (M - SO2)+. Annl. calcd. 
for C6H6F602S:  C 28.13, H 2.34, S 12.50; found: C 28.34, H 
2.45, S 12.34. 

The residual oil from above was subjected to column chro- 
matography on silica gel. Elution of the column with a 4:  1 
hexane - ethyl acetate mixture afforded three main fractions. 
The first fraction was a solid (0.82 g; 16%) subliming on 

''The trans isomer was detected by Hnmr analysis. In the 
presence of optishift reagent, the quartet for the methy]ene 
Protons split into two quartets as expected for the trans isomer, 

I3The compound corresponding to the minor peak was not 
isolated but showed a doublet in Fnmr at  -71.93 ppm. ~t dis- 
appeared after 15 mill at  room temperature in the presence of 
trimethylamine presumably by epimerization to the more 
stable trans isomer. 

14The doublet split into two doublets in the presence of 
optishift reagent, indicating the prcscnce of the trans isomer. 

melting at 104-108°C. I t  corresponded to the other stereo- 
isomer of 2,3-bis(trifluoroniethyl)tetrahydrothiophene-l,1- 
dioxide. Fnmr -70.72 (broad s); 111s tnle 256 (M)+. Anal. 
found for C6H6F602S:  C 28.37, H 2.47, S 12.39. The second 
fraction corresponded to the same compound obtained from 
the crude mixture in ether (total yield 0.79 g ;  15.4%). The third 
fraction was an oil (0.49 g; 13%) corresponding to 3-trifluo- 
romethyl-4,5-dihydrothiophene-1,l-dioxide. Hnmr 3.35 (m, 
2H, methylene), 3.91 (m, IH, methine), 6.63 and 6.90 (2H, ni, 
CH-CH). Fnrnr -72.10 (d, J = 8.91 Hz); ms ~ n / e  186 
(M)+.  Anal. calcd. for C,H,F,02S: C 32.26, H 2.67, S 17.20; 
found: C 32.38, H 2.78, S 17.03. 

Results and Discussion 

The trifluoromethylation of activated ethylene 
molecules by the electrochemical technique was 
found to give, in most cases, good yields of l,Zbis(tri- 
fluoromethyl) derivatives and, under certain experi- 
mental conditions such as high concentration of the 
substrate, to give acceptable yieids of dimeric prod- 
ucts. 

The behaviour of the two lnonosubstituted sub- 
strates was similar to that observed previously for 
ethyl acrylate (4) but in both cases the monomeric 
products were too unstable to allow them to be iso- 
lated in pure forsii. The dimers, however, are stable. 
The yields of 3,4-bib(Pj3P-trifluoroethyl)hexai-ie-2,5- 
dione and 3,4-diacetyl-l,l,l,6,6,6-hexafluorohexane 
are acceptable for a one step reaction. The stereo- 
isomers were separated but their coniigurations were 
not determined. 

Both diethyl fumarate and diethyl maleate give 
rise to a ~liixture of nzeso and dl isomers in a ratio of 
1 :2  respectively. Efforts to change this ratio either 
by varying the current densities or by varying the 
collcentration of the substrate even by a factor of ten 
were unsuccessful. In order to determine whether 
epimerization of the products was occurring under 
the co~~ditiolls of electrolysis, a run was carried out 
in which diethyl fumarate was replaced by pure 
dl-diethyl-2,3-bis(trifluoromethy1)succinate The dl- 
succinate compound was quantitatively recovered 
unchanged. Therefore, it can be concluded that no 
epimerization occurred after the product formation. 
Furthermore. the thermodvnamic ratio was found 
to be 1 : 1 (meso : dl) in the presence of triethylamine. 

The trifluoromethylation of N-ethylmaleimide 
gives practically only trans-N-ethyl 2,3-bis(trifluor0- 
methy1)succinimide. The small amount of product 
which was attributed to the cis isomer epimerized 
readily in the presence of triethylamine to the ther- 
modynamically more stable of the two possible 
isomers. A slow acid-catalyzed epimerization might 
also be occurring during the electrolysis, but this fact 
call only be clarified with the availability of the cis 
isomer. 

The trifluoromethylation of 2,5-dihydrothiophene- 
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l,l-dioxide is an example of a radical addition to an 
unactivated double bond. The cis and trans stereo- 
isomers of the 3,4-bis(trifluoromethy1)tetrahydro- 
ehiophene-1,l-dioxide. obtained in a ratio of 1 : 1, 
were se~ara ted  and identified but their stereochem- 
istry was not determined. This work is in progress. 
Important quantities of A2 and A3 unsaturated 
inonotrifluoromethylated products were also ob- 
tained. The A2 c o m ~ o u n d  behaves in a similar 
fashion to the starting compound in that it decom- 
poses on heating to 160cC, presumably to SO, and 
2-trifluoron~ethylbutadiene, whereas the A3 isomer is 
stable at this temperature. 

The yields from methylation of olefins activated 
by electron withdrawing groups (6) are consistently 
higher than the yields from trifluoromethylation, 
while the methyl radical did not react at all with the 
unactivated double bond in 2,5-dihydrothiophene- 
I ,1-dioxide under the present conditions. This can 
be explained in terms of the much stronger electro- 
philicity of the trifluoromethyl radical over the 
slightly nucleophilic methyl radical (8). The CF, 
radical. therefore. reacts more slowlv with electron 
poor olefins and more quickly with electron rich ole- 
fins than does the methyl radical. 
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The kinetics and mechanisms of the gas phase pyrolyses o f  exo-2-nsrbornyl chloride and 
cyclopentyl chloride 

Clzo?zi.sti~ Dc,piirt~nc,t~t, U~iicer.\ip of Ottcilr.a, Ot fc i~~ ,r i ,  O n / . ,  C(ir~cidll Klh'YB4 
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J. L. HOLMES, D. L. MCGILLIVRAY, and D. YUAN. Can. J. Chem. 57,2621 (1979) 
The gas phase pyrolyses of exo-2-norbornyl chloride and cyclopentyl chloride were studied 

in the temperature range 570-670 K. The results obtained show that these compounds behave 
as typical secondary halides insofar as the kinetics of their hydrogen chloride elimination 
reactions are concerned. Labelling experiments showed that in the formation of both nor- 
bornene and cyclopentene, a cis-1,2 elimination with a deuterium isotope effect of - 3 was 
involved. Nortricyclene also was produced from exo-2-norbornyl chloride, via a trans 1,3 
elimination; this process is analogous to a fragmentation of the ionized molecule. No gas 
phase Wagner-Meerwein rearrangement was involved in the formation of either norbornene 
or nortricyclcnc. 

J. L. HOLMES, D. L. MCGILLIVRAY et D. YUAN. Can. J. Chem. 57.2621 (1979). 
On a etudie dans I'intervalle de tempkrature 570-470 K la pyrolyse en phase gazeuse des 

chlorures de exo-norbornyl-2 et de cyclopentyle. Les rksultats obtenus montrent que ces 
composts se comportent comme des halogenures secondaires typiques dans la mesure ou les 
cinetiques de leur reactions d'klimination de chlorure d'hydrogkne sont impliquks. Les 
expkriences de marquage isotopique montrent que dans la formation des deux produits: 
norbornhe et cyclopentene, une elimination cis 1,2 est inlpliquee avec un effet ':otopique du 
deuterium d'environ 3. Par une elimination trans I,3, on aboutit au nortricyclkne B partir du 
chlorure de exo-norbornyl-2; ce procede est analogue a une fragmentation de la molecule 
ioniske. Aucun rearrangement de Wagner-Meerwein en phase gazeuse n'est impliqut lors de 
la formation du norbornene ou du nortricyclere. 

[Traduit par le journal] 

1rah.oducb.ion kinetics of this reaction in the temperature range 

The nature of the transition state in the unimole- 
cular gas phase elimination of hydrogen halide from 
halogen substituted hydrocarbons has been inves- 
tigated for many years. No direct experimental test 
has been made as to whether the process occurs as 
a cis or trans 1,2 elimination. Maccoll's (1) ion pair 
theory would allow both a cis and a trans process, 
while Benson's semi-ion pair theory (2) would not 
permit the latter. 

We have investigated this mechanistic problem by 
studying the gas phase pyrolyses of exo-2- norbornyl 
chloride and cyclopentyl chloride using compounds 
specifically labelled with deuterium. 

e.uo-2-Norbornyl chloride was chosen for this 

573 K to 673 K. 
The gas phase pyrolyses of specifically deuterium 

labelled cyclopentyl chlorides were also studied in 
the present work for comparison with the more 
complex pyrolysis of exo-2-norbornyl chloride. The 
gas phase pyrolysis of the former has been described 
by Swinbourne (6) who presented the rate expression 
for the elimination of hydrogen chloride in the tem- 
perature range 582 K to 649 K. Herndon et al. (3, 4) 
showed that the rates of elimination of hydrogen 
chloride from the cyclopeetyl compound were 
similar to those for cyclohexyl chloride. 

Experimental 
investigation because of its rigid structure and in the Marerials 

belief that the only hydrocarbon product was Hydrogen chloride, deuterium chloride, and deuterium 
oxide, norbornene, norcamphor, 5-norbornene-2-01, cyclo- norbornene. pentanol, cyclopentanone, and cyclopentyl chloride were 

The gas phase pyrolysis of exo-2-norbornyl obtainedcommerciallv. 
chloride has been mentioned by Elerndon et al. (3,4). We have previousl; reported (7) the preparation of exo-2- 
They also reported (5) that norbornene rapidly norbonyl chloride, a mixture of 56% exo-3-dl and 44% syn-7-dl 
underwent a retro-~ieis-Alder yielding e.xo-2-norbornyl chloride and exo-2-norbornyl chloride-3,3-d2. 

exo-2-Norbornyl chloride-exo-5-exo-6-& was obtained by 
ethylene and cyclo~entadiene; they measured the treating the corresponding alcohol (8) with triphenyl-phos- 

phine as described by Downie and Lee (9). The extent and 
'Present address: Chemistry Department, University of location of the deuterium was determined by mass spectro- 

Victoria, Victoria, KC., Canada V8W 2Y2. metry (7, 10) and nmr analysis (11). Nortricjclene was 

0008-4042/79/19262 1-0S$0 1 .OO/O 
0 1979 National Research Councii of Canada/Conseil na t i~nal  de 1-echcrches du Canada 
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prepared by a Baniford-Stevens reaction on the tosyl-hpdra- 
zone of norcamphor (12). 

Cyclopentyl chloride-cis-2-dl was prepared by chlorination 
of the brosylate of cyclopentyl alcohol-trans-2-d, with tetra- 
methylanlmonium chloride in dimethyl sulphoxide. Cyclo- 
pentyl alcohol-trans-2-d, was obtained by LiAID, reduction 
of cyclopentene oxide, prepared from cyclopentene and meta- 
chloroperoxybenzoic acid in ether. Using the same method of 
chlorination, cyclopentyl alcohol-cis-2-dl, prepared from 
cyclopentene and hexa-deuterodiborane plus hydrogen 
peroxide in alkaline solution, was converted to cyclopentyl 
chloride-trans-2-dl. The mono-labelled compounds (95% dl) 
were purified by gas chrornatography. Repeated deuteration 
of cyclopentanone with anhydrous sodium acetate in deu- 
terium oxide, followed by LiAlH, reduction and chlorination 
by triphenyiphosphine dichloride in dirnethyiforrnamide gave 
cyclopentyl chloride-2,2,5,5-d, (9473, purified by trap-to-trap 
distillation. The deuterium content of the labelled cornpou~~ds 
was determined from mass spectra obtained at low ionising 
electron energies. 

Appnratus and Procedures 
The decompositions were studied in a static Pyrex glass 

vacuum system of conventional design. The gas chromato- 
graphic apparatus consisted of a Gowmac thermal con- 
ducitivity detector and a 1 m column containing 10% by 
weight of di-isodec>lphthalate on chromosorb P; helium was 
used as carrier gas. 

A typical pyrolysis was carried out by expanding a vaporised 
sample into the reaction vessel and measuring the initial 
pressure using a null glass-diaphragm gauge. The reaction was 
studied by continually monitoring the pressure of the reaction 
mixture. In the case of exo-2-norbonyl chloride the extent of 
reaction was also followed by titration of the hydrogen 
chloride produced and by gas chromatography of the reaction 
products. 

The pyrolysis products of the labelled norbornyl chlorides 
were trapped as they left the glc column. The olefins produced 
from the mono-labelled cyclopentyl chlorides were removed 
from undecomposed starting material by means of two cold 
traps. The deuterium content of the products was determined 
by mass spectrometry. 

Results and Discussion 

Kinetics 
(a) exo-2-Norborrzyl Cl~loride 
The production of hydrogen chloride and cyclo- 

pentadiene (and ethylene) in the pyrolysis of exo-2- 
norbornyl chloride were found to follow first order 
kinetics. If any free radical reactions were present 
they would be inhibited by the cyclopentadiene 
produced (13). The first order rate coefficients were 
independent of pressure (range 10-80 Torr) and the 
homogeneity of the reaction was established by 
comparing the rate of formation of HCI in unpacked 
(s/v 1:  1 cm-') and packed (s/v 5: 1 cm-l) reaction 
vessels (see Table 1). The rate of formation of cyclo- 
pentadiene, which is equal to the rate of formation 
of norbornene (because the rate of the retro-Diels- 
Alder reaction (5) is very much faster than the rate of 
formation of norbornene) is shown in Table 1 for the 
temperature range 573 K to 643 K. The results yield 
the Arrhenius equation k,,, = 13.79 4 0.70 exp 

(-208 5 8 ) l ~ T s - ' ,  for C,H,(C,H,,) log A = 12.97 
f 0.70 and Ea was the same as for the HCl produc- 
tion. 

The discrepancy between the rates of formation 
of the two products is due to the presence of another 
primary elimination product, nortricyclene. Its 
presence was confirmed by comparing the gc reten- 
tion time and mass spectrum of a synthetic sample 
with that of the pyrolysis product. That the two 
C,H,, isomers, nortricyclene and norbornene, do 
not intercovert under pyrolysis conditions was 
shown as follows. A sample of norbornene placed in 
the reaction vessel was observed to produce a very 
rapid pressure increase due to the fast retro-Diels- 
Alder reaction ( 5 ) ;  the reaction products contained 
only ethylene and cyclopentadiene. A sample of 
nortricyclene similarly treated produced no pressure 
change with or without HCl, and the recovered 
material contained 0171~~ nortricyclene. 

Thus, the gas phase pyrolysis of exo-2-norbornyl 
chloride can be represented as shown below 

At each temperature it was observed that the rate 
of formation of cyclopentadiene was a constant 
fraction of the rate of formation of hydrogen 
chloride (see Table 1). Owing to the solubility of 
nortricyclene in exo-2-norbornyl chloride and the 
difficulty of completely sweeping excess chloride into 
the gas chromatograph, it was not possible to 
measure accurately the absolute rate of formation 
of nortricyclene. This was therefore determined in- 
directly, from the difference in the rates of formation 
of hydrogen chloride and cyclopentadiene at each 
temperature. The Arrhenius parameters for nortri- 
cyclene generation are k = 13.29 _f 0.70 exp (-207 

8)/RT s- l .  
For a similar system, endo-2-bornyl chloride, the 

results have been interpreted as involving appreciable 
surface induced reactions (14). However, surface 
catalyzed eliminations of hydrogen halide have much 
lower activation energies (ca. 85 kJ mol-I) (15) than 
that observed here for the nortricyclene production. 
We therefore propose that this reaction is indeed 
homogeneous. 

It is not possible to determine the rates of the 
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TABLE 1. Rate constants" for the formation of hydrogen chloride, cyclopentadiene, 
and nortricycleneb at  various temperatures in the range 569 K to 643 K 

First order rate constant (s-I) for the formation of 
T 

(K) Hydrogen chloride Cyclopentadiene Nortricyclene 

- - -  

"Rate constants are the average of h%e or more runs 
bDetenn~ned from the difference between the rate of format~on of hldrogen chloride and cyclo- 

pentad~ene (see text) 
'Packed react~on %essel (s/v ratio 5 1) 

TABLE 2. Rate coefficients and Arrhenius parameters for the gas phase pyrolysis of cyclopentyl chloride 

105k ( s - ' ) ~  
Cyclopentyl 

chloride 613 K 643 K 663 K E(kJmo1-') A(s-I)  

Unlabelleda 12.2 (3.00) 82.4 (2.67) 278 (2.65) 217.0 14.17 
trans-2-dl 12.1 (2.97) 81.5 (2.64) 264 (2.51) 216.7 14.27 
cis-2-dl 8.26 (2.03) 59.1 (1.91) 215 (2.05) 213.7 13.96 
2,2,5,5-d4 4.07 (1) 30.9 (1) 105 (1) 218.5 14.96 

"Rate constants at 613, 643. and 663 K from Sivinbourne ( 6 )  \\ere 15.5, 100, and 309 . s-', respectively. 
bThe values in parentheses are the rariation of rate ratios n ~ t h  temperature. The rate for tlie 2,2,5,5-d4 compound has 

been taken as unity at  each temperature. 

individual reactions from the pressure data alone. 
However, using the rates of formation of hydrogen 
chloride, cyclopentadiene, and nortricyciene from 
Table 1 and assuming the norbornene concentration 
to be negligible, pressure changes were calculated 
using the equation appropriate for l u o  first order 
concurrent reactions. Calculated and observed 
pressure changes agreed to within 10'Ti, over con- 
version ranges from - 10 to 40%. 

(b) Cj?clopentyI Chloride 
The variation of the rate coefficients with tem- 

perature and the Arrhenius parameters are shown 
in Table 2 together with the ratios of the pyrolysis 
rate coefficients for unlabelled and labelled cyclo- 
pentyl shlorides. The results can be explained by 
invoking an isotope effect of 3 for the elimination of 
HCI at 613 K;  the magnitude of the isotope egect 
decreases slightly with increasing temperature. This 

isotope effect is similar to that reported by Blades 
et al. (16, 13) who found an isotope effect of 2.20 
for the elimination of HCl from ethyl chloride com- 
pared with that of DCl loss from deuterium labelled 
ethyl chloride at 773 K, and a value of 2.17 for the 
corresponding process in ethyl bromide. The results 
show that deuterium in the trans position is not 
involved in the elimination, that in the cis position 
being specifically lost. Thus the pyrolysis of cyclo- 
pentyl chloride proceeds by a cis-1,2 unimolecular 
elimination of hydrogen chloride via a four-centered 
transition state. 

Analyses for the deuterium content of the olefin 
produced from several pyrolyses at  low conversions 
of trans and cis-2-dl-cyclopentyl chlorides at tem- 
peratures of 613 K and 663 M are shown in Table 3. 
The isotope content of the olefin produced in the 
pyrolysis of the cis isomer agreed with that calcu- 
lated assuming an exclusively cis elimination. These 
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TABLE 3. Ratios of labelled and unlabelled cyclopentenes pro- 
duced from the pyrolysis of trans and cis-2-dl-cyclopentyl 

chloride 

(a)  Found 

2% Pyrolysis 10% Pyrolysis 
Cyclopenlyl 

chloride CsH7D C5Ms C S H ~ D  C5H8 

(b) Calculated4 

613 K 663 K 
Gyclopentyl 

chlcride C5H7D C S H ~  CsH7D C5H8 

aThe compounds were 95%-dl, 3.0 was taken as the isotope effect at 
613 K and 2.65 at 663 K. Calculation based on the assumption that the 
pyrolysis proceeded solely via a cis-elimination. 

results confirm retention of label in the tram isomer, 
proving that trans elimination does not occur to 
greater than 5%. 

Labelling Expet.imel?r's with ex0-2-Norbornj*l Chloride 
The extent of cis or trans elimination in the 

formation of norbornene can directly be determined 
by placing a deuterium atom in the exo or endo-3 
positlor. of the halide and measuring the deuterium 
content of the cyclopentadiene. Similarly, by 
pyrolysiilg appropriately labelled compounds and 
then measuring the deuterium content of the nortri- 
cyclene, it should be possible to determine which 
hydrogen atom(s) is involved in its formation. 
However. first it was necessarv to show whether a 
Wagner-Meerwejn rearrangement took place under 
pyrolysis conditions. exo-2-Piorbornyl chloride-3,3- 
d, was prepared and analyzed both for deuterium 
content and the positional integrity of the label 
atoms by a specific mass spectro~netric method 
previously reported by ourselves (7, 8). It was found 
that 11.5% Wagner-Meerwein reaction had occurred 
during the preparation of the c o m p o u ~ ~ d  and that 
the deuterium content of the halide was 92% d,, 
8% d l .  This compound was then pyrolyzed and the 
deuterium content of the products determined mass 
spectrometrically; the results are shown in Table 4. 

3 was assumed for the relative elimination rates of 
HCl and DCl. For the 3,3-d, cornpound the cal- 
culated deuterium contents of the cyclopentadiene 
products were d, = 24%; dl = 73%; do = 3x in 
very good agreement with the experimental results 
242,  71%, and 5% respectively (see Table 4). Thus, 
only tlie hydrogen atoms on C-3 are involved in the 
elimination of hydrogen chloride which yields nor- 
bornene. This therefore ruies out the involvement of 
any Wagner-Meerwein rearrangement in the pyrol- 
ysis system. The nortricyclene formed in the above 
pyrolyses was found to have the same deuterium 
content as the parent chloride indicating that the 
hydrogen atoms on C-3 were not involved in its 
formation viz. : 

exo-2-Norbornyl chloride, prepared by the ad- 
dition of deuterium chloride to norbornene (shown 
by metastable peak analysis (7, 10) to contain 5 6 z  
exo-2-norbornyl chloride-exo-3-d, and 44% exo-2- 
norbornyl chloride-syn-7-dl), was pyrolyzed and the 
deuterium content of the products is also shown in 
Table 4. The deuterium content of the cyclopenta- 
dienes, calculated in the same manner as above, were 
d, = 65% and LI,, = 35:;. This agrees well with the 
experimental results (see Table 4) and again is com- 
patible with a cis elimination of HCl in the formation 
of norbornene. Furthermore, the deuterium content 
of the nortricyclene was again the same as that of 
the parent compound showing that hydrogen atoms 
in the exo-3 and syrz-7 positions were not involved in 
the formation of nortricyclene. 

In order to determine whether the exo and endo-6 
hydrogen atoms are involved in nortricyclene forrna- 
tion, the pyrolysis of exo-2-norbornyl chlorine-exo- 
5-exo-6-uq2 was similarly studied. These results are 

The deuterium content of the cyclopentadiene was 
then calculated (assuming a cis elimination) using the 
deuterium content and the Wagner-Meerwein 
anaiysis of tlse starting material. An isotope effect of 
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TABLE 4. Deuter~urn ccntent or the pyrolysis products of karrous labelled exo-2-noibornyl chlor~des 

Wagner-Meerwe~n 
Compound Label % in syntheses % Pyrolysis products Label % 

92 d2 11 .5  Cyclopentadiene 
Ethylene 
Nortricyciene 

D 

Cyclopentadiene 
Ethylene 
Nortricyclene 

Cyclopentadiene 
Ethylene 
Nortricyclene 

72 d2 15" Cyclopentadiene 
Ethyieile 

D 6 do Nortricyclene 

0 d2, 0 d l ,  100 do 
31 d2,  40 d l ,  29 do 
28 d2 ,  41 d l ,  31 do 

#From metastable peak analysis of the chloride it is clear that some 5% of the iabel is in the 2 and 3 positions. k Wagner-Meerwein 
rearranged reactant would contain a further 5% deuterium in the 1 and 7 positions. These factors contribute to the discrepancy in the 
results. 

also given in Table 4. The ethylene produced had the 2 .  S.  W.  B r v s o v  and A .  N .  B o s r .  J .  Chem. phyi .  39. 3463 - 
same deuterium content as the parent chloride (1963). 

3. W .  C. H F K Y D E ~ .  J .  hf. SULI  rvi\r\r. and M. B. H E N I  E Y .  J .  
showing that the hydrogen atoms on the exo-5 and Phys. Chem. 67. 2842 (1963). 
exo-6 positions were not involved in thc formation 4, w, c,  HFRSDEN.  J .  M.  S U L L I V A U .  M .  B.  H E ~ L ~ Y .  and J .  
of norbornene. The deuter~um content of the nortn- M MZKIOV J Am Chern Soc 86 5691 (1964) 

cyclene was the same as that of the &loride. we 5. W. C.  H ' R X U F ~ .  W. (1. COOPER. and M. J .  C H A X I B ~ K S .  J 
Phya. Chem. 68. 2016 (1943). therefore propose that the 6, E ,  S ,  S w l K B O U ~ h ~ ,  J ,  Chein, Sot, 2371 (1960). 

atom is involved in the formation of l~orlricyclene; 7.  J . L. ~ o r ~ f t s .  D. MC GILLIVR.\Y. and N. S. ISA~C-. Can. I 
i.e. that a trails eliminaiion takes place in this re- Chem. 48. 2791 (1970). 
action. T h ~ s  pyrolysis was repeated using a sample 8 J L H o ~ ~ ~ s a n d D  MCGILLIVKA\ Orf Mass Spectrom 

of exo-Znorbornyl chlor~de - exo-5-exo-6-d2 whlch 7 559(1973) 
9 I M Do!blrt dnd J B L E E  Tetrahedron 23 159 (1967) was richer in deuterlum and these results are given HoL.\,ts and M C G I L L I v R 4 \ r  Org Mas, 

In Table 4. They agree w ~ t h  the prevlous ~esu!ls. 5 1319(1971) 
Additional support for the above proposal comes 

from our study of the elimination of a chloroethyl 
radical from the molecular ion of exo-2-norbornyl 
chloride (lo), where it was shown that the reaction 
specifically involved the erzdo-6 H atom. 

1 .  A .  M A C C O L L .  I n  Theoretical organic chemistry. Rutter- 
worth and Co. Ltd. .  London. 1958. 

11. J .  M. B R ~ M N  and M. C .  M c I v o ~ .  Chem. Commun. 239 
( 1969). 

12. .4. NI(.KOU and N.  H .  WERSTIUK.  J .  Am. Soc. 88. 4543 
( 1966). 

13. A .  M x c c o ~  L .  Chem. Rev. 69.53 (1969). 
14. S. W. B t h s o h  and H. E.  O ' N E ~ L .  Kinetic data on gas 

phase uni~noleculai- reactions. National Bureau of Stan- 
dards, Washington. 1970. 

15. S. S .  S H ~ P I R O .  E.  S.  S\\ 'INSOURNE. and B. C.  YOLSG. 
Auit .  .I. Chem. 17.217(1964). 

16. A .  T. BI-ADES. P. W .  GILDERSON. and M .  G .  H. 
W \L.LBRIDGE. Can. J .  Chem. 40. 1526 (1962). 

17. '4. T. BLA~IES. P. W. GILDFRSOS, and kI. 6. H. 
W ~ L I  B R I D G E .  Can. J .  Chem. 40. 1533 (1962). 
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Electron scattering cross sections of gaseous pentanes and hexanesl 

GORDON R.  FREEMAN.  ISTVAN GYORGY. A N D  SAM S.-S. H U ~ N G  
Clze1t1i.c t1.x Dcpoit~nent, Uniz.er.~ity ofAIheitn, Ed~?zontotl. Alto.. Clirlrida T6G 262  

Received May 15. 1979 

GORDON R. F ~ t t h f . 4 ~ .  ISTVAN G Y ~ R G Y .  andSAx1 S.-S.  HUAXG. Can. J .  Chem. 57.2626(1979). 
Electron scattering cross sections IS, have been estimated as functions of electron velocity t. 

for six gaseous pentanes and hexanes. The scattering cross section of each compound has a 
minimum in the vicinity of' = (2-3) lo7 cmls, corresponding to an electron energy of 0.1--0.2 
eV. For the pentanes, the scattering cross sections on the low energy side of the minimum 
increase with increasing sphericity of the molecules, while the minimum tends to shift to higher 
energies. The same is true of the hexanes. 

GORI)OY R FREEMAN.  Is1 VAU GYORGY et S A \ ~  S -S H U A ~ G  Can J Chem 57. 2626 ( 1979) 

Les sections transversales o, de diffusion electronique sont evaluees comme etant des fonc- 
tions de la vitesse c de l'electron pour six pentanes et hexanes a l'etat gazeux. Pour chaque 
compose la section transversale de diffusion a un minimum, au voisinage de ' = (2-3) lo7 
cn>,'s, correspondant a une energie electronique de 0.1-0.2 eV. Pour les pentanes, du cBtC de 
basse Cnergie du minimum, les sections transversales de diffusion augnientent avec le sphericit6 
des molecules, pendant que le minimum tend a glisser vers de plus grandes energies. On observe 
la meme tendance pour les hexanes. 

[Traduit par le journal] 

The effects of density and temperature on thermal 
electron transport in gaseous and liquid hexanes (1) 
and pentanes (1, 2) have recently been rcported. The 
treatment of elects011 scattering by molecules in the 
low density limit involved the assumption that the 
scattering cross section o, for electrons of velocity v 
could be approximated by eq. [ I ]  over the limited 
range of velocities used. 

[ I ]  0, = A , Y "  

where A, is a constant whose value depends on x .  It 
has been found that for some of the butenes eq. [ I ]  
is inadequate to describe the behavior over the tem- 
perature range 300-500 K (3). The pentane and 
hexane results have therefore been subjected to a 
inore detailed nu~nerical analysis, using trial and 
error to extract o, as a function of c from plots of 
lnobility against temperature. The cross section of 
each compound has a minimuin in the vicinity of 
o = (2-3) 107 cm/s, corresponding to an electron 
energy of 0.1-0.2 eV. The same rcsult had been found 
earlier for slmpler alkanes (4). 

When the velocity distributioll is Maxwell~an and 
scattering is mainly el as ti^,^ the low density limit of 

'Assisted financially by the National Science and Engineer- 
ing Research Council and the International Atomic Energy 
Agency. 

2At the low energies involved in the present work, the 
magnitude of the elastic scattering cross section is much 
greater than that of the inelastic scattering cross section (see, 
for example, ref. 4). The mobility is restricted by collisions 
that change the direction of flighr c:f the electrons. The flight 

the mobility p,, (cm2iV s) may be represented (3, 5) 
by eq. 121. 

[2] pld = (5.23 x 10-14inT2.5) 

n 1 (u3jo,) exp (-3.30 n 1 0 1 2 v 2 j ~ )  do 

where rz (molecule/cm3) is the gas density and T (K) 
is the temperature. 

A first approximation to o, as a function of v was 
obtained using eq. [ I]  in the manner described 
previously (1, 2). A plot of o, against v thus obtained 
was then adjusted to improve the agreement of 
values of pld calculated numericalIy from eq. [2] 
with those observed over a range of temperatures. 

The mobilities normalized for gas density, np,,, 
are shown as functions of temperature in Fig. 1. The 
experimental data for each compound display 
curvature towards the T axis, with the exception of 
those for n-pentane and neopentane. We believe that 
curvature in the rz-pentane results is obscured by the 
experimental scatter. 

Cross sections derived from the mobilities are 

direction is changed by both elastic and inelastic collisions, 
but under the present conditions the former dominate. The 
amount of energy exchanged during the elastic collisions is 
small, however, and the relatively infrequent inelastic colli- 
sions govern the electron energies in the present systems (2). 
This explains the conclusion that " ... the electrons are cooled 
predominantly by inelastic collisions with the hydrocarbons, 
in contrast to the behavior with the monatomic molecules of 
xenon" (11, that had been derived from consideration of the 
ratio vd(threshold)/co. 

0008-4042/79/k92626-O3SO 1 .OO/O 
@ 1979 National Research Council of CanadaIConseil national de recherches du Canada 
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FREEhIAN ET AL.  2627 

FIG. 1. Temperature dependence of density normalized 
mobilities nu,,  of thermal electrons in low density pentane and 
hexane gases. 0, n-pentane; V, isopentane; 0, neopentane; 
A, cyclopentane; a, n-hexane; A, cyclohexane. Mobilities 
from ref. 2 were decreased by a factor of 1.21 and those from 
ref. 1 were increased by a factor of 1.08 (hexanes) or 1.03 
(cyclopentane) to correct for errors in measurement of the 
gap between the electrodes. The lines represent the mobil- 
ities calculated from the cross sections displayed in Fig. 2, 

given in Fig. 2. Mobilities calculated f r o n ~  these cross 
sectioils are represented by the lines in Fig. I .  

T o  designate the energy region of main interest, 
the Maxwellian distribution of electror: velocities 
and energies at  400 K is shown in Fig. 2A,  and the 
scattering probability distribution for ?I-hexane a t  
400 K is given in Fig. 2B. The energy region of 
greatest sensitivity in the curve fitting procedure is 
in the vicinity of the maximum in the scattering 
probability curve (Fig. 2 8 ) .  Under the present con- 
ditions the region ranges from about 0.04-0.14 eV 
for n-hexane and 11-pentane to about 0.05-0.22 eV for 
neopentane. The cross section curves become pro- 
gressively more uncertain with increasing distance 
from this region. 

L 

The most accurate portioii of each o, curve in 
Fig. 2 lies on the low energy side of the minimum. 

FIG. 2. Electron scattering cross sections o, of pentane and 
hexane molecules, as functions of electron velocity v or energy 
E. A :  ---, n-pentane; isopentane; -, neopentane; x ,  
neopentane cross sections from ref. 7;  ... Maxwellian E and 
distribution at 400 K, F = (1.36 x lo- '  u ~ / T ' . ~ )  exp (- 3.3 x 
10-'Zt.2:T). B: ---, 12-hexane; cyclopentane; -, cyclo- 
hexane; ..., scattering probability distribution for 12-hexane at  
400 K, F = 2 x 10-33(~310,) exp (-3.3 x 10-'Zr;ZIT). The 
factors F are the true values multiplied by 10" in A and 
2 x in B to fit the displayed scale. 

The scattering cross sections of the pentanes in this 
region increase with increasing sphericity of the 
molecules, while the mininiurn tends to shift to 
higher energies. The same is true of the hexanes. The 
reason for the correlation between the scattering 
properties and molecular sphericity is not known. 
The correlation for the low density gases is different 
from that for the normal liquids of the same com- 
pounds (2 ,  6). 

The cross sections for neopentane are in satis- 
factory agreement with those reported recently by 
McCorkle et al. (7), in the region of overlap. 

When scattering cross sections derived from 
mobilities are averaged for comparison of one 
molecule with another, the appropriate weight is 
placed on the most secsitive region of velocities by 
using eq. [3]. 

[3] o,,, = (z ; ) / (v /o , )  = 4.59 x 1 0 2 2 ~ 2  /[ (u3/o,) exp (-3.30 x 1 0 - " u 2 / ~ )  dr 

The simple average ( o , )  is commonly used, but it tends to emphasize the larger values of o, ,  where the curve 
fitting is least accurate. 

[4] ( o , )  = 4 ; ~ ( r 7 2 / 2 n k ~ ) ~  o , v 2  exp (- m u 2 / 2 k ~ )  dv Jm 
= 1.35 x 10-"T-'  " o,v2 exp (-3.30 x 1 0 - 1 2 v 2 / T )  $I; 
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2628 C A N .  J .  C H E M .  VOL. 57. 1979 

TABLE 1. Average scattcring cross scc- 
tions a t  300 K" 

Molecule o a v e b  (ot.>' 

However, the values of (0,) are greatly different for 
the two forms of o, (Table 1). The average scattering 
powers of molecules should be compared through 

not through (o,), when o, has been estimated 
from mobility data. 
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 from Fig. 2 unless other\r,ise noted. 111 units I .  S. S:S. H U A N G  and G .  R .  F R E E M A N .  Can. J .  Chem. 54. 
of 10-l6 cm2. 

bEquation [3]. Recommended. 2388 (1978). 
<Equation [41. This type of average is not 2. 1. GYORGY and G .  R .  F R ~ E M A N .  J .  Chem. Phys. 70. 4769 

recommended when a, has been estimated from 
mobllity data. (1979). 

during eq. [ I ]  a i th  .r = 1.0, inserted in eq. [z]. 3. T. WADA and G.  R .  F R E E M A N .  TO he published. 
4. C .  W. U u ~ c . 4 ~  and I .  C .  W A L K E R .  J .  Chem. Soc. Faraday 

The difference between o,,, and (0,) is illustrated I I , ~ O .  577(1974). 
in Table 1. The mobilities in n-pentane and n-hexane 5.  L. H. G.  H L - X L ~ Y  and R .  W. CROMPTON. The diffusion and 

drift of electrons ingases. Wiley, New York. 1974. p.  69. 
Over the present range of temperatures can be repro- 

6. J.-P. DODEI ETand G .  R. F R E E W A N .  Can. J .  Chem. 50.2667 
duced moderately well by using eq. 1 for o, with (1972). 
a = 1.0. The values of o,,, so obtained are nearly 7. D. L. MCCORKLE, L. G. CHRISTOPHOROU. D. V.  MAXEY. 
the same as those obtained from Fig. 2 (see Table 1). and J .  G.  CARTER. J .  ~ h y s  ~ 1 1 .  3067 (1978). 
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Hydrogen bond assisted reactions: C- and 0-alkylat ions ,  suliphenylations, and Michael 
additions aided b y  polymer immobil ized fluoride ion 
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Hydrogen bond assisted C- and 0-alkylations, sulphenylations, and Michael additions have 
been carried out with the aid of fluoride ion immobilized on strongly basic anion exchange 
resins. 

JACK M. MILLER, STEPHEN R. CATER, KWOK-HUXG SO et JAMES H. CLARK. Can. 9. Chem. 
57.2629 (1979). 

On a effectui des reactions de C- et 0-alkylations, de sulphCnylations et d'additions de 
Michael facilitkes par des liaisons hydrogknes en faisant appel B I'ion flu0rui.e immobilisC sur 
des resines Cchangeuses anioniques fortenlent basiques. 

[Traduit par le journal] 

Pntrodoction 
We have previously shown that the fluoride ion is 

capable of behaving as an electron source in hydrogen 
bonds formed with a wide variety of protic organic 
compounds (I) .  From a chemical reactivity point of 
view, the nucleopliilicity of the electron acceptors in 
these M-bonds is enhanced. This prompted us to 
investigate a number of alkali metal fluoride andtetra- 
alkylanimol~iunz fluoride assisted organic reactions 
carried out under heterogeneous and homogeneous 
conditions including C-alkylations (2 ,  3), O-alkyla- 
tions (1, 4-6), PJ-alky!ations (I) ,  sulphellylations (71, 
and Michael additions (3 ,  8). The results of these 
investigations clearly demonstrated the fluoride ion 
method to be a viable alternative to more conven- 
tional base-assisted processes. 

In the last few years, functionaiized insoluble 
polymers have been developed for a variety of 
sequential and one-step organic syntheses (9-11). 
These include a nunlber of reactions using polymer 
supported phase transfer catalysts often prepared 
from Merrifield type DVB crosslinked chloro- 
methy!ated polystyrene resin (12-18). One recent 
article onz this subject described the fluoride ion 
assisted preparatioil of Merrifield resin ester (19). 
The realization that strongly basic ion exchange 
resins are simply insoluble quaternary ammonium 

salts led us to investigate the possibility of carrying 
out typically fluoride-ion mediated reactions in the 
presence of commercial strongly basic anion ex- 
change resins converted to their fluoride form ( 2 0 ~ ) .  
Another communication published during the 
writing of this paper describes the synthesis of 
phthalimidoc7etkyI esters of hr-protected amino 
acids using [he strongly basic anion exchange resin, 
Amberlyst A-26, containing fluoride ions (20b). 

Other reported exalnpies of the synthetic use of 
anion exchange resins include the synthesis of 
nitrites (21), the C-alkylation of n~alonic esters and 
related compounds (221, fluorinations (23, 241, 
alkylations (25, 26), and reductions (27). Our pre- 
liminary work (200) showed that while the fluoride 
forms of commercial analytical type resins such as 
AmberliteS IRA-40i3 and DowexS 1-X8 and lower 
crosslinked resias such as Dcwex 1-X2 were not 
particniarly effective, the fluoride forms of Dowex 
MSA-1 macroporous resin and Amberlyst 8-26 and 
A-2'7 macroreticular resins, which are designed for 
use in non-aqueous solvents, gave satisfactory 
results. We now report our detailed results for 
H-bond assisted reactions using the fluoride forms of 
these resins. The results have been optimized in 
terms of the resin, solvent,, temperature, and re- 
generative capability of the resin. 

'To whom ai! correspondence should be addressed. 4An~berlyte and Amberlysc are ion exchange resin trade- 
ZUndergraduate Summer Assistant. names used by Rohm and Hass 630. 
3A'ostracted in part from the M.Sc. thesis of M. 13. So, Brock 5Dowex is all ion exchange resin tradename used by Dow 

University, 1938. Chemical Co. 
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TABLE 1 

(a) Summary of reactions 

Reactants 
Time T 

Product (h) (=C) Solvent 

24 
24 
24 
24 
24 
12 
24 
24 
24 
24 
48 
24 

0-Alkylation 
PhOH + Me1 PhOMe 24 

24 
24 

p-N02C,H40H + Me1 p-hT02C6H,0Me 24 
24 
24 

Sulphenylation 
[MeC(O)I2CH2 f PhSH + air [MeC(0)IZCH(SPh) 24 

24 
24 
24 
24 
24 
24 
24 
24 
24 

[MeC(0)lzCH2 + Ph2S2 24 

Michael addition 
MeC(0)CH=CH2 + PhSH MeC(0)CH2CH2SPh 24 

24 
24 
24 
24 
24 
24 

T H F  
T H F  
D M F  
THF 
D M F  
THF 
THF 
T H F  
T H F  
THF 
TMF 
D M F  
T H F  
T H F  
D M F  
THF 

D M F  
DMF 
T H F  
D M F  
DMF 
THF 

D M F  
D M F  
D M F  
T H F  
THF 

Benzene 
D M F  
T H F  
D M F  
D M F  
D M F  

TMF 
THF 
T H F  
T H F  
D M F  
DMF 
D M F  

MSA-1 
A-26 
IRA-900 
8 -25  
A-27 
A-27 
A-27 
A-26 
A-27 
A-26 
MSA-I 

MSA-1 
A-26 
A-26 
8-26 
A-27 
A-26 
None 

.lYieids mere determined by 'H nmr peak intensities for products and starting material and by gc peak areas. Known compounds were 
identified by 'H nmr and gclrns. 

hCharacteristics of the commercial strongly basic anion cxchange resins in their chloride forms taken from manufacturer's literature (see 
Table l (b)) .  

'~esin'<vas regenerated from used resin. 
dOnly 15 mL resin used. 
'Resin was previously used in a Michael addition reaction. 

Experimental 

lH nmr spectra were recorded in CDCI, on a Varian A60 
(60 MH7) spectrometer (SiMe, internal standard). Mass 
spectra were obtained on a AET MS-30 double beam double 
focussing mass spectroineter interfaced to a Pye 104 C.C.  via 
a Biemann separator. Samples were introduced either via a 
solids probe or via the gas chromatograph (6 ft x 114 in. 
column, 3% SE30 on Chromosorb W). 

The resins were converted to their fluoride forms by the 
following general procedure. The resins were obtained in their 
chloride fornls and were first treated with an excess of 10% 
sodium bicarbonate followed by at least five bed volumes of 
10% NaOH solution over a period of 1.25 h to convert the 
resins to their hydroxide forms. The resins were washed with 
water until neutral and in order to determine the capacity of 
the resin, a satnple was washed with acetone and ether, dried, 
and weighed. The sample was then reacted with excess 1.000 M 
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(b) Characteristics of commercial anion exchange resins from manufacturer's literature 

Ion exchange capacityc Max T 
Moisture Effective Av. pore Surface ("c) 
capacity Dry resin Wet resin size diameterd area 

Resin Designation (%) (nleqlg) (meqlrnL) (nlm) (A) (m2/g) C1- OH- 

Amberlysta Macroreticular 61-65 4.1-4.4 0.95-1.1 0.45--0.55 400-700 25-30 90 60 
A-26 

Amberlyst" Macroreticular 56-62 2 . 6  min 0 . 7  min 0.4-0.5 400-800 60-70 N.A. N.A. 
A-27 

Amberlitea Macroreticular 60-64 4 . 2  min I . 0  min 0.43-0.52 N.A. N.A. 77 60 
IRA-900 

Dowexb  macrop porous 57-63 3.8-4.2 1 . 2  20-50 mesh N.A. N.A. 150 50 
MSA-1 

"Rohm & Haas; active group quaternary ammonium; cross linkage (Z  D 
b D o ~ ;  active,groi~p trlmethylbenzylarnmonium; cross linkage (x DVB) 11, 
cMln. = min~mum exchange capacity. 
*N.A.  = not available. 

HCI, filtered off, and washed. The resulting solution was back- 
titrated with 1.000 M NaOH to a bromothymol blue end 
point. The calculated capacities of the Amberlyst resins were 
between 0.83 and 0.97 nieq/cm3 of moist resin. The hydroxide 
resins were converted to their fluoride forms with 1 M HF 
solution, a slight excess of acid being used. It was also possible 
to convert the chloride form of the resin to the fluoride form 
by direct exchange with a KF solution although we preferred 
the more quantitative neutralization procedure. Once in the 
fluoride form, the resin was washed with water until neutral, 
followed by several bed volu~nes of methanol, then washed 
with the solvent that was to be used in the proceeding reaction. 
Regeneration of used resins followed a similar procedure. The 
A-26 resin appeared to be particularly easy to regenerate 
whereas the A-27 resin appeared to break down, at least 
physically, after some of the rcactions. 

In  an attempt to determine the extent of resin fluorination 
after a typical conversion, samples of dried resin were reacted 
with a-bromoacetophenone, a-fluoroacetophenone being the 
expected product. Some chloroacetophenone was also pro- 
duced, suggesting that some unconverted chloride resin was 
also present. Typical F/C1 ratios were 9: 1. 

In a typical reaction, 2,4-pentanedione (0.01 mol) was added 
to 40 cm3 of A-27 F- resin (ca. 0.035 mol F-) in 50 cm3 THE. 
After stirring for several minutes, iodomethane (0.01 mol) was 
added and reaction was allowed to proceed with stirring, at  
room temperature for 24 h. At the end of this time, the resin 
was filtered off and washed with several portions of diethyl 
ether. The combined filtrates were evaporated yielding 0.95 g 
of material which was shown by nmr and gc/ms to be the 
starting diketone (20-25 molz )  and the 3-methyl derivative 
(75-80 molz). This corresponds to a yield of 6 5 2  based on 
diketone used. Somewhat better yields could be obtained by 
using a 10% excess of iodomethane. 

Results and Discussion 

The results of our detailed investigations into the 
efficiency of fluoride resins in some typically base- 
assisted organic reactions are summarized in Table 1. 
There are essentially three important aspects of these 
results to be considered: the relative efficiencies of 
the resins used, the loss in efficiency on using a 
regenerated resin, and the choice of solvent. 

Overall, there does not seem to be one particular 

VB) not defined 
ot defined. 

resin which consistently gives the best yields although 
some definite trends are apparent. In particular, 
MSA-1 F- resin seems to be a particularly eEective 
catalytic resin in that it is clearly the best choice for 
both Michael additions and sulphenylations. The 
latter reactions are especially sensitive to the choice 
of resin in that only the MSA-1 F- resin gives a 
satisfactory yield. In an attempt to isolate the cause 
of this apparent anomaly, we attempted to convert 
the thiolalone to the disulphide in the presence of 
the A-26 F- resin and found that 100% reaction 
occurred within 24 h at  room temperature. This 
leads us to believe that the efficiency of the A-26 and 
A-27 F- resins may be impaired by the presence of 
water (produced in the thiol oxidation step) and we 
are presently investigating the possibility as part of a 
general project into the effect of water on fluoride 
ion mediated reactions. 

While the MSA-I F- resin is superior for catalytic 
reactions, alkylations (where the resin undergoes 
chemical reaction), and in particular C-alkylation, 
are best carried out using A-26 and A-27 F- resins. 
IRA-900 F- resin gave moderate yields of product 
in C-alkylation experiments. We found that IRA 938 
resin and Whatman DE32 ion exchange cellulose 
were only converted to their F- forms with con- 
siderable difficulty and we did not attempt any 
reactions with them. 

In most reactions, a 2- to 4-fold excess of resin was 
used. Doubling the quantity of resin did not sig- 
nificantly affect the yields for C- and 0-alkylations. 
In the absence of resin or in the presence of resin in 
its C1- form, no C- or 0-alkylation was observed 
although some reaction did occur in the Michael 
additions. 

We have found that with regard to the reusability 
and efficiency of regeneration of the F- resins, the 
A-26 is superior and we report C-alkylation yields 



using regenerated resin and resin that was previously 
used in a (catalytic) Michael addition (Table 1). 
While the regenerated resin is of comparable effi- 
ciency to the fresh sample, the previously used resin 
gives noticeably lower product yields which implies 
significant loss in activity but not appreciabie 
physical degeneration on reaction. 

With regard to the choice of solvent, it would 
seem that those reactions which proceed smoothly 
at  or near roon~ temperature are best carried out in 
TI-IF whereas the higher boiling DMF is preferred 
for those reactions requiring higher temperatures. 
Reaction times were usually kept at  24 h although 
where reaction ~nonitoring was attempted, optimum 
yields seemed to occur at 12 h or less. 

Analysis of the product mixtures did reveal the 
presence of some side-products, in particular the 
disuiphide (strict!jl an intermediate) in the sul- 
phenylations and Michael additions and also thc 
olefin dimer for the latter reactions. 

In general, the yields reported here are colnparabie 
or slightly poorcr thzn those obtained using soluble 
tetraalkylammonium fluoride (2, 3, 6-81, silica 
supported letraal!cylamn~onium fluoride (281, or K F  
supportcd on Celite (29). One possiblc explanation 
for some of the low yieids obtained in reactions with 
the F resins is that it is often difficult to ensure 
complete extraction of products from the resin. 
Despite such shortcomings, the overall success of the 
method, demonstrated here and by independent 
research (20b), suggests that fluoride resins are useful 
and inexpensive aids to the synthetic chemist. 

The authors wish to thank the IVatural Sciellces 
and Engineering Research Council of Canada and 
Imperial Oil Limited for financial support (J.M.M.), 
W.A.T.O. for a collaborative research travel grant 
(J.H.C. and J.M.M.), and Mr. T. R. B. Jones for 
running the mass spectra. 
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Rare-gas sensitized radiolysis of gaseous isobutene: ionic processes 
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JAN A. HERMAN. Can. J. Chem. 57.2633 (1979) 
Irradiation of isobutene at low pressure in the presence of suitable scahengers or mixed 

with the rare gases Ar, Kr, and Xe shows that 2-methyl-but-2-ene is partially formed in ionic 
processes. These processes involve polymeric ions of isobutene formed in "head-to-head" 
reactive encounters with neutral isobutene. The resulting ionic species, which have internal 
structural tension, can isomerize with a subsequent elimination of ethylene, or decon~pose to 
give 2-methyl-but-2-ene. The rare-gas sensitized radiolysis confirms the already established 
reaciion channels for formation of the main products. 

JAN A. HER MA^. Can. J .  Chem. 57.  2633 i 1979) 
L'irradiation de l'isobutyline a basse pression et presence d'intercepteurs adequats, de m@me 

que la radiolyse sensibilisee aux gar nobles Ar, 1Cr et Xe, de ce m&me compose, indique que 
le 2-methyl-butene-2 est forme en partie par voie ionique. Ce processus est la consequence de 
reaction "tete-8-tCten entre les ions polyrniriques et l'isobutylene neutre. L'intermediaire 
ainsi forme peut, soit isomeriser avec elimination de l'ethylene, soit se decomposer en donnan: 
du 2-methyl-buthe-2. La radiolyse sensibilisee aux gaz nobles confirme Ies voies reaction- 
nelles deja etablies de formation des produits principaux. 

In a recent mass-spectrometric investigation of 
ion/molecule reactions in gaseous isobutene it was 
assumed that the condensed ionic species formed 
during the polymerization processes may decompose 
to give neutral ethylene and branched pentenes, as 
depicted in Scheme 1 (1). Such decomposition pro- 
cesses result from "head-to-head" bonding between 
the condcnscd ion and the tertiary carbon of the 
neutral isobutene, giving rise to the formation of a 
species with internal structural strain, 

This ion decomposes on reactive encounter, 

On the other hand, radiolysis experiments on 
gaseous isobutene with added nitric oxide as radical 
scavenger suggested that all condensed C, products 
were formed by radical processes (2). However, the 
choice of NO as a radical scavenger is not unamkig- 
uous, because of the possibility of charge transfer 
between ionized isobutene (ionization potential, 
1P = 9.23 eV) and/or its fragmentary ions and the 
NO molecule (IP = 9.26 eV) (31, even if this process 
is known to be a slow ofie (4). Therefore, it seems 

C C C useful to investigate again 'the possibility of the 
1 I 1 formation of ethylene and pentenes in ionic pro- 

[2j (-C-C-C-C)- + C=c + cesses, using this time a radical scavenger for which 
1 1 1 the charge transfer process from iso-C,H,+ is not 

C C C allowed. 
The mass-spectrometric investigations of ion/ 

C C C C C 
I I I 

molecule reactions were conducted in systems at low 
i / 

(-C-C-C-C-C-C)+ --+ (-C-C) Jr C-C=C-C pressure (< 3 Torr) and normally the y-rzy radiolysis 

I I I I \ I should also be carried out at these pressures in order 
C C C C C C to avoid doubtful extrapolation of results from high 

to low densities of gas. Howeaier, the y-ray doses 
or isomerizes with the subsequent elimination of an needed for accumulation of reasonable amounts of 
ethylene molecule, products in low pressure isobutene samples were 

0008-4042/79/192633-07$0! .00/0 
e l 9 7 9  National Research Council of CanadalConseil national de recher-shes du Canada 
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unduly long for the available 60Co y-ray irradiator. 
Therefore, only a few radiolyses of pure isobutene 
at 10 Torr or less were performed, most of the 
irradiations being done on high-pressure samples of 
rare gases containing small amounts of iso-C,H, 
(1.1%); under these conditions the irradiation time 
was shortened to only several hours. Besides this 
practical aspect of the rare-gas sensitized radiolysis, 
there is another feature of this kind of experiment 
that is useful to the comprehension of the observed 
behaviour of the irradiated system. In the rare-gas 
sensitized radiolysis the spread of the energy trans- 
ferred from the excited or ionized noble gas atom to 
the molecule of interest is much narrower, limited 
usually to the energy of the metastable states and the 
fundamental ionic state of the rare gas atom or 
molecular ion (ref. 5, part 4, p. 211). Under these 
conditions one can expect that the extent of frag- 
mentation of parent ions is limited to only a few 
fragment ions as compared to the direct radiolysis, 
and that the identification of reaction paths for 
products originating in ionic processes might be less 
ambiguous (6). 

Experimental 
Matheson Co. C.P. Grade isobutene (minimum purity 

99.0%) was gas-chromatographically purified and the remain- 
ing impurities consisted of isobutane (< 0.01%) and butene-1 

(0.31%). Oxygen (99.995%) from Union Carbide and ammonia 
(99.99779 from the Matheson Co. were used without further 
purification. Matheson rare gases, Ar, Kr, and Xe (minimum 
purity 99.995%), were dried and deoxygenated on pulverised 
metallic sodium for at least 24 h prior to mixing with isobutene 
in the reaction cell. 

Pyrex irradiation cells were spherical with a volume of 
270 1 10 mL. Break seals allowed the gases to be recovered 
after irradiation. 

The products of radiolyses were analyzed by gas-chromato- 
graphy equipped with a flame ionization detector. The products 
were separated on a 9 m squalane or on a 6 m Ucon column. 

The samples were irradiated at room temperature (-- 25'C) 
in a Gammacell 220 irradiator (Atomic Energy of Canada Ltd) 
at a dose-rate of approximately 2.21 x lo5 rad/h. The total 
doses absorbed ranged between 2.8 x 10'' eV (-10" eV 
mol-') for low-pressure pure isobutene samples and 1.3 x 
lGI9 eV (- loz2 eV mol-' of rare gas) in rare-gas sensitized 
radiolysis experiments. The dosimetry was carried out by 
measuring the acetylene formed in irradiated ethylene at 
600 Torr, whose radiolytical yield is 3.6 (7). 

Results 
Partial results for direct radiolysis and rare-gas 

sensitized irradiations are presented in Table 1. The 
radiolytic yields are expressed in G(X) values, which 
represent the number of molecules X formed per 
100 eV of energy absorbed by the system. The only 
correction made for energy absorbed directly by 
iso-C,H, in the rare-gas sensitized radiolysis consists 
of subtracting the yields of products formed in pure 
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TABLE 1. Radiochemical yields of products formed in isobutene (with and without scavengers) and in iso- 
butene + rare-gas mixtures 

Component Composition (Torr) 

iso-C4H8 10.0  10.0 10.0  1 .O 1 .O 1 .O 1 .O 
Rare gas - - - Xe:100 Kr:100 Ar:100 Ar:200 
Oxygen - 0.62 0.61 - - - 

Ammonia - 1 .O - - - - 

Product Yield 

CH4 
CzH2 
C Z H ~  
CzHs 
C3Hs 
Propyne 
Allene 
iso-C4HI0 
(CH3)4C 
(CH,),CHCH,CH, 
3MBIc 
2MBld 
2MB2" 
E G  

YG-values calculated relati\e to the energy absorbed by isobutene. 
6-values calculated relative to the energy absorbed by the rare gas 
C3-Methvl-but- 1-ene. 
"2-Meth$l-but-l-ene. 
e2-Methy1-but-2-ene. 
f- indicates undetected. 

iso-C,IH, at 1 Torr irradiated for the same length 
of time. This correction is actually very small, being 
less than 1%. The results in Table 1, with the excep- 
tion of Xe-sensitized irradiations, are mean values of 
several experiments. They are reproducible within 
12% for the main compounds. 

In Table 1 are shown yields for these products 
which are relevant for the discussion. The following 
products are not indicated: propane (whose yield is 
around 0.1), cis- and trarzs-butene-2, butene-1, 1,2- 

additives, oxygcn and/or ammonia, diminishes the 
6-values of products formed from lsobutene because 
of the partitioning of transferred energy from the 
rare gas, among the components of the mixture. This 
effect is shown by the 6-values of allene in Table 2 
( I  l th  row). On the other hand, it is well established 
that allene and propyne are formed with yields which 
are independent of radical scavenger concentrations 
(8-10). Therefore, at constant pressure the yield of 
allene, as well as that of propyne, can be used as an 

butadiene (G 1: 0.04), and some minor unsaturated internal reference for calculation of the amount of 
C,, whose G < 0.01. All these compounds, with the energy transferred from the rare-gas atom to iso- 
exception of the butenes, are scavenged completely butene. This property is used to estimate the relative 
by oxygen. The yields of methane in krypton- yields of products formed in the presence of am- 
sensitized irradiations were less reproducible than in monia and oxygen in the rare-gas sensitized radiolysis 
other experiments, as indicated by the range of as a function of G(al1ene); the results are presented 
variation of the 6-value. Special care was undertaken in Table 2. 
in the analyses by gc of the C j  condensation products. Inspection of Table 2 shows that the presence of 
The reported yields for these compounds in the oxygen has a strong effect on the yields of methane, 
presence of oxygen and ammonia, although very low, ethane, isobutane, 2,2-dimethylpropane, and the 
correspond to measurable amounts and are meaning- methyl-butenes. The simultaneous presence of 
ful (Tables 1 and 2). In the radiolysis of isobutene oxygen and ammonia almost completely suppresses 
a t  low pressure (without or with oxygen) the radio- the formation of isobutane and 2MB2, and influences 
chemical yields of 2-methyl-but-2-ene (2MB2) are strongly the yields of ethylene and propene in the 
not very reproducible, the likely reason being that case of the Ar-sensitized radiolysis. 
neither isobutene nor oxygen was thoroughly dried 
and traces of water vapor introduced into the system Discussion 

appear to affect the polymerization yield (8). The radiochemical yields for irradiations of pure 
I11 rare-gas sensitized irradiations the presence of iso-C,H, or iso-C,N, + 0, mixtures at 10 Torr or 
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TABL~ 2. Relative yields of products formed in isobutene + rare-gas mixtures" 

Component Composition (Torr) 

iso-C4H8 1 . 0  1 .0  1 .0  1 . 0  1 .0  1 . 0  1 .0  1 . 0  1 .0  1 . 0  1 . 0  
Rare gas Xe:100 Xe:lOO Xe:100 Kr:100 Kr:100 Kr:100 Ar:100 Ar:200 Ar:200 Ar:200 Ar:200 
Oxygen - 0 . 5  0 .5  - 0 . 5  0 .5  - 0 . 5  - 0 . 5  0 . 5  
Ammonia - 0 .2  - - 0 .3  - - - - 0.25 

Product Yield 

- .  

Allene 1 G(C,H4) 
Relative 

JThe yields were calculated relative to the energy absorbed by the rare gas. 
b- indicates undetected. 

lower pressure are those expected from extrapolation 
of 6-values already published (2, 9, 10). They are 
strongjy pressure dependent, decreasing with in- 
creasing density of the gas. 

Ionic Processes 
As established by Sieck and Ausloos (I2), the 

formation of isobutane In an ionic process (account- 
ing for approxiinately 50; of all iso-C,H,, formed 
in ~i-radiation of pure isobutene) consists of a W2 
transfer from the (C,H,,>+ ion to neutral isobutene, 

Gur results are consistent with this mechani.sm, as 
showrr by the action of oxygen and ammonia (Tables 
1 and 2). Here ammonia acts as a proton or charge 
acceptor from the ionic species formed in the 
iso-C,H, system, in competition with ion/molecule 
reaction of hydrocarbon ions leading to ionic iso- 
butane (63 ) .  However, one can see that the addition 
of NH, in an amount corresponding to 1007, of that 
of isc-C,H, at 10 Torr is not sufficient to inhibit 
con~pletely the formation of the (C,H,,)+ species, 
which react very eificiently with neutral iso-C,H, 
(reaction [49. In the rare-gas sensitized radiolysis, 
where the relalive concentrations of isobutene and 
ammonia are similar, one can see that isobutane is 
aimost completely scavenged when 0, and NH, are 
both present in the system (Table 2). 

The new result of this study, as compared to ref. 2, 
is the proof that 2MB2 is partially formed in ionic 
processes. This observation is particularly evident 

from the data obtained by irradiation of isobutene 
at low pressure in the presence of oxygen (acting as a 
radical scavenger) and ammonia (acting as a proton 
acceptor). Assuming that Gio,(2MB2) = 0.29 repre- 
sents the yield of 2-methyl-but-2-ene formed at 10 
Torr iil the detachment process form successive con- 
densation ion products, 

one can compare this yield with the extrapolated 
yield of [C,H,5(C,H,),]t (p = 0, I ,  2, ...I at 10 Torr 
from mass-spectrometric measurements (I). Taking 
MT = 23.8 eV (14) as the energy required for the 
formation of one pair of ioiis in gaseous isobutene, 
the total radiochemical yield for ion species should 
be G,,,,, (ion) = 4.2. The yield Gio, (2MB2) = 0.29 
constitutes 7% of the G,o,,, (ion), which is in very 
good agreement with the extrapolated percentage of 
[C,M,,(C,M,),]+ ions observed by mass-spectrorn- 
etry (1). 

The formation of only 2MB2 in the ionic process 
[5], with the exclusion of the two other methyl- 
butenes (2MB1 and 3MB1) indicates that the 
reactive site is on the methylene position of the 
neutral isobutene, which is in accordance with a 
polymerization mechanism. 

Following the reaction Scheme 1, some of the 
ethylene should be formed by the reactions 

The mass-spectrometric investigation shows that the 
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corresponding ion species [Ci ,Hz, (C,H,),]+ (q = 0, 
1,2, ...) accoust for - 2% at 3 Torr of the total ion 
concentration, which corresponds to a Gio, (C2H4) N 

0.08 (1). This yield seems to be pressure independent 
(or very nearly) and its value is probably unchanged 
at 10 Torr. There is actually a small decrease in 
G(C2H,) in irradiated isobutene at 10 Torr in the 
presence of 0, and NM, (Table 1). However, this 
decrease is within the limits of the experimental 
errors, and, on the basis of the present data, reaction 
[6] cannot be confirmed. 

The rare-gas sensitized irradiations confirm the 
occurrence of ionic reactions leading to the 2MB2 
formation. However, the dilution of the reacting 
hydrocarbon makes this reaction path less effective; 
only around 252 of the 2MB2 is formed in reaction 
[5], compared to -- 60'z in the case of pure isobutene. 
If this lower effectiveness to ionic polymerization of 
isobutene in rare gases is real, then the formation 
of C,H, in reaction [6] should be even more 
difficult to establish, as suggested by inspection of 
Table 2. 
Rare-gas Serisitized Radiolysis 

A general view of how the energy of excited or 
ionized isobutene is disposed after the energy transfer 
processes from the rare gas metastable and ionic 
species can be inferred from the sum of the radio- 
chemical yields, CG,  for unscavenged radiolysis 
experiments (Table 1). Even if the quoted C G  values 
do not include yields of isomerization and poly- 
merization processes, the general trend is maintained, 
and, as expected, Z G  increases with increasing IP 
and/or metastable-state energy of the noble gas 
atoms. 

In rare-gas sensitized radiolysis experiments the 
occurrence of less exothermic cha.rge-transfer re- 
actions from dimer rare-gas ions must be taken into 
account, when added compound Is present at low 
concentration. To what extent dimerimation of 
rare-gas ion, X', via 

occurs at pressures of 108 Torr and higher in the 
presence of added compound whose concentrations 
are around 1z, can be estimated from the rate 
coefficients of reaction 171 for Ar, Kr, and Xe (3  5-17). 
With a typical value of lc = cm6 s-I at a 
pressure of 100 Torr- a positive atonaiie ion is con- 
verted to a n~olecular ion with a frequency of 
approximately 106 ss- On the other hand, the 
frequency of collision or an atomic ion, X+ ,  with 
iso-G,H, at 1 Torr is roughly lQ7 s - l .  Therefore, it 
can be assumed that the contribution of molecular 
rare-gas ions, X,+, in charge transfer reaction on 
isobutene, 

is not very important in the present experiments. 
The Hornbeck-Molnar process 

is another possibility of formation of molecular 
rare-gas ions. (The appearance potentials of X,' 
(X = Ar, Kr, Xe) species in HM process (ref. 5, 
p. 196) or the ionization potentials of X, van der 
Waals molecules (19) are the same within 0.1 eV. 
Their values are within k0 .1  eV: AP(Ar,+) = 14.6 
eV, AP(Krz+) = 12.9 eV, and AP(Xezi ) = 11.2 eV.) 
It is difficult to assess the importance of HM pro- 
cesses in the present experiments. A kinetic study of 
associative excitation in argon indicates that the 
limiting quantum yields for reaction [9] are rather 
less than unity, because evidence was found for a 
competitive quenching (20) 

However, reaction [lo] can occur with states X** 
that lie very close (-0.1 eV) to the ionization con- 
tinuum, but the M M  region extends to 1 eV or more 
from the continuum. On the other hand, theoretical 
calculations of the contribution of HM processes to 
the W-value of pure Ar, Kr, and Xe indicate that 
they account for Iess than 10%, as estimated on the 
basis of the optical approximation (21). Based on 
this information we shall neglect the formation of 
X,' species in the HM process under the present 
expenmental conditions, and we shall assume that 
their contribution to reaction [8] seems not to be 
important in the radiolysis. 

Therefore, we assume that the charge transfer only 
from atomic rare-gas ions 

contributes to the formation of the isobutene ions. 
The iso-C,H,' ions can also be formed in Penning 
reactions involving the metastable states of the 
rare-gas atoms, 

Assuming that the lowest metastable states of rare- 
gas atoms are participating in the energy exchange 
reaction 1121, only the 3Pz(Ar) = 11.5 eV and the 
3Pz(Kr) = 9.9 eV states contribute to the parent ion 
formation. 

The isc-C,H,+ ions formed either in reaction ell] 
or [I21 carry away an excess energy which is 
approximately equal to the differences [IP(X+) -- 
IP(iso-C,H,+)] or [3P,(X) - IP(iso-C,H,+)!. (The 
exoergic~ty of reactions 111 j and [12] is carried away 
solely by the iso-C,H,' ions, if the electrons f o r ~ ~ d  
have zero energy. However, Penning electroe 
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spectroscopy shows that the electrons can carry away 
some of the exoergicity.) 

The excited parent ion can be collisionally de- 
activated or, if it contains enough energy to over- 
come the internal-potential barriers, it can isomerize 
or decompose. The fragment ions formed in the 
monomolecular decomposition of iso-C,Hgf species 
having the lowest AP are C,H,' (AP = 11.41 eV), 
C3Hs+(AP = 11.45 eV) (22), and C2H,+(AP = 
12.0 + 0.25 eV) (23). As already established, the 
ally1 ion, C3H,+, leads to propene formation by an 
H- transfer reaction (lo), 

In photolysis experiments at 8.4 eV (where photo- 
ionization does not occur) and at 11.6-11.8 eV (where 
the photoionization quantum yield = 0.31) the 
ratios of yields r, = +(C,H,)/+(allene) = 0.10 + 
0.03 and r, = +(C,H,)/+(allene) = 0.16 t 0.03 
seem to be independent of the photon energy (11). 
This suggests a non-ionic origin of ethylene and 
propene formation. In the rare-gas radiolyses the 
similar ratios are higher and they increase with the 

- 1.0, 1.0, 1.47 and IP of the rare gases: r ,Xe ,Kr ,Ar  - 
y 2 X ~ , K r , 4 r  - - 0.8, 0.9, and 1.47, respectively. These 
differences in behaviour in photolysis and rare-gas 
irradiations suggest strongly that an important 
fraction of both propene and ethylene originates in 
ionic reactions, such as [13] and [14] 

in the case of C,H, (24). Ethylene is formed probably 
in charge-exchange reaction of the C2H,' fragmen- 
tary ion with neutral isobutene 

a very efficient reaction, as measured by Abramson 
and Futrell (24). For each rare gas used the trans- 
ferred energy in process [ I l l  is sufficient to decom- 
pose the isobutene parent ion into fragmentary ions, 
C,H,', C,Hsf,  and C2H4+, which can undergo 
ion/inolecule reactions (13-15). 

The decrease of C4'(C2H,) in the presence of 
oxygen and ammonia in Ar-sensitized irradiations 
suggests an additional ionic reaction channel of 
formation of this n~olecule, invo!ving a fragmentary 
ion, which is not formed in Xe- and Kr-sensitized 
radiolyses. 

The forination of allene and propyne proceeds 
from excited neutral isobutene through splitting of 
the p(C-H) bond or the a(C-C) bond, respectively, 

The ratio p(C-H)/a(C-C) is equal to 1.3 + 0.1, 
as found by Collin (24) in the photolysis of the butene 
isomers at 8.4 eV (xenon resonance line) and this 
value is in agreement with the experiine~ltal ratio of 
photochemical yields : +(a!lene)/+(propyne) = 1.53 
(1 1) at this wavelength. The ratio of radiochenlical 
yields G(allene)/C(propyne) is 1.5 for Xe-sensitized 
irradiations, indicating that the same mechanisms of 
formation of allene and propyne are involved in both 
cases, the required energy of excitation coming from 
8.4 eV photons or through 3P2(Xe) ruetastable state 
atoms. When transferred energy originates from 
higher metastable states of Kr and Ar, the ratio 
G(allene)/G(propyne) decreases to 1.4 and 1 .O, 
respectively. This result suggests that other excited 
states of neutral isobutene may be involved in 
a(C-C) splitting with increasing excitation energy. 
The decrease of the G(CH,) value in Kr- and Ar- 
sensitized radiolysis in the presence of both 0, and 
NH, is probably due to the co~npetition of NH,' 
radicals with oxygen for methyl radicals. 
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The correBation between 8-H stretching frequencies and hydrogen bond distances in a 
crystalIine sugar monohydratel 

J .  U ~ I E A I U R A .  6. I .  BIRNBAUM, D. K .  BUNDLE.  W. F. MURPHY. H. J .  BERNSTEIN. .AND H. H.  MANTSCH 
Dici.riorz o$Cherni.tt/~ ntzil Dicisiorz Nf'Biologic.cr1 Scirrlc.~, ,  .Vtitiorztrl R r . r r c i ~ h  Co~rnc.il of Canridti, O t r t i ~ i . ~ ~ ,  O I I ~ . ,  C'cincitlri K I A  OK6 

Receivcd May 14. 1979 

J .  UMEMURA, G. I. BIRNBAUM, D. R. BUNDLE, W. F. MURPHY, H. J .  BERNSTEIN, and H. H. 
I C l u ~ s c ~ .  Can. J .  Chem. 57.2640(1979). 

The Raman and infrared spectra of crystalline methyl 3,h-dideoxy-!3-a-ribo-hexopyranoside 
monohydrate in the 0-H stretching region have been studied at  room temperature and lower 
temperatures. Four bands have been identified and correlated with the corresponding 0 .  . . 0  
distances of the four distinct hydrogen bonds obtained from X-ray data. The assignments were 
substantiated by a deuterium isotopic dilution study. 

3. UV~EMURI, 6. I. BIRNBAUM, 5. R. BUNDLE, W. F. IMURPHY, H .  3. BERNSTEIN et H. H .  
M,A\ rscH. Can. 5.  Chern. 57. 3640 (1979). 

On a etudie, a la temperature ambiante et a de plus basses temperatures, les spectres Raman 
et infra rouge du mithyle 3,h-didesoxy-p-D-ribo-hexopyranoside monohydrate cristalline dans 
la region d'elongation du 0-El. On a identifie 4 bandes et on les a relie aux distances 0. . .0 
correspondantes de 4 liaisons hydrogenes distinctes obtenues a partir des donnees des rayons 
X. On a corrobore ces assignations par l'etude de dilution isotopique du deuterium. 

[Traduit par le journal] 

In&odudisn under reduced pressure and then treated once more with the 
10% deuterium oxide solution. The crystalline mass was then 

The 3 , 6 - d i d e ~ x ~ h ~ ~ ~ s e ~  are characteristic cell %'all dissolved in 5 mL of ethyl acetate and seeded (3) with a single 
co:nacnenls of Gram-negative bacteria (1. 2). and crystal of methyl paratoside. After 2 h at room temperature 

.2 \ , ,, 

imrnunodo~i~inant sugars of 0-antigens. the resulting col&urless crystals were filtered, washed with 

The crystal structure of such a 3,6-dideoxyhexose, ethyl acetate, and dried under a stream of dry nitrogen. 

methyl 3,:~-dideoxy- P-D-ribo-hexopyranoside (methyl Spectra 
paratoside) lnonohydrate has been recently published For Raman measurements, a single crystal with dimensions 

of 5 x 3 x 1 mm was attached to the end of a glass rod with 
by two of Ihe present authors (3)' The are epoxy cement. It was mounted in a variable temperature cell 
mocociinic, belonging to the space group P ~ I ;  the (11) such that the h ( 5  mm) axis was parallel to the direction 
unit cell contains two molecules of sugar and two of the incident beam. Rarnan scattering was obtained using 
water ;nolecules. There are four distinct intermolec- 400 mW of 488.0 nm radiation from a Spectra Physics model 

ular hydrogen bonds whose 8.  , ,0 distances range 166-03 argon ion laser. Polarized spectra were recorded at  a 
spectral resolution of about 4 cn1-' using a Jarrell-Ash 25-102 

from 2'652 to 2.960 A. The between hydro- double monochromator, a cooled RCA C31034 photomulti- 
gen bonded 8. . .0 distances and the corresponding plier, and a photon counting system, 
46-R stretching frequencies has been investigated For infrared measurements, a flurolube mull was prepared 

by authors (4-9). since this sugar between NaCl plates using a stream of dry nitrogen to prevent 
further hydration. It was mounted in a liquid nitrogen cooied 

monohydrate has four '' ' '' distances' its low temperature cell. The partially deuterated sample was 
vibrational spectra should be particularly investigated as a MBr pellet. Spectra were recorded using a 

to analysrs using such a relationship. Perkin-Elmer 180 spectrophotometer, with resolution better 
In this study we measured the Raman and in- than 2.8 cm-' .  

frared spectra; the results obtained at  room tern- Results and Discussion 
perature and at  lower temperatures are discussed in O H  Stretc~li,lg Bands 
relation to the individual hydrogen bond distances. Figure shows R~~~~~ spectra in the 0 - ~  

Experimental stretching region of the single crystal of methyl 
paratoside. In the spectrum taken at room tempera- 

Milterinls 
Methyl 3,6-dideoxy-B-D-ribu-hexopyranoside was syn- lure there are two bands clearly evident at 3442 and 

thesized and crystallized as described elsewhere (3, 10). For 3216 cln-' and a weaker feature at  353O In 
the isotopic dilution experiment, 500 mg of methyl paratoside Table 1 ,  the correlation diagram for the methyl 
were dissolved in 5 mL of water containing 10% V/V of deu- paratoside crystal i s  given, Each of the four distinct 
aerium oxide. The solution was evaporated to dryness at 40°C vibrations (two of free methyl para- 

'NWCG No. 17633. toside and two of free water) split into a pair of 

0008-40421791 193640-06$0 1.00/'3 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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TABLE 1. Correlation diagram for methyl 3,6-dideoxy-13-D-ribo-hexopyranoside mono- 
hydrate" 

Free sugar Site Unit cell Site Free H 2 0  
6 1  Cl c: Cl c2 6 

/ 2 A ( 2 )  T b ;  moo, X c c ,  Mac 

2A 

2A12B(2) T., T.; a.,, r *bC 

'Numbers preceding the species notations refer to the number of the 0-H stretching modes in methyl 
paratoside; those in parentheses refer to that of the &ater molecule. 

components having A and B symmetry under the 
factor group C;. A11 of these are active in both the 
Raman and infrared spectra. For the Raman spectra 
shown in Fig. 1, the electric vectors of both the inci- 
dent and scattered light were parallel to the y axis, 
which 11es in the ac plane. Therefore, the scattering 
geometry can be identified as b(yy)iy. Since the 
6-axis is perpendicular to the y axis, the ab or bc 
components will not be observed; and the spectra 
will conslst of bands belonging only to the A species 
of the factor group C,2. 

WAVENUMBER SHIFT ( c m )  

FIG. 1. Polarized Raman spectra of a single crystal of 
methyl paratoside at two different temperatures: po!arization 
b(yy)iy.  The y-axis is in the nc-plane and the spectrum thus 
consists of the (arr), (ccj, and (ac) components. 

Since all four 013 vibrations have components of 
A symmetry, each of them should be observable 
under our experimental conditions. However, dif- 
ferences in the inherent scattering activity for the 
four bands will make some easier to observe than 
others. Also, since the properties of each type of OH 
bond are actually the average of those of a distribu- 
tion of bonds, the vibrational band due to a given 
OH species will be broadened to an extent dependent 
on the range of the distribution associated with that 
bond. 

These distributions are expected to sharpen at re- 
duced temperatures, so, in order to try to observe 
spectral features associated with each type of OH 
bond, the Raman spectrum was recorded at a re- 
duced temperature. The resulting spectrum is also 
shown in Fig. 1. The strongest feature in the OH 
region of the low temperature spectrum is a narrow 
band at 3413 cm-'. However, because this band is 
so sharp, we prefer to identify it with a combination 
band which becomes more evident at reduced tem- 
peratures due to a decrease in bandwidth. Similar 
enhancement of combinatioil bands at reduced tem- 
perature has been observed previously (12, 13). In 
addition to the 341 3 cm-' band, the low temperature 
OM stretching region consists of ( i )  a weak band at 
3508 cnl-' (corresponding to the feature at 3530 
cm-' in the room temperature spectrum), (ii) a band 
at 3454 cm-' which may be identified with the high 
frequency shoulder (at about 3470 cm-l) of the 3442 
cm-' band in the room temperature spectrum of 
Fig. 1, (iii) a 3405 cm-I shoulder on the strong 3413 
cm-' peak associated with the room temperature 
feature at 3442 cm-', and (iu) the broad feature 
centered at 3170 cm-'. The observed OH stretching 
frequencies are collected in Table 2. 

Other polarized components of the Raman spec- 
trum were also measured; however, the band inten- 
sities were weaker and the spectra thus noisier. 
Bands of B symmetry were observed at 3437, 3198, 
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TABLE 2. 0-H (0-D) stretching vibrational frequencies (crn-') in crystalline methyl paratoside monohydrate 

Raman", single crystal Infrared", polycrystalline 
Band 
No. 25'C -143'C 23'C VOH/VOD - 193-C voH,'voD Assignmentd Ro. ..o (A)e 

I 3530 vwb 3508 vw 3527 sh (-2592, sh) 1.361 3503 sh (2575, sh) 1.360 v,,,,-~ 2.960 
I1 - 3470 sh 3454 w 3467 sh (2553, vs) 1.358 3439 vs (2531, vs) 1.359 vO,,,-,(,, , 2.827 
I11 3442 m - 3405 sh 3439 vs (2502, m) 1.375 - 3395 sh (2479, S) 1.370 V o ( w l - H ( w ~ )  2.797 
IV 3216 w 3170 w 3196 s (2399, vs) 1.332 3130 s (2364, vs) 1.324 v ~ , ~ , - , ,  2.652 

U species (yy), where the "/-axis is in the nc-plane: for B species see text. 
T h e  symbols vw, ~ 5 ,  n ~ ,  s, vs, and sh stand for very weak, weak, medium, strong, Pery strong, and shoulder, respectively. 
CValues in parentheses refer to  the correspond~ng 0-D stretching frequencies obtained from the deuterium lsotopic dilution experiment 
%otation is that used in ref. 3 ;  see also inset in Fig. 1. 
'Distances from X-ray data, ref. 3. 

and 3160 cm-' corresponding to A symmetry com- 
ponents at  3442, 3216, and 3170 cm- l ,  respectively. 

In order to confirm the Raman results, infrared 
spectra were run at  room temperature and at  a re- 
duced temperature. In the room temperature spec- 
trunl in Fig. 2, there are two broad features centered 
a t  3439 and 3196 cm-'. In the low temperature in- 
frared spectrum, we observe bands a t  3503(1), 
3439(II), 3404, -3395(III), and 3130(IV) cm-', 
corresponding to the Raman bands a t  3508(1), 
3454(II), 3414, 3405(III), and 3170(IV) cm-'. A 
careful re-examination of the room temperature in- 
frared spectrum reveals shoulders at  3527 and - 3467 
cin-', corresponding to the 3503(I) and 3439(1I) 
cm-' features in the low temperature infrared spec- 
trum. These frequencies are all included in Table 2. 
The discrepancies between the frequencies observed 
in the Raman and infrared spectra are likely due to 
the fact that modes transforming to both the A and 
B symmetry species are observed in the infrared 
spectra of the polycrystalline samplc. Since the A and 
B species bands for the individual transitions are 
broad, they are not resolved in the observed spectra, 
but act only to shift the peak frequencies. I11 addi- 
tion, for the low temperature spectra, these frequency 
discrepancies are also associated with the difference 
in the sample temperature. The OH stretching fre- 
quencies were observed to decrease with decreasing 
temperature, e.g. as has been reported for I-ascorbic 
acid (14). 

In spectra taken at  intermediate temperatures, the 
3404 cmP1  band sharpens w ~ t h  decreasing tempera- 
ture and remains alnlost unchanged in frequency, in 
contrast to the shifts of the bands I-IV. This feature 
is thus assigned to a combination band, the is coun- 
terpart of the 3413 cm-' RanIan feature. The very 
weak band at  3285 cm-' in the low temperature in- 
frared spectrum is presumably another combination 
band corresponding to a feature at  3270 cm-' in the 
low temperature Raman spectrum. The shoulder 
band at  about 3180 cmP1 ~n the low temperature 
infrared spectrum is probably also a combillation 

30' 36100 3400 ' 3ioo moo 2220 

WAVENUMBER (cm-I) 

~ I G .  2. Infrared spectra of polycrystalline methyl paratoside 
monohydrate (fluorolube mull) at two temperatures. 

band. The assignlnent of this feature as an  A species 
band corresponding to the B species band at  3130 
cm- '  is unlikely in view of the observed frequency 
separation of 10 cnl-' for those bands in the polar- 
ized Raman spectra of the single crystal. 

0-D Stretching Bands 
Since there was some uncertainty in the identifica- 

tion of the O H  stretching bands, infrared spectra of 
the O D  stretching region of a 10% v/v deuterated 
sample were recorded at  room tenlperature and at  a 
reduced temperature (Fig. 3). The three strong bands 
a t  2553, 2502, and 2399 cm-'  in the room tempera- 
ture spectru~n shift to 2531, 2479, and 2364 cm-', 
respectively, a t  low temperature. These frequency 
shifts are characteristic of OH stretching bands as 
previously stated. Thus, these bands are easily identi- 
fied with bands 11, III, and IV, respectively, in the 
undeuterated compound (see Table 2). As shown in 
Table 2, the ratios of the OH/OD frequencies for 
this assignment agree fairly well for the two tem- 
peratures. They also agree quite well with the average 
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WAVENUMBER (cm-') 

FIG. 3. Infrared spectra of partially deuterated (10% v/v 
deuterium) polycrystalline methyl paratoside monohydrate 
(KBr pellet) at  two temperatures. 

value of 1.355 obtained from a large collectio~l of 
data, nlainly ices and  hydrate^.^ 

The broad band at 2210 emp'  cannot be assigned 
to an OD stretching mode since it shifts to 2236 
cm-I at low temperature, contrary to the expected 
behaviour. Furthermore. this band appears in the 
undeuterated ~nethyl paratoside spectrum, and con- 
sequently may be assigned as a combination band 
whose intensity compares to that of the OD stretching 
bands because of the dilute deuterium concentration. 

It  is important to note that there is no feature In 
the OD stretching region corresponding to the strong 
band in the OH spectrum Identified as a combination 
band. That assignment thus appears to be justified. 

I t  remains to identify a feature in the OD spectrum 
corresponding to band I. For shoulders at 2592 em-' 
at room temperature and 2575 em-' at  low tempera- 
ture, an agreement is found for the OH/OD fre- 
quency ratios at  two temperatures, similar to the 
behaviour of these ratios for the bands 11, III, and 
IV. Other ueak features in the room temperature 
spectrum sh~f t  to higher frequencies, ~f they shift at 
all, and are due to combination bands; in particular, 
the shoulder at  2544 em-' in the room temperature 
spectrum sh~fts to 2555 em-' at  low temperature. We 

'M. Falk. Private communication. 

are thus led to the above tentatwe assignment of band 
I in the ~sotoplcally dlluted sample. However, t h ~ s  
meak band IS clearly ~dentified In the Raman and ir 
spectra of the undeuterated methyl paratoslde. 

Correlation of OHIOD Stretching Frequencies with 
0 .  . . 0 Distances 

For an identification of the individual stretching 
frequencies with specific OH bonds in the crystal, 
we have considered the available correlations be- 
tween hydrogen bonded 0 .  . . 0  distances and OH 
frequency shifts (5-7). It has been found that in all 
cases the OH frequency shifts monotonically to 
lower frequencies as the 0 .  . . 0  distance is decreased, 
i.e., as the hydrogen bond strength increases. In our 
case, the frequencies of the two types of isolated OH 
bonds (alcoholic and aqueous) are close enough that 
we may initially consider the four bonds on the same 
basis. The frequency of the free aqueous OH bond 
is taken to be that of HOD vapour, 3707 em-' (1 5), 
and that of the free alcoholic bond as that of meth- 
anol vapour, 3682 em-' (16). In this case, the ob- 
served frequencies may be related to individual OH 
bonds on the basis of their associated R,,.,, dis- 
tances. This has been done in Table 2, where the 
notation is that of ref. 3, and the atoms involved are 
identified in the insert to Fig. 1. 

From the 0 . .  .0 distance correlation, it is ob- 
vious that the alcoholic OH modes should have fre- 
quencies at  the extremes of the allowed range. This 
suggests that the v,(,,-, frequency should be the 
highest one observed (band I). For an R,,,,, dis- 
tance of 2.652 A, however, previously proposed rela- 
tions predict that v,(,,-, should be observed at 
3075 em-' (7) or even at 2830 em-'  (5) .  This would 
then suggest that v,(,,-, is overlapped with CH 
stretching modes and that band IV may not be as- 
cribed to that OH vibration. However, this pos- 
sibility is readily eliminated by the isotopic dilution 
results, since the v,,/v,, value for the above assign- 
ment is clearly consistent with the corresponding 
ratios for the other bands. Furthermore, we can find 
no strong band ascribable to the OD stretching 
modes in the region below 2399 em-'. The assign- 
ment of bands I and IV, which differ so much in 
intensity, to the two alcoholic modes is reasonable 
in light of previous findings that intensities of the 
OH stretching bands increase significantly with in- 
creasing hydrogen bond length (14). 

This assignment of the alcoholic OH(OD) stretching 
modes leads us to the conclusion that bands IT and 
111 are due to aqueous OH(OD) stretching modes. In 
the general case of a hydrated crystal (17-20) water 
is treated as a vibrationally distorted molecule. For 
a water molecule which occupies an asymmetric site, 
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the concept of symmetric and antisymmetric stretch- 
ing modes breaks down and the two OH stretching 
modes become partially decoupled. Then the maxi- 
muln separation between the two modes would be 
appreciably less than in the fully coupled case. There, 
e.g., in water vapour, the frequency separation is 
v, - v, = 3756 - 3654 = 102 cm-I (21, 22). Thus 
we expect the freque~icies of the aqueous OH stretch- 
ing modes in methyl paratoside to differ by signifi- 
cantly less than this amount. In fact, the frequency 
separation between bands 11 and I11 ranges from 
28 to 49 cm-I (about 50 cm-I for the isotopically 
diluted sample). This confirms the identification of 
bands 11 and I11 with the aqueous OH stretching 
modes, with band I1 being associated with the OH 
bond having the large 0. . . 0 distance. The alternate 
assignment of band I to one of these modes is less 
reasonable because of the difference in intensities 
between that band and band H E  or 111. 

As stated above, there have been several studies 
of the relationship between the hydrogen bonded 
0. . .0 distance and OH stretching frequencies ob- 
tained from vibrational spectra (4-9). The best cor- 
relation was found for isotopically dilute samples, 
where coupling between adjacent OH bonds is 
eliminated (8). As deduced froin theoretical argu- 
ments ( 5 ) ,  it is preferable to correlate the 0. . .O 
distance with the shift in OH stretching frequency 
from that for the corresponding free OH bond. 

We have made such a correlatioli for the present 
case. From the free aqueous and alcoholic rrequen- 
cies given above and our observed Raman data 
(room temperature and using the average frequencies 
for A and B symnletry species, when available), we 
have calculated A~J,, = (v ,,,,,,,, - v ,,,,,,,,, ). These 
are plotted against the 8 .  . .0 distance in Fig. 4. Also 
included in Fig. 4 are Av,, frequencies calculated 
from the room tenperature v,, data, using the rela- 
tion Avo, = 1 .355~v , , . ~  For comparison, we have 
also included three of the correlations previously 
presented in the literature. Oiie of these (9) was given 
in terms of Av,,, and we converted it to Av,, using 
the reiation given above. 

The present data points fall close to the previously 
derived relation; it must be pointed out that the 
latter curves are the average of data which were 
scattered due to the diversity of the systems studied, 
Further, the frequencies for methyl paratoside are 
likely to be aEected by i~lreractions within the crystal 
includiilg coupling between adjacent OH bonds. 

It is clearly more appropriate to correlate the 
0-H stretching frequencies directly with 0-H 
bond lengths rather than with 8 .  . .0 distalaces in an 
0-H. . .O hydrogen bond. However, hydrogen 
positions obtai~led from X-ray analyses are poorly 

FIG. 4. Correlation between the 0.  . .0 distance and Avow 
(v,,,,,,, - v,,,,,,,,,) in crystalline methyl paratoside mono- 
hydrate (0, from observed OH spectra; 0, converted from 
observed OD spectra), in comparison with similar correlations 
proposed by Lippincott and Schroeder (-..) ref. 5, Beliamy 
and Owen (---) ref. 7, and Falk (-.)ref. 9. 

defined; 0-H distances so derived are an order of 
snagnitude less precise than corresponding 0. . .O 
distances. Furthermore, the 0-H. .  .O angle may 
deviate appreciably from linearity. In the case of the 
four hydrogen bonds of methyl paratoside mono- 
hydrate (3), these deviations range frona 2 to 16", but 
they can be as large as 40" (23). Accurate 0-Pa dis- 
tances are obtainable from neutron diffraction, but 
the number of such studies is as yet relatively sniall. 
A comparison between neutron diffraction and corre- 
sponding X-ray data has been reviewed recently for 
a nuinber of carbohydrate crystals (24). Unfortu- 
nately, neutron diffraction studies have not been 
made for many compounds which have been well 
characterized spectroscopically, and vice versa. As 
more such data become available, the direct correla- 
tion of 0-H stretching frequencies with 0-H dis- 
tances will have to be reinvestigated. 
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The mechanism of the solvolysis ofp-methoxybenzyl chloride in aqueous acetone 
containing pyridine or thiourea. Evidence for concurrent substitution 

by unimolecular and bimolecuhar processes 

ALAN Q U E E N  
P(ii.k<~i. C'ilcinic.iil L(ihoi.citop. Uilil.c.i..\ity of ,t/irnitohci, bt'iilnij~eg, .M(ir~. , C(inrii/ci R3TZ.VZ 
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A L A N  Q U F F \ .  Can. J .  Chem. 57.2646 (1979) 
The overall rate of reaction of p-methoxybenzyl chloride with 70% aqueous acetone is 

increased by the addition of pyridine but the rate of hydrolysis is decreased. Comparison of 
these data with those for benzhydryl chloride under the same conditions shows that the rate 
of hydrolysis of p-methoxybenzyl chloride is less than the rate of ionisation. These results are 
discussed in terms of concurrent operation of the SN1 mechanism and a bimolecular process. 
Similar results are obtained when thiourea is used instead of pyridine. 

A L A U  QUEEN.  Can. J .  Chem. 57.2646 (1979) 
La vitesse globale de la reaction du chlorure dep-n~ethoxybenzyle avec l'acektone aqueux a 

70% est augmentee par l'addition de pyridine, mais la vitesse d'hydrolyse est diminute. La com- 
paraison de ces resultats avec ceux du chlorure de benzhydryle dans les mCmes conditions 
montre que la vitesse d'hydrolyse du chlorure de p-methoxybenzyle est plus faible que celle 
ci'ionisation. On discute de ces resultats en ternies de I'operation concurrente d'un micanisme 
S,1 ct d'un processus billloleculai~.e. On a ohtenu des risultats setnblahles quand on ~ttilise 
la thiouree au lieu de la pyridine. 

[Traduit par le journal] 

Introduction 
During the last few years considerable attention 

has been given to the mechanis~ns of nucleophilic 
displacement reactions of substituted benzyl com- 
pounds (1-3). Kohnstam has presented evidence 
that benzyl chloride hydrolyses in aqueous solve~lts 
by the S,2 mechanism (4) that p-methoxybenzyl 
chloride solvolyses by the SNl route and that a pro- 
gressive change from the biiuolecular mechanism to 
the unimolecular path\+ay is observed as the para- 
substituent is changed in the order NO,, C1, H, CH,, 
CH,O (I,  5). The ~ntermed~ate  situation forp-methyl- 
beilzyl chlor~de is sometimes referred to as "border- 
line" sol\olys~s and several possibilities have been 
proposed. Kohnstam (1) has argued that SN1 and 
SN2 processes occur side by side. Although it is 
difficult to deinollstrate this for purely solvolytic 
reactions, evidence has been presented that azide 
attack on p-methoxybenzyl chloride involves con- 
current operation of the two mechanisms (6). Other 
workers have preferred some sort of intermediate 
mechanism involving either a "loose" S,2 type of 
transition state (7) or  ion-pairs (8, 9). The extreme 
view of the situation has been that of Sneeil (10, 11) 
who has proposed that all nucleophilic substitutions 
proceed through a single ion-pair intermediate. 
Although this view has been accepted by some 
workers (12-14), it has been criticized by others 

( 1  5-1 7) Rebleu s of the SN1-SN2 borderline region 
have been published (18-20) 

Graczyk and Taylor (21) have measured the effect 
of a z ~ d e  ions on the chlor~ne isotope effect for the 
reactloll of y-methoxybenzyl chloride 111 aqueous 
acetone. They coilcluded that their results support 
Sneen's mechanism Although thls interpretatloll has 
not been spec~fically discarded, ~t seems to have been 
mod~fied 111 a recent paper (22) to a d m ~ t  concurrent 
substitution through a free carbocation 

The present trend in dealing 1~1th solvolyt~c re- 
actions is to discuss them in terms of the mechanisin 
(scheme [I])  originally proposed by W~nstein et a1 
(23) for solvolytic react~ons in acetic acid 

[I] RX = 1R- X = R+/ I  X R + +  X 

\ intimate external free 
ion-pair ion-pair carhocation 

P~oducts 

Aronovitch and Pross (24) have applied the con- 
cept of reactivity-selectib~ty relationships (25, 26) to 
the solvolyses of benzyl compounds in aqueous 
ethanol and have concluded that a truncated form 
of the Winstein scheme, M hich excludes the kinetic 
involvement of the free carbocat~on, can account for 
the behaviour of all these systems. 

0008-40421791192646-0630 1 .00/0 
1979 National Research Council of Canada/Conseil national de recherches du Canada 
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TABLE 1. The effects of electrolytes on the rates of solvolysis ofp-methoxybenzyl chloride 
in  aqueous ethanol 

T [Salt] lo4 k 
( c) Solvent Salt (lw) (s-l)  k/kO 

19.44 80% ethanol None 7.12510.031" 
NaCl 0.5470 7.133k0.024 1.001 
NaC104 0.04971 8.610+0.034 1.210 

10.03 70% ethanol None 6.734k0.024 
NaCl 0.05580 6.711i0.024 0.997 
NaCl0, 0.05767 8.043k0.029 1.169 

Ok = kO. 
bcalculated for 0.05 121 salt. 

I t  is our vie\v that the conclusions of these two 
sets of ~ ~ o r k e r s  are not correct for the case of 
p-methoxybenzyl chloride. Both ignore the well 
documented retardation of the rate of solvolysis of 
this compound by chloride ions in aqueous acetone 
(1: 6). This effect stroiigly supports the participation 
of the free carbocation in the solvolytic reaction (1 8, 
27). I t  seems unlikely that solvent would be able to 
react with any form of ion-pair and yet be unreactive 
towards the free carbonium ion. The magnitude of 
the common ion rate depression is the same as that 
for the corresponding reaction of benzhydryl 
chloride, a classical S,1 case (28, 29). Support for 
the view that the rate decrease in the presence of 
chloride ion is a mass-law effect is provided by the 
observation that similar retardations are observed 
for the solvolyses of substituted benzhydryl chlorides 
and that the effect increases as the electron releasing 
capacity of the substituent increases (30). While it is 
true that common-ion retardation of solvolysis has 
not been previously reported for the reaction of 
benzyl compounds in aqueous ethanol, the data in 
Table 1 show similar features to those reported for 
aqueous acetone. The very large differences in the 
effects of sodium chloride and sodium perchlorate 
indicate, in the absence of contrary evidence, that 
carbonium ions are formed in the solvolysis of 
p-niethoxybenzyl chloride in aqueous ethanol. 

If free carbocations are present in the reaction 
mixtures, any discussions of mechanism which 
ignore them would seem to be incomplete. Further 
information about nucleophilic substitutions in 
aqueous organic media can often be obtained by 
adding competitive nucleophiles to the reaction 
mixtures and measuring the rates of formation of 
the various products. A number of such studies have 
been carried out using ionic reagents but little data 
is available for nonionic nucleophiles. A notable 
exception has been the use of thiourea as a com- 
petitive nucleophile to study the supposedly border- 

line reactions of 2-octyl mesylate. The results are 
entirely consistent with reaction by the S,2 iiiech- 
anism (31). 

This paper presents data for the reaction of 
p-ii~ethoxybenzyl chloride with 7 0 7  aqueous acetone 
containing either pyridine or thiourea. 

Results and Discussion 

The ion-pair scheme [11] was proposed by Sneen 
and Larsen (10) as a unifyi~ig mechanism for all 
nucleopliilic substitution reactions. 

ROH + H- + CI 

The overall rate of reaction is defined by eq. [ITI] 
and the rate of hydrolysis by eq. [IV] 

[HI] d[C1-]ldf = 1-,,[KC11 

[IV] d [HL] ld t=k , [RCl ]  

The experimental iiistantaneous rate constants are: 

where x = k-,/A-,; m = k,/k,. In the absence of 
added nucleophile, but in the presence of an  appro- 
priate amount of non-nucleophilic salt or  non- 
electrolyte, depending on the nature of the nucleo- 
phile used, a rate constant k,, can be defined by 

beq. [VII]: 

[VII] k,, = k, / ( l  + s) 
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TABLE 2. The efTect of non-electrolytes on the rate of reaction of benzhydryl chloride in 
70% aqueous acetone at 20'C 

T Concentration lo4 k 
("c) Adduct (id) wl) k k0 [RN] [ROH] 

20.02 None 
Acetone 
Benzene 
Ethanol 
2,6-Lutidine 
Pyridine 

19.44 None 
Urea 
Thiourea 

T ~ B L E  3. The effects of non-electrolytes on the rate of reaction ofp-methoxybenzyl chlo- 
ride in 70% aqueous acetone at 20°C 

T Concentration lo4 k 
('c) Adduct ( M )  (s-l) k/kO [RN]/ [ROH] 

20.02 None 2.507F0.018" 
Acetone 1.0884 1 .906 i0 .018  0.7602 
Benzene 0.5606 1.945&0.020 0.7759 
Ethanol 0.8707 2.25510.016 0.8995 
2,6-Lutidine 0.5143 1.954+0.008 0.7794 
Pyridine 0.2472 2.573F0.020 1 ,0263 0.18 

0.4942 2.606k0.019 1.0395 0.40 
0.7420 2 .660i0.020 1.0610 0.65 

19.44 None 2.249iO.02Oa 
Urea 0.1040 2 .514 i0 .024  1.118 
Thiourea 0.0704 3 .617i0.015 1 ,608 0.78 

0.1008 4.17310.036 1.855 1.14 
0.1394 5 .037 i0 .036  2.240 1.74 
0.2024 6.243&0.051 2.776 2.63 

=k = k O .  

It  can be seen that eqs. [V] and [VIj lead to eq. kc,  - (1 + x)(l + m w l )  
IvIan] : [IX] ---- 

k H A  ~ + x + I ? z [ N ]  

[VLII] kc,lkH = 1 + i??[N] 

Table 4 gives values of m calculated from the data 
for the reaction of p-methoxybenzyl chloride with 
pyridine (Fable 3). The values of in increase markedly 
with the concentration of pyridine. Since com- 
paratively large amounts of this reagent were used, 
the water content of the solvent was also consider- 
ably decreased and the changes in nf are in the 
expected direction. 

Equations [V] and [VII] can be combined to give 
eq. [IX]: 

Unfortunately, values of I<,, cannot be obtained 
directly. Sneen, for his work with ionic nucleophiles, 
carried out model experiments with non-nucleophilic 
salts and assumed that the salts had non-specific 
effects. This is not justified (32, 33). The results 
shown in Tables 2 and 3 show that different inert 
solvents and non-ionic reagents also have specific 
effects on the rates of hydrolysis of both p-methoxy- 
benzyi chloride and benzhydryl chloride. On the 
other hand, these non-nucleophilic adducts have 
very similar effects on the rates of hydrolysis of the 
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TABLF 4. The effect ot pyridlne on the rate of reactlon of p-methoxybenzyl chlor~de in 70% aqueous acetone at 
20.02 C 

[Pyridine] lo4 kc, lo4 kti lo4 ki  lo4 kzN 
(MI (s-l) wl) m (s- I) ( h f - I  s - I )  

two chlorides. Kohnstanl and co-workers (6) have 
used the salt effects of nucleophiles on the rate of sol- 
volysis of be~zzhydryl chloride to estimate the corre- 
sponding effects for the reactions with p-methoxy- 
benzyl chloride. There is considerable justification 
for this approach from the observation that both 
reactions are equally affected by non-nucleophilic 
acids and salts, by changes in water content of the 
solvent and by the addition of chloride ions (1, 6). 
On the other hand. the application of this method 
to [11] requires either that 172 is the same for both 
reactions or that m = 0 for benzhydryl chloride. Thc 
data in Tables 2 and 3 show that neither condition is 
satisfied. In fact, it is not possible to adequately test 
eq. [IX] with any data available at  the present time. 
The same problems apply to the studies carried out 
using th~ourea as the nucleophile. McLennan (31) 
used the inert substance urea to obtain thc medium 
effects for his reactions. Since these effects were very 
small for his reactions, this method ivas probably 
justified. Thc data in Tablc 2 show that this is not 
the case in the present studies. 

Since the ion-pair mechanism cannot be adequately 
tested, a different approach has been used. This 
attempts to see if the results are consistent with the 
operation of two independent mechanisms. It is 
justified by the fact that common-ion rate depression 
of the rate of solvolysis indicates the presence of 
reactive free carbocatiolls in the reaction mixture. 
Moreover, there is at least one case (34) where the 
strongly nucleophilic azide ions react bimolecularly 
~ l i t h  an organic chloride in 70% aqueous acetone 
even though the hydrolysis follows the S,1 route. 

The solvolytic reactions of benzhydryl chloride 
and p-methoxybenzyl chloride show a number of 
similarities. Mass law and salt effects have a!ready 
been mentioned. The ratio AC,'/AS' for both 
reactions are the same and the values are much 
larger than those for bimolecular solvo!yses (I).  
Many studies have shown that benzhydryl chloride 
is sterically hindered to bimo!ecular attack, even by 
powerful reagents such as azide ions (35). On the 
other hand, although the so!volytic reactions of 
p-methoxybenzyl chloride follo~v an S,1 route, more 
powerful reagents may be able to react by a bimolec- 

ular process, The sunplest reaction scheme, uhich 
uses only the S,1 and S,2 pathways. I S  shown in [XI. 

k ,  k 
[XI IZCl K' + CI A ROH + H- + Cl 

As before, overall substitution can be measured by 
the rate constant, kc,, and hydrolysis. by k,. A 
coinplete treatment of mechanism [XI leads to eq. 
[ X I ] , ~ h e r e u  = k_,lk,and P = k,,,k,. 

When the concentration of the substrate is lo~v,  
u[Cl-] << (1 + P[N]), so that eq. [XI] reduces to 
eq. [XII]: 

[XII] kc, = ki  + k2,[N] 

The rate constant for hydrolysis is given by eq. [XIII] 

In the absence of strong nucleophiles, kc,' = kHO = 
kio. Equations [XII] and [XIII] may be combined 
to give eq. [XZV]. 

[XIV] kc,/ki = I + k2,[N]/ki 

The ratio kc,/ki is the analogue of the term kcilk,, 
used by Sneen, but in this case it is possible to correct 
kio for medium effects in order to obtain k,. The 
evidence for this will be discussed for the reactions 
in the presence of pyridine. 

Pyridine has a low polarity and dielectric constant 
compared to water. Thus, its addition to aqueous 
acetone would be expected to decrease the ionising 
power of the solvent and the rates of S,l reactions 
shouid be less than those in the pure solvent. This 
expectation is confirmed for the reaction of benz- 
hydryl chloride in 7 0 x  aqueous acetone (Table 2). 
This compound is known to react less rapidly as the 
water content of aqueous organic solvents is 
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TABLE 5. The effect of thiourea on the rate of reaction of p-methoxybenzy! chloride in 70% aqueous acetone at 
19.44'C 

[Thiourea] lo4 kc, lo4 kH lo4 k, lo4 kzN 
(MI w l )  (s- l )  n7 (s- ( ~ - l  s-I)  

decreased (1, 28). The effects of benzene, ethanol, 
and 2,6-lutidine on the rate of reaction of benzhydryl 
chloride are also shonln in Table 2. 

Table 3 lists results obtained for the corresponding 
reactions of p-methoxybenzyl chloride under the 
same conditions. For every case except those involv- 
ing pyridine, the rate of reaction is decreased by the 
addition of a non-ionic material to the solvent. The 
reactions with 2,6-lutidine are particularly interesting 
because this compound, apart from the large amount 
of steric hindrance around the nucleophilic nitrogen 
atom, is structurally similar to pyridine. Thus, 
although it would be a poor nucleophile coinpared 
to water or pyridine, its medium effects should be 
similar in type to those of pyridine. It  can be seen 
that 2,6-lutidine decreases the rates of solvolysis of 
benzhydryl chloride and p-methoxybenzyl chloride 
to the same extent. These results indicate that experi- 
ments with benzhydryl chloride and pyridine provide 
a very close measure of the rate of ionisation of 
y-methoxybenzyl chloride under the same conditions. 

In contrast to the results obtained with 2,6-lutidine, 
the overall rate of reaction of p-methoxybenzyl 
chloride is increased by the addition of pyridine to 
the reaction mixture, despite the decrease in ionising 
power and water content. Consequently, pyridine 
111ust be able to react by a pathway that does not 
involve the free carbocation. If §,I substitution by 
pyridine also occurs, the rate of hydrolysis, Ic,[RCl], 
will be less than the rate of ionisation, ki[RC1]. The 
value of ki can be obtained from model experiments 
with benzhydryl chloride in the presence of pyridine, 
as described in the last paragraph. Table 4 shows that 
the rate of hydrolysis is indeed less than that of 
ionisation. 

A plot of k,, /ki  against pyridine concentration is 
linear, as required by eq. [XIV]. The values of k,, 
are given in Table 4. They show an apparent drift of 
about 20%, but this is within the combined experi- 
mental errors. The results are, therefore, consistent 
with the concurrent operation of unimolecular and 
bimolecular niechanisins for the reaction of pyridine 
with y-methoxybenzyl chloride. 

The data for reaction in the presence of thiourea 
also support the concurrent operation of two 

mechanisms. The data in Table 2 show that both urea 
and thiourea increase the rate of reaction of benz- 
hydryl chloride, but to different extents. On the 
other hand, urea has very nearly the saine effects on 
the rates of hydrolys~s of benzhydryl andp-methoxy- 
benzyl chlorides. This indicates that the reactions of 
benzhydryl chloride can be used to obtain the 
medium effects for the reactions p-methoxybenzyl 
chloride with thiourea. The results of these calcula- 
tions are listed in Table 5. Thiourea is much more 
nucleophilic than pyridine and lower concentrations 
of this nucleoph~le could be used. The r?z values for the 
ion-pair scheme increase with thiourea concentration 
\\hereas k,, values for scheme [XI are constant. In 
addition, the values of I<, are less than those of lc,, 
indicating that thiourea also reacts with the free 
carbocation. 

It is concluded that at  least two independent path- 
ways of substitution are concurrently involved in the 
reaction of p-methoxybenzyl chloride ~ i t h  pyridine 
and thiourea. One of these routes involves a free 
carbocation and corresponds to the classical S,1 
mechanism. The other may involve one or more ion- 
pair intermediates and/or the undissociated sub- 
strate. The literature contains many conflicting views 
concerning the importance of ion-pairs and unionised 
substrates in bimolecular processes. The present 
results do not resolve the difficulties of the problem. 
At the present time it seems to be necessary to con- 
sider nucleophilic substitution reactions in terms of 
the full Winstein mechanism. The actual species 
involved in a particular reaction will depend on the 
solvent and the nucleophiles involved. 

Experimental 
Solvetlrs 

Aqueous acetc;;e (70%) was made up using 30 volumes of 
water and 70 ~ o l i i i c c ~  o f  acetone, as previously described (36). 
Ethanol was Firhei Certified Reagent which was used without 
Purther purification. Benzene and petroleum ether (60-80'6) 
were washed severa! times with concentrated sulphuric acid 
and 5% sodium carbonate solution. They were dried over 
anhydrous magnesium sulphate and fractionally distilled from 
sodium. Pyridine, bp ll5'C and 2,G-lutidine, bp 144-145'C 
were fractionally distilled from potassiunl hydroxide. 

Weighed samples of the non-electrolytes were accurately 
made up to volume with 70% aqueous acetone. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Kinetics 
Solvolytic rate constants were determined in two ways. The 

first method involved titration of acid with 0.01 1bf sodium 
hydroxide solution using lacmoid as indicator. An equivalent 
method involved titration of chloride ions using a glass 
electrode and a silver electrode attached to a sensitive pH 
meter. Samples were drawn from the reaction mixtures at  
intervals throughout at least three half-lives and the reaction 
quenched with an excess of dry, neutral acetone. The second 
method used a conductance technique (37). Reaction cells 
were calibrated individually by measuring the resistance of a 
large number of solutions of known composition and con- 
centration of cornpletely reacted benzhydryl chloride. Large 
scale graphs of resistance against concentration were drawn. 

For  reactions involving pyridine and 2,6-lutidine, the rates 
were also determined in two ways. Quenched samples of the 
reaction mixtures in dry acetone were potentiometrically 
titrated for acid and chloride ions using a glass electrode and 
silver electrode as described above. When only the total rate 
or reaction was required, the reactions were monitored by the 
conductance method. 

111 the reactions with thiourea, samples (10 mL) of the 
reaction mixture were quenched by adding them to ice-cold 
petroleum ether (50 mL) and water (5 mL). After thoroughly 
shaking, the aqueous layer was isolated. Separate samples 
(5 niL) were titrated with 0.01 1M sodium hydroxide solution 
using a mixed methylene blue, niethyl red indicator. One of 
the samples was titrated without further treatment while the 
other was first passed through a colulnn of amberlite IR 120 
resin to  remove cations. 

Thern~ostats were controlled at  20'C to within +0.01', as 
measured by a platinum resistance thermometer. 

Rate Cor~stants 
Overall rate constants are defined by eq. [XV] and integrated 

values were obtained in the usual way from the integrated form 
of this equation. Hydrolysis rate constants were obtained from 
eq. [XVI] by numerical integration. 

[XV] d[C1-]ldt = kc,[RCI] = kc,([C1-I, - [Cl-1,) 

[XVI] d[H+]jdt  = k,[RCl] = k,,([CI-], - [CI-1,) 
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Srrbstituend effects on the zero-field splitting parameters sf diarylmethglene. Evidence for 
merostabilization in appropriately substituted diphenylmethylenesl 
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ROBERT W. R. MUMPHREYS and DONALD R. ARNOLD. Can. J. Chem. 57,2652 (1979). 
An analysis of the temperature dependence (4-30 K) of the electron spin resonance (esr) 

spectra of substituted diphenylmethylenes (e.g. para-, para'-; methoxy, cyano, dimethylamino, 
and nitro) indicates all of these species have a triplet ground state. The variation in the zero-field 
splitting parameter D for this series of methylenes provides evidence that the average separation 
of the unpaired electrons is greatest for the unsymmetrically substituted derivatives, those 
having a strong para-electron-withdrawing substituent and a strong para'-electron-donating 
substituent. This result is explained in terms of a favourable contribution of charge-separated 
valence-bond structures, i.e., merostabilization. 

ROBERT W. R. HUMPHREYS et DONALD R. ARNOLD. Can. J. Chem. 57.2652 (1979). 
Une analyse de la relation entre la temperature (4-30 K) et les spectres de resonance para- 

magnetique Clectronique des diphenylmethylenes substitues (i.e. para-, para'-; methoxy, 
cyano, dimethylamino et nitro) indique que toutes ces especes ont un etat fondamental triplet. 
Pour ces series de methylenes, la variation du parametre D de dtdoublement du champ zero 
fournit la preuve que la separation moyenne des tlectrons non apparies est plus grande pour 
les derives substituks d'une faqon dissymetrique en particulier ceux ayant enpura un substituant 
fortement electroattracteur et en para' un substituant fortement electrodonneur. On explique 
ces resultats en termes d'une contribution favorable de structure, de liaison de valence dont 
les charges sont separees, i.e, merostabilisation. 

[Traduit par le journal] 

Introduction 
It has been recognized for some time that radicals 

which are appropriately substituted with strong 
resonance electron-withdrawing and -donating groups 
exhibit unusual spectral properties and stability 
when compared to the unsubstituted systems. The 
first explanation for these observations was provided 
by Walter (I), who classified radicals as "S" or "8" 
based on whether electron-withdrawing and donating 
substituents have the same or opposite effects on the 
spectral properties of the radical in question. 
Katritzky and co-workers (2) classified as "mero- 
stabilized" those radicals for which favourable, 
charge-separated resonance structures can be drawn 
by virtue of the appropriate substitution of the 
radical with a strong electron-withdrawing and a 
strong electron-donating group. The predictive value 
of the approach of Katritzky and co-workers was 
exemplified by the design and synthesis of new, 
stable radica!~ (26). 

Both of these classification systems are based on 
simple resonance theory and concepts of radical 

'Contribution No. 224 from the Photochemistry Unit, 
University of Western Ontario, London, Ont., Canada. 

ZTo whom all correspondence should be addressed. Present 
address: Department of Chemistry, Dalhousle University, 
Halifax, N.S., Canada B3H 453. 

stabilization through three-electron bonding. Illus- 
trative examples of merostabilized radicals are 
Kosower's radical, nitroxides, and diphenylpicryl- 
hydrazyl. The importance of delocalization to the 
stability of these radicals becomes evident on exam- 
ination of Kosower's radical and related systems. 
For instance, 4-carbomethoxy-1-methylpyridinyl (1) 
dimerizes very slowly in solution at room tempera- 
ture, whereas 4-carbomethoxy-1,3,5-trimethylpyri- 
dinyl (2) dimerizes very rapidly under identical 
conditions (3). Delocalization involving charge- 
separated resonance structures is possible only in the 
former in which the carbonyl and pyridinyl K-systems 
can approach coplanarity (Fig. 1). These charge- 
separated canonical forms are important in the 
overall resonance description of merostabilized 
radicals. 

Increased delocalization should result in a change 
in the spin density distribution in merostabilized 
radicals compared to similar systems lacking such 
stabilization. This effect has been observed in the 
electron spin resonance (esr) of para-substituted 
a-carbornethoxy-cc-cyanobenzyl radicals (4). 

While it is now generally accepted that resonance 
involving charge-separated structures and three- 
electron bonding can play an important part In both 
the spectral properties and stab~lity of free radicals, 

0008-40421791 i92652- 10$0 1.00/0 
@ 1979 National Research Council of Canada/Conseil national de rechei-the\ dl! Canada 
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2 

FIG. 1. Merostabilization and increased delocalization. 

these concepts had not been applied to other elec- 
tron deficient species containing unpaired electrons. 
Ht occurred to us that diphenylmethylene should 
be an appropriate system for the investigation of 
the effects of merostabilization in divalent carbon 
species. Electron spin resonance (5) and visible and 
fluorescence spectroscopic studies (6) have shown 
that the diphenylmethyl radical provides a reason- 
able model for the electronic structure of diphenyl- 
methylene. Both molecules possess a 1 3-TL-electron 
odd-alternant hydrocarbon system and exhibit ab- 
soration and emission saectra in accord with this 
stricture. The other undaired electron in diphenyl- 
methylene occupies an orbital (the o-orbital) 
situated in the plane of the molecule and the nodal 
plane of the n-system. 

Examination of diphenylmethyl in light of the 
arguments of Walter and Katritzky leads to the 
prediction that substitution of this molecule with a 
strong para-electron-donating group and a strong 
para1-electron-withdrawing group should lead to a 
merostabilized svstem. Similar substitution in di- 
phenylmethylene should result in a significant redis- 
tribution of the unpaired electron spin densitji of the 
n-system. This effect is shown in Fig. 2 for ( p -  
dimethylaminophenyl) - (p - nitropheny1)methylene 
(31). It can be seen that, by virtue of the favourable 
charge-separated resonance structures, the unpaired 
electron in the n-system can be delocaliaed into 
positions orflzo to the substituents, that is, meta to 
the divalent carbon. 

The experimental verificatior, of this change in 
spin density distribution in appropriatefy substituted 
(merostabilized) diphenylmethylenes should be pos- 
sible by exainination of the magnitude of the zero- 
field splitting (ZFS) parameter D as a function of 
substitution. D can be calculated from the esr 
speclrurn of the diphenylmethylene triplet and if can 

be shown that the magnitude of D is related to the 
inverse of the cube of the distance between the un- 
paired electrons in the triplet (7). Any effect which 
increases the average distance between the unpaired 
electrons in the triplet causes a corresponding de- 
crease in D. The increased delocalization in appro- 
priately substituted (merostabilized) diphenylmethyl- 
enes should lead to an increased se~arat ion between 
the unpaired electrons with a concomitant decrease 
in D (see Discussion for further details). 

We have studied the esr spectra of an extensive 
series of para- and para,para'-substituted diphenyl- 
lnethylenes and, in this paper, we report the first 
examples of significant and predictable substituent 
effects on ihe ZFS parameter D of diphenyl- 
methylene. These effects can be explained in terms of 
the simple resonance theory discussed above. The 
diphenylmethylenes studled are listed in Table 1. 

FIG. 2. Merostabilization ir? a diphenylmethylene (31) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2654 C 4 \  I CHE\I VOL 57 1979 

TABLE 1. pai.a,ya~.a'-Disubstituted di- 
phenylmethylenes (3) 

Corn pound 
label X Y 

H 
H 

OMe 
H 
CN 
CN 
H 

NMe, 
NMe2 
M 

NO, 
NO2 
NO, 
NO2 
CN 

H 
OMe 
OMe 
CN 
CN 

OMe 
NMe, 
NMe, 
OMe 
NO, 
NO, 

NMez 
Me 

M e 0  
NMe, 

In addition, we have a continuing interest in the 
ground state multiplicity of diphenylmethylene as a 
function of substitution. It has been suggested 
recently that the separation between the ground state 
triplet and first excited singlet state of diphenyl- 
methylene may be as small as 3 kcaI mol-I (8). We 
felt that an energy separation of this magnitude might 
be significantly affected by appropriate substituents, 
possibly to the extent that the singlet would become 
the ground state of the system. The rationale behind 
this hypothesis has been dealt with in detail in a 
previous publication (9a) in which it was shown that 
the ground state of the diphenylmethylenes 3a-f is 
the triplet. Although the effects of p-methoxy and 
11-cyano-substituents were not large enough to 
invert the order of states in diphenylmethylene, we 
were reluctant to abandon this objective. Therefore, 
we have determined the ground state multiplicity of 
diphenylmethylenes 3g-o substituted with the 
stronger resonance electron-withdrawing and -dona- 
ting groups nitro and dimethylamino, respectively, 
by temperature dependent esr studies and application 
of the Curie law. 

Results 
Diphenylmethylenes 3a-o were generated by 

irradiation of the corresponding diazo compounds. 
The substituted diphenyldiazomethanes (4) (Table 2) 
were prepared by one of two general methods. The 
first method involved the oxidation of the corre- 
sponding benzophenone hydrazone with yellow 
merc~ric  oxide i i  the presence of base in a manner 
previously described (9, 10). This procedure was 

found to be quite satisfactory for diphenyldiazo- 
methanes 4a-i. 

Diphenyldiazomethanes 4j-o were prepared by the 
thermal decomposition of ihe potassium salt of the 
tosylhydrazone of the corresponding benzophenone. 
This was essentially a modification of the general 
procedure of Barnford and Stevens (11) and was 
adopted because of difficulties encountered in the 
preparation and/or oxidation of the hydrazone pre- 
cursors to 4j-o. The tosylhydrazone salts could be 
prepared in large quantities and were stable when 
stored in a refrigerator. The diazo compounds were 
generally prepared by allowing the solid salt to stir 
in the dark at room temperature in rz-pentane or 
diethyl ether. In most cases, the decomposition of 
the salt was a slow process and accuniulation of sig- 
nificant amounts of the diazo compound required a 
considerable period of time (up to one week). The 
tosylhydrazone salts of p-dimethylamino-p1-nitro- 
benzophenone and y-cyano-y'-dimethylarnino-benzo- 
phe~ione decomposed rapidly and reasonable 
amounts of the diazo compounds could be accumu- 
lated overnight. 

The diphe~lyldiazomethanes 4a-o were charac- 
terized by is, 'Hmr, and visible spectroscopy. The 
long-havelength visibie absorption band was par- 
ticularly useful for the proof of structure of these 
compounds. A good correlation was found between 
the position of the visible absorption maximum and 
the Hammett substituent parameter xo,. The visible 
absorption maxima along with Cop values are listed 
in Table 2 and the Hammett plot is shown in Fig. 3. 
The h,,, values for the nitro compounds 4j-n are 
plotted in ranges of 10 nm. The long-wavelength 
absorption for these compounds occurs as a shoulder 
on a far more intense band and, thus, the exact posi- 
tion is difficult to estimate. The line drawn in Fig. 3 
is the least-squares line obtained by using the mid- 
point of the 10 nm range for 4j-n, and the points for 
the other conlpounds. The utility of this relationship 
in identifjing the diazo compounds, particularly the 
less stable ones, should be obvious. A similar 
correlation has been re~or ted  between the diazo 
stretching frequency in ;he infrared and Hanlmett 
0,' (12, 13). 

The preparations of the diphenyldiazornethanes 
4a-f have been described elsewhere (9a). The 
preparations of diphenyldiazomethanes 4g-o are 
described in the Experimental section. All of the 
tosylhydrazones and their salts are new compounds, 
as are the diphenyldiazomethanes 4i, I,  n, and o. The 
preparation of bis(p-ni t ropheny1)diaz~hane has 
been reported previously (1 3), but the hydrazone of 
the corresponding benzophenone is required, for 
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TABLE 2. Long-wavelength A,,, for pnra,para'-disubstituted diphenyldiazomethanes (4) and 
Wammett xo, values 

Substituent 
Compound 

label para para' COP Lax (nm) Solvent 

H 
H 

OMe 
H 

CN 
CN 
H 

NMe, 
NMe, 

H 
NO2 

NO2 
NO2 
CN 

H 
OMe 
OMe 
CN 
CN 

OMe 
NMe2 
NMe, 
OMe 
NO2 
NO2 

NMe, 
Me 

OMe 
NMe, 

Methylcyclohexane 
Methylcyclohexane 
Methylcyclohexane 
Methylcyclohexane 
Methylcyclohexane 
Methylcyclohexane 
Methylcyclohexane 
Methylcyclohexane 
n-Pentane 
Diethylether 
Diethylether 
12-Pentane 
Methylcyclohexane 
Diethylether 
Diethylether 

which a preparation was not described. The prepara- 
tion of this hydrazone is apparently not straight- 
forward (14).3 

Generation of diphenylmethylenes 3a-i in the esr 
cavity at ca. 5 K was performed by irradiating the 
appropriate diazo precursor in a rigid glass with a 
high pressure mercury arc lamp (I kW). Once 
generated, these diphenylmethylenes seemed to be 
stable to further irradiation. A variety of pre- 
cursors was used to generate diphenylmethylenes 
3j-o~ In an initial experiment, it was found that the 
esr spectrum of diphenylniethylene could be gener- 
ated by irradiating the solid potassium salt of 
benzophenone tosylhydrazone at 77 K. Based on this 
result, 3j-o were generated and characterized by 
irradiating the corresponding tosylhydrazone salt 
under similar conditions. This procedure was found 
to be unsuccessful for 3k and I. Prolonged irradiation 
of the salts of these tosylhydrazoiles produced no 
signals which could be assigned to 3k or 1 at either 
liquid nitrogen or liquid helium temperatures. Thus, 
attempts to generate 3k and 1 by this method were 
abandoned in favour of the diazo precursors. 

Methylene triplet signals were assigned in terms of 
the Hamiltonian 

111 I? = gPH.  $ + ~ ( 3 , '  - 3s2)  + ~(9,~ - Sy2) 

The ZFS parameters were obtained from the ob- 
served spectra by employing an iterative computer 
program and are summarized in Table 3,  Accurate 
field positions for all diphenylmethylenes were 
obtained by employing the esr field standard 

3Preparation of p,p'-dinitrobenzophenone hydrazone re- 
quired prior preparation of the thioketone P,S5 (24). 

[Cr(NH,),Cl]Cl, diluted in [CO(NH,)~CI]CI, (15) 
(see Experimental for details). 

The ZFS parameters for 3a-f were obtained by 
irradiating the diazo compound in a rigid glass 
(4: 1 methyicyclohexane: isopentane). The ZFS 
parameters for 3g-o were obtained in a number of 
matrices and at  varying temperatures. The field 
positions for 31 were obtained in a tetrahydrofuran 
(TI-IF) matrix at  liquid helium temperature. This low 
temperature was required because of the difficulty 
in generating even moderately strong signals for this 
species at liquid nitrogen temperature. It should be 
noted that although T H F  does not form a glass, 
spectra of diphenylmethylenes obtained in a matrix 
of this solvent did conform to those expected for 
randomly oriented triplets (i.e., rotating the sample 
caused no noticeable shift in field positions). 

For dipheny!methylenes generated from the tosyl- 
hydrazone salt, a powdered salt was used in all cases 
and the spectra obtained again conform to those of 
randomly oriented triplets: the ZFS parameters for 
all diphenylmethylenes except 31 were obtained at  
77 K. 

For 3a-g and 3k, spectra were intense enough that 
four lines could be observed (HZ ,, H,,, Hy2, Hz,). For 
the other diphenylmethylenes, the HZ2 line was not 
observed or was so weak and broad that assignment 
of the field position was impossible. 

Temperature dependence studies were carried out 
on diphenylmethylenes 3g-o using the Hx2 line in 
every case. The experiments were performed in the 
same glass or matrix used to obtain the ZFS param- 
eters. Temperatures were varied over the range of 
5-30 K. The temperature was monitored by using the 
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4 70 
- 2.0 - 1.0 0 + 1.0 + 2.0 

COP 
FIG. 3 .  Graph of h,,, (nm) vs. Cop for diphenyldiazo- 

methanes (4).  

high field line of phenylnitrene as an internal stan- 
dard in a manner described previously (16). 

The observed signal intensity (peak-to-peak 
height of the H,, line) as a function of temperature 
for two of the diphenylmethylenes (3h, k) is shown in 
Fig. 4. As can be seen, the plots are linear over the 
entire temperature range. These results were typical 
of those for all of the diphenylmethylenes listed in 
Table 1. 

Disaussioan 

In a simple model, the ZFS paranleters D and E 
for a triplet depend on the distance between electrons 
with parallel spins as given by eq. 121 : 

where the angular brackets imply an average value 
(7). These equations assume that any spin-orbit 
coupling contribution to D and E is small and thras, 

that D and E arise from a predominantly dipolar 
interaction between the two unpaired electrons. D is 
essent~ally a measure of the interaction between the 
two unpaired electrons along the z-magnetic axis of 
the molecule while E is a measure of the x,y-inter- 
action. E is relatively small for the rnethylenes 
measured here and, although the approximation is 
crude, it facilitates the discussion somewhat if D is 
assumed to be related to l / r3  (i.e., cylindrical 
symmetry is assumed and 6: is ignored). 

Two trends become obvious when the D-values 
for 3a-o are compared (Table 3). First, substitution 
generally causes a decrease in D over that in the 
parent molecule 3a. Second, the decrease in D is 
largest when the diphenylmethylene is substituted 
with one para-electron-withdrawing group and one 
para1-electron-donating group. The decrease in D in 
these unsymmetrically disubstituted diphenylmethyl- 
enes is always larger than that predicted by taking 
the sum of the effects in the mono-substituted deriva- 
tives (e.g., compare 3g, 3j, and 31). 

The substituent effects on D are not large, but an 
explanation can be formulated for the observed 
trends. The ZFS parameters are directly related to 
the spin density distribution in the molecule. In the 
accepted model for diphenylmethylene, one unpaired 
electron is localized at the divalent carbon atom in 
the D-orbital, which means that the spin density at 
the divalent carbon due to this unpaired electron is 
essentially one. Obviously, then, any change in D due 
to substitut~on must result from a change in the spin 
density distribution in the n-system containing the 
other unpaired electron. 

The D values in Table 3 indicate that mono- and 
symmetrical d~substitution both cause a decrease in 
D and that the effect of disubstitution is greater than 
(but not double) that of monosubstitution by the 
same substituent in all cases. The small substituent 
effect on D was predictable based on the results 
obtained for the substipdent effects on the esr 
hyperfine splittings of substituted benzyl radicals. 
For all substituents, the hyperfine splitting constant 
of the benzyl protons was found to be similar 
and, thus, substitution has little effect on the spin 
density at  the benzyl carbon (17). A similar con- 
clus~on was reached from YNDB calculations on 
the diphenylmethylene system (14). The calculations 
indicate that substituents had very little effect on the 
spin density at the divalent carbon and that any 
change in D was due to a spin density change in other 
regions of the molecule. Unfortuna-iely, only rnono- 
and symmetrically disubstituted systems were in- 
vestigated, but the results agree with those in this 
study for similar systems. 

The effect on D of disubstitution of diphenyl- 
methylene with a s t rmg electron-wifihdrawing group 
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TABLE 3. Zero-field splitting parameters for d~phenylmethylenes (3) 

Substituent 
Compound 

label para para' D (cm- ') E (cm- I) Precursor Glass or matrix4 

H 

H 

OMe 

H 

CN 

CN 
H 

NMe, 
OMe 

H 

NO2 
NO2 
NO2 

NO2 

CN 

H 

OMe 

OMe 

CN 

CN 

O?Ae 
NMe, 
NMe, 
NMe, 
NO, 

NO2 
NMe2 

Me 

OMe 

NMe, 

Diazo compound 
Diazo compound 
Diazo compound 
Diazo compound 
Diazo compound 
Diazo compound 
Diazo compound 
Diazo conlpound 
Diazo compound 
Diazo compound 
D~azo  compound 
Diazo compound 
Diazo compound 
Diazo compound 
Diazo compound 
Tosylhydrazone salt 
Diazo compound 
Diazo compound 
Diazo compound 
Tosylhydrazone salt 
Diazo compound 
Tosylhydrazone salt 
Diazo compound 
Tosylhydrazone salt 

MCIP 
- 
MGlP 
MCIP 

MCIP 
- 
MCIP 
MCIP 
MCIP 
MCIP 
MCIP 
THF 
4: 1 MC:THF 
TMF 
Solld salt 
- 
Slurry, THF 
THF 
Solid salt, MC slurry 
THF 
Solld salt, MC slurry 
THF 
Sold salt 

OMCIP = 4: 1 met11ylcyclohexane:isopentane; MC = methylcyclohexane; THF = spectral grade tetrahydrofuran 
*Previously reported values, ref. 5a. 

FIG. 4. Curie law plots for the diphenyimelhyieiles 3 2  and 
3k. 

and a strong electron-donating group can be ex- 
plained in a different way. For all of the diphenyl- 
methylenes which fall into this class (3f, I ,  m, n,  o), 
the D value is smaller than that predicted by taking 
the sum of the effects in the mono-substituted sys- 
tems. A simple expIanation involving resonance 
theory allows these results to be explained and is 
illustrated in Fig. 2 for 31. The appropriate substitu- 
tion leads to systems which, by Katritzky's definition, 
can be classified as merostabilized. It should be 
obvious from Fig. 2 that this type of resonance 
interaction in symmetrically disubstituted or mono- 
substituted diphenylmethylenes leads to canonical 
forms of type "c" which would be of relatively high 
energy. Such canonical forms contribute very little 
to the overall resonance description of these sym- 
metrically substituted systems. However, for di- 
phenylmethylenes disubstituted with a strong para- 
electron-withdrawing and a strong parar-electron- 
donating group, canonical forms of type "c" should 
contribute significantly to the overall resonance 
description of these systems. The result is increased 
delocalization of the unpaired electron occupying the 
n-system of these dipbenylmethylenes. The experi- 
mental result is a significant decrease in D compared 
lo systems lacking merostabiiization. 

The increased delocalization of the p-electron in 
these diphenylmethylenes will result in a spin density 
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redistributio~l throughout the x-system. From Fig. 2, 
it can be seen that merostabilization of diphenyl- 
methylene should result in a significant decrease in 
the negative spin density at positions orrho to the 
substituents compared to the parent molecule. 
Unfortunately, the large linewidths (ca. 80 G) of the 
esr spectra of these randonlly oriented triplets pre- 
clude the resolution of the appropriate proton 
hyperfine coupling constants. Nevertheless, the con- 
cept of merostabilization is completely consistent 
with the observed trends in D as a function of 
substitution. 

Although the ZFS parameters lor a number of 
para-substituted diphenylmethylenes have been re- 
ported (ja), the substituents were chosen in a random 
fashion and no consistent trend in D as a function of 
substitution was apparent. In addition to providing 
a clear picture of the effects of substitution on D, this 
work indicates the importance of resonance and 
merostabilization in the interaction between the 
unpaired electrons of a triplet species such as 
diphenylmethylene. 

The temperature dependence studies indicate that 
the intensity of the esr signals for the diphenyl- 
methylenes 3g-o follow the Curie law over the entire 
temperature range studied. Therefore, 3g-o have 
triplet ground states and the singlet state is not 
populated to any significant extent at the maximum 
temperature of the experiment for any of the systems 
studied. An alternative possibility is that the singlet 
is the ground state of these species and it is separated 
by such a small energy from the upper triplet 
(< 5 cal mol-l) as to be in thermal equilibrium with 
this upper state even at the lowest temperature 
studied. The latter explanation seems highly unlikely 
for 3g-o. 

Temperature dependence studies have been carried 
out on the parent molecule (8a) and there is no doubt 
that this molecule has a triplet ground state. Although 
the chemistry of diphenylmethylene at  room tem- 
perature seems to involve both the singlet and the 
triplet states (1 9), no spectroscopic observation of the 
singlet state has been reported. From the studies 
described in this paper, it is not possible to place a 
lower limit on the triplet-singlet energy separation 
for any of the diphenylmethylenes 3g-o because of 
the experimental difficulty in detecting deviations 
from Curie law behaviour due to population of an 
upper singlet state (16). It is possible that the triplet- 
singlet separation was lowered significantly in some 
of the derivatives and that this effect was not 
detected. It can, however, be concluded that the 
effects of p-methoxy, p-cyaao, p-nitro, and p- 
dimethylamino substituents are not large enough to 
invert the order of states in diphenylmethylene. 

Experimental 
General 

'Hmr spectra were obtained on a Varian T-60 spectrometer, 
usually in deuterochloroform, and are reported in units of 
6 ppm relative to tetramethylsilane as an internal standard. 
Infrared spectra were obtained on a Beckman IR-SA, Beckman 
"Acculab 4", or Perkin-Elmer 621 Crating Infrared Spec- 
trometer and were calibrated with a polystyrene film. Infrared 
spectra were obtained in chloroform or carbon tetrachloride in 
potassium bromide solution cells and are quoted in prn. 
Visible and ultraviolet spectra were obtained on a Cary 118 
spectrometer using quartz cuvettes. Melting points were 
obtained on a Sybron Corporation Thermolyne melting point 
apparatus and are corrected. 

Electron spin resonance spectra were obtained from a 
Varian E-12 esr spectrometer. Temperature dependence 
studies were performed with an Air Products Model LTD-3- 
110 "Heli-tran" liquid helium Dewar and transfer system. 
Samples were placed in Suprasil esr tubes and were irradiated 
with a Hanovia 1 kW high-pressure mercury arc lamp. 

Sample preparation varied and depended on the precursor 
used to generate the methylene. When the diazo compound 
was used as the precursor, 10-20 mg was dissolved in I mL of 
the appropriate solvent. If the diazo compound was stable, 
degassing was carried out by the freeze-pump-thaw method. 
If the diazo compound was unstable, no attempt was made to 
degas the sample. 

In some cases, the potassium salt of the tosylhydrazone of 
the corresponding benzophenone was used as a convenient 
precursor for the generation of the methylene. Usually, the 
solid salt was packed in an esr tube to the appropriate height. 
In some cases, it was found that only the outer surface of the 
salt was irradiated under these conditions, and thus the salt 
was added to an esr tube as a slurry in dry THF and was 
quickly placed in the esr cavity and frozen before settling 
could occur. This procedure allowed more complete irradiation 
to occur and, thus, produced larger signals. 

Phenylazide was added to samples used in temperature 
dependence studies. When the diazo compound was used as 
the methylene precursor, about 6-8 mg phenylazide was added 
to the esr sample. When the tosylhydrazone salt was used, a 
solution of about 40mg phenylazide in 1 mL methylcyclo- 
hexane was added to the salt in the esr tube and was allowed 
to mix with the salt. 

Irradiations in the esr cavity were generally carried out 
through a Corning 0-53 (2  280 nm) or 0-54 (2  300 nm) filter. 
Under these conditions, large methylene (and nitrene) signals 
could be produced quickly from either precursor. 

Temperature dependence studies on all diarylmethylenes 
were carried out using a procedure identical to that described 
previously (9, 16, 20). Temperature measurement at  liquid 
helium temperatures was carried out by including phenylazide 
in the sample and monitoring the nitrene signal intensity as a 
function of temperature. 

Zero-field Splitting Pavarneters 
Accurate field positions for the diphenylmethylenes 3a-o 

were determined by employing the inorganic field standard 
[Cr(NH,),CI]Cl, as a 2% mixture in [Co(NH,),Gl]Cl2 (15). 
Accurate field positions for this standard have been provided, 
along with the appropriate microwave frequency corrections. 

Calculations of the zero-field splitting parameters from the 
esr field positions were performed by employing an iterative 
computer program described previously (16). The line position 
was taken as the maximum, minimum, or midpoint, depending 
on the line shape (21). 
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Preparatiori of the Diphenyldiazoinethanes 
The preparation of 40-f has been described in full (9). The 

general procedure for 4g-i involved the preparation of the 
corresponding benzophenone hydrazone (10) from the ketone, 
and subsequent oxidation with yellow mercuric oxide in the 
presence of base. 4j-o were prepared by decomposition of the 
tosylhydrazone salt. 

The visible absorption maxima for the diazo con~pounds are 
listed in Table 2. 

Preparcition of the Hydrazorles 
A 100 IIIL round-bottom flask equipped with a magnetic 

stirring bar, reflux condenser, nitrogen inlet tube, and bubbler 
was purged with nitrogen. The ketone (ca. 2.0 g) and hydrazine 
hydrate (50 n1L) were added and the contents were heated to 
reflux using an  oil bath. Vigorous stirring was employed. After 
heating at reAux overnight, the reaction mixture was cooled. 
An oil settled to the bottom of the flask and solidified and 
crystals formed in the hydrazine hydrate. The solid was 
collected by vacuum filtration. The hydrazine hydrate was 
extracted with chloroform (100 mL) and the chloroform was 
removed on a rotary ekaporator to give an oil. This oil was 
combined with the solid and solidified on standing. 

p-Dimerl~ylaminobenzopl~enone Hj'drazone 
The 'Hmr spectrum showed that both E and Z isomers were 

present (lield = 2.0 g, 99%). 'Hmr (CDCI,): 6 2.80, 2.86 (s, 
6H total); 6 5.10, 5.27 (2 br. s, 2H total); 6 6.60 (nl, AA'BB', 
4H); 6 7.18 (m, 5H). 
Bis- ( p-rliniethylat~zitzo) benzophenot~e Hydrazone 
The product was recryslallized from absolute alcohol to give 

yellow needles, mp 150-152'C. 'Hmr (CDCI,): 6 2.84 (s, 
3H);  6 2.92 (s, 3H); 6 5.07 (s, br., 2H); 6 6.86 (m, 8H);  ir 

p-Din~ethylaniino-p'-~nefhoxybenzoplzetzoz Hydrazone 
The product was recrystallized from absolute alcohol to give 

light ycllow needles, mp 166-170°C. 'Hmr (CDCI,): 6 2.86, 
2.92 (Zs, 6H); 6 3.72, 3.80 (2s, 3H); 6 5.20, 5.32 (2s br., 2H); 
6 6.92 (m, 8H);  ir (CHCl,): 2.92, 3.31, 3.56, 6.19, 6.60, 7.33, 
7.43, 7.97, 8.49, 9.62, 11.90, 12.12. 

Anal. calcd. for CI6Hl9N3O:  C 71.34, W 7.11; found: 
C 71.12, H 7.06. 

0.uidation of the Hydrazone 
The hydrazone (ca. 1.0 g), anhydrous ether (60 mL), anhy- 

drous sodium sulfate (3.0 g), yellow mercuric oxide (3.3 g, 
15 mmol) and saturated ethanolic potassium hydroxide (3 mL) 
were placed in a 150 mL round-bottom flask equipped with a 
magnetic stirring bar and drying tube. The mixture was 
allowed to stir in the dark at room temperature for 11 h.  After 
filtering by gravity into a round-bottom flask covered with 
aluminunl foil, the solvent was removed on a rotary evaporator 
with the water bath at  room temperature. 

(p-Dirnetliylanzinophenyljplzenyldiazomethane (4g) 
A purple solid was obtained, the 'Hmr, ir, andvisible spectra 

of which were consistent with 4g. 'Hmr (CCI,): 6 2.92 (s, 6H); 
6 6.83 (ni, AA'BB', 4H); 6 7.10 (m, 5H); ir (CHCl,): 3.38, 
4.93, 6.23, 6.61, 6.71, 6.93, 7.73, 9.58. 

Bis-( p-diwzethylaminoplze~zyl) diazonzetlrane (4h j 
As above, with the exception that dry tetrahydrofuran was 

substituted for anhydrous ether; 4h was obtained as a grey- 
blue solid. 'FImr (CM,CI,): 6 2.90 (s, 12H); 6 6.78 (m, AA'BR', 
8H); ir (CHCI,): 3.31, 4.91, 6.20, 6.60, 6.92, 7.35, 12.24. 

(P-DimethylaminophenL.l/ (p-merhox~'phenyI)rliazomethane 
i4i) 

As above, with the exception that n-pentane was substituted 

for anhydrous tetrahydrofuran. A deep blue solid was ob- 
tained. 'Hmr (CD2C12): 6 2.96 (s, 6H): 6 3.83 (s, 3H); 6 6.96 
(m, 8H); ir (CHCI,): 3.31, 3.50, 4.93, 6.19, 6.61, 8.00, 8.26, 
9.62. 

p-Cyano-p'-dinietl~ylat~~inobet~zophenotze 
This compound was prepared by a modification of the pro- 

cedure of Shah, Deshpande, and Chaubal (22). Phosphorus 
oxychloride (11.8 mL, 0.13 mol), N,N-dimethylaniline (36 mL, 
0.28 mol) andp-cyanobenzanilide (21 g, 0.095 mol) were placed 
in a 1 L round-bottom flask equipped with a reflux condenser 
and thermometer with the bulb extending below the surface 
of the reaction mixture. The flask was placed in an oii bath and 
the bath was heated slowly. At about 120-C, an exothermic 
reaction began and the flask was cooled in ice-water as soon as 
the temperature reached 180-C. A thick brown syrup was 
obtained. After adding 1 0 2  HC1 (700 mL), the mixture was 
heated on a steam bath and the brown product was hydrolyzed. 
The resulting yellow solid was collected by vacuum filtration 
and recrystallized several times from absolute alcohol. Yellow 
plates (3.0 g, 202)  ofp-cyano-p'-dimethylaminobenzophenol~e 
were obtained, mp 178-179'C. lHmr (CDCI,): 6 3.07 (s, 6H); 
6 7.07 (ni, 4H); 6 7.63 (m, 4H); ir (CHCI,): 3.32, 4.37, 6.00, 
6.20,6.40, 7.20,7.48,7.65,8.65, 10.69, 11.66, 12.03. 

Anal. calcd. for C,6H,,N,0: C 76.78, H 5.64; found: 
C 76.68, H 5.48. 

p-Nitroberzzoplrenor~e Tosylliyn',.uzoi~e 
A mixture of p-nitrobenzophenone (23) (5.0 g, 0.022 mol), 

p-toluenesulfonhydrazide (8.2 g, 0.044 mol), and benzene 
(200 mL), in a 500 mL round-bottom flask equipped with a 
reflux condenser, was heated at retlux for 3 days. The solution 
was cooled and the benzene was removed on a rotary evapor- 
ator to give a yellow oil containing some solid. Methanol 
(50 mL) was added and the mixture was warmed to dissolve 
the oil and then cooled in ice. Crystals were collected in a 
sintered glass funnel and recrystallized by dissolving in ben- 
zene, adding ethanol, and boiling off most of the solvent. A 
total of 4.0 g (46%) p-nitrobenzophenone tosylhydrazone was 
obtained, mp 130-138 C. 'Hmr (CDC1,): 6 2.45 (s, 3H); 
6 7.75 ( n ~ ,  14H); ir (CHCI,): 3.03, 3.23, 6.24, 6.58, 6.91, 7.20, 
7.73, 7.60, 8.58, 9.38, 10.19, 11.42, 11.72, 11.80. 

Anal. calcd. for C,,H,,N,O,S: C 60.75, H 4.33; found: 
C 60.92, H 4.44. 

p-Metllj,l-p'-nitr(~be~~:opI~enoize Tosylkyd~azone 
Light yellow needles (1.18 g from 1 g of the ketone (241, 

70%) 1np 130-200-C (dec.) were obtained after recrystallization 
from benzene-alcohol. 'Hmr (CDC13): 6 2.30, 2.40 (2s, 6H); 
6 7.47 (m, 13H); ir (CHCI,): 3.04, 3.28, 3.41, 6.26, 6.61, 7.24, 
7.45, 7.52, 8.61, 9.38, 10.21, 11.41, 11.63, 12.16. 

Anal. calcd. for C,,H,,N,O,S: C 61.61, N 4.68: found: 
C 61.42, H 4.62. 

p-illethoxjl-p'-iziti'obetzzophet~one Tosj'lhj~drnzone 
Yellow crystals (3.0 g from 4.0 g of the ketone (18), 45%), 

mp 191-192°C were obtained after recrystallization from 
chloroform-methanol. 'Hmr (CDCI,): 6 2.40 (s, 3H); 6 3.72, 
3.83 (2s, 3H total); 6 7.50 (m, 13H); ir (CHCl,): 3.03, 3.27, 
3.39, 3.52,6.22, 6.60, 7.39, 7.62, 7.96, 8.60, 10.19, 11.63. 

Anal. calcd. for C21H19N305S:  C 59.29, H 4.50; found: 
C 59.51, H 4.82. 

p,p'-Dinifrobenzophenor2e Tosylhj'drnzo~ze 
Yellow needles (1.17 g from 1.0 g of the ketone, 842),  mp 

198-201'C (dec.) were obtained after recrystallization from 
benzcnc-ethanol. 'Hmr (acetone-d6): 6 2.39 (s, 3H); 6 7.74 
(m, 13H); ir (CHCl,): 3.03, 3.30, 6.25, 6.58, 7.44, 7.63, 8.60, 
9.35, 10.21, 11.41, 11.64, 11.88. 

Anal. calcd. for C2&1606N4S: C 54.55, H 3.06; found: 
C 54.30, H 3.72. 
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p-Ditnethylirr?!ino-p'-nit~.oben=opheior;e To~yCiydrazorre 
Benzene (250 mL), p'-dimethylamino-p'-nitrobenzophenone 

(24) (20 g, 0.074 mol), andp-tolue~~esulfonylhydrazide (16.6 g, 
0.G89 mol, 2 0 z  excess) were placed in a 500 mL round-bottom 
ilask equipped with a reflux condenser, Dean-Stark trap, and 
drying tube, The reaction mixture was heated at reflux for 
3 days, during which time approximately 1 mL mater accumu- 
lated in the D-S trap. The reaction mixture was allowed to 
cool and the benzene was removed on a rotary evaporator to 
give a thick, dark orange oil. Absolute alcohol (100 mL) was 
added and the mixture was warmed on a steambath until the 
oil had dissolved. A light orange solid precipitated. After 
cooling in ice, the orange solid was collected by vacuum filtra- 
tion. After recrystallization from tetrahydrofuran - absolute 
alcohol, orange crystals (17.2 g, 53%) of p-dirnethy1amino-p'- 
nitrobenzophenone tosylhydrazone were obtained. 

Recrystallization from benzene- petroleum ether (30-60) 
resulted in two crystal forms; one, dark red cubes, and the 
other, an orange powder. The 'Hmr spectra indicated that the 
two crystalline forms were composed of different ratios of E 
and Z isomers of the tosylhydrazone. 'Hmr (CDCI,): 6 2.40 
(s, 31-I); 6 3.00 (s, 6 H ) ;  S 7.24 (m, 13H);  ir (CHCI,): 3.05, 3.41, 
6.23, 6.60, 7.45, 7.63, 8.61, 9.40, 10.24, i1.41, 11.64, 11.77, 
1 1  71 
I L . L L .  

Anal. calcd. for CzZH2zhTa04S: C 60.27, H 5.06; found: 
C 60.15, H 5.21. 

p-Cyano-p'-dir~~ethylnrnirzobe~ziop/~e~ot~e Tosv//zydrazone 
Yellow crystals (435 mg from 500 rng of the ketone, 52%), 

mp 178-179"C, were obtained from benzene-alcohol. 'Hmr 
(CDCI,): 6 2.42 (s, 3H); 6 3.03 (s, 6H): 6 '7.30 (m, 13W); ir 
(CHCI3): 3.04, 3.51, 4.48, 6.21, 6.93, 7.33, 7.61, 8.57, 9.35, 
10.21, 11.41, 11.83, 12.21. 

Anal. calcd. for C2,HZ2N,O,S: C 66.01, H 5.30; found: 
C 65.84, H 5.43. 

(p-Dimef/~ylan~inophenyl) - (p-nitrophenyl) diuiomethane (41) 
In a 2 5 0 m L  Erlenmeyer flask equipped with a magnetic 

stirring bar, p-dimethylamino-p'-nitrobenzophenone tosyl- 
hydrazone (760 mg, 1.74 mmol) and anhydrous diethy! ether 
(100 mL) were placed and the mixture was stirred for several 
minutes to allow as much as possible of the tosylhydrazone to 
dissolve. Potassium fert-butoxide (215 mg, 1.91 mmol, 10% 
excess) was added and the colour of the ether changed slowly 
from light orange to a deep red-orange. The flask was loosely 
corked and the reaction mixture was allowed to stir for I h 
in the dark. The red potassium salt of the tosylhydrazone was 
separated from the ether by gravity fi!tration, giving an orange 
ether solution and a deep red solid in the filter paper. The red 
salt was washed back into the Erlenmeyer flask with rz-pentane 
and a total of 200 n3L n-pentane was added. The flask was corked 
lightly and allowed to stir at room temperature in the dark. 
After 5 h, the mixture was filtcred by gravity into a round- 
bottom flask covered with aluminum foil, giving an orange 
pentane solution and leaving the red salt behind in the filter 
paper. The pentane was removed on a rotary evaporator using 
a cold water bath. A red orange solid was obtained, the ir and 
visible absorption spectra of ~ ' h i c h  indicated the presence of 
the desired ip-dimethylaminopheny1)-(p-nitropheny1)diazome- 
thane. The diazo compound was stored in a freezer at  ca. 
- 20'C. The potassium salt was washed back into the Erlen- 
meyer flask and more rz-pentane (200 mLj was added. This 
process could be repeated until a!l of the salt had decomposed. 
However, since only small anlounts of the diazo compound 
were required for the esr experiments and since $1 was found 
to be unstable, the salt decomposition was never carried to 
sompletion. 

The purity of the (p-dimethylaminophe~1yi)-4p-nitropheny!)- 
diazomethane was checked by both 'Hmr and thin iayer 

chromatography (tic). The 'FIinr spectrum showed one large 
singlet for the methyls of the dimethylamino group of the 
diazo coinpound and two much smaller singlets at  approx- 
imately the same chemical shift, assigned to impurities. The 
purity was checked by tlc using alumina plates and benzene 
elution. The diazo compound in n-pentane, before solvent 
removal, showed one dark orange spot which moved rapidly 
and faded to pale yellow when exposed to room light. A faint 
spot with a much smaller Rf was also observed. The dark 
orange spot was assigned to the diazo compound. The red- 
orange solid obtained after removal of the pentane was also 
tested by tlc under identical conditions. Again, a dark orange 
spot with large Rf was observed. Two lighter spots of lower R,, 
one visible only under uv light, were also observed. However, 
the diazo compound was the major spot. Based on 'Hmr and 
tlc results, the diazo compound was estimated to be ca. 80% 
pure. 'Hmr (CH,Cl,): 6 2.83 (s, 6 H ) ;  6 7.30 (in, 8B-J); ir 
(CIICI,): 3.28, 3.40, 4.90, 6.22, 6.30, 7.43, 7.51, 8.35, 8.89. 

Bis-(p-nitrop/zenyl)dinzot~~etha~~e i4k)  
In a 25 mL round-bottom flask equipped with a magnetic 

stirring bar and drying tube, p,p'-dinitrobenzophenone tosyl- 
hydrazone ( 1  .OO g, 2.27 mmol) and dry tetrahydrofuran (7 mL) 
were placed and the tosylhydrazone was allowed to dissolve. 
The solution was stirred slowly and potassium tert-butoxide 
(0.28 g, 2.5 mmol) was added. The solution turned deep orange 
immediately and an orange vrecioitate formed. After auurox- 
inlately 5 inin, the orangepotassi;m salt of the tosy1hyd;azone 
was collected in a Buchner funnel and washed with anhydrous 
ether. The salt was transferred to a 250 mL Erlenmeyer flask 
covered with aluminun~ foil and equipped with a magnetic 
stirring bar, anhydrous ether (200 mL) was added and the flask 
was loosely corked and allowed to stir at room temperature. 
After stirring overnight, the reaction mixture was fiitered by 
gravity into a round-bottom flask covered with aluminum foil. 
giving a light yellow ether solution and leaving the orange salt - - .  
in the filter paper. The ether was removed on a rotary evapor- 
ator to give a small amount of an orange solid, the ir of which 
showed a strong diazo stretching band at ca. 4.9 prn (2040 
cnl-'1. The salt was rinsed back into the Erlenmeyer flask, 
more ether was added, and the process was repeated. This 
procedure was continued until enough bis-(p-nitropheiiy1)- 
diazomethane was accumulated for the experiments of interest 
to be performed. 'Hmr (CH2C;Z): 6 7.83 (m, AA'BB'); ir 
(CHCI,): 3.31, 4.85, 6.28, 6.58, 7 .4 i ,  7.50, 8.95, 11.75. 

(p-1Vitrop/?enj~l)pi7en~~ldiaiomethane (4j)  
In a 100 inL round-bottom flask equipped with a magnetic 

stirring bar and drying tube, p-nitrobenzophenone iosyl- 
hydrazone (1.00 g, 2.52 mmol) and dry tetrahydrofuran (10 
mL) were added and the tosylhydrazone was allowed to dis- 
solve. The solution was stirred slowly and potassium tert- 
butoxide (0.3; g, 2.9 mmol) was added. The reaction mixture 
immediately turned deep red and, after a few minutes, the 
potassiun? salt of the tosylhydrazone began to precipitate. 
After about 10 min, anhydrous ether (60 mL) was added. The 
salt precipitated completely and was collected in a Buchrier 
funnel and washed several times with a.nhydrous ether. The 
orange salt was transferred to a 2 5 0 m L  Erlenmeyer flask 
equipped with a magnetic stirring bar and covered with 
aluniinilm foil. Anhydrous ether (150 mL) was added, the 
flask was loosely corked, and the mixture was allowed to stir 
at room temperature. After stirring overnight, the reaction was 
filtered by gravity to yield a light yeilc~v ether layer. The ether 
solution vias piaced in a round-bottom flask covered with 
aluminum foil and the solvent was removed on a rotary 
evaporator with the water bath at  room temperature. A small 
amount of orange solid was obtained, the ir spectrum of which 
showed a diazo stretching band at  4.88 LLm as the strongest 
band in the spectrum. 
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The salt was rinsed from the filter paper back into the 
Erlenmeyer flask. More ether was added and the entire process 
was repeated until enough diazo compound was accumulated 
to  perform the desired experiments. 'Hrnr (CD,CI,): 6 7.14 
(in, 5H); 6 7.62 (in, AA'BB', 4H); ir (CHCI,): 3.28, 4.88, 6.29, 
6.62, 7.49, 8.31, 9.00. 

(p-Methylpheny1)-ip-niti.opheny/)diazometha~7e (dm) 
This compound was prepared by a method similar to that 

used to prepare 4i. 'Hmr (CD2C1,): 5, 2.30 (s, 3M); 6 7.19 (s, 
5H);  6 7.56 (m, AA'BB', 4M); ir (CHGI,): 3.33, 3.46, 4.87, 
6.23, 6.61, 4.50, 8.32, 8.98. 

(p-Methoxypheny1)-(p-nitropherz~~1)diuzomethune (4h) 
The same procedure was used as for 4i. ir (CHCI,): 3.30, 

3.50, 4.89, 6.29, 6.63, 7.50, 8.01, 9.00, 9.67. 

(40) 
In a 125 mL Erlenmeyer flask equipped with a magnetic 

stirring bar, 400 mg (0.96 mmol) g-cyano-p'-dimethylamino- 
benzophenone tosylhydrazone and 15 nlL dry tetrahydro- 
furan were added and the tosylhpdrazone was allowed to dis- 
solve. The so l~~ t ion  was stirred slowly and 11 8 mg (1.05 mmol, 
1 0 z  excess) potassium fert-butoxide was added. The solution 
slowly changed from light yellow to a deep yellow. After 15 
n ~ i n  stirring, 50 mL n-pentane was added. The potassium salt 
of the tosyihydrazone precipitated and the yellow solid was 
allowed to settle. The solvent was decanted and the salt was 
washed once with 50 mL anhydrous ether. The Erlenmeyer 
flask was covered with alumiiium foil and i00 mL anhydrous 
ether was added. The flask was loosely corked and the reaction 
mixture was allowed to stir at  room temperature for 3 h. The 
reaction mixture was filtered by gravity into a round-bottom 
flask covered with alilminun~ foil, giving a light pink ether 
solution. The ether was removed on a rotary evaporator, using 
a cold water bath. A purple solid was obtained by the above 
procedure, The ir and uv spectra confirmed the formation of 
40. This compound was found to be comparative!y unstable 
and was kept in a freezer until needed (ca. -20°C). ir (CKCI,): 
3.34, 3.49: 4.49, 4.90, 6.24, 6.60, 8.25. 
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Some thermodynamic aspects of dissolution of solid solutions of hydroxylapatites of 
phosphorus and arsenic 

Dcprir/~nc,ii/ of C'lzei?li.str~, Bnilcii,ci.t Hiizdrr Uilicci.ci/y. V(i1.(r11(i.\i-221005, Iilciici 
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7. S. %. N A R ~ S ~ R A J U  and U. S. RAI. Can. J .  Chem. 57.2662 (1979) 
The solubility equilibria of synthetic samples of hydroxylapatite, its arsenic isomorph, and 

a series of their solid solutions, spread over the entire con~positional range, were investigated 
at  37'C in the pH range 5.0 to 7.6 in buffered systems through microanalytical determinations 
of calcium, phosphorus, and arsenic in their saturated solutions. From the ionic products of 
the samples so determined their stoichiometric dissolution was established and their free ener- 
gies of solution evaluated. 

T. S. %. NARAS~RAJU et U. S. RAI. Can. J. Chem. 57. 2662 (1979) 
Operant a 37'C, a des pH allant de 5.0 a 7.6 dans des systemes tamponnees et faisant appel 

a des determinations n~icroanalytiques du calcium, du phosphore et de I'arsenic dans leurs 
solutions saturkes, on a Ctudie les equilibres de solubilite d'echantillons de synthese de l'hy- 
droxylapatite, de son isomorphe contenant de l'arsenic et d'une serie de leurs solutions solides 
variant sur toute 1'Cchelle de conlposition. Sur la base des produits ioniques determines pour 
ces Cchantillons, on a etabli leur dissolution stoechion~ttrique et on a evalue leurs energies 
libres de solution. 

[Traduit par le journal] 

Phosphorus hydroxylapatite (PHA), Ca,,(PB,),- 
(OH),, the principal inorganic constituent of human 
bones and teeth ( I ) ,  undergoes several anionic and 
cationic substitutions, significant among which from 
the point of view of arsenic poisoning (2, 3) being the 
replacement of by A s O , ~ -  resulting in the 
formation of its isomorph, arsenic hydroxylapatite 
(AsHA). I t  1s evident that incomplete progress of 
such a substitution leads to the formation of a series 
of solid solutions of these isomorphs as shown by 
Monte1 and co-workers (4). Since bone processes, 
caicification and resorption, the depositloll and dls- 
solut~on respectively of PMA at the bonelbody-fluid 
interface are controlled by ~ t s  solubli~ty, it was con- 
sidered desirable to ~nvestlgate the pH-dependence 
of solubilities of PHA, AsHA, and a serles of t h e ~ r  
s o l d  solutions over the entire con~pos~t ional  range 
under simulated biological conditions to throw light 
on  the mechanism of arsenic incorporation and its 
likely reversal. The present paper mhich deals with 

of their solid solutions were reported elsewhere (5-lo), par- 
ticular attention being paid to provide evidence for the 
homogeneity of the solid solutions based on the validity of 
Vegard's law. The solubility of each one of the samples was 
determined by analyses of its saturated solution at a few chosen 
pH values in the range 5.0 to 7.6, using suitable buffer com- 
binations ( l o ) ,  the final pH of each system being measured 
using a pH meter (PHM 29, Radiometer, Copenhagen). To 
overcome the complications involved in the microdetermina- 
tion of the products of dissolution of the samples of apatites, 
three different analytical procedures were adopted for the 
analyses of the saturated solutions of (i) PHA, ( i f )  AsHA, and 
(iii) solid solutions of ( i )  and ( i i ) .  While the method adopted 
for ( i )  is the same as that reported ear!ier (1 1, 12), solutions 
of (ii) could be analysed by an extension of method (i) to a coln- 
bination of calcium and arsenic instead of calcium and phos- 
phorus, the only difference being that the reduction of the 
corresponding heteropoly acid to molybdenum blue was by 
heating the solution for about 15 lnin over a water bath since 
the process is considerably slower for arsenic than for phos- 
phorus at ordinary temperatures. 

While saturated solutions of PHA and AsHA could be 
analysed for ca!ciun~ and phosphorus or arsenic as described 
above, con~plicatiolls arose in the case of systems involving the 
solid solutions. Consequent upon the similarity in the be- 
haviour of phosphorus and arsenic towards their s~ect ro-  

such a series of investigations in the ngl range 5.0 photometric determination based on the formation of holyb- 

to 7.6 adopts a ,lew towards ihe eval.~atio,l denuni blue, a combined determination of the two elements in 
the saturated solution of the systems involving the solid solu- of their solubility products from which their free tions of and ASHA was attempted, Concentration of 

energies of solution have been calcuiated. arsenic was then obtained bv subtracting the nhoswhorus con- 
- A =  

tent determined by masking (1 3) of arsenic as mentioned above 
Experimental from the combined value. Such an indirect procedure had to 

7he experiinental details of preparation, characterization, be adopted for the analysis of the systems of the solid solutions 
and determination of of PHA, A ~ H A ,  and a series since alternative techniques were not available for the purpose. 

Results and Discussion 
'Preient address: Chemistry Department. North-Eastern Mill 

University. Shillong. India. The weight percent errors in the quantitative 
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determinations of calciuin, phosphorus, and arsenic 
when present together were found to be +0.6, 
$.1.7, and k 2 . 5  respectively. The details of the 
analytical data of C a Z + ,  PO,,-, and AsOd3-, the 
associated calculations (6) as well as the p H  range 
used, leading to the evaluation of the ionic product, 
Kip (represented as pKip, equal to -log k',,) and the 
free energy of solution, AG,,,,, of each sample have 
been included in the Depository of Unpublished 
~ a t a . ~  From the average pKip values of the samples 
obtained from the analysis of their saturated solu- 
tion, values of AGs,l, were calculated; a consolidated 
account of these two sets of values is given in columns 
3 and 4 respectively of Table 1. The details of the 
theoretical implications involved in considering the 
ionic products of these solutes to be synonymous 
with their corresponding solubility products have 
beell mentioned earlier (14, 15). 

The present investigations could establish that the 
solubilities of PHA, AsHA, and their solid solutions 
increased with increasing hydrogen ion concentra- 
tion of the medium of dissolutioil.' This could be 
justified on the basis of the establishmelit of a series 
of simultaneous equilibria in the saturated solutions 
of these samples and their dependence (15) on the 
H,O+ ion activity of the medium. It may be men- 
tioiled that the set of equilibria operative in the case 
of AsHA is analogous to that of PHA while both sets 
are established in the case of their solid solutions. 

I t  can be concluded from the pFi, vaiues given in 
column 3 of Table 1 that the solubll~ties of the sam- 
ples increased with an  increase in  the proportion of 
AsHA. This could be explained on the basis of the 
higher dissociation constants (6. 10) of H3As0, 
(K, = 4.0 x lo-,, K2 = 1.0 x and K, = 
3.2 x 10-12) over the corresponding values of 
H 3 P 0 4  ( K ,  = 7.51 x K, = 6.33 x and 
K, =, 4.73 x An additional theoretical sub- 
stantiation of this experi~nental finding can be made 
on the basis of alterations in lattice and solvation 
energies of ionic crystals brought about by anionic 
replacemeill, the rest of the ions being left undis- 
turbed. The tetrahedral covalent radius (16) of 
A s O , ~ -  (1.18 A) being higher than that of ~ 8 , ~ -  
(1.10 A) the lattice of AsHA can be supposed to be 
less firmly bound than that of PHA.  Solvation ener- 
gies of the constituent ions of the two lattices being 
nearly the same, loose packing associated with the 
lattice of AsHA can account for its higher solubility. 
That  AsHA is relatively iess stable than PHA is evi- 
dent froin the experimental AG,,,, values given in 

'A complete set of data is available, at  a nominal charge, 
from the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Ont., Canada KIA OS2. 

TABLE 1. Ionic products and free energies of solution of hy- 
droxylapatites of phosphorus and arsenic and their solid 

solutions * 

Sample Molecular formula of the Average AG,,,,, 
Number sample pKi, (kca1,'mol) 

*Details of analytical data of Ca2+, PO4?-, and  AS^,^-, the associated 
calculations as \%ell as the pH ranges used have been included in the 
Depository of Unpublished Data. 

column 4 of Table 1. The reported (17) increase in 
the solubilities of sodium halides in the order NaF, 
NaCI, NaBr. and NaI  may be suggested to justify 
this observation. However, solubilities of R b F  and 
Rbl d o  not follo\v this sequence. It is evident that 
AGsoln depends exclusively on the balance of entropy 
and enthalpy terms and hence the above argument 
does not merit a generalization. 

In  accordance with the earlier observations (15, 
18-21) the analytical data of the saturated solutions 
of the samples could establish stoichiometric dis- 
solution on the basis of the proximity of the Ca/(P or 
As or both) values to the theoretical value of 1.67 
(as indicated by materials in the Depository of 
Unpublished Data). In addition, as is to be expected 
from the variation in lattice energies of the salnples 
with a replacement of P o d 3 -  by A s O , ~ - ,  a fairly 
systematic gradation of AG,,,, values with increase in 
the proportion of PHA could be observed, abse~ice 
of regularity i n  this gradation being attributed to the 
fluctuations in the determination of pKip values 
which arnount to about i 1.5. Since the difTerence 
in the AG,,ln values of the end meinbers (PHA and 
AsHA) is about 20: which is much above the limits 
of fluctuation, the above conclusion can be justified. 
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Thesmochemistsy of kantalaam(V) bromide 
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ALAN D. WESTLAND. Can. J. Chem. 57. 2665 (1979). 
The enthalpy of formation of crystalline TaBr, is found by solution calorimetry to be 

- 142.9 i 0.4 kcal mol-'. Estimates of entropies and heat capacities lead to thermochemical 
quantities for the liquid and gaseous compound as well. 

ALAN D. WESTLAND. Can. J. Chem. 57. 2665 ( 1979). 
On a trouve, par calorimttrie en solution, que I'enthalpie de formation du compost cristallin 

TaBr, est de - 142.9 + 0.4 kcal mol-l .  Des evaluations des entropies et des capacites calori- 
fiques permettent de deduire les quantit6s therrnochiniiques des composts B 1'Cta.t liquide et B 
1'6tat gazeux. 

[Traduit par le journal] 

I n  the course of measuring the bromide ion examine the pentachloride (5) was followed exactly. 
affinity of gaseous TaBr, it was necessary to obtain In following Schiifer and Kahlenberg it was possible 
the standard enthalpy of formation of the compound to verify some of their data for partial processes 
and  this in turn required a knowledge of the enthalpy cornillon to the chloride and bromide thermal cycles 
of formation of the pentabromide. The literature con- and this served to nliilirnize some of the uncertainty 
tains two values which are not in good agreement. associated with solution calorimetry where many 
The present work was undertaken in order to re- terms may have to be added in the cyc!e. 
solve the question. 

Shchukarev et ai. reported a value of - 145.6 + Experimental 
1.0 kcal mol-I for the enthalpy of fornlation of ~cl /o , i ,ueter  

A - 
TaBr, which was based upon measurement of the 
enthalpy of hydrolysis of the compound (1). When 
their value is revised by making use of the most recent 
auxiliary data (2) a value of - 147.0 kcal mol-I is 
obtained. Gross et al. subsequently determined the 
enthalpy of formation by direct combustion and ob- 
tained the value - 142.96 ltcal mol-'  (3). The com- 
bustion measurements carried out on other systems 
by the latter workers have been of generally high 
quality. However, in favour of the Russian work is 
the accuracy of their value of AH: for TaCl, which 
they reported in the same publication ( I )  ar,d which 
was based in part on some of the same data which 
led to the pentabromide value. Moreover, we have 
found that if the combustion of tantalum is momen- 
tarily ineEcient, a refractory tribromide is formed 
which does not subsequently brominate easily to 
TaBr,. McCarley and Boatman reported a similar 
finding (4). Gross et a/. indeed found the reaction 
with bromine to be so sluggish that it was necessary 
to  operate the calorimeter a t  110°C and correct the 
value so obtained to 298 M with the aid of estimated 
heat capacities. 

It was decided to employ an  independent lnethod 
based on the dissolving of TaBr, and tantalum metal 
in aqueous kydroflusric acid. The procedure devised 
by Schafer and Kakienberg and used by them to 

The calorimeter consisted of a Dewar vessel and attach- 
ments which was immersed in a water thermostat maintained 
at 25.00 1 0.05-C. The Dewar volume was 600 cm3. The top 
of the calorimeter had five inlets which contained respectively 
a spiral stirrer, a thermistor, a calibration heater, a sanipie con- 
tainer, and a cooling well. All glass surfaces were coated with 
a wax composed of 9 0 x  paraffin and 10% buty l rubber sealant 
(Lepage's Ltd). 

The thermistor (Sargent-Welch Model S81750-12) was im- 
mersed in oil in a thin-walled well. The thermistor resistance 
was measured by means of a Sargent-Welch  model 81601 
thermometric bridge connected to a Wheelco 1 mV recorder. 
The sensitivity was i 0.001-C. Non-linearity of the thermistor 
was compensated for by calibrating after each run over the 
same temperature interval as in the dissolution process. This 
was achieved by evaporating sn-iall quantities of liquid nitrogen 
in the cooiing well by which means the calorimeter could be 
brought back to its original temperature before the electrical 
heating was begun. 

The heater was a spiral of No. 30 constantan wire which was 
immersed in oil. Its resistance was 4.160 + 0.003 ohms. The 
leads were No. 22 gauge copper wire. Current for the heater 
was drawn from a large 2 V accumulator. The current was 
measured by means of a potentiometer (Derritron Electronics 
Model No. €4224) connected across a 0.2 ohm standard resis- 
tance. 

Solid samples were con:ained in thin-walled q!.lai?z bulbs 
which were crushed on a silver spike mounted in a pias:ic 
housing. The exterior surface of the bulbs was coated with 
wax. A blank experiment showed that the operation of crush- 
ing the bulb generated negligible heat (< 0.2 cal). 

In order to measure the enthalpy of dilution of concentrated 
hydrofluoric acid solutions, the bulb-breaking device was re- 
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placed by a cylindrical silver vessel (2.5 x 1 1  cm)  mounted on 
a Teflon sleeve. The bottom o f  this cup was affixed with wax 
and could be knocked out in order t o  allow the contained 
liquid to  mix with the outer liquid. When  the concentrated 
acid contained platinum, the silver cup was also coated with 
wax. 

Reaction periods lasted no longer than 2 min. Errors in the 
corrections for heat loss or gain during the reaction period 
were estimated to be no greater than 0.1%. The operation o f  
the calorimeter was checked by measuring the heat o f  neu- 
tralization o f  tris(hydroxymethy1)aminomethane ( T H A M )  
( 6 ) .  This indicated that the electrical circuitry and timer were 
correctly calibrated to  i 0.2%. 

Materiirls 
Tirrztalui?~ Per7tabrornicle 
Tantalum foil (99.95%) was supplied by Fansteel Metals, 

Inc. The bromide was prepared by heating the metal in puri- 
fied bromine vapour in a previously evacuated, sealed system. 
The product was handled in a dry nitrogen atmosphere and 
stored in sealed ampoules. Bromine in the samples was deter- 
mined by totally hydrolyzing the compoulld in a closed con- 
tainer with aqueous hydroxide and completing the determina- 
tion by the Volhard method. Anrrl. calcd. for TaBr,: Br 68.83; 
found: Br 68.73. 

Nj~dr.ofllrok Acid 
Two  solutions were prepared from the concentrated acid 

(Analar). The concentrations were established by alkalimetric 
titration o f  weighed portions. A standardized burette was 
employed. (a )  Hydrofluoric acid containing 26.97 + 0.04% 
w / w  H F .  The 40.00 g portions o f  this acid used later contained 
0.5391 mol HF and 1.621 niol H,O. (b)  Hydrofluoric acid con- 

taining 3.47 ? 0.01% w/w HF. A 349.7 g portion o f  this was 
used as a solvent for TaBr,. This portion contained 0.6064 mol 
HF and 18.73 mol H 2 0 .  

Hy&obrornic Acid 
A dilute solution which contained 0.7285 1 0.0003% w/w 

HBr was used as a calorimeter liquid in the study o f  partial 
process [11] (cicle it2fr.a). A 306.9 g portion contained 0.02763 
mol HBr and 16.91 mol H,O. 

H2PtCI,-solution 
A platinum catalyst solution identical t o  that used by Schafer 

and Kahlenberg was prepared (5).  

The Partial Processes 
A thermal cycle analogous t o  that described by Schafer and 

Kahlenberg was employed (5).  The first step o f  this cycle in- 
volves the dissolving o f  tantalum metal in aqueous HF. This 
was done by Schafer and Kahlenberg who employed 1.0 g o f  
6 pm thick foil. In order that the previous authors' value for the 
heat o f  solution o f  tantalum could be used in the present work, 
acids o f  the same concentration were used throughout.' The 
following list o f  partial processes therefore corresponds t o  that 
o f  the German workers. 

Reactions [11] to  [ IV]  were examined experimentally in this 
laboratory. The enthalpy o f  reaction [ I ]  was taken from ref. 5. 
The enthalpies o f  reactions [V]  t o  [VIII] were obtained from 
standard literature sources (2,  7 ) .  

The quantities shown in the following reactions refer to  
1 mol o f  tantalum. The quantities contained in braces denote 
solution co~i~positions in terms o f  moles o f  the solutes and 
the solvent water. The quantities used in the actual calorimeter 
runs are given in the details which follow these equations. 

[I] Ta(c) + {109.7; 0.00165H,PtC16; 331.7H20} 

[II] {TaF,; 104.7HF; 0.0369HC1; 331.7H20} + {S.OOHBr; 3060H20} 

[ I V ]  ',109.7HF + 3390.06H2OI = [109.7HF; 330.06H2O) - 3060H2O ( I )  

AH5 
[ V ]  2.5H2(g) + 2.5Br2(l) + 3060H20(1) = {S.OOHBr; 3060H,O) 

The  sum o f  these partial processes yleids 

Ta(c) 2 5 Br2(1) = 7aBr5(c) 

for w h ~ c h  
8 

AHfg(~aBr,(c)) = AN, 
1 

Process [ I ]  : Dissol~,ing of'Tclntn/uri~ iiz t fydr~fluoric Acid 
Schafer and Kahlenberg ( 5 )  dissolved 1.000 g lantalurn foil 

in a mixture o f  45.00 g hydrofluoric acid (0.6065 mol MF t 

'This was done for economy. A quotation o f  $200 per g for 
10 pin foil led us to  abandon our intention to  repeat the mea- 
surements for the first process. 
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1.824 111ol H 2 0 )  with 0.170 cm3 of IsZPtCl6 solution (34 x 
lo- ,  mol H2PtCI, + 9.05 x nlol H20) .  Their mean 
value was AH, = -99.66 5 0.1 kcal/mol. This value in- 
cludes a correction for the heat of evaporation of the hydro- 
fluoric acid caused by the evolution of hydrogen. The platinum 
catalyzes the reaction. 

Process [ [ I ]  : Dilution of the Tutzml~im Sol~ctioizfiutn 
Proce~s  [ I ]  

I n  the present work, tantalum solutions {TaF,; 104.7HF; 
0.0369HCl: 331.7820) were prepared from 0.1 1nnl thick 
tantalum roil. The dissolving process was too slow with foil of 
this thickness for a calorilnetric study. The metal (0.889 g) was 
dissolved in 40.00 g of 26.97% HF to which was added 0.15 g 
of the H,PtCI,-solution. After the solution had been allowed 
to stand for 2 daysZ it was thoroughly mixed and a 41.04 g 
portion diluted in the calorimeter with 272.8 g of 0.7285z 
hvdrobro~nic acid. The mean of three values of the enthalov of 

A ,  

dilution gave AH2 = -22.7 i 0.2 kcal based on 1.0 mol of 
tantalum. 

Process [I I I]  : Dissolcing of TnntaIlmi( V )  Bvo~nide 
Owing to the extreme moisture sensitivity of TaBr5, the 

product was inevitably hydrolyzed to a slight extent. The 
enthalpies of solution were corrected by dividing by the purity 
where purity = observed % Br,'calculated % Br. This assumes 
that a given quantity of moisture totally hydrolyzes an equiva- 
lent amount of the halide: 

This is perhaps an oversin~plification. 
I t  was not convenient to work with exactly 3.208 g portions 

of TaBr, as indicated by the ideal partial reaction [III]. 
Instead, various quantities were dissolved in 3.472 hydro- 
fluoric acid and the mean value chosen. The data shown in 
Table 1 indicate that enthalpies of solution are independent, 
within experimental error, of the quantity of TaBr, taken; 
thus, the compound behaves in solution as if it were infinitely 
dilute. The results give AH3 = +96.04 1 0.12 kcal mol-'. 

The solution so obtained, when referred to 1 mol of tan- 
talum, must still be mixed with the solution (0.0369HCl; 
0.7H,O) in order for the above reaction to corresoond to nar- 

~ k~ 

tial Godess [III]. This would entail a negligible hdat of mixing 
(< 0.1 kcal). 

Process [ I V ]  : Dilution of Hydrofiuoric Acid 
Portions (40.00 g) of 26.97% hydrofluoric acid were diluted 

with 270.8 g portions of water. The mean of four determina- 
tions gave f 2 7 . 9  + 0.2 kcal. This is 0.1 kcal less than the 
value reported by Schafer and Kahlenberg. A possible reason 
for this difference may be the presence of silica in the acid used 
in :he former work. It was common for acid to contain silica. 
The acid used in the present study was reported by the manu- 
facturer to contain 0.1% SiF,. In any case, the error would 
appear also in AHz with a reversed sign. Thus AH, + AH, = 
5.2 kcal in both the present and the former work of Schafer 
and Kahlenberg. 

Process [ V ] :  Etrtkalpy qfforrrintioil of Hj~drobrornic Acid 
Interpolation of the literature data (2) gives AH, = - 144.68 

kcal. The preamble to ref. 2 suggests that the uncertainty in 
this figure is no greater than i 0 . 1 0  kcal. 

'Although Schafer and Kahlenberg report that foil of 6 W r n  
thickness dissolved rapidly to form Ta(V), we found that the 
thicker metal led to the formation of brown-yellow solutions 
which became colourless only after several hours. Schafer and 
Kahlenberg observed such an effect with niobium (8). The 
coloured species Mas believed to be metal in the 3 + oxidation 
state. 

TABLE 1. Enthalpy of solution of TaBr, 

Sample weight (g) - A H  (kcal mol- ') 

0.6480 96.22 
1 ,0244 96.06 
1 ,2059 96.03 
1.3128 95.88 
2.5335 96.01 

Mean 96.04 + 0.12 

TABLE 2. Enthalpies of partial 
processes 

Enthalpy Value 

Process [ VI]  : Reduction ofrhe H,PtCI,-soh~fion 
The literature data yield the value AH, = -0.43 + 0.02 

kcal (2). 
Process [ VII] : Etzthnlpy of Dilution 
We neglect the small W2PtCl, content. The enthalpy of 

dilution of the hydrofluoric acid is then AN,  = -0.23 kcal(2). 
Process [VII I]  : Enrhalpy of ~ ix . ing  
The literature does not contain data for the mixing of hydro- 

chloric and hydrofluoric acids. However, Schafer and Kahlen- 
berg (5) have bracketed the value and find AH, < 0.1 kcal. 

The partial process enthalpies are summarized in Table 2. 
The sun1 of the partial enthalpies gives: 

It is possible to estimate the quantities shown in Table 3. 
Estimates of entropies and heat capacities were based on 

data for similar reference con~pounds which are available in 
standard compilations (2, 6). The heat capacities were derived 
from ZrBr,(c) and TiBr,(g) by an application of Kopp's Law. 
The halogen contribution was obtained by subtracting the 
heat capacities of the metals at  298 K. The heat capacity of 
tantalum metal was then added to the halogen contribution 
extrapolated to five atoms of bromine. 

The entropies of crystalline compounds likewise obey an 
additivity law which is a corollary of Kopp's Law. The related 
con~pounds TaCI,, UCI,, UCI,, UBr,, and ThBr, permit us to 
infer the standard entropies of TaBr5 by making use of the 
following approximate principles: (i) The contribution of the 
halogen in a pentahalide is taken to be 5 4 that for a tetra- 
halide. (ii) Given the value of S2,,o for a chloride, the irlcre- 
ment in entropy which would result by replacing Cl by Br is 
the same in all analogous compounds, e.g. in UCI, and UBr,. 

The heat of fusion, 10.9 kcal mol-' (9, lo), affcrds the value 
of Afro for the liquid. Two sets of workers have measured the 
sublimation pressures of TaBr5(c) over a range of temperature 
extending from 453 to 540 K (10, 11). These data lead to en- 
thaipies of sublimation of 25.8 and 25.8 kcal mol-' respec- 
tively. We estimate from the heat capacities given in Table 3 a 
correction of + 1.3 kcal mol-' in converting from 498 K to 
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TABLE 3. Ther~llochemical data for TaBr, at 298 K 

State AHfO (kcal mol-') So (eu) AGfO (kcal mol-') CD 
-- 

Crystalline - 1 4 2 . 9 k 0 . 4  67+2  - 133 29+19x I O - ~ T  
Liquid -132.0+0.4  
Gaseous -116.0+0.6  115F3  - 120 31-2x 1 0 5 ~ - Z  

298 K. We thus propose AH(subi. 298 K) = 26.9 kcal mol-'. 
From the same vapour pressure data we obtain AS(sub1. 
498 K) = 44.0 caI deg-' mol-'. The heat capacity correction 
( f 3 . 5  cal deg-' mol-l) therefore gives AS(sub1. 298 K)  = 
43.5 cal deg-' mol-I. 

The empirical formula of Geiseler (12) gives the value 
S0(TaBr5(g) 298 K) = 116.9 cai deg-' mol-' which agrees 
well with the estimate recorded in Table 3. 

Hill, Worsley, and Hepler have provided estimates of en- 
tropies which are very close to ours (13). 
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Photochemical ring expansion of a bridged cyclobutanone. Crystal and molecular 
structure of the photoproduct acetal 

Received December 8. 1978 

TREVOR J. GREENHOUGH, JOHN R. SCHEFFER, JAMES TROTTER, and LEUEEN WALSH. Can. 3. 
Chem. 57. ?669(1979). 

The photochemistry of the bridged cyclobutanone system 1,3,4,6,8,9-hexamethyltricyclo- 
[4.4.0.03~'0]decane-2,5-dione has been studied. Irradiation in methanol leads to a sing!e ring- 
expanded cyclic acetal whose structure was determined by X-ray crystallography. The reaction 
represents the first example of oxacarbene formation in a bridged cyclobutanone. Rationaliza- 
tion of the observed regioselectivity on the basis of alkyl substitution effects on radical stability 
following r-cleavage is inappropriate since the starting cyclobutanone bears equal a and a' 
substitution. An alternative explanation involving alkyl radical angle strain and hypercon- 
jugation effects is advanced. 

TREVOR J. GREE~HOUGH, JOHN R. SCHEFFER, JAMES TROTTER et LEUEEN WALSH. Can. J. 
Chem. 57.2669 ( 1979). 

On a etudie la photochimie du systeme cyclobutanone pontt hexanethyl-1,3,4,6,8,9 tri- 
cycI0[4.4.0.0~,'~] decanedione-2,5. L'irradiation dans le methanol conduit a la formation 
d'un seul acetal cyclique, resultant d'une extention de cycle dont la structure a ete determinee 
par diffraction des rayons-X. Cette rtaction correspond au premier exemple de formation 
du oxacarbene dans une cyclobutanone pontee. I1 ne serait pas approprit de rationaliser la 
regioselectivite observee en utilisant les effets de substitution alkyle sur la stabilite des radicaux 
provenant d9un clivage a puisque les substituants en a et en a' de la cyclobutanone de depart 
sont semblables. On propose une autre explication impliquant la tension angulaire alkyl- 
radical et des effets d'hyperconjugaison. 

[Traduit par le journal] 

Hratrsductiorm other hand (and consistent with a concerted process), 
The photoche~nistry of cyclobutai~ones is a sub- oxacarbene formation is generally found to be stereo- 

ject of continuing interest and investigation (1-3). specific (1-3), the reaction proceeding with retention 
For nionocyclic or fused bicyclic cyclobutanones, of co~ifiguration a t  the cyclobutanone a-carbon 
three major photochemical pathways have been atom. To  accominodate these and other experi- 
identified, (a )  reverse 2 + 2 fragmentation (cyclo- rnental observations, Raortori and Turro (1) liave 
elimination) to yield ketenes and olefins, (b)  de- suggested a "biradical-like" transition state (and not 
carbonylation, and (c) ring expansion via oxacar- a freely rotating acyl-alkyl biradical) as the direct 
benes to afford (in alcoholic solvents) cyclic acetais. precursor of the oxacarbene species. 

This latter process is favored by increasing alkyl Perusal of the literature reveals that oxacarbene 
substitution a t  the a-carbon atoms of the four formation has never been observed for cyclobutanone 
membered ring as well as by substituents (e.g., P- 
cyclopropyl) which increase the cyclobutanone 
internal angle strain. Also effective in directing 
reaction toward this pathway are cyclobutanone 
substituents which electronically stabilize the product 
oxacarbene, for example a-ethylenic and u-cyclo- 
propyl moieties. 

Both biradicai (initial alkyl-acyl cleavage) and 
concerted mechanisms have been considered in 
oxacarbene formation owing to the fact that the 
reaction exhibits features characteristic of each. For 
example, oxacarbene formation is regiospecific, the 
major product generally (but not always (4)) being 
explicable in terms of formation s f  the more stable 
of the two possible biradical intermediates. On the 

systems which are bridged across positions 2 and 4. 
Of the few substrates of this type which have been 
irradiated, one undergoes decarbonylation (ref. 5 ,  
as quoted in ref. 1, footnote 891, one takes part in 
unsaturated aldehyde formation (6 ) ,  and the others 
(which are bridged e,-{-unsaturated cyclobutanonesj 
either rearrange via 1,3-acy! shifts (71, decarbonylate 
(901, or  undergo cyclo-elimination (81, The source of 
this avoidance of oxacarbene formation is not ap- 
parent, and in order to  clarify the situation, we havc 
undertaken a study of the photoche~nistry of the 
bridged cyclobutanone 1,3,4,6,8,9-hexamethy1tric>i- 
ci0[4.4.0.0~.~~]decane-2,5-dione (I, Scheme 1). The 
present paper describes the high yield formation of 
an  oxacarbene-derived product from irradiatior: of 1 

oons-4042179i i 9 ~ ~ - O R S O !  .OOIO 
,91979 National Research Council of Canada/Conseil national de recherche\ du Canada 
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in methanol and summarizes the elucidation of the 
photoproduct structure via X-ray crystallography. 

Results 
Cyclobutanones having the basic tricyclo- 

[4.4.0.03,10]decane-2,5-dione structure of 1 are 
readily available through irradiation (3, > 340 nm) 
of Diels-Alder adducts between duroquinone and 
acyclic 1,3-dienes (9); the substrate 1 is derived from 
the 2,3-dimethylbutadiene-duroquinone adduct (9u). 
Photolysis of cyclobutanone 1 (uv n -t n*h,,l,,MeOH 
300 nm, E 66) in methanol solvent through Pyrex 
rapidly and cleanly afforded a single inajor photo- 
product in 70-80% yield. More than a dozen minor 
photoproducts could be detected by flame ionization 
glc but were present in amounts too sinall to perinit 
isolation. 

The photoproduct is isolated as a colorless solid, 
111p 49.5-51.5'C, ir, (KBr) 5.89 (C=O) p; nmr 
(270 MHz, CDC1,) 6 1.03 (d, 3H, J = 7 Hz), 1.05 
(s, 3H), 1.36 (s, 3H), 0.92 (s, 3H), 1.64 (broad s, 3H), 
1.79 (broad s, 3H), 2.12 and 1.69 (calculated) (AB 
q, J = 18.5 Hz), 2.41 (q, 1H, J = 7 Hz), 2.44 (s, lH), 
3.32 (s, 3M), and 4.40 (s, 1 PI); mass spectrum parent 
(70 eV) m/e 278. 

These data clearly indicate that the photoproduct 
has an oxacarbene-derived cyclic acetal structure. 
They do not, however, allow one to distinguish 
between the structure 2 and its "opposite" in which 
the cyclic ether oxygen atom and the methoxyl 
bearing carbon atom are interchanged. In addition 
the data do not permit a definitive assignment of the 
stereochemistry at the methoxyl bearing carbon. For 
these reasons a direct method X-ray crystal structure 
investigation was undertaken. The results of this 
study, the details of which are given below, un- 
equivocally identify 2 as the structure of the major 
photoproduct. 

X-ray Crystal Slruchre Determination 
Crystallizat~on of the photoproduct 2 from hexane 

afforded %ell-formed colorless plates suitable for 
X-ray examination. Initial unit cell parameters and 
the space group were established from a series of 
precession photographs. A crystal of dimensions ca. 
0.18 x 0.18 x 0.09 mm was mounted with the 
normal to (101) approximately parallel to the + axis 

of the goniometer. Accurate unit-cell dimensions 
\+ere obtained by a least-squares analysis of the 
setting angles of 25 reflections (60 < 20 4 SO-) auto- 
matically located and centered in the counter of an 
Enraf Nonius CAD-4F diffractometer using Ni 
filtered CuK, radiation. 

Crystal data for lc(,4,5c(,7~,9,lO-hexamethyl-2P- 
inethoxy-3-oxatricyclo [5.4.0.04.11]undec-9-ene-6-one 
(2) : 

C ~ , H 2 6 Q 3  fw = 278.4 
Monoclinic, a = 13.9190(8), b = 8.5880(12), c = 
13.6506(7) A, j3 = 105.02(1)", V = 1576.0(1) A3, 
Z = 4, p, = 1.173 g F(000) = 608 (22'C, 
CUM,, h = 1.5418 A, p = 5.9 cm-I). Absent re- 
flections: OkO, k # 2n, and h01, 1 # 2r1, space group 
P2,/c (Ci,, No. 14). 

Dnffractometer data provided a total of 3252 in- 
dependent reflections out to 20,,, = 150' uslng an 
0-20 scan with variable scan w ~ d t h  and scan speed 
The o scan angle \\as set to (1 .10 + 0.5 tan 0)', the 
midpoint being calculated using the average uave- 
length (Ax, + 3,z2)/2, with a 25% extension each side 
for background determlnat~on. The scan speed for 
each ieflection 1% as deterinlned by a prescan using a 
speed of 20.01 161NPIPRE deg'min mill1 NPIPRE set 
to 2. This prescail gives I,,, = INT - 2JBGL + 
BCR) and o(In,,) = (INT + 4(BGL + SGIR))' 
where I N T  is the scan total and BGL and BGR are 
the left and right background count totals For re- 
flections giving more than 30 000 countsls the re- 
flected beam was attenuated (factor 26 92) and the 
scan repeated at the same speed: for all other re- 
flectlons the final scan speed \+as determined by 
SIGPRE, SIGMA, and ITMAX. SIGPRE, the 
prescan acceptance parameter, mas set to 0 5 so 
that  reflection^ glving o(Jn,,)/In,, > 0 5 mere con- 
srdered unobserved: SIGMA mas set to 0 05 leading 
to acceptance of the prescan data when o(In,,) I,,, 
0 05. All other reflections were rescanned at speeds 
determined by these parameters and ITMAX, the 
maxi~num scan time mhich was set to 120 s. The final 
scan speed of 20 0116PdPI \\as determined from 
NPa = MPIPRE((G(I~,,)II,~,,)~SIGMA)~ NPI,,, 
calculated from NPI,,, = TTMAX13(SCAN 
ANGLE) Thus, usmg the prescan information, re- 
flections more than 200 above background were col- 
lected at  2"/m1n, very strong 1ntens:ties being at- 
tenuated, those less than 2 e  above background \\ere 
considered unobserved, and those in betneen were 
collected at  speeds inversely proportional to the 
relative o(l) /b dovn to a minimum of NPI = 23 or 
0.91"lrnin The intens~bes of three check reflections 
remained constant to within f 397, throughout the 
data collection, and leorlentation, set to take place 
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when a deviation of 0.05" or more from the cal- 
culated position of the scattering vectors of any of 
three orientation control reflections occurred, was 
not required. 

Lorentz and polarization correctiolls were applied 
in the usual manner along with check reflection 
scaling, and the derived structure amplitudes were 
corrected for absorption by the Gaussian integration 
method using the program BTCABS, which gave 
maximum and rniniinuni transmission factors for the 
correction of F2 of 0.9088 (15,2,4) and 0.8048 
(O,T,R). Of the 3252 reflections measured, 1305 had 
I < 3o(l)  where o Z ( I )  = S + B + (0.07S)2 with S = 

scan count and B the time averaged backrouild 
count. 

Stkuctanre Analysis 

The structure Lvas solved by direct methods. A 
total of 449 /El-values greater than. 1.5 was used to 
determine eight sets of signs by Sayre relationships 
in an iterative procedure (10). One set of signs was 
outstanding with a consistency index of 0.77, and an 
E map computed from the 216 positive and 233 
negative values of E in this set contained twenty 
large peaks which accounted for the noii-hydrogen 
atoms. Three cycles of isotropic followed by three 
cycles of anisotropic fuil-matrix least-squares re- 
finement of the C and 0 atoms gave R = 0.10 using 
unit weights, and a subsequent diFkrence-Fourier 
synthesis allowed 19 of the 26 hydrogen atoms to be 
located. After further refinement including the 
hydrogen positional parameters, R was 0.067 and the 
outstanding hydrogen atoms were located from a 
diKerence-Fourier synthesis. The final cycles of 
least-squares refinement included the isotropic ther- 
mal parameters of the hydrogen atoms and an iso- 
tropic extinction parameter g (1 1) and gave the final 
R-index of 0.043 for 1943 observed reflections. The 
functioi~ minimized was C w(IF,I - IF,l)2 where Fc 
is extinction corrected. The chosen weights were 
1 / 0 2 ( ~ )  and weighting analyses confirmed their 
suitabi!ity, the final value of R,, = [C w(/F,l - 
lF,l)"Z being 0.058 and the standard de- 
viation of an observation of unit weight (0,) 1.04. A 
difference-Fourier synthesis calculated after the final 
cycle of refinement showed i-ilaxiinum fluctuations of 
i 0 . 2 5  e/A3, the greatest paraiixter shift being 
0.1760 and the average 0 . 0 0 8 ~  on the final cycle. 
Atomic scattering factors for C and 0 were taken 
from ref. 12 and those for H from ref. 13. The final 
positional and thermal parameters are given in 
Tables 1 and 2l respectively. Measured and cal- 

'The structure factor table and Tables 2 and 3 (thermal 
parameters) are available, at  a nominal charge, from the 
Depository of Unpublished Data, CISTI, National Research 
Council 3f Canada, Ottawa, Ont., Canada KIA OS2. 

TABLE 1. F ~ n a l  positional parameters (fractional x lo4, 
H x lo3) ~ i t h  estimated standard de\iations in parentheses 

Atorn Y Y 7 

C(1) 2117( 1) 3683( 2) 520( 1) 
C(2) 2987( 2) 4662( 3) 366( 1) 
0 0 )  3852( 1) 3758( 2) 733( 1) 
C(4) 3592( 2) 2187( 2) 979( 1) 
(35) 3689( 2) 2174( 3) 2132( 1) 
(36) 3083( 2) 3527( 3) 2360( 1) 
c(7) 2053( 1) 3825( 2) 1641( 1) 
c(8) 1353( 2) 2542( 3) 1853( 2) 
c(9) 1374( 2) 985( 3) 1358( 2) 
(310) 1903( 2) 744( 3) 687( 2) 
C i i l )  2492( 1) 2049( 2) 3S4( 1) 
C(21) 3565( 3) 6007( 4) -879( 2) 
O(21) 2837( 1) 497 1 ( 2) - 679( 1) 
c(41) 4279( 2) 1061( 3) 657( 2) 
(751) 4758( 2) 2215( 4) 2787( 2) 
O(61) 3398( 1) 4373( 2) 3084( 1) 
c(71) 1670( 2) 5408( 3) 1886( 2) 
c(91) 767( 3) - 247( 5) 1705( 3) 
C(!01) 1950( 3) - 805( 4) 178( 3) 
C(110) 1 129( 2) 4063( 3) - 239( 2) 
n-i(z) 30% 1) 569( 2) 71( 1) 
H(5) 338( 2) 130( 3) 229( 2) 
H(81) 64( 2) 296( 3) 167( 2) 
H(82) 150( 2) 234( 3) 257( 2) 
H(11) 251( 2) 190( 3) -31( 2) 
H(211) 327( 3) 630( 4) - 161( 3) 
H(212) 370( 3) 697( 5) -46( 3) 
H(213) 579( 3) 454( 4) 74( 3) 
H(411) 495( 2) 127( 3) 94( 2) 
H(412) 4i2( 2) 105( 3) - 10( 2) 
H(413) 414( 2) - I (  4) 84( 2) 
H(511) 514( 2) 123( 4) 273( 2) 
H(5 12) 476( 2) 233( 3) 351( 3) 
H(513) 510( 3) 307( 4) 261( 3) 
H(711) 97( 2 )  564( 4) 149( 2) 
H(712) 163( 2) 544( 3) 261( 2) 
H(713j 215( 2) 624( 3) 186( 2) 
H(911) 55( 3) - 105( 5) 125( 3) 
H(912) 20( 3) 15( 5) 174( 3) 
H(913) 118( 4) - 76( 6) 224( 4) 
H(101) 142( 3) - 157( 5) 13( 3) 
H(102) 255( 4) - 152( 6) 58( 4) 
H(103) 216( 3) - 72( 5) -37( 3) 
H(111) 95( 2) 523( 3) -28( 2) 
H(112) 56( 2) 348( 4) - lo(  2) 
H(i 13) 114( 2) 375( 4) -95( 2) 

culated structure factors have been p!aced in the De- 
pository of Unpublished Data.' 

Thermal Motion Analysis and Molecanla Geomeky 
Correction 

The thermal motloll of the molecule was analyzed 
In terms of ngrd-body translat~on (79, libratlon (b), 
and serest motion (3) (14) uslng the computer pro- 
gram RlGBDB Dlf i rent  sets of atoms contr~buting 
to  the assumed r ig~d  body were ~nspected, omlteing 
hydrogen atoms Approximating the whole molecule 
to a ngid-body gave rms AU,,  = 0 0040 A2 com- 
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C A Y .  J .  CHt:ILl. V O L  57. 197'1 

TABLE 4. Bond lengths (A) with estimated standard deviations in parentheses 

(a) Nonhydrogen atoms 

Length Length 

Bond Uncorrected Corrected Bond Uncorrected Corrected 

(b) Bonds involving hydrogen atoms 

Bond Length Bond Length 

pared to the rms deviation in Uij of 0.0012 A2. The 
agreement between observed and calculated Uij for 
this model \\.as particularly poor for C(101) and 
8(61), and omitting these atoms from the model 
gave rms nuij = 0.0026 A', indicating a reasonable 
rigid body approximation. The ai~alysis results are 
given in Table 3.' T is roughly isotropic and the 
principal axes of k are oriented 4" from the C(5)- 
C(2) vector ( E , ) ,  14" from O(3)-O(61) ( E , )  and 16" 
from O(3)-C(1) (L,). 

Bond distances corrected for libration (15) using 
shape parameters q 2  of 0.08 for all atoms are in- 
cluded in Table 4 along with the uncorrected dis- 
tances. The libration corrections are all less than 
twice the esd of the uncorrected bond length and 
bond distances referred to in the discussion are the 
uncorrected values. 

Discussion of the X-ray Crystal Stsuetwe 

Figure 1 shows a stereos-,opic vlew of the molecule 
and the atomic nulnberrng scheme. Bond lengt!~s and 
arigles are given in Tables 4 and 5. Selected dlhedral 
angles are given in Table 6. The structure analysis 

shows that the major photoproduct has the tricyclic 
acetal structure 2 (Scheme 1). 

The six-membered ring containing the carbonyl 
group is in the chair conformation with C(l), C(4), 
C(5), and C(7) in plane and C(6) and C(11) displaced 
above and below the plane by 0.51 and 0.89 A, 
respectively. The carbonyl group is slightly non- 
planar, u.ith O(61) displaced by 0.012 A (60) from 
the C(5) to C(7) plane. The methyl group C(51) is 
in the equatorial configuratio~~ with respect to this 
ring, consistent ~5.itl1 maximizing intramolecular con- 
tact distances in this molecular conformation. 

The other six-membered ring, C(1) and C(7) to 
C(li), is in a half-chair conformation with C(8) to 
C(11) in plane and C(1) and C(7) on opposite sides 
~f the plane displaced by 0.59 and 0.17 A, respec- 
tively. The torsion about the C(9)=C(10) double 
bond is 1.1(2)'. The five-membered ring is in a 
slightly twisted envelope confor~nation (see Table 6) 
with C(1l) displaced by 0.65 A from the mean plane 
of C(1), C(21, 0(3), C(4?. 

The bond lengths generally agree well with ex- 
pected values, with mean C(sy3)-C(sp3) 1.533 and 
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FIG. I .  Stereoscopic view of photoprod~~ct 2.  The methyl hydrogen atoms have been onlitted for clarity. 

TABLE 5.  Bond angles (deg) with esti- 
mated standard deviations in paren- 

theses (nonhydrogen atoms) 

Bonds 

C(2)-C(1) -C(7) 
C(2)-C(1) -C(ll) 
C(2)-C(1) -C(llO) 
C(7)-C(1) -C(ll) 
C(7)-C(1) -C(llO) 

C(l1)-C(1) -C(110) 
C(1)-C(2) --O(3) 
C(1)-C(2) -O(21) 
O(3)-C(2) -0(21) 
C(2)-O(3) -C(4) 
O(3)-C(4) -C(5) 
O(3)-C(4) -C(ll) 

Angie 

109.9(2) 
100.4(1) 
113.2(2) 
107.4(2) 
112.2(2) 
i13.0(2) 
106.3(2) 
109.1(2) 
110.7(2) 
110.6(1) 
106.2(2) 
102.8(2) 

TABLE 6. Intraannular dihedral angles (deg) 

Ring Angle Ring Angle 

mean C(sp2)-C(sp3) 1.509 A compared to normal 
values of 1.534 (16) and 1.510 A (17), respectively; 
C=C is 1.332(3), C=O 1.213(3), and mean C-H 
0.98 A. The lengthening of the C(I)-C(7J distance, 
I.560(3) A, is possibly due to the intramolecular 
crowding (see Table 7); the bond lengths and angles 
in generai do not indicate a large alnount of strain 
in the molecule. The C(sp3)-0 bond distances 
average 1.42'7 nith C(21)-O(21) as expected at 
1.427(3) A (17) and C(4)-0(3), O(3)-C(2), and 
C(2)--0(21) at 1.458(3), 1.41 1(2), and 1.412(2) A, 
differing by +0.031, - 0,016, and - 0.01 5 from 
the mean value. It  is interesting that the variations 
in the C-0 bond distances are similar to those 
observed in the methyl aceeal groups of methyl a- 
pyrar~oses suc11 as methyl r-D-galactopyranoside 
monohydrate and methyl cc-D-altopyranoside (IS), 
where the bond distances comparable to C(4)-0(3), 
0(3)-C(2), and C(2)-0(21) are 1.439, 1.418, 1.405 
and 1.440, 1.4 16, 1.405 A respectively. A shortening 
of -0.016 for the two C-O bonds associated 
with the anonleric carbon in methy! cc-pyranoses has 
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TABLE 7. Selected intra- and intermolecular* contacts 

Intramolecular lntermoiecular 

Distance (A) 

2.365(3) 
2.357(2) 
2.400(2) 
2.344(3) 
2.321(2) 
2.349(3) 
2.477(3) 
2.487(3) 
2.533(3) 
1 .97(2) 
1 .97(2) 
1 .94(2) 

Atoms Distance (A) 

C(41)-O(61)' 3.427(3) 
O(61)-H(41 2.85(3) 
C(110)-H(71 1j3  2.99(3) 
H(113)-H(82)' 2.39(5) 
~ ( 1 0 2 )  -H(Z)~ 2.50(5) 

*X-X c 3.5 A,  X-H c 3.0 A, H-H c 2.5 A (X = C,  0). Superscripts refer to atoms at positions 
1-x ,  - y ,  - z  - 1;21 - x, 112 + y ,  112 - z ;3-x ,  1 - y ,  s ; " x ,  112 - y , z  -- 112;5.T,y - 1 ,z .  

been predicted (1 9). I11 the 8-pyranoses the predicted 
shortening is -0.009 (in ring) and -0.041 A 
(equatorial ano~neric C--O), in general agreement 
with observecl values such as those in methyl P- 
cellobioside-methanol (20). In  the oxolane ring, 
described as intermediate betlveen envelope and 
twist, of the tricyclic photoproduct C l j H Z 4 o 3  (21) 
the torsion angles and C-0 bond distances are 
sinlilar to those found here, with the equivalents of 
C(4)-0(3), O(3)-C(2), C(2:-0(21), and O(21)- 
C(21) at  1.435(4), 1.417(5), 1.403(6), and 1.430(5) A. 
The fact that C(4)-O(3) here (1.458(3) A) is signifi- 
cantly longer than those compared above may be due 
to  the same intra~nolecular steric effects which give 
the C(1)-C(7) distance of 1.560(3) (see Table 7). 

The C(1)-C(2)-O(21)-C(21) torsion angle is 
174.1" with C(21) fruns to C(1) corresponding to  the 
preferred orientation in methyl glycosides (18) and 
to that predicted for this group in the 2-alkoxy- 
hydropyrans (22). The bond angles a t  C(1), C(11), 
and C(4) within the five-membered ring are all well 
below tetrahedral values a t  100.4(1), 101.0(2), and 
102.8(2)', respectively. Selected intermolecular con- 
tact distances, which correspond to van der Waals 
interactions, and intra~nolecular non-bonded dis- 
tances are given in Table 7. 

Dissanssion of the Photochemical Resolts 

The present photochemical results indicate that 
there is no  inherent difference in photochen~ical 
reactivity between bridged cyclobutanones and their 
fused or monocyclic counterparts and that all can 
take part in oxacarbene formation. The observation 
of a single ring-expanded cyclic acetal in the case of 
cyclobutanone 1 is, however, intriguing and worthy 
of further comment. 

There are a t  least three possible explanations for 

the preference for formation of cyclic acetal 2 rather 
than its regioisomer 7 (Scheme 2). In  order to discuss 
these possibilities me adopt Morton and Turro's (1) 
notion of an  acyI-alkyl biradical-like transition state 
(3 and 5) as leading to the two possible intermediate 
oxacarbenes 4 and 6 respectively. ( A )  We first con- 
sider the possibility that the relative anlounts of 2 
and 7 could be governed by the rates of reaction of 
methanol with oxacarbene intermediates 4 and 4 
respectiveiy. This explanation appears unlikely, how- 
ever, in view of the close structural similarities be- 
tween these latter two species. ( B )  Secondly, the 
possibility exists that oxacarbene intermediate 6 
could be reverting to 1 faster than the analogous 
return of oxacarbene 4 to 1. While we cannot at  
present rigorously rule this possibility out, we deem 
it unlikely since there is good reason to believe 
(rich infru) that the forward process 1 + 3 -t 4 is as- 
sociated with a lower activation energy than the 
1 + 5 + 6 sequence. Microscopic reversibility plus 
the realization that 4 and 6 should have very nearly 
equal energies thus renders explanation (B) im- 
probable. (C) It  thus appears most likely that the 
relative amounts of final products 2 and 7 are con- 
trolled by the re!ative rates of rearrangement of 
photoexcited 1 to oxacarbenes 4 and 6, i.e., by the 
relative energetics of biradicaloid tralisition states 
3 and 5 respectively. 

I t  shouid be noted at  the outset that the standard 
explanation of preferential c/.-cleavage of the more 
highly substituted acyl-alkyl carbon-carbon bond 
does not suffice in the case of cyclobutanone 1: both 
carbon atoms CA. to the four-membered ring carbonyl 
group of B are equally substituted with t\170 ring 
residues and one methyl group. However, one 
obvious diEerence between biradicaloids 3 and 5 
involves the location of the alkyl radical portion in 
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each. In 5 it is situated on the one-carbon bridge of a 
bicyclo[3.3.l]nonyl system whereas in species 3 the 
developing p-orbital is located on one of the three- 
carbon bridges. We suggest that one significant factor 
involved in favoring transition state 3 over transition 
state 5 concerns the angle strain experiei~ced by the 
incipient alkyl radical centers in each. While the 
requirement for trigonal, planar geometry is less 
stringent for free radicals as compared to carboca- 
tions, it does seem reasonable to suggest that 3 will 
be able to approach this favorable arrangement more 
easily than 5. This idea is borne out by X-ray crystal 
structure data on bicyclo[3.3.l]nonyl systems. A 
good example is provided by diketone 8 (23) (Scheme 
2) in which the C(1)-C(9)-C(5) angle (1 12.5", 
model for transition state 5) is considerably dis- 
torted from the ideal of 120- reiative to the C(1)- 
C(2)-C(3) angle (1 16.7', model for transition state 
3). Analogous effects are presumably involved in the 
preference for oxacarbene formation via cleavage of 

bond (a)  rather than bond (b) in the photolysis of 
ketone 9 (24) (Scheme 2). 

A second important factor which favors transition 
state 3 over transition state 5 involves the extra 
stabilization afforded 3 by hypercoiljugation of the 
alkyl radical center with its adjacent no11-1i1ethyl P- 
hydrogen atom. Such delocalization is of course not 
possible in biradicaloid 5 due to the bridgehead 
nature of the relevant P-hydrogen atom involved. 
The existence of radical hyperconjugatio~~ is clearly 
indicated by esr measurements on alkyl radicals 
bearing P-hydrogen atoms which show large P- 
hyperfine coupling constants (25). 

One final point concerns the stereoselectivity of 
the reaction of methanol with the intermediate 
oxacarbene 4. It could be argued that such stereo- 
selectivity indicates approach of inethanol from the 
exo face with concerted insertion of the carbene into 
the oxygen-hydrogen bond. Such an interpretation, 
while speculative, is in accord with (a) the preferred 
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direction of of most reagents to the bi- 4. R .  D. M ~ L L ~ R  and '/. Y .  A B R ~ I - ~ > s .  J .  .Am. Chem. SOC. 94. 
663 (1972). cycIo[2.2.1] system (incorporated in the oxacarbene 5 ,  H ,  H A K  I ,  Unpublished re,ults, 

portion of 4) aild (b)  the singlet llature of the photo- 6. J .  D o y ~ ~ t .  Ph.D. Thesis. Oxfo1-d Univei-sit).. 1970. ref. 125. 
chemical oxacarbene-forming reactions of cyclo- 7.  ((0 W. F. ERb1,ix. J .  Am. Chem. Soc. 89. 3828 (1967): (h )  
butanones (1, 3). 

Experimental 
Pliotoljsis of Cj~clobntanone I 

Cyclob~~tanone  1 mas prepared as described in ref. 9a, uv 
n -t nVhmaXMeoH 300 nm, E 66. A solution of 101 mg of 1 in 
170 m L  of methanol containing 1.4 g of sodium carbonate (to 
avoid acid-catalyzed reactions) \+as irradiated through Pyrex 
using a 450 W ~nediuiil pressure mercury lamp and  immersion 
well apparatus. The reaction was monitored by glc (5 ft x 
1,8 in. stainless steel coluinn packed xvith 5% OV-17 on 
80,100 Chromosorb W, column temperature 175'C) which 
showed the buildup of one major photoproduct and at  least 
a dozen minor products. After 10.7 h of photolysis the mixture 
collsisted of 53% of photoproduct 2 and 25% of starting 
rnaterial 1:  none of the other photoproducts mas present in 
aniounts greater than 7% (product percentages are estimated 
without use of internal standards and  are approximate only). 
Cyclic acetal 2 \\as isolated by preparati5e glc (5 ft x l i 4  in. 
stainless steel column packed with 5% OV-17 o n  80,100 Vara- 
port 30 operating at  160-C) and exhibited the physica! and 
spectroscopic data outlined in the text. Large clear single 
crystals were gro\Tn from concentrated hexane solutions. 
Anal. calcd. for C1,H2,03:  C 73.35, H 9.41; found:  C 73.29, 
H 9.56. 

W.  F. E R ~ ~ A \  iind H. C.  K R n s c H h i \ ~ .  J .  Am. Chcm. Soc. 
89.3842 (1967). 
J .  5 .  HLRST and G .  H .  t t ' r i ~ r n r \ ~ .  J. Chem. Soc. 2864 
( 1964). 
(1i)J .  R.  SCHEFFFK. K .  S .  B H ~ N D I R I .  R .  E.  GIYLLK. and 
R .  ,A. U ' ~ S ~ R A D O \ \ S K I .  J .  Am. Chem. Soc. 97.2178(1975): 
( h )  J .  K. SCHFFFLR.  B. M .  J t \ h ~ \ c , s .  and J .  P. Lou\vr -  
R L ~ S .  3 .  Am. Cheni. Soc. 98.7040 (1976). 
K .  E .  120\cJ. Ph.D. 'Thesis. Univri-sity of California at Los 
Angeles. Lo\ .Angeles. CA. 1965. 
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(1968). 
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2678 C 4 K .  .I. CHEhl VOL. 57. 1979 

TABLE 1 S~~nilllary of interpolated rate constants (k  In s I ) ,  values of 6,, Ra, and (6 Ra), recalculated foi the thermal 
evplos~on data of Colllstel and Prltchard, Table 1 of ref 2 see top left-hand panel fol method of data presentat~on" 

Nom~nal Temperature of explosion 
\olumc ------p----------p--pp- ~ ~ ~ - - p ~ ~  

(L) 260 C 280 C 300 C 320 C 340 C 360 C 

0 . 3  lo3  x k 6 ,  64.8 13.5 
Ra lo3 x ((6 Ra), 157 86 

0 . 5  58 .7  13.5 
163 83 

1 .O 48.9 13.1 
172 76 

1 . 5  48 .3  17.2 

2 . 0  
( I )  261 66 

16.0 6 .63  33.5 6.88 
297 22 8 3  83 

3 .O 14.9  7.69 30.9 7.99 
386 20 110 73 

5 . 0  4 .07  2.56 9.17 2.89 17.8 2.83 
: j l )  4i6  6 123 23 36 80 

*The rate constants are c,ilculated from the intiii~te-pressure data  of  Coll~ster  and Pritchal-d (3) \ IZ. A ,  = 1013." is', E ,  = 38.2 kcal.moi, 
together jiitb the procedilres o f  Y a ~ i  and Pr~tchard (5): the entries in parentheses have R a  significantly greater than 400, see final paragraph of 
D I S C L I S S ~ O ~ ~  section. 

that  already published in Table 1 of ref. 2, and the 
conclusio~~s remain the same, i.e., ( i )  for a given 
vessel, and provided that Ra  is below 400-500, 6, is 
independent of temperature, but there is some con- 
siderable scatter, well outside the limits of the pre- 
cision of the experiments. (ii) with the exception of 
the 5 L vessel, for which 6, appears to bc a little 
lower than the theoretical value for a sphere (7) of 
about 3.75, all the values of 6, are very iuuch higher 
than expected. 

The fourth number for each tabular entry in Table 
1 is the ratio (6/Ra), and it can be seen that, for a 
fixed temperature, this ratio is remarkably constant, 
if one excludes points with Ra >> 400: the data for 
T = 320'C are particularly impressive. 

It appears that there are two regimes in these 
thermal expiosions. The first is a high-pressure 
regime for which Ra  > 400: below this Rayleigh 
number, the critical temperature rise AT, is correctly 
predicted by standard theory, but above this value, 
the ternperature profiles cease to be uniform (8) and 
the observed values of AT, fall considerably below 
the theoretical values (1. 8). Honever. in the low- 
pressure regime, the cr~tlcal explosion collditlolis are 
defined, not by 6, = constant for all r. and T, but by 
(G/Ra), = constant for all r (r belng the radius of 
the vessel). 

In normal circumstances, it 1s conventional to plot 
R In y,1T3 VS. T - I  whence2 the slope 1s the act~vatlon 
energy E of the reaction (9): for the data described 
here (cf. Table 1 of ref. 2) the slopes lie in the range 

'This relationship assumes that the thermal conductivity is 
independent of temperature: since h is roughly proportional 
to 7, this will introduce a small difference of the order of XT. 

20-23 kcallmol, fortuitously (?)  close to the value of 
Q, the exothermicity of the reaction. On the other 
hand, plots of R In (6/Ra), vs. 2 ' - I  are reasonable 
straight lincs, with slopes in the range 36-39 kcall 
mol. The reason for this is fairly clear at  high tem- 
perature or for large volumes: in this teniperature 
range R a  - constant x r"p,2,'?.T4 (the extra poLver 
of T arises because the viscosity - cT) and 6, - 
constant x rZpck/iLT3 (where k is the rate constant 
and h is the thermal conductivity); thus (6/Ra), - 
constant x kr -'p,-lT-'. NOW, for very large 
vessels or for very high temperatures, the explosion 
pressure changes very little with temperature, so 
that for fixed r ,  the teinperature coefficient of (61 Ra), 
is dominated (especially since y, and T vary in 
opposite senses) by that of the rate constant k itself, 
i.e., E, the activation energy, which is about 36 kcall 
rnol at  tbese low pressures (5). 

I t  is not clear at  the present time why it should be 
that standard explosion theory can predict the 
correct temperature rise in these systems, provided 
Ra  is low, but that it cannot predict the critical 
explosion pressure. If the present correlation of 6, 
with R a  is significant, then clearly \ye have to con- 
sider other as yet unsuspected energy transport 
mechanisms which alone, or severally, cause an  inhi- 
bition of the explosion in small vessels, but perhaps 
also make the explosio~l so~ilewhat easier in very 
large vessels. It does not seem likely that the fauit lies 
in the neglect of convection, as might be signalled by 
the correlation of 6, with Ra :  the onset of convective 
effects, which destroy the ideal temperature profiles 
above Ra  = 400, are clearly seen both in this system 
(I)  and in others (8). It seems inore likely that the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



present correlation of 6, with Ra  is accidental in the 
sense that the hitherto unsuspected mechanism is not 
convection, but some other transport process which 
when taken togcthcr with the thermal conductivity 
gives a net transport rate which appears to scale 
roughly with the Rayleigh number. 

I have chosen, for the time being, to exclude from 
consideration those results for which R a  >> 400 for 
two reasons: one, that the principal proble~n at  the 
ino~ucnt  is to understand the explosion bchaviour in 
the range R a  < 400 where 6, should be constant; 
two, that in the convective explosions hvhen Ra  >> 
400, the calculation of Ra  itself (using for example, as 
in ref. 1, a constant value of AT,) is a considerable 
oversimplification. However, when one considers that 
the values of Ra  in parentheses in Table 1 and in 
footnote 1 are somewhat too large, it is not entirely 
isnpossible that all the values of (61Ra), conform to 
a single pattern - cornpare the value for 285°C (in 
footnote 1) with that for 280'C (in Table I), or  the 
five values for T = 300'C. 
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Ketone or diazsahkane formation from A3-1,3,4-oxadiazolila-2-ones. Details of two 
competing thermolysis mechanisms1 

A ~ T H O Y Y  J- \LI~s PAIYE' A N D  JOHN W , \ R K E N ~ I ~ \ ~ '  
D r p i i ~ . t t ? ~ ~ , ~ ~ t  of CIzetni\tp. Mc,.VI~i.\tc,r Unii,ci..rity. Hritt~iltor~, 0111.. Co/~cirlri LSS 4.2111 
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A ~ T H O ~ Y  JAMES P A I ~ E  and J ~ H V  WARKEUTIN. Can. J .  Chem. 57 2681 ( 1979) 
The title compounds thermolyse at 50-100cC in a variety of solvents via two (and only two) 

competing unimolecular pathways, one producing a diazoalkane and carbon dioxide, the other 
a ketone, carbon monoxide, and dinitrogen. Diazoalkane formation is favoured by polar 
solvents and electron-donating substituents, with a Hammett p of - 1.93 for seven p-substi- 
tuted 5-n~ethyl-5-phenyloxadiazolinones. Moderate solvent polarity effects, secondary kinetic 
isotope effects (2.1 0.3% per D for 26-d6), the Hammett p, and Frontier Molecular Orbi- 
tal Theory, all support concerted diazoalkane formation through a transition state with non- 
synchronous bond rupture. 

Neither decomposition mode shows any correlation with Taft steric parameters, Es, and 
ketone formation docs not correlate with inductive parameters. The enthalpy change during 
the exothermic three piece fragmentation was calculated to be on11 -30 r 2 kcal mol-', 
precluding chernilun~inescence. A vigorous search for intermediates by esr, ms, CIDNP, 
trapping, and racemization experiments leads to the conclusion that ketone formation must 
also be concerted. 

A new oxidation procedure using lead tetraacetate in the presence of five equivalellts of tri- 
fluoroacetic acid was useful in the synthesis of oxadiazolinones from ketone scmicarbazoaes 
which ~ o u l d  not cyclize under normal LTA oxidation conditions. 

A ~ T H ~ N Y  JAMES PAINE et JOHV WARKEATIN. Can. J.  Chem. 57.11681 (1979) 
Les composes mentionnes subissent la thermolyse a 50-100cC dans diffkrents solvants par 

l'interniediaire de deux (et seulement deux) processus unin~o!tcuIaires conipCtitifs. L'un de 
ces processus fournit un diazoalcane et du dioxyde de carbone, l'autre produit uae cetone, du 
dioxyde de carbone et de I'azote. La formation du diazoalcane est fmorisCe par les sol\ants 
polaires et les substituants electrodonneurs, akec un parametre de Hammett p = - 1.93 pour 
sept methyl-5 phenyl-5 oxadiazolinones substituees en position pntn. Tous les facteurs suivants: 
l'effet des solvants n~oderernent polaires, l'effet cinetique isotopique (2.1 k 0.3z par D pour 
2h-d6), le parametre p de Wammett et la theorie des orbitales nloleculaires frontieres militent en 
faveur de la formation concertee du diazoalcane par I'intermediaire d'un etat de transition 
impliquant Line rupture asynchrone de la liaison. 

Aucune rnethode de decomposition ne correspond aux parametres steriques de Taft, E,, 
et la fornlation de la cetone ne correspond pas aux parametres d'induction. La reaction de 
fragmentation en trois parties est exothermique et la faible valeur de AH = -30 i 2 kcal 
mol-' obtenue par les calculs exclut la possibilit6 d'une reaction chimilun~inescente. Une 
recherche approfondie des intermediaires au rnoyen de diverse5 techniques d'analyse, telles 
la rpe, la spectrornetrie de masse, la CIDNP, l'isolation des groduits et la racCliiisation, a 
perniis de conclure quc la formation de la cktone est Cgalernent concertee. 

Un nouveau processus d'oxidation qui utilise du tetraacetate de plonib en presence de cinq 
equibalents d'acide trifluoroaceiique a aid6 h la synthkse d.oxydiazolinones a partir de semi- 
carbazones de cetone qui ne se cyclisent pas sous des conditions normales d'oxidation par 
tetraacetate de plornb (TAP). 

[Traduit par le journal] 

'This work was presented, in part, at the Chemical Institute of Canada Conference in Montreal, Canada (June, 1977). 
2Address correspondence to either author. 

0008-47411/79i11021;8 I - l SSO I .00/0 
0 1979 National Research Council of Canada/Conseil national de recherchei du Canada 
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A3-1,3,4-Oxadiazolin-2-ones (2, Scheme 1) are 
the most reactive of a series of heterocyclic com- 
pounds of general structure 3  under study in this 
laboratory. The ring system 3  is characterized by two 
possible thermolysis modes, one generating 
R,R,C--Y, together with N, and :C=X, and + 
another producing a diazoalkane (R,R,c=N=N) 
concomitant with X--C--Y. The former reaction 
has been shown to produce carbon nlonosulfide from 
5,5-di1nethyl-l-phenyl-A~1,3,4-triazolin-2-thione (3; 
X = S, Y = NPh) (1). Generation of diazoalkanes 
bestows synthetic utility upon the two piece frag- 
mentation, and thermolyses of oxadiazolinones (2) 
as well as phenyliininooxadiazolines ( 3 ;  X = NPh, 
Y = 0) have recently been exploited, the first as a 
good alternative method for the conversion of 
r ,  P-epoxyketones to acetylenic carbonyl coinpounds 
( 2 )  and the second as an  alternative route to oxin- 
doles, hydantoins, and related heterocycles (3). 

The title oxadiazolinones are easily prepared from 
ketone sernicarbazones by oxidative cyclization with 
lead tetraacetate (LTA), followed by acid hydrolysis 
(Scheme 1 )  (4). When both R groups are alkyl, 
isolated yields of oxadjazoli~~ones are near 80%, 
based on seniicarbazone, but if aldehyde semi- 
carbazones are used, tautomerization of the inter- 
mediate iminooxadiazoline (1) prevents the desired 
reaction ( 5 ) .  

The oxadiazolillone ring system undergoes com- 
peting unimolecular fragmentations a t  modest tem- 
peratures (less than 100°C). One of these produces 
diazoalkane by carbon dioxide loss, the other ketone 

~2 

1 (, R'= R'= H 
h R 1 =  K'=  CHI 

X 
/ I  

(, R1 = Ar;  R2 = CH, 

3 (X, Y = 0, S, NR) d L \ O  
'A / 
N-C-R' 

I 

~ 2 "  

Some pos\ible intermediates- 

0 
I1 

R; /C\ 
C-0 

~ 2 /  

Closed specie\ 

0 
I /  

d c - O -  
II 

+N 
I I 
C 

RI' 'R2 

Zwitterion 

by carbon monoxide and nitrogen extrusion (Scheme 
2) (6). 

A preliminary kinetic study (6) suggested that the 
balance between the two decomposition modes is 
dependent on solvent polarity, for the yield of 
diazoalkane increased on changing solvent from 
carbon tetrachloride to methanol. Solvent effects on 
the individual rate constants were qualitatively 
assessed in terms of a nonpolar ketone-forming 
transition state and a polar diazoalkane-formi~~g 
transition state. We no\\- wish to report the results of 
more detailed mechanistic studies which provide 
considerable insight on the transition state structures 
for these reactions. By exposing the underlying 
factors controlling the balance between the rates of 
these competing reactions, comprehensive mecha- 
nistic information permits partial control of the 
diazoalkane-forming reaction for synthetic purposes. 
In  addition, it illuminates one example of a relatively 
rare chemical phenomenon- a three piece frag- 
mentation to stable molecules. 

Methods, Results, and Discussion 
There are several, a  prior^, mechanist~c alterna- 

tives for these thermolyses. E~ the r  one or both reac- 
tions could be completely concerted. for both thermal 
reactions are symmetry allomed. Diazoalkane and 
carbon d~oxide are produced by what is formally a 
1,3-dipolar cycloreversion, \I hile ketone, carbon 
monoxide, and nitrogen arise from a 025 + 02s + 
02s cycloreversion (7). Among stepwise alternatives, 
there exists a plethora of possibilities because either 
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of the t~ o bonds broken during diazoalkane forina- 
tion could be broken in the rate determining step, 
while any one or two of three bonds broken in the 
ketone formation might be broken in the slow step. 
The possible alternatives may be grouped according 
to the type of intermediate involved. As Scheme 2 
exensplifies, these might include zwitterions (such as 
that from 01-C5 bond heterolysis) or biradicals (for 
example, from homolysis of the N4-C5 bond) or 
even closed-shell molecules. I t  is important to 
remember that these two competing decomposition 
modes each have several possible intermediates of 
each of the three types in Scheme 2 from which a 
cho~ce  must be made; those structures In the Scheme 
are only a fern reasonable examples. 

The kinetic analysis of this reacting system is 
straightforward. Froin the disappearance of the 
starting oxadiazol~none, as mo~litored by its uv 
absorption at  360 nm (azo n -. n':') or its is carbonyl 
stretch at  1835 ci~iC', excellent concentration- 
independent, first order plots for the total rate 
constant, k ,  = k, + k,, are obtained. T o  dissect 
this further into the t ~ v o  individual rate constants, 
the product distribution is required. Since the 
diazoalkane formed on thermolysis is usually subject 
to several different fates (none of which ultimately 
produce ketone), only the time infinity ketone yield 
was quantitatively analysed by calibrated gas 
chromatography or infrared spectroscopy. From 
the fraction of ketone formed, k, is easily calculated, 
and hence lc, by difference. 

That only two primary processes occur can be 
verified by trapping the diazoalkane with a few per- 
cent trifluoroacetic acid (TFA). In  these experi- 
ments, monitored by nmr, only ketone and trifluoro- 
acetic acid ester are observed, indicating that the 
other, often unidentified, products formed in the 
absence of TFA, arose from subsequent reactions of 
diazoalkane, usually with itself or  with solvent. 
Furthermore, even though only ketone was quan- 
titatively assayed, better linear-free energy relation- 
ship correlations (vide infia) were always obtained 
for diazoalkane formation. Had an unknown third 
process been operative, large systematic errors 
would have surfaced in the diazoalkane correlations. 

Product Distrib~rtions 
Relevant to the synthetic potential of oxadi- 

azolinones as diazoalkane precursors are the data 
pictorialized in Fig. 1. The two lines show how the 
delicate balance between the two competing de- 
composition routes is affected by solvent polarity. 
To  facilitate comparison to current literature on 
cycloaddition and cycloreversion reactions, the 
polarity parameter used here is Dimroth's EI value 

FIG. 1.  Effect of solvent polarity on rates of 2-diazopropane 
(k2) and of acetone (k,) formation from 2b at 85.0cC. The 
solvents are: 1 (toluene), 2 (chlorobenzene), 3 (DME), 4 
(DCE), 5 (DMF), 6 (acetonitrile), 7 (nitromethane), 8 (acetic 
acid), 9 (TFE), and 10 (TFA). The ET value for TFA is 
estimated in Appendix I. Product composition as a function of 
ET can be estimated for untried solvents from this plot. For 
example, it is 50: 50 at the ET value where the regression lines 
intersect, and 91:9, or 9:91 at  the Er values for which the 
ordinates of the two lines differ by one log unit. The slopes of 
the lines are given by 171. 

(see ref. 8 for an  excellent review of solvent polarity 
parameters). An E, value for T F A  was estimated 
from cori-elations kvith other polarity parameters 
(see Appendix I). For the 5,Sdimethyl compound, 
the diazoalkane yield increases from about 20x  in 
toluene, up  through chlorobenzene, 1,2-dimethoxy- 
ethane (DME), 1,2-dichloroethane (DCE), nitro- 
benzene, diinethylfornlamide (DMF), nitromethane, 
acetonitrile, acetic acid, and 1,1,1 -trifluoroethanol 
(TFE) to TFA where one obtains diazoalkane 
exclusively. 

The effect of substituent polarity, as measured by 
the Hammett ci parameter, on the product distri- 
bution from para-substituted 5-phenyl-5-methyl- 
oxadiazolinones, can be determined from Fig. 2. 
Even weak electron donors such as methyl and 
phenyl strongly favour the diazoalkane route, 
although a relatively polar solvent, acetonitrile, was 
used to obtain these data. Note also that these com- 
pounds were thernlolysed at  50°C compared to 85°C 
for the 5,5-dialkyl oxadiazolinones. These are 
unstable coiupounds indeed, and many could only 
be purified by column chromatography at  Dry Ice 
temperatures. 

Substituted acetophenone semicarbazones, in 
which the para-substituent is strongly electron 
withdrawing (NO,, C N ,  or  CF,)  would not cyclize 
under nornlal oxidation conditions (LTA in methyl- 
ene chloride at  room temperature, 2 h). For these 
conlpounds and for other seinicarbazones especially 
insoluble in inethylene chloride (e.g., p-C,H,), 
addition of five equivalents of trifluoroacetic acid 
boosted the oxidative capabiiity and a rapid reaction 
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occurred at lomer temperatures. This mixed oxidizing 
system gave unique results not observed \\ith lead 
tetratrifluoroacetate itself. For details see the Experi- 
inental section. 

Kinetic Iilcestigations 
Solrer~f Elfects fTaDlr 5)  
The degree of charge separation at the transition 

state. as reflected in solvent effects on the reaction 
rate. is a particularly useful inechanistic probe. In 
Fig. I ,  the log of an individual rate constant for 
diazopropane or  acetone formation, from 5,s- 
dirnethyloxadiazolinone, is plotted against the ET 
parameter: toluene is on the low ET end and T F E  
and TFA are on the high ET end. I t  is noteworthy 
that a similar plot of log kT (the total rate constant) 
is not at  all linear, but shows an overall U-shape. 
That the dissection of kT into two colnpeting pro- 
cesses gives linear correlations supports the con- 
tention that these are independent primary pro- 
cesses and that both products d o  not originate from 
a comrnon intermediate, produced in the rate 
deter~nining step, whose subsequent product de- 
termining steps are solvent sensitive. 

The slopes of the solvent correlation lines are 
small. The sign of the slope means that the transition 
state for diazopropane formation is more polar than 
the starting material, while that for ketone is less 
polar. The actual respcctive values of 0.08 and 
-0.03 ill01 kcalp' may be compared to the very 
much larger value of +0.29 observed by Huisgen 
for a known stepwise 2 + 2 cycloaddition; that of 
tetracyanoethylene to butyl vinyl ether which pro- 
ceeds via a z\~itterionic intermediate (ref. 9, eq. [ I ] )  : 

From the data in Fig. 1, oxadiazolinone decornposi- 
tion in either mode via zwitterionic intermediates is 
ruled out. 

7/1ernzoc/1c~171istry and A ctication Paranzeters 
{Tables I a77d 2) 

A brief look at  the therillochernistry of these two 
processes is in order inasmuch as it relates to the 
position of the transition ;rzk on the reaction 
coordinate and is germane to discussicll of the 
activation parameters. The heat of combustion of 

5,5-dimetl~yloxadiazolinone was measured and used 
to calculate its heat of formation in the gas phase at  
room temperature (see Experimental). With a crude 
estimate for the entropy, data from standard tables, 
and the additivity principles of Benson (lo), changes 
In the thermodynamic variables were calculated for 
each process. These are summarized in Table 1 .  From 
the lower part of the table, it IS plain that the ther- 
lnodynainic entropy changes, AS0, are quite large; 
about + 26 and + 58 entropy units for the tu  o and 
three piece fragmentations, respectively. The cal- 
culated free energy changes of - 7  and -48 kcal 
niol-' differ by 41 kcal. This lnay be contrasted with 
the difference in the free energies of activation, a 
difference of about 1 kcal 1x01-' in the nonpolar 
solvent, toluene. 

A further consequence of the thermodynamic 
estimates from Table 1 is that, exothermic as it is, 
fragmentation to the three very stable products - 
acetone, carbon monoxide, and nitrogen - is not 
sufficiently exothermic to populate excited states of 
any products. The lowest available electronically 
exc~ted state would be the acetone nix:', with respec- 
tive singlet and triplet energies of 85 and 78 kcal 
mol-I above the ground state (11). Dioxetane 
thermolysis produces triplet acetone (with a few per- 
cent singlet) whose phosphorescence (and minor 
fluorescence) can be observed in degassed samples 
(1 I) .  U s ~ n g  a single photon counting apparatus, we 
observed no chemiluminescence in the thermolysis 
of 2b. Based on that experiment, an upper limit to 
the yield of excited state acetone \+,as set at  lo-'  to 
lo-'% (see Experimental section for details). 

Historically, activation parameters have often 
been employed as a guide ti the mechanism of simi- 
lar unimolecular fragmentations (7, 12). I t  is not 
uncommon for concerted cycloreversions (for 
exam~le .  the retro-Diels-Alder reaction') to show . , 

small or  even negative entropies of activation as 
bonds are only partially broken at  the transition 
state. For  ketone formation, very little of the large 
positive thermodynamic entropy change of + 58 
entropy units is realized a t  the transition state: 
A S Q  varies from + 2 to + 10 eu (Table 2). Although 
the entropy of activation is expected to be positive 
if the reaction proceeds through a floppy biradical 
intermediate, it should not be as large as the AS0  
for the whole fragmentation process. I t  is impossible 
to say, a priori, where, in the range 0 < AS' < + 58 
eu, the borderline between a concerted mechanism 
and a stepwise alternative, via a biradical inter- 
mediate, would lie. For this reason, we sought other 
types of evidence. 

For diazoalkane f'ormation the activation entro- 
pies (- 5 to - 10 eu) have neither the sign nor the 
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PAINE A N D  LV 4 R K P N T I N  2685 

TABLE 1. Cia? phase thermochemistry of 5,5-dimethyl-A'-1,3,4-oxadiazolin-2-onea 

Me2CNN c C 0 2  + 2b i N, + CO + Me,CO 

AHf" (gas) 47 i 5b 
S2ss0 75' 

-94.1 - 4 8 i 2  0  
51.1 ca. l 0 0 k  10" 45.8 

"Data for  acetone, CO,  N 2 ,  and C 0 2  from ref. 36. L'nits are kcal mol-I (AH. . lG)  o r  cal mol- '  K - '  (AS, S )  throughout. 
*AHr0(Me2CNK) - AHf0(H2ChN)  - AH,U(.Lle,CO) - AH,O(H,CO) : 71 ? 5 51.7 1 27.7 = 47.0 1 5 kcal 

n101-~ (10). 
CAi~alogous t o  footnote b ,  for  S2,,0 = 58.1 - 70.5 - 53.7 - 74.9 cal mol-I K- '  (10). 
"ompare to S ~ ~ ~ " ( c q c l o p e n t a n e )  = 70.0, (1,l-drmethylcyclopentane) = 85.4, arid (cyclopentene) = 69.2 cal m o l l  K-I 

(In) 
IL",. 

'Enerpy difference betueen transition state and products at 85-C, assi~rning A H *  and AG' for toluene (Table 2) apply to 
the gas phase. 

TABLE 2. Activation parameters for thermolysis of 5,5-dimethyloxadiazolinol~e over the 
temperature range 50-95'C" 

Diazopropane formation Acetone formation 
-- --- 

Solvent AH* AS* AH* AS * 
Toluene 27.1 i 0 . 4  - 4 . 7 k 1 . 0  3 0 . 3 i 0 . 3  7 . 4 k 0 . 9  
Acetonitrile 2 5 . 1 k 1 . 0  - 6 . 3 k 2 . 7  2 9 . 3 k 1 . 7  1 . 8 k 4 . 7  
Trifluoroethanol 2 3 . 4 k 0 . 1 5  - 6 . 6 i 0 . 4  3 2 . 3 k 1 . 5  8 . 5 k 4 . 3  
Trifluoroacetic acid 20.8 + 0 . 5  - 9 . 9 i  1 . 4  - 

"Crude data  found in Table 6. All errors are those returned by Itnear least-squares analysis. Units are kcal 
mol-' and cal ~ n o l - '  K - '  for  AH and AS, respectively. 

magnitude of the thermodynamic value of + 28 eu. 
Here, the increasingly negative values of AS*, as 
solvent polarity increases, could be interpreted as 
arising from increased ordering of the solvent shell 
around the moderately polar transition state for this 
process. In this case, biradicals could not account 
for the trend. 

Secondary Deuterium Kinetic Isotope Effects 
(Table 7) 

The P-deuterium kinetic isotope effects measured 
for 26-d, were 2.1 f 0.3 and 1.3 f 0.4% per 
deuterium for dlazopropane-d6 and acetone-d, 
formation, respectively. Although small, these values 
are significant (13) and imply that a bond involving 
C5 is broken in the rate-determining step of each 
process. These would be the 01-C5 and N4-C5 
bonds, respectively. There are no reasonable transi- 
tion states which d o  not involve rupture of a bond to  
C5 but which could account for this isotope effect. 
Steric or ponderal effects of isotopic substitution 
are ruled out by the absence of an alkyl steric effect 
on either process (vide infra). 

Alkj~l Substituent Effects (Table 8)  
There is no correlation of rate constants for nine 

5,5-dialkyl substituted oxadiazolinones with Taft 
steric parameters, Es (141, for either ketone forma- 

tion or diazoalkane formation. The reason for the 
scatter plots obtained is that some of the data are 
much better fitted by inductive parameters, o*, for 
the alkyl substituents. For diazoalkane formation, 
p "  = - 1.27 i 0.06 (r = 0.993), but there is no 
significant correlation of the rate of ketone forma- 
tion with o:" - much like the Hammett plot for that 
reaction. 

Aryl Substituent Effects (Table 3) 
For the seven para substituted 5-aryl-5-methyl- 

oxadiazolinones studied, both electron withdrawing 
and electron donating substituents mildly accelerate 
ketone formation. The range of rate is only a factor 
of two, and the rho value is not significantly different 
from zero : - 0.13 f 0. i 2  (r = - 0.402). This erratic 
behaviour is not un!ike that observed from bis- 
(phenyln1ethyl)diazene fragmentation to benzyl radi- 
cals (15) and could be interpreted as suggesting that 
ketone formation involves rate determining creation 
of a radical centre at C5. On the other hand, scatter 
plots are to be expected from any mechanism if the 
isokinetic temperature lies in the range studied 
(50-85°C). 

In complete contrast, diazoalkane formation gives 
an excellent fit to inductive parameters. A rho value 
of - 1.93 is obtained with log k plotted against a 
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FIG. 2. Hammett plot for diazoalkane formation fiom p- 
substituted 5-methyl-5-phenyloxadiazolinones (2c) thermo- 
lysed at 50.0 C in acetonitrile. Substituents are X = CH, (a), 
C6H5 (b), H ( 4 ,  Br (dl, C1 (el, CF3 (f), C N  (g), NO2 (h). The 
horizontal band corresponds to the range of rate constants for 
ketone formation (which do not correlate with o, oT, or the 
"improved" o' (40)). From this band, and the regression line, 
product compositions may be estimated for untried substl- 
tuents, by a procedure analogous to that of Fig. 1. 

50150 mixture of sigma and sigma plus (Fig. 2). 
The utility of blending the sigma parameters in 
cases where a full positive charge is not achieved in 
the products has been discussed elsewhere (16). 

Mechanistn of Diazoalkane Fornzation 
At first sight, a build-up of positive charge at C5 

of the transition state is quite difficult to rationalize 
as CNDO calculations (see Experimental) confirm 
that the corresponding carbon of the diazoalkane 
is most definitely negative in net charge density 
relative to C5 of the oxadiazolinone. For the 
hypothetical 2a in Scheme 1, the calculations give a 
net charge density of -I-0.17 at C5 (17) while in 
diazomethane, the same carbon is -0.26 in net 
charge. Notwithstanding the fact that the calcula- 
tions only refer to gas phase molecules, a rho value 
of - 1.93 measured in acetonitrile must surely mean 
that the net charge on C5 increases and passes 

through a value greater than + 0.17 at the transition 
state. This is only consistent with some degree of 
01-C5 bond heterolysis at the transition state. Both 
the solvent effects and the intermediate size of this 
Hammett rho rule out a zwitterionic intermediate 
sporting a full positive charge at C5. The reaction 
must therefore be concerted with more 01-C5 than 
C2-N3 cleavage at the transition state (Fig. 3). 

Consideration of the reverse of fragmentation, 
cycloaddition, tends to confirm this deduction. 
Fragmentation to give carbon dioxide and diazo- 
alkane is formally a retro-1,3-dipolar cycloaddition. 
Thanks to the work of Fukui (18), Houk (19), and 
Huisgen (20), the stereoselectivity of the cycloaddi- 
tion reaction is understandable in terms of Frontier 
Molecular Orbital (FMO) theory and a concerted 
mechanism. 

Examination of the frontier orbitals of CO, and 
diazomethane shown in Fig. 3 predicts that their 
major cyclization product (path a) would be the 
wrong regioisomer (4), resulting from the largest 
orbital extension between the two biggest lobes, on 
the carbon atoms. However, by the Principle of 
Microscopic Reversibility, the fragmentation in 
question must share the same transition state as the 
cyclization to give that regioisomer (path b). Now 
the greatest frontier density is found between the 
CO, carbon and the terminal nitrogen, predicting a 
transition state with more C2-N3 than 01-C5 
bond formation, in precise agreement with the ex- 
perimental deduction of transition state structure. 
We conclude, therefore, that diazoalkane formation 
occurs via a non-synchronous but concerted mech- 
anism. 

Meclzarzist?~ of Ketone Formation 
A large number of possible mechanisms are still 

consistent with the information presented so far. A 
few reasonable alternatives to a fully concerted 
mechanism are: prior loss of one of the three stable 
fragments to give either a biradical or a closed shell 
species which rapidly decays to products; or a pre- 
equilibrium one bond scission to give a biradical. 

Even at ambient temperature (ca. 50°C) and low 
ionizing voltages (ca. 10 eV), the mass spectrum of 
2b shows no evidence for fragment ions at P - 28 
(loss of N, or CO), nor any metastables for P + 

P - 28. A parent ion is also not observed. Like the 
parent ion, if such intermediates occur, their life- 
times must be of the order of a microsecond (21). If 
they do not occur for ionized oxadiazolinone at 

Torr in the gas phase, it seems unlikely they 
could be significant in the solution thermolysis of 
oxadiazolinones. 

Both a stepwise process via reasonable biradicals 
like 5 or 6 or a concerted mechanism would be con- 
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PAINE A N D  WARKENTIN 

0 FMO 

038 @ 0.38 N/ predicted 
0 0 - - -  a---+ \\ / cyclization N-CH2 product 

4 

0 
I I 
C 

Path obeying 
,-H N' \O Principle of 4=tJtJoGH -C,\ / Microscopic 

N-CH2 Keversibility 
0.76 

120 2 a  

FIG. 3. Charge densities (y) and Frontier MO's for cycloaddition. Frontier densities are given by 2CCqi2. 

sistent with the observed solvent effects and P-deu- 
terium kinetic isotope effect. The Hammett plot mis- 
behaviour slightly favours a biradical, while the low 
activation entropies tend to favour a concerted 
mechanism. No esr signals attributable to inter- 
mediate radicals or biradicals were observed when 
2b was thermolysed in the presence or absence of 
nitrosobenzene. Furthermore, chemically induced 
dynamic nuclear polarization (CIDNP) effects (22) 
were not observed in decompositions performed in 
either chlorobenzene or methylene iodide solvent 
(heavy atoms expected to enhance singlet-triplet 
mixing (25)), even in 13C spectra obtained during 
decomposition of 90% C5 labelled substrate. 

tems which do show chemiluminescence might be a 
source for this, as yet unrecognized, type of CIDNP 
from thermally generated biradicals. Photo-CIDNP 
may be more likely if 1,5-biradicals are intermediates 
in the photodecomposition of oxadiazolinones. 

If the biradical 5 were reversiblv formed. race- 
mization might occur during decomposition of 
starting material optically active at C5. To this end, 
the two oxadiazolinones, 7 (Scheme 3), were pre- 
pared from the semicarbazone of d-camphor. Their 
stereochemistry was assigned on the basis of a large 
downfield shift of the signal corresponding to the 
syn methyl group at C7 of the exo-azo isomer, 7a. 
Models show that these protons spend time in the 
deshielding region of the azo pi bond and so absorb 
at an extra 0.5 ppm downfield from the analogous 
protons in the endo-azo isomer, 7b (see Appendix 

Most reasonably, any diradical formed in ther- 
molysis would be born singlet, and would, therefore, 
have to intersystem cross and then fragment to 
triplet products for CIDNP to be observed. In the 
fifteen year history of the phenomenon, CIDNP from 
1,5-biradicals has only been reported for biradicals 
born as triplets (23-25). However, the singlet 
1,5-biradical 5 has unusual potential to display 
CIDNP effects by intersystem crossing and frag- 
mentation, because one of the products (ketone) has 
a low-lying triplet state. When both C5 substituents 
are methyl, the thermochemistry suggests that there 
is actually insufficient energy for formation of triplet 
ketone. Nevertheless, other heterocyclic ring sys- 

7a : em-azo  7h: rndo-azo 
'Hmr: 0.53. 1.07, 1.52 ppn16,,~ 'Hrnr: 0.53, 1.00, 1.13 p p n 1 6 ~ ~ ,  

cdmphor camphoi 

S C H E ~ I F  3 
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11). If biradicals were formed reversibly and if bond 
rotation (and inversion, for a non-planar radical 
centre) competed with decomposition, intercon- 
version of exo-azo and endo-azo isomers could occur 
during decomposition (Scheme 3). Such intercon- 
version was not observed by 'Hmr during thermo- 
lysis of the pure exo-azo isomer, suggesting that 
rotation/inversion itith return does not occur, 
although either rotationlinversion or return might 
occur., 

Finally, it is instructive to consider the effect of 
phenyl substitution on k,. From the activation pa- 
rameter data reported in Table 2, k, for 2 b  in ace- 
tonitrile at  50-C is computed to  be 2.54 x s-' .  
Thus, k3(2r),  k3(2b) = 170, corresponding to AAG* 
= -3.3 kcal mol-'. For  comparison, values of 
AAGZ of - 5.8, - 6.3, and - 5.8 kcal mol-' per 
phenyl group replacing a methyl group may be 
calculated for two sets of svmmetrical trans-diazenes 
and one set of tl-ans-3,s-disubstituted pyrazoli~les.4 
If therrnolyses of these three model diazene sets are 
assumed to  involve concerted nitrogen loss to form 
two radical centres, then the AAG* per phenyl 
group for the models is twice as large as for oxa- 
diazolinone. If the model extrusions \Yere stepwise 
(one CN bond ruptured at  the transition state), then 
the oxadiazolii~oile effect would be even more 
discrepant ! 

Clearly, ketone formation does not behave like 
these classical radical forming reactions and, after 

3A referee has pointed out that the isomerization of 7a t o  76 
is inherently unlikely because bicyclohepiyl radicals are known 
to react preferentially from the exu side (see, for example, ref. 
37). There are three reasons why we expect that preference to 
be unimportant in the present case. First, the reclosure to 
either 7a or 76 is a radical coupling reaction rather than a 
chain transfer step. Eso preference has been established for 
chain transfer steps, which must have a higher activation 
energ!, and presumably greater exor'erzdu selectivity, than 
coupling reactions. Second, reclosures to either '70 or 46 are 
intramolecular steps with a restricted approach angle for 
attack at  C2 of the bicyclohepiyl skeleton, because the new 
ring formed is 5-membered. lntramolecularity should reduce 
the normal esu preference because the more severely hindered 
approach avenues froin the cndo side (which cut down bi- 
n~olecular (~~zdo rate constants) are irrelevant to intraniolecular 
closure. Third, the presence of the C7 methyl group should 
mitigate potential exo preference. The alternative test, iso- 
meri~ation from 7b, could not be performed because pure 7b 
was unavailable. Also, it is noteworthy that no A'-pyrazoline 
has ever demonstrated internal return with isomerization 
(38, 39). 

4AG= values, in kcal mol-', computed at  50°C from 
In ( k / T )  vs. T '  plots of the original kinetic data are: di-t- 
butyldiazene (37.0); dicumyldiazene (25.4); diisopropyldiazene 
(42.3); bis(3c-pheny1ethyl)diazene (29.5); trcrns-3,5-dimethyl- 
A'-pyrazoline (37.5); and trcrns-3,5-diphenyl-A'-pyrazoline 
(25.9) (refs. 41-46, respectively). 

eliminating all other mechanistic alternatives and 
failing to detect (or even infer the existence of) 
possible intermediates in numerous experiments, a 
concerted mechanism is compellingly implicated. 

Experimental 
General 

Melting points were determined on a Thomas Hoover 
capillary melting point apparatus and are uncorrected. Infra- 
red (ir) spectra (CCI, solutions unless otherwise noted) were 
obtained on a Perkin-Elmer model 283 spectrophotometer. 
'Hmr and Crnr spectra were taken on Varian EM-390 and 
Briiker WH-90 instruments, respectively, all with TMS 
internal reference ~lnless otherwise indicated. Mass spectra 
(nis) were recorded on eithel- a CEC-21-11OB spectrometer at 
70 eV or an  Hitachi Perkin-Elmer RMU-6A instrument at  
lower ionizing voltages. Ultraviolet-visible (uv-vis) measure- 
ments were obtained from a Cary 14 instrument. Gas chroma- 
tographic (glc) analyses were performed on a column (10 ft x 
1;4 in.) packed with 20% Carbowax 20M on 60-80 mesh 
Chromosorb P, using a Varian Aerograph model 920 gas 
chromatograph equipped with thermal conductivity detection 
and model 485 digital integration. Chlorocarbon extracts were 
dried over anhydrous sodium sulfate and diethyl ether or light 
petroleum extracts over anhydrous ~nagnesium sulfate. Light 
petroleum refers to the fraction boiling between 30-45°C; 
pentane to "Fisher Certified, IR Spectranalysed" n-pentane; 
hexane to "Baker Analysed" reagent, bp 68.5-69.3'C. 

,Warerials 
Because of an aqueous deconlposition mechanism,' good 

first order kinetics could not be obtained using wet solvents. 
1,2-Dimethoxyethane (DME) and toluene were each fraction- 
ated at high reflux ratio (ca. 5: 1) from calcium hydride and a 
two-thirds centre cut stored over fresh 4 A molecular sieves. 
The following solvents were fractionated from Drierite 
(CaSO,, Hammond Co.) and the centre cut stored over 
~nolecular sieves: chlorobenzene, 1,2-dichloroethane (DCE), 
and trifluoroethanol (TFE); acetonitrile and nitromethane 
were each pretreated by passage through a colun~n of neutral 
alumina (33 g L- '); nitrobenzene and dirnethylformalnide 
(DMF) were fractionated at  reduced pressure (10-20 Torr). 
Trifluoroacetic acid (TFA) and acetic acid (HOAc) were each 
fractionated prior to use and ca. 1 of the respective anhydride 
added to keep them dry. In all cases, glc analysis showed water 
to be less than 0.05%. 

Lead tetraacetate (LTA) refers to the material stabilized 
with 10% acetic acid, as sold by Ventron Corp. 

Generc~l Procehrre ,fbr LTA Oxirlcztion of Diallcyl Ketone 
Sct~~icorhnzorze.~ (ibfetliod A) 

LTA (10.0 g, 0.021 mol) was added in one portion to a 
stirred suspension of the semicarbazone (0.020 mol) in dry 
CH,C12 (150 n1L) at O'C. There was an immediate develop- 
ment of a yellow colour. The ice bath was then removed for a 
period of 0.5-2 h during which time the solution gradually 
became colourless and a white precipitate formed. The ice 
bath was returned and a mixture of 2.4 N HCl (50 mL) and 
ice (150 g) was added. After 15 min the reaction mixture was 
filtered through Celite (Johns-Manville Ltd.), the organic 
phase was separated, and the aqueous phase extracted with ice 
cold CH,CI, (3 x 50 mL). The organic extracts were com- 

'Manuscript in preparation. 
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TABLE 3. lHmr data for d ia lk~l  substituted oxadiazolinones 

Melting point 
R '  R2 (0 

CH, CH3 39.5-40.0 

CH3 CH2CH3 Oil 

CH 3 CH,CH,CH, Oil 

CH3 CH(CH,), Oil 

Oil 

36-36.5 

Oil 

108 (dec) 

CH2C6H, CH2C6H5 105 (dec) 

CH(CH3)z CH(CHsI2 0 1 1  

1.67 (s, 2CH3) 

0.83 (t, J = 7.5 Hz, 3H, CH,) 
1.66 (s, 3H, CH,) 
2.11 (q, J = 7.5 Hz, 2H, CH2) 

1.60 (s; 3H, CH,) 
1.8-2.2 (rn, 3H, CH,) 
2.2-2.4 (m, 2H, CH,) 
3.4-3.7 (111, 2H, CHZ) 

0.94 and 1.09 (both d ,  J = 6.9 Hz, 6H, 
diastereotopic CH,) 
1.62 (s, 3H, CH,) 
2.25 (septet, J = 6.9 Hz, l H, CH) 

0.92 and 0.98 (both d, J = 6.4 Hz, 6H, 
diastereotopic CH,) 
1.4-2.2 (m, 3H, CH,CH) 
1.63 (s, 3H, CH,) 

1.05 (s, 9H, r-Bu) 
1.56 (s, 3H, CH,) 

1.65 (s, 3H, CH,) 
3.31 (s, 3F3, OCH,) 
3.71 and 3.93 ( 2 4  J = 11.3 Hz, 2H, 
diastereotopic AB set in ratio 2: 1, CH,) 

1.63 (s, 3H, CH,) 
3.28 (s, ZH, CH,) 
6.95-7.4 (rii, 5H, aromatic H)" 

3.38 and 3.53 (both d, J = 15 Hz, 4H, 
diastercotopic AB set in ratio 4: 1, 2CH,) 
6.95-7.4 (ni, 10H, aromatic H)b 

0.91 and 1.06 (both d, J = 6.9 Hz, 12H, 
diastereotopic CH,) 
2.72 (septet, J = 6.9 Hz, 2H, 2CH) 

"CCI, soliltion, except nhere noted 
bCDCI, solvent. 

billed and washed with a cold, saturated solution of sodium 
bicarbonate (50 mL), and with water (3 x 50 niL). Drying 
and removal of the solvent under reduced pressure gave crude 
oxadiazolinone in about 80-907, yield. 

The crude material was purified by one or  more of the 
following three methods. Diniethyl- and methyl-t-butyl- 
oxadiazolinones were twice sublimed at 0.01 Torr from O'C 
to a Dry Ice/acetone cold finger. The methylbenzyl and 
dibenzyl conipounds were recrystallizcd from light petrolcum. 
All other alkyl-substituted substrates were distilled at 0.01 to 
0.001 Torr at room temperature (higher temperatures lead to 
decomposition), then repeatedly recrystallized from pentane 
a t  low temperature (ca. -20 to -80-C) until magnified ir 
spectra of the carbonyl region showed less than 0.5% of ketone 
impurity. Overall yields at the end of the first purification step 
were 70 to 807,, in most cases. Table 3 lists the melting points 
and 'Hmr data obtained for this series. 

Isotopically labelled dimethyloxadiazolinones (5-13C and 
perdeutero-) were synthesized from the semicarbazones of 
acetone-2-I3C (90% enriched, Merck, Sharpe and Dohme 
Ltd.) and acetone-d, (99+% D, Aldrich Co.). The deuterium 
content of the latter oxadiazolinone was taken to be identical 

to that measured for the seniicarbazone (98.4 + 0.2% D by 
nis comparison to unlabelled material). 

LTA Oxiriririon of Scinicurbnzor~i~s of p-S~~b~tirured Acetu- 
ylic~iroiies (Metlzori B) 

As Table 4 summarizes, Method A was successfully used to 
sqnthesize the p-H, Br, Cl, and CH, substituted 5-methyl-5- 
phenyloxadiazolinones. Although a change of oxidation 
solvent (to light petroleum) permitted ir observation of the 
oxadiazolinone from p-niethoxyacetophenone, evaporation of 
the solvent was followed by rapid decomposition to the 
corresponding diazoalkane and subsequent products. Method 
B was used in cases where Method A was not successful 
because the semicarbazones would 1101 cyclize at low tempera- 
ture and the oxidation products were unstable if oxidation was 
attempted at higher temperatures. 

An oxidizing mixture of 0.21 M Pb(1V) containing approx- 
imately 1:  1 acetate and trifluoroacetate was prepared by dis- 
solving lead tetraacetate (907,, 102.5 g) and TFA (76 mL) in 
dry CH2C12 (1 L). Qualitatively, this solution gave the best 
results: more TFA led to more decomposition, less meant 
incomplete cyclization. No effort was made to determine if 
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2690 C.AN. J .  CHEhl .  VOL. 57. 1Q79 

TABLE 4. Synthesis and deco~nposition of p-substituted acetophenone oxadiazolinoncs (2c) 

p-Substituenr (o, G+;' synthetic Melting point 
m e t h ~ d , ~  crude yield," v,,") ('C) LkaC 105 kTfs" K e t ~ n e ~ , ~  10"3,'~- 10' k2is- '  

CH,(-0.17, -0.13, A, 60, 1834) Oil 0.866 57.0120.17 
C6H5(-0.01, -0.17, B, 55, 1832) 68-70 0.926 39.9810.48 
H(0.00, 0.00, A, 70, 1835) Oil 0.858 21.9620.15 
Cl(0.23, 0.11, A, 60, 1837) Oil 0.754 14 .9110 .10  
Br(0.23, 0.15, A, 00, 1837) Oil 0.878 13.64k0.15 
CF3(0.54, 0.52, B, 75, 1837) Oil 0.799 6 .34k0 .05  
CN(0.66, 0.66, B, 55, 1837) 109--10 (dec) 0.844 7 .16k0 .02  
N02(0.78, 0.79, B, 60, 1840) 103-4(dec) 0.793 7 .00k0 .05  
CONHZi(-, --, B, 50, 1836) 1 lo--11 (dec) 

OReference 32. 
Osee text for details of methods A and B. 
c l H m r  integrat~on prior to p u ~ i f c a t i o n j ~ ~ ) .  
a lnf ra~ed  in CH,CV (cm-I). 
"Hinr assay for oxadiazolinone purity (see text). Standard deviarions are 2-3::. 
!Total first-order rate constant, X,. at  50.03C in CHiCN ( n r l ) .  
$Errors are standard debiations of rhe  mean, usually from t~iplicales. 
"alihrated ir spectroscopy, slojr scan. 
'Xol used in kinetics. 

the enhanced oxidation rate was due to increased semicarba- 
zone solubility or to formation of a mixed acetate]trifluoro- 
acetate Pb(lV) species of higher oxidizing power. Lead tetra- 
trifluoroacetate (LTTFA) (26) in either CHZC12 or TFA; 
TFAA did not result in oxidative cyclization, even though thc 
latter solution was completely homogeneous. 

In a typical experiment, three separate solutions were cooled 
to - 15'C for 0.5 h in an ice/salt or ice,'alcohol bath: a stirred 
slurry of semicarbazone (0.010 mol) in dry CH,CIZ (50 mL) in 
a stoppered flask (250 mL); oxidizing solution (50 mL, 0.0105 
rnol) in a stoppered flask; and 2.4 NHCI  (50 mL). The oxidant 
was rapidly added to the semicarbazone slurry and the now- 
homogeneous reaction mixture stirred 3-5 min before the 
aqueous acid was added. Hydrolysis times of about 1 min were 
adequate and filtration through Celite followed by ice-cold 
workup was identical to that in Method A above. lHmr spectra 
of the crude reaction product indicated that oxadiazolinone 
accounted for more than 50% of this material (yields of crude 
products, Table 4). 

Purification of the crude material was done as follows. For 
thep-NO,, CONH,, and CN compounds, the crude solid was 
extracted from a residue of unreacted semicarbazone with a 
minimum of CH,CI,, then recrystallized from CHC1,. The 
separation of the oxadiazolinones bearing p-CH,, C,H,, H,  
C1, Br, and CF3 substituents from their decomposition 
products formed in synthesis, mostly ketone and trifluoro- 
acetic acid ester, could only be achieved without further 
decomposition by low temperature column chromatography. 
In an  evacuated, Dry Icelacetone filled, iacketting Dewar, a 
column of 2.5 cm x 30 cm was packed with silicagel (Baker, 
60-300 mesh, ca. 90 g for one grain of crude material). 
Generally, 15-20% diethyl ether in light petroleum was used 
as the eluant. In spite of problems inherent in this technique - 
trying to keep things dry, low solubility (gumming of the 
sample at  the top of the column), and rapid elution - magni- 
fied ir spectra of the carbonyl region for each fraction allowed 
selection of a small cut of reasonably clean material. In all 
cases but thep-C6H,, an oil was obtained which could not be 
further purified. 5-Methyl-5-p-biphenylyloxadiazolinone was 
recrystallized from diethyl etherjhexane. 

Because none of the acetophenone oxadiazolinones was very 
pure, each was assayed by low temperature (-30'C) 'Hmr 
in CCI4 or acetone-d, by careful integration of the methyl 
group against anisole as internal standard. This information 
is also contained in Table 4. The assay was applied as a cor- 

rection factor, d,,, when determining starting oaadiazolinonc 
concentrations for product analysis. Fortunately, the reaction 
rates were independent of any impurities remaining in these 
samples after the above purification step. All samples (neat or 
CH,CN solution) were stored in the freezer (-25'C) prior to 
use, and none was kept for more than 10 days after preparation. 

LTA Oxidation of d-Caml~lzur Sen~icarbazone 
The crude reaction product obtained using Method A con- 

tained about 6 0 2  ketone and 40% oxadiazolinones (ir). This 
material was chromatographed at -20'C on silica gel (Baker, 
60-300 mesh, 50 g per gram), from which it was eluted with 1% 
diethyl ether in light petroleum. Although the two isomeric 
oxadiazolinones (7a and 7b) were completely separated from 
the ketone, they were not well separated from each other. 
Fractions containing more than 75% exo-azo isomer (7a; by 
'Hmr, see Appendix 11) were combined and the white solid 
fractionally crystallized five times from pentane to give 7a 
(ca. 0.1 g, mp 83-84'C) in 1.5% overall yield. The endo-azo 
isomer (7b) remained an oil and further attempts to isolate it 
from its contaminant (30% of 7a) were unsuccessful. 

Kinetics 
General 
Rate constants k, and k2, respectively, for ketone and 

diazoalkane formation, were determined by applying the 
product assay for fraction of ketone formed (see below) to 
the total rate constant for disappearance of starting material, 
/cT = k, + k , .  Each value of kT was measured in triplicate 
and the results averaged. The bath temperature was main- 
tained to +0.10 C or better and the average k, had a typical 
standard deviation of the mean of less than 1%. 

Ultrucioler Method 
A kinetic method employing uv analysis of removed 

aliquots was utilized for the solvent effects (Table 5), activa- 
tion parameters (Tables 2 and 6), a-deuterium kinetic isotope 
effect (Table 7), and alkyl substituent effect studies (Table 8) in 
all but TFE and TFA. After a warming period of 20 min, 
aliquots of 6 mL (3-5 miM in oxadiazolinone) were withdrawn 
by syringe from capped 100 mL volumetric reaction flasks and 
quenched in liquid N2. Two time infinity (10 half-lives) 
samples were taken for each run and then all 12-14 samples 
were allowed to warm to room temperature for uv-vis analysis 
of absorption at ?,,,, of the azo n + nY transition (ca. 360- 
380 nm, slightly solvent variable, E, , ,  - 200-400 M-' cm-I). 
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P \ I N I :  4 V D  W A K K E N T I h  

TABLE 5. Solvent effects on thermolysis of 2h at 85.0 0.1 C 

Kinetic Analytical 
Solvent E;" lo5 kTh,' methodcpd Ketonec methode 10"k,/s- 1 10Q21s-1 

Toluene 
Chlorobenzene 
1,2-Dimethoxyethane 
1,2-Dichloroethane 
Diinethylformamide 
Acetonitrile 
Nitromethane 
Acetic acid 
1 ,I ,1-Trifluoroethanol 
Trifluoroacetic acid 
Nitrobenzeneg 

A 
A 
A 
S 
A 
A 
A 
A 
S 
S 

NMR 

G C  
G C  
GC 
1R 
G C  
G C  
GC 
G C  
G C  
NMR 
NMR 

"Reference 8. 
bTotal first-order rate constant, k ,  (ss'). 
'Errors are estimated standard dexiations of the mean, usually of triplicates. 
dA = 100 n1L voliimetric flask in bath; 6 mL aliquots uithdraxrn and quenched in liq. N,: anallsed in 1 cm uv cells near 360-380 nm. S = indixidual 

sealed tubes suspended in bath; removed and quenched; analysed in 0.1 cm L I V  cells near 360 nm. h M R  = Varian EM-390 spectrometer operated a t  
Y <  1 7." 
"d L - L, 

'GC = calibrated gas chromatography with internal standard. 1R - calibrated ir spectroscopy, slow scan speed. 
fcalculated from correlations among E, and other sol,ent polar~ty parameters. See Appendix I .  
YA lHmr experiment, meaningful only for product distrlbutlon. 

TABLE 6 Kinet~c data for the activation parameters in thermolys~s of 2b 

Solvent Tempelatuie" 1 o5 krhsc 01, Ketonec," 10S k31ss1 105 k,ls-' 

Toluene 94.0 
89.0 
85.0 
81 .O 
77.0 

Acetonitrile 89.0 
85.0 
81 .O 
77.0 

Trifluoroethanol 85.0 
70.6 
60.3 
51.6 

Trifluoroacetic acid 85.0 
77.15 
70.6 
60.3 
51.6 

"Temperatures measured by hational Research Couiicil o f  Canada calibrated thermometer ( 'C,  i 0.1') 
bTotal first-order rate constant kT (s-1). 
.Errors are estimated standard'deviations of the mean usually from triplicates. 
dCalibrated gas chromatography ~ ~ t h  internal standarh. 
'Not measurable; put at 0.4 i 0.25. 

The data were treated by a standard linear least-squares pro- 
cedure and the calculated total first order rate constants 
(k,) were obtained with typical correlation coefficients of 
0.999 for up to 5 or more half-lives, Jilcreasing the concentra- 
tion by a factor of 20 or adding I",< aniline had no effect on the 
measured rate constants. TFE and TFA runs were done using 
0.5 mL aliquots individually sealed in glass tubes and uv 
analysis was accoinplished in cells of 0.1 cm path length. 

The P-deuterium kinetic isotope effect, k,/k,, for each 
process was measured at  85.OCC in toluene and acetonitrile 
by the uv method. For labelled and unlabelled 20, k, was 
simultaneously determined, each in duplicate to eliminate 
possible errors arising from minor temperature variations. 
Duplicate kT's for 3 half-lives agreed within their estimated 

standard deviations ( 5  0.3%). Product analysis by calibrated glc 
employed acetone-d, in a fashion analogous to that described 
below. Although the total isotope effects, k,(H)/k,(D) were 
nearly the same for both solvents (1.1 for all 6D), only 
kH,'kD for ketone formation in toluene and for diazoalkane 
formation in acetonitrile are ultimately reported since the 
propagated error for the minor pathway in each case renders 
the value of kH/kD for that pathway unreliable (see Table 7). 

Infrared Method 
The uv method was unsuitable for the para-substituted 

5-methyl-5-phenyloxadiazolinones because a pink to red 
colouration develops during decon~position, presumably from 
the diazoalkane. Oxadiazolinone (ca. 0.050 g) was carefully 
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TABLE 7. P-Deuterium secondarq k~netic Isotope effects In thermolysis of 20 at 85.0 Ca 

Solbent Substrate 10' kThC $7, Ketonec," lo5 k3 lo5 kz k3(H) k3(DY k2(HI1kz(DY 

Toluene 2b 12 .1210 .05  8 0 . 6 ~ 1 . 5  9 . 7 7 k 0 . 1 9  2 .3510 .18  1 .078 i0 .024  1.199k0.110 
2b-ilb 11 .02k0 .04  8 2 . 2 i 0 . 9  9 . 0 6 1 0 ,  10 1 . 9 6 i 0 . 1 0  [1.03120.018] 

per Df 

Acetonitrile 2b 17.4 i 0 . 2  1 6 . 5 i 0 . 3  2 .8210 .06  14.58+0.18 1 .04110.041 1.13110.020 
2b-db 15.6 1 0 . 2  1 7 . 4 1 0 . 5  2.71 i 0 . 0 9  1 2 8 9 i 0 . 1 7  1,007+0.007] [1.021i0.003] [ per 13. per D 

OFor each solvent. each substrate was done in duplicate, all four runs siiiiultaneously. 
Tota l  first-order rate constant, h i  (s-I). 
CErrors are standard devldtions of the mean of diiplicates. 
dCal~brated glc uith internal standard. 
'k(H) X(D),(per D) = (k(H),k(D) (obs.))' O. 

fFor  the inlnor gath\\ay, the propagated error is large (see text). This \slue may, therefore, not be reliable. 

TABLE 8. Alkyl substituent effects on thermolysis of oxadiazolinones in 1,2-dichloroethane at 85.0'Ca 

R '  RZ zo " b , ~  LE,b lo5 kTd Ketone 10' k3is-l lo5 k2/ss1  

CH3 CH3 0.00 0.00 11.75F0.08 4 4 . 3 i 0 . 6  5 .2110 .08  6 .54k0 .08  
CH3 CH3CH2CHZ -0.115 -0.36 17.4310.17 50 .9+1 .7  8 .87+0.31 8 . 5 6 i 0 . 3 1  
CH3 (CH,)zCH -0.19 -0.47 1 6 . 0 5 i 0 . 1 9  4 2 . 4 2 0 . 6  6 .81+0.13 9 .24k0 .14  
CH 3 (CH313C -0.30 -1.54 21.0210.12 2 8 . 4 5 0 . 5  5 .97+0.11 15.0550.14 
CH 3 ( C H ~ ) ~ C H C H Z  -0.125 -0.93 3 6 . 6 i 1 . 7  4 3 . 0 k 1 . 5  1 5 . 7 i 0 . 9  2 0 . 9 k 1 . 1  
CH3 C,H,CHz t 0 . 2 1 5  -0.38 8 .39F0 .09  6 6 . 8 i 1 . 0  5 . 6 0 i 0 . 1 0  2 .79k0 .09  
CH3 CH30CH2 +0 .52  -0.19 3 .4110 .01  97 2 3  3 .3110 .10  O.lOFO.10 
(CH3)2CH (CH31zCH -0.38 -0.94 25.84k0.22 2 4 . 7 F 0 . 6  6 . 3 8 i 0 . 1 6  1 9 . 4 6 i 0 . 2 3  
C6H5CH2 C6H5CH2 +0.43 -0.76 6 .36k0 .10  6 9 . 9 k 0 . 5  4 . 4 5 t 0 . 0 8  1 . 9 1 1 0 . 0 4  

"Kinetics and product distributions by Ir spectroscopy, errors are standard deviations for the mean of triplicates. 
"Reference 14. 
'Correlation of log (k2,k2iCH3,'CH,)) = a'p* has p' = - -  1.27 I 0.06 ( 1 .  = 0 . 9 9 3 ) .  log (k,k,(CH,,CH3)) = s * p *  has p* = 0 . 2 8  + 0.1 1 

(!. - - 0.686). 
T o t a l  first-order rate constant, k, (ssl). 

weighed and dissolved in dry CH3CN (10.00 mL). Portions of 
about 0 .2mL were transferred by syringe to glass tubes 
(12 c n ~  long by 2 mm id), filling about 45 of them to a depth of 
5 cm. This amount of sample was exactly sufficient to fill a 
0.5 mm CaF, ir solution cell. The tuber were quickly sealed 
and stored in the freezer at -25'C until used for either 
kinetics or product analysis. 

In a typical kinetic run, 12 to 16 sample tubes were with- 
drawn from the bath at intervals calculated to give roughly 
equal concentration differences up to 3 to 5 half-lives. The 
reaction was quenched by cooling with liquid N,. For the ir 
analysis, the spectrophotometer was operated in the absor- 
bance mode on a very slow scan speed and a large wavelength 
expansion setting at 1835 cm-'. Calibration plots using 
ketones showed that measured absorbances were a linear 
function of concentration, and first order fits of the dis- 
appearance of v,, of oxadiazolinone gave correlation coeffi- 
cients typically better than 0.9995 (see Table 4). 

Product Annlysis 
Diazoalkanes generated in oxadiazolinone thermolyses often 

react in a variety of ways to give several products, some 
incorporating solvent ('Hmr, glc). The addition of a few drops 
of TEA per 1nL of solvent effectively traps the diazoalkane as 
the trifluoroacetic acid ester, the only other product observed 
by 'Hmr and glc being ketone. Under the reaction conditions 
employed in these thermolysis studies, neither diazopropane 
nor any of its subsequent reaction products (principally 
acetone azine) were hydrolysed or otherwise converted to the 
ketone. This means that accurate determination of the 
product distribution may be inferred from quantitative assay 
of ketonc only. 

For the solvent effects (Table 5), activation parameters 
(Table 6), and p-deuterium kinetic isotope effects (Table 7) 
(cases where very pure starting material was available), the 
time infinity acetone concentration was measured by integrated 
glc, calibrated against internal standard 2-butanone. Typically 
8-15 injections of each of several calibrant solutions and 
reaction mixtures were used to obtain an average of the frac- 
tion of ketone formed in each case, f,,, and this result had an 
estimated standard deviation of the mean of about 1-2%. 

Ketone measurements by ir carbonql absorption for 
dialkyl and acetophenone oxadiazolinones were obtained 
under conditions of slow scan speed and large wavelength 
scale magnification. Seven to ten calibration solutions of twice 
recrystallized or redistilled ketone demonstrated excellent 
linearity between absorbance and concentration. By measuring 
the time infinity ketonic carbonyl absorption and correcting 
for any ketonic impurity at time zero, the concentration, and 
hence the fraction,f,,, of ketone fornled was computed. From 
a knowledge of the nmr purity assay, f i x ,  (see above), a cor- 
rection to the starting concentration of acetophenone oxa- 
diazolinone was made : 

([ketone] ,. - [ketone],,) x M W  ,,, 
fCO = .- 

~ ~ e i e ~ ~ t " , ,  x .fox, 
For alkyl substituted oxadiazolinones, ji,, was taken to be 
unity though it may have been as low as 0.95 in rare cases. 

The product distribution in nitrobenzene was obtained by 
'Hmr. 

For the camphor oxadiazolinones, the product ratios (ir) 
were obtained as a function of the e.wo,'endo ratio ('Hmr) in 
seven mixtures. Least-squares analysis gave f,,(exo) = 8.4 i 
0.4% and ,fc,(endo) = 26.2 i 1 .I%. 
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P A I N t  AND UARKENTIN 2693 

Tlzern7oc/1erilisti.)': AHfo(oxa), 
At 25'C, the energy released by combustion of 1 g pellets 

of 5,5-dimethyloxadiazolinone was measured in a Parr Oxygen 
Bomb Calorimeter and found to be 526.0 + 0.2 kcal mol-'. 
An enthalpy of combustion was con~puted from the stoichio- 
metry, 

then corrected for the ca. 2 z  nitrogen combustion (27). This 
gaTe AHcO = - 525.1 & 0.4 and AHf0(oxa), = - 56.05 + 0.4 
kcal mol- '. Determination of the gaseous heat of formation 
necessitated approximating the heat of sublimation, AH,', to 
a crude estimate for the heat of vaporization, AHvO, obtained 
from Benson's empirical formula (10): 

Although the boiling point, T,, of dimethyloxadiazolinone is 
unknown, it is a reasonably volatile solid of mp 39.5-40.O3C, 
so a bracketled guesstimate of 40 i T, i 100'C generated 
error limits in AH,' = 8.3 -t- 1.2 kcal 11101-I. With AH,' - 8.3 
1- 2.0, AHfo(oxa), = -47.7 + 2.0 kcal mol-'. Admittedly, 
several very crude assun~ptions are involved in the value 
chosen for AH,', and hence AHfO(oxa),, but very generous 
error limits appended to the final value do reflect the un- 
certainty. 

Clirt?~ilutninescetzce 
Attempts to observe che~niluminescence employed a single 

photon counting apparatus calibrated with luminol (28). 
Event signals from a 14 stage Amperex 56 DUVP,103 photo- 
multiplier tube in a PRA-510 housing operated at  - 1990 V 
were run through an ORTEC 9301 fast preamp to an ORTEC 
454 timing filter and out to a Hewlett-Packard 60 MHz 
frequency counter. The dark current was 13 Hz. 

A solution of dimethyloxadiazolinone in hexane (0.3 A4) was 
degassed in a cylindrical quartz tube by three freeze-pump- 
thaw cycles and heated to 100-1 10'C in an oil bath for three 
lnin prior to transferral to the sample chamber of the single 
photon counting apparatus. Counting was initiated im- 
mediately. In only a few minutes, the sample had cooled to 
ca. 50cC, but at no time was any chemilun~inescence apparent. 
No signal above background dark current was observed. The 
experiment was repeated in the presence of anthracene with 
identical results. Another sample, 0.02 M in 5-methyl-5- 
(I(-chlorophcny1)-A3-1 ,3,4-oxadiazolinone also gave no addi- 
tlonal counts. A detection limit of a 20% increase over back- 
ground counts would have meant the fraction of acetone 
excited states formed near 50'C had been - 2 x 10-lo.  

CNDOI2 Calcrilatio~zs 
The computer program and method have been described 

previously (17). The following structural parameters were 
used : CO, (29). rm = 1.162 A: diazomethane (30), r,, = 1.08, 
rcsl  = 1.32, r , , ~ ~  = 1.1 2, all in A, and L HCH = 127'. Eight 
of twelve CNDO:? LCAO orbitals for carbon dioxide are 
occupied, giving rise to zero order net charge densities of 
+0.536 and -0.268 on the carbon and each oxygen, respec- 
tively. A pair of degenerate HOMO'S with n symmetry at  
- 15.70 eV have a node on carbon and coefficients of k0.707 
on the oxygens. The LUMO is also a degenerate pair of n-type 
orbitals, at  5.14eV, each with coefficients: C(+0.795), 
0(-0.429). The Frontier orbital densities of Fig. 3 are 

on A 

calculated for atom A in orbital i as 2 C,,jZ. 
!J 

In  the case of diazomethane, eight of fourteen LCAO 
orbitals are occupied, and net charge densities computed to be: 
H(+0.045), C(-0.261), NI(-l0.306), N,(-0.136). At - 11.05 

eV, the HOMO has ?r symmetry, with orbital coefficients: 
C(-0.780), Nl(-0.125), N2(+0.613). The LUMO, at  4.35 eV, 
is found to have o symmetry, but the n-type NLUMO at 
4.45 eV has orbital coefficients: C(+0.506), N,(-0.704), 
N,(f0.499). In cycloaddition reactions, the regiochen~istry is 
very often controlled by the HOMO-LUMO interaction of 
smallest energy gap (18), which would be HOMO(CH,N,) - 
LUMO(CO,), at 16.19 eV. The calculations predict the 
HOMO(C0,) - NLUMO(CH,N,) gap to be 20.15 eV. 

Electroiz Spin Resonarzce 
Electron spin resonance signals were not observed during 

thermolysis of degassed chlorobenzene solutions 0.5 M in di- 
methyloxadiazolinone at  a temperature of 100-C in the probe 
of a JEOL JES-3BS-X spectrometer. When the experiment was 
repeated in the presence of doubly sublimed nitrosobenzene, 
the esr spectrum of diphenyl nitroxide was obtained (a, = 
10.0 g; a~ = 0.9 g). The same spectrum was observed from 
nitrosobenzene in the absence of oxadiazolinone, and the 
splitting parameters agree with those in the literature (3 1). 

Cheniicalljl Induced Dyriarnic ~V~lclear Pokarizafiorz 
In a biradical of structure 5, formed from 5,s-dimethyl- 

oxadiazolinone, coupling of the methyl protons to the un- 
paired electron at C5 might prod~lce enhanced absorption or 
emission in the 'H nmr during decomposition, but such 
effects were not observed at  ca. 100 C in chlorobenzene. 

In some cases, 13C nmr is more sensitive to CIDNP 
phenomena(e.g., ref. 24b), but with as much as 0.25 g of sample, 
the carbonyl carbons of oxadiazolinone and product acetone 
could not be detected above baseline noise because too few 
scans were accunlulated during the key minutes of the reac- 
tion. To overcome this problem, 90% enriched 5,5-dimethyl- 
A3-l,3,4-0~adiazolin-~one-~-13C was synthesized from ace- 
tone-2-13C (Merck, Sharpe and D o h n ~ e  of Canada Ltd.). Even 
though C5 and acetone carbonyl could be easily observed from 
0.050 g of the labelled oxadiazolinone, the thermolysis at 
100-C in either chlorobenzene or methylene iodide failed to 
generate emission or enhanced absorption in the Cmr spec- 
trum. The CIDNP experiment was negative. 

Proton Magnetic Rcson~ince Test qf lrzterconcrrsiorz of 7a 
and 7b 

The sample of pure 7a was assayed by 90 MHz 'Hmr to 
contain 10.2% 7b. This detection limit was determined from 
scans of the 0.6 to 1.1 ppm region under conditions which did 
not saturate signals (low rf power and moderate scan speed). 
Excellent Gaussian lineshapes were always obtained. Cut-and- 
weight integration procedures established for assay of mixtures 
of 7t1 and 7b proved that a peak of 0 .5x of the total intensity 
in this region was easily measured. Hence, a detection limit of 
about 40% of this level was inferred as reasonable. 

Oxadiazolinone 70 (0.030 g) in dry CC1, (0.5 mL) was 
sealed into a tube and thermolysed a t  85'C for 80 min (ca. 30% 
decomposition). The sample was cooled, transferred to an 
nmr tube, and the 'Hmr obtained. To the high field side of the 
anti-C7 methyl protons of 7a (1.07 ppm), a complex series of 
absorptions obscured one possible C7 methyl of the en& 
isomer, 7b (1 .OO ppm). However, the low field side of the 7a 
absorption was remarkably clear and revealed no observable 
change in baseline attributable to the 1.13 ppm methyl in 7b. 
On this evidence, interconversion of 7a and 7b was ruled out. 

Acknowledgements 
The National Research Council of Canada (now 

the National Science and Engineering Research 
Council) supported this work through an operating 
grant and through postgraduate scholarships to 
A.J.P. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2694 CAY.  .I. CHEM. VOL.. 57. I979 

1 .  D. C.  FROST. N .  P. C. W ~ s r w o o n .  N.  H. W ~ R S I I U K .  L .  
C ~ B E L K O V A - T ~ G U ( ~ H ~ .  and J .  W . A R K E > ~ I N .  Can. J .  Chem. 
55.3677 ( 1977). 

2. G.  A. M ~ C A L P I N ~  and J .  W ~ K K E ~ T I Y .  Can. J. Chem. 56. 
308 (1978). 

3. J .  B. FIJI TOY.  Ph.D. Thesis. Department of Chemistry. 
McMaster University. Hamilton. Ont. 1979. 

4. S.  L .  L E ~ .  G.  B. G U B ~ L T .  A.  M. C , \ ~ ~ I E R O N ,  and J .  W.ZR- 
~ t [ \ i  I I X .  Chem. Comniun. 1074(1970). 

5.  P. K u t r s t ~ .  Ph.D. Thesis. Department of Chemistry, 
McMaster Univel-sity. Hamilton. Ont. 1976. 

6.  S .  L .  LEE.  A. M .  C . ~ % I E K O N .  and J. WARKENTI\ .  Can. J .  
Chem. 50,2326 (1972). 

7.  T .  L.  GILCHRIST and R. C. STORR. Organic reactions and 
orbital symmetry. Cambridge University PI-ess. London. 
Engl. 1972. 

8 .  C .  REICHARDT. Angew. Chem. Int. Ed. Engl. B4.29(1965); 
18.98 (1979). 

9.  R. H U I S G ~ N .  4 c c .  Chem. Res. 10. 117 (1977). 
10. S .  W. BENSOY. F. R. C R U ~ C K S H ~ \ N K .  D. M.  GOLDEN.^. K.  

H A U G ~ ~ .  H .  E.  O'NEIL. A. S.  ROGERS. R. S H A \ \ ,  and R. 
WALSH. Chem. Rev. 69.279 (1969). 

1 1 .  N .  J .  TURRO. P. I,ECHT KEY, N. W. SCHORF,  G .  SCHUSI t R ,  
H.-C.  S I ~ I N ~ ~ E T Z E R .  and A. YEKTA. Acc. Chem. Kes. 7.97 
( 1974). 

12. H.  K\\-\RT and K. K I N G .  Chem. Rev. 68,415 (1968). 
13. E.  .4. H A L E V I .  Prog. P h y s  Org. Chem. 1. 109 (1963). 
14. T .  H. LOWRY and K .  S .  RICHARD SO^. Mechanism and 

theory in organic chemistl-y. Harper and R o u .  New York. 
NY. 1976. p. 67. 

I. B. K .  BA>DLISH.A.  W. G A R N E R ,  M. L.  H O D G ~ S .  andJ .  \I/. 
T I \ I B E R L ~ K F .  J. Am. Chem. Sot. 97.5856(1975). 

16. Y. YUKA\\  A and Y. T s u h o .  Bull. Chem. Soc. Jpn. 32.971 
( 1959). 

17. A. J .  P A I K E  and N .  H. WERSTIUK. Can. . J .  Chem. 56. 1319 
(1978). 

18. ( ( 1 )  K .  FUKUI.  Top.  Curr. Chem. 15. 1 (1970);(h) K.  FUKUI,  
T.  Yostz,\w,z, and C.  NAGATA. J .  Chem. Phys. 27. 1247 
( 1957); (c,)  Bull. Chem. Soc.  Jpn. 27. 423 ( 1954). 

19. K. N. HOUK.  Y.-M. CHANC,  and P. S.  E N G ~ L .  J .  Am. 
Chem. Soc. 97. 1824 (1975). 

20. K. HUISGEN. J .  Org. Chem. 33. 2291 (1968). 
21. F .  W. MCLAFFERTY. Interpretation of mass spectra. 2nd 

ed. W.  A.  Benjamin, Inc.. Reading. MA. 1973. p. 189. 
22. ( ( I )  R. G P T E I K .  Adv. Free-Radical Chem. 5. 319 (1975): 

( h )  G. L .  CLOSS. Adv. Magn. Reson. 7. 157 (1974); ( c )  
A. R.  LEPLEY and G .  L .  CLOSS. Chemically induced 
magnetic polarization. John Wiley and Sons, Nen' York. 
NY. 1973;(d)J. H .  F ~ t t ~ a n d J .  B. PEDERSEN. Adv. Magn. 
Reson. 8. 1 (1976). 

23. G.  L. CLOSS and C .  E. DOURLFDAY. J. ,4m. Chem. Soc.  95. 
2735 ( 1973). 

24. ( 0 )  G .  L.  C ~ o s s .  J .  Am. Chem. Soc.  93. 1546 (1971); ( b )  R. 
KAP-I'EIN. R. FREEXIAX, and H .  D. W. HILL. Chem. Phys. 
Lett. 26. 104 (1974). 

25. G. L.  CI.OSS and C. E.  DOUBLEDAY. J. Am. Chem. Soc.  94. 
9248 ( 1972). 

26. R. E.  PARTCH. J .  Am. Chem. Soc.  89.3662(1967). 
27. F. D. R o s s ~ s ~ .  Experimental methods in thermochemistry. 

Wiley Interscience, New York, NY. 1956. 
28. J .  L E ~  and H. FI. S E L I G ~ K .  Photochem. Photobiol. 4. 1015 

(1965). 

32. E.  M.  K o s o \ v t ~ .  An introduction to physical organic 
chemistry. M'iley and Sons Inc.. New York. NY. 1968. 

33. T.  W. B E ~ T L E Y  and P.  v .  R. S C H L E Y ~ R .  J .  Am. Chem. Soc. 
98.7667 ( 1976). 

34. Sadtler Srandard NMR Spectl-a. Sadtler Research 
Labs.. Philadelphia. PA. 1972. (ri) No. 6023; (h) No. 425. 

35. J .  B. S ~ O T H L R S .  Car-bon-13 nml- spectroscopy. .4cademic 
Press. New York. NY. 1972. 

36. M. K. KARAPET'Y A \ T S  arid M.  L. K ~ R A Y E T ' Y . ~ I  1s. Thel-- 
modynamic constants of inorganic and organic compounds. 
Ann Arbor-Humphl-ey Science Pub.. Ann Arbor. Michi- 
gan. 1970. 

37. P.  I .  A B ~ I .  It1 Free radicals. Vol. 2. Edifed by  J .  K .  Kochi. 
Wilep Interscience. New York. NY. 1973. p. 73. 

38. R. J .  CR.\WFORD. D. M .  C A X I L R O ~ .  and H .  TOKUN,AGA. 
Can J .  Chem. 52.4025 ( 1974). 

39. S. P\-1.41 (Etlitor). The Chemistry of the hydrazo. azo. and 
azoxy groups. h'iley Interscience. New York. NY. 1975. 

40. S. D I ~ C T U R K .  R. A. J,ACKSOI. and M. T o \ \ ~ s o u .  J .  Chem. 
Soc. Chem. Cornmun. 172 (1979). 

41. J. C.  h ' i~lrrr \  and J .  W. T I \ I R E R L . ~ K E .  J .  Am. Chem. Soc. 
92. 978 (1970). 

42. S.  F .  N ~ L S ~ Y  and P. D. B-\trr I FTT. J. Am. Chem. Soc. 88. 
137 (1966). 

43. M. J .  P E R O ~ X .  P. C.  BE: .ADL~.  and D. M. G O L D ~ N .  int. J. 
Chem. Kinet. 5.495 (1973). 

44. S .  G .  C O H E ~ .  S .  J .  GROSLOS. and D. B. S P ~ R R O M .  J.  .Am. 
Chem. Soc. 72.3947 (1950). 

45. R. J .  CRAWFORD and A. MISHR\ .  J .  Am. Chem. Soc. 88. 
3963 (1966). 

46. J .  W. TIMBERI A K E  and B.  K .  B.A>DLISH. Tetrahedron 
Lett. 1393 ( 1973). 

Appendix I. Estimation o f  an ET Val~le  for TFA 

Protonating solvents remove the solvatochromic 
absorption band of the pyridinium N-phenolbetaine 
used to define the E, scale. In order to include 
trifluoroacetic acid in the reported solvent polarity 
correlations, an ET value was estimated from l~near 
correlations *ith other solvent polarity paranleters 
(8). 

Solvolysis data on 2-adamantyl tosylate (k2-,,,,,) 
in TFA, TFE, HCOOH, HOAc, EtOH, MeOH, and 
(CF,),CHOH (33) were correlated with the solvent 
polar~ty parameter called log k,,, (8) to estimate a 
value of log k,,,(TFA), and then that value was 
plugged into a correlation of log k,,, with ET: 

log k2 -,,, ,, = (2.193 _f 0.096) log kiu, 

log k,,, = (0.195 f 0.016)ET - (13.17 i-: 0.75) 

log k2-,,,,,(TFA) = - 3.05 

29. I .  L .  KARL€ and J .  KARLE. J .  Chem. Phys. 17, 1052 ( 1949). Therefore E,(TFA) = 65.7 f 6.6. 
30. G. HERZBERG. Molecular spectra and molecular structure. 

D. Van Nostrand Co., New York, NY. 1966. 
In spite of the necessary use of two correlations, 

31. K. MUKAI. N. NISHLGUCHI, K .  ISHIZU, Y. D ~ G U C H I ,  and instead of One (because log k 2 - ~ d ~ ~ s  data are 
H .  TAKAKI. Bull. Chem. Soc.  Jpn. 40,2731 (1967). able only for very few solvents with measured E, 
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TABLE 9. Nuclear nlagnetic resonance assignment of stereochemistry in camphor 
oxadiazolinonesn 

d-Camphor 7a 76 Borneo1 acetate lsoborneol acetate 

'Hnir, C8 (0.85) 1.52 fl.OO) (0.83) (0.82) 
methyls C9 (0.92) 1 07 (1.13) (0.90) (0.82) 

ClO (0.97) 0.53 0.53 (0.95) (0.96) 
Reference This wolk This work This work 340 34b 

Cmr, C8 (19.3) 20.5 (19.4) 
methyls C9 (19.0) 20.5 (19.7) 

C10 9 . 5  9 . 4  8 . 6  
Reference 35 This work This work 

"Bracketed values may not  be correctly assigned. Chemical shifts are in ppm relative to internal standard TMS, in 
CCI, sol\~ent. 

values), the error propagation suggests quite reason- 
able confidence limits. The same procedure converts 
log k,.,d,,,(TFE) = - 5.821 (33) to an ET(TFE) 
= 59.2 + 6.2, only 0.3 units below the measured 
value (8b). 

Appendix PI. Nuclear Magnetic Resonance Assign- 
ment of Stereochemistry in the Diastereomers of 

8-Camphor Oxadiazolinones 

Selective decoupling of the methyl protons at 
0.53 ppm of either isomer of 7 caused collapse of the 
quartet at 8.6 or 9.4 ppm in the Cmr spectrum (see 
Table 9), indicating that the upfield protons were on 
C10. In both isomers, these protons spend time in the 

shielding region above the plane of the azo pi bond 
and appear about 0.5 ppm upfield of their usual 
position at ca. I ppm. The opposite downfield shift 
of the C8 methyl protons to 1.52 ppm in one isomer 
cannot be due to the oxygen lone pairs nor to the 
carbonyl group since such an effect is absent in 
borne01 and isoborneol acetates (Table 9). Models 
show that free rotation of the C8 methyl group of 7a 
permits the protons to spend time in the deshielding 
region in the plane of the azo pi bond. In the endo-azo 
isomer, this effect is not possible and the C8 methyl 
hydrogens appear in their usual position, at about 
1 ppm. 
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Synthesis of 1,3-dihydro-2H-benzo- I ,4-diazepin-2-ones and 1,2-dihydropyrazin-2-ones 
via iminophssphoranes. Mass spectra of 1,5-disubstituted-l,2-dihydropyra~in-2-ones~~~ 

JACK A C K R E L L , ~  EDVIGE GALEAZZI. A N D  JOSEPH M. MUCHOWSKI' 
Rr.seorc,h I-rihorcirot.ic,s, S y t z t e~ ,  5.A . .  Aynrtcido Po.cftil 10-820. lV1~.iic,o 10. D.F. 

.AND 

LASZLO TQKES 
Syt7tr.x. Re.secirc,h, Itisritute c!f'O,%rritlic Chemistry, 3401 Hilli.ic~n Acerzuc. Prilo Alto. CA 94304, U.S.A 

Received Febr~larg 15. 1979 

JACK ACKRELL, EDVIGE GALEAZZI, JOSEPH M. MUCHOWSKI, and LASZLO T O K ~ S .  Can. J. 
Chem. 57. 2696 (1979). 

The azido ketones 4c-e and 100-d reacted with triphenylphosphine under mild conditions to 
give the benzo-l,4-diazepin-2-ones 7c-e and the 1,2-dihydropyrazin-2-ones 12u-d, respectively. 

The electron impact induced fragmentation of the 1,s-disubstituted-1,2-dihydropyrazin-2- 
ones was shown to occur by extensive skeletal rearrangement. The 1,s-diary1 derivatives 12n-c 
fragmented via 1,4-diarylimidazole species produced by the expulsion of CO from the molec- 
ular ion. In contrast, the 1-cyclohexyl-5-phenyl derivative 12d fragmented almost entirely via a 
2-hydroxypyrazine intermediate derived from the ~nolecular ion by McLafferty cleavage. 

JACK ACKRELL, EDVIGE GALEAZZI, JOSEPH M .  MUCFIOWSKI et LASZLO TOKES. Can. J. Ghem. 
57.2696 (1979). 

Les azido cetones 4c-e et 100-cl reagissent, dans des conditions douces, avec la triphenyl- 
phosphine pour conduire respectivement aux benzodiaztpine- 1,4 ones-2 7c-e et aux dihydro-1,2 
pyrazinones-2 12a-d. 

On a montre que, pour les composes dihydro-1,2-pyrazinones-2 disubstituts en positions 1,5, 
la fragmentation induite par impact Clectronique se produit avec une transposition profonde 
du squelette. Les d e r i ~ t s  diary-1,s 12n-c se fragmentent par l'irztert?ztclinire d'une espece 
diaryl-1,4 imidazole produite par l'elimil~ation du GO de l'ion moleculaire. A I'oppos6 le 
derive cyclohexyl-1 phenyl-5, 12d se fragmente presqu'entierement via un intermediaire 
pyrazinol-2 provenant de l'ion moleculaire selon un clivage de McLafferty. 

[Traduit par le journal] 

Iminophosphoranes, the isoelectronic analogues (Scheme 1) was described in a patent. Our work, 
of phosphonium ylids, have been known (1) for which had been carried out independently, confirms 
sixty years, and the chemistry of this class of com- and extends the observations published in a recent 
pounds has been investigatedextensively. Whereas the patent (6) .  
intermolecular synthesis of imines from iminophos- 
phoranes and aldehydes or ketones is well known 
(1-3), examples of the intramolecular version of this 
reaction are rare. The synthesis (4) in low yield 
(11%) of the alkaloid nigrifactine 2 from the azido 
ketone 1 and triphenylphosphine is one instance of 
a reaction which may proceed in the above manner. 
In contrast, Nomura e t  al. (5) have shown that 
N-(2-acylpheny1)iminophosphoranes did not cyclize 
to benzazetes. Recently ( 6 ) ,  the synthesis of diazepam 

The intranlolecular reaction between an imino- 
phosphorane and a carbonyl moiety was first applied 
to the synthesis of benzo-1,4-diazepines. Thus, the 
addition of a slight excess of triphenylphosphine to 
a toluene solution of 2-azidoacetamidobenzaldehyde 
4c (see Table 1)  caused the occurrence of an exo- 
thermic reaction and the rapid precipitation of 1,3- 
dihydro-2H-benzo-l,4-diazepin-2-one 7c in greater 
than 50% yield. The other benzo-l,4-diazepines 7d, e 
were prepared (see Table 2) in a similar way from 

7 a  and nitrazepam 7b  from the azidoacetanalides 4a the azides 4d, e ,  but in these cases the intermediate 
and 4b and triphenylphosphine or tr~ethylphosphite iminophosphora~les 5 could be detected as polar 

intermediates by thin layer chromatography (tlc). 
'Contribution NO. 465 from the Syntex Institute of Indeed, in one instance (5e) ,  the iminophosphorane 

Organic Chemistry and contribution No. 1 from the Analytical was stable at room temperature and could be 
Research Division. 

ZPresented in part at the 59th Canadian Chemical Con- as the hydrochloride salt. The transformation of this 
ference of the Chemical Institute of Canada, London, Ont., substance into 7e could then be effected at a higher 
June 7-9, 1976. temperature after liberation from its salt with sodium 

3Presently at Palo Alto, California, address. hydride. 

0008-40421791202696-07$01 0010 
01979 Natlonal Resealch Counc~l of Canada/Conse~l nntlonal de recherche5 du Canada 
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7 
R '  RZ R' 

(1 C,Hc CI C H ,  
h C6H, N O ,  H 
c H H H 
cr' C,H, H C H ,  
P C6H1 C1 H 

A process analogous to that described above when 
applied to the azidoketone POa (Scheme 2 and Table 
11, derived from the corresponding phenacyl amine 
$a, gave 1,5-diphenyl-1,2-dihydropyrazin-2-one 12a 
(35% yield) and not the expected tetrahydropyrazin- 
2-one I la .  The oxidation which took place was not 
aerial in nature (7) because the dihydro compound 
12a was also formed (40% yield) when the reaction 
was effected in a nitrogen atmosphere. Indeed, a 
careful exaniination of the course of the reaction by 
tlc revealed only the presence of the unstable, but 
isolable, intermediate iminophosphorane, the prod- 
uct 12a, and triphenylphosphine oxide. The other 
1,5-disubstituted-l,2-dihydropyrazin-2-0s 12b-d 
(Table 2) were likewise formed in 34-54Wields 
from the azidoketones 10b-d.4 Although unexcep- 
tional, these yields are not worse than those obtained 
when dihydropyridazin-2-ones are synthesized by 
the aminonolysis of the bromoacetamides of cc-amino- 
ketones (7). 

The mildness and formal neutrality of the intra- 
molecular Schiff base synthesis described herein 

4These compounds were examined for general central ner- 
vous system depressant activity but did not possess significant 
activity in this regard. 

make this a highly attractive process for the con- 
struction of nitrogen containing cyclic systems. 

Compounds 12a-d were characterized by their 
elemental analysis and spectral characteristics. The 
nmr spectra had the expected (8) low field absorption 
(6 8.15 i 0.05) for H-3 which was long range cou- 
pled (J z 1.5 Hz) to H-6. The mass spectra (see 
Table 3), in addition to the expected molecular ions, 
possessed several interesting and notable features 
which are discussed in detail below. 

The electron impact induced behaviour of the 
1,5-diaryl-1,2-dihydropyrazin-2-ones 12a-c is typi- 
fied by the mass spectrum of the diphenyl derivative 
12a (Fig. 1). These compounds exhibited extensive 
skeletal rearrangements during the course of frag- 
mentation and the major cleavage patterns, the sup- 
porting metastable ion measurements, as well as 
some mechanistic considerations are summarized in 
Scheme 3.5 

The primary fragmentation of 12a-c occurs by the 
expulsion of CO from the molecular ion (a process 
which has analogy in the mass spectra of pyridazones 
and phthalazones (12a)) to yield the 1,4-diarylimid- 

SThe empirical formulae of all the ions shown in Scheme 3 
were established by high resolution analysis. The nature of the 
transitions marked with symbols (see below) was supported 
by one or more of the following metastable ion measurements; 
(*) metastable peaks, (t) scanning the accelerating voltage 
with a fixed electric sector voltage and a constant magnetic 
field, (1) scanning the electric sector voltage with a fixed ac- 
celerating voltage and a constant magnetic field (using an 
instrument with reversed Nier-Johnson geometry). 
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2698 J C H t \ l  VOL i7 1979 

TABLE 1. Yields and physical constants of the chloro and azido amides 

Analysis 

% Calculated % Found 
Melting -- 

Compound Cryst. solvent Yield (7,)" point ('C) C H N C H N 

3c Dichloromethane-hexane 
4c Hexane 
4rl Ether 
4e Hexane 
90 Ether-acetone 
90 Acetone-hexane 
9c Acetone-hexane 

1Ou Ether-acetone 
l o b  Ether-hexane 
10c Ether-hexane 

OY~eld of once crystall~zed products. 

TABLE 2. Yields and physical constants of some 1,3-dihydro-2H-benzo-1,4-diazepin-2-ones 7 and 1,2-dihydropyrazin-2-ones 12 

Analysis 

% Calculated % Found 
Melt~ng --------- 

Compound Cryst. solvent Yield (z)" point ("C) C H N C H N 

7c Methanol 52-54 223-225' 
711 Dichloromethane-hexane 76 156.5-157. 5C 
7e Ether-hexane 80 214-216d 

120 Acetone-methanol 3 5 133-134 77.39 4.87 11.28 77.16 4.88 11.17 
126 Acetone-hexane 34 127-128 77.83 5.36 10.68 77.87 5.32 10.67 
12c Acetone-hexane 3 6 130-131 67.96 3.92 9.91 67.68 4 .02 10.02 
12ri 54 57-60 75.55 7.13 11.00 75.75 7.19 11.11 

TABLI: 3. Mass spectra * of 1,5-disubstituted 1,2-dihydropyrazin-2-ones 120-d 

Mass spectra I ? I / E  (z relative intensity) ion type 

282.1 (100) M +  
254t (78) b 
2277 (8) e 
226t (3) f 
218 (3) b - HCI 
199t (3) g 
192 (13) e - C1 
191 (8) e - HCI 
190 (7) f - HCI 
165 (23) 
151t (40) c 
124-1 (8) d 
116 (49) c - CI 
1111 (24) 1 
90 (24) 
89 (52) i 
75 (35) 1 - HCl 
63 (23) j 
51 (25) 

'Uncorrected for 13C and (or) 37CI isotope contributions. 
?These peaks are accompan~ed by the 25'7, 3'C1 isotope peaks 
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FIG. 1. Mass spectrum of 1,s-diphenyl-1,2-dihydropyrazin-2-one (12a) 

FIG. 2. Mass spectrum of 1,4-diphenylimidazole. 

azole ion b,. The structure assignment of this ion is 
based on the observation that the spectrum from 
this point (i.e., mle 220) downward is identical to 
that of authentic (13) 1,4-diphenylimidazole (cf. 
Figs. 1 and 2). The predominant mode of fragmen- 
tation of b, is the loss of benzonitrile, presumably via 
a valence isomer such as 6,. The ion c,, thus pro- 
duced, retains the N-aryl substituent in 12b and 12c 
and the deuterium labels in 1,4-diphenylimidazole- 
2,5-d,. Ion c, then undergoes a 1,2-shift of the phenyl 
group from nitrogen to carbon and loss of HCN 
(from c,) to give the C,H,'. species (d). This path- 
way is only partially responsible for the genesis of d 

because the spectra of 12b and 12c contain the 
C,I-I,'. species as well as the expected substituted 
ions (i.e., mle 104 and 124, respectively; see Table 3). 

Another important fragmentation of the 1,4- 
diarylimidazole species b, takes place by the loss of 
HCN to give an ion the most probable structure of 
which is el. This type of cleavage is common to both 
unsubstituted (12b, 14) and substituted (15) imid- 
azoles and the site specificity thereof is dependent on 
the substitution pattern of the imidazole moiety 
(12b). The fragmentation behaviour of the diphenyl- 
azirine radical ion el is very complex. Thus, when 
derived from 12a or 12b a hydrogen radical is lost, 
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[H&r' - -HCN C7H6-. 

0 .,. l i 
A .:. 

1 
Ph' 

I 
Ph' 

P h' 

a. M t  hZ .  I ~ I / ?  220 c , i ~ / c  I17 1 :. iil/c, I I7 rl. i n  11. 00 

- HCN - C 3 H 7  ,, Ph-C-CH CiHjt  C 5 H 3 +  

h .  t n / c  116 i .  tn/c> 80 j .  171 /c 63 

- HCN - C Z H 2  
. L 

X. tiilc, 104 / . r i l l e  77 t i? .  in/c. 5 1 
h,. iiz/c> 220 

SCHEME 3 

whereas either a hydrogen or the ineta chloro group 
is liberated from the ion which stems from 12c. The 
species obtained via hydrogen elimination (i.e., f, 
o r  f,) then lose HCN, which indicates that this 
fragmentation process involves a 1,2-migration of 
the nitrogen substituent to the carbon atom bearing 
the phenyl group. The C,,H,' fragment (mle 165) 
obtained in this way from 12a, and for which the 
fluorenyl cation structure has been suggested, has 
also been observed for several other diphenyl sub- 
stituted heterocyclic systems containing two hetero- 
atoms (16, 17). Other fragmentation pathways, in 
addition to the two shown, contribute to the forma- 
tion of g from el.  Thus, the n?/e 165 species is also 
formed from 12b and 12c, and furthermore, meta- 
stable ion measurements indicate that it is, in part, 
formed directly from e. For  126 and 12c, this re- 
quires the loss of HCN and the substituent from the 
1-aryl group instead of an  ortho hydrogen involved 
in e -+ g.  In addition, about 507 of one of the deu- 
terium atoms is retained in the mle 165 ion derived 
from 1,4-diphenylimidazole-2,5-d,, an observation 
which implicates exchange of the imidazole and 
phenyl hydrogens prior to fragmentation of the 
diheteroatomic system (17). 

The formation of the other fragment ions in these 
systems d o  not require the invervention of skeletal 
rearrangements. The genesis thereof can be ratio- 
nal~zed in terms of simple cleavages of valence isomer 
6, of the diarylirnidazole. The fragmentation modes 
h + i-j and k + 1-rn (Scheme 3) are supported by 
the expected mass shifts in the spectrum of 1,4- 
dipheriylimidazole-2J-dz and by metastable ion 
measurements on 12a-c, although the parent ions of 

o , .  i n / r  172 
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h and k could not be identified. It is noteworthy, 
however, that the aryl cation I is derived almost en- 
tireiy from the N-aryl groups, an observation which 
may be of value for structure elucidation purposes. 

The mass spectrum of the 1,s-disubstituted-l,2- 
dihydropyrazin-2-ones changes completely when the 
nitrogen substituent is a cyclohexyl group as in P2d 
(see Table 3). It is suggested that the fragmentation 
of this compound can be rationalized in terms of an 
initial McLafferty cleavage of the molecular ion as 
shown in Schenle 4. The expulsion of CO does take 
place to a significant extent, but only after the 
McLafferty cleavage has occurred (i.e., n -t o, + 

Experimental 
The melting points were determined in a Mel-Temp appa- 

ratus and are corrected. The ir spectra were measured with a 
Perkin-Elmer model 237 grating infrared spectrophotometer. 
The nmr spectra wcre recorded with a Varian T-60 spectrom- 
eter. The low resolution mass spectra were measured on 
Varian-MAT CH-7 and AEI MS-9 mass spectrometers at 
70 eV ionizing voltage. The high resolution analyses and 
metastable ion measurements were carried out on a Varian- 
MAT 311A mass spectrometer at 70 eV ionizing voltage, 
10 000 resolution (10% valley), and 1 2  ppm accuracy. 

Preparation of the Chloroucetan~ido Compounds 3 and 9 
These compounds were prepared by the method of Petersen 

and Lakowitz (18) except that dioxan was used as the solvent 
instead of chloroform. Con~pounds 3d (19) and 3e (10) have 
been described previously. The yields, melting points, etc. for 
the unknown chlorides are given in Table 1. 

Synthesis of the Azidoamides 4 and 10 
These compounds were synthesised from the chlorides and 

sodium azide by the method of Petersen and Lakowitz (18) 
except that dimethylsulfoxide was used as the solvent and the 
reaction was conducted at  room temperature. The ylelds, 
melting points, etc. for these compounds are compiled in 
Table 1. 

Synthesis of the 1,3- Dihydro-2H-benzo-1.4-diazepin-2-ones 7 
T o  a stirred solution of the azide (1 equiv.) in anhydrous 

toluene (20-100 mL/g of the azide) was added trlphenylphos- 
phine (1.1 equiv.). Agitation was continued for the times and 
at the temperatures specified below. The progress of the cycli- 
zations was followed by tlc. 

Synthesis of 7c 
The addition of triphenylphosphine to a toluene solution of 

the azide 4c caused an exothermic reaction to take place and a 
solid separated from solution. The mixture was kept at  room 
temperature for 0.5 h (reaction apparently complete at this 
time) and at  reflux temperature for 2.5 h. 

Synthesis of7d 
The reaction was complete after 4 h at  room temperature. 
Synthe~is of7e and Isolation o f the  Imirzophosphorane 5e 
The solution was stirred at room temperature for 1 h and at  

reflux temperature for 18 h at the end of which time the imino- 
phosphorane was no longer present. 

T o  isolate the iminophosphorane hydrochloride, the solu- 
tion obtained after 1 h at  room temperature was evaporated 
to dryness in cacuo, and a 10% hydrochloric acid solution was 

added to the residue. The aqueous solution was decanted from 
the gummy residue, and the addition of ethyl acetate to this 
material caused crystallization to occur. The solid was col- 
lected by filtration, washed with water, and dried in vacuo. 
Crystallization of this substance from chloroform - ethyl 
acetate gave a white solid (83%) with nip 217-219°C dec. 
Recrystallization from ethyl acetate gave the analytical speci- 
men, mp 222-224'C dec. Ajzal. calcd. for C33H26ClNZOZP.HCI : 
C 67.69, H 4.65, N 4.79; found: C 67.85, H 4.51, N 4.76; ir 
(CHCI,) v,,,,: 3330, 2730, 2640, 2440, 1695, 1650 cm- I ;  nmr 
(CDC13) 6: 3.73 (d, CH2N, J,, = 14.4 Hz), 7.15-8.05 (m, 
aromatic H's), 9.35 (s, HNP, W,, = 16 Hz, exchanged with 
D,O), 10.93 (s, NHCO, W, = 4 Hz, exchanged with D,O). 

To cyclize the iminophosphorane, an equimolar amount of 
the hydrochloride and sodium hydride was stirred at room 
temperature with anhydrous toluene (60mL toluene/g of 
iminophosphorane hydrochloride) until hydrogen evolution 
had ceased. The mixture was stirred at  reflux temperature for 
4 h, during which period only a slight conversion to the 
cyclized material had occurred. At this time, 0.1 molar equiva- 
lents of triphenylphosphine (the catalytic effect of triphenyl- 
phosphine is not understood) was added, and stirring at  reflux 
temperature was continued for 18 h. The reaction was worked 
up as described below to give a 96% yield of the crude (homo- 
geneous by tlc) benzodiazepinone 7e. One crystallization of 
this material from ether-hexane gave the pure product nip 
214-215.C (67%). 

The isolation of the benzodiazepinones was carried out in 
the manner described below. 

Compound 7c was very insoluble in toluene. When the reac- 
tion mixture had cooled to room temperature, this substance 
was collected by filtration and dried. 

To isolate the other benzodiazepinones, the solvent was 
removed in vacuo, the residue was dissolved in ethyl acetate, 
and this solution was extracted with 10% hydrochloric acid. 
The acidic extract was cooled, made alkaline with 20% sodium 
hydroxide solution, and the product was extracted into ethyl 
acetate. The extract was washed with water, dricd ovcr sodium 
sulfate, and evaporated in vacuo. The residue was crystallized 
from an appropriate solvent. 

The yields, melting points, etc., of the benzodiazepinones 
are compiled in Table 2. The identity of these compounds was 
ascertained from their characteristic nmr spectra (20) and 
from the good agreement of the observed melting points with 
those recorded in the literature. In addition, the ir spectrum 
of compound 7c was identical to that of an authentic specimen, 
and the mixture mp's of 7d and 7e  with authentic samples were 
undepressed. 

Synthesis of the 1,2-Dihydropyruzin-2-ones 12 
Synthesis ofd2a-c 
A solution of the azide (1 equiv.) and triphenylphosphine 

(1.2 equiv.) in anhydrous toluene (10 mL/g of azide) was 
stirred at room temperature for 20 h. The solvent was removed 
in vacrro and the residue was then purified as described below. 

Compound 12a was obtained pure by tlc of the mixture on 
silica gel using chloroform-acetone (95: 5) as the developing 
solvent. 

Compound 12b was separated from the reaction mixture by 
column chrornatography on Florisil (100 g, for a 7.7 mmol 
scale reaction). The column was developed (100 mL fractions) 
with hexane (200 mL), hexane - ethyl acetate, 95: 5 (400 mL), 
and hexane - ethyl acetate, 90: 10 (600 mL). The product was 
contained in fractions 8-10. 

Compound 12c was also purified by column chromatog- 
raphy on Florisil (50 g, for a 3.1 mmol scale reaction). The 
column was developed (LOO mL fractions) in exactly the same 
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manner as described for 12b. The product was found in frac- 
tions 9-11. 

Synthesis ofP2d 
The synthesis of 12d was effected without purification of any 

of the intermediates. 
Cyclohexylamine (5.8 mL, 50 mmol) was added, at  - 10cC, 

t o  a stirred solution of phenacyl bromide (5.0 g, 25 mmol) in 
anhydrous dichloromethane (100 n1L) maintained in a nitro- 
gen atmosphere. The reaction temperature was allowed to rise 
t o  15°C and the mixiure was stirred at this temperature for I h 
40 min. The mixture was filtered, and chloroacetyl chloride 
(4.6 mL, 60 mmol) was added to  the filtrate at  room tempera- 
ture. After a few minutes the solution was concentrated to a 
small volume in vncuo, water was added, and the mixture was 
extracted withethyl acetate. Theextract was washed with water, 
dried over sodium sulfate, and evaporated in vacuo. The resi- 
due was dissolved in benzene, the solution was washed with 
aqueous sodium carbonate solution, and then with water. The 
solution was dried, evaporated in vucuo, and the residue was 
chromatographed on alumina (250 g, Act. 11, 200 mL frac- 
tions). The column was eluted with hexane (600 mL), hexane - 
ethyl acetate, 95: 5 (1000 mL), hexane - ethyl acetate, 90: 10 
(100 mL), and hexane - ethyl acetate, 85 : 15 (2200 mL). The 
chloroamide 9d (2.25 g, 32% overall) was isolated as an oil 
from fractions 17-23. This substance had v,,, (CHCI,): 1708, 
1650 cm-', and was used directly in the next step. 

The chloroamide was converted into the azido amide 10d in 
the manner described previously. The crude, oily azide (v,,, 
(CHCl,): 2075, 1708, 1655 cm-') was obtained in 98% yield 
and was used immediately in the next step. 

The azido compound was transformed into the corre- 
sponding pyrazin-?-one in the manner described above. The 
crude product was chromatographed on alumina (100 g for a 
6.6 mmol reaction; Act 11, 100 mL fractions). The column was 
eluted with hexane (300 mL) and hexane -- ethyl acetate, 95 : 5 
(1400 mL). The product was contained in fractions 8-12. 

The 1,5-diaryl-1,2-dihydropyrazin-2-ones showed four in- 
tense ir (CHCI,) bands at 1672 ? 2, 1616 k 2, 1605 k 3, and 
1595 k 5 cnl-'. Compound 12d had v,,, (CHCI,): 1657, 
1595 cnl-'. The yields, melting points, etc., for these com- 
pounds are compiled in Table 2. 

2,5-Diphenylimidazole-2,5-d2 
A solution of 1,4-diphenylimidazole (10 mg) (13) in meth- 

anol-OD (5 mL, 99% dl)  containing sodium methoxide (pre- 
pared from sodium (50 mg)) was boded under reflux for three 
days (nitrogen atmosphere) the progress of the exchange being 
followed by gc-ms analysis of periodically removed aliquots 
(0.1 mL). The solutlon was poured onto a mixture of ice and 
ether, the ether phase was washed with water, dried over 
sodium sulfate, and evaporated in cncuo. The crystalline resi- 
due exhibited 17% dl and 83% d2. 

When the exchange was carried out in MeOD-D20 (9: I), 
in the presence of NaOD, the first deuterium was incorporated 
in ca. 20 h, presumably at position 2 (21). The exchange of the 
second hydrogen took place much more slowly. 
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Phase transformation studies on K2Cr,07 
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MAHADEVA NATARAJAN and ETALO A. SECCO. Can. J. Chem. 57.2703 ( 1979) 
The phase transformations occurring in K,Cr20, have been examined by differential thermal 

analysis (DTA), differential scanning calorimetry (DSC), specific heat measurements, elec- 
trical conductivity technique, and X-ray diffractometry. The results show that the polymorphic 
behavior of K,Cr,O, is very sensitive to the thermal and preparative history of the sample. 

MAHADEVA NATARAJA~ et ETALO A. SECCO. Can. J. Chem. 57.2703 (1979). 
A l'aide des methodes suivantes: I'analyse thermique differentielle (DTA) la calorimetrie 

par balayage differentiel (DSC) les mesures de chaleur specifique, la technique de conductivite 
Clectrique et la diffraction par rayons X, on a examine les transformations de phase se pro- 
duisant dans le K,Cr,O,. Les resultats montrent que le comportement polymorphique du 
K2Cr207 est tres sensible au mode de preparation de I'dchantillon et aux conditions ther- 
miques utilisees. 

[Traduit par le journal] 

Introduction 

Polyinorphism in K2Cr207 has been the subject of 
a number of studies (1-5). The room temperature 
(RT) stable structure of K2Cr207 is triclinic (6) 
space group P I  with cell constants a = 13.376 A, 
b = 7.376A, c = 7.445A, cr = 90.75", P = 96.21°, 
and y = 97.96 .2 

The triclinic form A transforms at -270°C to a 

b = 7.52 A, c = 7.55 A, and P = 91.68". Below 

T 
monoclinic form C, space group P2,ln; the cell o 
parameters reported (4) at 300°C are a = 13.45 A, 

240cC monoclinic C transforms to a metastable 
+ 

monoclinic form B, probable space group C2/c, with a 

lattice constants a = 13.06 A, b = 7.37 A, c = 
7.43 A, and P = 91.85". The B + C transition was o 

0 noted to occur at 255°C. IHowever, the existence of a z 
distinct monoclinic B phase in K2Cr207 is questioned 
(5). 

Our interest in phase transformation phenomena 
(7, 8) prompted us to investigate the polymorphic 
changes occurring in K,Cr207. This paper presents 
the results of such an investigation using differential 
thermal analysis, differential scanning calorimetry, 

1 
X-ray diffractometry, electrical conductivity, and 
infrared techniques. 

Experimental 
Certified ACS potassium dichromate (Fisher Scientific, 

2 99.95% purity) was used in this work. The stock material was 
passed through a standard sieve (0.297 rnm mesh) to obtain 
samples of uniform particle size for this study. 

lTo whom all correspondcnce should be addressed. 
'The cell constants quoted in the convention adopted in ref. 

1 to facilitate comparisons. 

200 250 300 
~ e r n ~ e r a t u r e , ' ~  

FIG. 1. DTA traces; 1, stock triclinic K2Cr207 in heat mode 
to fitsion; 2, fused product in cool mode; 3, residue from 2 in 
heat mode; 4, product from 3 after remaining at RT for 2 h in 
heat mode; 5, product from 4 in cool mode; 6, after remaining 
at R T  for 48 h in heat mode; 7, product from 6 in cool mode; 
8, stock triclinic K2Cr20,  in heat mode to 350'C below fusion; 
9, product in cool mode; 10, residue from 9 in heat mode; 11, 
product from 10 in cool mode. 

0008-4042/791202703-04$01 .00/0 
1979 National Rehearch Council of CanadaIConseil national de recherches du Canada 
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FIG. 2. Specific heat plots: I, stock triclinic K,Cr207 fused and cooled to RT;  2, reheat residue from I;  3, K2Cr207 
precipitated slowly from aqueous solution; 4, K2Cr20,  by heating aqueous solution to dryness. 

Differential thermal analysis (DTA) and differential scan- 
ning calorimetric (DSC) traces were recorded on a duPont 
Model 990 Thermal Analyzer module with the appropriate 
attachments (9). Al2O3 was used as the reference material and 
the heating rate was 10' niin-'. The transition enthalpies were 
evaluated using the enthalpy of fusion for Sn as standard 
(AH, = 14.14 mcal mg-' at  231.9"C). Specific heat measure- 
ment traces with the DSC attachment used sapphire crystal as 
calibration standard. 

X-ray diffraction patterns were recorded using a Norelco 
diffractometer, calibrated with Si standard, using CuK, 
radiation (h  = 1.5418 a) as previously described (10). 

The procedure for the electrical conductivity measurements 
on compressed polycrystalline discs using General Radio 
impedance bridge GR-1608A has already been described 
(7, 11). Heating rate was 20- h-'. 

The infrared spectra of samples were recorded in the 4000- 
250 cm- ' region on Perkin-Elmer Model 18C. spectrophoto- 
meter using the standard disc technique with KBr or KC1 as 
matrix. 

Results and Discossisn 

DTA traces are presented in Fig. 1. Curve I 
represents the heat mode for stock triclinic K2Cr207 
undergoing a sharp transition to stable monocliaic 
structure at 272°C; the enthalpy for this A + C 
transition was determined to be 385 & 10 cal mol-I. 
Curve 2 represents the cool mode of the fused pro- 
duct from curve I :  the weak exotherm at 226°C 
assigned to the C -+ B transition corresponds to an 
enthalpy of 30 + 5 cal mol- l. Immediate reheating 
of this residue, curve 3, yields a weak endotherm at 
255°C with an enthalpy of 30 + 5 cal mol-l. After 
remaining at RT for 2 h, the sample gave curve 4 in 

the heat mode with the endotherrn at 260°C and 
curve 5 in the cool mode with the exotherm at 232°C. 
Curves 6 and 7 represent heat and cool modes of the 
sample, respectively, after remaining at RT for 
48 h - standing at RT sharpens the thermal effects 
and shifts the peak temperatures. 

Curve 8 represents stock triclinic K2Cr20, heated 
to 35OCC, identical thermal effect as curve I. Curve 9 
represents the cool mode of the product from curve 8 
with an exotherm extending over the temperature 
range 202-238°C; the broad exotherm suggests a 
slow C -+ B transformation rate. Reheating the 
residue, curve 10, produces the endotherm at 259°C 
and re-cooling the sample yields curve 11;  further 
heat-cool cycles do not alter significantly the DTA 
traces of this sample. 

The transition enthalpy at 270°C for weli-powdered 
(ground in mortar) stock triclinic K2Cr,07 was de- 
termined to be 180 + 10 cal mol-I in contrast to 
385 cal mo!-I for "as bottled" sample; the enthalpy 
of this sample attains the value of 380 cal mol-I after 
repeated heat-cool cycles. The lower enthalpy 
indicates that a partial conversion of form A to form 
C had occurred on grinding. Since the three forms of 
K2Cr,07 have been correlated (1) with different 
layer arrangements of the basic Cr20, unit it is most 
probable that the A -+ C transition, occurring via a 
displacive mechanism is effected by the grinding 
shear energy. 

The specific heat curves 1-4, Fig. 2, clearly show 
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NATAKAJ:lN A Y D  SECCO 

FIG. 3. X-ray diffractograms at RT: A ,  stock triclinic K,Cr20,; AC, well powdered stock K,Cr,O,; I, identical to AC; 
2, after heating I to 300-C; 3, after remaining 3 h at RT; 4, after reheating 3 to 300-C; 5,  after remaining 17 h at RT, 

distinct features of the different  sample^.^ Curve I, 
stock sample fused and cooled lo RT, exhibits a 
weak anomaly at 260 i 2-C interpreted as a small 
fraction of B transforming to C with an intense 
anomaly at 285°C assigned to triclinic A conversion 
to monoclinic C. Reheating this cooled sample 
revealed a single sharp anomaly at 266 $- 2+C, curve 
2, interpreted as the pure A + C transition. The 
specific heat behavior of M,Cr20, precipitated 
slowly from aqueous solution, curve 3, produces a 

3Comn~ent added in proof: The additional contribution to 
the specific heat of sample 4, Fig. 2, relative to samples 1-3 
could originate with an ionic complex, e.g. (Cr0,.Cr0,)2- ? 

single sharp anomaly at 282°C. On the other hand, 
K,Cr20, obtained by gently heating an aqueous 
solution to dryness, curve 4, reveals an intense 
anomaly at 272 + 2°C along with a very v,eak one 
at 295°C. 

The X-ray dif'iractograms of K,Cr,O, exposed to 
specific anneal conditions are presented in Fig. 3. 
The stock sieved sample produces pattern A, with 
peaks characteristic of triclinic A, whereas the well- 
powdered stock sample gives pattern AC, with peaks 
characteristic of both triclinic A and monoclinic C 
forms. The sequence of X-ray dlffractograms, 
curves 1-5, shows the progress of the characteristic 
peaks as a function of anneal and storage variables. 
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FIG. 4. Logarithm of conductivity, o, versus 103/TK plots 
at  reduced pressure, - Torr: 0, stock well-powdered 
KzCrzO, in heat mode; 0 ,  heated product in cool mode: 
@, quenched K2Cr,0, in heat mode. 

Figure 4 presents the conductivity versus tem- 
perature plots for K2Cr20,. The conductivity for 
stock well-powdered K,Cr207 (unfilled circles) in 
the heat mode shows a break from linearity in the 
temperature region 279-288'C, inset (a). The con- 
ductivity behavior in the cool mode (filled circles) 
shows a discontinuity over the temperature range 
240-23OPC, inset (b), with higher conductivity values. 
The conductivity data for a quenched sample in the 
heat mode (half-filled circles) are lower for lower 
temperature region but merge with the stock sample 
data at elevated temperatures - a barely discernible 
break occurs in the region 276-282"C, inset (a). All 
the conductivity data are reproducible well within the 
limits of the bridge sensitivity and therefore, the dis- 
continuities are to be viewed with a high degree of 
confidence. 

Since the infrared spectra of all samples were 
identical no additional structural correlation was 
evident. 

DTA traces obtained on single crystals of 

K2Cr20,, grown by slow evaporation (10 days) of 
aqueous solutions, exhibited non-reproducible ex- 
traneous thermal effects in the heat mode, including 
an exotherm. The extraneous effects, most likely due 
to lattice strain energy, were absent after the single 
crystal had been powdered. 

In summary, this study shows that the poly- 
morphic behavior in K2Cr20,  is not straightforward 
and very sensitive to the thermal and preparative 
history of the sample as evident by the results from 
DTA, calorimetry, specific heat, electrical con- 
ductivity, and X-ray diffraction. The phase relation- 
ships with transition temperature ranges and transi- 
tion AH values are presented below: 

258-272°C 
Triclinic (A) i + Monoclinic (C) 

180-385 cal/mol 

Monoclinic (B) 

The coexistence of mixed A and C phases produces a 
range in transition temperatures and AH values. 
Although monoclinic B exists at RT it does not 
transform to RT stable triclinic directly but only via 
monoclinic C. The low transition AH values ob- 
served for K2Cr207 relative to Na2S0, (8) suggest 
that the K2Cr20, phases are energetically quite 
similar. 
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Factor analysis as a complement to band resolution techniques. VH. Complex formation 
between pentachlorophenol-OD and acetone 
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J. KORPPI-TOMMOLA and H. F. SHURVELL. Can. J. Chem. 57,2707 ( 1979). 
Complex formation between pentachlorophenol-OD (PCP-OD) and acetone and acetone-d6 

in CC1, solution has been studied. Digitized infrared spectra in the 0-D stretching region 
v(OD) of PCP-OD and the C-0 stretching region v(C0) of acetone have been recorded from 
solutions of various concentrations. The present results are compared with previous work on 
complex formation between PCP and the same acceptor molecules. 

In the v(0D) region, factor analysis (principal component analysis) and a concentration 
study of the areas of the resolved band components suggest that two (1 : 1) complexes occur in 
solution. The equilibrium constant obtained for one of the complexes shows an isotope effect 
due to deuteration of the proton donor. In the v(C0) region, only one band due to complexed 
species was resolved. Equilibrium constants calculated using the results from the v(0D) and 
v(C0) regions are in good agreement with each other. 

J. KORPPI-TOMMOLA et H. F. SHURVELL. Can. J. Chem. 57.7707 (1979). 
On a etudie, en solution dans le CCI,, la formation de complexe entre le pentachlorophenol- 

OD (PCP-OD) et l'acetone, et I'acetone-d,. A partir de solutions B differentes concentrations, 
on a enregistre les spectres numeriques ir dans la region d'tlongation du 0-D v(0D) du 
PCP-OD et la region d'elongation du C-0 v(C0) de l'acttone. On a compare ces resultats a 
ceux de travaux anterieurs sur la formation de con~plexes entre le PCP et les m&mes n~olecules 
"accepteurs ". 

Dans la region v(OD), le facteur d'analyse (analyse du constituant principal) et l'etude de 
concentration des surfaces des bandes rtsolues des constituants suggerent que deux colnplexes 
(1: 1) se forment en solution. La constante d'tquilibre obtenue pour l'un de ces complexes 
montre un effet isotopique due a la deuteration du donneur de proton. Dans la region v(C0) 
seule une bande due a l'espkce complexe a CtC risolue. Les constantes d'equilibre calculees en 
utilisant les resultats obtenus a partir des regions de v(0D) et v(C0) sont en parfait accord 
avec l'une et l'autre. 

[Traduit par le journal] 

TntPoduction Fundamental bands associated with the vibrations 
Self-association of alcohols and phenols and com- of the functional groups involved in hydrogen bond- 

plex formation with other proton acceptors in solu- ing are subject to both frequency and intensity 
tion have been studied extensively by infrared spec- changes in the vibrational spectrum. In some cases, 
troscopy. In earlier work (1, 2), equilibrium constants direct study of the hydrogen-bond stretching modes 
have been obtained from the concentration depen- is possible (5). Several matrix-isolation infrared self- 
dence of the monomer hydroxyl stretching band only, association studies have shown that hydrogen 
while the band due to association or complex forma- bonding manifests itself in all three vibrational 
tion was usually ignored. The application of factor modes of the hydroxyl group in alcohols (6,7). When 
analysis (principal component analysis) to digitized complex formation occurs between alcohols or 
infrared spectra leads to the determination of the phenols and ketones, both the v(0H) band and the 
number of absorbing components in a complex band v(C0) band show concentration dependencies (4). 
(3). Subsequent band resolution and the calculation In principle, any band in the vibrational spectrum, 
of band areas and molar absorption coefficients which undergoes changes due to hydrogen bonding 
allows various models of complex formation to be can be used to calculate the equilibriun~ constants. 
tested and equilibrium constants to be calculated One purpose of the present study was to compare the 
(3, 4). Additional quantities such as wavenumber calculated parameters of the bands due to complexed 
maxima and half-widths of bands assigned to corn- species and the equilibrium constants obtained from 
plexed species can be obtained. These quantities, studies of two separate regions of the infrared 
together with the equilibrium constants, provide a spectrum. 
qualitative as well as quantitative picture of associa- In our recent study of complex formation between 
tion or complex formation in solution and utilize PCP and acetone in CCI, solution (41, conflicting 
fully the data recorded in a given spectral region. results were obtained from factor analysis and band 

0008-4042/79/ZO2707-07SO I .00/0 
~ ~ 1 9 7 9  National Research Council of CanadaICon5eil national de rechef-ches du Canada 
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resolution. In the v(OH) region, factor analysis 
indicated three absorbing components, whereas the 
band resolution procedure gave a better fit when four 
components were used. I t  was therefore of interest to 
see if this conflict would also arise in the v(0D) 
region of the spectra of PCP-OD/acetone mixtures. 

We have recorded infrared spectra of penta- 
chlorophenol-OD (PCP-OD) and acetone and PCP- 
OD and acetone-d, in CCl, solution in the 0-D 
stretching region of PCP-OD and in the carbonyl 
stretching region of acetone. The spectra were digi- 
tized and factor analysis and band resolution were 
carried out. The molar absorption coefficients were 
calculated for each set of solutions and equilibrium 
constants were then calculated. The results are com- 
pared to those obtained earlier for normal PCP/ 
acetone and acetone-d, co~nplexes (4) and to those 
reported previously for phenol and phenol-OD/ 
acetone colnplexes (8-1 0). 

Experimental 
Deuterated pentachlorophenol (PCP-OD) was synthesized 

by shaking a warm PCP,/carbon tctrachloride solution with 
D 2 0  and re-crystallizing the deuterated phenol, which pre- 
cipitates on cooling. The procedure was repeated several 
times until deuteration was better than 90%. Samples were 
contained in Beckman- R.I.I.C. variable pathlength cells and 
the spectra were recorded on a Perkin-Elmer 180 spectrometer. 
Pathlengths were determined using the fringe method from 
0.05 to 0.2 mni and linearity of micrometer readings with 
pathlength was assumed over the range used in this work. 
When recording the spectra in the v(0D) region the spec- 
trometer was flushed with nitrogen gas to minimize absorp- 
tion by carbon dioxide. The same solutions were used in both 
v(OD) and v(C0) regions, with the pathlengths adjusted 
accordingly. Concentrations were corrected for the thermal 
expansion of CCl, due to heating of the sample by the infrared 
beam of the spectrometer. 

A spectrum of PCP-OD in CCI, solution was recorded and 
areas of the v(0H) and v(OD) bands were measured. These 
areas were used to estimate the isotopic concentration ratio k ,  
given by : 

where COD and COH are the concentrations of PCP-OD and 
PCP and A,,, and A O H  are the areas of the v(OD) and v(OH) 
bands respectively. The observed spectra were digitized at  
2.5 cm-'  intervals in the v(0D) region giving 281 data points, 
while in the v(C0) region the digitization inverval was 1.0 
cm-I giving 151 data points per spectrum. The digitizing pro- 
cedure and the further computational processing of the data are 
reported in detail in ref. 4. The details of the solutions and the 
pathlengths are not given here, but these are available from 
the authors on request. 

PCP is unusual in that it does not undergo self association 
in CC1, solution (11). Thus no complication of the spectra in 
the OD stretch~ng reglon is expected from self association and 
any absorption in addition to the freev(OI9) band must be due 
to  format~on of complexes. 

The possibility of interference froin water in the phenol, or 
the solvents has been considered. Independent experiments 

indicate that small added amounts of moisture do not signi- 
ficantly perturb the OH stretching band. Nevertheless, as a 
precaution, all solvents were stored over molecular sieves and 
all manipulations, except weighing, were carried out in a dry 
box. 

Chen?icnl Equilibritrn~ 
Our previous results in the v(OH) region of PCP (4) and the 

present results in the v(0D) region of PCP-OD suggest that 
there are two 1: 1 pentachlorophenol-acetone complexes in 
CCI, solution. In the PCP-OD case, the solutions always con- 
tain some of the non-deuterated phenol and its complexes. The 
calculation of the equilibrium constants accordingly becomes 
somewhat complicated. The total initial concentration of 
donor OH or OD groups (CdT) is distributed among six 
species at  equilibrium as follows: 

where CdoH and CdoD are the equilibrium concentrations of 
uncomplexed donor species PCP and PCP-OD and C1 I '  is the 
concentration of the ith 1: 1 complex (either a PCP-OD or a 
PCP complex). Using the Beer-Lambert law : 

where A = absorbance, E = molar absorption coefficient, and 
1 = pathlength. We can rewrite eq. [2] as: 

where A ,  and E, are the absorbance and molar absorption 
coefficients respectively of the ith 1 : 1 complex (either a PCP- 
OD or a PCP complex). 

The concentration (C,) of the unconiplexed acceptor species 
(acetone) at equilibrium is given by: 

and from eq. [2] we obtain: 

Using the isotopic concentration ratio k from eq. [ I ]  we can 
write : 

Again using the Beer-Lambert law eq. [7]  becomes: 

For the equilibrium between PCP-OD and acetone we can 
write : 

where i = 1 or 2 for the first or second 1 : 1 complex respec- 
tively. 

Finally, eq. [9] can be written as 

In the v(C0) region, the calculations were made in the same 
way, except that only one complex band was assumed to occur 
in solution and the monomeric donor concentration (CdoD) 
was considered as an unknown in eq. [6] instead of the mono- 
meric acceptor concent3aiion. For comparison, P : l equili- 
briunl constants were also calculated using the areas of the 
monomer ~ ( 0 1 4 )  band. 
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KORPPI-TOIClICIOL4 A N D  SHURVtLL 2709 

Results and Discussion 

Typical concentration behaviour of the v(0D) 
band is seen in Fig. 1. For a fixed PCP-OD initial 
concentration the sharp monomer band at 2608 
cm-I decreases in intensity relative to the broad 
complex band on the lower frequency side as the 
acetone co~lcentration is increased. For the PCP-OD/ 
acetone coinplex band shown in Fig. 1 there are no 
interfering v(CH) bands and the concentration de- 
pendence is similar to that of the PCPIacetone 
complex bands in ref. 4. On the other hand, it is 
seen in Fig. 2 that the concentration behaviour in the 
v(C0) region is reversed. The monorner band at 
1718 cm-' increases in intensity relative to the 
complex band which appears as a shoulder on the 
lower frequency side as the acetone concentration is 
increased. This kind of behaviour is expected, since 
at fixed PCP-OD concentration a decreasing propor- 
tion of acetone molecules forms complexes as the 
acetone concentration is increased. 

Factor Analjsis 
In the v(0D) region, factor analysis (principal 

component analysis) indicates three absorbing com- 
ponents for both sets of solutions studied (i.e. for 
PCP-OD/acetone and PCP-ODlacetone-d, in CCI,). 
Three absorbing components were also found pre- 
viously for non-deuterated PCPIacetone solutions in 
the v(0H) region. To illustrate the method, the 
results of the factor analysis are given here for the 
PCP-OD/acetone system. Similar results were ob- 
tained for the PCP-ODlacetone-d, system. 

The number of absorbing components NC in a 
complex band is taken as the number of statistically 
non-zero eigenvalues of the matrix Q = ATA (31, 
where A is the absorbance matrix for all solutions 
studied and A' is its transpose. Details of four 
statistical tests to determine the number of non-zero 
eigenvalues of Q are given in ref. 3. 

FIG. 1. Infrared spectra in the v(0Df region of various solu- 
tions of PCP-OD/acetone in CC1,. Acetone concentrations are 
shown on the figure. The PCP-OD concentration was 0.045 M. 

FIG. 2. Infrared spectra in the v(C0) region of various solu- 
tions of PCP-OD/acetone in CCI,. Acetone concenttations are 
shown on the figure. The PCP-OD concentration was 0.045 M. 

The matrix A is an NW by NS matrix, where NW 
is the number of digitized points in the spectrum and 
NS is the number of solutions studied. The results of 
two statistical tests are given in Table 1.  When the 
residual standard deviation (S,) is calculated using 
two eigenvalues, then S,  is greater than the experi- 
mental error in the absorbance measurements (DA). 
On the other hand, S,  is less than DA. This indicates 
that NC = 3. There is also a leveling off of the 
eigenvalues below the third entry. The square root of 
the estimated variance criterion also indicates that 
NC is three, since the variance of the fourth eigen- 
value is more than three times larger than the 
eigenvalue itself. 

Table 2 summarizes the results of a regeneration 
of the absorbance matrix using m eigenvectors 
(m = 1, 2, . . . , NS) for DA = 0.01. The smallest 
number of eigenvectors to give a satisfactory fit with 
the experimental A is equal to NC. When three 
eigenvectors are used to regenerate the absorbance 
matrix, only 72 points out of 2529 deviate by more 

TABLE I .  Factor analysis of nlne CC1, solutions of PCP-OD 
and acetone in the v(0D) region using the residual standard 
deviation and square root of eigenvalue variance criteria (3) 

Residual 
No. of standard Square root of 

solutions Eigenvalue deviation" estimated variance" 

aExperimenta1 absorbance error DA = 0.01 
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TABLE 2. Factor analysis of nine CCI, solutions of PCP-OD and acetone in the v(0D) 
region. Comparison of the observed and regenerated absorbance matrixa and the x 2  

criterion (3) 

Distribution of misfit (number of points) for 
number of standard deviations 

No. of --------- A Expectation 
eigenvalues 0-1 1-2 2-3 3-4 4-5 > 5 x, , ,~ value of x , , , ~  

'Lxpelimerital absorbance error DA = 0.01 

than two standard deviations from the experimental 
values. Adding the fourth eigenvector does not 
markedly improve the fit. Thus, it is concluded that 
NC = 3. A final criterion is the calculation of xm2 
using from one to nine eigenvectors of Q and com- 
paring these with the expectation values, given by 
(NW - m)(NS - m). It is seen that X,2 is smaller 
than the corresponding expectation value, while x,' 
is larger, which indicates that NC = 3. 

In the v(C0) region, factor analysis indicates 
again three absorbing components. However, the 
interpretation here is different. There are two 
monomer bands and only one complex band in the 
spectra, as indicated by the concentration study. It 
can be seen In Fig. 2 that there is a broad shoulder 
on the high frequency side of the main v(CO) peak. 
The intensity of this shoulder increases with in- 
creasing acetone concentration. In acetone-d, a 
Fermi doublet (12, 13) is observed, while the com- 
plex band is found as an asymmetry on the lower 
frequency side. These features are illustrated in Fig. 
3, where CALCOMP plots of the various resolved 
components are shown. 

Band Contour Resolution 
A band resolution programme (PC 116) originally 

written by Jones et al. (14) was modified to perform 
the calculations in absorbance units. Baseline sub- 
traction and band area computation subroutines 
have been added to the program. Three Gauchy- 

A - 
Gauss product functions were used to reproduce the 
experimental spectrum in the v(0D) region. Plots of 
typical resolved spectra are shown in Fig. 4. 

When the number of components NC is not 
known, components are added sequentially to an 
initial trial fit, at the position of greatest difference 
between observed and calculated contours, until an 
acceptable fit is obtained. The criterion of an 

P C P - C D  0.0454 M 9C-35 3.3163 M 
- 1 T 

FIG. 3. Resolution of a typical v(C0) band of PCP-OD/ 
acetone (upper) and of PCP-ODlacetone-d6 in CCI, (lower). 

acceptable fit is found from the sum of the squares 
of the differences between experimental and com- 
puted absorbance values at each of the NW points in 
the digitized spectrum. When this sum is approx- 
imately equal to SA2.NW (where S, is the standard 
deviation in the absorbance measurements) then the 
fit is good. Addition of further components would 
improve the fit beyond experimental error. For the 
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band fitting program, it is assumed that all bands are 
symmetric and in the present case it is also assumed 
that only the OD stretching modes of the species 
present contribute to the overall contour. However, 
in the presence of extraneous absorption, due per- 
haps to weak overtone or combination bands. or an 
asymmetry in one or more of the component bands, 
which could arise from the presence of "hot" bands,' 
the criterion for a good fit may not be satisfied by 
only NC components. In such cases additional com- 
ponents will improve the fit but may not be reason- 
able froin the point of view of the chemistry of the 
system under study. The OD stretching band of 
solutions of PCP-OD with acetone in CCl, provides 
an example of this problem. The three band fits 
shown in Fig. 4 give a sum of squares of errors 
greater than S2.NW, whereas addition of a fourth 
component gives an excellent fit with the experi- 
mental spectrum, as may be seen in Fig. 5. For a 
four-band fit, the areas of the three resolved bands 
due to complexed species each show a linear relation- 
ship to the area of the monomer v(OD) band. This 
result requires that three (1 : 1) complexes be present 
in solution. However, we reject this conclusion for 
several reasons. First, factor analysis clearly indicates 
that only three con~ponents contribute to the absorp- 
tion in the v(0D) region. Secondly, it was not pos- 
sible to obtain a consistent set of molar absorption 
coefficients for the four-component model and finally, 
it is difficult to find chemically reasonable structures 
for three 1 : 1 complexes. We therefore believe that 
the three-component fit for the v(0D) band is 
correct. 

Average wavenumber maxima and half-widths of 
the resolved bands of the three-band fit are given in 
Table 3. The standard deviations indicate that the 
monomer v(0D) bands have an excellent wave- 
number position and half-wldth consistency. 

Four- and six-component fits were carried out in 
the v(CO) regions of acetone and acetone-d,, 
respectively. These fits are illustrated in Fig. 3. 
However, only the three main components, as sug- 
gested by factor analysis, were used to calculate the 
equilibrium constants. In the v(CO) region the wave- 
number maxima and half-width consistency of the 
resolved band components are also excellent, as is 
seen in Table 3. 

To  illustrate the frequency changes typical of the 
modes involved in hydrogen bonding, we have 
tabulated Av values in Table 4 (Av = v, - vi, where 
v, and vi are the wavenumbers of bands due to the 
free and the ith coinplexed species, respectively). 

'"Hot" bands arise from transitions for which the lower 
state is not the ground state. 

FIG. 4. Resolution using a three-component fit of a typical 
v(0D) band of PCP-OD/acetone in CCI, (upper) and of PCP- 
ODlacetone-d6 (lower). 

FIG. 5. Resolution using a four component fit of a typical 
v(0D) band of PCP-OD/acetone in CC1,. 

Relative wavenumber perturbations Av/v, and half- 
widths in each complex band studied are also in- 
cluded in Table 4. Our Av values for the two (1 : 1) 
complexes in the PCP/acetone and PCP-OD/acetone 
systems in the hydroxyl stretching region are higher 
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TABLE 3. Computed average parameters for the v(0D) and v(C0) band components" 

(a)  PCP-OD . . . Ac (7 solutions) 

Component v (cm- ') AvlI2 (cm-') c (mol-' m2) 

i Monomer 2607.8(0.1) 13.6(0.2) 376(20) 
v(0D) (1 : 1)' complex 2508 (8) 96 (8) 1 134(950) 

(1 : 1)' complex 2409 (12) 202 (17) 1860(280) 

i Combination 1746 (1) 20.3(1.7) 656(600) 
v(C0) Monomer 1717.5(0.4) 11.7(0.1) 744(180) 

( I  : 1) complex 1709.5(1.1) 11.2(1.1) 599(500) 

(b) PCP-OD . . . Ac-d6 (5 solutions) 

Component v (cm- I )  AvIl2 (cm-') E (mol-' m2) 

i Monomer 2607.8(0.2) 14.0(0.2) 349(21) 
v(0D) (1 : 1)' complex 2504 (15) 109 (11) 1249(260) 

(1 : 1)' complex 2401 (18) 195 (35) 1861(110) 

i Monomer, F.R. comp. 1724.6(0.1) 17.!(0.4) 1035(420) 
v(C0) Monomer, F.R. comp. 1706.1(0.1) 10.9(0.3) 708(270) 

(1 : 1) complex 1699.2(0.4) 11.3(0.6) 574(130) 

T h e  numbers given in parentheses are standard deviations. F.R. refers to Fermi resonance 

TABLE 4. Comparison of the Av values (cm- ') and the relative frequency perturbations Av,'vo (Y,) for 
PCP acetone complexes" in CC14 solution 

v(0H) or v(0D) region 
v(C0) region 

(1 : 1)' complex (1 : 1)' complex (1 : 1) complex 
- -- - - 

Complex Av AVIVO Av AV/VO Av Av/v, 

PCP.  . . Ach 168 4.77 324 9.19 7 .2  0.42 
PCP.  . . A ~ - c l , ~  172 4.88 326 9.25 6 .4  0.38 
PCP-OD . . . AC 100 3.83 199 7.63 8 .0  0.47 
PCP-OD . . . Ac-d6 104 3.99 207 7.94 6 .9  0.40 

T h e  notation (I : 1)' and (1 : is that used in ref. 4 and refers to the two different (I : I) complexes. 
*These results are from ref. 4. The frequency of the monomer band is vo. 

than those reported for phenol/acetone (135 and Tables 3 and 4 it can be seen that for the bands in 
235 cm-l) and phenol-OD/acetone (90 and 160 the v(C0) region, changes in half-width on complex 
cm-l) respectively (9). Larger Av values in PCP formation as well as Av/vo are an order of magnitude 
complexes could be interpreted as an indication of less than corresponding quantities in the hydroxyl 
stronger complexing of acetone with the chlorinated stretching regions. This observation indicates that 
proton donor. hydrogen bonding results in a considerable per- 

The isotopic frequency ratio v,,/v,, for the turbation of the hydroxyl stretching mode of the 
monomer band of PCP is 1.350, while for the bands proton donor, while the influence on the v(C0) mode 
due to complexes, v,,/v,, is - 1.335. Using eq. [3] of the proton acceptor is small, but not negligible. 
from p. 20 of ref. 7, it appears that for PCP/acetone It seems reasonable to conclude that the hydrogen- 
complexes, O--II...O bonding is slightly stronger bond energy originates mainly from the functional 
than O-D...O bonding. This result is indepen- group of the proton donor. 
dent of the deuteration of acetone. In the v(C0) 
region the Av values are larger for acetone/PCP Equilibrium Constants 
complexes than for acetone-&/PCP complexes, Before proceeding to calculate the molar absorp- 
independent of PCP deuteration. The values of Av tion coefficients by a linear regression program, 
are compared in Table 4. the band resolution was carried out for a second 

The relative frequency perturbation (Av/vo) in the time. A chemical requirement, that each of the com- 
v(OH) region seems to be higher than that in the plexes should absorb at a particular wavenumber 
v(0D) region. A similar result has been reported independent of its concentration in the solution, was 
previously for some phenol coinplexes (15). From introduced into the calculation by fixing the wave- 
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TABLE 5. Equilibrium constants (mol- l m3) a t  30-C for the isotopically different PCP acetone com- 
plexes in CCI, solution" 

v(0H)  o r  v(0D)  regions 
v(C0) region 

Complex K ~ ~ ( ~ )  x lo3 K ~ ~ ( ~ )  x lo3  K~~ x lo3  

P C P .  . . Acb 3 . 2  (0.8) 5 . 4  (1.2) 11 .0  (1.9) 
P C P .  . . Ac-d,' 2 . 6  (1.5) 5 . 3  (0.4) 6 . 2  (1.1) 
PCP-OD . . . AC 4 . 0  (0.7) 5 . 5  (1.0) 8 . 9  (1.6) 
PCP-OD . . .  Ac-cis 2 9 ( 0 . 7 )  4 . 4 ( 1 . 3 )  10.5 (0.2) 

K,,  x lo3  calculated 
from "free" v(0H)  or  

v(0D)  bands 

8 . 8  (1.6) 
7 . 1  (1.0) 
8 . 9  (1.1) 
8 .1  (1.0) 

OThe initial PCP concentration was about 0.05 M in all 
standard deviations. 

"These data are from ref. 4. 

numbers of the monomer and the resolved complex 
bands to the average wavenumbers obtained pre- 
viously for each set of solutions (Table 3). Only the 
peak height and band shape parameters were allowed 
to change in the second iteration process. The fixing 
of the wavenumbers resulted in slightly worse fits, 
but more consistent sets of band areas were obtained 
for each set of solutions, especially at low complex 
concentrations. The linear regression method, used 
to calculate the molar absorption coefficients, 
seemed to be very sensitive to the actual values of 
the band areas, as is indicated by fairly large standard 
deviations of the values of E in Table 3. In each set 
of solutions the complex-band areas showed a linear 
relationship with the corresponding monomer-band 
areas, indicating that only (1: 1) complexes occur in 
solution. According to our assignments, we have two 
(1 : 1) complexes in solution. Individual bands for 
each of these complexes have been obtained in the 
v(0D) region, and from the areas of these bands, 
equilibrium constants K,,(') and K,,(') can be cal- 
culated for the formation of the two complexes 
labelled (1 : 1)' and (1 : 1)'. The calculated values of 
K, , ( I )  and K, ,(') are given in Table 5. 

Only one complex band can be resolved in the 
v(CO) region and from the concentration dependence 
of the area of this band a combined equilibrium 
constant, K,,, can be calculated. This implies that 
there is no difference, from the point of view of the 
v(C0) band of the acceptor molecule, between the 
two (1: 1) complexes. A calculation of K,,  can also 
be made using the concentration dependence of the 
free v(OD) band. The results of these calculations are 
shown in the last two columns of Table 5.  

From the algebraic expressions for K,,(" and 
Kt it follows that K,, = K,,(') + K,  By 
adding the values of K, , ( I )  and K,  ,(') from co!umns 

solutions studied. The numbers given in parentheses are 

K,,( ') ,  and K,,  show standard deviations of less 
than 20z, which gives a rough picture of the accuracy 
of the method used. The equilibrium constants in the 
hydroxyl stretching region show two isotopic effects. 
The value of K,,") increases slightly when PCP is 
deuterated for complex formation with either 
acetone or acetone-&. On the other hand, the value 
of K, ,(" is lowered when deuterated acetone replaces 
normal acetone as the acceptor. The value of K, ,(" 
is either almost unchanged or slightly lowered when 
PCP is deuterated. Examination of the ratio K , , ( ~ ) /  
K,,  (') leads to the conclusion that the (1 : 1)' complex 
is favoured by deuteration of acetone, while the 
(1 : 1)' complex is favoured by deuteration of PCP. 

Acknowledgements 
This work was supported by grants from the 

National Research Council of Canada. One of the 
authors (J.K.-T.) acknowledges a Fellowship granted 
under the Cultural Exchange Programme between 
Canada and Finland. 

I .  U.  LIDDEL and E. D. B E C K ~ R .  Spectrochirn. .4cta. 16. 70 
( I 957). 

2. J .  N t r ~ .  P. P I ~ ~ A U .  and 0. Q u r v o n o ~ .  J .  Chirn. Phys. 62, 
37 (1965). 

3. J .  T. B u ~ a i t ~ a n d  H .  F. S H L R V ~ L L .  J .  Phys. Chem. 77.256 
(1973); 77,2085 (1973). 

4. J .  KORPPI-TOLILIOL..I and H .  F. SHURVELL. Can. J .  Chem. 
56.2959 (1978). 

5. S .  G.  W.  G I N N  and J .  L .  W o o n .  Spectrochim. Acta. 234.  
61 l(1967). 

6. A. J .  BARYES and H. E .  HAI.LA~I.  Trans. Faraday Soc. 66, 
1920(1970);66. 1932(1970). 

7. J .  KORPPI-TO~ILIOI .A .I. MoI. Struct. 40. 13 (1977). 
8. S .  S I ~ G H  and C .  N. R. R A ~ .  Can. J .  Chem. 44.261 l(1966). 
9. H .  FRITZSC.HL. Spectrochim. Acta. 21. 799 (1964). 

10. J .  W .  B o t i - ~ t i i  and R. S. D R - ~ G O .  J .  Chem. Phys. 78, 429 
(1974). 

1 1 .  J .  W. RC)HL.FDLR and B. JAKUBO\VSKI. Plcta Phys. Pol. 31. 
1047 (i967). 

2 and 3 of Table 5 and comparing these sums with 12. M .  T .  FORCI. and IM. F o u . ~ s s ~ t ~ .  Spectrochim. Acta. 23A, 

the corresponding values of K: ,  In columns 4 and 5, 1977 (1967). 
13. M.  r\.l,\il-~Oux. J .  W E ~ N C I A N .  and S.  W ~ I N ~ I A N .  C.R.  it is seen that this simple relationship does appear to Acad. Sci, Pa,.is. 276, 379 ( 1973), 

hold. 14. R. N. J o ~ r s  et (11.  National Research Council of Canada. 
Computer Progl-ammes for Infrared Spectroscopy. 1974. 

Conclusions 15. P H A ~ I  v 4 h  HUONG.  M. COUZI.  and J .  LASCO\IBE. C.R.  
The calculated equilibrium constants K1 Acnd. Sci.. Paris. 2665. 172 (1968). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Preparation of c o p p e r ( 1 )  c a r b o n y l  h e x a f l u o r o a r s e n a t e ,  CuCO+AsF,-, and c o p p e r ( 1 )  

trilliuorophosphine h e x a f l u o r o a r s e n a t e ,  CuPF,+AsF,- 

C. DAVID DESJARDINS. D. BRIAK EDWARDS. A N D  JACK P.ASSI\.IOR~ 
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C D ~ V I D  D~SJARDINS.  D BRIAN ED\\ 4RDS and JA( K PASS~IORE Can J Chem 57.2714 
(1979) 

PF, and CO react w ~ t h  CuAsFG rn SO2 solution to form 1:  1 addition compounds, the 
vlbratlonal spectra of whlch are consistent w ~ t h  the formulat~ons [CuPF,]+[AsF,]- and 
[CuCO]+ [AsF,]-. The latter has a v[CO] stretch at  2180 r 5 cm-', the hlghest yet observed 
for a monocarbonyl. 

C .  Dsvru DESJARDINS, D. BRIAN E D L ~ A R D S  e t j s c ~  PASSVORE. Can. J.  Chem. 57.2714(1979). 
La trifluorophosphine et le monoxyde de carbone rtagissent avec l'hexafluoroarsenate de 

cuivre dans une solution de bioxyde de soufre pour conduire aux composCs d'addition 1 : 1. Les 
spectres de vibration de ces produits d'addition permettent de conclure a la formation de com- 
posts de type: [CuPF,]+[AsF,]- et [CuCO]+[AsF,]-. Ce dernier a une elongation v[CO] a 
21 80 + 5 cm- ' la plus grande valeur observee jusqu'a present pour un compose monocarbonyle. 

[Traduit par le journal] 

We previously described the preparation of 
CuAsF, containing the Cu' ion in a very weakly 
basic environment (1). In such an environment Cu' 
and related transition metal ions are potentially 
powerful electron acceptors towards a variety of 
ligands (2, 3). In general, [CulL]+ complexes are 
unstable unless other ligands are present. For 
example, although colnplexes containing phosphorus 
ligands are well known (4-6), no simple [CuPF,]' 
complexes have been reported. Also, the ready 
formation of [Cul(am),CO]+ complexes (am, = 

ammine ligand(s) occupying 3 coordination sites (7)) 
is in contrast to the simple triatomic [CuCO]', 
known so far only in [Cu'CO]'[CF,CO,]- (8) in 
which there is likely to be strong cation-anion in- 
teraction. We report below the preparation of 
[CuPF,] ' [AsF,]- and [CuCO]' [AsF,]-. 

Experimental Section 
Chemicals. exoerimental orocedures. and the oreoaration 

of CuAsF, have been described (I). Phosphorous trjfluoride 
(Pfaltz and Bauer) and carbon monoxide (Matheson, 99.573 
were used directly. Analytical results were obtained from 
Alfred Bernhardt Microanalytical Laboratories. A Raman 
spectrum of CuAsF,,PF, was obtained by use of a Spex 
Industries 1400 spectrometer and a Spectra-Physics 140 Argon- 
ion laser at  liquid nitrogen temperatures. 

Preparrrtiotz of CuAsF6.PF3 
In a typical react~on CuAsF, (2.2 g, 8.7 mmol) was dissolved 

in sulphur dioxide (ca. 5 g) and then reacted with excess PF, 
(1.5 g, 17.0 mmol) in a glass vessel (ca. 80 mL) equipped with 
a medium glass fritted disc and a "Rotaflo" valve. On warm- 
ing to room temperature from -196T,  the reddish brown 
CuAsF, solution immediately became colourless. After 1 h, 
all volatiles were removed under dynamic vacuum leaving a 

solid white prod~ict (2.79 g) which corresponds to formation 
of a 1:  1 adduct. Analytical results obtained (Anal. calcd. for 
CuAsF,.PF, : F 50.22, Cu 18.67, As 22.01, P 9.10; found: 
F 50.43, Cu 18.51, As 21.70, P 9.24) support this for~nulation. 
The ir spectrum showed peaks, in addition to those of Nujol, 
at  960(sh), 919(s), 714(s, br), 587 (w), 519(s), 389(m, br) cm-'. 
The Raman spectrum gave peaks at 940(ni), 715(m), 680(s), 
577(w), 373(w), 245(w), 145(m), 122(s), 104(s) cm-'. An X-ray 
powder diffraction photograph of CuAsF,.PF, indicated that 
neither unreacted CuAsF, nor elemental copper were present. 
Reaction times exceeding 1 h resulted in disproportionation 
(i.e, the solution changed to light brown with formation of a 
brown unidentified precipitate). This result may parallel that 
obtained by Dean and Ibbott (2) who observed dispropor- 
tionation of HgZ2+ in the presence of excess ligand (i.e. 
PPh,: HgZi > 1). Reactions coinpleted without solvent at low 
pressures of PF, (ca. 2-3 atm) gave varying product ratios due 
to incomplete reaction. Unreacted CuAsF, was observed in 
the X-ray powder diffraction photographs of these products. 
Adducts containing higher ratios of PF, : CuAsF, (i.e. 2PF, : 
CuAsF,) were obtained at low temperatures (i.e. - 78-C) in SO, 
solution but these higher adducts slowly lost PF, on warming 
and were not further investigated. CuPF,+AsF,- did not 
change on storage in a sealed vessel for several weeks at  rooin 
temperature. 

Prepamtioiz of CuAsF,. CO 
In a reaction similar to that described above, CLIASF~ (1.33 

g, 5.27 mmol) was dissolved in SO, (ca. 6 g) and ail excess of 
CO was added. The reactants were warmed to room tem- 
perature. After a day, the volatiles were removed and the 
remaining solid was ground, and pumped to dryness yielding 
a yellow solid. Analytical results obtained (Atrill. calcd. for 
CuAsF,CO: C 4.28, F 40.64, Cu 22.66, As 26.71 ; found: 
C 4.31, F 40.36, Cu 22.99, As 26.83) were consistent with 
formation of a 1 :  1 adduct. An ir spectrum of the adduct 
excluding peaks due to Nujol gave a CO stretch at 2180 k 5 
cm- and peaks attributable to AsF,- (700, 389 cni-I). Solid 
CuAsF,,CO stored under anhydrous conditions changed 
colour slowly indicating either decomposition or dispro- 
portionation. 

0008-404217912027 14-02$0 I .00/0 
3 1979 National Research Cotincil of CanadaIConseil national de I-echerches du Canada 
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Results and Discussion 

PF, Add~rct 
PF, reacted with CuAsF, in SO, solution at room 

temperature to forni a 1 : 1 adduct. The vibrational 
spectrum is consistent with the presence of AsF,- 
(ir 714, 389 cm-';  Raman 715, 680, 577, 373 cm-I), 
although the symmetry is less than octahedral (9), 
and coordinated (approximately C,,) PF, (ir 919v,,, 
5196,; Raman 9 4 0 ~ ~ ) .  The increase in the P-F 
stretching frequency relative to PF, itself (892vs, 
860vaS) (10) is consistent with other related PF, 
adducts (i.e. Hg,PF,,' (2), AgPF,' (2), and 
M(PF,), (M = Ni, Pd, Pt, etc. (6, 11))) but not as 
marked as that for AsF,.PF, (12) (953v,, 1003, and 
1027v,,). Presumably arsenic pentafluoride is a 
better acceptor than the copper(+ 1) cation and back 
donation is absent in F,P.AsF,. The vibrational 
spectra, reaction stoichiometry, and solubility of the 
product in SO, indicate the presence of a [CuPF,lf 
ion (though this may be fluorine bridged to a 
neighbouring AsF,- (or to SO, in solution)). How- 
ever, a forlnulation such as (CuPF, + ),(AsF,-), (or 
(CuCO'),(AsF,-),) cannot be totally excluded. 

CO Adduct 
The reaction of CuAsF, with CO at room tem- 

perature results in the formation of a 1 : 1 adduct. The 
most noteworthy property of the [CuCO]' [AsF,]- 
complex is the extremely high v(C0) stretch, 2180 + 
5 em-', the highest yet observed for a mono- 
carbonyl (free carbon monoxide has v(C0) at 2143 
cm-' (13), [CuCO][CF,CO,] a t  2155 em-' (8), 
CuCO' at 2168 em-' in H,SO,-BF,-H,O solution 
(14), Cu,(F,C2O,),~4CO at 2120 em-' (15), BH,.CO 
at 2165 em-' (lo), and normal [Cu(am,)(CO)]+ 
complexes have vCO at 2080 cnl-' (7)). 

The increase in v(C0) stretching frequency 
(relative to free CO) may be attributed to a kine- 

matic effect, the donation of the slightly antibonding 
lone pair (16) towards the cuprous ion, and to an 
increase in positive charge on carbon which results 
in an increase in CO bond order. Presumably there 
is only !beak back donation in CuCO'. 
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Density and temperature effects on electron mobilities in gaseous butene isomers" 
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TOSHISORI WADA and GORDON R. FREEMAN. Can. J. Chem. 57. 27 16 ( 1979). 
The density normalized mobilities Mrc  at lo\\ electric field stl-engths in the low density gases 

fall in the order ti.nrls-2- > cis-2- > 1- > isobutene. The respective ~ a l u e s  in the saturated 
vapors at 297 + 1 K Mere 10.7, 4.4, 3.8, and 1.84 (10" ~nolecules~cm V s). The scattering cross 
section o, has a Ramsauer-Townsend-like minimum at an electron energy of 0.085 eV in 
tim~s-2-butene, 0.13 eV in cis-2-butene, 0.12 eV in 1-butene, and 0.16 eV in isobutene. The 
mobilities in the last three isomers increase with increasing temperature (300-500 K) and field 
strength (2 1 Td). Temperature and field effects were smaller in trans-2-butene. The ratio of the 
field effect threshold drift velocity to  the speed of sound in the low density gas is 14, 19,20, and 
> 50 in iso-, I-, cis-2-, and trurzs-2-butene, respectively, at 297 K. The electrons are de-energized 
mainly by inelastic collisions. Quasilocalization occurs to a similar extent in each of the isomers 
at densities 2 1 r lo2 '  molecules,'cm3 and temperatures near the coexistence curve. Quasi- 
localization is characterized by large, negative values of A H  and AS,  and a small value of AG 
over a small temperature range. 

TOSHINOKA WADA et G ~ R D O S  R .  FREEMAN. Can. J. Chem. 57.2716 (1979). 

Les mobilites normalisees pour la densite ~ 1 1  a de faibles champs electroniq~~es pour les gar 
de faible densite, dkcroissent dans l'ordre 2-trans > 2-cis > 1- > isobutene. Les valeurs 
respectives pour les vapeurs saturies a 297 i 1 K sont 10.7, 4.4, 3.8 et 1.84 (10" n~olecules/cn~ 
V s). La section efficace o, de diffusion passe par un minimum de Ramsauer-Townsend B une 
energie electronique de 0.085 eV pour le produit 2-trans, de 0.13 eV pour le 2-cis, de 0.12 eV 
pour le 1- et de 0.16 eV pour l'isobutene. Les n~obilites des trois derniers isomeres augmentent 
avec la telnperature (300-500 K)  et la force du champ ( 2  1 Td). Les effcts de la tempdrature ct 
du champs sont plus faibles pour le butene-2 ti.cins. Les rapports entre la vitesse de derive du 
seuil d'effet de champ et la vitesse du son dans les gar de faible densite, a 297 K sont respective- 
ment 14, 19, 20 et > 50 pour les derivis iso-, I-, 2-cis et butene-2 trans. Les electrons subissent 
principalement une perte d'energie a cause de collisions non elastiques. Une quasi-localisation 
se produit d'une maniere similaire dans chacun des isorneres a des densites 2 I x lo2'  mole- 
cules/cm3 et a des temperatures voisines de la courbe de concomitance. La quasi-localisation 
est caracterisee par une grande valeur negative de AH et A S  et une faible valeur de AG dans 
une zone de temperature assez limitee. 

[Traduit par le journal] 

Introduction could contain a pressure of 60 bar (3). The gap between the 
parallel electrodes was I = 0.32 cm. The purified butene was 

The mobilities of electrons in the liquid isomeric distilled into the cell at 77 K and sealed under a vacuuln of 
butenes are vastly different from each other at room pa. 
temperature (I), but they are similar near the melting The sample was placed in a well grounded Faraday cage and 

points and in the critical fluids (21, temperatures irradiated by a 110 ns pulse of X rays, which delivered 7 x 10' 
eV/g to the gas. The pulse shape is shown in Fig. l a .  A dc 

near the temperature pressures voltage was applied to the high voltagc clcctrodc by a Fluke 
the vapor pressure, the mobilities are more affected (up to 6 k v )  or Spellman (up to 30 kv )  power supply through 
by the changing fluid density than by the changing low pass filters. The electron conductance transient (ECT, Fig. 
temperature (2). ~t was therefore desirable to extend 10) was measured using amplifier 88 (4) and a Tektronix 7623 

oscilloscope; a 7A22 plug-in was used for decay times > 50 ~s the study to the gas phase, with densities ranging and a 7A13 for shorter times, 
from the critical to the dilute gas. The results are The temperature control system and other experimental 
reported herein. procedures were the same as in refs. 2 and 3 .  

Experimental Physical Properties of tlze Fluids 

Materials and Apparatus The densities n (molecules/cm3) of the saturated vapors 
were calculated from the law of rectilinear diameters (6) and The Phillips Research Grade butenes were further purified 
the liquid densities (5, 6). The critical constants listed in refs, under vacuum as described earlier (2). 5-7 were averaged (Table 1). Dipole moments were taken from The conductance cell was of the heavy walled type which 
ref, 8, 

'Assisted financially by the Nationzl Research Council of Determinatiorz of the Electron Mobility p 
Canada. The mobility was determined from the flight time of the 

0008-404217912027 16- 1 1$0 1 .OO/O 
a1979 National Research Council of CanadaIConseil national de recherches du Canada 
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L\ 4D4 AYD F K t E h 1 4 Y  

(bl  mobility is then: 

FIG. 1. (a) Pulse shape, measured using a 7A24 plug-in with 
350 MHz bandwidth. (b) ECT signal in cis-2-butene, E = 31 
kV/cm, n = 2.06 x lo2 '  molecules/c~n~. (c) Growth and decay 
of signal from s~nall portions of a pulse. (d) Sum of the por- 
tions in part c. 

electrons between parallel electrodes, using eq. [ I ] .  

where 1 is the distance between the electrodes, V is the applied 
voltage, and t, is the time required for the electrons to drift 
the distance I. An ECT obtained at a high field strength is 
shown in Fig. 16. This ECT is composed of three parts; (i) 
the rising part during the radiation pulse, (ii) the linear decay 
part, and (iii) the tail for which it is not easy to determine the 
real end. The length of the tail is similar to the pulse width. 
To determine the drift time t,, we divide the square radiation 
pulse width r into many narrow parts. Each part produces a 
small individual ECT which decays linearly for the drift time 
t, (Fig. Ic). The whole ECT obtained by summation of the 
small ECT's is shown in Fig. Id, which is very similar to the 
experimental ECT in Fig. 16. For r < t, the electron current 
during the three portions of the ECT is: (i) ct(l - [t/2td]), 
f 5 z; (ii) cr(t, + [r,'2] - t)itdr r 5 t 5 Id; (iii) c(td + T - 
t)2/2td, t, < r i t, + r ;  c is a constant that depends on the 
energy absorption rate by the sample and the free ion yield. 
The drift time may be determined experimentally from eq. 
[2] or  [2']. 

where to is the time when an extension of the linear decay 
crosses the base line, and re,, is the time when the ECT actually 
reaches zero. Equation [2] was used to obtain t, because r, 
is more accurately determined than t,,,. 

At sufficiently low fields and large values of r,, the decay of 
the ECT was no longer linear. Random diffusion of the elec- 
trons during the drift to the collecting electrode spreads the 
tail of the ECT. This effect is taken into consideration by re- 
placing I in eq. [ I ]  with (I f Ax), where A x  is the mean dis- 
tance of diffusion opposed to the field direction during the 
time t, and is given by (2L)td)"Z. It is assumed that the dif- 
fusion coefficient D of the electrons is represented by the 
Einstein relation D = (kTie)y, and eq. [ l ]  is used as a zero 
order approximation of the mobility. The corrected electron 

where k is Boltzmann's constant, T is the absolute tempera- 
ture, and e is the electron charge. For an ECT measured at 
V = 10 V and T = 500 K the correction for the diffusion is 
(2kT/eV)lIZ = 0.09. 

Results 
Electron mobilities were measured as functions of 

electric field strength, temperature, and vapor 
density. The range of the density-normalized electric 
field strength Eln was 0.03 - 4 T d  (Td = 10- l7  V 
cm'jmolecule). The saturated vapors were measured 
from room temperature to the critical temperature 
T,, with densities from 0.025nC to the critical n,. The 
gases were further heated above the coexistence 
curves at  several fixed densities. 

LOM, Density 
The density normalized mobilities ptz at low fields 

fell in the order trans-2-butene > cis-2-butene > 
1-butene > isobutene (Fig. 2). The respective values 
at  297 + 1 K in the saturated vapors were 10.7, 4.4, 
3.8, and 1.84 molecules/cm V s). 

The mobilities in three of the saturated vapors 
increased with field strength at  E/n 2 1 Td as shown 
in Fig. 2. The drift velocity at  the threshold of the 
field dependent region was 3 km/s ~ I I  isobutene, and 
4 km/s in 1 -butene and cis-2-butene. The experimental 
arrangement did not have sufficient time resolution 
to permit measurement of the threshold in tratis-2- 
butene. 

Increasing the temperature of isobutene vapor at  
constant density increased the electron mobility and 
the threshold of the field effect (Fig. 3). The same was 
true in cis-2-butene vapor (Fig. 4). Temperature and 
field effects were smaller in low density trans-2- 
butene and 1-butene (see below). 

EfSect oJ'Densitj. 
Along the coezcisterzce curce. The increasing density 

of the saturated vapor \vith increasing temperature 
resulted in a decrease of mobility (half filled points 
in Figs. 5-8). The density normalized mobility pn 
decreased gently with increasing density over most 
of the vapor range (Fig. 9). However, as the critical 
density was approached pti either increased (isobu- 
tene and cis-2-butene) or  decreased more sharply 
(I-butene and tratis-2-butene). The liquid phase re- 
sults from ref. 2 are included in Fig. 9 for complete- 
ness. The curve for trans-2-butene plunges through 
the curves for the other conlpounds in the vicinity 
of the critical region. 

Electron mobilities in the critical fluids were 17, 
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TABLE 1. Physical properties of butene isomers 

Value 
- 

Property rruns-Butene cis-Butene 1-Butene Isobutene 

Tc (K)" 428 433 419 418 
n, ( lo2'  molecules/cm3)" 2.56 2.57 2 .50 2.51 
PC (MPa)U 4 . 1  4 .2  4 .0  4 . 0  
Dipole moment (lo-'' esu c n ~ ) ~  0 . 0  0 . 3  0.34 0 .50 
Average polarizability cm3)' 7.88 7.88 7.83 7 .88 

=References 5-7. 
"eference 8. 
'Landolt-Bornstein, Zahlenwerte atid Funktionen, 6 Auflage, I Bd . ,  3 Teil, Springer-Verlag, Berlin. 1951. p. 515. 

1 1 1 l i i i l i  

0 02 005 01 02 05 1 2 5 

E/n (Td) 

FIG. 2. Effect of E/n on pn in low density, saturated vapors. 
The temperatures and densities (K, l oL9  molecule /cm~ are:  
0, truns-2-butene (298, 6.0); A, cis-2-butene (297, 6.2); 0, 
1-butene (298, 7.2); Tr, isobutene (296, 7.1). 

15l I l i b  u I 
005 01 02 05 I 2 5 10 

E/n (Td) 

FIG. 3. Effect of E/n on yn in low density isobutene vapor 
at  different temperatures n = 7.5 x loL9 molecule/cm3. 0, 
308 K ;  0, 360 K ;  A, 432 K;  @, 537 K. 

14, 8.7, and 7.4 cm2/V s for cis-2-, trans-2-, I - ,  and 
isobutene, respectively. 

On the temperature coeficient a t  constant density. In 
low density trans-2-butene vapor the Arrhenius tern- 
perature coefficient was nearly zero. The coefficient 
was slightly positive near the coexistence curve and 

Eln (Td) 

FIG. 4. Effect of E/n on yn in low density cis-2-butene vapor 
at  different temperatures n = 9.3 x 1Ol9 molecule/cm3. 0, 
317 K ;  0, 347 K ;  V, 417 K ;  0, 518 K .  

slightly negative at high temperatures (Fig. 5). At 
high densities the coefficient was more positive. 

In the other isomers the temperature coefficients 
were positive at all temperatures at low density, and 
increased with density (Figs. 6-8). At each density 
the coefficient tended to decrease with increasing 
temperature. 

The temperature coefficients at a given nln, and 
TIT, were in the order iso- 2 cis-2- > 1- > trarzs-2- 
butene. For example, at nln, = 1 .OO and TIT, = 1.01 
the respective Arrhenius temperature coefficients 
are 0.69, 0.69, 0.56, and 0.48 eV. Although at very 
low densities the Arrhenius model is not appropriate, 
to indicate the magnitude of the change of tempera- 
ture coefficieilt with density, at nln, = 0.03 and just 
above the coexistence temperature the respective 
coefficients are 0.024, 0.020, 0.01 1, and 0.008 eV. 

On tlze$eld eflect. In the saturated vapors of I-, 
cis-2-, and trans-2-butene the field effect remained 
essentially the same from low densities up to the 
critical. The uncertainty in the threshold values of 
Eln was about 30%. In isobutene the threshold re- 
mained at - 1 5  Td up to nlrz, = 0.2, but decreased 
at higher densities and reached -0.7 Td at n/n, = 1.0. 
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\V4DA A N D  FREEMAN 27 19 

10 , I +TC, 1 I I I 

18 2 2 26 30 3 4 

1000/ T ( K )  

FIG. 5. Arrhenius plots of electron mobilities in tmtzs-2- 
butene vapor at different densities n (lo2' molecule/cm3). V, 
0.90, the curve was calculated by eq. [6] with cross sections 
from Fig. 11; 0, 2.91; A, 6.98; 0, 14.4; D ,  20.2; 0, n, = 
25.6; 3, coexistence vapor. 

I c 

'" 223 2 4 2 8 3 2 
loco/ T ( K )  

FIG. 6. Arrhenius plots of electron mobilities in cis-2-butene 
vapor at different densities n ( loz0 molecules/cm~. 0, 0.93, 
the curve was calculated by eq. [6] with cross sections from 
Fig. 11; V, 2.95; D ,  7.32; 0, 14.4; A, 18.8; 0, n, = 25.7; 
@ , coexistence vapor. 

In the supercritical gases at rzln, = 1.00 and 
TIT, = 1.04 the magnitudes of the field effects at 
1.0 Td in I-, iso-, and cis-2-butene were somewhat 
smaller than those in the critical fluids. In the corre- 
sponding supercritical trans-2-butene the mobility 
decreased gently at E/u > 0.07 Td, so the field effect 

1000/ T ( K )  

FIG. 7. Arrhenius plots of electron mobilities in I-butene 
vapor at  different densities n ( loz0 molecules/cm3). D ,  0.78, 
the curve was calculated by eq. [6] with cross sections from 
Fig. 11; 0, 2.16; A, 5.42; 0, 13.6; V, 18.9; 0, n, = 25.0; 
Q, coexistence vapor. 

FIG. 8. Arrhenius plots of electron mobilities in isobutene 
vapor at  different densities n ( loz0 molecules/cm3). D ,  0.75, 
the curve was calculated by eq. [6] with cross sections from 
Fig. 11; V, 2.26; 0, 5.75; A, 12.2; 0, 18.2; 0, n, = 25.1; 
8,  coexistence vapor. 

has the opposite sign to those in the other butenes 
(Fig. 10). 

Discussion 
Low Densitj, 

Electrons gain energy by acceleration in the field 
and lose it by collisions with molecules. At low field 
strengths the average amount of energy gained be- 
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n (lo2' molecule /cm3) 

I , / # I  I I 1 1  l l i l l  I 
0.1 0.2 0 5 1 2 

E / n  (Td) 

FIG. 10. Effect of Eln on wrr in the supercritical gases at 
n = n, and T/T, = 1.04. 0, trans-2-butene; A, cis-2-butene; 
0, I-butene; V, isobutene. 

and 
J) 

[6] p,, = (5.23 x 1 0 - ' * ~ r i ~ ' ~ )  S (c3/o,.) 
0 

FIG. 9. Plots of BIZ against n in the coexistence fluids. 0, x exp ( -  3.30 x 1 0 - 1 2 v 2 / ~ )  do 
trans-2-butene; A, cis-2-butene; 0, 1-butene; V, isobutene. 
Open syn~bols, vapors; filled symbols, liquids (ref. 2); half- where k is ~ ~ l t ~ ~ ~ ~ ~ ~ ~ ~  constant, 
filled symbols, critical fluids. 

Scatferinz Cross Sections 

tween collisions is less than that norrnally exchanged 
during a collision, so the electrons remain in thermal 
equilibrium with the medium. At moderate field 
strengths the electrons gain more energy between 
collisions than they normally exchange, so they in- 
crease in velocity until a new steady state is reached. 
If the electron collision frequency changes as a re- 
sult of the increased velocity, the mobility changes. 

The velocity also increases with temperature, so the 
field effect at moderate field strengths is in the same 
direction as the temperature effect. 

The nlobility p,, at  low densities can be expressed 
as (9-1 1) : 

4n e " v 2 d f 0  141 p ,  = d u  
3 mn , o, dl: 

where e and nz are the charge and mass of the elec- 
tron, respectively, o, is the scattering cross section 
of the molecules for electrons of velocity v, and f, is 
the spherically symlnetric term in the series expan- 
sion of the electron velocity distribution function. 
For  a Maxwelliail distribution one has 

[5] f, = ( n z / 2 n k ~ ) ~ ! ~  exp (-mu2/2kT) 

The value of o, as a function of l: was determined 
for each butene by fitting eq. [6] to the mobilities in 
the uppermost curve in each of Figs. 5-8. Equation 
[6] was integrated numerically, using 22 logarithmic 
steps between L- = 5.9 x lo6 and 3.2 x 10' cm/s, 
which was the sensitive range (0.01-0.3 eV). An 
initial estimate of o, was made by assuming o, = 
A,v-", which gives eq. [ 7 ] .  

The values of and A, were obtained from the slope 
and intercept of a plot of log p,, against log T. A 
plot of log o, agalnst log 1; was then made and ad- 
justed to give the best agreement with the array of 
experimental (p,,, T) values. through iterative calcu- 
lations with eq. [6]. The cross sections so obtained 
are displayed in Fig. 11, plotted aga~nst  energy in the 
tradit~onal manner. Cross sections estimated earlier 
(12) for 1-butene are shown for comparison; mobll- 
ities had been measured at only two temperatures. 

The Maxwelllan distribution of E and u is indi- 
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cated in Fig. 1 la .  The energy range of greatest 
seilsitivity in the curve fitting procedure is that near 
the rnaxiinuin in the scattering probability curve, 
which ranges from about 0.0440.20 eV in isobutene 
(Fig. 1 lb) to about 0.03-0.13 eV in trans-2-butene. 
The accuracy of the estimated cross section decreases 
with increasing distance from this central region. 

The density normalized mobilities I I ~ , ,  in the low 
density gases are plotted on an expanded scale in 
Fig. 12 to show the extent to which the values calcu- 
lated from eq. [6] with the cross sections in Fig. 11 
match those determined experimentaliy. 

When cross sections o, that have been derived 
from mobilities are averaged to compare values for 
different molecules, the appropriate weight is placed 
on the most sensitive region of velocities by using 
eq. [8] (13, 14). 

For a Maxwellian distribution of velocities eq. [8] 
becomes 

[91 o,,,, = 4.59 x 1 0 2 2 ~ 2  / S,* (u310.) 

x exp (-3.30 x 1 0 - 1 2 ~ 2 / ~ )  dl; 

I t  may be noted that multiplying eq. [6] by 

x exp (-3.3 x I O - ~ ~ ~ ~ / T )  d~ 

from eq. [9] gives [lo]. 

This is equivalent to the expression derived by 
Lorentz using a cross section that was independent of 
c (15). 

The values of o,,, fall in the order trans- < cis- ,< 
1- < isobutene (Table 2). The molecular electric 
dipole inoments lie in the same order (Table I). One 
may therefore suggest that the scattering power of a 
butene molecule contains contributions from a stiff 
central core and the dipolar electric field. 

The simple model of electron scattering by the 
induced dipole (16) is not adequate for the central 
core component, because the value of o,,, predicted 
by the mode: for the nonpolar trans-2-butene is 
seventeen times larger than the observed value. The 
repulsive interaction between the projectile electron 
and the imperfectly polarizable molecular electrons 
cancels most of the attractive interaction between 
the charge and the induced dipole. 

For scattering by a point-dipole potential ( -  eD/r2) 

FIG. 11. Scattering cross sections G ,  of the !ow density 
vapors as functions of electron energy E or  velocity c. A : - ,  
trans-2-butene; ---, 1-butene; 0, 1-butene from ref. 12; . . . , 
Maxwellian distribution of E and r at  400 K, F = (1.36 x 
lo-'  ~ > < T ' . ~ ) e x p  (-3.30 x lo-" c2 /T) ;  B: -, cis-2-bu- 
tene; ---, isobutene; . . ., scattering probability distribution 
for isobutene at  400 K ,  F = 6 x ( r 3 / ~ v )  exp (-3.30 
x 10- l2  c2, 'T). The factors F a r e  the true values nlultiplied by 
l o i 0  in A and 6 x in B to fit the displayed scale. 

x cos 8, the Born approximation model of Aitshuler 
(17) gives: 

where D is the dipole moment and h = 2nt1 is 
Planck's constant. The cross section averaged over 
a Maxwellian distribution in the manner of eq. [8] is : 

Values of o,,,,,,, are given in Table 2. They are 
roughly three-fold smaller than the observed cross 
sections for the polar butenes. Taking o,,, of trans- 
2-butene to represent the contribution of the stiff 
core for each of the butenes, and making the crude 
assu~nption that contributions of two processes are 
approximately additive when one does not com- 
pletely dominate the other, the net ratio [(o,,, - 
12.5)/o,,,],,, is still greater than unity (Table 2). 
The dipole field makes a significant contribution to 
scattering by the polar butenes, but some other force 
is greater. The dipole field tends to dominate only 
for molecules with D 2 1.0 x 10-la esu cin (18). 

An additional factor in scattering by the butenes is 
the as yet unexplained effect of the degree of spher- 
icity of the molecules. The scattering cross section 
for low energy electrons increases with increasing 
sphericity of isomeric hydrocarbons (19). The degrees 
of sphericity of the butenes are in the order trans- < 
1- < cis- < isobutene, and the cross sections tend to 
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TABLE 2. Electron scattering parameters of the gaseous butenes 

Value 

Parameter tvatzs-Butene cis-Butene I-Butene Isobutene 

FIG. 12. Comparison of the calculated and experimental 
values of the density normalized mobilities n p , ,  in the low 
density gases at different temperatures. 0, trans-; A, cis-; 0, 
1-; V, isobutene. The lines were calculated by eq. [6] with 
cross sections from Fig. 11. 

increase in the same order (Table 2). This rationalizes 
the apparent anomaly that the butene with the largest 
dipole moment, isobutene, has a value of [(o,,,, - 
12.5)/oA,,] larger than those of the other polar 
butenes (Table 2). For a dipole field superimposed 
upon a stiff core, the ratio might have been expected 
to  be closest to unity for the isomer with the largest 
dipole moment. 

In terms of the less accurate but simpler eq. [ 7 ] ,  
the sphericity effect displays itself as a larger value of 
a for more spherelike molecules. The present results 
for the low density butene gases give c* 2 0.7, 1.6, 
2.0, and 2.5 for trans-. I-, cis-, and isobutene, respec- 
tively, which is in the same order as the degree of 
sphericity estimated visually froin space-filling 
molecular models. Similarly, for the isomeric pen- 
tanes the values of c* were 1.1, 1.5, and 3.2 for 11-, 

iso-, and neopentane, respectively (13). 

The sphericity effect includes a tendency for the 
minimum in o, to lie at  a higher energy for a more 
sphere-like isomer (Fig. 11 and Table 2). In the pen- 
tane isomers the value of &,,, was 0.13 eV for n- and 
isopentane and 0.21 eV for neopentane (19). 

Simple models of electron scattering by induced or 
permanent dipoles (9 ,  16, 17) do not fit scattering by 
hydrocarbons. A better i~lterpretatio~l of the results 
might involve the Ramsauer-Townsend effect or  
transient negative ion states. However, it is not yet 
known how to interpret the sphericity effect in those 
terms. 

Field Dependence Threslzolds 
Elastic scattering of electrons by individual mole- 

cules in the gas is kinetically equivalent to scattering 
by phonons (20, 21). The effective mass M "  of a 
phonon is given by: 

where c, is the velocity of low frequency sound. In 
the low density gas c, = ( y k ~ I ~ ) 0 . 5 ,  where y is the 
heat capacity ratio and M is the molecular mass (22). 
One therefore obtains M:" MMly = 0.9 M in the 
low density butenes (5). When elastic scattering is 
the dominant process that moderates the electron 
energy, the electron drift velocity ud should become 
nonlinear with field strength when ud = co (20). The 
velocity of sound is therefore a useful parameter in 
assessing electron scattering processes even in the 
single scatterer regime. 

The value of co in the low density butene vapors 
at  297 K is 221 m/s. The threshold drift velocities, 
vd(threshold), for field dependent mobilities were 3.1, 
4.2, 4.4, and > 11 km/s in iso-, I - ,  cis-2-, and trans- 
2-butene, respectively (Fig. 2). The respective values 
of the ratio pd(threshold)/co are 14, 19, 20, and > 50 
a t  297 K .  These large values imply that the electrons 
in the butenes are cooled predominantly by inelastic 
collisions. Values of the ratio in other gases are: 
xenon, 0.7 (4); methane, 1.0 (23); neopentane, 5 
(13);  cyclopentane, 11 (14); isopentane, 15 (13); 
12-pentane, > 100 (13). The ratio increases with de- 
creasing sphericity of the molecules. We conclude 
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that  the sphericity contribution to  electron scattering 
tends to be an elastic process. 

The values of c,(threshold) in iso- and cis-2- 
butene increase with increasing temperature (Figs. 
3 and 4). So do the values of c, and c,(threshold)/c,. 
A t  530 K the values in both gases are  threshold) > 
11 km/s, c, = 290 m,'s and r;(threshold)/c, > 40. 
The higher electron energies at  the higher tempera- 
ture enhance the contribution of inelastic collisions. 
The higher vibrational-rotational states of the mole- 
cules in the hotter gas might also be better energy 
sinks than the lower states for inelastic collisions with 
low energy electrons. 

Eff'ect of Densit!, 
The effects of density on pn in the coexistence 

vapor and liquid of 1-butene are sinlilar to those in 
trans-2-butene; each curve contains a negatively 
sloped inflection near 3 x 102' molecules/cin3 (Fig. 
9). The density effects in isobutene are similar to 
those in cis-2-butene; each curve contains a shallow 
minimuin near 2 x lo2 '  inolecules/cm3 and a maxi- 
mum near 4 x lo2' molecules/cm3 (Fig. 9). The plots 
for cis- and trans-2-butene cross near the critical 
region, as d o  those for iso- and I-butene. A detailed 
description of the behaviors in cis- and trans-2- 
butene will therefore apply qualitatively to those in 
iso- and 1-butene as well. 

The temperature coefficient of the mobility in the 
high density gas varies with the density and the tern- 
perature. The coefficient is taken as @,,,. = (a log p/a 
log TI,,,,; values are plotted against n for two fixed 
temperatures, T, and 1 .05T,, in Fig. 13. The value of 
B,,, becomes independent of 11 and T a t  low ? I :  where 
an  electron interacts with only one molecule at  a 
time. The low density limit of 0 is related to the cl in 
eq. [7] through the relation 8 = (x - 1)/2. As the 
density is increased above about 7 x lo2' molecules/ 
cm3, O,,,c increases rapidly, beconling roughly pro- 
portional to r 1 2 .  Heating the vapor to 1.05TC, an in- 
crease of only 21 K, greatly reduces the temperature 
coefficient a t  high densities (Fig. 13); the reduction 
is by a factor of 3.4 in trans-2-butene at  n,, while the 
 nobility itself increases by only a factor of 1.3 
(Fig. 5). 

The great difference between the temperature 
dependence of the mobilitjl and that of the tervpera- 
ture coqfici~?it of the rnobilitj~ indicates that the extent 
of localization is relatively small. The electrons are 
only shailowly trapped and the temperature coeffi- 
cient is associated mostly with the concentration of 
trapping sites, that is, with the density fluctuations in 
the fluid. The process is termed quasilocalization (4, 
13, 14: 24). 

Values of ptz at  several values of constant T are 

-2: " I '  

1 I 1  1 1 1  1 1 1  I I I  

1020 5 lo2' 5 

n (molecule /cm3) 

FIG. 13. Effect of density on the temperature coefficient of 
mobility at  temperature T. O n , ,  - (a log p/a log T),,,. V, 
isobutene; A, A, cis-2-butene; 0, 1-butene; 0, @, trarls- 
2-butene. Open symbols and solid lines represent T = T,. 
Closed symbols represent T = 1.05Tc. 

plotted against n for trans- and cis-2-butene in Figs. 
14 and 15, respectively. Moderate heating of the gas 
a t  constant density greatly decreases the degree of 
quasilocalization, and a t  1 . 1  5T, it is virtually des- 
troyed in both gases. At this temperature pn in- 
creases with density at  rz > 7 x loZ0 molecules/cm3 

FIG. 14. Plots of pn against density in trans-2-butene at 
different temperatures. 0, coexistence vapor; 9, critical fluid; 
@, coexistence liquid; 0, 428 K (T,); ---, 450 K (1.057,); 0, 
471 K (l.lOT,); . . ., 492 K (1.15Tc), with points at 
rz = 20.2 and 25.7 obtained by extrapolation of data in Fig. 5. 
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FIG. 15. Plots of N I Z  against density in cis-2-butene at  dif- 
ferent temperatures. 0, coexistence vapor; @, critical fluid; 
g, coexistence liquid; , 426 K (0.98Tc); 0, 433 K (T,); 
---, 455 K (1.05TC); 0, 476 K (l.lOT,), with points at lo-" 
n = 1.88 and 2.57 obtained by extrapolation of data in Fig. 6 ;  

. ., 498 K (1.15TC), with a point at  1.88 x loz1 molecules/ 
cm3 obtained by extrapolation of data in Fig. 6. 

in cis-2-butene, while in the tram isomer it decreases 
a t  77 > 2 x 1020 molecules/cm3. The increase in 
cis-2-butene is due to the mutual partial cancellation 
of long range scattering interactions, such as charge- 
dipole and charge - induced dipole. by the several 
molecules that interact simultaneously with an elec- 
tron. trans-2-Butene is nonpolar, but the mutual in- 
ference of the charge - induced dipole interactions 
would still tend to make pn increase at high densities. 
The observed decrease must have a different cause, 
probably transient anion formation (25, 26). 

where e,,- represents a quasifree electron. The 
attachment rate is represented by v = v,n, and the 
anion ionization lifetime by T. The forhard and re- 
verse reactions have orders that differ by one, wh~ch 
might be either 2 and I or 3 and 2, respectively. 

The  nobility p,, of a quasifree electron is much 
greater than that of an anion, so reaction [14] leads 
to eq. [t5]. 

where p: refers to the mobility ill the absence of 
quasilocalization (see later) in the fluid of density 71. 
In Fig. 16 the reciprocal of np,: at I.15Tc is plotted 
against rz. The relation is linear for n < 0.8nC, with 
rzp,, = 1.08 x loz3 moiecu!es/cm V s and vl.r = 
2.6 x cm3/ino1ecule. 

The forward and reverse rates of 1141 depend on 
the energies of the species. The energy dependence of 
the attachment cross section IS probably different 
from that of the total scattering cross section. How- 
ever, taking the average attachment cross section as 
a fraction K of the average scattering cross section 
B,.,, one obtains 

FIG. 16. Plot of (np,O)-' against density in trans-2-butene 
vapor at I.15Tc = 492 K. 

Thus, for tra~s-2-butene at tz < 0.8r7, and T = 1.15Tc, 
with (o) = 1.2 x lo7 cm/s ando,,, = 1.04 x 10- l5  
cm2 one obtains 

At M > O.8nC, the mobility decreases more rapidly 
than is suggested by [I41 and [15]. Higher order pro- 
cesses contribute at  high densities. 

The present results support the suggestion that 
transient anions are the lower energy state in the 
two-state electron transport mechanism in liquid 
trans-2-butene (2). 

Quasilocalization is a different process than the 
transient attachment represented by [Id]. The former 
is illuch more sensitive to temperature and occurs 
over a narrower density range than the latter. At 
vapor densities and temperatures near the coexis- 
tence curve van der Waals clusters of molecules 
form, some of which can temporarily capture an 
electron. In general, the clusters may be considered 
as density fluctuations in the fluid. A fluctuation of 
appropriate depth and width is a possible localiza- 
tion site for an electron. 

[IS]  Medium F? site 

[19] eqf- + site F? eloc- 

The density normalized mobility at any value of 11 

and T is: 

where 

1211 f = ll([e,*- I + [el,,- 1) 
= (1 +  site]^,,)-I 

where [site] is the concentration of sites and K1, 
is the equilibrium constant of reaction [19]. One 
may write 

[22] [Site] = exp (AS,,O/R) exp (-AMl ,OjRT) 
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b'v ADA A N D  FREELIAN 2725 

[23] K,, = exp (AS,,O/R) exp (-AH,,O/RT) 

and 

[24] (ny:/pn) - 1 = exp (AS'IR) exp (-AH'IRT) 

where AS '  = AS,,' + AS,,' = AS,,' and AH' = 
AH,,' + AH,,' = AH,,' (see below). 

The density fluctuations, and hence the concentra- 
tion of sites, are largest in the coexistence vapor. 
They diminish as the gas is heated at  constant density. 

It may be shown that the Arrhenius temperature 
coefficient of mobility, EM, is related to O n , ,  by2 

The Arrhenius temperature coefficient in traris-2- 
butene at T I ,  and just above T, is 0.47 eV, or 46 kJ/ 
mol. However, the value of pn in the critical fluid is 
0.5 of n,p,,cO and is 0.3 of the low density limit n,p,,. 
The total amount of localization by both [I41 and [19] 
is relatively small and the localization free energy is 
in each case a bit less than kT, -3  kJ/mol. Thus 
- 6 z  of the temperature coefficient is due to [19] 
and -947, is attributable to [IS]. 

A plot of the log of the left side of eq. [24] against 
1/T is given in Fig. 17 for trans-2-butene, using 
M , ~ , ~ O  = 7 x 1 O Z 2  molecules/cm V s. The slope at 
1.002T, gives AH' = -85 kJ/mol and the extra- 
polated intercept indicates AS' = - 198 J/mol K. 
Thus AG' = 0 kJ/mol at 429 K,  corresponding to the 
relatively small extent of quasilocalization. 

The values of AH' and AS' decrease rapidly in 
magnitude with increasing temperature away from 
the coexistence curve. For n = rz, and T = 1.04T,, 
AH' = - 47 kJ/mol and AS' = - i10 J/mol K. These 
are only 5 5 z  of the values at T = 1.002T,. 

The quasilocalization behavior is similar in each 
of the isomers. For electron transport in the high 
density gas near the coexisteilce curve, the enthalpy 
and entropy changes associated with quasilocaliza- 
tion are large and negative and are due to step [IS], 
while the energy and extent of [19] are small. 

Returnille now to the behavior of un as a function - 
of n in the coexistence vapor and li$uid of trans-2- 
butene (Fig. 9), at tz > n, there is an inflection in the 
curve. The inflection is attributed to a tendencv of 
interactions of the several molecules interacting 
simultaneously with an electron to partially coun- 
teract each other at  the distances in question. In the 
more globular hydrocarbons, such as cis-2- and 
isobutene, this tendency causes pn to increase (Fig. 
9). Finally, at nln, > 1.5 in trans-2-butene pn 
plunges, due to the formation of increasingiy stable 
localized states. The greater stability is caused by the 
existence of deeper traps in the denser fluid and by 

'1.1 = Aw exp (- EJkT)  = AoTQ; d(ln p)/dT = Eu/kT2 = BIT. 

FIG. 17. Plot of eq. [24] for trans-2-butene a t  n,, with 
npno = 7 x loZ2 molecules/crn V s. 

the concomitant lower temperature of the liquid ~ i t h  
higher n. 

The rapid plunge of pn occurs at nln, > 1.5 in 
trans-2-, 1.8 in I-, and 2.0 in iso- and cis-2-butene 
(Fig. 9). This correlates with the degree of sphericity 
of the molecules and the associated difficulty of 
forming a stable localized state of the electron in the 
liquid. 

Quasilocalization and Molecular Structure 
The quasilocalization process does not reflect 

differences in ~llolecular structure as much as do the 
processes in the dilute gases or normal liquids. For 
a series of substances ranging from xenon (4) and 
methane (23) to n-pentane (13) and 1-butene, quasi- 
localization occurs to a similar extent in the dense, 
coexistence vapors, independent of whether in the 
normal liquids of the same substances the electrons 
become quasifree or more deeply trapped. 
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Reactions of 4-phenyl-3H-l,2,4-triazole-3,5 (4H)-dione with alcohols and amines 
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LB H. DAO and DONALD MACKAY. Can. J. Chem. 57.2727 (1979). 
Two equivalents of the title compound (1) react with one equivalent of primary alcohols to 

give good yields of nitrogen and l-alkoxycarbonyl-2-N-phenylcarbamoyl-4-phenyl-l,2,4- 
triazolidine-3,s-diones (3). With secondary alcohols or benzyl alcohol the major products are 
the ketone or benzaldehyde, while 3 are minor products. The latter can, however, be made the 
major products if pyridine is used to catalyze the reaction. Compound 30 dissociates on heating 
or in pyridine solution into the 1-rnethoxycarbonyltriazolidincdione 4. 

If alcohols are absent 1 is converted by pyridine or other tertiary amines into nitrogen and 
the bicyclic compound 9;  if diethyl azodicarboxylate is present in the reaction compound 13 
can be trapped. 

Primary and secondary amines react very rapidly with 1 to give nitrogen and complex prod- 
ucts. It is likely that these are I ,2-dicarbamoyl-4-phenyltriazolidine diones, analogous to 3, and 
that they are very prone to dissociate in solution. 

LC H. D.AO et DONALD L~.. \CK.AY'.  Can. J .  Chem. 57, 2727 (1979) 
Deux equivalents du composC (1) reagissent avec un equivalent d'alcools primaires pour 

conduire, avec de bons rendements, a I'a7ote et a I'alkoxycarbonyl-l-N-phCnylcarbamoyl-2- 
phinyl-4-triazolidine-1,2,4,diones-3,s (3). Avec les alcools secondaires ou l'alcool benzylique, 
les produits principaux sont la cttone ou la benzaldehyde, tandis que 3 sont des produits secon- 
daires. Cependant, ces derniers peuvent devenir des produits principaux si on utilise la pyridine 
comme catalyseur de la riaction. Par chauffage ou dans une solution de pyridine, le con~pose 
3a se dissocie en n~ethoxycarbonyl-I-triazolidinedione 4. 

S'il n'p a pas d'alcools, 1 est transforme par la pyridine ou d'autres amines tertiaires en azote 
et en compose bicyclique 9; si I'azodicarboxylate de diethyle est present dans la reaction, le 
con~pose 13 peut &tre isole. 

Les amines primaires et secondaires reagissent tres rapidement avec 1 pour conduire a l'azote 
e t a  des produits complexes. 11 est probable que ces produits soient des dicarbamoyl-l,2-phenyl- 
4-triazolidine diones sernblables a 3 et qu'ils aient une grande tendance a se dissocier en solution. 

[Traduit par le jour-nal] 

As a class the 4-substituted 3H-1,2,4-triazole- 
3,5(4H)-diones2 are probably the most power- 
ful dienophiles known, but they show a wide range 
of other reactivity as well. A large variety has now 
been synthesized, though the 4-phenyl derivative 1 
has been the most widely studied, references to it 
outnumbering those to all others combined. 

As well as Diels-Alder additions many other reac- 
tions of compound I with unsaturated substrates 
have been investigated. Among these are "ene" 
reactions with alkenes (I),  dienes (2), and primary 
enamines (3), insertion reactions in tropolone (4), 
cycloaddition to alkenes ( 5 ,  6), formation of reactive 
dipoles with vinyl ethers (7), vinyl azides (8), vinyl 
esters (6, 9, lo), and diazoacetic ester (11), addition 
to 1,3-dipoles (12), and insertion in N-H in pyri- 
dones (13). It has also been shown to oxidize alco- 
hols to carbonyl compounds (14). 

'Present address: Department of Chemistry, York Uni- 
versity, Downsview, Ont., Canada M3J 1P3. 

2The nomenclature is that of Chemical Abstracts. 

Despite its great reactivity to such a range of 
substrates, 1 is remarkably stable to strong acids, as 
its synthesis from the 4-phenylurazole 2 with N 2 0 4  
attests (1 5) .  It is unaffected by atmospheric exposure 
for long periods, and its solutions in chlorinated or 
saturated hydrocarbon solvents remain deeply 
colored and free of precipitate almost indefinitely. 
We noticed, however, that its solutions in methanol 
rapidly decolorized. In concentrated solution the 
reaction was exothermic with the formation of a 
precipitate. We expected this to be the urazole 2, 
formed by oxidation of the alcohol. In fact it was a 
product C,,H,,N,O, resulting from the reaction 
of one molecule of methanol and two molecules of 1 
with loss of one molecule of nitrogen. 

In view of the proven ability of 1 to oxidize secon- 
dary alcohols (14) we decided to examine its reac- 
tion with a range of representative alcohols: meth- 
anol, ethanol, 1-butanol, 2-propanol, cyclopentanol, 
and benzyl alcohol. Some of our results have been 
published in a preliminary form (16), and are now 

0008-40421791202727-07$0 1 .00/0 
1 9 7 9  National Research Council of Canada/Conseil national de recherche? du Canada 
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presented in more detail along with other related 
reactions of 1. 

The identity of the product from methanol as 3a 
folloned from its spectra, its reactions, and its 
rational synthesis. The 'Hinr spectrum included a 
M e 0  singlet at 5 . 9 5 ~  and one exchangeable proton. 
The ir spectrum (Nujol) had an N H  absorption at  
3398 and an intense broad complex absorption in 
the CO region with maxima at 1828, 1760, and 1700 
cm-l .  I t  had no well defined mp, decomposing be- 
tween 180 and 187'C to a solid and a liquid. The solid 
was readily identified as 4 by comparison with an 
authentic sample made from 2 by treatment with 
sodium hydride or pyridine, followed by methyl 
chloroformate. If 2 was treated with one equivalent 
of sodium hydride, and then in turn with phenyl 
isocyanate and methyl chloroformate, 3a was pro- 
duced in a good yield. The liquid was phenyl iso- 
cyanate identified as ethyl N-phenylcarbamate. The 
latter was also formed when 3a was refluxed in 
ethanol. The behaviour of 3a in solution was exam- 
ined by 'Hmr spectroscopy. In benzene-d, or chloro- 
form-d there was no evidence of decomposition, but 
in pyridine-d, the equilibrium in eq. [ I ]  was rapidly 
established. (K,, = 0.75 for a 0.17 M solution of 
3a.) Addition of chloroform-d reversed the reaction, 
which could be moved in either direction by varying 
the proportions of chloroform and pyridine. Exam- 
ples of such urethane-isocyanate equilibria have 
been noted previously (17). 

[ l ]  3a $ 4 a  + PhNCO 

In general con~pounds 3a-f were prepared by 
stirring equimolar amounts of 1 and the alcohol 
(0.1 M each) in benzene at room temperature for 
2 days. Alternatively a large excess of the alcohol 
was used in methylene chloride as solvent, in which 
case the reaction was much more rapid (-30 min). 
In either case the reaction mixture was evaporated 
and the residue treated with chloroform to remove 
traces of insoluble polymer or the urazole 2. The 
chloroform-soluble material was worked up to give 
3, purified by conventional crystallization techniques. 

The isolated yields were close to the actual in those 
cases where the latter were determined by gas-liquid 
chromatography (glc); glc was also used to analyze 
for benzaldehyde and cyclopentanone. The deter- 

mination of other carbonyl con~pounds was made by 
'Hmr analysis. 

The yields of products, and the melting points, 
spectroscopic properties, and elemental analyses 
are shown in Table 1. The yields of 3 are seen to be 
good to excellent for the oxidation of primary alco- 
hols; aldehydes were not detected. Froin benzyl 
alcohol and both secondary aliphatic alcohols 
examined the yields of 3 were low, benzaldehyde or 
the ketone being the major p r o d ~ ~ c t .  

The mechanism for the oxidation reactions of 1 
with alcohols is not certain, though initiation through 
a-hydrogen atom abstraction by the azo group seems 
likely. Other instances of oxidation of 2-propanol 
to acetone by carbonylazo compounds have been 
noted (18, 19). In the case of benzoylphenyldiimine 
(18) the intervention of radicals by homolysis of the 
intermediate phenyldilmine was clearly established. 

For the formation of compounds 3 we propose 
(Scheme 1) an initial addition of alcohol at the car- 
bony1 group, followed by deprotonation to the 
nucleophilic species 5 (or its N-acyl anion equivalent 
if loss of nitrogen precedes further reaction of 5). 
Attack on a second molecule of 1 to give 6, cycliza- 
tion to 7, and cleavage of the C to N-Ph bond 
completes the reaction. The sequence 6 to 7 to 3 in 
effect transposes the methoxycarbonyl group from 
one nitrogen to another. Migrations of this general 
type to a nucleophilic centre have been reviewed 
(20). The resonance stabilized amide anion is pre- 
dictably a better leaving group from 7 than is alkoxide 
ion. We tried to synthesize compound 8, the pro- 
tonated form of 6 (R = Me) to test whether the 
1,4-shift of methoxycarbo~lyl to give 3 occurred 
under the reaction conditions. N,N-Dimethoxycar- 
bonylaniline was treated with the anion of the 
urazole 2, but neither NaH nor KOt-Bu was able to 
effect the condensation to 8 in a variety of solvents. 
This failure is perhaps not surprising since it requires 
the displacement of methoxide by amide anion. 

Pyridine had a strong catalytic effect on the reac- 

PhN I NPh 
3 / ROHL N X? % 
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tion of 1 with alcohols. Thus when benzene solutions 
were made 1 M in pyridine, as well as in 1 and in 
methanol, decolorization was complete within 
minutes, 3a being again formed in an exce!lent yield. 
Eike~vise attack on benzyl alcohol and the secondary 
alcohols to give compounds 3 was accelerated, much 
more so than the oxidation reaction. The results are 
also shown in Table 1. from which it is clear that the 
conversion of alcohols in general into compounds 3 
can be made the dominant reaction by inclusion of 
pyridine where necessary. A series of reactions in 
2-propanol (Table 1)  showed that the yields of 3d and 
acetone were almost independent of pyridine concen- 
tration over the range 0.5 to 10 M. 

In the absence of alcohols, solutions of 1 con- 
taining pyridine, or alternatively triethylamine or 
1,5-diazabicyclo[4.3.0]nonene-5, still reacted readily 
with evolution of nitrogen to give a sparingly soluble 
solid in good yield. This product, which was not ob- 
served in the alcohol  reaction^,^ was shown to be the 
tetrazabicyclo[3.3.0]octane derivative 9. It is the 
pyrolysis product of 1, first obtained by St0116 (21). 
I t  has also been made by reaction of 2, either with 
pheiiyl isocyanate (22) or with 1, in what has been 
interpreted as a radical chain process (23). 

The role of the pyridine was examined on a some- 
what more quantitative basis by visible spectroscopy. 
A solution in methylene chloride 0.02 M in each of 1 
and pyridine4 had a half life (measured at the A,,, of 
1 at 550 nm) of 40 min at 30cC. When a similar solu- 
tion was also made 0.04 M in methanol the half life 
was reduced to 23 min. The uncatalyzed reaction of 

31t was a minor product in the pyridine-catalyzed reactions 
of the sec alcohols. 

4The lower concentrations, one tenth that used in the 
preparative runs, were necessary for the spectrophotometric 
experiment. Methyiene chloride, rather than benzene, was 
chosen as solvent since separation of solid products in the cell 
only occurred in the late stages of the reaction. 

1 (0.02 M) and methanol (0.04 M) is relatively very 
much slower with a half life of 1-1.5 days. 

The formation of 3 or 9 in the presence of pyridine 
can be accounted for by a variation of the uncata- 
lyzed reaction in which nucleophilic attack by pyri- 
dine leads to the ring-opened species 10 (Scheme 2), 
analogous to 5. In the absence of alcohol the reaction 
proceeds through 10 to 11 to 9. When alcohol is 
present it may attack 10 to give 5, or 11 to give 6, and 
thence compound 3 in either case, a reaction faster 
than the sequence leading to 9. The latter is not an 
intermediate in the formation of 3, control reactions 
showing that it is not opened by, for example, meth- 
anol alone or methanol and pyridine. 

Bicyciic structures of type 9 are recognized thermal 
decomposition products of %membered cyclic azo- 
dicarbonyl compounds. They have been found with 
other triazolinediones (21, 24), while pyrazoline- 
diones also give analogous products (25). 

Formally 9 is the result of cycloaddition of 1 to 
2-phenylaziridinedione or an open dipolar or dirad- 
ical equivalent of it (12a, b,  c). We examined the pos- 
sibility of other cycloadditions of 12. Treatment of 1 
with an excess of diethyl arodicarboxylate gave an 
isolated yield of 2 8 x  of 13, whose identity was proven 
by its synthesis from the urazole 2 with 2 equiv. of 
sodium hydride and ethyl chloroformate. No reac- 
tion was detected with dimethyl maleate or stilbene, 
only compound 9 being produced; dimethyl acetyl- 
enedicarboxylate gave a methoxy-containing poly- 
mer. as well as 9. 

' ) k N C 0 2 E t  
PhN< PPN PhN 

0 \Y 0 \ ph$kC02Et 
0 0 
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The greater reactivity towards the azo bond than 
towards -ene or -yne bonds may reside in the greater 
ability of nitrogen than carbon to stabilize negative 
charge in the product precursor, as in 11. Azo ad- 
ducts must also benefit from the stabilization in- 
herent in the creation of two amide groups. 

The reaction of 1 with primary a n d  secondary 
amines was also examined to see if compounds 14 
(R' = H or R' = R) might be formed, analogous 
to 3 from alcohols. With tert-butylamine, pyrroli- 
dine, or dimethylamine, decomposition of 1 was fast 
and exothermic, but work-up led to intractable gums. 
Compound 9 was evidently not a product. The reac- 
tion of 1 with dimethylamine in C6D6 was followed 
by 'Hmr spectroscopy, but the methyl signals were 
at all times broad and complex. 

An intermediate like 15 does not have the special 
bias towards cleavage of the C to N-Ph bond found 
in 7. Cleavage to 16 must also compete with that to 
14. Furthermore the amines presumably catalyze 
the dissociation of 14 (cf. pyridine and compound 3) 
to PhNCO and, when R' = H, to RNCO. These, 
on recombination with the urazole ring system can 
lead to multiplication of products. Compound 16 
may similarly dissociate when R' = H. 

Experimental 
The following spectrometers were used: for ir a Beckman 

1R 10, all values given being determined in Nujol mulls; for uu 
a Unicam SP 800 B ;  for 'Hmr a Varian T-60. Melting points 
are uncorrected. 

1-Alkoxycarbonyl-2-N-y~1en~~lcarb~11~oyl-4-p/reny/-1,2,4- 
triaiolidine-3,5-dio~1es (3) 

Uneatalyzed Reactions 
(a) The deep red solution of the azo conipound 1 (15) (1.75 

g, 10 mmol) and the alcohol (10 mmol) in benzene (100 mL) 
was stirred for about 2 days at  room temperature, by which 
time the color had faded to a pale yellow. The benzene was 
evaporated under reduced pressure and the pasty residue 
treated with chloroforni (5 mL). A small amount of undis- 
solved material (the urazole 2 or polymer) was filtered off. 
The solution was evaporated till crystallization occurred or 
otherwise to dryness. In the latter case the residue was crystal- 
lized from an appropriate solvent. 

(b) T o  a solution of 1 (10 mmol) in niethylene chloride 
(10 mL) was added a large excess of the alcohol (10 mL). The 
reaction was exothermic, vigorous evolution of nitrogen was 
observed, and after about 30 rnin the red had given place to a 
straw color. The solution was evaporated and the residue 
worked up as before. 

To confirm the absence of aldehyde (methanol, ethanol, 
1-butanol reactions) and to determine the yield of acetone in 

the 2-propanol reaction, the alcohol and 1 (0.1 mmol each) 
were dissolved in C6D6 (0.3 mL) in an nmr tube. When the 
reaction was complete toluene was added as an internal stan- 
dard and the peaks for it and the carbonyl compound were 
integrated (+ 4%). 

T o  estimate the amounts of benzaldehyde and cyclopen- 
tanone produced, and of benzyl alcohol and cyclopentanol 
unreacted, solutions of alcohol and 1 (1.0 mmol each) in ben- 
zene (3 mL) were allowed to react and then analyzed by glc 
(6 ft x 1,'s in., 10% SE 30, 902C), using niesitylene as internal 
standard (+2%). From the amount of reacted alcohol the 
yields of 3e and f (and in one case 311) were determined. The 
latter were only slightly higher than the isolated yields ob- 
tained in the work-up. Gas-liquid chromatography (70-C) was 
similarly used as an alternative for measuring the yields of 
acetone. 

The melting points, solvents of crystallization, yields, and 
elementary analyses of 3, as well as the yields of aldehyde or 
ketones, are listed in Table 1. 

Pyrirlirze-catalyzed Reactiorzs 
These experiments were in general done on a 1 lnrnol scale 

as described above for the glc analyses. One equivalent of 
pyridine (in the case of the 2-propanol rcaction variable 
amounts, seeTable I), thealcohol, and 1 reactedrapidly in ben- 
zene, decolorization being complete within one hour. 

The work-up and the determination of yields were carried 
out as described above. Compound 9 (see below) was a minor 
insoluble product in the reaction with 2-propanol or cyclo- 
pentanol. 

The yields of 3 and of the corresponding carbonyl coni- 
pounds are also given in the table. 

Kinetics 
The disappearance of the chron~ophore at 550 nm in 0.02 M 

solutions of 1 in methylene chloride (1 cm quartr cell, 30°C) 
was followed in each of the follo\ving experiments by repeated 
scanning of the visible region: (i) 0.04 M in methanol, t,!, = 
1-1.5 days; (ii) 0.02 M in pyridine, r ,  ., = 40 min; (iii) 0.04 hf 
in methanol, 0.02 M in pyridine, t , ; ,  = 23 min. 

I-h.~etho.xycavbo~1yl-4-yhenyl-l,2,4-triazolidir~e-3,5-dione (4) 
la)  Fro111 3a 
When 3n (100 mg) was heated just above its mp in a small 

test tube it decomposed to a solid and a liquid which con- 
densed on the upper walls. Careful washing out of this liquid 
and treatment of it with ethanol gave ethyl N-phenylcar- 
bamate, identified by con~parison with an authentic sample. 
The solid was identified as 4 by crystallizing it from ethanol. 

Alternatively, when 30 was refluxed in ethanol for 30 min 
and the solution concentrated and cooled, conlpound 4 sepa- 
rated out. Ethyl N-phenylcarbamate was identified in the 
mother liquor. 

Eqrrilibrir,~?~ between 3a atid4 
Solutions of 3u in chloroform-d showed no evidence of the 

presence of 4 when examined by 'Hmr spectroscopy. Addition 
of pyridine-d, caused the appearance of compound 4. In neat 
C,D,N the equilibrium constant for 30 S 4 was 0.75 (3tr and 
4 having .r for OMe at 3.82 and 3.92 ppm respectively) but it 
could be reduced by the addition of CDCI,. 

(b) By Synthe~isftoi?~ 2 
To a suspension of 50% sodium hydride - mineral oil (0.50 

g, 11 ~nmol)  i11 dry tetrahydrofuran (40 mL) was added 2 
(1.77 g, 10 mmol) followed by methyl chloroformate (0.91 g, 
10 mmol). After one hour the mixture was evaporated and the 
residue washed free of oil with hexane. Decomposition with 
water gave 4 (1.98 g, 84%), purified by crystallization from 
ethanol, mp 229-230°C. 
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Pyridine could also he used in place o f  sodium hydride. 
Conlpound 4 had v :  3350 ( N H ) ,  1800, 1754 (C=O) c m ' ;  

.r(CD,COCD,): 2.45 (m,  5H phenyl), 6.05 (s,  OMe)  ppm. 
Anal. calcd. for C,,H9N,O4: C 51.07, H 3.86, N 17.87; 

found: C 51.03, H 3.99, N 17.61. 
Synthesis of3a fioin 2 
Addition o f  2 (1.77 g, 10 mmol) to  a suspension o f  50% 

sodium hydride - mineral oil (0.50 g, I I mmol) in  dry tetra- 
hydrofuran (40 mL) caused vigorous effervescence. Phenyl 
isocyanate (1.19 g, 10 mmol) and then methyl chloroformate 
(0.91 g, 10 mmol), each in tetrahydrofuran (5 mL) ,  were added 
and the mixture kept for 1 h at room temperature. Addition 
o f  water (30 m L )  gave a colorless solid which was washed with 
water and ether and then dried (80%). It was identified as 3u 
by comparison with the product from the reaction o f  1 with 
methanol. 

3,7-Dipl1enyl-1,3,5,7-ietrniabi~~~clo [3.3.0]octan-2,4,6,8- 
tetraone ( 9 )  

Pyridine (3 m L )  was added to  a solution o f  1 (1.75 g, 10 
mmol) in methylene chloride (10 mL). Decolorization was 
rapid, nitrogen was copiously evolved, and a solid separated. 
Filtration and washing with cold alcohol gave 9 (1.30 g, 80%) 
in  high purity, nip 234-235-C. I t  could be recrystallized on a 
small scale frorn a large volume o f  ethanol. It was identical 
with material prepared by pyrolysis, as described by Stolle 
(21); v (Nujol):  1790, 1757 (C=O) c n i ' .  

Triethylamine or 1,5-diazabicyclo[4.3.0]nonene-5 in place 
o f  pyridine also led to 9 in high yields. 

Stubilitjl of 9 to ~Wetl~c~nol and &ric/ine 
A suspension o f  9 (50 mg) in methanol (10 m L )  was re- 

fluxed for 12 h and evaporated to dryness. The ir spectrum o f  
the residue was identical with that o f  starting material. 

Pyridine (2 niL) containing 9 (50 mg)  was brought to  its 
boiling point and methanol (2 m L )  was added. The milky sus- 
pension was then kept at room temperature for 4 h and the 
solvents completely removed. The residue was pure 9. 

(o) BJJ Trapping with 1 in tlze Presence ofPyricline 
T o  a suspension o f  1 (1.75 g, 10 mmol) and diethyl azo- 

dicarboxylate (8.7 g, 50 mmol) in dry ether (30 n1L) was added 
pyridine (10 mL) .  The mixture was stirred until the azo color 
had disappeared and evolution o f  nitrogen had stopped. The 
ethereal suspension was washed with water, hydrochloric acid 
(2  N ) ,  water again, and dried. Evaporation o f  the ether gave 
an oil which was chromatographed on silica gel with benzene 
as eluent, affording 13 as a colourless solid (0.9 g, 28%) iden- 
tical with material synthesized in (b) below. 

i b )  Direct Syntlzesis 
Compound 2 (1.77 g, 10 mmol) and a 50Y, sodium hydride - 

mineral oil suspension (0.92 g, 20 niniol) were stlrred in dry 
dimethoxyethane (50 m L )  for 4 h at room temperature. Ethyl 
chloroformate (2.16 g, 20 mmol) was added dropwise and the 
mixture was stirred for 12 h. Work-up as in (a) gave a residue 
which readily crystallized (2.0 g, 62%). It was recrystallized 
from benzene-iso-octane as needles, m p  120-120.5"C; v 
(Nujol): 1767, 1734 (C-0) ern-';  .r(CDCI,): 2.58 (5H phenyl, 
s), 5.58 (20CH2,  q ,  J = 7.2 Hz), 8.65 (2CHj ,  t )  ppm. Anal. 
calcd. for C,,H,,N,O,: C 52.34, H 4.71, N 13.08; found: C 
52.46, H 4.68, N 12.88. 

Atfen~pted Trapping Experir?zer?t with 1 in tile Presence of 
Pyridine 

Solutions o f  1 (0.175 g, 1 mmol) in methylene chloride 
(5 m L )  were treated with 1 mnlol o f  either stilbene, dimethyl 

maleate, or dimethyl acetylenedicarboxylate, followed in each 
case by pyridine ( 1  mL). When nitrogen evolution had ceased 
the solvent was removed. The stilbene reaction produced only 
unreacted stilbene and compound 9. The involatile residue 
from the dimethyl maleate reaction was devoid o f  methoxy- 
containing material ( 'Hmr).  In the acetylene ester reaction the 
residue contained material which gave a broad methoxy signal 
in the 'Hmr  spectrum, suggesting that polymeric material had 
been produced. Compound 9 was the major product. 

Reaction ~ . i t k  Anlines 
( a )  tert-Butylnn~irze 
A solution o f  the amine (73 mg, 1 m n ~ o l )  in methylene chlo- 

ride (5 m L )  was slowly added to  a solution o f  1 (175 mg, 
1 mmol) in methylene chloride (5 mL) .  The reaction was 
highly exothermic and deep colors developed through light to  
deep purple and then t o  brown. Evaporation to  a sticky residue 
and trituration with cold ether - methylene chloride gave a tan 
solid (200 mg) which was sparingly soluble in CDC1,; r :  2.3- 
2.9 (Ph), 4.4-5.1 ( N H ) ,  and 8.7-9.0 (terr Bu) ppm, all very 
broad and in the approximate ratios o f  5 :2 :9 .  

( b )  P~~rrolicii~~e 
Solutions o f  pyrrolidine (51 mg, 1 mmol) and 1 (175 mg, 

I mmol),  each in methylene chloride (5  m L ) ,  were mixed. There 
was immediate decolorization o f  the azo compound. The resi- 
due on evaporation was a gum soluble in CDCI,; s :  2.1-3.1 
( 5 H  phenyl), 6.0 ( l H ,  broad), 6.5 (3H, slightly broadened q), 
8.1 (3H, broad), 8.8 (2H, t) ppm. Attempted purification gave 
fractions o f  increased conlplexity in their 'Hmr  spectra. 

i c )  Dimetlzylar?~ine 
Equin~olar solutions (0.3 m n ~ o l )  o f  the amine and 1 were 

mixed as in (6) in a total o f  5 m L  o f  methylene chloride. The 
brown residue obtained on evaporation was mostly soluble 
in CDCI,; r :  2.3-3.0 (Ph),  6.37, 6.60, 6.83, 6.93, 7.04, 7.62 
(Me  and ? NH,  6 singlets o f  widely varying intensity, 1.2 times 
area o f  Ph peak) ppm. 

The reaction was followed by 'Hmr  spectroscopy in CsDs  
by gradually adding 1 to  a solution o f  the anline. The Me 
region was complex before and after the stoichiometric point. 
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Synthesis and spectroscopic studies of the pyrimidine-2(1H)thione derivatives 

P c t r o i c , ~ ~ ~ ~  cirztl Pcti.oc~i1c~i~7ic~iiis Dcpiii.tiizerlr, Kir1i.ciit It/.$ titlcic3,fi~i. Sc,ic,t7tfic. Ke\c~cii.c./r, P.O. BO.Y 24885, S(!fcit, Klri~,ciit 
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FAROUK H. AL-HAJJAR, YUSUF A. AL-FARKH, and HAYAT S. HAMOUD. Can. J. Chem. 57, 
2734 ( 1979). 

1,3-Diaryl-2-propen-1-ones 1 reacted with thiourea in the presence of sodium ethoxide to 
give 4,6-diaryl-3,4-dihydropyrimidine-2(1H)thione 5 which upon dehydrogenation with 3 mol 
of ethanolic sodium ethoxide yielded the corresponding 4,6-diarylpyrimidine-2(1H)thiones 9. 
The N-acetyl derivatives of the former thiones were prepared. Infrared, nuclear magnetic 
resonance, and ultraviolet spectral data of the above compounds were tabulated and discussed. 

FAROUK H .  AL-HAJJAR, YUSUF A. AL-FARKH et HAYAT S. HAMOUD. Can. J. Chem. 57, 
2734 (1979). 

La reaction des diaryl-1,3 propene-2 ones-1 avec la thiouree en presence d'ethylate de sodium 
fournit les diaryl-4,6 dihydro-3,4 IH-pyrimidinethiones-2 (5) qui par deshydrogenation par 3 
mole d'ethylate de sodium en milieu ethanolique conduisent aux diaryl-4,6 1H-pyrimidine 
thiones-2 (9) correspondantes. On a aussi prepare les derives N-acetyles des thiones. On rap- 
porte et discute les donnees spectrales ir, rmn et uv des composes prepares. 

[Traduit par le journal] 

Introduction and the residue was dissolved in water (150 mL). The alkaline 
solution was acidified with acetic acid (10 mL) and the pre- 

The reaction of acetylenic ketones with thiourea cipitated solid was separated by filtration. Crystallization of 
and its derivatives has been known to give 4,6-diaryl- the crude products from suitable solvents gave the corre- 
pyrimidilIe-2(1H)thione derivatives (1, 2). The con- sponding 4,6-diaryl-3,4-dihydropyrimidine-2-(1H)thioe 5 as 

densation of 1 ,3-diaryl-2-propen-l-ones with thiourea colorless crystals. The results are reported in Table 1. Heating 
of the thiones 5a-fwith 3 mol of sodium ethoxide in absolute 

in the presence of ethoxide under reflux for ethanol for 2 11 afforded the corresponding 4,6-diarylpyrimi- 
10 h has been reported to give the corresponding dine-2(1~)thione 90-lf approximately in quantitative yield 
4,6-diaryl-5,6-dihydropyrin1idine-2(1H)thiones (3). (mp, mixed mp, and ir spectra). 

~h~ present work was intended to study the re- The thiones 50-c are insoluble in both hot and cold NaOH 
solutions. All the attempts to prepare the N-methyl, S-methyl, 

action of 1,3-diar~1-2-~ro~en-1-011es with thiourea or the derivatives from the corresponding thioncs 
and to account for the manipulated methods and 5,-1,,,, unsL,ccessful. 
reasoning in establishing the mechanism of the 
reaction as well as the structure of the products. I-Acetyl-4,6-diary/-3,4-dihydvopyrirnidi1e-2( lH) tlzio~zes 8a-1 

General Procedure 

Experimental The thione 5 (2.0 gm) was heated with acetic anhydride 
(3 mL) on a boiling water-bath for 30 min. The product, which 

Infrared (ir) spectra were measured on a Perkin Elmer 577 precipitated on addition of cyclohexane, was crystallized from 
spectrophoton~eter (KBr). Nuclear magnetic resonance (nmr) a suitable solvent to give the corresponding 1-acetyl derivative 
spectra were measured on a JEOL-PMX 60 spectrometer using which upon heating for 5 min with 3 mol of sodium ethoxide 
TMS as internal standard. Ultraviolet spectra (uv) were in ethanol gave the correspollding thione 5 (mp, mixed mp, 
measured on a Beckman spectrophotometer ACTA MVI and ir spectra). However, when the heating was continued for 
(ethanol). The purity of the analytical samples was checked 2 h, it gave the corresponding 4,6-diarylpyrimidine-2(1H)thione 
by thin-layer chromatography (tlc) (silica gel). Melting points 9, The results are reported in Table 2. 
were taken in a BUCHI 510 melting point in open capillary 
tubes and are uncorrected. Microanalyses for N, S, and C1 Results and Discussion 
were determined by the Chemical Analytical Laboratory 
(KISR), however, C and H were determined by Alfred Bern- 
hardt, West Germany. All evaporations were performed on 
evaporators in cucuo. 

Reaction of 1,3-Diarj~l-2-proper2-l-one I with Thionrea 
General Procedure 
1,3-Diaryl-2-propen-1-one 1 (0.03 mol) and thiourea (0.03 

mol) were added successively to a solution of sodium ethoxide 
(0.03 mol) in absolute ethanol (100 mL). The reaction mixture 
was heated under reflux for 1 h. The solvent was evaporated 

'To whom all correspondence should be addressed. 

When 1,3-diaryl-2-propen- 1-ones l a d  were re- 
fluxed with thiourea in the presence of sodium 
ethoxide in ethanol for one hour, they gave the 
corresponding 4,6-diaryl-3,4-dihydropyrimidine-2- 
(1N)thiones 5a-I and not 4,6-diaryl-5,6-dihydro- 
pyrimidine-2(1H)thione 4, as described previously by 
Sammour et al. (3). The reaction proceeds either by 
(i) 1 : 2-addition or (ii) 1 :4-addition of the anion (A) 
to the ketone, followed by cyclizatiol~ of the inter- 
mediates 2 and 3 (Scheme 1). Route (ii) seems more 

0008-40421791202734-09$0 1.0010 
8 I979 National Research Council of Canada/Conseil national de recherches d u  Canada 
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TABLE 1. 4,6-Diaryl-3,4-dihydropyrimidine-2(1H)-thon (5a-I) 

Elemental analysis 

Compound 

Melting Calculated (%) Found (%I 
Empirical Yield point" 
formula (%I ("c) N S C1 N S C1 

CI,HI,N,S 97 183-184b 10.52 12.04 - 10.31 12.11 - 

C I ~ H I ~ C I N ~ S  95 162-163' 9 .31  10.66 11.79 9.61 10.44 11.93 
CI~HI,N,S 9 1 1 99-200b 9.99 11.42 - 9 .90  11.61 - 

Cl6H13ClrU'2S 9 3 193-194" 9 .31  10.66 11.79 9 .41  10.53 11.82 
CIGHISC~NZS 8 8 181-182" 9.31 10.66 11.79 9 .71  10.73 11.63 
C I ~ H I ~ N ~ O S  8 5 179-180d 9 .45  10.82 - 9.33 10.91 - 
C I ~ H I ~ N Z O ~ S  87 194-195" 9 .03  10.33 - 8.96 10.41 - 

C I ~ H I ~ N Z O S  92 190-191" 9 .02  10.33 - 8.85 10.51 - 

Cl7HI5C1NZOS 93 177-178' 8 .47  9 .69  10.72 8 .71  9 .37  10.62 
C~GHIZCIZNZS 90 152-153" 8.36 9 .56  21.15 8 .26  9 .62  21.30 
C I ~ H I ~ N ~ O ~ S  81 195-196' 8 .58  9 .80  - 8.26 9 .77  - 

C ~ ~ H ~ ~ C I N Z O Z S  87 186-187d 8 .12  9 .28  10.28 7 .95  9 .37  10.13 

'Reported melting points for the compou~ids Sa, Sc, and S h  are 177, 195, and 18gCC, respectibely (3).  
bCrystallized from methanol. 
CCrystalllzed from benzene. 
dcrystallired from methanol-benzene. 

likely by analogy to the reaction of u,P-unsaturated 
ketones with nitrogen compounds (1, 4) and an 
active methylene group (5, 6). 

The structure of the above products was estab- 
lished spectroscopically and chemically. Thus, the is 
spectra of these compounds (Table 3) were devoid of 
v SH, which excluded structures 6 and 7. The presence 
of a broad band in the region 3360-3140 em-' 
(v NH) and a strong band in the region 1180-1 155 
em-' (v C=S) (7) indicated that these compounds 
have structure 5. The nmr spectra of these com- 
pounds reflect a strong ev~dence for the suggested 
structure (Table 3). They show a inultiplet or two 
doublets in the region 6 5.22-5.07 correlated to the 
neighbouring methine and inethylene protons. The 
spectra also show a broad signal attributed to two 
NH protons exchangeable with D,O. This fact was 
established by running the nmr spectrum of 5j in 
CDCl,, CDC1,IDMSO-d, 1 : 3, and DMSO-d,, 
respectively (cf. Fig. l), in which the broad signal was 
split into t ~ o  broad ones, exchangeable with D,O, 
and the distance between them depends on the ratio 
of the more polar solvent added. Natural abundance 
13C nmr spectra for the thiones (5a, f )  gave further 
support for the reported structure. They show signals 
attributable for CS, >CH, and =CH- (Table 4). 
Further evidence for the structure of these com- 
pounds was obtained from their uv spectra. They 
show absorption bands which can be attributed to 
n-n'!' transition of the styrene moiety (6). Also the uv 
spectra of these compounds in polar and non-polar 
solveilts such as ethanol, chloroform, and carbon 
tetrachloride (cf. Table 5) show that the red shift in 

the position of the absorpt~on bands varies inversely 
with the polarity of the solvent. This may be attrib- 
uted to the stabilrzing influence of the hydrogen 
bonding on the thione form 5;  however, in the non- 
polar solvents the other form (thiol form, 6 or 7) is 
favoured, similar to the phenomenon observed in the 
case of pyrimidine-2(1H)thione (1) and P-diketones 
(8). The ms spectrum of 5f affords an additional 
support for the assigned structure, since it shows 
peaks at the following n?/e (relative intensity): 296 
(63.2)]M]+, 219 (27.2) [M - C,H,]+, 194 (17.2) 
[M - C,H5C=CHlf, and 77 (100) [C,H5]+. 

Chemical behaviour of these compounds gives 
further evidence for the assigned structure. Thus, 
compounds 5u-g gave, upon refluxing for 2 h with 3 
mol of sodium ethoxide in methanol, the correspond- 
ing 4,6-diarylpynmidine-2(1H)thiones 9 (Scheme 2) 
approximately in quantitative yield identical with the 
products separated from the reaction of acetylenic 
ketones with thiourea (2). Acetylation of the thiones 
5a-1 with acetic anhydride afforded the correspond- 
ing N-acetyl derivatives 8a-I. The structure of the 
latter cornpounds was establrshed by their ir, nmr, 
uv, and ms spectra (Table 6). Thus, their is spectra 
(KBr) show a strong band in the region 1660-1650 
em-'  (v NCOCH,) and two broad bands in the 
region 3370-3140 em-' (v NH) (Table 6). When the 
is spectrum of 8a was run in chloroform solution, a 
sharp band at 3410 cm-I (free NH) was obtained. 
Their nmr spectra (Table 5), however, show two 
doublets in the regions 6 6.33-6.19 and 6 5.91-5.71 
(J = 7 Hz) attributable to the neighbouring methine 
and olefinic protons. These assignments were con- 
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C 4 N .  J .  CHEM VOL.. 57. 1979 

4r-CH=CH-COAr' + ( A )  

7 

H-N, /N-H 
C 
I I 

- S - 

H\ / H  
/C\ 

Ar-CH C-Ar' 
I / I  

H-N N 
" c /  

II 
S 

/CH\\ FH,\ /CH\\ 
Ar-CH C-Ar' Ar-CH C-Ar' Ar-CH C-Ar' 

01' 01 

H-N\ / N  H-N, ,N-H 
I I 

N\ ,N-H 
C C \c 

1 
SH 

I/ 
S 

I 
SH 

6 5 7 

- O C 2 H ,  Ac,O TI 
I I 01' 

H-N , / N - C O C H ,  
I I 

CH3CO-N\ /N-H 
c C 

(A)  (B) 
8 

SCHEME 1 

i i :  Ar = .Ar' = C,H,  S :  A r =  3,4-OCH,OC,H,. Ar'  = C,H,  
(1:  Ar = C,H,. Ar  = p-C1. C,H4 h :  A) -=  p-CH,C6H4.  Ar' = p-CH,OC,H, 
c :  Ar = p-CH,C,H4. Ar t  = C,H5 i :  .4r = p-CH,OC,H,. Ar '  = p-CI. C,H,  
d :  Ar = m-CI.C,H,. .4r' = C,H,  , j :  .4r = Ar'  = p-CI .  C,H,  
': .4r = p - C I  C,H,, Ar' = C,H, k :  .4r = Ar'  = p-CH,OC,H, 
. f :  A r =  p-CH,OC,H,, Ar' = C,H,  I :  A r  = 3.4-OCH,OC,H,. Ar '= p-CI .  C,H, 
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AL-H \JJ"\ ET A 1  2737 

firmed by double irradiation experiments, e.g., on 
irradiation at the frequency of the olefinic proton, 
the doublet of the methine proton collapsed to a 
singlet. The differences in the proton shifts for the 
methine and olefinic protons in the compounds 5a-I 
as compared m~th  the acetylated products 8a-l are 
due to the fact that the NH group possesses more + R 
effect than the - NCOCH, group, accordingly it will 
increase the electron density on the olefinic CH Inore 
than the NCOCH, group, i.e., it will cause a 
decrease in the 8-value (upfield shift) (cf. Scheme 3). 
These structures show, in addition, a singlet signal 
in the region 6 2.83-2.75 (3,COCH3) and a broad 
signal at 6 8.82-8.42 (1,NH) exchangeable with D,O. 
The I3C nrnr spectra for 80, f (Table 4) show signals 
attributable to CS and COCH, groups. The uv 
spectra of these compounds are identical, which 
reflects their structural analogy (Table 6). Fulther 4 
support for the assigned structure was gained from 2 
the rns spectrum 8f which shows peaks at the 
following nzie (relative intensity) : 338 (13.15) [MIL, - -5 
323 (3.28) [M - CH31t, 295 (98) [M - C0CH31f ,  $ - 
and 236 (100) [M - C,I-I,C=CH]'. The absence of 
the [M - SCOCH,IT peak in the spectrum gave 2 
further evidence for the structure. All the spectral 
data of these co~npounds shobv that structure 8(A) 5 
is more probable than the other one &(B) because the 5 

0 
h 3 
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T - 
2 
2 
? : - 
h * 
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FIG. 1. Nuclear magnetic resonance spectrum for 5j  
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TABLE 3. Infrared and nuclear magnetic resonance spectral data of 4,6-diaryl-3,4-dihydropyrimi- 
dine-2(1 H)-thiones (5a-I) 

Nuclear magnetic resonance values (CDCI,) 
lnfrared bands (KBr) 

- Assignments 
Compound v (cm- ') Assignments 6 (No. of protons) 

3180 (br) 
1640 (m) 

i::: r? 1 
3140 (br) 
1640 (m) 
1520 (s) 

3 180 (br) 
1650 (w) 
1540 (s) 

3140 (br) 
1645 (m) 
1550 (s) 

3 150 (br) 
1645 (ni) 
1595 (m) 
1535 (s) 

3180 (br) 
1650 (ni) 
1590 (m) 
1540 (s) 

3150 (br) 
1648 (m) 
1520 (s) 

3180 (br) 
1648 (m) 
1585 (s) 
1545 (s) 

3360 (br) 
3160 (br) 1 
1648 (m) 

3360 (br) 
3180 (br) 1 
1648 (m) 
1525 (s) 

3 180 (br) 
1650 (m) 

1585 (s) 
1545 (s) 1 
3320 (br) 
3160(br) 1 
1648 (w) 
1530 (s) 

NH 
C=C or C=N 
C=C 

NH 
C-C or C=N 

C=C 

NH 

C=C or C=N 
C-C 

7.82 (br) 
7.60-6.93 (m) 

5 . 2  (m) 

7.92 (br) 
7.68-7.18 (m) 
5.22 (m) 
7.70 (br) 
7.58-6.85 (m) 
5.20 (m) 
2.35 (s) 

*8.23 (br) 
7.65-7.15 (ni) 
5.22 

7.83 (br) 
7.63-6.63 (m) 

5.18 (m) 

7.65 (br) 
7.55-6.68 (m) 
5.20 (m) 
3.78 (s) 

*8.50 (br) 
8.37 (br) 
7.63-6.53 (m) 
5.93 (s) 
5.15 (m) 

7.62 (br) 
7.52-6.63 (m) 
5.17 (d) 
5.07 (d) 
3.80 (s) 
2.33 (s) 

7.85 (br) 
7.55-6.75 (m) 
5.18 (m) 

3.80 (s) 

7.70 (br) 
7.57-7.0 (m) 
5.20 

7.65 (br) 
7.52-6.75 (m) 
5.18 (d) 

5.08 
3.82 (s) 

*8.90 (br) 
8.40 (br) 
7.70-6.63 (m) 
5.95 (s) 
5.13 (m) 

(2) NH 
(9) ArH 
(2) -CH= + >CH 

(2) NH 
(9) ArH , 
(2) -CH= + 7CH 
(3) ArCH 

(2) NH 
(9) ArH , 
(2) -CH= + / -CH 

(2) hTH 
(9) ArH 

(2) -CH= + / ~ C H  

(9) ArH 
(2) -CH= + LCH 
(3) ArOCH 

/ 

(1) NH 
(1) NH 
(8) ArH 

(2) N H  
(8) ArH 
(1) -CH= 
(1) >CH 
(3) ArOCH3 
(3) ArCH, 

(2) N H  
(8) ArH 
(2) -CH= + $CH 

(3) ArOCH3 

(2) NH 
(8) ArH 
(2) -CH= + >CH 

(1) N H  
(9) ArH + NH 
(1) -CH= 

(1) >CH 
(6) ArOCH, 

(1) N H  
(1) NH 
(7) ArH 
(2) OCH,O 
(2) -CH= + >CH 
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TABLE 4. 13C nuclear magnetic resonance chelnlcal shifts of the thiones (5a , f )  and 
($a, f) in CDC1, 

Chemical shifta 
6 

Compound 6(C2) 6(C5) 6(C,) Other carbon atoms 

sf 174.985 105.774 56.722 55.357 (oCH3) 
and 

173.621 105.499 54.188 178.790 (CO), 
27.727 (CH,), 

and 
139.073, 135.665, 
132.055, 129 865, 

128.063, 126.601, 
125.382 

I 129.085, 128.742, (Ar) 

173.521 155.694 55.211 178.689 (CO), 
I 

53.700 and 27.727 
(CH, groups), and 
159.392, 135.517, 
132.102, 130.988, 

128.259, 125.334, 
114.126 

OIn ppm downfieid from TMS 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



<'.AN J .  C'HE.M VOL. -57. 1979 

TABLE 5. Ultraviolet absorption bands of substituted pyrimidine-2(1H)thione (5a-I)" 

?Ln,a, (nm) (log E )  

Compound Ethanol Chloroform Carbon tetrachloride 

267 (4.18) 
226 (4.36) 

253 (4.28) 
232 (4.32) 

265 (4.18) 
224 (4.3 6) 

267 (4.09) 

267 (4.12) 
230 (4.36) 

272-258 (sh) (4.14) 
247 (4.22) 
225 (4.3 1) 

296-279 (sh) (4.09) 
257 (4.16) 

270-257 (sh) (4.32) 
250 (4.40) 

253 (4.31) 
232 (4.35) 

275-255 (sh) (4.17) 
238 (4.35) 

281-273 (sh) (4.16) 
272 (4.16) 

274 (4.09) 

274 (4.08) 

298-283 (sh) (4.19) 
276 (4.20) 

273 (4.31) 
251 (4.37) 

271 (4.22) 

274 (4.25) 
253 (4.3) 

292 (4.20) 
282-272 (sh) (4.14) 

309-288 (sh) (4.12) 
279 (4.20) 
260 (4.24) 

309-291 (sh) (4.13) 
285 (4.17) 
282-274 (sh) (4.16) 

282 (4.21) 

"Abbreviation: sh = shoulder 
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TABLE 6. Infrared, ultraviolet, and nuclear magnetic resonance spectral data of 1-acetyl-4,6-diaryl-3,4-dihydro- 
pyrimidine-2(1H)thiones (8u-I) 

Infrared bands (Nujol) Ultraviolet bands Nuclear magnetic resonance 
(EtOH) values (CDCI,) 

- - 
Assignments 

Compound v (cm- ') Assignments h,,, (nm) (log E) 6 (hTo. of protons) 

80 3200 (br) 
3140 (br) 1 
1650 (s) 

8b 3370 (br) 
3210 (br) f 
1650 (s) 

8c 3220 (br) 
3150 (br) 1 
1660 (s) 

8d 3200 (br) 
3140 (br) 1 
1655 (s) 

8e 3210 (br) 
3150 (br) 1 
1655 (s) 

Sf 3200 (br) 
3140 (br) 1 
1650 (s) 

8g 3310 (br) 
1660 (br) 

811 3210 (br) 
3130 (br) 1 
1660 (s) 

8i 3180 (br) 
3140 (br) 1 
1640 (s) 

NH 

COCH, 

NH 

COCH, 

NH 

COCH, 

330 (4.06) 
281-253 (sh) (4.15) 
239 (4.39) 

328 (3.99) 
291-253 (sh) (4.17) 
239 (4.42) 

8.63 (br) 
7.67-7.23 (m) 
6 .3  (d) 
5.88 (d) 
2.80 (s) 

8.42 (br) 
7.68-7.10 (m) 
6.28 (d) 
5.86 (d) 
2.80 (s) 

8.78 (br) 
7.77-6.83 (m) 
6.33 (d) 
5.91 (d) 
2.82 (s) 
2.33 (s) 

8.55 (br) 
8.05-6.72 (m) 
6.31 (d) 
5.89 (d) 
2.83 (s) 

8.57 (br) 
7.73-7.10 (m) 
6.27 (d) 
5.87 (d) 
2.82 (s) 

8.82 (br) 
7.83-6.63 (m) 
6.3 (d) 
5.88 (d) 
3.78 (s) 
2.80 (s) 

8.60 (br) 
7.90-6.57 (m) 
6.23 (d) 
5 87 (d) 
5.92 (s) 
2.80 (s) 

8.43 (br) 
7.70-6.73 (m) 
6.23 (d) 
5.73 (d) 
3.80 (s) 
2.78 (s) 
2.30 (s) 

8.58 (br) 
7.68-6.62 (m) 
6.23 (d) 
5.83 (d) 
3.75 (s) 
2.77 (s) 

(1) NH 
(10) ArH 
(1) -CH= 
(1) >CH 
(3) COCH, 

(1) NH 
(9) ArH 
(1) -CH= 
(1) >CH 
(3) COCH, 

(1) NH 
(9) ArH 
(I) -CH= 
(1) >CH 
(3) COCH3 
(3) ArCH, 

(1) N H  
(9) ArH 
(1) -CH= 
(1) GCH 
(3) COCH3 

(1) NH 
(9) ArH 
(1) -CH= 
(l)>CH 
(3) COCHB 

(1) NH 
(9) ArH 

(1) NH 
(8) ArH 
(1) -CH= 
(1) 1,CH 
(2) OCHzO 
(3) COCH3 

(1) NH 
(8) ArH 
(1) -CH= 
(1) S C H  
(3) ArOCH, 
(3) COCH, 
(3) ArCH, 

(1) NH 
(8) ArH 
(1) C H =  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



C \Y 1 CHEhl  VOL 57 I979 

Infrared bands (Nujol) Ultraviolet bands Nuclear magnetic resonance 
(EtOH) values (CDCI,) 

-- - - 

Assignments 
Compound v (cm- ') Assignments ?L,,, (nm) (log E) 6 (No. of protons) 

8 j  3200 (br) N H  326 (4.06) 
1650 (s) COCH, 248 (4.47) 

8k 329 (3.95) 
3140 (br) 259 (4.45) 
1650 (s) COCH3 

81 3200 (br) N H  326 (3.85) 
1660 (s) COCH, 294-255 (sh) (4.12) 

244 (4.32) 

8.65 (br) 
7.72-7.02 (m) 
6 .28  (d) 
5.86 (d) 
2.78 (s) 

8 .68  (br) 
7.75-6.58 (m) 
6.19 (d) 
5.71 (d) 
3 .80 (s) 
3.73 (s) 
2.75 (s) 

8 .82  (br) 
7.80-6.60 (m) 
6.21 (d) 
5.81 (d) 
5 .92  (s) 
2.78 

(1) N H  
(8) ArH 
(1) f CH= 
(1) -CH 
(3) COCH, 

(1) N H  
(8) ArH 
(1) -CH= 
(1) >CH 
(3) ArOCH, 
(3) ArOCH, 
(3) COCH3 

(1) N H  
(7) ArH 
(1) -CH= 
(1) >CH 
(2) OCHlO 
(3) COCH? 

values of COCH, group generally are not changed 3 4 C \ \ I \ I O L R  W 1 B S ~ L I \ I  bl hl U O L R  El -Dr r \  ,ind 

by the substituent (Tables 4 and 6) \I AHL)-LL-H I L I I I  U 4 R J Chem 13 7(1970) 
4 Y AI - F \ R ~ H  F H 4 1 - H \ J J \ R  F 5 41 SH-\\I- \I  1 ,tnd Meaesng of the N-acetyl derivatives 8a-1 mol H 5 H-\hloun Chem PhCl1m Bull (Tok\o)  27 2(54 

sodiun~ ethoxlde fol 5 mln afforded the correspond- i 1979) 
Ine thiones §a-I. However. uhen the heating \\as 5 R C o \ \ o ~  'ind D B \ Y D R L \ \ S  I 4ni Chem So' 56 - " 
continued for 2 h, they gave the corresponding 2713(1934). 
4,6-diarylpyrimidine-2(1H)thiones 9a-1. 6. Y. .A. AL-F.\RKH. F. H. .~L-H.AJJ- \R.  and H. S .  H.\\~OL'D. 1 .  

Hetel-ocvcl. Chem. 16. 1 ( 1979). 

1 .  F. G .  B-\no \R .  F. H. AL-HAJJ \K. and iY. R.  EL-R-\> I rs.  J .  
7. L .  . I .  R t l  I -\\TI. The infrared \pecti-a of complex mole- 

cule\. hlethuen. London. 1966. p. 355. 
Hsteroc~cl .  Chem. 13.257 ( 1976). 

2, F, G ,  B; nD-\l  r .  F, H ,  AL-H -\JJ-\ R ,  Lind K, K, E L - R 4 I u t S ,  J ,  

8. N ~ I L  5. Is-\-\cs. Espel-i~~lrilt\ in phq\ic:il organic chemii- 
tr) .  The hl~icmillan Comp~iny. London. 1970. p. 133. 

Heter-ucycl. Chem. 15. 105 ( 1978). 
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An unusual carbomethoxyl migration1 from nitrogen to carbon. Formation of a 2H-pyrrole 
from AlCl,-promoted reaction of I-carbomethosy-2,5-dimethylpyrr01e with dimethyl 

acetylenedicasboxylate' 1Z 

R .  A.  F. MATHLSON. A .  W. MCCULLCKH. A .  G .  M c . I N N ~ s .  A Y D  D. G. Sh11-IH 

Atlrirztic. Rrgiorlril Lr ihorc : to~~,  .Vntioi~cil Rr.cc,lii.c,h C'olrtzril c;f Crir~rc~ici. Hril i fr:.~, ,Y.S., Crrr~ricki B3H 321 

Received May 4, 1979 

R. A. F. MATHESON, A. W. MCCULLOCH, A. G .  MCINNES, and D. G. SMITH. Can. J. Chem. 
57 2743 ( 1979) 

The AlC1,-promoted reaction of methyl 2,5-dimethylpyrrole-1-carboxylate 11 with dimethyl 
acetylenedicarboxylate affords under certain conditions a low yield of 2,5-dimethyl-2-tricar- 
bomethoxyvinyl-2H-pyrrole 3. The structure of the latter was established on the basis of de- 
tailed 'H and 13C nmr studies, and confirmed by conversion to dimethyl 5-methyl-5-(3-0x0- 
butyl)-3-pyrrolin-2-one-3,4-dicarboxylate 4. 

R. A. F. MATHESON, A. W. MCCULLOCH, A. G. McIhh~s et D. G. SMITH. Can. J. Chem. 
57.2743 (1979) 

La reaction du dimethyl-2,5-pyrrole carboxylate de mithyle-1 (1) avec l'acttylene dicarboxy- 
late de methyle catalysee par AlCI, conduit sous certaines conditions avec un faible rendement 
au dimethyl-2,5-tricarbomethoxyvinyl-2-2H pyrrole 3. La structure de ce dernier est Ctablie B 
partir d'etudes detaillees en rmn du proton et du 13C, et confirmke par sa transformation en 
n1ethyl-5-(3-oxobutyl)-5-pyrrolin-3-one-2-dicarboxylate de mtthyle-3,4 (4). 

[Traduit par le journal] 

Introduction high-field rnethyl(6 1.39) caused a 19: enhancement 
We  have previously reported the AlC13-promoted of the signal for the olefinic hydrogen at  low field. 

~ i ~ l ~ - ~ l d ~ ~  addition of 1 -carbomethoxy - 2,5 - di - These results established that each olefinic hydrogen 

methylpyrrole 1 to dimethyl acetylenedicarboxylate vicinal to a group. 
(DMAD) to give trimethyl 1,4-dimethyl-7-azabicyclo- When 1 -carbomethoxy-3,4-dideutero-2,s-dimethyl- 
[2.2.1]2,5-heptadiene-2,3,7-tricarboxylate 2 (1). Fur- pyrrole was substituted for 1 in the reaction with 
ther investigation of the reaction between 1 and the product obtained had I H  nmr reso- 

DMAD (see ~ ~ ~ ~ ~ i ~ ~ ~ ~ ~ l )  led to the isolation of nances for five methyl groups identical to those of 3, 
a,l product (max. yield 1 . j :~ ) .  this note but had no olefinic signals. Thus the olefinic hydro- 

we describe the structural elucidation of this new gens of are derived directly from the comparable 
compound, which has beell identified as 2,5-dimetllyl- hydrogens 0 3 - 3  and H-4) of 1. ~n other words, the 

2-tricarbomethoxyvii~yl-2H-pyrrole 3. ~ n t a c t  carboil chain of the 2,4-hexadiene moiety of 1 
is incorporated into 3, as suggested by the nOe 

Results and Discussion experiments. 

Mass spectral analysis of 3 established the molec- Further evidence for structure 3 was derived from 

ular fornlula C,,H,,NO,, indicating a 1 : 1 product. 13C nmr measurements (Table 2).3 On the basis of 
The 'J-I lll-nr spectrum (Table 1)  showed that the characteristic chemical shifts, multiplicities, and 
seventeen llydrogens were accounted for by reso- l J c ~  values it was possible to unequivocally assign 
nnnces for three chemically no1l-equivalent car- reSonances due to the two methyl, six c a r b ~ m e t h o x ~ l ,  
bomethoxy methyl groups, two chemically lion- and two olefinic nlethine carbons. The remaining 
equivalent methyl groups, both 011 quaternary car- four resonances were all for quater~lary carbons. 
bans, and two olefinic hydrogens which were vicinally T11e chemical shift (6 82.06) of one of these indicated 
coupled to one another (J = 4.8 I -J~ ) ,  ~ ~ ~ ~ d i ~ t i ~ ~  of a saturated carboll (C-2) deshielded by an attached 
the low-field C-methyl (6 2.14) caused a 14% nuclear nitrogen: while the lokv-field shift (6 173.60) of a 
Overhauser enhancement ,,f the signal for the high- second was characteristic of an  imino carbon (C-5) 
field olefinic hydrogen, whereas irradiation of the forming part of a cyclic structure (cf. ref. 2). si1lgle 

frequency decoupling experiments (irradiation in 
'Issued as NRCC No. 17637. 
'Taken, in part, from the Ph.D. thesis of R.A.F.M. (super- 13C nmr data for B and 2 are included for purposes of 

visor, A.G.McI.), Dalhousie University, Halifax, N.S. 1973. comparison. 

0008-40421791202743-OW ,0010 
a 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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2744 C.4U. J .  CHERT VOL.. 7 .  1979 

TABLE 1. 'H nmr data (6, TMS) 

Hydrogen 

0 C H 3  
Compound CH, (s, 3H) (s, 3H) H- 1 

1 .52  (at C-2) 3 .72 - 

3 3.84 
2.23 (at C-5) 3.86 

CDC13 

1.39 (at C-2) 3.67 - 

an 3.74 
2 .14 (at C-5) 3.78 

DMSO-(I6 

AXq, centered at  - 

6.78, Av3.4 = 102.0 
J3,4 = 4.8 Hz; H-4 at  
higher field than H-3 

AXq, centered at 
6.84, Av3,4 = 88.2, 
J3,4 = 4.8 HZ; H-4 at 
higher field than H-3 

1.56 (at C-5) 3.86 8.01 (bs, exch. with D 2 0 )  - 
4 

2.20-2.35 (4H) 
2.11 (C-9) 3.89 

1 .44 (at C-2) 3.75 
5 3 .82 - 2.00-2.70 (4H) - 

2.01(a tC-5)  3.85 

aUsing a 5 7  solution of  3 in degassed DMSO-d6, the follo\ring nuclear Overhauser enhancements \%ere observed (irradiated hydrogens in parentheses): 
H-3 (CH, at  2-2) 19%, H-4  (CH, at C-5) 14%, H-3 (CH, at C-5) 0%, H-4 (CH, at C-2) 0%. 

turn of each olefinic hydrogen and of the hydrogens 
of each C-methyl group) established that each of 
C-2 and C-5 was directly bonded to a methyl group 
and t ~ n n s  i3J,, = 11.5 Hz) to an  olefinic hydrogen. 
The coinbined evidence, together with the high 
'J,, values observed for C-3 and C-4 (3). is consis- 
tent with a 2-substituted 2,5-dimethyl-2H-pyrrole 
moiety. 

The only possible arrangement of the three car- 
bomethoxyl groups and two unassigned quaternary 
olefinic carbons is as a tricarbomethoxyvinyl group, 
which must therefore be the C-2 substituent. The 
carbon resonating at  6 147.02 was coupled (3Jc,, = 

4.1 Hz) only to the hydrogens of the methyl group 
at  C-2 and can thus be readily assigned to C-6. As 
expected, C-7 (6 124.98), which is bonded to and 
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geminal to quaternary centers, showed no discernible 
coupling. For  similar reasons no coupling other than 
that with the nlethoxyl hydrogens C3J,, - 4 HZ) 
would be expected or  was observed in any of the 
three carbonyl carbon resonances. 

Chemical confirmation of the structure of 3 was 
provided by its conversion to the pyrrolinone 4. 
Catalytic reduction of 3 afforded the sensitive 3,4- 
dihydro derivative 5, which was not fully character- 
ized. During chrolnatography 5 underwent imine 
hydrolysis; spontaneous cyclization of the resulting 
aminoketone (not isolated) gave 4. 

The 'H nmr spectrum of 5 (Table 1 )  showed 
signals for two chemically non-equivalent methyl 
groups attached to quaternary centers, four methy- 
lene hydrogens, and three chemically non-equivalent 
inethoxyl groups, but none for olefinic hydrogens. 
The spectruin 3f 4 was simi!ar except that there were 
signals for only two chemicaliy non-equivalent 
methoxyl groups, and there was now an NH signal. 

Mass measurement of 4 established the molecular = - 
formula C,,H,,NO, and also the facile cleavage $ 
of the 3-oxobutyl side-chain. The 13C nnlr spectrum 
of 4 (Table 2) contaisled signals for the carbons of .$ 
two methyl, two methylene, and two carbomethoxyl 5 . - 
groups, and for two quaternary olefinic carbons. The 2 
three remaining resonances cou!d be readily assigned 
to a saturated carbon (C-5; 6 63.27) deshielded by 
nitrogen, and to amide (C-2; 6 166.60) and ketone 5 
(C-8; 6 207.43) carbonyls. The high-resolution 13C & 
data are compatible only with structure 4. The lack 5 
of coupling in the two carbonlethoxyi carbo~lyls 

Li once again indicated that both these carbons were 2 
bonded to and geminal to quaternary carbons. Cou- ri 
plings of the amide proton with the adjacent car- 2 
bony1 ( 2 ~ c ,  2.3 Hz) and with the ring carbon C-3 
(,J,, 7.2 Hz) were confirmed by running the spec- 
trum after exchange of the NH with deuterium. 

The formation of 3 involves a novel l:3-migration 
of a n  intact carbosnethoxyl group from nitrogen to 
carbon. Although migrations of ester groups to 
nucleophilic centers have been observed (41, this 
appears to be the first exanlple of such a nligration 
from nitrogen to carbon. A plausible intramolecular 
transfer pathway is shown (Scheme I). An alterna- 
tive mechanism would be an  intermolecular process 
involving methyi chloroformate: we were, however, 
unable to detect the Iatter in the reaction nlixture or  
products. 

Experimental 
The 'H nmr spectra of 4 and 5 were recorded in CDCI, on 

a Varian A-60A spectrometer; spectra of 3 (in CDCI, and 
DMSO-4) were obtained using a Varian HA-IOOD spectro- 
meter. 

The I3C spectra of 1 ,2 ,  and 4 were recorded in CDCI, on a 
Varian XL-100-15 spectrometer under the fo!lo:ving condi- 
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tions: frequency 25.16 MHz; acquisition time 0.8 or 1.6 s (data 
accuracy I 0.6 or + 0.3 Hz); spectral width 5120 Hz (5400 
Hz  in case of 3); flip angle 30'; internal 'H lock to solvent; 
temperature about 30'C. ' H  irradiation at 100 MHz: (cr) 
yH2 27t ca. 3800 Hz, broadband irradiation by 0-180' phase 
n~odulation at 150 Hz; (6) as for a, but irradiation only ap- 
plied for 1.6 s between data acquisition periods (high-resolu- 
tion spectrum with retained nOe). ' ,C spectra of 3 (100 mg/ 
0.4 mL CDCI,) were recorded on a Varian FT 80 spectrometer 
under the following conditions: frequency 20 MHz; acquisi- 
tion time 0.99 or 1.98 s (data accuracy + 0.5 or + 0.25 Hz); 
spectral nidth 4132 Hz; flip angle 25' or 50'; internal 'H lock 
to  sol\'ent; temperature about 35'C. ' H  irradiation at 80 MHz: 
(a) yH2:2n ca. 4000 Hz, bandwidth 2000 Hz (broadband decou- 
pling): (6) -(HZ 27c ca. 2900 Hz, bandwidth 1000 Hz, field 
applied for 2 s between data acquisitions to retain nOe (high- 
resolution spectrum); (cj as for b, but with additional constant 
' H irradiation -/HZ 27t 196 Hz at  freq~~encies of individual 'H 
resonances (single frequency decoupling with nOe retained 
a t  all resonances). 

Infrared absorptions were measured on Perkin-Elnier 521 
or 180 spectrometers. High-resolution mass spectral measure- 
ments were made with a Dupont-CEC 21-1 l0B double-focus- 
sing mas, spectrometer, using electrical detection for riiass 
measurements. 

2,5-Diti1cth~l-l ,3,4-rriderrter.opqrvole 
A solution of concentrated H,SO, (400 mg) in D,O (100 

niL) was added directly to 2,s-dimethylpyrrole (20 g) and the 
rnixture stirred for 30 niin at room temperature. An excess of 
solid K,CO, \\as then added and the mixture extracted with 
benzene. Evaporation of solvent from the dried (Na,SO,) 
extract afforded an  oily residue which was distilled. The prod- 
uct (71%) uas  obtained as a colorless oil; ' H  nmr analysis 
indicated 93% of the title compound. 

I-Ccrrboriretlroxy-2,5-dit~1ethy/p~~~rolr 1 
This compound was prepared in the manner described by 

Gabel (5). Its 3,4-dideutero derivative was similarly prepared 
from 2,5-dimethyl-l,3,4-trideuteropyrrole. 

2,5-Ditirctl~yl-2-tricnrhutire7hoxy~'in~~~-2H-y~t'~o/e 3 
A solution of 1 (1.53 g, 0.01 nlol) in CH,CI, (50 mL) mas 

added dropwise with stirring to a mixture of DMAD (2.90 g, 
0.02 mol) and AICI, (1.40 g, 0.01 mol) in CH,Cl, (100 mL). 
The mixture was refluxed for 30 min. The dark red reaction 
lnixture was then washcd with icc watcr. Thc organic layer 
was dried and ebaporated to give a dark red oily residue (4.26 
g) which was chroniatographed (200 g SiO,: CHCI, as eluant). 
This gave (a) DMAD (1.93 g), (b) trimethyl 1,4-dimethyl-7- 
azabicyclo[2.2.1]2,5-heptadiene-2,3,7-tricarboxylate 2 (0.09 g) 
(I), and (c) slightly contaminated 3. Fraction (c) was subjected 
to  preparative tlc (2 mni SiO,; 7 0 2  petroleuni ether~ethyl 
acetate as eluant). This afforded 3 (0.45 g, 15%) as a cream- 
colored solid, 1np 77-79'C. Repeated tlc raised the n ~ p  to 
82-84'C. Molecular ion at  rtr,:e 295.1056 (C,,H17N06 requires 
295.1057). Infrared v,,, (CHCI,): 1722, 1636, 161 3 cm- '. 

A similar experiment was conducted using l-carbomethoxy- 
3,4-dideutero-2,5-dimethylpyrrole in place of 1. The same 
work-up procedure gave 3,4-dideutero-2,s-dimethyl-2-tricar- 
bomethoxyvinyl-2H-pyrrole. 

An estimated (from l H  nmr) 1041, yield of 3 was obtained 
by reacting I ,  DMAD, and AICI, (molar ratio 1 :  1 :5)  in 
CH'CI, for 30 min at - 10 C. 

Care must be exercised during the work-up of 3, particularly 
when high concentrations of AICI, are used. The compound is 
sensitive to aqueous acid and the reaction mixture must there- 
fore be quenched cautiously with ice. Compound 3, in addi- 
tion, deteriorates on standing, even under refrigeration. 

Gas chromatography (Perkin-Elmer 910; OV-101; capillary 
colunin 25 m x 0.27 rnm id;  colun~n temp. 40-C) did not show 
any methyl chloroforlnate in either the reaction or products. 

3,4-Dihydio-2,5-c~ir~rethyl-2-ti.icciibomet/1o.v~~cit7~~1-2H- 
pyrrule 5 

A sample (170 nig) of 3 in methanol (75 mL) !\as hydro- 
genated over 5% Pd, C (90 mg) for 5 min onl). Filtration and 
evaporation gave 5 as a pale yellow oil (166 mg). It was impor- 
tant to restrict uptake of H, to only one mole. 

Diti1efhql5-t~~et/1y1-5!3-o.uobc~tylj -3-pqrvolin-2-orze-3,4- 
dicarboxylate 4 

The crude 5 (166 n ~ g )  obtained above Lvas applied to two 
20 cm x 20 cm x 2 mnl prep. tlc plates, which were then 
eluted twice with 5% MeOHjCHCI,. Extraction of the major 
band ( R ,  3) afforded 4 as an almost colorless oil (102 mg, 62% 
overall from 3), which crystallized on standing at  0-C. Recrys- 
tallization from ethyl acetate,petroleum ether gave colorless 
needles, mp 104.5-106'C. Molecular ion at rtrje 283.1055 
(C1,H17N06 requires 283.10559); base peak at m r 180.0293 
(C8H6N04 requires 180.02968); strong ion at m,'e 212.0565 
(C9HloNO5 requires 212.05590). Infrared v,,, (liq. film): 3270 
(br), 1740 (sh), 1700 (br), 1645 (sh) cm- '. 
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A new method for the determination of the relative acidities of alcohols in alcoholic 
solutions. The nucleophilicities and competitive reactivities of alkoxides and phenoxides' 
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U'ILKINS RELVL, C H A R L ~ S  M.  ERIKSOI. and PATRICK F. ALUOTIO. Can. J .  Chern. 57.  2747 
(1979). 

A new semiquantitative method has been developed for measuring the relative acidities of 
methanol, ethanol, isopropyl alcohol, and tert-butyl alcohol in mixed hydroxylic solvents. A 
solution of the alkoxides of two alcohols in an excess of the two alcohols is allowed to react 
with n-butyl bromide to form a nlixture of two ethers. The composition of the ether mixture is a 
measure of the "competitive reactivity" of the two alkoxides. This can be measured directly, 
and in theory can be factored into two components: the relative nucleophilicity and the 
relative basicity of the two alkoxides. Relative nucleophilicities are determined by using solu- 
tions in which phenol is one component. Khowing the competitive reactivities and nucleo- 
philicities, the relative acidities of methanol, cthanol, isopropyl alcohol, and rert-butyl alcohol 
in alcoholic media are shown to be 4.4, 1.0, 0.24, and 0.21, respectively. The relative nucleo- 
philicities of hydroxide, methoxide, ethoxide, isopropoxide. fert-butoxide, phenoxide, and 
m-cresoxide are 0.08, 0.82, 1.0, 0.4, 0.04, 0.46, and 0.57 respectively. 

WILKI\S R E L V ~  CHARLES W E K I K S O ~  et PATRICK F ~ L C O T T O  Can J Chcrn 57.  2747 
(1979) 

On a dkveloppe une nouvelle mkthode semi-quantitative pour mesurer les aciditts relatives du 
methanol, de l'ethanol, des alcools isopropylique et tertiobutylique dans un melange de sol- 
vants hydroxyliques. On a fait reagir une solution d'alkoxydes de deux alcools en presence d'un 
excks de ces alcools avec le bromure de 12-butyle pour obtenir un melange de deux ethers. La 
composition du melange d'ether est une mesure de la "rCactivitC cornpCtitiven des deux 
alkoxydes. Ceci peut @tre mesure directement et en theorie peut @tre decomposer en deux com- 
posantes: la nucleophilie et la hasicit6 relative des deux alkoxydes. Les nuclCophilies relatives 
sont dCtermintes en utilisant des solutions oh le phenol est un constituant. Connaissant les 
reactivites competitives et les nucleophilies, les aciditis relatives du methanol, de I'ithanol et 
des alcools isopropylique et tertiobutylique sont Ctablies respectivement a 4.4, 1.0,0.24 et 0.21. 
Les nucleophilies relatives des mtthoxyde, isopropoxyde, tert-butoxyde, phenoxyde et tn- 
crtsoxyde sont respectivement: 0.08, 0.82, 1.0, 0.4, 0.04, 0.46 et 0.57. 

[Traduit par le journal] 

There has been much interest recently in the rela- 
tive acidities of alcohols in the gas phase (I),  but 
little progress has been made in developing new 
methods for determining acidities of alcohols in 
protic solvents. We report here a new, semi-quantita- 
tive method for measuring the relative acidities of 
methanol, ethanol, isopropyl alcohol, and tert-butyl 
alcohol in mixtures of these alcohols. The presence of 
small amounts of water does not affect the results, 
but it does not follow that the acidity values reported 
here necessarily apply to dilute aqueous solutions 
where the three dimensional structure of pure water 
might have an effect. 

During the past fifty years, many investigators 
have studied the acidities of methanol and ethanol 
and, to a lesser extent, some secondary and tertiary 
alcohols. The alcohols are weak acids and the 
methods used to measure their acidities often gave 

'Taken in part from the doctoral theses of C.M.E. (1974) 
and P.F.A. (1967). 

conflicting results (2). It is recognized that new 
independent approaches are needed to determine 
acidity values more accurately, and to provide inde- 
pendent evidence as to the correctness of the acidity 
values measured by the different methods (3). 

We have now developed a new method for mea- 
suring the proton-transfer acidities of alcohols. It  
depends upon the determination of what we call the 
competitive reactivity (C.R.) of two alkoxides, and 
also the relative nucleophilicity (R.N.) of these two 
alkoxides. These properties are related by the simple 
equation : 

x (Relative acidities of ROM/R'OH) 

where the competitive reactivity of two alkoxides, 
RO- and R'O-, is measured with respect to a certain 
substrate, and the relative nucleophilicity of the two 
alkoxides is also measured with respect to the same 
substrate. Knowing the C.R. and the R.N., the 

0008-4042/79/202747-08$0 1 .00/0 
1979 National Research Council of Canada/Conseil national de I-echerches du Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2748 C -\\ J CHE\i  VOL 57 1979 

relative acidities of the two alcohols can be calcu- 
lated. We will non7 discuss our method for deter- 
mining competitive reactivities and relative nucleo- 
philicities in detail. 

Competitive ReactiviQ 

Consider an experiment in which an atom of 
sodium is dissolved in a mixture of 10 mol of 
methanol and 10 mol of ethanol to yield the two 
alkoxides, each in equilibrium with each other and 
with the e ~ ~ o  alcohols, which are present in large 
excess. 

We will show later that the equilibrium constant, K, 
has a value of 4.4, and \ve therefore say that methanol 
is 4.4 tiines as strong an acid as ethanol and the con- 
centration of methoxide anion will be 4.4 times as 
great as the concentration of ethoxide anion in a 
solution prepared as described above. Our definition 
of acidity in this work is as above. If a mole of 11-butyl 
bromide is now added to the solution, the two alk- 
oxide anions will competitively react with it to form a 
mixture of methyl n-butyl ether and ethyl n-butyl 
ether. If the two alkoxide anions had identical 
nucleophilicities, the methyl and ethyl ethers would 
be formed in the same ratio as the concentrations of 
the two alkoxide anions. However, methoxide is only 
0.82 times as nucleophilic as ethoxide (as we will 
show later) so the amount of methyl 12-butyl ether 
formed is reduced by this amount. Accordingly, the 
competitive reactivities of methoxide versus ethoxide 
in the above experiment is 4.4 times 0.82 which 
equals 3.6. Experimentally, the ratio in which these 
ethers are formed can be determined by analyzing a 
sample of the reaction mixture by glc. 

We see from the above discussion that competitive 
reactivity is a measure of how two nucleophiles, in 
the presence of their conjugate acids, compete with 
each other for a comrnon substrate. Experimentally 
it can be measured directly, and in theory it can be 
factored into two components, relative nucleophilic- 
ity of the alkoxides and the relative acidity of the 
alcohols. For this approach to be theoretically 
sound, the reactions with the substrate must be ir- 
reversible so that kinetic control is in effect. I t  
follows that the molar ratio of the final products is 
also the ratio of the reaction rates by which they are 
formed. 

The experimental results in Table 1 were obtained 
using n-butyl bromide as su5strate. In  all cases the 
alcohols were present in seven-fold to thirty-fold 

excess over the corresponding alkoxide concentra- 
tions. The initial concentration of the n-butyl bro- 
mide was the same or a little less than that of the 
initial total alkoxide concentration. The reactions 
were carried out at  26"C, and 25 h were required for 
5 0 x  of the n-butyl bromide to  react. Less than 3% of 
the n-butyl bromide is converted to 1-butene, and 
this has no effect on the product ratios. In the absence 
of base, there was no measurable reaction. 

All of the competitive reactivity values given in 
Table 1 are the averaged values of at  least duplicate 
experiments, and are accurate to at  least 10%. The 
internal consistency of the data is striking. Changing 
the ratios of the alcohols caused little change in the 
measured competitive reactivities if a concentration 
term was included so as to give the following equa- 
tion which corrects for mass action. 

[4] C.R.,,-,,,,- = (mole ratio ROBu/RIOBu) 

x (mole ratio RIOH/ROH) 

The concentration term in eq. [4] is a valid 
correction as long as the alcohols are present in 
large excess relative to the base. On varying the ratios 
of ally1 alcohol to illethanol over a fifteen-fold range 
(d5, 6, 7 in Table I), the measured competitive 
reactivities were constant \vithin experimental error. 
Furthermore, the same value was obtained in a 
mixture containing three alcohols (411), and the 
addition of 2 0 m f  water ($12) had no effect. This 
strongly indicates that the influence of ion-pairing, 
changes in the dielectric constant, and other solvent 
effects are small. In any case, the concentrations used 
are characteristic of practical synthetic work, so the 
results obtained d o  have practical significance. 

Since competitive reactivities are ratios of rate 
constants, it is possible to multiply or divide one by 
another and obtain a new competitive reactivity. 
Thus, dividing the allyloxide/ethoxide competitive 
reactivity value by the allyloxide/methoxide value 
gives 4.4 as the value for the methoxide/ethoxide 
competitive reactivity, and this is in reasonable 
agreement with the more accurate value of 3.6 
obtained by a direct comparison of methoxide and 
ethoxide anions. Multiplying the nominal competi- 
tive reactivity of t-BuO-/i-Pro- by that of i -Pro- /  
EtO- gives the nominal competitive reactivity of 
t-BuO-,IEtO- equal to (0.1 1) (0.11) or  0.012. 

The comparison of ethanol with isopropyl alcohol 
and of isopropyl alcohol with tcrt-butyl alcohol are 
special cases in that the 0.2 mol of minor alcohol in 
each rnixture was in only two-fold excess of the metal 
(0.1 atom of metal was used in runs 3 and 41, whereas 
norrnally there was a five- to ten-fold excess of the 
minor alcohol. In the first case, after correcting for 
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TABLE 1. Competitive reactivities of various alkoxides reacting with n-butyl bromide at 26cC 

Run Comparison 

Composition of 
Moles of ether mixture Competitive 
alcohols (nlol%) reactivity 

1 . 0 : l . O  
0 .5 :1 .4  
See below 

2 . 0 : 0 . 2  
2 .0:0 .2  
0 .5 :0 .5  
0 . 3 : 2 . 0  
1.18:O.j  
See below 

0 .5 :0 .5  
0 . 3 : 1 . 4  
See below 

44:45:11:near zero 

3 .9  
3.3 
3.7 

Best value : 3 .6  

(O.ll)b 0.092' 
(0.1 l)b 0 .  097C 

0.90 
1 .1  
1 . o  
1 . o  

Best value: 0.95 

4 .0  
4 .4  
3 .8  

Best value: 4 .2  

0 . 1  
Allyle,'EtO = 3 .8  
MeO:EtO = 3 .7  

Allyle/MeO = 1 .0  

Allyle/EtO = 4 .0  
MeO/EtO = 4.1 

Allyle/MeO = 1 . 0  

'At 25'C. 
bNominal value from eq. [41. 
<Recalculated value. see text. 
dPotassium rather than sodium \%as the cation. 
'Allyloxide anion. 

the amount of alcohol converted to the alkoxide by 
using eq. [3] and acidity values calculated later, the 
ratio of the two neutral alcohols present a t  the begin- 
ning of the reaction was calculated to  be 11.17 
instead of the nominal 10.0. At the end of the reac- 
tion, the ratio was 12.78 because an appreciable 
fraction of the minor alcohol was consumed in 
product formation. Using an average value of 11.97 
in eq. [4], the C.R. Jvas recalculated to be 0.0917. A 
similar treatment of the isopropyl alcohol in tert-  
butyl alcohol data changes the nominal C.R. of 0.1 1 
to 0.097. A more detailed explanation is in the 
Experimental section. 

Benzpl bromide has also been studied as a substi- 
tute for the 11-butyl bronlide substrate (4), and the 
results are in Table 2. The time for 50% reaction with 
the benzyl broiuide cvas approximately 15 min. 

The agreement between the various competitive 
reactivity ratios using n-butyl bromide and benzyl 
brornide is outstanding. Benzyl bromide is known to 
be capable of reacting by either the S,1 or S,2 
mechanism, but the experimental conditions em- 
ployed here (good nucleophile in non-aqueous sol- 
vent) favors the S,2 mechanism (51, and so both 
substrates are reacting by the S,2 pathway. 

Relative Klneleophilicity 
Nucleophilicity relates to the kinetics of covalent 

bond formation. We have used only n-butyl bromide 
as a substrate, so relative nucleophilicity (R.N.) in 
our studies is the ratio of the rates with which two 
nucleophiles enter into an S,2 displacement reaction 
~ i i t h  17-butyl bromide. Consider an experiment in 
\i hich 0.1 mol17-butyl bromide is added to an ethanol 
solution containing 0.1 mol sodium ethoxide and 
0.1 11101 sodium phenoxide. Since phenol is a million 
times stronger as an acid than ethanol, all of the 
phenol in the reaction mixture will always be present 
as phenoxide and we therefore know the ratio of the 
concentrations of the two nucleophiles at tl-ie start of 
the reaction. As the reaction proceeds, rz-butyl ethyl 
ether and rz-butyl phenyl ether are competitively 
formed by S,2 attack of ethoxide and phenoxide on 
the 12-butyl bromide, and the ratio of the ethers 
formed, determined by glc analyses, is a measure of 
the R.N. of the trio nucleophiles. 

In the aboke experiment, the moles of the butyl 
ethyl ether and butyl phenyl ether presect at the 
completion of the reaction was 0.063 and 0.037 
respectively. Ethoxide is clearly the better nucleo- 
phile, but one must consider the relative amounts of 
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TABLE 2. Competitive reactivities of some alkoxides with benzyl bromide at 26'C 

Run Comparison 

Composition of 
Moles of ether mixture Competitive 
alcohols (mol%) reactivity 

0 .5:0 .5  
0 .5:1 .4  

See below 

0 .5 :0 .5  
1 .2:0 .5  
0 .3 :2 .0  

See below 

0 . 5 : o . s  
0.3:1.4 

See below 

1 .7 :1 .3  

0 .5 :0 .5 :0 .5  

42:46:12:near zero 

nAllyloxide anion. 

the t\+o nucleophiles present during the course of the 
reaction before a R.N. is calculated. At the start of 
the reaction, the nucleophiles were present in equal 
amounts, but the amounts present at  the end of the 
reaction were 0.037 mol for ethoxide and 0.063 mol 
for phenoxide due to the two ethers being formed in 
unequal amounts. An approximate R.N. can be 
calculated using average concentrations of the 
nucleophiles present during the course of the reaction 
to cor r~c t  for the effects of mass action, but an exact 
solution follows. 

k ,  
[5] EtO- + BuBr-EtOBr 

k2 
[6] PhO- + BuBr 4 P h O B u  

let x = [EtOBu], and y = [PhOBu] at  any time, t. 
The values for [EtO-] and [PhO-] at  t = 0 will be 
A, and B,. 

[8] dj'ldt = k ,  [PhO- ] [BrBr] 

Dividing, substituting, and rearranging terms gives 

dx - 
[ A ,  - x] - 

Integrating between x = 0 and x = .ufin,, gives 

[initial EtO-] 

kl  log [final EtO-] 
[lo' k2 = [initial P ~ O - 1  

log [f~nal P ~ O - 1  

For the experiment described, R.N. = k, /k2 = 2.14. 
In the above manner, nucleophilicities of methox- 

ide, ethoxide, isopropoxide, and tert-butoxide were 
determined relative to phenoxide. Methoxide and 
ethoxide were also measured against m-cresoxide, 
and phenoxide and m-cresoxide in ethanol were also 
compared directly. The results are in Table 3. As 
before, all runs were at least in duplicate and most 
were repeated several times. Standard deviations 
were calculated for all glc analyses and were usually 
under 2z. The error in the final calculated R.N. is 
believed not to exceed 5%. The time for 50% of the 
11-butyl bromide to react was approximately 20 h at 

TABLE 3. Measured relative nucleophilicities of alkoxides versus 
phenoxide or HI-cresoxide reacting with n-butyl bromidea a t  

25°C 

Composition of 
ether mixture Relative 

Comparison (lnol%) nucleophilicity 

OReaction mixture consisted of 0.1 mol sodium phenoxide or  nt-cresoxide, 
0.1 mol sodium alkouide, and 0.1 mol n-butyl bromide in 1.8 to 2.7 mol of  
the alcohol corresponding to alkoxide. 

bPotassiunl salts used. 
'Three nucleophiles (0.1 mol ??I-cresoxide, 0.1 mol phenoxide, 0.1 mol 

ethoxide) competing for 0.1 mol n-hutyl bromide in 2.65 mol of ethanol 
solvent. 
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25"C, and the reactions were allowed to run for 
about 2 weeks. 

An experiment was devised to demonstrate that 
the composition of the ether mixture is dependent on 
the relative concentrations of the alkoxides present, 
that is, that the nucleophile which forms the new 
oxygen-carbon bond is the alkoxide ion itself rather 
than solvating neutral molecules clustered around 
the alkoxide ion. Two moles of ethanol were allowed 
to react with 0.1 atom of sodium; 0.11 mol of 
phenol was then added, and finally 0.10 mol of n- 
butyl bromide. This mixture should consist initially 
of essentially 100% phenoxide ion, solvated with 
ethanol, since phenol is lo6 more acidic than alcohol. 
The ether mixture obtained was 98% n-butyl phenyl 
ether and 2z in-butyl ethyl ether. The small amount 
of the latter shows the neutral alcohol molecules 
interfere to only a minor extent; less than the 5% 
error observed in measuring the relative nucleo- 
philicities. A similar experiment substituting meth- 
anol for ethanol gave 9 6 x  n-butyl phenyl ether and 
4% M-butyl methyl ether. Again this error is within 
the experimental limits. If these side reactions are 
treated as competitive side reactions and the data 
recalculated, the relative nucleophilicities of MeO-/ 
PhO- and EtO-/PhO- given in Table 3 are de- 
creased from 1.90 to 1.70 and 2.20 to 2.10 respec- 
tively. These changes are within the experimental 
error and are too small to affect the subsequent 
calculations of acidity appreciably. 

Since relative nucleophilicities are ratios of reac- 
tion rates, they can be combined by multiplication or 
division and new ratios obtained, some of which 
cannot be measured directly. In Table 4, the validity 
of this approach is demonstrated with the m- 
CrO-/PhO- ratio which is calculated from two 
different sets of data and compared with the value 
obtained by direct measurement. 

Relative Acidity 

Knowing the competitive reactivities and the 
relative nucleophilicities of the alkoxides, the relative 
acidities of the alcohols in mixed hydroxylic solvents 
can be calculated using eq. [I]. We believe these 
relative acidities are valid for the conditions under 
which they are measured, namely, in alcoholic media 
with the ionic strength in the range of 0.5 to 1.5. 
Table 5 gives the results and summarizes the C.R. and 
R.N. data from Tables I ,  3, and 4. 

Cou~parisons ~ , i t h  Prior Data 
Alet and England (8) compared the rates of the 

S,2 reaction of hydroxide, methoxide, and ethoxide 
with methyl iodide in various dioxane-alcohol 
mixtures, and extrapolated the results to pure 

TABLE 4. Calculated relative nucleophilicities 

Calcd. from Relative 
Comparison Table 3, runs # nucleophilicity 

rrz-CrO-/PhO- 5 1.30 
in-CrO-/PhO- 116 1.40 
in-CrO-/PhO- 217 1.26 

MeO-/EtO- 112 0.86 
Me0-  /EtO- 617 0.78 

Best value taken as 0.82 

i-Pro-/EtO- 3/2 0.39 
t-BuO-/EtO- 412 0.043 

dioxane to calculate relative nucleophilicities of 0.21, 
0.64, and 1.0 respectively. They also summarized the 
earlier work of others on the MeO- in MeOH vs. 
EtO- in EtOH ratios of individual reaction rate 
constants against a variety of substrates; the ratios 
varied from 0.1 to 0.5. Murto (9) has made a 
thorough study of the rates of conlpetitive displace- 
ment reactions of hydroxide, methoxide, and ethox- 
ide with methyl iodide, as well as other substrates in 
solvents of varying composition, and has calculated 
the reaction rate constants for these reactions by a 
lengthy mathematical analysis of his data. The 
relative nucleophilicities with methyl iodide sub- 
strate were calculated to be 0.08 : 0.6 : 1.0 respectively. 
It is apparent both of these earlier studies are in 
agreement with our work (0.08 : 0.82: 1.0) in that 
hydroxide was found to be a weak nucleophile rela- 
tive to ethoxide and that methoxide \vas intermediate 
in nucleophilicity. We believe our results are more 
accurate, in part because ours is a more simple and 
direct approach. Data on many studies of the reac- 
tions of phenoxide and ethoxide with alkyl halides 
have been surnrnarized by Streitwieser et al. (10). 
Again there is qualitative agreement with our work 
in that the ratio of the reaction rate constants in the 
literature indicate the PhO-/EtO- relative nucleo- 

-0.2 0 +0.2 10.4 

ci * 
FIG. 1. Plot of pK., values of alcohols versus Taft's oh 

values. 
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TABLE 5. Competitive reactivities and relative nucleophilicities of alkoxides, and relative 
acidities of the alcohols in mixed hydroxylic solvents 

Competitive Relative Relative acidity 
Alkoxide reactivity nucleophilicity of alcohols 

Hydroxide 0 .1  (0.08)U 1 . 3 b  
Methoxide 3 . 6  0.82 4 . 4  
Ethoxide 1 . 0  1 . 0  1 . 0  
Isopropoxide 0.092 0.39 0.24 
tert-Butoxide 0.0089 0.043 0.21 
Phenoxide - 0.46 (106)C 
171-Cresoxide - 0.57 (106y 

aCalculated value using literature acidity value of ref. 6. 
bReference 6. 
'Reference 7. 

philicity has an average value of 0.2 for methyl 
iodide substrate, 0.5 for ethyl iodide, and 0.6 for 
11-propyl iodide, all in ethanol solution. For 11-butyl 
bromide, we found the relative nucleophilicity to be 
0.46. 

Although there is a voluminous literature on the 
acidity and basicity of organic compounds in 
general (3, 1 I), there are only eight quantitative 
studies on the acidity of methanol (6,9, 12-15,20,21), 
ten on ethanol (6, 9, 14-21), four on isopropyl 
alcohol (6, 15, 20, 21), and three on tert-butyl 
alcohol (15, 20, 21). Ail investigators now agree that 
methanol is more acidic than water by a factor of 
two- (12) to seven- (13) fold. Unmack's 1928 work 
(12), based 011 conductivity, solubility, freezing 
points, and reaction rate data, suggested methanol 
was three to five times more acidic than water, but 
emf measurements suggested it was less than twice as 
acidic. The most accurate work appears to be that of 
Hine and Hine (6) who established their acidity scale 
in isopropyi alcohol by the indicator method using 
p-nitrodiphenylaniine. The pioneering work with an 
indicator (etioporphyrin) was done by McEwen (15), 
and his work is still often cited in textbooks. He took 
methanol as his standard and assigned it a pK, of 16 
based on the work of U~lmack (12). The conductivity 
method of Ballinger and Long (14) established the 
pK, scale relative to water. 

Ethanol has been studied thoroughly by emf (16), 
conductivity (14, 17), indicator (6, 15, 18), titration 
(1 9, 20), and reaction-kinetic methods (9). Caldin 
and Long's indicator procedure (18) gave ethanol as 
either 2 or 0.2 times as strong an acid as water 
depending on kvhether their data were extrapolated 
to pure ethanol or water, respectively. Their data as 
recalculated by Murto (ref. 9:  p. 29) give ethanol 0.56 
as acidic as water. Again, the most reliable work 
appears to be that of I-line and Hine (6) who studied 
water, methanol, ethanol, and other alcohols by 
their indicator method. The reaction-kinetic method 
used by Murto (9) represents a new approach. 

Methods based on emf measure~ne~lts or titration 
data give erratic results. Ballinger and Long could 
not measure the acidity of ethanol directly by their 
conductivity method, and extrapolation of their data 
using a o;+ relationship was necessary (14). 

Arnett and Small (21) have measured the heat of 
deprotoilation of alcohols in dimethyl sulfoxide and 
calculated the following pK, values : u ater, 27.5 ; 
methanol, 27.9; ethanol, 28.2: isopropyl alcohol, 
29.3; and tert-butyl alcohol, 29.4. This corresponds 
to relative acidities of 2 : 1 : 0.08 : 0.063 for these 
alcohols in this aprotic solvent. Conlparisons be- 
tween our results in protic solvents and these results 
in an aprotic solvent must be made very cautiously, 
but it is noteworthy that methanol here also is more 
acidic than ethanol, and tert-butyl alcohol is only a 
little less acid than isopropyl alcohol. 

There is remarkably good agreement between our 
work and that of Hine and Hine (6), Murto (9), and 
Long and Baliinger (14), with respect to the relative 
acidities of methanol and ethanol, especially in view 
of the four different experimental approaches. Our 
measured acidity of tert-butyl alcohol relative to 
ethyl or isopropyl alcohols is surprising, but the only 
values our data can be compared against are those of 
McEwen (15) and Arnett and Small (21). Perhaps the 
common belief that tert-butyl alcohol is much less 
acidic than isopropyl alcohol arises from the low 
nucleophilicity of the tert-butoxy anion (see Table 5) .  

Streitwieser et al. (22) have shown that a plot of 
Taft's dk values (23) against the pK, values of a 
series of 9-alkylfluorenes yields a straight line for the 
methyl, ethyl, and isopropyl members of this series, 
but not for tert-butyl and hydrogen. A plot of our 
pK, values (see Table 6) against the o* values gives a 
plot similar to that of Sfreitwieser et al., and rein- 
forces our belief in the validity of our data. 

Experhental Section 
The alcohols were pure as measured by glc. Reference 

samples of the ethers were prepared by standard procedures 
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TABLE 6. Comparison of relative acidities with literature values 

Hine 
This work and 

Hinec Murtof 
Relative McEwenb relative Longd relative 

Compound value pKa0 p k  values P k values 

Water - 15.74 1.27 15.74 1.27 - 

Methanol 4 .4  15.21 16 4.22 15.5  3.2 
Ethanol 1 .O 15.85 18 1 . 0  (15.9)" 1 .O 
Isopropyl alcohol 0 .24  16.48 18 0.079 
ter.t-Butyl alcohol 0.21 16.54 19 

OUsing water as the reference solvent, follouing ref. 14, and takins the H20:EtOH K, ratio as 1.3. 
"nitial indicator method using etioporphyrin (ref. 15). 
cIndlcator method using 4-n~trodiphenylamine (ref. 6). 
dConductivity method (ref. 14). 
'Extrapolated value from a plot of acidities vs, o*. 
fReaction kinetic method nit11 methyl iodide substrate (ref. 9, p. 62). 

and used to determine the instrumental response factor for the 
mixtures analyzed. Gas-liquid chromatographic analyses were 
carried out on either a F and M model 300 with a thermistor 
detect07 (used for the competitive reactivity work) or a 
Hewlett-Packard 5750 instrument with flame ionization (used 
for runs 3 and 4 in Table 1 and for the relative nucleophilicity 
work), using 2 m columns packcd with 107, isodecyl phthalate, 
2 0 z  Lutensol (an oxyethylation product of nonylphenol 
manufactured by Supelco Inc., Supelco Park, Bellefonte, PA), 
or Apiezon-L (for the benz) l ethers). Programs and retention 
times ar-e in the thesis of C.M.E. Erratic results were avoided 
by using a syringe which minimized blow-by (Glenco Micro 

0.1524 or a ratio of 12.78. According11 the average ratio of the 
t u o  alcohols present during the course of the reaction is 11.9. 
If this \slue is used in eq. [4] the C.R. changes froni its first 
calculated value of 0.11 to 0.0925, and the relative acidity 
changes from 0.282 to 0.237. Repeating the calc~lations again 
using the new relative acidity causes little change; a new C.R. 
value of 0.0917 is obtained, from nhich a new relative acidit1 
of 0.236 is calcula!ed. 

The t -BuO- , ; -P ro  data in Tables 1 and 5 \+ere likewise 
treated tnice in a reiterative manner and the nominal C.R. of 
r-BuO- i - P r O  of 0.1 11 \\.as recalculated successively as 
0.0972 and 0.0969. The nominal relative acidity of 1-BuOH i- 

S \ r~nee .  Glenco Sc~ent~fic. Houston. Texas) PrOH of 0 993 \\as recalculated successi~el\i as 0 872 and 
d - , ~  - ,  ~ -, 

0.869. Multiplying the relative acidity of ~ - P ~ O H ) E ~ O H  of 
Tjpicnl Corr7petitice Rcnclicify Deterrr~inu/iorr 0.236 by the r-BuOH i-PrOH relative acidity of 0.869 gives the 

To  a mixture of 40.4 nlL (1 n~o l?  of methatlo1 and 58.2 nlL corrected relative acidity of t-BuOH,EtOH of 0,205 as given in 
(1 mol) of ethanol was added 1.4 g (0.06 g-atom) of freshly cut ~ ~ b l ~  5, 
sodiurn. Follo~vina the dissolution of the sodium. 5.4 mL 
(0.05 mol) of r~-bu<,l brcinide was added, and the mixture was 
allowed to stand for a month in a stoppered flask at 26 t 1°C. 
Samples of the reaction mixture were then directly and re- 
peatedly analyzed by glc and the area ratios of the two ethers 
measured. Application of the response factor gave the ether 
con>positions listed in Table I ,  and the competitive reactivities 
were calculated by eq. [4]. With benz) l bromide, the reaction is 
complete in a fel* hours, but the mixtures were allovved to 
stand for 3 weeks. 

The i-PrO-,'EtO- C.R. ratio (run =3 in Table 1) difYered 
from the others in that the two alcohols were employed in a 
nominal 10: 1 ratio with the nlore acidic alcohol being the 
niinor component, and with 0.1 atom of metal per 0.2 mol of 
niinor alcohol. The data were treated initially in the usual way 
and the relative acidity of i-PrOH to EtOH was calculated to  be 
0.282 from the C.R. value of 0.11 divided by the R.N. value of 
0.39 (Table 5). Equation [3] was then set up as follows: 

Acidity of i-PrOHIEtOH = 0.282 

Kuowing [EtO-] + [i-PrB-] = 0.1, the equation was solved 
to  give [i-PrBH] = ! ,925 and [EtOH] = 0.1755, or a ratio of 
these alcohols of 10.98 at the start of the reaction. No base is 
left at  the completion of the reaction, and the ratio of the two 
alcohols can be calculated froni the initial concentrations of 2.0 
and 0.2 minus what was consumed by formation of the two 
ethers. These concentrations are calculated to be 1.948 and 

Tjpicnl Relotice ~Vncleoyhilicit.~ Detei.irlirlrrtion 
Freshly cut sodium (0.2 atom) was added to the alcohol 

(2 mol) in an oversized test tube (3.5 x 30cm) and after 
dissolution was complete, the phenol (0.1 mol) (or in-cresol) 
was added aud the solution thoroughly mixed. The n-butyl 
broruide (0.1 mol) was added fro111 a burette, and the solution 
was again thoroughly mixed. The test tube was stoppered, 
sealed with "Parafilm", and placed in a bath thermostated at 
25 k 0.1 'C .  The reaction was considered to be coniplete when 
n-butyl bromide could no  longer be detected by glc. Two 
aliquots were removed and each was analyzed by glc using 
multiple injections. For example, in the experiment using 
ethanol and phenol, thc program (Lutensol column) involved 
holding the coluinn at  30'C for 10 min, raising the temperature 
to 150'C at  3OPC,/min, and holding the column at this final 
temperature. The n-butyl ethyl ether and 71-butyl phenyl ether 
retention times were 7 and 25 min, respectively. The area data 
from six injections (three from eachLaliquot) for the peaks 
representing BuOEt and BuOPh as read by the disc integrator 
follows: 233512204, 2362/2340, 2450,'2430, 249212370, 2868/ 
2815, and 2730,'2784. These data give an average area ratio of 
1.02 with a standard deviation of 0.01. Two other experiments 
carried out four months later gave average area ratios of 
1.02 k 0.01 and 0.992 & 0.006. The instrument response 
factor was determined from known mixtures to be 1.67 and the 
mole ratio of the BuOEt and BuOPh ethers was therefore 1.70, 
or 63:37. (The 64:36 value given in Table 3 is an averaged 
value and includes data from runs in which a phenol - in-cresol 
mixture in ethanol solution reacted with n-but171 bromide.) The 
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initial concentrations of EtO- and PhO- were each 0.1 mol 
per volurne of the reaction mixture, and the final concentra- 
tions were 0.037 and  0.063, respectively. Applying eq. [ lo ]  
gives the relative nucleophilic~ty of E tO- /PhO-  as 2.15 for 
this set of data. 
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Absolute rate constants for hydrocarbon autoxidation. 27. On the question of a reversible 
rate controlling propagation reaction1 

J .  A .  HO\VARD A N D  SHIU BOR  TONG^ 
Dii.iaioi~ of(~hert7i.tti:v, ,\'titio~lit/ R P J C ( ~ I . ( . ~ ~  COIIIZ(.~/ ( ~ C ~ I I I ( I ( / ~ I .  Otti i~~,(i .  Ont., C'rtnntki K I A  OR9 

Received Janu;lry 29. I979 

J. A. HOWARD and SHIU BOR TONG. Can. J .  Chem. 57.2755 (1979). 
Autoxidations of curnene, 3-methylpentane, cyclopentane, and cyclohexane have been 

performed to high conversion in the presence of (CH,),COOD from 0.1 to 1 atm of oxygen 
and it has been found that very low yields of C,H,C(CH,)2D, C6H13D, c-C,H,D, and 
c-C,H,,D are produced. Furthermore, autoxidation of C,H,C(CH,),D in the presence of 
(CH,),COOH does not give detectable concentrations of C,H,C(CH,),H and relative reactivi- 
ties of cumene and 3-methqlpentane to the te1.t-butylperox? radical in solution do not depend 
on the pressure of oxygen above the liquid from 1 to 100 aim. These results have been inter- 
preted in term of a slow reaction of the alkyl radical with alkyl hydroperoxide outside the 
solvent cage in competition uith a fast reaction of the alkql radical with oxygen. A rate con- 
stant for the former reaction has been estimated from the relative yields of 5-hexene and 
niethylcyclopentane produced by decomposition of 5-hexenylforrnyl peroxide in an  inert 
solvent containing teit-butyl hydroperoxide. 

The relative reactivity of the tertiary hydrogens in curnene and 3-methylpentane to the 
te1.t-butylperoxy radical in the gas phase is about 0.8 times the value in solution. This relative 
reactivity difference between the two phases is probably due to the involvement of teit-butoxy 
radicals in rate controlling propagation reactions in the gas phase rather than to significant 
reversal of the H-atom transfer reaction between the peroxy radical and the substrate inside 
the solbent cage. 

J. A.  HOWARD et SHIL BOR TONG. Can. J. Chem. 57.2755 (1979). 
On a realist. l'autoxydation du cumene, du methyl-3 pentane du cyclopentane et du cyclo- 

hexane, avec de tres bolls rendernents en presence du (CH,),COOD sous une pression d'oxygene 
allant de 0.1 a I atmosphere et on a trouve qu'il se forrne de tres faibles quantites de C,H,C- 
(CH,),D, C6H13D,  c-C5H,D et c-C,HllD. De plus l'autoxydation du C,H,(CH,),D en 
presence du (CH,),COOH ne produit pas des quantites decelables de C,H,C(CH,),H et les 
reactivites relatives du cumene et du methyl-3 pentane par rapport au radical teit-butylperoxy 
en solution ne depend pas de la pression dc l'oxygene au-dessus du liquide entre 1 et 100 atmos- 
pheres. On a interprete ces resultats en fonction d'une reaction lente du radical alkyle avec 
I'hydroperoxyde d'alkyle l'interieur de la cage du so l~an t ,  en competition avec Line reaction 
rapide du radical alkyle avec l'oxygene. On a e ~ a l u e  la constante de vitesse de la premiere 
reaction partir des rendenlents en hexene-5 et en niethylcyclopentane produits par la decom- 
position du peroxyde d'hexenyl-5 formyle dans un solvant inerte contenant de l'hydroperoxyde 
de feit-butyle. 

La reactivite relative des hydrogenes tertiaires du cu~llene et du methyl-3 peutane par rap- 
port au radical tert-butylperoxy dans la phase gazeuse est environ 0.8 fois la valeur en solution. 
Cette difference de reactivitk relative entre les deux phases est due probablement a l'entree en 
jeu des radicaux teit-butylperoxy dans l'etape deterniinante des reactions de propagation dans 
la phase gazeuse plut8t qu'a une inversion significati~e de la reaction de transfert d'un atome 
d'hydrogkne entre le radical peroxy et le substrat a l'interieur de la cage du solvant. 

[Traduit par le journal] 

I t  has been reported that rates of free-radical 
bromination of alkanes and alkyl halides (RH) in 
solution are influenced by reaction of the chain 
carrying alkyl radical (R') with hydrogen bromide 
both inside and outside the solvent cage, reactions 
[ -  l ]  and [2], and with HBr,', reaction [3] (1-4), 

'NRCC No. 17735. 
,NRCC Research Associate 1977-1979. 

k 1 

[I  I Br' + R H  d ( B r H  + R'),,,, 
k -  1 

k 2 

[2] R' + HBr +RH + Br' 

[3] R' + HBr,+ R H  + Br,' 

Thus the relative reactivity of two substrates to the 
bromine atom obtained from the yields of alkyl 
bromides produced by competitive brominations will 

0008-40421791202755-06$01.00/0 
) 1979 Xational Research Council of CanadaIConseil national de recher-ches du Canada 
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be in error if the rates of reactions [ - I ] .  [2], and 
[3] depend on the structure of R.  

Now the heat of the reaction of an  alkylperoxy 
radlcal with R H  is very sim~lar to AN for reaction 
[I]  because the strength of the 0-H bond in an 
alkyl hydroperoxide (5) is almost equal to D(H-Br) 
(6). Hydrocarbon autoxidatioris in the presence of 
large concentrations of tert-butyl hydroperoxide 
(t-BuOOH) may, therefore, be influenced by re- 
versal of the rate controlling propagation reaction as 
shown ill Scheme 1. 

k ,  
[4]  t-BuO,' + RH +(r-BuOOH + R'),,,, 

k - 4  

where RO,' and ROOH are the peroxy radical and 
hydroperoxide derived from the hydrocarbon R H  
and t-BuO," is the tert-butylperoxy radical. 

Reactions [4] to [8] along with the usual chain ini- 
tiation and termination reactions give the following 
expression for the rate of autoxidation, 

where /i, and 2k, are the rate co~ltrolling propagation 
and termination rate constants and R, is the rate of 
chain initiation. 

Clearly absolate values of k, calcu!ated froni the 
usual rate expression [I01 (7) 

will be in error if reactions [-41 and 181 are impor- 
tant. I t  also follows that relative reactivities obtained 
from competitive autoxidations (7, 8) could be 
influenced by reversibie rate controlling propagation 
reactions. 

We have attempted to resolve this problem by 
employing the experimental techniques used by 
Tanner and co-workers (1-4) to demonstrate the 
importance of reversal in free-radical broinination. 
Thus we have studied the autoxidation of cumene, 
3-methylpenlane, cyclohexane, and cyclopentane in 

the presence of t-BuOOD to high conversion and 
analyzed the unreacted hydrocarbon for incorpora- 
tion of deuterium. We have also investigated the 
autoxidation of cumene-cx-d, in the presence of 
t-BuOOH and the co-oxidation of cumene and 
3-methylpentane In solution at  oxygen pressures 
from 1 to 100 atm and in the gas phase. The results 
of this study, which are reported here. indicate that 
reversible hydrogen atom transfer has no significant 
influence on kinetic data obtained from autoxida- 
tions in the presence of high concentrations of 
hydroperoxide. 

In addition, we have estimated the rate constant 
for reaction of an  alkyl radical with a hydroperoxide, 
k,, by measuring the yields of 5-hexene and methyl- 
cyclopentane produced by decomposition of 5- 
hexenylforrnyl peroxide in the presence of terf-butyl 
hydroperoxide. 

Experimental 
Materia1.c 

Cumene (Anachemia) was washed with concentrated sul- 
phuric acid, 1 0 s  aqueous sodium bicarbonate, and water; it 
was then dried over anhydrous magnesium sulphate and 
distilled. Analysis by gas chromatography showed it to be 
>99.82 and it did not contain any a-cumyl alcohol It was 
stored iunder argon at -20 ' s .  Cumene-r-d, was obtained 
from Merck, Sharpe, and Dohme (Canada) Limited. 3-Methy!- 
pentane (Chemical Samples Co.), cyclohexane (Fischer 
Scientific Co.),  and cyclopentane (Phillips Research Grade) 
were > 99.9% pure and contained no alcoholic impurity. These 
substrates were used without further purification. te1.t-Butyl 
hydroperoxide (Aldrich) was fractionally distilled at reduced 
pressure. The fraction with bp 39-40'C at 20 Torr was collected 
and was 99.9% pure by gas chromatography. (CH,),COOD 
was prepared by shaking (CH3)3COOH with an equal colurne 
o f  99% D 2 0  (3) .  The D,O was then removed and the procedure 
repeated until the 0-H band in the infrared spectrum 
(v = 3530 c m ' )  was replaced by the 0-D band (v = 2610 
c m ' ) .  A sample o f  (CH,),COOD (99% pure by nmr) was 
kindly provided by Professor D. D. Tanner (University o f  
Alberta). 5-13exenylformyl peroxide was prepared from 
6-heptenoic acid ( K  and K )  by Staab's carbonyldiirnidazole 
route (10, 1 1 ) .  2,2'-Azoisobutane mas prepared from terf-butyl 
amine by the method o f  Stevens (12). rrrt-Butyl hyponitrite 
was prepared by the n~ethod o f  Kiefer and Traylor (13). 

Procedure 
Liquid-phase Alitoxidafions 
Reactions at 1 atm o f  oxygen and below were performed in 

the automatic recording gas apparatus described previously 
(14). In a typical experiment cumene (6.45 M )  containing 
2,~'-azo-his-isobutyronitrile (0.05 IM) ,  (CH,),COOD (1 .1  M )  
and D,O (0.5 m L )  was shaken with oxygen at 720 Torr and 
30°C. Oxygen (0.69 M )  was absorbed in 120 h and the hydro- 
peroxides in the reaction mixture were reduced with tri- 
phenylphosphine. Volatile products were pumped into a trap 
maintained at the temperature o f  liquid nitrogen and the con- 
centration o f  a-cumyl alcohol was determined by gas chroma- 
tography (Varian 2800 chromatograph equipped with a 12 ft 
12% QV-10i on Chromosorb W column and flame ionization 
detector). High pressure experimenis were conducted in a glass 
rube in a stainless steel bomb. Oxygen concectrations in the 
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HOCVARD AND TONG 2757 

various hydrocarbons were calculated using solubility data 
from the literature (15). 

Gas-phase A~rtaxidations 
Solutions of 3-methylpentane, cumene, initiator (2,2'- 

azoisobutane or di-tert-butyl hyponitrite), and tert-butyl 
hydroperoxide were injected through a serum cap into a 
1-litre reaction vessel containing oxygen (400 Torr). The 
reaction vessel was immersed in an oil bath maintained at a 
constant temperature, and for azoisobutane initiated reac- 
tions the reaction mixture was irradiated with a Westinghouse 
275W Sun-lamp for 160-260 h. The reaction mixture was then 
pumped into a trap maintained at the temperature of liquid 
nitrogen, and enough triphenylphosphine was added to reduce 
all the hydroperoxides present. The reduced sample was 
distilled into a cold trap and analyzed by gas chromatography. 

Decomposition of 5-Hexenylforrnj~l Peroxide 
These reactions were performed at  50'C in degassed carbon 

tetrachloride or chlorobenzene containing tert-butyl hydro- 
peroxide. The volatile products were distilled from the reac- 
tion mixture and analyzed by gas chromatography. 

Mass Spectroscopic Analysis 
Percentages of monodeuterated hydrocarbon in cumene, 

3-methylpentane, cyclohexane, and cyclopentane and normal 
cumene in C,H,C(CH,),D after autoxidation were determined 
from a con~parison of the mass spectrum of the starting 
material and the spectrum of the recovered unreacted hydro- 
carbon after at  least 10% conversion. Mass spectra were 
obtained with a Finnigan 4000 automated gas chromatograph- 
mass spectrometer system. 

Results and Discussion 
Cum elze 

Oxygen at a pressure of 720 Torr was absorbed 
very rapidly by cumene (6.45 M )  at 30°C containing 
AIBN (0.05 M ) ,  t-BuOOD (1 M ) ,  and D,O (0.5 mL). 
In 93 h 0.69 M of oxygen had been absorbed and 
a-cumene hydroperoxide (0.69 M )  was the major 
reaction product. The unoxidized cumene was found 
to contain -- 1 . 5 z  cumene-x-dl. 

If this autoxidation is described by the reactions 
shown in Scheme 1 with R = C,HSC(CH3), the 
rate of formation of cumyl hydroperoxide is given by 

and the rate of formation of C,H,C(CH3),D by 

The concentration of monodeuterated cumene will, 
therefore, be governed by 

where [C6HSC(CH3),D], and [C6HsC(CH3),00H], 
are the co~lcentrations after time t and the subscript 
0 refers to initial concentrations. 

In order to calculate the rate constant ratio k,/ko 
from [I 1 ] it is necessary to know [(CH,)3COOD],. 
Now it is not known whether cumyl radicals will 
react with the associated form of the hydroperoxide. 
We have, therefore, assumed for the purpose of this 
work that reaction only occurs with free hydro- 
peroxide, the concentration of which has been 
calculated from the thermodyna~nic data provided by 
Walling and Heaton (9). 

Substitution of the reactant concentrations and 
the yields of a-cumyl hydroperoxide and C6H,C- 
(CI-I,),D reported above in eq. [11] gives k,/k, - 
2 x 10-4. 

The rate constant ratio k,/ko should be propor- 
tional to the first-power of the oxygen concentration 
and inversely proportional to the first-power of the 
hydroperoxide concentration. The latter concentra- 
tion exponent could not be confirmed experimentally 
because below a hydroperoxide concentration of 
1 M  the percentage of deuterated cumene in un- 
reacted cumene was too low to be measured accu- 
rately while above 1 iM most of the hydroperoxide 
was associated by hydrogen bonding. 

In an attempt to determine the oxygen concentra- 
tion exponent reactions were performed at low 
oxygen pressures (95 Torr) and the percentage 
cumene-@-dl was found to be identical, within 
experimental error, to the percentage at 720 Torr. 
This unexpected result probably reflects the difficulty 
in accurately determining low percentages of deuter- 
ated cumene by mass spectrometry rather than a 
zero-order dependence on the oxygen concentration. 

The results of several experiments conducted under 
different experimental conditions are listed in Table 1 
and suggest that k,,lko < l o p 3  which means that if 
k, is lo9.' M - I  s p l  (16), k, < lo6.' hi-' s p l .  

Cumene-a-dl 
This compound was oxidized at 30°C under 700 

Torr of oxygen in the presence of t-BuOOH (2 M) to 
approximately lou< conversion. The mass spectrum 
of the unoxidized cumene was identical with that 
obtained from the starting material indicating neg- 
ligible loss of deuterium by reaction of cumyl 
radicals with the hydroperoxide. 

Alkanes 
3-Methylpentane (6.94 M) containing AIBN 

(0.09 M ) ,  t-BuOOD (1.1 M ) ,  and D 2 0  (0.3 mL) was 
allowed to react with oxygen ( 5  atm) at 30°C for 
29 days. After this length of time - 10-f the alkane 
had been oxidized. There was, however, no evidence 
for CH,CH2C(CH,)DCH2CH, in the unreacted 
alkane. 

In an attempt to increase the percentage yield of 
monodeuterated alkane cyclopentane and cyclo- 
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TABLE 1 .  Reactant concentrations and product yields for the liquid-phase autoxidation of cumene 111 the 
presence of (CH,),COOD at 30 C 

[Cun~ene]~  [(CH3),COOD]Oa 10' [02]  SO3 [Cuinene-a-dl I f  AOZb [Cumyl alcohol], 4 k p  
('WI (MI (MI (MI (M 

10 - 
ko 

nMonomer concentration. 
T o t a l  concentration of oxygen absorbed. 
'Calculated on the assumption that cumyl radicals only react nit11 monomeric (CH,),COOD 
Subscripts  0 and f refer to initial and final concentrations. 

hexane were used instead of 3-methylpentane, the 
oxygen pressure was decreased to 1 atm and the 
temperature was increased to 50°C. Data obtained 
for these substrates are summarized in Table 2 and 
it can be seen from these data that the percentage 
yields of monodeuterated cyclane were so low that 
the reproducibility was extremely poor. In fact the 
only conclusio~l that can be drawn from these data is 
that k,/k, is somewhat less than 

Co-o.uidation of Cumene and 3-methylpen fane 
The relative reactivity of cumene and 3-methyl- 

pentaile to t-BuO,' obtained from co-oxidations in 
the presence of high concentrations of t-BuOOH 
would depend on the concentration of oxygen dis- 
solved in the reaction mixture if the rate controlling 
propagation reactions are reversible and the rate of 
the reverse reaction depends on the nature of R. We 
have therefore determined the relative reactivity of 
these substrates at 1 ,  10, and 100 atm of oxygen at 
30°C and find that k,(~urnene)/k,'"~ (where kPXf is 
the reactivity of the t-C-H bond in 3-methylpen- 
tane) = 21.8 at  1 atm, 22.6 at  10 atm, and 19.9 at 
100 aim. Clearly this rate constant ratio is unchanged 
over a 100-fold variation in the oxygen concentration. 

Gas-phase Autoxidation 
Although the experiments described above indicate 

that reaction of an alkyl or substituted alkyl radical 

TABLE 2. Reactant concentrations and product yields for the 
liquid-phase autoxidation of cyclopentane and cyclohexane in 
the presence of (CH,),COOD at 50'C and 1 atm of oxygena 

Substrate [(C1-13),COODlb [RD], [ROHI, 
(MI (M 1 (MI (MI 

Cyclopentane (8.47) 0.75 0.024 0 . 1  
Cyclopentane (9.62) 0.45 0.17 0.11 
Cyclopentane (9.62) 0.45 0 0.25 
Cyclopentane (10.1) 0.29 0.09 0.19 
Cyclohexane (8.34) 0.45 0.016 0.076 
Cyclohexane (8.73) 0.29 0.029 0.093 
Cyclohexane (8.95) 0.17 0.065 0.05 

"LO2] = 1.3 x to-* hl. 
bMonomer concentration. 

with alkyl hydroperoxide outside the solvent cage 
(reaction [7]) is not important enough to effect 
either rates of autoxidation or product ratios from 
co-oxidations, they give no indication of the impor- 
tance of cage reversal (reaction [5]) on these rates and 
product ratios. Thus the efficiency with which an 
alkyl radical escapes the solvent cage will depend on 
the rate of its reaction with ROOH inside the cage. 
Now the strength of the t-C-H bond in 3-methyl- 
pentane is at least 10 kcal molpl stronger than the 
strength of the t-C-H bond in cumene (17) and 
the 3-methyl-3-pentyl radical could in theory react 
more rapidly than the cumyl radical with ROOH. 
Therefore, if cage reversal is important cumyl 
radicals will escape the solvent cage more efficiently 
than 3-methyl-3-pentyl radicals and k,(cumene)/ 
kpref will be anomalously large in solution because a 
disproportionate amount of cumyl hydroperoxide 
will be formed. 

We have attempted to assess the importance of 
cage reversal by investigating the co-oxidation of 
culnene and 3-methylpentane in the presence of 
t-BuOOH initiated by thermolysis of di-tert-butyl 
hyponitrite and by photolysis of 2,2'-azoisobutane in 
the gas phase and comparing the results with those 
obtained in solution. 

The di-terf-butyl hyponitrite (0.009 M )  initiated 
autoxidation of cumene (0.86 M) and 3-methylpen- 
tane (6.32 M) containing (CH,),COOH (0.6 M) at 
45°C in the gas phase gave 3-methylpentan-3-01 
(0.0043 M), cl-cumyl alcohol (0.0094 M), and di-fert- 
butyl peroxide (0.264 M) as the major reaction 
products. The relative yield of these two alcohols 
gives k,(cumene)/kPref = 16. The kinetic chain 
length (v), based on the total alcohol yield and the 
yield of di-tert-buiyl peroxide was, however, only 
0.02. 

When this reaction was conducted in the liquid 
phase at 45'C the product yields were 3-methyl- 
pentan-3-01 (0.035 M), cumyl alcohol (0.076 M), and 
di-fert-butyl peroxide (0.004 M), giving k,(cumene)/ 
kPref = 16, cf., k,(~umene)/k,"~ = 20 (7), and the 
kinetic chain length was 14. 
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These di-tert-butyl hyponitrite initiated co-oxida- 
tions were repeated several times and the average 
relative reactivities were k,(cumene)/kPref = 15 F 2 
in the gas phase (v = 0.01-0.6) and /c,(cumene)/ 
k,"' = 19 1 3 in the liquid phase (v = 13-35). 

2,2'-Azoisobutane initiated gas phase autoxida- 
tions gave kp(cumene)lkpref = 15.5 at 45°C (v = 

0.2) and 10 a t  55°C (v = 4). 
I t  would, therefore, appear from these experi- 

ments that kP(cuinene)/kpKf in the gas phase is about 
0.8 times the relative reactivity in solution, which 
could be interpreted as being indicative of cage 
reversal in solution. Kinetic chain lengths for the gas 
phase reactions were, however, very short and it is 
quite possible that the gas phase rate constant ratios 
are low because of H-atom abstraction by tert- 
butoxy radicals formed by ilonterminating interac- 
tions of tert-butylperoxy radicals. These radicals are 
more reactive and less selective than tert-butylperoxy 
radicals and would be expected to lower the re- 
activity difference between cumene and 3-methyl- 
pentane. 

Measurement qf k, 
The kinetic data given in Table 2 suggest that the 

rate constant ratio k,/k, is for the cyclo- 
pentyl and cyclohexyl radicals, and since k, is - 109.5 (16) k, is M - I  S - I .  On the other 
hand yields of C,H,C(CH,),D obtained from autoxi- 
dation of cumene in the presence of (CH,),COOD 
suggest that k r  for cumyl radicals is < lo6 '. 

It should be possible to  estimate the value of k r  
from the relat~ve concentrations of 5-hexene and 
methylcyclopentane produced by decomposition of 
5-hexenylforn~yl peroxide in the presence of tert- 
butyl hydroperoxide. This peroxide decomposes 
readily at 50°C to give the 5-hexenyl radical which 
either abstracts the hydroperoxidic hydrogen to give 
5-hexene or isomerizes to the cyclopentylmethyl 
radical which picks up a hydrogen atom to give 
methylcyclopentane. 

The rate constant ratio k,/kr is given by 

and since kc = 2.36 x lo5 s-' at 50°C (18) k, can 
be calculated from the relative concentrations of the 
two hydrocarbons formed by reaction with the hydro- 
peroxide and the conceiltration of fert-butyl hydro- 
peroxide. 

Methylcyclopentane and 5-hexene were formed in 
the ratio 1.72 f 0.02 after decon~position of 5- 
hexenylformyl peroxide (0.05 M )  in degassed chloro- 
benzene containing t-BuOOH (0.9 M). There is, 
however, no way of estimating from this experiment 
the amount of hydrocarbon formed via reactions 
[13] and [14] and the amount formed by other 
processes, such as radical-radical disproportionation 
reactions. In order to resolve this problem 5-hexenyl- 
formyl peroxide was decomposed in the presence of 
2.0 M t-BuOOD (and a trace of D,O) and the yields 
of monodeuterated methylcyclopentane and 5-hexene 
relative to C 6 H I 2  were measured by mass spectrorn- 
etry. This experiment gave 10.15 i 0.4 for the total 
ratio of methylcyclopentane to 5-hexene and indi- 
cated that 92% of the methylcyclopentane was 
C 6 H l l D  whereas only 35% of the 5-hexene was 
C,H, ,D. Clearly most of the methylcyclopentane 
was formed by abstraction of the hydroperoxidic 
deuterium while a significant fraction of 5-hexene was 
formed by another route. Calculation of k r  from the 
formula 

gave k r  = 8.7 x lo3 M - I  s- '  and a slightly larger 
value if the alkyl radicals react with deuterium 
bonded hydroperoxide. 

Abstraction of a hydroperoxidic hydrogen by an 
alkyl radical probably has a primary deuterium 
isotope effect no greater than 2 and we can conclude 
that k r  for normal tert-butyl hydroperoxide is 
- 2  x 104 M - I  S-1. 

Conclusions 

It is apparent from the results presented in this 
paper that reversal of the rate controlling propaga- 
tion reaction for hydrocarbon autoxidation in the 
presence of large amounts of alkyl hydroperoxide is 
not important enough to influence the magnitude of 
cross-propagation rate constants determined by the 
hydroperoxide method (7, 8, 17). 

The rate constant for reaction of an alkyl radical 
with t-BuOOH in solution is about five orders of 
magnitude smaller than the rate constant for reac- 
tion of the alkyl radical with oxygen and the former 
reaction is unimportant even at hydroperoxide to 
oxygen ratios of 100: 1 .  Consequently it is not 
surprising that estimates of k,/k, made from the 
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yields of c-C,Hl,D and c-C,H,D produced by 
autoxidation of c-C,H,, and c-C,Hl, in the presence 
of fert-BuOOD (Table 2) were erratic. The maximum 
mole fraction of monodeuterated cyclane that could 
be expected if k ,  = 2 x lo4 M - I  s - l  is 5 x 
which is outside the limits of detection by mass 
~pec t romet ry .~  

In contrast, Tanner et al. (2) have found that the 
cyclohexyl radical is only about 0.3 times less reac- 
tive to HBr than it is to Br,. This difference between 
autoxidation and bromination may be because a 
peroxy radical is less reactive to a hydroperoxide 
than a bromine atom is to HBr or because an alkyl 
radical is more reactive to oxygen than it is to 
bromine. 
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3 N O ~ ~  ADDED IN  PROOF: Reanalysis of oxidized cyclopentane 
and  cyclohexane in the presence of (CH3),COOD using a 
capillary column in the gas chro~~la tograph  gave even lower 
yields of monodeuterated cyclane than the values reported in 
Table 2. 

I. D.  D. T A N N ~ R .  7. OCHIAI ,  and T. P A C F .  J .  Am. Chem. 
Soc. 97. 6162 (1975). 

2. D. D.  T A N N E K .  T. P I C L .  and T. OCHISI. J .  Am. Chem. 
Soc. 97.4303 ( 1975). 

3. D.  D.  T A N ~ E R .  T. PACE. and T. OCHIAI. Can. J .  Chem. 53. 
2202 (1975). 

4. D.  D. T ~ ~ E R .  Y .  Kosucr ,  R. .L\RH- \R- I .  N. WAD-\. T.  
P-\ct .  and T .  R c o .  J .  Am. Chem. Soc.  98.6275 (1976). 

5. L. R. MAHONEY and M. A .  DAROOGE. J .  Am.  Chem. Soc. 
92.4063 ( 1970). 

6. J .  A.  KERK and A .  F .  T R O T M A % - D I C K ~ N S O \ .  Handbook of 
chemistry and physics. 58th ed.  Chem. Rubber Publ. Co . ,  
Cleveland. OH. 1977-1978. 

7. J .  A .  HOLV~\RD.  J .  H .  B.  CHENIER.  and D. 4. H O L D E ~ .  Can. 
J .  Chem. 56, 170 (1978) and previous papel-5 in this series. 

8. J .  A .  H O M A R D  and J .  H. E .  CHLUILR.  Can. J .  Chem. 57. 
2484 ( 1979). 

9. C .  W A L L I ~ G  and L. H E X I O X .  J .  Am. Chem. Soc. 87. 38 
(1965). 

LO. H .  A.  STSAB. Angew. Chem. Int. Ed .  Engl. 1.351 (1962). 
11. P.  S c H ~ l D a n d  K .  U.  Incor  o. J .  Am. Chem. Soc. 100.2493 

(1978). 
12. T .  E. S ~ r v r ~ s .  J .  Org. Chem. 26.2531 (1961). 
13. H. KIEFER and T. G.  TRAYI.OR. Tetrahedron Lett. 6163 

( 1 966). 
14. J .  A .  Ho\v \ R D  and K. U .  INLOLD. Can. J .  Chem. 47. 3809 

( 1969). 
15. E. WII.HEI hl and R. BAT-11~0. Chem. Rev. 73. 1 (1973). 
16. J .  A .  HOM.ARD. FI-ee radicals. Vol. 11. Etlited /I?. J .  K .  

Kochi. Wile). NZLI York. NY.  1973. Chapt. 12. 
17. S .  KORCLK. J .  H. B.  CHEYIER.  J .  A .  HoM,.\RD. and K .  U.  

Ihcor D .  Can. J .  Chem. jO.2285(1972). 
18. P. SCHMID. D. GRILLER,  and K .  U.  I ~ c o 1 . n .  Int. J .  Chem. 

Kinet. 11.333 (1979). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BrganometalHic peroxy radicals. Part 5. Trialkylsilylperoxy and trialkyIstaranylperoxy 
radicals1 
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JAMES A ~ T H O N Y  HOWARD, JOHN CHARLES TAIT, and SHIC BOR TONG. Can. J. Chem. 57, 
2761 (1979). 

A variety of organosilylperoxy and organostannylperoxy radicals, R3M0,'  (R = Me, El, 
11-Bu, t-Bu, and Ph and M = Si and Sn) have been prepared and studied by electron spin reso- 
nance spectroscopy. Trialkylsilylperoxy radicals exist in equilibrium with a tetroxide at  tem- 
peratures below 233 K with AH0 = - 11 + 2 kcal mol-' and ASo < -30 cal deg-' mol-'. 
Above 233 K these radicals decay either with first-order, one half-order, or zero-order kinetics 
depending on the radical and its concentration. Trialkylstannylperoxy radicals do not exist in 
reversible equilibrium with a dimer below ambient temperature and they undergo self-reaction 
with second-order kinetics. Tri-n-butylstannylperoxy radicals react with 2,6-di-tc~rt-butyl-4- 
~nethylphenol and cobalt(l1) acetylacetonate and Arrhenius parameters for these two reactions 
are reported. The structure of R3SiOZa resembles the structure of alkylperoxy radicals whereas 
the two oxygen nuclei of R3SnOZ' are magnetically equivalent and the peroxy group becomes a 
bidentate ligand. This structural difference has a significant effect on radical reactivity. 

JAMES ALTHOUY HOWARD, JOE%\ CHARLES TAIT et SHIU BOR TONG. Can J. Chem 57, 
2761 (1979) 

On a prepare et Ctudie par resonance paramagnktique electronique une serie de radicaux 
organosilylperoxy et organostannylperoxy R3M02 '  (R = Me, Et, n-Bu et M = Si et Sn).  Les 
radicaux trialkylperovy existent en equilibre avec le tetrowyde a des telnperatures inferieures 
a 233 K avec un A H 0  = - 11 i 2 kcal mol-' et un AS0  < - 30 cal deg-' mol-'. Au dessus 
de 233 K, ces radicaux se desintegrent avec des cinetiques soit de premier ordre, d'ordre egal 
a une demi ou a zero, dipendant du radical et de sa concentration. Les radicaux trialkylstannyl- 
peroxy n'existent pas en equilibre avec le diniere au dessous de la temperature anibiante et 
subissent une auto-reaction avec une cinitique de second ordre. On rapporte les parametres 
d'ArrhCnius pour les rkactions des radicaux tri-n-butylstannylperoxy avec le di-tert-butyl-2,6 
methyl-4 phenol et I'acitylacCtonate de cobalt(I1). La structure de R3Si02'  s'apparente a la 
structure dcs radicaux alkylperowy ou les deux noyaux d'oxygene du R3Sn0,' sont magnetique- 
ment iquivalents et ou le groupe peroxy devient un ligand bidentate. Cette difference struc- 
turale a un effet significatif sur la reactivite du radical. 

[Traduit par le journal] 

Introduction radical are magnetically equivalent rather than, as is 
Recent reports from this laboratory have been usually found for peroxy radicals, nonequivalent (3).  

concerned with kinetic and spectroscopic properties In the first part of this series (1) 

of the peroxy radicals resulting from addition of briefly on the spectroscopy of the trimethylsilyl- 

oxygen to group 4b organolnetallic radicals, R,M.. peroxy radical and the kinetics of the self-reaction 

,+,here R/L is silicon, germanium, tin, alld lead and R of the trimethylstannylperoxy radical. Here we re- 

is rz-butyl, and phenyl. ~ h ~ s  we have shown port a inore thorough study of the free-radical chem- 

that spectroscopic g-factors can be used to  identify istry of and related radiczls. 
these radicals (11, that trimethylgermylperoxy and Experimental 
triphenylgerinylperoxy radicals at low temperatures 
exist in equilibrium with their tetruaides and decay M ~ r ~ ~ ~ h y , s i l a n e  (Chemical ProcuRmenf Labs Inc,), triethyl- 
irreversibly by a first-order process (2), and that the silane (Columbia Organic Chemicals Inc.), tri-n-butylsilane 
two oxygen atoms of the tri-n-butylstannylperoxy (R and K), triphenylsilane, tri-11-butyltin hydride, and hexa-n- 

butylditin (Ventron, Alfa Division) were purified by standard 
'NRCC No. 17031. methods. Trimethyltin hydride was prepared from trimethyl- 
'To whom all correspondence should be addressed. tin bromide and tri-n-butyltin hydride. Triphenyltin hydride 
jNRCC Research Associate 1975-1977. Present address: was synthesizcd by reduction of tri-phenyltin bromide with 

A.E.C.L., Pinawa, Manitoba. LiAIH, (4). Tri-tert-butyl silane was a gift from Dr. K. U. 
4NRCC Research Associate. Ingold. 

0008-4042179120276 1-06S01.00/0 
9 1979 National Reseal-ch Council of CanadaIConseil national de recherches du Canada 
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Procedure 
The peroxy radicals were prepared directly in the cavity o f  

a Varian E-4 E P R  spectrometer by photolysis o f  the appro- 
priate hqdride in an oxygen saturated sol~ent (cyclopropane, 
CJ-',C12, toluene, CF,Cl) containing di-tert-butyl peroxide. 

where R = .Me, Et, n-Bu, and Ph and M = Si and Sn or, in 
the case o f  the trialkylstannylperoxy radicals, by photolysis o f  
hexaalkylditin in oxygen or air saturated toluene. 

The kinetics o f  irreversible decay and the thermochemistry 
o f  reversible dimerization o f  R3MQ2' were investigated by 
following the influence o f  time and temperature on the radical 
concentration after the initiating light was masked (2). Abso- 
lute radical concentrations were measured relative to a stan- 
dard solution o f  2,2-diphenyl-1-picrylhpdrazyl (DPPH). 

Peroxy radicals tagged with " O  were prepared from oxygen 
enriched to 6 0 z  in this isotope (Yeda Research and Develop- 
ment Company). 

Results and Discussion 

Trialkq.lsilj~lperox~~ Radicals 
The electron spin resonance parameters of the 

radicals which were formed when triethylsilane, 
tri-n-butylsilane, and tri-f-butylsilane were photo- 
lyzed in an oxygen saturated solvent containing 
di-t-butyl peroxide (DTBP) are summarized in 
Table 1. All three silanes gave two radicals, a trial- 
kylsilylperoxy radical centred at g = 2.027 to 2.0294 
and an alkylperoxy radical near g = 2.015. The esr 
spectrunl of the alkylperoxy radical produced from 
Et,SiH consisted of two lines separated by -5 G 
indicating that the unpaired electron was interacting 
with one proton on the carbon adjacent to the peroxy 
group (5). An almost identical coupling constant \+as 
obtained for the alkylperoxy radical from n-Bu,SiH. 
These radicals were almost certainly %-substituted 
secondary alkylperoxy radicals which uere generated 
as shown in reaction [4] 

The spectrum of the alkylperoxy radical from 
t-Bu,SiH had no hyperfine structure and the radical 
was extremely persistent a t  low temperatures ( -  173 
K). These two observations suggest that this radical 
was t-BuO,". 

The esr spectrum from tri-tert-butylsilylperoxy 
radical tagged with 170 consisted of three superim- 
posed spectra, a central line from t-Bu,SiO," and 
two sets of six lines from t - ~ u , S i ' ~ 0 0 "  and t-Bu,- 
Si0l7O". The two oxygen coupling constants are 
14.6 and 25.4 G indicating nonequivalent oxygen 
nuclei. The spectrum with the larger coupling con- 
stant can be assigned to t - B ~ , S i 0 ' ~ 0 '  and this hyper- 
fine interaction is - 1.2 C larger than a, for the 
terminal oxygen in t-BuO," (6). The smaller oxygen 
coupling constant is frorn t - B ~ , S i ' ~ 0 0 '  and it is 
approximately 3 6 smaller than a, for t - B ~ ' ~ 0 0 ' .  
These differences can be interpreted in terms of a 
trialkylsilylperoxy radical that has a larger n spin 
density on the terminal oxygen and a smaller n spin 
density on the inner oxygen than f-BuO,' (7). 

Since the publication of our paper on organo- 
germylperoxy radicals (2) we have measured 170 

hyperfine coupling constants for Ph,Ge0l70 '  (a, = 
24.9 G,  A,, = 91.8 6 )  and Ph,Gel70O' (a, = 15.4 
G and A,, = 64.5 G). The isotropic parameters for 
this radical are closer to the values of a, for t-Bu,- 
SiOze than they are to  the values of a, for t-BuO,", 

implying that organogermyl- and organosilyl-peroxy 
radicals have about the same distribution of un- 
paired spin in the peroxy group and probably the 
same geometry.' 

The secondary alkylperoxy radicals prepared 
from Et,SiH and 17-Bu,SiH decayed more rapidly 
than R,SiO,' and could be removed from the 
system by annealing at 193 K. Et,SiOZo and n-Bu,- 
SiO,' were extremely persistent between 183 and 
223 K and in this temperature range an increase in 
temperature gave an increase in the radical concen- 
iration while a decrease in temperature produced a 
decrease in the radical concentration with no ap- 
parent irreversible radical decay. Trialkylsilylperoxy 
radicals, therefore, behave like RO,' (8), Me,GeO,', 
and Ph,GeOZa (2) at low temperatures and must exist 
in equilibrium with bistrialkylsilyl tetroxide. 

[ 5 ]  2R3Si02' S R3Si04SiR3 

Plots of 2 log [R,SiO,"] against the reciprocal of 
the absolute temperature gave AN0 = -11 5 2 
kcal molpl  for Et,SiO," and ~-Bu,Si0,' .  This value 
for the enthalpy change assoctated with [5] is very 

5We were unable to  obtain anisotropic parameters for ''0 
labelled t-Bu,SiO," because o f  extremely low radical concen- 
trations in the frozen solution. The "0 anisotropic interac- 
tions associated with g,,. and g,, for Ph,GeO; were too small 
to be resol~ed ( 3 ) .  
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TABLE 1. Electron spin resonance parameters for the peroxy 
radicals from trialkylsilanes 

Silane Radicals 

similar to the value for Me3Ge02'  and Ph3Ge0,' 
(2) and it would appear that the central 0-0 bond 
strength in R,SiO,SiR, is of the order of 11 kcal 
mol-I and is about 3 kcal mol-I stronger than the 
central 0-0 bond strength in di-felt-alkyl tetroxides 
(8). As is the case with most peroxy radicals AS0  for 
R3Si02'  could only be estimated to be < - 30 cal 
deg-I mol-I because irreversible radical decay corn- 
menced before complete dissociation of the dimer. 

Triethylsilylperoxy decayed irreversibly at tem- 
peratures above 223 K with first-order kinetics and 
steady-state radical concentrations were linearly 
dependent on the light intensity. Values of the first- 
order rate constant kc,,(') are given in Table 2. This 
radical has a half-life ( z I i z )  = 27 s at 252 K and it is 
about 10 times more persistent than Me,GeO," at 
this temperature (2). Decays of n-Bu3Si0,' exhibited 
even more unusual kinetics in that plots of the square 
root of the radical concentration against time in the 
temperature range 243-273 K were linear indicating 
an overall concentration exponent of 0.5. 

We have previously concluded (2) that the unusual 
irreversible decay kinetics exhibited by Me,GeO," 
and Ph,GeOza are caused by the fact that these 
radicals are in equilibrium with substantial concen- 
trations of dimes and decay irreversibly with true 
first-order kinetics. 

[6] R3Ge02'  i- R3Gc02' + R,Ge0,GeR3 

k7 

[7] R,Ge02' - non-radical products 

TABLE 2. Rate constants, k,,,('), 
for irreversible first-order decay 

of Et3Si02' 

Temperature 
(K) (s-') 

242 0.008 
252 0.026 
26 1 0.19 
271 0.44 

where K, is the equilibrium constant for [6] and k ,  
is either a true or pseudo-first-order rate constant. 
The results presented above for Et3Si0,. suggest 
that irreversible decay of this radical can be rational- 
ized by an expression analogous to [8]. 

It should, however, be noted that a change from 
zero- to first-order kinetics cannot be invoked to 
explain the apparent half-order kinetics for the decay 
of n-Bu3Si0,' because even if AS,' is - 25 cal deg-I 
mol-I and AN,' = - I1 kcal mol-' the concentra- 
tions of n-Bu,SiO,' were too low for K, [n-Bu,SiO,'] 
to approach 1. I t  is possible that in this case radical 
decays after the light was switched off were influ- 
enced by a thermally unstable compound which 
accumulated during the light period (9). 

We have had little success to date identifying the 
products from decay of R,SiO,' and R3Ge0,'. 
Ph3GeOOH undergoes free-radical induced decorn- 
position initiated by thermolysis of di-tert-butyl 
hyponitrite in PhCl at 50cC. The major organoger- 
maniurn product appeared to be (Ph3Ge),0 which 
offered no clues with regards to reaction mechanisms. 
Interestingly little or no oxygen Lvas evolved by this 
reaction supporting a pseudo rather than true first- 
order radical decay. It should, ho\\ever, be noted that 
kinetic electron spin resonance spectroscopy has 
indicated first-order decay for some tertiary alkyl- 
peroxy radicals (10, 11)  M hich are generally believed 
to undergo bimolecular self-reactions with second- 
order kinetics (8). Anomalous decay kinetics of this 
nature have so far not been explained. 

Somewhat surprisingly photolysis of oxygen satu- 
rated solutions of DTBP and Me3SiH did not give 
an esr spectrum even though an intense spectrum is 
obtained from Me3Sie in the absence of oxygen 
(12-15). There was some evidence for a very broad 
singlet at g = 2.024 if the oxygen pressure was re- 
duced below 100 Tors. The signal intensity was, how- 
ever, much too low for kinetic studies to be per- 
formed on this radical. Intuitively it seems very odd 
that Me3Si0,' is so extremely difficult to detect by 
the esr method while very intense spectra from 
t-BuO,' and Me,GeO,' are readily obtained. 

Ph,SiO; (g = 2.0271) was readily prepared from 
Ph3SiH and decayed rapidly at temperatures in the 
range 233 to 183 K with second-order kinetics and 
k,,,(,) = 1 x 107 M - '  s-I at 167 K and 4.3 x lo7 
M- '  s-' at 218 K. Superficially this radical would 
appear to  decay with kinetics that are different to 
those for Ph,GeO,' and R3Si0,'. The values of 
k,,,(2) for Ph3SiO2' are, however, almost certainly 
rate constants for reversib!e dirnerization and not 
rate constants for irreversible decay. Although this 
radical disappeared rapidly when the light was 
masked, temperature jump experiments did indicate 
the presence of a radical-dimer equilibrium. 
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The aralkylsilylperoxy radical MeSiPh2OZe (g = 
2.026) was prepared from MeSiHPh, but photolysis 
of PhSiMe,H gave a singlet at g = 2.004. The in- 
tensity of this spectrum \$as, however, too neak to 
determine the number of oxygen nuclei, if any, asso- 
ciated with this radical by 1 7 0  tagging experiments. 
Trialk~~lstann~~lpero~~y Radicals 

The esr spectrum from Me3Sn02'  ( g  = 2.024), 
n-Bu,SnO; (g = 2.025), and Ph3SnOZe (g = 2.020) 
consisted of a rather broad singlet with no evidence, 
even under optimum conditions of high intensity and 
narrow line width, for satellite lines from interaction 
of the unpaired electron with "9Sn and '17Sn nuclei. 
The narrowest line width that we obtained was 8 G 
and since A,  is - 15 500 G for Sn (16) the 5s spin 
density on this nucleus is <0 .05z  which is at least 
one tenth the 2s spin density on the central carbon 
of the tert-butylperoxy radical (17). 

The line width of n-Bu3Sn02* increased from 8 G 
at  183 K to 15 G at 153 K whereas the line width of 
alkylperoxy radicals (18) and organogermylperoxy 
radicals decrease with decreasing temperature in this 
temperature range. In this respect n-Bu,SnO,' be- 
haves (at these temperatures) like most other radicals 
and line broadening from reduced averaging of 
anisotropic processes inust overshadow line nar- 
rowing from spin-orbit relaxation mechanisms (18). 

rz-Bu3Sn02' was extremely long-lived below 193 K 
and the radical concentration was independent of 
the temperature in the range 193 to 143 K (Table 3). 
Clearly this radical does not undergo reversible 
dimerization at low temperatures. Similar experiments 
demonstrated that Me3Sn02'  and Ph,SnO,' do not 
exist in equilibriuin with their tetroxides at low tem- 
peratures. 

Above 183 K Me3Sn02'  decayed irreversibly with 
second-order kinetics and the second-order rate con- 
stant k,,,('), given in Table 4, can be represented by 
the Arrhenius equation 

where 0 = 2.303RT kcal mol-I, which is very close 
to our original preliminary equation (1). 

n-Bu3Sn0,' is more persistent than Me3Sn02' 
and did not begin to decay irreversibly until about 
213 K. This radical decayed with second-order 
kinetics and log ( k , , r ( 2 ) / ~ - 1  sP1) = (12.0 i: 1.0) - 
(13 f 1)/0. It is, therefore, more persistent than 
Me3Sn02' because of a larger activation energy for 
self-reaction. 

Ph3Sn02'  also decayed irreversibly kvith second- 
order kinetics and k,,r(2) = 6.3 x lo4 M- '  s-'  at 
238 K, 2.6 x lo3 M - '  s-I at 223 K, and 7.3 x 10' 
M 1  s-I  a t  213 K. 

TABLE 3. Thc concentration of n-BujSn02' 
in the dark as a function of temperature" 

Temperature 
(K) 104[1z-Bu,SnO;] (M) 

OIn cyclopropane after the initiating light was 
switched off. 

TABLE 4. Second-order rate constant for 
irreversible decay Me3Sn02' 

Temperature 
(K) 10-3(k,,,'2')iM-1 S -  ' 
179 0.16 
183 0.32 
197 1.75 
203 2 .0  
223 16 
225 15 

The low reactivity of n-Bu,SnO,' towards self- 
reaction has enabled us to deterruine absolute reac- 
tivities of this radical to two typical alkylperoxy 
radical scavengers, 2,6-di-tert-butyl-4-methylphenol 
(BMP) and cobalt(I1) acetylacetonate. In both cases 
radical decays were first-order in the presence of 
excess scavenger (A) and pseudo-first-order rate 
constants were linearly dependent on the concentra- 
tion of the scavenger. The second-order rate con- 
stants for reaction of 12-Bu,Sn02" with BMP (k,,,) 
and Co(acac), (kc0~,,,,,,) Mere determined over a 
temperature range and 

log (k,,,,IM-l s-'I = (7.5 i: 1) - (7 1 1110 

and 

The corresponding Arrhenius equations for reac- 
tion of t-BuO," with BMP and Co(acac), are 

log (k1iki-l sK1) = (4.0 f 0.2) - (0.8 2 0.2)/0 

(ref. 16) 
and 

log (klh4-I s-I)  = (8.9 + 1) - (4.7 + 0.5)/0 

respectively (19, 20). 
The reaction of n-Bu,SnO," with BMP must in- 

volve the rate determin~ng transfer of the phenolic 
hydrogen to the peroxy radical because rate con- 
stants for 2,6-di-terf-butyl-4-rnethyl 0-D were smal- 
ler than rate constants for normal BMP. This was 
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substantiated by the observation that 2,6-di-tert- 
butyl-4-methylphenoxy (g = 2.0046, aFlCH3(4) = 

11.23 G, a,(3) = a,(5) = 1.64 6 )  was produced 
when n-Bu,SnO,' (- M)  was destroyed in the 
dark at 200 K by 2,6-di-tert-butyl-4-methylphenol 
(0.08 M). It is probable that a total of two rz-Bu3- 
SnO,' were destroyed by each molecule of BMP. The 
overall reaction can probably be represented by 

although we have no unambiguous experi~nental 
evidence for a stoichiometric factor of 2, or for the 
production of tri-n-butylstannyl hydroperoxide and 
1-methyl-1-tri-n-butylstannylperoxy 3:5-di-tert-butyl- 
cyclohexadiene-2,s-dione. 

It is apparent from this work that pre-exponential 
factors and activation energies for reaction of 
R,SnO,' with itself and with a peroxy radical scaven- 
ger are significantly larger than the corresponding 
parameters for reactions of the tert-butylperoxy 
radical. We have previously concluded (3) from 170 

labelling experiments that 11-Bu,SnO,' has a penta- 
coordinate, trigonal bipyramidal structure in which 
the vacant Sn 5d orbitals are used to form a dative 
bond with the lone pair of electrons on the terminal 
oxygen of the peroxy function. Now it is possible 
that this structure (I) is in equilibrium with the more 
usual structure for a peroxy radical (11) 

0' 
/ 

and it is the acyclic form which undergoes self-reac- 
tion and reaction with BM? and Co(acac),. 

If this is the case, the overall rate constant for 
self-reaction = 2Kllkt  where K,, is the 
equilibrium constant for [ I  1 ] and 2k, is the termina- 
tion rate constant for 11. If we then assume that 2k, 
has the normal pre-exponential factor of 109 M - I  
s- '  and a low activation energy of 2 kcal mol-I we 
can calculate values of A S ,  ,O - 5.5 cal deg-I mol-' 
and AN, ,O = 6 kcal m o l  '. Extending this argument 
to reaction of 12-Bu,SnO,' with BMP and Co(acac), 

it is possible that the large activation parameters for 
these reactions result from the fact that k,,, and 
kc,(,c,c), are made up of K,, and the rate constant 
for reaction of I1 with the scavenger. 

Summary 

Trialkylsilylperoxy radicals behave l ~ k e  alkyl- 
peroxy and organoger~nylperoxy radicals at low tem- 
peratures and exist in equilibrium with a tetroxide. 
The thermodynanlic parameters for this reversible 
dimerization are closer to the values for organo- 
gern~ylperoxy radicals than alkylperoxy radicals. 
Irreversible radical decays follow first or lower order 
kinetics and in this respect they behave like organo- 
germylperoxy radicals. 

l70 hyperfine splitting constants indicate that the 
two oxygen nuclei in R,SiO,' are magnetically 
nonequivalent and that these radicals have more x 
spin density on the terminal oxygen than alkylperoxy 
radicals. 

Trialkylstannylperoxy radicals do  not exist in 
equilibrium with bistrialkylstannyl tetroxide and 
decay irreversibly with clean second-order kinetics. 
These radicals react with typical alkylperoxy radical 
scavengers but they do  so more slowly than alkyl- 
peroxy radicals. Arrhenius parameters and activa- 
tion energies for self-reaction and destruction by a 
radical scavenger suggest that R,SnO; exist pri- 
marily in a form in which both oxygen atoms are 
bonded to the tin atom and that this peroxide struc- 
ture is in equilibrium with the more usual acyclic 
peroxy structure. 

On the basis of the magnetic resonance param- 
eters for 11-Bu3Sn02' it 1s possible to  conclude that 
the unpaired electron occupies a n orbital made up 
exclusively of 0(2pZ) atomic orbitals and that the 
two oxygen nuclei are equivalent. These radicals 
which can be considered to have a formal valency 
of SnlV02- are not analogous to cobalt, iron, or 
chromium dioxygen complexes which have a high 
spin density on nonequivalent oxygens (21, 22) or 
to manganese dioxygen complexes which have low 
spin density on equivalent oxygen nuclei (23). Tri- 
alkylstannylperoxy radicals can, therefore, be con- 
sidered to be examples of a new class of dioxygen- 
metal complexes.6 

I. J .  E.  B E ~ ~ F T ~ ~  and J . 'A.  H O ~ A R D .  J .  Am. Chem. Soc. 94. 
8244 (1972). 

2. J .  A. HOWARD and J .  C. T.srr. Can. J .  Chem. 54. 2669 
(1976). 

3. J .  '4. HOWARD and J .  C .  T.\IT. J .  Am. Chem. Soc. 99. 8349 
(1977). 

4. H .  6. KUIVILA a n d 0 .  F. BEAUMEL. JR. J .  Am. Chem. Soc. 
83. 1246(1961). 

6We wish to  thank a referee for bringing this point to  our  
attention. 
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Conformations of bridged diphenyls. XIV. Crystal structure of 
2-(4'-carbomethoxy-2'aminophenoxy)- l,3,5-trimethylbenzene 

and endocylic angles in bridged diphenyls 

R ~ ~ I A U A T H A ~  GOPAL. W. DAVID C H A U D L E R ,  A N D  BEVERLY E. ROBERT SO^' 
Fri( ~rltx o j  Jc rcnc r Unreel trr) c?fR~ji117(1, R~gzt111 S o ~ k  Clifrtio'ri 545 0A2 

Rece~ved Octobe~ 10. 1978' 

RAMANATHAN GOPAL, W. DAVID CHANDLER, and BEVERLY E. ROBERTSON. Can. J. Chem. 
57.2767 (1979). 

Thestructure of 2-(4'-carbomethoxy-2'-aminophenoxy)-l,3,5-trimethylbenzene, C,,H,,NO,, 
has been determined by X-ray diffraction. The crystals are monoclinic, a = 23.895(9), b = 
7.821(4), c = 16.641(8)& a = 99.26(3), C2/c, Z = 8. The integrated intensities of 3540 
independent reflections were measured on a four-circle diffractometer. A total of 2403 of these 
reflections was used In the refinement to give a final least-squares weighted residual of 0.069 and 
a conventional R factor of 0.096. The molecule adopts the skew-amino-di~tal conformation as 
does the analogous orrho-nitro-substituted compound. The lengths of the bonds from the amino 
substituted ring and the mesityl ring are 1.404(3) and 1.376(4) A respectively and the torsional 
angles about those bonds are i 5.8 and T79.5". The angle subtended at the bridging oxygen 
atom is 120.1". Variations in the endocyclic angles subtended at  substituted ring carbon atoms 
in this and other bridged diphenyls may be understood in terms of a combination of hybridiza- 
tion effects, and the spatial requirements of the bonds to substituents. 

RAMANATHAN GOPAL, W. DAVID CHANDLER et BEVERLY E. ROBERTSON. Can. J. Chem. 57, 
2767 ( 1979). 

Par diffraction de rayons-X, on a determine la structure du (carbomtthoxy-4'-aminophe- 
noxy-2')-2 trimethyl-1,3,5 benzene, CI7Hl9NO3 Les cristaux sont monocliniques a = 
23.895(9), b = 7.821(4), c = 16.641(8) A, fi = 99.26(3), C2/c, Z = 8. On a mesure, avec un 
diffractometre a quatre cycles, les intensites totales de 3540 reflexions indkpendantes. On a 
utilisC avec soins 2403 de ces rtflexions pour obtenir par la mCthode des moindres carris un 
rCsidu moyen final de 0.069 et un facteur conventionnel de 0.096. La molkcule adopte la con- 
formation amine-gn~rclle la plus tloignte comme le font les composes ayant un substituant 
nitro en position ovtllo. Dans les cycles substitues par une amine et dans le cycle mksityle, les 
longueurs de liaisons sont respectivement 1.404(3) et 1.375(4) A et les angles de torsion autour 
de ces liaisons sont de 2 5.8 et T 79.5". L'angle sous-tendu a I'atome d'oxygene du pont est de 
120.1". Les variations des angles endocycliques sous-tendus aux atonies de carbone du cycle 
substitue dans ce composC et dans d'autres diphinyles pontes peuvent Ctre compris en fonction 
d'une combinaison d'effets d'hybridation et d'arrangements spatiaux des liaisons par rapport 
aux substituants. 

[Traduit par le journal] 

Introduction the nitro group and we therefore will expect a change 

previous parts of this series we have considered in the ring distortions associated with these effects 
the role of substituents and the bridging group in and in the interaction between the NH, group and 
determining the conformation of bridged diphenyl the bridging group. 

(1) and have established that in most Paulus has recently determined the structures of 
cases proton chemical shifts may be used to infer the 3-trifluoromethyl- 1 - (2' -carboxy - 6' -1nethylanilino)- 
approximate collformation of bridged diphenyl corn- benzene (1) and 3-trifluoro1nethyl-l-(2'-carboxy.-4'- 
pounds and to study their internal rotations (2) .  methy1anilino)benzelle (11) (3). Both compounds 
M~~~ of the to date have been show evidence of an intramolecular N-H---O 
tri-ortho-substituted with the single ortho substituent hydrogen bond. The strength of the hydrogen bond is 
on one being a nitro group. the compound not the same in the two compounds, as manifested 

whose structure is reported here the single substi- both by their biological activity and by differences in 

tuent is an amino group. 7he electronic properties of their observed conformations. The six-atom ring 

the latter substituent are quite different from those of formed by the NH bridge, the carbollyl group, and 
the two ring carbon atoms, to which the NH and 

'To whom all correspondence should be addressed. COOH groups are bonded, is planar in PI. This 
2Revision received July 10, 1979. causes one of the torsional angles (associated with 
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the COOH substituted ring) to be 35.9" while the 
other ring is nearly coplanar with the bridging 
plane, with a torsional angle of 8.6". Using our 
nomenclature the conformation is planar-carboxy- 
distal-trifluoromethyl-proxi177a1, but borders on the 
twist conformation. 

The formation of the hydrogen bond is therefore 
crucial in determining the conformation of the afore- 
mentioned molecule. In I the methyl group prevents 
the formation of a planar six-membered ring and 
weakens the hydrogen bond, thereby changing the 
biological activlty of this compound from that of the 
former. The torsional angle associated with the 
COOH substituted ring becomes 60.1" and that 
associated with the other rille 14.1 ". The conforma- 

b 

tion then is skew-trifluoromethyl-distal, but also 
borders on the twist conformation. Intrainolecular 
hydrogen bonding involving the bridging group is 
therefore a factor that must be considered in deter- 
mining the probable conformation of bridged 
diphenyI compounds. The bridged diphenyl whose 
structure is reported here offers the possibility for the 
formation of an intramolecular hydrogen bond with 
the bridging atom playing the role of the hydrogen 
bond acceptor. 

I R ,  = CH,, R 2  = H 
I1 R ,  = H. R 2  = CH? 

In previous reports of the structures of bridged 
diphenyls we have noted systematic deviations in the 
symmetry of the phenyl groups from the D,,, sym- 
metry of unsubstituted benzene. Wc have argued 
that, in large part. these deviations are associated with 
the electronic properties of the substituents of the 
ring. A comprehensive trcatment of the relation 
between electronic properties and ring distortion has 
appeared recently in a series of papers by Domeni- 
cano, Vaciago, Coulson and co-workers (4). They 
find that spatial effects, conjugation, and perturba- 
tions to the hydridization of ring carbon atoms 
associated with the properties of the substituent a t  
that carbon atom may all affect the endocyclic angle. 
We will attempt to rationalize the systematic varia- 
tions in the endocyclic angles of 2-(4'-carbomethoxy- 
2'-aminophenoxy)-l,3,5-trirnethylbei~ze and the 
other bridged diphenyl compounds whose structures 
have been reported in earlier papers of this series. 

Experimental 
2-(2'- Nitro -4'-carbomethoxyphenoxy) -1,3,5 - trimethylben - 

zene was reduced to 2-(4'-carbomethoxy-2'-aminophenoxy)- 

1,3,5-trimethylbenzene using W2 Raney nickel and hydrogen 
in absolute ethanol according to the method used by Bergman 
and Chandler (5). The nlp after four recrystallizations from 
absolute ethanol was 115-1 16°C. A colourless rectangular 
sample with approximate dimensions 0.4 x 0.4 x 0.7 mm was 
chosen for data collection on a Picker FACS I automated 
four-circle diffractometer equipped with a graphite mono- 
chromator. The cell constants were determined by a least- 
squares fit to the positions of 22 reflections between the 28 
settings of 37 and 43: where the MoKrl, and MoKa, peaks 
were well resolved. The estimated standard deviations in the 
cell constants are taken directly from the least squares. 

The crystal data are as follows: 

C I ~ H I ~ N O ~  fw = 285.19 
Monocllnlc, C2,c, 0 = 23.895(9), h = 7.821(4), c = 16.641(8) 
A, 0 = 99.26(3) , p, = 1.23(1) g c n ~ - ~  (flotatton), p, = 
1.237 g Z = 8, F(000) = 1216 e, p(MoKa) = 0.875, 
X(MoKa,) = 0.70926 A, T = 22 i 2 C. 

The integrated intensities of 3540 independent reflections 
with 28 values between 2 and 55" were collected with MoKrl 
radiation using the 8-28 scan mode, a minimum base width of 
3.0' in 28 and 40 s background counts at  each limit of the scan, 
and a scan rate of 2- m i n i .  The data were reduced to structure 
factors using standard procedures. No corrections were made 
for extinction or absorption. The standard deviation in IF,(, 
o(F,), was calculated from o(F,) = 1.0 + 0.01 IF,! + o'(F,) 
where cr'(F,) is based on counting statistics. 

The scattering factors for carbon, oxygen, and nitrogen 
atoms were taken from those given by Cromer and Mann (6). 
The scattering factor for hydrogen was taken from Stewart, 
Davidson, and Simpson (7). The systematic extinctions 
(h + k = 2n i- 1 ;  h01, l = 2117 + I )  indicate the space groups 
C2/c or Cc. The average values of E and , E2 - 1 were 0.739 
and 1.041 respectively, and therefore C2:c was assumed to be 
the correct space group. The 446 reflections with E l  z 1.43 
were used to solve the structure using the logical symbolic 
addition m e t h ~ d . ~  The E-map calculated from the solution 
with the highest figures of merit yielded all the non-hydrogen 
positions. The structure was refined anisotropically by least- 
squares and the hydrogen atoms were then found from a 
difference Fourier map. The 2459 reflections for which 
IF,' r o(F,) were used in the final cycles of refinement with 
the least-squares weight, rr., calc~llated as nl = o(F,)-'. 

The final values of R, and the conventional R factor were 
0.069 and 0.096 respectively. The relatively large residuals 
reflect the low counting rates used during data collection and 
the inclusion of many weak reflections in the least squares. The 
observed and calculated structure factors have been placed in 
the Depository of Unpublished D a t a 4  The final positional and 
thermal parameters are listed in Table I ,  with standard 
deviations. The bond lengths, bond angles, and atomic 
numbering are given in Fig. 1. 

Diseossion of the S&meQare 
The angles between the planes of 2-(4'-carbo- 

~nethoxy -2 '-  amiiiophenoxy)-1.3.5 -trimethylbenzene 

3The direct methods program ESAM, written by Gerrnain 
and Woolfson (8), was used for structure solution. The pro- 
gram FORDAP written by kalkin (9) was used for all Fourier 
calculations. The program ORFLS, written by Busing ef ul. (lo), 
was used for least-squares refinement. Stereograms were 
prepared with the aid of the program ORIEP,  written by 
Johnson (1 1). 

4Complete set of tabular data is available, at  a nominal 
charge, from the Depository of Unpublished Data, CISTI, 
National Researcl~ Council of Canada, Ottawa, Ont., Canada 
KIA OS2. 
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FIG. 1. (a) Bond lengths (A) and atom labeling. (b) Bond 
angles (deg). The numbers in parentheses are estimated 
standard deviations. 

as defined in Fig. 2 are given in Table 2. The inolecule 
has the skew-amino-distal conformation. The pack- 
ing of the molecules is shown in Fig. 3. The mole- 
cules pack in pairs with the amino-substituted rings 
of a pair coplanar and separated by 3.4 A. The pairs 
are repeated by the centers of symmetry at  [fool and 
[+Oil to form a continuous stack in the c direct~on. 
The dihedral angles 1,2 and 2,3 which correspond to 
the torsional angles $[C(7)-0(1)-C(5)-C(4)] and 
\ir[C(5)-O(1)-C(7)-C(12]] are i 7 9 . 5  and T5.8" 
respectively. The two sets of slgns refer to the two 
enantiomers which must be ioresent In a centro- 
symmetric space group. In all of the structures which 
we have studied to date the angles occur in (+ ,+) 
and (-, -) pairs (1). In all conformations, the pairing 
of equivalent signs reduces the steric interaction 
between ortho hydrogen atoms or  substituents and 
the ~c electrons and orfllo hydrogen atoms or  substi- 
tuents of the other ring. 

A feature of the scucture which relates to the 
unusual pairing of the signs of the torsional angles is 
the nature of the distortions of the phenyl rings from 
idealized symmetry. The distance of the proximal- 
ortl~o hydrogen atom above the plane of the mesityl 
ring is 2.40 A, which is similar to the value in other 

FIG. 2. Labeling of the least-squares planes. 

bridged diphenyls, even though the signs of the 
torsional angles in the other compounds are more 
favourably disposed to maintaining this distance at  
an  adequate value. The distance would also be 
increased by (i) increasing the C(5)-O(1)-C(7) 
angle, and (ii) a bending of the amino-substituted 
ring at  the bridgehead carbon [C(7)] away from the 
inesityl ring over the value that would occur in an  
undistorted molecule. The C(5)-O(1)-C(7) angle 
(120.1") compares with an  average of 119.0' for the 
eight other independent bridged diphenyl ether 
molecules whose structures have been determined as 
part of this series. The bending at  the bridgehead 
carbon atom is 5.6" which compares with an average 
of 2.8" for the other eight ether molecules. Therefore 
both effects appear to be present. 

The aforementioned large bending angle at  the 
bridgehead carbon atom would appear to be facili- 
tated by the presence of the a ~ n i n o  group in the 
distal-orfho position. The amino group itself is bent 
2.8(4)" towards the ether oxygen atom. {([N(l)- 
C(8)-C(9)l - [N(l )-C(8)-C(7)])/2 = 2. 8".) In 
other cases of sn~al l  ortho substituents (C1 or CH,) in 
bridged diphenyl ethers the equivalent angle differs 
insignificantly from zero. For nitro groups, carbo- 
methoxy groups, or large aryl groups, the sense of the 
bending is away from the ether oxygen atom. The 
bending of the groups at  both C(7) and C(8) therefore 
suggests a positive interaction between those groups; 
i.e. between the atom H(N2) and the lone pair on 
Q(1). Other relevant parameters are: [H(N2)- 
0 ( l ) ]  = 2.29(4) A, [N(1)-0(1)] = 2.606(4) A, 
[N(1)-H(N2)-O(1)] = 104(2)". 

We compare this geometry with a related one in 
4-hydroxy-L-proline the structure of which has been 
determined by neutron diffraction (1 2). The [M-0] 
distance and N-PI---O angle are 2.082(3) and 
113.2(2)" respectively, indicating the presence of an  
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TABLE 1. Structural parameters of 2-(4'-carbomethoxy-2'- 
am1nophenoxy)-l,3,5-tr1methylbenzene 

(a) Fractional atomic coordinates (esd in parentheses) of non- 
hydrogen atoms ( x lo4) 

Atom x 3' , 

c(1) 2090(2) 4375(5) 58.5(2) 
C(2) 2623(2) 4955(5) 927(2) 
c(3) 2753(2) 5050(5) 1763(2) 
C(4) 2368(1) 4614(4) 2272(2) 
C(5) 1836(1) 4062(4) 1894(2) 
C(6) 1689(1) 3914(4) 1060(2) 
C(2A) 3057(2) 5471(8) 409(3) 
C(4A) 2523(2) 4696(6) 3180(3) 
Ci6A) 1 120(2) 3243(7) 681(3) 
C(7) 11 19(1) 4633(4) 2726(2) 
C(8) 708(1) 3869(4) 31 19(2) 
c(9) 365(1) 491 8(4) 3496(2) 
c(10) 409(1) 6679(4) 3466(2) 
C(11) 8 19(2) 74 1 O(4) 3067(2) 
c(12) 1 174(2) 6383(4) 2699(2) 
Ci13) 19(2) 7829(5) 3818(2) 
C( 14) - 731(2) 7978(6) 4589(3) 
N(1) 681(2) 2 104(4) 3 130(3) 
o(1) 1444(1) 3482(3) 2378(2) 
o(2) - 11(1) 9348(3) 3729(2) 
(23) - 314(1) 6970(3) 4252(2) 

(h) Thermal parameters (U,,) for non-hydrogen atoms ( x  lo3) 

Atom u11 u2 2 u3 3 u12 u13 u2 3 

intramolecular hydrogen bond. In 2-(4'-carbo- 
methoxy - 2'-a1ninophenoxy)- 1,3,5 - triinethylbenzene 
the amount by which the [H(N2)-0(1)] distances is 
less than the sum of Van der Waals radii of the two 
atoms involved (ca. 0.1 A) is not sufficient to indicate 
the presence of a hydrogen bond, according to the 
usual conventions of nomenclature. Nevertheless, the 
interaction appears to be of sufficient strength to 

aKect the conformation of the molecule and perhaps 
thereby its molecular packing. 

The other amino hydrogen atom forms a hydrogen 
bond to the carbonyl oxygen atom, 0(2), of an 
adjacent inolecule removed by one b translation 
from the first. The [N(1)-0(2)] and [H(Nl)-0(2)] 
distances are 2.984(4) and 2.22(4) A respectively. The 
next shortest interinolecular distance involving at 
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(c) Fractional atomic coordinates o f  hydrogen atoms ( x  lo3) 

Atom x Y z B (A2) 

H(1) 2OO(1) 423(4) o(2) 5(1) 
H(3) 309(1) 545(4) 200(2) 3(1) 
H(4A1) 243(2) 378(6) 343(3) 7(2) 
H(4A2) 239(2) 577(7) 339(3) 1 O(2) 
H(4A3) 289(2) 492(6) 335(2) 7(2) 
H(6A1) 105(2) 213(6) 91(3) 
H(6A2) 107(2) 296(5) 13(2) 6(3) 

8(2) 

H(6A3) 84(2) 388(6) 79(3) 7(2) 
H(2A1) 305(2) 467(7) - 4(3) 11(2) 
H(2A2) 293(2) 636(6) 6(3) 7(3) 
H(2A3) 340(2) 534(6) 68t3) 8(2) 
H(N1) 41(2) 164(5) 331(2) 5(1) 
H(N2) 80(2) 162(6) 278(3) 8(3) 
H(9) 10(1) 438(4) 380(2) 4(1) 
H(11) 84(2) 863(5) 306(2) 6(1) 
H(12) 144(1) 686(4) 240(2) 5(1) 
H(14,I) - 90(2) 720(6) 488(3) 9(2) 
H(14,2) - 52(2) 885(5) 497(2) 7(2) 
H(14,3) - 95(2) 859(6) 413(3) 11(2) 

FIG. 3. Stereoscopic view o f  the molecular packing. The a axis points to the right, the b axis is into the page, 
and the c axis points up. 

least one non-hydrogen atom is 2.71(4) A. The 
[C(l3)-0(2)] bond length is 1.198(4) A which com- 
pares with 1.187(3) A in the similar nitro-substituted 
compound (I) where there is no  opportunity for 
hydrogen bonding. 

Substituent EfSecfs and Endocyclic Angles 
The difference in the bond lengths from the 

bridgehead carbon atoms to the ether oxygen atom 
is 0.028 A. This value [A(C-G)] is compared with 
others from related bridged biphenyls in Table 3 
which also summarizes the endocyclic angles of 
several bridged diphenyl compounds. Compound 4 in 
Table 3 is that reported here. The details of the 
structure of con~pound 2 will be reported shortly (1 3). 
The structures of a11 the other coinpounds have been 
reported previously (1). The angles and substituent 
positions in Table 3 are defined in Fig. 4. Some 
values given in Table 3 are averages from two 
molecules in the asy~ninetric unit. The average 
standard deviation in a bond length is 0.003 a. The 
average standard deviation in a bond angle is 0.3'. 

Among the diphenyl ethers of Table 3 (compounds 
1 through 51, the C-0 distances to the bridging 
oxygen atoms ( a ~ l d  therefore the values of A(C-0)) 
appear to be related to the electron withdrawing or 
donating ability of substituents on the phenyl ring to 
which the C atom belongs. 

The electron withdrawing or donating ability of a 
substituent may be inferred from the concept of 
charge dependent electronegativity as expounded by 
Huheey (14). The electronegativity is given by 
-/, = a + b6 wherc 6 is the transferred partial charge, 
n is the inherent electronegativity, and b is thecharge 
coefficient. The electron withdrawing or  donating 
ability (i.e., the value of 6) is then determined by both 
the difference in inherent electronegativities and the 
charge coefficient of the substituent, with small 
values of the charge coefficient leading to large 
values of 6. 

We observe that the compound whose structure is 
reported here (compound 4) has weakly electron 
withdrawing substituents R, and R, and the largest 
C,-O length among the ethers. Compound 1 has 
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C.4N. J .  CHELI. VOL.  57.  1979 

TABLE 2. Least-squares planes 

(a) Equations of planes A x  + By + Bz = D. Coordinates refer to the directions of 
the a, b, and c* axes. The planes are defined in Fig. 2 

Plane A B C D 

(b) Dihedral angles 

Planes Angle (deg) 

two strong electron withdrawing substituents and has 
the shortest C7-0 distance. The largest Cj-0 
distalice occurs for compound 4 for which R ,  is the 
electron donor (CH,),C, and which has a very low 
charge coefficient. The shortest C5-0 distance 
occurs with compound 3 for which R ,  is C1 which is 
weakly electron Lvithdrawing. We attribute this 
variation in bond lengths to the bridging oxygen 
atom to variation in the conjugative effects between 
electrons on the oxygen atom and the n electrons of 
the ring. The unsubstituted ring (compound 2) shows 
a Cj-0 distance similar to that of the nlesityl rings 
(compounds 4 and 5). 

In the case of the C=O and CH, bridging groups, 
the variations in the bond lengths to the bridging 
atom are small as expected. In the case of the SO and 
SO, bridges, the greater interaction is between the 
electron donating phenyl ring and the bridge. The 
shorter bond length is therefore between the mesityl 
ring and the bridging atom. 

Several authors have recognized the effect of the 
electronegativity of the substitue~lt on the hybridiza- 
tion of the substituted carbon atom and on its 
endocyclic angles, but the most complete discussion 
of this and related phenomena is probably that of 
Domellicano and co-workers (4). They identify (i) a 
spatial effect which reduces the endocyclic angle at  
substituents by 2.0 to 2.5", (ii) a hybridization effect, 
previously described by Bent and by Walsh (15), that 
increases the endocyclic angle a t  electron with- 
drawing substituents and decreases it a t  electron 
donating substituents, and (iii) a conjugation effect 
which decreased the endocyclic angle a t  all substi- 
tuents which conjugate with the n electrons in the 
ring. We would add a fourth (ic) effect which is based 

on the fact that in  a planar six-membered ring, the 
angles nlust add up to 720". 

We now wish to determine if these four phenomena 
can be used to explain adequately the deviation of the 
endocyclic angles from 120" in the ten compounds 
listed in Table 3; and if so, their relative importance. 

We note first the values of +, and the average of 
the two si~nilarly affected angles, 4, and $,, in 
compounds 4 to 10 inclusive. These angles may be 
influenced by the spatial effect, the hybridization 
effect, and for (+, + $,)/2, the deviations of angle + 
from 120'. In compound 2 only the latter effect 
applies. I t  would appear that substitution by a methyl 
group or  an  increase in $j from 120" cause similar 
and small decreases in the average of 4, and 4,. The 
angle 4, is also decreased slightly by the substitution 
of inethyl a t  C,. The relative iiilportai~ce of the 
spatial effect and the hybridization effect for methyl 
substituents cannot be inferred from these observa- 
tions. However, the greater deviations of the angles 
$, and (4, + +,)I2 in the case of compound P can be 
attributed to the greater electron donating ability of 
tert-butyl over that of the methyl substituents. In 
co~npound 1, the C1 substituents are electron accep- 
tors and lead to angles greater than 120". The average 
of the two similar angles + I  and +, adjusts to accom- 
 noda ate the changes at  the substituted carbons 
(fourth effect). 

Among the five diphenyl ethers, the angle 4, 
correlates closely with the length of the C5-0 bond. 
In compounds 4 ,  2: 4, and 5 the angie is large and it 
would appear that the bridging oxygen atom, the 
other ring, and its electron withdrawing substituents 
are, from the poirlt of view of C j ,  a large electron 
withdrawing substituent with a !ow charge coefficient. 
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GOPAI. ET A L .  2773 

FIG. 4. Labeling of substituents and endocyclic angles. 

In the C1 substituted ether (compound 3), (4, + +,)I2 
is greater than 12OC, thus forcing 4, to be smaller 
than 120". In the other five bridged diphenyls the 
electron withdrawing effect at  C, is smaller and the - 
value of 4, appears to be more closely dependent on 
(4, + 4,)/2. The large value of 4, for the ethers 
reinforces the decrease of (4, + +,)I2 below 120" 
with the result that 4, - (4, + +,)I2 averages to 
1.6" and for the remaining bridged diphenyls it 
averages to 0.1'. 

Carbomethoxy substituents tend to give endo- 
cyclic angles less than 120' even though carbo- 
lnethoxy is a weakly electron withdrawing substi- 
tuent. We therefore assume the presence of a com- 
bination of the spatial effect and the hybridization 
effect with the former being the larger. Other endo- 
cyclic angles at substituted ring carbon atoms are 
presumably influenced in a similar manner and the 
electron withdrawing or donating substituents should 
therefore be viewed as promoting deviations from a 
base endocyclic angle of approximately 11 8", a value 
consistent with the observations of Domenicano and 
co-workers (4). Therefore the angles 4, and 4,, 
properly reflect the electronegativity of the substi- 
tuents at their respective carbon atoms. Furthernlore 
they do not seem to be affected in any systematic way 
by other substituents or the bridging group. An 
examination of those endocyclic angles which might 
be expected to be affected by conjugation (4, and 4 , 
for conipounds 7 and 8 , 4 ,  and +,, for compounds 1 
through 5) yields no evidence of conjugatioll effects. 

We conclude that the most i m ~ o r t a n t  factors in 
determining distortions in endocyclic angles in these 
compounds is the hybridization effect of electron 
donating or withdrawing substituents. The spatial 
demands of the bonds from the substituent to the 
ring and the indirect effect of highly distorted endo- 
cyclic angles on neighboring endocyclic angles have 
secondary importance. 
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Further studies on the use of the thallium salt of N-hydroxysuccinimide 
for the preparation of succinimidyl esters1 

ALENKA PAQU~I-  
Foot1 Re.\c,circ.lr It~stit~rte. C'iif~titki Depni~tr?~cnr qfAgric~ltitrri.c, Ottciit~u, Of~t . ,  C'nrrci~iii KIA OC6 

Received April 6. 1979 

ALENKA PAQUET. Can. J. Chem. 53.2775 ( 1979) 
An efficient preparation of four alkyl (ethyl, terf-butyl, p-nitrobenzyl, trichloroethyl) suc- 

cinimidyl carbonates from the thallium salt of N-hydroxysuccinimide and corresponding 
chloroformates is described. The general utility of trichloroethyl succinimidyl carbonate is 
demonstrated by its reaction with glycine to give trichloroethoxycarbonylglycine. The prepara- 
tion of succinimidyl esters of numerous fatty acids using the thallium salt of Ar-hydroxysuc- 
cinimide and the corresponding acid chlorides is described. The advantage of this method over 
the N,N'-dicyclohexylcarbodiimide method for the preparation of these esters is demonstrated. 
Succinimidyl y-toluenesulfonate and chloroacetate were also prepared. 

A L E ~ K A  PAQUET. Can. J. Chem. 57.2775 (1979) 
On decrit une preparation efficace de quatre alkylcarbonates de iV-hydroxysuccinimide 

(kthyle, tert-butyle, p-nitrobenzyle, trichloroethyle) i partir des sels de thallium de la IV-hy- 
droxysuccinimide et des chloroformates correspondants. On utilise la preparation de la tri- 
chloroethoxycarbonylglycine a partir de trichloroethylcarbonate de Ar-hydroxysuccinimide 
pour faire ressortir l'utilite de ce dernier. On decrit Cgalement la priparation des esters de 
A'-hydroxysuccinimide de plusieurs acidcs gras a partir du sel de thallium de la N-hydroxysuc- 
cinimide et des chlorures d'acide correspondants. On met en evidence l'avantage de cette 
methode sur celle a la iV,N'-dicyclohexylcarbodiimide. On a egalement prepare les p-toluene- 
sulfonate et chloroacetate de N-hydroxysuccinimide. 

[Traduit par le journalj 

We have recently described a simple preparation 
of the thallium salt of N-hydroxysuccinimide 
(TlONSu) and its reaction with acid chlorides, which 
affords the corresponding succiniinidyl (ONSu) 
esters in high yields (1). Within the extension of the 
research in this laboratory, we have explored the 
TlONSu for further preparation of various suc- 
cinimidyl esters. 

Alkyl succinimidyl carbonates (1) can be used for 
facile introductioil of  ret thane type (ROCONH-) 
protecting grocls  in amino acid chemistry, essen- 
tially as described for acylation of amino acids by 
ONSu esters (2-4). The TlONSu provides a con- 
venient starting material for the preparation of these 
compounds. We report here the preparation of two 
known compounds, ethyl succinirnidyl carbonate, 
l a  (51, and tert-butyl succinimidyl carbonate, I b  
(5, 6 ) ,  and two new analogues, p-nitrobenzyl suc- 
cinimidyl carbonate, Ic, and trichloroethyl suc- 
cinimidyl carbonate, Id.  The succinimidyl carbonates 
(la-cl) were prepared from corresponding chloro- 
formates and TlONSu in an inert solvent as described 
previously for the preparation of benzyl succinirnidyl 
carbonate (1). All chloroformates were commercially 
available except for tert-butyl chloroformate, which 

'Contribution No. 388 from the Food Research Institute, 
Agriculture Canada, Ottawa, Ont., Canada. 

was prepared in situ from phosgene, tert-butanol, 
and pyridine a t  -30°C (7, 8). In addition, Pb was 
prepared by reaction of succil:imidyl chlorofor~nate 
with tert-butanol. The succinimidyl chloroformate 
was obtained in 90% yield from TlONSu and phos- 
gene. This yie?d is superior to that reported for the 
preparation of this compound using KONSu and 
phosgene (5). 'Pile co~npounds 1 are described in 
Tabie i .  

The utility of l a  and IF has been demonstrated 
previously ( 5 ,  6, 9). The compound Id could be used 
instead of trichloroethyl chloroforinate for the iatro- 
duction of the trichloroethoxycarbonyl group (10, 
1 I ) ,  namely for the selective protection of an  arnino 
group in the presence of a hydroxy group. A general 
example of the utility of Id is described in this com- 
munication by its reaction with glycine in the pres- 
ence of 1 equivalent of sodium bicarbonate giving 
an  85% yield of trichloroethoxycarbonylglycine. 

The TlONSu was also found to be useful for the 
preparation of ONSu esters of fatty acids (2) .  Its 
reaction with corresponding acid chlorides does not 
give any side products and affords high yields. Thus, 
succinimidyl butyrate (2a) and succinimidyl caproate 
(2b) were prepared by refluxing equivalent amounts 
of TlONSu and butyryl and caproyl chlorides for 
2-4 h giving yields of 88 and 90%, respectively. 
When working with long and medium chain fatty 

0008-4042/79/202775-04$0 1 .oo/o 
I979 National Research Council of Canada/Conseil national de recherches du Canada 
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I1 

TABLE 1. Alkyl succinimidyl carbonates 1 (ROCONSu)" 

Analysis (%) 
-- 

Melting point ("C) C H N 
Yield Molecular -- 

R Found Ref. 5 (%) formula Calcd. Found Calcd. Found Calcd. Found 

I n  Ethyl 50-51 50-52 90 - 

I b  tert-Butyl 98-101 98-100 75b 64' - 
l c  p-Nitrobenzyl 130 - 90 CI2Hl0NZO7 48.98 48.68 3 .42  3.49 9.51 9.26 
Id  Trichloroethyl 113* - 90 C7H6CI3NO5 28.94 28.91 2.08 2.11 4.81 4.69 

"Infrared and nmr spectra of ail compounds were in accord with their structures. 
bFrom the reaction of terf-butyl chloroformate and TIONSu. 
'From the reaction of s~iccinimidyl chloroformate and fert-biitanol. 
dSoftens at  108°C. 

acids, milder reaction conditions (room temperature 
and shorter reaction time) can be used, giving the 
pure ONSu esters in 92--95";,ields after recrystal- 
lization froln ethanol. 

We have found that the Ir!OhlSu method is 
superior to the N,N1-dicyclohexy!carbodii~~~ide (DCC) 
method for the synthesis of these esters. The DCG 
method gives high yields of ONSu esters of acyl- 
amino acids (2, 3, 4), but it is less convenient for 
work with the less reactive fatty acids. When fatty 
acids were coupled with N-hydroxysuccinimide 
using DCC, several side products were formed in all 
cases. Moreover, complete removal of the N,N'-di- 
cyclohexylurea (DCU) was not always possible. 
Purification of ONSu esters by repeated crystalliza- 
tion gave satisfactory results with medium and long 

chain fatty acids (starting with caprylic), but was not 
efficient when working with shorter fatty acids. For 
example, succinimidyl butyrate (2aj !vas prepared 
from butyric acid and AT-hydroxysucci:?ir;?ide, using 
DCC in ethql acetate: according to the usual pro- 
cedure for the preparation of ONSu esters of acyl- 
amino zcids (2 ,  3, 4). The DCU was separated by 
filtratinn and the inaterial remaining in solution was 
isolated by fractional crystallization. The first com- 
pound which crystallized was identified as N-butyryl- 
N,N1-dicyclohexylurea on the basis of its ineiting 
point, infrared spectrum, and elemental analysis. 
The low melting 2a could not be completely freed 
from N-acylurea, despite the fact that only a small 
amount of it was formed during the reaction. At- 
tempts to purify 2a by means of column chromatog- 

R'-C-Cl 
I l 

TIO-N 3 O 

R'-C-0-N 

0 
I /  '5 
0 0  
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TABLE 2. Succinimidyl esters 2 (RCONSu)" 

Analysis ( % J h  

Melting 
0 point ( C )  C H N 
I I - Molecular - - 

RCO- Found Ref .  19 Formula Calcd. Found Calcd. Found Calcd. Found 

2a Butyrate 
26 Caproate 
2c Caprylate 
2d Caprate 
2e Laurate 
2J Myristate 
2g Palmitate 
2h Stearate 
2i Chloroacetate 
2jp-Toluensulfonate 

Qlnfrared and nmr  spectra of all compounds were in accord a i t h  their structures. Compounds 2r-2h prepared using DCC method Mere obtained in yields 
85-88%. Compounds 2a-Zj prepared using TlONSu method mere obtained In yields 90-95%. 

b rhe  elemental analyses o f  ONSu esters were obtained by analyzing products from the T1ONSu method. The  esters obtained using D C C  method he re  
identified by comparing their Ri values o n  tlc, physicochemical constants, and infrared spectra with the products obtained using the TlONSu method. 

raphy failed due to its partial decomposition. Thus, 
sufficient quantities of pure 2a for further work could 
not be obtained using the DCC method. 

N-Acylurea formation has previously been ob- 
served during peptide synthesis (12, 1 3 ) .  It arises 
from the intermediate 0-acylisourea by internal 
nucleophilic substitution (14). I t  is likely that the 
formation of fatty N-acylurea assumes the same 
pathway. The fatty acid chain must interfere with 
the reaction of the intermediate 0-acylisourea with 
the N-hydroxysuccinimide, thus proilloting intra- 
molecular reaction to give the N-acylurea. 

When 2a was prepared in dioxane, another side- 
product precipitated out together with the N-acylurea 
and was isolated by fractional crystallization from 
dioxane. On the basis of its melting point and elemen- 
tal analysis, this compound is considered to be the 
succinimidyl ester of succinimidoxycarbonyl-p-ala- 
nine, a compound previously isolated by others 
during the preparation of ONSu esters of less reac- 
tive amino acids (15). The structure of this compound 
has been established by Gross and Bilk (16), who 
also showed that it is formed from N-hydroxysuc- 
cinimide, itself, in the presence of DCC, and that it 
can be expected to  form during the conversion of 
slowly reacting acids into their ONSu esters using 
DCC. 

Succinimidyl ester of succinimidoxycarbony1-P- 
alanine was also detected by tlc during the prepara- 
tion of 2a in ethyl acetate, but was not isolated. 

The next even chain fatty acid derivative, suc- 
cinimidyl caproate (26) behaved similarly to 2a 
during purification. Compound 26 was eventually 
obtained in a pure state, in 78% yield after three 
recrystallizations from ethanol. However, yields 

varied due to partial decomposition during repeated 
crystallization. The esters obtained by the two dif- 
ferent methods are described in Table 2. 

Two other esters, succinimidyl chloroacetate (2 i )  
and p-toluenesulfonate ( 2 j )  were also obtained in 
high yields using TlOiUSu and chloroacetyl and 
p-toluenesulfonyl chloride respectively. Compound 
2i may in some cases conveniently replace chloro- 
acetyl chloride for the introduction of the chloro- 
acetyl group in amino acid chemistry (17). Further- 
more, there exist claims in the patent literature to the 
use of succinimidyl chloroacetate as a starting mate- 
rial for the preparation of succinimidyl esters of 
various acids (18). Thus, the simple preparation of 
2i may bring some improvement in this field as well. 

We have previously described the acylation of the 
side chain amino group of a-unprotected lysine 
using succinimidyl palmitate in the presence of 
triethylamine ( 1 ) .  Further studies have shown that 
for work with shorter fatty acids, sodium hydroxide 
should be used instead of triethylamine in some cases 
(results to be published). Reinvestigation of the pre- 
viously reported reaction between lysine and benzyl 
succinimidyl carbonate in the presence of methanolic 
potassium hydroxide (1) leads us to the conclusion 
that the yield reported (85%) was higher than that 
which can actually be obtained. The product of the 
reaction was not, in fact, homogeneous. 

Experimental 
Melting points were determined on a Koffler Block and are 

uncorrected. Nuclear magnetic resonance spectra were re- 
corded on a Varian 7-60 spectrometer in deuteriochloroform. 
Infrared spectra were determined with a Beckman-IR-20 spec- 
trometer in chloroform. Thin  layer chromatography was 
carried out on precoated plates (Analtech, Inc., Newark, DE, 
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U.S.A.). Fatty acid chlorides were purchased from N U  CHEK 
PREP, Inc., Elqsian, MN, U.S.A. 

Derivatikes 2b and 2c were synthesized using the TlONSu 
method as indicated for 20. The esters 2d-h were prepared 
uslng this method as described for the preparation of suc- 
cinimidyl myristate 2f.  The preparations of ONSu esters using 
D C C  mere carried out as described for the preparation of 
succinimidyl mlristate 2 f. 

S ~ t c c i ~ ~ i r n i d ~ ~ l  Butyrate (2a) 
To a stirred solution of 2.13 g (20 mmol) of freshly distilled 

butyryl chloride in 25 mL of dry methylene chloride was added 
6.36 g (20 mmol) of TlONSu in small portions. The mixture 
was refluxed and stirred under a stream of nitrogen for 3-4 h 
(until the tlc anal3sis did not show any chloride present). The 
thallium chloride was removed by filtration through a Celite 
pad, resuspended in methylene chloride, and filtered. The 
combined filtrate was washed with 10% aqueous sodium bicar- 
bonate and water, dried over sodiuln sulfate, and the solvent 
was evaporated under reduced pressure. The oily residue upon 
addition of ether and chilling gave 32.5 g (88%) of 2a. 

Succinin2idj~l114yiisfnte (2s) rising TlONSll 
A mixture of 2.46 g (10 mmol) of myristyl chloride and 

3.18 g (10 mmol) of TlONSu in 20 mL of dry nlethylene chlo- 
ride was stirred at  room temperature for 1-2 h (until the tlc 
analysis did not show any chloride present). Workup as de- 
scribed for 2a followed by crystallization from ethanol gave 
2fin 95% yield. 

Succinirnidj~l Myristnte (2f) lrsir~g DCC 
To a stirred solution of 5.8 g (50 mmol) of N-hydroxysuc- 

cinimide and 11.42 g (50 mmol) of myristic acid in 75 mL of 
dioxane was added 10.3 g (50 mmol) of DCC in small por- 
tions. The mixture was kept overnight at 0-C and then D C U  
was filtered off. The solvent was removed under reduced pres- 
sure and the crude product was recrystallized twice from 
ethanol to give 13.8 g (85%) of 2f. 

Isolation of N-Butyryl-N,N'-dicyclohexyl~irrn 
To a suspension of 26.4 g (0.23 mol) of ilr-hydroxysuc- 

cinimide in 980 inL of ethyl acetate, 20.2 g (0.23 mol) of freshly 
distilled butyric acid and 4.74 g (0.23 mol) of DCC were added. 
The mixture was stirred at room temperature for 1 h and kept 
at  5'C overnight. The DCU was removed by filtration, and 
two further crops were separated from the concentrated fil- 
trate. Three crystallizations of the r e s i d ~ ~ e  from ether gave 
3.77 g of hr-butyryl-iCi,N'-dicyclohexylurea. A sample, recrys- 
tallized from dioxane had mp 149 C. Infrared: 15 10-1540, 
1660, 1705 em-'. Ailal. calcd. for Cl,H,,N20,: C 69.34, H 
10.27, N 9.51; found: C 69.33, H 10.13, N 9.70. 

Isolntion of Slrccinirnidyl Ester of Sttccinit~~ido.rycarbony/-p- 
alnnine 

This compound was isolated from the attempt to  synthesize 
2a in dioxane using 0.023 mol of each reagent essentially as 
described above for the synthesis of 2fusing DCC. After the 
removal of DCU by filtration and concentration of the filtrate, 
370 mg of a mixture of N-acylurea, DCU, and succini~nidoxy- 
carbonyl-B-alanine lV-hydroxysuccinimide ester was obtained. 
Fractional crystallization from dioxame gave 250 mg of the 
pure P-alanine derivative, rnp 163-165°C (lit. (16) mp 156- 
163,C, dioxane-ether or acetonitrile-ether). Anal. calcd. for 
C12H13N308:  N 12.83; found: N 12.48. 

Srrcciniti~idyl Cl~loroncetafe (21) 
A suspension of 112.9 mg (1 mmol) of chloroacetyl chloride 

and 318.4 mg (1 mmol) of TIONSu in 3 mL of dry chloroform 
was stirred at room temperature for 2-3 h.  The thallium chlo- 

ride was filtered off, resuspended in chloroform, and filtered. 
The combined filtrate was washed with 10% aqueous sodium 
bicarbonate and water, dried over sodium sulfate, and evapo- 
rated to dryness. The crude product was recrystallized from 
ether to give 176.3 mg (92%) of the product. 

Succinimidyl p-Toluen~u~onnte (2j) 
A mixture of 190.6 mg (1 mmol) of p-toluenesulfonyl chlo- 

ride and 318.4 mg (1 mmol) of TIONSu in 5 mL of dry chloro- 
form was stirred at  room temperature for 2-3 h.  Work-up as 
described for 2i, followed by crystallization from chlorofornl- 
hexane gave 242.5 mg (90%) of 2j. 

Trichloroethoxycarbonylgl~ci~ze 
To  the stirred solution of 450 mg (6 mmol) of glycine and 

540 mg (6 mn~ol)  of sodium bicarbonate in a mixture of water 
(12 mL) and tetrahydrofuran (3 mL) was added 1.74 g (6 
mmol) of Id. After stirring overnight, the mixture was acidi- 
fied, and then concentrated to a small volume in cacrto. Addi- 
tion of a small amount of water and chilling afforded 1.26 g 
(84%) of crystalline trichloroethoxycarbo~lylglycine; mp 126- 
127'C. Anal. calcd. for C,H,O,CI,N: C 23.97, H 2.41, N 
5.59;found:C24.00,H2.48,N5.58. 
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Electron spin resonance of Mn2+ impurity ions in Moo3-pumice catalyst 
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K .  C. KHULBE. R .  S. hI.xh\. N .  T.xN. and A .  M A \ O O G I ~ ~ .  Can. J .  Chern. 57, 2779 (1979). 
The electron spin resonance of Mn2+  impurities in the MOO,-pumice system is studied 

along with the behavior of the system in the oxidation of methanol to formaldehyde. The 
intensity ofthe Mn2+ esr lines and the rate of catalytic conversion were both found to pass 
through a maximum at the same catalyst concentration. The results can be qualitatively 
explained in terms of the ion sites at  the MOO,-pumice surface. 

K .  C. KHULBE.  R.  S. M 4 ~ h .  N. T A ~  et A.  hf-\hooCil~\ .  Can. J .  Chem. 57. 2779(1979). 
On a etudie le spectre de resonance paramagnetique electronique des ions Mn2-- contenus 

comnle impurete dans le systeme de catalyseur MOO, depose sur de la ponce ainsi que le com- 
portenlent de ce dernier lors de l'oxydation du methanol en formaldehyde. On a trouve que 
l'intensite des lignes spectrales des ions Mn2' et la vitesse de conversion catalytique atteignent 
un maximurn pour la mime concentration de catalyseur. Ces resultats peuvent Ctre expliques 
qualitativement en fonction de la position des ions i la surface du systeme MOO,-ponce. 

[Traduit par le journal] 

Catalysts based on molybdenum oxide are widely of hyperfine lines is norn~ally observed, since its 
used in oxidation, hydrodesulfurization, and hydro- position is nearly independent of the external mag- 
carbon reactions (1-7). A mixture of two or more netic field direction. The outer four fine structure 
metal oxides has been found to be very useful for lines are broadened due to thcir strong magnetic 
obtaining high yields of formaldehyde from methanol field dependence in crystalline electric fields with 
oxidation. Molybdenum on several supports was symmetry lower than cubic. The esr spectrum due to 
studied by electron spin resonance (esr) and a number these lines is usually observed as only a broad hu111p 
of correlations were obtained betneen catalytic superimposed on the resolved central line. The esr 
activity and intensity of the molybdenum esr signal was done at X-band n~icrowave frequency (-9.4 
(1,5,7). No esr studies have been reported for MOO,- GHz) using a conlmercial spectrometer. Most of the 
pumice catalyst even though pdmlce 1s uidely used measurements iveie performed at room temperature 
as a support material The purpose of the present but some were done a t  liquid nitrogen temperature 
)cork is to study the esr of Mn2-  impurit~es which (-196 C) 111 order to check for extra llnes whlch 
exist in the MOO,-pumice system, and to correlate 
the results with the behavior of the catalysts in the 
oxidation of methanol to formaldehyde, which is also 
studied. 

Pumice is a hard glossy lava of volcanic origin, and 
is a coillplex silicate of sodium. potassium, mag- 
nesium, iron, and aluminunn. It has a low surface 
area, is a porous material, and is a relatively inert 
support. Manganese is a natural impurity in pumice 
but it exists in a valence state which does not produce 
any esr 11nes. H o ~ e v e r ,  when MOO, is added to 
pumice the esr lines of Mn2+ are observed. Mn2+ 
( S  = 512, 1 = 512) prodi~ces five fine structure esr 
lines, each of \ ~ h l c h  1s split Into six hyperfine l~nes  
due to  the interactron telm Ah'. S,  where A 1s the 
hyperfine parameter In po\+ders only the central 
fine structure llne (M, = i,'2 + - 1/21 with its sextet 

might appear more favorably at low temperature. 
In the preparation of the catalyst, pumice (Fisher, 

size 8 mesh sieve) was ground and o~lly 30-40 mesh 
size grains were used. The grains \yere lvashed with 
concentrated hydrochloric acid and then with dis- 
tilled water until no precipitate was formed after 
applying a silver nitrate solutior;. They Lvere then 
dried overnight in an oven at 110°C. The molyb- 
denum doped pumice was prepared by impregnating 
the required amount of pumice with a calculated 
amount of ammoniuni n~olybdate solution in water. 
The mixture was then slowly dried over a hot water 
bath and then dried further for 3 h at 1 102C. It was 
finally calcined from 200 to 6.5OcC by raising the 
temperature continuously at the rate of 10O1C/h and 
then heating continuously for 18 h at 650°C. The 
catalytic air oxidation of methanol vVas investigated 
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in an isothermal fixed bed integral flow reactor, using 
an apparatus described previously (8). 

Chemical analysis of pumice was carried out in 
order to determine the impurity concentration of 
manganese. In the analysis procedure 0.0789 g 
pumice was dissolved in a mixture of 2 mL per- 
chloric acid plus 5 mL hydrochloric acid, and the 
solution was evaporated to dryness. The residue was 
dissolved in 5 mL of 6 N HC1 and the volume was 
then increased to 30 mL by adding distilled water. 
The manganese concentration of the solution was 
measured quantitatively by atomic absorption spec- 
troscopy and found to be 0.053 w t . z  in the pumice. 
The ammonium molybdate was also ana!yzed for 
manganese content but no trace of the impurity vi7as 
found. 

The esr spectrum of pumice itself did not show the 
presence of any Mn2+ esr lines. Only two broad low 
intensity humps were observed, one at g -- 4 and the 
other at g -1: 2, which are likely due to Fe3+ im- 
purities. Figure l a  shows the esr spectrum obtained 
when 10 w t . z  of MOO, was doped on pumice. The 
six line spectrunl can be attributed to Mn2+ ions 
which are likely formed from non-paramagnetic 
manganese impurities originating in the pumice. The 
six lines have nearly equal spacings and intensities, 
and are due to the hyperfine splitting of the Mn2+ 
M, = 112 -, - 112 fine structure line. The hump on 
which the six lines are superimposed is due to the 
broadened M, = 1312 -, + 512 fine structure lines. 
This result indicates that the crystalline electric field 
at  the M n 2 +  site contains a small non-cubic com- 
ponent. From the average magnetic field position of 
the hyperfine lines the Mn2+ g-value was calculated 

to be 2.000. The average separation of the hyperfine 
lines is 81 cm-' and, to first order in pertur- 
bation theory, this spacing represents the magnitude 
of the hyperfine parameter A.  The A value can be 
used to give information about the number and type 
of ligands surrounding the Mn2+ ion in the material. 
From a plot of the average value of the hyperfine 
parameter vs. the covalency parameter divided by the 
number of coordinated ligands (9) it is seen that the 
value of A = 81 ( w 4 )  cm-' corresponds to an 
environment of six 02- ions. When the esr spectrum 
was run at low temperature (- 196°C) it was ob- 
served that sharp low intensity doublet lines exist 
between each pair of hyperfine lines. This is the 
pattern expected for Mn2 + first-forbidden hyperfine 
lines (AM, = + 1) for the = 112 -t - 112 transi- 
tion. 

Figure 2 shows the relative intensity of the MnZt 
allowed hyperfine lines for various concentrations of 
Moo,  on pumice. It is observed that the intensity of 
the Mn2' lines increases steadily up to 6.9 rvt.x of 
Moo,,  after which it declines. It was also noted 
during the course of the experiment that the color of 
the 6.9 w t . z  M o o ,  catalyst was crea~nish brown 
while the others were yellow grey to dark yellow grey, 
depending on the concentration of MOO,. When the 
MOO,-pumice catalyst was calcined further at 
700°C the esr spectrum changed as shown in Fig. l h .  
The Mn2' lines become superimposed on a large 
broad line centered at g = 1.965. There is no effect 
on the ~ n ~ +  line intensities due to the calcination. 
The broad line can be attributed to Mo5+ or Mo3' 
ions, which are paramagnetic and have g-values 
known to be near the measured value of 1.965 (1,7, lo). 

FIG. 1. (0) Electron spin resonance spectrum of Mn2+  
impurities in 10 wt.% of M o o 3  doped on pumice, and (b) esr 
spectrum obtained when calcined further at  700°C. 

Mo "10 wt.  on pumlce 

FIG. 2. Relative intensity of Mn2+  esr lines for various con- 
centrations of MOO, on pumice. 
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In  the corlversiol1 of methanol to formaldehvde it 
was observed that the relative conversion increased 
with increasing MOO, concentration on pumice up 
to a maximuln of 6.9 wt.% MOO, and the11 decreased 
(Fig. 3). The selectivity of formaldehyde formation 
for the catalysts was always 100% since only formal- 
dehyde could be detected after reaction. Figures 2 and 
3 shoiv that both the Mn2+ esr line intensities and the 
conversion rate maximize at the same catalyst con- 
centration. It  was observed in the used catalysts that 
the Mn2' line intensities did not change after 
reaction. 

In order to check if the existence of manganese 
ions in the Mn2' state was dependent on the doping 
material, catalysts of 1 wt.",n, Cu, Ni, and Fe 
doped on pumice \yere prepared in a siiililar way as 
for the MOO,-pumice catalyst. However, no esr 
signals due to Mn2+ ions were observed in any of 
these systems. This result suggests that the close 
relationship which was found to exist between the 
M n 2 +  esr line intensities and the catalytic activity of 
the Moo3-pumice system is dependent on the MO 
ion or on the nature of the Mo ion sites. 

We also studied the esr spectrum of 2 wt.% MOO, 
doped on kieselguhr. The catalyst was prepared in a 
similar nay as that described for Moo3-pumice. 
Kieselguhr is a naturally occurring low surface area 
material and is derived from marine life. It has a 
diatomic cellular structure and is composed entirely 
of semi-arnorphous silica. The esr spectrum obtained 
(Fig. 4) is due to M n 2 +  ions and is similar to that 
obtained in pumice except that the hyperfine lines are 
now broadened. The broadening may be due to a 
spread in A values for the Mn2' ions, but the average 
A value is the same as that obtained in the Moo3- 

O A " " " ~ " " "  5 10 

Mo "10 wt.  on pumlce 

FIG. 3. Percent conversion of methanol to formaldehyde vs. 
the concentration of M o o ,  on pumice. 

FIG. 4. Electron spin resonance spectrum of 2z M o o j  on 
kieselguhr. 

pumice catalyst. No Mn2+ lines se re  observed in 
undoped kieselguhr. 

A qualitative expla~lation can be made regarding 
the behavior of the MOO,-pumice catalyst. When 
molybdenum oxide is added to the support it forms a 
chemical bond with the surface atoms. For low 
dopant concentrations the rnolybdenum oxide likely 
for~ns a monolayer 011 the pumice surface, mith Mo 
atoms in tetrahedral (Mo.40'-) and octahedral 
(Mo.602-) sites, as is its usual habit (5). As the 
molybdenum oxide conceiltratioll is increased then 
normal M o o ,  is forrlied (5) .  This material possesses 
a rhombic lattice and consists of Mo6+ ion$ in 
strongly deformed octahedra of oxygens. A correla- 
tion between catalytic activity and Mn2' esr line 
intensities can be made if the Mn2' sites are located 
in the Moo3-pumice interfzce structure. As the 
loading of M o o 3  increases, the exposed surface area 
of MOO, will increase up to the point where all the 
pumice surface is covered. The increasing MOO, 
surface area mill account for the increased catalytic 
activity up to the point of maximum coverage. The 
area of the MOO,-pumice interface also increases up 
to this point, hence accounting for the increased 
Mn2+ ion content. Beyond the point of maximum 
loading the state of the molybdenum oxide layer is 
likely affected by the thickness of the layer, causing 
both the catalytic activity and the Mn2+ presence to 
decrease. 
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Rate-acidity profiles for exchange of the 4-methyl protons in amino, irnino, and keto 
pyrimidines 
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Ross STEWART, STEWART J. GUMBLEY, and R. SRINIVASAN. Can. J. Chem. 57,2783 (1979). 
The rate of exchange of deuterium for protium in the 4-methyl groups of 2-imino-1,4- 

dimethyl-1,2-dihydropyrimidine fl), 1,4-dimethyl-2-pyrimidone (2), and 4-methyl-2-amino- 
pyrimidine (3) has been determined in aqueous solution over an acidity range of some 21 
pH(N,) units. The various exchange routes involve attack by base (water, hydroxide ion, buffer 
anion) on substrate (nestral, singly protonated, doubly protonated) and the identities of the 
principal components across the acidity spectrum have been established for all three com- 
pounds. The Brmsted slope, kinetic isotope effect, and activation parameters for 1 have also 
been determined. Protonating 1 activates it toward exchange by a factor of lo3;  addition of a 
second proton has a further effect of > LO5. The activating effects of the imino group, the car- 
bony1 group, and the protonated imino group in these compounds are in the ratio 10-' : 1 : lo2.  

Ross STEWART, STEWART J. GUMBLEY et R .  SRINTVASAA. Can. J .  Chem. 57,2783 (1979). 
On a determine, en solution aqueuse sur une large echelle d'aciditt de quelque 21 unites de 

pH(Ho), la vitesse d'echange des protons par des deuterium des groupes methyl-4 de l'imino-2 
dimethyl-1,4 dihydro-1,2 pyrimidine (I), de la dimethyl-1,4, pyrimidone-2 (2) et de la methyl-4 
amino-2 pyrimidine. Les differentes voies d'echange impliquent i'attaque du substrat (neutre, 
simplemect ou doublement protone) par une base (eau, ion hydroxyle, tampon anionique) ei 
on a identifie les principaux composants a travers le spectre d'acidite des trois composts. On a 
Cgalement determine pour le compose 1 la courbe de Brmsted, l'effet isotopique cinttique et 
les paranietres d'activation. La protonation de 1 l'active vis-a-vis de l'echange par un facteur de 
lo3, l'addition d'un second proton a un effet plus grand de l'ordre > lo5. Dans ces composes, 
les effets d'activation des groupements imine, carbonyle et des groupements imines protones 
sont dans un rapport l o - ' :  1 : loZ. 

[Traduit par le journal] 

Introduction The present work examines three derivatives of 

Proton loss from an activated carbon-hydrogen pyrimidine, the imino and keto compounds 1 and 2, 

bond is the critical in enolization, and thus is and the fully aromatic aminopyrimidine 3. All have 

the step that initiates a number of important reac- a group at the '-position that undergoes 

tions of organic chemistry and biochemistry. The exchange in D2°3 brought about attack of base 

usual activating unit in the enolization process is the on the neutral substrates or their conjugate acids. 

carbonyl group, either free or protonated, and the 'Omparing the rate Of reaction Of with that of the 

activation that accompanies protonation of the car- conjugate acid of P will give the relative effectiveness 

bony] group has been the subject of a number of the ca rbon~l  and protonated imino groups at 

papers from this laboratory (1-6). activating the 4-methyl group with respect to proton 

In 1964 Bender and Williams (7) pointed out that loss. We shown (6) that the proton 

the equilibrium of protonated ketone activating factor, paf. for is lo3, that is Ihe 
would be too low to provide effective activation at 4-meth~1 group in the conjugate acid of reacts 

physio~ogical pH and they considered the possibility 3 x lo3 times faster with bases than does 2 itself. It 

that the protonated imino analog (protonated ket- be that the conjugate acids of and 
imine or Schiff9s base) might fulfill this role. They esti- have the quite different structures l a  and 20, the 

mated that a typical prceonated ketimine is 103 times former closely resembling 3a, one of the tautomeric 

less reactive than the protonated ketone with respect 
to proton loss from the methyl group, but 108 times CH3 

I 
CH3 

more reactive than the ketone itself. Hine (81, 
I 

Spencer (9), and others have also been concerned 
with this alternative mode of activation and their 
results suggest that the latter factor is only of the CH3 CH3 
order of IQ3 (86, 96). I 2 

0008-40421791202783-07$0 1 .OO/O 
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pair that are the conjugate acids of the true pyrimi- 
dine 3. 

Compounds 1 and 3 are of interest since they 
should behave quite differently in their neutral forms 
but almost identically in their cationic forms l a  
and 3a. 

We herem report the rate-acidity profiles for ex- 
change of the 4-met%yi groups In 1-3 in D,O over an  
a c ~ d ~ t y  range that covers some 21 pH(H,) u n ~ t s  (10). 
I t  1s not clear u h ~ c h  a c ~ d ~ t y  funct~on is the most ap- 
propl~ate  for the present systenls and we hake chosen 
to use Do, the analog of H,, throughout, partly be- 
cause of lts fam~llarity and partly because the prlncl- 
pal alternative funct~on H A  has not been determined 
fol deuterated media 

Results and Discussionm 

The effect of acidity on the rate of e x c h a ~ g e  of the 
4-methyl groups in 1, 2, and 3 is shown in Figs. 1 
and 2. The measurements for the points in Fig. 1 
were made in 0.2 M aqueous phosphate buffer over 
most of the acidity range; aqueous sulfuric acid was 
used in the strongly acidic (Do)  region, and aqueous 
sodium hydroxide for solutions more basic than 
p D  12. 

Since the reactions are subject to general acid and 
general base catalysis the rate at  any acidity will de- 
pend on the identity and concentration of the buffer 
acids present, and the curves in Fig. 1 can be con- 
sidered as simple log (rate) vs. p D  profiles in which 
the only acids and bases involved in the exchange 
would be D', DO-, and D,O: on which are super- 
imposed contributions from the buffer components 
and from self-catalysis. The latter phenomenon, in 
which the neutral heterocycle acts as the base in 
removing the exchanging proton from the conjugate 
acid, can be important at  acidities near the pK of the 
substrate. 

Figure 2 refers to solutions in which no buffer was 
used. Control of acidity in these experiments de- 
pended to a large extent on the buffering ability of 
the substrates, which in turn varied considerably 
across the p D  spectrum. By measuring p D  before 
and after exchange with a glass electrode reasonably 
reliable values of the acidity could be obtained. 

i , 4 - D i m r ? l 1 ~ l - 2 - i r n i 1 ~ 0 - 1 , 2 - d i I ~ y d r o p ~  ( I )  
Acid and base catalyzed exchange in D,O of the 

FIG. 1 .  Log rate-acidit) profiles for 1 (triangles), 2 (circles), 
and 3 (squares) in DzO containing 0.2 M phosphate buffer, 
except for points represented by closed symbols, which contain 
D,SO, or NaOD instead of buffer; k,,, in units of min- ' ;  
substrate concentrations 0.2 hf. 

FIG. 2. Log rate-acidity profiles for 1 (triangles) and 2 
(circles) in unbuffered D z O  using D,SO,, DCI, or NaOD to 
control the acidity; k,,, in units of min-'; substrate concen- 
trations 0.2 iM. 

.?-methyl group in this compound has previously 
been observed by Batterham. Brown, and Paddon- 
Row, who produced a partial rate-acidity profile for 
the closely related l,4,6-trimethyl compound (11). 
Their results for the latter compound are compatible 
with our more extensive study of I. 

The curves in Fig. 1 (buffered) and Fig. 2 (unbuf- 
fered) represent essentially the three exchange 
mechanisms shown in eqs. [I]-[3]. Only the imme- 
diate exchanging intermediate formed in the rate- 
controlling step when base removes a proton from 
the 4-methyl group is shown in each case. For  the 
sake of convenience the hydrogen atoms attached 
to oxygen and nitrogen atoms in the formulas are 
represented by the symbol H rather than D .  The 
bases that contribute significantly to the three reac- 
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tions are identified in parentlieces below the arrows. 
the various buffer anions being represented by the 
symbol A- .  

C;H3 i rH3 1- 

\ 
exchange 

1 

CH3 

+ exchange 

In  the most basic systems studied the principal 
exchange reaction for 1, pK,,+ = 11.4, is given by 
[I]. The rate is roughly proportional to the deu- 
teroxide ion concentration, as can be seen from the 
results of Fig. 2 where the straight line has been 
drawn with unit slope. The plateau near p D  12 pre- 
sumably corresponds to the contribution from path- 
way [2] with the role of base being played by deu- 
teroxide ion. This reaction will be pQ-independent 

t 

+ exchange 

CH3 
I 

in solutions in which the concentration of the con- 
jugate acid is small, i.e., when the p D  is greater than 
about 12. 

The paf (1) for I ,  that is the ratio of the rate con- 
stants for l a  and 1 reacting with the same base, is 
determined from the curve in Fig. 2, as follows. For  
hydroxylic catalysis, routes [ I ]  and [2] make equal 
contributions to the rate of exchange when the 
overall rate is twice that at  the plateau, that is at  
about p D  14.5. At this point eq. [4] is satisfied 
and, thus, paf is equal to 101'.4/10-14.5 or lo3.'. 
In  other words, protonating 1 to give l a  activates the 
inolecule towards prototropic exchange a t  the 
4-methyl group by a factor of about one thousand. 

CH3 
I 

This value is about one-third that previously ob- 
served (6) for the analogous keto cornpound 2, a very 
modest difference in view of the dissimilar charge 
distributions in the two cations l a  and 2a. 

H H 
CH3 CH2 

As the basicity is reduced below the pK,,- (1 1.4) 
the rate drops in both the buffered and unbuffered 
systems as a result of the hydroxide ion concentra- 
tion decreasing while the concentration of l a  re- 
mains the same. The slope of the log /< vs. p D  plot is 
linear in the p D  region 7-11 in the unbuffered sys- 
tems but a large contribution from buffer catalysis 
and possibly self-catalysis is apparent fro111 the curve 
in Fig. 1 .  At p D  8 the uncatalyzed rate is less than 
10; of the buffer catalyzed rate. The more thorough 
analysis of buffer catalysis and self-catalysis that was 
made for 2 is described in the next section. 

The rate minimuin for 1 occurs near p D  4 in phos- 
phate buffer and near 6 in the unbuffered systems. 
As the acidity is increased the rate of exchange rises 
and the difference between the unbuffered and buf- 
fered system vanishes. We assign this exchange path 
to reaction of the dication with water, eq. [2]. The 
slope of the line between p D  0 and 2 is close to unity, 
as required for such a reaction path. We have mea- 
sured the pk',,,,2., for l by nrnr and find the position 
of half-protonation to be at  -2.61 on the H, scale. 
It is clear from Figs. 1 and 2 that this pK (which will 
not be drastically different in the deuterated system) 
is solnewhere near the peak of the surve. The prin- 
cipal cause of the decrease in rate as the acidity is 
further increased is almost certainly the decrease in 
activity of the base, water, as the sulfuric acid con- 
centration is raised. In going from 46.2': to 74.30; 
D,SO, the observed rate of exchange decreases by a 
factor of 52 while the D,O activity decreases by a 
factor of 30 (12). A plot of log k,,, (ordinate) against 
the logarithm of a,,, is linear with a slope of 1.35 
(Fig. 3). 

The second paf, that is the difference in the rate 
constants for reactions 121 and [3] with the same 
base, can be estimated from the curve in Fig. 2. The 
trough of the curve represents the maximum rate for 
reaction [3] with water acting as the base. This dif- 
ference is at  least a factor of lo5 and may be con- 
siderably more, since the depth of the trough is not 
easily measured and since the water activity has al- 
ready begun to drop a t  the rate maximum. It is thus 
clear that the second paf is larger than the first for 
1, that is, the second proton has a greater effect than 
the first in activating the 4-methyl group toward 
bases. This effect is presumably a result of the second 
unit of positive charge being located near the ex- 
changing methyl group. (Compare the cations in [2] 
and [3].) 

The reaction of 1 in aqueous buffers in the pH 
region 3.6-6.0 was examined using iodometry. This 
technique allows very low substrate concentrations 
to be used and hence avoids any interference by 
self-catalysis. In  addition, isotope effects can be 
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2786 C A N  J .  CHESI.  

log a 
D2O 

FIG. 3. Logarithm of rate of exchange of 1 in sulfuric acid as 
a function of the activity of D,O; slope = 1.35;  k,,, in units 
of min-I; substrate concentration 0.2 M. 

TABLE I .  Reaction of compound 1 with various bases in H,O 
as determined by lodometry: T = 25 C, ionic strength = 0.7 

k2 (corr)" lo5 
L mol-' 

Base jlKIrl (corr)" min- ' 
3,3-Dimethylglutarate (dianion) 
Succinate (dianion) 
Glutarate (dianion) 
Propionate 
Acetate 
Phenylacetate 
Benzoate 
m-Fluorobenzoate 
Wicotinarnide 
Methoxyacetate 

astatistical corrections made as heretofore (4). 

FIG. 4. Brmsted plot for the reaction of 1 with anionic bases 
in H,O. From right to left the bases follow the order of descent 
in Table 1. Br~nsted slope = 0.50; k 2  in units of .W-' min-'. 

The Br~ns ted  slope, the isotope effect, and the 
activation parameters all appear to be unexception- 
able. 

1,4-Dii?iet/1~./-2-pj.rimidone (2) 
In D,O this compound undergoes exchange of the 

hydrogens of the 4-methyl group by the following 
reaction paths. 

determined since the solvent is H,B rather than 
D,O. 

The data for the reaction of 71 with buffer acids HA 
are given in Table 1.  Considering the pK,,- of l 
(11.1) (ref. 15) and the acidities used, the rate con- 
stants actually refer to the reaction of l a  with the 
buffer anions A-. The Bronsted plot shown in Fig. 4 
thus refers to the general base-catalyzed removal of a 
proton from the 4-methyl group of the conjugate 
acid of the substrate. The value of P is 0.50. 

The isotope effect for the reaction of the conjugate 
acid of the 4-CD, analog of la  with acetate ion is 
7.4 at 2 Y C ;  AN? is 100.8 kJ n ~ o l - '  and A S t  is 
- 67.6 J mol-'K-' for the reaction of l a  with the 
same base. 

In soiutions more basic than pD 11 the rate is 
first-order in hydroxide ion and there is virtually no 
buffe; catalysis. (See Fig. 5 where the straight line in 
this region of the curve has been drawn with unit 
slope.) 
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STEM'. ART ET AL. 2787 

FIG. 5. Log rate-acidity profile for 2 in buffered (0.2 M 
phosphate, open circles) and unbuffered (D2S04, NaOD, 
closed circles) solution; k,,, in units of min-I;  substrate con- 
centration 0.2 M. 

A minimum occurs in both buffered and unbuf- 
fered systems near p H  10 and as the solution is made 
more acidic pathway [6] becomes dominant, with 
phosphate buffer catalysis being clearly evident in 
the pQ region between 3 and 11. The pK,,+ of 2 is 
3.60 and if water and phosphate anions were the 
only bases involved in deprotonating cation 2a 
the rate should level off at a pD value about one unit 
below the pK and remain unchanged until the solu- 
tion is made so acidic that the activity of water begins 
to drop. However, a decrease in the rate of exchange 
occurs long before the latter effect should be evident, 
as can be seen from the curves in Fig. 5.  This effect 
has been traced to self-catalysis by the pyrimidine, 
which can itself act as the base in deprotonating its 
conjugate acid. This route will be most important 
at the pK of the substrate, 3.60. Decreasing the con- 
centration of 2 markedly lowers the exchange rate in 
unbuffered solution in the pD region 3.4-3.5; even 
though acidity control was a problem at low sub- 
strate concentrations it was possible to show ('Fig. 6) 
that the exchange rate is markedly dependent on 
solute concentration. Thus the drop in the curve in 
Fig. 5 as the acidity is increased is due to self-catalysis 
becoming less important as the pD moves away from 
the pKBD+, with the continuing decrease that occurs 
in the sulfuric acid region being due to the drop in 
water activity. The line in this region is roughly 
parallel to that observed with 1, the imino analog. 

4-Methyl-2-amit1opyridi11~ (3) 
The first and second conjugate acids of this com- 

pound differ from those of 1 only in having a hydro- 
gen atom instead of a methyl group on one of the 
ring nitrogen atoms. Experiencc tells us that such sub- 
stitution should have only a minor effect on the reac- 
tivity of the 4-methyl group (2) and the close corre- 

FIG. 6. Dependence on the rate of reaction of 2 on the com- 
pound's concentration; pD 3.4-3.5 ; k,(intercept) = 2.1 x 

min-'. 

spondence of the curves for 1 and 3 in the acid region 
is in agreement with this expectation (Fig. 1). The 
pKBD+ of 3 is approximately 4.6 (1.005pKB,+ + 
0.48) (13)  and the two curves diverge sharply near 
this point. Whereas the cationic form of P predomi- 
nates up to pD 11, 3 exists principally as the less 
reactive neutral molecule above pD 6 and the de- 
crease in the rate of exchange of the 4-methyl group 
as the solution is made basic can be attributed to this 
factor. Buffer catalysis and self-catalysis probably 
contribute to the exchange in the region pD 3-5. 

The increase in rate with increasing acidity begin- 
ning near pQ 3 culminates in the curves for 1 and 3 
merging. The diprotonated form of 3 is doubtless the 
reactive intermediate here (eq. [7]) since we have 
found the pKBH,Z7 value of 3 to be very close to the 
value of -2.61 that we obtain for 1. 

At the lninirnum in the curve. near DD 10. the 
reaction shown in eq. [8] gives way to that shown in 
e s  PI. 

At the minimum of the curve, just above pD 10 
the concentration of the cation 30 (or 3a') has 
been reduced to lop6  times that of the neutral com- 
pound 3 and the latter takes over as the principal ex- 
changing intermediate. The increase in the rate as the 
solution is made more basic is directly proportional 
to ihe increase in hydroxide concentration (see Fig. 
2 where the straight line in this region is drawn with 
unit slope). The reaction, therefore, is that shown in 
eq. [91. 

It is clear that ionization of the amino group does 
not have a significant effect on the exchange of the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



exchange 

4-methyl protons even under the 111ost basic condi- 
tions we have used, since the pK,,, of 2-aminopy- 
rimidiile is 20.5 (14) and the presence of the 4-methyl 
group will raise this value to about 20.9 (16). 

The bottom of the trough in the rate vs. p D  profile 
near p D  10 provides us with the maximum value pos- 
sible for the rate of the reaction of cation 3a (and 
3a') with hydroxide ion, a pH-independent reaction. 
Now the principal exchange route of 1 at  this acidity 
is also the reaction between hydroxide ion and a 
cation, l a ,  which is, moreover, identical to 3a except 
for the replace~nent of methyl by hydrogen. The very 
large effective rate difference for these virtually 
identical reactions (> l o 5 )  is due to B being largely 
protonated whereas 3 is protonated to only a minute 
degree a t  this acidity. 

The minimum in the trough that occurs at  V D  10 - 
also glves us the maxlmum rate for the reactlon of 3 
~11 th  water. Were thls the pr~ncipal pH-~ndependent 
route, rather than the k~net~cal ly  equivalent counter- 
part d~scussed In the prevlous paragraph or  the reac- 
tion w ~ t h  buffer anions, then at p D  10 the hydroxide- 
and water-catalyzed routes would be equally produc- 
tlve and hydroxide ion would be lo6 t~rnes as effect~ve 
as water at the same concentration. T h ~ s  quantity, 
called the deprotonatlng factor (1) dpf. is glven for 
reactions of protlum compounds by eq. [I01 where 
[H']' 1s the hydrogen ion concentrat~on where the 
two routes make equal contr~butlons (1). 

[ lo]  dpf = [Ht]'/1.8 x 10-l6 

Most dpf (HO-/H,O) values prev~ously observed 
are LOs or  greater and ~t is thus probable that the 
water-catalyzed route does not make a major con- 

tribution to the exchange even at  the rate minimum 
at  p D  10. An exact profile of the trough is not readily 
obtained since reaction half-life at the minimum is 
many years. 

Actication bj, Carbor~j?l and lnzino Groups 
In strongly basic solution compounds I and 2 

undergo exchange by identical mechanisms : hy- 
droxide ion removes a proton from the 4-methyl 
group of the neutral substrates. The lines in Fig. 2 
are parallel in this region with that for 2 being dis- 
placed above that for 1 by 1.0 logarithmic units. Thus 
the carbonyl group is more effective than the imino 
group in activating the 4-methyl group by a factor 
of about ten. This is a rather modest difference and 
it may be that the two ring nitrogen atoms provide 
such a large degree of activation that the effect of the 
other groups is damped. 

The activating effect of the protonated imino 
group in these cornpounds is, of course, greater than 
that of imino but is also greater than that for the 
carbonyl group, in agreement with previous observa- 
tions oil aliphatic systems (7-9). The relative effects 
of carbonyl and protonated imino can be siinply 
determined from the crossover point of the curves for 
1 and 2 that occurs at  p D  13.5. A t  this point 2 is 
conlpletely in the neutral form, whereas 1 (pKBD+ 
11.4) is only about 1z protonated. Since the pro- 
tonated form is responsible for essentially all of the 
exchange at  this basicity, the protonated imino group 
is 100 times more reactive than the carbonyl group. 
This number is much closer to the values of Hine 
ct al. (8b) and Spencer et 01. (9b), - lo3, than to that 
of Bender and Williams (71, 10'. I t  should be ncted, 

IC com- however, that all their values refer to aliphat: 
pounds, whereas ours refers to a heterocyclic system 
in which there is resonance stabi!ization of both the 
carbonyl and protonated imino groups. 

Experimental 
iVlaterials 
1,4-Dimethyl-1,2-dihydro-2-iminopyrimidine (1) was pre- 

pared as the hydrochloride salt essentiaily by the method of 
Brown and Paddon-Row (15). 2-Amino-4-methylpyrimidine 
was methylated with methyl iodide to give pale yellow needles 
mp 257°C (dec.) (lit (13) 253-254'C (dec.)), and the iodide ex- 
changed for chloride using Dowex 1-X8 (CI-) resin, mp of 
chloride 257'C (dec.) (lit (15) 227°C (dec.)). 

1,4-Dimethyl-2-pyrimidone (2) was prepared by lnethylating 
2-hydroxy-4-methylpyrimidine, essentially by the method of 
Brown and Foster (16) except that the reaction was conducted 
at room temperature. Chromatographic purification (chloro- 
forn~/alumina and methanol - carbon tetrachloride/silica gel) 
gave deep yel!ow crystals, mp 159.5-160.5"C (lit. (16) 156- 
157;c\. -, 

2-Amino-4-methylpyrimidine (3) was obtained commercially 
and sublimed twice before use, n ~ p  161.5"C (lit. (17) 159- 
1 6OCC). 
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Kinetics 
The compounds were dissolved in solutions of the appro- 

priate pD/Do t o  a concentration of 0.2 M and the rate of ex- 
change measured by nmr  or  by iodometry at  36-C, essentially 
as previously described 13, 4, 6). 

Ionization Cot?statzts 
The pK,,+ values of 1 and 2 were determined by spectro- 

photometry a t  335 and 309 nm respectively in 0.05 M sodium 
phosphate in D,O. They were found to  be 11.4 and 3.66, re- 
spectively. 

The second protonation constants, pKBH2~+, for 1 and 3 
were determined by the  change in the nrnr chemical shift of 
the 4-methyl peak in aqueous H2S04  solution. They were 
found to  be -2.61 and -2.65, respectively, using the Ho 
acidity function. 
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COMMUNICATIONS 

Electrophilie du ligande q3-allylique de complexes q3-allyl-dicarbonyl-nitrosyl-fer 

J .  L.  A .  ROUSTAN ET F. HOULIHAN 
F(rc,rr/t& des Scirrrc r.5 cJt de  GPt~ic. Dc'pnr.ro?icnt c / o  Chitnie. Utiii.c.r.~itf; cl'Ottcilr.ir, Ottcin.c~, O I I ~ . .  Carlcro'cr K1.V 9B4 

R e ~ u  le 22 mai 1979 

J. L. A. ROCST~P\  et t. HOLLIHA\. Can. J .  Cheni. 57.2790(1979) 
Les complexes neutres q3-allyl-dicarbonyl-nitrosyl-fer reagissent rapidement dans le THF 

a temperature ambiante avec des nucleophiles du type doublement active tel l'anion malonate. 
Les composes organiques de monoallylation sont obtenus avec de bons rendements (80-95z). 
Avec des ligandes q3-allyliques dissymmetriques le carbone le moins substitue est alkyle pre- 
ferentiellement. 

J L A. ROLSTA\ and F HOLLIHAI. Cdn. 3 .  Chem. 57.2790 (1979) 
Neutral i13-allyl-dicarbonyl-nitrosyl iron complexes react rapidly in T H F  at room tempera- 

ture with nucleophiles of the doubly activated type such as malonate anion. Monoallylated 
organic products are obtained in good yields (80-95%). With unsymmetrical q3-ally1 ligands 
the less substituted carbon is alkylated preferentially. 

Introduction 
L'augmentation de 1'Clectrophilie d'un llgande 

organique q2-olCfinique ou q3-allylique, par coordi- 
nation sur un centre n~etallique approprit, est une 
propriCtC bien documentie ( I ,  2). 

Le plus souvent la reaction s'effectue au niveau 
d'un complexe cationique (3-6) ou s'accompagne 
de I'expulsion d'un ligande nigativement chargC 
(7); il en risulte un complexe ql-alkyl ou q2-ole- 
finique globalement Clectriquement neutre. Dans 
les cas beaucoup plus rases ou la rCaction s'effectue 
sur un complexe neutre (tel un complexe q2-016- 
finique (8)) un complexe anionique est forme. 

Dans une telle reaction mettant en jeu un ligande 
11~-allyli~ue (schema l), la facilite d'approche du 
nuclCophile ainsl que la stabilisation du complexe 
anionique intermkdiaire doivent augmenter en m@me 
temps que la capacitk des ligandes auxiliaires L,, 
a dClocaliser la charge negative qui  apparaEt sur le 
mCtal. 

Le ligande nitrosyle NO vkritable "puit d'klec- 
trons" (9) apparait parfaitement appropriC B jouer 
ce r6le. Pour examines la validit6 de cette hypothese 
les complexes i13-allyliques du dicarbonyl-nitrosyl- 
fer, aisement accessibles a partir d'haloginures (10) 
ou de d i h e s  1-3 (1 1) ont CtC ~Clectionnis et opposes 
a divers nuclCophiles du type doublement active. 

Le T H F  est distille sur LiAlH, avant usage. Les complexes 
q3-allyliques sont prepares selon des modes operatoires d6jB 
decrits (10). 

Riaction~ d'alkylurion 
Les anions du type utilise dans cette etude sont prepares dans 

le T H F  a temperature ambiante par la reaction de NaH avec 
le compose organique approprie en quantite stoechiometrique. 
A la solution contenant le nuclCophile est ajoutte une quantite 
stoechiomttrique de complexe q3-allylique en solution dans le 
niCme solvant a temperature ambiante et sous CO. Apres 
agitation durant 30 niin, les composes organom~talliques 
presents (seul Fe(CO),NO-, Na+  est detecte par ir) sont 
oxydes par barbotage d'air dans la solution durant 30 niin. 
Le THF est tvapore, remplace par I'ether dikthylique, puis le 
milieu est hydrolyse. Apres sechage sur MgS04, le solvant est 
evaport et I'huile obtenue est analysee par 'H nmr, I3C nmr 
et chromatographie en phase vapeur (colonne DEGS 10% sur 
Chromosorb W, T = 130-C, oxalate d'ethyle comme etalon 
interne). 

Dan; le cas de la reaction d'alkylation du complexe q3-cro- 
tylique l b  par le diethyl malonate de sodium (un exces de 20% 
de diethyl malonate est utilise dans cette reaction) deux 
produits isomeres de monoallylation sont formes. 11s sont 
separes du ditthyl malonate en exces et d'une trace de produits 
de bis allylation par chron~atographie sur colonne de silice 
(60-200 mesh) en eluant avec un melange hexane - chlorure 
de methylene (25-75). 

Les resultats sont presentis dans les tableaux 1 et 
2. Dans tous les cas CtudiCs la rtaction principale est 
la rCaction de monoallylation du nucleophile qui 
s'effectue avec de bons rendements (schema 2). La 
seule rCaction secondaire qui a etC mise en Cvidence 
est une bis allylation du nucleophile. 

La reaction est effectuCe a tempkrature ambiante, 

0008-4042/79/202790-02S01 .00/0 
@I979 Yat~onal Piesearch Counc~l of CanadaIConse~l national de recherche5 du Canada 
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T ~ B L E A U  I .  Reaction de I n  avec divers nucleophiles Nu-  

Rendement :To en 
-CH. produit de monoallylation 

-CO-CH3 -COOEt 
-COOEt -COOEt 
-COOCH3 -SO,-CGH, 
-CN -COOEt 

"Rendement du prodil~t de ~nonoall>iatlon sl 

R 
---a Fe(CO)3NO-. Na- T 

4 
R = H  ( l o )  R 

CH, ( I h )  5 6 

sous atmosphere de CO, dans le T H F  anhydre. Le 
complexe q3-allylique solubilisC dans 1e THF est 
ajoutt a la solution contenant Ie nucliophile. E'tvo- 
lution du milieu rkactionnel est suivie par un examen 
piriodique de la solution par spectroscopic infrarouge. 

La prisence de substituants sur le ligande aliylique 
n'a que peu d'influence sur la vitesse de disparition 
des complexes 1 qui est compl6te en moins de I0 
nnin. De meme que lors de la reduction Clectro- 
chimique ou chiniique du complexe 1rr (R  = H) dans 
I'acCtonitrile (12), un intermidiaire rCactionnei 3 
est ditecti  (THF, ~ ( c m - I ) :  CO = 1950, 1870, 
NO = 1630). Sa structure reste pour le moment 
spCculative. I I  se dCcompose par la suite en anion 4. 

L'itude de la distribution des produits de monoal- 
lylation 5 et 6 issus de la r.iaction des complexes 
q3-allyliques substitues Ib 4W = CH,) et Ic (R = 

C,H,) rCvele une rCgiosC!ectivitC maryute (tableau 

TABLEAU 2. RCactlon de 10 (R = CH,) et Ic  (fa = 
C6FI,) avec l'anlon diktl~yl malonaie Nu-  = 

-CH(COOEt), 

8 5 
83;  go#: 

95 
77 

la reaction est effectuee sous argon. 

2), le carbone le inoins substitui du ligande allylique 
riagissant prifCrenriellement. Un effet analogue 
avait dejh ete constate dans les reactions de complexes 
iI3-ailyliques cationiques du fer (4). 

En conclusion, cette etude dCmontre la possibilitk 
d'uti!iser des fragments mitalliques neutres pour 
rtaliser l'activation de iigandes i13-allyliq~~es vis-a- 
vis de rkactifs nucitophiles. 

Le prolongement naturei de ce travail est l'incor- 
porztion dans un cycle catalytique de la sequence 
rtactionnelie preckdente Ctablie a I'ichelle stoechio- 
metrique, afin de rtaliser une alkylation catalytique 
de substrats allyliques peu riactifs tel que les acitates 
ou les formates. 

Les risultats positifs obtenus dans ce contexte 
sercnt publiCs ultirieurement. 

Les a u t e ~ r s  remercient vivement le Conseil de 
Recherche5 en Sciences Naturelles et Ginie du 
Canada ainsi que i'hiniversite d'Ottawa pour l'aide 
financiire apportte sous forme d'octrois. 
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Huw 0. PRITCHARD and ARUNACHALAM LAKSHMI. Can. J. Chem. 57.2793 (1979). 
The (n - 1)-fold degenerate set of transition probabilities used in our recent reformulation 

of unimolecular reaction theory is operationally equivalent to the set of effective strong- 
transition probabilities introduced recently by Nordholm. We have found that the relaxation 
matrix corresponding to these transition probabilities commutes with any other relaxation 
matrix which will drive the same system to a Boltzmann distribution at  infinite time. Some 
useful results stemming from this commutative property are presented; we expect that these 
results will help to clarify further the nature of the assumptions underlying strong- and effective 
strong-collision theories. 

Huw 0. PRITCHARD et ARUNACHALAM LAKSHMI. Can. J. Chem. 57,2793 (1979). 
L'ensemble des probabilites de transition qui sont dtgCnCrees ( n  - 1) fois que nous avons 

utilise dans notre recente reformulation de la theorie des reactions unimoleculaires est opera- 
tionnellement equivalent a l'ensemble des probabilites de fortes transitions efficaces introduit 
ricemment par Nordholm. Nous avons trouve que la matrice de relaxation correspondant a 
ces probabi!ites de transition s'echange avec toute autre matrice de relaxation qui conduira le 
mime systeme B une distribution de Boltsmann a temps infini. Nous presentons quelques 
resultats pratiques issus de cette propriete con~mutative; nous espkrons que ces resultats 
aideront a clarifier d'avantage la nature des hypothkses sous-jacentes aux theories des collisions 
fortes et des collisions fortes efficaces. 

[Traduit par le journal] 

Introduction 
Nordholm, Freasier, and Jolly (1) have recently 

given a somewhat more precise definition of a strong 
collision as it appears in the description of uni- 
molecular reactions. In quantum form, the transition 
probabilities corresponding to strong collisions may 
be written as 

I P,+, = ~ X P  (- PEJIC ~ X P  ( - BE;) 

where E, is the energy, P = (kT)- I ,  and the summa- 
tion is over all possible states. Transition rates given 
by [I ]  are about an order of magnitude larger than 
the accepted rates, and subsequently Nordholm (2) 
repiaced the usual collision frequency by an effective 
collision frequency defined so as to allow the correct 
relaxation rate of the internal energy to be repro- 
duced. 

Meanwhile, as a result of examining information 
theoretic aspects of bulk relaxation, we (3) had 

constructed a set of transition rates for which the 
decay of both the total energy and all the populations 
is purc exponential; the elements of the relaxation 
matrix A are given by (4) 

[2] a i j  = p{(l - 6fj)Ei - tjjj(1 - EL)} 

where p is a constant of proportionality, E i  is the 
equilibrium population of state i, with E i  nor- 
malised to unity, and 6ij is either zero or one. The 
meaning of eq. [2] is that for i # j 

[31 p j + i = ~ ~ . f i i / Z [ M l  

and is clearly the same as eq. [I]  apart from the 
proportionality factor p/Z[M]; since p is the time 
constant for relaxation, Z is the collision number, 
and [MI is the particle density, eq. [2]  is equivalent 
to the "effective strong collision" modification of [ I ]  
introduced by Nordholm (2) as far as energy- 
transfer rates are concerned. 

0008-40421791212793-ojS0 1 .00/0 
01979 National Research Council of Canada/Conseil national de recherches du Canada 
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2794 C . \ h .  J CHEM. VOI. 57. 1979 

The only point of difference between the two 
approaches is in the qualitative description of the 
fraction of events which leave the molecule un- 
changed, i.e. p,, ,: according to eq. [I], it is always 
the same fraction of the collisions because the 
collision number is made proportional to the relaxa- 
tion rate, whereas accord~ng to eq. [2], the fraction 
of collisions leaving the molecule of interest in an  
unchanged state increases as the relaxation rate 
constant p decreases. However, at  the simplest levels 
of theory, this distinction has no operational con- 
sequences, as can easily be seen algebraically by 
considering a chemical activation process. 

We may represent the steady-state chemical activa- 
tion experiment by the set of simultaneous equations 

where R ,  is the rate of production of each state i by 
chemical activation, and di is (minus) the rate con- 
stant for the decay of state i to products, and the 
subscripts denote groups of levels or  grains. This 
equation cannot be solved as it is unless one of two 
assumptions 1s made, either that R contains a sink 
term for the stabilised products, or  the temperature is 
assumed to be so low that once products are stabi- 
lised, they can never again become interesting; the 
former approach is difficult to implement, and the 
latter is the one generally used. Treating the stabilised 
products as one grain and labelling it i = 0, we 
simply write all p,,, = 0 and discard the equation 
for  dn,/dt, givillg 

[5] [A' + D']nf + R' = 0 

where the prime indicates that the firat row and the 
first column, representing transfers into and out of 
the stabilised state, are missing from all matrices. The 
submatrix A' differs from a normal relaxation matrix 
for the subset of levels because it still contains in each 
diagonal element the term - pE,, corresponding to 
the rate of transfer of molecules at  that level out of 
the subsystem. Consequently, eq. [S] is equivalent to 
the standard strong-collision treatment of chemical 
activation processes (5 ,  6), except that o, the coll isio~~ 
rate, is replaced by pE,; likewise, in the effective 
strong-collision case, o would be replaced by ho (2). 

Recognising this, it becomes clear that there is a 
very close connection between our reformulation of 
unimolecular reaction theory (4) and Nordholm's 
effective strong-collision modification of RRKM 
theory (2), and this renders it possible to place the 
former in its proper position in the hierarchy of uni- 
lnolecular reaction theories. Standard R R K M  theory 

uses an (independent channel) generalised Lindemann 
expression (eq. [27] of ref. 4), and is usually used in a 
scaled form which renders it an effective strong- 
collision theory (2). On the other hand, our reformula- 
tion (4) is an  effective strong-collision theory in which 
proper allowance is made for the mutual perturba- 
tion of the competing reaction channels,' through a 
more complicated generalised Lindemann expression 
(eq. [46] of ref. 4). I t  would appear that if iterated to 
convergence, the first term in eq. [22] of ref. 2 would 
yield the same numerical results as this latter general- 
ised Lindemann form: the second term in this equa- 
tion allows for the possibility of differing collisional 
efficiencies for molecules of different internal 
energies, for which there is no  counterpart in our 
formulation. Other intermediate levels of approxima- 
tion are described in eqs. [16], [IS], and [20] of 
ref. 2. 

In the following sections, we first describe the 
commutative property of eq. [2] for non-reacting 
systems: then we show briefly how reacting systems, 
treated as a perturbation of [2]: behave; finally, we 
try to predict some uses for, and to give a physical 
description of, this colnrnutative property. We 
believe that this short exposition will not only com- 
plement the efforts of Nordholm, Freasier, and 
Jolly (1, 2) in trying to clarify the relationship be- 
tween strong- and weak-collision theories, but that 
the algebraic properties we describe could be helpful 
in the construction of explicit formulae for strong- 
collisio~l models of reaction rates. 

Nora-reacting Systems 

Let M be the sy~nmetrised form of A, viz., 

where e,, = E,6,,, and let L be the symmetrised form 
of an}. other relaxation matrix B for the same system 
of energy levels. L has a set of eigenvalues defined by 

M has the eigenvalues 

- [ lo]  0 = nz, and m ,  = m, = . . . - r ~ , , - ~  = - p 

'In the strong-collision regime, the neglect of the mutual 
perturbation between reactive channels has only a small effect, 
but it becomes progressively more serious as the collisions 
become weaker. 

'Note the change of subscript ordering from ail of our 
previous works. 
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P K I T C H 4 R D  A h D  LAKSH\II  2795 

The two matrices share one common eigenvector, 
Si,o, given by eq. [9], but the other (n - 1) eigen- 
vectors of M are undetermined. 

While studying the relaxation behaviour of a 
model molecule diluted in a heat bath consisting of a 
mixture of two gases (7),  the relaxation matrix 
[(I - x)L + x M ]  (where x is the mole fraction) was 
examined and it was found that for all x # 1 and 
i f  0 

Thus, [L + M] commutes with L, whence it follows 
that M cornmutes with L, and A with R. Following 
this discovery, it was demonstrated numerically that 

to machine accuracy for several other relaxation 
matrices L, R here the S, were an). of the vectors of 
the respective L matrices. 

We have presented the commutative property of 
the relaxation matrix A (or its symmetrical form M) 
in this way, since this is the manner in which we dis- 
covered the property. Both referees have suggested 
that  a formal proof should be given, and, in hind- 
sight, such a proof is almost trivial. We may use the 
property (8) that f A  is a simple rnatrix with s distinct 
eigenz~alzles, euery nzatrix \r*hich cornmutes ~s i th  A has 
a t  least s independent right eigencecfors in conzmon 
with A. In our case, A has two distinct eigenvalues, 0 
and - p, and we know that it shares one common 
eigenvector (cf. eqs. [8]-[lo]) with B (when hB = 0). 
Since the remaining eigenvectors of A correspondillg 
to  h~ = m, = - p are completely arbitrary except 
for the fact that they must be orthogonal to  the 
known common eigenvector, we may choose any 
vector of B as the second vector of A ;  thus, the com- 
mutative property is established. Even inore trivially, 
A and B share one common vector. and we inav 
choose an acceptable second vector for A to be one 
of the remaining vectors of B; a third vector of A 
must be orthogonal to the first two, and so a third 
vector of B will be acceptable, and so on. Conse- 
quently, the vector set of 5 is an acceptable set for A. 
Likewise, vector sets of other matrices C, D, etc. are 
also acceptable sets of vectors for A :  thus A will 
commute with B, 6, D, etc. where A, B, C, D, etc. all 
refer to the relaxation of the same physical system a t  
the same temperature (otherwise, they would not 
share a common eigenvector) 

Reacting Systems 

In  our earlier paper (4), the rate constant for a 
unimolecular decomposition kUni was taken as minus 
the eigenvalue of smallest numerical magnitude (i.e. 
-yo in the present notation) of the perturbed relaxa- 

tion matrix [A + a)] (unsymmetrised) or [M + Dl 
(symmetrised). If, for example, the system were 
grained so that all the bound states constitute one 
grain, D, the matrix of decay rate constants, would 
have the form diag10, - k , ,  - k,, . . . , - k,- ,  1 .  Thus 
D would have one zero eigenvalue, but it does not 
commute with A or M since D will not drive the 
system to a Boltzmann distribution: the final distri- 
bution obtained by operating with D is that all 
reactive states are removed, but the bound-state 
population remains unchanged; in other words, the 
eigenvector corresponding to the zero eigenvalue is 
not [9], but is {I, 0, 0 .  . .). Consequently, the eigen- 
values of [A + Dl  are not given exactly by the 
analogue of [I 1 1, viz. 

1131 yi = - ( k i  + p), i # 0, or zero, i = 0 

However, under those conditions, i.e. 

when yo = - k,,, is adequately represented by eq. [46] 
of ref. 4, all the other y, fall in a sequence 

with3 
n -  1 

[16] S i  > and C 6; = kUni = -yo 
i =  1 

A further set of examples of the commutation of M 
with all other L (and the absence of extreme ill- 
conditioning in practical application) is provided by 
exainination of the key equation (eq. [20a]) of ref. 4 
for the eigenvectors JI of the perturbed matrix 
[M + Dl,  i.e. 

where they,  are the true eigenvalues of [M + Dl,  the 
I , ,  are those of M (i.e. 0 or - p) and S can now be the 
eigenvectors of any matrix L which commutes with 
M .  We examined this relationship for three sets of 
surrogate vectors S, one for a full matrix L of 
arbitrary transition probabilities, one for a matrix L 
corresponding to thc tridiagonal sum rule (3), and one 
for the continuant matrix [18] described below; in 
each case [17] held to machine accuracy. 

Equation [17] is difficult to use, of course, if the yi 
are not known. However, yo = -k,,, is given 
explicitly by eq. [46] of ref. 4 and under all condi- 
tions where this is valid, the remaining yi, i # 0 may 
be very accurately approximated using [13] since by 
[14] and [16] all the 6 i  are necessarily very small 
compared with the k i .  

3With the reactive region grained according to [18] and 1191, 
it appears that ?I,,, -. c6, with c typically about 0.5 or 0.6. 
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Possible Applications of Commuting Relaxation of L * would be (9) - -  
Matrices 

Any computational advantage of using the commu- 
tative property will emerge only when one is in- 
terested in problems requiring a knowledge of the 
eigenvectors, e.g. the population distributions during 
a reactio11, or the behaviour during the transient 
period, i.e. induction or incubation period. In iso- 
lated calculations, one would normally solve for the 
eigenvalues and eigenvectors of the relaxation matrix 
in the usual way, but when a series of very similar 
models is to be compared, eq. 1171 (with [13] as a n  
approximation for the y,, i # 0) would have real 
advantages. 

In  the strong- or effective strong-collision case, 
where we can have no significant information about 
the transients, we may be limited to comparing 
population distributions in the long-time regime: a t  
infinite pressure, such information follows directly 
from eq. 1221 of ref. 4, but in the fall-off region, all 
the eipenvectors would be required to evaluate the 

[22] h: = 2 cos [ ( j  + l)x/(n + I)] 

L*, in fact, corresponds to a Hiickel molecular 
orbital determinant for a polyene with two terminal 
hetero-atoms, one of higher and one of lower electro- 
negativity, and the true eigenvalues hi' can be calcu- 
lated by known methods (10); they will not be very 
different fro111 the values given by 1221, and the 
correspondence between the true eigenvalues Ibj' and 
the approximations A: is show11 in Fig. 1. The proper 
values Aj of the eigenvalues of L are then found by 
adding dl  to all the ?Lj',  and the un-normalised 
surrogate vectors are themselves simple continuants 
(11, 121, i.e. 

123 I 
/ -1 -1  -1 -1 \ 

~ o ~ u l a t i o n  evolutioll, usil'g e q  1111 of ref  4. where a ,  d,:.: - jLi.  A slightly simpler result, more 
to [I7], we need the eigenvalues appropriate fbr high temperatures, would be ob- 

eigenvectors of any matrix B which commutes with A, tained by choosing the grain sizes so that all the f i ,  

and we are free to choose the most simple and con- were equal. 
venient of Cor L, if we wish to describe a At  the present t l~ne ,  unrmolecular reaction theories 

and reaction Process governed are classified generally as strong-collision or weak- 
A (and M). One form which has interesting possibili- collision theories, and the intermediate ground 
ties for unimolecular reaction theory is the continuant between these two extremes is not well understood 

This implies that the elenle~lts of the unsynln~etrised 
surrogate transition probability matrix are 

[19] pi+j  = f i i - 1 / 2 f i j 1 / 2  x constant 

and the diagonal elements of B (or L )  are thcn 

[20] d j  = - z j - 1 i 2 ( ~ j - 1 1 / 2  + i i j+1112) x constant 

with n"-I  and f in taken to be zero. Suppose that we 
now grain the system in such a way that all n " , / ~ ? ~ + ~  
(0 5 j < n - I )  are constant, this causes all the d j  
(except do and d n - ,  = d o - ' )  to be constant: we then 
subtract dl  from all the diagonal elemellts in [IS] to 
give 

/ 1 1 1  1 \ 
[21] L:" do" 0 0 O . . . .  d,-l" 

I 1 1 1  1 

If do* and d,- , * were also zero, then the eigenvalues 

(1, 2). I t  has been suggested (13) that the transition 
from weak-collision to strong-collision behaviour 
could be explored using a reaction matrix 

where x is now simply a weighting factor and A and 
B are respectively the strong- and weak-collision 
transition rate matrices. As a result of [ I l l ,  only one 
set of eigenvalues and eigenvectors, those of L 
itself, are required for the implementation of [17] 
over the whole range of x, i.e., the transition from 
weak- to strong-collision behaviour. 

The Physical Meaning of Commuting Relaxation 
Matrices 

In  quantum mechanics, the commutation of two 
operators gives rise to very specific conclusions 
about simultaneous observation, and is a very power- 
ful conceptual tool. I t  does not appear that in 
chemical kinetics, commutation of operators (i.e. 
relaxation matrices) is of such far-reaching im- 
portance. 
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EIGENVALUE INDEX j 

Notice also that eq. [25] provides one of the o11ly 
two l<nown idealised conditions under which a 
relaxation time can be defined uniquely (3,4) whereas 
for all real molecular systems, the apparent relaxa- 
tion time must depend somewhat upon the method of 
measurement (1 3: 14, 16).  

In the reaction case, at  least when k,,,i is slow 
compared with the specific dissociation rate con- 
stants k; ,  we would have,according to [ I  51, a series of 
consecutive processes of time constant approxi- 
mately ( k ,  + p), and it is the small~less of the 
coupling terms 6 i  (which together make up the rate 
coilstant [16]) which accounts for the fact that there 
is very little difference in numerical illagnitude 
between the master-equation and R R K M  genera- 
lised Lindemann forms (4); [ I  51 and [I61 may also be 
used to understand the convergence properties of 
eq. [22] of ref. 2. 

FIG. 1. Comparison of the eigenvalues of the shifted matrix 
L* of eq. [21] with the values given by the formula of Moffitt Acknowledgements 
a n d  Coulson, eq. [22]. This work was supported by the National Re- 

In  the absence of reaction, the relaxatlo11 of a search Council of Canada; we uould also l ~ k e  to 

system under the simultaneous influence of a transi- thank A. W. Yau and S. Nordholm for help and 
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~ilixture rule for chemica! reaction is only obeyed 
rigorously when the reaction matrices commute (1 5). 
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Apparent molar heat capacities and volumes of aqueous electrolytes at 29C:  C F ( N O ~ ) ~ ,  
LaC13, K3Fe(CN)6, and K,Fe(CN)6 

J A U  J .  SPITZER, INGER V. OLOFSSON.' PREM PAUL S I N C H . ~  4 U D  LOREU G.  HEPLFR 
Drprit rinent of Chetni~tt  \ ,  Unric.~ sit\ ofLrth111 l&r, Lerhhtldgt Altii Ctrnntlti T I K  3 214 

Recelved March 19 1979 

JAN J. SPITZER, IKGER V. OLOFSSON, PREM PAUL SINGH, and LOREN G. HEPLER. Can. J. Chem. 
57. 2798 (1979). 

We have used a flow calorimeter and a flow densimeter for measurements at 25°C of heat 
capacities and densities of aqueous solutions of four electrolytes of high charge type: LaCI,, 
Cr(NO,),, K3Fe(CN)6, and K4Fe(CN),. Results of these measurements have been used for 
calculating corresponding apparent molar heat capacities and apparent molar volumes, which 
have been extrapolated to infinite dilution to obtain the corresponding standard state apparent 
molar and partial molar properties. Uncertainties resulting from extrapolations of heat capaci- 
ties are discussed. Results of our measurements are compared with those of earlier related 
investigations. 

JAN J. SPITZER, TNGER V. OLOFSSON, PREM PAUL SINGH et LOREX G.  HEPLER. Can. J. Chem. 
57,2798 (1979). 

Nous avons utilisi un calorin~ttre et un densimttre a flux continu pour mesurer, a 2S2C, les 
capacites calorifiques et les densitis de solutions aqueuses de quatre electrolytes de type forte- 
nlent charges: LaCI,, Cr(NO,),, K,Fe(CN), et K,Fe(CN),. Les resultats de ces mesures ont 
kte utilises pour calculer les capacites calorifiques molaires apparentes et les volumes molaires 
apparents correspondants. Par extrapolation a dilution infinie on obtient les proprietks molaires 
apparentes et molaires partielles apparentes de l'ttat fondamental correspondant. Nous dis- 
cutons des incertitudes resultants des extrapolations des capacitescalorifiques. Les resultats de 
nos mesures sont compares a ceux obtenus au cours de recherches anterieures apparentees. 

[Traduit par le journal] 

Hntroduction A few solutions of K,Fe(CN)6 and K4Fe(CN), were pre- 
pared by mass from distilled water and BDH Analar salts 

As Part of our continuing Program of measure- that had been dried to constant mass at  1 103C. Most solutions 
ments leading to thermal and volumetric properties of these electrolytes were prepared by mass from distilled 
of aqueous solutions, we have made water and BDH Analar salts that had been recrystallized from 

leading to apparent molar heat capaci- distilled water and then dried to constant mass at 105'C. 
Fisher certified "LaCl,.GH,O" samples were recrystallized 

ties and del'sity leading apparent from distilled water and then dissolved In distilled water to 
molar volumes of four electrolytes of high charge form two solutions that were close to 0.1 M lanthanum chlo- 
type. ride with pH = 5.3. Small known amounts of hydrochloric 

* A 

~h~~~ heal capacities and volumes of are acid were added to these solutions to lower the pH values to 
4.9 and 4.3. These sol~~t ions  were then analyzed gravimetrically useful for calculation of the temperature and Pressure for ~ 1 -  by precipitation of ~ g ~ l ;  allowances were for 

dependences of various thermodynamic properties; the verv small amounts of added CI- In the calculations of 
this usefulness has provided one reason for under- concentrations of lanthanum in the solutions. 
taking these measuiements on electrolytes of high 
charge type, for which there are relatively few reliable 
volumes and even fewer heat capacities. 

Experimental 
Heat capacity measurenlents were made with a flow calorim- 

eter of the Picker type that has been described previously (I). 
A small systematic error in some of the measurements has 
been identified and corrected as recently described (2, 3). 
Densities of solutions have been measured with a flow densim- 
eter that has also been described (4). All results obtained with 
these instruments refer to 25.00 i 0.01-C; temperatures were 
controlled to i 0.001 'C during each measurement. 

Fisher certified Cr(NO,),.9H2O was recrystallized from 
dilute nitric acid. Two different samples of the recrystallized 
material were dissolved in distilled water containing a little 
added nitric acid to form stock solutions. Aliquots of these 
stock solutions were analyzed for chromium as previously de- 
scribed (5). The two stock solutions were found to be 0.1159 M 
(pH = 2.2) and 0.3373 M (pH = 1.2). Further solutions for 
measurements of heat capacities and densities were prepared 
by dilution with distilled water; knowledge of densities per- 
mitted expression of final composition of solutions in terms of 
molalities of Cr(NO,),(aq). 

Results and Discussion 
Apparent molar properties of solutions (4,) are 

'Visiting scientist from Chemical Center, University of defined by 
Lund, Eund, Sweden. [ I ]  4, = [Y(soln) - 17 ,  ~ , ' ] / n ,  

'Visiting scientist from Department of Chemistry, Punjab 
Agricultural University, Ludhiana, India. in which the symbols have the following meanings: 

0008-404217912 12798-06$01 .00/0 
e l 9 7 9  National Research Council of CanadalConseil national de recherches du Canada 
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TABLE 1. Apparent molar heat capacities and volumes 

m 4 c  4" nl 4 c  AL 
mol kg-' J K '  mol-' cm3 mol-' mol k g '  J K- '  mol-' cm3 mol-' 

~ 

LaCI, Cr(NO3I3 * 
0.013967 -419.7 17.05 0.01738 -206.5 48.36 
0.017906 -415.1 17.05 0.02316 -215.7 48.83 
0.018609 -410.9 16.56 0.03477 -225.5 48.69 
0.026898 -417.2 16.83 0.04638 -231.5 49.23 
0.027946 -412.1 17.31 0.05807 -225.9 49.57 
0.027949 -406.6 17.77 0.03370 -223.6 49.81 
0.035838 - 408.4 17.34 0.05057 -229.4 49.12 
0.037227 -403.8 17.73 0.06740 -226.6 49.66 
0.03723 1 -409.0 17.51 0.1012 -224.7 49.67 
0.044908 -404.0 17.92 0.1350 -219.1 49.93 
0.046625 -401.7 17.97 0.1690 -213.4 49.97 
0.053826 - 398.6 17.81 
0.071695 -393.5 18.32 K4Fe(CN6 
0.089901 -386.8 18.65 
0.089901 -386.7 18.70 0.007526 -383.1 117.53 

0.01 3040 - 362.8 119.10 
K3Fe(CN)6 0.022280 -337.8 120.76 

0.024516 -330.1 121.97 
0.02003 - 152.6 149.49 0.029576 -324.4 122.60 
0.03105 -141.2 151.43 0.034545 -312.2 123.58 
0.04863 - 126.8 152.02 0.041080 -311.6 123.25 
0.06025 -119.9 151.62 0.049830 -287.6 125.09 
0.08212 -109.8 151.97 0.070083 -273.0 125.55 
0.10299 -100.0 152.73 0.079670 -254.4 125.82 
0.15588 -85 .7  153.88 0.099630 - 232.4 129.39 

0.13219 -218.8 128.07 

*Stock solution for the first five measurements was 0.1 I59 M Cr(N03) ,  and had initial pH = 2.2: stock solution for the 
last six measurements \%as 0.3373 ill Cr(NO,), and had initial p H  - 1.2. In both cases, solut~ons used in the measure- 
ments were prepared by dilution \%ith distilled water. 

Y is the property (heat capacity or volume for our 
purposes) of a specified quantity of solution, 11, is 
the number of moles of solvent in this specified quan- 
tity of solution, YIO is the property (heat capacity 
or  volume) of 1 lnol of pure solvent, and r z ,  is the 
number of moles of specified solute in the specified 
quantity of solution. 

Our experimental results (compositions of solu- 
tions, heat capacities, densities) have been used to 
obtain apparent molar heat capacities (4,) and 
apparent molar volumes (4,) that are listed in Table 
1. In obtaining these tabulated quantities we have 
used c: = 4.1793 J K-I  g-' and dl0 = 0.997044 g 

for the heat capacity and density of pure water. 
Rather than tabulate our experimental heat capaci- 
ties and densities of various solutions, we point out 
that these quantities can be recovered from the tabu- 
lated m, $,, and $, values by way of 

121 c, = (nz+, + (.;)/(I + miM,) 
and 

tions of strong electrolytes are accurately described 
by equations of the form 

in which +,O is the limiting value of +, at infinite 
dilution (identical to the corresponding partial molar 
property yo), A, is the limiting slope derived from 
the Debye-Hiickel theory, and B, 1s an adjustable 
parameter. We begin by applying [4] to our apparent 
molar volumes and then turn to similar application 
to our apparent inolar heat capacities. 

Millero (6) has thoroughly reviewed the applicabil- 
ity of the Debye-Hiickel theory and eq. [4] to ap- 
parent molar volumes and also evaluated the limiting 
slopes. Following Millero (6) we use A,(d10)1i2 = 

27.413 cm3 kg1'' for electrolytes of 3 :  1 
charge type and A,(d10)1'2 = 58.984 cm3 mol-312 
kg1'' for electrolytes of 4 :  1 charge type. Least- 
squares analysis of our +, values in Table 1 in terms 
of eq. [4] leads to the 4,' (= VO) and B, values that 
are summarized in Table 2. 

We do not know of any previous measurements 
on aqueous chromic nitrate leading to a 4,' value 

Apparent molar properties of dilute aqueous solu- to compare with our result in Table-2. We can, how- 
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TABLE 2. Volumetric parameters for eq. [4] 

Solute 

Cr(N03), 45.4 -41.1 
K3Fe(CN), 146.6 -24.6  
LaCI, (all point?) 13.8 -39.4 

( 1 1 1  < 0.04) 14.3 -54.9 
K4Fe(CN), 113.3 -43.4  

ever, make indirect comparisons of our result with 
those of earlier \vorkers by way of conventional ionic 
volumes based on +,,'(H') = 0. Using +,'(NO3-) 
frorn Millero (6) u i th  our 4,' from Table 2 leads 
us to our conve!ltional +,0(Cr3') = -41.6 cm3 
mol- '. Millero (6) has previously listed 4,'(Cr3') = 

-39.5 cm3 mol-'  based on earlier work. Lumme 
(7) has used densities of relatively concentrated (0.40 
to 1.99 iM) solutiolls of chromic perchlorate to calcu- 
late a that \se combine with +,O(CIO,-) from 
Millero (6) to obtain a conventional +, '(Cr3+) = 
- 47 c1n3 mol- l .  We judge that our 4,' for aqueous 
chromic nitrate and that our derived conventional 
4,-'(Cr3') are the best ones available for this solute. 

As shown in Table 2, we have analyzed our results 
for lanthanum shloride in two ways, obtaining 4,' 
values that differ by 0.5 cm3 11101-~. We judge that 
the value based only on solutions tvii11 nz < 0.04 
mol kg-' is better than the other value, which is 
based 011 these results and on those for more concen- 
trated solutions. As can be seen from a graph of our 
(4,. - 27.413r11';~) against nz, there is a hint of a 
slight "break" or  change in slope in the concentra- 
tion range near 0.04 nlol kg-'. We therefore select 
4, = 14.3 cm3 mol-I as the best value to be ob- 
tained from our measurements on aqueous lan- 
thanum chloride and combine with the conventional 
+,O(Cl-) from Millero (6) to obtain a conventional 
+,'(La3+) = - 39.2 cm3 11101-~. 

Dilatometric measurements by Dunn (8) have led 
him to 4,' = 14.28 cm3 mol-' for aqueous lan- 
thanum chloride. Density nleasurements by two 
methods have led Spedding et a/. (9, 10) to report 
4,' = 14.51 and 14.688 cm3 mol-I for aqueous 
lanthanum chloride; we judge the first of these values 
to be better than the second because the first is based 
on densities for more dilute solutions than is the 
second. 

We can also compare our conventional +,'(La3+) 
from aqueous lanthanunl chloride with similar 
conventional +;(La3+) values derived from 4,' 
values for other salts of lanthanum. Results of this 
comparison, for which we have used +,'(@I-, 
Cl0,-, and NO3-) from Millero (61, are presented 
in Table 3. On the basis of our assessments of all of 
the investigations cited in Table 3: with particular 

TABLE 3. Conventional $,'(La3-) values 

$v0(La3 +) 
cmi mol- ' Solure Source 

Thls ~+ork ,  all points 
T h ~ s  work, 171 0 04 
Refercnce 8 
Reference 9 
Reference 10 
Reference 11 
Reference 12 
Reference 13 
Refelence 9 
Reference 14 
Refelence 15 

bias in favor of +," values derived from nieasure- 
ments on the most dilute solutions, we choose 
+,?(La3+) = -39.1 cm3 n l o l '  as the best available 
conventiollal ionic volunie for La3'(aq) at  25'C. 

For aqueous K3Fe(CN),, a 3 : 1 electrolyte, we 
have +,' = 146.4, 146.2, and 146.8 cm3 mol-'  from 
previous investigations f 16-1 8), all in excellent agree- 
ment with our present +,' = 146.6 cm3 mol-'.  

Previous investigations of aqueous K,Fe(CN),, a 
4:  1 electrolyte: have led to the following. Hepler, 
Stokes, and Stokes (18) obtained 4,' = 110 cm3 
r n o l '  by way of measuren~ents with a d i l a t o m e t e ~ . ~  
More recently, Billi et a/. (16) have reported 4,' = 

108.5 cm3 mol-I ,  based 011 similar measurements; 
it is desirable to recalculate their results by way of an 
equation like [4], but their results are not presented 
in a n a y  that permits such recalculation. Still other 
dilatometric~~ieasurementsbpCurthoysand Matheson 
(17) have led them to report 4,' = 112.3 cm3 mol - l ;  
our recalcuiation (omitting the 4,. for their !nost 
dilute solution, for reasons discussed by Curthoys 
and Matheson) leads us to $2 = 112.7 cm3 mol-' .  
Our present 4,' = 113.3 cm3 n ~ o l - ~  is not in ideal 
agreement wit11 any of the previous results, which 
are not in good agreement with one another. There 
is, a t  present, 110 way to make a ratioilal selection of 
a best 4,' for aqueous K,Fe(CN),. 

Previous experience here and elsewhere with flow 
densimeters of the type we have used has provided 
good evidence that total uncertaiilties in derived 
$2 values are usualiy less than 1 0 . 5  cm3 mol-l .  
The agreement of our present 4,' values for aqueous 
LaCl, (see Table 3) and aqueous K,Fe(CN), (dis- 
cussed in the text earlier) is consistent ~ . i t h  a similar 
estimate of our present uncertainties in 4; values for 
these solutes. 

Because previous resalts for salts of Cr3'(aq) have 

3111 ref. 18 we reported 4,O = 147.8 cm3 mol-' for aqueous 
K3Fe(CN),: R. A.  Robinson has kindly pointed out errors in 
our calc~ulations and has provided a corrected $,.O = 146.8 
cm3 mol-'. 
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quite large uncertainties, we are unable to  use com- 
parisons as a guide in estimating the uncertainty in 
our 4,' for aqueous Cr(NO,),. Instead, we estimate 
that the uncertainties in our densitj, nleasurenlents 
are about the same as for other solutions, and also 
recognize that there is an  additional source of uncer- 
tainty in the derived 4, and 4,' values. Because of 
the tendency of Cr3+(aq) to hydrolyze to such species 
as CrOH2+(aq), it was necessary for us to work with 
solutions that contained some nitric acid as well as 
the chromic nitrate of interest to us. The resulting 
additional uncertainty associated with treatment of 
our  experinlental data leads us to estimate that the 
total uncertainty in our reported 4,' for aqueous 
Cr(NO,), is about 1 1 . 2  cm3 m o l l .  

Uncertainties in +,O values based on dilatometric 
measurements of the type used in the three earlier 
investigations (16-1 8) of aqueous K,Fe(CN), are 
typically less than k 0 . 5  cm3 mol- ', as they are for 
the  flow densimeter n e  have used. It is obvious from 
the  range of reported values (108.5, 110, 112.3 or 
112.7, and 113.3 cm3 mol-l)  that truc uncertainties 
for at least some of these results are larger than 
normally found in this kind of ~vork .  We have no 
reliable way of sclccting the best value or of assessing 
individual uncertainties. 

In  connection with our previous investigations of 
heat capacities of aqueous electrolytes of charge 
types 1 : 1 and 2:  1 we have used A,(d10)'i2 = 28.95 
and 150.4 J K- '  mol-3'2 kg'12. These values are 
based on the earlier analyses of Philip and Desnoyers 
(19) and Leduc, Fortier, and Desnoyers (20), and 
have been used in connection with many similar 
investigations at  the UniversitC de Sherbrooke and 
else\vhere. Calculations by Spitzer (22) and by Sil- 
vester and Pitzer (23) have led to values of ~ , ( d , ' ) ' : ~  
about 1 0 z  and about 25% larger, respectively, than 
the values quoted above. Nearly all of the differences 
bettveen these limiting slopes can be attributed to 
differences in the second derivatives of the dielectric 
constant of water with respect to temperature that 
have been selected by the various investigators (19, 
20, 22, 23). Desnoyers and co-workers (19-21) and 
Spitzer (22) have tried to obtain the best limiting 
slopes for 25°C and other "ordinary" temperatures, 
all at  1 atm, bvhile Silvester and Pitzer (23) have tried 
(24) to obtain the best complete set of limiting slopes 
for a much wider range of temperatures and pres- 
sures. These different approaches have necessarily 
been substantially based on different sets of dielectric 
constants and have therefore led to different second 
derivatives, which accounts for part of the dis- 
crepancy in A , ( d I 0 ) ' ~ ~ a l u e s .  

If it were possible to make heat capacity measure- 
ments of sufficient accuracy on very dilute solutions, 
it would then be possible to obtain accurate 4,' 

values and also limiting slopes by simply plotting 
+c against r ~ i ' ; ~ .  Since this simple approach is made 
unsatisfactory by our inability to make sufficiently 
accurate heat capacity rneasure~nents on sufficiently 
dilute solutions: we are forced to make use of some 
approach based on an  equation like [4]. Application 
of eq. [4] with tllree adjustuble parameters (+,O, A,, 
and B,) to presently available heat capacities is 
generally unsatisfactory because it is possible to fit 
the experimental results \\.it11 a range of values of the 
three parameters that is unacceptably lasge. We 
note, however. that modest improvements in our 
ability to measure heat capacities of dilute solutions 
lnay saffice to make one of the approaches described 
in this paragraph useful in the future. 

Our best presently available approach to analysis 
of heat capacities of dilute solutions is based on eq. 
[4] with limiting slope derived fro111 the Debye- 
Hiickel theory and the properties (density and dielec- 
tric constant) of Lvater. In the folloning discussion 
of this approach, we \trill focus on the slopes from 
Desnoyers and co-norkcrs (19, 20) and from Silvester 
and Pitzer (23) because Spitzer's limiting slope falls 
in between these other values. 

Application (25) of eq. [4] to typical heat capacities 
of 1 : I electrolytes at  25'C is not critically dependent 
on whether we use Desnoyers' (19, 20) or Pitzer's 
(23) limiting slope because derived 4,' valucs or- 
dinarily differ by only about ! 9 K- '  mol-' ,  which 
is about one-third of the c o i ~ l ~ ~ l o n l y  estimated uncer- 
tainty associated with heat capacities obtained re- 
cently in both Sherbrooke and Lethbridge. Similar 
application (25) of eq. [4] to heat capacities of solu- 
tions of 2 :  1 electrolytes shows that $,O values de- 
rived on the basis of the t\40 different limiting slopes 
under present consideration differ by about 6 J K- '  
mol- ', which is a little larger than previously esti- 
mated uncertainties in these values. Because of the 
way (19, 20, 22, 23) in which electrolyte charge enters 
A,, we anticipate that the 4,' values derived from 
applications of eq. [4] to our present heat capacities 
of solutions of electrolytes of 3:  1 and 4:  1 charge 
types will depend significantly on our choice of 
linliting slope. 

Our calculations with eq. [4] for 3 :  1 electrolytes 
have been based on Ac(d,0) '~2 = 425.5 and 523 J 
K - '  m ~ l - ~ ' ~  from Desnoyers and co-workers 
(19, 20) and from Silvester and Pitzer (23), respec- 
tively. Similar calculations for the 4 :  1 electrolyte 
K,Fe(CN), have been done \vith A,(dlO)' " = 915.5 
and 1126 J K- '  111ol-~ '2 kg'I2 from the same 
sources. Results of all of these calcu!ations are sum- 
marized in Table 4. 

We d o  not k n o ~ ,  of any heat capacities of solutions 
of Cr(NO,),, K3Fe(CM),, or K,Fe(CN), that can 
be compared with our results in Tables 1 and 4. 
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TABLE 4. Heat capacity parameters for eq. [4] 

Desnoyers' limiting slope Pitzer's limiting slope 

6c0 B,- 6c0 Bc 
Solute J K - ' n ~ o l - '  J K - ' r n ~ l - ~ k a  J K - I  mol-I  J K-I  n ~ o l - ~  kg 

LaC1, all points - 465 - 580 - 475 - 805 
rn < 0.04 - 456 - 898 - 464 - 1203 

Cr(N03),  ti1 i 0.04 - 223 -2337 -231 - 2644 
111 < 0.06 - 242 - 1628 -251 - 1887 
vlsual - 230 - 240 

K3Fe(CNI6 -206.5 - 300 -218.,  - 478 
KdFe(CN), - 460 - 688 -481 - 1141 

Spedding and Jones (26) have measured heat In spite of the uncertainties in our measurements 
capacities of aqueous solutions of lailthanun~ chlo- and those from our calculations based on different 
ride. all having molalities greater than 0.1 mol kg-', limiting slopes in the heat capaclty eq. [4], we be- 
and have treated their results with an equation of the lieve that our $,' values in Table 4 are the best ones 
forin of now available for aqueous electrolytes of 3 :  1 and 

in which A ,  B: C, D, and E are adjustable parameters. 
Thcy report A = -466 J K- I  mol-'. It is our 
opinion that the uncertainty in this value (mostly 
due to a lack of data below 0.1 177) is too large to 
justify its use in choosing between the various 4,' 
values listed for aqueous LaC1, in Table 4. 

We also note that heat capacities of solutions of 
La(NO,), and La(ClO,), have been measured (27, 
28) at concentrations above 0.1 in01 kg-'. Extra- 
polations of the results to infinite dilution by way of 
equations like [5] have led (27, 28) to 4,' = -286 
J K - '  mol-I for aqueous La(NO,), and to +2 = 
-222 J K-I  mol-I for aqueous La(ClO,),. Com- 
binations of these values with conventional $,' values 
(29) for aqueous Cl-, NO,-, and C10,- leads to 
4,' = -448 and -525 J K - '  mol-I for aqueous 
LaC1,. Again we are unable to use these results from 
other investigations to help us choose between the 
various 4,' values listed in Table 4. 

Heat capacities of solutions of a few other MCI, 
salts are worth mentioning. Measurements by 
Vasilev and co-workers (30, 31) have led to $2 = 
-418 J K-'  11101-' for aqueous YC1, and to $2 = 
- 466 J K - '  mol-' for aqueous CeCI,. Spedding, 
Walters, and Baker (32) have measured heat capaci- 
ties of solutions of eight different rare earth chlorides 
and have reported corresponding 4,' values ranging 
from -434 to -519 J K- '  mol-I ; we particularly 
note their +,' = -493 J K-'  mol-' for aqueous 
GdC1,. Sekel, Criss: and Cobble (33) have used 
enthalpies of solution at several temperatures to 
derive $2 = - 435 J K -  ' mol- ' for aqueous GdC1, 
a t  2YC. Once again we are unable to use these re- 
sults from other investigation~ to help us choose 
between the various 4,' values listed in Table 4. 

4 :  1 charge types. 

NOTE ADDED lr\ PROOF: Bradley and Pitzer (33) 
have reported results of their new calculations of 
Debye-Huckel parameters. Because the "best" A, 
now appears to be intermediate between values we 
have used, corresponding "best" $2 values are 
probably intermediate betueen values listed in 
Table 4. 

Bottomley, Glossop, and Staunton (34) have 
reported a nekv and apparently reliable +,' = 11 1.7 
cm3 mol-I for aqueous K,Fe(CN),. 
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/8' 'Erratum: Phase-transfer catalyzed synthesis sf activated cyclopropanes 

JOHN M. MCINTOSH A N D  HAMDY KHALIL 
Ueprirtrr~er~t of Chetr~i.st,?. Uni~.er..sity of Wintisor, IVinci.co~., Orlt., Carriitki N9B 3P4 

(Ref.: Can.  J .  Chem. 55.2134 (i978)) 

Received August 20. 1979 

The experimental directions regarding the amounts of reagents and solvent are in error. Thus the first 
three sentences of the experimental procedure should read: 

To a mixture of 40 mL of methylene chloride and 4.1 mL of 9.5 N aqueous sodium hydroxide (0.04 mol) 
was added ca. 100 mg of benzyltriethylammonium chloride (TEBAC). The system was cooled to 0°C in an 
ice-salt bath. To  this solution was added a mixture of 0.04 mol of each of the acceptor and donor 
molecules at P C  with good stirring. 
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Mechanistic and theoretical studies of the photochemistry of 
5,6-dihydro-2-cyanobenzobarrce1ene 

CHRISTOPHER 0n. t~  B ~ K D E R  A N D  S E A ~ I U S  F .  O'SHEA 
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CHRISTOPHER OWES BENDER and SEAMUS F. O ' S ~ ~ E A .  Can. J. Chem. 57,2804 (1979). 
The direct (0 ,  = 0.04) or acetone sensitized (@, = 0.51) photolysis of 2-cyano-1,4-dihydro- 

1,4-ethanonaphthalene (5) yields l-cyanobenzotri~yclo[3.3.0.O~~~]octa-3-ene (6). Deuterium 
labelling studies suggest that 6 derives from a Zimmerman di-n-methane rearrangement and 
not from the McCullough I-cyanocyclohexene rearrangement. The observed rearrangement 
and regioselectivity are in accord with predictions based upon CNDO-CI calculations of 
changes in atom-atom interaction energies on excitation to the S, and TI excited states of 5. 

CHRISTOPHER OWEN BENDER et SEAMUS F. O'SHEA. Can. J. Chem. 57.2804 (1979). 
La photolyse directe (0 ,  = 0.04) ou sensibilisee par I'acktone (@, = 0.51) du cyano-2 

dihydro-1,4 ethano-1,4 naphtalene (5) conduit au cyano-l-ben~otricyclo[3.3.0.0~~~]octa-3-ene 
(6). Des etudes de rnarquages au deuterium suggerent que 6 derive d'un rearrangement di-n 
m6thane de Zirnlnernian et non pas par un rkarrangement cyano-1 cyclohexene de McCullough. 
Le rearrangement et la regioselectivitk observes sont en accord avec les predictions qui pro- 
viennent de calculs des changements d'energies d'interactions atome-atome sur excitation a 
I'etat singulet (S , )  et a 1'Ctat triplet (TI) de 5. 

The topic of photo-regioselectivity in triplet 
sensitized di-n-methane rearrangements of polar- 
substituted d~hydrobenzobarrelene and related (e.g., 
benzonorbornadiene) derivatives is of current theo- 
retical and experimental interest (1). S' ince cases 
where the polar substituent is on the alkene moiety 
have not been reported me undertook the study of the 
photochemistry of the cyanolated dihydrobenzo- 
barrelene 5. The choice of the cyano group as sub- 
stituent was prompted by the recent discovery of 
McCullough and Manning that the l-cyanocyclo- 
hexene derivatives la. b photorearrange to bicyclo 
[3. i .O]hexane- 1-carboilitriles (30, b)  according to the 
genera1 mechanism proposed in Scheme f (2).' Thus 

Ba (R  = H) 2rt.h 
I b  ( R  = CH,) 

in addition to providing regioselectivity information 
the investigation of 5 was conceived to examine the 

'The experimental evidence does not exclude a concerted 
20, + 2rc, comersion of l a ,  b to 30, b (2). 

intrainolecular competition between the l-cyano- 
cyclohexene and di-n-methane rearrangements. 

Results 
Compound 5 was isolated as a colourless solid 

from the diimide reduction of the less polar double 
bond of the known (3) 2-cyanobenzobarrelene (4) 
(see Scheme 2). The ilmr data support the structure 
assigned to 5: 66.60-7.05 (m, 5H, H-3 and aroma- 
tics), 63.76-4.03 (m, 2H, bridgeheads), and 61.12- 
1.80 (111, AH, methylenes). Particularly illformative is 
the Eu(fod), shifted spectrum, which, after the addi- 
tion of 12 mol",f the LHS reagent, reveals one 
olefinic hydrogen, H-3, at 67.70 (d, J,,, = 6.0 Hz), 
coupled, as shown by double irradiation techniques, 
to H-4 at 64.30 (broad d, J = 6.0 Hz); H-I is a 
broad singlet at 64.65 and the four methylene 
protons at C-5 and C-6 occur as a complex multiplet 
centred at 61.83. In further accord with the structure, 
the deshielding effect of the cyano group on the 
adjacent coplanar vinyl proton, H-3, (66.90 in the 
absence of Eu(fod),: one limb of the doublet is 
hidden by the aromatic multiplet) relative to the 
corresponding proton in 2,3-di11ydrobenzobarrelene 
(4) is 0.74 pprn which compares well with the re- 
ported chemical shift substituent constant of 0.8 for 
the cis protoil of acryloniirile (5). 

On direct irradiation at 254 nm 5 gave the di- 
hydrosernibullvalelle derivative 6 as the major 
product isomeric with starting material; variable 

(K108-404217912 12804-08S0 1.0010 
1979 Xational Research Council of Canada/Con,ril nation~il de I-echer-ches di! Canada 
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hv . direct 
01- \ensitized 

amounts of polymer were also formed together with 
minor amounts of other products which polymerized 
during work-up. By contrast, the acetone sensitized 
irradiation of 5 at 313 nm yielded only 6. Photo- 
product 6 is identical to the unique product isolated 
from the diimide reduction of the known (3) 1- 
cyanobenzosen~ibullvalene 9. 

The interpretation of the 400 MHz nmr spectrum 
of 6 is straightforward. In addition to the aromatic 
proton signals which occur as two sets of multiplets 
at  67.20 (3H) and 67.02 (IH) the spectrum contains 
seven distinctly separated nearly first order one- 
proton resonances for the seven non-aromatic 
protons (see Experiinental). 

The couplings between protons were confirmed by 
double irradiation techniques. The fact that H-5 
occurs as a doublet, being coupled to H-6 (J = 5.0) 
but not to H-6', is not unexpected since the dihedral 
angle between PI-5 and FI-6' is 90" (Drieding Model). 
Furthermore, Paquette and co-workers have re- 
ported that H-5 and H-6' are also not coupled in the 
semibullvalene derivative S (6). 

Support for the proton assignments was provided 
by observing the effect of Eu(fod), addition to the 
nmr solution of 6 (see Fig. 1). The hydrogens at C-2, 
C-5, and C-8 are closest and approximately equi- 
distant from the cyano group: and consequently 
their signals are shifted the most and to approxi- 
mately the same extent; the signals of the methylene 
hydrogens H-6 and H-7 sjrz to the cyano group are 

FIG. 1. Variation of chemical shift for the protons in 6 with 
increasing addition of the shift reagent E ~ ( f o d ) ~ .  

shifted more than those of the H-6' and H-7' anti 
~nethylene hydrogens. 

Quantun? Yirlds and S ,  and T ,  Energies of 5 
The quantum yields for the transformation of 5 to 

6 were investigated to ascertain the relative eficien- 
cies of the sensitized and unsensitized processes; in 
cyclohexane ~ i t h  254 nin light the appearance @ for 6 
is 0.04 whereas in neat acetone with 313 nm light @ is 
0.51. 

The singlet energy of 5 in cyclohexaue solution at 
room temperature was determined to be 102 kcal 
mol-I froin intersection of the absorption and 
fluorescence spectra. The triplet energy of 5 could not 
be obtained spectrometrically since no phosphores- 
cence in isopentane - methylcyclohexane glass at 
47 K could be detected. However, an "effective" 
triplet energy at room temperature in cyclohexane 
solution of 74 >, E, > 69 kcal mol-' is suggested by 
triplet sensitization experiments: the conversion of 5 
to 6 can be sensitized efficiently by acetone (@ = 

0,51; E,, = 78 kcal mol-I), less efficiently by aceto- 
phenone (@ = 0.16: E,, = 74 kcal mol- I) but ap- 
parently not by benzophenone (E,, = 69 kcal 
mol-l) or by thioxanthone (E,, = 65 kcal mol-I). 

 mechanistic Considerations 
The formation of 6 from 5 can be accounted for in 

terms of the 14lcCullough 1-cyanocycloF~~xene re- 
arrangement (Scheme 3, loute i, stepwise: route ii, 
concerted, 2~7, + 2rc,), or the Zinlmerman di-n- 
methane rearrangement (7) (Scheme 3, route is, 
stepwise; route iii, concerted, 20, + 2 7 ~ ~ ) .  A means of 
determining the route i (or li) versus route is (or iii) 
competition %as provided by examining the pho- 
tolyses of the mixture of deuterated dihydrobarrelenes 
5a. Mixture 5a was prepared from the diimide 
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C4N.  S .  C H E M .  VOI  . 7 .  197'1 

S c ~ t \ l r  3.  For 5. 6.  9. 11,  and 12. X = Y = Z = H .  For series ( I ,  individual structures represent a 1:0.6:0.4 mixture o f  three 
component isotopes. 20.21. and 22respectively(see Scheme 4 ) .  each singly labelled mith deuterium at the positions designated b y  Z .  
X .  and Y .  

reduction of the previously available (3) 50:50 
mixture of deuterated barrelenes 18 and 19 (con- 
taining 94 i 3 7  d, at C-4 and 92 1 4'",, at C-6 
respectively) obtained from the addition of benzyne 
to nzeta deuterobroinobenzene followed by treat- 
ment with cuprous cyanide (see Scheme 4). 

Nuclear magnetic resonance evidence indicates 
that this synthetic sequence leads to the formation of 
three isotopes 28,21, and 22. Comparison of the inte- 
grated areas of the bridgehead (H-I, H-4) and the 
methylene proton signals in the Eu(fod), shifted 
spectrum reveals that the total deuterium content of 
mixture 5a is 94 i 57, (assuming 0%-dl in the 
aromatics) and that the ratio of 28.(21 + 22) is ca. 
1.0: 1.0. The relative amounts of 21 and 22 present 
in the mixture could not be ascertained directly 
from the nlnr data of 5a because of overlap of the 
methylene proton signals. However, a ratio of 1.5 
(24): 1.0(22) is suggested from inspection of the nmr 
spectrum of the deuterated dihydrosemibullvalene 
photoproducts 13u (ride irzfra). 

The hydrogen distributions of the dihydrosemi- 
bullvalene material isolated from the direct, acetone 
and acetophenone sensitized, irradiations of the 
deuterated mixture 4a are the same bvithin experi- 
mental error (see Table 1); half of the deuterium is 

located at C-8 and the other half at C-6, i.e., con- 
sistent with 13a. Thus the McCullough l-cyano- 
cyclohexene rearrangement (routes i and ii, Scheme 3) 
does not participate in the formation of 6 during 
direct or sensitized irradiations of 5. 

Inspection of Table 1 also reveals that the H-6: H-6' 
ratio accords with a distribution of 1.5: 1.0 (anti:syt~) 
for the deuterium on C-6, a result that suggests that 
the ratio of 21:22 is also 1.5: 1.0 in the deuterated 
starting mixture 5a (assuming that no deuterium 
scrambling at C-6 occurs during the course of re- 
arrangement to 13a), which in turn implies that the 
reduction of 4 is 60";tereoselective in favour of the 
vinyl-vinylcyano rather than benzo-vinyl approach 
of diimide. 

Discussion 

The excited state of 5 yielding 6 upon sensitized 
irradiations with acetone or acetophenone is assumed 
to  be T I .  This assumption is based on the finding 
that when either sensitizer is used the deuterated 
dihydrobarrelene 5a gives dihydrosemibuilvalene 
product containing the same label distributions, i.e., 
1%. The observation that the quantum yield for the 
formation of 6 (@ = 0.51) is rnuch higher in the case 
of acetone ( E T ,  = 78 kcal molpl) sensitization than 
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Ratio of 

in acetophenone sensitization (@ = 0.16) is taken to 
mean that T ,  of 5 is close to T ,  of acetophenone, i.e., 
74 kcal r n ~ l - ~ . ~  

In the case of the direct irradiation of 5 the excited 
state leading to 6 is not clear. TI  is a reasonable 
candidate on the grounds that (a) the formation of 6 
from the direct irradiation of 5 (@ = 0.04) is much 
less efficient than in the case of acetone sensitized 
runs (@ = 0.51) as expected for a process involving 
intersystem crossing, and (b) the deuterium labelled 
mixture 5a leads to dihydrosemibullvalene material 
(i.e., 1%) containing the same label distributions 
from direct and sensitized irradiations. However, 
there is no evidence to rulc out involvement of S,.  In 
fact our CNDO/2-CI calculations (tlide infia) suggest 
that S ,  should follow the same overall mechanistic 
course as T I .  

With respect to the mechanistic considerations, the 

21nterestingly, theoretical calculations (CND0/2-CI, ride 
infin) for the lower excited states of 5 give relative theoretical 
energy ratios of 1 .OOO(S1) : 0.709(Tl) : 1 .070(S2) : 0.927(T2). 
Since the singlet ( S , )  energy of 5 was determined to be 102 kcal 
mol-I (tiide sul~rn)  the following scaled estimates for the 
energies of the other excited states can be obtained: T, = 72 
kcal mol- ', S2 = 109 kcal mol- I, and T, = 95 kcal mol - l .  

observed preference for route iii (or iv) over route i 
(or ii) (Scheme 3) is in excellent agreenlent with 
predictions derived from CNDO/2-CI calculations of 
changes of atom-atom interaction energies in the 
singlet ( S , )  and triplet (TI) excited states of 5 (see 
Table 2). In these calculations (3) (see Experimental) 
the electronic excitation energy for the lowest 
singlet and triplet states are rewritten as sums of 
changes in single-atom energies and atom-pair 
interaction energies. By interpreting these changes in 
interaction energies as forces which give rise to 
initial nuclear motion and by assuming that in rigid 
systems3 these motions determine the ultimate 
products, we can make predictions about preferences 
between competing processes. 

For the non-concerted transformations (Scheme 3, 
routes i and iz:) of 5 to 6 the calculations suggest that 
for both the S ,  and TI excited states of 5 the largest 
attractive 1,3 non-bonded carbon-carbon interaction 
is that between C-3 and C-4a (case 1) while the 
greatest weakening in existing bonds occurs between 
C-2 and C-3 (case 13) and between C-la  and C-4a 

3Zimmerman and co-workers have recently reported similar 
calculations on excited states of some non-rigid systems (8). 
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TABLE 1. Observed" and theoretical hydrogen distributions for deuterated dihydrosemibullvalenes from photolyses of 50 

Hydrogen distributions 

Case H-2 H-5 H-6 H-6' H-7 H-7' H-8 

1. Mechanism i or ii,h calcd.' 0 .54F0 .04  1.00 0.81 i 0 . 0 4  0 .72+0.04 1.00 1  .00 1  .OO 
2. Mechanisnl iii or i ~ > , ~  calcd.' 1 .OO 1.00 0 . 8 1 t 0 . 0 4  0 . 7 2 i 0 . 0 4  1.00 1.00 0 .54+0 .04  
3. Direct, exptl.Le 0 .97F0 .04  0 .99F0 .03  0.80?0.05 0.71-tO.04 1 . 0 2 i 0 . 0 3  1 .01&0.04 0 .54k0 .03  
4. Acetonesensitized,exptl."~" 0 .9810 .02  0 .98+0.02 0 .81+0.04 0 . 7 1 i 0 . 0 4  1 . 0 4 i 0 . 0 3  1 .02k0 .03  0 .5210 .04  
5. Acetophcnone sensitized, 

exptl.dae l.OOF0.04 0 .97k0 .03  0 .79k0 .04  0.72*0.04 1 . 0 3 ~ 0 . 0 3  1 . 0 0 ~ 0 . 0 4  0.57?0.04 

C D C C  solvent. 
BSee Scheme 3 for mechanisms i-ii.. 
'Corrected for the presence of the three singly labelled isotopes 20 (50z),  21 (30"7,), and 22 (20%) In mirtilre 50. 
dErrors estimated from scatter of nmr s~gnal integrations. 
PHydroge~l distributions \%ere normalized on the arsuniption that the aromatlc niiiltiplet at 67.02 represents l.00H 

TABLE 2. Changes"sh in atorn-atom interaction energies (eV) resulting from electronic excitation to the lo~%est singlet 
(S,) and triplet (TI) states of reactant 5 In its equilibrium geometryc." 

Changes between 1,3-non-bonded atoms Changes betueen bound atoms 
-- --- -- 

Case Atom-atom T I SI  Case Atom-atom TI S I  

oCalculated by the C N D O C I  method using the theoretical parametization (11). 
Wegative values are interpreted as "forces" tending to bring the atoms together, while positive values cause the atoms to move further apart. 
cCalculations on  the fi11l inolecule 5 \+ere perfornied; only values for the diliydrobarrelene portion are given here. 
dThe numhering of the atoms is that given in Scheme 3. 

(case 14). These predictions precisely coincide with 
the initial bonding reorganizations that would be 
engendered in the formation of the first diradical 
intermediate 11 in the di-n-methane mechanism 
(route iz:). The formation of the initial diradical 9 in 
the 1-cyanocyclohexene mechanism (route i) is seen 
by inspection of Table 2 (cases 3, 13, and 18) to be 
less favourable. 

Likewise, for the concerted alternatives for the 
transformations of 5 to 6 (Scheme 3, routes ii and iii) 
the di-n-methane rearrangement (20;, + 27t, version, 
route iii) is, according to the calculations, more 
favourable than the 1-cyanocyclohexene rearrange- 
ment (20, + 2n, version, route ii) (cf. cases 1, 6, 13, 
and 15 with cases 3, 6, 13, and 18 respectively). 

Turning now to the topic of di-n-methane regio- 
selectivity, it should be noted that Paquette and co- 
workers have reported the striking control on the 
direciionality of benzo-vinyl bonding exerted by the 
cyano group when substituted in the aromatic ring of 
the dihydrobei~zobarrelene 23 (Scheme 5); in the case 

of the nieta cyano derivative (240) the di-n-methane re- 
arrangement proceeds with complete regiospecificity, 
to give 26a ( l a )  while for the ortho cyano derivative 
(246) it proceeds with high regioselectivity to produce 
917,28h and 9'z 26h (16). In the case of 5 where the 
cyano group is on the alkene moiety its eff'ect is also 
profound ; the triplet di-n-methane rearrangement is 
regiospec~hc, proceed~ng via C,-C,, bonding. 
Inspection of Table 2 (case 1) reveals that the 
CNDO 2-CI atom-atom approach predicts a pre- 
ference for the observed initial C,-C,, bonding oher 
the alternative dl-n-methane ~ n i t ~ a l  C,.-C, bondii~g 
option (case 2). 

Experimental 
The nmr spectra were recorded on Bruker 400 MHz or 

Varian (EM-360) 60 MHz instrtiments with TMS as internal 
standard. The ir spectra were recorded on a Perkin-Elmer 337 
spectrolneter, the u v  spectra on a Gary 15 spectrophotometer, 
and the Inass spectra on an MS 9 (A.E.I.). All melting points 
are uncorrected. Elemental analyses were performed by 
Galbraith Labs. Inc., Knoxville, TN.  Cyclohexane solvent was 
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R E U D E R  A N D  O'SHt:4 

For series (I,  R ,  = H. R2 = C N  
4 For series h ,  R ,  = CN. R, = H 

270. h 28tr ( 0 9 )  
28h (91%) 

S C H F ~ ~ E  5 

prepared for photolyses by scrubbing with 10% of its volume 650.2 mg of potass i~~m azodicarboxylate (3.4 mmol) in 30 mL 
of 30% fuming sulfuric acid, followed by washing with 10% of methanol at - 30 C, 1.5 mL of acetic acid was added in one 
aqueous sodium hydroxide, drying (MgSO,), and finally portion. The reaction mixture was allowed to warm to room 
distilling from calcium hydride. Solid triplet sensitizers were temperature during 1.5 h and was then worked up and 
sublimed and recrystallized prior to use, and acetophenone chromatographed as described for the preparation of 5 (vide 
was distilled. Acetone sensitizer was obtained by refluxing slprn). Crystallization (hexane) of the contents of the first band 
spectroscopic grade acetone with neutral potassiuin permanga- of?' the colurnn gave 42.6 mg (37%) of colourless 6 ,  mp 64- 
nate, followed by distillation and then redistillation from 66-C; ir (KBr): 2230, C'--N; uv (cyclohexane): 220 sh (40701, 
anhydrous potassium carbonate. Nuclear magnetic resonance 257 sh (260), 262 (440), 267 sh (600), 268 (6SO), and 276 (830); 
chemical shifts are given in 6 units and J values in hertz; uv nmr (400 h4Hz, CDCI3): 7.20 (m, 3H, aromatic), 7.02 (m, lH ,  
n ~ a x i n ~ a  arc given in nanometers (E); ir bands are given in aromatic), 3.87 (d, IH, H-5, J5,6 = 5.0, J5.6, = 0.0), 3.15 
reciprocal centimeters. Thin-layer chromatographic separa- (d, IH, H-2, J 2 , ,  = 8.01, 2.60 (m, l H ,  H-8, J,,, = 8.0, 
tions were carried out on Merck plates, 20 cm x 20 cm, f,,, = 2.0, J,.,, = 6.6), 2.45 (m, lH ,  H-6, f,,, = 11.5, 
0.25 mm layer of Silica Gel 60 F-254. J5,6 = 5.0, J6,6, = 10.8, J 6 , 7 ,  = 8.5), 2.01 (m, IH, H-7', 

J 7 , , 8  = 6.6, J 6 , , 7 ,  = 0.0, J6.7. = 8.5, J 7 , 7 ,  = ll.O), 1.76 
2-Cyano-I ,4-dil1ydro-l,4-et/1nno11r1pl1f/zalewe ( 5 )  (q ,1H,H-6 ' , J6r ,7  = 6.0 ,J6 , ,7s  = J5,6, = 0,J6.6.  = 10.8),and 

To  a stirred mixture of 741.7 mg (4.2 mn~ol)  of 4 (3) and 1.20 (m, 1 ~ ,  H - ~ ,  J7,8 = 2.0, J ~ , , ,  = 6.0, J ~ , ~  = 11.5, 
1.6858 g of potassium azodicarboxylate (8.7 mmol) in 30 mL 

J,,7, = 11.0); Spin-decoupling irradiation o f ~ - 7  
of metllanol at  -30 C, 1.5 mL of acetic acid hvas added in one H-6, to a d ( J6,6, = J-J-8 to a 
portion. The reaction mixture was allowed to warm to room (J2, ,  = 8.0, J,,,, = 6.6), and modified the H-7' and H-6 
teinperature dui-ing 1.5 h after which lime the solution was nlLlltiplets; irradiation of H - ~ ,  collapsed H-7 to a broad 
added to 300 m k  of cyclohexane and was washed with 5% ( J ~ , ~ ,  = 11.0~ J ~ , ~  = 11.5, J,,, = 2.0) and theH-6rn; 
aqueous sodium hydroxide (200 mL) followed by water irradiation of H-7' collapsed H-8 to a broad doublet ( J2 ,8  = 
(2 x 200 mL). The cyclohexane solution was dried (IblgSO,), 8.0, J,,, = 2.0) and modified the H-6 and H-7 multiplets; 
concentrated in racuo, and the residue column chroma- irradiatioll of H-6 collapsed H-5 to an s, collapsed H-6, to a d 
tographed on silicic acid (100-200 mesh) with 1 2  ether- ( j6, , = 6), and modified the H-7 and H-7' lnuitiplets; irradia- cyclohexane. Cr~stallization of the contents of the first band of H-8 collapsed H-2 to an  s, collapsed H-7, to a 
from hexane gave 175.2 mg (23% of colourless 5 ,  mp 66-68'C; (f7,,, = 11.0, J,,,, = 8.5), anii lnodified the t i-7 m;  irradia- 
ir ( K B ~ ) :  2200, c ~ N ;  uv (cqclohexane): 222 sh (62001, 238 sh tioll of H-2 collapsed H-8 to two doublets (J7,8 = 2, J7 , ,*  = 
(1120), 253 sh (720), 260 (540), 267 (330), and 269 (280); nmr 6.6); irradiation of H-5 collapsed H-6 to s ix  lilies (1 : 1 : 2 : 2 :  1 : 1) 
(60 MHz, CC~,): 6.60-7.05 (111, 5H, H-3 and aromatics), ( J ~ , ~  = 11. 5, J 0,7,  = 8, 5, J 6,6,  = 10.8).  ass spectrum (70 eV, 3.76-4.03 (m, 2H, bridgeheads), and 1.12-1.80 (ln, 4H, direct illlet) showed molecular ion at = 181,0886 (137". 
methyle~ies); LIS nmr (60 MHz) with 11.1 mg of 5 and 8.3 mg Allnl, foulld: c 86,J6, 6,22, N 7.58, 
of Eu(fod), in 0.25 mL CC14: 7.70 (d, IH,  H-3, J3,4 = 6.0), The second band off the column yielded 61.7 1118 (55%) of 
7.24 (m, 4H, aromatics), 4.65 (br s, l H ,  H-l), 4.30 (br d,  IH ,  s t a r t i n g  ,,,aterial 
H-4, J3,, = 6.0), and 1.83 (m, 4H, methylenes); spin-decou- 
pling experiments on LIS spectrum: irradiation of H-3 E$ect ofLat2t/1~111ide S/i$t Rerlgeilt or2 the Nuclear lc(ngr~e;ic 
collapsed H-4 to a broad singlet. Mass spectrum (70 eV, direct Resonance Spectrunz oj-6 
inlet) showed molecular ion at w e  181.0892 (10%), C I S H I I N  The nmr spectrum of 6 was recorded (60 MHz) in CCI, 
requires 181.0891. Atzal. calcd. for C l3HI1N:  C 86.15, H 6.12, (0.40 mL containing 1% TMS) in the presence of increasing 
N 7.73; found: C 85.91, H 6.13, N 7.63. amounts of a solution of E ~ ( f o d ) ~  in CC1, (28.8 mg in0.10 mL). 

Crvstallization (hexane) of the contents of the second band The results are summarized in Fig. 1 .  - 
from the colunln chromatography yielded 554.0 illg (75%) of 
recovered starting material (4). De1tterio2-Cyano-I,I-c/i/1yr!i.o-l,4-ethcmonapht/1alene ~Wixtri/.e 5a 

The 50:50 mixture of deuterated barrelenes 118 and 19, 
I-Cyanohenzor1~icj~c/o/o[3.3.~.~~~~]ocin-3-ene (6)  containing 94 2 3% d, at  C-4 and 92 i 4% d, at  C-6, respec- 

To  a stirred ruixture of 113.1 ing (0.62 mmol) of '7 (3) and tivcly, was available from a previous st~ldy (3). To  a stirred 
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solution of 355.9 mg (2.0 mmol) of the 50:50 mixture of 18 
and 19 in 35 mL methanol at -30'C, 957.8 nig (4.9 ~nmol) 
of potassium azodicarboxylate was added followed by 2 
mL of acetic acid. The reaction mixture was allowed to 
warm to room temperature during 2 h and was worked up as 
previously described for the preparation of 5; 82.1 mg (232) 
of colourless 50, 1np 66-68-C, was obtained along with 254.6 
mg (72z) of recovered starting material. The LIS nmr spec- 
trum (60 MHz) with 11.9 mg of 5n and 27.4 nig of Eu(fod), in 
0.25 mL CCI,: 7.80-8.03 (m, 0.98 i 0.04 H, H-3), 6.25-6.93 
(m, 4.00 H, aromatics), 4.96 (broad s, 1.01 + 0.03 H, H-l), 
3.73-3.98 (m, 0.53 & 0.03 H, H-4), and 1.00-1.93 (m, 3.54 f 
0.03 H, niethylenes), i.e., this corresponds to a ratio of ca. 
1.0 : 1.0 for 2 0 :  (21 - 22),  20 containing 94 ? 6% d, at C-4 and 
21 + 22 containing a total of 92 5 6 2  d, at C-6. 

Preparutire nnd Qrrt~ntuii~ Yieki Ap~~aratus for Sensitized 
Irr.ndirrfior~s 

The apparatus consisted of a "~~lerrr-go-round" fitted with 
a 450W Hanovia lnedium pressure mercury arc which was 
surl.ounded by a hater-cooled quartz immersion well. Light of 
wakelength 313 nm was isolated by a two compartment quartz 
cell fitting concentrically around the immersion well. The 
first compartment contained a 2.0 cm path length of a solution 
of 306 g of cobaltous sulfate heptahydrate and 552 g of nickel 
sulfate hexahydrate per litre of 5% aqueous H2S04.  The 
second compartment contained a 0.2cni path length of a 
solution of 1 g of potassium chromate in 300 mL of 1% 
aqueous sodium carbonate. This combination showed trans- 
mittance between 302-323 nrn with a niaximum at 313 nm 
(202). 

Before irradiation, solutions (35 mL) of reactants contained 
in calibrated 20 mm x 150 mm quartz test-tube-like pho- 
tolysis cells were deoxygenated by flushing with argon. The 
tubes were sealed under a positive pressure of argon which was 
maintained throughout the course of the irradiation. 

Acetone Sensitized Photolysis o f 5  
A solution of 29.0 nig (0.16 mmol) of 5 in 35 mL of acetone 

was photolysed with 313 nm light for 137 min. The photo- 
lysate was concentrated iw DUCUO and the residue was applied to 
a tlc plate; after two irrigations with 6% ether-cyclohexane, 
13.0 mg (452) of recovered starting material was obtained 
fro111 the first band, and 11.7 mg (40%) of a colourless solid 
from the second band, which after crystallization from hexane 
gave 8.2 mg of material, mp 64-66-C, which was identical in 
all respects to 6.  

Semitized Photolyses uf Deufernted Diliyclioborrelene 
jVfixture 5a 

( n j  IYitIitll Acetone 
A solution of 30.4 mg (0.17 mmol) of mixture 5i1 in 35 IIIL of 

acetone was photolysed with 313 nm light for 183 min. The 
photolysate was worked up as in the undeuterated case to gi\e 
10.4 nig (34%) of starting material and 13.0 nig (43%) of 
deuterated dihqdrose~nibullvalene mixture 13n, mp 64-66-C; 
see Table 1 (case 4) for the nlnr H distributions. 

( b )  Wit11 Acetopl7enone 
A solution of 53.3 mg (0.19 mmol) of mixture 5cr and 

326.1 mg of acetophenone in 35 IIIL of cyclohexane was 
photolysed with 313 nnl light for 453 min. The photolysate was 
concentrated in caclto and the acetophenone sensitizer was 
removed by short-path distillation at 30-C,'O.1 Torr. The 
residue was thereafter worked up as in the case of the acetone 
sensitized run, except that two tlc plates were employed, to 
give 32.7 mg (61%) of starting material and 4.2 mg (8%) of 
deuterated dihydrosemibullvalene mixture 13u, nip 64-66'C; 
see Table 1 (case 5 )  for the nmr H distributions. 

Serisirised Qlinnfurn Yield Determinutiori, 
Sensitized quantum yields for the conversion of 5 to 6 with 

313 nm light were determined on the "merry-go-round" 
apparatus. Sample solutions (35 mL) of ca. 0.3 mmol of 5 and 
ca. 6.0 mmol of the sensitizer (acetophenone, benzophenone, 
or thioxanthone; acetone sensitizer was used neat) were con- 
tained in separate, calibrated (for differences in light trans- 
mittance) test-tube-like cells and were irradiated in the same 
run. The lamp output was determined by potassium ferrioxa- 
late actinometry (9). The photolysates were concentrated in 
cacuo, a known quantity of 4 was added as internal standard 
and the product compositions were determined by nmr 
analysis. In all cases nmr peak areas were calibrated against 
authentic mixtures of similar constitution. Con~ersions were 
kept below 1 8 2  and the quantum yields were determined 
from the average of two runs. The @ for the appearance of 6 
were:Q(acetone) = 0.51 i 0,05,@(acetophenone) = 0.16 I 
0.04, @(benzophenone) < 0.01, @(thioxanthone) < 0.01. 

Direct Iri.adiation of 5 
A solution of 46.1 nig (0.25 mmol) of 5 in 250 lnL of cyclo- 

hexane contained in a 250 mL water cooled photolysis well 
was stirred under an argon atmosphere and irradiated for 
247 min with Vycor-filtered light provided by a 2 W U- 
shaped Hanovia cold cathode low pressure Mercury discharge 
lamp (> 907; of emitted light is 254 nm). The photolysate was 
concentrated irz cacuo and the residue was applied to two tic 
plates; after two irrigations with 6% ether-cyclohexane 21.7 mg 
(4773 of recovered starting material was obtained from the 
first major band and 7.8 mg (177,) of 6 ,  mp 64-66 C, fro111 
the second. Variable amounts of polymer are formed during 
the reaction depending on the conversion; the direct irradia- 
tion of photoproduct 6 also gives rise to the efficient formation 
of polymer. 

Direct Iiindiirtioi~ of Deuternteti Dil~yclroburrele~ie Mixture 5a 
A solution of 51.6 mg (0.29 nimol) of 5a in 250 mL of 

cyclohexane was photolysed for 250 min with 254 nm light 
(provided as described for the direct irradiation of 5) .  The 
photolysate was worked up as in the undeuterated case to give 
22.4 mg (43%) of recovered 5u and 6.7 rng (13%) of 130, mp 
64-66'C; see Table 1 (case 3) for the nmr H distributions. 

Qlrnnturn Yield Appnrntus nnd Measlirernent for Dii.ect 
Iwadintion o f 5  

Quantum yields were performed on an optical bench. Light 
from a fan-cooled 450 W Hanovia medium pressure lamp 
was roughly focussed by 4 cm diameter quartz biconvex lens 
(focal length 5.0 cm) located at one end of a collimating tube of 
10 cnl length and 4 cm diameter. At the other end of the colli- 
mating tube a square (5 cm x 5 c n ~ )  Ealing-TFP Interference 
Filter (20% transn~ission at 254 nm, 20 nm band width at half- 
height) was located. The light was beamed onto a cell holder 
(15 cm from lamp) containing a calibrated 20 lnni x 150 mni 
quartz test-tube-like photolysis cell. The light entered the cell 
via a narrow slotted window (3 cm x 1 cm, 1 cm deep). In a 
typical run, a solution of 0.15 mmol of 5 in 25 mL of cyclo- 
hexane was deoxygenated by flushing with argon and sealed 
under a slightly positive pressure. The magnetically stirred 
solution was irradiated for ca. 65 h. The lamp output was 
determined via potassium ferrioxalate actinometry (9) prior to, 
several times during, and after irradiation of the sample solu- 
tion of 5 .  The light fluctuations were found to be less than 20% 
during the course of irradiations. After irradiation, the photo- 
lysate was worked up and analyzed by nmr spectroscopy as 
described for the sensitized quantum yield determinations. The 
@ for the appearance of 6, determined from the average of 
three runs of less than 10% conversion, was 0.04 _+ 0.02. 
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Fluorescence nr?dPhosphoi.escerzce Studies of'Dil?ydi.obtzrrelerze 5 
The fluorescence spectrum of 5 was measured in cyclo- 

hexane solution a: room temperature on an Aminco-Bowman 
Spectrometer. Intersection of the fluorescence (J.,,, = 360 nm) 
and absorption spectra of 5 occurred at  280 nni, suggesting a 
singlet energy of 102 kcal mol- ' . 

The phosphorescence study was carried out on a modified 
Aminco-Bowman apparatus (10) in an isopentane-methyl- 
cyclohexane (1 : 4) glass at 77 K. No detectable phosphor- 
escence peak could be observed. 

Cnlcrrlations 
The calculations were performed on a DEC-20 system com- 

puter using a modified version of the CNDO;M-CI program 
(QCPE 1.315) of Jaffe and co-workers (11); the theoretical 
parametization was used. The lowest singlet and triplet excited 
states were calculated using a limited CI (60 determinants) in 
the virtual orbital approximation. 

As a result of the C1 each excited state is written as a 
mixture of configurations; each configuration is constructed by 
removing electrons from MO's occupied in the ground state 
and placing them in MO's which are vacant in the ground 
state. Using the CI mixing coefficients, and the coefficients of 
expansion of the molecular orbitals in terms of the atomic 
basis functions, the energies of  both the ground and excited 
states can be written as a sum of energies of interaction be- 
tween pairs of orbitals and shifts in single orbital energies. In 
the zero differential overlap approximation used in CNDO, 
IKDO, etc., interactions involving three or more orbitals 
simultaneously are assumed to be zero. By sunln~ing the 
appropriate groups of orbital-orbital energies one can write 
the state energies in terms of atom-atom interactions energies 
and single atoni energies, as is done for the ground state 
energy in ref. 12. By subtraction of ground and excited state 
energies, or directly resolving the excitation energy, one can 
calculate the changes in the atorn-atom interactions resulting 
from excitation. These changes reflect the decreased (positive 
values) or increased (negative values) bonding between atoms. 
When the bonding is reduced the distance between the atoms is 
assumed to increa~e and vice versa. The pattern of changes in 
atom-atom energies can thus be interpreted as a pattern of 
initial n-~olecular distortion. The atomic basis set used in these 
calculations is the unhybridized valence set normally em- 
ployed in CNDO calculations. This atom-atom energy 
approach was developed because in non-planar molecules such 
as 5 o-n separation is not strictly valid. Further details of the 
calculations are available from the authors. 
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Photochemica1 a-cleavage and hydrogen abstraction in deoxybenzoin: a laser 
spectroscopy investigation 
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JEAN-PIERRE FOUASSIER and A\DRE M E R L I ~ .  Can. J.  Chem. 57. 2812 (1979) 
Transient absorptions in the range 380-500 nm in deoxybenzoin are investigated for the first 

time by nanosecond laser spectroscopy. This study gives evidence for absorption by a triplet 
state, and by benzoyl and benzyl radicals. Photoreduction of the triplet state and generation 
of a ketyl radical are also obtained. This enables some peculiar results of the polymerization of 
vinyl monomers photoinduced by deoxybenzoin to be explained. Our results show that deoxy- 
benzoin exhibits a peculiar behakiour since the two photoprocesses occur with the same effi- 
ciency. Hydrogen abstraction and r-cleavage rate constants, quenching rate constants of the 
species by oxygen, lifetimes of the transients, and absorption spectra are derived. The influence 
of the solvent is discussed as a function of the excited states invo:ved. A complete diagram of 
the e\olution of the energy levels is thus obtained. 

JEAY-PIERRE FOUASSIER et A ~ D R ~  MERLIN. Can. J .  Chem. 57.3812 (1979). 
Les absorptions transitoires dans la desoxybenzoine sont etudiees pour la premiere fois dans 

la region de 380 a 500 nm, a I'aide de la spectroscopie laser au nanoseccnde. Cette etude 
fournit la preuve que I'absorption se fait par un etat triplet et par les radicaux benzoyle et 
benzyle. On a egalement obtenu la photoreduction de I'etat triplet et la generation du radical 
cetyle. Ceci permet d'expliquer quelques resul~ats particuliers obtenus lors de la polymerisation 
photoinduite des monomeres vinyliques par la desoxybenzoine. Nos resultats montrent que 
la desoxybenzoine fait preuve d'un comportement particulier puisque les deux processus photo- 
chimiques se produisent avec la mCme efficacite. On a diduit les constantes de vitesse de I'elimin- 
ation de l'hydrogene et du clivage en 3,  les constantes de vitesse de I'inhibition des especes par 
l'oxygene, les durees de vie des especes transitoires et leurs spectres d'absorption. On a discute 
de I'influence des solvants comme Ctant une fonction des etats excites impliques. On a ainsi 
obtenu un diagramnie coniplet des nivaux d'energie et de I'evolution des etats excites. 

[Traduit par le journal] 

Introduction 

For a long time, it has been known that ketones in 
[ I 1  @ c - c H ~ - ( ~  

11 
0 

solution can undergo photochemical a-cleavage 
(Norrish type I) orland hydrogen abstraction 

'e 
yielding a ketyl radical. The latter process was exten- 
sively studied by laser spectroscopy and under steady 

@c. 1 I + -4) 
0 

state conditions. In contrast, most of the substantial 
work devoted recently to the photochemistry of on the photoinduced polymerization of methyl- 
aromatic acyloins h a s ~ b e e n  carried out using con- methacrylate by deoxybenzoin (6) suggest also the 
t i~luous light illumination (1-2) and accurate infor- formation of a ketyl radical (reaction [ 2 ] )  which has 
mation has been derived concerlling the formation of never been mentioned to occur by laser spectroscopy 
the photoproducts. of this molecule. However, the formation of pinacol 

These n~olecules represent an important group of under continuous uv light illumi~lation suggests a 
initiators, and under uv light they produce radicals ketyl radical as intermediate (7). 
which initiate the polymerization of vinyl monomers Since there are both practical and fundaruental 
(3). 
by I 
the 

In the case o f  deoxybenzoin, which was studied interest to this problem, the present investigation by 
,ewis el a]. (4), it was postulated that the origin of laser spectroscopy is devoted to direct evidence for 
photolysis products could be explained by the the Norrish type I photoscission and for the hydro- 

formation of a benzoyi-benzyl radical pair (reac- gen abstraction reaction. I t  provides a better insight 
tion El]). into the evolution of the excited states and permits 

However, a prelinlinary investigation of this mole- subsequent discrassion on the mechanism of the 
cule under laser excitation (5) and recent experiments polymerization initiation. 

0008-404217912 128 12-06$0 1.0010 
01979 National Research Council of Canada/Conseil national de recherches du Canada 
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state values of 240 ns in nitrogen atmosphere and 
1 1  5 ns in aerated solution. The separation of the two 

0 
R x  

contributions (triplet and SLR) is very difficult 
and the estlrnated error is large ( -  30;). Moreover, 
we believe that 240 ns is the lower limit of the triplet @?-'''a lifetime. The quenching rate constant of the triplet 

OH state k Q o 5 s  about 2 x lo9 M - '  s- '  (Table I ) .  This 

Experimental 
Deoxybenzoin was purchased from Kodak Eastman Com- 

pany. Benzene was a commercial product of the highest grade 
(99.9%). THF was purified before use. The nanosecond laser 
apparatus and the analyzing system were described previously 
(8). The excitation consisted of a train of 6 pulses (200 ps 
FWHM, 10 ns separated). The output energy density was 
about 50 mJ c1n-l at 347 nm. 

Results and Discussion 

Laser excitation of deoxybenzoin (DB) in benzene 
solution leads to transient absorptions in the near uv 
and visible wavelength range. A typical oscilloscope 
trace is shown in Fig. I .  According to previous experi- 
ments (5), the first part of the relaxation curve may 
be ascribed to  the triplet state decay of DB. The 
second part of the curve appears to be the sum of 
two absorptions. On a longer time scale of evolution 
j>  10 ps), a residual absorption appears: ~t is due to 
a transient we call LLR (Long Lived Radical). In the 
time range of some hundred nanoseconds, the ab- 
sorptioii curve can be accounted for by the relaxa- 
tion of a transient which decays according to a second 
order kinetics, the rate constant of which a t  430 nm 
in nitrogen atmosphere is about k / ~ l  = 38 x lo7  
s- ' .  This transient will be called SLR (Short Lived 
Radical). We note that the absorption seems also to 
foiiow a first order kinetics (k = 1.4 x lo6 ss- ') : the 
precision of the kinetic treatment is not sufficient to 
decide between the two possibilities. It can be con- 
cluded that the relaxation of the transient obeys 
rather complex kinetics (see the exp!anation sug- 
gested below). 

In aerated soiutions, the time scale of evolution of 
the transient SLR is shortened. This demonstrates 
a quenching process by oxygen which becomes the 
major deactivation pathway of this species. If we 
assume that the bi~noiecular deactivation is negligible, 
a first order law will hold. Indeed first order kinetics 
is obtained and the lifetime of the radical is about 
380 ns. Thus the quenching rate constant kqoZ is 
1.3 x lo9 M- '  s-'  (alowervalueof/-q L is determined 
if a first order rate constant is assumed for the re- 
laxation in nitrogen atmosphere: kqo2 = 0.6 x lo9 
M-' s-I). First order plots are also obtained for the 
first part of the relaxation curves which lead to triplet 

value is close to the diffusion limit for benzene 
k, = 5 x lo9 M- '  s- '  (9). Values wlth a similar 
order of magnitude liave also been obtained in pre- 
vious experiments upon carbonyl compounds (7). 
The triplet lifetime in degassed benzene solution ap- 
pears to be lower than the value calculated from the 
Stern-Volmer plot reported by Lewis and Heine (4). 
In fact, irradiation of DB in presence of naphthalene 
gives Stern-Volmer plot for 'quenching of benzalde- 
hyde formation. The slope is about 3100 f 1500 
M - ' .  A direct measurement of the quenching rate 
constant ( 5 )  gives k, = (5 + 0.5) x 109 M- '  s- '  
which is in agreement with the value commonly 
used. The deduced triplet lifetime is 600 + 300 ns 
which is slightly higher than our value. A quenching 
by an hydrogen donating impurity seems to be ruled 
out since one should have k,[Qj - 1.6 x 1Q6 s - '  
and [Q]  - 1.2 M if we use the bimolecular rate con- 
stant of the photoreduction of benzophenone by 
isopropanol (k, = 1.2 x lo6 iM-' s-'1. 

As the relative concentrations of the triplet and 
of SLR are a function of the oxygen concentration 
in the solution (Fig. I), the following reaction scheme 
holds in benzene solution (reaction 131). 

A ,  [ 3 ]  'DBtriplet - SLR 

Thus the ratio between the concentrat~ons of the 
radical SLR and of the triplet generated by the 
picosecond pulse number i can be expressed by: 

[SLR],l [Triplet], = ku/(l<Z + kq LO2]) 

The total amount of SLR created by the aho le  
train of picosecond pulses is 

where [O2Iai, is the oxygen concentration in an 
aerated solvent solution. As the triplet and the radical 
relax during the running time of the pumping train 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



28 14 C.4N. J .  CHEhI.  VOL. 57. 1979 

TABLE 1. Kinetic parameters of the triplet state and radical transient of deoxybenzoin as a function of the solvent 

Triplet state SLR LLR 
~~~~~~ -------------- 

kq02 ksOz kq02 
Solvent T~~ (ns) T, (ns) ( s )  TTO (ns) TT (ns) ( M - '  s - ' )  T,' (ns) TT (ns) ( M - '  s-') 

Benzene 240 115 2 x l o 9  710 380 0 . 6 ~  lo9 - - - 

THF - .- - 3 70 200 1 . 1 ~ 1 0 ~  - 470 1 x lo9 
Isopropanol 90 60 2 5x109  460 - - - - - 

Methanol 140 80 2 . 4 ~  lo9 - - - - - - 

T r i p l e t  
/ 

FIG. 2. Typical oscilloscope trace of the transient absorp- 
tions observed after laser excitation of deoxybenzoin in aerated 
solution of a mixture THF-benzene ( h  = 430 nm): triplet 
state, benzoyl radical (ST,R), benzyl and ketyl radicals (LLR) 

FIG. 1. Typical oscilloscope trace of the transient absorp- 
tions observed after laser excitation of deoxybenzoin in ben- 
zene under nitrogen atmosphere = 430 nm). First order 
plot of the triplet relaxation (upper curve). First and second 
order plot of the fast decaqing radical transient (lower curve). 

of pulses, the concentrations are corrected to take 
into account the evolution of the populations be- 
tween the moment where the ith pulse strikes the 
sample and a chosen value of time (at which the 
optical densities are measured, t = I00 ns), ac- 
cording to a formula developed elsewhere (10). A 
corrected value of 0.48 is calculated which is very 
close to the ratio calculated from the values of k,, k,, 
and [O,] = 2 x M (this value is 0.5). This 
value corroborates the proposed reaction scheme. 
Similar results are obtained for LLR. It may be con- 
cluded that both SLR and LLR are generated 
through the triplet state. 

In a mixture of benzene and T H F  (9/1), DB 
exhibits three transients (Fig. 2). As in benzene, the 
first one corresponds to the triplet state but its life- 
time is shortened. which means that a ~hotoreduc-  
tion with the solvent occurs as mentioned previously 
(5 ) .  The two other transients are ascribed to radicals. 
One of them seems to exhibit a very long decay time 

and is still called LLR; its nature will be described 
later. 

By increasing the concentration of T H F  in ben- 
zene, one observes that the relaxation times of both 
the triplet and the SLR decrease whereas the LLR 
seems unaffected. From the plot of Fig. 3, a value of 
the quenching rate constant of the triplet state by 
THF may be calculated; its value is 4 x lo6 M - I  
s-' .  For higher values of the THF concentration: 
no calculations are available since the triplet absorp- 
tion at the end of the laser excitation decreases 
drastically due to the short lifetime of the transient. 

FIG. 3. Stern-Volnier plot of the triplet state lifetime of 
deoxybenzoin in deaerated benzene solutions as a function 
of the THF concentration (?. = 430 nm). 
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The quenching by both 0, and an hydrogen donating 
solvent, the value of the lifetime of SLR, and the re- 
sults of steady state experiments strongly suggest 
that the SLR radical is the benzoyl radical which is 
known to yield belizil and benzaldehyde (4) through 
the reactions 

The LLR may be attributed to the belizyl radical. 
Thus in benzene, it is not surprising that the relaxa- 
tion of the SLR radical obeys complex kinetics since 
it has been shown (4) that the quantum yields of 
benzaldehyde and benzil have the same order of 
magnitude: the relaxation follows a mixture of a first 
order law (quenching by benzene) and a second order 
law (bimolecular recombination). N o  Stern-Volmer 
plot call be drawn for the quenching of SLR by THF,  
in the range of the low T H F  concentrations, because 
of the superposition of at  least three transients 
(triplet, benzoyl, benzyl). 

In pure THF,  we observed mainly the two radicals 
whose lifetimes are 200 ns for SLR and 470 ns for 
LLR in aerated solutions, and 370 ns for SLR and 
in the > 10 ps range for LLR in degassed solutions. 
It is reasonable to assume that the value of 370 ns 
corresponds to the reciprocal value of the quenching 
rate constant of SLR by THF.  A value of kqTHF = 
2.1 x lo5 M - '  sC1 can be derived (a lower value can 
also be calculated if we take into account the relaxa- 
tion of the benzoyl radical: kqTHF = 1.1 x 105 
u-1 s - I  ). The quenching rate constants by oxygen 
estimated for the two radicals are 1 . I  x lo9 M- '  
s-'  and 1 x lo9  M - '  s- '  for SLR and LLR, respec- 
tively. 

Similar experiments were performed in isopropanol. 
We observed a triplet state (its lifetime is 90 ns and 
60 ns in degassed and aerated solutioils, respectively) 
and two radicals of the same type, a short-lived 
radical and a long-lived radical. Both of them are 
quenched by oxygen. The lifetime of SLR in degassed 
solution is 460 ns which leads to a quenching rate 
constant of the radical by isopropanol of 1.6 x to5 
M 1  s ' ,  a value which is of the same order of mag- 
nitude as the rate coilstant of the quenching by TIIF. 

The relative va!ues of the 2-cleavage and the hydro- 
gen abstraction rate constants can be deduced from 
the above experiments. With k, = 4.2 x lo6 sC1. 
values of the rate constant k ,  of the photoreduction 
are estimated to  be 2.8 x lo6  sC' ,  6.8 x lo6 s- ' ,  

and 50 x lo6 s- '  in methanol, isopropanol, and 
T H F  respectively (a similar high rate constant in 
THF, compared with isopropanol, is observed during 
the photoreduction of benzophenone (9)). 

The Ketyl Radical 
If we consider the relative concentration of the 

two radicals originating from the triplet state after 
the laser excitation, it is found that their ratio is not 
constant, the concentration of LLR increasing with 
the hydrogen donating character of the solvent 
(Table 2). The same phenomenon is observed in the 
mixture of benzene-THF (Fig. 4). As mentioned 
above, in benzene solution, the long-lived radical 
LLR is the benzyl radical resulting from Norrish type 
I cleavage which appears concomitant to the benzoyl 
radical. However, the ratio of the concentration of 
the benzoyl and benzyl radicals must not depend 
upon the solvent. In agreement with the decrease of 
the lifetime of the triplet state in hydrogen donating 
solvents, it is deduced that a ketyl radical formation 
is observed in these solvents as in benzophenone 
systems. Thus, the long-lived radical should be the 

T.~BLE 2. Ratio of the absorbances of the 
short- and the long-lived radicals as a 

function of the solvent 

Solvent Absorbance 

Benzene 0.35 
Benzene + T H F  (1 : I )  3 . 4  
T H F  3 . 8  
lsopropanol 3.7 

FIG. 4. Ratio of the absorbances of the short and long lived 
radicals (SLR and LLR) in benzene solutions, under nitrogen 
atmosphere, as a function of the THF concentrations (?. = 
430 nm). The absorbances are taken at t = 100 ns and are cor- 
rected as in ref. 8. It is assumed that the extinction coefficients 
of the transients are not (or slightly) dependent upon the wave- 
length. This is reasonable by considering the shape of the tran- 
sient absorption band (cf. Fig. 5b). 
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superposltlon of the two benzyl and ketyl rad~cals. 
The followj~ng reactlon scheme may be written: 

DB tr~plet 
L,'HF[THF] 

* Ketcl I ~ K ~ I ~ , I I  

\ 
Benroql r .~d~~,rl  + benzyl rddic'11 

From experiments perfolmed In benzene solut~on. 
u e  conclude that the ratlo of the absorption of these 
two rad~cals (benzyl and ben~oyl)  1s about 0 35 at  
430 nm. Thus, the absorbances of the three tlanslents 
may be expressed as follows. 

s, [benzyi] + s2[ketyj] 
s , [ b e ~ o y 1 ]  

- - s2XqTHF[THF] + 0.15s3h, -- -- - LLR 
s3k, S LR 

where LLR and SLR are related to the absorbances 
of the radicals. With k ,  = 4.2 x lo6 s- I  (reciprocal 
value of the triplet lifetime in degassed benzene soiu- 
tion) and = 4 x 106 M - '  s P 1 ,  the ratio LLR/ 
SSR is at a first approximation a linear function of 
the T H F  concentration; the slope of the straight line 
is 0.95 x E,E,-'. The experimental value is 0.45 
(Fig. 4): which means that 2 ~ ,  = F ,  at 430 nm. At 
higher concentratio~ls (> 6 M ) .  the ratio seems to 
reach a limiting value. This can be interpreted on the 
assumptio~l that the benzoyl and the benzyl radicals 
can escape from the solverit cage more easily in THF 
than in benzene, \vhich increases the benzoyl concen- 
tration at  the same moment as the ketyl concentra- 
tion increases. This assumption is in agreement with 
the conclusion of L e ~ i s  et ~ 1 .  (4) about ihe existence 
of an early transition state ivith a moderate degree 
of ionic character depicted as follo~vs: 

Absorption spectra of the triplet state in benzene 
and of the radicals in TFIF are reported in Fig. 5a 
and b. The main contribution to the absorption of 
LLR is due to the ketyl radical, the benzyl radical 
exhibiting a very low absorptiol: in the visible wave- 
length range (as observed by recording the absorp- 
tion spectrum in benzene) which is in agreement with 
the very weakly structured transition observed in the 
4500 A region ( I  I )  (the lna i~i  absorptions are in the 
3100 and 2600 A regions). Moreover, the lifetime of 
LLR determined previously in T H F  can be attributed 
to the ketyl radical (a lifetime of the same order of 
magnitude was also measured for the ketyl rad,icai 
of benzophenone (12)). 

FIG. 5. (a) Transient absorption spectrum of deoxyben- 
zoin: triplet state in benzene. (0) Transient absorption spectra 
of deoxybenzoin: benzoyl and ketyl radicals in THF. 

DB is known to initiate the uv light induced poly- 
merization of n~ethylmethacrylate (MMA). By 
adding MMA to solutions of DB in benzene, one 
observes a substantiai decrease of the triplet state 
lifetime (a quenching rate coilstant kqM"& 6 x 
10' M-I  s-I  is calculated) whereas the relaxations 
of the radicals seem to be only slightly affected in the 
concentration range used (lQ-3-!O-1 1W). Complete 
results about the initiation process of the polymeriza- 
tion of MMA will be published elsewhere. 

The overall results are summarized in Fig. 6 which 
shows the evolution of the excited states of DB after 
uv light excitation. This allo~vs us to explain the 
photochernistry of DB in benzene solution (4), the 
influence of the hydrogen donating system. the reac- 
tivity of DB in photocrossli~~iting reactions (13), and 
the abilit) of DB ro initiate the polymerization of 
MMA under uv light excitation (6). 

After this ivork had been submitted to publication 
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FOLASSIER A N D  M E R L I Y  

5 Triplet state 4.2 x 106 s - '  

\ Benzyl radical 
I 

[THF] < 6 M 
i 

Ketyl radical 
h 

Benzovl radical 

109 [o,] S - I  
1. I x 10' LO,] s - '  \ k ,  [THF] s-I 

FIG. 6. Diagram showing the evolution of the excited states of deoxyben7oin. 

we noted a paper (14) in which the reaction between 
deoxybenzoin compounds and thiol was investigated. 
Some measurements were also performed in benzene 
and in THF which give evidence for the ketyl radical 
as previously determined (5). However, the benzoyl 
radical is not observed whereas the absorption of the 
benzyl radical is reported. This is in coiltrast with 
our present work and ui th  measurements on 2,2- 
dimethoxy-2-phenylacetophenone (15). 
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A synthetic route to 4-C-methyl-xylo-furanose 

T I M  FAT TAM A N D  BERT FIWSER-REID 
G~iel~7h-Wcitc.rloo Cetltrefor Grcidirntr Work it! Chatni~ try, Unii,ersity of Watc,rloo, Wcito.100. Otit., C~nriclci R'2L 3GI 

Received Ma) 7. 1979 

TIM FAT TAM and BERT FRASER-REID. Can. J. Chem. 57,2818 (1979) 
3-O-benzyl-l,2-isopropylidene-r*-~-,~ylo-pentodialdofuranose could not be a-methylated by 

direct or indirect methods. The aldol product from reaction of the dialdofuranose with formal- 
dehyde could not be trapped, but underwent a Cannizzaro reaction to give the C-4-bis- 
hydroxymethyl product. The latter can be regioselectively sulfonated at  the pro-(S) hydroxy- 
methyl group. Reduction with lithium aluniinun~ hydride then affords 3-0-benzyl-1,2-iso- 
propylidene-4-C-n1ethyl-?-~-,~y/o-furanose as the major isomer, the configuration of which is 
proved by transformation into an oxetane. 

TIM FAT TAM et BERT FRASER-REID. Can. J. Chem. 57.2818 (1979) 
L'utilisation des methodes directe ou indirecte ne permet pas de methyler en position .s le 

0-benzyl-3 isopropylidene-1,2 r*-D-xylo-pentodialdofurannose. La reaction du dialdo- 
furannose avec le for~naldehyde conduit a un aldol qui n'a pu Ctre isolt, mais qui, par une 
reaction de Cannizzaro, peut Ctre transforme en un produit bis-hydroxymethyle en position 
C-4. Ce con~post  peut &tre sulfone d'une f a ~ o n  regioselective au niveau du groupe hydroxy- 
methyl-pro (S). La reduction par l'hydrure double d'aluminium et de lithium conduit alors au 
compost 0-benzyl-3 isopropylidene-1,2 C-4-methyl 3-D-.uylo-furannose comme isomere 
principal. La transformation de cet isomere en oxetanne fournit la preuve de sa configuration. 

[Traduit par le journal] 

During the past few years there have been impres- methyl groups at  both positions 2 and 5 (4) is found, 
sive developments in the syntheses of C-glycofurano- for example, in citreaviridin (8), and the structural 
sides ( l ) ,  prompted undoubtedly by the fact that these element of jatropone (9), 5 ,  which may be viewed as 
substances provide easy access to C-nucleosides an  elaborate congener of 3, presents an even higher 
which are chemotherapeutic agents of considerable degree of complexity. 
promise (2). In addition to this substantive goal, In view of the foregoing, we have been investi- 
these C-glycofuranosides may also be viewed as gating synthetic routes to furanose derivatives 
chiral synthons of tetrahydrofuran compounds bearing methyl and (or) functionalized methyl 
having functionalized alkyl substituents at  positions groups at  C-4 which might provide access to struc- 
2 and 5 which occur in a variety of natural products. tures such as those in Scheme I .  It would of course 
Examples of the latter are nonactic acid (3) and niany be imperative to know the orientation of the methyl 
polyether ionophores (4). group, and this paper reports some of our work 

A structural feature which presents an  added related to this study. 
complication is the existence of a methyl group at  The only example that we could find of a furanose 
position 2 (or 5) as shown in the part-structures 1, 2, derivative having different functionalized geminal 
and 3 (Scheme 1)  which occur respectively in ipo- substituents at  C-4, was that obtained by Rosenthal 
meamasone and its congeners ( 9 ,  liatrin (6) ,  and a and Ratcliffe from photoamidation of a 3-eno- 
large number of elemanolides (7). The presence of furanose (10). Unfortunately the conversions in this 

otherwise excellent procedure were low and so we 
decided to exanline other substrates. 

x We turned our attention to the his-hydroxymethyl 
derivatives such as 8a whose preparation from the 

o readily available aldehyde 7a had been reported by 
1 2 3 Schaffer (11). This reaction indicated that it was 

possible for a suitable electrophile to capture the w:3 dw cH3e o 
enolate derived from 7a.  Ho~vever all attempts to 

CH3 ; - - cr-methylate 96 by direct (e.g., LDA/HMPA/Mel) or 
. - indirect (Stork enamine alkylation (12)) methods 

caused the substrate to decompose. Evidently alkyla- 
4 5 tion of 76 requires an  electrophile which is stronger 

S C H E M ~  I than methyl iodide. 

0008-4042/79/2 128 18-05$01.00/0 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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TAM A N D  FKASFR-REID 28 19 

CHO CHO 

CH3 

6 7 8 
(1 R =  H (1 R =  H 
h R = B n  h R = R n  

c R = M e  

The work of Just and coworkers sumn~arized in 
Scheme 3 had shown that by using pota~si~ivlz car- 
bor~ate as base, the initla1 aldol product (12) could 
be captured as the acetal 13 and therefore prevented 
from undergolng the Cannlzzaro reaction (13) In 
confirmation of this, H o  had subsequently found that 
2.3-0-~sopropylidene rlbose upon treatment w ~ t h  
formaldehyde and potassz~inz cUrb0~Ute gave the 
2-hydroxymethyl adduct fiithout any Cann~zzaio  

CHO - 

product (14). If 7b could be induced to undergo a 
similar reaction, the product would be 9 which, in 
view of the different oxidation levels of the two C-4 
substituents, would be an attractive synthon for the 
structures in Scheme 1. However application of these 
conditions to 76 gave, instead of 9, two products 
whose structures were shown to be 8b and 8c 

ldentlficatlon of the 0-benzyl derivative 8b is 
based upon an agreeable elemental analysis, and 
assignment of L-tllreo rather than D-erj thro (I e , Plb) 
configurat~on follows from the fact that the latter, 
which has recently been prepared by Moffatt and 
coworkers (15), melts at  101-102 C wh~le  our com- 
pound 8b melts at  73-74 C 

W ~ t h  regaid to the 0-methyl derivative 8c, ele- 
mental analys~s u a s  In agreement with the assigned 
structuie, and from a comparison of the 220 MHz 
nmr parameters w ~ t h  those of 86 (Table I ) ,  it mas 
apparent that both compounds were configura- 
tionally related. The format~on of 8c is most readlly 
explained by invoking the intermediacy of 10. In fact 
Leland and Kotick had reported that 7a  upon treat- 
ment with base had given both8a and Pla ;  compound 
10 also accounts for their observed "eplmerisation" 
(16). The fact that Just et al. ( 1  3) (Scheme 3) and Ho  
(14) observed no cornparable unsaturated products is 
undoubtedlv due to the circumstance that the anion 
in their cases is at  position 4 of a dioxolane residue 
and therefore not well aligned for p-eliminatioi~. 

In coiltrast to the foregoing, when sodium hydrox- 
ide was used as the base for the condensation on 7b, 
compound 8b was obtained in 61': yield without any 
evidence of products ($a or  l l a )  arising from the 
eliminatio~l-addition seauence. Since the two hv- 
droxyl groups of 86 are in very different steric en- 
vironments it seemed that they might react regio- 
selectively. Consequei~tly the molecule b a s  treated 
with one equivalent of 11-toluenesulfonyl chloride. 

The product (Scheme 4) consisted of unreacted 8b, 
the disulfonate l4c  which was obtained in crystalliue 
form, and a mixture of inonosulfonates 140 and 146. 
These proved to be unresolved in a variety of tlc 
systems but an  analysis of the 220 MHz spectrum 
(Experimental) did indlcate that an unequal mixture 
of both had been produced. Rased on the integrated 
ratio of H-1 protons, the two isomers were present 
in the ratio of 2.2: 1. 

Some regioselectivity between the two hydroxy- 
methyl groups of 86 was therefore possible, but at  
this stage wle were unable to determine whether it was 
the pro-(R) or pro-(S) group that had been prefer- 
entially sulfonated. This question was answered in 
the following manner. 

The mixture of monotosylates 14(a + b) was 
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TABLE 1. 220 MHz proton magnetic resonance parameters. The carbon atoms are labelled as follows: 

Chemical shifts (ppm) Coupling constants (Hz) 
-- -- 

Compound H-1 H-2 H-3 H-5 H-6 pH CH2 CH,CCH, Others J 1 2  J23 J5.5, J s , ~ ,  

'Assignment is based on an  8:  1 enr~ched mixture of 166:17b. 

8 6 1&1 R = H (major) 14h R = H 

reduced with lithium aluminum hydride which 
afforded another mixture judged to be the C-methyl 
substances 16a and 17a. This mixture also proved to  
be non-crystall~ne and unresolvable on tlc, however 
debenzylation with sodium in liquid ammonia 
afforded the mixture of diols, 166 and 17b in the 
ratio 2.2:1, as a crystalline material. Fractional 
crystallization gave a batch of new crystals which was 
shown by gc analysis to  be a 8: 1 mixture of 16b and 
17b; in the mother liquors the ratio of the isomers 
was 1:2, showing an enrichment in the minor 
product. 

The major component of this recrystallized mixture 
was shown to be 166 by transformation into an  
oxetane by means of a procedure patterned after the 
work of Hough and Otter (17). Thus the (8: 1) diol 
mixture, I4b and 176, was selectively sulfonated at  

the primary positions, and the crystalline mono- 
tosylates obtained, 16c and 17c, were treated with 
sodium methoxide in methanol. Only the major 
component reacted and the newly formed substance 
was shown to be the oxetane 15. The unreacted 
sulfonate 17c was recovered and crystallized. 

The foregoing results would seem to indicate that 
in the processing of the mixture 14a + 14b, the 
former gave 1Sa while the latter gave 17a. However 
it is conceivable (Scheme 5) that upon treatment with 
lithium aluminium hydride, both 14a and 146 react 
to give the same oxetace 18 as an  intermediate which 
is then cleaved to give the C-methyl substances 
16a and B7a.' The sequence in Scheme 4 was sup- 
ported by observing that the relative intensities for 

'We are grateful to a referee for suggesting this alternative. 
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T A M  AND F R A S t R - R t l D  282 1 

For 8h mp 73-74'C: [y.ID2j -347.7' (c 0.26, CHC12); 
R,(ether): 0.55; (ether-benzene (1 : I)):  0.16.I3Cmr data (TMS): 

--t 160 + 170 104.9 (C-1), 84.8 (C-2), 86 (C-3), 89.8 (C-4), 63.4, 63.6 (C-5 
C-6), 72.7 (Ph-Chz), 26.8, 11 3.1, 27.4 (CH,-C-CH,), 
127.6, 128, 128.5 (Ph). Annl. calcd. for C,,H2,06: C 61.93, 
H 7.10; found: C 61.87, H 7.24. 

For 8c mp 86-87-C: [x], '~ -341.5' (c 0.7. CHCI,): Rf 
(ether): 0.30. '"n~r data (TMS): 104.9 (C-1), 87.1 (C-2), 
85.5 (C-3), 89.9 (C-4), 63.4 (C-5,C-6), 36.3, 113.1, 27.3 
(CH3-C-CH3), 58.3 (0-CH3). Ar~cil. calcd. for C,0H180,: 

the aiiomeric protons (H-1) in the 220 MHz spectra 
were the same (2.2: l )  in the crude mixture of 
14(a + b) as in the deoxygenated n~ixtures (16a + 
17a) and debenzylated mixtures (16b + 17b). On 
the other hand the proposition 111 Scheme 5 is 
excluded by our obser\at~on that the inixture 
B4(a + h) was recovered unchanged after treatment 
for five days with sodium methoxide, conditions 
which had been used for preparing compound 115. 
The fact that the oxetane 18 was not formed under 
these favourable conditions makes it verv unlikelv 
that it would have been produced in the manner 
indicated in Scheme 5. 

Other approaches to the preparation of C-alkyl 
furanoses related to the structures in Scheme 1 are 
being explored in our laboratory and will be re- 
ported in due course. 

Experimental 
Getlernl 

Melting points \\ere determined on a Fisher-Johns heating 
stage or a Mel-Temp apparatus, and are uncorrected. The 
nmr spectra were determined, unless otherwise stated, in 
deuteriochloroforni containing 1% tetramethylsilane as in- 
ternal standard with a Varian HR 220 or a Varian T-60 
spectrometer. Coupling constants Lvere obtained by measuring 
spacings of spectra judged to be first order. 

Thin-layer chromatography (tlc) was performed on pre- 
coated 0.2 mm silica gel sheets (E. Merck, F-254) and devel- 
oped with the solvent indicated. The chroniatograms were 
first viewed under ultraviolet light, then sprayed with con- 
centrated sulfuric acid and heated in an oven for complete 
visualization. 

For column chromatography, E.  Merck silica gel (0.05- 
0.20 mm, 70-325 mesh A.S.T.M.) was used. 

Microanalyses Lvere done by the Microanalyses Laboratory, 
Toronto. 

3-0-Benzj,l-4-C- ili~~rlioxqnietlrqlJ -1,2-O-i.ro~~ro/1j~licie~1e-P-~- 
threo-pentofrt~.ar~o.ie 8b  utrd it3 3-0-lMEt/~y1 Ar~nlogue 8c 

(a) To  a solution of 3-0-benzyl-l,2-isopropylidene-rx-o- 
xylo-pentodialdofi~ranose, 7b (18) (2.1 g, 7.55m11101) in 
~nethanol (15 mL) was added potassiuni carbonate (3.6 g, 
26 nimol) in water (8 mL) and 14 mL of 37% formaldehyde 
(172 mmol). The mixture was stirred at room temperature for 
16 h at  which time tlc in ether indicated that all of the starting 
material had disappeared. The methanol was removed by 
evaporation and the residue partitioned between water and 
niethylene chloride. Standard processing afforded a syrup 
which mas chromatographed over silica gel using ether as 
eluant. In addition to some benzyl alcohol, 0.5 g of 8b (24z)  
and 0.5 g of 8c (285)  were obtained, each of which was 
recrqstallized from ether - petroleum ether (30-60:C) mix- 
tures. 

C 51.20, H 7.69; found: C 51.21, H 7.63. 
220 MHz nmr data for 8b and 8c are shomn in Table 1.  
(b) The aldehyde 70 (5.0 g;  18 rnmol) dissolved in dioxane 

(10 mL) was treated with formaldehyde (5 mL of 377 :  61.6 
mmol) and sodium hydroxide (1.5 g ;  37.5 mniol) in water 
(10 mL) was added, After 2 h at room temperature the solu- 
tion was neutralized with acetic acid and extracted mith 
methylene chloride. The latter phase was washed with vrater 
and sodium bicarbonate and dried (Na,SO,). Evaporation 
afforded a crystalline residue ~ h i c h  was recrystallized from 
ether - petroleum ether (30-60'C) mixture and \\as found 
identical to 80 obtained in part (a). The yield \\.as 3.42 g, 61%. 

3-0-Ben;j,i-4-C (lij~ilt.o.wyi~~etli~/ j -I ,2-0-i~opi'op~lidene 5-0-p- 
tol~tei1esiilfoi7~~l-n,~-xylo-fi1i'~1i10~~ 14b, i t s  /?-L-Arabino- 
fitrirno.re Anrilogite 14a, ontl .~-O-Betlzj~/-4-C- ip-to/iime- 
.~~r l for~yloxyn~et I~ j~l )  -1,2-O-isopi.op~~liderre-5-O-p-toiue,re- 
s u ~ ~ n j ~ / - ~ - ~ - t h r e o - ~ ~ c ~ ~ ~ r ~ ~ f ~ i i ' c ~ i ~ ~ s e  14c 

The diol 8b (3.42 g, 11 mmol) \\.as dissolved in a mixture of 
pyridine (5 mL) and dry methylene chloride (10 mL) and a 
solution of p-toluenesulfonyl chloride (2.5 g ;  13.2 mniol) 
dissolved in a small amount of dry niethylene chloride Mas 
added. The solution mas allo~ved to stand in the freezing 
compartment of a refrigerator for 20 h and then poured into 
aqueous sodium bicarbonate. Extraction with methylene 
chloride and standard processing yielded a syrup uhich mas 
freed from traces of pyridine by azeotroping with toluene. 
Column chromatography over silica gel using ether-toluene 
( I :  1) as eluant gave the ditosylate 14c (0.7 g, 10.3x),  a niix- 
ture of monotosylates 14(a + b) (2.31 g ;  46:<), and 0.70 g of 
unreacted starting material. 

The mixture of monotosylates 14(0 + 0 )  ( M *  - CH3 = 
605) failed to crystallize, but the ditosylate 14c did, and was 
recrystallized from hexane. 

For 14c: mp 81-82-C: [ r I D z 3  -284.8 (c 0.4, CHC13). 
Anirl. calcd. for C,,H,,O,,S,: C 58.35, H 5.5, S 10.42; found: 
C 58.10, H 5.44, S 10.31. 

For 14(a t b) spectral data, nmr 220 MHz, 6 :  4.75 (ni, 
H-2), 4.15 (m, H-3), 3.63 (t, -CN,H,OH), 3.84 (d, 
-CH,,H,OH, J4R = 15 Hz), 4.08-4.22 (m, -CH20Ts), 
4.56 (d, PhCH,H,, J,,, = 12 Hz), 4.82 (ni, PhCH,H,), 1.32, 
1.42 (2s, (CH,),C). 

Tentative assignments for 14ci: 6.01 (d, H-I ,  J, ,  = 4.5 Hz); 
2.45(s,Ar-CH,);for 14b: 5.95 ( d , H - l , J , ,  = 4.5Hz) ;2 .43 
(s, Ar-CH,). Based on the integrated intensities of H-1 pro- 
tons, the two lilonotosylates were formed in about 2.2 : 1 ratio. 

1,2-O-I.sopt.~ipy/idi~ne-4-C-t11et/1~~l-~,~-ylo-/tot1o.e 16b irncl 
I ,2-O-I~opr.op~lirlene-4-C-111etl1yI-/?, L-arabino7friranosePSb 

The monotosylate mixture 14(ir + b) (9.57 g, 20.62 ~nmol)  
was dissolved in dry dimethoxyetliane (0.30 mL) and lithium 
aluminum hydride (1.0 g;  26.3 mmol) was added slowly. 
After hydrogen evolution ceased, the mixture was refluxed for 
2.5 h when tlc indicated that all the starting material had 
disappeared. The solution was diluted with ether and poured 
into 60 mL of ice cold 2 5  dilute hydrochloric acid. Ether 
extraction and evaporation gave a syrupy mixture of 160 and 
170 (3.65 g, 60.5x) which was unresolved on tlc: R,: 0.5 
(15% ether in methylene chloride). 
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For 16a and 170 spectral data, nmr 220 MHz, 6 :  4.73 (d, 
H-2), 3.93 (s, H-3), 3.45-3.75 (m, -CH,OH), 4.56 (d, 
PhCHAHB, JAB = 12 Hz), 4.68 (m, PhCH,HB), 1.55 (s, 
CH,). Tentative assignments for 160: 6.05 (d, H-1, J , ,  = 
4.5 Hz); 1.38, 1.34 (Zs, (CH,)2C). For 170: 5.91 (s, H-1), 
1.27, 1.32 (2s, (CH,),C). Mass spectra rn, e:  279 (.MA-CH,), 
263 (AWA-CH20H). Based on the integrated intensities of 
H-1 protons the two methyl isomers are in 2.2: 1 ratio. 

The mixture of benzyl ethers 160 and 170 (3.65 g;  12.5 
mmol) was dissolved in dry dimethoxyethane (10 mL) and 
liquid ammonia (-30 mL) at -40cC. Small pieces of clean 
sodium were added slowly until a deep blue colour persisted. 
Solid ammonium chloride was then added until the blue 
colour disappeared. The solution was allowed to warm up 
slo~\ly to room temperatlire and then diluted with ether 
(25 mL). The ethereal solution was washed twice with water 
(10 mL) and dried (Na,SO,). Evaporation afforded a crystal- 
line residue. Based on the integrated intensities of the H-1 
protons, the ratio of the two isomers remained 2.2 to 1. 

The residue was recrqslallized fr-om ether - petroieuril ether 
(30-60-C) (1.85 g, 73% from 16n and 170). Gas-liquid 
chromatographic analysis of the recrystallized product 
indicated the presence of the two components 16b and 17b in 
the ratio of 8 : 1. Evaporation of the mother liquors afforded 
a pale yellow semi-solid syrup. Analysis (glc) of this residue 
shelved the presence of the two isomers in the ratio of 1 : 2. 

For 866 and 1711 (8:  1 n~ixture) mp 92-93-C. I3Cmr data for 
major isomer (TMS): 105.4 (C-I), 88.6 (C-2), 81.8 (C-3), 
87.2 (C-4), 67.2 (C-5), 22.7 (C-6). 26.3, 1 12.5, 26.8 (CH3-C- 
CH,). Anal. calcd. for C,H1605:  C 52 94, H 7.8; found: 
C 53.06, H 7.78. 

R,(10", methanol CH2CI,): 0.55 (major isomer): 0.30 
(minor isomer). 

1,2-0-isopf~~~~1~~/id~~11e-4-C-171efi1J~f-5-o-p-1o/1l~~1~r~1~/fof1y~-3!,~- 
xylo-firi.frwoce I6c  a11d 1,2-~-I.so~~r.o~~~'ficfe~1e-4-C-metky/- 
5-Q-p-roI~~erze.c11~01~yI-~-~-arabino1nose I7c  

A portion (0.646 g;  3.17 mmol) of the recrystallized mixture 
of the diols 166 and 17b (8 : 1 ratio) was dissolved in a mixture 
of dry pqridine (3 mL) and methylene chloride (5 niL), and 
p-toluenesulfonyl chloride (0.664 g;  3.39 mmol) in methylene 
chloride (5  rnL) was added. The solution was stored in the 
freezing compartment of a refrigerator for 16 h and then 
worked up as described above for 14(n + b). Column chroma- 
tography on silica  sing a 7 :  3 mixture of ethyl acetate and 
petroleum ether (30-60'C) afforded 0.751 g of the mono- 
tosylate mixture 16c and 17c, and 0.229 g of unreacted starting 
material. Although the 220 MHz nnir spectrum was con- 
sistent with the mixture as assigned, the material did crystallize 
from ether - petroleum ether (30-60'C) mixtures and was 
recrystallized from ether-hexane. 

For 16c + P7c mp 99-102'C. Anal. calcd. for C,,H,,Q,S: 
C53.63,H6.14,S8.94; found:  C53.35,H6.23,S8.54. 

3,5-A11hy&o-I,2-O-i.cop1'opylidc11c~-4-C-~?1ef/1yf-~,~-xylo- 
htuatzo~e 15 

Clean sodium (0.360 g) was dissolved in dry methanol 
(25 mL) and the mixture of sulfonates (0.704 g ;  1.97 mruol) 
was added. After standing at room temperature for 30 h, tlc 
(35% ethyl acetate in petroleun~ ether) indicated the formation 
of a major new substance. The reaction m i x t ~ ~ r e  was evaporated 
to dryness and the syrupy residue partitioned between water 
and ether. The ether extract was mashed with water, dried 
(Na,SB,), and evaporated to yield a pale syrup which was 
chro~natographed on a column of silica gel using 35Y, ethyl 
acetate in petroleum ether as eluant. The oxetane 15 (R, (35% 
EtOAc in petroleurn ether): 0.55) was isolated in 71% yield 
and 81 rng of the monotosylate 17c (Rf (35% EtOAc in 
petroleum ether): 0.32 (30-60'C)), was recovered unchanged. 

Compound 1 7 ~  was reclystalllzed f ~ o m  ether - petroleum ether 
(30-60 C), mp 134-135 C ,  - 186 2 (c 0 34, CHCI,) 

Fol 15 [ r ]D23 -33 7 (c 1 34, CHCI,). I?? e 186 (M-),  

Nuclear magnetic resonance data for 15  and 17c are shown 
in Table 1. 
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Structure et rkactivite. EV.' Diasterkoselectivite de la reduction de cetomes par le 
borohydrure de sodium. De l'influence de I'eflet de champs de 

substituants polaires eloignks 

JEAN-PIERRE AYCARD ET RONALD LAFRANCE 
Lciborrrtoire cic Chiftlit Orgtitliyrtr Strlrcfiirale, UnicersifC u'e Procencc, 13397 M ~ ~ r . s ~ i l l r  Cetles 4. Frclnce 

ET 

BERNARD BOYER 
Lcihocciroire tle C'hitnie Orgclrliyue Phx~iq i ie ,  Ut~iz.ersit(;CI~s S C . ~ C ~ I Z ( ~ C S  et Techniclue.~ tlli Lnr~g~ic. doc 

34060 Motztl~rllier Cetlcs, Frcir1c.r 

Relu le 17 avril 1979 

JEAN-PIERRE AYCARD, RONALD LAFRAXCE et BERNARD BOYER. Can. J. Chem. 57. 2823 
(1979). 

L'influence d'un substituant cyano est etudiee a travers la reduction par NaBH, des R-3 
cyano-4 cyclohexanones cis et trans, nulle pour R = H, la diastCrCosClectivitC est respective- 
ment de 74 et 62% (R = CH,), et de 74 et 50% (R = (CH3),C), avec formation preferentielle 
de l'isoniere thermodynamiquement le plus stable. Ces sterCoselectivitts sont justifiees a partir 
des valeurs exptrimentales des differences d'enthalpie libre entre conformeres et des dia- 
stereoselectivitCs observees pour les t-butyl-3 (et 4) cyclohexanones et les cis dimethyl-3,5 et 
trimethyl-3,3,5 cyclohexanones sans qu'il soit necessaire de tenir compte d'une influence 
spicifique du groupement cyano. La diminution de la diasterCoselectivite pour R = (CH3),C, 
isomere trans, est associee aux deformations issues des contraintes sttriques entre les sub- 
stituants. 

JEAN-PIERRE AYCARD, RONALD LAFRANCE, and BERNARD BOYER. Can. J. Chem. 57. 2823 
(1979). 

The cyano group effect on diastereoselectivity is studied through the reduction of cis and 
trans 3-R 4-cyano cyclohexanones with NaBH,; the diastereoselectivity (zero for R = H) is 
74 and 62% respectively (R = CH,) and 74 and 50% (R = (CH,),C), the more stable isomer 
being always the major one. These stereoselectivities are rationalized from thc experimental 
values of free enthalpy between conformers and from the diastereoselectivities of the 3-t-butyl 
(and 4-t-butyl) cyclohexanones, cis 3,5-dimethyl and 3,3,5-trimethyl cyclohexanones, without 
taking account of a cyano group specific effect. The decrease in diastereoselectivity for 
R = (CH,),C (tvans isomer) is associated with deformation induced by steric strain between 
the substituents. 

Kntroduction hexanone prtsente un Cquilibre conformationnel 

Depuis les travaux d'Aklirem et ses collaborateurs correspondant a une difference d'enthalpie libre de 

sur la rtduction des t-butyl-3 mkthoxy-4 cyclo- 1.6 kcal mol- ' (7).' De  plus,dans ce type de structure, 

hexanones cis et trans (2), i l  est gtnCralelnent admis le groupement t-butyl vicinal du centre de rtaction 

que la position confor~nationnelle du substituant exerce tres certaine~nent dans les Ctats de transition 

polaire en 4 influence strieusement la diasterto- des contraintes stkriques tres importantes (8, 1). 

selectivite de la rtduction des cyclohexanones qui Dans ces conditions, et au  vu de  plusieurs travaux 

Cvolue de 76 a 4 0 5  en passant de l'isomkre cis a recents faisant intervenir des chemins rtactionnels 

1'isonii.re truns. Ce point de  vue a CtC renforck par les issus de conformeres de haute Cnergie (9, lo), l'in- 

travaux de Moreau (3) portant sur la rtduction des fluence de la position conformationnelle du sub- 

t-butyl-2 X-4 cyclohexanones cis et trans. slituant polaire sur la diastCreostlectivit~ reste un 

Cependant, dans ces deux exeinples, les auteurs problime ouvert que nous pouvions aborder aisC- 

considerent uniquement une structure chaise clas- ment colnpte tenu de nos Ctudes conforniationnelies 

sique des substrats. Or, il a CtC montrk que pour les sur les R-3 cyano-4 cyclohexanones isorneres ( 5 ) .  

t-butyl-3 X-4 cyclohexanones trarzs (4, 5), qui pre- RCsarltats ek discassion 
sentent une forte interaction stCrique entre les sub- A partir des pourcentages des alcools lnesurCs par 
stituants, les conform2res twist (6) sont apprkciable- cppv (,-f. partie exp~rimentale), nous prtcisons dans 
ment peuplCs. De meme, en relation avec le second 
exempie, nous devons rappeler que la f-butyl-2 cycle- '11 est possible d'envisager ici, I'existence d'un conformere 

de structure twist 1,4 avec un pseudo axe C2 passant par les 
'Pour partie III  voir ref. 1, carbones C, et C,. 

0008-404217912 12823-0430 I .OO/O 
(9 I979 National Research Council of CanadaIConseil national de recherches du Canada 
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TABLEAU 1. Diastereoseiectivites experimentales des reductions par NaBH,; ( ) valeurs 
calculees 

R X %2 %5 %2-%3 %5-%6 

le tableau 1. les d~astCrtosClect~vltCs de la rCduct~on 
de  nos colnposes (boir schema l), alnv que celles 
obtenues lors de la reductron des t-butyl-3 mCthoxy-4 
cyclohexanones et des t-butyl-4 ( 1  1) et t-butyl-3 
cyclohexanoiies (1 2) 

Dans ce tableau. les valeuls liidiquCes entre 
paientheses oiit et6 calculCes a partir de I'Cquat~on 
d'Eliel (13. 14), en consideraiit une structure chase  
des diffkrents coriformeres Ces \aleuls sont obtenues 
en utlllsant les valeurs des equ~libres conformation- 
nels dCtern~~nCs pour les d~ffkrentes cktones (4, 5) et 
les diastereoselectr\~tCs de cetones modi.les (t-butyl-3 
et t-butyl-4 cyclohexaiioiies pour les cCto11es l c ,  Id, 
4c et 4d. d111iCthy1-3 5 cqclohexanone c i ~  (12) et t11- 
lnethyl-3.3.5 cyclohexailone (12) p o u ~  les &tone\ 
methylees Pb et 4b) 

Dans ces cond~tions, la diastCrCoselect~\ite nulle 
observke pour la rCduct~on de la cyano-4 cyclo- 
hexanone l a  peut s'expllquer fac~lement en tenant 
cornpte de la valeur de la d~ff i~er lce  d'enthalp~e llbre 
conformationnelle de Le compose (AGO = 0 kcal 
mol-') U n  calcul ident~que effectue B p a r t ~ r  de la 
chloro-4 cyclohexanol~e qul prksente 67'5 de forme 
ax~a le  (1 5). condu~t  d une d1astt5r6osClectrv1t6 de 28: 
(32; expirlmentaleinent ( 1  6)) 

La deuxiime reiuarque que nous pouvons faire est 
le bon a c c o ~ d  obseivk entle les va leu~s  calculkes, 
sans teiiir compte d 'wl effet spkclfique du groupe- 

X C h  CN CN OCM, M (CH,),C 

inent CN,  et les valeurs expCrimentales issues de la 
reduction des cCtones bloqukes I c  et Id. ou presentant 
u11 Cquilibre entre deux conformations chaises (Pb 
et 46). 

Cette concordance des valeurs montre que con- 
trairement au cas des cetoiies portant un subst~tuant 
polall e en posltioll 3, et en partlculler un groupernent 
cqano (17, IS), I'existence d 'un tel substituant en 
posit~on 4 ne rnodifie aucunenient la d~astCrCo- 
sClectlrltC de la r iduct~on du carbonyle par NaBH, 

Dans ces cond~t~ons .  la d i m ~ n u t ~ o n  obseivte pour 
les cCtones 4r et 4d (cf tableau 1) pal rapport a 1c et 
I d  ne peut Etre lrnputee h un effet de c h a ~ u p  du 
groupement polaire en position 4. Par contre, pour 
ces cetones, I'existence d'une importante interaction 
gauche entre les groupelnents t-butyle et X-4 conduit 
a la presence d'un Cquil~bre conformationnel entre 
une forme chaise \d ~ ~ ~ b s t i t u a ~ l t s  diCquatoriaux et 
une forme twist (5). 

On peut doilc considerer que pour ces composCs 
Ia perte de diaslCreoselectivite peut, soit Etre due a 
une intervention importante des conformeres twist, 
soit B une diminution de I'entrCe axiale dans le con- 
for ink1 e chaise 

Afin de verifier ces deux hypothebes, nous a lons  
effectuC une Ctude c~nCtlque de la reduct~on des 
cktones l a ,  Pc et 4c et cornpal-6 les valeurs obtenues 
(cf. tableau 2) aux rCsultats de Rickborii et Wuesthoff 
(19) et Boyer (20). 

La prernikre observation que ~ i o u s  poubons faire 
au vu des risultats du tableau 2. est l'effet d'ac- 
celkration du groupemelit cyano: cet effet est par 
allleurs analogue 2 celui d 'un groupement chlorc 
place dans une situation semblable (16). 

De  plus. iious dekons noter que cet effet d'ac- 
cC1Cration est pea dependant dc la pos~tlon conforma- 
t~onnelle du groupenlent CN pulsque les rapports 
k(lc), k(le) et k(la), k(cyc1ohexanone) sent vo~slils et 
kgaux a I 1  8 et 14.3 rcspectivcmcnt. En effet. alors 
que Bc possi.de un groupement CN ax~al ,  la prk- 
fkrence conformatioi~nelle de ce groupelnent est 
nulle d a m  Pa. Donc. ICI encore l'effet d 'un sub- 
stituant polaire en position 4 est tres different de  
celui obse r~k  lorsqu'il est en position 3, position pour 
laquelle Agami et al. (18) ont montrk qu'il existait 
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TABLEAU 2. Constantes de vitesse expCrimentales 

CCtones l c ( L I - '  a ' )  k (relatif) 

Cyclohexanone (16) 0.173 100 
l e 0.105 6 1 
l o  2.469 1427 

Chloro-4 cyclohexanone ( 1  6) 2 34 1352 
I c 1 ,242 7 . 8  
4c 0 641 371 

tert-Bu-3,5 
cyclohexanone cis (20) 0.00139 0.80 

une acckleration de 100 environ pour l'attaque 
Cquatoriale d'un carbonyle substituk en 0 par un 
groupement cyano. 

Si nous considCroiis mailitenant la valeur de la 
constante de vitesse obtenue pour4c (k = 0.641 M - '  
s-l) ,  nous voyorls qu'elle est pratiquelnent de 
190rdre de grandeur des constantes de vitesse obtenue 
pour la cyclohexanone el la t-butyl-3 cyclohexanone 
Ic (k = 0.173 et 0 .105 M - '  s - '  respectivement); 
mais cent fois plus grande que celle obtenue lors 
de la rkduction d'une cetone de conformation twist, 
la t-butyl-3,5 cyclohexanone cis (k = 0.139 x 10-' 
i~3f-l s - l )  (20). Par contre, si nous considerons la 
cCtone 4c coiniue LIII inklange Cquimolaire de forme 
chaise et de fornie twist, nous obienons une constante 
de vitesse 

k twist 1; I c  
12 =- 

2 
+ ---- = 0 .622  A l - '  s - '  

2 

soit une valeur tres proche de la valeur experimentale. 
Dans ces conditions et en accord avec les travaux 

de Geneste et al. (21),  nous devons considerer que 4c 
a une rkactivite trop grande par rapport a celle d'une 
forme croiske, et que seule doit intervenir dans la 
riaction de rkduction la conformation chaise. Aussi 
devons nous attribuer la perte de diasttrkosClectivitC 
de 4c et vraisemblablement celle de 4d A une reactivite 
particuliire du conformire chaise de ces dkrivis, due 
aux contraintes stkriques existant entre les sub- 
stituants trans dikquatoriaux. En effet, il faut 
rappeler que ce type de derives cyclohexaniques 
priseiltant un groupernent t-butyle frans d'un sub- 
stituant X-vicinal est fortement dCsrabilisC par 
rapport a leur isomeres cis (22). 

Conclusion 

Ce travail nous a permis de rnontrer que !a perte de 
diastCrkosklectivitC observke lors de  la rkductio~i des 
t-Bu-3 X-4 cyc!ohexanones n'est pas due a un effet 
de champ spicifique du groupement polaire en 
position 4, mais tr2s certainement a une nlodification 
de rtactivite issue des contrainltes stkriques existant 
dans ce type de composCs. 

SynrhPse des co~rposds 
La rCduction des cetones est effectuee dans un ~nelange 

eau,'mCthanol (50150) a temperature ambiante. 
Dans un ballon de 100 cc pourvu d'une agitation magneti- 

que, et contenant 0.02 n ~ o l  de NaBH4 dans 10 cc du melange 
eaulmCthanol50,50, on Terse 10 cc d'une solution 2 x lo-' M 
de cetone. L'avancement de la reaction est suivi par cppv. 
Lorsque toute la cetone a reagi, le melange est hydrolysi, puis 
extrait a I'kther. La phase organique est sechee sur MgSO, 
puis euaporee. 

Les pourcentages d'alcool sont n~esures par cppv a l'aide 
d'un intigrateur LTT 4000, et corriges de l'eiret de reponse 
par I'utilisation de melanges etalons. Dans tousles cas, nous 
avons vkrifie que le pourcentage n'Cvoluait pas dans le melange 
rkactionnel. Les differents alcools sont separes par cppv puis 
identifits par rmn et ir. 

Conditions d'onnlyses 
Les analyses chrolllatographiqucs ont Cte effectuees sur un 

appareil GIRDEL 3000 a 160'C sur une colonne de longueur 
3m, diametre 3.5 mm, phase stationnaire Carbowax 4000 10% 
sur chromosorb W 60! 80. 

La separation des con~poses est effectuee sur un appareil 
Aerograph 90 P. 

Idenrificntion des cotnl~osis 
Pour les composCs 20 et 50, ainsi que pour les derives 

t-butyles 2c et 5c I'identification a ete efiectuee a partir des 
spectres rmn des alcools deuterits en position 2,2,6,6 (23). 

L'i~zfrai.o~~ge l i r  j 
2 ~ :  3600,3450,2960,2880, 2240crl11; 50: 3600,3460,2980, 

2960, 2240 e m 1 ;  2c: 3610, 3460, 2960, 2860, 2240 e m 1 ;  5 c :  
3610, 3490, 2980, 2870, 2240 em- ' ;  6c: 3620, 3490, 2990, 
2880, 2440 c n r  ' .  

La  rdsononce 117rrgtrt;tique nitelenire iunzn) 
L'etude rmn des alcools 2a, 5u, 2c et 5c specifiquen~ent 

deuteriees en positions 2,2,6,6 a ete decrite par ailleurs (23). 
Tous les spectres ont ete enregistres a temperature ambiante 
sur un appareil EM 360 en solution dans CDCI,. 26 CH3 1.8, 
H-C-CN 2.45-2.7, CH2 et H-C-R 1.1-2.1, H-COH 3.6; 
36 CH3 1.2; 50 CH3 1.15, H-CN, CH2 et H-C-R 1.1-2.4, 
H--C-OH 3.6; 6h CH3 1.1, H-CN, CH2 et H-CR 1.1-2.4, 
H-C-OH 4.0; 3c C(CH3)3 4.0; 6~ C(CH3)3 1.0, H-C-CN 
2.2, CH, et H-C-R 1.1-2, H-CO-H 4.0. Les produits 
3b et 3c en trop petite quantite n'ont pas pu &tre isoles. 

Cor~ditions cinetiq~les 
Les conditions de concentration et de solvant sont les m&nies 

que celles de Geneste et Lamaty (24): eau-dioxanne 50;50 en 
volume, 0.05 ~ V e n  soude. La reaction est suivie a 25.0 i 0.13C 
par spectrophotorndtrie uv a une longueur d'onde (h = 285 
nm) pour laquelle seule la cCtone de depart absorbe. Les 
constantes de vitesse d'addition de BH,- ont ete mesurees 
selon un procede dtcrit par ailleurs (25). Pour chaque produit 
nous avons effectue 6 mesures. 
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The structure and fragmentation o f  psotonated carboxylic acids in the gas phase 

NORA E.  MIDDI Exirss .AND A L E X .  G .  H-~KRISON 
D~,p(ii.rttr~tlf c;fChotli.\irj. Utlicc~rsi(\. of To~.oriio, Tol.onro, Onr., C(ir7atki .tl5.S IAI 

Received May 28. 1979 

NORA E MIDDLEMISS and ALEX G HARRISO\ Can I Chem 57 2827(1979) 
Gaseous protonated acids fragment in the first drift region of a double focussing mass spec- 

trometer to yield the corresponding acylium ion and water. The metastable peaks for this frag- 
mentation reaction have been recorded for the protonated acids from acetic to valeric and the 
kinetic energy release distributions evaluated from the metastable peak shapes. The protonated 
acids were produced by dissociative ionization of the ethyl, propyl, and butyl esters. The results 
provide evidence for two structures for gaseous protonated acids. Fragmentation of the hy- 
droxyl protonated structure, a minor contributor to the metastable peak intensity, shows a low 
kinetic energy release (T(most probable) = 0.02 eV) as would be expected for a simple bond 
fission reaction. Fragmentation of the carbonyl protonated acid, which represents the major 
part of the metastable peak, is accompanied by a much larger kinetic energy release (T(most 
probable) = 0.30 to 0.43 eV). This result is interpreted in terms of an activation barrier for 
fragmentation of the carbonyl protonated acid which is considerably greater than the reaction 
endothermicity, with the excess energy being partitioned between internal energy and kinetic 
energy of the fragments. The results indicate that the addition of the acylium ion to water in the 
gas phase to produce the carbonyl protonated acid has an activation energy barrier. 

NORA E. MIDDLEMJSS et ALEX G.  HARRISON. Can. J. Chem. 57.2827 ( 1979) 
Les acides protones I'ttat gazeux se fragmentent dans la premiere region de derive d'un 

spectrometre de masse a double champ en donnant les ions acylium correspondants et de l'eau. 
On a enregistre les pics metastables provenant de la fragmentation d'une serie d'acides pro- 
tones allant de l'acide acetique a l'acide valerique et on a evalue, a partir de la forme de ces 
pics, les distributions de I'energie cinetique liberee. Les acides protones proviennent d'une 
dissociation ionique des esters ethylique, propylique et butyrique. Ces resultats prouvent que 
les acides protones existent sous deux formes structurales. La fragmentation de la forme 
protonee au niveau du groupe hydroxyle, forme qui contribue faiblcment a 1'intensitC du pic 
metastable, libere une faible tnergie cinitique (T = 0.02 eV probablement) ce qui correspond 
a I'energie liberee lors d'une simple rupture de liaison. La fragmentation de I'acide protone 
au niveau du groupe carbonyle, forme qui contribue principalement a l'intensite du pic meta- 
stable, est accompagnee d'une plus grande libtration d'energie cinetique (T  = 0.30 a 0.43 eV 
probablement). On interprete ces risultats en fonction d'une barriere d'energie d'activation, de 
la reaction des acides protones au n i ~ e a u  du carbonyle considerablen~ent plus ClevCe que 
l'endothermicite de la reaction. L'exces d'energie ktant reparti entre I'energie interne et l'energie 
cinetique des fragments. Ces resultats revelent que la formation de I'acide protone au niveau 
du groupe carbonyle, par suite de l'addition de l'ion acylium l'eau dans la phase gazeuse, a 
une barriere d'inergie d'activation. 

[Traduit par le journal] 

Introduction 
A common fragmentation reaction in the electron 

impact mass spectra of carboxylic esters is the double 
hydrogen transfer reaction [l], leading to formation 
of the protonated acid ion RCO,H,+. 

[ I ]  RC02R'  + e -. RCO,H,' + [R' - 2H] + 2e 

Although both the mechanisms' and the energetics 
(2-5) of the rearrangement process have been studied 
extensively, only recently has it been established (6) 
that the ion formed at the appearance potential 
threshold has the carbonyl protonated structure a, 

'The earlier mechanistic studies are summarized in refs. l a  
and 6 ,  more recent studies are reported in refs. l c  and d. 

I \ 
\.+ I + 

R-C-OH R-C-OH2 

u b 

rather than the hydroxyl protonated structure 6, 
although the results do not preclude the formation of 
b at higher electron energies. From proton affinity 
- O(1s) ionization energy correlations it has been 
established (7) that structure a is more stable than b 
by 5 1 eV. 

Protonated carboxylic acid ions also are observed 
(8-13) as major fragment ions in the chemical ioniza- 
tion mass spectra of ethyl and higher esters. Although 
the structure of these fragment ions is not known 

0008-404217912 12827-07$0 1.0010 
8 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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arguments have been presented (12) which support 
the carbonyl protonated structure a. 

As expected, protonated carboxylic acid ions are 
observed (14. 15) in the chemical ionization mass 
spectra of carboxylic acids, and from the effect of 
ortho substituents on the CI mass spectra of benzoic 
acid it has been suggested that H,O elimination from 
the carbonyl protonated structure has a high activa- 
tion barrier. Kebarle and co-workers (16) have ob- 
served protonated acetic acid in high-pressure studies 
of the equilibrium 

for which they obtained AH0 = -25 kcal mol-'. 
This reaction exothermicity is compatible only with 
the carbonyl protonated structure a for the CH,- 
C02H2  + ion. 

More recently Mackay et al. (17) have reported 
a study of dissociative proton transfer to  formic acid 
and acetic acid in the gas phase. They observed 
significant fragmentation by reaction [3] 

and,  by analogy with the unimolecular acyl oxygen, 
A,=,, mechanism commonly invoked for the cleavage 
of esters. amides. and carboxvlic acids in acid solu- 
tion (18); they proposed protination at  the hydroxy- 
lic hydrogen (structure b) for those ions undergoing 
fragmentation. As they pointed out the alternative 
of initial protonation at  the carbonyl oxygen to give 
a,  followed by [1,3]-hydrogen migration to form b 
also is possible, however, there is some evidence 
(19-21) that such hydrogen shifts have high activa- 
tion barriers in excess of the reaction endothermicity. 

In  summary, although there is direct evidence for 
structure a for protonated carboxylic acids, the evi- 
dence for structure b is only indirect. We have ob- 
served that a major fragmentation route for pro- 
tonated carboxylic acids generated by the dissocia- 
tive ionization reaction [ I  ] involves the loss of H,O 
(reaction [3]) and that this fragmentation reaction is 
accompanied by a metastable peak. The utility of 
metastable ion studies, particularly those involving 
ion kinetic energy spectroscopy, in the elucidation 
of ion structures and fragmentation mechanisms is 
well established (22-24). Further, it has been amply 
demonstrated (21, 25, 26) that these fragmentation 
reactions which have an  activation energy in excess 
of the reaction endothermicity (i.e., a reverse activa- 
tion energy) usually show a large kinetic energy re- 
lease in the ion decomposition reaction. I t  appeared 
that a detailed study of the kinetic energy release 
associated with the fragmentation reaction 131 oc- 
curring in the drift region of a double focussing mass 
spectrometer not only could provide evidence con- 

cerning the structure(s) of the fragmenting pro- 
tonated carboxylic acid ions but also should provide 
direct information concerning the presence of an 
activation barrier for the interconversion of a and b. 

Experimental 
Fragmentation reactions occurring in the drift region be- 

tween the ion source and the electric sector of an AEI MS-902 
mass spectrometer were studied using the ion accelerating 
voltage scan technique (27) at  constant electric sector voltage 
and constant magnetic field. Unless otherwise noted all experi- 
ments were done at 70 eV ionizing electron energy, a source 
temperature of 180°C, and a (energy defining) slit width of 
0.008 in. 

For the metastable ion scans the electric sector voltage was 
supplied by a separate power supply (Northeast Scientific 
Model PQE-0503). The starting ion accelerating voltage was 
set by adjusting the reference input voltage to the high voltage 
supply of the MS-902. An adjustable linear ramp voltage from 
an external generator was applied to the reference input thus 
scanning the ion accelerating voltage. By adjustment of the 
constant input voltage and the ramp voltage amplitude any 
desired ion accelerating voltage range could be repetitively 
scanned. The ion signal output was accunlulated in a 1024- 
channel signal averager (Varian Associates C-1024). The 
kinetic energy release distribution was obtained from the 
metastable ion peak shape, with correction for the main beam 
width, using the analytical method of Holmes and Osborne 
(28). 

The acetate and propionate esters were comn~ercially avail- 
able. The remaining esters were prepared by reaction of the 
appropriate acid and alcohol with purification by fractional 
distillation. The ethyl-ds alcohol was obtained from Merck, 
Sharp and Dohme. Samples were admitted to the ion source 
using an all-glass heated inlet system at 150cC. 

Results and Discussion 

The fragmentation reactions investigated were 

with the fragmenting ions in each case being prepared 
from several different precursor esters. A typical 
trace of the metastable ion signal as a function of ion 
accelerating voltage is shown in Fig. 1 for reaction 
[ 5 ]  for ions produced by 70 eV electron impact on n- 
butyl propionate. The metastable peak clearly is com- 
posite with a major broad component and a minor 
narrow component. All metastable peaks observed 
exhibited this characteristic shape as is shown by the 
kinetic energy release distributions presented in Figs. 
2 to  6. In each case the distribution is normalized to 
n(T) = 1 a t  the maximum and in several figures the 
vertical scale has been displaced for clarity. 

The presence of two components is indicative of 
two structures for the fragmenting RC02H,+ ions. 
We assign the minor component with a small ki- 
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1 2 0  7 3 0  1 4 0  7 5 0  

A C C E L E R A T I M G  V O L T A G F  I X V I  

FIG. 1. Metastable peak for C,H5C02H,+ -, C,H5CO+ + 
H,O, n-butyl propionate. Summation of 50 scans. Maill beam 
peak shown on same voltage scale. 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

P(eV)  
FIG. 2. Energy release distributions for CH,CO,H,* -t 

CH3COt + H,O. Precursors ( ( I )  CH,C0,C2H5, (b)  CH,- 
C02CSH7, (c) CH3C02CdMg. 

netic energy release to the fragmentation reaction. 

0 
I 

[8] R-C-OH2+ R-C-0- + H 2 0  

and the major component with the larger kinetic 
energy release to the fragmentation reaction. 

?Y- 
I \ +  

191 R-C:OH + R-CEO+ + H,O 

FIG. 3. Energy release distributions for C,H,CO,Hz+ -t 

C,H,CO+ + H,O. Precursors (a )  C,H5C0,C,H5, (h)  
C2H,C02C,E-I9, (c) C Z H ~ C O Z C ~ H I  I .  

The reasoning for these assignments is given below. 
The alternatives of two structures for the product ion, 
i.e., R"CH,-CEO' and R"CH=C=OHt , is pre- 
cluded by the observations that the CD,CO,H,+ 
ion produced from n-propyl acetate-d3 showed a 
metastable peak for loss of H,O only, while the 
C,H,CO,D,~ ion produced from ethyl-d, butyrate 
showed a metastable peak for ioss of D,O only. 

The individual fragmentation reactions are dis- 
cussed in detail be!ow in relation to their thermo- 
chemistry. 

[4]  CN,CO2H,+ -t CH3-CEO + N 2 0  
From AN~(CH,CO,H) = -103.3 kcal mol-' 

(29) and PA(CH,CO,H) = 187kcal moi-I (30), 
referring to protonat~on of the carbonyl oxygen (12, 
31-33), we derive AN:(CH,C(OH),+) = 76 kcal 
mol-'. From the PA-IE(0ls) correlation (12) we 
derive a proton affinlty of 161 kcal mol-l for the 
hydroxyllc oxygen of CH3C0,H leading to AH:- 

0 
/ 1 

(CI-E3-13-OH,+) = 102 kcal i110l-'. Although the 
standard comp~iation (34) lists a value AH:(CH,- 
C s O + )  = 151 kcal moi-', on the bass of an or- 
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FIG. 6. Energy release distribut~ons for C,H,CO,H,+ * 
C4H9COf + HZO. Precursor (a) C4H,C02C2H5, ( 6 )  C4H9- 
C02C3H7, (c) C4HgCOZC4H9. 

OH 

I '.- 
[ lo]  CH,-C-OH -t CH,-CEO' f H 2 0  

AH0 = + 26 kcal mol- ' 
0 

FIG. 4. Energy release distributions for C,H,CO,H,+ + I 

C2H5CO+ + H 2 0  for ions produced from n-propyl pro- [ l l ]  CH3-C-OHz+ + CH3-C-O+ + HzO 
pionate, effect of electron energy variation. AH0 = 0 kcal mol-I 

FIG. 5. Energy rekase distributions for C,H7C02H2+ + 

C3H7CO+ + H20.  Precursors (a) C3H7C0,C2D5, (b) 
C3H7C02C3H7, (c) C ~ H ~ C O Z C ~ H ~ ,  (d) C3H7COzC5H11. 

dering of the stabilities of carbonium ions based on 
ion-molecule reaction studies Beauchamp and 
co-workers (35) derived AH:(CH,-CEO') = 
158 kcal rnol-l. This higher value is supported by 
two recent measurements (16, 36) of the proton 
affinity of ketene which yield, as an  average, AH:- 
(CH,-CzOt) = 160 kcal mol-'. Using this value 
along with the data above and AH?(H,O) = -58 
kcal mol-I (29) we derive the therrnochernistry 

The simple bond fission reaction [ I l l ,  which is 
essentially thermoneutral, should show only a very 
small kinetic energy release and is identified with the 
low kinetic release component of Fig. 2 (T(most 
probable) = 0.02 eV). Indeed, it is rather surprising 
to observe a metastable for the thermoneutral reac- 
tion and the small number of b ions fragmenting in 
the drift region presumably reflect a slow formation 

of RC-OH,' by dissociation of the ester molecular 
ion. The variations in metastable ion abundance 
presumably reflect the variations in the fraction of 
ester ions which fragment by the energetically dis- 

0 
I 1 

favoured route to give CH,-C-OH,+. 
The broad metastable component (T(most prob- 

able) = 0.3 eV (6.9 kcal rnol-'1) must be assigned 
to fragmentation reaction [lo]. The large kinetic 
energy release is characteristic of a fragmentation 
reaction with a reverse activation energy (24-26) 
with partitioning of this excess energy between inter- 
nal modes and translational modes of the product 
species. The results therefore provide direct evidence 
that the elimination of H 2 0  from protonated car- 
boxylic acids of structure a has an activation energy 
in excess of the endotherrnicity of the reaction. This 
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activation barrier presumably refers to  the sym- 
metry-forbidden (1,3)-H migration converting struc- 
ture a to structure b with fragmentation occurring 
from b. 

[5] C2M5C02H2+ -+ C 2 H 5 C ~ O t  + H20 
From AH~(C,H,CO,H) = -108.4 kcal mol-' 

(29) and PA(C,H,CO,H) = 189 kcal mol- ' (30) we 

0 Y 
I I . +  

derive AHp(C2Hj--CLOH) = 69 kcal mol-I. while 
from the PA-IE(0ls) correlation (12) we estimate the 
hydroxyl oxygen proton affinity of C,H,C02H to 

0 
I1 

be 161 kcal mol-' leading to AH:(C,H,-C- 
OH,') = 97 kcal mol-'. From photon impact 
studies AH:(C,H,-CEO') = 144 kcal mol-' has 
been derived (34), however, from ion-molecule reac- 
tion studies Beauchamp et a/ .  (35) have derived 
AH:(C,H,-C=O') = 151 kcal mol-' (for a simi- 
lar discrepancy see discussion of CH,-CEO' 
(above). Using the latter value we derive the thermo- 
chemistry 

I ;,- * 
[I21 CzHs-C-OH -t C2Hs -CEO+ + HZO 

AHo = + 24 kcal mol-I 

AHa = - 4  kcal mol-' 

The kinetic energy release distribution curves 
(Figs. 3 and 4) show a ininor component with a most 
probable kinetic energy release of -0.02 eV (0.5 
kcal inol-') which we identify with the simple bond 
fission reaction [13]. Although this reaction is prob- 
ably slightly exothermic it has been suggested (37) 
that for such reactions very little of the exothermicity 
will appear as kinetic energy of the fragments. The 
metastable peak shapes for reaction [5] for ions pro- 
duced from it-propyl propionate were studied as a 
function of ionizing electron energy with the results 
shown in Fig. 4. With decreasing electron energy the 
contribution of the low kinetic energy release com- 
ponent decreases. This is consistent with its identifi- 
cation with reaction [I31 since the onset potential 

0 
l i  

for formation of CzH,C-OH,+ is > 1 eV higher 
than the onset potentiai for formation of C,H,- 
C(OH),+, the fragmenting ion in reaction [12]. 

There is a small shift to lower values in the most 
probable kinetic energy release of the broad com- 

ponent as the contribution of the nan-ow component 
decreases (Fig. 4), although the shift is not much 
greater than the reproducibility of the measurements. 
It is not clear whether this is a real phenomenon or 
an artefact arising from the curve fitting routine. 
Trials with artifically constructed curves of similar 
shapes showed a similar behaviour suggesting that 
the shift is an artefact arising from the analytical 
procedure used to derive the n(T) distribution. The 
dominant nletastable peak component, identified 
with reaction [12], has a most probable kinetic 
energy release of -0.35 eV (8.1 kcal mol-') some- 
what larger than that associated with reaction [lo]. 
The distribution curve also extends to slightly higher 
kinetic energy release values. 

[6] n-C3H,C021f2+ -+ 11-C3H7-CEO' + HZO 
The kinetlc energy I elease distrlbut~on curves for 

this frag~nentat~on reactloll are qhown In Flg 5 For 
the ethyl ester the fragmentation of C,H,CO,D,+ 
(produced from ethyl-d, butyrate) was studied to 
avold Interference fro111 the lsotop~c peak of the In- 
tense metastable for H,O loss from [M - C,H,]+ 
(CH,=C(OH)OC,H, +) Two components a ~ e  clearly 
vis~ble in the metastable peak. The mlnor compo- 
nent, w ~ t h  a most probable klilet~c energy release 
of -0.02 eV, 1s associated with fragmentation of 
structure b (react~on [14]) uhile the lnajor component 
wlth T(most probable) = 0 45 eV (10 kcal mol-') is 
~dent~f ied with fragrnentat~on of structure a (reac- 
t ~ o n  [l j]) .  

0 

I ,_- 
[ IS]  tr-C3H7-C-OH + n-C3H7-CEO+ + Hz0 

Neither the proton affinities of butyric acid nor 
hH?(r7-C3H,-Cs0+) are reliably established, how- 
ever, by analogy with the acetic and propionic acid 
systems, reaction [I41 undoubtedly is thermoneutrai 
or slightly exothermic while react~on [I51 will be 
endothermic. I t  should be noted that T(most prob- 
able) for [I51 is larger than for the similar fragmenta- 
tions of protonated acetic and propionic acids and 
the kinetic energy distribution extends to higher 
values. 

[7] 11-C,H,CO,H, 4 n-C,H,-C=Of + H,O 
The kinetic energy release distribution curves for 

this fragmentation reaction are shovln in Fig. 6. As 
for the lower analogues two components to the 
metastable peak are clearly seen. The low kinetic 
energy release component (T(mcst probable) = 
0.025 eV) is identified with the structure b arid the 
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major compo~leilt with T(most probable) = 0.48 eV 
(11 kcal 11101-') is identified with fragnlentation of 
protonated butyric acid of structure a. Thermochem- 
ical data are almost coinpletely absent for this system. 

In summary, the metastable peak shapes and the 
kinetic energy release distributions calculated there- 
from show clear evidence for two structures for pro- 
tonated carboxylic acids fragmenting in the first 
drift region of the double focussing mass spectrom- 
eter. Fragmentation of the hydroxyl protonated 
structure b proceeds with little release of kinetic 
energy, consistent with a sirnple bond fission reac- 
tion of low or negligible activation energy. The rela- 
tive importance of this fragmentation reaction in- 
creases as the size of the alkyl group in RCO,H,+ 
increases. This probably is attributable to the increase 
in the degrees of freedom of the ion \vhich will in- 
crease its mean lifetime wit11 the result that a larger 
proportion will fragment in the drift region. Frag- 
mentation of the carbonyl protonated structure a 
proceeds with a much greater kinetic energy release 
(T(most probable) = 0.3-0.48 eV). This kineticenergy 
release is too large to be associated with partitioning 
of the non-fixed energy of the frag~nenting species 
between internal and translational modes and is con- 
sistent only with a reaction for which there is a re- 
verse activation energy. with this energy in excess of 
the endother~nicity being partitioned between inter- 
nal and translational modes. In the absence of de- 
tailed knowledge of this partitioning the magnitude 
of the reverse activation energy cannot be estimated 
from the present data, however, the magnitude of the 
T(most probable) values would indicate that it must 
be at  least 1 eV (23 kca! mol-I). 

Both the range of kinetic energy released and the 
]nost probable kinetic energy release increase 
through the series from protonated acetic acid to 
protonated butyric acid. The most likely rationale is 
that the activation energy for tI,O loss from a re- 
mains essentially constant through the series while 
the reaction endothermicity decreases, thus leading 
to  an  increase in the reverse activation energy. If the 
fraction of the reverse activation energy partitioned 
into kinetic energy remains constant the kinetic 
energy released will increase through the series. 

Olah and White (38) have determined an enthalpy 
of activation of 16.3 kcal mol- '  for dissociation of 
protonated acetic acid into the acetyl ion and water 
in solution. As Kebarle and co-workers (16) have 
noted this is collsiderably siilaller than the gas phase 
reaction endothermicity of 26 kcal mol-' ,  indicative 
of strong solvent participation. The present results 
indicate that the activation energy for the gas phase 
reaction is considerably greater than the endother- 
micity. Kinetic studies of the addition of water to acyl 

ions in the gas phase (reaction [2]) in addition to 
equilibrium studies such as reported by Kebarle and 
co-workers (16) would be of interest in evaluating 
the magnitude of this activation energy. 
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The thermal decomposition of 

D. W .  ~ K A I T . A K . '  D. J .  CXRL.SSC)Y. J .  A .  HO\\.AKLI. A h [ >  D. M. WILES 
Dii.i~ioii ctf Chri~zitti?., .'\.'cirioniil Rc,sc,circ,h Colrric.il oj'Ccii~ndci. Ottri~i,ci, 0 i 1 t . .  C~irliidri K I A  O I i Y  

Received May 14. 1979 

D. W. GRATTAN, D. J. CARLSSON, J. A.  HOWARD, and D. M.  WILES. Can. J. Chem. 57, 
2834 (1979). 

The thermal decomposition of 1-(2-cyano-2'-propoxy)-4-oxo-2,2,6,6-tetramethylpiperidine in 
solution has been studied as a function of solvent, temperature, and the presence of radical 
scavengers. I11 the absence of a scavenger, decon~position produces a hydroxylamine and 
methacrylonitrile, whereas in the presence of a scavenger such as oxygen, a nitroxide and 
2-cyano-2-propyl radicals result. Decon~position in the presence of a scavenger is - 50 times 
more rapid than decomposition in its absence. By using various free radical scavengers, scission 
of the NO-C bond is confirmed, that is the reverse of the normal nitroxide - alkyl radical 
reaction. increasing solvent polarity causes a marked decrease in thermal stability, both in the 
presence or absence of radical traps. The irnportaslce of the thermal decomposition reactions 
in the interpretation of nitroxide scavenging of radicals is discussed. 

D. M'. GR.~TT.A>. D. J .  C,'IRLSSON. J .  A .  H O ~ ~ R D  et D. M. WILLS. Can. J .  Chem. 57. 
2834 (1979). 

La decomposition thermique du (cyano-2'-propoxy-2')-1-oxo-4-t~tram~thyl-2,2,6,6-piperi- 
dine en solution est etudiCe en fonction du solvant, de la temperature et de la presence de pieges 
a radicaux. En I'absence de piege, la dicomposition produit une hydroxylamine et de la 
methacrylonitrile, tandis qu'en presence d'un piege tel que I'oxygene, un nitroxyde et des 
radicaua cyano-2-propyl-2 sont produits. La dCconiposition en presence d'un piege est -- 50 fois 
plus rapide que ia decon~position sans piege. En utilisant differents pieges a radicaux libres, ona  
confirsne la scission de la liaison NO-C, ce qui est l'inverse d'une reaction normale de radical 
nitroxyde - alkyle. L'augmentation de la polarit6 du solvant provoque une diminution marquee 
dans la stabilitC thermique et ce, en l'absence ou en presence de pieges a radicaux. On a discute 
de l'importance des reactions de decomposition thermique dans l'interpretation de I'action des 
nitroxydes comme pieges a radicaux. 

[Traduit par le journal] 

Nitroxides derived from the hindered amine 
2,2,6,6-tetramethylpiperidine have been widely used 
to scavenge alkyl or aralkyl free radicals, both in 
kinetic studies of free radical processes (1-4) and in 
the stabilization of hydrocarbons and polymers 
against oxidative degradation (5-9). Nitroxide 
scavenging produces an 0-substituted hydroxylamine 
(reaction [ I ] )  (5, 6). The use of the nitroxide in 
kinetic studies usuaily involves the implicit assump- 

tion that the )NOR species is stable. In  addition 

this species may )\ell play an  important role in 
preventing further oxidative degradation of polymers 
(10, 11) and in the "catalytic inhibition" of the 
autoxidation of hydrocarbons (9). However, the 
0-substituted hydroxylamines have been reported to 
be thermally unstable (4, 9, 12) which is not entirely 
unexpected in view of the low values of the 0-H 

'Issued as NRCC No. 17629. 
2Present address: The Canadian Conservation Institute, 

Ottawa. 

bond strength in hydroxylalnines (13). In an  early 
study Kovtun et a/ .  (4) used electron spin resonance 
(esr) spectroscopy to show that nitroxide can be re- 
formed under certain conditions. More recently 
Bolsman et cl. (9) have monitored the production of 
the unsubstituted hydroxylamine and olefin from the 
decomposition ofN,N,O-tri-tert-butylhydroxylamine. 

In the most thorough analytical study  NOR / 

decomposition, Howard and Tait (12) showed that 
hydroxylamine and olefin resuited from the slow 
decomposition of 0-aralkyl substituted hydroxyl- 
amine in the absence of O,, whereas nitroxide was 
formed rapidly in the presence of 0,. Indirect evi- 
dence indicated the intermediacy of the aralkyl 
radical in the presence of 0 , .  

In this paper, the thermal decomposition reactions 
of an  0-alkyl-substituted hydroxylamine (1-(2'- 
cyano-2'- propoxy)- 4 - 0x0-2,2,6,6- tetramethylpiperi - 
dine, 1) are examined in various solvents, both in the 
presence and absence of oxygen. This compound is 
quite similar to the species expected from the nitroxide 
scavenging of macro-radicals during polyolefin 

0008-404217912 12834-09S0 I .00/0 
1979 National Research Council of CanadaIConseil national de recherches du Canada 
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oxidative degradation (6, 7), and it is important to 

understand the behaviour of )NOR species both in 

hydrocarbon and highly polar environments, simu- 
lating respectively the unoxidized and oxidized 
regions of the polymer. 

Experimental 
Prepurntior7 of 0-substirlrted H~droxj~lon~ines 

Heating a hexane solution of 4-0x0-2,2,6,6-tetramethyl- 
piperidine-hr-oxyl (2) with an excess of r~,r'-azo-bis-iso- 
butyronitrile at  55°C gave 1-(2'-cyano-2'-propoxy)-4-0x0- 
2,2,6,6-tetramethylpiperidine 1, as described previously (1 l,14). 
l-Cyclohexylowy-4-oxo-2,2,6,6-tetramethylpiperidine (3) solu- 
tions were prepared by the photolysis of di-rert-butyl peroxide 
in a cyclohexane solution of 2 under nitrogen until colourless 
(11). Gas chromatography (gc) showed the steady loss o f2  and 
formation of 3. 

Other Muterials. 
The unsubstituted hydroxylamine (1-hydrowyl-2,2,6,6-tetra- 

niethylpiperidine-4-one, 4) was prepared for comparison with 
the products from 1. Hydrogenation of 2 (0.09 g) in isooctane 
(17 mL) over 5% palladium on charcoal (0.2 g) with H, at  
1 atmosphere for -30 n ~ i n  gave a mixture of 4 (-702), 2 
(- lo%), and 4-0x0-2,2,6,6-tetramethylpiperidine 5 (- 202). 
Prolonged hydrogenation gave a quantitative yie!d of 5. The 
hydroxylamine oxidized steadily back to the nitroxide, so that 
the pure product was not isolated in quantity. However, gas 
chromatography - mass spectrometry (gc-ms) analysis during 
the hydrogenation gave firm evidence for the 2 -t 4 + 5 
conversion, and the characteristic mass spectrum of 4 was 
obtained. 

The nitroxide 2 (Aldrich) was recrystallized from methanol. 
4-0x0-2,2,6,6-tetramethylpiperidine (5) was obtained from 
Eastman. 

For the radical trapping experiments, 2-methyl-2-nitroso- 
propane (a gift from K. U.  Ingold) was prepared by the 
method of Stowell (15) and benzenethiol was supplied by 
Fisher. For comparison with products from the nitroso com- 
pound, 2-methylpropyl-2,2'-cyano-2'-propyl nitroxide 6 was 
prepared from the decomposition of r,d-azo-bis-iso-butyro- 
nitrile in the presence of the nitroso compound in degassed 
cyclohexane. This preparation also produced the 2-cyano-2- 
propyl adduct to 6 (O,iV-di-(2-cyano-2-propyl)-N-2'-n1ethyl-2'- 
propyl hydroxylamine, 7). 

Tf~er~?znl Decon~positions 
Degassed or air saturated aliquots (0.5 mL) of 1 (1.35 x 

lo-' I M )  were heated in sealed ampules at preselected tem- 
peratures. Deconlposition under air employed a large airlliquid 
volume ratio so that an excess of oxygen was available. After 
each set decomposition period, tubes were quenched in liquid 
nitrogen and stored at  - 15'C. For analysis, the samples were 
warmed to room temperature, the ampules broken open and 
analysed within - 5 min. 

Product Annljsis 
Products from the thermal decompositions of 1 were ana- 

lysed by a combination of liquid chromatography (hplc), gc, 
gc - ms, and esr spectroscopy. The liquid chromatograph was a 
Waters ALC 201 fitted with both uv and refractive index detec- 
tors and an SiO, column (Waters 0.65 cm id x 27 cm, Micro- 
Porasil, 10 wm particles). Isochratic elutions were made with 
isopropanol (3 ~ 0 1 % )  in n-hexane at  1.0 n1L min- I. For gc 
separations, a Hewlett-Packard 5730A (flame ionization 
detector) was fitted with a 10% UCW-982 coated, Chromosorb 
W column (20 in. x 118 in. od); gc-nis analysis used a similar 
column with a Finnigan 4000 automated gas chromatograph: 
El-CI mass spectrometer system, operated in the electron im- 
pact mode. 

Electron spin resonance spectra of the nitroxides were mea- 
sured on aVarianE-4spectrometer. Forunsubstituted hydroxyl- 
amines, the highly sensitive triphenyltetrazolium chloride 
(TTZC) test of Snow (16) was used to quickly identify products 
and hplc fractions containing free hydroxylamines. When 
benzenethiol was used to trap radical products from the 
decomposition of 1, perdeuterobenzene (Merck, Sharp, and 
Dohme) was used as solvent and the products analysed by gc, 
esr, or by nmr spectroscopy at  60 MHz using a Varian EM360 
spectrometer. Chemical shifts of products and of 1 were com- 
pared with standards in the thiol-C,D, mixture. Shift values 
are given in ppm relative to tetraniethylsilane as internal 
standard. 

Results 
Thermal decomposition of 1 in various 0,-free 

solvents gave a >90% yield of the unsubstituted 
hydroxylamine 4 and -80" yield of methacrylo- 
nitrile. The loss of l and accumulation of 4 at various 
temperatures in cyclohexane are shown in Fig. 1. 
Decomposition products were separated by gc and lc 
and confirmed by gc-ms. The effect of different 
solvents a t  constant temperature (82°C) is shown in 
Fig. 2. Blank experiments showed that methacrylo- 
nitrile was unchanged after 20 h at 82°C in the 0,- 
free solvents used; 4 is also quite stable, decomposing 
only slowly to 2 (Fig. 2). However, hydroxylamines 
are destroyed very rapidly in the presence of hydro- 
peroxides (2). This was confirmed by addition of 
tert-butyl hydroperoxide to reaction products con- 
taining 4. Gas chromatographic analysis showed the 
immediate (< 10 s at 25°C) quantitative conversion 
of 4 to 2. Hydroperoxide ilnpuritles in the solvents 

T I M E  I h 

FIG. 1. Thermal decomposition of 1, cyclohexane solution, 
(&-free. Concentrations of 1 (A) and 4 (0) from Ic and gc. 
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T l M E  ( h  

FIG. 2. Effects of solvents on the thermal decomposition of 1 
in the 02-free solvents shown at 82.C. Concentrations of 1 (A),  
4 (o), methacrylonitrile (+), and 2 (V) from gc and Ic. 

had the same effect. Deliberate addition of tert-butyl 
hydroperoxide to hydroxylamine-containing mix- 
tures was used as a cross check on the assignment of 
the hydroxylarnine gc peak initially identified by a 
comparison of the retention time with that of the 
hydroxylamine synthesized by hydrogeneration of 
the parent nitroxide. 

In  the air-saturated solutions, decomposition of 1 
is much faster than in 0,-free solutions, and the 
products are distinctly different. Decomposition of 1 
a t  two temperatures in cyclohexane is shown in 
Fig. 3, with 0,-free data included for comparison. 
The major product from 1 is now 2 (- 8 0 7 ) ;  4 is not 
detected ( < 2 %  yield) despite being fairly stable in 
blank experiments. For example, the half life for 
decon~position of 4 to 2 in air-saturated solvents at  
82-C was - 4  h. Appreciable amounts of a second 
substituted hydroxylamine 3 accumulated in the 
presence of oxygen (Fig. 3). High yields of 2 were 

TlME ( h )  

FIG. 3. Effects of temperature on the thermal decomposition 
of 1, (-) in air-saturated cyclohexane; (---) in 02-free cyclohex- 
ane for co~nparison. Concentrations of 1 (A), 2 (V), and 3 
(0) from gc and lc. 

also observed in methanol and tert-butyl hydro- 
peroxide (Fig. 4). 

Only trace amounts of methacrylonitrile (-2%) 
were found after the complete decolnposition of 1 in 
each air-saturated solvent desp~te the olefin being 
quite stable either in pure solvents at  the tempera- 
tures studied, or  in decon~posing 1 solutions in the 
presence of oxygen. A new product from the butyro- 
nitrile moiety of 1 was 2-cyanopropan-2-01, found in - 5 0 z  yield in the first few hours of 1 decomposition 
In air-saturated solutions but in much lower yields at  
higher conversions. Control experiments sho\ved 
that 2-cyanopropan-2-01 is quite unstable in dilute 
solutions, decomposing to a quantitative yield of 
acetone (and presumably FICN), with a half life of 
-6  h in rnethanol at 50°C. Increasing acetone con- 
centrations were found during the decomposition of l 
in the presence of 0,. The combined accumulation of 
acetone and 2-cyanopropdn-2-011s shown In Fig 4. 

In an-saturated cyclohexane, methanol, or  tert- 
butyl hydroperox~de, decomposlt~on of 1 was suffi- 
cleiltly l a p ~ d  that loss of I and formation of 2 could 
be measured at  room temperature. (The half life of 1 
at  23 C was -9 days In the polar solvents.) 

Saturat~on of solut~ons of l nith oxygen gave the 
same products and rates as found with air-saturated 
solutions. 

Decornpositio~l of 1 in air-saturated benzene again 
produces 2, but in only - 50:: yield at  82°C (Fig. 4). 
Another major product ( - 3 0 3 s  I )  and a minor 
(- 10";;s 1) product were found by gc. Their inass 
spectra were quite similar to those from 5 (the minor 
product) and 2 (the major product) although their gc 
retention times \\ere much greater t1ia11 both of 
these compounds. Electron spin resonance confirmed 
only the nitroxide level equivalent to the 2 yield 
observed by gc. Other possible products precluded by 

- 
N 
P 
X 

2 1.0 - 
Z 
P 
5 
LT 
I- 
5 0.5 

MeOH or BOOH / 5 0 " ~  

0 
Z 
0 
0 

0 10 20 0 10 20 

T lME ( h )  

FIG. 4. Decomposition of 1 in various air-saturated solvents. 
Concentrations of 1 (A),  2 (V), and acetone + 2-cyano- 
propane-2-01 (0) determined by lc and gc. Concentrations of 2 
( x ) also determined by esr after reactions in methanol. 
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gc-ms included phorone and 1 -methoxy-4-0x0- 
2,2,6,6-tetrametkylpiperidine. The major unidentified 
product from the decomposition of 1 in benzene was 
also found in small amounts (- 5 5 )  after the decom- 
position of l in other solvents: and as an impurity in 
commercial 2. 

T o  investigate the possibility of 0, acting as a trap 
for free radical decomposition products from 1, the 
spin traps 2-methyl-2-nitrosopropane (16) or  ben- 
zenethiol were added to 02-free solutions of P a t  
55'C. The formation of 2 and 2-methyl-2-proppl-2'- 
cyano-2'-propyl nitroxide 6 in the presence of 2- 
methyl-2-nitrosopropane were indicated by gc and 
esr (a ,  = 14.7 and 15.2 G respectively). In  the 
presence of the nitroso spin trap, the 0,-free decom- 
position of B was found to proceed initially at  a rate 
very close to the rate observed in air-saturated cyclo- 
hexane at  the same temperature to give 2 together 
with a similar yield of 6, This implies that the nitroso 
compound is not trapping radicals from a minor side 
reaction (171, but a product from the main decom- 
position mechanism of 1. Hovvever, after virtually 
complete decomposition of 1, only - 1 0 7  of the 
theoretical yield of 6 Lvas observed, with a large yield 
of the adduct 4 ( - 6 0 7 ,  based on 2-cyano-2-propyl 
radicals from the deconlposition of 1). 

I n  the presence of the nitroso compound, neither 
the parent piperidine 5, nor the substituted hydroxyl- 
amine 3, nor 2-methyl-2-propyl-2'-cyano-2'-propoxyl 
nitroxide (which should have been easily detectable 
by esr because a ,  = 27.25 G, despite being some- 
what unstable (18)) were detected after the decom- 
position of 0,-free solutions of 1. 

The decomposition of I at  55" in 0,-free ben- 
zenethiol/perdeuterobenzene (1 : 2 by volume) pro- 
duced a quantitative yield of 5 and 2-cyanopropane 
as sho~vn by nrur and gc. The well characterized nmr 
spectrum of 1 (4HU multip!et at  2.14; 12Hh doublet a t  
1.05, 1.10; 6Hc singlet at 1.32 ppm) (14) was replaced 
by the combined spectrum of 5 (4HU singlet a t  1.96; 
12H" singlet at  0.96) (19) and 2-cyanopropane (6Hc 
doublet a t  0.79, 0.68; 11-1 septet a t  2.23, 2.12, 1.99, 
1.88, 1.78, 1.68, 1.57 - but only 1.88, 1.78. 1.57 clear 
of other absorptions in the reaction mixture). 
Examination of the reaction mixture by nmr at  high 
amplification showed the absence (< 5 3 a s e d  on B 
decomposed) of methacrylonitrile and 2-cyano- 
propan-2-01. Addition of 2 to degassed G,H,SH- 
G,D, at  23cC also gave a quantitative yield of 5 
within seconds of solution as sho\vn by nrnr, gc, and 
the loss of the esr nitroxide signal, together with a 
high yield of diphenyl disulfide. 

Discussion 
Rates of deconlposition of B nleasured over a 

concentration range of 1 - 100 x M were found 
to follow first order kinetics (Fig. 5), with rate con- 
stants in a given solvent which were independent of 
the method of concentration determination (gc, lc, or 
esr). Some of t l ~ e  calculated rate constants are 
collected in Table 1. 

Decomposition of l in 0,-free solvents can be 
rationalized in terms of a unimolecular honlolysis 
(reaction [2]). The process is strongly solvent 

dependent (Flg 2) Arrhen~us plots for the data In 
cyclohexane and methanol are shoitn in Fig 6. 
Activat~on energles and pre-exponentla1 factors are 
collected In Table 2, together n ~ t h  other l~terature 
values T11e s l o ~  generat~on of n ~ t r o x ~ d e  from 4 111 

the absence of 0, (Fig 2) probably occurs by the 
process (2) 

\  OH HOY(+)NO. + H,O + .N< 

Keana et a/ .  (20) have reported that the substituted 
hydroxylamine l-benzyloxy-4-11ydroxyl-2,2,6,6-tetra- 
rnethylpiperidine is stable at  170cC. Hoivever this 
substituted hydroxylamine has no reactive e- 
hydrogens and so cannot undergo reaction [2]. 

Superficially, the thermal decomposition of l in the 
presence of 0, appears to follow a different inech- 
anism froin reaction [2]. In the presence of O,, the 
observed products (nitroxide and some 2-cyano- 

5 

4 
0 

C1 

er 
0 
25 
\ 

r--7 
E 
0 2 
Z 
U 

6 
-4 

I 

0 2 4 6 8 
TIME ( S X I O - " )  

FIG. 5. First order kinetic dependence of the decomposition 
of 1 in cyclohexane, 0,-free (-) or air-saturated (---). 
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TABLE 1. Ratc constants (k,) for the thermal decomposltlon of I 

Solvent 
Temperature Initial kda x lo4 

('C) [I1 M (s- 

Cyclohexane 
Cyclohexane 
Cyclohexane 
Benzene 
Methanol 

Cyclohexane 
Cyclohexane 
Cyclohexane 

Cyclohexane 
Cyclohexane 
Cyclohexane 
Benzene 
Methanol 
Methanol 
Methanol 
Methanol 
tert-Butyl hydroperoxide 

0,-free solutions 
120 1 .42  x 
100 1.42 x 
82 1.42 x lo-' 
82 1 .42  x 
82 1 .42  x 

Air saturated solutions 
82 1.34 x lo-' 
82 1 .11  x 
61 1 .30  x 

aData from gc and lc measurements unless otherwise spec~fied. 
bData from esr measurements. 
cOl-free, but in the presence of I, (2.2 or 4.4 :< M). 
do2-free, but in the presence of 8.5 > M2-methyl-2-siitrosopropane 

propan-2-01) are consistent with reaction [3] 
followed by [4a] where RH is the solvent. 

The progressive production of 3 in cyclohexane 
(Fig. 3) probably results from the scavenging of an  
alkyl radical (from reactions [4a and b ] )  by the 
nitroxide (3, 10, 11, 17). In the absence of an effective 
scavenger such as O2 to remove radicals produced in 
reaction [ 3 ] .  2 will rapidly recombine with this radical 
with a rate constant k - ,  of -4  x lo8 M - I  s - I  to re- 
form 1 (3, 10, 11, 17). 

The products fro111 the decolnposition of 1 in the 
presence of 2-methyl-2-nitrosopropane (but in the 

absence of 0,) are also consistent with reaction 3. 
This nitroso compound is known to trap alkyl (or 
alkoxy) radicals, with the formation of a new nitroxide 
(16) (6 in reaction [5], k ,  - 1 x 10' M p l  s- I  a t  
55°C (17)) together with 2 from reaction [3]. Further 
scavenging of the 2-cyano-2-propyl radicals by 6 
gives the tri-alkyl substituted hydroxylamine 7. The 
adduct 7 appeared to be quite stable at  55°C in 
comparison with 1. The /id value for reaction [3] in 
the presence of 2-methyl-2-nitrosopropane was very 
similar to that found in the presence of air, and is 
listed in Table I .  The quantitative production of 

Tei mlnatlon + 
CH3 C H 3  

( a )  \elf I RH I 

CH3 CH3 CH3 

I 0 2  
[4] eC-CN *02-C-CN 

I 
CH3 

I 
CH3 

CH3 
I 

HOO-C-CN - R* 
I 
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' 3 3  CH3 CH3 CH3 
I X - I I 

[5] CH3-4-H=O I .  C-IN -A CHI-C-N-C-CN 
i 

' 3 3  
I 

CH3 
I l l  

H3C 00 CH3 

2-cyanopropane from the deco~nposition of 1 in 
02-free C,H,SH-C,D, is again consistent with [3], 
followed by hydrogen abstraction from the thiol. In 
addition the production of 5 from this decomposition 
can be explained by the known reaction of nitroxide 
with a thiol (21). 

Two other processes might lead to the products 
observed from the deco~nposition of 1 in the presence 
of 02. These are scission at  the N-0 link (rather 
than the 0-C link as in [3]) or the homolysis [2] 
followed by a rapid reaction of the hydroxylainine 
with hydroperoxides (from the thermal oxidation of 
the solvent) to give 2 (2). This latter route to ~litroxide 
formation is, however, precluded by the absence of 
methacrylonitrile from the decomposition of 1 in 
C,H,SH and the immediate accuinulation of 2 
(Figs. 3 and 4) even in benzene (Fig. 4) which cannot 
peroxidize. However Toda et al. (22) have observed 
products from radical attack on nitroxides and 
shown that the 3-position is particularly vulnerable in 
2. Thus the two new products from the decomposi- 
tion of 1 found in appreciable quantities only in 
C,H, most likely result from some attack of 2- 
cyano-2-propyl or peroxy on the piperidine species, 
favoured by the resistance of the solvent itself to 
attack. The slow decomposition of I to give 4 must 
obviously still occur in the presence of 0 , .  However, 
-d[ l ] /d t  is 20-30 times faster in the presence of 0, 
(cf. Fig. 6). The detection of only traces of 4 must in 
part be due to  the rapid reaction of 4 with peroxy 
radicals (2) and other oxidizing species. Scission a t  
the N-0 bond of B to give an  amine radical and a 
2-cyano-2-propoxy radical is not consistent with the 
products observed in the presence of either 2-methyl- 
2-nitrosopropane or  benzenethiol. 

The ability of nitroxide radicals to scavenge inany 
alkyl radicals in oxidations has been suggested to 
result from the attack of peroxy radicals on the 0 -  
alkyl hydroxylamine (reaction [6]) (4, 9, 11). This 

kl 
[6] R'O,. + 1 + 2 + [ROOR'] 

could contribute to the loss of 1 in the presence 
of 0 , .  However -d[ l ] /d t  was unaffected by the 
presence of an  efficient peroxy radica! scavenger 
(2,6-di-tert-butyl-4-methylphenol at  4.5 x M ,  
[I], = 5 x M a t  75°C). Similarly the published 
rate constants for reactions [6] (11) and [4a] (23) 
imply that 6 can only account for the loss of 1 and 

FIG. 6. Temperature dependence of the decomposition of P 
in cyclohexane (0) and metha1101 (@), 02-free (-) or air- 
saturated (---). 

reaction [3] appears to be the dominant decomposi- 
tion route. 

In any one 0,-free solvent, the rate of decom- 
position of l is very much sloiver than in air-saturated 
solutions (Fig. 3 and cf. Figs. 2 and 4). In air- 
saturated methanol and cyclohexane, the activation 
energies and pre-exponential factors shown in 
Table 2 were derived froin the Arrhenius plots in 
Fig. 6. Both the activation energies and pre-exponen- 
tial factors bvere appreciably lower than the air-free 
values for the respective solvents. This contrasts with 
the behaviour of the aralky! substituted hydroxyl- 
amine shown in Table 2, where only the activation 
energy is influenced by solvent. The rates of decom- 
position of 1 via [2] or [ 3 ]  increase wit11 changing 
solvents in the sequence cyclohexane < benzene < 
metha1101 - tert-butyl hydroperoxide. Both solvent 
viscosity decrease and polarity increase follow the 
order cyclohexane < benzene < methanol, and both 
effects could influence the reaction rates. The reac- 
tion rates in inethanol (low viscosity) and tert-butyl 
hydroperoxide (high viscosity) are, however, very 
siinilar, implying that solvent polarity is the key 
factor. This was substantiated when the decoinposi- 
tion of 1 in cyclohexane and in Nujol was compared 
(air-saturated solutions a t  55'C). From esr spec- 
troscopy, k, was only lnarginally slower (- 1 0 9  in 
Nujol despite the wide difference in viscosities (about 
0.7-90 cp (24)). Kiefer and Traylor (24) have re- 
ported a four-fold decrease in the rate of photo- 
dissociation of di-tert-butyl peroxide on going from 
pentane to Nujol as solvent. Ho~vever the rate con- 
stant for tert-butoxy radical self-combination may be 
close to diRusion controlled (23), about 10 times 
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TABLE 2. Collected A~rhenius parameters for thermal decomposition of 0-substituted hydroxylaniines 

0-Substituted 
hydroxylamine 
\ ,N-0-R 

Ed A , r - '  
Products Solvent (kcal n i o l ' )  [log ( A  s - ' ) ]  

CHj  
I 

(tBu),NO(t Bu) 

'From ref 12. 
T h i s  work. 
c F r o n ~  ref. 9. 
dFrom ref. 4. 

faster than the nitroxide - alkyl radical constant for 
reaction [ l ]  (3, 10-12). The accelerating effect of 
increasing solvent polarity on decoruposition reac- 
tions has been extensively reviewed by Martin (25). 
The similarity in solvent effects on the rates of 
product forn~ation from 0,-free and 0,-containing 
solutions might result from a common precursor. 
This could be the NO-C cleavage (reaction [3]) 
followed by either recombination (dominant unless a 
scavenger is present) or  disproportionation of the 
radicals from [3] to give hydroxylamine and olefin, 
i.e., equivalent to reaction [2]. 

The thermal stability of 0-substituted hydroxyl- 
amines has been suggested to be markedly dependent 
on  the nature of the substituent (4), and this is con- 
firmed by the calculated data collected in Table 3. In  
particular the 0-alkyl substituted compounds shown 
are at  least 18 times more stable than the 0-aralkyls 
in the presence of 0 , .  Such a large difference in 
thermal stability implies that the transition state for 
deconlposition occurs early in the reaction co- 
ordinate and that the stability of O-alkylhydroxyl- 
amines is governed principally by strain in the 
ground state of the inolecule (26). Our k, in the 

absence of 0, for 1 is within a factor o f 2  of the value 
found by Bolsman et al. (9) for N,N,O-tri-(2-methyl- 
2-propy1)hydroxylamine decomposition (Table 3) 
with very similar Arrhenius parameters (Table 3). 
However these latter workers failed to appreciate the 
effects of 0, and solvent on the decol~iposition pro- 
cess, and consequently lvere unable to explain the 
catalytic inhibition by nitroxide in terms of the 
(relatively) !ow k, under 0,-free conditions. Kovtun 
et a/. (4) observed only the scavenger I,-assisted 
decomposition of 1 (reaction [3]), and ignored the 
fornlation of a hydroxylamine in the absence of a 
scavenger. Their reported k, values in the presence of 
I, are all 16-20 times higher than our values found 
with O,, I,, or 2-inethyl-2-nitrosopropane sca- 
venging. This inay result from colnplicating side 
reactions in the presence of I,. For example, in 
contradiction to the data of Kovtun et al. (4), we 
found no effect of I, concentration (Table 1) on k,, 
but found gross deviations from first order kinetics 
for the decomposition of 1 in the presence of I, at  
> 10:T;, conversion with only - 30-f the theoretical 
yield of 2 after -4 half lives of B a t  61°C. 

The thermal instability of >NOR compounds has 
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TABLE 3. Cornparison of k, for various 0-substituted hydroxyiamines 

Origin of 
Solvent kd(s- '  x lo4) data 

0,-free at lO0'C 

Ref. 12 

K = ~ C , F I ;  t-C4H9C6H5 0.53 Ref. 12 

R =  ~ C N  c - C S H I ~  0.29 This work 

C,D5Br 0.58 Ref. 9 

Under 0, at 60 C 
ChH, 

R =  k- C6H5CI 550 
C,H5 

Ref. 12 

K = ~ c , H ,  C6H5CI 0 .9  Ref. 12 

R =  ~ C N  c - C ~ H I ~  0.10 This work 

(R  = LCN/I?) C,H,CI 1.64 Ref. 4 

some kery important implications for the interpre- 

tation of published data on nitroxide or >NOR 

scavenging of radicals. In several instances, >NOH 

(10, 27) or >NO. (28-30) formation from >NOR 

decomposition must have played a part in the ob- 
served kinetics. For example, Sudnik et al. have 
reported rate constant values for reaction [S] (28) and 
the rate constant for nitroxide scavenging of alkyl 
radicals (29), both derived from experiments at  
temperatures where the substituted hydroxylamine 
can be expected to have a half life of below 1.0 h. 
Similarly, the reaction cond~tions used by Kovtun 
et al. (27) (anline or alcohol solvents at  75°C) in the 
nitroxide reaction with alkyl radicals would rapidly 

decolnpose any >NOR to give the observed 

hydroxylamine, rather than their suggestion of direct 
nitroxide attack on the amine or alcohol. It is also 

worth emphasizing that stabilization by nitroxides at 

low 0, levels will give >NOR which would decom- 

pose to olefin and >NOH. The latter can then 

rapidly scavenge a peroxy radical (2) and regenerate 
\ ,NO* so that many chains would be terminated by 

each nitroxide rnolecule (9). However, at high 0, 

pressures, >NOR may function as an initiator, and 

the nitroxide would lose some of its overall scaveng- 
ing efficiency. 
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Molecular and group relaxation studies in parasubstituted benzenes in various media 
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3. CROSSLEY, J. P. SHUKLA, S. P. TAY, M. S. WALKER, and S. WALKER. Can. J. Chem. 57, 
2843 ( 1979). 

Dielectric absorption studies have been made on molecules of the type X-aromatic- 
Y Y' 

X' where X-Y is -OCH3, -COCH,, -CH,CI, and -CH,CN. The molecules have been 
dissolved in (a) a polystyrene matrix and (b) in the viscous liquid o-terphenyl. For 1,4-di- 
methoxybenzene the group process dominates in both media, and estimates have been made of 
the activation enthalpy for group relaxation. For 1,4-dimethoxybenzene in benzene, decalin, 
Nujol, and o-terphenyl solutions, however, there appears to be a small contribution from the 
molecular process. No such contribution was detected in the matrix studies on this solute mole- 
cule. For 1,4-diacetylbenzene, 1,4-bis(chloromethyl)benzene, and 1,4-bis(cyanomethy1)benzene 
in o-terphenyl solution it again seems that the group and molecular processes overlap. How- 
ever, in polystyrene the enthalpies of activation which emerge are characteristic of the group 
relaxation process as determined by the nlnr approach. Altogether, the work illustrates that 
o-terphenyl may be a useful solvent in helping to decide whether a solute has contributions 
from an intramolecular motion. 

J .  C ~ o s s r t ~ .  J .  P. SHLKLA. S. P. TAY. hl. S.   WALKER^^ S. ~V&LKER.  Can. J .  Chem. 57. 2843 
(1979). 

On a effectue des Ctudes d'absorbtion diklectrique sur des molecules du type 
Y Y/X-arOma- 

tique X' oh X-Y reprlsente -OCH,, -COCH,, -CH,Cl et -CH,CN. On a dissous 
les n~olCcules dans (a) une matrice de polystyrene et (b) u11 liquide visqueux, le o-terphenyle. 
Dans le cas du dimithoxy-1,4 benzene le mouvement des groupes domine dans les deux 
milieux et on a CvaluC l'enthalpie d'activation pour la relaxation du groupe. Dans le cas du 
dimethoxy-l,4 benzene en solution dans le benzkne, la decaline, le Nujol ou le o-terphCnylc, il 
semble que le processus moleculaire fournit une petite contribution. On n'a pas dktecte de telles 
contribution lors des Ctudes dans des matrices de cette rnoltcule de solute. Dans les cas des 
diacttyl-1,4, bis(chloromethy1)-1,4 et bis(cyanomethy1)-1,4 benzenes en solution dans le 
o-terphenyle, il semble de nouveau que les processus impliquant les groupes et la molecule se 
recouvrent. Toutefois dans le polystyrene les enthalpies d'activation qui se degagent sont carac- 
teristiques d'un processus de relaxation de groupe, tel que determine par une methode rmn. 
Dans l'ensemble, le travail illustre que le o-terphenyle peut Ctre un solvant utile pour determiner 
si un solute a des contributions dues a un mouvement intramoleculaire, 

[Traduit par le journal] 

Introduction 
Molecules which have a flexible group attached 

to an aromatic ring have been widely studied by 
dielectric techniques. Usually the molecules have 
been examined either as a pure liquid or as a solute 
in a dilute solution of a non-polar solvent, and the 
dielectric absorption has been observed in the micro- 
wave region. In all cases the absorption due to the 
molecular and group reorientations overlap, and the 
relaxation times for these processes must be deduced 
from a Bud6 analysis (1). Such analyses are often 
subject to appreciable errors which in turn lead to 
serious uncertainties in the enthalpies of activation 
obtained for the intra~nolecular processes. 

It has been found possible in a number of cases 
studied by Davies et a/ .  (2, 3) and Walker et al. 
(4-6) to separate completely the absorption due to the 

intramolecular and molecular processes for mole- 
cules by dispersing the solute in a polystyrene matrix. 
The enthalpies of activation for the intramolecular 
process have, on the whole, compared quite well 
with those from the other direct methods of nmr and 
ultrasonics (7). 

A number of dielectric studies (8-10) has been 
made of acetyl group relaxation in aromatic com- 
pounds dissolved in non-polar solvents of low vis- 
cosity (- 1 cP). Typically, the enthalpy of activation 
for group relaxation in such solvents is - 5 kJ mol-l. 
However, for similar solutes dispersed in a poly- 
styrene matrix (6) the corresponding values are 
-30 kJ mol-', and these are of the same order as 
that estimated for acetophenone by Grindley, 
Katritzky, and Topsom (1 1 ,  12) who obtained a value 
of 26 kJ mol-l. 

0008-404217912 12843-05W .00/0 
(9 1979 National Research Council of CanadaIConseil national de recherches du Canada 
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Studies of group relaxation in five aro~iiatic 
methoxy compounds 111 a polystyrene matrlx y~elded 
AH, values betneen 1 1  and 14 kJ m o l l  for niethoxy 
group rclavat~on (13). Ho~fever ,  dielectric studies on 
sim~lar solutes in non-polar solvents (14, 15) gave 
values of - 6  kJ mol- '  T h ~ s  significant d~fference 
in the cnthalp~cs of activation for the acetyl and 
methoxy groups bet\$een these t~ o d~fferent dlelectr~c 
approaches merited further study. The molecules 
chosen fol investigation mere of the type ,X-aro- 

,y Y 
matic->(' ; such molecules have a common fea- 
ture in that the fixed component of the inain dipole 
along the main principal axis is zero: thus, if inolec- 
ular relaxatioll is to be detected, it has to result fro111 
a (temporary) stable isomer which has a dipole com- 
ponent perpendicular to this long axis (e.g. a cis 
or  gnuche form). More in fo rmat io~~  on molecular 

/ 
Y 

relaxation contributions in ,X-aromatic-X 
Y 

systeins - or their absence was also sought. 

Experimental and Results 

Stu~lirs  in o-T~ryhe11j.1 Sol~. t~nt  
All the solutes \\,ere purified before use. The 

o-terphenyl solvent (Polyscience Inc.) was used with- 
out further purification. The apparatus and proce- 
dure used in the o-terphenyl studies to determine the 
permittivity (E') and the dielectric loss (E") at  fre- 
quencies between 1 and 6 GHz have been described 
previously (16). The low frequency permittivity (E,) 
was measured at  2 MHz with a WTW Dipolmeter. 
The refractive index ( 1 1 , )  was measured with an 
Abbk refractometer and the viscosities (q) deter- 
mined by means of calibrated Ubbelohde type vis- 
cometers and density bottles. 

The dielectric data for all the solutions were 
analyzed in terms of a Cole-Cole symmetrical distri- 
bution function for a mean relaxation time T, and a 
distribution parameter r. The dielectric loss due to 
the solvent was comparable to the experimental error 
for these dielectric data. The very high frequency 
permittivity values, E,, obtained from the Cole-Cole 
analyses, \\.ere similar to 17,'. 

Dipole moments p were calculated by means of the 
equation : 

 here iM2 and 11, are the molecular weight and 
M eight fraction respectively of the solute and E ,  and 
u', the permittivity and density of the solvent respec- 
tively at the absolute temperature T. 

The mean relaxation times, T,, distribution param- 

eters. a ,  viscosities and dipole molllents are listed in 
Table 1 .  

Enthalpies of activation for dielectric relaxation 
(AH,) and viscous flow (AH,:') were obtained from 
the plots of log T T  against T- '  and log q against 
T-'  respectively and are presented ill Table 2. 

Stuu'ics in Polj~stj3rme Matrix 
Dielectric measurelllents on solutes dispersed ill a 

polystyrene matrix and the evaluation of the results 
have been described previously (4-7). The poly- 
styrene matrix was prepared in the way described by 
Davies and Swain (2). We have also adopted their 
experimental and analytical procedures for obtaining 
relaxation times and distribution parameters by 
means of the Fuoss-Kirkwood equation and the 
enthalpy of activation from the Eyring equation. 
The polystyrene used here had a weight average 
molecular weight, ~q,; of 230 000. The relaxation 
data and the results of Eyring equation analyses of 
these data are given in Table 3. 

Standard statistical techniques were e~nployed to 
fit the function of temperature data to the Eyring 
equation. The 9 5 7  confidence intervals on AH, were 
typically 100;;; of the nominal values or k3  kJ 
mol-'  ~vhichever is the greater and in agreement 
with the work of Davies et al. (2, 3). For the AS, 
term, these confidence intervals were of the order 
of f 5 0 2  of the nominal values in some cases, since 
this term is often a small part of the intercept, 
{In (l~/li,) - AS,IR], of the ln (TT) versus (1,'T) plot. 

TABLE 1. Relaxation times (T,), solution viscosities 
(q), dirtrihution parameters ( r ) ,  and dipole moments 
(LI) for sonle polar solutes in  liquid o-terphenyl at 

four temperatures and weight fraction (I?,) 
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TABLE 2. Activation energy dataY for solutcs in o-tcrphcnyl 
above its melting point 

Solute 

1,4-Bis(c> anomethl1)benrene 51.3 5 7 
1.4-Bis(chlorornethyI)benzcne 40.3 37 
1,4-Diacetl lbenzene 51 2 3 3 
1,4-Dirnethoxq benzene 3 6 . 5  20 

*See rekt for d~scussion of these A H ,  values slnce \\hen o \e~ . l ap  of the 
group and  molecular processes occur5 then the ialiies are not  meaningful 
i n  terms of a particular process. 

Discussion 

1.4-Dil71etho.q.bel1zenr a d  4,4'-Dir~1etl1oq~OipI1e11~~1 
Both these solute rnolecules \yere exainined in a 

polystyrene matrix, but only the 1,4-din~ethoxyben- 
zene proved soluble ill o-terphenyl above its melting 
point and only one set of symmetrical absorption 
peaks were detected. However, the enthalpies of 
activation for both solutes resulting from this process 
are virtually identical (Table 3). The AH, values 
shown are very similar to the 1 1  k J  mol-' deter- 
mined by Katritzky et al. ( I  1 .  12) for methoxy group 
rotation in anisole and to values obtained in previous 
studies on five aromatic methoxy compounds dis- 
persed in a polystyrene matrix (13). I t  is to be noted 
that values of AH, of about 13 to 14 kJ mol-I are 
quite unacceptable for molecular relaxation in these 
compounds. Molecular relaxation enthalpies are 
quite sensitive to the length of the long axis of the 
molecule, e.g. AH, values for 4-bromotoluene and 
4-iodobiphenyl are 42 and 102 kJ mol-I respectively. 
These rigid solute rnolecules are, in fact, fairly 
similar in size to 1,4-dimethoxybenzene and 4,4- 
dimetl~oxybiplienyl respectively. The fact that the 
two molecules of such a different size have enthalpies 
of activation, which are virtually identical, indicates 
that ~nolecular relaxation makes a negligible contri- 
bution to their dielectric absorption. 

The study of I ,4-dimethoxybenzene in o-terphenyl 
yielded an Eyring activation enthalpy of 20 + 5 kJ 
~ n o l - ~  kvhich is almost of the same order as the value 
obtained in polystyrene. Further, the free energies 
of activation estimated at  333 K for this solute in 
polystyrene and o-terphenyl, 12 and 14 kJ mol- '  
respectively, are virtually identical. 

Grubb and Smyth favoured a small contribution 
from the molecular process (C, - 0.15) for 1,4- 
dimethoxybenzene in Nujol and also in decalin solu- 
tion (14). A con~parison of the relaxation times a t  
333 K in benzene (11 - 0.5 cP), r ,  = 4.6 ps with that 
in o-terphenyl solution (q - 25 cP), r ,  = 19.7 ps, 
strongly supports contributions from both group and 
molecular processes. The approxiinately four-fold 
increase in r ,  cannot be accounted for by an intra- 

molecular process, and the T, values are too short to 
be attributed solely to ~nolecular relaxation. In fact. 
the sequence of r ,  values with increasing solvent 
viscosity is quite revealing (see Table 4). 

I t  is evident from Table 4 that r ,  lengthens quite 
appreciably with increasing viscosity. The most 
likely explanations are ei ther :  (a) the presence of a 
n~olecular process which is significantly dependent 
on the viscosity; or (6) the hindrance of group rota- 
tion with increasing viscosity so that the role of 
molecular relaxation becomes enhanced. Since the 
diameter of the sphere sivept out by rnethoxy group 
rotation is not appreciably greater than the thickness 
of the be~lzene ring little perturbation of the sur- 
rounding solvent lllolecules ~vould be expected. 
Hcncc cxplanation (a) is prefcrred. 

Comparison of the .r, values in Nujol and o-ter- 
phenyl suggests that, despite the appreciably greater 
macroscopic viscosity in Nujol, it is o-tcrphcnyl 
which has the larger niicroscopic viscosity. This could 
be accounted for by much closer packing of the sol- 
bent lnolecules in the o-terphenyl case. 

I ,4-Diacrtj~lbc~~rerzc 
This lnolecule had been exam~ned previously in a 

polystyrene matrix (6) and as the pure solid (6). The 
enthalpies of activation for group relaxation were 27 
and 29 kJ I I I O I - ~  respectively. The former value is 
silllilar to that for acetyl group relaxation in 4-acetyl- 
biphenyl (6) where both group and molecular relaxa- 
tions were separated and established. For 1,4-dia- 
cetylbenzene in the solid phase it seems likely that 
only group relaxation ~vould occur. Certainly the 
AH, value of 29 k J  mol- '  is a typical value for 
acetyl group relaxation as determined by the dielec- 
tric matrix approach and also from nmr data (6). 

The study of 1,4-diacetylbenzene in liquid o-ter- 
phenyl has yielded a very similar enthalpy of activa- 
tion (33 kJ mol-I). Hohvever, 4-ethylbromobenzene~ 
mhich is a fairly similar-sized rigid (effectively from 
the dielectric point of vie\v) molecule, in o-terphenyl 
gives a sin~ilar enthalpy of activation of 32 kJ rnol-I. 
Thus, the AH, value of 33 kJ mol-'  for 1,4-diacetyl- 
benzene in o-terphenyl could be accounted for by 
either group or  molecular relaxation or an overlap of 
the two processes. However, a coinparison of the t, 
values of 1,4-diacetylbenzene in benzene (16.2 ps) and 
o-terphenyl (154 ps) at  333 K reveals that there is an 
appreciable increnient between the t ~ o  solvents. 
Such lengthening of the observed relaxation time for 
an increase in ~nacroscopic viscosity from -0.6 to 
-25 cP clearly indicates a substanlial contribution 
fro111 the molecular reorientation process. This is in 
agreement with the findings of Fong and Smyth (9) 
\vho attributed a weight factor of - 0.9 to the molec- 
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TABLE 3. Relaxation data and Eyring activation parameters for some solutes dispersed in a polystyrene matrix 

AGL 
Temperature Relaxation time (kJ mol-') AHE A s E  

Solute range (K) (s) at  200 K at 200 K (kJ mol-I) (J K - I  mol-l) 

TABLE 4. Mean relaxailon time \slues at 333 K of 
1,4-dirnethoxybenzene in various solvents of appre- 

ciably d~fferent viscosity 

rl To 
Solvent (cp) (ps) Reference 

Benzene 0 .45 4 . 6  15 
Decalin 2.61 9 .8  14 
Nujol 21 1 11.6 14 
o-Terphenyl - 25 19 .7  16 

ular process. I t  would seem likely that for 1,4-dia- 
cetylbenzene in o-terphenyl the group and molecular 
processes overlap. 

1,4- Bis (cyanot71ethyl/ beuzene 
This solute, when examined in a polystyrene 

matrix, yielded only one set of absorption peaks and 
a very low enthalpy of activation (3 kJ mol-I). If 
this value is compared with the enthalpy of activation 
of 38 kJ mol-' for a fairly similar-sized rigid mole- 
cule, 4-bromoethylbenzene, it is apparent that the 
value for 1,4-bis(cyanomethyl)benzene is to be as- 
scribed to -CH2CN group relaxation. For this same 
solute in o-terphenyl AH, is 57 k J  mol- '  (Table 2) 
whereas AH, for 4-bromoethylbenzene in o-ter- 
phenyl(l8) is 32 k J  mol-l .  This suggests, a t  the very 
least, an  appreciable contribution from a molecular 
relaxation process in 1,4-bis(cyanomethy1)benzene. 
In  addition, the difference between the r ,  values at  
333 K in o-terphenyl, 96 ps (Table I) ,  and in benzene, 
4.6 ps, for this solute cannot be accounted for solely 
by an intramolecular process. Similarly, coinparison 
of the r ,  in o-terphenyl solution a t  333 K (Table 1) 
with that for 4-bromoethylbenzene (203 ps) at  the 
same temperature (18) reveals that the process is not 
solely molecular. Clearly in this case there is an  over- 
lap of the group and rnolectrlar processes for 1,4- 
bis(cyanomethy1)benzene in o-terphenyl. 

Thus, in this instance, it is apparent for I,4-bis(cy- 
anomethy1)benzene in o-terphenyl solution that, 
although the dipole moment components along the 
long principal axis cancel, there must be some tem- 
porary restriction of the -CH2CN groups in the 

potential energy troughs which leads to molecular 
dipole rnoment reorientation. 

I ,4-Bis(chlo~on1etl~~~l) benzene 
Slnyth et al. (1 9) examined this solute In benzene 

solution and obtained a very short relaxation time of 
3.72 ps at  333 K. This indicated the predominance 
of a -CH2C1 group relaxation process. However, the 
relaxation tlme observed for this solute in o-terphenyl 
is 13.5 ps at  this temperature. Such a lengthening 
would suggest that the absorption is not entirely due 
to an  intramolecular process. One possibility is that 
the proportion of polar isomers increased in o-ter- 
phenyl over benzene solution. The AH, value of 
37 kJ mol-'  in o-terphenyl is to be compared with 
the molecular relaxation value of 32 kJ inol-I for 
the somewhat smaller molecule, 4-bromoethylben- 
zene, and contrasted \$ith the value of 8.8 kJ  mol-I 
obtained by Schaeffer et a/. (17) for group rotation 
in benzylchloride. Clearly, there IS a t  least an appre- 
ciable contribution froin a nlolecular process for 
1,4-bis(chloromet11yl)benzene in o-terpl~enyl. 

The dielectric absorption of this solute in a poly- 
styrene m a t r ~ x  gives one symmetrical absorption 
peak a t  each temperature In the low temperature 
region. The enthalpy of activation of 9 kJ mol-I is in 
excellent agreement with the value obtained by 
Schaeffer et al. (20) and is to be ascribed to CH2CI 
group reorientation. 

For 1,4-di~nethoxybenzene, in a polystyrene 
matrix, non-polar low viscosity solvents and in the 
relatively high viscosity o-terphenyl a group reorien- 
tation process dominates the dielectric absorption. 
In  polystyrene and o-terphenyl the enthalpies of 
activation for methoxy group relaxations are quite 
sinlilar and are of the order of the literature values 
for a direct method. Homever, the enthalpy value in 
the non-polar low viscosity solvents is significantly 
lower. 

For 1,4-diacetylbenzene, 1,4-bis(chloromethy1)ben- 
zene. and 1,4-bis(cyanornethy1)benzene in o-terphenyl 
it seems probable that the group and molecular pro- 
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cesses overlap. It is possible that the proportion 3 M D A V I L ~  and J S M ~ I \  TlCln\ Fc~lCidd! Soc 67 1637 
of isomers differs In thls solvent from that In the (1971) 

4 S P TA> and S U ~ L K F R  J Chern P h ~ 5  63 1614(1975) aon-polar solvents such as benzene. Further, the TA\r KRAF7 and N , L k t R  Phvs  Chem 82 
enthalp~es of actlvatlon whlch emerge from the slope 103 11976) 
of t h e l n  TT versus l iT  lots are more characterist~c 6 C K M c l  EL LA^^ and S N A L K ~ R  Ciln J Chem 55. 583 

8 L 

of the molecular than of the group process. 
For  the 1,4-diacetylbenzene and 1,4-bis(ch1oro- 

methy1)benzene dispersed in a polystyrene matrix 
the enthalpies of activation are consistent with the 
literature values for group rotation as determined 
from nmr data. 

I t  is concluded that in favourable cases the dielec- 
tric approach employing the matrix technique yields 
accurate AHE values for a group relaxation process. 

It is t o  be noted that liquid o-terphenyl is a most 
useful solvent in dielectric work and sometimes may 
assist in deciding whether a solute has contributions 
from both intramolecular and molecular relaxation 
processes. I t  is apparent that the host medium, 
o-terphenyl, exerts a pronounced effect on the re- 
laxation data. This is to be attributed to the macro- 
scopic tending more to the lnicroscopic (16) than is 
the case for solvents of relatively low viscosity such 
as benzene, y-xylene, and cyclohexane. 
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Erratum: Nuclear magnetic resonance studies of the solvation of phosphorus(V) seIenides, 
I,2-bis(diphenylphssphino)ethane, and tris(dimetlaylamino)phosphine 

telluride by sulfur dioxide 

PHILIP A .  W. DEAK 
Depcirt~l~rr~t of'C'het,7ist,~, Ulricertity ofWe.rte/.n Ontccrio, London, Ont., Ccir~ciclci .\\.'6A jB7 

Received July 1 I. 1979 

(Ref: Can. J .  Chem. 57.754 (1979)) 

In Table I left column on p. 755 the next to the last and last entries should be [Ph,P(Se)(CH,)2]2P(Se)Ph 
and [Ph,P(Se)(CH2)2]2P(Se)f"h respectively. On p. 440. left column, the second formula on  line 14 and the 
formula on line 18 should be [SePPh,(CH,),],P(Se)Ph. 
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le travail que nous prksentons ici de faire varier 
~Clectiveillent un seul facteur de rCactivitC: les inter- 
actions diaxiales-1,3. Les modi.les, dont le squelette 
est une cpclohexanone chaise, ont en effet Cte choisis 
de f a ~ o n  a maintenis constants les autres facteurs de 
riactiviti tels que la tension angulaire, l'hypercon- 
jugaison ou les barrikres de torsion. 

Notre t tude a porte sur la reduction des cycla- 
nones stiriquement encombrkes 1 a 7 et sur la com- 
paraison avec l'oxydation chromique des cyclanols 
correspondants 8 a 13, resultats obtenus dans notre 
laboratoire (5) ou citis par d'autres auteurs (6). 

1 2 R ,  = Kz = K, = C H ,  4 
R , =  H 

3 R , =  R , =  R , =  R , = C ' H ,  

Les constantes de vitesse d'addition du boro- 
hydrure de sodium ont CtC dktermintes a 2.5.0mC, 
dans un melange eauldioxanne 50/50 en volumes, la 
phase aqueuse contenant 0.05 mol/L de soude; dans 
ces conditions les solutions de BH,Na sont stables 
(2). 

Les constantes de vitesse partielles correspondant 
l'attaque iquatoriale, k,, ont CtC calculCes a partir 

des constantes de vitesse totales Ic et des rCsultats 
stiriochimiques obtenus dans la riduction des 

cttones 1 a 7 (k, = k x 5 alcool axial), malgrC les 
riserves que ce genre de calculs a suscitCes (7). 

Nos resultats expCrimentaux sont rassernblis dans 
le tableau 1. 

Interpretation des rksultats 
expkrimentaux et discussion 

Nous admettons en premiere approximation que 
les cycles portant la fonction &tone ont une con- 
formation chaise. Les diffirentes ~nCthodes physiques 
(rmn 'H et I3C, Rayons X sur les cetones ou les 
oximes) ont montri  que ces cycles itaient des chaises 
peu dCformCes (1 1-14). 

Bien que la conformation chaise de la tetramethyl- 
3,3,5,5 cyclohexanone (3) ne fasse, a l'heure actuelle, 
aucun doute, il n'etait cependant pas diraisonnable, 
etant donnC la presence de deux !nCthyles axiaux, 
d'envisager dans l'attaque Cquatoriale de l'ion boro- 
hydrure, une conformation reagissante autre que 
chaise, en particulier une forme croiste qui permet de 
diminuer les interactions diaxiales-1,3 entre les deux 
groupes Me et le groupe OH qui se forme. 

Pour diffkrencier entre la conformation stable et la 
conformation riagissante, nous avons synthitisk les 
citones tricycliques 5 et 6 qui sont des modeles 
rigides de 3 ( 1  5). Le fait que les vitesses de r6duction 
de ces cktones soient du mEme ordre de grandeur que 
celle de 3 est une forte indication que ce dernier 
composC, chaise a 1'Ctat fondan~ental, seste chaise 
dans le complexe activk. 

Pas comparaiso~l avec les pourcentages obtenus 
dans la reduction des cCtones 5 et 6 ces deux 
modeles permettent d'estimer a environ 70% le 
pourcentage d'attaque kquatoriale sur la tktsamCthy1- 
3,3,.5,.5 cyclohexanone (3). 

Une approche de l'ivaluation du pourcentage 
d'attaque Cquatoriale a deja itC tentie par Wigfield 
et a/. (16) mais elle a I'inconvCnient d'introduire un 
dip6le en position 4 qui peut modifier et la kitesse ef 
la sterkochimie de la reduction par BH,Na. 

TABLEAU 1. Constantes de 11tesse de reduction des cetones 1 a 7  
par BH,Na dans le melange H,O dioxanne 50150 en volumes 

a 25.0 C 

k x lo3 Attaque k ,  x lo3 6AGredF " 
CCtones ( M -  ' s- ') equatoriale ( IM-'  s- I )  (kcal'mol) 

o~AG,, ,*  = R T  In k,(n)lln k , ( l ) ;  n = 2 ,  3, 4, 5 ,  6, 7. 
bEstin~ation de l'attaque equatoriale (volr teute). 
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Si les cycles cttoniques ont une conformation 
chaise, l'influence sur la vitessr des hydrogenes axiaux 
en 2 et 6 sera pratiquement la mEme. Si I'ttat de tran- 
sition est tardif et si nous considtrons les vitesses 
d'addition tquatoriale k ,  (schCma I) les difftrences 
d'tnergies 6AG,,,* doivent correspondre aux in- 
teractions diaxiales-1,3 qui se dtveloppent entre 
l'ttat initial et l'ttat de transition et ce quelle que soit 
la structure, linCaire ou cyclique, que l'on admette 
pour le complexe activt (17). 

La prtsence d'un nltthyle axial, cas de la trimCthy1- 
3,3,5 cyclohexanone (Z), nCcessite une Cnergie sup- 
plkmentaire de 1.8 kcal/mol par rapport B la t-butyl-4 
cyclohexanone (I) pour passer de l'ttat initial a 
1'Ctat de transition. Les valeurs de AGO donntes par 
la litttrature pour les interactions diaxiales-1,3 
Me ... OH, et qui se manifestent en totalitt dans 
I'ttat final, varient de 1.9 B 2.4 kcal/mol (18); la 
valeur 6AG,,,* = 1.8 kcal/mol constitue donc un 
nouvel argument en faveur d'un Ctat de transition 
tttragonal dans l'addition nucltophile de BH,- sur 
les dtrivts carbonylts (2). Les mEmes calculs faits a 
partir des donntes de Wigfield et Phelps (7), de 
Rickborn et Wuesthoff (19) et de Calvet et Levisalles 
(20) conduisent respectivement B 1.6, 1.7 et 1.6 kcall 
mol pour l'interaction diaxiale-1,3 qui apparait dans 
le complexe activt; les derniers auteurs concluent 
Cgalement a un ttat de transition tardif. 

La prtsence d'un second mtthyle axial, cas de la 
tttramethyl-3,3,5,5 cyclohexanone (3), nkcessite 1.5 
kcal/mol de plus par rapport a la trimtthyl-3,3,5 
cyclohexanone (2), valeur plus faible puisque la 
rtpulsion entre les inkthyles axiaux tend B diminuer 
les interactions diaxiales-1,3 Me ... OH; l'itude 
radiocristallographique de I'oxime de la tttramithyl- 
3,3,5,5 cyclohexanone montre que les mCthyles 
axiaux sont distants de 3.24 A alors qu'ils seraient B 

une distance de 2.64 A si les deux liaisons C,-Me 
et C,-Me ttaient parfaitement paralli.le~.~ 

La prtsence de deux mtthyles axiaux ntcessite 
donc une tnergie d'activation suppltmentaire de 
3.3 kcal/mol pour la tetramethyl-3,3,5,5 cyclohexa- 
none (3) par rapport a la tert-butyl-4 cyclohexanone 
(1). Si l'on compare avec les systimes rigides corre- 
spondants, bicyclo[3,2,1]octanone-3 (4), tricyclo- 
[5,2,1 ,03 '8]d@canone-5 (5) et tricyclo [5,3,1 ,0338]undi.- 
canone-5 (6) ,  les difftrences d'tnergies dues aux inter- 
actionsdiaxiales-l,3 sont respectivementtgalesB 3.5,3.6 
et 3.3 kcal/mol. La rtactivitt de la tktramkthyl-3,3,5,5 
cyclohexanone, comparable B celle d'autres cttones 
rigides, confirme donc la conformation chaise pre- 
firentielie de cette cttone mEme dans le complexe 
activt. 

L'ttude de la rtactivitk permet ainsi de rtsoudre 
des problemes conformationnels puisqu'elle est 
directement liee la conformation des moltcules 
etudites et que, dans le cas prtsent, un seul facteur 
influence de f a ~ o n  prkpondtrante la rtactivitt. La 
relation existant entre riactivitt et conformation, 
dCmontrte dans le cas de la tttramtthyl-3,3,5,5 
cyclohexanone, peut tgalement s'appliquer au cas 
de la bicyclo [3,3,1 ]nonanone-3. 

L'Ctude conformationnelle du bicyclo[3,3,l]no- 
nane fait apparaItre deux conformations: double- 
chaise (c.c.1 et chaise-bateau (c.b.) (schtma 3, 
X = H,) (21). 

C.C. c.b. 

SCHEMA 3 

Des ttudes rmn sur I'oxirne de la bicycl0[3,3,l]no- 
nanone-3 ont nlontrt que le cycle portant la fonction 
cCtone existait sous une conformation chaise (11); 
il n'existe donc que deux conformations possibles 
pour cette cttone (schema 3, X = 0): double-chaise 
et chaise-bateau. 

Si la bicyclo[3,3,1]nonanone-3 existe sous la con- 
formation chaise-bateau sa riactivitt devrait alors 
Etre comparable 2 celle de la bicyclo [3,2,l Ioctanone-3 

2J. Lapasset, S. Toure, B. Boyer et 6. Lamaty. Acta 
Crystallogr. Sect. 5. Envoye pour publication. 
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TABLEAU 2. Constantes de vitesse relatives de reduction des cCtones 1 a 7 et d'owyda- 
tion des alcools correspondants 8 a 13 

SAGred* SAG,,' 
Cetones k, rel. (kcal/n~ol) (kcal~niol) k,, re]. Alcools 

1 1 0 0 1 (5) 8 
2 0.049 1 . 8  -1 .5  14 (6) 9 
3 0.0040 3 .3  - - 

4 0.0026 3.5 -2 .1  38 (6) 10 
5 0.0043 3 .3  -2 .7  94 11 
6 0.0022 3 . 6  -2 .9  132 12 
7 0.000025 6 .2  -1 .4  12 (6) 13 

(4) ou des deux cCtones tricycliques 5 et 6:  SAG,,,* - ~ A G ~ X .  
3.5 kcal/mol. Les rCsultats exptrimentaux (6.2 kcall 
mol) sont incompatibles avec une telle conformation 
chaise-bateau et sont en faveur de la conformation 5 
double-chaise (21). 

Coinparaison avec I'oxj~rlation clzrot~zique des alcools 
La comparaison de la rCactivitC des cyclanones 

vis-a-vis de BH,-, ou le carbone si6ge de la rCaction 
passe d'une hybridation sp2 2 une hybridation sp3, 
avec la rCaction inverse c'est-;-dire l'oxydation 
chromique des alcools secondaires correspondants 
(5) qui implique le changement d'hybridation opposC 
met en evidence un comportement symktrique (22). 
L'origine des diffkrences de rCactivitC entre les sub- 
strats dans chaque cas provient principalement du 
change~nent dans la tension interne (I-strain) qui 
accompapne le changement d'hybridation en allant 
de 17Ctat initial 1'Ctat de transition. 

I1 Ctait donc intCressant de comparer les rCactivitCs 
dans le cas de nos cornposCs et a c8tt de nos rCsultats 
obtenus dans la rCduction des cttones nous avons 
fait figurer les rtsultats relatifs B l'oxydation chro- 
mique des alcools correspondants, rCsultats obtenus 
dans notre laboratoire (5) ou citis par d'autres 
auteurs (6) (Tableau 2). 

Ce tableau montre qu'a une diminution de la 
vitesse de reduction correspond une auglnentation de 
la vitesse d'oxydation. Si les interactions diaxiales- 
1,3 Me ... O H  sont responsables du ralentissement 
observC dans la reduction des cetones 2 a 7 elles 
doivent Etre Cgalernent responsables de l'accC1Cra- 
tion de l'oxydation des alcools 9 a 13; c'est ce 
que l'on constate en portant sur un diagramme 
SAG,,* en fonction de 6AG,,, * (Fig. 1). 

Une exception apparait cependant avec le bicyclo- 
[3,3,l]nonanol-3 (13). L'oxydation chromique pro- 
ckde environ 500 fois moins vite que ce que l'on 
Ctait en droit d9attendre si la conformation de cet 
alcool Ctait double-chaise (0 voir Fig. 1)  ce 
qui correspond a une perte d'inergie d'environ 
3.5 kcal/mol. Or des Ctudes physiques ont montrC 

que l'alcool (13) existait prCfCrentiellement sous une 
forma chaise-bateau plut8t que double-chaise (lo), la 
diffkrence de tension entre les deux formes Ctant 
justement de l'ordre de 4 kcallmol (6, 23). Dans ces 
conditions le rksultat expkrilnental (@ voir Fig. 
1) correspond bien B la conformation prefkrentielle 
chaise-bateau. 

Conclusion 
L'utilisation de systimes rigides judicieusement 

choisis permet de limiter certains facteurs de rCac- 
tivite pour n'en dCgager qu'un seul. Dans le rravail 
prCsent6 nous avons lnis en evidence par des rnC- 
thodes cinCtiques les interactions diaxiales-1,3 qui se 
developpent ou disparaissent entre I'Ctat initial et 
I'Ctat de transition aussi bien dans I'addition de 
BH,Na sur des cyclanones sttriquement encombrCes 
que dans l'oxydation des alcools correspondants. 
Les rCsultats expCrimentaux confirlnent donc les 
hypothkses Cmises sur la position de l 'ttat de transi- 
tion dans la rCduction des cttones par le borohydrure 
de sodium. 
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SynthBse des produits 
Les cttones 1, 2 et 3 sont des produits comrnerciaux 

(Aldrich). La  synthese des autres cetones est dtcrite dans la 
litterature: 4 (24), 5 et 6 (15) et 7 (25). 

La reduction de la cktone 5 par AlLiH, conduit a l'alcool 11 
(OH axial, 67%) et a son isomere (OH equatorial, 33%); dans 
les rnCmes conditions la reduction de la cttone 6 permet 
d'obtenir l'alcool 12 (OH axial, 72%) et de I'isomere (OH 
equatorial, 2897,). Les iso~neres ont etC sipares par chromato- 
graphie preparative sur plaques de silice. L'attribution de 
structure a CtC effectuke a partir des spectres rmn 'H (Varian 
H A  100 MHz, CDC1,) ei 13C (Bruker 20, 115 MHz, CDCI,) 
(26). Alcool 11 (OH axial): H5, multiplet centre a 4.12 ppm; 
C5, 67.0 ppm. Isomere (OH equatorial): H5, multiplet centre a 
3.88 pprn; C5, 63.6 ppm. Alcool 12 (OH axial): H5, multiplet 
centre a 4.13 ppm; C5, 67.3 ppm. Isomere (OH equatorial): 
H5, massif centre a 3.97 ppm; C5, 64.1 ppm. 

Pour les alcools 8 ,9 ,  10 et 13, nous avons utilise les donnees 
de  la littkrature (5, 6). 

MCthodes sinktiques 
Les etudes cinetiques de reduction et d'oxydation ont ete 

effectuees par spectrophotomCtrie uv selon les methodes deja 
decrites dans la littkrature (5, 27). 

I .  ((I) D. C.  U I G F I ~ L I ) .  Tetrahedron. 35.449 (1979); ( h )  H. C.  
BRO\VI\ et K. Ic HIKAR.A. Tetrahedron Lett. 22.1 (1957): (c,) 
H. C. BRO\\\  et J. ILI~zzro. J .  Am. Chern. Soc. 88. 2811 
(1966). 

2. ( ( 1 )  P. G E N ~ S T F .  et G. L A I \ I A I > .  Bull. Soc. Chirn. Fr. 659 
(1968): ( h )  P. G ~ ~ t , s r  E .  6 .  L A ~ I A I Y .  C. MUR~IU et J .  P. 
KOQUE. Tetrahedron Lett. 501 1 (1970). 

3. ((I) M. CHLREST et H .  F L L K I ~ .  Tetrahedron Lett. 2205 
(1968): (11) D. C. WIGF~ELD et D. J. PHEI.PS. Can. J .  Chem. 
50. 388 (1972). 

4. ( 0 )  R. D. B U R N E I  I et D. IV. KIRK.  J .  Chem. Soc. Perkin 
Trans. 11. 1523 (1976): (h )  D. J .  PASTO et B.  L ~ P E s K . ~ .  J .  
Am. Chem. Soc. 98. 1091 (1976): (c,) E. A .  HILL et S.  A. 
~ ~ I L O S ~ V ~ C H .  Tetrahedron Lett. 3013 (1976); (6) D. C. 
W I G F I F L ~  et F. W. G O M L ~ N D .  Can. J. Chem. 56. 786 
(1978): Communication IV" Conference U.I.C.P.A. de 
Chimie Organique Physique. York. Angleterre. 1978: ( e )  B. 
CARO. E. G E U ~ R I C .  D. G R A ~ D J E ~ N  et G.  J A O U I ~ .  Tet- 
rahedron Lett. 3009 (1978). 

5 .  ((I) R. DURAND. P. GFNLSTE.  G.  L A \ ~ A T Y  et J .  P. 

Royc-t. Recl. Trav. Chim. Pays-Bas. 94. 131 (1975); 
( h )  R. DLRAND. P. GL\CSTL.  6. L;\I\IAT'~.  C .  MORF~AC.  0.  
Poi.r ,~nrs et J .  P. Kogut .  Recl. Trav. Chim. Pavs-Bas. 97. 
42 (1978). 
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The synthesis of bicyclo[2.2.2]octenones via intramolecular Diels-Alder reactions of 
modified Wessely oxidation products 

PETER YATES A N D  HILLAR AUKSI 
Lcic/z .24i//er C'l~c~t?~ic~ril L2n6orrrtories, Ut~irc,i.sity of Torotlro. Toronto, Ont., C~~nirda ,145s / A /  

Received May 4. 1979 

PETER YATES and HILLAR AUKSI. Can. 9. Chem. 57.2853 (1979). 
"Modified" Wessely oxidation of 2,6-dimethylphenol with lead tetraacetate in the presence 

of acrylic acid, cinnamic acid, ci~-B-bromoacrylic acid, trans-0-bronioacrylic acid, methyl 
hydrogen maleate, methyl hydrogen fumarate, and tiglic acid followed by intran~olecular 
cycloaddition gives e.uo-6-hydroxy-4,6-dirnethyl-5-oxobicyclo[2.2.2]oct-7-ene-exo-2-carboxylic 
acid lactones. Analogous products have been obtained from o-cresol. Structural assignments 
have been made on the basis of the ir, uv, and 'H nmr spectra of the products; analysis of the 
last shows that the geometry of the bicyclo[2.2.2]octenone system is distorted by the presence 
of the lactone ring. Chemical transformations of two of the products from the "modified" 
Wessely oxidation - illtramolecular cycloaddition sequence have demonstrated that this route 
may be used to prepare regioisomers or stereoisomers of products obtained by the conventional 
Wessely oxidation - intermolecular cycloaddition sequence. 

PETER YATES et HILLAR AUKSI. Can. J. Chem. 57,2853 (1979). 
En presence des acides suivants: acrylique, cinnamique, B-bromoacrylique c i ~  et trans, 

I'hydrogenomaleate de methyle, l'hydrogenofumarate de methyle et l'acide tiglyque, l'oxy- 
genation de Wessely "modifiie" du dimethyl-2,6-phenol par le tetraacetate de plomb, suivi 
d'une cycloaddition intramoleculaire conduit aux exo-hydroxy-6-didthyl-4,6-~xobicyclo- 
[2,2,2]oct-5-ene-7-exo-carbolactones-2. Des produits semblables sont obtenus 2 partir du 
o-cresol. Les structures des produits ont ete etablies B partir dcs spectres ir, uv et rmn du proton; 
I'analyse des derniers spectres met en evidence une distorsion du systeme bicyclo[2 2,2] 
octenone en prCsence du cycle de la lactone. Les transfornlations chiniiques de deux des pro- 
duits obtenus par la sequence oxydation de Wessely "modifiee" - cycloaddition intramolecu- 
laire ont dklnontre que cette mkthode peut Ctre utilisee pour preparer les regioisomeres et les 
stCreoisomeres des produits de la sequence no~male  oxydation de Wessely - cycloaddition 
intermoleculaire. 

[Traduit par le journal] 

The oxidation of o- or p-substituted phenols with reactions, as demonstrated by Wessely and Budzi- 
lead tetraacetate in acetic acid to give 2,4-cyclo- kiewicz; thus 2-methyl-o-quinol acetate 4, formed by 
hexadienones and 2,5-cyclohexadienones was first oxidation of o-cresol with lead tetraacetate, gives with 
reported by Wessely and Sinwel in 1950 (2); thus dimetbyl acetylenedicarboxylate an adduct 5 (4). 
mesitol (I) was observed to give the dienones 2 and 3. They can also serve as the dienophile component in 

Diels-Alder reactions and thus can undergo Diels- $ ph(()~AcL 
Alder dimerization (5). The formation of adducts of 
type 5 in two steps from phenols represents one of the 

HGAC simplest entries into the bicyclo[2.2.2]octenone 
OAc series. 

B z 3 It  was recently found (6) that reaction of 1 with 
In addition to products of these types quinones and lead tetraacetate in the Presence of an excess of 
bimolecular oxidation products may also be formed acrylic acid gave a mixture of 6 2nd 7 .2  When the 
(2, 3). Because the Wessely oxidation provides a C 0 2 M e  
sinlple one-step route to 2,4-cyclol~exadienones from I 
o-substituted phenols, it is one of the best methods for c 

&.Ac + -d the synthesis of such compouilds, in spite of the fact 
that in some cases only modest yields are obtained 1 Me02C 

C02Me .02& 0 becaiuse of the accompanying formation of the other 
4 5 types of products referred to above. 

The 2,4-cyclohexadienones obtained in this way ZIntroduction of a snt~crated acyloxy group other than 
can serve as the diene component in Diels-Alder acetoxy had earlier been observed when P was treated with lead 

tetraacetate in propionic acid to give the propionyloxy 
'For a preliminary account of part of this work, see ref. 1. analogue of 2 (3). 

0008-4042/79/2 i2853-llSO1 .OO/O 
13 I979 Sational Research Council of CanadaIConseil national de recherches du Canada 
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2854 C 4 h  J C H E \ I  VOL 57 1979 

mixture was heated in boiling benzene, 6 underwent 
an iiztramolecular Diels-Alder reaction to give 8, 
which could readily be separated from the remaining, 
unchanged 7. An analogous product was shown to 
be formed by similar treatment of 4-methyl-3- 
xanthenol. We now report on an investigation that 
has established the generality of this route for the 
synthesis of bicyclo[2.2.2]octenones, with particular 
reference to variation of the a,P-unsaturated acid 
used in the "modified" Wessely oxidation. We also 
describe some reactions of the products obtained. 

2.6-Dimethylphenol (9) was chosen as the phenolic 
substrate for most of the modified Wessely oxidation 

OH 

dihydro compound 13, whose 'H nmr spectrum 
s h o ~  s methyl singlets at  6 1.05 and 1.50. These are 
assigned to Me, and Me,, respectively; the chemical 
shift of the latter is similar to that of Me, in 12 
(6 1.451, nhile the signal of the former is at signif- 
icantly higher field than that of Me, in 12 (6 1.32). 

Similar modified Wessely oxidation followed by 
intramolecular cycloaddition of 9 in the presence of 
cinnamic acid (14), cis-P-bromoacrylic acid (I§), 
trans-P-bromoacrylic acid (16), methyl hydrogen 
maleate (17), methyl hydrogen fumarate (I$), and 
tiglic acid (19) gave the corresponding keto lactones 
20-25. In some cases the Wessely oxidation products 
underwent spontaneous cycloaddition and it was 
unnecessary to heat them in boiling benzene. The 
yields based on 9 were 30-62x, except in the case of 
25, derived from the trisubstituted ethylene 19, where 
the yield was reduced to 14%. Similar reaction 
sequences uith o-cresol and 16 and 17 gave 26 and 27, 
respectively, monomethyl analogs of 22 and 23, in 
low yield. 

reactions because it is the most readily available R3\ /C02H ,c=c o,of-disubstituted phenol with identical substituents 
R2 \R ,  

and is known to undergo the conventional Wessely 14 R ,  = R, = R2 = C6Hc 
oxidation in good yield (3). Its reaction with acrylic 15 R ,  = R~ = H.  R, = B~ 
acid and lead tetraacetate was investigated first to 16 R ,  = R, = H.  R~ = BI. 
establish that this is analogous to the reaction of 1. 17 R l  = Rz = H. Ri = COzMe 

Addition of 9 to a solution of lead tetraacetate and " R 1  = R i  = H.  R:= C O z M e  

a large excess of acrylic acid in dichloromethane gave l9 R 1  = R 2  = 'Ie. R 3  = " 
a mixture of 10 and 11, identified by ir and 'H nmr 
spectroscopy (an authentic sample of 11 was pre- 
pared by oxidation of 9 with lead tetraacetate in 
acetic acid (3)). The products were not separated, 
but when the mixture was heated in boiling benzene 
10 was converted to the intramolecular Diels-Alder 
product 12, which was isolated in 4 5 x  yield based 
on 9. The structural assignment 12 is based on the 
product's spectra (cide irzfia) and their similarities to 
those of 8 (6). Hydrogenation of 12 over palladium/ 
carbon proceeded rapidly and cleanly to give the 

20 R l  = R i =  H.  R L Z  C 6 H j  
21 R ,  = R2 = H. R, = Rr 
22 R,  = R, = H .  R2 = Br 
23 R ,  = R2 = H. R, = COzMe 
24 R ,  = R, = H.  R2 = COzMe 
25 R ,  = Kz= h l e  K , =  H 
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YATES A N D  AUKS1 2855 

26 R,  = Br. R 2  = H 28 
27 R ,  = H, R, = C0,Me 

The structures of compounds 12 and 20-27 are 
assigned on the basis of their spectra (Tables 1-3). 
Their ir spectra show two carbonyl-stretching bands 
in the regions 5.56-5.63 and 5.70-5.76 pm. The 
former band is assigned to the lactonic and the latter 
to the ketonic carbonyl group (superimposed on the 
ester band in the cases of 23,24, and 27). They are at 
lower wavelength than normal for simple y lactones 
and bicyclo[2.2.2]octenones (7), which is attributed 
to strain and dipolar effects. The uv spectra of 12 
and 20-27 show maxima in the region 308-316 nm 
( E  100-130) ascribed to the enhanced intensity n + TC" 

absorption characteristic of bicyclo[2.2.2]octenones 
(8). As expected the enhancement is greater in the 
case of 8, which has a methyl substituent on the 
ethylenic double bond, and is much reduced or 
absent in the case of the dihydro compound 13 
(h,,,, 306 nm ( E  35)). The maxima of 12 and 20-27 
occur at significantly longer wavelengths than those 
of simple bicyclo[2.2.2]octenones (9) and this can 
be attributed to the presence of the lactone ring 
which exerts a bathochromic effect similar to that of 
an axial a-acetoxy substituent in cyclohexanones (9) ; 
this effect is also evident in the case of 13. An inter- 
esting aspect of the uv spectra is that compounds 21, 
23, and 27, which have a bromo or carbomethoxy 
substituent syn with respect to the ketone show two 
similar maxima in the 308-316 nm region whereas 
all of the other compounds, including the anti 
isomers of 21 and 23, show a single maximum. 

In most cases 220 MHz 'H nmr spectra were used 
for analysis of the coupling patterns and assignment 
of the signals and coupling constants (Tables 2, 3). 
The vinyl protons of 12 and 20-25 give signals in the 
ranges 6 5.8-6.2 (HA) and 6.3-6.6 (H,). The signals 
of the HA and H, protons in the parent bicyclo- 
[2.2.2]octenone (28) occur at 6 6.20 and 6.42, respec- 
tively, and the difference in their chemical shifts has 
been attributed to a homoconjugative effect (10). It 
is of interest that if it were not for shielding of HA 
by the C-Me, bond (11)3 in 12, 21, and 23 the HA 
signal would be very similar in position to the H, 
signal (this conclusion is in accord with the relation- 
ship of the vinyl proton signals of23 and 27, although 
individual assignments could not be made in the 

3The shielding of HA by the C-MeG bond is estimated to 
be - 0.3 ppm (10). 

TABLE 1. Infrared and ultraviolet spectra of exo-h-hydroxy-5- 
oxobicyclo[2.2.2]octene-exo-2-carboxylic acid lactones 

Compound v , , , , ~ ~ ~ ~  3 ,  pm ?.,,aEt0H, nm ( E )  

12 5.60,5.76 309 (110) 
20 5.59,5.75 310 (100)" 
21 5.56,5.70 308 (104), 314 (103) 
22 5.60,5.74 315 (120) 
23 5.61,5.75 306 (115), 312 (115) 
24 5.61,5.76 310 (100) 
25 5.62,5.74 309 (100) 
26 5.58,5.74 316 (130) 
27 5.63,5.75 308 (114), 313 (109) 

 also has B bands at 252-270 nm (sce Expcrimental). 

latter case). This effect could arise, at least in part, 
from a diminution of homoconjugation resulting 
from the distortion in geometry in the bicyclo [2.2.2]- 
octenone system engendered by the lactone ring 
(uide inpa). It may be noted that a related effect is 
observed in the 13C nmr spectra of these com- 
pounds.4 The H, signals of 12 and 20-24 fall in the 
narrow range 6 3.5-3.7; the corresponding signals 
for 26 and 27 have similar chemical shifts although 
overlap with the H, signals precludes exact assign- 
ments. These signals may be compared with the 
bridgehead proton signals of 28, which give rise to 
overlapping multiplets at 6 - 3.1. The downfield 
shift is presumably associated with the inductive and 
the geometrical effect of the lactone ring referred to 
above. The C-Me, bond may also exert an effect 
in the opposite sense; the relationship of this bond 
to H, is similar to that of the C-Me, bond in 26, 
where the H, signal is shifted upfield to 6 3.02. The 
H, signal of 12 appears at 6 2.83 and is shifted down- 
field to 6 3.1-3.25 by phenyl, bromine, or carbo- 
methoxy substituents on the adjacent carbon in 
20-24 and 26-27. The HE and HF signals of 12 at 
6 1.85 and 2.01, respectively, are also shifted down- 
field in 20-24 by these substituents, but with a much 
greater range of effects, as expected for substituents 
on the same carbon as the protons. It is noteworthy 
that although the absence of the Me, group in 26 
results in a downfield shift of the H, signal relative 
to that in 22 (A6 0.321, the difference in the chemical 
shifts of the HE signals of 23 and 27 (A6 0.03) is 
negligible. This may be accounted for in terms of the 
geometry of these lactones (cide infva) which results 
in different dihedral angles between the C-Me, 
bond and the C-HE and C-H, bond and thus 
leads to greater anisotropic shielding by the C-Me, 
bond in the latter case (11). The signal of the Me, 
protons of 12 at 6 1.32 is shifted to 6 1.47-1.48 in the 
spectra of 21 and 22, presumably largely as a result 

4The 13C nmr spectra of 12, 13, and 20-27, which will be 
discussed elsewhere, are in full accord with the structural 
assignments. 
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2856 C.4N.  S C'Ht:M VOL. 57.  1979 

TABLE 2. 'H nmr chenlical shifts of exo-6-Hydroxy-5-oxobicyclo[2.2.2]octene-exo-2-carboxylic acid lactones" 

HSCDClj 
- -. -- pp 

12 20 21 22 23 24 25b 26 27 

HA 6.17 5.83 6.16 5.97 6.11 5.97 5.90 6.3-6.6' 6.1-6.7' 
HB 6.27 6.56 6.39 6.45 6.30 6.32 6.28 6.3-6.6" 6.1-6.7' 
H c  3.52 3.66 3.63 3.59 3.56 3.55 3.02 3.5-4.0d 3.4-3.7d 
HD 2.83 3.18 3.20 3.25 3.14 3.24 - 3.14 3.13 
HE 1.85 - 4.11 - 2.82 - - - 2.85 
HF 2.01 3.25 - 4.27 - 2.95 2.13 4.59 - 

HG - - - - - - - 3.5-4.0d 3.4-3.7d 

Me, 1.32 1.18 1.48' 1.33 1.46' 1.31 - - 
Me, 1.45 1.51 { I  1.48. 1.49 1.46. 1.40 1 .47 1.47 
OMe - - - - 3.69 3.69 - - 3.71 

T h e  signal intensities and multiplicities (cf. Table 3) are in accord with the assignments. 
bMe, and Me, signals at 6 1.19 and 0.88, respectively. 
'HA and HE signals overlap. 
dHc and H, signals overlap. 
eMe, and Me, signals superimposed. 

TABLE 3. IH nmr coupling constants of exo-6-hydroxy-5-oxobicyclo[2.2.2]octene-exo-2-carboxylic acid 
lactones 

J ,  Hz 
Coupled 
protonsa 12b 20 21 22 23 24 25 26" 27' 

AB 8.5 8 8 8 8 8 8 
AC 2 2 2.5 2 2 2 2 
A F  d 2 d - 1 - 1 
BC 6.5 6.5 6 6 6 7 7.5 
CD 5.5 5 5 5.5 5 5 - 5 4.5 
D E  10.5 - 9 - 10 - - - 10 
D F  1 2 - 0 - 1.5 - 0 - 
FG, EG - - - - - - - 4 1 

aProton deslgnatlons are glven In Table 2 
bJEF = 13 5 HZ 
cSpectrum not fully analyzed 
dS~gnal broaden~ng lndlcates unresolved coupllng 

of an inductive effect of the bromine atom, which is 
independent of the stereochemistry. In the case of 
23 and 24, however, while the carbomethoxy sub- 
stituent shifts the Me, signal in the latter downfield 
to  6 1.46, it has little effect on that of the former 
(6 1.33), a difference that must stem from a difference 
in the anisotropic effect of the carbomethoxy group 
in the two locations. The Me, signals of 12 and 
20-27 all fall in the narrow range 6 1.4-1.5, reflecting 
the isolation of this group from the sites at which the 
changes are rung. 

Examination of molecular models indicates that 
the presence of the three sp2 carbon atoms in 
bicyclo[2.2.2]octenone makes the molecule much 
more rigid than bicyclo[2.2.2]octane and as a result 
it has the eclipsed geometry shown in 28. Introduction 
of the lactone ring in compounds 12 and 20-27 results 
in a significant distortion of the skeletal geometry, as 

represented in 29, and allusion has already been made 
to some possible manifestations of this. The resulting 
changes in certain of the dihedral angles would be 
expected to evidence themselves also in abnormal 
H-H coupling constants, although electronegativity 
and strain effects are also expected to influence these. 
Indeed, such abnormalities have been observed in 
systems of type 30 (12). The coupling constants in 
the spectra of 12 and 20-25 are given in Table 3. The 
vicinal JAB and J,, and the allylic J,, values, 8-8.5, 
6-7.5, and 2-2.5 Hz, respectively, are similar to those 
observed for simple bicyclo[2.2.2]octenones (7, 10, 
13). This is expected since the relevant dihedral 
angles, all -OC, are very similar in both 28 and 29. 
The J,, values, 5-5.5 Hz, are larger than the expected 
value of - 3 Hz for 28 and are considered to reflect 
the decrease of the -60" dihedral angle in 28 to 
-45" in 29. Similarly the J,,, values are reduced to 
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YATES .AND AUKS1 2857 

1-2 Hz in accord with the decrease of the - 120' 
dihedral angle in 28 to - 100" in 29: exceptionally, 
no coupling is observed in the case of 22, perhaps 
because of an electronegativity effect on the coupling 
constant. The JDE values, 9-10.5 Hz,  are also reduced 
from the value of - 12 Hz expected for 28 (12, 14), in 
accord with the increase in the dihedral angle from 
-0" to -20'. An unusual long range coupling is 
observed in the spectra of 20,22, and 25 between the 
ethylenic HA and the anti HF protons, the values of 
J,, falling in the range 1-2 H z ;  an analogous, but 
unresolved, coupling occurs in the spectra of 12 and 
24, as vouchsafed by signal broadening. Again it may 
be suggested that this arises as a result of geometrical 
distortion, which leads to a closer approach of the 
two protons involved to the W pattern that favors 
long range coupling (15). The spectra of 26 and 27 
are more complex than those of the compounds 
with the MeG group and have not been analyzed 
fully; where coupling constants can be extracted they 
are similar to those found for 12 and 20-25. It may 
be noted that 26, like 22, shows no coupling between 
H,  and H,. Two additional coupling constants are 
observed in the spectra of 26 and 27, J,, = 4 Hz and 
J,, = 1 Hz,  and once again these reflect the distorted 
geometry of the ring system. As expected JFG < JcD 
since the introduction of the iactone ring has a 
greater effect on the H,-H, dihedral angle than on 
the H,-HG dihedral angle. It may finally be pointed 
out that the sole geininal coupling constant, JEF in 
12, has the normal value 13.5 Hz, suggesting that 
little of the strain in the system is felt at the carbon 
bearing these hydrogens (12). 

Base-iml~tced Reacfions of 22 and 23 
Treatment of 22 with 1,l-dimethylhydrazine in 

boiling methanol gave a product, C,,H,,O,, that is 
assigned structure 31. Its ir spectrunl shows a 
hydroxyl-stretching band at 2.87 pm together with 
carbonyl-stretching bands at 5.80 and 5.84 pm, 
assigned to the ketonic and M,P-unsaturated ester 
carbonpl groups. Its 'H nmr spectrum (Table 4) 
sho~vs three three-proton singlets corresponding to 
the two C(sli3)-Me groups and the CO,Me group. 
The only other C(sp3)-H signal occurs at 6 4.35 and 
is assigned to the bridgehead proton; it shows the 
expected vicinal coupliilg with a single vinyl proton 

and equivalent allylic coupling with two vinyl 
protons. The chemical shifts and nlultiplicities of the 
three vinyl protons are in accord with structure 31 
when account is taken of accidentally equivalent 
coupling of H, with HA and H,. The uv spectrum of 
31 shows the large enhancement of the intensity of 
the ketonic n + -rc* band, 312 nm (E 3601, expected 
for bicyclo[2.2.2]octadienones (16). Treatment of 
22 ~ i t h  1,l-dimethylhydrazine in boiling ethanol gave 
32, the ethyl ester corresponding to 31 (see Table 4). 

Reaction of 22 with slightly more than 2 equiv- 
alents of aqueous sodium hydroxide follomed by 
acidification gave an acid, C,,H,,O,, that was 
converted with ethereal diazomethane to the corres- 
ponding methyl ester, isomeric with 31. These 
compounds are assigned structures 33 and 34, re- 

spectively. The ir spectrum of the acid shows bands 
at  3-4, 5.66, and 5.88 pm characteristic of carboxylic 
acid and y-lactone functions. Its ' H  ninr spectrum 
( C D 3 0 D )  was not fully interpreted because of 
extensive long range coupling; however, the following 
features can be discerned. A three-proton singlet at  
6 1.71 and a three-proton signal with fine splitting 
at 6 1.77 can be assigned to the C(sy3)-CH, and 
C(sp2)-CH, groups, respectively, the latter showing 
allylic and homoallylic coupling. The vinylic proton 
involved in the former coupling gives rise to a 
multiplet at  6 5.4, while the other vinylic protons 
give rise to a complex two-proton rnultiplet at 6 
5.5--6.0. The two C(sp3)-H methine proton signals 
each appear as doublets at  6 3.23 and 3.70 (9 = 13 
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T ~ B L E  4. IH nmr spectra of alkyl eso-6-hydroxy-4,6-dimethyl-5-oxobicyclo[2.2.2]octa- 
2,7-diene-2-carboxylatesa 

H&CDC13 

A 
31 32 

H, 
HB 
H c  
HD 
Mec 
Me, 
OMe 
OEt 

6.08 (dd, J 7 ,  2 Hz) 
6 57 (t, J 7  Hz) 
4.35 (dt, J  7, 2 Hz) 
6.98 (d, J 2 H z )  
1.37 (s) 
1 .57 (s) 
3.80 (s) 

- 
- 

OH 2.61 (br s) 

OTtie signal intensities are in accord ~ i t h  the assignments. 
bO,erlapping s igl~als .  

Hz) with extensive further splitting. The uv spectrum 
of 33 has maxima at  270 (E 3300) and 260 nm (E 3600) 
consonailt with a homoannular conjugated diene. 
The spectra of 34 are closely similar to those of 33, 
t-izufatis M I U ~ ~ ? I ~ ~ S .  The presence of a conjugated diene 
system \?,as corroborated by the formation of a 
Diels-Alder adduct, 35 (stereochemistry tentative), 
from 34 and maleic anhydride, and the full structures 
were confirmed by dehydrogenation of 34 over 
palladium,/carbon to give an  aromatic compound 
whose spectra (see Experimental) are in full accord 
with the assignment to it of structure 36; in particular 
the relationship of its uv spectrum to that of 37(17) 
]nay be noted. 

,o 

The formation of 33 from 22 is most simply inter- 
preted as involving a Grob fragmentation (18) of 38, 
ihrmed by attack of hydroxide ion on the ketonic 

6.03 (dd, J 7 ,  2 Hz) 
6.53 (t, J 7 Hz) 

-4 .3b  
6.93 (d, J 2 Hz) 
1 .36 (s) 
1 .56 (s) 
- 

1.33 (t, J 7 Hz) 
4.23 (q, J 7 H z ) ~  
2 .67  (br s) 

carbonyl of 22. However, hydrolysis of the lactone 
ring follo14led by such fragmentation and reclosure 
of the lactone ring upon acidification would also 
account for its formation. In  either event 33 \vould 
be expected to have the relative configuration shown 
in 33a, and this stereochemistry is assigned to the 
product. Because of the magnitude of the coupling 
constant (J - 13 Hz) between the angular methine 
protons, consideration was given to the possibility 
that epiinerization of 330 has occurred in the basic 
reaction medium and that the product isolated was 
33b. However, the product is isolated in 95x  yield 
and it seems hardly likely that equilibration of the 
cis-fused 33a and the trans-fused 33b would give the 
latter exclusively. Furthermore, the appreciable 
departure froill coplanarity of the double bonds 
required by trans fusion would be expected to result 
in a significant difference between the uv extinction 
coefficient of the product and that of the cis-fused 
compound 39,' vvhich is not observed. Thus structure 
33a is assigned to the product. 

The alternative base-catalyzed reaction of 22 with 
alcohols in the presence of ! , I  -dimethylhydrarine to 
give 31 or 32 can be interpreted as involving initial 
opening of the lactone ring by alkoxide ion to give 
40 followed by alkoxide-catalyzed dehydrobromina- 
- 

Scornpound 39 is reported to show hmaXEtoH 260 nm (E 32001, 
i,m,,cn3cv 258 nm (E 3860) (19). 
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Y 4 T t S  A N D  4UKSI  

TABLE 5. Infrared, ultraviolet, and 'H nmr spectra of compounds 45 and 47" 

Spectrum 45 47 

ym 3.08 (m), 3.0-3.9, 2.90 (m), 2.9-3.5, 5 .56  (sh), 
5 .84 ,6 .33(br) ,7 .11  5 .65 ,5 .76 ,5 .81 ( sh )  

nm (E) 308 (100) 312 (95) 
H S D ~ O  HA 5 . 7 6 ( d d , J 8 , 1 . 5 H z )  6 . 0 0 ( d d , J 8 , 2 H z )  

H, 6 . 7 2 ( d d , J 8 , 6 . 5 H z )  6 . 3 5 ( d d , J 8 , 6 . 5 H z )  
3.60-3.87 (m) 

H D  3.1-3.4 (m) 3.13-3.33 (m) 
HE "' 1 3.00 (br s) 
MeF 1 .18 (s) 1 .43 ( s ) ~  
Me, 1.29 (s) 1.43 ( s ) ~  
OMe 3.68 (s) - 

OThe signal intensities in the 'H iirnr spectra are in accord \sith the assignments. 
bSuperlmposed signals. 

tion. The latter could proceed directly froin 40 via 
cis-elimination or via epiinerization of 40 to 411 
followed by trarzs-elimination (20). The difference 
betneen the hydroxide- and alkoxide-induced re- 
actions of 22 can be attributed to one or more of the 
f o i l o ~ i n g  factors: (i) readier attack on the sterically 
hindered ketonic carbonyl carboll by the smaller 
hydroxide ion, (ii) readier dehpdrobrom~nation of 46) 
than of 42, and (iii) readier epimerizatiol~ of 40 than 
of 42. 

The formation of 31 and 32 via the intramolecular 
Diels-Alder product 22 stands in striking contrast 
to the formation of 43 from the intermolecular 
Diels-Alder reaction of I1 with propiolic acid (21).6 
Methylation of 43 gives 44, the regioisonier of 31. 

ROzC .02& 

OH 

0 0 0 

40 X = COzR 4 1 43 R =  H 
42 X = CO; & R = M e  

Thus the modified Wessely oxidation - intramole- 
cular cycloaddition sequence can serve as a source 
of bicyclo [2.2.2]octane derivatives that differ in their 
regiochemistry from products obtained by the con- 
ventional Wessely oxidation - intermolec~lar cyclo- 
addition sequence. 

Treatment of 23 in water with one equivalent of 

6The intermolecular reaction is very much slower than the 
intramolecular reaction, and during ~ t s  course the acetox)~l 
group is converted to a hydrosyl group (21). 

sodium hydroxide opened the lactone ring and gave 
the salt 45, which \\as isolated as its dihydrate. Its 
structure fo l lo \~s  from its spectra (Table 5) and the 
fact that on acidification it gave the corresponding 
hydroxy acid 46, which could be detected by 'H ninr 
spectroscopy but could not be isolated because it 
lactonized rapidly in solution to regenerate 23. The 
formation of the latter established that no  epi- 
i~ierization occurs in the conversion of 23 to 45. I t  
is of interest that the uv spectrum of 45 sho\vs a 
single niaximum in the n +  region, while that of 
23 sho~vs tkvo maxima. This inust reflect the con- 
siderable change in the geometry of the system that 
results upon opening of the lactone ring (cide slipra). 
A further point of interest concerning the salt is its 
solubility in methanol; this can be ascribed to  
cryptate character in 45. 

Treatment of 23 with two equivalents of sodium 
hydroxide in boiliilg water followed by acidification 
gave the anhydride 47. Its gross structure is estab- 
lished by its spectra (Table 5) and its stereochemistry 
follows fro111 the fact that it is different frorn the 
endo anhydride 48 obtained via intermolecular 
cycloaddition of maleic anhydride and 2,6-dimethyl- 
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o-quinol acetate (PI) (21). Thus in this case the 
modified Wesselv oxidation - intra~nolecular cvclo- 
addition sequence serves as a source of a bicyclo- 
[2.2.2]octane derivative that differs in its stereo- 
chemistry from the product obtained by the con- 
ventional Wessely oxidation - illter~nolecular cyclo- 
addition sequence. 

Experimental 
Melting points are uncorrected. The ir and u\ spectra were 

recorded for CHCI, and MeOH solutions, respectively, unless 
otherwise specified. Proton magnetic resonance spectra ('H 
nmr) Lvere recorded for CDCI, solutions, unless otherwise 
specified, with Varian HR 220 and T-60 spectrometers; 
coupling assignments were verified in representative cases by 
decoupling experiments. Carbon-13 magnetic resonance 
spectra ( I3C nmr) were recorded for CDC13 solutions with 
Varian CFT-20 and XL-100-15 spectrometers operating in the 
pulsed Fourier transform mode; both proton-noise decoupled 
and single frequency off-resonance decoupled spectra were 
recorded in each case. The chemical shifts (6)  for the ' H  and 
I3C nmr spectra were measured with reference to  internal 
Me,Si and are reported in ppm. Spectroscopic data not given 
in the Experimental section are given in Tables 1-5. Solutions 
in organic solvents were dried over anhydrous magnesiu~ii 
sulfate. 

e x o - 6 - H y ~ l i o . ~ y - 4 , 6 - d i m e t / ~ y 1 - 5 - ~  [2.2.2]ocr-7-eire-exo- 
2-coi.boxj~lic Acid Lacrone (12)' 

Lead tetraacetate (8.18 g, 18.45 mmol) was dissolved in dry 
dichloromethane (300 mL) .  Acrylic acid (4.32 g, 60.0 mmol) 
was added and the solution was stirred at room temperature 
for 20 min. A solution o f  2,6-din~ethylphenol (9)  (1.83 g, 15.0 
mmol) in dry dichloromethane (15 m L )  was added dropwise 
over a 3 min period and stirring was continued at room 
temperature for an additional 15 min. Ethylene glycol (1 m L )  
was addcd t o  destroy excess Pb(1V). Evaporation gave an 
orange oil which was taken L I P  in benzene (250 mL); the 
solution was gravity filtered and extracted with water (2 x 250 
n1L) and aqueous 1% sodium bicarbonate (250 mL) .  The 
organic laqer was dried and evaporated to  give a yellow oil. 
This was taken up in benzene (100 mL) ,  and the solutiou was 
boiled under reflux for 21 h. Evaporation gave a yellow oil, 
which on crystallization fi-om chloroform-cyclohexane gave a 
dark ycllow solid (2.4 g). Sublimation at iO02C (0.005 Torr) 
followed by sublimation at 60-C (0.005 Torr) gave 12 as a 
white crystalline solid (1.29 g, 45% based on 9). A further 
sublimation gave 12, nip 111.5-1 12.YC; tnie (relative abund- 
ance): 192(4). Annl. calcd. for C l l H 1 2 0 , :  C 68.73, H 6.29: 
found: C 68.38, H 6.3 1 .  

exo-6-Hyd~oxy-4,6-dirrret/1~~1-5-oxobicyc/u [2.2.2]octtrne-exo-2- 
ccri.bo,~ylic Acid Luctone (13) 

Compound 12 (304 mg, 1.58 mmol) was dissolved in acetic 

'The Chemicrrl Abstrrrcfs name for 12 is 3a,7a-dihydro-6,7a- 
diniethyl 3,6-methanobenzofuran-2,7(3H, 6H)-dione. W e  have 
preferred to  name this and related compounds as bicyclo- 
[2.2.2]octanone derivatives, which better describes their 
relationship t o  their parent carbocyclic ring system and, with 
the following conventions, permits a ready description o f  their 
stereochemistry. Substituents are designated as being exo or 
endo with respect to  the unsaturated bridge o f  lowest priority, 
and in saturated compounds to  the bridge o f  lowest priority. 

acid (30 mL) ,  5% Pd;C (50 mg) was added, and 12 was hydro- 
genated at room temperature and one atmosphere pressure 
until uptake o f  hydrogen ceased. Filtration followed by 
evaporation gave a colorless oil, which solidified slowly on 
standing. Sublimation at 80-6 (0.005 Torr) gave crystalline 13 
(294 mg, 9621, mp 84.5-86-C; ir j .,,,: 5.63, 5.76 ~ n i :  uv J .,,, 
( E ) :  306 (35) n m ;  'Pi nnir 6 :  1.05 (s,  3H), 1.50 (s,  3H), 1.97 ( m ,  
6H), 2.77 (rn, 2H);  13C nmr 6 :  208.1 (s),  177.8 (s),  85.2 (s),  
43.5 (d) ,  42.2 (s),  40.1 (d ) ,  33.4 ( t ) ,  33.2 ( t ) ,  19.8 (q) ,  15.4 (q ) ,  
15.2 ( t ) ;  m,'e (relative abundance): 194(9). Anal. calcd. for 
C l l H 1 4 0 3 :  C 68.02, H 7.27; found: C 67.95, H 7.28. 

exo-6-Hydi.oxy-4,6-dii~1erIryl-5-o.~o-e~ido-3-~1/~en~~lbicyclo- 
[2.2.2]oct-7-ene-exo-2-ccii'boxylic Acid Lncrone (20)  

Lead tetraacetate (23.97 g, 53.8 nimol) and cinnamic acid 
(42.9 g, 290 mmolj were dissolved in dry dichloromethane 
(600 m L )  and the solution was stirred at room temperature for 
30 min. A solutiorl o f  9 (5.13 g, 42.0 mmol) in dry dichloro- 
methane was added dropwise over a 5 min period and stirring 
was continued at room temperature for 45 min. The reaction 
mixture was worked up as for 12, except that the benzene 
solution o f  the Wessely oxidation product was not boiled. The 
crude product was a bright orange oil (10.65 g) which crystal- 
lized on standing. Three rccrystallizations from chloroform- 
cyclohexane gave 20 (4.79 g) as a white crystalline solid. The 
washings and filtrates were combined and evaporated to  give 
a deep orange oil which was distilled at 60'C (0.005 Torr). 
The distillation residue was dissolved in benzene and pa~sed 
through a Florisil plug (75 g). Evaporation gave a pale yellow 
solid. Recrystallization from cyclohexane ga\e 1.87 g o f  a 
white crystalline solid which was colnbined with the first crop 
to give 6.66 g o f  20 (59% based on 9). Two recrystallizations 
from cyclohexane gave 20, mp 160.5-161 C ;  uv i.,,, ( E ) :  310 
(loo),  270 (ZOO), 265 (270), 263 (280), 259 (315), 252 (290) n m ;  
~ n / e  (relative abundance): 268(0.5). Anal. calcd. for C1,Hl6O3 : 
C 76.10, I3 6.01; found: C 76.01, H 6.02. 

cis-P-Br.oti~oaci~~~lic Acid ( 15 )  and trans-P-Biomocrcrylic Acid 
(16)  

Propiolic acid (19.7 g, 0.28 mol) and 4 8 z  hydrobromic acid 
(143 g, 0.84 mol) were heated together on a steam bath for 
30 min. O n  cooling 26.9 g o f  16 separated as white crystals. 
The supernatant was concentrated to  approximately three- 
quarters o f  the original volume, and a second crop (1.02 g) o f  
16 was deposited when the reaction mixture cooled to  room 
temperature. The filtrate was saturated with sodium chloride 
and extracted with ether (3 x 100 mL>. Evaporation o f  the 
extract gave 14.6 g o f  a clear yellow liquid which crystallized 
on standing. The yellow solid was taken up in benzene (150 
m L )  and the solution was stirred with Florisil (2  g). Filtration 
followed by evaporation gave 15 as a white crystalline solid. 
Recrystallization from cyclohexane gave 10.4 g, (25%) o f  15. 
The 66% yield o f  16 and 25% yield o f  15 contrast with the 
report that under these reaction conditions only 16 is produced 
(22). 
exo-3-Brorno-exo-6-/1ydrox~~-4,6-clit~~et/1yl-5-oxobicyclo- 

[2.2.2]oct-7-ene-exo-2-cnrI1oxj~lic Acid Locrone (21)  
Compound 21 was prepared from lead tetraacetate (9.88 g, 

22.3 mmol), 15 (17.08 g, 113 mmol), and 9 (2.44 g, 20.0 mmol) 
as above. The crude product was obtained as a bright yellow 
oil which crystallized on standing. Three recrystallizations 
from chlorofornl-cyciohexane gave 21 as white crystals (3.38 g, 
62% based on 9).  Recrystallization from chloroform-cyclo- 
hexane gave 26, m p  133-134.5-C: 1i1, e (relative abundance): 
270(0.5), 272(0.5). Anal. calcd. for C l ,Hl lBrO, :  C48.73, 
H 4.09, Br 29.47; found: C 48.78, M 4.11, Br 29.58. 
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endo-3-Biotno-exo-6- /1ydi 'oxy-4 ,6-di , l -  
[2.2.2]ocr-7-erze-exo-2-cc1i'boxylic Acid Lacror7e (22)  

Compound 22 was prepared from lead tetraacetate (13.0 g, 
29.4 mmol), 16 (17.2 g, 114 mmol), and 9 (3.05 g, 25.0 mmol) 
as above, except that the benzene solution of the Wessely 
oxidation product was not boiled. The crude product was 
obtained as a bright yellow oil (5.03 g). This was taken up in 
benzene, and the solution was passed through a Florisil 
column (75 g). Evaporation gave a bright yellow oil which 
crystallized on standing. Two recrystallizations fro111 chloro- 
form-cyclohexane gave 22 as white crystals (2.33 g, 34% based 
on 9). Recrystallization fro111 cyclohexane ga\e 22, mp 108- 
109'C; m,e (relative abundance): 273(0.5), 272(0.5), 271(0.5), 
270(0.5). Anril. calcd. for Cl ,Hl ,BrO, :  C 48.73, H 4.09, 
Br 29.47; found: C48.81, H 4.12, Br 29.71. 

exo-3-Curbo1nethoxj~-exo-6-/z~~d1~o~~y-4,6-cIitnetf1yl-5-oxo- 
bicyclo [2.2.2]uct-7-ene-exo-2-cn~boO'cylic Acid Lncrone 123) 

Compound 23 was prepared from lead tetraacetate (20.2 g, 
45.6 mmol), methyl hydrogen maleate (23.7 g, 182 nimol), and 
9 (5.25 g, 43.0111mol) as above. The crude product was 
obtained as a pale yellow solid (9.61 g). Two recrystallizations 
from chloroform-cyclohexane gave 23 as a white crystalline 
solid (3.10 g). The filtrates were combined and evaporated to 
give a bright yellow oil. Crystallization frorn ether followed by 
recrystallizations from ether and chioroforni-cyclohexane 
gave a further 1.30 g of 23 as a white crystalline solid (total 
4.40 g, 41% based on 9). Recrystallization from metha1101 gave 
23, mp 149-1 50-C; til'e (relative abundance) : 251 (4) (M + 1). 
Atzcil. calcd. for C,,H,.Os: C 62.39, H 5.64: found: C 62.23, 

endo-3-Cnrhon7etlio~~j~-exo-6-/i'j~di'oxy-4,6-di1i1er/1~~1-5-o.~o- 
bicyclo [2.2.2]oct-7-ene-exo-2-cr1i'boxylic Acid Luctone 124) 

Compound 24 was prepared from lead tetraacetate (7.08 g, 
16.0 mmol), methyl hydrogen finnarate (12.5 g, 95.8 mmol), 
and 9 (1.83 g, 15.0 mmol) as above without boiling in benzene. 
The crude product was obtained as a bright yellow oil (2.28 g). 
Three crystallizations from chloroform-cyclohexane gave 24 
(1.13 g, 30% based on 9) as white crystals. Recrystallization 
from chloroforn1-cyclohexane gave 24, mp 122.5-124'C; nrje 
(relative abundance) : 250(2). Annl. calcd. for C ,  ,H,,O, : 
C 62.39, H 5.64; found: C 62.53, H 5.75. 

- - 

oct-7-ene-exo-2-cni'boxj~lic Acid Lnctotze (25)  
Compound 25 was prepared from lead tetraacetate (1 1.06 g, 

24.95 mmol), tiglic acid (5.00 g, 49.9 mmol), and 9 (2.44 g, 
20.0 mmol) as above. The crude product was chroniato- 
graphed on a Florisil colunin with elution with benzene - 2% 
ether. Evaporation gave a pale yellow solid which was recry- 
stallized from chloroforni-cqclohexane to give 25 (0.57 g, 13% 
based on 9) as white crystals. Sublimation at 65'C (0.1 Torr) 
gave 25, nlp 70-72-C; ttrde (relati\e abundance): 220(0.5). Atrnl. 
calcd. for C13H160~ :  C 70.89, H 7.32; found: C 70.83, H 7.32. 

endo-3-Bi 'o1i7o-exo-6-hyd1.o .~y-6-mefhy/  [2.2.2]- 
oc~-7-ene-exo-2-carbo.~ylic Acid Lcrctone 126) 

Compound 26 was prepared from lead tetraacetate (51.6 g, 
116 mmol), 16 (63.7 g, 422 mmol), and o-cresol (10.8 g, 100 
mmol) as abohe. The benzene solution was evaporated to give 
a deep red oil (13.75 g) which was distilled at 120-C (10 Torr). 
The distillation residue was taken up in benzene and passed 
through a Florisil plug (75 g). Evaporation gave a red oil 
which was distilled at  120.C (10 Torr). The distillation residue 
was sublimed at  80-C (0.0005 Torr) and resublimed at  70 C 
(0.005 Torr) to g i ~ e  a white crystalline solid. Recr>stallization 

from chloroform-cyclohexane gave 26 (3.47 g, 14% based 011 

o-cresol). Sublimation at 70'C (0.005 Torr) gave 26, mp 122- 
123.5-C; 177 e (relative abundance): 256(7), 258(7). Atznl. calcd. 
for C l o H , B ~ 0 3 :  C 46.72, H 3.53, Br 31.08; found: C 46.87, 
H 3.63, Br 31.00. 

exo-3-Cni~boti~et~1~1x~~-exo-6-izyc/1'oxy-6-ti~ethyl-5-oxobicyclo- 
[2.2.2]oct-7-cne-exo-2-cu,.bo.~j~/ic Acid Lactone (27) 

o-Cresol (1 .OO g, 9.25 mmol) and methyl hydrogen maleate 
(13.0 g, 100 mmol) were dissolved in dr) benzene (100 mL), 
and the solution was heated to 40'C. Red lead oxide (6.86 g, 
10.0 niniol) was added portionwise over a 3 h period. The 
solution was stirred at 40 C for 12 h and gravity filtered, and 
the solid residue was washed seheral tinies with benzene to 
bring the volume of the filtrate to 503 mL. The benzene 
solution was extracted with water (2 x 500 mL) and aqueous 
12 sodium bicarbonate (500 niL). The organic layer was dried 
and evaporated to give a dark oil (1.32 g). The oil was dissolved 
in methanol (75 mL) and stirred hith Florisil (I g) and 
activated charcoal (0.5 g) for 30 min. Gravity filtration 
followed by evaporation gave a red oil which was dissolved 
in 2 5 2  chloroforni-cyclohexane (100 mL) and gra\'ity filtered 
to give a dark >ellow solution. The solution has  reduced in 
\olume to 25 mL, when a palc qellow solid crystaliized. Re- 
crystallization from chloroforn~-cyclohexane gave 27 (0.76 g, 
35% based on o-cresol) as white crystals. Recrystallization 
fro111 methanol gave 27, mp 145-146.5-C; tt7,'e (relative 
abundance): 236(3). AIZCII. calcd. for C,,H120,:  C 61.01, 
H 5.12; found: C 60.97, H 5.12. 

1TfetI7yl exo-6-Hj~c/i.ox~~-4,6-din1et/1yl-5-oobicyc/ [2.2.2]octn- 
2,7-diene-2-cai.boxj~lnre 131) 

Compound 22 (383 nig, 1.41 mmol) was dissolved in 
~nethailol (25 mL) and 1,l-din1eth)lhydrazine (383 mg, 6.37 
mmol) was added. The mixture was boiied under reflux for 
21 h and then evaporated to give a yellow oil which was taken 
up in benzene. The solution was washed with water, dried, and 
evaporated to give a pale yellow oil (249 ~ilg), Ivhich crystallized 
on standing. Sublimation at 80 C (0.005 Torr) gave 31 as 
white crystals (231 nig, 7573, mp 118-119'C; ir j.,,,,: 2.87 (w), 
5.80, 5.84, 6.10 (w), 6.28 (w) pm; uv ) ,,,,, (c): 312 (360), 236 
(4,350) nnl; nr,'e (relative abundance): 223(0.5) (M t 1). At~nl,  
calcd. for CIZHl4O4:  C 64.85, H 6.35; found: C 64.77, H 6.35. 

Eth~ , l  exo-6-Hj~~/ro.'cy-4,6-~lir11etii~~l-5-~ [2.2.2]ocro- 
2,7-rliet?e-2-cn1.b(1xj~lcite 132) 

Compound 22 (401 nig, 1.48 niniol) was dissolved in 9 5 z  
ethanol (100 mL) and 1,l-dimethylhydrarine (200 mg, 3.33 
mmol) was added. The mixture was boiled under reflux for 19 h 
and then evaporated to give a yellow oil which was taken up 
in benzene (75 mL). The solution was extracted with water 
(3 x 25 mL). The organic layer was dried and evaporated to 
yield a pale yellow oil (266 mg), which crystallized on standing. 
Sublimation at 65°C (0.005 Torr) gave 32 as white crystals 
(248 mg, 712).  Recrystallization frorn cyclohexane gave 32, 
mp IlO-l12'-C;irj w,,,ax: 3 .03 (w) ,5 .79 ,5 .85 ,6 .10 (w) ,6 .28 (~ )  
ym; uv h,,,, (E): 312 (370), 325 (4550) nm; ttz/'e (relative 
abundance): 236(0.5). Annl. calcd. for Cl3HI6O4:  C 66.08, 
H 6.83; found: C 66.14, H 6.93. 

'This procedure represents a variant of the general pro- 
cedure in which red lead oxide is used in place of lead tetra- 
acetate; its generality is being inkestigated. Compound 27 was 
also prepared in lower yield by the standard procedure with 
lead tetraacetate. 
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1,3,3a,7a-Tetrakydi.o-l,5-dirnef/1~~1-3-oxo-l-isobenzofurcrn- 
carbolrj,lic Acid 133) 

Compound 22 (1.13 g, 4.17 mmol) and aqueous sodium 
hydroxide (0.5 1V; 20.0 mL, 10.0 mmol) were added to water 
(10 niL), the mixture was stirred for 6 h and then acidified 
with concentrated hydrochloric acid, giving a white precipitate 
(0.62 g). Concentration of the filtrate, evaporation to dryness, 
and extraction with dichloromethane gave additional product 
(0.23 g; total 95%). Recrystallization from ethyl acetate gave 
33, mp 163.5-166'C; ir (KBr) A,,,: 3.0-4.2 (m), 5.66,5.88 pm; 
uv ).,,,, (E): 270 (3300), 260 (3600) nm; 'H nmr 6:  (CD30D) 
1.71 (s, 3H), 1.77 (t, J = 1.5 Hz, 3H), 3.23 (dm, J = 13 Hz, 1H) 
3.70 (dm, J = 13 Hz, lH),  5.04 (s, 1 H,  variable), 5.3-5.5 (m, 
IH),  5.5-6.1 (m, 2H); 13Cnmr (CD30D) 6 :  179.6 (s), 173.6 (s), 
131.9 (s), 129.6 (d), 123.0 (d), 115.5 (d), 90.2 (s), 45.0 (d), 41.6 
(d), 24.1 (q), 21.5 (q); ~ t d e  (relative abundance): 208 (27). 
Anal. calcd. for C,lH120,: C 63.45, H 5.81; found: C 63.20, 
H 5.91. 

,Wet/zyl1,3,3a,7a-Tefru/1~~dro-1,5-dimeth~~I-3-0.~o-l-isobenzo- 
furancni.boxylnfe (34) 

Conipound 33 (0.384 g, 1.84 mniol) was dissolved in ether 
(100 mL) and the solution was titrated with ethereal diazo- 
methane until the yellow color persisted. Evaporation gave a 
white solid which was sublimed at  65°C (0.005 Torr) to give 34 
(0.396 g, 9773, mp 92-92.5-C; ir j .,,,: 5.60, 5.73 llm; uv A,,, 
(E): 270 (3650), 260 (3900) nm; IH  nmr 6 :  1.73 (s, 3H), 1.78 
( t , J =  1 .5Hz ,3H) ,  3 . 1 0 ( d d , J =  1 4 , 4 H z ,  lH), 3.4-3.8(m, 
1H), 3.63 (s, 3H), 5.3-5.6(m, lH) ,  5.6-6.0(ni, 2H); 13Cnmr 6 :  
177.4 (s), 171.1 (s), 130.3 (s), 128.7 (d), 121.2 (d), 115.1 (d), 
88.9 (s), 52.2 (q), 44.2 (d), 40.9 (d), 23.6 (q), 21.3 (9); m,le 
(relative abundance): 222 (32). Arznl. calcd. for C,,H,,O,: 
C 64.85, H 6.35; found: C 64.97, H 6.48. 

Reaction of 34 ~t.if/l Maleic Anhydride. Fortnation of 35 
Con~pound 34 (0.144 g, 0.65 mmol) and maleic anhydride 

(0.064 g, 0.65 mmol) were dissolved in benzene (50 mL) and 
the solution was boiled under reflux for 70 h. Evaporation 
gave a white crystalline solid. Recrystallization from chloro- 
form at -30'C gave 35 (0.187 g, 90%). Sublin~ation at 130'C 
(0.005 Torr) gave 35, mp 226-227°C; ir h,,,: 5.36 (w), 5.62, 
5.74 (w) wni; l H  nnir 6 :  1.65 (s, 3H), 1.80 (d, J = 2 Hz, 3H), 
2.57 (dd, J = 4.5, 1.5 Hz, 1H), 3.0-3.4 (m, 3H), 3.4-3.7 (m, 
1H), 3.85 (s, 3H), 5.5-5.7 (m, 1H); m/e (relative abundance): 
320 (24). Arznl. calcd. for C16H1607: C 60.00, H 5.04; found: 
C 60.04, H 5.16. 

Meth~~l1,3-Dihydr.o-1,5-~Ii111ef/1yI-3-oso-l-i~obenzofuran- 
carboxylrlte (36) 

Compound 34 (302 mg, 1.36 mmol) was dissolved in 
methanol (10 mL), 10% Pd,'C (750 mg) was added to the 
solution, and the mixture was stirred under nitrogen for 10 h. 
Filtration followed by evaporation gave a white solid which 
was sublimed at 70'C (0.005 Torr). The sublimate was re- 
crystallized from methanol at -30'C to give 36 as a white 
crystalline solid (0.210 g, 70%), 111p 86.5-88'C; ir i.,,,: 5.64, 
5.75 pm; uvh,,, (E): 290 (1850), 280 (1800), 230 (9500) nm;  ' H  
nmr 6 :  1.88 (s, 3H), 2.48 (s, 3H), 3.73 (s, 3H), 7.50 (d, J = 1.5 
Hz, 2H), 7.68 (bs, 1H); I3C nmr 6 :  169.9 (s), 169.2 (s), 146.6 
(s), 140.6 (s), 135.7 (d), 125.8 (d), 125.3 (s), 121.8 (d), 84.7 (s), 
53.2 (q), 23.7 (q), 21.3 (q); mie (relative abundance): 220 (2). 
Arzal. calcd. for C l2HI204 :  C 65.44, H 5.49; found: C 65.39, 
H 5.56. 

Sodiuni exo-3-Carbometho.xy-exo-6-/1~~i/~ox~-4,6-dimet/1yl-5- 
0x0-bicyclo [2.2.2]oct-7-etze-eio-2-~iirboxyIcrfe Dil~ydrate 
(45)  

Compound 23 (1.46 g, 5.85 mmol) and sodiunl hydroxide 

(0.232 g, 5.80 mmol) uere added to water (60 mL), and the 
mixture was stirred for 45 min at  room temperature. The 
reaction mixture was extracted with dichloromethane (3 x 50 
mL), and the aqueous fraction was evaporated to give 1.77 g 
of a pale yellow solid. Two recrystallizations from water gave 
45 (0.405 g) as a white crystalline solid which decomposed at 
280cC. Ancrl. calcd. for C13H,,06Na.2H,0: C 47.86, H 5.86; 
found: C 47.57, H 5.91. 

When an aqueous solution of 45 in D 2 0  was acidified a 
solid was deposited, whose 'H nmr spectrum showed signals 
corresponding to 23 together with signals at  6 : 1.25 (s), 1.38 (s), 
3.08 (br s), 3.55 (ni), 3.75 (s), 5.74 (dd, J = 8, 2 Hz), 6.27 
(br s), 6.57 (dd, J = 8, 6 Hz) attributed to 46. 

e x o - 6 - H j ~ d i . o x y - 4 , 6 - d i t i z e t I i ~ l - 5 - o x ~  [2.2.2]oct-7-ene- 
exo-2-exo-3-dicai~bo.xj.lic Acid Anhydride (47)  

Compound 23 (1.00 g, 4.00 mmol) and sodiuln hydroxide 
(0.311 g, 7.77 mmol) were added to water (5 mL) and the 
mixture was heated on a steam bath for 2 h. The nlixture was 
cooled to room temperature and acidified with concentrated 
hydrochloric acid to p H  5. Evaporation gave a white solid 
which was extracted with several portions of ether (125 mL). 
The ethereal extract was filtered, dried, and evaporated to give 
a pale yellow oil. This was takcn up in chloroforni (20 mL), 
and the solution was allowed to stand at  room temperature 
for 18 h to give crystals (0.349 g). Recrystallization from 
ether-chloroform gave 47 (0.308 g, 33%) as a white crystalline 
solid, mp 178-179.5 C ;  rizle (relative abundance): 236 (9). 
Anal. calcd. for C12H1205 : C 61.01, H 5.12; found: C 60.96, 
H 5.20. 
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Etude empirique de la stabilite des hydrocarbures polycycliques non alternants 
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JEAN PIERRE GASTMANS, DENISE FROMANTEAU GASTMASS et S T ~ F A N ~  FERKAPIDES SLADE. 
Can. J. Chem. 57.2864 (1979). 

Une methode enipirique destinke a prkvoir la stabilite des hydrocarbures non alternants est 
proposee. Cette n~ethode se base sur les travaux de Krygowski et Randic. 

JEAV PIERRE GASTMAPIS, DEVISE FROMA\TEAL CASTMAPIS, and ST~FAPIO FER~ANADES SLADE. 
Can J Chem 57,2864 (1979) 

An en~plrlcal method for the predlctlon of the stablllty of hydrocarbons has been detailed. 
Thls method 1s based on the works of Krygowsk~ and Rand~c  

Rtcernnient, plusieurs travaux (1-3) ont eu pour 
but de dtcouvrir des relations simples et empiriques 
permettant de prtvoir le caractere aromatique d 'un 
hydrocarbure insatur.4. Cornme vlusicurs auteurs 
(40)' l'ont remarque avant nous, la propre notion 
d'aromaticitt est assez confuse et peut recouvrir des 
colnportements les plus divers. 

Comme nous nous intCressons au  comportement 
purement chirnique d'un compost, nous avons 
prefirt definir deux indices ( 5 ) ;  l'indice de stabilitt et  
I'indice d'aromaticite. Le ~ r e m i e r  sert B ~ r t v o i r  si un 
hydrocarbure sera stable ou non, le second, s'il est 
aromatique (au point de vue chimique) ou non. 

Le calcul de ces indices se fait de la maniirre 
suivante: on calcule systtmatiquement AEltabllltC 
pour tous les carbones, la valeur retenue t tant  la plus 
basse. On proci.de de la meme inani2re pour toutes 
les paires de carbones susceptibles de reagir par addi- 
tion pour obtenir A E  ,,,,,,,,,,,. 

Nous prdtendons, par ce present trava~l,  Cnoncer 
une mtthode ernprrlque slrnple qui permet de prtvolr 
uniquement la stabilite d'un hydrocarbure. 

Notre rnethode se base sur les thtories de Kruszew- 
ski et Krygowski (1) et Randic (3). Elle en est 
d'ailleurs la somme. 

Le procede est le sulvant: 
I .  Comme dans la thtorie de Mrygowsky, 011 cal- 

cule I'lndice R :  

oG S est le nombre du cycles du type 4N + 3 et F est 
le nombre de cycles du type 4hT + 1. 

2. On recherche ensuite les cycles de  base de 

'On trouvera egalenient une lnise au point interessante dans 
ref. 4h. 

grande stabilitt qui sont: le naphtalene, I'azulene, le 
diphenyle et le sesquifulval6ne. 

Si aucun de ces cycles n'est apparent, on choisit 
simple~nent le (ou les) benzene(s). 

3. Si R = 0 ou + 1, la stabil~tt  de l'hydrocarbure 
sera la moyenne arithmitique entre la stabilitC des 
cilsembles de  carboiles restants. 11 est utile de rap- 
peler que la stabilite des polpi.nes (P,,) diminue i 
Inesure que "n" augniente. 

Si R = i 2 ,  la stabilitt sera inversement propor- 
tionnelle B la rnoyenne arithmttique entre la stab~li t t  
des ensembles restants. 

Si R = i- 2 et si auculi cycle de base n'est apparent, 
I'hydrocarbure sera instable. 

Si R est suptrieur a 2 ou inftrieur 2 -2, I'hydro- 
carbure sera problemelit instable, bien que l'on ne 
dispose pas de donntes experimentales B ce s ~ ~ j e t .  

Preno~ls I'actnaphtylene comlne exemple (schtma 
1) : 

/7 
M 

On peut reconnaEtre comme cycle de base, respec- 
tivernent : le naphtalene et le sesquifulvaikne. Dans le 
premier cas, les ensembles restants sont P, et P, 
(P, represente le polykne), dans le second, P, el P,. 
Dans ies deux cas, les polyines restants sont stables 
2. te~nptra ture  ordinaire; l'acinaphtylene sera donc 
stable. ce que est rtellelne~it le cas. 

Ees cycles de  base mentionnCs antirieurement ont 

0008-404217912 12864-05$01.00/0 
a1979 National Research Council of CanadaIConseil national de ~recherches du Canada 
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TABLEAU 1. Cycles de base trois cycles n'ont pas CtC choisis conime cycle de 
base. C'est en effet un phenon~ene bien connu que, 
gCnCraleiilent, dans une meme sCrie, la stabilitk 
diminue a mesure que le nombre de cycles prisents 
augmente. Le bicyclo(6,2,0) dkcapentaene n'a pas CtC 
retenu car ses indices sont trop bas. 

(b) Les cycles de base polyi~uclkaires IinCaires 
retenus doivent contenir 12 carbones et les valeurs de 
REPE et IS doivent indiquer une certaine stabilitk 
(I'indice de Randic n'est pas calculable pour tous ces 
composks). Le cyclobutadiCny1 cyclooctatCtrai.ne n'a 
pas Cte retenu a cause de  ses indices trop bas. 

Dans les tableaux suivants, nous avons reproduit 
les rCsultats obtenus pour diffkrents types d'hydro- 
carbures non alternants. 

I1 est intkressant de noter le comportement des hep- 
tindknes (D et 6). Suivant les thCories de Randic et 
Krygowski, les deux seraielit aromatiques. Cepen- 
dant, tant le REPE que 1'1s montrent que l'hydro- 
carbure angulaire devrait etre plus stable. Notre 

Compose IS REPE (6)" Randic 

Benzene 3.47 0.065 0.87 
Naphtalene 3.00 0.055 1.32 
Diphenyle 3.30 0.060 1.74 
Sescjuifulvalene 2.82 0.022 - 
Azulene 2.88 0.023 0.25 
Bicyclo(6,2,0)decapentaene 2.07 - 0.028 - 1 .2  
Cyclobutadienyl cycloocta- 

tetraene 0.68 -0.08 -2.05 

OCertaines valeurs de REPE ont kte calculees pour ce travail 

CtC c h o ~ s ~ s  en fonction de leur colnportement experi- 
mental sur la base des critkres suivants: 

(a )  Les cycles de base polycol~densCs doivent 
foriner u11 c~lcul t  coiljugue stable R,, oh M = 1 ou 2, 
pour lequel les valeurs de REPE, IS (indice de 
stablllte) et de 1'1ndice de R a n d ~ c  permettent de prC- 
volr une grande stabllltk. conime le montre le tableau 
1 Les hqdrocarbures forrnCs par la condensat~on de  

TABLEAU 2. Hydrocarbures pour lesquels R = 0 

Composes Cycles de base Residus Conclusions IS REPE Exp. Ref. 

Stable 
Stable 
Stable 2.56 0.033 Stable 

Stable 
Stable 
Stable 2.78 0.022 Stable 8 

Instable 
Instable 
Instable 2.04 0.018 Instable 9 

Instable 2.34 0.017 Instable 10 

Stable 2.59 0.025 Inconnu 
Stable 

Instable 
Stable 
Stable 
75Y, stable 2.45 0.016 Stable 11 

C + D P, + o.qui- Instable 

G ,  
nodirnethyde 

B + E P, f PZ + Pz Stable 
50% stable 2.12 0.034 So l~~ t ion  12 
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TABLEAU 3. Hydrocarbures pour lesquels R = 4 1 

Compose Cycles de base Residus Conclusions IS REPE Exp. Ref. 

B + C  PZ Stable 2.66 0.039 Stable 13 

B C C  p4 Stable 2.43 0.033 Stable 13 

A + C  P2 Stable 
B + C  PZ -- Stable 

Stable 2.72 0.018 Stable 14 

A + B p4 Stable 
B + C  P4 Stable 

Stable 2.54 0.016 Stable 7n 

A + B Fulvene Stable 
A + D p4 Stable 

Stable 2.46 0.021 Inconnu 

C f D  o.quinodi- Instable 1.78 0.030 Instable 12 
methyde 

C + D Styrene Stable 
A + D PC, Stable 

Stable 2.53 0.030 Stable 15 

TABLEAU 4. Hqdrocarbures pour lesquels R = + 2 

Compose Cycle de base RCsldus Conclus~ons IS REPE Exp. Ref. 

B + C  PZ f Pz Instable 2.23 0.018 Solution 16 

B P.i f Pg Stable 2.20 0.009 lsolable 17 

A + B  p8 Stable 
B + C  PL~ Stable 
B + D  p4 + P4 Instable 

66% stable 2.40 0.009 Isolable 18 

- - Instable 2.32 -0 018 Instable 19 

- - Instable 2.25 -0.004 Solution 20 

A, D p4 lnatable 2.24 0.031 lsolable 2 1 

NOTE: "Isoiable" signifie que le c o m p o s ~  peut i t r e  isole, mais qu'il est thermiquement instable ou  polyrnerise faciiement. 

rnithode empirique arrive au mEme resultat. Experi- hydrocarbures alternants; par exemple, le chrysene 
mentalernent, I'heptind6ne li~lkaire semble &tre angulaire est stable, tandis que le napkac2ne linCaire 
instable. rtagit facileme~lt par photooxydation. 11 semble que 

Son isom2re angulaire n'a pas fait l'objet, a notre le m&me phknomkne se reproduise pour les hydro- 
conilaissance, de tentatives de synth2se. Cette aug- carbures non alternants. Les colllposCs M et N du 
mentation de stabilitC due a la non-Ii~~CaritC des tableau 3 constituent un autreexemple. 
hydrocarbures est un fait connu dans le cas des korsque I'on Ctudie le cas des hydrocarbures pour 
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TABLEAU 5. Distances de liaison 

Compose Liaison Distance Cycle de base 

n 1.450 (ref. 22) M + C 
b 1.458 B + C  
c 1.398 A S D  
d 1.394 A + D  

CI 1 ,425 (ref. 23) A + B  
b 1.443 A + B  

TABLEAU 6 .  Hydrocarbures contenant des cycles 4 N  
- 

Cycle de base Residus Conclusions IS REPE Exp. Ref. 

CD Cyclobutadiene No11 vide Instable 0.06  -0,131 Instable 
R = i  

P4 Stable 2.20  0.003 Stable 24 

o-quinodi- Instable 1.46 0.025 Instable 25 
R = i  mithyde 

p4 Stable 3.20  0.011 Stable 4b 

lesquels R = 2 ou -2, nous avons observt que la 
stabilitt du composC est inversCment proportionnelle 
a celle des rtsidus. Ce comportement qui nous semble 
bien marqut, au vu des donnCes exptrimentales, est 
tres curieux. Nous n'avons pas trouve de raison 
logique pour expliquer cette inversion. 

Lors de l'analyse des rCsiiltats du tableau 4, il faut 
garder de vue qu'il s'agit d'hydrocarbures struc- 
turalernent instables, tant dans thCorie de Randic 
que dans celle de Krygowski. Dails le cas prtsent, si 
l'ttude des residus prevoit une stabilitt, il faut sous- 
entendre que l'hydrocarbure en question sera plus 
stable que ne le laisse prCvoir sa structure. 

On peut voir que dans tous les cas Ctudits, les prt- 
visiolls empiriques sont tres acceptables, sans 
compter que l'analyse de l'hydrocarbure se fait en 
quelques secondes. I1 peut nlC1ne paraitre curieux 
qu'une inethode si simple et grossiere puisse conduire 
a des rtsultats aussi prCcis. 

La mCthode que nous proposo~ls n'est, ell fait, 
qu'une image approximative de la rCalitC; c'est k dire 
que le compost se comporte comme si, rtellement, 
il pouvait Etre scindt en cycle de base et un ou 
plusieurs rCsidus. 

Si 110~s prenons comme exemple I'acCnaphtyl6ne 
et le cycloheptazuli.ne, dont les distallces de liaison 

sont connues, nous pouvons ~Crifier, suivailt les 
donilees du tableau 5 ,  que les liaisons entre les 
cycles de base et les residus sont particulieren~ent 
longues. Ce fait lnontre clu'en premiere approxima- 
tion, la rCsonance entre le cycle de base d'une part et 
les rtsidus d'autre part est fa~ble.  Uans le cas de 
17acCnaphtyli.ne, on peut voir que la stabllitC d'un 
cycle de base par rapport k I'autre se reflete dans les 
valeurs de distances. Ainsi les liaiso~?s "c" et '"C" 
~ o n t  plus courtes i cause de la grande stabilitC du 
naphtaline comparte a celle du sesquifulvali.ne. En 
consCquence, les cycles de base BC interkiennent pour 
une part plus irnportante dails la structure et sta- 
bilitt de l'acenashtvlitne. 

La mtthode que nous avons dtveloppte, s'applique 
principalement aux cycles de 5 et 7 carbones, q u ~  sont 
d'a~lleurs les plus noinbreux. Rtcemment. plusieurs 
hydrocarbures contenant des cycies de 8 et 4 carbones 
ont CtC prCparCs. Bien que I'on ne dispose pas de 
donnCes suffisantes pour tnoncer, sans risque 
d'erreur, des lois empiriques concernant leurs stabi- 
litis, il nous seinble que notre niCthode puisse Ctre 
appliqute en y apportant les modifications suivantes: 

I. kes hydrocarbures qui contiennent un cyclo- 
butadigne "non vide" suivant Krygowski sont 
illstables. 
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2. Pour les autres hydrocarbures. Ies Iois ante- 
rieures restent valables, mais R et S representent 
maintenant le nornbre de cyclobutadi2ne et cyclo- 
octatCtrene respectivement. 

A titre d'exemple; 11ous avons relatioll~lk dans le 
tableau 6:  le cas de quelques hydrocarbures connus. 

I1 faut cependant garder de  vue que les lois de  
Mrygowski et Randic, ainsi que 1es n6tres sent bastes 
essel~ciellement sur I'Pquiljbre qu'il doit exister entre 
le noinbre de cycles du type 4 N  + 1 et celui du type 
4N + 3. Cet eq::ilibre occas ion~~e une migration 
Clectronlque i partir des cqcles de 7 carbones less  
ceux de 5 carbones. Dans le cas des cycles de 4 et 8 
ca1 bones, qui forinent des hyd~ocarbures alternants. 
cette m ~ g r a t ~ o n  ne se vkrifie pas. De  telle sorte que 
nous ne pouxons conslderer les 101s 6noiicCes an- 
terleurement que comme des tentatlr es. 

Un autle facteu~ qui peut ~nkalider ces rkgles est 
l'ex~sieiice de de\lat,on sel-is~bles de la coplanantk. 
comrne c'est le sas pour le cyclooctatCtrakne 

L ' u ~  des auteurs (S.F.S.), boursier de la Funda~Bo 
d e  Arnparo ii Pesquisa d o  Estado de S5o Paulo. 
relllercie cet organisrne pour la concessioll d'uile 
bourse d'iniciation scientifique. 
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Effect of pressure on &he Raman spectrum sf s-tsioxane I and 11' 

M. N-\K:\HAK,-\.~ P. T. T. WOVG. G.  J .  LE\\ ' IS. 'AND E.  WWALLEY 
Dii.i.\iot~ (!f C'hrt,ii.tii~, h'ciriot~cil Ke.teai.c.h Corrt~c.i/ ofC'rit~citki, Oiiii~i.ci, Ot~r. .  C'tir~ri~lii K I A  OR9 
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M .  NAKAHAKA, P. T. T. WONG, 6. J. LEWIS, dnd E. WHALLEY. Can. J. Chem.57.2869 (1979). 
The Raman spectrum of trioxane 11 at - 110 K and zero pressure, and the effect of pressure 

up to 21 kbar on the spectrum of trioxane I and up to 25 kbar on the spectrum of trioxane 11, 
have been measured to determine if the puckered ring of trioxane goes flat. It does not. In 
trioxane 11, many of the bands that are degenerate in the free ~nolecule are split, showing that 
the C, axis of the isolated molecule does not exist. A few volumetric measurements were made 
on the 1-11 boundary line. 

M.  Y A K A I ~ A R A ,  P. T. T. WO\G, G.  J. LEWIS et E WHALLEY. Can. J .  Chem.57,2869 (1979) 
On a examine le spectre Raman du trioxanne I1 - 100 K et a pression nulle, et on a mesure 

l'effet de la pression, allant jusqu'h 20 kbar, sur le spectre du trioxanne I et jusqu'a 25 kbar, sur 
le spectre du trioxanne 11 afin de determiner si le cycle plisse du trioxanne s'aplatit. Cela ne se 
produit pas. Dans le trioxanne pl~~sieurs des bandes qui sont diginerees sont dCcouplees dans 
la rnolCcule libre montrant ainsi que l'axe C, n'existe pas dans la n~oltcule isolee. On a effcctue 
quelques mestires volun~i.triques a la lilnite de demarcation enlre les trioxannes L et 11. 

[Traduit par le journal] 

1. Bnh.oduction 2. Experimental Methods and Results 

It has been suggected ( I )  on the basis of the infra- 
red spectrum under pressure that the trioxane 
molecule becomes flat when squeezed, probably a t  a 
phase transition a t  about 18 kbar from the ordinary 
phase I to the h~gh-pressure phase II. Trithiane 
certainly flattens when ~t is squeezed (2), and the 
internal rotation aiigles of 1,2-dichloroethane and 
1,2-dibromoethane change significantly towards the 
c b  conformation at pressures of a few kilobars (3). 
However, a detailed analysis of the effect of flattening 
on the infrared spectrum, which is reported in 
Section 3.1, showed that the observed (1) effects of 
pressure are not consistent with flattening. Neverthe- 
less, if trithiane becomes flat, trioxane would be 
expected to do so, although perhaps at a higher 
pressure, and evidence for it has been sought in the 
Raman spectrum. The effect of pressure on the 
Raman spectra of trioxane I and 11 a t  room tem- 
perature, and the Raman spectrum of trioxane I1 
recovered a t  97 K and zero pressure have been 
measured. 

Preliminary measurements showed that trioxane 
could not be transformed to phase II a t  pressures 
below about 25 kbar. Consequently, a few measure- 
ments of the 1-11 equilibrium line and its hysteresis 
have been made up to 150°C to help choose the best 
conditions for the preparation of phase 11. 

s-Trioxane was obtained and purified as described 
in the preceding paper (4). 

2.1 Vollimcfric Measzrren~enfs 
About 4 g of trioxane was melted in a Teflon cap- 

sule having 12.5 mm od and I mm wall thickness, and 
the capsule was placed in a 12.5 mm piston-cylinder 
apparatus (5) lubricated with n~olybdenum disul- 
phide. The apparatus was heated in an oil bath con- 
trolled at f lCC, and was pressurized by a 100-ton 
press. The piston displacement was measured 5 min 
after each change of pressure by an Ames dial gauge 
graduated to 25 pm. Runs at 50 and 100°C are plotted 
for both increasing and decreasing pressure in Fig. 1. 

The pressures at which the niaximum slopes 
occurred when raising and lowering the pressure 
differed by 6, 3.4, and 3.2 kbar a t  50, 100, and 150°C 
respectively. The hysteresis in the pressure between 
up and down runs at the same displacement, when 
there is little friction in the sample, is about 1 2 x  of 
the pressure, as determined by measuring the ice 
VI-VII and other transitions (6 ) ,  and is approxi- 
mately symmetrical about the transition pressure. 
This corresponds to a hysteresis of about 2.2 kbar at 
the 1-11 transition in trioxane. There is therefore 
significant friction in the sample even at 150°C. The 
friction was assumed to be symmetrical about the 
equilibrium transition pressure, and the transition 

'NRCC No. 17736. pressure was taken as the mean of the pressures a t  
'NRCC Research Associate 1978-1979. Present address: \vhich the maximuln slopes occurred. ~h~~ were 

Department of Chemistry, Faculty of Science, Kyoto Uni- 
versity, Kyoto 606, Japan. 16.8, 18,6, and 17.4 kbar a t  50, 100, and 150°C respec- 

3NRCC Research Assoc~ate 1976-1978. Present address: lively, with an uncertainty of about F 1 kbar. within 
34 Borough Av., Wallingford, Oxfordshire, England. experimental error the transition pressure is 17.6 f 

0008-4042/79/212869-07$01 .OO/O 
0 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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6 10 14 18 2 2 
p / kbar 

FIG. 1. Graph of piston displacen~ent against pressure for 
the con~pression of .r-trioxane at  50 and 100~C. The dashed 
lines are extrapolations and interpolations to help estimate the 
transition pressures and volume changes. 

- 1 kbar a t  all temperatures. which is consistent 
with the measurement of Hamann et rrl. a t  22°C (7). 

The volume of transition was determined bv extra- 
polating the apparently straight compression curves 
well above and \jell below the transition to the pres- 
sures of maximum slope, and the volume changes 
were determined from the differences in displacement 
at  these pressures. The volume change at  the equi- 
librium pressure was taken as the mean of the appar- 
ent volume changes for raising and Iower~ng the pres- 
sure I t  u a s  - 1  0 and -1  2 c m 3  mol-' a t 5 0  and 
100 C respectively. At 150 C, enough polymer was 
forlued (8) to make the measured volume change 
unrel~able The melting point mas observed at  100°C 
a t  1 4 kbar on decreasing the pressure By allowing 
12% for fr~ction an  approximate melting pressure of 
1 2 kbar was obtained 

The phase diagram is plotted in Flg. 2, nhich in- 
cludes the zero-pressure inelttng point of 64°C (9). 
The slope of ike inelting line near zero pressure is 

FIG. 2. Phase d~agram of trioxane. The ends of the bars 
indicate the transition pressures for increasing and decrcasing 
pressures. The solid circle at 22 C represents the measurements 
of Hamann et ul. (7). 

27 + - 3 K kbar-l .  The volume of inelting at  zero 
pressure from the densities (10, 11) adjusted to 64°C 
is 12 f - 1 cm3 mol-', and so the entropy and heat 
of melting are 44 + -6 J K- '  molp' and 15 f -2 
kJ mol- l. 

2.2 Ranzan Spectvzrm of Recorered Trioxane 11 
The quenched samples of trioxane 11 were made by 

placing a small copper channel in a Teflon capsule, 
compressing it to make phase 11, quenching to 77 K 
at high pressure, and removing the pressure. The 
sampie held in the copper channel \vas recovered and 
mounted on the cold finger of a low-temperature 
Raman cell, as described elsewhere (12). The recov- 
ered sample was opaque, so no polarization mea- 
surements could be done. The temperature of the 
sample was measured with a thernlocouple embedded 
in it and was 110 K. The spectrum is shown in Fig. 3. 
The frequencies and qualitative relative intensities 
of the bands are listed in Table 1, along with the fre- 
quencies and relative i~tensit ies of the spectrum of 
trioxane 1 at  110 K taken using a similar technique. 

The internal vibrations are similar to those of 
trioxane I, and most of the bands can be straight- 
forwardly correlated as in Table 1, in which the sym- 
metry species listed (4, 13) are those of the isolated 
C,, molecule. The species in phase I, which belongs 
to the space group R3c, C:, with two molecuies in 
the primitive cell on sites of symmetry C3, are the 
same except that the A, vibrations become weakly 
active as A ,  crystal vibrations. The species in phase 
IT are, of course, not known. 

Oniy a few points deserve comment. Most of the 
hydrogen-atom vibrations that are degenerate under 
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the C,, symmetry of phase I split into two bands of 
approximately equal intensity in phase 11. The split- 
ting of the 3033- and 2887-cm-' (at room tempera- 
ture) bands confirms that the A ,  and E asymmetric 
and symmetric CH, stretches overlap in phase I, as 
was discussed in an earlier paper (4). Kobayashi's 
(13) interp~etation, in which the components of the 
asymmetric and of the symmetric stretch are sepa- 
rated by several tens cm-l,  seems incorrect. Several 
new bands occur in phase 11. Most are probably com- 
binations, but the bands at  1375 and 1236 c m l  may 
correspond to the A, CH, wagging and twisting vibra- 
tions of the isolated molecule made active by the dis- 
tortion. The splitting of the degenerate vibrations 
shows that the C ,  symmetry which molecules in phase 
I have is destroyed in phase IT. Tn trithiane, the sulphur 
analogue of trioxane, there are two lnolecules in the 
unit cell of symmetry Pmn2,, Cz,, and they are on 
sites of C, symmetry (14, 15). Trioxane 11 could have 
a similar structure. 

Brasch et al. (I), on the basis of the infrared spec- 
trum under pressure taken in a diamond-anvil ap- 
paratus, suggested that trioxane became flat at  the 
1-11 transformation. The R a n ~ a n  spectrum shows 
clearly that trioxane 11 is not flat at  - 110 K and 
zero pressure. If it were, the A, (on the basis of the 
C,, symmetry of the isolated molecule) asymmetric 
CH, stretch, the A, CH, rock, and the A, v, internal 
rotation would have lost their Raman intensity. The 
A ,  asymmetric CH, stretch may be present (4, 13) as 
a weaker band on the low-frequency component of 
the E asymmetric CH, stretch. The A ,  CH, rock 
has been assigned to a very strong infrared band in 
trioxane 1 at 1222 cm-I (16), but has not been ob- 
served in the Raman spectrum either in ref. 4 or in 
this work. The A, v, internal rotation is also still 
present as a medium band at 496 cm-'. 

2.3 Effect of Pressure 017 the Ranznrz Spcctrui?~ of 
Tr roxa~e  I 

The Raman spectia \+ere taken uith a 25-kbar 
hydrostat~c optlcal cell 151th glass w i i l d o ~ s  (17). The 
pressure mas measured wlth a manganln gauge call- 
brated against a 20-kbar pressure balance The spec- 
tral slit widths were 3 cm-', c o u n t ~ ~ l g  rates 500 s-', 
tlme constant 10 s, and scan speed 10 cin-I min-I 
The 514-11111 argon line was used at a poner of - 1 W 
Spectra of phase I mere taken at intervals of - 3 kbar 
at  22LC. 

Two sets of spectra were taken. In the first, the 
trrosane was separated from the naphtha, in which ~t 
1s soluble, by the apparatus sho~bn in Fig 4. The 
sample holder was a quartz tube that mas closed at 
one end except for a 2-mm-diameter hole and mas 
optically flat at the other. The sample was held in 
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TABLE 1 .  Raman spectra of trioxane 1 and I1 

Phase I Phase I1 

- 

Approximate 110 K 295 K 2v ap 110 K 295 K avl?p 
origina 0 kbar 20 kbar (cm-I kbar- ') Speciesh 0 kbar 25 kbar (cm-I kbar-l)d 

CH2 asymm. st. 

CH, symm. st. 

CH, symni. st. 

CH2 bend 

CH, uag 

CH, wag 

CH, twist 

CH2 twist 

Ring asymm. st. 

Ring symm. st. 

CH, rock 

Ring bend 
Ring bend 

Internal rot., 
ring bend 

Internal rot., 
ring bend 

Intermolecular 

OReferences 4, 13, and 16 
tReferencer 4 and 13. 
'Average value between 10 and 20 kbar. 
Qverage value betkeen 11.4 and 25 kbar. 
"Probable position by analogy with trioxane I 

the tube by a Viton plug at the closed end and by the particularly suitable for sa~nples that dissolve in the 
window of the high-pressure cell, which the sample pressure-transmitting fluid, and can be used for 
cell was wrung to. The assembly was held on the liquids that would corrode the Raman cell. It can, 
window plug of the Raman cell by a brass holder of course, be used only for liquids and soft solids. 
cushioned with a rubber pad. The holder had apes- Spectra were measured up to 21 kbar. 
tures for passage of the laser beam. This set-up is In the second set of spectra, naphtha saturated 
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PLUG GLASS QUARTZ 
WINDOW SAMPLE 

BLEED 
HOLE 

-RUBBER PLUG 

BRASSY 
HOLDER 

-APERTURE FOR 
LASER LIGHT 

F I G .  4. Sketch o f  sample holder used to isolate the sample 
from the pressure-transmitting fluid. 

with trioxane was used as the pressure-transmitting 
fluid, and the samples mere either single crystals, 
clear samples made by cooling the melt slowly, or  
opaque samples made by cooling the melt rapidly. 
The clear samples had strong polarization effects 
characteristic of oriented polycrystals. The relative 
intensities of the bands of the spectra of both clear 
samples and single crystals, taken with a linearly 
polarized exciting beam, changed greatly in the first 
few kilobars in a way showing that the exciting bean1 
was becoming strongly depolarized. The windows 
depolarize relatively little even at  20 kbar (1 8) and it is 
likely that the depolarization was caused by finely 
divided trioxane precipitated from the saturated 
solution by increasing the pressure. To  confirm the 
depolarization, spectra were run ni th  circularly 
polarized exciting light, R hich should give the same 
spectrum as depolarized light and so should be un- 
affected by the depolarization. The relative intensities 
\yere not significantly affected by pressure. Opaque 
samples behaved similarly, and both these observa- 
tions confirm the depolarization. Spectra were mea- 
sured up to 20 kbar. 

The changes of intensity due to the depolarization 
of the exciting light did not significantly affect the 
frequencies, and so these have been reported. The 
relative intensities obtained only with either circularly 
polarized light or with opaque samples here  used. 
They Mere taken to 16 kbar for all bands and to 21 
kbar for the 486- and 520-cm-I bands. 

The frequencies of the vibrations changed linearly 
with pressure, except for the CH, stretching vibra- 
tions, which were sllghtly non-linear. Their variation 
was also non-linear with opaque samples and when 
circularly polarized exciting light was used, and is 
undoubtedly real. The slope of the frequency against 
pressure for each band is listed in Table I .  The results 
obtained when the sample was held in the quartz 
tube shown in Fig. 4 or when an opaque polycrystal 
was held in naahtha saturated mith trioxane were 

When the trithiane was compressed to  18 kbar, 
the A,  v, ring flattening vibration a t  309 cm-I lost 
7 5 m f  its intensity relative to neighboring bands, 
and it was concluded that the molecule was half way 
to  being flat (2). The corresponding band in trioxane 
is a t  486 cm-I (4). The relative areas of the 486 and 
520 cm-' bands and of several other bands were deter- 
mined by tracing them carefully on high quality 
paper, cutting them out, and mjeigliing them. There 
was no significant change in the ratio of the intensity 
of the 486-cm-I band to the intensity of the 520-cm-I 
band up to 21 kbar and its ratio to the intensity of 
the 3033-, 2888-, 1482-, 1319-, 1100-, 951-, 927-, 
746-, or  59-cni-' bands up to 16 kbar. 

The A ,  asymmetric CH, stretch should also lose 
intensity if the molecule flattens. I t  is, however, weak 
compared with the overlapping E asymmetric stretch, 
and flattening should have only a small effect on the 
ratio of intensities of the CH, asynimetric and sym- 
metric stretches. The data in the preceding paragraph 
imply that the relative intensity of the 3033- and 
2888-cnipl bands was independent of pressure, and 
a graph of the ratio verified that this is so. 

The intensity of the 308-cm-' band (frequency at  
ambient conditions) (4), relative to the 520-cn?-' 
band, however, appeared to decrease from 0.33 to 
0.22 in the range 0-16 kbar, as is clearly evident in 
the plot in Fig. 5. The intensity of the 308-cm-' band 
no doubt decreases significantly relative to the rest 
of the spectrum. 

2.4 Effect of Presslire on the Ra17zar1 Spectrurlz of 
Trioxnne II  

A sample of trioxane I1 for h~gh-pressure spec- 
troscopy was made In a 25-kbar hydrostat~c Raman 
cell (17) from a single crystal of phase I by heating 
the cell to 65 C and raislng the pressure to 25 kbar. 

FIG. 5 .  Pressure dependence o f  the ratio o f  the Ratnan in- 
tensities o f  the 308- and 520-cm-' bands. essentially the same. 
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FIG. 6.  Raman spectrum of trloxane I1 at  295 K and 25 kbar. The reglons not sho~ \n  contained no detected  band^. An 
approxrrnate ~esolution of the 526- and 518-cm-I bands is suggested. 

The pressure lvas determined from the pressure 
applied to the hydraulic jack, using the experinien- 
tally determined intensification ratio. The transfor- 
mation \\-as monitored by the c cr Raman spectrum 
of the band at 3033 cm-l .  At the transforruation, 
which occurred at  22.5 kbar, the intensity of the 
scattered exciting light increased by an order of 
magnitude because the single crystal was destroyed. 
The sample was cooled to 22'C and its spectrum was 
recorded at about 2.5-kbar intervals from 25 kbar 
to its transformation to phase I. The slit width was 
5 cm-l,  scan speed 2 or 5 ~111-I min-l, and time 
constant 40 s. The spectrum at 25 kbar is shown in 
Fig. 6 arid the frequencies at 25 kbar are listed in 
Table 1. 

The spectrum is similar to that of phase 11 at - 110 K except for frequency shifts that can be attri- 
buted to the difference of te~nperature and pressure, 
a broadening of the bands and a decrease in the 
splitting of the bands that are degenerate in the iso- 
lated molecule. For some bands the splitting disap- 
pears. Phase I1 survived a reduction to 11.4 but not 
to 8.8 kbar at 22'C. The effect of pressure on the 
frequencies is summarized in Table 1. 

In phase II  under pressure at 22"C, the v, internal 
rotation is a weak low-frequency shoulder of the 
525-cm-I band. It  should be absent if the n~olecule 
is flat. The two bands were resolved by the curve 
resolver using Gaussian-Lorentziall-product line 
shapes, and widths that were independent of pres- 
sure, as shown in Fig. 6. The relative intensities were 
about the same as in phase I and did not change 

significantly l ~ i t h  pressure. The molecules in phase I1 
are therefore not significantly flattened at pressures 
up to 25 kbar. 

3. Discussion 

3.1 Efect of Prrssure orz t l l r  S ~ ~ e c t r u ~ n  
There is no doubt from the spectra reported in this 

paper that trioxane does not go flat under the experi- 
mental pressures in either phase I or phase 11. This is 
consistent with the reported infrared spectrum (I), as 
the following arguments show. 

As was discussed in conilection with the flattening 
of trithiane (21, the A, vibrations that become sym- 
metric to the horizontal plane that is formed on 
flattening, and so belong to species A,', and E 
vibrations that become antisyinmetric to the hori- 
zontal plane, and so belong to species E", lose their 
infrared activity. In the CH stretching region, the 
A ,  symmetric stretch at 2883 cin-' in phase I and the 
E asyinrnetric stretch at  3031 cm-I (the frequencies 
are those of ref. 15) should lose infrared intensity. 
Both bands are doublets, but the band that should 
disappear on flattening is the stronger of both pairs, 
and is much the stronger of the pair at 3031 cm-'. 
Neither loses i~lfrared intensity and so there is no 
evidence for flattening. 

The A ,  CH, bend at 1494 c n l 1  should lose infra- 
red intensity on flattening. Brasch et al. ( I )  reported 
that the 1495-cm-' (their frequency) band was 
absent from the high-pressure spectrum, although a 
new band appeared at 1515 an- ' ,  and the 1420- 
cm-I band also disappeared. The 1420-cm-I band 
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u a s  assigned (16) to the E CH,  wag, which remains 
active in the planar conformation. 

The E CH, rock at 918 cm-' and the A ,  v, ring 
symmetric stretch at 951 cm-' should disappear. In 
fact, they merge to  form "a very intense broad band 
from 920 to  980 cnl-I". 

The A ,  v, ring defori~lation a t  744 cin-' and the 
E v, internal rotation at 305 cm-' should lose 
infrared intensity. The 744-cm-' band is not re- 
ported (1) to  lose intensity under pressure, but it was 
reported by Kobayashi e f  al. (16) to be very weak, 
and may not have been obserbed in the high- 
pressure spectra. The 305-cm-' band is beyond the 
experimental range. The 480-cm-I band ( I ) ,  which is 
the A ,  v, ring flattening vibration at 486 cm-' in the 
Raman spectrum (4), also disappears, whereas it is 
predicted to disappear on flatten~ng only in the 
Raman spectrum. It is clearly present in Raman 
spectra reported in this paper, but it is merged with 
the 526-cm-I band in phase I1 at room temperature 
in the range 11.4-25 kbar, which explains its dis- 
appearance from the infrared spectrum. 

3.2 Resistance to Flattel~irzg 
The potential barrier to flzttening the trithiane 

molecule, according to the potential function 

where V is the potential energy, V,, the potential 
energy of the flat relative to the equilibrium con- 
formation, and 8 = x/xo where x and xo are the 
instantaneous and equilibrium distances betneen 
the carbon and oxygen planes, and the flattening 
frequency at zero pressure of 309 cm-' (2) is about 
0.87 perg (picoerg). The force constant that resists 
flattening is 8Vo/xo2, and is 1.6 and 2.8 mdyn 
for trithiane and trioxane respectively. The ratio of 
the volumes of trithiane and trioxane is - 1.4 (1 1, 14, 
15), and so the ratio of surface areas is - 1.25. The 
ratio of the forces exerted on a molecule by an 
applied pressure is therefore about 1.25. The force on 
a molecule divided by the force constant is therefore 
-2.2 times larger for trioxane than for trithiane.It 

should therefore be significantly more difficult to 
flatten, in agreement with the conclusions of this 
paper. 

Summary 
1. The Ramail spectrum of trioxane I up to 21 kbar 

and of trioxane I1 at -- 110 K and zero pressure and 
at 295 K in the range 11.4-25 kbar have been 
rneasured. 

2. The spectra show no evidence that the molecuies 
in either trioxane I or trioxane I1 become flatter in the 
experimental range. 
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k e s  osazslines-4 prkcurseurs de sels d' iminium fonctionnels. Ouverture e n  milieu anhydre 
de  ces hktkrocycles par des acides protoniques: sbtentioll de sels d9iminium fonctionnels, 

6tude de leur structure 

MICHF-I. VAULTIFR.  GURBACHAK MuI,I~I( .K'  FT ROBERT C A R R I ~  
Gi.olrpc tie P/1?-,ic.oc.iiit7lic, Str-~cc.t~rt-ri/c, /nh(ir-rrtoir-e I I O  3, ERA I I O  389, 35042 X?t~tzes C'it/e.x, Frtitzcc 
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MICHEL VAULTER, GURBACHAU MULLICK et ROBERT CARRIE. Can. J. Chem. 57.2876 (1979). 
La protonation des oxazolines-4 en milieu anhydre, a basse temperature ou a temperature 

ambiante, par des acides protoniques conduit genkralenlent a des sels d'iminiurn fonction~lels 
acjcliques. Lorsque le carbone 4 du cqcle oxazoline porte un hydrogene, deux sels d'iminium 
cycliques iliasterCoisorn&res sont formes. Les conditions d'obtention et la structure de ces 
especes sont etablies a l'aide de la rmn du proton et du 13C. 

M~crihr  VAULTIEK, GLRBACHAK MULLICK, and ROBERT CARRIE. Can. J. Chem. 57. 2876 
(I 979). 

The protonation of 4-oxazolines \\ith protic acids in anhqdrous medium, both at  low or at 
room temperature, generally leads to acyclic functional irninium salts. In those cases where the 
oxazoline ring bears a hydrogen atom in the four position, two diastereoison~eric cyclic ilninium 
salts are obtained. The conditions for preparation of these salts along with the characterization 
of their structures \yere determined by the aid of 'H and 13C nmr. 

Inkaodlaetion vlures d7azomCthine correspondants permet de les 

Les oxazolines-4 ont CtC peu Ctud~Ces (1). Cepen- 
dant 16 a CtC montrC que certains de ces composCs 
sont des ylures d'azomethine potentleis qur peuvent 
donner des cycloaddults avec d~vers d~polaroph~les 
(2, 3) L'mstab~lltC des oxazol~nes-4 en prCselice 
d'eau est Cgalement conliue et les produits d'hydro- 
lvse ont Cte ~dentifiCs ( 3 .  4). 

\ ,  , 

Lors d'une Ctude sur la rkactivite des aziridines, 
ylures d'azomkthine potentiels, vis ii vis des riactifs 
Clectrophiles et ~iucleophiles ( 5 ) ,  nous avons montsC 
que l'oxarol~ne-4 %a reagit A tempCrature arnbiante 
( 1 )  avec 1es ylures de soufre pour conduire a des 
azetidines (6). 11 n'a pas CtC clairement Ctabli dans ce 
cas SI la rCact~on nroctde par une addition nuclCo- 
phile sur l'ylure d'azomethine Cventuellement en 
Cquilibre avec l'oxazoline-4 Pa ou par une attaque 
directe du cycle oxazoline par les ylures du soufre; 
(2) avec certains nuclCophiles ( 5 )  (phosphite de 
trimithyle, znions ambivalents . . .) uniquement en 
prCseilce d'un acide protonique. 

Nous avons donc entrepris-une Ctude du comporte- 
ment des oxazolines-4 en prCsence d'acides pro- 
toniques pour: (I) montrer que les oxazolines-4 sent 
des prkcurseurs de sels d'irninium fonctionnalisCs sur 
le carbone en cl de I'atome d'azote. Ces sels,sont 
d'accks difficile, seule la protonatioli d9aziridines 
dans les conditions o t ~  elles sont en Cquilibre avec les 

'Chel-cheur associe invite. Adresse actuelle: Explosives 
Research and Development Laboratory, Pashan, Poona- 
41 1021, India. 

bbtenir (5) .  L'introduction .de fonctidns dans cette 
position ouvre de nouvelles possibilitCs d'hCtCro- 
cyclisation; (2)  Ctablir les conditions d'obtention de 
ces sels d'irninium et leurs structures, afin de per- 
~nettre une n~eilleure comprehension des micanis~nes 
riactionnels et un meilleur choix de conditions 
expCrirnentales. 

Prr'.senta/iun gt.'/ir'rule U'L~ /~rohl?t)~e 
La schema 1 donne les diverses possibilitks 

d'Cvolution d'une oxazoline-4 de formule 1 en 
prCsence d'acide protonique AH dans u11 milieu 
anhydre. - 

Ces diffkrentes possibilites rksultent de la structure 
de l'oxazoline-4 qui peut Etre A la fois co~isidCrCe 
cornme une enamine, un ether d'tnol ou un amino- 
acetal. Seule la formation des entitis de structure 3 et 4 
a CtC observke sauf dans le cas de l'oxazoline Pe ou 
deux diastCrCoison~eres de structure 9 ont CtC mis en 
Cvidence. Les co~nposCs 1, 3 et 4 sont en Cquilibre. 
L'ensernble de ces Cquilibres est complexe et n'a pas 
Cte CtudiC dans le detail, le but de nos recherches 
Ctanf de digages les facteurs les plus importants qui 
interviennent. 

Les structures des entitis formtes ont CtC Ctablies 
B l'aide de la rmn du proton et du 13C. Le pourcen- 
tage relatif des differenis co~nposCs est dCduit de 
l'intkgration des signaux de leur spectre de rmn 'H. 
Protor7atiol7 ci bnsse tenlpe'rafure 

FS03N I - 3 0 ' 0  
L'addition d'un Cquivalent d'acide Auorosul- 

0008-4042/79/2 12876-09SOI ,0010 
a 1979 National Ke\earch Council of Canada/Conseil national de rechet-ches du Canada 
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fonique FSO,H a une solution des oxazolines In-d 
dans I'acCtonitrile conduit quantitativement aux sels 
de structure 3. Ees caracttristiques spectroscopiques 
des composts 4 et 3 figurent dans le tableau 1 et sont 
en accord avec les structures. 

Le dtplacemellt chimique du protoil Ma des com- 
posCs 3 est en accord avec une structure iminium (7) 
et est comparable aux valeurs que nous avons 
trouvtes pour des structures voisines ( 5 ) .  I1 en est de 

meme en 13C pour 6C, et la constante de  couplage 
J,,,, L'existellce dans chaque cas de 2 carbones 
sp2 ne portant pas d'hydrogene, l'un lie a un atome 
d'azote (6 - 110 ppm) I'autre a un atome d'oxygene 
(6 - 170 ppm) montre que 3 est forme (et non la 
cCtone correspolldante 4). Le proton inolique, 
rCsonnant a champ relativement fort (6 -- 10ppm) il 
se~nble logique de penser que le compost n'est pas 
chtlate. On est done conduit a attribuer aux sels 3a, 

l a :  R 2  = Ph. Ri = COLMe. R4 = Me 
l h :  R 2  = Ph. R, = C0,Me. R, = Ph 
1~ : R2 = Ph. R, = C N ,  R, = Ph 
Id :  R2  = Me. R, = COZMe,  R, = Ph 
1 ~ :  Rz = Ph. R 3  = W .  R4 = COlhle 

S C H ~ X I ~  1 

+O=C-R4 0----CWR4 
I I 

PI!H J u 3  PhCH C-R;. 4- 
'N' 'H \&Y 

I 
R2 

I 
R2 

H 
'o~-c-R~ 

I I/ 
PhCH C-R, 

'N' 
I 
R2 

8 9 2 
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VAL1 TIER 1 7  41 2879 

3b et 3d la structure suivante: 

30: Rz = Ph: R, = hle 
31): R 2  = K, = Ph 
3tl .  R 2  = Me: R, = Ph 

Lorsque R, = CN, le rCsultat est different, on ob- 
tient deux sels d'iminium 3c et 3'c dont la stCrCo- 
chimie n'est pas diterminee. I1 faut noter, enfin, que 
dans ces conditions, la formation de sels d'iminium 
cCtonique 4 n'est pas mise en evidence. 

CF3C02H (-40'C) 
L'acide trifluoroacetique est beaucoup plus faible 

que l'acide fluorosulfonique et les oxazolines 1 ne 
sont pas complitement protonCes avec un Cqui- 
valent d'acide trifluoroacCtique. Les caractCristiques 
spectroscopiques des sels d'iminium 3 et 4 obtenus 
par addition de 4 kquivalents de CF,CO,H aux 
solutions dails CDCI, des composCs B figurent au 
tableau 2. Elles sont en accord avec les structures 
proposCes. 

k'analyse de ce tableau montre la diversit6 du 
cornporteinent des oxazolines CtudiCes. L'oxazoline 
Ba conduit B deux couples d'isom6res gComitriques: 
un couple d'Cnols Z et E, 3a et 3'a, et le couple de 
cttones Z et E, 4a et 4'a. Les hydroxyles de 3a et 3'a 
ne sont pas ch6lati.s avec le groupelnent ester. Lors- 
qu'on rCchauffe Q la tempCrature ambiante ces deux 
composCs s7isomCrisent en enols chClatks 3"a et 3"'a; 
il est alors possible, con~me nous le verrons, de 
 nettr re en Cvidence, a basse tempirature, le proton 
Cnolique champ faibIe alors que celui de 3a et 3'a 
est en Cchange rapide avec l'acide trifluoroacCtique 
en exces (meme a 190 K). 

L'oxazoline Ib conduit au milange d'un seul Cnol 
3'6 dont le proton est chClatC avec le groupement ester 
(60H = 13.45 ppm, singulet Ctroit ri 200 K) et d'une 
seule cetone (80%). 

Le comporternent de l'oxazoline l c  est analogue 
en prksence des acjdes trifluoroacttique ou sul- 
fonique. 

L'addition de quantitis croissantes d'acide tri- 
fluoroacCtique fait disparaitre les oxazolines 1 comlne 
le montre le tableau 3. Pour l a ,  I b ,  l c  la quantitC de 
sels d'iminium formts est toujours infkrieure a la 
quantitC d'acide ajoutCe. L'existence d'une Cquilibre 
entre l'oxazoline-4 de depart et les sels d'iminium est 
ainsi inise en evidence; elle est confirrnke par le fait 
que les spectres de carboiie 13 de l'oxazoline Ic 
additionnie de 4 kquivalents de CF,CO,M doivent 

Ctre enregistrCs a -90°C pour obtenir des signaux 
distincts pour 3c, 3'c et PC (a - 50'C, on observe un 
signal moyen pour ces trois entitCs). 

La quantite d'acide nkcessaire pour faire dispa- 
raitre l'oxazoline de depart depend de la basicit6 
relative des coinposCs. Ainsi, coliime on pouvait s'y 
attendre Id est plus basique que l a  el le-nihe plus 
basique que 16 et l c .  I1 convielit egalement de re- 
marquer que le pourcentage de cCtone augrnente 
avec l'aciditt du milieu. 

L'analyse des rCsultats de la protonation, a basse 
temperature, fait apparaitre les points suivants. 

Dans des conditions pour lesquelles l'existence 
d'un Cquilibre entre l'oxazoline 1 et I'ylure d'azo- 
mithine 5 parait trks peu probable, la formation des 
sels 3 est observee et ne ~Csulterait donc pas de la 
protonation de l'ylure 5. 

I1 semble plus logique d'admettre que le proton se 
fixe sur l'oxazoline conduisant ainsi a 2 doilt I'ouver- 
ture est assistee par la paire libre de I'azote (schema 
2). Ce niCcanisme est compatible avec la configura- 

P ~ c $ _  c PhCH c 
\N/ '.. 

I R3 
bT/ \R3 r;; 

tion de double liaison carbone-carbone de 1'Cnol 
for~nC lors de la protonation de la,  16 et Pc ayec 
FS0,H.  

La base coiijuguCe de l'acide trifluoroacCtique, 
beaucoup riloins fort que l'acide fluorosulfonique, est 
relativenieiit nucliophile. Son utilisation rend les 
rksultats plus cornplexes et les diverses enlitis 
forniCes sont en kquilibre. Dans le cas de i'oxazoline 
In, on observe un couple d7Cnols et uii couple de 
cetones, chaque couple Ctant composC de deux 
isornkres gConiCtriques au niveau de la fonction 
iminiurn. Ce phCnomene peut rCsulter de la nuclCo- 
philie de l'ion trifluoroacCtate qui par un processus 
d'addition Climinatio~l provoque uile isomCrisation 
de 1'Cnol (schema 3). 

La substitution du nlithyle en 5 par un phCli>le 
modifie considCrablement les rCsultats. E'effet du 
phtnyle parait difficile analyses, ce groupement 
modifie non seulenlent 17aciditC des Cnols ii~ais Cgale- 
inent les Cquilibres cktoknoliques et sels d'iminium 
3 - aniine PO. 

Protoriiltio~? ii ten717krat1ir.e ambiat7te 
Protonatio~ par FSO,N 
L'addition la tempCrature anibiaiite d'un 

equi\alent d'acide fluorosulfonique 2 une solution 
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V A U L T l E R  ET AL.  288 1 

TABLEAU 3. Addition de quar1titi.s variables d'acide trifluoroacetique a -40'C a des solutions de 1 dans CDC13 

Mmol d'acide Mmol d'oxazoline I 
No R2 R 3 R 4 ajoutCes restantes Especes forl~lees 2 

1 0 .64  3a + 3'a 80'20 
In  Ph C0,Me Me 2 0 3a + 3'n 70,'30 

3 0 3n f 3'a + 4u + 4'a 54/27/13,'5 
4 0 3u + 3'a t 4u + 4'0 49;25;21;5 

1 0 .66  3"b t 4b 25/75 
l b  Ph C02Me Ph 2 0 . 2  3"b + 4b 25;75 

3 0 3"b + 40 25/75 
4 0 3"b f 4b 20,:80 

1 0 . 8  3c + 3'c 65/35 
l c  Ph CN Ph 2 0 .44  3c + 3'c 65/35 

3 0 . 1  3c + 3'c 65/35 
4 0 3c + 3'c 65/35 

Id Me C0,Me Ph I 0 3d i 3'd t 4d 55/15/30 

dans CD,CN des oxazolines la-dconduit la forma- obtenu a basse temptrature (10%) d'un Cnol de struc- 
tion de sels d'iminium dont les caracttristiques spec- ture chelatee 3"b (777;';) tris lnajoritaire et d'une 
troscopiques figurent dans le tableau 4. I1 faut noter forme cktonique (13x1. 
que ces m h e s  resultats sont obtenus si on laisse p,,tollafion par l'acjc/c rrr~lrol.onc~tique 
rtchauffer k la temptratuse anlbiante les solutions L'addition, g l a  telnptrature ambiante, de 4 
CtudiCes basse temptrature (par addition Cgalement equivalents de CF,CO,H a des solutions de l a ,  l b  
d'un Cquivalent d'acide FS0,H). On peut remarquer et lc dalls CDCj, et le rtchauffage l'ambiante de 
les points ~ u i v a l l t ~ .  (i) le comportement de l'oxazo- solutions prCparies 2 basse temperature conduisent 
line I c  est inchange, les mEn~es especes qu'a basse au rCsultat, Les caracttristiques spectra- 
tempirature sent obtenues; (ii) lQ donne un melange scopiques des espitces formtes figurent au tableau 5. 
de 1'Cnol obtenu a basse telnptrature 3a (32%), de on remarque que le comportement de lc est 
deux Cnols a haute temperature 3"a et 3 " ' ~  (60%) inchan&. L'oxazoline l b  conduit aux m&mes entit& 
Pour lesquels l7hydro@ne knolique est chilate (6 = qu'a basse temptrature mais, les pourcentages sont 
12.9 P P ~ )  et ellfin d'une forme cCtol1ique (8x1. Les inversCs, la forme Cnolique chClatte (SOH = 13.38 
phenornitnes d'isomtrisation et de tautomCrie &to- ppm) Ctant devenue majoritaire. L'oxazoline la con- 
tnolique se manifestellt donc a la tempkrature duit au  mtlange d'un Cnol chilati tres majoritaire 
ambiante alors qu'ils ttaient inhibts & basse tern- (85%) de structure 3"a (A = ( 3 ~ ~ ~ 0 ,  -) et des deux 
pirature; (iii) l b  conduit a un mClange de l'tnol enols de basse temptrature 3Q et 3'a (15s).  Les 

formes cttoniques ne sont pas dttectables mais, le 
passage des formes non chtlattes 3a et 3'a a la forme 

W\ /R4 c chClatie 3"a s'effectue sans doute par l'intermtdiaire 
H-0, /R4 

t- / /  des formes cktoniques. 
PhCH C PhCH C \%/ \ R ~ ,  A- \G/ \R3. A- Cns particirlirr : protonatiol~ r/e 190.unzoli~7c~ l e  

1 1 En raison de I'instabilitC des entittes forn1Ces 
P h P h 1'Ctude de la protonation de l'oxazoline l e  s'est 
2 3 avCrCe difficile. Cependant, a trits basse temptrature, 

.A = CF,CO:- i\omPrr z vu t. dans SO, liquide, et en prtsence d'acide Auorosul- 

IT fonique, il a it6 possible de mettre en tvidence la 
formation des deux sels d'iminium cycliques dias- 
ttrCoisomires de structures 5'e et 5"e. Leurs carac- 

HO\ ,R4 HO\ ,R4 
C .A C 

ttristiques spectroscopiques ainsi que celles de 
/ /  6- ( 1  /I l'oxazoline Pe figilrent dans le tableau 6. Elles sont 

PhCKH+ C  P h C L  C 
"N" \ R ~  

en accord avec les structures proposies. On notera 
TI4' \ R ~ .  A- 

I I en particulier la prtsence d'un carbone de sel 
~ h  ~h d'iminium cyclique (Cp) avec une grande constante 

3' PO de couplage carbone-hydrogitne (JcDHD = 207 Hz) 
isomel-e t‘ ou % caracttristique de ce type de sel (7). De plus, l'exis- 

S C H L ~ I A  3 tence de 2 carbones sp3 dans la moltcule (C,, carbone 
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TABLEAU 6. Les rCsonances magnetiques nucleaires du 'H et du 13C de l'oxazoline-4 l e  et des sels d'iminiun~ corres- 
pondants obtenus a - 100-C avec FSO,H dans SO, liquide (spectres enregistres a -40-C) 

0--- C-COpCH3 FS0,H 0- 
/ H  

I I/ - I 
- 10OCC PhC .Ha 

I I 
Ph Ph 

1 e 5' ( ,  et 5"o 

'H rmn 6 (ppmlTMS) 13C rmn 6 (ppni TMS), J (Hz) 

Con~poscs Hz HP H., C02CH, Cn JC~II, Cn J C ~ H ~  c,, J ~ . , ~ y  

OEn solutioti dans CDC13. 
bMasque par les protons arornatiques (entre 7.10 et 7.75 ppni). 
c4J~,Hp = 1.8 Hz; 3JHDII., = 0.7 HZ. 
d4JU.38 = 5.9 Hz. 

--u..-, 
5 i g n a u x  de 5 'e et 5"e iildiscernables. 

i 4 J ~ 2 1 1 p  = 1.5 HZ; 3 J , + B i ~ i  = 1.1 Hz. 
g4JHOH,, = 5.9 Hz (rnes~irt- lors de I'irradiatioil de Hp) 

acktalique le plus dCblindt et C,) confirme les struc- 
tures 5'e et 5"e. 

Le comportement diffirent de Ic comparative~nent 
aux autres oxazolines etudiees rksulte vraisemblable- 
ment de la substitution en 5 par le groupernent 
ester qui modifie la nucliophilie du  carbone 5 et 
contribue A la dPlocalisation de la aaire hbre de 
l'azote la rendant moins disponible pour assister 
l'ouverture d'une oxazoline protonee sur l'oxygene 
de type 2. 

Les spectres de rmn du proton ont etC enregistres a 100 MHz 
sur un appareil JEOL MH 100, ceux du carbone 13 sur un 
appareil Bruker WP 80 DS a 20 115 MHz. Le TMS est 
utilise comrne rkference interne. Dans le cas du carbone 13, les 
constantes de couplage ont Cte mesurCes sur des spectres 
obtenus a l'aide de la technique du decouplage en fenetre 
("gated decoupling"), la rCsolution digitale etant alors d'en- 
viron 1 Hz. 

Prod~tits de r1c;piri.t 
Oxuzolir~r-4 l a  
Elle est obtenue quantitativement par thermolyse sec de la 

triazoline correspondante a 155'C sous atmosphere d'azote ou 
d'argon ( 5 ) .  C'est un compose huileux, tres facilement hydro- 
lysable, utilise "in situ". 

Onazoline-4 J b  
Elle est preparee selon le mode operatoire decrit par Niklas 

(3): la C,,V-diphknylnitrone (1.50 g, 7.6 mmol) et le phCn>l- 
propiolate de methyle (1.22 g, 7.6 mrnol) sont dissous dans 
20 em3 d'acetate d'ethyle anhydre. La solution est maintenue 
a reflux 15 h sous atmosphere d'azote. L'acetate d.Cthyle est 
distille sous vide. L'huile residuelle cristallise au refrigerateur. 
La recristallisatioll dans I'acetonitrile donne 1.5 g de I'oxazoline 
Ib, pf = 115-C, Rdt = 56%. 

O x ~ z o l i t ~ r  JC  
Elle est preparee selon Texier et Carrie (2). L'E-benzoyl 

cinnamonitrile (1.86 g, 8 ~iimol) et le phenylazide (2.86 g, 
24 mmol) sont milangts puis maintenus a 90C, sous atmos- 
phirc d'azote, pendant 18 h a l'aide d ' ~ ~ n  bain d'huile. Apres 
refroidissement, on additionne de l'ether sec. Les cristaux 
jaunes d'oxazoline l c  sont filrres, laves avec un peu d'ether 
froid. La recristallisation dans l'acetonitrile donne 1.6 g 
(Rdt = 61.5%), pf = 117.C. 

Oxirzoline-4 I d  
L'isoxazoline-4 correspondante 11 est d'abord prepare 

11 

selon le mode ol~eratoire de Niklas (3) Iegerement modifie. La 
C-phenyl N-methylnitrone (1.35 g, 10 mmol) et le phenyl- 
propiolate de me th~ le  (1.6 g, 10 mrnol) sont melanges puis 
maintenus 80'C pendant 3 h a l'aide d'un bain d'huile. 
L'huile obtenue est alors refroidie et additionnee de methanol. 
L'isoxazoline 11 precipite; elle est recristallisee dans le me- 
thanol (1.5 g, Rdt = 5 0 z ,  pf = 104'C). 

L'isoxazoline 11 est dissoute dans le solvant choisi puis la 
solution transferCe dans un tube en verrc qui est ensuite scellk 
sous atmosphere d'azote (par exen~ple: 295 111g (1 mmol) 
d'isoxazoline 11  sont dissous dans 0.5 cm3 de C,D,). Le tube 
scelle est maintenu 3 h a 135-140'C dans un bain d'huile. 
Le spectre de rmn de la solution indique une transposition 
tota!e et quantitative de l'isoxa~oline en oxazoline Id (carac- 
teristiques rmn dans lc tablcau 1). 

Osazoline-4 Pe 
CJr-diphenylnitrone (2.0 g, 5.08 mmol) et 0.86 g de pro- 

piolate de methyle (5.10 mmol) sont melanges dans 30 cm" 
de benzene anh~-dre.  La solution est rnaintenue 3 h a reflux 
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sous atmosphere d'azote. Le benzene est alors distille sous 
vide. Le solide residue1 est recristallisC dans I'acetonitrile con- 
duisant a 1.0 g d'oxazoline-4 l e  (Rdt = 40%, pf = 170'C). 

Les composes 10, Ic, I d  et l e  doivent Ctre conserves au 
refrigerateur sous atmosphere d'azote. 

Protorlnriorz des oxnzoliiies-4 
Les entitis observees sont tres fragiles. I1 est necessaire de 

travailler en milieu anhydre sous atmosphere d'argon set.-Les 
solvants deuteries sont conserves sur tamis moleculaire 4 A. 

D'une faqon generale, les analyses a l'aide de la rmn du 
proton ont ete realisees sur des solutions de 0.5 mmol d'oxazo- 
line-4 dans 0.3 cm3 de solvant deuterie. Les spectres de rmn du 
carbone 13 ont t te  enregistres sur des solutions de concentra- 
tion de 1 a 3 mol,'L suivant le nombre d'entites formees. 

Prototlntiorz yur i'acirlefl~~orosnlforzique FSO,H darls CD3C1V 
Les fluorosulfonates d'iminium obtenus n'etant pas solubles 

dans CDCI,, nous avons utilisC l'acitonitrile deutkrie CD,CN. 
Le mode operatoire ~~t i l i se  est le mCme pour les oxazolines 
l e d :  a une solution (ou a une suspension) de 0.5 niniol 
d'oxazoline-4 dans 0.3 cm3 d'acitonitrile deuterie, dans un 
tube de rmn, ferme par un septum, on ajoute sous argon, a 
l'aide d'une microseringue, lentement, 50 mg de FSO,H (soit 
28.7 ILL). La solution est alors agitee et le spectre enregistre. 
Lors d'une protonation a basse temperature, la solution 
d'oxazoline-4 est amenee a - 60-C. L'acide lui-meme prea- 
lablement refroidi est alors ajoute lentement puis la solution 
agitee. Le m&me protocole est utilisee pour l'enregistren~ent 
des spectres de carbone 13 (2 cm3 de CD,CN, 2 mmol 
d'oxazoline-4 et 2 n ~ n ~ o l  de FS0,H (115 pL) lorsqu'une ou 
deux entites sont forniees et 2 cm3 de CD,CN, 6 mmol 
d'oxazoline-4 et 6 mrnoles de FSO,H (345 LLL) dans les autres 
cas). 

Protonatiorz de l e  par FS03W daizs SO, liq~iide 
L'oxazoline-4 i e  est placee dans un tube de rmn ferme par 

un septum et purge a l'argon. Ce tube est refroidi a -40-C et 
la quantite de SO, liquide nCcessaire est condensee directenlent 
dans le tube a l'aide d'une grande aiguille (140.5 mg de l e  et 
0.3 cm3 de SO, liquide pour le proton, et 3 mmol de l e  
(843 n ~ g )  et 2 cm3 de SO2 liquide pour le carbone 13). La solu- 
tion est alors congelee a - 100'C et l'acide ajoute leiltement, 
le tube etant incline, de telle f a ~ o n  qu'il n'y ail pas d'ichauffe- 
ment notable lors du contact. 011 laisse alors re\-enir lentement 
2 -70'C et on agite a cette temperature; i 0 z  de C,D, sont 
ajoutes pour verrouiller le champ de l'appareil de rmn. Les 
spectres sont enregistres a -40 C. 

Protoimtion par l'ncide trifluovoacCtiqrre 
Ces etudes sont rtalisies dans CDCI,; 0.3 cm3 de solution 

contenant 0.5 mmol d'oxazoline-4 pour le proton et 2 cm3 de 
solution contenant de 2 a 6 mmol d'oxazoline pour le carbone 
13. Les echantiilons sont prepares cornme indique precedem- 
ment (1 mmol de CF3C0,H = 76.5 pL). 

I .  J .  A .  FKC'~IP .  Chem. Rev. 71.483 ( 1971). 
2. F. T L X I ~ R  et R. C . A R R I ~ .  Bull. Soc. Chirn. Fr. 4119(1971). 
3. J .  N I K L ~ S .  These. Xlunich. 1975. 
4. J .  E .  RALD\ \ I I \ .  R .  G .  ~ ' U L ) F S S F K Y .  A .  K .  OI;KESHI et B.  

SULARZ. J .  A m .  Chem. Soc. 90. 5325 (1968). 
5 .  \I. V A U L T I L R .  Thtse. Rennes. 1977. 
6. M .  V ~ u i  Irlril. K .  I I - \ \~or+Bouc,o~.  D. I ) - \ \ ION.  J .  H \v t - -  

L I ~  et R. CARRIL.  J .  Org. C h e m .  40. 2990(1975). 
7. H. B o H \ ~ ~  et H. G.  V~t i - IF  lminiu~n u l r ~  in 01-ganic 

chemistry. Ad\nnces in organic chemistr!. Vol. 9. tome I .  
John LViley and Sons. 1976. p. 26 et suivante5. 
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COMMUNICATION 

Acid-catalysed cleavage of 4-halonsrtricyclenes in deuterated medium; evidence that the 
norbosngl cation is an unsymmetrical species 

Nlc K H E N R ~ .  WERSTIUK.  UALJI-I DHA\OA. A N D  G ~ O R G E  T ~ \ f n r r ~ s  
Dcpai.ii ,ir~~t of C'hr~nia t r ~ . ,  .\I( Mti~tci.  Uiiii.ri.city, H(i11riitor7. 0 1 1 ~ .  . C'citiiitlti LRS 4.\11 

Received August 24. 1979 

NICK HENRY WERSTIL'K, DALJIT DHANOA, and GEORGE T I M M ~ ~ S .  Can. J. Chem. 57.2885 
(1979). 

We have determined the enr/o:exo deuterium ratios at C(6) of the eso-acetates obtained by 
D2S04-catalysed cleavage of nortricyclene ( d f i ) ,  4-chloronortricyclene (4b), 4-bromonortri- 
cyclene (4d), and 4-iodonortricyclene (4e). That the ratios are 1.09 k 0.03, 1.30 k 0.04, 
1.40 k 0.02, and 1.48 f 0.02 for ring-opening of 40, 4c, Jd, and 4e, respectively, establishes 
that the norbornyl cation is an  unsymmetrical rapidly-equilibrating species. 

NICK HE\RY WFRSTIUK, DALJIT D H ~ \ O A  et GEORGE TIMMIUS. Can J Chern 57 2885 ( 1979) 
Nous avons determine les rapports enr1o:exo du deuterium au niveau du carbone 6 des 

acetates obten~ls par clivage catalytique a l'aide du D 2 S 0 4  du nortricylene ayant en position 
4 les substituants suivants: Cl (Jb), Br (4d), 1 (4e). Ces rapports qui sont respectiveluent de 
1.09 ? 0.03, 1.30 i 0.04, 1.40 + 0.02 et 1.48 t 0.02 pour l'ouverture des cycles Jn, 4c, 4d et 
4e etablissent que le cation norbornyle est une espece non symetrique en equilibre rapide. 

[Traduit par le journal] 

The norbornyl-cation controversy has held the 
attention of physical organic chemists for the past 
two and one-half decades (1). We, along with many 
researchers, were drawn to inake a contribution, 
and thereby provide a solutlon to the problem (2, 3). 
The enormous effort whlch has been expended 
t~orld-wide to solve the ~ r o b l e m  has heen docu- 
mented clearly by Brown ( I ) . '  As we see ~ t ,  the 
central lssue of the controversy is stated sl~nply in 
the fo l lon~ng qucst~on. Is the symnietr~cal norbor- 
nonium (non-classical) ion (la)  an intermediate or 
does it best represent the transition state between 
the rapidly-equilibrating unsyninietrical (classical) 
ions 2u and 3u? 

By eiliploying classical substituent effect studies to 
ascertain the structure of the norbornyl cation, 

'With colnments by P. von R. Schleyer. 

researchers have introduced substituents on the 2.2.1- 
framenork and thereby destroyed the symmetry of 
l u  and rendered the equillbratlng classical ions non- 
degenerate. Slnce C(4) 1s the only s ~ t e  \$here a single 
substitution does not destroy symmetry or  clutter 
the front-face of the cation, we reasoned that the 
critical question (cide siipru) could be answered if we 
established nhether or  not the inass of the substitcent 
a t  C(4) affects the chemistry of the norbornyl catlon. 
T o  that end \+e chose to study the stereochernistry of 
the acid-catalysed cleakage of 4-halonortr~cyclenes 
4a, 46, 4c, 4d, and 4r .  I f  cleavage yields non-class~cal 
catlons In-e. then the stereochem~stry of the rlng- 
openlng, as rnonltored b) the mdo exo deuter~um 
ratlo at  C(6), would be unaffected by the niass of the 
substltuent at  C(4) However, ~f cleavage ylelds 
class~cal cations and the poilderal effect2 (4) of the 
substituent beconies progressively larger as the mass 
of the substituent increases, a change in the stereo- 
chemical outcome of the reaction \+ ould be observed 
because the rate of rearrangement of ions 20-e to 
30-e should decrease through the series. Conse- 
quently, reaction of the first-formed 6-e;1do-d-catio11 
with solvent should compete more effectively with 
rearrangement. We wish to report that the endo:exo 
deuterium ratio at C(6) of the exo-acetate obtained 

'de la Mare (4) has suggested that the ponderal efTect is 
derived from non-polar, non-stcric, entropy effects mhich 
depend on mass. 

0008-4042179/212885-02S0 1 ,00/0 
cs I979 National Research Council of Canada/Conseil national de recher-chcs du Canada 
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VOL 57. 1979 

TABLE 1. Endo:e.ao deuterium ratios at 
C(6) of norbornyl acetatesX 

Substrate Endo:exo deuterium ratio 

*7.he errors quoted are the average deviations 
from the mean that  was obtained b> anal>sis of 
a t  least three 2Hrnr spectra of the deuteraied 
norbornanol obtained fron I three ring-openings. 

TABLE 2. Percent deuterium at C(1) and 
C(2) of norbornyl acetates 

Percent deuterium" 
Substrate C(1) c(2) 

'The errors quoted are the average deviations 
fl-om the mean that \%as obtained by analhsis of 
at least three 2 H m r  spectra. 

by D2S04-catalysed3 ring-opening of nortricyclene 
(4tr), 4-chloronortricyclene (4c), 4-bronionortricy- 
clene (4d), and 4-iodonortricyclene ( 4 ~ ) ~  does indeed 
become larger as the mass of the substituent at  
C(4) is increased (Table 1). 

T o  determine the deuterium distribution, v\e trans- 
formed the deuterated acetates into deuterated eso- 
2-norbornano15 and recorded at  least three FT 
'Hmr spectra for each norbornanol complexed with 
Pr(fod),. Thc endo:exo deuterium ratios of C(6) 
were derived from the relative peak areas which we 

3While 4ir was cleaved in 0.1 M D2S04-CD3COOD at 
25"C, 4c, 4d, and 4e were cleaved at 50-C. 

"Compound 4a was prepared from the tosylhydrazone ol' 
2-norbornanone (5); 4c and 4d were synthesized from 2- 
norbornanone by a route which was similar to the synthesis 
described by Sauer (6); 4e was prepared by lithiating 4c and 
quenching the anion with I,. 

T h e  e.70-acetates were reduced by LAH in ether and the 
4-halonorbornanols were reduced by Na in 2-propanol to 
deuterated exo-2-norhornanol. 

obtained from the 2Hmr spectra by nieans of a 
computerized curve-fitting routine. 

Our value of 1.09 + 0.03 for the ring-opening of 
4a agrees well with the ratio of 1.08 0.05 obtained 
by Nickon and Harnmons (7). To  check for deu- 
terium scrambling in the products, we determined 
the deuterium distributions a t  two stages6 during the 
ring-openings of 40, 4c, and 4d. Within experimental 
error the distributions were identical at both stages. 
That optically active exo-2-norbornyl acetate does 
not racemize at  a detectable rate under the reaction 
conditions (7) is further evidence that deuterium- 
scrambling is not important. 

Since the endo:exo deuterium ratios become larger 
as the mass of the substituent increases, a ponderal 
effect contributes to the activation energy of the 
degenerate rearrangement. Clearly then, the nor- 
bornyl cation is an  unsymmetrical rapidly-equili- 
brating species. I t  is interesting to note also that the 
AG' (1  6 kcal/mole) for the 6,2 hydride shift is 
also affected by mass of the substituent at  C(4) 
(Table 2). 

We thank the Natural Sciences and Engineering 
Research Council of Canada for financial support. 
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T h e  deuterium distributions for 40 were determined after 
14.5 h and 48 h, and for 4c and 4d analyses were carried out 
after 70 h and 240 h. The longest interval in each case corre- 
sponds to a period equivalent to at least 10 half-lives. C
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Effect of solvent (benzene, ethanol, cyclohexane) on the partial rnolah volumes of organic 
compounds 

JOHN T. EDLVXRD. PATRICK C .  FARRLLL, A N D  FEREIDOOU SHAHIDI' 
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J O H ~  T. EDWARD, PATRICK G .  FARRELL, and FEREIDOC~ SHAHIDI. Can. J. Chem. 57, 
2887 (1979). 

The partial molal volumes of n-alkanes and n-alkanols dissolved in benzene, ethanol, or 
cyclohexane are given with satisfactory accuracy by the equation previously developed for solu- 
tions in carbon tetrachloride, if certain parameters (the covolume, :he volume increment for the 
hydroxyl group, and the volume decrement for some gauclre interactions) are changed. Addi- 
tionally, it is necessary to postulate a greater coiling of the alkyl chains when dissolved in cyclo- 
hexane. 

JOHN T. EDWARD, PATRICK G .  FARRELL et FEREIDOON S t i ~ t i x ~ r .  Can. J. Chem. 57,2887 
(1979). 

On obtient avec une precision suffisante les volumes molaires partiels des iz-alcanes et I I -  

alcanols dissous dans le benzene, l'ethanol ou le cyclohexane en se servant de I'equation 
diveloppee anterieurement pour les solutions dans le tetrachlorure de carbone, si on change 
certains paramktres (comme le co-volume, l'increment du volume pour le groupe hydroxyle et 
le dCcren1ent du volume pour quelques interactions gauches). De plus il est nicessaire de 
concevoir un plus grand encombrement des chaines alkyles en solution dans le cyclohexane. 

[Traduit par le journal] 

Introduction c11ai11 alkanes (11, haloalkanes (2), ketones ( 3 ) ,  
The partial molal volumes V 0  of organic solutes ethers (3), alcohols (3 ) ,  and of cyclic compounds (4) 

reflect not only the intrinsic volumes of the solute is given with reasonable accuracy by the equation 
molecules, but the extent to which they interact with nz n 

solvent. Furthermore, when the solute is made up of [I] 8' = Vc + f n n " 1 9  1 ZgL6' + C 
flexible chain molecules, T o  depends on the extent 1 1 

to which the lnolecules are extended or coiled in where V, is a constant covolume of 11.6 mL rnol-l, 
solution. In the present paper we report V 0  values in .k is the number of, and I"he volume increment 
the three solvents, benzene, ethanol, and c~c lo-  associated with, groups of type k: 2,' is mol fraction 
hexane, for several 72-alkanes, which should interact of, and 6' the decrement associated with, gaucl?e 
feebly with the solvents, and several n-alkanol~, interactions of type 1, and c is a cyclization param- 
which should interact more strongly. Additionally, eter whose magnitude depellds on the number of 
we compare the V 0  behaviour of these flexible chain skeletal atoms in the ring or cage. Z, was calculated 
molecules with that of the rigid adamantane and the by a method much used by Mann ( 5 ) ,  which assumed 
relatively rigid cycloalkanes. an enthalpy difference AH, of 700 cal m o l l  between 

In previous work we have shown that in carbon an ar1ti and gauclle (gE/_C,) arrangement in a hydro- 
tetrachloride at 2 5 ° C  V 0  of straight- and branched- carbon ,-hain. ~h~ / and 6 paralneters were obtained 

'Present address: Lash Miller Chemical Laboratories, 
by systematic study of a large number of compounds 

University of Toronto, 80 St. George Street, Toronto, Ont., chain and 47 ring Or cage in- 
Canada M5S 181. cluding many isomers. 
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I t  would be interesting to test [ I ]  in a simllar 
fashlon for solvents other than carbon tetrachloride, 
but  for this to be done wlth any pretence to thor- 
oughness V 0  values of large numbers of isomeric 
compounds must be obtained. Such a project is 
beyond our means at  the moment, and the present 
paper reports only a brief reconno~tering expedition 
into unexplored territory. This shows that V 0  in 
other solvents can be accommodated by [I] ,  and in- 
dicates the desirability of more extensive studies to  
test [ I ]  in a range of solvents. 

Results 

Partial inolal volumes in benzene and in ethanol 
are  reported in Tables 1 and 5, and in cyclohexane in 
Tables 4 and 5. Where comparison with data in the 
literature is possible (6, 7), agreement for the most 
part is excellent (taking account, where necessary 
(6), of small differences in temperature of the mea- 
surements). The result for methanol in cyclohexane 
(Table 4) is exceptional, but the value reported in the 
literature (6) was obtained by extrapolation from 
higher concentrations than those used by us, and 
under these conditions the effects of dimerization, 
trimerization, etc., can be important (8). 

A preliminary analysis of these results was made 
using the equation (9): 

where N is the Avogadro number, r ,  the van der 
Waals radius (10) of the solute molecule (assumed 
spherical), and A a parameter measuring the void 
o r  empty volume (11) associated with the solute 
molecule. We had expected A to diminish in roughly 
linear fashion with increase in the internal pressure 
Pi (12) or  cohesive energy density (c.e.d.) (13) of the 
solvent, but instead A remained approximately con- 
stant, 2s shown in Table 2. I t  can also be seen in 
Table 2 that the a parameter for alkanes, defined by 
the equation (1 4) : 

where V,  is the van der Waals volume of N solute 
molecules, likewise remains roughly constant. This 
empirical equation holds well for cylindrical inole- 
cules such as n-alkanes, the parameter a depending 
on  the amount of empty volume associated with the 
repeating methylene unit (1 5). 

This analysis indicates that about the same empty 
volume is associated with methyl, methylene, and 
methine groups in the three solvellts under investiga- 
tion as in carbon tetrachloride. Accordingly, we 
shall assume (as an  approximation) the same values 
for the increments 1 for methyl, methylene, and 
methine in all four solvents. On the other hand, the 

TABLE 1. Partial rnolal volumes 7' (in rnL niol-') of n-alkanes 
and 11-alkanols in benzene and ethanol at 25°C 

In benzene In ethanol 
----- - 
- 

C ~ r n p o ~ l l d  VoCalLa V 0  ,,,,, v o C a l c d  ~ O c X p t i  

n-Pentane 
n-Hexane 
n-Heptane 
//-Octane 
n-Nonane 
n-Decane 
Methanol 
Ethanol 
n-Propanol 
n-Butanol 
n-Pentanol 

empty volume associated with the hydroxyl group. 
which has a substantial dipole moment and hence 
can interact with solvents by dipole - induced dipole 
effects, would be expected to vary with polarizability 
and hence with solvent. For  this reason I also would 
be ex~ec ted  to vary with solvent. We have found the 
best agreement between experimental and calculated 
values of I/' using the values of I listed in Table 3. 

We now consider the results for solutions of 
tz-alkanes and M-alkanols in benzene. Values of V 0  
calculated by [ I ]  using the parameters of Table 3, 
and Z,  values already reported (1, 3) for these solutes 
in carbon tetrachloride. are shown in Table 1, Agree- - 
ment with exper~mental values is almost within the 
limits of experimental error, except for methanol, a 
compound aberrant also in carbon tetrachloride. 

Values of I/' calculated in the same way for these 
solutes in ethanol also agree well with experimental 
values. In ethanol (unlike carbon tetrachloride (3)) 
it was assumed that Z,yiC,, = 0 for n-propanol and 
higher alcohols, hydrogen bonding of the hydroxyl 
group to solvent tending strongly to inhibit the 
ggE, arrangement. 

- 
The accommodation of [ I ]  to the experimental 

V0 values in cyclohexane (Table 4) offers a more 
serious challenge: 8' of n-pentane is larger In cyclo- 
hexane than in carbon tetrachloride. but I/' of 
n-decane is smaller. These results cannot be accom- 
modated if Z,:&, values remain the same in the 
two solvents, but require .Z,:i?,, to increase more 
rapidly with chain length in cyclohexane. This in turn 
requires the enthalpy difference AHg between gauche 
and anti to be smaller in cyclohexane. The calculated 
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EDWARD ET AL.: I 

TABLE 2. Solvent parameters 

vWa p: c.e.d.' A b 
solvent (A3) (cal ~ m - ~ )  (cal cn1r3) (A) cr ( r n ~  mol-I) 

Water 20.6 41 . 0  550.2 0.57 - - 

Ethanol 53.0 69.5 161.3 0.745 1.613 23.5 
Benzene 80.4  88.4 83.7 0.745 1.654 20.8 
Carbon tetrachloride 84.8 80.6 73.6 0.740 1 ,627 21.2 
Cyclohexane 102.0 - 76 66 9 0.755 1.534 28.9 

TABLE 3. Parameters for calculation of V0 using [ l ]  

Hydroxyl 
v, I 6 :L$ AH, 

Solvent (mL ~ n o l -  ') (mL mol- ') (mL mol- ') (cal mol- ') 
-- 

Ethanol 12.6  1 . 1  -2 .5  700 
Benzene 11.4  5 .8  -1 .1  700 
Carbon tetrachloride 11.6 6 .1  -2 .5  700 
Cyclohexane 13.3 9 . 7  -2 .5  500 

values of C / O  shown in Table 4 have been obtained 
assuming AH, = 500 cal mol-l. Again, agreement 
between calculated and experimental values is rea- 
sonable, considering the si~nplicity of the approach; 
the data at present are too sparse to warrant a more 
elaborate analysis. 

The solute molecules so far considered have been 
chain molecules existing in solution as mixtures of 
conformers. In Table 5 we give partial molal volumes 
of adamantane and cyclohexane, which have fixed 
or relatively fixed structures, and of several cyclo- 
alkanes, most of them existing in one or more mobile 
conformations. From these values of VO, Cvalues have 

TABLE 4. Partial molal volumes (To, in mL mo!-I) of alkanes 
and alkanols in cyclohexane at  25'C 

o/c Compound Z,& Z,,,-,, v" ,,,,, voeXptl 

n-Pentane 0.79 - 116.3 116.9_+0.5 
n-Hexane 1.14 - 132.7 133.6k0.6  
n-Heptane 1 .46 - 149.1 150.0&0.5 
n-Octane 1 .80 - 165.4 165 .6k0 .6  
it-Nonane 2.13 - 181.7 179 .720 .6  
n-Decane 2.46 - 198.0 196 .920 .3  
Methanol - - 49.8 48 .220 .3"  
Ethanol - - 67.1 67 .8+0 .4b  
n-Propanol - 0.74 83.0  82.020.2"  
n-Butanol 0.46 0.72 100.4 99.6+0.3d 
n-Pentanol 0.77 0.72 115.3 115.610.5'  
n-Hexanol 1 .10 0.72 131.6 131.Sf 
n-Octanol 1 .76 0.72 164.2 164.9jf 
12-Decanol 2.42 0.72 196.8 198.4* 

nRefere~~ce 6 reports P at 20°C to be 44.25. 
b66.5. 
C81.45. 
d99.4. 
*I 14.7. 
'Reported by ref. 6 for 20°C. 

been calculated from [ I ]  using the parameters of 
Table 3. Trends in C with ring size run parallel in the 
different solvents. Possible interpretations of C have 
been given earlier (4). 

Discussion 
It  is apparent that with adoption of the parameters 

of Table 3, Po in the three solvents under investiga- 
tion may be calculated from [I]  with reasonable 
accuracy. We now consider whether the relative 
magnitudes of these parameters accord with the 
intuitive picture of partial molal volumes developed 
in our previous papers. 

The covolume V, is the volume of the solvent 
cavity required to accommodate a point kinetic 
particle of no intrinsic volume 

It should accordingly be related to the b parameter 
of Terasawa et al. (14) ( V O  = b when V,,, = O), and 
this relationship is shown in Fig. 1 A .  We have 
already given reasons why Vc should be expected to 
be less than b (1). 

There is also an indication (Fig. 1B) that Vc may 
be related to the van der Waals volume v, of the 
solvent molecules. Bondi (16) has discussed the effect 
to be expected from varying particle size on the close- 
ness of packing of spheroids, but without firm con- 
clusions. The present work indicates the desirability 
of a systematic study of the variation of Vc and b in 
solvents made up of spherical, aprotic molecules 
of varying size. The point for the protic solvent, 
ethanol (not shown), lies far above the straight line 
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TABLE 5. Partial molal volumes Vo and cqclization factors C (both in mL mol-') for cyclic compounds and adamantane in various 
solvents 

CCI," C ~ H I ,  C6H6 EtOH 
---------A 

- 
Con~pound V0 C Po C v0 C VO C 

Cyclopentane 97 .5  t 0 . 5  - 2 . 2  9 2 . 8 t 0 . 4  -7 .5  - .- - - 

Cyclohexane 110 .9k  0 . 5  - 6 . 0  108 .8+0 .1  - 8 . 9  1 1 1 . 1 ~ 0 . 3  - 4 . 7  1 1 0 . 6 f 0 . 6  - 6 . 4  
Cycloheptane 1 2 4 . 0 k 0 . 6  -9.7 1 2 0 . 0 i 0 . 3  -15 .1  - - - - 

Cyclooctane 1 3 5 . 4 2 0 . 4  -13 .6  1 3 3 . 2 t 0 . 5  -19.3 - .- - - 
Cyclodecane 1 6 5 . 3 2 0 . 3  -21 .0  1 6 3 . 0 i 0 . 3  -24 .3  - - - - 

Adamantane 140 .2+0 .3  -16 .9  137 .3+0 .5  -21 .6  1 4 2 . 7 t 0 . 2  -14 .3  1 3 8 . 8 t 0 . 9  -19.4 

.1Froni ref 4 

FIG. 1. Relation between Vc and b ( A ) ,  and between V, and 
.w (B ) .  

of Fig. l B ,  but the introduction of a partially inert 
solute inolecule into a highly structured, hydrogen- 
bonded solvent would be expected to break hydrogen 
bonds and hence to lead to an  increase in volume 
greater than expected from the mere formation of a 
cavity in the solveiit. 

We now consider the increnlent I for the hydroxyl 
group. If this group interacted with benzene, carbon 
tetrachloride, or  cyclohexane as weakly as d o  methyl 
and methylene, it would have I - 16.6 rnL mol-I 
(3). The increments in all three solvents are smaller, 
and reflect the strength of dipole - induced dipole 
interactions in the order: benzene > carbon tetra- 
chloride > cyclohexane, the order of decreasing 
polarizability (17). In the protic solvent, ethanol, 
strong interaction through hydrogen bonding is also 
possible, and hence I is smallest in this solvent. 

Explanations for the differences of 6E/C, (Table 3) 
and C (Table 5 )  in the different solvents are less ob- 
vious. Variability of 6 (e.g., 6Z':CG, ij:C, (2)) with 
so!vent has been noticed before but with molecules 
containing polar groups, and for which changes in 
conformation should result in changes in dipole 
moment. 

The reduction of AH, on changing solvent fsom 
carbon tetrachloride to cyclohexane is also remark- 
able. Latest studies (reviewed in ref. 18) indicate an 

enthalpy increase of about 900 cal 1x01-I oil going 
from nrrti to ga~rche butane in the gas phase. This 
difference is reduced \+hen n-butane is in solution, 
perhaps because the internal pressure exerted by the 
solvent favours forlnation of the more compact 
gauche form (19). However, there is no simple cor- 
relation, as might be expected (19), between AH, 
(Table 3) and P, or  c.e.d (Table 2). Possibly a more 
important parameter is the London dispersion force 
between the hvdrocarbon chain and the solvent 
molecules, which would favour a more extended 
chalii and closer solvent-solute contacts: this would 
be weakest in cyclohexane s o l u t i o i ~ . ~  The extent of 
coiling of polymer chains has been explained in 
similar fashion (20). 

Accepting a smaller AH, in cyclohexane, we can 
e x ~ e c t  n-alkane chains to 6e more coiled in this sol- 
veilt than in carbon tetrachlor~de. Hence each suc- 
cessive addition of CH, to the chain causes a smaller 
increase in v0 in cyclohexane than in carbon tetra- 
chloride. This explains the sinaller a parameter in this 
solvent (Table 2). 

In summary, the present work indicates that [ I ]  
will probably prove valid for a variety of organic 
solvents made up of spherical molecules. I t  would 
be - desirable to test it more stringently by obtaining 
V 0  values for large nuiilbers of isomeric alkanes in 
each single solvent, and thence obtaining ab inifio 
the parameters I and 6. as u as done for carbon tetra- 
chloride solutions (1). 

Experimental 
Solvents and solutes were commercial products, and were 

purified by methods described earlier (1). The technique for 
measuring the densities of solutions has also been described 
(I). In all cases linear variation of the apparent molal volume 
with concentration was observed over the concentration range 
(<  0.5% w/w) employed. 
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Partial mohal volumes of organic compounds in carbon tetrachloride. V. Cyclic alkanes, 
ethers, alcohols, ketones, and bromides 
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J o ~ s  T. EDWARD, PATRICK G. FARRELL, and F E R E I D ~ ~ N  SHAHIDI. Can. J. Chem, 57,2892 
(1979). 

The partial molal volumes v0 or 47 mono- or polycyclic alkanes, ethers, alcohols, ketones, 
and bromides have been determined in carbon tetrachloride at  2S7C. Po of most of these 
compounds can be calculated with moderate (k 1-2%) accuracy using an equation containing 
parameters previously developed for acyclic compounds, and an additional cyclization param- 
eter C, which is roughly linear with the number n of atoms in the ring, from n = 3 ( C  = 
+5.3 mL mol-') to n = 10 (C = -21.0mL m o l l ) .  Substituted cyclohexanols and some 
polyfunctional compounds had i f0 considerably iower than calculated. 

J O ~ I N  7. EDWARD, PATRICK G. F A K K E L L ~ ~  FEREIDOON SHAHIDI. Can. J. Chem. 57,2892 (1979). 
On a determine le volume molaire partiel i f0 de 47 composis mono ou polycycliques du type: 

alcanes, ethers, alcools, cCtones et bromures, en solution dans 1e tetrachlorure de carbone a 
25°C. Pour la plupart de ces composes, V 0  peut &tre calculi. avec une precision moderee de 
(? 1-273 en utilisant une equation contenant les parametres developpes antkrieurement pour 
les composCs acycliques et un parametre additionnel de cyclisation C qui est grossierement 
proportionnel au nombre n d'atomes du cycle, a partir de n = 3 (C  = + 5.3 mL mol-') ii 

rz = 10 (C = -21.0 mL mol-I). Les cyclohexanols substitues et quelques composes poly- 
fonctionnels ont des valeurs de i f0 nettement plus faibles que celles calculees. 

[Traduit par le journal] 

Hntrcsdnction ,,l I 1  

[I] 8' = V, + C nhlk  + C ~ ~ ' 6 '  + C 
Straight- and branched-chain aliphatic compounds 1 1 

dissolved in carbon tetrachloride exist as mixtures of (see ref, for definltiol, of other symbols). In applying 
rapidly equilibrating conformers. If the mole frac- this equation Z , ~  will refer only to the mole fraction 
tion of a conformer is y ,  and ',' represents the llum- of grruc/le arrangements of type / due to groups 

of gauc'7e arrallgements of type ' Ihe attached to a ring, and not to gauche arrangements 
chain, the fraction of gatlche arrangements of found within the ring or cage portion of the molecule, 
this type due to all conformers of the compouild is for account is take,, in ,-. 
Z,' = Cyz,'. y, and thence z,', may becalculated by 
will-establkhed methods (1,-2). The partial molal 
volumes vo of aliphatic chains are reduced by an 
amount iinearly related to z,' (2-4). 

The looping of an extended chain into a ring 
necessarily ~nvolves the creation of a number of 
gauclze or eclipsed arrangements, and so might be 
expected to result in a diminished volume. This 
indeed has been found true in other additive schemes 
for molecular volun~es (5, 6) which, however, have 
taken no account of conformational effects and have 
consequently had only limited usefulness. We shall 
allow for the effect of cyclization by adding the 
parameter C to the equation previously employed 
to account for coilformational effects with chain 
compounds (2-4) : 

Results 
The partial molal voluines of 47 ring and cage 

compounds in carbon tetrachloride have been de- 
termined and are given in Table 1. For 21 of these 
compounds devoid of side groups or chains (Z ,  = 0), 
C has been calculated from [I]  using V ,  and the 
other parameters determined in previous work (2-4). 
A plot of C for these compounds against n, the 
number of ring atoms, shows a roughly linear 
relationship changing slope at n = 10 (Fig. 1). The 
values of C given by the two straight lines of Fig. 1 
for different values of n are given in Table 2. 

Using these values of C, 7' has been calculated for 
42 of the 47 compounds of Table 1 by [I]. (Po for 
adamantane and two adamantane derivatives was 

'Preqent address: Lash Miller Chenilcal Laboratories, calculated using C footnoted in Table 2.) For com- 
University of Toronto, 80 St. George Street, Toronto, Ont., poundha-ving an atom other hydrogen Or 

Canada M5S 1.41. carbonyl oxygen attached to the ring. it was necessary 

0008-40421791222892-03$01 .00/0 
@ 1979 National Research Council of Canada/Conseil national de recherchea du Canada 
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TABLE 1. Partial molal volume Po (in mE mol-l) of cyclic 
compounds in carbon tetrachloride at  25°C 

Colnpound ~ O c X p i ~  v ° C a ~ C d  

1 Cyclopentane 
2 Cyclohexane 
3 Cjcloheptane 
4 CJ clooctane 
5 Cyclodecane 
6 C~clododecane 
7 Adamantane 
8 l,l-Diadamantane 
9 2,2-Diadamantane 

10 Propylene oxlde 
11 Trimethylene oxlde 
12 Tetrahydrofuran 
13 2,5-D~methyltetrahydrofuran 
14 2-5-Dlmethoxj tetrahydrofuran 
15 1,3-D~oxalane 
16 Tetrahydropyran 
17 1,4-D~oxane 
18 ~pirz-Trioxane 
19 Olepane 
20 1,3-Dloxepane 
21 Cyclopropyl~nethanol 
22 Cqclobutanol 
23 C) clopentanol 
24 Cjclohexanol 
25 Cycloheptanol 
26 Cyclohexylmethanol 
27 trc~~zs-2-Methqlcyclohexanol 
28 trans-4-Methylcyclohexanol 
29 crs-4-Methylcyclohelianol 
30 Cyclooctanol 
31 Methylcyclopropyl ketone 
32 Cqclobutanone 
33 Cqclopentanone 
34 Cyclohexanone 
35 Cycloheptanone 
36 Cyclooctanone 
37 Cyclononanone 
38 Cqclodecanone 
39 Cqcloundecanone 
40 Cyclododecanone 
41 Cyclopentadecanone 
42 1,4-Cyclohexand~one 
43 1-Bromoadamantane 
44 2-Bromoadamantane 
45 I-Bromodiamantane 
46 4-Bromodianiantane 
47 2-Bromotllaniantane 

.z,:;l, = 2. 
b2g%%) = 3.0, Z9gZcI') = 2.0, ~ ~ 2 % )  = 0.6. 
.Z,y6ko = 1.2, on the assumption of similarity t o  2-methql-1-propanol 

(ref. 4). 
"z,?, = 0.5. 
-Zq:;>> = 0,1 I .  
'Z  O!C 
, g,L<,= 1. 
UZ,~,!,, = 1 . 7 , ~ , ? ? ~ ~  = 0.3. 7 
hAssuming a conformation ,,'C-C/~ (cf. ref. 8), z,RC,, = 2. 
'Z,:!!, = 2. tl 'CH~ 

to calculate &'. When the atom or group is com- 
pletely or almost completely in the equatorial posi- 

17 
FIG. 1. Plot of cyclization parameter C against number of 

rlng atoms 11 for alkanes (@), ethers (O), and ketones (A) .  

TABLE 2. Dependence of cyclization parameter C (in mh. 
mol-') on number n of skeletal atoms in ring 

"For adamaiitane (TI = 10) and deribativci, C - - IG.9 mL mol--' 

tion, as In 1-bromoadamantane or trans-4-methyl- 
cyclohexanol (7), Z, = 0. For other cornpounds the 
mole ratios of conformers may be calculated by well- 
established methods (7). For example, cyclohexanol 
(24) can be shown to be made up of two conformers, 
one (y = 0.76) havlng the hydroxyl group equatorial 
(z,(:!!,, = O), and one (y = 0.24) having it axial 
(z,(:?,, = 2), whence Z,(:/C,, = 0.5. The other cyclic 
alcohols (22, 23, 25,38) will have the hydroxyl group 
to some extent In a quasi-axial arrangement, and 
hence a proportion of molecules having arrange- 
ments not very different from g(gE,, found in axial 
cyclohexanol. However, information wh~ch would 
enable us to calculate the mole fraction of such 
arrangements is lacking, and so we have app!:ed [ I ]  
to the cycllc alcohols 22, 23, 25, and 30 assuming 
Zg($zC, = 0.5 for all of them. 

These and other values of Z, are given as foot- 
notes to Table 1. In some cases (e.g., 13, 14) these 
cannot be better than guesses, since not only the 
shape but also the configuration (cis or trans) of the 
molecules is not known. 
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Discnssion 

The scatter about the straight lines of Fig. 4 sl-io~vs 
that the values of C i ~ i  Table 2 are ollly rough 
averages, and so close agreement between calculated 
and exper-irnental values in Tab!e 1 cannot be ex- 
pected. However, for many of the cyclic alkanes 
(I-§), alcohols (22-25, 30), and ketones (32-38) 
agreement is within the limits of experinlental error. 
I-Towever, for some substituted cyclohexanols (27-29) 
the discrepancy is great. More data on substituted 
cyclohexanes and substituted cyclohexanols would be 
desirable. 

Some of the polyfunctional coinpounds (15, 17) 
also have partial mold  volunles appreciably smaller 
than calculated. Newman and i~lackle (9) have 
pointed out ihat the polar character of cornpo~lnds 
such as 15 is usually greater than that of their acyclic 
analogues; this should have the effect of making 8' 
of the cyclic compounds less than expected on the 
basis of I and 6 values derived from a study of 
acyclic compounds. On the other hand, the cyclic 
ketones (32-41) tend to have I/' values slightly 
higher than calculated; it is possible that coniplexa- 
tion of the carboilyl group by solvent carbon tetra- 
chloride rnolecules (4) is slightly less efTective in the 
cyclic than the acyclic compounds. However, such 
speculations niust remain highly tentative until more 
data have been accumulated. 

The central problem raised in this paper is the 
interpretation of C. The following points should be 
noted : 

('a) Cyclization does not necessarily involve a 
reduction in volume: Cfor  three- and four-niernbered 
rings is positive. 

(b) Similarly, C cannot be explained primarily by 
a reduction in V,  (and thence in V 0  (10)). The com- 
pression of the van der Waals radii of some hydrogen 
atoms pointing inwards in medium-sized rings 
reaches a maximuin for M = 9-10> and thereafter 
diminishes (ll), while 4: continues to become more 
negative after n = 10 (Fig. 1). 

It seems likely that an  explanation of C requires a 

inore profound understandiilg of the effect of relatlve 
slze of solute and solhent rnolecules on the efficiency 
of packlilg In the solution. I t  may be noted that the 
llni~ted data available for cycloalkailes In other sol- 
vents (benzene. cjclohexane) lndlcate that relat~on- 
s h ~ p s  of the sort sho\ln in Fig 1 are general, but that 
for a given 17,  C becomes larger ~n solkents havlllg 
molecules of larger size (12) 

Experimental 
The compounds in~est igaied were con~n~erc ia l  products, 

except for 28 and 29, ivhich uerc  the gift of Dr .  F. L .  Chubb,  
and 45-47, the gift of Professor M.  A. McKervey. Purification 
of materials and techniques of measurement were carried out 
as  described pre\iocsly (2-4). 

We are grateful to the Natural Sciences and En- 
gineenng Research Cou~lcll of Canada for filldnclal 
support and to the Facultj of Gladuate Stud~es  and 
Research of McG11l kinl\ers~ty for financial ass~st- 
ance towards the pu~chase  of a precls~on density 
meter. 
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~ r r a t u F '  Stereoselective synthesis of P-substituted a ,P-unsaturated esters by 
\ dialkylcuprate coupling to the enol phosphate of P-keto esters 
L/ 

FUK-WAH SUV A N D  LARRY WEILER 
Deprii.ti,icji~t c1.f Cllei?li.cip. U i l i ~ . ~ i . ~ i t y  (;fBi.iti~h C o l u i ~ l h i ~ .  Y ( I ~ ~ ( , ~ I I L . c I . ,  B.C. .  C~~il(iii(i 1/67. 1 W 5  

(lief.: Can.  J .  C'hem. 57.  143 1 ( 1979)) 

Received July  36. 1979 

In Table 4 the enol pho5phate from acetylacetone should have the E stereochemistry and in the 
experimental compound 33 should be methyl (153-3-methyl-2-nonenoate. 

Stannic tetrachloride catalysed glycosylation of 8-ethoxycasbonyloctanoh by 
cegbiose, lactose, and maltose octaacetates; synthesis of  a- and p-glycosidic linkages 

Erratum: 1,2-Orthoacetate intermediates in silver trifll~osometBBanesu1phonate promoted 
Koenigs-Knorr synthesis of disaccharide glycosides 

JOSEPH BAUOUB . 4UD DAVID K .  B U N D L ~ .  
Di~isio17 oj'Bioi~jgic (11 Jc,icrlc.c,.\. ,V(~tiorr/il Rr.serirclz C'orr~ic,il oj'C'ot~iitia, O~i(iit.o. Ont.. Coiioc/ti K I A  OK6 

(Ref.: Can. .I.  Chem. 57. 2085 (i97Y): 57. 2091 (1979)) 

Received Septembei- 13. 1979 

The running heads "Banoub and Bundle: I" and "Banoub and Bundle: 11" for the t w o  papers iisted 
above were incorr-ectly inter-changed in the jour-nal. and the t\vo articles should be read in the opposite 
order to that printed. 
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TABLE 1. Rate constants for the acid-catalyzed exchange and isomerization of N-methylated benzamides (33'C) 

Benzamide A, cps [H+]" k l l+ ,  M '  s - '  kH + C X , ' ~ "  + ico 

2,jV,1V-Trimethyl 17.0 

2,4,6,N-Tetramethyl, H,O 
2,4,6,N-Tetramethyl, 33% acetone-d6 4 .9  

2,4,6,1V,N-Pentarnethyl 19.2 

O[H-I concentration where coalescence occurs. 
bReference 3. 
cReference 19. 
Qased on partial]). coalesced signals in 1 M HCI, using method of 
%See text. 

undoubtedly very fast, so is the deprotonation pro- 
cess, which should be very nearly a diffusion limited 
reaction. 

In this paper we consider the question of the 
lnechanis; of the exchange and isomerization reac- 
tions in N-methyl and N,N-dimethyl amides respec- 
tively. Our reasoning was that if C-N single bond 
rotation is indeed Important, the introduction of 
groups which might hinder this process should show 
up in the rates. We have therefore measured rates of 
exchange and isomerization for arnides containing 
one and two 0rt110 inethyl substituents, and indeed 
find that there is a pronounced effect. 

Experimental Section 
Amides were prepared by passing methylamine or dimethyl- 

amine through a solution in ether of the appropriate acid 
chloride. Physical properties of known compounds agreed 
with literature values. In the case of new compounds satisfac- 
tory analyses were obtained. 

Spectra were recorded on a Varian T-60 NMR spectrometer, 
with a probe temperature of 33 k 0.5'C. Concentrations of 
amides ranged from 0.04 to 0.2 M: rate constants were estab- 
lished to be independent of this concentration. Except where 
noted, second-order rate constants for the H +  catalyzed ex- 
change or isomerization were determined by varying the acid 
concentration until the pair of signals due to the iV-methyl 
group or groups was just coalesced into one broad signal with 
a maximum at the mean position (7). The second-order rate 
constant was calculated from the formula (3, 7) 

where A - separation in cps of the signals when no acid is 
present, and [H+]  = concentration of acid. 

While more precise values couid be obtained by a complete 
line shape analysis, this approach should yield rate constants 
which are accurate to ca. lo%, particularly since the line width 
in the absence of exchange was less than 10% of the doublet 
splitting and since A was insensitive to acidity in the absence of 

ref. 20. 

exchange. Rate constants of this accuracy seemed more than 
sufficient for our purpose. 

Results 
Table 1 lists second-order rate constants for the 

acid-catalyzed N-H exchange of three N-methyl 
benzamides (k,  +") and the acid-catalyzed isomeriza- 
tion (k,,'") of the three co:responding N,iCT-di- 
methvlbenzamides. For the unsubstituted com- 
pounds reasonable agreement can be seen between 
our results and those taken from the literature. In the 
case of 2,N,N-trimethylbenzarnide, an acid concen- 
tration of 5.6 M is required to reach the coalescence 
point. For this compound the rate constant was also 
calculated from the broadened signals in 1.0 M HCI, 
and the number shows reasonable agreement with 
that obtained from the coalescence point. The com- 
pound 2,4,6,N-tetramethylbenzamide was not suf- 
ficiently soluble in water to obtain suitable nmr 
spectra, and we were forced to employ solutions con- 
taining 33% acetone-d6. For 2,N-dimethylbenzamide 
the rate constant for exchange in water is 1.34 times 
that in 3 3 z  acetone-d6. This factor \?.as used to esti- 
mate the rate constant for the exchange of 2,4,6,N- 
tetramethylbenzamide in water alone. Wlth 2,4,6,N, 
N-pentamethylbenzamide there is no broadening 
of the two N-methyl peaks in any acid solution. We 
have placed an upper limit on the second-order rate 
constant for isomerization in the following way. In 
any acid solution a first-order rate of isomerization 
of 1 s-I would result in a 0.3 Hz broadening of the 
signals in the doublet, and this would have been de- 
tectable. Cox (8) has previously shown that rates of 
isomerization of N,Ar-dimethylbenzamide remain 
reasonably linear in Hf concenrration up to 3-4 M 
HCl, although above this point they reach a maxi- 
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mum value and then decrease with increasing acidity. 
Assuming that a 1 s-' rate of isomerization would 
be observed, and assuming that the rate of isomeriza- 
tion is still linear in Mf concentration in 4 M HCI, 
the lack of broadening in that acid means that k ,  - "" 
is less than 0.25 M - '  s- I .  (This argument depends 
very strongly on the pK, value of the amide, since 
the levelling-off in the rate observed by Cox (8) is 
associated with protonation. Some preliininary mea- 
surements were carried out to determine the basicity 
of the pentamethylbenzamide, and suggest that this 
amide is not substantially protonated (<25%) in 
4 M HCI. Unfortunately, this compound does not 
exhibit a predominant spectral change on protona- 
tion, and accurate protonatioil data are therefore 
difficult to obtain.) 

Discussion 

The results reported In Table 1 show that cucces- 
siTre introduction of ortho methyl groups causes a 
decrease in the rates of both the ac~d-catalyzed M-H 
exchange react~on of a n  N-methyibenmamide and the 
ac~d-catalyzed ~somerizatio~l of an  N,N-dimethyl- 
benzam~de, with the effect being cons~derably Inole 
pronounced on the lsomerizat~on reaction 

Isorncrization ofN,N-Dir~etl?2;1.4n?ides 
The dramatic effect on this reaction call be ex- 

plained in simple terms by recognizing that in order 
for isomerization to occur there must be a rotation 
of some sort about the C-N bond of the AT-pro- 
tonated intermediate. This suggests that the ortho 
methyl groups are slowing the isomerization by 
hindering this rotation. The argulneilt can be illus- 
trated in more detailed terins using a scheme such as 
show11 below. 

We have drawn for the N-protonated amides in this 
scheme a particular co~~format ional  form, the one 
favored in Perrin's arguments (6 ) ,  but other confor- 
mations also suffice. What is required is ( a )  that the 
conformation of the N-protonated amide which is 
initially produced be one in which the two methyl 
groups are not equivalent, and (b) that deprotonation 
occur via the microscopic reverse of protonation or, 
in other words, from the same or  equivalent confor- 
mation. With these requirements it can be seen that 

immediate deprotonatio~l of the initially formed 
cation call only return the system back to amide with 
the N-methyl groups in their original configuration. 
For isomerization to occur there must be rotation 
about the C-N bond, to a conformation of equiva- 
lent energy, followed then by deprotonation. ihfeking 
a stationary state assumption in the two conforma- 
tions of the N-protonated amide, the second-order 
rate constant for isornerization is given by eq. [I]. 

This equation predicts that /;,+"" = k11i2 only 
when k ,  >> k -  ,', but if the rotation step and the de- 
protonation step proceed at  similar rates, or if rota- 
tion is slower, this is not true and IcHAi" is less than 
I;,'/2. In fact, the slower the rotation occurs relative 
to deprotonation the smaller will be the value of 
k,+"" relative to k,'/2, and, in the limit where 
k- , '  >> k ,  the isomerization can be vlewed as in- 
volving a pre-equilibrium protonatioll step, followed 
by a rate-determining rotation. The oviho effect is 
therefore explained simply in terms of an  increasing 
value of the ratio k -  , '/k, as ortho groups are added, 
attributable to steric hindrance to rotation and de- 
creasing values of k,. 

The various rate constants in eq. I I ]  cannot be 
factored out in quantitative terms. We regard the 
key conciusion to be simply that for the decrease in 
k ,  to have an  effect i c  the first place, the rotation and 
deprotonation steps nzust occur at  comparable rates, 
even in the compound with no ring substituents. 
Otherwise, the rate of rotation, regardless what it is, 
has no influence on the isomerization rate constant, 
which is simply equal to k l i /2  for all the compounds. 
In such a case the large rate decreases caused by 
ortho substitution must be explained in terms of a 
steric effect on k,', and it seems to us that these rate 
decreases are too large for such an explanation to be 
sa.tisfactory. 

We should point out that it has not been claimed 
here that the rotation process is slow. i r ~  the sense 
that it has a high activation barrier, The barrier in 
fact need not be any greater than that normally 
found for single bond rotations. The crux of the 
argument, as we wil! discuss later, is that the depro- 
tonation reaction is rapid, and that the rotation is 
only slow compared to this process. 

Exchange of PJ-A4cfhj.l Amides 
Several possibilities exist to expla-in the smaller 

effect observed in the rate constants for exchange, 
and these of course depend on the mechanism as- 
sumed for this reaction. 1 3 1  terms of a mechanism in- 
volving the AT-protonated amide, the possibility 
again arises that rotation is required, if, for example, 
:he incoming proton takes up a position in which it 
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is not  equivalcnt to the N-H proton already present. 
This is illustrated below for the Z form of the amide, 
the configuration which is most stable (9). 

This situation corresponds exactly to that for the 
isomerization reaction, and the argulnents for the 
slower rate of exchange for the ortho substituted 
benzarnides are the same as those just discussed. The 
major drawback of this illterpretation is its predic- 
tion of similar effects of ortl~o substituents on both 
the exchange and isomerization processes, and this 
clearly is not seen. 

Unlike the isomerizatioil process, an  exchange 
rnechauis~n can be written which involves the N-pro- 
tonated arnide but does not require carbon-nitrogen 
bond rotation in this species. As outlined in the equa- 
tion belo~v, this situation arises when the incoming 
proton goes into a position in which it is equivalent 
to  the proton already present. 

This is the viewpoint expressed by Perrin (6). In this 
case N-I6 exchange occurs on every two acts of pro- 
tonation, so that the rate of exchange is given by 
eq. [2]. 

In  terms of such a mechanism the steric effect must 
be explained only on the rate of N-protonation, and 
it can in fact be argued that a small effect might 
exist, perhaps of the order of magnitude actually ob- 
served. The reasoning is based on the fact that the 
introduction of ortho methyl substituents in an acid- 
base system generally results in an  increase in 
equilibrium acidity or  conversely a decrease in equi- 
librium basicity. For example, the pK, values of 
benzoic acid, o-toluic acid, and inesitoic acid are 4.2, 
3.9, and 3.4 respectively (10). Another example in- 
volves the imidates below whose protonation resem- 
bles amide N-protonation. Again the 2,4,6-trimethyl 
compound is more acidic, this time by I .  1 pK, unit 
(1 1). 

If such an effect is also in operation for amide N-pro- 
tonation, it should be seen mainly in the protonation 
rate constant. The iV-protonation of an amide by the 
hydronium ion is a proton transfer in the therino- 
dynamically disfavored direction, meaning that the 
reverse reaction, the deprotonation, will occur at  the 
diffusion limit (12) (see later). Any change in the 
equilibrium basicity is therefore due to a change i11 
the protonation rate constant k , .  In particular a de- 
crease in basicity caused by the introduction of ortho 
groups would lead to a decrease in k , .  This would 
appear as a rate retardation for the exchange reaction 
proceeding by the lnechanisn~ of eq. [ 3 ] .  

For  the imidic acid mechanism an argument for a 
small steric rate retardation could be made along 
similar lines, in terms of a steric effect on the equi- 
librium basicity of the amide oxygen. This reaction 
also involves a deprotonation step involving the 
N-H proton of the 0-protonated aniide, and the 
effect of steric congestion on the rate of this step must 
also be considered. All things considered, however, 
the snlall rate decreases iil the rate constants are 
coinpatible with either mechanism for exchange, or 
even a combination of both. 

Question o f the  inzidic Acid Mrcl?nnism 
What \ve like to suggest is that although neither 

our results nor probably those of Perrin can be taken 
to rule out the irnidic acid mechanism, they d o  fur- 
nish an alternative explanation for the observation 
which led to the suggestion of that mechanism in the 
first place - namely, the fact that the rate of N-H 
exchange in an N-methyl amide is generally greater 
than the rate of isoinerization in the corresponding 
N,N-dimethyl amide. The imidic acid niechanisln 
accounts for this by providing a second route for the 
exchange reaction, a route not available to the 
isomerization process which must proceed through 
the N-protonated amide. An essential past of this 
argument, however, is that the rate of isomerization 
is equal to half the rate of AT-protonation (2, 3). Our 
results show that this is not necessarily true, the rate 
of isomerization could be significantly less than half 
the rate of protonation. The imidic acid argument 
supposes that it is the exchange reaction which is 
anomalous!y fast. We propose that an  equally accept- 
able explanation is that the isolnerization reaction is 
anomalously slow. 

Quantitatively we can adapt the following simpli- 
fied viewpoint by assuming that the rate constants of 
exchar,ge and isomerization are in fact given by eqs. 
121 and [I 1: so that their ratio becomes 

This equation contains the ratio k , / k I 1 ,  representing 
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TABLE 2. Relative rate constants for deprotonation and 
isomerization of N,h'-dimethylbenzamides 

k - , / k ,  for 

Ring substituents k ,  = k,'/3 k ,  = k,' k ,  = 3k,' 
-- 

Unsubstituted 24 6 . 8  2 
2-Methyl 100 32 9 
2,4,6-Trimethyl 1 7 2 0  >240 > 80 

the relative rates of N-protonation of an N-methyl- 
benzamide and an N,N-dimethylbenzamide. The 
protonation of an N-methyl aniline and the corre- 
sponding N,N-dimethylaniline can be taken as a 
model, since this also involves protonation on a 
nitrogen atom which is strongly conjugated with an 
adjacent ~r system. For the parent anilines the order 
of basicity is ullsubstituted < N-methyl < N,N- 
dimethyl (1 : 1.7: 3.5) ( 1  3). There are few other cases 
in which the basicity of the N-methyl compound is 
known, but it probably lies between the unsubstiiuted 
and h!N-dimethyl derivatives as above. The relative 
order of these latter two is observed to vary some- 
what irregularly, but the difference is never greater 
than a factor of about three. We have therefore 
chosen this factor as a limit, and used three values of 
k , / k , '  (3, 1, and 113) to calculate values of the ratio 
k - , ' / k ,  (Table 2). This operation shows that for 
N-protonated N,N-dimethylbenzamide the rate of 
C-N rotation is of the same order of magnitude as 
the rate of deprotonation, and cannot be ignored. 
Thus the rate of isomerization is slower than half the 
rate of N-protonation, although in this case the dif- 
ference between the two is not that great. However, 
with the close balance in the rates of rotation and 
deprotonation in the unsubstituted compound, addi- 
tion of substituents which retard the rotation has a 
significant effect. A decrease in k ,  by a factor of 4-5 
on addition of one oriho methyl group followed by a 
further decrease in k, by a factor of ten (or greater) 
for the second orrho methyl group is sufficient to ex- 
plain the decreased k ,  +'"/k, - '" ratios. 

Nitrogen Basicity of Arnides 
The pKa value of an N-protonated amide can be 

estimated by assuming that the rate constant in the 
protonation direction ( k , )  is equal to twice the rate 
of isomerization (2k ,  -"") and that the rate constant 
in the deprotonation direction ( k - , )  is of the order 
of 10IOs-I, that is, that deproionation is diffusion 
limited (2 ,  3, 14). Our results suggest that the first 
assumption is not comp!etely valid. I t  is likely how- 
ever that, with the exception of sterically hindered 
a~nides, k,-'" and k, differ by less than one order of 
magnitude, and the pK, estimates using 2k,+'" are 
a t  most one log unit too negative, that is, make the 
nitrogen appear slightly less basic than it actually is. 

This furthermore does not alter the fact that the 
pKa estimates (2 ,  3, 14) are substantially more nega- 
tive (by 5-6 pK, units) than pK, values obtained 
from spectroscopic changes, an observation which 
suggests that the latter values do not refer to the 
,V-protonated amide but rather to the 0-protonated 
amide. This is, in our opinion, one of the most com- 
pelling arguments in favour of predominant O-pro- 
tonation. 

This approach could be criticized on the grounds 
that it has not been proven that the deprotonation 
reaction is diffusion limited. However, proton trans- 
fer reactions to and from nitrogen atoms are gen- 
erally diffusion limited in the thermodynamically 
favoured direction (12), even in cases where there is 
strong resonance interaction between the lone pair 
being protonated and an adjacent n electron system 
(15) (as in the case of amides). As noted by Kresge 
(16), one piece of evidence favouring a deprotonation 
rate constant near the diffusion limit in the case of 
amides is that an independent estimate of the nitro- 
gen pK, value based on a thermodynamic analysis 
(17) agrees within an order of magnitude with the 
estimates using the coalescence rate constants and 
the value of 10" s- I  for the deprotonation. Our 
results provide a second piece of evidence since they 
suggest that the deprotonation reaction occurs at a 
rate comparable to (or faster than) that of rotation 
about a single bond. The latter process is undoubtedly 
very fast. For example, the rate constant of lot0 
s- I  corresponds to an activation barrier of 4  cal: 
mol; the sort of barrier normally associated with 
single bond rotation (18). In order for the estimated 
pK, for N-protonation to be consistent with the ob- 
served spectroscopic pKa would require a rate con- 
stant for deprotonation of the order of lo4-105 
s-I .  Taking this as an upper limit for the rotational 
rate constant yields a lower limit for the barrier of 
rotation of 10-12 kcal/mol, a highly improbable 
value for single bond rotation. In othcr words, the 
assumptions of a diffusion limited deprotonation 
and a C-N single bond rotation occurring at a 
similar rate are fully consistent with each other. 

In summary, methyl isomerization in NN-di- 
inethylbenzamides is slowed more by o~tlzo methyl 
Substitution than is the proton exchange rate in 
N-methylbenzamides. Therefore, the observed small- 
er rate for methyl isomerization than for proton ex- 
change can be explained by assuming that deproto- 
nation of the N-protonated amide occurs at a rate 
comparable to or faster than rotation about the 
C-N single bond, in agreement with an earlier sug- 
gestioil of Perrin (4). While the alternative imidic 
acid route for proton exchange cannot be ruled out, 
it is clearly unnecessary to postulate this second 
mechanism to account for the results. In addition, 
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analysis of the observed rate constants provides 
further support for the view that amides predomi- 
nantly 0-protonate. 

NOTE ADDED IN PROOF: Perrin and Johnston (21) 
have recently presented further arguments for an  
exchange reaction occurring via an  N-protonation 
mechanism. 
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sersgrcsup Z using la  4: nuclear magnetic resonance 

HAROLD J .  JENNPNGS,  MARL-GUNNAR ROSELL, A Y D  C. PAUL KENNY 
Dici.rion of Biologic.ci1 Scic~ilc~e~. Nntiorlcil Reser1rc.h Coirtlcil of Ccincicicr, Ottu~r,ri, Orit., C'(ir~(i(lci K I A  OK6 iit~cl tllc~ BIII.C(ILI of 

Biologic..c, Drug.! Directorcite, Hetilt17 rind Wclfrire Crii~rid(i. Ottci~l,ci, Otrt., Cciniidri K I A  0L2 

Received &lay 4. 1979 

HAROLD J. JLNUIUGS, K A R L - G U U ~ A R  ROSELL, and C.  P ~ U L  KENNY Can. J Chem 57.2902 
(1979). 

The capsular polysaccharide antigen from Neisserir~ ineningitidis serogroup Z contains equi- 
molar quantities of 2-acetamido-2-deoxy-D-galactose, glycerol, and phosphate. Carbon-13 
nuclear magnetic resonance indicates that the polysaccharide is composed by a repeating unit 
of 1'-0-2-aceta1nidc-2-deoxy-a-~-galactopyrosygycero joined through phosphate diester 
groups at 0-3'  of glycerol and 0 - 3  of the galactosaniine residue. Assignments of the signals in 
the carbon-13 nuclear magnetic resonance spectrum were made by consideration of the pre- 
viously assigned signals of related rnonomers and oligoniers. When applied to a Karplus type 
relationship the values of the 3J(i3C-3iP) coupling constants were consistent with the poly- 
saccharide having an extended conformation. 

H ~ R O L D  J J E ~ ~ I ~ G S ,  K ~ R L - C L N N A R  ROSELL et C PALL K E N ~ Y  Can. J Chem. 57,2902 
(1979) 

L'antigene polysaccharide capsulaire du sero-groupe Z de la Neir reriu t~~eningitidis contient 
des quantites equimolaires d'acetaniido-2 deoxy-2 D-galactose, de glycerol et de phosphate. 
La resonance rnagnetique nuclkaire du 13C indique que ce polysaccharide est compose d'un 
motif 0-1'-acetanlido-2 deoxy-2 a-D-galactopyraaosyl-glyci.rol reuni par un  groupe diester 
phosphorique A l'oxygene en position 3 '  du glycerol et a l'oxygkne en position 3 du residu 
galactosamine. On a interprete les signaux des spectres de resonance magnetique nucleaire du 
i 3 C en tenant compte des identifications faites anterieurernent dans le cas des rnonomkres et des 
oligomeres apparent&. Les valeurs des constantes de couplage, V('3C-31P) appliquies a une 
relation de type Karplus, sont en accord avec celles des polysaccharides ayant une conformation 
allongee. 

[Traduit par le journal] 

In&roduction% is the first reported case of a capsular polysaccharide 

Slaterus first reported the isolation of the new containing the glycerol phosphate moiety previously 

serogroup z of N~~~~~~~~ n7eningitidis We now associated with some teichoic acid structures (7, 8), 
report the of the group z capsular polysac- although the ribitol phosphate moiety characteristic 
charide which completes the structural studies on of other types of teichoic acid (7, 9) has been re- 
the capsular polysaccharide antigens maillly respon- ported as a structural component of other capsular 
sible for the serological group classification of the p0lysaccharides (10: 11, 12). Like the other meningo- 
l~leningococci (2, 3). Although all the meningococcal coccal polysaccharides containing phosphate diester 
polysaccharides are linear, acidic, and contain linkages the group 2. polysaccharide has an extended 
acetalnido groups, they can be divided illto two conformatior1 as determined from the 13C-31P 
categories based on their acidic components, those coupling constants measured from its 13C nuclear 
containing phosphate diester bonds (4), and those resonance §pectrurn. 
containing 2-keto-3-deoxji acid residues (3, 5, 4). Experimentai! 
The serogroup Z falls into the former category having ll.Inte,,inls 
a repeating unit of l'-8-2-acetamido-2-deoxy-u-~- The cells of N.  inenirzgitirlis serogroup z (strain 565) were 
galactopyranosyl-glycerol 3'-phosphate, the phos- obtained from the culture collection of the Laboratory Center 
phate linkage to the galactosamine residue being at for Disease Control, Ottawa, and were grown as previously 

0-3, Thus it from the similarly categorized described (13). The capsular polysaccharide was isolated and 
purified as previously described using an initial Cetavlon prc- 

group A and X polysaccharides (4) in that its phos- cipitation to obtain the crude polysaccharide (13). o-Calac- 
phate diester moiety is not glycosidicaliy linked to tosamine HCl was obtained from Pfansteil Laboratories Inc., 
the amino sugar residue. As far as we are aware this R'aukegan, IL. 

Analytical Metlzods 
'NRCC No. 17741 Amino sugars were detected using a Technicon auto analyser 

0008-4042/79/222902-06S0 1.0010 
@ 1979 National Reseairh Council of CanadaIConseil national de recherche3 du Canada 
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and their quantitation was carried out by the modified Elson- 
Morgan method (14), in which the hydrolysate was first incu- 
bated with alkaiine phosphatase (Worthington Biochemical 
Corp., Freehoid, NJ) in ammonium bicarbonate at pH 8.5. 
Acid hydro!yses o f  the polysaccharide were carried out using 
4 M HC! at 100'C and the amino sugar determinations were 
carried out at intervals between 4 h and 2411. The total 
2-amino-2-deoxygalaciose content was determined by extra- 
polation to zero time. Phosphorous was determined by the 
method o f  Chen et 01. ( 1  5 ) .  

Optical rotations were recorded at 23 i: I 'C on a Perkin 
Elmer 141 polarimetcr and all solutions werc concentrated 
below 50-C under diminished pressure. 

Periodate oxidations were performed on the Z polysac- 
charide (10 mg) using a 0.02 hf sodium metaperiodate solution 
(10 m L )  and the periodate uptake was determined spectro- 
photometrically (16). 

Nurlrur ~Wugnetic Resononce Spec:roscopy 
13C nmr spectra were recorded at 37'C on a Varian XL- 

100-15 spectrometer operating at 25.16 MHz and a Varian 
CFT20 spectronieter operating at 20 MHz, both in the pulsed 
Fourier transform mode with complete proton decoupling. 
Chemical shifts are reported in parts per million (ppm) down- 
field from external tetramethylsilane and the Z M  resonance o f  
deuterium oxide was used as the field-frequency lock signal. 
All the monomers and polysaccliarides were run as deuterium 
oxide solutions at concentrations o f  50-100 mg per mL.  
'M nmr spectra were measured at 37'C on a Varian CFT20 

spectrometer operating in the pulsed Fourier transform mode. 
Samples Fvere lyophylised ( x  2)  from 99.77; D 2 0  and run in 
the same solvent. The apparent first-order coupling constants 
(Hz)  were measured directly and the chemical shifts ( 6 )  are 
expressed relative t c  internal sodium 3-trimethylsilylpro- 
pionate-2,2,?,3-ci,. 

Poper. CI~rornrrtographic Annlysis 
Whatman No. 1 paper was used for descending paper 

chromatography using the following solvent systems ( A )  
propan-1-01 - ammonia (specific gravity 0.88) - water ( 6 : 3 :  I) ,  
( B )  butan-1-01 ethancl-water ( 4 :  1 : 5), and (C)  propan-2-01- 
acetic acid - water (54: 8 :  18). Compounds were detected with 
alkaline silver nitrate (17) and molybdate for sugar phosphates 
(18). 

Hy&oly.ris o f  the & Polysncchari(/c 
Acid hqdrolysis o f  the polysaccharide was carried out at con- 

centrations o f  5 n g  per niL  sing 0.1 N HCl at 100'C for 2 h .  
Excess HC1 was removed by repeated evaporation with water 
under vacuum to yield a residue. This residue when applied to 
a paper chromatograni in solvent ( A )  gave two major elon- 
gated ~nolybdate positive spots indicating the presence o f  two 
different phosphorylated coiilponents. Dephosphorylation o f  
the residue using alkaline phosphatase v i th  subsequent 
removal o f  the NH,HCO, by repeated co-distillations from 
water yielded on11 one non-reducing oligosaccharide com- 
ponent as indicated by paper chromatographic analysis. 

Gel Filtratiox 
Gel fiitration was performed on a Sephadex G-200 colunIn 

(2.4 cm x 70 crn) with a 0.1 M phosphatc buffer (pH 7.0). The 
column was calibrated with blue dextran (MW 2 000 000) and 
the phosphate content o f  the eluates was monitored by ihe 
method o f  Chen et a/. (15). 

Gas-Liquid Chrornaiogrcrphy 
Gas-liquid chromatography (gc) was performed on a Hew- 

lett-Packard 5830 A instrument equipped with a flame ioniza- 
tion detector and a model 18850A electronic integrator. The 
glass columns (180 cm x 0.15 cm) used contained the fol- 
lowing liquid phases on 100-120 mesh Gas Chrom Q ( i )  3% 
ECNSS-M at 17OZC, (i i)  3% OV-1 at 200'C. and (iii) 3% 
OV-17 at 200'C. Combined gas chromatography - mass spec- 
trometry (gc-ms) was carried out on a Finnigan 3100D instru- 
ment using the above columns. 

Ancilj~sis ofthe 0ligosacchar.ide 
Giycose analyses were carried out by the method o f  Dmitriev 

ri 01. (19). The oligosaccharide (2  mg) was hydrolysed with 
0.5 M sulfuric acid (3 ~ I L )  at 100cC for 16 h. The solution was 
neutralized with barium carbonate, filtered, and lyophylised. 
The residue was trea.ted with water (0.6 niL), 3375 aqueous 
acetic acid (1.0 m k ) ,  and 5% sodium nitritc (1.0 niL) at room 
temperature for 1 h .  The solution was then passed through 
Dowex 50 (H+) ion-exchange resin and lyophylised, redis- 
solved in water, and treated with sodium borohpdride for 2 h 
at room temperature. Followiiig deionization with Dowex 50 
( H + )  ion-exchange resin the solution was evaporated to dry- 
ness and methanol was distilled repeatedly from the residue. 
The final residue was acetylated with pyridine - acetic anhy- 
dride ( I  : 1) at 100-C for 15 min and the resulting acetates were 
analysed by gc-ms using column (i) (20). 

Methylatio~z of the Oligosaccharide 
The oligosaccharide was methylated with methyl iodide in 

the presence o f  methy! sulfinyl anion according to the method 
o f  Hakomori (21). The methylated product was recovered by 
partitioning between water and chloroform. The chloroform 
phase was dried (anhydrous magnesium sulfate), concentrated 
to small volume, a.nd analysed by gc-ms using column (ii). 

The permethylated oligosaccharide was treated with 90% 
formic acid ( 2  m L )  at 100°C for 2 h and then concentrated to 
dryness. This residue was further hydrolysed with 0.25 M 
HZSO, at 100'C for 16 h ,  neutralised with barium carbonate, 
and filtered. The filtrate was treated with sodium borohydride 
at room temperature for 2 h and excess sodiuln borohydride 
was destroyed by the addition o f  acetic acid. Following evapo- 
ration to dryness and several co-distillations o f  methanol from 
the residue, the residue was acetylated in pyridine - acetic 
anhydride (1 : 1) for 1 h at 100.C. After removal o f  the reagents 
by evaporation the residue was dissolved in water and the 
partially methylated acetate derivatives were extracted into 
chloroform. The chloroforin solution was dried (anhydrous 
magnesium sulfate), concentrated to small volume, and 
analysed by gc-ms using column (iii) (22). 

Results and Discnssisn 

Isolation and Characterisation o f  i'-O-2-acetanzido- 
2-deoxj;-a-D-galactopq.ranos~lglycerol 

Mild acid hydrolysis of the group Z polysaccharide 
of [a], +84' (c  0.5 in water), gave two chromato- 
graphically separable phosphorylated components 
both of which on treatment with alkaline phos- 
phatase yielded the same chromatographically pure 
disaccharide with an optical rotation of [a], + 59" 
(c 0.4 in water). Hydrolysis of the disaccharide using 
stronger conditions with subsequent deamination 
yielded 2,5-anhydro-D-talose, originating from the 
D-galactosamine residues in the original polysac- 
charide, and glycerol as determined by gc-ms anal- 
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ysis; the D-configuration was assigned to the galac- 
tosamine residue by virtue of the positive rotation of 
the originai disaccharide. Methylation of the disac- 
charide and subsequent gc-ms analysis of the per- 
methylated product indicated a single conlponent 
which gave a fragmentation pattern in its mass 
spectrum consistent with l1-0-3,4,6-tri-0-methyl-2- 
(N-methylacetamido)-a-~-galactopyranosyl-2,3-di-Q- 
methyl-glycerol (Fig. 1). The following fragments 
with their relative intensities (in parentheses) were 
obtained : 45 (79), 71 (59), 87 (64), 88 (1 OO), 101 (501, 
103 (211, 111 (7), 129 (32), 132 (41), 142 (la), 145 
(23), 163 (23), 173 (5), 205 (18), 228 (3), and 260 (2). 
This structure was also confirmed by hydrolysis of 
the permethylated disaccharide which yielded two 
methylated sugars identified by gc-ms of their alditol 
acetate derivatives (22) as 2-deoxy-3,4,6-tri-0- 
methyl-2-( N- methylacetamido)-D -galactopyranose 
and 1,2-di-0-methyl-glycerol. 

The 13C nmr spectrum of the disaccharide is also 
consistent with the above structural evidence and 
the assignments of its individual eleven carbon signals 
are listed in Table 1. Except for the highly charac- 
teristic anomeric signal (C-1) at 98.6 ppm all the 
other carbons of the galactosalnine residue can be 
readily assigned by comparison with previous assign- 
ments made on 2-acetamido-2-deoxy-r-n-galactopy- 
ranose (23). Thus the glycosidic linkage is in the 
R-D-configuration and this was confirmed by 'H nmr 
studies on the Z polysaccharide which indicated one 
anomeric doublet at 6 4.95 ppm with a coupling con- 
stant of 3.5 Hz, consistent with a gauche disposition 
of the anomeric H-1 and H-2 protons (24). The 
remaining three signals in the spectrum are assign- 
able to the glycerol moiety and are only consistent 
with a C-1' linkage because in comparison with the 
previously assigned glycerol resonances (11) C-1 
experiences a downfield shift of + 5.9 ppm whereas 
the vicinal P-carbon (C-2') experiences an upfield 
shift of - 1.7 ppm. The magnitude and direction of 
these shifts are highly characteristic of the linkage 
being at C-1' (25). 

FIG. 1. Methylated oligosaccharide obtained from the group 
Z polysaccharide with some primary Inass fragments. 

Structure of the Group Z Polysaccl?aride 
Chemical analyses indicate that the Z polysac- 

charide contains phosphate in a molar ratio of 1 : 1 
with galactosamine. That glycerol was also present in 
the same molar ratio could be ascertained from the 
approximately equai intensities of comparable indi- 
vidual carbon resonances of both the glycerol and 
galactosamine residues in the 13C nmr spectrum of 
the Z polysaccharide (Fig. 2). Therefore to complete 
the structural analysis of the Z polysaccharide it is 
only necessary to assign the position of the phosphate 
diester linkages joining the disaccharide repeating 
units. This proved to be a difficult task using conven- 
tional methods. The polysaccharide consumed 0.2 
mol periodate per phosphorus atom which could be 
explained either by the presence of some 6-linked 
galactosamine in a mixed linked polysaccharide or 
by end-group oxidation of a 3- or 4-linked galac- 
tosamine-containing polysaccharide. The latter ex- 
planation is certainly consistent with the finding of 
large quantities of low molecular weight material in 
the polysaccharide preparation. However periodate 
oxidation of the polysaccharide does not discriminate 
between either the 3- or 4-linkage. Although a modi- 
fied periodate technique has been devised to accom- 
plish this based on the prior release of the reducing 
sugar phosphate residues by mild acid hydrolysis 
(9), it is not applicable tb the Z polysaccharide be- 
cause of the extreme acid-stability of its glycosidic 
bonds. Therefore the evidence for the presence of 
3-linked galactosamine residues in the Z polysac- 
charide can only be obtained from its 13C nmr spec- 
trum. 

The eleven resonance 13C nmr spectrum of the 
native Z polysaccharide shown in Fig. 2 is only con- 
sistent with the polysaccharide having a repeating 
unit of 1'-0-2-acetamido-2-deoxy-01-n-galactopyran- 
osyl-glycerol 3'-phosphate, the phosphate diester 
linked at  C-3 of the galactosalnine residue. The 13C 
chemical shifts for the polysaccharide are listed in 
Table 1 together with '3C-31P coupling constants. 
Previous 13C resonance assignments for the disac- 
charide aided the identification of signals due to 
carbons in the repeating unit of the polysaccharide. 
Thus C-1, C-2, C-5, C-6, and the two acetamido car- 
bons were readily assigned. Characteristic shielding 
of C-2 (- 1.1 ppm) by an adjacent phosphate group 
(25), combined with the observation that the reso- 
nance for C-2 is a doublet due to three-bond '3C-31P 
coupling, places one end of the phosphate linkage 
on C-3. Geminal coupling to 31P (4.5 Hz) combined 
with typical deshielding (+ 5.0 ppm), as in the case 
of other sugar carbons bearing a phosphate sub- 
stituent (4, 25), identified the signal for C-3. Previous 
I3C resonance assignments made on the model 
coinpound 1'-0-a-D-glucopyranosyl-glycerol 3'-phos- 
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phate (11) were used to identify the signals for the 
corresponding carbons in the glycerol residue of the 
polysaccharide. Thus the signal at 67.4 ppm which 
was split into a doublet by two bond 13C-31P COU- 

pling (3.8 Hz) was assigned to C-3', the carbon at the 
other end of the phosphate linkage. The signal at  
70.2 ppm was assigned to C-2' because the corre- 
sponding carbon in the model compound had only a 
slightly different chemical shift, and both of these 
carbons were similarly three-bond 13C-31P coupled. 
Conformational considerations discussed below also 
support this assignment. The remaining signals at 
68.9 and 69.4 ppm could not be individually assigned 
to C-I' and C-4 on chemical shift grounds alone. 
Tentative assignment of the signal at 69.4 ppm to 
C-4 was based on the premise that slight coupling 
of this carbon to 3 1 ~  would broaden the resonance 
and thus reduce its peak height relative to the un- 
coupled carbon signals. This reduction in peak height 
of the C-4 signal is not as large as that reported for 
other unresolved 13C-31P coupled signals (approxi- 
mately 50%) (25) and indicates that extreme care 
must be exercised in the indentification of 13C-31P 
coupled signals on the basis of intensity alone. 

The dihedral angle-dependency of 1 3 C - 3 1 ~  COU- 

pling constants has been demonstrated in a series of 
glycose phosphates (4, 26, 27). However only re- 
cently using a series of rigid cyclic phosphite ester 
derivatives has a Karplus-type of relationship be- 
tween the above two properties been established 
(28). The maximum and minimum values of the cou- 
pling constants used in construction of the curve 
were 12.2 Hz and 1.8 Hz respectively, although by 
interpolation of the curve at its base, the probability 
of even smaller coupling constants (approximately 
0.5 Hz) can be envisaged. These would occur when 
the dihedral angle was in the vicinity of 90" and this 
situation could readily occur in the phosphate link- 
age to C-3 of the galactosarnille residue of the Z 
polysaccharide. For rotamers about 0-C, (Fig. 3) 
there are two possible positions (PI and P,,) where 
the dihedral angle between the P-O and C4-C3 
bond is approximately 90". Of these two positions PI 
is preferred because an examination of models 
(Dreiding) indicates the presence of highly unfavour- 
able steric interactions in positioi~ PI,. This preferred 
position (PI) could also be confirmed using the 
alternate 3 ~ c z , ,  coupling constant (5.3 Hz) in the 
Karplus curve which yielded values of approximately 
45" and 130". This latter value is consistent with the 
theoretical dihedral angle (150") between the P-0 
and C3-C2 bonds. Despite the linear non-rigid 
structure of the Z polysaccharide the extremely small 
3Ja., coupling constant would indicate a fairly 
restricted disposition of the phosphorus atom (P,) 
because any significant contribution of other rotamers 
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FIG. 2. Fourier-transfortiled 'T nmr spectrum of the native group Z polysaccharide antigen taken with an acquisition 
time of 0.4 s, and spectral width 5 kHz. The number of free induction decays was 127 000. Inset: the repeating unit of 
the group Z polysaccharide. 

/ H 
/ 

S 
Frc. 3. Classical orientations of the oxygen-phosphorus 

bond in the group Z polysaccharide looking along the 0-C3 
bond of the 2-acetamido-2-deoxygalactopyranose residue. 

would have resulted in a large1 value. Models 
(Dreiding) also show that thls restricted dispos~tion 
(P,) could be due to the adverse sterlc Interactions 
of the phosphate ester group wlth the proton on 
C-3, the hydroxyl group on C-4, and the acetamldo 
group on C-2. The 3Jc, ,p coupl~ng on the glycerol " 
rnolety (7 8 Hz) y~eided values of approximately 40 
and 160" when appl~ed to the Marplus curve The 
latter value 1s cornpat~ble w ~ t h  a trans disposition 
of the P-0 and C3'-C2' bonds (Flg 2) whlch 
again could be predicted on s t e m  grounds. Thus the 
calculated dlhedral angles of the phosphorus atom 

to  both the galactosa~nine and glycerol residues of 
the Z polysaccharide indicate that it has an extended 
conforination similar to that found for other linear 
and highly phosphorylated polysaccharides (4). 

Structural features normally associated with 
teichoic acids have been previously discovered in 
several bacterial polysaccharide antigens, the i~lost  
ubiquitous being the ribitol phosphate inoiety of the 
polysaccharide antigens of N. i~~fluenzae types a (12) 
and b (10) and some types of S.  j~neumoniae (29). 
The Z polysaccharide differs from the above cap- 
sular antigens in that it contains glycerol phosphate 
iike some teichoic acids (7). This co1;trasts with the 
teichoic acid froin S. lacris 7944 which has the saine 
structural components as the Z polysaccharide, but 
has the phosphate group linked exclusively to the 
glyceroi residues (8). I t  is interesting to note that it 
should be possible to differentiate between these two 
structures very easily using 13C nmr. This is because 
the spectrum of the teichoic acid should manifest 
only three '3C-31~ coupled signals none of which 
would be associated with the galactosamine residue. 
This particular case is well illustrated in the 13C 
nnlr spectrum of a related glucose-containing teichoic 
acid from B. slrbtilis Var. niger ( 1 1 ) .  Also any alter- 
nate structural variation involving glycosidic phos- 
phate linkages as in the teichoic acid from S. lactis 
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13 (9) would also have been easily recognisable using 
l3C nmr. This type of structure cvould give a dis- 
tinctive 13C nrnr spectrum having 13C-31P cou- 
plings on its highly characteristic and therefore 
readily ass~gnable anolneric C-1 and C-2 signals. 
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Studies on the mass spectrometry of some acyclic nuclear substituted styryl ketoximes and 
ketones with special relference to the ortho effect 
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P. J.  S~IITN,  C. B. NYATHI, J. R. DIMMOCK, and L. M. SMITH. Can. J. Chem. 57,2908 (1979) 
The Inass spectra of several ring substituted acyclic styryl ketoximes and analogous ketones 

have been determined at 70 eV and also at  low ionization voltages. The major fragmentation 
pathways for the oximes are loss of the ortho substituent from the parent ion as well as loss of 
the hydroxyl and hydroxylamine radicals. Other fragmentation pathways include y- and 6- 
cleavages as well as the McLafferty rearrangement. While there was a total absence ofu-cleavage 
from the parent ions, the facility of loss of the ortho substituents from the oxime molecular ions 
was compared with the same process occurring in the corresponding acyclic ketones, as well as 
the related cyclic derivatives, namely the substituted 2-benzylidinecyclohexanones and oximes. 
Stabilization of the resultant cyclized ion as well as steric factors are considered as factors 
favouring the cyclization process. 

P. J. SXTITH, C. B. NYATHI, J .  R. DIMMOCK et L. EVf. SMITH. Can. J .  Chem. 57.2908 (1979) 
On a determine les spectres de masse de plusieurs oxirnes de styril cetones acycliques ayant 

le cycle substitue, et de cetones analogues en operant a 70 eV et a de faibles energies d'ionisa- 
tion. Le schema principal de fragmentation implique la perte des substituants en position 
orrlro a partir de l'ion inoleculaire aussi bien que la perte de radicaux hydroxyle et hydroxyl- 
amine. Le clivage en y et en 6 ainsi qu'une transposition de McLafferty ont lieu dans une autre 
type de fragmentation. La facilite avec laquelle l'ion moleculaire de I'oxime perd ses sub- 
stituants en position orrho, en l'absence totale de clivage u, est comparee au mgme type de 
fragmentation que subissent les cetones acycliques et les composes cycliques apparentes 
comme les benzylidine-2 cyclohexanones substitues et les oximes. On considere la stabilisation 
de I'ion cyclise resultant et les facteurs steriques comme itant des elements qui favorisent la 
riaction de cyclisation. 

[Traduit par le journal] 

Introduction 
Apart from the early work of Djeressi ef a/. (I), the 

mass spectra of aliphatic and alicyclic ketoximes have 
received little attention. In an earlier publication (2) 
we considered the mass spectra of a series of 2- 
benzylidenecyclohexanone oximes, while recently the 
mass spectra of a series of aryl heteryl ketoxirnes have 
been studied ( 3 )  with the view of investigating a 
gaseous phase Beckn~ann rearrangement. 

The ortho effect as applied to aromatic compounds 
generally involves the loss of a neutral molecule from 
a 1,2-disubstituted aromatic derivative (reaction [I]). 
A less common process is 

B-C 

cyclization via the orrho effect permitting ring forma- 

'To whom all correspondence should be addressed. 
ZRevision received July 27, 1979. 

tion. Coutts and Malicky (4) have observed the loss 
of OCH, from o-methoxyphenyl-2-propanone oximes 
via the orrizo effect, reaction [2]. 

As well, we have studied the cyclization reaction for 
several styryl ketones (51, reaction [ 3 ] ,  and 2- 
benzylidenecyclohexanones (6), reaction 141. 

In order to elucidate the fragmentation directing 
qualities of the oxime group, the inass spectra of a 
series of nuclear substituted styryl ketoximes and 
some deuterated analogs are planned to be invesli- 
gated in the present study. In addition, the structural 
and electronic factors involved in the intramolecular 
aron~atic substitution reaction with loss of an orrho 
substituent to give an aromatic species will be con- 
sidered for severai ring substituted styryl oximes and 
ketones. In order to determine the relative ability of 

0008-40421791222908-08$0 1 .00/0 
1979 National Research Council of Canada/Conseil national de recherches du Canada 
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the carbonyl function and the oxime group to 
promote cyclization, a comparison of the M - M 
(ortho)/M and M - Cl(ortho)/M ratios for both the 
styryl ketone and oxime series and the 2-benzylidene- 
cyclohexanone and corresponding oxime series will 
be made. 

Results and Disclassion 

The following styryl oximes (1-6) were prepared 
and their mass spectra obtained. The mass spectral 
data for selected ions of these compounds are recorded 
in Table 1 .3 

NOH 

Several styryl ketones (7-11) with different ortl~o 
substituents were examined in addition to the ring 
chlorinated ketones described earlier (5). Compound 
12, the 2,3,4,5,6-pentafluorostyryl ketone was also 
investigated. The mass spectral data for selected ions 
of compounds 7-12 are recorded in Table 2.3 

Due to the paucity in the literature concerning the 
mass spectra of oximes, it is worthwhile to consider 
the spectra of oximes 1-6 in some detail. A striking 
feature of the spectra of the six oximes is the total 

3A complete listing of the mass spectral peaks for all the 
compounds down to 2% intensity is available, at a nominal 
charge, from the Depository of Unpublished Data, CISTI, 
National Research Coancil of Canada, Ottawa, Ont., Canada 
K!A OS2. 

absence of ions corresponding to a-cleavage, 

NOH 
II 

R ' n c H = c H - c +  
R2 

This result is in contrast to the a-cleavage process 
which occurs in the corresponding ketones leading to 
the formation of an ion, 

In these acyclic ketones, the a-cleavage process is a 
major fragmentation pathway and in the case of the 
unsubstituted compound (X = H), this r-cleavage 
ion is the base peak. 

A significant peak in the mass spectra of com- 
pounds 1-6 corresponds to the loss of 17 mass units 
(M - OH)' from the molecular ion as confirmed by 
the appropriate metastable peak. This ion has a 
relative intensity of 73 and 80x,  Table 2, in the 
spectra of the unsubstituted and 4-dimethylamino 
compounds (I and 6), respectively. The loss of the 
hydroxyl radical from the molecular ion was further 
confirmed by high resolution mass spectrometry. 
When the specifically deuterated oxime, 

NOD 

was examined, a loss of 18 mass units from the 
molecular ion was noted. 
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0 

TABLF I. Relatlve lntenslty (r I.) and mjz values of selected ions observed In the 70 eV spectra of compound$ 1 to h *  

P 2 3 4 5 6 
- - -- - - - - - -- - 

m/z r I. nzjz r.1 m/z r I mjz r I mjz r I rnjz r I 

231 (M) 50 265(M) 29 265(M) 55 299(M) 
230(M - 1) 100 264(M - 1) 19 264(M - 1) I00 298(M - I )  
214(M - 17) 73 248(M - 17) 40 248(M - 17) 74 282(M - 17) 
199(M - 32) 29 233(M - 32) 15 233(M - 32) 30 267(M - 32) 

-- 230(M - 35) 100 230(M - 35) - 264(M - 35) 
188(M - 43) 9 222(M - 43) 6 222(M - 43) 8 256(M - 43) 
174(M - 57) 16 208(M - 57) 13 208(M - 57) 18 242(M - 57) 
16 l (M-70)  40 195(M - 70) 44 195(M - 70) 45 229(M - 70) 
160 23 194 9 194 32 228 
144 100 178 15 178 34 212 
130 59 164 17 164 36 198 
129 64 163 18 163 60 197 
128 45 162 6 162 11 196 

- - 160 46 160 30 194 
117 70 151 18 151 3 6 185 
115 30 149 4 149 7 183 

*I he Ion5 uscd for dlscusslon will bc tlio?e w ~ t h  nz/z values corlespondlng to the presence of only the  'iCI lrotope 

TABLE 2. Relative intensity (r.i.) and m/z values of selected ions observed in the 70 eV spectra of compounds 7 to 12 

7 8 9 10 1 1  12 
-- ~ -- . . - 

r.1. n ~ j z  r.i. nljz r.1. n?/z r.1. ni/z r.1. nijz r.i. 

276(M) 2 290(M) 2 336(M) O 0 .6  370iM) 0 0 . 5  3Xl(M) 0 0.5  306(M) 5 
II I l I I 

215(M - OCII,OCI1,) 3 215(M - OCII,OCH,CII,) 0 215iM - OCC,,III) 2 215(M OCC,,H,p-CI) 13 215(M - OCC,,H,p-NO,) 21 215(M f) 0 
161 10 147 20 105 100 141 35 161 I I 236 75 
45 100 59 100 77 41 139 100 181 20 22 1 1 00 

I I I 17 150 100 205 9 

145 14 204 19 
120 12 193 39 

143 14 
9') 7 
55 13 
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The M - OM ion could be formed directly from 
the molecular ion, reaction [5], 

and have a nitrenium ion structure analogous to the 
ion proposed by loss of the hydroxyl radical from 
benzophenone oxime (7). Alternatively, the M - 17 
ion could result from loss of hydroxyl from an inter- 
mediate structure a formed by a stepwise hydrogen 
rearrangement, reaction [ 6 ] ,  with the formation of 
the conjugated cyclic ion in b. 

Observation of ions b and c indicates that b would be 
more stable and, in fact, for all the oxirnes 1-6 the 
loss of OH was a preferred fragmentation pathway 
than the loss of NHOH, Table 1. 

An alternative route for the formation of the 
M - NHOH ion is from the "enol" form of the 
molecular ion, reaction [7], to give an ion d. 

H 
I 

However, the vinylic ion d would not be expected to 

+N-OH be stable and in order to test this hypothesis, the 
I trideuterated substrate, 

CH=CH-C-CH2-CH2-SH-(CH2)2CH3 
R1 - P- R Z + NOH 1 1  

@CH=CD-c-cD~-~cH,~,-cH~ 
a 

Support for the proposal of an intermediate a 
comes from the observation that the molecular ion of 
the oximes 1-6 loses 32 mass units, (M - 32), 
Table 1, as confirmed by the observation of the 
appropriate metastable peak. High resolution mass 
spectroscopy indicated that the NHOH radical is 
lost from the molecular ion. Intermediate a, rather 

was prepared. It was found that the molecular ion of 
this substrate lost 32 rnass units and not 33 mass 
units as would be expected if enolization occurred 
and NDOH were lost from the molecular ion. 

It is noted that the molecular ions of all the oximes 
except 6 lost 57 mass units (y-cleavage) and to a lesser 
extent 43 mass units (6-cleavage), M - 57 and 
M - 43, Table 1. Oxime 6 does not fragment to the 
same degree as the other oximes presumably due to 
the fact that the para-dimethylamino group provides 
increased stabilization to the molecular ion of 6.4 The 
y- and &-cleavages presumably occur with cyclization 
to nitrogen as proposed by Djerassi and co-workers 
(1). 

A major ion e,  M - 70, Table 1, found in the 
spectrum of all the oximes except 6 corresponds to 
the McLafferty rearrangement, reaction [8]. The 
ron e 

losing OH as in I61 'Iso 47he molecular ion of oxime 6 is the base peak in the spec- 
lose NHOH and after c~clization give which trum while the molecular ions of oximes 1-5 range in relative 
wou!d be expected to be stable intensity from 26-552, Table 1. 
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could be formed directly from ion a proposed as an 
intermediate for loss of both OH and NHOH from 
the molecular ion (reaction [6] ) .  In all cases, except 
for oxime 5,  the McLafferty ion e loses OH. In fact, 
e - 17 has a relative intensity of 100% in the spec- 
trum of compound 1 (m/z = 144). As well, for all the 
oximes, an ion corresponding to the loss of NHOH 
from e also was observed. It is noteworthy that in all 
cases the McLafferty ion e loses a hydrogen and, as 
well, where a chlorine is a ring substituent the loss of 
a chlorine atom is also observed from e as confirmed 
by the observation of the appropriate metastable 
peaks. 

An exalnlnation of the data in Table 1 indicates 
that the loss of C1 from e appears to be more favoured 
when the chlorine is in an ortho position. For 
example, for the 2,6-dichloro oxime, 5 ,  ion e loses C1 
to give an ion with mlz = 194 with a relative intensity 
of 85%. The loss of halogen from the McLafferty 
rearrangement ion, e, could presu~nably proceed via a 
combination of either a simple bond cleavage process 
or via a cyclization similar to that represented in 
reaction [ I ] ,  the ortho effect, which will be discussed 
subsequently. It is of interest to note that the 
McLaKerty ions observed in the mass spectra of the 
corresponding ketones ( 5 )  also lose hydrogen and 
chlorine in a similar fashion with loss not being 
exclusively restricted to the ortho substituent. 

As mentioned in the Introduction, the ortho effect 
leading to cyclization has not been studied in detail 
(8). Since we have examined this process for styryl 
ketones ( 5 )  and for other a,P-unsaturated ketones (6) 
it was thought of interest to examine whether the 
reaction is a general one and can be promoted by the 
oxime function as well as the carbonyl group. 

A striking feature of the spectra of the oximes 1-6 
is the exclusive loss of an ortho substituent from the 
molecular ion, M - 1 and M - 35, Table I .  A 
chlorine atom is lost only when it is in an ortho 
positlon as seen by the data for compounds 2 and 3 
and also 4 and 5 .  The appropriate metastable peaks 
were observed for the loss of chlorine from the 
molecular ions. It was shown that the hydrogen atom 
which is lost does not come from the oxime function 

since when the specifically deuterated compound 14 
was examined there was no loss of deuterium from 
the molecular ion. As well, a hydrogen atom is not 
lost f ro~n  the molecular ion when both ortho positions 
are substituted with chlorine atoms (compound 5). 

('J-cH=cH-c-~cH~).cH~ 
I I 
N-OD 

13 

A cyclization mechanism identical to that proposed 
for the corresponding ketones (5) is consistent with 
the observed loss of only the ortlzo substituent. 
Nucleophilic attack5 of the electron rich hetero 
atom, nitrogen, on the aromatic ring is followed by 
loss of the ortho group (R) to give a stable aromatic 
system, f, reaction [9]. 

Attack of oxygen rather than nitrogen would lead to 
a less stable fragment ion. It is noteworthy that the 
cyclization product ion f receives stabilization from 
the oxygen and consequently this ion does not lose 
the hydroxyl radical. 

In order to investigate the factors which affect the 
cyclization process, it is useful to evaluate this 
process quantitatively and hence the M - H/M and 
M - Cl/M ratios were determined at low ionization 
voltage where the only significant fragmentation 
process is cyclization with loss of the ortho substit- 
uent. These ratios are shown in Table 3 for the 
styryl ketones and corresponding oximes, as well as 
the 2-benzylidenecyclohexanones (6) and their corre- 
sponding oximes (2). 

It is noted that for both systems the M - HIM 
ratios6 are significantly greater for the oximes than 
for the corresponding ketones. Thus, in the 2- 
benzylidenecyclohexanone system, M - HIM = 1.37 

5Nucleophilic attack on the aromatlc ring has been proposed 
by other workers (9-11) to account for ortho rearrangement. 

6The same trends in M - H/M and M - Cl/M ratios for 
the oxlmes as compared with the ketones were observed at 
15 eV and 70 eV. 
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SMITH ET AL. 

and 0.38 for the ring unsubstituted oxime and ketone, $ * 
respectively. That the hydrogen which is lost comes ,z 
from the ortho positions is confirmed since the 2 
molecular ion of both of the 2,6-dichloro styryl oxime 2 
and ketone does not lose a hydrogen. 0 

The preferred formation of the M - H ion in the .? 
oximes as compared with the corresponding ketones 
is probabiy a result of either the greater availability 
of electron density, which promotes cyclization, in 2 
the C=N bond as compared with the C=O bond or 2 
the greater stability of f as compared with the ,: 
product of ketone cyclization. o 

M 

g 

A comparison of the M - HIM and M - Cl/M 
ratios in both the styryl ketones and oximes and 
benzylidenecyclohexanone and their corresponding 
oximes shows that the M - CI/M ratios in all cases 
are greater than the M - HIM ratios where there is 
at least one chlorine atom in an ortho position. This 
observation presumably reflects the fact that chlorine 
is a better leaving group than hydrogen and, thus 
allows cyclization to be more facile. 

The stability of the resultant cyclic ion also par- 
tially determines the ease of ring formation. An 
examination of the M - CI/M ratios for both the 
2-C1 and 2,6-diC1 styryl ketones and oximes indicates 
that the ratio decreases when two chlorines are 
placed on the aromatic ring; i.e. for the styryl oximes, 
M - Cl/M = 1.51 and 1.14, for the 2-C1 and 2,6- 
diCl compounds, respectively. The decrease in 
M - ClIM ratio is probably due to greater stability 
off than h, 

which has an electron-withdrawing, destabilizing, 
chlorine atom on the ring. Consistent with this con- 
clusion is the observation that the mass spectrum of 
the 2,3,4,5,6-pentafluorostyryl ketone 12 does not 
lose a fluorine atom. This result can be rationalized 
either by considering the poor leaving group qualities 
of fluorine or the considerable deactivation of the 
cyclic ion due to Jiue electron-withdrawing fluorine 
atoms. 

Surprisingly, the trend in the M - Cl/M ratios in 
both systems from the oximes to the ketones is 
opposite to that observed for the M - HIM ratios. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2914 CAN J .  CHEM. VOI.. 57.  1979 

TABLE 4. M - OR/M ratios at  low ionization voltages for ortho 
substituted ether and benzoate ester styryl ketones 

Substituent (R) eV M - OR/M 

Whereas the M - HIM ratios are greater for the 
oximes than for the ketones the M - Cl/M ratios are 
smaller for the oximes compared with the corre- 
sponding ketones. This phenomenon may be due to 
the fact that steric effects are more important in the 
cyclization process of the oximes than for the ketones. 
I t  is more difficult for the bulky oxime filnction, as 
compared with the smaller carbonyl group, to attack 
an ortho position containing a large chlorine atom. 
These effects are unimportant when the ortho posi- 
tions contain the small hydrogen atom. 

In order to see whether ortho substituents other 
than hydrogen and chlorine are specifically lost via 
the ring formation process, several styryl ketones 
containing ether and ester substituents were exam- 
ined. The major ions in the mass spectra of 7-11> 
Table 2, are as expected with the ethers giving base 
peaks at m/z = 45 and 59 and the benzoate esters 
giving base peaks for the substituted benzoyl ions.' 

The M - OR/M ratios were measured at low 
ionization voltages for compounds 7-11 and are 
shown in Table 4. It appears that the ethyl ether 8 is a 
better leaving group than the methyl analog 7 and 
that the para-nitro ester 11 is the best leaving group 
in the series of esters 9-11. 

Experimental 
Mass spectra were determined with an MS-12 mass spec- 

trometer. Source temperatures were varied between 120 and 

7The corresponding para isomers of compounds 7,9-I1 did 
not give a loss of the nuclear substituent from the molecular 
ion. 

130-C, depending on the sample. The samples were introduced 
using the direct probe technique. The high resolution spectra 
were determined by Dr.  A. Boulton, Psychiatric Research 
Unit, University of Saskatchewan. 

The preparation of the oximes 1-6 was by the literature 
methodology (12) and the styryl ketones 7, 9-11 by the re- 
ported procedures (1 3). 

I -  (2- Efhoxyrnethox~~l1e11j~l)-I-nonen-3-one ( 8 )  
A mixture of 2-octanone (76.9 g, 0.60 mol) and 2-ethoxy- 

methoxybenzaldehyde (0.50 mol) was added to a solution of 
sodium hydroxide (10 g, 0.25 molj in 300 1nL of water and the 
resultant mixture was heated under reflux with mechanical 
stirring for 12 h. On cooling, the two layers were separated and 
the aqueous layer washed with benzene (3 x 100 mL). The 
washings were added to the organic layer and the solvent and 
excess 2-octanone removed under reduced pressure. The 
product bp 170-C/O.IO mm was prepared in 5 9 x  yield. Anal. 
calcd, for C,,H,,O,: C 74.45, H 9.02; found: C 74.17, H 9.00. 

1- (Pentuj7uoroyhen~~l) -I-nonen-3-one (12) 
To a vigorously stirred solution of 2,3,4,5,6-pentafluoro- 

benzaldehyde (0.13 mol) and 2-octanone (0.15 niol) in dry 
benzene (200 mL) was added glacial acetic acid (0.13 mol) and 
piperidine (0.13 mol). The mixture was heated under reflux for 
1 h using a condenser attached to a Dean-Stark trap. The 
benzene solution was cooled, extracted with water, 3 x 100 mL, 
and the benzene removed in vacuo to give a yellow oil, 27%, bp 
114'Cjl.O mm. Anal. calcd. for C,,H,,F,O: C 58.82, H 4.94; 
found: C 58.37, H 4.76. 

Oxime ofl-Pl1eizyl-I-none~-3-one-OD 
The oxime of 1-phenyl-1-nonen-3-one, 0.5 g, was dissolved 

in 10 mL of acetonitrile and 5 mL of D,O was added. The 
solvent was removed under reduced pressure and this process 
was repeated six times. The oxime-OD was recrystallized 
from 30-60'C petroleum ether and was shown by infrared 
analysis to be approximately 70% deuterated. The oxime-OD 
was introduced into the source of the mass spectrometer in a 
solution of D,O. This was repeated three times. 

Oxinze of 1-Phenyl-I-nonen-3-one-3-d, 
The oxime was prepared from I-phenyl-1-nonen-E-d2 by the 

previously pub!ished oxinlation process (12). 

I-Phenyl-l-nor1etz-3-one-rl,c;l.a'-d, 
I-Phenyl-1-nonen-3-one, 0 5 g, was dissolved In CH,OD, 

15 mL, and 1 g of dried sodium acetate was added. The solu- 
tlon was refluxed overnight. The ketone was recovered and the 
exchange process repeated two more times. The product, 

was shown to be completed exchanged at  C, by nmr but there 
was incomplete exchange at  a'. 
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CinCtique de la formation de la mktalloporphyrine Cu(1I)---dkrivC tetra 6thyIGnediamin;o 
de la protoporphyrine IX (ENP) en milieu aqueux 

G U Y  P A Q U ~  I I E '  ET MIKLOS ZADOR 
D4purter?lerlt tlr Ckimir,  U n i ~ e r s i t i  de  Mor1tr4rr1, C.P. 6210, Succ~crsule A ,  Mor~trPul(QuP.), Cancrtln N3C3V1 

Regu le 8 rnai 1979 

GUY PAQUETTE et M ~ K L O S  ZADOR. Can. J .  Chem. 57.2916 (1979). 
La cinttique de la formation de la mttalloporphyrine Cu(I1)-ENP est dependante du pH 

suite a la protonation des N pyrroliques et aussi suite a la protonation des groupes diamines des 
chaines IatCrales. Le degre de protonation de ces chaines laterales influence tgalement le degrC 
d'association de la porphyrine et de la metalloporphyrine en solution. L'ordre de reaction par 
rapport a la porphyrine est different de 1 par suite d'une inhibition par le produit de reaction; 
cette inhibition s'opkre via la formation d'une nouvelle espece, un complexe mixte porphyrine- 
metalloporphyrine qui est peu reactif. L'ordre de reaction par rapport au Cu(I1) est egalement 
different de 1, dC a la chelation du Cu(I1) par les groupes diamines des chaines laterales. La 
presence de ligands du Cu(1I) influence a la fois la cinetique de la reaction et la nature du 
produit final de reaction. 

GUY PAQUETTE and MIKLOS ZADOR. Can. J. Chem. 57,2916 (1979). 
The kinetics o f  formation o f  the metalloporphyrin Cu(I1)-ENP is dependent on the pH 

due to the protonation o f  the pyrrol nitrogen atoms and the protonation o f  the diamino groups 
o f  the side chains. The degree o f  protonation o f  these side chains also influences the degree o f  
association o f  the prophyrin and the metalloporphyrin in solution. The order o f  reaction with 
respect to the porphyrin is not unity, a consequence o f  an inhibition by the reaction product; 
this inhibition operates via the formation o f  a new species, a mixed complex o f  porphyrin- 
inetalloporphyrin o f  low reactivity. 

The order o f  reaction with respect to Cu(1I) is also not unity, a consequence o f  the chelation 
o f  Cu(1I) by the diamino groups o f  the side chains. The presence o f  Cu(I1) ligands influence 
both the reaction kinetics and the nature o f  the final reaction product. 

[Journal translation] 

Introduction porphyrine IX (fig. 1). Selon le symbolisme utilisk par 

Les porphyrines, sous forme de complexes avec des White et Plane (201, elle sera dtsignte par ENP 

ions mktalliques, sont impliqutes dans plusieurs base libre). 

systemes biologiques importants, tels l'htmoglobine, Partie expCrimentale 
les cytochromes et la chlorophylle. Suite aux nom- Rtactifs 
breux travaux sur le sujet (1-4), il ne semble pas La solution stock de C U ( I I ) ,  SOUS forme de perchlorate, a Bti. 
qu'on puisse digager un micanisme vraiment prCparCe a partir du sel double CuCO,,Cu(OH), (B.D.W.) et 
gkneral concernant l'incorporation de l'ion mital- d'acide perchlorique ( J .  T .  Baker). 

La force ionique du milieu a ete maintenue constante a lique a la ~ o r ~ h ~ r i n e .  La nat~lre de la porph~rine et 0.2 M 8. l'aide de NaCIO,, En presence de ligands ajoutes, il a 
du 1nkta1, ainsi que le milieu riactionnel, jouent un tenu compte des kquilibres de protonation de ceux-ci et des 
r81e important lors de ces rtactions. La tres faible complexes Cu(I1)-~igand(s) dans le calcul de la force ionique. 
solubilitt de la majoritk des porphyrines en lnilieu Le derive de la protoporphyrine a etC synthttisk selon la 

aqueux est certainement une cause importante de la methode dkcrite dans la litterature (20, 211, a partir de l'ester 
dimethylique de la protoporphyrine I% (Sigma) et d'ithylene- 

diversitt des rtsultats obtenus: les solvants non- diamine (Fischer) prealablement disti l le,  La pureti du produit 
aqueux ou mixtes (5-221, de meme clue les dktergents a &ti. verifiie en comparant la position des maximums du 
(19) ont kte frkquemment utilisks, ce qui implique la spectre uv-visible et les valeurs calculkes des absorptivites 

prksence en solution d'espkces mitalliques souvent molaires avec les d0nn.h publiees (20). 

ma1 connues et de rkactivitk difftrente des especes MCthode cinCtique 
aqueuses. 

Les reactions ont i t& etudiees a 25'C par spectrophotometrie La prCsente porte sur "interaction du Cu(l'l) en enregistrant l a  diminution de ['absorption de l a  bande Soret 
avec une porphyrine synthktique en de la porphyrine dQe ix la formation dc la mCtalloporphyrine, 
aqueux, d i r i d  tetra-ithylenediamino de la proto- dans la region de ?, = 360 a 405 nin. U n  spectrophotometre 

Zeiss PMQ 11, avec un porte-cuvettes thermostate, a ete 
'Adresse actuelle: Department o f  Agricultural Chemistry utilise. La temperature a l'interieur des cuveties optiques a etk 

and Physics, MacDonald Campus o f  McCill University, mesuree a l'aide d'un thermocouple. Les resultats ont CCe en- 
Ste-Anne de Bellevue (QuC.), Canada H9X 1CO. registrks sur un enregistreur logarithmique Sargent-Welsh 

0008-4042/791222916-07$01 . 0 / 0  
@ 1979 National Research Council o f  Canada/Conseil national de recherches du Canada 
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FIG. 1. ENP, forme base libre. 

rnodele SRLC;. 1.a concentration en porphyrine etait de 
1.0 x lo--' M. Alors que celle du Cu(II) variait de 2.5 x LO-, 
B 2.5 x M. Les constantes de vitesse ont ete obtenues B 
partir de la relatioil k t  = ln [Ao - A,) / (A  - A , ) ] ,  ou  A,, A 
et A ,  representent les absorbances aux temps de 0 ,  r et infini 
respectivement. A cause de problemes particuliers discutes plus 
loin, la n~ajorit i  des ri.actions ont t te analysees en cinetique 
initiale, i.e. sur une periode couvrant environ les premiers 2504 
de reaction. La force ionique a ete mainteli~le constante, 
puisque des experiences ont montre que la force ionique in- 
fluence l'etat de la porphyrine en solution, de meme que la 
vitesse de reaction. 

RCsuitats et discossion 
(a)  Etat de la porpl~yrine en so l~~ t i on  

La ENP peut exister en solution sous plusieurs 
formes (20): Ia base libre (ENP, fig. I ) ,  le inono et le 
dication (HENP' et H2  ENP2') en rn~lieu acide, sans 
compter les divers degrCs de protonat~on des chaines 
latkrales. Les formes dirnkriques de la base libre et 
des espices acides sont Cgalement possibles. 

L'existence de ces diverses fornies de la porphyrine 
a i t6 proposke suite 2 une Ctude spectral& (20), mais 
I'influence du degre de protonation des chaines 
laterales n'a pas CtC ClucidCe. 

Nos rCsullats prkliminaires indiquaient un r6le 
probable des chaines latkrales (voir plus loin): il a CtC 
dkcidk alors de reexanliner cette question. 

La fig. 2 montre la courbe de titrage obtenue. La 
solution de pH = 3.3"pri.s dissolution cie Ia ENP, a 
6tC amenee a pH 2.2 puis titree par NaQH. 

F I G .  2 .  Courbe de titrage. [ENP] = 2.5 x 10-",M, courbe 
a :  excis de HC10,. [NaOH] = 4.7 x lo-' hf, courbe b :  
N pyrroliques, courbe c:  chaines IatCrales. [Ell] = 5 x lo-' 
M ;  [HCIO,] = 5 x M: courbe d. 

La courbe se dlvise en tro:s parties: (a )  neutralisa- 
t ~ o n  de I'exces d'acide perchlor~que ajoutk; (b) titrage 
des hydrogenes Internes de Ia forine ac:de; (c) neu- 
t ra l~sat~on des six protons des groupes amlnes des 
chaines laterales 

Deux ~ o i n t s  ~a r t~cu l ie r s  sont a noler. Premii.re- 
ment, i l  n'est pas possible de distinguer le depart 
successif des deux protons de la forme acide, ce qui 
est frequent pour Ies porphyrines (22). Un calcul de 
la quantitC de H' impiiquke dans la neutralisation 
des hydrogines internes indique un rapport 1 : i pour 
H'IENP. Ceci implique la prCsence soit du mono- 
m6re monoproton6, soit du din16re diprotone comme 
espices dominantes. La deuxi6me possibiliti est 
retenue, en accord avec les constantes publikes (20), B 
cette concentration ClevCe de porphyrine (2.5 x 

M I .  
Le point Ie plus important concerne les chaines 

latkrales (partie c) .  Dans ce cas, il est Cgalement im- 
possible de distinguer le dipart des diffkrents protons 
des groupes amines. Ceci indique que les differences 
d'aciditi. entre ces protons sont trop faibles pour Etre 
perceptibles dans ces conditions. Le comportement 
des chaines Cthyl6nediamines est done tr6s diffkrent 
de 11kthy16nediamine seule (courbe rl de la fig. 2). 

(ii) Titrage spectrophoton~e'triq~re 
L'kvolution des spectres en fonction du pH (fig. 3) 

fait ressortir deux points importants. D'abord, les 
spectres 1 3 (pH = 1.3 i pH = 2.5) montrent la 
transformation de la forme acide ( I , , , ,  = 402 nm) en 
base libre (A,,,, = 372 nrn) et il semble qu'il n'y ait 
que deux espices prksentes en solution puisqu'on 
distingue deux points isobestiques a h = 386 nm et 2 
h = 405 nm. Or, colnme la bande L h,,, = 372 nrn a 
Ctk attribuCe au dimire de la base libre (201, ceci 
indique que la forme acide e s t t r i s  probablernent 
diinkrique (20, 21). La reaction acide-base est alors 
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FIG. 3 .  Evolution des spectre5 de EVP en fonrtion de pH. 
[EhrP] = 8 x iO-" M ;  I ,  pH = 1.3 :  2, pH = 1.9: 3, pH = 
3.5:  4, pbi = 4.9: 5, pH = 6.3, 

Ceci est en accord avec !a valear des constantiis 
dqaciditC et de dirnerisation obtenues par White et 
Plane (20) et aussi avec les conclusior~s tlrCes de 
i'analyse cie la courbe de titrage acide-base. 

A pH 2 4. 19s rksuliats du titrage acide-base, ainsi 
que ies valeurs des sonstantes d'acidiie (20) impli- 
qsent, qile les azotes internes sont diprotonees: ?es 
bases libres subissent aiors progressiveinent ia 
dkprotonatioi~ des chaines laterales par I ' a~gmenta-  
tion d u  pH. 

Les spectres 4 et 5 de la fig. 3 montrent que la 
bande du dimi.re de la base libre s'ijargit et ne passe 
plus par ies points isobestiques. kes nouvel!es espices 
qui appa.raissei~t sont probabiement des Eor11:es 
oIigomCriques (trimere etc.) La diprotonation des 
chairies IatCrales a cornille effet de diminuer !es 

fluenee par ies chxges p6riphiriques de la E N P q u i  
sont skpakes dtl noyau par qtieique.; carhones ali- 
phatiques (fig. 1) .  3 e  plus la lii:lueiir des ciiaines 
perrnet Line fie:ci'oilii-b sufEsanie pour Ies orienter dans 
des directions opposees. Les divers groupes chargCs 
sont alors suffisammeat eloignks ies uns des autres 
pour pe;-]nettre la foimatio;~ du dim6re. Celte 
possibilick n'existe pas chez la TMPyP. 

liii) Cii?&tiql:e de la t.e'artiot7 el? Jor?c.tioi~ dzi pH 
La fig. 4 mont:-e ia variation de !a constailte de 

vitesse iiiitiale en fonctioil du pH. On ;' rei7larque les 
~ r o i s  points suivanls : 

( I )  De pH = 3.75 (point Cquivaient du titrage 
aside-base) 2 pH = 2.0. la \-jtesse de rCaetioi~ di- 
minue, selon U P  ordre approximatif -2  en H7,  ce 
qui indique m e  trks faible riactiviti. de ia fornie acide 
cie la porphyriix par rapport acix for~nes  base libre. 
Une reaction eficr-ukcj. h pH = 1.0 est au  1120iil~ 10' 
fois pius Isnte qu'5 pH = 3,75. C'est le comporte- 
nient nonnal des porpbrrines dans !a rigion de pH 
correspondarit a la prutor la t io~~ des arotts pyrro- 
liques (9 ) .  

(2) Aux pH > 3,75, la courbe ilidiqi~e un coax- 
portemeizi parhicuher de ia EWP. .A ces pH, la pius 
grancie partie de la porghyrine a d&jB i t& %ransform@e 
en base libre; or La vitesse de riaction coiltinue 
d 'arig~i~enler avec le pH. Par contre, tel qrie montrk 
par 1'6tude de White et Plane (20),  ies caractiristiques 
spectrales ne changent plus dans le meme cioinaine de 
pH: il est donc impossible de connaitre la natiire 
exacte des esp&ces, proton6es diffe'remrnent sur les 
chai'nes latirales. dans ces miiieux et d'avoir rme 
interpretation quarititative de l'augmentation in- 
porta~ite de vitesse observee. Quzlitative:r.ent, ce 
ph&nom?ne est di? d ia i&duction de 1a charge port& 
par 12 porphyrine ce qui ei~traine la c!ilxinution de 

ripulsisns klectrostatiques 13;s chaines protonkes et 
d'aiigrnefikr Ies i~iteractions 'nydropilobes, respon- M.'S.' 

sables de la formation d'agprkgats. 
L'existence be ces o l igoi~~tres  a i t6 sugg6rCe pour 

d9autres porphyrines, la protoporphyri~le I X  el  la 
deuteroporpliyrine i X  (23) ,  suite A l'aaalyse de 
spectres dont les caractiristiques son: semblables 2 
celles des spectres de Ia fig. 3. 

Pour cerlair-ies autres porphyrines telle la tetra-1'4- 
mithylpyridylporphii~e (TR4PyP) il a 6tC dkmontrk 0.'5 

que les charges positives pkriphiriques (4') em- 
pechent I'association en ~nilieu aqueux (24). C'esf le 
cas coaitraire de la ENP, qui s'explique par le fait que 
les substituants iV-mCtliyipyridyles cle la TMPyP 
sont joints au noyau perphyrinique aux positior~s o 
2,  p, 6 (cf. fig. I), doilc directement lies au systPnne 2 3 4 

5 p ljr 

r~ risonant du noyau. Ce systkrne rCsonant. respon- FIG. 4, Variation de l a  constante de \itesse en fonclion du 
sable de I'association ( 2 5 ) ,  est beaucoup  coins in- pH. [ENF] = 1 x IV& 7 = 25-C. 
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i'C;lergie libre d'interaction Clecirostatique avec Ie " 1-- 
-- 

CU", conduisant & i'augrnentatioil de la coilstante 
de viresse. I 

De  P!LIS; ur,e telle rkductio:~ de la charge de la 
i porphyiine, dans !e cas des porpbyrincs substitutes 

en position I ~ Z ~ S O  (cc,  j3, y, 8 ,  fig. 1) permet d'accroitre 
!a rkactivitk de ia posphyrine e n  auglne~~tant  la 
defisitk klectroniq~!e au centre rtactif (24, 26-30). 
L'eZet est probableineiit n~oincire dans le cas de !a 
EN"?, a cause de la position des groupes ci-iargCs sur 
les cl~aines latkrales. 

(3) L'anaiyse de la fig. 3 a conduit B !'bypothi.se de 
I'existence d901igom&res au p H  > 4. La fig. 4 indique 
la prisei~ce de ces oligom6res ne dilliillue pas la 
rkacti-vitk de la porphyrine. 

L'Cvolution des spectres eri cours de rCaction nlet 
Cgalement en tvidence I'i:~fluence de la protonation 
des chaines laterales sur i'Ctat des esp6ces en solution 
(fig. 5). Dans les deux cas la bande h 350 nm (dim6re 0.5 4 
de la mtralloporphprine (20)) apparait. A pH = 3.5 
(fig. 5a) ia bande est stable a la fin de la reaction, 
alors qu'2 p H  = 4.5 (fig. 5h) elk diminue Ientement 
d'intensitC et il apparaif eventueiiement un prCcipitC 
dans la cuvette optique. A pH = 3.5, les chaines 
lattrales protontes maintiennent Ie dim&re en soh-  350 400 n m 

i 
tlon, alors qu'a p H  = 4 5, les groupes amlnes corn- 
mencent & se dtprotoner, conduisant a la formation 
d'oilgomkres cuptrleul-s q u ~  prCc~pitent Cventuelle- 
ment. 

On remarque le mEme comportement lorsqu'on 
augmente le pH d'une colut~on de Cu ENP formte B 
pH plus bas. 

(b )  L'ordre de r e'uc tion par rapport a !a yorphj,rine 
En supposant un mecanisme simple, I'kquation de 

vitesse s'tcrit comme suit: 

121 Vitesse = /c[EWP][CLI~+! 

Comrne dans toutes les rtactions effectutes 
[Cu2+ ] >> [ENP], I'kquation se riduit 8: 

[3] Vitesse = k,,,[EPdP] 

D e  plus, La vitesse initiale de la reaction varie selon 
un ordre i par rapport B la concentration initiale de 
porphyrine. Toutefois les graphes de In ( A  - 
A,)/(A, - A,) versus 1e temps prksentent des 
tcarts a la lintaritC irnpostants (fig. 6a). I1 a CtC 
vCrifi6, a i'aide de solutions synthktiques, qu- o ces 
Ccarts ne sont pas dus B la ~n t thode  experimentale: 
l'absorbance :r*esurCe est IinCairement relike au degri 
d'avancement de ia reaction. 

81 apparait donc que seui un "'incident" qui se 
dkveloppe au cours mime de la rCaction puisse Etre 
responsable de i9Ccart B la linkarit6, que nous avons 
attribuk a une inhibition par le prodvit de la reaction. 

FIG. 5. Evolution des spectres dnrant la reaction [ENP] = 1 
x 10-5 M ;  T = 25'C. r r ,  pH = 3.5, [Cu(ll)j = 2.5 x M. 
6 ,  pH = 4.5, [Cu(II)i = 5.0 x M. 

FIG. 6 ,  Courbe d'lntegration d'ordre 1. [ENP] = 5 Y 10- 
M ;  [Cu(II)] = 5 x 10-' M :  pH = 2.0; T = 45 C;  i, = 408 
nm. a, [Cu.ENP], = 0. b, [Cu.ENP], = 1.5 x 10-5 M. 

En effet, l'addition de quantitks croissantes du 
produit entraine la diminution progressive de la 
vitesse et, de plus, la courbe cillttique devient alors 
lintaire (fig. 4h). Plus la concentration de Cu.ENP 
est forte, plus la rkaction est ralentie. 

Les spectres sont rCvClateurs de la nature ds  
l'inhibition. k9addition de Cu.ENP a une soiution de 
ENP a pH = 2.0 influence la bande B?,,,, = 402 nm, 
i.e. celle de la forme acide de la porphyrine: cet effet 
est astribuC la formation d'un complexe lnixte 
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VOL 57. I979 

ENP-Cu.ENP assez stable pour causer le dCpart des 
protons de la forme acide, m&me a pH = 2.0. 

Ce con~piexe Ctant moins reactif vis-a-vis l'in- 
corporation du Cu(II), sa formation en fonction du 
teinps entraine l'allure autoinhibCe de la rtaction. 
Lorsque celle-ci est dCmarrCe en presence de 
Cu.ENP, le complexe rnixte est d6jA prtsent en con- 
centration appreciable au depart : la rCaction est alors 
plus lente, inais prCsente une cinetique d'ordre 1. 

C'cst la premiere fois qu'un tel co~nplexe nlixte est 
suggCrC, rnalgrC que I'auto-association des por- 
phyrines (1, 2, 23, 24, 31, 321, ainsi que des rnCtallo- 
porphyrines (1, 2: 3,24, 31, 33, 35) soit bien etablie. 

Aux autres pH, i.e. 3.5 et 4.5 principaleinent, l'in- 
hibition par le produit de rtaction est aussi prtsente 
et eile a CtC di-montrie cinktiquement par la meme 
mkthode. Dans ces cas cependant la prtsence du 
comp!exe mixte n'est pas apparente sur les spectres 
probablement parce que les difftrences spectrales ne 
sont pas suffisarnment importantes vue I'absence de 
la forme acide B ces pH. 

i c )  L'n7jluence de la coi7centratron en Czl(lI)  
La fig 7 montre la variation de la constante de 

vitesse en fonction de [Cu(II)]: le coinportement est 
le mZme aux dlvers pH Ctud~Cs. Ce type de dtpen- 
dance est l1nCaire aux basses concentrat~ons en 
Cu(Il), et sembie aussi linkaire, mais de pente 
diffirente, aux concentratlons plus ClevCes. Comme Ia 
rCaction du Zn(1I) avec ia meme porphyrine prtsente 
LIII ordre 1 sirnpie par rapport au Zn(II) (36), les 
diffkrences constatCes avec le Cu(1I) sont tres 
probablement IiCes a la nature de I'ion mttallique 
implique. 

I1 est bren connu que le Cu(II) forrne fac~lement des 
con~plexes avec les amines (37). 11 est possible que le 
Cu(I1) complexe les groupements diamines des 
chaines lattrales, ou les chaines en position 6 et 7 
(fig. I), formant alnsl une espece complexte rnoins 
reactwe que la porphyrine seule KJn calcul effectut B 
partir des constantes d'aciditk et de complexation de 
1'Cthylknediamine (en) avec le Cu2+ indique qu'a 
pH = 4.5, la proportion de en complexCe sous forrne 
Cu.en2' est de 20 2 30%, avec [Cu(lI)] = 2.5 x 
lo-' M. Or le titrage acide-base de la ENP (fig. 2) a 
montrt que le groupements diamines des chaines 
IatCrales ont des protons plus acides que 1'Cthylkne- 
diarnine par un facteur de 10'-103 ; ils sont donc plus 
facilement remplacks par Cu2+.  De plus, par leur 
position, les chaines laterales en pos~tion 6 et 7 
(fig. I), perinettent la formation d'un titradentate 
encore plus stable. Les conditions sont donc favo- 
r a b l e ~  a la formation d'un chtlate du Cu(Il) par les 
chaines latCrales. 

On a alors deux espirces en solution, ENP et 

FIG. 7. Influence de la concentration en Cu(1I) sur k,,, 
[ENP] = 1 x lo-' IW; pH = 3.5: T = 45-C. 

ENP-Cu. L'Cquation de vitesse devient ainsi la 
suivante : 

[4] Vitesse = ( k ,  [ENP] + k,[ENP-Cu])[Cu(Il)] 

Aux basses concentratioi~s en Cu(II), la concentra- 
tion en ENP-Cu est faible et le terme correspondant 
de l'eq. [4] est negligeable devant k ,  ENP; la rtaction 
est alors d'ordre 1 en Cu(I1). Aux concentrations plus 
klevtes en Cu(lI), le contraire se produit; la vitesse 
est Cgalement d'ordre 1, mais l'espece complexte 
ENP-Cu etant moins reactive, la pente de la courbe 
est plus faible (fig. 7). La courbure reprtsente la 
transition progressive entre ces deux cas limites. 

La reaction du Zn(l1) avec ENP montre une cine- 
tique d'ordre 1 par rapport au Zn(I1) (36). Or les 
coinplexes du Zn(II) avec les polyarnines ont des 
constantes de stabilite plus faibles que ceux du 
Cu(I1) d'un facteur 1O4-10' (37). La concentration de 
I'espkce complexee ENP-Zn est d'autant plus faible, 
donc negligeable dans ces conditions. Le cas du 
Zn(I1) est ainsi identique 2 celui du Cu(I1) a basses 
concentrations. 

i4 Injuetzce de la prPsence de ligands du Cu (ZI) 
La prCsence de faibles concentrations 

M )  des ligands acetate, pyridine, imadazole et 
Cthylenediamine acc616re la rCaction d'incorporation 
du Cu2+ a la ENP. La presence des complexes 
Cu.L2+,  Cu.LZ2+,  etc. ouvre de nouvelles voies 
rCactionnelles. selon les tquations suivantes: 

[ S ]  CuZ' + ENP -+ Cu.Eh'P + 2H+ kcu2 + 

[ 6 ]  CuL2' + ENP + Cu,ENP f L f 2H" kc,,2 - 

[7] CuLzZi + ENP + Cu.ENP + 2L + 2H+ + 

L'tquation de vitesse s'tcrit alors: 

[8] Vitesse = (kCU2+ !Cu2+] + kCuL2- [CuL2+] 

+ + [CuL,' 'I) [ENP] 

A faible concentration en ligand, seules [Cu2'] et 
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PAQUETTE ET ZADOK 292 1 

[CuL"] sont apprtciabies. Dans ce cas on peut 
calculer ler xialeurs de constantes de vitesse indivi- 
dueiles, a 25°C: Al l -  

La rCactivitC accrue des esphces coinplexCes du 
Gu(I1) a deja Ctt dClnontree a quelques reprises 
(3 ,  17), de m&me que pour le ZnjIT) (36, 39). 

L'analyse cinitiques des rtactions a plus fortes 
concentrations en ligand a 0.25 M) a montrt 
un comportement singulier, inexplicable par les 
calculs de ripartition des especes du Cu(1I) et de 
co~~stantes  de vitesse individuelles. Les spectres 
enregistrks en cours de rtaction (fig. 8) montrent la 
prisence d'un phtnomene nouveau haute coacen- 
tration. A basse concentration (fig. 8a) la transforma- 
tion du dimire de la base libre (A,,,, = 372 nin) vers 
le dimere de la inktalloporphyrine (IL,,, = 382 nm) 
s9effectue avec une dCcroissance monotone de 

FIG, 9. Evolution des spectres lors de la reaction en presence 
de forte concentration d5Cthylenediamine. [ENPJ = 1 x 
M ;  [Cu(II)] = 2.5 x IM; [en] = 2.5 x 10-I M ;  pH = 
4.5. T = 25'C, force ionique = 0.75 M. 

!'intensite. A concentration ClevCe (fig. Eb), il y a 
d'abord dkplacement du maximum vers )L = 382 nm 
avec augmentation d'lntensiti: puis l'intensite di- 
minue, quoique moins fortement que dans le premier 
cas. 

On est donc en prtsence de deux phtnomenes con- 
stcutifs. On attribue !e notrveau phinornene a la 
complexation, en position axiale, du Cu(1l) de ia 
mCtalloporphyrine par le ligand prisent. Les spectres 
de la reaction en prtsence de tres fortes concentra- 
tions de erz (0.25 M) concordent avec cette hypo- 
th6se (fig. 9); on y observe uniquement le dCplace- 
ment de la bande Soret, qui augmente d'intensite. 
Comnle l'elargissen~ent et l'aplatissement du pic a 
A,,, = 382 nm ont kt6 attribuks prCcCdemment a la 
formation d'oIigom6res supkrieurs au dimire, cette 
bande ttroite et plus intense indique I'absence 
d'oligorn6res. La Cu.ENP existe donc sous forme de 
dimire, avec un ligand par mCtalloporphyrine. C'est 
essentie!lement !a m&me conclusion que celle de 
MacCragh et coll. qui ont CtndiC une strie de por- 
phyrines du Cu(TI) avec des ligands par rCsonance 
paramagnetique Clectron~que (38).  

Cette ~ d t e  est confi:inCe par deux autres faits 
experimentaux. D'abord I'addition de fortes concen- 
trations de en a une solution de Cu. ENP produit un 
spectre final selnblable a celui de la fig. 9. Deuxieme- 
ment, Ies riaelions effectuies en prisence de con- 
centrations faibles ou nulle de ligand B ce p H  (4.5) 
montrent un prtcipiti a la fin de la rtaction, alors 
qu'il n'en apparail pas dans ies cas hautes concen- 
trations, m&me apres plusieurs jours. 

350 400 n rn 
Colaclnsiadna 

La rtaction CtudiCe prCsente, par rapport aux 
Fro. 8. Evolution des spectres lors de  la reactlon en presence 

d'Cihylened~amine. [ENP] = I x 1W5 144; [Gu(l:)] = 2.5 x autres rCactions de formation de mttalloporphyrines, 
lo-? M ;  PH = 4.5; T = 45 C, [en] = 5 10-4 M. b, quelques traits particuliers, dus 2 la nature des 
[enj = 5 x lo-2 M. chaines laterales de la ENP. 
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La role de H +  y est double. d'une part la protona- 
tion des Y py-roliques conduit des forlnes acides 
tr6s peu rCactives, ce y u ~  est le cas gCni.ral; d'autre 
part, le degrk de protonation des chaines latCrales 
iilfluence les 6q~tilibres d'association de la por- 
phyrine et la viterse d ~ncorporation du Cu(1I). 

La formation d'un chelate du  Cu(1H) par yes 
mEmes chaines cond~ilt  a une espice de ~kactivitC 
rnoindre que la porphqrine seule 

L'ordre de rkaction par rapport A la porphqrine est 
dlfT61ent de 1, 2 cause de la formation d'un corn- 
plexe inixte ENP-Cu ENP, peu riactlf. au cours de 
la rCact~on C'est la prenii61e fols qu'un tel com- 
plexe est m i s  efi Ckidence 

La presence de faibles concentrations de Iigal~ds du 
Cu(T1) accCl6re la rkaction d'incorporation du mCtal, 
alors qu'a hautes concentrations I 'itat du produit 
final est plut6t dimCrique qu901igornCtrique suite B !a 
coniplexaiion ~ L I  Cu(II) de la mCtailoporphyrine en 
position axiaie. 

Ces particularitks dil systkme Cu(I1)'ENP souli- 
gnent encore uiie fois la difficult6 de proposer un 
lnCcanisrne vraiment gCnCral d'incorporation des ions 
metalliques aux porphyrines. 

Ees auteilrs remercient le Conseil national de 
recherches du Canada et le Minist6re de 1'Education 
du QuCbec pour I'aide financi6re accordCe loss de la 
realisation de ce travail. 
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m 
1 he transannular eleetrophilic reaction sf alkeng1 nitrsso compounds and the 

.;tereochemis&r> sf nitrosy1 chloride addition 

YLAN L. C'HOM.. M. ~ O Z I . ~ S E X W  \R4P* $111 .?V. :\>\ID Htx.vI: R L C H A R D  
L)c'/~(i/.fti~('i~t of Cl/(,iiii.\ti.~. Siiiioii F i . i i \ ~ i .  Cri!ir~~i.s!:~~, Bi/rii[i/)y, U . C ' , ,  (.iiii(id(i /->A l S h  

Received klay 1 .  1979 

Y C . ~  L.  CHOW, K ,  SO\I-\SEKHARA?< PILLAY, and H ~ R V E  RTCITARL). Ca1-l. J. Chem. 57.2913 
(1979). 

Nitrosql chloride reacted with :,5-c:.clooctadiene and trcir!.~,tr.nrir,trr~i~.~-1,5,9-cyc1od~deca- 
triene i11 methglene chloride by the c,D-addition to  g i ~ e  chioronitroso al!tenes u.iik cis a n 2  thi-eo 
(tintis) configuraiion, respcctikely. These enantionioiphic C-nitrcso colnpounds were isolated 
as a single compor~iid for the fornier; and a n i i ~ t u r e  io: the latter, of dl arid (or) inero din?ers, 
the presence of v,hich \\as readily monitored by 13C nn?r spectroscop). The former can assume 
a coi~ibrrnaiion to  place the rc-bonds of the nitroso and olefinic groups in interacting vicir~ity 
arld undergo a n  acid catalyzed intramolecular electrcphiiic cyciization to  give bicyclic hjdroxyl- 
anlines mliich are readily air oxidized to the co:r.esponding nitroxide radicals. Rearrangement 
in acetic a n h ~ d r i d e  - rneihjiene chloride afforded good 5ields of the stable bicyciic h y d r o x ~ l -  
ainine acetates s\hich cerved as precursors to  generale the corresponding nitrovides under mild 
ccnditions. Photoaddition of.\ -iiitrosopiperidine to I ,5-cqclooctadiene also partlq afforded the 
ci\-aniinonirroso adduct 14 hich underuent  the intrainolecular addition to  gi1.e hydrorylamines. 
The thrco(ti-at!.\)-.chlmitroso alhenes failed to  c)c!izc in simiiar fa5hion under comparable 
conditions. Nitrosylchloride added cxclusi\ely to the ri.iiir,-double bond of ti.o,i.!,cic-1,s-cqclo- 
decadiene ~ i i t h o u t  i-egiospecificity biii ,"\as belieicd to foliou !he stereospecific cih-addition; 
this chioroilitroso coillpoiliid aiso undernent the acid catal>zed :-ransanniilar reaction to  give 
simllar hydrox~lan i l r~es  :hzr were not isolated in pure states. 

YUAN L. C H O ~ ? ,  K. SO';IISLI(H\RA~~ P ~ L L A Y  el  HER\^ R I C I ~ ~ H D .  Carl. J. Chem. 57.1923 
(1979). 

Par  une additioil cij, le rhiorure de nitrosq!e dans le chlorure de nitthylene se fixe sur le 
cyclooctadiene-! ,5 s t  ie cyclociodCcatriene-1,5,9 ri-iit~.r.f;~ans~~ims pour conduire respectivemefit 
2ux alcenes chioroni;roses <,is et ri'zi-ho !irnrr.r). Les coinposis ~i iantiomorphes C-nirrosis sont 
isoles sous foi me de co~irposd unique dans le cas du cyclooctadiene et sous forme d'un melange 
de ril et ou de din~eres ii?4so dans le second cas. La presence de ces derniers a ete revklee par 
l'etude des spectres rmn du 'T. i e s  composis derikant du cyclooctadiene--1,s adoptent une 
con5guration qui place ic5 !iaisons n des gl.oupements nitroso et olefines a u  voisinage l'un de 
I'autre. Ceci pennet alors une cyclisation e!ecti.ophile in(ranio!eculaire, cata!ysCe par l'acide, 
cici conduit ails h>drou)ismines bicqcliques. Ces derniers s'oxSdent facilemcnt B I'zir en 
i.adicaax iiiri-oso corxspondants.  L a  transposition dans un r?C!ange a n h ~ d r e  acQtique -- 
ch1ori.il.e tie r:iCthyIi.re foamit  avec de iions rendeiiients Ies acCtates d 'h~~droxylaminei  bicy- 
cliilues ~ i z h l e s  qui dan i  2e.; coi~ditions douces serkent de prec~~rseurs  aux nitroxydes cor- 
resim~?dants. L'addirion photochiniique de :a N-nitroso pipkridine a u  cyc1ooc;adiene-i,5 
fo~~:-iiit awsi  en partic ! 'addtiit amino-nitrosk cis yui par une addition intra~~lolecuiaire conduit 

RLIX hydrox>!an~ines. Dans des conditiohs identiques, Ies a l c ~ n e s  chloro-nitroses r/lir:o (tvni1s) 
rre se cyclisent pas. Le chioinre de nil:-asyle s'addiiioniie e.;clusivement sur la double li2ison 
rrciiis d u  cycIododecadi(.ne-T,C triiiis,ci.s. La reaction n'est pas regiospCcifique inais on  pense 
que l'addition se fail sterdospCcifiquerxnt de maniere cis. Ces composes chloronitrosi.~ 
subissent egalernent une reaclion ti-ansani~ulaire catalysie par ies acides pour conduire a des 
hydroxylaniines sirni!air.es que i'on n 'a  pas pu isoier B I'Ctat pur,  

[Traduit par le journal] 

Introduction 
In the photoaddition of nitrosami~les -to olehns 

(1, 29, the isolated crude products very often exhib- 
ited esr signals in the region of the isotropic g-factor 
2.006-2.007 siaggestiq the presence of nitroxide 
radicals. Yet, attempts to isolate these nitroxides by 
c a r e f ~ l  chromatography have never been rewarded 
despite the fact that nitroxides are gea:era!ly fairly 
stable; in rlzost cases oxirnes derived from the 

G-nitroso co~npcunds,  the primary phctoadducts, 
a.re the major proci~~ct: although certain exceptions 
have been observed (3,4). That C-nitrosfi compoiinds 
can efficiently trap aikyl, acy3, and alkcxyl radicals 
during photolysis of nitrites a i ~ d  6-nitroso com- 
pounds has been iteil-established by de Boer and 
co-workers (5) and other groups ( 6 ,  7 ) .  A similar 
spin trapping reaction might be invoked to accouilt 
for the niiroxide forma,tions in photoaddition of 

0008-4042/79/222923- 13$01.30/0 
1949 h'ational Rzsearch Council of Canada/Conseil national de rechef-chca du  Canada 
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nitrosamines to o!efins but the extent must be very 
small. In cases where tertiary C-nitroso coinpounds 
are generated, since tautomerization is blocked, a 
novel intramolecular electrophilic reaction of the 
nitroso group with a suitably located labile electron 
pair occurs to give hydroxylamines which are oxid- 
]zed to n~troxides (3). Such react~ons m ~ g h t  be re- 
garded as ~ntramolecular "ene" reactions , exairiples 
of ~ntermolecular equ~valents have been repoited 
( ~ f d e  infrci). Subsequently we became Interested in 
e!ectrophilrc reaction of nitroso groups with olefinic 
bonds. 

The chemistrjr of C-nitroso compounds has been 
reviewed (9-i2). Characteristically the C-nitroso 
group is readily reduced to hydroxylamines, oxidized 
to a nitro group, attacked by radicals to give ni- 
troxides and by nucleophiles to give adducts in addi- 
tion to tautomerization and dimerization (9). The 
G-nitroso group is electrophilic but hardly powerful 
enough to react with alkenes, dienes, or acetylene 
unless the nitroso group is activated by a vicinal 
electron withdrawing moiety, such as nitrosoarenes 
(13), trifluoronitrosomethane (13), a-haionitroso- 
alkanes (9), and nitrosylcyanide (14). Such nitroso 
con~pounds act as electrophilic dienophiles (9, 13, 
14) to give 1,2-oxazines with dienes (13, 14). A 1,2- 
cycloaddition reaction with simple olefins is rare 
unless the nitroso group is powerfully electrophilic 
as in CF,NO (13). However, recently nitrosoarenes 
( 15-1 3) and tertiary nitrosoalkanes (I 8) have been 
shown to undergo "ene" reaction with olefinic bonds 
to  give hydroxylamille derivatives, though the yields 
in the latter cases are not specified. In principle, a 
nitroso group may be protonated to generate a 
nitrenium ion intermediate which may react with a 
strategically located n-electron system. On the basis 
of this assumption, the reactions of some alkenyl 
nitroso coinpounds have been investigated. 

Results 
Photoaddition of iV-nitrosopiperidine to 1,5-cyclo- 

octadiene (8, 1,5-GOD) in methanol in the presence 
of hydrochloric acid or perchloric acid gives the 
expected amino oxime 4 which was known to arise 
from tautomerization of the primary 1,2-addition 
product (1-41, G-nitroso compound 3. In  addition, a 
second product was isolated in fairly high yield in 
each photoreaction; this second product was shown 
to possess no carbon-carbon double bond and 
oximino moiety but the molecular formulae repre- 
senting the addition of a molecule of hydrochloric 
acid or, in the latter case, methanol. Crude or analyt- 
ically pure samples of these two compounds showed 
poorly resolved 'B nmr spectra and a broad esr 
triplet signal of equal intensity with g-value 2.006- 

2.007 and cr, 15-17 C,  typical esr paranieters of 
nitroxide radicals (18, 19). Since the observed esr 
signal is similar to those of the nitroxides of a flexible 
bicyclo[3.3.1] system and diEerent from those of the 
relatively rigid bicyclo[4.2.1] system with ivell-re- 
solved hyperfine splitting from a and P-hydrogens 
(19), structures 5 and 4 \yere assigned to these two 
products; obviousiy, the esr signals were due ro trace 
amounts of nitroxides 8 and 9 arising from the air 
oxidation of 5 and 6 (20). Pcdeed, hydroxylamine 6 
was readily oxidized by alkaline hydrogen peroxide 
to 9, which was rigorously characterized with ele- 
mental analysis and spectroscopy. 

Both hydroxyiamines 5 and 6 were difficult to 
purify by sublimation or recrystalIization, though 5 
could be recrystallized to give a good analysis by 
working under nitrogen atmosphere as much as pos- 
sible. Presumably, oxidation occurred constantly 
during the operation in norrilal atmosphere to gen- 
erate trace amounts of rlitroxides 8 and 9. Likewise, 

the 0-acetyl derivatives of hydroxylamiiles couid be 
prepared only with difficulty, probably for the same 
reason. By extensive chromatography, hydroxyl- 
arnirie acetate '7 was obtained and showed the typical 
N-acetoxy absorption at 1760 cm-' (3). 

Although the 'H nmr spectra were poorly resolved, 
it ivas seen that the C-2 proton in 5 (-CNCI-) had a 
large coup!ing constant and that in 6 (-CMOCH,-) 
had a broad signal; these indicated that the C-6 
proton had axial orientation. The narrow signals of 
the C-6 proton in 5 and 6 indicated the pseudo- 
equatorial orientation. The configuration will be dis- 
cussed in detail later, 

In the formation of the bicyclic hydroxylamines 
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shown above, an unisolated riirrosoaiicene with a 
suitable configuration and conformation was as- 
sumed to be the precursor. Vllrh an aim to clarify 
the -3attern of thg transannular reaction the anti- 
dimer of chloronitroso compound "n was prepared 
by additioi? of nitrosyl chloride to  1,S-COD (I). The 
addition gave a good yield of the nitroso dlrners. 
While the purified dimer was very stable, the crude 
dirneric fractioils tautomerlzed s!owrJiy In solution 

we more during nmr spectroscop~c examinations to g' 
of oxlmes PI, probably catalysed by a trace amount 
of acids As the crude or recrystailized d m e r  showed 
e ~ g h t  signais In the 13C nmr spectra \kith thc expected 
chemical shifts, it must be an aizti-azodioxy com- 
pound, either a meso (symmetrical) or dl (unsym- 
metrical) dimer (2i), arising from a single adduct 
ivi~ich was deduced to be the cis-adduct, as shown in 
10 (cide irl;r?n). The dimer obviously possessed an 
a:?ii-azodioxy group as shown by ii\l absorpiion at 
294 nm and strong ir peaks at 1238 and 1208 cm-'. 
The 'H nmr spectrum ofthe dimer exhibited tile meth- 
ineprotons a t  t 4.57 and 5.45 which were shownto be 
not coupled to  each other. In comparison to a large 
coupilr;g of the meth~ns protons (9 = 9 Hz) in tram- 
2-dnmethylam~nocyclooct-§-em- 1-01 (221, the zero 
c o u ~ l l n g  as iiell as cons:Jerat~ons of conformations 
w:th Dreidlng stereo~i:odels ( L I &  rnfra) suggested 
that I0 had the rzs-configurat~on of the funct~o~ial  - 
g r o u p .  1 be d ~ m e r  slo~ily decomposed on storage to 
grve a mixture of sjiz- and mzti-oximes 18 [rom whlch 
the former, the major product, was isolated. The 
assignments of the s1.n- and anr7-configuration byere 
made on the basls of chernlc;il shifts of 13G and the 
rnethlne protons a t  the 2-posltlor,. The 13C nmr spec- 
trum of the rn!xtLre sho\%ed t*o sets of elght signal 
patterns, oile set was relatlvtiy more intense than 
the conrespond~ng signals of the othel set. The nix-  
fure of oxime I 1  wa.s reacted with dimethylamine lo 
give the known anti-amino oxime 12 (23). 

De:on?posifion cf the di111er of 10 under acidic 
conditions caused tautomeriraiiori to ewe oximes 11 

L 

fazid der~varives thereof) knd transannu1z.r cycllza- 
tron to bydroxyla~ines such as 1'9 2nd I8 Generally, 
1n the presence of ploton donors the lormer \\ere 
formed overwl~ein~ingiy, but subs:antnal a i n o ~ n t s  
of the latter were produced In aprotlc solvents. Thus, 
when the d ~ n e r  \\as decornposed in a niethylene 
chloride - methanol rnlnturc ir, the Dresence or  a 
catalytic anlount of perchioris acid, a mixture of s j ' t ~  
a r ~ d  anti-oxime 13 (70z",)and trace amounts of ch!oro 
ketone 94 axld methoxy ketone 15 were obiailled; in 
addition, by gc-ms, the presecce of methoxy oxime 
13 was detected. In this reaction, a small amcunt of 
hydroxylaniine I"1was isolated but could not be 
crystallized becaase of the presence of the &ace 

1 1  X =  C1 1.8 X = C!  16 
12 X = N(CH,)2 15 X = OCH, 
13 X = OCH, 

x. - e - 5 . Y - - - - - 
$40~  (;? CI i 

17 X = OCH,, R = H 20 X = OCH, 
18 X = OCOCH,. K = CI-I,CO 21 X = 0COCH3 
I9 X = O H . R =  H 22 X =  OH 

amount of the corresponding nitroxide 20, as indi- 
cated by the esr triplet a t  g = 2.0073 and a,, = 17.5 
G. Decomposition of the dimer of 10 in methanol - 
methyiene chloride in the presence of hydrochloric 
acid or din~ethylailrmonium chloride gave similar 
results. though the relative amounts of the oxiiiles 
(11 and 13) and the ketones (14 and 15) varied con- 
siderably. Oxime 82 (573 was also formed in the 
iatter reaction. In these reactions, similar esr signals 
were always observed with the crude products and 
the presence of hydrctxylamine 1.7 or related com- 
pounds, e.g., X = Cl or N(CH,)2, were indicated 
from the crude fractions of chronnatographg or 
gc-111s analysis. Many attempts to purify s~tch crude 
fractions faiied, probably due to air oxidation and 
other decomposition pathways during the operations. 

Decomposition of the dimer of C-nitroso corn- 
pound 10 in methylene chloride - acetic anhydride 
gave hydroxylan~ine I8 (60%) and oximino acetate 
16 ( 3 @ x ) ,  but, in the co-presence of acetic acid or 
sodium acetate in the same solvent, the yield of 18 
was lower and that of 16 increased. Judging from the 
ten signal pattern of the I3C iimr of oximino acetate 
16, this sample was homogeneous. In view of the 
chernical shifts of the C-2 at  59.5 p p n ~  and the corre- 
sponding methine proton at T 5.15. this oxime likely 
possesses the 5jSn configraratlan. The structures of 
13, 14, and 15 were suggested from their ir, nmr, and 
mass spectra, 
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While crudc I~ydrosylamice acetate I8 fro:n chro- 
malographj showed an esr triplet due to a trace 
a n i o i i ~ t o f '  nitrcxide 21 (ride iir!fir:), the sublimed 
sainpie Mas free of this signal and cvas characterized 
rigorously. Both hydroxylainines 17 and 18; in 
analogy to hydroxylamines 5 and 6, exhibited a 
broad ~ ? a i i i p l ~ t  for the C-2 proton (axial orienta- 
tiollj, a narrow one for the C-6 proton (equatorial 
orientation), and a ti-%.o proton muItip!et for ?he C-l 
and C-5 bridge protons. 111 particular, the axial 
orierltation of the C-2 proton E; 18 was clearly -.stab- 
Iished by tb.e coupiii~g pattern, J ,  , - 5 Hz1 jTZl jLi  = 

I I  Hz and J,,,, = 7 Hz? nhich iias obtained by 
dccouplil~g experiments. From the 'Fi 111nr para;;?- 
eters s ~ d  consideration5 based 011 9 ; - e i i n g  inodeis, 
23 a:-id 24 with. fairly 9a;tened riings could be the 
most probable coniror:nations among orhzrs far  
i-i>d:-oxylamiiles 5, 6. 8'7, i;~":; 18, For 17 and 18 a i ~ d  
their derivatives, the prererreci co r~ i ' o r~~~a t ion  was 
most likely 23 because of t5e narri-,l sippals j b > ' l 1 2  = 
i O  HZ) for the p~.oiors ab $:-I and C...4; ij. n a s  re- 
ported that ih:: corresponding protons i;? a clhair- 

. . boat conT~rrxat i r i  shou.-ed much \iiaer signals 
j =  16 Hz) but those in a cheii-ciiair co~if~rnmation 
showed narroif er signals (9-10 t I z )  (24). For a b~~!?cy 
I' = N(CF-i,)S group in 5 and 6, conforxnai~o:i 24 
was more likeiy since the signal for the czrrespon- 
ding protons was much u;ider (12-14 HZ). 

The mass spectra of these hydroxylaixines 5 fi6, 17, 
and 18 indicated the common skeletal Fcatiires by 
exhibiting tile corresponding ;mass peaks that might 
he represented by the ion as sho\vn; among other 
possibilities. The intensities of these icils varied de- 
pending on the gro1p of X? Y .  znci Z allci each com- 
pound had other prornin-nt /t?:'c peaks than t h ~ s e  
shown. 

'Hydroxylarnine acetate 18 in metkyiene chicride 
showed no esr signal a i  all brlt, \+-hen shaken in the 
presence of saturated s ~ d ~ ~ r n  carbonate solution in 
the air, it rapidly developed an intense 1 : I : 1 triylet 
with g value 2.0073 and a, = 17.2 G (!he width 
4.8 G) within six minutes: the in te~si ty  was ~ncreased 
s l o ~ I y  afterward. This signai, as vv.eT: as those from 
5 ,  6, and 419? persisted for more than a year. Brief 
reduction of 18 with !ithiurn aluminum hydride gave 
hydroxyiamine 19, which possessed the expecied ms, 
'H nmr, and ir spectra a.nd was oxidized with alkaline 
hydrogen peroxide to give nitroxide 22, showing a 
broad esr triplet (1 : 1 : 1) with g vdue  2.00'78 and 
a, = 17.5 G (band wideh 5.4 6). 

The structure of h!;tiroxy!amine acetate 18 Lras 
ccnfirmed by the fol!o\ving chemical transformatior?. . -  . Rec';uction of 48 vith zinc and sodiu.m iodide ii; 
acetic acid g&ve bicyciic amine 25, vi hi& i.x7as rigor- 
ously characterized by ana.lysis and s~ech-osccpic 
data. Its 'H nm7- spectr1u.m has a w r y  sin~ilar na-tterr. 
t a  that of 18 in the doz~jnfiel.2 region: v,l~iie the C-2 
(.; 4.933, C-1, and C-5 (r 6.90) protocc \?<ere shifted 
siightl!. upfield. the C-6 proton (T 5.70) remailled at  
ihe same chemical shifr TI itZi respect to rhose of 18. 
This s~ggests  t31ar the i\;-acei-oxy group orients itself 
primarily as shoihn in 23 and 24 exerling long rang:? 
cleshielding effects on protons ether than the C-6. 
The mass spectrum of 25 could be interpreted with 
a simiiar fragmentation scheme as shoivn above. 
Reduction of 25 with iithiurn aluminum hydride, 
ih!!o:i-ed by tosylatio~i and h r the r  reduction with 
lithium alur~lii-tam hydride gax,e a 6 : 7 niixiiire of 26 
and 27: boil] co rnpou~ds  Lvere identified by their . . 
m2ss spectra lrorn g.2-ms anaiysis. The bicyc!ic alnine 
29 was isoiated and m-as tosy!a.ted to give !C~IOIVX 
$-tosy.i-9-azabicycI~[3.3~ 1 I n o n a x  (25). 
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g = 2.0068 and a, = 13.5 C;: typical of a nitroxide. 
Obviously, if simiiar transannular eiectrophilic 
cyclization as demonstrated with BO had occurred 
with 29, their amounts were fairly small. 

The addition of nitrosyl chloride to trar?s,cis-1,s- 
cyclodecadiene (39, icCDD) is able, in theory, to 
give isomeric chloronitroso adducts arising from 
attack at different double bonds, from regioselec- 
tivity, and from the cis- and fruns-addition pathway; 
furthermore, the C-nitroso dimers would be a com- 
plex mixture of nleso and dl isolners (21) arising from 
all possible combinations of the above enantiomor- 
phic C-nitroso isomers. The crude or recrystallized 
C-nitroso dimer showed a surprisingly sharp melting 
point and also had uv and ir absorptions compatible 
with the anti-azodioxy linkage, This sample was ob- 
viously an isomeric mixture as shown by its am- 
biguous and diffused 13G and 'PI nlnr spectra. How- 
ever, the ir absorption at 770 cm-' and the result 
from tautomerization products (ride inpa) indicated 
that the chloronitroso compounds were a regio- 
isomeric mixture arising from the attack at the tvurls 
double bond of 39, i.e., a mixture of 40 and 41 with 
unknown configurations. 

Decomposition of the dimer of C-nitroso com- 
pounds 40-41 in the presence of hydrochloric acid 

k NOR Cl 

46 X = Ci 42 R =  H 43 R =  ;i 
47 X = OAc 44 R = COCH, 45 R  = COCM, 

gave a mixture, which showed overlapped esr signals 
a t  g 'U 2,006 and t i ~ o  similar nmr signals a t  z 5.45 
and 5.63, probably due to the C-2 proteris of 42 and 
43. As the mukiplet at T 4.7 was changed to broad 
doublet (J = 13 Hz) on irradiation a t  the r 8.00 
region, the presence of the cis double bond was indi- 
cated. Chromatography of the mixture afforded one 
chloro oxime in the pure state and a mixture of cy- 
clized hydroxylamines which could not be purified 
further. The isolated chloro oxime had pertinent 
analysis and spectral data for either 42 or 43. How- 
ever, structure 42 was favoured for the chloro oxime 
since decoupling experiments i~ldicated that one 43-10 

proton at T 6.93 was coupled with non-ailylic protons 
a t  T 8.39. As attempted isomerization of this sample 
under acidic conditions failed to give the other chloro 
oxime as shown by nmr monitors, it was concluded 
that two chloro oxirnes were positional isomers as in 
42 and 43 but not the sjn-anti isomers of the oxime. 

Decomposition of the dimer of 40-41 in the pres- 
ence of acetic anhydride was slow and gave an oil 
exhibiting one major esr triplet and two minor ones 
nearly overlapping iri the region g = 2.007. The 
major product elas a 1 :3  mixture of two oximino 
acetates (i.e. 44 and 45) exhibiting two analogous 
double doublets at r 5.34 and 5.66 for the C-2 pro- 
tons: this fraction showed the expected spectral data 
and analysis, but the assignments of structures to 
the major and minor components could not be 
achieved. Two minor compounds obtained in the 
amount of 8% each were shgwn to be a chloroace- 
ioxyhydroxylanline acetate, such as 46, and a di- 
acetoxyhydi-oxylamine acetate, such as 47. The spec- 
tral data supported the presence of the relevant 
functional groups in both cases, but their structures 
could not be confirmed. 

Discussion 

F r o n  the results described above, tivo aspects of 
chernical transformations merit discussion, namely, 
the transannular electrophilic reaction of nitroso- 
alkenes and the nitrosyi chloride addition to  olefins; 
both of them are intimately related to stereochem- 
istry. 

In spite of the report that the addition of nitroso- 
arenes to olefins occurs by a free radical (one-elec- 
tron transfer) n~echanism ( 6 ,  7) the intrainolecular 
reaction of nitrosoailtenes described abovc must take 
place by an ionic mechanism on t!ie basis of the fol- 
lowing reasons. Firstly, the reaction is catalyzed by 
an acid and occurs even in the dark to give hydroxyl- 
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amines, but not nitroxides, as the primary product. 
Secondly, the transannular reaction affords six- 
membered heterocycles rather than five-membered 
ones; it is well doculilented that cyclization initiated 
by nitrogen centred radicals generally gives five- 
membered conlpounds as the major or  exclusive 
product (29). The overall pattern of the acid cata- 
lyzed electrophilic attack of a C-nitroso group is the 
formation of bridged bicyclic hydroxylamines with 
the attachment of an  anion. Such a reaction nlay be 
regarded as an  allied reaction of the competing acid 
catalyzed tauton?erization in which the electron pair 
of the c/.-CH bond participates in the electron reor- 
ganization of the nitroso group, if there are no other 
readily accessible electrons. The stereochemical re- 
quirements for the intramolecular reaction of the 
nitroso and olefinic groups are, therefore, that the 
n-orbitals of the interacting groups are capable of 
overlapping through space; this is related to the con- 
formation of the reacting centres and, in turn, to the 
mode of' addition of nitrosyl derivatives to polyenes. 

It is indeed fortunate that nitrosyl chloride addi- 
[ion to 1,5-COD occurs stereospecifically to afford a 
single chloronitroso compound BO which shouid 
have the cis-configuration since a proper conforrna- 
tion is availab!e for the transannular reaction. The 
'H nmr results show that the nrzti-dirner of the 
C-nitroso compound 10 preferentially assumes the 
conformation 46 on the basis that the C-1 (CHNO) 
and C-2 (GMCI) protons are not coupled and, there- 
fore, bave ca. 90'' dihedral angle, and that the cou- 
pling patterns of the C-1 (J = 11.5 and 4 Hz) 
and C-2 ( W I l 2  - 11 HZ) indicate pseudo-axial and 
pseudo-equatorial orientations, respectively, for these 
protons. Studies of Dreiding stereomodels qualita- 
tively show that 46 and 47 are more stable than 
other conformations for the cis-configuration of 10. 
While for the diiner tile confor~nation 46 is preferred 
owing to the bulky azodioxy group, the monomer 10, 
having a much smaller bulk of the nitroso group, 
may be able to invert readily to 43, from which a 
transannulax interaction of the nitroso and olefinic 
n-bonds can occur as shown in 43 and 48. The attack 
of an anion Y- from the opposite side of the nitrogen 
bridge in the intermediat: 48 leads to the observed 
configuration in 17 and 18. Thus, the stereochemical 
consequence of the formation of hydroxylarnines 
17 and 18 necessitates the cis-configuration for 18. 
An assumption of the frur~s-configuration for 10 does 
not readily give a conf'orrnation to satisf'y the 'H  
nn:r parameters from model studies, nor lead to the 
observed configuration for hydroxylan~i~~es  17 and 
18. Preferential tautornerization of 10 to oxiine 11 in 
protic solverlts may be rationalized by the face that 
the protonation of the nitroso group is accompanied 

by enlargement of the bulk of this group through sol- 
vation; this raises the conforruational energy for 48 
which, in turn, makes 10 less likely to undergo the 
transannular reaction. 

The unisolated aminonitroso compounds 3 formed 
in the photoaddition of nitrosopiperidine to 1,5- 
C O D  must have tratzs- as weil as cis-configurations 
in agreement with the previous findings (1, 4). Be- 
cause of the bulky protonated piperidino group, the 
latter should have the conformation 47 preferentially, 
from which the transannular reaction can occur 
efficiently even in protic solvents. The stereochemical 
requirement of this cyclization is very similar to that 
discussed in the oxidative photoaddition of nitros- 
amines to 1,s-COD in which the cis-I-amino-2- 
nitrate, but not the trcms-isomer, can undergo the 
transannular reaction to give the oxygen bridged 
bicyclic compound (22). 

Whereas the trapping of radicals with C-nitroso 
compounds is a well established route for direct 
nitroxide formations (5-S) ,  the present cases showed 
that for certain nitrosoalkencs, such as 10, acid 
catalyzed intramolecular electrophilic reaction can 
also serve as an  efficient route to give nitroxides in- 
directly via hydroxylamines. The intermolecular anal- 
ogy of such electrophilic reaction undoubtedly can 
occur to a small extent, and if reactive olefins and 
C-nitroso con~pounds,  e.g., caryophyllene with an  
endocyclic irur2s double bond (18) or  nitrosobenzene 
(15-171, are used, isolable yields of hydroxylamines 
can be obtained. Recently, reactions of E-chloroni- 
trosoalkanes with ailenes or 2-phenylpropene have 
been reported to give good yields of analogous com- 
pounds (30). 

I t  follows that chloronitroso compounds 40 and 41 
are also capable of assuming conformations in which 
the reacting nitroso and olefinic .n-orbitals can be 
brought to overlapping proximity but probably with 
a higher activation energy since the yields of the 
transannular cyclization are low. Such a conforma- 
tion is obviously not readily available for chloroni- 
troso compound 29. The similar type of hydroxyl- 
amine, if formed a t  ai! as judged by the esr signal, is 
not present in a significant amount. 

Reports on the generation of nitroxides and detec- 
tion by esr studies are numerous but only in a few 
cases are nitroxides actually isolated and charac- 
terized (18-20), probably due to their low yields and 
(,or) instability. Nitroxides are usually non-crystalline 
a.nd difficuie to purify, as shown previously (3) and in 
this report. On the other hand, hydroxylamine ace- 
tates, such as 18: can be purified and stored, and fur- 
ther, can be easily hydrolysed under mi!d conditions, 
e.g., with aqiieous sodium carbonate soiution, to 
give hydroxylarnines that are readily oxidized in the 
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alr lo generate nitroxlde radlcals (20). These reac- 
tions may expiainl the detection of the nitroxide esr 
signal :\ith the crude sample of hydroxylamine ace- 
tale 18 isolatcd in rearrangement in acetic anhydride. 
Therefore, hydroxyiainine acetates can serve as 
stable precursors to generate nitroxides continuously 
for a considerable period. 

In spite of a !arge number of reports on nitrosyl 
chloride add1e~oi-i to olefii~s 1281, the stereochemicai 

\ 2 ,  

course of the additicn rerXaias relatiiely vague aaiiliy 
because of the fact that enantionlorpbic adducts 
diliierize homospecifically to give the d dimers as 
\yell as ?~eterospecifically to gi\.e the ~ ~ i e s o  dimers (21). 
This situation has recently been nicely demonstrated 
by Rogid and cc-uorkers (il), %hen the confidsing 
c l a i i ~ ~ s  over rhc C'-:;i!roso dimers derived from the 
zddition to cyclohexene (31, 32) were clearly re- 
solved. The clarification of C-nitroso monomer 10 
v~i th  the cfs-configtiration aild tliat of 29 with t2.e 
iiareo (tr/rns)-configuration proyes ehat the nitrosyi 
chioride additions to I ,S-COD and tttCDT in methy- 
lenc chlorid: cccw by the cis stereochemical cmrse .  
These are i ~ i  agreement u~i th  ihe cis-addition of 
niirosy! ci~ioride to various olefins in lo\.: polarity 
so!\.e~its such as n~ethylene chloride and carbon tctra- 
chioride (2 1 ,  3 i ,  33) for n hich the four-centred addi- 
tion through a ma!ecuiar con~plex hzs been proposed 
by Meinxvald and co-norl<ers (33) .  A s u r v e y  of ihe 
literature aj?d u~~published resdts from our iabora- 
tory shows that the addition o!" nitiosy; cliloride (31) 
or  formate (34) to olefins in highly polar soivents, 
suck as sulfur dioxide and formic acid, ma.y preferen- 
rial!) give trails-add~tion products:' this .clay occur by 
e stepirise aitacl: of the niirosoni~irn iori stabilized 
bjl the highly ionizir~g media.. 

In this Teport C ? I ~ I ~  spectroscopy has been 
sl-iown to he a superior method tc. monitor dinstereo- 
isomeric ixixlures itiiere 'H nilir spectroscopy is of 
limited ilsefillness. Hrz par t ic~iar ,  o~~.liag t._r a iabiiity 
t o  heal, melting points. gc. 'r?d t!c are unsatlsfactcry 
criteria as measures of Iiomogeneity Tor the dixers of 

1 - 
C-r~itroso comcounds 29 anci 40-41. But "C nmr 
s-gectra 1-inambiguously shoiv that tile sample of the 
dimer of 29 is a mixture of mcso anci d! corripouuds 
slid "-. ~ i ? d i  t of C - n i t r ~ ) ~ ~  C O ~ ~ I ! ? O U ? ~ ~  10 ~ ~ n t a i i ? ~  onlj! 
Gile diastereoiso~xer, either i??e50 c r  dl. In the latter 
case, the dimerira-tion process is speci-5caliy regu- 
isicd by the ccnformatio'al factoj-s associated \vjth 
cis-configuration. 

Wilereas the addition of nitrosyl chloride to 
fcCDD is non-.regiospecif?c as shown by the tau'io- 
mcrization products 42-45? i t  is established that the 
imns double bond 1s more reactije than the cis ope 
toward rrirrosyl chloride, i i ,  agreemest n-ith the pub- 
lished resalts ( 2 6 - 2 ) .  In analogy rc ~ h c  addition to 
other olefins as discussed abcve, rhe additioc lo the 

tcCDD ti-clns dcuble bond may also occar by stereo- 
specific cis geonetry. Unfortunately experimer~ts 
designed to prove this point have not been successfui, 

Geir~rrrl Coiidi:ion.r 
Unless specified orbcr\vise, the follou111g conditions pre- 

vailed. Nuclear magrletic resonance spectra \\ere measured 
with a Varian A-56 60 o r  an Xi--100 ia i th  oi\viillo~!t a F o ~ ~ r i e r  
transforn: :iitachn~ent) spectro:neier in CDCi, i~sing TMS as 
the internal siandard, axxi ir. spectra were taksn in neat o r  
KuJol mulls with a Perkin-Eln?er Xlodel 4-57. in strum en:^ in- 
cluded a n  Hitachi-Pe~kin-Elmel. Vaodcl RSqU-t;E, a Cary I? ,  
a Vririan E-4, and a V:irian 1200 vpc apparatus with a. flame 
ionization detector. Tile gc-ms niensiirenlents used a Varian 
1400 (37 SE-30 coiun.in) cocpled mith the illass speclrorneter. 
Melting points were reported a r  deter!-,lined ~ i l h  a Fisher- 
Johns hot stage o r  a Gallenitamp !;<-nring block. Eiemental 
anal>.ses were performed bj  Mr.  h/I. K. Yang u i t h  a Perkin- 
EImer rnicroanalyser. 

Filotoaddi?!orz of N-.\, fI~o~opipei;tiitle to ;.5-C> clooct~diene 
(1) A rnethanni solution (320 mi) containing 1,S-cyclo- 

octadiene (4.32 gj, A--niirosopiperidine (5.47 gj, and 70% 
perchloric acid (6.3 ) was irradiated -with 2 200 W Hanovia 
!amp un2cr nitrogci: t h r o ~ g h  a Nonex filter. for 5 11. The pho- 
talysate was treated n i t h  scdiuiii carnonatc (5.5 g) ai;d stirred. 
-. i h e  solution \%as evaporateu to c?. 56) n?L and f i k r e d .  The 
filtrate .+;as cooied in a refrigerztor to  give colorless crystals 
1450 rng). The crystals %ere rcc:ystallized from r..ie:hanol to  
give the perchlorate of hqdrox)!amii?e 6, rnp 202-203'C; Ir: 
3200, 3080, 1!10(s), 1050(s), and (20(s) cin- ' ;  rns -:?,'e (z): 
255 (M' ,  O.?;, 254.1938 (1.5; calcd, for C:~!d~~1*d202: 
254.1994), 238191, 237.1961 (42, czlcd, f,r C14Hi5NZO: 
237,1967), ;55(39), U4.1234 (100, calcd. for C9H16NO: 
2 5f4.1232), 152(35), i40(29), 12.1.1 127 (52, calcd. for C,E;,N: 
124.1126), :22(20), 98(26), 84.0815 (93. caisd. far C,H,,N: 
84.08:3). ki7al. caicd. for Cl,H,,N,02~HC!B,: C 47.39, H 
7,67, N 7.89; found:  C 47.11, H 7.78, "1 7.72. The 'EI nmr 
signals Tvere unresolved arid shoived a singlet at T 6.73 and  a 
broad signal ar r 5.3. The c r ~ s i a i s  =ere taken up in water arid 
neertraiireb with a s s d i u n ~  hyciroxide sc!~ition to  afford hy- 
droxylarnine 6 (cide iir,frcrj. 

The mother iiquor :+,as evagoraicd and ;he residue was 
diluted u.ith water. E;itra:tion v;i?h rlieth.:.!ene ch!oride (50 
m i  x 5) and the usual v,orki.:p gbi.,c a solid (8.74 g). This jo;id 
(4 g)  was chromarographcd on  siiicic acid. Elution wirh 2.5-5% 
b4eOl-B ir, CH,CI, gave 07<i!ne 4 (1.42 g) and viith 5-19;; 
MeOH in f:H,Ci2 gave h y d r o x ~ / a ~ ~ ~ i ~ i : :  6 (1.57 gi. O x i r e  4 
%as rccri stallized I'i-om rneihanc;! to give mo!ioclinic crystals : 
my? 137-!38 5 C ;  ir: 2 I70jn1)~ 302ii(:l1), ?700(sj, 1 5 0 5 ( ~ ) ,  
llU@(in), :O?5(ni), 1032(1il), 955(s), 9~iY(c). 895(s), 662(mj, 
770(s), 73C(s) c n : '  ; 'H nmr 7: 1 . I 3  (LH, D2c? exchangeablc), 
4.39 (I-, 2H),  1'3.92 iini, 2H), 7.31-3.00 (I-1. 17H): rns i?i c (x): 
222 ( M - ,  6 ) ,  206(18), 205(100). 204(11), 164(37), :2-1(?2:, 
12Z(i 4.), 1 11 (591, 84\60), ' M !;mr i'iecoupling expcrirnents 
sho\\ed that, on irradiation of:be big sii;nai a t  7.32-9.00, the 
vir:yi signal 21 ; 4.39 chengcd $9 an /a6 quartet (J = I3 F r )  
3 r d  ti-c sig:lai a!. .c 6.92 <:her?geii patter!:. h?lci. caicd. fcr  
C,,F;,IIS,C?: C 70.23, E 9.9'7, N 12.63; founc!: C 70.20, H 
9.88, N 12 68, The o-iime 1 was bqdrogenated in the prec:erice 
r,f platin,,!:; hii~ck in cthanol to  g i ~ e  the known c~nti-2-p~peri- 
d~nocyc!oocian~:ie o:;i!iie; thc ir- and i?mr specti-2 Tibere super- 
imposable wit?? thc ie  of an auiheiltic szrnple prepared pre- 
viossly; ;ilp 21-d niixed mp 150-162-C (li t .  (33) ~ x p  163- 
7 <:,-, k6d L j .  

T'-- .., z !rr;cticn io,:taining h:.c'll-oitviz.~~ind 6 showed the fol- 
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i cx ing  physicai consia!lls; i r :  35139-3000 (broad),  1090(s), 
355(ni). 900(s) e m - '  ; ms r?l e (x): P54 (?dJr-, 2), 25211), 217(9), 
15<(:90j. 15l(l.'), 124(38), l i 3 (15 ) ,  l 12(!5), 98(27), 86(29), 
84(4-9); csr in be i?~ene :  g = 2.05'53 = 0.0003 6, ii. = 17.25 C 
(line nidih 4.5 G).  The reducti:xi of !he solid v:i:h lithium 
aluminuin h>dride foliowed by ir1imed:ate acetyiation gave a 
c2:riplex mixture, This soiid (150 n?gj )>,as rreated iii water 
(2 rr?L) containing 1 0 z  H20, (2 mL) and 2 drops of 1 ,\- 
X a O H  ihr I h .  The ~riixture u;as extrac~ed with i~iethyieiie 
~ h l a r i d e ,  v.,hi:ri! v:3s worked up  to  aRord a browri paste !iOO 
ing). This crude product ~i2i.s passed ih i .o~~gh ail alurai~:a 
ci>!i.mn iI3 aiTordnitroxide 9 as n brown se:-ni-solid; i r :  3150 
( b i ~ ; ,  i 103(s), 1090!~), 898(!~i) c m - '  ; esr in benzene: g = 
2.0067, n, = 17.25 G (line width 5 C ) ;  n-is Tii c (7;): 253.1917 
(M', 12: calc3. For Z,,EI2,N2O2: 25?.19l7i9 238(! 6) ,  277.1 967 
(66, ca!cd f c ~  CIIH2,N,O, IT i , iY67) ,  205,!701 (16. caicd, 
!'or IC,3H2fi:2: 203.1705:1 ;55!53) 154.1228 (10@, caicd. fo:. 
C,X,,NO: 151.!232), ?52(53), !?5(29), 124.11 30 (77, c d s d .  
for C,H,,h : 126.1 126), 132.ii966 132. calcd. for C,i?, ,N : 
I22.0913), i30(30j. 111(29), 84i04). Aili;i. caicd. for C14HZ5- 
N 2 0 2 :  C 66.37, H 9.95, N 11.05; rTound: C 66.65, H 10.02, N 
i 1.47. The > iejds of oxime 4 and h y d r o x y l a ~ ~ ~ i n e  6 1.. eie 37 and 
, -w- 38 ,,, re;pectivelj, basx i  on the anl.cu!li of A'-riitrosopijier;- 
dine. 

I-iyr::.on)!ait?in: 6 '516 n:g) ;iild acetic 3llh)l;ide (2 me! 
il: ethe:- a t r e  kept :i! - -  i5-C r o ~  3 ii ~ ~ n d e r  hidi.ogeq ati.-.os.. 
pher-. 7 h c  ~.':aciioi'i ;ni;t!xre 5vas poured into ice-n3ier ar,d 
v,orked :lp in i!:: iisi:al cinnner to  give 2 solid (467 :AS? which 
a a s  crjc!ci!lized from peniane w i r e  :o aFord h~drcr .c~lnr~?ine 
acctale 7; IT!? 91-92 C isxarted to :lecoimpo~e at  $5-C):  il-: 
1765(s), 1378(sj, 1215:~)~ 12:2(5), iD!O[sj, 350is), 932!5), 
890(s), 8 J 5 ( i ~ ) ,  79G\(n:) c i . ;  ' . Anul. calcd. f o ~ .  C1,H,,N202C! : 
C 59.89. ti 8.38, X 9.31: Peuild: C 60.10, i-r 8.49, S 9.30. 

( 2 )  '4 solution containing .7\'-i~itrosopiperidinc (7.27 gl. 
i,5-cyi:looctadiene (iO :nL) and coi~cer?trated h,droeh:oric 
acid (7 ~ 1 . )  ,&--as phcto1ys.d u~:dci. nitrogen for 1.5 h .  Tile 
solirtion (4.5) mas evaporated; 'ceiizerie (100 inL) and erhano! 
(18 m L )  ?%ere added to  [he resldiie and evaporated. The resi- 
due .  ,.&"a:, -, iii1i:ted \\-ith acetone to  gi:c a white precipitate (9, i g). 
The nioihe; Iiquor was e\apo:.l;ied and diluted with water. 
The aqueous soli:tion, after being e\-aporatea, \,,as washed 
x i th  ether and iieutra1i:ced iiith sodium carbonate soi i~t ion.  
717- precipitaied ioii;! (2.i gj  \**as {iitered to a!'ford a crude 
hqdr~:xylaiirini: 5 and recrystaliired i'roim m.ethanol twice; 
rrcr:~staiiizatior! i'rcm cyciohexalx ga\e :*ydroxylamir;e 5; ;rip 
166-1 57 C (dec.); ir: 32W-2600, 309Q(rn), 15!0(~) ,  952(n1), 
908(s), 93>,  78ii(;), 730(s) em-'  ; '13 ni11r s :  2.O(CSH), 5,!9 (ni 
of d. .i -- 3 i?nd 4 HZ, 1 H), 6.71 (in, 2H), 7.1 5 ( ~ 1 ,  IH), 7.7 (m, 
4 t ) ,  8 30 (13;); :ns iiz,e (z): 243(.4), 24J(LI,!, ?07(,?)? 205(5), 
160(3Gi, I58jl OOj,  124(89), ?30(35);  l i lji'f!, $8(22). 84(29); 
138- 

<2 nn!:: 65,5(d), 60.2(d), 56.6(d), 55.8jii), 51 .O(t), 30,01?)3 
24~8(t',9 23,2(t), 22,8(ti, 21.6<t), i7,5(t>. A f ~ i ! ,  ~ a ! ~ : 2 ,  for 
CI3Hz3bI2OCI:  C 6C.33, it: 8,96, N i0.82;  ihund:  C 60.30, 
H 9.1 1, N 10.90. Tbz crude i-~::di.ox)lamiiic fractior? showed a 
triplet esr sigr~ai ( l  : 1 : 1 )  a! g = 2.006, 2,. = 16.5 G in carbon 
t~i i-~ic:~lnride.  I--r.uc!;ation ai r 6.73 01. a! 7 8.0C region changed 
the coupiing pattern of the signa! at  7 5.19. Attempted EPH 
reiicction and  acet! iiltior? yicided e kirodccr :ho\zing a n  ir 
zbiorptic;r, 1'769 c;;:-.' '74 OCOCIM,) S:ii conid not  be 
purified. 

. .  . The nhii:: precipitate (500 mg) b u s  diccoived i:i :\ater n::d . . 
~::utralizeci. t h e  p!-cc:pitate (410 mg: as r.e~rr).stsI!izi:ci from 
inethanol to ?!Tor4 oui~?:e 4: rxp : 34-135 C; i t ~ e  r r  srld nmr  
spectra -*rri: si~per.i::?posablc \vi?h those of th r  p8-evrciis s:ln:- 
pie. The m3iiicr lirjiior ur;s ~::,oibiilt:d a:ld evaooi-atcd ir, giy;: 
a residue, The residjj.2 5.y;:; a .n;;t:!se ofo-.:lre 4 and :.~.cJrj,::l.. 
ani i le  6, in a raiio of ca. 3 . 1  as s h o i ~ ~ n  by 11c and ir a:;& r?mr 
spectra. 

-- r !;(e Pt.epiii'ii:;oil of the i)it?~c'i. oj' C-?, ili.oso Coi77/1o~:i?i1 I0  
(1)  3 inerhqleile chioride soli!tion (20 rnL) of nit;osyl chlo- 

ride (3.16 g, 0.05 riiiol) was added dropwise in ha!f a n  hour to  
a so!u?io!l of 1,s-cyciooc!adieae (10 g, 0.093 inoi) in methyiene 
chloride (20 mL) a t  - 10-C. A5er  0.5 h hexane ( IOG' rnL) was 
added to the reaction .n.lix~i!re. i t  hich \.;as evaporated to  40 rnL 
under vaciiurn. The solutioi: u a s  caoled to  deposit a white 
so!id (2.56 g ,  inp 99-101-C), which n a s  rccrystallizcd from a 
i : 4 r?iixt.;re of CHCi,-hcxane to  afford the ai~ri-dirner of rij-l- 
iiitros0-2-~hi0r~-5-~ycIooctene (10); mp 104.5-135 C ;  uxr 
iLnl,, (CE-12C!,): 294nnl (E,,,,, 6250); ir: 3020(m), 1238(s), 
1208(9, 775(m), 752(nij. and 735(s) cn i r ' ;  ' H  nmr 7 :  0.06- 
4.40 ; i ~ ,  2H), 4.57 (dd, J = 11.5 and 4 . 0 H r ,  IF[), 5.48 (m, 
W ,  ,. -- 11 H z ,  1H), 7.1-8.?, (1x9.~ SH): '"C nmr:  131.0(d), 
128.5id), 57.8(d), 61.0id), 35.7(1), 27.3(t), 11.8(t), 2nd 21.6(;!; 
iils ( i l0 'Cj  iri c pz): 176(1.5), 175(2). i7413), 17?(2), i 58(4), 
156(9), !38:1:4). 120(!0), 107(42), 9!(16), 79(!00), 67(42:, 
53(20), 41(33), ai?d 39(39). Aiiril. calcd. for (C'sH;2NOCl)2:  
0 '55 .34 ,H6.47 ,  Pd 8.07; found:  C 5 5 . 2 3 , H  6.93, N 8.07, Oil 
irradiatiozi at  ,: 7.83, !be mc!f.i!>le~ at  5.45 roiiapizd to x 
docbiet (J = 8 Hz; and that at  a 4.57 was modified. 3 n  irrsdia- 
tion ar r 7.78. the double doublet at  r 2.57 co:iaps,d to a singlet 
a-id ?he sisr~al  at  5.48 changed s i igh~l j .  irradiation at T 5 18 or  
at  a 4,57 caused no change i~: the respective iignai iicr i n  the 
olefinic signd! at  7 4.2 area. 

*The bits n-iofher iiquor was ~ a s h e d  3 ith sodiarn ca!-\;onate 
soiuiion and Jvatzr. The organic pllase mas dried and c iapa-  
>a ied .  T o  the residse, ii-I~e;~ne \<as adcieti to afot-c! a o  addi- 
:lanai diiner of 40 (564 iiig, filp 98-j 02 C. )  

( 2 )  ,:\ meth)lsne ch10;idi solution of nitrosql chio!.idc (31", 
by iveight, 9 88 g, 4.53 x 15'-3 moll was acldcd in 15 !nin to  a 
methsieile chicride sulution (15 n:L) con?air~in: COD (0.5 g ,  
3.63 x iOr3 no!;. The soluticn \$as stirred at -10 C for 
30 min and was d i i ~ ~ t e d  witti i;-bz:;ane (50 mL), TI?; mixivre 
was cjaporared to ca. 30 mL. to  afford the fi::st crop (196 mg, 

rnp 9s-101 C) .  F~ir t i r i r  evaporation to  ca.  10 m L  afforded 
the secoi-id crop of solic! (I65 mg, 20z;  inp 95-98 C). The 
mother liquor was evaporated; to atlord a dark !3!i:e oii (222 
mg). These samp!es \%ei-e examined with 1 3 6  nmr spectroscopy 
and intensity of com;iarah!e peaks was used to estimate the 
- .  :~leld of the prcduirs .  The first crop contained the dinler of 10 
and .cyn-oxme 1% in tile ratio of 9 :  1 and the second crop the 
d i r e  of 10 and iyn- and iijrri-orimes 11 In rhe raiio of 7 : 2 :  1. 
Ts b!nc oil consisted of ,yri-. and nizri-oxin:es 12, COD, a s d  
the dinle; in the ratio of P :Li : 4 :  3. The estimated yieid of the 
dimer of 10 was 4 3 z .  

Rencrions of the Di~rier oj'10 
( 1 )  b11e crude dime;- (150 mg) mes left a t  rooln iein;~ei'z:urc 

for t ~ o  months to  give el: orange oil which ivas a mixture of 
clilri- and  syn-oxirne 11 skewing ir: 3280 (broad), 3020(rn;, 
. ; 640(rn); - 1155(m), 996(s1, 903is), 755(s) and  680(s) rm- I ;  'H 
Em:: r 3.95 (OH), 4.33 (TI, 2H) ,  5.40 (dd, J = 7.0 and 5.0 Hz, 
2/3 R), 5.68 jdd, I = 8.6 and  4.0 IHr, 1,'3 HI ,  7.0-8.1 im, YMJ; 
13G nmi:  i60.2(sj, 158.8(s), 130.6, 130.1, iZY..r'(d), 129,3(d), 
6!?.2(d), 55.9(4j, 35.5(r), 33.X:tj. 31.8:~) 25.9(:), PZ.G;t ) ,  22.2, 
?.?,!(I), 20.?(t). The chsmicai s5.iP.s i.;.. italics 3f A"& i l n r  here  
;?lativciy il-rore i;?t:nsc rhan cihe1.s. h part of the 3ii was su5- 
irmed I:: afford a coiour:esi oil of .~j'~z-l-oximiiio-2-ehloro-S- 
c)cloocteiie { I ) ) ;  onc peak a?  17 3 min o n  a 10'7, SE-30; i r :  
3300 (b), 3020(m), l645fn:). :225iin!, 12!5im), ?165(rn), 
li35(n?), 385js), 900:s), 755(s): and 570(in) cir;-l; 'H  n n : ~  r :  
2.26(01"1), 4.33 (n, ZK:, 5.43 (&I, J = '7.0 anc! 5.0 Hz,  IH). 
and 7.0-8.1 ;!?, SJ3);  ms (130'C? pn r ( % I :  175 (M I, 31, 17315), 
?58(34), !Sh(kR).  i38(94), 123(?02j, 93(3S), 84(66j, 74(96), a 3 6  
6:(58). Aiir'. ceicd. for C,H1,?.IOC'!: C 55.34, H 6.97, N 8.87: 
fau!:d: a3 5.5.56, H 5.97, 14' 5.38. A mixture of oximi: TI was 
trezled wiih pineridin- 13 give ex,i~?e 4: rnp 133-137'C. 
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(2) A suspension of the din-rer of PO (200 mg) in methylene 
chloride (5 mL) and methanol (20 mL) containing two drops 
of perchloric acid (70%) was stirred at  4OCC for one day, when 
the dimer disappeared as shown by tlc. The solution was 
evaporated and water (20 mL) added. Extraction of the solu- 
tion with methl-lene chloride (20 rnk x 3) gave a colourless 
oil (170 mg). By the gc peak matching method, chloro oxime 
P I  (17.3 min) was shown to be present in 70% yield and 
2-chloro-5-cyclooctenone (44) and 2-methoxy-5-cyclooctenone 
(15) in trace amounts (23). By gc-ms, the oil was shown to con- 
tain the above compounds in addition to a mixture of syn- and 
anti-methoxy oxime 13 (16.3 min, 15%): ms m/e (%I: 169 
( M L ,  7)) 152(87?, I37(49), 120(90), 109(55), 94(72), 79(89), 
67(100), and 41(78). 

Tne aqueous phase was adjusted to pfP 10 and was extracted 
with methylene chloride to afford solid hydroxylamine 67 
(IOmg); ir :  3200(b), 1265(m), 1102(n1), 1088(s), 105O(m), 
910(s), 840(m), 725(s), 653(m), 630(m) cm-'  ; ' H  nnir T :  5.68 
(m, Wli2 = 8 Hz, lH) ,  6.02 (111, WI,, = 22 Hz, lH) ,  6.46- 
6.76 (m, 2H), 6.64 (s, 3H), and 7.5-8.85 (m, 9H);  ms (90cC) 
m,e (7): 207 ( M + ,  2), 205 (M- ,  6) 190(39), 188(100), 176(6), 
174(20), 170(27), 160(7), 158(22), 120(21), 112(28), 71(46), and 
41(Al); esr (CH,CI,) trip!et (1 : 1 : 1):  g = 2.0073 i 0.0006, 
ci, = 17.5 6 (line width = 5.5 6 ) .  

When the dinicr (200 mg) was treated similarly in the pres- 
ence of dimethylamine hydrochloride, it gave a neutral frac- 
tion (185 mg) consisting of chloro oximes E l  as the major 
product (81%) and hydroxylarnine 87 i:l a 3% yield. This oil 
showed the same esr sig12al as above. The oil was treated with 
zinc (1 g) and acetic anhydride (1 g). The product was worked 
up and chromatographed to give acetate of chloro oxime 16 
(154 mg) and an oil (32 mg) showing the same esr signal. The 
basis fraction contained oxinie 12 (5%) (23). 

(3) A solution of the dimer (400 mg), acetic anhydride 
(2.4 g), and acetic acid (28 mg) in methylene chloride (25 mL) 
was heated at 40'6 under nitrogei-I for 5 h. The reaction mix- 
ture was diluted with water and made basic with saturated 
sodium carbonate solution. Extrastior- with mcthylcne chloride 
followed by the usual workup gave a qellow oil (461 mg) which 
showed two major and one minor spots on tlc. This mixture 
was taken up in ~~lethylene chloride and chromatographed on 
a silicic acid colilmn. The four fractions eluted with 0.5-i% 
CH,Oli in CM,Cl, gave a colourless oi1 (251 mg, 51%) which 
was sublimed to afford oximino acetate 64; ir: 3020(m), 
1775(vs), 1625(n?), 1370(s:, 1200(vs), 1002(s), 980(m), 925(s), 
770(m), and 750(n1) cm-; ; 'H nmr T :  4.34 (m, 2H), 5.i5 (dd, 
d = 7.0 and 5.0 Hz, IR), 6.88-8.10 (m, 8H), 7.83 (s, 3H); 
13C nmr: 167.3is) !66.9(s), 129.7(d), 128.3(d), 59.6(d), 36.2(t), 
27.l(t), 21.'7(1),21.3(t), 18.8(q)ppm;ins t?lie (%): 211(6),209(8), 
175(19), 173(52), 138(37), 120(100), 91(73), 79(96), 67(68), and 
43(88). Anal. calcd. for C,,H,,NO,CI: C 55.69, H 6.54, W 
6.53; found: C 55.53, H 6.63, N 6.81. On irradiation at  T 7.85, 
the double doublet at  T 5.15 collapsed to a sharp singlet. On 
irradiation at 7 7.50, the oiefinic signal at T 4.34 changed to an 
AB quartet (d = 12 Hz). 

The fractions eluted w-ith2-4z MeOH in CH,CI, aKorded a 
yello\\ish solid (145 mg, IS:%) which, in ch!oroforn~ solution, 
showed a nitroxide esr triplet !I : 1 :  I), g = 2.0068 i- 0.0006, 
a, = 17.2 6 (line width 5.7 6 ) .  The solid was sublimed to 
afford white crystals of hydroxylamine acerzte IS; rnp 79- 
83'C; ir : !768(s), 1726(s), i 370(s), 1246(s), 1232(s), 1213(s), 
1200(s), 1032(s), 955(rn), 900(m), 880(s), 790(n;), 738(m) cnl- ' ; 
'H  nmr T :  4.64 (possibly ddd, / = 11, 7.3, and 5.0 Hz, IH), 
5.70 (m, W,,, = 8 Hz, 1H)> 6.41 (m, Wl/, = 11 Hz, 2H), 
7.59-8.46 (m, 8H), 7.87 (s. 3N), 7.93 (s, 3K); I3C nmr: 
169.0(s), i68.4(s), 66.7 (d, CZ), 59.4 (d, 6 1  and CG), 55.2 (d, 
C5), 27.6(t), 23.3(t). 21.6(tj, 20,l(q), 19.4(;), 18.8(q) ppm: 
ms m/e (Z): 277.0880 and 275.0903 (1%IT3 2 and 6%, calcd. for 

C,,H,,NO,CI : 277.0894 and 275.0925), 235.0815 and 
233.0800 (27 and 79, calcd. for Cl,H1,NO3CI : 235.0789 and 
233.0819), 218.0782 and 216.0811 (30 and 88, calcd. for 
C1,H15N0,C1: 218.0761 and 216.0791), 198(44), 176.0646 
and 174.0685 (33 and 100, calcd. for C,H13NOC1: 176.0656 
and 174.0655), l58(8), 156(20), 138.0930 (46, calcd. for 
C,H12Pu'O: 138.0919), 120.0809 (24, calcd. for CsHloN:  
120.0813), 96.0576 (29, calcd. for C,H,O: 96.0576). On irradia- 
tion at  r 6.41, the signal at  s 4.64 became a broad double 
doublet (J = 10 and 7 Hz) and the pattern at  r 5.70 was 
changed. Anal. calcd. for C,2Hl,N0,CI: C 52.27, H 6.58, Id 
5.08; found: C 52.57, W 6.61, N 5.17. 

The dimer of 10 (100 mg) dissolved in methylene chloride 
(5 mL) and acetic anhydride (562 mg) was stirred under nitro- 
gen at  50 C for tvio days. The ~ ~ s u a l  workup gave an oil whic!l 
was a mixture of oxiriiino acetate 16 (30:z) and hydi-oxylamii-~e 
acetate 18 (60%) as judged by the 'H nrnr integration of the 
methine protons at T 5.15 and 5.70. 

Rearrangement of the dimer in acetic anhydride gave oxi- 
mino acetate I4  and hydroxylarnine acetate 18 in 50 and 4 2 z  
yields. A similar treatment of the dimer (400 mg) in methylene 
chloride (15 mL) and acetic anhydride (2.25 g) containing 
fused sodium acetate (800 mg) gave a 3: 2 mixtul.e of 16 and 
18. Column chromatography of the mixture gave oxi~ne acetate 
16 (260 mg, 52%) and hydroxylanline acetate 18 (217 mg, 34%). 

Reac;ions of fbdi'o.wylc~i~~inc 18 
(I) A methylene chloride solution (4 mL) of 18 (0.5 mg) 

sho\+ed no esr signal. To this solution was added saturated 
sodium carbonate solution (1 mL) and shaken. Immediately 
the methylene chloride phase showed the esr signal of the 
1 :  1 :  1 triplet, g = 2.0073 + 0.0005, 0, = 17.2 6 (line width 
4.8 6 ) .  The signal increased rapidly for the first six minutes 
and then slowly afterwards and kept the same intensity for one 
year. 

(2) Hydroxylamine acetate 18 (50 mg) in ether (5 mL) was 
treated with lithium aluminum hydride (200 mg) for five hours 
at room temperature and was worked up in the usual nianner 
to give a solid (29 mg). Sublinlaiion of the solid gave hydroxyl- 
amine 19; mp 126-129'C; ir: 3300 (s, broad), 1255(s), 1095(s), 
1060(s), 1035(s), 990(m), 960(m), 930(m), 905(s), 830(m), and 
722(s) cm-'  ; 'H nmr T :  5.48 (m, WIf2  = 20 Hz, IH), 5.67 (m, 
Wl,, = 6 Hz, IH), 6.64 (m, W1,, = 13 Hz, 2H) and 7.3-8.9 
(m, 10H); ms w,'e (Z): 193 ( M + ,  2), 191(8), 176(35), 174(100), 
157(9), 156(15), 155(22), L40(40), 118(22), 112(22), 98(21), 
96(26), 82(23), 80(2L), and 67(25). 

Hydroxylarnine 19 (10 nig) was oxidized in aqueous solu- 
tion containing 30% hydrogen peroxide (1 mL) and two drops 
of 1 ,V sodium hydroxide, and was worked up in the usual 
manner to give a yellow solid (5 mg) of 22; ir: 1260(m), 
1020(n1), and 800(m) cm-' ;  esr (CH,CI,), triplet ( I :  1 :  1): 
g = 2.0078 + 3.0005, a, = 17.5 G (line width 5.4 6 ) .  

(3) A mixture of 8 0 z  acetic acid (3.5 mk), sodium ~od ide  
(175 mg), hydroxylarnine acetate 18 (190 mg), and zinc dust 
(1.05 g) was stirred at room temperature for 36 h and at  40'C 
for 2 h. The zinc was filtered and the solution was evaporated. 
Water was added to the residue and the pH adjusted to 10. 
Extraction with methylene chloride and the usual workup gave 
an  oil (131 mg, 87%) which was distilled to give 25; ir : 3300jm), 
1735(vs), 1370(s), 1240(vsp, 1!00(m), 1032(s), 922(s), 895(m), 
882(m), 798(m), 775(n1ji 740(s), 500(s), 575Cs) cm-'; 'H nmr 
T :  4.93 (broad quintet, 9 = 10, 5, and 5 Hz, IH), 5.70 (m, 
WIl2 = 8 H z ;  I W ) ,  6.9 (m, W1,, = I I H z I  2H), 7.4(IdHj, 
7.96 (s, 3H), 7.5-8.4 (m, 8H); 13C nmr: 169.6(s), 71.8(d), 
61.9(d), 51.6(d), 47.Lfd), 29.1(i), 26.6(1:), 24.9(:), 20.8(q), 
18.3it); ms m,'e (z): 219.0830 and 217.0869 (Mi, 2 and 7, 
calcd. for Cl,H1,N02CL: 219.0840 and 217.0869), 182.1 180 
(52, calcd. for Cl,H,,NO,: 182.1181), 176(28), 174(79), 
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159(28), 157(82), 122.0969 (100, calcd. for C,H,,N: 122.0969), 
96(48), 94(38), 82(40), 80(71). On irradiation of the multiplet 
at  r 6.90, the signal at r 4.93 changed to a broad double doublet 
(J = 10.0 and 5.0 Hz) and the signal at  r 5.70 was modified. 
Anal. calcd. for Cl,H16W02C1: C 55.17, N 7.41, N 6.44; 
found: C 55.29, H 7.48, N 6.72. 

Renctiorz~ 0-f Bicyclic Atnine 25 
The bicyclic amine 25 (120 mg) was reduced with lithium 

aluminum hydride (150 ~ n g )  ir. ether (20 mL) at room tem- 
perature for 16 h and was worked up to afford a colourless 
oil (47 mgj; ir: 3300, 1055(s!, 1035(s); ms ~r l ' e  ("l,): I77(1), 
175(3), 141(17), 140(12j, 113i44), 122(30), 96(34), 94(100), 
82(57). The oil (40 mg) was treated with p-toluenesulfonyl 
chloride to  give a crude product. This crude product was re- 
fluxed with lithium aluminum hydride (150 mg) in ether for 
one day to afford an oil. By gc-nis analysis, this oil was shown 
to  contain bicyclic amines 2 b n d  26; 27: rt 4.9 min, 4 3 z ,  
i q e  (%): 125 !M+, 49), 96(87), 83(41), 82(100), 69(28); 26, rt 
7.2 min, 36%, nr,e ("l,): 141 (M', I), 123(62), 122(28), 108(18j, 
95(25), 94(100), 82(19). 

This oil was chromatographed on basic alumina and was 
eluted with 4-8"l, CCH30H-CR2CI, to  afford an oil (7 mg) 
which was treated with p-toluenesuifonyl chloride in pyridine 
to  give a crystalline compound of 9-tosyl-9-azabicyclo[3.3.1]- 
nona-ne 27 (NM=NSO2C,H,CH,); ins m ,e  (z): 279 ( M + ,  
8), 236(21), 155(4.9), 124(11), 95(15), 91(80), 82(57); mp 152- 
155:C (lit. (25) mp 154-156'Cj. 

Prepnrcltioi? cf tile Diri~er uf Cl!luro:~itroso Cutn/~o~ord 29 
A solution of nitrosyl chloride (8.3 mL, 0.18 mol) in methy- 

lene chloride (50 mL) was added to a solu:ion of trans,truns,- 
trr~i~s-cyclododecatriene 28 (32.4 g) in methylene chloride 
(250 mL) dropwise over 20 min at  - 10'C. The lnixture was 
allowed to warm to  room temperature slowly and methanol 
was added to give a precipitate (39.02 g, 94%). The precipitate 
was recrgstallized from a 4 :  1 mixture of ether-CH,C12 to 
afford white crystals of the unri-dimer of thieo-l-nitroso-2- 
chloro-trarrs,t~c~~~~-5,9cycl0dodecadiene (29); Inp 133-1 34'C 
(lit. (26) mp 125-125.5.C); uv (ether): 302 nnl (c, 9400); ir :  
3020(1n), 1260(s), 1220(s), 1180(s), 1130(m), 990(s), 975(s), 
965(s), 770(s), 740(s), and 650(s) cm-l :  % nmr r :  4.16 (m, 
IH), 4.70 (m, 4H), 5.65 (m, IN) ,  7.7-8.3 (m, 12H); i3C nnlr: 
133.3, 133.1, i33.0(2C), 129.2, 129.0, 128.9, 128.5, 62.7(d), 
62.6(d), 57.5(d), 56.7(d), 33.0 (t, 2C), 31.6 (t, 2C), 31.3 (t. 2C), 
28.4(t), 28.1 (t, 4C), 27.7(t); ms (i30.C) n7:'r (%): 212(2), 
210(2), 161(51j, 119(32), 91(60), 79(97), 67(100). On irradiation 
at  the T 7.8-8.12 region, the lnuitiplet zt r 5.65 collapsed to  two 
nearly superimposed doublets ( J  - 5.0 Hz), the multipiet at 
z 4.16 to two doublets at r 4.11 (J = 5.5 Hz) and 4.21 ( J  = 4.5 
Hz), and the multiplet at r 4.70 changed its pattern. Aizai. 
calcd. for (Cl,-dl,NOC1)2: C 63.29, H 7.97, N 6.15; found: 
C 63.36, H 8.19, K 6.25. 

Rediicfion of :he Dirnei. q f 2 9  with Litkirmz Al~rn7iiz~rnz 
Nj'iiride 

(I) A lnixt~ire of :he crude dimer of 29 (10 g) and lithium 
aluminr.~n~ hydride (8.5 g) in ether was refluxed for four days 
and was treated with 10% potassium hydroxide solution. The 
usual workup gave basic (5.2 g) negative Beilsrein test and 
neutral (1.05 g; fractions; the latter were shown to be starting 
triene 28. The solid base fraction (1.8 g) was chromatographed 
on silicic acid to afford, with 7 z  CCM,OH in ether, aziridine 33 
(130 mg) as white needles; mp 75-77'C; ir: 3170 (s, b), 
3025(m), 970(s), 950(m), and 740(n1) cn1-' ; ' H  nmr z :  4.78 (m, 
4H), 7.77-7.84 (ni, 4H), 7.90-8,2 (m, 8H), 8.6-8.9 (n?, 2H), 
and 9.08 (D20 exchangeable); 13C nmr: 133.l(d), 128.4(dj, 
37.0(d), 31.6(t), 29.8(t), and 27.9(t) ppm; ms (80-6) m;e (17,): 
177.1499 (M+,  6, calcd. for C,,Hl,W: 177.1517), 176.1448 

(17, calcd. for C,,H,,N: 176.1439), 162.1269 (14, caicd. for 
CI lH1(,N: 162.1283), 148(16), 134(17), 122(24), 50(39), 
69(100). The solid was sublimed to give white needles, rnp 78- 
78.5'C. Anal. calcd. for C12H,9N:  C 81.30, H 10.80, N 7.90; 
found: C 81.71, H 10.66, N 7.91. 

Further elution ~vi th  10-20% CH,OH-ether gave aniine 30 
(1.03 g) as white needles: mp 93-97'C; ir :  3350, 3280, 3030, 
1610(w), 1560 (m, b), 975(s), 970(s), 960(s) cm-'; 'H nmr r :  
4.90 (rn, 4H), 7.23 (bt, J 2 I0 Hz, IH),  7.74-9.2 (m, 16H); 
l3C nmr: 131.9, 131.5, 130.5, 130.0, 45.7(d), 36.6(t), 32.0(t), 
3i.9(t), 30.3(t), 29.8(t), 29.5(t), 22.6(t) ppm; ms ~,i , 'e  (z): 
179.1672 (M-, 31, calcd. for C,,H,,N: 179.1673), 150(28), 
136(43), 122(46), 110(43), 96(88), 83(94), 82(92), 70(80), 69(83), 
56(100). Sublir1:ation of the solid afforded white needles. Ar~al. 
calcd. for Cl2HZ1N:  C 80.38,N 11.81, N 7.81; found: C 80.11, 
H 12.03, I% 7.53. 

The acetyl derivative of ainine 30 was recrystallized from 
ethanol; mp 120-123'C, ir :  3270(sb), 3080(m), 1635(sb), 
1560(s) cm-'; 'H nmr r :  4.90 (m, 4H), 6.12 (m, lH),  7.68- 
9.10 (m, 161-1), 8.04 (s, 3N); 'T nmr: 168.9(s), 131.7 (d, 
2C), 130(d), 12?.3(d), 44.4(d), 33.7(t), 31.7(t), 31.5(t), 29.4(t), 
29.1(t), 27.8(t), 22.8(q), and 22.5(t) p p n ~ ;  111s m;e ("l,): 221 
( M + ,  75), 178(26), 162(1 OO), 133(69), 125(66), 79(76). Anrri. 
calcd. for Cl,H2,NO: C 75.97, I3 10.47, h 6.33; found: C 
76.10, H 10.66, N 6.02. 

( 2 ) ' ~ h e  dirner of 29 (500 mg, 1.1 x 10-a mol) was placed 
in the thimble of a Soxhlet extractor and leached for 11 h by 
refluxing a mixture of LAH (274 mg, 7.2 x rnol) and 
alun~inuni chloride (960 mg) in ether. The mixture was worked 
up by the usual method to afford a crude semi-solid (410 rng); 
gc analqsis showcd three peaks at 2.4 (azoxy con~pound 32), 
3.7 (anline 30), and 4 (chloroamine 31) rnin in 15: 10: 65 ratio. 
The mixture was sublinied to afford azoxy compound 32 
(85 ing) which was recrystallized from ether; mp 11 1-1 13-C; 
uv (CI4,OH): 354 nm ( E ,  26), 290 (sh E, 21); ir :  1490(s), 
1440(s), 1265(s), 1120(sb), 990(s), 970(s), 962(s) cm- ' ; 'H 
limr r :  4.84 (m, 8H), 5.46 (ni, IH), 5.65 (bt, J - 6 Hz, 2H), 
6.40 (m, lH),  7.65-8.60 ( n ~ ,  24H); 13C nmr:  133.6, 133.4, 
132.7, 132.4, i30.0, 129.4, 128.5, 78.5, 59.0, 58.7, 57.2(2C), 
34.1, 33.8, 31.8(36), 29.7, 29.5, 29.1, 28.7, 28.2, and 24.5 ppm; 
rns :77/e (%): 438.2205, 440.2181, 442.2138 ( M + ,  4, 2.5; 1, 
calcd. for C2,H3,N,OC1,: 438.2205, 440.2175, 442.2145). 
421, 423, 425 (14, 9, 25)> 349.2616 (33, calcd. for C24&3N2:  
349.2644),208(25), 179.1357(84,calcd.forCl2HlsO: 178.1358), 
124(50), 123(59), 109(92), 95(58), 67(100). 

The remaining solid showed gc peaks for aniine 30 and 
chloroamine 31 in the 1 :7 ratio and a 13C nmr spectrum which 
showed the peaks for chloroamine 31 with weak peaks for 
amine 30. Further sublimation afforded white crystals of 
chloroamine 31; ir :  3400-3300(wb), 3015(w), 1600(wb), 990(s), 
973(s), 962(s), 760 em-'; l H  nmr r :  4.89 (m, 4H), 5.73 (ddd, 
J =  7.5 ,7 ,and2.0Hz,  1H) ,7 .0h (ddd3J=  6 .5 ,6 .0 , and2Hz ,  
IH), 7.70-8.20 (m, iOH), 8.32-8.50 (m, 2H), 8.33 (bs, D,O 
exchangeable); ms i>~ /e  (17,): 213,1295,215,1252 (M+,  9 and 3,  
calcd. for C,,H,,NCl: 213.1284, 215.12553, 178.1601 (43, 
calcd. for C,,H,,N: i78.15961, 132(5), 130(13), 117.0343, 
119.0318 (40 and 14, caicd. for C,H,NCl: 117.0345,119.0316), 
96(30), 79(15), 67(14), 56(42), 43(100). On irradiation at z 8.4 
or r 7.99 the ddd at z 7.06 and 5.73 collapsed to doublets 
( J  = 2.0 Hz). Irradiation of either of the two signals caused 
the other to collapse io double doublets with J = 6.5 and 
6.0 Hz and J = 7.5 and 7.0 Hz, respectively. 

The &use Treu!metzt of C/!loroat??i/~e 9 
A 5 : 1 mixture of ch!oioamine 31 and ainine 30 (51 mg) and 

sodium methoxide (100 mg) in lnethanol (3 mL) was kept at 
room teinperature for four hoilrs. The solution was brought 
to pH 9-10 and extracted with ether to give a crude product 
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(44 111g). The gc analysis of this oil oil a 10x SSE 30 colu~nn 
gave the peaks cor:csponding to amine SO (4.3 min, 17%), 
chloroamine 310 (5.0 min, 16%;, aziridine 33 (5.4 niir?, 13%), 
and three unknown peaks. The known compou~ids xX:ere f ~ ~ r -  
tker confirmed by a peak matchii~g  neth hod. 

Eerlzq.lafiorz of Aziridii~e 33 
Aziridine 33 (35 171%) and benzyichloride (249 mg) in dry 

benzeile (2 mk)  wcrc ref u-;ed !'or six hours. The r c s id~e  was 
treated \%ith ether to give the hydrochloride of 33 (19 mg, 
46%), mp 193-197'C (dec,); ir: 2725(n?), i680(mj, 2500(w), 
966(s) c m l ;  % HilXi': T 2.35 (bs, 2H), 4.96 (ni, 4-H), 7.32 (bd, 
J - 7 Hz, 2H), '7.6-8.6 (111, 1?Hj. The ether. filtrate ivac evapo- 
rated to give an oil of .\'-benzylaziridii~e 34 (29 mg); ir :  
3030(m), 1600(v), i49S(ni), 1!00(s), i028(s), 95S(sj, 692is) 
cm-I ; '13 nmr:  -c 2.48 (s, 5H), 4.83 (111, 4H), 6.56 is, 2H), 
7.7-9.0 (ni, 12H). This oil was slight!: conta;liinaied with 
benzylchloride as shown by the 'H nmi  signals at s 5.50(s) and 
2.74. The oil ua.s renuxed in benzene containing iisnzyichlo- 
ride (250 mgj for i 2  :I. The residue was chroina.iographed on a 
sillsic acid coiumn to give an oil (25 mg, 42%) showing rjne spat 
o n  a tic plate cor~espo~iding to ;\.-benzyiaziridine, 35; ' H  nmr 
T: 2.78 (m, 5W), 4.58 (m, ?I{), 6.56 (sharp s, 21-1); ' 3 C  nmr: 
139.0, i33.I(2Cj, 128,1(2C), i2'7,7(2C], i27.5(2C), 126.7, 65,O 
(benzy:!, 46.4 (?C, CHI".;), 31.1:(5C), 29.9(2C) and 27.1(2C) 
pprn;o1s(40-C)ri; 3(7;):26?.376JM+, 3 . 2 , c i i , ! ~ d . f o r G ~ ~ H ~ ~ f i  : 
267.1987), 266(28), 200(13), 187(12), 176.1142 (50, caicci. Ear 
Cl2HI8X: 176.1439), 172(30). 159(93), 134(43), 9l!:GO), and 
4 l(23i. 

The abov-, oil taken iip in ether (5 mk) v i a s  treated with dry 
hydrogen cliloridc gas repedtediy ro give grecipilates (25 mg), 
This soiid was added to  a saturated soditin carbonate soliltioi? 
which Lvas cxiractsd with ether to give an oil s:iowi!lg ib,vo 
spots oil t!c analysis. heparatibe tlc of the oii gave .%Lbenzyi- 
aziridine 34 (4 ~ n g )  and coi~>pound 35 (12 gig); ir: 3400 (?v, I?;, 
3025(m), 1580(\v], !260(m), 1080(n7), 985(i;), 970(ni), 958{~), 
830(rn, k,!, 75@(s), arxa 699(s) cni-I;  'H nmr T:  2.80 (m, 5Hj. 
5.12 (n, 4H), 5.8d (171. W, = 18 Hz), 6.24 CAR q. J = 13.5 
Hz, A6 = 78 Hz), 7.50 (m, IV, = 22 Hz), and 7.8-9 2 (m, 
12M); 8.84 ( IH,  D 2 0  exchzngcable); 'T nnmr: 140.3, 232.8, 
132.0, 130.5, 129.2. 128.6(?C), 128.1 (2C), 126.8, 63.4, 53.5, 
50.3, 33.7, 31.9, 29.5. 29 3, and 28.9; 1x1s (4UcC) k c ,  (XI: 
303.1756 and 305.1729 (Mi  .. 22 a!.d 8, celcil. for C,,H,,PY'CI: 
303.:754 and 305.1724), 258.2067 (24, calcd. fo: G,,H,,N: 
268.2066), 241(8). 1!6(26), 133/100), IObii), ?!(6l.), a l ~ d  4?(8,!. 

Reactizns of ,he i3iuier of 29 
(1:  A mixture of anhydrous scdiurn acetate (1 g;, the dlmer 

1500 mg, I . I  x 10- "lei), and acetic anhydride \&,as stir-red 
under nitrogen ar 15-C Tor 3 days. Th-, soiution \x7ns adjusted 
t o  pi4 3 and evtracted with i-iielhylene chioride (60 mL x 3) to 
give an oii 1481 mg) which showed tno major spots (one of 
them corresponding to rbe starting r.3aterial) acd  severai 
n3icor spots on tlc. The oi! also slnowed a broad esr iripiet 
( J : ! : l )  2t 2 = 2.0068 i 0.0008, n, = 13.5 G (line +idth == 
6.5 6). 

The mixture was chronlaiog~~aphed on silica gfi (4O g),  The 
middle fraction eiiited with methyler?e chloride aAhrded 2. soiid 
(301 n;g: ~hhich was recrystallized from meihanai ro give 
oxirilino acetate 38; m!: 49--49.5'C: ir :  ?030(w), :775(s), 
163S(m), 1370(s), 1262(s), 996js), 97t(s), 960(s), 950(s:. 324(s), 
87S(m), 8G33(ii1), 765,and 7 i 8 ( r ~ i  e m '  : 'H n m r r  4.83 ! ~ r ? ,  41-41, 
5.17(bt; J =  6Hz,  lY),6.7-7.4(m,IPI1;'7.6--7.9 (n:, I l i l ) ,  and 
7.80 (s. 31-11: 13C nml.: 1.5-).?is), i65.5(3), 132.7, 122.5. ii'9.6, 
!29.-1, 5?.6(d)$ 31.80, 2C), 3!.7(?), 29.ih),  :!Ci.011), 36 I({), 
!9,4(1;); rns nl/c (T) : 212(! I), 2!0(32), !92(S), !74(9'?), 79(63), 
67(78). 4-3(100). On irradiation at .; 7.82, the rnuitipict er T 5.27 
collapsed to a s i~g le t  and the muitipkt at  r 4.82 becarcc an AB 
qla-tet ( J  = 16 H r i .  Aria'. caicd, far Ci,H2,N0,Ci: C 62.33, 

H 7.47, N 5,19; found: C 61.99, H 7.51, N 5.22, An 3.ttempt to  
isolate the lninor cum~onents  of the mixtare \(as unsuccessful. 

(2) A mixture of the dinicr (1 21, i~ethyiene ciiloride (10 
niL), methanol (20 mL), and pyridiiie (500 rig) was siirred 
under nitrogen at 3jcC' for one tiay, T'he reiidus afiet- eLapora- 
tion of so!i.ents rvas washc-d \vi?h erhel- ro zn'ord crystais of 
pjridinium chloride 36 ((1.23 g); nip 190-194 & (dec.i; ir: 
3120(i, b), 1625(m), 1290(n::, 1!40(n1), 1010!s), 998(s), 980(s), 
970(s), 960(sj, 895(m), 870<m), 770(s), 725 (~ ) ,  690(s) cm-l ;  
'N nlnr (D,O) r :  1.0-2.0 (m, 5 H j ,  4.58 (m. SN), 6.8-7.35 (m, 
2H), 7.5-8.6 (in, 101";). The ;?:ridi:;l~im hydroc:h!oride (860 mgj 
was stirred with an excess of aci~i~zous diineiR> lamine solutio~? 
and uas  ~ o r k c d  up in the nssal 1i1r;nner to r?iiord amino 
o.<inic SIB (635 rxg, 91%) as ail oii : the ir and i l m  ipectrz mere 
i>.!perir;,posabie :tith those of a n  airrher~tic sample (53;. 

(-3) .A solution of the dinlei. (1 g )  in rl?ethylene chloritle (16 
inL) and r ~ i e t h a ~ ~ o i  (11) I-cL) contaiil~:g 0.1 n1L of concentrated 
h-drach!oric acid was heated at 50'C f.sr 3 days. The reaciioii 
was v:orked t:p in the csual manrler to affori! zn oil (89i mg) 

was chroinai3yravhed oi: a l u m i ~ a .  i'iie first fracticn 
eluted v. ith ncthq krLe chlciide gavc the methoxyketo~e corre- 
socndmg to 38 !X = 0CH3.  R L: Hp 7-1 111g) as i? coIourieis 
;ola~iie oil; i;: 3035(w), i725(s), i"i?O(s), 1715(shj, 1130(1~:), 
1098!s!, IOBO(m), znd 970(sj c m l ;  '14 nmi- r: 4.82 (ni; 4H), 
6.40 (dd, J = 6.5 ond 4 .0Hz,  IF$), 6.65 js, 3H); 7.5--8i5 (m, 
? H ) ,  ms ?pie ("a): 208 (Mi, 93), 176!13), I20(:!6), 11:(47), 
8i(71), 7?(76), 68(100;. and 6?(100) The second ti-actioi? 
elriled vith 0-1" McOH ic CH,CI2 afiorded th- methory 
c*xirr.e 38 (X = OCii, ,  R -- H,  365 mg), ir: 33301's~)~ 3030(c !. 
i;40(;i), ! i ZOiin), IG85(*s); 965(s) tin-' ; 'H r-mi. 7: 1.56(0E),  
4.30 (:I?, 1H), 5.84 (I., J = 5 HL, lH!, 6.72 i s ,  3i-I), 7.35 (m, 
I S ) ,  and 7.6-8.3 (iil. i l K ) :  'T ~iiilxr: 158 7(s), 131,5(2C), 
121.0, 130.6. 78.?(ii), SLi-.S(qj, 3i.3(t), -31,7(ij, 2?.9(t), 28.5(ti, 
27.8(11, 25.4(tj; ms t i :  e (To): 223 ! M A ,  271, 206!100), I74(41), 
!69(45), 1?9(78), 79(71), 67(84). On irradiatio~l a: T 8.20 the 
iripier at r 5.84 collarsed to a singlet. 

Pre.~iri.~~iior? oj t i l e  Dimc~i o,f r - ~ ? ~ i t i . o i a  C(iii~j~:)i:izi[ 40-41 
The dimer of 35-34 was ~ r e ~ a r e d  in 2 s:iiiilar manner to 

that described above and was re:!->stdliiied from methyit-iie 
chloride as white needies: nip 150-151 C ;  i:.: 3008(:11), 1258(5), 
1212is), 120@(s), i192(sj, i i83js), 1!55(m:, 770(s), 738(m), 
72G(s) c i~ i - ' ;  'Pi nmr T :  4.28 /I-?, 114,), 4.45 (n?, 21-1): 5.4 ( n ~ ,  
IN), 7.3-8.1 irn: SN), 8.4 {ni, 4H;; L.V:  299 n; i~  (s> 7960): n s  
m,'c (XI: 203(1), 201(2). isG(j 3),  1841,40), 166(6G), 135(90), 
93(88). 8?(7'5), 73(70), 6'7(1CO). Dissolutign of thz dimer iil 
diinethj!Sormai~iide caiised di:composition and the ' 3C nmr 
co~ild riot be caken. A,:iii. calcd. for (C,o~~l,?-rBC1)2: C 59.55, 
H8.00, N 6.95; focnd: C 59 2C, 7.80% N 6.98. 

Rriicfio~rs of !he Diiner (lj C-lVit! 0.50 Coi~i ;~~i , i id  40-41 
( I  j The dimer ci'40-41 (501) mg) in a i : 2 mixture of lnethy- 

l e ~ e  chloride and methano! contsir:ing 01-13 drop of concen- 
trarcd hydroch!o~-ia acid was rePiuxed Icir 36 h ,  Acid-b;ise ex- 
traction of the reaction inixtiire a Kosded 11ei;trai (464 n g )  an5 
basic (33 n!g) fractions, The aeuiral fraction 11: methyiene 
chloride showed o*:eriapping csr triplets ii: :vhich the major 
one was tilac 2; g 1 2.0061 r 0,L)0107 ah 1 15.2 G. It aiso 
showed 'H ii-nr signals at T 5.45 (dd: i = i i  s i ~ d  5 Hz)$ 5.63 
(dd, d = 10 and 3 Hz), and two equal ir?!e?sity singlets at  1- 
6.7i and 6.81 and tv.0 mzjo: spots srid other minor spots on 
t!c. The oil (290 mg) was chraii;a:ogra:,hb-iiihe on silica gel. The 
i'raction eiuiad vith 0.5-i"' , il RdeOBi-S3H,CiL ga5,r- a solid 
which was subl:ved to give o-:;me 42; rap 94-9jCa'; ir: 3250 
(broad), 3?05i:vj, 162O(w;, 143363, 1000(s,1, 9$0js), 970(s), 
i-:lC(ni!, 765(m), 715(i11), 525(m) cm- ' ;  'H nmr r :  0 .99(05) ,  
4.70 (ni, LRj, 5.45 ( d d ,  = ;i and 4.5 ?Iz, !HI, 6.93 (IT, IK) ,  
'7.41-8.29 (m, 7S) ,  8.39 (~n, 4H): ' j &  n ~ n r :  150,2(s), 133.4jd), 
?28.0jd?, 55.6jd); 33.@(t), 29.4(t), 25.3(t), 24.4jC), 24.0(t), 
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7 A L . :  I 2935 

22.5(;); nls n~:'e 1";): 203 ( M A ,  31, 201(8), 186(20), 184(57), 
166(100), 148(55j, 91.0546 (5i ,  calcd. for C7H7: 91,05471, 
79(44): 67(43). O n  irradiation a t  T 8.06 the double doublet a t  
T 5.45 collapsed to a doublet ( J  = 11.0 Hz) and the muitiplei 
at  r 4.70 became a poorly resolced doublet (J -- 13 Hz). O n  
irradiation at  T 8.34, the rnultipier a t  r 6.93 became a n  ill-re- 
solved doublet (d  = 1% Hz). /4i1(ri.  calcd. for Cl,Hl,NOCI: 
C 59.55, M 8.00, bl 6.95: found:  C 59.71, H 8.14, N 7,05. 

The fraclion eluted ui:h 2-47" CCM,OH-CH,CI, ga ie  a 
colourless oil \vhich shos,ed a l*veak nnir signal for o!efinic 
protons and several methoxy sir!g!zts, among then?, those at T 
6.63, 6.72; and  4.78 had a ratio of 3: 1 : 3 ;  i i :  33C0!b), 17iO(w), 
1650(w), 1090(i;ij, 945(vsj, 915(vs); rns tii, e iz): 197(21) 
180(78), 165(88:, 148(100), 123(72). Phis oi: slioned strong and  
complex esr signals a t  the g = 2.006 region. 

(2)  A rilcthylene chloride (20 niL) solution containing acctic 
anhydride (2 g) and the dimer of 40-41 (403 nlg) ivas stirred 
under nitrogen at  50'C for 3 days. After the~lsua l  uorkup ,  the 
residue (5i7 mg) was taken up in a 1 :  I mixtrlre of lnethylene 
chloride -- ether from i5hlcil the starling dimer was precipitated 
(107 n~g!. The moiher liquor was eva.porated a n 3  riie residue 
showed three overlappiilg esr triplet (equal irtensiiy) signals 
(oiie major arid two minor) in nhich the n~ajcir triplet had 
g = 2.007 t 8.091, n, = 14.2 G (line width 4 G). This mix- 
i m e  vras chromatographed o n  silica ge!. The first fraction 
eluted with methylerie chloride gave a n  oil (I44 111g, 4591  
which was distiiled t o  give a I : 3 mixture of oximino acetate 
44 and  45; ir: 3000(mj, ?775(vs), 163C(m), i26O(ni), 1205(vsj, 
1175(s), 1000(s), 935<sj, 890(sj, 84?(rn), 780(m), 735(s), 710jmj 
em- ' ;  'H nnlr i:: 4.55 (m, 21-I), 5.34 (dd, 1 = 12.0 aiid 4.5 Hz, 
1/4H), 5.66 (dd; = 11.3 and 5.0 Hz ,  3 4H), 7.2-8.10 (121, 
1!H), 7.74(s,) arxi 7.76(s) in a !:3 rat io;  13C n m r :  166.2, 
166.1,!31.8,~31.7,127.55 1 Z 7 7 3 j 5 4 . i i 5 1 , 5 1 . 5 , 3  
27.8, 26.5, 24.2, 23.8(2C), 23.5(2C), 21.6, 21.3, and  19.4 ppnl; 
ms (70'C) n:/e iz): 246 (:A+ + I 3  4): 244(!0), 243 ( M + ,  I), 
201(66): 184(65), 166(65), 138(100), 135(85), 93(85). Artai. 
calcd. for  CL2H18C1Pd02 : C 59.14, H 7.44, N 5.75 ; fonnd:  C 
58.59, H 7.55, I*l 5.60. 

E l u i o ~ i  jiith 0.5-2z CH,OEl-CH2C12 g:we a solid (27 mg, 
8%) which sbo\ved a single spot oil t!c and  could not  be re- 
cryst;tl!ired. This solid is assumed to  Le the bicyclic hydrc:cyl- 
a m i i ~ e  acerate 46 (or isciiner thereof); i r :  1565(sj, 1722(s), 
1245(s), 1202(s), li92(s), i125(rn), 1040(ni). 10IS(m), YSO(n-), 
85O(rn), :J88(m), 755(m), 730(rn), 715(n1) cm-I ; ' t l  nmr 7 :  4.'70 
(b:, / = 9 and  I :-la, iH) ,  5.48 (m, If",); 6.72 (rn, 2t-I), 9.7- 
8.6 (111, 12H), 7,83 (s, 3H;,  7 06 ( 8 ,  3H);  r n s  tr;c, <L<): 305.1219 
and 303,1237 (M-,  2 and 7, calcd. for C,,H,,hO,Cl: 305.1168 
and 303.1238), 263(3), 26!(8), 246(36), 144(iOO), 226(95), 
2iC(i6), 216(77), ?.08(3i), I84(36;, 166(3 I!, 148(43). 

- 7  i n e  fraction r!uird with 2 z  CCH,OH-CI-I,Cl, g a l e  ;:n oil 
(30 mg, 8%) uhich mas sub!iniebto give 47 (or iscmers thereof); 
ir : 3450(bm), i765(vs), 1 7 3 5 6 ~ ) ~  1240(vs), I :%I(\ s), 1 0 2 5 6 ~ ) ~  
940(m), 890(m), 860(in), and SlO(ni) ci11-I ; 'EI mnr r :  4.74 
(m, 2H), 5.27 (b? d =  6 , 5 H z ,  2H); 7.7-8.8 (m, ca. I?.ET); 
7.80 (s, 3H), 7.93 (s. 5H); r n s  17: e (%I :  327 (M', 21, 285(3?), 
268(100), 226(36), 205(22), :66(3I), 148(28), 96(2.5), 67124); 
esr ~11ajor i. iplet (1 : l : 1) g .Y 2.0089, aN = 14.3 Ci and t x o  
minor ~rii:lets at  g -- 2.0063 a1-d 2.0045. 

!. Y. L.  CHO.,~, . r?.ci. Chem. Re\. 6 .  354 ( 1973). 
2.  K .  S .  ?~ILLA.>. S.  C .  c ' t ~ ~ ~ l .  7. M O J E ~ S ~ ~ .  21i?.d Y. L.  CHO'.\. 

Can.  J .  C'heni. 53. 3!ii?(i975). 
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Suc.  Pcrkin Ira::.;. 11. 125.5 (1977). 
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Chen:. 48. i i 7  (1970). 
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Generation of aminyl and aminium radicals by pbstslysis of 
N-raitrodialkylamines in solution1 

YUAL L C H O L ~ .  HERVE RICHARD. RODUF-V WII I r,inlr S Y \  D F R .  

~ L D R O B L R I  W .  L O C K H I R T  
Dcpci~ t,?ient of C 11c i i l r , t ~ \  S~l??orr F/ci,c>i Unicc i ~ ~ t \  B u t i ~ r i h ~  H C Cnizcitki V i 4  / S6 

Rr~elbed Mav 7 1979 

YUAN L. CHOW, HERVE RICHARD, RODNEY W:LLIAMS SUYDER, and ROBERT W. LOCKHART. 
Can. J. Chem. 57.2936 (1979). 

Photolysis of nitramines in a neutral solvent generated nitrogen dioxide and aminyl radicals 
which abstracted a hydrogen but did not add to a n-bond. In dilute acidic solution, the aniinyl 
radicals generated from the photolysis were protonated to the corresponding aminium radicals 
that preferentially added to n-bonds rather than abstracted a hydrogen. However, complex 
mixtures of addition products were obtained when nitranlines were photolysed in the presence 
of cyclohexene under nitrogen. The plethora of the products is believed to arise from the corn- 
plex behavior of nitrogen dioxide in solution; for example, ( i )  nitrogen dioxide may react as 
0- or iV-radical, (ii) nitrogen dioxide exists in equilibrium with nitrogen tetraoxide, and (iii) 
both oxides can react as oxidizing or radical trapping agents, Under oxygen, the oxidative 
addition of nitramines to cyclohexene gave I-dialkylamino-2-nitratocycloher,enes which could 
be treated with lithium aluminium hydride to give good yields of the corresponding amino 
alcohols. The quantum yields of nitranline disap~earance indicated that the photolysis followed 
short chain processes either in neutral or acidic conditions. The decrease in quantum yield at 
> 2 N H,SO, is believed to be due to a reduced reactivity of a~ninium radicals iil a highly 
acidic environment. The probable mechanisms of these photolytic radical chain processes are 
discussed. 

YUAN L. CHOW, H E R V ~  RICHARD, RODNEY WILLIAMS S ~ Y U E R  et ROBERT W. LOCKHART. 
Can. J .  Chem. 57.2936(1979). 

La photolyse des nitramines dans un solvant neutre produit du bioxyde d'azote et des 
radicaux aminyles qui enievent un atome d'hydrogene sans toutefois s'additionner sur la 
liaison .ir. En solution diluee d'acide les radicaux aminyles generes sont, par protonation, 
transforrnes en radicaux aminiums correspondants qui eux d'additionnent prCf'irentiellement 
sur la liaison -rr au lieu d'arracher un atome d'hydrogene. Par ailleurs la photolyse des nitra- 
mines en presence de cyclohexane et sous atmosphere d'azote conduit a un melange complexe 
de praduits d'addition. On pense que la formation de ces p rod~~i t s  est due a u  comportement du 
dioxyde de l'azote en solution, par exemple (ij le dioxyde d'azote peut reagir comme un 
radical 0 ou N, (ii) le dioxyde d'azote existe en equilibre avec le titraoxyde et (iii) les deux 
oxydes peuvent agir soit comme agents oxydants soit comme pikges a radicaux. L'addition 
oxydante des nitramines surlecyclohexenesous atiliosphere d'azoteconduit aux dialkylamino-I 
nitrato-2 cyclohexenes qui traites a l'hydrure double d'aluminium et de lithium donnent avec 
de bons rendements les amincalcools correspondants. La disparition des rendements quantiques 
de nitramines indique que la photolyse en milieu neutre ou acide se faii selon un court procede 
en chaine. On croit que la diminution des rendements quai~tiques, a des concentrations de 
HZSO, > 2 N, est due a la reactiviti reduite des radicaux arniniuins en milieu fortement acide. 
On discute du mecanisme probable de ces reactions de photolyse radicalaire en chaine. 

[Traduit par le journal] 

Introdustion 
Dialkyln~tramines (R,NNO,) react as neutral 

compounds (1-4) and exhibit a 7e -+ n q  transition 
absorpt~on at about 240nm ( E ,  -5500) w~thoul 
showing a n -+ n* transition absorption (5-7) corn- 
monly observed in nitrosamines (8) in protic solvents. 
The N-N bond distance of N-nitrodimethyIamine 
(NNOD) has been measured crystallographicaliy to 
be relatively short (9a)' (sa. 1.3 indicating con- 

'Part of the results were published in ref. 1 as a comrnunica- 
tion. 

ZO. Bastiansen as reported in ref. 9(b). 

siderable resonance contribution of' the polar form 
R,+N=NO,- to the structure (4). The photo- 
chemistry of nitramines has been sporadically in- 
vestigated in the past (10-15). Photolysis of N- 
methyl-N-nitro-i-naphthylamine with > 360 nm light 
has been shown to cause rearrangement to the o- and 
p-nitro derivatives by a non-radical mechanism (10). 

In contrast to the photostability of nitrosamines in 
neutral solvents (16, 171, dialkylnitramines undergo 
photodecomposition in I~ydrocarbons, alcohols, and 
acetonitrile to give the corresponding nitrosamines as 
a major product (11-13). However, photolysis of 
N-nitrodihen~ylam~ine gave N-benzylidene benzyl- 

0008-40421791222936-08$01 .OO/O 
01979 Naticlnal Research Council of CanadaIConseil national de recberchc\ du Canada 
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CHOW ET AL.: 2 2937 

TABLE 1. Photolysis o f  nitramlnes under neutral conditions 

Conditionsa Percent o f  products 

Nitramines Solvent Olefin Gas R,NNO RzNH R,NCHO Remarks 

NNOP MeOH None or N 2 Trace 13 7 b 

c ~ ~ c l o - C , H ~ ~  
NNOP 11-Hexane cyc!o-C6H1, CO 3 3  3 8 - 

NNOD n-Hexane C ~ ~ C ~ O - C ~ H I ~  CO 7 28 26 
NNOD CH,CN cyclo-C6H CO 22 35 2 c , d . e  

NNOD n-Hexane cj'clo-C6H1o Nz 6 - 14 c , f  

NNOD CH,CN Norbornene CO 5 5 8 3 c . f  

"More than one equivalent of the olefins was added and the uorkup of the photolysate was different in each experiment as shown in the Experimental. 
bThe percentages are calculated from the pc peaks; the yields of the crude products \%ere low due to ~olubil~ty in nater. 
<The amlnes (R,NH) were isolated as the nitrate salts and other products were determined by gc and (or) nmr anallses. 
"n addit~on, ,\~-methylformamide (15'z) 2nd 1,3,5-trimethylhexahydro-i,3,5-triazine (lo:';,: were detected hi gc-ms. 
'In the phoiolysis, NaHCO, (2 g) was added. 
:In the photolysis. NalCOj (2 g) was added. 

amine and dibenzylammonium nitrate (12) in addi- 
tien to the nitrosarnine. Thermal decomposition of 
N-nitrodimethylamine in the gas phase was reported 
to give IV-nitrosodimethylamine (18). These reactions 
are generally assumed to occur by the homolytic 
scission of the N-N bond (12, 14, 15). Photolysis of 
a 1 : 1 mixture of doubly "N-labelled and unlabelled 
NNOD in the solid phase (13) gave N-nitroso- 
dimethylamine with statistically distributed "N-label 
but the recovered NNOD showed no mixing of the 
"N-label. Although these results do not unam- 
biguously distinguish between N-N or N-0 bond 
scission as the prmary photoreaction, the authors 
favor the latter (13) presumably leading to the 
generation of oxygen atoms. Our interests in nitros- 
amine photochemistry (16) have led us to investigate 
the photoreaction of N-nitropiperidine (NNOP) and 
Nnitrodimethylamine (NNOD) which is described in 
this report. 

Nitramines were prepared by oxidation of nitros- 
amines with 50% hydrogen peroxide. Since 90% 
hydrogen peroxide used in the original Emmons' 
method was notavailable (19), the oxidation was 
repeated to obtain a better conversion. The iln- 
reacted nitrosalnines could be removed by passing 
gaseous hydrochloric acid through a dry ether 
solution of the crude product. The hydrochlorides of 
nitrosamines (20) precipitated leaving the much less 
basic nitramines in the solution. 

The photodecomposition of NNOP ( l a )  and 
NNOD (2a) under neutral conditions proceeded 
efficiently and gave similar results regardless of the 
presence or the absence of cyclohexene or nor- 
boinene, e.g., no addition product to the olefins was 
obtatned. The results are summarized in Table 1. En 
metflanol, NhOP was photolysed u d e r  nitrogen to 

give N-formylpiperidine (Ic), piperidine (as the 
nitrate salt), and NNP ( I b ) ;  no formaldehyde was 
detected. However, in n-hexane under carbon 
monoxide, formamide I c  was not formed, indicating 
that the formyl group was derived from methanol. 
Photolysis of NNOD under various conditions gave 
dimethylforinamide (2c), IV-nitrosodimethylamine 
(2b), and dimethylammoniurn nitrate, and in one 

case the trimer of formylidenemethylamine (i.e., 
1,3,5-trimethylhexahydro-1,3,5-triazine) and N- 
methylformarnide were also obtained. Photolysis of 
NNOD in acetonitrile in the presence of solid 
sodium carbonate or bicarbonate yielded consider- 
able amounts (22% and 55%) of nitrosamine 2b. 
Since formamide 2c was formed in the absence of 
methanol, carbon monoxide, or carbonate, the 
fornlyl group was not derived from these entities but 
most probably from the N-methyl carbons. 

Under dilute acidic conditions the patterns of 
nitramine photolysis were quite different in the 
presence or the absence of cyclohexene; in the former 
case photoaddition of nitramines to the olefin 
occurred exclusively. In methanol containing hydro- 
chloric acid (ca. 0.05 N ) ,  NNOP was photolytically 
decomposed to the piperidiniurn salt cleanly; 
formaldehyde was also detected in the distillate. 
However, under similar conditions but in the pres- 
ence of cyciohexene, a complex mixture of addition 
products to cyclohexene was obtained; this mixture 
cor~sisted of 2-piperidinocyclohexanoI (cis and frans 
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mixture, 3; 2 0 3 ,  2-piperidinocyclohexanone oxime 
(9, 22'73, I -nitro-2-piperidinacyclohexane (4, 9%). 
and two more compounds that were tentatively 
assigned from gc-ins analysis as piperidinocyclo- 
hexene (12";; 3.1) and 1-methoxy-2-piperidinocyclo- 
hexane (10% 5). In a similar manner, NNOD was 
photolysed in the presence of cyclohexene either 
under nitrogen or carbon monoxide to give a mixture 
consisting of dimethylan~inocyclohexane (6, 15"7,), 2- 
dimethylarninocyclohexanol (cis and trans mixture, 4 ,  
2871, 2-dimethylaminocyclohexanone oxime (10, 
24z) ,  and I-nitro-2-dimethylarninoc~~clohexane (8, 
22-24z) in addition to two unknown compounds. In 
these reactions. piperidine and dimethylamine were 
also formed but could not be determined quantita- 
tively due to their volatility and solubility. The 
percentages given above are the relative ones of the gc 
peaks. 

3 R2 = -(CH2);-. X = C)H 9 R =  -(CH,),- 
4 KL = -(CHz)i-. X = NO. En K = C'H, 
5 K L  = -(CH,),-. X = OCW, 
6 R = C H , . X = H  
7 R = CIE3. X = OH 
8 K = C'H,. X = NO, 

Similar photoaddition of nitrarninos as above, but 
under oxygen, took place smoothly and gave a crude 
product which showed strong ir absorptions for 
nitrate (1620, 1270, 850 cin-I), carbonyl (1710 
cm- ')), and hydroxyl (3400 and 1100 ern-') groups 
(21). The LAH reduction of this crude product from 
NNBP addition afforded a good yield of an oil 
which showed two gc peaks corresponding to cis- and 
trans-2-piperidinocyc1obexanols (3) (21) in a 1 :2  
ratio. The stereoisomers were separated by column 
chromatography. Similar reduction of the crude 
product from NNOD photoaddition afforded 64% of 
a mixture consisting of cis- and trans-2-dimethyl- 
aminocyc!ohexanolj'7) (91,221. A few c peaks due to 
side products were also detected but in only niinor 
amounts. 

The kinetic disappearance of NNBP in acidic and 
neutral solutions and under nitrogen or oxygen was 
shown to follow a zero order iiz the initial stage of the 
photolysis. The quantum yields obtained frorn. these 
studies using the ferric oxaiate actinometry (23) are 
summarized in Table 2. In dilute acidic solutions 
< 2 N H,S0,) the quantun-r yields were higher than 

those in neutral or in highly acidic (> 5 N H2S0,) 

TABLE 2. Quantum yields of A'-nilropiperidine 
(0.0077 ,M) pi~otodecoinposition" 

Conditions 4 

( a )  bn lllethdnol S O ~ L I ~ I O ~  

Neutral 
0 1 NH,SO, 
1 0NM2SO4 
2 0 N H2S8, 
5 0 N M,SO, 

( h )  In acetrc acid solutroi~ 
0 0 N M,SO, 
0 1 VH2S04  
1 0 IV H,SO, 
2 0 N H2S0, 
5 0 1% H2S0, 
15 0 I"\/ HZSO, 

"The photolrsis \\as carried out  nirh a soliitioii con- 
taining .Y-nitropiperidine (0.0077 hi) and c>cioiiexene 
(0.02 .\I) under nltrogzn unless specified otherilise. 

"11 the absence of cyciohexene. 
'Under  oxygen. 

solutions, and varied only slightly in the presence or 
absence of oxygen and (or) olefins in methanol 
solvent. In acetic acld solutions the quantum yield 
was slig'ntly higher in the presence of oxygen and 
noticeably loner in the absence of cyclohexene. 

In this study, it is shown that the photoiyses of 
dialkylnitramines in neutrai solvents forill the corre- 
sponding diaikylformamicies under certain conditions 
in addition to the reported nitrosainines and am- 
monium nitrates (1 1 ,  12). As already pointed silt, "re 
b rmyl  group of formallaide Be is derived from 
methanol and that of formarnide %c from the Pi- 
methyl grocps cf NNOD. Under dilute zcidic 
methanol solution NNOP is photolyticaily reduced 
and methanol is oxidized to formaldehyde. These 
results car, be explained by the homo!ysis of the 
N-N bond to form dialkylalninyl radicals and 
nitrogen dioxide. Under neutrai conditions the 
amiayl radicals abstract hydrogen from n-rethanoi or 
aikenes, or from a dimethylamino moiety if no other 
suitable H-atom donor is in sight (24). In acidic 
solutions, aminyl radicals jpI&', 6.5-7,5) (25) are pro- 
tonated to give the amirriurn radicals which either add 
to a n-bond or abstract a hydrogen in the absence of 
olefins (26). Neither aminyi nor alninium radicals 
could be trapped by carbon monoxide under our 
reaction conditions, 

The major reaction processes, in a neutral medium, 
can be suinmarized b:y oqs. [l]-[?j and, in zcidic 
methanol, by eqs. [ I ] ,  [8i> [213 191, and [7] ,  The dis- 
proportionation of the dimetbjilaminyl radicals to 
give formylidenemethylamine (eq. [44> and subse- 
quent trimerization or hydrolysis to forrna,ldehyde 
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have been proposed previously (24). Under the 
photo1ysis condlt;or,s the oxidation of .CH2OH and 
R,NCK,OH (eqs. [ 3 ] ,  [6j, 191) can be visualized 11% a 

number of ways but may be assumed to use nitrogen 
dioxide or tetrgxide as oxidants (27). ,V-fdethyi- 
forinamiae could also he forrced from formylidene- 
methylamine by oxidation. On the basis of the 
proposed reaction pathways, certain observations 
can be ratlonailzed Undel ac~dic  condit~ons, the 
generated dialkylamirres are protonated and, there- 
h r e ,  cannot ~iridergo the hydration and oxidation 
pathway to Ecrm formamides I c  and 2c as shown :n 
eq 16, rhe formallon of high percentages of nrtros- 
amlse 26 111 acetonltnle In the presence of sod:uin 
carbonate or bicayhonzte suggests a base promoted 
nitrosation of the a m i x  v~ich nitrogen tetroxide as in 
eq. [§I. This nitrosation process is a well-known 
reaction for the preparation of nitrosaniraes (2). Xn 
solution, nitrogen dioxide is expected to be ic equi- 
librium dinitrogea tetroxic-le under the reaction 
conditions; both of thein may act as oxidizing agents 
or radical trapping agents (2'71, 'Fhe reactions of 
nitrogen dioxide with alkanes or zlkyl radicals in the 
gas phase have been shown to foilow 2 comp!ex 
pattern ar;d also to yield nitric oxide in a late stage 
from secondary reactions (27). It is possible that 
nitrosarnines might be produced by the combination 
of the ami~ljil radicals and nitric oxide. Such a 
mechanism, even iFooperari\ e, cannot account for the 
large percentage yields of nitrosa~nine 26 in the 
presence af carbonates since it is ~nconceivable that 
such bases can cataiyse the radical combination. 

The quantum yields indicate thai nltramine pho- 
ioEysis involves short radical c?an processes. The 
chain transfer step, eq. [7& while difficult to pin 

down, 1s a!so suggested as a posslblllty In analogy to 
the sltrosamlne photolysls (16, 23). Equation [10] 
might be another cham transfer step As In most of 
free radical cham reacilons, the propagation pro- 
cesses in the p~-esent case cannot be proven easliy. 
Part*cuierly, in the presence of many radlcai specles 
in the reactlon system, any suggesiioiis of such steps 
Ire open to qilest~oi~s 

In neutral solvents nltrosamlnes survive as final 
products because of their photostability under the 
reaction conditions (16, 17) I t  might be suggested 
that, in acidic solution, nitrosamine Ib  is fornled as 
the primary product by an unknown oxygen transfer 
nechanism, as suggested to be operative in solid 
phase photolysis (13), and undergoes photodecom- 
position. This pathway is not operating since 
piperidone oxime and the trinier of tetrahydro- 
pyridine, the products expected from the nitrosamine 
photolysis in acidic solution (17, 261, are not ob- 
tained. Therefore, while the pattern of photoaddition 
of riitramines to oiefins in acidic solutions is very 
similar to that of nitrosamines, particularly in the 
presence of oxygen (rile it!fi"r~), the nitrailline pho- 
tolysis generates the amjnium radicals directly i n  the 
primary photoprocess and not through the inter- 
mediacy of nitrosamines. 

The eficie~i? photoaddition of nitrainines to cyclo- 
hexene under dilute acidic conditions and the failure 
to do so under neutral conditions clearly demonstrate 
the reactivity difference between aminium a i d  aminyl 
radicals. The for~iler shows propensity to attack a 
n-bond over hydrogen abstraction and {he latter 
undergoes other types of reactions (e.g., dirneriza- 
tion, disproportionation, hydrogen abstraction, ek. )  
rather than addition. The formation of piperidhe 
and formamide I c  in the photolysis of NNOP clearly 
indicates the pattern of the reactivity of the piperi- 
dinyl radicals. We have de112onstrated these reac- 
tivity patterns by nitrosamine (16) and teirazene 
(22, 24) photolyses in recent publications. In the 
present case, the counter radical 111 the photo- 
addition, nitrogen dioxide, can behave as an O- as 
well as an N-centered radical to give 2-diaikyl- 
aminocyclohexy? nitrites and nitro compounds (21) 
such as 4 and 8. It is also conceivable that compounds 
4 acd 8 are formed by a chain transfer step as shown 
in eq. [ i  11. The nitrites may be hydroiysed under the 

acid~c condlblons or photolysed (28) to alcohols 3 and 
6, though no effort was made to determine the nature 
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of these side reactions. It is believed that oximes 9 and 
10 are formed via trapping of C-radical intermediates 
by dinitrogen tetroxide as in eq. [!2]; tautomeriza- 

tion of G-nitroso compounds 12 to oximes is a well- 
known reaction (16). The other products can be 
explained by radical mechanisms except the methoxy 
derivative 5; its formation may involve an ionic step 
since there is no precedence for the formation of 
ether linkages in radical propagation steps involving 
methanol. While photolysis of nitranlines in acidic 
conditions under an inert gas gave good overall 
yields of addition products, it gave complex mixtures 
and cannot be useful for synthetic applications. 

The nitramine photolysis in acidic solution under 
oxygen gives nitrate esters as the primary product 
and is assumed to proceed via trapping of the C- 
radical intermediates by oxygen as shown in eq. [i3], 

in analogy to nitrosamine pbotoIysis under oxygen 
(21, 30). Again, dinitrogen tetroxide is assumed to be 
a nitroso group donor and the NO, radical may also 
combine with the 6-radical intermediate to form 
nitrate 14. The formation of nitroso derivatives during 
radicai reactions of nitrogen dioxide has been known 
(271, but use of dinitrogen tetroxlde as a N O  donor 
has not been proposed previously. The rearrange- 
ment of pernitrites to nitrates (e.g., 13 .+ 14) has been 
shown to be spontaneous at about 0°C (29). We have 
shown that during basic workup nitrate esters can be 
decomposed to ketones or alcohols (21, 30) which 
might account for the complexity of the ir spectra of 
the crude products. An alrernative route for the 
formation of the ketones and alcohols is the deco~n- 
position sf pernitrite 13 by acid catalysis or photo- 
lysis under the reaction conditions. Such reactions 
are analogous to the decomposition of aikyl hydro- 
gen peroxides (22). However, the treatment of the 
nixtures with lithium aluminium hydride readily 
converts them to cis and tram$ alcohols 3 and 7 in 
good yields. The oxidative photoaddition of nitra- 

mines to olefins morks simply and is an excellent 
method for preparation of u-arninoalcohols. 

kt is striking that the quantum yields do not vary 
significantly within experimental error in the range of 
0.1-2 N H,SO, either in methanol or acetic acid 
solution and, also. in the presence or the absence of 
cyclohexene and oxygen in methanol. This must 
indicate that the reactivity and concentration of the 
species propagating the chain processes do not 
change significantly within this acidity range. There- 
fore, the drops in the quantum yields above :! N 
H,SO, could be due to a decrease of the reactivity of 
the aminiuln radical a t  higher acid concentrations as 
this is known from kinetic esr (31) and flash pho- 
tolysis studies (32). The causes of the stabilization of 
alninium radicals at high acidity are not well under- 
stood; it may be partly due to screening of the 
radicals by inert anions, a phenornenoii simiiar to 
stabilization of carbonium ions in superacid solution 
(33 ) .  

Alternatively, it is tempting to suggest that high 
acidity might affect the concentration s f  available 
i~itramines in t h  solutioil through protonation and 
thus also the rates of chain transfer steps such as 
eqs. [7j, [ I  I ] ,  and [13]. However, such an acidity 
effect appears not to be operating since uv spectra of 
NNOP in methanol are not altered at all in changing 
acidity from 0-10 N H,SO, concentrations. In acetic 
acid, the optical density difference between h,,,, 
242 nm and A,,, 222 nm increases monotonically 
when the concentration of H,SO, is changed from 
0-10 N. As there is no abrupt change of the absorp- 
tion in the vicinity of 2 N H,SO, concentration 
range, the conceia.tration of the nitramine appears to 
be relatively stable in this acidity range and shou-ld 
not affect the quantum yields. 

Experimental 
General Condftions and ?daterials 

Unless specified otherwise the following conditions were 
used. Infrared spectra were recorded with a Perkin-Elmer 457 
spectrophotometer using liquid fiirns c r  Nujoi mulls, Ultra- 
violet spectra were taken with either a Cary 14 or a Unicarn 
SPSOOO spectrophotorneter. Nuclear magnetic resonance 
spectra were recorded on a Varia:~ A-56/60 or an XL-100 
equipped with a Nicolet 1080 con~puter iil GC1, or CDCl, with 
Me4Si as the internal standard. The chemical shifts of 'H nmr 
were reported in T values and those of 13C nrnr in parts per 
million from Me4% and coupling constants in hertz (Hz) The 
decoupling experiments were performed with the XL-I00 
spectrometer. Mass spectra were recorded with a Mitachi 
Perkin-Elmer RMU-6E mass spectrometer. High resolution 
mass spectra were performed at  the University of British 
Columbia, Mass Spectroinetric Services. Elemental analyses 
were carried out by Mr. M. K. Yang using a Berkin-Eimer 240 
microanalyzer. Gas chromatographic analyses were performed 
on a Varian 1200 flame analyticai machine using a Varian 
Aerograph Modei 20 recorder equipped with a Model 224 disc 
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chart integrator. Analyses by gas chromatography - mass 
spectrometry were performed by Mr. G.  Owen to whom we are 
much indebted. The percentages given in gc analysis were 
relative ones. 

Golunin chromatography used neutral or basic alumina 
(Brockman activity 1, 80-200 mesh) or silicic acid (Mallinc- 
krodt, 100 mesh). Acetonitrile (Fisher Scientific) was passed 
through alumina immediately before use. The commercially 
available olefins were purified by distillation. Nitrogen supplied 
in compressed cylinders (Union Carbide of Canada) was 
purified by passing through a train of a Fieser's solution, con- 
centrated sulfuiic acid, and KOH pellets. 

The procedure of Emmons (19) was used to oxidize N- 
nitrosodialkylamines to N-nitrodialkylamines except that 50% 
H,O, was used in the place of 90% H,O,. The oxidation was 
repeated to ensure a higher conversion to nitranlines. The 
ether solution of the crude oxidation product was treated with 
hydrogen chloride to precipitate the unreacted nitrosamines. 
The ether filtrate was washed with water and dried over 
magnesium sulfate and evaporated. NNOP distilled at  100- 
105'C/23 Torr as a clear liquid; ir: 1513, 1388, 1330, 1280, and 
1241 cm-I,  nrnr r :  6.20 (m, 4H) and 8.33 (m, 6H); uv(Me0H): 
249 nrn (F 5500). NNOD was recrystallized from ethanol as 
white needles (74%); mp 54-55'C (lit. (19) mp 58-C); 
uv(CFI,OH): 240 nm ( E  6000); ir: 1510(s), 1320(s), 1260(s); 
nmr r :  6.56 (t, J = 1.5 Hz); ms m/e(%) 91 ( M + ,  20), 90(92), 
74(8), 44(36), and 42(100); gc retention time on an SE 30column 
(150-250'-G at 4"/min), 3.6 min. 

Cenevnl Conditions of Pl~otolysis 
A solution containing a riitramine and other components in 

a solvent was placed in a Quartz photolysis apparatus equipped 
with a Corex filter and was cooled externally with an ice bath. 
The solution, while purged with a slow stream of a gas, was 
irradiated with a 200 W Kanovia mercury lamp. The progress 
of photoiysis was followed by recording the absorbancy and 
the irradiation was terminated when the absorption dis- 
appeared. The zero hour sample was kept in the dark to serve 
as control which showed the absorption peak unchanged. The 
workup of photolysates varied according to the conditions. 

Photolysis of Nitvnnzines Utzdev Neutral ov Basic Condifions 
N-Nit~.opipevidine 
(a) NNOP (7.0 g, 0.008 mol) in methanol (200 mL) was 

photolysed under Nz for 2.25 h. The solvent was distilled 
through a Vigreux column and the distillate was trapped 
(170 mL) in a vessel cooled in Dry Ice. Treatment of the dis- 
tillate (50 niL) with a 2,4-dinitrophenylhydrazine reagent solu- 
tion (20 mL) gave no hydrazone. The residue from the pho- 
tolysate (1.03 g), which exhibited a strong ir band at  1655 cm-' 
and nrnr signals at  r 2.00(s) and 2.90 (m, D 2 0  exch.), was 
examined by gc (20% SE30, 130'C) and found to contain two 
major components and one minor component. Peak matching 
gc and gc-ms characterized the first component as piperidine 
(54%; retention time, 1.2 min) and the second component 
(45%; retention time, 5 min) as N-formylpiperidine. The minor 
component was AT-nitrosopiperidine. The liquid taken up in 
ether was extracted with I IV aqueous hydrochloric acid 
solution. The ether solution was dried and evaporated to 
afford N-formylpiperidine (250 mg); ir : 3400, 1655(s), 1258(w) 
cnl- l ; ms m/e(%) : 113(100), 98(55), 84(57), 70(23), 56(55), and 
39(18). The residue from the photolysate exhibited a blue color 
in the diphenylamine test indicating the presence of nitrate ion. 

When the photolysis was carried out under similar condi- 
tions but in the presence of one equivalent of cyclohexene, 
comparable results were obtained in which piperidine and 
IV-formyipiperidine were obtained in a 3 : 2 ratio as shown by gc 
analysis. 

( h )  A solution of NNOP (1.3 g) and cyclohexene (2.52 g) in 
11-hexane was photolysed under carbon monoxide atmosphere 
for 16 h. During photolysis, a dark red oil, deposited on the 
wall, was removed by dissolving it in ethanol every two hours. 
The combined ethanol solutions were e~aporated to give 
piperidinium nitrate; the ir and nmr spectra were identical with 
those of an authentic sample. The photolysate was evaporated 
to give a yellow oil (583 mg) which gave one major gc peak 
corresponding to N-nitrosopiperidine in addition to several 
weak peaks, none of them corresponding to N-formylpiperi- 
dine. 

N-iViri.oi/iinetliylnii~ii~e 
(a)  A mixture of NNOD (1.8 g), cyclohexene (8.4 g), and 

sodium bicarbonate (2 g) in acetonitrile (200 mL) was pho- 
tolysed under carbon monoxide for 6 h. The clear photolysate, 
after filtration, was evaporated and the residue was separated 
to ether soluble and insoluble parts. The ether solution was 
evaporated to give a red oil (440 mg) which was shown to 
contain ,I.'-nitrosodimethylamine (22%) and N,hr-dimethyl- 
formamide (2%) by gc and an nnir estimation; the nmr spec- 
trum showed two pairs of singlets at  r 6.20 and 6.92 and at 
z 7.03 and 7.1 2 in the ratio of 10: 1 .  The ether insoluble oil was 
stirred with acetonitrile and separated to give a red oil (761 n ~ g ,  
35%), the ir and nmr spectra were identica; with those of 
dimethylammonium nitrate. 

(b) A mixture of NNOD (1.8 g), norbornene (18.8 g), and 
powdered sodiunl carbonate (2 g) in acetonitrile (190 mL) was 
irradiated for 6 h. The photolysate was distilled with a Vigreux 
column and the distillate (170 mL) was treated with dry HCI. 
The solvent was evaporated to give an oil which was taken up 
in ether and washed with aqueous sodium carbonate solution 
and was evaporated, after drying, to afford a yellow oil 
(423 mg) which exhibited nrnr singlets at  r 6.20 and 6.92 in 
addition to other signals contained in N-nitrosodimethylamine 
(2%) and 2-en&-acetamidobicyclo[2.2.1]heptane. The latter 
was assumed to be formed by an acid catalysed addition of 
acetonitrile to norbornene and was isolated as white crystals; 
mp 134-135°C (lit. (34) mp 131-132°C). The photolysate was 
evaporated to give a residue (1.89 g) which was found to 
contain the following compounds by the gc peak matching 
method and estimation from the N-methyl singlets of the nrnr 
spectrum: dimethylammonium nitrate (8%), N-nitrosodi- 
methylamine (5573, dimethylformamide (373, and NNOD 
(6%) in addition to two unidentified minor components. 

(c) A n-hexane solution (200 mL) containing NNOD (0.9 g) 
and cyclohexene (1.68 g) was photolysed under carbon mon- 
oxide for 19 h during which an oil deposited on the wall. The 
photolysate was evaporated to a residue (153 mg) which 
showed ir peaks at 1625, 1280, and 870 cm-'  for the nitrate 
group and 1675, 3400, 1065, and 1025 cm-'  and weak nrnr 
signals for the cyclohexyi moiety. Since the gc of the residue 
showed a complex pattern, this was not investigated further. 
The deposited oil was separated to methylene chloride soluble 
(340 mg) and insoluble fractioils (175 mg). The insoluble frac- 
tion was shown to be dimethylammonium nitrate with a small 
amount of dimethylformamide by its ir and nrnr spectra. The 
soluble fraction was shown to contain N-nitrosodimethyl- 
amine, dimethylformarnide, and dinlethylammonium nitrate in 
the ratio of 1 : 3 : 2 by the nnir spectra and gc analysis. 

(d) A mixture of NNOD (0.9 g, 0.01 mol), cyclohexene 
(3.36 g, 0.04 mol), and sodium carbonate (2 g) in n-hexane 
(200 mL) was photolysed under nitrogen for 10 h. The pho- 
tolysate was decanted from the deposited oil and was evap- 
orated to give a yellow oil (322 mg) showing singlets at r 7.03 
and 7.11 for 2c, 6.20 and 6.92 for 26, and 6.81 and 7.82 for 
(CH,=NCH,), (24). Gas chromatographic analysis of the oil 
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gave the peaks corresponding to 2b (6.1 min, 3%) and Zc 
(6.6 min, 30%) and other unidentified peaks. 

The insoluble fraction was taken up in methanol and was 
evaporated to give a dark oil (190 mg): this oil showed a 
doublet at s 7.16 (J = 6 Hz, collapsing to a singlet after D,O 
exchange) for 1V-methylforman~ide and singlets at  s 7.03 and 
7.1 1 for 2c and 6.20 and 6.92 for 2h. The gc analysis of this mix- 
ture gave the peaks corresponding to 2b (19%), 2c (IS%), 2n 
(3%), and ,V-methylformamide (58x1. The last con-ipound was 
separated by preparativc gc and shoued ir, nmr, and nis 
spectra identical with those of a sample synthesized from 
methylanline and formic acid. 

Photo1j~si.s of N-Nili~opipeiic/ine in Acidic Metirni~ol 
NNOP (1.0 g. 0.008 mol) and concentrated SIC! (I mL, 

0.06 5)  in methanol (200 inL) were irradiatec! under nitrogen 
for 2 h at which time the reaction mixture was distilled. A 
mixture of the distillate (50mL) and 2,4-dinitrophenyl- 
hydrazine reagent solution (20 mk) was evaporated to 
approxinlaiely 20 rnL and bas  cooled. The yellow precipitate 
was r.ecrysi-allized from methanol to gibe formaldehyde 2,4- 
dinitrophenylh) c;!-azone, inp 159-162 C ;  a mixed melting 
point with an authentic sample was 161-1 63 C. 

The residue rrom ;he phoroiysate ( ?  .0 g) was dissolved in hot 
2-propanoi and was cooled to give uhite crystals (150 mg, 
mp >200-C) which exhibited icicniical ir and ins spectra to 
those of an authentic sa.niple of pipcridine h~drochloride; ir: 
2520(m), 2420(ni), 1590(m j, 1 160, 1028. 940, anci 860(ii1) 
cn1-I. The mother liquor was e\aporaied an6 the residue was 
diluted with water (50 mk) and worked up ir; the usual ~nanner.  
Extraction of the baiic fraction with ethei- gave a crude oil 
(250 mg) which on gc analysis (207 SE30, 130-C) ga\e a single 
peak superimposable with that of piperidine. 

In a separate experiment, the photolysate was worked up in 
the usual manner and the aqueous solution, ~ n a d e  basic with 
sodium carbonate, was extracted with methylene chloride. The 
methylene chloride solution was dried and evaporated to give 
an  oil (530 mg); ir: 3350(w, br), 2665(w), 2520(w), 2420(w), 
1590(w), 1295, 1265, 1160(s), 1130(s), 1035, 862, and 780(m) 
cm-I ;  nmr 7 :  6.55(m), 7.15(sj, 7.57(m), and 8.50(m). Three 
peaks with retention t i~ner of 1.2, 2,4, and 12.7 min were 
obserbed when this mixture was exan-iincd by gc (20% SE30, 
130 C). By peak ~natching the first and third peaks were sho-n 
to  be piperidine (37%) and pjperidine hydrochloride (21x). 
The second peak exhibited ms fragments at  t?l:'e 96(19), 
95(100), 94(78), arrd 67(72) and was characterized as dipi- 
peridinomethane (417;) by comparison with the inass spectrum 
of an authentic sample prepared from piperidine and rnzthyiene 
chloride. 

Plrotolysis ~f '~Viti~~r?ii i?e.~ L1i7der Acic/ic Concfitiol2.r irr :/ze 
Pie.retlce of C~.clohexetlr 

(n) A solution of NNOP (1.0 g, 0.008 nioi), cyclohexene 
(0.65 g, 0.008 mol), and concentrated NC! (0.67 mL, 0.04 N) 
in inethanol (200 mL) was irradiated under nitrogen for 4.5 h. 
As the 249 nm band of NNOP in the uv spectra of the photo- 
lysate slowly disappeared it was replaced by a new absorption 
at  about 2 i0  nrn which subsequently disappeared with further 
irradiation. The workup gave a neutral fraction (40 mg) and a 
basic fraction (770 mg): ir: 3300(w), 1550(m), 1155, and 
1115(m) cm-I :  nrnr 7: 4.30(rn), 6.70 (d, S = 6 Hz), 7.0(m), and 
8.5(1n). Thecomplex basic fraction was analyzed b j  the gc peak 
matching inethod and by gc-ms (20% SE30, 110-200 C at  
8'::nin) and found to be a mixture of eight compou~lds with the 
following retention times: 3.0 min, 162,  pipcridine; 6.0 min, 
5.52, dipiperidinomethane; 18.3 min, 12%, nis ril,'e: 165(ML, 
421, 164(18), 150(15), 137(100), 124(64), 122(88), 84(50), and 
81(48); 20.7 rnin, 10%, nls t?aie: 197(M+, 32), 182(80), 124(100), 

98(41), 85(25), and 84(27); 21.2 min, 20%, 2-piperidin~cyclo- 
hexano! (3); 24.6 min, 22%;;, 2-piperidinocyclohexa~~c.r,e oxime 
(9): 26.1 min, 9:<, 1-nitro-2-piperidinocyclohexane (4). The 
above identifications were n ~ a d e  by comparison of mass 
spectra with those of the authentic aainplis (21, 22, 24). The 
compounds eluting at  18.3 ~ n i n  and 20.7 rnin Y~ere ecntatively 
identified as a piperidinocyclohexeile (11) and l-methoxy-2- 
piperidinocqclohexme (51, respectiveiy, from the mass spectra. 

(6) A solution of NNOD (0.9 g, 0.01 mol), cyclohexene 
(1.64 g, 0.02 mol), and concentrated hydrochloric acid (0.9 mL) 
in niethanol (190 mE) was photolysed under nitrogen for 3 h.  
The ohotolysate was worked un in the usual manner to give a 
neutial (166 mg) and basic fraction (790 mg). The basicfrac- 
tion showed ir peaks at 3350, 1660, 1552, 1160, 1115, and 1048 
crn-' and nmr singlets at s 7.66, 7.70, and 7.80 and was 
anallzed by gc peak matching and gc-ms (10% SE30, 160- 
275-C at 6-;min) to give the following compounds: 2.9 min, 
15:%, din?eth)!aminocyciohexane ( 6 ) :  4.6 min, 28%, 2-di- 
methqlan~inocyciohexanol (7); 5.3 =in. 8 x ,  unknown, rnie 
(7;): 170(22), 142(100j, 126(66), 84(68), 71(70), 58(66), 44(38), 
and 42(44); 6.7 rnin, 24%> 2-dimeihylaminccyclohexanoi~e 
oxime (lo), iq1e(%): !56(M+, 15), 139(100), 84(80), 71(60), 
44(45), and 42(58); 7.5 min, 22%, I-nitro-2-dimethylamino- 
cyclohexane (8): 13.4 lnin, 3 2 ,  ~ ~ n k n o w n ,  ~ n ' e  (Xj: 327(2), 
222(47), 125(100), 110(75), 84(72), and 58(78). 

The neutral fraction showed > 30 gc peaks and nmr signals 
for NNOD at r 6.6 and for a cyclohexyl moiety at  r 8.00 region. 
The fraction was not iniestigated hr iher .  

(c) The sanie photoreaction as above was carried out except 
carbon inonoxide instead of nitrogen was used. The photo- 
ly'ate <+;as worked up lo give a neutral (175 n ~ g j  and basic 
fraction (686 rng). The basic fraction gs.ve, by gc analysis, 6 
(Is%), 7 j28.57;), 10 (24.5%), and 8 (24.5%) in addition to the 
two uiiltnou.~:~. The neutral fraction showed gc and ir spectra 
similar to that above and was not in\~estigated further. 

Oxicintice PJ~oioiiiic~ition qf ,"iii;i.ii.v1it7r io Cj,clohese~:e it1 the 
Pieience oJ O.r,.gcn 

(cr) A solution of NNOP (: g, 0.008 rncl), cyclohcxene 
(0.65 g, 0.008 rnol), and concentrated HCI (0.67 mE, 0.04 N) in 
nlethanol (200 mL) was photolysed under oxygen for 1 h. The 
photolysate was worked up in :he usual manner to yield a 
small amount of the neutral fraction and the basic extract 
(l.48 g): ir :  3400(iY, br), 1710(u,), i62O(s), 1 E00; and 865(s) 
cm-' .  The basic extract was dissolved in T H F  (100 mL) and 
reduced with LAN- (1.2 g, 0.03 mol). The usua! workup ga\e 
ari oil (1.01 g, 72';;). 

The reduced basic extract was chromatographed on alumina 
(40 g). The first compound (300 mg, 25%) eluted with 0.5% 
methanol-CM,C1, gave a solid which ivas sublimed (25-C!0.5 
Torr) to give trans-2-piperidinocyciohexanol (3): mp 30.5- 
3 2 C  (lit. (21) rnp 35-36 C): ir (Nujol): 345O(s), 1305, 1195, 
1160, 1100(s), 1078(s), 1005, 940, and 870 cm-' :  nmr s :  
6.75(rn, 1H), 6.75(s, D 2 0  exch.), 7.80(rn, lH), 7.2-8.2 (un- 
resolved, 5M), 8.50(m, 10H), and 8.80(m, 3Hj; ins rnle(z): 
I83(13), 166(2), L54(4), 140(6), 125(13), 124(100), I l i ( l 6 ) ,  
98(33), and 84(13). The second cornpound (1 50 mg, 12%) was 
eluted with 1% nmthanoi-CH2Cl2 as a crystalline solid which 
was sublimed twice (25 C/0.5 Torr) to give cis-2-piperidino- 
cyslohexanol(3); n p  83-85°C; ir (N~ijol) :  3170iw), ii90,1105, 
985, and 870 ~111-'; ninr (CCI,) s :  0.10(m, IH), 7.45(m, 6M), 
and 7.9-9.0 (~lnresolved, 14H). Resublimation (25'C/0.5 Torr) 
gave an analytical sample or the cis-alcohol melting at  87- 
89-C (lit. (21) mp 93-94'C). Anili. calcd. for C, ,H2iNO: C 
72.08, H 11.55, N 7.64; found: C 71.77, I-% 11.43, N 7.67. 

ib) A solution of NNOD (0.9 g, 0.01 ninl), cyclohexe~~e 
(1.64 g, 0.02 mol) and concentrated hydrochloric acid in 
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methanol was irradiated under oxygen for 1.5 h. The photo- 
lysate was evaporated and separated to a neutral (105 mg) and 
a basic fraction (1.52 g); ir: 3420(rn), 17i5(m), 1625(s), 1275(s), 
1040(m), and 870(s) em- ' . The basic fraction was immediately 
reduced with lithium aluminium hydride (1.5 g) for one day. 
After usual warkup, it gave a 1 : 3 mixture (1.04 g, 64%) of cis- 
and trans-2-dimethylaminocyclohexanols as shown by ir and 
nnir spectra and gc analysis in conipa.rison with an  authentic 
sample (21, 20). 

Quan:rli)i Yield Determit~ation 
The quantum yields of the photodecomposition of ,Y- 

nitropiperidine under various conditions were determined by 
the technique described in the previous publications (23). 
Solutions containing AT-nitropiperidine (0.01 M), cyclohexene 
(0.02 M), and various amounts of acids were placed in quartz 
tubes and irradiated in a merry-go-round apparatus equipped 
with a Hanovia 450 W medium pressure mercury lamp. At 
each five minute interval a tube was removed and frozen in a 
dark place until making the uv measurements. The decreases of 
the absorbance of the 245 nm of the nitramine were recorded 
and plotted against the time. The decreases followed a zero order 
kinetics up to 30 rnin irradiation and the slopes ga\e the amount 
of nitramine decomposition. After 30 min irradiation, the 
decreases curved upward indicating that secondary reactions 
had set in. The zero hour samples were kept in the dark and 
were ibund to show no noticeable decrease in the ub absorp- 
tion. A ferric oxalate actinornetry was used and a correctiorr 
Jactor (23) measuring the light quanta absorbed by the nitra- 
niine solution was determined to be 452.  The results are 
summarized in Table 2. 
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Kinetic equations for reactions in concentrated aqueous acids based on the concept of 
"excess acidity"" 
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ROBIY A. COX and KEITH YATES. Can. J. Chem. 57,2944 (1979) 
Kinetic equations, applicable to A-1, A-S,2, and A-2 reactions in concentrated aqueous 

acids, are derived. The variation in reaction rate with varying acid concentration is treated in 
terms of the "excess acidity" of the medium (X-function), rather than in terms of Hammett- 
type acidity functions or the water activity. The parameters obtained are the medium-inde- 
pendent rate constant k,, in the aqueous standard state, as an intercept, and a slope parameter 
1 ~ 1 ' ;  hydration parameters (r-values) are also obtained, for A-2 reactions. The equations 
derived are shown to apply to A-1 acetal hydrolyses, A-SE2 electrophilic aromatic substitutions, 
and mixed A-21A-I ester hydrolyses. In a general discussion of available methods for analyzing 
rate data in these media, it is shown that the X-function method encompasses most, if not all, 
of the others, and that classical acidity functions are no longer necessary. 

Rosr\ A. Cox et KEITH YATES. Can. J. Chem. 57,2944 (1979). 
On a dkduit les equations cinetiques applicables aux reactions de type A-I, A-S,2 et A-2 

dans des solutions aqueuses concentrees d'acides. La variation de la vitesse de reaction en 
fonction de la concentration de I'acide est interprktee en fonction d'un exces d'acidite (fonction 
de X) plut6t que selon des fonctions d'acidite de type de Hammett ou d'activite de I'eau. On a 
obtenu les parametres suivants: la constante de vitesse ko independante du milieu, dans l'itat 
fondamental aqueux en tant qu'intersection et un parametre de pente m* ainsi que les 
parametres d'hydratation (valeur conventionnelle) trouvees au cours des reactions de type A-2. 
On a rnontri que les equations dCrivCes s'appliquent aux hydrolyses A-1 d'acitales aux sub- 
stitutions electrophiles en skrie aromatique A-SE2 et aux hydrolyses d'esters mixtes A-2/A-1. 
Dans une discussion genirale sur l'ensemble des methodes disponibles d'analyse de donnees 
de vitesse en milieu acide on a montre que la methode de la fonction de X englobe la plupart 
si ce n'est pas toutes les autres methodes, et que les fonctions classiques d'acidite ne sont plus 
nkcessaires. 

[Traduit par le journal] 

Intasducction tion, f molar activity coefficient, and KBH+ is the acid 
Recently excess acidities, or X-functions, have ionization constant of the species BH'. The assump- 

been determined for 0-99.5x aqueous sulfuric acid tion is then made that the activity coefficient term 
and 0-78% aqueous perchloric acid (1). These are in eq. [2] is a linear function of a similar term for a 
derived from ionization ratio data for all types of "standard base" B", slope nz*, which is the pre- 
base in these systems, using a concept developed by viously derived X-function (I) ,  eq. [3]. 
Marziano, Passerini, and their associates (2). They 
have been used to evaluate acid dissociation con- [3] l ~ g ( f ~ f ~ ~ / f ~ ~ + ) = ~ ~ " l ~ g ( f ~ * f ~ ~ + l f , * ~ + ) = m * X  

stants, in the aqueous standard state, for a large This assumption has now been extensively tested 
number of weak bases in these media (1). and found to be obeyed for many different types of 

For proton transfer to a base B, eq. [ I ] ,  the base in strong acids (2, 3), and for many types of 

KBH + 
acid in strongly basic solutions (4, 5). Equation [4] 

[ I ]  B + H + + B H +  can then be used for the evaluation of pKBti+ values 

[4] log I - log C,+ = rn 'T + +KBH + 

= log (fBfH+lJBH+) + pKBH+ in the aqueous standard state; the term cBH+/CB in 
eq. [2]  is the measured ionization ratio I ( 1 ) .  

genera' eq. f21 can be written> from In this paper these X-functions are used to develop 
the definition of KBH+, where C is molar concentra- kinetic equations, applicable to acicl- 

'Presented in part at the 2nd Chemical Institute of Canada, reactions in lhese and other non-idea' 
American Chemical Society Joint Conference, Montreal, Strong acid media, and, by a simple extension (41, to 
P.Q., May, 1977, No. ORGN 43. base-catalyzed reactions in strongly basic media (6). 

0008-40421791222944-08$01 .OO/O 
@I979 National Research Council of CanadaIConseil national de recherche5 du Canada 
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COX 4 U D  Y4TES 2945 

The accompanying papers test this analysis for 
several different reactions ( 7 ,  8). 

Kinetic Analysis 
A-1 Mechanisin 

KSE - 
S  + H' e SH' 

[5  I ko 
S H + + A + + P  

slow fast 

Equation [ S ]  represents a rate-determining uni- 
molecular reaction, with a medium-independent rate 
constant k,, of a protonated substrate SH' formed 
from the substrate S in a fast pre-equilibrium proton 
transfer (K,,,). The product P may be formed 
directly, or after subsequent fast step(s) from an 
intermediate A'. The observed rate (pseudo-first- 
order rate constant k*) is then given by eq. [ 6 ] ,  

where the substrate concentration is written as the 
sum of protonated and unprotonated forms (since 
the extent of protonation is also medium-dependent) ; 
a is activity and f ,  is the activity coefficient of the 
transition state. 

Two cases may be considered; one in which the 
substrate is predominantly unprotonated in the 
acidity range under study, and the other in which it 
is mainly protonated. 

For  case 1 we may write eq. [7] ,  substitute this 
into eq. [ 6 ] ,  take logs and rearrange to give eq. [ a ] .  

Probably the best assu~nption thai can be made 
about the activity coeAicient ratio term in eq. [ 8 ]  is 
that it is a linear function of a similar term describing 
the equilibrium protonation of S, with slope param- 
eter m* ,  eq. [9] 

= nz*in"X + log (k,/KsH+) 

For case 2, a,,, = Cs,+,lr,,+ can be substituted 
into eq. [ 6 ] ;  taking logs and rearranging produces 
eq. [ I  I ] .  Addition of log AHA to each side of eq. [ 9 ]  
gives eq. [12], which on substitution into eq. [11j 
results in the linear equation [ 1 3 ] .  

1131 log k* - log CsH./(Cs + CsH-) 

= (m* - 1 ) r ~ ' ~ X  + log k ,  

Equations 1101 and [ 1 3 ]  are the appropriate 
kinetic equations for an A-1 process: values of log 
CH, and X for use with these are available (1, 12). 
If ionization ratio data for the substrate can be 
obtained, application of eq. [4] gives pKsH+ and m*, 
and the terms which correct for differing extents of 
protonation (the second terms in eqs. [ l o ]  and [ 1 3 ] )  
can also be evaluated, if necessary. If not, either 
zero or full protonation can be assumed and eq. [ l o ]  
or eq. [ 1 3 ]  used anyway; now, however, the slope 
and intercept parameters from the straight line plot 
will be composites, as indicated. 

Some A-1 reactions, as attested by much evidence, 
acidity function and otherwise, involving unpro- 
tonated substrates are illustrated in Fig. 1. These ' 

are acetal hydrolyses in sulfuric acid at 25'C of 
methoxymethyl acetate (13) ,  trioxane (14 ) ,  and 
paraldehyde ( I  5) .  In all of these fast pre-equilibrium 
proton transfer is followed by slow unimolecular 
breakup of the protonated species, as illustrated 
for the depolymerization of trioxane (ref. 16, pp. 
148-150; ref. 23 ,  pp. 187-189): 

This is an extension of the Kresge a-coefficient 
assumption ( 9 ,  10). Since the second term in eq. [ 9 ]  

/H  H 2 0  " y + 0 -- 3 C H 2 0  
is linear in X (eq. [ 3 ]  above), the slope parameter fast 

can be written as the product, m*mq,  and eq. [ 8 ]  f 

becomes eq. [lo]. (The Bunnett-Olsen treatment The plots according to eq. [ l o ]  show excellent 
(I I), in contrast, uses an additive combination of linearity; the data resulting from least-squares 
slope parameters.) analysis are in Table 1. N o  ionization ratio data for 
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COX \UI) Y XTFS 

l i . 4 ~ ~ ~  1. Results of fitting rate data for seine acetal hydrolyses in sulfuric acid at  25'C 
to eq. [IOj 

-- 

Depolymeriration Uepaiymerizatioii Methoxymethyl acetate 
of para!dehyde (15) of Irioxane ji4) hydrolysis (13) 

i. 0 0.993 (6) 0.999 (14) 0.994 ( 5 )  
1>l* i i1*  1.4520.59 l . l G F 0 . 0 1  i . 1 4 k 0 . 0 8  
!of (ko/Ksfl -)  -3 .9510 .02  --7.49+0.01 -2 .6520 .04  
0, k0.533 20.023 i-0.044 

oCorrelatioi~ coefficient. Number of points in parentheses. 
"Root-mzan-yqiiare dwiation between experimental and fitted points 

- 8 
0 I 2 3 4 

X 

FIG. 2. Some proiodede~~terations (20-21) and a proto- 
deboronation (22) of benzene derivatives in sulfuric acid at  
2 5 C .  Plotted accordiiig to eq. [16], using X and log Ci,- 
from ref. 1. 

acid (25, 261, end possibly other species in different 
acid media (1  7). 

A similar analysis to that for the A-1 case given 
above results in eq. [I91 for mainly unprotonated 
substzates, and eq. [20] for substrates which exist 

[19] Iog k j ,  - log C,/(G', + Cs:,,,-) - log CI,+ 

= 172'111':'X + log aNu + log (k,/l<s,,,) 

[20] log k,,, - log CsE-:(Cs + C S H L )  

p h ~ l e  (cr base) activity te1111. Thus plots of the left- 
hand side (LHS) of these equations vs X nil1 curve 
downward for an A-2 process ~ n v o l v ~ n g  water, the 
most common case (7). In practice. d~fferent log a,, 
vaiiies can be subtracted from the LHS (one qater ,  
two waters, one bisulfate, etc.) until !ineariiy against 
X is achieved. Aiternaiively tiis probiein can be 
treated as a double linear regression with X as one 
variable aild. say, log uH2, as the other. This pro- 
c e d ~ r e  gives both m' and i. values. where i. is the 
:let nmiber  of \later niolec~rles involbed in forming 
the transition state (24). This approach is demon- 
strated In an accompanyii?g paper (7 ) .  

For cases in nhich a mechanism change occurs, 
as in 111ost ester hydrolyses (24, 27), a n o n - h e a r  
least-squanes cornputel program v~hich fits a corn- 
bl~xition of (say) eqs [lo] and [19] (I e , k j ,  = 
k ,  _ , + k 4  - 2 )  wlii glve all  he relevant parameters 
directly (8) A good iIlustrahon of this can be found 
in the recent work of Edwaid and Wong (28). who 
studied the hydroiyses of ethyl benzoate, et l~yl 
thiolbenzoate, and ethyl thionbenzoate In sulfi~ric 
acid. They found that all these ester5 hydrolyzed by 
an A-2 process in weak a c ~ d ,  \%I?;: Lno \later mole- 
cules ~nvoived In ihe reaction. and snitcl~ed to an 
A-1 process in stronger acid, with the position of 
niechanisrn change being very substrate-dependent. 
Detailed mechanisms were given (281, proposed on 
the basis of the I-parameter (24) and the t ra~~si t ion-  
state activity coefficient (29) criteria. Ample con- 
firmation of these inechanistic proposals can be seen 
in the excellent agreement of theory with experiment 
in Fig. 3, where the theoretical c3rves2 are calculated 
assuming that eq. [!O] applies to the high acidity 
A- l  reaction, and eq. 1191 to the low acidity A-2 
process. with log a,,, taken as 2 log a,,,. The resulting 
parameters are given in Tab!e 3. In  this case the 
protonation behaviour is available (1, 28, 301, so 

= - llm:i:x + log a,,, + jog k ,  nti and k, values can be calculated for the A-2 
reactions. The resulting n.i' values are closely similar 

predominantly in the protonated form under the for the three substrates, despite quite diEerent 
reaction conditions. These differ from ess,  ilOl and . 

A - .. 
El31 above En the inclusion of an additional nucleo- ZA suitable program is given elsewhere (8). 
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TABLE 2. Leasl-squares analysis results for some electrophilic aromatic substitutions in sulfuric acid at 25'C, 
according to eq. [I61 

4-Methoxy- 
2-Deutero- 2,4-Dideuteroanisole 4-Chloro- benzeneboronlc 

4-meihylphenol -- 2-deuterophencl acid 
D loss 4-D loss 2-D loss D loss B(OH), loss 

(20) (21) (21) (20) (22) 

'. bAs in Table 1 

FIG. 3. Hydrolyses of ethyl benzoate, thiolbenzoate, and thionbenzoate in sulfuric acid at  25'C. Points are ex- 
perimental (28); curves are theoretical, for an A-2 reaction with two water n~olecules at low acidity, eq. [19], and 
an A-1 process at  high acidity, eq. [lo]. 

protonation behaviour (as exemplified by the nzs General Discussion 
values), suggesting similar transition stale structures. The A'-function treatment described above has a t  
The k ,  values all refer to the aqueous standard state, least three distinct advantages over the currently 
and thus are convenient for rate comparisons under available methods, of which there are several. 
standard conditions. Firstly, it includes the best parts of all previous 
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COX ,4ND Y A T t S  

TABLE 3. Data resulting from the application of eqs. [lo] and [19] to somc cstcr hydroiyses 
in sulfuric acid at 25 C" 

Ethyl Ethyl Ethyl 
benzoate thiolbenzoate thionbenzoate 

PKSH + -6.00+0.14' -5 .07 i0 .08"  -7.99+0.13'  
ti2 * b  0 .72 i0 .02"  0 .65 i0 .01d  1 . 3 9 i 0 . 0 3 "  

A-2 Mechanism 
log ko - 0 . 6 3 i 0 . 1 4  -1 .7020 .13  0 .5620 .14  
m* 1 . 1 5 i 0 . 0 3  1 .15+0.07 1 . 1 4 i 0 . 0 2  

QReference 28. Errors quoted are standard deviations. 
bProtonation at the carbonyl or thiocarbonyl function. 
<Reference 1;  using data from ref. 30. 
dOhtained by applying eq. 141 to log I data from ref. 28. 
DTerms cannot he separated because protonation at the ether or  thioether function is involved. See ref. S 
fData  i~~sufficient for reliable estimation (28). 

treatments (except the original Zucker-Hammett 
hypothesis (31), since discredited on various grounds, 
for instance the unacceptable activity coefficient 
behaviour required (24)). I t  includes the R-coefficient 
treatment (91, eq. [16], in its entirety. The basis is 
similar to that for the Bunnett-Olsen method ( I I ) , ~  
and the parameters derived using the two can be 
interconverted. I t  gives the I-parameters (superseding 
the original w-values (32)) of the hydration parameter 
treatment (24), but only for those cases in which 
water really is involved in the reaction; the arti- 
ficiality of plotting log rate constants against log 
water activity for cases in which water is not involved, 
is removed. It offerb easy calculation off",, values 
from eq. [9], if the necessary S, values are available 
(see below), giving the advantages of the transition- 
state activity coefficient (TSAC) method (29). 

Secondly, acidity functions, No, HA, No1", etc., 
are not needed; the activity coefficient cancellation 
assumption, required to derive them, is not made (1). 
The only assumption made here is that activity 
coefficient ratios are linear functions of one another 
as in eqs. [3] and [9]. This assumption can be tested 
for equilibria, where it works we11 (1-5); it cannot 
be tested directly when transition states are involved, 
but the results suggest it is valid here too. The 
similarly-based Bunnett-Olsen method (11, 33) re- 
quires in addition the use of No, and hence the 
cancellation assumption used in its d e r i ~ a t i o n ; ~  also 
X-functions are derived using a much larger data 
base than that used for Ho ( I ) ,  and thus should offer 
higher precision. Nevertheless, a t  least in sulfuric 
acid ( I ) ,  the X-function and Bunnett-Olsen methods 
are compatible (but see ref. 341, and should lead to  
the same mechanistic conclusions; detailed kinetic 

3This point is discussed in detail in ref. 1. 

equations for the latter have been given (33). The 
slope parameters given by the two treatments, n ~ *  
and m*,  and 4, and 0, (33), can be interconverted, 
approximately, via eq. 1211. 

Thirdly, the nucleophilic or basic species actually 
involved in the transition state of an  A-2 reaction 
can be determined, using eq. [19] or  eq. [20]. Only 
the hydration parameter treatment (24) has success- 
fully provided this information before, and only for 
those reactions involving water. The involven~ent of 
bisulfate ions in sulfuric acid has been inferred 
(25, 26), using a treatment which essentially ignored 
the activity coefficient variations; however, these are 
unlikely to be negligible in most cases. The TSAC 
method ignores any explicit involvement of additional 
species in the derivation off*,, (29), which may 
therefore contain contributions from (e.g.) the water 
activity for a n  8 - 2  process. This was pointed out by 
Edward and Wong (28), who use a slightly modified 
treatment in consequence. The treatment described 
here, with its ability to deal with additional species 
activity terms and with mixed mechanisms, probably 
offers the easiest access to this information. 

The major difference between the excess acidity 
method and the Bunnett-Olsen method (1 1, 33), 
apart from the already-mentioned use of PI, in the 
latter, lies in eq. [9]. In this work, in common with 
Kresge (9, 10) a mulfiplicafive combination of slope 
parameters is used, whereas Bunnett and Olsen (1 1) 
and their followers (33) prefer an  additive combina- 
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tion; this work could be regarded as an  extension of 
the Kresge method to include A-1 and A-2 reactions. 
As Professor Bunnett has remarked, "time will tell 
which approach is more profitable" (1 1). There are 
minor differences; for instance the Bunnett-Oisen 
method as originally formulated (11) does not 
include the nuc!eophile/base activity in A-2  reaction 
equations, and hence predicts linearity in cases 
where the X-function method predicts curves (eqs. 
[19] and [20]). This is easily alloued for, however, 
as Modena and co-workers have recently begun to 
d o  (33) ; as mentioned, the excess acidity and Bunnett- 
Olsen methods are essentially compatible. 

The X-f~inction method, and the TSAC method 
(29), provide complementary information regarding 
reaction mechanisms in strong acid media. Equation 
[9] can be rearranged lo  give eq. [22]. 

[22] logf*:,, = Icg.f, - log C,- - rn*~?z"X 

+ log a;k,+ 

Of ;he terms on the right, log f, must be measured or 
estimated (35), log C,+ is available (1, 12), and 
t?l*rn*X is obtainable as described in this paper, 
and log a",+ values have been derived for several 
acid media (36). The latter are proton activities 
rela.tive to the standard tetraethylammonium ion, 
TEA', which is assumed to be invariant in its 
activity coefficient behaviour as the medium corn- 
position is changed (the Boyd approximation (37)); 
the log f*:',, values obtained will also be relative to 
this ion (29). 

The TSAC method, which relies on an essentially 
qualitative co~nparison of curve shapes, comparing 
the log f *',, curve as a function of acidity with known 
activity coefficient curves (29, 33 ,  is probably the 
better method for distinguishing between different 
mechanistic possibilities. Bt can distinguish between 
A-1  and A-S,2 mechanisms, for instance (3&), 
which is difficult using any of the other methods. It 
does, however, require additional data not needed 
by the X-function method; the activity coeficient of 
the substrate as a function of acidity must be available 
or  measureable (35). 

On the other hand, once the mechanism is known 
or  can reasonably be inferred, the X-function 
method probably provides the best medium- 
independent rate constants, k,, for subsequent 
analysis. Since these are obtained by extrapolation 
to  the standard state, pure water (where the deviation 
from ideality, X, is zero), they can be directly 
compared with those obtained, for instance, in 
aqueous buffer media, without having to be con- 
cerned with activity coefficients or  differing acidity 

function behaviour. Comparison of rate constants 
obtained in non-ideal solutions has always been a 
problem; for example, should comparison be made 
at  points of equal weight percent acid, equal molarity, 
equal Ho, equal substrate acidity function value, or  
equal water activity? Extrapolation to H, = 0 is 
commonly used (391, but this is suspect because 
different substrates often follow different acid~ty 
functions (16). In any case, 1 M acid can hardly be 
regarded as an  ideal solution; the deviation from 
idea!ity, expressed as X,  is 0.17 for H2S0, and 0.20 
for HClO, at  this concentration (1). If rate constants 
obtained in one of these ways are used to calculate 
AN*, A S F ,  p, etc., it becomes difficult to decide 
what part of the calculated number represents real 
substrate behaviour and what part repressnts devia- 
tion from ideality of the inediuln (19). Using standard 
state k ,  valuer from the X-function treatment avoids 
these problems; they can be used with confidence 
for calcu!ations of activation parameters, and in 
LFER plots. This 1s further demonstrated in the 
accompanying papers (7, 8). 

The slope parameters, m*, should offer mechanistic 
information: this has been discussed (in terms of 4,) 
by Lucchini el a/. (33). Writing eq. [9] in the form 
of eq. [23], 

[23] logy, = m * log&,+ + ( I  - 171') log f, f,+ 
three possible types of behaviour may be visualized. 
Firstly, if wi* -. 1, log f, E log &,+. This is 
suggestive of an  A-2 reaction, where the hydration 
requirements of SH' and of an A-2 transition state 
should be similar (29); here it is known that log f",, 
increases steeply with acidity, as does log f,,,- 
(29, 35). Secondly, if n ~ *  < 1, both terms on the 
right in eq. [23] wil! be positive, leading to a rise of 
log f, with acidity; this is characteristic of A-S,2 
reactions (38). Finally, if nz* > i ,  the two terms in 
eq. [23] will tend to cancel, increasingly so as nz* 
increases; this leads to logf* values which change 
only slowly with acidity. This is characteristic of an 
A-1 reaction (29, 38). The above analysis agpears to 
he borne out experimentally (see Tables 1-3 and the 
earlier Discussion). In addition, it seems reasonable 
that similar nz* values in related reactions would 
reflect similar transition state structures (see Table 3). 

In summary, the major uses of the X-function 
method appear, at  present, to be: confirming or 
rejecting proposed mechanisms, by producing a 
linear plot according to one of the equations given 
in this paper; deterlnil~ing what species are present 
in the transition states of A-2 reactions: and pro- 
ducing reliable intercept k ,  values for subsequent 
analysis. 
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The excess acidity method, The basicities, and rates and mechanisms of enolization, of 
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ROBIN A. Cox, CLINTOV R. SMITH, and KEITH YATES. Can. J. Chem. 57. 2952 (1979) 
The X-function method has been used to evaluate the basicities of six nuclear-substituted 

acetophenones and acetone, using a combination of new measurements and literature data; 
the protonation pK,,+ of acetone was found to be - 5.37. The same method, which involves 
the excess medium acidity, when used to analyze the enolizatiou rate constants obtained from 
the measured bromination rates, shows that most of the acetophenones enolize by an A-2 
process involving two water molecules in the rate-determining step. Observed linear free energy 
relationships for the basicities and the enolization rates imply a re!atively early transition state 
for the enolization. Acetone was found to enolize by a similar nlechanism in sulfuric acid 
solutions more dilute than 81% w/w, but at higher acidities bisulfate ion was the preferred base. 
The mechanistic behaviour of 4-nitroacetophenone was found to be different, not A-2 but 
either A-1 or A-S,2. 

ROBIN A. COX, CLINTOL R.  SMITH et KEITH YATES. Can. J .  Chem. 57,2952 (1979) 
On a utilisk !a methode de I'excks d'aciditk (fonction de X) pour tvaluer les basicites de six 

acetophenones substituees et de l'acetone en utilisant une combinaison de nouvelles mesures 
avec des donnees de la litterature; on a ainsi trouve que la protonation pK,,- de I'acetone est 
de - 5.37. Lorsqu'on utilise la mEme methode, qui fait appel a l'exces d'acidite du milieu, pour 
analyser les constantes de vitesse d'enolisation obtenues a partir des vitesses de bromation, on 
trouve que la plupart des acetophenones s'enolisent selon un mecanisme A-2 qui implique deux 
molecules d'eau dans 1'Ctape determinante de la reaction. Les relations linkaires entre l'energie 
libre et les vitesses de basicite et d'enolisation impliquent un etat de transition qui se manifeste 
tres t6t au cours de 19enolisation. On a remarqut que le mecanisme d'enolisation de I'acetone ne 
varie pas dans des solutions d'acide sulfurique a concentration inferieure a 81% (W/W); toute- 
fois a de plus fortes concentrations, l'ion bisulfate est la base prtfiree. Le mecanisme est 
diffirent dans le cas de la nitro-4 acetophenone et n'est pas du type A-2 mais du type A-1 ou 
A-SE2. 

[Traduit par le journal] 

Introduction [2] log lc$ - log C,/(C, + C,,,) - log C,+ 

Recently an extrapolative technique for obtaining = m*rn*X + log (k,/K,,+) 
proto~lation equilibrium canstants (pK,,+) of weak 
bases has been developed, using ionization ratio (I) [31 log k$ - log CH+ = nz*m"X + log k0 

measurements in strong acid media (1, 2). Known as [4] log k$ - log Cs/(Cs + C,,,,) - log C,- 
the X-function method (I), it involves proton con- 
centrations (CH+) and the concept of excess medium = m*nz"X + log a,, + log (k,/K,,-) 
acidity (XI, rather than classical H a m m e t t - t ~ ~ e  with symbols as previousIy defined (4). It is of 
acidity functions, and is summarized as eq. ClI ('1). interest to use this method, eq. ~ 4 1  in particular, to 
[1] logI  -logC,.+ =m'kX+ppK,H+ investigate those A-2 reactions which involve base 

attack in the rate-determining step, rather than the 
It has been shown to be both accurate and general more colnmonly studied nucleophilic attack (4-6). 
(1-3). In this paper the method is used to deter- This is one of the three possible mechanistic roles for 
mine the basicities of six nuclear-substituted aceto- water given by Bunnett, based on the w hydration 
phenones and acetone. parameter approach (7). To this end we have studied 

Excess acidities can also be used in kinetic analysis, the enolization of some acetophenones in moderateiy 
as shown in an acco~npanying paper (4). In that paper concentrated sulfuric acid solutions by following 
rate equations for A-1, A-S,2, and A-2 processes are their rates of bromination. 
derived and tested; these are given here, for reactions The brornination of ketones in acid solution is well 
involving predominantly unprotonated substrates, as known to proceed by the pathway shown in eqs. [5]- 
eqs. 121-141, respectively, 171 (8). 
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0 - O W  
I I KBH / / 

[S] Ph-C-CH3 + H- "-, Ph-C-CH, 
K 

fdst 
KH- 

'OH 
I/ 

1 + Ph-C-CH2I1* 

The assuinption that the en01 is a reactive inter- 
mediate, in a steady-state concentration, results in 

eq. [8] for the reaction rate, given in terms of the 
observed variable, the bromine concentration. Pro- 
vided that the last term in the denominator of 
eq. [8] is negligible, the observed pseudo-first-order 
rate constant k,,, at a given acid concentration (fixed 
[Hf ] and [B]) can be obtained by following the zero- 
order bromine consumption; the rate-determining 
step is enoliration, eq. [6]. For acetone, k3 has been 
shown to be nearly lo7 (9), so eq. [8] will be well- 
behaved as long as (a) k-,  is not iarge, and (b) the 
bromine concentration is greater than about M. 
The value of k-, is not expected to be large, since 
the reverse of eq, [6] involves carbon grotonation, 
known to be comparatively slow (10). 

Possible co~nplications to be considered include 
brornination of the aromatic ring, and polybromina- 
tion. The latter, troublesome in base-catalyzed 
enoliration (111, is not expected to be a problem 
because acid-catalyzed brornoketone bromination is 
known to be siower than reaction of the Darent com- 
pound (12). Another possible side reaction is con- 
densation, e.g., eq. [9], producing unsaturated com- 
pounds which may also consume bromine (13); this 
has been observed at high ketone concentrations and 
high acidities (13), but not at uv spectral concentra- 
tions (14). It should not be important under the 
conditions used here. 

The colnpounds involved in this study were 4- 
methoxy-, 4-methyl-, and 3-methylacetophenone 

(I-3), acetophenone (41, 4-bromo-, 3-bromo-, and 
4-nitroacetophenone (5-7, and acetone. 

Experimental 
The acetophenones were commercially available, and were 

recrystallized or redistilled before use. Sulfuric acid concen- 
trations were determined tirrirnetrically. 

Product analyses were performed by allowing equimolar 
amounts (-0.01 niol) of the acetophenone and bromine to 
react in 200 mL of 50% sulfuric acid until the bromine was 
decolourized ( -2  h). Neutralization with sodium hydroxide 
and ether extraction, followed by drying and solvent evapora- 
tion, gave product oils which were examined spectrally. 

For the basicity measurements, I0 pL of a stock methanolic 
ketone solution was diluted to 10 mL with the test acid and the 
uv-visible spectrum recorded. Determinations were in dupli- 
cate for each acid concentration. For 2 ,3 ,  and 6, absorbances 
at  the wavelength of the unprotonated form were subtracted 
from those at the wavelength of the protonated form, on the 
same spectrum (the Davis-Geissman procedure (15)), and the 
resulting absorbance differences used; this was sufficient to 
account for the small medium effect observed. For 7 the 
medium effect was more noticeable, and characteristic vector 
analysis (CVA) was necessary (16). After this treatment the 
protonation behaviour as a function of acidity is contained in 
the resulting coefficients of the first vector (16), and these were 
used directly. Extinction data for 2 and 5 have been reported by 
Flexser and Hammett (17); these were also treated by CVA. 
For 5 the resulting coefficients were used directly; for 2 they 
were added to our own data, after correcting for scale differ- 
ences, and both sets used together. The experimental data used 
are given in Table 1.l Davis-Geissman extinction differences 
were already available for 1 (18), as were pKBHL and nz* values 
for 4 (1, 16). For acetone, a combination of uv extinction (14), 
proton (19) and 13C (20) nmr data, all relating to the protona- 
tion, was normalized to a common scale and analyzed by CVA 
simultaneously. 

The reaction kinetics were followed by monitoring the 
decreasing visible absorption due to bromine at 425 nm as a 
function of time, as the bromine reacted with an excess of the 
substrate, at  25°C. The concentration ranges were 10-' to 

Mfor  bromine, and 1.5 x to Mfor  the ketones, 
depending on reactant and product solubility; the ketone was 
kept in excess to minimize possible polybromination. 

The pseudo-first-order rate constants k ,  were evaluated as 
follows. Enolization is first order in ketone (K): 

'Tables 1, 3, and 4 are on deposit and may be obtained, at  a 
nominal charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, Ont., 
Canada K I A  OS2. 
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TABLE 2. Protonation constants for some acetophenones at  25°C 

AA B ~ A B H +  PKBH+ m * 
Compound" (01) (02) (05) (04)  NO.^ Errorc 

 substituted acetophenone. 
aiVumber of points. Any rejected by the program are in parentheses. 
"Root-mean-square deviation between experimental points and the fitted curve, i.e., 0 , ;  also given as a percentage of the total change in observed absorb- 

ance, 1 0 0 ~ , l ( l A A B l  A IAA,,+ (). 
nExtinction x i0-4; data from ref. 18. 
'Reference 1, from data in ref. 16. 
.'Coefficients of first characteristic vector. 

and bromine consumption is generally faster than enol~zation scribed in the Experimental. For the acetophenones, 
(see above) : values of pKBH+ and m *, and AA, and AABH+, were 

[KI, = [Klo - ([Br210 - [Br21,) obtained from the Davis-Geissman absorbance 
Substituting this into the first equation, converting to bromine 

differences (AA), or the first characteristic vector 
absorbance (A) at  425 nm (path length [, extinction co- coefficients (c,), directly. A non-linear least-squares 
efficient E), and taking logs, gives computer program (23) was used to fit eq. [lo] 

l o g ( ~ i [ K ] ~  - A. + A,) = l o g ( ~ l [ K l ~ )  - k,t12.3026 [lo] (AA - AAB)j(AAB,,, - AA) 
Values of the left-hand side of this equation, plotted as a = antilog (m"X + pKBH+ + log CHT)  
function of time, were accurately linear (correlation coefficients 
z 0.999) for sulfuric acid solutions more dilute than about 
60% w/w. The necessary extinction coefficient E was obtained 
from a previously measured calibration curve; the path length 
and initial ketone concentrations were known, and the initial 
bromine absorbance was determined, in the absence of added 
ketone, immediately prior to reaction. Two or more deter- 
minarions of each rate constant were made, in general; these 
are given in Tables 3 and 4,' together with errors listed as 
maximum deviations from the mean. 

Results 

Reaction Products 
The enolization reaction, eq. [6], was studied 

kinetically by following the bromine consumed, as in 
eq. [7] ,  so it was necessary to establish that this is the 
only bromine-consuming process involved. To this 
end the products of large-scale reactions were iso- 
lated; 'Hmr spectra provided both convenient identi- 
fication (RCOCH,Br and RCOCEIBr, protons are 
very distinctive (21)) and product ratios, from the 
peak areas. Observed in most cases were the expected 
monobrominated compounds and recovered starting 
material only; dibrominated products, condensation 
products, etc., were not found. In the case of 4- and 
3-methoxyacetophenone considerable ring bromina- 
tion was observed, as might be expected (anisoles 
brominate readily (22)), and these compounds were 
accordingly not studied further. 

(derived from eq. [I]), since this procedure uses the 
available data to best advantage (24). Four co- 
efficients were caiculated by the program, a,  = AA, 
(or c I -  ,), a2  = A A ~ ~ +  (or c IpBH+) ,  a3 = pKBH+ 
and a, = m * (see eq. [lo]), using values of X and 
log C,+ as a function of %H,SO, w/w from ref. 1. 
The observed absorbance differences or charac- 
teristic vector coefficients are given in Table 1, 
together with log I values calculated using AA, and 
AABH+ given by the program.' The latter are in 
Table 2, along with the m *  and pKBH+ values 
obtained. Figure 1 compares experimental points 

FIG. I .  Absorbance differences for 4-methylacetophenone vs. Basicities its substrate acidity function - H S .  Polnts are experimental: 
These were determined from the variation of uv- the curve is obtained using eq. [IO] and the coefficients of 

visible spectrum with acid concentration as de- Table 2. 
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FIG. 3. Observed bromination rate constants \;s. percent 
sulfuric acid, for acetophenone (a), 3-bromoacetophenone 
(0 ), 4-nitroacetophenone (V), 4-methylacetophenone (m), and 
3-methylacetophenone (+). The latter two curves are offset 
upwards by 5 and 10 scale divisions, respectively, for clarity. 

strates (except for acetone) were found to be essen- 
tially unprotonated at the acidities studied. The 
catalyzing base was assumed to be water; water 
activities in molarity units were calculated using 
available activities (27) and densities (28).3 Pre- 
liminary studies using double linear regression, with 
X as one variable and log a,,, as the other, showed 
that 1.6-1.7 water molecules were involved on 
average; i.e., for this reaction r = 1.6-1.7 (4, 29). 
~ c c o r d i n g l ~  2 log a,,, was subtracted from the left- 
hand side of eq. [4] and the result plotted as a func- 
tion of X. (The value two was used for simplicity; 
the method can distinguish between 1, 2, and 3 water 
molecules, but not between 1.5 and 2.5.) An example 
of the excellent linear plots obtained is shown in 
Fig. 4, which includes both our results for the 
enblization of acetophenone obtained by bromina- 
tion, and Zucker and Hammett's original results (30) 
obtained by iodination. These two data sets are 
superirnposabie and were treated together. Figure 4 

31ntercept log ko values obtained using molarity water 
activities are true second-order rate constants, i.e., values in 
1 M water, allowing convenient comparisons between H 2 0  
and HS0,- as bases. Values of log ko in pure water, 55.34 M a t  
25'C, may be obtained from these by adding 2 x 1.743. 

o , o  THIS WORK 

- 7 

- 8 

FIG. 4. Plots according to eq. [4] for the enolization of 
acetophenone in sulfuric acid at 25 C .  Assumed are the in- 
volvement of t~vo  water molecules (circles, line), or none 
(squares, curve!. 

also shows the curved plot resulting from the assump- 
tion of an A-1 process (eq. [2 j )  for comparison; plots 
assuming one or three water molecules, or bisulfate 
ion, are also curved. The derived in* and log /(, data 
for all the compounds studied are given with the 
relevant statistical infornlation in Table 5. 

The behaviour of 4-nitroacetophenone, as seen in 
Fig. 3, is clearly different; for this compound, 
assumption of an A - 2  reaction involving two water 
molecules resulted in a curve, as can be seen from 
Fig. 5. In fact any A - 2  assumption produced a curved 
plot for this con~pound, but plots according to either 

X 

FIG. 5. Plots according to eq. [3] (circles, line), or eq. i4] 
assuming the invoivement of two water molecules (squares, 
curve), for the enolization of 4-nitroacetophenone in sulfuric 
acid at  25'C. 
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COX ET .4L.: 1 2957 

TABLE 5. Derived standard-state rate constants for the acid-catalyzed enolization of some acetophenones and acetone at  25 C 

Compound" Slopeb Intercept' r C  No.d o , ~  log k0 nz * 

4-Me (2) 0 . 7 1 F 0 . 0 2  -8.23 i 0 . 0 4  0.997 8 1 0 . 0 3 2  -4 .56k0 .07  1 .18k0 .05  
3-Me (3) 0 . 7 0 f 0 . 0 3  -8.24 k0 .05  0.998 5 F0.035 - 4 . 2  i 0 . 2  1 .16F0.08 
- (4)f 0.774_+0.006 -8.273F0.007 0.999 23 (2) +0.022 -4 .11k0.07 1 .3020 .03  
3-Br (6 )  0.83 t 0 . 0 2  -8.55 k0 .04  0.999 5 - +0.029 -3.70F0.08 1.37+0.04 
4-NO2 (7) 0.292+0.005 -4.90 f 0.01 0.999 6 - +0.013 -4 .90F0.01 0.6 FO. l  
A ~ e t o n e ; ~  

2Hz0 0.49 1 0 . 0 2  -8.47 i 0 . 0 5  0.993 12 k0.113 -3.101t0.09 0 . 5 8 i 0 . 0 3  
HS04- 0 . 5 7 1 0 . 0 6  -11.9 1 0 . 4  0.990 4 20.092 -6 .6  k 0 . 4  0 . 6 7 i 0 . 0 7  

~Substituted acetophenone. Reaction involving two water molecules unless otheruise stated. 
bcompounds 2-6, eq. [41; 7, eq. 131; acetone, eq. [4] with appropriate base (see text). 
cCorrelat;on coeficient. 
"umber of points: any rejected are in parcnthcscs. 
'Root-mean-square deviation between fitted line and experiniental points. 
'Includes data from ref. 30. See Fig. 4. 
OData from ref. 3 1 .  

eq. [2] (A-1) or eq. [3] (A-S,2) were linear. The 
accurately linear A-S,2 plot (correlation coefficient 
0.999) is shown ill Fig. 5. 

Acetone enolization has been studied over the 
whole acidity range by Haldua e l  a/. (31); their 
results were treated according to eq. [4], producing 
the plots shovln in Fig. 6. Acetone also enolizes with 
the involveinent of two water molecules, hut only in 
sulfuric acid solutions less concentrated than about 
8 1 7 .  After this point a change in mechanism occurs, 
shown by the break in the curve; assuming the in- 
volvement of one bisulfate ion as a base after this 
point, rather than two water molecules, produced 
the good straight line shown in Fig. 6. Bisulfate ion 
concentrations were used, obtained from published 

FIG. 6. Plots according to eq. [4] for the enolization of 
acetone in sillfuric acid at  25'C (31). Circles, assuining the 
invoivement of two water molecules; squares, of one bisulfate 
ion. Filled squares are points which have been corrected for the 
reaction involving water. 

FIG. 7. Linear frec-energy relationship plots for aceto- 
phenone basicities (upper), and acid-catalyzed enolization 
rates (lower), both in the aqueous standard state. 

sources (32), since the activities were unavailable (33); 
the rate consrants were corrected for the reaction 
involving water, using k = kHzo + kHSo4 - .  

Linear free energy relationship plots against o' 
(34), for the pKBH+ values of Table 2 and the log k ,  
values of Table 5,  are shown in Fig. 7. The resulting p 
values were 1.69 5 0.1 3 and 1.24 + 0.1 5,  respec- 
tively. 

Discussion 
Analysis of equiiibrium and rate data obtained in 

non-ideal strong acid media by the X-function 
method as described here is capable of providing a 
considerable amount of mechanistic information. 

An advantage of the method is that it enables rate 
and equilibrium quantities to be compared in the 
aqueous standard state (i.e. in water) rather than in 
an  arbitrarily chosen acid solution, thus removing 
medium effects from the comparison (4). Medium 
effects d o  occur here; this treatment presents them as 
values of rn* and m*. Table 2 shows that although 
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most of the i77* values are around 0.6, normal for 
carbonyl group protonation (I), methoxy- and 
nitroacetophenone differ, with values of 0.76 and 
0.48, respectiveiy. Slight differences also appear 
among the m* values in Table 5. 

The standard state pK,,- and log k ,  values are 
obtained by an extrapolation, to X = 0 ( 1 ,  41, which 
is likely to increase the experir~iental scatter. Figure 7, 
which shows two of several possible linear free 
energy relationships, illustrates this. The scatter is 
noticeable; even so, the equilibrium and rate plots 
can be seen to be similar, and reasonable conclusions 
can still be drawn. A decision to employ o or of 
for the correlation could not be made on the basis of 
the data, although good correlations with oi have 
been found before (35). 

In the equilibrium plot, the points for the 4- 
methoxy and 4-nitro substituents can be seen to be 
well above and below the correlation line, respec- 
tively. At least for 4-methoxy, the deviation is well 
outside the experimental error (given on the plot 
as & one standard deviation, in the error bars). 
These two substituents are also the ones that deviate 
considerably, and in opposite directions, from the 
usual carbonyl protonation 1 7 2 ' ~  of 0.6. It may well be 
that this treatment has separated the "internal" 
effect of the substituents, due to resonance, induc- 
tion, etc., from the "external" effect of charge 
dispersal into the medium by solvation (measured as 
112:". The latter will increase in importance in good 
soivating media, such as the highly aqueous one used 
here. For instance, if the oxygen lone pairs in the 
methoxy substituent are partially "tied up" by 
solvating water molecules, they are less available for 
resonance donation into the ring, and can delocalize 
less positive charge from the yarn position, leading to 
a less enhanced or value, as would seen1 to be 
required here. 

For the various po  plots tried, the difference in p 
between equilibrium and rate plots was in the range 
0.5-0.6; a Bronsted-type plot of the log k ,  values for 
2,3,4, and 6 (Table 5) against - pK,,+ for the same 
cornpounds (Table 2) is accurately linear (correla- 
tion coefficient 0.99) with a slope of 0.71 + 0.08. 
This can all be interpreted in terms of a transition 
state with the proton less than half-transferred to the 
base; between 5 0 z  and 70% of the positive charge 
present in the protonated ketone is still present in the 
transition state for enolization. 

Insertion of the pic',,,. for acetone, - 5.37, into the 
above Bronsted-type plot produces a predicted 
log k ,  of -3.30 for the reaction involving water; to 
this must be added a statistical factor of log 2, since 
there are two equivalent methyl groups in acetone, 
giving log k ,  = -2.99. This Is in good agreement 

with the observed value of -3.10 + 0.09. The less 
readily protonated ketones are more reactive, and 
reactivities can be adequately predicted from basici- 
ties. Less basic ketones react more slowly in a given 
acid solution because of the lower concentration of 
the protonated ketone intermediate (36). 

Between 1.5 and 2 water molecules act as the 
"base" in the acid-catalyzed enolization, in sulfuric 
acid solutions more dilute than about 80x1 for 
simplicity we have assumed r = 2 here (e.g., see 
Fig. 4). Distinctions finer than those between whole 
numbers are probably possible using the X-function 
method, but much accurate data over a wide acidity 
range appears to be necessary. There is no whole- 
number requirement; r-values should reflect the 
average situation. In a case like this, with an early 
transition state without much charge dispersal, fewer 
than two water molecules should disperse what 
charge there is reasonably well. More than one 
appears to be necessary, however, and a transition 
state like 8 can be visualized for the enolization. 

8 

Values of r reflect the number of water molecules 
actually involved in the reaction (the "order" of the 
reaction in water (29)); solvation changes (ifany) 
between reactant and product should appear in the 
m* values. For instance, the acetophenones (ex- 
cluding 4-nitro-) all have r n ' h  0.6 and m" - 1.3; 
acetone has m*: cz 0.8 and nz' r 0.6. This may 
reflect steric hindrance to solvation of the carbonyl 
group by the phenyl group, present in the aceto- 
phenones and their bromoketone products, but 
absent in acetone. 

In more concentrated sulfuric acid, the base 
changes and bisulfate ion takes over, as can be seen 
for acetone in Fig. 6 (31); the reaction involving 
bisulfate, and that involving water, were found to 
have the same rate in 81% sulfuric acid. This agrees 
with the earlier observation of Swain and Rosenberg 
(371, who studied the racemization of D-a-phenyliso- 
caprophenone in strong sulfuric acid. The change in 
base is to be expected, since the water activity is 
decreasing very rapidly as compared to the bisulfate 
ion concentration in this acidity region (33). The 
very long extrapolation of Fig. 6 suggests that water 
is a better base than bisulfate ion in water by a factor 
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of lo3-lo4. The only previous estimate is the factor 
of 10' given by Swain and Rosenberg, in 85-94% 
sulfuric acid (37). 

4-Niiroacetophenone is anomalous. As shown 
above (e.g., Fig. 5) the rate-determining step for the 
enolization of this compound is not an A-2 process 
at  all, but is either A-1 or A-S,2. Based upon the nzf 
value of 0.6. an A-SE2 process (m* < 1) seems much 
more likely than an A-1 one (m* > 1) (4). In any 
case, it is difficult to visualize a reasonable A-1 
process for this compound. One possible A-S,2 
mechanism may be that the initial protonation, 
eq. [5], is rate-determining; this seems unlikely, 
though, because a pK,,+ of -5.0 and a log k ,  of 
-4.9 (Table 5) lead to a k - ,  for the reverse of 
eq. [5] of 1.2. Deprotonation from oxygen is Iikeiy 
to be diKusion-controlled, with a rate constant of 10' 
at least. At  this time no firm conclusions can be 
drawn regarding the reaction mechanism for this 
compound. 
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The hydrolpses of some sterically crowded benzoate esters in sulfuric acid. The excess 
acidity method at dilf8ereaat temperaturesL2 

ROBIK A .  Cox, MALC.OLRI F. GOLDMAN, A N D  KEITH VATES 
Dvpcirtnzet~t c ~ f  Clfc.mistry. Unicersity of  Toronto, 80 S t .  George S t . ,  T o r o t ~ f o ,  0 i z t . .  Ccrniiil~r M j S  lA1 

Received May 14. 1979 

R O B I ~  A. COX, MALCOLM F. GOLDMAP,, and KEITH YATES. Can. J. Chem. 57.2960 1!979). 
The excess acidity method has been used to analyze the observed acid-catalyzed hydrolysis 

rate constants for methyl benzoate, methyl pnm-toluate, methyl ortho-toluate, and methyl 
2,6-dimethylbenzoate, over a wide sulfuric acid concentration range, at several different tem- 
peratures. Enthalpies and entropies of activation in the aqueous standard state are reported, 
with slope parameters m* ; also given are the pKBH+ and ni* values found for the protonation 
of these compounds. The mechanistic changeover from A,,-2 to &,-I hydrolysis occurs at 
lower acidity with increasing methyl substitution, mainly due to the decrease in activation 
enthalpy in the transition state for the A,,-1 process, caused by release of steric strain and in- 
creased mesomeric interaction. The A,,-2 hydrolysis involves two water molecules, and is 
energetically favourable and entropically unfavourable. The A,,-1 reaction is difficult energet- 
ically, but this is offset by the large positive activation entropies found. 

ROBIX A. COX, MALCOLM F. GOLDMAN et KEITH YATES. Can. J. Chem. 57.2960 (1979). 
On a utilisC la mtthode de I'excbs d'acidit6 pour analyser les constantes de vitesse observtes 

au cours de I'hydrolyse acide des esters suivants: benzoate de mCthyIe, ortlzo et para-toluate de 
methyle et dimethyl-2,6 benzoate de mCthyle en faisant varier considerablement la concentra- 
tion de I'acide sulfurique et !a temperature. On donne les enthalpies et entropies d'activation 
de I'etat fondamental en solution aqueuse, et les parambtres de pente m* ; ainsi que Ies valeurs 
de pKBFi+ et du m* trouvtes lors de la protonation de ces con~posCs. LC changement du 
mecanisme de l'hydrolyse de A,,-2 a A,,-l se produit a une faible acidit6 avec l'augmeniation 
des substituants methyles. Ceci est dfi principalement a la diminution de l'enthalpie d'activation 
dans I'etat de transition du mecanisme de type A,,-1 provoque par la dCcompression stirique 
et par une augmentation de l'interaction mesornerique. L'hydrolyse du type A,,-2 implique 
deux molecules d'eau et est Cnergiquement favorisie mais defavorisee du point de vue de 
l'entropie. Pour la reaction du type A,,-l la grande valeur positive trouvee pour l'entropie 
compense Ie fait qu'elle soit Cnergiquement defavorisee. 

[Traduit par le journal] 

Introduction 
The extrapolative X-funcction method for the 

determination of weak base protonation equilibrium 
constants, eq. [ I ]  ( I ) ,  can be expanded to provide 

[ I ]  l o g I - l o g C , -  =i?z.X+pK,,+ 

AGO = AH' - TASO = - R T  In K 

= pKB,+ RTln  10 

[ 2 ]  log I - log C,- = 112' X + A G O I R T  ln 10 

free energies, enthalpies and entropies of ionization, 
eq. [ 2 ] ,  from log ionization ratio (I) measurements 
as a function of temperature, as long as values for X 
and log C,+ at  the appropriate temperature are 

'Presented at the 62nd Chernical Conference of the Chern- 
ical Institute of Canada, Vancouver, B.C., dune, 1979, No. 
OW-12. 

ZTaken in part from the Ph.D. Thesis of Malcolm F. 
Coldman, University of Toronto, 1975. 

available (see Appendix). In this paper this method is 
used lo obtain AGO values for the substrates, to 
enable the calculation of pK,,+ values at tempera- 
tures other than 25°C. 

Excess acidities can also be used in kinetic analysis, 
as discussed in the previous two papers (2, 3); the 
appropriate kinetic equations for A-I and A-2 reac- 
tions of predominantly unprotonated substrates are 

[ 3 ]  log k,,, - log CH- - log C,/(&', + CsH+) 

= mitn + log (ko/E(,,+) 

[4] iog i c ,  - log C,, - log Csl(Cs + CsFI+) 

= ~ n ' / ? z : T  + log a,, + log (ko/KsH+) 

reproduced here as eqs. [3] and [4], with the same 
nomenclature as that used before (2). If rate measure- 
ments at different temperatures are available, values 
of AH* and AS*  in the aqueous standard state can 
be obtained. Expanding the term log (ko/Ks,+), 

con- whish contains the medium-independent rat, 
slant k,, as above using the absolute rate theory (141, 

0008-4042!791222960-07S0 1 .00/0 
@ i979 National Research Counci! of Canada/Conseil national de recherches du Canada 
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resuits in eq. [ 5 ] ,  in which the numerical term 10.3188 

[5] log (k,/K,,,-) = (AS* - ASO)/R In 10 

+ 10.3188 + log T - (AH* - AH0)/ 

contains the necessary Boltzmann and Planck con- 
stants (4). Substitution of eq. [5]  into eqs. [3] and [4] 
gives the rate equations used in this study. 

Previous studies on the mechanism of ester 
hydrolysis in acid solutions (e.g., the summaries in 
refs. 5-7) have shown that, after pre-equilibrium 
protonation, most esters hydrolyze by an  A,,-2 
mechanism in dilute acid, eq. [6], and that some 
switch to an  A,,-] mechailism in more concentrated 
acid, eq. 171. Esters which have R' substituents ca- 
pable of forming carbonium ions of reasonable 
stability can hydrolyze by an  A,,-1 mechanism, eq. 
[8]. Structural and electronic effects in the ester 

OH OH 
/O 3 ,P 2 H 2 0  

[6] R-C -- I 
R-c :' -- R-C-OR' 

\ s I o \ \  
\OR' OR' OH 1 

RC02H - R-c?; r R'OH + R-C-OR' 
- H- \> 

OH 1 1 OH H 

O H- 
0 

4 L [7] R-C - R-C 
4 

\OR' 
\t 

OR' 

slow 

+ H,O 
K'OH + K-C=O + RCO,H 

HA 
OH 

H A /' 
[S] R-C - R-C{? 

\ \\ 

OR' OR' 

i 
H2O 

RCOzH + R" - R'OH 

substrate, the medium acidity, and the water activity 
all help determine which of these mechanisms is 
followed (5-7). 

During the earlier work it was observed that 
ortho-substituted phenyl acetates behaved differently 
from their para-substituted isomers in that the mech- 

:T AL.:  2 2961 

anistic changeover from A,,-2 to A,,-1 occurred in 
more dilute acid for the former (8). This appears to 
be due to a steric effect. Steric effects on acid-cata- 
lyzed aromatic ester hydrolyses have received little 
attention, and in this paper we report on the hy- 
drolyses of the progressively more crowded aromatic 
esters methyl benzoate (I), methyl para-toluate (21, 
methyl ortho-toluate (3, and methyl 2,6-dimethyl- 
benzoate (4). 

Methyl esters were chosen to minimize A,,-l hy- 
drolysis, since formation of the unstable carboniu~n 
ion CH,' is highly unlikely under conditions in 

+ 
which the more stable acylium species Ar-C=O 
can be formed. The reactions were studied over a 
wide range of acidities and temperatures in aqueous 
sulfuric acid, in order to provide accurate acidity 
dependences and activation parameters, and thus 
obtain the maximum amount of mechanistic infor- 
mation. 

Experimental 
Sulfuric acid concentrations were determined from their 

densities, measured at  25-G using an Anton Paar precision 
density meter Model No. DMA 02C, by comparison with 
known densities from the literature (9); these were occasion- 
ally checked by titration. Compounds 1, 2, and 3 were pre- 
pared from the available parent acids and methanol, using a 
standard acid-catalyzed esterification technique (10); the 
acylium ion formed by dissolving 2,6-dimethylbenzoic acid in 
oleum was allowed to react with methanol, according to 
Newman (1 I ) ,  giving 4. Upon purification physical properties 
in agreement with literature values were obtained. 

Basicities were obtained from the change in uv spectrum with 
changing acidity, using a Cary-16 UV spectrophotometer with 
its cell block thermostatted at  10.0 + 0.2'C by means of a 
Neslab PBC-4 bath cooler. The data were analyzed using the 
Davis-Geissman method (12), and the resulting extinction 
differences curve-fitted as described previously (3);  observed 
extinction differences and derived log ionization ratios as a 
function of weight percent sulfuric acid are given in Table 

The hydrolysis reaction rates were studied by following uv 
absorbance changes, using either the sampling method used 
before (13) for slow reactions, or directly in the thermostatted 
cell block of a Cary-16, Unicam SP-800, or Unicam SP-1600 
TJV spectrophotonieter, for reactions with half-lives of less 
than 4-5 hours (14). Pseudo-first-order rate constants were 
obtained from the slopes of In A ,  - A, I \is. time plots, or, for 
very slow reactions, by using the Guggenheim method (14, 

3Tables 1 ,4 ,  and 5 are on deposit and may be obtained, at  a 
nominal charge, from the Depository of Unpublished Data, 
CISTI, National Research Council of Canada, Ottawa, Ont., 
Canada K I A  0S2. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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TABLE 2.  Protonation data for the methyl benzoate esters 1-4 at 10-6  
- 

L a x  (nm) 

Compound B BH + AsRa AERH + UKRH + N a b  Errorc 

=Obtained using the Davis-Ceissmen extinction differences of Table 1 3  at the wavelengths sited; s :P3. 
bliumber of points. Points rejected by the curve-fitting program used are in parentheses. 
 root-mean-square deviation between experimental points and the fitted curve, 0 , ;  also given as a percentage of the total observed change in extinction, 

lr)Oo,/(la,j I sBH+/) .  Other errors quoted are standard deviations. 
dMeasurernents at 25'C. 

15). The observed rate constants, means of 2-6 independent 
kinetic runs, are given as a function of weight percent sulfuric 
acid and temperature in Table 4,3 together with the tempera- 
ture-corrected values of X, log C,,;, iog nwZo, and log Cs!(Cs f 
CSH7) needed for eqs. [3]-651. The temperature correction for 
X is discussed in the Appendix; temperature-corrected log 
water activities are available (13) or can be caiculatcd from 
listed thermodynamic data (16). They were converted to 
molarity units (from mole fractions) via the densities (9). 
Temperature-corrected log CH+ values for aqueous sulfitric 
acid solutions were estimated from available 25°C data ( I ) ,  
densities (9), and the study by Young et al. (17), which gives 
bisulfate ion concentrations in sulfuric acid at  O", 25", and 
50'6; this temperature correction is quite small, and could 
reasonably have been ignored without affecting the results. 

The wavelengths at  which the kinetics were studied were 
chosen, by preliminary measurements, as those which maxi- 

other oxygen. The ether-protonated form has no 
delocalization possibilities. 

So that p&,+ values at 25"C, and at the tempera- 
tures at which the kinetlc measurements were per- 
formed, could be obtained, the values in Table 2 
were converted to free energies of protonation, AGO, 
using eq. [2] above. These are listed in Table 3, 
together with pK,,- values calculated from them at 
10" and 25'G, and the observed m* values. In order 
to check the validity of eq. [2], inethyl benzoate, 
which l~ydrolyzes slowly, was studied at both 10" 
and 25°C. Both temperatures gave the same AGO; 
the agreement between the calculated pK,,+ values 
in Table 3 and the observed ones in Table 2 is excel- 

mized Cne bbserved absorbance differences between reactant and lent. This means that the entropy to the 
product. Tri general these were within 2-3 nm of the quire free energy is small, as expected; it is known that as 
similar reactant and product i-,,, positions. Even so, the maxi- 
mum observed change was often very (0.1-0.2 absorb- basicities decrease, the enthalpy term becomes the 
ance units), oarticularlv in dilute acid, and this occasionally predominant contributor to the free energy, and the ,. A 
resulted in increased scatter amongst the individual determina- entropy term remains approximatelj~ constant at its - - .  
tions. In the stronger acids decarboxyiation and (or) sulfona- aqueous value, for inslance in arolnatic 
tion processes were sometimes rloticeabie. although these were 
much slower than the hydrolysis. Apart from this, the spectra. amines (221, pyridines (231, and azine N-oxides (23). 
of the reaction products were in reasonable agreement with The protonation correcfion terms, log cs!(Cs + 
those of authentic samples of the expected product carboxylic C,,+), or - log (1  + I), needed for eqs. 131 and [4], 

-A. , - - 

acids in the same media. were calculated using temperature-correct pKBH- 
Activity coefficients of the neutral substrates at diRerent This can be quite important; as can be seen 

acidities, required for the transition-state activity coefficient 
method (18), were determined by distribution measurements from 33 P ~ B H +  for benzoate Over 
(19. 20) and are eiven in Tablr 5." oniy a 15" temperature range varies by nearly 0.4 pK 

Results and Discussion 

Basicities 
These were obtained from the variation of uv 

spectrum with acid concentration, using the Davis- 
Geissrnan method (i2) and direct curve-fitting as de- 
scr~bed previously (3). The pKB,+ values found for 
1, 2, 3, and 4 at 1OoC, and a value measured for 
methyl benzoate at 25"C, are listed in Table 2, 
together with the relevant statistical information (3). 

uniis. Assuming that the same value applied over 
the 50" range of the kinetic measurements would not 
have been appiopriate. The observed 25°C value for 
methyl benzoate, -6.99 ) 0.1 i ,  agrees very well 
with the -6.92 which can be derived from the half- 

TABLE 3. Free energies of protonation and rnL values for 1-4" 

pKBJ(,,,, calculated 

Compound AGO (kJ/mol) 10'C 25'C m" 
u 

The measurement temperature was 10°C rather than 1 -39.9710.52 -7.37 --7.00 0 . 8 3 i 0 . 0 1  
25'2 because of the fast hydrolysis rates of 3 and 4 2 -29.0  k 1 . i  -5.35 --5.08 0 .61?0.03 
in strong acid. The site of protonation is the carbonyl 3 -34.7 k1 .1  -6.40 -6.08 0 .73_+0.03 
oxygen (21), presetmably due lo the better charge 4 -29.9 k 3 . 0  -5 .51  -5.24 0 .58+0 .09  
delocalization available, into the ring and onto the "Enors are standard deviations. 
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COX ET A L  : 2 2963 

protonation H ,  of -8.18 and slope vs. -El, of 
0.846 quoted by Lane et al. (24), presumably at room 
temperature. The other esters appear not to have 
been studied previously. 

The PIC,,+ values (e.g., Table 3, 25'C) show that 
a para-methyl group is much more efficient at in- 
creasing basicity than is an ortho-methyl, the pK 
difference from the unsubstituted case being -2 
units for the former, vs. - 1 unit for the latter. This 
is probably a manifestation of steric hindrance, 
making it more difficult to achieve the coplanarity 
required for full mesomeric (hyperconjugative) 
delocalization in the ortho case (25). Another con- 
sequence of "twisting" in the ortho-methyl com- 
pounds can be seen in the greatly reduced E, and 

values for 3 and 4, compared to P and 2, in 
Table 2, as previously observed for hindered azoxy- 
benzenes (25). 

Kiiietics 
Observed pseudo-first-order rare constants. k,,,, 

for the substrates 1-4 were obtained by following the 
(sometlmes very small) changes in uv absorbance 
between reactant ester and product carboxylic acid, 
over an acidity range of 20-90x sulfuric acid, and a 
temperature range of SO0. These are given in Table 
4,3 and are plotted against X according to eqs. [3 j  
and (41 in Figs. 1-4 (experimental points); for con- 
venience, a percent sulfuric acld concentratioii scale 
is also included, at  the top of these figures. Methyl 
benzoate has been previously studied at 25°C by 
Lane et al., (24); their data and ours are supenm- 
posable. and both sets are included in Fig. I .  Other. 
less comprehensive, studies of the hydrolysis rates of 

1s -4 
0 
- 

I 
'l -5 
a 
0 - 
1 

2 -6 
m - 

- 7 

0 I 2 3 4 5 6 7 8  
X 

FIG. 1. The hydrolysis of methyl benzoate in aqueous sul- 
furic acid. Some data at  25°C from ref. 24 (*); all other data, 
this work, with the different symbols referring to different tem- 
peratures (Table 4).3 Points are experimental, curves theoret- 
icai, assuming an A-2 reaction with two water molecules (eq. 
[4j) at low acidities, and an A-1 process (eq. [3]) at high acid- 
ities. Points not included in the fit are in parentheses. 

FIG. 2. The hydrolysis of methyl pow-toluate in aqueous 
sulfuric acid. See Fig. I .  

FIG. 3. The hydrolysis of methyl ortho-toluate in aqueous 
suifuric acid. See Fig. 1. 

these compounds are also in adequate agreement 
(26). All of the data and parameters are fully tem- 
perature-corrected. 

The graphs for 1, 2, and 3 (Figs. 1-3) all exhibit 
initial downward curva-ture, typical of an 8 - 2  reac- 
tion involving water (2), followed by an upward 
linear region, typical of an A-1 process (21, like many 
similar esters 45). Compound 4 (Fig. 4) appears to 
react almost entirely A-I, but there is noticeable 
deviation from linearity in the dilute acid region, 
indicative ef a possible A-2 component for this 
substrate also. Methyl mesitoate (the 2,4,6-trimethyl 
ester) has been studied previously ( 2 9 ) ;  when treated 
similarly, exci~asive 8 - 1  linear behaviour results for 
this compound. 

The data for 1-4, and that for methyl mesitoate 
(27), have also been treated using tlie transition-state 
activity coeEcient QTSAC) method (7, IS). This in- 
v.olvt-s examination of the behaviour of eq. [9] as a 
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FIG. 4. The hydrolysis of methyl 2,6-dimethylbenzoate in 
aqueous sulfuric acid. See Fig. 1. 

function of acidity; curves of different shapes are 

[9] log ( f  :l:,+/k,) = logf, -k log a:",,, 

indicative of different mechanisins (1 8). The last two 
terms are given above, and values of log a $',,+, log 
proton activities, relative to the activity coefficient 
of the tetraethylarninonium ion, are available (28). 
The activity coefficients of the neutral substrates 
2, 3, and 4, f,, were measured; activity coefficient 
data for methyl benzoate and methyl mesitoate are 
listed (19). The resuiting curves have been published 
( 1 8 )  and are entireiy consistent with the A-2 and A-1 
hydrolysis mechanisms, with the changeover A-2 -, 
A-1 taking place in more and more dilute acid as the 
methyl substitution in the molecule is increased. 

With the A-2 -+ A-1 behaviour established, eqs. 
131--[5] can be used to fit the data, giving activation 
parameters and slopes. Combining eqs. [4] and [5] 
yields an equation of the form p = a + bx, 
i cx, + ri'.~,, where y consists of the terms on the 
left in eq. [4], minus log T; the variables are X 
(x,), 1/T (x,), and Log water activity (x,), and the 
constants are (AS* - A S O ) / ~  In 10 + 10.3188 (a) ,  
tlzinz* (b), (AH0 - A N * ) / R  In 1C (c), and the mo- 
iecuiarity of the reaction in water, r (d) ( 2 ) .  Com- 
bining eqs. [3] and [ 5 ]  produces a similar equation 
(without I. log a,,,) for the A-I process, and both 
can be solved using standard multiple linear regres- 
sion techniques (29). In the overlap region for 1, 2, 
and 3, however, the observed rate constant k$ is 
given by k,-, + k,-,, and curve-fitting was necessary, 
since the k's themselves, not their logarithms, are 
additive. A standard computer program was used 
(29); for 4 multiple linear regression cou!d be used 
directly. I t  was found that the data did not justify 
calculating a separate value for r ,  and so it was as- 

sumed to have the fixed value 2, as before (2, 31, this 
being the average result of preliminary calculations. 

The results of this procedure can be seen as the 
theoretical curves in Figs. 1-4; agreement with ex- 
periment is good, as illustrated by the error bars in 
the figures. The parameters obtained are given in 
Table 6; these refer to the aqueous standard state, 
not to any particular acid solution (2). 

From the foregoing discussion, the assumption 
can be made that AH0 1: AGO and AS0 ? 0 for the 
A-2 reaction, and nz':' is available from Table 3, so 
AN*, AS*,  and m* can be obtained, as in Table 7. 
Values of nz* for a typical A-2 process are around 
1.0 (2),  as found for 1 and 3; the m* for 2 seems a 
little high. Since the product n7*rn:* values in Table 
6 fall in a natural progression, this is probably due 
to an anomalously low V I * ,  0.6, as compared to 0.8 
and 0.7 for B and 3 (Table 3); a more likely value 
would be 0.8. The large negative entropies are to be 
expected from the mechanism (eq. [101), with the 
transition state resembling 5. Steric effects are ap- 
parent in the reduced activation energy for the ortho- 
substituted compound 3, compared to 1 and 2; 
delocalization of the positive charge in 5 over the 
aromatic group R will be more difficult with R 
twisted out-of-plane, and the carbon will be more 
electrophilic, lowering AH*. In the protonated sub- 
strate, less charge on the ring means more on the 
two oxygens, with a higher solvation requirement 
(hence the lowered I . ~ I ' ~  values for 3 and 4 relative to 

TABLE 6. Combined activation data for the hydrolyses of the 
methyl benzoate esters 1-4 in aqueous sulfuric acid" 

Com- 
pound A H * - A H 0  AS* - AS0 171 = rn * 

A-2 reaction with 2 H 2 0  
1 9 4 . 7 k 1 . 1  (22.6) -126+3 (-30) 0 . 8 5 t 0 . 0 1  
2 9 3 . 0 t 2 . 2  (22.2) -130k6 (-31) 0 . 7 9 i 0 . 0 1  
3 7 6 . 8 k 6 . 1  (18.4) -183118 (-44) 0 . 7 1 i 0 . 0 4  

A-1 reaction 
1 168 .7k2 .9  (40.3) + 4 4 k 6  ( - I l l )  1 . 2 4 i 0 . 0 4  
2 1 6 0 . 2 i 2 . 3  (38.3) +56&6 (+13) 1 . 1 0 t 0 . 0 2  
3 154.1 t 7 . 2  (36.8) i 4 6 ~ 2 2  ( f l l )  1 .24+0.04 
4 1 4 3 . 9 t 7 . 3  (34.4) +31*2! (+7) 1.27rf-0.04 

oEnthalpies in kJ/mol (kcal/mol in parentheses), entropies in Ji(mol K) 
(entropy units in parentheses); errors listed are standard deviations. 

TABLE 7. Enthalpies and entropies of activation for the A-2 
hydrolyses of 1-3 in aqueous sulfuric acid" 

Com- 
pound AH= AS* mi 
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7' AL.: 2 2965 

I); the resulting increased solvent electrostriction, 
and the decreased free rotation of R in the crowded 
transition state 5,  caused by the o-methyl, leads to 
the observed more negative entropy of activation for 
3, compared to 1 and 2. 

AH*,  AS* ,  and rn* cannot be calculated in the 
same way for the A-1 process, because protonation 
at the ether oxygen rather than the carbonyl oxygen 
is involved (eq. [7]), and AGO for this is not available. 
Nevertheless, detailed mechanistic information can 
still be obtained. Two possibilities for the rate-deter- 
mining step can be visualized, a pre-equilibrium 
protonation as in eq. [ I l l ,  or a concerted A-S,2 

OH 
P 

R-C$. 

[I01 iQR '  
d O \ H  + 

f 

OH _ H +  /" 2 0 
[II IR-C:+ R R-C // 

\. 
OR' 0 R' Q;R' 

I 

R-k=0 + K'OH 

s r 0 H  

R-$-0 I R' 

of,+ 
H' ,y 

H/O?H - A 

OH -H' 0 

[I21 R-C , 6. - R - f  + H A  
\ 

OR' OR' 

-' OH 
I 

R-C-OR' 

4 
OH 

H 
I 

H/":H 

process as in eq. [12]. Kinetic analysis as described 
before (2) leads to two kinetically indistinguishable 
rate equations for these mechanisms. Both resemble 
eq. [3], only now m'm" and KS,+ refer to ether 
oxygen p r ~ t o n a t i o n . ~  For eq. [i2], H+  and HA are 
not easily distinguished below about 9041, sulfuric 

4Both of these rate equations still contain the term log (C,/ 
(Cs + CSH +)) that corrects for cnubonyl protonation; in this case 
this represents "locking up" of the substrate in an  unreactive 
form, and the reduced concentration of the substrate that 
results must be accounted for in the kinetic scheme. This is 
indicated in eqs. [I11 and 1121. 

acid (30), so 13' - HA and the kinetic analysis fol- 
lows that of eq. [16] in ref. 2, with an intercept con- 
taining log k, only. However, examination of the 
rn*rn* values in Table 6, all greater than one for the 
A-1 reaction, rules the latter possibility out. The 
ether-protonated structure 6, with its localized 
charge, should have a high solvation requirement, 
with I??'* cx 0.5 (I), giving m* values of around 2.5. 
This is quite unreasonable for an A-S,2 but normal 
for an A-1 process (2). and hence the A-l mechanism 
of eq. [I  11 is followed. 

Although AN0 and AS0 for ether oxygen protona- 
tion are not available, reasonable assumptions are 
that AS0 cx 0, as discussed above, and that the AH0 
values for I ,  2, 3, and 4 are closely similar, since the 
R group in 6 has little interaction with the positive 
charge. Thus the trends in Table 6 can be reasonably 
discussed. The activation enthalpies show a steady 
decrease 1 -+ 4, presumably due to release of steric 
strain in the transition state, since this increases 
1 -+ 4, and to the improved hyperconjugative charge 
delocalization in the product ion provided by the 
methyl groups. Overall the enthalpies are much 
higher for the A-1 than for the A-2 hydrolysis, prob- 
ably because the ether oxygen is much less basic than 
the carbonyl oxygen, i.e., most of the (AH' - A N 0 )  
term is contributed by - A H 0 ;  it is difficult to see 
why the rate-determining step in eq. [l 1 ] would need 
a high AH*. These high enthalpies are offset by the 
large positive entropies of activation, due to the 
formation of two species from one, and to the release 
of solvent mo!ecules resulting from delocalization of 
the highly solvated charge in 6 into the product 
acylium ion. Experirnentally the entropies of activa- 
tion for 1-4 are all the same; changing methyl sub- 
stitution in the ring is unlikeiy to affect either of these 
factors appreciably. The major factor controlling the 
earlier mechanistic change A-2 + A-1 in going from 
1 to 4 is the relative reduction in activation enthalpy 
for the A-1 reaction. 
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the equilibrium constant KB,+ can be divided into 

concentration and activity terms as in eq. [A2]. 
Taking logarithms, and making the assumption that 
the activity coefficient term log (f ' , f, ,ifBH-) is a 
linear function of a similar term for a "standard 
base" B'k, abbreviated X, leads directly to ihe basic 
excess acidity equation, eq. [ l ]  above, as discussed 
previously (1) Equation [A21 has the form K, = 

KcKf ,  and so X can also be expressed as a "com- 
bined free energy of transfer", as in eq. [A3]. 

I t  has been found experimentally that eq. [ I  ] 
above applies to a very wide variety of bases, always 
giving linear behaviour (see ref. 1 and the references 
cited there). As might be anticipated: ionization 
ratios obtained a t  temperatures other than 25°C also 
exhibit linear behaviour when plotted against X(using, 
e.g., the data in ref. 311, giving as intercepts pKBH+ 
values valid at the temperature of measurement (not 
at 25°C). Since the extrapolation is to X = 0,  the 
reference state (water) at the measurement tempera- 
ture, these intercept values can he used to derive 
AGO, AN', AS0, etc., for the base in question, regard- 
less of any variation in X itself with temperature; the 
latter is manifested as the dif3eren";lopes obtained 
at different temperatures. This slope variation can 
be removed, however; because of the form of eq. 
[A31 above it is apparent that, if eq. [ l ]  applies, the 
combined free energies of transfer, - RT ln (f, f ,- 
f,,,), must be linear functions of one another also. 
Thus the X-function, expressed as a free energy, is 
easily corrected from 25°C to T0C via eq. [A4]. 
Temperature-corrected excess acidities lead to teiil- 

perature independent nz* and in* slopes; for this 
reason eq. [A41 was used in this work throughout. 

Appendix 
X-Frmctio~s at Tenzpersrtures other than 25'C 

For the general protonation reaction of eq. [All ,  
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Etude pas rCssnance maghmktique nuelkaire de e~mpd~sks organidgues conatenant des 
chalcogtnes. HI.' L'kther de eliphknyle e& ses analogues soufsk, sk2Cnnik et tellurk 

Lnborntoire de Cristallogrnphie, i t~sti fur dr Plzysiclue B5, UnicersitP c i ~  Liege or, Sari Ti11,!nn, B-4000 Lii.ge, Be/gicjrle 

GABRIEL LLABRBS, MARCEL BAIWIR, Lfoh CHRISTIAENS et JEAN-LOUIS PIETTE. Can. J .  Chem. 
57,2967 (1979) 

L'etude par rmn du proton des composCs du titre nous a permis de proposer pour ceux-ci 
une conformation en heiice avec des mtcanismes particuliers d'interconversion en accord 
avec des dkterminations de structure ciistalline et des calculs thkoriques. Commedans la 
famille voisine de l'anisole, on observe un certain effet mesomi.re de 19heti.roatome, partielle- 
ment inhibe par des interactions steriques. 

La rmn du carbone 13 apporte Cgalement dans une certaine mesure des argunents en faveur 
d'une telle conformation. L'effet de l'heteroatome sur les depiacernents chimiques se discute 
classiquement en termes d'effet mCsomere ou inducteur, un eRet d'atome lourd devant cepen- 
dant Ctre invoqut dans le cas des composes tellurCs. 

GABRIEL LLABR~S,  MARCEL BAIWIR, LEON CHRISTIAENS, and JEAN-LOUIS PIETTE. Can. J. 
Chern. 57.2967 (1979). 

The 'Hmr study of the title compounds has revealed a screw conformation, with defined 
interconversion processes, in good agreement with crystal structure determinations and 
theoretical calculations. The mesorneric effect of the heteroatom is smaller than in the anisole 
series, due to steric inhibitions. 

The ' T m r  enhances, to some extent, these conclusions. In the case of Te compounds, a 
heavy atom effect adds to the classical mesomeric and inductive effects to account for the 
experimental observations. 

Introduction Une forrne A rigide est stkriquement impossible, 

L~~ relations structurelles entre I ~ c ~ ~ ~ ~  de di- tandis que la forme B prCsente un minimum de con- 

p h ~ n y l e  et ses derivts et les hormones thyroi.diennes jugaison entre les cycles et 1'hCteroatome. C'est 

(1) ne certainement pas ktrangeres B l'intiret pourquoi on retient les formes C et D pour inter- 

soUtenu portk & ces composks depuis que!ques prkter !es rtsultats exptrimentaux (voir par exemple 

annkes. De nombreuses techniques expkrimentales (6) et les rkftrences y 

kt6 utilistes pour keudier les Les structures cristallines de certains composks 

pr~fkrentielles et ies n,kcanismes d~intercsnversion Ctudies ici on1 kt6 determinkes (tableau I]. Dans tous 

des d i ~ k ~ ~ ~ ~ ~  conformeres stables de ces composks. les cas: les composis adoptent la conformation en 
k e  rksuitat ie pius remarquable de tous ces travaux helice D, I'angle P variant de 29 & 36". 0 n  remarque 
est le lnanque d'homog~nkitk des conclusions qui en Cgalement que 19aimg!e C-X-C di~ninue quand la 

ont kt6 tirCes. distance C-X augmente: 

On admet gknkralement que quatre types de con- [I ] (c-x-c) -. 34.5 dist (c-l"~ 
formation peuvent Etre considCrCs (fig. 1). La struc- 
ture A est plane (2). Dans la structure B, ies cycles + 171.5 (R = 0.99) 

~, 

sont perpendicuiaires au plan C-X--C (3). La 
structure de Marillo (= est caractCsis& par i'ortho- Enfin, la distance C-0 observke (1.28 A) est sif*;i- 

g o n a l i t ~  des deux cycles (41, ~ _ ~ f i ~  la en ficativement plus courte que la liaison simple clas- 

helice D esr ca rac t~r i s~e  par lqangle p fait par le plan sique (1.43 A): elle possederait donc dans I'kther de 

C-X-@ avec les cycles ( 5 ) .  diphknyle uii certain caract&-e de liaison double. 
S'il est kvident au'une seule techniaue ne peut 

'Pour la parrie I, voir ref. 7 .  
*A qui la correspondance doit Ctre adresske. 

fournir la somme des r6sultats i-xpCrimeAtaux nkces- 
saires B la rCsolution compikte du problkme con- 

0008-40421791222967-04SO 1 .OOI0 
@I979 National Research Council of Canada/Conseil national de recherches du Canada 
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2968 C A N .  J .  CHEh1. VOI.. 57.  1979 

FIG. 1. Les conformations n~oliculaires de l'ether de 
diphinyle et de ses analogues. 

formatio~lnel, nous avons CtudiC dans quelle mesure 
la rmn du proton et du carbone 13 fournissait des 
~Csultats en accord avec d'autres techniques, et 
notamment la chimie quantique et l'analyse struc- 
turelle par diffraction des rayons X. 

R6sonance magnCtique du proton 
On observe Dour les quatre c o m ~ o s t s  de la famille 

d e  l'tther de di'phtnyle un spectre du type AA'BB'C, 
ce qui signifie une double Cquivalence, ?ant inter- 
qu'intracyclique. De  plus, ce rCsultat reste qualita- 
tivemeni le meme quand on fait varier la tempCra- 
ture de - 80 a + 150°C. 

Ees paramitres mesurts sont sepsis dans le tableau 
2. 

parametres observts devraient diffirer fortement de 
ceux de la famille de l'anisole, ce qui n'est mani- 
festement pas le cas (7).  

Si de nombreux rksultats expCriinentaux (8-15) 
sont en faveur d'une certaine dClocalisation de la 
paire libre de l'hCtCroatosne, diminuant de l'oxygene 
au  tellure, la rmn du proton n'apporte rien de neuf 
a ce sujet. 

Nous avons utilist le modile de Haigh et Mallion 
(16) pour calculer les effets de l'anisotropie mag- 
nCtique d 'un cycle sur les protons de l'autre. La  
fig. 2 illustre les rCsultats de ce calcul dans le cas 
de l ' tther de diphenyle. On voit que l'effet calcule 
peut etre assez important, de l'ordre du ppm, pour 
les deux protons d'un mEme cycle. C'est pourquoi 
I'Cquivalence observte implique un mCcanisme par- 
ticulier d'interconversion, la rotation libre des cycles 
t tant  rendue fort improbable par les interactions 
stCriques qu'elle entrainerait. 

Galasso et a/. (17) ont calculC 1'Cnergie de toutes 
les co~lforrnations de Ph--X-Ph (X = 0 ,  S et Se). 
La  conformation D est 6nergCtiquement la plus 
stable, l'intercoi~version se faisant via la conforma- 
tion C dans le cas X = 0, c'est-&-dire quand i'effet 
mesomi.re de I'httCroatome est le plus important, et 
via la conformation B dans les autres cas, l'encom- 
brement stCrique y Ctant moindre. 

La relation de Penney (18), qui lie l'inttgrale de  
recouvrement de I'hCtCroatome et de  l'orbitable n du 
carbone adjacent a l'angle P fait par le cycle avec le 
plan C-X-C permet de calculer cet angle P B 
partir des paran16tres de rmn observCs: 

[21 I (@) = (1(0)/4)(1 + 3 cos 2P) 

Si, comme i l  parait raisonnable de le faire, on 
considere, d'une part, que le deplacement chi~nique 
du proton en para est proportionnel a l'inttgrale I(P) 
et que, d'autre part, I'intCgrale I(P) est maximum 
dans la sCrie de l'anisole, oh  la structure est plane 
sans effets steriques, [ 2 ]  se transforme en 

A cause d'effets stCriques et d'anisotropie magnC- 
1 [ AS(Ph-X--Ph) tiqile entre les cycles, la conformation A est incom- ~ 3 1  cos 2~ = - 4 - 

patible avec un spectre AA'BR'C. De  plus, les 3 AG(Ph-X-Me) 

TABLEAU 1. Donnees structurales (p-Y-G6H,)2-X 

X 8 S Se Te 

U Br Br CH3 CH3 c& 
C-X observi 1.28W 1.75W 1.75A 1 .93A 2.05 
C-X liaison 

simple 1 .43A 1.81 A 1.81 A 1 .93A 2.14W 
Angle C-X-C 123' 109.5" 109" 106" 101" 
Angle 29" 36" 35' 35" 30.5- 
Ref. (8) (9) (10) (1 I! (12) 
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L L A B R ~ S  ET AL. 2969 

TABLEAU 2. Deplacements chimiques (ppm) et constantes TABLEAU 3. Calcul de l'angle P d'apres [3] 
de couplage (Hz) dans I'ether de diphenyle et ses ana- 

logues Ph-X-Ph 0 S Se Te 

X 0 S Se Te calc. ('H) 32.2' 35.8' 35 .0-  30.5' 
B mesure 29' 35-36" 35' 30.5" 

6 ,  6.901 7.264 7.370 7.597 p calc. (13C) 27.3' 35.7- 33.4" 37.4- 
6,,, 7.229 7.235 7.182 7.120 
6 ,  
J 2  3 

J 2 4  

J 2  5 

9 2  6 

J 3 4  

J 3  5 

RMS 
Snlvant 

FIG. 2. Contribution de l'anisotropie magnetique d'un 
cycle sur le deplacement chimique des protons en ortho de 
I'autre cycle. Courbes d'isoecran (pprn). cp,  = angle de rota- 
tion du cycle affecte; c p 2  = angle de rotation du cycle agissant. 

L'accord entre les angles fl alnsi obtenus et ceux 
observes experimentaiement est remarquable (ta- 
bleau 3). Ce resultat justifie a posteriori l'hypothese 
de plankit6 de I'anisole et de ses analogues. 

Dans les benzknes rnonosubstituCs, il existe 
d'excellentes relations lineaires entre 1'ClectronCga- 
tivitC du substituant et la constante de couplage J 2 , .  
Or, bien que l'on accorde gtnkralement au groupe- 
ment OPh une ClecironCgativitC superieure h celle du 
groupement OMe, J,, a, dans Ph-0-Ph et 
Ph-S-Ph, des valeurs ~nfCrieures celles mesurCes 
dans Ph-0-Me et Ph-S-Me respecstiv- ,merit. 

Cooper (19) a montrk qtie l'eEet sstkrique diminue 
la constante de couplage d'une fragment -CH= 
CH-. La fig. 3 montre qu9il existe une bonne 

relation 1inCaire (R > 0.99) entre les diffkrentes AJ 
observkes entre les familles de l'anisole (sans effets 
steriques) et de 1'Cther de diphenyle (avec) et la dif- 
ference Ar entre le contact de van der Waals (3.60 A) 
et la distance C-C mesurte. 

Dans la famille etudiee ici, un certain effet mCso- 
mere existe (20) q ~ l i  va diininuant de 0 a Te. I1 est 
inferieur a celui observe dans la famille de l'anisole, 
12 resonance etant partiellement inhibee par des 
interactions steriques. 

Le tableau 4 donne les parametres mesures dans 
quelques composes diparasubstituks. Dans les dC- 
rives mkthylCs, le dCplacemellt chimique du mCthyle 
augmente de O a Te. L'effet est qualitativemene le 
meme que celui inesure dans la famille de I'anisole, 
rnais moins important (0.15 ppm au lieu de 0.60 
ppm). Ce resultat reflirte tgalement une certaine 
inhibition de la rCsonance par des interactions 
stkriques. 

A partir des parametres du tableau 5, on peut 
Ctablir d'excellentes relations lineaires ( R  > 0.99) 
entre les deplaceinents chi~niques des carbones C, 
et C, des familles de l'ether de d~phknyle d'une part, 
et de l'anisole et des halogenobenzenes d'autre part. 

Dans ce cas-ci, a nouveau, l'effet dkblindant des 
chalcog6nes sur C,  diminue de O a Se pour devenir 
blindant pour Te. Pour C,, l'effet biindant pour O 

Fro. 3. Relation entre constantes de coupiage et contacts 
steriques (voir texte). 
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TABLEAU 4. Parametres rmn des composes diparasubstitues (CCI,) 

60 
6 ,  
6 ~ e  
9 2  3 

J z  s 
JZ 6 

J 3  5 

RMS 

TABLEAU 5. Deplacements chimiques carbone-1 3 

0 S Se Te 

devient de plus en plus diblindant de S Te, tandis 
qu'en C,, on observe un leger effet blindant qui va 
en s'attinuant de O a Te. 

Par ailleurs, les dtplacements chimiques des car- 
bones C, et C, sont IiCs aux deplacements chimiques 
des protons correspondants par des relations lineaires 
(R = 0.99). Ceci tend a montrer que les effets des 
chalcogenes sur ces positions seraient de nature 
essentiellement Clectronique. 

On peut tgalement utiliser la relation de Penney 
adaptCe [3] pour calculer l'angle de rotation f3 des 
cycles, 2 partir des dkplacements chimiques de C,. 
Le tableau 3 inontre que, si l'accord observC est 
moins bon que celui obtenu avec le proton, il n'en 
demeure pas moins satisfaisant. 

Les rCsultats obtenus par la rCsonance magnktique 
du carbone 13 permettent de conclure a la dualit6 
inducteur-mtsons6re de l'effet des chalcogenes, la 
situation se compliquant, dans la cas de Te, d'un 
effet d'atome lourd (21). Celui-ci explique, en effet, 
pourquoi 19effet inducteur de 0, S et Se sur C ,  
devient blindant pour Te. En ortllo, il nc se manifeste 
plus et le caractere -I, inferieur au caractere + E  
pour 0 ,  s'impose de plus en plus dans la stquence S, 
Se, Te. Ce rCsultat rejoint celui obtenu par Sadekov 
et a/. (15). En para enfin le caractkre mtsomere de 
I'hCtCroatome s'exprime 1Cgerement. 

Les composCs Ctudies ici ont Cte synthetises dans nos labora- 
toires suivant une methode analogue a celle decrite pour la 
preparation de l'acide ph&nyltelluro-2 benzoique (22): con- 
densation du diazoi'que neutralist sur le tellurophenolate de 
sodium obtenu par reduction du noyau de NaBH, a partir du 
dimere correspondant. 

L'obtention des spectres, le caicul des parametres de rmn 

et les conditions exptrimentales ont ete decrits dans la partie 
I de la presente serie de rapports. 

Remerciements 
Nous tenons a remercier Messieurs les Professeurs 

J. Toussaiat, M. Renson et A. Van de Vorst pour 
l'interzt suivi qu9ils accordent a nos travaux. Nous 
rernercions Cgalement le Centre de R.M.N. de 
1'Universitt de Liege qui a mis son mattriel a notre 
disposition et, plus spkcialement, son Dlrecteur. 
Monsieur J. Denoel pour son aide technique. 

1 .  P. A. LEH>I,AX. J. Med. Chem. 15,404 (1972). 
2. L. E. S L J T T O ~  et G. C. H A ~ I P I O N .  Trans. Faraday Soc. 31. 

945 (1935). 
3. C.  P. SMYTH et W .  S. WALL.. J .  Am. Chem. Soc. 54. 3230 

(1932). 
4. K.  H I G ~ S I  et S. Uu to .  Bull. Chem. Soc. Jpn. 14.87(1939). 
5 .  R. .i. W. LE FEVRE, A .  S U \ D A R A ~ I  el K ,  M. S .  S L X D A R ~ M .  

Bull. Chern. Soc. Jpn. 35.690 (1962). 
6. G. W. B L I C H ~ U A K .  G.  MONTAUDO et P. FI\OCCHIARO. 

Can. J .  Chem. 52.767 (1974). 
7. G. L L A B R ~ S .  M. B ~ I ~ I R .  L. C H R I S ~ ~ . ~ \ E \ S .  J. D ~ L O L L  et 

J. L. PIETTE. Can. J. Chem. 56.  2008 (1978). 
8. J .  TOUSSAINT. Mem. Soc. R.  Sci. Liege. 12. l(1952). 
9. J .  TOLSSAIXI-. Bull. Soc. Chim. Belg. 54, 3 19 (1945). 

10. W. R. B L ~ ~ C K M O R E  et S. C. A B R ~ H - \ ~ . I S .  Acta Crystallogr. 
8. 329 (1955). 

11. W. R. B L ~ C K M O R E  et S.  C.  A B R ~ H , Z M S .  Acta Crystallogr. 
8. 323 (1955). 

12. W. R. BLACKMORE et S.  C.  A B R . ~ H A ~ I S .  Acta Ci-vstallogr. - 
8, 317 (1955). 

13. M. J.  A R O ~ E Y ,  R. J .  W. L t  F E V R ~ .  K. K .  PIERENS et M. 
G. N. THE. J .  Chem. Soc. B. 666 (1966). 

14. M. J .  ARONEY. R. J .  W. LE  FLVRE. R. K. PIEREXS et M. 
G. W .  THE. J .  Chcm. Soc. B. 1132 (1971). 

15. I .  D. SADLKOV. A. Y. BUSHKOV. V. S.  YUR'EVA et V.  I .  
M I ~ K I N .  Zh. Obshch. Khim. 47, 2541 (19773. 

16. C. W. HAIGH et R.  B. M A L L I O ~ .  Org. Magn. Reson. 4, 203 
(1972). 

17. V .  GALASSO. G. DE '4171 et A .  BIGOT-ro. Tetrahedron. 27. 
6151 (1971). 

18. J .  P E N ~ E Y .  Trans. Faradav Soc. 31. 734 (1935) 
19. M. A. COOPER et S.  L .  G . ~ N A T T - .  J .  Am. Chem. Soc. 91. 

6325 (1969). 
20. P. A .  LEHMANY et L .  F. JOHNSON. Org. Magn. Reson. 5.61 

(1973). 
21. 6. C. L2t.vu et G.  L. NELSON. Carbon-13 nuclear magnetic 

resonance for organic chemists. H. Wiley Interscience. 
Neu York. 1972. 

22. J .  L .  PIE-ITE. Ph. THIBAUT et M. RENSOX. Tetrahedi-on. 34. 
655 (1978). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Time-resolved CHDEP in the photoreduction of quinones. A study of the spin lattice 
relaxation time sf semiquinone radicals in solution 
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JACOBUS W. M. DEBOER, THERESE Y. C. CHAN CHUNG, and JEFFREY K. S. WAN. Can. J. Ckem. 
57.2971 (1979). 

The application of time-resolved CIDEP observations to the measurements of TI of transient 
radicals is examined in detail. The importance of proper treatment of the response time is 
considered theoretically and demonstrated experimentally. By taking into account the variation 
of response time at  high power, a method is described on how to evaluate B,. A: low power 
levels when the response time does not vary significantly, the extrapolation to zero power will 
provide a good estimate of TI. The method was applied to measure TI for both the neutral 
radical and the radical anions of the benzoquinone, tetrachlorobenzoquinone, and duro- 
quinone. I t  is confirmed that there is no significant difference in TI between the neutral radical 
and the radical anions. The values of the estimated TI  are 2.2 ps for semibenzoquinone, 2.7 ps 
for semitetrachlorobenzoquinone, and 3.1 ps for semiduroquinone, all at 10°C and in a 50% 
isopropanoljtoluene solvent. 

JACOBUS W. M. DEBOER, THERESE Y. C. CHAP; CHUNG et JEFFREY K. S. WAN. Can. J. Chem. 
57.2971 (1979). 

On exatnine en detail l'application des observations de CIDEP rksolues en fonction du temps 
aux mesures de TI des radicaux temporaires. On considere de f a ~ o n  theorique et on dt~nontre  
experimentalement l'importance d'un traitement convenable du temps de reponse. On dkcrit 
une methode d'evaluation de B ,  en tenant compte de la variation du temps de riponse a haute 
puissance. A de faibles niveaux de puissance, quand le temps de reponse ne varie pas de f a ~ o n  
significative, l'extrapolation a la puissance zero fournit une bonne evaluation de TI. La 
methode est appliquee a la mesure de TI, pour les radicaux neutres et les anions radicalaires 
de la benzoquinone, de la tttrachlorobenzoquinone et de la duroquinone. L'absence de dif- 
ference significative de T I  entre le radical neutre et les anions radicalaires est confirmte. Les 
tvaluations de TI sont de 2.2 11s pour la semibenzoquinone, 2.7 ps pour la semitktrachloro- 
benzoquinone et 3.2 ps pour la semiduroquinone. Ces evaluations sont faites a 10°C dans une 
solution a 50% d'alcool isopropyliquejtoluene comme solvant. 

[Traduit par le journal] 

Pantroduction 
The technique of chemically induced dynamic 

electron polarization (CIDEP) is now often applied 
to elucidate the mechanisms and kinetics of free 
radical reactions in solution (1-3), transient inter- 
mediates in photosynthetic systems (4-6), and 
excited triplet states of organic molecules in crystals 
(7-9). Perhaps another unique application of CIDEP 
is the measurement of spin lattice relaxation time TI  
of transient radicals (10-12). Although the electronic 
T,  is an important physical parameter which can 
provide an insight into molecular motions, relatively 
few other simple methods are available to obtain 
accurate TI  of transient radicals. 

Two distinctly different types of esr spectrometers 
have been used in CIDEP studies (13, 14): (1) time 
resolved spectrometers with total response time 
z < 1 ps < TI << radical half life t,,,, where a 
pulsed electron beam or pulsed laser (on-time < 1 
ps) is used to generate the radicals; (2) slow response 
spectrometers (TI < T (30-500 ps) < tl , ,) where 

the radicals are generated by a modulated light 
source such that the on-time (0.1-20 ms) is suffi- 
ciently long for the signal intensity to reach a 
steady state amplitude. There are a number of 
advantages in chemical k~netic ClDEP studies to use 
a slow response spectrometer for initial polarization 
observations (14, 15) and in the past few years we 
have devoted our main effort in establishing a method 
(16) which utilizes an intermittent light source in 
conjunction with a 100 kHz esr spectrometer to 
evaluate relative rate parameters of photochemicaI 
reactions from the semi-steady-state CIDEP obser- 
vations. While the steady-state values of the en- 
hancement factor do not depend upon the micro- 
wave power level (l5), they do have to be corrected 
for t,,, and T I  to give the intrinsic value. The 
parameter t,,,, which is obtained directly from the 
chemical decay part of the computer trace, com- 
pensates for changes in light intensity and also any 
changes in the viscosity of the media. Unfortunately 
T ,  has to be measured from separate experiments, 

0008-4042179122297 1 -07$0 1 .0010 
@ 1979 Nationai Research Council of CanadalConseil national de recherches du Canada 
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2972 CAN J CHEM 

The obvious choice is to take the value of T ,  from a 
time-resolved CIDEP study. In this paper we 
examine in detail the advantages and the limits of 
the application of time-resolved CIDEP technique to 
the evaluation of T I  of anthrasemiquinone and other 
benzosemiquinone radicals in solution. 

The situation involved in the time-resolved ClDEP 
experiment is one when at t = 0 suddenly a macro- 
scopic electron magnetization is created. Before 
t = 0 no unpaired electron spins are present in the 
esr cavity. The sudden creation of magnetization is 
such that it is much faster than the spectrometer 
response time T or T2 of the spins created, whichever 
is the longer time. The creation of magnetization, 
of particular interest here, is produced by photo- 
chemical reactions initiated by a laser pulse less than 
10 ns duration. Any magnetic polarization is assumed 
to arise within s so that the criterion of sudden 
spin creation is satisfied even when r, T2 were as 
short as lo-' s. If we define the z-axis to be parallel 
to  the static magnetic field B,, then the magnetization 
created will be initially along that axis, i.e. the photo- 
chemical process produces no coherence in the 
x,y-plane. 0 x e  the magnetization m is produced, 
the n~icrowave fie!d of magnitude B, will exert a 
torque on m which pulls m away from the z-axis as 
accompanied by the absorption or emission of micro- 
wave energy. ,4t the same time relaxation tends to 
destroy m, and restore m, to the thermal equilibrium 
value ma. In addition, chemical reactions may de- 
stroy the spins created independently, although in 
many ol' the systems studied the half life of the radi- 
cals is considerably longer than TI. Nevertheless, the 
observation of the spin using an esr spectrometer is 
related to m,, but the response of the spectrometer 
may obscure the time evolution profile. It is there- 
fore necessary to critically examine the performance 
of the spectrometer preampiification stages by 
measuring experimentally the total spectrometer 
response time and its effect on the determination 
of TI. 

Theoregcai Considerations 

Previous work by McLauchlan and co-workers 
(10) and by Verma and Fessenden (17) has dealt 
with the theory and technique of using CIDEP to 
measure TI  of polarized radicals in solution. The 
present treatment is an attempt to understand and 
to underline the difficulties in the experimental 
measurements and to formulate a practical approach 
to simulate the experimental observations by a 
general theoretical treatment. Here, the following 
assumptions are made in the considerations of the 

esr spectrometer response in relation to the laser 
induced magnetization: (a) m(t) = 0 and t < 0:  (b) 
m(0) = (0, 0, mo);  (c) m" is the steady-state mag- 
netization in the absence of microwave field; (d) 
chemical decay of the radical concentration is slow 
compared to T I  and T, ; (e) the spectrometer response 
is truly exponential; i.e. the response to a step func- 
tion is given by a single exponential; (f) the observed 
signal h is proportional to my;  ( g )  the kinetics of the 
spin system can be properly described by the Bloch 
equations. 

The Bloch equations in the reference frame 
rotating with the microwave frequency o give 

where 

R,  = (T,)- l  
and 

R2 = (T2)  - l 

We shall consider here the on-resonance case, which 
is 6 0  = 0 and thus m, and my are decoupled: 

(with m,(O) = nz,(co) = 0, m,(t) = 0)  

where R2 represents the effective transversal relaxa- 
tion rate including the inhomogeneous contributions. 
The initial polarization is given by mO/nz". 

Using the initial conditions mz(0) = mo and 
un,(O) = 0, eqs. [ 5 ]  and 161 can be solved with the 
method of Laplace transforms to yield 
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It is convenient to include the spectrometer response 
time at this point. Let the response function be g ( t ) ,  
then the response h( t )  to an input f ( t )  is 

and P("(h) is simply the product of 2 ( g )  and 2( f ) :  

For a true exponential response, g is given by 

[13] g(t) = ~ - ' e - " '  

thus 

[14] G(x) = ~ - ' / ( x  + 2 - ' )  

The combination of eqs. [10], [12], and [14] gives 

where 

= - R  rt_ ( 1 / 2 ) J ( ~ ,  - R,) ,  - 4wl2 

and 

If hi # A,, eq. [15] can be written as 

and therefore 

and the b's are found to be 

If o, < (1/2)(R2 - R,), h,., are real and the signal 
h is a sum of decaying exponentials. However, if 
o, > (1/2)(R2 - R,), the A,,, are complex which 
lead to oscillatory components with frequency Q: 

[I91 R = [a,, - (1/4)(R2 - Ri)2]1i2  

A, , ,  = -R + iQ 

and eqs. [17] and [ I 8 1  become 

[20] h( t )  = b,  + (c,  cos Rt + c, sin Rt)e-Rf 
+ b4e-'Ii 

wlRl?na b , =  -- 
R2 + R2 

[211 -o,m"(l - Rt )  + b,[R(l - Rr) + R2r] 
C 3  = no 

Note that eqs. [I71 to [21] hold true for any o, 
(except the only case when o, = (1/2)(R2 - R,)), 
but in general the quantities A,, ,,, R, and D are com- 
plex. However, for two cases (i) when ol < (112) x 
(R,  - R,), all quantities in eqs. [I71 and [ I S ]  are 
real, and (ii) when o, > (1/2)(R2 - R,), all quanti- 
ties in eqs. [20] and [21] are real. 

It is clear from the above treatment that the six 
parameters (o,, T,, T,, T, mO, m") are not deter- 
mined uniquely and simultaneously by the shape of 
the response. Since the absolute values of nzO and m" 
are not measured, only five independent parameters 
wiIi enter the shape calculation. These are for case 
( i ) :  A,, A,, T, olmO,  and o,R,m"; and for case (ii): 
R, R,  2 ,  o ,mO, and o, R1mm. These conclusions will 
be tested in the following experimental investigation 
of anthrasemiquinone radicals in solution and a more 
limited method will be developed to apply the time- 
resolved CIDEP observations to estimate the values 
of T I .  

Experimental 
The laser flash photolysis coupled with esr dc detection was 

first demonstrated by Kim and Weissman (18) and subse- 
quently developed further for CIDEP studies by Trifunac and 
co-workers ( I ) ,  by McLauchlan and co-workers (2), and by 
McTntosh and Bolton (4). Verma and Fessenden (17) have 
developed earlier a time-resolved esr spectrometer for CIDEP 
studies of radicals generated by submicrosecond pulses of 
2.8 MeV electrons. The experimental design used by Kim and 
Weissman (18) was essentially duplicated in our present 
apparatus, which uses a Molectron UV24 N2 pulsed laser as 
the light source. The esr spectrometer used is a Varian E3 old 
model and the dc signal was taken off after the preamplifica- 
tion and fed through a Hewlett Packard 461.4 40 dB wide-band 
amplifier. Additional amplification when required vias 
accomplished by using a Tektronic T922R scope amplifier. 
The amplified dc signal was digitized by either a Biomation 610 
at 100 ns per point or by a Nicolet Explorer PI1 digital scope at  
50 ns per point. Both the laser and the digitizer were triggered 
by an external signal generated from a Hewlett Packard 3325A 
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FIG. 1. The frequency response curve of the spectrometer preamplifier. 

synthesizer/function generator at  7 Hz. The digitized data were 
collected and processed by a Nicolet 1180 computer in a 
synchronous mode. 

The microwave cavity of the E3 spectrometer was modified 
by replacing the front plate with a brass plate having a 
centered hole of 9 mm diameter for transmission of the laser 
beam. This modification lowered the cavity Q. However, any 
further spoiling of Q did not seem to affect the response time. 

The initial polarization of the semiquinone radicals studied 
in this work is so large that the signal-to-noise ratio was 
excellent even for a single pulse observation. Therefore, it is 
simple to locate the resonance and its maximum by hand- 
scanning of the magnetic field slowly while observing the 
polarization on the scope. 

The chemical systenls studied were mainly quinones in 
isopropanol and in the presence of 0.5 M phenol. The solution 
was placed in a 3 mm od Pyrex tube, vacuurn degassed, and the 
tube was then sealed off. In the anthraquinone series, all 
experiments were done at -7°C with a variation of microwave 
power between 0.25 and 16 mW. In each experiment observa- 
tions were monitored both on-resonance and then off-resonance 
(by shifting the magnetic field about 0.5 kg). In order to 
eliminate the randomness in thc observcd signal amplitude 
100 scans were collected and time averaged for each measure- 
ment, including the off-resonance observation. The reported 
"time-resolved CIDEP" observation represents the difference 
between the time averaged on- and off-resonance traces, at  a 
particular power level. In our apparatus some instability in the 
diode current was observed at  a power level of 16 mW or 
higher. 

Resdts and Diselessiorn 

The Measurements of the Spectrometer Response Time 
As can be seen from the above theoretical con- 

siderations the effect of spectrometer response time 
is very important unless r- '  >> 13t,), liL21. When this 
condition is not met, the shape of the response will 
d e ~ e n d  on the functional form of the s~ectrometer 
response function. The total system response in our 
apparatus is determined by the spectrometer system 
since the combined response time of the wide-band 
amplifiers and digitizers is less than 200 ns. We have 
decided therefore to carry out an independent 
evaluation of the spectrometer response time by 
removing the crystal diode and replacing the pre- 
amplifier input by a 1 mV signal from the HP3325A 

synthesizer. In this manner the frequency charac- 
teristics of the preamplifier were determined. Figure 
1 shows the output voltage as a function of the fre- 
quency and Table 1 demonstrates that the actual 
response is very closely related to a true exponential 
response. 

From the curve in Fig. 1 the response time of the 
E3 spectrometer preamplifier is estimated to be 
230 ns. This is normally short enough for the 
measurement of TI in the microsecond range. 
However, further experiments (see below) indicate 
that the total system response time appears to change 
with microwave power. Moreover, to obtain T, 
directly from the decay curves, B, must be small so 
that(yB,)' << (1/4)(R, - I?,)'. 

The CIDEP Obseruations of the Anthi~aquinone/Pl7enol 
Photoreductioi~ 

The "time-resolved CIDEP" observations of the 

TABLE 1. Frequency response of the E3 pre- 
amplifier: comparison of the experimental 
values and the theoretical response calculated 

as 1/[1 + ( 2 n v ~ ) ~ l  with r = 0.225 11s 

Output amplitude* 

Frequency v 
(MHz) 

Experimental 
(i 0.05) Theoretical 

1 .OO 1 .OO 
1 .00 0.99 
1 .OO 0.98 
1 .OO 0.96 
0.95 0.92 
0.88 0.87 
0.81 0.82 
0.59 0.58 
0.44 0.43 
0.35 0.33 
0.29 0.27 
0.26 0.23 
0.21 0.17 
0.15 0.14 

*KormaIized t o  1.00 at Ion frequencies. 
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DEBOER ET AL 

FIG. 2. (a) The transient emissive signal decay of the semianthraquinone radicals at  -7'C at various microwave 
power levels. Each curve represents the difference between the on-resonance and off-resonance responses (see b). In each 
trace the first spike represents the laser trigger pulse and the second the laser flash. (b) A typical experimental set of 
observations at  0.25 mW. The upper trace is on-resonance, the middle trace is off-resonance, and the bottom trace is the 
difference. 

anthraquinone/phenol photoreduction are shown in 
Fig. 2. Each of the traces at a particular power level 
could be simulated with m" = 0, m0 < 0, by using a 
computer program written for the Nicolet 1180 
system. However, it was clear that the simulation of 
all traces at all different power levels cannot be 
accomplished by using a unique set of parameters 
T,, T,, and T, as suggested by the above theoretical 
considerations. At high power levels a longer 
response time and a shorter "apparent relaxation 
time" were required to simulate the experimental 
shape. The change in z with power levels seems to be 
confirmed by a series of off-resonance experiments in 
which the "pick-up" decayed slower at high power 
levels. In the determination of TI  by the method of 
extrapolation to zero power, it is, therefore, neces- 
sary to take into account the change of z at high 
power and only data taken at power levels of 1 mW 
and less should be used for the extrapolation. 

On the other hand, experiments carried out at high 
power levels enable the observation of oscillatory 
components as defined in eq. [19]. This in turn might 
be used to measure B,. 

( a )  Measurements of B,  
As shown in Fig. 2 oscillatory components began 

to be visible at power 0.8 mW and higher. However, 
since the experimental traces at high power cannot be 
simulated satisfactorily without a detailed correla- 
tion to 7, a different approach to determine B ,  was 
undertaken. 

From eq. [19] it is seen that the oscillatory fre- 
quency R depends upon o, only when o, >> 
(1/4)(R, - R,)'. If we define T to be the oscillation 
period (T = 2.n/Q), then 

Using this equation the values obtained for B, are 
shown in Fig. 3, and the solid line represents eq. [23] : 

where P is the power level read from the spectrom- 
eter dial. The B, values obtained in this manner give 
a good fit between the calculated and experimental 
traces over the entire power range (0.25 to 12.5 mW). 

(b)  Signal Amplitude at High Power 
In many of our experiments the assumption 

m" = 0 is valid and the signal amplitude at high 
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FIG. 3. The plot of B, as calculated from the osci!lation 
perlod versus the square root of microwave power level P as 
read from the spectrometer dial. 

power in eq. [20] can be written as 

[24] h ( t )  = [(o, r n O ) / R ~ ]  [(Rr cos Rt 

- (1 - Rz) sin Rt)eCRt - ate-'I"] 

While the shape of [24] is dependent on R,, Q, and 
-1, the signal amplitude is proportional only to w, 
directly. 

The variation of the signal amplitude with B,  is 
shown in Fig. 4. Below the saturation point 

- 
BI = ( ~ I ? I ) ( ~ I  JTiT2) 

which is indicated by the arrow in Fig. 4, signal 
amplitude is approximately linear in B!.  As B,  
increases above this point, Q grows and the maximum 
signal occurs faster. With a slower response time the 
signal therefore decreases at higher B, since the 
observation cannot follow the faster oscillation. 
With a fast response spectrometer the signal will 
continue to grow but levels off when o, >> R. 
Finally in the limit T << vv,-' << T I ,  T2,  the maxi- 
mum signal is equal to m'. 

( c )  Measurements of T ,  
At very low power, i.e. m12 << (1/4)(R2 - R ~ ) , ,  

h , 2  are approximately equal to -R, , ,  T w12 +- 
( R ,  - R, )  and the signal decay is dominated by T ,  
(for T ,  > t). Since the Varian E3 is not equipped 
with a low-power operation configuration, the lowest 
B,  usable 1s about I5 mG and the extrapolation to 
B,  = 0 only provides an estirnate of T ,  (10). 

To analyze the experimental data we define an 

FIG. 4. The signal amplitude expressed as the ratio of 
h,,,/nzo plotted as a function of B,. 

effective decay time T,,, as equal to l / R  and it is the 
decay time of the total magnetization. We also define 
an apparent decay time Tap, which is obtained from 
the analysis of the experimental trace assuming it 
being exponential. The difference between T,,, and 
Tap, arises from the response time variation and the 
osc~llations. In many of our quinone experiments 
T, > T,. Thus, if o, > (1/2)T2-l,  T,,, will be in- 
dependent of the power but Tap, will vary with 
the power. By extrapolation from B,  = 15 mG 
to B,  = 0, we have in fact reached the limit 
Tefr = Tap,. 

Measurements of T I  of Seinibenzoquirlone Radicals 
and Radical Anions 

( a )  The Neutral Semiquinone Radicals 
The following semibenzoquinone radlcals were 

generated in the laser flash photolysis of their parent 
quinones in the presence of 0.5 A4 phenol in a solvent 
50% isopropanol in toluene at 10°C: semibenzo- 
quinone, semitetrachlorobenzoquinone, and semi- 
duroquinone. Each rad~cal was studled at various 
microwave power levels ranging from 0.25 to 1.3 mW, 
and the apparent decay time Tap, was obtained from 
each of the decay traces. The reciprocals of these 
Tap, were plotted as a function of the power and 
extrapolated to zero power to obtain the estimated 
T ,  (Fig. 5).  

(b)  The Semiquinone Radical Anions 
The same three quinones were photoreduced 

by 0.5 M triethylamine in the same solvent at the 
same temperature. The CIDEP of each of the radical 
anions was studied over the same microwave power 
range and the T ,  was obtained by the same analysis 
and method as in (0). For each of the three different 
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DEBOER ET AL.  2977 

A Any analysis of the time evolution profiles using 
modulated spectrometers must therefore iilvolve the 
analysis of the response time in details. Using dc 
detection method with spectrometers having an 
intrinsic response time less than 300 ns, T, of the 
transient radicals can be estimated by the extrapola- 
tion to zero power method, provided that the 
response time is known to be approximately constant 
over the range of power used. 

Acknowledgments 

FIG. 5. The  plot of l/T,,, as a function of microwave power. 
A : Semibenzoquinone radical ; 0 : semitetrachlorobenzo- 
quinone radical; and  0: semiduroquinone radical. T h e  
estimated TI extrapolated t o  zero power are 2.2 ps for  semi- 
benzoquinone; 2.7 ps for sem~tetrachlorobenzoquinone; a n d  
3.2 ws for semiduroquinone, all a t  10-C and  in 50% isopro- 
panol/toluene solvent. 

quinones in the same solvent at the same tempera- 
ture, we found that there is no significant difference 
outside experimental errors between the TI  of the 
neutral radical and the radical anion. In the deveiop- 
lnent of the slow response semi-steady-state CIDEP 
method using a rotating sector (16), we have made 
some assumptions by using the literature TI  values 
for semibenzoquinoile radical anions for the neutral 
radical systems. The present experiments support 
such assumptions and the T I  values of the semi- 
quinone radical anions measured here by the tirne- 
resolved CIDEP method agree quite well with those 
reported in literature using saturation method (19). 
It also establishes that TI has the same value when 
measured at  different hyperfine fieids (20). 

Conclusions 

The importatlce of proper treatment of the 
response time in the application of time-resolved 
CIDEP observations to the measurements of T I  is 
demonstrated in detail by comparing the theoretical 
treatment with the experimental analysis. With 
spectrolneters using either 100 kHz or 2 MHz 
modulation the intrinsic response time is longer than 
800 ns (and much higher with 100 kHz modulation). 
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The reaction of ethyl 3,4,6-tri-O-acetyl-2-amin0-2~deo~y-~=a-g1u~o~ide in acetone 
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BRIAN CAPON, CECILIA LABBE, and DAVID S. RYCROFT. Can. J. Chem. 57,2978(1979). 
It is shown by lH and I3C nmr spectroscopy that ethyl 3,4,6-tri-O-acetyl-2-amino-2-deoxy- 

P-D-glucoside reacts in acetone to yield a Schiff base, not the hemiorthoamide proposed 
previously. 

BRIAN CAPOY, CECILIA LABFJE et DAVID S. RYCROFT. Can. J. Chem. 57.2978 (1979) 
On a determine par la resonance magnetique du lH et du 13C que le tri-0-acetyl-3,4,6 

amino-2 deoxy-2-p-D-ethylglucoside rCagit dans l'acbtone pour donner une base de Schiff et 
non I'htmiorthoarnide propos6 anterieurement. 

[Traduit par le journal] 

It was reported in 1970 (1) that ethyl 3,4,6-tri-0- 
acetyl-2-amino-2-deoxy-P-D-glucoside (1) reacts in 
acetone solution to yield a compound (2) with a 
hemiorthoam~de structure. In view of our interest in 
tetrahedral intermediates (2) and in the expected 
instability of hemiorthoamides (3, 4) we have re- 
investigated this reaction. The optical rotation of a 
solution of ethyl 3,4,6-tri-O-acetyl-2-amino-2-deoxy- 
p-D-glucoside in acetone changed in a similar manner 
to  that reported previously (1, 5)  ([or], - 1.67 (1 min) 
-, -31.72") and on workup as described previously 
(1) a product with the same 'H nmr spectrum as 
reported previously was obtained (cf. Fig. 2, ref. 1). 
In this spectrum it was proposed ( I )  that the two 
signals at 6 = ca. 1.90 separated by ca. 2 Hz were the 
signals of the methyl of the orthoamide group of 2 
which was a doublet because of spin-spin coupling 
with the NPI proton. However in our hands the 
separation of these two signals was approximately 
513 times greater when the spectrum was run at 
100 MHz (4.8 Hz) than when it was run at 60 MHz 
(2.8 Hz) and approximately 312 times greater when it 
was run at 90 MHz (3.9 Hz). We therefore conclude 
that the two signals arise from a difference in chemi- 
cal shift and not from spin-spin splitting. This 
conclusion is supported by the effect on the spectrum 
of shaking with deuterium oxide. In our hands this 
led to a loss of the NH signal (6 = ca. 1.60, variable) 
without any alteration of the two peaks at 6 = ca. 
1.90. However, these experiments are not inconsis- 
tent with structure 2 since two diastereoisomers, and 
hence two methyl signals, are possible. 

The reaction of B was investigated further in 
acetone-&. The optical rotation changed as in 
acetone ( [ E ] ~  = - 3.15 ( I  min) -+ - 32.5") and a 
similar product was isolated. The 'M nmr spectrum 
of this in CDCI, lacked the upfield peak at 6 = 
ca. 1.90 (1.89) but the downfield peak (6 = 1.94) was 

AcO 

NH2 

Me OH 

1 2 

~ e '  ~k ~e 

3 4 

unchanged. In addition the peak at 6 = 2.01 was of 
reduced intensity. It was therefore concluded that 1 
had reacted with acetone to produce a product in 
which there were signals at 6 = 1.89 and 2.01 which 
were derived from the acetone. The spectrum of the 
product from acetone-d, also lacked the signal at 
6 = 2.17 of acetone which was apparent in our spec- 
trum of the product from acetone-h, and in Fig. 2 of 
ref. 1. 

Better resolved spectra were obtained with solu- 
tions in acetonitrile-d,. The compound from 
GH,COCH, showed methyl signals at 6 = 1.84, 
1.88, 1.91, 1.95, and 2.01. In addition there were 
small peaks at 6 = 2.00 and 1.99 which corresponded 
to those of the starting material 1 (the third signal of 
1 occurs at 6 = 1.95 and overlaps with one of those 
of the product) and at F 2.08 which corresponded to 
that of acetone. The product from CD,COCD, 
lacks the signals at 6 = 1.84 and 1.91. 

Examination of the ethyl group triplet sf  the 
spectra in CD,CN (or CDCl,) (cf. Fig. 2, ref. 1) 
indicates that besides the main triplet (6 1.10, 

0008-40421791222978-03$0 I .00/0 
@ 1979 National Research Council of CanadaIConseil national de recherches du Canada 
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CD,CN; 1.16, CDC1,) there is a second triplet (6 
1.19, CD3CN; 1.28, CDCI,) of lower intensity which 
corresponds to the triplet of I. Since acetone is also 
present it is concluded that the product has partially 
decomposed in both solvents. When D,B was added 
to a solution in CD,CPJ of the product from % and 
CH,COCH, a spectrum was obtained that cor- 
responded to the sum of the spectra of the starting 
components. The best spectrum of the product was 
obtained in CD3COCD3 solution after ieaving at 
35°C for 18 b. This corresponded to ca. 90% con- 
version but after workup the spectrum taken 
immediately in CDCI, indicated that only ca. 8 0 7  
of the product was present, and on leaving, further 
decomposition took place. A more stable spectrum 
was obtained with solutions in CD,CN. 

The two most likely structures were considered to 
be a carbinolarnine 3 or a Schiff base 4. The latter 
structure is supported by the fact that the chemical 
shift of the proton at C2 moves do~nfield from 
6 = 2.7 to ca. 3.5 where it overlaps with the protons 
at C6, C5, and the CH, of the ethyl group to form a 
highly complex rnultiplet. Further support for the 
Schiff base structure comes from the 13C nnlr 
spectra (Table 1) and In particular the presence of a 
signal at 6 = 171.7 corresponding to a C=N group 
(the carbon of the C=N group of Me,C=NMe has 
F = 168(6)). This signal was not observed in the 
room temperature spectrum of the product from 
acetone-d,. However by running spectra at - 40°C so 
that SIN improvement was quicker and decomposi- 
tion slower a signal from the acetone-d, product was 

TABLE 1. l3C nuclear magnetic resonance chemi- 
cal shiftsG of ethyl 3,4,6-tri-0-acetyl-Lamino-2- 
deoxy-0-o-glucoside (1) and of the product of its 

reaction in acetone solution 

1 Product 

- - 

"IP ppm doanfield of lnternal Me$ for solutions In 
CD,CN at ca 25 C 

seen at 6 = 172.16 with ca. 25% of the height of the 
corresponding signal at 6 = 172.29 from the ace- 
tone-h, product. This loss in height arises partly 
because of spin-coupling to six deuterium nuclei 
giving an unresolved 13 line multiplet (j2Jc,l is 
expected (7) to be ca. 0.5-1 Hz) and partly because of 
the reduction in the nOe and increase in TI  atten- 
dant on neighbouring deuterium substitution. The 
geminal deuterium isotope effect on the chemical 
shift cannot be predicted as such effects hake re- 
ceived little study (8) and may be either positive or 
negative. The effect observed here is very small 
(- 0.13 ppm; cf. + 0.32 ppm for acetone-d6j. No 
signal for a quaternary carbon at 6 = 60-80 could be 
discerned which would be expected if the product 
had a carbinolamine structure 3. The slgnals of the 
methyl groups derived from the acetone, which occur 
at 6 = 29.4 and 19.5. are also absent in the spectrum 
of the product from CD,COCD,. The large dif- 
ference in chemical shift that they show is also con- 
sistent with the structure 4 (cf. 6 = 29.1 and 18.0 for 
Me,C-NMe (6)) but would be unexpected for 
structure 3. Significant di5erences in chemical shift 
in the spectra of 1 and the product were also found 
for the signals of C1, C2, and C3. Particularly note- 
worthy is the downfield shift of 8 ppm of the signal 
of C2. 

It is concluded that the change in optical rotation 
which occurs when 1 is dissolved in acetone arises 
from formation of the Schiff base 4, not of the 
hemiorthoamide 2. 

Experimental 
Proton nmr spectra were run at ambient probe temperature 

on Varian T60 (60MHz), Perkin Elmer R32 (90MHz), and 
Varian HA100 (100MHz) spectrometers. I3C nmr spectra 
with a digital resolution of 1.25Hz/data point were run on a 
Varian XLlOO spectrometer at 25.2 MHz in the pulsed FT 
mode. Off-resonance proton decoupled spectra were used to 
confirm assignments. Optical rotations were measured on a 
Perkin Elmer 141 polarimeter. 

Ethyl iri-~-acety~-2-amino-2-deoxy-~-~-glucopyr~noside (I) 
was allowed to react in acetone as described previously (I)  to 
yield a product with the same 'ti nrnr spectrum as reported 
previously (cf. Fig. 2, ref. 1). In CD3CN solution the follow- 
ing signals were present: 6 = 5.15 (t. J = 8.7 Hz, H3 or 
H4), 4.93 (t, J = 8.7 Hz, H4 or H3), 4.56 (d, J = 7.3 Hz, 
HI), 4.4-3.3 (complex multiplet M6, H5, H2, and CH3CH2), 
2.01, 1.95, 1.91, 1.88, 1.84 (s, CH,), and 1.10 (t, J = 7 Hz, 
CH3CNZ). A similar product was obtained from acetone-&; 
the 'M nmr spectrum was similar to that obtained from 
CH3COCH3 but no signals at 6 = 1.84 and 1.91 were present. 

We thank the U.K. Science Research Council for 
support 
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Quatesniaation and sodium borohydride seduction of 
N-(4-pyridylcarbonylamino)-B ,2,3,6-tetrahydropyridine. Synthesis sf 

N-amino- l,2,3,6-te$rahydroppridines 

K.  REDDA. L.  .4. CORLETO, A N D  E. E. I<NAUS' 
F(ic.illfy of Pilrir/t7cic.y cit~ti Phiii.vlcic cufic.ii1 S(.iolc.e.s. U~lii.c/..\iiy oj'Alhci.tii, E d / t ~ o t ~ t o ~ l .  AItii.. ('iirlciilri T66; 21V8 

Received May 16. 1979 

K. REDDA, L. A. CORLETO, and E. E. K ~ a u s .  Can. J .  Chem. 57.298i (1379). 
Reaction of N-(4-pyridylcarbonyiamino)-l,2,3,6-tetrahydropyridine (2r0 with methyl 

chioroformate afforded the quaternary salt 3a whereas reaction with methyi iodide gave a 
mixture of 3b and 6.  Sodium borohydride reduction of 3a using methanol at - 55°C gave the 
N-methoxycarbonyl-l,2-dihydropyridine 4a whereas reduction using ethanol at O ' C  gave the 
1,2,3,6-tetrahydropyridine 46. Reduction of 3b and 6 gave rise to a mixture of 4c and 9. Cata- 
lytic hydrogenation of 4b and 4c afforded the respective piperidyl derivatives 10 and 11. The 
pharmacological activities of the products are presented. 

K. REDDA, L. A. CORLETO et E. E. KIYAUS. Can. J. Chem. 57.2981 (1979) 
La reaction de la IV-(pyridylcarbonylamino-4) tttrahydro-1,2,3,6 pyridine (20) abet le 

chloroformate de methyle fournit le sel qilaternaire 30 tandis que la reaction avec I'iodure de 
mtthyle fournit un melange de 3b et de 6 .  La riduction de 3n par le borohydrure de sodium 
dans le methanol a -65'C conduit a la N-mCthoxycarbonyl dihydro-1,' pyridine 4a mais 
dans 1'Cthanol a 0°C on obtient le tetrahydro-1,2,3,6 pyridine 4b. La rtduction de 3b et de 6 
conduit a un melange de 4c et de7. L'hydrogCnation catzr!ylique de 4b et de 4c permet d'obtenir 
respectivement les derives piptridyles 10 et 11. On rappoite les propriCtCs pharmacologiques de 
ces produits. 

[Traduit par le journal] 

The sodium borohydride reduction of N-carbonyl- 
irninopyridinium ylides I is a facile procedure for the 
synthesis of I\.'-carbonylamino-l,2,3,6-tetrahydro- 
pyridines 2 (1). A broad spectrum pharmacological 

methanoi at  -65'C for 30 min affords the quater- 
nary salt 3a which on reduction with sodium boro- 
hydridealso at - 65"Cfor 3 hgave N- [4-(l-methoxycar- 
bonyl- 1 ,2-  dihydropyridyl)carbonylamino] - 1,2,3,6- 
tetrahydropyridine ($a, 40.5z) (3). On the other 
hand  he same reaction in ethanol at O'C gave 
N[4-(I -methoxycarbonyl- l,2,3,6-tetrahydropyridy1)- 
carbonylamino 1- 1,2,3,6-tetrahydropyridine (46, 
52.7z). Alternatively, reduction of 4a using sodium 
borohydride iri ethanol at  0°C also gave 4b (58.4%). 

Treatment of 2a with methyl iodide in nlethanol 
followed by sodium borohydride reduction at - 65°C 
afforded a mixture of 4c (23.7%), arising from the 
reduction of 3c and 7 (19. lz j .  The most plausible 

screen2 indicated that 2a-c exhibited analgesic and 
anti-inflainrnatory activities comparable to Aspirin Q + - NaBfl4 0 
and Hndometbacin respectively (2). It was therefore of I I I 

NM N H NH interest to determine what effect hydrogenation of 1 
the 4-pyridyl ring of 2a would have on pharmacolo- C=O 

I 
C=O 

I 
C=O 

gical activity. We now wish to describe the syntheses 4 4 I 
R 

and pharmacological activities of reduced pyridyl 
X - 4 

a ~ ~ a l o g s  of N-(4-pyridylcarbo~iy1an1ino)-1,2,3,6-tetra- 
bydropyridine (2a). R 1 .. R = EN-CO~M~ 

The reaction of 2a with methyl chloroformate in 2, 3 

rr R = C0,Me. X = CI- b R = e - C O 2 ? v f e  'To whom al! correspondence should be addressed. 
2The broad spectrum pharmacological screen was per- h R = M e . X = I -  

formed by Bio-Research Laboratories, Montrea!, P.Q. 

0008-4042/7912Z2981-05$0i . O W  
@ 1979 National Research Council of CanadaIConseil national d s  recherches dil Canada 
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N 
'i'7" = II 
C=O C-OH 
I c* \ 

OMe 

M e - N e C ! = N - N 3  

I - 
6 

\ 
OMe 

Me-N>L=N-N3 

7 

mechanism for the formation of 7 involved methyla- 
tion of the enolic tautomer 5 to give 6 which on sub- 
sequent reduction would yield 7. A similar O-methyl- 
ation reaction has been observed for N-carbonyl- 
iminopyridinium ylides (4). 

The mechanism for the reduction of pyridinium 
salts 3 and 6 likely involves attack by hydride anion 
at a carbon adjacent to the quaternary nitrogen to 
give the dienamine 8 which on protonation and sub- 
sequent reduction of the immonium species 9 would 
afford 4 or 7 (5). 

w HT M 

I I 

Catalytic hydrogenation of 46 and 4c using 
palladium on charcoal and hydrogen gas at 40 psi 
gave the saturated derivatives 18 (82.8%) and 11 
(97.6%) respectively. 

Reaction of isonipecotic acid hydrazide with 2,4- 
dinitrophenylpyridinium chloride, using the pro- 
cedure reported previousiy (I), gave N-(4-piperidyl- 
carbony1imino)pyridinium ylide 12 (10.9%). Reduc- 
tion of 12 with sodium borohydride in ethanol at 
0°C for 4 h afforded N-(4-piperidylcarbony1amino)- 
1,2,3,6-tetrahydropyridine 13 (86%). 

The analgesic and anti-inflammatory activities 
of the N-aminocarbonyl-l,2,3,6-tetrahydropyridines 
were determined. 

The compounds were suspended in a solution of 
physiological saline and Tween 80 (TM] surfactant 
and administered subcutaneously (S.C.) to Swiss 
albino mice, before determining their analgesic 
activity in the phenylquinone writhing test according 
to the procedure of Collier (6). The analgesic activi- 
ties of the compounds tested are compared to Aspirin 
(TM) and Dextropropoxyphene (TM) as illustrated 
in Table 1. A compound causing a 30-50% reduction 
is considered to be slightly active whereas one causing 
a greater than 50% reduction in the number of writhes 
is an active analgesic agent. 

Anti-inflammatory activity was measured using 
the antagonism of carrageenan induced rat paw 
edema procedure of Winter (7). The compounds 
were administered subcutaneously to Sprague- 
Dawley rats and the anti-inflammatory activities 
compared to Indomethacin (TM) as shown in Table 
2. A compound causing a greater than 30% reduc- 
tion in edema is considered to be an active anti- 
inflammatory agent. 

Examination of the analgesic test results (Table 1) 
indicates that elaboration of the 4-pyridyl ring of 2a 
to a 1-methoxycarbonyl-l,2-dihydropyridyl ring 40 
enhances potency providing a compound with an 
improved dose-response. Reduction of 2a to the 
N-methoxycarbonyl-l,2,3,6-tetrahydropyridyl deri- 
vative 4b does not change activity whereas the closely 

TABLE 1. Analgesic activity of N-aminocarbonyl- 
1,2,3,6-tetrahydropyridines and piperidines tested 

Response 
Compound Dose (mg/kg) (% inhibition) 

I I I b=o b=o A=o PO 13 

Standards : 
Aspirin (TM) 

I W W 
Dextroprop- 

R oxyphene (TM) 
YActive. 
bSlightly active. 
CInactive. 
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related analog 4c exhibits some analgesic activity. 
The 0-methyl iminoether 7 was inactive which 
suggests the aminocarbonyl moiety is essential for 
analgesic activity. The fully hydrogenated analog 10 
of 40 and 4b exhibited slight activity. Replacement of 
the 4-pyridyl ring of 2a by a 4-piperidyl ring 13 
results in a decrease in activity but the compound is 
still considered to be an active analgesic. 

Elaboration of the 4-pyridyl ring of 2a to the 1- 
methoxycarbonyl-l,2-dihydropyridyl derivative 4a 
results in a small reduction in anti-inflammatory 
activity whereas conversion to the N-methoxycar- 
bonyl-l,2,3,6-tetrahydropyridyl derivative 46 pro- 
vides a slightly active anti-inflammatory agent (see 
Table 2). Replacement of the 4-pyridyl ring of 2a by 
the N-methyl-l,2,3,6-tetrahydropyridyl ring present 
in 4c and 7 or the piperidine ring in 13 provides in- 
active compounds. The observation that 4c causes a 
34% reduction in inflammation while 7 is totally 
inactive indicates that the carbonylamino moiety is 
essential for anti-inflammatory activity. The fully 
hydrogenated derivative 10 was found to be a slightly 
active anti-inflammatory agent. 

Other broad spectrum pharmacological screening 
results indicated that 4c inhibited passive cutaneous 
anaphylaxis in the rat and was found to be an active 
anti-anaphylactic agent according to the procedure of 
Goose (8). The N-methoxycarbonyl-1,Zdihydro- 
pyridyl derivative 4a provided a partial block of the 
response to histamine in the isolated Guinea pig 
ileum (9) and was considered to be a slightly active 
antihistaminic agent. None of the compounds pre- 
pared exhibited antidepressant, cardiovascular, or 
hypoglycemic activities. 

Experimental 
Melting points were determined with a Biichi capillary 

apparatus and are uncorrected. Nuclear magnetic resonance 
spectra were determined for solutions in deuterochloroform 

TABLE 2. Anti-inflammatory activity of N-aminocarbonyl- 
1,2,3,6-tetrahydropyridines and piperidines tested 

Response Response 
Dose (% inhibition) (% inhibition) 

Compound (mg/kg) 3 h  5 h  

2a 
4a 
46 
4c 
7 

10 
13 

Standard : 
Indomethacin 

(TM) 

with TMS as internal standard with a Varian EM-360A 
spectrometer. Infrared spectra (potassium bromide unless 
otherwise noted) were taken on a Unicam SP-I000 or Perkin 
Elmer 267 spectrometer. Mass spectra were measured with an 
AEI-MS-50 mass spectrometer and th- ,se exact mass measure- 
ments are used in lieu of elemental analyses. All of the prod- 
ucts described gave rise to a single spot on tlc using a solvent 
system less polar and more polar than the specific solvent 
system described for purification of the reaction mixture. No 
residue remained after combustion of the products. 

General Procedure 
A solution of methyl chloroformate (0.202 g, 2.15 mmol) in 

methanol (20 mL) was added dropwise with stirring to a solu- 
tion of 2a (0.21 8 g, 1.07 mmol) in methanol (20 mL) pre-cooled 
to - 65°C. The reaction was allowed to proceed for 30 min at 
- 65°C with stirring. Sodium borohydride (0.8 g) was added 
and the reaction was allowed to proceed for an additional 3 h 
at - 65-C. The reaction mixture was then poured onto crushed 
ice (125 mL) followed by gradual warming to room tempera- 
ture. Extraction with chloroform (200 mL), drying (sodium 
sulfate), and removal of solvent in vacuo gave a wh~te  solid 
which was purified by elution from a 2.5 cm x 20 cm silica gel 
column using ether (400 mL) to afford 4a (0.199 g, 70.5%); mp 
132-134'C; ir: 3200 (m, NH), 1710, and 1670 (s, CO) cm-';  
'H nmr 6 :  7.18 (s, lH,  NH, exchanges with deuterium oxide), 
6.84 (d(J5,6 = 8 Hz), lH ,  H-6 (dihydropyridine)), 6.20 
(d(JZS3 = 5 Hz) of d(J2.,3 = 5 Hz) of d(J3,, = 2 Hz), lH ,  
H-3 (dihydropyridine)), 6.00-5.61 (m, 2H, H-4, H-5 (tetra- 
hydropyridine)), 5.45 (d(J5,, = 8 Hz) of d(JSS5 = 2 Hz), lH,  
H-5 (dihydropyridine)), 4.51 (d(J2,3 = 5 Hz), 2H, H-2 (di- 
hydropyridine)), 3.80 (s, 3H, -CH3), 3.58-3.32 (m, 2H, H-6 
(tetrahydropyridine)), 3.08 (t(JZs3 = 6 Hz), 2H, H-2 (tetra- 
hydropyridine)), 2.52-2.08 (m, 2H, H-3 (tetrahydropyridine)). 
Exact mass calcd. for Cl3HI7N3Q3: 263.1270; found (high 
resolution ms): 263.1267. 

N-[4-  (I-Methoxycarbonyl-l,2,3,6-tetuahydropyridy) carbonyl- 
anzinol-1,2.3,6-tetvahydropyridine (4b) 

Method A 
A solution of methyl chloroformate (0.38 g, 4.02 mmol) was 

added dropwise to a solution 2a (0.40 g, 2.01 mmol) in 95% 
ethanol (40 mL) pre-cooled to -65°C and the reaction was 
allowed to proceed for 30 min at - 65°C with stirring. Sodium 
borohydride (0.25 g) was added at once and the reaction 
allowed to proceed for 4 h at 0°C prior to completion as 
described under the general procedure. The reaction product 
was then purified by elution from a 2.5 cm x 17 cm neutral 
alumina column with ethyl acetate (400mL) to give 4b 
(0.281 g, 52.7%); mp: 153-155°C; ir: 3180 (m, NH), 1715, and 
1675 (s, CQ) cm- ' ; '13 nmr 6 :  7.3-6.88 (m, lH ,  H-5 (N-tetra- 
hydropyridylcarbonyl)), 6.72 (s, lH ,  NH, exchanges with 
deuterium oxide), 6.0-5.48 (m, 2H, H-4, H-5 (N-aminotetra- 
hydropyridine)), 3.80 (s, 3H, -CH3), 3.80-3.32 (complex m, 
4H, H-6 (N-tetrahydropyridylcarbonyl), H-6 (N-aminotetra- 
hydropyridine)), 3.07 [t(J,,, = 6 Hz), 4H, H-2 (N-tetrahydro- 
pyridylcarbonyl), H-2 (N-aminotetrahydropyridine)), 2.50- 
1.70 (complex m, 4H, H-3 (N-tetrahydropyridylcarbonyl), 
H-3 (N-aminotetrahydropyridine)). Exact mass calcd. for 
Cl3HI9N3O3 : 265.1426; found (high resolution ms): 265.1429. 
Anal. calcd. for Cl3Hl9N3Q3: C 58.85, H 7.22, N 15.84; 
found: C 58.63, H 7.27, N 15.75. 

Method B 
To a solution of 4a (1.172 g, 4.46 mmol) in 95% ethanol 

(120 mL) pre-cooled to 0°C was added sodium borohydride 
(0.35 g). The reaction was allowed to proceed for 5 h at 0°C 

OActive. 
bSlightly active. 
=Inactive. 
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with continuous stirring and then completed as described 
under the general procedure. The reaction product was purified 
by elution from a 2.5 cm x 18 cm neutral alumina co!umn 
tlsing ethyi acetate (700 mL) to give 4b (0.69 g, 58.4%); mp: 
153-156'C; identical (ir) to the product prepzred under 
method A. 

N- [4- (I-Me tlzyl-l,2,3,6-tetral1ydropyrid~~l) carbonylamino]- 
1,2,3,6-tetrah~~dropyridine (4c) and N-[(1,2,3,6-Tetra- 
hydropyridyl) ]-C-n2ethoxy-C-[4-(I-i~retizyl-1,2,3,6-tetra- 
Izydropyridyl) Jazonzethine (7) 

Methyl iodide (10mL) was added to a solution of 2a 
(5.0 g, 24.6 mmol) in dry methylene chloride (120 mk). The 
reaction was allowed to proceed for 4 h with stirring at 25°C 
prior to refluxing for an additional 4 h. Removal of the solvent 
in cacuo afforded a hygroscopic intense yellovi solid which was 
dissolved in methanol (120 mL) and the solution cooled to 
- 65°C. Sodium borohydride (1.8 g) was added in one aliquot 
and the reaction was allowed to proceed for 4 h at -65°C 
prior to completion as described under the general procedure. 
The reaction mixture was chronlatographed using a 2.5 cm x 
18 cm neutral alumina column. Elution with ether-methanol 
(10: 1 v/v) (400 mL) gave 4c (1.289 g, 23.7% j; mp: 119-122"C, 
ir: 3200 (m, NH) and 1665 (s, CO) cm-' ; 'H nmr 6:  6.94 (s, 
IH ,  NH, exchanges with deuterium oxide), 6.52 (m, IH, H-5 
(N-methyltetrahydropyridine)), 6.00-5.44 (m, 2H, H-4, H-5 
(IV-aminotetrahydropyridine)), 3.72-3,33 (m, 2H, H-6 (IV- 
aminotetrahydropyridine)), 3.07 [t(JL,3 = 6 Hz), 4H, H-2 (N- 
aminotetrahydropyridine), H-6 (N-methyltetrahydropyridine)), 
2.63-2.08 (complex m, 6H, 11-3 (N-aminotetrahydropyridine), 
H-2, H-3 (N-methyltetrahydropyridine)), 2.38 (s, 3H, -CH,). 
Exact mass calcd. for C1,Hl,W30: 221.1 529; found (high 
resolution ms) : 221.1529. 

Further elution with ether-methanol (5: 1 vlv) (500 mk) gave 
a solid which was further purified by preparative tlc using 
twenty-four 20 cm x 20 cm silica gel GF 254 plates, 0.75 mm 
in thickness, with ethyl acetate - methanol (I : 1 v/v) as devel- 
opment solvent. Extraction with warm methanol (200 mL) of 
the fraction having R, 0.30 afforded 7 (0.987 g, 17.1%); mp: 
133-136°C; ir: 1655 (s, C=N) cm-'; 'H nmr 6: 6.55 (m, 1H, 
M-5 (N-methyltetrahydropyridine)), 6.2-5.5 (m, 2H, PI-4, H-5 
(N-aminotetrahydropyridine)), 4.5-4.1 (m, 2H, H-6 (IV-amino- 
tetrahydropyridine)), 4.10-3.65 (m, 3H, H-6 (N-methyltetra- 
hydropyridine)), 3.52 (s, 2H, -OCH3), 3.11 (t(J,,, = 5 Hz), 
2H, H-2 (Waminotetrahydropyridine)), 2.78-2.28 (complex m, 
6H, H-3 (N-aminotetrahydropyridine), H-2, H-3 (N-methyl- 
tetrahydropyridine)), 2.39 (s, 3H, -N-CH,). Exact mass 
calcd. for Cl,H,lN,O: 235.1684; found (high resolution 111s): 
235.1685. 

N- (l-.~ethoxycarbony[-4-p@eridyIcarbot1yla11zino)piperidine 
(10) 

Cata!ytic hydrogenation of 4b (1.572 g, 5.93 mmol) in 
methanol (120 mL) was effected using 10% palladium on char- 
coal (200 mg) and hydrogen gas at 40 psi for 12 h. The char- 
coal was removed by fiitration and the recovered charcoal 
washed with methanol (30 mk). Removal of the solvent in 
uacuo gave a product which was purified by elution from a 
2.5 cm x 20 cm neutral alumina column using ether-methanol 
(10: 1 vjv) (600 mE) to afford 10 (1.321 g, 82.8%); mp: 160- 
162'C; ir: 3220 (m, NH), 1695, and 1655 (s, CO) cm-'; 
'H nmr 6: 6.6 (s, IH, NH, exchanges with deuterium oxide), 
4.484.0 (m, 1H, N-4 (N-piperidylcarbonyl)), 3.75 (s, 3M, 
-OCH3), 3.35-2.0 (complex m, 8K, H-2, H-6 (N-piperidyl- 
carbonyl), PI-2, H-6 (N-aminopiperidine)), 2.0-1.22 (complex 
m, IOH, 11-3, H-5 (N-piperidylcarbonyl), H-3, W-4, H-5 

(N-aminopiperidine)). Exact mass calcd. for Cl3H23W303: 
269.1740; found (high resolution ms); 269.1744. 

N-(I-Methyl-4-p@eridylcnrbon~~lamino)p@eridine (11) 
Catalytic hydrogenation of 4c (0.163 g, 0.738 nmol) in 

methanol (60 mL) was carried out in the presence of 10% 
palladium on charcoal (40 mg) and hydrogen gas at 40 psi for 
12 h. The charcoal was removed by filtration and the recovered 
charcoal washed with methanol (30mL). Removal of the 
solvent in aacuo afforded 11 (0.162 g, 97.6%); mp: (171- 
174°C; ir: 3215 (m, NH) and 1655 (s, GO) cm-' ; 'H nmr 6: 
6.48 (s, IH, NH, exchanges with deuterium oxide), 3.70 (s, IH, 
H-4 (N-methylp~peridine)), 3.30-2.37 (complex m, 8H, H-2, 
H-6 (N-methylpiperidine), M-2, H-6 (N-aminopiperidine)), 
2.27 (s, 3H, -W-CH3), 2.10-1.15 (complex m, 10H, H-3, PI-5 
(N-methylpiperidine), H-3, H-4, H-5 (N-aminopiperidine). 
Exact mass calcd. for C1ZH23N30:  225.1840; found (high 
resolution ms) : 225.1840. 

W-(4-P~er.idylcarbonylimino)py,yriciini~otz Ylide (12) 
To an ice-cooled solution of 2,4-dinitropheny!pyridinium 

chloride (3.33 g, 11.8 mmol) in methanol (30 mL) was added 
dropwise isonipecotic acid hydrazide (1.68 g, 11.8 mmol) in 
methanol (30 mL) and then triethylamine (1.0 mL). The 
reaction mixture was allowed to stand at room temperature 
overnight. The solid which precipitated was filtered off and 
washed in succession with 60 mL each of methanol, water, 
methanol, and ether. A suspension of the solid obtained above 
in dioxane-water (4: 1) (200 mL) was heated under reflux for 
12 h to afford a clear solution. The solvent was removed in 
uacuo below 55"C, water was added to the residue and the 
insoluble material removed by filtration. The filtrate was con- 
centrated under reduced pressure to give 12. Chromatography 
on a neutral alumina column (2.5 cm x 26 cm) using ether- 
methanol (1:l v/v) (250inL) as eluant afforded pure 12 
(0.263 g, 10.9%); mp: 65-67'C; 'Hnmr6 :  8.5 (d(J2,3 = J5,, = 
6 Hz) of d(JzS4 = J4.6 = 1.5 HZ), 2H, H-2, H-6 (pyridinium)), 
7.72-8.4 (m, 3H, H-3, H-4, El-5 (pyridinium)), 1.4-3.3 (complex 
m, 9H, piperidyl hydrogens), 3.7 (broad s, 1H, NH, exchanges 
with deuterium oxide). Exact mass calcd. for Cl lH15N30:  
205.1 136; found (high resolution ms) : 205.1 134. 

N-(4-Piperidylcarbonylan~ino)-1,2,3,6-tetvahydropyridine (13) 
Sodium borohydride (50 mg) was added to a solution of 

95% ethanol (20mL) pre-cooled to 0-C. A solution of 12 
(0.11 g, 0.539 mmol) in 95% ethanol (20 mL) was added drop- 
wise during 20 min. After stirring for 4 h a t  O'C the reaction 
mixture was poured onto crushed ice (75 mL) and allowed to 
come to room temperature. Extraction with chloroform 
(4 x 40 mL), drying (NaSO,), and removal of the solvent in 
cncuo gave 13 as a white solid (97 mg, 86.5%); mp: 68-71°C; 
ir: 3200 (m, NH) and 1665 (s, CO) cm-'; 'H nmr 6:  5.7 (m, 
2H, 53-4, H-5 (tetrahydropyridine)), 4.2 (s, lPI, NH, exchanges 
with deuterium oxide), 1.4-3.8 (complex m, 15H, remaining 
tetrahydropyridyl and piperidyl hydrogens). Picrate deriva- 
tive; mp: 82'C. Atzal. calcd. for Cl1H1,N3O.picrate: 
C 46.58, H 5.06; found: C 46.36, H 5.02. 
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Binuclear palladium complexes of 3,s-disubstituted pyrazoles 

.I. POWELL' A K D  A. KUKSIS 
L ~ s h  Miller CllernicalLnhorcrturie~, Unicersity of Toronfo, Toronto, Ont., Cuniidtr M5S 1Al 
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J. POWELL and A. KUKSIS. Can. J. Chem. 57,2986 (1979) 
A series of binuclear palladium 3,5-disubstituted pyrazole complexes of the general for- 

mulation [(CH,. ,X,CO,)(~ZH)P~(~-~Z)]~ where pz = 3,s-dimethyl or 3,5-diphenylpyrazole, 
X = F, C!, Br, C6H,, n = 0-3, were prepared. These complexes are unique in that they con- 
tain both bridging pyrazolyl and monodentate pyrazoie groups. 

3. POWELL et A. KUKSIS. Can. J. Chem. 57.2986 (1979). 
On a prCparC une serie de complexes binuclkaires palladium-pyrazoles disubstitues en posi- 

tion 3 et 5 de formule genirale [(CH,..X,CO,)(pzH)Pd(p-pz)], ou pz = dimethyl-3,5 ou 
diphenyl-3,5 pyrazoles, X = F, Cl, Br, CsH, ,  n = 0-3. Ces complexes sont uniques par le fait 
qu'ils contiennent a la fois un pyrazole agissant comme pont et un pyrazole monodentate. 

[Traduit par le journal] 

Introduction metal or metalloid com~lexes have been published. 

Recently much effort has been devoted to the 
preparation of soluble transition metal complexes 
which may serve as models for metal surfaces (1). 
Bimetallic complexes in which two metals are held 
rigid and close together by bridging ligands are an 
obvious starting point for this study. 

Pyrazole is a thermally and hydrolytically very 
stable, white crystalline solid. As a ligand it coordi- 
nates to metals through the 2-N. When deprotonated, 
pyrazole becomes the pyrazolide ion which can 
coordinate through both nitrogens as an exobiden- 
tate ligand of C,, symmetry. 

Pyrazole Pyrazolide ion 

Coordination of the nitrogens to a single given metal 
is impossible because of molecular geometry and as 
a result metallocycles of general structure 1 are 
formed (2). 

"ref' 

I 
M =  Rh 
L =  co 

Since the appearance of Trofimenko's review (3) 
on the coordination chemistry of pyrazole-derived 
ligands in 1972, many papers reporting the synthesis 
of 2-monohaptopyrazole and 1,2-dihaptopyrazolide 

'To whom all correspondence should be addressed. 

In 1975 Coletta et al. (4) reported the synthesis of 
several compounds of the type fM(pyrazole),X,], 
where X = univalent anion = C1, Br, M = Pd or Pt, 
n = 2, 4, rn = 2. In 1971 Trofimenko (2) reported 
the reaction of 3,5-dimethylpyrazoiide ion with 
[n-CH,C(C,H,)CH,PdCl],. A colourless solid was 
isolated which on the basis of elemental analysis, 
'H nmr spectra, and molecular weight studies was 
assigned structure 11. Molecular models indicate the 
metallocycle ring to be in the puckered boat form 
rather than planar. Minghetti et al. reported the 
preparation of the trimeric gold(I) pyrazolide, 
[Au(p-C3N,H3)],, in 1979 (5). 

In this paper we report the preparation of a series 
of binuclear palladium 3,5-disubstituted pyrazole 
complexes believed to have structure 111. These com- 
plexes are unique in that they contain both bridging 
pyrazolyl and monodentate pyrazole groups. 

I11 
R =  CH3. X = F, C1, Br, n = 0-3 
R = C6Hj. X = CI. n = 0, 1 
R = H , n = O  

0008-40421791222986-05$0 1 .OQ/O 
@ 1979 National Research Council of CanadaIConseil national de recherches du Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



POWELL A N D  KUKSIS 

n - r  

FIG. 1. (a) The IH nmr spectrum of [(CH3C02)(3,5-dmpH)Pd(p-3,5-dmp)],, 1, CDCI, solution. (b) The 'H nmr spec- 
trum of [(CH3C02)(3,5-dppH)Pd(p-3,5-dpp)]2, 2 ,  in the region 6.10-6.35 ppm, CUCI, solution. The 2: 1 :  1 pattern for 
the 4-H pyrazole ring protons is more clearly resolved than in the 'H nmr spectrum of 1. (c) Treatment of the CDC1, solu- 
tion of 2 with D 2 0  results in the collapse of the 2:  1 : 1 splitting pattern of the 4-H pyrazole ring protons to two singlets of 
equal intensity. 

Results and Discussion are observed in the region 1.80-2.65 ppm (Fig. la). 
Addition of 3,5-dimethylpyrazole (3,5-DMP) to a Structures IPI and TV should be distinguishable on 

deep orange dichloromethane solution of palla- the basis of the number of peaks corresponding to 
dium(i1) acetate the 4-H on the 3,5-dimethylpyrazole ring. One would 

CH2C12 
expect to see two singlets in the ratio 2 :2  in the case 

P~(Q,ccH,), + 2 ( 3 , 5 - D ~ p )  pkyellow powder of structure III and three singlets in the ratio 2:  1 : 1 
1 in the case of structure IV. Two distinct peaks are 

yielded a yellow solution from which a yellow pow- Ry-fR RyifR Rybfn 
der, 1, was isolated. On the basis of 'H nmr, ir spec- ,N-N, ,N-N, ,N-N 
tra, and elemental analysis, a compound having H ~d ~d \H 
structure IHI is proposed, where R = CH,, n = 0, a CH,-,x,co~' 'N-N' \o~ccH~-,x, 
metallocycle, in which the ring is in the puckered R Jk-AR 
boat form rather than planar and the acetate groups IV 
are trans. Structure IV is however a possible alterna- R = CH,. X = F. CI. Br. 11 = 0-3 

R = C,H,. X = CI, n = 0. I tive. R =  H . n = O  
Both structures would be expected to show five 

methyl resonances of equal intensity in their 'H nmr observed in the region 5.20-5.80 ppm, a sharp singlet 
spectra and five sharp singlets in the ratio 1 : 1 : 1 : 1 : 1 of relative intensity 2 at 5.40 ppm and a broader, 
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and evaporated until solid began to appear-. A yellow powder 
was collected (0.94 g, 70% yield). The solid was reprecipitated 
from CH,Cl,,hexane. 

Bis!l,2-dihapto-3,5-diphenylpyrasolido) bi.~fncrtajo) bis(3,5- 
d ~ / ~ e n ~ ~ y r a z o / e j d @ n / / a d i u n z ( Z ~ ) ,  2 

Prepared as 1 using 3,5-diphenylpyrazole. 
Bis f l,Z-dii~apto-3,5-ditnethylpyrazo/ido) bis(tribi'ott70- 

acetaro) bis(3,5-dir~1ethylpyrazole)dipalladilcir1(II), 3 
To 0.17 g (0.24 mmol), 1, dissolved in dichloromethane was 

added 0.15 g (0.51 mmol) tribromoacetic acid. After stirring 
overnight, the solution was diluted with hexane and evaporated 
until solid began to appear. A yellow powder was collected 
(0.22g, 72% yield). The powder was reprecipitated from 
CH,CI2ihexane. 

Compounds 4-10 were prepared following the same proce- 
dure as that for compounds P and 3 using the corresponding 
pyrazole and carboxylic acid. 
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The photoinitiated isomerization and addition reactions of liquid 2-butenes in the presence 
of hydrogen sulfide 

FRAN~OIS-XAVIER GARNEAU A N D  IRENEUSZ SZCZEREK 
Utzi~.ci.siti ciir Qur'bcc 2 C/zicolrtit?li. DPport~ment des Sciences PUI.CS. C'/zi(.o~(fitlli ((;)UP.), C o t ~ c ~ d ~  G7H2Bl 

Received November 28. 1978' 

FR~NCOIS-XAVIER GARKEAU and IRENEUSZ SZCZEREK. Can. J .  Chem. 57.299! (i979). 
The near ultraviolet photolysis (h > 280 nm) of liquid cis-2-butene in the presence of hydro- 

gen sulfide was shown to result in isomerization and addition reactions. The former was mon- 
itored by the formation of trans-2-butene as a function of time and hydrogen sulfide concentra- 
tion. The latter was observed by the presence of s-butyl mercaptan and di-s-butyl sulfide as 
products. The total amount of addition products as well as the relative amounts of mercaptan 
and sulfide were determined as a function of time. Using the foregoing information the extent of 
the isomerization reaction was shown to be greater than that of the addition reaction during the 
course of the irradiation at  a concentration ratio of H,S/cis-2-butene equal to 0.15. 

It was also shown that hydrogen sulfide was a more effective sensitizer than s-butyl mercaptan 
and di-s-butyl sulfide but less effective than di-s-butyl disulfide in the isomerization of liquid 
cis-2-butene. The extent of isomerization and addition reactions were shown to be greater 
starting with cis-2-butene than with trans-2-butene in the presence of hydrogen sulfide. 

FRANCOIS-XAVIER GARNEAU et IRENEUSZ SZCZEREK. Can. J .  Chem. 57.2991 (1979). 
Des reactions d'isomerisation et d'addition ont ete observees lors de la photolyse dans le 

proche uv (?, z 280 nm) du cis-butene-2 avec le sulfure d'hydrogene en phase liquide. L'iso- 
merisation a ete suivie par la formation du trans-butene-2 en fonction du temps et de la con- 
centration du sulfure d'hydrogene. La formation du ~nercaptan de butyl-secondaire et du 
sulfure de di-butyl-secondaire comme produits temoigne d'une reaction d'addition. Les quan- 
tites totales des produits d'addition ainsi que leur quantite relative ont ete mesurees en fonction 
du temps. A I'aide de ces donnees, nous avons rnontrt que i'etendue de la rtaction d'isomerisa- 
tion est plus importante que celle de la reaction d'addition au cours de la photoiyse avec un 
rapport de concentration H,S/cis-butene-2 egal a 0.15. 

En outre, le sulfure a'hydrogene s'est avere un sensibilisateur plus efficace que ie mercaptan 
de butyi-secondaire et le sulfure de di-butyi-secondaire mais moins efficace que le disulfure du 
dibutyl-secondaire dans l'isomerisation du cis-butene-2 liquide. Les reactions d'isomerisation 
et d'addition sont plus rapides en partant avec le cis-butene-2 que le trans-butene-2 en presence 
du sulfure d'hydrogene. 

Introduction 

The photoinitiated reactions of sulfur compounds 
with olefins has been the subject of a large number 
of studies (1).  Initially most of the work reported 
was concerned with the addition reactions of sulfur 
compounds such as hydrogen sulfide, mercaptans, 
and disulfides with olefins (2). In these cases fairly 
high concentrations of the sulfur corripounds were 
used. Subsequently, i t  was observed that an  impor- 
tant isomerizat~on reaction occurred wlth olefins 
whose structures permitted the existence of cis and 
trans isomers (3). The abstraction of hydrogen atoms 
by thiyl radicals has also been reported (4). 

Collin et aJ. have shown that hydrogen sulfide and 
mercaptans are indeed very effective sensitizers of 
isomerization (no addition products were detected) 
in the far uv gas phase photolysis (5) and, when in low 
concentrations of hydrogen sulfide, in the liquid 
phase radiolysis and photolysis of cis- and trans-2- 

'Revision received July 3 1 ,  1979. 

butene (6). In this paper we report the details of our 
study 011 the near uv (A > 280 nm) liquid phase 
photolysis of ris- and trans-2-butene in the presence 
of low concenrrations of hydrogen sulfide and to a 
comparison of the extent of isomerization and addi- 
tion reactions. 

Experimental 
Chet?iicals 

cis-2-Butene (99.5%), ticins-2-butene (99.0%), hydrogen 
sulfide (99.5%), and isobutylene (99.8%) (Matheson of Canada 
Ltd.) were used as received after being degassed, cis-2-Butene 
contained truils-2-butene (0.50%) and 1,3-butadiene 1- 110 
ppm). fram-2-Butene contained cis-2-butene (0.35%) and 
1,3-butadiene (z 210 ppn~) .  s-Butyl mercaptan (bp 84-85"C), 
di-s-butyl sulfide (bp 160-162'C), and di-s-butyl disulfide (bp 
92-94'C/8 mm) were prepared using the methods described 
by Vogel (7). Trichloroacetyl isocyanate (Eastman Kodak) 
was used as received. 

Appara firs 
The light source was a Nanovia 450 W high pressure mer- 

cury-vapor lamp. The samples were prepared in a Pyrex tube 
fitted wzith a high-vacuum stopcock using a mechanical - oil 

0008-4042179122299 1 -05$01.00/0 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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diffusion pump system with Teflon stopcocks which was cap- 
able of maintaining a vacuum of about l W 5  mni mercury. 
Pressure measurements were made using a nietallic meinbrane 
nianometer (Wallace and Tiernan). The gaseous samples were 
iiquified in the tube using liquid nitrogei~. The liquid occupied 
from 50-75z of the volume of the tube. Only the liquid phase 
was irradiated. 

The irradiations were carried out at room temperature 
(20'C). Based on the number of moles of cis-2-butene and 
hydrogen s~~lf ide  introduced into the tube, the volumes of the 
liquid and gas phases, and the total pressure of the mixture 
measured at 20 C, the quantity of hydrogen sulfide in the 
liquid phase is estimated to be equal to or slightly greater than 
90% of the amount added to the tube. 

A~tulj~sis  
The isomerization of cis- and rrati,r-7-butene was followcd 

by gas chromatography using a 1.5 ni x 2.3 min id ?I-octane1 
Porasii C "Durapak" colurnn and a hydrogen fjan~e ionization 
detector. - 

I he presence of hydrogen sulfide after photolysis was de- 
tectec! by the formation of a black precipitate (PbS) Lvith lead 
acetate and by the forniation of sulfur on reaction with a solu- 
tion of iodine and potassium iodide. 

The extent of the addition reaction in the cis- and ri.at?s-2- 
b~iienes with hydrogeii sulfide system was foiiov.ed by the dis- 
appearance of the hydrogen sulfide. The !atter.was determined 
by cooling !he reaciiori mixlure in ari icebath and allowing thc 
hydrogen suifit-le and the 2-hutene to pass into a standard 
acidified iodine - potassicin iodide solution (the 2-butene did 
not react with the MI, solution undcr our conditions). Thc 
excess iodine was then titrated with a standard sodium thio- 
sulfate solution. 

The rho addition products were obtained on e~aporation 
of the gaseous buienes and hydrogen suifidc and were sepa- 
rated Eroiii each other by treatinent ~ i t h  aqueous sodiuni 
hydroxide followed by extraction. They were purified by frac- 
tional distillation and were identified by comparison with 
authentic materials. The structure of the mercaptan was con- 
lirrned by the teclrnique of Butler and M~ae!ier (8). .& very small 
amount (- 0.01% of the addition product mixture) of another 
substance was detected by gas chromatography and its reten- 
tion time corresponded to that of di-.F-bu.ty! disuifide, a possible 
product in our reaction system. 

The variations in the relative amoufits of the mersaptan and 
sulfide fornied on irradiation ,:,.ere followed by gas chroma- 
tography using 2 m silicone guiri 10% UC-W9X ceiuii~n and a 
hydrogen flame ionization detector. 

Results and Discossiol~ 

An exam!nat;on of the reaction mixture resulting 
from the llqia~d-phase photolys~s (h  > 280 nlii) of 
cis-2-butene arid 15% hydrogen suliide showed the 
presence of cis- arid trans-2-butenes. s-butyl mersap- 
tan, dl-S-butyi sulfide, and u~zreacted hydrogen 
sulfide. 

Isomrrizatiotz Reaction 
The iso~iierization of cis-2-butene in the preseilce 

of hydrogen sulfide was fo!lswed by the variation 
of the tri/ns,/(cis + t ra i~s )  ratio as a functiort of time 
(Fig. I). The isornerization to trans-2-butene occurred 
rapidly in the initial stages of the photolysis but then 

I 
RSSR 

TIME QF IRRADIATION ( n i n  1 

FIG. 1. Photolysis of cis-2-butene in the presence of 15% of 
various sulfur compounds: x , di-s-butyl disulfide; 0, hpdro- 
gen sulfide; A, 5-butyl mercaptari; 0, di-s-butyl sulfide. Thc 
variation of the trans,'(cis + traits) ratio vs. the irradiation 
time. R = s-butyl. 

785 trans and 30; cis was approached. All increase 
In the relatlviz concentration of hydrogen sulfide to 
cis-2-butene was observed to lead to a corresponding 
increase in the amount of trans-2-butene formed 
(Fig. 2). A coilcentratioil ratio of H,S/ris-C,H, of 
0.35 led to the equilibrium jnixture in 15 1?iii1 of 
irradiation compared ro about 40 min v;ith 0.15 
concentration ratio (Fig. 1) .  That the equiiibriurr. 
stale is reached more rapidly at  higher hydrogen sul- 
fide concentrations is clearly shown in Fig. 3 and 
would be due to an increase of absorption of light by 
hydrogen sulfide. I t  is unlikeiy that the isomerization 
is due to a photosensitization by the triplet stare of 
hydrogen sulfide for the fcllowing reasons: (!) I I ) ~ ~ I . Q -  
gen sulfide is not known to be a good triplet sensitizer 
of the isomerizatioli cis-tram of 2-butenes, ( 2 )  a 
~iiecharllsin vla the triplet state should lead to a 
photostationary ratlo clore to 1.0 based on the 
trends observed In prevlolis s tud~es  and the trlplel 
energy of hydrogen sulfide, 6, = 133 ltcaI/mol f ? 0. 

FIG. 2. Photoiysis of ci.r-2-butme in the presence of hydro- 
gen suifide. The ~wiaiicrn of the rrairs;(cis + truils) ratio vs. 
hydrogen sulfide concentratior?. Irradiation time 15 min. decreased ~n rate as an equilibrium mixture of ca 
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TIME OF IRRADIATION ( h )  

FIG. 3. Photolysis of cis- and trans-2-butene in the presence 
of hydrogen sulfide. The variation of the trans,'(cis + trans) 
ratio vs. irradiation time at one concentration ratio (0.15) of 
hydrogen sulfide (@) in the trclns-2-butene system and at three 
concei~tration ratios of hydrogen su!fide in the cis-2-butene 
system: E, 0.15; A, 0.036; 0, 0.014. 

11). and (3) even t l~ough no actinometry was carried 
out, the !arge arnount of trans isomer formed in our 
system is indicative of a high quantum yield (> 10) 
as would be the case in a chain process but would not 
be the case in a process involving triplet sensitization. 
Additiorz Reacrioti 

The isomerizatien reaction was accompanied by 
an addition reactioii as shown by the formation of 
s-butyl mercaptan and di-s-butyl sulfide as the main 
products. These two compounds a.re presumably 
forrned by the addition via thiyl radicals of hydrogen 
sulfide and mercaptan respectively to the 2-butenes. 
The extent of the addition reaction %as determined 
by following the disappearance of hydrogen sulfide 
as a function of time (Fig. 4). As in the isornerization 
reaction, the addition occurred rapidly in the early 

0 80 20 50 46 50 60 70 80 90 fOQ 110 
TIME OF IRRADIATION ( min 1 

FIG. 4, Photolysis of cis- and trans-2-butene in  the presence 
of 15% hydrogen sulfide. The variation of the % addition reac- 
tion (% hydrogen sulfide reacted) vs. the irradiation time (rnin). 

stages of the photolysis and then tapered off' on con- 
tinued irradiation and in the presence of decreasing 
quantities of hydrogen sulfide. After 2 h of irradia- 
tion, about 87;; of the hydrogen sulfide had disap- 
peared from the reaction system. 

The relative quantities of the two main addition 
products were determined as a function of the time 
of irradiation for the reaction systems hydrogen sul- 
lide + cis-2-butene and .c-buty! mercaptan + cis-2- 
butene (Fig. 5). The levelling off of the ratio RSHI 
(P,SH + RSR) with increasing tirne of irradiation in- 
dicates that the mercaptan (RSH) can arise at  least in 
part by a secondary pathway. At least two explana- 
tions may be suggested for the initial decrease of 
the s-butyl mercaptan (RSH): on the one hand it may 
absorb the light and decompose to RS + M or 
R + SH (I), and in addition it may participate in a 
(some) reaction(s) of the type 

It should be noted that the lowel curve (RSH + 
c1~-2-butene cystem) i ep rese~ t s  experlmentc \+here 
the mercaptan was added to the buteile Thus thrs 
lower curve shows its subsequent transformat~on to 
sulfide The upper curve corresponds to experrnents 
where hydrogen sulfide vvas the  added s ~ l f h i  com- 
pound In  t h ~ s  case WSH the inelcaptan is a pi oduct. 

Thc Radica! Nature ofi!lr Rractictls 
The radical nature of the !sonlerization and addi- 

tion reactions was shown in the following manner: 
( 1 )  The absence of isomerizatiol~ and addition 

products when a small amount of oxygen. a well- 
known radical scavenger, was introduced. 

(2)  The i~c rease  in the rate of isomerization on 
addition of acetone jH,Sjacetone: ! / I ) .  After 5 mill 
irradiation, the iran.r/(cis + iratzs) ratio was 0.63 and 

TIME OF IRRWDIATiOhl t min ) 

FIG. 5. Photolysis of cis-2-butene in the presence of 157; 
hydrogen sulfide (0) and 15% s-bury: mercaptan (A). The 
variation of the rnercaptan,(mercaptan t sulfide) ratio vs. tbe 
irradiation time (mim). X = i.-butyl. 
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TABLE 1 .  A cornparison of the photoinitiated isomerization and addition reactions of hydrogen sulfide with 
cis-2-butene in the liquid phase" 

% of Amount of Amount of 
Irradiation Amount of trans-2- butenes trans-2- 

time H,S reacted butene RSHb remaining butene lsomerization 
(min) (mmol) formed RSH + RSR (mmolj (mmol) Addition 

5 0.20 32 0.70 6 .40 2.05 10.25 
10 0.26 46 0 .64 6.30 2.90 11.15 
20 0.42 57 0.50 6 ,03  3.44 8.19 
3 5 0.51 66 0.45 5 .87 3.87 7.59 
60 0.75 71 0 .45 5 .50 3.91 5.21 

"1 mmol of hydrogen sulfide and  6.66 mmol of ci.5-2-butene. 
$R = s-butyl. 

the equilibrium value was reached after 10 min as 
compared to 40 min in the absence of acetone. This 
can be explained by the more eficient production of 
HS radicals due to the greater absorptron coefficient 
of acetone which leads to an increase in the formation 
of methyl radicals in the following manner: 

The photostationary ratio of 2.3 observed i n  our 
system would militate against acetone triplet sensiti- 
zation as the only mechanism of isornerization al- 
though its partial involvement cannot be excluded (12). 

(3) The formation of isobutylsirlfide (identified by 
its nmr spectrum) as the only addition product in the 
photolysis of liquid isobutylene in the presence of 
hydrogen sulfide under the same conditions. An 
ionic mechanism would have resulted in the forma- 
tion of trrt-butylsulfide, the Markownikoff addition 
product ( I ,  2). 

injuence a/ Additiccs 
As the addition products were formed during the 

course of the iscmerization reaction? the influence 
of the former on the latter was compared to the 
reaction with hydrogen sulfide (Fig. 1). As expected, 
considering the dissociation energies of the bonds 
involved and the absorption coefficients of the corn- 
pounds (9), the disulfide proved to be the most effec- 
tive sensitizer for the isomerization reaction under 
our conditions. s-Butyl mercaptan was slightly less 
effective than H,S and the sulfide was the poorest 
sensitizer of the compounds studied. 

Photolysis of trans-2-Butene 
The isomerization and addition reactions of trans- 

2-butene with hydrogen sulfide were examined as a 
function of time (Figs. 3 and 4). As in the case of the 
radiolysis of liquid trans-2-butene (6), isomerization 
occurred at  a slower rate than that of cis-2-butene. 
A similar situation was observed in the case of the 
addition reaction (Fig. 4). 

The presence of a larger quantity of 1,3-butadiene 
as an  impurity in the trans as compared to the cis 
does not appear to explain the difference in the rate 
of isoinerization as the introduction of lnaleic anhy- 
dride, an  often used dienophiie in Diels-Alder reac- 
tions, to the trans + hydrogen sulfide system did 
not have any significant effect. The rate is either in- 
fluenced by the rotation barrier of the internlediate 
formed by the addition of the MS radical to the 
2-butene (13) or  the limiting step is rather the addi- 
tion itself of the thiyl radical to the 2-butene (5 ) .  

In regard to the addition reaction of trans-2- 
butene with hydrogen sulfide (Fig. 4), an essentially 
stationary situation was observed to prevail for 
approximately 1 h after the initial 10 min of irradia- 
tion followed by a gradual increase in the extent of 
addition. 
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Acid catalysis in the gas phase: dissociative proton transfer to formate and acetate esters 
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A. C. H O P K I ~ S O N ,  6. 1. MACKAY, and D. K. BOHME. Can. J .  Chem. 57.2996(1979). 
The flowing afierglow and selected ion f l o ~  tube techniques are ernployed in gas-phase 

measurements of the intrinsic kinetics of protonation of methyl forniate, n-propyl formate, 
ethyl acetate, and ,I-propyi acetate and subsequent fragmentation accordii~g to 

AH7 + RCOOR' -+ RCOO(R')Pt+ 4- A 
I 
k + R C O i  - R'OH 

~ R C O O H  R , ~  

with R = M and CH3, K' = CH,, C,I(,, and (CH2),CH,, and A = Hz, CH,, CO, and H,O. 
Protonation by the acids, A H L ,  with relative strengths spanning a range of 65 kcal niol-', is 
~bserved lo proceed extreinely rapidly with rate constants at 299 k 2 K encon~passingvaluesof 
2.9 to 8.5 x lo-' cm3 niolecule ' s - ' .  Fragmentation is obserted for HCOOCH, only with the 
sirongest acid, H 3 + ,  to produce CH,0H2 '. For HCOO(CH2),CH,; fragmentation is observed 
to produce C,Hi+ with H,O+, and also HCQOH,- with H , + .  kirtle fragmentation of 
CI-i3COOC2H5 occurs with H,Ot but with H,+ the n-~ajor produci is CW,COOH,+ with 
smaller amounts of CH,CO+ and C,IH,+. Proton transi'er froni H,O+ to CH3COO(CH,)2CH, 
results in coi~siderable dissociatioll to -form CH,COOH,+. The fragmentation of these esters is 
discussed iii rerins of known reaction energetics and in iernis of mechanisms for unimolecular 
acyl-oxygen, A,,[, and alkyl-oxygen, A,xil, fission often invoked for analogous reactions in 
solution as well as iiiodificatior~s of these mechanisms u.hich have been proposed in the context 
of recent gas.-phase measurenients. 

A. C. HOPI<IP\SON, 6. 1 .  MACKAY et D. K .  BON~ME. Can. J .  Chem. 57.2996 (1979). 
On a utilise les techniques de la lueur d'Ccoulenient et du  tube ecoulen~ent d'ions pour 

mesurer en phase gazeuse, la cinetique ii~irinseque de la protonation des forinates de methyle et 
de :i-propyle des acetates d'ethyle et de n-propyle suivi d'une fragmentation se produisant 
d'aprks le schema suivant : 

A H +  + RCOOR' -+ RCOO(R')Hi t A 

t: RCO+ + R'OH 

RCOOH t RJL 

dans lequel R = H el CH,, R' = CH,, C,H, et (CH,),CH,, et A = ti2, CH4, CO et H 2 0 .  
On a observe que la protonation par les acides AH+ ayant line Corce re1atit.e s'itendani sur iine 
echelle de 65 kcal mol-' est extr&rnement rapide avec une constante de vitesse a 299 t 2 K 
qui englobe des valeurs allant de 2.9 a 8.5 x lo-' ~ i 1 . i ~  mol~cule- '  s - ' .  On observe la [rag- 
menlation du CH,COOH qu'en presence de I'acide le plus fort, H,+,  et il se produit des 
CH30F12'-. La fragmentation CH3(CH2),COOH produit du C3M,- lors de la protonation par 
H 3 0 +  et kgalement du HCOOH, lors de la protonation par H ,+ .  I1 ne se produit que peu de 
fragmentation du CH,COOC2H, si 011 utilise H , 0 7  toutefois avec H3+ le produit principal 
est CH3COOH2' avec des quantites plus faibles de CH,CO-; et de C2H, + .  Le trai~sfert de 
proton de H 3 0 +  2 CId3(CH,),C00H conduit a une dissociation considCrable provoquant la 
formation de CH,COOH,+. On discute de la fragmentation de ces esters en termes des 
energies connues des reactions et en termec des mecanisines unimoleculaires de fission oxygene- 
acyle, A,,i , et oxygPne-alkyle A,,1 auxquels on fait souvent appel pour les reactions aiiaiogues 
en solutions ainsi qu'a des modifications de n~ecanisrnes yui cnt ete propasks dans le contexre 
de rnesures rtcentes en phase gazeuse. 

[Trad~iit par le journal] 

Introduction The flowing afterglow technique empioyed in these 
We have recelltly initiated an experimental inves"tgatisns allows the deliberate alteration of the 

program designed in a systema(ic manner, identity of AH' and thus the overall exothermicity of 

the kinetics of the gas-pbase fragmentation sf pro- this process (1). ei-is~ling fragmentation 

tonated rnolecla!es, BH +, which have been activated [ I n ]  [BH+]:# -, products 
by proton-trs;i~sfe;.r reactions of the type 

may thus be followed as a hnct ion of the degree of 
A H +  t B -+ j~13+;* + A chemical activation of BHf, at least to the extent to 

0008-40421791222996-09$0 1.0010 
01979 National Research Council of Canadaj'Conseil national de recherches du Canada 
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which changes in overall exothermicity alter the excess 
energy deposited in this ion.' En an  earlier study (3a) 
we reported the intrinsic kinetics of :he p r o t o n a t i o ~ ~  
of formic and acetic acid and the ensuing formation 
of acyliu~n ions according to dissociative protoil 
transfer of the type 

[2] AH-  + RCOOH -, [RCOOH2']" i- A 

[ZLI ]  L . R C O +  + H 2 0  

wlth R = H. CH,, and a c ~ d s  AHf  whose relatlve 
strengths spanned a range of 65 kcal ! n o l 1 .  These 
carboxyl~c acids are members of a larger group of 
moiecules of the type 

which, when protonated, Inay undergo heterolysis in 
one of two ways commonly invoked to explain their 
cleavage in concentrated acid solutions (4-6): uni- 
n~olecular acyl-oxygen fission, A,,1, according to 

or unimolecular alkyl-oxygen fission, A,,1, accord- 
ing to 

The preferred route of cleavage in solution appears to 
be sensitive to the nature of R'. In concentrated acid 
solution the esters of secondary and tertiary alcohols 
hydrolyse by the A,,I mechanism producing a 
carboxylic acid and a secondary or tertiary car- 
bonium ion. Esters of primary alcohols would 
produce the much !ess stable primary carbonium ions 
by this mechanism, and consequently cleave by the 
AA,l mechanisnl, except when the carbonium ion is 
stabilized by an adjacent electron-donatir~g group 
(e.g. pheiiyl or methoxy). 

The products s f  both A l  mechanisms have been 
obserked in the gas phase (7,8). The A,,I mechanism, 
although the less common in solution reactions, 
appears to predominate in the gas phase. Trio 
possible explanations of this change in behaviour are 
( i )  tlie A,,1 mechanism requires the energetically less 
accessible ether-protonated ester as ail intermediate 

employing a six membered cyclic transition state 
(reaction [6]) established experime~itally (7) by use of 
deuterium on the /3-carbon of the ether _group, does 
not require formation of the unstable primary car- 
boniuni ion. 

The previous gas phase studies ('7, 8) have em- 
ployed protonated hydrocarbons as the acid 
(CH ,I, C,H,+, t-C,H,+) to initiate the dissociative 
proton transfer of esters. Here we have used the 
acids AH"  = H,', CH,', HCOi-, and M,O+ which 
have exothermicities varying over a much wider 
range (65 kcal mol-') and \ve have studied, under the 
more controlled conditions of the flowing afterglow 
apparatus, tlie dissociation mechanisms ( [ 7 n ]  and 
Vbl)  

i71 A H -  + RCOOR' -. [RCOOR'H'] I A 

RCOOH L R'+ 

RCO T R'OW 

of some formate and acetate esters as a function of 
the excess energy provided in the proton transfer 
reaction. 

Experimental 
The majority of' the measurements were carried out in a 

hqdrogen buffer using a conventional flowing plasma mass- 
spectrometer (flowing afterglow) system which has been 
described previously (I:, A few of the measurements were 
carried out in a helium buffer with the apparatus in the 
Selected ion Flow Tube (SIFT) configuration modelled after 
the original design reported by Adams and Smith (1 I ) .  In this 
configuration a ditTerentially pumped quadrupole mass filter 
was interposed betweel: the ion production and reaction 
regions. Ions were extracted from the ion prodaction region 
through a 1 mni diameter orifice into the quadrupole Inass 
filter which conimunicated with the flow tube through a 5 mm 
diameter gas entrainment orifice. The ions were injected into 
the flow tube at ca. 40 eV and allowed to thermalize by collision 
at 299 i 2 K before they entered the reaction region 106 c n ~  
further downstrearn. This procedure eliminated ion types 
other than the reagent ion and the neutral reagent and buffer 
gas molecules from the reaction region. 

The ions were produced in hydrogen carrier gas in the usual 
manner according io reactions of the type 

(3, 101 and thus, -the absence of solvent, is clifficult \vith k = (2.4, + 0,5), (2.0 0,'$), and (4.3 I , , I )  10-9 cn,3 
i o  obtain or  (ii) that i s  the gas phase the internally  molecule-^ s - ~  for = sH,, CO, and H20, 
assisted A,, 1 mechanism, (unpublished results from this laboraiorr. refs. 13. 14). We 

have shown elsewhere that the protonationif co accot-nplished 
'For a flowing afterglow study of ihe fragmentation of in  this manner establishes the HCO+ and nni the COH* 

C H , N 0 2 H + ,  see ref. 2. isomer (i 3). 
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TABLE 1. Rate constants for proton transfer to methyl- and n-propyl formate and ethyl and n-propyl acetate at 299 i 2 K 

Reaction k" k,,ob AH2980C 

H 3 0 +  + HCOOCH, + HCOO(CH3)HC + HZ0 3 . 3 i 0 . 8  (3) 2.27 -22+5 

HCOL + HCOOCH, + HCOO(CH,)HC + CO 2 . 9 k 0 . 7  (8) 1.95 -4513  

CH5+ + HCOOCH, -t HCOO(CH,)H+ + CH4 4 .1+1 .0 (2 )  2.37 - 5 7 2 3  

H 3 +  + HCOOCH, + HCOO(CH3)H+ + Hz 7 , 3 1 2 . 2  (3) 5.11 - 8 7 i 3  

LCH~OH,' + co + I 5 1 5  

H,O+ + HCOO(CH,),CH, -t HCOO((CH2),CH3)H+ + Hz0 4 . 6 i  1 . 4  (2) 2.48 - 2 6 1 5  

L i - C 3 H 7 +  + HCOOH + 2 0 i 5  

H3+ + HCOO(CH2)2CH, + HCOO((CHz)zCH3)H+ + H2 8 . 5 k 2 . 6  (2) 5.77 - 9 1 1 3  

t= i-C3H7+ + HCOOH +20&5 

HCOOH,' + C3H6 +22+6  

H 3 0 +  + CM3COOC2H5 + CH3COO(C2H5)H+ + H,O 2 . 8 i 0 . 7  (3) 2.62 -29+4 

L c H , c o o H , y  + C2H, + 23 + 4 

H3+ + CH3COOC2H5 + CH3COO(C2H5)H+ + Hz 5 . 7 i  l . 4  (4) 6.09 - 9 4 i 3  

L CH,COOH,+ + C2H4 +23+4  

CH3CO+ + C,H50H +44+2  

C,H,+ + CH,COOH + 5 2 i 5  

H 3 0 '  + CH3COO(CH2)2CH3 -t CH3COO((CH2)2CH3)W + H20 3 . 8 i l . O  (3) 2.85 - 3 2 4  

LCH~COOH~+ + C3H6 + 2 5 i  4 

aThe measured reaction rate constant, k ,  1s given in units of cm3 molecule-' s- '  along wlth ~ t s  estimated accuracy and the number of measurements 
which is given in parentheses. 

*The collision rate constant in units of cm3 molecule-' s - '  calculated using the average-dipole-orientation theory (the= model) (ref. 16). Per- 
manent dipole moments were taken from ref. 12a. Mean polarizabilities of 5.90 A3 for HCOOCH3, 8.50 A3 for HCOO(CH2)2CH3 and CH,COOC2H,, and 
11.7 A3 for CH3COO(CH2)2CH3 were calculated from bond and group polarizabllities taken from ref. 12b. 

'Standard enthalpy change in kcal mol-I, PA(H2, CH,, CO, H 2 0 )  = 101 t 1, 131.5 ? 2.2, 143 t 1, and 166.4 1 2.4 kcal moi-I, respectively (ref. 
13). PA(HCpOCH3, HCOO(CH?)2CH3, CH3COOC2Hj, CH,COO(CH2)2CH,) =- 187.8 z 2, 191.6 2 2, 195.4 - 2. and 198 z 2 kcal mol-1 taken from 
ref. 18a. Auxiliary thermodynamic data were taken from ref. 186. 

The formates were added into the reaction region as vapors 
diluted to ca. 10% in helium. The determination of their flows 
required separate viscosity measurements (15). Reagent and 
product ions were monitored as a function of addition of the 
vapor in the range from 5 x to 5 x niTorr, at  total 
gas pressures, P, between 0.196 and 0.50 Torr, average gas 
velocities, C, in the range 7.6 to 8.6 x lo3 cm s ' ,  effective 
reaction lengths, L, of 48, 59, and 85 cm, and a gas tenipera- 
ture, T, of 299 k 2 K. Rate constants were determined in the 
usual manner (1). Branching ratios were obtained by computer 
fitting and inspection of observed variation in the reactant and 
product ion signals. This analysis (15) required a knowledge of 
the mass discrimination, m, between the various ion signals. 
When a reaction resulted in more than one product ion, t l r  had 
to be inferred from complementary studies performed under 
similar experimental conditions. The majority of the un- 
certainty in the branching ratios ( 2  20%) arose from the error 
associated with this method of determining the mass discrimi- 
nation. 

The gases used were hydrogen (Linde, Very Dry Grade, 
99.9504 HZ), methane (Matheson, Ultra High Purity, 99.9% 
CH4), helium (Linde, Prepurified Grade, 99.995% He), and 
carbon monoxide (Matheson, C.P. Grade, 99.5% CO). The 
vapors were derived from methyl formate and methyl acetate 
(both from BDH Chemicals), and n-propyl formate and n- 
propyl acetate (both from Chem. Service Media). The purities 
of the esters were checked by conventional gas chromato- 

graph - mass spectrometer assays and, when necessary, 
redistilled before use. 

Results and Discussion 

Kinetics of Proton Transfer and Product Distributions 
The rate constants measured in this study are 

listed in Table 1. All of these reactions were observed 
to be rapid with the rate constant, k, spanning a 
range in values from 2.8 to 8.5 x cm3 mole- 
cule-' s-'. As has been our previous experience with 
other similar systems, these values are systematically 
higher by - 50% than the values of the collision rate 
constants derived from the average-dipole-orienta- 
tion theory (16) (these are included in Table 1). The 
implications of such deviations have been discussed 
elsewhere (16, 17). 

For the reactions of H,Of, HCOf, and CH,' 
with methyl formate only one product ion (mle = 61) 
was observed. This ion was identified as protonated 
methyl formate. There was no measurable evidence 
for subsequent dissociation. In contrast, the reaction 
of H,' with methyl formate was observed to produce 
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HOPKINSON ET AL. 2999 

predominantly ( > 90%) CH,OH,+ which reacted 
further by proton transfer to establish HCOO- 
(CH,)H+ according to the reaction 

Figures 1 and 2 provide an  indication of the results 
obtained with n-propyl formate. H 3 0 f  reacted to 
produce considerable (-50%) amounts of C,H,+ 
and a small amount (-5%) of HCOOW,+. Both 
product ions reacted further with n-propyl formate by 
proton transfer to produce HCOO((CH,),CH3)Hf 
in addition to that amount which is produced 
directly by protonation with H 3 0 + .  Figure 2 shows 
that both dissociative channels increased in impor- 
tance with M3+ as the reactant ion, the C3H,+ and 
HCOOH, + ions being produced approximately in 
the ratio of 9 :  1.  The HCOO((CH,),CH,)H+ ap- 
peared to  be produced in this case entirely by 
secondary proton transfer reactions with the weaker 

FIG. 1. The variation it7 major positive ions observed upon 
the addition of n-propyl formate vapour into a flowing 
H20-H, plasma in which H 3 0 T  is initially the dominant ion. 
The decay of W ,O+ provides a rate constant of 4.2 x 1 0 '  cm3 
molecule-' s - ' .  T = 297 K ,  P = 0.363 Torr, F = 7.8 x 10" 
cn-i s -  ', and L = 45.9 cm. 

FIG. 2. The variation in major positive ions obser\ed upon 
the addition of n-propyl formate vapour into a flowing H i  
plasma in which H 3 +  is initially the dominant ion. The decay 
of El,+ provides a rate constant of 8.5 x l W 9  cm3 mole- 
cule-' s - ' .  T = 299 K, P = 0.296 Torr, c = 8.5 x lo3 c n ~  
s I ,  and L = 58.9 cm. 

second-generation acids C,H,+ and HCOOH,'. The 
subsequent reaction of HC0O((GH,),CH3)H+ is 
presumably due to 3-body association with n-propyl 
acetate. The product ion of this association reaction 
was outside the detection range of the mass spec- 
trometer used in this study. 

H,O+ was observed to react with ethyl acetate to 
produce primarily (> 90%) an ion ( n ~ l e  = 89) corre- 
sponding to protonated ethyl acetate. A concomitant 
but much smaller (< 10%) increase was observed in 
the signal of an  ion at  mle = 61, presumably 
CH,COOH,+, which was suggestive of a small 
dissociative proton transrer channel. In contrast, the 
results shown in Fig. 3 indicate that dissociative 
proton transfer predominates in the reaction of H,' 
with ethyl acetate. CH,COOH,+ has become the 
dominant product (-7'5%) and two additional 
products at  rnle = 29 and 43, identified as C,H,+ 
(-5%) and CH,COf (-20'53, were observed. The 
shape of the CH,COO(C,H,)H+ signal variation is 
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3600 C A N .  J .  CHEhl .  VOL. 57. 1973 

FIG. 3. The variation in the major poririce ions observed 
upon the addition of ethyl acetate vapour into a flowing H, 
plasma in which H,' is initially the dominant ion. The decay 
of H,+ provides a I-ate constant of 5.0 x lo-' cm3 mole- 
cule-' s - ' .  T = 296 K, P = 0.508 Torr, i7 = 7.7 x l0"ni 
s -  ' ,  and L = 46.9 cni. 

indicative of a secondary product arising entirely 
from proton transfer reactions with the second- 
geceration acids CH,COOH,+, C,H, + , and 
CH,CO+ . 

Finally, H 3 0 +  was observed to react with ir-propyl 
acetate to forin ions corresponding to CH,COOM,' 
and CH,COB((CK,)2CH,)Hf in approximately 
equal amounts. Both ions reacted further, pre- 
su~nabiy by proton transfer and 3-body association, 
respectively. 

Energetics and Mecl~anism cij' Di_rsoc/dfice Pi.ofo/~ 
Trar~sfer 

Available thermocheinical informrition enabled us 
to calculate the relative energies of most of the 
possible dissociation products of the two protonated 
formate esters and some of these are shown in 
Fig. 4. Many combinations of ions and molecules fall 
within the reaction exothermicities available from the 
protooation of the esters, particularly by H,', but, 
in order to simplify the diagram, only products not 
requiring exteilsive skeletal rearracgerrients have been 

included. For example, the dissociation of HCOO- 
(CH,)H' into CH,CO+ + H,O, whlch is only 
4 3 kcal i i ~ o i '  endothermic, has been excluded 
from Fig. 4. 

M ~ i h y l  Formafe 
The known energetics indicate that if the majority 

of the reaction exothermicity from the initial pro- 
tonation reaction is deposited in HCOO(CH3)Hf 
then, in the absence of any barrier to reaction, dis- 
sociation of this ion into C H 3 0 H 2 +  and CO should 
be energetically favorable regardless of which acid 
(H,', CH,', HCOf,  or H,Of)  performed the 
initial protonation., Other plausible reaction prud- 
ucts would become accessible with the acids CH,', 
viz. HCO' + CH,BH, and H3+,  viz. HCOf i- 
CW,OH and CH3& $- MCOOH. Experimentally, how- 
ever. only H,' produced measurable dissociation 
and even with this acid only the most stable products, 
CH30H,' + CO, were formed. The absence of 
HCOf + CH3BH in the dissociation by CH5+ and 
particularly H,' is somewhat surprising, as these 
species are expected to be formed initially by the 
A,4,1 fission of the C--0 bond of the methoxy- 
protonated tautolner. 

Also, the work of Pesheck and Butt1111 ( 7 )  has esta- 
biishcc that protonated lilethyl acetate dissociates by 
the A,,l mechan:sm to form the acetyl Ion and 
methanol Furthermore, previous obser~a t~ons  made 
111 this labo~story under s~rn~la r  operating cond~tlons 
indicated that In the dissoc~ative proton transfer 
reacflon of H,- with HCOOH both HCO+ + H,O, 
and H 3 0 T  + CO were produced with the folmer, the 
less stable, predomjnat~ng by a factor of approxl- 
~nately two ( 3 0 )  In t h ~ s  case the production of 
H,O- + CO f ~ o m  HCOOH2- which 15 analogous 
to the productloll of CH3eH,+  + CO from 
HCOO(CH,)HT, was viewed to proceed by A,,1 
cleavage accompanied by synchronous or nenl- 
synchronous transfer of a proton from the carbon 
atom to the developing water n~oiecule (3a) The 

'At the pressures employed in these measurements collisional 
stabilization of the excited product ions formed by the initial 
protonaiion reaction inay be important. The influence of the 
H, or He bath pressure an  rhe observed product spectrum was 
not investigated systematically in this study. 

3Sequential proton (deuteron) transfer within a reaction 
intermediate also has been illvoked recently to accountfor gas- 
phase observations of hydrogen-deuterium exchange reactions 
involving hydrogen-containing anions and weak acids s ~ ~ c h  as 
HZ0 (30, 3rj. 
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FIG. 4. Relative er:ergiej of the acids W,', CH,+,  HCO-, and H,O+, the two-!autorners of protonated methyl- and 
tl-piopyl formate, and possible dissociation products of tile protonated forrnaies. 

analogous route ~n the deconlposit~on of 13C00- 
(CH,)H ' would involve proton transfer to the 
de-veloplng methanoi molecule accord~llg to 

H I-i 

The failure to observe production of any HCO' in 
this case, then, would imply that this intrarr,olecular 
proton transfer is essentially quantitative. bAethanol 
has a nluch higher proton affinity than carbon 
monoxide (APA = 38 5 4 kca! mol-I) (13) and we 
have previousiy observed rapid proton transfer from 
HCO' to CH30H initially at  infinite separation (13). 
The diKerence in proton afiinity between water and 
carbon inonoxide which is relevant in the analogous 
decomposilion of HCOOH,' is considerably smaller 
(APP, = 23 f 3 kcal mol-l)  (1 3) while proton t r a n -  
fer between the products of the A,,1 fission in 
protoi~ated methyl acetate, viz. CH,@Ot + CH,OH, 
is actually endotlzerfizic by 13 & 4 kcal mol-'  for 
ground states at  infinite separation. Although the 
extent of intralnolecuiar transfer which proceeds 
according to this inodel is likely to be sensitive to the 
total excess energy deposited by the initial protona- 
tion reaction which is expected to be different in each 
of the three protonated species, the trend in dissocia- 
tion with APA which has been identified for these 
three species appears to be consistent with this 
intramolecular proton transfer mechanism invoked 

originally for this dissociation of HCOOH,'. The 
same overall result can be viewed to be achievcd by a 
1,2-hgdride shift from the carbon to the positive 
oxygen atom with concoinitant cleavage of the C-0 
bond. Such shifts are invoked in many acid-catalysed 
reactions in solution (19). 

n-Propj 1 Fornlate 
In contrast wit4 nlethyl for inate, /I-propyl formate 

underwent extensive dissociat~on, even when the 
weakest a c ~ d ,  H,O+, \rids used as the protonat~ng 
agent. If the dissoclat~on 1 3  to be exothermic in the 
latter case. the product, C,H-+,  must be the iso- 
propyl cation and not the expected n-propyl cztloil. 

Even with the ;sopropyl cation as the product, 111051 

of the exothermicity of the initial protonation reac- 
tion must be ii~corporated into HCOO((CM2),- 
CH,)H' and th: barrier to dissociation must be very 
low in order to explain the observations. 

The A,,1 cleavage woald result in the n-propyl 
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cation and formic acid and if this mechanism is 
operative it is necessary to postulate that cleavage of 
the C-0 bond is accompanied by a 1,2-hydride 
shift in the propyl fragment to achieve the more 
stable isopropyl cation : 

Ab initio molecular orbital calculations have es- 
tablished that II-C,H,' collapses into i-C3H,+ 
without a barrier (20, 21). Such a mechanism has 
been invoked by Pesheck and Buttrill (7) to account 
for what appeared to be an abnormally large produc- 
tion of C,H,,+ from protonated isobutyl acetate. 111 
this case the s-butyl group is conceived to rearrange 
via a 1,Zhydride shift to the more stable tert-butyl 
group. 

A modification of this mechanism, again involving 
fission of the alkyl-oxygen bond but with con- 
comitant migration of a P-hydrogen of the alkyl 
group to the carbonyl oxygen has been indicated in 
the dissociation of protonated ethyl acetate (9). The 
mechanism requires protonation of the energetically 
less favourable alkoxy oxygen, which is accessible 
even in proto~lation by H 3 0 + ,  and proceeds via a 
6-membered cyclic transition state: 

According to this scheme the initial products from 
protonated n-propyl forniate are protonated formic 
acid and propene but proton transfer may again be 
postulated to occur during the fragmentation to form 
the isopropyl cation. Propene actually has a slightly 
higher proton affinity than formic acid (APA = 2 
kcal mol-') (3a). Our experimental observations of 
the dissociative proton transfer with H 3 +  indicated 

the production of appreciable amounts (- 10z) of 
HCOQH,' and this may well be attributed to this 
internally assisted AA,l mechanism initiated by 
protonation of the alkoxy oxygen. Protonation at 
this position by H 3 0 +  would require the deposition 
of at  least 80% of the reaction exothermicity as 
internal energy of the ion so that production of 
HCOOH,' and C3H,+ via this mechanism is some- 
what less plausible in this case. Production of 
C3H,+ at low reaction exothermicities for the 
initial protonation may well proceed preferentially by 
the AA,l cleavage initiated by protonation at the 
carbonyl oxygen and accompanied by a 1,2-hydride 
shift. Some support for this viewpoint is provided by 
recent observations which we have made of the 
generation of C3H,+ from n-propanol at exo- 
thermicities considerably lower than required for 
formation of CH3CH2CH2+ : 

- 
I I 

[I41 

In this decomposition internal assistance by a car- 
bony1 group of the type suggested for HCOO(CH,),- 
CH, is not available so that C-0 cleavage accom- 
panied by a syilchronous 1,2-hydride shift is definitely 
the preferred mechanism in this reaction. This sug- 
gests in turn that C3H,+ may also not be formed via 
the 6-membered cyclic transition state in its genera- 
tion from HCOO(CH,),CH,, at least not at low 
reaction exothermicities. 

- 
CH3 

I 
CH2 

4 0  I 
H-C A CH2 

"0' 
I 

H - 

Ethyl Acetate 
Protonated formic acid does not cleave readily by 

the A,,1 mechanism to form the acylium ion HCO+ 
and it seemed probable that this mechanism should 
be more competitive with esters of larger carboxylic 
acids. In fact methyl acetate has been found to react 
with CH,' mainly by proton transfer but with 
formation of about 20"j,H3COf and no CH,- 
COOH,' (7), indicating that the cleavage of this 
ester occurs only by the AA,l mechanism. Ethyl 
acetate might therefore be expected to form both the 
acetyl ion, CH3CO+, via the AA,l mechanism and 
also CH3COOH2+ by the internally assisted AA,l 
mechanism. Experimentally we found that H,O+ 
simply transferred a proton to ethyl acetate and 
the product of the A,,1 mechanism, although 
slightly exothermic assuming all the reaction exo- 
thermicity to be in the protonated ester, occurred 
only to a small amount (< 10%). In the reaction with 
H,' (Fig. 3), there is sufficient energy to produce 
dissociation into CH3COOH2+ and C,HSf,  the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



products of the internally assisted and unassisted 
kAIl mechanisms, and also the acetyl ion, the prod- 
uct of the A,,1 mechanism. All three products were 
observed experimentally, with the relative concen- 
trations in the same order as expected from the 
exothermicities. The CH3CO+ could possibly be 
generated by secondary dissociation of CH3-  
COOH,' as a result of the excess energy in this ion. 
However, this interpretation is not substantiated by 
the results of the reaction of CH,' with ethyl acetate 
(7) where the ratio of CH3COOH2+ to CH3CO+ 
( -  3.5: 1) is approximately the same as with the much 
stronger acid H 3 + .  If the CH3COOH,+ were the 
major primary source of CH3CO+ then the amount 
of dissociation might be expected to be much larger 
in the reaction initiated by the highly exothermic 
proton transfer from H 3 +  than in the dissociation 
initiated by the much weaker acid C H  ,+. 

In summary, then, it appears that the dissociation 
of ethyl acetate, when protonation is accompanied by 
large exothermicities, can be induced to dissociate by 
both A,,1 and A,,I nlechanisms with the relative 
frequendies being approximately 4 :  1 

n-Propyl Acetate 
Dissociation of n-propyl acetate was induced by 

even the weakest acid, H 3 0 f .  However, CH3- 
COOH2+ was the only dissociation product, in 
contrast with dissociation of n-propyl formate, where 
C 3 H 7 +  was the only major product. 

Acetic acid has a larger proton affinity than propene 
( A P A  = 7 kcal mol-l)  and formation of CH3- 
COOH,' is the only dissociative channel requiring 
less energy than the maximum available from the 
initial proton transfer between n-propyl acetate and 
H 3 0 + .  The observed product suggests that only the 
AA, l  mechanism is operative. 

The stronger acid, CH,+,  also yields predomi- 
nantly the protonated carboxylic acid with n-propyl 
acetate and n-propyl propionate but small amounts 
of further decomposition products were observed for 
each ester (- 10% of mle = 43, CH3COf andlor 
C3H7', for n-propyl acetate (7), and 8.8% of 
C,H,COf and 1.6x of C,H,+ for n-propyl pro- 
pionate (8b ) ) .  Tt is not possible to deduce whether the 
aA,l mechanism is operative for these two esters, but 
clearly it is a t  most a minor pathway for both esters. 

I N  ET AL. 3m3 

Conclusions 

Our results, combined with the results of icr and 
mass spectrometer studies on larger esters, permit 
certain generalisations about the mechanism of 
cleavage of esters in the gas phase. For methyl esters 
the AA,l mechanism is the only one followed and 
even this requires high energy to achieve cleavage. 
For esters containing larger alkyl groups as the ether 
substituent the AAI1 mechanism is dominant and 
even when the reaction exothermicity is increased and 
the A,,1 mechanism has become operative for the 
ethyl and n-propyl esters examined here, it never 
becomes the dominant channel. This behaviour is in 
marked contrast with the reactions in solution where 
the AA,l mechanism is the most common. One 
possible explanation for this change in behaviour is 
that the A,, I mechanism requires protonation on the 
energetically less accessible ether oxygen and this is 
more easily achieved in solution where the solvent 
can assist in accommodating some of the positive 
charge. In the gas phase the charge on the ether pro- 
tonated ester is formally localised on the ether oxygen 
but the hydrogen atoms of the ester group carry 
considerable positive charge and this can be partly 
delocalised by forming a hydrogen bond between a 
hydrogen atom on the P-carbon and the carbonyl 
oxygen. This "internally solvated" structure then 
provides the 6-membered ring arrangement which is 
necessary for the internally assisted A,,1 mechanism. 
Alternatively the normal product of A A , l  fission, 
R + ,  may be formed directly from the carbo~lyl 
protonated ester, or  indirectly by the internally 
assisted mechanism followed by proton transfer, if 
this channel is energetically the more favourable. 

Acknowledgement 

We thank the Natural Sciences and Engineeriilg 
Research Council of Canada for financial support. 

1 .  D. K. BOHME. R. S.  HEMSWORTH, H. W. RUNDLE,  and 
H. I. SCHIFF. J .  Chem. Phys. 58,3504 (1975). 

2. G. I .  MACKAY and D. K. BOHME. Int. J. Mass Spectrom. 
Ion Phys. 26.327 (1978). 

3. (a) G. I. MACKAY, A.  C. HOPKINSON. and D. K. BOHME. J .  
Am. Chem. Soc. lUQ,7460(1978); (b) J .  H. STEWART. R. H. 
SHAPIRO, C. H. DEPUY, and V. M. BIERBAUM. J .  Am. 
Chem. Soc. 99, 7650 (1977); ( c )  G. I. MACKAY, M. H. 
LIEN. A. C. HOPKINSON, and D. K .  B O H M ~ .  Can. J .  
Chem. 56, 131 (1978). 

4. C. K. INCOLD. Structure and mechanism in organic 
chemistry. Cornell University Press, Ithaca, New York, 
NY. 1953. p.  754. 

5 .  K. YATES and R.  A. MCCLELLAND. J .  Am. Chern. Soc. 89, 
2686 ( 1967). 

6. K. YATES. Acc. Chem. Res. 4. 136(1971). 
7. C. V. PESHECK and S. E.  BUTTR~LL. J .  Am. Chem. Soc. 96, 

6027 ( 1974). 
8. (a) F. H. FIELD. In  Ion-molecule reactions. Vol. 1. Edited 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



b y  J .  L.  Franltlin. Heniim P e s s .  New York. NY. 1972. p. 
261: ( h )  hl. S.  B. R l u ~ s o h  and F .  M. F I ~ L D .  J .  Am.  Chem. 
Soc. 88.4337 (1966). 

9.  C;. '4. OLAH.  A.  M .  WHITE. and D. H .  O 'RRILN.  I t?  Car- 
bonium ion\. Voi. iV .  Edited hy G.  A .  Olah and P. v. R .  
Schleyer. Wiley-Interscience. Neu  York. NY. l973. p. 
1754. 

10. F. M. B ~ N O I !  and A .  G .  HARRISOX. J .  Am. Chem. Soc.  99. 
3980 ( 1977). 

! !. N .  6. ADAUS and D. S ~ I I T H .  Int. J .  Mash Spectrom. ion 
Phys. 21.349 ( 1975). 

12. (a) A .  L. MCCLELLAND. Tables of experimental dipole 
moments. W. H. Freeman and Company, London. 1963; 
(b) E .  R .  L I P E > ~ ~ C O T I .  and J .  M .  S iur \ r .hx .  J .  Phys. Chem. 
68.2926 (1964). 

13. S .  D. T , \ ~ N E x . G .  I .  MCKAY. A. C .  I - I o P K I N s O N , ~ ~ ~ D .  K. 
BOH\IL.  Int. J .  Mass Spectrom. Ion Phys. 29. 57 (1979). 

14. D. EE~OV:SKI, J .  D. P ~ Y Z A N . I .  G.  I .  I ~ ~ A c K , A \ . .  and D. K .  
B o ~ x t .  Chem. Phqs. Lett. 31.321 (1975). 

15. 6. I .  .M:XCKAY. R .  5 .  Hth ls~OX-rH.  andD.  I<. BOHRIE. Can. 
3 .  Chem. 54. 1524 ( 1976). 

16. ( a )  L .  BASS. T. S u .  \V. J .  CH~S?.AVICH. and M. T .  BO\VERS. 
Chem. Phys. Lett. 34, 1 i9 (1975); ( h )  T. Sti. E .  C .  F. SU.  
and M .  T. Bo\% ERS.  3 .  Chem. Phyi. 69.2243 ( 1978). 

17. R .  A.  B A R K F R  and D. P. R~nc;t .  J .  Chem. Phys. 64. 4411 
(1976). 

la. ( a ) P .  KEB.\RLE. Ann. Rev. Phys. Chem. 28,445 (1977):!b) 
H .  M. R o s t h s r o c ~ .  K .  DRAXL. B ,  W. $ ~ E I ? . L R .  a n d J .  T .  
HE.RROY. J .  P h y s  Chem. Ref. Data. 6 (  1977). 

19. E.  HEYADE and S. W l h s r t r u .  I .  Am. Chem. Soc. 89. 1661 
( 1967). 

20. L .  RIDC)M.J. '4. POPLE. V. B u s s . a n d P .  v .  R. SCHLLYER.  
J .  .4m. Chem. Soc. 94. 3 1 1  ( 1972). 

21. P. C .  HARIH.ARAU. L .  R A D ~ ~ I .  J .  A.  POPI E .  ;md 1'. v.  X. 
S C H L  L Y E R .  J .  Am. Chem. Soc. 96,599 (1974). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



The allyl and benzyl groups as hydrogen bond acceptors in derivatives sf 2-allylphenol and 
2-benzylphensl 

Depci:.fineilt c?f 'Ci ie, i~irt : .~, U n i ~ . e r ~ i : : ,  qf t.l<itlitoh<i, Wi t~ t l i pcg ,  .%f(i,,. , &'iiiiridr; R31'2;%'2 
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TED SCHAEFER, R U D Y  S E B A S T I ~ ~ ,  and T I ~ ~ O T H Y  A .  LVILDMAN. Can.  J .  Cheni. 57.3005 (1979). 
The It! nnlr spectra of 2-.allylphe!?ol, 2-allyl-0-methylphenol, 2-allyl-6-ch!oi.opheno19 and 

2-benzyl-4-chlorophenol are analyzed in iolne detail. It is shown that, relative to a methyl 
group, the all11 and Senzyl moieties, respectively, favor a cis orientation by 1570 1 250 J/mol 
and 900 i 220 J'mol in free energy at  305 M in CCI, solution. These numbers appear to  be in- 
dependent of the CCI, solvent. Coupling parameters within the allyl group in these molecules 
and in propene and allylbenzene show sonie regiiiariiies bct are probably no; reliable indicators 
of the aliyi conforinational preference, at least in the absence of a model allo\\ing for hindered 
rotor state popuiations. 

-- 

Tti, S c i l ~ ~ r r n ,  RUDY STBASTI~\N ei  TIMOT!IY A. W I L D ~ ~ A ~ ,  Can.  J .  Chem. 57,3005 (1979). 
On a analyse de f a ~ o n  detaillee les spectres ruin ciii ' H  des allyl-2 phenol. allyl-2 methyl-G 

phenol, ally!-2 chloro-6 phenol et benryl-2 chlor3-4 uheiiol. On a 11io1itre clile par rapport a s  
groupe methy!e ies groupes allyle et benzyie favorisent une orientation cir awe respecti\ement 
une knergie lihre de 1570 250 J:niol et 900 & 220 ?mol B 305 K en solution dans le CCr,. 
Ces valeurs semblent Etre inciependantcs du CCI, uiiiise comrne solvant. Les parametres de 
couplage B l'interirur des groupes ai!yles dans ces ii-ioiecules, dans le propene et !es allgl- 
benzPnes montrent que!ques rCg~llarit6s, niais ce ne sont probablement pas des indicateurs surs 
d'une preference conforn~ationnelle du groupe allyle. du moiizs en !'absence de inodele permet- 
:ant un rotation dcs differentes populations encombrCes. 

[Traduit par le journal] 

Paatrodustion Because the internal barrier to rotation of the 
:ecent direct measurement (1) of the intra- hydroxyi grQLlP is large compared to thermal 

mol::i.ti]ar equilibrium of the hydroxyl group in energies at ambient temperatares, conformations in 
?-oiethylpkenoi and in 4-chloro-2-methy]phenol which the hydroxyl group dekiates from the benzene 
sho~;ls that the rra,ls corl,former 2 (X = i3, y = H or plane can be ignored to a very good approximation 

H H (1) .  This situation conti-asts markedly with that found 
/ 

0 
\ 

0 
for the correspoilding thiophenol derivatives (5). 

In this paper, the conformational preference of the 
hydroxyi group is investigated for 2-allylphenol, 
2-allyl-6-chiorophe~ol~ 2.-al!yi-6-methylphenol, and 

Y u 2-benzyl-4-chlorophenol. Jn additioia, all coupling 
B 2 constants for the allyl groups are assessed as indica- 

tors of the conforinational preferences of the hydro- 
( 3 1 9  Z = H j  is favored by a free energy of lGo0 & carbon sidechains in these phello] derivaijves, corn- 
170 Jjmoi in CC!, solution at  305 #. The measure- them to propene ani j  allylbenzene as 
mer,t depends on the well-established observaiion 
(2-5) that ' J , , , " . ~ ~ ,  the coupling constant over five Experimental 
formal bonds betv!een the hydroxyl proton and the Of con!iiercial origin (Aldrich, Parish, and Matheson), the 
,??era ring protons, is highly stereospecific. Thus, v)',, compounds were prepared as dilute solutions (see Tables) and 
the coup]ings to H-3 i n  I alld to W-5 in 2, approx- were degassed by the freeze-pump-thaw technique. The 

imate to whereas the corresponding S J ,  samples were flame-seaied into 5 m m  od iimr tubes and con- 
tained some tetraniethylsiiane (TMS). The ' H  nmr  spectra 

couplings over the all-trans path are finite. The free ,ere ,,librated in the frequency sweep mode on an HAIOO 
energy diiTei-ence between k and 2 follows as AGO = spectrometer a t  a probe temperature of 305 K. Calibrations of 
- RT In K = - RTln 5~,195, where it is assumed peak positions involved interpolations between freqrlency 

ill dilute solutions the activity coefficients of I markers placed at  ca. 5 Hz intervals at  sweep rates of 0.2 H r , s  
and  a t  a spectral dispersion of 1 Hz;cm of cliart paper. The 

and 2 are equal. This procedure has yielded internally root square errors in peak frequencies were 
selfconsislent results (1-s), as well as agreelllent with 0.02 HZ or  less, Intermolec~llar hydrosgl protoll was 
other techniques. retarded a s  described (1-5). 

0008-40421791223005-05$0l .MI0 
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TABLE I.  Proton chemical shifts and spin-spin coupling constants i n  Hz at 100.001 MHz 
for 2-allyl-6-chlorophenol and 2-benzyl-4-chlorophenol at 305 K 

Parameter 2-AllyI-6-chlorophenola 2-Benzyl-4-chlorophenol 

"5 m u l z  in CCI*. 
hNumbers in parentheses are  standard deviations 
'3 moly, in CCI,. 
d5 rnol;Z rn C,D,. 

Results and Dissussio~i 
Spectral Analysis 

Performed by Ineans of the c o m p ~ ~ t e r  program 
LAME (6,7), the analyses yielded the spectral param- 
eters in Tables 1 to 3. The 'H nmr spectra of 2-ally!- 
phenol, for example, arises from a 10-spin system. 
However, there is no detectable coupling between the 
olefinic and ring protons. Accordingly, the ring 
proton and hydroxyl proton spectra could be 
analyzed as parts of a 7-spin spectrum and, on the 
other hand, the olefinic proton spectrum was 
analyzable as part of a 5-spin system. The methylene 
protons are coupled to all ring and olefinic protons. 
The phenyl group ' H  nmr spectrum of the benzyl 
derivative did not yield to analysis. Figure 1 displays 
the hydroxyl proton spectra of 2-benzyl-4-chloro- 
phenol in two solvents. Unresolved coupling to  the 
exocyclic phenyl protons causes some broadening; 
compare spectrum in (1). 

Conformational Preference of the Hyclro.uy1 Group 
2- Ber~zyl-4-clllorophet?ol 
According to the assumptions above, it follows 

that conformation 2 (X = phenyl, Y = C1, Z = H) 
has a lower free energy than 1 of - R T  In K = - R T  
In 5J3!5J5 = - R T  In 0.28310.368 = 670 + 180 J/mol 
in CCl, solution and 1640 + 170 J/mol in C,D, 
solution. The estimated errors assume that the 
standard deviations in Table 1 are to be multiplied 
by 4. The greater stability of the trans form, 2, in 
C,D, has its counterpart in 2-methylphenol (1). 
Perhaps it arises from intermolecular hydrogen 
bonding to the n electrons of the solvent molecules, 

in the last significant figure. 

which is more favorable in the trans than the cis 
conformations. Preferential solvation near the hy- 
droxyl group is indicated by the large shifts to high 
field of OH and H-6 resonances relative to the CCI, 
solution (Table 1). 

The trans form of 2-methyl-4-chlorophenol is more 
stable than the cis form by 1590 + 250 J/mol in 
CC1, solution. Comparison with 2-benzyl-4-chloro- 
phenol suggests intran~olecular hydrogen bonding to 
the phenyl group in the latter compound accounts for 
ca. 1 kJ/mol in free energy. The temperature depen- 
dence of the stretching band intensities in 2-benzyl- 
phenol (8) leads to an enthalpy of 1380 i 210 J/mol 
favoring the cis form an3 an entropy difference of 
-4.4 f 0.84 Jim01 deg so that the free energy dif- 
ference at 305 K is 40 i 470 Jimol, cis favored. 
Another infrared investigation implies that the cis 
form is stabilized by a free energy of 450 f 390 J/mol 
at 305 K (9). The nmr result of 670 $- 180 J ,  trans 
favored, is not in striking agreement with the infrared 
data. 

It might be argued that the present data refer to  a 
much more concentrated solution (ca. 0.3 M) than 
do the infrared measurements (ca. M), and that 
self-association of the solute would favor the trans 
form. This possibility was investigated for 2-methyl- 
4-chlorophenol (1) and no evidence could be found 
that self-association drives the intramolecular equilib- 
rium towards the trans form, a t  least for concentra- 
tions up to 8 m o l x  in CCl,. See also the discussion 
below on 2-allylphenol and its derivatives. "C 
chemical shifts do not throw any light on intra- 
molecular equilibria in benzylphenols (10). 
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SCHAEFER ET AL. 

TABLE 2. Proton chemical shifts in Hz at 100.001 MHz and coupling constants for 2-allylphenol and 
2-allyl-6-methylphenol at  305 K 

- 

Parameter 2-Allyla 2-Allyl-6-Me Parameter 2-Allyl 2-Allyl-6-Meh 

4 j o H , C H 2  

5 j  H 4 . C H 2  

5 j , , , H b 1 C H 2  

6J H 5 , C H 2  
P 

4 j  H , C H 3  

5 J , n H , C H ~  

6 j  H , C H 3  
P 

G J C H 2 , C t 1 3  

5 j  0 H , C H 2  

Root mean 
square 
deviation 

Peaks 
observed 
- 

Transitions 
calculated 

Transitions 
assigned 

"4 m o l Z  in CCI,. 
b5 molz,  in CCI?. 
'Numbers in parentheses are  standard deviations In the last significant figure. 

TABLE 3. 'H nmr spectral parameters" for the allyl group in propene and some derivatives at 305 K 

Allyl 2-Allyl 2-Allyl-6- 2-Allyl-6- 
Parameter Propeneh benzenec phenold chlorophenolc methylphenol" 

3J ,  

3Jc 

'J, 
3 J H z , C H I  

Root mean 
square error 

Transitions 
calculated 

Transitions 
assigned 

Peaks 
observed 

Oln Hz at  100.001 MHz, numbers in parentheses being the standard deviations In the last significant figure. 
b3 .3  rnol:Y, in  CCI,. 
' 5  rnol7. in CCC. 

2-AIlylphenol, 2-Allyl-6-chlorophenol, and 2-Allyl- 2-allylphenol, gives an equilibrium in which the trans 
6-methylphenol form, 2, is favored by a free energy of 90 + 190 

The chloro derivative exists predominantly as the J/mol; that is, the equilibrium constant is effectively 
trans form, 2 ( X  = vinyl, Y = H, Z = Cl), because unity. Comparison with 2-methylphenol implies that 
' J ,  is 0.62, Hz and 5J5  <0.03 HZ; 4,6-dichloro-2- the allyl group stabilizes the cis form, in which the 
methylphenol behaves silnilarly (footnote 1 in (1)). hydroxyl group reputedly hydrogen bonds to the 7~ 

Removal of the chlorine substituent to yield electrons, by 1500 i 350 J/mol. The infrared data 
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3008 C A N .  J .  CHEh4. 

1 Hz 
U 

FIG. 1. The hydroxy 'H nnir spectra of 2-benzyl-4-chloro- 
phenol at 100 M H z  and 305 K as (u)  3 m o l z  in CC!,, (h)  
calculated with the parameters in Table I ,  (c)  5 moly, in C6D,, 
(d) calculated with parariieters in Table 1 .  Unresolved coup- 
ling to t!?e sidechain protons causes the resolution to be some- 
what lower than that in ref. 1, for exan~ple. 

on enthalpy and entropy yield 760 + 1100 J/mol as 
the free energy advantage of the cis form of 2-ally!- 
phenol (8). 

Now, for 2-allyl-6-methylphenol the coupling 
constants (Table 2) show that I (X = vinyl, Y = H,  
Z = CH,) has a lower free energy than 2 of 1640 F 
150 J/mol, precisely as would be concluded from a 
simple comparison of 2-methylphenol and 2-allyl- 
phenol. In other words, no solvent or self-association 
perturbations need be invoked in a coinparison of the 
cis-trans equilibria for the latter molecuies. In 2- 
allyl-6-methylphenol, where two ortho substituents 
are present, such associations are expected to be even 
less significant. Solvent stabilization of those con- 
formers of higher dipole moment is probably not 
very important in these phenol derivatives (the dipole 
moments of toluene and allylbenzene diEer by less 
than 0.1 D). 

In view of these results, which suggest that a com- 
parison of the cis-trans equilibria would yield the 
same result for the free molecules, a direct com- 
parison with studies of intramolecular photocycliza- 
tion of the allyl compounds may prove interesting 
( I  I). It need not be true that the cis-trans equilibria 
are identical for solvated and free molecules when 
oiliy one of the ol-tho substituents is present. 

A referee has mentioned the possibility of out-of- 
plane conformations of the hydroxyl group in these 
compounds. As discussed for phenol itself (12), 

substantial out-of-plane populations would entail an 
observable 6J,,H30H. No evidence was found for a 
6J,,".o" of greater than 0.04 Hz in these compoucds, 
indicating that coplanar conformat~ons of the hy- 
droxyl groups are favoured by an energy not sig- 
nificantly less than in phenol. i.e.? about 3.5 kcal/moi. 

Long-range Couplrng Befit e~vl Metl~jlenc Proioris 
and Rmg Pj otons 

There ex~sts abundant ev~dence (1 3) that coupling 
betweeri nlethylene protons and the ring protons 
depends OP the angle of rotation about the s , ~ ~ ~ - s p ~  
carbon- carbon bond For example, 6Jp" CH x sln20, 
where 8 is the angle by ukich the C,-H bond tw~sts 
out of the benzene plane (13) Of course, unless the 
barrier to lotation about the exocycl~c bond 1s bery 
large (>>kT), sln2B must be averaged over the 
occup~ed hlndered rotor state states (13) The 
asymmetry of the compounds under conslderat~or 
here does not allow such a procedure. However, an 
extensive set of moiecular orbital calculations at the 
PClLO level of approximation suggests that the 0 
values for the two methylene C-H bonds are 15' 
and 105' (14), and that such a conforn~ation is 
stabilized to the extent of 17 kJ/mol. In that event, 
our previous work (13) predicts 6 ~ p H , C H  as -0.6 HZ, 
although a further twist of IS", i.e., to give 0 values of 
0' and 120°, would yield a 6Ji, of -0.40 HZ. 

It is interesting that in all of the allyl compounds 
6J,,".CH is -0.41 f 0.03 HZ and it would be tempting 
to take this as a rough confirmation of the energy 
calculations (allowing for small errors in the cal- 
culated 0 values). In our oplnlon, however, the only 
correct approach1 involves a proper average over all 
populated states of the hindered s~decha~n,  including 
the cis and trans conformers. In the absence of this 
possibility the magnitudes of ",,H.CH for these com- 
pounds suggest that the conformational preferences 
of the allyl and benzyl molet~es are very s i rn~ la r .~  

The Couplings Within the Ally1 Gioup 
Their most striking aspect is the small variation 

Cram compound to coinpound in Table 3. Neverthe- 
less, regularities are apparent. In Fig. 2, 2 ~ , ,  and 3Ji 

'Such an approach can yield reliab!e information on pre- 
ferred conformations and internal rotational barriers for 
molecules of sufficient symmetry (13). 

'The decrease in the magnitude of 6J,",CH of the allyl group 
from 0.44 Hz in the 6-chloro derivative (in which the hydroxyl 
group points away from the ally! group) to 0.38.H~ in the 
6-methyl derivative (in which the largest population occurs 
for the conformer in which the hydroxyl group points towards 
the allyl group) is consistent with reduced freedom of motion 
of the allyl sidechain for a preferred conformation in which 
the C,-C, bond prefers a plane perpendicular to the benzene 
plane. The entropy of ionization of 2-allylphenol indicates 
some restriction of motion of the sidechain in the neutral 
species (15). 
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17.3- 1 Compared to an ortho n~eehyl group, an orfho aliyl 
subslituent in phenol favours a cis orientation of the 
hydroxyl group by a free energy of 1570 250 J/mol 
(which is the average of the values obtained from 
direct coinparisoi~ and from competition in 2-aliyl- 
6-metliylphenol) at 305 K in CCI, solution. This 

Q value may apply to the gas phase also, probably 
because ci's and trcl/~s conformers have very similar 
polarities. '4 similar comparison suggests that the 

i benzyi group favours the cis orientation of the 
hydroxyl group by a free energy of 900 220 J/mol 

- - - 1 at  305 K in CCI,. - - - The coupling parameters within the ally1 moiety 

I , , , , , , , , 

i in propene are rather insensitive to substitution by 
/ phenyl or substituted phenyl groups. In our opinion, 

1 5 0  
this means that many hindered rotor (torsion) states 

5 o are significantly populated at ambient temperatures. 
O h  cis 
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MUHAMMAD FAKHRUL ISLAM and RANJIT KUMAR BISWAS. Can. J. Chem. 57,3011 (1979). 
The rate of solvent extraction of chromium(II1) from aqueous sulphuric acid solutions 

(containing 0.05 mol dm-3 sulphate ion and 0.25 mol dm-3 acetate buffer, ionic strength, 
I = 0.40 mol dm-3) with bis-(2-ethyl hexyl) phosphoric acid (HDEHP or H2Az) in benzene 
has been measured under various conditions. The rate of backward extraction measurement of 
Cr(II1) from organic phase to aqueous phase is not possible due to the inert property of 
Cr(II1)-DEHP chelate. The forward rate is found to be first-order w.r.t. Cr(II1) concentration 
in the aqueous phase and HDEHP concentration in the organic phase. The order w.r.t. H +  
concentration varies from - 1 to 1 over the pH range 1.5 to 5.25. The rate is found to decrease 
with increasing sulphate and nitrate ions concentrations in the aqueous phase. At (30 1 1)"C, 
the rate expression, in the presence of sulphate, acetate, and nitrate ions, is found to be 
represented by: 

-dCcrA/dt = 10-0.893C crA[HzAz1(o~(500[H+ 1 + 1 

+ 10-4[H+]-1)-1(l + 4.17[S042-])-1(1 + 0.5[NO3-])-' 

In the absence of the anions, the formation of CrHAzZ+ intermediate complex (Cr(OH)'+ + 
H2AZ(o, + CrHAZZ+ + H20)  is the rate determining step at all acidities. The effects of the 
anions on the rate are discussed. 

MUHAMMAD FAKHRUL ISLAM et RANJIT KUMAR BISWAS. Can. 3. Chem. 57,3011 (1979). 
On a mesure la vitesse d'extraction du chrome(II1) a partir de solutions aqueuses d'acide 

sulfurique (contenant des ions sulfates a 0.05 mol dm-3, tampon acetate A 0.25 mol dm-3 
d'une force ionique I = 0.40 mol dm-3) en utilisant comme solvant I'acide bis(Cthy1-2 hexyl) 
phosphorique (HDEHP ou HzAz) en solution dans le benzene et en changeant les conditions. 
Le caracttre inerte du chelate Cr(II1)-DEHP ne permet pas de mesurer la vitesse d'extraction 
en retour de la phase organique a la phase aqueuse. On a trouvt que la vitesse d'extraction 
directe est du premier ordre par rapport a la concentration du Cr(II1) dans la phase aqueuse 
et a celle du HDEHP dans la phase organique. L'ordre par rapport a la concentration en ions 
H +  varie de - 1 a 1 sur une Cchelle de pH allant de 1.5 a 5.25. On a trouve que la vitesse 
decroit quand on augmente la concentration en ions sulfate et nitrate de la phase aqueuse. On 
a trouve que I'expression de la vitesse, a 30 i 1°C en presence d'ions sulfate, acetate et nitrate, 
peut etre representee par la formule suivante: 

-dCcrA/dt = 10-0~s93CCrA[HzA~](o)(500[H+] + 1 

+ 10-4[H+]-1)-1(l + 4.17[S042-])-'(1 + 0.5[N03-])-I 

En l'absence d'anions la formation du complexe intermediaire CrHAZZ+ (Cr(OH)2+ + 
H2A2(0J -t CrHAz2 + + H,O) est 1'Ctape determinante a toutes les acidites. On a discutk de 
I'effet des anions sur la vitesse d'extraction. 

[Traduit par Ie journal] 

0008-4042/79/233011-06$01 .00/0 
01979 National Research Council of CanadalConseil national de recherches du Canada 
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In previous papers of this series, the authors have 
discussed the kinetics and the mechanism of the sol- 
vent extractions of Ti(1V) (1) and V(1V) (2) with 
HDEHP in benzene. In these papers, it has been 
reported that the rate of extraction and back extrac- 
tion of Ti(1V) with HDEHP is slow, whereas that 
of V(1V) is fast. Taube (3) and Basolo and Pearson 
(4) noted that the rate of most substitution reactions 
in Cr(II1) complexes in the aqueous solutions was 
quite slow. The slow behaviour of Cr(II1) toward 
solvent extraction with acetyl acetone was reported 
by McKaveney and Freiser (5), who noted that no 
extraction of Cr(II1) took place from a sulphate 
medium into a 1 : 1 chloroform - acetyl acetone 
mixture in the pH range of 0 to 6.0 after mixing the 
phases for 30 min, and this failure to extract was 
attributed to the extremely slow rate of formation of 
the metal chelates. Morrison and Freiser (6) reported 
that the reflux of aqueous Cr(1II) solution with acetyl 
acetone at pH 6.0 for 1 h resulted in complete ex- 
traction. On these grounds, Hellwege and Schweitzer 
(7) studied the extraction kinetics of Cr(1II) from 
perchlorate and chloride media into chloroform con- 
taining acetyl acetone. In addition, Sambasiva et al. 
(8) reported the kinetics of extraction of Cr(V1) from 
HCl solutions by di-n-pentyl and di-n-octyl sulf- 
oxides. 

The extraction equilibrium of Cr(II1) from HCl 
solutions with HDEHP in toluene was reported by 
Kimura (9) along with 50 other elements. In a pre- 

solutions were then prepared by diluting the stock so that the 
resulting solutions always contained 0.05 mol dm-3 sulphate 
ion (added as Na,SO, or H2S04) and 0.25 mol dm-3 acetate 
ion (added as AcNa or AcH), so that ionic strength I = 0.40 
mol dm-3, except in the sulphate and acetate ions dependence 
studies. The pH of the solutions were then adjusted by adding 
anhydrous Na2C03 only if necessary. The solutions so ob- 
tained were kept standing at least for 12 h before extraction. 
HDEHP was di!uted with benzene (pre-equilibrated with 
water) to obtain the desired strengths. 

The details of the procedures were essentially the same as 
those described in the previous papers (1, 2). pH of the solu- 
tions were measured by a Corning-5A-model pH meter. The 
aqueous phase Cr(II1) concentrations were kept at 200 mg 
dm-3 initially in almost all the studies, except in determining 
the order w.r.t. Cr(II1) by differential method. 

The initial volume of each phase was always 20 mL. Two 
phases were taken in a stoppered bottle and agitated at the 
rate of about 500 shakes min- at (30 f 1)"C maintained in a 
thermostatic water bath by an electrically operated shaking 
machine. The shaking speed was high enough to give the 
maximum rate (I). After a certain interval (2-15 s), two phases 
were separated quickly with a pipette. No emulsification was 
observed. A certain portion of the aqueous phase was pipetted 
out, oxidised to dichromate by KMn04-NaN, oxidation 
method, and its absorbance was measured at 370 nm by spec- 
tronic-20 (12) to estimate the Cr(II1) content in the aqueous 
phase. The organic phase Cr(1II) concentration was obtained 
by difference. 

Treatments of Data 

At high shaking speed and constant temperature 
and ionic strengths, the rate expression may be ex- 
pressed as (1 3-17) : 

vious paper, the authors have reported the extraction where C,," = concentration of Cr(III) in the aque- 
equilibrium study of Cr(II1) from sulphate-acetate ous phase (mg dm- 3) and k,* = forward rate con- 
media with HDEHP in benzene (lo), in which it has stant at 0.05 mol dm-3  sulphate and 0.25 mol dm-3  
been reported that the time required to reach equilib- acetate medium, At buflered ion 

is 15-30 at the cOndi- concentration (A) and extractant concentration (ha) ,  
tions. This paper discusses the kinetics and mecha- eq, becomes: 
nism of the extraction of Cr(II1) from acidic sulphato- 
acetato media with HDEHP and compares the re- [2] -dC,-//dt = qC,-/" 
sult with other results from the literature. 

where q = pseudo first order rate constant = 

Experimental k,'i:hab(h)c. Where a = 1 (as found by differential 

Reagents method using both single and multiple runs (18)), 
Reagent grade chemicals were used in the investigations: the Parameter q can be estimated from the slope 

chromic sulphate (M. C. and Bell), benzene (purified, bp log CCrA VS, time ( t )  plots. 
79-813C, M. C. and Bell), his-(2-ethyl hex~ l )  phosphoric acid Since the reaction order w.r.t. H +  concentration 
(Eastman Kodak), sulphuric acid (98%, BDH), sodium nitrate is found to vary between - 1 at higher acidities to 1 
(99%, BDH), acetic acid (99.4%, BDH), sodium acetate (99%, 
BDH), sodium azid (99%, E. Merck), potassium permanganate at lower acidities, q may be by : 
(99%, BDH), etc. All the chemicals were used without further 
purifications. Regenerated benzene was also used. [3] q = kf*hab(kh[H'] + 1 + kh-l[H+]-l)- l  

Proced~~res (k,, kh-,  = proportionality constants in the pH de- 
The stock solution of Cr(l1l) was prepared by dissolv- pendence of rate at higher and lower acidities respec- 

ing c~,(so,), 18H20 in sulphuric acid and diluting with tively) so that, at constant extractant 
water. It was then standardized by titrating with standard 
ferrous ammonium sulphate (1 1). The acidity of the stock solu- (ha)s where q = q ~ ' ,  the of kh and kh- may be 

tion was estimated by titrating with standard Na,C03 solu- obtained by the curve fitting of the log q ~ +  vs. log 
tions. The total sulphate content was then calculated. The test [Hf ] plots. Similarly, at constant h, where q = 
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qHZAZ, the value of b may be obtained from the slope 
of log q,,,, vs. log [H2A2](,, plots. Using the known 
values of b, k,, and kh-,, the value of k," can be 
evaluated from the intercepts of the above two plots. 

The effects of sulphate, acetate, and nitrate ions 
on the rate can be represented by the following em- 
pirical expression : 

[4] log q, = log Kfth,b[khh + 1 + k,-,h-'I-' 

- 1% (1 + k,(L,[LI) 

where L = Ac-, SO,2-, or NO3- and k,' = 

Ik, *, * 1 or k, * (kfC0 * = forward rate constant 
a t  0.25 rnol dm-3 acetate medium only) owing to 
the fact that the reaction order w.r.t. SO4'- and 
NO,- varies between 0 and - 1. For Ac-, k,(,, = 0. 
The value of kf(;, for other systems may be obtained 
by the curve fitting method. 

Results 
In  the study of the rate of forward extraction, 

Cr(I11) was present in the aqueous phase. The data 
used for analysis were only those obtained from the 
experiments in the early stages of extraction and the 
effect due to the back extraction may be considered 
negligible. 

( i )  Reaction Order w.r.t. Cr (111) Coi~centrafions 
Figure 1 shows that the slope of log(-dC,;/ 

dt) vs. log C,: plots are approximately unity in both 

FIG. 1. Determination of the order w.r.t. Cr(II1) in the for- 
ward extraction. SOe2- = 0.05 rnol dm-3, Ac- = 0.25 mol 
dm-3. (O), HDEHP = 0.6 rnol dm-3, pH = 4.07, CCrA(ini) 
= 210 mg dm-3, single run. (@), HDEHP = 0.6 rnol dm-3, 
pH = 2.72, CCrA(ini) = 200 mg dm-3, single run. (U), 
HDEHP = 0.6 mol dm-3, pH = 3.5, dt = (5 - 0) s, mul- 
tiple run. (B), HDEHP = 0.6 rnol dm-3, pH = 3.5, dt = 
(10 - 5) s, multiple run. The slope of all the lines is unity. 

the methods used (single and multiple runs). Hence, 
the reaction order w.r.t. Cr(II1) is unity. 

( i i )  Reaction Order w.r.t. HDEHP Concentrations 
The rate has been measured in the HDEHP con- 

centration range of 0.15 to 0.80 rnol dm-3 and at 
constant pH values of 2.32, 3.70, and 4.55. The log 
qHZA2 VS. log [H2A2](,, plots are given in Fig. 2. 
Figure 2 shows that the plots are straight lines with 
a slope of + 1, thus, the order w.r.t. HDEHP, i.e. b 
is 1. From this result, it is concluded that the rate of 
extraction is proportional to the HDEHP concentra- 
tions in the organic phase. 

(iii) Reaction Order w.r.t. Hf Concentrations 
The plots of log qHi vs. log [H'] are shown in 

Fig. 3 for constant HDEHP concentrations of 0.2, 
0.4, and 0.6 rnol dm-3 in the pH range 1.5 to 5.25. 
Figure 3 indicates that the slope of the plot approaches 
negative unity in the higher log [H'] region but the 
value increases with the decrease in log [Hf ] until it 
approaches the value of positive unity. The constants 
kh and kh-,  in eq. [3] were determined and are listed 
in Table 1. 

( iv)  Reaction Order w.r.t. SO,'- Concentratioi~s 
The rates have been measured as a function of sul- 

phate ion concentrations in the aqueous phase con- 
taining 0.25 rnol dm-3 acetate at pH 3.0 (ha = 0.4 
rnol dm-3) and 4.5 (ha = 0.6 rnol dm-3). The rate 
is found to decrease with the increase in the sulphate 
ion concentrations. Figure 4 represents the log 
q S O 4 ~ -  VS. log plots. The experimental points 
do not fall on straight lines, but curves are obtained 
which approach a minus unity slope at higher sul- 
phate ion concentrations. The constant k,(,,, i.e. 

10s [ H2A2 

FIG. 2. Determination of the order w.r.t. HDEHP in the 
forward extraction. SOe2- = 0.05 mol dm-3, Ac- = 0.25 
rnol drn-j. (O), pH = 3.70, slope = 1.00, intercept = 
- 1.14. (a), pH = 2.32, slope = 0.97, intercept = - 1.45. 
(a), pH = 4.55, slope = 1.00, intercept = - 1.66. 
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TABLE 1.  Value o f  constants in the rate expression 

Rate constant Other constant 

log kf * log k f zO * log k fo  * kh kh-I k f ( ~ o ~ ~ - )  k f ( ~ o ~ - )  

FIG.  3. Determination o f  the order w.r.t. H" in the forward 
extraction. = 0.05 rnol dm-3,  Ac- = 0.25 rnol dm-3.  
(e), HDEHP = 0.6 rnol d m - 3 ;  ( O ) ,  HDEHP = 0.4 rnol 
d m - 3 ;  (D), HDEHP = 0.2 rnol dm-3.  The solid thick lines 
are drawn by: log q,+ = log kf*hab - log ( k h [ H f ]  + 1 + 
kh-  [H+ I - ' ) ,  where the value o f  kh and kh- are found to be 
500 and respectively which fit the experimental points 
best. The thick broken lines are: log q~~ = log kf*hab - 
log(1 + k h [ H + ] )  and thin broken lines are: logq,+ = log 
kf*hab - log (1 + k h - l [ H + ] - l ) .  The dotted and broken lines 
represent the asymptotes. 

k f  (S042-  ) in eq. [4], for this case, has been determined 
from the plot by the method of trial, i.e. the value 
given for kf(S042-) that fits the experimental points 
best and is listed in Table 1. The rate constant k f  O "  

in the presence of 0.25 mol dm-3 [Ac-] is also calcu- 
lated and listed in the same table. 

(v) Reaction Order w.r.t. Ac- Concentrations 
The rate of extraction has been determined when 

the HDEHP concentration is kept at 0.4 mol dm-3 
and the acetate ion concentration is changed. The 
pH of the aqueous phase (containing 0.05 mol dm-3 
SO,2-) in these experiments is kept at 3.0. Figure 5 
represents the log q,,- vs. log [Ac-] plot, where it is 
found that there is no change of q,,- value with the 
change of [Ac-1, indicating the independence of the 
acetate ion concentration on the rate of Cr(II1) ex- 
traction. Acetic acid was found to be partitioned 
between the benzene and aqueous phase (distribution 
coeficient, [AcH] ( , ,~~~ / [AcH]  = 0.235 in water/ 
benzene system only and is nearly equal to 0.367 in 

FIG.  4. Determination o f  the order w.r.t. S042- i ~ !  the for- 
ward extraction. Ac- = 0.25 rnol dm-3,  ( O ) ,  pH = 3.0, 
HDEHP = 0.4 niol dm-3;  (e), pH = 4.5, H2A2 = 0.6 rnol 
dm-3.  The solid lines are drawn by log qso,z- = log ktzO*h, x 
(sooh + 1 + 1 0 - 4 h - ~ ) - ~  - log ( k f ( s o 4 ~ - , [ ~ 0 4 2 - ~  + 11, 
where kf(So4z-)  is found to be 4.17, i.e. the value given for 
k f (So42- )  that fits the experimental points best is 4.17. The 
broken lines are two asymptotes: log qsv42- = log kf.O* x 
k,(500h + 1 + 10-4h-1)-1 = I and log qSo42- = I - log 
kf(sv42-) - log 

water10.2 n ~ o l  dm-3 HDEHP dissolved in benzene). 
No correction was made for this and in Fig. 5, [Ac-] 
indicates the total concentration of acetic acid and 
sodium acetate, because the rate is found to be inde- 
pendent of acetate ion concentration. 

(vi) Reaction Order w.r.t. NO3- Concentrations 
It is found that the rate of extraction of Cr(II1) is 

decreased to some extent in presence of nitrate ions 
in the aqueous phase, although the distribution coef- 
ficient does not vary with the increase in the nitrate 
ion concentration (10). For this, the experiments 
have been conducted from the aqueous solutions 
containing 0.05 mol dm-3 sulphate ion, 0.25 mol 
dm-3 acetate ion and variable amounts of nitrate 
ions (added as NaNO,). Figure 5 represents the log 
qNO3- VS. log [NO,-] plot, which shows that the value 
of log q,,, - decreases with the increase in the nitrate 
ion concentrations. The experimental points do not 
fall on a straight line but a curve is obtained which 
approaches zero slope at lower nitrate ion concentra- 
tion ranges and - 1 slope at higher nitrate ion con- 
centration ranges. The value of the constant k,(,,,-) 
in eq. [4] has been estimated from the plot by the 
method of triaI and error and is listed in Table 1. 
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l og  [ C l  

00  I (co-ordinated water molecules are not shown) (10, 

FIG. 5.  Determination of the order w.r.t. Ac- and NO3- in 
the forward extraction. (a) (O), [L] = [Ac-] = [SO4'-] = 
0.05 mol dm-3, pH = 3.0, HDEHP = 0.4 mol dm-j ,  k,,,,-, 
= 0 (cf. eq. [15]). (b) (O), L = [NO,-] = [SO,2-] = 0.05 
mol dm-3, pH = 3.0, HDEHP = 0.4 mol dm-3, Ac- = 
0.25 mol dm-3. The solid line is drawn by log  NO,- = log 
kf*h,(500h + 1 $ 10-41~-')-1 - log (k,,,,,-,[NO,-] + I) ,  
where kf,,03-, is found to be 0.5. The broken lines are two 
asymptotes: log q y o 3  = log kf*h,(500h + 1 + 10-4h-1)-1 
= I and log qm,- = I - log (kicho3-,) - log [NO3-]. 

I 

jvii) Ecaluation of the Rate Constants 
The forward extraction rate constant, kf * at 0.05 

mol dmp3 sulphate and 0.25 mol dm-3 acetate 
media, has been evaluated from the experimental 
results. The value of log k,* is quoted in Table 1 with 
standard deviation. 

In  this case, the rate constant, log kfO* (where 
kfO* = forward rate constant in absence of sulphate 
and acetate ions and log kfO" is identical with the 
log k,,O* as the rate is independent of acetate ion 
concentrations) has been evaluated by comparing 
the relation given by eq. [ l ]  containing H t  term 
modified as in eq. [3], which is valid for 0.05 mol 
dm-3 sulphate and 0.25 mol acetate media, 
with the following relationships 

19, 20). Kobayashi et al. reported that the polynu- 
clear chromium compounds contain the non-linear 

and is tabulated in Table 1 

Discussion 

It has been reported early that in the lower acidities 
Cr(II1) is present as hydrolysed and polyrnerised 
species. At higher acidities (pH < 2), Cr(I1I) is 
present as [Cr(H20),]3f (19, 20). But as the acidity 
is decreased, there will appear successively the species 
like [ c r ( O ~ ) ] ~ + ,  [Cr2(OH)2]4f, [ C S ~ ( O H ) ~ ] ~ + ,  
[Cr2(OH)3]3t, [Cr4(OH),I4+, [Cr(OH)2]2+, etc. 
until it precipitates out as Cr(OH), at pH around 5.5 

groups (21). 
In discussing the results obtained from the rate 

measurements, i.e. the first order dependence of 
Cr(II1) concentrations on the rate at any pH indicates 
that the mononuclear Cr(II1) species are always in- 
volved in the rate determining step. Although there 
may be present various types of Cr(lI1) species 
(mono or polynuclear), only the mononuclear species 
will be responsible for the rate determinations. The 
first order dependence of Cr(I1I) concentration on 
the rate is in agreement w ~ t h  the general observation 
that the order w.r.t. the metal ions is found to be 
unity (2, 7, 13-17, 22, 23), except in the case of ex- 
traction of Ti(IV) with HDEHP (1) and of Zn(I1) 
with di-r*-naphthyl dithiocarbazone (24). Thus, at 
lower acidities Cr(III), present as polynuclear form, 
breaks down rapidly to mononuclear form which 
then reacts. 

The value of the rate constant (k,O* = 10p0.974) 
obtained for the system may be considered high. It is 
well known that the substitution reactions in Cr3+ 
species are so slow that it takes a few hours to a few 
days for completion of the reactions. It is well known 
that t h ~  substitution in CS(OH)~' is 10-100 times 
faster than the substitution in Cr3+ and the inter- 
conversion of Cr3+ with Cr(OH)2' is very rapid. As 
a result, the value of the rate constant suggests that 
the reactions will proceed via Cr(OH)2 as a primary 
path instead of via Cr3+ in the lower pH ranges at 
which the experiments were done. At higher pH 
ranges, the dihydroxypolymerised species may be 
assumed to be converted rapidly into CS(OH)~+ ions 
which then react. 

The first hydrolysis constant (PI) for CS(OH)~+ 
may be given by: 

[5] [Cr" ] = [[CS(OH)~' ] [H + I /  PI  
where PI  has been estimated to be about (20, 
25), and as a result, the rate expression in absence 
of sulphate and acetate ion in the low pH range 
(around pH 2) may be represented by: 

[6] - dcCrA/dt = (500Pl)-'kfO *[Cr(OH)2+] 

x [H2A21(0) 

At very low acidities (around pH 4.5, where Cr(III) 
is supposed to be present entirely as Cr(OH),+ or its 
polymer), the following hydrolysis equilibrium is 
maintained : 
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where p2 = 10-6.5 (20) and the rate expression be- 
comes : 
[8] -d~,:/dt = P2104kf0*[Cr(OH)2f ][H2A21(,-,) 

The eqs. [6] and [8] suggest that at both high and 
low acidities, the step represented by: 

acts as rate determining in the pH range studied. A 
similar type of mechanism through the formation of 
hydroxy species has been suggested for the extraction 
of Fe(II1) with HDEHP by Roddy et al. (26). 

Similar to the fact that the sulphate ion (10) de- 
creases the distribution ratio of Cr(III), the rate of 
extraction of Cr(II1) is also decreased by the presence 
of sulphate ion, probably due to the formation of the 
aqueous Cr3 +-SO,' - complex and/or Cr3 + -SO,'- 
ion pairs (27). The sulphate group of such complexes 
or ion pairs are more slowly replaced by HA2- 
group or the dissociation of such complexes affects 
the rate of extraction. Analogous suggestions may 
be put forward for the effect of nitrate ion on the 
rate. It is known that Cr(II1) also forms complex of 
the type [Cr,O(Ac),]+ with acetate (28). The inde- 
pendence of rate on acetate ion suggests that the 
complex of Cr(II1) with Ac- rapidly breaks down 
into Cr(1II) or such product, in presence of HA2- 
group which then react with HA2- or no such com- 
plex is formed in presence of high sulphate ion con- 
centrations. The exact explanation is not known to 
us. The acetate independence of Cr(II1) on the extrac- 
tion ratio was also observed and reported (10). 

The failure to the backward extraction is expected 
since a number of metal chelates are known to exhibit 
refractory character towards the attack by ligands 
(7, 29). This type of inertness is particularly expected 
in the case of Cr(II1). 
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Appendix 
Elaborated Mathematical Treatment of eq. [3] to 

Eualuate the Value of kh and kh- , 
At higher acidities, the contribution due to 

kh-,  [H+]- '  term may be disregarded, and the fol- 
lowing equation may be considered to fit the experi- 
mental points : 

[lo] log qH+ = log kf *hab - log (kh [H+ ] + 1) 
The curve represented by eq. [lo] has two asymp- 
totes : 

[l l] Lt log q H +  = log kf*h,b 
[ H +  ] + O  

[12] Lt log q,+ = log k,*hab 
[H+]-+m 

- log k, - log [H + ] 

The asymptote represented by eq. [I21 has inter- 
cept of value log k,*hab - log k, and hence the value 
of k, may be obtained as the value of log k,*hab 
is known from the asymptote represented by eq. [l  1 1. 

Similar treatment at the lower acidities, where the 
term kh[H+] may be neglected, gives the value of 
kh-1. 
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A. D. NADEZHDIN and H. B. DUNFORD. Can. J. Chem. 57,3017 (1979). 
The oxidation of ascorbic acid (AH,) and hydroquinone (QH,) by photolytically generated 

HO,' radicals was studied over a broad range of pH. The rate constants of the following pro- 
cesses were obtained 

k(AH + HOz' + A-' + Hz02) = (1.25 5 0.25) x lo6 M- '  S-' 

k(AH- + 0 2 - a  + A-' + HOz-) = (5.75 + 0.35) x lo4 M - '  S-'  

and 
k(QHZ + HOZ' + 'QH + Hz02)  = either (0.85 + 0.1) x lo4 

depending upon two different possible mechanistic interpretations. 

A. D. NADEZHDIN et H. B. DUNFORD. Can. J. Chem. 57,3017 (1979). 
On a etudie, sur une large Cchelle de pH, I'oxydation de l'acide ascorbique (AH,) et de 

l'hydroquinone (QH,) par des radicaux HO,' generCs photochimiquement. On a obtenu les 
constantes de vitesse pour les reactions suivantes: 

k(AH + HO,' + A-' + H202) = (1.25 + 0.25) x lo6 M-' s-' 

 AH- + 0,-- + A--  + HO,-) = (5.75 + 0.35) x 104 M-I  S - I  

et 
k(QH2 + HO,' + 'QH + H202) = soit (0.85 + 0.1) x lo4 

ou (1.7 + 0.2) x 104 M - I  S - I  

dependant des deux differentes interpretations possibles du mecanisme de la rkaction. 
[Traduit par le journal] 

Introduction 
The role of perhydroxyl radicals in different oxida- 

dation processes involving oxygen is widely dis- 
cussed in the literature especially that of biochem- 
istry (1) during the last decade. A large number of 
elementary reactions of 0,-' (or its acidic form 
HO,') have been studied quantitatively. Although 
most of the processes reported involve perhydroxyl 
radical as a reducing agent, there are a few studies 
describing its oxidative ability. In particular, several 
reactions of HO,' with one-electron reductants, such 
as transition metal ions in low oxidation states, Fe2' 
(2), Cut (3), Ce3+ (4) were studied by different tech- 
niques. Oxidation of a number of organic reductants 
like cysteine ( 5 ) ,  ascorbic acid (6), and hydroquinone 
(7) by HO,' was indicated in y radiolysis experiments 
in which an increase of H,O, yield was observed. 
More recent kinetic studies provide the values of rate 
constants (8-12). These papers will be discussed in 
detail later. 

In the case of two-electron reductants such as 
organic molecules one faces several experimental 

problems. These include possible reactivity of HO,' 
radicals with the products of one-electron transfers 
(semiquinone radicals), and reactions of semiqui- 
nones with molecular oxygen which could lead to a 
chain process (9). Another important problem is the 
reductive ability of superoxide anions, so the pres- 
ence of small amounts of products of the two-elec- 
tron oxidation of initial reagent can cause 0,-' 
consumption and semiquinone production (see be- 
low). This could be a serious misleading factor, when 
the reaction is studied by following the increase of 
semiquinone concentration. Therefore, the observa- 
tion of the initial reductant consumption has to be 
considered as more direct and reliable than other 
methods. 

In this work we studied the oxidation of ascorbate 
(AH,) and hydroquinone (QH,) by perhydroxyl 
radicals generated by the flash photolysis of water 
solutions containing reductant and H202.  As was 
explained in detail in our initial paper (12), when the 
ratio of [H202], : [reductant] exceeds lo3, all pri- 
mary 'OH radicals generated by photolysis of H 2 0 2  

OOO8-4042/79/233017-06$01 .OO/O 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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(13) are scavenged by hydrogen peroxide producing 
HO,' radicals within 1/10 of a millisecond after the 
flash. 

Materials and Methods 
All the chemicals were of reagent grade used without fur- 

ther purification except ascorbate, which was recrystallized 
from spectroscopic grade methanol. Buffer solutions for pH 
regions 3.8-5.8 and 6.0-7.8 were acetic acid - sodium acetate 
and potassium dihydrogen phosphate - sodium hydroxide; 
pH values lower than 3.5 were adjusted by adding concen- 
trated HClO,. Several experiments in the neutral pH region 
were accomplished without any buffer and no dependence of 
the results on the presence of buffer or its concentration was 
observed. In the majority of experiments with buffers the ionic 
strength value was 0.02 M. Approximately M EDTA 
was added to the ascorbate stock solution to prevent AH, 
oxidation on heavy metal residues. Quintuply distilled water 
was used for ail experiments. Control experiments, where 
optical absorption of the solution was recorded vs. time in the 
absence of flash light, showed that the spontaneous oxidation 
of AH, and QH, by 0, or H 2 0 Z  was a negligibly slow process 
compared to the reductants consumption under irradiation 
(14). 

The flash photolysis apparatus with spectrophotometric 
registration has been described (12). The limiting error of 
absorbance was between 5 x lo-' and 2 x lo-, absorbance 
units depending upon the time interval of the experiment. 
Consumption of ascorbic acid after each flash was followed in 
the spectral region 260-265 nm where AH2 absorbs very 
strongly as is shown in Fig. l a  and where dehydroascorbate 
does not absorb appreciably, Oxidation of hydroquinone was 
followed at 290 nm where absorption of hydroquinone is 
about seven times stronger than that of quinone (Fig. lb). 
H,O, was present in the solutions in a large excess. However, 
since its molar absorptivity is relatively low (-2 M-I  cm-'  
at  290 nm and - 12 I M '  cm-'  at  265 nm) compared to that 
of ascorbate or hydroquinone the absorption changes recorded 
after each flash are totally accounted for by the consumption 
of reductant. At the wavelength of the photolyzing light (?, = 

A,nm A,nm 

FIG. 1. The ascorbate and hydroquinone absorption spectra. 
( a )  Molar absorptivity (E) ol' ascorbic acid at  different pH 
values, p = 0.02 M, 22°C. (b) Solid line: absorption spectrum 
of hydroquinone at  low and neutral pH; broken line repre- 
sents quinone spectrum. 

330nm) absorption by the reductants was negligibly small 
compared to that of H,O, and in control flash experiments 
in the absence of H 2 0 2  no change of AH, or QH, concentra- 
tions was observed. The concentration of perhydroxyl radicals 
formed per flash was measured by the method described in 
ref. 12 using the 0,-' scavenger, tetranitromethane. All ex- 
periments were carried out at 22°C. 

Results and Discussion 
The change of the optical absorption vs. time after 

each flash in the system AH, + H,O, obeyed first 
order kinetics. A typical run is illustrated in Fig. 2. 
I t  call be seen from Table 1 that the value of the re- 
laxation time t,, is inversely proportional to [AH,] 
and did not depend on the initial concentration of 
perhydroxyl radicals, [HO,'],. On the other hand 
the overall change of AH, concentration did not de- 
pend on [AH,], and was directly proportional to 
[HO,'],. The stoichiometry of the reaction was 
[HO,'], :A[AH,] = 2 f 0.2. These facts can be 
interpreted in terms of two alternative schemes: 
Scheme (a) 

or Scheme (b) 

Il l  HO2' t- AH2 + A-' + HZO, + H~ 

2H+ 
[3] A- '  + A-'+A + AH, 

where A-' is the semiquinone radical of ascorbate, 
studied and chemically characterized in refs. 15-17, 
and A designates dehydroascorbate. 

If reaction [ 2 ]  is faster in our system than [3] and 
Scheme (a) is valid we can write 

d[AH,]/dt = - k1 [AH,][HO,'] 

d[HO,']/dt = - k1 [AH,] [HO,'] - k, LA-'] [HO,'] 

absorbance 

0 0.4 0.6 0.8 1.0 
time, s 

FIG. 2. Absorption change vs. time after flash in the sys- 
tem ascorbate (AH,) + H z 0 2 .  [AHZlo = 1.2 x M, 
[HOZ'Io = 1.2 x M, pH = 7.11, p = 0.02 M, 22'C. 
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NADEZHDIN AND DUNFORD 

TABLE 1. Reaction between ascorbic acid and perhydroxyl; k,,, = 1/(r, [AH,]) 

Using the steady state approximation for the value 
of [A'] one gets 

kl [AH,I[HO,I = k2 CA-'I[HO,'l 

and therefore 

d[HO,']/dt = - 2k1 [AH2][H02'] 

Integrating this system of equations and taking into 
account that [AH,] >> [HO,'], we get 

[41 [AH210 - [AH21 

= $[H0,"],{1 - exp (- 2k1 [AH,]t)) 

Scheme (b)  after integrating gives 

Dl [AH210 - [AH21 

= f [HO,'],{l - exp (- k, [AH,]t)} 

Equations [4] and [5] describe the same stoichiom- 
etry and kinetic behaviour but the second gives a 
rate constant two times larger for reaction [I]  than 
the first. Fortunately we were able to distinguish 
between these two possibilities. 

Let us suppose that (b) is the correct scheme. 
According to the steady state approximation for 
[A-'1 relation [6] must be fulfilled: 

[6] 2k3 [A-'1' = k1 [AH,] [HO,'] 

The rate constant of the disproportionation of A-'  
radicals, k,, is known at different pH values (14). 
For exalnple at pH = 5 it is - 1.5 x lo7 M - I  s- l  
and at pH 7 it is - 106 M-' s-l .  The value of [A-'] 
in the course of the reaction was estimated by the 
recording of absorption vs. time at 360 nm where 
the molar absorptivity of A-' radicals is maximal 
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and equal to 3 x lo3 M- '  cm-I (15). At least 4 x 
M of a species with such a molar absorptivity 

should be easily detected using our registration 
system. Under typical conditions, [AH,], = lo-' M 
and [HO,'], 1: M, we did not observe any 
change of absorbance at 360 nm in a pH region from 
4.2 to 7.5, therefore in the course of AH, consump- 
tion [A-'1 did not exceed 4 x M. Using the 
above mentioned values of k, and the experimentally 
determined k,,, as k, in accordance with Scheme (b), 
one can see that relation [6] is not fulfilled. There- 
fore reaction 121, Scheme (a),  must be the main way 
of A-'  radical consumption and k t  is equal to one 
half of the k,,, values in the last column of Table 1. 

The dependence of log k t  vs. pH is shown in Fig. 
3. The data can be accounted for quantitatively by 
considering the acid-base equilibria 

[7] AH2 + AH- + H +  K7 = [H+ I [AH- II[AHzI 

and 

Assuming that the reaction between ascorbate and 
perhydroxyl radical over the pH region of the study 
is in fact the sum of two processes 

k ,  
[91 AH- + H02'+A-' + H z 0 2  

klo 
[lo] AH- + 0,-'+A-' + H 0 2 -  

we have 

Use of a nonlinear least-squares computer program 
fitting the data to eq. [I I ]  gave the following best fit 
parameters 

pK, = 4.0 f 0.1 

(compared to the literature value of 4.1 (18)) 

(compared to the literature value 4.9 (19)) 

k, = (1.25 f 0.15) x lo6 M - I  sC1 
and 

k,, = (5.75 f 0.35) x lo4 M - I  s-I 

The continuous curve in Fig. 3 is numerically simu- 
lated using these values. At pH > 7 k,,, is practically 
equal to 2k,,, i.e., 1.15 x 10' M - I  s-l .  This value is 
consistent with that obtained by Bielski and Richter 
(9) (1.52 x lo5 M - '  s-l)  and close to the rate con- 
stant for AH, + 0,-" (8), 2.7 x lo5 M-' s-' at 
pH = 7.4. However, the rate constant for the same 
reaction given in ref. 10, (0.8 f 0.2) x 10' M - I  

FIG. 3.  The pH dependence of k l .  = 0.02 M, 22°C. Points 
represent experimental data, while the continuous line is nu- 
merically simulated using eq. [I11 and the best fit parameters. 

s-l ,  is much bigger than our value as well as that 
listed in refs. 8 and 9. 

The results of the flash photolysis study of hy- 
droquinone oxidation are represented in Table 2. 
We observed the same kind of kinetics as in the 
AH, + HO,' system and, as it can be seen from 
Table 2, the value of z, was inversely proportional 
to [QH,], and did not depend on [HO,'],. The 
overall change of absorption at h = 290 nm did not 
depend on [QH,] and was proportional to [HO,'],, 
corresponding to the stoichiometry : [HO,'], : A  [QH,] 
= 2 f 0.1. The same two possible mechanisms as in 
the case of ascorbate oxidation (a and b) could be sug- 
gested for QH, + HO,' interaction, but in the case 
of hydroquinone we were not able to choose between 
the two possible ways of semiquinone consumption 

[12] QH' + HOz' -+ Q + Hz02 

[I31 QH' + QH' -+ QHz + Q 

where QH' is the protonated form of the semiquinone 
radical (pK - 4 (20)) and Q designates p-benzo- 
quinone. The rate constant of semiquinone radical 
disproportionation is extremely high at low pH, 
2k,, = 1.2 x lo9 M - I  s-I (21) and without knowl- 
edge of kt ,  we could not compare the rates of the 
reactions [12] and [13]. Therefore the elementary 
rate constant of the reaction 

[14] QH2 + HOz' -+ QH' + Hz02 
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NADEZHDIN AND DUNFORD 

TABLE 2. Reaction between hydroquinone and perhydroxyl radical; k,,, = l/(.ro [QHzIo) 

[QHzIo x lo4, [HOzlo x lo7, A[QHzl x lo7, k,,, x 
pH M M M 70, S 

M-1 s - l  

could be equal to k,,, from Table 2 or be one half 
of its value, i.e. k14 is either (1.7 F 0.2) x lo4 M - I  
s-' or (0.85 + 0.1) x lo4 M-' s-I. It is seen from 
Table 2 that in the pH region from 0.4 to 3.5 k,,, does 
not depend on [H']. At the pH values from 3.5 to 4 
the overall change of absorption caused by the flash 
decreased drastically and a further increase of pH 
eliminated that change totally. It is possible that 
traces of quinone could be present as an impurity or 
even formed slowly in the dark in the solution con- 
taining H 2 0 2  and hydroquinone. It could compete 
with hydroquinone for hydroperoxyl radicals at pH 
values close to the pK of HO;, 4.88 (19), because of 
the very high rate constant of the reaction 

k,, = 9.8 x 10' M - I  s-' (11). According to this 
suggestion quinone should not interfere with hy- 
droquinone oxidation at lower pH values, since 
HO,' could be relatively inert as a reductant of Q, 
and [0,-"1 is small in acidic solutions. The following 
experiments served to confirm these speculations. 
Addition of 2 x M quinone to the solution 
containing 2 x M QH, and 0.2 M H 2 0 2  at pH 
2.5 totally subdued the hydroquinone consumption 
normally observed in the absence of quinone after 
a flash. However, several drops of concentrated 
HCIO, added to the solution restored the process of 
QH, oxidation under irradiation; the final pH in the 
system was 1.05. The latter result is relevant to the 
problem of the drastic disagreement between our 
value of the rate constant of QH, + HO; interac- 
tion, 1.7 x 1Q4 M-'  s-l ,  and that of the reaction of 
QH, oxidation by 0,-', 1.6 x 1Q7 M-' s-' given 
in ref. 11 (in spite of the fact that the HO,' radical 
is a stronger oxidant than Ox-'). In fact we did not 

observe QH, consumption under flash irradiation at 
neutral pH. The authors of ref. 11 studied the reac- 
tion of hydroquinone with 0,-' by following the 
semiquinone production in the solution of QH, 
where superoxide anions were generated. Taking 
into account the extremely high rate constant of 
reaction [15] (see above), one can see that if about 1% 
of QH, is present as quinone, formation of semi- 
quinone could occur via quinone reduction, rather 
than hydroquinone oxidation. In conclusion we want 
to stress the necessity of considering all possible ways 
of intermediate formation when studying superoxide 
reactions. It is dangerous to assume that 0,-' is 
acting as an oxidant because of its very strong re- 
ducing ability. 

According to our data the reactivity of ascorbate 
in a one-electron oxidation by HO,' and 0,-' is 
greater than that of NADH (12), whereas ascorbate 
radicals, products of the one-electron oxidation of 
ascorbic acid, are more inert as reductants than 
NAD' radicals (22). Thus ascorbate has a greater 
tendency than NADH to react via one-electron steps, 
whereas with NADH the hydride ion transfer mech- 
anism can compete successfully with the slower initial 
one electron transfer. 
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Magnetic field effect on the fluorescence from y -irradiated solutions of perfluorocarbonsl 
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ROBERT SMITH DIXON and VINCENT JOHN LOPATA. Can. J. Chem. 57,3023 (1979). 
The effect of an applied magnetic field on the fluorescence from y-irradiated solutions of 

perfluorobiphenyl and perfluoronaphthalene has been measured in various solvents. In all the 
solvents used (cyclohexane, squalane, isooctane) the fluorescence intensity increases with 
increasing field and tends towards a plateau at  high fields (>0.1  T). At low fields, the fluores- 
cence enhancement is smaller for the perfluorocarbons than for the parent hydrocarbons, due 
to the larger electron-nuclear hyperfine coupling and broader spread of the hyperfine levels in 
the radical ions of the perfluorocarbons. At high fields the fluorescence enhancement is also 
smaller for the perfluorocarbons than for the parent hydrocarbons, indicating a larger relative 
proportion of prompt (field-independent) fluorescence for the perfluorocarbons than for the 
parent hydrocarbons. 

ROBERT SMITH DIXON et VINCENT JOHN LOPATA. Can. J. Chem. 57,3023 (1979) 
On a mesure dans differents solvants I'effet d9un champ magnktique applique sur la fluoros- 

cence provenant des soIu?ions de perfluorobiphCnyles et perfluoronaphtalenes irradites aux 
rayons y. Dans tous les solvants utilises (cyclohexane, squalane, isooctane) i'intensite de la 
fluorescence augmente avec le champ et tend vers un plateau pour des valeurs &levees du champ 
(> 0.1 T). Lorsque le champ est faible la fluorescence provenant des perfluorocarbures aug- 
mente plus faiblement que celle relike aux hydrocarbures apparentes. Ceci est dQ a un pius 
grand couplage hyperfin electron-noyau et a un etalen~ent plus vaste des niveaux hyperfins des 
ions radicalaires des perfluorocarbures. A champs forts I'augmentation de la fluorescence est 
egalement plus petite pour les perfluorocarbures que pour les hydrocarbures apparentis 
indiquant ainsi une plus grande proportion re!ative de Auorescence rapide (~ndependante du 
champ) dans le cas des perfluorocarbures que dans les cas des hydrocarbures apparentis. 

[Traduit par le journal] 

Large yields of electrons and cations are produced 
following absorption of ionizing radiation by a 
liquid. In nonpolar liquids, the major fraction of the 
ion pairs produced by y or electron irradiation does 
not separate completely but undergoes geminate 
recombination. This produces electronically excited 
singlet and triplet states, the relative yields of which 
have been predicted to change in an applied magnetic 
field (1-3). Such an effect has now been observed in 
both pulse (4-6) and y-irradiated (6-8) solutions of 
aromatic hydrocarbons in alkane solvents. Recently, 
experiments using the single photon counting tech- 
nique have confirmed the effect (9-1 1). 

When a pair of solute radical ions M' and M -  
recombine geminately, loss of spin correlation, i.e., 
a change from singlet to triplet, occurs because of the 
isotropic hyperfine interactions between the unpaired 
electrons and the hydrogen nuclei of M' and M-.  A 
magnetic field was predicted to decrease the rate of 
loss of spin correlation leading to an increase in 
singlet production, the effect being time-dependent 
(1-3). This was confirmed in pulse-irradiated solu- 

'AECL No. 6647. 

tions of hydrocarbons in squalane and cyclohexane 
(4-6). In continuously y-irradiated solutions (6-8), a 
smaller magnetic field effect is observed because the 
prompt emission, which exhibits no field effect, is 
superimposed on the einission from slower ion 
recombinations, which does show a magnetic field 
effect. 

To date, the study of the effects of substitution in 
the solute molecule has been limited to deuteration. 
Since the magnetic moment of a deuteron is smaller 
than that of a proton (12, 13) electron-nuclear hyper- 
fine coupling is smaller in deutero radical ions than 
in the corresponding protiated ions. Thus the rate of 
loss of spin correlation was calculated to be lower for 
deuterated compounds (2, 3), leading to a smaller 
magnetic field effect at high fields. This has been con- 
firmed experimentally with naphthalene and naph- 
thalene-d, (8). However, at low fields, the opposite 
effect was observed, i.e., the enhancement of the 
fluorescence intensity was higher for naphthalene-d, 
than for naphthalene. Although this appears con- 
tradictory, it does, in fact, provide further support 
for the theory. In order to be effective in preventing 
mixing between the singlet and triplet states of the 
geminate ion pair prior to recombination (resulting 

0008-40421791233023-05$01 .00/0 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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in a smaller triplet formation in a magnetic field), the 
Zeeman splitting due to the field must be greater than 
the spread of the hyperfine levels. This spread is 
smaller for naphthalene-d8 because of the smaller 
coupling constant, so a smaller field is required to 
produce an initial enhancement in naphthalene-d,. 
This hypothesis may be tested further by examining 
magnetic field effects on compounds with large 
coupling constants. Radical ions of fluorinated 
aromatic hydrocarbons have high coupling constants 
(e.g., 14-16) and we have therefore compared the 
magnetic field effect on the fluorescence intensity 
from y-irradiated naphthalene-f8 (PFN) and bi- 
phenyl&, (PFB) with that from the corresponding 
protiated molecules in various solvents. 

Experimental 
The experimental arrangement is described in detail else- 

where (6-8). The solutions were irradiated in a Suprasil cell 
which was part of a flow system for ease of sample changing. 
The Ir-192 y-ray source gave a dose rate of - 5 x l oy5  J g-' 
s - l ,  in the solution, as measured by the Fricke dosimeter. The 
light emitted during radiolysis was focussed by a lens onto an  
RCA 1P28 photomultiplier tube and the level displayed on a 
recorder. The cell was positioned between the poles of a small 
electromagnet which provided a field up to 0.5 T, as measured 
by a Hall-type gaussmeter. The small residual field (- T) 
remaining when the magnetic field was turned off was elimin- 
ated by passing a reverse current through the magnet until the 
magnetic field was a minimum in the direction of the Hall 
crystal. The field at  the minimum was < T.  The magnetic 
field had no effect on the photomultiplier tube or on the 
emission intensity from a cell containing solvent only, but it 
was necessary to correct for the current produced in the 
photomultiplier tube by the y-source. 

Solutions were de-aerated by bubbling with dry ultrahigh 
purity argon gas (Matheson). Biphenyl (Hinton) and naph- 
thalene (Aldrich) were zone-refined prior to use. Squalane 
(Eastman) was passed through a silica gel column until the 
absorption edge, measured spectrophotometrically, remained 
constant. Biphenyl-f,, (Imperial Smelting), naphthalene-f, 
(PCR Inc.), cyclohexane, isooctane, and benzene (Fisher 
spectroanalyzed) were used without further purification. 

Results 
In order to determine the emitting species in 

irradiated solutions of perfluorocarbons, compari- 
sons were made between the spectra obtained by 
pulse radiolysis and by spectrofluorimetry. The 
emission spectra from pulse-irradiated 10W2 M per- 
fluorobiphenyl (PFB) and perfluoronaphthalene 
(PFN) in cyclohexane are shown in Fig. 1. Similar 
spectra were obtained in benzene and the spectra 
measured during the pulse and following the pulse 
were the same, within experimental error. The 
intensity of the PFN spectrum was about twice that 
of the PFB spectrum, in accordance with their 
measured fluorescence yields (17). The spectra of 
both perfluorinated compounds are substantially 
red-shifted compared to the protiated compounds 

300 350 400 450 
X, nrn 

FIG. 1. Fluorescence spectra from pulse-irradiated M 
perfluorobiphenyl(0) and perfluoronaphthalene (0) in cyclo- 
hexane (corrected for the spectral response of the light detec- 
tion system). 

(18). The maximum of the PFB spectrum occurs at 
371 nm, which compared well with spectrofluori- 
metric measurements of 372 nm in cyclohexane (this 
laboratory) and 375 nm in petroleum ether (17). The 
maximum of the PFN spectrum occurs at 353 nm, 
which is in good agreement with the spectrofluoro- 
metric values of 352 nm in cyclohexane, 357 nm in 
squalane (this laboratory), and 355 nm in petroleum 
ether (17). However, it is somewhat lower than the 
values of Singh and Quinn (1 9) who found a small red 
shift in h,,, with increasing solute concentration. 
Thus self-absorption, excimer formation, or an 
impurity effect cannot be excluded completely at high 
concentrations. Excimer formation appears unlikely 
since none was seen in photoexcited PFN in methyl- 
cyclohexane down to 213 K, though there is evidence 
for excimer formation in more viscous solvents at 
low temperatures (20). Nevertheless the similar 
spectra obtained spectrofluorimetrically and pulse- 
radiolytically show that the emission from irradiated 
solutions arises mainly from singlet fluorescence. 

The changes in intensity of the fluorescence from 
y-irradiated solutions of PFB and PFN (lo-' M )  in 
various solvents, viz., cyclohexane, squalane, and 
isooctane, as a function of magnetic field strength are 
compared with those of the parent hydrocarbons in 
Figs. 2 and 3. In all cases the fluorescence intensity 
increases steadily with increasing magnetic field and 
tends towards a plateau above - 0.1 T, the plateau 
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FIG. 2. Increase in fluorescence intensity as a function of 
applied magnetic field: (a) M biphenyl (0) and per- 
fluorobiphenyl (@) in squalane; (b) lo-' M biphenyl (0) and 
perfluorobiphenyl (E) in is~octane. 

value depending on the solvent. At low fields, the -3 -2 -1 0 
Log (Magnetic Induction, Tesla) 

effect of magnetic field on the perfluorinated com- 
pounds is much less than on the parent hydrocarbons, FIG. 3. Increase in fluorescence intensity as a function of 

and a minimum field of 2 0,005 T is required to pro- applied magnetic field: (a) lo-' M naphthalene (0) and per- 
fluoronaphthalene (.) in squalane; (b) M naphthalene 

duce an initial increase for the perfluorinated com- (01 and perfluoronaphthalene in cyclohexane; (c) 1 0 - ~  
pounds. At high fields, the "plateau" value is also naphthalene ( A )  and perfluoronaphthalene (A) in isooctane. 
smaller for the perfluorinated compounds than the 
corresponding hydrocarbons in each solvent. At high solute concentrations, reaction [6] will 

probably be the main ion recombination process. 
Discussion Solute excited states may also be formed by energy 

In solutions of an aromatic hydrocarbon in an transfer from excited solvent molecules (21, 22, 24) 
alkane solvent, geminate recombination of solute via reactions [71 and [81. 
radical ion pairs is one source of excited states [71 S W *  
(21-26). For an aromatic hydrocarbon, M, in an 
alkane solvent, S, the major reactions leading to [8] S* + M +  M *  + S 

excited state formation via ion recombination are as The emission observed in our experiments is the 
follows : fluorescence from excited singlet PFB and PFN. This 

[I ]  S-S+ + e- may come from direct excitation or from ion re- 
combination of the undissociated solute radical ion 

[2] S+  + M + M +  + S  pairs (e.g., PFB' + PFB- or, possibly, S+ + 
[3] e- + M -+ M- PFB-). PFB appears to attach electrons and a 

[4] M +  + e - + M *  
spectrum which is probably that of PFB- has been 
observed in acetonitrile and other solvents.' The 

[5] S+ + M- -, M *  + S spectrum of PFN- is not as clearly defined, but 
[6] M +  + M- + M* + M addition of PFN to irradiated solutions of PFB in 

where M*  may be an excited singlet or triplet state. 2A. Singh and co-workers, private communication. 
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acetonitrile reduces the yield of PFB-.' The thermo- 
luminescence seen in frozen solutions of PFB and 
PFN in poiar (27) and non-polar (20) solvents is 
considered to arise from ion recombination. If the 
recombining anion were F -  from dissociative electron 
capture, excited singlets would not be formed (27). 
Thus, although the extent of dissociative electron 
capture of PFB or PFN to produce F- is not known, 
it appears that the large anions PFB- and PFN- 
have lifetimes long enough to allow their geminate 
recombination in the non-polar solvents used in the 
present work. 

The increase in fluorescence intensity in a magnetic 
field was predicted by Brocklehurst (2, 3). The spins 
of the odd electrons on the recombining ions M f  
and M-  are initially paired in a singlet solvent 
molecule prior to ionization. If the spins remain 
correlated, i.e., if their relative orientation and phase 
do  not change, then only singlets will be produced 
when M +  and M-  recombine. However, if correla- 
tion is lost, triplets may be formed. The theory (2, 3) 
shows that loss of spin correlation occurs because of 
the hyperfine interaction between the unpaired elec- 
trons and the magnetic nuclei of M f  and M-.  The 
loss of correlation is slower in a magnetic field 
because of the Zeeman effect. At zero field, the 
degeneracy of the states of the odd electrons in the 
ion pair, viz., S = 0, M, = 0 and S = 1, M, = 0, 
f 1 (abbreviated to So, To, T,, and T - )  allows 
mixing between the singlet and all three triplet states. 
At high fields, however, the T+ and T- states have 
different energies because of the Zeeman splitting 
and appreciable mixing can only take place between 
the So and To states. This leads to increased singlet 
formation in a magnetic field. The magnetic field 
effect is time-dependent (4-6) but is predicted to be 
zero for ion recombinations which take place in less 
than -5 ns (2, 3). In pulse-irradiated solutions, the 
"prompt" emission, which is field-independent, can 
be separated from the slower ion recombination 
fluorescence, which is field-dependent. However, in 
continuously irradiated solutions, the field-inde- 
pendent fluorescence is superimposed on the field- 
dependent fluorescence, which leads to a smaller 
overall field effect. 

The field effect shown in Figs. 2 and 3 is consistent 
with the theory (2, 3), and with our earlier results 
(6-8). The enhancement of the emission intensity 
increases with increasing magnetic field and ap- 
proaches a plateau at fields > 0.1 T. The high field 
value varies with solvent in the order cyclohexane < 
squalane < isooctane for all solutes. The difference 
between squalane and cyclohexane may be explained 
in terms of the ion recombination times in the two 
solvents. In cyclohexane the smaller average ion 

recombination time will lead to a larger fraction of 
prompt (field-independent) fluorescence than in 
squalane, i.e., to a smaller magnetic field effect. The 
results in isooctane thus indicate a much smaller 
fraction of prompt fluorescence than in any other 
solvent which we have studied. The origin of the 
prompt fluorescence is, however, not unambiguous 
and the relative contributions of ion recombination 
and energy transfer to the formation of solute 
excited states are still being debated (21-26). In 
cyclohexane, energy transfer from the solvent occurs 
(24, 25) whereas the lack of fluorescence of isooctane 
(28) suggests that energy transfer is less likely in this 
solvent. No data are available to permit an assess- 
ment in squalane. 

Figures 2 and 3 show that substantially different 
fields are required to induce the initial effect for the 
protiated and perfluorinated compounds. For the 
protiated compounds, a field less than T is 
sufficient to cause a small increase in fluorescence 
intensity, whereas a field greater than - 5 x T 
is required to produce an increase with the perfluo- 
ririated compounds. This different behaviour pro- 
vides further support for the theory (2, 3). The rate 
of loss of spin correlation depends to a large extent 
on the magnitude of the coupling constant a between 
the unpaired electrons and the magnetic nuclei of the 
recombining ions. Fluorination increases the coup- 
ling in radical ions of aromatic molecules (14-16) as 
compared to the parent hydrocarbons (12, 13). Few 
data are available for the perfluorinated solutes used 
here, but the cation of PFN has coupling constants 
of 19 G and 4.78 G, respectively, for the a and P 
positions (14, 15). These are much higher than the 
corresponding values of 4.90 and 1.83 G respectively, 
in naphthalene (29). Coupling constants of anions 
are generally smaller than those of the corresponding 
cations, both in hydrocarbons (13) and partly 
fluorinated hydrocarbons (14). Coupling constants 
of the anion of PFN are not known; they will 
presumably be smaller than those of the corre- 
sponding cation, but larger than those of the 
naphthalene radical anion. Thus we expect a larger 
overall coupling for the PFN ions than for the parent 
naphthalene ions. Data are unavailable for the 
radical ions of PFB but comparisons between 
biphenyl (13) and partly fluorinated biphenyl (14) 
suggest that the above arguments will also apply to 
PFB. 

The higher electron-nuclear hyperfine coupling in 
the radical ions of the perfluorocarbons means higher 
overall spectral widths and a broader spread of the 
hyperfine levels, and this explains the larger field 
required to produce an initial effect with the per- 
fluorocarbons (Figs. 2, 3). We have seen earlier that 
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the magnetic field causes the Zeeman splitting, which 
prevents mixing between the So and T ,  states, and 
this results in higher singlet production. I t  is clear 
that, to prevent such So-T, mixing and the corre- 
sponding singlet increase, the magnetic field must be 
large enough to prevent overlap of the hyperfine 
levels, so that mixing of So and T ,  does not occur. 
Since the spread of the hyperfine levels is larger for 
the perfluorinated compounds, a larger field will 
therefore be required to prevent overlap and to 
produce an initial singlet increase, as is found. The 
effect observed at low fields thus provides further sup- 
port for the theoretical model (2, 3). 

At high fields, the magnetic field effect is smaller 
for the perfluorocarbons than for the hydrocarbons 
(Figs. 2, 3). Because of the higher coupling constants 
in the perfluorocarbons, the rate of loss of spin 
correlation should be higher than for the parent 
hydrocarbons so that, all other things being equal, 
the magnetic field effect should be larger for the 
perfluorocarbons at high fields. The reverse result 
undoubtedly occurs because of different ratios of 
field-dependent and field-independent fluorescence in 
the two sets of compounds. The magnetic field effect 
in continuously irradiated solutions is an overall 
effect because the prompt fluorescence (field-inde- 
pendent) is superimposed on the slower ion recom- 
bination (field-dependent) fluorescence. Our pre- 
liminary results in pulse-irradiated solutions of 
naphthalene, PFN, biphenyl, and PFB in cyclo- 
hexane show that the ratio of in-pulse emission to 
post-pulse emission is much larger for the perfluoro 
compounds than for the parent hydrocarbons. This 
will, in turn, mean a larger fraction of field-indepen- 
dent fluorescence for the perfluoro compounds and a 
smaller field effect at high magnetic fields, as 
observed. 
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field calculations1 
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GERALD W. BUCHANAN, JOCELYN SELWYN, and BRIAN A. DAWSON. Can. J. Chem. 57.3028 
(1979). 

A series of exo-methylenebenzocycloalkanes with ring sizes 5-8 have been prepared, enriched 
with 13C and also deuterated at the exocyclic position. 13C chemical shifts are found to be 
influenced by the degree of planarity between the aromatic ring and the exocyclic methylene 
function. 13C-13C couplings through one, two, and three bonds have been measured. The 
'JCc values correlate very well with %S character calculations. Values of 3JCC are found to be 
influenced by both dihedral angle and valence angle. The relative propensity for these com- 
pounds to isomerize to endocyclic material is discussed. Some earlier spectral assignrncnts for 
the indene derivative are shown to be in error. 

GERALD W. BUCHANAN, JOCELYN SELWYN et BRIAN A. DAWSON. Can. J. Chem. 57,3028 
(1979). 

On a prepare une serie d'exo-m~thylenebenzocycloalcanes dont la taille des cycles varie de 
5 a 8, enrichis en 13C et egalement deuteres en position exocyclique. On a trouve que le degre 
de plantarit6 entre le cycle aromatique et la fonction methylene exocyclique influence les de- 
placements chimiques du 13C. On a mesure les constantes de couplage I3C-13C a travers une, 
deux ou trois liaisons. Les valeurs 'Jcc correspondent parfaitement aux calculs du % de carac- 
tere S. On a trouve que I'angle dikdre et I'angle de valence influencent 3Jcc. On a discutt de 
la tendance relative qu'ont ces con~poses a s'isomeriser en derives endocycliques. On a demon- 
tre que certaines interpretations spectrales faites anterieurement pour les derives de l'indene 
sont erronees. 

[Traduit par le journal] 

Introduction 
The dihedral angle dependence of proton-proton 

vicinal coupling constants is well known (1) and has 
been widely used for structure determination. In 
addition, factors such as bond length, valence angle, 
substituent electronegativity, and substituent orien- 
tation are known to affect the magnitude of 3JHH (2). 

The widespread application of 3 ~ H H  to stereo- 
chemistry has prompted investigations into possible 
"Karplus-type" relationships in vicinal 13C-13C 
couplings as well, using single-site 13C-enriched 
materials. Among systems recently examined are 
carboxylic acids (3), aliphatic alcohols (4, 5), ketones 
(6 ) ,  and esters (7). 

To date, few 13C-"C coupling data have been 
reported for conjugated networks of the type 

Pr 

study due to unusual behaviour, possibly of confor- 
mational origin, observed in the intramolecular 
Friedel-Crafts acylation reactions leading to the 
corresponding ketones., No information regarding 
the geometries of these materials is available from 
'H nmr, due to peak overlap in the region 6 = 1-3, 
and the lack of protons vicinal to the exo-CH, 
protons. 

In addition to the nmr measurements, force-field 
calculations of the molecular geometries were carried 
out using the G E M 0  program (8, 9). The resulting 
geometries were employed to study the dihedral angle 
dependence of 3Jcc and also were used as input for 
the INDO MO program (10) to calculate the Fermi 
contact contributions to 13C-13C couplings through 
one, two, and three bonds. 

The I3C chemical shifts for the exo-methylene 
A -  

C-c c=t3C/ . ~h~ present study presents data carbon, C-1, and the quaternary aromatic positions 

'H are also discussed in detail with respect to the 

for such pathways, present in exo-methylenebenzo- geometries. 
cycloalkanes. These compounds were chosen for Results and Discussion 

Chemical Shifts 
'Taken, in part, from the Honours B.Sc. thesis of Jocelyn The 13C shifts for 1-4 are presented in Table 1. 

Selwyn and the Ph.D. thesis of Brian A. Dawson, Carleton 
University, 1979. 'R. H. Wightman. Private communication. 

OOO8-40421791233028-06$01 .OO/O 
@ 1979 National Research Council of CanadaIConseil national de recherchesdu Canada 
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BUCHANAN ET AL. 3029 

TABLE 1. 13C chemical shifts (Fc from TMS + 0.1)" 

"0.1 M solutions in CDCI,. 
bparentheses denote uncertain assignments. 

With the exception of compound 1 (11), no carbon 
nmr data have been previously reported for these 
materials. Several techniques were used for peak 
assignment. Initially, distinction between quaternary, 
methine, and methyiene resonances was made on the 
basis of their multiplicity in the single frequency off- 
resonance (SFORD) decoupling experiment. The 
exo-methylene carbons were positively identified by 
the unambiguous synthesis of the 13C-enriched 

materials l a - 4 ~ .  These compounds also permitted 
clear assignment of the C-1 resonance due to the 
observation of 'J,, near 70 Hz, a value close to that 
found in simple disubstituted alkenes (12). 

Synthesis of the dideuterated compounds lb-4b 
allowed unambiguous assignment of the C-2 vs. C-3 
resonances in 1-4 and distinction between the two 
quaternary aromatic carbon resonances. The pres- 
ence of deuterium causes small, but resolvable, 
coupling between deuterium and the vicinal carbon 
atom (C-2) (3Jccc, is ca. 0.6-1.5 Hz) (13-16), thereby 
permitting distinction between C-2 and C-3. The C-3 
carbon, being 4 bonds separated from deuterium, is 
not measurably spin coupled to it. Similarly, C-7a can 
be distinguished from C-3a in lb, as can C-8a from 
C-4a in 2b etc. In these cases, the quaternary carbons 
vicinal to the deuterium also show reduced integrated 
intensities, compared to their protio analogs, due to 
the less efficient dipole-dipole relaxation of these 
carbons by the spatially proximate deuterium atom 
(below), which results in a reduced nOe and a 
lengthened T I .  

For the remaining methylene carbon assignments, 
the effect of exo-CH, addition (17) on the 13C shifts 
of cycloalkanes was considered, in conjunction with 
the previously published data for benzocycloalkanes 
(18). With regard to the aromatic methine resonances 
only the carbon vicinal to the exo-methylene carbon 
could be clearly assigned. This was done on the basis 
of its upfield "y" shift (1 1) in the nearly planar cases 
of 1 and 2, and the observation of 3Jcc to this posi- 
tion in la-4a. 

3 3 a 3b 1 
2,3,4,5-Tetrahydro- I-methylenebenzocycloheptene 

13 
It is interesting to note the influence of benz- & & annelation on the carbon shifts of 1-4 relative to the 

9 / methylenecycloalkanes below (17, 19), particularly at 
8 \ \ the C-1 and exo-methylene positions. Our force-field 

7 6 a 6  5 calculations indicate that for 1 and 2, the exo- 
4 4a 46 methylene carbon is nearly coplanar with the benzene 

3,4,5,6-~etrahydro(2H)-l-methylenebenzoc~clooctene ring (Table 2, data for 4, and 4,), while compounds 
FIG. 1. Structures, IUPAC names, and numbering schemes and are nOn-~lanar  in this regi0n the 

for materials studied. molecule. 
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TABLE 2. Calculated valence (8) and torsional4 ( 4 )  angles (i O.lc) 

4 2  

Compound 8 ,  0~ e3 e4 es  0 s 8, 4 I 4 ) ~  4~ 

1 (n  = 1 )  103.2 113.7 123.8 122.5 103.9 121.4 134.5 1.4 178.9 178.2 
2 (n  = 2) 111.3 119.6 122.8 117.6 119.4 118.3 122.2 1.8 177.1 147.6 
3 ( n = 3 )  1147  119.4 120.7 119.7 121.0 119.5 119.5 59.0 122.5 109.6 
4 ( n = 4 )  120.1 120.4 120.2 119.4 120.8 119.8 119.4 84.4 96.9 139.5 

ODefined as thc angles wh~ch the exoc>cllc (=CHI) carbon makes wlth the carbons denoted by (+) as shown on the dlagrarn. 

These calculated results are in reasonable agreement 
with the only experimental data for these materials, 
those for 1-3, extracted from photoelectron spectra 
(20). 

For the planar cases 1 and 2, benz-annelation 
results in substantially increased shielding at C-1, 
ca. 3-6 ppm. For the non-planar systems 3 and 4, the 
C-1 resonance is slightly deshielded relative to the 
methylenecycloalkane models shown above. 

Similarly the e.xo-methylene resonance of 1 is 
shifted upfield on benz-annelation and those of 3 
and 4 experience downfield shifts upon fusion of the 
aromatic ring. Compound 2 is anomalous in this 
regard, in that the exo-CH, resonance is slightly de- 
shielded (ca. 1 ppm) relative to methylenecyclo- 
hexane, even though the aromatic ring is nearly 
coplanar to the =CH, function. 

Our assignments for C-3a and C-7a of 1, based on 
deuteration results, are reversed from those reported 
previously (11). The earlier assignments were made 
using indane as a model compound and assuming a 
"p" deshielding effect of the exo-methylene group at 
C-7a. The present work clearly shows that the shifts 
of the quaternary aromatic carbons cannot be treated 
on this basis. For 1 and 2, the shifts of C-7a and C-8a 
are upfield relative to C-3a and C-4a respectively. In 
the cases of 3 and 4, the effect is reversed for the shifts 
of C-9a and C-lOa vs. C-5a and C-6a respectively. 
Additional support for the present assignments 
comes from the results of total electron density cal- 
culations which are presented in Table 3. The values 
were calculated from the INDO MO program (10). 
In each of 1-4, the quaternary aromatic carbon with 
the higher calculated electron density resonates at 

TABLE 3. Calculated electron densitiesa and 
13C shifts ( 6 4  for quaternary aromatic 

carbons 

Corn- Electron 
pound Carbon density 6,  i 0.1 

T o t a l  electron densities in electron units 

higher field, i.e., lower 6,. We realize that attempts to 
quantitatively correlate electron densities with 
chemical shifts are dangerous, but qualitative com- 
parisons are useful. 

Thus, to summarize, the chemical shift trends 
found at the exo-methylene group, C-1, and the 
quaternary aromatics for 1-4 are generally divisible 
into two categories. The first category is for materials 
having 4, and 4, (Table 2) close to 0" and 180" 
respectively, i.e., 1 and 2, while the second category 
encompasses the non planar materials 3 and 4, 
which have +, and 4, values greatly different from 
0" and 180" respectively. 

13C-13C Couplings 
The experimental and INDO MO calculated (10) 

1 3  C-13C J values are presented in Table 4. Pre- 
viously (19), l~c=cH, values of 73.2, 72.0, 72.0, and 
72.0 Hz were reported for the methylenecyclo- 
alkanes of ring sizes 5,  6, 7, and 8 respectively. Data 
in Table 4 indicate that benz-anneiation has little 
influence on this parameter. The agreement between 
observed and calculated ' J  values for 1-4 is fairly 
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BUCHANAN ET AL. 303 1 

good, suggesting a dominance of the Fermi contact 
mechanism for these  coupling^.^ 

A usual correlation of directly bonded coupling 
constants is with the product of the S character of 
the bonding orbitals, and the equation below has 
been proposed (21). In the present work, the Y ,  S 
character for the carbons involved was calculated 

from the SCF density matrix, calculated in the coup- 
ling constant program. The electron densities in the 
carbon 2s, 2px, and 2py orbitals were obtained, and 
from this, the S character can be determined. 
Using this approach, excellent agreement between 
observed and calculated 'JC, values was found, the 
calculated values being 73.7, 73.6, 73.4, and 73.3 Hz 
for 1, 2, 3, and 4 respectively. 

Regarding geminal 13C-13C couplings, no re- 
solvable 'JCc values (i.e. > 0.6 Hz) were observed to 
the quaternary aromatic carbons 7a, 8a, 9a, and 10a 
of 1, 2, 3, and 4 respectively. Measurable 'J values 
into the aliphatic ring were obtained, however, for 
2,3, and 4. In these instances the calculated couplings 
exceed the observed by a factor of about five, sug- 
gesting that the Fermi contact mechanism is prob- 
ably not dominant in these interactions., In the 
previous work on the simple methylenecycloalkanes 
(19), no 2Jcc or 3JCC data were included, perhaps due 
to the low resolution of the instrument employed. 

The vicinal couplings (3Jcc) are of particular 
interest in this work, since for each of 1-4, there are 
three possible pathways for vicinal coupling, and in 
every instance, a resolvable 3Jc, was obtained 
experimentally. Agreement between calculated and 
observed values (Table 4) is considerably better than 
for geminal couplings, although the calculated 
couplings are all higher than the observed. Further- 
more, it is of interest to attempt to correlate the 
observed 3 ~ c c ' s  with the calculated torsional 
(dihedral) angles between the coupled carbons, i.e., 

+', and +, of Table 2. Strictly speaking, it is valid 
only to examine the dihedral angIe dependence of 3J 
for couplings occurring via similar types of bonding 
networks. 

If one considers the vicinal couplings to the aro- 
matic carbons, a dihedral angular dependence of 
'JCc is obtained as shown in Fig. 2. The single devia- 
tion from a "Karplus-type" curve occurs in com- 
pound 1 for ,JC, to C-7. In this case, ,JC, is observed 

3A referee has pointed out that the INDO scheme may not 
include all Fermi-dominated mechanisms. Accordingly, one 
must view the calculated couplings with some caution, in 
terms of interpreting the results to imply complete dominance 
or absence of the Fermi-contact coupling mechanism. 
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OI 30 60 90 I 120 150 18 

DIHEDRAL ANGLE (') 

FIG. 2. Dihedral angle dependence of vicinal 13C-13C 
couplings from the exo-methylene carbon to aromatic ring 
carbons. 

to  be only 1.7 Hz where the dihedral angle 4, be- 
tween the coupled carbons is calculated to be 1.4". 
Examination of the other calculated structural data 
in Table 2, however, shows a marked increase in the 
valence angle 0, in 1 compared to 2-4. 

For 'H-lH couplings through three bonds, it has 
been noted (2) that the couplings decrease with 
increasing C-C valence angle. This trend is evi- 

UH 
dent in the cyclic alkenes, where 3JH, values for the 
alkene protons are found to be as follows: cyclo- 
heptene (10.8 Hz), cyclohexene (8.8 Hz), cyclopen- 
tene (5.1 Hz), cyclobutene (3.0 Hz), and cyclopro- 
pene (1.3 Hz). In this series the dihedral angle 
between the coupled alkene protons is constant. The 
present findings for 1 suggest that valence angles also 
influence 3Jcc. In fact, for the 3Jcc to C-3a of 1, the 
rather large coupling of 4.8 Hz may be due, in part, 
to  the compressed valence angle 0,, relative to 2-4. 
Clearly, further work is needed to eIucidate the 
valence angle dependence of 3Jc, and we are presently 
synthesizing a series of model compounds to this 
end. 

It is interesting to compare these results with those 
for 1,3-butadiene (22), enriched with 13C at a 
terminal methylene position. For this material, 
' Jm = 68.8, 2Jccc is < 1.0, and 3Jccc = 9.05 Hz. 
The latter value, which represents an essentially pure 
(i.e. > 95%) transoid geometry, is considerably larger 
than any of the 3~ transoid values in Table 4, sug- 
gesting that a lower rc bond order may be present in 
1-4 than in 1,3-butadiene itself. 

With respect to the vicinal 13C-13C couplings into 
the alicyclic ring to C-3, the overall range of 3Jcc is 
small, i.e., 1.9-2.9 Hz. We feel that attempts to 
correlate such small changes with calculated tor- 

sional angles are probably not justified at this stage, 
since only 4 data points are available. A cursory look 
at the data, however, suggests that 1 may again be 
anomalous due to valence angle effects. 

Experimental 
Spectra 

13C spectra were recorded at 25.16 MHz using a Varian 
XL-100-12 nmr spectrometer equipped with a Nicolet TT-100 
Fourier transform data system. For chemical shift measure- 
ments on non-labelled compounds, samples were examined as 
0.1 M solutions in CDCI, solvent in 5 mm sample tubes. 
Spectral widths were 5000 Hz. 

For measurements of 13C-13C couplings with enriched 
materials, the sample concentration was 0.04 M in CDCI,, 
and the spectral widths were 500 Hz. A minimum of 8K data 
points were employed. 

Calculations 
The initially specified geometries for 1-4, used as input for 

the GEMO program (8), were derived from standard param- 
eters (23). Subsequently GEMO carries out a systematic 
variation of bond lengths, bond angles, and torsional angles 
to minimize the conformational energy of the molecule. 
Parameters were iterated until a convergence criterion of 
0.01 kcal/mol was met. The barrier to rotation about the bond 
linking the exo-methylene group to the aromatic ring was taken 
as 2.0 kcal/mol, by analogy with results for styrene (24). 
Constants for the van der Waals interactions were taken from 
COMOL, a program written for conformational energy calcu- 
lations by M. H. J. Koch, Laboratoire de Chimie Physique et 
de Cristallographie, UniversitC de Louvain, Belgium. 

The 13C-I3C couplings were calculated using the finite 
perturbation procedure of Pople et al. (lo), with a program 
obtained from Quantum Chemistry Program Exchange #224, 
Bloomington, IN. 

Materials 
Compounds 1-4 were synthesized from the corresponding 

known ketones via Wittig reactions. A typical procedure 
follows. 

Triphenylmethylphosphonium iodide (1.0 g) was placed in a 
dry 100 mL roundbottom flask fitted with a septum, a gas inlet 
tube, and a condenser. After flushing with purified nitrogen for 
10 min and addition of 25 mL of anhydrous ether, the system 
was again flushed with nitrogen for 10 min. N-Butyllithium 
(2.0 mL, 1.6 M in hexane) was added and the solution was 
stirred for 20 min. The appropriate ketone (0.003 mol), in 4 mL 
of anhydrous ether, was added to the reaction flask. After stir- 
ring for half an hour 25 mL of water was added and the 
resulting mixture was vigorously stirred until all the solid par- 
ticles had dissolved (usually - 1 h). The ether and water layers 
were separated and the water layer was extracted with ether 
(4 x 30 mL). The combined ethereal extracts were dried 
(MgS04) and the solvent removed under vacuum. The crude 
product was purified on a neutral aluminum oxide column, 
eluting with ether. Compound 1, yield 38%; nDZO 1.5762; 
ir vm,,(CDCI3): 1640, 900 cm-' ; lit. (25) nDZ3 1.5759. Com- 
pound 2, yield 45%; nDZO 1.5558; ir v,,,(CDCI,): 1642, 900 
cm-l;  lit. (26) nDZO 1.5560. Compound 3, yield 40%; n ~ "  
1.5562; ir v,,,(CDCI3): 1640, 899 cm-'; lit. (26) nDZ0 1.5560. 
Compound 4, yield 562, nDZ0 1.5460, ir vm,,(CDC13): 1642, 
899 cm-'; lit. (26) nDZ0 1.5471; ir v,,,(CCl,): 1642, 899. 

Compounds 1-4 also gave 'H spectra consistent with their 
structures. It should be noted that2 undergoes facile isomeriza- 
tion to its endocyclic isomer in CDCl,, a reaction which has 
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already been followed by 'H nmr (27). Thus, after the several 
hours required for a 13C spectrum, 2 had rearranged to approx- 
imately a 50: 50 mixture of endocyclic and exocyclic material. 
For 1 and 3, isomerizations are relatively slow in CDCI,, and 
4 does not isomerize, even in the presence of p-toluenesulfonic 
acid (26). 

The series of '3C-labelled materials la-4a and the deuterated 
compounds 16-4b were prepared in an  analogous manner, 
starting with the appropriately labelled methyl iodide, available 
from Stohler Isotope Chemicals, Montreal, P.Q. 
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SURESH C H A ~ D R A  SHARMA and BRIAN M ~ U R I C E  LYNCH. Can. J. Chem. 57,3034 (1979). 
Reactions of various 5-aminopyrazoles with ethyl levulinate in acetic acid have been shown 

to furnish moderate to good yields of the correspondingly substituted 4-methyl-6H-pyrazolo- 
(3,4-b)azepin-7-ones, accompanied by the acetamidopyrazoles. The courses of methylation 
and of bromination reactions of some of the pyrazoloazepinones have been explored and de- 
fined, and conversion of one pyrazoloazepinone into 7-chloropyrazoloazepine and thence by 
nucleophilic displacements into 7-(substituted amino)pyrazoloazepines has been effected. 
Structural assignments, tautomeric preferences, and through-space interactions between 
substituents were established through nuclear magnetic resonance spectroscopy ('H and I3C). 
Some members of the pyrazoloazepinone series exhibit significant anti-inflammatory and anal- 
gesic effects in mice. 

SURESH CHANDRA SHARMA et BRIAN MAURICE LYNCH. Can. J. Chem. 57.3034 ( 1979). 
Les reactions de differents amino-5 pyrazoles avec le levulinate d'ethyle dans l'acide 

acetique fournissent avec des rendements variables les methyl-4 6H-pyrazoloazCpine(3,4-b)- 
ones-7 substituees correspondantes, accompagnes d'acetamidopyrazoles. On a explore et defini 
le cours des reactions de methylation et de bromation de quelques pyrazoloazepinones et on a 
effectue la transformation d'une pyrazoloazepinone en chloro-7 pyrazoloazepine qui, par des 
reactions de deplacements nucleophiles conduit aux pyrazoloazepines portant un groupement 
amino-substitue en position 7. On a etabli par la resonance n~agnetique du proton et du 13C 
les structures, les preferences tautomkriques et les interactions spatiales entre les substituants. 
Certaines pyrazoloazCpinones ont des effets anti-inflammatoire et analgisique significatifs chez 
les souris. 

[Traduit par le journal] 

Introduction aniline with levulinic acid gave 5-methyl-3H-l- 

3(5)-A~i~opyrazoles  are useful starting points for benzazepin-2-one 7, albeit in very low ~ i e l d ,  ~roducts  
syntheses of various pyrazoloazines from sequential of general structure 8 (1-substituted-4-methyl-6~- 
condensation and ring-closure reactions involving ~~razolo(3,4-b)azepin-7-ones) are also possible (see 
exocyclic or ring nitrogen atoms and the electron- Fig. 1). A further possibility is the independent 
rich 4-carbon, as exemplified in previous Dapers from formation of 7 and type 8 coln~ounds. 

L A 

this laboratory (1-3). i n  view of current interest in 
the biological activities shown by ring-expanded 
purines (4-61, we now seek to use the aminopyra- 
zoles as precursors of compounds with analogously 
fused five and seven membered rings (for example, 
pyrazoloazepines and pyrazolothiazepines (7)). 

Our work involves extension of Makisumi's 
findings (8) that reactions of 5-amino-1-substituted 
pyrazoles 1 with ethyl acetoacetate in acetic acid 
yield 4-hydroxy-6-methyl-1-substituted pyrazolo(3,4- 
b)pyridines 2, probably by way of the isolable 
azomethine/enamine species 3, 4 (reaction of the 
parent IH-compound la  furnishes 7-hydroxy-5- 
methylpyrazolo(l,5-a)pyrimidine 5 in addition to 
2a). Use of ethyl levulinate rather than ethyl aceto- 
acetate might be expected to yield l-substituted-7- 
methyl-SH-pyrazol0(3,4-b)azepin-4-ones of general 
structure 6 if an analogous cyclization pathway is 
followed, but since Bertho (9) found that reaction of 

Results and Discussion 

We find that reaction of eleven representative 
aminopyrazoles (la through 1%) with ethyl levulinate 
in acetic acid furnishes mixtures of the corresponding 
acetamidopyrazoles and individual molecular species 
(not pairs of isomers) analysing for types 7 or 8. 
Cyclisation competed poorly with simple acetylation 
where the 1-substituent in the aminopyrazole was 
strongly electron-attracting (m-chlorophenyl, m- 
bromophenyl), but for all other aminopyrazole sub- 
strates yields of cyclisation products were higher (see 
Table 1 for details). 

The fine structure of the cyclisation product 
obtained from 5-amino-1-methylpyrazole l b  was 
established as 86 (1,4-dimethyl-6H-pyrazolo(3,4-b)- 
azepin-7-one) through observation of a diagnostic 
nuclear Overhauser enhancement in the 'H nmr 
spectrum. The product exhibited a 19% increase in 

0008-4042/79/233034-07$01 .w/0 
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SHARMA AND LYNCH 

8 (all R, = H) 
9 (all R, = Me) 

Key for structures 1 through 4, 
7,899 

signal intensity for the pyrazole ring proton signal 
(6 7.48) on irradiation of the C-methyl proton signal 
(6 2.02) as expected from the spatial proximity of 
these nuclei in 8b. The separation between the 
C-methyl protons and the pyrazole ring proton in 7b 
would preclude any nuclear Overhauser effect 
enhancement. We similarly assign type 8 structures 
to all the cyclisation products from the 1-substituted 
5-aminopyrazoles l c  through l m .  Assignments are 
based upon the close correspondences of the key 
features of the 'H and I3C nmr spectra of all these 
products to the proven 8b (see Tables 2 and 3, and 
further discussion below), and also upon evidence 

FIG. 1. Ring numbering for 4-methyl-6H-pyrazolo(3,4-b)- 
azepin-7-ones. 

of interaction between N-1 and N-8 substituents in 
the derived type 9 compounds. 

For reaction of ethyl Ievulinate with 1H-3(5)- 
aminopyrazole la ,  closure at ring nitrogen to 
yield either 5-methyl-7H-pyrazolo(1,5-a)l,3-diazepin- 
8-one 10 or 8-methyl-6H-pyrazolo(1,5-a)l,3-diazepin- 
5-one 11 is possible, but these structures for the 
cyclisation product are excluded by its 'H nmr spec- 
trum, which shows a one-proton singlet at 6 7.89 
assignable to a pyrazole ring proton. Structures 10 or 
11 would give rise to signals for two protons in that 
spectral region, each split by a vicinal coupling of ca. 
2 Hz. In further confirmation, both 10 and 11 have 
one proton bound to nitrogen (and thus expected to 
exchange rapidly with added deuterium oxide); our 
product from l a  shows two low-field one-proton 
signals (at 6 10.27 and 12.77) disappearing rapidly on 
addition of deuterium oxide to the perdeuteriated 
dimethyl sulfoxide solvent. A 4-methyl-6H-pyrazolo- 
(3,4-b)azepin-7-one structure is assigned to the 
product from aminopyrazole la ,  again on the basis 
of general similarity of the 'H and 13C nmr spectra 
to those of 8b (see Tables 2 and 3), but the tauto- 
meric preference between 8a (1H,6H-4-methyl- 
pyrazolo(3,4-bjazepin-7-one) and 12a (2H,6H-4- 
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TABLE 1. Reactions of aminopyrazoles with ethyl levulinate 

Products 

Pyrazoloazepinones 
Reactant 

Analytical data 
Aminopyrazole Acetamido- 

pyrazoles Melting Calcd. Found 
Quantity Yield point - 

No. (g*) (g, %) No. (g, %) c'c) Formula C H N  C H N  

l a  4.15 1.52, 29 12a 3.67, 45 221-222 C8H9N30 58.88 5.56 25.75 58.61 5.76 25.82 
Ib 10.0 5.75,40 8b 9.00, 49 163-165 C9HllN30 60.99 6.26 23.71 61.37 6.27 24.07 
IC 6.50 2.32, 27 8c 5.70, 51 196 C I O H I ~ N ~ O  62.80 6.85 21.98 63.07 7.01 21.87 
Id 8.00 3.25, 32 8d 6.88, 57 146-147 CI4Hl3N30 70.28 5.48 17.56 70.39 5.31 17.71 
l e  8.00 3.65, 37 8e 6.28, 54 160-161 C15H15N30 71.12 5.97 16.59 71.10 5.65 16.65 
If 3.42 0.79, 20 8f 2.49, 55 131 Cl4HI2N30Br 52.84 3.80 13.21 52.66 3.95 13.38 
Ig 1.60 1.67, 89 8g 0.20, 9 215 C14H12N30Br 52.95 4.23 13.23 
Ih 2.50 0.82, 27 8h 1.98, 56 179 C14H12N30Cl 61.43 4.42 15.35 61.12 4.11 15.48 
l k  8.08 7.47, 76 8k 0.88, 8 174-176 C14H12N30C1 61.10 4.16 15.48 
11 0.80 0.35, 36 81 0.46,41 166-167 C15H14N30C1 62.61 4.90 14.60 62.41 4.74 14.43 
Irn 2.28 1.39,51 8m 0.92,30 129 C14HllN30ClZ 54.56 3.60 13.64 54.15 3.47 13.90 

*This quantity of aminopyrazole was heated under 
concentration of 20% w/v, for a period of 18-20 h. 

with equimolar quantity of ethyl levulinate amount of acetic acid furnishing a total 

methylpyrazolo(3,4-b)azepin-7-one) is not evident 
from simple spectroscopic examination of this one 
species. 

However, a study of the products obtained when 
the various substituted 4-methyl-(6H)pyrazolo- 
(3,4-b)azepin-7-ones were subjected to standard 
methylation procedures provided evidence concern- 
ing the position of equilibrium in the $a-12a system. 
When the 1-substituted4-methyl-(6H)pyrazolo(3,4-b)- 
azepin-7-ones 8b-8f were reacted, the corresponding 
4,s-dimethyl derivatives 9b-9f were obtained (see 
Table 4). However, reaction of the parent compound 
yielded a trimethyl-6H-pyrazolo(3,4-b)azepin-7-one 
differing from 1,4,8-trimethyl-6H-pyrazolo(3,4-b)- 
azepin-7-one 9b in melting point and in its 'H and 
13C nmr spectra (see Tables 2 and 3). The 13C nmr 
signals from the N-methyl carbons fall at 6 35.2 and 
37.5 for 9b, and at 6 33.6 and 39.4 for the other 
isomer. By analogy with the pattern observed for the 
N-methyl carbons in 1-methylindazole and in 2- 
methylindazole (shifts are 6 35.3 and 39.7 respec- 
tively (lo)), it is proposed that this "other isomer" is 
2,4,8-trimethyl-6H-pyrazolo(3,4-b)azepin-7-one, 12b. 
The close resemblance of the 3-carbon shift in the 
parent cy~lisation product (6 127.1) to that for the 
2,4,8-trimethyl compound 12b (6 127.3), and the 
considerable difference from that for the 1,4,8- 
trimethyl compound 96 (6 135.3) suggests strongly 
that the preferred tautomeric form of the parent 
cyclisation product is 12a. 

There are interesting proximity effects for the 
methylation products possessing N-l aryl groups: in 
these (compounds 9d, 9e, 9f), the N-8 methyl pro- 
tons are shielded by approximately 0.4 ppm as 

compared with the 8-methylated species lacking a 
1-aryl group. The shielding effect is readily explained 
if the 1-aryl and pyrazoloazepinone mean ring planes 
are orthogonal in these 8-methylated species, with 
the methyl group falling in the diamagnetic zone 
around the 1-aryl group. Similar, larger shielding 
effects are observed for the N-8 methyl carbon 
signals in these species (9b, 9c 6 37.5, 37.0; 9d, 9e, 9f 
6 35.2, 34.9, 35.1), but these are better rationalised by 
sterically induced C-H bond polarisations (cf. ref. 
11) than anisotropic influences. 

Other conversion reactions effected with the aze- 
pinone moieties of type 8 and 9 species yielded 
products of spectroscopic interest or relevant to 
structure proofs; thus monosubstitution of the com- 
pound 9d occurred on treatment with bromine. The 
monosubstitution product has the structure 13 (5- 
bromo-4,8-dimethyl- 1 -phenyl-6H-pyrazolo(3,4-b)- 
azepin-7-one), established by the following changes 
in the 'H and 13C nmr signal patterns: (a) loss of the 
characteristic H-5 one-proton triplet signal from the 
6 5.5 region, (6) loss of the J,-, splitting of the two- 
proton 6-CH, signal and an upjield shift from 6 3.04 
to 2.71, (c) a lowered intensity and an upfield shift of 
the 6 116.6 signal assigned to C-5 to 6 108.0, and (d) 
a downfield shift from 6 36.7 to 6 48.0 for the signal 
assigned to C-6. The upfield and the downfield shifts 
in the carbon signals are those to be expected for 
ipso- and vicinally-located bromine (cf. ref. 12), but 
the upfield shift for the protons attached to C-6 has 
no precedents, as far as we are aware; a tentative 
explanation could lie in unfavorable dipole-dipole 
interactions between the C-Br and C=O bonds in 
this compound. 
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SHARMA A N D  LYNCH 3037 

TABLE 2. lH nmr spectra of substituted 4-methyl-6H-pyrazolo(3,4-b)azepin-7-ones, 8 ,  9,  12 

Chemical shifts, proton counts, and signal multiplicities for protons a t  positions 
indicated* 

- 
No. 1 2 3 4 5 6 8 Solvent 

12a 12.77 7.89 2.03 5.41 2.78 10.27 DMSO-d6 
(1, s) (1, s) (3, s) (1, t) (2, d) (1, S) 

8b 3.70 7.48 2.02 5.27 2.74 10.47 DMSO-d, 
(3, s) (1, s) (3, s) (1, t) (2, d) (1, s) 

8c 3.80 2.36 2.15 5.31 2.84 - CDClj 
(3, s) (3, s) (3, s) (1, t) (2, d) 

8d 7.58 7.86 2.10 5.42 2.89 10.45 DMSO-de 
(5, s) (1, s) (3, s) (1, t) (2, d) (1, s) 

8e 7.52 2.45 2.20 5.42 2.91 8.17 CDCI3 
(5, s) (3, s) (3, s) (1, t) (2, d) (1, s) 

8 f  449460 Hz 7.73 2.18 5.45 2.96 9.13 CDC13 
(4) (1, s) (3, s) (1, t) (2, d) (1, s) 

8g 7.48, 7.66 7.73 2.15 5.42 2.97 - CDC13 
(3, s) (1, s) (1, s) (3, s) (1, t) (2, d) 

8h 7.68 7.91 2.09 5.44 2.86 10.53 DMSO-d6 
(4, s) (1, s) (3, s) (1, t) (2, d) (1, s) 

8k 457-475 Hz 7.89 2.13 5.44 2.86 10.51 DMSO-d, 
(4) (1, s) (3, s) (1, t) (2, d) (1, s) 

81 454468 H Z  2.37 2.16 5.46 2.86 10.47 DMSO-d6 
(4) (3, s) (3, s) (1, t) (2, d) (1, s) 

8m 460-470 HZ 7.94 2.12 5.44 2.84 10.65 DMSO-d6 
(3) (1, s) (3, s) (1, t) (2, d) (1, S) 

126 3.93 7.42 2.05 5.46 2.98 3.45 CDClj 
(3, s) (1, s) (3, s) (1, t) (2, d) (3, s) 

9b 3.98 7.54 2.10 5.44 2.89 3.31 CDC13 
(3, s) (1, s) (3, s) (1, t) (2, d) (3, s) 

9~ 3.73 2.23 2.09 5.44 2.88 3.18 DMSO-& 
(3, s) (3,s) (3,s) (1,t) (2,d) (3,s) 

9d 7.61 7.94 2.13 5.53 3.04 2.70 DMSO-d, 
(5, s) (1, s) (3, s) (1, t) (2, d) (3, s) 

9e 7.53 2.35 2.15 5.52 2.94 2.66 DMSO-d, 
(5, s) (3, s) (3, s) (1, t) (2, d) (3, s) 

9f 460-470 H Z  7.89 2.13 5.58 3.06 2.75 DMSO-d6 
(4) (1, s) (3, s) (1, t) (2, d) (3, s) 

*Proton counts and signal multiplicities are shown in parentheses. Envelope dimensions for complex aromatic multiplets are 
expressed in Hz. .Ij6 for all compounds = 7.2 i- 0.2 HZ. 

The representative pyrazoloazepinone 8e was con- 
verted into the unstable, reactive chloro compound 
14 on treatment with phosphorus oxychloride. The 
crude compound was used directly in a series of dis- 
placements by nitrogen nucleophiles, providing the 
7-(substituted amino) entities 15-17. The high 
reactivity of 14 is to be expected from its imido- 
chloride character. 

Because our assignments of structure for the 
pyrazoloazepinones and their derivatives rest almost 
completely upon pattern resemblances and sub- 
stituent-induced variations in the 'M and 1 3 6 3  nmr 
signals for related series of compounds, we wish to 

provide an account of our reasoning in allocating the 
nmr signals to specific groups or atoms. We inter- 
preted the features of the 'H nmr spectra assignable 
to entities present in the uncyclised aminopyrazole 
(that is, substituents or protons at positions 1, 2, 
and 3) by direct comparison with the aminopyrazoles, 
and by general resemblances to other 1- and 1,3- 
substituted pyrazoles (13-16); the proton signals 
from the 4-methyl-, 5-methine-, and 6-melhylene 
functions were simply assignable by proton count 
and by signal multiplicity. 

The key compound for signal assignments in the 
13C nmr spectra is the species $b, where the nOe 
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3038 CAN. J. CHEM. VOL. 57. 1979 

TABLE 3. 13C nmr signals from ring and substituent carbon atoms in substituted 4-methyl-6H-pyrazolo(3,4-b)azepin-7-ones, 
8, 9, 12 

Ring carbons at position Methyl carbons at position 

No. 3 4 5 6 7 9 10 1 2 3 4 8 Solvent 

TABLE 4. Methylation products from l-substituted-4-methyl-6H-pyrazolo(3,4-b)azepin-7-ones 

Products (1-substituted-4,8-dimethyl-6H-pyrazolo(3,4-b)azepin-7-ones) 

Analytical data 

Reactant Melting Calcd. Found 
Reactant quantity Yield point 

No. (g) No. (g, %) ("c) Formula C H N C H N 

experiment cited above defines the structure. The 
broadband-decoupled spectrum of this compound 
gave signals falling into two intensity groupings: 
6 20.4, 35.5, 36.2, 112.2, 135.8 (more intense); 113.3, 
132.6, 136.7, 170.4 (less intense). Gated decoupling 
experiments revealed direct 13C-'H couplings for 
all the more intense signals, while the less intense 
group showed no significant splitting. The 6 20.4 and 
35.5 signals were quartets under the gated decoup- 
ling conditions, the 6 36.2 signal was a triplet, and 
the 6 112.2 and 135.8 signals doublets. Since a signal 
at 6 20.4 + 0.6 appears in all the pyrazoloazepinones, 
and a 6 ca. 35.5 only for species possessing a 1- 
methyl substituent (8b, c; 9b, c) it follows that the 
6 20.4 signal corresponds to the 4-methyl carbon, 
and the 6 35.5 to the 1-methyl carbon. The triplet 
character of the 6 36.2 signal defines it as arising from 
the 6-methylene carbon. The 6 135.8 doublet signal 
is assigned to C-3 of the pyrazole ring, by analogy 

with the chemical shift of C-3 in 1-methylpyrazole 
(6 139.4 (17)) and in 5-acetamido-1-methylpyrazole 
(6 138.3); the 6 112.2 signal is then assigned by 
elimination to the methine C-5 (a reasonable analogy 
for this would be the shift (6 117.6) for C-3 in 2- 
methyl-2-butene (18)). Of the family of less intense 
signals, that at 6 170.4 is immediately assignable as 
the amide carbonyl, C-7; the 6 132.6 signal, since a 
signal close to this position appears for all the pyr- 
azoloazepinones, is assigned to C-4 (again, the shift 
for C-2 (6 130.1) in 2-methyl-2-butene (18) is an 
appropriate analogy). Of the two remaining quater- 
nary carbon signals, that at 6 113.3 is assigned to the 
electron-rich C-10, and the 6 136.7 to C-9. The signal 
patterns noted in the 13C nmr spectra of compound 
86 are followed generally for all the type 8 and type 9 
compounds, with minor perturbations as a function 
of the nature of the 1-substituent, and the presence 
or absence of methyl groups at positions 3 or 8. 
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SHARMA P LND LYNCH 3039 

Compounds with a C-methyl group at the 3 position 
(8c, e, I; 9c, e) exhibit a characteristic signal at around 
6 14.5. 

Biological Screening Results 

The various pyrazoloazepinone derivatives syn- 
thesised in this program were evaluated for analgesic 
activity by monitoring reduction of phenylquinone- 
induced writhing in mice, using aspirin (50 mg/kg 
subcutaneous administration) as standard compound 
(50% reduction is effected by this concentration of 
aspirin). Compound 8d (4-methyl-I-phenyl-6H-pyra- 
zolo(3,4-b)azepin-:-one) gave 89% reduction of 
writhing activity at 32 mg/kg. Compound 12a (2H,- 
6H-4-methylpyrazolo(3,4-b)azepin-7-one) gave 13% 
reduction at 128 mg/kg, and also showed anti- 
inflammatory activity (antagonism of carageenan- 
induced oedema) at 64 mg/kg in rats. 

Conclusions and Comments 

The delineated reactions of aminopyrazoles with 
ethyl levulinate provide a reasonably effective syn- 
thetic route to 6H-pyrazolo(3,4-b)azepin-7-ones; the 
yields are far superior to those obtained when 
aniline is reacted with various y-keto acids (cf. 
Bertho (9)). We attribute the increased efTectiveness 
of the cyciisation to the high electron density at the 
4-position in the arninopyrazole substrates 1. The 
observed cyclisation mode (involving amide forma- 
tion between ester and amine functions, and electro- 
philic alkylation at the 4-position) is opposite to that 
observed in the reactions of aminopyrazoles with 
ethyl acetoacetate; the preferred reaction course 
when a ketoester reacts with an aminopyrazole 
possessing two potential nucleophilic centres (amino- 
nitrogen and the 4-carbon) is thus not readily predict- 
able Reactions of aminopyrazoles with other 
y-dicarbonyl species (such as 2,5-pentanedione 
(acetonylacetone) or 1,2-diformylhydrazine) were 
explored briefly as potential routes to other pyrazolo- 
azepines or pyrazolotriazepines, in view of the suc- 
cessful formation of the fused seven-membered ring 
with ethql levulinate. However, the products obtained 
were the unexceptional 5-(2,5-dimethyl-1-pyrroly1)- 
1-substituted pyrazoles and 4-(1-substituted-5-pyr- 
azoly1)-1,2,4-triazoles, with preferred cyclisation 
yielding five-membered rings. 

Experimental 
General 

Melting points were determined using a Fisher-Johns 
apparatus. Specimens for elemental analysis were dried at 
65"C/0.2 Torr for at least 6 h and were analysed using a 
Hewlett-Packard Model 185 CHN analyser. Most of the 'H 
nmr measurements were made using a Varian A-60D instru- 

ment; the nuclear Overhauser effect experiments used a Varian 
XL-100. The 13C nmr spectra were obtained using a Bruker 
WP-80 Fourier transform instrument operating at 20.115 
MHz, a 30" pulse of length 3.0 ws, and 16K data points with 
sweep widths of 5000 Hz. The data assembled in Table 3 were 
acquired using broadband decoupling, and signal assignments 
were confirmed using gated decoupling sequences. All chemical 
shifts are expressed in parts per million from tetramethylsilane 
(internal reference). 

Standard Synthetic Procedure for Substituted 4-Methyl-6H- 
pyrazolo(3,4-blazepin-7-ones, 8 and I 2  

3(5)-Aminopyrazole l a  (4.15 g, 0.05 mol) and cthyl levu- 
linate (7.50 g, 0 05 mol) were heated under reflux in acetic acid 
(50 mL) for 20 h. The reaction mixture was concentrated under 
reduced pressure and neutralised with saturated aqueous 
sodium hydrogen carbonate, yielding a crystalline mixture of 
3(5)-acetamidopyrazole and 2H,6H-4-methylpyrazolo(3,4-b)- 
azepin-7-one, 12a. Separation was effected by preparative 
thin-layer chromatography on silica using toluene/ethyl 
acetate/methanol (100 : 85 : 15 v/v), yielding the pyrazolo- 
azepinone 12a, which was crystallised from ethanol to give 
3.67 g (45% yield) of material mp 221-222°C (see Table I), 
and 3(5)-acetamidopyrazole, crystallised from ethanol, mp 
217-218°C (yield 1.52 g, 29%). 'H nmr (DMSO-d,) 6 :  10.38 
(s, 1H, acetamido NH), 7.57 (d, lH ,  J = 1.6 Hz, H-3(5)), 
6.48 (d, 1H, J = 1.6 HZ, H-4), 3.39 (s, lH ,  H-l), 2.02 (s, 3H, 
acetyl H). Anal. calcd. for C5H7N30:  C 47.99, H 5.64, N 
33.58; found: C 48.25, H 5.23, N 33.57. 

Similar reactions of other 1-substituted 5-aminopyrazoles 
lb-m gave mixtures of 1-substituted-4-methyl-6H-pyrazolo- 
(3,4-b)azepin-7-ones 8b-m and I-substituted 5-acetamido- 
pyrazoles, separated as above. Reactant quantities, yields, and 
analytical data are summarised in Table 1 for the various 
products of type 8, and details of the 'H and 13C nmr spectra 
in Tables 2 and 3. The acetamidopyrazoles were isolated and 
characterised by 'H and I3C nmr, but were not purified for 
element analysis. Some of these products contained detectable 
proportions of the tautomeric 2-acetamido-5-iminopyrazoles. 

Methylations of 4-Methyl-6H-pyrazolo(3,4-b)azepin-7-ones 
The following procedure is typical: 1,4-dimethyl-6H- 

pyrazolo(3,4-b)azepin-7-one, 8b (4.00 g, 0.0225 mol) was dis- 
solved in 3 M aqueous sodium hydroxide and was cooled in ice 
while a twofold molar proportion of dimethyl sulfate was 
added dropwise. The reaction mixture was heated to 90°C for 
5 min, left to stand at laboratory temperature for 1 h, and 
extracted with chloroform (3 x 100 mL). The aqueous residue 
was extracted continuously with a further 200 mL chloroform 
and the extracts were combined, dried, and evaporated; crys- 
tallisation of the residue from ethanol provided 1,4,8-trimethyl- 
6H-pyrazolo(3,4-b)azepin-7-one 9b, mp 119-121°C (2.90 g, 
67%). Analogous reactions with the compounds 8c through 8f 
provided the corresponding 8-methyl derivatives 9c through 9f 
(see Table 4). 

Methylation of 2H,6H-4-methylpyrazolo(3,4-b)azepin-7-one 
12a (0.20 g, 0 0011 mol) under the above conditions provided 
0.150 g (70%) of 2,4,8-trimethyl-6H-pyrazolo(3,4-b)azepin-7- 
one 126, mp 92-94"C, differing in 'Hand 13C nmr spectra from 
9b (see Tables 2 and 3). 

Brominatiorz of 1,8-Dir1lethyl-l-phenyl-6H-pyuazolo(3,4-b)- 
azepin-7-one, 9d 

The above compound (1.00 g) was dissolved in dichloro- 
methane (3 mL) and treated with bromine (0.70 g) in dichloro- 
methane (1.0 mL) by dropwise addition, and allowed to react 
at room temperature with continuous stirring for 1 h. Dichlo- 
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romethane (10 mL) was added, and the resulting solution was 
washed with saturated aqueous sodium hydrogen carbonate 
and with water, dried, and concentrated, providing 0.85 g 
(65%) of 5-bromo-4,8-dimethyl-l-phenyl-6H-pyrazolo(3,4-b)- 
azepin-7-one 13. An analytical sample, mp 106"C, was ob- 
tained by precipitation from dimethyl sulfoxide with water. 
'H nmr (DMSO-d,) 6: 7.84 (s, lH ,  H-3), 7.38 (s, 5H, 1- 
phenyl), 2.71 (s, 5H, 6-CH, and 8-CH,), 2.21 (s, 3H, 4-CH3). 
13C nmr (assignable peaks from overnight accumulation for a 
0.2% solution in DMSO-d,) 6: 165.9 (C-7), 137.9 (C-3), 113.1 
(C-lo), 107.5 (C-5), 47.8 (C-6), 34.5 (8-CH,), 20.5 (4-CH3). 
Anal. calcd. for C15H14N30Br: C 54.23, H 4.24, N 12.65; 
found: C 53.84, H 4.16, N 12.91. 

Formation and Nucleophilic Displacements of 7-Cizloro-3,4- 
dimethyl-6H-pyrazolo(3,4-b)azepine, 14 

3,4-Dimethyl-l-phenyl-6H-pyrazolo(3,4-b)azepin-7-one 8e 
(3.00 g, 0.0125 mol) was heated under reflux in phosphorus 
oxychloride (10 mL) for 2 h. The reaction mixture was con- 
centrated under reduced pressure, yielding the crude 14. 
Attempts a t  purification resulted in reversion to the starting 
material. However, successful conversions were effected as 
follows. 

( a )  Into 3,4-Ditnethyl-7-methylamino-l-phenyl-6H- 
pyrazolo(3,4-b)azepitze 15 

The crude chloro-compound 14 (1.00 g) was dissolved in 
dichloromethane (10 mL) and cooled in ice. Triethylamine 
(0.60 g) was added, followed by 40% aqueous methylamine 
(0.35 g). After stirring for 1 h the solvent was removed under 
reduced pressure and the residue was crystallised from 
aqueous methanol, providing 0.85 g (89%) of the methylamino 
compound 15, n ~ p  173-174°C. 'H nmr (CDCI,) 430-485 Hz 
(5H, I-phenyl), 6 :  5.23 (q, 1H, J = 5.0 Hz (disappearing on 
addition of D,O), NHCH,), 4.96 (t, J = 7.2 Hz, H-5), 2.76 
(d, 3H, J = 5.0 Hz (collapsing to singlet on addition of D,O), 
NHCH,), 2.53 (d, 2H, J = 7.2 HZ, 6-CH2), 2.47 (s, 3H, 
3-CH3), 2.16 (s, 3H, 4-CH3). 13Cnmr (CDCI,) (phenyl ring 
signals excluded) 6: 154.3 (C-7), 147.7 (C-9), 140.5 (C-31, 
133.2 (C-4), 110.8 (C-5), 109.9 (C-lo), 34.0 (C-6), 28.8 (7- 
NHCH,), 21.0 (4-CH,), 15.5 (3-CH3). Anal. calcd. for 
CI6H18N4: C 72.15, H 6.81, N 21.04; found: C 72.25, H 6.73, 
N 21.00. 

(b)  Into 3,4-Dimethyl-7-dimeth~~lamino-l-phenyl-6H- 
pyrazolo(3,4-b) azepine, 16 

The chloro compound 14 (0.50 g) was heated under reflux 
for 4 h in N,N-dimethylformamide (5 mL). The reaction mix- 
ture was extracted with dichloromethane (3 x 25 mL), washed 
with water, dried, and concentrated. Separation by prepara- 
tive thin-layer chromatography gave the 7-dimethylamino 
derivative 16, mp 51°C (0.19 g, 36%) and the azepinone 8e 
(0.20 g, 50%). 'H nrnr (CDCI,) 440-490 Hz (5H, 1-phenyl), 
6 :  5.07 (t, lH ,  J = 7.2 HZ, H-5), 3.04 (s, 6H, N(CH3)2), 2.70 
(d, 2H, J = 7.2 HZ, 6-CHI), 2.49 (s, 3H, 3-CH,), 2.11 (s, 3H, 
4-CH,). Anal. calcd. for CI7H2,,N4: C 72.82, H 7.19, N 19.98; 
found: C 72.59, H 7.01, N 19.56. 

( c )  Into 7-Cyclohexylamino-3,4-dimethhvl-I-phenyl-6H- 
p3~razolo(3,4-b)azepine, 17 

Cyclohexylamine (0.45 g) was added to the chloro compound 

14 (1.00 g). After the exothermic reaction had subsided, ben- 
zene (10 mL) was added and the crystalline hydrochloride of 
17 was collected by filtration. Yield 1.26 g, 94%, mp 177- 
178°C. 'H nmr (DMSO-d,): 440-495 Hz (5H, 1-phenyl), 6 :  
5.07 (t, 1H, J = 7.2 HZ, H-5), 195-235 Hz (1H, H-1 of cycle- 
hexyl moiety), 6:2.71 (d, 2H, J = 7.2 Hz, 6-CH,), 2.35 (s, 3H, 
3-CH,), 2.09 (s, 3H, 4-CH,). Anal. calcd. for C Z ~ H ~ ~ N ~ C I :  
C 68.00, H 7.34, N 15.10; found: C 67.83, H 7.63, N 14.82. 
Treatment with aqueous sodium hydrogen carbonate gave 17, 
mp 81°C. Attempted crystallization from aqueous methanol 
resulted in reversion to the pyrazoloazepinone 8e. 

Acknowledgements 
The authors wish to thank the National Research 

Council and the Natural Sciences and Engineering 
Research Council of Canada for operating and equip- 
ment grant support. We also thank Mr. D. G. Smith 
of the Atlantic Regional Laboratory of the National 
Research Council of Canada, Halifax, for the 
nuclear Overhauser effect measurements, and Dr. 
F. Fried, Bio-Research Limited, Pointe Claire, P.Q., 
for biological screening through the program of 
Canadian Patents and Development Limited. 

1. M. A. KHAN and B. M. LYNCH. J.  Heterocycl. Chem. 7 ,  
247 ( 1970). 

2. B. M. L Y ~ C H ,  M. A. KHAN. S. C. SHARMA, and H. C. TEO. 
Can. J. Chem. 53. 119 (1975). 

3. I .  CHU and B. M. L Y ~ C H .  J.  Med. Chem. 18, 161 (1975). 
4. P. W. K. Woo, H. W. DION. S.  M. LANCE, F. F. DAHL. and 

L. J .  DURHAM. J. Heterocycl. Chem. 11,641 (1974). 
5. M. OHNO, N. YAGISAWA, S. SHIBAHARA, S. KONDO, K. 

MAEDA, and H. UMEZAWA. J. Am. Chem. Soc. 96, 4326 
(1974). 

6. H. NAKAMURA, G. KOYAMA, Y. IITAKA, M. OHNO. N. 
YAGISAWA, S. KOKDO. K. MAEDA, and H.  UMEZAWA. 
J. Am. Chem. Soc. 96,4327 (1974). 

7. L. H. SWETT and G. H. AYNILIAN. J. Heterocycl. Chem. 
12, 1135 (1975). 

8. Y. MAKISUMI. Chem. Pharm. Bull. 10,612 (1962). 
9. A. BERTHO. Chem. Ber. YO, 29 (1957). 

10. P. BOUCHET. A.  FRUCHIER, G. JONCHERAY, and J. EL- 
GUERO. Org. Magn. Reson. 9,716 (1977). 

11. D. K. DALLIKG and D. M.  GRANT. .I. Am. Chem. Soc. 94, 
5318 (1972). 

12. B. M. LYNCH. Can. J. Chem. 55,541 (1977). 
13. T. J .  BATTERHAM. NMR spectra of simple heterocycles. 

John Wiley. New York. 1973. 
14. M. A. KHAN and B. M. LYNCH. Can. J. Chem. 49, 3566 

(1971). 
15. J. J. BERGMAN and B. M. LYNCH. J. Heterocycl. Chem. 11, 

135 (1974). 
16. R. N. BUTLER. Can. J. Chem. 51,2315 (1973). 
17. R. G. REES and M. J. GREEN. J .  Chem. Soc. B, 387 (1968). 
18. J. J .  BECCONSALL and P. HAMPSON. J. Mol. Phys. 10, 21 

(1965). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



An isokinetic relationship in the oxidation of acetals by ozone. Evidence for rotation before 
the oxidation of acyclic acetals 

ROLAYD J .  TAILLEFER,' SHIRLEY E.  THOMAS, YVES N A D E A U , ~  A N D  HELMUT BEIERBECK 
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ROLAND J. TAILLEFER, SHIRLEY E. THOMAS, YVES NADEAU, and HELMUT BEIERBECK. Can. J. 
Chem. 57,3041 (1979). 

Second order rate constants for thc oxidation by ozone of several acyclic acetals of heptalde- 
hyde were determined at  several temperatures. An isokinetic relationship is shown to exist for 
this series of reactions and the isokinetic temperature was found to be below the experimental 
temperature range, a domain of temperatures where reactivity is dominated by entropy 
factors. These results are contrasted with those obtained for cyclic acetals of heptaldehyde, 
where the isokinetic temperature falls above the working temperatures, a domain of tempera- 
tures where reactivity depends mainly on enthalpy factors. These results are interpreted in 
terms of a conformational change before oxidation in the acyclic acetals. 

ROLAND J. TAILLEFER, SHIRLEY E. THOMAS, YVES NADEAU et HELMUT BEIERBECK. Can. J. 
Chem. 57,3041 (1979). 

Les constantes de vitesse de deuxieme ordre pour l'oxydation par l'ozone de plusieurs ace- 
tales acycliques du heptaldehyde ont t t t  dtterminees a plusieurs tempkratures. Ceci a permis de 
mettre en evidence I'existence d'une relation isocinetique pour cette serie de rtactions. La 
temperature isocinttique trouvCe est infirieure au domaine de temptratures expirimentales. 
Ceci correspond a un domaine de temperatures ou la rkactivite depend essentiellement de A S * .  
Ces resultats sont en opposition avec ceux de l'oxydation d'acttales cycliques du heptaldehyde 
ou la temperature isocinetique est superieure aux tempkratures expkrimentales, donc dans un 
domaine de temperatures oh la rtactivite depend essentiellement de AH*.  Ces resultats sont 
interprttts en invoquant un changement conformationnel dans les acetales acycliques avant 
l'etape d'oxydation. 

Recently, a new method of oxidation of acetals by 
ozone (eq. [I]) was discovered (I). The reaction is 

OR1 0 
I I I 

[ I ]  R-C-H + O3 MR-C-OR1 + HOR1 + O2 
I 

OR1 

quite general, giving esters in high yield. The rates at 
which different acetals are oxidized, however, vary 
considerably and this led to the proposal of a stereo- 
electronic theory for the oxidation of acetals by 
ozone (2). Basically, it was proposed that in order for 
oxidation to proceed, it is required that one non- 
bonded electron pair on each oxygen atom of the 
acetal function lies antiperiplanar to the C-H bond 
of the acetal function (Scheme I). This theory was 
supported by the synthesis of rigid models of every 
possible gauche conformation that an acetal can 
adopt and it was found that those conformations 
which had the stereochemical requirements did in 
fact undergo oxidation, while those that did not were 
stable towards ozone. This theory of stereoelectronic 

'To whom all correspondence should be addressed. 
'Undergraduate summer student, 1977. 
3Revision received June 6, 1979. 

control of reactivity was later extended to the break- 
down of tetrahedral intermediates formed during the 
hydrolysis of orthoesters (3, 4), imidate salts (3, 5), 
esters, and amides (3, 6). In view of the fact that 
stereoelectronic control of reactivity may be im- 
portant in many other reactions (3), including reac- 
tion of phosphate diesters (7), and reactions of 
biological interest (S), it seemed important to in- 
vestigate further the mechanism of oxidation of 
acetals by ozone. 

The mechanism of the reaction4 can be written as 
described in Scheme 2. This mechanism is supported 
by the work of Henry (9). The stoichiometry of the 
reaction is that shown and the reaction is first-order 
in ozone and first-order in acetal. Furthermore, nmr 

Unreactive conformation Reactive conformation 
SCHEME 1 

4Evidence for the mechanism of the reaction will be pre- 
sented in a fortl~coming publication. 

0008-4042/79/233041-06$01 .W/O 
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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/OR' /OR' 
R-C + O3 + R-C 

I 'OR' I 'OR' 

0, + R-COOK + R'OH 
SCHEME 2 

evidence was obtained for the intermediacy of the 
acetal hydrotrioxide (10). This paper describes the 
kinetic behaviour of acyclic acetals 1 as compared 
to  that of cyclic acetals 2 (Scheme 3). 

1 R = M e  2 R = H  
Et Me 
t7- Pr 
iso- Pr 

SCHEME 3 

Experimental 
The acetals used in this study were prepared by standard 

procedures. Their physical properties corresponded to litera- 
ture values and their spectra were in accord with their struc- 
tures. Vapor phase chromatographic analyses were carried out 
on Varian Aerograph instruments, model 2800 with thermal 
conductivity detector and temperature programming, or model 
60019 with flame detector. Columns of various loadings (5%, 
lo%, 15%) and dimensions (5 ft x 118 in., 10 ft x 114 in., 
15 ft x 114 in.) were employed with the liquid phases SE-30, 
Carbowax-20M, and PPE (OS-138). Ozone was produced from 
a Welsbach Ozonator model T-816. Low temperature baths 
were either an acetone - Dry ice mixture (- 78'C) or a Neslab 
low temperature bath, model LTE-9 (-70 to 0°C). The ethyl 
acetate used was of spectroscopic grade (Fisher Scientific Co., 
Limited). 

General Procedures for Kinetic Runs 
Ethyl acetate (50-100 mL) was placed in a reactor together 

with solid sodium bicarbonate (1-2 g) and cooled to an 
appropriate temperature. An ozone-oxygen stream (3-5% 
ozone) was then bubbled through the solvent to achieve a 
saturated solution in ozone. The sample of acetal(100-200 mg, 
ca. 1.0 mmo1~100 mL) and an internal standard (20-60 mg) 
were dissolved in 5 mL ethyl acetate, cooled, and added to the 
ozone solution. The ozone stream was maintained throughout 
the reaction time to ensure a constant ozone concentration. 
After 2 2  minutes, the first sample was removed (time = O), 
cooled to - 78°C while the ozone was displaced by nitrogen, 
after which samples were removed at  convenient intervals. The 
reaction was followed by vapor phase chromatography. 
Pseudo-first order rate constants were obtained by following 
the disappearance of the acetal with respect to the internal 
standard. The internal standard was a heptanoic acid ester, the 
vpc response of which was calibrated against the acetal 
response. All peaks in the vpc spectrum were completely 
resolved. 

Cor~zpe tition Experiments 
Relative rates of oxidation of acetals 2 (R = M, GH3) were 

also determined by a competition method as described by 

Hammett (11). The mixture of acetals and internal standard 
(n-propylheptanoate) was reacted with ozone in ethyl acetal at  
an  appropriate temperature. Concentrations were determined 
as above by vpc analysis. 

Concentrations of Ozone in Ethyl Acetate 
Ethyl acetate was saturated with ozone at several tempera- 

tures ranging from OiC to - 78°C. Aliquots of these solutions 
were treated at - 78'C with acidified potassium iodide solution 
and the liberated iodine was titrated with standard thiosulfate. 
The variation of the ozone concentration in ethyl acetate with 
temperature is shown in Fig. 1. 

Results 

Tables 1 and 2 list the data obtained for the oxida- 
tion of acetals 1 and 2. Pseudo-first order rate con- 
stants were found by following the disappearance of 
starting acetals. All reactions were carried out at 
least once to three half-lives or more and all showed 
good linearity. Second order rate constants were 
obtained by dividing the pseudo-first order rate 
constant by the ozone concentration, found for a 
particular temperature, by interpolation from the 
graph in Fig. 1. The activation parameters found by 
plotting In k/T vs. l/T, where k is the second order 
rate constant, are summarized in Table 3. Relative 
rates of oxidation of acetals 2 at different tempera- 
tures as determined by the competition method are 
listed in Table 4. The result obtained at -78'C 
(0.64) compares well with that obtained from 
separate measurements (0.63). 

FIG. 1. Concentration of ozone in ethyl acetate. 
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TABLE 1. Rate constants for the oxidation by ozone of heptaldehyde acetals, C,H,,CH(OR), 

R T ('Cj k ,  (s-')a Dev (%Ib [03l (MY kZ  (L mol-I S-ljd 

aPseudo-first order rate constant for the disappearance of acetal. 
bDeviation from average of two results. 
=Ozone concentration, interpolated from Fig. 1. 
dSecond order rate constant = kl/[O,]. 

TABLE 2. Rate constants for the oxidation by ozone of 4-substituted-2-hexyl-1,3-dioxanes, C,H13-CH 

aPseudo-first order rate constant for the disappearance of acetal 
bDeviation from average of two results. 
COzone concentration, ~nterpolated from Fig. 1. 
dSecond order rate constant = k,/[O,]. 

TABLE 3. Activation parameters for the oxidation of acetals 1 and 2 

k-7s A H *  AS* AG* _ ? a  
Acetal R (L mol-' s-') (kJ mol- ') (J K- ') (kJ mol- ') 

OR Me 6.42 x 3 5 . 2 1 1 . 6  - 1 2 1 i  7 . 1  58.8 
1 Et 1 .42 x 36 .611 .8  -109+ 8 .0  57.7 

C6H13-C-H 
I Pr 1.72 x lo-3  3 7 . 0 2 0 . 8  -1041  8 .4  57.3 

OR i-Pr 1.93 x lo-3 38 .3k2 .2  -96.8k 3.5 57.2 
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TABLE 4. Relative rate of oxidation by 
ozone of 4-substituted-2-hexyl-1,3-dioxans, 

/"I P 

T ("C) ~ H I ~ C H , '  

ONumber in parentheses is the standard deviation 
from at least 3 results. 

b F r ~ m  separate rate measurements, cf. Table 2. 

Discussion 
Examination of Table 3 reveals first of all that 

electron donation in the ether portion of the acetal 
function increases the rate (-78°C). In fact, the 
pseudo-first order constants (Table 1) for acetals 1 can 
be correlated with Tafts o* constants (12) giving a p 
value of - 1.3 1 .' Also the entropy of activation for 
these reactions is very high and negative, indicating a 
highly ordered transition state. 

However the most significant entry in Table 3 is the 
enthalpy of activation: the slowest reacting acetal 1 
(R = Me, k - , ,  = 6.42 x L mol-' s-I) has the 
lowest enthalpy of activation (AH* = 35.1 kJ mol-l) 
while the fastest reacting acetal 1 (R = iPr, k-,, = 
1.93 x L mol-I s-') has the highest enthalpy 
of activation (38.4 kJ mol-I). For cyclic acetals 2 on 
the other hand, we find the normal situation: the 
faster the reaction (k), the lower AH*.6 Clearly then 
the two different types of acetal show different 
behavior towards oxidation by ozone. 

Leffler has shown (13) that often in a reaction 
series there is a relationship between AH* and AS*. 
This relationship is called the isokinetic relationship 
(or the compensation effect) and may be written in 
the form of eq. [2] where p is the isokinetic temper- 

ature and 12, a constant. When such a relationship 
exists for a particular reaction series, P represents a 
point of inversion of reactivity., When P is higher 
than the experimental temperature range, then this 
represents a domain of temperatures where reactivity 
depends essentially on AH*. On the other hand, when 
the isokinetic temperature p is lower than the experi- 
mental temperature range, then we have a domain of 

'Log k vs. 20* of the R group at -78'C. Correlation co- 
efficient, 0.91. 

=The errors in the A H *  are rather large and the consequence 
of that will be discussed later. 

'For a good lead reference on this subject, see ref. 14. 

temperatures where reactivity depends essentially on 
AS*. When T = P, then all the compounds in the 
reaction series react at the same rate. 

Proportionality between AH* and AS* as deter- 
mined by plotting eq. [2] however, is not a criterion 
to prove that an isokinetic relationship holds. Exner 
(14) and others (15) have criticized the procedure 
because AH* and AS* are determined from the same 
equation and are therefore necessarily interdependent. 

A better way of representing the data, according to 
Exner (14), is to plot log k against 1/T and see if all 
the lines appear to go through the same point. This is 
indeed found to be the case for the acyclic acetals 1 
(Fig. 2), since the incorporation of the isokinetic 
constraint left the Arrhenius plot virtually un- 
changed. The root mean square deviation of fit was 
found to be 0.0426 when the individual Arrhenius 
lines were derived in the usual manner. When they 
were forced through a common point the root mean 
square deviation increased only insignificantly to 
0.0430. The slopes b i  and the coordinates x, and yo 
of the isokinetic point were derived by an interactive 
non-linear least squares minimization (Taylor series 
expansion) of the function f of the log k values yi j  and 
the inverse temperatures xi j  (see for example ref. 16) 

f = C [bi(xij - x,) + yo - yij]2 = min 
I 

The isokinetic temperature, llx,, found in this way, 
is 11 8 K or - 155°C. The point of intersection of any 
two lines varies between - 168°C and - 92"C, making 
the error in the isokinetic temperature quite large. 
Still the limits are below the working temperature 
range (-78 to - 32°C). Therefore, the reactivity in 
this series of reactions is dominated by entropy 
factors (vide supra). 

The isokinetic hypothesis cannot be statistically 
rejected, but considering the large errors in AH* the 
hypothesis that the series be isoenthalpic cannot be 
rejected either. If this were the case however, the 
reactivity of the series of reactions would still be 
dominated by entropy factors. 

The behavior of acyclic acetals 1 can be contrasted 
with that of cyclic acetals 2, for which the point of 
intersection of the two Arrhenius lines falls at a point 
corresponding to a temperature of -4°C (Fig. 3). 
Because there are only two lines (hence no statistical 
test can be made) and the errors in AH* and AS* are 
so large, the value of -4°C for the isokinetic tem- 
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FIG. 2. Arrhenius plots of four acyclic acetals 1. 

perature cannot be accepted from these data alone. 
That -4°C is about the right value however is con- 
firmed by the results obtained by the competition 
experiments (Table 4). These data clearly show the 
point of intersection (inversion of reactivity) of the 
two lines to be around 0°C: the relative reactivity at 
-78°C of the two acetals 2 is reversed at 20°C. At 
O0C, the relative rate is about 1. The significant point 
here is that the isokinetic temperature be above the 
working temperature range, hence a range of tem- 
perature where reactivity is dominated by enthalpy 
factors. 

It appears then that the two types of acetals behave 
differently. One way of interpreting the results is to 
consider the preferred conformation of acyclic acetals. 
It has been shown (17) that the preferred conforma- 
tion of dimethoxymethane is that represented by 
structure I (Scheme 4). Evidence has been presented 
(18) for a similar conformation of other acetals 
(structure 11, Scheme 4). However, this conformation 

I I1 III 

I 
3.5 4 0 4 . 5  5 .0 

IIT lo3 I K - ' )  

FIG. 3. Arrhenius plots of two cyclic acetals 2. Log k,,, 
(Table 4) indicated by arrows. 

is one which Deslongchamps et al. (2, 3)  have shown 
to be unreactive towards ozone. Prior to oxidation, 
the OR group must rotate (or invert) in order that 
two non-bonding electron pairs, one on each oxygen 
atom, lie anti-periplanar to the C-H bond of the 
acetal function. Thus conformational changes in 
acyclic acetals are required prior to oxidation by 
ozone. Since this series of reactions has been shown 
to be dominated by entropy factors, this suggests 
that there is a direct relationship between con- 
formational changes and entropy factors. This 
relationship can be attributed to the reorganization 
of solvent molecules around the acetal function 
during the rotation step. Of course, no such con- 
formational changes are required for the cyclic 
acetals 2 (structure 111, Scheme 4) and hence the 
reactivity of that series of reactions is dominated by 
enthalpy factors. 

Finally, one comment should be added about the 
fact that the p *  value found for the oxidation of the 
acyclic acetals 1, was - 1.31 (-78°C). Previous 
studies had shown (2, 3, 9) that electron donors 
accelerate the reaction. However, one consequence of 
hkving a reaction series in a domain of temperature 
where reactivity is dominated by entropy factors, is to 
reverse the sign of p (1 3). If the rate of a reaction was 
only a function of A H * ,  this phenomenon would 
have been observed. But the variation of A S *  causes 
the term TAS* to contribute more than the change in 
AH* to the overall AG* (cf. Table 3). 
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Kinetic studies on the catalytic reduction of nitrotoluene by hydrazine 
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N. GOSWAMI and M. L. RAHMAN. Can. J. Chem. 57,3047 (1979) 
Kinetics of reduction of p-nitrotoluene by hydrazine in presence of Raney nickel catalyst 

have been studied spectrophotonietrically. It has been found that the reaction is first order 
with respect to both hydrazine and nitrotoluene. The influence of solvent, salt, and the amount 
of catalyst on the reaction rate has been investigated. The rate constant was found to depend 
on the dielectric constant, the ionic strength, and on the catalyst concentration. The activation 
energy was estimated to be 103.92 kJ mol-I in 73.58% ethanol in water. This value decreases 
considerably when the polarity of the solvent increases and when other salts are added. In pure 
water the value is 32.25 kJ mol-I. 

N. GOSWAMI et M. L. RAHMAN. Can. J. Chem. 57.3047 (1979). 
On a etudie par spectrophotometrie les cinetiques de reduction du p-nitrotoluene par 

I'hydrazine en presence du nickel de Raney comnie catalyseur. On a trouve que la reaction est 
d'ordre un par rapport a I'hydrazine et au nitrotoluene. On a etudie !'influence du solvant, du 
sel, et de la quantite de catalyseur sur la vitesse de reaction. On a trouvt que la constante de 
vitesse depend de la constante diilectrique, de la force ionique et de la concentration du cata- 
lyseur. On a obtenu une energie d'activation de 103.92 kJ mol- pour la reaction dans l'ethanol 
a 73.58% dans I'eau. Cette valeur decroit considerablement quand la polarite du solvant 
augmente et quand on ajoute d'autres sels. Dans l'eau pure la valeur est de 32.25 kJ mol-I. 

[Traduit par le journal] 

Introduction Experimental 

Hydrazine has been widely used for the reduction 
of a large number of organic compounds. In the 
absence of a catalyst the rate of the reaction is very 
slow and drastic conditions such as heating and 
refluxing for a long period are required. In the 
presence of catalysts, however, the reaction rate 
greatly increases (1-3). The reduction of aromatic 
nitrocompounds by hydrazine has two advantages. 
Firstly, as opposed to direct hydrogenation, no 
pressure apparatus is necessary. Secondly, the cata- 
lytic hydrazine reduction method gives yields equal 
to or better than direct catalytic hydrogenation or 
other methods (4). Despite the versatility of hydra- 
zine as a reducing agent, most of the work (4) in the 
field has been aimed at obtaining better yields of the 
reduction products. Very little seems to have been 
done on the kinetics and mechanisms of these reac- 
tions. The present work has been undertaken to study 
the kinetics of the reduction of an aromatic nitro- 
compound (p-nitrotoluene) with hydrazine in the 
presence of a Raney nickel catalyst. This reaction in- 
volves two phases, viz. solid and liquid and it would 
be interesting to study the kinetics of a heterogeneous 
reaction in solution which, relative to gas phase, has 
received very little attention. 

'To whom all correspondence should be addressed. 
ZRevision received August 2, 1979. 

 chemical^ 
p-Nitrotoluene supplied by the Matheson Coleman and Bell 

company and hydrazine hydrate by the Merck-Schuchardt 
company were used without further purification. Rectified 
spirit was preferred to absolute alcohol as a solvent because 
the latter might contain traces of benzene. Dioxane was sup- 
plied by the Matheson Coleman and Bell company and was 
used without further purification. Analytical grade potassium 
chloride and potassium sulphate obtained from Merck AG. 
Darmstadt were used. When calculating the solvent composi- 
tion, water from hydrazine hydrate was taken into account. 

Rarzey Nickel 
Raney nickel prepared by the method of Mozingo (5) was 

thoroughly washed with benzene which was removed in cacuo. 
I t  was heated to about 533 K and then cooled in cacno. The 
cooled catalyst was stored in xylene. When necessary, an 
amount of the catalyst was taken in a flask and the xylene was 
removed in cacuo. Heating was then continued to 673 K for 
10 h. The degassed catalyst was used within a fortnight of its 
degasification, which was the period when most reproducible 
results were obtained. It was observed that catalysts prepared 
by heating to temperatures lower than 673 K were different 
in activity and changed their activity rather rapidly. 

Kinetic Methods 
The reaction vessel was a two-necked round-bottomed flask 

thermostated to f 0.1 K. With a definite amount of the 
catalyst the reactants were thoroughly mixed by an electric 
stirrer and the al~quots were periodically transferred and 
filtered off as quickly as possible, the time being recorded by a 
stop watch. The filtered solutions were analysed for their 
p-nitrotoluene content by measuring the absorbances at  
275 nm with the heip of a Beckman DB spectrophotometer. 
For the measurement of the concentration of hydrazine a 

0008-40421791233047-06SO1 .00/0 
@ 1979 National Research Council of CanadaIConseil national de recherches du Canada 
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TABLE 1. p-Nitrotoluene decay run in highly concentrated (10.94 M)hydrazine at 298 K 
in ethanol-water system; the initial p-nitrotoluene concentration was 5.0 x lo-' M 

and that of the catalyst (Raney nickel) was 5.0 g dm-3 

72.66% ethanol 53.53% ethanol 38.23% ethanol 30.52% ethanol 
in water, in water, in water, in water, 

absorbance absorbance absorbance absorbance 
of of of of 

Time p-nitrotoluene p-nitrotoluene p-nitrotoluene p-nitrotoluene 
(min) at 275 nm at 280 nm at 280 nm at 282 nm 

0 0.500 0.500 0.500 0.500 
3 - 0.300 - 0.100 
5 0.470 0.240 0.170 0.000 
7 - 0.150 0.100 - 

10 0.420 0.000 0.000 - 
15 0.390 - - - 
20 0.350 - - - 

25 0.320 - - - 

30 0.260 - - - 

colouring agent (6) was added and the absorbances were 
monitored at 458 nm. It was checked that the substances 
obeyed ihe Beer-Lambert law and the solvent in the reference 
cell contained all the components present in the sample cell 
except the one whose concentration was being determined. 

PH 
A Coleman model-39 pH meter was used for measuring the 

pH. 

Results 
The main product of the reduction of p-nitro- 

toluene by hydrazine in presence of Raney nickel 
catalyst was found to be p-toluidine. In spite of 
repeated attempts no intermediates or coupled 
products could be detected. p-Toluidine had its 
maximum absorption at 236 nm at which p-nitro- 
toluene also absorbed significantly. Since it was in- 
convenient to calculate the concentration of p-tolui- 
dine from the overlapped absorbance, the kinetics 
were studied by measuring the rate of decrease of 
nitrotoluene. It was also observed that quantitative 
measurement of p-toluidine was difficuit in the pres- 
ence of hydrazine which did not seem to behave as a 
satisfactory solvent at this low wavelength. Table 1 
shows the p-nitrotoluene decay runs for ethanol- 
water system. 

By keeping the hydrazine concentration and in 
large excess, the order of the reaction with respect to 
nitrotoluene was determined and found to be unity 
in the initial part of each run, but the order ap- 
proached zero (Fig. 1) or two (Fig. 6) near the end of 
the run. The transition from first to zero order was 
observed only when the proportion of ethanol to 
water was the highest in the medium (73.58%) and in 
all other cases it was from first to second order. It  is 
interesting to note that with 73.58% ethanol - water 
medium the first-order behaviour was observed over 
only 20% of the reaction and that this rose to the 

FIG. 1. Variation of -log ( A ,  - A,)  with time (min); A,  
indicates the absorbance at a certain time and A,,  absorbance 
at an infinite time; the initial concentration of p-nitrotoluene 
was 5.0 x lo5 M in 73.58% ethanol in water containing 1 M 
hydrazine; the concentration of the catalyst (Raney nickel) 
was 5.0 g dm-3; the reaction temperature was 310 K. 

extent of about 60% with higher proportion of water 
(40% and less ethanol). From the slope of the double 
logarithmic plot of initial rate vs. initial concentra- 
tion (i.e. initial absorbance), the true order with 
respect to p-nitrotoluene was calculated and found 
to be unity.3 

Table 1 indicates that the absorbance decreases to 

3Complete set of data may be obtained, at a nominal charge, 
from the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Ont., Canada KIA 0S2. 
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COSWAMI AND RAHMAN 3049 

zero in some runs but not in others. The zero final 
absorbance seems to be favoured by high concentra- 
tions of hydrazine (- 11 M) in a water-rich medium. 
With low concentrations (- 1.0 M) of hydrazine 
zero absorbance was never obtained. 

Under pseudo-first order conditions, the rate can 
be written as 

Here [B] stands for the nitrotoluene concentration 
and [Hy] for the hydrazine concentration. The 
pseudo-first order rate constant, kt,  should thus 
depend on hydrazine concentration. Figure 2 shows 
that a plot of k' (the rate constants were calculated 
from first 50% of the reaction) against [Hy] gives a 
straight line, indicating that the reaction is also first 
order with respect to hydrazine. 

The reaction rate was found to increase linearly 
with the amount of catalyst up to a certain point 
after which the rate of increase became   lower.^ 

Addition of water to the reaction medium en- 
hanced the rate. The reaction became faster in 
presence of acids or bases. Effect of dielectric con- 
stant on the reaction rate was studied in the dioxane- 
water and ethanol-water systems and the plots of 
log k' (the rate constants were calculated from first 
30-50% and about 60% of the reaction for the 

CONCENTRATION OF HYDRAZINE ( M )  

FIG. 2. Variation of rate constant (k' min- ') with the hydra- 
zine concentration (M); the hydrazine concentration was 
varied keeping the solvent composition constant (50% ethanol 
in water); the concentration of the catalyst (Raney nickel) was 
5.0g dm-3; the reaction temperature was 313 K. The rate 
constants were calculated from first 50% of the reaction. 

dioxane-water and water-ethanol systems respec- 
tively) versus 1/D were found to be linear in both 
systems (Fig. 3). Values of D corresponding to dif- 
ferent mixtures of water and ethanol and of dioxane 
and water were obtained from literature (7). 

The reaction rate was found to increase with 
increasing ionic strength of the medium. In the 
presence of KC1 or K,SO,, log kt  (the rate constants 
were calculated from first 60-75% of the reaction) 
was found to vary linearly (Fig. 4) with J p  (experi- 
ments were carried out in 38.23% ethanol - water 
~ys t em) .~  For the calculation of the ionic strength 
only the concentration of the added electrolyte was 
taken into account because the concentrations of 
other ions that might be involved were not known. 

The logarithm of the pseudo-first order rate con- 
stant was plotted against the reciprocal of tempera- 
ture when 73.58x alcohol in water was used as the 
solvent. The result was a straight line (Fig. 5).3 The 
slope of the line gave an activation energy of 103.92 
kJ mol-l. The activation energy decreased con- 
siderably when the proportion of water in the solvent 
increased and when other salts were added. Table 2 
shows the activation energies for various media. 

It was thought desirable to compare catalytic re- 
duction by hydrazine with catalytic reduction by 

FIG. 3. Variation of logarithm of the rate constant (k' 
min-I) with the reciprocal of the dielectric constant (D) of the 
solvent, e.g. ethanol-water system and dioxane-water system 
containing 1 M hydrazine and 5.0 g dm-3 catalyst (Raney 
nickel); 0, ethanol-water system with thep-nitrotoluene con- 
centration (7.0 x M) at reaction temperature 298 K ;  @, 
dioxane-water system with the initial p-nitrotoluene concen- 
tration (4.0 x lo-' M) at reaction temperature 313 K. The 
rate constants were calculated from first 30-502 and about 
60% of the reaction for the dioxane-water and water-ethanol 
systems respectively. 
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TABLE 2. Activation energies for various media 

Reaction 
media 
~ 0 1 %  

ethanol 
in water 

Concentration 
of 

Electrolytes p-nitrotoluene 
added (mol dm-3) 

Concentration Concentration 
of of 

hydrazine catalyst 
(mol dm-3) (g dm-3) 

Activation 
energy 

(kJ mol- ') 

FIG. 5. Variation of logarithm of the rate constant (k' 
0'9 min-') with the reciprocal of absolute temperature (T); the 

o 10 20 30 40 50 60 initial concentration of p-nitrotoluene was 5.0 x M in 
73.58% ethanol - water; the hydrazine concentration was 1 M 

9 X I $  and the concentration of the Raney nickel catalyst was 5.0 g 
dm-3. The rate constants were determined from first 20% of 

FIG. 4. Variation of logarithm of rate constant (k' min-') the reaction. 
with the square root of the ionic strength (Jp) of KC1 and 
K,SO, in solution with the initial p-nitrotoluene concentra- 
tion 5.0 x M in 38.23z ethanol - water system con- 
taining 1 M hydrazine and 5.0 g dm-3 catalyst (Raney nickel); 
0, in presence of KC1 at 298 I(; 8,  KC1 at 303 K ;  A, K,SO, 
a t  298 K;  @, KzSO, at 303 K. The rate constants were 
determined from first 60-75% of the reaction. 

hydrogen. Instead of using hydrogen under pressure, 
we prepared a type of Raney nickel catalyst that 
contained a significant amount of adsorbed hydro- 
gen. As mentioned previously, the catalyst in the 
present work was heated to 673 K to remove 
hydrogen. This catalyst however was heated only to 
533 K and it was able to reduce nitrotoluene at an 
appreciable rate in absence of hydrazine. The reduc- 
tion power of this catalyst is clearly due to the 
adsorbed hydrogen and is therefore similar to cata- 

lytic reduction by hydrogen (8). It was found that the 
rate of reduction was again proportional to the first 
power of the concentration of nitrotoluene. The 
effect of dielectric constant and added electrolytes 
was not so pronounced with this catalyst as in 
presence of hydrazine and the variation of the rate 
constant was not very regular. 

Discussion 
In general a heterogeneous reaction takes place in 

the following steps: diffusion, adsorption, actual 
chemical reaction on the surface, desorption, and 
diffusion again. Of these, diffusion is very fast and is 
most unlikely to be rate-determining in the present 
case, because the reaction has a rather high energy of 
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GOSWAMI AND RAHMAN 305 1 

activation. Besides, an electric stirrer rotating at a 
constant speed was employed to mix the reactants, 
thus minimizing the effect of diffusion. The high 
energy of activation also precludes the possibility of 
adsorption or desorption being rate-determining. We 
are thus left with the actual chemical reaction 
itself on the surface of the catalyst: 

[2] S-A + S-B + toluidine + S 

Here S stands for surface and A, reducing agent. 
The observed kinetics that the reaction is first order 

with respect to nitrotoluene can be explained 
according to this scheme if it is assumed that nitro- 
toluene is sparsely adsorbed on the surface. A very 
pertinent question in connection with the present 
reaction is whether hydrazine itself acts as the 
reducing agent or a product or products of decom- 
position of hydrazine bring about the reduction. It 
has been found (9-1 1) that hydrazine decomposes in 
the presence of catalysts to give N,, H,, and NH,. 
Pietra (12), Rottendorf and Sternhell (13) have sug- 
gested that the reactivity of hydrazine in the presence 
of catalysts like Ni, Pd, Pt, Ru, etc. is simply due to 
the hydrogen liberated. Our observation that the 
reduction reaction in the presence of Raney nickel 
alone shows similar behaviour tends to support this 
hypothesis. 

However, it has been observed by repeated experi- 
ments that the reaction rate changes considerably if 
the polarity of the solvent is changed and if foreign 
electrolytes are added. It is not only the reaction rate 
that changes, the activation energy also decreases 
from 103.92 kJ mol-' to about one-third of this 
value (Table 2). Thus there can be no doubt that the 
rate-determining step or steps should be ionic in 
character; we are therefore forced to look for an 
additional or alternative rate-determining step. 

Audrieth and Jolly (11) who worked on the de- 
composition of hydrazine on Raney nickel found 
that the reaction was markedly influenced by the 
presence of water and added salts. Thus there is some 
parallelism between the present reaction and hydra- 
zine decomposition. Without giving the detailed 
mechanism of the reaction, the authors mentioned 
that the products of decomposition were N,, H,, and 
NH, and that the kinetics were variable. If, however, 
one wants to explain the solvent and salt effects, one 
has to assume that prior to decomposition into the 
main products hydrazine breaks up into ions. We are 
thus led to the conclusion that the slow step we are 
looking for is possibly the breaking up of hydrazine 
into ions prior to or concurrently with adsorption 
on the surface. 

Addition of salts could have two kinds of effect on 
such reactions, one of which is called the mass-law 

effect. This would have an accelerating or a retarding 
effect on the rate of ionisation, depending on 
whether the ions formed are being removed or added 
from outside. The other effect is due to ionic 
strength. Increase of ionic strength would have an 
effect analogous to that of making a solvent more 
polar. In the unimolecular ionisation of a neutral 
molecule a polar solvent would help stabilise the ions 
through solvation. Similarly inert salts would pro- 
vide the ionic atmosphere in which the charged tran- 
sition-state would be more stable. We have studied 
the effect of non-common-ion salts. This is not 
expected to have any mass-action effect and it has 
been found that the rate constant increases with the 
ionic strength. However, the ions that are formed 
from hydrazine may have inhibitory effect on the 
reaction rate when they have built up to sufficient 
concentrations. We have observed that after a certain 
time the rate of reaction decreases and that it no 
longer remains first order. The phenomenon is even 
more prominent in the presence of salts (Fig. 6). 

(c  I 
T I M E  (min) 

FIG. 6. Variation of -log ( A ,  - A,)  with time (min) at 
298 K;  the initial g-nitrotoluene concentration was 5.0 x 

M in 38.23% ethanol -water containing 1 M hydrazine 
and KC1 of different ionic strength; graphs (a), (b), (c), and 
(d) have been obtained with the ionic strengths 1.0 x loT4, 
5.0 x 30.0 x and 45.0 x respectively; the 
concentration of the catalyst (Raney nickel) was 5.0 g dm- in 
each case. 
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There may be various factors responsible for the 
decrease in reaction rate some time after the com- 
mencement of the reaction. The catalyst may show 
a poisoning effect and the product or products of 
reaction may compete for the active sites on the 
catalyst. 

As already mentioned acids and bases have been 
found to enhance the reaction rate. This also points 
towards some sort of ionic mechanism. Hydrazine 
has been reported (4) to exist as hydrazinium positive 
or hydrazide negative ions depending on the pH of 
the medium. Addition of a base like Ba(OH), is 
claimed (9) to produce more hydrogen as a decom- 
position product. A basic medium should, in that 
case, be more favourable to the reduction reaction. 
In the present work addition of NaOH has made the 
reaction faster, but perchloric acid has been found 
to be even more effective. Acids probably play a dual 
role in that they produce hydrogen by reaction with 
the catalyst and may also have catalytic effect. 
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Infrared laser induced decomposition of pentafluoroacetonel 
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M. DROUIN, P. A. HACKETT, C. WILLIS, and M. GAUTHIER. Can. J. Chem. 57,3053 (1979). 
The dissociation of pentafluoroacetone by high power infrared radiation fields is shown to 

proceed by a free radical mechanism. 

M. DROUIN, P. A. HACKETT, C. WILLIS et M. GAUTHIER. Can. J. Chem. 57,3053 (1979). 
On montre que la dissociation de la pentafluoroacktone, induite par les champs de radiation 

infrarouge a haute puissance, se produit selon un mkcanisme qui implique des radicaux libres. 
[Traduit par le journal] 

Introduction 
Recently we have shown that the molecule hexa- 

fluoroacetone undergoes multiphoton decomposi- 
tion with great facility when it is excited near its v,, 
band by pulses of ir radiation (1). We have also 
found that CF313COCF3 could be directly dis- 
sociated at natural abundance leading to product 
carbon monoxide with over 85% C-13 content (2). 
The homogenous gas phase pyrolysis had been 
studied some time ago by Batey and Trenwith (3) 
who found Arrhenius parameters for the process 

to be k ,  = 109.6 exp (-50 900/RT) s-I.  These 
authors favoured a molecular rearrangement process 
involving an activated complex with a three mem- 
bered carbon ring. In contrast to this the photo- 
chemical decomposition of hexafluoroacetone may 
be interpreted solely in terms of free radical processes 
(4) : 

Experimental 
Samples were photolysed in 18 cm long, 5 cm diameter 

Pyrex cells with sodium chloride windows. Radiation from a 
TEA-C02 laser (Lumonics model 101) was focused at the 
centre of the cell by a focal length = 10 cm germanium lens; 
incident fluence was monitored by a calibrated pyroelectric 
detector. The temporal distribution of the laser pulse consisted 
of an initial spike (FWHM = 150 ns) followed by a tail 
(.cD = 1 ps); 80% of the energy was in the initial spike. 

After irradiation samples were frozen into glass tubes and 
analysed by glc using a thermal conductivity detector (6 ft 
Porapak Q, 6 ft silica gel 80-100 mesh, 4 in. od copper tube, He 
carrier gas at 90°C). Typical retention times were C2Fs 3 min, 
C2F4 3.8 min, CF3H 4.8 min, C3Fs 13 min, C2F3H 8.4 min, 
and CF3CF2H 15 min. The glc response was calibrated with 
authentic aliquots of fluoroform, tetrafluoroethylene, hexa- 
fluoroethane, carbonyl fluoride, and pentafluoroethane. No 
authentic sample of trifluoroethylene was available, therefore 
this product was identified by trapping the glc peak and carry- 
ing out mass spectrometric analysis. 

During the course of the work a complicating reaction was 
noted. Although the reaction products were stored in sealed 
glass ampoules prior to analysis and contacted only clean glass 
surfaces it was observed that the peaks corresponding to the 
ethylenes were time dependent. Indeed, reaction mixtures 
stored for longer than 4 h showed no trace of trifluoroethylene, 

However, many examples of multiphoton decompo- and te t raf l~o~oeth~lene itself disappeared given longer-times 
(10 h). This phenomenon is almost certainly a result of reac- 

sition have been discovered in which decomposition tion with, catalysed by, hydrogen fluoride or its reaction 
proceeds by the least endoergic pathway (5). Thus products. After this effect was noted all ampoules were stored 
there is no a priori reason to favour either pathway. in liquid nitrogen prior to analysis. 
In early attempts to resolve which pathway pre- Pentafluoroacetone (Hynes chemical) was ~urified by 

distillation at - 160 and - 78"C, degassed and stored in black- dominated we tried scavenging ened bulbs. Analysis by glc failed to reveal any impurities. 
with 0, and NO, these were inconclusive (see below) Oxygen was obtained from Matheson (Research Grade). 
and thus we have resorted to the expedient of study- Nitric oxide (Matheson) was purified by distillation from liquid 
ing the multiphoton decomposition of the struc- argon to liquid nitrogen. 

turally similar molecule pentafluoroacetone in which Results and Discussion 
the free radical and molecular pathways would give 
different product arrays. The results, reported below, Irradiations were carried out using the R(34) line 
favour the free radical pathway. of the 00'1-10'0 band of CO, at 986 cm-l. This line 

falls on the red edge of an absorption band of penta- 
'NRCC No. 17768. fluoroacetone. The infrared absorption spectrum of 
'NRCC summer student, 1978. this molecule has neither been published nor analysed 

0008-4042/79/233053-03$01.00/0 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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FIG. 1. LOW intensity infrared absorption spectrum of pentafluoroacetone; pressure = 46Torr; pathlength = 
10 cm; temperature = 22°C. The arrow indicates the frequency of the CO, laser line used. 

before, and hence the portion occurring within the 
gain curve of the CO, laser is presented here (Fig. 1). 
The line used in these experiments probably excited 
C-C-C skeletal vibrations. 

At 0.25 J cm-2 incident fluence no decomposition 
was observed when 0.6 Torr of pentafluoroacetone 
was photolysed by an unfocused beam. However, 
decomposition was induced when the beam was 
focused. Products detected by glc were C2F6, C2F,, 
CF,H, C2F3H, C,F,, and C,F,H. At low conver- 
sions all products increased linearly with pulse 
number. The production rate for the major product 
detected (C,F,H) and the relative production rates 
for other major products (C2F6, C2F4, CF,H, and 
C,F,H) are shown in Fig. 2. 

The product array is consistent with the free 
radical decomposition and recombination mech- 
anism proposed by Pritchard and Perona (6) to 
explain the one photon photolysis of pentafluoro- 
acetone at 3 130 A;  relevant portions are shown 
below: 

nhv 
[3] CF3COCF2H * CF3 + CO + CFzH 

where R is either C F 2 u  or CF,. Free radical attack 

AMoUN~/ (mo le  x RELATIVE YIELD 

FIG. 2. Product formation in the multiphoton dissociation 
of pentafluoroacetone as a function of number of pulses. 
Circles refer to pentafluoroethane. The upper graph displays 
the relative molar production of other products relative to 
CzF5H: C2F4, squares; C2F6, triangles; and CF3H, dia- 
monds. The crosses refer to the peak height ratio C2F3H/ 
C2F5H from glc. Pressure = 0.6 Torr, cell volume = 330 cm3 ; 
irradiated volun~e = 14 cm3; temperature = 23'C; incident 
fluence = 0.25 J C ~ - ~ .  The solid symbols are results from 
irradiation of 0.6 Torr pentafluoroacetone with 0.08 Torr 
nitric oxide. 

on pentafluoroacetone to give hydrogen abstraction 
products has been ignored for the following reasons : 
(i) pentafluoroacetone concentration is low (0.6 
Torr), and (ii) transient free radical concentrations 
are high; indeed it is assumed that all pentafluoro- 
acetone molecules within the central focal region are 
dissociated. 

We should note at this point that although small 
amounts of carbon monoxide were not detected by 
the sampling method its presence was confirmed by 
pressure measurements above liquid nitrogen and by 
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mass spectrometry. General support for the proposed 
mechanism is provided by the value of the ratio of 
rates of formation 

A value of 2.0 is expected. Pritchard and Perona (6) 
find values from 1.80 + 2.40. Furthermore, the ratio 
of rates of formation is 

which is in good agreement with Pritchard and 
Perona's estimate for the disproportionation/com- 
bination ratio for CF, and CF,H of 0.08. There is, 
however, one major discrepancy between our results 
and the one photon study. The earlier workers found 
[CzF4]/[CzF5H] < 0.04, we find values of -0.61. 
This almost certainly indicates that free radical 
recombination occurs within a region of high 
vibrational 'temperature" ; considering the nature 
of the excitation this indication is not unexpected. 
Furthermore, equivalently high yields of CzF3H are 
found. This is not unexpected since the rate of H F  
elimination from C2F4Hz * is expected to be at least 
> 20 larger than the rate of elimination from CzFsH* 
(6). 

Two experiments with free radical scavengers were 
performed. In the first 0.6 Torr of pentafluoroacetone 
was photolysed in the presence of 0.1OTorr of 
oxygen. The sole product was CF20.  Clearly vibra- 
tionally hot pentafluoroacetone molecules are burned 
in the presence of oxygen. In the second experiment 
0.6 Torr of pentafluoroacetone was photolysed in the 
presence of 0.08 Torr of NO. No change in either the 
distribution or the rates of formation of products 
was observed. Clearly high free radical concentra- 
tions and low pressures preclude the effective use of 

free radical scavengers. We note that the total pres- 
sure is limited by dielectric breakdown observed in 
focused beams. 

In conclusion, the product array observed indicates 
that multiphoton decomposition of pentafluoro- 
acetone proceeds by a free radical mechanism, in 
which high concentrations of trifluoromethyl and 
difluoromethyl radicals are formed in a high tempera- 
ture region. This result makes this molecule rela- 
tively unattractive for studies of deuterium atom en- 
richment in spite of the fact that the molecule con- 
tains a single hydrogen atom which may be easily 
redeuterated by exchange with water through the 
enol form. Although the free radical mechanism is 
clearly indicated by the array of products its occur- 
rence could not be proven by classical free radical 
scavenging experiments. This type of ambiguous 
behaviour should be general to studies of multi- 
photon decomposition in focused infrared laser 
beams in which the decomposition yield is necessarily 
high and the total pressure is necessarily low. 
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Entropy changes and structural implications for crystalline phases of pyrazine 
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ROBERT K. BOYD, JOHN COMPER, and GEORGE FERGUSON. Can. J. Chem. 57,3056 (1979). 
Molar heat capacities of crystalline pyrazine have been measured by adiabatic calorimetry 

in the range 20-40°C and interpreted to show that in the crystal structures of phases I1 and 
I11 half the molecules must be disordered. Together with previous X-ray studies, this allows 
possible structures for phase I1 and phase 111 to be deduced. Of the eight molecules in the 
phase 111 unit cell, four are disordered over two sites so that the point symmetry is effectively 
mmm; the remaining four molecules have 2/m symmetry and are not disordered. This structure 
is consistent with the available spectroscopic evidence. It is likely that the phase I1 structure 
is closely related to the phase I11 structure, for example by the molecules with 2/m symmetry 
adopting a slightly different orientation. 

ROBERT K. BOYD, JOHN COMPER et GEORGE FERGUSON. Can. J. Chem. 57,3056(1979). 
On a mesure les capacites calorifiques molaires de la pyrazine cristallisee, a l'aide d'un 

calorimetre adiabatique dans un intervalle de temperature de 20-40°C. Les rtsultats sont 
interpretes dans le but de montrer que dans les structures cristallines des phases I1 et I11 la 
moitie des molecules doivent Ctre desordonnees. De concert avec les etudes anterieures de 
rayons-X, ceci permet de deduire les structures possibles des phases I1 et 111. Des huit moltcules 
dans la maille elementaire de la phase 111, quatre sont desordonnees sur deux sites de telle 
sorte que le point de symetrie soit effectivement mmm. Les quatre molCcules restantes ont une 
symetrie 2/n2 et ne sont pas desordonnees. Cette structure est compatible avec les preuves 
spectroscopiques disponibles. I1 est probable que la structure de la phase I1 soit reliee de pres 
a celle de la phase 111, par exen~ple par l'intermediaire des moltcules a symetrie 2/m adoptant 
une orientation 16gerement differente. 

[Traduit par le journal] 

The nature of the phase transitions in crystalline 
pyrazine has been the subject of several investigations 
incorporating a wide range of techniques; thus, in- 
frared (1) and Raman (2) studies both detected a 
phase transition at about 29°C. Similarly, an nqr 
study (3) of the 14N quadrupole coupling constants 
in pyrazine yielded evidence of a phase transition 
near 27"C, and also of a second transition near 35°C. 
Measurements of proton spin-lattice relaxation times 
(4) (TI  and TID) in crystalline pyrazine, on the other 
hand, resulted in no indication of any discontinuity 
in the appropriate temperature range being detected. 

The solid state structure of phase I of pyrazine has 
been fully defined by X-ray methods at 20°C (5) and 
at - 89°C (6) and more recently (7) an investigation 
of the phase I-II (28.5"C) and 11-111 (36.5"C) transi- 
tions of pyrazinel has been reported in which such 
techniques as X-ray diffraction, calorimetry, and low- 
frequency infrared and Raman spectroscopy were 
used. 

lThe three distinct phases were labelled I, 11, 111, in order 
of increasing temperature. This is contrary to the usual con- 
vention, which uses "Phase I" to describe the highest tem- 
perature solid phase. The present work will also use this nota- 
tion since the possibility of additional transitions between 
37°C and the melting point could not be discounted. 

In the present work, heat capacities of pyrazine 
were measured in the range 20-40°C by adiabatic 
calorimetry; the techniques used have been described 
previously (8). The pyrazine sample ("Gold Label" 
brand, Aldrich Chemical Co.) was sublimed from 
BaO and the heat capacities C, measured in the 
20-40°C range are shown in Fig. 1. The transition 
centred at about 27.5"C is essentially isothermal and 
requires an equilibration time of about 1 h if 
sufficient energy is added to raise the sample temper- 
ature from just below the transition to just above it. 
Two independent measurements of the excess 
enthalpy of this transition yielded values of 963 J 
mol-' and 976 J mol-', in reasonable agreement 
with the value (954 J mol-l) obtained previously by 
other means (7). These correspond to values for the 
excess molar entropy change (AS(excess)) for the 
phase I-II transition of R In 1.46 to R In 1.48. The 
existence of the very weak anomaly (7) centred near 
37°C was confirmed in three independent sets of 
measurements (Fig. 1) in the present work. The 
excess enthalpy of this transition was 60 f 10 J 
mol- l . 

The excess entropy of a thermal transition such as 
that observed for pyrazine near 28°C is frequently 
interpreted (9) in terms of an order-disorder phe- 

0008-4042/79/233056-05$01 .OO/O 
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BOYD ET AL. 3057 

FIG. 1. Heat capacities of pyrazine purified by sublima- 
tion. The different symbols used represent independent series 
of experiments. 

nomenon via the equation : 

where 

AS(configuration) = R ln ( W,,/ W,) 

is calculable in terms of the numbers of distinguish- 
able orientations (W) available to molecules in the 
crystal, above and below the transition. AS(1attice) 
refers to the concomitant change in crystal packing, 
associated with changes in density, etc. The im- 
portant point here is that the experimental value of 
AS(excess) is intrinsically an upper limit to AS(con- 
figuration). Since the baseline heat capacities, above 
and below the transition, extrapolate reasonably 
smoothly into one another (Fig. I), it is expected 
that AS(1attice) should not be large in the present 
case. 

The experimental value of AS(excess) (R In (1.46- 
1.48)) might correspond to R In (3/2)., However, this 
would require AS(1attice) to be slightly negative. 
Moreover, the phase I structure is known (5) to 
be ordered (W, = 1) and it is difficult to understand 
or interpret a value of W,, = 1.5. A more reasonable 
interpretation of the experimental value of AS(excess) 
would involve 

AS(configuration) = R ln (21i2) = t R  In 2 
= R ln (1.414) 

plus a small positive contribution (approximately 
0.3 J K-' mol-l) from AS(lattice), as discussed 
above. This, in turn, implies that the observed transi- 
tion at 27.S°C corresponds to a process in which an 
ordered structure (W,  = 1) is transformed to a 
structure in which just half of the molecules are 
disordered over two sites (W,, = 2). The phase 11-111 
transition (near 37°C) introduces negligible addi- 
tional excess entropy. Therefore, there can be no 
gross structural differences between phases 11 and 111, 
in agreement with previous conclusions (7). 

The structural information from the entropy 
changes, together with the known (5) crystal struc- 
ture of phase I and the powder and Weissenberg 
film data (7) for phases I1 and 111, now allow plausible 
crystal structures for these phases to be deduced. 

It is known (7) that the crystal structure of phase 
I11 at 38°C is derived from that described (5) for 
pyrazine phase I at 20°C by a doubling of 9.3 and 
5.9 A unit cell constants, while the third (3.8 A) was 
essentially unchanged.' The space group of the 
phase I11 structure was deduced (7) to be Cmmm 
jDJh9) (the other possible space groups were re- 
jected on the basis of infrared and Raman studies) 
and while possible symmetry sites of the pyrazine 
molecules at 38°C were considered (7) no detailed 
structural model was proposed. 

A stereo view of four unit cells of the room 
temperature phase I structure is shown in Fig. 2. 
In these cells the molecules are required crystallo- 
graphically to have 2/m symmetry, the two-fold axis 
coincides with the N. . .N molecular axis and the 
molecule lies at an angle of 22.5" to the 5.91 1 A axis. 
The cells are so arranged in Fig. 2 that when all 
four are considered as a unit, the cell then produced 
has the approximate dimensions of the phase III 
structure (a = 18.57, b = 11.31, c = 3.85 A) (7). 

The available evidence (1) indicates that there is 
no major translational movement of molecules on 
passing from phases I to I1 to 111. Consequently, the 
first step in deducing a structure for phase 111 is to 
determine if molecules at sites indicated in Fig. 2 
could be accommodated into the Cmmm space 
group, and then to decide what different or addi- 

'The unit cell described (5) for pyrazine has a = 9.316, 
b = 3.815, c = 5.911 A in space group Pmnn. This is a 
non-standard setting of Pnnm (D:,?. No. 58) which could have 
a = 5.911, b = 3.815, c = 9.316 A. Later workers (6,  7) use 
another non-standard setting of Pnnm, which is still correctly 
labelled Pmnn but has the b and c axes of ref. 5 interchanged. 
This change produces (I = 9.316, b = 5.911, c = 3.815 A, 
which allows easy comparison with the Cmmm space group 
of the phase I11 structure. We also adopt this cell definition 
in this paper. Non-crystallographers may find these changes 
from the standard settings confusing. 
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FIG. 2. Stereoview of four unit cells of the phase I pyrazine 
and the 9.3 8, lies away from the viewer. 

tional symmetry requirements are imposed on the 
molecu!es by the space group. 

Inspection of the symmetry information from 
International Tables (10) for space group Cnzmm 
does indeed show that the molecular centres (as in 
Fig. 2) could be accommodated in a Cmmm l a t t i ~ e . ~  
The molecules at the origin (0, 0, 0) of the phase 111 
cell and at (3, 3, 0) (positions 2a in Cmmm (lo)), and 
at (3, 0, 0) and (0, 3, 0) (positions 2b in Cmmm) are 
now required to have mrnnz symmetry. The simplest 
way to achieve this is to require that these molecules 
be on the mirror planes normal to the 3.8 A c-axis, 
but this would result in prohibitively short (1.6 A) 
H . .H intermolecular contacts. The most plausible 
alternative is to allow the pyrazines at the 2a and 2b 
positions to retain the 22.5" orientation found in 
the phase I structure; the mirror planes normal to 
the c-axis then yield a disordered structure with 
effective mirror symmetry. When only this change 
is made to the four cells of the phase I structure, a 
structure as shown in Fig. 3 develops. 

In Fig. 3 the four molecules situated at (+, 4, +), 
(+, 3, +), ( t ,  $, 3), and ($,$, +) (originally at ( j ,$ ,  4) in 
the smaller phase I cell) have not been moved from, 
or about, their positions in the phase I cells; the 
molecular centres are exactly those required for 
position 4f in Cmmm (10). These molecules are 
required by the Cmmm space group to have 2/nz 
symmetry but in a different manner from that re- 
quired for phase I. If the molecules are not dis- 
ordered, the two-fold crystallographic axis which 
runs parallel to the short 3.8 A axis will be normal to 
the ring plane which lies in the crystallographic 
mirror plane at z = +. Thus, the only positional 

3For details of Cmnzm ( D i g  NO. 65) see p. 154 of ref. 10 
and for Pnnm (Dif,. No. 58) see p. 146 of ref. 10. 

structure (after Wheatley (5)). The 5.9 8, axis is horizontal 

uncertainty with these molecules in phase I11 would 
be in the precise orientation about the two-fold axis 
normal to the molecular plane. (An alternative way 
of obtaining 2/m site symmetry is to allow these 
molecules to retain the orientation found at room 
temperature and then invoke disorder about the 
mirror plane at z = +; the entropy measurements 
imply that this is not a valid model as it would re- 
quire all those molecules at sites 2a, 2b, and 4f to be 
disordered.) If the non-disordered molecules in Fig. 3 
are sin~ply rotated 22.5" about the N. . .N molecular 
axes into the mirror plane at z = 4, the same short 
(1.6 A) H. . .H contacts would be produced as 
mentioned above for the molecules at the cell 
corners and edges. Because the entropy data re- 
quire half the molecules to be non-disordered, the 
only way to satisfy this and reduce H. . .H inter- 
molecular interaction in the mirror plane at z = 3 is 
to rotate the (4f) molecules about the crysiallo- 
graphic two-fold axis until such contacts are min- 
imized. A likely orientation is shown in Fig. 4 in 
which the 4f molecules have been rotated 71" about 
the two-fold axis; this orientation yields H. . .H inter- 
molecular contacts of approximately 2.4A. The 
atomic coordinates used to produce Fig. 4 were de- 
rived from the phase I coordinates by appropriate 
geometrical  manipulation^.^ 

This model for the phase 111 structure is consistent 
with the results of our entropy studies and available 
X-ray and spectroscopic data (7). It also has two 
distinct environments for the nitrogen atoms as re- 
quired by the nqr results (3). 

The arguments presented thus far apply directly to 

4The atomic coordinates are available, at a nominal charge, 
from the Depository of Unpublished Data, CISTI, National 
Research Council of Canada, Ottawa, Ont., Canada KIA OS2. 
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BOYD ET AL 

FIG. 3. Stereoview of the same arrangement as in Fig. 2 but with the molecules at  the cell edges and corners disordered 
to yield effective mmm site symmetry as would be required in Cmmm space group. 

FIG. 4. Stereoview of the postulated phase I11 structure obtained by modifying the structure shown in Fig. 3. The 
molecules centred at  (&+, f), (4, +, f), (+,a, f), and (+, 2, 3) now lie in the mirror plane at  z = 4 and have been rotated 71" 
in the plane, about the two-fold symmetry axis to yield an  orientation which minimizes intermolecular interactions. 

phase 111 (above 38"C), for which the crystallographic 
information (4) was more complete than for phase I1 
(28-35°C). However, the thermal transition observed 
(Fig. 1) (near 38°C) is far too small to correspond to 
any disordering process or gross change of structure, 
so that the crystal structures of phases I1 and I11 
must be very similar. This conclusion is in agreement 
with all other experimental information (1-7). The 
most likely process accounting for the I1 -+ I11 
transition is a slight change in the orientations of the 
molecules at the 4f sites (2/m symmetry). This would 
be sufficient to account for the accompanying shifts 
in nqr frequencies (3). In any event, the differences 
between phases I1 and 111 are clearly minor com- 
pared to those between phases I and 11. The main 
outstanding problem concerns the nmr data on T I  
and T I ,  (4), which showed no evidence of either 

phase transition. The explanation proposed pre- 
viously (4) is probably still valid in general, viz., 
the changes in crystal structure are sufficiently subtle 
as to make only negligible changes in both the 
dipolar interactions between lH nuclei, and in the 
energy barriers to the molecular reorientations 
which mediate the spin-lattice relaxation. However, 
the particular high-temperature structure proposed 
previously (4) is now known to be wrong, in light 
of more recent information (7). A more complete 
understanding of the structure and dynamics of the 
pyrazine crystal will require accurate crystal struc- 
tures determined at temperatures above 30°C. 
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P. P. SINGH, S. A. KHAN, and J. P. PANDEY. Can. J. Chem. 57,3061 (1979). 
Ni[Ag(SCN),I2.2diox and its derivatives have been synthesized. Their structures have been 

given on the basis of infrared spectral, electronic spectral, magnetic moment, and molar 
conductance studies. These results demonstrate that Ni[Ag(SCN),lZ forms two types of com- 
plexes : (i) cationic-anionic type of general formula [NiLxI2 + [Ag(SCN),IZZ - (x = 3,4,  6) and 
(ii) polymeric bridged type having a chain structure consisting of zig-zag thiocyanate bridges 
between nickel and silver. The cationic-anionic type of complexes are formed by pyridine, 
nicotinamide, 4-aminopyridine, aniline, p-toluidine, thiourea, ethylene thiourea, bipyridine, 
phenanthroline, pyrazine-2,3-dicarboxamide, and triphenylphosphine, and the polymeric 
bridged type by dioxane, acetone, and dimethylformamide. All the ligands have been found to 
prefer to coordinate to nickel instead of silver. 

P. P. SINGH, S. A. KHAN et J. P. PANDEY. Can. J. Chem. 57,3061 (1979). 
On a synthetise le complexe Ni[Ag(SCN),],.Zdiox et ses derives et on a Ctabli leur structure 

en se basant sur I'etude des spectres infrarouges et electroniques et sur l'etude du moment 
magnetique et de la conductance molaire. Ces rksultats demontrent que Ni[Ag(SCN),], forme 
deux types de complexes (i) un complexe du type ionique de formule gknirale [NiL,IZ+- 
[Ag(SCN),IZZ- (x = 3, 4, 6), (ii) un complexe du type polymtre ponte qui a une structure en 
chafne consistant en des ponts thiocyanates en zig zag entre les atomes de nickel et d'argent. 
Les complexes du type ionique sont formes par la pyridine, la nicotinamide, l'amino-4 pyridine, 
l'aniline, la toluidine, la thiourke, 1'Cthylene-thiouree, la bipyridine, la phinantroline, la 
pyrazinedicarboxamide-2,3 et la triphenylphosphine. Le type polymtre pontk est form6 par le 
dioxanne, I'acCtone et la dimethylformarnide. On a trouve que tous les ligands manifestent une 
tendance a se coordiner au nickel plutbt qu'a l'argent. 

[Traduit par le journal] 

Introduction 
In MMf(NCS),, both M[Co(II), Ni(II), Cu(II)] 

and Mf[Zn(I1), Cd(II), Hg(I1)I are in their preferred 
coordination geometry, and the compounds are 
energetically quite stable (1-7). Bimetallic tetra- 
thiocyanate, in which one metal prefers octahe- 
dral coordination geometry and the other a linear, 
viz., Ag(I), Cu(I), Au(I), has not been reported 
previously. We have synthesized such compounds 
and have studied their structures and properties, 
particularly with a view to investigate differences 
with MM1(NCS), types of compounds. 

Experimental 
Materials and Manipulations 

Reagent grade hydrated nickel(I1) nitrate, silver(1) nitrate, 
and potassium thiocyanate (BDH) were used after recrystalli- 
zation. Nicotinamide (nia), triphenylphosphine (Ph,P), bi- 
pyridine (bipy), 1,lO-phenanthroline (phen), thiourea (tu), 
ethylene thiourea (etu), 4-aminopyridine (apy), and p-toluidine 
(tol) (Aldrich Chemical) were used after recrystallization from 
ethanol. Acetone (ace), dioxane (diox), dimethylformamide 
(dmf), pyridine (py), and aniline (ani) (BDH) were purified by 
known methods. Pyrazine-2,3-dicarboxamide (pzd) (Aldrich 
Chemicals) was used as such from fresh bottles. 

'Present address: Degree College, Pratapgarah (U.P.), 
India. 

Synthesis of the Conzplexes 
(i) Ni[Ag(SCN)2]z.2L (L = diox, ace, dmf): 5 mmol of 

Ni(1I) thiocyanate and 10 mmol of Ag(1) thiocyanate were 
mixed together in 50 rnL of each of the above solvents (ligands) 
separately and stirred for 48 h. Light green complexes were 
formed, filtered, washed with solvents, and dried in vacuum. 

(ii) Ni[Ag(SCN)2],.xL (x = 3, 4, 6 and L = py, nia, apy, 
bipy, phen, ani, to], tu, etu, pzd, and Ph,P): homogeneous 
suspensions of 2.5 mmol of Ni[Ag(SCN),I2 in ethanol were 
stirred in a number of 100 mL flasks. To each suspension 
ethanolic solutions containing excess of different ligands were 
added and stirred for 24 h. Solid complexes which formed were 
filtered, washed with ether, and finally dried in vacuum. 

Elemental Analysis 
Nickel was estimated as dimethvlelvoximate. silver as . -. 

chloride, and sulphur as sulphate gravimetrically. Nitrogen 
was estimated by Kjeldahl's method. The analytical data are 
presented in a table deposited as unpublished material.' 

Physical Measurements 
Molar Conductance Measurements 
The molar conductance of the only soluble complex of etu 

was measured in dimethylformamide with a Philip PR-9500 
conductivity bridge. 

Infrared Spectra 
The infrared spectra in the region 4000-200 cm-' were 

recorded on a Perkin-Elmer 621 model spectrophotometer. 

,The set of data is available, at  a nominal charge, from the 
Depository of Unpublished Data, CISTI, National Research 
Council of Canada, Ottawa, Ont., Canada K I A  OS2. 

OOO8-4042/79/233061-W$O 1 .OO/O 
@ 1979 National Research Council of CanadaIConseil national de recherches du Canada 
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Visible and Near Infrared Absorption Spectra 
Electronic spectra were recorded on a Cary-14 spectro- 

photometer in the region 300-2500 nm. 
Magnetic Sr~sceptibility Measurements 
The measurements were made by the Gouy method at  

room temperature using C O H ~ ( S C N ) ~  as standard. Dia- 
magnetic corrections were made using Pascal's constants. 

Results and Discussion 
All the complexes are insoluble in solvents suitable 

for molecular weight determination or for growth of 
single crystal for X-ray analysis. Because of this, we 
have confined our studies to infrared spectral, 
electronic spectral, magnetic moment, and molar 
conductance measurements only. The complexes 
have been studied under two groups; one with weak 
bases like diox, dmf, and ace, and the other with 
strong or medium strong bases viz., py, apy, nia, 
bipy, phen, tu, etu, pzd, ani, and tol. 

(A) Ni[Ag(SCN),],.ZL (L = diox, dmf, ace) 
(i) The analytical results reveal that two ligands 

molecules are coordinated to each molecule of 
Ni[Ag(SCN),I,. 

(ii) The positions of infrared spectral bands 
(Table 1) in the v,,, v,,, and ZiNcs regions which are 
diagnostic for the nature of thiocyanate bonding, 
indicate the presence of only bridged thiocyanate 
groups (4, 5, 8-10). 

(iii) The positions of electronic spectral bands, 
spectral parameters, and magnetic moment values as 
discussed later, indicate that nickel is in octahedral 
coordination geometry. 

Keeping the above facts and the structure of the 
reported bimetallic tetrathiocyanates (4, 5, 11) in 
view, the following two structures can be proposed 
for Ni [Ag(SCN),],.2L 

SCN NCS \ I /  \ 
AE 

Ag\SCN/Ej'\NCS/ L 

(I) Monomeric bridged structure 

(11) Polymeric chain bridged structure 

Structure I has been proposed on the basis of simi- 
larity in the positions of infrared spectral bands in 
vCN, vCS, and a,,, regions and in electronic spectral 
band positions with that of NiHg(SGN),.2L (2, 3, 
11). But this structure is energetically unfavourable 
because Ag(1) prefers a coordination number of two 

in which it requires linearity along -NCS-Ag- 
SCN- due to sp hybridization. This linearity is not 
maintained in this structure. 

The polymeric chain bridged structure I1 appears 
to be themost probable structure for Ni [Ag(SCN),],. 
2L as is supported by the following: (i) This structure 
is based on the crystal structure (12) of AgSCN in 
which the structural unit is an endless chain formed 
by the bonds from the silver atom to the S-end of one 
thiocyanate group and the N-end of another group. 
The chain has a zig-zag shape and is bent at sulphur 
(104") as well as at nitrogen (165"). (ii) The preferable 
coordination number two of Ag(1) is maintained. 
(iii) Octahedral coordination geometry as required by 
magnetic moment values and electronic spectral 
studies are also satisfied. (iv) The Iigands show 
features of coordination. In the dioxane complex the 
absorption bands associated with the C-0-C 
antisymmetric stretch show the expected frequency 
decrease indicating coordinated dioxane molecules 
(1, 13). drnf and ace show features of coordination 
through their carbonyl oxygen as is evidenced by the 
negative shift in the v,, mode (14). ( v )  The octa- 
hedral coordination geometry of nickel and the 
presence of a vNi-, band in the far infrared region 
support the linkage of the ligand to nickel. (vi) We 
observed bands due to v,,,,,, vNi and VNiPNcs 
modes in the regions 215-220, 370-395, and 235- 
260 cm-' respectively (3, 15). The presence of bands 
in these regions indirectly supports our proposed 
structure. 

(B) Ni[Ag(SCN),],.xL (x = 3, 4, 6 and L = py, 
apy, nia, bipy, phen, ani, tol, tu, etu, pzd, and 
P h 2 )  

(i) ~ l i a l ~ t i c a l  data indicate that three molecules of 
bipy and phen, six ~llolecules of py, apy, nia, ani, tol, 
pzd, tu, etu, and four molecules of Ph,P are co- 
ordinated to each molecule of Ni[Ag(SCN),],. 

(ii) The electronic spectral bands, spectral param- 
eters, and magnetic moment values as discussed later 
show that nickel in all these complexes is in octa- 
hedral coordination geometry. The complex of Ph,P 
is the only exception; it is diamagnetic indicating the 
presence of square planar geometry around nickel. 

(iii) The infrared spectra of these complexes show 
bands due to v,,, v,,, and 6,,, modes in the regions 
2060-2130, 710-770, and 430-465 cm-l,  respec- 
tively. The positions of the bands in these diagnostic 
regions are indicative of S-bonded thiocyanates 
(1-3, 6). 

(itl) The etu complex, whose infrared spectral band 
positions, magnetic moment values, electronic spec- 
tral band positions, values of spectral parameters, 
mp, etc., are in the range of other complexes of this 
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SINGH ET AL. 3063 

TABLE 1. Infrared spectral assignments of thiocyanate vibrations (4000-200 cm- ') 

Conlplex C-N(st) C-S(st) NCS(bend) Ni-L(st) Ni-NCS(st) Ag-SCN(st) 

class, is soluble in dimethylformamide, whereas the 
rest are insoluble. The molar conductance of this 
complex indicates that it is a 1: 1 electrolyte. On the 
basis of its similarity in other data with this class of 
compounds, it is thought that all the complexes are 
1 : 1 electrolytes. 

(v) The pyridine derivative ligands show features of 
coordination through their ring nitrogen as evidenced 
by the positive shift in the bands due to ring vibra- 
tions (1, 5). Both bipyridine and phenanthroline act 
as bidentate donors. The nitrogen of NH is the donor 
site in aniline, p-toludine, and ethylene thiourea, and 
sulphur in thiourea as indicated by the negative 
shifts in v,, and v,, modes respectively (1, 16, 17). 
The 10 Dq of the S-bonded thiourea complex is 
greater by 1900 cm-I than the N-bonded ethylene 
thiourea (Table 2). This difference supports linkage 
through S in thiourea and through N in ethylene 
thiourea. The X-sensitive absorption bands at 1092, 
705, and 437 cm-I are typical of coordinated tri- 
phenylphosphine (1). 

On the basis of these results, it can be presumed 
that the complexes are of the cationic-anionic type 
as described elsewhere (6) and the possible cations 
and anions are: 

[NiL6I2+ [Ag(SCN)2]22- (L = monodentate donor) 

[Ni(LL)3]2+ [Ag(SCN)2]22- (LL = bidentate donor) 

The coordination of the ligands to nickel and 
thiocyanate groups through S to silver can be sup- 
ported on the following grounds: (i) The nickel is in 
octahedral coordination geometry, which is possible 
only when the ligands are linked to nickel. (ii) The 
presence of the bands in the regions 275-285 cm-I 
and at 240 cm-I can more favourably be assigned to 
v,,-, (nitrogen donors) and to vNi-, (sulphur donor) 
respectively (6, 17). The presence of the bands in 
these regions also supports our proposed structures. 

In the case of the triphenylphosphine complex, 
which is diamagnetic, the cation probably has a 
square planar geometry and the following structure 
for this complex may be proposed. 

Electronic Spectral Discussion 

In order to extend support to the stereochemistry 
around nickel, we have recorded the electronic spec- 
tra of some representative complexes as Nujol mulls 
(Table 2). In all the complexes we observe bands in 
the region 27 700 - 24 400 cm-I assigned to v ,  
arising from the transition ,A2, + 3T,g(P), in the 
region 17 200 - 14 000 an- ' ,  v ,  arising from the 
transition 3T2, + 3Tlg(F) and in the region 10 500 - 
8400 cm-l,  v, arising from the transition ,A2, + 

3T2,(F). Besides these bands, certain low energy 
bands in the region 8 000 - 5 000 cm-I are also ob- 
served in the complexes of dioxane, acetone, and 
di~llethylformalnide. They are possibly due to transi- 
tions to 3E, and 3B2, levels in D,, symmetry. The 
complex spectra of these complexes may be due to 
low symmetry affects and thus the Dq, B', and 
values for these complexes have not been calculated. 
For the rest of the complexes where nickel is thought 
to  be in O,, symmetry, the v,  and v ,  bands have been 
selected and various ligand field parameters calcu- 
lated using the matrices of Tanabe and Sugano (18). 
Magnetic moment values (2.90-3.22 BM), positions 
of electronic spectral bands, and the values of spec- 
tral parameters indicate an octahedral coordination 
geometry around nickel (19). Dq values of the com- 
plexes of pyridine derivatives are higher than the 
other complexes indicating that pyridine derivatives 
exert a strong ligand field. Values of the Nephel- 
auxetic parameter p indicate approximately the same 
degree of covalency in all the complexes. 

The spin-orbit coupling constant values (-h') are 
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TABLE 2. Electronic bands and spectral parameters (cm-') 

lODq 
v 1 (calcd from 

Complex V 3  vz lODq (obs) v z a n d v 3 )  B' -Y 

lower than the free nickel ion value (315 cm-I) 
showing delocalization of the d-orbitals of nickel and 
orbital overlap to some extent. Orbital overlap is also 
suggested by the values of Racah parameter B', 
which is about 73-90% of the free nickel ion value 
(1056 cm-I). 
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Substituent and solvent effects on Lewis acidity ofp-substituted anilines: 
symmetry of interactions 

G. LAUNAY A N D  B. WOJTKOWIAK 
Laborntoire de Spectrochemie MolPculaire, UnicersifP de Nanres, Chemin de la Houssiniire, 

44072 Nuntes Cedex, France 

A N D  

T. M. KRYGOWSKI 

Department of Chemistry, The Unicersity, 02-093 Wnrsuw, Pasteura I ,  Poland 

Received May 3,  1979 

G. LAUNAY, B. WOJTKOWIAK, and T. M. KRYGOWSKI. Can. J. Chem. 57,3065 (1979). 
Symmetrical influences of the solvent and the substituent on NH,-Lewis acidity of six p-sub- 

stituted anilines studied in a series of six solvents were found. The sensitivity parameter (Ham- 
mett reaction constant) estimated for various solvents correlated well with basicity of solvents. 
The sensitivity parameter of the regression of NH2-acidity vs. basicity parameters of solvents 
(slope in eq. [5]) correlated with electron attraction or repulsion as measured by substituent 
constants o. 

G. LAUNAY, B. WOJTKOWIAK et T. M. KRYGOWSKI. Can. J. Chem. 57,3065 (1979). 
On a trouve les influences symttriques du solvant et des substituants sur les acidites de 

Lewis du groupe NH, de six anilines para substitutes en utilisant une serie de six solvants. Les 
parametres de sensibilite (constante de la rtaction de Hammett) Cvalues pour plusieurs 
solvants sont en parfaite correlation avec la basicit6 de ces derniers. Le parametre de sensibilite 
de la regression d'acidite du NH2 en fonction des paramttres de basicite du solvant (pente 
de l'equation [5]) est en corrtlation avec une attraction ou une repulsion des electrons telle 
que mesurke par les constantes de substituants o. 

[Traduit par le journal] 

Introduction anilines. In a given solvent the shift of the first 

Recently Kamlet and Taft have introduced a primary band is a measure of the Lewis acidity of the 

new scale of solvent basicity making use of the mag- NH2 group and depends On the effect of the sub- 

nitudes of enhanced solvatochromic shifts of the stituent X. It must be noted that, at least for strongly 
longest wave band in the uv-visible spectrum of donating substituents, the first primary band is not 
p-nitroaniline relative to that of N,N-diethyl-p- the lowest band7 as it is for the NO2 sub- 

nitroaniline. In practice~ma,-valuesforp-nitroaniline ~tituent. NjN-dimethylanilines were preferred to 

are plotted against 5ma,r~f-values of its N,N- N,N-diethylanilines because they are more readily 

diethyl derivative for measurements carried out in available. The following substituted species were 

nonpolar solvents, leading to the following regres- studied: X = N(CH,),, CH,, H, COPh, CN, and 
sion line: NO,. 

[I] Gmax = alQmaxref + b1 Experimental 
The anilines and N,N-dimethylanilines were commercial BathOchromic shifts from this line for Pnitro- products purified by standard methods. Spectroscopic grade 

aniline are observed when measurements are carried solvents were used without further purification. Measurements 
out in solvents interacting as Lewis bases. The shift were carried out at  25°C on a Beckman DK2A spectrophoto- 
is given by: meter. The wave number accuracy is about f- 40 cm-'. 

[2] A5 = Dmax(calcd.) - OmaX(obs.) Results and Discussion 

and its magnitude increases with increase of the sol- The wave numbers (cm-') of the first primary 

vent's Lewis basicity. This quantity was taken as a band are collected in Table 1 for p-substituted 

measure of the solvent basicity (1). anilines and for their N,N-dimethyl derivatives. The 
parameters a ,  and b,  obtained for non-~olar  sol- 

Principle of the Method Gents are cokpiled inL Table 2 for each ~Gbstituent. 
The aim of this paper is to extend this method to The correlation coefficients are also reported. Using 

the study of substituent effects in otherp-substituted these parameters, the shifts A5 (eq. [ 2 ] )  were calcu- 

0008-4042/79/233065-04$01.00/0 
@ 1979 National Research Council of CanadaIConseil national de recherches du Canada 
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TABLE 2. Statistical parameters of eq. [ I ]  

Substituent at b,  r n 

8"g28"P8"g2$ 
m 0 m C C a m m m N n m m  
Z m C C C C C C C C C a C  
m o n m n n n n n m n n o  

lated for each polar solvent and for each substituent 
(Table 3). 

The analysis of the data can be carried out in two 
different ways. First, the substituent effect can be 
described in terms of the Hammett equation 

where ox is the effect of each substituent X, and p is 
the sensitivity to the substituent effect, called usually 
the reaction constant. 

The application of eq. [3] to the data of Table 3 
leads to the results collected in Table 4. The correla- 
tion coefficients are rather good, and we are there- 
fore allowed to analyse the p values of Hammett 
plots in terms of solvent effect. The reaction con- 
stant p in eq. [3] has a physical meaning of the degree 
of differentiation of NH,-acidity of p-substituted 
anilines in different solvents due to a fixed kind of 
structure change (substituent effect). This differentia- 
tion becomes greater with increase of a solvent's 
basicity and hence it would seem reasonable to plot 
p vs. DN, a solvent basicity parameter introduced by 
Gutmann (cf. ref. 2). The following linear regression 
was obtained : 

with a correlation coefficient r = 0.992 (Fig. 1). 
The data can also be analysed in another way, 

by considering the influence of the solvent on dB 
values of a given compound using the following 
equation (3) : 

[5] A? (solvent) = K .  DN 

The regression coefficient K represents the sensitivity 
of the acidity of the NH, group to the solvent 
basicity for a p-substituted aniline with a fixed sub- 
stituent in the series. The application of eq. 151 to the 
data of Table 3 leads to the results collected in Table 
5.  Kamlet et al. have very recently drawn a similar 
conclusion (8). However it was not expressed in a 
quantitative way as in eq. [5]. 

When AB values are plotted against DN values 
(eq. [5]) the correlations are satisfactory, except for 
the first two substituents N(CH,), and CH,. But, 
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LAUNAY ET AL 

TABLE 3. Summary of A+ (eq. [2]) for differently substituted pairs p-XCsH4NH2 and p-XC,H,N(CH,), 
in 6 solvents 

-- 
AB for X = 

Solventsn N(CH3)z 

Dioxane (14.8) 260 
Butoxybutane 220 
Acetonitrite (14.1) 50 
Trimethylphosphate (23 .O) 100 
Dimethylsulphoxide (29.8) -210 
Hexamethylphosphotriamide (38.8) - 100 

H COPh 

570 920 
670 1080 
500 690 
990 1540 
- 1640 
- 2490 

oDN-values in parentheses (ref. 9). 
bDue to low precision of eq. [I], see Table 1 ,  Av for CN are not taken into further consideration. See text and footnote 1. 

in these cases, the slope is quite low, hence a low 
value of the correlation coefficient must be expected. 

It is clear that for p-substituted anilines with elec- 
tron donor substituents there is some kind of n-elec- 
tron saturation (4), and hence the influence of solvent 
on NH,-acidity is rather low or nil. The situation 
becomes different when substituents are more elec- 
tron attractive. Then the 7c-electron system becomes 
more mobile and hence more sensitive to solvent 
influences, resulting in an increase of the K-values 
of eq. [5]. Thus, some relationship between K and o 
should be observed. In fact, Fig. 2 shows the correla- 
tion between the regression coefficients K and the 
substituent constant o. Even though the linearity 

TABLE 4. Statistics of A0 vs. o plot (eq. [3]) 

Solvent pa r n Abbreviation 
- 

Dioxane 432 (50) 0.980 5 D 
Butoxybutane 7 8 5 ( 1 1 6 ) 0 . 9 6 9 5  B 
Acetonitrile 502 (53) 0.983 5 A 
Trimethylphosphate 1025 (34) 0.998 5 TMP 
Dimethylsulphoxide 1308 (89) 0.998 3 DMSO 
Hexamethylphos- 

photriamide 1700 (287) 0.986 3 HMPT 

TABLE 5. Statistics of AV vs. D N  plot (eq. [5]) 

Substituent Ka r n 

N(CH3)z - 14 ( 6 )  0.749 6 
CH3 27 (15) 0.786 4 
H 50 (10) 0.962 4 
COPh 66 (7) 0.979 6 
CN 47 (7) 0.966 5 
NOz 60 (8) 0.974 5 

astandard deviation of the estimate in parentheses. 

is not so good as between p and DN, there is a clear 
dependence of K on o. The point corresponding to 
the CN derivative should be excluded, since the stan- 
dard regression line (eq. [ I ] )  is not precise enough1 
for this case. The correlation coefficient now becomes 
safisfactory (r = 0.937) with the following regres- 
sion equation 

for 5 experimental points. The more detailed physical 
interpretation of slopes of eqs. [4] and [6] may be 
obtained as follows. Consider measurements of AD 
for substituted and unsubstituted species carried out 
in the same solvent. Equation [7a] holds: 

[7a] AD, - AD,, = pAo 

When measurements are repeated for the same com- 
pounds in another solvent one obtains: 

"Standard deviation of the estimate in parentheses. 

[7b] AD,' - AD,,' = p'Ao 

Next consider measurements of AD for unsubstituted 
species carried out in two different solvents. Equa- 
tion [8a] holds: 

[8a] ADun - AD,,' = KADN 

FIG. 1. Plot of p of eq. [3] vs. DN. 

'The standard line (eq. [I]) must be estimated with a very 
high accuracy (r > 0.99); otherwise quite erroneous results 
can be obtained. In this case r = 0.962, and hence the point 
for CN is not taken into account. For details of the problem 
of the accuracy of a standard line see ref. 5. 
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3068 CAN. J .  CHEM. VOL. 57, 1979 

FIG. 2. Plot of K of eq. [ 5 ]  vs. o. The line is drawn ex- 
cluding the point for CN. 

When the analogous measurements are carried out 
for substituted species in the same two solvents one 
obtains : 

[8b] AT, - AT,' = K'DN 

Combining eq. [7a] with eq. [7b] and eq. [Sa] with 
eq. [8b] one obtains eqs. [9]  and [ lo] ,  respectively: 

[ 9 ]  (AC, - ATu,,) - (A$,' - AQUnf) = A o ( ~  - pi) 

[ lo]  (ATun - ATunl) - (AQs - ATs') = 

ADN(K - K') 

The left sides of eqs. [9]  and [ l o ]  are set equal, 
leading to eq. [ l l ] .  

[11] Ao(p - p') = ADN(K - K') 

Further discussion depends upon which slope is to 
be analysed. For the reaction constant of eq. [3] we 
obtain, after simple rearrangement, eq. [12] : 

[12] p' = p + (AK/Ao)DN 

The numerical form of this equation is eq. [4] .  The 
slope of eq. [4]  may be interpreted to be dK/do, the 
magnitude describing how the sensitivity of the sys- 
tem to solvent effect depends on the electronegativity 
of the substituent. On the other hand, if the slope of 
eq. [6] is to be discussed, after simple rearrangement 
we obtain eq. [13]:  

[13] K' = K + (AplADN) . cr 
The numerical form of eq. [I31 is eq. [6]. The slope 

of eq. [6]  is assumed to be dp/dDN; the magnitude 
describing how the sensitivity of the system to the 
substituent effect depends on the solvent basicity. 

Partly similar conclusions were drawn by Kalinow- 
ski (6) for the case of solvent effect on p for reversible 
polarographic reduction of substituted nitrobenzenes 
and azobenzenes, but the complete symmetry of the 
problems was not discussed there, most probably 
because of difficulties with liquid-junction potentials. 
In the case of measurements discussed in this paper 
no such problem exists. 

It can be concluded that solvent and substituent 
effects on acidity of p-substituted anilines are mutu- 
ally symmetrical; when acidity is correlated with 
substituent effect, the resulting regression coefficient 
correlates to solvent basicity.2 On the other hand, 
when acidity of NH, is correlated with solvent 
basicity, the regression coefficient now correlates 
to substituent constant. This property depends on 
the commutativity of Leffler-Grunwald operators 
(7), 6subst and 6,01,, acting on the measured property 
AT. When analysed in columns, the data compiled 
in Table 2 can be written generally as 6,,,,AT whereas, 
when analysed in rows, they can be written as 
6,,,,,AT. Thus if an element of Table 2 is considered, 
it can be written as 6,u,,,6,01,AC or 6,,,, 6,,,,,AC, inde- 
pendent of how it is viewed (row or column). 

Finally it seems likely that the symmetrical form 
of the mutual relation between substituent and sol- 
vent effects is quite common even though it has not 
been systematically investigated. However, due to 
the complexity of solute-solvent interactions for 
molecules with different substituents, the above 
mentioned phenomenon is not often met in a clear 
form particularly for a longer series of experimental 
data. 

I. M. J.  K A ~ I L E T  and R. W. TAFT. J .  Am. Chem. Soc. 98.377 
(1976). 

2. V. GUTMAKN. Chem. Br. 7, 102(1971). 
3. T. M. KRYGOWSKI. J .  Electroanal. Chem. 35,436 (1972). 
4. A. J .  HOEFKAGEL, M. A. ~ ~ O E F N A G E L ,  and B. M. WEP- 

STER. J. Am. Chem. Soc. 98,6164(1976). 
5 .  T. M. K R Y G ~ W S K I ,  E.  MIELCZAREK, andP. K. WRONA. In 

prepbration. 
6. M. K. KALINOWSKI and B.  OSIECKA. ROCZ. Chem. 50,299 

( 1976). 
7. J. E. LEFFLER and E. GRUNWALD. Rates and equilibria of 
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'NOTE ADDED IN PROOF: Such mutual relationships are 
known as iso-parametric relationships (V. A. Palm, private 
communication to T.M.K. and lecture at  the Euchem Con- 
ference on Correlation Analysis in Chemistry. Assisi, Italy. 
Sept. 10-14, 1979). 
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13C nuclear magnetic resonance spectra of some halosteroids, 6-ketosteroids, and related 
compounds 

HERBERT L. H O L L A ~ D  A N D  EVERTON M. THOMAS 
Departme~it of Cho?iisty,  Brock Uniz;o.sity, St .  Cntharines, Ont. ,  Concrdcr L2S3AI 

Received June 14, 1979 

HERBERT L. HOLLAND and EVERTON M. THOMAS. Can. J. Chem. 57,3069 (1979). 
The 13Cmr spectra of 21-haloprogesterones have been assigned, and chemical shifts com- 

pared with those of simple a-haloketones. In addition, the 13Cmr spectra of some C-5a and 
C-60 halosteroids are presented, and long range 13C-19F coupling observed between C-19 
and the C-60 fluorine in some cases. The spectra of several oxygenated analogues and of a series 
of 5a-hydroxy-6-ketosteroids are also discussed. 

HERBERT L. HOLLAND et EVERTON M. THOMAS. Can. J. Chem. 57.3069 (1 979). 
On a identifie les spectres rmn du 13C des haloprogestCrones-21 et on a compare leurs 

deplacements chimiques a ceux des a halocetones simples. On prksente de plus les spectres 
rmn du 13C de quelques steroIdes halogenes en position 5a et 60, ainsi que les couplages a 
longue distance 13C-19F observes dans certains cas entre le carbone en position C-19 et le 
fluor en C-613. On discute egalement des spectres de plusieurs analogues oxygenes des hydroxy- 
5% ceto-6 steroi'des. 

[Traduit par le journal] 

In spite of the widespread use of halosteroids in 
medicine, there have been few systematic studies of ,, 18 20 0 dR 0 their 13Cmr spectra. In this paper, we report the 
13Cmr spectra of some C-5, -6, and -21 fluoro-, 1 1 9 g  16 

chloro-, and bromosteroids. In addition, the spectra 10 l4 15 

of several oxygenated analogues and of a series of 0 3 4 5 ~  o 
5a-hydroxy-6-ketosteroids are discussed. 

Assignments for the 21-haloprogesterones la-c, I 2 
together with those of the parent steroid Id  (I), are a R = F  a R 1 = H , R 2 = F  
presented in Table 1. Shifts at carbons 17, 20, and 21 b R = C I  b R I  = H ,  ~2 = CI 

are consistent with those of the corresponding car- c R = B r  c R' = F,  R2 = H 

bons of the halo acetones (7) and a-halo acetophe- d R = H  d Ri  = CI, R2 = H 
e R ' + R Z = O  

nones (8). The a,  0, and y halogen substituent effects 
for these compounds and the steroids 1 are listed in 
Table 1. The magnitudes of these effects are different 
from those derived for the corresponding alkanes 
( 2 ) ,  being closer to those reported for a-halocyclo- 
hexanones (3). For the latter, interaction between R1 0 

halogen non-bonded orbitals and the n* orbitals of 
3 the carbonyl, increasing electron density adjacent to a R i  = OH, R2 = R3 = C1 

4 
a R1 = OH, R2 = F 

halogen, has been used to explain the observed shifts b R1 = OAc, R2 = R3 = C1 b R1 = OH, R2 = H 
(3). A similar effect is presumably operating in the c Ri = R3 = OAC, R2 = Br 
simple a-haloketones reported here, and is increased d R i = R Z = O H  R 3 = F  

with respect to that in the a-halocyclohexanones by e RL = OAc, RZ = R3 = OH 

the absence of rigid stereochemistry, allowing R1 = OH' R Z =  R3 = 

maximal orbital overlap to be achieved. compounds 3a and 36 were assigned by comparison 
The assignments for a series of C-5c( halo and with the shifts reported for 5x-hydroxy-60-chloro- 

hydroxy substituted androstanes 3 and 4 are listed cholestanes (4), and are internally consistent with 
in Table 2. Carbons of rings C and D of this series respect to acetylation at C-3. They may also be de- 
are readily assignable by comparison with the spectra rived from 3f by application of the shift parameters 
of other 17-keto and 170-hydroxyandrostanes (1). for chlorine at  6-60 derived for analogous cholestane 
Carbons in rings A and B of the 5a,6p-dichloro derivatives (4). 

0558-4042l791233069-04$01 .00/0 
0 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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= a,, 
2 NZ:: - I  ?-?-? 

h N - N  
0 G d  &?. = I  m o m  

g 

TABLE 2. 13C chemical shifts of C-5ct halo and hydroxyandros- 
tanes 3, 4, and 6" 

hh 

-':? 
M d N  

5L.L 
96': 
w o t -  
m o m  N 

Carbon 3a 36 3f 3c 3e 6 4b 

16 35.8 35.7 35.8 35.8 35.8 30.6* 35.8 
17 220.5220.1220.8220.2 221.1 81.9 220.8 
18 13.9 13.9 13.9 14.0 13.9 11.2 13.8 
19 19.7 19.5 16.2 17.2 16.5 16.2 15.7 

Other 21.3 21.2(2) 21.5* 
170.4 169.5 

170.2 

*Chemical shifts marked with an asterisk may be interchanged. 
2 
i- 
0 The assignment of the rings A and B resonances 
w of 3c was again achieved by comparison with the 
s 
r spectra of C-5a and C-6P substituted cholestanes 
3 m: (4). The rings A and B resonances of 3e, 6, and 4b - Y1 
E .o were all readily assignable by comparison with the 
g g 
T g assignments of similarly substituted cholestane de- 
7, - rivatives (1). The anticipated upfield y shift at  C-1 
- L 
a G caused by the C-5a OH (1, 4) (as in 3e, 4b, and 6) is 
.2 m 

5 0" also clearly present with a C-5cr chloro substituent 
e .Ei 

2 (as in 3f); it is mitigated in 3a-c by the downfield 6 - 
2 w  a E shift of the electronegative substituent at C-6P (4). 
c v .s c Chemical shift assignments for the 6-fluoro- 
c.9 a 
:: steroids 3d, 4a, and 2 ( 9 ,  and for the 6-chloroan- 
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HOLLAND A N D  THOMAS 307 1 

TABLE 3. 13C chemical shifts of 6-fluorosteroids 3d, 4a, 2a, and 
2c, and of 6-chlorosteroids 2b and 2d 

6 (ppm) 

Carbon 3d" 4n 2a 2c 2b 2d 

drostenediones, are presented in Table 3. Assign- 
ments of the resonances of 3d and 4a were made by 
application of the appropriate C-6P substituent shift 
parameters (4) to the spectra of 46 and 6 (rings A and 
B only), respectively. The A4-3-ketones 2 were as- 
signed with reference to the spectrum of androst-4- 
ene-3,17-dione (1, 6). The 13C-19F coupling con- 
stants of the fluorosteroids are in Table 4, along with 
the shift parameters for the 6-halo substituent of 3d, 
4a, and the series 2. The values of J(13C-19F) for 
coupling to C-5, -6, -7, and -10 of 3d and 4a are as 
expected (4). The couplings to C-4 in 2a and 2c are 
due to the presence of the A4-3-keto system; long 
range 'H-'H coupling of the C-4 and C-6P hydro- 
gens in A4-3-ketosteroids is well known (7, 8). The 
coupling to C-8 of 2c reflects the presence of an 
F-C-8 dihedral angle of 180" in this compound. 

The striking feature of the spectra of 3d and 4a is 
the presence of a significant 6 coupling to C-19. The 
magnitude of this coupling suggests the presence of 
a through space contribution, an interpretation 
strengthened by the corresponding value of 4J N zero 
observed for 2a and 2c. The internuclear C-19-F 
distance, estimated from Dreiding models of 3d and 
4a is 2.5 A;  the corresponding distance in 2a is 3.0 A. 
The former distance is well within the limit estab- 
lished for %-19F through space interactions, 
whereas the latter is close to the limiting value over 
which such interactions occur (9). A 4J(13C-19F) 
value of 10 Hz for a 60-fluorosteroid has been re- 
ported, but without comment (4). Long range 'H- 
19F coupling of the C-19 methyl hydrogens to the 
C-6 fluorine was observed in 3d ( J  = 4.4 Hz), 4a 
( J  = 3.6 Hz), and 2a (J = 2.2 Hz) (see ref. 10). 

The shift parameters for C-6a and C-6P fluoro and 
chloro substituents in 2 (Table 4) are indicative of 
the stereochemistry of substitution at C-6. The axial 
substituents (as in 2a and 2b) interact electronically 
with the n system (7, 8, 11, and references therein), 
reflected in anomalous shifts, particularly at C-4. 
Axial (P) substitution also produces the charac- 
teristic downfield shifts at C-1 and the upfield shifts 
at C-8 (4). 

Chemical shifts for the last series of compounds 
to be examined herein, the 6-ketones, are presented 
in Table 5. The resonances of the A4-3,6,17-trione 
2e were assigned by application of the shift param- 
eters for a 6-keto function (I) to the spectrum of 
androst-4-ene-3,17-dione (1, 6), and those of rings A 
and B of the series 5 by applying the shift parameters 
for a C-5cr OH to the spectrum of 3P-acetyloxy-5a- 
cholestan-6-one (1). Significant deviation of ob- 
served (13.9 ppm) from calculated (16.9 ppm) values 
occurred only in the case of C-19. The downfield 
shift (+ 3.9 ppm) at C-19 normally attributed to the 
C-5% OH has been fully discussed (12). From our data 
it is apparent that this shift is absent or severely 

TABLE 4. Shift parameters for the 6-halosteroids3d, 4a, and2a-d, and I3C-19F coupling constants for the 6-fluorosteroids 

A s  ( P P ~ )  ( J  (Hz)) 

Carbon 3d 

"Some broadening of the C-19 resonance was evident. 
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TABLE 5. 13C chemical shifts for the 6-ketosteroids 2e and 5" 

6 ( P P ~ )  

Carbon 2e 5a 56 5c 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
Other 

'Chemical shifts marked with asterisks may be interchanged. 

mitigated in the presence of a 6-keto function, an 
observation which supports the electronic origin 
proposed (12) for the y antiperiplanar effect. 

Experimental 
Spectra were recorded and assigned as previously described 

(13). The following compounds were prepared by published 
procedures and gave satisfactory physical and analytical 
data:  21-fluoropregn-4-ene-3,20-dione (la)  (14), 21-chloro- 
pregn-4-ene-3,20-dione (16) (15), 21-bromopregn-4-ene-3,20- 
dione (Ic) (16), 6B-fluoroandrost-4-ene-3,17-dione (2a) (17), 
6J3-chloroandrost-4-ene-3,17-dione (26) (1 8), 6a-fluoroandrost- 
4-ene-3,17-dione (2c) (17), 6a-chloroandrost-4-ene-3,17-dione 
(2d) (18), androst-4-ene-3,6,17-trione (2e) (11> 19), 5,6a-di- 
chloro-5a-androstan-3~-ol-17-one (3a) (15), 5,6a-dichloro- 
5a-androstan-3 a-01-17-one 3-acetate (36) (1 5), 5-bromo-5a- 
androstan-3 f3,6P-diol-17-one diacetate (3c) (1 I), 6a-fluoro- 
5a-androstan-3 8,5-dio1-17-one (3d) (17), 5a-androstan-3 !3,5,6[3- 
triol-17-one 3-acetate (3e) (19), 5-chloro-5a-androstan-3a- 
01-17-one (3 f )  (20), 6[3-fluoro-5a-androstan-5-01-3,17-dione 

(4a) (17), 5-hydroxy-5a-androstan-3,17-dione (46) ( l l ) ,  
5a-androstan-3 e,5-diol-6,17-dione 3-acetate (5a) (21), 5a- 
androstan-3f3,5,17J3-triol-6-one 3,17-diacetate (5b) (21), 5u- 
pregnan-3!3,5-diol-6,20-dione 3-acetate (5c) (21), and 5a- 
androstan-3a,5,17P-triol (6) (11). Other compounds used in 
this study were commercial samples. 
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Artificial carbohydrate antigens: the synthesis of the tetrasaccharide repeating unit of 
ShigellaJSexneri 0 antigen1 
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STAFFAN JOSEPHSON and DAVID R. BUNDLE. Can. J. Chem. 57,3073 (1979). 
The synthesis of a tetrasaccharide glycoside, 8-methoxycarbonyloctyl 0-2-acetamido-2- 

deoxy-0-D-glucopyranosyl-(1 -2)-0-a-L-rhamnopyranosyl -(l+2) - 0-a-L-rhamnopyranosyl- 
(1-3)-a-L-rhamnopyranoside, representing the repeating unit of the Shigella Jlexneri sero- 
group Y 0 antigen is reported, together with that of a component trisaccharide. Both oligo- 
saccharide glycosides are functionalised to permit covalent attachment to immunogenic carriers 
and solid matrices. A key intermediate used to establish a-1,2-rhamnopyranoside linkages was 
2-0-acetyI-3,4-di-0-benzyl-a-~-rhamnopyranosyl chloride (I), which was obtained in q;antita- 
tive yield from 3,4-di-O-benzyl-l,2-O-(methoxyethylidene)-~-~-rhamnopyranose. Thus 8- 
methoxycarbonyloctyl 3,4-di-0-benzyl-a-L-rhamnopyranode (2) prepared from the rhamno- 
pyranosyl chloride 1 was used in a second Koenigs-Knorr reaction to provide an a-1,2-linked 
disaccharide. The disaccharide is in turn glycosylated at  the (2-2' position with tri-O-acetyl-2- 
deoxy-2-phthalimido-D-glucopyranosyl bromide to provide the trisaccharide glycoside, 
8-methoxycarbonyloctyl 0-2-aceta1nido-2-deoxy-~-~-glucopyranosyl-(1-2)-0-a-~-rhamno- 
pyranosyl-(1+2)-a-L-rhamnopyranoside. Application of the same reaction sequence to a 
rhamnopyranoside selectively blocked with benzoate esters at  C-2 and C-4 gave the S. Jlexneri 
tetrasaccharide repeating unit. The success of this strategy was dependent upon the ability to 
use selective transesterification conditions, which permit removal of 0 acetate groups whilst 
leaving benzoate esters intact. 

STAFFAN JOSEPHSON et DAVID R. BUNDLE. Can. J. Chem. 57.3073 (1979). 
On decrit la synthese du glycoside tetrasaccharide m~thoxycarbonyloctyl-8 0-acetamido-2 

dtoxy-2 ~-~-glucopyrannosyl-(l+2)-O-a-~-rhamnopyrannosy-(l+2) 0-a-L-rhamnopyran- 
nosyl-(l-+3)-a-L-rhamnopyrannoside representant le monomere de l'antigene 0 du sero- 
groupe Y du Shigella flexnevi; on rapporte aussi la synthese d'un trisaccharide. Les deux 
glycosides oligosaccharides sont fonctionnalises dans le but de les unir par une liaison covalente 
a des supports immunogenes et a des supports solides. L'intermCdiaire cle utilise pour ttablir 
les liaisons a-rhamnopyrannosides-1,2 est le chlorure de 0-acetyl-2 di-0-benzyl-3,4 a-L- 
rhamnopyrannosyle (1) qui est obtenu quantitativement a partir du di-0-benzyl-3,4 0-(mCth- 
oxytthy1idene)-1,2 13-L-rhamnopyrannose. Ainsi le mtthoxycarbonyloctyl-8 di-0-benzyl-3,4 a-L- 
rhamnopyrannoside (2), prepare a partir du chlorure de rhamnopyrannosyle 1, est utilist dans 
une seconde reaction de Koenigs-Knorr pour obtenir la liaison a-disaccharide-1,2. Le disac- 
charide est, a son tour, glycosile en position C-2' avec le bromure de tri-0-acetyl deoxy-2- 
phtalimido-2 D-glycopyrannosyle pour conduire au glycoside trisaccharide, mCthoxycarbonyl- 
octyl-8 0-acetamido-2 dCoxy-2 (3-~-glucopyrannosyl(1-2)0-a-~-rhamnopyrannosyl-(1+2)- 
a-L-rhamnopyrannoside. L'utilisation de cette m&me suite de reactions sur un rhamnopyranno- 
side bloqut selectivement en positions C-2 et C-4 avec des esters benzoi'ques donne le mono- 
mere du S .  flexneri tetrasaccharide. Le succes de cette strategic depend de la capacite d'utiliser 
des conditions sClectives de transesterification qui permettent d'enlever le groupe 0 acetate 
sans toucher au groupe benzoate. 

[Traduit par le journal] 

Introduction features of O antigens, particularly with respect to 

The skeletal structure of the Shigellajlexneri sero- the genus Salmonella (2, 3). One of the important 

group Q antigen is a tetrasaccharide of the follow- features of O antigens is that the "chemical repeating 

ing structure : unit" (that isolated by chemical degradation of the 
intact 0 chain) does not necessarily coincide with the 

f. 3)-13-D-GlcNAcp-(1 +2)-a-L-Rhamp-(1 -2)-a-L- biological repeating unit (that intact unit which is 
Rhamp-(1+3)-a-~-Rhamp-(l +, built up and transferred to the C,,-isoprenoid carrier 

during biosynthesis) (2, 4). Since the biological ('1. Much is known about the genera' repeating unit will be important in serological reac- 
'NRCC No. 17716. lions which involve the most distal regions of the 
'NRCC Research Associate, 1977-1979. O chains (2) such information is relevant to synthesis 

0008-4042/79/233073-07$0 1.00/0 
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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of artificial antigens. The biological repeating unit of 
S.flexneri 0 chains is not known and we have, there- 
fore, synthesised two of the four possible repeating 
units of the serogroup Y LPS. Our original interest in 
S. jexneri antigens (5) stemmed from a desire to 
investigate via artificial antigens the possible exis- 
tence of so-called "conformational determinants" 
(3). In order to provide a comprehensive range of 
haptens for such studies and also to raise antibodies 
(via artificial antigens) of differing specificities we 
have synthesised several di-, tri-, and tetra-saccharide 
haptens (5-8). These structures coupled to solid 
supports provide immunoabsorbents with which to 
fractionate immune-sera raised against whole-cell 
vaccines. In this way the various determinants of 
S. flexneri 0 antigens may be systematically studied. 
This paper describes the synthesis both of a tetra- 
saccharide glycoside, 8-methoxycarbonyloctyl 0-2- 
acetamido -2-deoxy - P-D-glucopyranosyl-(1 +2)-0-a- 
L-rhamnopyranosyl -(1+2) - 0-a-L-rhamnopyranosyl- 
(1+3)-a-L-rhamnopyranoside, which represents the 
repeating unit of the serogroup Y 0 antigen, and a 
component trisaccharide hapten, 8-methoxycar- 
bonyloctyl 0-2-acetamido-2-deoxy-P-D-glucopyrano- 
syl-(1 +2)-0-a-L-rhamnopyranosyl-(1 +2)-a-L-rham- 
nopyranoside. 

Results and Discussion 
In order to establish successive 1,2-linkages use 

was made of a method developed by Garegg and co- 
workers (9) and elegantly exploited by Lemieux in a 
synthetic scheme leading to the type 1 blood group H 
and Lewis-b determinants (10). This method involves 
the benzylation of 1,2-orthoesters to provide hexo- 
pyranose derivatives with "persistent" blocking 
groups at all positions except C-1 and C-2. In an ear- 
lier synthesis of the rhamnose disaccharide glycoside, 
8-methoxycarbonyloctyl 2-0-(a-L-rhamnopyranosy1)- 
a-L-rhamnopyranoside, the essential intermediate, a 
3,4-di-0-benzyl rhamnopyranoside (2) was syn- 
thesized via a typical orthoester glycoside synthesis 
(5). The work reported here uses the same 1,2- 
orthoester, 3,4-di - 0 - benzyl- 1,2- O-(methoxyethyli- 
dene)- P-L-rhamnopyranose, but we. have found it 
more advantageous to convert this compound to 
2- 0-acetyl-3,4-di-0- benzyl-a -L-rhamnopyranosyl 
chloride (1) (7). This was achieved in essentially 
quantitative yield by reaction of the 1,2-orthoester 
with trimethylchlorosilane at reflux in dichloro- 
methane for 2 h (1 1). The glycoside 2 was obtained 
from 1 in 75% yield by a silver trifluoromethane- 
sulphonate (triflate) promoted Koenigs-Knorr re- 
action. This contrasts with the orthoester method 
which gives 2 in 63% yield from the 1,2-orthoester 
(5). We have also shown that 2-0-acetyl-3,4-di-0- 

benzyl-a-L-rhamnopyranosyl chloride (1) is an excel- 
lent building unit for construction of 1,2-linkages 
(7, 8). In addition this partially benzylated rhamno- 
pyranosyl chloride is a more effective glycosylating 
intermediate than either the tri-0-acetyl-a-L-rhamno- 
pyranosyl chloride or bromide (8). Thus glycosyla- 
tion of glycoside 2 with 1 in a silver triflate promoted 
Koenigs-Knorr reaction (12) gave 3 in 71% yield. 
Following transesterification of 3, the selectively 
blocked disaccharide 4 was reacted with tri-o-acetyl- 
2- deoxy - 2-phthalimido -D-glucopyranosyl bromide 
(13) in the presence of silver triflate and 2,4,6- 
trimethylpyridine (collidine) to provide the blocked 
trisaccharide 5 in 70% yield. Removal of the blocking 
groups was performed in two steps. Transesterifica- 
tion, followed by conversion of the amino-sugar 
residue to the acetamido derivative, gave the partially 
benzylated trisaccharide 6 ,  which was then hydro- 
genated over palladium to give the de-blocked tri- 
saccharide hapten 7. 

Synthesis of the tetrasaccharide repeating unit of 
S. flexneri lipopolysaccharide was begun with an 8- 
methoxycarbonyloctyl a-L-rhamnopyranoside selec- 
tively blocked at positions C-2 and C-4 (7). The 
preservation of the ester function of 8-methoxycar- 
bonyloctyl glycosides (which is ultimately used to 
establish covalent linkage to protein or a solid 
matrix) is a limiting factor when selecting suitable 
"temporary" and "persistent" blocking groups for 
sequential chain extension. In addition the "persis- 
tent" blocking groups must be sufficiently stable to 
withstand the partial de-blocking conditions used to 
reveal the single hydroxyl group, which is the site of 
the next glycosylation reaction. Previously (7) we 
used 8-methoxycarbonyloctyl 2,4-di-0-benzoyl-a-L- 
rhamnopyranoside as the starting point for syn- 
thesis of a rhamnose trisaccharide glycoside con- 
taining a 1,3-linkage. This derivative was used again 
here since it was shown that the benzoate esters were 
sufficiently stable to withstand transesterification (by 
magnesium methoxide in methanol), conditions 
which remove 2-acetates from contiguous pyranose 
rings. Thus sequential Koenigs-Knorr reactions 
using silver triflate, N,N-tetramethylurea (12), and 
the selectively blocked rhamnopyranosyl chloride 1 
provide first the disaccharide 10, and following trans- 
esterification to yield 11, the second chain extension 
step gives the trisaccharide 12. Removal of the 2"- 
acetate from the trisaccharide by treatment with 
magnesium methoxide gave 13 which was reacted 
with tri-0-acetyl- 2 - deoxy - 2 - phthalimido - D  -gluco- 
pyranosyl bromide (13) in the presence of silver 
triflate and collidine. The fully blocked tetrasac- 
charide 14 was obtained chromatographically pure in 
85x yield. The de-blocking sequence was similar to 
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JOSEPHSON A N D  BUNDLE 

3 8' = Ac, R2 = ~n , R ~ = O C H ~  
4 R' = H , R2 = ~ n ,  R3=0Cn3 

5 R , = B ~  , 

that used for trisaccharide 5 with the exception that 
following hydrogenolysis of the benzyl ethers, a 
second transesterification step was necessary to 
completely de-benzoylate the tetrasaccharide. The 
yield of analytically and chromatographically pure 
tetrasaccharide 15 from 14 was 67%. Both haptens, 
the trisaccharide 7 and tetrasaccharide 15, were con- 
verted to the corresponding acyl hydrazide deriva- 
tives 8 and 16, in which form they are used to prepare 
artificial antigens and immunoabsorbents according 
to standard procedures (14, 15). 

The anomeric purity of both the tri- and tetra- 
saccharide glycosides and their blocked precursors 
was confirmed by 13C and 'H nmr. Consideration of 
the glycosyl halides (13, 16) and reaction conditions 
(12,13,16) employed to synthesize 7 and 15 lead to an 

expectation of high anomeric purity. This is indeed 
the case and 13C nmr data for compounds 3-16 
require that the compounds possess the desired 
anomeric configuration and have the structures 
indicated. In addition single bond 'J13C1,~H1 

coupling constants for all four glycosidic linkages of 
compound 15 confirm the anomeric configurations. 
This conclusion derives from the observation (17) 
that aldopyranoses with H-1 in equatorial orienta- 
tion have ' J  values 1. 170 Hz whilst those that are 
axial have ' J  CY 160 Hz. The observed coupling 
constants for compound 15 are consistent with the 
desired structure. 

Proton nmr spectra for the trisaccharide glycoside 
7 show three distinct anomeric protons whilst the 
same trisaccharide attached a-1,3 to another a-L- 
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rhamnopyranoside, as in compound 15, shows two 
sets of overlapping anomeric signals. One a-linked 
rhamnopyranoside N-1 resonance is coincident with 
that due to H-1 of the 2-acetamido-2-deoxy-P-D- 
glucopyranoside residue. This observation is remin- 
iscent of the 'H nmr spectrum of the serogroup W 
O antigen (3) and contrasts sharply with the 'H nmr 
of 8-methoxycarbonyloctyl 0-a-L-rhamnopyrano- 
syl-(I -2)- 0-CI.-L-rharnnopyranosyl-(1 -p 3)-0-a-L- 
rhamnopyranosyl- (1 4 3 )  - 0-2-acetamido-2-deoxy-P- 

D-glucopyranoside (8) which shows four distinct and 
well separated anomeric resonances at 80 MHz. The 
incremental shift differences due to linkage, sequence, 
and conformation are receiving further study and 
will be pubiished separately together with anomeric 
T I  evidence which indicates preferred conformations 
in agreement with the requirements of the exo- 
anomeric effect (1 8). 

In conclusion we have clearly demonstrated that 
sequential addition, to selectively blocked glycosides, 
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of suitable monosaccharide building units in con- 
junction with silver triflate promoted Koenigs- 
Knorr reactions provides an efficient process for 
preparing artificial antigens at least as large as tetra- 
saccharide. Such compounds should prove to be of 
the utmost value in probing and extending existing 
serological principles pertaining to oligosaccharide 
determinants. 

Experimental 
The materials and methods used here are similar to those 

employed in previous publications (5-8) with the following 
exceptions. Preparative high pressure liquid chromatography 
(hplc) was performed on a Waters 500LC system. A column 
(25 cm x 1.5 cm) of Sephadex LH20 with methanol as solvent 
was used to purify acyl hydrazide derivatives. Single bond 
coupling constants 1J13Cl,lH1 were determined from I3C 
spectra recorded in the "gated" decoupling mode (19). 
Assignments of 13C resonances are tentative. 

2-O-Acetyl-3,4-di-O-ber1zyl-a-~-rha1~tnopyanosyi Chloride (1) 
Trin~ethylchlorosilane (10 mL) was added to a solution of 

3,4-di-0-benzyl-1,2-0-(methoxyethylidene) - P -L-rhamnopyra- 
nose (8.0 g, 20 mmol) (5) in dichloromethane (50 mL). The 
reaction was refluxed for 2 h, then evaporated and dried under 
vacuum to yield a light yellow syrup of 1 (8.1 g, - 100% yield). 
Proton and "C nrnr indicate the syrup to be at least 95% pure. 
'H nrnr (CDCI,) 6 :  1.35 (d, J,,, = 6.2 Hz, 3H, H-6), 2.15 
(s, 3H, CH,CO), 3.48 (t, J3 .4  = 9.5 HZ, 1 H, H-4), 3.78-4.32 
(m, 2H, H-3 and H-5), 4.57 and 4.65 (A% system, JAB = 10.2 
HZ, CHZPh), 5.46 (dd, J1.2 = 1.7 Hz, J2,, = 2.8 Hz, l H ,  H-2), 
5.96 (d, J ~ , z  = 1.7 HZ, lH ,  H-1), 7.20-7.60 (m. 10H. aroma- 
tic); 13C nmr (CDCI,) 6 :  90.3 (CI), 79.4, 76.6 ' (2~,  CH,Ph), 
75.5 (C4), 72.1 (C3), 71.4 (C2), 70.9 (C5), 17.7 (C6). 

8-Methoxycarbonyloctyl3,4-Di-O-benzyl-r-~-rhan1no- 
pyranoside (2) 

A solution of 1 (8.1 g, 20 mmol) in dichloromethane (50 mL) 
was added dropwise to a stirred solution of 8-methoxycar- 
bonyloctanol (4.0 g, 21.3 mmol) (12) silver triflate (6.0 g, 
23.3 mmol) and N,N-tetramethylurea (10 mI,, 83.3 mmol) in 
dichloromethane (100 mL) at - 70°C. The reaction was allowed 
to warm to room temperature overnight and the solution was 
then filtered. Foliowing extraction with saturated sodium 
bicarbonate and water, the concentrated syrup was purified by 
hplc with Skellysolve B - ethyl acetate (3: 1) as solvent. The 
pure syrup was dissolved in methanol (200 mL) containing a 
catalytic amount of sodium and stirred overnight. De-ionisa- 
tion with Rexyn 101 (H+), concentration, and chromatography 
by hplc with Skellysolve % -ethyl acetate (2: 1) gave pure 2 
(7.7 g, 75% yield); [a]589 - 2 4 2  (c 1.0, CHCI,); Rf 0.20 
(solvent same as above); 'H nmr (CDCI,) 6 :  0.90-1.75 
(m, 15H, H-6 and-(CH2),-), 2.30 (t, 2H, -CH2CO-), 2.50 
(d, IH,  OH), 3.62 (s, 3H, CH30), 3.23-4.18 (m, 7W, OCH, and 
ring protons), 4.43-5.01 (m, 4H, 0CH2Ph), 7.23-7.27 (m, 10H, 
aromatic); "C nrnr (CDCI,) 6 :  99.1 (Cl), 80.2, 80.1 (2C, 
CH,Ph), 75.4 (C4), 71.9 (C3), 68.6 (CZ), 67.5 (C5), 67.3 
(OCHZ), 17.9 (C6). Anal. calcd. for C30H42O7: C 70.01, H 
8.23; found: C 69.98, H 8.27. 

8-Methoxycarbonyloctyl2-0- (2-0-Acetyl-3,4-di-0-benzyl- 
z-L-rhamnopyranosyl) -3,4-di-0-benzyl-a-L-rhamno- 
pyranoside (3) 

Glycoside 2 (4.1 g, 8 mmol) was dissolved in dichlorometh- 
ane (100 mE) containing silver triflate (3.1 g, 12 mmol) and 
N,M-tetramethylurea (5 mL, 42 mmol). The solution was 

cooled to -70°C and rhamnopyranosyl chloride 1 (4.0 g, 
10 mmol) dissolved in dichloromethane (30 mL) was added 
dropwise with stirring. The reaction was allowed to warm to 
room temperature overnight and the solution was then filtered. 
Following extraction with saturated sodium bicarbonate and 
water, the concentrated syrup was purified by hplc with 
Skellysolve B - ethyl acetate (3 : 1) as solvent. Pure disaccharide 
3 (5.0 g, yield 7117,) was obtained; -19.4" (c 1.0, 
CHCI,); Rf 0.34 (same solvent as above); 'H nrnr (CDCI,) ti: 
1.20-1.60 (m, 18H, H-6, H-6' and -(CH,),-), 2.12 (s, 3H, 
CH,CO), 2.31 (t, 2H, -CH,CO-), 3.66 (s, 3H, CH,O), 3.10- 
4.10 (m, 7H, ring protons and -CH,O-), 4.30-4.80 (m, SH, 
CHZPh), 4.85 (d, J1 ,2  = 1.0 HZ, lH ,  H-l), 4.99 (bs, 1H, H-l'), 
5.52, 5.57 (dd, J1,, = 1.9 HZ, J 2 , 3  = 3.3 HZ, 1H, H-2'), 7.31 
(bs, 20H, aromatic); 13C nrnr (CDCI,) 6 :  99.4 (CI), 98.8 (Cl'), 
80.1 (3C, CHZPh), 77.8 (CH,Ph), 75.4 (2C, C2 and C4), 74.9 
(C4'), 72.1 (C3), 71.8 (C3'), 69.1 (C2'), 68.3 (C5), 68.0 (C5'), 
67.6 (OCH,), 18.1 (2C, C6 and C6'). Anal. calcd. for C52Hs6- 
O,,: C 70.73, H 7.53; found: C 70.50, H 7.61. 

8-Methoxycarbonyloctyl 2-0-(3,4-Di-0-benzyl-a-L-rhanlno- 
pyranosy1)-3,4-di-0-benzyl-(1-L-rhamnopyranoside (4)  

Disaccharide 3 (4.0 g, 4.8 mmol) in methanol (100 mL) con- 
taining a caialytic amount of sodium methoxide was left over- 
night at room temperature. The syrup, obtained after removal 
of sodium ions with Rexyn 101 (Ht)  resin, filtration, and 
evaporation, was purified by hplc with Skellysolve B -ethyl 
acetate (2: 1) as solvent. This gave pure 4 (3.5 g, 92% yield); 
[a]589 - 27.0' (c 1 .I, CHCI,); Rf 0.46 (solvent same as above); 
'H nmr (CDCI,) 6 :  1.20-1.70 (m, 18H, H-6, H-6' and 
-(CHI),-), 2.32 (t, 2H, CHZCO), 2.52 (bs, lH,  OH), 3.67 
(s, 3H, CH30), 3.20-4.20 (m, 8H, ring protons and -CH20-), 
4.50-5.00 (m, 8H, CH2Ph), 4.99 (d, I,,, = 1.0 Hz, 1H, H-1), 
5.1 1 (d, Jl ,2  = 1.6 Hz, IH, H-l'), 7.30-7.50 (m, 20H, aroma- 
tic); 13C nrnr JCDCI,) 6: 101.0 (Cl'), 98.9 (CI), 80.5 (CH,Ph), 
80.2 (2C, CH2Ph), 79.6 (CH2Ph), 75.3 (2C, C2 and C4), 74.9 
(C4'), 72.3 (C3), 72.1 (C3'), 68.8 ('22'1, 68.0 (2C, C5 and C5'), 
67.5 (OCH,), 18.1 (C6), 18.0 (C6'). Anal. calcd. forC,,H,,O,, : 
C 71.40, H 7.67; found: C 71.24, H 7.64. 

8-Methoxycarbonyloctyl 0 -  (3,4,6-Tri-0-acetyl-2-deoxy-2- 
phtkalimido-a-D-glucopyranosy1)-(1 -t 2)-0- (3,4-di-0- 
benzyl-a-L-rhatnnopyranosy1)-(I -t 2)-3,4-di-0-benzj~l- 
a-L-rhamnopyranoside (5) 

The partially protected glycoside 4 (2.2 g, 2.6 mmol) was 
dissolved in dichloromethane (30 mL) containing silver triflate 
(1.4 g, 5.5 mmol) and collidine (0.7 g). The solution was 
~ o o l e d  to - 703Cand 3,4,6-tri-O-acety1-2-deoxy-2-phthalimido- 
D-glucopyranosyl bromide (2.5 g, 5.0 mmol) (12) dissolved in 
dichloromethane (15 mL) was added dropwise with stirring. 
The reaction was allowed to warm to room temperature over- 
night and the reaction mixture was then filtered. Following 
extraction with dilute hydrochloric acid (0.1 M), sodium 
bicarbonate, and water, the product after concentration to a 
syrup was purified on a silica gel column with Skellysolve 
B -ethyl acetate (I : 1). This gave pure 5 (2.3 g, 70% yield); 
[a]589 6.1" (c 1.0, CMCI,); Rr 0.58 (solvent same as above); mp 
117-1 18°C (recrystallized from ethyl acetate - Skellysolve B); 
'H nmr (CDCI,) 6: 1.00-1.70 (m, 18H, H-6, H-6' and 
-(CH2)6-), 1.90 (s, 3H, CH3CO), 1.98 (s, 3H, CH,CO), 2.02 
(s, 3H, CN3CO), 2.28 (t, 2H, -CH,CO---), 3.65 (s, 3H, 
CH,0), 5.32 (d, J1,2 = 8.5 HZ, IH, 11-I"), 5.93, 6.06 (dd, 
J2.3 = 10.7 HZ, J 3 , 4  = 9.1 HZ, IH, H-3'0, 6.90-7.90 
(m, 24H, aromatic), 3.00-5.30 (m, 25H, ring protons and 
-CH,Ph); 13C nrnr (CDCI,) 6: 101.3 (C'j, 100.0 (Cl"), 98.7 
(Cl), 80.7 (CHZPh), 79.2 (2C, CWZPh), 79.1 (CHZPh), 77.8 
(C2'), 76.6 (CZ), 75.4 (C4), 75.0 (C5"), 72.6 (C4'), 71.4 (2C, C3 
and C3'), 70.2 (C4"), 68.9 (C3"), 68.5 (CS), 67.5 (2C, C5' and 
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3078 CAK. J C H E M .  

OCH,), 61.5 (C6"), 54.7 (CZ"), 18.1 (C6), 17.7 (C6'). Anal. 
calcd. for C7,Hs3NOio: C 66.81, H 6.65, N 1 . 1 1 ;  found: 
C 66.58, H 5.58, N 1.14. 

8-Metlzoxycarbonyloctyl O- (2-Acetanlido-2-deoxy- p-D- 
glucopj~ranosj~l) - (1  + 2) -0- (3,4-di-0-benzyl-a-L- 
rhamnopyranosyl) - (1 4 2)  -3,4-di-0-benzyl-a-L- 
rharnnopyranoside (6 )  

The trisaccharide 5 (1.6 g, 1.3 mmol) was dissolved in 
methanol (150 m L )  containing a catalytic amount o f  sodium 
inebhoxide and was left for 5 h at room temperature. The 
syrup, obtained after removal o f  sodium ions with Rexyn 101 
( H + )  resin, filtration, and evaporation was dissolved in 
ethanol (40 mL) .  Hydrazine hydrate (0.36 g, 85% solution, 
6.1 mmol) was added to this solution and the solution was 
boiled for 2 h. The solution was evaporated and dried under 
high vacuum to  remove traces o f  hydrazine. The product was 
then dissolved in methanol-water (3 :  1 ,  10 mL) ,  acetic an- 
hydride (3 m L )  was added, and the solution was stirred at 
room temperature overnight. Concentration followed by 
purification on silica gel with chloroform-methanol (7 :  1) gave 
pure trisaccharide 4 (0.95 g, 70% yield); [a],,, -5.3' (c  1.2, 
methanol); Rf 0.54 (same solvent as above); ' H  nmr (acetone- 
d6 )  6 :  1.00--1.70 ( m ,  18K, H-6, H-6' and -(CH,),-), 1.70 
( s ,  3H, CH3CONH), 2.29 ( t ,  2H, -CH2CO-), 3.61 ( s ,  3H, 
CH,O), 7.20-7.60 ( m ,  20H, aromatic), 3.10-5.30 (ring protons); 
13C nmr (CD,OD) 6 :  104.1 (Cl"),  102.1 (CI') ,  99.7 (CI) ,  81.3 
(CHzPh), 79.8 (CHZPh), 78.9 (2C, CHZPh), 78.2 (C2'), 77.1 
(C5"), 76.4 (C2), 76.0 (C4), 75.9 (C4'), 75.5 (C3"), 73.1 (C3), 
72.3 (C3'), 71.5 ( C V ) ,  69.4 (CS), 68.6 (C5'), 68.3 (OCH,), 62.3 
(C6"), 57.7 (C2"), 18.4 (C6), 18.1 (C6'). Anal. calcd. for C,,- 
H7,NO16: C66.71, H7.43, N 1.34; found: C66.49,H7.33,  
N 1.45. 

S-Merho~~ycarbon)~loctylO-2-Acetamido-2-deoxy-~-~-gl~~co- 
pyranosy!-(1 + 2)-0-a-L-rhat~inopyrarzosyl-(1 + 2)-a-L- 
rharnnopyranoside ( 7 )  

The trisaccharide 6 (900 mg, 0.86 mmol) was dissolved in 
acetic acid (40 m L )  and hydrogenated over 10% palladium on 
charcoal (0.5 g) at 505 kPa for 3 h .  Filtration and evaporation 
provided a residue which was purified on a silica gel column 
with ethyl acetate - methanol -water (7:2:  1) to  give pure 7 
(460 nig, 84% yield); [a]589  -36.4' (c 1 . 1 ,  methanol); Rf 0.40 
(solvent same as above); ' H  nmr (D,O, 85'C) 6 :  1.20-1.90 
( m ,  18H, H-6, H-6' and -(CH2)6-), 2.07 (s, 3H, CH,- 
CONH),  2.37 ( t ,  2H, -CH2CO-), 3.71 (s ,  3H, CH,O), 4.74 
(d,Jl ,2 = 8.1 HZ,  1H,H-l"),4.84(d,J1,2 = 0.8 HZ, lH ,H- I ) ,  
5.16 (d ,  J1,Z = 1.8 HZ,  IH,  H-1'); 13C nmr (D,O) 6 :  103.9 
(CI"),  102.3 (Cl') ,  99.8 (CI ) ,  80.1 (C2), 79.9 (C2'), 77.0 (C5"), 
74.9 (C3"), 73.5 (2C, C4 and C4'), 71.5 (C4"), 71.1 (2C, C3 
and C3'), 70.4 (C5'), 69.9 (C5), 68.9 (OCNZ) ,  62.0 (C6"), 57.1 
(C2"), 18.1 (2C, C6 and C6'). Anal. calcd. for C3oH53NOl6: 
C 52.70, H 7.81, N 2.05; found: C 52.50, H 7.91, N 2.13. 

8-Hydrazinocarhonyloctyl 0-2-Acetamido-2-deoxy-(3-~- 
gl~~copyranosyl- (1  + 2)  -0-a-L-rhamnopyranosyl- 
(1 -+ 2)-a-L-rharnnopyranoside ( 8 )  

The de-blocked trisaccharide 7 (53.5 mg, 0.08 mmol) was 
dissolved in ethanol (3 m L )  t o  which 8 5 z  hydrazine hydrate 
(1.0 g) was added. The solution was stirred for 72 h ,  then eva- 
porated and dried under high vacuum. Purification on a 
Sephadex LH20 column with methanol as solvent gave pure 
hydrazide 8 (49.7 mg, 93% yield); [a]589 -35.2" (c 1.0, 
methanol); R, 0.26 (ethyl acetate - methanol -water 6 : 3 :  1 ) ;  
'H nmr (D20, 85°C) 6 :  1.10-1.70 ( m ,  18H, H-4, H-6' and 
-(CH,)6-), 2.10 (s, 3H, CH3CONH), 2.26 ( t ,  2H, -CH2- 
CO-), 4.77 (d ,  J I , ,  = 7.8 HZ,  1H, H-l"), 4.87 (bs, l H ,  H-1), 
5.19 (d,  91 .2  = 1.7 HZ, 1H, H-l'), 2.10-4.25 (ring protons); 

13C nmr (D,O) 6 :  103.9 (Cl"),  102.2 (CI') ,  99.4 (C l ) ,  80.0 
(2C, C2 and C2'), 77.0 (C5"), 74.8 (C31f), 73.4 (2C, C4 and 
C4'), 71.3 (C4"), 71.0 (2C, C3 and C3'), 70.4 (C5'), 69.9 (C5), 
69.2 (OCH,), 61.8 (C6"), 57.0 (C2"), 17.8 (2C, C6 and C6'). 
Anal. calcd. for C2,Hs3N301,:  C 50.94, H 7.81, N 6.15; 
found: C 50.90, H 7.98, N 6.30. 
8-Methoxycarbonyloctyl O- (3,4-Di-0-benzyl-a-L-rhamno- 

pyranosyl) - ( I  + 2) -0 -  (3,4-di-0-bmzyl-a-L-rhnmno- 
pyranosyl) - (1  + 3) -2,4-benzoyl-a-L-rhuninopyranoside 
( 1 3 )  

Glycoside 11 (2.2 g, 2.5 mmol) (7) was dissolved in dichloro- 
methane (40 m L )  containing silver triflate (1.3 g, 5.2 mmol) 
and N,N-tetramethylurea (2 mL) .  The solution was cooled to  
-70°C and the rhamnosyl chloride 1 (2.0 g, 4.9 mmol) dis- 
solved in dichloromethane (15 m L )  was added dropwise with 
stirring. The reaction was allowed to  warm to  room tempera- 
ture overnight and was then filtered. Following extraction o f  
the filtrate with saturated sodium bicarbonate and water, the 
concentrated syrup was purified on a silica gel column with 
Skellysolve B - ethyl acetate (3:  1 )  as solvent. This gave trisac- 
charide 12 contaminated with a little disaccharide 11, both 
having a Rf 0.32. The syrup was dissolved in a methanol 
(30 mL)-tetrahydrofuran (10 m L )  mixture which was cooled to 
0°C and a freshly prepared solution o f  magnesium methoxide 
in methanol (15 mE o f  a 1% solution) was added. The reaction 
was then stirred for 48 h at O'C. After removal o f  magne- 
sium ions with Rexyn 101 ( H + )  resin, filtration, and evapora- 
tion, the syrup obtained was purified on a silica gel column 
with the solvent Skellysolve B -ethyl acetate (2: 1 ) .  This 
gave pure 13 (1.7 g, 56% yie!d); [a],,9 +25.6" (c 1.0, 
chloroform); Rf 0.38 (solvent as above); ' H  nmr (CDC1,) 6 :  
1.03 (d,  J5,6 = 5.8 HZ, 3H, H-6"), 1.06 (d ,  J3,6 = 5.9 HZ, 
3H, H-6'), 1.10-1.80 ( m ,  15H, H-6 and -(CH,),-), 2.10-2.35 
( m ,  4H, -OH and -CH2CO-), 3.66 (s,  3H, CH,O-), 6.85- 
7.50 ( m ,  26H, aromatic), 7.80-8.10 ( m ,  4H, aromatic), 3 . W  
5.50 (ring protons); I3C nmr (CDCl,) 6 :  101.0 (Cl') ,  100.5 
(CI"),  97.4 (CI ) ,  80.1 (CH,Ph), 79.5 (3'2, CH2Ph), 76.0 (C2'), 
75.3 (C3), 74.5 (C4'), 74.1 (C3'), 73.5 (C4"), 72.6 (C2), 72.1 
(C4), 71.9 (C3"), 69.0 (C2"), 68.6 (C5'), 68.4 (C5"), 67.9 (C5), 
66.7 (OCH,), 17.8 (3C, C6, C6' and C6"). Anal. calcd. for 
C70HB201 7 :  C 70.33, H 6.91 ; found: C 70.14, H 6.91. 

8-Methoxycarbonylociyl 0-(3,4,6-Tri-0-acetyl-2-deoxy-2- 
phthalitnido- p-D-glrrcopyranosyl) - ( I  + 2)  -0- (3,4-di-0- 
benzyl-a-L-rhanznopyranosyl) - (1 + 2)  -0- (3,4-di-0- 
benzyl-a-L-rhamnopyranosylj - ( I  -+ 3) -2,4-di-0-benzoyl- 
a-L-rhamnopyranoside (14) 

The partially blocked trisaccharide 13 (1.3 g, 1 . I  mmol) was 
dissolked in dichlorornethane (30 m L )  together with collidine 
(0.35 g, 2.9 mmol) and silver triflate (0.75 g, 2.9 mmol). The 
solution was cooled t o  -7QiC and the 3,4,6-tri-0-acetyl-2- 
deoxy-2-phthalimido-D-glucopyranosyl bromide (1.3 g, 2.6 
niniol) (10) dissolved in dichloromethane (15 m L )  was added 
dropwise with stirring. The reaction was allowed t o  warm to  
room temperature overnight and was then filtered. Following 
extraction o f  the filtrate with 3% hydrochloric acid, saturated 
sodium bicarbonate, and water, the concentrated syrup was 
purified on a silica gel column with Skellysolve B - ethyl ace- 
tate ( 1  : 1) as solvent. This gave pure tetrasaccharide 14 (1.5 g,  
85% yield); [r], +48.4" (c 1.2, chloroform); Rf 0.56 (same 
solvent as above); 'H nmr (CDCI,) 8: 0.93 (d ,  J5,6 = 5.9 HZ,  
3H,H-6"),0.99 (d ,  J S s 6  = 5.7Hz93H,H-69, 1.10-1.75(m, 15H, 
H-6 and -(CFII,),-), 1.89 (s, 3H, CH3CO-), 1.93 (s, 3H, 
CH3CO-), 2.01 ( s ,  3H, CH3CO-), 3.65 ( s ,  3H, CH30-), 
5.90,6.05(dd,J2,3 = 9.1Hz,J3,4= 10.8H~,lH,H-3'"),6.80- 
8.30 ( m ,  34H, aromatic); I3C nmr (CDCI,) 6 :  100.9 (2C, C1' 
and Cl"'), 99.8 (CI"), 97.3 (C l ) ,  80.6 (CH,Ph), 79.8 (CH,Ph), 
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JOSEPHSON AND BUNDLE 3079 

78.7 (CH,Ph), 78.3 (CH,Ph), 77.9 (C2"), 75.9 (2C, C2' and 
C3), 74.9 (Cj"'), 74.1 (C4'), 73.4 ( C 4 ) ,  72.6 (2C, C2 and C4), 
71.4 (C3'), 71.0 (C3"), 70.2 (C4 ' ) ,  68.9 (C3"'), 68.4 (3C, C5, 
C5'andC5"), 66.7 (OCH,), 61.7 (C6"'), 54.7 (C2"'), 17.8 (2C, 
C6 and C6'), 17.6 (C6"). Anal. calcd. for C90H101N026: C 
67.03, H 6.23, N 0.83; found: C 66.96, H 6.31, N 0.87. 

8-Methoxycarbonyioct4.12-ace famido-2-deoxy- p-D-gluco- 
pyranosyl-(I -+ 2)-O-a-~-r/7an711opyrar2osyl-(l -+ 2)-0-a- 
L-rhamnopyranosyl- ( I  -+ 3) -a-L-rhamnopyranoside (15) 

The tetrasaccharide 14 (1.3 g, 0.81 mmol) was dissolved in 
methanol (100 mL) containing a catalytic amount of sodium 
and the reaction was stirred overnight. The syrup obtained 
after removal of sodium ions with Rexyn 101 (H+) resin, 
filtration, and evaporation was dissolved in ethanol (40 mL). 
Hydrazine hydrate (0.30g, 85% solution, 5.1 mmol) was 
added to this solution and the solution was boiled for 2 h. The 
solution was evaporated and dried under high vacuum to 
remove traces of hydrazine. The product was then dissolved in 
methanol (20 mL), acetic anhydride (2 mL) was added, and the 
solution was stirred at room temperature overnight. Concen- 
tration gave a syrup which on tlc showed several spots (this due 
to incomplete de-benzoylation), so no purification was done at 
this point. The syrup was instead dissolved in acetic acid 
(40 mL) and hydrogenated over 10% palladium on charcoal 
(0.5 g) at 505 kPa for 3 h. Filtration and evaporation gave a 
foam which was again dissolved in methanol (100 mL) con- 
taining freshly prepared sodium n~ethoxide. The reaction was 
then stirred for 48 h. The syrup, obtained after removal of 
sodium ions with Rexyn 101 (H+) resin, filtration, and eva- 
poration, was purified on a silica gel column with ethyl 
acetate - methanol - water (7: 2: 1) to give pure tetrasaccharide 
15 (450 mg, 67% yield); [a]589 - 54.0" (c 1.1, CH30H);  Rf 0.28 
(solvent as above); 'H nmr (D,O, 85°C) 6 :  1.10-1.85 (m, 21H, 
H-6, H-6', H-6" and -(CH2)6-), 2.10 (s, 3H, CH,CONH), 
2.32 (t, 2H, -CH,CO-), 3.71 ( s ,  3H, CH,O), 4.75 (d, 
J I , Z  = 1.3 HZ, lH,  H-l), 4.76 (d, J1,z = 7.9 HZ, l H ,  H-l"'), 
5.19 (bd, 2H, H-1' and H-l"), 3.25-4.25 (ring protons); I3C 
nmr (D20) 6:  103.9 (Cl"', 1J13Cl,1Hl = 162.8 HZ), 102.3 (Cl", 
1 J 1 3 ~ l , l ~ l  = 171.0 HZ), 102.0 (Cl', ' J I ~ ~ , , I H ,  = 171.0 HZ), 
101.1 (C1, 1 J 1 3 ~ 1 , 1 ~ 1  = 168.0 HZ), 80.1 (C2"), 79.7 (C2'), 78.4 
(C3), 77.0 (Cj"'), 74.9 (C3"'), 73.5 (3C, C4, C4' and C4"), 71.1 
(4'2, C2, C3', C3", C4"'), 70.4 (C5"), 70.1 (2C, C5 and C5'), 
68.9 (OCH,), 61.9 (C6"'), 57.1 (C2"'), 18.1 (3C, C6, C6' and 
C6"). Anal. calcd. for C36H63N020:  C 52.10, H 7.65, N 1.69; 
found: C 51.95, H 7.80, N 1.85. 

8-Hydrazinocarbon~~loctylO-2-Acetamido-2-deoxy-~-~- 
glucopyranosyl- ( I  -+ 2) -0-a-L-rhan7nopyranosyi- 
( 1  -+ 2)-0-a-L-rhamnop~~ranosyl-(I -+ 3)-a-L-rhanlno- 
pyranoside (16) 

The de-blocked tetrasaccharide 15 (75.0 nig, 0.09 mmol) was 
dissolved in ethanol (3 mL) to which 85% hydrazine hydrate 
(1.0 g) was added. The solution was stirred for 72 h, then 
evaporated and dried under high vacuum. Purification on a 
Sephadex LH20 column with methanol as solvent gave pure 

hydra7ide 16  (70.1 mg, 93% yield); [a],,, -51.0' (c 1.1, 
methanol); Rf 0.25 (ethyl acetate - methanol - water 6: 3: 1); 
'H nmr (D,O, 85 C) 6: 1.10-1.80 (m, 21H, H-6, H-6', H-6" 
and -(CH,),-), 2.10 (s, 3H, CH,CONH-), 2.25 (t, 2H, 
-CH=CO-), 4.77 (d, J1,, = 7.8Hz, lH ,  H-1"'), 4.79 (d, 
J,,, = 1.5 Hz, lH,  H-1), 5.20 (bd, 2H, H-1' and H-I"); I3C 
nmr (D,0) 6:  103.9 (Cl"'), 102.2 (Cl"), 102.0 (Cl'), 100.8 
(Cl), 80.0 (C2"), 79.4 (C2'), 78.6 (C3), 77.0 (Cj"'), 74.8 (C3'If), 
73.4 (2C, C4 and C4"), 73.0 (C4'), 71.0 (4C, C V ' ,  C3', C3" 
and C2), 70.4 (ZC, C5' and C5"), 69.9 (C5), 69.2 (OCH,), 61.9 
(C6"'), 57.1 (C2"'), 17.9 (3C, C6, C6' and C6"). Anal. calcd. 
for C35H63N3019: C 50.66, H 7.65, N 5.06; found: C 50.54, 
H 7.70, N 5.12. 
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The crystal and molecular structure of syn-2,ll-dithia[3,3]metacyclophane 

WILLEM AKKER, GORDON W. BUSHNELL,'  A N D  REGINALD H. MITCHELL' 
Chernistv Department, Utliuersity of Victoria, Victoria, B.C., Carzada VSW 2Y2 
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WILLEM ANKER, GORDON W. BUSHNELL, and REGINALD H.  MITCHELL. Can. J. Chem. 57, 
3080 (1979). 

The crystal structure of syn-2,l I-dithia[3,3]metacyclophane, C16H16S2, has been determined 
by single crystal X-ray diffraction and refined to an R-value of 0.049. The crystal is monoclinic 
with cell dimensions a = 1898.2(5), b = 795.7(3), c = 924.1(4) pm, p = 100.03"(4). The 
space group is P2,ln with 4 molecules per cell, Dm = 1.34 g D, = 1.317 g ~ m - ~ .  Of 
several possible syn conformations, the molecule is found in that with the largest S-S distance 
of 697.4 pm. The benzenoid rings form a dihedral angle of 20.6". The distance between the pair 
of aromatic H atoms which are ortho to two methylene groups is 273.0 pm, with 305.2 pm 
between the carbon atoms to which they are attached. Small angular distortions are observed 
at these carbon atoms. Mean bond lengths are: C-S 181.0(12), C-C (aromatic) 138.5(8), 
C-C (bridge) 151.0(11) pm. Mean bond angles are: C-S-C 104"(1), S-C-C 115.4"(9). 
The C-C-C angles are in the range 117.9-122.7". The molecule possesses an approximate 
(non-crystallographic) 2-fold axis of symmetry passing through the midpoints of C(8)-C(18) 
and C(4)-C(14). The aromatic rings are planar, with the methylene carbons 5-11 pm out of 
plane on the sulphur side. The S(l) is 171.8(2) pm from plane 1 and 136.8(2) pm from plane 2, 
while for S(2) the corresponding values are 136.0(2) and 175.3(2) respectively. 

'Hmr data have been re-examined and compared with those obtained for other cyclophanes, 
together with 13Cmr data and are consistent with the fact that in solution 2,ll-dithia[3,3]meta- 
cyclophane, 1, exists as the syn-conformer with no appreciable participation of the anri- 
conformer. All related dithia[3,3]metacyciophanes which have internal aryl hydrogens (i.e., no 
internal substituents) likewise appear to be syn from 'Wmr data. 

WILLEM ANKER, GORDON W. BUSHNELL et REGINALD H. MITCHELL. Can. J. Chem. 57, 
3080 (1979). 

On a determine la structure cristalline du dithia-2,11 mCta[3,3] cyclophane syn, CI6Hl6S2, 
par diffraction de rayons-X sur un cristal unique et on l'a affinee jusqu'a une valeur conven- 
tionnelle de 0.049. Le cristal est monoclinique avec une dimension de maille de a = 1898.2(5), 
b = 795.7(3), c = 924.1(4) pm, p = 100.03"(4). Le groupe d'espace est P2,ln avec 4 molCcules 
par maille, Dm = 1.34 g ~ m - ~ ,  D, = 1.317 g ~ m - ~ .  Entre plusieurs conformations syn pos- 
sible~, la molecule se classe parmi celles qui ont la plus grande distance S-S soit 697.4 pm. Les 
cycles aromatiques forment un angle diedre de 20.6". Les deux atomes d'hydrogene aromatique 
en ortho des deux groupes methyleniques sont distants entre eux de 273.0 pm et les atomes de 
carbone auxquels ils sont attaches sont distants de 305.2 pm. On a observe des petites distor- 
sions angulaires au niveau de ces atomes de carbone. Les longueurs moyennes de liaison sont 
de: C-S 181.0(2), C-C (aromatique) 138.5(8), C-C (pont) 151.0(11) pm. Les angles moyens 
de liaison sont de: C-S-C 104"(1), S-C-C 115.4"(9). Les angles C-C-C sont de l'ordre 
de 117.9-122.7". La molCcule possede approximativement un axe binaire de symetrie (non 
cristallographique) passant par le point milieu de C(8)-C(18) et C(4)-C(14). Les cycles 
aromatiques sont plans avec les carbones methyleniques a 5-1 1 pm hors du plan du cBte du 
soufre. Le S( l )  est a 171.8(2) pm du plan I et a 136.8(2) du plan 2 alors que les valeurs corres- 
pondantes de S(2) sont respectivement de: 136.0(2) et 175.3(2). 

On a reexamine les donnees de la rmn du proton et on les a comparees a celles obtenues pour 
d'autres cyclophanes. Ces donnees ainsi que celles de la rmn du 13C sont en accord avec le 
fait que le dithia-2,11 meta[3,3] cyclophane 1 existe en solution sous forme de conformere syn 
sans participation appreciable du conformere anti. Les spectres de resonance magnCtique du 
proton revelent de f a ~ o n  similaire que tous les composes dithia mCta[3,3] cyclophanes qui ont 
des hydrogenes aromatiques internes (i.e. pas de substituants internes) sont sous forme des 
conformeres syn. 

[Traduit par le journal] . 

Introduslion and was stated to be rapidly equilibrating between 
2,ll-Dithia[3,3]metacyclophane, I, was originally various syn- and anti-conformers. This conclusion 

prepared in 1968 by two independent groups (1, 2) was based primarily on the fact that the 'Hmr 

'Author to whom correspondence concerning X-ray data 'Author to whom correspondence concerning nmr data 
should be addressed. should be addressed. 

OOO8-4042/79/233080-08$01.00/0 
@ 1979 National Research Council of CanadaIConseil national de recherches du Canada 
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ANKER ET AL. 308 1 

anti- 1 sytl- 1 

spectrum of 1 showed a single peak at ca. 6 6.6 for 
the internal aryl hydrogens (Hi) which did not change 
on cooling. This observed position for Hi was 
assumed to be an average chemical shift for all con- 
tributing conformers, though it was quite clear from 
these and subsequent papers (3-6) that the anti- 
conformer of 1 was generally thought to be pre- 
ponderant. This was not unreasonable at that time, 
since it was known that from 'Hmr (7) and X-ray (8) 
data that [2,2]metacyclophane only existed in the 
anti-form 2, and also it was observed (5) that in the 

coupling reaction of 2,6-bis(bromomethy1)toluene 
with sodium sulphide, the anti-conformer of 3a was 
formed in seven times the amount of syn-3a. 

(inti-3 svn-3 
cr X = Y  = CH, 
b X = H ; Y = C H ,  
c X = H ; Y = N O ,  
d X = H ; Y = N H ,  

As a result of an investigation to attempt to resolve 
an apparent anomaly (9) of melting points of 1, we 
undertook an X-ray crystallographic structure deter- 
mination of 1. This paper shows that in the crystalline 
state 1 exists as the syn-conformer, and that this is in 
fact consistent with the structure of 1 in solution. 

Experimental 
X-ray Measurements 

Approximate cell dimensions from Weissenberg and preces- 
sion photographs were obtained using CuK, radiation. The 

space group P2,ln was established unequivocally from the 
systematic absences. The equivalent positions in the second 
setting are:^, y , z ; + + x , + - y , f + z ;  -x , -y ,  - z ; f - x ,  + + y, 3 - z. The cell parameters were refined by least squares 
using 20 pairs of +20 measurements taken on a Picker 
4-circle diffractometer using automatic centering routines. Zr 
filtered MoK, radiation (h = 71.069 pm) was used for all 
diffractometer measurements. The crystal was mounted 
approximately along the b-axis and had a shape and size speci- 
fied by: 0.0,+ 1, 0.155 mm; + 1,0,0, 0.085 mm; 0,- 1,0, 
0.390 mm; O,1,1, 0.245 mm; 0,1,- 1, 0.325 mm. The crystal 
parameters at 23" are a = 1898.2(5), b = 795.7(3), c = 
924.1(4) pm, B = 100.03'(4), molecular formula C1,Hl,S,, 
mol. wt. = 272.42, cell volume 1.374(1) nm3, density 1.317 g 
~ m - ~  calculated, 1.34 g ~ m - ~  measured (flotation), Z = 4, 
absorption coefficient (MoKi) = 3.57 cm-', I/I, 0.94 (max) 
and 0.90 (min) making absorption corrections unnecessary 
for conformation determination purposes. The intensity 
measurements were done automatically up to 20 = 55' in the 
octants with k and I 2 0, using a 8/28 scan (w = 0, bisecting 
position) with 50 steps of 0.04" in 20, counting for 1 s per step. 
Background measurements were for 25 s before and after the 
step scan. Three standards 8,0,0; 6,2,0; and 0,0,4 were 
measured after each set of 50 reflections. Duplicate measure- 
ment of the two octants was carried out to improve the 
counting statistics. The sum of the standards had declined by 
approximately 8% at the finish, but there was no visual 
evidence of decomposition. Reflections for which I < 3o(I) 
were not written out by the diffractometer. The intensities were 
corrected for Lorentz and polarisation effects, and after the 
merging process there were 1187 independent reflections in the 
dataset. 

Structure Determination 
The structure was solved using the Patterson function. A set 

of programs supplied by Penfold (10) based on ORFLS, 
FORDAP, ORTEP, and ORFFE was used throughout. 
Atomic scattering curves were taken from the International 
Tables (1 1). All atoms were assumed to be uncharged and the 
S atoms were treated as anomalous scatterers (12). The refine- 
ment was by full matrix least squares minimization of 
Cw(:F,l - IF,I)Z. The sulphur and carbon atoms were given 
amsotropic temperature parameters. The hydrogen atom 
positions were calculated from the carbon coordinates using 
a C-H length of 97 pm. The hydrogen atoms rode on the C 
skeleton in the final stages of refincment and were all assigned 
U,,, = 380pm2. The final weighting scheme, giving no 
systematic variation of wA2, was w = ( A  + Bx + Cx2 + 
Dx3)-' where x = IF,/, A = 2.1134, B = 4.03 x 
C = 1.028 x lo-', D = -4.9 x The final agreement 
factors were R = 0.049 and R, = 0.069, where R, = 
(XwA2/Cw IF,/ 2)"2. The final difference map had a maximum 
of 0.53 x lo-, e pm-3 and a minimum of -0.26 x 10-% 
~ m - ~ .  The fractional atomic coordinates for the S and C 
atoms are given in Table 1. The anisotropic temperature 
parameters, the calculated hydrogen atom positions, and the 
structure factor tables have been depo~i t ed .~  

Crystal Structure Description 

The packing diagram given in Fig. 1 shows that 
the crystal structure contains four separate molecules 

3Copies may be obtained, at a nominal charge, from the 
Depository of Unpublished Data, CISTI, National Research 
Council of Canada, Ottawa, Ont., Canada KIA OS2. 
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CAN J .  CHEXI VOL 57, 1979 

FIG. 1. A stereoscopic view of the 

TABLE I .  Fractional atomic co-ordinates * x 10" 

Atom x Y 7 

*Es?rmated standard deviations are given in parentheses. 

per unit cell. Figures 2 and 3 show the molecular 
structure and atomic labelling scheme. The lnolecule 
has an approximate (non-crystallographic) Zfold 
axis of symmetry passing through the midpoints of 
C(8)-C(18) and C(4)-C(14). The bond lengths are 
given in Table 2. The mean lengths are: S-C, 
181.1 pm; exocyclic C-C, 151.0 pm; and aromatic 
C-C 138.5 pm. There are no very significant devia- 
tions from these means and the values are normal. 
The bond angles are presented in Table 3. The mean 
angles C-S-C = 103.9", and S-C-C = 115.4". 

The angles of the first ring in column 1 agree with 
the corresponding angles of the second ring in column 
2 to an extent expected from the standard deviations, 

unit cell and the molecular packing. 

TABLE 2. Bond lengths * (pm) 

Bond Length Bond Length 

*Estimated standard deviations are given in parentheses. 

assuming the rings to be identical. Deviations from 
120" are collectively greater and the angles at C(8) 
and C(18) are particularly large. Table 4 gives the 
results of the mean plane calculations. The aromatic 
rings are planar and the angle between them is 20,6". 
Each methylene carbon atom is significantly out 
(on the S side) of the least squares plane of the ring 
to which it is attached. The molecular two-fold axis 
relates the C(1), C(17) displacements 8.9(7), 10.7(6) 
pm and the C(11), C(7) displacements 6.9(6), 5.2(6) 
pm, respectively. Similarly the perpendicular dis- 
tances S(1)-plane 1, S(2)-plane 2, S(1)-plane 2, 
and S(2)-plane I are 171.8(2), 175.3(2), 136.8(2), 
and 136.0(2) pm, respectively. Figure 2 illustrates the 
latter point, and Fig. 3 which is projected along the 
C(8)-C(18) direction shows that the benzene rings 
do not lie directly one upon the other, but are 7" 
apart approximately. 

Our primary result is the syn geometry of the title 
compound. However, most of the background 
literature on metacyciophanes is concerned with ring 
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TABLE 3. Bond angles * (deg) 

Atoms Angle Atoms Angle 

- -p - 

*Estimated standard deviations are glven In parentheses 

TABLE 4. (a) The mean planes of the aromatic rings; plane I is 
defined by C(2)-C(6) and C(8), plane 2 is defined by C(12)- 

C(16) and C(18), coefficients of Ax + By + Cz = D * 

Plane A B C D x 

I 0.3850 -0.8583 -0,3394 -336.71 5 .94  
2 0.5684 -0.6235 -0.5369 -4 .49  14.05 

*Anele between olanes I and 2 = 20.6'. 

the distance between the calculated internal hydrogen 
positions is 273.0 pm, more than twice the van der 
Waals radius of hydrogen (2 x 120 pm). The 
n-electron repulsion between C(8) and C(18), 305.2 
pm apart, is probably more important than the 
repulsion between hydrogen atoms. Syn-3a has a 
smaller dihedral angle of 10.3" and is evidence of 
interaction between the methyl groups which lie 26 

(b) Perpendicular distances to planes (pm)" and 30 pm from their respective phenyl ring planes 
on the outer sides. The intramolecular distance 

Plane Atom Distance Atom Distance between the methyl carbon atoms is 352(1) pm. As 
ex~ected. svn-3a is more strained than svrz-l in its 

I S(1) 171 .8(2) C(1) 8 9(7) 12-membered ring. The methylene carbon atoms are 
S(2) 136.0(2) C(7) 5.2(6)  displaced inwards from the phenyl ring planes by 
C(18) 295.8(5) C(8) 
C(14) 391 .6(6) 

0 ' 8 (5 )  19 pm in syn-3a and 8 pin in syn-l (averaged values). 
The S-CH,-C (aryl) angles average 117.5" in 

2 S(1) 136.8(2) C(11) 6 9(6) 
S(2) 175.3(2) c (17)  10,7(6) SJX-3a and 115.4" in syn-1. The t@o phenyl rings are 
C(8)  297.5(5) C(181 1 ,2 (5)  not directly above one another in either compound. 

\ -, \ ,  ~, 

C(8) 393.7i7j Nlaslem Magnetic Resonance Spectra 
*The orthogonal system of axes used has x along a, y in the (a, b) plane, 

and z along the c* axis. x2 is defined as I,(PtZ/o2(P,)), where the surnmatlon spectra were determined as solutions (20 mg is over all atoms, i, in the plane. The perpendicular dlstance of atom i from 
the plane is P,. of 3. in 0.4 mE solvent) in DMSO-d,, toluene-d,, 

strain. Comparison of our crystal structure with 
sj)n-3a (13) shows interesting structural changes 
caused by repulsion between the methyl groups of 
the latter compound. The crystal structure of syn-3a 
is disordered in the position of one of its sulfur atoms 
with an 80-20% distribution of conformers in the 
crystal structure. The most populated conformation 
of syn-3a is quite similar to the conformation of 
syn-1, both having the sulfur atoms folded away 
from the internal aryl positions. The S-S distances 
are thus at a maximum: syiz-1 697.4 pm and syn-3a 
695.0 pm. The molecular mechanics of both com- 
pounds can be likened to a spring clothes peg, with 
the -CH,-S-CH, bridges acting as pivots for the 
relatively rigid phenyl groups. Syn-l has a dihedral 
angle of 20.6" between the phenyl ring planes, and 

CDCl,, hexachlorobutadiene (HCBD): hexafluoro- 
benzene (HFB), cyclohexane, and CS, over a 
temperature range of -70°C to +15OCC on a 
Perkin-Elmer R32 (90MHz) spectrometer using 
Me,Si as internal standard. The results for the in- 
ternal aryl hydrogens (H,) are shown in Fig. 4 and 
full data have been deposited3 in Table S4. I3Cmr 
spectra were determined in CD,Cl,, DMSO-d,, 
THF-d,, and CS, on a Nicolet TT-14 Fourier trans- 
form spectrometer operating at 15.1 MHz, and are 
deposited3 in Table S5. All chemical shifts are 
measured in parts per million downfield from Me,Si. 

Discussion 
When 1 was first described (1, 2) no other dithia- 

~netacyclophanes 3 having defined stereochemistry 
were known. Mitchell and Boekelheide (5, 14) were 
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FIG. 2. A stereoscopic view of a single molecule, with the atom labelling scheme and the anisotropic thermal motion 
shown. 

for anti-1 would appear at ca. 6 5.0. Correspondingly 
Hi  for syn-l might have been expected to be fairly 
normal and close to 6 7 (as they were in the higher 
oligomers (5)). Since Hi  for 1 actually appear at 6 
6.82 (CDCI,, 10°C) with hindsight, the contribution 
of the anti-conformer might have been calculated as 
small (< 10%). 

Now, however, more suitable models are available 
for comparison. The syn-tris-bridged cyclophane 5 

FIG. 3. A single molecule with atom labels, and the carbon 
atoms of the lower ring blackened. 

the first to report the preparation of 3a in both syn 
and anti forms. Anti-3a showed in its 'Hmr spectra 
the internal -CH, hydrogens at 6 1.30, shielded by 
the adjacent benzene ring, whereas the aryl hydrogens 
were normal at 6 7.0-7.4. Syn3a showed the aryl 
hydrogens shielded by the adjacent ring at 6 6.66 and 
the -CH, hydrogens normal for a toluene at 
6 2.54.  his assignment has been confirmed by X-ray 
data (13). Since an t i -3~  was obtained in the highest 
yield (5) it was assumed to be the more stable. For 
the analogous parent compounds 1 (3, X = Y = H) 
no suitable models existed. The internal aryl hydro- 
gens of [2,2]metacyclophane itself, 2, appeared 
(7, 15) at 6 4.25, very highly shielded by the opposite 
benzene rings. Examination of molecular models 
would predict that Hi in anti-l would probably not 
be shielded as much, since they should not be thrust 
so far into the opposite benzene ring as those in 2. 

Comparison of 4a in which the internal -CH, 
hydrogens appear (16) at 6 0.56, with those of anti-3a 
at 6 1.30 (A6 = 0.74), might crudely suggest that Hi 

has now been reported and for this H, appeared at 
6 6.90 (17) and 6 6.91 (18). This provides an excellent 
model for Hi  of syn-1. A good model for anti-1 is 
anti-36 (X = H, Y = CH,) in which Hi appeared at 
6 5.50 (19) and 6 5.59 (20). Clearly H, for P are 
almost identical in chemical shift to those of 5. 
Further the remaining aryl hydrogens of 1 at 6 6.91 
are clearly shielded from normal benzene hydrogens, 
consistent with a syn structure for 1. More recently 
Vogtle et al. (21) have reported the 'Hmr spectra 
of 3c (X = H, Y = NO,) where H, appears at 6 7.3 
and the remaining aryl hydrogens at 6 6.9 consistent 
with a syn structure for 3c. On the other hand 3d 
(X = H, Y = NH,) exists as the anti-conformer 
since Hi appears at 6 5.0 and the remaining aryl 
hydrogens at ca. 6 7. Finally, Mitchell (22) has 
reported the variable temperature 'Hmr spectrum of 
2,ll-diselena[3,3]metacyclophane 6 in which Hi 
appear (20°C) at 6 6.46. On cooling to - llO°C 
an anti-conformer is formed in which Hi appear at 
6 4.50. 
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ANKER ET A1 

Taken coilectively this evidence points to the fact 
that at room temperature 2,11-dithia[3,3]meta- 
cyclophane B exists in solution, as in the crystalline 
state, as the syn-conformer. We can find no evidence 
for participation of the anti-conformer. On cooling 
no change in shape of any of the 'Hmr peaks occurs 
down to - 90°C (this work and ref. 3). From Fig. 4 it 
can be seen that in CS, the chemical shift of H, 
remains invariant with temperature (as does the shift 
of the other hydrogens (Table S4)). The behaviour 
in other solvents is normal (23) and does not indicate 
a change from one conformer to the other. Consistent 
with results on other aromatic compounds (24), H, 
appear at higher field in toluene (6 6.50) where 
stronger n-n interactions occur than in more polar 
solvents such as DMSO (6 6.98), see Fig. 4. 

Since frequency separations observed from 13Cmr 
spectra are generally much larger than for 'Hmr, and 
the Gutowsky-Holm equation (25) which is fre- 
quently applied to cyclophanes (see for example refs. 
1-3, 22, 36) gives the rate of exchange at coales- 
cence as k' = ~ & 3 /  %/2, we hoped that a low tempera- 
ture 13Cmr spectrum of 1 might provide further 
information. Somewhat surprisingly the I3Cmr 
spectra of the simple dithia[3,3]metacyclophanes 
have not been reported; however, they are relatively 
easy to assign in comparison to that published (15) 
for 2 and measured4 for 5, and are shown below in 
Table 5. (Full data in other solvents are given3 in 
Table S5.) 

For [2,2](2,7)naphthalenophane 7, both the syn- 
and anti-conformers are known (27). By analogy, the 
chemical shift difference between the internal aryl 
carbons for syn- and anti-l is thus predicted to be of 
the order of 3 ppm (-45Hz). Unfortunately this 
shift is likely to be somewhat smaller than the cor- 
responding predicted proton shift of 1.5 ppm 
(- 135 Hz) and casts doubt on the ability of 13Cmr 
data for the ring carbons to provide any more 
information than 'Hmr. However, for 7, the dif- 
ference between the l3C shifts for the bridging 
methylenes is much larger than for the corresponding 
'H shifts. We have also verified this to be true in some 
of our previously (28) prepared thiacyclophanes 
which have internal methyl substituents and hence 
where both syn- and anti-conformers are known. In 
the event, the 13Cmr signal due to the bridging 
methylenes of 1 does collapse at ca. - 100°C in 
CD,Cl,. Unfortunately, however, we were not able 
to find a solvent in which 1 retained some solubility 
at lower temperatures, and hence could not determine 
whether a freezing out was occurring of either the 

4We thank Prof. Virgil Boekelheide for kindly supplying us 
with a sample of 5. 

FIG. 4. Chemical shift ( 6 ,  ppm) values for Hi of 1 at dif- 
ferent temperatures in various solvents. 

possible syn-1 F? anti-l process, or of the wobbling 
of bridges (shown below) (3, 17), or scissoring of the 
rings. 

S S S 

Clrenzical Reactions of l 
One of the reasons that 1 has been assumed to 

exist as syn + anti conformers is that on Wittig 
(or Stevens) rearrangement, 1 forms a 4: 1, anti:syn 
mixture of product isomers 8 (5). It is, in fact, not 

necessary that anti-8 has derived from anti-I, since it 
is documented (5) that pure syn3a on Wittig or 
Stevens rearrangement gives anti products. Since to 
our knowledge (see also ref. 20) syn-3a is not con- 
vertible to anti-3a, it is more likely that an inter- 
mediate (possibly open, see ref. 5) is isomerised 
during the course of the reaction. 
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TABLE 5. I3Crnr data for selected cyclophanes (ppm downfield from Me&) 

Compound Solvent A B C D E Ref. 

1 @i$):E CD,Cl, 132.1 137.7 38 .3  127.3 128.7 This work 

-c 

This work 

TABLE 6. 'Hmr data (6) for selected derivatives of 1 

Hi Ha, Ref. 

6 .73  (Hif: 6.95) This work, 30 

6.95 This work, 29 

5.95 This work, 29 
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Other Derivatives of 1 7. D. 5. WIT.SON, V. BOFKFTHEIDF. and R. W. GRIFFIN. JR. 

There are several derivatives of 1 in the literature J .  Am.  Chem. Sot. 82.6302(1960). 
8. C. J .  BROWN. J .  Chem. Soc. 3278 (1953); P. K. GANTZEL which by lHmr comparison to now a" be and K. N. TRUEBLOOD. Acta Crystallogr. 18,958 (1965). 

assigned as s~n-c~nformers .  These are presented in 9, R ,  H. MITCHELL and v, BOEKELHEIDE. J .  Am. Chem. so,. 
Table 6. 92.3510 ( 1970). 

There is one [2,2Jcyclophane, 9, which has re- 10. B. R. PENFOLD. University of Canterbury crystallographic 
programs. Christchurch, New Zealand. 

been assigned (31) to be the anti-conformer 1 1 .  D. T .  C R O ~ I E R  and J .  T .  WABER. International tables for 
shown. However, in its lHmr 'pectrum> Hi  appear X-ray crystallography. Vol. 1V. Kynoch Press. Birming- 
at 6 7.88 and Ha, at 6 7.01. Given that S-S (203 pm) ham. 1974. Table 2.2A. p. 72. 
and C-S (182 pm) bond lengths are longer than 12. D. T. C R O ~ ~ E R .  International tables for X-ray crystallog- 

C-C (154 pm), and the fact (32) that in 10, H~ is raphy. Vol. IV. Kynoch Press. Birmingham. 1974. Table 
2.3.1. p. 148. Only deshie'ded to 5.42 from Hi' at ' 4'413 it seems 13. B. R .  DAVIS and I. BERUAL. J .  Chem. Soc. R, 2307 (1971). 

to us most likely that aiso exists as the syn-con- 14. R ,  H, MITCHELL and V, BOEKELHEIDE. Tetrahedron Lett. 
former. 1197 (1970). 

15, T .  SATO and T. TAKEMURA. J .  Chem. Soc. Perkin Trans. 
11, 1195 (1976). 

16. W. S. LIWDSAY. P. STOKES, L.  G.  HUXIBER, and V. 
BOEKELHEIDE. J .  Am. Cheni. Soc. 83.943 (1961). 

1 7  V. BOEKELHEIDE and R. A HOLLIKE I. A m  Chem Sue. 
95. 3201 (1973). 

18. F .  VOGTLE. Ann. 735. 193 11970). 
9 10 19. V. BOEKELHEIDE and C. H. Tssr. J .  Org. Chem. 38, 3931 

Conclusions 
(1973). 

20. F. V ~ G T L E  and P. NEUMAUN. Tetrahedron, 26, 5299 

In the solid state 1 exists as the syn-conformer. In 
solution, l H m r  data indicate that I and a number of 21. F. VOGTLE, W. WIEDER, and H.  FORSTER. Tetrahedron 

Lett. 4361 (1974). 
its derivatives also exist as the syn-conformer, with 22. R ,  H ,  M ~ ~ ~ ~ ~ ~ ~ ,  ~ ~ ~ ~ ~ h ~ d ~ ~ ~  L ~ ~ ~ .  1363 (1975). 
no appreciable participation of anti-1 either at room 23. J .  R. HANSOZ. J .  Chem. Soc. 5036 (1962); A. A. BOTH- 
temperature, or on cooling to - 90°C. NER-BY and R. E.  GLICK. J .  Chem. Phys. 26. 1651 (1957). 

24. D. J .  BERTELLI and C.  GOLINO. J .  Org. Chem. 30, 368 
Acknowledgelnents (1965); D. H. WILLIAMS and D. A. WILSON. J .  Chem. Soc. 

B, 144(1966). 
We thank the University of Victoria and the 25, H. S. GUTOWSKY and C. H. HOLM. J .  Chem. ~ h y s .  25,1228 

Natural Sciences and Engineering Research Council (1956); 1. C.  CALDER and P. J .  GARRA.~T. J. Chem. Soc. B. 

of Canada for operating grants, Mrs. K. Beveridge 660(1967). 
26. 1.  GAULT, B. J .  PRICE, and I.  0. S U T H E R L A ~ D .  Chem. for technical assistance, and Mr. Blaine Hawkins for Commun, 540 (1967), 

the illustrative photography. 27. T. SATO, H. MAI-SUI, and R. K O ~ I A K I .  J .  Chem. Soc. 
Perkin Trans. I .  205 1 (1976). 
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Comment: 7a-Acetoxydihydronomilin and mexicanolide: limonoids from 
Xylocarpus gralzatum (Koenig) 

ANG S. NG 
Department of Chemistry, Natzyang Unicersity, Singapore 22 

AND 

ALEX G. FALLIS 
Department of Chetnistry, Menlorial Uni~.rrsit). of Ner+fiundland, St .  John's, N f l t f . ,  Cannda A l B  3x7 

Received September 7. 1979 

ANG S. NG and ALEX G. FALLIS. Can. J. Chem. 57,3088 (1979). 
A recent report by the present authors (Can. J. Chem. 56, 1020 (1978)) of the isolation of 

7a-acetoxydihydronomilin from the seeds of Uncaria gambia (Roxb.) contains a taxonomic 
error. The seeds were in fact from Xylocarpus granatum (Koenig). 

ANG S. NG et ALEX G. FALLIS. Can. J. Chem. 57,3088 (1979). 
Une erreur taxonomique s'est glissee dans notre recente publication concernant l'isolation 

de la 7cc-acCtoxydihydronomiline (Can. J. Chem. 56, 1020 (1978)). Le produit est extrait de 
semence de Xylocarpus granatum (Koenig) et non de semence de Uncaria gambia (Roxb.). 

[Traduit par le journal] 

In Malaysia extracts of at least two different plant 
species are used as tanning agents called Gambir. We 
recently reported (la,  see also ref. I b) the isolation and 
structure elucidation of 7u-acetoxydihydronomilin 
(1) from the seeds of one such species Uncaria 
gambia (Roxb.), a member of the Rubiaceae family.' 
This appeared to be the first example of a limonoid 
from Rubiaceae and as such, was unexpected as 
previously limonoids had only been found in the 
related families Rutaceae, Meliaceae, and Cneora- 
ceae. 

We wish to point out that the seeds we extracted 
were misidentified and are in fact from Xylocarpus 
granatum (Koenig), a mangrove of the Meliaceae 
family,' an assignment in keeping with their terpene 
content. In addition to 1 we have isolated (2) the 
known limonoid mexicanolide (2) (3) from these 
seeds. Earlier Okorie and Taylor (4) identified the 
structurally related compounds gedunin (3), xylo- 
carpin (4), and the corresponding A8 olefin from the 
petroleum ether extracts of Xylocarpus granatum 
(Koenig) seed. Subsequently, examination of unripe 
seed (originally reported (5) to be Xylocarpus 
molluscensis but established since (6) as Xylocarpus 

17cc-Acetoxydihydronomilin has also been isolated from 
Cneorum tricoccon (Linne). 

ZThe fruit of X. granatunz are large, round, and often referred 
to as "cannon balls." In our sample the largest was similar in 
size to a soccer ball. One or more tightly packed seeds are 
contained within this shell or husk. These seeds are easily 
crushed when fresh but harden and darken upon standing. 
The dry seeds have a wrinkled appearance and resemble dried 
prunes in size. 

granatum (Koenig)) afforded the bitter principle 
xylomollin as unusual monoterpenoid secoiridoid 
possessing hemiacetal and acetal functions. 

Acknowledgements 
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drawing this taxonomic error to our attention and for 
a fruitful exchange of correspondence. In addition 
the National Research Council of Canada is thanked 
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Neutral pyrazolyl-bridged nickel nitrosyl complexes. Synthesis, structure, and reactivity 

KENNETH S. CHONG. STEVEN J. RETTIG. ALAN STORR, A N D  JAMES TROTTER 
Depar-t~nenr of Che~?zistty, Uniuer-sity ofBritish Colunzbia, 2075 Wesbrook Moll, Voncolc~.er, B.C., Canadr~ V6T I W5 

Received June 28, 1979 

KENNETH S. CHONG, STEVEN J. RETTIG, ALAN STORR, and JAMES TROTTER. Can. J. Chem. 57, 
3090 (1979). 

A series of neutral pyrazolyl-bridged nickel nitrosyl complexes, [LNi(NO)], (where L = 
pyrazolyl, N2C3H3; 3,5-dimethylpyrazolyl, N,C5H7; or 3,5-di-tert-butylpyrazolyl, N2Cll- 
HI,), is described. The nickel atoms are susceptible to nucleophilic attack and the reactivity 
of the dimers with neutral donor ligands is reported. In addition to the dimeric molecules 
a novel trimetallic nickel compound [(ON)Ni(N2C5H7)2]2Ni has also been isolated. Crystals 
of [Ni(NO)(N,C5H7)], are monoclinic, a = 18.925(2), b = 11.012(1), c = 7.037(2) b;, 0 = 
100.93(1)", Z = 4, space group C2/c and crystals of [(ON)Ni(N2C5H7)2]2Ni are triclinic, 
a = 7.4041(7), b = 9.6331(7), c = 9.7595(8) b;, E = 85.698(9), B = 73.174(8), y = 76.109(8)', 
Z = 1, space group Pi. Both structures were solved by Patterson and Fourier syntheses and 
were refined by full-matrix least-squares procedures to R = 0.035 and 0.028 for 832 and 2128 
reflections with I >  341)  respectively. Nearly planar centrosymmetric molecules of [Ni- 
(NO)(N2C,H7)12 contain trigonal planar nickel atoms with Ni-N(pyrazoly1) = 1.880(3) 
and 1.922(3), Ni-NO = 1.616(4), and N-0 = 1.158(4) b;, Ni-N-0 = 178.9(4)". This 
structure also contains an unusually long N-N bond in the pyrazo!yl ring (1.463(4) b;). 
Centrosymmetric molecules of [(ON)Ni(N,C5H7),],Ni contain a central square-planar 
Ni(I1) atom bonded to four pyrazolyl nitrogen atoms (mean Ni-N = 1.905(1) A) and two 
trigonal planar outer nickel atoms coordinated to two pyrazolyl nitrogen atoms (mean Ni- 
N = 1.922(3) A) and to a somewhat bent nitrosyl group (Ni-N = 1.625(3), N-0 = 
1.153(4) A, Ni-N-0 = 168.9(3)'). 

KENNETH S. CHONG, STEVEN J. RETTIG, ALAN STORR et JAMES TROTTER. Can. J. Chem. 57, 
3090 (1979). 

On decrit une skrie de complexes neutres de nitrosyle nickel avec le nickel en position de 
pont par rapport au pyrazolyle [LNi(NO)], (ou L = pyrazolyle, NZC3H3; dimtthyl-3,5 
pyrazolyle, N2C5H7; ou di-tert-butyl-3,5 pyrazolyle, N2CI1H,,. Les atomes de nickel sont 
sensibles a une attaque nuclCophile et on rapporte la reactivitt des derives vis-a-vis les ligands 
donneurs neutres. En plus des moltcules dimeres, on a tgalement isole un nouveau compose de 
nickel trimetallique [(ON)Ni(N2C5H7)2]Ni. Les cristaux de [Ni(NO)(N2C5H,)], sont monocli- 
niques: a = 18.925(2), b = 11.012(1), c = 7.037(2) A, P = 100.93(1)", Z = 4,groupe d'espace 
C2/c et les cristauxde [(ON)Ni(N2C5H7),I2Ni sont tricliniques: a = 7.4041 (7), b = 9.6331(7), c 
= 9.7595(8) A, cc = 85.698(9), B = 73.174(8), y = 76.109(8)", Z = 1, groupe d'espace Pi. On a 
rtsolu les deux structures a l'aide de syntheses de Patterson et de Fourier et on les a affinees 
par la methode des moindres carres (matrice complete) jusqu'a des valeurs respectives de 
R = 0.035 et 0.028 pour 832 et 2128 rtflexions avec I L 30(1). Les molecules de [Ni(NO)- 
(N2C5H7)],, sensiblement planes et centrosymetriques, contiennent des ato~nes de nickel 
trigonaux plans avec des longueurs de liaisons: Ni-N(pyrazoly1e) = 1.880(3) et 1.922(3), 
Ni-NO = 1.616(4) et N-0 = 1.158(4) 8, et un angle Ni-N-0 = 178.9(4)'. Cette 
structure contient Cgalement une longue liaison N-N dans le cycle pyrazolyle (1.463(4) A). 
Les molecules centrosymetriques de [(ON)Ni(N,C,H7)2],Ni contiennent un nickel(I1) central 
quadratique lie aux 4 atomes d'azote du cycle pyrazolyle (i.e. Ni-N = 1.905(1) 8, et deux 
atomes de nickel(I1) a l'extirieur trigonaux-plans coordonnes a deux atomes d'azote du cycle 
pyrazolyle (i.e., Ni-N = 1.922(3) A et a un groupe nitrosyle legerement courbe Ni-N = 
1,625(3), N-0 = 1.153(4) A, Ni-N-0 = 168.9(3)"). 

[Traduit par le journal] 

Introduction 
In our continuing study of pyrazolyl-based ligands 

(1, 2) our attention has recently been focused on a 
series of pyrazolyl metal nitrosyl compounds con- 
taining bridging bidentate pyrazolyl moieties. The 
ligating properties of bridging pyrazolyl groups have 
been reviewed by Trofimenko (3) and recent reports 
reflecting the current interest in this type of bridging 

system have included novel q 5-cyclopentadienyl com- 
pounds of titanium (4, 5) and nickel (6), binuclear 
complexes involving palladium and platinum (7), and 
mono-, bi-, and trinuclear gold derivatives (8). The 
present paper describes the synthesis of a series of 
"16-electron" nickel nitrosyl complexes and details 
their selective acceptor properties towards electron 
donor molecules. X-ray crystal structures are de- 

0008-4042/79/233090-09$0 1 .00/0 
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CHONG ET AL..: 1 309 1 

scribed for a representative example of the bimetallic 
complexes prepared and also for the trimetallic 
compound isolated. 

Experimental 
Starting Materials 

Air-sensitive materials were handled in a glove box under an 
atmosphere of oxygen-free, dry nitrogen or in a nitrogen- 
blanketed apparatus. Tetrahydrofuran (THF) was dried by 
refluxing over sodium,'benzophenone and was used im- 
mediately following distillation. Bcnzene was dried by re- 
fluxing over molten potassium followed by distillation. 
Pyrazole and 3,5-dimethylpyrazole (K and K Laboratories) and 
sodium hydride (Alfa Inorganic) were used as supplied. 3,5- 
Di-tert-butylpyrazole was prepared by a standard route (9). 
The sodium salts of the three "pyrazole" compounds were 
prepared by reacting 1 : 1 mole ratios of sodium hydride and 
the appropriate pyrazole in T H F  solution. The solvent was 
removed and the salts washed with benzene and vacuum dried. 
Nickel nitrosyl iodide Ni(NO)I was prepared by the method of 
Haymore and Feltham (10). 

Preparation of [Nij NO) (N2C5H7) 1, and [(OlV)Ni(NZ- 
C5H7)~I2Ni  

Ni(NO)I (2.156 g; 10.0 mmol) and Na+N2C5H7- (1.18 g; 
10.0 mn~ol) were mixed together as T H F  solutions. The 
resulting blue solution' was stirred for I h and then the 
solvent was removed under vacuum. A green solid was isolated 
and this was soxhlet extracted with benzene solvent for 22 h. 
The resulting green solution, on cooling, deposited a green 
crystalline material, [(ON)Ni(N2C5H7)2]2Ni (0.05 g ;  3.2% 
yield), which was isolated by filtration andwashed with benzene. 
The filtrate and washings, on removal of solvent by slow 
evaporation, gave dark green needles of [Ni(NO)(N2C5H7)IZ 
(1.01 g ;  55%). 

The [Ni(NO)(N2C3H3)], and [(N2C11H1,)Ni(NO)12 
dimers were prepared by a similar route using the appropriate 
sodium "pyrazolide" salt and Ni(NO)I. The yields of these 
two dimers were 65% and 55% respectively. In these two 
reactions there was no evidence for the formation of the tri- 
metallic nickel derivatives analogous to the one described 
above. 

Preparation of [(N2C5 H7) NilNO) (PPh,) 12 

[Ni(NO)(N,C5H,)]2 (0.184 g ;  0.5 mmol) was dissolved in 
THF and solid PPh3 (0.262 g ;  1 mmol) added to the solution. 
The initial dark green color of the solution gradually changed 
to a dark blue color. After stirring the reaction mixture over- 
night the solvent was removed in cucuo. The resulting solid 
was extracted with benzene and the crude material obtained 
from the benzene solution was recrystallized from benzene/ 
THF to give very dark blue crystals of pure product (0.373 g; 
8 4 7 )  - . , " I .  

The AsPh, complex, [(N,C,H7)Ni(NO)(AsPh3)],, was pre- 
pared similarly and was isolated as blue-green crystals from 
benzene solvent in 87% yield. The corresponding compounds 
containing unsubstituted pyrazolyl bridging moieties, viz. 
I(N2C3H3)Ni(NO)(PPh,)12 and [(N2C3H3)Ni(N0)(AsPh3)l2, 
were prepared by analogous reactions and were isolated as 
purple-blue crystals (yield 47%) and dark blue crystals (yield 
527,) respectively. 

'The blue color at this stage is probably due to the iodide 
bridged anion [(BN)Ni(N2C5H7)2(I)Ni(N0)]- discussed in 
the following paper. 

Prepnration of [Ni(NO)iN2C5H7)],~Ph,PCH,CH2PPIz, 
[Ni(NO)(N2C5H7)I2 dimer (0.202 g; 0.55 mmol) was dis- 

solved in THF and diphos (0.220 g; 0.55 mmol) in the same 
solvent added to the solution. The dark green solution of the 
dimer immediately became dark blue. After stirring for about 
1 h the solvent was removed irt oacuo. The dark blue solid 
obtained was recrystallized from THFIbenzene to give the pure 
product, a blue crystalline material, in high yield. 

Reactions of [NilNO) (N,C5H7) 1, with Nitrogen Donor 
Species 

(a) N2C5H,, 3,5-Dimethylpyr~~zole 
The dimer (0.184 g; 0.50 mmol) reacted with 3,5-dimethyl- 

pyrazole (0.096 g; 1.00 mmol) in THF solution to give a blue 
solution which on work-up gave a blue crystalline solid 
(0.186 g; 67276). This solid product, [(N,C,H,)Ni(NO)(N,- 
C5H8)],, appeared indefinitely air-stable at room temperature 
and solutions, kept under a nitrogen atmosphere, remained 
blue. 

( b )  Pyridirze, py 
A solution (green color) of the dimer, [Ni(NO)(N,C5H7)I2, 

was treated with an excess of pyridine. The solution turned 
blue and on removal of solvent and excess ligand a blue solid 
was obtained. Attempted recrystallization by evaporation of 
benzene solution gave only the green dimer starting material. 
Even the crude blue solid out of THF slowly turned green, 
indicating ready loss of the pyridine ligand. Benzene ('H 
nmr) and cyclohexane (ir) solutions of the crude product 
changed color from blue to green on standing, even under an 
atmosphere of nitrogen. The ir spectrum of a Nujol mull 
sample of the "blue solid" showed the presence of coordinated 
pyridine with characteristic bands at  1600, 635, and 436 cm-' 
(1 1-13). The vho region showed two bands, a medium shoulder 
at  - 1800 cm-' and a strong main band at  1740 cm-'. The 
band at 1800 cm-' could well be due to the presence of free 
dimer in the sample caused by loss of pyridine before and 
during sample preparation. The 'H nmr in C6D6 showed one 
signal for the 3,5 Me groups attached to the pyrazolyl moieties 
but the presence of "free" dimer is again evident from an 
integration of the various signals. The ready loss of pyridine 
from the blue solid adduct hampered all attempts to obtain a 
reasonable analytical analysis for the compound. 

(c) Tvhnethylarnine, Me,N 
The [Ni(NO)(N,C5H7)], dimer in T H F  solution displayed a 

color change from green to blue on treatment with Me,N 
at low temperature (-- -78'C). At room temperature the 
solution turned green and on removal of solvents and volatiles 
the starting material was recovered. These observations in- 
dicate a possible weak coordination of the anline at  low 
temperature in solution. 

Attempted Reactiorzs of [NijNO) (NZC5H7) l2 with Other 
Donors 

Attempted coordination of carbon n~onoxide or diphenyl- 
acetylene to the dimer species did not lead to indicative color 
changes in T H F  solutions of the dimer. On removal of solvent 
and unreacted "ligands" the dimer was quantitatively re- 
covered in both experiments. 
Spectra 

Mass spectra were recorded on a Varian MAT CH4 mass 
spectrometer at 70eV with an  ion source temperature of 
100-180°C. Infrared spectra were recorded on a Perkin-Elmer 
457 spectrophotometer and l H  nmr spectra on a Varian XL- 
100 spectrometer. For complexes of low solubility 'H nmr 
spectra were obtained using F T  techniques. Analytical and 
spectral data appear in Table 1. 
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ON R+R 
TABLE 1. Analytical data for \Ni/N-N\N/NO complexes 

Compound Analysis* VNO (cm-') r (ppm) (C6D6 solution) 

R L C H N Cyclohexane Nujol R H4 L 

E l  23.4 2 .0  26.5 1817 1815 1 .34di  3.28tt  
23.1 1 . 9  27.0 

H PPh, 60.5 4 . 4  9 . 8  1807,1720 1718 1.88d.f 3.55tt  2.52m, 3.06m 
60.3 4 .3  10.0 

H AsPh, 54.0 3.9 9 .0  1816, 1772 1768 1 .45dt  3.26tt  2.63mt2.97m 
54.6 3 .9  9 . 1  

Me 32.9 3 .9  22.9 1800 1800 7.44s 3.59s 
32.7 3 . 8  22.9 

Me PPh, 61.9 5 .0  9 . 7  1804, 1758 1728 7.47s 3.46s 2.64m,2.96m 
61.9 5 . 0  9 .4  

Me AsPh, 56.4 4 . 5  8 . 3  1805, 1770 1762 7.44s 3.52s 2.61111, 2.93m 
56.4 4 .5  8 .6  

t-Bu 49.0 7 . 3  16.0 1788 1779 8.18s 3,48s 
49.3 7 . 2  15.7 

Me (1/2)diphos 56.7 4 . 9  10.7 i 1722 7.51s 3.34s 2.74m, 3.00m, 8.23m 
56.4 4 . 9  11.0 

Me N2CSH, 42.5 5 .3  24.7 1800, 1756 1755 7.88br 3.88br 4.15s, 7.20s, 7.74s 
42.9 5 . 4  25.0 

Me Pyridine 1805, 1770 1740 7.29s 3.41s 3.08br 
1800sh 

39.0 4.7 22.8 I 1809 Trimetallic I 

complex 39.0 4 .6  22.7 

*First rows, found values; second rows, calculated values. 
+.I z 2 Hz; d = doublet, s = singlet, t = triplet, rn = multiplet, br = broa 

X-ray Crystallographir Analyses 
Bisj p-3,5-dinlethylpyrazolyl(N,NN) )bis(nitrosylnicke[jl/ ) 
The crystal chosen was mounted in a general orientation 

and had dimensions of ca. 0.068 x 0.150 x 0.625 mm. Unit- 
cell parameters were refined by least squares on 2 sin O/h values 
for 48 reflections measured on a diffractometer with Mo K, 
radiation (h = 0.71073 A). Crystal data (at 22°C) are: 

C I O H I ~ N ~ N ~ Z Q ~  fw = 367.68 
Monoclinic, a = 18.925(2), b = 11.012(1), c = 7.037(2) A, 

= 100.93(1)', V = 1439.9(4) A3, Z = 4, p, = 1.696 g 
cm-,, F(000) = 752, p(Mo K,) = 25.4cm-I. Absent reflec- 
tions: hkl, h + k # 2n, h01, I # 2n. Space group C2/c (c&, 
No. 15) from structure analysis. 

Intensities were measured with graphite monochromatized 
Mo K, radiation on an Enraf-Nonius CAD4-F diffractometer. 
An w scan at 0.91-5.03" min-' over a range of (0.65 + 
0.35 tan 0) degrees in w (extended by 25% on both sides for 
background measurement) was employed. Data were measured 
to 20 = 55'. The intensities of 3 check reflections, measured 
every 3600 s throughout the data collection, remained constant 
to within +2.5%. After data reduction, an absorption cor- 
rection was applied using the Gaussian integration method 

d, sh = shoulder, i = insoluble 

(14, 15). Transr~iission factors ranged from 0.634 to 0.852. 
Of the 1632 independent reflections measured, 852 (52%) 
had intensities greater than 3o(I) above background where 
oZ(I) = S + 2B + (0.04(S - B))Z with S = scan count and 
B = background count. 

Analysis was initiated in the centrosymmetric space group 
C2/c on the basis of the E-statistics. The coordinates of the 
Ni atom were determined from the three-dimensional Pat- 
terson function and those of the other non-hydrogen atoms 
from a subsequent difference map. After full-matrix least- 
squares refinement of the non-hydrogen atoms with aniso- 
tropic thermal parameters to R = 0.046, a difference map gave 
positions for all seven hydrogen atoms which were included in 
subsequent cycles of refinement with isotropic thermal 
parameters. The scattering factors of ref. 16 were used for 
non-hydrogen atoms and those of ref. 17 for hydrogen atoms. 
Anomalous scattering factors from ref. 18 were used for the 
Ni atoms. The weighting scheme, w = l /02(F) where 02(F) is 
derived from the previously defined oZ(I) gave uniform aver- 
age values of w(jF, - Fc1)2 over ranges of IFoI and was 
employed in the final stages of refinement. Convergence was 
reached at R = 0.035 and 13, = 0.043 for 852 reflections with 
I 2 3o(I). For all 1632 reflections R = 0.095 and R,, = 0.052. 
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CHONG ET AL.:  1 3093 

On the final cycle of refinement the mean and maximum 
parameter shifts corresponded to 0.02 and 0.200, respectively. 
The mean error in an observation of unit weight was 1.1556. 
The final positional and thermal parameters appear in Tables 2 
and 32 respectively. Measured and calculated structure 
factors have been placed in the Depository of Unpublished 
Data.' 

Bis[bis(3,5-dirrrefhylgyrazoly[/nifrosylniccolate(I) (N',N') 1- 
rzickel(Z1) 

Details of the structure analysis are the same as for [Ni- 
(NO)(N,C,H,)], except where noted. Crystal dimensions were 
0.173 x 0.233 x 0.140 mm. Forty-nine reflections were used 
in the refinement of the unit-cell parameters. Crystal data 
are: 

CZOH28N10Ni30~ fw = 616.64 
Triclinic, a = 7.4041(7), b = 9.6331(7), c = 9.7595(8) A, 
a = 85.698(9), !3 = 73.174(8), y = 76.109(8)", V = 
646.8(1)A3, Z = 1, pc = 1.583 g ~ m - ~ ,  F(000) = 318, p(M2 
K,) = 21.9 cm-'. Absent reflections: none. Space group P1  
(Ci, No. 2) from structure analysis. 

An w-8 scan at 0.91-5.03 min-' over a range of (0.60 + 
0.35 tanOC) in o was employed. Of 2925 independent re- 
flections measured (to 20 = 55"), 2128 (73%) had intensities 
greater than 3o(I) above background. The intensities of the 
check reflections remained constant to within + 1%. An 
absorption correction was applied, transn~ission factors 
ranging from 0.580 to 0.750. 

The coordinates of the Ni atoms were determined from the 
three-dimensional Patterson fi~nction and those of the re- 
maining non-hydrogen atoms from a subsequent difference 
map. Refinement of the non-hydrogen atoms with anisotropic 
thermal parameters gave R = 0.038. All 14 hydrogen atoms 
were located from a difference map calculated at this point 
and were included in subsequent cycles of refinement with 
isotropic thermal parameters. Convergence was reached at 
R = 0.028 and R, = 0.036 for 2128 reflections with I 2 3o(I). 
For all 2925 reflections R = 0.051 and R, = 0.040. The mean 
and maximum parameter shifts on the final cycle of refinement 
corresponded to 0.13 and 1.670, respectively. The mean error 
in an observation of unit weight was 1.1405. Final difference 
maps for both structures were essentially featureless, showing 
maximum deviations of f 0.3 e k3. 

The thermal motions of both molecules have been analysed 
in terms of the rigid-body modes of translation, libration, 
and screw motion (19) using the computer program MGTLS. 
For both molecules (rms oUjj = 0.0025 and 0.0013 A2 
respectively) analysis of all non-hydrogen atoms except the 
nitrosyl oxygen atoms gave rms AUjj = 0.0059 and 0.0045 A2 
respectively and physically reasonable rigid-body parameters. 
For [(ON)Ni(N2CSH,)2]2Ni some independent motion was 
noted for the nitrosyl nitrogen and methyl carbon atoms. 
The appropriate bond distances have been corrected for 
libration (20), using shape parameters q2 of 0.08 for all 
atoms involved. Corrected bond lengths for both molecules 
appear along with the uncorrected values in Table 4. Cor- 
rected bond angles do not differ by more than l o  from the 
uncorrected values in Table 5. Torsion angles in the six- 
membered Ni2N4 chelate rings are given in Table 6. 

Results and Discussion 

In contrast to nickel nitrosyl iodide, an air-sensi- 

ZThe structure factor table and Table 3 (thermal param- 
eters) are available, at a nominal charge, from the Depository 
of Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Ont., Canada K I A  OS2. 

TABLE 2. Final positional parameters (fractional: 0 ,  
N, and C x lo4, Ni x lo5, H x lo3) with estimated 

standard deviations in parentheses 

Atom x Y z 

tive solid (lo), the green crystalline pyrazolyl 
bridged nickel nitrosyl dimers, the trimetallic nickel 
complex, and the majority of their adducts formed 
with neutral donor ligands, are all air-stable solids. 
However, solutions of both the parent compounds 
and their adducts are very air-sensitive and rapidly 
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TABLE 4. Bond lengths (A) with estimated standard deviations in parentheses 

(a) Non-hydrogen atoms* 

Length Length 

Bond Uncorr. Corr. Bond Uncorr. Corr. 

[Ni(NO)(N2C5H 7) l 2  
Ni -N(l) 1 .917(3) 1 .922 N(2)-C(3) 1.338(4) 1.340 
Ni -N(2)' 1.874(3) 1.880 C(l)-c(2) 1.368(6) 1.371 
Ni -N(3) 1.612(4) 1.616 c ( ]  )-c(4) 1 .497(7) 1 ,500 
0 -N(3) 1.157(4) 1.158 c(2)-c(3) 1.370(6) 1.376 
N(1) -N(2) 1 .457(4) 1 ,463 c(3)-c(5) 1.516(6) 1.521 
N u )  -'a) 1 .344(4) 1.348 

[(ON)Ni(N2C5H7)~I2Ni 
Ni(1)-N(1) 1 .904(2) 1 ,906 N(3)-C(4) 1.348(3) 1 ,348 
Ni(1)-N(3) 1 .902(2) 1 ,904 N(4)-C(6) 1.345(3) 1.345 
Ni(2)-N(2) 1.916(2) 1.919 C(l)-c(2) 1.399(3) 1.399 
Ni(2)-N(4) 1 .922(2) 1 ,924 ~ ( 1 ) - ~ ( 7 )  1.489(4) 1.491 
Ni(2)-N(5) 1.623(3) 1.625 C(2)-C(3) 1.369(4) 1.371 
0 -N(5) 1.153(4) 1.153 c(3)-c(8) 1.504(4) 1.505 
N(1) -N(2) 1.376(2) 1 ,378 c(4)-c(5) 1.385(3) 1.386 
N(3) -N(4) 1.379(2) 1.381 C(4)-c(9) 1 .490(4) 1 ,492 
N(1) -'a) 1.338(3) 1.339 c(5)-c(6) 1.382(4) 1.384 
N(2) -C(3) 1.353(3) 1.353 C(6)-C(10) 1 .494(4) 1 ,495 

*Here and elseshere primed atoms have coordinates related to those in Table 3 by inversion through the 
centre of symmetry at 112, 112, 112. 

(b) Bonds involving hydrogen atom5 

Compound Bond Length Mean 

lose their color on exposure to the atmosphere with 
concomitant loss of the v,, band in their ir spectra 
and deposition of a white solid. 

It is evident from the 'H nmr results (Table 1) 
that the dimeric compounds have either a planar 
central, Ni-(N-N),-Ni, six-membered ring, or 
this ring is in a boat conformation. Either arrange- 
ment would allow delocalization of six x-electrons 
in both pyrazolyl groups in the molecule. A planar 
Ni,N, arrangement has been established for the 
[Ni(NO)(N,C,H,)], dimer in the solid state through 
a crystal structure analysis (see below). 

Infrared Spectra 
The vN0 bands for the compounds studied are 

listed in Table I .  The parent dimers (cyclohexane and 
Nujol) and the trimetallic compound (Nujol) display 

inductive effect from the 3,5 substituents on the 
"pyrazolyl" moieties. 

The adducts display one v,, band in their Nujol 
mull spectra but two clearly resolved bands in their 
ir spectra in cyclohexane solution. This may in- 
dicate that the two ligands are occupying a cis ar- 
rangement in the complexes since a trans arrange- 
ment would be expected to give one v,, band in the 
ir (21, 22). In this case, the most likely arrangement 
for these adducts is one in which the central Ni,N, 
ring remains planar, with the two NO groups below 
this plane and the two donor molecules above this 
plane. Each Ni a ton  would then acquire pseudo- 
tetrahedral geometry. 

An alternate explanation is that the.adducts dis- 
sociate in solution and that the two bands in solution 
arise from the parent and the adduct. 

one vNo band in their spectra. With increasing steric 
Ni(NO)(N-Y)L Nl(NO)(N--N) 

crowding on the "pyrazolyl" fragment there is a 
significant shift in v,, values to lower wave numbers. [ ] * [ ad2 +IL 
This shift could result from increased back-bonding 
from the Ni atoms to the NO groups as a result of a In this case, the adducts would be expected to occupy 
charge build-up on the Ni atoms caused by an a trans arrangement (one v,, band due to the ad- 
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TABLE 5. Bond angles (deg) with estimated standard deviations in parentheses. Non- 
hydrogen atoms 

Bonds Angle (deg) Bonds Angle (deg) 

N(1) -Ni -N(2)' 
N(1) -Ni -N(3) 
N(2)'-Ni -N(3) 
Ni -N(1) -N(2) 
Ni -N(l) -C(l) 
N(2) -N(l) -C(l) 
Ni' -N(2) -N(I) 
Ni' -N(2) -C(3) 
N(1) -N(2) -C(3) 

TABLE 6. Intra-annular torsion angles (deg) six-membered 
chelate rings 

[Ni(NO)(N2C5H7)I2 [(ON)Ni(N2C5H7)~ lzNi 

Bond Angle Bond Angle 

Ni -N(l) 0.7(2) Ni(1)-N(1) - 64.0(1) 
N(1) -N(2) - 0.8(2) N(l) -N(2) 19.1(1) 
N(2) -Nif 0.7(2) N(2) -Ni(2) 32.3(1) 
Ni' -N(l)' - 0.7(2) Ni(2)-N(4) - 32.9(1) 
N(1)'-N(2)' 0.8(2) N(4) -N(3) - 18.1(1) 
N(2)'-Ni - 0.7(2) N(3) -Ni(l) 63.3(1) 

duct). The one exception is the diphos complex 
which is sterically forced to adopt a cis arrangement. 

' H  Nuclear Magnetic Resonance Spectra 
The spectra (Table 1) for the dimers are consistent 

with a planar Ni,N, ring for these complexes in 
C,D, solution. The bis-adduct compounds with 
PPh, and AsPh, gave simple spectra suggestive of 

very symmetrical structures in solution. A pseudo- 
tetrahedral arrangement about the nickel atoms 1 
rather than a square-planar one 2 is imperative since 
the latter arrangement, whether cis or trans, would 
lead to two signals for the 3,5 substituents on the 
pyrazolyl groups. On the other hand, a tetrahedral 
arrangement about the Ni atoms, as in 1, satis- 
factorily accounts for the observed spectra, whatever 
the arrangement of the NO and EPh, groups. Thus 
if the NO groups are cis (as suggested by the ir 
spectra in cyclohexane solution) the spectra could 
be explained if the central six-membered ring were 
planar or in a boat conformation which was either 
static or rapidly inverting on the nmr time scale. 
If the NO groups are trans then again the central 
Ni,N, ring may be planar or in a boat conformation 
but, if the latter, then a rapid inversion process on 
the nmr time scale is a premise necessary to explain 
the observed spectra. 

The 'H nmr spectrum of the diphos derivative 

RyfR (diphos = (P~~PCH,) , )  displays one signal for the 

ON, ,N-N,Ni,NO 
3,5 Me substituents on the pyrazolyl rings, consistent 

N1 
with a very symmetrical structure with a bridging 
diphos ligand between the two Ni atoms. 

'The 'H nmr spectrum of the [(N,C,H,)Ni(NO)- 
(N,C,H,)], adduct shows, as expected, one signal 

1 E =  PorAs 2 for the 3,5 Me substituents on the bridging pysa- 
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FIG. 1. Stereo view of the bis(p-3,5-dimethylpyrazolyl(N 
for the non-hydrogen atoms. Hydrogen atoms have been 2 

clarity. 

zolyl moieties and two separate signals for the 3,5 Me 
groups on the donor N2C,H, molecules. 

Mass Spectra 
The parent dimer complexes all showed strong 

parent-ion peaks in their mass spectra at about 20% 
the intensity of the strongest peak due to the parent 
ion minus two NO groups. The parent ion minus 
one NO group also gave a prominent signal (35%). 
The bis-adduct complexes did not display parent 
ion signals but, rather, gave spectra similar to the 
parent dimer molecules plus additional signals due 
to the ligands. Evidently the adducts are not suffi- 
ciently thermally stable to withstand the necessary 
probe temperatures employed (120°C). 

The trimetallic compound displayed in its mass 
spectrum strong signals due to the trimetallic parent 
ion, parent ion minus one NO group, and parent 
ion minus two NO groups (strongest signal). In 
addition a signal corresponding to the doubly 
charged parent ion minus two NO groups was ob- 
served. Noteworthy in this spectrum was the 
presence of weak signals due to ions from the 
[Ni(NO)(N,C5H7)12 dimer. The presence of this 
dimer must arise from a rearrangement process in 
the mass spectrometer as there is no evidence for 
the presence of this compound in the analytically 
pure trimetallic starting material. 

In all the mass spectra the relative intensities of 
the individual peaks in multi-line signals corre- 
sponded closely to those predicted on the basis of 
the natural isotope composition of elemental nickel. 

Crystal Structures of [Ni(NO) (N,C,H7) 1, and 
[(ON)Ni(N2~5H7)212Ni 

Both structures provide rare examples of three- 
coordinate nickel and are the first trigonally co- 
ordinated metal nitrosyl complexes to be structurally 
characterized. The nickel n-complexes Ni[(CH,),- 
CN=C=C(CN), 1 [(CH,),CNC], (23), Ni [P(C,H,- 

,N'))bis(nitrosylnickel(I)) molecule, 50% ellipsoids are shown 
issigned artificially small thermal parameters for the sake of 

CH,),],(C6H,N=NC6H5) (24), and Ni [P(C,H,- 
CH3)3]2(C6H5(H)C=CMC6H5)(25) have trigonal 
coordination if the n-donating ligand is considered 
as being monodentate. 

[Ni(No) (N2c5H7) I2 

The crystal structure of [Ni(NO)(N,C,H,)], con- 
sists of discrete centrosymmetric molecules (Fig. 1) 
separated by normal van der Waals distances. With 
the exception of the methyl hydrogen atoms, the 
molecule is planar within f0 .04A and has a 
Ni. . .Nil separation of 3.673(1) A. Both the central 
Ni2N, and pyrazolyl rings are slightly, but signi- 
ficantly, non-planar (x2 = 8.1 and 20.6, maximum 
deviations = 0.005(3) and 0.012(4) 8, respectively). 

The coordination geometry about the nickel is 
distorted trigonal planar with N-Ni-NO angles 
of 128.3(2) and 123.3(2)" and an N(1)-Ni-N(2)' 
angle of 108.4(1)". The Ni atom is displaced 
0.0061(6) A from the plane of its substituents. The 
two Ni-N(pyrazoly1) distances (1.922(3) and 
1.880(3) A) differ by loo. Such differences between 
chemically equivalent bond distances and angles have 
been noted in other electronically similar tetrahedral 
{NiNO)10 complexes (26-28). The nitrosyl group is 
linearly coordinated (Ni-N-0 = 178.9(4)") and 
the Ni-NO distance of 1.616(4) A is intermediate 
between the values of 1.581(12) A for the linearly 
coordinated nitrosyl in the tetrahedral cationic 
species Ni(NO)[P(OCH,),CCH,]+ (29) and values 
of 1.648(5) and 1.686(7) 8, for the bent nitrosyls in 
the tetrahedral complexes Ni(X)(NO)[P(C,H,),], 
where X = NCS- (26) and N,- (27). 

Another unusual feature of the structure of 
[Ni(NO)(N2C5H7)12 is the N(1)-N(2) bond length 
which, at 1.463(4) 8,, is considerably longer than the 
values of 1.33-1.39 8, usually observed for such 
bonds (refs. 1,30 and references therein). This may be 
due to the near planarity of the molecule which 
allows a pn-dn interaction between the pyrazolyl n 
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CHONG ET AL.:  I 

FIG. 2. Stereo view of the bis[bis(3,5-dimethylpyrazolyl)nitrosylniccoate(I)(N',N')]nicke(II) molecule, 50% ellipsoids 
are shown for the non-hydrogen atoms. Hydrogen atoms have been assigned artificially small thermal parameters for the 
sake of clarity. 

system and filled d orbitals on Ni. Back-donation into 
antibonding n * orbitals of the pyrazolyl system may 
be responsible for the observed lengthening of the 
N-N bond. Other bond lengths in the molecule are 
normal. 

[ (o~)~i(N,C,H,) , I ,Ni  
The crystal structure of [(ON)Ni(N,C,H,),],Ni 

consists of discrete centrosymmetric trinuclear 
molecules (Fig. 2) separated by normal van der 
Waals distances. Each molecule contains a central 
square-planar nickel(I1) coordinated to four pyra- 
zolyl nitrogen atoms, and two approximately tri- 
gonal planar outer nickel(1) centres coordinated by a 
nitrosyl group and two pyrazolyl nitrogen atoms. 
The distorted boat conformation observed for the 
Ni,N, chelate rings (see Table 6 for torsion angles) 
and the overall molecular shape is similar to that 
observed in the complexes [Me,Ga(N,C,H,),],M, 
where M = Ni (31) and Cu (32). Attempts to isolate 
[Me,Ga(N,C,H,),],Ni failed but a tetrahedral Cu 
derivative was isolated and its structure has been 
determined (32). The difference between [(ON)Ni- 
(N,C,H,),],Ni and the [Me,Ga(N,C,H,),],M 
complexes is the much less restrictive steric require- 
ment of the trigonally coordinated outer Ni atoms 
as compared to the tetrahedral "GaMe," groups of 
the earlier complexes. Thus a square-planar central 
atom is accommodated in the present structure, 
with the NO groups extending well away from the 
central nickel atom and the pyrazolyl methyl 
groups. Such an arrangement is evidently much less 
favorable with tetrahedrally coordinated outer atoms 
as interference with these methyl groups is inevitable. 

The central Ni(1) atom has nearly ideal square- 

planar coordination geometry with unique N-Ni- 
N angles of 89.70(8) and 90.30(8)". The mean 
Ni(1)-N distance of 1.905(1) A is similar to the 
value of 1.895(4) A in [Me,Ga(N,C,H,),],Ni (31). 
Trigonally coordinated Ni(2) is displaced 0.0355(3) A 
from the plane of its substituents (away from Ni(1)) 
and has N-Ni-NO angles of 13 1.1(1) and 131.7(1)" 
and an N(2)-Ni(2)-N(4) angle of 97.09(8)". The 
mean Ni(2)-N(pyrazo1yl) bond length of 1.922(3) A 
is the same as the longer of the two such bonds in 
[Ni(NO)(N,C,H,)],. The Ni(2)-NO distance of 
1.625(3) A is slightly, but not significantly, longer 
than the corresponding distance in [Ni(NO)(N,- 
C,H,)], and the nitrosyl grouping is bent (Ni- 
N-0 = 168.9(3)"). The large differences between 
chemically equivalent bond lengths and angles at 
the three-coordinate nickel noted for [Ni(NO)(N,- 
C5H7)12 are not found in [(ON)Ni(N,C,H,),],Ni. 
The transition from a nearly planar Ni,N, ring in 
[Ni(NO)(N,C,H,)], to the distorted boat con- 
formation in [(BN)Ni(N,C,H,),],Ni results in a 
closer approach of the Ni atoms (Ni(1). . .Ni(2) = 
3.3770(3) A) and a decrease in the intra-annular bond 
angle at the three-coordinate nickel (from 108.4(1) 
to 97.09(8)'). 

The pyrazolyl ring containing N(1) is planar within 
experimental error ( x 2  = 2.2) while the second such 
ring is slightly, but significantly, non-planar ( x 2  = 
18.6, maximum deviation = 0.007(3) A). The Ni 
atoms are significantly displaced from both pyra- 
zolyl mean planes (Ni(1) by 0.3 123(4) and - 0.2974(3), 
Ni(2) by - 0.2359(4) and 0.2258(3) A). The pyrazolyl 
N-N bonds (mean 1.380(2) A) are normal and 
the pyrazolyl planes make angles of 38" with the 
mean plane of the three-coordinate nickel atom, 
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effectively eliminating the possibility of d~ -+ p ~ -  
(pyrazolyl) back donation which may be responsible 
for the unusually long N-N bond in [Ni(NO)(N,- 
C S H ~ ) ] ~ .  
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KENNETH S. CHONG, STEVEN J. RETTIG, ALAN STORR, and JAMES TROTTER. Can. J. Chem. 
57.3099 (1979). 

A series of anionic pyrazolyl-bridged nickel nitrosyl complexes, MC[(ON)Ni(p-L2)(p- 
X)Ni(NO)]- (where L = pyrazolyl, N2C3H3, or 3,5-dimethylpyrazolyl, N2C5H7; X = C1, Br, 
I, or N2C5H7; and M = Na, (CH3),N, or (C,H5),N) is described. Crystallographic analyses 
have been carried out on two of these complexes. Crystals of [(C2Hs),N]+ [(ON)Ni(p-I)@- 
N,CsH7)2Ni(NO)]- are orthorhombic, a = 19.910(1), b = 14.0330(7), c = 9.3195(9)A, 
Z = 4, space group P112~a and crystals of [(C4Hg0)2Na][(ON)Ni(p-N2CSH7)3Ni(NO)] are 
orthorhombic, a = 19.897(2), b = 19.529(3), c = 15.894(2) A, Z = 8, space group Pbca. Both 
structures were solved by Patterson and Fourier syntheses and were refined by full-matrix 
least-squares procedures to R = 0.027 and 0.057 for 2572 and 2168 reflections with I 2 3o(I) 
respectively. The structure of [(C2H5),N]+ [(ON)N~(JI-I)(~-N~C~H~)~N~(NO)]- consists of 
discrete cations and binuclear anions which have approximate CZo symmetry. The nickel atoms 
have distorted tetrahedral coordination geometry. Important mean molecular dimensions 
(distances corrected for libration) are: Ni-I-Ni, 73.67(2)', Ni-I, 2.765(3), Ni-NO, 
1.649(5), Ni-N(pyrazolyl), 1.980(14) A, and Ni-N-0, 172.5(18)". The structure of 
[(C4H80)2Na][(ON)Ni(p-N2CSH,),Ni(NO)] consists of discrete ion-pair units in which the 
two NiNO moieties are bridged by three N2C5H, ligands, two of which are coordinated to the 
sodium ion via a novel q2(N,N) n-interaction (mean Na-N = 2.61(3) A). The sodium is also 
coordinated to two tetrahydrofuran oxygen atoms to give a distorted tetrahedral coordination 
geometry about the sodium (Na-0 = 2.301(6) and 2.266(5) A). Except for disordered tetra- 
hydrofuran carbon atoms, the molecular unit has approximate C,, symmetry. The nickel 
atoms have distorted tetrahedral coordination geometry, the mean distances being Ni-NO, 
1.591(6), Ni-N(pyrazolyl), 1.985(2) for the unique pyrazolyl group and 2.016(5) A for the 
pyrazolyl nitrogen atoms coordinated to Na. The mean Ni-N-0 angle is 176.9(11)". 

KEKKETH S. CHONG, STEVEN J. RETTIG, ALAN STORR et JAMES TROTTER. Can. J. Chem. 57, 
3099 (1979). 

On decrit une serie de complexes anioniques de nickel nitrosyle pyrazolyle avec le Ni en 
position de pont M+[(ON)Ni(p-L,)(p-X)Ni(NO)]- (ou L = pyrazolyle N2C3H3 ou 
dimethyl-3,5 pyrazolyle N2C5H7; X = Ci-, Br, I ou N2C5H7 et M = Na, (CH3),N ou 
(C2H5),N. On a fait des analyses cristallographiques de deux de ces complexes. Les cristaux 
de [(CZH5),N]+ [(ON)Ni(p-I)(p-N,CSH7)2Ni(NO)j- sont orthorhombiques: a = 19.910(1), 
b = 14.0330(7), c = 9.3195(9) A, Z = 4, groupe d'espace Pn2,a et les cristaux de [(C,H,O),- 
Na][(ON)Ni(p-N2C5H7)3Ni(N0)] sont orthorhombiques: a = 19.897(2), b = 19.529(3), 
c = 15.894(2) A, Z = 8, groupe d'espace Pbca. On a rksolu les deux structures a l'aide des 
syntheses de Patterson et de Fourier et on les a affinees par la methode des moindres carres 
(matrice complkte) jusqu'i des valeurs respectives de R = 0.027 et 0.057 pour 2572 et 2168 
reflexions avec 1 2 3ofI). La structure de [(C2H5),N]+ [(ON)Ni(p-I)(p-N2CSH7)2Ni(N0)]- 
consiste en des cations individuelles et des anions binucleaires qui ont une symttrie approxima- 
tive C,,. La geometrie de coordination des atomes de nickel est de type tetraedre deform&. Les 
principales dimensions molCculaires importantes (distances corriges pour la libration) sont: 
Ni-I-Ni, 73.67(2)", Ni-I, 2.765(3), Ni-NO, 1.649(5), Ni-N(pyrazoly1e) 1.980(14) A et 
Ni-N-0, 172.5(18)'. La structure de [(C,H,O),Na][(ON)Ni(p-N2C5H7),Ni(NO)] con- 
siste en des unites individuelles de paire d'ions dans lesquelles deux fragments NiNO sont 
en position de pont entre trois ligands (N2CSH7). Deux d'entre-eux sont coordonnes a l'ion 
sodium par l'intermediaire d'une nouvelle interaction n q2(N,N) (i.e. Na-N = 2.61(3) A). 
L'atome de sodium est egalement coordonne a deux atomes d'oxygene du tetrahydrofuranne 
pour donner un complexe de coordination de type tktraedre dtforme; au niveau du sodium 
(Na-0 = 2.301(6) et 2.266(5) A). A l'exception des atomes de carbone desordonnes du 
tetrahydrofuranne l'unite moleculaire a approximativement une symetrie C2,. Les atomes de 
nickel ont une coordination tttrakdrique deformee. Les distances principales sont : Ni-NO, 
1.591(6), Ni-N(pyrazolyle), 1.985(2) pour I'unique groupe pyrazolyle et 2.016(5) A pour 
les atomes d'azote coordonnes au sodium. L'angle principal Mi-N-0 est de 176.9(11)". 

[Traduit par le journal] 
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Inhoduction 
The preceding paper (1) detailed the synthesis of a 

series of pyrazolyl-bridged nickel nitrosyl dimers and 
their reactivity towardsvarious types of neutral donor 
ligands. This account describes the reactivity of these 
dimeric "16-electron7' nickel complexes towards a 
number of uninegative anions. ~ h e s e  anions act as 
bidentate four-electron bridging ligands and yield 
stable salts as products. Crystal structure determina- 
tions of two of these salts are presented, viz., 
I(CzHs),Nl+ [(ON)N~(~-I)(P-N,CSH,)ZN~(NO) I -  
and [(C,H,O),Na] [(ON)Ni(p-N,C,H,),Ni(NO)]. 
In the former structure the anion and cation are well- 
separated entities in the crystal lattice whereas in the 
latter structure the sodium ion is intimately attached 
to the anionic part of the salt. 

Experimental 
The preceding paper detailed the preparation of the 

pyrazotyl-bridged nickel nitrosyl dimers which were employed 
as starting materials in this study (1). Their reactivity towards 
anionic donor species is detailed below. 

Preparation of [(C2H5j4N]+ [(ON)Ni(p-I)- 
( K - N ~ C ~ H ~ )  2hTi(NO) 1- 

A THF solution of Na+N2C5H7- (0.236 g; 2.0 mmol) was 
added to a stirred THF solution of Ni(N0)I (0.431 g; 2.0 
mmol). Solid Et4NCI (0.165 g; 1.0 mmol) was added to the 
resulting blue solution and the mixture stirred for 24 h. The 
solution was filtered and the solvent removed in vacuo. 
Extraction with CH2C1,, filtration, followed by evaporation of 
solvent gave blue crystals of product. These were washed with 
methanol followed by ether. The yield of pure product was 
61%. Elemental analyses and other analytical data for all 
compounds prepared arc presented in Table 1. 

Preparation of Et4N+ [(ON) Ni(N2C5H7),(CI) Ni(NO)]- 
The dimer, [(N2C5H7)Ni(NO)IZ, (0.184 g; 0.5 mmol) was 

dissolved in THF and a methanol solution of Et4N+Cl- 
(0.083 g; 0.5 mmol) added. The green dimer solution im- 
mediately turned blue. Evaporation of the solvent gave blue 
crystals which were washed successively with methanol and 
ether. 

The analogous bromo compound was prepared similarly 
from the dimer and Et4N+Br-. The pyrazolyl N2C3H3 
bridged halogen derivatives were synthesized utilizing the 
[(N2C,H3)Ni(NO)l2 dimer as starting material. 

Preparation of Na+ [(ON) Ni(NZC5H7) ,Ni(NO) 1- 
A THF solution of Na+(N2C5H7)- (0.354 g; 3.00 mmol) 

was added to a stirred solution of Ni(N0)I (0.431 g; 2.0 mmol). 
Solvent was removed in vacuo and the oily residue extracted 
with benzene and filtered immediately. On evaporation of 
solvent from the resulting solution, lustrous blue crystals of the 
product formed. 

Spectra 
Infrared soectra were recorded on a Perkin-Elmer 457 

spectrometer and lH nmr spectra on a Varian XL-100 spec- 
trometer. For complexes of low solubility 'H nmr spectra were 
obtained using FT techniques. 

X-ray Crystallographic Analyses 
Tetraethylammoni~rm @-lodo-bisjh-3,5-dimethyIpyrazoIy1- 

(N,N')) bis(nitrosylniccolate(I)) 
The crystal chosen was mounted in a general orientation and 

had dimensions of ca. 0.20 x 0.66 x 0.43 mm. Unit-cell 
parameters were refined by least-squares on 2 sin 0/h values for 
46 reflections measured on a diffractometer with Mo K, 
radiation (h = 0.71073 A). Crystal data (at 22°C) are: 

C18H341N7Ni20z fw = 624.84 
Orthorhombic, a = 19.910(1), b = 14.0330(7), c = 9.3195(9) A, 
V = 2603.8(3) A3, Z = 4, pc = 1.594 g ~ m - ~ ,  F(000) = 1264, 
N(MO K,) = 25.2 cm-'. Absent reflections: Okl, k + 1 # 2n; 
hkO, h # 2n; and OkO, k # 2n. Space group Pn2,a (non- 
standard setting of Pna2,, c?,, NO. 33) from structure analysis. 

Intensities were measured with graphite monochromatized 
Mo K, radiation on an Enraf-Nonius CAD4-F diffrac- 
tometer. An w - 1.670 scan at 0.91-6.71' min-' over a range 
of (0.55 + 0.35 tan 0) degrees in w (extended by 25% on both 
sides for background measurement) was employed. Data were 
measured to 20 = 60". The intensities of 3 check reflections, 
measured every 3600 s throughout the data collection, re- 
mained constant to within + 3.5%. 

After data reduction, an absorption correction was applied 
using the Gaussian integration method (2, 3). Transmission 
factors ranged from 0.424 to 0.702. Of the 3923 independent 
reflections measured, 2472 (65%) had intensities greater than 
3o(I) above background where ~ ' ( 1 )  = S + 2 B  i; (0.04 
(S  - B))Z with S = scan count and B = background count. 

Systematic absences allow space groups Pnma or Pn2'a, 
analysis being initiated in the latter on the basis of the E- 
statistics. The positions of the three heavy atoms were deter- 
mined from the three-dimensional Patterson function and 
those of 0 ,  N, and C atoms from a subsequent difference map. 
After full-matrix least-squares refinement of the non-hydrogen 
atoms with anisotropic thermal parameters to R = 0.037, a 
difference map revealed the positions of 28 of the 34 hydrogen 
atoms. Ideal positions (C(sp2)-H = 0.95, C(sp3)-H = 0.98 
A) were calculated for all hydrogen atoms, which were assigned 
isotropic U values 1.1 greater than that of the atom to which 
they are bonded. Hydrogen atom parameters were kept fixed 
but their contributions were included in the structure factor 
calculations. The scattering factors of ref. 4 were used for non- 
hydrogen atoms and those of ref. 5 for hydrogen atoms. 
Anomalous scattering factors from ref. 6 were used for the I 
and Ni atoms. The weighting scheme, w = l /02(F) where 
oZ(F) is derived from the previously defined 02(I), gave uni- 
form average values of w(iFol - jF,l)' over ranges of Fol and 
was employed in the final stages of refinement. An isotropic 
Typc I extinction correction (Thornley-Nelmes definition of 
mosaic anisotropy with a Lorentzian distribution) was applied 
(7-9). The final value of q was 3.7(2) x lo4. Convergence was 
reached at R = 0.027 and R, = 0.033 for 2572 reflections with 
I 2 3o(I). For all 3923 reflections R = 0.061 and R, = 0.036. 

On the final cycle of refinement the mean and maximum 
parameter shifts corresponded to 0.09 and 0.640, respectively. 
The mean error in an observation of unit weight was 0.9374. A 
final difference map showed maximum fluctuations of + 1.5 e 
A-3 near I and f 0.20 e A-3 in regions away from the heavy 
atoms. The final positional and thermal parameters appear in 
Tables 2 and 3' respectively. Measured and calculated struc- 
ture factors have been placed in the Depository of Unpublished 
Data.' 

p-(3,5-Dimetj?ylpyrazolyl) -h- [bis(tetrahydrofu~an) bis- 
(qZ(N,N) -3,5-dimethylyyrazolyl) sodium(N,N,N',N')] bis- 
(nitrosylnickel(1)) 

Details of the structure determination are the same as 

'The structure factor table and Table 3 (thermal parameters) 
are available, at a nominal charge. from the Depository of 
Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Ont., Canada K I A  OS2. 
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CHONG ET AL : 2 

*First row, found values; second row, calculated values. 
t r  values refer to (acetone-@) = 7.89 ppm. 
$JHccH = 7 HZ. 
$J,c-~-~l? = 2 Hz. 
~ ~ J H C C H  = 2 HZ. 
72 THF of crystallization TTHF = 6.30111, 8.15 m ;  s = singlet; d = doublet 

TABLE 1. Analytical data for M+ 

for [(C2H5)4Nl+ [(ON)Ni(p-I)(p-N2C5H7)2Ni(NO)]- except 
where noted. Crystal dimensions were 0.4 x 0.4 x 0.5 mm. 
Twenty-five reflections were used in the refinement of the unit- 
cell parameters. Crystal data are: 

C23H37N8NaNiZ04 fw = 690.07 
Orthorhombic, u = 19.897(2), b = 19.529(3), c = 15.894(2) A, 
V = 6176.0(8) A3, Z = 8, pc = 1.484 g ~ m - ~ ,  F(000) = 2640, 
N(MO K,) = 12.7 cm- '. Absent reflections : Okl, k # 2n; h01, 
1 # 2n; and hkO, h # 2n define uniquely the space group Pbca 
(Df;, NO. 61). 

An o - 1.330 scan at 0.87-6.715min-' over a range of 
0.55 + 0.35 tan 0' in w was employed. Of 5442 independent 
reflections measured (to 20 = 5OC), 2168 (39.8%) had intensi- 
ties greater than 3o(I) above background. No absorption 
correction was made due to irregularity of the crystal surface 
but in view of the low value of p, no serious errors should 
arise. 

The coordinates of the nickel atoms were determined from 
the three-dimensional Patterson function and those of the 
remaining non-hydrogen atoms from a subsequent difference 
map. It  was apparent that conformational and orientational 
disorder of the T R F  carbon atoms was present. The occu- 
pancy factors for the disordered carbon atoms were initially 
estimated from the relative peak heights on a difference 
Fourier and evere later adjusted to give nearly equal isotropic 
U values. The disordered carbon atoms were refined with 
isotropic thermal parameters and the remaining non-hydrogen 
atoms with anisotropic thermal parameters. In view of the 
paucity of data, no attempt was made to locate hydrogen 

; t = triplet; q = quartet. 

Compound Analysis*  NO r(ppm) (acetone-d6 so1ution)t 
% (cm- ') 

M X R C H N Yield Nuiol M H4 R 

.AR 
PN\ 

ON-NI-X-NI-NO 

R'+'R 

H 
L 

atoms. Anomalcus scattering factors from ref. 6 were used for 
the Ni atoms. Convergence was reached at R = 0.057 and 
R, = 0.074 for 2168 reflections with 1 2  3o(I). For all 5442 
reflections R = 0.158 and R, = 0.084. The mean and maxi- 
mum parameter shifts on the final cycle of refinement corre- 
sponded to 0.22 and 2 . 2 ~  respectively and the mean error in an 
observation of unit weight was 1.6045. A final difference map 
showed maximum fluctuations of 10.50 e k3 in the vicinity 
of the Ni atoms and 10.33 e A-3 elsewhere. 

The thermal motion in both structures has been analysed in 
terms of the rigid-body modes of translation, libration, and 
screw motion (10) using the computer program MGTL.S. For 
[ ( C Z H ~ ) ~ N I +  [(ON)N~(P-I)(P-N~~~~~)~N~(NO)I- (rms cUi,  
= 0.0038 A2) analyses of the cation and of the anion less 
nitrosyl oxygen atoms (rms AUij = 0.0067 and 0.0042Az 
respectively) gave reasonable rigid-body parameters. For 
[(C4H80)2Na][(ON)Ni(~-N2C5H7)3Ni(NO)] (rms aUi ,  = 
0.0057 A2 for the ordered atoms) analysis of the entire ordered 
part of the molecule excluding nitrosyl oxygen and methyl 
carbon atoms gave rms AUij = 0.0146 A2 and physically 
reasonable results. The appropriate bond distances have been 
corrected for libration (1 l ) ,  using shape parameters qZ of 0.08 
for all atoms invo!ved. Corrected bond lengths appear in 
Table 4 along with the uncorrected values. Corrected bond 
angles are all within l o  of the uncorrected values in Table 5. 

complexes 

Resuits and Discussion 
The susceptibility of the nickel dirners towards 

nucleophilic attack is well illustrated by the ease of 
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TABLE 2. Final positional parametcrs (fractional; 0, N, and 
C x lo4, I and Ni x lo5, H x lo3) with estimated standard 

deviations in parentheses 

Atom x Y z  

[(C,H5),Nl+ [(ON)Ni(p-I)(p-N2C5H,)2Ni(NO)I- 

Equivalent positions: (x, y, z ;  112 - x, 112 + y, 112 + z ;  -x, 
112 + y, - z ;  112 + X, y, 112 - z )  

I 13453( 2) 45750 60589( 5) 
Ni(1) 12686( 3) 56490( 7) 35897( 9) 
Ni(2) 1 1929( 3) 64435( 6) 69258( 8) 
o(1) 1264( 3) 4693( 7) 995( 7) 
o(2) 1161( 4) 6934( 6) 9805( 7) 
N(1) 1290( 2) 5051( 4) 2066( 7) 
N(2) 1169( 3) 6659( 5) 8656( 6) 
N(3) 461( 2) 6341( 4) 4254( 5) 
N(4) 436( 2) 6692( 3) 5619( 6) 
N(5) 1944( 2) 6591( 3) 4278( 5) 
N(6) 1907( 2) 69 14( 3) 5665( 5) 
N(7) 1191( 2) 9549( 4) 2570( 5) 
c(1) - 113( 3) 6566( 4) 3587( 7) 
C(2) - 507( 3) 7068( 5) 4533( 9) 
c(3) - 149( 3) 7147( 4) 5795( 7) 
C(4) 248 1 ( 3) 6979( 5) 3663( 7) 
C(5) 2799( 3) 7567( 5) 4621( 7) 
C(6) 2432( 3) 7506( 4) 5875( 6) 
c(7) - 250( 3) 6260( 6) 2083( 8) 
C(8) -336( 3) 7623( 5) 7161( 8) 
(39) 2664( 3) 6744( 7) 2139( 9) 
c(10) 2525( 3) 8002( 6) 7272( 9) 
c(11) 1122( 4) 8863( 5) 3811( 9) 
C(12) 758( 4) 9219( 6) 5110( 9) 
C(13) 1642( 4) 9109( 6) 1439( 9) 
C(14) 1712( 4) 9683(10) 6% 8) 
c(15) 524( 3) 9824( 6) 1963( 8) 
C(16) 138( 4) 8981( 9) 1293( 9) 
~ ( 1 7 )  1512( 4) 10472( 5) 3098( 8) 
c(18) 2192( 4) 10317( 8) 3836( 9) 
H(2) - 95 73 1 436 
H(5) 319 794 446 
H(7a) - 67 656 175 
H(7b) 12 645 146 
H(7c) - 30 557 205 
H(8a) - 6 737 793 
H(8b) - 27 831 705 
H(8c) - 81 750 736 
H(9a) 227 645 166 
H(9b) 279 733 163 
H(9c) 304 630 213 
H(l0a) 246 754 805 
H(1Ob) 298 826 731 
H(1Oc) 220 851 735 
H(l la) 158 868 410 
H(l lb) 8 8 830 345 
H(12a) 102 973 556 
H(12b) 32 946 484 
H(12c) 7 1 869 580 
H(13a) 145 848 119 
H(13 b) 208 901 186 
H(14a) 213 950 - 42 
H(14b) 133 956 - 57 
H(14c) 173 1037 30 
H(15a) 60 1031 123 

Atom 

, , . . 

"Occupancy factors for C(16) through C(23c): 0.55, 0.45, 1.00, 0.35, 
0.19, 0.46, 0.55, 0.45, 0.58, 0.42, 0.78, 0.42,0.70, 0.39, 0.39. and 0.22 respec- 
tively. 
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CHONG ET A L . :  2 

TABLE 4. Bond lengths (A) with estimated standard deviations in parentheses 

(a)  Non-hydrogen atoms 

Length Length 

Bond Uncorr. Corr. Bond Uncorr. Corr. 

formation of anionic complexes with uninegative 
nucleophiles. In these reactions the formally " 16- 
electron" nickel atoms acquire an 18-electron con- 
figuration. However, as reported in the preceding 
paper (I) for neutral 18-electron complexes formed 
by reaction of the nickel dimers with suitable donor 
molecules, the present anionic complexes, although 
air-stable as solids, are susceptible to atmospheric 
attack when in solution. The blue color of the (ace- 
tone or methylene chloride) solutions is gradually 
discharged on exposure of the solutions to air, with 
concomitant loss of the v,, band in the ir spectrum, 
and deposition of a white solid. 

The order of stability of the anionic complexes with 
respect to displacement of one bridging moiety by 
another in the presence of R,N+ cations follows the 
sequence: 1 > Br > C1 > (W,C,N,). Thus if I- is 

available in the reaction mixture this ion displaces 
any of the others listed to become the third bridging 
group accompanying the two pyrazolyl moieties 
already present in the dinuclear anionic complex ion. 

Infrared Spectra 
Comparison of the v,, values (Table 1) for the I, 

Br, and C1 complexes shows a trend which is opposite 
to that predicted on simple electronegativity argu- 
ments. Thus, on electronegativity grounds the Cl 
compounds should display the highest v,, values 
since shift of electron density from the nickel atoms 
towards C1 should reduce the dn-n" back-bonding 
from Ni to the NO ligand. The reverse trend ob- 
served here has also been noted in related series of 
compounds (12, 13) and may be attributed to the 
greater n-acceptor ability of the heavier halogen 
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TABLE 5. Bond angles (deg) with estimated standard deviations in parentheses 
Non-hydrogen atoms 

Bonds Angle (deg) Bonds Angle (deg) 
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CHONG ET A L . :  2 

FIG. 1. Stereo view of the [(ON)Ni(p-I)(@-N2C,H,),Ni(NO)]- anion; 50% ellipsoids are shown for the non-hydrogen 
atoms. Hydrogen atoms have been omitted for the sake of clarity. 

ligands, an effect which evidently outweighs the and N(pz)-Ni-N(pz), 97.1(1)". The two Ni-I 
electronegativity effect. There is a noticeable decrease distances of 2.762(1) and 2.767(1) A are slightly but 
in thev,, values in going to the 3,5-dimethylpyrazolyl significantly different and the Ni-I-Ni angle is 
derivatives from the unsubstituted pyrazolyl com- 73.67(2)". The Ni---Ni separation is 3.307(1) A. The 
pounds, presumably caused by an inductive effect of four chemically equivalent Ni-N(pz) distances 
the methyl substituents in the former series of com- (1.964-1.997(4-5), mean 1.980(14) A) are signifi- 
plexes. cantlv different. Such differences between chemically 

' H  Nuclear Magnetic Resonance Spectra 
The 'H nmr spectra of the ionic complexes were 

recorded in acetone-d6 solutions. The spectra are 
entirely in accord with a symmetrically bridged 
bimetallic anion in solution. Thus the R substituents 
on the bridging "pyrazolyl" moieties give one sharp 
signal in the spectra (Table 1). The Et,N+ cations 
give characteristic multiplets with I4N coupling 
apparent in the CH,- triplet part of the spectrum 
but not in the -CH,- quartet signal. 

X-rajj Crjatallographic Analyses 
Tetraethylammonium p-lodo-bis(p-3,5-dimetkyl- 

yyrazolyl(N,N')) bis(nitrosylniccolate(I)) 
The crystal structure of [(C,H5),N]+ [(ON)- 

Ni(p-d)(p-N2C,H7)2Ni(NO)]- consists of discrete 
(C2H5),N+ cations and binuclear anions (Fig. 1) 
separated by normal van der Waals distances. The 
anion contains two NiNO moieties bridged by an 
iodide and two 3,5-dimethylpyrazolyl ligands and has 
approximate C,, symmetry. Deviations from ideal 
G,, symmetry, some of which are significant, are 
believed to arise primarily from packing forces. 

The Ni atoms have distorted tetrahedral coordina- 
tion geometry, mean2 angles at Ni (averaged 
assuming 67," symmetry) being: I-Ni-NO, 1 16.9(5), 
I-Ni-N(pz), 93.5(5), N(pz)-Ni-NO, 124.1(8), 

ZHere and elsewhere in this report mean values refer to 
weighted means with rms deviations from the mean in paren- 
theses. 

equi;alent bonds have been noted in the structures ;f 
several other {NiNO)1° complexes, with both tetra- 
hedral (14, 15 and references therein) and trigonal- 
planar (1) coordination at Ni. In view of the common 
observation of this phenomenon, the differences are 
almost certainly real but, apart from steric factors, no 
reasonable explanation for this can be given. The 
mean parameters of the nitrosyl coordination, 
Ni-N-O = 172.5(1 8)", Ni-N = 1.649(5) and N- 
O = 1.13(1) A, are near the middle of the observed 
ranges for these parameters in tetrahedral {NiNO)" 
complexes (14, 15). 

Both of the pyrazolyl rings are planar within 
experimental error (x2 = 3.4 and 2.0 for N2C3 rings 
containing N(3) and N(5) respectively) but the 
nickel and methyl carbon atoms are significantly 
displaced from both mean planes (N(3) plane: Ni(l), 
0.0347(9), Ni(2), -0.0711(8), C(7), -0.031(8), and 
C(S>, 0.016(7) A;  N(5) plane: Ni(l), -0.0706(8), 
Ni(2), - 0.0670(8), C(9), - 0.034(8), and C(10), 
0.034(8) A). Other bond lengths and angles are as 
expected. 

p-(3,5-Dimetkylpyrazolyl) - p- [bis(tetrahydrofuran)- 
bis(q (N9N)-3,5-dimethylpyrazolyl)sodium- 
JN,N9Nf,N') ]bis(nitrosylnickel(I)j 

The structure of [(C,H,O),Wa][(ON)Ni(p- 
N,C,H,),Ni(NO)] consists of discrete ion-pair 
molecular units (Fig. 2) separated by normal van der 
Waals distances. If the disordered THF carbon atoms 
are ignored, the molecule has approximate C2, 
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FIG. 2. Stereo view of the p-(3,5-dimethylpyrazolyl)p-[bis(tetrahydrofuran)bis(~(N,N)-3,5-dimethy1pyrazolyl)sodium- 
(N,N,Nf,N')]-bis(nitrosylnickel(1)) molecule; 50% ellipsoids are shown for the non-hydrogen atoms. 

symmetry. The two NiNO moieties are bridged by act with the Na (N(3) plane; C(10), 0.04(1), C(l I), 
three 3,5-dimethylpyrazolyl ligands, two of which are 0.08(1) ; N(5) plane; C(12), 0.040(9), C(13), 0.054(7) 
also coordinated to sodium via a novel q2(N,N) A). The deviations of Ni and methyl carbon atoms 
x-interaction (mean Na-N = 2.61(3), Na-X(1) = from the N(3) and N(5) rings are all away from the 
2.531, and Na-X(2) = 2.502 A, where X(l) and sodium. Other bond lengths and angles in this 
X(2) are the midpoints of the N(3)-N(4) and structure are as expected. 
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Reactions of Ni(NO)H with pyrazolyl gallate ligands: crystal and molecular structure of 
[Me2Ga(N2C5H7)(0CH2CM2NMe2)]Ni(No) 

KENNETH S. CHONG,  STEVEN J.  RETTIG, ALAN STORR, A N D  JAMES TROTTER 
Dep~lrtment of Chernist~y, University of British Columbia, 2075 Wesbrook Mall, Vancouver, B.C.,  Ca,zada V6T I W5 
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KENNETH S. CHONG, STEVEN J. RETTIG, ALAN STORR, and JAMES TROTTER. Can. J. Chem. 
57,3107 (1979). 

Ni(N0)I reacts readily with pyrazolyl gallate ligands Na+L- (where L = MeGa(N2- 
C3H3)3, MeGa(NZC5H7)3, and [MeZGa(NZC5H7)(OCHzCHzNMe2)]) to yield four-co- 
ordinate nickel nitrosyl complexes, LNi(N0). In addition, the compound [MezGa(N,- 
C5H7)(0CHZCH2NMe2)]Ni(N2C5H7)2Ni(NO) has been isolated from one reaction sequence. 
'H nmr data show [Me2Ga(N2C5H7)(0CH2CH2NMe2)]Ni(NO) to be stereochemically 
non-rigid at room temperature in solution. Crystals of [dimethyl(N,N-dimethylethanol- 
amino)(3,5-dimethylpyrazolyl)gallato(N(2),(3),O)]nitrosylnickel(I) are monoclinic, a = 
9.119(1), b = 13.900(2), c = 14.284(2) A, = 107.96(1)", Z = 4, space group P2,lc. The 
structure was solved by Patterson and Fourier syntheses and was refined by full-matrix least- 
squares procedures to R = 0.025 and R, = 0.032 for 1828 reflections with 12  341). The 
coordination about the nickel atom is severely distorted tetrahedral with angles at nickel 
ranging from 84.4(1) to 133.5(1)". The nitrosyl group is coordinated in a non-linear fashion 
with Ni-N-0 = 162.3(4)", Ni-N = 1.632(4) and N-0 = 1.147(4) A. Other important 
bond lengths (corrected for libration) are: Ni-0, 2.045(2), Ni-N(pyrazolyl), 1.989(3), 
Ni-N(amino), 2.071(3), Ga-0, 1.922(2), Ga-N, 1.998(3), and Ga-C, two at 1.971(6) A. 

KENNETH S. CHONG, STEVEN J. RETTIG, ALAN STORR et JAMES TROTTER. Can. J. Chem. 57, 
3107 (1979). 

Le Ni(N0)I reagit facilement avec les ligands du type gallate de pyrazolyle Na+L- (ou 
L = MeGa(NzC3H3)3, MeGa(N2C3H7)3 et [Me2Ga(N2C5H7)(0CHzCHzNMe2)]) pour 
donner quatre complexes nitrosylts du nickel tCtracoordonnCs LNi(N0). On a isole Cgalement 
le compose [MezGa(NzC5H7)(0CH2CH2NMe2)]Ni(NzC5H7)zNi(NO). Les donndes de la 
rmn du 'H montrent que [Me2Ga(N2C5H7)(OCHZCH2NMe2]Ni(NO) est sterCochimique- 
ment non rigide en solution. Les cristaux de [dimCthyl(N,N-dimethylCthanolamino)(dimtthyl- 
3,5 pyrazolyl)gallato(N(2),N(3),0) nitrosyle nickel sont monocliniques: a = 9.119(1), b = 
13.900(2), c = 14.284(2) A, B = 107.96(1)", Z = 4, groupe d'espace P21/c. On a r6solu la 
structure par les syntheses de Patterson et de Fourier et on l'a affinee par la mCthode des 
moindres carres (matrice complete) jusqu'a une valeur de R = 0.025 et R, = 0.032 pour 
1828 reflexions avec 1 2  3a(I). La coordination autour de l'atome de nickel est distordue 
grandement en un tetraedre avec des angles de 84.4(1) a 133.5(1)". Le groupe nitrosyle est 
coordonne de f a ~ o n  non lineaire avec Ni-N-0 = 162.3(4)", Ni-N = 1.632(4) et N-0 = 
1.147(4) A. D'autres longueurs importantes de liaison (corrigee pour libration) sont: Ni-0, 
2.045(2), Ni-N(pyrazolyl), 1.989(3), Ni-N(amino), 2.071(3), Ga-0, 1.922(2), Ga-N, 
1.998(3) et Ga-C, deux a 1.971(6) A. 

[Traduit par le journal] 

Inkoduction 
Numerous reports (1-4) have described the syn- 

thesis and coordination chemistry of bidentate 
anionic ligands of the type Me2Ga(N2C3H3),-. 
More recent publications have discussed the prep- 
arations and coordinating properties of the tri- 
dentate anionic ligands MeGa(N2C3H3),- (5 ,6)  and 
MeGa(N2C,H7)3- (7). The coordinating abilities of 
both the bidentate and tridentate ligands, and the 
properties of their various transition metal com- 
plexes, have been compared with similar boron 
species described earlier by Trofimenko (8). A 
significant divergence from the pyrazolyl borate 

type ligands came with the introduction of unsym- 
metrical tridentate anionic gallate ligands of the type 
[Me,Ga(N2C,H,)(OCH2CH2NMe2)]- (9). These 
ligands have, as yet, no counterparts in boron 
chemistry and display unique coordinating prop- 
erties, very much dependent on the substituents on 
the pyrazolyl ring and on the amino nitrogen of the 
ligand (10-12). The present account details our 
studies on the reactions of Ni(NO)I with the tri- 
dentate anionic pyrazolyl gallate ligands MeGa(N,- 
C,H,),-, MeGa(N,C,H,),-, and [Me2Ga(N,G,- 
H7)(OCH2CH2NMe2)]-. The solid state structure of 
[Me2Ga(N2C,M,)(BCH2CH2NMe2)]Ni(NO) is pre- 

0008-40421791233 104-06$01.00/0 
a1979 National Research Council of Canada/Conseil national de recherches du Canada 
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sented and contrasted with the structure of this com- 
pound suggested b ) ~  its room temperature 'H nmr 
spectrum in C,D, solution. 

Experimental 
Starting Materials 

Air-sensitive materials were handled in a glove box under an 
atmosphere of oxygen-free, dry nitrogen or in a nitrogen- 
blanketed apparatus. Tetrahydrofuran (THF) was dried by 
refluxing over sodium/benzophenone and was used im- 
mediately following distillation. Benzene was dried by re- 
fluxing over molten potassium followed by distillation. 
Ni(NO)I was prepared by the method of Haymore and 
Feltham (13) and the gallium ligands, Na+L-, were prepared 
as described earlier, L = MeGa(N2C3H,)3 (5), L = MeGa- 
(N2C5H7)3 (7), and L = [Me2Ga(N2C5H7)(OCH2CH2- 
NMe2)1 (9, 10). 

Preparurion of [Me2Ga(N2CSH7) (OCH2CN,NMez) 1- 
Ni(N0) 

Ni(NO)I (0.324 g; 1.5 mmol) was dissolved in THF and a 
T H F  solution of Na+ [Me2Ca(N2CSH7)(OCH2CM2NMe2)]- 
(1.63 mmol) was added. The reaction mixture was stirred 
overnight and the solvent then removed under vacuum. The 
dark blue residue was extracted with benzene and the mixture 
filtered. Slow evaporation of the filtrate gave dark blue crystals 
of the product (0.39 g; 70% yield). An alternate method of 
purification of this con~pound was vacuum sublimation at - 80°C. Anal. calcd. for [Me,Ga(N2CsH7)(OCH2CH2NMe2)]- 
Ni(NO):C35.5,H6.2,N15.l;found:C35.7,N 6.3,N14.8. 
vNO 1770 cm-' (cyclohexane), 1750 br (Nujol), 'H nmr 
(CGDs): r = 3.94s (4H-pz), 6.53t (CH2, J = 5 HZ), 7.17s 
(Me-pz), 7.78s (NMe2), 7.90s (Me-pz), 8.65t (CH,, J = 
5 Hz), 9.88s (GaMe2) (all r values refer to T ~ ~ w ~  = 2.84 ppm, 
pz = pyrazolyl). 

Preparation of [Me2Ga(N2C5H7) (OCH,CH2NMe2) 1- 
Ni(N2C5H7) 2Ni(NO) 

Ni(NO)I (0.324 g; 1.5 mmol) was dissolved in THF and a 
THF solution of the ligand Na+[Me2Ga(N2C5H7)(OCH2- 
CH2NMe2)]- (1.63 mmol) was added. The reaction mixture 
was stirred for about 10 min and then approx~mately 1 mL 
of water was added. The resultant mixture was heated to 
reflux and oxygen (air) was admitted periodically until a 
green tinge appeared in the blue solution. After cooling the 
mixture to room temperature the solvent was removed in 
oacuo. The blue green residue was extracted with benzene and 
filtered. After several recrystallizations from benzenelheptane 
mixtures, dark green air-sensitive crystals were isolated in 
about 20% yield. Anal. calcd. for [Me2Ga(N2CsH7)(OCH2- 
CH2NMe2)]Ni(W2C5H7)ZNi(NO): C 40.6, H 6.0, N 18.0; 
found: C 40.7, H 6.0, N 17.7. vN0 1790 cm-"Nujol). 

Preparation of MeGa(N,C,H,) ,Ni(M0/ 
Ni(NO)I (0.31 1 g; 1.44 mmol) was dissolved in THF and an 

aliquot of Na+MeGa(N2C,H7),- in THF (1.45 mmol) added 
with stirring. The mixture was stirred overnight and the 
solvent then removed in uacuo. The blue solid was recrystallized 
from benzene to give a well formed blue crystalline product 
(yield -60%). Anal. calcd. for MeGa(N2C,H7)3Ni(N0): C 
41.9, H 5.2, N 21.4; found: C 41.6, H 5.3, N 20.7. v,, 1785 
cm-I (cyclohexane), 1765 cm-I (Nujol), W nmr (CGD,) 
T = 4.09s (4H-pz), 7.43s (Me-pz), 8.14s (Me-pz), 9.97s 
(GaMe). 

Preparation of Me6a(N2C3H3) ,Ni(NO) 
A solution of Na+MeGa(N2C,M3), - (1.6 mrnol) in TMF 

was added dropwise to a stirred solution of Ni(NO)I (0.345 g; 
1.6 mmol) in THE at -78°C. After allowing the reaction 

mixture to warm slowly to room temperature, solvent was 
removed under vacuum. The solid remaining was extracted 
with benzene and filtered. Slow evaporation gave blue crystals 
together with a small amount of orange material. The blue 
product was separated by vacuum sublimation at 60°C 
(yield - 60%). Anal. calcd. for MeGa(N2CJHj)3Ni(NO): C 
32.1, H 3.2, N 26.29; found: C 32.4, H 3.3, N 23.2. vho 
1786cm-' (cyclohexane), 1815cm-I (Nujol), IH nmr 
(C6D6) T  = 1.43d ( J  = 2 HZ, ,H-pz), 2.90d ( J  = 2 HZ, 
5H-pz), 3.77t ( J  = 2 Hz, 4H-pz), 10.22s (GaMe). 

Mass Spectra 
The two compounds [MeGa(N,C,H,),]Ni(NO) and [Me- 

Ga(NZC5H7),]Ni(NO) gave very similar mass spectra. The 
strongest signal in each spectrum was due to the parent 
ion minus the nitrosyl group, P-NOt. All other signals in 
these two spectra were much weaker (10% or less of the in- 
tensity of the P - NO+ signal) but the P+ ion and ions due 
to loss of the methyl group, P - Me+, and other ions due 
to loss of "pyrazolyl" moieties were in evidence. 

The mass spectrum of the [Me2Ga(N2C5H7)(0CM2CHZ- 
NMeZ)]Ni(NO) complex displayed a weak parent ion signal 
but the strongest signals corresponded to the P - NO* 
and P - NO - Met ions, with the latter giving the slightly 
stronger signal. The trimetallic complex [Me2Ga(N,CsH7)- 
(OCH2CH2NMe2)]Ni(N2CsH7)2Ni(NO) again displayed a 
weak parent ion signal in its mass spectrum. The strongest 
signal was due to the P - NO - Mei ion with a further 
strong signal arising from the P - NO+ ion. 

In all four spectra the relative intensities of the individual 
peaks in multi-line signals corresponded closely to those pre- 
dicted on the basis of the natural isotope compositions of the 
contributing metal atoms. 

Spectra 
Infrared sloectra were recorded on a Perkin-Elmer 457 

spectrometer and 'H nrnr spectra on a Varian XL-100 spec- 
trometer utilizing FT techniques, Mass spectra were obtained 
on a Varian MAT CH4 spectrometer at 70 eV with an ion 
source temperature of 100-180°C. 

X-ray Crystallographic Analysis of [Me,Gn(N2 C5H7) - 
(OCH2CH2NMe,) INi(N0) 

The crystal chosen was mounted in a general orientation 
and had dimensions of ca. 0.12 x 0.29 x 0.39 mm. Unit-cell 
parameters were refined by least-squares on 2 sin 8/1, values 
for 43 reflections measured on a diffractometer with Mo M, 
radiation (h = 0.71073 A). Crystal data (at 22'C) are: 

C1 1HZ3GaN,Ni02 fw = 371.76 
Mon~clinic, a = 9.119(1), b = 13.900(2), c = 14.284(2) A, 

= 107.96(1)". V = 1722.3(4) A3, Z = 4 pc = 1.434 g cm-,, 
F(000) = 768, p(Mo K,) = 25.8 cm-'. Absent reflections: 
OkO, k i 2n and h01, I # 2n define uniquely the space group 
P21lc (C:,, NO. 14). 

Intensities were measured with graphite monochromatized 
Mo K, radiation on an Enraf-Nonius CAD4-F diffractometer. 
An 0-8  scan at 0.91-5.03" min-' over a range of (0.60 + 
0.35 tan 8) degrees in o (extended by 25% on both sides for 
background measurement) was employed. Data were measured 
to 20 = 50". The intensities of 3 check reflections, measured 
every 3600 s throughout the data collection, decreased linearly 
by 4% during the data collection. After data reduction, an 
absorption correction was applied using the Gaussian in- 
tegration method (14, 15). Transmission factors ranged from 
0.513 to 0.742. Of the 3001 independent reflections measured, 
1828 (60.9%) had intensities greater than 30(1) above back- 
ground where oZ(I) = S + 2B + (0.04(S - 5))' with S = 
scan count and B = background count. 
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CHONG ET AL.: 3 3109 

The positions of the G a  and Ni atoms were determined from 
the three-dimensional Patterson function and those of the 
remaining non-hydrogen atoms from a subsequent difference 
map. After full-matrix least-squares refinement of the non- 
hydrogen atoms with anisotropic thermal parameters to K = 
0.040, a difference map gave positions for all 23 hydrogen 
atoms. Hydrogen positions and isotropic thermal parameters 
were included in the final stages of the refinement. The 
scattering factors of ref. 16 were used for non-hydrogen 
atoms and those of ref. 17 for hydrogen atoms. Anomalous 
scattering factors from ref. 18 were used for the Ga and Ni 
atoms. The weighling scheme, w = l /oZ(F)  where 02(F) is 
derived from the previously defined oZ(I) gaxie uniform 
average values of w(F,I - IFci)Z over ranges of jF,i and was 
employed in the final stages of refinement. Convergence was 
reached at R = 0.025 and R ,  = 0.032 for 1828 reflections 
with 1 2  30(1). For all 3001 reflections R = 0.066 and 
R, = 0.039. 

On the final cycle of refinement the mean and maximum 
parzmeter shifts corresponded to 0.08 and 0.750 respectively. 
The mean error in an observation of unit weight was 0.991 1. 
A final difference map showed maximum fluctuations of ? 0.6 e 
k3 near Ga  and Ni and k 0 . 2  e A-3 elsewhere. The final 
positional and thermal parameters appear in Tables 1 and 2' 
respectively. Measured and calculated structure factors have 
been placed in the Depository of Unpublished Data.' 

The ellipsoids of thermal motion for the non-hydrogen 
atoms are shown in Fig. 1. The thermal motion has been 
analysed in terms of the rigid-body modes of translation, 
libration, and screw motion (19) using the computer program 
MGTLS. The rms standard error in the temperature factors 
oUij  (derived from the least-squares analysis) is 0.0030 A2. 
Two successful analyses were carried out, one rigid-group 
included all non-hydrogen atoms except the nitrosyl oxygen 
and the six methyl carbon atoms and the other was a five- 
atom group consisting of Ga  and the four atoms bonded to it 
(rms AU,, = 0.0064 and 0.0022 A2, respectively). The ap- 
propriate bond distances have been corrected for libration (20), 
using shape parameters qZ of 0.08 for all atoms involved. 
Corrected bond distances appear along with the uncorrected 
values in Table 3. Corrected bond angles are all within lo 
of the uncorrected values given in Table 4. Intra-annular tor- 
sion angles defining the conformations of the two five- 
membered chelate rings appear in Table 5. 

Results and Discussion 
The reactions of nickel nitrosyl iodide with 

sodium pyrazolide and substituted sodium pyrazolide 
salts have been reported recently (21). A series of 
green crystalline pyrazolyl-bridged, "116-electron", 
nickel nitrosyl dimers was produced which readily 
interacted with donor species to form blue crystalline 
adducts in which the nickel atoms attained an 18- 
electron configuration (21, 22). The present account 
is concerned with the synthesis of LNi(N0) species 
in which E is a tridentate chelating ligand (L = 
MeGa(N,C,H,),, MeGa(N,C,H,),, or [Me2Ga- 
(N2C,H7)(OCH2@H,NMe2)])~ In the first two com- 
plexes a pseudotetrahedral geometry is required as 

"he structure factor table and Table 2 (thermal param- 
eters) are available, at a nominal charge, from the Depository 
of Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Ont., Canada KIA OS2. 

TABLE 1. Final positional parameters (fractional; 0, N, and 
C x lo4, Ga  and Ni x lo5, H x lo3) with estimated standard 

deviations in parentheses 

Atom x Y z 

H(l0c) 934(9) 126(6) - 9(6) 
H(l la)  831(4) 253(2) - 51(3) 
H(l1 b) 622(7) 277(4) - lOl(4) 
H(l lc) 745(7) 218(4) - 153(5) 

the ligand L cannot occupy a planar set of coordina- 
tion sites. With L = [Me,Ga(N,C,W,)(OCH,~- 
NMe,)] there is the possibility of a square-planar 
arrangement of the four donor atoms about the 
nickel in LNi(N0). The solid state structure of this 
complex (see below) displays the nickel atom in a 
distorted tetrahedral environment, but the 'H nrnr 
spectrum, for the compound in C,D, at room 
temperature, suggests a square-planar geometry in 
solution. In this spectrum both the -NMe, and 
-GaMe, moieties display but one sharp signal for 
their two methyl groups. A tetrahedral structure for 
the LNi(N0) complex in solution would display 
two signals for each of the NMe, and -GaMe, 
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FIG. 1. Stereo view of the [dimethyl(N,N-dimethylethanolamino)(3,5-dimethylpyrazolyl)gallato(N(2),M(3),O)]nitro- 
syinickel(l) molecule, 50% ellipsoids are shown for the non-hydrogen atoms. 

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

(a)  Non-hydrogen atoms 

Length Length 

Bond Uncorr. Corr. Bond Uncorr. Corr. 

(b) Bonds involving hydrogen atoms 

Bond Length Mean 

groups. A square-planar arrangement, however, 
could satisfactorily explain the spectrum. A variable 
temperature 'H nmr spectrum in toluene-d8 dem- 
onstrated that the room temperature spectrum is due 
to  a rapidly fluxional species, in all probability 
giving an "average" square-planar environment 
about the Ni atom. In this experiment the sharp 
-GaMe2 signal was monitored. On cooling the 
solution the -GaMe, signal gradually broadened 
until at -70°C it became a broad hump and at 
-80°C (the lowest temperature attainable) the 
appearance of two signals, one to either side of the 
position sf  the original signal, was just discernable. 
Evidently at these Iower temperatures the tetrahedral 

conformation, observed in the solid state, is be- 
coming established in solution. It is noteworthy 
that of the two "-CH2-" "triplets9' the upfield 
one loses resolution first (0°C) and not until -40°C 
does the resolution in the corresponding low field 
-CH2- "triplet" start to collapse. At - 80°C both 
-CH2- "triplets" have broadened out to the 
point of disappearing into the background of the 
spectrum. 

In the presence of oxygen, solutions of all three of 
the Ni(1) complexes lose NO and form Ni(II) de- 
rivatives. In the case of the complex [Me,Ga(N,- 
C,H,)(OCH2CH2NMe2)]Ni(NO) it was found pos- 
sible to effect partial oxidation to give the novel 
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TABLE 4. Bond angles (deg) with estimated standard deviations in parentheses 

Non-hydrogen atoms 

Bonds Angle (deg) Bonds Angle (deg) 

TABLE 5.  Intra-annular torsion angles (deg) five-membered chelate rings 

Bond Observed angle Bond Observed angle 

trimetallic complex [Me2Ga(N2C,il,)(OCH2CH2- 
NMe2)]Ni(N2C,H,)2Ni(NO) which contains, for- 
mally, both a Ni(1) centre and a Ni(I1) centre. Full 
oxidation of this complex, however, leads to the 
five-coordinate Ni(I1) compound [Me2Ga(N2C,H7)- 
(OCH,CH,NMe2)]Ni[(N2C,H7),GaMe2], a com- 
pound which has been prepared by a more conven- 
tional route and structurally characterized (23). 

Of the two complexes MeGa(N,C,H,),Ni(NO) 
and MeGa(N,C,H,),Ni(NO), the former is the 
more readily prepared and is more stable to NO 
loss in solution. The latter complex readily loses NO 
in solution, and its preparation is hampered by the 
tendency to form [MeGa(N,C,H,),],Ni (5) and 
even [Me,Ga(N,C,H,),],Ni (4) in the reaction 
mixture. Both of these compounds are very stable 
to aerial oxidation and moisture (4, 5). The low 
temperature synthesis led to much improved yields 
of the desired [MeGa(N,C,H,),]Ni(NO) material. 
However, facile loss of NO from this compound in 
the analytical instrument resulted in a low analysis 
for nitrogen. 

The stability of the four complexes reported here 
should be compared with the stability of the anal- 

ogous (q5-C,H,)Ni(NO) complex reported some 
years ago (24, 25). This compound, reportedly highly 
toxic (26), is a dark red liquid, stable in the pure 
state and in solution and only slightly decomposed 
upon distillation. Electron diffraction studies show 
the Ni-N-0 grouping to be linear with a Ni-N 
distance of 1.58 A (27). The v,, value is 1833 cm-I 
(26). 

Crystal Structure of [Dimetlzyl(N,N-dimethyl- 
ethanolamino) (3,s-dimethylpyrazolyl)galIato- 
(N (2) ,N (3) , 0 )  ]nitrosylnickel(I) 

The crystal structure of [Me2Ga(N2C,M7)(0CH,- 
CH2NMe2)]Ni(NO) consists of discrete molecular 
units, each linked with one other molecule across 
the centres of symmetry at 112, 0, 0 and 112, 112, 112 
by C-H---O interactions (Q(1)---H(7a) (1 - x, - y,  
- z )  = 2.33(5), 0---C = 3.591(6) A, and 0---M- 
C = 171(3)") to form weakly associated dimers. 
All other intermolecular contacts correspond to 
normal van der Waals interactions. 

The molecule (Fig. 1) contains a system of three 
fused five-membered rings with the central GaONi- 
WN ring being roughly coplanar with the pyrazolyl 
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ring and perpendicular to the NiOCCN chelate ring. 
This arrangement of the tridentate gallate ligand 
is similar to that observed in the octahedral com- 
plexes ~~c-[M~,G~(N,C,H,)(OCH,CH~NH~)]~N~ 
(10) and [Me,Ga(N,C,H7)(OCH2CH2NH2)]Mo- 
(CO),(q3-C4H7) (12). The pyrazolyl ring is planar 
within experimental error ( x 2  = 5.9, maximum 
deviation = 0.006(4) A for N2C3) with the metal 
atoms significantly displaced from the N,C3 plane 
(Ga by 0.1354(4) and Ni by 0.1625(4) A). The two 
five-membered chelate rings have "envelope" con- 
formations in which one of the five atoms is dis- 
placed from the plane of the other four (O(1) and 
C(7) from the GaNiNN and NiOCN planes re- 
spectively, see torsion angles in Table 5). 

The gallium atom has distorted tetrahedral co- 
ordination geometry with angles ranging from 
93.2(1) to 124.7(3)". The bond distances and angles 
in the gallate ligand are in good agreement with 
those reported for similar structures (1, 3-7, 9, 10, 
12, 23). 

The coordination about the nickel atom is severely 
distorted tetrahedral with angles ranging from 
84.4(1)" for O(1)-Ni-N(3) to 133.5(1)" for O(1)- 
Ni-N(4). The nitrosyl group is coordinated in a 
non-linear fashion with Ni-N-0 = 162.3(4)", 
Ni-N = 1.632(4) and N-O = 1.147(4) A. Ene- 
mark et al. have recently discussed the geometries 
of a number of four-coordinate nickel nitrosyl com- 
pounds (28, 29) and have pointed out that as the 
stereochemistry of a {MNO)" complex changes 
from tetrahedral towards square-planar, the M- 
N-O angle decreases from 180" towards the square- 
planar limit of - 120" with a concomitant increase in 
the M-N distance. The observed {NiNO)1° 
geometry in the present complex is consistent with 
that observed for other four-coordinate {NiNO)1° 
structures which have Ni-N-0 = 180(0) -+ 

152.7(7)" and Ni-N = 1.581(12) + 1.686(7) A (refs. 
22, 28, 29 and references therein). The Ni-O(l), 
Ni-N(2), and Ni-N(3) bond lengths of 2.045(2), 
1.989(3), and 2.071(3) A may be compared to cor- 
responding values of 2.090(3), 2.085(3), and 
2.112(3) A in the octahedral Ni(1I) complex fac- 
[Me,Ga(N,C,H3)(OCH,CH2NH2)],Ni (10) which 
has a similar ligand geometry. The longer distances 
in the Ni(I1) complex probably result from con- 
siderably greater steric crowding in the octahedral 
complex. 
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Five-coordinate iron and manganese dinitrosyl complexes incorporating tridentate 
chelating dimethy~(N,N-dimethy1ethanolamino)(pyrazolyl)gal1ate ligands: crystal and 

molecular structure of [Me2Ga(N2 C5H7)(OCH2CH2NMe2)]Fe(N8)2 

KENNETH S. CHONG, STEVEN J.  RETTIG, ALAN STORR, A N D  JAMES TROTTER 
Department of Chemistry, University ofBritish Columbia, 2075 Wesbrook Mall, Vancoucer, B.C., Canada V6T I W5 
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KENNETH S. CHONG, STEVEN J. RETTIG, ALAN STORR, and JAMES TROTTER. Can. J. Chem. 
57,3113 (1979). 

Novel neutral monomeric five-coordinate manganese and iron dinitrosyl compounds in- 
corporating asymmetric tridentate anionic gallate ligands are described. The crystal structure 
of the formally "19-electron" iron complex [Me2Ga(N2C5H,)(OCH2CH2NMe2)]Fe(NO), 
has been determined. Crystals of [dimethyl(N,N-dimethylethanolamino)(3,5-dimethyl- 
pyrazolyl)gallato(N(2),N(3),0)]dinitrosyliron() are monoclinic, a = 7.3079(6), b = 14.274(1), 
c = 17.076(1) A, 0 = 91.709(4)", Z = 4, space group P2,lc. The structure was solved by 
Patterson and Fourier syntheses and was refined by full-matrix least-squares procedures to 
R = 0.034 and R,  = 0.046 for 2848 reflections with 12  3o(I). The crystal structure consists 
of discrete monomeric units. The coordination geometry about the iron atom is distorted 
trigonal-bipyramidal with the tridentate gallate ligand acting in a meridional fashion, occupying 
one equatorial and both axial positions. The two nitrosyl groups occupy the other two equatorial 
sites and both Fe-N-0 groupings are considerably bent toward one another in the equatorial 
plane. Important mean molecular dimensions (distances corrected for libration) are: Fe-0, 
2.037(3), Fe-N(pyrazolyl), 2.112(3), Fe-N(amino), 2.279(3), Fe-NO, 1.710(3), N-0, 
1.153(5), Ga-0, 1.916(3), Ga-N, 1.975(3), Ga-C, 1.972(6) A, and Fe-N-0, 158.6(7)". 

KENNETH S. CHOXG, STEVEN J. RETTIC, ALAN STORR et JAMES TROTTER. Can. J. Chem. 57, 
3113 (1979). 

On decrit un nouveau complexe monomere neutre du manganese pentacoordonne et des 
composCs du fer dinitrosylk incorporant des ligands anioniques tridentates asymitriques du 
type gallate. On a determine la structure cristalline du complexe de fer comportant formelle- 
ment "19 electrons" [Me2Ga(N2C5H,)(OCH2CH2NMe2)1Fe(N0)2. Les cristaux de 
dimethyle(N,N-dimCthylethanolamino)(dimCthy-3 pyrazolyl) gallato(N(2),N(3),0)dinitro- 
syle fer(1) sont monocliniques a = 7.3079(6), b = 14.274(1), c = 17.076(1) A, = 9!.709(4)", 
Z = 4, groupe d'espace P2,lc. On a resolu la structure a I'aide des syntheses de Patterson et 
de Fourier et on l'a affinie par la methode des moindres carrts (matrice complkte) jusqu'a 
des valeurs de R = 0.034 et R,, = 0.046 pour 2848 reflexions avec I z 3o(I). La structure 
cristalline consiste en unites monomeres individuelles. La geometric de coordination autour 
de I'atome de fer est de t jpe trigonal bipyrarnidal deforme avec le ligand gallate tridentate 
agissant de maniere meridionale, occupant une position equatoriale et les deux positions 
axiales. Les deux groupes nitrosyles occupent les deux autres positions Cquatoriales et les deux 
groupes Fe-N-C sont considtrablement courbes l'un vers l'autre dans le plan equatorial. 
Les principales dimensions molCculaires importantes (corriges pour la libration) sont: Fe-0, 
2.037(3), Fe-N(pyrazolyl), 2.112(3), Fe-N(amino), 2.279(3), Fe-NO, 1.710(3), N-0, 
1.153(5), Ga-0, 1.916(3), Ga-N, 1.975(3), Ga-C, 1.972(6) A et Fe-N-0, 158.6(7)". 

[Traduit par le journal] 

Introduskioia compounds LM(NO), (where M = Mn or Fe and 

Asymmetric tridentate gallate ligands incorporat- L = [Me2Ga(N2CsH,)(OCH,CH2NMe2)] or [Me2- 

ing pyrazolyl and ethanolamino moieties have been Ga(N2C,H3)(OCH2CH2NMe2)]) and details the 

the subject of recent (1-4). The ver- structural results for the iron complex [Me,- 

satility of these ligands, the stability of their com- Ga(N2C,H,)(OCH2CH2NMe,)]Fe(N0)2. 
plexes, and their ability to display unique coordina- 
tion geometries not possible with the related six- Experimental 
electron ligands q5-C ,H, - and RE(N2C,H3), - Starting Mateuials 
(where R = H or alkyl and E = B or G ~ )  has Air-sensitive materials were handled in a glove box under an  

atmosphere of oxygen-free dry nitrogen or in a nitrogen- prompted a further expansion of Our studies in this blanketed apparatus. Tetrahydrofuran (THF) was dried by 
area. The present account describes the synthesis refluxing over sodium/benzophenone and was used im- 
and characterization of a series of metal dinitrosyl mediately following distillation. Benzene was dried by re- 

0008-40421791233 1 13-06$01 .W/O 
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fluxing over molten potassium followed by distillation. 
Fe(NO),I was prepared by the method of Haymore and 
Feltham (5) and Mn[P(OMe)3]z(NO)zBr by the method of 
Reimann and Singleton (6). The gallium ligands Na+L-  
(where L = [MezGa(N2C3H3)(0CHzCH2NMe2)] or [Me2- 
Ga(N2C5H,)(OCHzCMzNMe2)]) were prepared as described 
earlier (1, 2). 

Prepcmtion of [Me,Ga(N2C,H7) (OCHz CEIzNMe2) 1- 
FelNO) 

Fe(NO)?I (0.22g; 0.91 mmol) was dissolved in T H F  
(20 mL) and Na+  [Me2Ga(N2C5H7)(0CHzCH2NMe2)]- 
(1.0 nmol) in THF (10 mL) added to the resulting solution. 
After stirring the mixture for 1 h the solvent was removed 
under vacuum. The solid residue was extracted with several 
portions of benzene. Following filtration the resulting benzene 
solution of the product was allowed to evaporate slowly. 
Shiny black crystals of the product were collected (0.29 g ;  
81%). Annl. calcd. for [MezGa(N2C5H7)(0CH2CHzNMe2)]- 
Fe(NO),: C 33.1, H 5.8,N 17.5; found: C 33.5, H6.0 ,  N 17.3. 
v,, 1750, 1673cm-' (cyclohexane), 1740br, 1668 b rcm-I  
(Nujol). 

The corresponding [MeZGa(N,C,H3)(OCHzCH2NMe2)l- 
Fe(NO)Z complex was prepared similarly (yield 56%). Anal. 
calcd.: C 2 9 . 2 , H  5.2, N 18.9; found: C29.1, H 5 . 1 , N  18.5. 
vNO 1750, 1671 cm-I (cyclohexane) 1724 br, 1630 br cm-' 
(Nujol). 

Prepa~ation of [Me2Ga(NzC,H7) (OCN,CHzN~VIe2) ]- 
Mn(Ai0) ,  

Mn[P(OMe)3]2(NO)ZBr (0.32 g; 0.72 mnlol) was dissolved 
in THF and solid AgPF, (0.20 g; 0.80 rnmol) added to the 
resulting solution. The original orange solution immediately 
turned yellow and a white solid formed. Na+[MeZGa- 
(N,C,H,)(OCH2CHzNMez)]- (0.78 mmol) in T H F  was 
added and the mixture stirred for 3 h. The dark green solution 
was filtered and the filtrate evaporated to give a green oil and 
orange solid. The mixture was washed with MeOH and filtered. 
The orange solid collected was recrystallized from THF/  
benzene to give dark red crystals of product (yield 0.093 g, 
32j7,). Anal, calcd. for [Me2Ga(N2C5H7)(0CH2CHzNEvfe2)l- 
Mn(NO)2: C 33.2, H 5.8, N 17.6; found: C 33.3, H 5.7, 
h' 17.4%. vN0 1709, 1643 cm- (cyclohexane), 1705 br, 
1648 br cm- ' (Nujol). 'H nmr (C6D6) z = 4.3 1 s (pz-H4), 
6.27 t (J = 6 Hz, -CH2-), 7.53 s (pz-Me), 7.92 s (pz-Me), 
8.16 t (J = 6 Hz, -CH,-), 8.20 s (NMe,), 9.94 s (GaMe,) 
(T values refer to = 2.84 ppm, pz = pyrazolyl). 

Mass Spectra 
The mass spectra of the three complexes were very similar 

and those of the [Me2Ga(NzC,H,)(OCHzCHzNMeZ)]- 
M(NO), (where M = Mn and Fe) compounds were es- 
sentially identical. The parent ion in each case was not ob- 
served, the highest mass signal arising from the P - Me+ 
ion (3%) (P = parent). The strongest signal corresponded to 
the P - 2NO+ ion (100%) with other strong signals arising 
from the P - NO+ (40%) and the doubly charged P - 
2 N 0  - MeZ+ ions (20%). The absence of parent ion signals 
in the mass spectra of organo-gallium complexes, particularly 
those containing the -GaMe, moiety, is well documented 
(7-10). 

Spectra 
Mass spectra were collected on a Varian MAT CH4 

spectrometer at 70eV with an ion source temperature of 
100-180°C. Infrared spectra were recorded on a Perkin- 
Elmer 457 spectrometer and 'H nmr spectra on a Varian 
XL-100 spectrometer using F T  techniques. 

X-ray Crystallograpkic Analysis of [Dimethyl(N,N-dimethyl- 
ethanulamino) (3,5-dit?~ethylpy,.nzolyl)gallnfo(N (2)  ,N (3) ,- 
0 )  ]dinitrosyliron(I) 

The crystal chosen was mounted in a general orientation 
and had dimensions of ca. 0.5 x 0.6 x 0.7 mm. Unit-cell 
parameters were refined by least-squares on 2 sin 8/h values 
for 25 reflections measured on a diffractometer with Mo K, 
radiation (h =- 0.71073 A). Crystal data (at 22°C) are: 

Cl1Hz,FeGaN5O3 fw = 398.91 
Monoclinic, (2 = 7.3079(6), b = 14.274(1), c = 17.076(1) A, 

= 91.709(4), V = 1780.4(2) A3, Z = 4, pc = 1.488 g ~ m - ~ ,  
F(000) = 820, ~ ( M o  K,) = 22.5 cm-'. Absent reflections: 
h01, 1 # 2n and OkO, k # 2n define uniquely the space group 
P2,/c (c:,, No. 14). 

Intensities were measured with graphite monochromatized 
Mo K, radiation on an Enraf-Nonius CAD4-F diffractometer. 
An w - 20 scan at 1.26-10.06" min-' over a range of (0.60 + 
0.35 tan 0) degrees in w (extended by 25% on both sides for 
background measurement) was employed. Data were measured 
to 28 = 55". The intensities of 3 check reflections, measured 
every 3600 s throughout the data collection, remained con- 
stant to withi11 i- 2%. 

After data reduction, an absorption correction was applied 
using the Gaussian integration method (11, 12). Transmission 
factors ranged from 0.331 to 0.408. Of the 4068 independent 
reflections measured, 2848 (70%) had intensities greater than 
3o(I) above background where oZ(I) = S + 2B + (0.04(S - 
B))? with S = scan count and B = background count. 

The positions of the gallium and iron atoms were deter- 
mined from the three-dimensional Patterson function and 
those of the remaining non-hydrogen atoms from subsequent 
difference maps. The "ethanolamine" carbon atoms were 
found to be twofold disordered; site occupancies were esti- 
mated from peak heights on a Fourier map to be 0.67 for "a" 
sites and 0.33 for "b" sites. Isotropic refinement of the 
disordered carbons with the occupancy factors fixed gave 
nearly equal thermal parameters for ail of the disordered 
carbon atoms, thus the site occupancies were kept fixed 
throughout the refinement. All of the ordered non-hydrogen 
atoms and the four predominant disordered carbon atoms 
were refined with anisotropic thermal parameters and the 
remaining four carbon atoms with isotropic thermal param- 
eters to R = 0.054. A difference map at  this point revealed 
positions for all of the ordered hydrogen atoms which were 
subsequently refined with isotropic thermal parameters. ideal 
positions were calculated for the disordered hydrogen atoms 
(C-H = 0.98 A, U = U, + 1.1) which were included as 
fixed atoms in the final stages of refinement. The scattering 
factors of ref. 13 were used for non-hydrogen atoms and those 
of ref. 14 for hydrogen atoms. Anomalous scattering factors 
from ref. 15 were used for the G a  and Fe atoms. The weighting 
scheme, w = 1/02(F) where oZ(F) is derived from the pre- 
viously defined 02(I) gave uniform average values of w(lF,I - 
Fcl)Z over ranges of IF,! and was employed in the final 
stages of refinement. An isotropic Type I extinction correction 
(Thornley-Nelmes definition of mosaic anisotropy with a 
Lorentzian distribution) was applied (16-18). The final value 
of g was 2.1(2) x lo4. Convergence was reached at R = 
0.034 and R, = 0.046 for 2848 reflections with I >  3o(I). 
For all 4068 reflections R = 0.061 and R ,  = 0.048. 

On the final cycle of refinement the mean and maximum 
parameter shifts corresponded to 0.24 and 3.90 (oscillating 
thermal parameter for H(1b)) respectively. The mean error in 
an  observation of unit weight was 1.5830. A final difference 
map showed maximum fluctuations of k0.87 e A-3 near the 
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CHONG ET AL.: 4 31 15 

heavy atoms and i 0 . 2 2  e k3 elsewhere. The final positional 
and thermal parameters appear in Tables 1 and 2' respectively. 
Measured and calculated structure factors have been placed in 
the Depository of Unpublished Data.' 

The ellipsoids of thermal motion for the non-hydrogen 
atoms are shown in Fig. 1. The thermal motion has been 
analysed in terms of the rigid-body modes of translation, 
libration, and screw motion (19) using the computer program 
MGTLS. The rms standard error in the temperature factors 
oUi j  (derived from the least-squares analysis) is 0.0034 A2. 
Three successful analyses were carried out, two five-atoms 
groups [Ga,O(l),N(l),C(l),C(2) and Fe,N(3),C(7a),C(lOa), 
C( l la) ]  and a 14-atom group consisting of all non-hydrogen 
atoms except nitrosyl oxygens, N(3) and Ga methyl carbons 
and Q(1) (which has anomalous thermal parameters as a 
result of the disorder) gave physically reasonable rigid-body 
parameters and AUij  values of 29, 13, and 57 x A2 
respectively. The appropriate bond distances have been cor- 
rected for libration (20), using shape parameters q2 of 0.08 
for all atoms involved. Corrected bond lengths appear along 
with the uncorrected values in Table 3. Corrected bond angles 
do not differ by more than l o  from the uncorrected values 
given in Table 4. Intra-annular torsion angles defining the 
conformations of the five-membered chelate rings are listed 
in Table 5. 

Results and Discussion 

The neutral monomeric five-coordinate dinitrosyl 
complexes LM(NO),, 1, (where M = Mn or Fe and 
L = [Me,Ga(N2C5H,)(OCH,CH2NMe2)]) are the 
first of their type to be reported. A distorted trigonal 
bipyramidal arrangement about the "19-electron" 
iron centre has been proven conclusively through the 
X-ray crystallographic ana!ysis of the LFe(NO), 
complex. A similar molecular structure is predicted 
for the manganese derivative, first from the similarity 
of its mass spectrum and ir spectrum to those of the 
iron complex, and secondly from its 'H nmr spec- 
trum. The 'H nmr spectrum (see Experimental 
section) of the manganese complex [Me2Ga(N2- 
C5H,)(OCH2CH2NMe,)]Mn(NO)2 displays one 
sharp signal for the -GaMe, moiety and one sharp 
signal for the -NMe, moiety. A trigonal-bipyrami- 
dal structure for the complex in solution with 
equatorial NO groups and a meridional gallate ligand 
(see 1). similar to t he  solid state structure of the , , 

analogous iron compound (see below), satisfactorily 
explains this spectrum. Attempts to obtain the 'H 

'The structure factor table and Table 2 (thermal parameters) 
are available, at  a nominal charge, from the Depository of 
Unpublished Data, CISTI, National Research Council of 
Canada, Ottawa, Ont., Canada KIA OS2. 

TABLE 1. Final positional parameters (fractional; 0 ,  N, and 
C x to4, G a  and Fe x los, H x lo3) with estimated standard 

deviations in parentheses 

Atom* x Y z 

G a  
Fe 
O(1) 
O(2) 
o(3) 
N(1) 
N(2) 
N(3) 
N(4) 
N(5) 
C(1) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6a)' 
C(7a)' 
C(8) 
C(9) 
C(l0a)' 
C(l la)' 
C(6b) " 
C(7b) " 
C(l0b)" 
C(l1 b) " 
H(la) 
H(lb) 
H(lc) 
H(2a) 
H(2b) 
H(2c) 
H(4) 
H(8a) 
H(8b) 
H(8c) 
W9a) 
H(9b) 
H(9c) 
H(6a)' 
H(6b)' 
H(6c) " 
H(6d) " 
H(7a)' 
H(7b)' 
H(7c) " 
H(7d) " 
H(l0a)' 
H(l0b)' 
H(1Ocj' 
H(1Od) " 
H(l0e) " 
H(1Of) " 
H(l la)' 
H(l1 b)' 
H(l lc)' 
H(1 Id) " 
H(l le) " 
H(l1f)" 

*Occupancy factor 0.67 for atoms with primes, occupancy factor 0.33 for 
atoms with double primes. 
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FIG. 1. Stereo view of the [dimethyl(N,N-dimethylethanolamino)(3,5-dinethylpyrazolyl)galato(r(2),N(3)O)]dinitro- 
syliron(1) molecule; 50% ellipsoids are shown for the non-hydrogen atoms. The predominant disordered carbon atoms are 
shown. 

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

(a) Won-hydrogen atoms 

Length Length 

Bond Uncorr. Corr. Bond Uncorr. Corr. 

nmr of the iron compounds were thwarted by their 
predicted paramagnetic character. 

It is interesting to compare analogous uninegative 
six-electron ligands in this area of chemistry. A very 
early attempt to prepare the analogous (q5-C,H,)- 
Mn(NO), compound by King (21) resulted in an 
associated material, of the correct empirical for- 
mulation, containing both bridging and terminal vNo 
bands in its ir spectrum. Various reasons were ad- 
vanced at that time to explain the absence of the 
monomeric species. The analogous (q5-C,H,)Fe- 
(NO), compound has not been reported. A dimeric 
complex [(q5-C,H5)Fe(NO)], has been described 
however in which an Fe=Fe double bond and 
bridging NO groups were postulated to link the 
monomer units (22). In the case where L = [RB(N,- 
C,H,),] (where R = H or alkyl) no compounds of 
the type LM(NO), (where M = Mn or Fe) have 
been reported and our attempts to prepare such 
complexes where E = [MeCa(W,C,H,),] have so 

Ear proven unsuccessful. The previously character- 
ized (23) [MeGa(N,C,H,),],Fe complex was iso- 
lated in attempts to prepare [MeGa(N,C,H,),]- 
Fe(NO), . 

A likely explanation for the above observations is 
the ability of the asymmetrical gallate ligands herein 
described to occupy a set of three meridional co- 
ordination sites about the transition metal atom, 
an arrangement which appears necessary to stabilize 
these monomeric species and which is impossible 
for the ligands q5-C,H, and [RE(N,C,H,),] (where 
E = B or Ga). This is further substantiated in the 
synthesis of two manganese dinitrosyl derivatives, 
[Mn(NO),(PPh,),Br] (24) and [Mn(NO),{P(OMe),- 
Ph),Cl] (25), where unidentate ligands are in- 
volved and in the latter compound the halogen 
atom and phosphine ligands have been shown to 
occupy meridional coordination sites in the tri- 
gonal-bipyramidal molecule, with the two nitrosyl 
groups equatorial (25-27). The general paucity of 
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CHONG ET AL.:  4 

TABLE 4. Bond angles (deg) with estimated standard deviations in parentheses 
Non-hydrogen atoms 

Bonds Angle (deg) Bonds Angle (deg) 

Oil)-Ga -N(1) 90.1(1) N(1) -N(2) -C(5) I07.2(3) 
O(1)-Ga -C(1) 109.5(3) Fe -N(3) -C(?a) 103.0(3) 
O(1)-Ga --C(2) 109.1(4) Fe -N(3) -C(7b) 108.4(8) 
N(1)-Ga -C(l) 111.0(2) Fe -N(3) -C(lOa) 109.1(4) 
N(1)-Ga -C(2) 110.2(3) Fe -N(3) C ( 1 0 b )  111.6(9) 
C(I)-Ga -C(2) 122.3(4) Fe -N(3) -C(lla) 114.2(4) 
O(1)-Fe -N(2) 83.5(1) Fe -N(3) -C(i lb) 111.7(8) 
Oil)-Fe -N(3) 76.3(1) C(7a)-N(3) -C(lOa) 109.1(6) 
O(1)-Fe N ( 4 )  130. i(2) C(7bj-N(3) -C(lOb) 104.2(12) 
O(l)-Fe -N(5) 121.3(2) C(7a)-N(3) -C(l la) 110.8(6) 
N(2)-Fe -N(3) 159.4(1) C(7b)-N(3) C ( l 1  b) 115.8(12) 
N(2)-Fe -N(4) 96.9(2) C(l0af-N(3)-C(I 1aj 110.3(7) 
N(2)-Fe -N(5) 98.3(2) C(l0b)-N(3)-C(I 1 bj 105.9(13) 
N(3)-Fe -N(4) 92.9(2) Fe -N(4) -0(2) 157.9(4) 
N(3)-Fe -N(5) 95.8(2) Fe -N(5) -0(3) 159.3(5) 
N(4)-Fe -N(5) 108.1(2) N(1) -C(3) -C(4) 108.6(3) 
Ga  -O(l)-Fe 123 .4(2) N(1) -C(3) -C(8) 121.0(4) 
Ga  -0(1)--C(6a) 116.5(4) C(4) -C(3) -C(8) 130.5(4) 
G a  -0(1)-C(6b) 11 1 .4(7) C(3) -C(4) -C(5) 105.8(4) 
Fe -O(l)-C(6a) 120.1(4) N(2) -C(5) -C(4) 109.9(4) 
Fe -0(1)-C(6b) 109.3(7) N(2) -C(5) -C(9) 122.1(4) 
Ga  -Nil)-N(2) 119.8(2) C(4) -C(5) -C(9) 127.9(4) 
Ga  -Nil)-C(3) 131.5(3) O(1) -C(6a)-C(7a) 109.4(5) 
N(2)-N(1)- C(3) 108.6(3) O(1) -C(6b)-C(7b) 114.4(14) 
Fe N(2)-N(1)  121.5(2) N(3) -C(7a)-C(6a) 110.1(6) 
Fe -N(2)-C(5) 131.4(3) N(3) - C(7b)-C(6b) 109.1(15) 

TABLE 5. Intra-annular torsion angles (deg) for five-membered chelate rings 

Observed angle 
Observed 

Bond angle Bond Conf. "a" Conf. "b" 

structural data on five-coordinate metal dinitrosyl 
derivatives is evident from the review by Enemark 
and Felthain (28) in which two such structures were 
discussed, both sauare-pyramidal cationic com- 
plexes with one linear and one bent nitrosyl group. 
The above Mn derivative (25-27) is the third such 
example of a five-coordinate metal dinitrosyl 
structure but the first where the molecular arrange- 
ment is that of a trigonal-bipyramid with equatorial 
nitrosyl groups and axial phosphine ligands. Ene- 
mark and Feltham in their review (28) predicted 
that the two NO groups in five-coordinate metal 
dinitrosyls should be cis (an arrangement found in 
all such structures to date) and also that a most 
favorable arrangement would be a trigonal- 
bipyramidal arrangement with equatorial NO groups. 

The crystal structure of [Me,Ga(N,C,H,)(OCH,- 
CH,NMe,)]Fe(NO), consists of discrete nlolecules 

separated by normal van der Waals distances. The 
molecule (Fig. 1) contains a system of three roughly 
coplanar fused five-membered rings. This arrange- 
ment is typical of meridionally coordinated ethanol- 
amino(pyrazoly1)gallate ligands such as those ob- 
served in the square-pyramidal copper complex 
( ~ - ~ 2 ~ 3 ~ 3 ) 2  ~Me2Ga(N2C3H3)(QCE.p2CH2NMe2~" 

Cu], (1) and in the octahedral nickel complex mer- 
[Me2Ga(N,C3H3)(OCH2CH2NM2)]2Ni in which 
the ethanolamine chelate ring was also found to be 
twofold disordered (2). The pyrazolyl group is 
planar within experimental error (X2 = 1.0 for 
N2C5) and both metal atoms deviate slightly but 
significantly from the W,C, plane (Cia by 0.0545(5) 
and Fe by 0.0127(6) A). The central GaOFeNN 
ring has an ""envelope" conformation in which O(1) 
is displaced from the approximate plane defined 
by the other four atoms. The Ga- - -Fe separation 
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is 3.4567(7) A. As a result of the disorder, there are 
two conformations for the FeOCCN chelate ring, 
both of which are puckered (see torsion angles in 
Table 5). In general the central chelate rings (Ga- 
OMNN where M = Ni, Cu, or Fe) are more 
nearly planar and the deviations of the metal atoms 
from the pyrazolyl mean planes smaller when this 
type of ligand is meridionally, rather than facially 
coordinated (1, 2, 4). 

The coordination geometry about the gallium 
atom is distorted tetrahedral with bond angles at 
gallium ranging from 90.1(1) to 122.3(4)". The overall 
geometry of the ligand is very similar tothat reported 
for related compounds (1, 2). 

The structure of [Me,Ga(N,C,H,)(OCH,CI-I,- 
NMe,)]Fe(NO), is only the second trigonal-bi- 
pyramidal metal dinitrosyl structure to be reported 
(as mentioned earlier) and is the first incorporating 
a uninegative tridentate chelating ligand. The 
oxygen and two nitrogen atoms of the [Me,Ga- 
(N,C,H,)(OCH,CM,NMe,)]- ligand occupy one 
equatorial and the two axial coordination sites re- 
spectively with the two nitrosyl groups occupying 
the two remaining equatorial positions. The tri- 
gonal-bipyramid is distorted as a result of steric 
requirements imposed by the gallate ligand. The iron 
atorn is displaced 0.0752(6) A (towards N(2)) from 
the plane of the equatorial substituents and the 
angle between the axial ligands is 159.4(1)". The 
equatorial Fe-0 distance is 2.037(3) A and axial 
Fe-N distances are 2.112(3) (pyrazolyl) and 
2.279(3) A (amino). The difference in the axial bond 
lengths is considerably greater than that expected 
on the basis of hybridization differences at nitrogen 
alone and is probably due to the greater steric 
hindrance imposed by the amino methyl groups 
which are nearly eclipsed with the two nitrosyl 
groups in either of the two disordered sites. 

The geometry of the C,, {Fe(N0)2)9 system is of 
great interest, being the first such system to be 
structurally characterized. The only con~parable 
structure is that of the ( M I I ( N ~ ) , ) ~  complex 
mentioned earlier in which both nitrosyl groups are 
bent (Mn-N-0 = 165") towards each other in the 
equatorial plane. The Mn-N distances are 1.633- 
1.665(10) A and the ON-Mn-NO angles are 
11 1.5-1 13.5(5)" (for two crystal forms, three crystal- 
lographically independent molecules). This arrange- 
ment for a C,, {M(N0)2)8 system was predicted by 
Enemark and Feltham (28). The present (M(N0)2)9 
system is similar but the extra electron induces some 
significant changes. The in-plane bending of the 
nitrosyl groups is more pronounced (mean Fe- 
N-0 = 15%.6(7)") and the angle between the 
nitrosyl groups decreases to 10%.1(2)O. The M-N 
distance increases to a mean Fe-N of 1.710(3) A, 

a sizeable increase considering that for isoelectronic 
and isostructural Mn and Fe species the M-NO 
distance is shorter for the iron analog (28). 

We thank the Natural Sciences and Engineering 
Research Council of Canada for financial support 
and the University of British Columbia Computing 
Centre for assistance. We are grateful to Mr. P. 
Borda for C, H, N analyses, Dr. S. Chan for nmr 
spectra, and Mr. J. Nip for mass spectra. 
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Synthesis and structure of 3,s-dimethylpyrazolyl iron and cobalt dinitrosyl dimers 
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KENNETH S. CHONG, STEVEN J. RETTIG, ALAN STORR, and JAMES TROTTER. Can. J. Chem. 
57,3119(1979). 

The synthesis and characterization of two 3,5-dimethylpyrazoly1 metal dinitrosyl dimers 
[(N2CSH7)M(N0)2]2 (where M = Fe or Co) are described and their X-ray crystal structures 
detailed. Both complexes crystallize in the monoclinic space group C2/c, a = 23.848(2), 
23.722(4), b = 10.7775(7), 10.6888(6), c = 14.764(1), 14.712(2) P\, j3 = 117.366(6), 117.094(7)", 
Z = 8 (for the iron and cobalt complexes respectively). The structure of the iron complex was 
solved by Patterson and Fourier syntheses. The cobalt con~plex is isomorphous with the iron 
analog. Both structures were refined by full-matrix least-squares procedures to R = 0.028 and 
0.035 for 4251 and 3336 reflections with 1 2  3c~(I) respectively. Both complexes adopt a boat 
conforniation for the central M-(N-N),-M ring and display significantly non-linear 
M-N-0 groups. The coordination geometry about the metal atoms is distorted tetrahedral. 
Important molecular dimensions (distances corrected for libration) are: mean Fe-N(pyra- 
zolyl), 2.009(5), mean Fe-NO, 1.696(2) A, Fe-N-0, 158.5(3)-168.2(2)", mean Co- 
N(pyrazolyl), 1.992(7), Co-NO, 1.646(3)-1.680(3) A, and Co--N-0, 161.6(3)-173.5(3)". The 
iron con~plex is paramagnetic with formally "17-electron" iron atoms. Both structures are 
compared with similar four-coordinate metal dinitrosyl compounds. 

KENNETH S. CHONG, STEVEN J. RETTIG, ALAN STORR et JAMES TROTTER. Can. J. Chem. 
57,3119 (1979). 

On dtcrit la synthese et la caracterisation de deux dimethyl-3,5 pyrazolyl metal dinitrosyle 
[(N2C,H7)M(N02)]2 dimkres ou M = Fe ou Co et on a detail16 leur structure cristalline. 
Pour les deux complexes les cristaux sont monocliniques, groupe d'espace C2/c, a = 23.848(2), 
23.722(4), b = 10.7775(7), 10.6888(6), c = 14.764(1), 14.712(2) i\, 8 = 117.366(6), 
117.094(7)", Z = 8 (pour les complexes de fer et de cobalt respectivement). La structure du 
complexe de fer est resolue par les syntheses de Patterson et de Fourier. Le complexe de 
cobalt et I'analogue de fer sont isomorphes. Les deux structures sont affinkes par la methode 
des moindres carrCs (matrice complete) jusqu'a des valeurs de R = 0.028 et 0.035 pour 4251 
et 3376 reflexions avec 1 2 3o(I) respectivement. Les deux complexes adoptent une con- 
formation bateau au niveau du cycle central M-(N-N),-M et montrent de f a ~ c n  significa- 
tive des groupes M-N-0 non linia~res. La geometric de coordination autour de l'atome de 
metal est deformee en un tetrakdre. Les dimensions moleculaires importantes (distances 
corrigees pour la libration) sont: Fe-N(pyrazo!yl), 2.009(5), moyen Fe-NO, 1.696(2) i\, 
Fe-N-0, 158.5(3)-168.2(2)", moyen Co-N(pyrazolyl), 1.992(7), Co-NO, 1.646(3)- 
1.680(3) A et Go-N-0, 161.6(3)-173.5(3)". Le complexe de fer est paramagnetique avec 
un atome de fer portant formellement "17 electrons". On compare les deux structures a celles 
de composes similaires tCtracoordonnes de metal dinitrosyle. 

[Traduit par le journal] 

Introdoctian of the M-N-0 groupings, and also to possible 

~h~ reactions of ~ . ( i ( ~ ~ j l  with sodium pyrazolide catalytic activity (6-11). The two structures reported 

and substituted pyrazo]ide salts have been here add further to the structural parameters already 

reported recently (1). p , ~ ~ ~ ~ l  '"pyrazo:yl= bridged available on four-coordinate metal dinitrosyls and 

dimers were produced and structurally characterized "'SO some unique features in the area Of 

and their reactivity towards electron-donor species binuclear 

examined (1,2). An extension of our investigations in Experimental 
this area has resulted in the formation of the dimeric Materials 

[(N2C5H7)M(N0)2 12 (where = Fe Or Air-sensitive materials were handled in a glove box under an 
Co) in which the transition metal atoms are bridged atmosphere of oxygen-free dry nitrogen or in a nitrogen- 
by 3,5-dimethylpyrazoly1 moieties and assume blanketed apparatus. Tetrahydrofuran (THF) was dried by 
pseudotetrahedral geometry. Considerable attention refiuxing over sodium/benzophenoneand was used immediately 

following distillation. Benzene was dried by refluxing over has been given to four-coordinate n~olten potassium followed by distillation. Fe(NO)21 and 
dinitrosy1 complexes (3-5) with particular interest Co(NOIII were oreoared by the method of Haymore and 
being attached to  the extent and direction of bending ~eltham-(12). sodium dimethylpyrazolide N ~ + N ~ C ~ H , -  was 

0008-40421791233 119-07$01 . 0 / 0  
@ 1979 National Research Council of CanadalConseil national de recherches du Canada 
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prepared from sodium hydride and 3,5-dimethylpyrazole in 
THF. 

Pvepnration of [(N2C5H,) Co(N0) 212 

Co(NO),I (0.492 g; 2.0 mn~ol) was dissolved in THF and a 
solution of NafN2C5H7- (0.2368; 2.0mmol) in the same 
solvent added. After stirring the mixture for 1 h the solvent was 
removed in uac~to. The solid residue was extracted with several 
portions of benzene and filtered. Evaporation of the benzene 
solution gave large black crystals which were washed sparingly 
with heptane (yield 0.2 g; 46%). Annl. calcd. for [(N2C5H,)- 
Co(NO),12: C 28.0, H 3.3, N 26.2; found: C 28.2, H 3.3, 

26.0. v,, 1822 br, 1750 br cm-' (cyclohexane). 'H nmr 
(C,Ds) r = 4.04 s (4H-pz), 8.00 s (pz-Me) (r values refer to 
rcgH6 = 2.84 ppm, pz = pyrazolyl). 

Preparntion of [(N2C5 H,) Fe(N0) 2]2 
This complex was prepared from Fe(NO),I and 

Na+N2C,H7- using a similar procedure to that described 
above for the analogous cobalt complex. Black crystals were 
again obtained but in this preparation the yield was about 75%. 
Annl. calcd. for [(N2C5H,)Fe(NO)2]2 : C 28.5, H 3.3, hr 26.5; 
found: C 28.5, H 3.3, N 25.8. vNo 1800, 1785, 1735, 1720 cm-' 
(cyclohexane); 1802, 1780, 1750, 1710 cm-' (Nujol). 

Spectra 
Mass spectra were collected on a Varian MAT CH4 spec- 

trometer at 70eV with an ion source temperature of 100- 
180'C. Selected mass spectral data for the two complexes are 
summarized in Table 1. Infrared spectra were recorded on a 
Perkin-Elmer 457 spectrometer and the 'H nmr spectrum on a 
Varian XL-100 spectrometer using FT  techniques. The 
magnetic susceptibility measurement was made on a Faraday 
magnetic balance. 

X-ray Crysfallogvaphic Analyses 
B ~ J  (p-3,5-dirnethylpyrazolyl) b i s ( d i n i t m & m o )  
The crystal chosen was mounted in a general orientation and 

had dimensions of ca. 0.56 x 0.70 x 0.65 mm. Unit-cell 
parameters were refined by least-squares on 2 sin O/h values for 
48 reflections measured on a diffractometer with Mo K, radia- 
tion (h = 0.71073 A). Crystal data (at 22°C) are: 

C I O H I ~ F ~ Z N ~ O ~  fw = 421.97 
Monoclinic, n = 23.848(2), b = 10.7775(7), c = 14.764(1) A, 
p = 117.366(6)-, V = 3369.9(5) A3, Z = 8, p, = 1.664 g cm-3, 
F(000) = 1712, p(Mo K,) = 16.8 cnl-I. Absent reflections: 
hkl, h + k # 2n and 1101, 1 # 2n. Space group C2/c (c&, 
No. 15) from structure analysis. 

Intensities were measured with graphite monochromatized 
Mo K, radiation on an Enraf-Nonius CAD4-F diffractometer. 
An 0 - 1.678 scan at 1.34-10.06" min-I over a range of 
(0.70 + 0.35 tan 8) degrees in w (extended by 25% on both 
sides for background measurement) was employed. Data were 
measured to 28 = 65". The intensities of 3 check reflections, 
measured every 3600 s throughout the data collection, re- 
mained constant to within f 3.0%. After data reduction, an 
absorption correction was applied using the Gaussian integra- 
tion method (13, 14). Transmission factors ranged from 0.365 
to 0.464. Of the 0057 independent reflections measured, 4251 
(70.22) had intensities greater than 3o(I) above background 
where 02(1) = S f 2B + (0.04(S - B))= with S = scan count 
and B = background count. 

Systematic absences allow space groups Cc or C2/c, analysis 
being initiated in the latter on the basis of the E-statistics and 

TABLL 1. Mass spectral data for [(N2C5H,)M(NO)2]2 

Assignment 

M z ( N z C ~ H ~ ) Z ( N O ) ~ +  
M Z ( N Z C ~ ; ~ ~ ) ~ ( N O ) ~  + 

M z ( N z C ~ M ~ ) Z ( N O ) ~  + 

Mz(NzCsH,)2(NO) + 

M z ( N ~ C S H ~ ) Z +  
M(NzCsH,)(No)z+ 
M(N~CSH~)(NQ)+  
M(NzCsH,)+ 
M2+ 

Intensity m/e Intensity 

422 i 2  
392 37 
362 18 
332 34 
302 100 
- 3 
181 6 
151 21 
112 11 

anisotropic thernlal parameters to R = 0.039, a difference map 
gave positions for all 14 hydrogen atoms which were included 
in all subsequent cycles of refinement with isotropic thermal 
parameters. 'The scattering factors of ref. 15 were used for non- 
hydrogen atoms and those of ref. 16 for hydrogen atoms. 
Anomalous scattering factors from ref. 17 were used for the Fe 
atoms. The weighting scheme, w = 1i02(F) where 02(F) is 
derived from the previously defined 02(1) gave uniform average 
values of ro(l F, - I F,1)2 over ranges of I F,l and was employed 
in the finaI stages of refinement. An isotropic Type T extinction 
correction (Thornley-Nelmes definition of mosaic anisotropy 
with a Eorentzian distribution) was applied (18-20). The final 
value or g was 1.1(1) x 10'. Convergence was reached at 
R = 0.028 and R ,  = 0.038 for 4251 reflections with 1 2 3o(I). 
For all 6057 reflections R = 0.051 and K,, = 0.042. 

On the final cycle of refinement the mean and maximum 
parameter shifts corresponded to 0.10 and 1.90 respectively. 
The mean error in an observation of unit weight was 1.1719. A 
final difference map showed maximum fluctuations of i 0.40 e 
A-3  near the metal atoms and k0.17 e k3 elsewhere. The 
final positional and thermal parameters appear in Tables 2 and 
3 respectively.' Measured and calculated structure factors have 
been placed in the Depository of Unpublished Data.' 

Bis(p-3,5-di~nethy~y~nsolyl)  his(dinitros.vlcobnlt(I)) 
Details of the structure analysis are the same as for 

[(N,C5H7)Fe(NO),], except where noted. Crystal dimensions 
were 0.21 x 0.52 x 0.58 mm and 25 reflections were used in 
the refinement of the unit-cell parameters. Crystal data are: 

C I O H I ~ C ~ ~ N ~ O ~  fw = 428.14 
Monoclinic, n = 23.722(4), b = 10.6888(6), c = 14.712(2) A, 
!3 = 117.094(7)', V =  3321.0(8)A3, Z = 8, p, = 1.713 
F(000) = 1728, p(Mo K,) = 19.4 cnl-l. Space group C2ic. 

An 0-20 scan at 1.06-6.71' min-' over a range of (0.65 + 
0.35 tan 8)" in w was employed. Of 5994 independent reflections 
measured (to 20 = 65"), 3376 (56.3%) had intensities greater 
than 3o(I) above background. An absorption correction was 
applied, transmission factors range from 0.365 to 0.684. 

The refinement was initiated using the coordinates of all 
non-hydrogen atoms taken from the isomorphous iron com- 
plex. Refinement with isotropic and then with anisotropic 
thermal parameters gave R = 0.041. The coordinates of all 14 
hydrogen atoms were taken from a difference map calculated at 
this point. Anomalous scattering factors from ref. 17 were used 
for the cobalt atoms. Convergence was reached at R = 0.035 
and R, = 0.043 for 3376 reflections with I >  3o(I). For all 

the number of molecules in the unit-cell. The positions of the 
iron atoms were determined from the three-dimensional 'The structure factor table and Table 3 (thermal parameters) 
Patterson function and those of the remaining non-hydrogen are available, at a nominal charge, from the Depository of 
atoms from a subsequent difference Fourier. After full-matrix Unpublished Data, CISTI, .National Research Council of 
least-squares refinement of all non-hydrogen atoms with Canada, Ottawa, Ont., Canada KIA 0S2. 
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CHONG ET AL.: 5 3121 

TABLE 2. Final positionai parameters (fractional x l o5 ,  H x lo3 )  
with estimated standard deviations in parentheses 

Atom x Y z 

TABLE 2 (Concluded) 

Atom x Y z 

5994 reflections R = 0.090 and R,  = 0.048. The mean and 
maximum parameter shifts on the final cycle of refinement 
corresponded to 0.13 and 1.40 respectively and the mean error 
in an observation of unit weight was 1.0536. A final difference 
map showed maximum fluctuations of + 0.65 e .k3 near the 
cobalt atoms and 10.25 e k3 elsewhere. The final value of 
the isotropic extinction parameter g was 0.34(11) x lo4. 

The thermal motion in both molecules has been analysed in 
terms of the rigid-body modes of translation, libration, and 
screw motion (21) using the computer program MGTLS. For 
both molecules (rms m u i j  = 0.0009 and 0.0014 A2 for the Fe 
and Co complexes respectively) analysis of all non-hydrogen 
atoms except nitrosyl oxygen atoms gave rms AU,j = 0.0036 A2 
(for both complexes) and physically reasonable results. The 
appropriate bond distances have been corrected for libration 
(22), using shape parameters q 2  of 0.08 for all atoms involved. 
Corrected bond lengths appear in Table 4 along with the un- 
corrected values and corrected bond angles are all within l a  of 
the uncorrected values given in Table 5. Intra-annular torsion 
angles defining the conformations of the central six-membered 
chelate rings are listed in Table 6. 

West~lts and Discussion 
The solid state structures of dinitrosyl iron iodide 

and dinitrosyl cobalt iodide have been reported (23). 
The former structure consists of diamagnetic dimeric 
molecules in which the two Fe(NO), moieties are 
linked by bridging iodine atoms and also by a long 
(3.05 A) Fe-Fe bond. The cobalt cornpound is 
polyineric with an infinite chain structure with a 
Co---Go non-bonded distance of 3.864 A. In both 
structures the metal atoms are in a pseudotetrahedral 
environment and both M-N-0 groupings are non- 
linear. A related dimeric iron complex [Fe(NO),- 
(SEt)], is also diamagnetic with an Fe-Fe single 
bond (2.72W) and bridging SEt groups linking the 
two Fe(NO), moieties (24). In this complex the 
Fe-N-0 groups are again non-linear. 

The present structilres offer a unique extension to 
the structural parameters presently available for four- 
coordinate metal dinitrosyl compounds, particularly 
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TABLE 4. Bond lengths (A) with estimated standard deviations 
in parentheses 

(a) Non-hydrogen atoms 
- 

Length 

M = Fe M = Co 

Bond Uncorr. Corr. Uncorr. Corr. 

(b) Bonds involving hydrogen atoms 

Bond Length Mean 

in the area of binuclear complexes. The dimeric iron 
complex [(N2C,H,)Fe(NO)2]2 contains, formally, 
17-electron Fe centres, and indeed our inability to 
obtain a proton nmr spectrum for this complex in 
solution attested to its paramagnetism. A field- 
independent p,,, value of 1.83 BM per iron atom at 
293 K (correction for ligand and metal diamagne- 
tism = 184 x cm3 mol-l) confirmed the ab- 
sence of any detectable iron-iron interaction in the 
solid state. An Fe-Fe bond in the complex, similar 
to that suggested for the [Fe(NO),I], and [Fe(NO),- 
(SEt)], dimers, would of course yield a closed-shell 
configuration about each iron atom. Evidelltly the 
distance between the two iron atoms (3.3359(3) A) in 
our complex is too large for such an interaction. It is, 
however, interesting to compare the isoelectronic 
complex [Fe(N,C,H,)(CO), 1, (25, 26). This com- 
pound is predicted to have an Fe-Fe single bond in 

TABLE 5. Bond angles (deg) with estimated standard deviations 
in parentheses 

Non-hydrogen atoms 

Angle (deg) 

addition to bridging "pyrazolyl" groups on the basis 
of its diamagnetism indicated by its proton nmr 
spectrum. No structural details have as yet been 
reported for this complex, however, and it is difficult 
to conceive a metal-metal distance close enough to 
give such a strong interaction. A planar Fe-(N- 
N),-Fe ring in this complex might lead to a super- 
exchange phenomenon involving an electron pair 
coupling of the iron centres via the bridging pyrazolyl 
moieties. 

The crystal structures of [(N2C,H7)M(NO),], 
(M = Fe and Co) are isomorphous and both consist 
of discrete binuclear molecules separated by normal 
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CHONG ET AL.:  5 

FIG. 1. Stereo view of the bis(p-3,5-dimethylpyrazolyl)bis(dinitrosyliron(I)) (top) and bis(p-3,5-dimethylpyrazoly1)- 
bis(dinitrosylcobalt(1)) (bottom) molecules, 50% ellipsoids are shown for the non-hydrogen atoms. 

van der Waals distances. Molecules of both com- 
plexes have approximate C,, symmetry (Fig. 1) but 
packing forces are probably the cause of some small 
but significant deviations from "ideal" geometry, 
particularly evident in the differences between corre- 
sponding bond angles at the two metal atoms. 

The central six-membered M-(N-N),-M rings 
in both structures have slightly distorted boat con- 
formations with similar torsion angles (Table 6), the 
mean magnitude of the torsion angles being 1.0" 
greater for the cobalt complex. In spite of the simi- 
larity of the torsion angles in the central rings, there 
are some im~or tan t  differences between the fused- 
ring systems in the two molecules. The cross-ring 
distances, N(5)---N(7) and N(6)---N(8), are signi- 

TABLE 6. Intra-annular torsion angles (deg) for 
central M-(N-N)2-M rings 

Angle (deg) 

Bond M = Fe M = Co 

ficantly different from one another in both molecules 
(the latter being shorter) and those in the iron com- 
plex (3.142(2) and 3.102(2) A) are considerably longer 
than those in the cobalt complex (2.920(3) and 
2.890(3) A). This is closely related to several other 
notable structural differences between the iron and 
cobalt complexes. The greater cross-ring distances in 
the iron analog allow for a closer approach of the 
metal atoms (Fe---Fe = 3.3359(3), Co---Co = 

3.4717(4) A) even though the M-N(pz) and N- 
N(pz) bond distances are shorter by an average of 
0.01 A in the cobalt complex. This may indicate some 
tendency towards an Fe-Fe interaction in the for- 
mally electron-deficient complex [(N,C,H,)Fe- 
(NO),],, whereas in [(N,C,H,)CO(NO),]~ the co- 
balt atoms acquire a closed-shell configuration with- 
out the necessity of a metal-metal bond. 

In the iron complex both pyrazolyl rings are planar 
within experimental error ( x 2  = 1.4 and 1.2 for N2C3 
rings containing N(5) and N(7) respectively) while 
those in the cobalt complex are both slightly, but 
significantly, non-planar (X2 = 8.4 and 10.7, maxi- 
mum deviations = 0.005(3) and 0.007(3) for the 
N(5) and N(7) rings respectively). The angles between 
normals to the pyrazolyl mean planes are 57.9(2) and 
54.1(2)" for the iron and cobalt structures respec- 
tively. The metal atoms are displaced by small but 
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significant distances from the pyrazolyl mean planes 
in both structures but these displacements in the 
cobalt complex are generally of greater magnitude 
and are ail in the opposite direction to those in the 
iron complex (Fe(l), - 0.0993(2), - 0.0881 (21, Fe(2), 
- 0.0030(3), - 0.0594(3), CO(L), 0.0850(3), 0.13 10(4), 
Co(2), 0.0994(3), 0.0975(4) A from the N(5) and N(7) 
pyrazolyl mean planes respectiveiy). The methyl 
carbon atoms are in general slightly but significantly 
displaced from the pyrazolyl mean planes as well, and 
since these deviations result from intermolecular 
steric forces, both the directions and magnitudes of 
the displacements are essentially the same in both 
structures (C(7), - 0.018(3), - 0.005(4), C(8), 
-0.019(3), -0.018(4), C(9), 0.048(3), 0.061(4), and 
C(lO), 0.051(2), 0.063(3) A from the appropriate 
N2C3 plane for the iron and cobalt complexes respec- 
tively). The geometry of the pyrazolyl groups is as 
expected with excellent agreement between inde- 
pendent but chemically equivalent parameters. 

The boat conformation adopted by the central 
M-(N-N),-M ring in both structures forces the 
pseudo-axial NO groups close together such that in 
both complexes the N(2)---N(4) distances are much 
shorter than the M---M distances and correspond to 
van der I'v'aals contacts. The N(2)---N(4) distances in 
the two complexes are equal within experimental error 
(2.984(2) and 2.990(3) in the iron and cobalt coin- 
plexes respectively) in spite of the significant differ- 
ence between the M---M distances. This arrangement 
leads to the asymmetric type of M(N0) grouping 1 in 
both complexes in which the two M-N-O moieties 
are bent toward each other in the MN, plane but to 
significantly different extents. Several four-coordinate 
(M(NO),)10 complexes have been structurally 
characterized and usually both M-N-0 groupings 
are bent symmetrically to give what have been termed 
"attracto", 2, or "repulso", 3, conformers (3-5). The 
attracto conformer is favored for metals of the first 
transition series and ligands which are good n- 
acceptors and the repulso conformer for metals of the 
third transition series and ligands which are poor 
.n-acceptors (3). The exact geometry of this type of 
complex depends on the relative contributions of the 
dxz and n*b,(NQ) orbitals to the lb, molecular 
orbital (the highest occupied molecular orbital in the 
(M(NO),)" (rz = 9, 10) systems) and is therefore sen- 
sitive to the nature of the other ligands as well as to 
the identity of the central metal (3). 

The iron complex [(N2C5 H,)Fe(NO),], is the 
first (M(NO),)9 system to be structurally charac- 
terized and the geometry of the M(NO), grouping 
shows some significant differences with respect to that 
observed for the (M(N8)2)10 complex [(N,C,H,)- 
Co(NO),],. In the iron complex all four independent 
Fe-NO distances are equal within experimental 
error (mean Fe-N = 1.696(2) A) and all four 
nitrosyl groups are bent, the pseudo-axial nitrosyl 
groups being bent significantly less than the pseudo- 
equatorial nitrosyls (168.2(2) and 167.0(2)" for axial, 
163.4(2) and 158.5(3)" for equatorial Fe-N-0). 
The nitrosyl groups are bent toward one another 
approximately in the FeN, plane with ON-Fe-NO 
and 0---Fe---O angles of 112.26(8) and 100.7(1)" at 
Fe(l) and 109.0(1) and 95.0(1)" at Fe(2). The N-0 
distances (mean 1.159(4) A) are equal within experi- 
mental error although the axial N-0 distances are 
slightly longer than the other two (see Table 4). The 
mean Fe-N(pz) distance is 2.009(5) A but there are 
some small but significant differences between in- 
dividual values, probably a result of hybridization 
differences at the iron atoms. The coordination 
geometry about the iron atoms is slightly distorted 
tetrahedrai with all bond angles in the range 
101.48(6)-113.00(9)". In the cobalt complex [(N,C,- 
H,)Co(NO),], there is considerable variation in the 
Co-NO distances, the "equatorial" Co-N distances 
(1.659(2) and 1.646(3) A) being significantly shorter 
than the "axial" Co-N distances (1.672(2) and 
1.680(3) A). As in the iron complex all four nitrosyl 
groups are bent, the pseudo-axial nitrosyl groups 
being bent significantly more than the pseudo- 
equatorial nitrosyl groups ((165.1(2) and 161.3(3) for 
axial vs. 173.5(3) and 173.0(4)" for equatorial), oppo- 
site to that observed in the iron complex. The bending 
is again in the MN, plane with ON-Co-NO and 
0---Go---0 angles of 113.9(1) and 105.3(1)" at Co(l), 
110.4(1) and 100.2(1)" at Co(2). The N-O distances 
(mean 1.143(5) A) are not significantly different but 
the "axial9' N-0 distances are slightly shorter than 
the others, again opposite to that observed for the 
iron complex. The mean Co-N(pz) distance is 
1.992(7) A and the individual values vary more than 
in the iron complex. The tetrahedral coordination 
about the cobalt atoms is somewhat more distorted 
from "ideal7' geometry than in the iron complex, 
bond angles at Co ranging from 93.51(8) to 116.0(1)". 
The observed geometry of the ( C O ( N O ) , ) ~ ~  system in 
[(N,C,H,)Co(NB),], is quite similar to that ob- 
served in several other such systems (3-5). Two 
previous examples or' significantly different M-N- 
0 bending in four-coordinate (M(NO),)10 com- 
plexes are the compounds [M(NO),(PPh,),] (where 
M = Ru (27,28) and M = 0 s  (29)). 
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Infrared Spectra 
The infrared spectrum of the iron dimer displays 

four sharp v,, bands both in the cyclohexane solu- 
tion spectrum and in the Nujol mull spectrum (see 
Experimental section). The bands are of roughly 
equal intensity and must reflect an interaction be- 
tween the two Fe(NO), moieties in the binuclear 
molecule. Two of the four bands may be due to 
symmetric and asymmetric vibrations of the pseudo- 
axial NO groups whilst the remaining two may be 
assigned to similar vibrations of the pseudo-equa- 
torial NO groups. The ir spectrum of the cobalt 
dimer [(N,CsH7)Co(N0)2]2 displayed two broad 
(unresolved?) v,, bands in cyclohexane solution and 
a very broad absorption envelope in the Nujol mull 
spectrum. The extent of the interaction, if any, 
between equivalent sets of ligands attached to differ- 
ent metal atoms in polynuclear complexes is difficult 
to predict (30). Such an interaction might be un- 
expected in the present complexes, however, parti- 
cularly in the iron compound since the related com- 
plex [Fe(NO),I], displays but two vNo bands in its 
solution ir spectrum (23, 31). In this iodide bridged 
compound a strong Fe-Fe interaction is indicated 
(23) and the two NO groups on each Fe atom are in- 
equivalent in the same sense as those in the "pyra- 
zolyl" bridged species [(N2CsH7)Fe(NO),],. 

Mass Spectra 
Selected mass spectral data are summarized in 

Table 1. In addition to the data listed other signals 
due to loss of MeCN and Me groups from the 
M2(NZC,H7),+ ions were observed. A similar loss of 
MeCN molecules from the ion Fe2(N2C,H7),+ in 
the mass spectrum of the related complex [Fe(NzCs- 
H,)(CO),], has been reported (25). The presence of 
Fezt ions in the mass spectrum of this carbonyl 
complex was taken as partial evidence for the pres- 
ence of an Fe-Fe bond in the compound. It is 
interesting therefore that the nitrosyl complexes re- 
ported herein also display M,' signals in their mass 
spectra even though they are not predicted to have 
M-M bonds. Presumably these ions arise from 
M-M bonded species formed during fragmentation 
of the original dimeric species. It is instructive to 
compare these findings with the mass spectral data 
discussed earlier for halogen- and sulphur-bridged 
iron and cobalt dinitrosyl dimers (23, 32). 
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Theoretical study of isotropic hyperfine coupling constants in small radicals 
by MI[ND0/3 method 
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PRABHAT K.  K. PANDEY and P. CHANDRA. Can. J. Chem. 57,3126(1979). 
Isotropic hyperfine coupling constants for 'H, 13C, 14N, 170, and 19F nuclei in a large 

number of small radicals as obtained by the SCF-MO-LCAO-UHF-MIND0/3 scheme are 
presented. It is seen that whereas calculated lH, 13C, and 14N hyperfine couplings agree fairly 
well with experiment, the agreement is not so satisfactory for 170 and 19F couplings. 

PRABHAT K. K. PANDEY et P. CHANDRA. Can. J. Chem. 57,3126 (1979). 
On prksente les constantes de couplage hyperfin isotropiques des noyaux de 'H, 13C, l4N, 

"0 et 19F d'un grand nombre de petits radicaux tels qu'obtenus par la combinaison: SCF 
MO-LCAO-UHF-MIND0/3. On constate que les constantes de couplage hyperfin calculCes 
dans le cas de 'H, 13C et I4N concordent parfaitement avec les valeurs expkrimentales, mais la 
concordance n'est pas aussi satisfaisante dans le cas des couplages du ''0 et de 19F. 

[Traduit par le journal] 

Introduction (26), magnetic susceptibilities (unpublished results), 

A great deal of experimental data is now available and nuclear spin-spin coupling constants (27) using 

on hyperfine coupling constants of various nuclei in the MIND013 approximation. 

free radicals and radical anions (1, 2). The isotropic 
hyperfine coupling constant, a,, which is a measure Theory 
of the extent of the magnetic interaction between the The relation between the experimentally observed 
nuclear spin, I, of the nucleus under consideration isotropic hyperfine coupling constant, a,, of a 
and the electron spin, S, of the system being in- magnetic nucleus Nin a paramagnetic system and the 
vestigated, is obtained through the analysis of esr theoretically calculated spin density, p(r,), at the site 
spectra of fluids. These constants are related to the of the nucleus is given by 
electron spin density distribution in s-orbitals in the 
radical and consequently serve as a probe for testing [I] = (4n/3)gp~Nh<Sz)-1 dr,) 
various approximate methods used in the theoretical where the symbols have their usual meanings. The 
calculation of spin densities. spin density can be obtained from the molecular 

Most of the earlier calculations (1-4) in this direc- ground state wavefunction, Y 
tion employed either VB (valence bond) or MO 
(molecular orbital) approaches and were limited to n electronr 

electron systems. In recent years MO theory has been C21 dr,) = y I 2skz6(rkN) 1 ~ )  
used for both o and n radicals at ab initio (5-13) as 
well as at semiempirical levels (such as CNDO and y was obtained as an antisymmetrized product of 
INDO (14-19), CNDO/SP (20), NDDO (21)) to UHF molecular orbitals which, in turn, were ob- 
calculate spin densities. Bishcof (22) has used the tained by employing a valence basis set, 4, of Slates 
MIND013 approximation (23) to calculate proton type orbitals (STO's). In the MIND013 scheme, the 
hyperfine couplings in a few systems employing matrix elements of the Fock matrix (for a electrons) 
optimized geometries. In this paper, we have em- are given by 
ployed the MINDO/3 scheme (23), within the un- N 

restricted Hartree-Fock (UHF) formalism (24), to C31 Frr@ = 'rr + (Pttgrt - Ptthrt) 
calculate 'H, 13C, 14N, 170, and 19F hyperfine 
couplings in a large number of radicals. This study is + c (PMM - Z M ) ~ M M  
a part of our plan to calculate various molecular N = M  

4, on atom N 
properties (25) such as dipole moment derivatives 

[41 F,," = (%$rs - Pr,")hr, - Pr,"g,s 
'To whom all correspondence should be addressed. 
ZRevision received June 11, 1979. +, and 4, both on atom N 
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PANDEY AND CHANDRA 3127 

+, on atom N and +, on atom M 

with similar expressions for the p electrons; where 
Urr is the core integral; g,, and h,, are the coulomb 
and the exchange integrals between orbitals 4, and 
+,, respectively; Z,  is the core charge of the atom M ;  
g,, is the average coulomb integral between orbitals 
of atom Nand atom M ;  I, is the valence state ioniza- 
tion potential of orbital +,: S,, is the overlap integral 
between orbitals +, and +,, and BJbrM is an empirical 
parameter for the pair of atoms N and M. The 
density matrices obtained from eigenvectors (C") of 
FC( are 

OCC 

[6 ]  PrP = z C,,"Cs,"; P,., = P r t  + P,!; 
I 

P r s  = Pr," - Prs B 

and 

The parameters employed and the procedure used to 
evaluate various integrals in these equations are 
given by Bingham, Dewar, and Lo (23). The spin 
density, p(r,), in terms of atomic spin density matrix, 
prs at the nucleus N is given by 

It is assumed in eq. [8]  that all contributions to 
summation are negligible unless both +, and 4, are on 
the same atom. Since an s-p basis is used in the 
present calculations only s orbitals have nonvanish- 
ing densities at the respective nuclei and contribute to 
isotropic hyperfine couplings. With these simplifica- 
tions, the expression for hyperfine couplings at 
nucleus N becomes 

where the subscript s, denotes the s-orbital of atom 
N.  The quantity in the angular brackets has been 
treated as an adjustable parameter between calculated 
spin densities and experimental coupling constants in 
a least-squares sense. The single determinantal UHF 
wavefunction, however, is not an eigenfunction of the 
S2 operator and contains contaminating contribu- 
tions from higher multiplicities. The annihilation of 
the largest contaminant leads to a good approxima- 
tion to a pure spin state and this has been done here 
by a procedure suggested by Amos and Hall (28). In 
the parameter fitting in expression [ 9 ] ,  annihilated 
spin densities have been used. The values for these 
parameters (hereafter called Myperfine Magnetic 

Nucleus Constant 'HMNC') for different magnetic 
nuclei are presented in Table 1 along with corre- 
sponding INDO values for comparison. 

Results and Discussion 

In all 29 radicals have been studied and the 
experimental geometry was employed wherever 
available (29-32). In other cases the geometry used in 
earlier caiculations, either from ab initio or semi- 
empirical methods, has been employed (5, 6, 9, 10, 
14, 15, 17, 19, 33-36). 

Columns 2 and 3 of Table 2 list (s2>,, and (s2),,,, 
the unannihilated and annihilated ( S 2 )  values for 
various systems studied (column 1). In columns 5 and 
6 we list annihilated spin densities and calculated 
hyperfine couplings, respectively, for nuclei given in 
column 4. The last column of this table contains 
experimental data (37-56). 

It is seen from this table that (S2>,, is invariably 
much higher than 0.75, the expected value for a 
doublet radical. We have, therefore, used anni- 
hilated spin densities in the least-squares fitting be- 
tween experimental couplings and spin densities to 
obtain the HMNC value (listed in Table I), for 
( S 2 ) , , ,  is almost always seen to be very close to 0.75, 
the exact value for a doublet radical. In the following 
we discuss the calculated MIND013 couplings for 
each nucleus separately and compare the results with 
those of other calculations. 

Proton Hyperfine Couplings 
An examination of Table 2 reveals that MIND013 

proton hyperfine couplings are in fair agreement with 
the experimental data. In order to understand the 
details of hyperfine coupling mechanisms we have 
studied the spin density distributions in a few 
radicals. Table 3 gives the annihilated spin densities 
in the different atomic orbitals of K-radicals CH, and 
NH,'. 

It is interesting to note that the n-orbital (2p, 
atomic orbital) has a spin density of 1.0 in both these 
systems and there is finite, though small, spin density 

TABLE 1 .  MIND013 and INDO parameters, 
(4n/3)gDyNh(Sz>- ' l + S N ( ~ , V ) l z ,  used to calcu- 

late isotropic hyperfine couplings 
-- 

MIND013 INDO * 
Nucleus (6) (c) 
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TABLE 2. Calculated (S2>,,, (S2),,,, spin densities, and hyperfine couplings* 

Radical 

Experi- 
Hyperfine mental 

Spin coupling coupling 
<Sz)d <s2)asa Atom density (GI (GI (ref.) 

CH 

OH 

CN 

NO 

HBO - 

HBF 

HC1C2 

HCN- 

HCO 

HNF 

HOIOZ 

J3Hz 

BF2 

NH2 

NF2 

COz - 

NO2 

FCO 

FOIOZ 

BH3- 

CH3 

NH3 + 
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PANDEY AND CHANDRA 3 129 

TABLE 2 (Concluded) 

Experi- 
Hyperfine mental 

Spin coupling coupling 
Radical (sZ) ,d  <S2)asa Atom density (G) (6) (ref.) 

*All radicals were not used in parametrization. Actual oxygen and fluorine 
respectively. 

transmitted to the o framework. These spin densities 
successfully reproduce both the magnitude and the 
sign of the observed a-proton hyperfine couplings. 
Thus, like INDO and ab initio methods, MIND013 
can also accommodate the exchange polarization 
effects which are invoked to account for a-proton 
hyperfine couplings. Similar arguments can be put 
forward for CH and OH n-radicals where the calcu- 
lated values agree fairly well with experimental 
values. 

The observed large proton hyperfine couplings in 
o-radicals are also well accounted for by MINDO/3 
calculations. Table 4 lists the annihilated spin 
density distributions in HCN, HCO, H,CN, and 
vinyl radicals. From this table it is seen that the spin 
density in the n-orbitals of HCN, HCO, and H,CN 
is very small (n-orbitals are linear combinations of 
2p, atomic orbitals where the z axis is perpendicular 
to the molecular plane). The excess spin density is 
shifted to the o framework in these systems. In 
H,CN, the highest occupied molecular orbital is of b2 
symmetry and most of the spin density is localized in 
the 2p, orbital of nitrogen in the molecular plane, 
which has the same symmetry as the group orbital 
(Is,,-Is,,). Thus, in this molecule protons acquire a 

spin densities are obtained by multiplying the figures reported here by lo-' and 

large spin density due to hyperconjugation. This is 
supported by ab initio calculation (9). The spin 
density results of HCN- and HCO are also similar to 
that of the ab initio calculation due to Claxton (9) and 
the large proton hyperfine couplings in these systems 
can be accounted for by following his explanations. 
In these molecules, the 13C, 14N, and l70 couplings 
also agree fairly well with ab initio and experimental 
data, and indeed in all these cases MIND013 results 
are better than the INDO results of Thomson (18) 
who employed the INDO optimized geometries in his 
calculations. 

The MIND013 calculated proton hyperfine cou- 
plings in the vinyl radical agree fairly well with the 
experimental data, but the ordering of MO's does not 
agree with that of ab initio calculations (9). If we 
imagine the formation of vinyl radical as a result of 
removal of one hydrogen atom from ethylene, the 
resulting free radical is expected to be a o radical, 
since the odd electron is most lil<ely to be in one of the 
sp2 hybrids at the carbon (or in a rehybridized orbital 
in the radicai plane). This conclusion is supported by 
ab initio calculations where the highest occupied MO 
is seen to be of G type and most of the spin density is 
in atomic orbitals in the radical plane. Although the 
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TABLE 3. Spin density distribution in CH3 and NH3 + radicals * 

Unannihilated Annihilated Observed hyperfine 
Atomic spin density spin density couplings 

Radical orbital (sd) ( a s4  (6) 

*The z axis is perpendicular to the plane of the radical. 

 TABLE^. Annihilated spin density distribution in HCN-, HCO, HzCN, and vinyl radicals* 

H 1 H 
\ \ 
/cl-Nz 

C1-CZ 
Atomic 
orbitals HCN- HCO Hz Hz H3 

/ \ 

*The z axis is perpendicular to the plane of the radical 

MINDO/3 calculations show a total spin density in 
the n framework of the radical to be zero. the highest 
occupied and next to highest occupied MO's 
(Table 5) are seen to be of 7~ symmetry (orbital 
energies -0.362 and -0.373 au respectively). The 
highest occupied MO of o symmetry has an energy of 
- 0.378 au. These MO's are fairly close in energy and 
the calculations indicate that when this is the case, the 
assumption that the occupation of MO's is in order 
of their increasing orbital energies breaks down. The 
total energy of the radical is given by 

1 OCC 
1 0 "  

[lo] E = - C Ei" + - C Ei" 2 2 
where 

E; = Nii" + E? 

Hi: = Y i,4(1)HC0re(l)Y i.(l) d~ 

Ti, being the ith molecular orbital for a electrons 
with orbital energy E ~ ' .  Thus each electron of the 
radical contributes an amount 3Ei to total energy. 
The values of Ei  for 5o,, In,, and Inp orbitals of 
vinyl radical are calculated to be - 3.633, - 3.765, 
and - 3.798 au respectively. Based on these values, 
the occupation of MO's should occur in the order 
Inp ,  InTC,, So,, thus giving it a configuration (. . . . 
1nsln,50,) (rather than the configuration (50,1n,lnp) 
based on orbital energies) and consequently pre- 
dicting the most loosely bound electron of vinyl 
radical to be in a o-molecular orbital, in conformity 
with the experimental as well as the spin density data. 

It is seen from Table 5 that whenever the energy 
separation of the highest occupied and next to the 
highest occupied molecular orbitals is large, the 
MIND013 procedure predicts both the symmetry of 
highestoccupied molecular orbital, as well as the 
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PANDEY AND CHANDRA 3131 

TABLE 5. Symmetry, spin and orbital energy o f  the two highest occupied MO's o f  some planar o and x 
radicals 

-- - 

Highest occupied MO Next highest occupied MO 

Energy Energy 
Radical Symmetry Spin ( a 4  Symmetry Spin ( a 4  

5-electrons 
C H n c1 -0.3415 0 0 -0.3873 
BMz rs CI - 0.3709 0 P -0.4115 

7-electrons 
OH x I3 -0.4774 n CI - 0.5084 
NHz  i r  B -0.3846 o CI - 0.4262 
BH3 - x a - 0.0500 o B -0.1375 
CH3 x CI -0.3546 0 a -0.4908 
N H 3  + x CI - 0.8062 0 [3 - 0.9093 

9-electvons 
C N  0 a - 0.3836 n B -0.4319 
HCC x a -0.3871 x B -0.3871 

Il-electrons 
HBO- o 51 -0.0617 ci B - 0.0852 
HBF 0 51 -0.3823 0 B -0.4191 
HzCCH n B - 0.3620 TC CI -0.3734 
HCN-  0 CI 0.0394 o P -0.0155 
HzCN 0 B -0.3619 rs a -0.3631 
HCO rs CI -0.3431 0 a - 0.4604 
N O  n a -0.3385 B 0 - 0.4062 

13-electrons 
HNF CT B - 0.4024 71 CI - 0.4205 
HOO 0 a - 0.3790 71 0: -0.3914 

17-electrons 
BF o CI -0.4111 IS B - 0.4146 
C O Z Z -  0 CI -0.0733 0 B -0.1287 
NOz 0 a -0.3878 o a - 0.4466 
FCO B CI - 0.3947 0 B -0.4468 

19-electrons 
N F z  n CI -0.4359 u a - 0.4402 
FOO o B - 0.3923 x 51 - 0.3964 

hyperfine coupling correctly. The predicted sym- 
metries of the highest occupied molecular orbitals, 
based on orbital energies are wrong, whenever the 
orbital energies of highest and next to highest 
molecular orbitals are very close (- 1 eV). In such 
situations configuration based on Ei values are 
generally in agreement with experimental as well as 
the spin density data. Such is the situation in NH, 
and FOO radicals, which (Table 5) have orbital 
energies of highest occupied molecular orbitals very 
close. Thus, the n-radicals NH2 and FOO based on 
orbital energy data are seen to have the highest 
occupied MO's of o-symmetry, contrary to expecta- 
tion (configurations (1n,30,30p) and (. . . . 40,40p- 
5o,5~~2n,2n~6o,6o~7o~7o~3n,) respectively). Em- 
ploying the Ei values, we get the configurations 
(. . . . 30,30pln,j and (. . . . 40,5a,50p60,2np2na66p- 
4op70,70p3n,) for the NH, and F O 0  radicals where 
the highest occupied molecular orbital is of TC- 

symmetry as expected. 

The HOO and HNF radicals from Table 5 are seen 
to have very similar orbital energies and both c i  and 
Ei values predict the wrong symmetry for the highest 
occupied molecular orbital. In these cases, the use of 
MIND013 optimized geometries and imposition of 
symmetry in construction of the ground state eigen- 
function might yield a lower value of total energy for 
the configuration, with the highest occupied molec- 
ular orbitals of right symmetry, but we have not 
attempted it. In any case, the orbital energies are so 
close, that the new calculation is not likely to alter the 
spin densities significantly. 

In the case of the HCC radical, the calculated 
couplings do not agree with the available experi- 
mental data (41) or ab initio results (1 1, 13). In this 
system the odd electron is found to be in a pair of 
degenerate orbitals (energy = - 0.387 au), thus cor- 
rectly predicting that the radical is of o type (total 
spin density in n, and TC, being zero). The lack of 
agreement between calculated and experimental 
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couplings is probably due to the poor geometry (13) 
employed by us which may account for the slow 
convergence of the calculated energy in our computa- 
tions. 

The nonplanar radicals in which proton couplings 
have been studied are H,NO, H,CF, HCF,, and 
C2H5. In H,NO, the calculated proton couplings 
(8.44 G) are in fair agreement with experimental 
result (11.9 6 ) .  The highest occupied MO of this 
radical belongs to the a' irreducible representation of 
the C, point group. The small spin density at the 
protons comes from 2p, orbitals of nitrogen and 
oxygen through exchange polarization. Since the 
next highest occupied MO (a") is much lower in 
energy, no spin density is transferred to protons 
through hyperconjugation. Small proton hyperfine 
couplings In H,CF also follow the same pattern. 
However, the proton couplings in WCF, are not 
reproduced satisfactorily and the failure may be 
attributed to inappropriate MINDO/3 parametriza- 
tion for fluorine. 

For the ethyl radical, the computations were per- 
formed in two conformations (14) and the resultant 
average values of the couplings for methyl and 
methylene protons and also for the carbons agree 
fairly well with experiment. It is found that the odd 
electron is almost completely localized in the 2pn 
orbital (perpendicular to methylene group) of 
methylene carbon. The methylene protons which are 
in the nodal plane of this orbital acquire a small spin 
density because of exchange polarization. The posi- 
tive spin density at the methyl protons arises through 
a combination of exchange polarization and hyper- 
conjugation mechanisms. 

Following the procedure of Pople and Beveridge 
(14) and using MINDOI3 spin densities, we estimate 
the relative importance of hyperconjugation and ex- 
change polarization to be 93% and 7x in transferring 
the spin density to methyl protons in ethyl radical. 
Yncidentally the same figures were arrived at by 
Pople and Beveridge who employed INDO spin 
densities. 

The notable success of the annihilated MIND013 
spin densities 1s that the n and the o radicals do not 
need separate treatments, e.g. the same set of 
parameters give hyperfine couplings which are close 
to  experimental values both in CH, (n radical) and 
HCO (o radical). In most other semiempirical 
schemes, it is seen that a set of parameters which is 
good for n systems fails for o systems and vice versa. 
In general MIND013 proton hyperfine couplings are 
comparable to INDO (14-19) and CNDO/SP (20) 
values. 

13C HyperJine Couplings 
A glance at Table 2 shows that the overall tread of 

MIND0/3 calculated 13C hyperfine couplings is 
fairly satisfactory, both n and o radicals being well 
accounted for. Particularly for CH, and HCO, 
MIND0/3 results are better than either INDO 
(43.08 G, 146.7 G) (18) or ah initio (52 G, 148.4 6) 
(12) results. In FCO, the MINDO/3 value (218.3 G), 
though poorer than the ab initio value of 290.3 G 
(lo), is better than the corresponding INDO figure of 
199.6 G (20). The geometry of FCO which we em- 
ployed was due to Thomson and Brotchie (10a) and 
is in excellent agreement with UHF optimized 
geometry of Bleicher and Botschwina (lob). The 
slight disagreement between the calculated and 
experimental couplings might be attributed to 
fluorine parameters. The CO,- radical is bent in the 
ground state (35) and I3C coupling is expected to be 
positive. MINDO/3 predicts a value of 136.4 6 
whereas the experimental value is 166.7 G. The value 
for the carbon coupling in HCN is not so good but is 
far better than the corresponding INDO value 
(156.1 G) (18). In H,CN, only proton and nitrogen 
couplings are known experimentally (50) but Brivati 
et al. (57) have indicated a negative value for carbon 
coupling in this case. MIND013 calculations support 
this idea with magnitude fairly close to the ah initio 
value of 18.73 G (9). Experimental couplings at 
carbons in the vlnyl radical are considerably different 
both in sign and magnitude. MINDO/3 accommo- 
dates both the sign and the relative magnitude al- 
though the absolute magnitudes of couplings are 
larger than their experimental counterparts. In the 
ethyl radical too, the magnitude and the sign are well 
accounted for at both carbons which has already been 
discussed. 

Fluorination of the methyl radical considerably 
increases the s-character of the carbon orbitals which 
is reflected in increase of couplings on carbon atoms 
in these radicals. For example, the experimental 
values of hyperfine couplings in CH, and CF, are 
38.5 G and 271.6 G, respectively. Calculated cou- 
plings reflect this feature in the same order (including 
H,CF and HCF, as intermediate radicals). The 
magnitudes of individual couplings are not so 
satisfactory. We have used the INDO optimized 
geometry (14), which gives an increased pyramidai 
structure at carbon atom with increase in the number 
of fluorines in the radical. The less satisfactory aspect 
of couplings (magnitude) in these systems can be 
attributed to both geometry and fluorine parameters. 
Perhaps MIND0/3 optimized geometry might yield 
better results but we did not attempt it. The values of 
carbon couplings in CN and HCC radicals are rather 
poor. 

14N Hyperjirze Couplings 
The results of the application of the theory to the 
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nitrogen couplings are also given in Table 2 for a set 
of ten radicals. Except for CN and H,NO, the present 
calculated couplings are better than any other calcu- 
lations either ab initio or semiempirical. It is partic- 
ularly interesting to note that in the NH,, M I 3 + ,  
and NO, radicals almost identical (compared to 
experiment) results are obtained. Despite elnploylng 
ab initio geometrical model (9) in HCN and INDO 
model (17) in H,CN the theory predicts very satis- 
factory 14M couplillg constants. The H,WO case is 
interesting. It is generally agreed in experimental 
studies (58) that the spin density of X (X = N, 0 )  is 
almost entirely localized in the n orbitals of nitrogen 
or oxygen atoms. However, there is no agreement 
concerning the spin density distribution between ni- 
trogen and oxygen atoms. The reported values of 
nitrogen 2p spin densities range from 0.23 (59) to 
0.9 (60). The calculated (annihilated) spin densities in 
the 2pn orbitals of nitrogen and oxygen are 0.3542 
and 0.3540, respectively. As have been mentioned 
earlier, the spin density increases with the increase of 
s character at  particular nucleus, so the pyramidal 
model employed here might not be very appropriate 
and MIND013 optimized geometry might yield 
better results. 

' 7O am1 ' F  Hyperfine Couplings 
The 170 couplings given in Table 2 are without any 

least-squares fitting. The HMNC value for 170 is the 
INDO value due to fople and Beveridge (14). The 
fitting was not done because the experimental cou- 
plings are not known for most of the systems studied 
here. Unlike the proton, carbon, and nitrogen cou- 
plings the calculated oxygen couplings are seen to be 
rather poor and do not exhibit any well defined trend. 
For example, in the case of CO,- and NO, where 
the calculated carbon and nitrogen coupling values 
are satisfactory, the 170 couplings are too small. On 
the other hand, in H 2 N 0  the calculated coupling is 
much larger than the experi~l~ental value. Peroxy 
radicals (ROO), which are intermediates in many 
reactions including those of biochemical interest, 
have been subjected to many theoretical as well as 
experimetltal studies (19, 47, 52, 61, 62). INDO (19) 
studies have shown that most of the spin density 
resides in 2pn orbitals of oxygens (79% on terminal 
and 21 on central) and is independent of the nature 
of the substituent R. Present calculatio~ls do not 
show such sharp difference between terminal and 
central oxygen atom 2px spin densities. In H 0 1 0 2  the 
p2 pn12 (8') and p,pn(02) are 0.3833 and 0.6167, respec- 
tively; in F00,0,,, for 0' and 0' and F are 0.4902, 
0.4486, and 0.0613, respectively. Table 5 shows in 
both of these two cases the energy difference between 
the highest and next highest occupied MO's is very 
small and reversal of MO's takes place, and con- 

sequently interpretation of couplings cannot be based 
upon MIND0/3 wavefunctions. From the point of 
view of the sign of spin densities in these systems, 
MINDO/3 and INDO results agree. 

The 19F hyperfine coupliiigs have been studied in a 
set of 9 systems and are given in Table 2. The calcu- 
lated couplings are not as satisfactory as the 'H, I3C, 
and couplings but are much better than '"0 
couplings. In FCO, the MINDOJ3 gives better 
matching with experiment (51) than the nb itlitio 
vaiue of 196.8 G (10a). It is also noteworthy that as 
the number of fluorines in a radical increases, the 
calculated couplings start getting worse, e.g., in the 
H,CF, HCF,, and CF, radicals, whereas experiment 
shows 19F couplings are sniailest in H,CF and largest 
in CF,, the MINDO/3 predicts the largest value for 
HCF,. A similar worsening of 'H and 13C hyperfine 
couplings with increase of number of fluorines can be 
seen from Table 2 in several radicals. This worsening 
of the calculated hyperfine couplings with increasing 
number of fluorines could be attributed to the fact 
that the spatial interactions due to fluorine lone pairs 
are likely to be fairly important and thus sensitive to 
the assumed geometry of the radical and MIWIDOJ3 
optimized gcometrics might improve the results, but 
we have not attempted these yet. 

Conclusions 
In conclusion, it is worthwhile to comment on the 

use of annihilated spin densities in our calculations. 
Our calculations indicate, just as those of some other 
workers (5-10, 17, 18), that annihilation of con- 
taminants improves the results considerably, con- 
trary to the observation of Pople and Beveridge (14). 
In fact it has been shown by separating UHF spin 
densities, as suggested by Yonezawa et al. (63), into 
spin delocaiization and spin polarization parts that 
whereas spin polarization contributions are reduced 
to one-third by annihilation (63, 641, the delocaliza- 
t ~ o n  contribution remains unaffected (63). The use of 
a mixture of annihilated and unannihilated spin 
densities in the ratio of 3:  1 has been suggested by 
Amos and Burrows (65) which again shows a 
preference for annihilated spin densities. 

Hn the preceding sections results and discussions 
of isotropic hyperfine couplings for 'H, I3C, l4N, 
l 7 0 ,  and l 9 F  isotopes have been presented for 
various radicals. We conclude that MINDO/3 
coupling constants as obtained by annihilated spin 
densities are fairly satisfactory in most of the radicals 
for 'H, I3C, and 14N. This is also borne out by the 
correlation coefficients between calculated and ex- 
perimental couplings of 0.9279, 0.7859, and 0.9988, 
for these nuclei respectively. Nothing can be said 
with certainty about I7O results but the 19F cou- 
plings seem to be less satisfactory. 
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Thermodynamic properties of binary mixtures containing thiaalkanes. 11. Thermal 
pressure coefficients of pure compounds at 298.15 K 

R. PHILIPPE, Z. FERHAT-HAMIDA, A N D  J .  C. MERLIN 
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R. PHILIPPE, Z. FERHAT-HAMIDA, and J. C. MERLIN. Can. J. Chem. 57,3135 (1979). 
An apparatus for the measurement of thermal pressure coefficients of pure compounds is 

described. The thermal pressure coefficient B of n-thiaalkanes R,S (R = CH,, C2H,, n- 
C3H,, n-C4H9, n-C,H15) and of dithiaalkanes R2S2 (R = CH,, CzH5, iso-C3H,) were 
measured at  298.15 K and at  zero pressure. These experimental results in conjunction with 
data from literature for other compounds are compared using the reduced parameter of 
pressure P* proposed by Flory. The P* do not have regular values for the lower members 
of thiaalkanes series. One explanation of these irregularities is the different size of the mole- 
cules. 

R. PHILIPPE, 2. FERHAT-HAMIDA et J. C. MERLIN. Can. J. Chern. 57,3135 (1979). 
Nous decrivons un appareil utilise pour la mesure des coefficients de pression thermique. 

Nous avons mesure, a 298.15 K et a pression nulle, le coefficient de pression thermique !3 de 
n-thiaalcanes R2S (R = CH,, C2H5, n-C3H,, n-C,H, et n-C,H1,) et  de dithiaalcanes R2S, 
(R = CH,, C2H, et iso-C3H,). Ces rtsultats experimentaux sont compares avec d'autres 
resultats de la litterature en utilisant le parametre de reduction de la pression P* propose 
par Flory. Les valeurs de P* pour les premiers membres de la serie des thiaalcanes n'ont pas 
des valeurs reguli6res. Ces irrtgularitCs peuvent s'expliquer par la difference de taille deces 
molCcules. 

lntroduetion T2)/2 and the thermal pressure coefficient P, defined 

The present work is a part of a research programme by 
aimed at the correlation of HE and VE for different [3] p = ( a p p ~ ) ,  
binary mixtures, and it is a continuation of research 
on thermodynamic properties of thiaalkanes + Was measured by static 
alkanes mixtures (1, 2). The knowledge of thermal 
pressure coefficient of pure components is required Experimental 
for comparison of the excess function of the mixtures Solvents 
with the predictions of various theories (3, 4) and Cyclohexane was a Fisher product (purity > 99 molz)  and 
provide useful information about the nature of n-hexadecane was a Merck product (purity >99  molz)  and 
liquid and about the forces between molecules. were used further purification. 

The thiaalkanes were "chemically pure" products (all ob- Many accurate measurements have been made On tained from S.N.P.A., Paris, except 2-thiapropane which was 
alkanes ( 5 ,  6 )  and branched alkanes (71, a Prolabo product) and were used without further purification. 
alkanes (8), aromatic and polar compounds (9),  Their densities were used as criteria of purity; the values 
polymers (lo), and differently sterically hindered found for the lower homologues agree with accepted literatures 

(DSH) compoun~s  (11) but, apparently, no measure- values (Table 1). No reliable data are available for the higher 
homologues. 

ments have been done on the thiaalkanes series. 
Here we present measurements on pure compounds Thermal Expflflsiorl Coeficfents 

The thermal expansion coefficient E was determined accord- & 298'15 : the pressure coefficient of five ing to the formula [2] from the densities p measured at three 
n-thiaalkanes and the lhermal expansivit~ and temperatures: T, = 297.15 K, T, = 299.15 K, and (TI + T2)/2. 
thermal pressure coefficient of three dithiaalkanes. The densities p were determined by the pycnometric technique 

The thermal expansivity a defined by by the same method as described before (1). The pycnometers 
were made of Pyrex glass and had an internal volume of 

[ I ]  a = v - ' ( ~ v / ~ T ) ,  about 22 cm3. The temperature was measured with a Leeds 
and Northrup calibrated strain-free platinum resistance 

was measured from density p according to the rela- thermometer (8163 B type) associated wth a Leeds and 
tion Northrup high precision resistance Mueller bridge ( 6 2  type). 

The calibration of thermometer was checked at the triple 
123 = PT-' [ P I ( ~ I )  - P Z ( T ~ / ( T Z  - TI)] point temperature of water. The magnitude of T, - TI (about 

2 K), close to 298.15 K, allows a linear interpolation to deter- 
where the temperature T is defined by T = (TI + mine a. 

0008-40421791233 135-05$01.00/0 
01949 National Research Council of Canada/Conseil national de recherches du Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CAN. J .  CHEM. VOL. 57. 1979 

TABLE 1. Densities p at  298.15 of compounds 

p/kg m- 

Compound This work Literature Reference 

Thermal Pressltre Coeflcients 
Thermal pressure coefficients were determined according to 

the procedure of Westwater et 01. (14). The apparatus is 
similar to that previously described (11) and the schematic 
diagram of this is presented in Fig. 1. The thermal pressure 
cell containing the sample is a slightly modified version of that 
described in literature (6, 7), the volume was within 8 cm3 and 
a platinum wire with a sharpened tip was centered in the 
0.8 mm capillary. The pressure vessel built by the Prolabo 
Co. (Paris) was made of stainless steel with a 1 L capacity 
and could withstand a pressure within 4 MPa a t  335.15 K. 
The hydraulic pressure generator is of screw-capstan type 
from Hight Pressure Equipment (Erie, U.S.A.). I t  displaces 
60 cm3 up to a pressure of 35 MPa. Pressure measurements 
are performed with a strain gauge supplied by Schaevitz 
Em Ltd. (P 703.0001 type) giving a 0.001 MPa resolution and 
an accuracy of 0 .38z of the full range output. The temperature 
was measured with a 50Q platinum resistance thermometer 
(Thermo Est S.A.) and a Mueller bridge from Leeds and 
Northrup Co. (8163 B type, No. 161939). The resistance ele- 
ment section of the thermometer was located close to the 
bulb of thermal pressure cell and was enclosed in a stainless 
steel cylinder. The thermometer was calibrated by means of a 

FIG. 1. Schematic diagram of the equipment used in the 
measurement of thermal pressure coefficient: A thermore- 
gulated water bath, B pressure vessel, C Pyrex glass cell, 
D temperature probe, E pressure generator, F pressure vessel 
cap, G leads for the constant volume checking circuit, H 
strain pressure gauge, I high pressure valve, J safety head 
assen~bly, K reservoir for pressure fluid. 

water triple-point cell. The overall precision of temperature 
measurement was found to be within F 1 mK. We believe the 
temperatures measured were within 2 mK. The pressure vessel 
was immersed in a water thermostat (Lauda, NBS type) and 
the temperature of water was controlled to within i 0 . 0 1  K. 
Let us notice that the large mass of the pressure vessel min- 
imizes temperature fluctuations of the thermoregulated bath, 
and at  the equilibrium the temperature in the pressure vessel 
is regulated within _; 0.5 mK. 

The liquid sample, about 7 cm3, is placed in the Pyrex glass 
cell and degassed by repeated freezing with liquid nitrogen 
and melting under vacuum. The cell was then removed from 
vacuum line, inverted rapidly over degassed mercury, and the 
mercury level adjusted at the extremity of the platinum wire 
for the desired temperature. After positioning in the pres- 
sure vessel the whole apparatus is then connected to the 
pressure line and placed in the water thermostat. The tem- 
perature is increased and the pressure adjusted to restore the 
liquid to its initial volume indicated by the pilot light con- 
nected in series with the mercury and the platinum wire. 
Pressure over 0.5 MPa was used and at  equilibrium the 
contact was sensitive to an increment of 0.001 MPa. The 
total temperature interval for one run is not larger than 2 M. 

The plot of applied pressure against temperature was 
always linear within experimental error and the slope of this 
iine, computed by a least-squares fitting procedure, gave Bobs 
and the temperature at zero pressure. 

A correction is necessitated by the fact that the volume of the 
glass vessel is not strictly constant. During the experimental 
process, when the temperature is increased by AT and the 
pressure by AP,,,, the change in internal volun~e of the glass 
is : 

where z, is the thermal coefficient of expansion of the Pyrex 
(9.9 x K- '  (6)), Kg is the isothermal compressibility 
of Pyrex (2.96 MPa- ' (5b)) and V, = V, f V,, is the 
volume of the cell. The volume of liquid sample (V,) and 
mercury (V,,) in the cell were computed from their respective 
weights. 

Similarly the change in volume of mercury is: 

where z,, is the thermal coefficient of expansion of mercury 
(1.81 x I V 4 K - '  (6)) and K,, the isothermal compres- 
sibility of mercury, represented as a function of the temper- 
ature by the equation (23): 
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PHILIPPE ET AL 

TABLE 2. Thermal pressure coefficient at  zero pressure a of cyclohexane and n-hexa- 
decane 

&MPa K - I  

Con1 pounds TI K This work Literature Reference 

Cyclohexane 298.15 1.069?0.002 1.068 15 
1.072 8h 
1.075 16 

TABLE 3. Parameters for the pure compounds at  298.15 K 

Compound cc 1 0 ~ 1 ~ -  SIMPa I(-' P*/J cm3 D s, 10'O/m-l 

OReference 1. 
T h i s  work. 
'Ca!culated from p ,  (293.15 K) and p, (298.15 K) data reported in  ref. 17 using the formula a = [(p,/p,) - 1115 
dReference 5. 
cReference 18. 
/At 303.15 K, ref. 19. 
9Reference 20. 

The change in volume of liquide AV1 corresponds with an  
extra pressure A P  such as 

where K, = a,/P, is the isothermal compressibility of the 
liquid. Taking relations [4], [5], and [7] into account and 
dividing through by AT, one obtains 

The overall performance of the apparatus was checked 
by measurement of the thermal pressure coefficient of cyclo- 
hexane and n-hexadecane. The results are shown in Table 2 

the data obtained. After 12 h, indeed, no change in 
internal volume of the cell was detected, and two 
consecutive sets of measureinents on the same sample 
agree within our estimated experimental uncer- 
tainties. 

The experimental thermal pressure coefficient P 
of thiaalkanes is given in Table 3 together with 
the thermal expansivity a, the pressure reduction 
parameter P",  the dipole moment p, and the molec- 
ular surface/volume ratio s. 

As pointed out previously (1 l), discussion of these 
results will be made with the values of aressure 

where they are compared w ~ t h  literature values. AS these reduction parameter p* representative of cohesive 
data have not been obtained by the same method, our results 
are in excellent agreement w ~ t h  the data obta~ned by the direct energy of the compounds rather than on P ,  since P 
method. also reflects the state of expansion which varies con- 

siderably along the series. The parameter P* is ob- 
Results and Discussion tained from the Flory model (3) with experimental 

In the course of some experiments a slow reaction values of a and p by the equation: 

was found to occur between thiaalkanes and mercury, [ 9 ]  P* = pG2T 
as shown by a film of black solid material which 
formed on mercury-liquid interface in the cell and where the reduced volume 6 is calculated by: 
causing a change in the cell volume of about 5 x 

cm3 found by dilatometric measurements. It [lo] G1I3 = [(4/3)aT + l]/(crT + 1) 
therefore appears that any reaction with mercury was 
insuficient to introduce any significant errors into These values are reported on Fig. 2 together with 
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FIG. 2. Pressure reduction parameter PQpltted versus n 
the total number of carbon atoms for dithiaalkanes (Q), 
n-thiaalkanes (*), n-ethers (m), trialkylamines (A), n-alkanes 
(@), diisopentylamine (x), and 2,2,4,4,6,8,8-heptamethylno- 
nane ( b ) .  
the values obtained for other series of compounds 
(7, 11) for comparison. 

These values are higher than those of other series. 
As for n-trialkylarlline series, the Pg' values for the 
lower members of the n-thiaalkanes series do not 
vary smoothly with ~llolecular weight, and a min- 
imum is found for 4-thiaheptane. The influence of 
chain length is less perceptible but it seems that the 
P':' values tend towards a limiting value when the 
molecular weight increases. The limiting value for this 
series is higher than for the "DSH" series (11) and 
the order appears to be R2S > n-Cn > R3N > 
R,Sn > (OR),Si. 

For dithiaalkane series, the number of compounds 
studied is not sufficient to obtain comprehensive 
conclusions. Nevertheless, by comparison with the 
11-thiaalkai~e series, it is quite possible that the 
larger values found for 2,3-dithiabutane and 3,4- 
dithiahexane are related to the polarity of these com- 
pounds, and by comparison with the branched 
alkanes and the branched anlines (1 I ) ,  the branched 
dithiaalkane (2,5-di1nethyl-3~4-dithiahexane] seeins 
to  have slightly lower value of Ps'. We do not think 
that the high values found for the lower members of 

n-thiaalkanes and dithiaalkanes series can be ex- 
plained solely by the more polar character of these 
molecules. Table 3, indeed, shows that molecules 
of same shape, the aliphatic ethers, have a dipole 
moment lower than the homomorphic 11-thiaalkanes 
and have a higher P" value. The size effect prevails 
over this polarity effect as it can be seen on molar 
volume : 

V , ( 2 9 8 . 1 5  K) 
Conipound rn%ol-') 

As ~nteractions of molecules take place between 
molecular surfaces, we t h ~ n k  that the comparison 

of energies by unlt Furface I F  more ~nean~ngful  than 
those of energies by u n ~ t  volume P . Energy by 
unlt surface niay be determ~ned from the ratlo P 1s 
where r I \  the molecular surface/volume ratlo The s 
values depend 011 the shape of the molecule and we1 e 
computed assurnlng the thlaalkanes to be right cyl- 
inders of Cole volume V b s  n-alkanes (21) T h ~ s  
assumpt~oli is proved by the fact that the Van d e ~  
Waals volumes (22) of S atom (10 8 x n13 
~ n o l - I )  and CH, group (10 2 x mi mol-') 
are fa~r ly  close Accord~ngly s is glven by: 

4 nD2,"\', 
[11] s = -+ 

D 2 x I O ~ ~ V *  

FIG. 3. P*s-' plotted versus the total number of atoms 
of the compounds for dithiaalkanes (Q), rz-thiaalkanes ( S r ) ,  
n-ethers (W), triaalkylamines (A), and n-alkanes (@). 
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where D is the cylinder diameter equal to 4.98 x 
m (216) for linear alkane chain and 6.96 x 

10-lo m ( 2 1 ~ )  for branched alkane chain to that of 
the 2,5-dimethyl, 3,4-dithiahexane, and NA = 6.02 x 
loz3 is the Avogadro constant. 

The s values are reported in Table 3 and the 
P Z : ~ -  1 es are plotted on Fig. 3 (versus n, the 
total number of atoms of the co~npounds because S 
atom has been considered equivalent to a carbon 
atom). Figure 3 shows that the P'$s-l values of the 
n-thiaalkanes are quite comparable to those of n- 
alkanes. Nevertheiess, for dithiaalkanes the P2'sF1 
va!;res are somewhat higher than those of the n- 
alkanes or n-thiaalkanes and it is not possible to 
decide the proportion of increased polarity (Table 3) 
and that of lnoiecular inodel in these higher values. 

These results wi!l be used for a detailed theoretical 
interpretation of excess therlnodynamic properties 
!HE. P7') of binary mixtures of thiaalkanes with tz- 

a1ka:ii.s in a later paper. 
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The synthesis of oligoribonucleotides V.l The stepwise synthesis of the 3'-terminal 
heptanucleotide sequence of tRNAfMet from E .  coli 

KELVIK K.  OGILVIE A K D  NICOLE Y.  THERIAUL r 
Depcirtn~c.nt of Choi~ist/-.v, McGiII Ui~i~.er~i ty ,  801 Shcrhrookc St. W., Moiirr~~c~l, PQ., Cai~iicfci H3A 2 K6 
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KELVIN K. OGILVIE and NICOLE Y. THERIAULT. Can. J. Chem. 57.3140 (1979) 
The stepwise synthesis of a heptaribonucleotide GpCpApApCpCpA corresponding to the 

3'-terminus of tRNAfM" from E. coli is described. The procedure takes advantage of the ease 
of obtaining ribonucleoside units bearing a tert-butyldimethylsilyl group on the 2'-position. 
These units, bearing a 5'-methoxytrityl group are phosphorylated at the 3'-position and coupled 
to  the free 5'-position of the growing nucleotide chain using the chlorophosphite coupling 
procedure. Yields varied from 87 to 50% over the entire sequence. 

KELVIN K. OGILVIE et NICOLE Y. THERIAULT. Can. J. Chem. 57.3140 (1979). 
On decrit la synthese par etapes de I'heptaribonucleotlde GpCpApApCpCpA correspondant 

k l'extremite 3' de I'ARN de transfert (FMet) provenant du E. coli. Cette methode profite de 
I'obtention facile des unites ribonuclCosides ayant un groupement tert-butyldimtthylsilyle en 
position 2'. Les unites portant un groupement methoxytrityle-5' sont phosphorylees en position 
3' et couples a la position 5' libre de la chaine nucleotide en croissance en utillsant le procede 
de couplage au chlorophosphite. Les rendements pour la sequence complete varient de 87 
a 502.  

[Traduit par le journal] 

The chemical synthesis of oligonucleotides in- 
volves two principal problems: the availability of 
suitably protected nucleosides and methods to con- 
dense these units to form nucleotides. In the deoxy- 
nucleotide area adequate protecting groups have long 
been available and most attention has been applied to 
the question of phosphorylation procedures (1-9). In 
the ribonucleotide area developments have lagged 
well behind the deoxy series largely because of the 
difficulties of finding suitable procedures for pro- 
tecting the 2'-hydroxyl group. 

Reese extensively explored the problem of protec- 
tion of ribonucleosides (for revlew see ref. 10) and 
essentially settled on tetrahydropyranyl-type protec- 
tion for the 2'-position. Kliorana and co-workers 
also investigated this area ( I  I )  and Smrt and co- 
workers made important contributions (12, 13) to 
the protecting groups for ribonucleosides. Neiison 
was the first to combine the tetrahydropyranyl pro- 
tecting groups with the triester technology to make 
important ribonucleotide chains of significant length. 
In  1974 Neilson and Werstiuk (14), using a block- 
condensation triester approach, synthesized a nona- 
nucleotide corresponding to the anticodon loop from 
the fMet tRNA from E. coli. They later improved on 
the synthesis of this same sequence (1 5). Neilson and 
England also prepared two tetranucleotides and a 

'This article is also considered as Part X in a series on 
alkylsilyl protecting groups. For the previous article in these 
series see K. K.  Ogilvie and N. V. Theriault, Tetrahedron Lett. 
2111, 1979. 

pentanucleotide using a single addition (stepwise) 
procedure (16). The latter is, until now: the longest 
reported ribonucleotide prepared by a stepwise 
triester approach. Ikehara and co-workers as- 
sembled a pentanucleotide (17) using a stepwise 
diester approach. They have been experimenting with 
photochemical protecting groups (18), enzymatic 
coupling (1 9), and have recently reported a chemical 
block - triester synthesis of a heptanucleotide corre- 
sponding to units 53-59 from fMet tRNA from E. 
coli (20). Van Boom et al. have made the tetra- 
decaribonusleotide (UA), by a block-assembly 
triester procedure (21a). They have also prepared 
hexanusleotides correspondiiig to naturally occurring 
sequences by block-condensations (21 b). Wie\viorow- 
ski and co-workers (22) have also used a block- 
condensation triester approach to prepare a hepta- 
nucleotide sequence from the anticod011 loop of an 
initiator tRNA. 

We wish to  describe in this report the synthesis of 
the heptaribonucleotide GCAACCA corresponding 
to the 3'-terminus of fMet tRNA from E. coli. The 
chain was assembled in a stepwise fashion to prove 
the efficie~icy of the silyl protecting groups combined 
with the dichlorophosphite condensation procedure 
for the synthesis of oiigoribonucleotides. The syn- 
thesis of all of the protected ribonucleosides has been 
previously described (23,241. The present synthesis is 
outlined schematically in Scheme 1 .  

The questions which arise m-ost naturally in con- 
nection with any new proposai for nucleotide syn- 

0008-40421791233 140-05$01.00/0 
01979 National Research Council of Canada/Conseil national de recherche5 du Canada 
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mmtOQB HO OSi HOQAd S i o  OSi 

la.  B = N-benzoylcytosine 
Ih. B = adenine 
lc .  B = .Y-b.enzoylguanine 

1 d 
mmt = monoinethoxytrityl 

Si = tertbutyldimethylsilyl 

Compounds 2-7. cr series R = mmt 
h series R = H 

l h  (I) TCEOPCI. 
( 2 )  4h 

KOAS',(TCE)Ai'p(TCE)CB~~l(TCE)CBz$l(TCE)A~: 

(3) I,. H,O 5 

Pc ( I )  TCEOPCI, 
(2)  6h ROGBZ:'(TCE)CBz~1(TCE)A51p(TC~)~S'D(~~~)~n"$'(~~~)~~7~1(~~ E)A:: 
(3) 12.  H,O 7 

theas lnciude. (a) Do y~elds fall off significantly with 
increasing chain length aildlor is it necessarg to go to  
hlgher and klgher ratlos of reagents to ensure ade- 
quate ylelds7 (6) Is ~t necessary to extend the time for 
condei~sat~on as the cha111 length ~ilcreases? A posl- 
tive answer to  either or both of these questlolls can 
seveiely 11l11it the pract~cality of a procedure. 

In the early diester work on deoxyilucleot~des it 
tias often necessaly to use hlgh ratios of one reagent 
to another Fol example in the condensat~oil (25) of 
Tr-(Tp),T v ~ ~ t h  pT-OAc to form a hexanucleotlde a 
15-fold excess of pT-OAc was necessary to illsure a 
6 0 7  y~eld aftcr 3 ddys of condensation However. 111 

Nellson's stepwlse synthesis of the pelltanucleotlde 
ApCpCpUpC (16) thc ratio of monomer to  growing 
chaln var~ed sl~ghtlp from about 1 4 to 1 at  the dl- 
nucleotide level to 2 to 1 a t  the pentallucleot~de level 
while the bields decreased moderately from 73 to 
4 5 7 .  Hornever. even though Nellson's work em- 
ployed rnes~tqlenesulfon~l tnazole, considered to be 
a rapid condensing ageat ( 6 ) ,  the time of reactlon 
bailed from 3 daj  s a t  the dinucleotide level to 10 days 
to forin tne penta In lkehai a and co-\? orkers9 step- 
\lise s~nthesls of UpApm26pCpC (17) u s ~ ~ l g  a dleste~ 

approach, ratlos of reacting nucleotlde unlts varied 
froin 1 to I a t  the trlnucleot~de to 1 to 4 at the penta- 
nucleotide stage Y~elds ranged from 38 to 2 1 5  over 
thls sequence and all condensation steps requlred 5 
dais It is of course Important to note that these 
procedures dld Indeed n o l k  and the deslred nucleo- 
t ~ d e  products were formed. 

In Table 1 we have suminar~zed the llnportant 
obselvat~ons in conllectio11 w ~ t h  the synthesis of the 
heptanucleot~dc GpCpApApCpCpA. Thlee polnts 
are worth notlng (I) The total reactlon tlme relnalned 
constant at 2 h and 45 mln over the entlre sequence. 
(2) Yields decreased moderately f r o n  8 7 7  at the 
dlnucleot~de to 50'5 a t  the hepta~lucleotide stage (3) 
The ratlo of monomet to ol~gomer increased from 1.7 
to 1 at the trlnucleotide stage to 3 3 to  1 at the 
heptanucleotlde stage Most of the shorter chams 
were synthes~zed several tlmes and the 41eld ranges 
are also ~ndlcated In Table 1 

All of the ilucleot~des produced in thls work were 
obtained after thick layer chto~natography of the 
reactlon products The Important by-products 
~nclude the 3'-3'-hnked dtmers produced during the 
~ n ~ t l a l  phosphorylation of compounds 1. Since these 
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TABLE 1. Summary of condensation* and detritylationf reactions 

Nucieoside 
nm~ol  (mg) 

Nucleotide chain 
(5-OH unprotected) 

mmol (mg) 

Id 0.429 (215) 
2h 0.288 (331) 
3/> 0.119 (215) 
46 0.118 (281) 
5b 0.117 (348) 
6b 0.0554 (200) 

Product 
mlnol (mg) 

20 0.372 (530) 
3a  0 234 (487) 
4a 0.094 (250) 
50 0.077 (247) 
6a 0.065 (253) 
7~7 0.027 (125) 

Yield 
(% ) 

87 
8 1 
73 
65 
5 5 
50 

Yield range 
(% 1 

Product on 
detritylation 

No. Yield (%I 

20 76 
3b 75 
4b 83 
5b 88 
60 74 
7b 74 

i'A solution of nucieoside unit 1 In THF (0.75 M )  was added dropaise to a soliition of trichloroethylphosphorodichloridite in THF (0.75 'M) containing 
coilidine (4 equiv.) at 7 8 ° C .  The solution was mainrained at - 7 8 ' C  for 45 min. The n~icleotide unit ( 5  -OH free component, serles b) in T H F  (0.25 j.4) 
was added to the solutioo and stirring was continued at 7 8 ' C  for 1 h. The solillion has alloned to narm to room temperature and was kept there for 1 h. 
At this point the mixture \ \as treated ulth iodine,uater and this and all further steps were as previously described (23, 24). 

i.Conditions ibr  this step Mere 80:: HOAc at room temperature for 20 h. 

TAELE 2. Chromatographic properties%f protected oligoribonucieotides 

Melting point+ 
Compound Rf ('c) A,,,, (952  EtOH) (nm) 

2a 0.32"; 0.71"; 0.89";  0.64" 129-1 34 237,261, 305 
26 0.14"; 0 .55b;  0.86C; 0.46" 138-144 261, 303 
3a  0.27": 0 . 7 P ;  0.89'; 0.68" 145-150 260, 304, shoulder: 238 
36 0.17"; 0.7Sb; 0.8Se; 0.574 172-176 260, 304 
4a 0.33b; 0.86<; 0.38" 137-142 261, 304, shoulder: 238 
46 0.17'; 00.86C; 0.23" 162-166 261, 305 
5a  0.12b; 0.8SC; 0,19" 181-186 261, 305, shoulder: 235 
50 0.05b; 0.82C; 0.07d 183-188 261,305 
6a 0.14b; 0.90C; O.lSd 189-194 261, 305 
6b 0.05'; 0.91C; 0.08" 199-205 261, 305 
7a 0.1Ob; 0.87C; 0.32* 201-206 260, 303, shoulder: 238 
76 O.Ob; 0.81C; 0.17" 202-207 260. 303 

*Rr values are reported for Brinkman Polqgram sheets in ~olvents (0) ether, (6 )  ethyl acetate, ( c )  tetrahydrofuran and 
(d )  ether/chlorcform,'methano~ ( 5  : 4 :  1). 

tfisher-Johns melting point apparatus, uncorrected. 

dimers contain two methoxytrityl groups they nearly 
always have higher R, values than the desired reac- 
tion product and are easily separated. Problems 
occasionally arise when the tritylated oligon~er n + i 
has similar chromatographic mobility to the un- 
tritylated starting oligomer n. This problem seems to 
occur largely when the monomer that is being added 
does not contain a protecting group on the ainino 
function of the base. For example, the tetranucleotide 
mmt-A~(TCE)C",Zi(TCE)C"pLSi(TCE)A?i (4a) had 
only sl~ghtly difierent chromatographic properties 
from the starting trimer C~zSi(TCE)CBp"Si(TC~)A~i 
(3b). This problem is easily overcome since on treat- 
ing a mixture of 4a and 3b with 80% acetic acid, 
compound 4a loses a trityl group to produce 4b 
which has chromatographic properties different 
from 36 (Table 2) and separation is easily obtained in 
this fashion. The yields reported in Table I are from 
reactions where none of the b-oligomers (e.g. 36) 
remained at the end of the reaction. In any event the 
similarity of desired product and b-series starting 
material occurred for 2a, 4a, and 5a where purity of 

product was easily verified by detritylation as 
described. All of the a-series compounds (2a-7a) were 
detritylated with 807; acetic acid at roo111 temperature 
for 20 h. Isolated yields are reported in Table 1. 

Several of the protected nucleotide products were 
completely deprotected to the free nucleotides for 
identification. Thus 2b, 3b, 4b, 5b, and 7b were 
treated successively with ( I )  Zn-Cu couple in DMF 
at 55'C for an average of 5 h;  (2) half-saturated 
inethanolic ammonia at room temperature for two 
days, and finally (3) tetrabutylammonium fluoride 
(TBAF) for 30 min (Scheme 2). 

The properties of the deprotected oligonncleotides 
are recorded in Table 3. The di- through penta- 
nucleotides were all completely degraded by phos- 
phodiesterases to give the monomer units in the 
correct ratios. The heptanucleotide GpCpApApCp- 
CpA was degraded first by ribonuclease A to give 
GpCp, ApApCp, Cp, and A. The CpCp unit was 
then degraded by ribonuclease TI  to give Gp and 
CP . 

The work described in this manuscript clearly 
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OGILVIE A N D  THERIAUL? 

Compound 7b ( I )  Zn. Cu;  DMF.  50°C. 5 h 
(2)  CH,OH. NH,. 48 h GPCPAPAPCDCPA 

(3) F-. THF. 30 min 

demonstrates that the silyl protecting groups corn- previously described (23, 24) and the ratio of reactants used 
bin& the chlorophosphite condeIlsatioll pro- are summarized in Table 1. The solvcnts used to  isolate the 

cedure presents a very method for the syll- nucleotides 2a-7a are listed in Table 4. The procedures uscd 
for completely deprotecting the nucleotides 2a-70 have also 

thesis of oligoribonucleotides. The protected nucleo- been previously described along \?.ith the enzynlatic pro- 
sides are obtained by rapid and practical synthetic cedures used to characterize the free oligonucleotides (23. 24). 
procedures. The ch lo ro~hosph~te  condensation pro- Yield5 (determined spectrophoton~etncall~) for complete 
;ledure is short (22 h), l-he products are isolated by deprotection of oligonucleotides are generally in the 3 0 i 6 0 ~  

range. The only change in enzymatic procedures was that the 
silica gel cl~ron~atography. The synthesis of a l l e ~ t a -  products of enzyme degradation \?.,ere characterized and 
ribollucleolide by a stepwise procedure clearly quantitated on a Spectrophysics Model SP8000 Micro- 
demonstrates the facilitv of the method. We will soon processor-based HPLC unit. The colurnn used was a Lichro- 
describe the use of thesk basic procedures along with s01b r-i2-10A (aml~lobonded phase) column 7he so~ \en t  con- 

block condensations in the chemsal synthesis of the 
~ ~ ~ ~ ~ l ~ ~ ~ ~ s z ~ ~ ~ ~ ~ ~ ; ~ ; ~ ~ ~ ~ ~ ~ ~ ~ l ~ ~ ~ t ~ \ ~ ~ ; ~  

sequence corresponding to  the tRNAfhlet  from E. 

Experimental 
Gozcral Methods 

All general procedures including the prcparation of all 
starting materials have been previously described (23, 24). The 
procedures used for the synthesis of oligon~~cleotides are as 

TABLE 3. Properties of free oligonucleotides 

7.max(H20):: 
Conlpound ~ , i *  R,F* R , ~ T P . ~  (nm) 

CpA 0.23 0 .52 0.22 261 
CpCpA 0.05 0 .37 0.56 26 1 
ApCpCpA 0.01 0 .24 0.59 260 
ApApCpCpA 0.00 0 .20 0.66 255 
GpCpApApCpCpA 0.00 0 .07 0 .67 257 

^Descending paper chron?atography (M hatman 3hIhI)  values for solvent 
A,  lsoprcpyl alcohol -concentrated ammonium hldroside - v+ater ( 7 :  I : 2 ) :  
solbent F, pi-propanol - concentrated ammonium hydroxide - narer 
(55 , :  10:35). 

-,-Fapel. clectroplioresi\ (\\hatman 3.MR.I) at pl4 7.5 ( r r ie th~lan imoni~~m 
bicarbonate buffer). 

$Gary 17 recording spectrop:iotometei. 

TABLE 4. Solvents used during isolation of protected 
oligonucleotides by thick layer chromatography 

Product Solvent sequence (developments) 

EtzO (2) 
Et,O (1): I : 1 EtZO-EtOAc (1) 

EtzQ (2) 
EtzO (1); 29: 1 CHCl j-MeOH (2) 
E t 2 0  11); 3 : 1 Et20-EtOAc (1) 
5 : 4 :  1 EtzO-CHC1,-MeOH ( I  or  2) 
5 : 4 :  1 Et20-CHCI,--MeOH ( I )  
5 :4 :  I Et20-CHC1,-MeOH (2) 
5 : 4:  i Et,O-CHC1,-MeOH (2) 
5 .4 :  1 Er20-CHCI,-MeOH (2) 
5 :  4 :  1 Ei20-CHCI,-MeOH (2) 
5 : 4 :  1 Et,O-CHC1,-MeOH (2) 

We gratefully acknowledge financial support froin 
the Natural Sciences and Fnglneeriug Research 
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Min~stry.  We lvould also like to acknowledge the 
valuable techliical assistance of Douglas Entwistle in 
developiilg HPLC procedures for determ~nrng the 
results of enzyme degradat~ons 
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The chemistry of thujone. 11.' Insect juvenile hormone analogues via acid dianion 
coupling. The P lactone route 

JAMES P. KUTNEY, MICHAEL J .  MCGRATH, ROBERT N.  YOUNG, A N D  BRIAN R. WORTH 
Department of Chemistry, Unicersity of Br i t i~h  Colurnbia, 2075 Wesbrook Place, V~~rzcoucer,  B.C., Catlndrr V6T I W5 
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JAMES P. KUTNEY, MICHAEL J. MCGRATH, ROBERT N. YOUNG, and BRIAN R. WORTH. Can. 
J. Chem. 57, 3145 (1979). 

Several stereoselective syntheses of (E)-2-ethyl-6-methyl-5-octenoic acid (17) are described. 
The dianion of pure 17 was subsequently coupled with (E)-a-thujaketonic acid methyl ester (5), 
derived from thujone (I), to give the a-lactones 45 and 46 which were then epoxidized and 
pyrolyzed exemplifying a route to juvenile hormone analogues such as 51 and 54. 

JAMES P. KUTNEY, MICHAEL J. MCGRATH, ROBERT N. YOUNG et BRIAN R.  WORTH. Can. J. 
Chem. 57.3145 (1979). 

On dCcrit plusieurs syntheses stCrCosClectives de I'acide (E)-Cthyl-2 methyl-6 octene-5 oique. 
Le dianion pur de 17 coup16 a I'ester methylique de l'acide (E)-[j-thujacktonique (5) provenant 
de la thujone (1) conduit aux lactones 45 et 46. Ces derniers sont alors transformks en epoxyde 
qui, par pyrolyse, permettent d'acceder aux analogues 51 et 54 de l'hormone juvknile. 

[Traduit par le journal] 

The steam distillate from the slash (waste) of the o 
western red cedar is an excellent source of the mono- 
terpenoid ketone, thujone (1) (1, 2). In an effort to C02R 

further exploit the ready availability and interesting 
functionality of 1, its utility in a general route to a 2 R = H  

J 3 R =  Me series of insect juvenile hormone (JH) analogues was 1 
investigated. Permanganate oxidation (2) of thujone2 
had provided a-thujaketonic acid (2) which could be 

1 
ring opened, thermally to give (E)-P-thujaketonic acid 
(4), or via base catalysed cleavage of the ester (3) to 
give (Z)-P-thujaketonic acid methyl ester (7) (1). The 

4 R = H  6 R = H  gross structural similarities between the synthetic 5 R =  Me 7 R = M e  
units, 3, 5, and 7 and the "right hand" portion of the 
juvenile hormones I, 11, and PI1 (8-10) pointed to a 
potential usage of thujone derived intermediates. In ,, 0 2 M e  0 2 M e  
fact an earlier report (1) described the coupling of 
these keto-acids and esiers with C8-units, via Wittig 8 R =  R ' =  ~t 11 

olefination, to give analogues such as 11, 12, and 9 R = Et, R' = Me 

13. This method was, however, limited to the prepa- lo R =  R '  = Me 

ration of derivatives with a trisubstituted internal 
double bond, thus limiting the series of analogues 

-2.e \ 
available for biological screening. A further detri- 
ment to this route lay in the difficulty experienced in C02Me 

12 
separating the E- and Z-isomers (at C6) formed dur- 13 

SCHEME 1 ing the coupling. 
Thus, in order to circumvent these difficulties it 

was necessary to devise an alternative route which, 
ideally, would fulfill four important requirements: 
(i) the ability to generate tri- and tetrasubstituted 

'For Part I, see ref. 1. 
'Although thujone exists in two epimeric forms at C4, oxi- 

dative cleavage to 2 destroys this chiral centre thus allowing 
crude thujone to be used for this work. 

internal unsaturations, (ii) a mode of coupling that 
would allow at least selective trans-isomer formation, 
(iii) facile separation of the isomeric alkenes, (iu) 
specific protection of the internal double bond so as 
to allow specific epoxidation at ClO(11). Of the 
various methods available (3-101, that involving 
coupling between a carboxyiic acid dianion and a 
ketone to give a P-hydroxy acid, generation of di- 

0008-40421791233 145- 10$01.00/0 
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astereomeric p-lactones, and subsequent thermal 
elimination of carbon dioxide (Scheme 2) seemed the 
most suitable (4, 11, 12). 

To determine the suitability of the thujone-derived 
ketoesters for the proposed route, the dianion from 
cyclohexane carboxylic acid was reacted with (E)-P- 
thujaketonic acid inethyl ester (5). The required ad- 
duct 14 was formed in 60% yield. Subsequent reac- 
tion with benzencsulphonyl chloride in pyridine pro- 
vided the p-lactone 15 as evidenced by characteristic 
infrared absorption at 1810 cmpl. Pyrolysis of 15 at 
140°C gave a 68% yield of the expected tetrasubsti- 
tuted alkene 16. 

With the success of the model sequence, the pre- 
paration of prerequisite acid units representing the 
"left hand" portion of juvenile hormones 8-10 was 
necessary. Initially, the more troublesome targets 17 
and 18, related to the Cl8 cecropia juvenile hormones 
(8 and 9), were chosen since successful application of 
the proposed scheme with these units would effec- 
tively guarantee a route to the analogue related to 10. 

An efficient synthesis of a mixture of the E- and 
Z-octenoic acids 1'7 and 18 was available, based on 
the known cyclopropylcarbinol-homoallyl rearrange- 
ment (13-16), as shown in Scheme 4. Grignard re- 
action on methyl cyclopropyl ketone afforded the 
known carbinol 19 (13) which on reaction with 

magnesium bromide (17, 18) in ether gave a mixture 
of the E- and Z-homoaIlylic bromides 20. Initially 
this mixture was used to alkylate (19) the a-anion of 
methylbutanoate giving only a low yield of the esters 
21 admixed with the Claisen product (20), methyl-2- 
ethyl-3-oxohexanoate. Similar alkylation of the anion 
22, of the oxazoline (21, 22) formed by reaction be- 
tween butanoic acid and 2-amino-2-methyl-1-pro- 
panol, gave only a 44% yield of the adducts 23. 
Direct, acid catalysed hydrolysis of 23 was not suc- 
cessful; however, methylation using iodomethane 
and subsequent aqueous base catalysed hydrolysis 
gave the esters 24. Reaction of 24 in aqueous ethan- 
olic sodium hydroxide solution at 50°C did provide 
a route, albeit inefficient, to the required acids. Re- 
action of the dianion of butanoic acid (23) with the 
bromides 20 in a mixture of tetrahydrofuran (THF) 
and hexarnethylphosphortriamide (HMPA) pro- 
vided the E- and Z-acids 17 and 18 directly. Best 
results !%ere obtained by analogous alkylation with 
the relatively unstable iodides 25, formed by re- 
action of the mixture 20 with sodium iodlde in ace- 
tone or more efficiently by ring opening of 19 with 
magnesium iodide in ether (17, 18). In this manner 
an 80% yield (from 19) of the acids 17 and 18 was 
obtained. Separation of the isomeric acids 17 and 
18 was not possible by glc or by tlc methods. Accurate 
determination of the ratio of these products was how- 
ever possible from areas of the resonances due to C5 
in the 13Cmr spectrum (24). In this manner, the com- 
position was determined as 80% E- (17), 20% 2- (18). 

Although this route provided a fast and efficient 
means of obtaining the octenoic acids for developing 
the efficiency of subsequent reactions, in order to 
ensure the integrity of juvenile hormone analogues 
for biological screening a stereospecific route to 17 
or 18 was necessary. 

Initially, the synthesis outlined in Scheme 5 was 
investigated. Horner reaction between 2-butanone 
and the sodium salt of trimethylphosphonoacetate 
afforded E- and Z-methyl-3-methyl-2-pentenoates 
which were separated by spinning band distillation 
as described earlier (1, 25). The major, E-isomer was 
elaborated by standard means to the pure E-allylic 
chloride 26 (1). Alkylation of ethyl-3-oxopentanoate 
(26) with 26 in 1,2-dimethoxyethane (DME) gave 
pure E-P-ketoester 27. For each intermediate in this 
route (Scheme 5) the respective E- and Z-isomers 
were not separable by either tlc or conventional glc 
systems. Therefore E-, Z- mixtures of the inter- 
mediates up to and including 27 were initially pre- 
pared as described above from a mixture (ca. 2: 1) of 
E- and Z-methyl-3-methyl-2-pentenoates. In each 
case the differences in chemical shift for the vinylic 
methyl signals in 270 MHz ' ~ m r  proved satisfactory 
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for the determination of isomer ratios. These chemi- 
cal shift values were then used to determine the inte- 
grity of subsequent purity of compounds within the 
E series. Examination of 27 (derived from pure 
E-methyl-3-methyl-2-pentenoate) by 270 MHz 'Hmr 
spectroscopy did not show detectable 2-isomer (1). 
An E-, Z- mixture of the ketone 28 was prepared from 
a mixture of isomeric bromides 20 via reaction of the 
derived Grignard reagent with propanal and oxida- 
tion of the alcohol 30 with pyridiniu~n chlorochro- 
mate. The 'Hmr spectrum of this mixture of ketones 
was used to determine the isomeric purity of sub- 
sequent batches of the ketone 28, and to optimize 
conditions for further transformations. Optimum 
conditions for the conversion of pure 27 to pure 
E-y,G-unsaturated ketone 28 were attained using 
barium hydroxide in aqueous ethanol under reflux. 
'Thus a 75% yield of 28, of >98% isomeric purity, 
was obtained (1). Homologation of 28 was accom- 
plished via the nitrile 31 for which two routes were 
investigated. Firstly reduction of 28 (> 98Y, E) with 
sodium borohydride in methanol gave 30 which was 
readily converted to the mesylate 32. Reaction of the 
latter with sodium cyanide in HMPA gave a 60% 
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overall yield of 31 contaminated with ca. 9 z  Z- 
isomer as determined from the 270 MHz 'Hmr spec- 
trum. The obvious isomerization of E to Z in the 
sequence 28 --+ 30 -+ 32 -t 31 dictated an alternative 
s~lethod of preparation of 31. Success was achieved 
when 28 (>98% E) was reacted with potassiun~ 
hydride and tosylmethylisocyanide (TOSMIC) (27- 
29) in DME. The nitrile 31 of ca 98% isomeric purity 
was isolated in 75% yield. Analogous reaction using 
potassium tert-butoxide in tert-butanol and DME 
gave nitrile of 95% isomeric purity. Hydrolysis of 31 
( 98z  E) required heating to 180°C in a sealed tube 
with potassium hydroxide in aqueous methanol, and 
under these conditions acid 17 of ca. 87% isomeric 
purity (determined as above using 13Cmr spectros- 
copy) was obtained in 7 4 z  yield. Treatment of 31 
with powdered potassium hydroxide in refluxing dry 
tert-butanol (30) gave a 6 2 z  yield of the crystalline 
primary amide 33 (ca. 9 3 x  E, 7z 2) .  Although re- 
crystallszation of 33 may have improved the isomeric 
purity, attempts to convert 33 to the acid 17 under 
mild conditions (aqueous sodium peroxide (31)) were 
unsuccessful. Thus although this route (Scheme 5) 
provided the required acid 17, the subsequent con- 
version of a substrate of ca. 9 3 z  isomeric purity to 
juvenile hormone analogues was considered un- 
satisfactory. 

An alternative route to the E-acid 17 is outlined 
in Scheme 6. In this regard, pure E-allylic chloride 
(1) 26 Lvas reacted with phenylthiomethylcopper 
(32-35) in THF  to give a mixture of the thioether 34 
(75% by glc) and thioanisole 35 (20% by glc). This 
mixture was generally used as such for subsequent 
conversions. An analytical sample of 34 (94% E by 
270 MHz 'Hmr) was obtained by preparative glc. 
Another sample obtained by fractional distillation of 
the mixture, however, was similarly shown to be 98% 
E-isomer. Reaction of the mixture of 34 and 35 with 
iodomethane and sodium iodide in dimethylform- 
amide (DMF) in the presence of metallic mercury 
and calcium carbonate (35) at 70°C gave, after dilu- 
tion with ether, the precipitated salts 36 and 37 to- 
gether with an ethereal solution of the unstable iodide 
25, thioanisole 35, and the thioether 34 in the ratio 
38: 50: 12 (as determined by glc). Separation of the 
iodide from the above mixture either by distillation 
or by preparative glc was not possible. Therefore 
the mixture was treated, as such, with the dianion 
from n-butanoic acid in TMF and HMPA to give 
the acid 17 and a mixture of 34 and 35. The separated 
neutral fraction was combined wiih the salts from 
the previous reaction and the cycle repeated. The 
1313mr spectrum of 17 obtained via this route indi- 
cated 95% E-, 5% Z-isomer (24). 

Although this synthesis had allowed generation of 
the acid 17 with high stereoselectivity, it was decided 
that for the purposes of biological screening of sub- 
sequently derived JH  analogues, a higher isomer in- 
tegrity was desirable. Therefore various methods of 
purification of 17 were investigated. A derivative of 
the acid was sought such that purification would en- 
able separation of pure E-isomer and such that 
efficient regeneration of acid could be accomplished 
without concomitant alkene isomerisation. The 
crystalline amide 33 was also available via the acid 
chloride 38 but, as mentioned above, regeneration of 
17 under mild conditions was not possible. The 
methyl ester was a liquid, as expected, and separa- 
tion of the E- and Z-isomers using glc or conven- 
tional chromatographic methods (including silver 
nitrate impregnated silica gel (36)) was not accom- 
plished. Imidizolides were reported (37) to generally 
exhibit good crystalline properties; however, the 
derivative 39 derived from 1'7 was a liquid. Both the 
ammonium and dimethylammonium salts were 
crystalline but relatively unstable, each liberating 
the acid 17 and the respective amine on standing. The 
crystalline diisopropylammonium salt was stable 
but recrystallization even from n-hexane at -78°C 
was quite inefficient. The derivative of choice proved 
to be the dicyclohexylammonium salt 40, which 
could be readily formed and which quantitatively 
liberated the acid 17 on treatment with cold, dilute 
hydrochloric acid in methanol solution without 
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P to the corresponding 2-isomer 18 and to the acids 
41 and 42, related to the hormones 8, 9 and 10, is 

- A J c o 2 -  H ~ &  assured. 
I I 
0 

38 R =  CI 40 b h C 0 2 H  

39 R = 41 R = Et 
42 R =  Me 

observable E-1.2- isomerisation. This salt was ob- 
tained in stable crystalline form and could be re- 
crystallised from ethyl acetate, 2-butanone, or, more 
efficiently, from acetone. 

A sample of 17 (95% E, 5% 2 )  prepared via the 
route depicted in Scheme 6 was converted to the 
salt 40 and this derivative recrystallized four times 
from acetone to give a sample of mp 81.5-82°C. Re- 
generation of the acid 17 (48% recovery overall) 
gave a sample of 98% isomeric purity (as determined 
by I3Cmr). A sample of acid 17 (80% E, 20% Z) ,  
derived as indicated in Scheme 4, was purified as 
described above, with seven recrystallizations of 
the intermediate salt, to give a sample of 95% E 
purity. Severe losses of material in this procedure 
precluded the use of this latter route to the E-acid 17. 

Of the methods examined, that involving the thio- 
ether 34 seemed to offer the best route to large quan- 
tities of 17 of suitable isomeric purity. Now with the 
chemistry to pure E-acid 17 in hand, its application 

Prior to attempting the coupling reaction, several 
experiments were carried out to determine optimum 
conditions for formation of the acid dianion. Two 
bases were examined, lithium diisopropylamide 
(LDA) and lithium 2,2,6,6-tetramethylpiperidide 
(LTMP) (38). The extent of a-anion formation was 
determined by quenching with D,O and measuring 
the decrease in area related to the a-H resonance at 
6 2.31 in the 270 MHz 'Hmr spectrum of 17. 13Cmr 
spectroscopy was used to evaluate any concomitant 
E-/Z- isomerisation. In this manner optimum condi- 
tions were found (up to 79% dianion formation with- 
out detectable stereoisomerisation) using LDA in 
THF at 50°C for four hours, followed by quenching 
at 0°C. These conditions were subsequently used for 
the coupling reaction. 

In the event, coupling of pure E-acid 17 with the 
more readily available (E)-P-thujaketonic acid methyl 
ester (5) gave a mixture of diastereomeric P-hydroxy- 
acids 43 which was characterized as the methyl esters 
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44 obtained by reaction with diazomethane in ether 
at 0°C. Alternatively reaction of the crude hydroxy- 
acids with benzenesulphonyl chloride at 0°C in 
pyridine gave a mixture of the two diastereomeric 
p-iactones 45 and 46 in the ratio 45: 55 (i.e., ratio of 
the corresponding trienes 47 and 48 formed by pyro- 
lytic cleavage during glc examination). Chromato- 
graphic separation on silica gel afforded the indivi- 
dual isomeric lactones. Subsequent pyrolysis of 45 in 
refluxing methylcellusolve gave the less polar triene- 
ester 47. Simi!arly 46 was efficiently converted to 48. 
The coupling reaction was then repeated on a mix- 
ture of E- and 2-acids 17 and 18 (ratio 80:20) and 
the product converted to a mixture of the isomeric 
p-lactones. Analysis of this four component mixture 
both by tlc and glc showed only two components 
(viz. 45 and 46) thus confirming the necessity for 
pure E- (or Z-) acid as substrate. 

Although a variety of methods have appeared for 
the selective epoxidation (39-47) of trisubstituted 
alkenes near the terminus of a polyene chain, here 
the extra activity of an internal tetrasubstituted 
double bond was expected to preclude any such 
selection. These suspicions were justified as shown 
by a trial epoxidation of the triene-ester 47. Reaction 
of 47 with one equivalent of meta-chloroperbenzoic 
acid (mCPBA) at 0°C gave a mixture of 47, the bis- 
epoxide 49, and a mixture (70:30) of the mono- 
epoxides 50 and 51. 

solution, with tetramethylsilane as internal standard. Isomer 
ratios were determined by weighing respective peaks of an ex- 
panded spectrum run at 270 MHz. Mass spectra were recorded 
on an Atlas CH-4B or AEI MS-902 instrument. Microanalyses 
were carried out by Mr. P. Borda, Microanalytical Laboratory, 
University of British Columbia. l3Cmr spectra were measured 
on a Varian CFT-20 instrument. Analytical glc separations 
were carried out on a Hewlett Packard 5830A gas chromato- 
graph. Preparative glc separations utilized a Varian model 
90-P gas chromatograph. Column chromatography utilized 
Merck silica gel 60 (70-230 mesh) or Merck aluminum oxide 
90 (neutral). Preparative and thin layer chromatography 
utilized Merck silica gel GF,,,. 

As a matter of routine, all reagents and solvents were re- 
crystallized or distilled prior to use. 

The Hydroxyacid 14 
A solution of cyclohexane carboxylic acid (93 mg) in dry 

tetrahydrofuran (5 mL) was added at -78°C to a solution of 
lithium diisopropylamide (2 equiv.) in dry tetrahydrofuran (2 
mL) and the mixture warmed to 50°C for 1.5 h under an atmos- 
phere of dry nitrogen. The solution was cooled to ca. 20°C and 
then added slowly to a solution of (E)-p-thujaketonic acid 
methyl ester (5) (150 mg) in dry tetrahydrofuran at -78°C. 
The solution was stirred at this temperature for 30 min, 
warmed to ca. 20°C and neutralized with methanolic hydro- 
chloric acid. The mixture was diluted with water and extracted 
with dichloromethane. The extract was washed with 5% sodium 
bicarbonate solution, the washings acidified and extracted with 
dichloromethane. This extract was dried (MgSO,) and evapo- 
rated to give the hydroxy acid 14 (150 mg, 64%) as a colourless 
oil; ir v,,,: 3350, 3300-2400, 1700, 1640; 'H nmr 6: 8.3 (2H, 
broad envelope, D,O exchangeable, -CO,H and -OH), 
5.66 (1H, S, -C=CHCOzCH3), 3.70 (3H, S, -C02CH3), 1.25 
(3H, S, -C(OH)CH3), 1.10 (6H, d, J = 7 HZ, -CH(CH3)2); 
ms mle: 311 ( M f  - CH,), 283, 199, 167, 139. 

The dividends from the choice of the acid dianion 
coupling mode were now apparent as similar epoxi- 
dation of the separated P-lactones 45 and 46 gave a 
high yield of epoxy-lactones 52 and 53 respectively. 
Pyrolysis of 52 in refluxing methylcellusolve gave 51. 
Similarly 53 gave the juvenile hormone analogue 54 
in high yield. 

Experimental 
Uncorrected melting points were determined on a Reichert 

micro hot stage. Boiling points are uncorrected. Infrared spec- 
tra were recorded on either a Perkin-Elmer 710 or 457 spectro- 
photometer. 'Hmr spectra were recorded on a Varian T-60, 
HA-100, or XL-100, or a 270-MHz spectrometer in CDCI, 

The p-Lactone 15 
Benzenesulphonyl chloride (200 mg) was added to a solution 

of the hydroxyacid 14 (1 10 mg) in dry pyridine (5 mL) at - 5°C. 
The mixture was allowed to stand at ca. 0°C overnight, poured 
into ice-water and extracted with ether. The extract was washed 
with 5% sodium bicarbonate solution, dried (MgSO,), and 
evaporated. Chromatography of the residue on silica gel gave 
the (3-lactone 15 (65 mg, 65%) as a colourless oil; ir v,,,: 1810, 
1710, 1650; 'H nmr 6 :  5.70 (IH, s, -C=CHC02CH3), 3.70 
(3H, s, -C02CH3), 1.78 (3H, S, -C(OR)CH3), 1.10 (6H, d, 
J = 7 Hz, -CH(CH3)2); ms m/e: 264 (M+ -COz), 233, 221, 
142. 

The Ester 16 
The (3-lactone 15 (60 mg) was heated to 140°C for 1.5 h in a 

nitrogen atmosphere. Chromatography on silica gel gave the 
olefin 16 (35 mg, 68%) as a colourless oil; ir v,,,: 1710, 1640; 
'H nmr 6 :  5.70 ( lH,  s, -C=CHC02CH3), 3.70 (3H, s, 
-OCH3), 1.75 (3H, S, -CH3), 1.10 (6H, d, J = 7 HZ, -CH- 
(CH3)2); ms mle: 264 (M*), 233, 221, 142, 123. 

The Alcohol 19 
Ethyl bromide (26 g) in dry ether (25 mL) was added to 

magnesium turnings (7.51 g) in dry ether (75 mL) under dry 
nitrogen, and the mixture refluxed for 1.5 h. The solution was 
cooled to ca. 0°C and cyclopropyl methyl ketone (17 g) added 
during 30 min. The mixture was stirred at ambient temperature 
for 16 h, diluted with cold, saturated ammonium chloride solu- 
tion, and extracted with ether. The extract was washed with 
brine, dried (K2C03), and concentrated at atmospheric pres- 
sure. The crude product was distilled between 43 and 67°C at 
60 Torr to give pure (glc, 7% Carbowax 1500 on 90-100 mesh 
Anakrom ABS) carbinol 19 (18.34 g, 80z); ir (film) v,,,: 
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3400, 3080; 'Hmr 6:  1.57 (2H, q, J = 7.4 Hz, -CH2CH3), 
1.09 (3H, S, -CH3), 0.98 (3H, t, J = 7.4 HZ, -CHzCH3), 
0.35 (m, cyclopropyl -H); ms mle: 99 ( M  - 15), 85. 

(E)- and (Z)-6-Bromo-3-metIi.~~l-3-hexene ( 20 )  
A solution of 1,2-dibromoethane (18.2 mL) in dry ether was 

added slowly, at OcC, to magnesium turnings (5.63 g) in ether 
(100 mL). After complete addition (1.5 h) the mixture was 
heated to reflux for 1 h, then stirred at ambient temperature 
for 16 h. A solution of the alcohol 19 (6.16 g) in dry ether 
(25 mL) was added and the mixture refluxed for 1.5 h, then 
stlrred at ambient temperature for 6 h. The mixture was cooled 
and carefully washed with brine. The ethereal layer was dried 
(NaZSO4) and evaporated to give an oil (9.46, g, 98%) which 
appeared homogeneous by tlc and by glc. This product was 
distilled at 75'C, 10 Torr to give E- andZhomoallylic bromides 
20; ir v,,,: 2970, 2930, 2880, 1670, 1460, 1380, 1275; 'Hmr 
(CDCI,) 6: 5.16 (1H, complex multiplet, C4-H), 3.36 (2H, t, 
J = 7 Hz, -CH2Br), 2.58 (2H, q, J = 7 Hz, C5-H2), 2.04 (2H, 
q, J = 7 HZ, C2-H2), 1.64 (3H, bs, C3-CH,), 1.00 (3H, t, 
J = 7 Hz, -CHzCH3). An EIZratio of 3 : 1 was determined from 
the areas under the vinylic methyl signals for the E- (6 1.64) 
and Z- (6 1.72) isomers. 

The Esters 21 
n-Butyllithium (0.6 mL of a 2.83 M solution in pentane) was 

added to a solution of diisopropylamine (0.17 g, 0.24 mL) in 
dry T H F  (1.7 mL) at 4°C. The solution was stirred at this tem- 
perature for 15 min and then cooled to - 78°C. Methyl butano- 
ate (0.173 g) was added and the mixture stirred for 40 min at 
-78°C. A solution of the bromides 20 (0.36 g) in HMPA 
(0.15 mL) was added and the mixture stirred at -78°C for 
30 min, then at ambient temperature for 1.5 h, poured onto 
ice cold 1 M HC1 and extracted with ether. The ethereal extract 
was dried (Na2S04) and evaporated. Chromatography on 
alumina gave the esters 21 (0.08 g, 20%); ir v,,,: 1720; lHmr 
(CDC1,) 6: 5.10 (1H, bm, C5-H), 3.72 (3H, s, -OCH3). 

1.33 (6H, bs, > C(CH3),), 1.03 (3H, t, J = 7 HZ, -CH,CH3), 
0.97 (3H, t, J = 7 Hz, -CH,CH3), plus small signals attribut- 
able to theZ-isomer; ms mle: 237 (Mi), 222,181,154,142,126. 

The Atninoester 24 
A mixture of the oxazolines 23 (70 mg) and iodomethane 

(1 mL) was allowed to stand at ambient temperature for 20 h, 
the solvent was removed in cucuo, and the residue triturated 
with ether to afford the methiodide salt. This solid was dis- 
solved in 1 M N a O H  (5 mL) and the solution stirred at ambient 
temperature for 20 h. The mixture was diluted with water and 
extracted with petroleum ether. The organic layer was dried 
and concentrated to give 24 (60 mg); ir v,,,: 3300, 1725; 
'Hmr (CDCI,) 6: 5.00 (lH, bm, vinylic -H), 3.82 (2H, s, 
-OCH,-), 2.31 (3H, s, -NCH,), 1.51 (3H, bs, vinylic 
-CH3), 1.08 (6N, S, -C(CH,)z). 

The Acids 67and 18 
From 24 
The ester 24 was heated to 5O'C for 17 h in a mixture of 6 M 

NaOH and ethanol. The mixture was acidified with 1 M HC1 
and extracted with ether to give (48%) the acids 17 and 18 
(see below). 

From 20 
n-Butyllithium (2.0 mL of 2.82 M solution in pentane) was 

added to a cold (- 15°C) solution of diisopropylamine (0.8 mL, 
0.58 g) in dry THF (4.5 mL) and the mixture stirred for 15 min. 
Dry n-butyric acid (0.25 mL, 0.24 g) was added and the mixture 
stirred at ca. OcC for 20 min. The E/Z-bromides 20 (0.5 g) 
in dry HMPA (1 mL) were added and the solution stirred at 
0°C for 10 min, then at ambient temperature for 30 min. The 
mixture was carefully acidified and partitioned between ether 
and brine. The ether extracts were washed with brine ( x  2), 
dried and concentrated. Distillation of the residue (115'C, 0.3 
Torr) gave the acids 17 and 18 (0.25 g, 48%), (see below). 

The Iodides 25 

The Oxazolirzes 23 From 20 
n-Butyllithium (0.48 mL of 2.7 M solution in n-pentane) The bromides 20 10.366 g) and dry sodium iodide (0.150 g) 

was added slowly to a solution of the propyloxazoline 22 (172 in dry acetone (1 mL) were heated to reflux in the Presence of 
mg) in dry T H F  at - 78°C. The yellow was stirred at CaCO, and mercury (35). After 30 min the mixture was cooled, 
this temperature under a nitrogen atmosphere for 30 min and filtered, and concentrated in vacua. Distillation of the residue 
then treated with the bromides 20 (255 mg). The mixture was at 30'CIO.l Torr gave the iodides 25 (0.254 g, 55%). 
kept a t  -78'C for 30 min and then allowed to attain ambient From 19 (1 7, 18) 
temperature. The mixture was partitioned between brine and The carbinol 19 (11.8 g) in dry ether (200 mL) was added 
ether, the ethereal layer dried (Na,S04), and evaporated. The slowly to a solution of magnesium iodide (4 equiv.) in dry 
residue was distilled at 70SC, 0.1 Torr to give the oxazolines 23 ether and the mixture refluxed for 5 h under a nitrogen atmos- 
(322 mg, 94%); 'Hmr (CDCI,) 6 :  5.17 (IN, bm, vinylic -H), phere. After a further 16 h at ambient temperature, the reac- 
3.94 (2H, bs, -0-CH,-), 1.64 (3H, bs, vinylic --CH3), tion was carefully quenched with cold water and then extracted 
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with petroleum ether (30-60°C). The organic extract was 
washed with brine. dried (Na2S04), and concentrated in eaclto 
to give the E-/Z-iodides 25 (23 g, 100%) ho~nogeneous by glc 
(5% OV 17), bp 40°C/0.1 Torr; 'Hmr (CDCI,) 6 :  0.97 (3H, 
t, J = 7.5 Hz, -CH2CH3 Z-isomer), 0.99 (3H, t, J = 7.5 Hz, 
-CH2CH, E-isomer), 1.60 (3H, s, -CH3 E-isonler), 1.68 
(3H, d, J = 1.1 Hz, -CH3 Z-isomer), 2.0 (2H, m, -CH2CH3), 
2.57 (2H, m, -CH2CH21), 3.09 (2H, m, -CH21), 5.08 (lH, 
m, vlnyl~c -H). Ratlo by 'Hmr (methyl group resonances) 
EIZca. 3.1. 

The Acids 17 and 18 from 25 
A solution of n-butyllithium in hexane (75.2 mL of 1.72 M) 

was added to a mixture of anhydrous diisopropylamine (1 1.9 
g) and dry THF (96 mL) at -78°C under a nitrogen atmos- 
phere. The mixture was stirred at - 78'C for 30 min and then 
warmed to - 23'C. At this temperature, n-butyric acid (4.71 g) 
was added and the mixture stirred for 30 min. The temperature 
was raised to 0°C and dry HMPA (10.5 g) added. After 40 min, 
the iodides 25 (6.1 g) were added and the solution stirred for 
20 h at ambient temperature. The mixture was acidified with 
cold 1 N HC1 and extracted with petroleum ether (30-60'C). 
The organic layer was then extracted with ice cold 1 N NaOH, 
the alkaline layer neutralised with 1 N HCI, and extracted 
with petroleum ether. This organic extract was washed with 
brine, dried (Na2S04), and concentrated in cacuo. Distillation 
of the residue at 9OoC/0.1 Torr gave the isomeric acids 17 and 
18 (3.88 g, 7973, homogeneous by glc (5% OV 17); ir v,,,: 
3400-2400, 1705; 'Hmr (CDCI,) 6 :  5.09 (lH, m, C5-H), 2.31 
( lH,  m, C2-H), 2.00 (4H, m, C7-H2 and C4-H2), 1.60 (4H, m, 
C3-H2 and C2-CH2CH,), 1.66 (3H, s, vinylic -CH,, Z- 
isomer), 1.58 (3H, s, vinylic -CH,, E-isomer), E/Z ratio by 
vinylic -CH3 signals ca. 3 : l ;  l3Cmr ('H, noise decoupled) 
(CDCI,) 6 :  182.9 (Cl), 138.1 (C6, Z-isomer), 137.9 (C6, E- 
isomer), 123.3 (C5, Z-isomer), 122.0 (C5, E-isomer), E/Z ratio 
by C5 signal = 4: 1 ; ms mle: 184.1454 (M+,  Cl1H2,O2 re- 
quires 184.1463), 183, 166, 155, 138, 109. Anal. calcd. for 
C11H200,: C 71.70, H 10.94; found: C 71.92, H 10.86. NB the 
discrepancy in the ratios derived by 13C and 'Hmr was ap- 
parently due to overlap of the vinylic -CH3 signals with a 
broad multiplet. The ratio derived from the 13Cmr spectrum 
utilised signals with clean, baseline separation. 

The Alcohol 30 
The bromides 20 (3.19 g) and magnesium turnings (0.46 g) 

were allowed to stir in dry ether (2 mL) for 5 h. Propanal 
(0.966 g) was added and the stirring continued for 12 h a t  
ambient temperature. The mixture was carefully quenched with 
water, dried (Na2S04), and concentrated in vaclro to give 30 
(2.16 g, 83%), identical (by glc) with an authentic sample (1). 

The Ketone 28 from 30 
Oxidation of 30 according to the literature (48) procedure 

gave the ketone 28 (71%) identical with an authentic sample (1). 

The Mesylate 32 
The alcohol 30 (200 mg) and methanesulphonyl chloride 

(900 mg) were stirred in dry pyridine (2 mL) at 0°C for 18 h. 
The mixture was poured into ice-water and extracted with di- 
chloromethane. The extract was washed with brine, dried 
(MgSO,), and evaporated to give the crude mesylate 32 (450 
mg); ir v,,,: 1350, 1170; which was used without further puri- 
fication. 

The Nitvile 31 
From 32 
The crude mesvlate 32 (450 1nd and sodium cvanide (300 

mg) were stirred ;n dry hexametcy~~hos~hortriamide (1 AL) 
under a nitrogen atmosphere for 15 h. The mixture was di- 
luted with water and extracted with ether. The extract was 

(MgS04), and evaporated. Chromatography on silica gel af- 
forded the nitrile 31 (210 mg, 60% from 30); ir (film) v,,,: 2230, 
1668; ms mle: 165 (M+), 150, 137, 122. High resolution 
molecular weight determination calcd. for C, ,H,,N: 165.1517; 
found: 165.1525. Anal. calcd. for C11H19N: C 79.94, H i1.59; 
found: C 80.20, H 11.52. 

From 28 
TOSMIC (25) (0.377 g) in dry DME (4 mL) was added to 

potassium hydridelmineral oil suspension (0.39 g, 4.99 mmol 
KH/g of suspension) in dry DME (4 mL) at -46°C under a 
nitrogen atmosphere. The mixture was stirred at thls tempera- 
ture for 10 min, then at O°C for 10 min to give a bright yellow 
solution. Pure E-enone 28 (1) (0.175 g) in DME (4 mL) was 
added at 0°C and the solution stirred for 45 min. Anhydrous 
methanol (0.079 mL) was added and stirring continued for 1 h 
(0-5°C). The solution was then allowed to attain ambient 
temperature and methanol (0.21 mL) added. Stirring was con- 
tinued for a further 88 h.  The mixture was then diluted with 
water and extracted with n-pentane. The extract was washed 
with brine, dried (Na2S04), and the solvents removed in cncuo. 
Chromatography of the residue on silica gel gave the E-cyanide 
31 (0.14 g, 75%); bp 67-73"C/0.1 Torr; 'Hmr (CDCI,) 6: 
5.08 (lH, t, J = 7.6 Hz, vinylic - H) 2.48 (lH, m, -CHCN 
i.e., C2-H), 1.63 (3H, s, vinylic -CH3): 13Cmr (CDCI,) 6: 
139.2 (C6), 122.25 (C1), 120.8 ('25). The EIZ ratio was 98:2 
from signals due to the vinylic methyl groups in the 270 MHz 
'Hmr spectrum and by signals due to C5 in the 13Cmr spec- 
trum as before. A sample of 31 prepared similarly from the 
ketones (E/Z ratio 19:6) was likewise shown to contain the 
E- and Z-isomers in the ratio ca. 19: 6 indicating no observable 
double bond isomerisation during this step. 

The Acids 17 and 18 from 31 
A sample of the nitrile 31 (0.054 g, 98% E-) and potassium 

hydroxide (0.09 g) in methanol (1 mL) and water (0.3 mL) 
were heated at 180°C (sealed tube) for 48 h. Usual work-up 
gave the acids 17 and 18 (0.042 g, 74%) in the ratio 87:13 
determined as above by 13Cmr spectroscopy. 

The Amide 33 
The nitrile 31 (98% E-, 0.05 g) and powdered, dry potassium 

hydroxide (0.06 g) were heated in refluxing, dry tert-butanol 
(0.5 mL) for 10 h .  The usual work-up procedure gave the amide 
33 (0.034 g, 62%); 'Hmr (CDCI,) 6: 6.22 (lH, s, -NH), 5.60 
(lH, s, -NH), 1.66 (3H, s, vinylic -CH3, Z-isomer), 1.58 
(3H, s, vinylic -CH,, E-isomer). EIZratio from vinylic methyl 
signals was 93 : 7. 
The Sulphide 34 

Pure E-chloride 26 (1) (3.6 g) was added to a solution of 
phenylthiomethylcopper (from 3.7 g of thioanisole) (32-34) in 
dry THF (28 mL) at - 50°C under an atmosphere of nitrogen. 
The mixture was stirred at - 50°C for 30 min, at -23'C for 
3 h, then at ambient temperature for 60 h. The solution was 
diluted with water and extracted with petroleum ether (30- 
60°C). The extract was washed with brine, dried (Na2S0,), 
and concentrated in cacuo. The crude product (4.62 g) was 
shown (glc, 5% OV17) to comprise thioanisole (20%) and pro- 
duct (75%). An analytical sample of 34 was obtained by pre- 
parative glc; ir v,,,: 3060, 3045, 1660, 1580, 735, 688; 'Hmr 
(CDCI,) 6: 7.22 (5H, m, Ar -H), 5.16 (IW, m, vinylic -H), 
2.90 (2H, t, J = 6.5 Hz, -CH2SC6H,), 1.68 (3H, s, vinylic 
-CH3, Z-isomer), 1.57 (3H, s, vinylic -CH,, E-isomer), 
E/Z ratio: 47:3; ms m/e:  206.1124 (M+,  CI3Hl8S requires 
206.1129), 136, 123. Anal. calcd. for C13H18S: C 75.69, H 
8.80; found: C 75.86, H 8.70. 

A small sample obtained by distillation (85'C/0.1 Torr) was 
similarly shown to have an E/Z ratio of 49: 1. 

The Iodide 25 from 34 
The crude thioether 34 (containing thioanisole, 4.1 g), dry washed with 1 AT hydrochloric acid, water and brine, dried 
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sodium iodide (10.7 g), calcium carbonate (0.156 g), and mer- 
cury (I drop) were mixed in dry D M F  (42 mL). Iodomethane 
(32.3 mL) was added and the mixture heated at 60-75°C for 
28 h under an atmosphere of dry argon. The mixture was then 
coo!ed to ca. 2OC, diluted with ether, and cooled 10 ca. O'C. 
The crystalline material was removed by filtration, dried, and 
reserved for recycling. The filtrate was washed with brine, 
dried (Na2S04), and the solvents removed by distillation at 
atmospheric pressure (60-70°C). Gas-liquid chromatographic 
analysis (5% OV17) of the residue (0.68 g) indicated iodide 25 
(38%), thioanisole (4973, and thioether 34 (12%). The iodide 
thus obtained was not purified but used as such for the next 
step. 

The Acid 17from 25 
The dianion of n-butyric acid (1.4 g) was alkylated, as de- 

scribed earlier, with the crude 25 (1.8 g) to give (17) (0.924 g). 
The EjZ ratio in this product was found to be 95: 5 by 13Cmr 
as before. The neutral fraction (2.7 g) from the work-up of this 
reaction, shown by glc to contain thioanisole (56%) and the 
thioether (42%), was reserved for recycling. 

Purification of l7via 40 
Dicyclohexylamine (2.98 g, 3.28 mL) was added to a solution 

of the acid 17 (95% E-, 2.88 g) in n-hexane. The mixture was 
cooled to -78'C and the crystalline product 40 collected by 
filtration. The salt was recrystallized ( x 5) from acetone to give 
material with mp 81.5-82°C. 

The salt 40 was then dissolved in methanol containing ca. 
1 0 z  HCl at O'C. The mixture was stirred for 5 min, diluted 
with ice cold water, and extracted with petroleum ether 
(30-60°C). The extract was washed with brine, dried (Na2S04), 
and concentrated in nacuo. Distillation of the residue gave 17 
(1.38 g). The EjZ ratio was determined as 49:l  by l3Cmr 
spectroscopy. 

The Hydroxyacid 43 
n-Butyllithiurn (5.9 mL, 1.70 M )  was added to a solution of 

diisopropylamine (0.922 g, 1.28 mL) in dry THF (6.3 mL) at 
-78°C under a nitrogen atmosphere, and the n~ixture stirred 
for I h at this temperature, then at -23'C for 20 min. A solu- 
tion of the E-acid 17 (0.763 g) in dry T H F  (1 mL) was added 
and the solution stirred at -23°C for 30 min, then at OcC for 
10 min. The mixture was heated to 50cC for 4 h, and then 
cooled to -78°C. A solution of the ketoester 5 (0.827 g) in dry 
T H F  (1 mL) was added slowly, and the mixture warmed (over 
2 h) to 0-C, poured into ice-water, and extracted with petro- 
leum ether (30-60°C). The extract was dried and concentrated 
to give 5 (0.293 g). The aqueous layer was adjusted to pH 1 
with ice cold 1 N HC1 and then extracted with petroleum ether 
(30-60'C). T h ~ s  extract was washed with brine, dried, and con- 
centrated to give the hydroxyacid 43 (1.37 g); ir v,,,: 3450- 
2600, 1710, 1700, 1640; 'Hmr (CDCl,) 6: 8.0 (2H, bs, -OH 
and -C02H), 5.60 (111, s, C=CHC02Me), 5.05 (IH, bt, 
vinylic -H), 3.65 (3H, s, -OCH3), 1.6 (3H, s, vinylic -CH3), 
1.3 (3H, s, -CH,); ms mje: 382.2717 (M+,  C22H3805 re- 
quires 382.2719), 381, 269, 251, 219, 199, 184, 167, 96. 

The Ester 44 
A sample of the crude 43 (60 mg) was esterified with diazo- 

methane in ether to give, after chromatography on silica gel, 
the ester 44 (27 mg, 44%); ir v,,,,: 3470, 1715, 1640, 1170; 
'Hmr (CDCI,) 6: 5.60 (IM, s, C=CHC02Me), 5.06 (IH, bt, 
vinylic -H), 3.63 (3H, s, -OCH3), 3.60 (3H, s, -OCH3), 
3.50 (IH, bs, -OH), 1.60 (3H, s, vinylic -CH,), 1.23 (3H, s, 
-CH,), 1.08 (6H, d, J = 7 Hz, -CH(CH3)2); ms mle: 396 
(M+), 381, 315, 283, 251, 218, 167, 166. Anal. calcd. for 
CZ3H4,,05: C 69.66, H 10.17; found: C 69.93, H 10.33. 

chloride (0.27 g) were stirred in dry pyridine (3 mL) at 0-5°C 
for 18 h. The mixture was poured into ice-water and extracted 
with dichloromethane. The extract was washed with sodium 
bicarbonate solution, brine, dried (Na2S04), and concentrated 
in vncuo. Chromatography on silica gel at ca. 5°C gave the 
lactone 46 (0.51 g, 39%); ir v,,,: 1810, 1715, 1640, 1170; 
'Hmr (CDCI,) 6 :  5.68 (1H, s, -C=CHC02CH3), 5.09 ( lH,  
bt, vinylic -H), 3.64 (3H, s, -OCH,), 1.59 (6H, s, 2 x 
-CH,), 1.07 (6H, d, J = 7 Hz, -CH(CH3)2); and the lactone 
45 (0.49 g, 38%); ir v,,,: 1810, 1715, 1640, 1170; 'Hmr 
(CDCI,) 6: 5.67 (IH, s), 5.07 (IH, bt), 3.63 (3H, s), 1.57 (6H, 
s), 1.07 (6H, d, J = 7 Hz). Each isomer was homogeneous by 
glc (OV17). 

The Triene 47 
The lactone 45 (0.49 g) was heated in refluxing 2-methoxy- 

ethanol (20 mL) for 1 h under a nitrogen atmosphere. The 
solvent was removed in vaclro to give, after distillation at 
12OoC/0.1 Torr, the triene ester 47 (0.39 g, 91%); ir v,,,: 1720, 
1640, 1175; 'Hmr (CDCl,) 6 :  5.66 (IH, s, -C=CHC02CH), 
5.16 (IH, bs, vinylic -H), 3.70 (3H, s, -OCH,), 1.73 (3H, s, 
-CH,), 1.57 (3H, s, -CH3), 1.10 (6H, d, J = 7 Hz, -CH- 
(CH3)2); 13Cmr (CDCI,) 6: 170.3 (Cl), 167.2 (C3), 136.7 
(CII), 135.3 (C7), 127.9 (C6), 123.2 (ClO), 112.8 (C2), 50.8 
(-OCH,); ms mje: 320.2708 (M+ , C21H3602 requires: 
320.2715); Anal. calcd. for C2,H3,02:  C 78.69, H 11.32; 
found: C 78.97, H 11 .O6. 

The Triene 48 
Similarly, the lactone 46 gave 48 (90%); ir v,,,: 1720, 1640, 

1175; 'Hmr (CDCI,) 6: 5.62 (IH, s, -C=CHC02CH3), 
5.11 (IH, bs, vinylic -H), 3.65 (3H, s, -OCH,), 1.71 (3H, s, 
-CH3), 1.59 (3H, S, -CH3), 1.07 (6H, d, J = 7 HZ, -CH- 
(CH3)2); 13Cmr (CDCI,) 6 :  170.2 (CI), 167.3 (C3), 136.8 
(Cll) ,  135.3 (C7), 127.9 (C6), 123.1 (ClO), 112.8 (C2), 50.8 
(-0CH3); Anal. calcd. for C21H3602: C 78.69, H 11.32; 
found: C 78.79, H 11.40. 

In the I3Cmr spectra of the trienes 47 and 48 signals for C10 
of the 10(11) Z-isomers (6 124.3) were not observable. Further- 
more each was homogeneous by glc (5% OV17, 180°C) 
analysis. 

The Epoxide~ 49,50, and 51 fvom 47 
The triene ester 47 (0.05 g) and rnCPBA (0.027 g) were stirred 

in chloroform (3 mL) at OCC for 5 h. Chromatography on 
silica gel gave triene ester 47 (0.019 g) and amixture(0.014 g) of 
50 and 51; ir v,,,: 1710, 1640; 'Hmr (CDCI,) 6 :  5.65 (IH, s, 
-C=CHC02CH3), 5.12 (IH, bt, vinylic -H for 50), 3.68 
(3H, s, -OCH3), 1.60 (3H, s, vinylic -CH3 for 50), 1.41 
(3H, s, -CH, for SO), 1.09 (6H, d, J = 7.5 Hz, -CH(CH3)2 
for Sl), 1.12 (6H, d, J = 7.5 Hz, -CH(CH3)2 for 50); ratio 
of 50151 ca. 7 :  3 from signals at 6 1 .I2 and 1.09 ppm; ms nfje 
336.2641 (Mi, C2,H3603 requires: 336.2664); and the bisep- 
oxide 49 (0.016 g); ir v,,,: 1720, 1640; 'Hmr (CDCI,) 6: 5.65 
(lH, S, -C=CHCOzCH3), 3.67 (3H, S, -OCH,), 1.41 (3H, S, 
C6-CH,), 1.24 (3H, s, C11-CH,), 1.07 (6H, d, J = 7 Hz, 
-CH(CH3)2); ms mle 352.2615 (M+,  C2 1H3604 requires: 
352.2614). 

The Lactone 52 
Reaction of 45 with mCPBA (1.5 equiv.) in dichloromethane 

below 0°C gave, after chromatography on silica gel, the 
epoxide 52 in 92% yield; ir v,,,: 1810, 1710, 1640; 'Hmr 
(CDCI,) 6: 5.72 (IH, s, C2-M), 3.69 (3H, s, -OCH,), 1.62 
(3H, bs, C6-CH,), 1.24 (3H, bs, C11-CH,), 1.09 (6H, d, J = 
7.5 Hz, C3-CH(CH3)2), 0.95 (6H, two overlapping triplets, 
-CH,CH3); homogeneous by glc (5% OV17, 180°C). 

The Lactoize 53 
Similarly, 46 gave (91%) the lactone 53; ir v,,,: 1810, 1710, 

1640; lHmr (CDCI,) 6: 5.73 ( lH,  s, C2-M), 3.71 (3H, s, 
The p-Lactones 45 and 46 

The crude hydroxyacid 43 (1.37 g) and benzenesulphonyl 
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-OCH3), 1.64 (3H, s, C6-CH3), 1.27 (3H, s, 611-CH3), 1.10 16. M. JULIA, S.  JULIA. and S. Y. TCHEN. Bull. Soc. Chim. 
(6H, d, J = 7.5 Hz, C3-CH(CH3)2), 0.97 (6H, two overlapping Fr. 1849(1961). 
triplets, -CH,CH3); homogeneous by glc (5% OVl7,18O3C). 17. E. C.  ASHBY and R. C.  ARNOTT. J. Organomet. Chem. 14.1 

(1968). 
The Epoxide 51 18. L. F. FIESER and M. FIESER. Reagents for organic synthe- 

The lactone 52 was heated in refluxing 2-methoxyethanol sis. Vol. 1. J .  Wiley & Sons. 1967. 
under a nitrogen atmosphere for 2 h. The solvent was evaPo- 19, J ,  A ,  MACPHEE and J ,  E ,  DUBOIS, J ,  (-hem, soC, perkin 
rated in vacuo and the residue purified by molecular distiila- Trans. I ,  694 (1977). 
tion at 1303C, 0.5 Torr to  give a quantitative yield of the 20, D, F, sULLIVAN. R,  p,  wOoDBURY, and M ,  W, uTHKE, J ,  
epoxide 51; ir v,,,: 1710, 1640; 'Hmr (CDCI,) 6 :  5.64 ( lH,  Org. Chem. 42,2038 (1977). 
s, C2-H), 3.68 (3H, s$ -OCH3)7 2.74 (IH$ t, = Hz, 21. A.  I .  MEYERsand E. D. MIHELICH. Angew. Chem. Int. Ed. 
ClO-H), 2.40 (lH, quintet, J = 7.5 Hz, -CH(CH3),), 1.73 Engl. 15, 270 (1976). 
( 3 ~ ,  s, c~-cH,), 1.22 (3H, S, C11-CH,), 1.09 i6H, d , J  = 7.5 22, A. 1. MEYERS. D. L .  T E ~ I P L E .  R. L.  NOLEU, and E. D. 
Hz, -CH(CH3)~), 0.95 (3H, t, J = 7.5 Hz, -CH2CH3), 0.94 MII-I~LICH. J .  Org. Chem. 39,2778 (1974). 
(3H, t , J  = 7.5 Hz, -CH2CH3); ms m/e 336 iM+)> 3189 3043 23. P. E. PFEFFER, L.  S. SILBERT, and J .  M. CHIRINKO, JR. J. 
289, 218, 202, 177, 121, 109. High resolution molecular weight Org. Chem. 37,451 (1972). 
determination, calcd. for C12H3603: 336.2664; found: 24. J .  W. BLUNT and M. H. G. MUNRO. Aust. J. Chem. 29,975 
336.2660. Anal. calcd. for C ~ ~ H 3 ~ 0 3 :  C 74.95, H 10.78; found: (1976). 
C 75.10, H 10.81. 25. H. ROLLER, K. H. D A H ~ I .  C. C. SWEELEY. and B. M. 

The Epoxide 54 
Similarly, 53 gave the epoxide 54; i r  v,,,: 1710, 1640; 

'Hmr (CDCI,) 6 :  5.64 (lH, s, C2-H), 3.68 (3H, s, -OCH3), 
2.72 (lH, t, J = 6 Hz, ClO-H), 2.39 (1H, quintet, J = 7.5 Hz, 
-CH(CH3),), 1.74 (3H, S, C6-GH,), 1.24 (3H, S, Cll-CH3), 
1.08 (6H, d,  J = 7.5 HZ, -CH(CH3)2), 0.98 (3H, t, J = 7.5 
Hz, -CH2CH3), 0.94 (3H, t, J = 7.5 Hz, -CH2CH3); ms 
m/e  336 (M+), 318, 304, 289, 275, 218, 203, 177, 121, 109, 57. 
High resolution molecular weight determination, calcd. for 
C2,H,,O3: 336.2664; found: 336.2676. Anal. calcd. for 
C21H3603: C 74.95, H 10.78; found: C 74.74, H 10.64. 
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Ring forming reactions of some amineimides with a note on electrophilic bromination 

Department of Chemistry, Brock Uninersity, St .  Catharines, Ont., Canada L2S 3Al 
Received June 28,1979 

IAN D. BRINDLE and MARTIN S. GIBSON. Can. J. Chem. 57,3155 (1979). 
Allylic and propargylic amineimides react with bromine to form 4H-1,3,4-oxadiazinium 

salts in accord with recent studies of electrophilic brominations. A novel synthesis of 5,6- 
dihydro-4,4-dimethyl-6-hydroxymethyl-2-phenyl-4H-1,3,4-oxadiazinium bromide by the reac- 
tion of N'W-dimethylbenzohydrazide and epibromohydrin is reported. 

IAN D. BRINDLE et MARTIN S. GIBSON. Can. J. Chem. 57,3155 (1979). 
Les amineimides allyliques et propargyliques reagissent avec le brome pour former les sels de 

4H oxadiazinium-1,3,4 en accord avec les rkcentes etudes sur les bromations electrophiliques. 
On rappone une nouvelle synthese du bromure de dihydro-5,6 dimethyl-4,4 hydroxymethyl-6 
phenyl-2 4H oxadiazinium-1,3,4 obtenue par la reaction de la N'N'-dimethylbenzohydrazine 
avec I'epibromohydrine. 

[Traduit par le journal] 

During the course of a study of the thermolysis of 
allyldimethylamine-benzimide 1 (I), we noted that 
both this compound and the related propargyldi- 
methylamine-benzimide 2 underwent ring closure on 
the addition of bromine to give salts. The ambident 
nature of the imido group in such amine-imides 
has been well docur'ented by Wawzonek and Yeakey 
who noted that methylation occurs at the imide 
oxygen in 1,l-dimethyl-1-p-nitrobenzylamine-aceti- 
mide (2) and by Brindle and Gibson who showed 
that allylic migration occurs to the imide nitrogen 
on thermolysis under conditions which preclude a 
prior rearrangement to oxygen (1). Alternative 
formulations have thus to be considered for the salts derived from bromination of 1 and 2; that from 

1 might be 3 or 5 whilst that from 2 might be 4 or 6. 
Initially we were disposed to formulae 5 and 6 

respectively (3) by analogy with such reactions as the 
conversion of N-2-bromomethyl-N'-phenylurea to 
1-phenyl-2-imidazolone by ethoxide ion, in which 
nitrogen rather than oxygen is the nucleophilic 
centre (4, 5). However the only band in the ir 
spectrum near the carbonyl region was in each case 
at 1625 cm-' which seemed more in line with a 
C=N stretching mode. This matter has now been 
resolved by a single crystal X-ray study on the salt 
from bromination of 2 which verifies the structure 
as the oxadiazinium salt 4 (see following paper); by 
extension, 3 is the structure assigned to the bromina- 
tion product of 1. 

These conclusions are consistent with the results 
of recent studies of electrophilic halogenation by 
McManus et al. (6). Thus formation of salt 6 would 
involve either the fused (endo) mode of attack on the 
halonium intermediate 7 or the even more unlikely 
prior formation of the carbocation 8. However, 

0008-40421791233 155-02$01.00/0 
01979 National Research Council of CanadaIConseil national de recherches du Canada 
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oxygen attack is actually observed, presumably 
via the preferred spiro (exo) configuration 9 or 
possibly via the more stable carbocation 10; spiro 
attack by nitrogen (leading to a four membered ring) 
was considered unlikely and was not observed. 

We have extended the argument to a related 
system in which a protonated epoxide is the likely 
intermediate. The reaction of N1N'-dimethylbenzo- 
hydrazide with epibromohydrin yields the hydroxy- 
methyl 4H-1,3,4-oxadiaziniur,~ salt 11. We view 
this process (Scheme 1) as also involving attack in 
the spiro mode. 

Experimental 
( E )  -6- (B~omornerlgvlerze) -5,6-dil1ydro-4,4-dinzeth~~I-2-p/7enyl- 

4H-1,3,4-oxadiazinii,n2 Bron~ide 4 
Bromine (3.2 g, 0.02 mol) in chloroforn~ was added d~lring 

30 min to a solution of compound 2 (1) (4.0 g, 0.02 mol) 
in chloroform (25 mL). Evaporation and crystallization from 
2-propanol gave the scilt 4 (4.2 g, 58%), mp 173-174-C (dec., 
sample inserted at 165'C); v,,,: 1625 cm-'. Anal. calcd. for 
Ci2H14Br2NZO: C 39.78, H 3.87, Br 44.20; found: C 39.99, 
H 3.93, Br 44.28. 

6- (Bvomomethyl)-5,6-di/zydvo-4,4-dimet/tyl-2-phen~~l-4H-1,3,4- 
oxadiuzinium Bromide 3 

Compound 1 (3.0 g, 0.015 mol) was treated with bromine in 
chloroform in the same way as 2 above. The crude product 
solidified on trituration with hexane and crystallized from 
2-propanol to give the salt 3 (4.1 g, 76x1, mp 200-202°C 

(dec.); v,,,: 1625 cnl- l .  Anal. calcd, for Ci2Hl6Br2N20:  
C 39.56, H 4.40, Br 43.96; found: C 39.53, H 4.50, Br 44.01. 

5,6-Dihydro-4,4-dimethyi-6-hyd~ox.~n1ethyl-2-p/~e~z~~l-4H-l,3,4- 
oxadiuzinircm Bromide I 1  

A solution of N'N'-dimethylbenzohydrazide (1.64 g,0.01 mol) 
and epibromohydrin (5.0 g, 0.036 mol) in chloroform (10 mL) 
deposited the bvonlide 11 (0.45 g, 15%) after standing for 
2 days at  room temperature, followed by trituration with a 
small amount of methanol. Crystallization from 2-propanol 
gave hygroscopic microcrystals, mp 182-184'C; v,,,: 1610 
cm- ' .  Anal. calcd. for C,zH,,BrN20,: C 47.85, H 5.69, 
Br 26.53 ; found: C 47.93, H 5.69, Br 26.40. 
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The crystal and molecular structure of a compound containing a novel ring system: 
(E)-6-(brsmomethylene)-5,6-dihydro-4,4-dimethy%-2-pheny1-4W-1,3,4-oxadiazinium 

bromide 

DORIS MARGARET THOMPSON,' IAN DAVID BRINDLE, A N D  MARY FRANCES RICHAKDSON~ 
Chetnistry Department, Brock Uniuersitv, S t .  Carl~nrittes, Ont., Catlnda L2S 3AI 

Received June 28, 1979 

DORIS MARGARET THOMPSON, IAN DAVID BRINDLE, and MARY FRANCES RICHARDSON. Can. 
J. Chem. 57,3157 (1979). 

The crystal structure of (E)-6-(bron1omethylene)-5,6-dihydro-4,4-dimethy1-2-phenyl-4H- 
1,3,4-oxadiazinium bromide has been determined by single crystal X-ray diffraction methods. 
The crystals are monoclinic, space group P2,/c, with a = 12.002(5), b = 6.414(4), c = 17.881(7) 
A, a = 101.42(7)', and Z = 4 formula units of C12H14N,0Br,. The structure was refined by 
full-matrix least-squares analysis to a conventional R-factor of 0.0491 for 1019 observed 
reflections. 

The oxadiazinium ring is in the half-chair form, with the methylene group out of the plane 
defined by the other five atoms. The C-O bond distances in the ring are somewhat shorter 
than the distance observed for a carbon-oxygen single bond, suggesting that some delocaliza- 
tion of electron density occurs over part of the ring. 

DORIS MARGARET THOMPSON, IAN DAVID BRINDLE et MARY FRANCIS RICHARDSON. Can. 
J. Chem. 57,3157 (1979). 

On a determine la structure cristalline du bromure de (E) (bromomethy1ene)-6 dihydro-5,6 
dimethyl-4,4 phenyl-2 4 H  oxadiazinium-1,3,4 en utilisant les methodes de diffraction de 
rayons X sur un cristal unique. Les cristaux sont monocliniques, groupe d'espace P2,lc avec 
a = 12.002(5), h = 6.414(4), c = 17.881(7) A, (3 = 101.42(7)" et Z = 4 unites de formule 
C1,H,4N,0Br,. On a affine la structure par une analyse des moindres carres (matrice com- 
plete) jusqu'a un facteur conventionnel R de 0.0491 pour 1019 reflexions observees. Le cycle 
oxadiazinium a une forme de demi-chaise avec le groupe mkthylene hors du plan defini par 
les cinq autres atomes. Les longueurs de liaison C-0 sont un peu plus courtes que celles 
observees pour la simple liaison carbone-oxygene. Ceci suggkre qu'une certaine delocalisation 
de densite electronique se produit sur une partie du cycle. 

[Traduit par le journal] 

The addition of bromine to propargyl-dimethyl- 
aminebenzimide results in a product whose structure 
is not readily determined by ir and nmr spectroscopy 
(1). This crystal structure determination has es- 
tablished that an oxadiazinium salt 1 is produced, 
and contains the first detailed report on the struc- 
tural parameters of an oxadiazinium ring. 

Experimental 
The compound was prepared as described previously (I), 

and a single crystal 0.10 x 0.15 x 0.75 mm was mounted on a 
glass fibre with epoxy glue. Oscillation and Weissenberg 
photographs showed systematic absences consistent with space 
group P2,lc. The crystal was transferred to a Picker manual 

'Present address: Department of Chemistry, Austin College, 
Sherman, TX. 

'To whom all correspondence should be addressed. 

four-circle diffractometer and accurate cell dimensions were 
obtained from scans of the axial and selected k 0 ! reflections 
out to 28 values of 60'. Crystal data are as follows: 

Cl2Hl4N20Br2 fw = 362.07 
Monoclinic, P2,/c, a = 12.002(5), b = 6.414(4), c = 17.881(7) 
A, a = 101.42(7)", V =  1349.2A3, p, = 1 . 7 8 2 g ~ m - ~ , Z  = 4, 
~(MoKcc) = 63.4 cm-', i,(MoKa) = 0.7107 A. 

Data were measured by the 8-28 scan technique at  a scan 
speed of 2"/min and a scan range of 2', to a maximum 20 of 
40". The background was measured for 10 s at  both ends of the 
scan. A standard reflection was monitored after every 25-50 
reflections; its value decreased steadily throughout the course 
of the data collection, reaching a value of - 80% of the original 
intensity by the time the data collection was finished. The 
crystal had become yellow and slightly opaque by the time data 
collection was completed. 

The data were corrected for the declining intensity of the 
standard, as well as for Lorentz and polarization effects. No 
absorption correction was made. Of 1258 reflections measured 
in the independent quadrant, 1019 had F, 2 30(F0) and were 
classified as observed. The SHELX-76 set of computer 
programs was used in structure determination and refinement 
(2). 

The Patterson map yielded the locations of the bromine 
atoms and subsequent electron-density difference maps re- 
vealed the remaining atoms, including hydrogens. Refinement 

0008-40421791233 157-03$01.00/0 
01979 National Research Council of CanadaIConseil national de recherches du Canada 
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was carried out by full-matrix least-squares analysis. The func- 
tion minimized was w(lF,l - IFcj)2, where F, and F, are the 
observed and calculated structure factors, respectively, 
IY = k/(02(F) + gF2),  o ( F )  is based on counting statistics, and 
k and g are refinable parameters in the least-squares analysis. 
The final values of k and g were 2.14 and 8.58 x 
respectively. 

The scattering factors of the neutral C, H, N, 0 ,  and Br 
atoms were taken from the International tables for X-ray 
crystallography (3). Individual hydrogen atom parameters 
were not refined. The methyl groups were treated as rigid 
rotors. The positions of the remaining eight hydrogen atoms 
were calculated, and these atoms were included as fixed contri- 
butions to F,. The thermal parameters of the hydrogen atoms 
were fixed at  values 20% greater than those of the carbon atoms 
to which they were bonded. 

Several cycles of refinement were carried out on 85 param- 
eters (scale factor, positional pa.rameters of all non-hydrogen 

TABLE 1. Atomic positional and thermal parameters for 
C12H,,NZOBr2, estimated standard deviations in parentheses 

Atom lo4x 1 04y 1 0 4 ~  103u  

c(1) 3157(9) - 801(16) 4904(6) 50(3) 
c(2) 2687(7) 224(15) 4297(5) 39(3) 
c(3) 1585(7) - 65(16) 3763(5) 43(3) 
C(4) 582(7) 2508(16) 4408(5) 42(3) 
c(5) - 43(7) 1826(16) 3063(5) 39(3) 
N(1) 958(6) 1930(12) 3684(4) 32(2) 
N(2) 1664(6) 3672(11) 3492(4) 35(2) 
0 3321(5) 1853(10) 4069(4) 49(2) 
C(6) 2738(7) 3448(14) 3671(5) 32(2) 
C(7) 3479(7) 5053(15) 3466(5) 35(3) 
C(8) 3080(8) 6416(14) 2867(5) 380)  
C(9) 3761(8) 8031(16) 2697(6) 49(3) 
C(10) 4867(9) 8171(18) 3090(6) 57(3) 
C(11) 5287(8) 6803(16) 3673(6) 47(3) 
C(12) 4598(8) 5246(16) 3861(6) 44(3) 
Br(l) 1455.4(9) 1915(2) 1409.1(6) 
Br(2) 2454.2(9) - 2984(2) 5333.5(6) 

Atom 104u l l  1o4uZ2 104U33 104u12 104U13 1o4uZ3 

FIG. 1. Perspective view and bond distances for C12H14N2- 
OBr,. The Br(l) ion lies below the oxadiazi~iium ring. Standard 
deviations range from O.Ql0 A to 0.014 A .  

FIG. 2. Molecular packing of C,,H,,N2OBr2 as viewed 
down the y-axis. The large circles represent Br(1) ions. The 
dotted lines show contacts about Br(l) and Br(2) which are 
less than 4.0 A. The Roman numerals are keyed to the syni- 
metry transformations in the table of short contact distances 
(see footnote 3). 

atoms, anisotropic thermal parameters for bromine, isotropic 
thermal parameters for the remaining non-hydrogen atoms, 
and three parameters for each methyl group). For the 1019 
observed reflections the final conventional R = C 1 lF,j - 
IF,I IIC F ,  = 0.049; the weighted R, = [X w(lF,l - lFcl)21 
1+lF,1~]"~ = 0.052. The corresponding R and R, for all 
reflections were 0.068 and 0.057. 

A final difference map revealed scattered small peaks near 
the bromine atoms but no other significant peaks. A table of 
observed and calculated structure factors is a ~ a i l a b l e . ~  

Results and Discussion 

Table 1 lists the refined atomic  parameter^.^ 
Figure 1 shows a view of the molecule and the 
associated bond lengths; the bond angles may be 
found in Table 2. 

The oxadiazinium ring exists in the half-chair 
form. Five of the six atoms in the ring lie in the same 
plane (Table 3), whereas the methylene group (C(3)) 
lies below this plane. The phenyl, alkene, and imide 
moieties are also planar (Table 3). The exo-bromo- 
methylene group is twisted about the C(1)-C(2) 
bond so that Br(2) lies above the oxadiazinium ring. 
This feature would appear to be due to steric 
crowding between Br(2) and the C(3) methylene 
group, an interpretation which is supported by the 
expanded C(1)-C(2)-C(3) angle of 131.3(9)" and 
an H(2)-Br(2) contact (2.86 A) which is -0.2 A 
shorter than the sum of the van der Waals radii (4). 

Most of the bond distances (Fig. 1) are close to 

3Lists of structure factors, hydrogen positions, and short 
contact distances in the structure are available, at  a nominal 
charge, from the Depository of Unpublished Data, CISTI, 
National Research Council of Canada, Ottawa, Ont., Canada 
KIA OS2. 
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THOMPSON ET AL 

TABLE 2. Bond angles in degrees 

Bonds Angle Bonds Angle 

TABLE 3. Unweighted least-squares planes and deviations of the 
atoms from the planes (in A)" 

Atom Deviation Atom Deviation 

Phenyl ring: 0.4476X - 0.6093 Y - 0.65452 = -4.619 
'3.7) 0.012 C(l0) -0.007 
c(8) -0.023 C(l1) -0.005 
C(9) 0.020 C(1-2) 0.002 
C(6Y 0.050 

Oxadiazinium ring: 0.201 1 X - 0.4694 Y - 0.85982 = - 6.185 
C(2) 0.016 C(l)'' 0.551 
0 -0.008 Br(2)b 0.741 
C(6) -0.016 C(7Ib -0.034 
Ni2) 0.029 C(3Ib -0.649 
N(1) -0.021 

Alkene group: 0.5390X - 0.6447 Y - 0.54212 = - 3.249 
c(1) -0.027 0 0.011 
C(2) 0.009 Br(2) 0.015 
c(3) -0.008 c(6)" 0.594 

Imide group: 0.1941 X - 0.4690 Y - 0.86162 = - 6.198 
N(1) -0.023 C(6) -0.003 
N(2) 0.032 c(7) -0.016 
0 0.010 

aThe equation of  the plane has the form A X  + B Y  +,CZ = D,  where 
X, Y, and Z are orthogonal coordinates (in A) of the atoms in a system where 
the x,  y, and z axes are parallel to the a*, b, and c axes of  the unit cell, 
respect~vely. 

hNot used in the plane calculation. 

accepted values (5-8). The shortness of the C(6)-0 
and C(6)-C(7) bonds and the C(2)-0-C(6) angle 
of 117.5" suggest that there is some electron delocali- 
zatioil between the oxadiazinium and phenyl moieties. 

The planes of the oxadiazinium and phenyl rings 
intersect at an angle of 20". 

The molecular packing diagram is shown in Fig. 2. 
The bromide ions (Br(l)) alternate with oxadiazinium 
cations. The packing is governed by contacts with 
Br(l) and Br(2), there being several contacts to these 
atoms on the order of 3.75 A. The only other inter- 
molecular distance less than 4.0 A (other than those 
involving some of the hydrogen atoms) is from C(3) 
to C(8) at (.x, 1 + y, z); the distance is 3.47(1) A. 
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Isotopically-enricheeH carbohydrates: The preparation of L2W-enriched aldoses by catalytic 
hydrogenolysis of cyanohydrins with 2H21 

ANTHONY STEPHEN SERIANNI A N D  ROBERT BARKER* 
Depar.rtnent ofBiochemistt-)., Michigan State Unicersifq., East Lansitzg, MI48824, U . S . A  
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ANTHONY STEPHEN SERIANNI and ROBERT BARKER. Can. J. Chem. 57,3160 (1979). 
A procedure is described for the preparation of aldoses and aldose phosphates enriched 

with 2H by hydroger~olysis of aldononitriles and aldononitrile phosphates over palladium 
using 2H,. Aldoses, aldose phosphates, and derivatives prepared with I3C and (or) 2H enrich- 
ment and characterized by 'H and 13C nmr were: D L - [ ~ - ' ~ C ,  ZH]glyceraldehyde, ~ - [ l - l ~ C ,  2H]- 
erythrose, D-[I-I3C, 2H]threose, D - [ ~ - ' ~ C ,  2H]ribose, D-[2-I3C, 2H]arabinose, methyl a-D- 
[2-I3C, ZH]ribofuranoside, methyl P-D-[~- '~C,  Z H ] r i b o f ~ r a n ~ ~ i d e ,  DL-[3-2H]erythrose, DL- 
[3-2H]threose, o ~ - [ l - ' ~ C ,  2H]glyceraldehyde 3-phosphate, and D - [ ~ - ' ~ C ,  2H]ribose 5-phos- 
phate. 13C isotope shifts, 'H and 13C chemical shifts, and homo- and heteronuclear coupling 
constants are reported. 

AKTHONY STEPHEN SERIANNI et ROBERT BARKER. Can. J.  Chem. 57,3 160 (1979). 
On decrit une mCthode de preparation des aldoses et des phosphates d'aldose enrichis en 2H 

par hydrogenolyse, a I'aide de 2H/Pd, des aldonitriles et des phosphates d'aldonitrile. On a 
caractiris6 par la rmn du 13C et du 'H les aldoses, les phosphates d'aldoses et les autres derives 
suivants: D L - [ ' ~ C - ~ - ~ H ]  glyceraldehyde, D-['~C-I-'H] Crythrose, D - [ ' ~ C - ~ - ~ H ]  threose, D-['~C- 
2-2H] ribose; D - [ ' ~ C - ~ - ~ H ]  arabinose, ~ - D - [ ' ~ C - ~ - ~ H ]  ribofurannoside de methyle, B-D-['~C- 
2-2H] ribofurannoside de methyle, DL-['H-~] Crythrose, DL-['H-3] threose, phosphate-3 de 
D L - [ ' ~ C - ~ - ~ H ]  glyceraldehyde et phosphate-5 de D-[ '~C-~- 'H]  ribose. On a rapport6 les 
dtplacements isotopiques du 13C, 1,s deplacements chimiques du 'H et du 13C ainsi que les 
constantes de couplage homo- et h6t6ronucleaires. 

[Traduit par le journal] 

Introduction 
Configurational and conformational analysis of 

carbohydrates and their derivatives in solution by 
nuclear magnetic resonance spectroscopy is greatly 
facilitated by the use of isotopically enriched com- 
pounds. Assignments of 13C chemical shifts have 
been made using [2H]-enriched carbohydrates based 
on the disappearance of the resonance arising from 
the carbon directly bound to the deuteron and on the 
upfield shifts experienced by carbon nuclei and y 
to  the deuteron (1-4). The interpretation of complex 
'Hmr spectra can also be aided by deuteration (5, 6). 
The use of [13C]-enriched aldoses, aminoaldcses, 
and aldose phosphates permitted the unequivocal 
assignment of carbon chemical shifts, determination 
of 13C-H and 13C-13C coupling constants, and the 
in ~ i f r o  monitoring of enzyme-catalyzed conversions 
(7-12). In certain circumstances, the use of [13C, 'HI- 
enriched aldoses and their biologically-important 

'Supported in part by a grant (GM-21731) from the Na- 
tional Institute cf General Medical Sciences and by a program 
of the Stable Isotope Resource of the Los Alamos National 
Laboratory, supported jointly by the Department of Energy 
and the National Institutes of Health (RR00962). Michigan 
Agricultural Experiment Station Journal Article No. 9189. 

2Author to whom correspondence may be addressed at 
Division of Biological Sciences, Corneli University, Ithaca, 
NY 14853 

phosphate esters would permit the examination of 
chemical and biochemical proton exchange - transfer 
reactions (isomerizations, epimerizations) by 13C 
and 'Hmr. A simple method of 'H-enrichment is 
described in this paper and is applied to the prepara- 
tion of doubly-enriched [13C, 'HI compounds. 

The preparation of [2N]-enriched carbohydrates 
is most often accomplished by reduction of carbonyl 
derivatives with NaB2H, (4, 5). This approach is 
limited by the availability of the appropriate car- 
bonyl. Balza et al. (13) have prepared deuterated 
glycosides by 'H-'H exchange in 2 H 2 8  on a Raney 
nickel catalyst. In this paper, we describe a simple 
method for the incorporation of 'H into the simple 
aldoses and aldose phosphates in 70-80% yields. An 
aldose is condensed with cyanide at pH 8.0 + 0.5 to 
produce the 2-epimeric cyanohydrins, which are 
stabilized by lowering the pH to 3.0. The cyanohy- 
drins are hydrogenolyzed in 'N20 solution with 'H, 
over palladium to yield the [I-'HI-enriched 2-epi- 
meric aldoses having one more carbon than the 
parent compound. The aldoses can be separated as 
described previously (14, 15). ['HI-enriched aldose 
phosphates can be prepared from aldononitrile 
phosphates in a similar fashion. 

The utility of this method lies in the ease with 
which isotopes of carbon, hydrogen, and oxygen (16) 

WO8-4042/79/233 160-08$01 .00/0 
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H " 0  KbCN 
CHO .A CHaO L 'CN 
I 
R 

I 
R 

I 
(HICPOH) 

Pd, CH2 \ 'CCHO 

can be incorporated either independently or simul- 
taneously into the carbohydrate molecule, as shown 
in Scheme 1. 

We have prepared several singly and multiply- 
enriched aldoses, aldose phosphates, and derivatives, 
and characterized them by 'H and 13Cmr. 'Hmr 
parameters were confirmed and refined by computer 
simulation of the spectra. 13C isotope shifts, 'H and 
I3C chemical shifts, and homo- and heteronuclear 
coupling constants are reported. 

Results and Discussion 

Carbolzydrates cia the Catalytic Hydrogenolysis of 
Cyanolzydrins 

The synthetic route described in this and earlier 
reports (9-1 1) utilizes the condensation of cyanide 
with an aldose or aldose derivative, as first described 
by Kiliani (17). In this classical reaction, a cyanide 
salt and aldose are mixed in aqueous solution at 
high pH to produce cyanohydrins which, in the 
alkaline solution, hydrolyze to aldonic acid salts (18). 
We have observed (19), however, that cyanohydrins 
can be formed rapidly and essentially quantitatively 
at pH 8.0 1 0.5 with minimal hydrolysis, and that 
they are stable at ptI 4.0. As described by Kuhn and 
Bister (20) for the preparation of 2-amino-2-deoxy- 
aldoses from 2-benzylamino-2-deoxyaldononitriles, 
we find that aldononitriles can be hydrogenolyzed to 
aldoses in 70-802 yield. Furthermore, condensation 
with K13CN provides a convenient route for the 
preparation of ['3C]-enriched derivatives of all the 
aldoses (9, 10) and of the C, to C, aldose phosphates 
(1 1). The mixed aldononitrile epimers produced from 
cyanide condensation are reduced without purifica- 
tion and the product epimeric aldoses purified by 
chron~atography (14, 15). Aldononitrile phosphate 
epimers can be separated prior to reduction by chro- 
matography at pH 3.9 (1 I), illustrating the stability 
of cyanohydrins and the absence of cyanide exchange 
at low pH values. 

Hydrogen pressure, pH, and the structure of the 
nitrile a11 affect the ease of hydrogenolysis of cyano- 

hydrins (9-11). Hydrogenolysis occurs smoothly in 
the absence of excess cyanide, whlch appears to 
poison the catalyst. In the course of this study it was 
observed that chloride ion promotes "over-reduc- 
tion" to aminoalditols. Sulfuric acid rather than 
HCl is preferred since sulfate ion does not inhibit 
hydrogenolysis, gives higher yields of aldose, and can 
be removed more easily than chloride ion. Iodate ion, 
at low concentrations, inhibits reduction completely 
(11). 

In addition to the introduction of carbon isotopes, 
the catalytic hydrogenolysis of cyanohydrins provides 
a route to carbohydrates enriched with hydrogen and 
oxygen isotopes. The technique permits the separate 
or simultaneous Incorporation of carbon and hydro- 
gen isotopes at C-l and H-I, respect~vely, and oxygen 
isotopes at 0 -2  for each cycle of cyanide addition and 
catalytic reduction (Scheme 1). Successive applica- 
tion of condensation and reduction permits the syn- 
thesis of derivatives enriched at sites other than C-1 
and C-2. A wide variety of selectively-enriched carbo- 
hydrates and their derivatives, which kere difficult 
to prepare previously, are now accessible. 

For the incorporation of 2pi, cyanide condensation 
and hydrogenolysis are carried out in 2H,0 instead 
of H 2 0  solutions to avoid exchange of ' H  for 2H  
on the catalytic surface. This exchange decreases the 
incorporation of 2H  at H-1. Under the conditions 
used for hydrogenolysis, 'H-2H exchange did not 
occur at other positions, as determined by 'Hmr. In 
several cases, nitrile (- 15%) remained in the reduc- 
tlon mixtures after 10 h of hydrogenolysis. Complete 
conversion to products was achieved by adding new 
catalyst and continuing the reduction. 

Nuclear Magnetic Resonance Parameters 
' C nnw Spectra 
Substitution of 'H for 'H permits the assignment 

of 13C resonances of the directly-bound and nearby 
carbons due to decreased nuclear Overhauser effects 
and characteristic isotope shifts. In addition l3CP2H 
coupling can be measured. The effect of 2H substitu- 
tion for 'H on the I3C chemical shift of the deriva- 
tized carbon is shown in Table 1 for several carbo- 
hydrates. The values observed are similar to those 
observed hy Gorin (1) and Gorin and Mazurek (4). 
The use of [13C, 2H]-enriched compounds facilitates 
the observation of the deuterated carbon and the 
evaluation of 1J13,,2, (Fig. 1). The I3Cmr spectrum 
of D - [ ~ - ' ~ C ]  threose in aqueolas solution shows the 
presence of three major tautomeric forms, namely, 
thea- and p-furanoses, and a lineargenz-diol (hydrate) 
(Fig. 1A). The proton-decoupled I3Cmr spectrum of 
D-[I- '~C, 2M]threose (Fig. 1B) shows four lines for 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

84
.2

2.
46

.9
8 

on
 0

9/
08

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3 162 CAN. J .  CHEM. VOL. 57, 1979 

TABLE 1. 13C chemical shifts, 13C-'H and 13C-ZH coupling constants for several [13C, 2H] enriched carbohydrates and derivatives 

Carbon chemical 
shift ( p ~ m ) ~  

' J c . 1 ~ ~  l J ~ , z ~ c  Av AJe 
Compound (Hz) (Hz) '3C-IH 1 3 c - z ~  (Hz) ( k 5 . 3 )  

c t -~ - [ l - '~C ,  =H]threose 172.3 26.0 103.5 103.2 5.9 2.9 
b - ~ - [ l - ' ~ C ,  2H]threose 173.8 26.4 98.0 97.7 5 .1  1 .8  
D-[I-'~C, ZH]threose, hydrate 162.8 24.9 91 .O 90.8 4 .8  0 .6  
a - D - [ ~ - ' ~ C ,  ZH]erythrose 172.3 26.8 96.9 96.5 5 . 1  -2.3 
p - ~ - [ l - ' ~ C ,  2H]erythrose 172.3 26.0 102.5 102.1 5.9 2.9 
D-[I-I3C, 2H]e ry th r~~e ,  hydrate 164.2 25.3 90.8 90.5 5.1 -0.6 
Methyl o(-~-[2- '~C, 2H]ribofuranoside 22.5 72.5 72.1 5.1 
Methyl P-D-[~- '~C, 2H]ribofuranoside 23.8 75.7 75.3 5.1 
ct-~-[2- '~C, Z H ] a r a b i n ~ p y r a n ~ ~ e  22.4 73.4 72.9 6 .6  
S -D- [~- '~C,  2 H ] a r a b i n ~ p y r a n ~ ~ e  22.0 70.0 69.6 5.9 
c t -~-[ l - '~C,  ZH]ribose 5-phosphate 173.6 26.8 97.6 97.3 4 .4  - 1 . O  
(3-~-[1-'~C, ZH]ribose 5-phosphate 173.0 26.0 102.3 102.0 4 .4  3 .6  
D L - [ ~ - ' ~ C ,  2H]gly~eraldehyde 3-phosphate 159.8 24.9 90.8 90.5 5.1 -2.4 

Themica1 shifts are given relative to external Me,Si and are accurate to ? ppm. Carbon spectra were obtained w ~ t h  broad-band proton decoupling at 30°C. 
b'Jc t H  couplings for unphosphorylated and phosphorylated aldoses were taken from refs. 10and 1 I .  reapectively, and are accurate t o  +0.7 Hz. 
'Coupling constants are accurate to f 0.7  Hz. 
dAv = v H I  - V , ~ H ) .  where V ~ I H ,  and are equal t o  the resonance frequencies of the protonated and deuterated carbons, respectively Av is posltlve since 

the observed isotope shifts upon deuteration are upfield from the protonated homologue. 
'AJ = 1J ,3c .H  - yl, ' J I , ~  2HIy:H.  where y,, and y,, are the magnetogyric ratiosfor 'H and 2 H ,  respectively. 

each tautomeric form, three arising from l3CV2H 
coupling, and one from the residual protonated car- 
bon. The 13C-2H isotope shift can be estimated from 
the difference in resonance position between the pro- 
tonated carbon and the center of gravity of the 
deuterated carbon triplet. The percent isotopic in- 
corporation is not reflected in peak areas since 
nuclear Overhauser enhancement is smaller for 
deuterated than for protonated methine carbons (21). 
For example, the 'Hmr spectrum of the same pre- 
paration of D- [I-13C, 2H]threose shows no resonance 
for H-1, indicating deuterium enrichment of at least 
97%, whereas the proton-decoupled 13Cmr spectrum 
(Fig. 1B) gives the appearance of a significant pro- 
portion of 'H at H-1. 

In Table 1, 1J13c,2, coupling constants are listed 
for several carbohydrates and derivatives. The data 
indicate that 1J13c,-2H1 is larger when OH-1 and 
OH-2 are cis in the furanose ring, and that this 
coupling is larger in the ring forms than in the acyclic 
hydrates. The same relationships were observed for 
1 J13C,1H (1  1) (Table 1). Colli et al. (22) have shown 

for several non-carbohydrate compounds that the 
ratio 1J13c,lH : %3,,2, is very close to the value pre- 
dicted from the magnetogyric ratios for 'H and 2H. 
The value of AJ indicates the extent of variation be- 
tween observed and predicted values of 1J13C,2H and 
is zero for perfect agreement. As shown in Table 1, 
values for AJ are within the error of the determina- 
tions. 

' H  nmr Spectra 
Replacement of 'H with 'H often simplifies '13 

spectra, facilitating the assignment of chemical shifts 
afid coupling constants. For example, whereas the 
180 MHz 'Hmr spectrum of D-erythrose is essentially 
first-order, that of D-threose is complex (Fig. 2A). 
The complexity was eliminated in the spectrum of 
DL-[3-2H]threose and it was shown that in D-threose 
the 'Hmr spectrum is complicated by the near 
magnetic equivalence of H-3a and H-4a which 
perturbs the resonances of these nuclei and produces 
a complex multiplet for H-4'a. 

Substituting 2H for 'H at H-3 in threose removes 
three vicinal 'H-'H couplings and the resonances 
due to H-3 from the spectrum, greatly simplifying 
assignment and analysis. D-Threose exists primarily 
as three tautomeric forms in aqueous solution in the 
ratio a-furanose/P-furanose/hydrate of 4.2 : 3.1 : 1 
(10) (Fig. 1A). Although H-2 can be identified by 
selective homonuclear decoupling of H-1 or by 13C- 
enrichment at C-2, neither technique permits the 
unequivocal assignment of H-3, H-4, and H-4' for 
each tautomer. Figure 2B shows the H2-H4 region 
of the 180 MHz 'Hmr spectrum o f ~ ~ - [ 3 - ~ H ]  threose. 
The H-2, H-4, and H-4' resonances are easily identi- 
fied for the furanose forms on the basis of their pro- 
portions in solution. In addition, the spectrum is 
essentially first-order, permitting direct determina- 
tion of several geminal and vicinai 'H-'H coupling 
constants. The H-2 resonance of the hydrate is at 
3.46 ppm, but resonances due to H-3, H-4, and H-4' 
for this form are not readily assigned. However, from 
the 'Hmr spectrum of the 3-'H derivative (Fig. 2B), 
it is clear that H-4 and H-4' for the linear hydrate lie 
in the same region as H-4' for the p-furanose, per- 
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1 . 1  I .  I 

1114 la4 100 96 92 BB 
PPM 

FIG. 1. l3CpZH coupling and isotope shift in a [13C, 2H]- 
enriched carbohydrate. (A) The 15.08 MHz proton-decoupled 
I3Cmr spectrum of the enriched region of D-[l-13C]threose. 
The three predominant tautomeric forms in aqueous solution 
are a-  and 8-furanose (103.4 and 97.9 ppm, respectively) and 
acyclic hydrate (91.1 ppm) (LO). (B) The 15.08 MHz proton- 
decoupled 13Cmr spectrum of the enriched region of D-[I-13C, 
2H]threose, showing the splitting of C-1 of each form by the 
directly-bound deuteron. Isotope shift is shown for each species 
as the difference in the positions between the protonated C-1 
and the center of gravity of the triplet arising from the deuter- 
ated C-1. 

mitting the position of these resonances to be esti- 
mated by computer simulation. Chemical shifts for 
H-3 for the cyclic forms of D-threose were estimated 
by comparison of the normal and deuterated com- 
pounds and refined by computer simulation. Ap- 
parent and intrinsic proton chemical shifts and 
'H-'H coupling constants for the tetroses are given 
in Tables 2 and 3. 

In both tetroses, H-1 of the hydrate is more 
shielded than H-1 for the furanoses, while H-2 of 
the hydrate is the most shielded nucleus. 

Heteronuclear 'H-'H coupling has been observed 
in both high resolution 'H and 'Hmr spectra (22,23). 
However, Ithe 'Hmr spectra of DL-[3-'Hlthreose 
(Fig. 2B) and DL-[3-'Hlerythrose at 180 MHz do not 
exhibit 'H-'H couplings. Only vicinal or long range 
'M-'H coupling pathways would be expected in these 
compounds. Since 'H-'H coupling constants are 
about 15% (116.5144) of their 'H-'H analogs, the 
triplets with 3 ~ 1 , , 2 ,  values of 0.1 5-0.77 Hz would be 
difficult to resolve. As discussed by Mantsch et al. 
(24), 'H spectra often exhibit an average 'H-'H 

I I I I I I 

4.34 4.15 295  3.75 256 236 
PPM 

FIG. 2. (A) The 180.04 MHz 'Hmr spectrum of the H2-H4 
region of D-threose. (B) The 180.04 MHz 'Hmr spectrum of 
the same region of DL-[3-2H]threose. Deuteration at C-3 
simplifies the spectrum so that assignment of resonances can 
be made as shown. The upfield half of the doublet from H-2.8 
(due to coupling to H-10) is observed, with the other half 
hidden by the H-2a doublet. The magnitude of this coupling 
is confirmed by observation of H-10 (not shown). The chemical 
shifts of H-3a and H-38 ,determined by computer simulation, 
are 4.20 ppm and 4.30 ppm, respectively. Lines between the 
resonances due to H-4'8 appear to arise from H-4 and H-4' 
of the acyclic hydrate. H-4' was arbitrarily designated as the 
more shielded H-4 of each form. 

coupling because the remaining 'H-'H couplings 
are considerably larger than the 'H-'H couplings or 
the 'H-induced isotope shifts in the 'H spectrum, 
and the 'H spectrum is consequently deceptively 
simple (25). Line broadening (-0.7 Hz) due to 
pseudorotation of the furanose ring also hinders 
observation of the smaller 'H-'H couplings. 

Specific deuteration has been useful in establishing 
long-range 'H-'H coupling in the furanose ring. For 
example, deuteration of D-erythrose at either H-1 or 
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TABLE 2. Apparent and intrinsic 'H chemical shifts for the tetroses and some methyl pentofuranosides in 'H,O 

Chemical shifts (ppn~)" 

P-D-Erythrose 
D-Erythrose, hydrate 
a-DL-Threose 

DL-Threose, hydrate 
Methyl a-D-ribofuranoside 

Methyl p-D-ribofuranoside 

Methyl a-D-arabinofuranoside 

Methyl P-D-arabinofuranoside 

aChemica1 shifts are given relative to 
glycosides were taken at  pH 6.5 and 8 
significantly different from experimental values. Assignments of H4, H 4  and H5, H5' are arbitrary. 

Wssignment aided by 360 MHz 'Hmr spectrum obtained at the Purdue Biochcm~cal Magnctic Resonance Laboratory, Department of Chemistry, Purdue 
University. 

CValues accurate to ? 0.02 ppm. 

TABLE 3. Apparent and intrinsic geminal and uicinal 'H-'H coupling constants for the tetroses and some methyl pentofuranosides 
in =H,O 

- 

Coupling constant (Hz)" 

Compound 1,2 2,3 3,4 3,4' 4,4' 4,s 4,5' 5,5' 

a-D-Erythrose 

8-D-Erythrose 

n-Erythrose, hydrate 
a-DL-Threose 

8-DL-Threose 

DL-Threose, hydrate 
Methyl a-D-ribofuranoside 

Methyl p-D-ribofuranoside 

Methyl a-D-arabinofuranoside 

Methyl P-D-arabinofuranoside 

OCoupling constants are accurate to + 0.15 Hz. Values found in parentheses are intrinsic coupling constants (i 0.2 Hz) determined by computer simulation 
Assignments of H4, H4 and H5, H5'  are arbitrary. 

bValues are accurate to within + 0.3 Hz. 

H-3 simplifies the H-3 or H-1 multiplets, respectively, 
for the p-anomer, indicating that a small (-0.6 HZ) 
coupling exists between these nuclei. The a-anomer 
shows no such coupling. Interestingly, methyl a-D-  
arabinofuranoside has 4JH,,,, = 0.5 HZ, whereas 
the j3-anomer shows no coupling (26). 

Heteronuclear spin-spin coupling between I3G and 
'PI is valuable in examining conformations of carbo- 

hydrates in solution. Generally, two- and three-bond 
13C-H coupling constants are difficult to obtain from 
'H-coupled I3Crnr spectra, even when [13C]-enriched 
compounds are used. These studies are greatly facili- 
tated at high fields (67.89 MHz for carbon) as demon- 
strated recently (27), but, even in this case, deuter- 
ated analogues and heteronuclear selective 'H de- 
coupling were used to confirm assignments. An alter- 
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FIG. 3. (A) The 180.04 MHz 'Hmr spectrum of the H-2 to 
H-5 region of methyl a-D-ribofuranoside, showing the assign- 
ment of multiplets. H-5' was arbitrarily designated as the more 
shielded H-5. (B) The 180.04 MHz 'Hmr spectrum of the same 
region of methyl B-D-[~-'~C, ZH]ribof~ran~side, showing the 
loss of the H-2 multiplet and coupling of H-3 to 13C-2. The 
H-4 multiplet is broadened while H-5 and H-5' are unchanged. 
Residual [2-13C, 'HI compound would produce two H-2 
multipiets split by 1Jc2,F,~ N 154 HZ (11). One of these 
multiplets would appear at approximately 3.59 ppm in this 
spectrum. It is not observed. 

native approach has been to analyze 13C-enriched 
compounds by 'Hmr (28-34). In cases where 'Hmr 
spectra are complex, the synthesis of compounds with 
'H- and (or) 13C-enrichment may aid interpretation. 
For example, Fig. 3A shows the 180 MHz 'Hmr 
spectrum of the H2 to H5 region of methyl P-D- 
ribofuranoside. The spectrum of the [2-I3C, 'HI- 
enriched derivative (Fig. 3B) is simplified by the loss 
of a quartet at 4.02 ppm due to H-2. The multiplet 
centered at 4.14 ppm is altered. In Fig. 3A, 3JH3,H4 
and 3JH,,,, can be assigned. Inspection of the 
coupling patterns for H-1 (not shown) and H-2 con- 
firms the assignment of the multiplet at 4.14 ppm to 
H-3. In Fig. 3B, the H-3 multiplet contains 3JH3,H, 
and a new coupling, 'J,,,,, = 1.6 HZ. LOSS of the 
H-2 rnultiplet in this spectrum permits H-4 to be 
assigned and 3JH,,,, and 3 ~ H , , H , ,  to be evaluated 
from the H-4 multiplet. Note that H-4 is slightly 
broadened in the [13C]-enriched compound, sug- 
gesting a small three-bond coupling of this nucleus 

to C-2. This broadening probably does not arise from 
H-'H coupling (see above). Resonances due to H-5 

and H-5' are quartets centered at 3.79 and 3.59 ppm, 
respectively. In [2-I3C, 'HI methyl a-D-ribofuran- 
oside, 'J,,,,, is small, producing a broadening of the 
H-3 doublet. 

The apparent and intrinsic 'H chemical shifts and 
'H-'H coupling constants for methyl rib0 and 
arabino furanosides determined from the experimen- 
tal and computer-simulated data, respectively, are 
listed in Tables 2 and 3. Although in several instances 
the use of ['HI-enriched compounds was not required 
to make these assignments, there is no doubt of the - 
value of multiply-enriched derivatives for use in more 
complex instances. 

Experimental 
Afaterials and Instrurnentatior? 

D-Glyceraldehyde was prepared from D-fructose by oxida- 
tion with lead tetraacetate (35) and quantitated with Nelson's 
reagent (36) using DL-glyceraldehyde (Sigma Chemical Co) as 
a standard. D-Erythrose and D-threose were prepared as 
described by Perlin (37) and Ball (38), respectively. Potassium 
[I3C] cyanide (K13CN) was supplied by the Los Alamos 
Scientific Laboratory, University of California, Los Alamos, 
NM, with 99.64% purity and 90.7 atom% I3C enrichment. 
Potassium [I4C] cyanide (K14CN) was purchased from New 
England Nuclear with a specific activity of 46 inCi/mmol. 
Palladium barium sulfate (5%) and deuterium oxide ('H,O) 
(99.8 a tomz) were purchased froin Sigma Chemical Co. Lead 
tetraacetate, deuterium chloride (2HC1) (20%,99 atom%), and 
sodium deuteroxide (Na02H) (30Y,, 99 atom%) were obtained 
from Aldrich Chemical Co. Acetic acid-'H4 (99.5 atom%) and 
deuterium gas (ZH2) (99.5 atom%) were obtained from Merck 
Sharpe and Dohme Canada Limited. 

Dowex 1-X2 (200-400 mesh) was obtained from Sigma 
Chemical Co. and converted to the hydroxide form with 2 M 
NaOH. 

13Cmr spectra were obtained using a Bruker WP-60 15.08- 
MHz Fourier transform spectrometer equipped with quadrature 
detection. Spectra were obtained at 30°C with 4K spectral 
points and the spectrometer was locked to the resonance of 
'HZO in a capillary. Chemical shifts are given relative to 
external tetramethylsilane (Me4Si) and are accurate to 20.1 
PPm. 

'Hmr spectra were obtained at 30°C in 'H20  on a Bruker 
WH-180 equipped for Fourier transform operation using a 
400 Hz sweep width and 8K spectral points. Chemical shifts 
are reported in ppm downfield from internal sodium 3-(tri- 
methylsily1)-I-propanesulfonate and are accurate to 10.01 
ppm. Complex spectra were analyzed by computer simulation 
as described previously (11,39). The rms error between a 
simulated and experimental spectrum was typically 0.15 Hz. 
'HzO solutions were treated with 2HzO-washed Chelex resin 
(Sigma Chemical Co) to remove paramagnetic species (40) 
prior to analysis by 'Hmr. 

pH Measurements in ' H 2 0  solutions were corrected using 
the equation pH = pD - 0.4 (41). Phosphate assays were 
carried out according to Leloir and Cardini (42) and radio- 
activity (I4C) was assayed as described previously (9). 

General Method For the Preparation of Deuterated 
Carbohydrates. Preparatiorz of D-[I-' 3C, I4C, ' H I -  
Erythrose and Threose 

A solution of Ki3CN (2 mmol, 13 mL ?N20)  at 20°C con- 
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taining K14CN (lo7 cpm) was added to a 25 mL sealed flask 
(9) and adjusted to pH 8.0 1 0.1 with 0.7 M acetic a ~ i d - ~ H , .  
D-Glyccraldehyde (2 mmol) was concentrated from 3 m L  of 
2 H 2 0  several times at  30°C in vacuo. The residual gum was 
dissolved in 4-5 mL , H 2 0  and added to the solution of K13CN. 
The pH of the reaction mixture was maintained between 8.0 
and 8.3 with additions of 0.7 M acetic acid-'H4 and (or) 
1 .O A4 Na02H.  After 20-25 min, the pH was lowered to 4.0 1 
0.2 with 17 M acetic a ~ i d - ~ H ~ .  A further adjustment of pH to 
1.7 0.2 was made with 3 MZHC1. 

Palladium-barium sulfate (5%, 62 mg per mmol of nitrile) 
was weighed into a 50 mL side-arm flask, 5 rnL Z H 2 0  was 
added, and the system was evacuated and charged three times 
with N,. After the last evacuation, the system was charged 
with 2H, and the catalyst reduced for 15-20 min at atmospheric 
pressure and 25'C with efficient stirring. The ballast containing 
ZH2 was filled with light mineral oil to prevent entry of H,O 
into the reduction apparatus (10). The [13C]-enriched aldono- 
nitriles were then added and the reduction was continued for 
10 h, or until the nitriles were completely reduced as deter- 
mined by gas-chromatography (10). The product epimeric 
aldoses were deionized and separated as described previously 
(10). Products were characterized by 'Hand  13Cmr yield: 70% 
based on product weight as gums and on the recovery of radio- 
activity after separation. 

Preparation of D-12-13C, 14C, 'HIRibose and Arabinose 
D - [ ~ - ' ~ C ,  I4C, zH]riboseand arabinose were prepared from 

D-[I-'~C, 14C, 2 H ] e r y t h r ~ ~ e  according to a modified procedure 
described for the preparation of the [I-13C] compounds (9). 
The condensation reaction with KCN in H 2 0  was carried out 
a t  pH 7.8-8.0 for 9 min. The solution was adjusted to pH 4.0 
with acetic acid and then to pH 3.0 +_ 0.1 with HCI. The 
epimeric nitriles were reduced with Pd/H2 at  20 psi and 25°C 
in a Parr apparatus, and the product aldoses were purified and 
analyzed by 13C and 'Hmr. Yield as dry gums: 78% after 
separation. 

Preparation of Methyl a-D-[2-' 3C, 14C, 2H]Ribof~ran~~ide 
and Methyl B-D-[2-13C, I4C, ZH]Ribofuranoside 

D-[2-13C, 14C, 'Hlribose was converted to the methyl 
furanosides by the procedure of Barker and Fletcher (43). The 
reaction mixture was neutralized by passage through a 1.2 cm 
x 5 cm column of Dowex 1-X8 (200-400 mesh) in the acetate 

form and elution with deionized water. The resulting solution 
was concentrated at  30°C in aacuo and applied to a 1.5 cm x 
23 cm column of Dowex 1-X8 (200-400 mesh) in the hydroxide 
form (44) and developed with decarbonated distilled H,O with 
a flow rate of 0.25 mL/min. Fractions (3 mL) were collected 
and assayed with phenol-sulfuric acid (45.) The a-anomer 
eluted between fractions 25-35 and the S-anomer eluted be- 
tween fractions 60-80. Fractions were pooled, concentrated 
a t  30°C in uacuo, and analyzed by I3C and 'Hmr. Anomers were 
identified by comparison of 13C chemical shifts for C-2 with 
those reported previously (46). 

Methyl-D-arabinofuranosides were prepared by the proce- 
dure of Augestad and Berner (47) and the a- and P-anomers 
were separated by the method of Austin et a / .  (44). Anomers 
were identified by 13Cmr using chemical shifts reported pre- 
viously (46). 

D L - [ ~ - ' ~ C ,  3-2H]erythro~e and threose were prepared from 
[l-ZH]glycolaldehyde by successive condensations of the Cz 
and C3 deuterated aldoses with KCN (K14CN) and reduction 
with Pd/HZ.(lO). The two condensations with KCN were modi- 
fied by using rather than HCl to adjust the pH of the 
reaction mixtures from 4.0 to 1.7 1 0.1 prior to reduction. 
Catalyst was removed by filtration through sintered glass and 
the reduction products were deionized with BaC03. The solu- 
tion was filtered through Cclite to remove the BaS04 precipi- 

tate and residual BaCO,, the filter pad was washed well with 
HZO, and the filtrate and washings were treated batchwise 
with Dowex 1 x 8 (OAc-) and Dowex 50 x 8 (H+) sucessive- 
ly. The clear, colorless solution was concentrated to 2 mL a t  
30°C in uacuo and the mixture separated as described pre- 
viously on Dowex 50 x 8 (200-400) (Ba++)  (10). 
~~-[1-'~C,~H]glyceraldehyde was preparedfrom~~-[l-14C,]- 

glyceronitrile by reduction with 'H, and purified as described 
previously (10). Yield after purification, 82%. 13Cmr: 75.5 
ppm ('2-2, hydrate) and 63.4 ppm (C-3, hydrate). 

D-[l-'4C]erythrose 4-phosphate (E4P) was prepared from 
D-[l-'4C]erythrononitrile 4-phosphate by reduction with 
H z  (11). D - [ ~ - ' ~ C ]  E4P was converted to D-[I- '~C, 'H, 2-14C]- 
ribose 5-phosphate by reduction with PdlZH,. DL-[I-13C, 
I4C, 2H]gly~eraldehyde 3-phosphate was prepared from 
D L - [ ~ - ' ~ C ,  '4C]gly~er~nitrile 3-phosphate and purified as 
described previously (11). Yield based on recovery of phos- 
phate and radioactivity after chromatography, 69% with 5% 
inorganic phosphate. 
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Carbon-13 nuclear magnetic resonance spectra of oxazoles 
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HENK HIEMSTRA, HENDRIK A. HOUWING, OKKO POSSEL, and ALBERT M. VAN LEUSEN. Can 
J. Chem. 57.3168 (1979). 

The I3C nmr spectra of oxazole and eight mono- and disubstituted derivatives have been 
analyzed with regard to the chemical shifts and the various carbon-proton coupling constants 
of the ring carbons. The data of the parent oxazole are compared with thiazole and l-methyl- 
imidazole. 

HENK HIEMSTRA, HENDRIK A. HOUWIKG, OKKO POSSEL et ALBERT M. VAN LEUSEN. Can. J. 
Chem. 57,3168 (1979). 

On a analyse les spectres rmn du "C de l'oxazole et de huit derives mono ou bisubstituks du 
point de vue des dkplacements chimiques et des differentes constantes de couplage C-H des 
atomes de carbone du cycle. Les donnkes relatives a l'oxazole parente sont comparees B celles 
du thiazole et du mCthy1-1 imidazole. 

[Traduit par le journal] 

In the course of our work on a new synthesis of 
azoles (1) we were confronted with a lack of I3C 
nmr data of oxazoles. Thus far, only the spectrum 
of benzoxazole (2) and the 'J (C, H) coupling con- 
stants of 4-methyloxazole (3) have been reported.' 
I t  became, therefore, worthwhile to carry out a 13C 
ilmr analysis of the oxazole ring system. 

We here present the data of a series of nine 
oxazoles, i.e., the chemical shifts of the ring carbons 
(Table 1) and coupling constants (Table 3). Further- 
more, these data of the parent oxazole are compared 
with thiazole and 1-methylimidazole (Tables 2 and 3). 

three monosubstituted derivatives (2-4), and five 
disubstituted ones (5-9) are given in Table 1. The 
chemical shifts of the ring carboils have been as- 
signed by making use of the (absence of) one-bond 
C-H coupling constants ('J), and known sub- 
stituent effects of aryl, methyl, methoxy, and tosyl 
(Ig, 4, 5). 

From this assignlnent the following generalizations 
can be made. (I) In all cases C(2), located between 
two electronegative hetero atoms, resonates at the 
lowest field; at ca. 150 ppm when unsubstituted, and 
about 10 ppm lower when substituted with methyl, 

Experime~ltal methoxy, or phenyl. (2) The chemical shifts of C(4) 
and C(5), a t  ca. 126 and 138 ppm, respect~vely, when 

The oxazoles 4, 6 ,7 ,  and 8 (Table I )  were recently preoared 
in our labordtory bq reaction of tosylmethyl isocyanide both carbons are unsubstltuted, show a downfield 
(TosM1C) or derivatives thereof. and aromatic aldehydes (1) shift of 10-15 ppm up011 substltutlon with one aryl 
\ ~ , ~ 

Samples of the oxazoles 1 ,2 ,3 ,  and 5 were prepared according group and, simultaneousiy, an upfield shift of about . . - A 

to the literature referred to in Table 1. 5 ppm for the other (unsibstituted) carbon. 
The I3C nmr spectra were measured in CDCI, solution at  

35'C on a Varian XL 100 apparatus using the FT technique 
In Table 2 the chemical shifts of the ring carbons 

and an internal deuterium lock. The CDCI, absorptions were OxazO'e (I) are with thiazO1e (5) and 
used as internal reference: chen~ical shifts were corrected to N-methylimidazole 11 (6). The highest field absorp- 
S r ~ s  with 6,,,, = ~ L D C ~ ?  + 77.0 ppm. Coupled spectra were tion of P belongs to C(4) rather than to  C(5) as in 10 
recorded using the gated-noise decoupling technique. and 11, which may be a reflection of the higher elec- 

In the measurements in which the methyl protons were selec- 
tively decoupled, the low power decoupling transmitter was tronegativity of oxygen. In 10 the C(4) absorption 
employed in the hetero mode. To that end the proton spectrum is shifted ca. 18 PPm to lower field as compared with 
of the samele was recorded first (also with 21-4 lock and in the 31 and 3131: an almost identical difference is observed 
CW modej to determine the exact setting of the decoupler for the C(P) of tlliophene with respect to furan and 
otfset, i.e., the setting that gives a zero beat at  the position pyrrole (11). 
of the singlet of the methyl protons. 

Results and Discussion Coupling Constar1 fs 
All one-bond coupling constants ('J) and most of 

3C Chemical Slziffs the long range coupling constants (2J, 3 J )  of the 
shift data the parent oxazole ('19 oxazole ring atoms were easily obtained from the 

lAfter this paper was submitted for publication, 1 3 ~  nmr coupled 13C spectra2 (see Table 3). The oxazoles 
spectra of a large number of benzoxazoles and oxazole were 
published (12). The spectral data of oxazole were almost iden- 2Fhe splitting patterns of the oxazole ring atoms were first 
tical to our results. order both in 'H and I3C nmr. 

0008-40421791233 168-03$01 .OO/O 
a1979 National Research Council of CanadaIConseil national de recherches du Canada 
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HIEMSTRA ET AL 

TABLE 1. 13C nuclear magnetic resonance chemical shifts of the ring carbons of a series of oxazoles 

Substituents Chemical shifts" (ppm) 
- - 

Compound RZ R4 R5 C(2) C(4) c(5) Other absorptions Ref. 

1 H H H 150.6 125.4 138.1 7 
2 Ph H H 160.9 1%.6 137.7 125.4, 126.7, 127.8, 129.3 8 
3 H Tos H 152.1 142.6 141.8 21.5, 128.2, 129.9, 136.2, 145.2 9 
4 H H p-C1Ph 150.1 121.3 149.8 124.9, 125.6, 128.5, 133.7 l a  
5 Me Ph H 161.0 140.1 132.6 13.0, 124.7, 127.1, 128.0, 130.7 10 
6 Me H p-ClPh 160.3 121.7 149.3 13.1, 124.3, 125.9, 128.2, 132.8 l e  
7 Me0 H p-C1Ph 162.1 121.1 145.3 57.9,124.1,126.3,128.7,133.0 l k  
8 H Me p-CIPh 148.5 131.0 143.8 13.2,125.7,126.6,128.2,132.8 1 j  
9 H Benzo 152.6 140.1 150.0 110.8, 120.5, 124.4, 125.4 2 

nEstimated errors are wlthin k0 .3  pprn. 

TABLE 2. 13C nuclear magnetic resonance chemical shifts 
(ppm) of oxazole (I), thiazole (lo), and 1-methylimidazole (11) 

Compound C(2) C(4) c(5) CH 3 

#Data obtained from ref. 5 

5, 6, 8, and 1-methyliinidazole (11) gave more com- 
plex signals because of additional long range cou- 
pling with the methyl hydrogens. The additional 
coupling could be eliminated, however, by selective 
irradiation of the methyl protons. For the oxazoles 
5, 6 ,  and 8 this decoupling did not affect the other 
coupling constants ; only 1 -methylimidazole (11) 

showed a slight reduction of the coupling constants. 
The 'J and 3J coupling constants of 11 listed in 
Table 3 were obtained by multiplying the measured 
coupling constant ( J  reduced) with a factor derived 
from the 'J's of the selectively decoupled and the 
gated noise decoupled spectra of 11, assuming a con- 
stant ratio J reducedlJ for each p r ~ t o n . ~  

'J(C, H)  
In all oxazoles (1-9) the various 'J's have about 

the same values: 230 Hz for C(2)-H(2), 194 Hz for 
C(4)-H(4), and 210 Hz for C(5)-H(5). This leads 
to the following sequence for oxazoles 'J C(2),- 
H(2) > 'J C(5),H(5) > J C(4),H(4), whereas for 
thiazole (10) and 1-methylimidazole (11) was found 
'J C(2),H(2) > 'J C(5),H(5) - 'J C(4),H(4). The 

TABLE 3. The 13C-H coupling constants (J, Hz) of the ring atoms of oxazoles 1-8, thiazole (lo), and 1-methylimidazole (11)" 

J between C(2) and J between C(4) and J between C(5) and 

Compoundb H(2) H(4) H(5) H(2) H(4) H(5) H(2) H(4) H(5) 

1 231.1 10.7 7 .9  8 .9  195.3 16.5 4 . 1  18.9 209.1 
2 c e 193.8 16.2  18.6 207.6 
3 236.2 9 . 0  9 . 3  13.7 4 .0  217.2 
4 230.9 11 3 8 . 4  194.3 4 .2  17.4  
5 8 . 1  14.3 205.6 
6 11.3 192.3 17.0 
7 12.5 193.0 15.6 
8 229.0 8 .2  5 .6  

lod 213.0 15.2  6 .0  15.2 187.0 7 .1  - 0 16.2 190.6 
1lf 205.9 10.6 7 .0  10.7' 188.0 10.3' 3.5 16.6  188.6 

QEstimated errors within k 0.6 Hz. 
6For substituents of oxazoles 1-8 see Table 1. 
"Not determined because of further coupling with the phenyl protons. 
*Values obtained from ref. 5. 
=Assignment might be the reverse. 
fvalues are in close analogy to data in ref. 6. 

3See ref. 4, p. 66 ff. 
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greater electronegativity of oxygen causes a larger H O O G E Y B ~ ~ \ ~ .  and D VAPI LEUSEN Tetrahedron Lett 
difference between the 'J's of the oxazoles. 5337(1972); ( d ) A  M V A ~  L E U S E ~  a n d H  E V A N G E N N E P .  

Tetrahedron Lett 627 (19731: ( e )  M A HOUWINC.  J , , ~, 

2J /C. H 1 WILDLMAN,  and A. M .  v ~ h  L E U S E ~ .  Tetrahedron Lett. 
- - ,--, 

143 (1976); (f) A .  M. V A N  LEUSE% and J .  SCHUT. Tetra- The two-bond constants of the oxazoles 
hedron Lett. 285 (1976); (p) A M. VAY LLUSEN. B E. C(4)7H(5) and 2J C(5),HC4) have of about H O O G E N B O O ~ I ,  and H. A .  HOUMING.  J .  Org. Chem. 41,71i 

16 Hz alld 18 Hz, respectively. Comparison with 10 (1976); ( h )  A. M .  V A Y  LEUSEN.  J .  W I L D E X I A ~ .  and 0. H. 
and 11 shows that 2J C(5),H(4) is almost indepen- OLDENZILL. J .  Org. Chem. 42. 1153 (1977); (i) A. M .  VAN 

dent of the nature of ring atom 1 (0, S, or N), LEUSEY and J .  W I L . D E ~ I A ~ .  Synthesis, 501 (1977); 0) 0. 
whereas 2 J C(4),H(5) appears to increase with a POSSEL and A. M .  V A N  LEUSET.  Heterocycles. 7,77 (1977); 

(k) H. A. H o u u r s c  and A.  M. V A N  Lt-USEN. T o  be pub- 
larger electronegativity of atom 1 (5). lished. 

3J (C,  H )  
2. R. F .  JOHNSON and W. C .  JANKOMJSKI. Carbon-13 nmr 

spectra. Wiley, New York. NY. 1972. p. 227. 
Inoxazoles thethree-bondcou~l ingconstantsare  3. P. HAAKE,  L .  P. B A U S H E R . ~ ~ ~  W. B. M I L L ~ R .  J .  An,. 

smaller than the 'J's. The sequence in magnitude of Chem. Soc.  91. 1 1  13 (1969). 

the 3 ~ ' s  for the three ring systems is for oxazole 4. F .  W. WEHKLI and T. WIRTHLIY. Interpretation of car- 
bon-13 nmr spectra. Heyden. London. 1976. p. 36ff. 

3J C(2)'H(4) > 3J C(4)'H(2) 3J C'2)'H(5) > 5. R .  F A U R E ,  J.-P. GALY,  E .  J .  "INCEST.  and J. ELGUERO. 
3J C(5),H(2), and for thiazole and imidazole: 3J can, J ,  them. 56, 46 (1978). 
C(2),H(4) E 3~ C(4),H(2) > 3~ C(2),H(5) > 3~ 6. ( 0 )  M. BEGTRUP. J .  Chem. Soc.  Perkin Trans. 11. 736 
C(5)>H(2). 

The data in Table 3 show that the magnitude of the 
coupling constants of the oxazole nucleus is only 
slightly affected by substituents. This observation 
can be of use in structural assignments in oxazole 
chemistry. 

I .  (a)  A.  M. VA". L ~ u s E ~ .  B. E.  H O O G E ~ B O O M ,  and H. 
SIDERIUS. Tetrahedron Lett .  2369 (1972); ( b )  0. H .  OL- 
DENZIEL  and A. M .  VAK LEUSEN.  Tetrahedron Lett. 2777 
(1972); ( c )  A. M. V A N  LEUSEN,  H. SIDERIUS. B.  E.  

(1976); (b) M. BEGTRUP, R. M. CLARAMUNT, and J. EL- 
GUERO.  J .  Chem. Soc. Perkin Trans. 11. 99 (1978). 

7. H .  BREDERECK and R .  BANGERT. Chem. Ber. 97, 1414 
( 1964). 

8. P. G. FERRINI and A.  MARXER. Angew. Chem. 75. 165 
(1963). 

9. .I. R. B u ~ ~ a n d  A.  T U I N M A ~ . .  Tetrahedron.31,2151(1975). 
10. M .  LFLLY. Chem. Ber. 20.2576(1887). 
1 1 .  J .  B. STOTHERS. 13C nmr spectroscopy. Academic Press. 

New York, NY. 1972. p. 253. 
12. J .  L L I W . ~ R ~ S .  J . -P.  GALY,  R. FAURE,  E.-J. VINCENT, and 

J .  El GUFRO. Can.  J .  Chem. 57,937 (1979). 
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COMMUNICATION 

The formation and structure of a 1,s-disubstituted S4N4 ring, (Ph3P=N)2S4N4, from the 
reaction of triphenylphosphine with tetrasulphur tetranitride 

Department of Chemistry, University of Calgary, Calgary, Alta., Canada T2N IN4 

AND 

A. WALLACE CORDES 
Department of Chemistry, Unitersity ofdrkansas,  Fayettel ille, A R  72701, U.S.A.  

Received September 6, 1979 

JOSEF BOJES, TRISTRAM CHIVERS, GREG MACLEAN, RICHARD T. OAKLEY, and A. WALLACE 
CORDES. Can. J. Chem. 57,3171 (1979). 

Two novel products, (Ph3P=N),S4N4 and (Ph,P=N)3S+S4N,-, have been isolated 
from the reaction of triphenylphosphine with S4N4; an X-ray structural determination of 
(Ph3P=N),S4N4 shows it to consist of a 1,5-disubstituted S4N4 ring with the exocyclic 
substituents in an axial, equatorial configuration. 

JOSEF BOJES, TRISTRAM CHIVERS, GREG MACLEAN, RICHARD T. OAKLEY et A. WALLACE 
CORDES. Can. J. Chem. 57,3171 (1979). 

On a isole deux nouveaux produits de la reaction de la triphenylphosphine avec S4N4: 
(Ph3P=N),S4N4 et (Ph3P=N),S+S4N5 -. La determination de la structure de (Ph3P=N),- 
S4N4 a l'aide de rayons-X montre que ce compose est forme d'un cycle S4N4 disubstitue en 
positions 1 et 5 avec des substituants exocycliques ayant une configuration axiale tquatoriale. 

[Traduit par le journal] 

The formation (1, 2) and structure (3) of Ph,P= 
N-S3N3 have been known for some time. As a part 
of our studies on the nucleophilic degradation of 
S4N4 (4) we have reinvestigated the reaction of S,N4 
with triphenylphosphine, the original method used 
to prepare Ph3P=N-S3N3 (1). Consistent with our 
earlier results (4), we find that the S,N5- ion is also 
formed in this reaction, as a salt of the novel sul- 
phonium ion, (Ph,P=N),S+. More significa~it, 
however, is the formation of (Ph,P--N),S4N, (1) as 
the major product when the reaction is carried out in 
acetonitrile. In this Comn~unication we describe the 
formation and structure of 1, the first example of a 
1,5-disubstituted S,N, ring, and the isolation and 
characterization of (Ph,P=N),S+S,N,- (2). 

Reaction of tripheiiylphosphine (2.85 g, 10.0 
mrnol) and S,N, (1.00 g, 5.43 mmol) in acetonitrile 
(60 mL) at 23°C produces a salmon-pink precipitate. 
After washing this precipitate with diethyl ether (to 
remove Ph3PS), extraction with acetonitrile (5 x 100 
mL) yields, upon evaporation of the solvent, pale 
yellow needles of (Ph3P=N),Sf S,N,- (2) (0.47 g), 
which exhibit uv-visible (in CH2CI,, A,,,: 345 
nm(sh), E 3.3 x lo3 L mol-I cm-l, and -290 

'Author to whom correspondence may be addressed. 

nm) and ir (in Nujol, excluding cation bands: 956 s, 
916 m, 665 vw, 647 w, 600 w, 438 m, and 300 w 
cm-l) bands characteristic of the S,N5- ion (4, 9.' 
We found that 2 is also produced in 23% yield from 
triphenylphosphine and S,N, in benzene at 23°C; it 
is surprising that no mention of this compound has 
been made before (1, 2). 

We believe the formation of 2 involves Ph,P= 
N-S-N=PPh, as an intermediate which immedi- 
ately disproportionates to [(Ph3P=N),S+],S2-. The 
subsequent reaction of sulphide ion with S,N, is 
known to produce S,N5- (46). In support of this 
belief we showed that the reaction of Ph3P=N- 
SiMe, with SCI, yields (Ph,P=N),S+CI- (85%) 
(6)., Final confirmation of the identity of 2-was 
obtained by cation exchange between (Ph,P=N),S+- 
C1- and n-Bu,N+S,N,- (44 5a) in acetonitrile. 

Z T l ~ e  identity of the new sulphonium ion, (Ph3P=N)3S+, 
has been confirmed by an X-ray crystal structure determination 
of 2 performed by Dr. M. Extine, Molecular Structure 
Corporation, Texas. The important structural parameters are 
a ~ ~ f o l l o w s :  d(S-N), = 1.635(4), d(P-N) = 1.597(4) A ;  
NSN = 102.1(2)", SNP = 119.2(3)". 

3A related compound [(Ph,P=N),S3+][3C1-] (based on 
analytical data), with a red color, was previously claimed to 
be one of the products of the reaction of triphenylphosphine 
with S4N3Cl. 

0008-40421791233 171-02$01 .00/0 
@ 1979 National Research Council of CanadaIConseil national de recherches du Canada 
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FIG. I .  ORTEP drawing of the (Ph,P=N)2S4N4 structure 
(the phenyl rings are omitted for clarity). Principal structural 
parameters are (e.s.d's in parentheses): S(1)-N(7), 1.675(4); 
S(1)-N(lO), 1.666(4); S(3)-N(8), 1.630(4); S(3)-N(9), 
1.632(4); S(2)-N(7), 1.588(4); S(2)-N(8), 1.605(4); S(4)- 
N(9), 1.613(4); S(4)-N(10), 1.583(4), S(1)-N(1 I), 1.599(4); 
S(3)-N(12), 1.621(4); S(1)-S(3), 3.727(2); S(2)-S(4), 
2.452(2); P(5)-N(l1) and P(6)-N(12), 1.592(4) A. N(7)- 
S(1)-N(lO), 101.0(2); N(8)-S(3)-N(9), 104.0(2); N(7)- 
S(2)-N(8), 120.6(2), N(9)-S(4)-N(10), 120.2(2), S(1)- 
N(7)-S(2), 118.8(1); S(1)-N(10)-S(4), 118.6(1); S(2)- 
N(8)-S(3), 120.9(2); S(3)-N(9)-S(4), 120.5(2)'. 

The acetonitrile-insoluble solid from the Ph,P/ 
S4N4 reaction (1.09 g) can be recrystallized from 
CH,C1,/CH3CN to give pale yellow blocks of 
(Ph,P=N),S,N, (1) (dec. > 120°C). The structure 
of 1 has been determined by X-ray diffraction 
methods. Crystal data are as follows: 

(Ph3P=N),S4N4 mw = 736.86 
Monoclinic, space group P2,/c, a = 10.306(1), 
b = 19.473(5), c = 17.804(1) A, P = 94.03(1)", 
V = 3564 W3, Z = 4, p, = 1.373 g 

A total of 3303 reflections [I 2 3cr(I)] were 
collected with a manual GE XRD-5 diffractometer 
using 9-29 scans and Cu-K, radiation. The struc- 
ture was solved by direct methods and the final full- 
matrix least-squares refinement, which included 
anisotropic thermal parameters for all non-hydrogen 
atoms, gave an unweighted R-factor of 0.043. 

The structure of 1 (see Fig. 1) consists of a 
ruptured S4N, cage in which one cross-ring S-S 
interaction is replaced by bonds to two exocyclic 
triphenylphosphinimino ligands. The presence of 
the two exocyclic groups and the different orientation 
of the exo-S-N bonds (axial and equatorial) cause 
the endocyclic S-N bond distances to range from 

1.583 to 1.675 A. Nonetheless, the mean SN bond 
distance (1.62 A) is similar to that found in S,N6 
(1.61 A) (7) and S4N, (1.62 A) itself (8). The S-S 
distance between the S atoms bonded to exocyclic 
groups is opened up to 3.727 A and the remaining 
S-S interaction is considerably contracted (2.452 
A), as in S,N6 (2.43 A) (7), in comparison to the 
two S-S distances of 2.59 A found in S4N4 (8). The 
mean exocyclic S-N distance (1.61 A) is similar to 
that found in Ph3P=N-S3N, (3), but the mean 
PIN distance (1.59 A) is significantly shorter 
(1.65 A in Ph3P=N-S3N3). 

The only known disubstituted derivatives of S,N, 
are S4N402 (9), in which both exocyclic oxygens are 
attached to the same sulphur atom, and the recently 
isolated S,N,CI, (10) of undetermined structure. 
Thus the X-ray crystallographic study of (Ph3P= 
N),S4N4 represents the first structural determination 
of a 1,5-disubstituted S,N, ring. The structure of 
S,N4C12, an important intermediate in the chlorina- 
tion of S4N, may well be related to that of 1. 
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M.  GAUTHIER, R .  PILOK, P. A. HACKETT, and C. WILLIS. Can. J .  Chem. 57, 3173 (1979). 
The infrared multiphoton chemistry of CF3D has been investigated in the v, and v, bands. 

The primary dissociation step forms D F  and CF,. The major sink for the biradical is dimeriza- 
tion to form C2F4;  this process preserves the 13C/L2C isotopic selectivity which is reasonably 
high (a .=: 20). The isotopic selectivity for 'H/'H is impaired by some scrambling reaction 
involving excited substrate. The possible nature of this scrambling reaction is discussed. In 
comparison with other CF,X systems (X = I, Br, CI), CF3D is difficult to decompose, having 
low dissociation probability, and appears to decompose only after collisional activation. 

M. GAUTHIER, R. P I ~ O N ,  P. A. HACKETT et C. WILLIS. Can. J. Chem. 57. 3173 (1979). 
On a etudie la chimie multiphoton dans l'infrarouge du CF3D dans la region des bandes 

v2 et v,. La premiere etape de la dissociation conduit a D F  et CF,. Le principal affaiblissement 
du diradical est dfi a une reaction de dimerisation qui donne du C2F4; cette reaction protege 
la ~Clectivite isotopique 13C/12C qui est raisonnablement grande ( a  2 20). La selectivite 
isotopique 'H/'H est affaiblie par une reaction desordonnee qui implique un substrat active. 
On discute de la nature possible de cette reaction. Par comparaison aux autres systemes 
du type CF3X (X = Br, 1, CI), CF,D est difficile a decomposer; il a une faible probabilite 
de dissociation et semble se decomposer seulement apres une activation par collisions. 

[Traduit par le journal] 

Introdudion [ I ]  CF,X -t CF, + X 

In earlier papers (1-3), we have reported details of This reaction is favoured on thermodynamic grounds 
the infrared multiphoton chemistry of the tri- (6) being some 30 kcal mol-I lower than the 
fluoromethyl halides, CF',I, CF,Br, and CF,CI. The molecular elimination, reaction [2] 
present work was undertaken in order to extend the 

[2] CF,X -t CF, + FX 
CF3X series to include CF3D for two reasons. In 
the first case, the 'H/'H isotope shift is large for the However, for CF3D the situation is reversed. The 
v, band of fluoroform (4) which should assure endothermicity for the molecular elimination, reac- 
facile selective excitation of CF3D molecules, a tion [3] 
process of obvious practical importance. Secondly, [31 CF3D + CF2 + DF 
the substitution of halogen by deuterium signifi- 
cantly increases the vibrational frequencies of the is +64.8 kcal mol-' (6) which is over 30 kcal mol-' 
molecules, this increase results in a concomitant lower than that for the carbon-deuterium bond 
decrease in  the density of vibrational states at any scission. Furthermore, the observed activation energy 
particular internal energy and should lead to a de- for CF2 production in the pyrolysis of CF3H is 
crease in the efficiency of the multiphoton absorption +69 kcal m0l-l (7). 
process (5). 

In the halides the primary dissociation step ob- 
served is the bond scission, reaction [I]  

'NRCC No. 17783. 

Experimental 
All irradiations were performed with a line tunable TEA 

C 0 2  laser (Lumonics Research Ltd., model 103). The tem- 
poral distribution of the laser pulse was monitored by a 

0008-40421791243 173-05$01.00/0 
01979 National Research Council of CanadalConseil national de recherches du Canada 
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photon drag detector (Rofin, model 7415). The distribution 
was bimodal; a short "spike" (FWHM = 80 ns) was followed 
by a long tail (FWHM = 600 ns). About 70% of the incident 
energy was contained in the initial "spike". Samples of CF3D 
(97Y,D, 3ZH; Merke, Sharpe and Dohme), purified by distil- 
lation at  - 16OCC, were irradiated in a Pyrex cell (18 cm 
long, 5 cni diameter) equipped with sodium chloride windows 
(Harshaw, laser grade). The laser beam passed through a 
I .8 cm aperture and was focussed at  the centre of the cell by 
a f = 10 cm germanium lens. 

Analysis of all products determined was achieved directly 
by mass spectrometry. This method is unsatisfactory by com- 
parison with others but was necessitated by (a)  the inefficiency 
of the decomposition, vide infra, and (b) the low sensitivity of 
available gas chromatographs to the highly fluorinated com- 
pounds present. However, many calibrations of both single 
compounds and binary mixtures were performed in order to 
check the precision of the method. Moreover, possible inter- 
fering conlpounds were tested in order to improve the re- 
liability of the assignment of m/e peaks to constituents of the 
photolysed mixture. C2F4 was determined from peaks at  
81, 82, and 83, CF3D from peak 52, and CF3H from peak 51. 
Isotopic selectivities for carbon-13 were determined from the 
C2F4 product peaks and are reported as cl values: 

13C/"C (product C2F 
= "C/12C (substrate CF3g) 

Resuits and Discussion 
(a)  Kinetics 

The kinetics of the multiphoton chemistry of 
CF,D can be described in terms of the following set 
of reactions 

k4 = 2.5 x 10sT1iZ exp (-200/T) L mol-' s- '  

(refs. 8, 9) 

kg = 8.7 x 104T112 exp (- 3200/T) L m o l l  s-  ' 
(refs. 7, 9) 

161 CFZ + D F  -t CF3D 

The only product observed at low conversions, at all 
pressures, temperatures, and irrad~ation wavelengths 
studied was C,F,, which is presumably formed with 
an equivalent amount of DF which did not survive 
through to analysis in our experiments. However, 
SiF, was detected in experiments carried to higher 
conversions. 

However, it is not clear that the only fate of CF, 
is dimerization to form C,F,. Secondary reactions, of 
the type of reaction [ 5 ] ,  are unlikely to be significant, 
even allowing for reaction at the potentially higher 
temperatures of the focal region. Indeed no higher 
products were observed. The importance of reaction 
[6], the back reaction, is difficult to assess in the 

absencc of appropriate rate data. Smail and Rowland 
(10) have studied the equivalent reactions involving 
HI, HBr, and HC1. They report k,(,,, = 70 x 
k,( ,,,, = 3500 x k,(,  ,,,. More recent work sug- 
gests this trend continues to include H F  (11). Ac- 
cepting this trend and placing k,(,,, at close to the 
collisional limit gives an upper limit of k ,  5 5 x 
10, L mol-' s-'. For the conversions used in the 
present series of experiments, even allowing that D F  
survives as a free gas phase product, one can safely 
neglect reaction [6] on the grounds that its rate is 
too low. Further support of this conclusion was 
gained by irradiating a mixture of 0.5 Torr CF3D 
and 0.10 Torr HBr. The observed yields of C,F, and 
CF,HBr were approximately equal. A simple 

- analysis of the pulsed kinetics yields k,(,,,, - 

5 x lo7 L mol-' s-' which is in reasonable agree- 
ment with the estimate used above. 

The above analysis indicates that measurement of 
C,F, serves as an acceptable surrogate for the yield 
of primary dissociations as there appear to be no 
back reactions. Figure 1 shows the pressure de- 
pendence of this parameter. It is seen that the dis- 
sociation probability is proportional to pressure. 
There are many explanations for this behaviour; 
collisions may increase the rate of multiphoton 
absorption by removing "rotational bottlenecks" 
(12); the primary dissociation may be the result of 
bimolecular "energy pooling" reactions of two 
vibrationally activated molecules (13); or the ob- 
served dissociation may be a bulk pyrolysis of the 
irradiated gas, increased pressure would decrease 
the rate of cooling of the irradiated volume in- 
creasing the yield of dissociation (14). The latter 
explanation may be rejected on the grounds that the 
process is isotopically selective for carbon isotopes. 
Experiments to distinguish between the two re- 
maining possibilities are in progress. 

No evidence was found for reaction products 
arising from carbon-deuterium bond scission. This 
result confirms the conclusions of an earlier studv 
of multiphoton decomposition of pentafluoroethane 
(15). That is that for "small" molecules only the 
lowest thermodynamic exit channel will be observed 
whereas as the volume of vibrational phase space 
increases the spontaneous dissociation rate of uni- 
molecular dissociation decreases so that large 
molecules should show evidence for multichannel 
dissociation. A simple RRK calculation (16) reveals 
that the spontaneous dissociation rate for CF3D 
reaches 2 x 1 0 ' s ~ ~  at internal energies 14 kcal 
mol-I above the threshold for molecular elimination 
which is well below the threshold for the free radical 
process. Hence for the methane it is unlikely that 
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4 L '  ' ' ' i " ' l '  

I I I , , , I t  

I .0 10 
PRESSURE (TORR) 

FIG. 1. Pressure dependence of dissociation probability. 
P,, the probability that an irradiated ~nolecule will decom- 
pose, is plotted against CF,D pressure. Irradiation wavelength 
9797 cm- ' ; incident fluence (energy density) = 1.04 J cm- ; 
temperature = 22°C. 

internal energies greater than 83 kcal mol-' will be 
reached whereas for the ethane internal energies 
of 130 kcal mol-' are surpassed in similar radiation 
fields. 

I t  is obvious from the preceding discussion that 
fluoroform does not undergo multiphoton de- 
composition with great facility, indeed it is apparent 
that collisions are essential. The spectral dependence 
of the probability of dissociation was investigated 
at  a pressure of 0.5 Torr. The results are shown in 
Fig. 2 together with the incident fluence used in each 
irradiation, the threshold fluence convention (14) was 
not used as the dissociation yield is not pressure 
independent. This "action spectrum" shows the 
normal features of multiphoton excitation in focussed 
beams; that is the multiphoton action spectrum is red 
shifted from and broader than the one photon 
absorption spectrum. These are consequences of 
molecular anharmo~licity and the large Rabi fre- 
quencies required to overcome that anharmonicity. 
As noted in the Introduction one expects this 
problem to be more significant in CF3D than 
in CF3Gl, CF3Br, and CF31, a consequence of 
the lower density of vibrational states at  any 
particular internal energy. More directly the 
"quasicontinuurn", region I1 (6), will lie at  higher 
levels for CF3D than for the halides. The effect of 
this can be seen from Table 1 which compares dis- 
sociation probabilities measured at the centre of the 
action spectrum for ~nultiphoton decomposition of 
the four compounds in similar radiation fields. I t  
can be seen that neither the threshold dissociation 

FIG. 2. Excitation frequency dependence of reaction dis- 
sociation probability. The parameter above each point refers 
to the incident fluence in J cni r2 .  CF,D pressure = 0.5 Torr, 
tenlperature = 22-C. Open circles refer to l2CF,D and the 
filled ones to l3CF3D. The one photon absorption spectrum 
is shown for reference (solid linej. 

energies nor the integrated oscillator strengths of 
the one photon transitions provide sufficient means to 
correlate the observed dissociation probabilities, 
without invoking anharmonicity and the quasi con- 
tinuum relaxation. It is beyond the scope of this work 
and all current theories of multiphoton absorption 
to provide an intimate description of the sequential 
absorption process but the general conclusions of 
Table 1 provide a useful insight into this area. 

( b )  Isotopically Selective Excitation and Dissociation 
The one photon infrared absorption spectrum of 

fluoroforin has bee11 well ~tudied (4, 17, 18). The 
bands which fall within the 9-1 1 prn region where 
the CO, laser has strong output are the v,(a,) band 
and the v,(e) band. The former corresponds to a 
C-F stretch and the latter to a D-C-F bend. 
In 12CF,D the vibrational frequencies are v, = 
111 1 cm-', v, = 975 cm-' (17). The v, band shows 
well developed PQR structure but restrictions of 
available laser output allow photolysis only on the 
tail of the P branch below 1100 cm-'. 

In I2CF3H the vibrational frequencies are v, = 
1141 cnl-I and v, = 1157 cm-I (17), for I3CF3H 
v, = 1116 cm-' and v, = 1132 cm-I (18). Thus 
the isotope shift for carbon-13 substitution in CF,D 
is expected to be of the order of 35 cm-'  for both 
vibrational bands studied. Fluoroform-d may be 
selectively excited in the v, band at 975 cm-I, 
100 cm-I away from any absorption transition in 
fluoroform-h. 

Isotopically selective chemistry was verified for 
carbon-13 by selectively dissociating I3CF,D at 
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TABLE 1. Multiphoton dissociation of CF3X species" 

Normalised Dissociation 
Threshold energy' band probabilityc 

Compound (kcallmol) intensityh ( P d )  

CF3D 64.8 1 . 0  1 .78 x lo-4d 
CF3D 64.8 Complex band 1.19 x lo-4' 
CF3CI 81 . 0  8 . 4  > 5 . 1  x lo-4f 
CF3Br 66.2 8 . 3  > 2 . 0  x lo-38 
CF3I 49 .4  10.5 2 8 . 8  x 

'All results are from experimental setup reported in this paper; temperature = 22'C; pressure - 0.5 
Torr, irradiation near maximum of "action spectrum". 

bIntegrated band intenslty normalised to CF,D v, band; obtained from infrared absorpt~on spectra 
measured under standard conditions. 

C P ,  = (number of molecules dissociated)/(number of molecules irradiated). 
dlrradiatlon frequency - 979.7 cm-I;  incident fluence = 1.08 J cm-'; this work. 
e1083.5 cm-'; 1.09 J ~ m - ~ ;  this hark. 
,For the three halldes the P, values are lower limits since work in ref. 3 concentrated on 'T decomposi- 

tion: 1081.1 cm-I;  1.12 J ~ m - ~ ;  ref. 3. 
g1057.3 cm-'; 1.0 J cm-'; ref. 3. 
h1053.9 cm-I ;  0.68 J ~ m - ~ ;  ref. 3. 
'Reference 6. 

natural abundance in the v, band at 0.46 J cm-2 
incident fluence of 1055.6cm-' radiation. The 
fluoroform-d pressure was 0.5 Torr and the cell was 
at ambient temperature. An a value of 25 was ob- 
tained. 

The problem of hydrogen isotope selectivity is 
more complex, however. The hydrogen product is 
carried as D F  which rapidly exchanges with cell 
walls, therefore only depletion experiments were 
possible. Such experiments are inherently less sensi- 
tive and must be carried to higher conversions. 
Mixtures of CF3D and CF,H in ratios of 32: 1 and 
1 :  1 were photolysed in the v, band at 0.5 Torr 
initial pressure. CF3D and CF3H concentrations 
were monitored from peaks at mle = 52 and 51. 
However, although CF3D decreased and C2F4 
increased w ~ t h  time it was observed that rnle 51 
and presumably [CF3H] increased with time. It 
was verified that this peak did not arise from other 
chemical products, e.g., C2F6, C2F,H, C2F4H2, 
none of which could be detected. Furthermore, the 
possibility of a contribution of 13CF2 from C2F4 
was discounted by examining r?~/e peaks at 81, 82, 
and 83. Hence, we have to conclude that an ex- 
change reaction between CF,D and H F  is induced by 
the radiation field. The exchange reaction was equally 
~revalent when the cell walls were held at -90°C 

In conclusion, the present study has demonstrated 
the importance of molecular complexity and vibra- 
tional state density in determining the rate and level 
of multiphoton absorption. CF3D seems to fit 
into place with predictions based on studies of other 
systems. Selective dissociation of carbon-13 at 
natural abundance has been demonstrated, but the 
de~nonstration of selective dissociation of deuteriutn 
bearing molecules awaits the control of complicating 
exchange reactions. 

We note that other authors have recently reported 
the infrared multiple dissociation with application to 
deuterium enrichment (19). No mention of the com- 
plicating side reaction was made. If by suitable cell 
design the side reaction may be overcome then 
fluoroform-d may become a viable substrate for 
deuterium enrichment. Furthermore, the side reac- 
tion may offer a useful laser based redeuteration 
pathway. 
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Pyrolysis of trietkylgallium by the toluene carrier technique 

MICHELLENE C. PAPUTA A N D  STANLEY JAMES W. PRICE' 
Depczrtmetlt of  Chetr~istr-y, Uniccrsit?. of Wir~d.ror, Wirldsor, Onr., Canada N9B 3P4 

Received June 4. 1979 

MICHELLEUE C. PAPUTA and STANLEY JAMES W. PRICE. Can. J. Chem. 57.3 178 (1979). 
The pyrolysis of triethylgallium has been studied in a toluene carrier gas system in the 

temperature range of 464.7 to 700.7 K and a pressure range of 0.82 to 3.73 kPa. From the data 
obtained from this work, the following mechanism for the thermal decomposition of the metal 
alkyl is proposed: 

[1 I Ga(C2H5I3 + G a ( C 2 H s ) ~  + CZHS 

[21 Ga(C2H5l2 + Ga(C2Hs)H + C2H4 

[3] Ga(C2H5)H + GaHz + CzH4 

where [I]  is the rate determining step. After runs below 606 K were corrected for the con- 
tribution of a concurrent residual reaction, a least-squares analysis of experimental results 
from 567 to 651 K based on both product and residual alkyl analysis gave 

at  1.60 kPa. 
The rate constant, k,, is very slightly pressure-dependent as revealed by tests at  648.0 K 

(80% and 4 5 2  deconlposition). Studies indicate there is no detectable surface catalysis effect. 
Similarly, no effect was observed for changes in concentration or contact time. 

The mechanism for the formation of polymeric gallium hydride in reaction [4] is not clearly 
defined and may cons~st of more than one step. Reaction [5] is slow but based on the C2H4:HZ 
ratio must occur to a significant extent (40-80%) during a run. Further decomposition occurs 
between runs, causing a build-up of HZ in the reaction vessel. 

Experimental data for the hydrogen abstraction by ethyl radicals from toluene 

yield the equation 

log k ,  = 11.08 - (40 200/2.303RT) 

MICHELLENE C. PAPUTA et S T A ~ L E Y  JAMES W. PRICE. Can. J. Chem. 57,3178 (1979). 
On a etudie la pyrolyse du triethyle gallium dans un systkme utllisant le tolukne comme gaz 

porteur, a des temptratures allant de 464.7 a 700.7 K et a des pressions variant de 0.82 a 
3.73 kPa. A partlr des resultats obtenus on propose, pour la dtcomposition thermique du 
metal alkyle, le mecanisme suivant : 

[I I Ga(C2H5I3 + Ga(CZHS)Z + C2H5 

121 Ga(C2H5)2 + Ga(C2H5)H + C2H4 

[3] Ga(C2H5)H + GaH, + CZH4 

ou [I]  est 1'Ctape dtterminante. Aprks avoir corrige les essais faits en dessous de 606 K pour 
tenir conipte de la contribution d'une reaction rtsiduelle concourante, une analyse, par la 
methode des moindres carres, des rtsultats exptrimentaux entre 567 et 651 K bases sur les 
produits de la reaction et sur le metal alkylt residue1 donne I'equation: 

log k l  = 15.7 - (194 600/2.303RT) 

1.60 kPa. 
La constante de vitesse k ,  varie trks lkgkrement avec la pression comme le revklent les essais 

'To whom all correspondence should be addressed. 
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a 648 K (SOX et 45% de dCcomposition). Les etudes indiquent qu'il n'y a pas d'effet detectable 
de la surface du catalyseur. De m$me, on n'observe pas d'efl'ets dus au changement de con- 
centration ou du temps de contact. Le mecanisme de formation de I'hydrure de gallium poly- 
mere dans la reaction [4] rl'est pas clairement dtfini et  peut comprendre plus d'une etape. 
La reaction [51 est lente, mais si on se base sur le rapport C,H,: H,, elle peut se produire d'une 
f a ~ o n  importante (40-80%) au cours d'une reaction. Une decomposition plus poussee se 
produit entre les essais provoquant un dkgagement d'hydrogene dans le vase reactionnel. 
Les donnees experinlentales concernant la reaction d'enlevement d'un hydrogene du tolukne 
par le radical Cthyle 

C2H5' + C6HsCH3 -) C2H6 + C6H5CHZS 

conduisent a I'iquation 

log kg = 11.08 - (40 20012.303RT) 
[Traduit par le journal] 

1nh.odnction 623 K and 723 K. Ethylene was the major product 

The present paper is the fourth in a series in the and from the spectra given a very approximate 

pyrolysis of ethyl lnetallic alky]s by the toluene activation energy of 175 kJ m o l l  can be estimated. 

carrier method alld is related to previous studies on In conjunction with the of semi- 

lnethyl metallic alkyls. The toluene carrier study conductor films, two studies of the heat of formation 

of diethylmercury (1) gave log A (s-l) = 15.4 and of Ga(C2H5)3 have been carried out (I1, 12). 

E = 191.2 kJ mo1-', in excellent agreement with These studies gave AH,2,,0(Ga(C2H5)3, g) = 

values proposed by Benson and *'Neal (2). Three kJ and -75.3 kJ mol-l ,  This 
previous studies of this compound (3-5) gave to a mean Ga-c bond dissociation 

slightly lower log A and E values but all four studies of 217-222 kJ l'lol-'. 

showed a reasonable degree of agreement when rate Experimental 
constants were compared. The toluene carrier work M ~ ~ ~ ~ ~ ~ ~ , ~  
on diethylzinc (6) showed marked catalysis by zinc ii, 
oxide. In the absence of zinc oxide log A (s-I) = 14.3 The toluene employed was toluene from sulfonic acid, 
and E = 205.0 kJ mol-l. These are the only Ar- number X325 as supplied by Eastman Organic Chemicals. 

rhenius parameters for similarly, It was dried by refluxing under vacuum at least 24 h over 
freshly pressed sodium ribbon and then degassed by bulb-to- for tetraethyltin log A (s-l) = 16.0 and E = bulb distillation, 

248.3 kJ mol-l (7). (ii) Triethyignllium 
From a mechanistic viewpoint the previous study This was prepared by slowly adding triethylaluminum (25% 

of trimethylgallium is of considerable importance llexane solution) to freshly prepared gallium tribromide (13). 

(8). This study indicated that the A factor of the Hexane was distilled off and the fraction boiling at 68-70°C 

second step in the decomposition at 8.0 kPa was collected. A 91.22 yield was obtained. 

Appcrrntus and Procedlwe 
Ga(CH3), -t GaCH3 + CW3 The experiments were carried out in a system similar to that 

was limited by time for the return of 41, used in previous work (14). Thc reaction vessel had a volume 
of 160cm3. To test for surface effects a vessel was packed 

to the 4s state. In the case of trieth~lgallium small quartz tubes. This vessel llad a volume of 101 cm3 
it was expected that either a similar effect would be and a surface-to.,olunIe ratio twenty times that of the un- 
observed or that an alternate mode of decomposition packed vessel. Both vessels were treatkd with hot concentrated 
would be followed. nitric acid before use. The residual acid was baked out under 

previous studies of by differential vacuum after the vessels were installed in the reaction system. 
The gaseous products were analyzed using a Perkin-Elmer 

thermal (9) and in a carrier model 154 gas chromatograph equipped with a 6 mm x 2 rn 
system (10) showed first traces of decomposition at  silica gel column. The column was maintained at  80cC, and a 
approximately 473 K. In the DTA studies ethane and helium flow rate of 20 cm3 per min was used. For hydrogen 

ethylene were produced in roughly equal qualltities analysis nitrogen was used in place of helium. 
The liquid products were analyzed on a Perkin-Elmer model 

at 523 but at 773 was the lnajor prod- 900 gas chromatograph equipped with flame ionization de- 
uct. The hydrogen study used the infrared band at tectors. The analyses were done on a 2 mm id x 2 n~ column 
2940 cm-I to monitor the concentration of Ga- ~ a c k e d  with 80-100 mesh n-octaneluorasil C (chemically 

(C,H j), as a function of temperature. Bands at  bonded ~ u r a ~ a k ) .  The column and injection port temperature> 

948 c m - ~  and 2995 c m - ~  were monitored to follow were 120 and 150°C, respectively. A digital integrator was 
used and all analyses and standardizations were based on 

ethylene and ethane production respectively. The peak areas, 
main region of decomposition occurred between The preparation of gas chromatographic standards and the 
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TABLE 1. Experimental parameters and product distribution for selected runs 

Products (inol x 1 04) 
Initial alkyl 2 Decomposition Y, Undecomposed 

T f ,  concentration 12-Propyl (product (atomic emission 
(K) (s) (M x lo6) C2H6 C2H4 C,H,, benzene analysis) " Ga residue) 

"Based on release of all three C2 8roups per molecule (i.e. that for reactions [I]-[3], [ I ]  is the rate controlling step) 
TRuns in packed reaction vessel. Total pressures 1.5-1.7 kPa. 

method of analysis for butane dissolved in toluene have been 4n + 4s electron aa i r i n~  that would be concurrent 
previously described (6). \;ith reaction [2a j(8). 

Analysis for residual Ga(C,H,), was performed by atomic 
flame emission spectroscopy. An Instrument Laboratory Reactions [4] and [5]  are suggested overall 
Atomic Absorption/Emission Spectrometer, Model IL 251, reactions. Reaction 141 is sufficielltly fast that all 
was ooerated in the Flame Emission mode at 417.2 nm and gallium other than that in undecomposed GaCC,- - 
a slit width of 160 pm. H,)? is found in the reaction zone. 

Results and Discussion 
Selected experimental results are given in Table I.  

They may be discussed in terms of the following 
mechanism. 

[ l l  G ~ ( C Z H ~ ) ~  -) G ~ ( C Z H ~ ) Z  + C2H5 

[Z ]  Ga(C2H5), + Ga(C2H5)H 4- C,H, 

[3] Ga(C,H,)H + GaHz + CzH, 

[6] 2CzH5 + CzH4 + G z H ~  

[71 2C2H5 + 

[81 CZH, + CZH, + H 

[9] C2H5 + C6HsCH3 -) C2H6 + C ~ H ~ C H Z  

[lo] C2Hs + C6H5CH2 + C ~ H ~ C H Z C H Z C H ~  

[11] H + C6H5CH3 -t Hz + CbH5CHz 

[12] H + C,H,CH, + CH3 + CCH, 

[13j CH3 + C6H56H3 -) CH4 + CsH5CHz 

The analytical data given in Table 1 indicate that 
each time reaction [I] occurs it is rapidly followed 
by reactions [2] and [3]  or some other processes 
that release the remaining two C ,  groups as erhyleae. 
Reaction [2] rather than reaction [2a] 

[2n] Ga(C,H5), + GaC2H5 f CZH5 

is expected because of the limiting effect of the 

- 
Taking reactions [2], [3], [4], [6], [7] ,  and [8] the 

expected [C,H,]/[H,] ratio is about 3.5. The ratio 
found experimentally, approximately 2.1-3.0, in- 
dicates that although reaction [ 5 ]  does not go to 
completion during the course of a run, it does occur 

FIG. 1. Arrhenius plot for the decomposition of triethyl- 
gallium: 8, k ,  based on analysis for undecomposed Ga- 
(C2H5),; 8, kg based on product analysis; @, k ,  and kg .  
Number of runs in packed reaction vessel above the circles 
and number of runs averaged to obtain the given point below 
the circles. The dotted curve indicates the plot that would be 
obtained below 606 K if correction for the residual reaction 
was not made. 
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TABLE 2. Effect of Ga(C,H,), concen- 
tration on k l  

Concentration 
T (K) (M x lo6) 

to a significant extent. The remaining (GaH), con- 
tinues to decompose between runs leading to the 
observed build-up of H, ill the reaction vessel. 

The values of lc, used to plot Fig. 1 were calculated 
from the usual first order equation. The values in 
Table 2 indicate that the assumption of first order 
seems valid within the limits of experimental error. 
Of the 33 values of k ,  used in Fig. 1, 14 are based 
on atomic emission analysis of residual alkyl, 19 on 
product analysis, and nine on both methods. No de- 
tectable heterogeneous contribution to k, was noted 
and only a very slight dependence on total pressure 
was observed. Below 606 K the Arrhenius plot 
showed a distinct curvature. Below 540 K this plot 
again became linear with an apparent activation 
energy of about 32 kJ mol-I. The values of k ,  
were corrected for this residual reaction before 
Fig. 1 was constructed. 

A weighted linear least-squares analysis of the 
points in Fig. 1 gives 

log k ,  (s-l) = 15.7 f 0.2 - (194 600 

i 2 400/2.303RT) at 1.60 kPa 

The errors quoted are twice the standard deviation. 
The weighting scheme used was related to the ex- 
pected effect of the accuracy of the analytical pro- 
cedures on the values of k,. Points based on residual 
alkyl analysis were given weightings from 4 to 0 
from high decomposition to low decomposition. 
Points based on product analysis were correspond- 
ingly weighed from 0 to 3. The low weighting for 
values based on product analysis at high decom- 
position is largely due to the difficulty of recovering 
the butane dissolved in the toluene for reliable 
quantitative analysis. 

The A factor is very close to that observed for the 
decomposition of Ga(CH,),. Accepting the activa- 
tion energy as a reasonable measure of D[(C,H,),- 
Ga-C,H, ] gives 

By analogy with Ga(CH,), then D [C,H ,Ga-C,H , I  
would be expected to be approximately 160 kJ mol-I 
and log A,, about 8. At the maximum temperature 
used in the present work (700 K) this leads to an 
estimated log k,, = -4 and indicates clearly that 
reaction [2a] should not be significant in the present 
study. 

It is also possible from the present data to obtain 
rate constants for the abstraction of hydrogen from 
toluene by the C,H, radicals released in reaction [I]. 
The method of calculation has been published pre- 
viously (6). The Arrhenius equation obtained 

log k ,  (cm3 mol-I s-I) = 11.08 

- (40 200 1 5 000/2.30RT) 

is in good agreement with previous results (1, 6, 7) .  
It is also possible to estimate very approximately 

the rate of ethyl radical decomposition from the 
expression 

d [C,H,' - 2(mol Ga(C,H,), decomposed) 

- C,H,"']/dt = k ,  [C,H5] 

where C,H,' = total C,H, and C,H4:"s the C2H4 
from disproportionation. The rate constants ob- 
tained are somewhat scattered but are in the general 
range 2-20 s-I and give an activation energy of 
134 kJ mol-' at 1.6 kPa in general agreement with 
previous toluene carrier work (6). 
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Theoretical study of the A%%B,, A2A A,, =B2 valence-she11 and the first n "'3s-type doublet 
and quartet Wydberg states of NH, 
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S. D. PEYERIMHOFF and R .  J. BUENKER. Can. J. Chem. 57.3182 (1979). 
The angular potential energy curves of the X 2 B l ,  A Z A 1 ,  B Z B 2  valence-shell and 4C,-, 

2C,- (22Bl ) ,  2Ag (22A1 ,  32B1) ,  and ' X , +  Rydberg states arising from nu2 3s configurations are 
calculated by configuration interaction techniques. The data obtained reproduce very satis- 
factorily all X Z B l  and AZAl  characteristics deduced from experiments; they support the pre- 
vious theoretical prediction of a small-angle ' B Z  state but find a very low value for the 
'B2 -A2A ,  transition. The 'Z,- as well as three of the above four doublet Rydberg multiplets 
are found to prefer linear (or nearly linear) geometry and larger N H  separations (in the sym- 
metric structure) than NH, in its ground state. A relatively large electronic transition moment 
for combination with both X 2 B l  and A 2 A l  is calculated for the lowest Rydberg multiplet 
which lies roughly 5.3 eV above the A2Al  state, while the intensity of transitions of the higher 
3s states is found to be considerably smaller. Finally it is pointed out that the former Rydberg 
transition fits in well with recent emission experiments in this wavelength region recently 
reported by Herzberg. 

S. D. PEYERIMHOFF et R. J. B U E ~ K E R .  Can. J. Chem. 57.3182 (1979). 
On a calculk par les techniques d'interaction de configuration les courbes d'knergie poten- 

tielle angulaire des electrons de valence X 2 B , ,  A 2 A , ,  B2BZ  et 'C,-, 2X, -  (22B1) ,  ' A g  (2'A1, 
32B1)  et des etats de Rydberg 2?3,+ provenant des configurations nu2 3s. Les donnees recueillies 
reproduisent de f a ~ o n  tres satisfaisante toutes les caracttristiques X 2 B l  et A2Al  deduites 
experimentalement. Ces donnees confirmelit les predictions theoriques faites antirieurement au 
sujet du petit angle de 1'Ctat ' B ,  mais elles fournissent une tres faible valeur IR,,,.,iZ pour la 
transition 2B2-AZAI .  On a trouve que le 4C,- aussi bien que trois des 4 doublets precedents des 
multiplets de Rydberg preferent une geometric lineaire (ou presque lineaire) et de plus grandes 
separations du NH (dans la structure symetrique) que celles du N H ,  dans I'etat fondamental. 
Pour le plus petit multiplet de Rydberg on a calcule un moment de transition electronique 
relativement grand pour la combinaison avec X 2 B 1  et A2Al  qui se situe grossierement a 5.3 eV 
au dessus de I'etat A2Al  alors que l'intensite des transitions des ktats les plus eleves 3s sont 
considerablement plus petits. Finalement on a montri que la premiere transition de Rydberg 
s'accorde avec les recentes expiriences d'emission dans cette region de longueur d'onde 
recemment mentionnee par Herzberg. 

[Traduit par le journal] 

Panhrodlneticsn 
The first two electronic states X2B ,  and A2Al of 

NH,  have been studied quite extensively over a 
number of years by various experimental and theo- 
retical techniques (1); these states are degenerate 
( 2HU)  in the linear arrangement of nuclei and thus the 
Renner-Teller interaction produces a number of 
interesting perturbations in the fine structure of the 
associated A2A,-X2B, spectrum. The equilibrium 
angles have been determined (1) as 103.3" ( X 2 B l )  and 
144" (A2A l ) ,  while a third NH2 valence-shell state 
B2B2 has recently been predicted by ab initio SCF 
and CI studies (2) with an energy minimum occurring 
at  the very small bond angle of 47.5". 

To our knowledge no study has been undertaken 

thus far in order to identify the Rydberg states of 
NH,. The lowest-energy configuration of Rydberg 
type nU23s leads to three doublet states 'C,-, 2Ag, and 
' C g f  which all are allowed to combine with the 'H,, 
( X 2 B l ,  A'A,) states according to the dipole selection 
rules. If the standard guidelines (3) are applied which 
place the 3s member roughly 29 000 cm-I below its 
corresponding IP, the lowest vertical Rydberg feature 
in the NH,  absorption spectrum is expected to lie 
quite high (in the 7.5-8 eV region given the fact that 
the first IP is at 11.4 eV (4)), so that Rydberg states 
seem to be ruled out as being of importance in the 
lower-energy part of the NH,  spectrum. On the 
other hand, recent ab initio CH calculations on the 
NH2+ ion (5) show the lowest skates 3Cg-, 'Ag  ( 'B1 

0008-40421791243 182-08$0 1 .00/0 
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component), and lCgt all to be linear or nearly 
linear, so that a substantial difference of 0.7 eV is 
calculated between the first vertical and adiabatic IP, 
and it is expected that such a difference is carried over 
to the NH, Rydberg states, which are expected to 
possess potential energy surfaces which run nearly 
parallel to those of the ionic species. Furthermore if 
emission from a linear (or nearly linear) Rydberg 
state to the weakly bent A2A, component of the 
lower 'nu species (favored by the Franck-Condon 
principle) would be a possibility, the Rydberg states 
might already appear in the NH2 emission spectrum 
below 6 eV, and on this basis the features seen 
between 5 and 6 eV (6)  which are indicative of a linear 
transition, whereby the carrier seems likely to be 
either NH, or NH,', might conceivably involve NH, 
Rydberg transitions. 

It is thus the goal of the present work to determine 
the location as well as the geometrical characteristics 
of the 7 ~ ~ ~ 3 s  Rydberg states of NH,. At the same time 
the three known NH, valence-shell states will be 
treated, and intensities for transitions between the 
various valence-shell and Rydberg species will be 
calculated in order to aid in the experimental assign- 
ment of the NH2 spectrum in the region above that of 
the well-known A2A ,-X2 B, band. The theoretical 
treatment will be quite analogous to that employed in 
the earlier study (5)  of the NH,' system in order to 
allow for a direct comparison with the results of 
these calculations as well. 

Details of the Galcula6ons 

The AO basis set employed in the present work 
comprises 56 contracted cartesian gaussian functions. 
It is basically the same as that used in the prior study 
of NH,' (5) but it has been extended to include one 
Rydberg-type s (a = 0.02) and a set of Rydberg y 
(a = 0.02) functions. Thus it consists of a (6s,4p,2d) 
set on nitrogen, a (2s,lp) set on each hydrogen, and 
two s and two p functions in both of the NH bonds; 
details concerning the values of exponents and con- 
traction coefficients may be found in ref. 5. 

The configuration interaction treatment is of the 
general MRD-CY type (7, 81, with configuration 
selection and energy extrapolation (8). A core of one 
orbital corresponding to the Is inner shell is kept 
doubly occupied in all configurations and one MO 
representing the inner-shell complement is dis- 
regarded entirely in the treatment; all other 54 
orbitals in the basis are allowed variable electron 
occupation according to the MRD-CI procedure. 
The SCF solutions are obtained for the X2B,, A2A,, 
B2B2, 'A,, and 4B ,  states indicated in Table 1 and 
these MO's are then employed as the basis for the CI 

calculations; additional SCF wavefunctions corre- 
sponding to 3p Rydberg states are also obtained 
(Table 1) at the X2B, ground state equilibrium 
geometry. Details of the CI treatment employed, i.e. 
MO orbital basis, number of reference configurations 
from which single and double excitations are gener- 
ated, number of roots according to which selection is 
carried out, orders of secular equations actually 
solved (selected configurations) and size of con- 
figuration space for which the CI energy has been 
extrapolated, are collected in Table 2. All configura- 
tions which contribute more than 0.25% (on a c2 
basis) are thereby included in the reference set. 
Finally, an estimate of the full CI energy in the A 0  
basis employed is undertaken (5) according to a 
generalization of the formula given by Davidson (9)  
for the contribution of higher than double-excitation 
configurations. In all cases the sum of the squares of 
the expansion coefficients for the reference configura- 
tions is found to lie between 92% and 9 6 x .  

The electronic transition moments Re,,,, between 
two states Ye, and Ye,, are always evaluated in an 
orthogonal MO basis. Hence in these cases additional 
GI calculations (listed in the lower part of Table 2) 
are carried out for the lower-energy species Ye,, 
employing the same MO's as are used for the upper 
state Ye,; in order to maintain the same accuracy as 
in the standard treatment this procedure sometimes 
requires inclusion of additional reference configura- 
tions for the lower state in the less suitable MO basis 
(Table 2). 

Results and Discussion 

The calculated potential energy curves as a func- 
tion of the internuclear angle are given in Fig. 1 for 
the three valence states and the various Rydberg 
species of NH, arising from the 7ru23s electronic con- 
figuration; the NH distance is thereby held fixed at 
the ground state equilibrium value (10, 11) of 
R, = 1 . 9 3 5 ~ ~  (1.024 A). 
Tl~e  2FI - X2Bl, A2Al States 

The two lowest states are obtained for 11 different 
internuclear angles between 180" and 45". A poly- 
nomial fit to these data points gives an angle of 
103.0" and 141.4" for the X 2 ~ ,  and A2A, minima 
respectively, in excellent agreement with the experi- 
mentally derived values of 103.3" (11, 12) and 
144 f 5" (13). The SCF and MRD-CI energies are 
- 55.58063 and - 55.77367 hartrees, respectively, at 
the experimental ground state equilibrium (103.3", 
1.024 A), while the corresponding estimate for the 
full CI Iimit in the present A 0  basis lies at - 55.78432 
hartree. These values are similar to those obtained by 
Bell and Schaefer (2) in an earlier SCF and CI treat- 
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TABLE 1. SCF states of NH, and corresponding electronic configurations treated in the 
present work 

State No. Configuration Correlation with linear NH, 

. . . 10~,n,,~ zzL8+ 

. . .10~,~7C,~3s 4zs- 
('A, i 'Z,+) 

. . .10,,~n,,~o,, (,A, + 'Z,') 

. . .10~~71"~0" 4 X u -  

. . . ~ G , ~ ~ c , ~ o ~ ,  4nU 

TABLE 2. Technical details of the CI treatment undertaken for the various states of NH, 

No. reference configs1 Secular equations 
State MO setn No. of roots selectedb generated1solved 

Standard treatment 
X2Bl 1 1M,'lR 971512284-3357 
A2A1 2 lMllR 892512333-3230 
B2 Bz 3 lMllR 90291220773 194 
4B1 4 1MjlR 1692612865-3 166 
Z2B1 1 
3'B, 4 3M12R 4438813514-3780 

Lower-state treatment for Re., . ,  calculations 
XZBl 2 lM/'lR 9715,3050-3145 

4 5MilR 5501512424-3254 
A Z A l  3 lMilR 892512512-3083 

4 5MjlR 5920712500-3248 
oNun~bering refers to SCF calculation of Table 1.  
"he notation I ~ M / ~ R  refers to III main (or reference) configurations and an 11-root selection process. 

ment employing a double-i" basis with one d polariza- 
tion function; they obtain - 55.573448 hartree for 
the SCF solution (103.3", 1.024 A) and - 55.734014 
hartree for their CI value, i.e. an energy lowering of 
0.16057 hartree (compared to  the 0.19304 hartree 
value in the present work) as a result of using a 
smaller number of configurations (991) and a some- 
what smaller A 0  set than in the present work. 

A variational treatment (14) for the vibrational 
part of the Schrodinger equation (based on 30 Her- 
mite polynomials and the angular CI potential) 
yields a zero-point (bending) energy for the X2B, 
ground state of 773 cm-' corresponding to Vo = 1546 
cm-', i.e. roughly 50 cm-I higher than the spec- 
troscopic value of 1497.3 cm-' (1, 11, 15) obtained 
for this quantity. This discrepancy seems to remain 
(16) even if the CI treatment is upgraded (to correlate 
all electrons and not only the valence shells) or if the 
AO basis set is extended even further (to include f 
functions) with a reduction ensuing only when the 
effects of bond length variation with bending are 
taken into account (16). An even larger change has 
been found in N,H,, for example (17), in comparing 
results from a direct coupling of all three symmetric 
vibrational modes vl(NH), v,(8), and v,(NN) with 

those of the corresponding uncoupled one-dimen- 
sional treatments. The calculated zero-point bending 
energy for the A2Al state (again on the basis of the 
angular CI potential a t  fixed R = 1.024 A) is 451 
cm-I,  but this value cannot be compared directly 
(16) to the experimental frequency V o  which is based 
on an extrapolation to  v = 0 from higher vibrational 
quantum numbers. 

The calculated AE, value between the two states is 
12 148 cm-' (at fixed R = 1.024A),  but this is 
lowered by approximately 1100 cm-' if the proper 
distance of 1.855a0 for the upper state is employed 
(see Fig. 2); usage of the calculated zero-point fre- 
quencies places the present T o  value (under the 
assumption of equal frequencies for the two NH 
stretching modes) just slightly below the correspond- 
ing experimental result of 11 140 cm-' (1). Since, 
however, the main emphasis in the present work is 
not placed on obtaining a potential energy surface as 
accurate as possible for the two 2rlI components no 
further geometry optimizations are undertaken. This 
topic will be taken up in another study employing an 
even larger A 0  basis and a more extensive CI treat- 
ment in order to obtain an accurate ab initio descrip- 
tion of the vibrational-rotational structure of the 
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E (hartree) 
A 

-55.60- 

-55.70 - 

-55.80- 

I 

180 160 140 120 100 80 60 40 0 

r H N W  (degree I 

FIG. 1. Calculated CI angular potential energy curves for NH, in ground and various excited states (R = 1.024 A); 
plotted are the estimates for the full CI energy in the A 0  basis employed. The corresponding energies for the separated 
fragments N + H, and N H  + H are also indicated, whereby the value for N(4S) + H z  is calculated while the two other 
levels are determined from experimental data. The dotted line below the solid 'Bz curve refers to the structure at optimum 
N H  distance. 

X 2 ~ 1 - ~ 2 A ,  band (16). The caiculated ,A1 barrier to  present calculations (Fig. 1) support this finding. In 
linearity is considerably larger (1 178 cni-I a t  the order to ascertain whether the small-angle structure 
estimated full CI level, R = 1.024 A) than the value is a real minimum the energy has been obtained for a 
of 777 $- 100 em-' deduced by Dixoil (13) or the number of G,, grid points (8 and NH distances) as 
more recent value of 730 cm-' calculated by Sungen shown in Fig. 3. It is seen that although there is a 
et al. (18) to fit the experimental spectrum; in strong interdependence between bond angle and bond 
accordance with the work of Bell and Schaefer (2) it distance (for smaller distances the larger-angle struc- 
is found that correlation energy effects are quite ture is preferred and for a structure of 180' (Fig. 2) 
important for the barrier description since the corre- the optimal bond separation is only 2 . 0 3 5 ~ ~  ac- 
sponding SCF barrier is found to be as high as cording to the SCF treatment), the calculations do 
1442 cm-l.  Finally the present calculations confirm find a genuine minimum for the symmetric NH, 
the experimental finding that only a single vibrational structure, just as has been predicted in the previous 
bending level is found below the barrier maximum. theoretical work (2). The optimum structure accord- 

In summary then the present calculations are seen ing to the present calculations is 0 = 50" and NH = 

to represent the geometrical characteristics of the 2 . 1 3 5 ~ ~  (MRD-CI energy of -55.60267 hartree), 
two lowest N H ,  states as well as their relative energy although it should be noted that the energy at the 
spacing to high accuracy; from this information it is neighboring points 0 = 50°, N H  = 2.195a0 and 
concluded that the other N H ,  states, not yet charac- 0 = 47.5", N H  = 2.195a0 is only higher by 0.0002 
terized spectroscopically, should be predicted a t  hartree and 0.00014 hartree at the MRD-CI level;' 
approximately the same level of reliability, since the the optimized structure of ref. 2 is 0 = 47.5" and 
theoretical treatment employed for these species is NH = 2.196a0. The present energy minimum is 

to that of the X 2 B l  and states' 'The optimization yields the lowest energy (-55,615230 

The 2B2 State hartree) at  0 = 50' and NH = 2.195ao if the full CI estimate is 
taken, whereby the increase in energy to 0 = 47.5' at  the same 

The 2 B 2  state of N H 2  has been predicted (2)  bond length is 0.00002 hartree while that to N H  = 2 . 1 3 5 ~ ~  for 
possess a very srnall bond angle of 47.5" and the e = 50' is 0.00018 hartree. 
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1 

1.735 1.935 2.135 2.335 2.535 
NH (a,) 

FIG. 2. Calculated SCF energies as a function of the NH 
distance (assuming C,,symmetry)for various states at 9 = 180". 

180 160 140 120 100 0 

* HNH (degree) 

FIG. 3. Calculated CI  potential energy curves (full CI  esti- 
mate) for the ' B ,  state showing the relatively large coupling 
of the geometrical variables LHNH and NH distance. 

found to lie 4.60 eV (full CI level, or 4.66 eV in the 
MRD-CI treatment) above that of the X2Bl  ground 
state equillbrlum structure, in close agreement with 
the 4.79 eV value predicted earlier for this quantity 
(2). 

In order to have a comparison between the stability 
of this small-angle structure and the separated species 
N + Hz additional CI calculations are carried out 
for the system (N-H,) separated at IOU,, whereby 
the equilibrium H, bond length of 1 . 4 ~ ~  is employed 
to best represent the N ( ~ S )  + H,('Cgf) products. 
The energy obtained is - 55.66536 hartree (MRD-CI) 
or - 55.67200 hartree (full CI estimate), which result 
lies 39.3 kcal (or 35.6 kcal) below that of the B2 
state. Similarly the energy for the system NH + H is 
also somewhat below that of the B, minimum based 
on the difference in binding energies (H, = 4.747 eV 
and NH = 3.40 eV) of 31 kcal/mol between H, and 
NH. A direct fragmentation of 2B, into N(4S) + 
H2('Cgt) is not possible, however, so that the lowest 
C,, products would be N('D,,) + H,('C,+), whereby 
N('D,) is known to lie 2.38 eV (55 kcal) above the 
lowest 4S nltrogen state. If all this information is 
taken together the depth of the minimum in the C,, 
structure should be in the order of 15-20 kcal, while 
the NH + H dissociation limit should be approxi- 
mately 5-10 kcal below the present calculated C,, 
minimum. According to the present calculations it 
also seems clear that perturbation in the A2A, state 
because of the presence of the B2B, state will occur 
only for very high vibrational energy levels since the 
calculated adiabatic crossing of states occurs 3.3 eV 
above the energy of the A2Al minimum. 

The .nU23s Rydberg States 
Excitation from the ground state .nL,3 configuration 

to the first inember ofthe Rydbergs series gives rise to 
one quartet 42,- (4B1) and three states ,Cg- (2Bl), 
,Ag (,Al, B1),  and 2C,f (,Al) of doublet multi- 
plicity. A proper SCF treatment has not been carried 
through for each of these states (Table I), however, 
but rather MO's of the quartet state are employed 
exclusively in the ensuing MRD-CI calculations for 
all such Rydberg species (Table 2). 

The geometrical characteristics of the various 
Rydberg states (Fig. 1) are wholly parallel to those of 
their ionic counterparts investigated earlier (5), for 
which internuclear angles of 150' (3~,-3Cg-) ,  
107.6" and 155.2" ('A,, 'B,-I$), and 180" ('2,'- 
'A,) have been obtained from analogous MRD-CI 
calculations. Thus the present study finds that three 
of the four possible Rydberg 3s members prefer the 
linear (or almost linear) geometry (Fig. 1 and Table 3) 
while only the 2'A, component of the 'A, state is 
most stable in a decidedly bent nuclear arrangement. 
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TABLE 3. Energies (in eV) of the various states contained in Fig. 1 at  8 = 180", 8 = 103.3', 
and their respective optimum angle (R = 1.024 throughout) 

Energy 

State 0 = 180" 8 = 103.3- 8 = opt. 

1 Ei,": 1.652 0.0" 0.0' (103.3-) 2.161 1.506 (141.4') 
4x,--4B1 6.108 7.241 6.108 (180 ) 
2Z,--22B1 6.800 7.633 6.764 (1 54") 

8.272 
7.690 8.272 (1 80") 

3'B1 22A1 9.456 7.68 ( % l o 0 3  
2C,+-32AI 9.512 12.57 9.512 (180') 
2C,+-BZB2 10.42 6.639 4.93 (55') 

4.60 (50e ,R=  2.1350,) 

"All energies are given relative to X 2 B l .  The MRD-CI energy of this state is -55.77367 hartree 
while the energy estimate corresponding to a full CI treatment in the present A 0  basis is - 55.78435 
hartree. 

111 a similar manner the relative splitting between the 
various components of the nu23s configuration is 
nearly identical to that found for the NH,' ion, for 
which splittings between 3Z,- and the two other 
components 'A, and 'C,' of 2.03 eV and 3.45 eV 
respectively (at 0 = 180" and NH = 1.027 A) have 
been calculated ( 5 ) .  On the other hand the preferred 
bond lengths seem to be larger in the Rydberg states 
(Fig. 2) than in the ion (approximately 1.934a0 (5)), 
an observation which is consistent with a general 
tendency for the Rydberg species to dissociate into 
the lower-energy fragments N H  + H (Fig. 1). A 
further study of this effect might also be of interest in 
connection with the photodeco~nposition of NH,, 
which process yields (in addition to NH, in its X2Bl 
and A 2 A ,  states) NH species in various electronic 
states at relatively high incident energies, whereby it 
is not yet clear whether such products occur from 
primary or secondary reaction steps (19, 20). 

The lowest nleinbers of the Rydberg p series are 
forbidden to combine directly with the 'nu ground 
state (at least in linear symmetry, which should be 
preferred by most of these states as well as by the 
corresponding 3s members) and have thus not been 
treated directly in the present work. A few SCF 
calculations have been carried out (0 = 144"), how- 
cvcr, and these place the 4Ru and 4Cu- states 1.85 eV 
and 1.48 eV respectively above the corresponding 
4Cu- 3s species of otherwise identical electronic con- 
figuration (Table 1). Splittings of this magnitude are 
seen to be quite in line with standard Rydberg 3s-3p 
energy separations (3). 

Calculated Intensities 
Thc square of the electronic tra~~sition moments 

involving the various states treated so far are collected 
in Fig. 4 as a function of the internuclear angle; 
transitions to both components of the 'nu state are 
considered thereby. 

The A'A,-X2Bl transition is not allowed in the 
linear arrangement of nuclei but the corresponding 
IR,,,,,/2 value climbs fairly rapidly with bending to a 
calculated value of 0.039 at 103", and increases still 
further for smaller internuclear angles. Apparently 
the only experimental information which is available 
for comparison comes from the measurement of 
Halpern et al. (21), who obtain a radiative life-time of 
10 ps for the Z (0,9,0) level of the A2A, state. Under 
the simple assumption that the life-time can be 
obtained from 

TI,, = 1 . 5 / ~ 2 f , ~ ~ , ~ , ,  

(whereby the present calculations give f, = 0.00196),' 
a value for z of 5.4 ps results if the Franck-Condon 
factor go,,,, is taken to be 0.5 for this vibrational 
transition of peak intensity in the band. The latter 
assumption is not unreasonable, so that the correla- 
tion between the theoretical and experimental data 
seems to be quite adequate. In order to obtain a more 
direct comparison vibrational wavefunctions X, 
would need to be generated and the integral 
I(x,.(Re,,,,(0)I~,. ) I 2  would have to be evaluated 
directly rather than simply employing the Franck- 
Condon approximation. 

The 'CUf -'nu transition is also forbidden in D,, 
symmetry and only the 2B2-2A, component becomes 
dipole-allowed in the bent nuclear arrangement. In 
contrast to the 2 A 1 - 2 ~ 1  electronic transition moment, 
however, this quantity remains rather small (0.006 at 
103") for the 2 ~ , - 2 ~ ,  transition (Fig. 4) so that the 
unfavorable Franck-Condon region together with 
the smallness of the IR,,,,,12 value leads one to 
expect the 2B2-2A, bands to be of very low intensity. 
Asymmetric vibrations will remove the forbidden- 

'The oscillator strengths are obtained asf, = (2/3)R,.,., 12AE, 
whereby AE is in atomic units; A E  is 2.161 eV (Table 3) in the 
calcuiations, i.e. a value which is quite close to the measured 
results of 16725 cm- ' = 2.0735 eV (21). 
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I -I 8 I , 
80 70 60 50 40 0 1.9 2.0 2.1 2.2 2.3 Z.LNH(a,I 

c H 1*1 H (degree) 

FIG. 4. Calculated transition moments (in au2) between various electronic states of NH, (R = 1.024A). 

ness to the lower X2B, ,  but even then strong transi- 
tions would not appear likely. All these facts taken 
together then suggest that the 2B,  state will not be 
easily accessible for direct spectroscopic investiga- 
tion. 

By contrast transitions from the first allowed 
Rydberg state 2C,--2B, to both 2 E ,  components are 
calculated to be relatively strong (Fig. 4). For ex- 
ample, a value of f ,  = 0.034 is deduced for the 
2 2 ~ , - ~ 2 A ,  transition (IR,I,,J12 = 0.26, AE = 5.29 
eV, 0 = 144"), whereby the greatest portion of this 
intensity should appear in the favored Franck- 
Condon region, i.e. at linear or near-linear geometries 
corresponding to a transition energy of roughly 
5.30 eV. The pattern in the vibrational structure for 
the corresponding transition favoring the small-angle 
2 B ,  ground state region might be somewhat compli- 
cated by the fact that in this range of internuclear 
angle (- 103") and energy the influence of the 2'A, 
species should also be important (Fig. 1). Intensities 
of transitions from the Rydberg 3s states to the two 
2 F I ,  components are of intermediate strength be- 
tween that of the well-characterized A2A ,-X2 B ,  
system and what is predicted in the present calcula- 
tions for the first Rydberg band. Finally additional 
overlapping features might appear in the corre- 
sponding energy range because of the presence of the 
Iower multiplets of the 4s (and some 4p) members 
not treated in the present work. 

Summary and ConsEusion 
The present study has attempted to describe the 

N H ,  molecule in a variety of its low-lying electronic 
states while maintaining C,, symmetry. Very good 
agreement has been found between the calculated 
di ta  and the measured characteristics of the first two 
( X 2 B ,  and A2A,)  states, including details regarding 
geometrical structure, relative energetics, and transi- 
tion intensity. A third valence state (B2B2) ,  which 
has been predicted by earlier theoretical work (2),  has 
been confirmed to be a very small-angle species, but 
computed electronic transition moments indicate 
very low intensity for a 'B,-'A, combination (with 
the corresponding 2B2-2 B ,  species being dipole- 
forbidden). The calculations thus suggest a relatively 
long life-time for this species once it is formed, 
provided radiationless conversion (via an asymmetric 
vibration) to the ' A ,  state is not a much more favored 
route of deexcitation in this case. 

The geometrical behavior of the various rnultiplets 
of the 3s Rydberg illembers parallels very closely that 
of the respective ionic states, as is to be expected. The 
calculations predict appreciable (an order of magni- 
tude larger than that of the A2A,-X2B, band) inten- 
sity for transitions between the first doublet state 
2 ~ , - - 2 2 ~ ,  of this nature and each of the A2A,  and 
X 2 B ,  lower states. In particular they indicate that a 
rather strong ' Z g -  ( 2 2 ~ , ) - ~ 2 A ,  band will be found 
in the 5.0-5.3 e\i spectral region, provided appreci- 
able population of one of the states involved is 
possible, thereby providing a possible assignment for 
a band system recently observed by Herzberg (6) 
which has been thought to have either NH, or its 
positive ion as its carrier. The vertical transition 
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between the X2B, ground state and the first Rydberg 
member is found to  occur around 7.6 eV and it is 
concluded that observation of such a band system in 
this energy region might well be hindered because of 
the presence of overlapping bands involving other 3s 
multiplets and/or those of the lowest 4s Rydberg 
species. Finally preliminary calculations find rather 
large NH separations in the above Rydberg states, 
which finding is thought to be an indication for the 
occurrence of dissociation processes involving frag- 
ments such as NH i- N which are energetically more 
stable than is NH, in any state lying above its first 
two ( 2 A ,  and X2B,) valence-shell species. 
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MARZIO LEBAN, DAVID JEFFRIES, and JAMES FRESCO. Can. J. Chem. 57,3190 (1979). 
The formation constants of nickel(I1) and zinc(I1) monothioacetylacetonates have been 

determined as 2.95 x 1012 and 6.46 x 10" respectively. These are about 700 times more 
stable than the corresponding acetylacetonates. Both monothioacetylacetonates were more 
than 99% extracted into chloroform and ligand hydrolysis was not significant before com- 
pletion of metal ion extraction. 

MARZIO LEBAN, DAVID JEFFRIES et JAMES FRESCO. Can. J .  Chem. 57.3190 (1979) 
On a determine les constantes de formation des monothioacCty1acktonates de Ni(II) et de 

Zn(I1); leurs valeurs sont de 2.95 x l o L 2  et 6.46 x 10" respectivement. Ces composes sont 
environ 700 fois plus stables que les acetylacetonates correspondants. L'extraction des deux 
n~onothioacetylacCtonates dans le chloroforme etait complete a plus de 99% l'hydrolyse de la 
ligande n'etait pas significative avant la fin de I'extraction de l'ion metallique. 

Introduction pared according to the procedure described by Wo, Living- 
stone, and Lockyer (12). Prior to isolation of 3 the reaction 

111 Contrast to results obtained in earlier studies of n1iSture was allowed to reach room temperature and the 
monothiobenzoylacetone and monothiodibenzoyl- sodium salt (4) prepared by reaction with alcoholic sodium 
methane (1, 2,- 3), more recent studies (4, 5) -of and precipitation by addition of petroleum ether. The salt 

~-mercaptociil,lamalnides alld monothiodibenzoyl- purified by recrystallization from anhydrous ether solution by 
addition of petroleum ether. 

methane have shown the stability of zinc chelates is Zinc-65 and nickel-63 were obtailled from Amersham- 
greater than nickel chelates. This is in accord with SearIe as the dichlorides in dilute HCI solution and were 
the observation (6) that ligands with both oxygen and diluted prior to use. The concentration of the zinc-65 stock 

sulphur basic centres shoIv a reversal of the ~ ~ ~ i ~ ~ -  solution was < 3 x 10-5 M (below the detection limit by 
EDTA titration). The concentration of the nickel-63 stock Williams order with respect to these two metals. solution was determined gravirnetrically with dimethyl- 

Data to be presented for monothioacetylacetone glyoxime, to be 3.28 ( i 0 . 0 2 )  x iM. Radiochemical 
show the zinc chelate is less stable than the nickel purity was checked by y-ray spectroscopy and decay nieasure- 
chelate, Conformity to the Irvine-\?iilliams order nlents. All other chemicals used were of reagent grade. - 
'has been assigned previously to exceptional struc- Extrocrior7 o f M o  not,lio-13-diketones 
tural differences between the zinc and nickel chelates stock solutions of the monothio-~-diketones were basic in 
of certain sulphur-containing ligands (7). sodiun~ hydroxide. Aliquots of 5 inL stock solution were 

Disregard of the instability of monothio-P-dike- transferred to separatory funnels containing 25 mL chloro- 

tone solutions was suggested (8) as a probable source form and 20 mL of buffer solution at  ionic strength 0.1 IM. For 
I ,  extractions were carried out over the pH range 2 to 9 and of error in measurements. Leban's investiga- for 3 extractions were performed over the pH range 0.6 to 8. 

tion (9) of the kinetics of decomposition of aqueous TO nlinirnize the effect of decomposition of the ligands in the 
solutions of monothioacetylacetone and related most acidic aqueous phases the time of attainment of extrac- 

was verified subsequently for mixed tion equilibrium was crucial. For 1 and 3 it was less than 2 min 

aqueous solutio,ls Results reported here have and 30 s respectively Aliquots of equilibrated aqueous phases 
were immediately made basic by addition of 5 mL 2 hl NaOH. 

been corrected on the basis of these studies. The concentration of monothio-13-diketone in the aqueous 

Experimental 
Materials 

2-Mercapto-pent-2-en-4-one (1) was prepared by a base- 
calalysed reactLon of acetylacetone with hydrogen sulfide (11). 
The sodium salt (2) was then prepared by reacting P with 
alcoholic sodium followed by addition of anhydrous ether to 
precipitate 2. The crystals were purified by recrystallization. 
Anal. calcd. for C,H,OSNa: C 43.47, H 5.11, S 23.20, equiv. 
wt. 137.9; found: C 42.28, H 5.10, S 23.31, equiv. wt. 138.2. 

l,!,l-Trifluoro-4-inercapto-pent-3-en-2-one (3) was pre- 

'Taken in part from the M.Sc. thesis of Marzio Leban, 
McGili University, Montreal, P.Q. 1970. 

phase was recorded using a Beckrnan DB spectrophotometer. 
In the case of 3 it was necessary to correct for decomposition 
in the samples at  pH < 4. This was accon~plished by measuring 
the elapsed time from addition of the stock solution of 4 to the 
separatory funnel to the addition of the 5 rnL of 2 M NaOH 
after sampling the equilibrated aqueous phase. This time, 
together with the first order rate constant reported previously 
(9), was the basis for decomposition corrections. 

Exrracrion of Metal Chelates 
All solutions were thermostatted at  25.0 C. Aliquots of the 

metal stock solutions were added to buffer solutions pre- 
viously del~vered to separatory funnels. Ionic strength of the 
aqueous phase was kept constant at  0.1 M. Liga~id was ~ntro-  
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LEBAN ET AL 3191 

duced just prior to cxtraction and achievcrncnt of equilibrium 
was verified by parallel experiments. 

Values for metal distribution ratios were determined by 
comparison of the counting rates of aqueous phase aliquots 
with that of a standard. The zinc-65 activity was measured 
using a Nuclear Supplies EA-14 gamma well scintillation 
counter coupled with a Nuclear Supplies SA-250 scaler. For 
nickel-63 counting a Nuclear-Chicago Type 79180 1.4 mg/cmz 
mica end window Geiger tube connected to a Nuclear-Chicago 
Type 8770 scaler was used. 

The pH values of the equilibrated aqueous phases were 
measured with a Metrohm pH meter calibrated with Fisher 
standard buffers at pH 4.00 and 7.00. 

Results and Discussion 

Ligand Partition Coeficients and Acid Dissociation 
Constants 

The pH dependence of monothioacetylacetone 
extraction was consistent with the extraction of a 
weak acid. The data were fitted to a line drawn 
according to the formula log D = log K,, - pH - 
log ([Ht ] + K,). Mere D, KDR, and Ka represent the 
distribution ratio, partition coefficient, and dis- 
sociation constant, respectively. The value of log 
KD, = 2.52 + 0.03 was obtained by averaging the 
values of log D at low pH values. The value of 
pK, = 6.47 i 0.06 was determined from a least 
squares analysis of the data in the high pH region. 

The solvent extraction behaviour of trifluoro- 
snonothioacetylacetone was similar to that of the 
previous species. The values of log KD, and pK, 
were determined as 2.29 2 0.01 and 5.04 f 0.05 
respectively. Since fluoromethylacetylacetones are 
strongly hydrated (13), a lower value of KDR for 3 
with respect to 1 could be expected. Both 1 and 3 
have KDR values one order of magnitude larger than 
that of acetylacetone (log I&, = 1.37) (14). This 
effect may possibly be associated with the replace- 
ment of oxygen by sulfur and a resultant decrease in 
hydrogen bonding sites. 

The pK, value obtained for 1 in this study is in 
agreement with a value, pKa = 6.40 f 0.02, found 
by potentiometric titration of 2 with HC1.2 The 
lower value of pK, for 1 relative to that of acetyl- 
acetone, pK, = 8.8 (14), would be in accord with the 
sulfur-oxygen electronegativity difference. Thiols 
are usually stronger acids than the corresponding 
alcohols and phenols. The increased acidity of 3 as 
compared to B is consistent with the electron with- 
drawing effect of the -CF, group. 

coilcentration showed an initial rapid rise followed 
by approach to a constant value. The relationship 
between the distribution ratio of a divalent metal 
chelate and aqueous free ligaild concentration, [A- 1, 
can be shown to be 

where KDc, K,, and K2 are the chelate partition 
coefficient and first and second step-hise formation 
constants, respectively. 

The free ligand concentration is obtained from the 
initial concentrations of ligand, [A-1, and metal ion, 
[MI, according to 

For the case of Zn(I1) where [MI, << [A-Ii  eq. [2] 
may be simplified to 

The calculated value for the free ligand concentra- 
tion was then substituted in eq. [ I  ] for each extrac- 
tion and the resulting data matrix solved for the 
coefficients l/KDc, I/k',,K2 and l/KDcKIE;, using a 
computer programme which evaluated the coeffi- 
cients by von Holdt's Matrix Method for Least 
Squares (15). These values for nickel were 1/K,, = 
(9.03 f 0.61) x I/f&,K, = (1.23 f 0.35) x 

and l/KDcKlK2 = (3.08 f 0.98) x 10-16. For 
zinc the values were l/&, = (8.82 f 0.87) x lo-" 
and lIK,,K,K, = (1.37 i 0.05) x 10-13. The che- 
late partition coefficieilts and stability constants 
obtained from these appear in Table 1 .  Successive 
stability constants could not be resolved from the 
zinc results. 

The stability constants for nickel and zinc acetyl- 
acetonates determined under comparable solution 
conditions (16) are smaller by 2.81 and 2.89 log units 
respectively than the corresponding monothio- 
acetylacetonates. The greater stability of nickel 

TABLE 1. Stability constants and partition coefficients for 
monothioacetylacetonate chelates of Ni(I1) and Zn(I1) at 25'C 

Metal Clzelate Stability Constants and Partitior? Metal log K ,  log KZ log (32 log KD= 
CoefJicien ts ~i 6 .60f0.19 5,t ;6+0.24 12 .47f  0.17 3.04+0.03 

The extraction of nickel(I1) and zinc(I1) into -0.20 -0.27 -0.12 - 0.02 
chloroform as a function of monothioacetylacetoilate 

Zn 
20. Siimann. Unpublished results. McGill University. 
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monothioacetylacetonate is supported by comparing 
the shorter nickel-oxygen bond distances of this 
chelate ( !7)  with those reported for nickel acetyl- 
acetonate (18, 19). 

Data obtained for the extraction of the zinc 
chelate of 3 show the stability of the chelate is less 
than that of the correspond~ng zinc monothio- 
acetylacetonate. In  the presence of pyridine the 
extraction of the zinc chelate of 3 is enhanced and 
the formation of a 1 : 1 pyridine adduct was demon- 
strated from the extraction data. 

The difference between K,, values for the nickel 
and zinc monothioacetylacetonates suggests that 
adduct formation with monothioacetylacetone could 
have occurred more favorably with the nickel 
chelate. Also in Table 1 it may be noted that the 
nickel chelate is 40 times more stable than the zinc 
chelate and is in conformity with the Irving-Williams 
order. 

In marked contrast with the slow attainment of 
extraction equilibrium and final incomplete extrac- 
tion of nickel acetylacetonate (20) the corresponding 
monothioacetylacetonate extraction achieved equi- 
librium within 2 min and was virtually quantitative 
in the region of p H  independence. 
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Sulfides as precursors for sulfonyl chloride synthesis 
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RICHARD FRANCIS LANGLER, ZOPITO ALESSIO MARIKI, and EDWARD SOMMERS SPALDING. 
Can. J. Chem. 57,3193 (1979). 

Sulfides are advanced as sulfonyl chloride precursors. SN2 cleavage of the intermediate sul- 
fonium ions is discussed in conjunction with both the sulfohaloform pathway and our pre- 
vious hypothesis that asymmetric chlorosulfoniuni chloride salts undergo Purnmerer re- 
arrangements which exhibit regioselectivity that can be anticipated on the basis of substituent 
electronegativity difference (AX,). Thioglycolic acid is developed as a new sulfur transfer 
agent for sulfonyl chloride synthesis. 

RICHARD FRANCIS LANGLER, ZOPITO ALESSIO MARINI et EDWARD SOMMERS SPALDING. 
Can. J. Chem, 57.3193 (1979). 

On propose les sulfures colnme prCcu~.seurs des chlorures de sulfonyles. On discute du clivage 
des ions sulfoniums intermediaires selon un mCcanisnie S,2 conjointement avec le cheminenient 
du sulfohaloforme et de notre hypothkse anterieure. Cette derniere stipule que les chlorhydrates 
de chlorosulfonium asymetriques subissent des transpositions de Pummerer qui niontrent une 
rCgiosClectivitC et qui peuvent &ire prCvus & partir de la difference d'ClectronCgativite des 
substituants (AX,). On a rnis en evidence I'acide thioglycolique comme un nouvel agent de 
transfert de soufre dans la synthkse du chlorure de sulfonyle. 

[Traduit par le journal] 

Imtroduetion The conversion of sulfides into sulfonyl chlorides 

Our previous studies of the chlorinolysis of sulfur requires a cleavage step in the chlorinolysis reaction. 
compounds (1-8) have been directed toward the These reactions proceed, in general, by chlorosul- 
development of new synthetic methods for the pre- fonium cation intermediacy so that cleavage2 may 

paration of sulfonyl chlorides (2, 4, 5). Sulfonyl Occur in either Or S ~ 2  fashion as shown in 
chlorides can furnish a variety of functionalities Scheme 1. We have previously reported the applica- 
(9-17) and may be prepared with well established tion of benzylic sulfides to the synthesis of sulfonyl 
methods (2, 9, 18, 19). A widely employed approach chlorides (5). We believe that the cleavage step in 
involves the aqueous chlorinolysis of sulfur-con- these an mechanism. 
tainirlg substrates viz. sulfenyl chlorides (20, 211, Extensions of the approach which utilizes sulfides 
mercaptans, disulfides, thiolesters, B~~~~ salts (221, in which one substituent attached to sulfur will form 
isothioureas (23), thiocyanates (24), sulfinyl chlorides a carbocation during chlorinolysis are readily en- 
(25), thiolsulfonates (26), and sulfinic acids (2, 27). visioned. In particular, in cases where the desired 

We have beell developing the aqueous chlorinolysis sulfonyl chloride requires a carbon substituent which 

of sulfides as an approach to the preparatioll of would itself form a stable carbocation, one would 

sulfonyl chlorides (4, 5, 7). choose a sulfide in which the group to be lost would 

excellent review of methods for the pre- give rise to a carbocation of superior stability to that 
paration of sulfides has recently become available ex~ec tedfor the  group to be retained. unfortunately, 
(28). The most general approach to  sulfide synthesis extensions of this approach have very little utility 
involves llucleophijic substitutioll by mercaptide since sulfonyl chlorides in which the carbon sub- 

anions on carbon bearing a suitable leaving group, stituent can form a particularly stable carbocation 
This reaction has been extended to include simple are themselves unstable%nd cannot be prepared (12, 
aromatic substrates with a leaving group attached 15, 30); e.g., aqueous chlorinolysis of 1-naphthyl- 
directly to a phenyl ring (29). A simple general methyl mercaptan affords I-chloromethyl naphtha- 
scheme for sulfonyl chloride synthesis is shown in lene and not the expected sulfonyl chloride (15). 
eq. [I 1. - The detailed pathway by which alkyl sulfides are 

g Cl,/H,O %vidence that these reactions are ionic and not free radical 
[ I ]  R'SH + X-R" +R'SR" -R"S02CI has been presented previously (4). 

HOAc 3We have suggested that the mode of decomposition is a 
'Enquiries should be directed to Dr. R.  F .  Langler, unimolecular ionic process (15) whereas Kice has suggested a 

Chemistry Department, Mount Allison University, Sackville, radical mechanism (12) or a cyclic transition state formed by 
N.B., Canada EOA 3C0. attack of chlorine on the ci carbon as it leaves from sulfur. 

0008-40421791243 193-07$0 1 .OO/O 
9 1979 National Research Council of CanadaIConseil national de recherches du Canada 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CAN J .  CHEbI. VOL 57. 1979 

/ X = 0 or lone pair \ 

HOAc 

transformed into sulfonyl chlorides without the 
intermediacy of carbocations in the cleavage step 
(the sulfohaloform reaction) has been reported 
recently (4). (See Scheme 2.) 

+ 
R ,  SO. CC12R' - R ,  SO. CHCIR' 

R.SO.C1 R.S02.C1 

\ 
R,SO.OH 
,-' 

SCHEME 2. The sulfohaloform reaction 

The cleavage step in the sulfohaloform reaction 
appears to proceed by an S,2 mechanism (4). 
Several recognized complications may arise which 
interfere with the cleavage step: (i) steric crowding 
may preclude the existence of the desired p r ~ d u c t , ~  
(ii) steric crowding in the intermediate a-polychloro- 
oxochlorosulfonium chloride can shift preferred 
nucleophilic attack by H,O (4) to chloride ions with 
a consequent reduction in overall reaction rate and 
some concomitant shift in the electrophilic site at- 
tacked (la), and (iii) carbocation formation prior to 
formation of the requisite a-polychlorosulfoxide 
intermediate can give rise to a sulfonyl chloride in 
which the carbon a to the sulfonyl group bears 
chlorine atoms (6). 

Application of the sulfohaloform pathway to the 

4Reference 31 gives a possible example. 

analysis of asymmetric sulfide chlorinations requires 
that one be able to predict which of the first formed 
a-chlorosulfides will predominate. The substituent 
which incorporates the first chlorine atom is the one 
which will be ultimately cleaved. We have previously 
(la) reported that asymmetric sulfide chlorinations 
in aprotic media introduce chlorine more readily 
on the a-carbon bearing the nlore electronegative 
substituent. If this postulate holds in protic media, 
the major sulfonyl chloride formed will be the one 
which retains the sulfide substituent having the a-  
carbon atom with the less electronegative group(s). 
Mercaptans could then be assessed as sulfur transfer 
agents for sulfonyl chloride synthesis by choosing R' 
(in eq. [I])  so that Xp(Rt) > XP(R1'). 

TABLE 1 .  Group electronegativities* 

Group 

H- 
CH3- 
CH3CH2- 
CICHZ- 
PhCH,- 
CH30C(O)CH2- 
K02C- 
CI-I3(CH2)2 
CH3tCH213- 
CH3iCHz)4- 
CHS(CHZ)S- 
CH~SOZ(CHZ)~- 
PhS0z(CH2)2- 

Pauling 
electronegativity 

(X,) a b 

*Group electronegati~ities without a and b values are taken from Huheey's 
data (32, 33). Group electronegativities uhere a and b Palues are supplied 
were calculated using Huheey's method. 
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LANGLER E T  AL 

TABLE 2. Exhaustive chlorinations of asymmetric sulfides in aqueous acetic acid 

Sulfonyl chlorides 
Sulfide substrates Ax, 
(RICH~SCHZRZ)  Major (2 yield) Minor (2 yield) ( X R ,  - XR,)  

'Exhaustive chlorinations of last 3 cases mere reported pre 

Results and Discussion 
In order to test these proposals, a simple series of 

sulfides was subjected to exhaustive chlorination in 
aqueous acetic acid. The appropriate substituent 
electronegativities are shown in Table 1. Results of 
the chlorinations with appropriate AX, values are 
presented in Table 2. These results are consistent with 
the outcomes expected on the basis of AX, and 
sulfohaloform reaction arguments as presented 
above. 

Inspection of the substituent electronegativities 
tabulated by Huheey (32, 33) led to the conclusion 
that thioglycolic acid would be an excellent sulfur 
transfer agent for sulfonyl chloride synthesis as 
depicted in eq. [I]. We have prepared a series of 
sulfides from a variety of halides and thioglycolic 
acid as shown in eq. [ 2 ] .  

C H 3 0 H  
(21 R-X + HSCH2C02H RSCH2COzH 

CH,ONa 
1 

The first problem is that of delineating the path- 
way by which the sulfide acids 1 are transformed 
into sulfonyl chlorides upon exhaustive chlorination 
in aqueous acetic acid. The pathway study was 
carried out on the sulfide acid l a  (R = CH,). 

Chlorinolysis of l a  in aqueous acetic acid for a 
short time furnished 1,1,1-trichloro-2-thiapropane- 
2-oxide (2) in 75% yield. Since we have previously 
established (4) that 1,I-dichloro-2-thiapropane-2- 
oxide reacts5 under these conditions to furnish 
methanesulfonyl chloride in 60% yield without 
proceeding through the trichlorosulfoxide, it follows 
that the dichlorodimethyl sulfoxide is not the prin- 
cipal intermediate giving rise to 2. Furthermore, we 
have shown (la, 4) that sulfides with strongly 
electron-withdrawing groups on a carbon a to the 
sulfur atom furnish chlorosulfonium chloride salts 

5The dichlorosulfoxide is converted to the trichlorosulfoxide 
in 16% yield under these conditions (4). 

viously (4) 

which hydrolyze to furnish the corresponding sul- 
foxides rather than Pummerer rearranging to the 
corresponding a-chlorosulfides. Therefore the sulfide 
acid l a  must react as shown in Scheme 3. Details 
for the mechanisms have been given previously 
(la, 3, 4). 

The pathway elaborated for the transformation of 
the sulfide acid la  into a sulfonyl chloride mixture 
presents a problem. Namely, there is no Pulnmerer 
rearrangement of a chlorosulfoniuin chloride salt 
anywhere in the pathway. Since the first step very 
likely produces a sulfoxide, all Pummerer rearrange- 
ments are occurring from oxochlorosulfonium 
chloride salts. In order that substituent electro- 
negativity be a useful basis for evaluating mercaptans 
as sulfur transfer agents vis-8-vis sulfonyl chloride 
synthesis, sulfoxide chlorinations must also exhibit 
regioselectivity which correlates with substituent 
electronegativity difference (AX,). Table 3 presents 
the asymmetric sulfoxide chlorinations which are 
presently known. The data in Table 3 suggest that 
AX, may very well continue as a useful basis for 

CIz/H,O 
CH, . S .CH2C02H CH3. SO. CHzCO2H 

l a  
HOAc 

I 
C 

CH3. SO. CC12COzH 4------ CH?.  SO.  CHCICOzH 

CH,. SO. CCI, + CO, - CICH, . SO. CCI, 
2 

1 

CH, . SO.  C1+ CCI, + C 0 2  CICH,. SO.  C1+ CCI, + C 0 2  
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TABLE 3. Regioiso~neric chlorosulfoxides from sulfoxide chlorinations 

Sulfoxide substrate 
(R,CH,SOCH,R,) 

Chlorosulfoxide products AX, 
(% yield) (XR, - XR,) Reference 

*There has been a report that benzyi methyl sulfoxide chlorinates with l~ t t l e  o r  no reg~oselecti\,ity \\hen iodobenzene dichloride is em. 
ployed as the chlorinating agent (35). 

TABLE 4. Yields* of sulfonyl chlorides obtained via sulfide acids 1 

Substrate Product Overall yield (2) 

CH3CH2Br CH,CH,SO,CI 70 
CH3(CH2)2Br CH3(CH2),S0,C1 65 
CH3(CH,)3CI CH3(CH2),S0,CI 60 
CH3(CH2I45r CH3(CH,),SO2CI 80 
CH3(CH2I5Br CH3(CH2)5S02CI 78 
CH3S0,(CH2)3CI CH3S02(CH2)3S02CI (3n) 50 
PhS02(CH2)3CI PhS02(CH2)3S02CI (30) 60 

*Yields are  reported for si~lfonyl chlorides after p i  

assessing mercaptans as sulfur transfer agents 
whether chlorinolyses of the sulfide intermediates 
follow the sulfohaloform pathway or  the closely 
related pathway shown in Scheme 3. 

We have chlorinated a series of sulfide acids B 
which furnished the expected sulfonyl chlorides in 
good yields as shown in Table 4. The sulfonyl 
chlorides 3a and 3b were prepared as examples of 
more interesting substrates which can be accessed 
with this new method. The complete route for the 
preparation of their precursors 7a and 7b appears in 
Scheme 4. 

All of the substrates examined for the development 
of both the present method and our previously 
published method (5) for the synthesis of sulfonyl 

pyridine 
RSH + CHZ=CHCOZCH, ------+ RSCH,CH2C02CH3 

40 R = CH,- 
40 R =  Ph- 

SOCI, 
RSCH2CH,CH,CI - RSCH,CH,CH,OH 

CHCI, 
6u R = CH2- 5a R = CH,- 
6b R = Ph- 5b R = Ph- 

I Cr0,IHOAc 

R . SO2. CH,CH,CH2CI 
7<1 R = CHs- 
7 b  R =  Ph- 

irification by distillation or  recrystallization 

chlorides have substituents attached to  sulfur via 
primary carbon atoms. Consequently we have 
examined a secondary system in order to compare 
the two methods. The results are shown in eqs. [3] 
and [4]. 

Clz/H20 
[3] (CH3)2CHSCH2C02H - (CH3),CHOAc 

10 HOAc 46% 

+ (CH,),CHSO,CI + CI,CHS02C1 
54% 46% 

CIZ/H20 
[4] (CH3)2CHSCH2Ph (CH3)2CHS02CI 

HOAc 
+ PhCH2C1 

The results shown in eq. 131 indicate that chlorino- 
lyses of the sulfide acids 1 are subject to complication 
by S,1 dissociation prior to formation of the a- 
polychlorosulfoxide intermediates necessary to ob- 
tain S,2 cleavage. However, as shown in eq. [4], 
benzylic sulfides are not susceptiblc to such a com- 
plication since S,1 cleavage of the benzyl group 
occurs very early in the reaction pathway (5). The 
pathway for the chlorinolysis of Ib  appears in 
Scheme 5.  

We have now successfully developed two sulfur 
transfer agents for sulfonyl chloride synthesis i.e. 
phenylmethanethiol (5) and thioglycolic acid. While 
yields are generally higher and reaction times 
shorter for chlorinolvses of benzylic sulfides. there 
is a drawback in thei; apglication;o the synthesis of 
smaller sulfonyl chlorides. When benzylic sulfides 
are exhaustively chlorinated in aqueous media the 
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sulfonyl chloride product is contaminated with ap- 
proximately one equivalent of benzyl chloride and 
a small amount of benzyl acetate (5) .  When the 
desired sulfonyl chloride has a volatility comparable 
to that of benzyl chloride, purification is tedious and 
time consuming. In contrast, the chlorinolysis of 
sulfide acids 1 produces the desired sulfonyl chlorides 
carbon dioxide and carbon tetrachloride and the 
sulfonyl chlorides are therefore isolated in good 
purity directly from the reaction mixtures. Thus 
thioglycolic acid is a superior sulfur transfer agent 
for the preparation of small sulfonyl chlorides where 
the carbon bearing the chlorosulfonyl group in the 
product will not be a suitable carbocationic centre. 
Phenylmethanethiol is a superior transfer agent for 
the preparation of crystalline or non-volatile sul- 
fonyl chlorides or systems in which the carbon 
bearing the chlorosulfonyl group can bear positive 
charge with some facility. 

In conclusion, we have developed thioglycolic 
acid as a new sulfur transfer reagent for sulfonyl 
chloride synthesis. Sulfonyl chloride synthesis re- 
quires substrate analysis in terms of (i) stability of 
carbocations which could be formed by S,1 dis- 
sociation of intermediate chlorosulfollium and oxo- 
chlorosulfonium cations, (ii) AX, for asymmetric 
sulfides for which neither carbon attached to sulfur 
is a potential carbocationic centre, and (iii) steric 
factors which may complicate the cleavage of a- 
polychloro-oxochlorosulfonium chloride intermedi- 
ates. 

Experimental 
General 

The ir spectra were recorded on a Perkin-Elmer 237B 
spectrophotometer. The nmr spectra were obtained on a 
Varian T-60 instrument using TMS as the internal standard. 
The mass spectra were recorded on a Dupont-CEC model 
21-104 mass spectrometer. The samples were directly in- 
troduced using an all glass probe and the spectra run at 30 eV 
with a source temperature of 150'C. Melting points were 
determined on a Fisher-Johns melting point apparatus and are 
uncorrected. 

E.ulznustice Chlorinntions 111 Aqueo~ls Mediunz 
The sulfide substrate was dissolved in glacial acetic acid 

(25 mL) and water (3 i11L). Chlorine (ca. 200 mL/min) was 
bubbled into the reaction mixture for 2.5 h with iceiwater 
cooling as necessary to maintain the temperature of the reac- 
tion lnixture between 20 and 30 C. Water (50 mL) was added 
and the resultant mixture washed with methylene chloride 
(100mL). The organic layer was washed with 2.5% wiv 
NaOH (two 50 mL aliquots), dried (MgSO,), filtered, and the 
solvent evaporated. The residue was distilled or recrystallized 
before yield was determined. 

Pi,epamtion of PIzCH2CH2SCH3 
Sodium metal (0.851 g) was dissolved in absolute ethanol 

(100 mL). Methanethiol (5 mL) was slowly distilled into the 
cooled ethoxide solution. 2-Phenyl-1-chloroethane (5.021 g) 
in ethanol (10 mL) was added dropwise over 15 min and the 
rcaction mixturc stirred at  ambient temperature for 48 h. 
Water (100 mL) was added and the resultant mixture washed 
with chloroform (three 100 mL aliquots). The combined 
organic layers were dried and concentrated. The crude con- 
centrate was rectified at reduced pressure affording the sulfide 
(4.572 g, bp 96-C/5 Torr), nmr (CDCI,) 6 :  7.70 (5H, s), 3.00 
(4H, m), and 2.10 (3H, s); ms n / e :  152 ( M f ,  28Y,), 91 (5373, 
and 61 (100%). 

0 

Preprri rrr~on of  CH,SCH2CH2C-0CH3 4a 
Sodium metal (4 210 g) was dissolved 111 methanol (200 mL) 

and the solution cooled Methaneth~ol (10 mL) was d~st~l led  
Into the reactlon m~xture and methyl acrylate (15 691 g) 
added The reactlon ln~xture wab refluxed 1 h Water (250 mL) 
was added and the lesultant m~r tu re  washed w ~ t h  chloroform 
(four 200 niL aliquots). The combined organic layers were 
dried and concentrated. The residue was distilled at  reduced 
pressure yielding the sulfide ester (8.586 g, bp 106-108'Cl 
100Torr), ir (CHCI,): 1740cm-'; nmr (CDCI,) 6 :  3.76 
(3H,  s), 2.73 (4H, m), and 2.13 (3H, s); ms m/e :  134 ( M f ,  
64%), 74 (98%), and 61 (100%). 

Chlorination of Asymmetric Szilfides 
A series of asymmetric sulfides were subjected to aqueous 

chlorinolysis as described under "Exhaustive Chlorinations". 
The relative yields were determined by integration of the 
nmr spectru~n of the crude product. Results are shown in 
Table 2. 

Preparation of CH3SCH2 CH2 CH20H 5a 
Lithium aluminum hydride (1.701 g) was covered with 

T H F  (15 mL) and the mixture refluxed for 0.5 h. The mixture 
was cooled to room temperature and a solution of CH3S- 
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(CH2),C0,CH3 (6.000 g) in THF (10 mL) added dropwise 
over 10 min. The reaction mixture was refluxed for 0.5 h. 
Upon conipletion of the reflux ethyl acetate (2.5 mL) was 
added dropwise; 10% HCI (30 mL) was added dropwise, the 
layers separated, and the organic layer dried and con- 
centrated. The residue was fractionated at reduced pressure 
furnishing the sulfide alcohol (4.238 g, bp 136-C/100 Torr), 
ir (CHCl,): 3620 and 3450cm-I; nmr (CDCI,) 6 :  3.76 
(2H, t), 2.60 (2H, t), 2.33 (IH, s), 2.13 (3H, s), and 1.90 
(2H, m); ms twe: 106 (M*, 100%), 88 (67%), and 73 (40%). 

Preparation of PIIS(CH,)~CI 6b and CH3S(CH2)3CI 6a 
CH,S(CH,),OH or PhS(CH,),OH (15) (10 g) was dis- 

solved in chloroform (40 niL) and the solution brought to 
gentle reflux. Thionyl chloride (1 equiv.) in chloroform (20 mL) 
was added dropwise to the reaction mixture over 10 min. 
Upon completion of the addition the reaction mixture was 
refluxed. 

After 4.5 h reflux the solvent was renloved and the residue 
distilled affording PhS(CH,),CI (4.876 g, bp 13OCC/2.2 Torr), 
nmr (CDCI,) 6: 7.20 (5H, s), 3.60 (2H, t), 3.03 (2H, t), and 
2.00 (2H, m); ms m:e: 188 (19%), 186 (Mf , 5773, 123 (loo%), 
and 110 (82%). 

After 24 h reflux the solvent was removed and the residue 
rectified yielding CH3S(CH2),C1 (8.309 g, bp 114-1 16'Ct 
100 Torr), nmr (CDCI,) 6: 3.70 (2H, t), 2.70 (2H, t), 2.13 
(5H, m); ms t71/e: 126 (4.473, 124 ( M t ,  13.3%), 88 (42%), and 
61 (100%). 

Preprrration ~ ~ P / I S O ~ ( C H ~ ) ~ C I  7b and CH3SO,(CH2),C1 7a 
Chronliunl trioxide (2.5 equiv.) was covered with glacial 

acetic acid (140 mL) and a solution of the appropriate chloro- 
sulfide (5.00 g) in glacial acetic acid (10 mL) added. The 
reaction mixture was cigorouslj~ stirred and the temperature 
maintained at 90-100-C for 0.5 h. Water (150 mL) was added 
and the resultant mixture washed with methylene chloride 
(four 100 mL aliquots). The combined organic layers were 
washed with 5% NaOH (100 n1L aliquots) until the aqueous 
layer remained basic. The organic layer was dried, concen- 
trated, and the residue distilled. 

CH3SO2(CH2),C1 (3.816 g, bp 168-170 Ci4 Torr) had ir 
(CHCI,): 1325 and 1145 cm-'; nrnr (CDCI,) 6: 3.80 (2H, t), 
3.26 (2H, t), 3.00 (3H, s), and 2.20 (2H, m); ms m,'e: 158 
(3.1%), 156 ( M t ,  9.373, 94 (60%), and 41 (100%). 

PhSO2(CHZ),C1 (3.139 g, bp 180-182"C/1.9 Torr) had ir 
(CHC1,): 1325 and 1150 cm-' ; 11111r (CDCI,) 6 :  7.80 (5H, m), 
3.60 (2H, t), 3.30 (2H, t), and 2.20 (2H, m); ms rille: 220 
(2.7%), 218 (M+,  8.1%), 77 (loo%), and 41 (57%). 

Preyai.ution of Sulfide Acids 1 
The preparations of the sulfide acids were all carried out in 

the same manner as illustrated for the preparation of the 
methyl system la .  The crude samples were checked to confirm 
that the expected product had formed. Sodium metal (0.407 g) 
was dissolved in methanol (25 mL) and thioglycolic acid 
(0.807 g) added. A solution of methyl iodide (1.216 g) in 
methanol (1OmL) was added dropwise and the reaction 
mixture stirred at ambient temperature for 24 h. The solvent 
was evaporated and the residue tlzor.o~rghly dried. Water 
(5 mL) was added, followed by concentrated HC1 (1 mL). 
Chloroforn~ (250 mL) was added, the solution dried (Mg- 
SO,), filtered, and concentrated affording crude sulfide acid. 

Preparation of CH3 CH2SCH2 C 0 2  CN, 
Crude sulfide acid was prepared from ethyl bromide 

(4.264 g), thioglycolic acid (3.614 g), and sodium metal 
(1.866 g) in methanol (60 mL) as described for the sulfide 
acids 1. 

The crude acid was covered with methanol (5 mL) and 
concentrated HC1 (6 mL). The reaction mixture was stirred at 
ambient temperature for 5 min. Chlorofornl (250 mL) was 
added and the mixture dried (MgSO,), filtered, and con- 
centrated. The residue was rectified at red~lced pressure af- 
fording the sulfide acid methyl ester (1.820 g, bp 106-108'C/ 
100 Torr); ir (CHCI,): 1730 cm-I ;  nrnr (CDCI,) 6: 3.73 
(3H, s), 3.23 (2H, s), 2.66 (2H, q), and 1.26 (3H, t); ms nzle: 
134 ( M t ,  38.0%), 75 (loo"%,), and 74 (60%). Anal. calcd. for 
C,H,,O,S: C 44.75, H 7.51; found: C 44.25, H 7.73. 

CH3SCH2C02H l a  had ir (CHCI,): 3000 and 1720 cm-'; 
nrnr (CDCI,) 6: 11.53 (IH, s), 3.23 (2H, s), and 2.26 (3H, s): 
ms m/e: 106 ( M t  , 44%) and 61 (100%). 

CH3CH2SCH2C02H had ir (CHCI,): 3000 and 1720 cm-' ; 
nmr (CDCI,) 6 :  11.50 ( lH ,  s), 3.26 (2H, s), 2.70 (2H, q), and 
1.26 (3H, t). 

CH3(CH2),SCH2C02H had ir (CHCI,): 2990 and 1720 
cm- ' ; nrnr (CDC1,) 6 : 11.09 (IH, s), 3.26 (2H, s), 2.66 (2H, t), 
1.73 (2H, m), and 1.00 (3H, t); ms m/e: 134 ( M f ,  50%), 75 
(loo%), and 47 (86%). 

CH3(CHZ),SCH2CO2H had Ir (CHCI,): 3000 and 
1720 c m - 5  nmr (CDCI,) 6: 11.10 (IH, s), 3.50 (2H, s), 2.70 
(ZH, t), 1.60 (4H, m), and 1 .OO (3H, t) ; ms nl/e : 148 (M t , 5 I%), 
89 (78%), 61 (51%), and 47 (100%). 

CH3(CH,),SCH2C02H had ir (CHCI,): 3000 and 
1720 cm-I ;  nmr (CDCI,) 6: 11.23 ( lH,  s), 3.23 (2H, s), 2.66 
(2H, t), 1.40 (6H, m), and 0.90 (3H, t); nis mje: 162 ( M t ,  
3773, 103 (8021, and 69 (100%). 

CH3(CH2),SCH2C0,H had ir (CHCI,): 3000 and 
1720 cm-I ; nmr (CDCI,) 6 :  11.37 (IH, s), 3.23 (2H, s), 2.66 
(2H, t), 1.40 (8H, m), and 0.90 (3H, t);  ms t11,'e: 176 ( M t ,  3421, 
117 (loo%), and 83 (64%). 

CH3S02(CH2)3SCH,C02H had Ir (CHCI,): 3000 and 
1720 cni- : nrnr (CDCIA 6: 11.30 l lH.  s). 3.30 (2H. s). 2.96 
(7H, ni), and 2 .16 ' (2~,  m); ms m/e: 195(27%), 121 (27%), and 
73 (IOOZ). 

PhS02(CH2),SCH2C02H had ir (CHCI,): 3000 and 
1720 cm-' ; nrnr (CDCI,) 6 :  11.45 (IH, s), 7.90 (5H, m), 3.26 
(4H, m), 2.83 (2H, t), and 2.13 (2H, m); ms m/e: 256 (50%), 143 
(82%), and 77 (100%). 

(CH3),CHSCH2CO2H Ib had ir (CHCI,): 3000 and 
1720 cm-' ; nrnr (CDCI,) 6: 11.25 ( lH,  s), 3.33 (3H, m), and 
1.30 (6H, d); nis m/e: 134 (M?,  55%), 92 (42%), and 75 
(100%). 

Chlorinolysis of l a  
Crude sulfide acid l a  (0.93 g) was chlorinated for 10 min 

employing the procedure outlined under "Exhaustive Chlori- 
nations". Trichloromethyl methyl sulfoxide (1.212g) was 
obtained. After purification by column chromatography 
employing silica gel and chloroform elution, the product was 
shown to be identical to authentic material by nmr, ir, and 
tlc. 

Chlorincrtiort of Sulfide Acids 
The desired alkyl sulfide acid (5 g) was chlorinated as 

described under "Exhaustive Chlorinations" and the alkane 
sulfonyl chloride products distilled. In each case the product 
had the known ir, nmr, and bp. Overall yields for conversion 
of the alkyl halides into the corresponding sulfonyl chlorides 
are given in Table 4. 

CH3S0,(CH2),S02C1 30 was recrystallized from chloro- 
form and had mp 62-65,C; ir (CDCI,): 1380, 1310, 1170, 
and 1145 cm- l ;  nrnr (CDCI,) 6 :  3.96 (2H, t), 3.26 (2H, t), 
2.96 (3H, s), and 2.56 (2H, t); ms tnle: 143 (6.821, 141 (20.4%), 
79 (13.3%), and 41 (100%). Anal. calcd. for C,H,C10,S2: 
C 21.76, El 4.11; found: C 21.35, H 4.18. 
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LANGLER ET AL.  3199 

PhS02(CH2)3S02C1 36 was recrystallized from chloro- 
form and shown to  be identical to  previously prepared material 
(15) by ir, nmr, mp, and  mixture mp. 

Cl~lo~.itzarion of (CH,) ,CHSCH2CO2H I b  
T h e  sulfide acid (4.71 g) was subjected t o  the procedure 

outlined under "Exhaustive Chlorinations". The crude 
product contained 2-acetoxypropane (1.499 g), 2-propane- 
sulfonyl chloride (2.284 g), and dichloromethanesulfonyl 
chloride (2.509 g) as  determined by a method described pre- 
viously (4). The identity of the constituents in the mixture 
was confirmed by the addition of authentic samples of each 
conlpound which resulted in the change of the intensities 
of the appropriate signals in the nmr  spectrum of the mixture. 

Chlorinariorr of (CN,) ,CHSCHzPlz 
The  benzylic sulfide (5.84 g) was subjected to  the procedure 

outlined under "Exhaustive Chlorinations". The crude 
product contained 2-propanesulfonyl chloride (4.281 g). The 
identity of the sulfonyl chloride and  benzyl chloride were con- 
firmed by the addition of authentic samples to the crude which 
resulted in the change in intensities of the appropriate signals 
in the  nmr spectrum of the mixture. N o  isopropyl acetate was 
present in the crude. 

The authors are indebted to Mr. T. P. Ahern for 
some technical assistance and to Dr. J. H. Kim for 
running the mass spectra. We are grateful to Dal- 
housie University for financial support in the form 
of a grant from the Research Development Fund. 
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The biosynthesis of caerulomycin A in Streptomyces caeruleus. Incorporation of 14C- and 
13C-labeled precursors and analyses of labeling patterns by "36 nmrl 
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A. GAVIN MCINNES, DONALD G. SMITH, JOHN A. WALTER, LEO C. VINING, and JEFFREY L. C. 
WRIGHT. Can. J. Chem. 57, 3200 (1979). 

Carbon-13 nuclear magnetic resonance spectroscopy of caerulomycin A (I) produced by 
cultures of Streptomyces caevr~le~rs has shown that [l-'3C]acetate labels C-2, C-4, and C-4', 
whilst [1,2-13C]acetate enriches these carbons plus C-2', C-3, C-3', C-5', and C-6'. The results 
establish that acetate is incorporated with little dilution at C-3 and C-4 in the substituted ring of 
1, whereas C-2, and C-2' to C-6' of the unsubstituted ring, are assembled from lysine via the 
symmetrical intermediate 2S,6S-dianlinopirnelic acid. The methoxyl carbon incorporates label 
from ~ ~ - [ 3 - ' ~ C ] s e r i n e ,  but this precursor does not enrich C-5, C-6, or C-7 of the substituted 
rlng, and the origins of these carbons remain undetermined. 

A. GAVIN MCINNES, DONALD 6. SMITH, JOHN A. WALTER, LEO C. V I ~ I N G  et JEFFREY L. C. 
WRIGHT. Can. J. Chem. 57.3200 (1979). 

La resonance magnetique nucleaire du 13C de la caerulomycine A (1) produit par les cultures 
de la Streptomj>ces caer~ileus a montre que l'acetate [13C-11 marque les carbones en positions 
2,4 et 4' tandis que I'acetate [13C-1,2] enrichi ces m&me carbones avec en plus ceux en positions 
2', 3, 3', 5' et 6'. Ces risultats indiquent que l'acetate est incorport avec tres peu de dilution en 
positions C-3 et C-4 du cycle substitue de 1 tandis que les carbones C-2 et C-2' a C-6' du cycle 
non substitue proviennent de la lysine via un intermediaire symetrique I'acide diaminopimelique 
2S,6S. Le carbone du rnetoxy est marque a partir de la ~ ~ F ' ~ c - 3 1  scrine, mais cc precurseur 
n'enrichit par les carbones 5, 6 ou 7 du cycle substitue dont I'origine rest indetermine. 

[Traduit par le journal] 

Introduction tion (g/L): soluble starch (20), nutrient agar (20), NaNO, (2.0), 
CaCO, (2.0), K2HP0, (1.0), yeast extract (1.0), MgS04.7H20 

S t r e ~ t o m ~ c e s  cueruleus produces a unique group Of (0.5), KC1 (0.5). The pH was adjusted to 8.9 with NaOH 
metabolites containing the 2,2'-dipyridyl ring system before autoclaving. This medium, without nutrient agar, was 
(1-4). Caerulomycin A (a), the first of these corn- also used to prepare a vegetative inoculum for cultures 

pounds to be isolated (11, is an antibiotic and is the producing caerulomycin. The inoculum was grown in two 
stages. In the first, spores and surface growth from a slant were main component Of the mixture produced under the dispersed in 10 mL of medium and transferred to an additional 

Usual conditions Of culture. We have investigated its 40 ,L of in a 2 j 0 - m ~  Erlenmeyer flask, The culture 
biosynthesis by measuring the incorporation of iso- was incubated for 10-12 days at 26'C on a rotary shaker 
tope from 13C- and l4c-labeled precursors. (220 rpm, 3.8 cm eccentricity), then blended, and 4 mL was 

used to inoculate a second flask containing 50 mL of inoculum 

Experimental medium. The secondary inoculum culture was incubated as 

Culture before for 4 days. 

Strepfomyces caernleus Baldacci HLX 877 was supplied by for producing caerulomycin A were grown in 

Dr. P, V, Divekar, Hoechst Pharmaceuticals Ltd,, 250-mL Erlenmeyer flasks containing 50 nlL of nutrient 

Slants prepared it showed variations in morphology, and medium. In most of the experiments where "C-labeled corn- 

successive subculture on agar medium led to a marked de- pounds were added to the cultures, medium 1 was used. It con- 

crease in caerulomycin production. Single-colony isolates of tained (g/L): soluble starch (20), NaNO, (2.0), CaCQ3 (2.0), 

the parent strain varied in pigmentation, sporulation, andability KzHPOj (1.0), KC1 (0.5), and MgS0,.7H20 (0.5). The pH 

to produce caerulomycin; a non-pigmented sporulating isolate, value was adjusted to 8.9 with NaOH before autoclaving. In 

strain 4/2, was selected for this work, Stock cultures were the remaining experiments with '"C-labeled compounds, and 

lyophilized and stored at -20zC; slant cultures were main- where 13C-labeled supplements were added to cultures, 

tained on czapek agar with the following composi- nledium 2 was used. It contailled (glL): sorbit01 (2% KN03 
(2.0), CaC0, (2.01, K2HPO4 (1.0), MgS0,.7H20 (0.5), and 

'NRCC No. 17742. NaCl (0.5). The pH was adjusted to 8.9 with KOH before 
2Present address: Atlantic Regional Laboratory, National autoclaving. Each flask received 2 mL of secondary inoculum 

Research Council of Canada, Halifax, N.S., Canada B3H 321. and was incubated under the same conditions as the inoculurn 

0008-40421791243200-05$0 1 .OO/O 
01979 National Research Council of CanadaIConseil national de recherches du Canada 
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cultures. Harvest times and the medium used are given with the 
results of each experiment. 

Labeled Slipple~~lerzts 
Radioactive compounds were obtained from New England 

Nuclear Corporation, Boston, MA; o~-[3- '~C]ser ine  as well as 
sodium [I-13C]- and sodium [1,2-13C]acetate, all 90% en- 
riched, were obtained from Merck Sharp and Dohme, Pointe 
Claire, P.Q. Supplements were prepared as aqueous solutions; 
those containing sodium acetate were sterilized by autoclaving; 
all other solutions were filtered through a 0.45 pm pore size 
membrane. Where the supplement was added in portions to a 
culture, it was subdivided equally. Times of addition varied; 
for radioactive supplements they are noted in Table 1. Carbon- 
13 labeled supplements were added on the lst, 4th, 7th, and 
10th days after inoculation. Radioactive supplements were 
added in cuinulative amounts corresponding to 1 ~ n m o l  per 
liter of culture. Sodium [l-13C]acetate (total 934 mg; 11.3 
mmol), sodium [1,2-'3C]acetate (882 mg; 10.5 mmol) and 
~ ~ - [ 3 - ' ~ C ] s e r i n e  (108 mg: 1.02 mmol) were each added to 
1 liter of culture. Cultures were harvested on the 14th day, 
except those receiving sodium [1,2-13C]acetate which were 
harvested on the 15th day and yielded 61 mg of enriched 
metabolite. 

Isolntion of' Caer.ulori~ycin A 
C~iltures were harvested by filtration and the filtrate, ad- 

justed to pH 7 if acidic, was extracted with three half-volumes 
of ether. Basic products were then transferred from the ethefto 
N HCI and recovered by neutralizing with excess NaHC03,  
then reextracting into ether. The product fi-0111 i-liter cultures, 
after removal of solvent, was chromatographed on a column 
(2.6 cm x 90 cm) of cross-linked dextran (Sephadex G-25 fine, 
Phar~nacia Limited, Uppsala), equilibrated with the solvent 
system benzene-ethyl acetate-aceticacid- water (1 : 12:4: 12). 
Caerulomycin A was collected at  an  elution volume of 340- 
450 mL during development with the organic phase. It was 
crystallized from ethanol and sublimed in high vacuum at 
120-150'C as colourless needles, n ~ p  175-176'C. The purity of 
the sample was checked by thin-layer chromatography (3) and 
by scanning the chromatogram for radioactivity where 
appropriate. 

Instvrrmentatio~z 
Radioactivity was measured in a liquid scintillation counter. 

On thin-layer chrornatograins it was detected with a gas-flow 
Geiger-Mueller detector. 

13C nmr spectra were recorded with Varian XL-100j15 and 
Varian FT-80A Fourier-transform spectrometers. Conditions 
were: XL-100/15 (FT-XOA): frequency 25.16 MHz (20.0 MHz), 
spectral width 5120 Hz (4132 Hz), acquisition time 3.2 or 0.8 s 
(0.99 s), delay between acquisitions 2.2 s for high-resolution 
spectrum, 1.0 s for suppression of nuclear Overhauser en- 
hancement when ch ron~ iun~  acetylacetonate ( C r ( a ~ a c ) ~ )  was 
used as a relaxation reagent, flip angle 33 ,40' (40'), 90', pulse 
length 40 ys (I1 ys), time constant for exponential weighting 
of free induction decay - 0.4 s or - 1.0 s (- 0.4 s), strength of 
'W-decoupling field yH2/2rc ca. 3800 Hz (ca. 4000 Hz), broad- 
band decoupling by 0"-180'' phase modulation effective over 
1000 Hz bandwidth, sample concentration ca. 140 mg/mL, 
solvent DMSO-d,, solution volume 0.25 to 0.4 mL, C r ( a ~ a c ) ~  
concentration (when used) i0  mg/mL, 5 mm diameter sample 
tubes, internal lock to 'bi in solvent, reference to internal 
(CW,),Si. 

Enrichments from sinelv 13C-labeled arecursors were calcu- -. 
lated as described previously (5) fro]; spectra of the 13C- 

enriched and natural-abundance material recorded under 
identical conditions. I11 the case of enrichment with [3-I3C]- 
serine, C r ( a ~ a c ) ~  was added to the caerulomycin A solutions 
and the nmr measurements repeated, with suppression of the 
nuclear Overhauser enhancement (nOe) by switching off the 
'H-decoupling field between data acquisition periods. This 
technique and method of calculation was also used to obtain 
absolute 13C enrichments from the sample labeled by [1,2- 
'3C]acetate. In this latter prodalct many resonances consisted 
of doublet (intensity I,) and multiplet (I,,,; usually quartet) 
components due to the presence of 13C-13C and 13C-I3C- 
I3C or 13C-13C-13C-13C units, superimposed on a central 
singlet (I,) resonance arising from 13C not directly bonded to 
other I3C atoms. The relative intensities I,, I,, I,,, should be 
proportional to the amounts of 13C nuclei in each of the above 
situations, since '3C-'3C contributions to spin-lattice 
relaxation have a negligible effect when a relaxation reagent is 
used in conjunction with a suppressed nOe technique. 

14C-Labeled Substrates 
The incorporation of radioactivity into caerulo- 

mycin A from a variety of I4C-labeled compounds is 
summarized in Table 1. Labeled compounds were fed 
to  S. caeruleus in two groups, with different growth 
and feeding conditions being used for each group. 
L-[U-14C]alanine was included in each group as a 
reference compound. The results show that trypto- 
phan and glycine are ineffective as precursors and 
that, although the antibiotic contains a methoxyl 
group, forinate does not contribute to the one-carbon 
pool from which this part of the caerulomycin A 
structure is drawn. On the other hand, radioactivity 
was incorporated efficiently from ~- [U- '~C] lys ine  
and DL-[3-'4C]serine. The direct comparison be- 
tween L-[U-14C]alanine, sodium [l-14C]acetate, D- 

[U-14C]glucose, DL- [l-14C]aspartate, and DL- [4- 
14C]aspartate shows acetate to be the most readily 
incorporated whereas [I -14C]aspartate is a relatively 
poor precursor. Higher yields of product and lower 
dilutions of isotope were obtained when the culture 
developed slowly, with sorbitol as a carbon source, 
and with successive small supplements of the pre- 
cursor during the prolonged period of antibiotic 
production (see Table 1, cultures grown in medium 2). 
These conditions were chosen for studies with 13C- 
labeled compounds. 

C-Labeled Substrates 
The 13C nlnr spectrum of caeruloinycin A has been 

assigned previously (3). The spectrum of material 
labeled from [l-13C]acetate showed enr~chments of 
<0.2% at  all positions except C-2 (6.7 f 0.9%), C-4 
(19.6 f 2.5%), and C-4' (12.5 i 1.6%). 

Similar feeding conditions were used to examine 
the incorporation of sodium [1,2-13C]acetate. Values 
of and the following quantities, calculable for 
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TABLE 1. Incorporation of radioactivity into caerulomycin A from 14C-labclcd compounds 

Compound administered* Caerulomycin A 
-- 

(pCi/mmol) (pCi/mmol) Dilution 

Sodium [1-14C]acetate 
D-[U-'4C]glucose 
DL- [4-14C]aspartate 
L- [U-'4C]alanine 
DL-[1-14C]aspartate 
L-[p-'4C]tryptophan 
DL-[benzene ring-14C]trypl 
Sodium [14C]formate 
L- [U-'"C]lysine.t 
~~-[3- '~C]ser ine . t  
L-[U-'4C]alaninet 
[l-14C]glycinet 

12.3 
10.2 
6.13 
7.28 

17.9 
9.94 

ophan 9.37 
7.47 

20.9 
28.4 
21 . o  
21.7 

*Carrier \%as added to each radioactive compound so that the total supplement a a s  1 mmol per litre. 
?These cultures were grown in medium 2. Radioactive supplements were subdivided equally and added on 

the Ist, 4th, 8th, and 12th days after inoculation. Cultures were harvested on the 16th day. All other ci~ltures 
uere grown in medium 1; a single radioactive supplement was added on the 2nd day and c~lltures \rere 
harvested on the 7th day. 

TABLE 2. Caerulomycin A enriched with [1,2-'3C] acetate: contributions to the average 13C probability (pA) at labeled sites from 
natural abundance material (p,,), from the precursor (p,), and from I3C scrambling (y,); mole fraction (x) of 13C originating 

from the precursor; S and T values and one-bond I3C-13C spin-spin couplings ('JCc)* 

Carbon PA P ~ A  PP PS x S T 'Jcct(Hz) 

-- 

*x = (PA - 0.0111)/(B - 0.0111), p,, = 0.0111(1 - x),p, = Sp,/B, P. = P A  7 ph* , p p ,  S = (Id - Im)/(Ic -- Id -L I,") and T = I,/(I, -I- I,) where 
(1 - r )  is the mole fraction of natural abundance I3C, B(= 0.9) IS the "C probab~l~ty at sltes In [1,2-l3C1 acetate, and I,, I,, and I,,, are the integrated in- 
tensities of sinnlet. doublet. and multiolet resonances for individual carbons. resnectivelv. 

PIJcc values-were also obtained from the spectrum of the metabolite eiiiiheh with fl-l3C]acetate, where high I3C enrichn~ents at C-4 and C-4' alloued 
the follow!ng measurements: C-3, C-4, 65.1 + 1.0 Hz; C-4, C-5, 66.5 + 1.0 Hz; C-3', C-4', 54.01 1.0 Hz; C-4', C-5', 53.4& 1.0 Hz. 

iIntensrty of broad mult~plet not measiirable. 

each labeled site from the intensities of resonance 
components in the 13C nmr spectrum of caerulo- 
mycin A obtained in this experiment, are given in 
Table 2: p, (I3C probability), x (mole fraction of 13C 
originating from labeled precursor), S (probability 
that the 13C atom is directly bonded to one or more 
13C atoms), T (probability of incorporation of a third 
13C atom adjacent to a 13C-13C unit). Pairs of 
coupled carbons were matched from one-bond 13C- 
13C spin-spin couplings. Table 2 shows that C-2' 

through C-6' plus C-2, C-3, and C-4 are enriched by 
doubly labeled acetate. Since only C-2, C-4, and C-4' 
are enriched by [1-13C]acetate it follows that C-2', 
C-3, C-3', C-5', and C-6' originate from the methyl 
group of acetate. The enrichments (100(p, - 0.0111)) 
in the [1,2-13C]acetate experiment are not uniform 
(C-3, C-4 zz 15 f 3 7 ;  C-2, C-2', C-3', C-5', C-6' zz 
5 f 1%; C-4' zz 12 f 2%) but for C-2, C-4, and C-4' 
are consistent with those obtained with [l-13C]ace- 
tate. 
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The 'J,, values, enrichments, and the intensity 
distribution of resonance components for the indi- 
vidual carbons establish unequivocally that pairs of 
carbons are incorporated as 13C-13C units from 
doubly labeled acetate at the following positions: 
C-3, C-4; C-2, C-2'; C-3', C-4'; C-4', C-5'. It is 
apparent from both the overlap of pairs and from the 
positions labeled by each acetate carbon that C-3', 
C-5', and C-6' are derived from the methyl group of 
the precursor, preceded or accompanied by scission 
of the 13C-13C bond. This is borne out by an 
examination of singlet, doublet, and multiplet 
resonance intensities for individual carbons. Sub- 
stantially higher enrichnlellt at C-3 and C-4 (seep, 
and x values Table 2) indicates that these two carbons 
are incorporated from acetate as a separate biogenetic 
unit. It is also apparent (Table 2) that x is the same 
(0.056 1 0.005) for C-2, C-2', C-3', C-5', and C-6'. 
The value of x is about half that for C-4' (0.138 2 
0.025). The higher enrichment at C-4' is explained by 
the contribution from two different 13C-13C units, 
one at C-3', C-4' and the other at C-4', C-5'. The 
S-values for C-2 and C-2' through C-5' are uniform 
(0.52 i. 0.05) and C-2' through C-6' are symmetri- 
cally labeled, both in origin and amount about an 
axis through N-1' and C-4'. Furthermore the S-value 
for C-6' and the T-value for C-3' and C-5' coincide 
(0.23 f 0.02) indicating that they represent the 
probability of 13C being present in the precursor pool 
during assembly of C-2 and C-2' through C-6'. Sub- 
sequent dilution with natural abundance material has 
reduced p ,  for these carbons to 0.062 $- 0.005. 
Satellites accompanying the C-6' resonances are, 
therefore, due to random incorporation of I3C at 
C-6' when the 13C probability for C-5' was about 
0.23. They are not due to an intact 13C-13C unit at 
C-5', C-6' derived from doubly labeled acetate. The 
combined evidence at this stage is consistent with 
C-2 plus C-2' through C-6' being derived from the 
symmetrical intermediate 2S,6S-diaminopimelic acid 
as illustrated in Fig. 1. 

The value T = 0.04 for the C-4' resonance shows 
that when this carbon is part of the 13C-13C unit 
C-4', C-5' (or C-4', C-3'), the probability (0.04) of 
incorporating a single 13C label at the adjacent C-3' 
(or C-5'), is about 116th the probability (0.23) of 
incorporating I3C at C-2' (or C-6') adjacent to the 
unit C-3', C-4' (or C-4', C-5'). This is consistent with 
the single labels at C-3' and C-5' originating from the 
acetate-methyl group via pyruvate (see Fig. 1) and 
undergoing dilution of 13C to 116th the level in the 
13C-13C pairs derived via oxalacetate and aspar- 
tate. 

It is also noteworthy that the value T = 0.06 for 
the C-3 resonance is equal to p, for C-2. Conse- 

A A 
OCH, +-- CH,S(CH,),CH NH,CO,H 

FIG. 1. The portion of the biosynthetic pathway to caerulo- 
mycin A involving 2S,6S diaminopimelic acid and acetate. 

quently C-2 and C-3 are linked after the mono- 
substituted pyridine ring, comprising C-2 and C-2' 
through C-6', has been constructed and diluted with 
natural abundance material. 

Some scrambling of the labels in doubly labeled 
acetate has occurred prior to incorporation and this 
has increased the proportion of single label at each 
site in enriched caerulomycin A. As expected, sites 
originating from the carboxyl group of acetate were 
affected to a greater extent than those derived from 
the methyl group (6). 

13C nmr analysis of caerulomycin A labeled from 
~ ~ - [ 3 - ' ~ C ] s e r i n e  showed enrichment of the methoxyl 
carbon (2.6 + 0.6%), confirming the expected origin 
of this substituent from the one-carbon pool of the 
organism, derived via the serine-glycine conversion 
(7). Lesser enrichment (1.0 5 0.4%) was observed at 
C-3' and C-5'. This is accounted for by conversion 
of serine to pyruvate through the action of serine 
dehydratase (7), and is supporting evidence for the 
participation of pyruvate in forming the unsubsti- 
tuted pyridine ring of caerulomycin A. 

None of the precursors discussed above labeled 
C-5, C-6, or C-7. 

Discussion 
The pattern of I3C incorporation from [I-13C]- 

and [1,2-13C]acetate indicates that the unsubstituted 
pyridyl ring of caerulomycin A is derived from three- 
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and four-carbon precursors assembled in the manner 
characteristic of lysine biosynthesis in bacteria. The 
pathxv!ay must include at least one syrnmetrical 
intermediate such as 2S,6S-diaminopimelic acid. 
Since L- [U-14C]1ysine was incorporated with high 
efficiency and its formation from diami~lopimelic acid 
is virtually irreversible (a), we conclude that lysine is 
a direct precursor of the antibiotic. Lysine is also a 
precursor of the pyridine ring in proferrorosamine A 
(2), an iro11-complexing metabolite produced by 

Pseudornorlas roseusJi7uorescens (9). Picolinic acid was 
also found to be efficiently incorporated ilito pro- 
ferrorosamine and it is tempting to suggest that it is 
also an intermediate in the biosynthesis of caerulo- 
mycin A. 

While C-2 of the substituted pyridyl ring is con- 
tributed by lysine and carbons 3 and 4 enter from 
acetate by a route which, to judge from the relatively 
low dilution, is a fairly direct one, the source of the 
three remaining carbons is uncertain. Serine has been 
eliminated by direct test, and the possib~lity that they 
might come from alanine or pyruvate can be dis- 
counted because C-5, C-6, and c-7 should then have 
been labeled from acetate or serine to an extent simi- 
lar to that observed for the positions contributed by 
the three-carbon precursor of lysine. None of the ring 
carbons was labeled by one-carbon donors and since 
11-'"C]glycine was a very poor precursor of the 
antibiotic, a C, + C, unit derivation is unlikely. The 
most plausible explanation is that a three-carbon 
glycolytic pathway intermediate, such as dihydroxy 

acetone phosphate, reacts, either directly or after 
conversion to methylglyoxal, with a picolinyl-C, 
intermediate to supply the balance of the structure. 
Helbling and Viscontini (10) have reported that culti- 
vation of P. roseirs Jitrorescelzs on asparagine and 
[l-14C]glycerol (which would be expected to form 
[1,3-14C]dihydroxyacetone phosphate) yielded pro- 
ferrorosamine A in which 75z of the radioactivity 
was distributed between C-8, C-9, C-10, and C-12. 
About one-third was located at C-12. 
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Gas phase ion equilibria: RCO+ + ON2 * RC(OH),+; heats of formation of 
acylium ions RCO+ and protonated acids RC(OM),+; gas phase catalysis 

of proton shift RC(OH),+ + RCO(OH,)+ 
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W. R.  DAVIDS~N, S. MEZA-HOJER, and P. KEBARLE. Can. J. Chem. 57.  3205 (1979). 
The equilibria [2]: RCO+ f OH, e RC(OH),+ for R = CH,, C2H5, and C,H5 were studied 

in a pulsed electron beam high ion source pressure mass spectrometer, van't Hoff plots led to 
AHZ values: (CH,), 24.6; (C,H,), 22.7; (C,H,), 21.9 kcalimol. AH,(RC(OH),+) were obtained 
from gas phase basicity ladders combined with the new AHf(r-butyl+) = 163 kcalimol (Beau- 
champ). The AH,(RC(OH),+) were: (CH,), 71.3; (C,H5), 63.6; (C,H5), 95.5 kcaljmol. Com- 
bination of AH, uith AH,(RC(OH),+) leads to AH,(RCO+): (CH,), 153.7; (CzH5), 144; 
(C,H5), 174.6 kcaljmol. These results are in agreement with selected data from appearance 
potentials. The energies and structures of the participants in reaction [2] were calculated by 
MINDO:3 and STO-36. MIND0,'3 gave good agreement with AH,. The establishment of the 
equilibria [2] was unusually slow. A study of the kinetics revealed that kzf  is approximately 
third order, unusually small, and has an unusually large negative temperature coefficient. 
Furthermore, reaction [2] was found to be catalyzed by RCOOH. An explanation of these 
observations is given by assuming that the proton shift RCO(OH,)' -t RC(OH)2+ has a large 
activation energy barrier in the gas phase. This barrier is removed by formation of a hydrogen 
bonded con~plex with RCOOH. 

W. R .  DAVIDSOK, S. MEZA-HOJER et P. KEBARLE. Can. J. Chem. 57. 3205 (1979). 
On a etudie l'equilibre 2 :  RCO- + OH, = RC(OH),+ oh R = CH,, C,H5 et C,H, a 

l'aide d'un spectrometre de masse utilisant comme source d'ions a haute pression un faisceau 
d'electrons produit par pulsations. Les courber de van't Hoff conduisent a des valeurs de 
AH,: (CH3)24.6, (C,H5)22.7, (C,H5)21 .9kcal/mol. Ona obtenulesvaleursdeAH,(RC(OH), +)  
a partir des echelles de basicite de la phase gazeuse combinees avec la nouvelle valeur pour 
AHf(tert-butyl+) de 163 kca1,mol (Beauchamp). Les valeurs sont les suivantes: (CH,) 71.3, 
(C,H,) 63.6 et (C6H5) 95.5 kcal,/mol. La combinaison de AH2 avec AH,(RC(OH),+) conduit 
aux valeurs suivantes de AH,(RCO+) (CH,) 153.7, (CZH5) 144, (C,H5) 174.6 kcallmol. Les 
resultats sont en accord avec des donnees choisies a partir des potentiels d'apparition. Les 
energies et les structures des substances participant a la reaction 2 sont calculees par MIND013 
et STO-3G. Les calculs faits par MIND013 donnent des resultats qui s'accordent bien avec les 
valeurs de AH,. La reaction [2] atteint l'equilibre lentement ce qui est inhabituel. Une etude 
des cinetiques revele que k,, est approximativement du troisieme ordre, qu'elle est anormale- 
ment faible et qu'elle est d6tee d'un coefficient de temperature anormalement grand. On a 
trouve de plus que la reaction [2] est catalysee par RCOOH. On donne une explication de ces 
observations en faisant l'hypothese que le diplacement du proton RCO(OH,)+ + RC(OH),+ 
a une barriere d energie d'activation dans la phase gazeuse. Cette barriere est supprimee par la 
formation d'un complexe d'hydrogene lie a RCOOH. 

[Traduit par le journal] 

Introduction 
Recent reports from this laboratory (1-5) de- 

scribed studies of gas phase equilibria [I] involving 
the reactions of carbo cations A' (C,H,+, C,H,+, 
t-C,H,') with the compounds B: 

where B = H, (I), CH, (I),  OH, (2), CO (3), ClR' 
(4). Process [ l ]  may be considered as a Lewis acid- 
base reaction between the Lewis acid A+  and the 

o(H,, CH,), K(CO), and n(OH,, ClR') donor bases 
B. 

The present work deals with equilibria [2] in 
which the Lewis acids are the acylium ions RCOt 
and the base is water. Earlier work (3) showed that 
the product of the addition of water to the acylium 
ions in the gas phase is the protonated acid 
RC(OH),+. 

f 
[2] RCOf + OH, RC(OH),+ 

r 

'Visiting professor 1977-1978 from Chemistry Department, Since RCOt can be produced by carbonylation of 
National University of Mexico, Mexico City, Mexico. R' by CO (3) these gas phase reactions are analogous 

'To whom all correspondence should be addressed. lo the Koch-Haaf (6) synthesis of acids in con- 

0008-4042/79/243205- 1 1$01 .OO/O 
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densed media. The gas phase reaction [2] is in prin- 
ciple similar to the Lewis acid-base additions [I]. 
However, to obtain the final product, the proton 
shift [3] is required. 

The structure on the left is the hydroxyl protonated 
acid, while that on the right is the more stable 
carbonyl protonated acid. The necessity for the 1,3 
proton shift [3] introduces some complications in the 
gas phase kinetics of the equilibria [2]. As will be seen 
these complications are of considerable interest. 

In the present work, measurements of the equi- 
libria with R = C,H, and C,H, could be made. 
van't Hoff plots of the equilibrium constants K, lead 
to AH,' and AS,'. The enthalpies of formation of 
RC(OH),+ can be obtained from the known proton 
affinities of the acids RCOOH. Therefore one can 
calculate AH,(RCO+) from AH, and AH,(RC- 
(OH),') since the enthalpies of formation of the 
neutrals involved in [2] are known. The present 
results combined with earlier data for R = CH, ( 5 )  
and R = H provide AH, values for HCOf,  
CH,COC, C,H,CO+, and C,H,CO+. 

It was considered of interest to compare the experi- 
mentally determined AH, with theoretically calcu- 
lated AE,. Accordingly the electronic energies of the 
reactants entering process [2] were calculated using 
MIND0/3 and STO-3G for R (H, CH,, C,H,, and 
C,H,). The theoretical results are also of interest 
because they provide information on the geometries 
of RCOC and RC(OH,),+. Information is also 
obtained on the energetics of the proton shift [3], i.e. 
the energy difference between the hydroxy and 
carbonyl protonated acids, and the activation energy 
barrier between these two structures. 

Experimental 
The kinetics and the equilibria of reaction [2] were studied 

with a pulsed electron beam high ion source pressure mass 
spectrometer of design similar to that commonly used in our 
laboratory (7).  However, in the present instrument the electron 
gun was mounted on the ion source as described earlier, see 
Fig. 1 (8). The reactant gas mixture at  a known pressure be- 
tween 1.5-4 Torr 1s passed in slow flow through the thermo- 
stated ion source. In the present work equilibria [2]  were 
measured with water vapor as the major gas. The water vapor 
carried small amounts (-0.1%) of the acid RCOOH. Some of 
the kinetic measurements were made with methane or iso- 
butane as major gas. The major gas carried small amounts 
(- 0.1%) of the acid RCOOH. The gas mixtures were prepared 
a t  1 atm total pressure in a 5 L storage bulb kept at  170°C. The 
flow through the ion source was obtained by bleeding the 
reaction mixture from the storage bulb into the flow system. 

FIG. 1. Plot of equilibrium constants K for reaction 
C2H5CO+ + OH2 + CZH5C(OH),+,  obtained at different 
temperatures (CC)  versus water pressure. 

Results and Discussion 
( a )  Kiizetics and Equilibria of RCO' + ON, =$ 

RC(OHJ, + 

Equilibrium [2] was measured in experiments 
where the major gas passed through the ion source 
was water (1.5-3 Torr). The water vapor contained 
some 0.1x RCOOH. The positive ions produced by 
electron impact and subsequent ion-molecule reac- 
tions in water vapor are (7) the protonated water 
clusters H+(H,O),. 

[4] Hf (H20) , ,  + RCOOH G RC(OH)2'(0H2)I ,  

In the present system, as expected, the initial ions 
observed where H'(H,O),, which disappeared with- 
in microseconds while ions of mass corresponding to 
RC(OH),+, were formed. The proton transfer [4] is 
exothermic (9) and fast. At lower temperatures the 
hydrated protonated acid resulting from [4] added 
more water molecules, thus rapidly reaching equili- 
brium. When the ion source temperature was raised, 
the equilibrium hydrates of the protonated acid con- 
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DAVIDSON ET AL. 3207 

tained less and less water molecules. Above a given 
temperature, the bare protonated acid formed by [4], 
with k = 0, could be observed to decompose via 
reaction [2r] 

[2rl RC(OH),+ + RCO+ + OH,  

In a given temperature interval the ions RCO' and 
RC(OH),+ were observed to reach stationary con- 
centrations after several hundreds of microseconds. 
The constant ion intensity ratio at  long reaction 
times was assumed to be the equilibrium concentra- 
tion ratio for reaction [2] and was used for the evalua- 
tion of the equilibrium constant K2. Plots of K, 
versus water pressure are shown in Figs. 1 and 2 for 
R = C2Hj and R = C,H,. These figures show the 
pressure range covered and the extent to which K2 
was invariant with water pressure. The equilibrium 
constants K, were also found to be independent of 
the concentration of the RCOOH. van't Hoff plots 
of the K, from Figs. 1 and 2 are shown in Fig. 3. 
This figure also includes the van't Hoff plot of reac- 
tion [2] with R = CH, obtained earlier in this 
laboratory (5). The AH2' and AS,' obtained from 

FIG. 2. Plot of equilibrium constants K for reaction 
C6H5CO- + OH2 + C6H5C(OH),+ obtained at  different 
temperatures (?C)  versus water pressure. 

FIG. 3. van't Hoff plot of equilibrium constants for reaction 
RCOt + OH2 G RC(OH),  for R = Me, Et, and Ph. 

the van't Hoff plots are given in Table 1. The thermo- 
chemical significance of the data obtained from the 
van't Hoff plots will be considered in the next 
section. The observation that equilibrium [2] re- 
quired several hundred microseconds to establish, 
even when pure water at  a few Torr pressure was 
used, is unusual. For example, the clustering equi- 
libria 

establish only after some 10 ps under the same tem- 
perature and pressure conditions (7) .  

Rate measurements were made with the hope that 
they might lead to an understanding as to why 
equilibrium [2] is so slow. All kinetic runs were 
done with benzoic acid, i.e. R = Ph. First the time 
dependence of PhC(QH),+ and PhGOf was 
examined with water as major gas at pressures 
between 1.5 to 3 Torr in the temperature range 194- 
260°C. Addition reactions like [2f] are generally 
third order, which means that the reverse reaction 
[2r] must be second order (7 ,  10, 11). The order of 
[2r] was examined and found consistent with second 
order dependence; however, the experimentally 
accessible pressure change, by a factor of 2, was not 
really sufficient to prove the order conclusively. As 
expected, the rate constants were found to be very 
small. Thus, k,, E 7.5 x cm6 molecules-2 s-' 
and k,, E 4.4 x cm3 molecule-' s-I  (205"C, 
benzoic acid, third body water vapor). The tempera- 
ture dependence of k2, and k,, was also examined. 
It was found that k,, had an extremely large negative 
temperature coefficient: k,, = cT-" where 12 > 13. 
The conditions for kinetic studies, with water as 
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TABLE 1 .  Thermochemical datao for: RCO+ + OH,  RC(OH),+ 

R AHZo(exp)" ASZ0 AGz0(525)' A H , ( i r n ~ ) ~  AH2(MINDO/3)' AE2(STO-3G)f 

H - - - (49.3p -46.0 - 

(44.0)' 
CH3 -24.6 -33.1(-33.1)  - 7 . 2  -24.6 -27.6 -64.5 
CzHs -23.7 -35.1(-33.1)  -5.3 -22.7 -22.0 -56.8 
CsHs -25.8 -42.9(-35.5) -3 .3  -21.9 - 19.1 -56.3 

R AHf(RCOOH)g PA(RCOOHjh AHf(RC(OH),+)'  AH, (RCO + ) AHf (RCO + )lit 

H -90.5 181.9 93.2 (200.3)" 195' 
CH3 -103.3 191.1 71.3  153.7' 152.3" 

154.7" 
153 .4P 

CzHs -108.3 193.8 63.6 144.1' N 144' 
CsH5 -70.1 200.0 95.5 174.6' - 173' 

QEnthalpy change (kcallmol) for reaction [2]: RCO- - OH2 + RC(OM)I* obtained from slopes of van't Hoff plots Fig. 3. 
bEntropr change in (calldeg) for reaction [2]. Values \rithout parentheses from van't Hoff plots Fig. 3, values In parentheses from estimates of the third 

law entropy changes (see text). 
<Free energy change (kcal/mol) for reaction [21 at 525 K from van't Hoff plot Fig. 3. 
dlmproved enthalpg changes for reaction [2] obtained from AG20(525) and evaluated AS,O, see section a. 
'Enthalpy changes for reactlon 121 (kcal/mol) predicted by Ml?rUOi3 calculated AHr of reactants. 
,Energy change for reaction [2] (kcal/mol) predicted by STO-3G calculated energies of the reactants. 
gFrom Cox and Pilcher (15). 
hAH for deprotonation reaction RC(OH)>- e R C 0 2 H  - H+ from proton affinity ladder by Yamdagni and Kebarle (16) and Lau and Kebarle (17). 

Based on PA(NH,) = 208 kcal/mol from neM AHI(!-C4H9+) == 163 kcal/mol, Houle and Beauchamp (18) and AHI(HL) = 365.7 kca1,mol (19, 20). 
'From PA(RCO0H) (see footnote h) and AH,(RCOOH) glven in first column, lower half of table. 
'From AHr(RC(OH)2+) (preceding coliimn), AH,(imp) and AHI(H20) : -57.8 kcal/mol. 
kFrom PA(HCOL) : 139 kcallmol (Bohme (21) and Kebarle (22)) and AH,(CO) = -26.4 kcal,mol (15). 
'From appearance potentials (19). 
"From appearance potential of CH-CO+ from CH,COCH, (23, 24). 
"From AH = 1 kcal,'mol for reactibn CH3CO+ - i-CaH, F? C H 2 C 0  - t-C4Hsi (based on basicity ladder (18) at 600K and AH,(!-C4Hgi) = 163 

kcal!mol (18)). 
OEstimated error in all enthalpies from ion equilibria I 2 kcal'mol. 
PValue quoted by Lias (20) based on basicity ladder at 300 K and AH,(t-C4H9+) - 163 kcalrmol (18). 
PCalculated from AHr(HCO-) = 200.3 kcal/mol (see footnote k )  and AHt(HC(OH)2+) = 93.2 kcallmol (see footnote I). 
'Calculated from AHr(HCO+) = 195 kcallmol (see footnote e)  and AHr(HC(OH)2') = 93.2 kcal,mol. 

third gas, were not very favorable since the proton 
transfer reaction [4] at lower temperatures led to 
hydrates of the protonated acid, which complicated 
the initial kinetic stage. Therefore an investigation 
was conducted using methane or isobutane as the 
major gas. The ions produced by electron impact and 
subsequent ion molecule reactions in methane are 
CHSf and C2H,+ while in isobutane the final ion is 
t-C,H,+ (12, 13). Whcn benzoic acid is present thesc 
ions engage in rapid proton transfer. For example 
t-C,H,+ leads to the fast reaction [5]. 

At suitably elevated temperatures one can observe 
that the protonated benzoic acid formed by [ 5 ] ,  sub- 
sequently decomposes by [2r]. The time dependence 
of the ions in such a run with CH, as major gas is 
shown in Fig. 4. The PhC(OH),+ is seen to decom- 
pose forming PhCO'. The side reaction [6] involving 
formation of the proton held dimer from the pro- 
tonated acid is also observed. 

[6] PhC(OH), + + PhCOOH g (PhCOOH),Hi 

The ion ratio [Af]/[Cf] ,  where A +  is PhC(OH),+ 
and C+ is (PhCOOEI),H+ is seen to become con- 
stant after about 150 ps. This must mean that the 
forward and reverse rates of [6] are relatively faster 

than [2r] such that A +  and C f  reach equilibrium in 
spite of the reactant drain caused by [2r]. It is easy to 
show that when A +  and Cf  are in equilibrium 
d[Af]/dT = -v2,[A+], where v2, is the reaction 
frequency, i.e., pseudo first order rate constant for 
reaction [2r]. 

Plots of log [Af ] versus t for t > 200 ps, where the 
proton transfer [ 5 ]  was complete, gave good straight 
lines whose slopes provided values for v,,. Experi- 
ments at different major gas pressures showed that 
v,, was pressure dependent. One such plot is given in 
Fig. 5A. It is seen that vZr is proportional to the 
pressure of the major gas M. This means: v,, z 
k,,[M], i.e., the rate constant k2, is second order and 
consequently k,, is third order. The pressure depen- 
dence of [2r] with methane as third gas was also 
examined. It was found that methane is three times 
less efficient as third body than isobutane. 

Interestingly k, ,  was found to be also approxi- 
mately proportional to the pressure of benzoic acid. 
For example, changing the benzoic acid from 1.2 to 
2.4 mTorr increased k,, from 1.2 x 10-l3 to 
2 x 10-13 cm3 molecule-I s-I (isobutane major gas, 
260°C). Considering the very low benzoic acid pres- 
sure, this is a very large effect. This must mean that 
benzoic acid does not act as a very efficient third body 
but as a homogeneous catalyst. This important point 
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DAVIDSON tT AL. 3209 

FIG. 4. Dissociation of protonated benzoic acid A = 
PhC(OH),+ to B = PhCO+, by reaction PhC(OH),+ G 
PhCO+ + OH,. Formation of proton held dimer C = 
(PhCOOH),H+ is also observed. After some 100 ys intensity 
ratio A/C is constant which means equilibrium A = C is rapid 
in comparison to decomposition of A to B.p(CH,j = 3.5 Torr, 
p(PhCO0Hj s 3 x Torr, T = 266'C. 

will be examined later (see section c) in connection 
with the activation barrier for the proton shift [3] .  

The temperature dependence of k,, was examined 
in several runs in which the pressure of the major gas 
and of the benzoic acid was kept constant. An 
Arrhenius plot of k,, is shown in Fig. 5B. The line ob- 
tained provides the equation k,, = A exp (- EA/RT) 
with A z 10-6.5 (cm3 molecule-I s-') and 
E, z 14.5 kcal/mol. Unfortunately the temperature 
range covered is rather short and the data points 
not quite sufficient. Therefore it is hard to estimate 
the error in the activation energy. Since catalysis 
by benzoic acid is also present, the value of the 
activation energy cannot be directly associated with 
the endothermicity of reaction [2r]. 

Combining the k,, obtained above with the equi- 
librium constants K,, for benzoic acid (see Fig. 3), 
one obtains k,,, from K = k,,/k,,. For example 
k,, = 7 x lo-', (cm3 molecule-I S- l )  (for T = 
486.5 K, major gas isobutane, see Fig. 5B) can be 
combined with K, = 0.2 (Torr-l) or = 1 x 10-l7 
(cm3 molecule-') (for T = 486.5 K, see Fig. 3) to 
obtain k,, = K,k,, = 7 x cm6 molecule-2 s-'. 
The third order rate constant k,, is indeed very small, 

FIG. 5. ( A )  Plot of the reaction frequency v,, (s-') versus 
pressure of the major gas, M = i-C,H,,,. Increase of v,, 
(pseudo first order rate constant) with isobutane pressure 
shows that decomposition: PhC(OH),+ PhCO+ + OH, is 
approximately second order, i.e. k,, z v,,[M]. All runs at 
260'C and P(PhCOOHj/P(i-C4H1 s 6 x lo-,. (B) Ar- 
rhenius plot of k,, (cm3 molecule-' s -  ' j, major gas i-butane 
containing 0.1% bennzic acid. Line obtained gives k,, = 
A exp (- E,/RT) with A z 10-6.5 cm3 molecule-' s-' and 
E, = 14.5 kcal/mol. 

when compared to the value for the forward cluster- 
ing reaction H,O+ + H 2 0  + CH, =+ H+(H,O), + 
CH, at the same temperature which is 5 x cm6 
molecule- ' s ', i.e. three orders of magnitude larger. 
From AN,' = -25.8 kcal/mol and the activation 
energy E,,, = 14.5 kcal/mol one obtains a negative 
"activation energy" of about 1 I kcal/n~ol for reac- 
tion [2f]. Converting this "negative activation energy" 
to the form k,, = CT-" one obtains the relationship 
k2, = (j 1014 T-10.4 cm6 molecule-2 s- ' (experi- 
mental temperature range 485-586 K, third body iso- 
butane). We notice that the negative temperature 
exponent rz is very large although not quite as large as 
the n for the same reaction but with water as third 
body, quoted above. While third body dependent 
reactions usually have negative temperature co- 
efficients, the value of n is usually (7, 10, 11) small, 
i.e., in the range 1 to 3. A discussion of the mechanism 
and the possible causes for the unusual behavior of 
reaction [2f] and [2r] will be given in section c. 
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jb) Thermochemical Inforr71ation from Equilibria [2]: 
RCO' + OH, =$ RC(OH), + and Theoretical 
Calculatior~s of Energies and Geometries of 
Cor~~pounds Entering Reaction [2] 

The AG,' values for reaction [2] in the experi- 
mentally accessible temperature range can be ob- 
tained from the van't Hoff plots in Fig. 3. From the 
position of the van't Hoff lines, at  a given constant 
temperature, the order for the -AG,' is CH,CO > 
C,H,CO > C 6 H 5 C 0 .  The - AG,' at 525 K are 
given as an example in Table 1. The above order 
shows that the stabilization of the acyl cation R C O f  
increases in the order R :  C H ,  < C2H5 < C,H,. 
This is the expected order on the basis of increasing 
polarizability in CH,, C,H,, and C6H,, and the 
stabilization by 7c donation in C,H,COe. Since the 
stabilization by R is an electronic effect, the order 
observed for the AG,' changes can be expected to 
hold also for the AH; changes, obtained from the 
slopes of the van't Hoff plots. Unfortunately, this is 
not the case, the -AH,' values change little and in an 
irregular manner (see Table 1). The regular change of 
the AG,' values is reflected not in the AH,' results but 
in the AS,' results, which are seen to increase regu- 
larly in the order: methyl, ethyl, phenyl: 33, 35, 43 
calldeg. There seems to be no meaningful physical 
reason for this large entropy increase. The entropy 
situation may be examined on the basis of reaction 
[71. 

From the above quoted AS,' values, one can evaluate 
AS,' = 43 - 33 = 10 cal/deg. The translational and 
rotational symmetry entropy changes are easily 
evaluated from the well known eq. [a]. 

AS,(rot. sym) = R In oAo,/ocoD 

The symmetry numbers o are based on the geonl- 
etries of the cations given in Fig. 6. The combined 
contribution of these entropy changes is 1.4 kcal/deg. 
The only other significant contribution to AS,' can 
come from a change of internal rotations. The acyl 
cations, being linear, are devoid of internal rotations. 
The protonated acids have three internal rotations, 
two around the C-OH bonds and one for the 
C-C(OH),+ bond. The C-OH rotations may be 
expected to be similar for the two protonated acids, 
however, the C-C(OH),+ rotation in benzoic acid 
may be more hindered than that in acetic acid since 

one expects some stabilization of the protonated 
benzoic acid by the resonance structure I and the 
corresponding ortho resonance structures. 

H 
I 

Assuming a barrier of 10 kcal/mol (14) for the C-C 
internal rotation in the protonated benzoic acid and 
no barrier for the protonated acetic acid, one can 
estimate (14) the entropy change for the internal 
rotations AS,(int. rot) RZ 1 cal/deg. The reduced 
moments of inertia required for the calculation (14) 
were obtained from the structures given in Fig. 6. 
Combining the above contributions to AS,' one 
obtains AS,' z 2.4 calldeg which is considerably 
smaller than the experimental result AS,' z 10 
calldeg. We believe that the error lies in the experi- 
mental entropies. A similar estimation of AS for 

H  H  
9 1 

H-C 
\ 

H / C - C = o  

H  
4 
a 

H  H  
\ 1 

H-C 
\ /O ~ 7 ~ - ~ \ ~ / ~  

m 

FIG. 6.  Structures from STO-3G calculations, bond dis- 
tances, and bond angles which were optimized in Table 2. 
Energies from STO-36 and MINDOi3 are also given in Table 
2. Numbers besides atoms shown above correspond to STO-3G 
net atomic charges from Mulliken population analysis given in 
thousands of an elementary positive charge. Structures 11, VII, 
X are the acids, which are uncharged. All other structures are 
singly charged positive ions. 
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reaction [7] but involving propionic rather than 
benzoic acid leads to a AS,' = 0 since in this case the 
properties of the reactants are even more similar. 

As discussed in the preceding section, equilibrium 
[2] is unusually slow. For example the time required 
to approach 90% of the equilibrium concentrations 
could be as lone as 1 ms. The slowness is deleterious - 
to the accuracy of the equilibrium measurements 
since other processes affecting the concentrations of 
the ions RCOt and RC(OH),+, like diffusion to the 
wall, and slow side reactions, can be neglected only 
when they are relatively slow compared to the 
equilibriu~n forward and reverse rates. This condition 
is not fully present in the above measurements. We 
believe that a set of improved AH, values can be 
obtained by using the calculated AS,' obtained 
above. In the earlier publication (5) dealing with 
equilibrium [2] for R = CH,, the van't Hoff derived 
AN, = -24.6 kcal/mol was found to be in good 
agreement with the AH2 value calculated from the 
thermodynamic cycle shown below. 

AH, = AHf(CH,COOH) - AHf(H20) 

Assuming that AH, = -24.6 kcal/mol is correct for 
R = CH, we calculate AH, for R = C,H, and 
C6H, by using the AG,' at  525 K (Fig. 3 and Table 1) 
which falls in the middle of the experimental range. 
Setting AS2'(C2H,) = AS,~(CFI,) and As,'(c,H,) 
= AS;(CH,) + 2.4 cal/deg in accordance with the 
evaluated AS,' one obtains from AH = AG + TAS 
the improved AH, values shown in Table 1 as 
AH,(imp). Related thermochemical literature data 
(15-24) are also given in Table 1. 

I t  is of some interest to compare the AH, values 
with results from theoretical calculations. For this 
purpose calculations were made with STO-36 and 
MIND0/3. The electronic energies of all compounds 
entering reaction [2] with R = H, CH,, C2H5, 
C,H, were calculated using the Gaussian 70 
(STO-3G) program (25). The structures obtained are 
shown in Fig. 6. The bonds and angles of the ions 
RC(OH),+ and RCO' that were optimized are 
shown in Table 2. The same type bonds and angles 
were optimized for the corresponding neutrals. The 
remaining geometry was taken from the standard 
geometries outlined by Pople and Gord011 (26). The 
electronic energies obtained are shown in Table 2. 
The MIND013 calculations used, for the neutral 
compounds, distances and angles fro111 Dewar's (27) 
work when those were available (HCOOH, CH,- 
COOH). For the other neutral compounds suitable 
distances and angles were selected from Dewar's 

compilation (27) and then some geometry optimiza- 
tion was performed (see Table 2). The geometries of 
the ions were based on the geometries of the corre- 
sponding neutrals plus the geometry optimizations 
given in Table 2. 

The most stable structures predicted by STO-3G 
and MIND0/3  were the same. Both STO-3G and 
MIND0/3  predicted for the acids and protonated 
acids the internally hydrogen bonded structures as 
being the most stable (see Fig. 6 structure 11 for 
acetic acid and structure I11 for protonated acetic 
acid). The hydrogen bonded cisoid structure I11 of 
CH,C(OH),+ was predicted by STO-36 and 
MIND0/3  to be more stable by -8 kcallmol than 
the transoid structure IV (see Fig. 6 and Table 2). 
This rotational barr~er occurring in all the protonated 
acids may be responsible for the somewhat larger 
AS, of - 33 cal/deg observed for reaction [2] in- 
volving the protonated acids as compared to other 
association reactions: Rt + B e  RB'. The carbonyl 
protonated acid CH,C(OH),+ was predicted by 
STO-3G to be more stable than the hydroxp pro- 
tonated isomer CH,COOH,- (see structures I11 and 
V Flg. 6 and Table 2) by 20.6 kcal/mol, MIND013 
gave a very similar result: 18.8 kcal/mol (see fully 
optimized structures in Table 2). It is interesting to 
note that Benoit and Harrison (28), on the basis of a 
correlation of proton affinities with oxygen 1s 
ionizatio~l energies, have estimated a difference of 
about 24 kcal/mol for the proton affinities for car- 
bony1 and hydroxyl protonation of acetic acid. Since 
the theoretical calculations are of limited accuracy 
and the correlation of the oxygen 1s ionization 
energies with the proton affinities is also only approxi- 
mate, the agreement between the two results must be 
considered quite good. 

The energy changes for reaction [2] can be calcu- 
lated from the energies of the reactants E(ST0-36)  
or the AHf(MIND0/3) of the reactants are given in 
Table 1. The results from MINDO/3 are seen to be 
very close to the AH,(imp) also given in Table 1. 
On the other hand, AE2(STO-36) are found to be 
roughly two times larger than the AH2(imp). 
Process [2] is a reaction in which an electron pair 
bond is formed. §TO-3G does not give good results 
for the energy change in such situations, because of 
the very limited basis set used (29). Also included in 
Table I is an experimental value for AH, with 
R = H, i.e., the formation of protonated formic acid 
from the formyl cation and water. This result is not 
based on equilibrium measurements of reaction [2] 
but was calculated from the proton affinity of CO 
(21, 22) which leads to AHf(HCO+) = 200.3 
kcal/mol (see Table 1). The proton affinity of 
HCOOH (16, 17) leads to AH,(HC(OH),+) and a 
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TABLE 2. Results from STO-3G and MIND0,'3 calculations for reactants In reaction: RCO+ + OH, S RC(OH)z+, fol R = H, 
CH3, C2H5, CsHs 

Parameters optimizedh 
- Energy (au) AH,(kcallmol) 

Comuound" Bond distances Bond angles STO-3G MINDO, 3C 

H2O 

HCO- 

HCOOH 

HC(0H)z + 

All All 

HCO (122) 
HCO (111) 

CH3CO+ (I) 

CH3COOH (11) 

CH,C(OH), + (111) CCO 121.9 (125) 
COH 110.9 (122) 

CH3C(OH)2+ (IV) 

CH3CO(OH,)+ (V) 
c,c,o, 112.7 
COH 115.1 

C2H5CO+ (VI) 

CzH5COOH (VII) 

C2H5C(OH)z+ (VIII) 

C6H5COf (IX) 

CsH5COOH (X) 

C ~ H ~ C ( O H ) Z -  (XI) COH 108.8(124) 

=Roman numeral beside structure refers t o  structure shown in Fig. 6.  
bRond angles in degrees, hond distances in A given only for ionic species. Results f rom STO-1G without parentheses, from MIND013 with parentheses 
'Numbers in parentheses are the accurately known experimental enthalpies o f  formation o f  the neutral molecules (15). 
dEnergies given correspond to hilly geometry optimized structures. 

combination of the values provides AH, = -49.3 
kcal/mol. An older value AH,(HCO') = 195 
kcal/mol (19) based on appearance potentials when 
combined with AH,(HC(OH),)+ leads to AH, = 
-44.0 kcal/mol. The MIND013 calculation gives 
AH, = -46 kcal/mol which is in between the two 
experimental values and thus is a good theoretical 
prediction. 

A comparison of the enthalpies of formation of 
RCOt obtained from the present AH,(imp) with 
AH,(RCO') from appearance potentials is shown in 
the lower half of Table 1. The evaluation of 
Afi(RC0') from AH, also requires AH,(RC(OH), ") 

which was obtained from gas phase basicity ladders 
(16, 17). The gas phase basicity ladder was put on an 
absolute basis by using the new value of AH,(t- 
butyl') = 163 kcal/mol, due to a redetermination of 
the ionization potential of the t-butyl radical by 
Houle and Beauchamp (18). This change brings 
AH,(RCO') obtained from AH, and AH,(RC- 
(OH),') in better agreement with results for 
AH,(RCOi) from appearance potentials. For ex- 
ample: AHf(CH3COf) = 153.7 kcal/mol (from AH, 
and AH,(CH,C(OH),+) while AHf(CH3CO') = 
152.3 kcal/mol from the appearance potential of 
CH,CO+ from CH3COCH, (23, 24). In our earlier 
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publication (5) dealing with the same AH, (R = 

CH,) agreement with the above appearance poten- 
tial dHf(CH3CO') was not obtained. The gas phase 
basicity of ketene recalculated to the new heat of 
formation of t-C,H,+ leads to a AH,(CH,COf) = 
154.7 kcal/mol (5, 17) or 153.4 kcal/mol (20), both 
values being in agreement with the appearance 
potential result. 

The relatively good agreement of the AH,(C,H,- 
CO') and AHf(C,H,CO+) results based on AH, and 
AH,(RC(OH),+) with the appearance potential 
results (see Table 1) is encouraging although the 
appearance potential data (19) come, in this case, 
from the more questionable determinations. On the 
whole, one can conclude that the present results lend 
support to the new AH,(t-C,H,+) = 163 kcal/mol 
and the corresponding new PA(NH,) = 208 kcall 
mo1 (18). 

(c)  Homogeneous Gas Phase Catalysis of the 1,3 
Proton Shift RCO(OH,) + -+ RC(OH) ,+ 

The kinetics of reaction [2] were described in 
section (a), where the following salient features 
emerged. The third body dependent rate constant in 
the forward direction was unusually small. The 
negative temperature coefficient of the same reaction 
was extremely large, the reaction was catalyzed by 
the presence of acid RCOOH. These unusual features 
can be explained if one assumes that the I ,3 proton 
shift from the hydroxy protonated acid RCO(OH,)+ 
to the carbonyl protonated and RC(OH,),+, i.e. 
reaction [3], has an appreciable potential energy 
barrier. This situation is represented in Fig. 7. In the 
preceding section results of STO-3G and MIND013 
calculations showed that CH,CO(OH,)+ (structure 
V, Fig. 6) had an energy of - 20 kcal1mol higher than 
that of CH,C(OH),' (structure 111, Fig. 6), a 
similar result had been predicted by Benoit and 
Harrison (28) on the basis of a correlation Is oxygen 
core electron energies with proton affinities. These 
data, together with the total endothermicity of 
the dissociation: CH,C(OH,)' -+ CH,CO+ + OH, 
(-AH, = 24.5 kcal/mol, Table I), were used in the 
approximate potential energy diagram shown in 
Fig. 7. In order to explore the approximate size of the 
barrier for the 1,3 proton shift leading from 
CH,CO(OH,)+ (111) to CH,C(OH),+ (V), we 
performed STO-36 calculations of some 20 struc- 
tures with geometries intermediate between 111 and V. 
Unfortunately these were not sufficient to provide the 
path requiring the minimum energy, i.e., the reaction 
coordinate. They did, however, indicate that the 
barrier is substantial. This result is in agreement with 
recent work by Middlemiss and Harrison (30). 
These authors, by measuring the kinetic energy of 

FIG.  7. Schematic potential energy diagram o f  reaction 
coordinate o f  reaction: RCO' + OH, + RC(OH),+. 
RC(OH),  + corresponds to carbonyl protonated acid, while 
RCO(OH,)+ to hydroxy protonated acid. Energy values are 
given in diagram from experiment and calculation (see text). 
Dashed line gives potential energy for catalyzed proton shift: 
RCO(OH2)+ + RC(OH)2+ by formation o f  an intermediate 
complex with the acid RCOOH. 

RCO+ produced by dissociation of internally 
excited protonated acids, deduced that there are two 
different protonated acid species which they assumed 
to be RC(OH),' and RCO(OH,)'. The structure of 
lower energy, presumably RC(OH),', dissociated to 
RCO' + OH, with kinetic energy release. As 
pointed out by Middlemiss and Harrison, this kinetic 
energy probably originates from the presence of an 
energy barrier of the type illustrated in Fig. 7. From 
the amount of kinetic energy present in RCO', the 
authors estimated that the barrier indicated by E,,, 
in Fig. 7 is approximately 20 kcal/mol. The barrier 
E,,, in Fig. 7 was drawn to scale, assuming this 
value to be correct. 

Assuming that Fig. 7 represents at least approxi- 
mately the true situation, it becomes clear that the 
equilibrium [7] could not have been measured at the 
conditions of our experiments in the absence of 
catalysis. For example, the activation energy barrier 
E,,, z 40 kcal/mol for the dissociation of RC(OH),+ 
to RCO' + OH, could not have been overcome at  
the low temperatures employed. Also in the absence 
of catalysis k,,  would have had a positive tempera- 
ture coefficient due to the presence of E,,,. The 
catalytic effect of the acid RCOOH observed in 
section a can be explained by reaction [9]. 
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do 
[9] RCOf + OH2 + RCOOH + RC, _ + RCOOH * 

0.. .H.. .Q+ 

RC 
/ /O-" + RCOOH 
'O...H...Q 

I 
'0 

I 

Here the proton is iiot "transferred" by a 1,3 shift 
but the catalyst supplies one proton to position 3 
and takes one away from position 1. The likely 
potential energy diagram for this process is indicated 
in Fig. 7. The observed very large negative tem- 
perature coefficient for k,, can be explained on the 
basis of the mechanism given in [9]. V is much inore 
weakly bonded than 111. The temperatures used are 
high enough to cause dissociation of 111. For these 
conditions V will be nearly completely dissociated to 
RCO+ + OH,. One expects a rapid equilibrium 
RCO+ + OH, = V, shifted very much to the left 
side. The concentration of V should then be given by 
eq. [lo] where AH(V) and AS(V) represent the 
enthalpy and entropy changes for: V + RCOf + 
OH,. The MIND013 result indicates AH(V) w 7 
kcal/mol (see Table 2). Therefore one may expect the 
concentration of V to decrease with temperature with 
the exponential factor exp (7 (kcal/mol)/RT). 

exp [ -  AS(V)/R] exp [AH(V)/RT] 
1101 P I =  [RCQ+l [H,OI 

The conversion of V to 111, which occurs via XII, 
will also have a negative temperature coefficient. The 
very special geometry of XI1 means that XI1 is a 
low entropy species, i.e. a tight complex. Therefore 
species V, when colliding with the catalyst RCOOH, 
will form XI1 more frequently at low temperatures, 
while at high temperatures back dissociation to V 
and RCOOH will be favored. The addition of 
this negative temperature coefficient to the term 
exp (AH(V)/RT) predicts for k,, a negative tempera- 
ture coefficient, which when expressed as negative 
.'activation energy" will have a value larger than 
-7 kcal/mol. It will be recalled that the negative 
"activation energy" measured in section a (for 
R = C,H,) was approximately 11 kcal/mol. Thus 
mechanism [9] and Fig. 7 do provide a semiquantita- 
tive prediction of very large negative temperature 
coefficient for the rate constant k,, as observed. 

& 1 

It is interesting to note that in protic solvents the 
1,3 proton shift required for reaction [2] will be 
easily catalyzed by the solvent molecules in a manner 
similar to that indicated by eq. [9], i.e., one given 
solvent molecule removes the proton from V while a 
second solvent molecule provides a new proton to the 
carbonyl oxygen of V 
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(30). The STO-3G calculations for the intermediates 
between CH,CO(OH,)+ and CH,C(OH),+ were 
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Synthese et amination reductrice de phosphonopyruvates : preparation d9acides amino-2 
carboxy-2 alkylphosphoniques (P-phosphonoalanine) 

JEAX-MARIE VARL.ET ET NOEL COLLIGNON 
Laboratoire de chi~nie organique, I~zstitlrt National Slrperieur de Chirnie I~zdustrielle de Rouerl, 
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R e ~ u  le 7 juin 1979 

JEAN-MARIE VARLET, NOEL COLLIG~ON et PHILIPPE SAVIGNAC. Can. J. Chem. 57. 3216 (1979). 
La reaction des a-cupro(I)alkanephosphonates avec les chlorures de mtthoxalyle et d'ktho- 

xalyle conduit aux phosphonopyruvates de dialkyle qui soumis a l'amination reductrice dans 
l'ethanol a pH 6-7 en presence de NaBH,CN, d'acttate d'ammonium ou d'amines primaires 
fournissent les aminoesters phosphoniques; leur hydrolyse par l'acide chlorhydrique dilue 
conduit aux aminoacides phosphoniques (phosphonoalanine). L'ensemble de ces trois reactions 
constitue une mtthode gtnerale d'accks a la phosphonoalanine et aux structures apparenttes. 

JEAX-MARIE VARLET, NOEL COLLIGUON, and PHILIPPE SAVIGNAC. Can. J. Chem. 57. 3216 
(1979). 

The reaction of a-copper(1)alkanephosphonates with methyl and ethyl oxalyl chlorides 
gives methyl or ethyl dialkylphosphonopyruvates which, submitted to reductive amination in 
ethanol at  pH 6-7 with sodium cyanohydridoborate (NaBH3CN) and ammonia, or primary 
amines, lead to phosphonic amino esters; hydrolysis with diluted HC1 gives phosphonic 
amino acids. These three reactions constitute a general way to a-phosphonoalanine and a- 
alkyl p-phosphonoalanine. 

Introduction 
Bien qu'il soit l'acide phosphonique le plus 

rtpandu, l'acide amino-2 tthylphosphonique (AEPA 
ou ciliatine) n'est cependant pas le seul phosphonate 
naturel; d'autres phosphonates de structure ap- 
~ a r e n t t e  ont CtC identifits tel l'acide amino-2 
carboxy-2 Cthylphosphonique ou phosphonoalanine 
qui fut isole par Kittredge et coll. (1) en 1964 et 
synthttist par Chambers et Isbeil la meme annCe (2). 

L'intervention de la phosphonoalanine au cours de 
la biosynthkse de 17AEPA postulee par Kittredge et 
coll. (1) a ttC dtmontrte par Horiguchi et Rosenberg 
(3) qui distingue deux voies mCtaboliques A partir de 
l'acide phosphonopyruvique provenant du rkarrange- 
ment intramoltculaire du phosphotnol pyruvate (4). 
Dans la premikre (a) I'acide phosphonopyruvique 
aprks decarboxylation conduit au phosphonoacttal- 
dthyde converti par transamination en AEPA; dans 
la seconde (b) la transamination de l'acide phos- 
phonopyruvique donne la phosphonoalanine dont la 
dCcarboxylation conduit a 17AEPA. 

Nous avons montrt dans une prtctdente ttude (5) 
qu'il ttait possible synthttiquement de rtaliser 
l'amination rCductrice du phosphonoacttaldthyde et 
des 0x0-2 alkanephosphonates en gintral dans de 
bonnes conditions (milieu protique, pH 6-7) avec 
des rendements ilevCs. 

HO, //oNH2 HO\ 40 0 

HO/PJ_co2H HO /p4H 

La rialisation l'tchelle prtparative de la seconde 
voie Ctait plus dtlicate; elle nicessitait I'obtention de 
dialkylphosphonopyruvates, composts non connus, 
dont l'amination rtductrice constituait un cas in- 
ttressant puisque les produits de rtaction sont des 
aminoesters phosphoniques prkcurseurs d'amino- 
acides phosphoniques naturels. La skquence rtaction- 
nelle suivie ainsi que l'ensemble des structures prC- 
partes sont dtcrites dans la fig. 1. 

Preparation des Bialkyllphosphonopymvates f 
Les procidts classiques de phosphonylation ne 
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FIG. 1. SCquence rtaction~lelle suivie. 

sont pas applicables aux phosphonopyruvates. 
L'isomCrisation de Michaelis-Arbuzov entre un 
trialkylphosphite et l'ar-bromopyruvate conduit ex- 
clusivement au phosphoCno1 pyruvate (rCaction de 
Perkow), dont le riarrangement intramoltculaire en 
phosphonopyruvate a CtC postult mais non dt- 
montrC. 

La mobiiitt des hydrogenes de l'u-bromopyruvate 
ne permet pas davantage d'envisager sa rCaction 
avec un phosphite sod6 (rCaction de Michaelis- 
Becker), la rCaction d'un ar-lithioalkanephosphonate 
(6) sur l'oxalate d'Cthyle est Cgalement 2 Ccarter 
pour des raisons analogues. 

Devant 1'Cchec de ces proctdts, nous avons 
dCveloppC une rCaction originale qui est la phos- 
phonoalkylation des chlorures de mkthoxalyle et 
d'Cthoxalyle. Cette rCaction qui utilise le couplage 
d'un ar-cuproalkanephosphonate et d'un chlorure 
d'acide (7) est tr&s souple et permet d'acdder a une 

grande varittt de structures ainsi qu'en tkmoigne le 
Tableau 1. 

Les phosphonopyruvates sont sensibles a la 
basicitt du milieu; il est indispensable d'employer la 
quantitC stoechiomttrique de butyllithium prCalable- 
ment dosC et exempt de lithine; le temps de rCaction 
est limit6 B cinq heures a -30°C. Les substituants 
lits au phosphore ni le remplacement de l'oxygtine 
par le soufre n'ont d'effets importants. L'introduc- 
tion sur le carbone en position cl de substituants 
(Me, Et) perturbe la formation du carbanion phos- 
phonate ar-lithiC dont 1'Cchange et la condensation 
sont incomplets; dans ces essais les rendements 
n'exckdent pas 55%. I1 est a remarquer Cgalement 
que le chlorure de mCthoxalyle, Ctant donnC sa fragi- 
lite, donne toujours des rCsultats infkrieurs. 

Les phosphonopyruvates sont des composes 
fragiles qui se dCgradent partiellement la distillation 
et lentement B tempirature ambiante. Les dCrivCs 
soufrCs sont plus stables que les dCrivCs oxygtnes. 

Les dCrivts oxygents non substituCs sur la position 
a prtsentent un pourcentage (200;) de forme Cnolique 
dCcelable en rmn du 'H et du 13C (voir partie 
expirimentale). 

Amination rkductrice des phosphonopyruvates 1 + 2 

L'agent aminant est l 'adtate d'ammonium ou 
une amine primaire, l'agent rCducteur est le cyano- 
borohydrure de sodium commercial dans 1'Cthanol 
(pH 6-7) a 25°C (8, 9). L'ensemble des rtsultats est 
rtuni dans le Tableau 2. La rCduction a d'abord CtC 
CtudiCe sur les phosphonopyruvates oxygCnCs ou 
soufrCs non substituCs sur la position a (essais 
2c-I). La fonction carbonyle dans ces structures 
prCsente une rtactivitC infirieure a celle des P- 
~Ctophosphonates. Dans des conditions experi- 
mentales Cquivalentes, le pourcentage d'aminoester 
pur, contra16 par rmn et ir n'exdde jamais 55%. 
Une telle dksactivation dc la moltcule attribuable 
a la prtsence du groupe ester a CtC constatCe par 

TABLEAU 1. Phosphonopyruvates B 

pCiTorr 
Essais ("7 Rdt (%I 
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( i )  n B u L i  \ 
R2 
! (ii) CuI 

( R ,  O),PCHLi -------+ 

I1 

(i)  rlBuLi 
(ii) CuI 

CICCOOR, 
I! R2 

bR,0)2i;~1 t (R,0)2PC 11 I 1 CCOOR, 1 1  

X R3 X R 3 0  

Borch et al. qui n'obtiennent que 21z d'amination 
reductrice avec Ia cyclohexanone substitute en 2 par 
le carboxylate d'tthyle, 50% avec l'acide pyruvique 
et 47% avec l'acide phtnylpyruvique (8). L'emploi 
de bromure d'ammonium, au lieu d'acetate (essai 2d') 
n'apporte pas d'amkiioration; dans cet essai, on isole 
parallilement I'aminoester (v: 1735 (CO) cm-') et 
l'aminoamide (v: 1675 (CO) cm- '). 

Les substituants R, lies au phosphore n'ont pas 
d'influence, par contre, le remplacement de l'oxyghe 
par le soufre provoque une chute nette du rendement 
attribuable t&s certainement B une gene sttrique, 
l'aminortduction des cttones dtcroissant rkguliere- 
ment avec leur encombrement (5, 8). 

L'importance du facteur sttrique est confirm6 par 
les essais rtalists avec des phosphonopyruvates sub- 
stituts sur la position a .  Le rendement de l'amination 
dtcroPt rkguli6rement B mesure que croit le degrt de 
substitution ou que grossit 1e substituant (essais 
2L zag, Zh). 

L'extension de la reaction aux amines primaires 
(mtthylamine, Cthylamine) fait i'objet des essais 2i  
et 2j. Les risultats sont tout a fait comparables aux 
precedents. Cependant dans ces deux cas on isole 
toujours un mtlange d'aminoester phosphonique et 
d'aminoamide dkcele en ir et confirmi par rmn 'H. 

L'emploi de la dimtthylamine a t t t  un tchec; il 
confirme une observation prtckdemment signalte 
lors de l'amination reductrice de 1'0x0-2 propylphos- 
phonate de dikthyle (5) pour lequel nous avions con- 
stat6 la sequence rtactionnelle suivante NH, > 
RlNH2 > RlR2NH. 

Pour tous les exemples du Tableau 2, les aminoes- 
ters phosphoniques sont isolts en milieu acide 
apris double extraction; la fraction recueillie dans 
la phase tthCrCe est constituke par l'a-hydroxytther 
phosphonique provenant de la reduction des phos- 
phonopyruvates. Cette rtaction est confirmke par la 
rtduction directe du phosphonopyruvate Id par 
le cyanoborohydrure seul dans l'ethanol en prtsence 
d'agent protonant. L'u-hydroxyester phosphonique 
est obtenu avec un rendement de 5 9 z ;  sa structure 
est vtrifite par rmn de 'H et spectrometrie de masse. 

Hydrolyse des aminoesters phosphoniques 2 + 3 

La liberation des fonctions acides carboxyliques et 
phosphoniques est rialiste par l'acide chlorhydrique 
6 N port6 au reflux pendant une nuit. Les rtsultats 
sont rassembl6s dans le Tableau 3. Tous les com- 
poses sont hydrolysis sans signe apparent de dC- 
gradation. Les rendements maximum sont atteints 

TABLEAU 2. Aminoesters phosphoniques 
2 

Temps de 
reaction 

Essais (h) Rdt (%I" 

aRendement en produit brut contrBle par 'H 
rmn et Ir. 

*I1 s'aglt dans ce cas d'un melange d'amino- 
ester phosphonique et d'am~noarnide. 

CLa reaction a ete faite dans le methanol. 
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TABLEAU 3. Aminoacides 
phosphoniques 3 

Essais Rdt (2)" 

ORendement en produit p u r  
cristallis6. 

bProduit hygroscopique. 

pour les composCs non substituis en cc porteurs d'une 
fonction amine primaire ou secondaire; les rende- 
nlents minimum sont obtenus pour les composCs 
substituCs en r. Nous avons d6ja constatt dans une 
prtctdente Ctude l'effet protecteur des substituants 
en cx du phosphore qui contrarient l'attaque nucl6o- 
phile du phosphoryle (10). 

Le brut d'hydrolyse apr6s concentration est pass6 
sur rtsine Dowex 50WX8 (50-100 mesh) prtalable- 
ment mise sous forme H t  ; on Clue a l'eau et re- 
cueille la fraction comprise entre pH 2 et pH 7. 
Cette fraction fournit les aminoacides phosphoni- 
ques cristallisCs purs par analyse ClCmentaire et dont 
la structure est confirmCe par rmn 'H. Les composCs 
isolCs fondent avec dtcomposition aux environs de 
230-260°C B l'exception de 3j pour lequel le point de 
dCcomposition se situe vers 134°C. 

Conclusion 

L'ensemble de nos rCsultats montre que les 
phosphonopyruvates sont des rtactifs proketteurs 
qui reprisentent une source potentielle originale 
d'aminoacides phosphoniques malgr6 I'importance 
des effets sttriques qui reprksentent les facteurs 
limitatifs les plus influents. 

Les spectres rmn ' H  sont enregistrks a 60 MHz sur Perkin- 
Elmer R 24 A ou Varian T 60; les solvants sont CDCI,, 
CC1, ou D 2 0 ;  le Me,Si sert de rCfCrence interne; les abrevia- 
tions suivantes sont utllisCes: s = singulet, d = doublet, 
t = triplet, m = multiplet, bl = bande large. Les spectres 
rmn 13C sont enregistres a 20 MHz sur Varian CFT 20 
(CDCl,, Me,Si interne). Les spectres ir sont traces sur Beck- 
man Acculab TM 2 (liquide pur ou pastilles de KBr). Les 
spectres de masse sont enregistres a 75 eV (300 PA) sur JEOL 
JMS D 100 (couplage CPG). Les points de fusion sont de- 
termints sur banc Kofler et ne sont pas corriges. La purifica- 
tion des acides aminophosphonocarboxyliques est realisie 
sur resine Dowex 50 WX 8 (50-100 mesh). Les analyses 
elkmentaires (C, H, N Technicon) sont en accord avec les 
formules brutes a +0.3% pres. 

Pvepavation des phosphonopj~r~icates l Tableau 1) 
Exemple-type: essai I c  
Dans un ballon a quatre tubulures Cquipe d'un agitateur 

mkcanique, d'un thermometre plongeant, d'une ampoule iso- 
bare et d'un refrigerant, on place sous argon 5 x lo-' mol de 
n-butyllithiuni dans l'hexane, prealablement dose (- 1.45 M); 
on refroidit a -20'C et introduit un volume egal de tetra- 
hydrofuranne (= 35 cm3). Le methanephosphonate de 
ditthyle (7.6 g, 5 x lo- '  mol) dans 20cm3 de T H F  est 
introduit goutte a goutte a -65'C. La solution devient rapide- 
ment trouble; apres 10 min a -65-C, on ajoute I'iodure de 
cuivre (1) (5 x lo-' mol + 10%) et eleve graduellement la 
temperature jusqu'a - 30'C. Apres 60 min a - 3OCC, le 
chlorure de methoxalyle (6.7 g, 5.5 x lo-' mol) dans 35 cm3 
d'ither est ajoute goutte a goutte; la solution se decolore lente- 
ment. Apres addition, on maintient la temperature 5 h a  - 30'C 
puis revient lentement a 20-C. On hydrolyse par 40 cm3 d'eau, 
favorise la precipitation des sels, puis filtre sur frittt garni de 
Celite, lave le fritte 3 fois par 60 cm3 de CH,C12, puis repasse 
la totalit6 du filtrat sur le mime fritte. La solution limpide est 
dicantee et la phase aqueuse extraite une fois a CH2CI2. La 
phase organique stchie est evaporee et le residu distille, pe 
115-120-Cll Torr (rdt = 33x) ;  rmn 'H (CCI,) 6(ppm): 
1.28 (t, 6H), 3.36 (d, 2H, ' J H - p  = 22 HZ), 3.8 (s, 3H), 4.0 
(m, 6H), 5.23 (d, ZJH-p = 11 HZ); rrnn I3C (CDCI3) 6 (ppm): 
16.30 (d, CHj-CHZ-0, 3Jp-c = 5.8 HZ), 38.25 (d, CHI-P, 
'Jp-c = 127.9 HZ), 53.25 (s, CH3-0), 62.82 (d, CH3- 
CHZ-0, 'Jp-c = 5.5 HZ), 89.41 (d, P-CH=C, 'Jp-C = 
179 HZ), 159.6 (d, C=O, 'JP-, = 49.8 HZ). 

Essai I g  
Dans 1e mime appareillage que precedemment, on place 

5 x lo- '  mol de n-butyllithiurn (- 1.45 M dans l'hexane), re- 
froidit a -20'C et ajoute un volume equivalent de THF. Le 
methanephosphonate de diethyle (7.6 g, 5 x mol) dans 
20 cm3 de T H F  est introduit a - 65'C; la solution se trouble. 
Apres 10 min a -65^C, on ajoute I'iodure d'ethyle (7.95 g, 
5.1 x lo-' mol) lentenient et laisse la temperature remonter 
peu a peu a 20'C. Apres 10 mi11 a 202C, on refroidit a nou\eau 
a -55'C et ajoute 5 x 1 0 - 2 n ~ o l  de n-butyllithium. Le 
melange est agite 30 lnin a -55'C. Apres addition de CuI a 
- 55'C, la suite des operations est identique a l'exeniple pre- 
cedent; on distille 7.8 g (rdt = 5697,) de phosphonopyruvate, 
pe 113-117'C/0.3 Torr; rmn 'H (CCI,) 6 (ppm): 0.93 (t, 3H), 
1.33 (m, 9H), 1.86 (m, 2H), 4.13 (ni, 7H). 

Essai I h  
MCme appareillage que preckdemrnent et m&mes quantitts 

de tz-butyllithium et de THF.  L'ethanephosphonate de diethyle 
(8.3 g, 5 x lo- '  mol) est nietalle a -55'C pendant 30 min. 
L'iodure de mithyle (7.24 g, 5.1 x lo- '  mol) est ajouti a 
-70'C, puis la temperature ramenee lentement a 20-C. 
Apres 10 niin a 20'C, on refroidit a nouveau a -50'C et 
ajoute 5 x lo- '  mol de n-butyllithium. Apres 90min a 
-5OCC, l'iodure de cuivre (I) est introduit et les operations 
poursuivies comme precidemment ; pe 11 5-1 19'C10.4 Torr 
(rdt = 52%); rmn 'H  (CCI,) 6 (ppm): 1.33 (ni, 9H), 1.43 
(d, 6H, 3Jll-p = 16 HZ), 4.13 (m, 6H). 

Air~hation rtductrice des phosplrorzopyrucates (Tableau 2) 
En prtserzce d'acttate d'ai?~ri~oniliirl. E.uemple-type: essai 2d 
Un melange de O,O-ditthylphosphono-3 pyruvate d'ethyle 

(1 g, 3.79 x mol), d'acetate d'ammonium sec (3.1 g, 
3.97 x lo- '  mol), de cyanoborohydl.ure de sodium (0.175 g, 
2.78 x mol) et de tamis moleculaire 4 A (-. 0.5 g) dans 
25 cnPdd 'e thanol  absolu est agite magnetiquement 48 h a 
25-C dans un flacon hermitiquement clos. Apres filtration du 
tamis, le melange reaetionnel est acidifie a pH 2 par HCl 
concentre. L'ethanol est evapore et le residu dilue par 20 cm3 
d'eau. La phase aqueuse est lavee a I'Cther (3 x 25 cm", 
alcalinisee a pH 9 par KOH en pastilles, saturee avec NaCl 
et extraite a CH2C1, (4 x 25 cm3). L'extrait sechC et evapore 
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donne 0.54 g (54%) d'une huile identifiee a l'amino-2 0,O- 
ditthylphosphono-3 propionate d'ethyle; ir (liq. pur) v: 
3370 et 3290 (NH,), 1735 (CO), 1240 et 1025 (0-P(0)) 
cm-'; rmn 'H (CDCI,) 6 (ppm): 1.3 (2t, 9H), 2.4 (s, 2H), 
2.9(m,2H), 3.3 a4.6(m,7H).  

En prdserzce de brotnure d'ammonium: essai 2d' 
Une solution equimolaire de NH,Br et de NH, est pre- 

parCe comme suit. Dans 50 cm3 d'tthanol absolu, on dissout 
2.5 x rnol de Na, puis ajoute 5 x rnol de NH,Br 
sec; NaBr precipite. Au melange obtenu, on ajoute le 0 ,O-  
diethylphosphono-3 pyruvate d'ethyle (1.26 g, 5 x mol) 
et le tamis moleculaire 4 8, ( z  0.5 g). Apres traitement ana- 
logue au precedent, on recueille 0.69 g (55% brut) d'un mClange 
d'amino-2 0,O-diethylphosphono-3 propionate d'ethyle (en 
particulier ir v: 1735 (CO) cm- I )  et de 0,O-diethylphosphono- 
3 propionamide (en particulier ir v: 1675 (CO) cm- ' et 
rmn 'H 6:  7.4 (bl, C(0)-NH,) ppm). 

En prtsence d'une atnine primaire. Exemple-type: essai 
2j (R, = CH3) 

Un melange de 0,O-diethylphosphono-3 pyruvate d'ethyle 
(0.99 g, 3.93 x rnol), de mCthylamine (2.2 g de la 
solution a 33% dans I'ethanol, 2.36 x mol), de Na- 
BH3CN (0.175 g, 2.78 x mol) et de tamis moleculaire 
4 8, ( z  0.5 g), dans 12 cm3 d'ethanol absolu est ajuste a pH 7 
par addition d'acide acetique, puis agite pendant 72 h a 
25°C dans un flacon fermi. Le melange, trait6 comnle prC- 
cedemment donne 0.67 g (64% brut) d'un melange de N- 
methylamino-2 0,O-diethylphosphono-3 propionate d'ethyle 
majoritaire (en particulier ir v :  1730 (CO) cm-' et rmn 'H 6: 
2.4 (s, CH3-N) ppm et de 0,O-diethylphosphono-3 N- 
methylpropionamide (en particulier ir v :  1670 (CO) cm-I). 

Rtduction du phosphonopyrucate I d  
Un melange de 0,O-diethylphosphono-3 pyruvate d'ethyle 

(3.12 g, 1.23 x mol), de NaBH3CN (0.77 g, 1.23 x lo-' 
mol) et de 1 cm3 d'acide formique pur dans 30 cm3 d'ethanol 
absolu est agitt pendant 96 h a 25-C dans un flacon bouche. Le 
mblangc est acidifit5 a pH 2 par HCI concentre. L'ethanol est 
Cvapore; le residu repris a l'eau est alcalinise a pH 9 par KOH 
en pastilles. L'extraction par CH,CI, (4 x 25 cm3) donne 
1.87 g (59%) d'hydroxy-2 0,O-diithylphosphono-3 propionate 
d'ethyle, ir (11q. pur) v: 3150 (OH), 1740 (CO), 1240 et 1025 
(0-P(0)) cm-';  rmn 'H (CDCI,) 6 (pprn): 1.3 (m, 9H), 2.3 
(m, 2H), 3.8 a 4.9 (m, 8H); sm: 255 ( M  + I), 209 ( M  - OEt), 
181, pic de base ( M  - C(O)OEt), 153 (181 - CzH,), 125 
(153 - CzH4). 

Hydrolyse d'lm aminoesterphosphonocarboxylique ('Tableau 3) 
Exemple-type: essai 3d 
L'amino-2 0,O-diethylphosphono-3 propionate d'ethyle 

(0.43 g, 1.7 x mol) est porte au reflux pendant 12 h 
dans 5 cm3 d'HCI aqueux 6 M. La solution refroidie est ex- 
traite par CH2C12 (2 x 6 cm3) et evaporee; le residu repris 
a l'eau est evapore a nouveau (2 fois), puis dissous dans 30 
cm3 d'eau bouillante et dCcolore au noir animal. La solution 
refroidie, incolore (pH 1: I), est passee sur colonne chargee 
de resine Dowex 50 x W 8 (50-100 mesh) prtalablement 
regenCree en cycle H + .  La colonne est eluee a l'eau. Apres 
elution des ions C1-, la fraction de pH 2 2 7 est collectte 
(E 80 cm3); Cvaporee, elle donne 0.20 g (70%) d'acide amino-2 
phosphono-3 propionique (phosphonoalanine) cristallise pur, 
pf 225-230°C (dec.) (lit. (2) pf 228'C); rmn ' H  (D,O) 6 (ppm): 
2.2 (m, 2H),4.2 (m, lH). Anal. calc. pour C3H,N0,P: C 21.31, 
H 4.77, N 8.28; trouve: C 21.65, H 4.84, N 8.24. 
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Proton and carbon-13 nuclear magnetic resonance studies of the conformational properties 
of seven-membered heterocycles. 2,4-Benzodithiepin and its derivatives 

D6p:parretnent de Chimie, UnitersitQ de MontrPal, C.P. 6210, Mot1tr.6al(Qu6.j, Canada H 3 C 3 V l  
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F. S~LRIOL-LORD and hf. SF-JACQUES. Can. J .  Chern. 57.3221 (1979). 
The conformational properties of 1,3-dithia-5,6-benzocycloheptene (7) (2,4-benzodithiepin), 

three 2,2-dialkyl derivatives, and two monosubstituted derivatives (2-CH, and 2-OCH,) have 
been investigated by 'H and I3C dnmr methods. It is reported that the most stable conforma- 
tion of the seven-membered ring is a chair on which, in the case of the monosubstituted com- 
pounds, the 2-CH, group adopts an  equatorial position while the 2-OCH, group takes the 
axial position. Only for the 2,2-pentamethylene derivative (10) was a minor amount (13%) of 
TB form detected. These results are markedly different from those found previously for the 
oxygen analogs and the conformational effect of the cyclic heteroatonis will be discussed in 
terms of the anomeric and steric effects. 

F. SAURIOL-LORD et M .  ST-JACQUES. Can. J .  Chern. 57,3221 (1979). 
On a etudie les proprietes conformationnelles du dithia-1,3 benzo-5,6 cycloheptene (benzo-2,4 

dithikpine) (71, de trois dkrives dialkyl-2,2 et de deux derives monosubstitues (CH3-2 et OCH,-2) 
en utilisant les methodes de la rmn dynamique du 'H et du I3C. Dans le cas des coniposCs 
monosubstitues on note que la conformation la plus stable des cycles a 7 est la forme chaise 
dans laquelle le groupe CH, en position 2 occupe la position Cquatoriale tandis que le groupe 
OCH, est axial. On a detecte de faibles quantites (13%) de forme bateau tordu seulement dans 
le cas du derive pentamethylene-2,2 (10). Ces resultats sont tres differents de ceux obtenus 
anttrieurement pour les analogues oxygenes et I'effet conformationnel des heteroatomes dans 
ces molkcules sera discute en termes d'effets anomkriques et stiriques. 

[Traduit par le journal] 

Recently results from 'H and 13C nmr studies (1) 
of seven-membered heterocyclic compounds con- 
taining the -0-CR2-0- and -0-CHR-O- 
moieties such as in 2,4-benzodioxepin, its mono- 
substituted, and its disubstituted derivatives (i.e. 1-6), 
have revealed that the ring conformations were 
determined by the nature and pattern of substitution. 
Thus were observed: a mixture of chair (C) and twist- 
boat (TB) forms for 1, a TB conformation for the 
dialkyl derivatives 2, 3, and 4, a C form for the 2- 
methyl derivative 5, and a TB form for the 2- 
methoxy derivative 6;  that is, two different ring con- 
formations were observed for the monosubstituted 
compounds. 

It is of obvious interest to extend such observations 
to ring systems containing other heteroatoms, such as 
S and N, in order to delineate all of the factors 
governing the conformational features of seven- 
membered heterocycles. 

The current interest in the properties of 1,3- 
dithianes (2 )  suggests that a study of seven-membered 
heterocycles containing the -S-CR2-S- and 
-S-CHR-S- fragments such as for compounds 
7-62 ought to yield valuable complementary informa- 
tion useful in characterizing the fundamental 
differences between the conformational properties of 

similar families of six and seven-membered hetero- 
cycles. 

Compounds 7-12 were consequently prepared and 
studied by 'H and 13C nmr undcr experimental con- 
ditions similar to those used for compounds 1-6 and 
the results reported herein show that the sulfur atoms 
lead to strikingly different conformational properties 
from those reported for the corresponding oxygen 
heterocycles 1-6. Furthermore the observations made 
are helpful to understand some of the conformational 
consequences of the anomeric effect (3) in the seven- 
membered ring. 

I . X = O  7 , X = S  R 1 = R 2 = H  
2 , X = O  8 , X = S  R 1 = R 2 = C H ,  
3 . X = O  9, X  = S R1. R2 = tetramethylene 
4 . X =  0 10. X  = S R1,  RL = pentarnethylene 
5 . X = O  11. X  = S R1 = H,  R2 = CHI 
B , X = O  12. X  = S R1 = H, R' = OCH, 

Results 

Compounds 7, 8, 9, and 68 gave 'I-I nmr spectral 
changes at low temperatures whereas 13C nmr spec- 
tral modifications were observed only for compounds 

0008-4042179124322 1-09$01 .00/0 
Q 1979 National Research Council of CanadaIConseil national de recherche5 du Canada 
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9 and PO. Spectral and dynamic results will be 
presented successively as observations from the spec- 
tra of each nucleus investigated. 

In this work, instead of calling 7 by its systematic 
name (1,5-dihydro-3H-2,4-benzodithiepin), it will be 
referred to as a derivative of benzocycloheptene and 
therefore called 1,3-dithia-5,6-benzocycloheptene (1) 
in order to facilitate comparisons with benzocyclo- 
heptene and 1,3-dithianes. Consequently substituents 
in 8-12 are located on C-2. 

' H  Nuclear Magrletic Resoizut~ce Spectra 
Compounds 7-12 were not sufficiently soluble in 

CHF,CI, the solvent used for compounds 2-6, and 
consequently most of the spectra were recorded for 
solutions in tetrahydrofura~~; methylene chloride was 
also used for 10. Because signals of the aromatic 
protons do not provide useful conformational in- 
formation, only the signals of the aliphatic protons 
will be analysed in detail in this section. 

The 100 MHz 'H nmr room temperature spectrum 
of the unsubstituted parent conlpound 7 shows two 
singlets, one at 6 3.979 (H(2); methylene protons on 
C-2) and the other at 6 4.000 (H(4,7); methylene 
protons on C-4 and C-7). Each signal splits at lower 
temperature (coalescence temperature T, z - 34°C 
for the most intense signal) to give two overlapping 
AB quartets at -90°C which are easily assignable 
from intensity arguments. It is pertinent to point out 
here that the H(2) signal was not reported to split in 
an earlier comlnunication (4). At - 9OCC, the upfield 
lines of each AB pattern are observed to be broader 
than the downfield lines, most likely because of un- 
resolved long range coupling (5). A free energy of 
activation (AGi) of 11.0 kcal/mol at  T, is calculated 
for the dynamic process using standard equations (6) 
with a transmission coefficient of one-half (cide itzfra). 
This value is comparable to the 10.9 kcal/mol re- 
ported earlier (4) from spectral observations at  
60 MHz on a solution of 6 in CHCl,/m-F-toluene. 
Table 1 contains a summary of the pertinent param- 
eters. 

The 'H nmr spectrum of 8 (2,2-dimethyl) at room 
temperature shows two aliphatic singlets at 6 3.944 
(H(4,7) and at 6 1.675 (CH,)). At lower temperature 
the methyl signal gives a doublet while the H(4,7) line 
splits into an A 5  quartet. The pertinent spectral and 
dynamic parameters are given in Table 1. 

The H(4,7) methylene protons at  6 3.960 of 9 (2,2- 
tetramethylene) also showed the typical singlet to 
quartet spectral change at low temperatures as 
summarized in Table I .  

The 'H nmr spectra of compound 110 (2,2-penta- 
methylene) have been recorded in both THE-d, and 
CD,C12. Thus the room temperature spectrum in 

CD,CI, shows an H(4,7) singlet at  6 3.912 which 
splits to give two overlapping AB patterns of equal 
intensity at - 90'C whose components were assigned 
from intensity patterns. The pertinent data is re- 
ported in Table 1 where AC* is calculated at - 32°C 
for the AB pattern with the larger chemical shift 
difference. 

The ' H  nmr spectrum of 10 dissolved in THF-d, 
revealed, in addition to the two equally intense AB 
patterns for H(4,7), two other peaks located at 4.11 
and 3.99 ppm and originating from a minor con- 
formation. Because one of the THF-d, residual 
proton signals falls in this region, further 'H nmr 
studies of this compound were not carried out since 
detailed information could be obtained more easily 
from 13C nmr spectra as reported next. 

Finally, compounds 11 (2-methyl) and 12 (2- 
methoxy) showed temperature independent 'H nmr 
spectra as indicated in Table 1. 

C Nuclear Magnetic Resonailce Spectra 
Only compounds 9 and PO (the 2,2-tetramethylene 

and 2,2-pentamethylene derivatives respectively) gave 
rise to temperature dependent 13C nmr spectra. 

Table 2 contains the pertinent 13C chemical shift 
data for compounds 7. 8, 11, and 12 at hlgh and low 
temperatures for purpose of comparison with the 
corresponding data determined for 9 and 10 above 
and below coalescence of the modified signals. 

The assignment of the various carbon signals is 
relatively straightforward and was made from sym- 
metry arguments which distinguished between the 
C-2 and the more intense C-4,7 signals. The C-5,6 
signal is the least intense of the three aromatic lines 
owing to relaxation effects on these non-protonated 
carbon atoms. The remaining two aromatic signals 
belonging to the two different aromatic carbon pairs 
left were assigned by analogy with previous con- 
clusions for benzocycloheptene (7). 

The spectral modification observed for compound 
9 is limited to the C-2',5' signals (6 43.63) of the five- 
membered ring which splits into a doublet below 
- 34°C (T,) whose equally intense components are 
separated by 14.6 Hz at -90°C. A AG* value of 
11.9 kcal/mol was calculated at  T,. The pertinent 
shift data is summarized in Table 2. 

The 13C nnlr spectral investigation of 10 (2,2- 
pentamethylene) was carried out at  two frequencies 
(22.63 and 75.4 MHz) in three different solvents 
(tetrahydrofuran, methylene chloride-d,, and diethyl 
ether). 

Firstly, the simplest spectral behavior was observed 
in methylene chloride-d2 at  22.63 MHz whereby at 
low temperatures only the C-2',6' and the C-3',5' 
signals each split into doublets with equally intense 
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TABLE 1 .  'H nuclear magnetic resonance spectral and dynamic parameters" for compounds 7 to 12 

Temperature 
Compound ("c) 6 A &, 6 e ' J A  B(Hz)' Tc( c) AG * (kcal /n~ol)~  

#At 100 MHz for solutions in THF-d, unless mentioned otherwise and contaming internal Me4Si. Unless otherulse mentioned, the data refer to the signals 
of the benzylic methylene protons on C-4 and C-7. 

bThe estimated uncertainty In coupling constants is f 0.5 Hz. Absolute values of couplings are given. 
cCalcu!ated at T, using a transmission coefficient of one-half. The errors in AG * are estimated to be 0.5 kcal,'mol for 7 and 10 and 0.3 for 8 and 9. 
*This signal arises from the methylene protons H(2). 
T h i s  sienal belones to the methvl nrotons. 
fThe soivent is cd,cl, instead Gf THF-~; .  Owing to oberlap of T H F  lines uith the upfield components of the AB patterns at 9 0 ° C  complete analysis 

was not possible at  100 MHz. 
gThe chemical shifts for two overlapping AB quartets are reported here. 
"he upfield part of the AB quartet overlapped with signals from the solvent and was not further analysed. 

TABLE 2. 13C nuclear magnetic resonance chemical shift data for compounds 7 to 12 at high and low temperatures" 

Temperature 
Compound ("C) C-2 C-4.7 C-5.6 C-8.11 C-9,lO Substituents on C-2 

10" 25 
Mj" 

- 90{ 
Mn" 

OAt 22.63 MHz for solutions in T H F  (unless mentioned otherwise) containing internal MelSi and CD,CI, (13Z) for field locking purpose. 
"he indicated signal has undergone a splitting into two lines of equal intens~ties at  low temperatures due to the rlon equivalence of C-2' and 

not assigned. 
'Due to strong overlap uith a solvent signal, the assignment could not be made unambiguously. 
dSolution in CD,CI,; spectra taken at 22.63 MHz. 
eTwo equally intense lines arising from the non equivalence of C-2' and (2-6'. Signals not assigned to the respective carbons. 
'Two equally intense lines arising from C-3' and '2-5'. Signals not assigned to the respective carbons. 
'Solution in diethyl ether; spectrum at  -90'C taken at 75.4 MHz. 
"he symbols Mj  and M n  stand for: Mj = major conformer and Mn - minor conformer. 

C-5'. Signals 
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lines. The C-2' and C-6' lines coalesce at  - 34°C and 
the AG* value calculated is 11.2 kcal/mol. Further- 
more :t was observed that several lines (C-2 and 
C-5,6) broaden somewhat at  intermediate tempera- 
tures and then sharpen up at  lower temperatures. 
Such an observation IS compatible with the existence 
of a mixture of conformers, one of which is less 
abundant than 5 3 8 ) ) .  

The 22.63 MHz 13C nmr spectra of 10 in T H F  
showed, in addition to the above splitting, the 
presence at  - 80°C of lesser intense lines belonging to 
a minor conformation (about 137) .  In fact the C-2 
and C-5,6 lines clearly show a splitting into two 
unequal lines. Thus the C-2 l ~ n e  (6, 58.73) splits into 
two lines located at 57.48 and 61.05 ppm (the latter 
being less intense), whereas the C-5,6 line (6 140.59) 
splits into two lines located at 138.61 and 141.46 ppm 
(the former being less intense). 

Because some overlap was observed between one 
of the T H F  signals and some signals belonging to 10, 
the spectra was also recorded in d~ethyl ether at 
22.63 MHz. It showed results similar to those re- 
ported for the T H F  solution with the advantage that 
all the signals of 10 were clearly visible at  room 
temperature. On the other hand, the low temperature 
spectra showed obstruction from the solvent lines of 
diethyl ether as was the case in THF. More satisfac- 
tory spectra were obtained only at  higher field (75.4 
MHz) for both solvents but since the diethyl ether 
solution gave less overlapping, the data obtained for 
this solvent is summarized in Table 2. 

The assignment of the signals of 10 was made 
through comparison with the shifts of the other 
disubstituted derivatives 8 and 9. For the spectrum of 
10 in methylene chloride-d2, the signals of the six- 
membered ring carbon atoms observed at room 
temperature were assigned from intensity arguments 
(C-4' being least intense) and substituent effects 
predicted (1) to shift the C-2' and C-5' signals more 
downfield than C-3' and C-5'. 

The assignment of the signals of the two con- 
formers of 10 in diethyl ether was also carried out 
through comparisons. The signals of the major con- 
former appeared at  chemical shifts very s~milar to 
those observed in methylene chloride-d2. The weaker 
signals (labeled Mn in Table 2) could also be assigned 
readily; in this case relative intensities permitted the 
assignment of the less intense line at 25.95 ppm to 
C-4' and the more intense line at  24.22 pprn to 
C-3',5'. 

Discussion 

Gorformations of the Secen-rfiembered Rings 
Previously published (4) low temperature 60 MHz 

'H nmr spectra of 7 showed a spectral change for the 
H(4,7) signals but apparently not for H(2). Con- 

sequently the nature of its most stable conformation 
could not be deduced with absolute certainty. On the 
other hand, the 100 MHz data reported in Table 1 
show that the methylene protons on C-2 are non- 
equivalent at -903C thus ruling out the TB form 
(15; R1 = R2 = H) as the major conformation. The 
absence of a 13C nmr spectral change indicates that 
only one conformation can be detected by nmr. 
Because TB is less energetic than B (14), then the most 
stable conformation of 7 must be the chair (13) as was 
the case (1) for the oxygen analog of 7, namely 1 
which, in contrast, was found to exist as a mixture of 
conformatiolls involving a minor amount of TB in 
addition to C. 

The 2,2-dimethyl derivative 8 is found to exist only 
in the C form in agreement with the nonequivalence 
of the methyl 'H nmr signals at  - 90°C as reported in 
Table 1. Interestingly the 13C methyl signals were 
found to be accidentally equivalent at low tempera- 
tures contrary to the proton signals. Our data there- 
fore confirm earlier 60 MHz 'H ninr observations (4). 

In the case of 9 (2,2-tetramethylene), the 13C 
signals of C-2' and C-5' (of the five-membered ring) 
show non-equivalence in agreement with axial and 
equatorial positions of the chair conformation. Thus, 
it is seen that the most stable conformations of the 
seven-membered ring of 8 and 9 are different from 
those of the oxygen analogs 2 and 3 for which only the 
TB form was detected by nmr (1). 

For compound 10 (2,2-pentamethylene) it is the 
13C nmr data which are most revealing. They provide 
clearcut evidence for the existence of a mixture of 
conformations in both tetrahydrofuran and diethyl 
ether. Table 2 and Fig. 1 show that the 13C chemical 
shift of the C-5,6 signals is most informative and, as 
was the case (1) for 2,3,  and 4, suggest that C is the 
major conformer while TB is the minor conformer. 
Furthermore, in methylene chloride-d,, the amount 
of TB form decreases beyond the minimum detec- 
table limit of 13C nmr. These observations are to be 
contrasted with earlier ones for 4 which showed that 
only the TB form was detected (1). 

The absence of spectral changes for 11 (2-methyl) is 
compatible with a single conformation which is most 
clearly established to be the chair with an equatorial 
methyl group from argument based on the 13C 
chemical shift of C-4,7 given in Table 2 and shown in 
Fig. 1. Thus the absence of a significant upfield y- 
shift (vide infra) relative to the parent compound 7 
argues most convincingly in favor of the chair form 
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1 
140 
'-- 

PPM 1 4 5  136  130 3 0  

FIG. 1. Diagram comparing the carbon-13 chemical shifts at low temperature of compounds 7 to 12 summarized in Table 2 

which is also the conformation adopted by the oxygen 
analog 5. 

Compound 12 (2-methoxy) is also characterized by 
the absence of spectral changes unlike observations 
reported for its analog 6. The 13C chemical shift of 
the C-5,6 signal shown in Fig. 1 is in agreement (1) 
with C rather than TB. Furthermore the strong up- 
field y-shift (8.33 ppm) of the C-4,7 signal suggests 
that the 2-methoxy group must be located at the C-2 
axial position of the chair form. 

Conformational Consequerzces of the Arzomeric and 
Steric E f i c t s  

The conclusion that the chair form is the most 
stable for all sulfur heterocycles 7-12 differs radically 
from results reported previously (1) for the series of 
compounds 1-6 and summarized earlier in the text. 

The differences brought about by the change of the 
ring heteroatoms can be explained quite well in terms 
of the so-called "anomeric effect" modulated bv 
differences in steric interactions. 

First introduced in the carbohydrate field to 
explain the axial preference of polar substituents in 
pyranose sugars (9), the anomeric effect has later been 
generalized to  systems containing the R-X-C-Y 
moiety where X and Y have a t  least one unshared 
electron pair (10). As a consequence it was shown 
that a gauche arrangement about the X-C bond was 
most stable. 

Although explained in several ways (3, lo), the 
anomeric effect is essentially the manifestation of 
electronic interactions which stabilize those con- 
formations possessing the geometrical features favor- 
ing the interactions. 

Two cases must be exanlined with respect to our 

work. The first one involves the two heteroatoms of 
the seven-membered ring, while the second case is 
concerned with the additional effect caused by the 
oxygen atom of the methoxy substit~lent in 6 and 12. 

The analysis of the acetal bond sequence -0(1)- 
C - O ( 3 )  of 1 can best begin with results for 
dimethoxymethane for which it was established that 
the gf  g' (TB-like) conformation is more stable than 
the g tg -  (C-like) arrangement (1 1). Furthermore, the 
solvent effect observed (1) for 1 whereby the propor- 
tion of the TB form increases with decreasing polarity 
of the solvent (21% in CHF,Cl (1.48 D) to 3 3 z  in 
dimethyl ether (1.30 D)) is in line with thc trend 
expected from consideration of predictions made 
from the generalized anomeric effect (10). Thus, the 
preferential stabilization of TB with respect to C for 1 
reduces the free energy difference (AGO) between 
these two conformations to 0.57 kcal/mol in CHF,C1 
at - 130°C or 0.40 kcal/mol in dimethyl ether a t  
- 128°C and consequently signals for both C and TB 
forms of 1 are detected by nmr. In contrast only chair 
signals were detected for benzocycloheptene (12). 

The origin of the anomeric effect has been attri- 
buted to the participation of an anti lone pair of 
electrons in a stabilizing n-o'!: interaction (13). In 
addition, it has been suggested that a distinction 
should be made between the two lone pairs of a given 
oxygen atom whereby one is 2p-like and a better 
donor than the other lone pair which is sp2-like and a 
poorer donor (14).' 

The analysis of the relative electronic stabilization 
in the C and TB forms is consequently dependent on 
the model selected. Firstly, when it is assumed that 

'See also ref. 13, p. 167. 
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both lone pairs are equivalcnt, it is difficult to con- 
clude that C should not be as stabilized as TB because 
each C-0 bond of the C form as well as of TB 
contains an ailti lone pair. If, on the other hand, the 
oxygen lone pairs are considered to be different, then 
the ar~ti  lone pairs in C are sp2-like whereas in TB 
one ailti lone pair is 2p-like while the other is sp2-like. 
The second rnodel therefore appears to  predict a 
greater stabilization of TB. 

It is also conceivable that a greater steric inter- 
action may exist in the C form of 1,  between the 
axial protons on C-2, C-4, and C-7, than for the C 
form of benzocycloheptene. This factor could then 
contribute partially to the smaller energy difference 
between the C and TB forms of 1. Considering that a 
solvent change is expected to alter electronic effects 
but not steric effects (15), the observed solvent effect 
on the C : T B  ratio (3.8 in CHF,Cl and 2.0 in 
dimethyl ether) may be useful to assess the relative 
importance of the various factors. This observation 
argues in favor of an electronic origin and it is in line 
with predictions made through consideration of the 
stereoelectronic effect, but most likely is not solely 
due to it because other electronic effects related to 
the dipole and quadrupole moments of the whole mole- 
cule may also be significant. It therefore appears un- 
realistic to select one of the orbital models for the 
stereoelectronic effect from the results for 1. 

Contrastingly, our results for 7 indicate that the 
energy difference between C and TB is too large to 
permit detection of both conformations by nmr. This 
observation is no doubt related to the longer C-S 
bond length (16) (C-S = 1.82 A, C-0 = 1.43 A, 
and C-C = 1.54 A) either through its effect on the 
degree of stabilization by the anomeric effect for the 
S-C-S fragment and/or its consequence on steric 
repulsion between the axial protons in C. 

It is interesting to note that for the simplest model, 
2,4-dithiapentane, vibrational analysis suggested that 
the g'g- arrangement (or GG', C-like) is the least 
energetic (17) and that a mixture of three other con- 
formations was thought to  exist in the liquid phase. 
Another report (I$), in contrast, concluded in favor 
of a single planar form on the basis of photoelectron 
spectroscopy data. 

Systematized information from theoretical origin 
has suggested that the lone pairs of S are better 
intrinsic donors than those of 0 in a n -+ o* inter- 
action and furthermore that the C-S bond is a better 
acceptor than C-0.' The extent of orbital overlap 
in the S-C-S fragment is expected to be weaker 
than for the 0-C-0 moiety (19) because of the 
longer S-C bond. The result of these opposing 

effects appears to have escaped sufficient quantifica- 
tion for application to compound 7. 

Our experimental results for 7 are therefore signi- 
ficant in that they show that the C form, with a g tg -  
arrangement about the -S-C-S- bonds, is most 
stable and that TB, with a g+gf  arrangement, is not 
detected by either 'H or 13C nmr. Furthermore, our 
observation that C is the most stable conformatioil 
for the 2,2-disubstituted compounds 8, 9, and 10 
shows that the longer C-S bonds attenuate thc cffect 
of steric repulsion in these compounds. Such steric 
effects were strongly destabilizing for 2, 3, and 4 
which were reported to exist only in the TB form (1). 

Nevertheless, the observation of a minor amount 
of TB (- 13% in T H F  at  - 90°C) for 10 indicates that 
the free energy difference between the C and TB 
forms of the seven-membered ring is not very large 
and that seemingly small differences as exist between 
8,9, and 10 are sufficient to  lead to detectable amounts 
of the minor TB conformation. Furthermore, the 
solvent effect noted for 10 is rationalizable in terms of 
electronic effects of which the stereoelectronic 
11 -+ o"' effect could be dominant. 

The presence of the 2-methoxy substituent in 6 and 
12 further complicates the evaluation of the stereo- 
electronic stabilization for the various possible con- 
formations of each of these compounds. 

Let us begin with the examination of 2-methoxy- 
1,3-dioxane (16) which can serve as a model for 6. It 
has recently been observed3 that 16 exists as a mixture 
of conformers in CHF2Cl whereby, at - 148"C, 30% 
of chair with the substituent In the axial position 
(represented by C-a) and 70% of chair wlth an equa- 
torial methoxy group (represented by C-e) were 
observed. Because steric interactions should be 
strong in the C-a conformation o f6  as a consequence 
of the somewhat greater puckering of the seven- 
membered ring (12), this form is not expected to be 
more dominant than for 16. But instead of a mixture 
of C-a (minor) and C-e (major) forms, only the TB 
form was detected for 6 In CHF,Cl. 

The assessment of the relative importance of 
stereoelectronic interactions in the various conforma- 
tions of orthoformates is more complex than in 
acetals. Results published for trimethoxymethane 
(20), the simplest model compound, revealed that ~t 
exists as a mixture of two conformers, called TGG 
and TGG',  in solution and in the vapor phase. It was 
also suggested that TGG' is more stable by about 
0.6 kcal/mol. The spatial arrangements about the 
three C-0 bonds for these two conformations are 
very similar to  those characterizing two of the three 
possible TB conformations of 6 which arise from 

3F. Sauriol. Unpublished results. 
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different rotational positions of the methoxy group. 
Thus the TB, (X = 0) form is equivalent to TGG 
and TB, (X = 0) is equivalent to TGG'. 

1 

:xo 
1 X X X O e f c ~ 3  

TB, C"3 

-",x0 
TB, 

TB, 'CH, 

Rotation of the methoxy group is expected (21) to 
be rapid at - 150°C on the nmr time scale so that it is 
not possible to determine whether or not a mixture 
of rotational forms actually exists for 6. Nevertheless, 
results for the simple model fit very well with our 
identification of TB as the most stable ring con- 
formation for 6. It  therefore appears that a steric 
interaction destabilizes C-a and that TB becomes the 
most stable conformation of 6 because it is stabilized 
by the stereoelectronic interactions whereas C-e is 
not. 

With regard to compound 12, the longer C-S 
bonds should attenuate the importance of steric 
repulsion in the C-a form as was found to be the case 
for the disubstituted derivatives 8, 9, and 10. Conse- 
quently the anomeric effect, which is expected to 
stabilize C-a at  least as much as TB, best explains the 
observation of the single C-a form for 12. It is 
interesting to point out that the analogous six- 
membered heterocycle 2-methoxy-1,3-dithiane has 
also been found3 to exist solely in the C-a form in 
CHF,CI and in CBrF,. 

Conformational Dynamics 
The conformational inversion of the chair form of 

benzocycloheptene and its derivatives is known to 
involve a rate-determining chair-to-boat step (1, 22, 
23). Consequently the AG* values reported i l l  Table 1 
characterize this interconversion process for com- 
pounds 7 to 9. Thus it is seen that the substitution of a 
gem-dimethyl group on C-2 affects AG* only slightly 
as was observed to be the case for analogous substi- 
tution on 1,3-dithiane (24). 

The complete description of the averaging pro- 
cesses responsible for the spectral changes observed 
for 10 must focus on the inversion processes of both 
the six- and seven-membered rings. Considering that 
1,l-dialkyl cyclohexanes are characterized by AG' 
values in the range 10-11 k ~ a l / m o l , ~  it can be con- 
cluded that at  -90°C the ring inversion of the chair 
form of both rings is slow on the nmr time scale. But 
because AG* for chair inversioil of the seven- 
membered ring is expected to be slightly higher than 
for the six-membered ring, then the spectral change of 
the benzylic protons of 10 yields a AG* value charac- 
teristic of the larger ring. Furthermore, the 13C nmr 
spectral change observed for 18 in tetrahydrofuran 

and diethyl ether, which provides direct information 
on the chair-to-boat step, is compatible with the 
above conclusion. 

Finally, no dynamic information was obtained for 
11 and 12 because of the absence of a spectral change 
as a consequence of the existence of only one con- 
formation detectable by nmr. Nevertheless it is 
expected that AG' for chair inversion ought to be 
comparable to the values determined for compounds 
7-10. 

' H  and C Chenqical Shijis 
Table 1 reveals that the chemical shifts of the 

individual methylene protons on C-4 (and C-7) 
determined at low temperatures are very similar for 
compounds 7, 8, and 9 for which the chemical shift 
differences are 0.78, 0.83, and 0.74 ppm respectively. 
In addition, the shift differences of 0.92 and 0.53 ppm 
determined for 10 are also comparatively large. 

The upfield halves of the A% patterns of the H(2) 
and H(4) methylene protons of 7 were observed to be 
broader than the lower field halves in accord with 
long range coupling (5) expected for equatorial 
protons. Consequently the axial H(2) and H(4) 
protons are downfield from the equatorial protons as 
was reported for the methylene protons a to the sulfur 
atom in thiane and 1,3-dithiane (25, 26). This 
specific effect of sulfur has been explained in terms of 
the C-S bond anisotropy (25). 

The particularly large chemical shift differences in 
7, 8, 9, and 10 arise because in the parent benzo- 
cycloheptene the benzylic methylene protons are 
separated by -0.106 ppm (12) compared to 0.48 ppm 
for cyclohexane (27), where the negative sign indi- 
cates that for benzocycloheptene the axial protons 
absorb at  lower field contrary to the observation for 
cyclohexane. The contribution from the C-S bond 
anisotropy therefore adds on to these basic reference 
values. 

The 13C chemical shifts also show certain charac- 
teristics of importance. Firstly the C-2 signal of 7 
appears about 7 ppm downfield from that for 1,3- 
dithiane (26); this difference is too large to be caused 
by the different solvents and must arise as a conse- 
quence of ring size. Methyl and dimethyl substitution 
produce a downfield shift of the C-2 signal by 11.7 
and 13.9 ppm respectively at room temperature; these 
values are very close to the 10.2 and 13.1 ppm deter- 
mined for the six-membered analogs (2b). Table 2 
further shows that lowering the temperature affects 
the G-2 chemical shift of 9 and 11 about equally but 
that 8 is perturbed only slightly. Consequently the 
substituent effects determined at low temperatures 
are slightly different (i.e. 11.4 and 11.1 ppm). 

The trend of C-2 substitution effects for the di- 
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sgbstituted compounds 8, 9, and 10 (+ 13.9, + 24.5, 
and + 19.2 ppm a t  room temperature) is similar to 
that observed for analogously substituted cyclo- 
hexane derivatives (+ 3.2, + 15.5, and + 5.5 ppm) 
(28). 

Probably the most important 13C substituent 
parameter is the so-called y-effect because of its 
utility in providing stereochemical information (29). 
Thus for the series 8-12 the chemical shift of the 
carbons 4 and 7 are governed by this effect. Table 2 
reveals that for 8 the C-4,7 upfield shift is - 3.37 ppm 
a t  room temperature: this value is somewhat com- 
parable to the -2.89 ppm determined for 2,2- 
dimethyl-1,3-dithiaiie (2b). I t  is interesting to note 
that the y-effect for 8 determined a t  - 8O'C becomes 
- 5.27 ppm as shown in Fig. 1. Furthermore, the 
trend observed for the C-4,7 shifts in 8, 9, 10 (Mj) as 
depicted in Fig. 1 is similar to that observed for 
analogously substituted derivatives of cyclohexane 
(28) as well as for 2,3.  and 4 (I).  

The very small y-shift observed for 11 indicates the 
absence of an axial substituent (29) and is compatible 
with a chair conformation with an equatorial group. 
In  contrast, the C-4,7 signal of 12 is shifted upfield by 
- 6.39 ppm at  room ternperature ( -  8,33 ppm at  low 
temperature as shown in Fig. 1). This large upfield 
shift is in accord with substitution at  the axial posi- 
tion so that 12 exists as a chair with OCH, located 
solely in the axial position within the limits of detec- 
tion by nnir. The corresponding upfield shift for 
2-methoxy-l,3-dithiane is - 5.66 at  low temperature.3 

I t  is interesting to note that the axial and equa- 
torial methyl 13C signals of 8 are accidentally equi- 
valent a t  low temperature whereas two C-2',5' signals 
are observed for 9 and two C-2',6' signals for 10. The 
particularity effect of sulfur on 13C chemical shifts 
has been noted previously (26). 

The aromatic signals of the chair conformations 
are somewhat similar for all compounds as seen in 
Fig. 1 .  Furthermore, in the case of 10, the C-5,6 TB 
signal is most different from that of the C form; a 
separation of 3.7 ppm is observed. A similar upfield 
shift of the C-5,6 TB signal was also reported (1) 
for 1. 

Distinct TB signals are also observed for the other 
aromatic carbons as well as for C-4,7 and other 
carbons. However, the fact that only chair signals are 
observed for '7, the reference compound, makes it 
difficult to attempt to rationalize the chemical shifts 
characteristic of the TB form. As was shown for 1, 
proper reference parameters are required for a con- 
vincing explanation of substituent effects on the 
chemical shifts for a given conformation ( f ) .  More- 
over, the different effects noted previously as a result 
of substitution of 0 by S suggest that extrapolations 
from one series to the other is dangerous (26). 

Experimental 
Melting points are uncorrected and were determined using a 

Biichi melting point apparatus. High-resolution mass spectra 
at  70eV were recorded using an Associated Electrical Industries 
Model MS-902 spectrometer. 

The variable temperature 'H nmr spectra at 100 MHz were 
obtained using a JEOL JNM-4H-100 spectrometer equipped 
with a temperature control unit Model JES-VT-3 under condi- 
tions described earlier (1). 

The variable temperature I3C nmr spectra were recorded in 
the F T  mode with a Bruker WH-90 spectrometer operating at 
22.63 MHz and equipped with the Bruker variable temperature 
accessory as described elsewhere (1). The pulse repetition was 
normally set equal to the acquisition time, except for the 
integration of the signals of 10 at  -901C, when a pulse repeti- 
tion time of 5 s was used. 

The rate constants were determined at the coalescence tem- 
perature using the equation k = iIAv,"i for singlet to doublet 
splitting in 13C nmr spectra (i.e., for 9 and 10;  in the case of 10 
where the lines are of unequal intensity the equation provides 
an  acceptable estimate (30) and the equation k = n(AvZ + 
6 ~ ' ) ~ ' ~ / , ' ?  for singlet to AB splitting (31) in ' H  nmr spectra 
(i.e., for 7 to 10). The free-energy barriers (AGi) were calcu- 
lated from standard equations (6) using a transn~ission co- 
efficient of one-half which is most appropriate to describe the 
chair-to-boat step of the chair inversion. 

Syrztheses 
Compounds 7 to 12 were prepared from 1,2-benzenedi- 

methanethiol (32) (17) used as starting material based on a 
procedure published by Shahak and Bergmann (33). The 
starting dithiol 17 was prepared from 1,2-benzenedimethanol 
(Aldrich) using standard reactions involving a transformation 
into thc dichloro derivative with hydrochloric acid and zinc 
dichloride (34) followed by conversion into the dithiol using 
t h i ~ u r e a . ~  

1,3-Dirl1ia-5,6-benzocycloheptene 17) 
Compound 7 was prepared by a procedure already published 

(33). Its ' H  nmr spectrum was ident~cal to that published (4) 
and its 13C nmr chemical shifts reported in Table 2 confirmed 
the structure of 7. 

2,2-Dimethyl-1,3-dithia-5,6-benzoc~~cloheptee (8 )  
A mixture of 2.2 g of the dithiol17, 1 mL of acetone, 60 mL 

of isopropanol, and 5 mL of a solution of 30% sulfuric acid in 
methanol was refluxed using a Dean-Stark apparatus to 
collect about 30 mL of distillate. The reddish solution re- 
maining in the reaction flask was then cooled and a solid com- 
pound precipitated; it was filtered and recrystallized from 
isopropanol A white solid (mp 134-13YC) was thus obtained 
in about 40% yield. Its 'H nmr spectrum was identical to that 
published (4) for 8 and the 13C nmr data reported in Table 2 
confirmed the structure. 

2,2-Tetran1ethylene-l,3-ditl1ia-5,6-benzocyclo/1eptene (9 )  
This compound was prepared by a procedure identical to 

that used for 8 from 0.91 g of the dithiol 17, 25 mL of iso- 
propanol, 0.48 mL of cyclopentanone, and 2.1 mL of 30% 
sulfuric acid in methanol. After recrystallization frommethanol 
about 47% of 9 was obtained (mp 125-126°C). This product 
was characterized by its 'H and I3C n m  spectra (Tables 1 
and 2) and by its high-resolution 'mass spectrum. Mol. Wr. 
calcd. for Cl3Hl6S,: 236.0692; found (ms 70 eV): 236.0773. 

2,2-Pentan1ethylene-1,3-dithia-5,6-ber1zocjcloheptene (10) 
This compound was prepared by a procedure similar to that 
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used for 8 and 9 from 1.5 g of 17,30 mL of isopropanol, 0.88 g 
of cyclohexanone, and 2.6 mL of 30% sulfuricacid in methanol. 
Recrystallization from methanol gave 42% of compound 1 0  
(mp 97.5-98'C) which was characterized by its 'H and 13C 
nmr spectra (Tables 1 and 2) and by its mass spectrum. Mol. 
Wr. calcd, for Cl4HI8SZ : 250.0849: found (ms 70eV): 250.0847. 

2-Merhyl-1,3-ditl1in-5,6-benzocycloheptete i l l )  
This compound was prepared by the same procedure as 8 

using 1.6 g of 17, 0.54 mL of acetaldehyde, 30 mL of iso- 
propanol, and 0.55 rnL of concentrated hydrochloric acid. 
Recrystallization in isopropanol gave 4 0 x  of I1 (mp 118- 
119'C) which was characterized by its 'H and 13C nmr spectra 
(Tables 1 and 2) and by its mass spectrum. Mol. Wt. calcd. 
for CloH,zS2:  196.0380; found (ms 70 eV): 196.0382. 

2-Methoxy-1,3-dithiu-5,6-henzocycloheptene ( 1 2 )  
The preparation of this compound in~~olved a procedure 

recently published for six-membered rings (35). 
A solution of 15 mL of rz-butyllithium in hexane (0.018 mol) 

and 25 mL of anhydrous T H F  were placed in a 50 mL flask 
which was maintained at  0°C under a nitrogen atmosphere. 
A solution of 1.7 g (10 mmol) of 17  in 10 mL of dry THF was 
then added dropwise. After the addition and 5 rnin of stirring, 
1.15 g (10 mmol) of dichloromethylmethyl ether were added 
dropwise. The reaction mixture was then stirred at  room tem- 
perature for 2 h. Evaporation of the so1vent gave an orange oil. 
The addition of chloroform dissolved most of the product. 
The solution was then filtered and the chloroform evaporated, 
after which 15 mL of methanol were added to the residue. The 
methanol was decanted from the viscous product and the 
washing procedure was repeated. Chromatography on silica 
gel (elution with ether) gave pure 12 as a white crystalline 
compound which sublimed at  about 95'C in a sealed capillary. 
The pure compound was characterized by its 'H and 13C nmr 
spectra (Tables 1 and 2) and by its mass spectrum. Mol. Wt. 
calcd. for CloH12S20:  212.0329; found (ms 70 eV): 212.0832. 
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coordinate analyses of the tribromcosulphur(IV), tribromoselenium(IV), and 

tribromotellurium(IV) cations 
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W. V. F .  BROOKS, JACK PASSMORE, and E. KEITH RICHARDSON. Can. J. Chem. 57.3230 (1979). 
SeBr,AsF6 and TeBr,AsF, were prepared from the elements and an excess of bromine and 

arsenic pentafluoride, as well as from Se4(AsF6), and Te4(AsF6), with excess bromine. 
SeBr,SbF6 was prepared from Se4(SbF6), and bromine, and TeBr,AsF6 from tellurium 
tetrabromide and arsenic pentafluoride. Br,AsF6 was found to oxidize arsenic trifluoride and 
sulphur dioxide to arsenic pentafluoride and S0,BrF respectively. Reaction pathways to the 
tribromochalcogen cations are discussed. Ranian spectra of the tribromochalcogen salts 
were obtained. Assignments were confirmed, and force constants derived from normal co- 
ordinate analyses and compared with those derived for SBr,+, PBr,, AsBr,, and SbBr,. 

W. V. F. BROOKS, JACK PASSMORE et E. KEITH RICHARDSON. Can. J. Chem, 57.3230(1979). 
On a prCparC I'hexafluoroarsenate de tribromosel6nium et l'hexafluoroarsenate de tribromo- 

tellure 2 partir de leurs elements et d'un exces de brome, ainsi qu'a partir du Se,(AsF,), et du 
T ~ , ( A S F ~ ) ~  et d'un exces de bronie. Le SeBr,S6F6 est prepare a partir du Se4(SbF6), et du 
brome, et le TeBr,AsF6 est obtenu a partir du tetrabromure de tellure et du pentafluorure 
d'arsenic. On a trouve que le Br,AsF6 oxyde le trifluorure d'arsenic et le bioxyde de soufre 
respectivenient en pentafluorure d'arsenic et en S0,BrF. On discute des schimas de reaction 
des cations tribromochalcogenes. On a obtenu les spectres Ranian des sels de tribromochal- 
cogenes. Les attributions sont confirmees et les constantes de forces derivees des analyses 
normales de coordonnees sont comparies a celles obtenus pour SBr,", PBr,, AsBr, et SbBr,. 

[Traduit par le journal] 

Salts of MF3+ and MC~,'  (M = S, Se, and Te) The preparation of Sc4(sbF6), was a modification of that 
(1-6) have been prepared and characterized. These used to prepare Se4(Sb,Fll), (16). selenium (see 3.28 mmol) 

and SbF, (27.3 mmol) were refluxed at 110°C for 2 days in species are of interest as SO, (6.3 g). Removal of the volatiles left 8.007 g of a pale 
and as species that may be given on auto- yellow solid consisting of what was presumed to be Se,(SbF6), 

ionisation of the neutral chalcogen tetrahalides. and a reduced antimony fluoride, however, it probably con- 
Trihalochalcogen cations have been prepared as tained Se42+(Sb2F11),- as well. This mixture was used in 

salts of very weakly basic anions, where the tetra- subsequent reactions. 

halochalcogen has not been reported, e.g. SBr3AsF6 Preparation of SeBr,AsF6 
and SeI,AsF, are stable whereas SBr, and SeI, Reactions involving selenium, or tellurium, bromine, and 

are as yet unknowll (7, 8). ~h~ 1 : 1 adduct T ~ ~ ~ , . A ~ -  arsenic pentafluoride went to completion within a few minutes 
of reaching room temperature. The chalcogen and bromine 

Br3 has been prepared (99 lo) and assigned an were allowed to react in the solvent before the addition of 
formulation on the basis of nqr Spectra (1 1). On arsenic pentafluoride. The soluble product was filtered through 
completion of this work the preparation of SeBr,- the sintered glass frit, followed by condensing the solvent 

~ 1 ~ 1 ,  and s ~ B ~ ~ A ~ B ~ ,  were reported, and ionic (AsF, or SO,) back onto the solid and refiltering in the closed 
system. This process was repeated until the soluble product formulations assigned on the basis of Raman spectra was extracted, unless otherwise specified, 

(12). In a typical reaction Se (2.216 mmol) and Br, (4.06 mmol) 
The preparations and Raman spectra of SeBr3- were reacted with AsF, (4.00 mmo!) in SO, (8.26 g) solution. 

AsF,, SeBr3SbF6, and TeBr3AsF,, briefly referred A copious yellow precipitate formed that had some solubility 

to in an earlier (71, are reported below. in SO2. Following filtration traces of insoluble unreacted 
selenium and a pale yellow soluble crystalline solid (1.1097 g 

Experimental or 2.16 mmol assuming SeBr,AsF6) were obtained on removal 
of the volatiles SO,, AsF,, unreacted AsF, and Br,. Anal. 

Except where stated, apparatus, reagents, and techniques calcd. for SeBr,AsF,: Se 15.55, Br 47.22, As 14.76, F 22.45; 
are the same as those described (7, 8, 13). Elemental analyses found: Se 15.28, Br 47.10, As 14.33, F 22.58. 
were by Alfred Bernhardt, West Germany. Se4(AsF6), (1.58 mmol) was reacted with Br, (12.33 mmol) 

Literature methods (14) were used to prepare Te,(AsF,), in SO2 (10 g), yielding 3.11 mmol of the soluble highly crystal- 
and Se4(AsF6),. Tellurium tetrabromide was prepared from line SeBr,AsF6 and 2.93 mmol of SeBr,, the identity of 
the elements, and Br,AsF6 and Br,SbF6 by the method of which was inferred from its physical properties (17, 18). 
Glemser and Smalc (15) via the corresponding 0,' salt. Se,(AsF6), (1.96 mmol) and Br, (24.34 mmol) were reacted 

0008-4042i791243230-07$01 .OO/O 
Q 1979 National Research Council of CanadaiConseil national de recherches du Canada 
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EROOKS ET 41 

TABLE 1. Various preparations 

Reactants Quantity of SO, Products 

1, Se,(AsF,), (0.79 mmol) 11.7  g SeCl,AsF, (1 .49 mmol)" 
C1, (3.81 mmol) SeCI, 

2, Te,(AsF6), (0.79 mmol) 5 g TeBr,AsF, (1 .46 mmol) 
Br, (6.69 rnmol) TeBr,* (1.87 nin~ol) 

3, Te,(AsF,), (2.33 mmol) 10 g TeBr,AsF, (7.48 mniol) 
Br, (1 5.26 mmol) 
AsF," (9.58 mmol) 

4, TeBr, (3.82 n~mol) 1 1 . 3 g  TeBr,AsF,"3. 62 nln~ol) 
AsF, (7.65 mmol) Br,, AsF, 

5olution (SO2) and so l~d  Raman spectra identified the soluble solid as SeC1,AsF6 ( 5 )  and the insoluble 
solid as SeC14 (12, 19). Each component showed small impiirity peaks due ro the other since SeCI, is 
slightly soii~ble in SO2. 

bContained some TeBr,AsF,. 
<AsF5 added last. 
dS02BrF (20) was not observed in any of the infrared spectra taken of the voiatiles reaction products. 

in SO, (8 g) followed by addition of AsF, (6.58 mmol) to give 
SeBr,AsF, (7.05 nimol). 

Preparation of SeBr3SbF, 
In a typical reaction Se,(SbF,), (0.527 g mixture, cal- 

culated ca. 0.47 mmol Se,(SbF,),) was reacted with Br, 
(2.00 mmol) in SO, (5.5 g) solution. Filtration and slow 
evacuation of the volatiles gave 0.595 g (1.07 mmol assuming 
SeBr,SbF,) of soluble pale yellow crystals (single) and 0.252 g 
of insoluble yellow solid, containing a reduced antimony 
fluoride and some SeBr,. 

Preparation of Another Bvornoseleni~ln~ Cation 
Se (14.16 mmol) and Br, (17.83 mmol) were reacted with 

AsF, (17.65 mmol) in SO, (5.75 g) and gave 5.70 g (7.64 mmol 
assuming Se2Br,AsF6) deep purple crystals (soluble in SO,). 
In another experiment Se (36.34 mmol), Br, (38.42 mmol), 
and AsF, (20.65 mmol) yielded 10.08 g (13.50 mmol as- 
suming Se,Br,AsF,) purple crystals and 1.262 g grey-purple 
insoluble solid (which probably contains elemental selenium 
and SeBr,). 

The same purple crystals were also prepared by pouring 
Br, (5.25 mmol) in SO, (8.34 g) onto Se,(AsF,), (1.23 mmol). 
Filtration followed by evacuation of the volatiles (SO, and 
Br,) left 1.68 g (2.25 rnrnol assuming Se2Br5AsF6) solid. 

X-ray powder photographs of this material, from a variety 
of different preparations, were the same and did not contain 
lines attributable to SeBr,AsF,. X-ray photographs of a single 
crystal obtained at - 5'C and also showed the material was 
different from SeBr,AsF,. Anal. calcd, for Se,Br,AsF,: Se 
21.16, Br 53.53, As 10.03, F 15.27; found: Se 21.06, Br 53.42, 
As 9.87, F 15.00. An independent determination of selenium 
and arsenic by atomic absorption methods supported this 
formulation. Crystals decomposed slowly at room temper- 
ature, in the X-ray beam, and under irradiation in the laser 
beam. 

Prepamtion of TeBr3AsF, 
In a typical reaction, telluriuln (9.01 mmol) and Br, 

(20.6 mmol) were reacted with AsF, (15.5 mmol) in SO, (7 g) 
solution. Filtration and two washings, followed by evacuation 
of the volatiles yielded 4.29 g (7.71 mmol assuming TeBr,- 
AsF,) of a soluble, beige, highly crystalline solid containing 
single crystals, and 0.68 g of a less soluble beige solid con- 
taining TeBr3AsF6 and TeBr, (19). Anal. calcd. for TeBr,- 
AsF,: Te 22.94, Br 43.09, As 13.47, F 20.49; found: Te 23.10, 

Br 42.81, As 13.07, F 20.68. Other reactions leading to 
TeBr3AsF, are given in Table 1.  

Stability of SeBr3AsF6, SeBr,AsF6, rrrrcl TeBr,AsF, 
Yellow crystalline SeBr,AsF, ( n ~ p  144-152°C) and white 

crystalline TeBr,AsF, (mp 175-185-C) were stored under dry 
nitrogen in sealed Pyrex glass vessels at OiC for a year without 
detectable signs of decomposition. Yellow crystalline SeBr,- 
SbF, (decomposes at  100LC) showed purple discolouration 
after 4 months. 

Reaction of Br,AsF, ,t.itk AsF, 
Solid Br,AsF, (1.19 n ~ ~ ~ i o l )  was reacted with AsF, (22.62 

mmol), yielding two immiscible liquids. Volatiles (0.3164 g or 
1.81 mmol assuming AsF,) were distilled from the vessel 
held at  - 78'C, and identified by its infrared spectrum as AsF,. 
The remainder (3.1832 g) contained AsF, and bromine. In- 
volatile material was not observed. 

Reaction of Br3AsF6 ~Yth SO, 
Sulphur dioxide (5.15 mmol) was condensed into Br,AsF, 

(2.09 mmol), giving AsF,, Br,, SO,, and S0,BrF. The in- 
tensities of the SO, and SO,BrF bands in the infrared were 
about the same indicating comparable quantities of both were 
present. Tnvolatile material was not ob~erved. SOzBrF was 
also a product of the reaction of Br,SbF, and SO,. 

Reactions of KBr ,t.ith AsF, in SO, 
KBr (5.49 mmol) and AsF, (13.94 ~nmol) were reacted in 

SO2 (4.6 g). The products consisted of SO2, traces of S0,BrF 
and AsF, (combined weight 5.35 g) volatile at -78-C; Br, 
and AsF, (combined weight 0.75 g) volatile at room tem- 
perature; as well as 1.524 g of solid, the Rarnan spectrum and 
powder diffraction photograph of which were identical to that 
of KAsF, (21). In addition to the bands attributable to 
AsF, and Br,, the Raman spectrum of the material volatile 
at  room temperature showed peaks at  436 cm-', 872 cm-', 
and 1309 cm-' using the 5145 (green) exciting wavelength. 
The intensity decreased and the peak broadened in the order 
436 > 872 > 1309 cm-'. 

Results and Discussion 

Preparation of Tribromoselenium ( I V )  and Tribrorno- 
telluri~m(JV,) Hexajluoroarsenate(V) 

SeBr,AsF, and TeBr,AsF, were prepared es- 
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sentially quantitatively from the respective element, 
bromine, and a slight excess of arsenic pentafluoride 
in arsenic trifluoride or sulphur dioxide solution ac- 
cording to reaction [I]. 

(M = Se or Te) 

The tellurium salt was also prepared quantitatively 
from tellurium tetrabromide and arsenic penta- 
fluoride according to reaction [2]. 

[2] 2TeBr, + 3AsF, -+ 2TeBr3AsF6 + AsF, + Br2 

The polyatoinic cations Se,'+ and Te,, + have 
been well characterized; however, their chemistry 
has not been intensively studied (14b, 23, 24). These 
cations with excess bromine readily formed the 
corresponding tribromochalcogen(1V) salt and chal- 
cogen tetrabromide according to reaction [3]. 

(M = Se or Te) 

The addition of arsenic pentafluoride to the 
products led to complete conversion of selenium 
and tellurium to the corresponding tribromochalco- 
gen(1V) salt. SeBr,SbF, was prepared from Se,- 
(SbF,), and bromine. Excess chlorine reacts with 
Se,(AsF,), to give SeCl,AsF, and SeCl,. 

A different selenium bromine cation was prepared 
by the reaction of Se,(AsF,), and Br, in a molar 
ratio of 1:5, and in the reaction of selenium, 
bromine, and arsenic pentafluoride in the ratio 
Se : Br, : AsF, of 4 : 5 : 3. Preparative and analytical 
evidence points to Se,Br ,AsF, as the formulation of 
the salt. 

Reaction Patliways to MBr,+ ( M  = S, Se,  and Te) ,  
Salts 

A bromine polyatomic cation cannot be an 
intermediate in reactions leading to MBr,' (M = 
S, Se, and Te) salts as Br,AsF, reacts rapidly with 
both AsF, and SO, according to reactions [4] and 
[5], and SO'BrF was not detected in reactions using 
sulphur dioxide solvent. 

Chalcogen polyatomic cations, however, may be 
intermediates, and both Se," and Te," react with 
bromine to yield chalcogen tribromide cations, 
probably via species related to Se,Brjf and/or 
S,Br,+ (25,26). A number of bromochalcogen cation 
species may be relatively stable and include species 
related to (S,I)+ (27, 28). Bromine and chalcogen 
lead to chalcogen bromide. Tellurium tetrabromide 
and arsenic pentafluoride may react according to 

reaction [6], however, TeBr,AsBrF, itself is not 
detected as a product but TeBr,AsF, and Br, 
(reaction [2]). Potassium chloride and SbF, give 
related products (29, 30). 

The resonance Raman spectrum observed in SO, 
and AsF, solutions of SBr,AsF, (7) is also observed 
in a Raman spectra of the volatile products of KBr 
and AsF, in SO,. The species responsible for this 
resonance Raman spectrum is therefore not a sul- 
phur-bromine species, and not an intermediate, in 
the forination of SBr, + salts. 

Ranian Spectra 
Raman spectra of SeBr,AsF, and TeBr,AsF, in 

the solid state and in SO, or AsF, solution are given 
in Fig. 1. Table 2 lists the frequencies and assign- 
ments by comparison with the corresponding anions 
(21), AsBr, (22), and SbBr, (31, 32). The assignments 

FREQUENCY ( c d )  

FIG. 1. Raman spectra of SeBr3+ and TeBr,+ cations. (a)  
Solid SeBr3AsF6; (b) solid TeBr3AsF6; (c) SeBr3AsF, in 
SO, solution; (d) TeBr3AsF6 in SO, solution. For (c) and (d) 
the upper spectra are with parallel polarization and the lower 
with perpendicular polarization. Slit width = 4 cm-' using 
5145 A line in all cases. 
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TABLE 2. Assignments of the Ranian spectraa of ScBr,AsF,, SeBl,SbF,, and TcBi ,AsF, 

Ra~nan  spectra 
- -- -- - 

SeBr,AsF6 SeBr,SbI-(, TeBr,AsF, AsBr," SbBr3 
-- -- - - - 

Sold SO, soln Sold SO, soln Sol~d SO, aoln Cryst Melt Solidc CCI," CsAsF,' LlSbF,,' AsslgnmentJ 

693 7 699 699 669 v3(M 

136 138p 138 136p 110 112p 133 128p 113 lOlp 

106 
109 i08dp 110.5 108dp 96 92dp 961 99dp "1 81dp 

89 

"Frequencies (in cm-I)  accuratc to  ca. _t 3 c n - ' .  Solvent peaks habe been omitted. 
S e e  ref. 22. 
<See ref. 31. 
5 e e  ref. 32. 
"See ref. 2 1. 
,Tentative assignment assuming 0 ,  symmetry for Asp,- and SbF,- and C ,  symnletry tbr ScSr,+ and T e R r t .  
ulnfiarcd active only for  O h  symmetry. 
hcorresponds t o  vs(AsBr,), v,(SbBr,), v,(ScBr3)+, o r  v3(-TeBr,) in appropriate column. 
)Impurity? 
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TABLE 3. Structural parameters for group V tribromides and group VI tribromide cations 

r e  w e  r e  w e  

Compound (nm) (deg) Cation (nm) (deg) 

PBr," 0.2220 101.0 SBr,+" 0.215 101 
AsBr,' 0.2324 99.6  SeBr,+(C,,)' 0.2263 100.9 
SbBr,' 0.2490 98.2  SeBr3-(C,,)f (0.227, 0.227, 0.225) (103, 99.5, 99.5) 

TeBr, '(C,.)' 0.243 97.9  

=Reference 38. 
bReference 39. 
<Reference 40. 
dEstimated. 
*Average of observed parameters from ref. 35. 
fAngles and bond distances approximately those found from ref. 3 5 .  

TABLE 4. Force constants (Newton m- ' )  of group V tribromides and group VI tribromide cations 

Value 
Force -- -- 

constant PBr, SBr, + AsBr, SeBr, '(C,,) SeBr, +(C,,) SbBr, TeBr, + 

Fr 170.8(2) 201.1(2) 164.2(2) 168.1(1) 166.4(1) 151.9(1) 186.2(2) 
Fz 25.9(1) 27.7(1) 19.4(1) 25.6(2) 26.1(2) 15.3(2) 18.1(2) 
pm' 5.4(1) 4.9(1) 2.7(1) 5 .6(2) 5 . 3  (2) 2.3(1) 2.1(1) 
Fr 2.4(1) 6.2(2) - 0.6(2) - 6.0(2) -6.3(1) - 7.7(2) 5 .9(3) 

and frequencies of SeBr,' are essentially in agree- 
ment with those recently reported (12) for SeBr,.Al- 
C1, and SeBr,AlBr,. 

The spectra support an essentially ionic formula- 
tion for the salts. The peaks attributed to SeBr,' are 
similar in solution and in the solid state, with the 
exception of v,(SeBr,)' which is split in the solid 
state. The four Raman active bands (two polarized 
and two depolarized) expected for (SeBr,)' are 
observed and, as expected (7, 33, 34), are a t  higher 
frequencies than the corresponding bands for the 
isoelectronic molecule AsBr,. 

The Raman spectra of solid TeBr,AsF, and the 
solution are similar in the bending region but differ 
in the TeBr stretching region. Peaks in the stretching 
region are similar to those in the Raman spectrum 
of SbBr, (solid) (32), TeC13AsF6, SeCl,, TeCl,, and 
TeBr, (19). The symmetry of SeBr,' in SeBr3AsF6, 
and SeBr3SbF6 and TeBr,' in TeBr,AsF, is C, (35). 
Therefore, the origin of the complexity of the solid 
state spectra is most likely due to the low symmetry 
of the tribromochalcogen Ion in the solid state, as 
has been proposed for AsBr, (22) and SbBr, (31). 
In  solution the complex peaks collapse into one 
broad partially polarized band. The broad peak in 
the stretching region shifts slightly to higher wave- 
numbers under perpendicular polarization suggesting 
that v,(TeBr,)' is at slightly higher wavenumbers. 
The four Raman bands expected for TeBr,' are a t  
higher frequencies than their SbBr, counterparts. 

TeBr, is isomorphous with TeCl, (36); the struc- 

ture is a tetramer with TeCl,' and C1- ions a t  the 
apexes of a distorted cube, and therefore can be 
regarded as (TeCl,), or [(TeCl,)'Cl-1, with strong 
anion-cation interaction (37). The Raman spectrum 
of TeBr,' in the solid state in the tellurium bromine 
stretching region is similar to that of TeBr, (250(s), 
226(s), 220(s)) (19), but at somewhat higher wave- 
numbers. It is therefore reasonable to suppose that 
TeBr, is [(TeBrJfBr-1, with stronger anion-cation 
interaction than that in TeBr,AsF,. Siillilar con- 
clusions were reached fro111 ail nqr study (11) and 
by earlier workers on the basis of vibra-: ,a1 spectra 
of TeBr, (9, 19). A comparison of Raman data luS 
SeBr,' in SeBr3AsF6 and SeBr,SbF, with infi-ared 
data for SeBr, (9, 19) allows a weaker but similar 
conclusion to be made concerning SeBr,. 

Norinal Coorclirzate Arzalysis 
In order to compare force constants of iso- 

electronic group V tribromides with the tribroino- 
chalcogen cations and to  check their assignments, 
we did a normal coordinate analysis and force con- 
stant determination on the six species: SBr,', 
SeBr,', TeBr,', PBr,, AsBr,, and SbBr,. Fre- 
quencies (Table 2 and ref. 7) were taken from liquid 
phase or solution (SO, for SeBr,AsF, and TeBr,- 
AsF, and AsF, for SBr3AsF6) Raman spectra. The 
symmetry of all tribromo species was assumed to be 
C,, and parameters are given in Table 3, The Wilson 
F and G matrix method (41) was used with a har- 
monic valency force field including off diagonal 
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terms. The frequencies were calculated for all the 
principal isotopic species so that means of isotopic 
frequencies were compared to observed frequencies. 
The calculated isotopic splittings are all too small to 
be observed in solution spectra. The force constants 
were determined by a least-squares fitting procedure 
(42). 

A pyramidal XU, molecule with C,, symmetry has 
six independent harmonic force constants; these 
are the diagonal stretching, the diagonal bending, and 
the four off diagonal interactions (stretch-stretch', 
bend-bend', adjacent stretch-bend, and opposite 
stretch-bend). Most vibrational analyses of pyrami- 
dal trihalides have followed Howard and Wilson (43) 
in setting the two stretch-bend interaction terms to 
zero. We found this choice unsatisfactory for the 
PBr, and SBr,' cases; there are strong correlations 
and the maxinlum observed minus calculated fre- 
quency differences were more than I0 cm-l .  We 
found that setting the stretch-stretch and opposite 
stretch-bend interaction constants to zero and ad- 
justing the remaining four constants gave good re- 
sults in all cases (calculated and observed fre- 
quencies differing by less than 1 cm-I). The derived 
force constants are listed in Table 4. As expected the 
force constants for the tribromochalcogen cations 
are higher than that of the corresponding group V 
tribromides. To study the effects of the lowered 
symmetry in the crystalline state, we repeated the 
calculations with a C,, geometry of SeBr,'. Keeping 
the three stretching constants and the three bending 
constants equal, the geometric change from C,, to 
lower symmetry introduced an effect comparable to 
the isotopic shifts; thus the C,, model should be a 
reasonable approxinlation for the solid phase. How- 
ever, the geometric change 111ust be accon~paiiied by 
a significant change in force constants, which most 
likely accounts for the complications in the solid state 
spectra. 

Exact comparisons with the force fields reported 
elsewhere for these and similar molecules are not 
possible because of the different assumptions men- 
tioned above. However, the diagonal constants show 
the trends observed in comparable treatments. Thus, 
the group V trichlorides ( 5 ,  44) and bromides show a 
decrease in both constants, from PX, to SbX,; 
however, the stretching force constants for Sex,' ( 5 )  
are smaller than those for SX, + and TeX, + (X = C1, 
Br) while the bending constants for SX,', Sex,', 
and TeX,' show a steady decrease. The reason for 
the low stretching constant for Sex,' is not alto- 
gether clear. 
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Metal derivatives of azoles. Part V. Platinum(H1) and palladium(I1) pyrazslates as a new 
type of neutral bidentate ligands 

ANKA LAURA B . ~ N D I K I .  GUIDO BANDITELLI,  A N D  GIOVANNI MIKGHETTI 
C.VR Cc/?ter, Is titccto di Chimica Gr17c.r.iile tli.11' U17irersitG, Via Vcneziclr~ 21,  20133 M i l ~ ~ l o .  Imlx 

A V D  

FLAVIO BOVTI 
Isrituto Chiinic,o dell' U n i ~  crsirii, C a ~ ~ e r i t ~ o .  62032. Irnly 

Keceived J u n e  4.  I979 

AKNA LAURA BANDISI, GUIDO BANDITELLI, GIOVANNI MIUGHETTI, and FLAVIO BONATI. 
Can. J .  Chem. 57. 3237 (1979). 

The complexes (L-L)M(pz), {(L-L) = (Ph,PCH2),, M = Pt, Pd;  (L-L) = 2,2'- 
dipyridine, M = Pt} and (L-L)M(pz'), {(L--L = (Ph,PCH,),, M = Pt; (L-L) = 2,2'- 
dipyridine, M = Pt, Pd) where pzH = pyrazole and pz'H = 3,5-dimethylpyrazole, behave as 
ligands towards suitable acceptors affording 1 : 1 or 1 : 2 adducts. 

The I :  1 adducts are obtained by reaction with group IIB metal halides, cobalt(r1) chloride, 
copper(II), or zinc(I1) sulphate and are likely to be binuclear complexes, (ligand)MX,, with 
two pyrazolato anions bridging the different metals. 

The nature of the 1 : 2 adducts [(ligand),M'] [BF,], (M' = Zn, Ni, Co) as well as of the adduct 
(dipyjPt(pzj2. 2Rh(CO),CI, are discussed. 

ANNA LAURA BANDINI, GUIDO BAUDITELLI, GIOVAXKI MIAGHETTI et FLAVIO BONATI. 
Can. J .  Cheni. 57. 3237 (1979). 

Les coniposes (L-L)M(pz), {(L-L) = (Ph,PCH,),, M = Pt, Pd; (L-L) = 2,2'-dipyri- 
dine, M = Pt} et (L-L)M(pzf), ((L-L) = (Ph,PCH,),, M = Pt; (L-1) = 2,Z'-dipyridine, 
M = Pt, Pd) oh pzH = pyrazole et pz'H = 3,5-dimethylp>razole, peuvent cornplexer sur des 
accepteurs convenables en conduisant a des composes d'addition I : 1 ou 1 : 2. 

Les complexes 1 : 1 sont obtenus pour reaction akec des alogenures des metaux du deuxienie 
groupe B, avec cobalt dichlorure et avec les sulfates de cuivre(I1) ou de zinc(I1). 11s peuvent 
Ctre, raisonnablernent, regardes comme des complexes binuclkaires ou les deux anions pyrazo- 
late se conduisent conime des ligands pontes entre les differents metaux. 

On discute de la nature des composes d'addition 1 : 2 [(ligand),M'][BF,], (M' = Zn, Ni, Co) 
aussi que du complex (dipy)Pt(p~),.2Rh(CO)~CI. 

Introduction The behaviour of these molecules as ligands 
In a preceding paper of ours (1) a series of pal- towards selected acceptors is described in this paper. 

ladiurn(I1) and platinum(1I) azolates, (L-L)M(az),, The chelating ligand, L-L, is either 1:2-bis(dipheny1- 
were described, where L-L is a chelating ligand and phosphine)ethane or the less flexible 2,2'-dipyridyl; 
azH is a 1-unsubstituted azole. In any of these square the azole is either pyrazole, (pzH), or the more 
planar complexes, the azolato anions are coordinated sterically demanding 3,5-dimethylpyrazole (pz'H); 
to the metal through one of the nitrogen atoms; the the metal is palladium(I1) or platinum(II), so that 
uncoordillated nitrogens, which are basic and can be the resulting molecules do not bear any formal 
protonated, are still available as donor sites, so that charge and, especially in the case of platinum, are 
the coinplexes can be thought of as potentially kinetically inert. These last points had been already 
bidentate ligands. exploited by us (2) in another type of platinum(I1) 

containing bidentate ligands, i.e. (L)(L1)Pt+C(OR)= 
NR'],, while the lack of charge constitutes one 
notable difference between the species A-F and the 
anionic dihydrobis(1-pyrazolyl)borate(III), G (3), 
dimethylbis(1-pyrazolyl)gallate(III), H (5), and its 
(2-N,N-dimethylamino)ethoxy analogue (6). 

A B C D E F G H  P)iscussiorm 

M pt Pt Pt Pt Pd Pd Ga By reaction of the ligands A-F with Lewis acids. 
R Me H Me IT Me H H II stable 1 : 1 or 2: 1 adducts were obtained (see Table 
L-L dpe dpe bipy bipy bipy dpe 2H 2Me 1). The 2 : 1 adducts formed when an aquo-cation was 
I I  O O O O O O employed and the anion was a very weak nucleophile 

0008-4042/79/243237-O6$01 .OO/O 
c, 1079 National Research Council of Canada/Conseil national de recherches du Canada 
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3238 CAY I CHEhl  VOL 57 I979 

TABLE 1. Analytical and other data 

Analyses 
- - -  

C H N 
Me!ting -- 

Compound" point Found Calcd. Found Calcd. Found Calcd. Other data 

I, A.ZnSO, 
HI, A.CuSQ4 
111, A.ZnC1, 
HV, ACdBr, 
V, A.CdI2 
\'I, A.HgC12 
VIP, A.HgBr, 
VIHI, [A2Zn][BF4I2 
I%, B,CdC12 
X, B.I-lgC12 
XI, [BzNil [BF41z 
XIH, C.Cd1, 
XIII, C,Cdl,.CH,C12 
XPV, C~G0Cl2 
XV, C.C0CI,~CFII,C12 
XVI, C,PdCIz 
XVIP, [C2Ni][BF4]2.H20 
XVPII, D.CoC1, 
XlX, D.[Rh(CO),CI], 
XX, E,CdI,.0. 4MeZC0 
XXP, E.ZnBr2 
XXII, E.CoC1, 
XXJPI, E.PdC12.0. 5H,O 
XXYV, [ E ~ C O ] [ B F ~ ] Z . ~ H , O  
XXV, [(bi~y)~Pd,(pz')~I[BF412 
XXVH, [(bipy)Co(pz'H),] [BF4I2 
XXVHP, F'CdI2 

ca. 300 d 
286-290 d 
195-200 
315-318 
295-300 d 
243-254 
260-265 
300-305 
237-241 
198-201 d 
> 270 
> 300 
> 300 
295-300 d 

> 280 
> 300 
> 240 

260-275 d 
200 d 
255 d 
> 300 
260 d 
> 280 d 
> 230 d 
180-185 d 

OA = (dpe)Pt(pz'),: B = (dpe)Pt(p&; C = (bipy)Pt(pr 1 2 :  D = ( b i p y ) P t ( p ~ ) ~ ;  E - 
3,5-dimethylpyrazole. 

ONor electrolyte i i i  dichloromethane. 
<Oxygen: fouiid 6.68, calcd. 6.79. 
<,Molecular -eight: found 954 (osmometry in CHCI,), calcd. 919.7. 
*Cadmium: found 10.80, calcd. 10.63; platinum: found 19.22, calcd. 18.48. 
.JNot electrolyte in acetotie. 
YSoluble ~n nitromethane, trrth decomposition. 
"Molecular weight: fourid 2109 (osmometr!, in CHCI.,), calcd. 1805.8 
' S o t  electrolyte in acetonitrile. 
JPlatiniim: found 23.20, calcd. 23.15; nickel: fouiid 3.38, calcd. 3.48. 

as  in the case of thc complexes [((dpe)Pt(pzl),),Zn]- 
(BF,)2, VH1l, [{ (d~e)Pt (~z)2 :2NiI (BF4)2 ,  

[ { (b ip~>Pt (p~ '> , )~Ni I  (BF,),.H,O, XVII, and 
[{(dpe)Pd(pz'),),Co] (BF,),.2H20, XXIV. Their 
forinulae were established by elemental analyses, 
spectra, and by the value of the electrical conduc- 
tivity in solution. The ionic nature of these com- 
pounds in the solid stale was evidenced by the pres- 
ence of only one strong and broad vibration due to 
the B F ,  ion with tetrahedral symmetry a t  ca. 1050 
cm- l ,  thus ruling out more complicated structures. 
The Ir spectra also gave evidence on the presence (or 
absence) of the water molecules. The proton nmr 
spectra of the con~~pounds X I  and XVII showed the 
required bands due to the chelating ligand and to the 
pyraaolato groups. The ,J(P~-H) = 7 Hz was quite 
evident in the spectrum of' the compound XVII 
(Table 21, thus ailowi~lg the methyl signal having the 

(dpe)Pd(pz)=, prH bang  p5razole and pr Ii 

195Pt satellites to be assigned to ihc 5-Mc and the 
other methyl signal to the 3-Me group. 

In the adducts, coordination around the plat- 
inum(1I) or  palladium(I1) atom is reasonably 
assumed to be square planar; in the zinc adduct, VIII, 
coordination around the zinc atom is likely to be 
tetrahedral: while various possibilities arise for the 
nickel(I1) and cobalt(I1) derivatives, especially if the 
molecule(s) of water is inside the coordination sphere. 

The observed diamagnetism and electronic spec- 
trum of XI, both in acetonitrile solution and in the 
solid state, suggest square plailar nickel(I1) (7). 
Similar evidence, also in acetonitrile, suggests the 
same coordination for the compouild XVPH. Here, if 
the water rnolecuie is not far away from the nickel 
atom, a strongly elongated square pyramidal co- 
ordination (8) cannot be excluded completely, but 
is unlikely since other pyrazolates, e.g. [Me,Ga- 
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TABLE 2. Proton magnetic resonance data" 

Pyrazole ring protons 
-- -- 

Compound Solvent Chelating ligand 3- and 5-substituents 4-substituent 

Ad CDCI3 2.7-2. Ini, Ph 
7.5-7.9111, CH, 

[AH2]2+d CDCll 2.4m, Ph 
7.0-7 5m, CH, 

V CD2C12 2.0-3. Om, Ph 
, C H ,  

Ed CD,OD 1.5-2.0m and 
2.2-2.7m bipy 

[EH2IZ+" CD,CI, 1.5-3. On1 bipy 

X X  (CD,)?CO 1.3-1.8ni and 
2.0-2.7m, bipy 

X X I  CD3CN 1.3-2.0m a n h  7.79s, 7.57s 4.07s, 3.89s 
2.1-2.5, bipy 

X V I I  CD,CN 1 .25-1.75m and 7.75s, 5-Me, 4J = 7 HZ 4.26s, 'J = 13 Hz 
2.0-2.2111, bipy 7.63s, 3-h4e 

B" CDCI, 2.0-2.8ni, Ph + 5-CH 3.2Od, = 9 Hz 4.05t, ' J  = 7 Hz 
7.5-8. Om, CH, ,J(H-H) = 2 Hz, 3-CHc 3J(H-H) = 2 Hz 

X I  CD,CN 1.85-2.70111, Ph 3.69-3.89n1, br I) 
h , CH2 

X CDC1, 1 .83-3. Om, Ph 3.22s, br 4.13s, br 
7.0-8.5m, CH, 

XPX CDCI, 1.95-2. Om and 1.49d, 3J = 16, ,J(H-H) = 2.5 3.541, ,J(H-H) = 1 . 5  HZ 
2.30-2.55n1, bipy 0.75s and 0.83s, 3-CH 

Fd CDCI, 1 .8-2.9n1, 3.40s, br 3.85s, br 
Ph + 5-CH 

X X V l P  CD,CN 1.8-2.8m, Ph + 5-CH 2.88s 3.98s 
7.2-7.8111, CH, 

"s units: Varian NEVA, 60 MHz operatiiig at  room temperature; s = s~ngler, d - doublet, t - triplet, rn - multiplet, br  = broad. 
bNot obserbed ou ing  to insufficient sol~ibllity. 
'The 5-CH 1s probably covered by absorptions due to the ai.omatic protons. 
dThese data are reported for  comparison (ref. 1). 

(pz),],Ni (4b] or [Me,B(pz),],Ni (9) were found to 
contain square planar nickel(l1). 

O n  the other hand, a tetrahedral coordination may 
be suggested for the violet paramagnetic cobalt(I1) 
derivative, XXIV, on tlie evidence of the visible 
spectrurn and on the assumption that the two water 
inolecules are outside the cobalt coordinatio~i sphere. 
By comparison, the related mononuclear [Co- 
( p ~ ' t I ) , ] ~ +  ion was shown (96) to  contain tetra- 
hedrally coordinated cobalt(I1). The reaction leading 
to the conipound XXHV afforded also two other 
products in small yields. One of them is white and 
cobalt-free, the other is blue and paramagnetic; on 
the basis of elemental analyses, electrical con- 
ductivity, ir, and electrollic spectra, formulae like 
[(bipa,)2Pd,(p-pz'),l XXV, and [(bipy)Co- 
(pzlH), j (BE,),, XXVI, are suggested. 

The 1 : 1 adducts (see Table I )  were obtained when 
the ligallds A-F were reacted with a metal halide or 
a metal sulphate, generally in methanol solutio:~ or 
in ether suspension. In  the case of (dpe)Pd(pz),.CdI,, 
XXVPI, ether had to be used, since in methanol 

scrambling of the ligands occurred and (dpe)Pd12 was 
isolated. 

The 1 : 1 adducts are therlnally stable solids and 
are sparingly soluble in organic solvents, which have 
a remarkable tendency to be included in the crystals. 
Hn particular, the compounds, (bipy)Pt(pz1),Cd12, 
XPI, and (bipy)Pt(pz1),CoC12 could be isolated with 
(XHHI and XV) or without (XI1 and XIV) 1 lnol of 
clathrated dichloromethane; solvent molecules call 
probably fit into the holes of a crystal lattice in which 
the bulky and rather unfiexible bipyridiiie or 3,5-di- 
lnethylpyrazolato ligands have to be acconimodated. 

When the solubility was sufficient, e.g. 111, tlie 
determinations of the molecular weight and of the 
molar conductivities showed the complexes to be 
monomeric, ruling out dirneric, ionic formulae such 
as [(dpe)Pt(p-pzlj,Zn(p-p~'),Pt(dpe)]~'[ZnCI,]~-. 
The very limited, although not negligible solubility of 
the 1 : 1 adducts I and 11, between zinc(b1) or copper(I1) 
sulphate and (dpe)Pt(pzl),, did not allow a reliable 
molecular weight determination but argues against 
a polymeric structure. These two compounds, which 
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are not electrolytes in CH,CI,, are likely to be 
either monomers, (dpe)Pt(p-pz1),M(S04), or dimers, 
(dpe)Pt(~1-~z'),M(~-SO4)2M(~-pz'),Pt(dpe). 

No distinction is possible on the basis of the infra- 
red spectrum for the sulphate group, which has CZt: 
symmetry in both cases: moreover, strong vibrations 
due to the Pt-containing ligands are present in the 
regions typical for sulphate adsorptions. Related 
(pyrazole),M(SO,) species have been reported and 
were assumed to be mononuclear (8b). 

The complexes [(bipy)Pd(pz'),.PdCl2~0.5H2O],,, 
XXIII, and [(bipy)Pt(pz'),.PdCl,],,, XVI, are in- 
soluble, so that polymeric structures where the 
ligands bridge two PdCl, moieties are more likely. 

The infrared spectra (4000-250 cm-') of these 1 : 1 
adducts show all the vibrations due to the metal- 
containing ligand, thus suggesting that the gross 
structure of the latter is unaltered after the reaction. 
In the low-frequency region, where metal-halogen 
stretching frequencies are expected, a rather com- 
plicated pattern is present owing to ligand vibrations. 
This precludes any safe assignment. 

The proton nmr spectra (Table 2) were recorded 
for those cornpounds which were sufficiently soluble. 
The 3,5-dimethylpyrazolates showed always two sets 
of methyl groups; of these the one at  higher field 
should be assigned to the set nearer to the transition 
element because, when this is platinum, coupling 
with '95Pt can be observed. The actual value of the 
4J(Pt-H) is 4.5 Hz in (dpe)Pt(pzf),.CdI, and is 
quite similar to that recorded for the ligand itself 
or the protonated species [(dpe)Pt(pz'H),12+ (4 or 
5 Hz respectively). 

Although also the proton in the 4 position of the 
pyrazolato ring was coupled to the platinum in the 
parent molecule, (dpe)Pt(pzl), (J = 4 Hz), only a 
broadening of the signal was recorded in the case of 
its CdI, derivative, as had already been observed for 
the related [(dpe)Pt(pz'H),12 + cation (1). No such 
coupling was observed in the adducts of the palla- 
dium containing ligands; however, two 4-CH 
signals instead of one, together with the required two 
methyl signals, were recorded for a CD,CN solution 
of (bipy)Pd(pz'),.ZnBr,. Two magnetically non- 

equivalent 4-CH groups can presently be explained 
only if the two pyrazolato ligands cannot occupy 
symnletrical positions, owing perhaps to steric 
crowding. 

In the blue, paramagnetic (nmr criterion) and non- 
electrolyte cobalt(I1) compounds, the transition metal 
atom is surrounded pseudo-tetrahedrally by the 
ligands. Such an arrangement of the ligands was pro- 
posed 011 niagnetic and spectral evidence for the blue 
bimetallic species (dpe)Pt+C(OR)=N(Ar)+ ],CoCl, 
(2), for the blue bis(3,5-dimethy1pyrazole)- or 
bis(l,3,5-trimethylpyrazole) dichlorocobalt(I1) (10a) 
and is now supported by an X-ray structure carried 
out for bis(3,5-dimethyl-4-et1~ylpyrazole)dichloro- 
cobalt(I1) ( lob) .  

The reaction of diineric dicarbonylchlororho- 
dium(1) was carried out with the complex (bipy)- 
Pt(pz), and a 2:  1 adduct was isolated, for which the 
following structures are possible 

plus a more cornplicated one, analogous to that pro- 
posed for an adduct between a porphyrin and 
[(CO),RhCl], (1 I), involving a pentacoordinated 
rhodiuin(1). The value of the electric conductance, 
both in acetone and in dichloromethane solution, 
supports the ionic structure, which may be present 
even in the solld state since the pattern of the infrared 
absorptions in the v,, region does not change from 
solid state (Nujol) to solution (CH,Cl,) spectra. 

The behaviour of the ligand (bipy)Pt(pz),, there- 
fore, is different from that of the (dpe)Pt+C(OMe)= 
N-As], or (Ph,P)(ArNC)Ptf C(OMe)=N-Ar], 
ligands which give non-ionic adducts where they act 
as exo-bidentate ligands. In addition another dif- 
ference lies in the stability of the solution, which is 
very limited in the case of (dpe)Pt+C(OMe)=N(Ar) 
+Rh(CO),Cl],. Both adducts are decomposed by 
reaction with a classical ligand, such as Ph,P, 
according to the reactions : 
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TABLE 3. Electronic spectra 

Compound Solvent (€1 

11, A.CuS04 CHZCI, 050 (94) 350 (744) 270 (14 600) 265 (15 050) 
254 (15 350) 247 (17 000) 245 (21 500) 237 (25 500) 

XI, [B,NiI[BF412 CH3CN 440 (90), the same i.,,,, upon reflectance 
C 4 10 (2290) { H 384 (1280) 

XII, C.Cd12 CHC13 410 (2250) 
XIV, C CoCL, CH,CN 642 (395) 612 (465) 576 (350) 376 (1260) 

D CHCl, 390 (2000) 360 (2200) 320 (9000) 300 (10 500) 
250 (21 700) 

XVIII, D.CoC12 CH,CN 640 (350) 600 (380) 570 (310) 350 (2300) 31 5 (12 900) 
250 (30 400) 

CH,OH 500 (39) 360 (2250) 320 (1 1 850) 307 (11 100) 
270 (15 200) 237 (14 100) 

E CH,OH 306 (6200) 236 (6050) 
XX, E.Cd12.0 4Me2C0 CH,CN 315sh (11 750) 306 (12 970) 236 (34 450) 
XXII, E CoCIZ CH3CN 642 (370) 616 (405) 580 (300) 315 (13 530) 

236 (26 250) 215 (33 260) 
XXIV, [E2Co] [BF4],,2H20 (CH3)2C0 606 (298) 570 (375) 524 (285) 308 (27 990) 

236 (50 265) 115 (54 795) 
XX\'I, [(b1py)Co(pz'H)2][BFs]~ CH3CN 616 (325) 598 (300) 308 (11 170) 236 (19 800) 

21 5 (22 840) 

TABLE 4. Conductivity data 

Concentrat~oii Conductivity 
Compound Temperature ( C) Sohent (1W4 M )  (ohm-' cm' mol- ') 

VlII 24 (CH,)zCO 2.5  
VIP1 24 CHzClz 2 .8  
XVII 20 (CH.3)zCO 2 .1  
XXIV 20 (CH,j,CO 5 5 
XXIV 20 CH, CN 6 . 4  
XIX 23 CHZCI, 3 .8  
XIX 23 (CH3)zCO 2 3 

Experimental 
The starting materials, A-F, were prepared as described in 

our preceding paper (1). General techniques and spectro- 
scopic methods have been described previously (2). Analytical 
and other data are given in Table 1,  nrnr data in Table 2, 
spectroscopic data in Table 3, and conductivity data in Table 
4. All the analytical samples were pumped to constant weight 
(ca. 0.1 Torr, 25-C). Evaporation was always carried out under 
reduced pressure (nater aspirator). 

Prepparution of the Adducts 
A.CdBr,, IV. To a stirred methanol suspensio~~ (40 mL) of 

the compound A (202 mg: 0.26 mmol), a solution of CdBr,. 
4 H 2 0  (90 mg; 0.26 mmol) in warm methanol was added. After 
stirring for 15 min, the solution was evaporated to dryness and 
the residue was extracted with dichloromethane (40 mL). 
Diethyl ether (50 ~ I L )  was added to the extract and the crude 
compound crystallized out upon concentration. Recrystalliza- 
tion was achieved by concentrating a sol~ition in CH,Cl,/Et,O 
(70 + 70 mL). The colourless coinpound is sparingly soluble 
in CH,CI, and is insoluble in chloroform, acetone, benzene, 
or acetonitrile. The preparation of ACdI,, V, A,ZnC12, III, 
A.ZnS04, I, green A.CuSO,, PI, and of [A,Zn][BF4I2, VIII, 
was carried out similarly from CdI,, ZnCl,, ZnS04.7H,0, 
CuS04,5Hz0,  and Zn(BF4j2.6H20; the crude products were 
crystallized from CH,C1,,Et20 (between 11'1 to 1;'4 volume 
ratio). 

A.HgCI2, VP. A solution of rnercury(I1) chloride (86 mg; 
0.316 mmol) in diethyl ether (25 mL) was added to a stirred 
suspension of the compound A (216 mg; 0.275 mmol) in the 
same solvent. After stirring for I h the colourless precipitate 
was filtered and washed with ether. The white compounds 
A.HgBr,, VII, B.HgCI,, X, B.CdCI,, IX, and yellow E.ZnBrz, 
XXI, were obtained similarly from the appropriate reagents, 
sometimes with longer reaction times (6 h for S and XXI, 24 h 
for IX), and were then crystallized twice from CH,C12/Et,0 
or CH,CN/dry Et,O. 

C.CdT,, XII, and C.CdI2.CH2Cl2, XIII. Cadmiurn(I1) 
iodide (105 mg; 0.28 mmol) in methanol (2 mL) was added to a 
solution of the compound C (149 mg; 0.27 mmol) in the same 
solvent (30 mL) whereupon a yellow precipitate formed at 
once. In this case the reaction mixture was evaporated to dry- 
ness and the residue was extracted with dichloromethane 
(40 mL). Addition of petroleum ether gave a yellow precipi- 
tate, which did not dissolve again completely in dichloro- 
methane (0.25 L), affording the yellow compound XIII (60 mg). 
From the clear extract the orange yellow compound XI1 
(1 10 mg) precipitated upon concentration to a small volun~e. 

The compounds C.CoCI,, XIV, [C,Ni][BF4],.2HZ0, 
XVII, and C.PdCI2, XVI, were obtained similarly from C and 
anhydrous CoCl,, Ni(BF4),.6H2O or (PhCN),PdCI, in 
methanol so!ution. The emerald-green (cobalt), pale pink 
(nickel), or pale yellow (palladium) precipitates were purified 
by crystallization from acetoniirile/diethyl ether or, in the last 
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case, by washing with methanol and ether. The emerald-green 
compound XV was obtained by washing XIV with dichloro- 
methane. 

D.[Rh(CO),CI],, XIX. Compound D (197 nig; 0.407 
nirnol), [Rh(CO),CI], (158 mg;  0.407 mmol), and ether 
(50 mL) mere stirred 4 h .  The orange yellow precipitate was 
filtered and  cr)stallized by concentration from CH,CI,,Et,O. 
Infrared carbonyl stretching frequencies at  2080, 2065, 2020, 
a n d  1990 (CH,CI, solution) and at  2070, 2050, 2010, 1990, 
1970, and 1940 c m - '  (Nujol mull). 

D,CoCI,, XVIII. After 10 min a methanol solution (50 mL) 
of the compound D (199 nig; 0.41 mmol) and  of anhydrous 
cobalt(l1) chloride (70 mg; 0.54 mmol) in the same solvent 
(20 mL) gave a blue precipitate (152 mg); additional precipi- 
tate (66 mg) was obtained upon concentration of the blue 
mother liquor. The combined precipitates were extracted with 
acetonitrile and the blue product (200 mg) was obtained by 
concentrating the extract in the presence of ether. The com- 
pound is sparingly soluble in acetonitrile with a blue colour, 
which becomes yellow upon addition of methanol and gives 
back the blue colour upon addition of ether or  of hewane; it 
dissolves in methanol with a yellow colour, while in ethanol, 
where it is sparingly soluble, only a blue colour was observed 
for the solution. 

ECoCl , ,  XXII. The blue precipitate which formed upon 
addition of dry CoCI, (30 mg; 0.23 mmolj  to  a methanol 
solution (20 mL) of E (100 n ~ g ;  0.22 nlmol) was crystallized 
from acetonitrile,'ether. The pale pink [B,Ni][BF,],, XI, was 
obtained and purified silnilarly from B and Ni(BF4),,6H,O. 

F.Cd12, XXVII. Cadmium(I1) iodide (80 mg: 0.22 mmol), 
compound F (1 39 mg;  0.22 mmol), and diethyl ether (40 mL) 
were stirred for 1 day under nitrogen. The pale yellow com- 
pound (200 mg) was filtered and  washed with ether; it could 
n o t  be crystallized from CH,CIZ,Et20 .  The same product 
could not be obtained by carrying out  the reaction in methanol. 
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F .  CAPITAX, A. GUIRALM, J .  L. VILCHEZ, and J. F. ARENAS. Can. J. Chem. 57.3243 (1979). 
The reduction of the 1,2,7-trihydroxyanthraquinone-3-methylamino-N,N-dicetic acid at  

dropping mercury electrode has been investigated. The reduction involves two electrons as 
well as either one or two hydrogen ions depending on the pH. Two alternative reaction mech- 
anisms are proposed. Five acid-dissociation constants have been determined by potentiometric 
and spectrophotometric methods. A sequence for the dissociation of the protons is proposed. 
Thermal gravimetric and differential analysis of the anhydrous and dihydrated reagent are 
reported. 

F. CAPITAN, A. GURAUM, J. L. VILCHEZ et J. F. ARENAS. Can. J. Cheni. 57 3243 (1979) 
La reduction de I'acide 1,2,7-trihydroxyanthraquinone-3-n1~thyle-amino-N,N-diacetique a 

Cte etudiee a l'electrode a goutte de mercure B differents valeurs du pH avec un tampon ace- 
tique. La reduction se fait avec l'intervention de deux electrons ainsi que d'un ou deux ions H +  
selon que le pH soit au-dessous de 7.76 ou au-dessus de cette valeur la respectivement. Deux 
mecanismes de reaction ont ete etablis. On a fait la determination potentiometrique et spectro- 
photometrique de cinq constantes de dissociation et on a propose une sequence pour la dis- 
sociation des protons. On a etudie Cgalement I'analyse thermique du compost5 anhydre et 
hydrate. 

Introduction 

Prior to  this work, several analytical applications 
of anthrapurpurin conlplexa~i (1,2,7-trihydroxy- 
anthraqui~ione-3-methylamino-N,N-diacelic acid) 
were studied (1, 2). 

There are only a few data in the literature con- 
cerning dissociation constants of anthraquinone 
complexans. To our knowledge, only those of ali- 
zarin complexan (3) and sulphonated alizarin com- 
plexan (4) have beell reported. Likewise, few data 
have been reported concerniilg the polarographlc 
behaviour of anthraqu~nonic derivative5 (5-7) but no 
attention has get been paid to their complexans. In 
this work, h e  have determined five dissociation 
constants of anthrapurpurin complexan by poten- 
tionietric and spectrophotometric methods and 
investigated the reduction of the reagent at the 
dropplng mercury electrode a t  different values of pH 
in some acetic-acetate buffers. The react1011 mech- 
anism has been established and one of the pK values 
has been determined from the polarographic data 
and found to be in good agreement with that deter- 
mined by poteniiometric and spectrophotometric 
methods. Accordingly, the order of dissociation of 
the protons has been established. 

'To whom all correspondence should be addressed. 

The thermal behaviour of the reagent has also been 
investigated and the solubility in distilled water 
determined. 

Experimental 
Anthrapurpurin complexan was synthesized according to 

Belcher's method (8). The infrared spectrum of the solid in 
KBr pellets was recorded on a Beckman 4240 spectrophoto- 
meter. The nmr spectrum of the reagent dissolved in dimethyl 
sulfoxide was recorded on a Perkin Elmer R20 spectrometer. 
To increase the solubility of the sample we synthesized the 
acetic triester methyl diester derivative by consecutive esteri- 
fication of the three phenolic groups and the two carboxylic 
groups. The elemental analysis of this derivative agrees with 
the empirical formula C,,H2,N0,,. Tts nmr spectrum was 
recorded in deuterated chloroform. The mass spectrum of the 
reagent could not be recorded because of its low volatility, 
thus the spectrum of the pentamethplic derivative was re- 
corded on a Ilewlett-Packard 5930 A spectrometer. Theriual 
analyses were carried out with a Setaram GDTD thermo- 
analyzer fitted with a B70 thermobalance using PtiPt-Rh 
thermocouples. Analyses were always performed in a static air 
atmosphere using 20 mg samples in platinum melting pots of 
5 mm inner diameter and heating at  the rate of 1OCC/min. 
Calcinated alumina with the same particle size as the sample 
was used to record TDA diagrams. A Beckman Research poten- 
tiometer was used to perform potentiometric titrations and a 
Beckman ACTA 3 spectrophotometer was used for the spectro- 
photometric determination of dissociation constants. 

Polarograms were recorded on a Sargent XVI polarograph 
and an AMEL 471 multipurpose unit. Controlled-potential 
coulometric reactions were carried out on a Metrohm-Herisau 

0008-40421791243243-04$01 .00/0 
91979 National Research Council of Canada/Conseil national de recherches du Canada 
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E-524 potentiostat and pH was measured with a Radiometer 
pH-29 pH-meter. The sce was used as reference electrode in all 
cases, a water-jacketed cell through which water was circulated 
from a thermostat was used to control temperature at 25'C and 
oxygen was removed by bubbling nitrogen of 99.9972, of 
purity through the solutions. Different acetic-acetate buffers 
were used as supporting electrolytes in the pH range of 3.75 
to 8.70. Capillaries were calibrated at  pH = 4.60. Drop time 
as well as flow of mercury was determined as a function of the 
height of the mercury column (a lineal dependence between r t ~  
and h being obsened). Samples for polarography were pre- 
pared in all cases starting with a bulk solution M of 
anthrapurpurin complexan and diluting with the supporting 
electrolyte up to the required concentration. 

Results 

The Ir spectrum of anthrapurpur~n complexan has 
bee11 recorded In the range 4000-250 em-', the most 
significant features be~ng  the follow~ng: the broad 
band at 3460 e m '  must be ass~gned to v(OH), that 
a t  1743 em ' must be assigned to v(C=O), and that 
a t  1295 em-' is probably due to a C-N stretching 
v~bration None of these bands are recorded in the ir 
spectrum of 1,2,7-trihydroxyanthraqu~none (6). 

Only signals from al~phatic protons have been re- 
corded in the nmr spectrum ofthe reagent. That at  3 67 
ppill corresponds to the meth4lenic -CH,-COOH 
protons and that at  4.10 ppm corresponds to the me- 

/ 
thqlam~iio -CH,-N protons No addit~onal s ~ g -  

\ 
rial could be observed. In the nmr spectrum of the 
esterified derivative the following signals have been 
recorded: 2.34 ppnl corresponding to the methylic 
protons CH,-COO- in positions 2- and 7-, 2.45 
ppm corresponding to CH,-COO- in position I-, 
3.53 ppm corresponding to the methylenic protons 
-GH,-COO-, 3.67 ppm corresponding to methylic 
protons-COO-CH,, and4.03 ppmcorresponding to 

/ 
methylamino protons-CK,-N Acomplex signal \. 
is recorded in the range 7.5-8.3 ppm originated by 
the aromatic protons in positions 4-, 5-, 6-, and 8-. 

The mass spectrunl of the pentamethylic deriva- 
tive of the reagent shows the molecular peak at  
471 nz,'e which agrees wth the expected molecular 
welght for this compound. 

The solubility of the reagent in distilled water has 
been determined by the Rose method (9) and found 
to be 0.19 g/L. 

Thermal gravimetric and differential analyses of 
the anhydrous and dihydrated compound have been 
performed. The anhydrous reagent, Fig. 1, shows an 
endothermic effect at  184°C which is followed by an 
exothermic effect at  190°C. The loss of mass amounts 
to nearly 10.9: and may correspond to a decarboxy- 
lation, the calculated loss being 11%. The elemental 
analysis of a sample of the reagent heated up to 

FIG. 1. Thermal analysis of anhydrous anthrapurpurin 
complexan. 

184'C for half an hour is in accordance with this 
hypothesis. A11 additional exothermic effect is 
observed at  242'C with a loss of mass amounting 
again to nearly 10.9%. Such loss may be caused by a 
further decarboxylation. The ir spectrum of a sample 
of the reagent heated up to 245°C for 1 h does not 
show bands assignable neither to v(C=O) nor to 
v(OH) vibrations. This observation agrees with the 
proposed interpretation. Finally, two large exo- 
thermic effects are observed at  500'C and 530°C 
which shouid correspond to the combustion of the 
sample. The hydrated compound shows the same 
effects as the anhydrous one but two additional endo- 
thermic effects can be seen at  87°C and 140°C with a 
loss of mass amounting to nearly 4 5  for each one. 
The first effect may correspond to the loss of one 
n~olecule of lattice water and the second one to the 
loss of one molecule of strongly hydrogen-bonded 
water. 

Only one polarographic wave has been observed in 
the polarograins recorded from aqueous solutions of 
anthrapurpurin complexan at different concentra- 
tions, temperatures, and pH. Figure 2 shows a 
representative polarogranl at pH = 4.60. First of all, 
we investigated the dependence of i d  on the height 
of the mercury column as well as on pH. The results 
were obtained from a IM solution at pH = 4.60. 
The plot of id vs. 1 1 ' ~ ~  shows a linear dependence 
which proves that the wave height is diffusion-con- 
trolled. The temperature coefficient of i d  has been 
investigated in the range between 20°C and 85°C 
with 2.5 x 1M solutions at  pH = 4.60. The 
temperature coefficient is found to be d(1og id) +- 
d T  = 0.0063 (close to the theoretical value 0.007) 
confirming the diffusion-controlled nature of the 
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0 - 0.b -1.2 
FIG. 3. Dependence of half-wave potential on pH Evs S C E  

FIG. 2. Polarographic wave of anthrapurpurin complexan at 
pH = 4.60. 

polarographic wave. Then, we studied the depen- 
dence of the half-wave potential on pH to determine 
how many hydrogen ions are involved in the reduc- 
tion. Polarograms were recorded from 2.5 x M 
solutions in the range of pH between 3.75 and 8.70. 
Values of Eli, as well as those of nc/. were calculated 
in each case. Figure 3 shows the plot of El ,, vs. pH. 
One call observe two straight lines the slopes of 
which are 0.0697 and 0.12 depe~lding on whether pH 
is lower or higher than 7.76. Accordingly, the 
number of hydrogen ions i~ivolved in the reduction 
must be either y = 1 or p = 2 respectively. The 
intersection point at  pH = 7.76 defines the value of 
a pK which agrees with that of pK, determined by 
potentiometric and spectrophotometric methods. 

On the other hand, we checked that the diffusion 
current is ~roportional to the solute concentration. 

wire as the auxiliary electrode, the reference electrode 
ivas a sce. The concentration of the sample before 
and after the electrolysis was measured polarograph- 
ically to ensure that reduction reached completion. 
The electrolyzed samples co~ltained 0.1640 g of 
solute in 100 mL of solution, a continuous stream of 
nitrogen was passed during the electrolysis at the end 
of which the Lvave at El , ,  = -0.5 V had disap- 
peared but a new one did appear at E,  /, = - 1.22 V. 
Therefore, it appears that the reduetioil involves two 
electrons in the range of pH investigated. 

Finally, the acid-dissociation constants of anthra- 
purpurin complexan have been determined by poten- 
tiometric (10-12) and spectrophotometric methods 
(13) at  ionic strength p = 0.1. A maximum of five 
dissociation constants have been determined in the 
range of pH investigated and their pK values are 
collected in Table 1 together with that obtained fron 
the polarographic method. 

i.e., that 1iko;ic's equation holds in the concentra: Discussion 
tion range between 6 x M and 5 x lo-" A4 at 
pH = 4.60. In all cases we also calculated E l / ,  Taking into account the above results we have 

~vhich was independent of concentration. There is a proposed a mechanis~n for the reduction of anthra- 

linear dependence of id on concentration. The slope purpurin complexan at the dme. 

of id vs. concentratio~l was found to be 2.708 pA em3/ The reductio~l of any anthraquinone may proceed 

mol. Hence, the diffusion current constant is I = 
along two different pathways depending on the sub- 

i , / t i ~ ~ ' ~ - t " %  = 607011'2~7 = 2.41 and the diffusion stituents, pH and supporting electrolyte (5-7): (a) by 

coefficient D = 3.9 x cm2/s, where lz = 2, TABLE 1. Selected pK values of anthrapurpurin co~nplexan 
tiz = 0.68 mg/s, and r = 9.7 s. Such values for I and 
D agree with those previously published for some Method PKI pK3 PKS pK5 
anthraquinones ( 5 ) .  Finally, we carried out a con- 
trolled-potential coulornetry to determine n, i.e., the PotentiOmetric 3 . 0  5 . 3  7 .6  10.0 11.0 

5 . 5  7 . 6  - - 
number of electrons involved in the reduction. A ~ , " ~ ~ , " , " ~ C m e t r i c  - - - 7.76 - - 
mercury pool was used as the cathode and a platinum 
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capturing one electron to form a semiquinone 
system, or (b) by capturing two electrons to form a 
hydroquinone. I11 this case the number of electrons 
involved in the reduction has been two in the whole 
range of p H  we have investigated. Therefore, it seems 
reasonable to assume that the product of the reduc- 
tion is the hydroquinone derivative. Honever, the 
number of hydrogen ions involved is either one or  
two depending on pH.  I t  seems possible to explain 
these mechanisms by assuming that the -OH sub- 
stituent in position 1 is not dissociated at  p H  lower 
than 7.76. Accordingly, the quinone oxygen in posi- 
tion 9 is reduced to - 0  and hydrogen-bonded to 
-OH in position 1. At  p H  higher than 7.76 the -OH 
group in position 1 is dissociated and may be 
hydrogen-bonded to -OH in position 2; therefore, 
the second hydrogen ion is captured to form the 
hydroquinone derivative. 

Consequently, the order of dissociation of the 
protons seems to  be as follows: (a) the second car- 
boxyl group proton (the first one is transferred to  the 
nitrogen atom during the dissolution of the reagent, 
(0) the phenolic proton in position 7 ) ,  (c) idem in 
position 1, (cl) idem in position 2, and (e) the proton 

at  the imino group. The phenolic proton in position 
7 seems to dissociate before those in positions 1 and 
2 prokided that it is not linked by any iiitrarnolecular 
hydrogen bond. 
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Coeficients B de viscositk dans les systkmes ternaires aqueux. 111. HaHogknures alcalins - 
alcosl tert-butylique - eau ii 25°C 

MARC P A L R ~ A  E T  J E ~ N - P ~ ~ K K E  M O R ~ L  
Lriboi.citoirc' tl'Erlrtli..c t l e ~  Irzfet-cit.tio~za Solirtc;.\-Solcri,~t., Grorrpc, tlr Chitrlie Ph~~itlrrc,, Utiicer~itP tle Clct.1?7ont, 

B6t. 6 Chi111ic. B.P. 45. 63170 A irbic~rt,. Fi.cirlc,c~ 

K e y  le 17j~1illet 1979 

MARC PALWA et J E A ~ P I E R R E  MOREL. Can. J .  Cheni. 57.3247 (1979). 
Nous avons mesure, a 25 C, le coefficient B de viscosite de HCI, LiCI, NaCI, KCI, RbCI, KI 

st  KBr  dans les melanges hydroorganiques contenant de X = 10 a 40% en poids d'alcool terr- 
butylique, les concentrations en electrolyte variant entre 0.1 et 0.3 IM. 

Les courbes 5 = f ' ( X )  presentelit des points d'inflexion el des minimums dont la position 
peut s'expliquer par les proprietis structurales du solvant mixte. 

On observe, dans l'eau, une relation lineaire entre I'entropie d'hydratation et le coefficient B 
des ions. De la mCme faqon, on peut mettre en evidence, pour tous les melanges etudies, une 
corrClation lineaire entre I'entropie de solvatation et le coefficient B des Clectrolytes. 

Ces corrClations permettent de caracteriser deux zones distinctes (X  < 20% et X > 20%) dans 
la gamme des melanges eau-tert-BuOH. 

MARC PALMA and JEAN-PIERRE MOREL. Can. J. Chem. 57.3247 (1979). 
We ha\e measured the coefficient of viscosity B a t  25'C of HCI, LiCI, NaCI, KCI, RbCI, KI,  

and KBr in the mixtures of aqueous organic solvents containing froin 10 to 4 0 z  tert-butyl 
alcohol by weight (X), ihe concentration of electrolyte varying from 0.1 to 0.3 M. 

Plots of B = f ( x )  show points of inflexion and minima whose positions can be explained by 
the structural properties of the mixed solvent. 

In water; a linear relationship between the entropy of hydration and coefficient B of the ions 
is observed. In the same way, it can be shown that a linear correlation exists between the entropy 
of solvation and coefficient B of the electrolytes for all the mixtures studied. 

These correlations lead to the characterization of two distinct zones (X < 20x  and X > 
20Z) for the range of rrrr-butyl alcohol - water- mixtures. 

[Journal translation] 

Introduction 
Nous avons aborde 1'Ctude de la viscosite des solu- 

tions ternaires aqueuses contenant un Clectrolyte et 
un non6lectrolyte par le systeme NaCl - alcool tert- 
butylique - eau (1). Ces pren2iers resultats nous ont 
conduit ensuite B examiner les systkmes MX-t-  
BuOH-eau (MX : haloginure alcalin, t-BuOH : 
alcool tert-butylique) pour des concentrations en 
Clectrolyte et en alcool dans l'eau inferieures a 2 M 
(2); dans cette approche, MX et t-BuOH Ctaient con;- 
sid6rCs comme des solutks dans l'eau. Les rksultats 
que nous prCsentons ici coiicernent les m&mes 
systemes o h  MX reste un solute alors que la concen- 
tration en f-BuOH devient assez grande pour qu'on 
puisse considCrer cet alcool comme un co-solvant de 
l'eau. Il s'agira donc, en fait, de ditern~iner de f a ~ o n  
classique le coefficient B de la loi de Jones-Dole des 
halogknures alcalins dans les m6langes eau-t-BuOH. 

Depuis quelques armies, nous avons CtudiC nombre 
de propri6tCs thermodynamiques de divers solutCs, en 
particulier celles des halogCnures alcalins (3-5) dans 
les melanges aqueux contenant jusqu' i  40% en poids 
d'alcool trrt-butylique; ce co-solvant nous paraissait 
1e plus typique de ce qu'il est convenu d'appeler les 

"promoteurs hydrophobes de la structure de l'eau". 
Ees riombreux rCsultats obtenus ont mis en Cvidence 
des relations entre: propriCtCs a dilution ilifinie du 
solute et propriCtCs structurales du solvant. La 
difficulti de rendre compte quantitativement de ces 
dernikres fait qu'il est cependant difficile de proposer 
des modeles precis de solvatation. 

Le coefficient B de ia Ioi de Jones-Dole (6) est une 
grandeur caracteristique des interactions ion-solvant 
pariiculieremer-it parlante. Aussi, l'etude de la visco- 
site des solutions aqueuses d961ectrolyte a-t-elle 
donne lieu B de nombreux travaux (6-9). Si l'on 
considi.re des petits ions comme ceux des haloginures 
alcalins dont la taille est de l'ordre de grandeur de la 
taille d'une rnolCcule d'eau, I'effet de volume de type 
Einstein (10) sur la viscositi du soivant peut-&tre 
nCgligC; on peut alors considerer que l'effel observC 
rend essentiellement compte de l'interaction ion- 
solvant, c9est-;-dire de la modification du solvant 
dans la cosphtire de l ' io i~ .  Aucune thkorie ne permet 
la prevision du coefficient B de viscositi; cependant 
on pent dire que ce paranletre, qui chiffre l'augmenta- 
tion ou la diminution de viscositC d'un solvant pro- 
voqu6es par Ia presence d'un Clectrolyte, rend co~np te  

0008-40421791243247-06501 ,0010 
I970 National Ke\earch Council of CanadalCsnseil national de recherches du Canada 
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TABLEAU 1 .  Coefficients B (L rnol-I) des halogenures alcalins dam les melanges eau-r-BuOH 

B 

HCI 
LiCl 
NaCl 
KC1 
RbCl 
CsCl 
KT 
KBr 

en falt de la modlficatloll des degrks de ]lbertC des cette drolte a concelitratlon nulle Le calcul theorrque de 

mol~cules d.eau dans la zone pe r tu rb~e  par I ' ~ ~ ~ .  I'rncert~tude lelatlbe AF F montre que celle-cl peut s'ecr~re 
sous la folrne survante 

D e ~ l x  relatrons e~nplrlques lnlportantes justifient ce 
AF point de vue. la relation 111lCa1re entre B e t  l 'entrop~e = A'l, - 

d'hydratatlon des ions, d'abord proposee par Frank F I v r  - 1 - A\71 

et Evans ( 1  I ) ,  puls dkveloppee par Nlght~ngale (12); A 2 ,  C - I  

la relation lillialre entre B et un coeffic~ent analogue + - - A  c - 
qui traduit les variations de l'inverse du temps de 

Quand la concentration devient suffisamment faible, la relaxation longitudinale, T,, du proton des molicules sur peut de\.enir tris mau\aise. Par ailleurs, 
d'eau en rmn, avec la concentration en Clectrolyte; I'experience n1ontl-e que F peut s.ecrire sous la forme: 
cette corrClation a CtC mise en Cvidence par Engel et 
Hertz (13). [2]  F = B + Dr + Ec2 -I- ... 

Les lllesures de coefficient B d'klectrolyte dans les Au-deli d'une certaine concentration, Er2 devient grand 

l m ~ l a n g e s  hydroorganiques peu ,lombreuses, L~~ devant AF, et la methode de determination de B citee plus haut 
n'est plus valable. La rnesure du coefficient Bdoit done s'effec- 

plus significatives ~ 0 n t  celles de Feakins et coil. (141, tuer a I'interieur d'un domaine de concentration I.elativement 
pour leS halogCnures alcalins dans les melanges eau- etroit. L' im~ortance du choix de ce domaine s'illustre biell 
mCthanol. Les variations de B sont cependant assez lorsqu'on examine dans la litterature les determinations con- 
faibles lorsque varie le pourcentage en poids de flues des coefficients B(2). 

Les niesures ont ete effectuees ici pour des molarites com- :nCthanol ajoutC dans l'eau. Notre projet est d'exa- prises en general entre 0,1 et 0,3, 
miner ce qu'il en est dans les mClanges eau-t-BuOH : 
les rCsultats obtenus nous permettront de verifier si RCsultats 
les corrtlations Ctablies dan; l'eau se conservent dans 
ces milieux. 

Appurc~ill~ige 
Sa description detaillee a deja it6 faite preci.demment ( I ,  15). 

I1 s'agit d'un dispositif automatique reunissant un eiisemble 
viscosimitrique Fica (avec viscosinietre a tube capillaire de 
diametre = 0.5 mm de type Ubbelohde), un densirnetre digital 
Anton Paar et ur-re burette a dilution. 

Prorir~its 
Les halogenures alcalins sont des produits purs pour analyses 

"Merck". Ils ont ete maintenus pendant 48 h dans une etuve a 
150'C avant utilisation. L'alcool rert-butylique a ete purifie au 
laboratoire selon la methode habituelle (16). L'eau est tri- 
distillee dans un appareil en quartz, les solvants et les solutions 
sont filtres sur verre fritte de porosite no 4. 

Traite~i~enr des rlonnPes et cl~of,~ c/u dotnnirie de concerztratioti 
Nous avons vu ailleurs (1) que la methode de determination 

du coefficient B de Jones-Dole consiste a representer la droite 
F = (11~ - 1 - A ,  C);e en fonction de c, A etant la valeur 
caiculee de ce coefficient a l'aide de la formule de Falkenhagen 
e: Vernon (17). Le coefficient B se determine en extrapolant 

Les valeurs des coefficients B des electrolytes dans 
les diffkrents melanges eau-t-BuOH sont rassemblkes 
dans le tableau 1 .' 

Discussion 
1. Variatiotls des corflcients B aorc la coinposition d~4 

solvant 
Les variations du coefficient B des diffkrents 

haloginures alcalins avec le pourcentage X de t- 
BuOH dans le melange hydroorganique sont repre- 
senties par les courbes des figs 1 et 2. On a portt  sur 
celles-CI la grandeur de transfert AB,, diffirence entre 
la valeur de B daus un milange donnC et la valeur de 
B dans l'eau. Pour tous les ilectrolytes CtudiCs, sauf 
HCl, on peut faire les constations suivantes: B passe 
par un minimunl pour un solvant contenant entre 20 
et 25% en poids de t-BuOH; pour les chlorures 

'On peut obtenir la serie complete des donnees experi- 
mentales, a un prix nominal, en s'adressant au DepBt de 
donnees non publiees, ICIST, Conseil national de recherches 
du Canada, Ottawa (Ont.), Canada KIA 0S2. 
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FIG. 1. Coefficients B de transfert des chlorures alcalins de 
l'eau aux melanges eau - alcool ieri-butylique. 

alcalins, la profondeur du rninimurn augmente quand 
croit le rayon du cation, de mime pour les halo- 
ginures de potassium, celle-ci augmente quand croit 
le rayon de i'anion; les courbes presentent un point 
d'inflexion iuarquC pour une composition de l'ordre 
de 1 5 2 n  poids de t-BuOH. 

La courbe reprCsentative du coefficie~jt B de HCl se 
diffirencie des autres courbes par la position de son 
minimum dCplacee vers X = 1.5%. 

Si, sans chercher 2 distinguer le r61e respectif des 
zones A et B de Frank ( I S ) ,  on admet que 1'Clec- 
trolpte est globaleinent promoteur de la structure du 
solvant si B > 0 et briseur si B < 0, on peut Cnoncer 
la co~zclusion qualitative suivante: les Clectrolytes 
CtudiCs sont, soit moins promoteurs, soit plus 
briseurs, dans les melanges Ctudies que dans l'eau. 

Ceci peut s'expliquer si l'on admet que ces mi-  
langes soilt plus structurCs que l'eau pure: dans ces 
milieux, i'action des ions promoteurs qui induisent 
autour d'eux une structure de symitrie centrale 
(zone A) est moins marquee que dans l'eau (B  > 0 
mais plus petit que dans l'eau); au contraire, les ions 
briseurs dont I'influence est dCterminCe par celle de 
leur zone B, ont une action d'autant plus efficace que 
le milie~l est plus structurk ( B  < 0 mais p l~is  petit que 
dans l'eau). Ces conclusions doivent, B notre avis, 
i t re  forternent nuancies. Le raisonnement ci-dessus 

I I , , 
10 2 0 30 FIG. 3. Variation des coefficients B de viscositi des halo- ? ginures alcalins en fonction de leurs entropies de solvatation 

FIG. 2. Coefficients B de transfert des halogenures de dans-l'eau et dans un melange eau- alcool trii-butylique a 
potassiuni de l'eau aux melanges eau - alcool tert-butylique. 20;;. 
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FIG. 4. Variation des coefficients B de viscosite des halogenures alcalins en fonction de leurs entropies de sol\atation 
dans les melanges eau - alcool trrt-butylique. 

est au mieux valable dans les mklanges tres riches en 
eau o h  seule cette derni6re intervient dans la cosphere 
des ions; quand on atteint des pourcentages assez 
Clevks de t-BuOH dans le solvant, les molicules 
d'alcool sont elles aussi impliqukes dans la solvata- 
rion des ions et sans doute meme dans la zone A .  Ce 
phinomene peut expliquer la croissance de 5 pour 
les fortes valeurs de X, et le fait que ie minimum est 
d'autant moins prononcC que le cation ou l'anion 
est petit, c'est-8-dire comporte une zone A impor- 
tante. D u  fait de la superposition des deux effets: 
illodification de la structure de l'eau et intervention 
des molCcules d'alcooi dans la solvatation, il est 
probable que le ruininlum des courbes B = f ( X )  ne 
correspond pas au mtlange de structure 1-naximun1; 
ceiui-ci se traduirait plut6t par la prksence du point 
d'inflexion situi vers X = 15%, point significatif d'un 
changernei~t de tendance. kes derniers travaux rela- 
tifs 2 La structure des rnClanges eau-t-BuOH mon- 
trent d'ailleuts que la con~position en question 
correspond 8 la possibilitC de formation d'uil quasi- 

ciathrate (H,O),,-t-BuOH, structure privilkgiie 
dont la prCsence a pu Etre mise en evidence ( I  9,20). 

2.  relation^ coeficient B - enfropie 
L'interpretation des courbes AB,  = f ( X )  reste 

assez delicate. tout comme celle des courbes relat~ves 
aux grandeurs thermodynamiques des klectrolytes ii 
dilution infinie dans les mklanges eau-t-BuOH. I1 est 
cependant remarquable de constater la similitude des 
courbes des figs 1 et 2, avec celles reprksentant les 
variations de l'entropie de transfert AS,' des mEmes 
6lectrolytes entre l'eau et les 1nEmes mklanges (3): au  
minimum de AB,  correspond un maxlrnum de AS: et 
la presence du polnt d'inflex~on pour la meme valeur 
de X se trouve dans les deux farnllles de courbes I1 
est donc probable qu'une relat~on prkcise ex~ste entre 
les valeurs de B et l'entropie des lolls daris les milieux 
Ctudrkes 

Dans l'eau. N~ghtingale (12) a montrk I'existence 
d'une corrklation 1lnCa1i-e e n t ~ e  5 et l'entropie 
d 'hydratat~on AS: des iocs (grandeur thermo- 
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FIG. 5. Coefficients B de transfert des halogenures alcalins en fonctio~l de leurs entropies de transfert de I'eau aux 
melanges eau - alcool tert-butylique. 

dynamique relative au  passage de la phase gazeuse A 
l ' i tat  standard dans l'eau). 11 nous est facile de 
calculer les entropies de solvatation ASS8 des diffk- 
rents ilectrolytes : 

les valeurs de Ashe i tant  celles dotlntes par Desnoyers 
et Jolicoeur (21). 

Nous ne chercherons pas a attribuer leurs valeurs 
propres aux ions, ni pour B: ni pour AS,'; le choix 
arbitraire que nous pourrions faire n'apporterait riel1 
aux conclusions que nous allons tirer. 

La  fig. 3 montre que dans le cas oil X = 20'5. la 
corrtlation lintaire qui existe daris l'eau est conser- 
vie. (HCl ne se place pas sur la droite ni dans un 
cas, ni dans l'autre.) I1 en est de mClne dans tous les 
milanees c'est-a-dire pour toutes les valeurs de X 
ttudiies. Sur la fig. 4, nous avons simplement trace 
les droites moyennes traduisant toutes ces correla- 
tions. Analytiquement, si 1'011 Ccrit: 

[4] B ( M X )  = QAS,'(MX) + b dans l'eau 

relation qui traduit l'existence des deux faisceaux de 
droites de la fig. 4. Le traitemelit des valeurs nu- 
miriques par la mithode des nioindres carrCs: avec 
B en m o l l  E et AS,' en J K 1  mol- ' dans l'ichelle 
des nlolaritts, conduit aux valeurs suivantes: 

Pour X = 10. 15, 20 

Pour X = 25, 30, 35,40: 

on peut alors Ccrire, pour tous les mkianges de com- Ces deux groupes de valeurs trr,duisent nettement 
position X: 1'Cvolution difftrente de la mCme corrtiation suivant 
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la zonc de colnposition des mClanges que l'on consi- 
dkre, la frontikre entre ces zones se situant vers la 
con~position qui correspond au minimum des courbes 
5 = f ( X ) ,  soit entre 20 et 25; en poids de t-BuOH. 
La signification precise des diffkrents paramktres est 
~~aturellement difficile donner; ceux-ci ont toutefois 
le mirite de faire apparaFtre clairement l'existence de 
deux types de milieux solvants dans le domaine que 
nous avoils 6:udiC: de l'eau pure jusqu'a un pour- 
centage un peu supCrieur h 2 0 7  en poids de t-BuOH, 
le melange se comporte essentiellement comrne l'eau 
mEme si ses proprietks structurales kvoluent, c'est 
donc une s t r u c t ~ ~ r e  de type essentiellement aqueux 
qui determine les grandeurs thermodyilamiques et de 
transport qui traduisent la solvatation; pour des 
pourcentages en alcool allant de 25 ii 405,  il s'agit 
d'un autre type de milieu o h  les caractkristiques de la 
structure aqueuse ont disparu. 

Les courbes de la fig. 5 o h  est port6 A B,  en fonction 
de ASte ,  c'est-a-dire les fonctions de transfert, 
traduisent de f a ~ o n  encore plus spectaculaire la dis- 
contiiluitk entre les deux types de milieu: il apparait 
ici deux corr6lations linkaires distinctes suivant la 
zone de composition pour un Clectrolyte donnk. 

Des variations iinportantes ont Cte observees pour 
les valeurs des coefficients B des halogknures alcalins 
dans les mklanges eau-f-BuOH; celles-ci peuvent 
s'interprkter en adrnettant que I'alcool ajouti  
auginente la structure de la phase aqueuse, au  moins 
dans les milieux les plus riches en eau. Nous con- 
sidesons comme plus interessantes les observations 
suivantes. 

Dans tous les solvants rnixtes etudiks, il existe, 
comme dans l'eau, une relation de proportionnalit6 
entre l'entropie de solvatation des ions et leur co- 
efficient B de viscosite. Ces deux grandeurs macro- 
scopiques traduisent donc, d'une f a ~ o n  semble-t-il 
assez gkntrale, les nlEmes ph6nomknes au  niveau 

moliculaire: le bilan global de la modification des 
degrCs de Iiberte du solvant due a la prksence de l'ion. 

De  plus l'itude des corrklations entre ASe et B 
perinet de mettre en evidence, dans les rnklanges 
itudies, deux zones bieii dkfinies: celle des melanges 
riches en eau au  comportement dkterinink par leur 
structure de type aqueux, et. pour des pourcentages 
en alcool supCrieurs a 20:T;,, des rnklanges hydro- 
organiques qui ne recilent sans doute plus rien de la 
structure tridimensionnelle de l'eau. 
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A M and 3C nuclear magnetic resonance study of silicon and 
germanium chalcogenide derivatives 
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JOHN E. DRAKE, BORIS M.  GLAVIN~EVSKI, R O B Y ~  HUMPHRIES, and ABDUL MAJID. Can. J. 
Chem. 57.3253 (1979). 

This paper reports the 'H and I3C nmr parameters of the disilyl- and digermyl-chalcogenide 
species (Me,H,-,M),E, where M = Si, Ge; E = 0 ,  S, Se, Te and n = 0 to 3. The general 
pattern of changing shifts is markedly influenced by methyl substitution. 

J o ~ h  E. DRAKE, BORIS M. GLAVIN~EVSKI,  ROBYN HUMPHRIES et A ~ n r r r  MAJID. Can. J. 
Chem. 57.3253 (1979). 

On rapporte les parametres rmn du 13C et du ' H  des especes chalcogCnides disyliles et 
digermyles (Me,H,-,M),E ou M = Si, Ge;  E = 0 ,  S, Se, Te et n = 0 a 3. ke  schema gtneral 
des changements des deplacements chimiques est fortement influence par la substitution du 
methyle. 

[Traduit par le journal] 

Introduction (MenH3-,Si),E compounds (11 = 0 -+ 3; E = 0, S, 

In a recent study of bis(methylgermyl) and bis(di- Ses Te) are presented in Table 1. along with their 13C 
methylgermyl) chalcogenides, a comprehensive table chemical shifts, as well as those of their germanium 
was presented of their 'H nmr parameters along with 
other spectroscopic data (1). We report herein similar 
data for the silicon analogues along with 13C nmr 
shift data for both the silicon and germanium coun- 
terparts. Despite claims to the contrary, the theoreti- 
cal principles and molecular parameters affecting 
13C nmr parameters, at least for organometallic 
compounds, are still not well understood (2) and it 
is difficult to advance beyond empirical correlations 
to rationalise trends in such parameters as chemical 
shifts or coupling constants (3-6). 

The species (Me,H3-,Si)2E were prepared by methods 
developed in our laboratory for the analogous germanium 
compounds (1). 

The natural abundance carbon-13 spectra were obtained on 
a Bruker CPX 100 (FT model) spectrometer operating at  a 
resonance frequency of 22.639 MHz, at  a probe ternperature 
of 35°C. All spectra were recorded under 'H noise-decoupling 
conditions. The samples were sealed in capillaries as neat 
liquids and the capillaries were placed coaxially in 5 mm tubes 
containing CDCI, which served as a lock and TMS as stan- 
dard. 

The proton spectra were recorded on a JEOL C-60HL 
spectrometer operating at  a resonance frequency of 60 MHz at 
room temperature. Chemical shift5 are in ppm (6 f- 0.02 ppm) 
to low field of internal TMS in CCll solution (5%v/v). 
Chemical shifts of the tellurides were measured relative to 
cyclohexane. Deviations for coupling constants of neat 
liquids are J (HH) f- 0.05 Hz, J(SiH) f- 1.0 Hz, and J(CH) f- 
0.2 Hz. 

Results and Discussion 
The nmr parameters for the whole series of 

a-'H and a-I 3C Chenzical Slzifts 
It is a general trend in methyl-hydrido-silane (3) 

and -germane (7) derivatives of the type MenH3 -,MX 
(M = Si, Ge; X = F, C1, Br, I ;  iz = 0, 1, 2) that the 
a-proton shifts are principally controlled by the 
inductive effect. The same is also true for the series of 
chalcogermanes ( I )  of the type (Me,H,-,Ge)E 
(E = 0 ,  S, Se, Te) and for the series (H3Si),E, a 
distinctive trend in the a-proton chemical shifts 
(G(SiH)) shows a steady up-field shift as the chalcogen 
changes from 0 -+ S - tSe  -t Te (see Table 1 and 
Fig. l(a)). Thus, the less electron-withdrawing 
chalcogens are expected to leave the a-protons more 
shielded. The trend is relatively large with the total 
shift (AIH, 0 + Te) from oxygen to tellurium being 
0.90, but considerably less than in the (H3Ge),E 
series where AIH, 0 + Te, is 1.69 (1) (Fig. l(b)).  
This difference mainly arises because of the much 
higher shifts of the oxides of germanium, suggesting 
that oxygen is not as effectively electronegative rela- 
tive to silicon as it is to germanium. This is expected 
if ( p -d )~  bonding is more important in the silanes. 
The trend persists but is less marked (AIH, 0 -+ Te, 
= 0.41) for the series (MeH,Si),E (Fig. l(c)) again 
reflecting what was found for (MeH,Ge),E (Fig. 
l(d); AIH, 0 + Te, = 1.06 (1)). An examination of 
the corresponding a-13C chemical shifts for the mono- 
methylated series (Fig. l(c) and (d)) confirms similar 
progressive high field shifts (AI3C, 0 -+ Te, = 3.45 
(Si) and 3.48 (Ge)). However, as can be seen from 

W8-4a?2/79/243253-04$Oi.00/0 
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TABLE 1. The ' H  and I3C nmr parameters of (Me,,H3-,,SI),E spec1esa 

Compound lHG(Me) I3C6(Me) ' HG(SIH) J H H ' I L '  JZ9S1H I 1 J i 3 C N  13C6(Me)Ge 

O'H nmr parameters of (Me,H,_,Ge)2E can be found in ref. 1.  ' H  and 'X nnmr parameters referenced to external TMS as standard. 
!'Reference 4. 
<Reference 3. 
"efe~ence 1 1 .  
*Reference 18. 
,'Reference 19. 
Compare wlth 'HS(Pr1e) of(Me3Si),Te (C,H,, solution) of 0.67 ppm in reC. 19 and 0.60 ppm (CCI, solution) in ref. 17. 

b d ;ia..\ 
C\ BE. ., 

, , '\ 

\ -. '.\ 

FIG. 1. Change in s - 'H and 5-I3C chelnical shifts w ~ t h  
changing number of methyl groups and chalcogens in the 
series (Me& -.M),E drawn to emphasize result of chalsogen 
changes. (H,Si),E = a ;  (H,Ge),E = b;  (MeH,Si),E = c; 
(MeH2Ge)2E = d;  (MeZHSi)2E = e; (MeZTIGe),E = f ;  
(Me,Si),E = g ;  and (Me3Ge),E = h. Oxldes 0; sulfides A;  
selenldes 0; tellurides 0; silicon series -; germanium series 

Fig. l(e, f, g,  h)  there is a reversal in the direction of 
the trend for both the silicon and germanium 
(Me,HM),E conlpounds (LI'~C, O -+ Te, = - 1.49 
(Si) and - 1.03 (Ge)) which is inore marked for the 
(Me3M),E derivatives (813C, O + Te, = - 5.27 (Si) 
and -3.83 (Ge)). The rx-proton shifts in the 
(Me,HSi),E series also show a slight overall down- 
field shift (Fig. I(e)) although the (Me,HGe),E series 
still maintains the upfield shift. Nevertheless, the 
general trends imply that the factors resulting in an 
overshadowing of the inductive effect influence both 
the a-'H and a-13C chemical shifts and have a 
similar effect on both the silicon and germanium 
derivatives. 

The effect of successive substitution of protons by 
methyl groups within the (Me,H,-,,M),E series 
where the chalcogen is unchanged is illustrated in 
Fig. 2 for the a-'M and 13C shifts respectively. In 
general, (i) increasing methylation results in a de- 
creased shielding of the a-carbons (8) as well as the 
a-protons; (ii) the effects are much more marked in 
the (Me,,H,_,M),Tc compounds (AL3C, n = 1 to 3, 
= - 10.92 (Si) and - 11.04 (Ce); AIH, 12 = 0 to 2, 
- 1.1 1 (Si) and - 1.06 (Ge) (I)), becoming progres- 
sively less marked through the selenium and sulfur 
series and being relatively small in the (Me,H, _.M),O 
compounds (Ai3C, n = 1 to 3, = -2.20 (Si) and 
-3.25 (Ge); A'H, n = 0 to 2, -0.08 (Si) and -0.12 
(Ge) (1)); (iii) the general pattern of changing shifts 
is similar on silicon and germanium compounds. 

S-'H Chemical Shifts 
The trends in the CH, resonance shifts are typical 
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FIG. 2. Change in the ?-'H and a-I3C chemical shifts d r a ~ n  
to emphasize changes in number of methyl groups. Sy111bols 
as in Fig. 1. 

of observation on the related halogeno-silanes (3) and 
halogeno- (7) and chalco- (1, 9) germanes. Thus, there 
is a shift to higher field with increasing methyl 
substitution and a shift to lower field as the chalcogen 
changes from the more electronegative but smaller 
oxygen atom through to the less electronegative but 
bulkier tellurium atom. P-Proton shifts are generally 
assumed to be related to anisotropic rather than 
inductive effects and this is also apparently the case 
with these (Me,H3-,Si),E species. 

Coupling Constants 
The 13C- and 29Si-proton coupling constants were 

evaluated from the well-resolved satellites of the P- 
and a-proton resonances. Satellites were also ob- 
served that arose from long-range spin-spin coupling 
involving 77Se and lZ5Te suggesting that exchange, if 
any, of silyl groups must be slow. 

The largest trend in changing values of coupling 
constants arises in the decrease in J(29SiH) as methyl 
groups substitute for protons. Assuming that the 
lower value indicates a decrease in s-character (6, 10) 
and that Bent's rule is operative (11), then the methyl 
group is behaving as a less-electronegative group than 
hydrogen. This further suggests that the "melhyl- 
effect" is not one primarily associated with an induc- 
tive contribution. On the other hand, the increase, 

albeit very slight, in the value of J('%iH) along the 
series 0 + S 4 Se -+ Te, implies an increasing 
electronegativity from oxygen to tellurium which 
violates chemical sense. However, as with the a- 
chemical shifts, the effect of methyl substitution is 
more pronounced than the change of chalcogen. A 
comparison of the values of J ( ' ~ C H )  in the silicon 
series with those of the corresponding germanium 
series (1) shows the consistent feature ofdecrease with 
methyl-substitution and increase along the series 
0 -t S -t Se -+ Te. The trends are small but, in 
contrast to J29SiM, of about the same magnitude. 
The absolute values are about 8 Hz higher for the 
germanes than for the silanes, implying that the 
silicon moieties are less electronegative than their 
germanium counterparts, which is consistent with the 
findings of others (12). 

By contrast, the values of the vicinal coupling con- 
stants J(,,"') are consistently higher in the silanes 
than in germanes (I), although trends related to 
changes in the number of methyl groups and the 
nature of the chalcogen are identical. This is not 
unexpected for compounds that are presu~nabiy 
structurally similar with a slightly longer H-C- 
M-M distance for the germanes (7, 13). The long 
range J(H-Si-Te-Si-H') coupling is observed 
and its value of 0.59 Hz fits into the general series of 
similar compounds that have been studied (1 4-16) and 
in particular, finishes the sequence of H,SiESiH3 
compounds where J ( H H 1 )  is 0.70, 0.63, and 0.59 Hz 
for S, Se, and Te, respectively. 
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The synthesis sf cyclic peptides by the four component condensation (4 CC) 

A ~ I A D E O  FAILLI. H A ~ S  I ~ I M E R .  4 K D  M A ~ F R E D  C3.j I L 

Dc.pcrr/rtrc,tr/ of Chct?zi.ctt?,. Avrr t t  Ke\ccirc.h L(ihor(rtririct. P.O.  Bo.1- 6 /15 ,  Motrtrccil, P.Q.. Cciticitkr fI3C'3.11 
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AMADEO FAILLI, HAN IMMER, and MAXIRED GOTZ. Can. J. Chem. 57.3257 (1979). 
Since cyclic peptides constitute a group of natural and synthetic products of considerable 

practical and theoretical significance, model experiments were carried out to explore the scope 
of the four component condensation for the synthesis of these structures. 

AMADEO FAILLI, HANS IMMER et MANFRED GOTZ. Can. J .  Chern. 57,3257 (1979). 
Depuis que les peptides cycliques ont ete reconnus comme groupe de composes naturels et 

synthetiques d'une importance theorique et pratique considerable, des experiences pilotes ont 
etC realisees dans le but d'explorer la portke de la condensation a quatre constituants lors de la 
synthese de ces peptides cyciiques. 

[Traduit par ie journal] 

Introduction R,CHO cFIFRl 
In spite of the remarkable versatility of the four ( 1  'p'C3-R2 * 

component condensation (4 CC) (I), the reaction has A I 1 
0 0 not been widely applied to the solution of problems A 

in medicinal chemistry. Notable exceptions are the 
synthesis of a penam derivative (2) ,  work towards the this t r ig l~c ine  was used as a 
preparation of an oxacepham derivative (31, and nlodel c0mpou~ld in the CC. the 

from our laboratories dealing with the two products isolated turned out to be substituted 

synthesis of N-amino..peptides (4, 5) and the poten- cyclic hexagl~cines, resulting from a doubling reac- 

tial anti-Parkinson drug pareptide (6). tion ( l l b ,  12) (Scheme 1). It follows that A was 

Cyclic peptides constitute a group of natural and either never formed Or the collapse A to the 

synthetic products of considerable practical and desired 9-membered ring was disfavoured in com- 

theoretical significance (7, 8); they act as hormones, parison the of two 
antibiotics, toxins, and also affect membrane func- of A. An CC and a sub- 

tion.  H~~~~ our interest in synthetic approaches to sequent intramolecular 4 CC could also account for 

cyclic peptides by the 4 CC. the products isolated, and similarly the collapse of a 
24-membered ring, initially created by a double 4 CC. 

Results Since two asy~ninetric centres are present in 1 or 2 
~h~ of cyclic tripeptides by tradi- both a racemate and the ineso form are obtained in 

tional methods is only successful if N-substituted each case. 
amino acids are employed, for instance proline or The facile formation of cyclic hexapeptides by a 

sarcosine, since the cis configuration of the amide doubling reaction in the course of a 4 CC indicates 

bonds in the linear tripeptide is sufficiently stable to that similar compounds should be generated by a 

allow ring closure (9, 10). On the other hand, a few single 4 CC, provided a suitable linear hexapeptide 

syntheses of cyclic tetrapeptides containing ex- is as starting material. In a mode' e x ~ e r i -  

elusively N-unsubstituted amino acids as building hexagl~cine underwent the CC in the Presence 

blocks have been reported ( I  la, b). The preparation of isobutyraldehyde and cyclohexyl isonitrile to yield 

of N-unsubstituted cyclic tripeptides by the 4 cc the desired rXemic cyclic hexapeptide 3 (Scheme 2).  

appears feasible since the primary addition product This us to attenlpt the ring 
A a 12-membered ring, which then closure of a slightly modified C-terminal eledoisin 

collapses to the strained cyclic tripeptide, similar to h e x a ~ e ~ t i d e .  In view of the Pressure lowering 

the formation of a strained p-lactam from a 7- effect of eiedoisin and many of its shortened analogs 

membered ring ('2, 3). (13), these molecules were modified in a variety of 
ways in an attempt to prolong their biological half-life 

'I. Vavra, Department of Pharmacology, Ayerst Research ( 5 ,  14-17). A hitherto unreported ring closed 
Labs. Private communication. eledoisin derivative would be less prone to attack by 

ooos-40421791243257-05$01.0010 
Q1979 National Re\earch Council of CanadaiConseil national de recherche5 du Canada 
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2 H-Gly-Gly-Gly-OH + R-CHO + NEC u+ - 

exopeptidases. The starting material 4 (H-Ala-Phe- 
Val-Gly-Leu-Met-OH) has not been described pre- 
viously and it was obtained by conventional methods 
as shown in Scheme 3. 

On cyclization of 4 with isobutyraldehyde and 
cyclohexyl isocyanide the diastereorneric mixture 
5a, b was isolated (Scheme 4). On chromatography 
5a, b could readily be separated. The combined yield 
of cyclic material amounted to 33%, comparable to 
yields achieved by other cyclization reactions (18, 
19). It should be noted that none of the yields 
reported in this communication was maximized. 

Compounds 5a and 56 were without effect on the 
cardiovascular system.' 

In the type of cyclization described in this paper a 
new substituent is introduced as side chain in the 
original amino acid sequence. It should be noted that 
appropriate choice of the aldehyde (20) will lead to 
substituents which can be removed after cyclization. 
Experiments towards this goal are in progress. 

chromatographed on silica gel. On elution with CHC13/ 
CH,OH (95:5) isomers l a  and l b  were isolated. Isomer l a :  
recrystallized from CHC13/CH,0H; mp 286-287'C (dec.); 
yield: 380 mg (12%); ir (Nujol) v: 3350, 3290, 1692, 1640, 
1550; nmr (CDC13/CD30D 4: I ) :  1.00 and 1.05 (2d, J = 7 Hz, 
12H, (CH3),CH) ppm; ms ( n ~ / e :  704(M+), 686, 668. Anal. 
calcd. for C3,H5,NxQx x 0.94% H,O (K. Flscher): C 57.30, 
H 8.04, N 15.75; found: C 57.05, H 8.04, N 15.45. Isomer l b :  
recrystallized from acetone; mp 210°C (dec.); yield: 230 mg 
(8%); ir (Nujol) v :  3530, 3350, 3060, 1680, 1640, 1540; nmr 
(CDC13/CD30D 4: l ) :  1.04 (2d, J = 7 HZ, 12H, (CH3)ZCH) 
ppm; ms (tn/e): 704(M+), 686, 668. Isomer5 l a  and I b  were 
hon~ogenous on tlc (system: CHC13/CH30H 92:s;  charring 
with H2S0,). Anal. calcd. for C3,H5,N,0x x 0.84% H,Q 
(K.  Fischer): C 57.44, H 8.03,N 15.76; found: C 56.83, H 7.85, 
N 15.34. 

Synthesis of2a and 2b 
Benzaldehyde (10.6 g, 100 mmol) was added under stirring 

to a suspension of glycyl-glycyl-glycine (5.67 g, 30 mmol) in 
dry ethylene glycol (50 mL). The ice cold mixture was treated 
dropwise with cyclohexyl isonitrile (3.27 g, 30 mmol) and left 
at room temperature for 9 days. H 2 0  (100 mL) and CHCI, 
(150 mL) were added, followed by traces of CH,OH to prevent 
formation of a gum. On standing a colorless solid separated 
(800 mg, 2u). The aqueous phase was exhaustively extracted 

Experimental with CHCI,; the combined organic layers were dried and 
~h~ nmr spectra were obtained on a varian A - 6 0 ~  spec- evaporated to dryness. The residue was triturated with acetone 

trometer, mass spectra on an LKB 9000s spectrometer, and ir and the separated solid collected (842 mg, 26). On silica gel 
spectra on a Perkin Elmer 225 infrared spectropho(ometer, chromatography of the mother liquor additional quantities of 

both isomers were isolated. Isomer 2a: recrystallized from 
Synthesis of Pa and Pb CHC13/CH30H; mp 330-333'C (dec.); yield: 1.309 g (1 1.3%); 

Isobutyraldehyde (2.16 g, 30 mmol) was added under ir (Nujol) v: 3340, 3270, 3220, 3050, 1670, 1650, 1632, 1574, 
stirring to a suspension of glycyl-glycyl-glycine (1.7 g, 9 mmol) 1546; ms (tnle): 772(M+), 754, 736. Anal. calcd. for 
in dry ethylene glycol (15 mL). The ice cold mixture was C4,H5ZNx0, x 0.22% H 2 0  (K. Fischer): C 62.02, H 6.78, 
treated dropwise with cyclohexyl isonitrile (0.97 g, 9 mmol) N 14.45; found: C 61.52, H 6.86, N 14.30. Isomer 2b: re- 
and left at room temperature for 5 days. After dilution with crystallized from CRCI,ICH30H; mp 341-343 C (dec.); 
water the precipitate was collected, washed with water, and yield: 579 mg (5%); ir (Nujol) v :  3340, 3250,3090, 1665, 1650, 

H-Gly-Gly-GlyGly-Gly-Gly-OH + (CH,),CHCHO + NEC 

1 
0-+ - 

CH, 
CH3\  / 

CH 
I 

NH-CO-CH-N-CH,-CO-NH-CHZ-CO-NH-CHZ-CO 
I I 
CO-CH2-NH-CO-CH,-NM-CO-CM2-NH 
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FAlLLl FT AL. 

1 2 3 4 5 6 
Ala Phe Val Gly Leu Met 

-0Np H--]-OEI 

Boc- -0Tcp 

~ o c - 1  Ala Phe Val ~ l y  1 - O E ~  

-OEt Boc- Phe Val Gly 

~oc-1  Ala Phe Val G ~ Y  Leu Met I- OM^ 
I 

H-1 Ala Phe Val G ~ Y  Leu Met ]-OH 

H- Leu Met 

1562,1520. The sample was not volatile enough to give a useful Hexaglycine Trij4uoroacetate 
mass spectrum. Isomers 2a and 26 were homogenous on tlc A mixture of N-benzyloxycarbonyl hexaglycine (21) (3.6 g, 
(system: CHCI,/CH,OH 92:8; charring with H2S04). Anal. 7.28 mmol) and anhydrous CF,COOH (12 mL) was refluxed 
calcd. for C4,,H5,N,O8: C 62.10, H 6.77, N 14.35; found: for 90min under stirring. The solvent was removed in tiucuo, 
C 62.09, H 6.83, N 14.28. the residue treated with H,O and neutralized with cold 

-0Me 

u I I 
CO-CH-NH-CO-CH-NH-CO-CHZ-NH 

I I 
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NH40H. The solid was collected, washed with H,O and 
C2H50H,  dissolved in hot, dilute NH,OH, charcoalized, and 
filtered. The solution was concentrated in cacuo, the precipi- 
tate collected and washed with HZO, followed by C2H50H;  
mp dec. >240"C; yield: 2.478 (60%); nmr (TFA): 4.25 
(s, CH2) ppm. Anal. calcd. for C12H2,N607: C 39.96, H 5.55, 
N 23.33; found: C 40.06, H 5.56, N 22.82. A suspension of 
hexaglycine (2.24 g, 6.24 mmol) was stirred with CF,COOH 
(8 mL) until complete solution was achieved. The excess acid 
was removed in cacuo, the residue triturated with ether, the 
solid collected and washed with ether; mp 227'C (dec.). 
Homogenous on electrophoresis (pH 1.6; Ninhydrin). 

Sj~nrhesis of 3 
In the course of 8 h, a warm solution of hexaglycine tri- 

Auoroacetate (2.94 g, 6.19 mmol) in dry DMSO (5 mL) was 
added dropwise to a vigorously stirred solution of isobutyr- 
aldehyde (1.52 g, 20.64 mmol), cyclohexyl isonitrile (0.68 g, 
6.19 mmol), and triethylamine (0.620 g, 6.19 mmol) in dry 
DMSO (15 mL). The pH was adjusted to 7 with pyridine and 
the mixture was stirred at room temperature for 5 days. The 
solvent was removed in t'ac~lo and the residue chromato- 
graphed on silica gel (CHCI3/CH3OH, 9: 1). The desired frac- 
tions were combined, evaporated, and triturated with acetonel 
etheqhexane. Yield: 624mg (19%); mp 317-320-C (dec.); 
ir (Nujol) v :  3300, 1670, 1540; nmr (DMSO): 0.94 (d, J = 
7 Hz, 6H, (CH3j2CH) ppm; ms (r?~/e): 523(M+), 505. Homo- 
genous on tlc (system: CHC13;'CH30H 85: 15; 11, and charring 
with HZSOI). Anal. calcd. for C23H37N707:  C 52.76, H 7.12, 
N 18.72; found: C 52.93, H 7.24, N 18.55 

Boc-Phr- Val-Gly-OEt 
(C2H5),N (3.03 g, 30 mmol) was added to a cold solution 

of H-Val-Gly-OEt x HCl (22) (7.14 g, 30 mmol) in dry D M F  
(65 mL). The m i x t ~ ~ r e  was filtered into a cold solution of 
Boc-Phe-ONp (22) (1 1.6 g, 30 mmol) in dry D M F  (33 mL). 
After 3 days at O'C the solution was poured into ice,'H20, the 
product collected, washed with H 2 0 ,  and dried. The material 
was recrystallized from CH,OHIIPE; mp 160-162-C; yield: 
11.94 g (88%); [aIDz5 = - 13.9" (c 1.0 in DMF); nmr(CDC1,): 
0.84, 0.97 (2d, J  = 3 HZ, 6H, (CH3)2CH), 1.24 (t, J  = 7 HZ, 
3H, CH3CH20), 1.36 (s, 9H, (CH3),C), 7.21 (s, 5H, arom) 
ppm; ms (rnle): 449(Mt). Homogenous on tlc (system: 
C6H,/EtOAc 50: 50; charring with ammonium molyb- 
date). Anal. calcd. for C2,H3,N306: C 61.43, H 7.84, N 9.34; 
found: C 61.44, H 8.05, N 9.26. 

Boc-Ala-Phe- Val-Gly-OEt 
Boc-Phe-Val-Gly-OEt (1 1.2 g, 25 mmol) was deprotected 

with cold CF3COOH in the usuai way. The H-Phe-Val-Gly- 
OEt x CF3COOH obtained was dissolved in dry D M F  
(45 mL) and (C2H5),N (35 mL) was added at O'C, followed by 
Boc-Ala-OTcp (23,24) (9.2 g, 25 mmol) in dry D M F  (59 mL). 
After 24 h at 0°C the solution was poured into ice/H20, the 
product was collected, washed with HZO, dried, and recrystal- 
lized from CH,OH/IPE; mp 207-209'C; yield: 11.96g 
(90%); [aIDz5 = -24.3' (c 1.0 in DMF). Homogenous on tic 
(system: MeOH/EtOAc 2: 98; charring with ammonium molyb- 
date). Anal. calcd. for CZ6H4,,N4O7: C 59.98, H 7.74, N 10.76; 
found: C 60.18, H 7.94, N 10.73. 

Boc-Ala-Plze- Val-Gly-OH 
NaOH (1  N, 24.4 mL) was added in the course of 15 min to 

Boc-Ala-Phe-Val-Gly-QEt (10.4 g, 19.8 mmol) suspended in 
CH,OH (57rnL) and CH30CH2CH20H (57 mL) at O'C 
under stirring. After 2 h at room temperature the solution was 
poured into ice/H20 and acidified with 1 N HG1 (24.4 mk) 
and 15 drops of AcOH. The product was collected, washed 

with H 2 0 ,  and dried. Yield: 8.95 g (88%); nmr (DMSO): 
0.87 (d, J =  ~ H z ,  6H, (CH3)2CH), 1.13 (d, J =  ~ H z ,  3H, 
CH3CH), 1.35 (s, 9H, (CH,),C), 7.24 (s, 5H, arom) ppm; 
[a]DZ5 = - 22.6- (c 1.0 in DMF). Anal. calcd. for C24H1~N407 
x 0 . 3 z  H z 0  (K. Fischer): C 58.33, H 7.36, N 11.33; found: 
C 58.07, H 7.30, N 11.32. 

Boc-Ala-Pl1e-Val-G/~~-Leu-Met-0CH~ 
H-Lcu-Met-OCH, x CF,COOH (2.08 g, 5.32mmol), ob- 

tained from Boc-Leu-Met-OCH, (25) by deprotection with 
CF3COOH, was dissolved in dry D M F  (10 mL) and mixed 
with (C2H5),N (0.8 mL) at OcC. The mixture was added under 
stirring a t  - 15'C to Boc-Ala-Phe-Val-Gly-OH (2.62 g, 
5.32 mmol) and CDI (0.862 g, 5.32 mmol) in dry D M F  (10 
mL). After stirring overnight at room temperature the solvent 
was removed in vaclro, the residue triturated with 5% NaHCO, 
solution, collected by filtration, washed with H,O, and dried. 
Recrystallized from CH,0H/H20;  mp 254-255°C; yield: 
3.13 g(78%); [aIDz5 = -31.3°(c2.0in DMF); nmr (DMSO): 
0.90 (d, J = 6 Hz, 6H, (CH3),CH), 1.30 (d, J = 7 HZ, 3H, 
CH3CH), 1.48 (s, 9H, (CH,),C), 2.05 (s, 3H, CH,S), 3.65 
(s, 3H, CH30) ,  7.25 (s, 5H, arom) ppm. Homogenous on tlc 
(system: CHC13,!CH,0H, 95:5; charring with ammonium 
molybdate). Annl. calcd. for C36H58N609S: C 57.58, H 7.78, 
N 11.19;found: C57.92,H7.89,N 10.89. 

Boc-Ala-Phe- Val-GIjl-Leu-Met-OH 
A mixture of Boc-Ala-Phe-Val-Gly-Leu-Met-OCH, (3.65 g, 

4.86 mmol) in hot CH30CH2CH,0H (97 mL) and C H 3 0 H  
(97 mL) was added to cold H 2 0  (25 mL) with vigorous stir- 
ring. The suspension was cooled to jiC, treated with 1 N 
NaOH (9.7 mL) and stirred for 24 h at room temperature. 
The solution was poured into ice/brine containing 1 NHCl  
(10.7 mL) and AcOH (5 drops). The collected solid was 
washed with water and recrystallized from CH,OH/H,O; 
mp 252-281'C (dec.); yield: 3.43 g (95%); [aJDZ5 = -26.5" 
(c 2.0 in DMF); nmr (DMSO): 1.36 (s, 9H, (CH,),C), 2.06 
(s, 3H, CH,S) ppm. Anal. calcd. for C,,H5,N60,S: C 57.04, 
H 7.66, N 11.44; found: C 57.03, H 7.62, N 10.93. 

H-Ala-Phe- Val-Gly-Len-Met-OH (4) 
Boc-Ala-Phe-Val-Leu-Met-OH (4.14 g, 5.63 mmol) was de- 

protected by treatment with CF3COOH. The CF,COOH was 
removed in cacuo and the residue triturated with ether. The 
solid was collected, washed with ether, and dried in cacuo; 
mp 260-263°C (dec.); yield: 4.23 g (100%). The free base was 
prepared by treatment of the salt with 2 N NH,OH. The solid 
was collected, washed with H 2 0  and EtOH, and dried in t'acuo. 
The material is insoluble in DMF; mp 262-264°C (dec.); 
yield 1 .56 g (44%). Anal. calcd. for C3,H4,N,07S x 1.07% 
H,O (K. Fischer): C 55.97, H 7.63, N 13.05; found: C 55.30, 
H 7.59, N 12.85. 

Syntlzesis of 5a, b 
In the course of 5.5 h H-Ala-Phe-Val-Gly-Leu-Met-OH x 

CF,COOH (2.14 g, 2.85 mmol) in dry D M F  (37 mL) was 
dropped into a stirred solution of (CH,), CHCHO (0.684 g, 
9.5 mmol), cyclohexylisonitrile (0.314 g, 2.85 mmol), and dry 
(C2H5),N (0.288 g, 2.85 mmol) in dry D M F  (7 mL). The pH 
was adjusted to 7 with pyridine and the clear solution remained 
at room temperature for 65 h. The solvent was removed in 
cacllo and the residue chro~natographed on silica gel. The 
isomers were separated by elution with C6H,/IPA (95: 5). Both 
isomers were separately rechromatographed and triturated 
with hexane. 

Isomer §a: mp 158-175 C (dec.); yield: 319 mg (14%); 
[aIoz5 = - 182" (c 1.0 in DMF); ms (ri-rle) = 799 (&I+). Anal. 
calcd. for C,,H65N707S: C 61.55, H 8.19, N 12.25, S 4.00; 
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found: C 61.27, H 8.26, N 11.81, S 4.12. Amino acid analysis: 
Gly 1, Val 1.02, Met 0.98, Leu 0.96, Phe 1.0. Isomer 56:  
mp 155'C (dec.); yield: 424 mg (18.6%); [c(IDz5 = -77' 
(c1.0 in DMF); ms (mle) = 799 (M+).  Anal. calcd. for 
C41H65N707S:  C 61.55, H 8.19, N 12.25, S 4.00; found:  
C 60.57, H 8.13, N 11.76, S 3.87. Amino acid analysis: Cly 1 ,  
Val 0.97, Met 0.95, Leu 0.94, Phe 0.97. 

Acknowledgments 

We would like to  thank Dr.  G. Schilling and his 
staff for providing analytical and spectral data. 

I .  I .  UGI.  Angeu.  Chem. 74.9 (1962). 
2. 1 .  UGI and E .  W I S C H ~ F E R .  Chem. Bel-. 95. 136 (196'2). 
3. G. JUST. B.  Y.  CHUNC, .  and K .  G R O Z I Y C ~ ~ R .  Can. J .  Chem. 

55.274(1977). 
4. A .  F ~ I L L I .  V. KLL.SO\. H. I \ I \ I E R .  and h4. Giir~z.  Can. J. 

Chem. 51.2769 (1973). 
5. H. I\II\IER. V. N ~ L S O N .  W. R O B I ~ S O U .  and hl. Gi i rz .  Jus- 

tus Liebigs Ann. Chem. 1789 i 1973). 
6. A. FAILLI.  K .  S E S T A ~ J .  H .  I h l h l t ~ .  and M. Gzirz. hrzneim. 

Forsch. 27 (11). 12. 2296 (1977). 
7. Ycr. A. O V ~ H ~ N ~ I K C ) ~  and V. T. I v ~ h o v .  Tetrahedron. 31. 

2177 (1975). 
8. C.  M .  D E B ~ K .  V .  M \ D I S O ~ .  and E. R. BLOUT. Acc. Chem. 

Re\ .  9. 106i1976). 
9. M K O T H ~ .  K.-D. S T E - ~ ~ t h .  and I .  ROTHE. A n g e ~ .  Chem. 

ln t .  Ed. Engl. 4.356(1965). 
10. J .  DALE and K .  T ~ r r r s r  A D .  Chern. Cornrnun. 656i1969). 
11. ( ( 1 )  K .  0. STLDER. Expericntia. 25. 899 (1969); ( h )  R .  

S C H \ \ \ ~ Z ~ R .  B. ISELIN. W. R I T T ~ L .  and P. SIEBCR.  Helv. 
Chem. Acta. 39.872 ( 1956). 

12. R.  S C H \ Z Y Z ~ . R .  J .  P. C ~ R K I O N .  B. GORLP. H .  N O L I I N G . ~ ~ ~  
i\u\c; Tuuci-KYI.  Hclv. Chim. .4cta. 47. 441 i 1964). 

13. E.  St H R O ~ E R  and R .  I.Ui3KE. The peptides. Vol. 2.  
Academic Pres.;. Nem Yol-k and 1,ondon. 1966. p. 127. 

14. R. L.  H U G U E ~ I ~  and R. A .  B O I S S ~ N A S .  Helv. Chim. Acta. 
14.213 (1961). 

15. K .  JUST. J .  RU!31h~,tR. and F.  S O R ~ ~ .  Collect. Czech. 
Chem. Conimun. 26.2496 (1961). 

16. M .  h l .  S H ~ ~ ~ Y A K I L .  I.. 4. S H C H L K I \  x .  E. 1. VI\(K,R,AIIO- 
V A .  G .  A.  R . \VDEL.  and Y. A .  O ~ C H I S X I K O V .  Experientia. 
22.535 i 1966). 

17. P. ( j k ~ h l t .  J .  B F K G ~ J ~ ~ ~ .  H .  G.  ~ ~ ~ I - L F R .  R .  G R U P ~ .  H. 
NIEDKICH.  W. A. VOGT. and F. JLVG. Acta Biol. bled. 
Ger.  28. 121 (1972). 

18. E .  S C H K ~ ~ D F R  and R. LijBKt. The peptides. Vol.  I .  
Academic Press. NeN York and London. 1966. p. 17 I. 

19. K. K O P P L ~ .  J. Pharm. Sci. 61. 1345 (1972). 
20. 1. Ucr. H. . 4 1 c ; \ t ~ .  B. BEIJER.  D. B E N - E F R ~ I I I .  H. BCRG- 

HARD. P.  R U K A L I .  G .  E B L K L E .  H. E ,cK~I<T.  D. hfAR- 
QU.\KDI\C;. D. R t ~ h .  R .  U R B A N .  L. WACKERLL.  and H .  
V o s  ZYCHI I N S K Y .  Peptides 1976. Etlitc'ti 17y A.  Loffet. 
Editions de I'Universiti de Bruxelle,. 1976. p. 166. 

21. F. W F Y G A ~ ~  and W. S I L G L I C H .  Chem. Ber. 93. 2983 
1 19601. ~- ~~, 

22. J. C .  S H E E W N  and V. J .  G R ~ N D A .  J .  Am. Chem. Soc. 84, 
2417 (1962). 

23. ED. SANDRIN and R .  A.  B o ~ s s o ~ ~ s .  Helv. Chim. Acta. 46, 
1637 i 1963). 

24. P, H. B E V ~ ~ L E ' ~ .  H .  G R ~ G O R Y .  A. H .  L ~ I K D .  arid J. S.  
MORLEY. J. Chem. Soc.  6130([964). 

15, K.  LCBKE. E.  S C H R ~ D E R .  R.  S C H I I I E C H ~ ~ * .  and H. GI- 
B I A N .  J u ~ t u s  Liebigb Ann. Chem. 679. 195 (1964). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Hydrolysis of cyclic nnsymmetrical anti imidate salts. New evidence for stereoelectironic 
control 

Liihoi.iitoii-c tlr S.~i~rhi.,\i~ Oi.giii~ic~irt'. Dc;l~iii.ti~inrr~f tle Cliii?~ic, L'r~ii.ri.ritc; i/c S l ~ c i ~ h i ~ o o X ~ ~ ,  Shci.hi.ooXc (Qirc;.). C'cillcitl(i J I K  ZRI 

Received Fehruar! 27. 1979 

T h i ~  piipci. is cladic,atrd f r j  Prof. Knrel W i e ~ i ~ r i .  orl the oc~ccision of his 60th hirtlzd~?. 

PIERRE DESLONGCHAVPS, UKKEN OUSEPH CHERIYAN, and ROLAND J. TAILLEFER. Can. J. 
Chem. 57. 3262 (1979). 

The synthesis and the hydrolytic behavior of the cyclic imidate salts 7 ,8 ,  and 9 is reported. 
Under acidic conditions, the salt 7 gives the ester ammonium salt 21 and the salt 9 gives a 1 : 1 
mixture of the ester ammonium salt 22 and the amide alcohol 23 as the rotamer 23B only. 
Under basic conditions, the salt 7 (or 8) gives a 2:8 (or 1 :9)  mixture of the amide alcohol 
rotamers 25A and 25B (or 27A and 27B) under kinetically controlled conditions. The salt 9 
gives, as the kinetic product, the amide alcohol rotamer 23B only. These results can be rational- 
ized on the basis of the stereoelectronic theory for the cleavage of tetrahedral intermediates 
and by taking into account that the nitrogen in tetrahedral intermediates must be either 
protonated under acidic conditions, or hydrogen bonded with the solvent under basic con- 
ditions, in order to observe the cleavage of a C-N bond. 

PIERRE DESLONGCHAMPS, UKKEN OUSEPH CHERIYAK et ROLAND J. TAILLEPER. Can. J .  Chem. 
57, 3262 (1979). 

La synthtse et I'hydrolyse des imidates cycliques 7, 8 et 9 sont rapportbes. En milieu acide, 
l'imidate 7 se transforme en sel d'ammonium ester 21 et I'imidate 9 donne un melange (1 : 1) du 
sel d'ammonium ester 22 et d'amide alcool 23 sous la forme du rotamCre 23B seulement. En 
milieu basique, I'irnidate7 (ou 8) donne un melange dans le rapport 2: 8 (ou 1 :9) des rotameres 
25A er 25B (ou 27A et 278) de l'amide alcool25 (ou 27). L'imidate 9 conduit a I'amide alcool23 
sous forme du rotambre 23B seulement. Ces resultats peuvent etre expliquis en utilisant la 
thtorie de controle stertoelectronique pour le bris des intermediaires tktraedriques, et en 
tenant compte du fait que l'azote de l'intermtdiaire tetrakdrique doit Ctre protone en milieu 
acide ou doit former un pont hydrogbne avec le solvant lors du bris d'un lien C-N. 

In  the course of our studies (1, 2) on the '% conditions (Scheme 1). This result was interpreted 
carbonyl-oxygen exchange in the basic hydrolysis of in the following way: compound P must form the 
tertiary amides, we have shown (2) that the nitrogen tetrahedral intermediate 2 so that carbonyl-oxygen 
of tetrahedral intermediates in the T- ionic form exchange can take place, but 2 cannot yield the 
(cf. 2 in Scheme 1) must be hydrogen bonded with hydrolysis products because the presence of the two 

methyl groups on the phenyl ring prevents the 
0- C\H3 formation of a hydrogen bond between the tertiary 

nitrogen and water (2 + 3 )  w-c-5 1 \ + OH- H-C-M 
I ' .T We have also observed a similar result in our 

CW3 I+ OH CH3 recent studies (3) on the hydrolysis of s ~ i i  imidate 
CH3 CH3 salts derived from unsymmetrical tertiary form- 

1 x amides. We have shown that the basic hydrolysis of 
q-~-O-H the two unsymmetrical imidate salts 4A and 4B 

- /a derived from N-2,6-dimethylphenyl-Nmethylform- .+ amide (I) (Scheme 2) gave only the amide alcohol + "COO- + m3-' products under basic conditions. This result was 
OM CH, H again explained by taking into account that the 

C"3 
CH3 nitrogen in the resulting tetrahedral intermediate 5 

3 cannot become hydrogen bonded (5 #+ 6 )  with the 
SCHEME B solvent. Consequently, the C-N bond cleavage to 

the solvent in order to observe a cleavage of the yield the ester ainine products cannot take place, 
C-N bond. More specifically, we have shown that while the carbon-oxygen bond cleavage to yield the 
N-2,6-diinethylpheny1-N-methyIfor1namide (1) is aniide alcohol products takes place readily. These 
completely resistant to hydrolysis but undergoes findings were further confirmed by our study on the 
extensive carbonyl-oxygen exchange under basic isomerization of salts 4A and 4B with methanol (3). 

0008-4042/79/243262- 10$01 .OO/O 
1979 National Research Council of CanadaIConseil national de rechet-the\ du Canada 
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CH3 CH3 ditions, the imidate salt 7 was slowly hydrolyzed to 
"00 ''0- yield the ester ammonium salt 21 exclusively (Scherne 
/ / C H 3  

H-C 4). The imidate salt 9 behaved in a completely 
\\ $+ / \ 

H-C + different manner giving a - 1:1 mixture of the ester 
CH3 N ~ C H ~  

/ ammonium salt 22 and the amide alcohol 23 and 

M C . 3  

RF,- 
C H 3  C H ,  BF4 some fluoroboric acid (scheme 5) .  Again, the hydroly- 

sis is a slow process, and it could be observed that at  
4 A 4 8  the beginning of the reaction, the amide alcohol 23 

! 
was first formed as the least stable rotalner 23B only, 
which then slowly isomerired to give an  equilibrium 
mixture of 23A (677)  and 23B (337)).3 

0- CH3 0 CH3 The configuration of the two rotamers 23A and H-f!-&jp I I + H-!-y$ + CH30H 
235 two rotarners was determined 24A and by 24B nnlr whose comparisoll co~lfiguration with was the 

C H 3 0  CH3 CH3 rigorously established (3).4 
CHI ' 3 3  

5 AMIDE AI-COHOL PRODUCT 

C'H3 C'H 

6 ESTER AMIIVE PRODUCT 

SCHEME 2 

We have also undertaken a study of the hydrolysis 
of unsymmetrical imidate salts which have an  anti 
configuration. We wish now to  report this work. 

5 W 9 

Synthesis 
We have selected the cyclic irnidate salts 7 ,  8, and 

9 for this study. Due to their cyclic nature, these 
salts are anti imidate salts.' The synthesis of these 
three salts is described in Scheme 3 and the details 
of these procedures can be found in the experimental 
section. 

Acid Myc/rolj~sis 
The hydrolytic behavior of imidate salts 7 and 9 

was first studied under acidic conditiol~s by the 
action of water in a~e ton i t r i l e .~  Under those com- 

'In anti imidate salts, derived from formamide, the C-H 
bond is anti to the 0-alkyl bond (cf. 7 ,  8, 9). In s jn  imidate 
salts. the C-W bond is S J J ~  to the 0-alkyl bond fcf 4 A  and 
4B)  (4). 

T h e  hydrolysis of imidate salt 8 was not studied under those 

Basic Hydrolysis 
The hydrolytic behavior of the imidate salts 4, 8, 

and 9 was also studied under basic conditions. The 
hydrolysis of salt '7 with excess sodium hydroxide in 
water-acetonitrile (1 : 5) at  room telnperature is an 
instantaneous reaction which gave the amide alcohol 
25 exclusively, as an  equilibrium mixture of the two 
amide rotamers 25A (40';) and 25B (60%) (Scheme 
41.5 

When the same reaction was carried out at  0 C.  
the amide alcohol 25 was again the only product 
formed, but the ratio of the rotamers was found to 
be 23% (25A) and 77",25B). The equilibrium ratio 
of 40:60 was then reached on standing. The slow 
rate of equilibration of the two rotamers at  03C 
(Table 1) indicates that the rotamers 25.4 and 25B, in 
the ratio of 23:77, were the direct products of 
hydrolysis. This finding was further confirmed by 
repeating the experiment a t  - 10°C and a t  10°C. 
Again, it gave only the amide alcohol and the 
isomeric ratio was esselltially the same (20: 80 and 
25 : 75 respectively). 

We have also treated the ester ammonium salt 21 

3We have also observed that the equilibrium ratio of the 
two amide alcohol rotamers 23A and 23B varies considerably 
with the solvent used. In pure water, the ratio is 25% (23A) and 
4 5 z  (23B) .  In water-acetonitrile (2:5), it is 5 5 z  and 45%. In 
water-acetonitrile (1 : 5 ) ,  it is 6 7 z  and 33% and in pure 
acetonitrile, the ratio is 74% to 26%. 

4The forn~amide hydrogen in 24A and 24B appears at  8.1 1 
and 8.47 ppm in acetonitrile. The formamide hydrogen in 23A 
and 23B appears at 8.13 and 8.49 ppm respectively in the 
same solvent. 

T h e  configuration of the amide rotamers was established 
by nnir spectroscopy. The N-methyl resonance appears at a 
higher field in the rotamer B (5): amide alcohol 25:25A (2.93 
ppm, N-CH,) and 25B (2.74 ppm, N-CN,); amide alcohol 
27:27A (2,91 ppm, N-SH,) and 2TB (2.78 ppm, N-CH,). 
Also, the coupling constant of the N-CH, group is larger in 
the rotamers B (rotamers A E 0.d Hz and rotamers B z 0.8 
Hz in acetonitrile). 
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,-...,C1 -5 ,-../x .-% ,,-,, NHCHO A r' f f f 
C1 

13 14 X =  N, 16 17 
15 X = NH, 

S C A ~ M E  3. ( 0 )  HCOOC2Hs, heat; ( b )  (C,Hs),P. CCI,: ( c . 1  AgBF,; NaOH; (d )  (CH,),O+BF,-: ( e )  NaN,: (f) LiAIH,: (g) HCI. 
0°C; (11)  NaH-THF-CICH,CH2CH2Br; (i) AgBF,. 

under the same basic conditions at 0°C. There is 
again an instantaneous reaction which gave only the 
amide alcohol 25 with the same ratio of amide 
rotamers 25A (20%) and 25B (80%). 

The hydrolysis of the imidate salt 8 gave similar 
results. Basic hydrolysis of 8 at 0°C gave only the 
alnide alcohol product as a mixture of the two 
rotamers 27A and 27B in a 1 : 9 ratio. On standing, 
the equilibrium mixture of the two amide rotamers 
was then obtained (27A (41z) and 27B (594,)). The 
slow rate of equilibration of the two rotamers 

(Table 2) shows that the rotamers 27A and 27B in the 
1 : 9 ratio were the direct product of hydrolysis. 

The basic hydrolysis of the imidate salt 9 gave a 
different result. Treatment of the salt 9 with sodium 
hydroxide in water-acetonitrile (1 : 5) led to an 
instantaneous reaction yielding exclusively the an~ide 
alcohol 23 in the form of the least stable rotamer 23B 
only (Scheme 5). On standing, isomerization of 23B 
took place to give the equilibrium mixture of 23.4 
(67%) and 23B (33%). 

When the 1 : 1 mixture of the ester ammonium salt 

7 R = H  
8 R =  CH, 

26 R =  H  
28 R  = CH, 

25A R  = H 25B R =  M 
27A R  = CH, 27B R  = CH, 

S c ~ t ~ t  4 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



DESLONGCHAZIPS E T  '41 

22 and the amide alcohol 23 (23A (67'%) and 238  
(33%)) (obtained by hydrolysis of 9 with water in 
acetonitrile) was treated with excess sodium hy- 
droxide at  room temperature, it gave 70% of the 
amide alcohol 23 (23A (67%) and 23B ( 3 3 7 ) )  and 
30% of the amine alcohol 29. 

TABLE 1.  Tsomerization of 25A into 25B 
at 0'C4 

Time (min) % 25A % 25B 

1 24 7 6 
6 23 7 7 

18 24 7 6 
3 3 2 5 75 
55 28 72 
92 3 1 69 

134 3 2 68 
Equilibrium 4 1 59 

"Imidate salt 7 was hydrolyzed with NaOD in 
CD,CN/D,O. The hydrolysis was Instantaneous 
giving amide alcohol 25 only. The interconver- 
sion of 25A and 258  \\as folio\red by nlnr spec- 
troscopy (cf. Experimental). 

FABLE 2. Tsornerization of 27A into 2 7 8  
at 0°C" 

Time (min) % 2TA % 2TB 

2 10 90 
9 10 90 

16 12 8 8 
23 15 8 5 
39 17 8 3 
64 18 82 
95 24 76 

I44 28 82 
173 3 0 70 
233 33 67 

Equilibrium 41 59 

"Imidate salt 8 was hydrolyzed ~ i t h  NaOD in 
CD,CN/D,O. The hydrolysis was instantaneous 
g,iving amrde alcohol 27 only. The interconver- 
slon of 27A and 27B was follo\ved by nmr spec- 
troscopy (cf. Experimental). 

cH3wH3 
Hydrolysis of salt 9 was also carried out with 

sodium hydroxide in water only. The reaction is 
instantaneous and also gave the amide alcohol 23 in 
the form of the rotamer 23B only. Then, isomeriza- 
tion took place to give an  equilibrium mixture of 
23A (25%) and 23B (757,). The salt 9 was then 
hydrolyzed with water only giving 28% of the amide 
alcohol 23 and 72% of the ester ammoniu~ll salt 22. 
The hydrolysis was slow and, again at  the beginning, 
23 appeared in the form of 238  only, slowly equili- 
brating to  a mixture of 23A (25%) and 23B (75j7,).3 
When sodium hydroxide was added to the above 
aqueous solution, we obtained 28% of the amide 
alcohol 23 and 72% of the amine alcohol 29. 

Discussiora 
A cidic Hydrolysis 

The result obtained with the imidate salt 7 under 
acidic conditions is the predicted result for anti 
imidate salts (4), i.e., 100% of the ester ammonium 
salt 21, and it can be readily explained In the follow- 
ing way. Water reacts with the salt 7 (Scheme 6) with 
stereoelectronic control (6 )  to yield the tetrahedral 
intermediate 31 which is then rapidly protonated by 
the fluoroboric acid produced, to  give the T+ ionic 
form 32. Then the intermediate 32, which has an  
electron pair on each oxygen properly oriented to 
eject the amino group (6 ) ,  can break down to yield 
the corresponding amine ester 26 which is then 
rapidly protonated to  give the ester am~nonium 
salt 21. 

The difference in behavior of the i~nidate salt 9 can 
be explained by the presence of the two methyl groups 
on the phenyl ring. The salt 9 (Scheme 6)  must first 
react with water to form the tetrahedral intermediate 
33 in the neutral form To. However, it is difficult to 
protonate the nitrogen in 33 t o  give 34 (T') because 
of the presence of the two methyl groups on the 
phenyl ring (2,  3).  Consequently 33, as well as giving 
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31 R = CH, 
33 R = X  

32 R =  CH, 
34 R = X  

238 26 R  = CH, 
35 R =  X  

CH3 

, C H E M E ~ .  X =  

34 (T') which leads to the ester ammonium salt 22 
via 35, would also cleave to give the amide alcohol 
product as the rotamer 23B only. The precise manner 
by which 33 can yield the rotamer 23B will be dis- 
cussed later. 

Basic Hydrolysis 
Imidate Salts I and 8 
In resume, the basic hydrolysis of imidate salt 7 

gives a mixture (2:8) of the amide alcohol rotamers 
25A and 25B as the kinetic products of the reaction. 
Isomerization follows to yield the equilibrium ratio 
(4:6) of 25A and 2 5 8 .  The basic hydrolysis of the 
ester ammonium salt 21 gives an identical result 
(Scheme 4). 

The above results suggest that the amine ester 26 is 
likely to be an  intermediate in the hydrolysis of the 
imidate salt 7 .  The exclusive formation of the amine 
ester product 26 first is not surprising (Scheme 7). 
We have previously shown that anti imidate salts 
always give, under basic conditions, the amine ester 
product under kinetically controlled conditions (4). 
Indeed, reaction of hydroxide ion on salt 7 with 
stereoelectronic control must give the intermediate 
31, which after removal of a proton on the hydroxyl 
group (T-) and after hydrogen bonding with the 
solvent (+36),  breaks down to  yield the amine ester 
26. Then this amine ester 26, being a reactive ester 
would recyclize rapidly to give new tetrahedral 
intermediates which then yield the amide rotamers 
25A and 25B in the 2 :  8 ratio. 

The amide rotamers 25A and 25B must be formed 
respectively from the stereoelectronically controlled 
cleavage of the tetrahedral intermediates 38 and 39 

21 R = CH, 
2% R = X  

and the formation of these two intermediates is the 
result of the attack of the amino group on the Z 
(26A) and the E (26B) forms (7) of the ester function 
in the amine ester 26. The results show that the route 
26B -+ 39 + 2 5 8  is preferred over the route 26A + 

38 + 25A. However, on the basis of the present 
knowledge, it is difficult to rationalize the observed 
preference for one pathway. 

The basic hydrolysis of the imidate salt 8 gave a 
result similar to that observed with the imidate salt 7 .  
It can therefore be interpreted in the same manner. 
The salt 8 must have first produced the amine ester 
28 via 33 and 37. The amine ester 28 was then trans- 
formed into a 1 :9  mixture of the amide rotamers 
27A and 27B via the routes 28A + 48 + 27A and 
28B + 41 + 27B. 

Imidate Salt 9 
The basic hydrolysis of imidate salt 9 takes a 

different course from salts 7 and 8, yielding first the 
amide rotamer 23B only, which is then isomerized 
to  the equilibrium mixture of 23A and 23B (Scheme 
5) .  The basic hydrolysis of the corresponding ester 
ammonium salt 22 gives either a mixture of 23A and 
23B plus the amine alcohol 29 (in acetonitrile-water) 
or  only the amine alcohol 29 (in water). These results 
show that the amine ester 30 is not an  intermediate 
in the hydrolysis of 9. The formation of the amide 
rotamer 23B is therefore the result of the direct 
fragmentation of a tetrahedral intermediate which is 
formed from 9 .  The hydrolysis of salt 9 is particularly 
interesting as it shows a complete transmission of 
stereochemistry from the reactant to the product of 
the reaction (23B).  
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DESL.ONGCHAMPS ET AL.  

7 R = H  31 R =  H 36 R =  H 
8 R =  CH, 33 R = CH, 37 R = CH, 

26A R =  H 
28A R = CH, 

38 R =  H 
40 R = CH, 

26B R =  H 
28B R = CH, 

39 R =  H 
41 R = CH, 

25A R  = H 25B R = H 
27A R =  CH, 27B R =  CH, 

SCHEME 7 

The reaction of hydroxide ion on 9 with stereo- 
electronic control should give 42 (Scheme 8). How- 
ever, 42 cannot break down with stereoelectronic 
control to give either the amide alcohol rotamer 23A 
or 23B. Furthermore, the intermediate 42 cannot 
yield the amine ester 30 because the tertiary nitrogen 
cannot be hydrogen-bonded to the solvent (1-3). 

If the intermediate 42 could break down without 
stereoelectronic control, it would yield first 43 which 
would then be transformed into both the rotamers 
23A and 23B. Indeed, 43 is an intermediate during the 
thermal isomerization of 23A and 23B. This hy- 
pothesis must therefore be eliminated. 

The intermediate 42 could, however, undergo con- 
formational changes to give either the intermediate 
44 (by nitrogen inversion) or the intermediate 45 by 
chair inversion. Since 44 and 45 can break down with 

stereoelectronic control to give 23A and 23B, 
respectively, this means that the conversion of 42 
into 44 would not occur, while that of 42 into 45 
would take place readily. In both intermediates 44 
and 45 the bulky 2,6-dimethylphenyl group becomes 
axially oriented; it would therefore be quite surpris- 
ing that one process would be favored energetically 
and this rationalization must be rejected. 

The specific formation of rotamer 23B from 9 can, 
however, be explained in the following way. The 
reaction of hydroxide ion with 9 would occur with 
stereoelectronic control to yield the intermediate 42. 
This intermediate would then be converted into the 
half-boat conformer 46 which has the proper orbital 
orientation to give the amide alcohol rotamer 23B 
only. 

In 42, the hydroxyl group and the 2,6-dimethyl- 
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n 
R-N-H OCHO 

-+ 23A + 23. 

R 
1 

R 

H%,,,N 
I 

'YH = HO,,-../N 

0 'Yo H 
23A 23B 

SCHEME 8. R = cH3&cH3 

phenyl group undergo very severe steric interactions. to tetramethylsilane as internal standard. Mass spectral assays 

 hi^ steric interaction can, however, be lessened on were obtained using a Hitachi-Perkin-Elmer RMU-6-A 

going from 42 to 46, and it would therefore be the instrument at 70 eV. 

driving force for the specific conversion of 42 into Syntheses 

the half-boat 46. This can be seen by the examination N-(3-H~vdroxypropy1)forrnamide 110) 
of the conversion of 42 into 46 with space filling A mixture of 3-amino-1-propanol (10 g, 0.13 mol) and ethyl 

formate (10 g, 0.135 mol) was refluxed overnight. Fractional first give 42 which distillation yielded pure amide 10 (10 g, 75%); bp 138-139"C/ 
then generate 46, which would break down to 0.7 Torr; ir v,,, (CHCI,): 3430 and 1680 cm-I ; nmr (CDCI,) 

the amide rotamer 23B. The half-boat46 would not be 6: 1.8 (2H, m), 3.7 (4H, m), 8.3 ( lH,  b s); ms m/e: 103 (M+). 
converted into 44 and 45 because these conversions An analytical sample was prepared by vpc (5 ft. $ in., 10% 

would involve more energy than the breakdown of SE-30, 150'C). Anal. calcd. for C4HgNO2: C 46.59, H 8.80; 
found: C 47.03, H 8.92. 

46 with stereoelectronic control to give the amide 
rotamer 23B. N- (3-Chloropropyl) formamide (11) 

A mixture of N-(3-hydroxypropyl) formamide 10 (5.15 g, 

Experimental 0.05 mol) and triphenylphosphine (13.2 g, 0.05 mol) was 
refluxed in a mixture of carbon tetrachloride (75 mL) and 

Vapor-phase chromatographic (vpc) analyses and separa- dichloromethane (50 mL) for 18 h. The solvents were then 
tions were carried out on a Varian aerograph instrument model removed by distillation at atmospheric pressure. The residual 
2800 with a thermal conductivity detector. The ir spectra were liquid on distillation gave pure chloroamide 11 (2.4 g, 40%); 
taken on a Perkin-Elmer 257 spectrophotometer. Proton nmr bp 120-122"C/0.5 Torr; irv,,, (CHCI,): 3440, 3300, and 1690 
spectra were recorded on a Varian A-60 or a Bruker WP-60 cm-'; nmr (CDCI,) 6 :  2.15 (2H, m), 3.7 (4H, m), 8.5 (1H); 
instrument. Chemical shifts are reported in F values relative ms m/e: 121, 123 (M+). An analytical sample was prepared by 
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DESLONGCHAMPS ET .4L. 3269 

vpc (5 ft, f in. ,  10% SE-30, 100cC). Anal. calcd. for C4H,NOC1: 
C 39.52, H 6.63; found: C 39.83, H 7.01. 

Iminoether 12 
To a solution of the chloroamide 11 (1.62 g. 13.3 mmol) in 

nitromethane (25 mL) in a flask covered with-aluminium foil, 
silver tetrafluoroborate (2.6 g, 13.3 mmol) was added and 
stirred overnight. The reaction mixture was then filtered and 
the filtrate concentrated to give a white solid that was only 
sparingly soluble in dichloromethane. Hydrogen chloride gas 
was bubbled into a suspension of the product in dichloro- 
methane for 1 h. It was then filtered and the residue was 
dissolved in acetonitrile and again filtered. The latter filtrate 
on concentration yielded the fluoroborate salt of 12 (2 g); nrnr 
(CD,CN) 6: 2.3 (2H, m), 3.6 (2H, t), 4.8 (2H, t), 8.5 ( lH ,  b s). 

The crude salt (1.65 g, 9.5 mmol) was suspended in dichloro- 
methane (50 mL) and cooled to 0°C in an ice bath. A cold 
solution of sodium hydroxide (15 mL, 1 N)  saturated with 
sodium chloride was added with stirring. The organic layer was 
separated and the aqueous layer was extracted with dichloro- 
methane. The extracts were combined, washed with brine, and 
dried over sodium sulfate. Fractional distillation yielded pure 
iminoether 12 (8) (400 mg); bp 120-121°C; ir v,,, (CH,CI,): 
1660 em-'; nrnr (CDCI,) 6: 2.0 (2H, m), 3.2 (2H, t), 4.3 (2H, 
t), and 7.2 (1H, b). 

Zmidate Salt 7 
T o  a suspension of trimethyl oxonium fluoroborate (167 mg, 

1.13 mmol) in dichloromethane (15 mL), a solution of the 
iminoether 15 (96 mg, 1.13 mmol) in dichloromethane (5 mL) 
was added dropwise and stirred overnight. The solvent was 
then distilled off to give a viscous liquid (220 mg) insoluble in 
dichloromethane. This product was used without further 
purification; ir v,,, (CH3CN): 1695 and 1030 cm-l ;  nrnr 
(CD3CN) 6 : 2.3 (2H, m), 3.3 (3H, s), 3.5 (2H, t), 4.5 (2H, t), 
and 8.21 (1H, s). 

I-Chloro-3-methyl-2-butene 13 
Dry lithium chloride (2.47 g, 0.058 mol) was dissolved in a 

minimum amount of dimethylformamide (35 mL). This was 
mixed with collidine (7.62 g, 0.063 mol, distilled over calcium 
hydride) and 3-methyl-2-butene-1-01 (5.01 g, 0.058 mol). The 
reaction mixture was then cooled in an ice bath with stirring. 
Methane sulfonyl chloride (7.21 g, 0.063 mol) was added 
dropwise under an atmosphere of nitrogen (9). After the 
addition was complete, the stirring was continued for 14 h at 
0°C. It was then poured over 300 g of crushed ice and extracted 
with ice-cold 1:  1 pentanelethyl ether (3 x 200 mL). The 
extracts were then combined and washed four times with 50 mL 
each of saturated copper nitrate solution, followed by water. 
They were then dried over anhydrous sodium sulfate and the 
solvent was fractionally distilled off to give a liquid residue 
(4 g). The nrnr spectrum of the liquid showed it to be the 
desired allylic chloride (95%) containing the mesylate of the 
saturated alcohol as an impurity. Attempted distillation 
resulted in decomposition. This crude product was used 
without further purification. 

I-Azido-3-methyl-3-buterze 14 
The ally1 chloride 20 (1.8 g, 18 mmol) was dissolved in 

pentane (100 mL) and stirred with a solution of sodium azide 
(3.2 g, 50 mmol) and tetrabutyl ammonium hydrosulfate (680 
mg, 2 mmol) in water (20 mL) overnight at room temperature. 
The pentane layer was then separated, washed with brine, dried 
over sodium sulfate, and fractionally distilled to give the azide 
14 (10) (1 g, 52%); irv,,, (CHCI,): 2350 cm-'; nrnr (CDCI,) 6 :  
1.72 (3H), 1.9 (3H), 3.1 (2H, d), and 5.3 (1H, m); ms m/e: 111 
(Mi). An analytical sample was prepared by vpc (5 ft, $ in., 
10% SE-30, 80°C). Anal. calcd. for C5H9N3: C 54.03, H 8.16; 
found: C 53.85, H 8.05. 

1-Amino-3-methyl-2-butene 15 
A solution of the azide 14 (600 mg, 5.4 mmol) in ether was 

added dropwise to lithium aluminium hydride (500 mg, excess) 
suspended in ether (25 mL) with stirring. The stirring was 
continued overnight after the addition was complete. The 
reaction mixture was cooled to O'C and decomposed with 
saturated sodium sulfate solution (3 mL). It was then filtered, 
dried over Na2S0,, and fractionally distilled to give the 
amine 15 (350 mg, 78%); ir v,,, (CH,CN): 3500 cm-'; nrnr 
(CD,CN) 6:  1.7 (6H), 3.1 (3H, d), and 5.2 (IH, m); ms inle: 
85 (Mi). Hydrochloride salt: mp 197-200°C (lit. (11) mp 
201°C). 

I-Forn1anzido-2-t~7ethyl-2-butene 16 
1-Amino-3-methyl-2-butene 15 (210 mg, 2.47 mmol) was 

refluxed in ethyl formate (10 mL) overnight. Removal of 
solvent yielded the amide 16 (220 mg) which was purified by 
vpc (5 ft, $ in., 10% SE-30, 110°C); ir v,,, (CHCI,): 3440, 1680 
cm- ' ; nrnr (CDCI,) 6 : 1.6 (6H), 3.9 (2H, t), 5.2 (1H, m), and 
8.2 (1H, s); ms m/e: 113 (M+). 

Chloroforman~ide 17 
The amide 16 (110 mg, 1 mmol) was dissolved in dry 

dimethoxyethane (15 mL) and cooled at 0°C. Dry hydrogen 
chloride gas was bubbled through this solution for 30 min. The 
reaction mixture was then stirred overnight. Removal of the 
solvent at reduced pressure yielded the crude chloroformamide 
17 (145 mg) which was used without purification; ir v,,,,, 
(CHCI,): 3440 and 1685 cm-'; nrnr (CDCI,) 6 :  1.6 (6H), 2.0 
(2H, m), 3.5 (2H, m), and 8.2 (1H); ms mle: 149, 151 (M'). 

Iminoether 18 
Silver tetrafluoroborate (1 62 mg, 0.83 mmol) was suspended 

in nitromethane (10 mL) and cooled to O°C. The chloro- 
formamide 17 (125 mg, 0.83 mmol) dissolved in nitromethane 
(10 mL) was then added dropwise with stirring. After the 
addition was complete, the stirring was continued overnight. 
The silver chloride formed was filtered off and the filtrate was 
evaporated to dryness to give the hydrofluoroborate salt of 18 
(160 mg); nrnr (CD,CN) 6:  1.4 (6H, s), 2.15 (2H, m), 3.7 (2H, 
t), and 8.3 (1H). 

This salt (160 mg) was dissolved in dichloromethane (20 mL) 
and cooled to 0°C. This solution was then shaken with sodium 
hydroxide (2 mL, 2 N) saturated with sodium chloride. The 
organic layer was separated and the aqueous layer was 
extracted with dichloromethane. The combined extracts were 
washed with brine and dried over sodium sulfate. The residual 
liquid obtained after fractional distillation of the solvent was 
purified by vpc (5 ft, + in., 10% SE-30, 100°C) to give the 
iminoether 18 (12) (25 mg); nrnr (CDCI3) 6: 1.45 (6H, s), 1.9 
(2H, t), 3.5 (2H, t), and 8.0 (1H). 

Imidate Salt 8 
The iminoether 18 (12.8 mg, 0.11 mmol) and trimethyl- 

oxonium tetrafluoroborate (15 mg, 0.1 mmol) were mixed in 
dichloromethane (10 mL) and the mixture was stirred over- 
night. Removal of the solvent yielded crude 8 (21 mg) as a 
solid which was recrystallized from ether-dichloromethane; 
mp 109-llOnC; ir v,,,,, (CH,CI,): 1680 and 1040 cm-'; nrnr 
(CD,CN) 6 :  1.5 (6H, s), 2.2 (2H, m), 3.4 (3H, s), 3.6 (2H, m), 
and 8.1 (1H). Anal. calcd. for C,Hl4NOBF4: C39.10, 
H 6.56; found: C 38.05, H 6.94. 
N-(2,6-Dirriethylglzenyl)-N-(3-chloropropyl)jormarnide 20 
Sodium hydride (16 g, 57%, 0.033 mol) washed with dry 

hexane was suspended in dry tetrahydrofuran and cooled in 
an ice bath. N-(2,6-Dimethylphenylformamide) 19 (4.2 g, 
0.028 mol) was then added with stirring. A brisk effervescence 
took place and a white voluminous precipitate was formed 
immediately. The reaction mixture was then allowed to warm 
up to room tcrnperature and stirred for 3 h. 1-Bromo-3-chloro- 
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propane (4.47 g, 0.028 mol) was then added dropwise followed 
by dimethylsulfoxide (50 mL). The stirring was continued 
overnight and it was poured into cold water (100 mL). The 
organic layer was separated and the aqueous layer was 
extracted with dichloromethane. The extracts were combined, 
washed with water, and dried over sodium sulfate. The 
removal of the solvent and fractional distillation of the residue 
under reduced pressure yielded the amide 20 (4.4 g, 65%); bp 
132"C/0.2 Torr; ir v,,, (CHCI,): 1675 cm- ' ; nmr (CDCI,) 6 : 
2.0 (2H, m), 2.25 (6H, s), 3.75 (4H, m), 7.35 (3H, m), and 8.25, 
8.53 (1H); ms rnle: 225, 227 (M+). Atzal. calcd. for C1,Hl6- 
NOC1: C 63.85, H 7.14; found: C 63.78, H 7.41. 

Irnidate Salt 9 
A solution of the amide 20 (702 mg, 3.12 mmol) dissolved 

in nitromethane (30 mL) was added to silver tetrafluoroborate 
(608 mg, 3.12 mmol) in a flask covered with aluminium foil 
and the mixture was stirred overnight. The reaction mixture 
was then filtered and the solvent was distilled off under 
reduced pressure. The residue was dissolved in dichloro- 
methane and hydrogen chloride gas was bubbled until the 
precipitation of silver chloride was con~plete. It was then 
filtered and the residue obtained on concentrating the filtrate 
was crystallized from dichloromethane to give pure imidate 
salt 9 (600 mg, 75%); mp 181-182°C; ir v,,, (CHIC12): 1660 
cm-'; nrnr (CD,CN) 6:  2.4 (6H, s), 2.6 (2H, m), 4.0 (2H, t), 
5.0 (2H, t), 7.5 (3H), and 8.6 ( lH,  s). Anal. calcd. for 
C1,HI6NOBF,: C 52.02, H 5.82; found: C 51.88, H 5.71. 

Acidic Hydrolysis 
Inlidare Salt 7 
The imidate salt 7 (6 mg, 0.03 mmol) was dissolved in 

CD,CN (500 pL) and D,O (40 pL). After 4 h, only ester 
ammonium salt 21 could be detected; nrnr (CD,CN/D,O) 6:  
8.1 (lH, s, formyl proton), 4.15 (3H, t, 0CH2), 3.1 (3H, s, + 
NCH,). The solution was then cooled in ice-water, ice-cold 
deuterated sodium hydroxide (1 N NaOD, 100 pL) was added 
and an nrnr spectrum was immediately recorded. Only amide 
25 could be detected (20% 25A, 80% 25B). 

Imidare Salt 9 
The imidate salt 9 (4 mg, 0.015 mmol) was dissolved in 

CDjCN (500 pL) and D 2 0  (50 pL) and the hydrolysis was 
followed by nmr. The hydrolysis was complete in about 18 h 
to  give amide alcohol 23 and ester ammonium salt 22 in the 
ratio of 1 : 1. After 4 h of reaction, only conformer 23B of the 
amide product had begun to appear. The ratio of the two 
conformers after 29 h was 23A :23B = 2: 1. 

Basic Hydrolysis 
Imidate Salt 7 
Imidate salt 7 (24 mg, 0.12 mmol) was dissolved in CD/CN 

(500 pL), deuterated sodium hydroxide (1 N NaOD)D20, 
200 pL, 0.2 mmol) was added at room temperature, and an 
nrnr spectrum was immediately recorded. Only amide 25A 
(40%) and 25B (60%) could be detected. In a separate experi- 
ment, imidate 7 (45 mg, 0.24 mmol) was dissolved in aceto- 
nitrile (1 mL) and shaken with sodium hydroxide (500 pL, 
1 N, 0.5 mmol). The solution was then extracted with dichloro- 
methane to give amide 25 (19 mg) which was purified by vpc 
(5 ft, 4 in., 10% SF-30, 140°C); ir v,,, (CHCI,): 3425, 1670 
cm-I; nrnr (CDCI,) 6: 1.8 (2H, m, CH2-CH2CH2), 2.83, 
2.91 (3H, two s, N-CH,), 3.5 (4H, m, N-CH2, OCH,), 8.0 
( lH,  s, formyl proton); ms rn/e: 117 (M+). 

In another experiment, imidate salt 7 (15 mg, 0.08 mmol) 
was dissolved in CD,CN and cooled to O°C, ice-cold deuter- 
ated sodium hydroxide (100 pL of 2 N NaOD/D,O, 0.2 mmol) 
was added, and an nrnr spectrum was immediately recorded 

at 0°C. The only product formed was amide alcohol 25A and 
25B in the ratio 23: 77. The conversion of 25A into 25B was 
then followed by nrnr spectroscopy (Table 1) until equilibra- 
tion. 

In another experiment, imidate salt 7 (5 mg, 0.03 mmol) was 
dissolved in CD,CN (500 pL) and cooled to - 10°C in the 
nrnr probe. Ice-cold deuterated sodium hydroxide (100 pL of 
1 N NaOD/D,O, 0.1 mmol) was added and the spectrum 
recorded immediately. The spectrum showed 20% of 25A and 
80% of25B. The same experiment was repeated at + 103C and 
the spectrum revealed 25% of 25A and 75% of 25B. 

Imidate salt 7 (6 mg, 0.03 mmol) was dissolved in CD3CN 
(500 pL) and D,O (40 pL). The hydrolysis was followed by 
nrnr spectroscopy and it was complete after 4 h giving only 
ester ammonium salt 21. The solution was then cooled to O C  
and ice-cold deuterated sodium hydroxide (100 pL of 1 N 
NaOD/D,O) was added. A spectrum was immediately 
recorded at 0°C showing 20% of 25A and 80% of 25B. 

Iwiidate Salt 8 
Imidate salt 8 (6 mg, 0.03 mmol) was dissolved in CD,CN 

(500 pL) and cooled to 0°C. Ice-cold deuterated sodium 
hydroxide (100 DL, 1 N NaOD/D,O, 0.1 mmol) was added 
and an nrnr spectrum was immediately recorded. The only 
product formed was amide alcohol 27A and 27B in the ratio 
of 1 : 9. The conversion of 27.4 into 27B was followed by nrnr 
spectroscopy (Table 2) until equilibration. 

111 a separate experiment, imidate salt 8 (8 mg, 0.04 mmol) 
was shaken with sodium hydroxide (1 N, 500 pL). The 
solution was then saturated with sodium chloride and extracted 
with dichloromethane. The organic extracts were combined, 
washed with brine, and dried over anhydrous sodium sulfate. 
Distillation of solvent gave a viscous liquid; ir v,,, (CHCI,): 
3600 (sharp), 3420 (broad), 1670, and 1020 cm-';  nrnr 
(CD3CI,) 6 :  1.20 (6H, s, gern-dimethyl group), 1.70 (2H, m, 
CHI), 2.82, 2.93 (3H, two s. N-CH3), 3.45 (2H, m, N-CH,), 
7.91, 8.00 (IH, two s, formyl proton); ms ni/e: 145 (M+). 

I~nidare Salt 9 
Imidate salt 9 (40 mg, 0.14 mmol) was dissolved in CD3CN 

(500 pL) and placed in an nrnr tube. Deuterated sodium 
hydroxide (300 pL, I N NaOD/D,O, 0.3 mmol) was added 
and the spectrum was immediately recorded. The hydrolysis 
was instantaneous and gave only the amide alcohol in the 
conformation 23B. It slowly isomerized to give an equilibrium 
mixture of 23A (67%) and 23B (33%) when kept for more than 
73 h;  nmr (CD,CN/D,O/NaOD) 6: 23A: 2.0 (m), 2.35 (s), 
3.7 (m), 7.32 (s), 8.1 (s); 23B: 2.0 (m), 2.5 (s), 4.0 (m), 7.4 (s), 
8.5 (s). 

In a separate experiment, imidate 9 (155 mg, 0.56 mmol) 
was dissolved in acetonitrile ( I  mL) and shaken with sodiurll 
hydroxide (800 pL, 1 N, 0.8 mmol). The solution was immedi- 
ately treated with acetic anhydride and pyridine (20 mL, 1 : 1). 
The solution was kept overnight and then concentrated under 
vacuum. The residue was dissolved in dichloromethane and 
washed with water. Solvent evaporation gave a yellow oil, the 
spectra of which corresponded to the acetate of amide alcohol 
23. It was purified by chromatography on silica gel; ir v,,, 
(CHCI,): 1740, 1675 cm-I; nrnr (CDCI,) 6: 2.0 (2H, m), 2.1 
(3H,s),2.3 (6H),3.7(2H,m),4.15(2H, t),7.3 (3H), 8.16,8.5 
(1H); ms m/e:  249 (M+), 189 ( M +  - 60). Purification by 
preparative vpc gave an analytical sample. Anal. calcd. for 
C14H,,N03: C 67.45, H 7.68; found: C 67.65, H 7.54. 

The imidate salt 9 (4 mg, 0.015 mmol) was dissolved in 
CD3CN (500 pL) and D,O (50 pL) and the hydrolysis was 
followed by nrnr spectroscopy. After 30 h, the hydrolysis was 
complete (50% amide alcohol 23 and 50% ester ammonium 
salt 22) and the amide alcohol was at equilibrium (67% 23A, 
33% 23B). Deuterated sodium hydroxide (50 pL, 1 N 
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NaOD/D,O, 0.05 mmol) was then added and a spectrum 
recorded immediately. The reaction mixture contained 70% 
amide alcohol 23 at its equilibrium concentration (67% 23A, 
33% 23B) and 30% of amine alcohol 30. In a separate experi- 
ment. imidate salt 9 (10 mg, 0.94 mmol) was dissolved in water 
(500 pL) and kept overnight. The solution was then treated 
with sodium hydroxide (1 N, 100 pL), saturated with sodium 
chloride, and extracted with ether. The combined ether 
extracts were washed with brine, dried over anhydrous sodium 
sulfate, and filtered. Solvent evaporation gave a viscous oil 
(6 mg). Thin layer chromatographic analysis (ethyl acetate) 
indicated two products which were separated by thick layer 
chromatography to give amide alcohol 23, identified by com- 
parison with authentic material, and amine alcohol 29; ir 
v,,, (CH,C12): 3360, 1470, and 1020 cm-' ; nmr (CD,CN) 6 :  
1.76 (3H, m), 2.27 (6H, s), 3.05 (2H, t), 3.66 (2H, t), 7.13 (3H, 
m); ms tn/e:  179 (M+).  

Tmidate salt 9 (5 mg, 0.02 mmol) was dissolved in deuterium 
oxide (500 pL). After 4 h the hydrolysis was complete, giving 
ester ammonium salt 22 (72%) and amide alcohol 23 (28%).6 
Deuterated sodium hydroxide (100 wL, 1 N NaOD/D20,  
0.1 mmol) was then added and an nmr spectrunl was im- 
mediately recorded to  reveal the presence of amide alcohol 23 
(28%) and amine alcohol 29 (72%). No trans acylation reaction 
was detected. 
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Thermal decomposition of ozonides. A complementary method to the Baeyer-Villiger 
oxidation of hindered ketones 
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Can. J.  Chem. 57,3272 (1979). 

Treatment of vinyl acetate with ozone yields the mixed anhydride of acetic and formic acids 
and formaldehyde oxide. The formaldehyde oxide can be trapped by reaction with ketones 
yielding the corresponding ozonides. Thermal decomposition of these ozonides gave the corre- 
sponding lactone and (or) the corresponding olefin carboxylic acid. The ozonides were also 
prepared by the ozonolysis of the corresponding olefins. 

RICHARD LAPALME, H.-JURG BOII'SCHBERG, PIERRE SOUCY et PIERRE DESLONGCHA~IPS. Can. 
J. Chem. 57.3272 (1979). 

L'ozonolyse de l'acetate de vinyle donne I'anhydride mixte des acides acetique et formique 
ainsi que l'oxyde du formaldehyde. Ce dernier peut &tre piegt par des cetones pour conduire 
aux ozonides correspondants. La decon~position thermique de ces ozonides donne les lactones 
ou les acides olefines carboxyliques correspondants. Les ozonides ont aussi etC prepares par 
l'ozonolyse des olefines correspondants. 

In connection with our investigation toward the 
total synthesis of ryanodine (I), it became important 
to find a complementary method t'o the Baeyer- 
Villiger oxidation of sterically hindered ketones. We 
wish to report a study which shows that the thermal 
decomposition of ozonides is a method which can re- 
place the Baeyer-Villiger reaction in some cases. 

Ozonolysis of vinyl acetate (CH,CI,, - 78°C) gave 
acetic-formic mixed anhydride and an insoluble 
white solid which is the result of the polymerization 
(2) of the carbonyl oxide of formaldehyde (formalde- 
hyde oxide (1)) (3) (Scheme 1). Filtration gave a 
dichloromethane solution of practically pure acetic- 
formic mixed anhydride which was characterized 
further by a reaction with cyclohexylamine, yielding 
N-cyclohexylformamide (90z) and N-cyclohexyl- 
acetamide (10%) (4). The dry peroxide polymer of 1 
is explosive (shock sensitive); it can be reduced with 
bisulfite or dimethy1sulfide.l 

Ozoiiolysis of vinyl acetate (7 equiv., - 78"C, 
CH,Cl,) in the presence of camphor (2) (1 equiv.) 
gave in high yield an ozonide, characterized by nmr at  
-78°C (two broad singlets at  5.22 and 5.12 ppm). 
Decomposition of the czonide started upon warming 
to room temperature. After reflux in benzene for 1 h, 
the lactone 4 (5) was isolated in 63% yield after puri- 
fication. The isomeric lactone 5 (5) was not detected. 
Thus, formaldehyde oxide (1) produced from vinyl 
acetate has reacted with camphor to form an ozonide. 

'At any time, this explosive polymeric peroxide shbuld be 
handled with all precautions. 

The configuration of the ozonide must correspond 
to structure 3 which is the result of the attack of 1 
on the least hindered face of the carbonyl group in 
camphor. Since, only one lactone (4) was obtained, 
the decomposition of the ozonide 3 is completely 
specific. 

We have studied also the ozonolysis of 2-methylene- 
bornane (6) at - 78°C followed by reflux in benzene. 
It gave a - 1 : 1 mixture of the isomeric lactones 4 
and 5 in a low yield of 14% and camphor (9z). This 
result can be rationalized in the followi~ig way. 
Ozonolysis of 6 gives first the molozonide 7 which 
can decompose into the two carbonyl oxides 1 and 8 
plus camphor and formaldehyde. Recombination 
yields a mixture of the isomeric ozonides 3 and 9. 
The thermal decomposition of the ozonide 3 would 
produce only the lactone 4 while that of the ozonide 
9 could either produce only the lactone 5 or a mix- 
ture of 4 and §. The low yield can be explained by the 
difficulty of recoinbination of the two carbonyl oxides 
1 and 8 with camphor and formaldehyde respectively 
to give the ozonides 3 and 9. Therefore, most of the 
carbonyl oxides would have produced dimeric or 
polymeric peroxides, which would be stable at  the 
boiling point of benzene (6) .  It is also possible that 
both ozonides 3 and 9 gave only the lactone 4 and the ' 

formation of the isomeric lactone 5 would come from 
the decomposition of another unidentified "peroxide" 
species. 

The tricyclic ketone 10 (7) was also treated with 
vinyl acetate and ozone to give the ozonide 11 iso- 

0008-4042/79/243272-06$01.00/0 
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peroxide 
CH~=O+-O- + polymer. 

1 

lated in 4 8 x  yield (Scheme 2). This stable ozonide 
is not reduced with dimethylsulfide at 20°C but it can 
be reduced with triphenylphosphine giving the ketone 
10 in quantitative yield. The stereochemistry assigned 
to 11 is again based on the expectation that formalde- 
hyde oxide 1 will prefer to react with the least hin- 
dered face of the carbonyl group in 10. Thermal de- 
composition (benzene reflux, 4 h) gave the starting 
ketone 10 (40%) and the unsaturated olefin carboxylic 
acid 12 (15%, identified with an authentic sample of 
the corresponding methyl ester 13 (7)). 

2-Norbornanone (14) was also treated with vinyl 
acetate - ozone followed by a reflux in benzene. It 
gave a complex mixture of unidentified olefin car- 
boxylic acids and the lactone 16 (20%) (8). The olefin 
carboxylic acid 15 was not found in the mixture. The 
olefins 17-20 were also treated with ozone and the 
presumed ozonides were decomposed thermally by 
reflux in benzene. Compound 17 gave a mixture of 14 
(8x1, 15 (30x1, and 16 (16%). Compound 18 gave 
14 (16%) and 16 ( l o x )  plus benzaldehyde (58%). The 
adamantane unsaturated ester 19 gave a small quan- 
tity of adamantanone ( 2 3  and a mixture (62x1 of 
lactone 21 (9) and olefin acid 22. The relative per- 

centage of 21 and 22 was not determined. On heating 
in the presence of p-toluenesulfonic acid, the olefin 
acid 22 was converted into the lactone 21. 2-Methyl- 
eneadamantane (20) gave 15% of adamantanone and 
about 30"; of a mixture of compounds 21 and 22. 

We have also found in the literature (10) that the 
ozonolysis of caillphene (23) does not give a stable 
ozonide, and the compounds 24 and 25 are isolated 
in high yield. Similarly, 2,3,3-trimethyl-1-butene (26) 
gives an unstable ozonide which rearranges to tert-  
butyl acetate (27) (11). 

The product formation from the thermal decom- 
position of the ozonides can be explained in the fol- 
lowing manner. On heating, the weak peroxide bond 
of an ozonide such as 28 (Scheme 3) must cleave to 
give first a diradical such as 29 (12) which can either 
give the original ketone 30 and the diradical 31, or 
formaldehyde and the diradical 32 which can frag- 
ment further to form the diradical 33. The diradical 
33 (R = H) can then either abstract a hydrogen to 
yield the corresponding olefin carboxylic acid 34 or 
form the lactone 35 (R = H). The diradical 33 
(R = CH,) would give the'lactone 35 (R = CH,). 

We prefer the above mechanism to the one where 
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12 R =  H 
13 R = CH, 

COOH 

the rearragement would occur via the direct trans- 
formation of the carbonyl oxide (28 + 36 + 37 + 

38 -+ 35) (see p. 747 in ref. 13). 
This preliminary exploratory work shows that the 

thermal decomposition of ozonides gives products 
which are identical or equivalent to those obtained 
in the Baeyer-Villiger oxidation of ketones. It shows 
also that the v~nyl acetate - ozone procedure 1s an 
interesting method to produce ozonides. However, 
this method has two important disadvantages: (a) 
the formaldehyde oxide (1) reacts with itself to yield 
an explosive insoluble peroxide polymer, and (6) the 
polymerization of formaldehyde oxide (1) competes 
with the reaction of 1 with ketones, a large excess of 
vinyl acetate being essential. 

It would be interesting to find a carbonyl oxide 
which would be either slow to polynlerize or at least 
would give a soluble polymer (less explosive). This 
carbonyl oxide reagent could be useful as a comple- 
mentary method for the Baeyer-Villiger reaction in 
some specific cases. 

We have tried the ozonolysis of ethyl vinyl ether 
in the presence of camphor. After heating in benzene, 

we have isolated camphor (70%) and the lactone 4 
(30%). Formation of an insoluble polymer was not 
observed and we did not experience an explosion. 
The reaction of ozone with ethyl vinyl ether must 
have given first formaldehyde and the expected 
"stabilized" carbonyl oxide 39 (Scheme 4). Some of 
the carbonyl oxide 39 produced must have been 
trapped by camphor; however, most of 39 must have 
reacted with the formaldehyde produced. 

We have treated the ryanodine synthetic interme- 
diate 40 (1) with ozone in the presence of excess of 
either vinyl acetate or ethyl vinyl ether on a small 
scale. We have recovered compound 40 quantita- 
tively; the anticipated conversion 40 -+ 41 did not 
take place. This result indicated that the dimeriza- 
tion or polymerization process of carbonyl oxide was 
faster than its reaction with the ketone functions of 
compound 40. 

Experimental 
The ir spectra were taken on a Perkin-Elmer 257 spectro- 

photometer. Vapor phase chromatographic (vpc) analyses 
were carried out on a Varian aerograph instrument model 
90-P. Proton nmr spectra were recorded on a Varian A-60 or a 
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Briiker WP-60 instrument, Chemical shifts are reported in F 
values relative to tetramethylsilane as internal standard (A-60) 
or relatibe to chloroform (WP-60). The carbon nmr spectrum 
was recorded on a Briiker HX-90 instrument. The ozonolysis 
reactions were carried out using a Welsbach Ozonator, model 
T-816. The mass spectra were taken on a Hitachi-Perkin- 
Elmer RMU-6 mass spectrometer. Anhydrous magnesium 
sulfate was used as the drying agent in working up reactions. 
Low boiling petroleum ether (bp 30-60°C) was used as sol- 
vent. Thin layer chromatography (tlc), both analytical and 
preparative, was carried out on silica gel. Adamantanone, 

2-cyclopentaneacetic acid, and 2-norbornanone are com- 
mercial products (Aldrich Chemical Co.). 

2-Methylenebornane 6 
2-Methylisoborneol (14) was prepared by the reaction of a 

large excess of methyl magnesium bromide on camphor in 
ether. Thionyl chloride (2.2 mL, 3 equiv.) was added dropwise 
to a cold solution (0°C) of 2-methylisoborneol (1.83 g, 10.9 
mmol) in dry pyridine (75 mL). After 0.5 h, the reaction mix- 
ture was poured on ice and extracted with ether. The organic 
phase was washed with hydrochloric acid (2 N), water, and 
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sodium bicarbonate (5%). After drying, the volume of ether gen while the solution was allowed to warm up to room tem- 
was reduced (to 2: 10 mL) by distillation. The vpc analysis perature. The white explosive polymer was removed by filtra- 
showed a mixture of 2-methylenebornane 6 (67%) and the tion through cotton. Proton nrnr of the solution showed two 
corresponding isomeric endo olefin (33x1. Pure 2-methylene- singlets at 8.9 (1H) and 2.2 (3H) 6 indicating the presence of 
bornane 6 (15) was obtained by vpc; ir (CHCI,),): 1650 acetic formic mixed anhydride. The solution was cooled to 
cm-l ;  nrnr (CDC1,) 6 :  4.7 (2H, ni, olefinic hydrogens), 0.92 0°C and cyclohexyl amine (2.9 g, 30 mmol) was added. After 
(3H, s, CH3), 0.90 (3H, s, CH,), and 0.77 (3H, s, CH,). 1 h at  room temperature, dichloromethane was added. The 

Ethyl 2-ilrorbornylidene 'Acetate 17 
The compound 17 was prepared by the reaction of the 

lithium salt of trimethylsilyl ethyl acetate on 2-norbornanone 
in anhydrous tetrahydrofuran (16). Ethyl 2-norbornylidene 
acetate 17 was isolated in 2647, vield bv vac as a mixture of the 
two geometrical isomers; ir ~ C H C I , ~ :  i703 and 1658 cm-';  
nrnr (CDCI,) 6 :  5.7 (0.2H, m, olefinic hydrogen), 5.5 (0.8H, m, 
olefinic hydrogen), 4.1 (2H, q, J = 7 Hz), and 1.28 (3H, t, 
J = 7 Hz). 

2-Betzzylidene Norbornane 18 
2-Benzyl-2-endo-hydroxynorbornane (17) (mp 61-63°C; 

nrnr (CDCI,) 6 :  7.48 (5H, s, aromatic hydrogens)Bnd 2.87 
(2H, s, benzylic hydrogens)) was prepared by the reaction of 
benzyl magnesium chloride on 2-norbornanone in ether. 

2-Benzyl-2-erzdo-hydroxynorbornane (3 13 nig, 1.55 11111101) 
was dehydrated with pyridine (20 mL) and thionyl chloride 
(0.7 mL) by following a procedure similar to the one described 
for the preparation of 2-methylenebornane (6). A mixture was 
obtalned (230 mg) which contained the desired exo olefin 18 
(80%) and the corresponding isomeric endo olefin (20%). 

The above mixture (230 mg) was heated for 2 h at  120°C 
in dimethylsulfoxide containing potassium tert-butoxide 
(250 mg). The cooled reaction mixture was poured on ice and 
extracted with a mixture of ether and petroleum ether (1 : 3). 
The organic phase was washed with water, dried, and evapora- 
tion of the solvent under reduced pressure gave a yellow oil 
which was filtered through a short column of silica gel (petro- 
leum ether). The olefin 18 (21 5 mg, 2: 95% yield) was obtained 
pure as a mixture of two geometrical isomers (4: 1 ratio); i.r. 
(CHCI,): 1660, 1600, 1490, and 1442 cm-I ;  nrnr (CDCI,) 6 :  
7.43 (5H, b s, aromatic hydrogens), 6.43 (0.8H, t, J = 2.5 Hz, 
olefinic hydrogen), and 6.26 (0.2H, m, olefinic hydrogen). 

Etlzyl2-Adan?anfylidene Acetate 19 
The compound 19 was prepared in 45% yield by the reaction 

of the lithium salt of trimethylsilyl ethyl acetate on adaman- 
tanone in anhydrous tetrahydrofuran (16;) ir (CHCI,): 1705, 
1655,1445, and 1230-1195 cm-'; nrnr (CDCI,) 6 :  5.58 (1H, s, 
olefinic hydrogen), 4.13 (2H, q,  J = 7 Hz), and 1.27 (3H, t, 
J = 7Hz).  

2-MetlzyIeneadat?1anrnne 20 
2-Methyl 2-adamantanol (mp 212-213'C; nmr (CDCI,) 6 :  

1.4 (3H, s)) was prepared by the reaction of methyl magnesium 
bromide on admantanone in ether (18). Thionyl chloride 
(0.3 mL) was added dropwise to a cold solution (OcC) of 
2-methyl 2-adamantanol (502 mg, 3.0 mmol) in dry pyridine 
(0.7 mL). After 45 min, the reaction mixture was poured on ice 
and extracted with ether. The organic phase was washed with 
hydrochloric acid (2 N), water, and sodium bicarbonate (5%). 
Drying and evaporation of the solvent gave a waxy solid (430 
mg). Preparative tlc (hexane) gave pure 2-methyleneadaman- 
tane 20 (19); nrnr (CDCI,) 6 :  4.6 (2H, s, olefinic hydrogens), 
2.55 (2H, nl), and 2.1-1.8 (12H, n ~ ) .  

Ozonolysis of Vinyl Acetate 
A stream of ozone in oxygen was passed through a cold 

solution (-78'C) of freshly distilled vinyl acetate (989 nig, 
11.6 mmol) in dry dichloromethane (15 mL) until a light blue 
color appeared. Excess ozone was removed by bubbling nitro- 

organic phase was then washed with hydrochloric acid ( N )  
and sodium bicarbonate (5%). Drying and evaporation gave 
a mixture (1.36 g) of N-cyclohexylformamide (90%) and 
N-cyclohexylacetamide (10%) which were identified by nrnr 
and vpc comparison with an authentic sample (4). 

Oxidation of Camphor ( 2 )  
( a )  0,/ Vinyl Acetate 
A stream of ozone in oxygen was passed through a cold 

solution (-78'C) of camphor (154 nig, 1 mmol) and freshly 
distilled vinyl acetate (550 mg, 6 mmol) in dry dichloromethane 
(10 mL) until a light blue color appeared. Excess ozone was 
then removed by bubbling nitrogen. Proton nrnr at  - 78'C 
showed two singlets at 5.22 and 5.12 6 indicating the presence 
of the ozonide 3. The solution was then allowed to warm up to 
room temperature. Thin layer chromatography with cther hex- 
ane (1 : 1) showed one non-polar compound. Removal of the 
white explosive polymer by filtration through cotton gave a 
colorless solution. Dichloromethane (50 mL) was added and 
the resulting solution was washed with sodium bicarbonate 
(0.1 N,  3 x 10 mL). Drying and evaporation of the solvent 
under reduced pressure was followed by the addition of ben- 
zene (10 mL), and the solution was refluxed for 1 h. The crude 
product was shown to contain lactone 4 only by tlc analysis. 
Preparative tlc with etherlhexane (1 : 1) gave pure lactone4 a sa  
waxy solid (107 mg, 63%). Compound 4 was shown to be 
identical (ir and nmr) with the major product obtained from 
the Baeyer-Villiger oxidation of camphor with peracetic 
acid (5). 

( b )  0,lEthyl Vinyl Ether 
A stream of ozone in oxygen was passed through a cold 

solution (-78°C) of camphor (50 mg, 7 mmol) and freshly 
distilled ethyl vinyl ether (720 mg, 70 mmol) in dry dichlo- 
romethane. Excess ozone was removed as before. Benzene was 
added and the dichloromethane was removed by distillation. 
The benzene solution was refluxed for 1 h and cooled to room 
temperature. Analysis by ir, nmr, and tlc showed that a mix- 
ture of camphor and lactone 4 was obtained, vpc measurement 
indicating 70% camphor and 30% lactone 4. 

Oxidation of 2-Methylenebornane (6) 
A stream of ozone in oxygen was passed through a cold 

solution (-78°C) of 1-methylenebornane (91 mg, 0.6 mmol) 
in dichloromethane (20 mL) until a light blue color developed. 
Thin layer chroniatographic analysis in etherlhexane (1 : 1) 
indicated two non-polar compounds which did not correspond 
to either the isomeric lactones 4 and 5 or camphor. A work-up 
similar to the one carried out for the oxidation of camphor 
was done. The mixture was then refluxed for 1 h in benzene. 
Analysis by ir, nmr, vpc, and tlc showed the presence of the 
isomeric lactones 4 and 5 (14% yield, in a Y 1 : 1 ratio) and 
camphor (9%). 

Oxidation of the Tricyclic Ketal Ketone PO 
A stream of ozone in oxygen was passed through a cold 

solution (- 70'C) of tricyclic ketone 10 (60 mg, 0.24 mmol) 
and freshly distilled vinyl acetate (80 PI<) in dry dichloro- 
methane (5 mL) until a light blue color developed. The solu- 
tion was allowed to warm up slowly to 0°C while nitrogen was 
passed through it until it was reduced to ~ 0 . 5  mL. Prepara- 
tive tlc with etherihexanc (1 : 1) gave the ozonide 11 (30 Ing, 
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48%); ir (CHCI,): 1112, 1089, 1075, and 992 cm- ' ;  nmr 
(CDCI,) 6: 5.15 (IH, s), 5.03 (IH, s), 3.49 (4H, s), and 0.96 
(6H, s); ms tn/e:  296 (M'); 13C nrnr (CDCI,) 8: 115 (s), 111.5 
(s), 94.2(t), 73.1 (t), 71.1 (t),46.9(d), 41.1 (t),40.3 (d), 39.7(d), 
33.9 (t), 33.2 (t), 32.6 (t), 29.7 (s), and 25.6 (q, one signal for 
both methyl groups). Analysis by 13C nrnr showed only one 
product. Analysis by 'H nmr showed two equal singlets for 
the methylene group of the ozonide ring. There is at  least one 
example in the literature of a methylene dioxy group (OCH20)  
where the two hydrogens have different chemical shifts but no 
coupling (J = 0 Hz) between the two of them (20) 

A solution of the ozonide 11 (27 mg, 0.09 mmol) in dry ben- 
zene was refluxed during 4 h. After concentrating the solution 
to about 3 mL, an excess of ethereal diazomethane was added. 
The solvent was then evaporated. Separation by preparative 
tlc gave tricyclic ketal ketone 10 (10 mg, 40%) and the olefin 
ester 13  (13 mg, 51%) which was found identical (ir, nmr) with 
an authentic sample (7). 

Oxidation of 2-Norbovnanorze (14) 
2-Norbornanone (125 mg, 1.14 mniol) was oxidized with 

ozone and vinyl acetate (592 mg, 6.82 mrnol) in dichloro- 
methane (10 mL) by following the procedure described for 
camphor. After reflux with benzene for 18 h, the solution was 
evaporated and ether was added. The solution was treated 
with an excess of diazomethane and evaporated to  dryness. 
Column chromatography with silica gel using ether gave the 
bicyclic lactone 16 (28 rng, ~ 1 2 0 % )  (identified by ir and nmr) 
and a complex mixture of methyl ester products (120 mg). The 
vpc and tlc analyses showed the absence of the methyl ester 
of the olefin carboxylic acid 15 by comparison with an authen- 
tic sample. 

Oxidatiorz of Ethyl 2-Norbornylidene Acerate 17 
A stream of ozone in oxygen was passed through a cold 

solution (- 78°C) of ethyl 2-norbornylidene acetate (17) (154 
mg, 0.86 n~mol)  in a mixture of dichloromethane and pentane 
(1 : 1, 15 mL) until a light blue color developed. Excess ozone 
was removed by bubbling nitrogen. Benzene (20 mL) was 
added, most of the dichloromethane and pentane were re- 
moved by distillation, and the mixture was refluxed for 3 h. 
The solution was concentrated to  about 3 mL and treated with 
excess ethereal diazomethane. Comparison with standard 
solutions by vpc analysis showed a mixture of 2-norbornanone 
14 (8%), the methyl ester of cyclopentaneacetic acid 15 (30%), 
and the lactone 16 (1601,). These compounds were further 
identified by ir and nmr comparison with authentic samples. 

Oxidariorz o f  2-Benzylidenenovbovnnne (18) 
2-Benzylidenenorbornane (18) (115 rng, 0.62 mmol) was 

oxidized by ozone following the procedure described for com- 
pound 17. A mixture of 2-norbornanone (14) (1621, lactone 
16 (lo%), and benzaldehyde (58%) was obtained (vpc and nmr). 

Oxidarion of Etl7yl2-Adamantylidene Acetate I9  
Ethyl 2-adamantylidene acetate (19) (208 mg, 0.94 mmol) 

was oxidized by ozone following the procedure described for 
compound 17. After reflux in benzene, tlc analysis showed the 
presence of adamantane lactone 21 and the olefin carboxylic 
acid 22. A few crystals of p-toluenesulfonic acid were added 
and the mixture was refluxed for 4 h. Comparison with stan- 
dard solutions by vpc analysis showed a mixture of adaman- 
tanone (2%) and adamantanelactone (21) (62%). The reaction 

product 21 was shown to be identical by nrnr with authentic 
adamantanelactone (9). 

Oxidatiorz of 2-Methyleneadnnrnntnne (20) 
2-Methyleneadamantane (20) (69 mg, 0.46 nimol) was oxi- 

dized by ozone following the procedure described for compound 
17. After reflux in benzene for 3 h, p-toluenesulfonic acid 
(3 mg) was added and refluxing was continued for 1 h. Vapor 
phase chroinatographic and nrnr analyses showed a mixture of 
adamantanelactone 21 (30%) and adamantanone (15%). 
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Organic sulfur mechanisms. 21. The reaction of arylsulfenes with sulfur dioxide1 

JAMES FREDERICK KING A N D  MOHAMMAD ASLAM 
Deprrrtment of Cl~et?ristr.>~, Urzircrsity of We.<tel.rl Ont(~r.io, London, Ont. .  Cnnndcr N6A 5B7 

Received April 6. 1979 
This paper. i~ dedicnred to Prof: Karrl Wiesner. on the occasion of his 60th birthday 

JAMES FREDERICK KING and M ~ H A M M A D  ASLAM. Can. J. Chem. 57,3278 (1979). 
Phenylsulfene and diphenylsulfene (2), obtained by reaction of 2,6-lutidine with appropriate 

precursors, react with sulfur dioxide to give, respectively, benzaldehyde and benzophenone, in 
confirmation of the suggestion of Staudinger and Pfenninger that the benzophenone formed in 
the reaction of diphenyldiazomethane (1) with sulfur dioxide arises from reaction of the latter 
with the sulfene (2). The reaction of sulfenes with sulfur dioxide would appear to have only 
limited scope, all known exa~nples occurring with a sulfene having at  least one aryl group 
attached to the sulfene carbon atom; even with these sulfenes the reaction is apparently 
readily precluded in the presence of most other sulfene traps. 180-Labelling experiments in the 
reaction of diphenylsulfene (2) with sulfur dioxide indicate that the oxygen atoms in about 
two-thirds of the benzophenone molecules come from the sulfur dioxide, whereas 2 itself 
supplies the oxygen atoms for the remaining third. Previously suggested mechanisms predict 
that the benzophenone oxygens come only from the sulfur dioxide. General processes that 
could lead to the observed labelling pattern are discussed and specific examples presented. The 
available evidence, including reported labelling studies on the related reaction of sulfur dioxide 
with sulfur trioxide, provides a basis for excluding certain possible mechanisms and for pre- 
ferring some over others, but is not sufficient to establish a single mechanism for the reaction of 
arylsulfenes with sulfur dioxide. 

JAMES FREDERICK KING et MOHAMMAD ASLAM. Can. J .  Chem. 57,3278 (1979). 
Le phenylsulfene et le diphtnylsulfene (2) obtenus par la reaction de la lutidine-2,6 avec des 

precurseurs appropriks, reagissent avec le bioxyde de soufre pour conduire respectivement la 
benzaldehyde et a la benzophenone. Ceci est en accord avec la suggestion de Staudinger et 
Pfenninger qui stipule que la benzophenone obtenue lors de la reaction du diphenyldiazo- 
methane (1) avec le bioxyde de soufre provient de la reaction de ce dernier avec le sulfkne (2). 
La reaction des sulfenes avec le bioxyde de soufre semblerait avoir une etendue limitee puisque 
tous les exemples connus se rapportent a des sulfenes ayant au moins un groupement aryle 
attache a l'atome de carbone du sulfene: mCme avec ces sulfenes, la reaction apparemment est 
empechee facilement en presence de la plupart des pieges a sulfenes. Les experiences de mar- 
quage isotopique a 1'180 dans la reaction du diphenylsulfene (2) avec le bioxyde de soufre 
indiquent que les atomes d'oxygene des molecules de benzophenone dans la proportion de 213 
environ proviennent du bioxyde de soufre alors que le compose 2 lui-mCme fournit le 113 des 
oxygenes restants. Les mecanismes suggeres anterieurement predisent que les atomes d'oxygene 
de la benzophenone proviennent seulement du bioxyde de soufre. Tout en presentant des 
exemples sptcifiques, on discute des techniques generales qui conduiraient au type de mar- 
quage isotopique observe. Les preuves disponibles, incluant les etudes de marquage isotopique 
publiees sur la reaction apparent& du bioxyde de soufre avec le trioxyde de soufre, fournissent 
un point de depart pour exclure certains mecanismes possibles et pour preferer quelques uns a 
d'autres, mais ce n'est pas suffisant pour etablir un mecanisme approprie pour la reaction des 
sulfenes aromatiques avec le bioxyde de soufre. 

[Traduit par le journal] 

Introduction 
The reaction of a diazoalkane with sulfur dioxide 

was first reported in 1916 by Staudinger and Pfen- 
ninger (I), whose observations and proposed mech- 
anisms may be summarized by Scheme I .  Since epi- 
sulfones such as 3 very readily lose sulfur dioxide to 
form the olefin, the sequence 1 --+ 2 + 3 followed by 
the desulfonylation provides a useful synthesis of 
symmetrical a l k e n e ~ , ~  though the general appli- 

'Part 20: Can. J. Chem. 55, 2323 (1977). 
2For a review of sulfene to episulfone (or olefin) reactions 

cability of this route is considerably reduced by the 
incursion of two other reactions. One of these leads 
to d3-1 ,3,4-thiadiazoline 1, I-dioxides (7), and thence, 
sometimes apparently spontaneously, to the azine 

see ref. 2. The intermediacy of the sulfene in this sequence 
follows from the observation by Opitz and Fischer (3,4) of the 
characteristic adduct in the reaction of diazomethane and 
sulfur dioxide in the presence of 1-pyrrolidinoisobutene. 
Further examples of this experiment have recently been cited 
by Tanabe e t a / .  (5, 6) as evidence for sulfene formation in the 
reaction of diazoalkanes and sulfur dioxide; these authors 
neglect, however, to acknowledge the prior work of Opitz 
and Fischer. 

0008-4042/79/243278- 14$01 .OO/O 
a1979 National Research Council of CanadaIConseil national de recherches du Canada 
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/ 
ROH 

Ph2CNZ + SO, -+ [Ph2C=S02] - Ph,CHSO,OR 

1 2 4 R=H. Et 

excess 
SO2 1 
Ph2C-SO2 + Ph2C0 + [S203]  [ a-a,] 

R'R~c=N-N=CR'R~ (7-9). The other com- 
petitive process is the reaction which forms the 
subject of the present paper, namely the formation of 
the simple carbonyl compound, e.g., benzophenone 
(6), originally suggested by Staudinger and Pfen- 
ninger (1) as arising from reaction of the sulfene (2) 
with sulfur dioxide. In studying this reaction our 
primary aim was to  obtain further knowledge of 
sulfenes, as part of our continuing investigation of 
the chemistry of these species (10); we also hoped 
perhaps to learn something that would be helpful in 
improving the Staudinger-Pfenninger alkene syn- 
thesis. 

What little information that was available a t  the 
start of this work showed that the formation of 
benzophenone was not unique. Tokura and co- 
workers had reported formation of ( a )  up to 2 2 x  

yields of benzaldehyde in the reaction of sulfur 
dioxide with phenyldiazomethane (1 I) ,  (b) increasing 
amounts of 1,4-dibenzoylbenzene with increase in 
solvent polarity from the reaction with l,4-bis[a- 
diazobenzyll-benzene (12), and (c) a small amount of 
benzil from the reaction with azibenzil (13). Recently 
Brophy et al. (9) have described the formation of 
some substituted pivalophenones and related com- 
pounds from the corresponding diazoalkanes and 
sulfur dioxide; these authors suggested that the ke- 
tones might arise from the five-membered ring inter- 
mediate 8, rather than the analogue of Staudinger 
and Pfenninger's four-membered ring intermediate 

(5) (in the mechanistic discussion which follows we 
shall refer to these routes, which are shown in 
Scheme 2, as the "BCHS" and "SP" mechanisms, 
respectively). Even more recently Tanabe and Nagai 
have reported the formation from bis(p-methoxy- 
pheny1)diazomethane of up to 674, yields of 4,4'- 
dimethoxybenzophenone as well as smaller amounts 
of the corresponding tetraphenylethylene and bis(p- 
methoxyphenyl) sulfide, and also of the observation 
of a small amount of p-tolualdehyde from p-tolyl- 
diazoinethane (14). 

Our initial aims were to  define the scope of the 
reaction and to  find if, in fact, the reaction really does 
involve a sulfene, and, if so, by what mechanism. In 
this paper we describe our findings (a) that sulfur 
dioxide indeed reacts with some sulfenes to form the 
ketone (or aldehyde). (6) that the reaction is appa- 
rently favoured when at least one of the substituents 
of the sulfene (RR1C=S02) is an aryl group, and (c) 
that the reaction of 2 cannot be proceeding exclu- 
sively via the simplest SP or BCHS mechanisms and 
may well be occurring by a quite different route. 

Results and Discussion 

Sulfene Intermediacy and the Scope of the Reaction 
The obvious experiment to ascertain if sulfenes and 

sulfur dioxide react as proposed, is simply to generate 
a sulfene by a known route in the presence of sulfur 
dioxide, and to determine if any of the ketone (or 
aldehyde) is formed. Though the action of tertiary 
amines on aikanesulfonyl halides and related com- 
pounds provides the most generally useful route to 
sulfenes, the requirement that sulfur dioxide be 
present creates a problem arising from the tendency 
of sulfur dioxide and amines to form complexes (1 5) : 

R3N + SO2 R3N.S02 

The result is that with pyridine or triethylamine, for 
example, the above equilibrium is evidently suffi- 
ciently far to  the right that it is difficult to maintain 
simultaneously a sufficiently high concentration of 
the base to form the sulfene at a reasonable rate 
while having a high enough concentration of sulfur 
dioxide to  test if it actually reacts with the sulfene. 
2,6-Lutidine, however, presumably because the two 
methyl groups decrease the tendency for complex 
formation, was round to  react with phenylmethane- 
sulfonyl chloride in the presence of excess sulfur 
dioxide to  give a small amount (- 10%) of benzalde- 
hyde. The fate of the major part of the phenyl- 
methanesulfonyl chloride was not determined, but in 
view of the known tendency for phenylsulfene to 
react with chloride ion leading (in the absence of 
sulfur dioxide) ultimately to  the thiobenzoyl chloride 
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8 (R  = Ph) 

Staudinger-Pfenninger (SP) mechanism: 2 + 5  -6 
Brophy-Collins-Hobbs-Sternhell (BCHS) mechanism: 2 + 8  -+6 

p = 1 8 0  content of the starting SO2 
(1 = j 8 0  content of the sulfonyl group in the ester (9c) 

SCHEME 2 

S-oxides (16, 17), we tried the reaction of phenyl- 
methanesulfonic anhvdride instead of the chloride 
and obtained a much improved yield of benzalde- 
hyde (50%, isolated as the 2,4-dinitrophenylhydra- 
zone). In the absence of sulfur dioxide no benzalde- 
hyde was formed; use of pyridine instead of 2,6- 
lutidine led to a lower (1071,) yield of benzaldehyde. 
In our hands further variation of reaction conditions 
or reagents did not increase the yield of benzalde- 
hyde. This result should perhaps be viewed in the 
light of the observation of Tokura et al. (11) that 
even in liauid sulfur dioxide the reaction with 
phenyldiazomethane gives inainly the products of 
the episulfone route and at most only a minor 
amount (2271,) of benzaldehyde. 

Ph,CN, + SO, + ArOH -+ Ph,CHSO,OAr 

1 / 9 

Ph,CH+ + SO, + 6 ~ r  ----t Ph,CHOAr + SO, 

10 
N Ar = p-nitrophenyl 
b Ar = 2,4-dinitrophenyl 
c Ar = 2-chloro-4-nitrophenyl 

have failed. This difficulty is general to the synthesis 
of any sulfonyl derivative RSO,Z in which the 
corresponding cation, R f ,  is relatively stable and Z 
is a good leaving group; instead of RS0,Z one 
simply obtains R-Z.~ 

We have achieved partial success by adjusting the 
leaving group tendency of Z by varying the substi- 
tuents in the esters 9, prepared as shown in Scheme 3. 
The y-nitrophenyl ester (9a) was found to be un- 
reactive to 2,6-lutidine, whereas 9b underwent ready 
desulfonylation to 10, perhaps as indicated by the 
broken arrows in Scheme 3. Ester 9c, however. was 
found to react with 2,6-lutidine and sulfur dioxide in 
methylene chloride to give benzophenone in 15-25% 
yields; the only other identified product (other than 
2-chloro-4-nitrophenol) was the ether (10c). As evi- 
dence that diphenylsulfene (2) is formed under these 
conditions, we found that the ester (9c) with 2,6- 
lutidine reacts with sulfene trapping reagents to form 
the appropriate products: i.e., with p-toluidine we 
obtained the p-toluidide4 (Ph,CHSO,NH-p-Tol), 
and with 1-morpholino-2-methylpropene the charac- 
teristic sulfene-enamine cycloadduct (5, 6). 

The extent of conversion of diphenylsulfene (2) to 

We then turned to the reaction of sulfur dioxide 
with 2 (generated, of course, by a route other than 
reaction of 1 with SO,). Such a system was expected 
also to be useful for our planned '80-labelling experi- 
ments (see the next section), owing to the greater ease 
with which small quantities of benzophenone may be 
handled as compared with benzaldehyde. The ob- 
vious starting materials, i.e., diphenylmethane- 
sulfonyl chloride or the anhydride, were unfor- 
tunately unavailable; neither the chloride nor the 
anhydride have to our knowledge been described, and 
all attempts in our laboratory to make the chloride 

3For example, diphenylmethanesulfonic acid with thionyl 
chloride gives benzhydryl chloride, presumably by a mech- 
anism analogous to that shown by the broken arrows in 
Scheme 3. 

4Notwithstanding a contrary report (18) it was found ori- 
ginally by Dr. D. R. K. Harding in these laboratories (see 
ref. 10) that Ph,CHSO,NH-p-To1 is also readily prepared 
from 1 and SO, in the presence ofp-toluidine. Another error in 
the same paper has also been corrected by Harding (private 
communication). He found that hydrolysis of diphenyl- 
methanesulfonplperide with aqueous HC1 gives no sign of 
diphenylmethane as originally reported (18), but rather a good 
yield of benzhydryl chloride, formed presumably via the 
benzhydryl cation in a manner related to the conversion of 9 to 
I0 in Scheme 3. 
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benzophenone (6) can be seen to  be roughly com- 
parable to that of phenylsulfene to benzaldehyde, the 
mediocre yield in the overall conversion of 9c to 6 
being partly due to  the formation of IOc, a separate, 
"non-sulfene" reaction. In practice the best yields of 
benzophenone were obtained using a limited amount 
of sulfur dioxide. With a larger amount of sulfur 
dioxide such that it became the major solvent com- 
ponent, the ratio o f6  to 10c was distinctly reduced. In 
view of the greater ionizing power of sulfur dioxide as 
compared with methylene ~ h l o r i d e , ~  this observation 
is consistent with the ionization mechanism, 9 -+ 

Ph,CHt -+ 10 shown in Scheme 3. As a further test 
of this mechanism we treated benzhydryl chloride, 
which would be expected (21) to give the benzhydryl 
cation under these conditions, with the same mixture 
of 2,6-lutidine, 2-chloro-4-nitrophenol, sulfur dioxide, 
and methylene chloride as used in most of the above 
experiments. The only product (in 70% yield) was the 
ether (lOc), without any sign of either benzophenone 
(6) or the ester (9c). This result (a) serves to confirm 
our earlier conclusion that benzophenone (6) and the 
ether ( 1 0 ~ )  are formed by quite different routes, and 
(6) indicates that the fragmentation of 9c to the 
benzhydryl cation, sulfur dioxide, and the aryloxide 
anion is essentially irreversible under these condi- 
tions. 

The above results confirm the original suggestion 
of Staudinger and Pfenninger that sulfenes react with 
sulfur dioxide to form the carbonyl analogue. It is 
clear, however, that sulfur dioxide is an inefficient 
sulfene trap, failing to  compete with diphenyldiazo- 
methane, p-nitrophenol, 2,4-dinitrophenol, 2-chloro- 
4-nitrophenol, 1-morpholino-2-methylpropene, p- 
toluidine, and probably chloride ion, often apparently 
when these other sulfene traps are present in rela- 
tively small amounts. This conclusion is borne out by 
our experience in trying to observe reaction of other 
sulfenes with sulfur dioxide. 1-Phenyldiazoethane 
gave a 5% yield of acetophenone, and reaction of 
methanesulfonic anhydride with 2,6-lutidine and 
sulfur dioxide gave no sign of formaldehyde. Apart 
from the original report (1) of benzophenone forma- 
tion (in 80% yield) the only high yield conversions of 
sulfenes to ketones are those reported by Brophy et al. 
(9) in reac~ions of diazoalkanes of the general 
formula ArRCN, in which R is a bulky group such as 
t-butyl or 1-adamantyl; successively lower yields of 

'Since data directly comparing the polarity of liquid sulfur 
dioxide and methylene chloride seem scarce, we adduce the 
following. Empirical methods (19) indicate that the polarity of 
methylene chloride is comparable to (or slightly less than) that 
of nitrobenzene, which in turn may be inferred to be much less 
polar than sulfur dioxide from Lichtin's estimate (20) that the 
ionization constants for triarylmethyl chlorides are about 101° 
times greater in liquid sulfur dioxide than in nitrobenzene. 

the ketone were obtained on changing R to an 
isopropyl or methyl group, the major products in the 
latter case being derived presumably from the epi- 
sulfone and A3-1,3,4-thiadiazoline (7) routes. 

' '0-~abelling and the Mechanisms of the Sulfene - 
Sulfur Dioxide Reaction and the Sulfur Dioxide - 
SuljGr Trioxide Exchange 

In the simplest form of the SP or BCHS mech- 
a n i s m ~ , ~  the oxygen of benzophenone comes entirely 
from the sulfur dloxide with none whatever from the 
sulfene (2) (see Scheme 2). Obviously this suggestion 
may be tested by an ''0-labelling experiment if one 
has a method of providing labelled sulfur dioxide in 
the presence of unlabelled sulfene (and preferably 
vice versa as well). Whereas the original Staudinger- 
Pfenninger procedure would not do for such an 
experiment because it does not allow different levels 
of labelling for the sulfene and the sulfur dioxide, the 
reaction of ester 9c with 2,6-lutidine and sulfur 
dioxide is well-suited. Although the ready desul- 
fonylation (9c -+ 1Oc) is inconvenient because it 
lowers the yield of benzophenone, there is a com- 
pensating advantage in that it is particularly easy to 
determine the "0 content of the sulfonyl function 
simply by heating a sample of the ester (9c) in a flask 
attached directly to  the mass spectrometer and 
determining the composition of the sulfur dioxide 
produced. Jn addition, the "0-labelled ester is 
readily obtained using 180-labelled sulfur dioxide in 
the synthesis shown in Scheme 3. 

Preliminary '80-labelling experiments indicated 
that our determinations of the ''0 contents of the 
starting sulfur dioxide and of the benzophenone 
product were subject to considerable uncertainty, 
deriving perhaps from the ability of these compounds 
(particularly the sulfur dioxide) to exchange oxygen 
atoms with water. It is evident from the data in 
Table I that even when the ''0 contents of the sulfur 
dioxide were determined just before and just after the 
reaction they must be regarded as only approximate 
values; note particularly the differences between the 
"initial" and "final" values in runs 1 and 2. Control 
experiments with labelled ester (9c) and labelled 
benzophenone (6) show that they undergo little or no 
180 exchange during the reaction. In addition, with 
the workup and analysis used there is no extensive 
loss of label from the benzophenone, although it 
seems likely that the accumulation of a sequence of 
small effects leads to low values for the determined 
"0 contents of 6;  a rough estimate of the accumu- 
lated loss of about 1% (or rather less for the smaller 

6We assume in this discussion that 0-1 ,  S-2, and its sulfinyl 
oxygen in 5 and 8 (as formed initially, at least) derive from the 
sulfur dioxide, and the sulfur bonded to carbon and the 
attached oxygens come from the sulfene (2). 
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TABLE 1.  '80-labelling in the reaction of ester 9c with 2,6-lutidine and sulfur dioxide in 
methylene chloride" 

ls0 percentage 

Sulfur dioxide 

Run No. Initialb Finalb Ester 9cC Benzophenone 

aThe molar ratio of 9 c :  base: SO, was 1 :26:34. 
*"Initial" refers to a sample taken just prior to sealing the ampoule and "final" to one taken immediately 

upon opening (see Experimental). 
<Refers to the 180 content of the oxygens of the sulfonyl group only, as determined on the thermally 

extruded sulfur dioxide. Control experiments showed only natural abundance levels of ' 8 0  in the other 
oxygens. 

*Natural abundance. 
'Not determined. 
JValues without parentheses are obtained directly from ms: those in parentheses are estimated from 

these taken with control experiment data (see text). 

1 8 0  content in run 4) leads to the values given in 
parentheses in Table 1. Taking both the variability in 
determining the ''0 content of the labelled sulfur 
dioxide used as the starting material and the above 
correction for the ''0 content of the product (6), we 
estimate that starting with sulfur dioxide containing 
about 13 f 3% ''0 we obtain benzophenone with 
-6 f 1z 180, i.e., that perhaps 50 f 20% of the 
original label from the sulfur dioxide appears in the 
benzophenone (6). Similarly it would appear from 
runs 3 and 4 that about 30 f 10% of the label 
originally in the sulfonyl groups of the ester (9c) 
shows up in the benzophenone. 

Rough though these results are, they show clearly 
that the oxygen of the benzophenone cannot come 
exclusively from either the sulfur dioxide or from the 
ester (9c). This in turn requires that the reaction 
cannot proceed exclusively via a simple formation 
and decomposition of either 5 or 8 (R = Ph) (or 
both), since such a mechanism must give the same 
''0 content in the benzophenone as in the sulfur 
dioxide used, i.e., - 13% in runs 1 and 2 and natural 
abundance in runs 3 and 4 (or slightly higher owing 
to the very small ''0 enrichment of the excess sulfur 
dioxide by introduction of labelled SO, from the 
process 9c + 10c + SO,). 

It would appear from the above results that this 
system, in which a portion of the label comes from 
one starting material and the remainder from the 
other, illustrates an interesting and potentially 
general problem which would appear, rather sur- 
prisingly, not to have been previously observed in 
labelling experiments with the heavier elements (i.e., 
those which show small isotope effects). The more 
usual circumstance is that all of the label of the 
product comes from one starting material only, in 
which case it is readily seen that in the absence of 

labelling losses and of any isotope effects, the extent 
of labelling in the product must be the same as that 
in the starting material. In fact, this was observed in 
the present study in the preparation of a sample of 
[''O]benzophenone by hydrolysis of diphenyl- 
dichloromethane with "0-enriched water; the ''0 
contents were the same within experimental error 
(- 20%). When the potentially labelled atoms derive 
from tu,o starting materials, only one of which is 
labelled, it is obvious that the extent of the labelling 
in the product cannot be as great as that of the 
labelled starting material since a portion of the 
potentially labelled atoms must come from an un- 
labelled source. If (taking for illustrative purposes the 
present case which uses "0-labelling) we define 

I8O content of product 
f' = "0 content of the first starting material 

then (in the absence of labelling losses and isotope 
effects) the fraction f1 is simply the fraction of the 
potentially labelled (i.e., oxygen) atoms in the product 
that derive from the starting material with the label. 
If there are only two starting material sources for the 
potentially labelled atoms, then f,, the fraction of 
these atoms that derive from the second starting 
material, is simply 1 - f,. In other words, if one 
carries out two labelling experiments, the first with 
(only) one starting material labelled and the second 
with (only) the other labelled, then f, + f, = 1 (or, if 
expressed as percentages must add up to 100). By 
extension, if a product has three (or four, etc.) 
sources of the potentially labelled atom, the three 
(or four, etc.) labelling experiments would give three 
(or four, etc.) f values summing to unity. 

In the example at hand we note that the sum of 
50 f 20% and 30 i 10% is 80 f 30%, i.e., the 
labelling experiments comply with the requirement of 
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complementarity for two label sources only if we 
take the values in the upper range of the error limits, 
say -65% and -352, respectively. An alternative 
possibility is that there is a third oxygen source in 
these reactions, but this is not in accord with our 
observation that diphenyldiazomethane reacted with 
labelled sulfur dioxide (17.0% "0) to give benzo- 
phenone with essentially the same (16.9%) ''0 
content. If there are only two sources of the poten- 
tially labelled atom, it would appear that about two 
of every three benzophenone oxygens derive from 
sulfur dioxide and one of every three from the sulfene 
(2) formed from the ester (9c). 

Having concluded earlier that neither the simple 
SP or BCHS routes accounts for this result we should 
now provide one which does. It  rapidly becomes 
apparent, however, that there is no shortage of 
possible mechanisms but rather of information for 
distinguishing the correct one. Our present discussion 
will therefore merely illustrate, with examples, the 
general ways of accounting for our results, and men- 
tion some experiments in this and the related sulfur 
trioxide - sulfur dioxide system which may be helpful 
in limiting the problem. We follow Staudinger and 
Pfenninger's lead in pointing to sulfene - sulfur 
dioxide cycloadducts as possible key intermediates7 
and list the other possible simple cycloadducts (11, 
12, and 13), which, in addition to 5 and 8 (R = Ph) 
have (a) the sulfur atoms at either the sulfonyl or 
sulfinyl oxidation levels, and (b) the sulfene carbon 
tetracoordinated. In addition we note the cyclic 
esters 14 and 15, which by desulfinylation and de- 

-\o 
5 8 (R = Ph) 11 

- - -  

I /so 
Ph-C \o Ph,, ,O,, 

Ph Ph 
12 13 14 15 

sulfonylation, respectively, could give benzophenone 
(6). A propos of these species we point out that 
desulfinylation of an intermediate a-sultine (like 14) 
has been suggested to account for the thermal con- 
version of sulfenes to their carbonyl analogues (24), 
and in the oxidation of sulfines to their carbonyl 
analogues (25,26) ; semi-empirical calculations on the 

'See also the discussions of the thermal (22) and photo- 
chemical (23) reactions of sulfur dioxide with ketene, the 
carbonyl analogue of sulfene. 

sulfene - a-sultine interconversion have led to the 
prediction that it is an "allowed" pathway (27). The 
corresponding desulfonylation of an a-sultone (15) 
would be expected from the known behaviour of 
episulfones (1, 2) to occur readily. Mixed sulfinic- 
sulfonic anhydrides (whether cyclic, like 11, or 
acyclic) have not, to our knowledge, been isolated, 
though such a species has been suggested as an inter- 
mediate in the formation of the thiobenzoyl chloride 
S-oxides (17, 28). 

We perceive two general categories of mechanisms 
by which the benzophenone oxygen may come from 
either of the two sources 

I. Competition between two reactions, with the 
oxygen of the benzophenone (6) coming in one 
reaction from the sulfur dioxide and in the other 
from the sulfonyl group of the ester (9c). 

11. Equilibration of oxygens. 
In the simplest case of competition, or Category 1, 

process, the fractions f ,  and f, (defined above) merely 
indicate the relative rates of the two competing 
reactions. With equilibriu~n (Category 11) reactions 
there are two possibilities, (A) a partial exchange 
involving all of the sulfur dioxide and sulfene 
oxygens, and (B) complete cxchange of some of these 
oxygens. Note that complete exchange of all of these 
oxygens would, because of the large excess of the 
sulfur dioxide employed, simply give a product (6) 
with essentially the same 180 content as the original 
sulfur dioxide, contrary to experiment. The fractions 
f, and f, with Category IIA reflect the relative rates 
of exchange vs. product formation, and with Cate- 
gory IIB, the number of oxygen atoms from each 
source undergoing equilibration. 

Scheme 4 illustrates a possible Category I mech- 
anism. In addition to the BCHS process, 2 + 8 + 6, 
there is a second (minor) mode of decomposition of 8 
to give 14 (as indicated by the horizontal broken line), 
which then would desulfinylate to give 6 in which the 
oxygen derives from the sulfene (2) rather than from 
the sulfur dioxide. If we designate the ''0 content of 
each oxygen atom of the original sulfur dioxide by p, 
and that of each oxygen of the sulfonyl group of the 
ester (9c), and hence of the sulfene (2), by q, then ''0 
contents at various positions as the reaction proceeds 
are as shown in Scheme 4. To account for the ob- 
served ''0 content of the final product (6), one 
merely has to postulate that the "major" cleavage of 
8 is twice as fast as the "minor". 

An example of a Category IIA process is shown in 
Scheme 5, the (partial) equilibration occurring by 
way of the symmetrical a-disulfone (12) (note that 13 
would also serve). The requisite labelling in the 
product (6), would arise if k ,  (leading to 12) were four 
times k ,  (leading to 8), since half of the disulfone (12) 
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+ /Oq A \q vertical line o,-s=o, + ---+ Ph2C : 0, - Ph2COp -- -\- -:-. . . -,L . . cleavage 
c '  -- -'~->UP (major) , n. 1 6 

horizontal 
line cleavage 

(minor) I 
/ 'i desulfinylation 

Ph2C-SOq Ph2COq 

SCHEME 4. An example of a Category I process. 

8 (R = Ph) 

0, 
I 

OP If k ,  = 4k2, then Ph2COpIPh2C0, = 2  
12 

SCHEME 5.  An example of a Category IIA process 

+ 
/SO' 

Ph2C 0- 
\ +/ 
0-S 

\o- 
/Oq / so, \ S ,Oq 

0~-;=0~ + Ph,C=S + Ph2C\ 9 / \ 

'0, + Ph2C 0 + PhzCO 
0,-so, '-yC of 

6 
8 

(initial '80-labeiling) \ 8 
2P + q 

+/S,q 
- 

(final 180-labelling) the three 3 
Ph2C 0 oxygens: 

0-s'. 2P + Y 
\ 
0- 3 

SCHEME 6. One example of a Category IIB process. 

would have to return to the original sulfene (2) and 
sulfur dioxide. 

Perhaps the most interesting of these categories is 
that labelled IIB, which, in the present system, would 
require ttvo sulfur dioxide oxygens to equilibrate with 
one sulfene oxygen and then have one of these 
oxygens incorporated into the benzophenone (6).  
Scheme 6 shows one way by which this might occur. 
A rapid equilibration as shown would give the 
labelling pattern indicated by "8 (final "O-label- 

ling)", which by either of the decomposition modes 
shown in Scheme 4 would give 6 with "0 content 
(2p + q)/3,  i.e., in which the benzophenone had 213 
of the ''0 content of the sulfur dioxide and 113 of 
that of the sulfonyl group of the original ester (9c), as 
required by experiment. 

Scheme 7 summarizes two other possible routes. 
These involve 11, which could conceivably be formed 
from the sulfene (2) and sulfur dioxide in either of 
two ways, the "normal" route (i.e., without change 
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each of 3 0's:  each of 3 0's:  
P + 2 q  P + 24 

3 - 3 - - 

0, 6 0 ,  0 
I \ I /  I / -  0, -s++Op +S+ O++S+O -SO, with ,,O, e a c h 0  
I 1 * + P L ; ~ ~ O p  equilibration ' P~,~C-SO 2~ + il P h 2 C 7 S O p  Ph2C-SO, 

of 0 ' s  3 

11 16 11 

'Normal' 
Addition 

- + +/O, 
0,-S=Op + Ph2C=S Ph2C=0 

+\ - 

2 0, 
6 

3 

'Abnormal' each of 3 0 's :  each of 3 0 ' s :  
Addition 2 p  + 2 ~  + (1 - - 

3 3 - - - 
0, 0 0-6 0- 

I \ I /  - Ic+ op*s-0, +S+ 0-s-0, -SO - each 0: 
I = I + t' 1 . 4  

Ph2C-SOq Ph2C-SO, Ph2CFSOq Ph2C-0 - 
3 

of formal oxidation levels of the sulfur atoms) or the 
"abnormal" route (i.e., with reduction of the sulfene 
sulfur and oxidation of the sulfur of the sulfur 
d i ~ x i d e ) . ~  After equilibration of some of the oxygens 
as shown, the ''0 content of the benzophenone is 
(2p + q)/3,  in agreement with experiment. 

One feature of the "normal" addition route 
(2 + SO, -+ 11 -+ 14 -+ 6) which perhaps requires 
further explanation is the formation of 14 from 11 
with equilibration of the oxygen atoms (as noted in 
Scheme 7). One possible way for this to arise could be 
by way of 17, itself formed from 11, perhaps in the 
conformation having a quasi-equatorial sulfinyl 
oxygen. Zwitterion 17 must be distinguished from the 
sulfene (2), which in principle may be obtained from 
17 by rotating about the C-S bond and rehybridizing 
the sulfur; obviously postulation of 17 in this scheme 

*"Normalm and "abnormal" reactions of sulfenes are 
defined and discussed elsewhere (17). 

implies the hypothesis that the cyclization 17 -+ 14 is 
faster than conversion to the sulfene (17 -+ 2). 

In this context we point out that 18, a species 
obviously analogous to 11, may be proposed to 
account for the remarkable observation (29) that 
ready " 0  exchar~ge but no 3 5 S  exchange is obserced 
between sulfur dioxide and sulfur trioxide. Simple 
cycloaddition-cycloreversion via the "normal" route 
through 18 accounts for these observations in a 

04~0, 
-.-/--I T- '+-- O\ S-S lo\ /O O\s/O\s/O 
0s-0' o/ '0 \ / 

0-0 

simple fashion and at the same time affords a 
parallel for 11, the species derived by cycloaddition to 
a carbon analogue of sulfur trioxide, i.e., the sulfene 
(2). Again we refer to the reaction in which the sulfur 
atoms retain their original oxidation levels as 
"normal" (the two modes of this are shown by the 
horizontal and vertical broken lines in 18) and that 
(shown by the oblique broken line in 18) involving 
oxidation-reduction as "abnormal". Note that 
simple "abnormal7' cycloaddition-cycloreversion 
leads to no exchange, whereas either "normal" 
addition followed by "abnormal" reversion (or the 
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complementary "abnormal" followed by "normal" 
sequence) would lead to exchange of both oxygen and 
sulfur, contrary to the reports (29). 

Another process which is excluded by the absence 
of sulfur exchange is the formation of the sym- 
metrical cyclic anhydrides 19 and 20. In view of the 
analogy between sulfenes and sulfur trioxide one 
niight question the likelihood of the forination of the 
sulfene analogues 12 and 13; the available data, how- 
ever, do not allow a definite exclusion of the exchange 
via 12 or 13. In an attempt to ascertain if the sulfene 
(2)  and sulfur dioxide were, in fact, exchanging oxy- 
gen atoms, we carried out the reaction of labelled 9c 
with 2,6-lutidine and sulfur dioxide in the presence of 
p-toluidine as a sulfene trap. We found that the ''0 
content of the p-toluidide so obtained (11.3%) was 
nearly that of the starting ester (12.5%); a control 
experiment in kvhich the p-toluidide was formed 
from 9c ("0 content 5.473 without sulfur dioxide 
pave essentially the same "0 content (5.373 in the 
product. The above experiment, though it indicates 
the absence of a rapid "0 exchange between sulfur 
dioxide and the sulfene (2), does not exclude a slow 
reaction; the failure to observe extensive loss of ''0 
may simply reflect the ease of trapping of the sulfene 
by p-toluidine before exchange can occur. 

A final possibility which can apparently be 
excluded experimentally is a cycloreversion from 11 
to give thiobenzophenone S-oxide (21) and sulfur 
trioxide, with 21 going to benzophenone (6) under the 

reaction  condition^.^ We found that treatment of 21 
with either sulfur dioxide or sulfur trioxide gave no 
benzophenone, and also that the presence of added 21 
in a reaction of 1 with sulfur dioxide gave merely 
unreacted 21 and no additional 6. I t  seems likely that 
21 is not converted to 6 under these conditions and 
therefore cannot be a precursor of 6 in the reaction of 
diphenylsulfene (2) with sulfur dioxide. 

Concluding Summary 

In view of the experimental and mechanistic com- 
plexity of the foregoing, it would seem useful to 
summarize the points which emerge from this study. 
(1) The formation of a ketone or aldehyde in the 
reaction of a diazoalkane with excess sulfur dioxide 
very probably proceeds via the sulfene, since, in 

9Photodecomposition of the analogous ketene - sulfur 
dioxide cycloadduct is postulated to give sulfine (CH2=SO) as 
well as carbon dioxide, which is directly observed (23). 
Thermolysis (at 130°C) or photolysis of thiobenzophenone 
S-oxide (21) forms benzophenone in good yield (30). 

addition to previous work (3, 4) consistent with the 
formation of sulfenes from those starting materials, 
we find that the same sulfene generated by another 
route in the presence of sulfur dioxide gives the same 
ketone or aldehyde. 
(2) To date the reaction of sulfur dioxide with sul- 
fenes has been observed only with sulfenes bearing at 
least one aryl group on the sulfene carbon; it 
appears as the major reaction only with diaryl 
sulfenes or with certain arylalkyl sulfenes with a 
bulky alkyl group. 
(3) An array of experiments, including 180-labelling 
studies, have been carried out to shed some light on 
the mechanism of the reaction, and though the 
"0-labelling results are only approximate, our 
experiments allow certain conclusions to be drawn. 
(a) Neither the simple Staudinger-Pfenninger mech- 
anism (via 5) nor a variant process by way of 8 can 
be the only process operating. 
(b) A con~plete exchange of oxygen atoms between 
sulfur dioxide and the sulfene (2) is similarly ex- 
cluded. 
(c) Mechanistic categories capable of accounting for 
the ''0 results are classed according to whether they 
involve (I) competition between two routes giving 
different labelling, or (11) equilibration of oxygen 
atonis, with the latter category subdivided into 
processes in which there is (A) competition between 
an oxygen exchange and a route to 6, or (B) a com- 
plete exchange of a limited number of oxygens. 
Examples of each of the categories are given in 
Schemes 4-7. 
(d) Cycloadduct 18 is pointed to as a species which 
may be formed from reaction of sulfur dioxide with 
sulfur trioxide and which accounts particularly 
easily for the reported ready exchange of oxygen 
atoms and lack of exchange of sulfur atoms between 
the two compounds. If we may argue from the analogy 
of sulfur trioxide with sulfenes we would favour the 
route involving "normal" formation of 11 (see 
Scheme 7) over reactions proceeding via 12,13, or the 
"abnormal" route to 11. 
(e) An attempt to detect sulfene - sulfur dioxide 
oxygen exchange showed little or no exchange. 
( f )  From experiments with thiobenzophenone S-oxide 
(21) we conclude that 21 is probably not a precursor 
of benzophenone (6) in the diphenylsulfene - sulfur 
dioxide reaction. 

Experimental 
Spectra were determined using the following instruments: 

nmr, Varian T-60, HA-100 or XL-100; ir, Beckman Acculab 4 
using 0.1 rnm NaC1 cells; ms, Varian MAT 311A mass 
spectrometer. The nmr and ir spectra refer to solutions in 
CDC1, and CHCl,, respectively. Melting points were obtained 
with a Kofler Hot Stage and are uncorrected. Methylene 
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chloride and 2,6-lutidine were dried by distillation from 
calcium hydride and stored over molecular sieves (Fisher 4A). 
Methylene chloride extracts were dried over anhydrous 
magnesium sulfate. Solvents were evaporated using a rotary 
evaporator under rcduced pressure. Anhydrous cther was that 
supplied by Fisher Scientific Co. Ltd., phenylmethanesulfonyl 
chloride was Eastman White Label material (sold as a- 
toluenesulfonyl chloride). Diphenyldiazomethane was ob- 
tained by yellow mercuric oxide oxidation of benzophenone 
hydrazone (Aldrich) (31). Thick layer chromatography was 
carried out with MN-Kieselgel G/UV254. 

Reaction ofP11enybnetIzanes~~lfonyl Chloride witlz Julfur Dioxide 
and 2,6-Lutidine 

Liquid sulfur dioxide (10 mL) was collected in a flask. After 
addition of phenylmethanesulfonyl chloride (0.38 g, 2 mmol) 
in methylene chloride (10 mL) and 2,6-lutidine (2.32 mL, 
20 mmol) the flask was sealed with a glass stopper held firmly 
in place with masking tape. The reaction mixture was stirred 
for 3 h and then diluted with methylene chloride (40 mL) and 
washed with dilute HCI (2 x 50 n1L) and water (50 mL). 
Drying of the solution followed by evaporation of the methy- 
lene chloride gave the product (30 mg). The ir and nrnr spectra 
showed the presence of benzaldehyde and some extraneous 
peaks apparently due to the lutidine. In a separate experiment 
an acidified solution of 2,4-dinitrophenylhydrazine in absolute 
alcohol was added directly to methylene chloride layer. On 
cooling, benzaldehyde 2,4-dinitrophenylhydrazone separated 
out as an orange-red crystalline solid (58 mg, 10%); this was 
recrystallized from absolute alcohol, mp 237-238-C; mixed mp 
with an authentic sample 236-238-C. 

PhenyDnethanesulfotzic Anhydride 
Phenylmethanesulfonyl chloride (20 g, 0.1 mol) was dis- 

solved in a mixture of dioxane (80 mL) and water (20 mL) and 
the solution cooled in an ice bath. Triethylamine (20 g, 
0.20 mol) was added dropwise during 10 min and the solvent 
evaporated under reduced pressure. The residue was dissolvedin 
the minimum amount of water, and the solution poured through 
a column of Rexyn 101 resin (H+ form) suspended in water. 
The water was removed first by evaporation under reduced 
pressure and then by azeotropic distillation with benzene 
using a Dean-Stark apparatus. Evaporation of the benzene 
gave phenylmethanesulfonic acid (13 g) as a dark brown, oily 
liquid. 

The acid was converted to the anhydride by dissolving in 
dry benzene (60 mL) and treating with N,Nr-di-p-tolylcarbodi- 
imide (8.9 g, 0.04 mol) in benzene (35 mL) for 1 h as described 
by Khorana (32). Removal of the N,N'-di-p-tolylurea by 
filtration followed by evaporation of the benzene gave the 
crude anhydride (12.0 g, 98%). Recrystallization from CHC1,- 
ether (with decolorizing charcoal) gave phenylmethanesulfonic 
anhydride (10.2 g, 83% yield) as a white solid, mp 110-112°C; 
nrnr 6: 7.38 (5H, s) and 4.7 (2H, s) ppm; ir v,,,: 1405 and 1190 
(vs) cm-I.  Anal. calcd. for C14H,40sS,: C 51.53, H 4.32, S 
19.61; found: C 51.51, H 4.39, S 19.44. 

Reaction of Phenylmetharzesulfonic Anhydride with Sulfur 
Dioxide and Tertiary Arnines 

Phenylmethanesulfonic anhydride (320 mg, 1 mmol) and 
2,6-lutidine (1.16 mL, 10 mnlol) in n~ethylene chloride (10 mL) 
was added to sulfur dioxide (30 mL) as above and the reaction 
mixture allowed to stand at room temperature for 3 h. Addition 
of 2,4-dinitrophenylhydrazine solution as above gave benzalde- 
hyde 2,4-dinitrophenylhydrazone (71 mg, 50X)mp 237-24l0C, 
identified by ir and nrnr spectra, as above. 

When a mixture of phenylmethanesulfonic anhydride (326 
mg, 1.0 mmol) and 2,6-lutidine (1.16 mL, 10 mmol) in methy- 

lene chloride (50 mL) without sulfur dioxide was allowed to 
stand for 3 h at room temperature and then worked up by 
washing with dilute hydrochloric acid and water, the ir and 
nrnr spectra showed no sign of benzaldehyde, the recovered 
material (105 n ~ g )  consisting largely of unchanged phenyl- 
methanesulfonic anhydride. 

When pyridine (1.61 nlL, 20 mmol) was mixed with the 
anhydride (652 mg, 2.0 mmol) in methylene chloride (20 mL), 
and sulfur dioxide bubbled into the mixture and the product 
treated with 2,4-dinitrophenylhydrazine as described above, 
benzaldehyde 2,4-dinitrophenylhydrazone was obtained in 10% 
yield (30 mg). In the absence of sulfur dioxide the reaction of 
the anhydride with pyridine gave after workup a mixture of 
cis- and trans-stilbenes with no sign of any benzaldehyde 
visible in either the ir or the nmr spectrum. 

Preparation of the Aryl Diphenylt~iethanes~rlfbnates (9) 
(a) 2-Chloro-4-nitrophenyl Diphenyln~etlzanesulfonate i9c) 
Diphenyldiazomethane (1 g, 5.2 mmol) in anhydrous ether 

(15 mL) was mixed with 2-chloro-4-nitrophenol (1 g, 6 mmol) 
also in anhydrous ether (25 mL) and the mixture cooled in an 
ice bath. Triethylamine (0.5 mL) was added from a dropping 
funnel and sulfur dioxide simultaneously bubbled in until the 
purple colour of the diphenyldiazomethane had disappeared. 
Dilute HCl(20 mL) was added immediately and the yellowish- 
white solid collected by filtration, dissolved in methylene 
chloride (30 mL), and washed first with dilute HC1 and then 
with water. Evaporation of the solvent gave the crude ester 
(1.45 g, 69%). Recrystallization from methylene chloride - 
hexanes gave yellowish-white crystals of 9c, mp 123-125'C 
(with evolution of gas); nrnr 6: 5.89 (lH, s), a pair of multiplets 
centered at 7.4 and 7.6 (total 10H) characteristic of the geminal 
diphenyl groups, and the characteristic pattern of the 2-chloro- 
4-nitrophenyl group from 7.0 to 8.3 (3H) ppm; ir v,,,,: 1350 (s) 
and 1175 (s) cm-I. Anal. calcd. for Cl,H,4C1N0sS: C 56.51, 

(b) p-Nitrophenyl Diphenylmethanesulfonate (9a) 
Treatment of diphenyldiazomethane (1.0 g, 5.2 mmol) and 

p-nitrophenol (1.45 g, 10.4 mmol) in ether and triethylamine 
(0.5 mL) and sulfur dioxide as above, gave, after recrystalliza- 
tion from chloroform-ether, 9a as a yellowish crystalline solid 
(0.8 g, 42%), mp 128-130°C; nrnr 6:  5.79 (1H, s), a pair of 
multiplets centered at 7.4 and 7.6 (10H) characteristic of the 
two phenyl groups, a pair of doublets centered at 7.0 (2H) and 
8.2 (2H) ppm due to thep-nitrophenyl group; ir v,,,: 1525 (s), 
1350 (s), 1150 (s) cm-' .  Anal. calcd. for C19H,5N0sS: C 61.78, 
H 4.09, N 3.79, S 8.68; found: C 61.68, H 4.00, N 3.69, S 8.64. 

(c) 2,4-Dinitrophenyl Diphenylmerhanesulfonate (9b) 
Diphenyldiazomethane (0.5 g, 2.6 mmol) and 2,4-dinitro- 

phenol (2.37 g, 13 mmol) in ether (115 mL) were treated with 
triethylamine (0.25 mL) and sulfur dioxide and, subsequently, 
dilute HC1 (50 mL), as above. The reaction mixture was trans- 
ferred to a separatory funnel. The ether layer was separated 
and washed with saturated sodium bicarbonate solution 
(4 x 50 mL) and finally with water (50 mL). Evaporation of 
the ether under reduced pressure at room temperature gave the 
crude ester (9b) (0.76 g, -70% yield), contaminated with 
about 20% 2,4-dinitrophenyl diphenylmethyl ether (lob) as 
judged from the peak at 6.51 ppm (presumed to be due to lob). 
Recrystallization from chloroform-ether gave the ester (96) as 
yellowish crystals (still containing about 20% of lob), mp 87- 
88°C (with bubbling), nrnr 6: 6.03, (s, 1H), a pair of multiplets 
centered at 7.39, 7.64 ppm characteristic of the 2,4-dinitro- 
phenyl system; ir v,,,: 1540 (m), 1345 (s) 1170 (s) cm- l .  Be- 
cause of the apparent ease with which 9b loses SO2 to give lob, 
no serious attempt was made to obtain the pure ester (96). 
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Preparation of Diplzen~~l/nethanesulfor~yl p-Toluidide 
Diphenyldiazomethane (1.0 g, 5.2 mmol) was dissolved in 

anhydrous ether (15 m L )  and a solution o f  p-toluidine (1.0 g ,  
10.4 mmol) in anhydrous ether (25 mL) added and the mixture 
cooled in an ice bath. Sulfur dioxide was bubbled in until the 
purple colour o f  diphenyldiazomethane disappeared. The re- 
action mixture was washed with dilute HCI (50 mL);  drying 
and evaporation o f  the ether gave a gummy solid which was 
recrystallized from ether-pentane to yield a white crystalline 
solid (0.75 g ,  43% yield), mp 132'C; nmr 6 :  2.18 (3H, s), 5.28 
( IH,  s), 6.35 ( IH,  s ,  NH-band which disappeared on shaking 
with D,O), 6.84 (4H, m),  two multiplets centered at 7.23, 7.43 
(10 H )  ppm characteristic o f  the diphenyl system; irv,,,,: 3380 
(w), 1385 (s), 1340 (s), 1150 ( s )  c m - ' ;  ms n ~ / e :  calcd. MT 
337.1136; found M +  337.1135. 

Reaction of 2-Cllloro-4-~litroyhenyl Diyl~enj~ltnethanesulfo~zate 
(9c) with 2,6-Lutidine in the Presence of p-Tol~iidine 

2-Chloro-4-nitrophenyl diphenylmethanesulfonate (9c) (200 
mg, 0.5 mmol) was dissolved in methylene chloride (1.0 mL),  
p-toluidine (106 mg, 1 mmol) and 2,6-lutidine (1.5 mL) were 
added, and the reaction mixture stirred for 48 h. The reaction 
was worked up by diluting it with methylene chloride (50 mL) 
and washing this layer first with dilute HCl (2 x 25 mL),  
saturated sodium bicarbonate solution (3 x 25 mL),  and 
finally with water (25 mL). Drying o f  the solution and evapora- 
tion o f  the methylene chloride gave the product ( 1  56 mg). The 
nmr and ir spectra showed it to be diphenylmethanesulfonyl 
p-toluidide (90% yield). The spectra showed no sign o f  any 
diphenylmethyl 2-chloro-4-nitrophenyl ether in the reaction 
product. 

Reaction of2-Chloro-4-nitrophe~zyl Dipketlj~ltt~rtllanesulfonnre 
(9c) with 2,6-Lutidine in the Presence of 2-Methyl-l- 
r~~orpholiizopvope~ze 

2-Chloro-4-nitrophenyl diphenylmethanesulfonate (9c) (200 
mg, 0.5 mmol) was dissolved in methylene chloride (1.0 mL). 
2,6-Lutidine (1.5 mL) and 2-methyl-I-n~orpholinopropene ( 3 3 )  
(77 mg, 0.55 mmol) were added and the reaction mixture 
stirred for 48 h. The reaction was worked up by diluting the 
mixture with methylene chloride (50 mL) followed by washing 
this solution with dilute HC1 (2 x 25 mL),  saturated sodium 
bicarbonate solution (4 x 25 mL), and finally with water 
(25 mL). Drying o f  the solution and evaporation o f  the methy- 
lene chloride gave the crude product (179 mg, 96%) which 
contained about 15$< o f  starting material. Separation o f  the 
crude product with thick-layer chromatography using ether- 
pentane (4: 1 )  gave 2,2-diphenyl-3-morpholino-4,4-din1ethyl- 
thietane I,l-dioxide (130 mg, 70%). Recrystallization from 
methylene chloride - hexanes gave a product melting at 150- 
153°C; mixed mp with an authentic sample (6), 151-153'C; 
ms: M+ calcd. 371.1555; found 371.1547. The nmr and ir 
spectra were identical to those o f  the authentic sample (ms: 
M+ found 371.1547). Though the reported 1 x 1 ~  (136-137'C) 
differs from that given here, the above evidence clearly shows 
(a) that the products obtained by the two routes are identical, 
and (b)  that our materials and that made by Tanabe et 
a/ .  ( 6 )  are identical and have the assigned structure; it is 
unclear whether the lower mp reported by these authors 
derives from polymorphism or impurity, or is merely a mis- 
print. 

Reaction of 2-Chloro-4-r~itroplzenyl Dighenylr17efhanesuljbnate 
(9c) with Sulfur Dioxide and 2,6-Lutidine 

Liquid sulfur dioxide (0.75 mL) was collected in a seal-off 
ampoule (13 m m  OD with a 7 m m  neck, 14 cm long after 
sealing) cooled in a dry ice - acetone bath. The ester (9c) 

(200 mg, 0.5 mmol) in methylene chloride ( 1  mL) and 2,6- 
lutidirie (1.5 mL, 13 mmol) were added and the ampoule 
sealed, allowed to come to room temperature, and shaken for 
48 h. The ampoule was then cooled and opened, the sulfur 
dioxide allowed to evaporate, and the reaction mixture diluted 
with methylene chloride (50 mL). The methylene chloride 
layer was washed with dilute HCl (2 x 20 mL),  several times 
with saturated sodium bicarbonate solution and finally with 
water, and dried. Evaporation o f  the solvent gave the product 
(80 mg) estimated to consist o f  - 16 mg o f  benzophenone 
and -64 mg o f  the ether (10c) (38% yield) by comparison 
o f  the ir spectrum with spectra o f  authentic mixtures. 
Acidification and extraction o f  the combined NaHCO; 
washes gave a material shown by ir to be 2-chloro-4-nitro- 
phenol mixed with a Iittle benzophenone; tlc gave the 
phenol (34 mg, 43%) and benzophenone (5 mg), total benzo- 
phenone yield 21 mg (23%). In another experiment the crude 
product (65 mg) on thick-layer chromatography using pen- 
tane-ether (4: 1 )  gave benzophenone (15 mg, 17%) and di- 
phenylmethyl2-chloro-4-nitrophenyl ether (10c) (30 mg, 18%). 
The ir and nmr spectra o f  both materials were identical to 
those o f  authentic samples. 

When the reaction was carried out identically except that 
methylene chloride was omitted from the reaction mixture, the 
crude product was estimated by ir spectra comparisons to 
contain about 5 mg o f  benzophenone (6% yield). 

Thrrrnnl Desulfonylution of 2-Cl~loro-4-nitrophenyl Diyl?myl- 
r~rethanesulfonate (9c) 

The ester (9c) (0.25 g ,  0.62 mmol) was dissolved in chloro- 
form (25 mL) and the solution refluxed on a steam bath for 3 h. 
Evaporation o f  the solvent followed by recrystallization from 
chloroform-hexanes gave 2-chloro-4-nitrophenyl diphenyl 
ether (10c) (0.15 g, 71x1, mp 125-126'C; nmr 6 :  6.35 ( s ,  IH), 
and multiplets in the ranges 7.15-7.55 and 6.88-8.25 ppm 
characteristic o f  the diphenyl and 2-chloro-4-nitrophenyl 
systems respectively; ir v,,,: 1520 (m),  1480 (m) ,  1340 (s),  1265 
( s )  cm- ' ;  ms: Mh calcd. 339.0662; found 339.0663. 

Reaction ofl-Phenyl-I-diuzoethane with Sulfur Dioxide 
A solution o f  I-phenyl-1-diazoethane (-2.0 g, 15 mmol) in 

ether (50 mL) was prepared by HgO oxidation o f  aceto- 
phenone hydrazone in the presence o f  KOH and CaO follow- 
ing the procedure o f  Day er al. (34) for the preparation o f  4- 
diazooctane; the solution showed a strong band at 2060 cm- '. 
This solution was added dropwise with stirring to liquid sulfur 
dioxide (50 mL). When the addition was complete the sulfur 
dioxide was evaporated. A white solid which separated out was 
removed by filtration; nmr and mass spectra indicated the 
solid to be 1,2-dimethyl-l,2-diphenylethene. T o  the filtrate an 
acidified solution o f  2,4-dinitrophenylhydrazine was added and 
an orange-red crystalline precipitate o f  acetophenone 2,4- 
dinitrophenylhydrazone separated out (225 mg, 5%).  Recrystal- 
lization from absolute ethanol gave a material melting at 
239°C; mixed mp with an authentic specimen, 239-240°C. 

Reaction of Methanesulfonic Anhydride with Sulficr Dioxide arzd 
2,6-Lutidine 

A solution o f  2,6-lutidine (1.16 mL, 10 mmol) in methylene 
chloride (10 mL) was cooled in dry ice and saturated with 
sulfur dioxide. Methanesulfonic anhydride (35) (174 mg, 
1 mmol) was added, the flask was sealed with a stopper (held 
firmly with masking tape), allowed to come to room tem- 
perature, and held there for 3 h. The reaction mixture was 
extracted with water (2 x 10 mL) and to this extract a satu- 
rated solution o f  dimedone (20 mL) in 10% alcohol added. No 
sign o f  any o f  the dimedone derivative o f  formaldehyde was 
observed. 
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' 0-Labellirzg Analyses 
Water-'80 purchased from Merck, Sharp and Dohme 

Canada Limited was the 180 source for these experiments; the 
I8O contents given herein for the 180-labelled water used in 
these experiments are taken directly from the labels. Our lsO 
analyses were carried out on a Varian MAT 31 1A mass spec- 
trometer using 25 ev and inlet temperature 100'C for the SO, 
analyscs and 20 ev and probe temperature 18°C for benzo- 
phenone samples. With each set of analyses a natural abun- 
dance sample of the compound was run and the values of the 
M + 1 and M + 2 peaks found to agree satisfactorily with 
expected values, i.e., A (found % - calcd. %) 5 10.3%. Rela- 
tive abundances of the peaks were obtained by averaging 
values from three or more concurring traces. In calculating the 
abundance of "0-containing species, correction was made for 
the 34S content of SO2 (4.4368% relative to 32S = 100) and the 
13C satellite contribution to the M + 2 peak of benzophenone 
(0.98%) (36). The value quoted in the tables for percentage ''0 
for the sulfur dioxide is the average of the values calculated 
from the percentages of S160, and S'60180, i.e., from the 
expressions 

100 - lo,/% SI6O2 and 50 - 5,,'100 - 2 x ( z S 1 8 0 ' 6 0 )  

respectively. Whereas these values were invariably in good 
agreement, that from the percentage of SI8O2, i.e., 
l 0 J W Z ,  was sometimes rather different and was dis- 
carded, since the error in measuring the comparatively small 
SIsO, peak rendered this value much the least reliable. 

i80-Lubellud Sirlfitr Dioxide 
180-Labelled water (0.5 g, 96.5 at.% 180) was introduced 

into a 20 cm long, 16 mm OD thick-walled tube closed at  one 
end and with an Ace Glass 0-4 Teflon vacuum stopcock with 
O-rings, at the other end. The tube was cooled in a dry ice - 
acetone bath and sulfur dioxide (-2 mL, Matheson anhy- 
drous) condensed from a lecture bottle. The stopcock was 
closed, the mixture was allowed to come to room temperature, 
and the tube shaken for 48 h. The tube was then connected to a 
short drying train consisting of a small gas wash bottle con- 
taining concentrated H2S04  followed by a tube lightly packed 
with glass wool; the (Tygonj tubing ieading from this was 
connected to an  ampoule (13 mm OD with 7 mm neck, total 
length 14 cm when subsequently sealed) cooled in a dry ice - 
acetone bath, and the '80-labelled sulfur dioxide allowed to 
condense in the ampoule. The tubing was then clamped, 
disconnected from the drying train, and immediately connected 
to the inlet of the mass spectrometer. A typical mass spectrum 
showed the following relative intensities for the m/e 64,66, and 
68 peaks: 100, 34.92, and 3.54, corresponding to SI6O2, 
S '60180 ,  and SI8O2 percentages of respectively 75.37, 22.98, 
and 1.65; these in turn (from the equations given above) yield 
values of 13.2, 13.2, and 12.8% ' '0, respectively. 

2-Chlovo-4-nitrophenyl Diphenyltnethanesulfonate '80-Labelled 
a t  the S~ilfoizyl Group 

A mixture of diphenyldiazomethane (0.75 g, 3.9 mmol) and 
2-chloro-4-nitrophenol(1.5 g) in ether containing triethylamine 
w-as treated with '80-labelled sulfur dioxide (20.5% "0) as 
described above for the unlabelled ester. The recrystallized 
product melted at  120-123'C; the nmr and ir spectra were 
identical to those of unlabelled 9c except that the band at  1175 
cm-l had diminished and two additional bands at  1155 (m) 
and 11 35 (m) cm- ' had appeared. 

To determine the ''0 content of the sulfonyl group, the 
ester (200 mg) was placed in a round-bottomed flask attached 
directly to the heated inlet of the mass spectrometer. The flask 

was evacuated and heated gently with a stream of hot air. The 
mass spectrum of the evolved SO2 showed 19.3% 180. 

Reaction of2-Chloro-4-nitrophenyl Diphenylnletlzanesu/fon@e 
(9c) with '80-Lnbelled Srrlfur Dioxide and of the Labelled 
Ester. with U~zlabelled Sulfur Dioxide 

The labelled liquid sulfur dioxide (0.75 mL) was collected in 
an ampoule and its mass spectrum obtained as described above. 
The ls0 content thus obtained is given as the "initial" value in 
Table 1. The ester (9c) (200 mg, 0.5 mmol) in methylene 
chloride (1 mL) and 2,6-lutidine (1.5 mL, 13 mmol) were added 
and the ampoule sealed and shaken at  roo111 temperature for 
48 h. The ampoule was then cooled in a dry ice - acetone bath, 
the neck scratched with a file near the sealed tip, and the neck 
attached to the inlet system of the mass spectrometer with 
rubber tubing pushed onto the neck of the ampoule well below 
the scratch. The neck of the ampoule was then broken at  the 
scratch and the mass spectrum obtained from the sulfur dioxide 
thus admitted to the instrument; the ''0 content so obtained is 
the "final" value in Table 1. 

The crude benzophenone was isolated as described above for 
the unlabelled ester. Control exueriments, however. indicated 
that the chromatographic purification led to loss of most of the 
ISO and the followi~lg procedure for partial removal of the 
ether (10c) was used. The crude product was extracted with 
mixed hexanes (5 mL, Fisher Spectranalyzed) and the 
solvent evaporated. The residue after evaporation was further 
extracted with hexanes and the extract evaporated, and this 
residue subjected to the extraction-evaporation procedure a 
further time to give a mixture estimated by comparison of the 
ir spectrum with those of authentic mixtures to contain in a 
typical run about 18 mg (20% yield) of benzophenone and 
about 10 mg of 10c. The ''0 contents of the benzophenone 
samples are given in Table 1. 

In another experiment, which gave benzophenone with 5.5% 
180,  the NaHCO, layers were combined, acidified with HCI, 
and extracted with CH,CI,. The ratios of the m/e 173,174,175, 
and 176 peaks of the 2-chloro-4-nitrophenol so obtained were 
identical to those of authentic natural abundance material. 
The ether (10c) obtained from the hexane extractions was 
similarly found to show peaks at  mr'e 339, 340, 341, and 342 
identical to those found with the natural abundance ether. 

The same quantities and procedure were used for the reac- 
tion of natural abundance SO2 with the ester 9c labelled at the 
sulfonyl group, to give a mixture containing, typically, 14 mg 
of bellzophenone and 8 mg of 10c; Table 1 gives the 180 

contents of the benzophenone samples. 
T o  determine if the presence of the ether (10c) affected the 

ms determination of "0 content, samples of labelled benzo- 
phenone (15 mg) were mixed with the ether (l0c) (10 mg) and 
dissolved in methylene chloride. The solvent was then eva- 
porated and the I8O contents of the "unmixed" and "mixed" 
samples determined. The respective values were as follows: 
24.6 and 23.6%, 8.7 and 8.6%, 7.7 and 7.2%, 6.0 and 5.9%, i.e., 
the "mixed" samples showed slightly lower ''0 contents (in 
somewhat varying measure). 

The following experiments were carried out to determine the 
extent (if any) to which benzophenone underwent 180 ex- 
change under the conditions of the reaction and workup. (1) 
180-Enriched sulfur dioxide (0.5 mL, 5.5% ''0) was collected 
in an ampoule and benzophenone (80 mg) and 10c (25 mg) in 
methylene chloride (1 mL), and 2,6-lutidine (1.5 mL) added, 
and the tube sealed and shaken overnight. The ms of the benzo- 
phenone obtained following the usual workup showed no sign 
of any incorporation of 180. (2) Liquid sulfur dioxide (0.75 
mL) was collected in an  ampoule and '80-labelled benzo- 
phenone (50 mg, 21.5% 180), 2-chloro-4-nitrophenone (60 mg) 
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and 10c (50 mg) in methylene chloride (1 mL), and 2,6- 
lutidine (1.5 mL) added and the tube sealed and shaken at 
25°C for 48 h. The benzophenone obtained after the usual 
workup showed 20.9% 180. (3) Reaction of labelled ester (9c) 
(200 mg, 18.9% lsO) precisely as before except that the reac- 
tion was stopped after 6 h gave unreacted ester (9c) (along with 
benzophenone and 10c). Analysis of the ester (as above) 
showed 18.6% lSO. (4) Reaction of 9c (200mg) as before 
except for the addition of labelled benzophenol (25 mg, 
21.5% 180) to the initial reaction mixture gave after workup a 
product (45 mg) containing benzophenone with 15.3% "0.  
With the usual 14-20% yield of benzophenone (10-15 mg) and 
no exchange (but merely dilution of the label) the calculated 
range for the "0 content of the benzophenone would be 
13.5-15.4%. 

' 80-Enriched Benzophenone 
(a) Frotn Diazornethane and Labelled Sulfiir Dioxide 
Liquid sulfur dioxide (0.5 mL, 17.0% lsO) was collected in a 

cooled flask and a solution of diphenyldiazomethane (1) (65 
mg, 0.34 mmol) in methylene chloride (1.5 mL) added drop- 
wise with stirring. After addition was complete and the purple 
colour of 1 had disappeared the sulfur dioxide was evaporated 
and the product dissolved in methylene chloride and washed 
with water. Drying of the methylene chloride layer and eva- 
poration of the solvent gave an oil which was extracted with 
hexanes to give a product (50 mg, 82%) the ir spectrum of which 
was identical to that of benzophenone except for an additional 

peak at  1642 ()C='~O) cm- '. Mass spectrometric analysis 

showed 16.9% "0.  
(b) From Diphenyldichlorornethane and "0-Labelled Water 
Diphenyldichloromethane (37) (1.5 g, 6.3 mmol) was mixed 

with 180-labelled water (0.5 g, -20% 180)  in 1,2-dimethoxy- 
ethane (5 mL) and the reaction mixture heated at reflux over- 
night. The dimethoxyethane was evaporated and the aqueous 
residue extracted with methylene chloride (5 mL). The methy- 
lene chloride layer was washed with water (5 mL), dried, and 
evaporated giving an oil which on addition of hexanes and 
cooling gave [lsO]benzophenone as a white, crystalline solid 
(0.7 g, 61%). The ir spectrum except for the peak a t  1642 

( ) C = ~ ~ O )  cm-' was identical to that of ordinary benzo- 

phenone. Mass spectral analysis showed 21.5% ','O. 

Reaction of Berzzhydryl Chloride with 2,6-Lutidine and 
2-Chloro-4-nitrophetzol in Sulfur Dioxide and Methylene 
Chloride 

A solution of benzhydryl chloride (200 mg, 1 mmol), pre- 
pared by refluxing benzhydrol in excess thionyl chloride (the 
method of Gilman and Kirby (38) but without the toluene), 
and 2-chloro-4-nitrophenol (175 mg, 1 mmol) in methylene 
chloride (1 mL) was added to an ampoule containing liquid 
sulfur dioxide (0.75 mL), and the tube sealed and shaken at  
room temperature for 24 h. Upon workup diphenylmethyl 
2-chloro-4-nitrophenyl ether (10c) (236 mg, 70%) was obtained. 
The nmr and ir spectra were identical to those of authentic 10c; 
spectra of the crude product showed no sign of any benzo- 
phenone or 2-chloro-4-nitrophenyl diphenylmethanesulfonate 
( 9 ~ ) .  

Attempted Reactions of Thiobenzophenone S-Oxide (21) 
(a) With Sulfitr Trioxide 
Thiobenzophenone S-oxide (21) (39) (90 mg, 0.42 mmol) was 

dissolved in methylene chloride (10 mL) and liquid sulfur 
trioxide (Sulfan, Allied Chemical) (5 drops) was added. The 
reaction mixture was stirred for 15 min and then worked up by 
pouring onto ice (50 g), separating the methylene chloride 

layer, and washing it with water. Evaporation of the solvent 
gave back thiobenzophenone S-oxide (60 mg), identified by ir 
spectrum, with no sign of benzophenone. 

(b) With Sulfur Dioxide 
Thiobenzophenone S-oxide (21) (100 nlg) in ether was mixed 

with liquid sulfur dioxide (5 mL). After 15 min the mixture 
was worked up giving unreacted 21 (90Y,). 

Reaction of Diphenyldiazotnethane with Sulfur Dioxide in the 
Presence of Thiobenzophenone S-Oxide 

A solution of diphenyldiazomethane (1) (100 mg, 0.55 mmol) 
in anhydrous ether (15 n1L) was added dropwise with stirring to 
a mixture of liquid sulfur dioxide (10 mL), thiobenzophenone 
S-oxide (110 mg, 0.52 mmol), and anhydrous ether (5 mL). 
Stirring was continued a further 5 min and the sulfur dioxide 
and ether evaporated to give an oil (215 mg), which was ex- 
tracted with anhydrous ether (25 mL). Evaporation of the 
ether gave a product (164 mg), the ir spectrum of which, by 
comparison with authentic mixtures, showed it to be a roughly 
equimolar mixture of benzophenone and thiobenzophenone 
S-oxide. 

Reaction of 'sO-LabeNed 2-Chloro-4-nitrophenyl Diphenyl- 
methanescilfonate (9c) with 2,6-Lutidine and p-Toluidine 

(a) In the Absence of S~~ l fu r  Dioxide 
Reaction of '80-labelled 9c (64 mg, 0.16 mmol, 5.4% "0) 

with p-toluidine (35 mg, 0.32 mmol) and 2,6-lutidine (0.5 mL) 
in methylene chloride as described above for the unlabelled 
ester (9c) gave labelled diphenylmethanesulfonyl p-toluidide 
(47 mg, 88%) which on recrystallization from ether-pentane 
melted at  132-134'C. The nmr and ir spectra (except for an  
additional band at  1130 cm-'  in the latter) were identical to 
those of the unlabelled amide. The 180 content of the sulfur 
dioxide evolved on heating (to -- 120nC) essentially as already 
described for the ester (9c) was found to be 5.3%. 

(b) In the Presence of S~~lf i t r  Dioxide 
"0-Labelled ester (9c) (200 mg, 0.5 mmol, 12.5% lsO) in 

methylene chloride (1 mL), p-toluidine (- 524 mg, 4.9 mmol), 
and 2,6-lutidine (1.5 mL, 13 mmol) were added to liquid sulfur 
dioxide (0.75 mL) in an ampoule which was then sealed and 
shaken a t  room temperature for 48 h. Workup as described for 
the experiment without p-toluidine gave a crude product 
(90 mg) which on thick-layer chromatography using pentane- 
ether (4: 1) gave benzophenone (7.5 mg, 8%), diphenylmethyl- 
2-chloro-4-nitrophenyl ether (10c) (7 mg, 4%), and diphenyl- 
methanesulfonylp-toluidide (50 mg, 29%). Thep-toluidide was 
recrystallized from ether-pentane, mp 132-133°C; the nmr and 
ir spectra (except for the added peak at  1130cm-') were 
identical to those of the natural abundance amide; 180 content 
(obtained as described above) 11.3%. 

Partial Reaction of '80-Labelled 2-Chloro-4-nitrophenyl 
Diphenylmethanesulfonate (9c) with Scrlfur Dioxide 

Liquid sulfur dioxide (0.75 mL) was collected in an ampoule. 
The ester (9c) (18.9% lsO, 200 mg, 0.5 mmol) in methylene 
chloride (1 mL) and 2,6-lutidine (1.5 mL) were added and the 
ampoule sealed and shaken for 6 h. The product (140 mg) 
obtained after the usual workup was shown by its ir and nmr 
spectra to consist of unreacted ester (> 75%) plus some benzo- 
phenone (6)  and the ether (10c). Determination of the 180 

content as above showed 18.6% ''0 in the recovered ester (9c). 
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Derivatives of fused 3-hydroxyrnethyl-pyran-4-ones as a mobile keto-ally1 system 

ADOLF PHILIPP A N D  IVO JIRKOVSKY' 
Ayerst Laborotorie~,  P.O. Box 6115, Montrml, P.Q., Crzncrdrr H3C351 
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ADOLF PHILIPP and Ivo JIRKOVSKY. Can. J. Chem. 57,3292 (1979). 
Syntheses of 3-hydroxymethyl-4H,5H-pyrano(3,4-c)(l)benzopyran-4-one, 7, and 3-hydroxy- 

methyl-4H,5H-(1 jbenzothiopyrano(4,3-bjpyran-one, 8, from 2,2-difluoro-4-methyl-5H- 
(1)benzopyrano- and (l)benzothiopyrano(3,4-ej-1,3,2-dioxaborins, 3 and 4, are reported. Upon 
treatment with a solution of sodium cyanide, the corresponding mesylates 9 and 10 as well as 
the chloromethyl derivatives 11 and 12 yielded 3-methyI-4-0~0-4H,5H-pyrano(3,2-c) (1)benzo- 
pyran-2-carbonitrile, 13, and 3-methyl-4-oxo-4H,5H-(1)benzothiopyrano(4,3-b)pyran-2- 
carbonitrile, 14, respectively; these nitriles were converted to carboxylic acids 21 and 22 via 
methyl esters 19 and 20. Reaction of the mesylate 10 with dimethylamine afforded a normal 
displacement product 23. A similar reaction of 12 required longer time and led to the vinylogous 
amide 24. 

ADOLF PHILIPP et Ivo JIRKOVSKY. Can. J. Chem. 57,3292 (1979). 
On dkcrit la synthkse de la hydroxymethyl-3-4H,5H-pyrano (3,4-c) benzo(1) pyranone-4,7, 

et la hydroxymethyl-3-4H,5H-benzo(1) thiopyrano(4,3-bj pyranone-4, 8, a partir des difluoro- 
2,2-methyl-4-5H-benzo(l) pyrano et benzo(lj thiopyrano (3,4-ej-dioxaborines-1,3,2, 3 et 4. 
Les mesylates correspondants 9 et 10 aussi bien que les derives chlorom6thyles 11 et 12 trait& 
par une solution de cyanure de sodium conduisent respectivement aux mtthyl-3-oxo-4-4H,5H- 
pyrano(3,2-cj benzo(lj-pyrannecarbonitrile-2, 13, et mtthyl-3-oxo-4-4H,5H-benzo(l) thio- 
pyrano(4,3-bjpyrannecarbonitrile-2, 14; ces nitriles sont transformes via les esters methyliques 
19 et 20 en acides carboxyliques 21 et 22. Le mesylate 10 reagit avec la dimethylamine pour 
conduire par un diplacement normal au produit 23. Une reaction semblable du compose 12 
requiert un temps plus long et conduit a l'amide vinylogue 24. 

[Traduit par le journal] 

Current interest in the chemistry of fused pyran-4- 
ones is due largely to their potential antiallergic 
activity (1). Two synthetic approaches are being 
used for the construction of condensed systems with 
a pyran-4-one ring: the classical Kostanecki reaction 
(2) involving acylation of aromatic o-hydroxyketones 
or their condensation with diethyl oxalate, and the 
dual formylation of fused 2,2-difluoro-4-methyl- 
1,3,2-dioxaborins with the Vilsmeier reagent (3). The 
former method provides annelated pyran-4-ones with 
a 2-substituent, whereas the latter affords analogous 
3-formyl-pyran-4-ones. A reaction sequence con- 
necting these two routes would be clearly of synthetic 
value. 

Using 4H,5H-pyran(3,2-c) (1)benzopyran-4-one2 
and 4H,5H-(l)benzothiopyrano(4,3-b)pyran-4-one 
as model systems, we now wish to describe the con- 
version of 3-hydroxymethyl derivatives to their 
3-methyl analogs functionalized in position 2. 

The treatments of chroman-4-one 1 and thiochro- 

dride - acetic acid (4, 5 )  afforded dioxaborins 3 and 4 
respectively (Scheme 1). The action of phosphorus 
oxychloride and dimethylformamide (3) on these 
complexes produced aldehydes 5 and 6 in high yields 
and the subsequent reductions with sodium boro- 
hydride in methanol at 0°C gave the desired alcohols 
7 and 8. The mesylations were carried out by adding 
mesyl chloride to a solution of 7 or 8 in methylene 
chloride and triethylamine at - 5°C. The same reac- 
tion yielded the chloromethyl derivatives 11 and 12 
when carried out at room temperature for a longer 
period of time. The latter conversions were moni- 
tored by tlc to demonstrate an intermediacy of the 
mesylates. Treatment of 11 and 12 with sodium 
cyanide in aqueous tetrahydrofuran afforded nitriles 
13 and 14 in a 50% yield. A similar reaction of 9 and 
10 with sodium cyanide resulted in decreased yields 
of 13 and 14. Alkaline hydrolysis of the nitriles 
furnished the enol-lactones 17 and 18; the proposed 
intermediacy of 15 and 16 plausibly accounts for the 

man-4-one 2 with boron trifluoride - acetic anhy- loss of the cyano group. The nitriles 13 and 14 were 
converted to the methyl esters 19 and 20 via the 

'Author to whom correspondence should be addressed. corresponding imino esters (6); hydrolysis of 19 and 
'The incentive for the first synthesis of this heterocyclic 

system stemmed from a desire to obtain direct evidence for 20 with sodium hydroxide produced 
the structure of a fungal metabolite citromycetin and its carboxylic acids 21 and 22 respectively. 
degradation product dl-0-methylcitromycin (4). On treatment with an excess of cold 40% aqueous 

OOO8-40421791243292-04$01 . O / O  
@ 1979 National Research Council of Canada/Conseil national de recherches du Canada 
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PHiLJPP A N D  JIRKOVSKY 

X = 0 in all structurcs with odd numbers 
X = S in all structures with even numbers 

COOR 

\ 

19.20 R  = CH, 15. 16 
21.22 R =  H 

dimethylamine, the mesylate 10 was readily trans- 
formed into the amine 23 (Scheme 2). Attempts to 
prepare this amine from the chloro-derivative 12 
yielded the vinylogous amide 24. A prolonged reac- 
tion of 23 with aqueous dimethylamine in tetra- 
hydrofuran resulted also in the formation of 24. The 
trans configuration of this compound is apparent 
from its 'Hmr spectrum (the coupling constant of the 
olefinic protons J = 12 Hz, cf. ref. 7). The genera- 
tion of 24 from 23 can be explained in terms of a 
Michael addition of dimethylamine in position 2 
followed by a retro-Mannich reaction and opening 
of the pyranone ring (8). 

In view of the above reactions, it appears that the 
present systems function as typical hlichael accep- 
tors. The mode of formation of the nitriles 13 and 14 
presumably involves an attack of CN-  at position 2 
which may initiate an addition-elimination sequence 
or an S,2' reaction. In any event, the subsequent 
isomerization of the C=C bond leads to a resonance- 
stabilized product which is not the case in the com- 
parable reaction with dimethylamine, where only a 
normal displacement product can be isolated. 

Experimental 
Melting points are uncorrected. The infrared spectra were 

obtained with a Perkin-Elmer 225 spectrometer. Proton 
magnetic resonance ('Hmr) spectra were determined with a 
Varian CFT-20 instrument using deuteriochloroform as 
solvent, unless otherwise stated. Chemical shift values are 
expressed on the 6 scale (ppm), relative to tetramethylsilane 
internal standard. Mass spectra were recorded on an LKB 
9000 S spectrometer. 

Preparation of Dioxaborins 3 and 4 
A stream of boron trifluoride gas was passed through a 

cooled solution of chroman-4-one 1 (9) (35.6 g) in glacial 
acetic acid (106 mL) and acetic anhydride (71 mL) until the 
mixture turned deep red and precipitation occurred. After 
standing overnight at  room temperature, the product was 
collected on a filter, washed with a small amount of cold 
acetic acid, and air dried to yield 43 g (75%) of crude 2,2- 
difluoro-4-methyl-5H-(l)benzopyrano(3,4-e) - 1,3,2- dioxaboria 
3. Analytically pure material was obtained by recrystalliza- 
tion from chloroform-ether; lemon yellow crystals, mp 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3294 CAN. J.  CHEM. VOL. 57 .  1979 

196-197'C (lit. (4b) nlp 196-197'C, yield 26%); 'Hmr (DMSO- 
d6) 6:  2.42 (s, 3H, CH,), 5.23 (s, 2H, CH,). Anal. calcd, for 
C11H9BE,03: C 55.51, H 3.81; found: C 55.75, H 3.87. 

Similarly, thiochroman-4-one 2 (10) was converted to 4 in 
60% yield; orange-yellow crystals, mp 183-185°C; 'Hmr 6: 
2.50 (s, 3H, CH,), 3.81 (s, 2H, CH,). Anal. calcd. for 
C1,H9BF20,S: C 52.00, H 3.57; found: C 51.82, H 3.56. 

Preparation of Aldelrydes 5 und 6 
Phosphorus oxychloride (23 g) was slowly added to dry 

dimethylformamide (79 g) at 5'C. The mixture was stirred for 
15 min, the dioxaborin 4 (18.9 g) was added, and the resultant 
solution was heated at 100cC for 90 min. After cooling, the 
mixture was poured onto crushed ice, stirred for 2 h, and a 
brownish precipitate was collected by filtration. The crude 
product was washed with water, dried, and recrystallized from 
benzene to give 15.5 g (85%) of 4-oxo-4H,5H-(l)bei1zothio- 
pyrano(4,3-b)pyran-3-carboxaldehyde 6: mp 141-143°C; 
ir(CHC1,): 1700 and 1640 cm-'; 'Hmr 6:  3.99 (s, 2H, CH,), 
8.38 (s, lH ,  0-CH=), 10.26 (s, lH ,  CH=O); mle: 244. 
Annl. calcd. for C13H803S: C 63.91, H 3.30; found: C 64.00, 
H 3.42. 

Using the same procedure, 4-0~0-4H,SH-pyrano(3,2-c)(1)- 
benzopyran-3-carboxaldehyde 5 was prepared from 3 in 70% 
yield: n ~ p  192-194°C (benzene) ; ir(Nujo1) : 1705 and 1660 
cn1-'; 'Hmr (DMSO-dB) 6:  5.15 (s, 2H, CH,), 8.77 (s, 1H, 
0-CH=), 10.03 (s, lH,  CH=O); m/e: 228. Aizal. calcd. for 
C13H804: C 68.42, H 3.53; found: C 68.51, H 3.53. 

Prepaiation of Alcohols 7 and 8 
To a stirred solution of 6 (47.9 g) in mcthanol (4400 mL) 

was added over 15 min sodium borohydride (9.9 g) at 03C. 
The mixture was stirred at room temperature for 2 h, then 
evaporated under reduced pressure, and the residue was par- 
titioned between water and chloroform. The organic layer was 
washed with saturated brine, dried over anhydrous mag- 
nesium sulfate, filtered, and the solvent was removed on a 
Rotavapor leaving a brownish residue. Trituration of this solid 
with ether afforded 35.4 g (73%) of 8, mp 143-145°C. Re- 
crystallization from methanol provided an analytical specimen, 
mp 147-149'C; ir(Nujo1): 3300 and 1655cm-I; 'Hmr 
(DMSO-d6) 6: 3.92 (s, 2H, CHzS), 4.41 (dd, J I  = 5.5 HZ, 
J z  = 1 Hz, 2H, CH,O, upon deuteration collapses into 
narrow doublet), 5.18(t, J ,  = 5.5 Hz, lH ,  OH), 8.19(m, IH, 
0-CH=). Anal. calcd. for C13HIo03S: C 63.35, H 4.09; 
found: C 63.26, H 4.07. 

In an identical manner, 5 was reduced to 7 in 55% yield: 
mp 188-189'C (methanol); ir(Nujo1): 3380 and 1670 cm-' ; 
'Hmr (DMSO-d6) 6: 4.32(dd, J1 = 5 Hz, J, = 1 Hz, 2H, 
CH,OH, upon deuteration collapses into narrow doublet), 
5.15 and 5.17(s + t, J, = 5 Hz, 2H + lH ,  C H 2 0  and OH), 
8.15(m, IH, OUCH=); Anal. calcd. for C13H1004: C 67.82, 
H 4.38; found: C 67.66, H 4.51. 

Preparation of Mesylates 9 und 10 
To a stirred suspension of the alcohol 8 (2.64 g) in methylene 

chloride (150 mL) was added triethylamine (2.1 mL) followed 
by methanesulfonyl chloride (0.9 mL) at -5CC. The mixture 
was stirred in an ice bath for 20 min, and then washed suc- 
cessively with cold water, 3 N HC1, 10% NaHCO,, and again 
with water. Customary work-up of the organic phase afforded 
3.4 g (98%) of 10: mp 138-139'C (chloroform-ether); 
ir(CHC1,): 1655, 1365, and 1175 cm-'; 'Hmr 6: 3.15 (s, 3H, 
CH,), 3.98 (s, 2H, CH2S), 5.13(s, 2H, CH,O), 8.12(s, lH,  
0-CH=). Aiznl. calcd. for Cl4Hl2O5S2: C 51.83, H 3.73; 
found: C 51.75, H 3.59. 

Under similar conditions, the alcohol 7 was converted to 
the mesylate 9 (yield 75%): nip 167-168°C (chloroform*ther); 

ir(Nujo1): 1657, 1350, and 1175 cm-' ; 'Hmr(DMS0-d6) 6: 
3.24(s, 3H, CH3),5.01 and 5.16(s + s,4H, CH20), 8.52(s,lH, 
0-CH=). Anal. calcd. for C1,H1206S: C 54.54, H 3.92; 
found: C 54.60, H 3.81. 

Prepamtion of Chlovon~ethyl Compounds 11 and 12 
To a stirred suspension of the alcohol 8 (35.3 g) in methylene 

chloride (1000 mL) was added triethylamine (34 mL) followed 
by methanesulfonyl chloride (12.2 mL) at 5'C. The mixture 
was stirred overnight at ambient temperature, evaporated on a 
Rotavapor, and the residue was chromatographed on a silica 
gel column. Elution with chloroform afforded 26.3 g (69%) of 
12; yellow crystals, mp 151-153'C (benzene); 'Hmr 6: 3.95(s, 
2H, CH2S), 4.47(s, 2H, CH2C1), 8.05(s, lH,  0-CH=); nz/e: 
266 and 264. Anal. calcd. for C13H,C102S: C 58.98, H 3.42; 
found: C 59.00, H 3.65. 

From a similar reaction of 7, compound 11 was obtained in 
75% yield; mp 163-165'C (benzene-ether); 'Hinr(DMS0-d,) 
6: 4.48(s, 2H, CH,Cl), 5.15(~, 2H, CHzO), 8.52(s, lH ,  
0-CH=); mle: 250 and 248. Annl. calcd. for Cl3H9C1O3: 
C 62.79, H 3.65; found: C 62.80, H 3.67. 

Preparation of Nitvile5 13 and 14 
A mixture of 12 (28 g), tetrahydrofuran (800 mL), sodium 

cyanide (10.4 g), and water (800 niL) was stirred overnight at 
room temperature, concentrated under reduced pressure, and 
extracted with chloroform. Evaporation of the extracts gave a 
paste which was chromatographed on silica gel. Elution with 
chloroform yielded 13.6 g (50%) of 14; yellow crystals, mp 
144-145°C (chloroforn~-ether) ; ir(CHC1,) : 2240 and 1635 
cm-'; 'Hmr 6:  2.25(s, 3H, CH,), 3.95(s, 2H, CH,S); mle: 
255. Anal. calcd. for C14H9N02S: C 65.86, H 3.55, N 5.53; 
found: C 65.85, H 3.65, N 5.79. 

Essentially the same procedure was used for the transforma- 
tion of 11 to 13 (column chromatography of the crude product 
over silica gel was carried out using 5% ethyl acetate - benzene 
eluent), yield 50%; mp 179-181°C (chloroform-ether); 
ir(CHC1,): 2230 and 1640cm-'; 'Hmr 6 :  2.25(s, 3H, CH,), 
5.20(s, ZH, CH20);  mle: 239. Anal. calcd. for C14H9N03: 
C 70.29, H 3.79, N 5.86; found: C 70.52, H 3.71, N 5.86. 

Alkaline Hydvolyses of Nitrile5 13 and I4 
A mixture of 13 (100 mg), methanol (5 mL), and 10% sodium 

hydroxide (4 mL) was refluxed for 2 h, diluted with water, 
washed with ether, and ac~dified with hydrochloric acid. The 
precipitate was collected and rccrystallized from ethyl acetate 
to afford 35 mg (36%) of 17; mp 279-281°C; ir(Nujo1): 3100 
and 1653 cm-'; 'Hmr(DMS0-d6) 6: 1.93(s, 3H, CH,), 
5.15(s, 2H, CH,O); mle: 230. Anal. calcd. for C13H1004: 
C 67.82, H 4.38; found: C 67.54, H4.19. 

Similar treatment of 14 (100 mg) produced 28 mg (29%) of 
18: mp 275-277'C (methanol); ir(Nujo1): 3100-2900 and 
1650 cm-'; 'Hmr(DMS0-dB) 6: 1.95(s, 3H, CH,), 3.89(s, 2H, 
CHZS); m/e: 246. Anal. calcd. for C13H1003S: C 63.40, 
H 4.09; found: C 63.68, H 4.22. 

Preparation of Methyl Esters 19 and 20 
A suspension of the above nitrile 14 (1.41 g) in dry methanol 

(200 mL) was saturated with hydrogen chloride and left at 
ambient temperature overnight. The resultant solution was 
refluxed for 4 h, evaporated, and the residue was partitioned 
between 10% sodium bicarbonate and chloroform. Usual 
work-up of the organic phase yielded 1.28 g (80Y,) of 20; 
mp 148-150°C (methanol) ; ir(CHC1,) : 1735 and 1640 cm-' ; 
'Hmr 6 :  2.35(s, 3H, CH,), 3.94, and 3.96(s + s, 5H, CH,S 
and CH,O). Anal. calcd. for C15HI,04S: C 62.48, H 4.20; 
found: C 62.58, H 4.1 1. 

In a similar manner, 13 was converted to 19 in 60% yield; 
mp 1 19-12OCC (methanol); ir(CHC1,): 1735 and 1650 cm-' ; 
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PHILIPP AND JIRKOVSKY 3295 

'Hmr(DMS0-d,) 6 :  2.21(s, 3H, CH,), 3.92 (s, 3H, CH,O), 
5.10(s, 2H, CH,O). Anal. calcd. for C15H1205: C 66.17, 
H 4.44; found: C 66.14, H 4.50. 

Pvepnvation of Cauboxylic Acids 21 and22 
To  a solution of sodium hydroxide (0.5 g) in methanol 

(50 mL) was added 20 (1.6 g), and the mixture was refluxed for 
2 h. The solvent was removed on a Rotavapor, the residue was 
dissolved in water and washed with ether. The aqueous 
solution was then added to 3 IV hydrochloric acid (25 mL) 
upon stirring. The precipitate was collected by filtration, 
washed with water, and dried to give 1.5 g (98% of 3-methyl-4- 
oxo-4H,5H-(l)benzothiopyrano(4,3-b)pyran-2-carboxylic acid 
22, m p  300-301'C. An analytical sample was crystallized from 
aqueous dimethyl sulfoxide; mp 302-303'C; ir(Nujo1): 2800 
and 1728cn1-l; 'Hmr(DMS0-d,) 6 :  2.21(s, 3H, CH,), 
3.91(s, 2H, CH2S); nz/e: 274. Anal. calcd. for CI4Hl0O4S: 
C 61.30, H 3.68; found: C 61.60, H 3.64. 

In a similar experiment starting with 19, 3-methyl-4-0x0- 
4H,SH-pyrano(3,2-c) (1)benzopyran-2-carboxylic acid 21 was 
obtained in 85% yield; mp 270-272'C (aqueous dimethyl 
sulfoxide); ir(Nujo1): 2900-2800 and 1725 cm-' ; 'Hmr 
(DMSO-d,) 6 :  2.25{s, 3H, CH,), 5.18(s, 2H, CH20) ;  m/e: 258. 
Anal. calcd. for C14H10O5: C 65.12, H 3.90; found: C 65.30, 
H 3.95. 

3- (N,N-Dimetl~~laminornethyl) -4H,5H- (I) benzothiopyvnno- 
(4,3-bjpyran-4-one 23 

A solution of 10 (2.09 g) in tetrahydrofuran (40 mL) and 
40% aqueous dimethylarnine (2.5 mL) was stirred at  room 
temperature for 15 min, diluted with brine, and extracted with 
chloroform. The combined extracts were concentrated and 
chromatographed on basic alumina. Elution with 5% ethyl 
acetate - benzene afforded 1.31 g (77%) of 23: mp 82.5- 
84.5'C (benzene-ether): 'Hmr 6: 2.32 (s, 6H, CH3N), 3.49(s, 
2H, CH,N), 3.99(s, 2H, CH,S), 7.95(s, l H ,  0-CH=); m / e :  
273. Anal. calcd. for C, ,Hs5N02S:  C 65.91, H 5.53, N 5.12; 
found: C 65.89, H 5.59, N 5.05. 

3-13-(Dimethylamino) -I-0x0-2-pvopen-1-yl-]thiochvornan-4-one 
24 

A solution of 12 (265 mg) in tetrahydrofuran (9 mL) and 
40% aqueous dimethylamine (0.9mL) was kept at room 
temperature and monitored by tlc. After 15 and 60 min, the 
chromatograms showed that the major component of the 

mixture was unchanged 12. The mixture was allowed to stand 
24 h, evaporated, and chromatographed over sllica. Elution 
with chloroform afforded 132 mg (50%) of 24; mp 153- 
155°C (benzene); ir(Nujo1): 1627 cm-' :  'Hmr 6:  3.01(s, 6H, 
CH,N), 3.75(s, 2H, CH2S), 5.09, and 7.80(doublets, J = 
12Hz, I H  + l H ,  CH=CH). Anal. calcd. for C14H15N02S: 
C64.34, H 5.79, N 5.36; found: C64.17, H5.95, N 5.30. 

In another experiment, to a solution of amine 23 in tetra- 
hydrofuran was added an excess of 40% aqueous dimethyl- 
amine, and the mixture was kept at  room temperature for 
several days. Customary work-up and chromatography 
afforded 24, identical with the material obtained by the fore- 
going procedure in every respect; yield 55%. 
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The synthesis of 5,6-dihydro-3,3-dimethyl-4,l-benzoxazonine-2,7(1H,3H)dione and its 
conversion into l,3-dihydro-3,3-dimethylfuro[3,4-b] quinolines 

CHRISTOPHER A. DEMERSON A N D  LESLIE G. HUMBER 
A):erst Res~rrrch Lrrl~orutories, Montreal, P.Q., Canada H3C3J1 
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This paper. is dedicated to Prof. Karel Wiesner on the occasion of  his 60th birthday 

CHRISTOPHER A. DEMERSON and LESLIE G. HUMBER. Can. J. Chem. 57,3296(1979). 
Periodate oxidation of l,l-dimethyl-l,3,4,9-tetrahydropyrano[3,4-b]indole 1 gave 5,6- 

dihydro-3,3-dimethyl-4,l-benzoxazonine-2,7(1H,3H)dione 2, a member of the novel 4,l- 
benzoxazonine ring system. Its conversion into 1,3-dihydro-3,3-dimethylfuro[3,4-blquinolines 
is described. 

CHRISTOPHER A. DEMERSON et LESLIE G. HUMBER. Can. J. Chem. 57, 3296 (1979). 
L'oxydation du dimtthyl-1,l tetrahydro-1,3,4,9 pyrano[3,4-b] indole 1 par le periodate 

donne la dihydro-5,6 dimethyl-3,3 .benzoxazonine-4,1(1H,3H) dione 2,7 (2) un membre du 
nouveau systeme cyclique benzoxazonine-4,l. On dtcrit sa transformation en dihydro-1,3 
dimkthyl-3,3 furo[3,4-b] quinolines. 

[Traduit par le journal] 

During the past few years a number of reports from 
these laboratories have centred on the 1,3,4,9-tetra- 
hydropyrano[3,4-blindole ring system. Our investiga- 
tions have led to the preparation of derivatives that 
are pharmacologically active as antiinflammatory 
(1, 2) and antidepressant (3) agents. As part of our 
continuing studies we now wish to report on the 
conversion of 1,3,4,9-tetrahydropyrano [3,4-blindoles 
to  novel 4,l-benzoxazonines, and subsequently into 
furo [3,4-blquinolines. 

The oxidative cleavage of indolic double bonds has 
been well documented. Witkop and co-workers have 
studied a variety of methods such as ozonolysis (4, 
5) ,  oxidation by peracids (6), and autoxidation (7). 
In 1966 Dolby and Booth reported the sodium perio- 
date cleavage of a number of indoles (8). Since this 
latter method was reported to be facile and afford 
good yields we applied it to the oxidation of pyrano- 
[3,4-blindoles. Periodate treatment of compound 1 in 
methanol-water afforded 5,6-dihydro-3,3-dimethyl- 
4,l-benzoxazonine-2,7(1H,3H)dione 2, the first ex- 
ample of a 4,l-benzoxazonine, in an 8 5 7  yield. This 
compound was converted to a number of other 4,l- 
benzoxazonine derivatives, shown in Scheme 1, 
which is self-explanatory. 

When the 4,l-benzoxazonine 2 was stirred with 
sodium hydride in tetrahydrofuran for a short 
interval and then made neutral, 3,4-dihydro-3,3- 
dimethylfuro [3,4-blquinoline-9(1H)-one 12 (Scheme 
2) precipitated out in an 86% yield. The structure was 
established by 'Hmr spectroscopy. That the com- 
pound did not exist in its tautomeric quinolinol form 
was clear from the infrared spectrum. Also, the uv 
spectrum had maxima at 239, 314, and 326 nm, 
typical for quinolones (9). 

Reaction of the furo [3,4-blquinoline-9-one 12 with 
phosphorus oxychloride gave the chloro compound 
13. Replacement of the chlorine atom occurred 
readily on treatment with a variety of primary 
alkylamines to produce the compounds 1 4 2 0  listed 
in Table 1. The reactions were done in hot phenol, 
and as a consequence the 9-phenoxy derivative 21 
(Scheme 2) was a by-product. 

The 9-aminoalkyloxy derivatives (21-24, Table 1) 
were formed in one step by the action of the appro- 
priate amino-alkanol on the intermediary sodium 
furo [3,4-blquinolate, which was prepared either from 
the 4,l-benzoxazonine 2 or from the quinolone 12. 
Compound 25 was obtained from the epoxide 24 by 
reaction with isopropylamine. 

The furo[3,4-blquinoline ring system is not novel 
(10). However a general method for the preparation 
of substituted derivatives has not previously been 
available. The approach described in this report 
utilizes. as starting material, pyrano [3,4-blindoles, of 
which a large number of substituted derivatives are 
readily attainable (1-3). Thus, a wide variety of 
4,l-benzoxazonines and furo[3,4-blquinolines are 
now accessible. 

The furo[3,4-blquinolines were evaluated in the 
Ayerst Pharmacology Department for their ability to 
decrease the blood pressure of spontaneously hyper- 
tensive rats, using the protocol described by Vavra ef 
al. (11). While some representatives of this class 
possessed weak antihypertensive properties, none was 
of sufficient interest to be considered a candidate for 
further development. 

Experimental 
Melting points were taken on a Thomas-Hoover apparatus 

OOOS-4042/79/243296-05$01.00/0 
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DEMERSON AND HUMBER 

10 R = NOH 1 
11 R =  NH2 and H (I)  NHzOH 

(2) pd1C.H~ 1 Nillo, \ 
\ 4 

0 (I )  NaBH, 
, C6H.MiBr r$ (2) LAH 

CH3 Room temperature 
H H 

0 CH3 ' e&cH3 0 '3% 

I LAH, THF 
reflux 

and need no correction. The lHmr spectra were determined 
using a Varian A-60A spectrometer and the chemical shifts (6) 
are reported in parts per million downfield from TMS. 
Analyses were performed by Dr. G. Schilling and staff of our 
laboratories. 

5,6-Dihydro-3,3-dimethyl-4,1-benzoxazonine-2,7(l H,3H) dione2 
A solution of the pyran0[3,4-blindole 1 (3) (25.7 g, 0.127 

n~ol)  in methanol (600 mL) was added dropwise to sodium 
metaperiodate (60.6 g, 0.28 mol) in water (300 mL). After 
stirring at 22°C for 24 h, the resulting precipitate was filtered 
off and washed with methanol. The filtrate was concentrated 
in vacuo, water added, and the product filtered off. Extraction 
of the aqueous filtrate with dichloromethane, drying (Na2SO4), 
and concentrating in cacuo afforded more solid. The combined 
materials were recrystallized from acetone to give the 4.1- 

3,3-DimeiliyI-7-hydioxy-l,5,6,7-teimlzyd~o-4,I-benzoxazonin- 
2(3H)-one 3 

The 4,l-benzoxazonine 2 (20 g, 0.086 mol) was added 
portionwise to a cooled mixture of sodium borohydride 
(20 g, 0.53 mol) in methanol (500 mL). After stirring at 22'C 
for 2 h, the reaction was concentrated in cacuo, and the residue 
partitioned between chloroform and water. The chloroform 
phase was washed with water, dried (Na2S0,), and evaporated 
in vacuo to give a solid. Recrystallization from acetonitrile 
afforded the alcohol 3 (10 g, 4973, mp 141-142'C; ir (CHCI,): 
3310, 3200, 3080, 1655 cm-'. Anal. calcd. for C1,Hl7NO3: 
C 66.36, H 7.28; found: C 66.00, H 7.29. 

Alternatively the alcohol 3 can be prepared in a comparable 
yield by stirring the 4,1-benzoxazonine2 with a 5-fold excess of 
lithium aluminium hydride in ether at 22°C for 2 h. 

benzoxazonine2 (25-g, 85%), mp 146-148'C; ir (CHCI,): 3360, 3,3-Dimethyl-1,2,3,5,6,7-hexahydro-4,1-benzoxazanin-7-014 
1675 (b) cm-'; 'Hmr (CDCI,) 6 :  1.45 (6H, s, gem dimethyl), A solution of the 4,l-benzoxazonine 2 (15 g, 0.064 mol) in 
2.80 (2H, bm, CH,CO), 4.06 (2H, bm, CH,O), 7.42 (4H, m, tetrahydrofuran (300 mL) was added dropwise to a cooled 
aromatic), 8.17 (1H, bs, NH). Anal. calcd. for C,,H,,NO,: stirring mixture of lithium aluminium hydride (12.16 g, 0.32 
C 66.93, H 6.48, N 6.01; found: C66.60, H 6.52, N 6.01. mol) in tetrahydrofuran (250 mL). After 20 h of refluxing the 
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CAN. J.  CHEM. VOL. 57, 1979 

0-Naf 

2 21-24 (See Table I )  

HNR 
I 

14-20 (See Table I )  
SCHEME 2 

X-R 
I 

Melting Recrystallizing 
No. X R point ("C) solventa Formulab Yield (%Ic 

14 NH (CHz)zN(CH3)2 126-127 A C I ~ H Z ~ N ~ O  92 
15 NH (CHZ)~N(CH~)Z 87-88 B C18H25N30 8 8 
16 NH ( C H Z ) Z C ~ H ~  151-153" C C21H22NZO HCle 63 
17 NH CH2CH(OH)CH2N(C2H5)2 ollf - C Z O H L ~ N ~ O Z  57 
18 NH CH(CH,)CH,CH,CH2N(C2Hs), 011 - C Z Z H ~ ~ N ~ O  29 
19 NH (CH2)3C4H8NO" 96-98 D CzoHz7N302 79 
20 NH ( C H Z ) ~ C ~ H I I N ~ ~  245-250" C C21H30N40 4HCle 60 
21 O CsHs 101-102 E C I ~ H I ~ N O Z  - R 

22 O ( C H ~ ) ~ N ( C H ~ ) Z  92-93 F C I ~ H Z Z N Z O Z  90 
23 O ( C H Z ) N ( C H ~ ) ~  71-72 F ClsH24NzOz 81 

24 0 CH2CH-CH2 133-134 G C I ~ H I ~ N O ~  68 
/O\ 

25 0 CHzCH(OH)CH2NHCH(CH3)> 175-177' C C19HZ6N203.HCle 48 

OA = ethyl acetate, B = hexane, C = ethanol, D = benzene - petroleuln ether (hp 60-9O0C), E = uater, F - aceton~trlle, G = cyclohexane 
"11 compounds were analysed for C, H, and N and results were wlthln + O  4% except for C of 16, calcd 71 07, found 71 53, C of 20, calcd,50 41, found 

4n 8 7  
<Yields of 14 to 20 are calculated from 13, of 22 and 23 from 2, 24 from 12, and 25 from 24. 
dMelting point of the hydrochloride. 
'Characterized as the hydrochloride. 
,Boiling point was 233-235'C (0.03 Torr). 
IObtained as a by-product in various yields (see Experimental). 
hC4H,N0 = n~orpholino, CsH,,N, = N-methylpiperarino. 
'Prepared from the reaction of compound 24 with isopropylamine (see Experimental). 

excesshydridewasdestroyed withtetrahydrofuran-water (2:l). in t3acuo to afford the alcohol 4 (12.8 g, 90%) as a solid, mp 
The addition of 20% sodium hydroxide solution (12 mL), 148-151°C (acetone); 'Hmr (CDCl,) 6 :  1.13 (6H, s, gern 
filtration, and concentration in cacuo gave an oil. This was diniethyl), 1.85 (2H, ni, CH,), 3.09 (2H, d, J = 2.5 Hz), 3.15 
partitioned between water and chloroforn~, the chloroform (2H, m, CH,O), 3.75 (2H, bs, NH, OH), 5.13 (IH, 2d, 
phase washed with water, dried (Na,SO,), and concentrated J, = 7.5 Hz, J2 = 5 Hz), 7.08 (4H, m, aromatic). Anal. calcd. 
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DEMERSON AND HUMBER 3299 

for Cl3Hl9NO2:  C 70.55, H 8.65, N 6.33; found: C 70.79, 
H 8.73, N 6.30. 

l-Bron1oncetyl-1,2,3,5,6,7-hexnhydro-3,3-~IiinetIz~~l-4,1'- 
benroxnzonin-7-015 

Bromoacetyl bromide (14 g, 0.069 mol) was added to a 
stirring mixture of the alcohol 4 (14 g, 0.064 niol), benzene 
(400 mL), and 2 N sodium hydroxide (45 mL) at 0°C. After 
1 h, more 2 N sodium hydroxide (20 mL) was added and 
stirring continued for a further 40 niin. The phases were 
separated and the benzene layer washed with 2 .Rihydrochloric 
acid, water, dried (Na,S04), and evaporated to give the prod- 
uct 5 (12.6 g, 56%); 'Hmr (CDCI,) 6: 1.09 (3H, s, CH,), 1.35 
(3H, s, CH,), 1.5 (2H, m, CI-I,), 2.5 (2H, m, OCH,), 3.09 
(lH, d, J = 15 Hz, CH2Br), 4.38 ( lH,  d, J = 15 Hz, CH2Br), 
5.64 ( lH,  d, J = 4 Hz, CHO), 7.2 (4H, m, aromatic). 

i'-jN,N-Din1ef/iy1glycyIj -1,2,3,5,6,7-hexnhj~dro-3,3-i/iniefliyl- 
4,l-benzoxnzonin-7-016 

A mixture of the bromo compound 5 (12.65 g, 0.037 mol), 
40% aqueous dimethylamine (175 mL), and tetrahydrofuran 
(250 mL) was stirred at 22'C for 2 h. Most of the solvent was 
evaporated off iiz cacuo, the residue diluted with water, and 
extracted ( x  3) with chloroform. Concentration of the extracts 
gave a solid that mas crystallized from ethyl acetate- petroleum 
ether (bp 30-60°C) to afford the amine 6 (9.6 g, 83%), mp 113- 
115'C; ir (CHCI,): 3600, 3420, 1655 cm-I ;  'Hnir (CDC1,) 6 :  
1.1 (3H, s, CH,), 1.38 (3H, S, CH,), 2.18 (6H, s, N(CH,)1), 2.66 
(1H, s, OH), 3.65 (2H, q,  J = 7 Hz, COCH,N(CH,),), 5.53 
(lH, m, CHO), 7.2 (4H, m, aromatic). Annl. calcd. for C,,H,,- 
K2O,:C66.64,H8.55,K9.15:found:C66.55,H8.53,N9.00. 

1- [2-(Diit1etllyl~7oiii1o j ethyl]-1,2,3,5,6,7-lzescrliydro-3,3- 
d~11eth~~I-4,1-he11ioxnzoni1~-7-01 lijdi.ochloi.idr 7 

A mixture consisting of the dimethylamino compound 6 
(5.2 g, 0.018 mol), lithium aluminium hydride (5.0 g, 0.13 rnol), 
and tetrahydrofuran (150 mL) was refluxed for 18 h. The 
excess hydride was decon~posed with tetrahydrofuran-water 
(2: I), the reaction filtered, and the filtrate evaporated iiz vncuo. 
The residue was partitioned between water and chloroform, 
and the chloroforni phase concentrated iii ccicuo to yield the 
amino alcolmol 7 (5.13 g) as an oil. It was converted into the 
hydrochloride (3.14 g, 50%), mp 253-254-6; 'Hmr (DMSO- 
cis) 6 :  0.88 (3H, s, CH,), 1.23 (3H, s, CH,), 2.42 (6H, s, 
N(CH,),), 5.6 (IH, n ~ ,  CHO), 7.3 (4H, nm, aromatic). Alrnl. 
calcd. for C1,HZ8N,02.HCI: C 62.08, H 8.89, N 8.52, C1 
10.78; found: C 61.98, H 8.89, N 8.43, C1 10.59. 

3,3-Dinieflzyl- 7-/~ytli~o.~y- 7-p/zeriyI-1,5,6,7-tefmh~~dro-4,1- 
benzoxazoniiz-2!3H)-oire 8 

Bromobenzene (31.4 g, 0.2 mol) in dry diethyl ether (30 mL) 
was added dropwise to magnesiulmm turnings (4.8 g, 0.2 g-at.) 
in diethyl ether (50 mL). After 10 min of refluxing, the 4,l- 
benzoxazonine2 (11.7 g, 0.05 mol) in tetrahydrofuran (100 mL) 
was added and refluxing continued for 2 h. Saturated aqueous 
ammonium chloride solution was added and the solution 
extracted with chloroform. The extract was dried (Na,S04), 
evaporated in cacrlo, and the residue crystallized from benzene- 
acetonitrile to afford the alcohol8 (4.5 g, 30%), nmp 131-132-C; 
'Hmr (DMSO-d,) 6 :  1.17 (3H, s, CM,), 1.33 (3H, s, CH,), 2.2 
(2H, m, CH2), 3.8 ( lH,  bs, OH), 8.0 (9H, m, aromatic). Annl. 
calcd. for C,,H,lNO,: C 73.36, H 6.59, N 4.49; found: C 
74.03, H 6.87, IS 4.34. 

3,3-Dinie~1i~I-1,2,3,5~6~7-hexnI1yc/i'o-7-p~1ei1~~1-4,l- 
beilzoxcizonin-7-o19 

The alcohol 8 (8 g, 0.026 mol) and lithium aluminium hy- 
dride (8 g, 0.2 11101) in tetrahydrofuran (200 mL) was refluxed 
for 24 h. The excess hydride was destroyed with tetrahydro- 
fusan-water (2: 1): and the resulting slurry filtered. The filtrate 

was concentrated in cncuo and the product crystallized from 
ethanol to afford the amine 9, (5.0 g, 6521, mp 147-148°C; ir 
(CHCI,): 3580, 3350cm-I; 'Hmr (CDCI,) 6: 1.0 (3H, s, 
CH,), 1.2 (3H, s, CH,), 2.0 (2H, m, CH,), 3.1 (2H, s, NCH,), 
3.3 (2H, t, J = 5 Hz, OCH,), 4.15 (ZH, bs, OH, NH), 7.1 
(9H, n ~ ,  aromatic). Anal. calcd. for C19H23N02:  C 76.73, 
H 7.80, N 4.71; found: C 76.95, H 7.81, N 4.71. 

3,3-Dimethyl-5,6-dihydro-4,I-bei1zosazonine-2,7(IH,3H j -rliotze 
oxime I0 

A solution consisting of sodium acetate (37.5 g, 0.46 mol), 
hydroxylamine hydrochloride (31.5 g, 0.45 mol), and the 4,l-  
benzoxazonine 2 (50 g, 0.214 mol) in 1.2 L of ethanol was 
stirred at 2 2 C  for 2 days. Filtration gave the oxime 10 (30 g, 
5773, rnp 205-206°C (ethanol); 'Hnmr (DNISO-d,) 6 :  1.32 
(6H, bs, get?! dimethyl), 2.7 (2H, ni, CH,), 3.96 (2H, m, 
CH,O), 7.35 (4H, m, aromatic), 9.4 ( lH,  bs, NH), 11.2 (lH, bs, 
NOH). Annl. calcd. for Cs,Hl6N,O,: C 62.88, H 6.50, N 
11.28; found: C 62.35, H 6.63, N 11.27. 

7-Ai11iizo-3,3-~lin1ef/1~~I-I,5~6,7-tetrahydro-4,1-ber2-oxaz~~1zii1- 
213H)-one11 

The oxin~e LO (1 g, 0.004 mol) in ethanol (100 n1L) containing 
concentrated hydrochloric acid (0.4 mL) and 5% palladiuri~ on 
carbon (0.2 g) was hydrogenated at atmospheric pressure for 
18 h. Filtration, concentration iiz curlto, and crqstallization 
from ethanol afforded the amine 11 as its hydrochloride (0.67 g, 
GO%), mp 165-167'C; ir (Nujol): 3400, 1665 cm-':  'Hmr 
(0,O) 6 :  1.15 (3H, s, CH,), 1.38 (3H, s, CH,), 2.15 (2H, m, 
CH,), 3.9 (2H, In, CH,O), 4.9 (IH, m, CHO), 7.5 (IH, m, 
aromatic). 

3,4-Dil1ydro-3,3-din1eth~~/Jui'o [3,4-b]qrrinolirl-9(IH j -oi~e 12 
The 4,1-benzoxazonine 2 (11.66 g, 0.05 mol) in tetrahydro- 

furan (250 mL) was added dropwise to a stirring mixture of 
sodium hydride (4.8 g of a 55% dispersion, 0.1 niol) in tetra- 
hydrofuran (220 mL). After 0.5 h at 22'C the reaction was 
neutralized with glacial acetic acid. The resulting precipitate 
was filtered, triturated with water, and dried to afford furo[3,4- 
h]quinolinonel2 (9.3 g, 8673, mp 335-340-C (dec.) (methanol): 
ir (Nujol): 3220, 3180, 3100, 1610, 1580, 1504 cni-' : uv h,,,,: 
326 (14 OOO), 314 (12 800), 239 (33 000); 'Hmr (DMSO-d6) 6 :  
1.54 (6H, s, gem dimethyl), 4.92 (2H, s, CH,O), 7.4 (3H, m: 
aromatic), 8.19 (IH, m, aromatic), 11.9 (lH, bs, NH). Aiznl. 
calcd. for C, ,Hs,N02:  C 72.54, H 6.09, N 6.51; found: C 
72.30, H 6.15, N 6.45. 

9-Clzloro-l,3-dilzydi~o-3,3-dir,1etIiy~~~~o [3,4-b]qninolir7e 13 
Powdered furo[3,4-blquinoline 12 (6.5 g, 0.03 mol) was 

added portionwisc to vigorously stirring phosphorus oxy- 
chloride (26 1nL) at 22-C. After 1 h the reaction was poured 
into crushed ice (340 mL). A small amount of residue was 
filtered off after the ice ~nelted and the filtrate made alkalilme 
with 507, sodium hydroxide solution (75 mL). Filtration gave 
the chloro compound 13 (5.96 g, 85%), nip 108-1 10 C (petro- 
leum ether, bp 60-80-C); uv: A,,,,,: 320 (6280), 306 (50601, 234 
(4740), 225 (31 800); 'Hmr (CDCI,) 6: 1.62 (6W, s, geix 
dimethyl), 5.22 (2H, s, CHZ), 7.67 (2H, ni, aromatic), 8.15 
(21-1, m, aromatic). Arrol. calcd. for C,,H,,CINO: C 66.81, 
H5.18,N5.99;found:C67.01,H5.43,N5.71. 

9-Substirutecl-I,3-di/1ydro-3,3-di~11e~~1y~~ro [3,4-b]qr1it1uli1zes 
1 4 2 0  (Table 1) 

A mixture of r l~e  chloro compound 13 (0.05 mol), the 
appropriate ailiqlarnine (0.12 mol), and phenol (20 g) was 
heated at 150-C for 20 h. The reaction was taken into chloro- 
form, washed with 10% sodium hydroxide solutioil, and 
extracted with 5% aqueous hydrochloric acid. The acid 
extract mas washed mith diethyl ether and then made alkaline 
uith 10% aqueous sodium hydroxide. Extraction with ciiethyl 
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ether, followed by drying (Na,SO,) and concentration afforded 
the title compounds. 

1,3-Di/1ydro-3,3-din~eihyl-Y-pheno,~~$tro [3,4-blquinoline 21 
Silica gel chromatography of the products 1 4 2 0  described 

above using benzene-acetone-triethylamine ( 7 : 2 :  1) afforded 
compound 21 as a solid in yields of 5-40% (calculated from the 
chloro compound 13). 

Y-Subsfiiutecl-1,3-di/iycIro-3,3-dit~~ef/~y~~o [3,4-blquinoli~ies 22 
and 23 

A solution of 4,s-benzoxazonine 2 (LO g, 0.043 mol) in 
tetrahydrofuran (100mL) was added dropwise over a 111 
period to a stirring suspension of sodium hydride (5 g of a 55% 
dispersion in mineral oil, 0.11 mol). After stirring for a further 
1 h at 22°C the appropriate arninoalkyl chloride (0.15 n~o l )  was 
added and the reaction refluxed for 18 h. Filtration and con- 
centration it7 cacuo afforded the title compounds. 

9 [ j2,3-Epox~~)propylox~~]-3,4-dil1ydro-3~3-di1?1et/1yIf~o [3,4- 
b]yuirzolirze 24 

This compound was prepared as described above except that 
the intermediate sodium furo[3,4-blquinolate (see Scheme 2) 
was obtained by the treatment of the furo[3,4-blquinolone 12 
with excess sodium hydride. 

I -  (1,3-Dihydvo-3,3-rliltzethyIfiiro [3,4-b]qninolin-9-yIoxy) -3- 
iisopropj~larnino) -2-yropanol 25 

A mixture consisting of the epoxide 24 (0.5 g,  0.0018 mol), 

isopropylamine (10 mL), and benzene (10 mL) in a pressure 
bottle was heated at 100'C for 18 h. Concentration in cacuo 
afforded the amine 25, n>p 132-135-C (cyclohexane). 

C .  A .  DEX~ERSON.  L.  G. HUVBER. T. A. DOBSOY. and R.  R.  
MARTEL. .I. Med. Chem. 18. 189 (197.5). 
C .  A. D t \ l ~ R s o h .  L. G .  H U ~ I B E R .  and A. H. PHILIPP. .I. 
Med. Chem. 19.391 (1976). 
L. G. HULIBER.  C. A. DERTERSO\.I. A .  A .  , ~ S S E L I N ,  M. P. 
CHAREST, and K .  PELZ. Eur. J .  Med. Chem. 10.215 (1975). 
B. WITKOP and S. GOOD MI^. f .  Am. Chem. Soc. 75. 337 
(1953). 
B. WITKOP and J .  PATRICK. J.  Am. Chen~.  Soc. 74. 3855 
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Khim. 31. 836 (1961); E.  A. FEHUEL.  J .  A. D ~ Y R U P ,  and 
M. B. DAVIDSON. J .  Org. Chem. 23, 1996(1958). 
I.  VAVRA. H. TOM. and E. G R E S E L I ~ .  Can. J .  Physiol. 
Pharmacol. 51.727 (1973). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Solvent effects on the photocycloaddition and photoenolisation reactio~~s of isophorone 

JANICE DEBORAH SHILOFF A N D  NORMAN ROBERT HUNTER' 
Dc,pn~.tmet~t c~ f 'Che~nis t t y ,  Unicc>rsih of Manitohri, Wirltlipeg, ,Won., Crincicirr R372,\[2 

Received June 18, 1979 
This paper. is dedicclted to Prof. Kurel Wiesrler on the occasion o f h i s  60th birthday 

J A ~ I C E  DEBORAH SHILOFF and NORMAX ROBERT HUNTER. Can. J. Chem. 57,3301 (1979). 
The influence of solvent on two photochemical reactions of isophorone has been investigated. 

The photocycloaddition of isopropenyl acetate to isophorone (3,5,5-trimethylcyclohex-2-en- 
1-one) (1) is best achieved using methanol as solvent. Photodeconjugation of isophorone (1) to 
the exocyclic methylene isomer 2 proceeds most efficiently in ethyl acetate. 

J A ~ I C E  DEBORAH SHILOFF et NORMAN ROBERT HUNTER. Can. J. Chem. 57.3301 (1979). 
On a CtudiC I'influence du solvant sur deux reactions photochimiques de I'isophorone. La 

photocycloaddition de I'acetate d'isopropenyle sur l'isophorone (trimethyl-3,5,5 cyclohexen-2- 
one-1) (1) se produit plus facilement si on utilise le methanol colnme solvant. La photo- 
dCconjugaison de l'isophorone en l'isom6re 2 possedant un methylene exocyclique se produit 
avec un lneilleur rendement lorsqu'on utilise I'acktate d'ethyle comnie solvant. 

[Traduit par le journal] 

Introduction 

In a recent review on the photocatalyzed enolisa- 
tion process Salnmes (1) indicated that the general 
utility of the photoisomerisation of z,P-unsaturated 
ketones to their P,y-isomers is restricted by the many 
competing photoreactions which a, p-enones undergo. 
Earlier Dauben et al. (2) had reported the effects of 
alkyl substitution on the photochemistry of 2-cyclo- 
hexenones and summarized the knonn photodecon- 
jugation reactions of P-alkyl IX, P-cyclohexenones. 
More recently Chapman and Weiss (3) and Naka- 
nishi and Sato (4) have provided short reviews on 
photodeconjugation of enones and Tada and Miura 
(5) reported on the photoenolisation of four P-methyl 
a, P-enones. 

The only systematic investigation of the effect of 
solvent on the photodeconjugation reaction is 
Jennings' study of isophorone photochemistry (6). 
Jn that report Jennings indicated that solvent 
polarity played a very important role in the competi- 
tion between isophorone photodimerisation and 
photodeconjugation. In very polar solvents the yield 
of dimer was highest and decreased to zero in very 
non-polar solvents. Jennings also reported that 
irradiation of isophorone (1) in heptane at - 13°C 
gave a single, unstable, product which was proven by 
chemical and spectroscopic methods to be the de- 
conjugated enone 3-methylidene-5,5-dimethylcyclo- 
hexanone (2) (Scheme 1) which probably arises via 
the transient enol. 

Our interest in the photodeconjugation reaction 
was aroused when we repeated the photocycloaddi- 

tion of isopropenyl acetate to isophorone according 
to the procedurc of Valenta and Liu (7) (Scheme 2). 
In the literature procedure, a 0.5 M solution of 
isophorone in benzene was irradiated for four days 
in the presence of a 20-fold molar excess of iso- 
propenyl acetate to give the photoadduct 3 which 
could not be distilled because of the presence of 
polymeric by-products. 

When we monitored this reaction by gas chroma- 
tography, we observed that one important com- 
peting reaction was the photodeconju&.tion of iso- 
phorone to the exomethylene compound 2. Com- 
pound 2 slowly isomerized back to 1 on standing in 
the photolysis solution. It was our feeling that by a 
judicious choice of solvent, the yield of both the 
photodeconjugation and the photocycloaddition re- 
actions could be substantially improved. The results 
of our investigation are described below. 

Results and Discussion 
'To whom enquiries should be addressed. At the outset of our investigation, we laid down 

ooO8-4042/79/243301-03$01 .OO/O 
01979 National Research Council of CanadalConseil national de recherches du Canada 
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several criteria to be met for the two reaction types. 
Firstly, both reactions must proceed with complete 
selectivity on the basis of solvent change only. 
Secondly, both reactions should be amenable to 
scale-up and thirdly, the products must be readily 
isolable in high yield and purity. The small-scale 
reactions which were carried out to determine 
appropriate solvent choices are described in the 
Experimental. 

The deconjugated enone 2 was prepared by irradi- 
ation of a 0.1 M solution of isophorone (1) in ethyl 
acetate. After 14 h of irradiation gc analysis indicated 
a greater than 9 5 x  conversion of I to 2. Careful 
evaporation of the solvent yielded a colourless liquid 
which gave spectral data in agreement with that 
recorded by Jennings (6) for compound 2. The ethyl 
acetate solution of 2 obtained after photolysis could 
be stored at OcC for several weeks without appre- 
ciable reversion to 1.' 

We next turned our attention to the photocyclo- 
addition of isopropenyl acetate to isophorone. Many 
of the earlier studies of photocycloaddition reactions 
(7-9) are characterized by the use of non-polar 
solvents and a large excess of alkene. In this study we 
have used methanol as solvent and only a four-fold 
excess of the alkene relative to isophorone. These 
modifications allow the preparation of photoadduct 
3 in 7 1 z  yield after distillation. In order to effect 
comparison of this photoproduct with that reported 
(7), the ketoacetate 3 was hydrolyzed to the known 
ketoalcohol 4 (7) in 88% yield after distillation. Our 
procedure provides improvement over the literature 
procedure in terms of reaction time, ease of purifi- 
cation, and increased yield. 

The dramatic effect of solvent in the course of 
isophorone photoreactions reported in this paper 
can be understood in terms of the reported dualistic 
nature of the triplets arising from enone photolysis 
(10) and the effect of solvent upon these triplet states 
(4). Our results indicate that many enone photo- 
reactions may be profoundly affected by the appro- 
priate choice of solvent. 

Infrared spectra were recorded with a Pye Unicam SPl000 
infrared spectrometer using a neat film or in CCl, as solvent. 
Proton magnetic resonance spectra were recorded with a 
Varian EM-360 spectrometer using CCI4 as solvent and tetra- 
methylsilane as internal standard. Mass spectra were mea- 
sured with a Finnigan-1015 quadrupole mass spectrometer. 
Gas chromatographic analyses were done on a 10% SE-30 
column using an Hewlett-Packard 700 chromatograph with 
flame ionization detection. 

2This process affords, for the first time, a ready source o f  2 
for further chemical studies. The results o f  these studies, as 
well as kinetic studies o f  the photodeconjugation reaction, will 
be reported in a future communication. 

All photoreactions were carried out using a Photochemical 
Research Associate PRA-R400 photoreactor after purging the 
solvent with dry N 2  gas. Solvents were used as obtained from 
commercial sources. Isopropenyl acetate was used as obtained 
from J .  T .  Baker Chemical Co. and isophorone (Aldrich 
Chemical Co. Inc.) was distilled prior to  use. 

Small-scale Reactions 
The small-scale reactions were set up in Pyrex test-tubes in 

a "merry-go-round" assembly using a 0.25 M solution o f  iso- 
phorone (0.35 g per 10 m L  o f  solvent) and a 1.0 M solution o f  
isopropenyl acetate (1.0 g per 10 m L  o f  solvent) for each o f  the 
solvents studied. The reactions were monitored at two hour 
intervals by gas chromatography. All the photoadducts have 
longer reaction times than isophorone while the deconjugated 
isomer 2 had a shorter retention time. In methanol as solvent, 
exclusive photoadduct formation was observed. In ethyl 
acetate, exclusive deconjugation was observed. Benzene and 
hexane gave mixtures o f  deconjugation and cycloaddition 
products as well as extensive polymeri~ation o f  isopropenyl 
acetate. 

3-Methylidene-5,5-dimet/1ylcyclo/zexatze (2) 
lsophorone (4.50 m L ,  4.15 g, 0.03 mol) in ethyl acetate 

(300 m L )  was irradiated through a Pyrex filter in a PRA-R400 
photoreactor for 14 h at which time gc indicated greater than 
95% conversion o f  isophorone into the deconjugated isomer 2.  
Careful evaporation o f  a 10 m L  aliquot o f  the ethyl acetate 
solution, at less than 3OGC, gave a clear colourless liquid 
(0.135 g, 9 8 2  o f  theoretical) which had the following spectral 
data: mass spectrum, C,H,,O requires twle 138 ; n ~ / e  found: 138 
(fragmentation pattern identical to  isophorone); infrared 

(neat): 1720 (>c=o) and 1640 ()c=cH,) cm- ' ;  'Hmr  in- 

dicated that the sample contained less than 10% isophorone. 

The 'Hmr  peaks due to  2 are 6 : 4.75 (2H, bs, >c=cH,), 2.93 

(2H, bs, H's on C-2), 2.15 (2H, bs), and 2.27 (2H, bs) due to  
H's on C-4 and C-6, and 0.98 (6H, sharp singlet, CH,'s on 
C-5). The 'Hmr  spectrum was in agreement with the spectrum 
published in the literature (6). 

7-Aceto~~y-4,4,6,7-tef~anzefhylbicyc/o [4.2.0]octcin-2-otie 13) 
The PRA-R400 photoreactor, equipped with a Pyrex filter 

system, was charged with isophorone (10.0 g, 0.072 mol, 
0.24 M ) ,  300 m L  o f  methanol, and isopropenyl acetate 
(30.0 g, 0.30 mol) and cooled in an ice-water bath. After 6.5 h 
o f  irradiation gc analysis indicated essentially total consump- 
tion o f  the isophorone, no deconjugation, and no polynieriza- 
tion o f  the isopropenyl acetate. The reaction was worked up 
by evaporation o f  the solvent and unconsumed isopropenyl 
acetate followed by addition o f  100 m L  o f  toluene and evap- 
oration o f  the toluene to  give the crude product (16.27 g, 
0.068 mol, 94%). The crude product was distilled at 1.5 Torr in 
a Kugelrohr (130C air bath temperature) to  yield, as the major 
fraction collected, 12.21 g (0.051 mol, 70.8%) o f  pure 3 as a mix- 
ture o f  diastereomers. Mass spectrum for C,,H,,O, requires 
mle 238; mle found: 238 ( M + ) ,  196 (loss o f  CH,=C=O), 
base peak 43 (CH,-C-O+). Infrared (CCI,): 1705 
\ ( ,C=O) and 1730 (CH,-C-0-) cm-  ' ; 'Hmr  : complex ab- 

I 

0 
sorption pattern showing acetate methyl peaks at 1.93 and 
1.97 6 and saturated methyl singlets (eight peaks) in the region 
0.87 to  1.30 6 .  

7-Hjdi.oxy-4,4,6,7-fetramethylbicyclo [4.2.0]octane-2-one (4) 
7 - Acetoxy - 4,4,6,7 - tetramethylbicyclo[4.2.0]octan - 2 - one 

(11.90 g, 0.05 mol) was dissolved in methanol (125 m L )  with 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SHII OFF 4 N D  HUNTER 3303 

slight warming on the steanibath. After the solution had 
cooled to ambient temperature, anhydrous potassium car- 
bonate (20.7 g, 0.15 mol) was added. The resultillg mixture was 
stirred for 6 h and then worked up by pouring into 300 mL 
of H 2 0  and extracting the organic product with methylene 
chloride (3 x 75 mL). The organic extracts were washed with 
water (2 x 50 mL), dried, and evaporated. The resulting oil 
was distilled at  1.2 Torr in a Kugelrohr (120-140cC air bath 
temperature) to  give the keto alcohol 4 (8.62 g, 0.044 mol, 
88%). Mass spectrum for C12HZ002 requires m/e 196; mle 

\ 
found: 196. Infrared (neat): 3450 (OH) and 1700 (,C=O) 

cm-I ;  'Hmr (CC14): complex pattern showing OH absorp- 
tion at  3.98 6 and at least five methyl singlets in the region 0.9 
to 1.23 6. 

Acknowledgments 

The financial assistance of the Natural Sciences 
and Engineering Research Council of Canada and 
the Research Board, University of Manitoba, is 

I. P. G.  S .A\I \~ES.  Tetrahedron. 32.405 (1976). 
2.  W. G .  DAUREN. G.  W. SHAFFER, and N. D. VIETMEYER. J .  

Org. Chem. 33.4060 ( 1968). 
3. 0. L. C H A P Z I A ~  and D. S.  Wrrss. Organic photochemistry. 

Vol. 3. Editecl by 0. L. Chapman. Marcel Dekker. Inc.. 
Nem York. NY. 1973. Chapt. 3. 

4. K. N A K A ~ I S H I  and H. S A I O .  Natural products chemistry. 
Vol. 2. Etlired hy K. Nakanishi. T. Goto. S. It6. S. Natori. 
and S. Noyoe. Kodanska Ltd.. Tokyo. Academic PI-ess. 
Inc.. New York. NY. 1975. Chapt. 12. 

5 .  M .  TADA and K. MIURA. Bull. Chem. Soc. Jpn. 49. 713 
(1976). 

6. P. W .  J ~ N U I N G S .  Ph.D. Dissertation, University of Utah. 
1965; Diss. .4bstr. 26. 698 (1965). 

7. Z. VALENTA and H.-J. LIU. Org. Synth. 57, 113 (1977). 
8. N. R .  HUNTER. G.  A. MACALPINE. H.-J. LIU. and Z. 

VALENTA. Can. J. Chem. 48, 1436 (1970). 
9. P. G .  BAUSLAUGH. Synthesis. 287 (1970) and references 

quoted therein. 
10. T .  TEZUKA. Tetrahedron Lett. 5677 (1968). 

gratefully acknowledged. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Claisen rearra~lgement of allyloxyanthsaquinones 
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C. M .  WOI\G, R. S I ~ G H ,  K. SINGH, and H. Y. P. LAM. Can. J. Chem. 57,3304 (1979) 
Allyloxyanthraquinones showed unusual behaviour during the Claisen rearrangement. Thus, 

1-allyloxyanthraquinone 9 rearranged very readily in the presence of benzylamine while 2- 
allyloxyanthraquinone 13 refused to do rearrangement even under very drastic conditions. 
On the other hand, 1,2-diallyloxyanthraquinone rearranged with the loss of the 2-allyloxy 
group as the result of a retro-ene reaction which has not been previously observed1 while 
1,4-di(2'-chloro-2'-propeny1oxy)anthraquinone 18 rearranged to give, as a major product, 
the ~~nsymmetrically substituted anthraquinone 19 which is useful in the synthesis of anthra- 
cycline aglycones. 

C. M. WONG, R. S I ~ G H ,  K. SINGH et H.  Y. P. LAM. Can. J .  Chem. 57.3304(1979). 
Les allyloxyanthraquii~o~~es ont un comportement inhabituel pendant la transposition de 

Claisen. Alors que l'allyloxy-1 anthraquinone 9 se transforme tres facilement en presence de la 
benzylamine, l'allyloxy-2 anthraquinone 13 au contraire est refractaire, mEme dans des condi- 
tions tres drastiques. D'un autre cate, la diallyloxy-1,2 anthraquinone se transpose en perdant 
le groupement allyle en position 2; c'est le resultat d'une reaction kne-retro qui n'a pas etC 
observee anterieurement,' tandis que la di(chloro-2' propenyloxy-2')-1,4 anthraquinone 18 se 
transpose pour donner comme produit principal l'anthraquinone 19 substituee d'une faqon 
non symetrique et qui est utile a la synthese des aglycones anthracyclines. 

[Traduit par le journal] 

Intrsduelion 
The CIaisen rearrangement of aryl ally1 ethers, 

generally known as a form of [3,3]-sigmatropic re- 
arrangement, can be used synthetically as a substitute 
for the Fries rearrangement or Friedel-Crafts re- 
action for functionalizing an aromatic ring, including 
deactivated ring systems. Information concerning the 
mechanistic studies, yields of ortho- and para- 
rearrangement products, effects of the solvent 
polarit;\, and the use of bases as catalysts have been 
compiled and discussed by Rhoads and Paulins (1). 
Its exploitation in natural product synthesis was 
also reviewed in a recent article by Ziegler (2). 
Furthermore. the use of transition metal salts and 
acidic solvents as catalysts, and acid anhydrides as 
trapping agents, has been reported to show favorable 
results in some isolated cases of Claisen rearrange- 
ment (2-6). However, not much work has been re- 
ported on anthraquinone systems, except some short 

'This result was reported as part of the author's presentation 
to the symposium of anthracycline antitumor antibiotics at  
the 61st confcrcncc of the Chemical Institute of Canada, 
Winnipeg, Man., June, 1978. A similar result was also re- 
ported by Scheinmann and co-workers (7c). 

publications such as those by Kende et al. (7a), 
Roberts and Rutledge (7b), and Sheinniann and co- 
workers (7c), which prompted us to report our 
results in this area of studies. 

In connection w ~ t h  our synthetic and structure- 
activity relationship studies of antitumor anthra- 
cyclines (8) such as 4-demethoxydaunomycin (I), 
adriamycin (2), daunomycin (3), and carminoniycin 
(4), an unsym~netrically functionalized anthraqui- 
none such as 22 would be of great interest as an 
intermediate for the cons~ruction of the tetracyclic 
aglycones of I, 2 , 3 , 4 ,  and other rhodomycinones (9). 
Conversion of 22 to 5 followed by Michael addition 
and Claisen condensation between 5 and methyl 
vinyl ketones 6 could furnish the tetracyclic com- 
pound 7 in a one step process. 

Another aspect in our design of this group of 
antibiotics is to select an inexpenswe starting 
material and convert it in a simple way to a po- 
tentially useful intermediate such as 5. The ready 
availability of the very inexpensive quinizarin (8) 
makes it attractive although many attempts to 
functionalize its phenolic ring properly by Friedel- 
Crafts or Reimer-Tiemann type reactions were un- 

0008-4042/79/243304-04$01 .00/0 
1979 National Research Council of CanadaIConseil national de rrcherches du Canada 
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1 R =  R ' =  H  0 
2 R  = OH. R '  = OCH, 6 R  = H. or-OCH,C,H, 
3 R = H . R ' = O C H ,  
4 R = H . R ' = O H  

successful or  unsatisfactory. This paper reports some 
of our studies 011 the Claisen rearrangement of 
anthraquinones with structures similar to that of 8. 

Results and Discussion 

When 1-allyloxyanthraquinone (9) was heated in 
a sealed tube immersed in a n  180°C oil bath for 
12 h, 1-hydroxy-2-allylanthraquinone (10) was iso- 
lated in about 7 0 7  yield. However, when the re- 
arrangement was carried out in o-xylene solution 
containing 5: of benzylamine in a 150°C oil bath 
for 4 h, 10 was isolated in 88",ield together with a 
trace of I-(N-benzy1amino)anthraquinone (11) which 
became the only product ( 4 9 i e l d )  when the o- 
xylene solution was heated a t  105'C for 72 h. In  

the absence of benzylamine, less than 10% of 10 
was isolated after 120 h of heating a t  150'C. Other 
reagents such as N,N-dimethylaniliiie, acid an- 
hydrides, and titanium chloride (3-6) gave inferior 
yields or isomerization of the allyl double bond or  
decomposition of both products and starting 
material. It is evident that benzylamine is a superior 
basic catalyst in the Claisen rearrangement of simple 
allyloxyanthraquinones. However, when 2,6-dial- 
lyloxyanthraquinone (12) or 2-allyloxyanthraquinone 
(13) was heated in 1,2,4-trimethylbenzene in a sealed 
tube for as long as 96 h, in the presence of a variety 
of catalysts and with temperatures up  to 24OCC, no 
rearrangement was observed. 

Kinetics and the stereochemistry requirement of 
Claisen rearrangement have been quite thoroughly 
studied and a negative entropy has been proposed as 
a reflection of the high degree of order in the transi- 
tion state which favors the chairlike transition over 
the boatlike transition (2). Furthermore, selective 
migration of the allyl group has been reported. 
Thus, 2-allyloxynaphthalene gave only l-allyl-2- 
hydroxynaphthol, while 2-allyloxyphenanthrene gave 
only 1-allyl-2-hpdroxyphenanthrene and 3-allyloxy- 
phenanthrene gave only 4-allyl-3-hydroxyphenan- 
threne (10). The rationale for such specificity is the 
localization of the double bonds in the aromatic 
nucleus during the transition state, in the form 
having, in the case of 2-allyloxynaphthalene, the 
double bond a t  C1-C2 positions and in the case of 
2-allyloxyphenanthrene and 3-allyloxyphenanthrene, 
the double bonds at  C1-C2, C3-C4 positions, 
respectively. 

However, no  Claiscn rcarrangemcnt of 2-allyloxy- 
anthraquinone or similar compounds has been re- 
ported and our finding indicated that such a system 
is extremely resistant to rearrangcmcnt. Explanation 
in terms of the stereochemistry requirement and 
localization of double bonds as in the cases of 2- 
allyloxyuaphthalene and 2-allyloxyphenanthrene is 
unsatisfactory because there is no  obvious inter- 
ference with the formation of the chairlike transition 
nor is there any severe steric interaction that com- 
pletely retards the rearrangement. Furthermore, 
localization of double bonds of anthraquinones 
should allow 2-allyloxyanthraquinone to form 1- 
allyl-2-hydroxyanthraquinone. Thus, it is very likely 
that the great reluctance is due to the electronic 
effect of the quinone structure. Although this kind 
of electronic effect has not been indicated as a de- 
cisive factor in sigmatropic rearrangement, its in- 
fluence can be seen easily in the case of an  endo 
versus exo- n4s + n2s cycloaddition process involv- 
ing quinone or  other dienophiles. 
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Considering the C2 and C3 positions of anthraqui- 
none as equally electron-deficient, it is discernible 
that the C2 of 9, being electron deficient, can easily 
overlap with the C3, n orbital. On the other hand, 
the C1 position of 12 or 13, having higher electronic 
density than the C2 of 9, will be less ready to overlap 
with the C3, n orbital. Furthermore, the contribution 
of the ~ 2 = 6 - '  resonance form of 12 or 13 will 
definitely shorten the C1'-0 bonds as compared to 
the corresponding C1'-0 bond of 9 making the 

- 

18 

former bonds stronger and Inore resistant to the 
rearrangement. 

It is possible that there could be other factors 
influencing the rearrangement process. The expiana- 
tion advanced above can account for, at  least in part. 
the great reluctance of 2-allyloxyanthraquinone and 
its analogues toward the concerted [3,3]-sigmatropic 
rearrangement. 

To look further into the inert nature of the 2- 
allyloxyanthraquinone, 1,2-diallyloxyanthraquinoi~e 
(14) was heated in o-xylene solution containing 5% 
benzylamine with the hope that the dienone 15 or I6 
could be isolated. Instead, the only major identifiable 
product in about 40";: yield was l-hydroxy-2- 
allylanthraquinone (10) plus a trace of l-hydroxy-2- 
allyloxyanthraquinone (17). A similar result was 
obtained when the reaction was carried out in the 
absence of benzylamine. 

The formation of 10 could only be explained if 15 
instead of 16 was formed as a product of [3,3]-  

sigmatropic rearrangement followed by a retro-ene 
process (Eq. [I I). 

Further investigation of sigmatropic rearrange- 
ment on anthraquinones revealed some practical 
applications toward the preparation of 5 which would 
be an important intermediate to a~ithracyclines 
starting from the inexpensive quinizarin 8. 

When 1,4-di(2'-chloro-2'-propenyloxy) anthraqui- 
none (18) was refluxed for 60 h in o-xylene solution 
containing 10";: N,hr-dimethylbenzylamine, the major 
product, isolated in 4 0 5  yield, was the unsymme- 
trically functionalized anthraquinone 19. The other 
major products were the pentacyclic conlpound 20 
in about 15% yield and the uncyclized anthraquinone 
21 in about 5-ield. Isomerization of the chloro- 
propenyl groups under this condition was negligible. 

The for~nation of 19 enables the differentiation of 
two identical groups which can be easily introduced 

0 OH 
2 B 

unsymmetrically into a deactivated aromatic systeiu. 
The successful conversion of the methyl ether 22 to 
5 via ozoiiolysis and the development of 5 into 
tetracyclic aglycones of anthracycline antitumor 
antibiotics are in progress and will be reported later. 

All infrared spectra (cm-') were recorded on a Perkin- 
Elmer infrared 710A ~pectrophotonieter using nlethylelle 
chloride as solvent. Nuclear magnetic resonance spectra (6) 
were recorded on a Varian A56i60A MHz spectrometer 
using deuterated chloroform as solvent and tetramethylsilane 
as internal standard. Mass spectra were recorded on a Finnigan 
Model 1015 mass spectrometer, High resolution mass spectra 
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were recorded on an A.E.I. MS9 spectrometer. Melting 
points were measured on a Fisher-Johns apparatus and were 
uncorrected, Microanalyses were performed by Dr. Daessle 
of Montreal. 

Preparation of I-Allyloxynntlzraq~rinone ( 9 )  
An acetone solution (300 mL) containing l-hydroxyanthra- 

quinone (5 g), pulverized potassium carbonate (15 g), and 
allyl bromide (8 mL) was refluxed for 24 h with vigorous 
stirring under anhydrous conditions. The acetone solution was 
cooled, filtered, and evaporated to dryness under reduced 
pressure and the residue was redissolved in chloroform 
(150 mL). The insoluble potassium carbonate residue was 
removed by filtration and the chloroform solution was evapo- 
rated to dryness under reduced pressure to give a solid yellow 
residue which was purified by recrystallization from chloro- 
form-ether, mp 138-140'C; ir: 1675, 1592; nmr: 4.75 (t of d, 
2H, J = 4 Hz and 15 Hz, -0-CHZ-CH=CH2), 5.39 (m, 
l H ,  CH=CH2), 5.65 (m, IH, -CH=CH,), 6.22 (m, IH,  
-0-CH,-CH=CH2), Mass spectrum itl/ei : 264. 

Preparation of 2-AIlyl-I-h~dro,~janthraq11inone (10) 
An o-xylene solution (50 mL) containing 5% benzylamine 

and 1-allyloxyanthraquinone (3.7 g) (9) was heated under a 
nitrogen atmosphere in an oil bath at  145-150-C for 4 h 
with stirring. The o-xylene solution was evaporated under re- 
duced pressure and the semi-solid residue was crystallized 
from ether to give, after filtration, a yellow crystalline product 
(3.3 g), mp 114-1 16°C; ir: 1670 (ketone), 1635 (hydrogen 
bonded ketone), 1595 (aromatic); nmr: 12.90 (s, l H ,  -OH), 
8.40-7.20 (m, 6H1s, aromatic), 6.70-5.50 (m, 3H's, -CH= 
CH2), 3.50 (d, 2H1s, allylic H's). Anal. calcd. for C17H1203: 
C77.27, H4.55;  found: C77.12, H4.32.  

The Preparation and Sigmatropic Renrrangernent of 1,2- 
Diallylo.xyanthraquinone (14) 

1,2-Diallyloxyanthraquinone (14) was prepared from the 
corresponding 1,2-dihydroxyanthraquinone under similar 
conditions to those described for the preparation of 9 and was 
purified by recrystallization from chloroform-ether, mp 114- 
116°C; ir: 1670, 1590; nmr: 4.64 (d, 4H, -0-CH2-CH= 
CH,), 5.20-6.70 (m, 6H, -CH=CH2), 7.10-8.40 (m, 6H's, 
aromatic); mass spectrum m/r+ : 320. 

An o-xylene solution (50 mL) containing the 1,2-diallyl- 
oxyanthraquinone (14) was refluxed under a nitrogen atmo- 
sphere for 96 h.  The dark brown solution was evaporated to 
dryness under reduced pressure and the residue was separated 
by preparative tlc on silica. The major product in about 38% 
yield was isolated and characterized as 1-hydroxy-2-allyl- 
anthraquinone (10). 

Preparation of 1,4-Di-(2'-ch1oro-2'-pvopenyloxy)nnthraquinone 
(18) 

An acetone solution (1 L) containing quinizzarin (24 g), 
pulverized potassium carbonate (50 g) and potassium iodide 
(5 g), and 2,3-dichloro-1-propene (44 g) was refluxed for 56 h 
or until the colour of the solution changed from blue to orangc. 
The cooled solution was filtered and then evaporated to dryness 
under reduced pressure and the residue was dissolved in chloro- 
form (1 L) which was filtered once more to remove the small 
amount of potassium carbonate residue. Evaporation of 
the chloroform solution to dryness under reduced pressure 
gave the 1,4-di(2'-chloro-2'-propenyloxy)anthraquinone (18) 
(20.4 g) which could be purified by recrystallization from 
chloroform-ether, mp 145-147°C; ir: 1670 (ketone), 1630 
(allyl), 1595 and 1585 (aromatic); nmr: 4.65 (broad s, 4H, 
allylic H), 5.50 (m, 2H, CCI=CH(E)), 5.92 (m, 2H, CCI= 
CH(Z)), 7.20-8.40 (m, 6H, aromatic); mass spectrum m/e+:  
388. 

Preparation of 2-Methyl-5-(2'-chloro-2'-pvopeny1)-6-hj~droxy- 
fi~raja)atztkmcl~rinotze (19 ) ,  2,7-Dimethyldifrrua(a.c) 
antl~raquinone (201, and 1,4-Dihydroxj-2,3-dij2'- 
chloro-2'-yropetzyl)anf/zraquinone (21) 

An o-xylene solution (200 mL) containing 10% of IV,N- 
dimethylbenzylamine and 1,4-di-(2'-chloro-2'-propeny1oxy)- 
anthraquinone (15 g) was refluxed for 60 h in an oil bath kept 
at 170°C under a nitrogen atmosphere which was maintained 
by fitting a nitrogen balloon over the condenser. The xylene 
solution was evaporated to dryness under reduced pressure 
and the residue was redissolved in chloroform (300 mL). 
The chloroform solution was filtered to remove the N,N- 
dimethylbenzylamlne hqdrochloride. The filtrate was washed 
with 0.1 N hydrochloric acid (2 x 100 mL), dried over 
anhydrous magnesium sulfate, and was evaporated to dryness 
under reduced pressure. The products were separated by pres- 
surized (15 lb,'inz) column chromatography over DSF-5 
Kieselgel (Camag, Switzerland) with chloroform as eluting 
solvent. 

Fractions that contained 1,4-dihydroxy-2,3-di(2'-chloro-1'- 
propeny1)anthraquinone (21) were combined and evaporated 
to dryness. Recrystallization of the residue from chloroform 
gave 21 as red crystals (800 n~g) ,  mp 176-178'C; ir: 3600- 
2800 (broad), 1630, 1595; nmr: 2.42 (d, 3H, J = lHz, C= 
CHCICH,), 6.89 (q, IH,  J =  1 HZ, HC=CCICH,), 7.74- 
8.5 (m, 5H, aromatic), 12.9 (s, l H ,  -OH), 13.60 (s, i H ,  
-OH). Mass spectrum m/e+ : 314. 

2-  Methyl- 5 -(2'-chloro-2'-propeny1)- 6-  hydroxy fura(a) - 
anthraquinone (19) was isolated as above and was crystallized 
from chloroform-ether to give yellow crystals (5.8 g), mp 
194.5-196°C; ir: 3600-2800 (broad), 1680, 1640, 1605; nmr: 
2.58 (s, 3H, C=C-CH,), 3.90 (s, 2H, benzylic), 5.08-5.24 
(m, 2H, C1-C=CH2), 6.46 (broad s, lH ,  Ph-CH=C), 
7.55-8.40 (m, 4H, aromatic); high resol~ition mass spectrum, 
m/ei calcd. for C20H,,04Cl : 352.0499; found: 352.0501. 
Anal. calcd. for C,,H1504Cl (methyl ether): C 68.85, H 4.13, 
C1 9.56; found: C 68.86, H 4.27, Cl 9.36. 

Similarly, 2,7-dimethyl difura(a.c)anthraquinone (20) was 
isolated from the eluent as yellow crystals (2.0 g) after re- 
crystallization from chloroform-ether, mp 295'C (dec); 
ir : 1670, 1570; nmr: 2.65 (d, 6H, J = 1.5 Hz, C=C-CH3), 
5.80 (m, 2H, C=CH), 7.60-8.40 (m, 4H, aromatic); mass 
spectrum m/ef : 316. 
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Total synthesis of steroids. Part I.  Ring A aromatic compounds. Regiocontrol in diene 
additions with 6-methoxy-1-vinyl-3,4-dihydronaphthalene 

JAGABANDHU DAS, R U D O L F  K U B E L A .  GERALD A.  M A C A L P I N E ,  ZARKO STOJANAC.. 
A N D  Z D E N E K  VALEKTA 

Dep(ir.t~net~t qf C l ~ r r n i ~ t r v ,  Utl i~ersi ty  ~f ' .V~ l t .  B r ~ i ~ ~ s l v i c k ,  Fredericton. AV.B., Cancrdrr E3B .iA3 

Received July 13. 1979 
Tlzis paper. is cletiicczted to Prof. Knrel Wiesner on the oc,casion o fh i s  60th birtlzciilv 

J ~ G A B A U D H U  DAS. RUDOLF K U B E L ~ .  GEMLD. A MACALPINE. Z ~ R K O  S ~ O J A \ A C .  and 
ZDENEK V ~ L E \ T A .  Can J. Chem 57, 3308 (1979) 

A total synthesis of ring A aromatic D-homosteroids and the conversion of one of them to 
estrone and its derivatives are described. The key reaction is a catalysed addition of 6-methoxy- 
1-vinyl-3,4-dihydronaphthalene to 2,6-dimethyl-l,4-quinone which proceeds with orientation 
inversioncompared to the thermal addition. Reactions withseveral other quinones are described. 
The synthetic sequence includes a hydride reduction in which an apparently more hindered 
carbonyl group of an enedione systern is reduced preferentially. Cyclization of a 1,6-keto 
aldehyde under acidic conditions gives the desired acetyl cyclopentene derivative, while a 
predominant formation of cyclohepterlones is observed when the same cyclization is per- 
formed with base. 

JAGABANDHU DAS. RUDOLF KUBELA. GERALD A .  MACALPINE. ZARKO STOJANAC et Z D E ~ E K  
VALESTA. Can. J. Chem. 57. 3308 (1979). 

On decrit une synthese totale de ster-odides D-homo dont le cycle A est aromatique ainsi que 
la transforn~ation de l'un d'entre eux en estrone et en ses derives. La reaction fondamentale 
consiste en une addition catalysee du methoxy-6 vinyl-1 dihydro-3,4 naphtalene sur la dimethyl- 
2,6 quinone-1,4 et dont l'orientation est l'inverse de celle d'une addition thermique. On decrit 
egalernent des reactions impliquant pl~~sieurs autres quinones. La serie de reactions comprend 
entre autres une reduction par un hydrure ou apparemment le groupe carbonyle le plus en- 
combre d'un systeme enedione est reduit preferentiellement. La cyclisation du cetoaldehyde-1,6 
en milieu acide conduit au derive acCtylcyclopentene desire; mais en milieu basique la m&me 
reaction permet d'obtenir des cyclohepttnones comme produit principal. 

[Traduit par le journal] 

Introduction tile than a partial synthesis. The second reason con- 
Since the first reported total synthesis of a steroid, cerns synthetic strategy. In spite of the dramatic 

that of equilenin in 1939 (I) ,  the development and developments durillg the past forty years, the effi- 
refinement of synthetic strategies involved in the ciency of the synthetic pathways can still be greatly 
efficient preparation of more complex steroids1 has improved. This can lead, at the same time, to the 
contributed significantly to the increasing sophistica- discovery of new general strategies or to the refine- 
tion of organic synthesis. In the 1940's and 1950's, ment known methods.2 
the total synthesis of any steroid with three or more In this and subsequent articles, we wish to report 
chiral centers presented a major challenge alld this 0" Our study of several Years belonging to the second 

was taken up by some of the leading laboratories in category. The gelleral scheme for a synthesis of 
the world. As a consecluence of their pioneeri~lg and steroids shown in Fig. 1 not only has, as its crucial 
successful development of new synthetic tools and of Step, a reaction already observed (as a dimerization) 
new methods required to achieve regio- and stereo- eighty-t-~vo Years ago by Jpatief (4) and elaborated 
control, even relatively complex steroids are reason.. into a synthetically useful form by Diels and Alder 
ably accessible by total synthesis in the 1970's. in 1928 (3, but involves a general strategy, the 

There are, however, at least two important reasons elaboration of steroid ring C by a Dieis-Alder re- 
why studies of steroid total synthesis should action, proposed soon after this reaction was dis- 
Because of the varied and important biological ac- covered and attempted many times since (6). HOW- 

tivities of steroids, it is of interest lo prepare new ever, the scheme did not work efficiently because the 

compounds in order to find new biological agents. regio- and stereochemistry of the addition was not 

For this purpose, total synthesis is often more versa- 
Apart from this problem, this approach has the 

'For comprehensive reviews of steroid total synthesis, see 
ref. 2. 2For some recent examples in these two categories, see ref. 3. 

0008-4042/79/243308- 12$01 .00/0 
@I979 National Research Council of CanadaiConseil national de recherches du Canada 
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FIG. 1. General scheme for steroid synthesis. 

following synthetic advantages. (I) Many required 
AB dienes should be readily available by synthesis. 
(2) A large number of relatively simple dienophiles, 
with or without preformed ring D, should be suit- 
able. (3) The method should work for ring A aro- 
matic as well as for C(10)-methylated steroids. 
(4) The C(9)-C(l1) double-bond, useful for the 
introduction of important C(l 1)-functionality, is 
formed automatically. (5) The required cis relation- 
ship of C(8)-H and C(13)-CH, is established in 
an addition in which the potential ring D atoms lie 
endo (7) (i.e., the C(l3)-methyl group is exo).  With 
a suitable functionality in ring D, it should subse- 
quently be possible to establish either stereochemistry 
at C(14). (6) For C(10)-methylated steroids, the de- 
sired cis relationship of the methyl groups at  C(10) 
and C(13) would be a consequence of a preferred 
addition of the dienophile from the direction anti 
to the C(10)-methyl group of the diene. 

This paper deals with the preparation of ring A 
aromatic D-homosteroids in which 1,4-quinones are 
used as dienophiles. Onc of the adducts is then con- 
verted into estrone and its derivatives. Subsequent 
papers describe the solution of stereochemistry in the 
synthesis of C(10)-methylated steroids, the synthesis 
of progesterone derivatives, and the use of simpler 
(non-quinonoid) dienophiles. In this progression, an 
increasing understanding of the addition has permit- 
ted an approach to more complex steroids by a series 
of synthetic pathways of improving efficiency. 

Diels-Alder Additions 
Readily available (8) diene 1 is the starting ma- 

terial suitable for the synthesis of ring A aromatic 
steroids by the method shown in Fig. 1. Previous 
studies indicated that mixtures of regioisomers, often 
in relatively poor yield, are obtained in additions of 1 
to such a priori suitable dienophiles as citraconic 
anhydride (15) (9) and various cyclopentenones (6). 
In the absence, at  the initiation of our work, of any 
simple dienophiles whose addition could be reliably 
controlled, we decided to use suitably substituted 
quinones (10, 11). 

Table I s~tmmarizes the results of thermal and 
catalysed additions. Reaction of 2,6-dimethyl-1,4- 
benzoquinone (2) with diene 1 in boiling benzene 
gives a good yield of adduct 3. No trace of the regio- 
isomer 4 could be found in crystallization mother- 

liquors. In contrast, the same addition in ether with 
1.3 mol equivalents of boron trifluoride etherate at  
- 15'C gives adduct 3 in 10-15% yield and the de- 
sired adduct 4 in 69% yield (1 1). Since diene 1 alone 
is very unstable under acidic conditions, the good 
yield of the addition testifies to the high rate of the 
catalysed reaction (12). Structures of 3 and 4 were 
proven in the following simple way. The two com- 
pounds gave the corresponding (and different) 
C(8)-C(9) double-bond isomers 16 on treatment 
with acid. Compoulld 1 6  obtained from 4 instan- 
taneously gave a dark purple color in alcoholic 
solution after addition of sodium hydroxide, indi- 
cating the extended chromophore 17. A similar 
treatment of 1 4  obtained from 3 led to no chromo- 
phore change. Treatment of adduct 4 with sodium 
bicarbonate in boiling methanol gave a 94% yield 
of the desired isomer In contrast, compound 
3 proved stable to these (and stronger) basic condi- 
tions. As expected, the sjn-cis isomer is thus con- 
verted into the more stable anti-trans isomer 18 in 
the case of adduct 4, while the sj.n-cis isomer is Inore 
stable than the sjn-trans isomer in the case of ad- 
duct 3. 

The complete stereochemistry of adduct 4 and its 
isomer 18 also follows rigorously from their conver- 
sion into estrone described below. It should be noted 
that only endo adducts (quinone ring r tdo  to the 
diene) are obtained. This is reasonable since a greater 
effect by secondary attractive interactions (13) can be 
expected with quinones. During our extensive study 
of thermal and catalysed additions of quinones, de- 
scribed in this and s~absequent publications, we have 
not encountered a single case in which the exo- 
product is formed even in minor quantities. This 
clearly constitutes an additional synthetic advantage 
in the use of quinones as dienophiles. 

While the preparation of 18 was sufficient for the 
completion of the planned steroid synthesis, it was 
decided to explore the observed and unusual orienta- 
tion reversal further. The addition of 2,5-dimethyl- 
1,4-benzoquinone (5) to 1 under thermal conditions 
also leads to the exclusive formation of the endo- 
"ortho"-adduct 6, while the catalyst again reverses 
orientation, giving the "metaw-adduct 7 as the 
major product.4 As shown in Table 1, three addi- 

31ts structure is supported by the 220 MHz nmr spectrum in 
which the C(14)-H atom appears as a clean doublet (J = 18 
Hz) at 6 2.63. The assignment of this signal was confirmed by 
a base catalysed deuterium exchange. 

4Throughout, the term "ortho" is used for compounds in 
which the angular substituent (methyl, acetyl, or methoxy- 
carbonyl) is at C(14) (steroid numbering) and thus next to 
the ring B methyiene group. This substituent is at C(13) in the 
"ineta"-adducts. 
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TABLE 1. Thermal and catalysed additions of diene 1 to quinones 

Total yield "Ortho"-adduct" "Meta"-adduct4 
Dienophile Catalyst Solvent Temperature Time (%I (% of total yield) 

2 - C6H6 Boiling 24 h 82 I00 (3) 
2 BF3 . E t 2 0  E t 2 0  - 15°C 30 min 80 14 (3) 86 (4)" 

0 (4)" 

(1.3 mol equiv.) 
5 - CsH6 Boiling 15 h 64 I00 (6)  
5 BF3 . E t 2 0  E t 2 0  0'C 25 min 52 24 (6) 76 (7)" 

0 (7)" 

(1.05 mol equiv.) 
8 - C6H6 20°C 30 min >90 88 (9) 12 (lo)b 
8 - CsH6 Boiling 3 min >90 83 (9) 17 
8 AIC13 CH2Clz - 78'C 20 min >90  25 (9) 75 (lo)b 

(1.05 mol equiv.) 
11 - Et2O -20 to +20cC 3 h 88 100 (12) 0" 
13 - C6H6 Boiling 15 h 48 100 (14) 0" 
13 BF3 . EtzO EtzO OcC 20 min 3 1 100 (14) 0" 

(2.1 mol equiv.) 

"Yields and ratios determined by product isolation. 
bYields and ratios determined by comparison of nmr spectra of crude and analytically pure products. 

1 2 

I catalysis 

3 (exclusive) 

4 (major) 7 (major) 

i catalysis 

6 (exclusive) 

tional quinones, 2-acetyl-I,4-benzoquinone (8), 2- 
carbomethoxy-6-methyl-I,4-benzoquinone (11), and 
6-methoxy- l,4-toluquinone (13), were examined. It 
should be noted that, in thermal additions, only 
quinone 8 gives any "metau-adduct and that in a 
minor quantity. In catalysed additions, quinone 13 
forms a clear exception to the general "metaH- 
adduct dominance. Structure, including stereo- 
chemistry, of all adducts was determined by methods 

similar to those used for compounds 3 and 4 (see 
Experimental). 

Orienta~on 
From a purely synthetic standpoint, these results 

clearly create a very favourable situation. Catalysed 
additions leading to compounds 4, 7, and 10  provide 
D-homosteroids with suitable C(l3)-substituents in 
a simple manner. At the same time, all the thermal 
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9 (major) 

10 (major) 

H ?  

citraconic anhydride (15) (9) and have extensively 
studied its thermal addition to such simple dieno- 
philes as methyl acrylate, acrylonitrile, and methyl 
t rans-~rotonate .~ In all these cases, the "ortho"- 
and "meta"-adducts are formed in approximately 
equal quantities, with a slight preference (if any) for 
"meta"-addition up to a maximum product ratio 
of 2: 1 ! Diene 1 is thus an interesting "orientation 
probe" for which the sum of all factors favouring 
"ortho"- addition is almost exactly equal to the sum 
of effects favouring "metaq'-adducts in additions to 
non-quinonoid dienophiles including 15. Consider- 
ing the strong "ortho"-preference shown by qui- 
nones (Table I) ,  what is then, for example, the nature 
of the difference between citraconic anhydride (15) 
and the two dimethyl quinones 2 and 5 ?  Super- 
ficially, they clearly have structural similarities. The 
situation is all the more remarkable since the observed 
"ortho"-preference is largely independent of the 
nature of the quinone substituent. The activating 
methoxycarbonyl group in 11 and acetyl group in 8 
show an orientation effect comparable to that of the 
deactivating methyl group in 2 and 5 in thermal 

11 12 (excluslve) additions. 
It would be inappropriate to include an exhaustive 

::x;r"' discussion of this problem6 in this presentation of a 
steroid synthesis. One aspect of the present study 

Me@Me thermal + 
 OM^ must, however, be mentioned since it is relevant to 

1 + or cat. results and conclusions recently reached elsewhere. 
M e 0  Me In an important experimental study of methyl qui- 

0 none additions, Bohlmann et al. (16b) suggested that 
13 14(exclu5lve) a steric effect is necessary to  explain the ortho- 

additions give fair to good yields of C(14)-substi- predominance in thermal additions in which the 
tuted compounds available for other purposes. In frontier molecular orbital (FMO) theory in its Pres- 
contrast to  this simple picture of synthetic strategy ently applied form (14) fails to make the correct 
based on products obtained, the mechanistic ques- predictions. Houk et 01. (1% using a perturbation 
tions concerning these orientation reversals are very 
complex. 5Dr. Jagabandhu Das. Unpublished experiments in this 

The results of the thermal additions alone are un- Department (Ph.D. Dissertation, University of New Bruns- 
usual. In order to assess the general orientation ten- 
dencies of diene 1, we have repeated its addition to  

15 16 (R, = H, R, = Me 
or R,  = Me, R, = H) 

wick, 1978). 
'This requires the consideration of all thermal and catalysed 

additions of diene 1 to various dienophiles and of the used 
quinones to many dienes and a consideration of the compli- 
cating fact that thermal additions of 1 to non-quinonoid 
dienophiles do not lead exclusively to endo adducts. At the 
present time, we are studying two aspects of the problem. 
Dr. Masatoshi Kakushima of our Department is calculating 
the molecular properties of appropriate model dienes and 
dienophiles in order to establish whether a qualitative explana- 
tion of the results can be provided by molecular orbital theory 
(13,14). In addition, we have experiments in progress which are 
designed to probe the question whether the transition state 
geometries of thermal quinone additions and of all catalysed 
additions (15) are similar to or significantly different from those 
of thermal additions of non-quinonoid dienophiles. Any such 
possible geometric differences involving unsymmetrical transi- 
tion states (16) would clearly have to be taken into account in 
a complete rationalization of the orientation results. 
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approach, explained these and similar results by 
postulating that a methyl group situated on the re- 
acting double-bond of a dienophile can assume 
acceptor properties via the n:k CH, orbital (in addi- 
tion to its deactivating donor properties), and thus 
direct a nucleophilic attack to the remote alkene 
terminus. 

Our results indicate that the quinones are indeed 
"anomalous" compared to other (simpler) dieno- 
philes, and that a more exact definition of the role of 
a methyl group situated on the dienophile double- 
bond (17) will not be sufficient to explain the pro- 
ilounced "orthou-effect 'observed in thermal addi- 
tions of quinones. (1) Citraconic anhydride (1 5) and 
dimethyl quinones 2 and 5 all possess a reacting 
methyl alkene moiety, yet 1 5  reacts with diene 1 to  
give an ortho :meta ratio of adducts of - 1: 1,' com- 
parable to  that observed in additions of methyl 
acrylate, acrplonitrile, and methyl tratzs-crotonate to 
I .  In contrast, 2 and 5 give exclusively the "ortho"- 
adduct. (2) Quinones 8 and 11, containing the acti- 
vating acetyl and methoxycarbonyl groups, respec- 
tively, (instead of a methyl group) on their reacting 
double-bonds, also show a pronounced "ortho" 
preference in their thermal additions. 

The coiilparable results of thermal additions of 
diene 1 to the two dimethyl quinones, 2 and 5, 
furthermore show that the strong ortho-preference is 
independent of the position of a methyl group on 
the non-reacting double-bond of the quinone. This 
clearly constitutes a serious limitation to any postu- 
lates of an electronic non-identity of the two quinone 
carbonyl groups, at least in the ground state. An 
analysis of this problem is in p r o g r e ~ s . ~  

The coinplete rationalization of the results of the 
catalysed reactions is also difficult and should clearly 
not be undertaken before the thermal reactions are 
u n d e r ~ t o o d . ~  The ease of the catalysed reactions is 
n o  doubt due to the complexing of the Lewis acid 
with the dienophiles (12) and the consequent lower- 
ing of their LUMO energy (15c). Concerning the 
question of the reacting complex (or complexes)' in 
the catalysed reactions described here, our previous 

7We have so far not succeeded in the determination of any 
of the quinone < complex equilibria by spectroscopic methods, 
mainly because of the apparent predominance of uncomplexed 
species. It should, furthermore, be noted that the "reacting 
complex" will be determined not only by these equilibria, but 
also by the relative rates of subsequent additions. A serious 
uncertainty concerns the form of diene 1 in these catalysed 
reactions. Since diene 1 polymerizes readily under acidic con- 
ditions (in the absence of dienophile), it proved impossible to 
examine 1 + Lewis acid spectroscopically. We assume that a 
large number of molecules of 1 are complexed (presumably on 
-OCEI,) under the reaction conditions, but that the more 
reactive uncomplexed molecules of 1 react with complexed 
quinone. 

- B F ~  
Cx-5 CX-8 

work with simpler dienes (10) indicates that quinone 
2 probably adds exclusively in the form shown in 
formula Cx-2 (= complexed 2). The postulate of 
Cx-2 as the reacting species is, for example, sufficient 
to explain the exclusive formation of the "meta"- 
adduct in a reaction with trans-1,3-pentadiene (10). 
Because of the symmetry of 5, its two carbonyl 
groups are identical and its reacting form must thus 
be Cx-5: the only uncertainty being the attachment 
of the catalyst syrz or anti to the neighbouring methyl 
group. Finally, there is little doubt that, for electronic 
reasons, acetyl quinone 8 will complex at one (or 
both) carbonyl groups indicated in formula Cx-8. 
Since only one addition of the methoxy quinone 13 
has been studied and since it is, furthermore, not a 
priori obvious which of the carbonyl groups in 13 
could be expected to possess greater Lewis basicity, 
it would be unwise to speculate on the nature of the 
reacting complex of 13 at the present time. 

Ring D Contraction 

Dione 18, prepared from diene 1 in two steps in a 
65% yield, contains the number of carbon atoms and 
an arrangement of groups in ring D suitable for the 
creation of a 5-membered ring D with an acetyl 
group at C(17). Two methods were available in 
principle: a 1,2-rearrangement of a suitably reduced 
derivative leading directly to a 5-membered ring or 
a ring opening of a derivative by double-bond 
cleavage followed by ring closure. The latter proved 
inore efficient. 

Reduct~on of 18 with lithium aluminum tri-tert- 
butoxyhydride in tetrahydrofuran at room tempera- 
ture gave alcohol 19' in a 9 4 5  yield of isolated 

T h e  site of the reduction (but not the stereochemistry) 
follows rigorously from spectroscopic data. The stereochemi- 
cal assignment is supported by a hydrogenation study (see 
Experimental). 
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crystalline product. Since ring D of 18 contains four 
trigonal carbon atoms, it is unlikely that this re- 
markable specificity arises simply from a preferred 
axial attack by hydride ion from the less hindered 
%-side. The situation is reminiscent of preferential 
hydride reductions of unsymmetrically substituted 
anhydrides at  the apparently "more hindered" car- 
bony1 group (18) and the observed result may be 
explicable by an electronic difference between the 
two carbonyl groups (19) and/or by the postulate 
that the angle of attack (20) by the reducing agent is 
such that the path to the C(17a)-carbonyl group is, 
in fact, less hindered. 

Since alcohol P9 and the corresposlding acetate 
prepared from it could not be reduced cleanly, 19 
was converted to the unstable mesylate 20 IT hich was, 
without purlfieation, treated with zinc dust in boiling 
benzene-methanol (1: 1) (21). The resulting mixture 
of a,P- and P,y-unsaturated ketones was then 
equilibrated by treatment with sodium carbonate in 
boiling aqueous methanol to give pure ketone 21. 
An 8157, overall yield of crystalline 21 was obtained 
in the five steps from adduct 4 in a run in which 
intermediates were not purified. 

23 R =  OH 
24 R  = OAc 
25 R =  H 

Catalytic hydrogenation of 21 with palladium on 
calcium carbonate in glacial acetic acid gave an 84% 
yield of crystalline 22. An ir spectrum of the mother 
liquors showed no appreciable signal corresponding 
to a saturated carbonyl group, but the nmr spectrum 
indicated a second product, presumably isomeric at  
C(9). This reduction to 22 stabilized rings B and C 
and simplified subsequent transformations. It should 
be noted that, should C(11)-oxygenated derivatives 
be required in an application of this sequence, the 
appropriate electrophilic attack at  C(l1) could be 
performed using 21. 

The following three-step sequence proved most 
efficient for the conversion of the C(15)-carbonyl 

group in 22 into a methylene group. Reductioll of 22 
with sodium bis(2-methoxyethoxy)aluminum hpdride 
(22) in dry ether gave the mixture of epimeric alco- 
hols 23 efficiently. 111 contrast, reductions with 
sodium borohydride and lithium aluminum hydride 
gave complex inixtures of products. Acetylation then 
led to acetate mixture 24. Compouilds 23 and 24 
were not pur~fied due to instability. Since the re- 
ported method using lithium in ethyl ainine (23) not 
only reductively removed the acetoxyl function. but 
also reduced the anisol ring, the following milder 
modification was developed. Treatment of acetate 
mixture 24 with excess lithium in refluxing liquid 
ammonia and tetrahydrofuran led to crystalline 
olefin 25, obtained in a 78"7,verall yield for the 
three steps from enone 22. 

The synthetic strategy used required that the ring 
D double-bond remain at C(16)-C(17) during the 
conversion 18 + 25. While the method descr~bed 
above achieves this in high yield, it does involve six 
synthetic steps. All attempts, both at the enedione 
stage 18 and with enone 22, to shorten the sequence 
by double reductions and by more vigorous reduc- 
tions led to complex mixtures and to double-bond 
migrations. For example. treatment of 22 w ~ t h  zinc 
amalgam In boding benzene-ethanol and concen- 
trated hydrochloric acid gave a good yield of an 
olefin with two olefinic hydrogen atoms. 

Olefin 25 has the functionality sultable for its con- 
version into a C(l7)-acetyl derivative of estrone by 
a sequence involving double-bond cleavage and aldol 
condensation. Treatment of 25 with osmium te- 
troxide in dry pyridine (24) gave a mixture of two iso- 
meric vicinal diols 26 which was converted by lead 
tetraacetate in tetrahydrofuran ~ n t o  oily keto alde- 
hyde 27, homogeneous in thin-layer chromato- 
graphy. Finally, treatment of 27 with equal volunies 

hire 

of tetrahydrofuran and 5% hydrochloric acid at  
75°C for 40 h gave the desired crystalline enone 28 
in a 60% yield based on olefin 25. The nmr spectrum 
of mother liquors clearly indicated the formation of 
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a small amount of the alternative 5-membered ring 
D product, 29. 

The overali conversion 1 + 2 + 28 involves 
thirteen steps and is achieved in a 2 2 x  yield. This is 
a minimum yield since recrystallized intermediates 
were used at  several stages. 

The cyclization of keto aldehyde 27 deserves 
further comment. In contrast to previously reported 
results with similar systems (25), treatment of 27 
with aqueous potassium hydroxide and tetrahydro- 
furan at reflux temperature for 16 h gave a mixture 
of three products, 28, 30, and 31, in an approximate 
ratio of 1:3: 1 and a total yield of 71%. No trace of 
cycloheptenones 30 and 31 could be detected in 
crystallization nlother liquors from acidic cycliza- 
tion of 27 described above. Basic treatment of pure 
30  gave an equilibrium mixture of 30 and 31. Basic 
treatment of 28 did not give any cycloheptenone prod- 
ucts, while acidic treatment of 30 did not lead to 
any detectable amounts of cyclopentenes 28 and 29. 
While these data do not reveal all details of the two 
cyclii.ations, they do indicate that the base catalysed 
condensation is probably governed by the preferen- 
tial formation of the primary enolate ion (formed 
from 27), while the reaction with acid proceeds via 
the more substituted enol. Depending on conditions 
used, a reasonable yield of five-membered or seven- 
membered ring D derivatives of keto aldehyde 27 
can thus be obtained. 

Enone 28 was converted to d,l-estrone methyl 
ether by the reported Beckmann rearrangement of 
the corresponding oxime and the subsequent hydro- 
lysis of the resulting N-acetyl enamine (26). d.1- 
Estrone was then obtained by demethylation with 
pyridine hydrochloride (27). A detailed comparison 
of the synthetic compounds with natural estrone and 
with literature data is described in the Experime~ltal. 

For the synthesis of estrone itself and that of its 
simple derivatives, the strategy described above 
clearly does not match the elegant simplicity of the 
approach (28) based on an original discovery by 
Ananchenko and Torgov (29). It is longer and the 
direct preparation of optically active compounds 
would require a chiral induction in the catalysed 
Diels-Alder step 1 + 2 itself. However, it has certain 
advantages. (I) The C(9)-C(l1) double-bond in 
intermediates 18-21 offers possibilities for the 
functionalization of ring C. (2) It automatically pro- 
vides a C(17)-acetyl sidechain and a possibility of a 
nucleophilic attack at  C(l6) in enone 28. (3) Forma- 
tion of adduct 10 indicates that it should be possible 
to introduce a wide variety of C(I3)-substituents. 
(4) Finally, as will be described in subsequent 
publications of this ~ e r i e s , ~  the method works well 

with dienes possessing the C(10)-methyl group and 
with both quinonoid and ilon-quinonoid dienophiles. 
This provides opportunity for the direct total syn- 
thesis of C(10)-alkylated steroids for which, in our 
opinion, additional synthetic strategies are needed. 

Experimental 
Melting points were determined on a Kofler hot stage and 

are uncorrected. Ultraviolet (uv) spectra were recorded on a 
Perkin-Elmer 402 spectrophotometer in ethanol solution. The 
wavelengths are reported in nanometers (nm) with 8 values in 
parentheses, Infrared (ir) spectra were determined on a Perkin- 
Elmer 457 instrument in chloroform solution. Values are given 
in wave-numbers (cm-') calibrated to the polystyrene band at 
1601 cm-I. Proton magnetic resonance ('Hmr) spectra were 
obtained on a Varian T-60 spectrometer using deuterochloro- 
form as solvent; chemical shift values are given in 6 (ppm) 
scale relative to tetramethylsilane (TMS) used as internal 
reference. High resolution 'Hmr spectra were recorded by the 
Canadian 220 MHz NMR Centre, Department of Medical 
Genetics, University of Toronto. Low resolution mass spectra 
(ms) were measured on a Hitachi Perkin-Elmer RMU-6D 
mass spectrometer. High resolution mass spectra were mea- 
sured by Dr. A. M. Hogg, University of Alberta, Edmonton. 
Microanalyses were performed by Dr. F. Pascher, Mikroana- 
lytisches Laboratorium, Bonn, West Germany. The following 
abbreviations have been used: s, singlet; d, doublet; dd, double 
doublet; t ,  triplet; m, multiplet; sh, shoulder; dec., decomposi- 
tion; Et,O, ethyl ether; Ac,O, acetic anhydride. 

Thermal Addition of 2,6-Dir~7et/zyl-1,4-benzoq11inone. Adduct 3 
Diene 1 (8) (680 mg, 5.0 mmol) and 2,6-dimethyl-1,4-benzo- 

quinone (31) (950 mg, 5.1 mmol) were reacted in dry benzene 
(25 mL) under reflux for 24 h. The solvent was removed in 
cacuo and the residue crystallized from ethyl acetate to give 3 
(1.323 g, 82.3%,), mp 164-167°C; ir v,,,: 1680, 1610; 'Hmr 6: 
1.5 (3H, s, C(14)-CH,), 2.1 (3H, d,  J = 2 Hz, C(16)-CH,), 
3.8 (3H, s, CH,O), 6.0 (IH, m, C(11)-H); ms m/e: 322 (M'). 
Mol. Wt .  calcd. for C2,H2,O,: 322.1569; found (high resolu- 
tion ms): 322.1575. 

No isomer of 3 could be detected in the 'Hmr spectrum of 
mother liquors. Compound 3 was unchanged after 1 h treat- 
ment with NaHCO, in boiling methanol. 

Cataly~ed Addition of 2,6-Dimethyl-1,4-benzoq~inone 
A solution of diene B (2.380 g, 12.7 mmol) in E t 2 0  (5 mL) 

was added to a solution of quinone 2 (1.680 g, 12.4 mmol) and 
BF, etherate (2.320 g, 16.5 mmol) in 20 mL of h t 2 0  at - 15°C. 
Light tan crystals of 4 began to form almost immediately. 
After 30 ~n in ,  the crystals were collected by filtration and 
washed with Et,O. Recrystallization from ethyl acetate gave 
adduct 4 (2.720 g, 69z),  mp 194-196'C; ir v,,,: 1680 (broad), 
1635, 1610; 'Hmr 6: 1.4 (3H, s, C(13)-CH,), 2.0 (3H, d, 
J = 2 Hz, C(17)-CH,), 3.1 ( lH,  d, J = 5 Hz, C(14)-H), 
3.8 (3H, s, CH,O), 6.1 (lH, m, C(11)-H); ms m/e: 322 (M'). 
Mol. Wt .  calcd. for C21H220, :  322.1569; found (high resolu- 
tion ms): 322.1570. 

Adduct 3 (0.459 g, 11.4%) was obtained from concentrated 
ethyl acetate mother liquors. 

Approximately the same yield and the same ratio of the 
two isomers was obtained in reactions at - 2OCC, O'C, and at 
ambient temperature using 1.3, 2.0, and 2.3 mol equiv. of BF3 
etherate. The reaction was much slower with less than 1.0 mol 
equiv. of BF, etherate. 

Zsomerizafion of Adduct 4 to 18 
Adduct 4 (1.610 g, 5.0 n~mol) and NaHCO, (322 mg, 3.8 9See also refs. 11 and 30. 
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mmol) were suspended in dry methanol (100 m L ) .  The mix- 
ture was stirred and heated under reflux until all o f  4 had 
dissolved (30 inin). About one half o f  the methanol was 
evaporated irz cricuo and water (50 m L )  was added. The light 
yellow precipitate was filtered and crystallized rrom methanol 
to  give 18 (1.521 g, 9473, mp 148-149'C; ir v,,,: 1680,1625, 
1605; 'Hmr 6 :  1.2 (3H, s, C(13)-CH,), 2.0 (3H, d ,  J = 2 HZ, 
C(17)-CH,), 3.8 (3H, s, CH,O), 6.1 ( I H ,  In, C(11)-H); ms 
mie: 322 ( M f ) .  Anal. calcd. for C21H2203: C 78.23, H 6.88, 
0 14.89;found: C78.39, H6.92,O 14.86. 

Acidic Isomerization of Adducts 3 and 4 
Compound 4 (100 mg) was treated with Dowex 50-X in 

boiling ethanol (10 m L )  for 15 h .  The resin was removed by 
filtration and the solvent was evaporated in cucuo to  give 16 
(C(13)-CH,, C(14)-H) (88 mg, 8 8 z ) ,  m p  103-105°C 
(methanol). The yellow alcoholic solution o f  16 (C(13)-CH3, 
C(14)-H) instantaneously turns dark purple (enolate 17) on  
addition o f  aqueous NaOH: ir v,,,: 1675, 1610; 'Hmr  6 :  
1.3 (3H,  s, C(13)-CH,), 2.0 (3H, d ,  J = 2 HZ,  C(17)-CH,), 
3.4 ( l H ,  broad s, C(14)-H), 3.8 (3H, s, CH,O), no signal in 
the 5.0-6.3 region; ms /n,'e: 322 ( M i ) .  

Compound 3 (100 mg)  was heated under reflux in glacial 
acetic acid (5 m L )  for 30 min. Water (40 m L )  was added and 
the product was extracted with E t 2 0  t o  give 16 (C(13)-H, 
C(14)-CH,) (99 mg) obtained as a hard resin. Attempts to  
crystallize the compound were unsuccessful; similar results 
were obtained when 3 was treated with Dowex 50-X in 
methanol or with p-toluenesulfonic acid in benzene. Alcoholic 
solution o f  16 (C(13)-H, C(l4)-CH,), did not change color 
on treatment with aqueous NaOI-I; ir v,,,: 1680, 1610; 
' H m r  6 :  1.5 (3H, s, C(14)-CH,), 2.0 (3H, d ,  J = 2 Hz, 
C(16)-CH,), 3.8 (3H, s, CH,O), no signal in the 5.0-6.3 
region; ms m/e :  322 ( M + ) .  

Tl~ermal Addition of 2,5- Dimetl1yl-1,4-berzzoqr~inone. Adduct 6 
Diene 1 (372 mg, 2.0 mmol) and 2,5-dimethyl-l,4-benzo- 

quinone (32) (272 mg, 2.0 mmol) were reacted in dry benzene 
(10 m L )  under reflux for 15 h .  The solvent was evaporated 
in vacuo and the residue crystallized from E t 2 0  to  give 6 
(410 mg, 64%), mp 166-169°C (ethyl acetate). The mother 
liquor did not contain any amount o f  7 or another isomer o f  6 
detectable by 'Hmr  spectroscopy; ir v,,,,: 1680 (very broad), 
1630, 1615; 'Hmr  6 :  1.5 (3H, s, C(14)-CH,), 2.0 (3H, d ,  
J = 2 Hz, C(17)-CH,), 3.8 (3H, s, CH,O), 6.0 ( l H ,  m ,  
C(11) H ) ;  ms m/e: 322 ( M + ) .  Anal. calcd. for C,,H,,O,: 
C 78.23, H 6.88, 0 14.89; found: C 78.00, H 6.85, 0 14.82. 

Caralysed Addition of 2,5-Dinzethyl-1,4-benzoq~linone 
Diene 1 (372 mg, 2.0 mmol) and 2,5-dimethyl-l,4-benzo- 

quinone (272 mg, 2.0 mmol) were dissolved in dry E t 2 0  (10 
mL) .  A solution o f  BF, etherate (300 mg, 2.10 mmol) in dry 
Et,O (5 m L )  was added and the mixture was maintained at 
OcC for 25 min. Addition o f  triethyl amine (1 m L )  was followed 
by addition o f  water (25 mL) ,  the organic layer was separated, 
dried, and evaporated in cacuo. The methyl region o f  the ' H m r  
spectrum o f  the crystalline residue indicated the presence o f  
only two adducts in an - 3:  1 ratio. Crystallization from 
ethanol gave 7 (257 mg, 40%), mp 151-152'C; ir v,,,: 1680 
(broad), 1635, 1615; 'Hmr  6 :  1.4 (3H, s, C(13)-CH,), 2.0 
(3H, d ,  J = 2 HZ, C(16)-CH,), 3.1 ( l H ,  d ,  J = 5 HZ,  C(14)- 
H) ,  3.8 (3H, s, C H 3 0 ) ,  6.1 ( I H ,  m ,  C(l1)-H); ms nz/e: 322 
(M+). Anal. calcd. for CZ1HZ2O3:  C 78.23, H 6.88, 0 14.89; 
found: C77.76, H6.86,O 15.15. 

A second crystallization crop (78 mg, 12.1%) was mainly 6 
containing a small amount o f  7 ( 'Hmr spectrum). The actual 
yields in this catalysed addition are much higher than those 
given. The combined mother liquors contain only 6 and 7 as 
'Hmr  detectable compounds. 

Reactions of Add~rcts 6 and 7 
Compound 6 was found t o  be stable to  NaHCO, in boiling 

methanol. Treatment o f  6 (100 mg) in boiling acetic acid ( 5  
m L )  for 30 min, followed by addition o f  H,O (30 mL) ,  extrac- 
tion with CHCl,, drying o f  the organic layer, and evaporation 
in cacuo gave a residue which was crystallized from methanol 
to  give the A8,9-isomer o f  6 (75 mg, 75Y,), m p  108-lllcC. An 
alcoholic solutiols o f  this compound did not change color on 
treatment with aqueous NaOH; ir v,,, (CC1,): 1685, 1640, 
1615; 'Hmr  6 :  1.5 (3H, s, C(14)-CH,), 2.0 (3H,  d ,  J = 2 Hz, 
C(17)-CH,), 3.8 (3H, s, C H 3 0 ) ,  no signal in the 5.0-6.3 
region; ms m,le: 322 (M'). 

Adduct 7 (30 mg) was treated with NaHCO, (5 mg) in  
boiling methanol (5 mL) for 3 min. Water (15 m L )  was added, 
the mixture was neutralized with dilute HCI, the solid was 
collected by suction and recrystallized from methanol to  give 
14-iso 7 (28 mg, 9 3 z )  m p  170-172'C; ir v,,,: 1680,1630,1610; 
' H m r  6 :  1.2 (3H, s, C(13)-CH,), 2.1 (3H, d ,  J = 2 Hz, 
C(16)-CH,), 3.8 (3H, s, CH,O), 6.1 ( l H ,  m ,  C(11)-H); nls 
mle: 322. 

Treatment o f  7 (50 mg) in boiling acetic acid (3 m L )  for 30 
min, followed by addition o f  H 2 0  (15 mL) ,  extraction with 
CHCI,, drying o f  the organic layer, and evaporation in cacuo 
gave a yellow crystalline residue which was recrystallized from 
E t 2 0  t o  give the A8~9-isomer o f  7 (45 mg,  90%), m p  141-144'C. 
Its alcoholic solution gave a dark purple color after addition 
o f  a drop o f  aqueous NaOH; ir v,,,, (CC14): 1690, 1640, 1615 ; 
' H m r  6 :  1.3 (3H, s, C(13)-CH,), 2.0 (3H, d ,  J = 2 Hz, 
C(16)-CH,), 3.4 ( l H ,  broad s, C(14)-H), 3.8 (3H, s, CH,O), 
no  signal in the 5.0-6.3 region; ms m/e :  322 (M-).  

Tlzermal Addition of 2-Acetyl-l,4-benzoq~rino1ze 
Diene 1 (353 mg, 1.92 mmol) was dissolved in dry benzene 

(20 m L )  at ambient temperature and 2-acetyl-l,4-benzoquinone 
(33) (240 mg, 1 .GO mmol) was added in one portion. The reac- 
tion mixture at once became dark (rc-complex), but after several 
min the colour disappeared and the reaction was completed. 
After 30 min, the solvent was evaporated in caclro and yellow 
crystals (520 mg, 97%) were collected by filtration. The methyl 
region o f  the 'Hmr  spectrum (at 220 MHz)  revealed the 
presence o f  only two adducts (singlets at 6 2.17 and 2.28) in 
a ratio o f  1 : 7 (10:9).  Recrystallization from Et,O gavc pure 9 ,  
m p  139-140'C; ir v,,,: 1690 (broad), 1610; lHmr 6 : 2.3 (3H, s, 
C(l4)-acetyl), 3.7 (1H, t ,  J = 7 Hz, C(13)-H), 3.8 (3H, s, 
CH,O), 6.1 ( l H ,  m ,  C(11)-H); Ins mje: 336 (MT).  Mol. Wt .  
calcd. for C2,H2,0,: 336.1362; found (high resolution ms):  
336.1359. 

Reactions in dry E t 2 0  or in acetone at ambient temperature 
gave a comparable yield and ratio o f  prod~~cts (1 : 7 )  as deter- 
mined by 'Hmr  spectra. A reaction in which 1 (353 mg, 1.92 
mmol) in boiling benzene (10 m L )  was added rapidly to  a 
boiling solution o f  quinone 8 (240 mg, 1.60 mmol) in benzene 
(10 niL) and in which the solution was evaporated in uac~lo 
after 3 min gave a crystalline product (535 mg, - 100%) which 
according to the 220 MHz 'Hmr  spectrum contained adducts 
10 and 9 in a ratio o f  1 : 5. 

Adduct 9 (84 mg, 0.25 mmol) was treated with concentrated 
HCl (2 drops) in CHCI, (10 m L )  at ambient temperature for 
30 min. Dilution with CHCI, (20 mL) ,  washing with saturated 
NaHC0,  solution and then HzO,  drying and evaporation irz 
cacuo gave the crude Ass9-isomer o f  9 (84 mg) as yellow foam; 
ir v,,,: 1710, 1680, 1610; 'Hmr  6 :  2.3 (3H, s, C(14)-acetyl), 
3.5 ( l H ,  dd, J = 6 and 4 Hz, C(13)-H), 3.8 (3H, s, CH,O), no 
signal in the 5.0-6.3 region ; ms mie: 336 ( M  +). 

Pure adduct 10 was obtained in the following experiment. 

Cafaly~ed Addition of 2-Acetyl-I ,4-benzoquirzone 
AlC1, (230 mg, 1.7 mmol), freshly sublimed in  a stream o f  

dry HC1 gas, was added to  a solution o f  quinone 8 (240 mg, 
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1.6 mmol) in dry CH,C12 (20 mL) cooled in a Dry Ice - acetone 
bath to -78'C. A cooled solution of diene 1 (350 mg, 1.9 
mmol) in CH,Cl, (5 mL) was added rapidly, the mixture 
stirred at - 78'C for 20 Inin and poured into ice-water. Separa- 
tion of the CH2C1, layer, Et,O extraction of thc aqueous layer, 
washing and drying of combined organic layers, and evapora- 
tion to a small volume in cacrto gave a yellow crystalline pro- 
duct (535 mg, -100%). Its 'Hmr spectrum established the 
9 :  10 ratio to be approximately 1 : 3. The mixture was dissolved 
in boiling E t 2 0  (15 mL); on cooling, yellow crystals of pure 9 
(130 mg), mp 139-140-C, separated. Concentration of the 
mother liquor to about 5 mL and cooling to -15°C gave 
crystals which on recrystallization under the same conditions 
gave pure adduct 10 (363 mg), mp 188-205'C dec.; ir v,,,: 
1685 (broad); 'Hmr 6: 2.2 (3H, s, C(13)-acetyl), 3.8 (3H, s, 
CH,O), 3.9 (lH, d, one branch covered by CH,O, C(14)-H), 
6.0 (lH, m, C(11)-H); ms 171;e: 336 (MT).  Mol. Wt, calcd. 
for C,,H2,04: 336.1362; found (high resolution ms): 336.1366. 

Isomerization of 10 (84 mg, 0.25 mmol) with HCI was done 
in the same way as with adduct 9 (see above). The-resulting 
yellow foam (84 mg) crystallized from Et10 to give pure 
As,9-isomer of 10, mp 131-132'C; ir v,,,: 1710 (sh), 1675, 
1600; 'Hmr 6 :  2.3 (3H, s, C(13)-acetyl), 3.8 (3H, s, CH,O), 
4.0 (IH, broad s, C(14)-H), no signal in the 5.0-6.3 region; 
ms m;e: 336 (M+) .  

Thermal Addition of 2-Carbotnet/zoxy-6-met/zy!-1,4- 
bewzoquinone (11) 

A solution of quinone 11 (34) (1.800 g, 10.0 mmol) in dry 
EtzO (50 mL) was added to diene 1 (1.953 g, 10.5 mmol) in 
dry Et,O (50 mL) cooled in an ice-salt bath to - 20-C. Crystal- 
line product started to separate immediately. The mixture mas 
stirred at -20'C for- 1 h and at arnbient temperature for 2 h .  
Filtration gave adduct 12 (3.220 g, 88%) as yellow crystals, 
mp 192-195cC (ethyl acetate); ir v,,,,: 1750, 1730, 1715, 1685, 
1615; 'Hmr 6: 2.1 (3H, d, J = 2 Hz, C(16)-CH,), 3.6 (IH, 
t, left branch covered by CH,O, J = 8 Hz, C(13)-H), 3.8 
(6H, s, 2CH,O), 6.1 (1H, m, C(11)-H); 'Hmr (220 MHz) 6: 
clear t at 3.6 ( lH,  J = 8 Hz, C(13)-H); ms mle: 366 (M+). 
Anal. calcd. for C,,H,,O,: C 72.1 1, H 6.05, 0 21.83; found: 
C 71.99, H 5.96, 0 21.84. 

The same result and yield of crystalline 12 (88%) was also 
obtained in reactions in Et,O at -20°C for 60 min, and in 
Et,O or benzene at 22'C for 60 min. 

Reactions of Adduct 12 
Adduct 12 remained unchanged on treatment with NaHC0, 

in boiling methanol. 
Adduct 12 (366 mg, 1.0 mmol) was treated with sodium 

acetate (100 mg) in boiling Ac20  (10 mL) for 75 min. The 
solvent was renloved in cacrro, the residue treated with dry 
E t 2 0  (50 mL), sodium acetate removed by filtration, and Et,O 
evaporated to give the A13,'7"-enol acetate of 12 (316 mg, 
77%) as dark yellow crystals, mp 218-220'C; ir v,,,,,: 1760 
(broad), 1650, 1610; 'Hmr 6: 2.0 (3H, d, J = 2 Hz, C(16)- 
CH,), 2.3 (3H, s, 0-acetyl), 3.7 (3H, s, CH,O), 3.8 (3H, s, 
CH,O), 5.7 ( lH,  m, C(l1)-H); ms mle: 408 (MA). 

The 12-en01 acetate (100 mg, 0.25 mmol) was treated with 
dry Na2C03 (100 mg) in boiling methanol (5 mL) for 30 min. 
After stirring at ambient temperature for an additional 2 h, 
H 2 0  (5 mL) was added and the precipitate recrystallized from 
ethyl acetate to give pure 12 (72 mg, 79%). 

The above hydrolysis of 12-en01 acetate was repeated using 
CH30D and DzO to give 12 deuterated at C(13), mp 190- 
192'C; 'Hmr 6: no signal at 3.6, m at 2.4-2.7 narrower; ms 
mle: 367 (M+). 

Adduct 12 (100 mg) was treated with Dowex-SOX resin 
(50 mg) in boiling 95% ethanol (10 mL) for 6 h.  Removal of 

the resin by filtration and evaporation of the solvent in cacuo 
gave a yellow solid which could not be crystallized. Precipi- 
tated from hot methanol, it melted at 101-115'C dec.; ir v,,, 
(CC14): 1750, 1690, 1615; 'Hmr 6: 2.0 (3H, d, J = 2 Hz, 
C(l6)-CH,), 3.7 (IH, m, C(13)-H), 3.8 (6H, s, 2CH30), 
no signal in the 5-6.3 region; ms n~;e: 366 (M+). This As,'- 
isomer of 12 did not give an extended chromophore on treat- 
ment of its ethanolic solution with NaOH. 

Tllernzal Addition of6-Metho,~y-1,4-ro!~~quinone 
Diene 1 (93 mg, 0.50 m~nol) was treated with quinone 13 

(35) (76 mg, 0.50 mmol) in boiling benzene for 15 h. Evapora- 
tion of solvent in cacuo and crystallization from ethyl acetate 
gave 14 (81 mg, 48%), mp 165-167'C; ir v,,,,: 1710, 1670, 
1610; 'Hmr 6:  1.5 (31-1, s, C(14)-CH,), 3.8 (6H, s, 2CH,O), 
5.9 (lH, s, C(17)-H), 6.0 (lH, m, C(l1)-H), the 1.7-3.0 
region similar to that of 3 and different from that of 4; ms 
mje: 338 (M*). Mol. Wt. calcd. for C21HZ204: 338.1518; 
found (high resolution ms): 338.1516. Arzal. calcd. for Cz,- 
H,,04: C 74.50, H 6.55, 0 18.95; found: C 74.15, H 6.57, 
0 19.21. 

No isomeric adduct was detectable in crj stallization mother 
liquors. 

Cntalysed Addition oj'6-Metl~oxy-1,4-toluquinone 
A solution of diene 1 (186 mg, 1.0 mmol) in dry EtzO 

(5 mL) was added to a solution of 13 (152 mg, 1 .O mmol) and 
BF, etherate (300 mg, 2.1 mmol) in dry Et,O (5 mL) at 0°C. 
After 20 min, triethylamine (1 mL) and then H 2 0  (20 mL) 
was added, Et,O layer separated, washed, dried, and evapor- 
ated. Crystallization from ethyl acetate gave 14 (105 mg, 31%), 
mp 163-166°C. No isomeric adduct was detectable in the total 
reaction product and in crystallization mother liquors. 

Reduction of E~zedione 18 
A solution of 18 (1.530 g, 4.72 mmol) and lithium aluminum 

tri-tert-butoxyhydride (2.000 g, 7.88 mmol) in dry tetrahydro- 
furan (50 mL) was stirred at ambient temperature for 15 min. 
Dilution with H 2 0 ,  extraction with CHCI,, drying of the 
organic extract with MgSO,, and evaporation irz caclto gave 
a white solid which was filtered and washed with E t 2 0  to give 
19 (1.433 g, 9473, mp 211-213'C (ethanol-Et,O); ir (KBr) 
v,,,: 1650 (broad), 1610, 1575; 'Hmr 6 :  0.9 (3H, s, C(13)- 
CH,), 2.0 (3H, narrow 111, C(17)-CH,), 3.8 (3H, s, CH,O), 
4.3 (lH, m, C(17a)-H), 5.9 (2H, m, C(l I)-H and C(16)-H); 
ms mie: 324 (M+).  Mol. Wt. calcd. for C21H2403 : 324.1726; 
found (high resolution ms): 324.1731. 

Reactions of Alcohol 19. Catalytic Hydrogenation of I8 and 
19 l R  = 0-acetyl) 

A mixture of 19 (R = OH) (180 mg), sodium acetate (50 
rng), and Ac,O (10 mL) was refluxed for 2 h. Ac,O was re- 
moved in cacuo, the residue was dissolved in benzene, sodium 
acetate filtered off, solvent evaporated, and the residue 
crystallized from ether to give 19 (R = 0-acetyl) (178 mg, 
84%), mp 182-184°C; ir (KBr) v,,,: 1750, 1680, 1655, 1640, 
1615; 'Hmr 6 :  1.0 (3H, s, C(13)-CH,), 1.9 (3H, narrow m, 
C(16)-CH,), 2.2 (3H, s, acetyl), 3.8 (3H, s, CH30), 5.9 (3H, 
dm, C(11)-H, C(16)-H and C(17a)-H); ms mle: 366 (M+). 

Acetate 19 (R = 0-acetyl) (70 mg) was dissolved in hot 
ethanol (I5 mL), solution cooled to ambient temperature, 
PtO, (5 mg) added, and the mixture stirred in H, atmosphere 
at normal pressure for 60 min. The catalyst was filtered, washed 
with hot CHCI,, the solvent was removed in cacuo and the 
residue was crystallized from CHC1,-Et20 to give tetrahydro- 
19 (R = 0-acetyl) (64 mg, 90%), mp 172-175°C; ir (KBr) 
v,,,: 1740, 1720, 1615; 'Hmr 6:  0.9 (3H, s, C(13)-CH,), 1.0 
(3H, d, J = 7 Hz, C(17)-CH,), 2.2 (3H, s, acetyl), 3.8 (3H, s, 
CH,O), 5.1 (1H, d, J = 5 Hz, C(17a)-H); ms m/e: 370 (M'). 
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DAS ET AL.  3317 

Since a single isomer was obtained in high yield in this hydro- 
genation, it is assumed that the newly introduced H-atoms at 
C(9) and C(17) are both cl. 

A mixture of enedione 18 (100 mg) and P t 0 2  (10 mg) in 
methanol (10 mL) was stirred in H z  atmosphere at normal 
pressure. Three mol equivalents of H, were absorbed in 10 min, 
The usual workup gave a residue which on crystallization from 
Et20-hexane afforded hexahydro-18 (99 mg, -98%), mp 
173-176°C; ir v,,,: 3610, 3480 (broad), 1720, 1615, 1580; 
'Hmr 6:  0.8 (3H, s, C(13)-CH,), 1.0 (3H, d, J = 7 Hz, 
C(17)-CH,), 3.8 (3H, S, CH,O), 3.9 (lH, d, J = 5 HZ, 
C(17a)-H); ms mie: 328 (M+). 

Acetylation of this hexahydro-18 compound (100 mg) in 
boiling Ac20 (5 mL), followed by crystallization of the residue 
from CHC1,-Et,O gave a compound (98 mg, 8673, mp 
172-175'C, identical in all respects with tetrahydro-19 (R = 
0-acetyl) described above. The fact that the same C(17a)- 
epimer is obtained as the only product by catalytic hydrogena- 
tion and by hydride reduction of the C(17a)-carbonyl group in 
18 provides strong support for the stereochemistry assigned 
to 19. 

Concersior? o f  19 to 21 
Alcohol 19 (1.433 g, 4.42 mmol) was reacted with mesyl 

chloride (1.140 g, 10 mmol) in dry pyridine (20 mL) at O'C for 
16 h.  The solution was diluted with H 2 0  (80 mL) and extracted 
with CHCI,. Combined CHCI, extracts were washed with 5% 
HC1 and brine and dried over MgSO,. Removal of the solvent 
in cacrlo and crystallization of the residue from Et20-hexane 
gave crude 20 (1.420 g, 7874); ir v,,,: 1680, 1660 (sh), 1640 
(sh), 1610; 'Hmr 6: 0.9 (3H, s, C(13)-CH,), 2.0 (3H, narrow 
m, C(17)-CH,), 3.2 (3H, s, mesyl), 3.8 (3H, s, CH,O), 5.5 
(IH, m, C(17aj-H), 6.0 (2H, m, C(11)-H and C(16)-H). 

Crude mesylate 20 (1.420 g, 3.53 mmol) was refluxed in 
benzene-methanol (1 : 1,100 mL) for 12 h with freshly activated 
Zn dust. Fresh portions of Zn were added every few hours; the 
total of Zn used was 6 g. The mixture was filtered, the solid 
washed with benzene, the combined filtrate extracted with 
H,O, and the organic layer dried over MgSO, and evaporated 
in cuc~ro to give a crystalline residue (1.176 g, - 10073 showing 
two spots on tlc and consisting of 21 and its p,y-unsaturated 
isomer (nmr, ir). 

The mixture was treated with Na2C0,  (0.5 g) in boiling 
methanol (100 mL) and H 2 0  (5 mL) for 30 min. Dilution with 
H,O (200 mL), extraction with benzene, drying over MgSO,, 
evaporation it1 ~:acrro, and crystallization of the residue from 
benzene-hexane gave 21 (900 mg, 83%), mp 174-176°C; ir 
(KBr) v,,,,: 1670, 1650 (sh), 1640 (sh), 1610; 'Hmr S:  0.9 
(3H, s, C(13)-CH,), 1.9 (3H, broad s, C(17)-CH,), 3.8 
(3H, s, CH30), 5.9 (2H, m, C(11)-H and C(16)-H). Mol. 
Wt. calcd. for CZ1H2402: 308.1776; found (high resolution 
ms): 308.1777. 

Contiersion of Adduct 4 to 21 ~ ~ i i h o u i  Purij'icaiion 
of I~ziermedic~fes 

Adduct 4 (1.610 g, 5.0 mmol) was isomerized with NaHCO, 
(322 mg) in methanol (100 mL). Partition of the product 
between H 2 0  and CHCI, and evaporation of solvent in caclro 
gave crude 18 which was reduced with lithium aluminum tri- 
tevt-butoxyhydride (2.000 g, 7.88 mmol) in dry tetrahydro- 
furan (50 mL). Partition of the product between H,O and 
CHCI, and evaporation of CHCI, in tiacuo gave crude 19 from 
which mesylate 20 \\as prepared as described above. The crude 
mesylate was reduced with 211 dust (6 g) in boiling benzene- 
methanol (1 : 1, 100 mL). After solid material was removed by 
filtration, KzCO3 (2.0 g) in H,O (5 mL) was added, the mix- 
ture refluxed for 30 min, and the product obtained by partition 
between H 2 0  and benzene. Drying over MgSO,, evaporation 

in cacuo, and crystallization from bcnzene-hexane gave light 
tan needles of 21 (1.254 g, 81% for the 5 steps), mp 174-176°C. 

Cntrrlytic Rcd~rctioll o f  21 
Enone 21 (930 mg, 3.0 mmol) was hydrogenated in glacial 

acetic acid (20 mL) containing 10% Pd on CaC03 (100 mg) 
at normal pressure until 1 mol of H, was taken up. After 
filtration and washing of the catalyst with benzene, the filtrate 
was neutralized with aqueous hTaHC03 and the product 
extracted with benzene. Drying over MgSO,, evaporation in 
uacuo and crystallization from benzene-hexane gave 22 (785 
mg, 84%), mp 142-144'C; ir (KBr) v,,,: 1675, 1640, 1600, 
1580; 'Hmr 6: 0.9 (3H, s, C(13)-CH,), 1.9 (3H, broad s, 
C(17)-CH,), 3.8 (3H, s, CH,O), 3.8 (lH, narrow m, C(16)- 
H). Mol. Wi .  calcd. for C,,HZ602: 310.1933; found (high 
resolution ms): 310.1930. 

Conaersion of Enone 22 to Olefin 25 
Sodium bis(2-methoxyethoxy)aluminum hydride (0.84 mL 

of 70% benzene solution, 6.0 mmol) was added dropwise to a 
solutioll of 22 (752 mg, 2.42 mmol) in dry EtzO (20 mL) at 
ambient temperature. The mildly exothermic reaction was 
completed in - 10 min. The complex was destroyed with a 
small quantity of 2.5% aqueous KOH, product extracted with 
EtlO, solution washed with brine, dried over MgSO,, and 
evaporated in cacuo (20'C) to  give crude 23 (755 mg): two 
spots in tlc; ir (CCI,) v,,,: 3620, 1610; 'Hmr 6: 0.9 and 1.0 
(total 3H, two s in 1 :4  ratio, C(13)-CH,), 1.7 (3H, narrow m, 
C(17)-CH3), 3.8 (3H, s, CH,O), 4.3 ( lH,  broad m, C(15)- 
H), 5.7 ( lH,  m, C(16)--H). Compound 23 slowly decomposed 
on chromatography and on heating its solutions above 20°C. 

Crude 23 (755 mg, 2.42 mmolj was treated with freshly 
distilled Ac,O (15 mL) in dry pyridine (15 mL) at ambient 
temperature for 72 h. Dilution with E t20 ,  neutralization with 
aqueous NaHCO,, repeated extraction with Et20,  washing of 
combined extracts with 5% aqueous HCI and brine, drying 
over MgSO,, and evaporation in cacuo (all operations at or 
below 20°C) gave crude 24 (-800 mg); ir (CC1,) v,,,: 1730, 
1610; 'Hmr 6:  0.9 and 1.0 (total 3H, two s, C(13)-CH,), 
1.7 (3H, broad s ,  C(17)-CH,), 2.0 (3H, s, acetyl), 3.8 (3H, s, 
CH,O), 5.3-5.7 (2H, two m, C(16)-H and C(15)-H). 

Crude 24 from above was dissolved in dry tetrahydrofuran 
(50 mL) and added to liquid NH3 (200 mL). The solution was 
allowed to refl~lx (- 33°C) ancl Li metal (100 mg, 14.5 mmol) 
was added; deep blue color persisted during the reaction. After 
30 min, small portions of solid NH4C1 were added until color 
had discharged, NH, allowed to evaporate, residue in E t 2 0  
washed with 5 z  aqueous HCI and brine, dried over MgSO,, 
solvent evaporated in tincuo, and residue crystallized from 
Et20-methanol to give platelets of 25 (557 mg, 78% from 22), 
mp 96-97°C (lit. (36) mp 96'C); ir (KBr) v,,,: 1610, 1580; 
'Hmr 6:  0.8 (3H, s, C(13)-CH,), 1.7 (3H, broad s, C(17)- 
CH,), 3.8 (3H, s, CH30), 5.4 (1H, m, C(16)-H). Mol. Wt. 
calcd. for C,,H,,O: 296.2141 ; found (high resolution ms): 
296.2141. 

Forinntion of Keio Aldehyde 27 
A solution of olefin 25 (500 mg, 1.69 mmol) in dry pyridine 

(17 mL) containing O S O ~  (476 mg, 1.87 mmol) was stirred at 
ambient temperature for 2 h .  NaHSO, (1.02 g, 9.8 mmol) in 
HZO (10 mL) was added and the solution was stirred at 20°C 
for 30 min. The light red solution was poured into brine, 
extracted with CHCI,, combined CHCI, extracts were washed 
with 5 z  aqueous HCI, dried over MgSO,, and evaporated 
in vnc~ro to give crude diol 26 (- 560 mg) showing two spots 
in tlc. 

Crude 26 (560 mg, 1.69 mmol) in dry tetrahydrofuran (15 
mL) was treated with lead tetraacetate (914 mg, 2.06 mmol) 
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at 0°C for 5 min. Partition between CHC1, and a saturated 
NaHCO, solution, washing of organic layer with 5% aqueous 
HC1, drying over MgSO,, and evaporation in ~ a c u o  gave oily 
27 (550 mg, -9973, hon~ogeneous in tlc; ir (CC1,) v,,,,: 2710, 
1720 (broad), 1610; 'Hmr 6: 0.9 (31-1, s, C(13)-CH,) 2.0 
(2H, S, -CHI-C=O), 2.3 (3H, S, CH3-C=O), 3.7 (3H, S, 
CH,O), 9.7 ( lH,  narrow t, -CH=O); ms ~n, 'e:  328 (M+). 
Due to instability, 27 was not purified further. 

Cyclization to 28 
Crude 27 (550 mg, 1.68 mmol) was heated in tetrahydrofuran 

(20 mL) and 5 x  aqueous HCI (20 niL) at 75'C for 40 h. The 
solution was poured into brine, extracted with CHCl,, organic 
extracts dried over MgSO,, and evaporated in cac1ro to give 
crude product (520 mg) which was crystallized from methanol 
yielding yellowish needles of 28 (317 mg, 60.5%), mp 160- 
161.5"C (acetone-methanol) (lit. (36) mp 161-163'C); ir(KBr) 
v ,,,,,: 1660, 1610, 1585; uv A,,,: 229 (14 OOO), 277 (2 700), 
287 (2 380); 'Hmr 6 :  0.9 (3H, s, C(13)-CH,), 2.3 (3H, s, 
CH3-C=O), 3.8 (3H, s, CH,O), 6.8 (1 H,  m overlapping with 
aromatic protons, C(16)-H). Mol. Wt. calcd. for C2,H1602:  
3 10.1933 ; found (high resolution ms): 310.1927. 

The 'Hmr spectrum of the residue (- 200 mg) from crystal- 
lization of 28 indicated the presence of aldehyde 29 (signal at 
6 10.0, s) and of additional 28. 

Base Crrtaly~ed Condensation of 27 
A solution of 27 (80 mg, 0.24 mmol) in tetrahydrofuran 

(1 mL) and 2.5% aqueous KOH (5 mL) was heated to reflux 
under N 2  for 16 h. Extraction with CHCI,, washing of com- 
bined extracts with 5% aqueous HCI and brine, drying over 
MgSO,, and evaporation in cac~ro gave a residue which was 
purified by preparative tlc (silica gel, E t 2 0  - petroleum ether, 
3:7) to give: 

28 (10 mg, 13z),  mp 159-161cC; 
30 (32 mg, 40%), mp 151-153'C (methanol); ir (CCI,) v,,,: 

1710, 1670 (small), 1610; 'Hmr 6: 1.0 (3H, s, C(13)-CH,), 
3.8 (3H, s, CH30), 5.8 (2H, m, C(15)-H and C(16)-H); 
ms m/e: 310 (M'); 

31 (14 mg, 18%), oily; ir (CCI,) v,,,: 1665 (broad), 1610; 
uv I,,,: 220 (10 800); 'Hmr 6: 1.0 (3H, s, C(13)-CH,), 
2.5 (ZH, s, -CH,-C=O), 3.8 (3H, s, CH30) ,  6.0 (1H, dm, 
J 2 12 Hz, C(17)-H), 6.5 (1H, n ~ ,  overlapping with aromatic 
protons, C(16)-H); ms m/e: 310 (M'). 

d,l-Estvone Methyl Ether 
A solution of 28 (242 nig, 0.78 mmol) in pyridine (4 mL) 

and ethanol (20 mL) containing N H 2 0 H  . HC1 (139 mg, 2.20 
mmol) was heated under reflux for 45 min. Solution in CHCl,, 
washing with 5% aqueous HCI and brine, drying over MgSO,, 
and evaporation in aacrto gave crude oxime (270 mg), mp 
178-1 84°C. 

The oxime was reacted with methanesulfonyl chloride (0.4 
mL, 5.2 mmol) in dry pyridine (12 mL) at O'C for 30 min and 
at 20°C for 3 h. Water was added and the product was extracted 
with CHC1,. The solvent was removed in cacno and the residue 
dissolved in methanol (20 mL) containing 5 z  aqueous NaOH 
(5 mL). This solution was refluxed for 3 h, partitioned between 
H 2 0  and CHC13, and the combined extracts dried over MgS0, 
and evaporated in cacuo. Crystallization of the residue gave 
d,l-estrone methyl ether (90 n ~ g )  and additional product (28 
mg) was obtained by preparative tlc on silica gel for a total 
yield of 53%, mp 140-143'C (acetone-methanol) (lit. (27) 
mp 143-144°C); ir v,,,: 1730, 1610, 1570; (KBr) 1740, 1710, 
1680; 'Hmr 6:  0.9 (3H, s, C(13)-GH,), 3.8 (3H, s, CH,O). 

The synthetic material was found identical in ir spectra 
(CHCI, and KBr), 'Hmr spectra, and ms with the methyl ether 
prepared (27) from natural d-estrone. The synthetic and natural 

materials were also found identical on tlc with several solvent 
systems. 

d,l-Estrorze 
The methyl ether (35 mg, 0.12 nlmol) was niixed with freshly 

prepared pyridine hydrochloride (1.0 g) and heated at 210'C 
under N2 for 40 min. The cooled mixture was dissolved in 
CHCI,, the solution washed with 5% aqueous HC1 and brine, 
dried over MgSO,, and the solvent evaporated in crrcuo. The 
residue was dissolved in EtzO and the product extracted with 
1 7 2  aqueous KOH. Acidification of the aqueous layer, extrac- 
tion with ether, drying over MgSO,, removal of solvent in 
cucuo, and crystallization of the residue from methanol gave 
d,l-estrone (13 mg, 59x1, mp 249-253'C (acetone) (lit. (27) 
mp 251-254'C); ir v,,,: 3610 (sharp), 3340 (broad), 1735, 
1610;msm,le: 242(M+). 

Synthetic d,i-estrone was found to be identical with natural 
estrone in ir (CHCI,), ms, and tlc. 
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Pvridazino[3,4,5-delphthalazines. I. Synthesis of the heterocyclic system and 
key intermediates 
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JOHN E. FRANCIS, KARL J. DOEBEL, PAULA M. SCHUTTE, EDGAR C. SAVARESE, STEPHEN E. 
HOPKINS, and ERNST F. BACHMANN. Can. J. Chem. 57. 3320 (1979). 

1H-Pyridazino[3,4,5-delphthalazine (4) and 3-hydrazino-l(or 9)H-pyridazino[3,4,5-de]- 
phthalazinc (6) represent intramolecular hydrazones of the drugs hydralazine and dihydralazine. 
respectively. These novel heterocycles were synthesized by several different routes starting from 
2,6-dimethylbenzoic acid, 3-methylphthalic anhydride, or hemimellitic acid. Tetrabromination 
of 2,6-dimethylbenzoic acid with bromine and carbon tetrachloride under free radical condi- 
tions followed by treatment with dilute aqueous hydrazine hydrate produced pure 4 in yields 
up to 58%. Treatment of 3-methylphthalic anhydride with 2 mol of N-bromosuccinimide under 
radical conditions followed by reaction of the dibromo con~pound with hydrazine hydrate in 
methyl Cellosolve produced 3-0x0-3H-2,9(or 1,2)-dihydropyridazino[3,4,5-delphthalazne in 
60% yield. This intermediate was converted to the 3-thiono compound or 3-chloro-l(or 9)H-  
pyridazino[3,4,5-delphthalazine from which the hydrazine 6 was generated by hydrazine hy- 
drate treatment. This hydrazine was further characterized by conversion with acid chlorides to 
novel tctracyclic condensed triazolcs or by nitrous acid to a tctracyclic condenscd tctrazole. The 
unsubstituted heterocycle 4 was uninteresting in pharmacological screens but the hydrazine 6 
resembled hydralazine by lowering blood pressure in several animal test models and in limited 
clinical trials. 

JOHN E. FRANCIS, KARL J. DOEBEL, PAULA M. SCHUTTE, EDGAR C. SAVARESE, STEPHEN E. 
HOPKINS et ERNST F. BACHMANK. Can. J. Chenl. 57, 3320 (1979). 

Les composes suivants: 1H-pyridazino[3,4,5-de] phtalazine (4) et hydrazino-3 1 H  OLI 9H- 
pyridazino[3,4,5-de] phtalazine (6) representent des hydrazones intramoleculaires dans les 
drogues hydralazine et dihydralazine respectivement. Ces nouveaux heterocycles sont syn- 
thetises selon differentes methodes en partant de l'acide dimethyl-2,6 benzoi'que, de l'anhydride 
methyl-3 phtalique ou de l'acide hernirnellitique, La tetrabromation de l'acide di~nethyl-2,6 
benzoi'que par le brome dans le tetrachlorure de carbone sous forme de radical libre suivi du 
traitement par l'hydrate d'hydrazine diluee produit le compose 4 a I'etat pur avec des rende- 
ments pouvant atteindre 5 8 z .  Le traitement de I'anhydride methyl-3 phtalique avec 2 mol de 
N-bromosuccinin~ide dans des conditions radicalaires suivi de la reaction du compose dibrome 
avec l'hydrate d'hydrazine dans le methyl Cellosolve conduit au derive: 0x0-3 3N-dihydro-2,9 
(ou 1,2) pyridazino[3,4,5-de] phtalazine avec un rendement de 60%. Cet intermtdiaire est 
transforme en composC thiono-3 ou chloro-3 1 ( ~ L I  9) H pyridazino[3,4,5-de] phtalazine qui 
traite par I'hydrate d'hydrazine conduit a I'hydrazine 6 .  Cet hydrazine est de plus caracterise 
par sa transformation en triazoles tetracycliques condenses a l'aide de chlorures d'acides ou en 
tetrazoles tetracycliques condenses. L'heterocycle 4 non substitue n'est pas interessant du 
point de vue pharmacologique mais I'hydra~ine 6 resemble a I'hyclralarine en ce sens qu'elle 
fait baisser la pression sanguine lors de plusieurs tests chez les animaux et dans des essais 
cliniques limites. 

[Traduit par le journal] 

The antihypertensive drug hydralazine (I) syn- 
thesized by Druey more than thirty years ago (1) has 
staged a comeback recently (2) because the disturbing 
side effects produced by the body's reaction to the 
arteriolar dilating mechanism of action are counter- 
acted by co-administration of a diuretic agent and a 
0-adrenergic blocking drug (3). Although the com- 
bination of a diuretic and a 0-blocker is effective in 
the treatment of many patients with high blood pres- 

'Author to whom correspondence should be addressed. 

sure, the addition of an arteriolar dilating agent is 
effective for the treatment of a further population of 
resistant cases (4). 

Druey prepared many modifications of the hy- 
dralazine structure, including d~hydralazine (2), 
marketed in Europe. He also defined the most impor- 
tant structure-activity relationships in this class of 
compounds and suggested that the hydrazones of 
hydralazine could be useful prodrugs of the active 
principle (5). This concept is supported by a report 
on the investigational drug budralazine (3) (6) that 

0008-4042/79/243320- 12$01 .00/0 
@I979 National Research Council of CanadaIConseil national de recherches du Canada 
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describes the metabolic pattern of this drug as similar 
to that of hydralazine (7, 8). Hydrazones of hydra- 
lazine derived from acetone, pyruvic acid, and cc-keto- 
glutaric acid were identified in the serum and urine 
of patients taking hydralazine and these compounds 
may contribute significantly to the action of the 
parent drug (8). 

On the basis of Druey's hypothesis, we investi- 
gated a novel heterocyclic system that is formally an  
internal hydrazone of hydralazine, namely, 1 H-py- 
ridazino[3,4,5-delphthalazine (4),' the intramolecular 
cyclization product of the hitherto unknown 1-hy- 
drazinophthalazine-8-carboxaldehyde (5). In the 
course of this work, we prepared a similar structure 
related to dihydralazine, namely, the hydrazino 
compound 6 ,  a second important target. 

Since portiolls of this work have appeared only id 
the patent literature (9, 10) and in reviews (1 1, 121, 
we wish to describe the synthesis of the target com- 
pounds, some of the properties of this novel hetero- 
cyclic system, and the biological results related to the 
rationale for this project. 

In  designing the synthesis of these compounds, we 
saw that all nine carbon atoms could be derived from 
an oxidized 1,2,3-trimethylbenzene, in which the 
2-niethyl group is at  the highest oxidation stage 
(carboxylic acid or equivalent) and the 1- and 3-sub- 
stituents are at  the aldehyde stage or  the carboxylic 
acid stage. The nitrogen atoms could then be intro- 
duced by the use of hydrazine. Therefore, the hetero- 
cycle 4 would be prepared from 2,6-diformylbenzoic 
acid (7) or an  equivalent synthon, whereas the hy- 
drazine 6 would be generated from 3-formylphthalic 
acid (8) or  equivalent. A hemimellitic acid deriva- 
tive, such as the triester 9, seemed another likely 

'In previous publications and patents, compounds wlth this 
ring system were called 1,2,8,9-tetraazaphenalenes. The text 
name is preferred by Chemical Abstracts. 

starting material as it could be reacted with hydrazine 
and then reduced to the desired ~ r o d u c t .  In fact. we 
carried out all of these proposed schemes success- 
fully. 

The unsubstituted heterocycle mas prepared first 
by a straightforward approach. 2,6-Dimethylben- 
zoic acid (10) (13) was converted to 2,6-bis(dibrom0- 
n1ethyl)benzoic acid (11) smoothly with 4 mol of 

COOCH3 

g c o o H  e H 3  

CHO COOH COOCH3 

7 8 9 

bromine in carbon tetrachloride at reflux under 
tungsten lamp illumination. The tetrabromo com- 
pound crystallized directly from the reaction, usually 
in high yield and good purity. The reaction was un- 
successf~il when N-broniosuccinimide was tried. 
Treatment of 11 with aqueous base followed by 
aqueous acid gave the desired intermediate, assigned 
structure 12 rather than 7 based on infrared spectral 
data indicating a hydroxyphthalide structure (14, 
15). Either 11 or 12 on prolonged reflux in a 10-1597, 
solution of hydrazine hydrate (99-100%) in water 
yielded the desired heterocycle 4. When the reaction 
was worked up after an hour or  hydrazine hydrate 
in ethanol was used as the reaction medium, the 
hydrazone of l(2H)-phthalazinone-8-carboxaldehyde 
(13) was the only product isolated. Attempted puri- 
fication of 13 bv recrvstallization from water. methyl 
Cellosolve, acetic acid, or attempted derivatization 
with benzaldehyde or  acetic anhydride yielded only 
the highly insoluble wine 14 on workup. Attempted 
intramolecular cyclization of 13 in hot dimethyl- 
formamide or dimethylacetamide produced some of 
the desired tricyclic product but contaminated by 
starting material and unidentified ilnpurities. The 
dry hydrazone could be sublimed unchanged but  
attempted aqueous acidic hydrolysis or  treatment 
with aqueous sodium hydroxide produced the azine. 
Attempted cyclization in 10% aqueous organic bases 
such as piperidine or  pyridine produced largely the 
azine and only traces of the desired heterocycle. 
However, when the hydrazone h a s  heated at  reflux 
in 10Y, aqueous hydrazine hydrate for a day, the 
tricyclic structure was obtained in good yield. The 
aldehyde 12 was reacted with more concentrated 
aqueous hydraziile hydrate in attempts to improve 
the yield and reduce the amount of solvent. U p  to a 
strength of 4 0 7  hydrazine hydrate, the yield of 4 was 
still acceptable although contamination increased, 
but with 60 or  852 aqueous hydrazine hydrate, the 
hydrazone 13 was the only isolable product after 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



3322 CAK. J CHEM VOL. 57 .  1979 

three days a t  reflux. After one week a t  reflux, the 
only isolable product, surprisingly, was the Wolff- 
Kishner product 8-methyl-l(2H)-phthalazinone (15). 
A small amo~ln t  of this same material was isolated 
as the only identifiable product from the reaction of 
11 with hydrazine hydrate in refluxing methyl Cello- 
solve. 

The tricyclic product 4 was obtained in bright yel- 
low crystals from ethanol or  water and was very 
stable up to its decomposition point just below 300°C. 
I t  was stable to aqueous acid and base and formed 
salts with methanesulphonic, hydrochloric, and 
maleic acids. This stability contrasts sharply with 
that of 1H-benzo[de]quinoline 16 (16) even though 
both heterocycles have the required number of 7c 

electrons to satisfy the Huckel rule for aromaticity 
(17). The l ~ m r  spectrum of 4 at  room temperature 
showed a seven peak multiplet in the aromatic region 
(A,B pattern) corresponding to  three protons. The 
protons at  positions 3 and 7 appeared as a singlet and 
the exchangeable proton on nitrogen was visible 
downfield as a broad singlet in deuterated dimethyl- 
sulphoxide. Thus, although the structure 4 is written 
for convenience as if hydrogen were localized at  N-1, 
the molecule behaves as a tautomeric hybrid sym- 
metrical about the line joining carbons a t  positions 
9a,  9b, and 5. The 13Cmr spectrum also agrees with 
this structure, although the carbon a t  position 9 b  
could not be located in the spectrum. Treatment of 4 
with fuming nitric acid in sulphuric acid gave the 
4,6-dinitro derivative 17 in 4 9 x  yield. Attempted 
reduction of 17 to a mono- or diamino compound 
gave only intractable material. 

A more versatile intermediate for preparing all of 
the pyridazino[3,4,5-delphthalazines unsubstituted 
a t  positions 4, 5, and 6 was derived from 3-methyl- 
phthalic anhydride (18) (17). Bromination of this 
anhydride with 2 mol of I\i-bromosuccinimide in 
carbon tetrachloride, heated and illuminated by an 
immersion-type Mercury vapour lamp, gave the 
dibrornomethyl compound 19. This was converted 
by aqueous base followed by acid to the cyclized 
form of 8, the hydroxyphthalide structure 20. This 
valuable intermediate combined excellent shelf life 
with sufficient reactivity for our purposes although 
we explored other reactive intermediates with a 
similar oxidation state. For  example, treatment of 20 
with methanol and sulphuric acid gave mainly the 
reactive pseudo-ester 21. 

Another route to reactive intermediates involved 
a two-stage oxidation. Monobromination of 18 
yielded the bro~nomethyl compound 22 (19) which 
was converted by aqueous base followed by acid to 
phthalide-7-carboxylic acid (23) (20). Conversion to 
the acid chloride 24 (20) followed by bromination 

COOH COOCH3 

under radical conditions gave the highly reactive 
intermediate 25. Alternatively, 24 was converted to 
the ethyl ester 26 and then brominated to interme- 
diate 27. 

The work of Bird and Turner on the selective 
esterification of 3-chlorophthalic acid (21) encour- 
aged our similar approach with 3-methylphthalic acid. 
Treatment of the diacid with methanol and sulphuric 
acid gave the desired half ester 28 in 6 5 z  yield along 
with 2 6 x  of the diester 29 (22). Careful saponifica- 
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tion of 29 produced the alternate half ester, 2-car- 
bomethoxy-3-methylbenzoic acid (30). Free radical 
bromination of 28 produced the dibromomethyl 
derivative 31, which was now at  the desired oxidation 

-COOH 

&COOCH3 + &coOcH3 

COOCH3 COOH 

stage. The structure of the half ester 28 was elucidated 
unanlbiguously by a classical approach. Reduction 
of the sodium salt of 28 with sodium borohydride 
and aluminum chloride in diglyme followed by an 
acid workup yielded 7-niethylphthalide (32) (23). 
Treatment of 32 with N-bromosuccinimide follo\ved 
by ethanolic hydrazine hydrate yielded 8-methyl-l- 
(2H)-phthalazinone (85). Methylation of 15  gave the 
2-methyl derivative 33 which was smoothly bromi- 
nated to the tribromo compound 34. Aqueous 
alkaline treatment of 34 follo\ved by neutralization 
produced l (2  H )  - phthalazinone - 8-carboxaldehyde 
(35), not obtained previously. This aldehyde was 
converted smoothly by 10% hydrazine hydrate to the 
tricyclic compound 4. This sequence proved the 
structure of the intermediates, as well as that of the 
half ester 30, over which there is some uncertainty 
in the literature (24, 25). This also completed another 
synthesis of the main target structure. 

35 34 

Regrettably, other attempts to use the bulk of the 
methyl group In preparlng key inteimedlates mere 
unsuccessful. Reduction of 3-methylplilhal~c anhy- 
d r ~ d e  w ~ t h  zinc-cuprlc sulphate in acid gave a 
53 47 mixture of 4-methylphthalide (35) and 

7-methylphthalide (32) as determined by a combina- 
tion of vapour phase chromatographic separation 
and infrared spectral analysis. Reduction of the anhy- 
dride with 0.5 mol of lithium aluminum hydride in 
tetrahydrofuran gave a methylphthalide mixture 
only slightly richer in the desired 7-methylphthalide 
(59:41). Unknown to us at  the time, Newman and 
Leegwater carried out a variation of this reduction 
leading to 7-methylphthalide in 69% yield (23). Con- 
version of 18 to 3-methylphthalimide 370 (26) fol- 
lowed by treatment with zinc - cupric sulphate in 
alkali gave a phthalide mixture so enriched in the 
undesired isomer (91 :9 )  that it served as a method 
for preparing 4-methylphthalide. Another promising 
route was suggested by the work of Horii et al. 
(27) on the reduction of phthalin~ides to hydroxy- 
phthalimidines. Accordingly, 3-methylphthalimide 
(37a), the N-phenyl compound 37b, and the p-nitro- 
phenyl derivative 37c were each reduced 11-ith meth- 
anolic sodium borohydride to the corresponding 
hydroxyphthalimidine (38a-c). Each of these com- 
pounds, on treatment with ethanolic hydrazine hy- 
drate, gave the undesired 5-methyl-1 (2H)-phthal- 
azinone 39. 

34 40h R = OH 
40c R = OCH, 

This same phthalazinone was prepared by bromi- 
nation of 4-n~ethylphthalide with N-bromosuccin- 
h i d e  followed by ethanolic hydrazine hydrate. The 
bromo compound 40a was further characterized by 
conversion to 3-hydroxy-4-methylphthalide 40b and 
its methyl ether 40c. N o  attempt was made to deter- 
mine how much of the desired intermediates could 
be gleaned from the mother liquors of 38n-c 
once it became obvious that this approach was un- 
suitable for large scale preparations, especially since 
more viable routes were discovered. 

The intermediates 19,20,21, 25, and 31 were all con- 
verted in one or  two stages to 3-oxo-3H-2,9(or 1,2)- 
dihydropyridazino[3,4,5-delphthalazine 41, a versa- 
tile intermediate for many derivatives with this ring 
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system (9, 10). The shortest route, treatment of 19 
with hydrazine hydrate in methyl Cellosolve a t  re- 
flux for 24 h or more, produced 41 in 75-80% yields. 
Milder treatment of intermediates 19 or  20 with 
hydrazine hydrate gave 3,4-dihydro-4-0x0-5-phthala- 
zinecarboxylic acid (420) which was further reacted 
with 85% hydrazine hydrate over 34 days to produce 
41 in 65% yield. The intermediate 27 was converted 
in ethanolic hydrazine hydrate to the ester 42b which 
was used for other purposes, but the methyl ester 
42c was prepared from the acid 42cr either by treat- 
ment with diazomethane or by reaction with thionyl 
chloride followed by methanol, and this ester was 
converted to 41 in refluxing ethanolic hydrazine 
hydrate. 

The cyclic hydrazide 41 was converted to the 
thiohydrazide 43 with phosphorous pentasulphide 
in pyridine which was then reacted with hydrazine 
hydrate, preferably in boiling methyl Cellosolve, 
t o  produce the second major synthetic target 6 .  This 
was characterized as a dihydrochloride or a dimesy- 
late but was most conveniently purified by conver- 
sion to its benzylidene hydrazone which was recrys- 
tallized and then boiled with hydrochloric acid until 
the benzaldehyde steam distilled out of the mixture 
and the dihydrochloride of 6 remained. Alternatively, 
41 was converted to the chloro compound 44 with 
phosphoryl chloride from which 6 was prepared with 
hydrazine hydrate. Con~pounds  43 and 44 were con- 
verted to the parent heterocycle 4,  although in poor 
yield, by the use of Raney nickel in ethanol - methyl 
Cellosolve and red phosphorous in hydriodic acid, 
respectively. The hydrazine 6 was converted to 4 
rather well with cupric sulphate a t  neutral p H  in the 
presence of oxygen or, even better, by warming in 
phosphate buffer at  p H  7.2. When the reaction was 
carried out in deuterium oxide, 3-deuterio-l( or  9)H- 
pyridazino[3,4,5-delphthalazine was obtained. 

Finally, the tricyclic system was synthesized from 
trimethyl he~~lirnellitate 9 (28) or dimethyl-3-car- 
boxyphthalate 45 (20). Each of these esters was 
reacted with hydrazine hydrate in methyl Cellosolve 
at  prolonged reflux to form a bright orange high 
melting solid believed to be 7-hydroxy-3-0x0-3H- 
2,9-dihydropyridazino[3,4,5-de]phthalazine 46, or  a 
tautomer, which was converted with phosphorous 
pentachloride - phosphoryl chloride to the 3,7- 
dichloro con~pound 47, as its hydrochloride from 
which 4 was obtained after treatment \\ith red phos- 
phorous and hydriodic acid. 

45 

The hydrazine 6 was further derivatized in different 
ways. Reaction with aromatic aldehydes generally 
yielded coloured high melting solids (see Experimen- 
tal). With benzoyl or acetyl chloride or  trifluoro- 
acetic acid, three examples of a new heterocyclic 
system 480-c, were obtained. Nitrous acid treatment 
of 6 produced yet another new heterocycle, the con- 
densed tetrazole 49.  

48u R = C,H, 49 
48b R = CH, 
48c R = CF, 

Biological Results 
The target compounds 4 and 6 were investigated 

for antihypertensive activity. Compound 4 was 
tested intravenously in the anaesthetized cat and the 
Nembutal anaesthetized dog. Impressive falls in 
blood pressure were observed with increased in- 
tensity and duration of action as the dose was in- 
creased. The compound also caused a fall in blood 
pressure with tachycardia in the normotensive rat. 
In  the Goldblatt dog (29), it caused hypotension of 
short duration i.v. but only marginal oral activity. In 
the neurogenic hypertensive dog (30), the compound 
was inactive. Acute LD,, studies indicated an  insuf- 
ficient therapeutic index to warrant further study. 
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The dihydrochloride of 6,  under the code number 
GPA 1595, caused pronounced and prolonged blood 
pressure depression i.v. in the anaesthetized cat n i th  
increased coronary and fen~oral  artery flow and in- 
creased cardiac contractile force. In DOCA rats it 
caused a substantial blood pressure fall when given 
orally. In the Goldblatt dog, GPA 1595 given i.v. 
produced a pronounced drop in blood pressure 
~ i t h i n  thirty minutes and a gradual drop in blood 
pressure by the oral route. The peak effect a t  4+ h 
was accompanied by pronounced tachycardia. Good 
activity in this model was demonstrated even at  low 
oral doses. Based on acute and chronic toxicity 
studies, this drug was much less toxic than 4 and 
was recommended for clinical trial. In  limited trials, 
GPA 1595 caused hypotension in man accompanied 
by tachycardia and a high incidence of headache 
as one might expect of a peripheral vasodilator. 
Since no advantage over hydralazine could be 
demonstrated, the con~pound was not further pur- 
sued clinically. The benzylidene hydrazone of 6 was 
inactive in the anaesthetized cat i.v. but shoued 
significant blood pressure activity orally in the 
Goldblatt dog after 33 h, possibly as it was acting as 
a pro-drug of GPA 1595. None of the other deriva- 
tives of 6 were of pharmacological interest. 

Key intermediates in the synthesis of 4 and 6 
proved to be valuable sources of many other tricyclic 
con~pounds and these will be reported in later pub- 
lications. 

Experimental 
Melting points (uncorrected) were determined on  a Thomas- 

Hoover capillary apparatus or, i f  above 220°C, on  a Reichart 
hot stage apparatus. Infrared spectra (ir) reported in wave 
numbers ( cm- I )  for the principal peaks in Nujol ( N ) ,  potas- 
sium bromide (KBr),  or chloroform (CHCI,), were measured 
on a Perkin-Elmer model 137 calibrated with respect t o  the 
1602cm-' band o f  polystyrene or on a model457 grating instru- 
ment. Proton magnetic resonance spectra ( 'Hmr) were mea- 
sured on a Varian A-60D or a Varian EM-390 spectrometer in 
DMSO-d, unless otherwise stated, with peaks reported ill ppm 
relative t o  tetramethylsilane as internal standard. Ultraviolet 
spectra (uv) mere recorded on a Cary 14B spectrophotometer 
in nanometers with E values in parentheses. 

2,6-Bisjc1ibromomerhyl)benzoic Acid (11)  
In a 3 L ,  3-necked Pyrex flask equipped with magnetic 

stirrer, dropping funnel, and upright condenser, a solution o f  
2,6-dimethylbenzoic acid 10 (17 g) (13) in carbon tetrachloride 
(1200 m L )  was heated t o  incipient reflux under close range 
illumination with a 250 W tungsten lamp. Bromine (75 g) in 
CCl, (350 m L )  was added dropwise rather rapidly t o  maintain 
vigorous reflux. During this period o f  about 30 min,  HBr was 
evolved vigorously and a white precipitate formed. When  
evolution ceased, the mixture was cooled, filtered, and the 
precipitate washed with fresh solvent and oven dried at re- 
duced pressure. The  yield o f  I t  was 90% o f  theory and re- 
quired no further purification, m p  203-206cC; ir ( N ) :  1675; 
' H m r  (CDCl,): 7.6-8.6 ( m ,  3H, aryl + CHBr,). Anal. calcd. 

for C,H,Br,O,: C 23.21, H 1.30, Br 68.64: found:  C 23.49, H 
1.07, Br 68.69. 

3-Hydi.oxyphfhalide-7-car.boxuldehyde 112) 
The acid 11 (37.2 g) was added gradually t o  a stirring solu- 

tion o f  5% aqueous Na,C03 (600 m L ) ,  heated on a steam bath 
until a clear solution was obtained, and then cooled and acidi- 
fied with concentrated HCI. The  white precipitate was col- 
lected (9.12 g) and combined with a second crop (2.57 g) ob- 
tained from the mother liquor by continuous chloroform 
extraction over 24 h.  Recrystallization from benzene-hexane 
yielded a colourless solid, m p  127-133'C, unchanged by fur- 
ther recrystallizations: ir ( N ) :  3250, 1740, 1690, 1590. Anal. 
calcd. for C 9 H 6 0 3 :  C 60.67, H 3.40; found: C 60.62, H 3.25. 

1 f2H j -Plzthaluzinone-8-cavbo.raldehq.rle Hydrazone ( 1  3 j 
(a )  The  aldehyde 12 (6.0 g) was added to  a stirring solution 

o f  hydrazine hydrate (99-loo%',, 100 m L )  in water (65 m L )  
and heated at reflux for 30 min. The  hot solution was filtered 
free o f  a little solid and refrigerated overnight. The  off-white 
solid was collected, washed with water, and dried in cacuo at 
40'C for 66 h ,  n ~ p  235-237'C. A portion was sublimed at 
120cC:0.05 Torr for microanalysis, m p  235-237'C; ir (KBr ) :  
3380, 3275, 3175, 1635, 1560; ' H m r :  7.3 (br s, NU,), 7.8-8.4 
( n ~ ,  3H, aryl + -CH=N-), 9.6 (s, vinyl ring H ) ,  12.5 (br s, 
N H ) .  Ancrl. calcd. for C 9 H 8 N 4 0 :  C 57.43, H 4.29, N 29.77; 
found: C 57.28, H 4.23, N 30.04. 

(b) A mixture o f  50% hydrazine hydrate (41nL),  ethanol 
( lOmL) ,  and the acid 11 (466 mg)  was stirred at reflux for 
18 h.  The  clear solution was evaporated at reduced pressure, 
triturated with water, and filtered. The  precipitate (240 m g )  
was identical t o  the product obtained in method (a) .  

Azine I4 
A mixture o f  the hydrazone 13 (4.7 g) and 0.1 N NaOH 

(550 m L )  was heated under reflux for 24 h ,  cooled, and the 
white precipitate collected, washed with water, and oven dried 
h~ cacuo. Y ie ld:  17.4 g (3773, m p  > 350'C; ir ( N ) :  3250, 1670. 
Anal. calcd. for C I 8 H l 2 N 6 0 z :  C 62.78, H 3.52, N 24.41; 
found: C 62.71, H 3.57, N 24.47. 

3-(Dibr.omomethyl)phrhulic Anlzy(li.ide 119) 
A mixture o f  3-methylphthalic anhydride (81 g) (18), 

AT-bromosuccinimide (182 g), benzoyl peroxide (140 mg),  and 
carbon tetrachloride (1.5 L )  was irradiated and heated at re- 
flux in a Pyrex vessel with a 100 W Hanovia insertion-type 
ultraviolet lamp under magnetic stirring and moisture exclu- 
sion. The  mixture turned brick red and an additional 140 mg 
o f  peroxide were added. The  reaction was continued for 
16.5 h ,  cooled, filtered free o f  succirlinlide and evaporated to 
dryness at reduced pressure. The  residual solid was dissolved 
in hot ether, decolourized with charcoal, and the filtrate re- 
duced in volume on a steam bath as n-hexane was gradually 
added to  incipient crystallization. After refrigeration over 18 h 
the white solid was collected, washed with n-hexane, and dried 
in c a c ~ ~ o .  The  product (120 g, 75%), lnp 93-94.SZC, was used 
without further purification. Another sample, recrystaked 
from ether-hexane, gave colourless needles, m p  93-95°C; ir 
( N ) :  1850, 1790, 1755; ' H m r :  7.6-8.6 ( m ,  3H, aryl + CHBr,). 
Anal. calcd. for C9H,Br,O3: C 33.78, H 1.26, Br 49.92; found: 
C 33.66, H 1.20, Br 49.41. 

3-Hyrli.o.ryphrhalide-7-cnrbmylic Acid (20) 
The  anhydride 19 (40 g) was added in portions t o  a hot 

solution o f  2 N NaOH (500 m L )  under stirring. The  clear 
solution was acidified with concentrated HCI, heated at 80cC 
for 0.5 h ,  and evaporated t o  dryness at reduced pressure. The  
residue was dissolved in hot water (600 mL) ,  treated with 
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charcoal, and filtered. After 3 days at jCC, the filtrate yielded 
colourless blocks (21.3 g, 8873, mp 163.5-166°C. Two recrys- 
tallizations from water raised the n ~ p  to 165.5-168.5-C: ir (N): 
3320, 2800-2200 (broad), 1720, 1590; 'Hmr: -7.0 (br s, 
OH), 7.7-8.1 (m, 3H, aryl + benzylic H ) .  Anal. calccl. for 
C9H605:  C 55.68, H 3.12; found: C 55.98, H 2.99. 

Methyl-3-methoxyphthalide-7-carboxylate (21)  
A mixture of hydroxyphthalide 20 (19 g), absolute methanol 

(167 mL), and concentrated H,SO, (IOmL) was heated at 
reflux under moisture exclusion for 5 h. The mixture was distilled 
to remove ca. 100 mL of liquid, poured into ice-water (350 
mL), and extracted with CHCI, (3 x 100 mL). The extract 
was washed with 5% Na,CO,, dried (Na,SO,), and concen- 
trated to dryness at reduced pressure. The residue was tritu- 
rated with ether to obtain the first crop (6.6 g), mp 94-97'C. 
Concentration of the mother liquor and gradual treatment with 
n-hexane gave two additional crops of solid (4.7 g). The first 
crop was twice recrystallized from ether to afford colourless 
needles, mp 94-97'C; ir (CCI,): 1790, 1735; 'Hlllr (CDCI,): 
3.7 (s, CH,O), 4.1 (s, CH,O), 6.4 (s, -CH-), 7.7--8.0 (m, 
3H, aryl). Anal. calcd. for C,,H,,O,: C 59.48, H 4.54; found: 
C 59.66, H 4.35. 

Pllthalide-7-cnrbosqlic Acid (23)  
Crude 3-bromomethylphthalic anhydride (22, prepared 

according to ref. 19) (47.6 g, mp 74-87°C) was suspended in 
ethanol (100mL) and aqueous 2 N NaOH (500mL) and 
stirred at 80-C for 15 min. The pale yellow solution was cooled, 
acidified with concentrated HCI, heated 1 h at 8OCC, and then 
refrigerated overnight. The crystalline product (35 g, loo%), 
mp 166-169'C, was twice recrystallized from methanol to give 
the pure sample as colourless blocks, mp 168.5-171°C (lit. 
(20) mp 170-172°C); ir (CHCI,): 2750-2600 (broad), 1740, 
1715, 1290. Anal. calcd. for C,H,O,: C 60.66, H 3.40; found: 
C 60.41, H 3.35. 

Phthnlide-7-carbonyl chloride (24)  
The acid 23 was converted to the acid chloride 24 in re- 

fluxing benzene-SOC1, after 3 h. One recrystallization from 
benzene -n-hexane gave the pure product (7373, mp 92- 
96.5'C; ir (CHCI,): 1770, 1720, 1290. 

Ethyl Phtlialidc-7-car-boxjllate (26)  
Acid chloride 24 (30.8 g) was heated at reflux in absolute 

ethanol (184.5 mL) for 30 min, cooled, and the first crop of 
ester collected. Evaporation of the mother liquor and tritura- 
tion with cold ethanol gave the second crop. Recrystallization 
of the combined material from benzene yielded white crystals 
(23.1 g, 65%), mp 89.5-92.5"C. Recrystallization from ethanol 
gave the pure ester., mp 90.5-92°C; ir (CHCI,): 1770, 1720; 
'Hmr (CDCI,): 3.1 (t, CH,), 4.45 (q, CH,-CH,), 5.3 (s, 
benzylic CH,), - 7.7 (m, 3H, aryl). Anal. calcd, for Cl,Hl0O4: 
C 64.07, H 4.89; found: C 64.10, H 4.88. 

2-Carbomethoxy-6-n~ethylhenzoic Acid (28)  
3-Methylphthalic acid was obtained by dissolution of the 

anhydride 18 in dilute aqueous NaOH at 80-C within 0.5 h, 
acidification with HCI, and recrystallization of the resulting 
precipitate from ethyl acetate - n-hexane, mp 156.5'C (lit. 
(26) mp 154°C). A mixture of 3-methylphthalic acid (18 g), 
methanol (180 mL), and concentrated H2SOL (1OmL) was 
heated at reflux for 6 h under moisture exclusion. It  was con- 
centrated at reduced pressure to one-third volume, poured into 
ice-water, and extracted with chloroform. The chloroform 
solution was extracted with 10% aqueous Na2C03 and the 
carbonate layer acidified with concentrated HCI, whereupon 
the crude ester crystallized (12.7 g, mp 85-98°C). Three recrys- 
tallizations from benzene-hexane yielded the pure product 

(8.0g, 41%), mp 110.5-111.5cC; ir (CHCI,): 2700-2300 
(broad), 1720. Annl. calcd. for C1oH,oO,: C 61.85, H 5.19; 
found: C 61.97, H 5.08. 

The chloroform layer containing the diester 29 was dried 
(Na,SO,) and concentrated at reduced pressure to a pale 
yellow oil (5.5 g) which gradually crystallized. It was recrystal- 
lized from benzene-hexane, mp 40-44°C (lit. (22) mp 42.5- 
44°C); ir (CHCI,): 1720. 

2-Carbomethoxy-3-methylbenzoic Acid ( 30 )  
Dimethyl 3-methylphthalate (29, 20.79 g) in ethanol (25 mL) 

was added to a solution of KOH (5.61 g) in water (75 mL) and 
the mixture heated 2 h at reflux on the steam bath. The pH was 
adjusted to 8 with a few drops more of alkali and the solution 
extracted with ether. The ether extract was washed with brine, 
dried over Na,SO,, and concentrated to dryness to recover 
3.8 g of diester. The alkaline solution was cooled and acidified 
with concentrated HCI to produce the crude monoester 
(15.05 g), mp 66-84°C. It was twice recrystallized from ben- 
zeae-hexane with charcoal, twice from methanol-water, and 
again from benzene-hexane to yield the pure half ester (7.05 
g), mp 114-115'C; ir (N): 2700-2300 (broad), 1720, 1690 
(shoulder). Anal. calcd. for C,,H,,O,: C 61.85, H 5.19; 
found: C 62.05, H 4.95. Mixed mp with 28: 67-84C. 

7-Methylphthalide (32) 
(a) Sodium methoxide (16.7 g) in methanol (500 mL) was 

reacted with 2-carbomethoxy-6-methylbenzoic acid (28, 
58.6 g) in methanol (500 mL) and the clear solution evaporated 
to dryness in vacuo. The dry powder was kept in a desiccator 
over P,O, until ready to be used. This sodium salt (54 g) was 
treated with 1 M NaBH, in dry diglyme (distilled over CaH, 
and then LiAlH,) (500 mL). Under vigorous stirring and mois- 
ture exclusion, 2 M AlC1, in dry diglyme (200 mL) was added 
dropwise. The exotherm was controlled with an ice bath during 
addition, stirred at 75'C for 1 h, cooled, and then quenched in 
ice (500 mL) containing concentrated HCl(200 mL). The mix- 
ture was heated 1 h at 60-8OCC, allowed to stand overnight, 
and extracted with chloroform. The dried (Na,S04) chloro- 
form solution was distilled at the water pump to remove chlo- 
roform and diglyme and the residual oil distilled at high 
vacuum. The fraction hp 106-1203C/0.8 Torr (21.4g, 58%) 
solidified in the receiver and was recrystallized from benzene- 
hexane, methanol-water, and again from benzene-hexane to 
afford pure 7-methylphthalide, mp 86-87.5'C (lit. (23) mp 
83-85'C); ir (CHCI,): 1750; 'Hmr (CDCI,): 2.6 (s, CH,), 5.2 
(s, CH,), -7.3 (m, 3H, aryl). Anal. calcd. for C9H802: C 
72.96, H 5.44: found: C 72.92, H 5.28. 

(b )7 -~e thy l~h tha l ide  was also prepared from 2,6-dimethyl- 
benzoic acid essentiallv as described bv Newman and Lee~water 
(23) except that the acih was bron1ina;ed rather than the methyl 
ester. 

8-Metlzyl-l(2Hjphthalazinone (15) 
A mixture of 7-methylphthalide (14.8 g), N-bromosuccin- 

imide (18 g), benzoyl peroxide (50mg), and carbon tetra- 
chloride (200 mL) was heated to incipient reflux under mois- 
ture exclusion and then illuminated externally by a 1000 W 
tungsten lamp. A vigorous reaction occurred, the mixture 
turned dark orange, and gradually it became colourless. The 
mixture was cooled, filtered free of succinimide, and concen- 
trated to dryness at reduced pressure. The pale yellow oil 
(22.85 g), ir (CHCI,): 1780, thought to be 3-bromo-7-methyl- 
phthalide, was used directly without further purification. The 
bromophthalide (18 g), absolute ethanol (200 niL), and hy- 
drazine hydrate (20 mL) were stirred at reflux 18 h. The solu- 
tion was evaporated to one-half its volume and the crystalline 
material collected. Addition of water to the filtrate gave a 
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sccond crop. The combined product (11.3 g, 87%), nlp 184- 
187.5"C, was recrystallized from ethanol with charcoal and 
twice from 1 : 1 ethanol - 0.05 AT HC1 to afford white crystals, 
mp 191-192.5 C: ir (N):  3120, 1650, 1565; 'Hrnr: 2.9 (s, 
CH,), 7.5-7.9 (m, 3H, aryl), 8.3 (s, vinyl H),  12.6 (s, NH). 
Anal. calcd. for CgH8N20:  C 67.49, H 5.04, N 17.48; found: 
C 67.34, H 4.95, N 17.25. 

2,8-Dirnethyl-l12H)-phthalazinone (33) 
A mixture of 8-methyl-l(2H)-phthalazinone (1.6 g), 4 N 

NaOH (2.5 mL), methyl iodide (1 mL), and methanol (25 mL) 
was heated at reflux for 1 h, quenched in ice-water and the 
precipitate washed with water and air dried. This material 
(1.0 g), mp 98-10l5C, was combined with 1.5 g from a second 
run and recrystallized from cyclohexane to afford the pure 
material (1.6 g), mp 98-101'C; ir (N): 1640, 1575; 'Hmr: 2.86 
(s, CH,), 3.68 (s, N-CH,), - 7.4 (m, 3H, aryl), 7.83 (s, vinyl 
H).  Anal. calcd. for CloHloNzO: C 68.94, H 5.79, N 16.09; 
found: C 68.72, H 5.66, N 16.20. 

2-B~omomerhyl-8-dibroniomerlzyl-I (2H)-phthalazinone (34) 
A mixture of 2,8-dimethyl-l(2H)-phthalazinone (400 mg), 

benzoyl pcroxide (20 mg), and carbon tetrachloride (50 mL) 
was raised to reflux and bromine (0.5 mL) in CCl, (50 mL) 
added dropwise. The mixture was heated and illuminated 
externally 3 h longer with a 250 W infrared lamp. The solution 
was evaporated to dryness and the residual solid (600 mg), 
mp 124-14OZC, recrystallized from benzene-hexane to give the 
pure compound (400 mg), mp 156-1 59'C; ir (N) : 1650; 'Hmr : 
5.97 (s, N-CH2-Br), 7.4-8.5 (m, 3H, aryl), 8.2 (s, vinyl H),  
8.86 (s, CHBr2). Anal. calcd. for C,,H,Br3N20: C 29.23, H 
1.72, N 6.82, Br 58.34; found: C 29.16, H 1.80, N 6.87, Br 
58.27. 

I (2H) -Phthalazinone-8-carboxaldehyde (35) 
A mixture of 34 (6.3 g) and 5% aqueous Na2C03 (200 mL) 

was heated 1 h on a steam bath, filtered hot, cooled, and the 
pH adjusted to 7 with HC1. The resulting white precipitate 
(1.0 g), mp 251-253^C, was recrystallized from water to give 
the pure aldehyde, mp 252-254°C. Anal. calcd. for C9H6N202 : 
C 62.06, H 3.48, N 16.09; found: C 61.84, H 3.38, N 16.23. 

Redrccrion of 3-Methylpllthalimide(37a) : 4-Afethylphthalide 
136) 

Zinc dust (72 g) and cupric sulphate solution (400 mg of the 
salt in 14 mL of water) were stirred into a paste and treated 
with 20:< NaOH solution (160 g). The mixture was cooled to 
4'C and 3-methylphthalimide (37a, 58.8 g) (26) added gradu- 
ally over 0.5 h under stirring and external cooling and then 
0.5 h longer at 5-8°C. It was diluted with water (100 mL) and 
stirred vigorously on a steam bath for 3 h. The mixture was 
filtered free of inorganic insolubles, acidified with concentrated 
HCI, heated 1 h on a steam bath, cooled, and extracted with 
chloroform. The extracts were dried (Na,SO,), concentrated, 
and the residual oil (48 g) distilled in uacuo. The fraction bp 
124-13lLC/1-0.9 Torr (27 g, 50%) was crystallized from ben- 
zene-n-hexane. The product (19.2 g), mp 66.5-68.5"C, was 
pure by vpc analysis and identical to a sample from another 
run purified by alumina chron~atography (Woelm, neutral, 
activity I) and recrystallized from benzene-n-hexane, mp 
69-70.5"C; ir (CHCl,): 1750; 'Hmr (CDCI,): 2.4 (s, CH,), 
5.2 (s, CH,), -7.4 (m, 3H, aryl). Anal. calcd. for C,H,O,: C 
72.95, H 5.44; found: C 72.96, H 5.36. 

In  another run, the concentrated CHC1, extract was distilled 
and the fraction bp 118-132"C,/0.3 Torr (45%) subjected to 
vpc analysis directly. The ratio of 4-methylphthalide to 
7-methylphthalide was 91 :9. 

3-Brort~o-4-methylpIzthrtlide (40a) 
4-Methylphthalide (14.8 g) was brominated as described 

for 7-methylphthalide (32) but without external illumination. 
The product was obtained as a solid (14.7 g), mp 86-9OCC, 
analytically pure, from the reaction after 50 min, ir (CHCI,): 
1790. Anal. calcd. for C9H7Br02:  C 47.61, H 3.11, Br 35.20; 
found: C 47.59, H 2.85, Br 35.07. 

3-Hydro,xy-4-niethylphthalide (lob) 
A mixture of 3-bromo-4-methylphthalide (5.0 g) and water 

(8.2 mL) was heated 35 min at reflux, the solid broken up with 
a spatula, water (20 mL) added, and reflux continued 25 min 
longer. The mixture was filtered hot and a white solid (1.2 g), 
mp 276.5-28O0C, collected. This was thought to be bis(4- 
methyl-3-phthalidyl) ether. The filtrate was cooled and white 
needles (2.15 g), mp 115-116.5"C, twice recrystallized from 
benzene-hexane to give the pure compound, mp 117.5-1 19°C; 
ir (N): 3550, 1765. Anal. calcd. for CgH803: C 65.85, H 4.92; 
found: C 65.68, H 4.84. 

3-Metkoxy-4-methylphthalide (40c) 
A mixture of 40a (4.0 g), methanol (25 mL), and concen- 

trated HCI (5 drops) was heated 1.5 h at reflux, cooled, fil- 
tered free of white solid (0.9 g, 281-291cC, ir identical to high 
melting solid in previous reaction), and evaporated at reduced 
pressure to a yellow syrup (2.5 g). Three crystallizations from 
methanol-water gave the pure sample, mp 61-63.5"C; ir 
(CHCI,): 1765; 'Hmr: 2.4 (s, CH,), 3.5 (s, CH,O), 6.6 (s, 
CH, benzylic), 7.5-7.8 (m, 3H, aryl). Anal. calcd. forCloHIoO3 : 
C 67.40, H 5.66; found: C 67.21, H 5.57. 

Reduction of 3-Metkylphthalic Anhydride 
(a) Lithium aluminum hydride (1.82 g) in dry tetrahydro- 

furan (THF) (150 mL) was added gradually to a stirring solu- 
tion of 3-methylphthalic anhydride (13 g) in dry THF (300 
mL) at OcC under moisture exclusion. The milky white sus- 
pension was stirred 1.5 h longer, excess hydride destroyed with 
ethyl acetate, and the mixture poured into ice and HCl. It was 
extracted with ether, the ether dried (Na,SO,), concentrated 
to a pale yellow oil (11.9 g), and distilled in z:crcuo. The product 
bp 114-123'C/0.9 Torr (8.86 g, 75%) was a mixture of 4- 
methylphthalide and 7-methylphthalide in the ratio 41 : 59, 
as shown by vpclir analysis. 

(b) A slurry of 3-methylphthalic anhydride (13 g), glacial 
acetic acid (40 g), and concentrated HCI (29 g) was treated 
gradually with a paste of zinc dust (17.8 g) in cupric sulphate 
(95 mg) in water (3.5 mL) at 25-30°C. It was heated 5 h on a 
steam bath under vigorous stirring, allowed to stand 16 h, 
filtered free of solid, diluted with water (75 mL), adjmted to 
pH 5 with K2C03 ,  heated 1 h and then cooled. The white solid 
which formed was dried over P Z 0 5  (9.9 g) and vacuum dis- 
tilled. The fraction bp 134-145'C/1 Torr (8.22 g, 70%) was a 
53:47 mixture of 4-methyl- and 7-methylphthalide (vpc/ir 
analysis). 

3-Methyl-N-pherzj~lphthalin1ide (37b) 
A mixture of 3-methylphthalic anhydride (24.3 g) ,  aniline 

(13.7 mL), and glacial acetic acid (100 mL) was heated 16 h at 
reflux, quenched in ice (200 mL), and the resulting precipitate 
washed with water and recrystallized from ethanol to give the 
pure product (26.78, 7573, mp 143.5-146°C; ir (CHCl,): 
1760, 1710. Anal. calcd. for Cl,H,,NO2: C 75.95, H 4.68, N 
5.91; found: C 75.84, H 4.69, N 6.01. 

Similarly, 3-methyl-N-(p-nitropheny1)phthalimide (37c) was 
prepared in 81% yield, mp 273-276°C. Recrystallized from 
dimethylformamide, white crystals, mp 274-276"C, were ob- 
tained.Infrared(KBr): 1775,173O.Anal.cal~d.forC~~H~~N~O~: 
C 63.83, H 3.58, N 9.92; found: C 64.19, H 3.71, M 10.02. 
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3-Hydvoxy-4-rnethylphthnlirnidine (38a) 
Sodium borohydride (3.8 g, 0.1 mol) in methanol (90 mL) 

mas added dropwise under vigorous stirring at 25-30°C to a 
suspension of 3-methylphthalimide (8.05 g, 0.05 mol) in 9:  1 
methanol-water (60mL). It was stirred 16 h, treated with 
glacial acetic acid until a clear solution was obtained, and 
evaporated to dryness at reduced pressure. The residue was 
triturated with water and the solid, mp 155-179'C, recrystal- 
lized from methanol (30 mL) to give a white solid (1.35 g, 17%7,), 
mp 187-189.j0C, which showed a major spot in tlc and only a 
trace impurity; ir (N): 3250, 1675. Anal. calcd. for C,H,NO,: 
C 66.23, H 5.56, N 8.58; found: C 65.89, H 5.56, N 8.48. 

By a similar route 3-methyl-AT-(p-nitropheny1)phthalimidine 
(37c) was converted to 4-hydroxy-3-methyl-N-(p-nitropheny1)- 
phthalimidine (38c) after 66 h reaction in 70% yield, mp 233- 
236°C. Recrystallization from glacial acetic acid gave one spot 
material in tlc, mp 232-235'C; ir (N): 3350, 1675. Anal. calcd. 
for C1,HI,N,O,: C 63.37, H 4.25, N 9.85; found: C 63.24, 
H 4.38, N 10.01. 

Similarly, except that a 4 : l  ratio of borohydride to sub- 
strate \\as used, 4-hydroxy-3-methyl-N-phenylphthalimidine 
(38b) was prepared from 376 in 26% pure yield, mp 152.5- 
154°C; ir (CHCI,): 3520, 1700; 'Hrnr: 2.45 (s, CH,), 6.59 (s), 
6.63 (s, OH, benzylic H), 7.2-7.9 (m, 8H, aryl). Anal. calcd. 
for Cl ,H13N02:  C 75.29, H 5.47, N 5.86; found: C 75.16, H 
5.49, N 6.04. 

5-Methyl-I i2H)phthalazinone (39)  
( ( I )  A mixture of 38a (8.15 g), water (50 mL), and hydrazine 

hydrate (50 mL) was heated 16 h a t  reflux, cooled, and filtered. 
The white solid (7.75 g, 97751, mp 213.5-215°C was recrystal- 
lized from methanol to give the pure product (6.2 g), mp 214- 
216°C; ir (N): 3120, 1645, 1595, 1550; 'Hmr: 2.7 (s, CH3), 
-7.6 (m, 2H, aryl), -8.2 (m, H a t  C-81, 8.6 (s, vinyl H),  12.8 
(s, NH). Anal. calcd. for C,H,N,O: C 67.48, H 5.04, N 17.49; 
found: C 67.40, H 5.02, N 17.49. 

(b) A suspension of 40a (23.9 g) in ethanol (250 mL) was 
reacted with hydrazine hydrate (25.2 mL) at reflux for 16 h. 
Water (100 mL) was added, the solution evaporated to one- 
half volume, cooled, and the yellow precipitate (11.3 g, 71%), 
mp 151.5-167'C, recrystallized from ethanol - 0.05 N HCl to 
afford the pure product, mp 209-213-C, with an identical ir 
spectrum to that from method (a). 

(c) Reaction of 38b (1.5 g), ethanol (50 mL), and hydrazine 
hydrate (5 mL) after 18 h at reflux was incomplete. The whole 
was concentrated to dryness and reacted with 50% hydrazine 
hydrate (40 mL) at reflux over 18 h, cooled, and the white 
precipitate (770 mg) n ~ p  208-21 lCC, recrystallized from meth- 
anol to give the pure product, mp 213.5--215.5"C, identical (ir) 
to that of method (a). 

(d) By the same route, 38c was converted to the phthal- 
azinone derivative, mp 212.5-213.jCC, identical (ir) to that 
from method (a). 

I H-Pyvidazino[3,4,5-~le]phthalazine ( 4 )  
(a) To a suspension of 2,6-bis(dibromomethy1)benzoic acid 

(46.5 g) in water (1150mL) was added hydrazine hydrate 
(173 mL) and the mixture rapidly raised to reflux and stirred 
64 h. The hot mixture was filtered and the filtrate allowed to 
cool to about 10°C. The yellow precipitate (13.3 g, 78%) was 
recrystallized from ethanol in sparkling yellow crystals (10.4 
g). In several other runs, the product was recrystallized from 
boiling water. On the hot stage apparatus, the product changed 
crystal form in the range 190-240°C and melted with decom- 
position in the range 294-298°C; ir (KBr): (region 3500-800, 
principal peaks): 3200, 3120, 3030, 2800-2200 (broad), 1620, 
1610, 1590, 1550, 1490, 1450, 1425, 1375, 1340, 1170,980,900, 

860, 850. 'Hmr: 7.45-7.9 (m, 3H, aryl), 8.3 (s, 2H, vinyl), 12.5 
(s, NH);  uv (neutral 3A ethanol): 250 (7900); 330 (11250); 
(acidic 3A ethanol): 243 (9600), 251 (8300), 311 (9250), 335 
(5400), 350 (5600), 367 (2850); (alkaline 3A ethanol): 349 
(12150), 367 (15100), 378 (16450); l3Cmr (Varian CFT-20): 
121.55 (C-4, C-6), 134.04 (C-51, 126.68 (C-3a, C-6a), 140.73 
(C-3, C-7), 180.92 (C-9a). (C-9b could not be detected.) Mass 
spectra (A.E.I. MS-9) mle: 170 (mol. ion), 142 (-N,), 115 
(-N,, -HCN), 114 (-2NZ). 

(b) Hydrazine hydrate (122 mL) was added to a suspension 
of 3-hydroxyphthalide-7-carboxaldehyde (12) (30.2 g) in water 
(1040 mL) and the mixture stirred 66 h at reflux. The solution 
was filtered hot and then allowed to cool overnight to room 
temperature. The yellow solid (22.14 g, 77%) was recrystal- 
lized from ethanol to give a sample (16.9 g), mp 293-298'C 
dec., identical (ir) to that of method (a). 

(c) A mixture of l(2H)-phthalazinone-8-carboxaldehyde 
hydrazone (13) (940 mg), hydrazine hydrate (10 mL), and 
water (100 mL) yielded after 24 h reflux crude 4, mp 279- 
288°C dec., in 82% yield. Recrystallization from ethanol gave 
the product identical (ir) to that of method (a). 

(d) Under similar conditions, l(2H)-phthalazinone-8-car- 
boxaldehyde (35) was converted to 4, mp 291-296'C dec., in 
58% yield. 

I 
L 

4,6-Dinitvo-IH-pyriclazino[3,4,5-de]ghthzie 117) 
Fuming nitric acid (100 mL) was added dropwise at 10'C 

to a stirring solution of concentrated H,SO4 (100 mL) and 4 
(17.0 g) was added gradually at a rate to maintain a tempera- 
ture of 15-23'C. It was stirred 15 min longer and then quenched 
in ice-water. A small amount of solid was filtered off and the 
filtrate adjusted to pH 8 with 20% NaOH. Thedark red precip- 
itate was dissolved in boiling water (3 L), filtered, and the 
filtrate acidified with acetic acid and cooled overnight. The 
red precipitate which formed (12.8 g) was twice recrystallized 
from dimethylforrnamide-water (6: 1) to give the pure product, 
mp > 350°C; ir (N): 3100, 1640, 1615, 1565, 1535, 1340; 'Hrnr: 
9.24 (s, H a t  C-5), 9.5 (s, 2H, vinyl), 10.1 (broad s, NH). Anal. 
calcd. for C,H,N,O,: C 41.53, H 1.55, N 32.30; found: C 
41.53, H 1.76, N 32.28. 

Reaction of 12 with 60% Hydvazine Hydrate: 8-Methyl- 
I (2H)-phthalazinone (15) 

Hydrazine hydrate (45 mL) was added to a suspension of 
3-hydroxyphthalide-7-carboxaldehyde (1.78 g) in water (30 
mL) to afford a clear solution. After 30 min a t  reflux, an 
aliquot (3 mL) was cooled, filtered, and the precipitate identi- 
fied (ir) as the hydrazone 13. After 6 h at reflux, the aliquot 
was mainly 13 with some 4 present (ir, tlc). This mixture ap- 
peared to remain unchanged after 23 h and 48 h, but after 
166 h at reflux, the remainder was cooled and the product 
(840 mg), mp 197-199"C, identified (ir) as largely 8-methyl- 
l(2H)-phthalazinone (15). Recrystallization from ethanol - 
0.05 N HCI gave the pure product, mp 188-19l3C. The same 
result was observed with 85% hydrazine hydrate as the reac- 
tion medium. 

3,4-Dihydro-4-0x0-5-phthalazine Cavboxylic Acid (12a) 
A mixture of 3-hydroxyphthalide-7-carboxylic acid (20) 

(30.2 g), hydrazine hydrate (50 mL), and water (100 mL) was 
stirred at reflux for 16 h, cooled, acidified with dilute HCl, 
and the off-white product (32.2 g), mp 300-306"C, recrystal- 
lized from glacial acetic acid, mp 303.5-306'C; ir (N): 2700- 
2200 (broad), 1700, 1655, 1585. Anal. calcd. for C9HsN203: 
C56 .84 ,H3 .18 ,N 14.73; found: C57.02,H3.15,  N 14.65. 

The same product was obtained from 3-(dibromomethy1)- 
phthalic anhydride in 50% hydrazine hydrate and ethanol at 
reflux or hydrazine hydrate - chloroform at reflux. 
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Erhyl-3,4-dihydro-4-0x0-5-p/zrhaiazinecnrboxyate (42b) 
Ethyl phthalide-7-carboxylate 26 was converted to the 

3-bromo compound 27 as described for 7-methylphthalide and 
obtained in quantitative yield as a pale yellow oil, ir (CH,C12): 
1800 and 1720. The oil (25.2 g) was dissolved in absolute 
ethanol (172 mL), whereupon some white solid formed. Hy- 
drazine hydrate (17.25 mL) in ethanol (172 mL) was added 
cautioucly and the mixture stirred 16 h at reflux. It was filtered 
hot and the filtrate evaporated to dryness at reduced pressure, 
suspended in 1 N HCI, and extracted with chloroform. The 
dried (Na2S04) extract was filtered through Woelm neutral 
alumina, grade I1 (100 g), concentrated to dryness and recrys- 
tallized from ethanol to give the pure ester (8.3 g, 4373, mp 
169.5-171.5"C; ir (CHCI,): 1730, 1670, 1600. Anal. calcd. for 
C,,H,,N203: C 60.54, H 4.62, N 12.84; found: C 60.54, H 
4.62, N 12.62. 

~WethyI-3,4-dihyrlr.o-4-oxo-5-phthnlazinecarboxyl~ (42c) 
A mixture of the acid 42a (100 g) and thionyl chloride (250 

mL) was stirred at reflux under moisture exclusion for 2.5 h. 
It was concentrated at reduced pressure, taken up in benzene 
(50 mL), filtered, and the precipitate (96.9 g, 88%, calculated 
as the acid chloride) kept in a desiccator until ready for use. 
The acid chloride (232.5 g) in absolute methanol (2 L) was 
stirred 18 h at reflux and then refrigerated. The ester crystal- 
lized in colourless needles (220.1 g, 9773, mp 210-212'C. 

The original sample of this ester was obtained by reaction of 
42a with ethereal diazomethane in methanol in 82% yield. 
Recrystallized from methanol, it melted at 207-209cC; ir (N): 
1730, 1670: 'Hmr: 4.0 (s, CH,O), 7.8-8.3 (m, 3H, aryl), 8.6 
(s, vinyl H),  13.0 (s, NH). Anal. calcd. for C,,H,N,O,: C 
58.82, H 3.95, N 13.72; found: C 58.77, H 3.99, N 13.86. 

3-0x0-3H-2,9 (or 1,2)-dihjdropyridozino[3,4,5-delphthalazine 
141) 

(a) A mixtare of 3-(dibromomethyl)phthalic anhydride (19) 
(95.26 g), hydrazine hydrate (120 mL), and methyl Cellosolve 
(490 mL) was stirred 24 h at reflux, cooled, and the yellow 
solid washed with water, methanol, and oven dried in cacuo. 
The crude product (45.0 g, 80z),), mp > 3501C, was recrystal- 
lized from dimethylformamide to give a microcrystalline pow- 
der, mp >350'C; ir (N) (range 3500-800, principai peaks): 
3260 (sh), 3180, 2850, 1655, 1630, 1610, 1590, 1200, 870, 840; 
'Hmr (CD,COOD): -7.9 (m, 3H, aryl), 8.4 (s, vinyl H) .  
Aizal. calcd. for C,H,N,O: C 58.06, H 3.25, N 30.09; found: 
C 57.92, H 3.58, N 30.28. 

(b) A mixture of 21 (1.11 g), hydrazine hydrate (4 mL), and 
absolute ethanol (10 mL) was stirred 94 h at reflux. It was 
filtered hot and the precipitate washed with water, methanol, 
and recrystallized from dimethylformamide to give the pure 
product (0.82 g, MY,), mp > 35OCC, identical (ir) to that from 
method (a). 

(c) Phthalide-7-carbonyl chloride 24 was converted to the 
3-bro~no compound 25 as described in the bromination of 
7-methylphthalide. It was obtained as a solid which fumed in air, 
ir (CHCI,): 1800 and 1720 in 67% yield. The crude 25 (28.7 g), 
ethanol (279 mL), and hydrazine hydrate (50 mL) after 18 h 
reflux with the usual workup and purification gave 2.2 g (11%) 
identical to that from method (a). 

(d) The half ester 28 (9.7 g) was converted to the dibromo 
compound 31 as described for the synthesis of 11. The crude 
31 was obtained as an oil (ir (N): 2700-2300 (broad) and 
17201, dissolved in cold ethanol (100 mL), treated cautiously 
with 50% aqueous hydrazine hydrate (40 mL), and stirred 72 h 
at reflux. Hot filtration yielded a first crop (1.54 g) of yellow 
solid and the filtrate was concentrated to dryness and heated 
in glacial acetic acid for 66 h, evaporated to dryness, and tri- 

turated with methanol to produce a second crop (1.8 g). Re- 
crystallization from dimethylformamide gave pure 41 (1.29 g, 
14%) identical (ir) to that of method (a). 

(e) A mixture of 420 (3.16 g), hydrazine hydrate (170 mL), 
and water (30 mL) was stirred 84 h at reflux, cooled, poured 
into excess 5% aqueous Na2C0,, and the yellow product col- 
lected, washed, and dried. The yield was 2.4 g (65Y,), mp 
> 35OCC, identical (ir) to that from method (a). 

3-Thiono-3H-2,3(or 9) -dihydropyric/azino [3,4,5-delphthulazitte 
(43) 

A mixture of 411 (44.14 g), phosphorous pentasulphide (58.29 
g), and pyridine (356 mL) was stirred 2.5 h at reflux, cooled, 
and poured into a stirring solution of ice-cold saturated brine 
(1 L). After 1.5 h stirring, the orange-red product was col- 
lected. susoended in water. refiltered. and dried at 1OOCC in . A 

vacua. The crude product (35.0 g, 73%), mp 298-320.C, ;.as 
suitable for further experiments. A portion was recrystallized 
from methyl Cellosolve - water (insoluble material removed), 
and then dimethylformamide-water to give the analytical sam- 
ple, mp 318-322'C (stage preheated to 250°C); ir (N) (3500- 
800 principal peaks): 3230 (sh), 3130, 1615, 1580, 1550, 1370, 
1330, 1230, 1210, 1182, 840; 'Hmr: 7.8-8.8 (m, 4H, aryl + 
vinyl), 5.3 (br s, 2NH). Anal. calcd. for C9H6N4S: C 53.45, H 
2.99, N27.71; found: C53.37, H 3.00,N27.85. 

3-Chloro-1 (or 9) H-pyridazino[3,4,5-de]phthalazine 144) 
A mixture of phosphoryl chloride (60 mL), water (10 drops), 

and 41 (9.3 g) was stirred 20 h at reflux, evaporated at reduced 
pressure to a brown foam, triturated with cold ethanol, and a 
yellow solid (8.6 g), nip -27OCC dec., collected. On standing, 
a second and third crop of solid precipitated from the ethanol 
solution. The combined material(l l .1 g) was dissolved as well 
as possible in excess hot 1 N HCl, filtered, and the filtrate 
cooled and made basic with 20% aqueous Na2C03. The re- 
sulting tan precipitate was washed with water and dried in 
cacuo. This material 44 was pure enough for further work. 

A second sample of 44 (12.0 g) was suspended in dry meth- 
anol (200 mL), methanesulphonic acid (4.6 mL) added, and 
the solution refrigerated at - 8°C. The precipitate (1 1.0 g, 
3773, mp 244-246'C dec., was twice recrystallized from meth- 
anol, the first with charcoal, to give the pure sample, mp 246- 
249°C dec.; ir (N):  2800-2200 (broad), 1630, 1595, 1555; 
'Hmr: 2.6 (s, CH3-S), 8.1-8.6 (m, 3H, aryl), 9.2 (s, vinyl H), 
13.0 (s, 2NH). Anal. calcd. for C9H5C1N4.CH403S: C 39.94, 
H 3.02, N 18.63, CI 11.79, S 10.66; found: C 39.98, H 3.09, N 
18.73, Cl 11.62, S 10.56. 

3-Hydrazino-1 (or 9) H-pyridazino[3,4,5-de]phrhalazine 
Dihydrochloride (6) 

A mixture of 85% hydrazine hydrate (500 mL) and 43 (30 g) 
was stirred vigorously at reflux for 20 h. It was cooled, filtered, 
and the yellow precipitate washed with water and dried in 
cacuo. The free base (21.0 g) was suspended in excess 3 N 
HCI, filtered free of insoluble material, and the filtrate concen- 
trated to dryness a t  reduced pressure. The residue was taken 
up in a minimal quantity of water and crystallized by addition 
of cold concentrated HC1. A second crystallization by this 
method gave the analytical sample, mp 245-248°C dec. ; ir (N) : 
(3500-800, principal peaks): 2700-1900 (broad), 1620, 1600, 
1575, 1550, 1525, 1320, 1160, 955, 850, 813; 'Hmr (D20,  
sodium 3-(trimethylsily1)-1-propane sulphonate as internal 
standard): 8.0-8.45 (m, 3H, aryl), 8.6 (s, vinyl H) ;  uv (H,O): 
228 (19100), 269 (9550), 31 1 (7050), 367 (4770). Anal. calcd. for 
CgHsN2.2HC1: C 39.57, H 3.69, N 30.77, C1 25.97; found: C 
39.68, H 4.34, N 30.78, C1 25.65. 
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The dimethane sulphonate was prepared in ethanol and 
recrystallized from methanol-ether, mp 235-237°C dec. Anal. 
calcd, for C,H8N6.2CH,03S: C 33.67, H 4.11, N 21.42; found: 
C 33.94, I4 4.40, N 21.46. 

Benzjdidene Hydmzone of 6 
To a stirring solution of the dihydrochloride of 4 (14.4 g) 

in water (150 mL) and ethanol (100 mL) was added at  503C a 
solution of benzaldehyde (5.5 mL) in ethanol (50 mL). A thick 
mass quickly formed and water (100 mL) was added to aid 
stirring. After 5 min, 1 N NaHC03  (130 mE) was added, 
whereupon the precipitate turned from yellow to orange. The 
mixture was stirred another 10 min at 50-55"C, cooled, fil- 
tered, and the product washed with water, then ethanol, and 
dried in caczto. The crude product (14.9 g, 98%), m p  260- 
265"C, resolidified and remelted at 325-33j0C, was recrystal- 
lized three times from methyl Cellosolve to give bright orange 
needles, mp 268-270cC/336-340-C dec.; ir (N): (3500-1500 
region): 3250, 3050, 1625, 1595, 1560, 1545, 1525. Anal. calcd. 
for C16H12N6: C 66.65, H 4.20, N 29.15: found: C 66.49, H 
4.25, N 29.06. 

The following hydrazones, prepared similarly, had C, H, 
and N analyses within 0.3. The aldehyde, colour of hydrazone, 
recrystallization solvent, and mp are indicated: 3-nitrobenz- 
aldehyde, red, DMF,  305-308/>350cC; 3,4-dichlorobenz- 
aldehyde, orange, DMF, 31 3-3201 > 350'C; p-acetamidobenz- 
aldehyde, orange, methyl Cellosolve - water, mp 213-2171 - 330'C dec.; veratraldehyde, orange, DMF-H20,  mp 235- 
237°C; 4-cyanobenzaldehyde, reddish-orange, DMF,  mp 
305-310/> 350°C; 3,4,5-trimethoxybenzaldehyde, orange, 
methyl Cellosolve - water, mp 265-267'C; tran~-cinnamalde- 
hyde, red, DMF, mp 243-2471 > 350°C; 2-pyridinecarboxalde- 
hyde, orange, DMF,  mp 257-258°C; indole-3-carboxaldehyde, 
orange, DMF-H20,  mp 305-3101> 350°C. 

3- Deuterio-1 (or 9 )  H-pyvidazino[3,4,5-de]phthalazine 
A mixture of 6 (1 g), deuterium oxide (99.5%, 100 mL), and 

CuSO4 crystals (20 mg) was adjusted to pH 8 with a little anhy- 
drous Na2C03.  It was stirred at  room temperature while air 
was bubbled in over 18 h. The mixture was filtered free of dark 
solid, concentrated to dryness at reduced pressure, and ex- 
tracted with chloroform (4 x 50 mL). Evaporation of the 
chloroform left a yellow solid (0.2 g), mp 257-262°C dec., 
which was recrystallized from ethanol to give 0.14 g, mp 268- 
270°C dec. ; ir (KBr) (3000-800, principal peaks): 2850 (broad), 
1657, 1620, 1610, 1585, 1450, 1368, 1170, 850; 'Hmr: 7.2-7.6 
(m, 3H, aryl), 8.2 (s, lH ,  vinyl), 11.8 (broad s, WH). 

Y-Phe~1yl-6H-pyridazino[3,4,5-de][1,2,4]triazolo[3,4-a]- 
phthuluzitle (48a) 

The dihydrochloride of 6 (14.0 g) %as added gradually to a 
stirring solution of benzoyl chloride (6.5 mL) in pyridine 
(100 mL). After the initial exotherm, it was stirred 2 h at  re- 
flux, poured into ice-water, and stirred 16 h. The precipitate 
was washed with water and ethanol thoroughly and the crude 
48u (13.0 g, 89%) mp 298-338'C dec., \vas recrystallized twice 
from methyl Cellosolve, once Lvith charcoal, to give pale yellow 
crystals, mp 332-342'C dec.; ir (N): 3020, 1625, 1600, 1530; 
uv (CH,OH): 279.5 (285001, 348 (6200). Anal. calcd. for 
C ~ ~ H I O N ~ :  C 67.11, H 3.53, N 29.36; found: C 66.99, H 3.68, 
N 29.52. 

By the use of acetyl chloride in pyridine, the 9-methyl deriva- 
tive 48b, mp > 355"C, was obtained. lnfrared (N):  3020, 1625, 
1600, 1520. Anal. calcd. for CI1H,N,: C 58.92, H 3.60, N 
37.48; found: C 58.65, H 3.74, N 37.60. 

9-Trifl1rorometl1yl-6H-pyvidazi~~o[3,4,5-de] [192, 4]ri~iazolo- 
[3,4-a]phthalazine (48c) 

The dihydrochloride of 6 (65.7 g) in trifluoroacetic acid 

(200 n1L) was stirred 20 h at reflux, poured into ice-water 
(600 mL), and the precipitate (64.3 g) recrystallized twice from 
dimethylformamide to afford the pure 48c, mp 314-315°C; ir 
(N): 3110, 1630, 1608, 1595, 1530, 1278, 1188, 1178, 1135. 
Anal. calcd. for C,,H,F3N6: C 47.49, H 1.81, N 30.21, F 
20.49; found: C47.38, H 1.96, N 30.13, F20.17. 

6H-P~ridazino[3,4,5-de]tetmzolo[5,4-a]plthalazie (49) 
A solution of 6,2HC1(44 g) in water (900 mL) cooled to 0°C 

was treated dropwise with N a N 0 2  (10.65 g) in water (150 mL) 
to maintain a temperature of 0-5'C. A tan solid gradually pre- 
cipitated during addition. It was stirred 30 min longer and the 
precipitate washed with water and air dried. The crude 
tetrazole 49 (34 g, 100%) was recrystallized three times from 
DMSO (once with charcoal), washed thoroughly with ethanol, 
and dried in cncuo, mp >35OZC; ir (N): 3050, 1620, 1600, 
1580, 1530. Anal. calcd. for C,H,N,: C 51.18, H 2.39, N 
46.43; found: C 51.02, H 2.35, N 46.13. 

Pvepcimrion of 4 fionz Heniimellitic Esters 
A mixture of trimethyl hemimellitate (9) (28) (2.52 g), 

hydrazine hydrate (20 mL), and methyl Cellosolve (80 mL) 
was stirred 46 h at reflux, cooled, and the yellow-orange preci- 
pitate washed well with water and methanol and dried in 
cacrro. Crude 46 (1.6 g), mp 350"C, ir (N): 3500, - 3200, 
2700-2200 (broad), 1630, 1585, 1565, 1530 was also obtained 
in 37% yield from dimethyl-3-carboxyphthalate (45) in re- 
fluxing 50% aqueous hydrazine hydrate after 47 h. 

Crude 46 (10 g), phosphorous pentachloride (25 g), and phos- 
phoryl chloride (125 mL) were heated at reflux under moisture 
exclusion for 22 h.  The dark mixture was cooled, quenched in 
ice-water and filtered. The product (2.75 g), mp > 330" was 
combined with a second crop (2.85 g) obtained by evaporation 
of the mother liquor to 100 mL, (ir (N): 2800-2200 (broad), 
1615, 1565, 1540) and used without purification. A portion 
(500mg), red phosphorous (8 g), and 47% hydriodic acid 
(120 mL) was stirred at  reflux 18 h, cooled, filtered, and the 
filtrate concentrated to one-half volume, neutralized with 5% 
aqueous Na2C0,  and concentrated to dryness. The residue 
was taken up in hot ethanol (200 mL), filtered free of residual 
solid, and again concentrated to dryness. The residue was 
taken up in water, treated with NaHSO, (1 g) and acetic acid 
(5 drops), and extracted with hot chloroforn~. The dried chlo- 
roform extract was concentrated to dryness and identified as 
4 by ir and tlc in four different solvent systems compared to 
authentic 4. 

Pi.rpcrrafion of 4 from 43 
A mixture of 43 (4.04 g), ethanol (200n1L), and methyl 

Cellosolve (200mL) was treated with Raney nickel (about 
20g), heated 4 h on a steam bath, filtered hot, cooled, and 
again filtered. The filtrate was concentrated to dryness, taken 
up in boiling ethanol (500 mL), filtered free of solid, and again 
concentrated to dryness. The residue was taken up in boiling 
water (800 mL), filtered, and cooled. The product formed from 
the filtrate (0.4 g) was identical to authentic 4, as shown by ir 
and tlc. 

Prepa/.atiorz of 4 fi.01~7 44 
Crude 44 (4.82 g), 47% hydriodic acid (60 mL), and red 

phosphorous (4 g) were stirred 18 h at  reflux, poured into ice- 
water, filtered, and the filtrate concentrated to dryness at  re- 
duced pressure. The residual yellow solid was suspended in 
water, made alkaline with Na2C0,,  washed with water, and 
dried. Tne product (1.3 g, 38:';) was identical (ir) to authentic4 

Prepat ailon of 4 f i  oin 6 
The d~hydrochlorlde of 6 (GO mg) a a s  suspended In 1 M 

sodlurn phosphate buRer, pH 7.2 (30 mk), and heated z t  80 G 
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for 20 h. I t  was evaporated to  dryness, washed with ether, and  
the residual solid suspended in warm ethanol and filtered. The 
ethanol extract was concentrated to  dryness and  the yellow 
crystalline residue (32 mg, 94%) was pure by tlc and  identical 
(ir) to  4. 
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Metabolites of bird's nest fungi. Part 11.' Ditespenoid metabolites of Cyathus earlei Lloyd 

W I L L I A ~ I  A. AYER A N D  SING PING L E ~  
D~~pnrrtnent  of Chetnistr?, Utli~.cr.sity cfAIbertci, Edmonton, Altri., Cannilii T6G 2GZ 

Received May 23. 1979 

This pclper is dedic.iltcci to P ~ v f .  Karel Wiesncr. or1 rile occusiot~ qf his 60th birtl~dn? 

WILLIAM A. AYER and SIXG Pruc LEE. Can. J. Chem. 57.3332 (1979) 
The bird's nest fungus Cj.arhus enrlei Lloyd produces new diterpenoid metabolites of the 

cyathin type. Cyathatriol is shown to have structure 1 and has been correlated with cyathin A,. 
11,15-0,O-Diacetylcyathatriol (2), 15-0-acetylcyathatriol (3), and 11-0-acetylcyathatriol (4) 
have also been isolated. The first cyathins containing only two oxygens, cyathin B2 (19) and 
allocyathin B2 (12), are also described. 

WILLIAM A. AYER et SIAG PING LEE. Can. J, Chem. 57. 3332 (1979) 
Les champignons des nids d'oiseau Cyatlzus earlei Lloyd produisent deux nouveaux meta- 

bolites diterpiniques du type cyatine. On a montre que le cyathatriol a la structure 1 et on l'a 
relie a la cyathyne A+ On a tgalement isole les composCs suivants: 0,O-diacttyl 11,15 cyatha- 
triol (Z), 0-acetyl-15-cyathatriol (3) et le 0-acetyl-11-cyathatriol (4). On a tgalement dCcrit les 
premieres cyathines contenant seulement deux oxygenes, soient la cyathine B, (19) et l'allo- 
cyathine B, (12). 

[Traduit par le journal] 

Cj.athus earlei Lloyd is a tropical or subtropical 17 

species of bird's nest fungus (family Nidulariaceae) 
which is kno\+n to occur in Cuba, Puerto Rico, 
Mexico, and Hawaii (2). As part of our investigation 

a.3 

of the nature of the metabolites of various bird's Y c  5F3 11 /12 H3C CH3 : 
nest fungi2 we have examined the metabolites formed R 1 d  CH20R2 CH20Ac 
when C. earlei is grown in liquid culture. Extraction 15 

with ethyl acetate of the mycelium obtained after 1 R' = RZ = R3 = H 6 

sixty-five days growth on Brodie medium (ref. 2, p. E: 1 i: iE2: ;z 
36) gave six new compounds belonging to the R l  = Ac. R2  = R3 = 
"cyathin" group (4) of diterpenoids. The compounds R I  = R: = Ri = A, 
were separated by chromatography over silica gel. lo  R I  = R' = H. R? = - C H ~ P ~  
First eluted was a compound C,oH,,O, (cyathin 
B , ) ~  followed by an isomeric substance (allocyathin 
B,). The next three substances eluted are acetyl 
derivatives of the most polar compound, C20H3203 ,  
for which we propose the name cyathatriol. Cyatha- H3C 

CH3 
trio1 is shown below to possess structure 1, and the CH20CH2Ph 
intermediate compounds are 1 1,15-0,O-diacetyl- H ~ c + - O  
cyathatriol (2), 15-0-acetylcyathatriol (3), and 1 l - 0 -  CH3 

acetylcyathatriol (4). 7 R '  = OH. R? = H 11 
Acetylation (Ac20, pyridine) of cyathatriol (I) R ' 9 R ' =  rbonyl 

9 R' = H. R' = OH 
provided O,O,O-triacetylcyathatriol (5). Acetylation 
of 15-0-acet~1c~athatrio1 (3) and l -o -ace t~ lc~a-  ganese dioxide gave O,O-diacetylcyathin A, (61, 
thatriol (4) under similar conditions produce the identical in all respects with an authentic sample (4). 
same triacetyl derivative 5, and hydrolysis of 3 and 4 Cyathatriol was also correlated with cyathin 
gave c~athatriol Acet~lation of l l - o - a c e t ~ l c ~ a -  its ,,,tonide 7 rnhich qn oxidation with Collins7 
thatriol 4 under mild conditions gave 11,15-0,0- reageilt furnished cyathin acetonide (8). These 
diacet~lc~athatr iol  Oxidation of with man- experiments define the structure of cyathatriol except 

'For part 10, see ref. 1. for the configuration of the hydroxyl group at C-14. 
2For a review of earlier work, see ref. 3. The positions of the acetyl groups in 2, 3, and 4 
3 ~ ~ r  the system of trivial nomenclature, see ref. 4. were apparent from the 'Hrnr spectra of these com- 

0008-40421791243332-06$01 .OO/O 
1979 National Research Council of CanadaIConseil national de recherches du Canada 
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pounds. Thus 2 shows a multiplet a t  6 5.85 for the 
hydrogen a t  C-11 (the reason for the very low chem- 
ical shift is discussed below) and a two proton AB 
quartet at 6 4.44 for the C-15 methylene group. The 
signal for the hydrogen on C-14 appeared at 6 3.70 
as a doublet spin coupled (J = 6 Hz) to the olefinic 
proton at C-13. The assignment also follows from the 
oxidation of 2 to 0,O-diacetylcyathin A, (6). In 
co~npound 3 the signal for the C-15 methylene 
group appears at 6 4.60, and in 4 the C-11 hydrogen 
is shifted downfield to 6 5.95. 

The low field position of the C-11 hydrogen in 
cyathatriol (6 4.85) and the acetyl derivatives, some 
of which are mentioned above, provided the first 
indication that the hydroxyl group a t  C-14 is 0-ori- 
ented since a hydroxyl group proxiinate in space to a 
hydrogen is strongly deshielding (5). 

Further evidence for the stereochemistry at C-14 
was obtained by a study of the lithium aluminum 
hydride (LAH) reduction of cyathin A, acetonide 
(8 = 8a) illustrated in Scheme 1. Study of Dreiding 
models clearly indicated that LAH reduction of the 
carbonyl group should occur predominantly from 
the less hindered p-face of the molecule and indeed 
the unnatural epimer 9 (= 9a in Scheme 1) was the 
major product of the reduction (ratio 9:7 = 7: 1). 
Both 'Hnir and 13Cmr support the assigned struc- 
tures and stereochemistry (it is assumed that ring C 
exists in the chair form indicated). Thus the C-11 
hydrogen which appears a t  6 4.80 in 7a (deshielded 

by C-14 P-OH) appears a t  6 4.15 in 9a. The coupling 
between the olefinic hydrogen a t  C-13 and the hydro- 
gen at C-14 is ca. 6 Hz in 7a, consistent with a dihe- 
dral angle approaching Oc, and less than 1 Hz in 9a, 
as expected for a dihedral angle approaching 90' 
(6). In the 13Cmr spectrum4 of 70 the methyl group 
at C-6 resonates at 6 17.6, whereas in 9a it resonates 
a t  6 12.1, demonstrating the y-gauche relationship 
(7) of the hydroxyl and methyl groups in the latter 
compound. Conversely, C-5 is upfield in 7a (6 39.1) 
relative to 9a (6 45.0). 

In order to demonstrate chemically the tmns-rela- 
tionship between the hydroxyls at C-11 and C-14 we 
decided to attempt the formation of an internal 
ether. It was first necessary to block the C-15 oxygen 
function. The use of 15-0-acetylcyathatriol (3) was 
not possible since it is rapidly isomerized to 1 l - 0 -  
acetylcyathatriol (2) in the presence of bases such as 
pyridine or triethylamine. Ho~qever, treatment of 
cyathatriol with a limited amount of sodium hydride 
and benzyl bromide gave the C-15 benzyl ether 10. 
When 10 was treated briefly with an ethereal solutioll 
of methanesulfonyl chloride and triethylamine the 
ether 11 was obtained in low yield. The orientation 
of the ethereal oxygen is not clearly defined by the 
'Hmr spectrum, however we favor the p-orientation 
since the hydrogen at C-5 has an unusually low chem- 
ical shift (6 3.20), attributed to  the deshielding effect 
of the ethereal oxygen. This assignment is also con- 
sistent with mesylation of the less hindered C-11 
hydroxyl followed by backside displacement by the 
hydroxyl group at C-14. 

Allocyathin B,, assigned structure 12, was ob- 
tained as a pale yellow oil and showed a very infor- 
mative uv spectrum. The spectrum (A,,,,: 266 nm 
(E 5150) and 325 nm (E 12 100)) is very similar to that 
of anhydrocyathin B, (13), previously obtained from 
cyathin B, (8). The 'Hmr was also siinilar to that of 
13 except that the hydrogen ricinal to the hydroxyl 
group in 12 gives rise to absorption at 6 3.63 (dd, 
J ' s  6 and 1 Hz). The ir spectrum of 12 shows hy- 
droxyl absorption and only one carbonyl absorption 
(1675 cm-I). Oxidation of allocyathin B, with 
Collins' reagent gave anhydrocyathin B, (13), con- 
firming structure 12 except for the configuration at 
C-14. Reduction of anhydrocyathin B, (13) with 
LAH provided a mixture of diols 14 and 15 in a ratio 
of ca. 2: 1 .  Oxidation of 14 with MnO, gave allocya- 
thin B, (12). Similar oxidation of 15 providcd 
14-epiallocyathin B, (16). The assignment of con- 

4For a discussion of the 13Cmr spectra of the cyathins, see 
ref. 1. Complete assignments for cyathatriol and its derivatives 
are detailed in the accompanying paper discussing the biosyn- 
thesis of these compounds. 
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figuration in 12 and 16 is based on application of 
Rrewster's benzoate rule (9). Thus [M],17 - 
[M],12 = + 78.1" indicating the S configuration at 
C-14 in 12, and [M],18 - [M],16 = -26.5" indi- 
cating the R configuration in 16. It thus appears that 
allocyathin B, has the same configuration at C-14 as 
cyathatriol. 

Cyathin B, is assigned structure 19 on the basis of 
the following evidence. The infrared spectrum shows 
the presence of a unconjugated ketone (1710 cm-l) 
and an a,P-unsaturated aldehyde (2710, 1698, 1645 
cm-I). The unsaturated aldehyde gives rise to ab- 
sorption in the uv a t  228 nm ( E  6100). The 'Hmr 
spectrum also shows the unsaturated aldehyde system 
(6 9.38 (s) and 6.60 (m)) and, in addition shows an 
AB quartet (J = 14 Hz) at 6 3.32 and 3.64.for the 
protons of the C-13 methylene group. A sinlilar set 
of signals (6 3.09, 3.69, J = 11 Hz) appears for the 
C-13 methylene protons in anhydrocyathin B, (13). 
In an attempt to correlate cyathin B, with cyathlr, 
B, (20) cyathin B, was treated with alkaline hydrogen 
peroxide in methanol. A mixture of products was 
obtained, none of which corresponded to cyathin 
B,. The least polar component of the mixture, how- 
ever, was anhydrocyathin B, (13). A, possible mech- 
anism for the transformation of 19 into 13 is illus- 
trated in Scheme 2, where an initially formed epoxide 
A undergoes p-elimination to give B, which in turn 
undergoes nucleophilic addition and subsequent 
p-elimination (for brevity, written as one step in B) 
to  give C which undergoes vinylogous p-elimination 
(to D) followed by tautomerization to the fully con- 
jugated triene system in 13. This transformation 
establishes most of the features of structure 19 and 
together with the spectroscopic data provides strong 
evidence for the structure of cyathin B, (19). 

CHO CH20H 
12 R1 = OH, R2 = H 14 R' = OH, R2 = H 

CHO 

" J  A 

B:  f CHO 

C 

t \> HOS 
B: CHO CHO 

D 13 
S C H ~ M E  ? 

All six cornpounds described herein show moderate 
antibiotic activity against Staphyloccocus aureu,r. 

Experimental 
High resolution mass spectra were recorded on an AEI 

MS-50 mass spectrometer, coupled to a DS 50 computer. 
lnfrared spectra were recorded on a Unicam SP 1000 or  a 
Nicolet 7199 FT spectrometer and uv spectra on a Cary model 
14 M spectrometer. 'Hmr spectra were determined on a Varian 
HA-100 spectrometer with TMS as internal standard. Melting 
points were recorded on a Fisher-Johns melting point appa- 
ratus and are uncorrected. Specific rotations at the D line were 
determined using a Perkin-Elmer 141 automatic polarirneter. 

Silica gel tlc plates were 0.5 mm silica gel G (E. Merck, 
Darmstadt) containing 1% electronic phosphor (General 
Electric, Cleveland). Compounds were detected by viewing 
under uv light or by spraying with 30% sulfuric acid and char- 
ring. All solvents were reagent grade and were distilled prior 
to use. Unless otherwise specified, anhydrous magnesium sul- 
fate was used as a drying agent for organic solutions and silica 
gel 60 (BDH Chemicals) as absorbant for column chromatog- 
raphy. Skellysolve B refers to Skelly Oil Company light petro- 
leum. br, 62-70'C. . 

13 R' = R' = Carbonyl 15 R1 = H, RZ = OH 
16 R 1 =  H . R Z =  OH Growth of Cyathus earlei Lloyd and Iso/ation of Metabolites 
17 R1 = OBz. R2  = H Slant tubes of Cyathsrs earlei Lloyd ATCC 38343 were ob- 

18 R1 = H. RZ = OBz tained from H. J. Brodie (strain 1286). The fungus was grown 
in liquid still culture at  room temperature on Brodie medium 
(2) in 2.8 L Fernbach flasks (1 L mediumlflask, total 18 L). cti, After 30 days growth the broth was decanted and the mycelium 
reflooded with fresh sterile Brodie medium. Five weeks later 
the mycelium was removed by filtration and placed in Soxhlet 

H3C H3C 
thimbles and extracted with ethyl acetate for 4 days. The ethyl 

CH3 - CH3 , acetate extract was washed with water, dried over sodium sul- 
fate, and concentrated to a viscous brown oil (7.7 g). A portion 

H CHO H O  CHO (4 g) of the crude extract was subjected to column chromatog- 

19 20 raphy over silica gel (200 g). Progress of the separation was 
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AYER A N D  LEE 3335 

monitored by thin layer chromatography (tlc). Elution with 
Skellysolve B - benzene (1 : 9) gave cyathin B2 (51 mg). Elution 
with benzene afforded allocyafhil~ B, (210 mg). Elution with 
ether-benzene (1 :9) gave 15-0-acet~~lcyarkatriol (310 mg) fol- 
lowed by 11,15-0,O-diacetylc~~(~rhatrio1 (46 mg). Elution with 
ether-benzene (1 : 4) gave 1 I-0-acetjlcyathatriol (1 32 mg). 
Finally, elution with ether-benzene (2:3) gave cyathatriol 
(22 mg). 

Cyathin B, (19)  
Cyathin B, was obtained as a viscous syrup; ir (CCI,): 2710, 

1710, 1698, 1645 cm-' ; uv (CH30H) h,,,: 228 nm (E 6100); 
lHmr (CCI,) 6: 0.99 (s, 3H), 1.02 (d, J = 6 Hz, 6H), 1.10 (s, 
3H), 3.32 (d, J = 14 Hz, 1H on C-13), 3.64 (dd, J's 14 and 
1 Hz, l H  on C-13), 6.60 (m, C-11, H), 9.38 (s, IH). Exact mass 
calcd. for C30H2802: 300.2090; found (ms): 300.2092.5 

Allocyathin B, (12)  
Allocyathin was obtained as a yellow syrup which showed 

a single spot on tlc, [%IDz5 + 87.1' (c 0.95, CH30H);  ir (CC14): 
3600, 2720, 1675, 1570 cm-' : uv (hexane) h,,,: 266 (E 5150), 
325 nm (E 12 100); 'Hmr (CCI,) 6 :  0.96 and 1.05 (each 3H, d, 
J = 6 Hz), 0.97 (s, 3H), 1.01 (s, 3H), 2.80 (heptet, J = 6 Hz, 
H on C-18), 3.09 (dd, J's 18 and 6 Hz, I H  on C-13), 3.63 (dd, 
J's 6 and 1 Hz, H on C-14), 5.84 (d, J = 8 Hz, H on C-lo), 
6.68 (dd, J's 8 and I Hz, H on C-ll) ,  9.37 (s, 1H). E.uact mass 
calcd. for C,,H2,0,: 300.2090; found (ms): 300.2092. Anal. 
calcd. for C,,H2,0,: C 80.02, H 9.40; found: C 80.04, H 9.70. 

11,15-0,O-Diacerylcyafha~riol ( 2 )  
11,15-0,O-Diacetylcyathatriol crystallized from Skellysolve 

B - ether, mp 123-124°C; ir (CCI,): 3600, 3500, 1745 cm-'; 
'Hmr (CCI,) 6: 0.70 (s, 3H), 0.95 (d, J = 6 Hz, 6H), 1.10 (s, 
3H), 1.98 (s, 3H), 2.00 (s, 3H), 2.90 (heptet, J = 6 Hz, H on 
C-18), 3.00 (dd, J's 10 and 1 Hz, 1H at C-5), 3.70 (d, J = 6 Hz, 
IH), 4.34 (dd, J's 14 and 1 Hz, 1H on C-15), 4.54 (dd, J's 14 
and 1 Hz, 1H on C-15), 5.82 (dd, J's 6 and 1 Hz, 1H on C-13), 
5.85 (m, 1H on C-11). Anal. calcd. for C24H3605: C 71.25, H 
8.96; found: C 70.96, H 9.07. The highest peak in the mass 
spectrum corresponded to the molecular ion - H,O. Exact 
mass calcd. for C2,H3,04 (M+ - HzO): 386.2457; found: 
386.2454. 

15-0-Act~t~~lc~~athatriol  (3) 
15-0-Acetylcyathatriol was obtained as a viscous oil 

showing a single spot on tlc; ir (CCI,) : 3600, 3500, 1745 cm- ' ; 
'Hmr (CCI,) 6 :  0.75 (s, 3H), 0.98 (d, J = 6 Hz, 6H), 1.07 (s, 
3H), 2.05 (s, 3H), 3.00 (m, 2H, H's on C-5 and C-18), 3.82 (d, 
J = 6 Hz, H on C-14), 4.60 (s, 2H on C-15), 4.70 (m, H on 
C-ll) ,  5.65 (d, J = 6 Hz, H on C-13). Exacr mass calcd. for 
C2ZH3404:  362.2457; found: 362.2479. Anal. calcd. for 
C2,H3404: C 72.87, H 9.45; found: C 72.58, H 9.48. 

11-0-Acetylcynfhatriol ( 4 )  
11-0-Acetylcyathatriol crystallized from ether, mu 165- 

166'6; ir (CCI,): 3500, 1710 cm-'; 'Hmr (CDCI3) 6 :  0.80 (s, 
3H), 0.97 (d, J = 6 Hz, 6H), 1.10 (s, 3H), 2.10 (s, 3H), 3.02 
(br d, J = 10 Hz, H on C-5), 3.90 (d, J = 6 Hz, H on C-14), 
4.06 (s, 2H on C-15), 5.86 (dd, J's 6 and 1 Hz, H on C-13), 
5.95 (m, H on C-11). Exact mass calcd. for C22H3404: 
362.2457; found: 362.2496. Anal. calcd. for C22H3404: C 
72.87, H 9.45; found: C 72.51, H 9.54. 

5Where combustion analysis is not reported, molecular 
formulas were determined by high resolution mass spectrom- 
etry. Eventual correlation with compounds of established 
molecular formula validates the deductions made in this 
manner. 

Cyarharriol ( I )  
Cyathatriol has  obtained as a white powder which crystal- 

lized from acetone, mp 172-173 C;  ir (film): 3300 cm-'; 
'Hmr (acetone-d6) 6: 0.80 (s, 3H), 0.94 (d, J = 6 Hz, 3H), 
0.95 (d, J = 6 Hz, 3H), 1.07 (s, 3H), 3.00 (m, H's on C-5 and 
C-18), 3.76 (d, J = 6 Hz, H on C-141, 4.12 (s, 2H on C-15), 
4.85 (ddd, J's 8, 4, and 1 Hz, H on C-ll) ,  5.87 (dd, J's 6 and 
1 Hz, H on C-13). Exact mas5 calcd. for C,,H,,03: 320.2351; 
found: 320.2336. Anal. calcd. for C20H3203: C 74.94, H 
10.07; found: C 74.67, H 10.14. 

Cyathatriol (I) from 3 and 4  
15-0-Acetylcyathatriol (20 mg) in methanol (2 mL) con- 

taining potassium carbonate (20 mg) was stirred at room tem- 
perature for 16 h. The reaction mixture was diluted with water 
(10 mL) and extracted with ether (3 x 50 mL). The ether 
extract was dried and evaporated to give crystalline cyathatriol 
(16 mg). 

11-0-Acetylcyathatriol was hydrolyzed under the same con- 
ditions to give cyathatriol. 

Preparation of 11,14,15-0,0,0-Triacetylc.yat/~atriol.from 
3, 4 ,  and I  

To a solution of 15-0-acetylcyathatrio1(3,20 n ~ g )  in pyridine 
(1 mL) there was added acetic anhydride (30 yL). The solu- 
tion was left at room temperature for 24 h, then diluted with 
ether (50mL) and washed successively with 1 M  HCI, satu- 
rated NaHC03, and brine. The organic solution was worked 
up in the usual manner to give an oil (32 mg). Purification by 
column chromatography yielded 11,14,15-0,0,0-triacetyl- 
cyathatriol(5, 24 mg) as a colorless oil; ir (CCI,): 1735 cm-'; 
'Hmr (CDCI,) 6: 0.85 (s, 3H), 0.98 (d, J = 6 Hz, 3H), 0.99 (d, 
J =  6Hz ,  3H), 1.09 (s, 3H), 2.10(s, 6H), 2.14(s, 3H), 2.90 
(heptet, H on C-18), 4.41 (d, J = 14 Hz, H on C-15), 4.68 (d, 
J =  14Hz ,HonC-15) ,4 .87(d ,  J =  6Hz,  HonC-14),4.90 
(m, H on C-11), 5.84 (dd, J's 6 and 1 Hz, H on C-13). The 
highest peak in the mass spectrum corresponded to loss of 
acetic acid from the molecular ion. Exact mass calcd. for 
C24H3604 (M+ - CH3COOH): 386.2463; found: 386.2465. 

In a similar fashion both 11-0-acetylcyathatriol (4) and 
cyathatriol (1) were transformed to the same triacetyl deriv- 
ative. 

11,lS-0,O-Diacetylcyafhafriol ( 2 )  from 11-0-Acerylcya- 
rharriol ( 4 )  

A solution of 11-0-acetylcyathatriol(4, 10 mg) in methylcnc 
chloride (1 rnL) was cooled to OcC and pyridine (50 pL) and 
acetic anhydride (30 pL) added. After 18 h at 0°C the reaction 
mixture was worked up in the usual manner to give a product 
which was purlfied by chromatography over silica gel using 
benzene as eluant to give 11,15-0,O-diacetylcyathatriol (7 
mg), ldentical (mp, ir, 'Hmr, ms) with an authentic sample. 

0,O-Diacetylryarhitz A3 ( 6 )  frum 11,15-0,O-Diacetyl- 
cyathafriol ( 2 )  

A mixture of 2 (13 n ~ g )  and activated (10) manganese dioxide 
(100 mg) in CH,C12 was stirred at room temperature for 1.5 h. 
The reaction m~xture was filtered and the filter cake washed 
thoroughly wlth ether. Concentration of the filtrate gave an 
oil (13 mg) which was chromatographed using benzene-ether 
(4: 1) to give 0,O-diacetylcyathin A ,  (6), identical (ir, 'Hmr 
ms) with an authentic sample. 

Cyuthatriol Acetonide (7) 
Cyathatriol (1, 30 mg) was dissolved in 2,2-dimethoxypro- 

pane (2 mL) at 35°C and p-toluenesulfonic acid (3 mg) added. 
After 5 min water (10 mE) was added and the solution was 
extracted with ether. Evaporation of the ether gave 7 as a white 
solid (31 mg), mp 189-190°C from ether, [aIDZ5 -21.4< 
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(MeOH): ir (CHCI,): 3600, 3500 cm-': 'Hmr (CDCI,) 6: 
0.76 (s, 3H), 0.97 (d, J = 6 Hz, 6H), 1.09 (s, 3H), 1.38 (s, 6H), 
3.05 (heptet, H on C-18), 3.22 (dd, J's 10 and 1 Hz, H on C-51, 
3.65 (d, J = 6 Hz, H on C-14), 3.80 (d, J = 12 Hz, H on 
C-15), 4.48 (ddd, J's 12, 1, and 1 Hz, H on C-15), 4.70 (m, H 
on C-11), 5.60 (dd, J 's  6 and 1 Hz). Exact mass calcd. for 
C33H3603 : 360.2665; found: 360.2676. Anal. calcd. for 
C23H,,03: C 76.60, H 10.07; found: C 76.70, H 10.35. 

Compound 7 was further characterized as its 14-0-benzoyl 
derivative, mp 151-153'C (from Skellysolve B - ether), 
[rID2j - 1.7" (c 0.35, MeOH). 

Cyathin A, Acetonide 18) fionl Cyathatriol Acetonide (7) 
Chromium trioxide (21 mg) was added to a stirred solution 

of pyridine (32 pL) in CH2C12 (2 niL). After 10 min a solution 
of 7 (14 mg) in CH,Cl, (0.5 n1L) was introduced and the reac- 
tion mixture was stirred at room temperature for a further 
5 min. After work-up in the usual manner and purification of 
the product by chromatography over silica gel (eluant ben- 
zene-ether 9: l ) ,  cyathin A, acetonide (8, 11 mg) was obtained, 
identical (ir, 'Hmr, ms) with an authentic sample. 

Reduction of C~.athin A3 Acetonide 18) 
To a solution of 8 (50 mg) in ether (6 mL) at OiC was added 

LiAlH, (10 mg). The reaction mixture was stirred for 20 min, 
then a solution of 10% aqueous NaHCO, was added and the 
mixture was extracted with ether. The extract was dried and 
concentrated and the residue chromatographed over silica gel 
to give cyathatriol acetonide (7, 4.2 mg) and 14-epicyathutiiol 
acetonide (9, 28.1 nig), mp 186-187cC, [r*IDz5 - 17.0' (C 0.27, 
MeOH); ir (CCl,): 3600 c m l ;  'Hmr (CDCI,) 6 :  0.79 (s, 3H), 
0.99 (d, J = 6 Hz, 6H), 1.10 (s, 3H), 1.40 (s, 6H), 2.65 (dd, 
J's 10 and 1, H on C-5), 3.00 (heptet, H on C-18), 3.82 (d, 
J = 13 Hz, 1H on C-IS), 4.10 (broad s, H on C-14),4.21 (m, 
H on C-ll) ,  4.40 (ddd, J's 13, 1 , l  Hz, 1H on C-15), 5.27 (broad 
s, H on C-13). Exact mass calcd. for C23H3603: 360.2665: 
found: 360.2676. 

14-Epicyathatriol acetonide (9) uas  further characteri~ed 
as its 14-0-benzoyl derivative, mp 157-158'C (from Skellysolve 
B -ether), [r*]DZ5 + 12.2' (c 0.35, MeOH). 

15-0-Berzzylcyathatriol ( 10 )  
A solution of cyathatriol (1, 6.8 mg) in ether (2 n1L) was 

treated with sodium hydride (6 mg) and benzyl bromide (10 
pL) and then heated under reflux for 24 h. The reaction mix- 
ture was poured into ice water (10 mL) and extracted with 
ether (3 x 50 mL). The extract was dried and concentrated to 
give an oil (5.4 mg) which was purified by chromatography 
ob-er silica gel (eluant benzene) to give the ether 10 (4.5 mg) 
as a colorless oil; ir (CHCI,): 3500; 'Hmr (CDCl,) 6 :  0.80 
(s, 3H), 0.98 (d, J = 6 Hz, 6H), 1.10 (s, 3H), 3.00 (heptet, H 
011 C-5), 3.85 (d, J = 6 Hz, H on C-14), 4.12 and 4.25 (AB 
quartet, J = 12 Hz, H's on C-15), 4.59 (s, 2H benryl methylene), 
4.85 ( n ~ ,  H on C-l l ) ,  5.80 (dd, J's 6 and 1 Hz, H on C-13), 
7.35 (s, 5H). The highest peak in the mass spectrum was for 
M -  - HzO. Exact illass calcd. for CZ7H3602 (M' - HzO): 
392.2712; found: 392.2713. 

Forn~afion of Cyclic Ether 11 
The benzyl ether 10 (6 mg) in ether (2 mL) at 0-C was 

treated with triethylamine (15 pL) and methanesulfonyl chlo- 
ride (7 NL). After 5 min the reaction mixture was diluted with 
ether (20 mL) and washed with dilute HC1. Evaporation of the 
ether gave a crude oil (6 mg) which was chromatographed on 
silica gel to give the ether 11 as a colorless oil (2 mg); ir, no 
OH absorption; 'Hmr (CDCI,) 6 :  0.97 (d, J = 6 Hz, 3H), 
0.98 (d, J = 6 Hz, 3H), 1.00 (s, 3H), 1.12 (s, 3H), 2.85 (heptet, 
H on C-18), 3.20 (dd, J's 7 and 4 Hz, H on C-5), 3.72 (br s, 
H on C-14), 3.80 (s, 2H), 4.27 (d, J = 12 Hz, 1H on C-15), 

4.30 (m, 1H, H on C-ll?),  4.39 (d, J = 12 Hz, 1H on C-15), 
5.50 (br s, H on C-13), 7.20 (s, 5H). Exact maJs calcd. for 
C27H3602:  392.2715: found: 392.2731. 

Oxidation of Allocj~athin B2 (12)  
Chromium trioxide (36 mg) was added to a stirred solution 

of pyridine (57 pL) in CH2CI, (3 mL). After 15 min a solution 
of 12 (18 mg) in CH,C12 (0.5 mL) was added and the mixture 
was stirred for 5 min. The precipitated material was filtered off 
and washed with ether. The organic solutions were combined 
and evaporated. The residue was purified by ptlc to give anhy- 
drocyathin B, (13, 16 mg), identical (tlc, ir, 'Hnir, uv, ms) with 
an authentic sample (9). 

A tten~pted Epoxidatioiz of Cyatl~in B2 ( 19 )  
Cyathin B, (12.5 mg) was dissolved in ice cold methanol 

(1 nlL) and 1 A4 NaOH (80 pL) and 30% H z 0 2  (5 pL) were 
added. The solution was kept at OcC for 24 h, then diluted with 
water (10 niL) and extracted with ether, to yield an oil (12 mg) 
which was subjected to ptlc to give anhydrocyathin B, (13, 
2 mg), which could be followed by its yellow color, identical 
with an authentic sample. 

Redcrction of Aizhydrocyathin B, (13)  
A mixture of 13 (42 mg), LAH (20 mg), and ether (6 n1L) 

was stirred at room temperature for 15 n~in,  then excess 
hydride was destroyed by addition of saturated NaHCO,. 
Extraction uith ether and the usual work-up provided an oil 
which was separated into two conlponerits by ptlc (triple 
elution bvith ether) to give diols 14 (25 mg) and 15 (13 mg). 
Diol 14 showed the following properties: ir (CHCl,): 3500; 
'Hmr (CDCI,) 6 :  0.98 (s, 3H), 0.99 (d, J = 6 Hz, 6H), 1.05 
(s, 3H), 2.84 (heptet, H on C-18), 3.60 (dd, J's 5 and 2 Hz, H 
on C-14), 4.10 (s, 2H on C-15), 5.59 (d, J = 8 Hz, H on C-lo), 
6.05 (dd, J's 8 and 1 Hz, H on C-11). Exact mass calcd. for 
CZOH3002:  302.2246; found: 302.2242. Diol15 had the fol- 
lowing properties: ir (CHCI,): 3500 cm-': 'Hmr (CDCI,) 6: 
0.96 (d, J = 6 Hz, 3H), 0.96 (s, 3H), 1.00 (d, J = 6 Hz, 3H), 
1.10 (s, 3H), 3.75 (dd, J's 10 and 2 Hz, H on C-14), 4.12 (s, 2H 
on C-15), 5.45 (d, J = 8 Hz, H on C-lo), 5.86 (dd, J ' s  8 and 
2 Hz, H on C-11). Exact nlnss calcd. for C20H3002:  302.2246; 
found: 302.2242. 

Oxidatiorz of Diols 14 and 15  
Activated MnOz (50 mg) was added to a solution of diol 15 

(9 mg) in CH,C12 (2 mL) and the mixture stirred for 15 min, 
then filtered and the filter cake washed thoroughly with ether. 
Concentration of the filtrate gave the hydroxyaldehyde 16 
(8.2 mg) as a colorless oil [?IDz5 f97.5' (c 0.6, MeOH); ir 
(CHCI,): 3600, 2720, 1675, 1570 cm-';  'Hmr (CDCI,) 6: 
0.96 (s, 3H), 0.96 (d, J = 6 Hz, 3H), 1.00 (d, J = 6 Hz, 3H), 
1.10 (s, 3H), 3.67 (dd, J's 10 and 2 Hz, H on C-14), 5.58 (d? 
J = 8 Hz, H on C-lo), 6.64 (dd J's 8 and 2 Hz, H on C-l l) ,  
9.48 (s). Exacr itmss calcd. for C,,Hz,02: 300.2090; found: 
300.2092. 

Oxidation of diol 14 in the same manner provided allo- 
cyathin B, (12). 

Berzzoates 17 and 18 
Allocyathin B, (12, 10 nig) in CHC1, (1 n1L) was treated 

with pyridine (0.1 mL) and benzoyl chloride (0.05 mL) and the 
solution kept at room temperature for 6 h, then diluted with 
ether and washed with dilute HC1. Work-up gave an oil which 
was purified by chromatography over silica gel (eluent, ben- 
zene) to give benzoate 17 as a colorless syrup (10 mg), [z],~' 
+84.5" (c 0.7, MeOH); ir (CHCl,): 1710, 1665 cm- ' ;  'Hmr 
(CDCI,) 8: 0.96 (s, 3H), 1.01 (d, J = 6 Hz, 6H), 1.12 (s, 3H), 
2.90 (heptet, H on C-18), 3.34 (dd, J ' s  18 and 6 Hz, 1H on 
C-13), 5.23 (dd, J's 6 and 1 Hz, H on C-14), 6.00 (d, J = 8 Hz, 
H on C-lo), 6.80 (dd, J's 8 and 2 Hz, H on C-11), 7.40 (m, 3H 
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aromatic), 7.90 (m, 2H aromatic), 9.40 (s, IH).  Exact mass 
calccl. for C27H3,03: 404.2351; found: 404.2352. 

Under the same conditions 14-epiallocyathin B2 (16) was 
benzoylated to give 18 as a colorless oil, [rID2* f 71.0. (c 0.50, 
MeOH); ir (CHCI,): 1710, 1665 cm-' ;  'Hmr (CDCI,) 6 :  0.96 
(s, 3H), 0.99 (d, J = 6 Hz, 3H), 1.01 (d, J = 6 Hz, 3H), 1.26 
(s, 3H), 2.80 (heptet, IH), 3.06 (dd, J's 18 and 2 Hz, 1H on 
C-13), 5.18 (dd, J's 11 and 2 Hz, H on C-14), 5.84 (d, J = 8 Hz, 
C-IOH), 6.70 (dd, J ' s  8 and 2 Hz, H on C-ll) ,  7.50 (m, 3H, 
aromatic), 8.02 (m, 2H, aromatic), 9.42 (s, IH). Ezroct mass 
calcd. for C27H3203: 404.2351; found: 404.2352. 
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WILLIAM A. AYER, SING PIKG LEE, and THOMAS T. NAKASHIMA. Can. J. Chem. 57,3338 
(1979). 

The cyathins are a group of diterpenoids of unique structure which are produced by bird's 
nest fungi of the family Cyatlius. Biosynthetic studies utilizing [1-'3C], [2-13C], and [1,2- 
'3CZ]acetate indicate that 11-0-acetylcyathatriol, produced by the fungus C .  earlei, is formed 
from acetate via the isoprenoid pathway. The labelling experiments are consistent with a route 
involving cyclization-rearrangement of geranylgeranyl pyrophosphate as shown in Schemes 1 
and 3 .  

WILLIAM A. AYER, SIKG PING LEE et THOMAS T. NAKASHIMA. Can. J. Chen~.  57, 3338 (1979). 
Les cyathines forment un groupe de diterpenoides a structure speciale qui sont produits par 

les champignons de la faniille Cyathus que l'on trouve dans les nids d'oiseaux. Les ttudes 
biosynthetiques utilisant un acttate marque au 13C en positions [I3C-11, [13C-21 et ['3C,-1,2] 
indiquent que le 0-acCtyl-11 cyathatriol produit par le champignon C .  eavlei est forme a partir 
de l'acetate par l'intermediaire d'un mecanisme isoprinoide. Les exptriences de marquage sont 
en accord avec un cheminement impliquant une transposition accompagnte d'une cyclisation 
du phosphate de gtranylgeranyle tel qu'indique dans les schemas 1 et 3. 

[Traduit par le journal] 

The cyathins are a unique type of diterpenoid 
produced by several species of bird's nest fungi of the 
genus Cyathus (family Nidulariaceae). They all 
possess the carbon skeleton 1 which we have named 
cyathane (2) although the parent hydrocarbon 1 is 20 

H3C 

unknown.' In the preceding paper (1) we have de- 15 RO CH20R1 
scribed the metabolites isolated from the mycelium of 1 2 R = R ' = R ' = H  
liquid cultures of Cyathus earlei Lloyd. Since cya- 3 R = A c , R i = R 2 = H  
thatriol (2) and its derivatives I 1-0-acetylcyathatriol 4 R =  R 2 =  H , R 1 =  AC 

(3), 1.5-0-acetylcyathatriol (4), and 11,15-0,o- 5 R = R ' = A c , R 2 = H  6 R = R l = R 2 = A c  
diacetylcyathatriol(5) are produced in good yield and 
are easily isolated, it seemed an appropriate species 
for the study of some of the details of the biosyn- 
thesis of the cyathins. Since the cyathins appear to be 
diterpenoid in nature (2) and may thus be derived H 3C 

% ;2 
from acetate via mevalonic acid, "active isoprene," CH3 

and geranylgeranyl pyr~phosphate ,~ we have under- 
taken a study of the incorporation of 13C-labelled 
acetate by C. earlei into cyathatriol and its deriva- 

H 3 c k 0  
CH3 

tives, utilizing carbon- 13 nuclear magnetic resonance 8 R1 = OH, R2 = H 

(13Cmr) to trace the biosynthetic pathway.4 9 R1 = H, R2 = OH 

In order to follow the labelling pattern it was first necessary to assign the chemical shifts of the carbons 
in cyathatriol and its derivatives. The 13C chemical 

'For part 11, see ref. 1. shifts of compounds 2 to 5 as well as those of 0 , 0 , 0 -  
'For a compilation of the various cyathins which have been triacetylcyathatriol (6) are summarized in ~ ~ b l ~  1, 

isolated, see ref. 3. 
3For a review of terpenoid biosynthesis, see ref. 4. The assignments of the individual carbon resonances 
4For a review of the use of 13cmr in biosynthetic studies to specific carbon atoms are based largely on selec- 

see ref. 5. tive (3) and off-resonance (3 and 4) proton decoupling 

0008-40421791243338-06$01 .00/0 
@I979 National Research Council of Canada/Conseii national de recherches du Canada 
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TABLE 1. Carbon-13 chemical shifts" of some cyathins 

Carbon 2 3 4 5 6 8 9 

OAll values from internal TMS; accurate to k 0 . 1  ppm; 
fiC-1, C-8 and C-10 may be interchanged. 
cValues in parentheses indicate Eu(fod), induced shifts. 
dC-3, C-4 and C-19, C-20 may be interchanged. 
eC-3, C-4, C-12 may be interchanged. 
fC-5,  C-6 may he interchanged. 
gC-7, C-10 may be interchanged. 
hAcetonide carbon. 
'Acetonide methyls. 
JMay he interchanged wlth C-18. 
*May be interchanged with C-17. 

experiments, and by comparison with our previously 
assigned I3C spectra of related cyathins (6). Figure 1 
shows a comparison of the I3Cmr shifts observed for 
the previously assigned (6) 0.0-diacetylcyathin A, 
(7) and for 11,15-0,O-diacetylcyathatriol(5) reported 
herein. The only difference in structure between the 
compounds in Fig. 1 is the replacement of the C-14 
carbonyl group in 7 with a P-hydroxyl group in 5. 
The changes in shielding should occur only in the 
proximity of the structural change. Using an addi- 

/ - 5 

FIG. 1. Comparison of 13Cmr data for O,O-diacetylcyathin 
A3 (7) and 11,15-O,O-diacetylcyathatriol (5). 

tivity approach for this change (OH vs. carbonyl 
(7, 8)) reproduces the shielding changes observed. 

For all of the compounds the chemical shift of 
C-10 is very similar to that of C-7 and C-8. In order 
to distinguish between these carbons a Eu(fod), shift 
study was undertaken with 3 and 4. It was expected 
that complexation would be favored at C-11, C-15 
rather than at C-14 and indeed in both cases C-11 
shows a larger shift than C-14. Consequently, the 
signal in the 6 32-37 region which shows the largest 
Eu(fod), shift is assigned to C-10. 

Table I also includes the shift values for cyatha- 
trio1 acetonide (8) and 14-epicyathatriol acetonide 9 
(1). The shift values for 8 agree well with those of 2-6 
whereas the C-16 methyl signal in 9 appears at 6 12.1, 
reflecting the y-gauche effect of the C-14 hydroxyl. 
The C-5 signal moves downfield to 6 45.0 in 9 (6 39.1 
in 8), reflecting the fact that the C-14 hydroxyl is no 
longer y-gauche to C-5. 

The cyathane skeleton P is unique among the 
diterpenoids. We have earlier noted that the carbon 
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skeleton of the cyathins may be formed by cycliza- 
tion-rearrangement of geranylgeranll pyrophos- 
phate (10) as shohvn in Scheme 1 (2). Recently, 
Faulkner and co-workers (9) have isolated from sea 
hares conlpounds with the carbon skeleton 11 

13Cmr spectruin of the resulting enrtched 1 l - 0 -  
acetylcyathatr~ol (spectrum A), the natural abun- 
dance spectrum and assignments (spectrum B), and 
the computer derlved subtract~on of B from A 
(curhe C). The latter curve clearly shows that carbons 
2, 6, 8, 9, 10, 12, 14, and 18 as well as the acetyl 
carbonyl carbon are dertved from the carboxyl 
carbon of [1-13C]acetate, in agreement w ~ t h  the 
blosynthetic pathway shown in Scheme 1. When 
s o d ~ u n ~  [2-13C]acetate was added to growlng C. 
earler, 1 1-0-acetylcyathatr~ol enr~ched at the re- 
inalnlng carbons (2, 5, 6, 8, 9, 11, 13, and 18, and the 
acetll methyl) was obtained. Figure 3 shows the 

11 12 

(dolabellane), which differ o111y in that they are 
bicyclic and the C-12 methyl group of cyathane 
appears a t  C-1 1 (cyathane numbering) in dolabellane. 
This same skeleton appears, in tetracyclic form, in 
compounds of the newly discovered verrucosane (12) 
class (10). This latter type of skeleton may be derived 
from geranylgeranyl pyrophosphate (10) as illus- 
trated in Scheme 2 for the dolabelladiene cation 110. 
Subsequent C-5 to C-6 bond formation and migra- 
tion of the C-11 methyl to  C-12 leads to the cya- 
thane skeleton. 

lncorporatio~l of [I3C-l ]-labelled acetate into the 
cyathins via mevalonic acid and geranylgeranyl 
pyrophosphate as shown in Scheme 1 would result in 
labelling a t  the asterisked carbons (C-2, C-6, C-8, 
C-9, C-10, C-12, C-14, C-18) whereas incorporati011 
via Scheme 2 would result in a partly different distri- 
bution (C-2, C-5, C-6, C-8, C-9, C-11, C-13, C-18) as 
indicated in the scheme. In the first case C-10, C-12, 
and C-14 of ring C are labelled, in the second case it 
is C-5, C-11, and C-13. 

Cyathus emlei was grown in liquid culture in the 
presence of sodium [I-13C]acetate as described in the 
Experimental and 11-0-acetylcyathatriol (3) was 
isolated by chromatography. Figure 2 shows the 

I steps 

spectrum of the enriched as well as the natural 
abundance sample and the computer subtraction 
(curve C) identifies the enriched carbons. These 
experiments serve to eliminate from consideration the 
dolabellane route (Scheme 2) to the cyathins and are 
consisteilt with the pathway shown in Scheme 1. 

The pathway shown in Scheme 1 involves a 
molecular rearrangement which may be detected 
using doubly-labelled sodium acetate (ref. 5, p. 164). 
The intact acetate units in geranylgeranyl pyro- 
phosphate (100) derived via mevalonate are shown as 
heavy lines in 100 (Scheme 3). As illustrated in 
Scheme 3, the postulated rearrangement involves a 
scissioil of one of the acetate units (C-4, C-8) which 
will eliminate the 13C-13C coupling between C-4 
and C-8, and these two carbons, along with C-1, C-7, 
C-11, and C-19, should appear as singlets in the 
proton-decoupled spectrum of 1 l-o-acetylcyatha- 
trio1 (3) derived from [1,2-13C]acetate if the C-4 to  
C-9 bond migration does occur. Figure 4 shows a 
comparison of the natural abundance spectrum 
(curve A) and the 100 MHz spectrum of 3 obtained 
by feeding experiments utilizing [ I  ,2-I3C]acetate. 
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FIG. 2. Proton decoupled ' 3Cn~r  spectra (22.6 MHz) of: (A) 11-0-acetylcyathatriol (3) from [I-13C]acetate enrichment; 
(B) natural abundance spectrum of 3;  (C) computer derived subtraction of curve B from curve A. 

FIG. 3. Proton decoupled 13Cmr spectra (22.6 MHz) of: (A) 11-0-acetylcyathatrlol(3) from [2-13C]acetate enrichment; 
(B) natural abundance spectrum of 3; (C) computer derived subtraction of curve B from curve A. 

Clearly C-4 and C-8 do not show 13C-13C coupling, are consistent w ~ t h  a cation~c cyc1izatioi1-rearrange- 
consisteilt with the molecular rearrangement shown ment sequence of the type shown in Schemes 1 and 3 
in Schemes 1 and 3. Experimental 

In summary, the results reported herein indicate 
I n ~ i ~ ~ ~ ~ ~ e n i u i ~ o n  that the c~a th ins  are blos~ntheslzed from acetate, The 13Cmr spectra were determined In chloroform-d, (5% 

presumably via mevalonlc acid, "actlve isoprene", tetramethylsilane as standald) at a concentration of approxl- 
and geranylgeranyl pyrophosphate, and the results mately 5-20% (wl\)  In 5 or 10mm sample tubes uslng a 
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FIG. 4. Proton decoupled 13Cmr spectra (100.6 MHz) of: (A) 11-0-acetylcyathatriol (3, natural abundance; (B) 11-0- 
acetylcyathatriol from [1,2-'3C,]acetate enrichment. 

Bruker WP-60, HFX-90, or WH-400 spectrometer operating in 
the Fourier transform mode. A few drops of methanol-& were 
added to the solutions of 2 and 5 to increase solubility. Because 
of the limited amount of material, 8 was dissolved in ca. 10 pL 
of methanol-d, and the spectrum determined in a 1.7 mm, 
microprobe. For the shift study, a solution of Eu(fod), in 
chloroform-d, was added dropwise to a solution of the sub- 
strate in chloroform-dl until approximately a 1 : 1 weight ratio 
was obtained. 'Hmr spectra were recorded on a Varian 
HA-100-12 in. system or on a Varian HA-100-15 in. system 
interfaced to a Digilab FTS/NMR-3 data system. 

li4aterials 
Sodium [I - '  3C]acetate and sodium [2-'3C]acetate (90% en- 

riched) were purchased from Merck Sharp and Dohme 
Canada Etd. Sodium [1,2-13C,]acetate was obtained from 

Prochem US Ser~ices Ltd. Brodie medium was prepared in the 
usual manner (1 1) and sterilized before use. Silica gel refer5 to 
E. Merck Silica Gel 60. Compounds 2-6,8, and 9 were ob- 
tained as previously described (I) .  

Incorporation of '3C-labelled Acetate into 11-0-Acetyl- 
cyathafviol(3) 

Cyathils eavlei Lloyd ATCC 38343 (1) was grown in liquid 
still culture at  room temperature in Brodie medium in 2 
2.8-L Fernback flasks (1 L mediumlflask). After fourteen 
days growth sodium [I-I3C]acetate (1.00 mmoliL) in water 
(5 mL, sterilized) was added to each flask. One week later a 
further I .OO mmol was added to each flask. Two weeks later 
the culture broth was decanted and the mycelium was re- 
flooded with fresh sterilized Brodie medium. Seven days after 
the reflood, sterilized sodium [I-13C]acetate solution (2 mmol 
per flask) was again added. Three weeks later the mycelium 
was harvested by filtration, dried, and extracted with ethyl 
acetate in a Soxhlet apparatus. The crude extract (ca. 0.5 g) 
was subjected to chromatography over silica gel (25 g) as 
previously described (i). Elution with ether-benzene (3:7) 
afforded 11-0-acetylcyathatriol (40 nig) which was crystallized 
from ether, mp 165-166'C (1). The experiments with sodium 
[2-13C]acetate and sodium [1:2-I3C,]acetate were conducted 
in exactly the same way as described for sodium [l-13C]ace- 
tate. 

Acknowledgements 

We thank Professor H. J. Brodie for slant cultures of 
C. earIei and the Natural Sciences and Engineering 
Research Council of Canada for financial support. 

1. W. A. AVER and S. P. LEE. Can. J. Chem. 57,3332 (1979). 
2. W. A. AVER and H. TAUBE. Can. J .  Chem. 51,3842 (1973). 
3. W. A. AYER. L. M. B R O W ~ E ,  S. FERNAYDEL, D. E. WARD. 

and T. YOSHIDA. Rev. Latinoamer. Quim. 9. 177 (1978). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



COMMUNICATIONS 3343 

4. D. V. B A ~ T H O R P E  andB. V. CHARLWOOD. I n  Chemistry of 
the terpenes and terpenoids. Edited by A. A. Newman. 
Academic Press. Neu York, NY. 1972. p. 337. 

5 .  A .  G. h 4 c I h ~ ~ s .  J .  A.  WALTER. J .  L. C.  WRIGHT, and L. C. 
V I N I ~ G .  In Topics in carbon-13 nmr spectroscopy. Vol. 2. 
Edited by G.  C. Levy. John Wiley and Sons. New York. 
N Y .  1976. p. 125. 

6. W. A. AYER. T. T .  NAK.~SHIMA,  and D. E.  WARD. Can. J .  
Chem. 56.2197 (1978). 

7. C .  E. MACIEL. J .  Phys. Chem. 69, 1947(1965). 

8. L .  M .  JACK MA^ and D. P. KELLEY. J .  Chem. Soc. B, 102 
(1970). 

9. C. I R E L A ~ D  and D. J .  FAULKNER.  J .  Org. Chem. 42. 3157 
(1977), and references therein. 

10. A.  MATSUO, H. NOZAKI, M .  N ~ K A Y A I \ ~ A .  S.  HAYASHI. and 
D. TAKAOKA. J .  Chem. Soc. Chem. Commun. 198(1978). 

1 I .  H. J . BRODIE. The bird's nest fungi. University of Toronto 
Press, Toronto, Ont. 1975. p.  36. 

Total synthesis of barbatane sesquiterpenes: a- and P-barbatenes, gymnomitrol, and 
isogymnomitrol 

MITSUAKI K O D A ~ I A ,  TOSHIO KURIHARA, J I N K O  SASAKI. and S H ~ ,  IT; 

Drpartnlrnt ofC'hetnistr3., Faculty of Science, Tohoku Ut?icersit?, Srndai 980, Japan 

Received July 30, 1979 

This puprr is dedicated to Prof. K ~ r e l  Wiesner otz the occasion of  his 60th birthday 

MITSUAKI KODAMA, TOSHIO KURIHARA, JINKO SASAKI, and SH6 1 ~ 6 .  Can. J .  Chem. 57, 3343 
(1979). 

A total synthesis of the barbatenes and a formal total synthesis of gymnomitrol and isogym- 
nomitrol were achieved through a common intermediate utilizing a cycloaddition reaction 
and skeletal rearrangements. 

MITSUAKI KODAMA, TOSHIO KLRIHARA, JINKO SASAKI et SHB ITB. Can. J. Chem. 57,3343 
(1979). 

On a realise la synthese totale des barbatenes et urle synthese totale formelle du gymnomitrol 
et de I'isogymnomitrol a partir d'un intermediaire commun en utilisant une reaction de 
cjcloaddition et des transpositions molCculaires. 

[Traduit par le journal] 

Barbatenes (gymnomitrene, isogymnomitrene, 
pompenes), 1 and 2. and gymnomitrol 3, are ses- 
quiterpenes isolated from certain liverwort species 
together with some oxygenated congeners (1-6), and 
isogymnomitrol 4 is the isomerization product of 3. 
All of these compounds have the novel tricyclo- 
[5.3.1.0236]undeca11e framework which is biogenetic- 
ally related to  the carbon skeleton of the trichothe- 
canes. 

1 R = H a-barbatene 2 R = H P-barbatene 
4 R = OH isogymnomitrol 3 R = OH gymnomitrol 

This unique carbon skeleton should be accessible 
by stereospecific skeletal rearrangement of bicyclo- 
[2.2.2]octane derivatives, e.g., 5, which in turn would 
be readily available by Diels-Alder reaction of an  
appropriate dihydrobenzene and a n  activated cyclo- 
pentene derivative. In this comn~unication we wish to  

report the stereospecific total synthesis of these four 
compounds according to this strategy via a colnmon 
intermediate. 

Synthesis of the Conzmon Intermediate (Tjpe 5) 
When cyclopentene-l,2-dicarboxylic anhydride 6 

(7, 8) and two molar equivalents of 4-methylcyclo- 
hexa-1,4-dienyl methyl ether 7 (9) were heated in 
refluxing toluene in the presence of a catalytic amount 
of p-toluenesulfonic acid under a nitrogen atmos- 
phere, the endo-adduct 8,' mp 104-105"C, was 
formed exclusively in 93x  yield. The endo relation- 
ship of the double bond and anhydride grouping in 8 

'All compounds were adequately characterized by spectro- 
scopic methods (ir, nmr, and ms) and by correct elemental 
analysis. 

OOOS-4042/79/243343-O3$01 .OO/O 
a1979  National Research Council of Canada/Conseil national de recherches du Canada 
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et de I'isogymnomitrol a partir d'un intermediaire commun en utilisant une reaction de 
cjcloaddition et des transpositions molCculaires. 

[Traduit par le journal] 

Barbatenes (gymnomitrene, isogymnomitrene, 
pompenes), 1 and 2. and gymnomitrol 3, are ses- 
quiterpenes isolated from certain liverwort species 
together with some oxygenated congeners (1-6), and 
isogymnomitrol 4 is the isomerization product of 3. 
All of these compounds have the novel tricyclo- 
[5.3.1.0236]undeca11e framework which is biogenetic- 
ally related to  the carbon skeleton of the trichothe- 
canes. 

1 R = H a-barbatene 2 R = H P-barbatene 
4 R = OH isogymnomitrol 3 R = OH gymnomitrol 

This unique carbon skeleton should be accessible 
by stereospecific skeletal rearrangement of bicyclo- 
[2.2.2]octane derivatives, e.g., 5, which in turn would 
be readily available by Diels-Alder reaction of an  
appropriate dihydrobenzene and a n  activated cyclo- 
pentene derivative. In this comn~unication we wish to  

report the stereospecific total synthesis of these four 
compounds according to this strategy via a colnmon 
intermediate. 

Synthesis of the Conzmon Intermediate (Tjpe 5) 
When cyclopentene-l,2-dicarboxylic anhydride 6 

(7, 8) and two molar equivalents of 4-methylcyclo- 
hexa-1,4-dienyl methyl ether 7 (9) were heated in 
refluxing toluene in the presence of a catalytic amount 
of p-toluenesulfonic acid under a nitrogen atmos- 
phere, the endo-adduct 8,' mp 104-105"C, was 
formed exclusively in 93x  yield. The endo relation- 
ship of the double bond and anhydride grouping in 8 

'All compounds were adequately characterized by spectro- 
scopic methods (ir, nmr, and ms) and by correct elemental 
analysis. 
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C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C A N .  J .  CHEM. VOL. 57. 1979 

I 0 V V 
OMe 

11 R =  R ' =  H 12 X =  O . R =  H 17 
13 R =  S02Me. R' = H 14 X =  S. R =  H 
15 R = SO,Me, R' = Me 16 X  = S. R = Me 

SCHEME 2 

was confirnied by the formation of the bis-lactone 9, withpotassiumtert-butoxide inTWFatroomtempera- 
lnp 198-198.5"C, on alkaline bromination. After ture. The structure of20 was further co~lfirn~ed by its 
some preliminary experiments, 8 was first demethy- collversion to the diosphenol21, mp 180-183"C, A,,, 
lated by boron tribromide in dichloromethane to the 273 nm ( E  5500) on alkaline oxidation (O,, t-BuOK). 
alcohol 10, mp 264-265cC, ill 9 6 z  yield. For the Thus, the rearrangement to the barbatane carbon 
conversion of the anhydride group to two methyl skeleton was achieved. 
groups, 10 was first reduced with lithium aluminum 
hydride in refluxing T H F  to give trio1 PI, mp 230'C 
(dec.), in 8 4 9 i e l d .  Although the attempted tosyla- 
tion of 11 afforded maillly ether 12, mp 206-208"C, 12 H% + Hk% 
mesylation (MsCl/Pp) yielded dimesylate 13 as a 
colorless oil in 93% yield, and the latter was con- 
verted to sulfide 14: mp 203-205'C, in 4 5 2 i e l d  with 18 19 
anhydrous Na,S ill HMPA at 120°C (lo)., De- 
sulfurization of 14 with lithium in ethylamine at 
-201C in the presence of 2-propanol yielded the 
desired olefin 17, mp 188-190cC; nz/e 206 (M'), 110 
(base peak): 6  0.81 (3H, s), 0.91 (3H, s), 1 .O1 (3H, s), 
5.76 ( l H ,  d, J = 8.5), 6.07 (IH, d, J  = 8.5), in 8 7 x  
yield. )%@ 20 +Ho+f 2 1 

Skeletal Rearratzge~~ent 
The ~ossibilitv of the rearrannelnent from tricvclo- 

[5.2.2.d2,6]undecane system to Gicyclo[5.3. 1 .02 ,k]u~~-  
decane was investigated utilizing the ether 12 as a 
model compound; 12 was treated with dry HI in 
dichloromethane to afford two iodides 18, nip 121- 
123°C (58%), and 19, mp 113.5-114.5'C (37%). The 
configuration of iodine was verified by the presence 
of W-type coupling ( J  = 2.5 Hz) in the signals due to 
H(8) (6  4.72 ppm) in 18 and due to H(9) (6 4.97 ppm) 
in 19. 

While 18 reverted to ether 12 when t ~ a t e d  with 
diazabicycloundecane in refluxing benzene, 19 under- 
went smooth rearrangement to give ketone 20, mp 
1 32-13j°C, v 1702 cm- ': quantitatively on treatment 

Sj'nthesis of a- and P-Barbatenes ( I  and 2 )  
Similar reaction of the hydrocarbon 17 with HI 

yielded two iodides, one of which was unstable and 
underwent the rearrangement upon contact with 
silica gel. Thus, chromatographic separation (50,) 
of the products afforded the ketone 23, mp 208- 
21lCC, v 1703 cm-l ,  in 45'z yield along with the 
~odide 22. While Grignard reaction (MeMgl) and 
subsequent dehydration with SOCl, in pyridine 
yielded r-barbatene exclusively, dehjdration using 
POC1, in pyridine afforded a ca. 1: 1 mixture of a- 
and P-barbatenes. Separation of the products follows 
the known ~rocedure (2) and the vroducts are 

\ ,  

21n the same reaction using the corresponding methyl ether identified their ir and nmr spectra 
15, the sulfide 16 was obtained in over 65% yield. with those of authentic specimens. 
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Formal SJ uthesis of Gyrxnon?itrol 3 a ~ i d  
I sog~  ~nnomitrol 4 

The unsaturated alcohol 17 was oxidlzed with nz- 
chloroperbenzoic acid (O'C, 6 h) to give the epoxy 
alcohol 24, mp 93-95"C, quantitatively, which on 
aluinina chromatography underwent skeletal re- 
arrangement to the ketoalcohol25, mp 228"C, in 61x 
lield. Jones' oxidation of 25 yielded the diketone 26, 
amorphous solid, v 1745, 1710 cm-l.  The nmr and ir 
spectra match the reported data for the same com- 
pound derived from natural gymnomitrol (6) and 
also match the complete spectra of a sample of 26 
supplied by Coates (I la) .  Since 26 has been syn- 

thesized by Coates3 and co~lverted in thrcc steps to 
gynl~lomitrol 3 and isogymnomitrol 4, the acid- 
catalyzed rearrangement product of 3, the present 
study completes the formal total synthesis of these 
alcohols in a completely different strategy. 
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A synthetic approach to quassin. Synthesis of a ring A seco derivative 
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NADA STOJANAC, ~ A R K O  STOJAPIAC, PETER S. WHITE,  and ZDENEK V A L E ~ T A .  Can. J. Chem. 
57, 3346 (1979). 

Synthesis of compound 16, a ring A seco derivative of quassin (I), is described. The overall 
strategy consists of manipulations within a rigid system established by a Diels-Alder reaction, 
followed by unfolding of the molecule. The sequence includes a cyclization of a 1,5-bromo- 
ketone with Zn and a selective oxidation of one carbonyl group in a tricyclic diketo diester 
with peracetic acid. 

NADA STOJAXAC, ~ A R K O  STOJAPIAC, PETER S.  WHITE et ZDEPIEK VALENTA. Can. J. Chem. 
57, 3346 (1979). 

On decrit la synthese du compose 16, un derive cyclique A seco de la quassine (1). La strati- 
gie globale consiste en des manipulations a l'intkrieur d'un systeme rigide produit par une 
reaction de Diels-Alder suivie du deplissement de la molecule. La suite de reaction comprend 
une cyclisation de la bromocktone-1,5 a l'aide de zinc et une oxydation selective du groupe 
carbonyle du diceto ester tricyclique par l'acide peracetique. 

[Traduit par le journal] 

Some time ago, we reported a synthetic approach saturated ester 9,, mp 140-142'C, on hydrogena- 
to  quassin (I), the bitter principle of Quassia amara tion with PtO, in ethanol. Compound 9 contains all 
(1, 2), in which all but two skeletal carbon atoms the skeletal C-atoms of quassin and all nonepimer- 
(C(2) and C(3)) were introduced by reaction 2 + 3 + izable chiral centres in quassin (Cbk's in structure 1 
4 proceeding in a regio- and stereospecific1 manner and 5-9) are established. 
(3). It was based on the expectation that the relatively TO form the C(14)-C(15) bond (see structure 1 
conlplex stereochemistry of 1 could more readily be and 11), 9 was treated with N-bromosuccinimide in 
established in a rigid system. We now wish to report CCl, at 80-85°C in the presence of (CH,),COOH or 
one sequence which exploits this strategy, and in- benzoyl peroxide to give 10, mp 110-l l2 '~, '  which 
cludes an unconventional formation of the C(14)- on reaction with OsO, in benzene and a catalytic 
C(15) bond and a11 unfolding of the caged molecule amount of pyridine for 10 days, followed by treat- 
to the seco-quassin derivative 16. ment of the osinate ester with Zn in acetic acid at 

Triketone 5, mp 68-70°C, prepared from 4 in 2OCC for 2 days and by decomposition with H,S in 
-80% yield by reduction with Zn in acetic acid (3) CHCI, at 03C, gave the desired foamy trio1 11 
followed by hydrolysis with concentrated HC1 in (acetonide, mp 156-158°C). The yield of 11 purified 
CH30H at 20°C and an oxidation of the resulting by chromatography (hexane-EtOAc 2 : 3)3 was 40% 
mixture of two epimeric alcohols, mp's 120-121°C and based on 10. OsO, added stereospecifically and the 
107-108"C, with Collins' reagent (4), was equilibrated addition led to a geometry of the CH,Br and C--0 
with anhydrous K,CO, in dry CH,OH to give a groups particularly suitable for the c o u ~ l i n g . ~  
3 : 2 mixture of 5 and Isomer 6, mp 138-140cC, 
purified by chromatography (hexalle-EtOAc 5 : I ) , ~  4Chromatographic purification of 9 (hexatle-EtOAc 4: 

gave 7, mp 150-1529~, on treatment with ethoxy- removed minor quantities of its side-chain C-CH, diastereo- 
mer. Yield of 9 was 50% for the three steps from 6. 

ethynyl magnesium bromide. Aqueous oxalic acid syields of this reaction varied considerably and unpredict- 
in EtOH converted 3 into oily 8 which yielded the ably, the best yields being almost quantitative. 
-- 6The sequence could also be performed, less efficiently, by 

'Diene 2 and adduct 4 are mixtures of diastereomers at  initial osmate decomposition and by subsequent treatment of 
C-OAc. All synthetic compounds reported in this Communi- the resulting diol or its cyclic carbonate with Zn. We have not 
cation are racemic. been able to achieve this Zn-HOAc coupling in nlodel open- 

'A longer sequence in which the equilibration at  this centre chain systems. Similar bond formations in halo ketones with 
goes quantitatively in the desired sense is reported in ref. 3. Na (5) and R,CuLi (6) and in a halo epoxide with Li (7) are 

3All reactions were performed under N , .  All reported chro- rcportcd; it should bc noted, however, that the additional 
matographic purifications involved short column chromatog- functionality and the danger of 1,2-eliminations in our system 
raphy on Silica Gel 6. demand an exceptionally mild treatment. 

OCtQ8-40421791243346-03$01 .OO/O 
Q 1979 National Research Council of CanadaIConseil national de recherches du Canada 
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COMMUNICATIONS 

OMe 

5 R ,  = acetyl; R, = H 
6 R, = H; R, = acetyl 

Me 

Cleavage of the cic-diol in 11 with H,IO, in ether 65°C for 8 h gave the desired lactone 16,' n ~ p  144- 
led to an unstable en01 hemiaceta17 which was im- 145"C, v,,, 1735, 1720 (sh) cm-l.  The carbonyl 
mediately oxidized to lactone 12, v,,, (CHCI,) 3600, 
3450, 1800 cm-', with Collins' reagent (4). Treat- 
ment of 12 with Ac,O in pyridine at 100°C gave enone 
13, mp 166-167"C, I,,, (EtOH) 226 nm ( E  6880), 
v,,, 1800 cm-l,  'Hmr 6 6.00 (IH, s); its structure 
was established by X-ray diffraction. Hydrogenatioil 
of 13 with PtO, in EtOH gave ketone 14, mp 141- 
142'C, v,,, 1800 cm-', no vinylic H in 'Hmr spec- 
trum, as the only product. Reaction of 14 with 
NaOCH, (10% in CH,OH) under reflux for 20 h fol- 
lowed by treatment with ethereal diazomethane gave 
diketo diester 15, mp 181-182°C. Finally, oxidation 
of 15 with 40% peracetic acid in HOAc-NaOAc at 

'Hmr spectrum indicated a keto aldehyde G en01 hemiace- 
tal equilibrium. 

'Relative configuration at C(4), C(5), C(8), C(10), and 
C(13) in 16 follows rigorously from the X-ray study of 13 and 
from previously reported transformations (3). The configura- 
tion at  C(7) is clearly established by the position and shape of 
the 'Hmr signal of the C(7)-H atom (6 4.23, unresolved t, 
W,,, = 6 Hz), comparable to that in quassin (1). The config- 
uration at C(14) must be as indicated because (a)  the quanti- 
tative conversion 13 + 14 must involve a hydrogenation from 
the (less hindered) convex side and (b) for thermodynamic 
reasons, the two H-atoms at C(7) and C(14) can confidently be 
expected to be cis after the equilibrating conversion 14 + 15. 
Several arguments (including thermodynamic stability) 
establish the configuration a t  C(9) ( 'Hn~r  signal for C(9)-H 
at 6 3.15, s), the simplest being the fact that an isomer of 15 
(P C(7)-H, [3 C(9)-H) was obtained in a sequence in which 
the secondary O H  group in a derivative of 11 was first oxidi~ed 
to a ketone which was subsequently cleaved without the use of 
equilibrating conditions. 
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Me Me 

MeOOC 

Me 

group at C(11) proved inert to these oxidation 
conditions. 

The overall yield of the sequence 11 + 16 was 
60-707, the lowest single step yield ( - 8 0 7  being 
for the conversion 14 + 15. 

Six of the seven chiral centres of quassin are 
established in 16. The seventh, C(4), has the incorrect 
configuration. Since quassin derivatives equilibrate 
at C(4) to gipe, quantitatively, compounds with the 
equatorial CH,-group (I), it should prove possible 

to correct this after ring A formation. provided that 
the cyclization will be successful in spite of the juxta- 
positioil of the two CH, groups at C(4) and C(10) in 
16 and its derivatives. 
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group at C(11) proved inert to these oxidation 
conditions. 

The overall yield of the sequence 11 + 16 was 
60-707, the lowest single step yield ( - 8 0 7  being 
for the conversion 14 + 15. 

Six of the seven chiral centres of quassin are 
established in 16. The seventh, C(4), has the incorrect 
configuration. Since quassin derivatives equilibrate 
at C(4) to gipe, quantitatively, compounds with the 
equatorial CH,-group (I), it should prove possible 

to correct this after ring A formation. provided that 
the cyclization will be successful in spite of the juxta- 
positioil of the two CH, groups at C(4) and C(10) in 
16 and its derivatives. 
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This communication describes the stereocontrolled 
synthesis of the complex diterpene, (+)-ryanodol (1) 
(3, 4) (Scheme I). 

This compound exists in nature in the form of the 
a-pyrrole carboxylate ester derivative 2 known as 
ryanodine (3). 

The two starting materials used in this construc- 
tion are the readily available 5,6-dimethoxyindane 
(3) (5) and (+)-carvone (4) which were converted 
respectively into the two key building blocks, the o- 
spirolactone dienone 10 and the optically active (+)- 
isopropyl vinylketone acetal 15 (Scheme 2). 

5,6-Dimethoxyindane (3) was first converted 
(CH,OCHCl,, TiCl,, CH2C12) (6) into the corre- 

lPortions of this work have been presented on several oc- 
casions, in particular at  the 10th I.U.P.A.C. Symposium of 
Natural Products, New Zealand, August 1976 (see ref. 2). 
The completed synthesis was presented at  the Symposium on 
Synthesis and Bioorganic Chemistry of Natural Products, 
American Chemical Society-Chemical Society of Japan 
Meeting, Honolulu, April 1979. 

'For previous publications on some aspects of this work, 
see refs. 1 and 2. 

3Taken in part from Ph.D. theses. Universite de Sherbrooke. 
(A.B., 1974; D.J.F.B., 1969; R.B., 1972; R.S., 1977.) 

"Taken in part from M.Sc. theses. D.J.F.B., 1967, Univer- 
site de Montreal. and D.M.L.. 1972, Universite de Sher- 

C H O  

5 

HOOC CHO 

1l 

1 

xoc 

ro E 
SCHEME 2 

sponding aromatic aldehyde 510,11 (mp 52'C) which 
was then cleaved (BBr,, GH2C12) (7) to 4-formyl- 
5,6-dihydroxyindane (6,  mp 130-13l0C, 80% yield 
from 3). Selective esterification of 6 (BrCH2COBr, 
C,H,N, benzene) gave the monobromoacetate 7 
(mp 110°C) which was cyclised (Na,CO,, THF, 
reflux) into lactone aldehyde 8 (mp 131-132°C; 80% 
yield from 6) .  On Wolff-Kishner reduction of 

brooke. '"For all substances, the spectra (ir, 'H nmr, ms, and in 
sDeceased, March 29th, 1979. selected cases I3C nmr) were in agreement with the assigned 
6Post-doctoral collaborator. structures. Satisfactory microanalyses were obtained for 
'NRCC Postdoctorate Fellow. (R.L., 1977-78; F.N.M., crystalline substances. All rotations are for chloroform solu- 

1977-78.) tion unless stated otherwise. 
sCoopCrant militaire. Service de la Cooperation Technique, "In some cases, where the yield of a reaction is not quantita- 

France. tive (>95%",), minor products have been isolated and the 
'Agrege de Recherche, Departement de Chimie, Universite structure determined. This information will appear in the de- 

de Sherbrooke. tailed account. 
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12 endo 14 exo 12 endo 12 exo 

lactone aldehyde 8, the aromatic lactone 9 (mp 
75-76"C, 80x  yield) was formed and then trans- 
formed (NaOH (1 equiv.), H,O, CM3CN; NBS) (8) 
to the o-spirolactone dienone 10 (mp 97-98"C, 
2 95x yield). 

d-Carvone (4) was reduced (Pt/H,, ether) (9) 
to the dihydro derivative 11 which was then oxidized 
(0,,  CH3COOC,H5; Pd/C-H,) to yield the aldehyde 
carboxylic acid 12. Acetalization ((CH,OH),, p- 
TsOH, benzene: NaOH in CH30H) of 12 gave 13 
which was then esterified (CH31, K,C03, acetone) 
(10) and the resulting methyl ester 14 was purified 
by distillation (70% yield from carvone). The purified 
methyl ester 14 was hydrolysed (NaOH, CH,OH) 
to the acetal carboxylic acid 13 which was finally con- 
verted (LiH, THF; CH,=CHLi) into optically 
active isopropyl vinylketone acetal 15 ([a]578 +0.6@; 
7 5 z  yield from 13). Compound 15 was more con- 
veniently prepared on a large scale by the following 
procedure: reduction (LiAlH,, ether) of the methyi 
ester function in 14 ( E  100% yield) to the corre- 

sponding primary alcohol followed by oxidation 

( C , H , ~ ~ H C ~ Q , C I - ,  NaHCO,, CH,Cl,, room tem- 
perature, 2.5 h), (11) to the expected aldehyde (93% 
yield). A Grignard reaction JCH,=CHBr, Mg, 
ether) on this aldehyde followed by Jones oxidation 
(0°C) (12) gave isopropyl vinylketone acetal 15. 

Diene 10 was reacted (benzene, reflux, 1 h) with 
a slight excess of the dienophile 15 to give a 1 : 1 
mixture of adducts 16 A,  Band 17 A ,  Bin quantitative 
yield (Scheme 3). This crude product was then con- 
verted (1 N NaOH, THF, room temperature) into 
a mixture of four diastereoisomers 18 and 19 (ex0 
and endo) in which the endo epimers are the major 
isomers (endolexo - 3: 1). This crude mixture was 
then treated under acidic (CH3C0,H-H,O (7: 3), 
75"C, 2 h), followed by basic conditions (1 N NaOH, 
THF, room temperature) to yield the crude di- 
hydroxyketoaldehyde 20, which on further treatment 
(COCI,, C,H,N, benzene) afforded the five-mem- 
bered cyclic carbonate 21 (mp 186-188°C: [a], 
+ 121.3"), ~solated by chromatography in 27% yield 
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from 1 0 . ~ ~ 3 ~ ~ 3 ' ~  Con~pound 21 was further trans- 
formed (CH30H, (CH30),CW, p-TsOH) into the 

' T h e  theoretical yield (10 -t 21) is 50%, therefore this - - 

27% represents 54% of the theoretical yield. 
13The diastereoisonlers 18 endo and 19 endo have been iso- 

lated by chromatography. Pure 18 endo was converted into 
20 in quantitative yield, whereas 19 endo gave a complex mix- 
ture from which the expected isomeric pentacyclic compound 
22 could not be isolated. 

I4The relative configuration of the isopropyl group in com- 
pounds 20 and 26. was determined by nmr on a derivative of 21 
(see ref. 2, p. 1342). 

dimethoxyacetal derivative 23 (mp 114.7-1 15.2"C, 
[a], + 121.3"). 

Baeyer-Villiger oxidation (40z CH3C03H, 
CH,C02Na, room temperature, 15 h ;  80°C, 1 h) of 23 
gave the desired epoxylactone 24 (85";;) accompanied 
by a small quantity (15%) of an isomeric lactone 
(Scheme 4). Retroepoxidation (WCI,, n-BuLi (2 
equiv.), THF, -78°C) (13) was carried out on this 
mixture and the olefin lactone 25 (mp 179-18lGC, 
[a], - 10.9') was obtained pure by chromatography 
(80z yield from 23). Ozonolysis of olefin lactone 25 
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(O,, CH,COOC,H,, p-TsOH; (CH,),S) (14) re- 
sulted in the desired aldol condellsation product 26 
(mp 238-238.5"C, [a], -48.0" (THF), 2 9 0 z  yield) 
whlch was then converted (lithium diisopropylamide 
i11 THF, -78°C; (C,H,),B, -25"C, 3 h ;  CH,I) (15) 
into the equatorial monomethylated derivative 27 
(mp 245.5-254°C (dec.), [a], -56.6" (THF), 707, 
yield). 

The ketone function in 27 was selectively reduced 
(NaBH,, CH,OH, THF, 0°C) to the equatorial 
alcohol product 28 (mp 2577267°C; >95% yield) 
which was further characterized ((CH,CO),O, 
C,H,N) as the acetate derivative 28 ( H I =  

CH,CO) (mp 244-246 C, [a], - 34 7"). Compound 
28 was then tralisformed (NaH, THF, ClCH,OCH,, 
room temperature) lnto the methoxymethylortho- 
carbonate hydroxylactone dimethoxyacetal 29 (mp 
169.5-17O0C, [a], -12 1 , 8 0 7  yield plus 1 3 z  
recovery of 28). The product 29 was further reduced 
(LiAlH,, THF) to the trio1 30 (foam, [a], -40 I",  
95% yield) which underwent a highly selective 
oxyldation (CrO,e(C,H ,N),, CH,Cl,, - 45 to - 22 C ,  
1 h) (16) to give the hemiketaldiol 31 (mp 121- 
123 C, [ X I ,  - 39.2", 763yleld) .  The secondary 
alcohol of 31 was inesylated (CH,SO,Cl, C,H,N, 
OCC, 1 h) to yield hemiketal mesylate 32 (892ie ld) .  
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Compouild 32 underwent a high yield fragmentation 
under basic conditions (CH,SOCH,, CH3SOCH2Li, 
room temperature, 30 min) to furnish the large 
ring lactone olefin ~ncthoxyn~cthylorthocarbonate 
dimethoxyacetal 33 which was immediately con- 
verted by mild acid hydrolysis (-0.3 N HBF,, THF, 
O'C, 3 h) into the lactone olcfin hydroxycarbonate 
dimethoxyacetal 34 (mp 220-223"C, [a], - 126', 
97.5z yield from 32). 

Epoxidation of compound 34 (CF,CO,H, Na,- 
HPO,, ClCH,CH,Cl, 4"C, 15 h) afforded the P- 
epoxide 35 (mp 173-175"C, - 98% yield). Treatment 
of the P-epoxide 35 under basic conditions (0.1 N 
NaOH (0.4 mol equiv.), CH30CH2CH20CH,, 5.5 h, 
room temperature) gave after chromatography the 
desired lactone trio1 carbonate dimethoxyacetal 36 
(mp 246-248'C, [ r ] ,  - 32.9", 77% yield from 34). 
Compound 36 was converted (p-O,NC,H,COCl, 
C,H,N, OcC, 25 min) into the primary p-nitro- 
benzoate derivative 37 (mp 130-13lGC, [ R ] ,  - 33.OC, 
uv (CH,OH) A,,,,: 259 nm ( E :  12 184), 95% yield) 
which was then oxidized (Cr03.2CjHjN, CH,Cl,, 
25'C) (16) to yield the hydroxyketone lactone car- 
bonate p-nitrobenzoate dimethoxyacetal 38 (foam, 
[a],  - 30.3", 78mie ld) .  Reduction of 38 (LiBH,, 
THF, - 30 to - 20°C, 1.5 h) resulted in a mixture of 
the desired equatorial alcohol 39 (foam, [a],  - 15.3", 
73% yield) and the previously described axial 
alcohol product 37 which were separated by 
chromatography (Scheme 5). Compound 39 was then 
acetylated ((CH,CO),O, C,HjN) to yield the 
equatorial acetate derivative 40 (mp 3 18-3 19'C 
(dec.), [a], - 20.6"). 

Degradation of ring A of compound 40 led to the 
carbonate acetate derivative 44 of oxoanhydrory- 
anodol. Compound 40 was first converted (p-TsOH, 
benzene, reflux) to a mixture of ello1 ethers 41 which 
was then oxidized (O,, CH2Cl,, -78 to -55°C; 
(CH,),S) to the cyclopentanone product 42. 
Compouild 42 was transformed ((CH,CO),O, 
CH,C02Na, 10O0C, 15 h) into the enolacetate 43 (mp 
316-318°C (dec.)). The en01 acetate 43 under basic 
conditions (DBN, benzene, 75"C, 2.5 h) gavc thc 
carbonate-acetate derivative 44 of oxoanhydro- 
ryanodol (mp 301-302"C, [ r ] ,  + 150.6", uv 
(CH30H) h,,,: 238 nm (8775), 5 0 z  yield from40)." 

Compound 44 was reduced (NaBH,, THF, 
CH,OH, O'C, 2 h) to the endo allylic alcol~ol 45 
(mp 300-301°C (dec.), [%I, + 89.6" (CH,OH), 290% 
yield). Basic hydrolysis of 45 (1 N NaOH, THF, 
room temperature, 24 b) gave a mixture (ratio 3 : 1) 
of anhydroryanodol46 (mp 148-15O0C, [a], i 54.3" 
(CH,OH)) and epianhydroryanodol 47 (mp 227- 

"The experimental conditions for the conversion 40 -, 44 
have not been optimized. 

228"C, [a], -97.8" (CH,OH)) which wcrc separated 
and identified with authentic ~a inples . '~  

Epoxidation (CF,CO,H, Na,HPO,, C1CH2CH2- 
C1, room temperature) of either synthetic anhydrory- 
anodol (46) or synthetic epiarihydroryariodol (47) 
gave the P-epoxide 48 of epianhydroryanodol" 
(foam, [a],  -41.7"). Finally, reductive cyclization 
of 48 yielded totally synthetic ryanodol (1) (mp 
267-268'C, [ r ] ,  +38.5", 2 6 0 x  yield) which was 
found identical ('H nmr, tlc. and mixed rnp 266.5- 
267.5"C) with an authentic sample (mp 266-267"C, 
[XI, +40.0G) of ryanodol (1) obtained from the 
basic hydrolysis of ryanodine (2) (3). The chemical 
reactivity of totally synthetic ryanodol (1) was also 
verified: treatment of totally synthetic 1 with p- 
toluenesulfonic acid in dioxane at room temperature 
during 24 h yielded the expected mixture of an- 
hydroryanodol (46) and epianhydrorya~lodol (47). 

This communication will be followed by a detailed 
account which will include the necessary investiga- 
tive studies which led to the final solutio~l described 
above. 
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Z D ~ N ~ K  V A L E N T ~  Can J Chem 57,3354(1979) 

A total synthesis of (k)-5P,8a-androst-9(1 I)-ene-3.17-dione is described. The key step is a ring 
C forming SnC1,-catalyzed Diels-Alder reaction in which the geometry of the diene controls 
sytz-anti stereochemistry while the catalyst guides the addition to the desired etzdo orientation. A 
preparation of ethyl E-2-methyl-4-0x0-2-butenoate and the dehydration of a tertiary allylic 
alcohol by the pyrolysis of the corresponding tosyl carbamate are also described. 

MASATOSHI KAKUSHIMA. LEOKARD ALLAIN, ROBERT A. DICKINSOK, PETER S. WHITE et 
ZDENEK VALENTA. Can. J .  Chem. 57,3354(1979). 

On decrit une synthese totale de la (k)5P.8a androstene-9(1l)dione-3,17. L'etape cle de cette 
synthese est la formation du cycle C par une reaction de Diels-Alder catalysee par le SnCl,. Dans 
cette reaction. la geometrie du diene contrble la stereochimie syn-unti tandis que le catalyseur 
oriente ['addition vers la position endo desiree. On decrit egalement lapreparation du methyl-E-2 
0x04  buten-2 oate d'ethyle et la deshydratation d'un alcool tertiaire allylique par pyrolyse du 
carbamate de tosyle correspondant. 

[Traduit par le journal] 

In a continuation of our study of regio- and 
stereocontrol of the Diels-Alder reaction by Lewis 
acid catalysis (1-3),' we have investigated the po- 
tential of simple bifunctional dienophiles (2) for the 
construction of the steroid C-ring. We now wish to 
report a synthesis of the 8-epiandrostane derivative 
13 in which the key step is a stannic chloride 
catalyzed addition of 4 to 8. The accompanying 
communication describes the application of the 
method to the synthesis of steroids with normal 
C8-configuration. 

Allyl alcohol 2 was prepared by the reported (5) 
treatment of P 2  with lithium acetylide followed by 

'For earliest studies and recent reviews. see ref. 4. 
2Racemic 1 was used for the synthesis reported here. Chiral1 

is accessible from methyl vinyl ketone and 2-methylcyclo- 
hexane-1.3-dione in an asymmetric synthesis using (S)-proline 
(6. 7). 

hydrogenation in pyridine (8). Reaction of 2 with 
p-toluenesulfonyl isocyanate (9a) in benzene at 
20°C gave 3, mp 138-145°C. which on bulb to bulb 
vacuum distillation (9b) at 170°C (1 Torr) yielded 4, 
bp 140°C ( 1  Torr), in 58% yield from 2. 

Dienophile 8 was prepared from ethyl crotonate 
in a four step sequence in 65% overall yield. De- 
conjugative methylation (10) of ethyl crotonate 
gave 5, bp 80°C (15 Torr), which was converted to 6 
by a reaction with nz-chloroperbenzoic acid. 
Epoxide 6 was briefly heated in absolute EtOH with 
anhydrous K2C03 to give 7 which yielded oily 
dienophile g3 on treatment with active MnO, or 
with pyridinium chlorochromate ( 1  1) followed by 

;Treatment of 8 with SnCI, in CH2Cl2 for 4 days at 0°C gave a 
mixture of 8 ('Hmr signal for olefinic H at 6 6.80) and its Z- 
isomer ('Hmr signal for olefinic H at 6 6.15) in a ratio of 3.5: 1. 

0008-40421791243354-03S01 .00/0 
Q1979 National Research Council of CanadaIConseil national de recherches du Canada 
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In a continuation of our study of regio- and 
stereocontrol of the Diels-Alder reaction by Lewis 
acid catalysis (1-3),' we have investigated the po- 
tential of simple bifunctional dienophiles (2) for the 
construction of the steroid C-ring. We now wish to 
report a synthesis of the 8-epiandrostane derivative 
13 in which the key step is a stannic chloride 
catalyzed addition of 4 to 8. The accompanying 
communication describes the application of the 
method to the synthesis of steroids with normal 
C8-configuration. 

Allyl alcohol 2 was prepared by the reported (5) 
treatment of P 2  with lithium acetylide followed by 

'For earliest studies and recent reviews. see ref. 4. 
2Racemic 1 was used for the synthesis reported here. Chiral1 

is accessible from methyl vinyl ketone and 2-methylcyclo- 
hexane-1.3-dione in an asymmetric synthesis using (S)-proline 
(6. 7). 

hydrogenation in pyridine (8). Reaction of 2 with 
p-toluenesulfonyl isocyanate (9a) in benzene at 
20°C gave 3, mp 138-145°C. which on bulb to bulb 
vacuum distillation (9b) at 170°C (1 Torr) yielded 4, 
bp 140°C ( 1  Torr), in 58% yield from 2. 

Dienophile 8 was prepared from ethyl crotonate 
in a four step sequence in 65% overall yield. De- 
conjugative methylation (10) of ethyl crotonate 
gave 5, bp 80°C (15 Torr), which was converted to 6 
by a reaction with nz-chloroperbenzoic acid. 
Epoxide 6 was briefly heated in absolute EtOH with 
anhydrous K2C03 to give 7 which yielded oily 
dienophile g3 on treatment with active MnO, or 
with pyridinium chlorochromate ( 1  1) followed by 

;Treatment of 8 with SnCI, in CH2Cl2 for 4 days at 0°C gave a 
mixture of 8 ('Hmr signal for olefinic H at 6 6.80) and its Z- 
isomer ('Hmr signal for olefinic H at 6 6.15) in a ratio of 3.5: 1. 
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COMMUNICATIONS 

Me 

M7c02Et Me:rco2Et & CHO 2Et 

0 R H 0 
6 7 R = CH,OH 9 

8 R =  CHO 

chromatography on Kieselgel (100 mesh, 
Herrmann). 

Reaction of 4 with 8 and anhydrous SnCl, (2) 
(1.6: 1:0.8) in CH,Cl, at P C  for 4 days gave a mix- 
ture of at least four aldehydic adducts4 in which one 
adduct strongly predominated (55-65%) as re- 
vealed by the inspection and integration of al- 
dehydic proton signals in the 220 MHz 'Hmr spec- 
trum of the crude product. The use of excess 8 in 
this addition results in the formation of undesired 
dihydropyran derivatives (2, 12). A rigorous proof 
of structure and stereochemistry of the major ad- 
duct 9 is given below. 

Reaction of the above mixture5 with the sodium 
salt of triethyl phosphonoacetate in monoglyme 

,Both the dienophile 8' and any aldehydic adduct are suscep- 
tible to equilibration at the position a to the formyl group during 
the long reaction time required. (See also footnote 9.) AICI, and 
BF ,E t ,O  proved less suitable as catalysts for this and any other 
addition involving aliphatic bifunctional dienophiles (2). 

'Due to instability of the aldehydes to oxidation and isomeri- 
zation, a separation proved impractical. For efficiency, the en- 
tire sequence 4 + 8 ++ 13 was performed with crude materials. 
Diester lo7 and the final product 13 were obtained in analytical 
purity for characterization and for the determination of the 
overall yield of the synthesis. 

syn to C10-Me (adduct 9) . - - - - . -. . . . . - - - . - - - . . - . - 
anti to C10-Me 

followed by column chromatography6 on Silica gel 
H (type 60) gave crude 1053' which was hydro- 
genated on 5% Pd-BaSO, in EtOH to give oily 11 
in 48% overall yield from 4. Hydrogenation of 10 
(in quantities smaller than 100 mg) with 
[(C,H,),P],RhCl (13) selectively reduces the 
15.16-double bond. Blocking of the keto group in 11 
with ethylene glycol and p-toluenesulfonic acid in 
boiling benzene, followed by Dieckmann conden- 
sation with excess potassium tert-butoxide (14) in 
boiling benzene gave crude5 oily 12. Finally, al- 
kaline hydrolysis of 12 (0.25 N NaOH, 100°C, 3 h) 
followed by treatment with oxalic acid in 
H,O-acetone8 and column chromatography on 
Silica gel H (type 60) gave 13, mp 198-199°C. ir 
(KBr) v,,,: 1730 and 1705 cm-'; 'Hmr (CDCl,) 6: 
0.97 (3H, s), 1.50 (3H, s), and 5.70 ( l H ,  m). Struc- 
ture of 13 was established by X-ray diffraction. The 
overall yield of the conversion 4 -+ 13 was 24%.5 

6Excess diene 4 and one of the minor adducts (16% of al- 
dehydic adducts) were recovered unchanged. 

'Crystallization from pentane - diisopropyl ether gave pure 
10, mp 89-90°C. 

8Decarboethoxylation of 12 in wet dimethyl sulfoxide (15) 
gave 13 directly, but in a lower yield. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



3356 C 4 N .  J.  CHEM. VOL. 57 .  1979 

The formation of 9 as the major adduct is in 
agreement with our finding that catalyzed additions 
to  diene 4 invariably proceed preferentially from 
the direction syn to the C10-methyl group.9 Pre- 
ferred complexation of the formyl group in dieno- 
phile 8 then controls orientation and erldo stereo- 
chemistry (2) to give 9 as indicated in structure 14. 
Details on syn-ntzti stereoselectivity in catalyzed 
additions to 4 and related dienes9 will be reported 
shortly. The accompanying communication de- 
scribes an efficient addition anti  to the C10-methyl 
group of an appropriate diene. 
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On decrit une synthese totale de derives d e  l'androstane. On a obtenu la configuration desiree 
au niveau des carbones en position 8 e t  13 en realisant la synthesedu cycle C selon une reaction d e  
Diels-Alder catalysee par SnCl,. On rapporte egalement la preparation du methyl-2 0x0-4 
pentene-2 oate de methyle ( Z )  ainsi que la preparation d'un steroide dione-15.17 obtenu par 
cyclisation d'un ester cetonique. 

[Traduit par le journal] 

In the preceding communication (I),  we have 
described the SnC1,-catalyzed addition of diene 1 to 
ethyl E-2-methyl-4-0x0-2-butenoate in which the 

Me$ :TMe Me 

geometry of 1 favors an addition syn to the C10- 0 AcO 
Me OH 

methyl group while a preferential complexing of the 0 

formyl group in the dienophile (2) determines 1 2 3 4 
orientation and encio stereochemistry. The result- Me Me 
ing adduct then leads to 8-epi-androstanes by 
further transformations (1). We now wish to report 
the controlled addition of en01 acetate 2 to the Z- 
dienophile 4 in which the side anti to the C10- ACQ o 
methyl group of 2 is strongly favored and which 
therefore. via adduct 6, leads to a facile svnthesis of 5 6 

steroids with the desired configuration a; C8 and at 
C13. 

Oily enol acetate 2, ir (ChCl,) v,,,: 17.50 and 
1665 cm-'. was prepared efficiently on treatment of 
1 ( I )  with HBr in acetic anhydride at 20°C for 10 h. 
In a less convenient preparation. the reflux of 1 in 
isopropenyl acetate with p-toluenesulfonic acid 
first led mainly to the isomeric 3-acetoxy-2,4-diene 
(-24 h) which was converted to 2 under the same 
conditions in 130 h. The dienophile 4, bp 62°C 
(20 Torr), ir (CCl,) v .,,,: 1740 and 1705 cmP1; 'Hmr 
(CDCI,) 6 :  2.00 (3H, d ,  J = 2 Hz), 2.23 (3H, s), 3.80 
(3H, s), 6.17 ( l H ,  q,  J = 2 Hz), was obtained in 88% 
yield by the treatment of 3 with CH,I and K2C03 in 
dry acetone at 20°C for 28 h; 3 is available in one 
step from a reaction of pyruvic acid, acetone, and 
85% 'cItI,pO4 (3). 

Reaction of 2 with 4 and anhydrous SnCl, 
(1:2:1.5) in CH,C12 at 0°C for 1 h gave 6, mp 
155-156°C. ir (CCl,) v,,,: 1735, 1715, and 1680 
c m l ,  in 7m yield based on consumed 2. ' The struc- 
ture of 6 was established by X-ray diffraction. 

To complete the steroid synthesis, 6 was simply 
converted into 7 ,  mp 150-158"C, in 85% yield by a 
reaction with ethylene glycol andp-toluenesulfonic 

'The uncorrected yield of crystalline 6 after purification on a 
column of Silica gel H (type 60) was 55%. ru'o other adduct was 
detected. Unused diene was recovered in the form 1; the starting 
material 2 and the adduct 5 decompose to 1 and 6. respectively. 
during the reaction. The primary adduct 5, mp 129- 131°C. could 
be isolated in a low yield (15-20%) under scrupulously anhy- 
drous conditions and was found to give 6 on mild acid hydroly- 
sis. The reaction of 1 with 4 and SnCI, is very slow under the 
conditions used. 

acid in boiling benzene and 7 was then treated with 
dimsyl sodium (4)2 to give dione 9, rnp approx. 
191°C (dec.). uv A,,, (MeOH): 262 nm (E 17 700). 
(MeOH-KOH): 264 nm (E 22 loo), (MeOH-HCl): 
247 nm (E 13 300); ir (KBr) v ,,,: 3650-2250, 1645, 
and 1560 cmP',  along with acid 10 which could be 
separated from 9 by fractional crystallization. The 
yield of the conversion 7 + 9 is at least 41% as 
determined by subsequent methylation described 
below. 

Thus, steroid 9 was prepared from Zmethyl- 
--- 

ZDry dimethyl sulfoxide (10 equiv., 1 volume) was first 
reacted with NaH (2 equiv.) at 800C for 30 min. Toluene (2 
volumes) was then added at 110°C and,  when distillation started, 
7 ( 1  equiv.) in toluene (20 volumes) was slowly added while 
distillation continued. Additional toluene (20 volumes) was 
added during the distillation. We thank Professor R. H. Schles- 
singer. University of Rochester. N.Y,,  for valuable advice on 
this capricious cyclization. 
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cyclohexane-l,3-dione, methyl vinyl ketone, 
acetylene, acetone, and pyruvic acid in eleven 
synthetic steps; six to prepare Z,, two to prepare 4, 
and three to convert them into 9. It should be noted 
that the conversion 2 -+ 6 + 9 is formally equivalent 
to a controlled addition of 2-methyl-2- cyclo- 
pentene- 1,4-dione to diene 2. 

To determine the ring D cyclization yield and to 
characterize dione 9 further, crude cyclization 
product (9 + 10) was treated with CH2N2 in ether. 
Column chromatography on Silica gel H (type 60) 
then gave ester 8, mp 207-208°C (21% yield from 7), 
and the two ring D en01 ethers of 9 (2: 1 ratio, 41% 
yield from 7). The major one (Me0 at C15) was 
converted in 58% yield to enone 11. mp 125-127"C, 
ir (CCl,) v ,,,,: 1710, 1675, 1620, and 1595 cm-'; 
[Hmr (CDCl,) 6:  5.70 ( l H ,  m, C11-H), 5.78 ( l H ,  
broad s ,  C4-H), 6.00 (1H. d,  J = 6 Hz,  C16-H), 
and 7.23 (SH, d.  J = 6 Hz. C17-H), by reduction 
with sodium bis(2-methoxyethoxy) aluminum hy- 
dride (Ventron Co.) followed by spontaneous de- 
hydration of the alcohol in CCI, at 20°C and by 
hydrolysis of the resulting 15-methoxy-14,16- 
diene, 'Hmr (CDCI,) G 6.34 (2H, sharp s ,  C16 and 
C 17-H's), with 1 N HCl in acetic acid at 20°C for 
20 h. The ring D structure of 11 and its precursors 
follows most clearly from the 'Hmr signal corre- 
sponding to both ring D H-atoms of the above 
diene; the spectrum of the alternative 17-me- 
thoxy- 14,16-diene would show two widely sepa- 
rated signals for the C16-(enol ether H) and 
C 15-H atoms. The 6 and J values for the two ring 
D H-atoms in 11 are in good agreement with data 
reported for a similar system (5). 

Clearly, an addition anti to the C 10-methyl group 
is favored by the geometry of diene 2 in this case; 
a preferred complexation on the oxygen atom 

of the keto group in 4 (1, 2) then achieves the 
desired orientation and endo stereochemistry as 
shown in structure 12.4 The regioselectivities 
and the syn-anti and endo-exo stereoselectivities 
achieved by the use of bifunctional dienophiles in 
catalyzed additions as described in this and the 
preceding communications (1. 2) should prove of 
general use for the controlled construction of car- 
bon frameworks. 
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